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11Ael'l o6pe3aHHl'l cneKTpa TOpM03HbiX noTepb, Ha KOTOpOi! OCHOB8Hbl CTa

THCTH"!eCKHe CfiOC06bi y"'eTa TOpM03HOI'O H3Jiy"!eHHl'l/l,2 /, MO)I(eT 6biTb HCUOJlb-

30B8H8 H UpH Bbi"'HCJleHHH KHHeM8TH"'eCKHX napaMeTpOB SJleKTpOHHbiX ( fi03H

TpOHHLIX) TpeKOB C fiOMOWb!O MeTOA8 H8HMeHbWHX KB8AP8TOB (MHK). TaK, 

HanpHMep, B pa6oTe /3/ annpOKCHMHpyiOW8ll KpHB8l'l B MHHHMH3HpyeMOM lj>yHK

UHOHaJie npeACTaBJilleT cpeAHeCT8THCTH"'eCKYIO lj>yHKUHIO, Bbi"!HCJieHHYIO npH 

lj>HKCHpOB8HHOM 3H8"!eHHH nOp01'8 o6pe38HHl'l TOpM03HbiX fiOTepb. 0AH8KO lj>HK

CHpOB8HHe nopoPa o6pe3aHHll npu npuM:eaeHHH MHK npeacTaBnlleTCl'l HCKyc-

CTBeHHblM H B KOHe"'HOM C"!eTe npHBOJlHT K 38HH)I(eHHIO TO"'HOCTH B KI!HeMa-

TH"'eCKHX napaMeTpax. 00STOMY B H8CT0l'!Weil CT8Tbe npeanaraeTCll MeTOJl, 

B KOTopoM BBOAHTCl'l nepeMeHHbiil nopol' o6peaaHHll cneKTpa TOpM03HbiX no

Tepb, onpeAelll'!eMbiH CYMM8pHblMII fiOTepliMH SHeprHH H8 H3lly"!eHHe H8 H3-

MeplleMOH JlllHHe TpeKa. 

OyCTb saepi'Hll sneKTpoaa B nocneaaei! TO"!Ke H3MeplleMoro y"!aCTKa 

TpeKa llllHHOH L paBHa E (L l=E 0 exp(- f3o) , l')le E 0 - H8"!8JlbH8ll SHep-

I'Hl'l, a {3 0 - HeH3BeCTHoe "'HCno. Torna, KaK H npH lj>HKCHpOBaHHOM nopoPe 

o6pe38HHl'l {3 0 / 2 /, MQ)I(HO C"'HT8Tb, "'TO fiJIOTHOCTb pacnpeaeneHHl'l fiOTepb 

SHepi'IIH H8 H3ny"!eHHe H8 H3MeplleMOH AJIHHe TpeKa p8BH8 

bf-1 
W ( {3 , f> = {3 exp ( - {3 ) d f3 / Y ( h f , f3 

0 
) , ( 1 ) 

Pne 
f3o hf-1 

0 S f S L , y ( b f, {3 ) = f {3 exp (- {3) d {3 , b = 1/ ( X 0 In 2 ) 
0 

H X 0 - panuaUHOHHal'l nnuaa cpeAbi. B STOM cny"!ae annpoKCHMHPYIOinYIO 
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cj:JyHKil!fiO B MHK MOJKHO onpe~:~enHTb KaK cpe~:~aecTaTHCTH'IeCKYIO cj:JyHKilHIO OT 

pacnpe~:~eneHHSI (I) c aeuaaeCTHbiM napaMeTpOM f3 0 , onTHManbHOe aHa-

'leHHe KOTOporo MOJKeT 6biTb HaliAeHO TO'IHO TBKHM JKe o6pa30M, KBK H KH-

HeMaTH'IeCKHe napaMeTpbl TpeKa ( KpHBH3H8 p o H a3HMyTanbHbii! yron </> 

B nnOCKOCTH X Y , nepneHAHKynSipHOli HanpaaneHHIO MarHHTHOrO nonSI, H 

TaHreHC yrna HaKnOHB TpeKa tga K STOll nnOCKOCTH). 

