
5- tl-1- P2 - 11749 

A . r.EoHq-OcMo~oacKHH , M . H . no~ropeQKHH 

0 TPAEKTOPHH 
Y.JlbTPAPE.JIHTHBHCTCKOM lJACTHUhl 

8 OllHOPOllHOM MArHHTHOM nO.JIE 



P2 - 11749 

A . r . BoHq -OcMo~oscKHH, M.~.nonropeUKHH 

0 TPAEKTOP~~ 

Y.JlbTPAPE.JIHT~B~CTCKOH 4ACT~Uhl 

8 onHOPOllHOM MArH~THOM OO.JIE 

HanpaeAeHo e )I(T4> 



Eoll'i-OcMOJioacxuli A.r., noaropeuKHli M.l1. 
P2 - 11749 

0 Tp8eXTOpRR ynbTp8pen.RTRBHCTCKOJi '18CTHUbl B OllHOpOllHOM 
M8rHHTBOM UOJIQ 

.QsyM.II pa3nH'IHbiMR M9T0ll8MH Bbi'IHCneua TpaeKTOpR.II yro.bTpapen.IITHBHCl'
CKOA '18CTHUbl B OllHOpOllHOM MarHHTHOM none C y'leTOM BnH.IIHH.II H3ny'leHH.II. 

OaHH H3 MeToaos ocaosau Ha npoCTbiX <fluaa'leCKHX npeanonoJKeHH.IIX, Kaca~<>
IIIHXC.II aaKona coxpaneHH.II suepraa R 6anaHca cun, onpeaen.RIOIIIHX paauyc 

KpBBR3Hbl ; Bl'Opoli - 38Kni0'189TCJI B TO'IHOM peWeHHH ypaBH9HHJI nopeHUa
.QupaKa, 

Pa60T8 BbtnOJIHeHa B na6opaTOpRH BbiCOKHX 9HeprHA 011$111. 

npenpHHT 06bellHH9HHOro HHCTHTyTa Jlll9pHbiX HCCnenOB8HHA, ny6Ha 1978 

Bonch-Osmolovsky A.G., Podgoretsky M.I. 
P2 - 11749 

On a Trajectory of Ultrarelativistic Particle in a 
Homogeneous Magnetic Field 

A trajectory of the relativistic particle in a homogeneous 
magnetic field was calculated by two different methods taking into 
account the influence of radiation. The first method is based on 
some physical assumptions cone erning the low energy and the 
balance of forces which determine the curvature radius ; the second 
one is based on an exact solution of the Lorenz-Dirac equation. 

The investigation has been perfonned at the Laboratory of 
High Energies, JINR. 
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B aacToBmef.i pa6oTe paccMoTpeH aonpoc o TpaeKTOpHH 

aapB~eHHOH ynbTpapenBTHBHCTCKOH qaCTHUhl, ITBH~ymef.icg 

B OfiHOpOnHOM M8I'HHTHOM none; SHepi'HB qaCTHUbl H 

aanpB~eHHOCTb nonB npennonaraiDTCB nocTaToqao 6onhmH

MH, TaK qTo XapaKTep ITBH~eHHB B 3HaqHTenbHOH CTeneHH 

onpenenBeTCB panHaUHOHHbiM TOpMO~eHHeM ( npHMep: 

sneKTpOHbi c sHeprHef.i nopgaKa 100 r a B a nonszx nopga

Ka 10 5 3). 
06biqHo B OCHOBY 8H8nH38 BnHBHHB H3nyqeHHB Ha 

ITBH~eHHe qaCTHUbl KnaneTCB ypaaHeHHe nopeHUa-.llHpaKa, 

Tipenenbi ero npHMeHHMOCTH B aanaqe 0 ITBH~eHHH B M8I'

HHTHOM none H HeKOTOpbie CBOHCTBa ei'O peilleHHH ( B qacT

HOCTH, BnHBHHe panHBUHOHHOI'O TOpMO~eHHB Ha CHHXpo

TpOHHOe HanyqeHHe) y~e H3yqanech a pgae pa6oT I 1-3/. 
0nHBK01 HBCKOnbKO HaM H3BeCTH01 nonHoe peilleHHe 38.naqH 

0 TpaeKTOpHH qaCTHUhl B OnHOponHOM MBI'HHTHOM none 

nOKa qTO He npoaeneHO, HH~e nOK838HO, qTo HCXOITB H3 

nayx eCTeCTBeHHhlX ¢H3HqeCKHX npennono~eHHH MO~HO 

HBHTH TpaeKTOpHm qaCTHUhl B M8I'HHTHOM none, He 

06pamaBCb HenocpenCTBeHHO K ypaBHeHHm nopeHua-.llHpa

K8, T aKof.i nonxon MO>I<eT npencTaBHTh HHTepec npe 

aHaneae H COIIOCTaBneHHH pa3nHqH biX M OnH¢HK8UHH ypaB

HeHHH c panHaUHOHHbiM TopMo~eHHeM, BbiBon Tex ~e 

peaynbT8TOB C noMOWbm ypaaHeHHB nopeHUa-.llepaKa 

OTHeCeH B IIpHnO*eHHe. 

