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TapaHTHB H.l1, 
P9 - 11536 

11 OHHD-OllTII'!eCK8SI CXeMa CHI!)!(eHl!SI, KOMMYTAUI!H II MOHOXpOM8TI!38UI!H 

ny~K8 ROHOB URKnoTpOH8 Y-400 

npeano*eH8 HOHHD-OllTR'!eCXBSI CXeMa OllTHM8nbHO~ Tp8HCllOpTHPOBKH 

HOHOB '!epea yCT8HOBKY CHH>KeHHSI H KOMMYT8URH ny'!Ka UHKnoTpOHa Y -400, 
Bbt6op napaMeTpoa s onpeaeneHHe HOnno-onTH'leCKRX xoaljlljlHUHeHTOB 

yCT8HOBKB UpOR3BOaHnHCb C llOMO!UblO r-paljlH'!eCKRX MeTOilOB, p 8CCMOTpeHa 

B03MO*HOCTb HCUOnb30B8HIISI YCT8HOBKH CHI!>Kei!RSI II K~MMYT8UHR ny'!KB '18CTRU 

anR MOHOXpOM8TH38UHH ROHOB, a T8K>Ke anSI OCylUeCTBneHHSI 6e3aHcnepCHOH

ROA 8 R30XpOHHOft TpaHCUOpTHpOBKH, 

YcTaHOBKa MOlKeT o6ecne'!KTb MOHoxpoMaTsaauHJO ny'!Ka ycxopeHHbiX 

BOHOB no asepr-sa no 2·10-4. 

Pa60T8 Bblnonseaa B na6opaTOpHH HAepHblX peaKUHil 011.SH1, 

Cao6llleRHe 06'beJIKHeHHOr-o HHCTHTyTa HJiepHbiX HCCneJIOB8HHil, lly6Ha 1978 

Taranti n N,I, P9 - 11536 

Ion-Optical Scheme for Lowering, Commutation and 
Monochromatization of the U-400 Cyclotron Ion Beam 

An ion-optical scheme of optimum transmission of ions via the 
~rrangement for lowering and commutation of the U-400 cyclotron 
ion beam is proposed. The choice of parameters and determination 
of ion-optical coefficients of the arrangement are performed using 
gmphical methods, A possibility of applying the arrangement to 
lower and commutate beam particles to monochromatize ions and to 
realize dispersionless and isochron•us transmission is considered, 
The arrangement could provide for the monochromatization of 
!accelerated ion beam up to an anergy of 2. 10-4 • 

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

Communication of the Joint Institute for Nuclear Research. Dubna 1978 

© 1978 06'be/1BBeBHbl/l HRCTBT)'T H/lepBbiJC BCCne/10B8RHII /ly6H8 

1. BBEJ{EHHE 

B uacTORI.I.\ee apeMR a Jia6opaTopHH RJJ.epHLIX peaKo;HH 

OH.HH 3aKaH'IHBaeTcR coopy>Keuae uoaoro ycKopHT'n' TR

>Kenhlx HOHOB - H30XpOHHOrO IJ;HKnOTpOHa Y- 400 l , Ha 

3TOM li,HKnOTpOHe 6y,IJ.yT YCKOpRTbCR HOHbl JJ,OCTaTO'IHO 

WHpOI<OrO accopTHMeHTa - OT HOHOB HeOHa H ,IJ.O HOHOB 

KCeHOHa, - KOTOpble JJ,a,IJ.yT 60nbWHe B03MO>KHOCTH JJ,nR 

npoBe,IJ.eHHR Hay'IHbiX H npHKna,IJ.HLIX HCCne,IJ.OBaHHH. 

)l,nR JJ,OBe,IJ.eHHR yCKOpeHHLIX qaCTHll, JJ,O cPH3H'IeCKHX 

ycTaHOBOK nnaHHpyeTCJI C03JJ,aHHe CHCTeMLI TpaHcnopTHpOB· 

KH ny'IKOB /2/, C nOMOI.I.\blO KOTOpOH BLIBe,IJ.eHHbiH H3li,HKnOT

poHa ny'IOK HOHOB MO>KeT 6b1Tb HanpaaneH no pa3nH'IHLIM 

KaHanaM K 3KcnepaMeHTanLHLIM ycTpoilcTaaM. B 3TOH 

CHCTeMe npe,IJ.yCMOTpeHa ycTaHOBKa CHH>KeHHJI H KOMMyTa

li,HH ny'IKa HOHOB. YcTaHOBKa cocTOHT I puc. 1/ H3 JJ.BYX 

JJ,HnOnbHblX MarHHTOB C aepTHKanbHO pacnono>KeHHLIMH Me

,IJ.HaHHbiMH nnOCKOCTJIMH, nepBLIH H3 KOTOpbiX (0 1) OTKno

HJleT ropH30HTaJibHbiH ny'IOK, BbiBe,IJ.eHHbiH H3 li,HKnOTpOHa 

B Me,IJ.HaHHOH nnoCKOCTH Ha ypOBHe 4 MOT nona 3KCnepHMeH

TanbHOrO 3ana, aepTHKanLHO BHH3, a BTOpOH (0 2) nepeao

JJ,HT aepTHKanLHbiH ny'IOK 8 ropH30HTanbHYIO nnOCKOCTb 

Ha ypoBHe - 1 M OT nona. KOMMyTali,HJI CHH>KeHHOrO 

ny'IKa no ropH30HTanbHLIM KaHanaM OCyl.l.\eCTBnJleTCR nyTeM 

nOBOpOTa MarHHTa 0 2 BOKpyr BepTHKanbHOH OCH. 

B HaCTOJII.I.\eH pa6oTe npHBOJJ,HTCJI HOHHO- onTH'IeCKWI 

CXeMa TpaHCnOpTHpOBKH ny'IKa HOHOB qepe3 ycTaHOBKY 

CHH>KeHHJI H KOMMyTali,HH, a TaK>Ke paCCMaTpHBaiOTCR 803-

MO>KHOCTH HCnOnb30BaHHJI 3TOH ycTaHOBKH JJ,nJI MOHOXpOMa

TH3ali,HH ny'IKa yCKOpeHHLIX 'laCTHll, HnH axpoMaTH'IeCKOH 

H H30XpOHHOH TpaHCllOpTHpOBKH. 
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Puc.l. Cxe..w&r npeo6pa3oeanu.11 11paeK11wpuu 'lac•ur~ e yc111a
HoeKe CHUJif€HUJI, KOMMYIIOfiUU U MOHOXpOMOIIU30fiUU ny'lKO 
UOH06. 