llonyCTHM, HBM H3BeCTHhl Y -hie KOOpAHHBTbl N TO'IeK TpeKa B CHC-

TeMe KOOpJ:IHHBT X Y , OCb X KOTOpOJI COBll8A8eT C HanpaaneHHeM liBHJKe-

HHH 'laCTHilbi a nepaoll TO'IKe (eM, puc. ). Tor~:~a MHK caoAHTCSI K MHHHMH

aa!lHH cj:JyHKilHOHana: 

2 T 
X =tly Gtly (2) 

m 
r~:~e tly=ym-<y>, y - BeKTOp H3MepeHHbiX Y -biX KOOpAHHBT, < y >- BeKTOp 

COOTBeTCTBYIOWHX M8TeMBTH'IeCKHX OlKHJ:IBHHi!: ( annpOKCHMHpyiOwaSI cj:JyHKilHSI), 
-I 

a G - MBTPHil8 BeCOB, o6paTHBH KOBapHBilHOHHOli MaTpH!le G Cny'laliHOrO 

aeKTopa y • B BeKTope < y > ~:~onJKHbl 6hiTb y'ITeHbi noTepu saeprHH Ha 

\ 
y 

~(!!--~ 
cp !Y(tJ -·-

Puc. 1. 

4 

I 
I 
I 
1\0Kplj>I(HOCmb 
I 

}. 

/ ~i_Vl 
'I \ 

'I \ 

X 

.~ 
\' 

HOHH381lHIO H TOpM03HOe H3ny'leHHe X), a B KOB8pHallHOHHOi! MBTPH!le G -I • 

paa6poc TO'IeK OTHOCHTenbao < y > , o6ycnoaneHHbi:Ii cny'la:liHbiM xapaKTe

poM TOpM03HhlX llOTepb, MHOrOKp8THOrO pacceHHHH H HeTO'IHOCTe:li H3Mepe-

HHSI KOOpliHH8To 

EcnH C'IHTaTb, 'ITO TOpMoaaoe uany'leHHe HanpaaneHo CTporo anepe~:~, 

TO 

L f 
y (L) £sin <j p (A) dA)df, 

(3) 

rAe BCneACTBHe He3BBHCHMOCTH HOHH3BilHOHHbiX llOTepb H noTepb 3HeprHH Ha 

TOpM03HOe Hany'leHHe p(A) =Po+ tlplon (A)t.tlpraol ( .\); tlp ion (A) H tlp rao1 (A) 

H3MeHeHHe KpHBH3Hbl HB AnHHe A 38 C'leT nOTepb 3HeprHH Ha HOHH3BilHIO 

H H3ny'leHHe. Ha H3MepSieMbiX AnHH8X TpeKOB !J.pion (A) H tJ. P ratl (A) MBnbl 

no cpaBHeHHIO C p o , H B paanoJKeHHH CHHyCB B (3) B PM HMH MOJKHO 

npeae6pe'lb ao acex 'lneaax, KpoMe nepaoro, TaK 'ITO 

y ( L ) = Y okp ( L ) + tJ. Y ion ( L ) + tJ. y raol ( L ) ' 

r~:~e y (Ll=p 0 L2 /2!- p~Lli/41+p 5 L 6/6! (nocne~:~yiOmue 'lneUhi pSIAa npe-
L f II 

He6pelKHMO Manbi), tlyion(Ll=J Jtlpion(A)dAdf , tly (Ll=fftJ.p oi(A)dAdf. 
0 0 ralli 0 0 ra 

DoTepH 3HeprHH HB HOHH3BilHIO npH AOCTa~O'IHO 60nbwHX 3HeprHSIX sneKTpo-

HB xopomo annpoKCHMHpyiOTCSI npocToll cj:JopMynoll 141: d pI d A= k II' , r~:~e 
2 

k 0 = 2,2 d H d -nnOTHOCTb cpellbi, TaK 'ITO !J.pion(A)=kp0 A/0-kp0 A), r~:~e 

k=k
0
/(0,3· B) • Tor~:~a tly

100
(L)=0-0-kp 0L)Jn(l-kp 0 L))/k

2
p 0 -p0 L

2
/2 H noc

ne paanoJKeHHSI norapucj:JMa B pSIA nony'IHM, KaK H a 
151• 

11 81 41 ~ 1 
tly (Ll=--(-(kp

0
Ll +-(kp

0
Ll +

20
<kp 0Ll +···)=-- I 

ion k 2 6 12 k 2p 0 =8 
Po o 

n(n-1) '(4) 

npH'IeM B 60nbWHHCTBe npaKTH'IeCKHX cny'laeB J:IOCT8TO'IHO orpaHH'IHTbCSI nep-

BbiM 'lneHOM 3TOrO pSIAa. 

