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BBE,D;EHHE 

B COBpeMeHHOH ycKopHTeJILHOH TeXHHKe OAIIOH H3 OCHOBIILIX Tex­
HH1.feCKHX 3aAa1.f .fiBJI.fleTCJI C03AaHHe HHTeHCHBIILIX ny1.fKO~ HJIH llJIOTHLIX 
crycTKOB 3apJimeHHLIX penJITHBHCTCKHX qacTHU. TaK, uanpuMep, npu 
ocyiUeCTBJieHHH HAeii KonneKTHBHLIX MeTOAOB ycKopeuuil I II B03HHKa­
IOT 3aAa1.fH C03AaHHJI :meKTpOHHLIX KOJieU Manoro pa3Mepa C 1.fHCJIOM qac­
THU Ne == JO 13 HJIH 60JILllle, :meKTpOHIILIX ny'IKOB C TOKOM.BAeCJITKH 
KHnoaMnep, YAepmauuJI pa3Mepoa :nux nytJKOB u Koneu npu 6onL11IHX 
paCCTOJIHHJIX, npOXOAHMLIX HMH, HJIH npu AJIHTeJILHLIX HHTepBaJiaX Bpe­
MeHH, ynpaaneHHJI napaMeTpaMH nytJKOB npu :mepruJix qacTHU 3-4 M:m 
H BLillle H T.A. 

BLillOJIHeHHe yKa3aHHLIX TeXHH'IeCKHX 3aAa'l 6e3 KOHKpeTHLIX HH- , 
meHepHLIX pacqeTOB He npeACTaBJIJieTCJI B03MO)KIILIM. flpH 3TOM OC06eH­
HO aamHLIM JIBJIJieTCJI paCCMOTpeuue BJIHJIHHJI HatJaJILHOrO pa36poca na­
paMeTpOB nytJKa, noaeAeHHJI ~a3oaoro o6oeMa, a TaKme Kone6anuii, 

. B03HHKaiOIUHX B nytJKe. 
TiapaKcnanLHaJI TeopuJI B ee o6LI'IHOM BHAe onepupyeT c nuueapu-

30BaHHLIMH AH~~epeHUHaJILHLIMH ypaBHeHHJIMH. ,l.J;JIJI BHelliHHX llOJieii, KO­
TOpLie pa3JiaraiOTCJI B 6LICTpO CXOAJIIUHeCJI PJIALI, JIHHeapH3aUHJI AaeT 
XOpOlli.He npu6numeHHJI. 0AHaKO yqeT C06CTBeHHLIX llOJieH BLI3LIBaeT 
noJIBneuue uenuueiiuocTeii Apyroro xapaKTepa, npocTaJI nuueapu3aUHJI 
KOTOPLIX MO)KeT 03Ha1.faTL AaJieKHH OTXOA OT AeHCTBHTeJILHOCTH. no:no­
MY, HCXOAJI H3 caMLIX o6IUHX ypaBHeHHH ABHmeHHJI, llOllLITaeMCJI AaTL 
napaKCHaJILHOH Teopuu· HHTeHCHBHLIX ny'IKOB HeCKOJILKO paclliHpeHHYIO 

~OPMY, a 3aTeM npoauann3HpyeM nony1.feHHLie pe3yJILTaTLI. 
TiapaKcuani.uoe ABnmeuue c BKJIIOtJeuueM · :Kouequoro ~a3oaoro 

o6oeMa npnMeHHTenLiio K reuepa To paM Ban- Ae·- rpaa~a 6Lmo pace MoT­
' peuo a pa6oTe I 21 . Eo.riee o6IUaJI nocTanoaKa aonpoca coAepmuTcJI 
a· pa6oTe ·hi : TiapaKcnanLHaJI TeopuJI npu HyneaoM ~a3oaoM o6oeMe 

· H He 01.feHL BLICOKHX llJIOTHOCTJIX 3apJIAa, KaK OHa H3JIO)KeHa, HallpHMep 
B pa6oTe I 41 ' B HHmeHepHOH npaKTHKe llOJIHOCTLIO ce6JI onpaBAaJia. 
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llo3TOMY B i,IJ;auuoii pa6oTe~ Y'IHThiBaH' ·pe3yJihTaThi ~~6oT:/~I ~-hi , 
Mhi nocTaaunu.·nepe.D; co6oii 3a,IJ;aqy paccMoTpeTh napaKcuanL:Hylo Teop:Hro 

. n)'qKoa· ueuyneaoro cl>a3o:Boro o6neM:a w u penHTHBHCTCI<Hx ·'c.KopocTeii 
B O~JiaCTH 6oJibiiiHX llJIOTHOCTeii npocTpaHCTBeHHoro 3ap.H}J:a. . 

I. CHCTEMA YPABHEHHM ,ll;BH)I(EHMR 

Y:PaaueuuH . .D;BnmeHHH 3apHmeuuoii qacTHUhi. a uunnH.D;puqecKoii 
CHCTeMe _KOOp.D;HJ~aT llpH npOH3BOJihHhiX CKOpOCTHX HMeiOT BH.D; __ 

d 2 .. 
''-. . 

dr·2 = r,[ yE + B de , r z -. -r. 
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a i de ·· 2 
B:-].+(-) r. 
e d d · T .T. 
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.:.__ ( r -) = 71 [ y E 
dr' dr e + B --· - . B --]. r , 

' d r z 'd r 

d 2
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71 { y Ez + Be 

· dr 

dr 

·. de 
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' dr 

'/1/ 

. 2 -~ 21 . 2 _li2 
3.D;eCb y = ( J - f3 ) ; =(1- V c ) , V-- llOJIHaH CKOpOCTh 'laCTHUhi, 
c - CK()pOCTh CBeTa B BaKyyMe, '71 = e/m~ - OTHOIIIeHHe 3apH.D;a 

'laCTHUhl K ee Mac~e UOKOH, d t = yd r . . , r,IJ;e t - _BpeMH. 
ECJIH BHeiiiHHe llOJIH o6JiaAaiOT . BpaiQa·Tt~JihHOH CHMMeTpHeii H He 

3aaucHT oT apeM:euu, To Be= Be =0. Ecnu,' .D;anee, .D;BH)Keuue npoucxo.D;HT 
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B6J1H3H OCH ·CHMMe'I 
' , . 