2. IIAPAMETPhl )QfiiOJLbHhlX MAFHHTOB 
YCTAHOBKH 

)J;JIJI CHB)I(eHBJI B KOMMyTa~BB DY'fKa npe,D,DOJiaraeTCJI 

BCDOJIL30Ba TL ,D,Ba ,D,BDOJILH.biX 3JieKTpOMarHBTa C MarHBTO • 

npoBo,D,oM B3 .D.BYX III- o6paJH.biX noJIOBHH. llomocw .D.BDOJIL

H.biX MarHBTOB BMeiOT cllopMy 'faCTB KpyrOBOB ,D,OpO)I(KH. 

Pa,D,ayc rJiaBaoA Tpaei<Topaa B .D.BDOJibHOM :w:araaTe 

R0 = 100 CM onpe,D,eJieH BCXO,D,JI B3 YCJIOBJdi paJMei.QeHHJI 

.D.BYX MarHBTOB Me)I(,D,y YPOBHJIMH CHH)I(eHHJI DY'fKa KaK 

Mai<ca:w:aJILHO BOJMO)I(H.bli. Haa6oJILWaJI HH.D.YK~BJI MaraaT

aoro DOJIJI COCTaBJIJieT - 1 ,3 T. 3TO 3Ha'feHBe DOJiy'feHo 

B3 YCJIOBBJI, 'ITO MarHBTHaJI )l(eCTKOCTL )J,OBe,D,eHH.biX )J,O 

4 

KoHe'faoro pa,D,ayca ~HKJIOTpoaa aoaoB, paBHaJI BR =2x1 ,8 T..w, 
yMeHbWHTCJI B 3-5 pa3 B pe3yJibTaTe DOTepH 3JieKTpOHOB 

DpH BbiBO,D,e BOHOB H3 ~HKJIOTpOHa MeTO,D,OM o6,IJ,HpKH. 

fiOCKOJibKY BeJIH'fHHa MarHHTHOrO DOJIJI, Tpe6yiO~aJICJI 
)J,JIJI CHH)I(eHHJI pa3HbiX HOHOB, cy~eCTBeHHO pa3JIH'faeTCJI 

/B =0 ,6 - 1 ,2 T/, TO HCDOJih 3YIOTCB MarHHThl C O,D,HOPO.D. "I 
HbiM DOJieM, TODOrpacllHB KOTOporo npH H3MeHeHHH 6oJiee 

CTa6HJihHa, 'feM HeO,D,HOpO,D,HOrO. 
3<MJeKTHBHbiB yroJI OTKJIOHeHHB nyqi<a HOHOB If> B Ka)l(

,D,OM 83 MarHHTOB ,D,OJI)I(eH 6b1Th paBeH TO'IHO 90°, 'IT06bl 

o6ecne'fHTh ropH30HTaJihHOCTh CHH:>KeHHB nyqKa DpH JD060M 

yrJie DOBOpOTa HH)I(Hero MarHHTa. ));JIB cllopMHpOBaHHB flO" 

JIO)I(eHHB J<MJeKTHBHbiX rpaHH~, KOTOpble MoryT CMei.QaThCB 

npH H3MeHeHHH DOJIJI H TeM CaMbiM H3MeHBTh yroJI OTKJIO" 

HeHHJI nyqKa HOHOB, npe,D,yCMOTpeHbl DO,D,BH:>KHble 3KpaHbl 

B6JIH3H BXO)J,HOB H BbiXO)J,HOB rpaHHD; MarHHTa. ));JIB 3THX 

)l(e u;eJieii H C u;eJihlO o6ecne'feHHB B03MO:>KHOCTH yJiy'fWeHHB 

clloKyCHpOBKH DY'fKa KOHe'IHble 'faCTH DOJIIOCOB MarHHTa 

BbiDOJIHeHbl C'beMHbiMH, 'IT06bl o6Jier'fHTh He06XO,D,BMYIO 

MeXaHH'feCKYIO DO,D,rOHKY cllopMbl rpaHH~ MarHHTa. 

fiOJIHaB ,D,JIHHa npoJieTa HOHOB qepe3 ycTaHOBKY ,D,OCTa

TO'fHO BeJIHKa /OKOJIO 5 M/, D03TOMY ,D,BDOJihH.ble MarHBTbl 

uapH,D,Y C pa,D,BaJihHOB clloKyCHpOBKOB o6ecne'fHBaiOT aKCB· 

aJILHyiO. 3TO TeM 6oJiee He06XO,D,BMO, DOCKOJihKY aKCHaJih" 

HbiB 3MBTTaHC DY'fKa 6oJILWe, qeM pa,D,BaJihHbiB, a aKCH • 

aJILHaJI anepTypa /60 MM/ KaMepbl MarHBTa MeHbWe pa,D,H" 

aJihHOH /150 MM/. 3aMeTHM, 'ITO aKCBaJihHbiB 3MHTTaHC 

DY'fKa B ,D,HDOJihHOM MarHHTe COOTBeTCTByeT pa,D,BaJibHOMY 

3MHTTaHCY DY'fKa B D;BKJIOTpOHe H uao6opOT. 

