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TapaHTHH H.11. 
P9 - 11808 

HoaaH ~opMa Koa~~HUHeHTOB nHHeliHoro npeoopaaoaaHHH 

ny'IK8 38pHlKeHHbiX '18CTHU B M8THHTHOM KBaapynonbHOM aneMeHTe. 

"'acTb I. CooapaiOmaH nnocKOCTb 

B nRHeliHOM npHonHlKeHHH paccMoTpeHo llBHlKeHHe aapHlKeHHbiX qacTau 

B none KB81lpynonbHOPO M8PHHT8 C HCUOnb30B8HHeM HOBOPO MeTOila, 38Kn~ 

'IBIOIUePOCH B COUpHlKeHHH llBYX 'IBCTHbiX peWeHHli ypaBHeHHH TpaeKTOpHH 

'IBCTHUbl, onpeaenHeMbiX COOTBeTCTBeHHO HB'I8nbHblMH H KOHe'IHblMH KOOpllHHB

T8MH '18CTHUbl, H BBelleHHH HOBblX napaMeTpOB, nony'leHa HOBBR, oonee npoc

TBH ~OpMa KOa~<fmuHeHTOB nHHeilHOPO npeoopa30BBHHR ny'IK8 'IBCTHU, oonee 

YllOOHbiX anH npoaeaeHHH pac'leToa. HaiiaeHbi npHeMbi rpa~H'IeCKoro onpeae

neHHR napaMeTpOB MBPHHTHOPO KBBilpynonbHOPO aneMeHTB H K09<jxfJHUHeHTOB 

nHHeliHOPO npeoopa30BBHHH, CyiUeCTBeHHO oonei''IBIOIUHe UOHCK HeOOXOJlHMblX 

3Ha'leHHli napaMeTpoa. 3TH 3Ha'leHHH MoryT ObiTb HcnonbaoaaHbi Henocpea

CTBeHHO HnH KaK xopowee npHonHlKeHHe ana aanbHeliwero yTO'IHeHHH Ha 38M 

B aToli 'IBCTH paccMoTpeHo npeoopaaoaaHHe a rnaaHoli co6HpaiOmeA nnocKoc
TH. 

PaooTa BhinOnHeHa B naoopaTOpHH HaepHbiX peaKUHli 011fll1. 

Coo61UeHHe 06beLIHHeHHOI'O HHCTHTyTa l!nepHbiX HCCneLtOBSHHll • .Uy6Ha 1978 

Tarantin N.I. P9 - lllio8 

New Form of Coefficients for Linear Transformation 
of the Charged Particle Beam in the Magnet 
Quadrupole Element. Part I. The Converging Plane 

In linear approximation the motion of charged particles in 
a quadrupole magnet field is considered. A new method is used in 
which two particular solutions for the particle trajectory equation 
are joined, determined with initial and final particle coordinates, 
and new parameters are introduced. A new simpler form of the 
linear trans formations coefficient has been obtained. Some methods 
of graphical determination of parameters of a magnetic quadrupole 
element and of linear· trasformation coefficient are found .These 
values could be used directly or as a good approximation for 
further calculations. This paper deals with the problem of transfor
mation in the principal converging plane of the quadrupole magnet. 

The investigation has been performed at the Laboratory 
of Nuclear Reactions, JINR. 

Communication of the Joint Institute for Nuclear Research. Dubna 1978 

© 1978 06bellHHeHHblil HHCTHTyT RJtepHbiX HCCflMOBBHBil /Iy6HB 

1. BBE,l!EHHE 

,1J;m1 cllopMHpOBaHHfi H aHanH3a Tiy"'KOB 3apfi)l(eHHbiX 

qacTHI.J; B HaCTOfiii.J;ee BpeMfi WHpOKO HCTIOnb3YIOTCfi )l.HTIOnb

Hble H KBa)l.pynonbHble MarHHTbl. llOHCK napaMeTpOB TaKHX 

MarHHTOB H pacqeT HX OTITHqeCKOrO )l,eHCTBHfi npe)l.CTaBnfi

eT C060H )].OCT a TOqHo CnO)I(HYIO H rpOM03)l.KYIO Ma TeMa THqec

KYIO 3a)l.aqy. PeweHHe 3TOH 3a.IJ.aqH oKa3biBaeTcfi Henpoc

TLIM )l.a)l(e TipH HCTIOnb30BaHHH 3neKTpOHHOH BblqHCnHTenb

HOB MaWHHbl, TIOCKOnbKY ycnewHafi pa6oTa nocne)l.HeH BO 

MHOrOM 3aBHCHT OT TOrO, HaCKOnbKO 6nH3KH B3fiTble 

HaqanbHble napaMeTpbl CHCTeMbl K HCTHHHbiM. ll03TOMY He 

cnyqa:HHo, qTo B nHTepaType o6cY*.IJ.aiOTCfi pa3nHqHble 

npHeMbl, HanpaBneHHble Ha ynpoii.J;eHHe MeTO)l.HKH pacqeTOB 

KaK )l.HllOnbHbiX, TaK H KBa)l.pynonbHbiX MarHHTOB. B qacT

HOCTH, Pfi.ll. none3HbiX MeTO)l.OB, ynpoii.J;aiOII.J;HX pacqeT on

THqecKoro )l.eHCTBHfi KBa)l,pynonbHOrO MarHHTa HnH CHCTeMbl 

H3 KBa)l.pynonbHbiX MarHHTOB, MO)I(HO HaHTH B CTaTbfiX/1-S/. 

