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EoH'I-OcMonoecKull: A.r., LlonH C,H, P9 - 10228 

0 npOXOJKJleHHH 3BpH)I{eHHbiX 'IBCTHU 'lepea pe3KO MeHHIOUleeCH 

B npOCTpBHCTBe MBrHHTHOe none 

PaccMoTpeHo JlBHJKeHBe aapHJKeHHhiX 'IBCTHU B MarHHTHOM none, peaKo 

MeHHIO:UeMCH B npocTpaHCTBe (xacn). B OJlHO'IBCTH'IHOM npu6nu)l{eHHH Hali

JleHbl ycnOBHH, npu xoTOpblX nepexo11 Tpy6'1aToro ny'IKB qepea xacn npouc-, 

XOJlHT C MHHHMB~HblMH HCXBJK6HHHMH ero xapaxTepHCTHK H noTepHMH 'IBC

THU, Hali:JleHa TBKJKe npeJlenbHBH CTeneHb TOpMOJK6HHH npOJlOn&Horo JlBB)I{6-

HHH 'IBCTHU HB BblXOJ]e H3 KBCna, 

PaccMoTpeH a~~exT CJKBTHH crycTKa 'IBCTHU B xacne c y'I~TOM co6-

CTBeHHblX nonell H OUeHeHO B03MO)I{H00 yeenH'IeHBe nnOTHOCTB 'IBCTHU 

B cryCTKe, 

Pa6oTa BhmonHeHa B OT11ene HOBbiX MeTOJlOB ycxopeHHH 011 HH. 

Coo6meHHe 06beAHHeHHOro HHCTHTyTa BAepH~X HCCAeAOBaHHH 

,ny6ua 1976 

Bonch-Osmolovsky A.G., Dolya S.N. P9 - 10228 

On the Passage of Charged Particles through 
the Magnetic Field Sharply Varying in Space 

The motion of charged particles in the magnetic field, 
sharply varying in space ("cusp"), is considered. In a one 
particle approximation there were found the conditions 
under which the transition of the tube beam through the 
cusp occurs at a minimal distortion of its characteristics 
and particle losses. The maximum possible slowing down of 
the longitudinal motion of particles at the cusp output 
was determined. 

The effect of compression of the particle bunch in a 
cusp, taking into account the Coulomb eigenfields,was con
sidered, and a possible increase of the particle density 
in a bunch is estimated. 

Communication of the Joint ln&titute for Nuclear Re&earch 

Dubna 1976 

c 1976 061Je()uHeHHWU UHc•u•y• .JI()epHWXUCC.Jie()080HUU,Jb6Ha 

)l,BH:>KeHHe 3ap.II:>KeHHbiX qaCTH:U B MarHHTHOM none, pe 3KO 
MeHBIOIUeMCB B npOCTpaHCTBe B)J.Onb HeKOTOporo Hanpaane
HHB, TaK qTo ycnOBHe a)J,Ha6aTHqHOCTH He BblnOnHBeTCB 

( _£_ • a ~ >-. 1) , HMeeT pB)J. HHTepeCHbiX OC06eHHOCTeH. 
H a L 

B .D.anLHeiiweM o6nacTL MarHHTHoro nonB, r.D.e uapBJJ.Y 
c npo.D.onLHOH cocTaBnBromeii Hz COJ.D.aHa pa)J.uanLHaB 
cocTaBnBromaB Hr, npuqeM H r >-. H z , 6y.D.eM o6oJnaqaTL 
TepMHHOM "Kacn" /oT aurnuiicKoro cusp - Jy6e:u;, por/. 
Hnor)J,a BCTpeqaeTCB TaK>Ke TepMHH "none OCTpoyronbHOH 
reoMeTpHH". 

B oTnuque OT npo.D.onLnoro MarHHTHoro nonB, MeHBJO
~erocB B npoCTpaHCTBe a)J,Ha6aTHqeCKH, Kacn noJBOnBeT 
6biCTpO TpaHC~OpMHpOBaTb nocTynaTenLHYIO 3HeprHIO qa
CTHU nyqKa BO BpamaTenLHYIO H o6paTHO C MHHHManbHbiM 
HJMeHeHHeM pa.D.Hyca nyqKa H ero Manoro nonepeqnoro 
pa3Mepa. 3TO CBOHCTBO Kacna HCnOnLJyeTCB B TeXHHKe 
CBll .D.nB nonyqeHHB apa~aromuxcB nyqKoa /I/ , a TaK:>Ke 
)J.nB COJ)J,aHHB nonLIX nnOTHbiX 3neKTpOHHbiX ?ryCTKOB, HC
nonLJyeMbiX KaK )J.nB YCKOpeHHB qaCTH:U / 2,3 , TaK H )J.nB 

y)J.ep>KaHHJI nnaJMLI a YTC 141. 0TMeTHM, uanpuMep, 3Kc
nepHMeHTanLHLie pa60Tbl no HJyqeHHIO npOXO>K)J,eHHB nonbiX 
3neKTPOHHbiX nyqKOB qepe3 Kacn/3, 4/ H TeopeTHqeCKHe/5,6/ 
B KOTOpbiX 6blnH paCCMOTpeHbl HeKOTOpble CBOHCTBa Kacna, 
a qacTHOCTH uaii.D.ena aenuquua nonB oTceqKu H o:ueneno 
BnHBHHe Kacna Ha BbiXO)J,Hble xapaKTepHCTHKH nyqKa. 