... Tipe~ne acero npenrrono~H M, qTo panHBUHOHHaB cena 

F P HenocpencTaeHHO npHBOnHT TonbKO K TopMo*eHHID 

qaCTHUbl 1 T,e, K _(13MeHeHHm ee 9Hepi'HH, Yf Hb!MH cnOB8MH, 

COCTaanBmWBH Fp• nepneHnHKynBDH8H K CKOpOCTH, Mana 
-4 e ... ,.. 

IIO cpaaHeHHm c cenoA nopeHUa .F Jl = -[ v. Hl: 
c 
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... -+ 

I[:!__ , F pP I 
c « 1. ( 1 ) 

1 f Jl l 
TiyCTb qaCTRUa sneraeT B MarHRTHOe none C OTnR'L!HOH 
OT Hyng KOMnOHeHTOH HaqanbHOH CKOpOCTH BaOnb nang 
( o6oaHa'L!HM ee v 0 ). Toraa HeTpyaHo y6eaHTbCH, 'LITO 

senH'L!HHa vii aanJ! He H3MeHgeTcg • .UeiiCTBHTenbHO, nepeii

aeM B HHepUHanbHYID CHCTeMy, aBH*YWYIDCg saonb nang 
CO CKOpOCTbiD V ~~ • 8 :3TOH CHCTeMe Ha'L!anbHag CKOpOCTb 
qacTHUbi nepneH.dRKyngpHa MarHHTHOMY noniD, cneaosarenb
Ho, cocTasngiDmag CHnbi, napannenbHag noniD, pasHa 

HyniD * • TioaTOMy KOMnOHeHTa CKOpOCTH, napannenbHag 
noniD, He MO*eT nogsHTbcg H B aanbHeiiweM. B na6opa

TopHoii CHCTeMe :3TO 03Ha'L!aeT, 'LITO npoaonbHag CKOpOCTb 
sceraa pasHa csoeMy HaqanbHOMY · 3Ha'L!eHHID. 

Hcnonbayg aTo o6cTogrenbCTBo, secb aanbHeiimHH 

aHanH3 Mbi nposeaeM B CHCTeMe orcqera, s ~oTopoii 

'<~aCTHUa aBH*eTcg nepneHaHKyngpHo K noniD H. TiocneayiD

WHH nepexoa B na6oparopHyiD CHCTeMy nerKo npouasecTH 

c noMOWbiD npeo6paaosaHHg flopeHua. TiycTb s-anHHa 

ayrH TpaeKTOpHH B yKa3aHHOH CHCTeMe H ()- yron Me*aY 
KacaTenbHOH H ocbiD x ( ocb z HanpasneHa saonb nang 
H ) . Toraa 

d() 

ds 
1 

R(s) 
(2) 

npH'L!eM paaHyC KpHBH3Hbl R(s) onpeaengeTcg, B COOTBeT

CTBHH C (1 ), TOnbKO CHn~H flopeHUa. TioaTOMy (2) MO*HO 

aanucaTb B BRae 

*3TO CneayeT He TOnbKO HenocpeaCTBBHHO H3 
ypasHeHHg flopeHua-nHpaKa, Ho raK*e H ua o6wero 
Tpe6osaHHg COXpaHeHHg 'LieTHOCTH B aneKTpOMarHHTHbiX 
saaHMOaeiicTBHgx ( H3 seKTopa v H ncesaoseKTOpa H 
Henbag cocTaBHTb seKTop CHnbi, napannenbHbiH H, ecnH ~ I =0). 

4 

:a 

.. 

d() 

ds 

eH 

roc\(s) y{s) 

(3) 

Uanee Mbl 6yaeM saHHMaTbCg HCKniD'L!HTenbHO cnyqaeM 

ynbTpapenHTHBHCTCKOrO ABH*eHHg, noCKOnbKY HMeHHO OH 
oco6eHHO HHTepeceH C TO'LIKH speHHg yqeTa snHgHHg H3-

ny'L!eHHg *. TioaroMy 6yAeM nonaraTb 
(4) 

v(s) = c. s = ct. 