B pa6oTax /9/ 6hln pa3BHT HOBbiH no.IJ.XO.ll. K peweHHIO 

3a)l.aqu npeo6pa3oBaHHfi nyqKa 3apfi)l(eHHbiX qacTHU.IJ.HnonL

HbiM MarHHTOM. B pe3ynLTaTe cHcTeMaTH3a:u;HH npeo6pa-

30BaHHH H TipHMeHeHHfi )l.OllOnHHTenbHbiX napaMeTpOB, xa

paKTepH3YIOII.J;HX )l.eHCTBHe )l.HTIOnbHOrO MarHHTa B 3TOM 

llO)l.XO)l.e, 6bln TIOnyqeH Ha6op K034>cllH:u;HeHTOB nHHeHHOrO 

npeo6pa30BaHHfi nyqKa 3apfi)l(eHHbiX qaCTHI.J;, Cyii.J;eCTBeHHO 

6onee npocTbiX no cllopMe H 6onee cucTeMaTH3HpoBaHHhiX, 

qeM o6hlqHo npHMeHfieMble. B pa6oTax 19/ 6hlnH pa3pa6oTa

Hbl npHeMbl rpacllHqecKoro onpe.IJ.eneHHfi oTHOCHTenLHhiX 

nono)l(eHHH HCTOqHHKa H npHeMHHKa B MarHHTHOM )l.HTIOnb

HOM 3neMeHTe, a TaK)I(e K034>cllH:u;HeHTOB nHHeHHOrO npeo6-

pa30BaHHfi nyqKa qaCTHI.J; B pa)l.HanbHOM H aKCHanbHOM 

ceqeHHfiX. 
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B HaCTO.HI.QeB pa6oTe ITO,IJ;XO,IJ;, pa3BHTbiB B CTaTb.HX /9/, 

npHMeHeH ,IJ;JI.H paCCMOTpeHH.H B JIHHeBHOM npH6JIIDKeHHH 

npeo6pa30BaHHB ITY'IKa 'laCTHI.J;, npOH3BO,IJ;HMbiX KBa,D;pynOJib" 

HhiM MarHHTOM. B peJyJILTaTe nonyqeHa HOBa.H, 6onee 

DpOCTa.H <i>opMa K03<lxPHUHeHTOB JIHHeBHOrO npeo6pa30BaHH.H; 

HaB,IJ;eHLI npueMLI rpa<l>uqecKoro onpe,D;eJieHH.H nonmKeHHB 

HCTO'IHHKa H ITpHeMHHKa ,IJ;JI.H 3a,IJ;aHHOrO KBa,D;pynOJibHOrO 

MarHHTa H rpa<i>H'IeCKOrO onpe,IJ;eJieHH.H K03<lxPHUHeHTOB JIB· 

HeBHoro npeo6paJoBaHH.H nyqKa Jap.H>KeHHhiX qacTHU. 

To'IHOCTL nonyqaeMbiX npu JTOM peweHHB onpe,IJ;eJI.HeT

C.H TO'IHOCTbiO rpa<i>H'IeCKOrO ITOCTpOeHH.H, H OHa MO>KeT 

6biTb ,IJ;OCTaTO'IHO BbiCOKOB, 'IT06bi HCITOJib30BaTb HaB,IJ;eH

HOe peweHue Henocpe,IJ;CTBeHHO HJIH KaK xopowee npu6nu

>KeHue ,IJ;JI.H ,IJ;aJILHeB:wero paccMoTpeHH.H H yTO'IHeHH.H c 

ITOMOil\biO 'IHCJieHHbiX MeTO,IJ;OB. 

2. YPABHEHHJI ,4BH)J(EHHJ/3APJI)J(EHHOH 
lfACTHabi B MAFHHTHOM KBAAPYIIOJibHOM 
IIOJIE 

TpaeKTOpHH Jap.H>KeHHOB qacTHUbi B rnaaHoB: co6uparo

I.Qe8 nnocKOCTH I z =01 MarHHTHoro KBa,D;pynoJILHoro JJie

MeHTa npe,IJ;CTaBJieHbl Ha puc. 1. fio,IJ; MarHHTHbiM KBa,D;py· 

nOJibHbiM 3JieMeHTOM ITO,D;pa3yMeBaeTC.H C06CTBeHHO KBa,IJ;· 

pynoJILHhiB MarHHT Q H ,IJ;Ba yqacTKa 6e3 MarHHTHoro 

nOJI.H: OT BXO,IJ;HOB rpaHHI.J;bl ,IJ;O HCTO'IHHKa lpeaJibHOrO, 

MHHMOrO HJIH BHpTyaJibHOrol H OT rpaHHI.J;bi ,IJ;O ITpHeMHHKa 

lpeaJILHoro HJIH BHpTyaJILHorol. Ha puc. 1 npHBe,IJ;eHbi 

TaK>Ke HCITOJib3YeMbie HH>Ke 0603Ha'leHH.H, CTpeJIKaMH yKa· 

3aHO ITOJIO>KHTeJibHOe HanpaBJieHHe OTC'IeTa yKa3aHHblX Be· 

JIH'IHH. HanpaBJieHHe OCH X B none KBa,D;pynOJibHOrO MarHH" 

Ta coana,IJ;aeT c HanpaaneHHeM ,IJ;BH>KeHH.H qacTHI.J;bl. 