, noTeuuuan· u noTOI< 
._.B cTeneimoii pH.D; 

¢(r,z) = ¢( z') 
} ' 

· .. 'l'(r,z) rrr2(B 
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3.D;eCh p
0 

(z) -. nnoT 
puqecKaH npouuuae~ 
!JO CBOeMy apryMeH· 

llpe.D;nonarae'I 
. papnpe.D;enHeTcH pa 
. TpaeKTopuu oT.D;eJihl 
MO:>KHO paCCMaTpHBG 
,IJ;eHCTByeT BCCh T< 
_BHYTPH . ny'IKa 6y.D;y' 
B , TaKOM CJiyqae O' 
UHJIHH.D;pa, a Mar HI 

E 
'p 

I 

2 1T ( v 
'0 c 

r.D;e I ·- iioDHhiii 
CKOpOCTh no OCH;. 

a/. A 3HMYT 
· BTop_oe ypaa1 

nocne HHTerpupoaaJ 
,_ ... 

,, 

de· • TJ 
- = e· = -- B 
dr 2 



rbi ;aooT· / ~/ ~- }3/ 
par<cuanLiiyio Teop:Hro 
aucTci<id: ·. ci<opocTeii 
·o 3apilha. · 

.. ·-~ 

I B UHnHH,ll;pHtieCI<OH 
HMeiOT BH,ll;:_ 
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CI<OpOCTb tiaCTHUhl; 
OTHOllieHue' 3apH,ll;a 
• ,BpeMH. 

OH 9HMMeTpHeii H He 
~BH)KeHHe npOHCXO)J;HT 

. . :.~·. 

,. ··J· 
i' 
I 

BOnH3H ocu -CHMMeTpHH, TO Br"" -( d Bz /dz) •(r/2). 3nei<TpOCTaTH1JeCI<Hii 
, noTeHI.J;Han. H noT OK · MarHHTHOH , HH,ll;YI<UHH pa3naraiOTCH npu 3TOM 

.. B CTeneHHOH pH,ll; 

ffi 1 2f"'" 1 ¢(r,z)='~'(z)- 4 r ~-(z)+-p (z)]+ ... , 
. Eo o 

/2/ 
lJI(r,z) 

3)J;ecb p
0 

(z) - nnoTHOCTb npocTpaHCTB.eHHoro 3apH,ll;a, c 
0 

-' ,ll;H3nei<T· 
puqeci<aH npOHHUaeMOCTb Bai<yyMa, a lliTpHXH 0003HatiaiOT npOH3BO,ll;HYIO 
no CBOeMy apryMeHTY. 
· llpe,ll;nonaraeTCH TaJ<)Ke, 'ITO JapH,ll; B nroooM cetieHHH nyqJ<a 
papnpe,ll;enHeTCH paBHOMepHO, . a ny'IOI< .- TOHI<HH H OtteHb ,ll;nHHHbiH. 

. Tpaer<Topuu oT,ll;enhHbiX qacTHU B 3TOMHYtiKe He nepeceKaiOTCH. Tor,ll;a 
MO)KHO paCCMaTpHBaTb Tpaei<TOpHIO KpaiiHeH tiaCTHI.J;bi nyqi<a, Ha KOTOpyiO 
)J;eiicTayeT uecb TOHKHii nytioK, a TpaeKTopuu ucex ,ll;pyrux qacTHU · 

. BHYTPH nytiKa oy,ll;yT nO)J;06Hbi 3TOH Tpaei<TOpHH. 3neKTpuqecK_oe none 
B . Tai<oM cnyqae onpe,ll;enHeTcH KaK none paBHOMepHo JaPH*eHHoro 
IJ;HnHH,ll;pa, a MarHHTHOe none • KaK none npOBO,ll;HHKa C TOKOM, T.e. 
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/3/: 

r)J;e 1 ·- nonHLiii TOK .nytiKa, r c - pa,ll;nyc ero, v c cpe,ll;HHH 
CKOpOCTb no OCH; 11. O ~ MarHHTHaH npOHH~aeMOCTb BaKyyMa • 

a/.A3HMyTanhBOe ~BH)KeHHe 

BTopoe .· ypaa11enue cucTeMLI /1/ )J;nH napaKcuanLHoii · oGJiacTu 
. - •·' 

nocne HHTerpuposauuH ,ll;aeT . 
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__/ 3TO ypaBHeHHe - MaTeMaTHl.f.eCKOe BblpaiKeHHe "feOpeMbl ,liywa, 

r~e 8 , 0 , r - Hal.faJibHbie 3Hal.feHHH COOTBeTCTBYIOLQHX Bemi'"IHH. 
---z 0 0 

0 

6/ ,lJ; B HiKe H II e ll 0 0 C II Z 

11:Cll0Jib3YH /2/ II /4/, llOCJie~Hee ypaBHeHHe CliCTeMbl /1/ MOiKHO 

nepenHcaTb a an~e 

d 2z 

d T2 

- 11Y E' 
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11 fl. I 
_Q_ 

2rrr · 
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dr 

d T 
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B/ P a ~ II a JI b H 0 e ~ B II iK e H II e 

2 
/5/ 

IJepaoe ypaBHeHHe CHCTeMbl /1/ C llOMOLQbiO /4/ ~JIH KpaHHero 

:meKTpOHa MOiKHO JallHCaTb B Bll~e 

2 
2 2 ., <I>" 

d A . [ .:!.._ B + - y ( ( zJ --·+ 4 % 2 
d 1

2 

p (z) 
+ 0 . 