3. HOHHO-OIITHtiECKHE XAPAKTEPHCTHKH 
YCTAHOBKH 

Bo3MO)I(Hble cxeMLI npeo6pa3oBaHHB nyqi<a aouoB npa 

HX npOXO)I(,D,eHBB qepe3 ycTaHOBKY npHBe,D,eH.bl Ha pUC. J 
)J,JIJI O)J,HOrO H3 B3aHMHbiX DOJIO:>KeHHH ,D,BDOJihH.biX MarHBTOB • 

Ha pacyui<e noKa3aHbl pa,D,aaJILH.ble ce'feHBB nyqi<a aouoB; 

ai<cHaJILHble ceqenHB B o6meM no,D,o6H.bl pa,D,aaJILH.biM. B 

TaKHX cxeMaX TpaHCDOpTHpOBKB DY'fKa ycJIOBHJI npoBe,D,eHBJI 

qaCTB~ qepe3 BTOpOH MarHHT c~eCTBeHHO He MeHJIIOTCB 
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npu ero noaopoTe. llpeo6pa3oaauue, npe~cTaaneuuoe 

CDnOWHbiMH nHHHJIMH, MO)I(eT 6biTL DpHMeHeHO Henocpe~
CTBeHHO K BbiBe~eHHOMy H3 UHKnOTpOHa DY'IKY, ~nJI OCYJJ..teCT
aneHHJI BToporo npeo6pa3oBaHHJI ueo6xo~HMa npe~aapu-

TenLHaJI nepeTJI)I(Ka DY'IKa B DnOCKOCTH T}l~ 
1 

C DOMOIJ..tLlO 
KBa~pynonLHbiX nHH3. 

YKa3aHHble npeo6pa3oBaHHJI ny'IKa HOHOB MO)I(HO o6ec
De'IHTL O~HHMH H TeMH )l(e ~HDOnLHbiMH MarHHTaMH C 
ODpe~eneHHbiMH 3Ha1JeHHJIMH yrnoB HaKnOHa BXO~HOH H Bbi
XO~HOH rpauuu. Bb16op 3Ha'leHHH 3THX yrnoa 6bln ocymecT
aneu C DOMOJJ..tLJO Dp!:eM;B rpa!IIH'IeCKOrO DOCTpOeHHJI, 
ODHCaHHbiX B pa6oTaX 3-5 , 

Ha puc. 2 noKa3aHo rpa!IIH'IecoKe nocTpoeuue , c no
MOJJ..tLIO Kotoporo onpe~enJIJOTCJI pa~uanLHble napaMeTpbl 

':J 

!:J 

X 

Puc.2. Cxe..wa zpa,Pu'lecKozo onpeoeAeHu.R paouaAr.Hr.Jx na
pa..we•po& U XapaKI/IepUCIIIUK MQZHU.HOZO OUnOAbHOZO 3Ae
MeH111a. Keaopa111a..wu OIIIMe'leHr.J np.R..wr.re yzAr.J. 

6 

~unonLHoro JneMeHTa npu npeo6pa3oBaHHH Tuna "3a)I(Hra
TenLHoe cTeKno" ~ cnyqae o~uopo~Horo MarHHTHoro nonJI 
(a 1 = 0, w = V 1 + a 1 = 1). TaM )l(e ~aHLI npHHJITLie o6o3Ha'le

HHJI. 
llpu 3TOM 6LmH yqTeHLI cne~yJOJJ..tHe Tpe6oaaHHJI, Heo6-

xo~HMble ~nJI ocymecTaneHHJI 3a~aHHoro npeo6pa3oBaHHJI 
Dy'IKa B XpOMaTH\.feCKOM JneMeHTe /eM. ma6A. 2pa60Tbl /3/j: 

s 1/ c 1 = t 1 n s 2 1 c 2 = t 2 + 11 e 2 • 
r~e 

t
1

=tgf1 , s 1 =sin!/J 1 , c 1= cost,{l 1 , i=1,2, 

!/11+t,!l2 =<1>, e2 =L2/Ro. 

Ha puc. 3 noKaJaH npHeM rpa~uqecKoro onpe~eneHHJI 
nono)l(eHHJI aKcnanLHOH nepeTJI)I(KH ny'IKa HOHOB ~nJI npeo6-
pa3oBaHHJI Tuna "Ja)I(HraTenLHOe cTeKno" B qacTHOM cnyqae 
o~Hopo~Horo nonJI (ll = v'~ =0). llocTpoeHne B ~aHHOM 
cnyqae onpe~enJieTCJI cne~yJOIUHMH ycnoBHJIMH, nonyqaro-

-
l 

s 

Lt 
¢A'o 

N 
--~ 

~ 

01 02 
Puc.3. CxeMa zpwjJu'lecKozo onpeoeAeHuJI aKcuaAr.HbiX na
paMelllpoe u xapaKmepucmuK MaZHUIIIHozo ounoAr.HOlO 3Ae
..weH111a. Keaopallla.Mu om..we'leHr.l npJIMbJe yzAr.l. 
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muMHCR H3 o6mux ycnoauii npu z; =0 /eM. ma6A. 2 
pa6oTbi 151 /: 1lx 1 =t 1 u 1lx 2 = t 2 - 1/f2 , r.ne x 1 +x2 =¢. 
Ilpu 3TOM ucno11b3YIOTCR BeJlHl.fHHbi L 2 , xi 8 - ( i 
BMCCTO Tpe6yeMbiX 06U\HM npaBHJlOM 151 BCJlHl.fHH vL 

2 
,VX i 

H -Arctg(tg(/z;). Be11Hl.fHHa x 1R 0 (X1•X 2 H ¢ 6epyT
CR B pa,nuauax) onpe,neJlRCTCR TOl.fKOU nepecel.fCHHR G 
rnaBHOU TpaCKTOpHH, npe,nCTBBJlRCMOU npRMOU JlHHHCU -
ocbiO X, c npRMoii, npoae.neuuoii napanneJlbHO axo.nuoi 
HOpM811H qepe 3 TOl.fKY 0 1 , pacnoJlO)KCHHYIO ua paCCTOHHHH 
R Q no HOpM811H K rJlaBHOU TpaeKTOpHH OT TOl.fKH BXO,na 
r11BBHOU l.fBCTHU.bl. lJOJlO)KCHHe TOl.fKH aKCHBJlbHOU nepeTR)I{KH 
nyl.fKa l.f8CTHU. onpe,neJlRCTCH YC110BHCM, 'iTO HOpMaJlb K Bbi
XO,nHOU rpaHHU.C H HOpM8Jlb K rJlaBHOU TpaeKTOpHH B MCCTe 
nepeTR)KKH nyl.fKa nepeceKaiOTCH B TOl.fKe B, ne)l{amei ua 
npRMoii 0 2 G, r.ne 0 2 - TOl.fKa, uaxo.nRmaHcR ua paccTORHHH 
R O OT TOl.fKH BbiXO,na no HOpMaJlH K rJlaBHOU TpaeKTOpHH. 