3<l><i>eKTHBHa.H ,Il;JIHHa npOT.H>KeHHOCTH ITOJI.H KBa,D;pynOJib" 

HOrO MarHHTa, onpe,IJ;eJI.HeMa.H ITOJIO>KeHH.HMH J<l><l>eKTHBHbiX 

BXO,IJ;HOB H BbiXO,IJ;HOB rpaHHU KBa,IJ;pynOJibHOro MarHHTa, 

,IJ;aeTC.H COOTHOWeHH.HMH 

1 00 

L 0 (y) =- f B (x)dx H 
Gy -oo z 

4 

1 00 

L 0 (z) =--fB (x)dx, Ill 
Gz -oo Y 

lj 

lj 

~ 

It 

Q 

Puc.1. TpaeKmopuu aap.11xeHHOii t~aC1flUIJbl e zAaeHoii co6u
paK>flleii nAocKocmu I z =0/ ..wazHumHozo KeaopynoA&Hozo 
3A€M€H1fla. mmpUX06QJI KpU6aJI· 1!1paeK1flOPUJI, xapaKmepu3yKJ· 
r~~a.11 npeo6paaoeaHue muna "npoeKmop". 

r,IJ;e Bx(x) H By(X) • yKa3aHHbie KOMnOHeHTbi MarHHTHO" 

ro non.H cooTBeTCTBeHHO B rnaBHOB co6uparoi.QeB: I z =01 
H rnaBHOB pacceuaaroi.QeB I y =01 nnocKOCT.HX, G - rpa

,IJ;HeHT MarHHTHOrO ITOJI.H. 

By(y=O,z) =Gz H B (y, z = 0) = Gy • z 121 

llpe,IJ;ITOJiaraeTC.H, 'ITO BXO,IJ;Ha.H H BblXO,IJ;Ha.H J<l><i>eKTHBHble 

rpaHHI.J;bl ITOJI.H KBa,D;pynOJibHOrO MarHHTa nJIOCKHe H nep· 

neH,IJ;HKYJI.HpHble K OCH MarHHTa, T.e. L 0(y) =L0 (z) =Lo=COnst. 

YpaaHeHH.H ,IJ;BH>KeHH.H Jap.H>KeHHOB qacTHUbl a none 

KBa,IJ;pyiTOJibHOrO MarHHTa B npaBOBHHTOBOB CHCTeMe KOOp· 

,IJ;HHaT xyz HMeiOT 06I.QHH BH,IJ;: 

d . 
dt(my) 

d ' . 
dt'mz) 

eBzx 
=- -c-;' 

eByx 

c 

l3al 

1361 

r,IJ;e m H e " Macca H 3ap.H,D; 'laCTHI.J;bi, C " CKOpOCTb CBeTa 

B aaKyyMe. 
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IlO.IJ:CTaBHB B ypaBHeHH.H 131 KOMnOHeHTbl non.H 121 
H 3aMeHHB npOH3BO.IJ:Hble no BpeMeHH npOH3BO.IJ:HbiMH no 

KOOp.IJ:HHaTe X, nony'IHM C TO'IHOCThiO .D:O nepsoro nop.H.IJ:Ka 

ManbiX BenH'IHH ypaBHeHH.H TpaeKTOpHH 'laCTHUbi 

y"-k 2 y=0 H l4al 

z" + k 2 z = 0 1461 

r.D:e k=y' ~Q_.IlpH BbiBO.D:e ypaBHeHHH 141 6hiJIO .D:Ony{UeHO, 
cmv 

'ITO y/X « 1 H z/X« 1, H Y'ITeHO, 'ITO a6COJIIOTHa.H BenH

'IHHa nonHOH CKOpOCTH 'laCTHUbl B MarHHTHOM none He 

MeH.HeTC.H: \vJ =0. 3aMeTHM, 'ITO H3 ycnOBHH nony'leHH.H 

nHHeiiHoB: 4JopMbi ypasHeHHH TpaeKTOPHH qacTHUbi I 41 

B KBa.IJ:pynonhHOM MarHHTHOM none He BbiTeKaeT Tpe6osa

HHe ManocTH aenH'IHH y H z. 3THM I 41 oTnH'IaeTc.H 

OT nHHeHHOH 4JopMbi ypaBHeHH.H TpaeKTOpHH 'laCTHUbl B Mar

HHTHOM .IJ:HnOnhHOM none, .IJ:n.H KOTOpOrO Tpe6oBaHHe Manoc

TH OTHOCHTenhHOH pa.IJ:HanhHOH KOOp.IJ:HHaTbl p =(r-R J /R0<<1 
cne,nyeT H3 ycnosaB: nHHeapH3aUHH. O,nHaKo H3MeHeHHe 

BenH'IHH y H Z B KBa.IJ:pynonhHOM none He ,ll;OJDKHO conpo-

BO)I(,IJ;aThC.H HapyWeHHeM ycnOBHH y' << 1 H z' << 1. 

3. IIPEOEPA30BAHHE TPAEKTOPHH 3APJDKEHHOH 
CJACTHahl B COEHPAIOH(EH IIJIOCKOCTH 
MAFHHTHOFO KBA;:!PYIIOJibHOFO 3JIEMEHTA 

O,nHo H3 qacTHbiX peweHHH ypasHeHH.H l4al MO)I(HO 

onpe,nenHTh, HCXO.IJ:.H H3 rpaHH'IHbiX ycnOBHH npH BXO.IJ:e 

JfaCTHUhl B MarHHTHOe none. 3TH ycnOBH.H nerKO nonyqaJOT

C.H H3 paCCMOTpeHH.H np.HMOnHHeHHOrO .IJ:BH)I(eHH.H 'laCTHUbi 

OT HCTO'IHHKa ,IJ;O BXO,IJ;HOH 3~eKTHBHOH rpaHHUbi. B nHHeii

HOM npH6nH)I(eHHH no ManOR BenH'IHHe a 1 

Y =Y +a:L 
1 b 1 1 1 

H y' =a 
1 b 1 ' 