B )J.anuoii pa6oTe ua ocnoae O.D.HoqacTuquoro npu6nu
>KeHHB ycTaHOBneHbl orpauuqeHHB Ha XapaKTepHCTHKH nyq
Ka H Kacna, npu KOTOpblx nepexo.D. Tpy6qaToro nyqKa qepeJ 
KaCD OCYIUeCTBnBeTCB C MHHHManbHbiMH HCKa>KeHHBMH ero 
xapaKTepucTHK H noTepBMH qacTH:u;. Haii.D.ena npe.IJ.enLHaB 
CTeneHb TOpMO>KeHHB npO)J.OnbHOrO )J,BH>KeHHB qacTH:U Ha 
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BbiXO,D,e H3 Kacna, H Ha OCHOBe npOCTOH MO,D,eJIH cryCTKa 

C yqeTOM C06CTBeHHblX IIOJieH OUeHeHO B03MO)I(HOe yBeJIH • 

'leHHe IIJIOTHOCTH 3apH,D,a 3a C'leT npO,D,OJibHOH KOMnpeCCHH 

crycTKa B Kacne. 

1. MooeAb Kacna u ypaeHeHUJt oeuxeHuJt 'lacmut~ 

Kacn MO)I(HO C03,D,aTL .D.BYMH npocTeiiwHMH cnoco6aMH: 

pe3KHM IIOBOpOTOM BHyTpeHHero MarHHTHOrO IIOTOKa B 

pa,D,HaJibHOM HanpaBJieHHH /npHMep TaKOrO peweHHH: 3JieKT· 

poHHaH nywKa llHpca- XappHca /2/ I JIH6o coJ,D,aHHeM cKaq

Ka uanpg)l(eHHOCTH npo,D,OJILHoro MarHHTHoro nong H z· 

Bo3MO)I(Ha H KOM6HHaUHH o6oHx cnoco6oo. CooiicTBOM 

COXpaHHTb pa,D,HYC IIY'IKa 06Jia,D,aeT HeCKOJibKO THIIOB Kac

na. B ,D,aJILHe:HweM Mhl 6y,D,eM paccMaTpHBaTL cnyqau Ka

cna, C03,D,aHHOrO CHMMeTpH'IHblM CKa'IKOM IIpO,D,OJihHOrO 

nong qepe3 HYJIL. TaKo:H Kacn o6pa3yeTCH Me)I(,D,y .D.BYMH 

COJieHOH,D,aMH, BKJIIO'IeHHblMH HaBCTpeqy ,D,pyr ,D,pyry, npH· 

'leM ,D,JIH COKpaiUeHHH ,D,JIHHbl Kacna MO)I(eT 6biTh npHMeHeH 

KOHUeHTpaTOp IIOJIH /3/, 

llpe)I(,D,e ocero, 6y,D,eM C'IHTaTL, 'ITO pa,D,Hyc Tpy6qaTo

ro IIY'IKa 3Ha'IHTeJibHO MeHbWe pa,D,Hyca COJieHOH,D,OB, TaK 

'ITO npHMeHHMO napaKcHaJILHoe npH6JIH)I(eHHe. Tor ,D,a Hr -
COCTaBJIHIOIUaH IIpOCTO CBH3aHa C H3MeHeHHeM Hz IIOJIH 

B,D,OJib OCH: 

r a Hz 
----
2 a z 

H = r /1/ 

Hz "' Hz (z) . 

llocKOJILKY .D.JIHHa Kacna npe,D,nonaraeTcH KOHe'IHOH, Heo6xo

.D.HMO 3a,D,aTbCH OIIpe,D,eJieHHblM 3aKOHOM H3MeHeHHH IIpO,D,OJib• 

HOro MarHHTHOrO IIOJIH, T .e. BH,D,OM 4JyHKUHH Hz ( Z) H 

H r ( z) • B 6eCKOHe'IHO TOHKOM Kacne H r - npocTo 0 -
4JyHKUHJI OT z, B IlpOTH)I(eHHOM - KOJIOKOJI006pa3HaH, BH,D, 

KOTOpOH onpe,D,eJIHeTCH KOHKpeTHblM HCIIOJIHeHHeM Kacna. 

3aMeHHM 3TO KOJIOKonoo6pa3Hoe pacnpe,D,eneHHe npJIMO

yrOJibHhiM, T. e. npHMeM JIHHeHHYIO annpOKCHMaUHIO 4JYHKUHH 
Hz( z) 

4 

Hz= Ho + a z . 