3aMeTHM, 'iTO auanorHl.fHble rpaciJuqecKue npueMbl onpe
,neneHHR napaMeTpos MoryT 6b1Tb TaK)I{e nonyqeubl ,n1111 
KBa,npyllOJlbHbiX 311CMCHTOB, H Tor,na HaXO)I{,nCHHe npe,nBapu
TCJlbHOI'O peiUCHHH o6meu 3a,naqu TpaHcnopTHpOBKH l.faCTHU. 
C npHMCHCHHCM ,nHllOJlbHbiX MarHHTOB H KBa,npynOJlbHbiX 
J1HH3 MO)I{CT 6b1Tb ~CJlHKOM DpOBe,neHO OTHOCHTCJlbHO npoc
TbiM rpa$Hl.fCCKHM MCTO,nOM. 

C DOMOU\biO yKa3aHHbiX rpa$Hl.fCCKHX npHeMOB 6b111H 
paCCMOTpCHbl pa3J1Hl.fHble l.faCTHble CJlyl.faH yKa3aHHbiX BbiiUe 
npeo6pa30BaHHH Dyl.fKOB HOHOB. C li.CJlbiO ynpOU\CHHH KOH
CTPYKU.HH .nunonbHbiX MaruuToB 3Hal.feHHH yrnoa uaKnoua 
HX BXO,nHbiX H BbiXO,nHbiX rpaHHU. 6bi11H Bbi6paHbl O,nHHaKOBbJ
MH OpH npHCMJlCMOM DOJ10)KCHHH MeCTa nepeTH)I{KH DYl.fKa. 

CTHrMaTuqecKaH nepeTH)I{Ka nyqKa, T .e. paaeucTao 
3Hal.feHHH f 2 ,nJlH pa,nHaJlbHOrO B aKCHaJlbHOrO npeo6pa3o
BaHHH, o6ecnequaaeTcH npn cne,nyiOmeM 3Haqeuuu yrnoa 
HaKJlOHa BXO,nHOH B BbiXO,nHOH rpaHH~: 

f 1 = f 2 =23,7°; npH 3TOM f 2 =0,54, 1/1 1 =23,7°, 1/1
2 

=66,3°, 
x 1 =2,28, x 2 =-0,71. 

Ko3ciJcPB~HeHTbl npeo6pa3oBaHHH nyl.fKa qacTH~, uau.neu
Hble no $opMynaMI3,5I u nyTeM rpaciJuqecKoro nocTpoeHHR, 
paBHHIOTCH: 

8 

H7J =0, Ha = f 2 c/c2 = OB·!AEIR~ = 1,24, 

H0 = f 2 (s 1 + s 2 )lc 2 = (OC + OD)IR 0 = 1,78, 

2 
A =-c Inc =-R IOB·AE=-081 7] 2 t2 1 0 , , 

Aa=c/c 2 -f 1 c 21f 2 c
1
-slf

2 
=0,44-0,8H

1
, 

A 0 =(s
1
+s

2
) lc 2 -(1-c)lf 2 = 1,44, 

Zt; =0, z13 =-f2 x
1
1x

2 
= 1,74, 

Bt; = x 2 I f 2 x 1 =-0,58, 

B{3 =-xl lx2 + f 1 X 2 If 2 X 1-¢ If 2 

=0,31-0,58f 1 , A7J =(s 1+s 2 )1c 1 =1,44, 

Aa= f 1(s1 +s 2 )1c 1 + 1-c = 1+ 1,44f 1 , 

A8 = <ll - s = o,57. 

/1/ 

3.necb s =sin¢' c = cos¢' e 1 = L1 I R 0 - paCCTOHHHe OT 
paCCMaTpBBaeMOrO HCTOl.fHHKa l.faCTH~ ,no BXO,nHOH rpaHB~bl, 
Bblpa)l{euuoe B e.nuuu~ax R 0. Ko3ciJcPuu.ueuTbl npeo6pa3oBaHHH 
onpe,ne11HIOT BbiXO,nHble napaMeTpbl TpaeKTOpHH l.f8CTH~bl, 

T.e. napaMeTpbl B OJlOCKOCTH TJ 2 ( 2 , qepe3 BXO,nHbiC napa-
MeTpbl 7]1 ( 1 

nocpe,ncTBOM cne,nyiO~Hx ciJopMyn: 

7J2=H7J7J1 +Haal +Hoo, 

a = 
2 A7J 7J 1 + A a a 1 + A 0 o, 

/2; 

( 2 = Zt; ( 1 + Z [3f3r {3 2 = E~ ~ 1 ~ B {3 f3t • 

.\2= A7J7Jl+ Aaat +.\1+ .\(38. 

T! i H ( i - KOOp,nHHaThl TpaeKT- ;:'HH '!aCTH~bl B pa,nua.~hHOM 
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H aKCHanLHOM HanpasneHHJIX, BLipa)I(CHHLIC B C)J.HHHllaX 
R

0
; ai {3 i • yrnw HaKnoHa TpaeKTopuH qacTHllLI K rnaa· 

HOB TpaeKTOpHU B pa.n.HanLHOH U aKCHanLHOH nnoCKOCTJIX; 
,\ i • pa3HOCTL )J.llHH 3a)J.aHHOH U rnaBHOH TpaeKTOpUU, 

swpa)I(CHHaJI s e.n.HHHllaX R0 ; i = 1 u 2 ; 

o = ~Jll + ~v 
mo vo 

~e 

eo 

IlapaMeTpLI .n.unonLHoro JneMeHTa 0 0 • npeo6pa3YIOI.llero 
ny'IOK no.n.o6HO KOH)J.CHCOpy, onpe.n.eneHLI B pe3ynLTaTe 
paCCMOTpeHUJI o6paTHOrO XO)J.a TpaeKTOpHH B )J.UnOnLHOM 
3neMeHTe D1: e1 =0,54;1,/J J =66,3°; 1,/J2 =23,7°:x1=-0,71; 
x2 =2,28. Ko3!WIHUBCHTLI npeo6pa3oBaHUJI paBHLI: 