151 

r,ne L 
1 

- paCCTO.HHHe OT BXO,ll;HOH rpaHHUbi ,ll;O HCTO'IHHKa, 

y 1 - KOOp,ll;HHaTa TO'IKH BbiXO.IJ:a 'laCTHUbl H3 HCTO'IHHKa, 

6 

a
1 

- npoeKUH.H yrna HaKnOHa paccMaTpHBaeMOH TpaeKTO

pHH 'laCTHUbl K OCH MarHHTa Ha rnaBHYIO C06HpaiOIUyJO 

nnOCKOCTh xy, \a\ « 1. 
qaCTHOe peweHHe ypaaHeHH.H I 4al, Y.IJ:OBneTsopJnoiUee 

ycnOBH.HM 151, HMeeT BH.IJ:: 

a 
Y

1 
(x) =(Y 

1
+a

1
L 

1
) coskx + --fsinkx 161 

Haii.IJ:eM .IJ:pyroe qacTHoe peweHHe, npe.IJ:cTaBn.HIOIUee 

TpaeKTOpHIO 'laCTHUbl, npHXO.IJ:.HIUeH Ha npHeMHHK B TO'IKY 

C KOOp.IJ:HHaTOH Y 
2 

H nO.D: yrnoM a 2 • rpaHH'IHble ycnOBH.H 

npH BbiXO.IJ:e 'laCTHUbl H3 MarHHTHOrO non.H B 3TOM cnyqae 

MOryT 6b1Th 3anHCaHbl aHanorH'IHO ycnOBH.HM 151 Ha BXO.D:

HOB rpaHHUe: 

Y -y -a L H Y' -a 
2b- 2' 

171 
2b- 2 2 2 

r.ne L
2 

- paccTo.HHHe oT BbiXO.IJ:HOH 3ciJ4>eKTHBHOH rpaHHUbl 

.no npHeMHHKa,Ja 
2

J << 1. PeweHHe ypasHeHH.H l4al c rpa

HH'IHLIMH ycnoBH.HMH 17 I ecTL 

y (x) = (y -a L ) cosk(L -x)- a 2 sink(L -X). 181 
2 2 2! 0 k 0 

)J.n.H TOrO, 'IT06bl Bblpa3HTh BbiXO,ll;Hble KOOp.IJ:HHaTbl 

'laCTHUbi y 
2 

H a 
2 

qepe3 BXO,ll;Hble Y 1 H a 1 , npO,ll;OJDKHM 

TpaeKTOPHIO 161 TpaeKTOpHeil 18/. H3 MexaHHKH .IJ:BH)I(eHH.H 

MaTepHanhHOrO Tena B none CHJI H3BeCTHO, 'ITO TpaeKTO

pH.H Tena O.IJ:H03Ha'IHO onpe.IJ:en.HeTC.H ero CKOpOCThiO H 

nono)l(eHHeM B KaKoil-nH60 MOMeHT BpeMeHH. Il03TOMy, 

JIT06bl npO.IJ:OJDKHTh TpaeKTOpHIO y 
1 
(X) TpaeKTOpHeH y 2 (x) , 

.IJ:OCTa TO'IHO nonO)I(HTh 

y1(X1) =Y2(X1) H '(X ) - '(X ) 
y1 1 -Y2 1 ' 

/91 

r.ne X 
1

- npoH3BOnLHoe 3Ha'leHHe x • y' (x)= y/x ana-

HeiiHoM npH6nH)I(eHHH. 

Ilpe,nCTaBHM y 2 H a 2 B BH.D:e pa3nO)I(eHH.H B p.H.D: no CTene

H.HM Y1 H a 1 H orpaHH'IHMC.H nHHeHHbiMH qneHaMH. qT06bl 
JIHHeHHOe npe.IJ:CTaBneHHe HMeno CMbiCn npH6JIH)I(eHHOrO 

3Ha'leHH.H HCTHHHOrO pe3ynLTaTa, qneHbl pa3nO)I(eHH.H no 
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I 

CTeneH.IIM y 1 H a 1 ,D;OIDKHbl y6b1Ba Tb, T. e. KO 34MIJHU.HeHTbl 

llpH CTeiTeHHbiX 'llleHaX ,D;OIDKHbl 6b1Tb KOHe'IHbl,a napaMeTpbl 
pa3nO:>KeHH.II ,D;OIDKHbl 6b1Tb MeHbWe e,D;HHHIJ.bl, no OTHOWeHHJO 
K a 1 nocne,nHee Tpe6oaaHHe BLinonHeHo. no OTHoweHmo 
K BTOpoMy napaMeTpy 3TO MO:>KHO c,nenaTb, Bblpa3HB Y i 
a aenH'IHHax, HanpHMep, L 0 lr1 i = y / L 0/ H noTpe6o
BaB, 'IT06bl Yi <<L0 , ITOCKOllbKY 3Ha'leHH.II y He ,D;OIDKHbl 
BbiXO,D;HTb 3a anepTypy KBa,D;pyiTOllbHOrO MarHHTa, KOTOpas, 
KaK npaaHno, MeHLwe ero .nnHHLI. npH 3TOM aenH'IHHLI L i, 