x-) ------
nocKOJlhKY B 6onbWHHCTBe cny'laeB HeOJ:IHOpOAHOCTb MarHHTHOrO nonH He

aenHKa, Mbl npe.unonaraeM, 'ITO ero HHJ:IYKilHH B He H3MeHSieTCH HB H3Me

pSieMOM y'laCTKe TpeKa H pasHa HHJ:IYKilHH B ero nepaoli TO'IKe. DpH 6onb

wol! HeOAHOpOAHOCTH cne~:~yeT BOCnOnb30BaTbCH MeTOJ:IHKOi!:, OllHC8HHOi!:, H8-

npHMep, B pa6oTax 13,51. 
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y(bA,f3o) B BRAe p11Aa 

00 )" R n+bA 
(-! PO -y( bA,{3

0 
)= 2 , HaH;:teM: 

n =0 n ! ( n + b A) 
3aiiHCbiBaSI 

< !\ p ~ (A) > = p 0 2 c (A ) {3: 
ra n= 1 n 

rae K03#HUHeHTbl c n (A ) rrony'leHbl IIO H3BeCTHOMY rrpaBHny )leneHHSI CTe-

rreHHbiX pSIAOB. Torna 

L l 
n 

<~y (Ll>=p 2 
ralll 0 n=l 

d (Ll/3 0 • 
n 

d (L l = 
n 

( f c (A) d >... 
0 0 n 

TaKHM o6paaoM, arrrrpoKCHMHpyromaSI «PYHKUHSI 

«iJyHKUHOHan (2), rronaocTbiO orrpeneneaa: 

< y ( L ) > , BXOASimaSI B 

n 2 3 4 5 6 1 (kp 0 Lj" 
<y1Ll>=p 0L /2!-p 0 L /4!+p

0
L /6!+-- 2 +P 2 

k2Po n=3 nln-1) o n=l 
d

0
(Ll/3 0 

-I 
npHCTYIIHM Terrepb K Bbi'IHCneHHIO KOBapHaUHOHHOH MaTpHUbl G 

G- 1 =G- 1(mesl+ G- 1(sc) + G-
1
(rad) 

-1 -1 

(6) 

!'Ae G ( mes ) H G ( sc ) - KOBapHaUHOHHbie MaTpHUb1 0 Y'IHTb!B810mHe OTKnOHe-

HHSI cnyqaifHOI'O BeKTOpa y OT < Y > BCneACTBHe HeTO'IHOCTeil H3MepeHHSI 

KOOpAHHaT H MHOI'OKpaTHO!'O paCCeSIHHSI /6/, a IIOAne>KaiUaSI O!IpeneneHHIO MaT-

PHU8 G-
1

( rad) Y'IHTbiBaeT OTKnoHeHHH y OT < y > H3-3a BepOSITHOCTHOil 

IlpHpOAbl TOpM03HOI'O H3ny'leHHSio no OrrpeneneHHIO: 

l'Jle 

-I 
G 1 k ( rad ) = < y ( L 

1 
) y ( L k) > - < y ( L 

1 
) > < y ( L k ) > , 

2 
<y(L 1ly(L kl>=Po 

L k L I f I f2 
f df

1
fdf fdA f< f3 1{AI) fJ2{A2) 

o o 2 o lo e e >dA2. 

CoaMeCTHaH nnoTHOCTb aepoHTHOc"TH HMeTb Ha· nnHne A 1 KpHBH3Hy 

p o exp ( f3 I (.\I ) ) , a Ha AnHHe .\ 2 - KpHBH3RY p O exp ({3 2 (.\ 2) ), KaK 

cnenyeT H3 {I), paaHa 

bA 1-1 b<.\ 2-.\ 1> 
W(·f3.,{32)=/31 ({32-{31) exp(-{32)d{31 d{32/y{b.\2,{30) • 

f) 