H 
11 

= c2 I c 1 - f 2 c tf f 1 c 2- sl f 1 = 0 , 44 - 0, 81f 2 ; 

H a= f
1 

c 2 /f 2 c 1 = OB·!AEIR~= 1,24; 

H0 = f 2 (s 1 +S 2 )1c 2+1- c = 1 + 1,44f 2 ; 

2 
A 17 =-Ctlf 1 c 2 =-R 010B·!AE= -0,81; 

Aa = 0; A 0 = (s 1+s 2 )1c 2 = 1,44; 

z ' = -X 2 I X 1 + f2 X / f 1 X 2 - <I> I f 1 

= o,31-0,58f
2

; z f3 =- f 1x 2 /x 1 = 1,74; 

B ( =X/ f 1 X 2 =-0,58; Bf3=0; 

A
17 

=(s 1+s 2 )/c 1 -(1-c)f 1 =1,44; 

Aa =f
1

(s
1
+s

2
)1c

1
=1,78; A0 =<l>-s=0,57. /3/ 

3TH K03<WJHUBCHTLI onpe)J.CilJIIOT napaMeTpLI TpaeKTOpHH 
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I 

I 

'laCTUllbl B nnoCKOCTH T)
4 

( 
4 

'ICpC3 napaMeTpLI B nJIOC· 
KOCTH 11

3
( 

3 
no <llopMynaM, aHanorH'IHLIM /2/. 

IlpU e =0,54 )J.il.ll nepBOrO )J.UnOllbHOrO 3llCMCHTa UMCCM 
Aa=Bs= o.~TO 3Ha'IUT, 'ITO MarHUT )J.CHCTBYCT O)J.HOBpeMeH· 
HO H KaK KOH)J.CHCOp no OTHOWCHHIO K ny'IKY paCXO)J..III.llHX • 
C.ll U3 TO'IKU 'laCTHll. Ilpu e 2 =0,54 )J.ilJI BTOporo )J.UnOllbHOrO 
JneMeuTa nonyqaeM H 

11 
= B ( =0 • ycnoBHe npeo6pa3osa· 

HU.II THna "3a)I(UraTenbHOC CTCKno". Ilo3TOMY CYMMapHOC 
)J.CHCTBUC .Ll.BYX )J.UnOnbHblX MarHUTOB, pacnono)I(CHHblX O)J.UH 
3a )J.pyrUM Ha paCCTO.IIHHU 1 ,08 M, MO)I(CT 6biTb HllU TUna 
"TenecKon" C nepeT.II)I(KOH ny'IKa Ha nyTU MC)I(JJ.Y MarHUTa· 
MH, HllH TUna "npOCKTOp" C napannenbHLIM XO)J.OM TpaeKTO· 
puH: OT MaruuTa K MarHUTY. B o6oux cny'la.llx o6ecnequaa • 

lOTC.II B )J.OCTaTO'IHOH MCpe O)J.UHaKOBLIC ycnOBHJI npoXO)I()J.C • 
HHJI 'laCTHll 'ICpe 3 MC)I(nOlllOCHOH 3a3op BToporo MarHHTa 

npu n1060M ero nono)I(CHHH. 
fiapaMeTpbl TpaeKTOpUH HOHOB B nnocKOCTU T) 4 ( 4 

onpC)J.Cil.IIIOTC.II npOH3BC)J.CHUCM TpCX MaTpBI.l: MaTpHI.lLI nep· 
BOro )J.HnOnbHOrO MarHUTa, 3llCMCHTaMH KOTOpOH .IIBll.IIJOT· 
c.11 KOJ<WJuuueHTbi /1/; MaTpUllLI nosopoTa, B KOTopoH: 

OTllH'IHLI OT HYllJI K03<WJUUUCHTLI 

M
11 

=M
22

=M
33

=M
44

=cos0, M 13=M 24=-M 31 =-M 42 =SinO, 

M =M =1 
55 66 • 

0 • yron nOBOpOTa CUCTCMLI 17a ( 3 no OTHOWCHHIO K 
CUCTCMC 7l:a( 

2
; H MaTpUllLI BTOpOrO )J.HnOnLHOrO 3llCMCHTa, 

onpe)J.Cll.IICMOH K03<WJUllBCHTaMH /3/: 

TJ4 
-c 0 -0,71s 0 0 1,78(1+C) 1) 1 

a4 0 -c 0 1,41s 0 1,44( 1-c) al 

'4 
1,41s 0 -c 0 0 2,50s '1 

IP, = 0 0,7ls 0 0 1,02s {31 I' -c 

,\4 t. 44( 1-c) 1, 78( l+c) 1,02s 2,00s 1 1,14+5,12c ,\ 1 

0 0 0 0 0 0 1 ' 
0 

' ' /4/ 
r.n.e s =sinO, c =cosO. 
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OrMeTHM HeKoropble oco6eHHOCTH npeo6pa3osaHHB I 4/. 
,ll,erepMHHaHT MaTpHD,LI paseH (s2 +c2) 2 =1, qro 03Haqaer 
HeH3MeHHOCTL o6beMa wecTBMepHoro Jnnuncou~a npu 
mo60M 3HaqeHHH e. 3TO 0611J,ee 3aKmoqeHBe BKmoqaeT 
pB~ qacTHbiX. HanpHMep, H3 paseHCTBa ~erepMHHaHros 
BXO~Bll.\HX B MaTpBu,y /4/ npeo6pa30BaHHH: 

[

77
4
] [-c -0,718][77

1
] a4 ]1[ -c -1,41s][a 1

] 

( 4 1,4ls -c ( 1 {3 4 0,71s -c {3
1 

I I I 

I . /5/ 

cne~yer, qro HaqanLHaJI H KOHeqHaJI nnoiiJ,a~H nonepeqHoro 
ceqeHHB nyqKa qacruu, paBHbl, TaK )l(e KaK H paBHbl nnoiiJ,a~u 
HaqanLHoro H KOHeqHoro pacnpe~eneHBH qacruu, no yrnaM 
HaKnoHa TpaeKTOpHH. ~OpMy HaqanLHOro ceqeHBJI nyqKa 
MO)I(HO npe~CTaBHTb 3RRBnCOM B KaHOHHqeCKOM BH~e: 