CB.II3aHHble c y i cooTHoweHH.IIMH lSI H 11 I, y,no6Hee 
TaK:>Ke Bblpa3HTL qepe3 L 0 /f i = L /L 0 I. Tor.na nHHeiiHLie 
qacTH pa3no:>KeHHii B P.II.D;bl 

7J2=H7J7J1+Haa H a 2 = A 7J 7J 1 + .A a a 1 , 1101 

r.ne 3arnaBHLIMH 6yKBaMH rpeqecKoro ancllaaHTa o6o3Haqe

Hbl ITOCTO.IIHHble K034MIJHU.HeHTbl pa3llO:>KeHH.II O,D;HOHMeH· 
HOB nepeMeHHOH, ITpHo6peTyT CMbiCll nepBbiX npH6nH:>KeHHH. 

no,ncTaBHM 161, 181 H 1101 B paaeHCTBa 191 H npHpaa· 
H.lleM Ko34MIJHU.HeHTbl npH y 1 H a 1 B neaoii H npaaoii 
'laCT.IIX paaeHCTB 191. B pe3ynLTaTe nony'IHM .nae CHCTeMLI 

ypaaHeHHii, onpe.nen.IIIOIIJ.HX H'!7, Ha, .A 7J H A a . HanpHMep, 
nepBa.ll CHCTeMa ,D;ll.ll H

71 
H A 7J HMeeT BH,D;: 

c 1 = c2 H "- ( e 2 c 2 + 8 2 I K ) A 7J ' 

1111 
-K s 1 = K s2 H 7J + <-K e 2s 2 + c 2 )A7J • 

r,neK =kL 0, 8i=8inkXi' Ci=C08kXi,i=1,2, X 2=L0 -.X 
1

. 
PeweHH.II 3THX CHCTeM ypaBHeHHH ,naHbl HH:>Ke: 

H7J = c 1(-K f 28 2 + c 2)- K8 1{f 2c2 + 8 2 / K) = C-Kf 2 8, 

A7J =-K(81c 2 +c 1c 2 ) =-K8, 

1121 
Ha =(f 18 1+ 8/K)(-Kf 2s 2+c

2
) + 

+(-Kf 18
1

+c
1
)(f

2
c

2
+8/K)=<f

1
+f

2
)c + 

8 

1 

1 
+("K -Kf1f2)s, 

Aa =(-Kf1 8 1+c 1)c 2- (f
1

c
1
+B/K)Ks

2
= c-Kf

1
s, 

r.ne 8= 8inkL 0 , c = co8kL 0 . 

)l,eTepMHHaHT Ma TPHU.LI npeo6pa3oaaHH.II I 101, 3neMeH
TLI KOTopoii BLipa:>KaiOTC.II !llopMynaMH I 121, paaeH e,nHHHU.e: 

H7JAa-A 7J Ha =1. 3To H,?-XO.D;HTC.II B cornacHH c o6IIJ.HM 
3aKOHOM OITTHKH • TeopeMOH JIHyBHllll.ll. 

Ko34MIJHu.HeHTbl 1121 onpe.nen.1110T Koop,nHHaTy H yron 
HaKllOHa TpaeKTOpHH 'laCTHU.bl B nro6oii npOH3BOllbHO Bbl6· 
paHHOH ITllOCKOCTH qepe3 KOOp,D;HHaTy H yron HaKnOHa 
TpaeKTOPHH a nnocKOCTH x1 = L 1 . 

PaccMoTpHM npaKTH'IeCKH aa:>KHble cny'laH npeo6pa3o· 
BaHH.II ITy'IKa 3ap.II:>KeHHbiX qaCTHU. MarHHTHbiM KBa,npyiTOllb • 
HbiM 3lleMeHTOM, KOTOpble ITO aHanorHH C ,neiiCTBHeM CBe· 

TOBbiX ITpH60pOB Ha3biBaiOT "3a:>KHraTellbHbiM CTeKllOM"/ H7J= 

Ol' "TenecKOITOM" I .A n=OI' "npoeKTOpoM" I Ha =01 H 
"KoH,neHcopoM" I Aa =01. KaK cne.nyeT H3 !llopMLI 3anHcH 
Ko34MIJHU.HeHTOB I 121, Ka:>K,nLiii H3 Tpex Ko34MIJHu.HeHTOB, H7J; 
H a H A a• MO:>KeT 6LITL o6paiiJ.eH a HynL .nayM.II cnoco6aMH. 
HanpHMep, Ha paBH.IIeT~.II Hynro npH BLinonHeHHH nepaLix 
HllH BTOpbiX ,D;BYX YCllOBHH: 

-Kf 1 8
1

+C
1

=0 H -Kl2S2+C2=0, 1131 

f 1c 1 + S/K = 0 H f 2 c 2 +8
2
/K=0. 1141 

npH BLinonHeHHH ycnoauii 1131 TpaeKTOpHH qacTHU., xapaK
TepH3YIOIIJ.He paCCMaTpHBaeMbiH THIT npeo6pa30BaHHH Ia 
.naHHOM cnyqae npeo6pa3oBaHHe THna "npoeKTop"l, napan
nenLHLI OCH X B TO'IKe X = X 1 , KaK 3TO ITOKa3aHO Ha 
puc. J ,D;ll.ll TpaeKTOpHH C Ha'lallbHbiMH H KOHe'IHbiMH ycno
BH.IIMH y 1 = y 2 =0. npu BLinonHeHHH ycnoBH.II 1141 B TO'IKe 
X=X 1 HMeeT MeCTO nepeCe'leHHe TpaeKTOpHii, xapaKTep
HbiX .nn.11 npeo6pa3oaaHH.II paccMaTpuaaeMoro THna. Ycno
BHeM 1131 HllH 1141 Bbi,D;en.lleTC.II KOOp,D;HHaTa X=X 1, KOTO• 
pa.11 .no cux nop 6Lina He onpe.neneHa. 3aMeTHM, 'ITO aapu· 
aHT 1141 ycnoaull o6paiiJ.eHH.II B HynL K034MIJHU.HeHTOB H 71,Ha 
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L 