8Topoe npeAnono)KeHHe OTHOCHTCg K 3aKOHY coxpaHeHHg 
aHeprHH B nocTogHHOM MarHHTHOM none: 6yAeM C'L!HTaTb, 

'LITO npH ABH*eHHR nepneHAHKyngpHO K MarHHTHOMY noniD 

KHHeTH'L!eCKaH aaeprHg qaCTHUhl nonHOCTbiD nepeXOAHT 
B uanyqeHRe, T.e. R3MeHeHRe :3HeprHH B eARHRUY speMeHR 

pasHa RHTeHCRBHOCTR RanyqeHRg /4. s/ . HcnonbsyH 
R3BeCTHOe Bbipa)KeHRe Ang RHTeHCRBHOCTH R3ny'L!eHHH /

4

/ , 

HMeeM, cneAOBaTenbHO, C yqeTOM (4) 

mc 2~ 
dt 

2e4H 2Y 2 

------
3m2 c 3 • 

( 5) 

* flopeau-<\JaKTOP y s paccMaTpusaeMOH scnoMora

TenbHOH CRCTeMe KOOpAHHaT CBg3aH C nopeHU-<\JaKTOpOM 

y JI s na6opaTopHOH cucTeMe cooTHOUJeHHeM 

Y = Y.'l (1-

'/2 
V 2 cos 2 a '12 - ( 1 - cos 2a) ' 

Jl ----) - )' 1 -cz . 

... 
r_£le a - yroil 1\.!eA\AY CKOpOCTbiD qaCTHUbl V •1 11 noneM 
H ,

1 
s na6opaTopHOI1 cucTeMe. TloaTOMY npH AOcTaTO'L!HO 

6onbUJRX 3Ha'L!eHHHX r_
1 

;J.BU )K eHne BO scnO!\!OraTenbHOH 
CUCTe!\1e MO)KE'T 6c!Tb Y .!bTpape:lHTHBHCTCK\It-1 Aa)Ke npH 

ManbJX a. Kor ;:1a s naoor,aTopHoll cucTe:-.te nonepe'L!Hag 

CKOpOCTb, paeHaSi V .l 1 ~·~ ctga . !\!a:l .:l . 
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l1 HTerpHpyH ( 5), nonyqaeM 

y(s) 
Yo 

kH 2Yo s 
1+ --

c 
DOACTBBnHH (6) B (3), 

eH e = e + --<s + 
o me 2Yo 

' k 
2e 4 

3m 3c 5 

HBXOAHM O(s) : 

kH 2 yo~). 
2c 

( 6) 

(7) 

DoCKOnhKY dX=dscos8 II dy=-ds sinO, c llOMOIUhlO (7) 
MO*HO nony'iHTh B HBHOM BRae ypaBHeHHe TpaeKTOpHH! 

s 
x = x 0 + f cosO(s)ds, 

0 

s 
Y=Y 0 - I sinO(s)ds. 

0 

(8) 

Eea orpaHH'ieHHH o6mHoCTH MO*HO Bhi6paTh Ha'iano OTC'ie-

Ta BpeMeHH t, OpHeHT8UlllO OCei1: X II y II nono*eHHe 

HB'iana KOOPUHHaT TBKHM o6pa30M, 'iT06hl npH t=O 
BhlilOnHHnHCh HB'iBnhHhie ycnOBHH 

x(O) = 0, x(O) = c, 

y (O) = r 
0

, y (0) = 0 , 
(9) 

ilpH'ieM BenH'iHHa r O OCTaeTCH eme ilpOH3BOnhHOii II ee 

MO*HO Bhi6paTh paBHOii napMOpOBCKOMY paaHycy, COOTBeT

CTBYJOIUeMy HB'i8nhHOii 3Hepf'HH 'iBCTHUhi! 

cyo 
ro =~-; 

eH 
w H = --;c-· ( 10) 

6 

,. 

l1 HhiMH cnoaaMH, npennonaraeTcH, 'iTO npH t =0 qacTHua 

H8XOAHTCH B TO'!Ke (0, r O) II H8'l8nhHhiH Y'IBCTOK 

TpaeKTOPHH coananaeT c OKPY*HOCThJO paaHyca r 0 c 

ueHTpoM B Ha'iane KoopaHHaT. EcnH 6bi paaHaUHOHHhie 

llOTepH 3Hepi'Hll OTCyTCTBOB8nH, 'i8CTHU8 BCeraa ABHI'anach 

6bi no yKa3aHHOi1: OKPY*HOCTH; y'leT paaHBUHOHHhiX noTeph 

npHBOAHT K 6onee cnO*HOMy ABH*eHHlO, OllHCh!B8eMOMy 

4JopMynaMH (8). DpH Bhi6paHHhiX Ha'ianhHhiX ycnoBHHX 

8 0 =0 H 4JopMynhi (8) MO*HO 38ilHC8Th TBK*e B BHUe 

__!__ = 
r o 

y 

ro 

¢ 
f cos(¢+P2¢2)d¢, 

0 

/sin(¢+ p2¢ 2)d¢. 

0 

3aech aaeneaw o6oaHa'ieHHH 

¢ 
WH t 

'YO 

2 ygH (mc2) 2 
p = --- H = ..;____;__ 

3He' e e3 

(11) 

(12) 

( 13) 

3aMeTHM, 'iTO napaMeTp ¢ He coanaaaeT c aaHMyTanbHOH 

- X 
KOOPAHHBTOH ¢ = arctg- , llOCKOnbKy TeKyiUee 3H8'!8HHe y 
y f, y 0 ; coanaaeHHe HMeno 6hi MecTo TonbKO npH 

OTCyTCTBHH p8AH8UHOHHhiX llOTepb 3HeprHH. 