7]ifa2 +(flb 2 =1 npH b=y2a=1,41a, nOCKORLKYBIJ,BK· 
noTpOHaX C CeKTOpHOH ciloKyCBpOBKOH aKCBanbHbiH 3MHT
TaHc nyqKa npu6nB3HTenLHo a ~sa pa3a MeHLWe pa~uanL
Horo. CeqeHBe TaKoro nyqKa nocne npeo6pa3oBaHBB /4/ 
6y~eT CHosa HMeTL KaHOHBqecKyiD cllopMy Jnnunca a cuc
TeMe KOOp~HHaT 7] 4 ( 4 C TeMH )l(e nonyOCJIMB a H b 
npH BCeX 3HaqeHHJIX yrna e. ,lJ,eHCTBBTenLHO, no~CTaBnBJI 
s ypasHeHHe HaqanLHoro Jnnunca (77 i + ( i I 2) = a 2 

KOOp~HHa Tbl 7] 1 H ( l, Bblpa)l(eHHble qepe 3 T/ 
4 

H ( 
4 

: 

[
77

11=[ -c 0,71sl [ 77
4 1 

( -1,41s -c ( 
1 4 

/6/ 

nonyquM (77 ~ + ( ~I 2) =a 2. 3ro o6croJirenLcrso ynpoll.\aer 
HaCTpOHKY ciloKyCBpyiDIIJ,HX 3ReMeHTOB pa3nBqHbJX KaHanoB. 

llpH npeo6pa30BaHHH /4/ 06beM cila30BOrO 3RnHnCOH~a 
TJa({3 OCTaeTCJI HeH3MeHHbiM, XOTJI cila30BLie nnoiiJ,a~H 
TJU H ({3 pa3~enLHO He COXpaHJIIOTCJI 83• 3a CBJI3H nepBbiX 

H BTOpbiX KOOp~BHaT npB nOBOpOTe BTOpOrO MarHHTa. 

12 

Ha seKropHoi ~uarpaMMe I puc. 4/ npe~crasneH a 3asu
CHMOCTH OT yrna nosopoTa e K03cWlHIJ,BeHT RBHeHHOH 
~HcnepCHH ycTaHOBKH D, KOMllOHeHTbl KOTOporo no OCJIM 
TJ 4 u ( 4 onpe~enBIDTCB JneMeHTaMB M16 H M 36 MaTpHU.bl 
npeo6pa3oBaHHB /4/. TaM )l(e ~aHa cllopMa nonepeqHbJX 
ceqeHHH .D.BYX pa3,ll,eneHHLIX nyqKoB. Han6onLmaB nHHeiiHaJI 
.D.HcnepcHJI I D =3,56, qro oraeqaeT 17,8 MM Ha 1 ~ H3Me
HeHHJI 3HeprHH HOHOB/ HMeeT MeCTO npH e., 0°, T. e. B 
cnyqae, KOr,ll,a TpaeKTOpHH qaCTHIJ, npH CHH)I(eHBH HMeiDT 
C-cllopMy. BeKrop .D.Hcnepcuu npu 3TOM HanpasneH no ocu 
TJ 

4
, npoeKIJ,HB nonepeqHoro ceqeHHB nyqKa Ha seKrop .D.Hc

nepcuu HaHMeHLWaJI /a/ H pa3pemaJOIIJ,aJI cnoco6HoCTL 
ycraHOBKH /D/a/, peanu3yeMaJI npH sapuaHTe npeo6pa-
30BaHHB THlla "npoeKTOp", HaH60nblllaJI. 

llpu e =180° I S-cllopMa rpaeKTopuu/ D =0 u ace 
HOHbl, He3aBHCHMO OT pa36poca 3HeprBH, C06HpaiDTCJI 
B nnOCKOCTH TJ 