,ll.ng cnyqag CHMMeTpH'IHoro Kacna ,D,JIHHOH L 
2 Ho 

a~- -r-· 

/2/ 

/3/ 

B 4JopMyJie /2/ IIOJIO:>KeHO, 'ITO TO'IKa Z = 0 OCH COBIIa,D,aeT 

c Ha'laJioM o6nacTH Kacna. 

flyCTb IIpH t = 0 'laCTHUa BXO,D,HT B o6JiaCTb Kacna, 

HMeH cpe,D,HIOIO HanpaBJieHH~IO CKOpOCTb ~O = V O, H BblllOJI· 

HHeTCH YCJIOBHe r 2 cj; 2 ,r2
<<Vo-ll0JIO)I(HM TaK)I(e, 'ITO )1,0 Kacna 

'laCTHUhl He Bpail.{aJIHCb BOKpyr OCH IIOJIH. YpaBHeHHH ,D,BH· 

)l(eHHH B UHJIHH,D,pH'IeCKOH CHCTeMe KOOp,D,HHaT HMeiOT BH,D,: 

m y ·; = my r¢2 + ~ r ¢ Hz 

r 
2 • e 

my r ¢ + c fH zr d r = P = const , /4/ 

.. e • 
myz =--cHrr¢ 

p - 0606IUeHHhiH MOMeHT KOJIH'IeCTBa ,D,BH)I(eHHH. llOCKOJihKy 

MarHHTHOe IIOJie IIOCTOHHHO BO BpeMeHH, IIOJIHaH 3HeprHH 

m C 
2 y • TaK)I(e HHTerpaJI ,D,BH:>KeHHH H y = ( 1- V 

2
/c

2
rY.=COOSt, 

HJIH 

v 2 
% r 2 + r 2 ¢ 2 + z 2 = const . /5/ 

YTO'IHHM yCJIOBHH Ha KaTO,D,e. 4aCTHUa BhiJieTaeT C KaTO,D,a 

Ha pa,D,Hyce r0 OT OCH MarHHTHOrO IIOJIH, HanpH:>KeHHOCThiO 

H O'HMeH pa,D,HaJibHYIO CKOpOCTb ro H npHo6peTaH 3HeprHIO 

m c2 y . Tor,D,a Ha'laJILHLie ycnoBHJI 3a,D,a'IH MO)I(HO JanHcaTb 

TaK, C y'leTOM /1/: 
2 

e r 0 p = -H o7-
c 

/6/ 
2 2 2 

v2=Vo+awH, 

r,D,e a - JiapMOpOBCKHH pa,D,HYC Bpail.{eHHJI BOKpyr f=f O 
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3.D;ech H B .D;anbHeH:weM w 
HeHHH I 41 MO)KHO HaHTH H 

e H
0 ---- .Jf3 BToporo ypaB

m cy 

2 
• wH r 0 1 
¢ = --- -- - -w + 

2 r 2 2 H 

(L> H z 

L 171 

H no.D;cTaBHTh ero B nepBoe H TpeThe ypaBHeHHH, nocne 

qero HeTpy.D;HO nony'IHTh ypaBHeHHH .D;nH f H Z : 

2 4 2 z 2 
rwH[_!..Q_ -0-y) ] 

181 
r = -4-- r4 

2 2 2 
•• r w H z - ~H ( r 2 - r 2 ) 
z + --r- - 2L 0 L 

,[1,0 Kacna ypaBHeHHe pa.D;HanhHOf'O ,!I;BH)KeHHH HMeeT 06bl'l

HhiH BH,!I; 

2 4 
rwH r 0 r = ---- (-- 1 ) . 191 4 4 r 

IlOCKOnhKy r2 << V~ , MO)KHO nonO)KHTh r = ro + [, {« f O' 
H npoBeCTH nuueapH3ai.J,HIO ypaBHeHHH 191, nocne qero 

nonyqaeM 

2 -
f + w H f = 0 , f = a sin ( w If + o ) . llOI 

Bee 'laCTHI.J,hi ny'IKa .D;O Kacna pacnpe.D;eneHhl 

o , npH'IeM a/r « 1. 
0 

no a u 

IlyCTh B MOMeHT BXO,!I;a B Kacn ,!l;aHHOH 'laCTHI.J,hl 

e 1 = e , t=O H I fH I S a· 1111 

Ilpe,!I;ITOnO)KHM, 'ITO 3a BpeMH npOXO)K,!I;eHH.ll Kacna pa,!I;HYC 

'laCTHI.J,hl MeHHeTCH Mano, TaK 'ITO f = fo +f, f << f0. JlH

HeapH3yeM ypaBHeHHH 181 no f • 

•• 2 Z Z 2Z Z 
f+w [l--0--)]f=r w -0--) 

H L L OHL L 1121 

6 

~ 

2 2 2 
rowH t rOwH 

z + --:r-<1 +2...::. > z = e. 
L ro L 

1131 

HaqanhHhie ycnoBHH Teneph TaKOBhi: 

flt=O=fH' fl =w,;a 2 _c2 
t=O llv <,II 114/ 

z I = o 
t=O ' 

z I 
l= 0 

vo. 