Yf HTerpanhi, BXOl!HIUHe B ( 11 ) , MO*HO Bblp83HTb 'lepe3 

HHTerpanw ¢peHenH 

t 
S(t) = J sint

2dt, 
0 

t 

C( t) = J cos t 
2 dt . 

0 
(14) 
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Toraa nocne Hecno*HhlX npeo6paaosaHH A nonyqHM OKOH
qarenbHhle BhlPB*eHHB: 

X 1 1 1 11 1 1 . 1 
-=-{C(p~)-C(-)lcos-.:.- + -IS(pcf>+ -)-S(-)Ism--, 
r o P 2p 2p 4p 2 P 2p 2p 4}12 

( 15) 
y 1 1 1 11 1 1 . 1 

--= 1- -{S(pcf> +-)-S(-)!cos-- + -{C(pc/>+ -)-C(-)Ism-. 
ro P 2p 2p 4Ji2 P 2p 2p 4p2 

HH*e 6yaer BHaHo, qro xapaKTep aBH*eHHB cymecTBeHHO 
38BHCHT OT BenHqHHbl napaMeTpa p. TioaTOMy B aanbHeA
meM oraenbHO npoaHanH3HposaHbi npeaenbHbie pe*HMbi, 
Koraa p << 1 H p » 1. 

Cnyqaii: p<< 1. nng opHeHTH?OBKH B nopBaKaX 
senHqHH yKa*eM, qro ang y0 == 10 HepaseHcTso p < 1 
BbmonHeHo npH H s 3.10 4 3. B paccMaTpHBaeMbiX 

ycnOBHBX npH ni06biX 3HaqeHHBX c/> apryMeHTbl !flyHKUHH, 
BXOUBIUHX B { 15), oqeHb BenHKH. Mo*HO, cneaosaTenbHO, 
BOCnOnb30B8TbCB BCHMnTOTHqeCKHMH paano*eHHBMH 
HHTerpanoa ct>peHeng I 51; 

S(t) - 1 . /--:;- 1 2 1 . 2 - -v-- -cost - --smt , 
2 2 2t 4t 3 

C(t) - l /~ 1 . t 2 1 2 --v- + -sm ---cost 
2 2 2t 4t3 

Toraa c roqHoCTbiO no qneHos nopBaKa 
HO !flopMynhl (15) nepexoagT B 

8 

(16) 

p2 BKniOqHTenb-

~ 

X 

ro 

y 

ro 

sin(¢ ~_p_2¢ 2J + 2p2 11 _ cos(¢ + p
2
¢

2
) I , 

1 + 2p2¢ (1+2p2¢)3 

(17) 

cos(¢ + p2 ¢~ 
----- + ---
1 + 2p2¢ 

2p2 

( 1+ 2p 2 c/> )3 sin ( c/> + P 2 c/> 
2 

) . 

TipH :3TOM B03MO* Hble 3HaqeHHB c/> orpaHHqeHbi 0 nOCKOnb
KY aBH*eHHe npeanonaraeTCB ynbTpapenBTHBHCTCKHM. 
ileii:CTBHTenbHO, paBeHCTBO {6) MO*HO nepenHCBTb B BHt:le 

y 
__ Y_o __ 

1 + 2p2¢ 

( 6 I ) 

oTKyaa cneayer BbmonHeHHe ycnoBHB y >> 1, ecnH 

2p2c/> « yo . (18) 

TeM caMbiM ycraHaBnHsaercg sepXHBB rpaHHUB ang c/>; 
BMeCTe C TeM senHqHH8 c/> MO*eT 6b!Tb oqeHb 6onblliOH, 

TBK KBK y 0 >> 1 H p << 1 • 
TipH p __, 0 H3 ( 17) cneayeT o6bJqHbiA peaynbrar: 

UBH*eHHe no OKPY*HOCTH paaHyca r 0 c qacroroii: 

w" I Yo. 
no*eHHH 

B 6onee o6meM cnyqae { HO see eme B npeano
p « 1) TpaeKTOPHB { 17) TSK*e 6nH3KB K 

OKPY*HOCTH c ueHTpoM, noqTH cosnaaaiDIUHM c Haqan~M 

KOOpllHHBT { CMeiUeHHe nopgaKa 2p 2 BUOnb OCH X ) , 
H paaaycoM, nHHeiiHO yMeHblli8lOlllHMCB BO speMeHH no 

38KOHY 

r 
r ::: 

1 + 2p 2¢ 
Lr. 