4 
( 

4 
B O~HO llJITHO. 

Heu3oxpoHHOCTL rpaeKTopui qacrou,, onpe~enJieMaJI 

a cnyqae npeo6pa3osaHBJI runa "npoeKrop" pa36pocoM 

~ 

~0 

~~~~ 

~so 

0 

~ 
(\, 

0 

!5) 
<\I 

Puc.4. Be1<1110p - K03(H/JUf4U€HJI AUHeiiHoii oucnepcuu D 6 
nAOCKOCIIIU TJ (

4 
6 3U6UCUMOCIIIU 0111 yzAa no60pOIIU 61110POZO 

MazHullla e. '3ta'leHU.R yzAa no6opollla OaHbl 'lepe3 KaJKObre 
22,5°. 
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Ha'-laJibHbiX yrJIOB i'.a 1 H l'l(i 1 H 3JieMeHTaMH MaTpHUbl rrpe
o6pa30BaHHB: 141 M52 =1,78(1+c),M 54=2,50s, IIOBTOpB:eT 
3aBHCHMOCTb K03~HUHeHTa JIHHeHHOH ~HCIIepCHH OT yrna 
(), llo3TOMY HaH60JibWaB: pa3rpynnHpOBKa cryCTKOB YCKO" 
peHHbiX '-laCTHU 6y~eT HMeTb MeCTO IIpH () =0° H HaY:aJib" 
HaB: rpyniiHpOBKa HOHOB He H3MeHHTCB: npH () =180 °. 

fipH npeo6pa30BaHHH THna "TeJI~CKOII"'-IaCTHUbl C pa3Hbl" 
MH pa~HycaMH KpHBH3Hbl TpaeKTOpHH npHo6peTaiDT nocne 
npoXO:>K~eHHB: MarHHTHbiX aHaJIH3aTOpOB pa3JIH'-IHYID yrno
BYID HanpaBJieHHOCTb. 3TO yrJIOBOe pa3JIH'-1He MO:>KeT 6b1Tb 
rrpeo6pa30BaHO B 3KBHBaJieHTHOe npOCTpaHCTBeHHOe pa3~e
JieHHe qacTHU C nOMOIUbiO lf>oKyCHPYIDIUeH JIHH3bl, KOTOpag 
coxpanB:eT yrnoaoe pacxo:>K~enue qacTHU pa3Horo copTa 
H !f>oKyCHpyeT IIY'-IOK qaCTHU O~Horo COpTa. 

MaTpuuy npeo6pa3oBaHHB: rryqKa qacTHU rrocne npoxo:>K
~eHHB: qepe3 ycTaHOBKY H lf>oKycupyiDIUYID CHCTeMy JIHH3 
IIOJIY'-IHM, yMHO:>KHB MaTpHUY rrpeo6pa30BaHHB: I41Ha CTaH
~apTHYIO MaTpHI.I,Y JIHH3bl,. OTJIH'-IHbie OT HYJIJI K03~HUHCH
Tbl KoTopou paaHhl 

M = f M ,.,-1/f M ,., 1- f /f M "'f 
12 v ' 21 v ' 22 v v ' 34 h ' 

M43 =-1/fh' M 54"' 1-fh/fh' M55,.,M56 "'1, 

r~e f V H f h - lf>oi<yCHble paCCTOB:HHB: CHCTeMbl JIHH3 B 
BepTHKaJibHOH H ropH30HTaJibHOH nJIOCKOCTB:X, f v H f h -

paCCTOB:HHB: Me:>K~y IIJIOCKOCTbiD 7J 4 ~1 H COOTBCTCTBYIDIUHMH 
rnaBHbiMH nnocKOCTB:MH JIHH3bl. Ko3~HUHCHT nuneunou 
~ucrrepcuu B nnocKOCTH 7] 5 ( 5 6y~eT orrpe~eJIB:TbCB: cne~yiD
IUBMH 3JieMeHTaMH nonyqennou MaTpHUhi: M 16 = 1,44 r ( 1-c) 

v 
u Maa=1,02f11 s. 

JaBHCHMOCTb K03~HUHeHTa JIHHeHHOH ~HCIIepCHH OT yr Jia 
0 ~ana na puc. 5 ~Jig cnyqag cucTeMbl JIHH3 lrpunneral 
C O~HHaKOBbiMH lf>oKyCHbiMH paCCTOB:HHB:MH fv = fh = f H 
e~HHOH ~JIB: aepTHI<aJibHoro H ropH30HTaJibHoro tt>oi<ycupyiO
mux ~eucTBHH rnaBHOH nnoci<OCTbiD. KaK BH~Ho H3 pucyni<a, 
nau6onbwag JIHHeHHaB: ~ucnepcug I D= 2,88 f I HMeeT MecTo 
npu () =180°, T.e. rrpu S -o6pa3HOH !f>opMe Tpaei<ropuu 
qacTHU. 6e3~HCnepCHOHHOe CHH:>KeHHe nyqi<a Y:aCTHU ocy
mecTBJIB:eTCB: npu 0 =0°. 

14 

BeJIH'-IHHa HeH3oxpoHHOCTH TpaeKTopuu qacTHU npu rrpe
o6pa30BaHHH THIIa "TeJieCKOII", 3aBHCB:IUaB: OT ;}.7] 1 H l'l( 1 
H orrpe~enB:eMaB: 3JieMeHTaMH MaTpHUhl rronnoro rrpeo6pa3o
BaHHJI M51= 1,44(1- c) u M53 =1,02s, rroaropB:eT 3aBHCHMOCTb 
JIHHeHHOH ~HCIIepCHH OT (). 

Kai< BH~Ho, rrpu I<a:>K~OM H3 paccMorpeHHbiX Bhlwe 
npeo6pa3ooanuujTuna "npoei<Top" HJIH "TenecKorr"l MO:>KHo 
IIOJIY'-IHTb JIH6o xpoMaTHY:eCKYID (D ;i0) H HeH30XpOHHYID 
(,\ ;i 0), JIH60 6e 3~HCIIepCHOHHYID (D =0) H H30XpOHHYID 
(,\ = 0) TpaHcnopTHpOBKY HOHOB B ~BYX B3aHMHO IlpOTHBO
IIOJIO:>KHbiX HanpaBJieHHJIX lnpH 0=0° H () =180° 1. 

MaKCHMaJibHaB: pa3pewaiDmag crroco6HOCTb R max, T.e. 
pa3peWaiDIUaJI CIIOC06HOCTb, KOTOpag MO:>KeT 6b1Tb ~OCTHr
HyTa nocne yHH'-ITO:>KeHHB: a6eppauuu BToporo u 6onee 
BbiCOKHX nopJI~KOB, ~JIB: npeo6pa30BaHHB: nyqi<a THna "TeJiec
I<On" onpe~enseTcB: no !f>opMyne 

Rmax 
M l'la1 

12 
' r~e M 

12 
.. -fc, M 16 .. 1,44f(1-c), 

e,., 1so o. 

Ilpe~nonaraeTcB:/ 2(qTo BbiBe~eHHbiH H3 UHKJioTpona Y-400 

ny'-IOK HOHOB 6y~eT HMeTb aKCHaJibHbiH 3MHTTaHC l'lZ·I'lZ' 