( 2 )-
0 y 

r 4 
TJ • 2 0 

( -2 B z + 00 ) -'4 ] A 
o r 

/6/ 
0 

r~e A·=r/'Q , 'o - Hal.faJibHbiH pa~nyc nyl.fKa HJIH npoc'To nocT.oHHHaH 

pa3MepHOCTH ~JIHHbl. 

BoJMOiKHOCTb aae~eHHH JMHTTil.Hca H aKcenTaHca nyqKa o6ycnoa­

JieHa CyLQeCTBOBaHHeM liHTerpaJibHbiX HHBapHaHTOB ~BHiKeHHH. 3TH 

HHBapHaHTbl llOJIHOCTbiO CO~epiKaTCH B liCXO~HOH CliCTeMe ypaBHeHHH 

ABHiKeHliH /1/ H llOJIHOCTblO MOJ:'yT 6biTb onpe~eJieHbl HaqaJibHbiMll HJill 

KOHel.fUbiMH · JHal.feHHHMH nepeMeHHbiX. EcnH a ypanHeHHH /6/ ace 

BeJilll.fHHbl B3HTbl ~JIH KpaHHero JJieKTpOHa, TO JTO iKe ypaBHeHHe MOiKHO 

llHCa Tb B tiJopMe 

6 

d 2R. 2 
TJ 2 

-+ [- B + 
dr 2 4 %' 

TJI 

~ 2rri·'r 2 yv 
0 0 0 

II. IIPIH 

Bcne~c'faue 6 

CHCTCMbl /5/,' /6/ . 
caMbie npocTbte JaJl.c 

BaTb HC06XO)l.HMOCTJ 

HHTCHCHBHWX JJICKTp 

J. Jiy'JOK 

a/ c H y n e B hi 

fi%..,£%~0. 
YpaBHCHHH ~BH 

2 I 
d z 11 flo· 

d;T ~--;;; 
...... _ 

d
2
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dr 2 
2rrl 

•0 

~a lOT 

IIepBbte HHTer 
y .>,:: 

'dz dz 
=-·; 

dr d.r o 



eHne TeopeMbi .Eyrna, 

eTCTBYIOW:HX BenHlJ:HH. 

: CHCTeMbl /1/ MO>KHO 

/5/ 

>IO I 4/ .nm: KpaiiHero 

. /6/ 

l npoC.TO llOCT.QHHHaH 

TaHca nylJ:Ka o6ycnoB­

fOB ,IlBH>KeHHH. 3TH 

CHCTeMe ypaBHeHHH 

eHbl HalJ:anbHbiMH HnH 
ypaBHeHHH /6/ BCe 

IKe. ypaBHeHHe MOmHO 

I 

2 . 
T/ 2 TJ , ) ] R. -+[-8 +-y<IJ-(z 

dr 2 4 z 2 

r..!l Rz + .0 
2" 

) 
.,.,I 1 2 0 0 

/7/ 

2 - + R 3 2 7T (0 ro y vo R 

I I. llPMMEHEHME llAPAKCHAJibHbiX YPABHEHHH 

B cne,ncTBHe 6onhrnoii cno.)J{HOCTH nonyqenuoii napaKcnanhnoii 

CHCTeMbl /5/, /6/ .H3- 3a HenHHeHIIOCTH y,naeTC.H pa3o6paTb TOnbKO 

CaMbiC npOCTbiC 3a,nalJ:H, Ha npHMepe KOTOph!X MO)J{JIO npo,nCMOIICTpHpo­

BaTh Heo6xo.nHMOCTh · Gonee ocuoBaTcnhHoro H3YlJ:CHH.H noBe,neHHH 

HIITCIICHBHhiX ::WCKTpOHIIhiX llYlJ:KOB. 

J. llyttOK 0 npocmpaHcmoe opeiir/Ja 

a/ C H y neB bl M y r n 0 B bl M M 0 Me II T 0 M. PaCCMOTpHM cnyqaji 

Rz=Ez"':O. 

.naroT 

YpaBHCHHH ,nBH)J{CHHH /6/, 17 I . npHMYT BH,n 

dr 2 

T/ llo I d ln R 

2rr .. , 
2 dz 

2rr( r d 
·0 0 T 

• 2 

1 0 
0 

y+fi3 

llepBbie HHTerpanbi 3TOH CHCTeMbl, ecnH nonaraTb 

d z d z T/ llo. I 
=--/ + ln'R, 

dr dz o 2rr 

7 

/8/ 

R I 
0 
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dR 2 
(-) 

dr 

.,1 1 . (} 2 
· 2 '- ln (1 + · l R o 

17£. r c v·y2-1 a . a n ) - - +' 2'E 
o 'O - R2 o' 

r.ne 2E 
0 

• 2 dR 2. 
= (J + (-) ' 

0 d; 0 

. .,flo I 
a=· . -·.-

2 .. 
2rr c y y -·1 

lf3 rrepnoro ypanHeHHH /8/ BH.IJ;Ho, tJTO rrpH: 6onhumx ToKax I , 
HnH rrpu 6onhiiiHx HnTeiicunaocTHX, Kor.na R 2: 1 ana R < 1 , rrepeiiTH 

: ~ ' . . ' - . ' . 
OT 1 K Z HnH OT ypaBHeiiHH ,IJ;BH)KeHUH K ypaBHeHHIO TpaeKTOpHH He 
CTOnb IIpOCTO. . 

· OuenHM rropH.IJ;OK nenHtJHH, 4JurypupyiOIUHX n :noii cucT_eMe, nona- .. 

z 
raH () =0, R=1, R'·=O(E =01 , Z=- .IIepexo,nH KypanuenHIOTpa-o o o 'I r · 

0 

eKTOpHH, MO)KHO naiiHCaTb 

dR 

dZ 

v 2 ..J ln ( 1 + a ln R) 

..J.y2-1 1+alnR 

Ecnu nenHtJHHa a ln R .« 1 ,To Bhipame:Hue /8/ rrepexo,nHT n HJBeCTHoe 
/ecnH e}Ue H CKOpOCTh Mana/ COOTIIOIIIeHHe 

' . 
dR 

dZ 
- v 2-,

2 
· ·. 11 ' v In R .. 