2. A11a11u3 oeuxeHUJI 'lacmut~ e Kacne 

IJOCKOnhKY Mhl npe.D;nOnO)I(HnH H3MeHeHHe f; MaJihiM 

BO BpeMH npOXO)K,!I;eHHH Kacna lycnOBH.ll cnpaBe,!l;nHBOCTH 

3Toro npe.D;nono)KeHH.ll Mhi BCKope nony'IHMI, pernuM ypao

ueuue 1131 npu t; = t; 11· IlepBhiH HHTerpan nonyqaeM cpa3y: 

z2 2 v () -
2 2 

r 0 cd 11 
----0 2 L 

2 t;" 2 
--) 7 + ro 

2 
2 r 0 (J)~ t 
---- . II 

L 
1151 

Ilpu z = L ~BhiXO.D; H3 Kacnal .D;nH aKcuanhHOft <y<opocTH 

'laCTHI.J, V ~ z H3 I 151 cne.D;yeT !lJopMyna ·>·6 : 

v 2 
= v~ 2 2 

-row" 1161 

Oua noKa3hiBaeT, 'ITO cy~eCTByeT MarHHTHoe none, O.D;Ho 

H TO )Ke .D;n.ll BCeX 'laCTHI.J,, HMeiO~HX O,!I;HHaKOBhiH Ha6op 

napaMeTpOB V O , f () , Y , npH KOTOpOM 'laCTHI.J,hl nonHOCThiO 

3aTOpMa)f(HBaiOTC.ll B Kacne. 3TO none OTCe'IKH paBHO 

H 
OTC 

mcy v() 
1171 

e r 
0 

Ilpu 3TOM, cornacuo 171,¢ = - wu H 3HeprH.ll nocTynaTeni>

uoro .D;BH)KeHH.ll nonuocThiO nepexo.D;HT BO Bpa~aTenhHyro. 
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0TMeTHM Ba:>KHOe OfiCTOHTeJILCTBO B CBH3H C dJopMy· 

JIOH 1161. ECJIH MarHHTHOe llOJie B Kacne TaKOBO, '-ITO CKO· 

pOCTh l.faCTHU Ha BbiXO.D,e ropa3.D,O MeHLWe CKOpOCTH Ha 

BXO.D,e ( V 2 << V ~),TO nepeXO.D, l.faCTHIJ; 1.fepe3 Kacn CTaHOBHT • 

CH KpaifHe l.fYBCTBHTeJILHhiM K H3MeHeHHIO Hal.faJILHhiX yc

JIOBHH, T.e. K aapuau;uu napaMeTpoa V 
0

, r
0

, y . Pa36poc 

llpO.D,OJihHbiX CKOpOCTeH Ha BbiXO.D,e H3 Kacna B paCCMaTpH· 

BaeMOM HyJie~OM llpH6JIH:>KeHHH (f = f
11

) paBeH 

llV V02 !lV0 fly AI() 
-=(-) (--+- + 1--1). 

V V V0 y r
0 

1181 

)];JIB TOrO 1.fT06bl llOTepH l.faCTHIJ; l3a Cl.feT OTpa:>KeHHHI llpH 

nepexo.D,e 1.fepe3 Kacn 6biJIH MaJILIMH, Heo6xo.D,HMo, 

AV 
1.fTo6bl aLmonHHnocL ycnoaue -v-< 1 . Tor.D,a I 181 HaKna ~ 

.D,biBaeT orpaHHl.feHHH JIH60 Ha npe.D,eJILHYIO CTeneHL TOp· 

MO:>KeHHH B Kacne, nu6o Ha Hal.faJILHLIH pa36poc napaMeT
poa nyl.fKa !l r0 , !l y , !l V0 • 

Cne.D.YIOII.\ee HHTerpupoaaHue B dJopMyne I 151 .D,aeT 

3aBHCHMOCTh Z = z(t, fH), KOTOpyiO JaTeM, paJBHBaH Me

TO.D, llOCJie.D,OBa TeJILHbiX llpH6JIH:>KeHHH, MO:>KHO HCllOJih30 • 

BaTh B ypaBHeHHH 1121 .D,JIH HaXO:>K.D,eHHH H3MeHeHHH f H ~ • 

IlocKOJILKY aHaJIHTHl.fecKaH dJopMa d>YHKIJ;HH z ( t, f H ) 

BeCLMa rpOM03.D,Ka H, B TO :>Ke BpeMH, HaC He HHTepecyeT 

.D,eTaJILHbiH BH.D, :HOB lPYHKIJ;HH H lPYHKIJ;HH f ( t, f H ) , a JIHWh 

oueHKH MaKCHMaJibHoro HJMeHeHHH f I z=L H f I z= L, no

cTynuM cJie.D,yiOII.\HM o6pa3oM. BpeMH npoxo:>K.D,eHHH l.facTuu; 

1.fepe3 Kacn paBHo,npH YCJIOBHH v 2 << v~ 

L 
r = J 

0 

·-- dz ------ L 2 ----= = ---( rr 2 2 
,;v2 wH 

2 
,2 2 •w y+a.cs;n'-'o) 

o + -- (r -riz- w H 2 H r2 2- , L 0 ---Z +f L2 o 

HJIH, TaK KaK r=ro+fH , 

8 

il 
!l 

:J ,, 

rr L rr-2 fH 
r =-. -- (1- -· -) 