H ~Aa MO)I(eT 6b1Tb !llopMallbHO CBe,IJ;eH K BapHaHTY /13/, 
ocy~eCTBll.lleMOMY npH .IJ;pyroM 3Ha"'eHHH X= .X 1 , B CHny 

nepHO,IJ;H"'HOCTH perneHHH /6/ H /8/. fiOJTOMY B HaCTO.II~eH 
pa6oTe BapHaHT ycnOBHH /14/ OT,IJ;ellbHO He paCCMaTpHBa

eTC.II. 

llpeo6pa3oBaHHe THna "TenecKon" /~AT/ =0/ B MarHHT

HOM KBa.IJ;pynonLHOM JneMeHTe, KaK cne.IJ;yeT H3 I 12/, 
MO)KeT 6blTb OCy~eCTBlleHO TOllbKO npH ycnOBHH THna /14/. 
YcnoBHIO THna /13/ oTBe"'aeT s 

1 
= s 

2 
=0, 03Ha"'aro~ee 

OTCyTCTBHe KBa.IJ;pynOllbHOrO MarHHTa /L O =0/. 
KoJ~HUHeHTbl nHHeii:Horo npeo6pa3oBaHH.R, Bblpa)KeH

Hble qepe3 napaMeTpbl X
1

H .X 2 =L 0 -.X
1

,.IJ;n.R pa3nH"'HbiX 

THfiOB TpaHc!llopMaUHH llY"'Ka 3ap.R)KeHHbiX "'aCTHU npe,IJ;

cTauneHbl B ma6Auije 1. TaM )Ke yKa3aHbl ycnoBH.R, Heo6-

XO.IJ;HMble .IJ;n.R ocy~ecTBneHH.Il 3a,IJ;aHHoro THna npeo6pa-

30BaHH.R. 3Ha"'eHHJI napaMeTpOB, onpe,IJ;en.RIO~HX ycnOBH.II 

H KOJ~HUHeHTbl npeo6pa3oBaHH.II, 3aKnro"'eHbl B cne,IJ;yiO~X 
npe,IJ;enax: 

-oo<f <oo 
i 

!!_ < k.X < 00 ' i = 1 • 2 . 2 -

OTpHUaTenLHoe 3Ha"'eHHe k.X. 03HaqaeT, "'TO OTC"'eT .X. 
1 1 

Be.IJ;eTC.II B npoTHBOfiOllO)KHOM ,ll;BH)KeHHIO "'aCTHUbl HanpaB-

neHHH. 

Ka)K,ll;oe H3 paccMoTpeHHbiX qeTblpex THnou npeo6pa-

30BaHHH HMeeT CBOe Ha3Ha"'eHHe H yCllOBHe npHMeHeHHJI. 

llpeo6pa3oBaHH.R THna "3a)KHraTenLHoe CTeKno" H "npoeK

Top" npHMeH.IIIOTC.II, "'T06bl C03,IJ;aTb nepeTJI)KKY llY"'Ka qac-

THU IT/ 2 1 max «I f 2 1 Ia 2 1 , npeo6pa3oBaHH.R THna 
" " _ max 

TeneCKOfi H "KOH,IJ;eHCOp": HMeiOT npOTHBOfiOllO)KHOe 

Ha3Ha"'eHHe - c!llopMHposaTL napannenLHbiH Ha BbiXO.IJ;e 

ny"'OK f ·~ Ia J max << I 11 2 1 mu. • C ,IJ;pyroB: CTOPOHbl, "3a

)KHraTellbHOe CTeKno" H ''TeneCKOll" HCfiOllb3YIOTC.II, KOr,IJ;a 

IT/ 11 m X >> e tla tl max 'a "npoeKTOp" H "KOH,IJ;eHcop" 'KOr

,IJ;a f 1 iatlmax>> IT/1I max • EcnH nocne.IJ;HHe ycnoBH.II Bblnon

H.IIIOTC.R, TO H3 nony"'eHHbiX peiiieHHH /6/ H /8/ H Tpe6oBa

HHH K napaMeTpaM KBa,IJ;pynOllbHOrO JlleMeHTa OTHOCHTellb

HO npOCTO nonyqaeM 3Ha"'eHH.II MaKCHMallbHbiX OTKllOHeHHH 

TpaeKTOpHH "'aCTHU OT OCH KBa.IJ;pynonLHOrO MarHHTa ,IJ;ll.ll 

Ka)K,IJ;OrO H3 JTHX qeTwpex THfiOB npeo6pa30BaHHH ny"'Ka 

qacTHU B MarHHTHOM KBa,IJ;pynonLHOM JneMeHTe. MaKCHManL-
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HOe OTKnOHeHHe 3apJDKeHHOH 'laCTHUbl n B C06HpaiOI.UeH ·•max 
nnOCKOCTH Bblpa~aeTC~ cne~YIOIUHM o6pa30M: ~nB npeo6-
pa30BaHHH THna "3a~uraTenbHOe cTeKno" H "TenecKon" 

TJ max "" I TJ tl max , ~nB npeo6pa3oBaHHB THna "npoeKTop" 