. v 1T £0 . ., /2 ' 

ecnu me cKopocTh cpannHMa c e,nunuueii, To :noro c.nenaTh yme ae_nh3H." 
. 3,necb ponh HrpaeT ne TOnhKO BenHtJHHa TOKa, HO H IInOTHOCTH, H60 IIpH 
,naHHOM r nenHtJHna ln R 6y,neT TeM 6onhiiie, tJeM MeHhiiie 6bmo r 

0 
. Bne,nH o6oJnaqenue 

2a 
z = y-- z 

1 \ ·Y 2_1 

8-

'•t, 

H BOCIIOnh30BaBIIIHCh. 

ln ( 1 + · a ln R ) 

KOTopoe rrpH a· in R 
ln ( 1 + a lnR) OTnHtJ~ 
rronytJHTh cne,nyiOIUee 

2 
·dl ""--=-(1 

I ..Ja 

r.ne u = yaln R ; Orp 
MO)KHO rronytJHTh rrpHI 

ll 2(1 
·!i 

H 

/Ha puc. 1 ,naHhi rpa( 
Cne,nyeT HMeTI 

rrpw a ln R < 1 • Bu.n· 
IIpH MHHHManhHOM p: 
rrepeXO,IJ;HT B KHHeTH' 
co6CTBennoro MarHH' 

6/c -aatJan 
Terreph, tJTO a - oqe 
tJaCTHU Mano OTnHtJa< 
cnyqae 

d 

dr 

dz. 
(---) 

. dr c 

( dR 2 
d z) -~ 

1T £0. 



pu 6onhnmx TOI<ax I 
nnn: R 6 1 , nepeiiTn · 

. ' . 
HIHIO Tpaei<TOpHH He 

1 :noii c.ncT.eMe, nona- ... 

ICO.D;H I< ypaBHeHHIO Tpa- · .. 

epeXO.D;HT B H3lleCTHOe 

I C.D;eJiaTb y:>Ke He.ilb3H,· 

H nJIOTHOCTH, n60 npn 

~M MeHbiiie 6biJIO r O 

I. 

I 

l 
l 
.l 

i 
H BOCnOJib30BaBIIIHCb npH~JIH:>KeHHbiM Bbipa:>KeHHeM 

2 aln R 
ln ( 1 + a ln R ) "' 

2+alnR 

I<OTopoe npn a ln R ~ 0,4 .D;aeT pacxo:>K.D;enne < lo/o, Tor.D;a I<ai< 

ln ( 1 + a ln R) OTnn>meTCH. OT a ln. R 6oJibiiie 'ICM na 50o/o, MO:>KIIO 

noJiy'IHTh CJie.D;yiOll.{ee COOTHOIIIeHHe: 

2 .s 2 7 4 
dl "' -- (1 + - u + - u 

1 -v-a 4 32 

1,.2 
l/6 + • . . ) I! II J lj ' 

128 

r.D;e u = v aln R . Orpann'lnBa.Hcb B pa3JIO:>KeHnn nepBoii cTeneHh.ro no a 

MO:>KHO nOJIY'IHTb npn6JIH:>KeHHO 

:; 
2(l --a) 

H f 
o· 

u 2 
:; 

c ell 1 + - a R yIn R . 
1 

/Ha puc. 1 .D;aHbi rpa$ni<n R ( 7
1

) JJ.JIH pa3JIH'IHbiX 3HatJennii a /. 

CJieJJ,yCT HMCTb. B BHAY, 'ITO JJ,aHHhiH BbiBO}J, cnpaBC.D;JIHB T~>Jibi<O 

npH' a In R < 1 . Bn.ri I<PHBhiX Mo>Kuo o6bHCHHTh ieM, 'ITO JanaceunaH 

npn MHHHMaJibHOM pa.D;nyce · r ;;, r B nytJI<e noTenunaJibHaH :meprnH 
. . . 0 '• . 

nepexo.u.nT B I<HHeTntJeci<yro ne TOJibi<O no R , no n no Z 1 BCJie.D;CTBne 

C06CTBeHHOrO MarHHTHOrO nOJIH. . . 

6/ C H a 'I a JIb H bl M Y r JI 0 B bl M .M 0 M C H T 0 M. ,lJ;onyCTHM 

Tenepb, 'ITO a - O'ICHb MaJiaH BeJIH'IHHa, HO 0
0 

f 0 , H nOJIHaH CI<OpOCTb 

tJaCTHU MaJIO OTJIHtJaeTCH OT COCTaBJIHIOll.{eH no Z , IlOCI<OJibi<Y B 3TOM 

cnyqae 

Q. 

d 

dr 

dz d 

(~)0 Tz 

TJI de 2 J 
ln R - (-) -· + 2E

01
, 

. 2 d z 3 · d z. 0 R2 
Ttl o 'o ('--d-) 

1 0 

/9/ 
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.E. d02 dR2 .. . ·· . .,.,I, .z 
r.n.e 2 = ( -d ) + (-) , H nonara.H Z = y · ..:__, MO)KHO ua-

01 z o d z o 1 d-z J r 

nucaTb 

dR . 2 dO 2 1 
(-) ln R -:· (-) -+ 

dZ dZ o R2 

dO 2 I 
ln R (-) -. + 2 E

0 
• 

dZ o R 2 

TT£ ,.-d- 0 
r o· 

dR 2 dO 2 
(-) + (-) = 

dZ o ·dZ o 

On:eHHM BeJIH'IHHY o' . Ilocne npeo6pa3omiHHii: mdeeM 
0 

dz 

/10/ 

dO .,.,I -~ 
(_r}_!_) 