,, 
II 

~· ,, 
,. II 

( 

I 

,' 

j 

( 
I 
I 

noaTOMY 

f31<A I> 
<e 

f3a <A 2> f3o b.\ 2- 1 
e >={ f f3 4>{b.\l,bA2,{32 )d{32)/y{bA2, f3o), 

0 2 

I'Jle 4>(b.\ 1 , b A2 , {3 2 ) BbtpO>KJleHHaSI I'HrrepreoMeTpH'IeCKaH WHKUHH. .llnH 

Bbl'IHCneHHSI HHTei'pana 38IIHmeM 4> ( b.\ 1 , b A 2 • f3 2 ) B BRAe PS!Jla: 

4>(bA 1, bA 2 , f3 2 )= I (
0

(bA 1,b.\2){3: • 
n=O 

1 bA I 1 b.\ I (bAtll 
l'Ae KOS<P<IJHUHeHTbl paBHbl f 0 = I , f I=- --,- • f 2= - 21 ._

1 
( L - ••• TOI'Jla rrocne-

11 bA 2 ~"2 bn:~+ll 
AYIOII{Be Bbi'IHCneHHSI MO>KHO rrpeACTaBHTb B BRAe cneAyiOIUeil CXeMbl: 

~(~) f32<A~ .. 
<e e >=(I g (bA 1 , b A 2) {3:) ( I c (bA 2) {3: )= i q (bA 1, bA 2){30°, 

n n=O n n=O n n:O 

00 L k Ll f I f2 
2 n 

<y(L~)y(Lkl>=Po I r (bL ,bL lf3 , 
n=On I k 0 

r
0

(bL 1 ,b L kl= / df 1 ~ df 2 / dAtj q
0

(1.>. 1,b>.. 2)d>..2 , 

n 2 
<y(L

1
l><y(Lkl>=p0 I 

n:O 

s
0

(bL
1

,bLk) {3 0 

TaKHM o6paaoM, KOBapHaUHOHHaSI MaTpHua 
-I 

G (rad) HMeeT BRA: 

-1 2 
00 

n 
G 

1 
k ( rad ) = p 0 I ( r 

0 
( b L 

1
, b L k) - s n ( b L 

1 
, b L k' )) fJ 0 

n=O 

-I 

(7) 

KoHe'!HO, «iJopMynhi AnSI < l\ y ra4 ( L) > H G (rad) MOI'YT 6b!Tb pe-

8nbHO BCTIOnb30BaHhl TOnbKO B TOM cnyqae, ecn& PRAhl (5) H (7) CXOASITCSI 

AOCT8TO'IHO 6h!CTpO, CXOJlHMOCTb npOBepHnacb nyTeM CpaBHeHHSI (5) H {7) 

npH o:rpaHB'IeHHOM 'IHCne 'lneHOB C COOTBeTCTBYIOII{HMH TO'!HhiMB «lJopMynaMH, B KO

TOph!X HHTerpanhi Bbi'IBCnMHCb MeTOAOM MOHTe-Kapno x), 0Ka3anoc&, 'ITO 

!IpH y'leTe TOnbKO meCTH 'lneHOB B (5) H fiRTH B (7) PRAhl CXOASITCSI npH 

BCeX pean&HhlX 3Ha'leHH SIX b L H {3 
0 

, 

npH H3BeCTHhlX <y(L )> H G -I Bhi'IHCneHHe KHHeM8TH'!:eCKHX napaMeT

p_OB BhmOnHHeTCH o6hi'IHhiM cnoco6oM, Ho annpoKCHMHpyromaH «lJyHKUHH <y(L )> 

x) AaTophi 6naronapHhi 3, Hanh (HHCTHTYT «lJH3H'l:eCKHX &ccneAoaaHHii, Ey

AanemT) a a Bhi'IKCneHHH HHTerpanoa. 
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(6) onpeaeneHa B CHCTeMe KOOpaHHBT xy 1 B TO BpeMSI KBK KOOpaHHBTbl 

TO'ieK TpeKa HSBeCTHbl B apyrolt CHCTeMe KOOpaHHaT X Y ( CM. puc.) 1 no-

sepHyToit HB HeHSBeCTHbllt aSHMyTanbHbilt yron cp , llosTOMY BeKTOp OTKno-

HeHHA f'l y B ~yHKUHOHane (2) 

f'ly(L )=-Y(l) + Y(L) cos</>- X(L) sin cp-< y (L) > • 

MHHHMHSaUHll WHKUHOHana no seKTopy HCKOMbiX napaMeTpOB A(p 0 ,cp, f$J npH

soaHT K CHCTeMe ypaBHeHHA: 

f'lA =(B TGB )- 1B T G f'ly 

B KOTOpbiX f'l A - BeKTOp nonpaBOK K HaAaeHP.OMY B npeablaymeA ( 11 -oA) 