He 6onee 40 MM. Mpac) npH l'lZ =30 MM H l'lz•=1,3 MpaO. 

Tor~a Rtnax=2,2 ·10 3 no o, T.e. no OTHOCHTeJibHOH pa3HHUe 
pa~HYCOB KpHBH3Hbl TpaeKTOpHH qacTBU B MarHHTHOM none, 
unu R =1,1·10 3 no 3Hepruu, '-ITO oTaeqaeT 3HepreTH'-Iec-

max -4 · 
KOMY pa3peweHHID l'lE/E=9·10 . lliHpHHa KOJIJIHMHPYIDIUeH 
menu ~OJI)I(Ha paBHB:ThCB: - 1,3 MM npu f =1 M .• 

O:>Ku~aeTcg/2/,qro 3HepreTuqecKaB: neo~nopo~HoCTb 
nyqi<a HOHOB Ha UHKJIOTpOHe Y -400 6y~eT COCTaBJIB:Tb -111/o, 
n03TOMY HCnOJib30BaHHe MarHHTOB YCTaHOBKH CHH:>KeHHB: 
H KOMMyTaUHH nyqKa KaK MOHOXpOMaTOpOB yMeHbWHT 3Hep
reTH'-IeCKHH pa36poc ycKopeHHbiX HOHOB no KpauHeH Mepe 

a 10 pa3. 
6onee BbiCOKYID MOHOXpOMaTH'-IHOCTb nyqKa HOHOB MO:>KHO 

noJiy'-IHTb, eCJIH npu6erHYTb K npe~aapHTeJibHOMY lf>opMH" 
poBaHHID nyqKa MarHHTHbiMH KBa~pynOJibHbiMH JIHH3aMH. 

IIpe~eJibHaJI pa3pewaromaJI cnoco6nocTb MarHHTHoro 
cnei<TpoMeTpa onpe~enB:eTcJI cooTnowenueM /a/ 
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Rmax"" 
a 

/71 
R oL'l7J 1 L\a 1 

r.n.e a - nnoma.n.L pa.n.uanLuoro ce'leHHH ny'IKa B none 
.n.unonhnoro MaruuTa, .n.eneunax ua R0. Hau6onhiiiaH pa.n.u
anhnax lllHpHHa ~y'IKa B KaMepe yCTaHOBKH COCTaBnHCT 
6.1) max =f'17J 

1
/ c 

1 
5/ =0,033 npu L\11 1 =0,03, Tor.n.a KaK pa

.n.uanbHaH anepTypa KaMephi paaua 0,150 a e.n.unuuax R0 . 

Ilo3TOMY B03MO:>KHO npuMepno 'ICThipexKpaTnoe yaenuqeuue 
pa.n.uanhnoro ceqenHH ny'IKa H, cne.n.oaaTenhHO, pa3peiiiaro
me8 CnOCOfiHOCTH ycTaHOBKH B pe3ynbTaTe yaenH'ICHHH 
nnoma.IJ.H nyqKa. 3TO yiiiHpCHHC ny'IKa MO:>KCT fihiTh .IJ.OCTHr· 
HYTO nyTeM C03,IJ.aHHH, HanpHMCp, MHHMOB. jc nOMOII.I,hlO 
.II.C<iJOKYCHPYIOIUCB nHH3b1/ pa,IJ.HanhHOB nepeTH:>KKH nyqKa 
B nnocKOCTH 1) 1 ( 1 c 6a 1 =0,12. B peJynhTaTe TaKoro 
npeo6pa3oBaHHH IIIHPHHa MHHMOrO HCTO'IHHKa L\7) 1 B nnoc
KOCTH 7)l'l YMCHbiiiaCTCH, nOCKOllhKY cornaCHO TeopeMe 
J1uyaunnx <iJaJoBaH nnoma.n.h L'l7J1L'la 1 coxpauxeTcx.)J;ocTH· 

~ 
0'1 
t::::> 

0 

.. _]\ 

~--bo 

0 

~ 

qo 
?,?.JO 

Puc. 5. BeK1fwp- K03(/i¢Uf4U€Hif llUHeUHOU oucnepcuu D 6 
n;rocKocmu 7) 5 ( 5 6 3a6ucu.Mocmu om yz;ra no6opoma 6mopozo 
MazHuma (). 3Ha'leHUJI yz;ra no6opoma oaHbl 'lepe3 KaJICOble 
22,$>, 

16 

:>KHMaJI npu 3TOM paJpeiiiaroii.J,aJI cnoco6noCTh 

M 16 

2M 11 L'l7] 1 

3 
= 5·10 no 3HeprHH npa 

Rmax 

e =180 o u 

A7]11'1a1=4·10-5,a 3HepreTH'IecKoe pa3peiiienue L'lE/E= 2. 10-: 
Ty :>Ke aenH'IHHY pa3peiiiaJOII.J,eB cnoco6uocTH .n.aeT u 

<lJopMyna /7 I. A HMeuuo, cornacuo /3/ nnoma.n.L pa.n.uanhnoro 
CC'ICHHH nyqKa npH L\a 

1 
=0,12 B Ka:>K,IJ.OM H3 MarHHTOB 

t/;1 t/;1 
a = L'la1 R 0 le 1 f 

0 
cos¢d¢ +(1+e 1 t 1) f sin¢d¢ + 

0 /8/ 
e1c2 ~2 ~2 

+ --[ J cos(n/2- ¢)d¢ + t
2
J sin(rr/2- ¢)d¢]1=0,21R0 

c1 ~ 1 

H paJpeiiiaromax cnoco6uocTh no 3Hepraa R 

= 5,3 olO 3 . 

max 

2·0,21 

2,4• 10-5 

PaccMoTpennhle aapaaHThl aonuo-onTH'IecKoi! cxe.Mbl 
TpaucnopTHpOBKH HOHOB qepe3 YCTRHOBKY CHH:>KCHHB, KOM· 
MyTai.J,HH H MOHOXpOMaTH3ai.J,HH ny'lka, a TaK:>Ke nony'ICHHbiC 
3Ha'ICHHJI HOHHO·OnTH'ICCKHX xapakTepHCTHK MOryT 

HCCKOnbkO H3MCHHTbCB nocne YTO'IHeHHB napaNeTpOB Bbl" 
ae.n.enuoro H3 uaxnoTpoua Y-400 nyqxa aonoa, Taxax, xax 
nonmKeHBC BBpTyanbHbiX HCTO'IHBKOB 'laCTBI.J, B pa,llBanb • 
noA a axcaanLnoA nnocxocTsx, aenH'IBHa axcaanLHoro 
3MHTTauca. 

B Jaxnro'leHHe Bblpa:>Karo 6naro.n.apuocTb axa.n.eMHKY 
r .H.cJ>nepoBy 3a npe,IJ.nO:>KCHHe pacCMOTpeTb• BOnpOCbl 
KOMMyTai.J,BB B MOHOXpOMaTB3ai.J,BB ny'lka BOHOB CTpOJIIUero· 
cs uaxnoTpoua Y-400 a CTHMynapyromaA &&Tepee x pa6o
Te 
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