TT £ (-) 
o dr o dO· 

( dZ ) == [ ] = v (-) r 
2 dz 3 .0 d z 0 .,.,I d T 0 ° TT£ r (--) 

o o dr o 

T .e. 3MHTTaHC nponopn;HOHaJieH Ha'laJibHOH nonepe'IHOH CKOpOCTH," 
KoTopax coxpauxeTCH :B npon:ecce .U.BH)KeHHH. qucneuuax aeJIH'IHHa 
3M~TTanca, IianpHMep, npu 3~epruu nyti.Ka 500 K3B ~(.y"" 2) B npe.n.no­

JIO)KeHHH, .'ITO 2o/o OT 3TOH BeJIH'IHHbl llpHXO.U.HTCH Ha HanpaBJieHHe 0 ; · · 
H TOKe ·I. =1000 a, 6y.n.eT . . 

do 
(-.. -) 

dz o 

2,86 ·10 - 7 

yi 
vo 

0 

== 0,54. 

Ha llJIOCKOCTH ( r, z) H3 /9/ llOJIY'IHM .U.JIH 3MHT.Tanca Bbipa)KeHne: .. 
OTHOWeHHH CKOpOCTH VO K CKOpOCTH VO • 

. 0 0 
do 
--/. r 
d T 0 0 do 

F = (-z) ro 
1 . d 0 

[ paa. 1, 

10 

. r ... 

Ecnu· oTnoweuue 3~ 

HMeeM BeJIH'IHHY 3M 
Bae.n.x o6o3Ha 

2"E 
0

. + ln R 

MO>KHO uanucaTb 

d z = · ± :2e 

. PaJno:>Keuue Kna.n.pa 

d:: ± 2e -2E~e 
~ 

J sEO dO 
+ - e (--) 

8 dz ·o 

TaKoe paJnomeuue JJ 

• 4B0 · do 2 
e ·r-· ) 

d:: 0 

lie3 uapywenHH o6ru 
Tor.n.a 

do 2 
(-) .< [(­

dz o 

'ITO BcerAa· BblllOJIHJ 
paanoaepoHTHbi. Mm 
3MTTTanca, H Ha3Ba 

• l ' ' ' ' ' '~ 

ac.er.n.a .aonycTHMo, 
3Muiiauca, .< yu:ime1 

J1uH!rpupoaaHJ 
. ~ i' 

K cne.n.ymiUeMy Bbip~ 

...... ·. 



-:qr:-, .•. z. . . 
-. -- -·, MO:>KHO Ha-
' d-z J r 
-- 0 dr o; · 

d­
: (-~) 
o dr o 

TJI 

/10/ 

. dO­
(-} r 

dr o o 

'nepeqnoii cKopocTu, · 
qHCJieHHaH BeJIHl.JHHa 

,, "' t, ' 

3B (.y "" 2) B npe.l(no-
• Ha nanpa~nenue . () ; .. 

•. 

, .. 

MHTTanca BLipa:>~<enue: •. 

I 
I 
I 
! 

i 
•I 

I 

l 
I 

Ecnu OTHOllleHHe 3THX CKOpocTeH "'o;o2, TO, npe.l(CTaBmiH R .. r, r(J ' 

HMeeM BeJIHl.JHHY. 3M_ HTTaHca F = F • r = 0,02 • r . I 0 0 
BBe.l(H o6o3Ha1.JeHue B /10/ 

2 
R u 

MO:>KHo IianucaTL 

dz 

Pa3JIO:>Kenue KBa.l(paTHLtx cKo6oK .!(acT 

2 
u 

. I 4Eo . do 2 -2 -]u2 

r./ + -.J I' ( ) II' I' ·I 
tl = (J 

6 2 
-6 -6U 

/11/ 
BE0 dO 4 -4 

+ - e (-.-) u e 
.!i tiE0 d 0 
-I' . (-) 

/6 d z () 
u ~~ + ... ]du. 

8 d z 0 .. 

TaKoe pa3no:>Kenue .l(onycTHMO, ecnu 

• 4E0 · do 2 -2 
e (--) u · 

d - min 
~ 0 

-2u 2 . 
e mtn < I , 

2. 
lie 3 napymenuH o6t.QHOCTH paccy:>~<.l(enuii MO:>KHO B3HTh u min = 2 E 0 
TOr.l(a 

l.JTO Bcer,i(a BLIIIOJIHHeTC.JJ, TaK KaK pa36poc cKopocTeii no () uno r 
paBHOBepoHTHLI. Mo:>~<no BocnonL30BaTLCH onpe.l(eJieHneM aKceKTanca -
3MTTTanca, u naJBaTL F='.f2E0 1MH1TaHcoM nyqKa. 3To pa3no:>~<eHne 
BCer.l(a itonyCTHMO, H JJOJiyl.JeHHhiH p_R.l( CXO.l(HTCH BnJIOTh .l(O HyJieBoro 
j~HTTaH c'a, K YHHBepcaJILHOH KpHBOH paClUHpeHHH. 

l'hnerpupoBaHne nepBLIX .l(Byx cnaraeMLIX' pn.l(a /11/ npHBO.l(HT · 
'.~~· 

. ' K CJie.l(yJOJ.QeMy Bhipa:>KeHHJO .l(JIH npHBe,l(eHHOrO paCCTOHHHH no OCH l : 

II 



±yF2
+lnR 

. . 2 

-p2 2 2 F2 
Z=2e ( eudu-Fe 

±yF
2
+lnR J. p 2 e -u ±y F2+ ln R 

u2 d --=Fe (--)I ' r e u u F 
F F v2 

r,!l;e Bhi6op 3HaKOB B npe,!J;ene ,!I;OIDKeH COOTBeTCTBOBaTb · ~aqanhHOMY 
yrny Me:m:,!l;y ocbiO H KacaTenLHoii .K rpaHHn;e nytJKa. BTopoe H: TpeTbe 
cnaraeMLie ,!l;aiOT Manhlii BKna,!l; no cpaaHeHHIO c nepBhiM. Ha pHc. 2 
,!l;aHhi KpHBhie R( z) ,!l;mi pa3nHtJHhiX F , YtJHThiBaiOIIJ;He nepaoe 
cnaraeMoe. TipH E 

0 
=0 nonyqaeTCH yHHBepcan~HaH KPHBaH .pacumpeHHH 

nytJKa. 