0 . Yo 
(19) 

·'9 



CooTBeTCTByiOillyio qacToTy npH aocraTO'lHO 6onhlllHX ¢ 

MO)KHO onpeaenHTh KaK ITpOH3BOLlHYIO cjla3bi, T.e. 

w 
d dt ( ¢ + p 2 ¢ 2) = ( 1 + 2p 2¢) ~~ • 

C noMOillhiO (12) H (6 ') nonyqaeM 

W = w / y* 
H 

(20) 

VI HbiMif cnosaMH, B paccMaTpusaeMoM npeaenhHOM cnyqae 

senH'lHHbl r If w OITpeaenHIOTCH MI'HOBeHHbiM 3Ha'leHifeM 

3Hepr'lflf TaKifM )Ke o6pa30M, KaK ecnH 6hl paaHaUifOHHhle 

ITOTepH 3Hepi'Hif OTCyTCTBOBanH. flony'leHHhlH pe3ynhTaT 

BITOnHe ITOHHTeH, ITOCKOnhKY OTHOCifTenhHbie ITOTepli 3Hep-

f'!y 2rr dy 
I'Hif 3a OAHH o6opOT -- paBHbie -- -- O"leHb ManbJ. 

y I yw dt I 

lleikTBHTenhHO, HCXOAH lf3 (12), (6 ') If (20), nerKO 

y6ealfThCH B TOM, "iTO 

!'! 2 y 2 1 __ t_ =4rrp (--) « · 
y Yo 

(21 ) 

Bonpoc o snHHHHH paaHaUifOHHhlX rroreph Ha cjlopMy TpaeK

TopHii MOmeT B03HHKHYTh ITpli lf3MepeHHif 3Hepi'IfH 'iaCTH

Ubl B MarHHTHOM none. B TaKifX cnyqasrx o6bJ'lHO ¢ < 1 
If 3a Mepy aHeprHH yao6Ho npHHHTh senH"lHHY Ay, paBHYIO 

OTKnOHeHifiO TpaeKTOpHii OT K8C8TenhHOH K rrepBOH8"l8nh

HOMY aarrpasneHHIO. flpli ABif)l{eHHH no OKPY*HOCTH 

!'!y=(~y)o = ~ · ro¢2 

*3aMeTifM, "iTO B cjlopMynaX (19~ H (20) Bel.llf"llfH8 <f> 
CBH38H8 C 831fMyTanhHbiM yrnOM dJ COOTHOilleHlieM 

¢-.:¢ ~ p 2 dJ 2 : ITpH MBnblX ¢ BenH"lliH8 ¢::: "J 
1
ITpH 

6onbllllfX ¢ oHa nponopUifOHanhHa .j 4). 

10 

J 

Y'ieT paaHaUHOHHhlX noreph npHBOLlHT K 

!'!y = (!'!y) (1 + ~p2¢). 
0 3 

(22) 

flpH y 0 = 10 5 
• H = 3. 10 4 3 If ¢ = 1/ 10 nonpasKa 

( 2 2 -3 
ellle Mana --p ¢ = 10 ) . 

3 
Ecnu H3MepeHHe aHeprHH npoH3BOLlHTCH no yrny oTKno

HeHHH rrpH nponeTe Mai'HHTa AnlfHOH L, TO MO)KHO lfCXO

AifTh aenocpeacTBeHHO lf3 cjlopMynhl (7), nepenRcas ee 

B BRAe 

MJ = ¢ (1 + p 2¢ ). 
L L 

(22 ') 

eHL 
rae ¢ L = --- - yron nosopoTa 6e3 yqera pamraulfoH-

mc 2 y 
HbiX noreph. 0 

Cnyqafi p >> 1. 3aMeTHM, "iTO cornacao (fl. 3) scer

aa LlOn)KHO 6hlTb BhliTOnHeHO aepaBeHCTBO 

p 2 « -ayo _3 __ _ e2 
a -= -he (23) 

3ro ycnosHe npoTRBope"lHT rpe6osaHHIO p >> 1. HanpRMep, 

rrpH y0 = 10 6 H H ::: 3 .10 5 rronyqaeM p =20 R 

ayo = 2,5. 10 3 
. B paccMaTpHBaeMoM pe*lfMe HeKoTopbie 

3 
lf3 ¢yHKUifH, BXOLlHilllfX B o61llyiO cjlopMyny ( 15), Manbi; 

IT03TOMy B COOTBeTCTBYIOillHX cny"lBHX cneayeT ITOnh30B8Th

CH pa3no*eHifHMH B pHLlbi Tewnopa / 5/ : 

S(t) .:l_t3 
3 

C( t) = t. 

Toraa c TO"lHOCThiO ao qneHoB nopSIAKa 

TenhHO liMeeM 

1 
p2 

( 24) 

BKniO"lH- . 

11 



X 

ro 

...L 
ro 

1 _l_l _1 [C(p¢+2P)- 2p 
p 

(25) 

1- ~ S(p ¢ + ~ ) .' 