Tlmax"'f latlmax/cl npH fi>O,i=l 8 2•Timax"'-f11a11max 
npH fl<U H T/max"'f1c21a11max/c1npH e2 <0, ~nBnpeo6-
pa30BaHHB THna "KOH~eHCOp" TJmax"' f 11a 11max/c. 3aMeTHM, 
'ITO Ha puc. 1 HeOCHOBHaB ~nB npeo6pa30BaHHB THna 
"npoeKTOp" TpaeKTOpHB jy 1 ~ 0/ B3BTa ~nB o6ecne'leHHB 
60nbWeH BCHOCTH qepTe~a C HapyWeHHeM ycnOBHB 

e 11a 11 max »I Tit I max . no TOH ~e npH'IHHe ~n· OCHOBHOH 
TpaeKTOpHH He co6n10~eHbl Tpe6oBaHHB y1 «Lo B a 1 << 1. 
llo3TOMY puc. 1 cne~yeT paccMaTpHBaTb numb KaK cxeMy, 
He npeTeH~YIOIUYIO Ha npe~cTaaneHHe TO'IHoro xo~a TpaeK
TopuB:. 

llapaMeTpbl MarHHTHoro KBa~pynonbHoro 3neMeHTa, 
onpe~enBeMble 4JopMynaMH nepaoro cTon6ua ma6AUf.l&l, ner
Ko HaXO~BTC~ nyTeM pac'leTa HnH C nOMOI.UbiO rpa4JHKOB 
puc. 2. Ha puc. 2 npe~cTaaneHbl 3Ha'leHHB Kfi B 3aaucu
MOCTH OT kX . ,nOCTpOeHHble no 4JopMyne K f i = ± ctgkX i , 

• 1 
1 =1 ,2. llpH 3a~aHHbiX 3Ha'leHHBX, HanpHMep, napaMeTpOB 
MarHHTHoro KBa~pynonbHoro 3neMeHTa THna "npoeKTop" 
f 1 B K 3Ha'leHHe f 2 HaXO~HTCB nOCTpOeHHeM noMaHOH 

nHHHH a'aa"b"bb'. llpH 3TOM a'= Kf 1 H a"b" = K , 

a TO'IKa a OTKna~biBaeTCB Ha O~HOH H3 ~BYX KpHBbiX, 
OTMe'leHHbiX CHMBOnOM Kf 1 B 3aBHCHMOCTH OT 3HaKa 
f 1 • 3Ha'leHHe Kf 2 ~aeTCB op~HHaTOH b' TO'IKH b, 
OT no~eHHOH Ha KpHBOH, OTMe'leHHOH CHMBOnOM Kf 2 • 

JlerKO BH~eTb, 'ITO ycnOBHe npeo6pa30BaHHB THna 
"npoeKTOp" npH 3TOM nOCTpOeHHH BblnOnHBeTCB: 

a'= Kf 1 = ctgkX 1 = ctga',' b'=Kf 2 =CtgkX 2=ctgb", 

a"+b"=K(X 1+X 2) =K. 

3aMeTHM, 'ITO nocTpoeHHe Ha puc. 2 npe~cTaBnBeT 
MarHHTHbiH KBa~pynonbHbiH 3neMeHT C K =1, OCTanbHble 
napaMeTpbl KoToporo ~aHbl Ha puc. 1. 

llepexo~ OT TO'IKH a K TO'IKe b 'lepe3 3Ha'leHHe a6-

CUHCCbl + !!:_ COOTBeTCTByeT npeo6pa30BaHHIO, llpH KOT0-
2 

12 

POM TpaeKTOpHH 'laCTHU nepeceKaiOT OCb MarHHTa B Mar
HHTHOM none. llpH 60nbWHX 3Ha'leHHBX K (K > 17) OCy
JUeCTBnBeTCB MHOrOKpaTHOe nepece'leHHe TpaeKTOpHBMH 
OCH X. 3TH cny'laH npeo6pa30BaHHB, KaK He HMeiOIUHe 
npaKTH'IecKoro HHTepeca, 3~ecb He npe~cTaaneHbl. 

f£{L f . L=l,2 

" 
~ 

~ -j a L----a' 
{ . 

""' 
I 

(-I)~ X, 

7~ 3 

I 

81 
I 

-I 

\ 
~t2 

Puc.2. Ilepe&u1 cnoco6 zpa(Jut~ecKozo onpeoeAeHUJI napaMem
poe f 1• f 2 U K MQ2HU11rH020 K6aOpynOAbH020 3A€M€H11ra 
6 C06Upa10UI€U nAOCKOC11rU. 
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IloHcK napaMeTpoa Ksa.n.pynom.Horo 3JieMeHTa THna 

"Ja)KHraTenLHoe cTeKno", "TenecKon" H "KOH,IJ,eHcop" 

OCyJ.QeCTBJIJieTCJI aHanorHqHblM llOCTpOeHHeM COOTBeTCTBeH· 

HO C K~ l = oo , K ~ 1 = K f 2 = oo H K f 2 = oo • 

IlpH nocTpoeHHJIX cnyqaif K =0 cne.n.yeT paccMaTpHBaTL 

He KaK OTCYTCTBHe MarHHTHoro non.11 I k =01, a KaK 

OTCYTCTBHe Kaa.n.pynonLHoro MarHHTa I L 0 =01, npH 3TOM 
f2=-f1. 