2. Jly'IOK 8 nOCTaOJl1l1lOM M021lUm1lOM nolle 

Ha 3TOM · nocne,!I;HeM npHMepe npo,!l;eMOHCTpHpyeTCH ace TO, 'ITO 
6blno cKaJaHo B nepaoii qacTH ,!l;aHHOH pa6oThl. Oco6eHHO OTtJeTnHBO 
6y,!l;eT BH,!I;HO, 'ITO ,!I;BH:>KeHHe rpaHHIJ;hl nytJKa, T.e •. ,!I;BH:>KeHHe nytJKa B 
u;enoM eiiJ;e He onpe,!J;enHeT no:Se,!l;eHHH qacTHU BHYTPH nytJKa. TionytJeHHhle 
IJ;HlPPhl OTHOCHTC.ll K H,!l;eanhHOMY cnytJaiO paBHOMepHoro pacnpe,!l;eneHH.ll 
3neKTpOHOB no CetJeHHIO nytJKa, H n03TOMY HBnHIOTCH npH6nH:>KeHHhiMH. 
KaqecTBeHHaH KapTHHa, O,!I;HaKo, aepHa, xoTH H n~e,!l;cTaBnHeTcH 
HeCKOnhKO HeO:>KH,!I;aHHOH. d z. d z 

a/ ,!I;BH:>KeHHe rpaHHIJ;hi nytJKa. TipHHHMaeM -d .. -d I= 
- . T T 0 

c v y 2-1 . YpaBHeHHe orH6aroiiJ;eii nytJKa c· ytJeToM HatJanLHoro 
pa36poca no e 6y,!J;eT HMeTb. BH,!I; 

d 2R 2 

-· + (<) R 
d T 2 H 

. 1 e 2 

7J 1 · o A. 

2 11( o 'o2 c v Y 2_z R + 7 = R + 

. 

. 
e2 
~ 

RJ 

B 3aBHCHMOCTH OT COOTHOIIIeHH.ll Me:>K,!J;Y e0 H CiJ H MO:>KHO npOH3BeC,TH 
pa3Hble nO,!I;CTaHOBKH, npHrO,IJ,Hhie ,ll;nH npaKTH1JeCKHX pactJeTOB.llyCTh, 
HanpHMep, 

12 

~ 

\~' 
j_' 

-:-( .. , 

.. · 
R 

eo v ,..:_,_, :Y' 
CiJH 

TOr,!l;a 

3TO ypaBHeHHe OIIF. 
Harpy3KOH, npHtieM 
/ ·s h cp BMeCTO sin cp 

. dcp 2 
(-) + 2i:hcp 

dx 
' = • 

YpaaHeHH.ll MO:>KHO HI 
CTOThl H 6onhiiieH Hal 
cnyqaii 0 = 0 • lln 

0 

d 
2
R: 

d
---r + . (<) 2 'R 

1 H 

d d 
(<) _, 

ud ' (I·~ 'dr 

Tor,!l;a BMecTo npe,!l;:b: 

( 

H nocne HHTerpHpoae 



·' 2 2 -u · 
F e ±y F 

2+ ln R 
(-)I 

u , F ' 

CTBOBaTb !lal.faJibHOMY 

yt.IKa. BTopoe H: TpeTLe 

c nepBbiM. Ha PHC. 2 
l.fHTLIBaJOI.QHe nepaoe 

raH .KPHBaH pacnmpeHHH 

!0/le' 

TpHpyeTCH BCe TO, l.JTO 

• Oco6eHHo OTl.feTJIHBO 

·.e •.. .IJ;BH)[{eHHe llYl.fKa B 

TpH nyt.IKa. Tionyt.IeHHLie 

[epHoro pacnpe.IJ;eJieHHH 

liOTCH npH6JIH)[{eHHbiMH. 

H npe.IJ;CTaBJIHeTCH 

dz · d z 
IHMaeM - "'-/ = 

. . dr dr o 

,w H MO)[{HO npOH3BeC.TH 

~CKHX pact.IeTOB.IlyCTL, 
~ ·. . . 

Oo ~¢ d -~¢ d 
R v .:..__, 'Y' y = e -·= 2(z) e 

dr H dx (z)H 

TOr;:J;a d 2¢ 
+ ·shcf> A 

dx 2 

3TO ypaBHeHHe OllHCbiBaeT KOne6aHHH MaHTHHKa llO.IJ; llOCTOHHHOH 

Harpy3KOH, npHt.IeM BOCCTaHaBJIHBaJOI.QaH CHJia MaHTHHKa - meCTKaH 

/·sh ¢ BMecio sin¢ /. Ilocne HHTerpnpoBaHHH OHO .IJ;aei .. 

.dcf> 2 
(-} + 2 ch ¢ 

. 1 dcf> 2 
E =- (-} + ch ¢ -A¢ 

o 2 dx 0 o o d X . 