2 w~ 0 rr r 0 
1191 

B ypaaHeHHH I 121 npeHe6pe:>KeM H3MeHeHHeM l.facTOTbl 

l±25o/ol B Kacne, a HMllyJILC CHJihl B npaBOH l.faCTH 3aMeHBM 

3KBHBaJieHTHbiM eMy llpHMOyrOJihHhiM HMllYJILCOM .D,JIHTeJIL • 

HOCTLIO r .3aMeTHM npu 3TOM, '-ITO ecJIH L<r
0
;ro3aapeMH 

npOXO:>K.D,eHHH Kacna l.faCTHIJ;hl ycneBaiOT COBepWHTh JIHWh 

.D,OJIIO llOJIHOrO 6eTaTpOHHOrO KOJie6aHHH lnepHO.D, KOTOporo 

T 2 rr 
npu6nu:>KeHHO paaeH = -- I. B 3TOM CMhlcne npoxo:>K.D,e-

WH 

HHe Kacna 3KBHBaJieHTHO 6aJIJIHCTH1.feCKOMy BOJ.D,eHCTBHIO 

CHJihl Ha KOJie6a TeJILHYIO CHCTeMy ( r = fl t << T ) . IlpoBe.D,H 

Hecno:>KHble BbiKJia.D,KH, nonyl.fHM .D.JIH f I z=L H (lz=L cne

.D.YIOII.\He Bhlpa:>KeHHH, Cl.fHTaH, '-ITO ~. _!:_<< 1 : 
2 r 0 

fl rr(4-rr L 2 f 
z= L = 4 -4-) r 0 (-) (1 + 0 ( ~)) 

r r ' 
0 0 

1201 
I 4 -rr L f H 
~I = -- v . -0 + O(-)). 

z=L 4 ° r r 
0 0 

BLipa:>KeHHH 1201 noKaJLIBaiOT, l.fTo .D,o6aBKH K Hal.faJIL· 

HhiM pa.D,HaJILHbiM KOOp.D,HHaTaM H CKOpOCTHM l.faCTHIJ; llpH 

f 
ycJIOBHH _ _!:! < ~ << 1 npaKTHl.fecKH O.D.HHaKOBLI .D.JIH acex 

r o - r o 

l.facTHu; nyl.fKa. CaMH BeJIHl.fHHLI 3THX .D.06aaoK MaJILI no 

cpaBHeHHIO C MaKCHMaJILHhiMH Hal.faJILHbiMH 3Ha1.feHHHMH 

I.D.o Kacnal npu ycnoBHHX: 

16 a 2 
(L/r

0
) 

« ;(4- rr) ro 
121'1 

4 a 
L/ro « -:r=--;. ~ 121" I 
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lJHcneHHLie K03$4JHIJ;HeHTbl B 4JopMynaX /21 '/ H /21 , /, 
KaK noKa3hlBaiDT pacqeThl, cna6o 3aBHCHT OT KOHKpeTHOA 
4JopMLI Kacna H ne)l(a T s6nH3H yKa3aHHLIX JuaqeHHH I :: 5/. 

YcnosHe /21'' / ~nx ~o6aBKH K pa~HanLHOA cKopocTH 
xsnxeTcx 3HaqHTenhHO 6onee )l(eCTKHM, qeM /21' /. Ouo 
oJuaqaeT, qTo npH npoxo)l(~eHHH qacTH:u;w qepe3 Kacn 
KOHeqHOH ~nHHhl noHBnHIDTCH KOrepeHTHhie pa~HanhHLie 

Kone6aHHH, KOTOpLie B ~anhHeHllieM npHBO~HT K pa3MhlTHID 
nonepequoro pa3Mepa nyqKa H3- Ja HMeJOI:u;erocx pa36poca 
cKopocTeu. llo3TOMY ~nx no~~ep)l(aHHH pa~HanLHOH Ton
IIJ;HHhi Tpy6qaToro nyqKa nocne nepexo~a qepe3 Kacn 
ueHJMeuuou ueo6xo~HMO cpa3y )l(e nocne Kacna ssecTH 
~ononHHTeJihHYID pa~HanhHYID 4JoKyCHpOBKY /7/, HanpHMep 
C nOMOI:u;hiD a3HMyTanhHOH HnH MynhTHnOnbHOH COCTaBnH
IDI:u;eH MarHHTHoro nonx. 