B TeqeHHe oqeHb He6onbworo HaqanbHoro HHTepBana Bpe
MeHH paaHaUHOHHbJe TIOTepH ewe He CK83biB810TCH1 H H3 
(25) cneayiOT TpHBHanbHbJe pe3ynbT8Tbl 

X 

ro 
:: ¢ ' ~==1 1 2 

r -2¢ ' 
0 

COOTBeTCTBYIOIUHe aBH)I{eHHIO no OKpy)I{HOCTH paaayca r O. 

Eonee HHTepecHa nocneayiOIUaH craaHH, Koraa p¢ >> 1. 
Toraa, nonb3yHCb cpopMynaMH ( 16), MO)I{HO nepenHcaTb 
(25) B BRae 

X 
.J rr / 2 

-
1 

ro 2p 
+ 

1 2 
sin(¢+ p 2¢2) 

+2p ¢ ' 

(26) 

...L = 
1 

_ .J rr/ 2 1 

ro ~ + 2 
cos(¢+ p 2 <b 2) 

1+2p ¢ • 

IPopMynbJ (25) H (26) TIOK83b!B8IOT, qTO npH p » 1 H 
p¢ » 1 TpaeKTOpHH npeacTaBnHeT H3 ce6H T,H, KnOTOHay 
(cnapanh KopHIO), cpOKyC KOTOpOH H8XOaHTCH B TOqKe 

..j rr/2 ..j rr/2 u 

( ~, 1 - ~), T,e, CMeiUeH OT UeHTpa HCXOaHOH 

oKpy)I{HOCTH Ha paccTOHHHe ..j". TaKHM o6pa3oM, npH 
2p 

p » 1 qaCTHU8 npOHHKaeT BHyTpb 061laCTH 1 38HHTOH 

12 . 

noneM, TonhKO Ha Manoe paccTOHHHe nopHaKa 
me 2 

r 0 j p:: --==• He 3aBHCHIUee OT BenHqHHbl Yo· 
eHy'H / H e 

3aMeTHM, qTo nocneaHwe qneHbi B Bbipa*eHHHX anH 

x/ r H y/ r H3 cpopMynbi (26) coBnaaaiOT c rnaBHbiMH 
qne

0
HaMH COOT

0
BeTCTBYIOIUHX Bblpa)!(eHHH ( 17), 3ro BTIOnHe 

ecTeCTBeHHO, TIOCKOnbKY Tpe6oBaHHe p cp -.,- , 1 03HaqaeT, 
qTo qaCTHUa ycnena TIOTepHTb noqTH BCIO CBOIO HCXOaHyiO 
aHeprHIO. Ecuw reneph ycnoBHO o6bHBHTh paccMaTpaaaeMhlH 
MOMeHT BpeMeHH HaqanbHbiM, TO aanbHeJ1wee aBH)I{eHHe 

qacTHUbi cneayer xapaKTepH30BaTb HOBbiM 3HaqeHHeM napa-
MeTpa p ( Mbl 0603HaqHM ero p ) , COOTBeTCTBYIOIUHM 
ee 9HeprHH HMeHHO B 9TOT MOMeHT, ConocraanHH (6 ') 

H ( 13), nonyqHM p = __ P __ ' T.e. npw p¢ » 1 H p» 1 
- 1 1+2p2¢ 

HOBbiH napaMeTp p== -- << 1 qro H npHBOaHT K OTMeqeH-
pcp • 

HOMy Bhlwe coanaaeHHIO, 

npH W3MepeHHH 9HepPHH qaCTHUhl ponb paaHaUHOHHhlX 
noTepb B paccMaTpHaaeMOM cnyqae MO)I{eT 6biTb oqeHb 
cymecTaeHHoi1. E cnH aenwqaHa ¢ aocTaToqHo Mana 
(p ¢ « 1), no-npe)I{HeMy cnpaBeanHBa ¢opMyna (22), 
HO Teneph aenHquHa nonpaBKH 3HaqaTenbHO 6onbwe. Ha-
npwMep, npH H::: 3.10 5 3 u y

0 
::10 6 Ha nyTH B 2 .102c M 

yron noaopora ¢ :: 3 .10-2 a -}P 2 ¢ = 0,5. 

CneAyeT HMeTb B BRay, qTo ace npwneaeHHbie Bbiwe 
pe3ynbT8Thl OTHOCHTCH K aBH)I{eHHIO qaCTHU B BaKyyMe, 
npH aBH)!(eHHH B cpeae Haao yqeCTb BnHHHHe TIOTepb Ha 
TOpM03HOe H3nyqeHHe. MO)!(HO TIOKa38Tb 1 qTo HM !I.IO)l<HO 
npeHe6peqb TOJlbKO npH BblfiOnHeHHH ycnOBHif 

L << t 0 , 2p2 t 
0 

1 r 
0 

"> 1 , 

rae L - anHHa nyTn B :--1arHnTHOM none, 
UHOHHaH eaHHHUa, 

(27) 