HTepaUHH BeKTOpy A , TaK 'ITO A(v +1 )zA(v)+f'lA(v+1) 1 a B -MaTpH-

ua npOHSBOaHbiX B =- a l'l y I a A 

2 2 4 4 6 3 6 
D 

+ kp 0 L 13 +I d 0 (L) {3 0 B(l,L )= L 12 -p0 L IB + p0 L 1144 

B ( 2, L) = Y ( L ) sin cf> +X ( L) cos cp 

(n-1) 

B(3,L)=p
0

I nd
0

(Ll{$ 0 
n=l 

n=l 

rae anll npOCTOTbl BSSIT TOnbKO nepBb!H qneH pSiaa ( 4), 

Taareac yrna HaKnoHa TpeKa tg a H ero aHcnepcHll D ( tg a ) npH 

ycnoBHH oaaopoaHOCTH MarHHTHoro nonSI H cTporo aanpasneaaoM snepeA Top

MOSHOM HSny'ieHHH HaXOAliTCSI sneMeHTapHO: 

tg a = ( L T G Z ) I ( L T G L ) , D ( tg a ) = 1 I ( L T G L ) , 
z z z 

-1 -1 -1 
rae G z - MaTpHUa, o6paTHaSI KOBapHaUHOHHOA MaTpHUe Gz = G (sc)+G z(mes), 

llpeHMyllleCTBa npeAnOJKeHHOro MeTOAa CTaHOBSITCSI oco6eHHO HarnSIAHbi

MH, ecnH paCCMOTpeTb TpeKH 1 y KOTOpbiX ITOTepH Ha HSnyqeaHe Manbi, 8 STOM 

cnyqae {$ O ... 0 H KHHeMaTH'ieCKHe napaMeTP.bl HaXOaliTCSI CTOnb JKe TO'i-

HO, KaK H AnSI HeHsny'ia!OlllHX 'iaCTHU, 3Toro HenbSSI CKaSaTb 0 MeToae / 5 / 1 

B KOTopoM napaMeTp o6pesaHHll onpeAeneH us HAeonorHH Bspa-MHTHepa /I I 

8 

H 1103TOMY ManOCTb {$ o He OSHB'iaeT, soo6me rosopSI, 'ITO H CYMMapHbie 

ITOTepH SHeprHH Ha HSny'leHHe TaKJKe Manbi, 

llpH 60nblllHX f3o , Koraa usny'ieaue npousowno aa nocneAHeA 'lac-

TH HSMepSieMolt JlnHHbl TpeKa, MOlKHO npHMeHHTb npoueaypy nocneJlOBBTenb-

aoro oT6pacblsaHHSI nocneJlHHX TO'ieK TpeKa. nocKonbKY napaMeTp f3o 
CKOppenHpOBaH C P o H cp, MOlKHO HaliTH TaKyiO OITTHManbHy!O anHHy 1 Ha 

KOTOpOli OWH6KH B KHHeMaTH'ieCKHX napaMeTpaX MHHHManbHbl, 

B aaxniO'IeHue asTopbt BbtpaJKaiOT cso10 6naroaapaoCTb C.B. KnuMeHKo 

H r.A. OcocKosy aa nonesHbie o6cyJKaeHHSI, llpH paspa6oTKe onucaaaoro 

SJleCb MeTOAa cymeCTBeHHO HCITOnbSOBancSI 011biT C03AaHHSI nporpaMMbl /8/, 

OAua us aaTopos <rn. n. B. ) B STOll CBSISH npusaaTenea np~. 

A. Lagarique ( Laboratoire de L 'Acce lerateur Linear, ORSA Y ) sa npeJlOCTaaneHHyiO BOS-

MOlKHOCTb pa60Tbi B ero rpynrre H oco6eaao 6naroAapea D • Morellet sa 

UeHHbie COBeTbi1 JlHCKYCCHH H ITOMOlllb B pa6oTe. 
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