BepHeMcx K cooTHorneHHID I 18/ H o:u;eHHM npe~enhHYID 
CKOpOCTb Ha BhiXO.U.e H3 Kacna npH ycnOBHH .'\ V < V .Pac
CMOTpHM B03MO)I(Hhle BenHqHHhl OTHOCHTenhHbiX pa36pOCOB 

A r 
r , y , V . ManocTh senHqHHbi ____J)_ nerKo o6ecneqHsa-

o o r o 

eTCH C IIOMOIIJ;hiD aBT03MHCCHOHHOrO KOnhiJ;eBOrO KaTO~a 
H MO)I(eT COCTaBnHTh }Q-2 H MeHhllie. Tpy~Hee, HO BIIpHH
IJ;Hne B03MO)I(HO, ~OCTHrHyTh TaKHX BenHqHH B IIYlliKaX 
MarHeTpOHHOrO THIIa /ManaH KOHYCHOCTh KaTO~a IlpH 60nh
lliOM ero ~HaMeTpe/. 3uepreTHqecKHH pa36poc aBT03MHc
CHOHHhlX KaTO~OB COCTaBnHeT ~OnH npo:u;eHTa/H/, IIpHMeM 

~ i\Vo 1 ~Y 
_ _I_= 5·10-3 .Pa36poc ~ Vo CBH3aH C ~y : -- = 23-

Y Vo {i y' Y 

a TaK)I(e c KoHequou BenHqHHOH napMOpOBCKOro pa.u.Hyca a: 
~ V a 2w2 

0 H --=--2 
Vo Vo 

2 
~ • YcnoBHe ~ V< V, c yqeToM /18/, oJ

r2 
0 

uaqaeT, qTo 

~y a2 

~+--"2+1 
(3 Y r o 

~ ro 

r 
0 

v 2 
< (--) • 

vo 
/22/ 

0Tcro~a BH~Ho, qro aBT03MHCCHOHHLIA KaTo~ MO)I(eT o6ec-

10 

-r 

l 

neqHTb TOPMO)I(eHHe TOHKoro Tpy6qaroro nyqKa B Kacne 
npH Manwx noTepxx qacrH:u; ~o CKopocreA V ::.O,lc."Ten
nwe" KaTO~hl, BH~HMO, MoryT o6ecneqHTh TaKoA pe)I(HM 
pafiOThl TOnhKO npH BhlnOnHeHHH ~OCT a TOqHo )l(eCTKHX Tpe-
6oBaHHH K HX KOHCTPYKIJ;HH. 

3. 06 y6e/lU'IeHUU n/I0111HOC1/IU 'IQC111UII 6 nyttKe 

B 3TOM paJ~ene npe~nonaraercx, qTo ua MarHHTHLIA 
Kacn HaneTaeT CO . CKOpOCThiD V O nyqoK KOHeqHoii: ~nHHhl, 
T.e. 0Tpe30K IJ;HnHH~pHqecKOH Tpy6KH C pa~HYCOM r 0 H 
3nnHnTHqeCKHM nonepeqHhlM ceqeHHeM C nonyOCHMH ~ H 
£ O. llpH TOpMO)I(eHHH TaKoro cryCTKa B Kacne npOHCXO~HT 
KHHeMa THqeCKOe C)l(a THe qaCTHIJ; B npo~OnhHOM HanpasneHHH, 
B peJynhTaTe qero npo~onhHhiH pa3Mep crycTKa yMeHLrna
eTcx H nnOTHOCTh qaCTHIJ; B03pacTaeT, ecnH BhlnOnHeHbl 
ycnOBHH HeH3MeHHOCTH nonepeqHhiX pa3MepOB ~ /CM. pa3-
~en 2/ H COfiCTBeHHhie CHnhl pacTanKHBaHHH B nonepeqHOM 
HanpasneHHH CKOMneHCHpOBaHbl ~eHCTBHeM npO~OnhHOrO 
MarHHTHoro nonx. BnHHHHe KynoHOBCKHX cHn B pa~HanhHOM 
uanpasneHHH MaKCHManhHO .u.nx C)l(aToro crycTKa nocne 
Kacna, H COOTBeTCTBYIDI:u;ee ycnOBHe 34J4JeKTHBHOCTH 4Jo
KYCHpOBKH MarHHTHhlM noneM MO)I(CT fihiTh 3anHCaHO B BH~e 

r2 
2 4 v 0 

v - ----- • ----- - 1. /23/ 
r (3 J y 3 ~ ( ~ +e ) 

B 3TOH 4JopMyne v - "noroHHLIH 3neKTpou", 
vr - 6e3pa3MepHaH qaCTOTa pa~HanLHbiX KOne6aHHH 
qacTHIJ; so BHernueM MarHHTHOM none nocne Kacna /npH 
HanHqHH a3HMyTanhHOA HnH MynhTHnOnhHOH COCTaBnHJOIIJ;HX 
MarHHTHOrO nonx 3Ta BenHqHHa MO)I(eT fihiTh CyiiJ;eCTBeHHO 
6onhrne e~HHHIJ;hi/, E - aKcHanLHhiH nonypaJMep crycTKa 
nocne Kacna. EcnH nocne Kacna ~nx npo~onhHou 4JoKycH
poBKH HCnOnh3yeTCH aHH30TpOnHhlH 3KpaH, TO BenHqHHa 
KynOHOBCKOH nonpaBKH B /23/ MO)I(eT fihlTh noqTH B~BOe 
6onhrneu .. QqesH~Ho, co6crseHuoe none crycrKa B npo-
,onhHOM uanpasneHHH npenxTCTByeT npo:u;eccy KHHeMaTH

·•!CKoro C)I(&THH, KOTOpoe B O~HoqaCTHqHOM npHfinH)I(eHHH 

n Vo 03HaqaeT npocTo, qTo _ = --

n0 V 
n - nnOTHOCTh qaCTHIJ; 
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B crycTKe. O:u;eHHM yBenuqeHHe nnoTHOCTH B crycTKe, 

C yqeTOM C06CTBeHHLIX noneil, Ha OCHOBe npOCTOH MO)l.enH. 