1 o- paana-
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TIPI1flO)KEHI1E 

nnH llOCTOHHHoro H onHoponHoro MarHHTHOro nonH H, 
HanpaaneHHOrO BllOnb OCR Z, ypaBHeHHe flopeHUa-nHpa-
Ka / 7,4/ HMeeT BHll 

d · . 2~4 2 x -.... 2 
m-(yx) = ~yH- Y [v,H] -

dt c 3m 2c 7 

d • e • 2e 4y 2y -+ ~ 2 
m-=-<yy) =--xH- [v,HJ -

dt c 3m2c 7 

4 2• d • 2e y z -+ -+ 2 
m-d (yz)=- [v,Hl. 

t 3m2c7 

3nech 

y = (1-
• 2 . 2 . 2 % 
X +Y +Z )-

c2 

2e4 H2 • 
X 

3m2c5 

2e 4H 2 • 

3m2c 5 Y' 

(TI.l) 

OnHo H3 ycnoaHH: npHMeHHMOCTH (TI.l) CBH3aHo, KaK 

H3BeCTHO, C Tpe6oaaHH9M ManoCTH panHaUHOHHOH CHnhi 

no CpaBH9HHIO C CHnOH flopeHua B COllyTCTBYIOIUeH CHCTeMe 

OTC'ieTa / 4/ ; ero MO)KHO 3allHCaTb B BHne 

yH « H 
e = . -2 - :::: 6 . 10 l5 .., r :;J, ( TI ,2) 
e 

EcnH COCTaBHTb C llOMOIUbiO {fl,l) OTHOllleHHe KOMllOHeH

Tbl panHaUHOHHOH CHnhi, nepll9HllHKynHpHOH K CKOpOCTH, 

K CHne flopeHUa, TO nerKO y6enHTbCH, 'iTO 9Ta BenH'iHHa 

HMeeT nopHaOK H/H e , T,e. B CHny ycnoBHH ( TI .2) oHa 

O'ieHb Mana; 3aMeTHM TaK)K9, 'ITO npH llBH)K9HHH nepneH

llHKynHpHO K H panHaUHOHHaH CHna a TO'iHOCTH napan

nenbHa CKOpOCTH, 

14 

BTopoe ycnoaHe npennonaraeT ManocTb KBaHTOBhiX 

nonpaaoK I 41; OHO npHaonHT K 6onee CHnhHOMy orpaHH'ie
HHIO: 

m2 c 3 13 
yH « aH e = -~ = 4,4. 10 3. ( TI ,3) 

YMHO)I{aH ypaaHeHHH (TI.l) cooTaeTCTBeHHo Ha x, y H z 
H CKn8llhiB8H pe3ynhT8Tbi 1 llpHXOllHM K 38KOHy H3MeHeHHH 
9HeprHH 'I8CTHUhl 

mc 2~
dt --

2e 4H2y2 . 2 ·2)* 
- - ---(x +Y 

3m2c5 (TI.4) 

C llOMOIUbiO (f1,4) TpeTbe ypaBHeHHe (fl,l) CBOllHTCH 

K erue OllHOMy 38KOHy COXp8H9HHH: 

dz _ 0 y ---·- - • 
dt 

z = const . ( TI .5) 

TionqepKHeM, 'ITO npononhHhiH HMnynbc He coxpaHHeTcH, 

COXp8HH9TCH TOnhKO npononbH8H CKOpOCTb, 

nnH ynbTpapenHTHBHCTCKOH 'I8CTHUhl X 2 + y 2 + z 2 = c 2; 

ll09TOMy H3 COXpaHeHHH npononbHOH CKOpOCTH cneayeT 
H COXp8H9HHe KBanpa Ta nonepe'IHOH CKOpOCTH V l = X 2 + y 2 , 

a TaK*e - coxpaHeHHe MonynH yrna Me*nY HanpaaneHHeM 

llBH)KeHHH 'IaCTHUhl H MarHHTHbiM noneM ( CM, T8K)K9 /2/). 
floCTOHHCTBO BenH'iHHbl V .1 HeMenneHHO ll03BOnHeT H8HTH 
npocToe pellleHHe ypaaHeHHH (TI.4): 

* TI ocKonhKy npH BhiBone ( TI .4) HanpaaneaHe HatJ:anb

aoH: CKOpOCTH 6bJnO npOH3BOnbHhiM, 9T8 lf>opMyna Cllpaaen

nHB8 H anH cnyqag BHHTOBoro llBH)K9HHH, Bonpoc 0 COOTHo

lll9HHH (f1,4) C llOTOKOM H3ny'I9HHH llpH Z ~ Q Mbl npen

nonaraeM paccMoTpeTb B cneuHanhHoH: pa6oTe, 
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y= 

1 + 

Yo 

kH 2Yo t 
2 

yl l 

(n.6) 

. -lh 
3AeCb yll = (1-z2j c2) - npOAOnbHOH nopeHU-

2e 4 
¢aKTOp, a seml"mHa k = -35-. 