YpaBHeHHH MO:>KHO Hccne.IJ;OBaTL cTaH.IJ;apTHLIMH MeTo.IJ;aMH. Pa.iJ;H npo­

CTOTLI H 6oJibllleif HarJIH.IJ;HOCTH· H 3.IJ;eCb paCCMOTpHM JIHlllb ynpoi.QeHHbiH 

cnyqaii e = 0 . HTaK, HMeeM ypaBHeHHH 
0 

A 

R 2 ' •. 
2TTf. r C .ly 2-1 

0 0 '; v 

d d A d -cf> d 

(z) a' a 
' 

-.·= e -·, 
2 df, dK 

" f, 
wH 

Tor.IJ;a BMecTo npe.IJ;Lr.IJ;yi.Qero ypaBHeHHH 3anHllleM 

2 
d .. cf> . 2¢ 

(------)+ e =a, 
d K2 

.R e 

n nocne HHTerpHpoaaHHH nonyqaeM npH r = 0 H R 0 = 1 

13 



'd¢' 2 2¢ 
(-) + e 

dK 

1 dR 2 
1 +~r~· J 

W d T 0 
2 a¢ + co co 

/12/ 

,lJ;nH He6onblllHX 3HatteHHH ¢ ypaBHeHHe /12/ 3BJIHllleM JipH6nmKeHHO 
B BH~e 

. d ¢ 2 

(-) 
dK 

R' . 
"'(-

0
-j-

2 
+.2( a- I)¢ 

(f) 

2¢2 . 

HnTerpan JToro ypaaneHHH c ytteToM nattanbHhiX ycnoauii MO>KHO 
npe~CTBBHTb KaK 

a -l ··., . R'. 2 
- . . 0 

¢ = -- [ 1 - \1 I + --- (-) cos v 2 K ? . }. 
- I a - I) (<) 

lionee BbiCOKoe rrpu6numenue c npu6aanenneM cne~yroi.Qero ttneHa pH~a 

.J 3 

. -·y ¢ JipHBeno .6bi K JnnHJITHtteCKOMY HHTerpany, O~HaKO OHO ~ano 6bi 
peJynhTBTbi, JipHrO~Hbie ~a>Ke ~nH KOHCTPYKTHBHbiX pactteTOB JipH 
6onhlllHX aMrrnnTy~ax Korie6anuii a nyttKe, n6o Han6onblllaH ollin6Ka, 

· HarrpHMep, 6y~eT MeHbllle tteM 20/o, npu aMrrnHTy~e 1,65 r 
0 

= r n 
BMJI • 

6/ ~BH>Kenne BHYTPH rryttKa. CornacnottacTH 1 ypaanenne 
. ~BH>KeHHH ttaCTHU so BHyTpeHneii o6nacTH rryHKa rrpu R'. ~ o 6y~eT 

0 . 

d 2 A -(8-J} (8-.J} cos'lf2 K 

+ [w 2 
- A e • :e ] .,\ o. 

dr 2 

Bao~H BMecTo r: rrepeMeHHyro K , rreperrnllleM JTo ypaanenne B BH~e 

.d 
2

.X 

dK 2 
d¢ d.X ( 2¢_ a)A ----+e 
dK dK 

14 

o. 

.. 
~ . 

"" .... 
~-

Ecnu rronmKHTb ·A • ·= 
pH~$ypbe, TO, BBO~H 
v cne~yroi.Qee ~nl}Jl}Je 

d 2v 
.~+·[A +20 cos 2 

d T2 .. · ,· .o ·. 

r~e: A = 2e 

(J 
0 

(J 
1 1 

(J =· :-
2 

.e 
.3 

a I (a -.1)- :Mo~u( n. . . 
'(a -1). 3HatteHnH: A. 

. Ecnu oT6pocnT1 

.ypaaHeHne MaThe. Ha 
'· cnyttaH · iipep;en rrepao 
·HaJipHMep, JipH JIOCTO 
ttT06bi a =·J,6.,TO; 
llleimH v, .'; rrpntieM. no: 
Hoii aennttHHoii, JHatteJ 

.·,lJ;IIH a = 1 , 46 Ha 

·TepHe.T ~CTOH'IHBOCT~. 

·, 



i d8 2 

---;z (-) 
W d T 0 /12/ 

3allHWeM llpH6nH~eHHO 

!bHbiX ycnoBHH MO~HO 

COS .j2 K 

ne~yiOJ.l(ero 'lneHa p.11~a 

lY, O~Hai<o OHO ~ano 6bi 
THBHbiX pac'leToa npH 
HaH60nbWa.ll OWH6I<a, 
~e 1,65 r

0 
= r 

. aMnn. 

aCHO 'lJaCTH 1 ypaBHeHHe 
ca npH R'. "' 0 6y~eT 

0. 

] .A 0 

.. : ... 

3TO ypaBHeHHe B BH~e 

.. 
1 
L 
j 
' 

· a-1 -
--;f" (1- c. as .J 2 K) 

EcnH rrono~HTb A = e . v H pa3nO~HTb e 2 ¢ B 
p.ll~ <l>ypbe, TO, BBO~H C~BHr nepeMeHHOH · y2 K 

· v cne~ywl.l(ee ~H<P<iJepenn;Ha.ribnoe ypaanenne: 
2 T . , nony'IHM ~n.11 

d 2v 
-. -·- + [ A + 2 0 cos 2 T + 2 0 cos 4T + 2 0 cos 6 T + io

3
·. cos. 8 T + .•.. ] v =0, dT2 · · o 1 2 

r~e: A 
a-1 

2e I (a-1)- 2a 
0 

1 2 
-B(a-1)' 

a- I 
0 

0 

a-1 

2 
- 2e 1

1
(a-1), 

0 
1 

1 2 a-1 

16 
(a -1) + 2e 1

2
(a-1), 

0 =· -·2e 
2 

I (a-1), 
3 

a;_; 1 · · · 
0 2e I (a-•1), 
. 3 4 

a In (a - 1) - MO~HcPHU:HPOBaHHbH~ cPYHKI.J;HH liec.cenH OT apryM~n:ra 
(a -1 ). 3na'leHHH. A H On" ~mi Hei<oTopbiX a. ~aHbi B Ta6nHn;e · 1. 