Hau.n.eHHaJI $opMa ycnoaHif, Heo6xo.IJ.HMblX .n.n.11 ocyJ.QecT

aneHHJI paCCMOTpeHHblX npeo6pa30BaHHH nyqKa qaCTHI.(, 

ll03BOJIJieT npHMeHHTb H ,IJ,pyroif rpa$HqeCKHH MeTO)l., ,IJ,aiO· 

J.QHH 3HaqeHHJI Henocpe,IJ,CTBeHHO napaMeTpOB f 1, f2 ,L 0• K, 

a TaK)Ke 3HaqeHHJI K034141HU.HeHTOB JIHHeHHOrO npeo6pa30Ba· 

HHJI. 3ToT BTopou rpa$HqecKHH npHeM HJIJIIOCTpHpyeTcJI 

puc. 3, Ha KOTOpOM ,IJ,aeTCJI llOCTpOeHHe )l.JIJI npe,IJ,CTaBJieH· 

Horo Ha puc. 1 H 2 MarHHTHoro Kaa.n.pynonLHoro 3neMeHTa. 

B 

x, x2 
e, f 0 f 2 ~ 

Puc.3.Bmopou cnoco6 zpafju'lecKozo onpeoeAeHUJI napaMem
poe flo f 2• K U K03tfttPUliU€H11106 npeo6pa306QHUJI ny'IKQ 3a· 
p.11JK€HHbiX 'IQCIIIUll 6 co6upaK>U#€U nAOCKOCIIIU MQZHUIIIHOZO 
KeaopynOAbHOZO 3A€M€H111a. 

f~A 1 f 1A 
H =- -- A = - -- ·A - - --

71 f A ' 71 ·AD ' . a - f A 
1 . 2 

MeTO)l. llOCTpOeHHJI COCTOHT H3 cne,IJ,yiOJ.QHX npOCTbiX 

onepal(HH. 3HaqeHHe f 1 C yqeTOM 3HaKa OTKJia,IJ,biBaeTCH 

Ha OCH X 
1

• H3 TQqKH f 
1 

llpOBO)l.HTCJI npJIMaJI qepe3 

TQqKy A Ha OCH Op,IJ,HHaT, OTBeqaiOJ.QYIO 3a,IJ,aHHOMY 3Haqe

HHIO C06HpaiOJ.QeH CHJibl KBa,D.pynOJibHOrO MarHHTa K. B Toq-

14 

Ke ~A OTKJia,IJ,biBaeTCJI no HanpaaneHHIO qaCOBOH CTpenKH 

yron f
1 

AB, paBHblH B pa.n.HaHHOH Mepe JHaqeHHIO co6H

paiOJ.Qeif cHnhl K. ToqKa nepeceqeHHJI npJIMOH BA c ocbiO 

X 
2 

HJIH C ee OTpHI.(aTeJibHblM llpO,IJ,OJI)KeHHeM • OCbiO X 1 
,IJ,aeT 3HaqeHHe f 2 npH npeo6pa30BaHHH THlla "npoeKTOp". 

IlpaaoMepHOCTb TaKoro nocTpoeHHJI nerKo .D.OKaJblBaeT-

CJI: 

ctgLM10 = Kf 1 = ctgkX 1. L Af 1 0_= kX 1, 

ctgL Afp =Kf
2

= ctgkX 
2

• L Af
2

0 = kX 
2

, 

L f
1 

AB =K = LAf
1
0 + L M

2
0 = k(X 1 +X 

2
) . 

3HaqeHHJI JIHHeHHblX K034141HU.HeHTOB npeo6pa30BaHHJI nyqKa 

qacTHI.( MarHHTHblM KBa,IJ,pyllOJibHbiM 3JieMeHTOM TaK)Ke on· 

pe.n.enJIIOTCJI H3 nocTpoeHH.Il: 

H =-~ f 2A 71 =--- A 
8 2 fA ' 71= -K8=-VAD 1 . • 

A a 
82 

8 1 

f 1A 

f 2 A 

1151 

3,IJ,eCb f lA H f cJA • 0Tpe3KH np.IIMbiX, COe,IJ,HHJIIOI.QHX COOT· 

BeTCTBeHHO TQqKH f l H f 2 C TQqKOH ~A, npHqeM 3HaKH 

0Tpe3KOB onpe.n.en.IIIOTCJI 3HaKaMH e 1 H f 2. ToqKa D 
Haxo.IJ.HTCJI, I<ai< 3To noKaJaHo Ha puc. 3, nyTeM cne.n.yroJ.Qero 

llOCTpOeHHJI: B TOqi<e ~A BOCCTaHaBJIHBaeTCJI nepneH,IJ,H· 

I<YJI.Ilp K f iA, paBHblH 1/K, H H3 TOqi<H C BOCCTaHaBnH· 

aaeTCJI nepneH,IJ,HI<YJI.IIP CD )l.O nepeceqeHHJI c e 2A. 
,ll.n.11 rpa$Hqeci<HX nocTpoeHHH npH npeo6pa3oaaHHJIX 

THlla "Ja)KHraTeJibHOe CTei<nO" HJIH "KOH)l.eHCOp" O)l.HO 

HJIH o6a 3HaqeHHH f 
1 

H f 2 6epyTCJI B COOTBeTCTBHH 

C THllOM npeo6pa30BaHHJI 6eCKOHeqHO 60JibWHMH. 

IlepeceqeHHIO TpaeKTOpHH qaCTHI.( B o6naCTH MarHHTHO· 

ro non.11 Ksa.n.pynoJILHoro MarHHTa oTaeqaeT npoxo)K)l.eHHe 

oTpeJKa :AB npH ero noaopoTe qepe3 ocL op.IJ.HHaT. 
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