BnHHHHeM pa36poca npo,ll.onLHLIX cKopocTeil qacTHU crycT-

L\ v o e 
Ka Ha BXO)l.e B KaCD MO)I(HO npeHe6peqh, T.K.---<< --. 

Vo eo 
llono)I(HM, qTo )l.eilcTBHe co6cTBeHHoro nonH Ha qacTH:Uhl 

nocne Kacna CKOMUeHCHpOBaHO npO)l.OnLHOH ~OKYCHpOBKOH 
luanpuMep, nonHMH H3o6pa)l(eHHH B MeTannuqecKoM 3K

paHel. Iiy)l.eM cqHTaTL TaK)I(e, qTO npO,ll.OnLHhlH nony

pa3Mep cryCTKa MeHLIIIe pa,ll.Hyca nyqKa, TaK qTO MO)I(HO 

npeHe6peqh BnHHHHeM KpHBH3Hhl Ha. C06CTBeHHOe none 

crycTKa. CooTBeTCTBYIO~HH KPHTepuil cne)l.yeT H3 ~opMynhl 
)l.nH npO)l.OnLHOH CHnLI, ,ll.eHCTBYIOIUeH B npoTH)I(eHHOM no-

noM 3apH)I(eHHOM 
2 ro 1 

--->>-Pn 
p2 4 

crycTKe: 

16 r 0 

L\ + p 
1241 

HanoMHHM, qTo qacTHULI .ll.O Kacna cquTaiOTCH He Bpa

~aiOIUHMHCH. llpH BhiDOnHeHHH 1241 ypaBHeHHe ,ll.BH)I(eHHH 

Ja)l.Heil qacTH:Uhl crycTKa B none nepe,ll.HHX B na6opaTop

Hoii.cucTeMe KOOp,ll.HHaT MO)I(HO JanHCaTL B BH)l.e: 

11 

2 
4 e :"'I e 

+ ----------- = 
"r 0 my (211 + Vt -71) 

0 . 1251 

3)l.eCL 11 - KOOp)l.HHa Ta Ja)l.HeH qacTHI.J;hl, V- CKOpOCTh )l.BH

)l(eHHH qacTHI.J;hl nocne Kacna l.ll.nH npOCTOThl B )l.aHHOM 

aHanuJe Kacn cquTaeTCH 6ecKoHeqHo TOHKHM H cocpe,ll.o

ToqeHHhlM B ToqKe z = 0 I, :"'I e - nonHoe qucno qacTHU a 

crycTKe. 
B 1251 nono)l(eHo, qTo nepe,ll.HHH qacTu:u;a npoxo)l.HT 

qepe3 KaCn B MOMeHT BpeMeHH t = 0 COOTBeTCTBeHHO Ha-
' qanLHhle ycnOBHH TaKOBLI: 

Vt-111 "'2£1 =2fo=-7Jo• t= 0 t = 0 
1261 

~~t=o=Vo 1271 

12 

r 
t 

HcKoMaH )l.nHHa crycTKa nocne npoxO)I()l.eHHH Ja)l.Heil 
qacTH:Uhl Kacna pasHa 

2rk=Vtk. 1281 

~nH peiiieHHH HenHHeHHOrO ypaBHeHHH 1251 npHMeHHM 

MeTO)l. nocne,ll.OBaTenLHhlX npH6nH)I(eHHH,HCDOnL3yHnpe,ll.nO
nO)I(eHHe 

e 2 N e 
v /y « 1 ' v = --:-T --, ---- . 1291 

me 2TTr 0 
llo)l.cTaBHM a npaayiO qacTh 1251 Hyneaoe npu6nH)I(eHHe 

11 (0) = v 0 t - 2f 0' 

TOr,ll.a )l.nH nepaoro npu6nu)l(eHHH 7J ( 0 =T7(0) + f 
ypaaHeHue 

nonyquM 

f 
8c 2 v/y 

1301 
2 L\ + ( v - v 0) t + 2£ 0 

PeiiieHHe 3Toro ypaBHeHHH nerKo.Haxo)l.HTCH, c yqeTOM 

HaqanhHhiX ycnoauii f I •=
0

=0, fjt=o= 0: 

c 2 V-V 0 V-V 0 f=-8v/y---C21\+2fJih(h 2 ~ 20 t}[fu(l-t
2

A 20 t)-1]!. 
(V-Vo)2 a+ (.o a+ (. o 

1311 
Iiy)l.eM B )l.anLHeHIIIeM cquTaTb, qTo L\ << e 0.~nHHaXO)I()l.eHHH 
)l.nHHhl crycTKa Ha BhlXO)l.e H3 Kacna, cor nacHo 1281, 
He06XO)l.HMO 3HaTb t k, T .e. BpeMH )l.OCTH)I(eHHH 3a)l.HeH 

qaCTH:Uhl o6naCTH Kacna. 3TO BpeMH HaXO)l.HTCH H3 ycnOBHH: 

7] (I) = v 0 t k - 2f 0 + f ( t k ) = 0 ' 1321 

HnH 

c 2 V-V V-V 
V0 tk-UO = 16v/y( ) r ll-t0-t--0t )[fu(1-t--0 t)-ll!. 