3m c 
C nOMOllibiD (TI.4) MO*HO T8K*e cymeCTBeHHO ynpoc-

THTb nepBhle AB8 ypaBHeHHg (TI.l), CBeAg HX K 

2 

~ 
wH · kH · X - -Y +--X= 0 I y y 

wH • kH2
· y + -x + -y =0. y y 

(TI.7) 

3AeCb BBeAeHO o6o3HaqeHHe 

eH 
(t) =--. < n.s) 

H me 

TioAqepKHeM
1 

qTO ypaBHeHHg ABH*eHHg (TI.7) He COAep*aT 

p8AH8UHOHHbiX qneHOB 1 nponopUHOHanbHbiX y 
2 

*. 

C llOMOllibiD KOMnneKCHOH nepeMeHHOH ( 2 . X+iy CHC

TeMa ypaBHeHHH (TI.7) CBOAHTCg K ypaBHeHHID 

' + 

k + icuH ( = 0 (TI.9) 
y 

c pemeHHeM 
d( d( -(iwH +kH

2
)r 

-- = (--) e 
dt dt 0 

(TI.lO) 

* AHanorHqHoe o6cTogTenbCTBO Y*e oTMeqanocb B 

HameA pa6oTe / 6/ . nocsgmeHHOH KaHanuposaHu ro y nbTpa

pengTHBHCTCKHX qaCTHU. 
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f'Ae r - co6cTBeHuoe speMg qacTHUbi. YMHO*ag (TI.IO) 
Ha KO MnneKcHo-conpg* eHHoe B blpa>KeHHe, nonyqaeM ¢opMyny 

Ang KBaApaTa nonepeqHoil: CKOpOCTH qaCTHUbi: 

2 • 2 · 2 ( 2 ) -2kH 2 r v =X + y = v e 
~ ~ 0 (TI.Il) 

KaK y>Ke noAqepKHBanocb paHee, Mbi pac cMaTpHsaeM ABH

>KeHHe Ha OrpaHHqeHHOM 0Tpe3Ke ~peMeHH 1 llOKa BenHqHHa 

nonepeqHOH CKOpOCTH npaKTHqeCKH He H3MeHgeTcg (SKBH

BaneHTHag <iJopMynHpOBKa: ll0K8 ABH >K eHHe OCTaeTcg ynbTpa-

pengTHBHCTCKHM B CHCTeMe, B KOTOpoil: Z =0). TorAa 

H3 (TI.ll) cneAyeT orpaHHqeHHe Ha senHqHHY co6cTBeHHoro 
BpeMeHH: 

2kH 2 r « 1 * (TI.I2) 

T.e. ¢opMyna (TI.IQ) <iJaKTHqeCKH n e peXOAHT B 

d( d( -iwH r 
-- = (---) e 
dt dt 0 <n.w' > 

BpeMeHa T H t CBg38Hb! H3BeCTHbiM COOTHOWeHHeM 

t 

r = I~ 
0 y ' 

KOTOpoe C yqeroM (TI.6) ABeT 

T - t - -· 
Yo 

+ _kH 2 t 2 
2y2- = 

II 

_1_(¢ 
w H 

p2¢ 2 
+ ---) 

y2 ' 
II 

tTI.l3) 

(fl.I3 ' ) 

rAe¢ H p2 onpeAeneHbi ¢opMynaMH (12) H (13). Tenepb 
( TI .I 0 ') MO*HO 38llHC8Tb B BHAe 

*JlerKo noKa3aTb, qro orpaHHqHBaJOmee HepaseH

CTBO (TI.l2) ¢aKTHqeCKH COBll8A8eT C npe>KHHM ycnOBHeM 
( 18). 
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~(_ = ( _?() 
d¢ d¢ 0 

OTKyna cnenyeT 

e 

-i (.+. p2¢ 2 
'f' + --- ) 

2 
yll 

,I. . p2-+- 2 
t; = t; ( d( 'f' -J(¢+ -':f:__) 

o + d¢ ) o f e rjl 0 d¢. 

(D.lO ") 

(n.14) 

EcnH HaqanbHhle ycnoBHH Bhl6paHhl no aHanorHH c (9), 
T.e. 

dx 
X =0, (-) = Vl' 

0 dt 0 

Yo 
VlYo (~-) = 0 
~-, dt 0 

WH 

TO (D.14) naeT 

X = 
vlyo ¢ 2 2 

r cos(¢ + R.___L_) d¢ , 
- 2 

WH 0 yll 

V_l y 0 ¢ 
y = ---{1- f sin(¢ + 

WH 0 

p2¢2 

y\ ~ 
)d¢. 

(D.15) 

(D.16) 

B CHCTeMe, B KoTopoti: ynbTpapenHTHBHCTCKaH qacTuua 
He HMeeT rrpononbHOH CKOpOCTH, y\\ =1, Vl = C H ljJOpMy-
nbl (D.16) rrepexonHT B (11). 
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