V-V 0 2f k 2r 
0 0 0 

132 'I 
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~nB peweHHB TpaHCUeH~eHTHoro ypaoHeHHB /32' I cHooa 

npHMeHHM MeTO~ ITOCJle~OBaTeJlbHbiX npH6JlH)I(eHHH, T .e. 

B npaoyro qacTb /32/ no~cTaBHM 
TeJlbHO nonyqHM 

(0) 
2 ~ .0KoHqa-t =-

k V
0 

uo c 2 eo v v 
t =-· +16v/y(----)--[1+--(fn--1)] · /33/ 

k v
0 

V -V0 V 0 V 0 V 0 

Tenepb Haxo~HM ~nHHY crycTKa Ha Bblxo~e H3 Kacna: 

V c 2 V r k = e -ll+Bv/y [1+-Un 
H v (V-V) 2 v 0 0 0 

_y__l)]l. 

vo /34/ 

cl>opMyna /34/ ynpo~aeTcB, ecnu npe~nono)I(HTb, qTo 

npo~OJlbHaB CKOpOCTb qacTHU ~0 Kacna (V O ) BBJlBeTCB penH

THBHCTCKOH, a ITOCJle Kacna V«V 0 .Tor~a COMHO)I(HTellb nepe~ 
KYllOHOBCKOH nonpaBKOH v/y npH6JlH3HTellbHO paBeH e~H
HHUe, H KOHeqHaB ~JlHHa cryCTKa MO)I(eT 6b1Tb 3aiTHCaHa 

B BH~e: 

r K 
v 

-::.PH -v{)(l +Bv/y) /35/ 

B ~aHHOM npu6nu)l(eHHH I npu BbmonHeHHH ycnoBHB 

/22 '! / yoenuqeHue nnoTHOCTH qacTHU o crycTKe (n -1/e} He 

3aBHCHT OT KOHKpeTHblX XapaKTepHCTHK nyqKa H Kacna H 

onpe~enBeTCB JlHWb OTHOWeHHeM npo~OJlbHblX CKOpOCTeH 

cryCTKa Ha BXO.D,e H BblXO~e H3 Kacna H a6COJllOTHblM 3Ha

qeHHeM ITJlOTHOCTH qacTHU. 

113 !l>opMyllbl /35/ MO)I(HO Onpe~ellHTb, llpH KaKHX 3Ha

qeHHBX qHCJla qacTHU B cryCTKe KHHeMaTHqHOCTb C)l(aTHB 

HaquHaeT HapyWaTbCB. JlerKO BH~eTb, qyo 3TO llpOH30H~eT 

npu v/y:;:: 0,01 . PacqeTbl noKa3blBaiOT, qyo npu V0 /c;:l H 

V/V0 =0,1 y)l(e npu v/y-0,025 cTeneHb C)l(aTHB crycTKa 

JaMeTHO yMeHbwaeTCB H cocTaBnBeT 7,7 BMecTo.lO. Cne

~yeT JaMeTHTb, qTo pa3BBTblii Bblwe MeTo~nocne~ooaTenL

HblX npH6JlB)I(eHBH npH ~'/y>0,01 Tpe6yeT yqeTa He TOJlbKO 

nepooro, HO B 6onee BblCOKBX npH6JlH)I(eHBH. 
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4. 3aiU110t~eHue 

CyMMHpyeM KpaTKO peJyJlbTaTbl. IloKa3aHo, qTo npu 

BblllOllHeHHH onpe~elleHHblX Tpe6oBaHHH K xapaKTepBCTBKaM 

nyqKa H Kacna /a HMeHHO, MaJlOCTB napaMeTpa TpyfiqaTo

CTH nyqKa (a/ r 0 ) , JHepreTuqecKoro pa36poca B pa36poca 

pa~BYCOB BbllleTa qacTBU C KaTO~a/ KOpOTKBH Kacn (L «r 
0

) 

CITOC06eH 34>!l>eKTHBHO nepeBO~HTb ITOCTyiTaTellbHYIO 3HeprHIO 

qacTHU Tpy6qaToro nyqKa BO Bpa~aTeJlbHYIO/B o6paTHO/. 

IlpH 3TOM ITJlOTHOCTb qacTHU B npe~BapBTeJlbHO ITpOMO~ynu
poBaHHOM ITO ITJlOTHOCTB nyqKe /BnB O~HHOqHOM cryCTKe/ 

MO)I(eT, B pe3yJlbTaTe TOpMO)I(eHHB B Kacne, npB v/y- 0,01 
B03paCTaTb noqTH Ha ITOpB~OK. 
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