EcnH OT6poCHTb 'lneHbl p.ll~a c 0 n npH n > 1 ' ' TO HMeeM 
. ~ypannenne MaThe. Ha KapTe .cTa6HnbHOCTH /pnc. 3/ naxo~HM,~n.ll JTOr.o 
'· cny'la.R· iipe~en nepaoii · 30Hbi cTa6HnbHOCTH npn a "' {,46 . E~nH, 
. HallpHMep, llPH llQCTO.IIHHbiX llpO'IHX napaMeTpax TOI< llOBbiCHTb Tal<, 
'IT06bi a =·1,6 ',TO' MO~HO nepeHTH B:30HY HeyCTOH'I.HBOCTH~n.ll pe· 
meHH.II v _'; rrpnqeM rroKa3aTenb ·f.L 6y~eT a JTOM cny'lae ~eii:cTBHTenL· · ... 
HOH BenH'IHHOH, 3HatJeHHe KOTOpOH 6onbWe 0,3. 

· . .:)~n.ll a==' 1, 46 HaXO~HM npe~enbHbiH .. TOK, npH. KOTOpOM llY'IOK 
Tep.11e~ ycTOH'IHBOCTb. 

. ; ., 

15' 



I. 

I max 

2 
"' 1,07 B 

0 

• 2 • .r • · _ 1 2. o ·vY -1 
2 2 

1 ,07 B~ r
0 

fly [k a] 

. r:Ae B
0 

BLipamaeTCH B KHnorayccax, r 0 - a caHTHMeTpax, a· TOK 

B ·KHm:iaMnepax. 
<l>yHKU,HH ~aThC nepHO,!J.H'liHhl C nepHO,!J.OM TT , ll03TOMY MO)KCM 

ou,eHHTh apeMH nepno.u.a r 
TT 

a-I a- I - a-1 
y2 - TT --

2
-. COS21' ·y2 1T - a-1 

2 
1 = --- e r c dT = ----- e 

2 I (--;r-)· 
TT w w -

0 

TaK, uanpHMep, .u.n11 80 =2000 raycc H a = 1,6 HMeeM ou,euKy 

-IO 
1 "'3,47 · lO ceK, 

TT 

TaK 'liTO 3a ,IJ.CCHTL HaHOCCKYH.U. JneKTpOH npeTepneaaeT OKOnO TpH,IJ.U,aTH 
Kone6aHHH, H nytioK MomeT 6LICTpo pa3BanHThC11.· . 

EcnH Y'liHTLIBaTL KoHe'liHLiii pa36poc cKopocTeii R~ ,To, KaK nerKo 
BH.U.CTL, KpHTH'lleCKHH ioK nouumaeTcH. Eonee cnomua11 KapTHHa nony­
qaeTcH npH paccMoTpeHHH KoHe'liHLIX 0~ ; Co3HaTenLHO co3.u.aaa11 
HCKOTOpoe Ha'llanLHOe apall{eHHe B ny'liKC, MO)KHO BH)J.CTb, 'liTO OH 6y,IJ.eT 
BCCTH ce6.R 6onee YCTOH~HBO no OTHOIIICHHIO K .B03MYil{CHH11M;. 3TH 
aonpocLI, o.u.uaKo, BLIXO.U..RT 3a paMKH .u.auuoro paccMoTpeHH.R, .H 3acny­
mHBaiOT CaMOCTO.RTCnhHOrO HCCne,IJ.OBaHH.R. 

B .3aKnro'lleHHe xoTenocL 6LI 3aMe.THTb cne.u.yroll{ee. BLipameHH.R 
"npe.u.enhHbiH TOK", "pa3Ban ny'liKa" cne.u.yeT noHHMaTb npem.u.e acero 
B. OTHOIIICHHH cyll{eCTBOBaHH.R HnH npaB,IJ.OllO,IJ.06H.R ,IJ.aHHOii MO,IJ.e.iiH. 3a 
30HOH HCYCTOH'liHBOCTH cne.u.yeT CHOBa ycTOH':IHBa.R 30Ha;.a6nH3H OCH 
MO)KCT OCTaTbC.R 'llaCTb TOKa, TOr,IJ.a KaK ,IJ.pyra.R 'llaCTb nepepacnpe,IJ.e.~ 
n.ReTC.R, ny'lloK paccnaHaaeTc.R - 'ITO H ua6nro.u.aeTcH ua npa:KTHKe, Pac,; 
cMoTpeHHe npou,eccoa nepepacnpe.u.eneHH.R,,paccnaHBaHH.R Tpe6oaano 
6bl paCIIIHpCHH.R H ycnO)KHCHH.R :HOB npOCTOH MO,IJ.enH, 'liTO BbiXO)J.HT 3a 

paMKH .u.auuoro coo6Il{eHH.R. . 
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3·y [k a] ; 

3 CaHTHMeTpax, a: TOK 

1T , II03TOMY MO:>KeM 

a-1 

= 1,6 · HMeeM oueHKY 

~eaaeToKonoTpH~UaTH 

[. 

:.feii R~ ,To, KaK nerKo 
:no:>KHaH KapTHHa rrony­
~OJHaTenbHO COJ~aBa.!l 

o aJi~eTb, ttTo oH 6y~eT 
K .B03MYtUeHH1{M~. 3TH 

ac~MOTpeHHH;B Jacny-

ne~ywutee. Bbipa:>KeHHH 
tOHHMaTb rrpe:>K~e acero 
iH.!l ~aHHOii , MO~eiiH. 3a 
IIBa.!l Ji:>Ha; a6nHJH O,CH 
.11 ttaCTb. rrepepacrrpe~e .­
eTCH~arrpa~THKe. Pac? 
CCJiaHBaHH.!l · Tpe6oa'ano 
lO~enH, 'ITO BbiXO,llH: Ja 

.... ·· 

Jlumepamypa 
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ouo", M. 1966 z. · . . · 
· K.1Hnauzeu6epz. 3AeKmpoHHbre AaMnbl, ·moM I I, "CoeemcKoe paouo ", 
M.1954 z. 
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Ta6JIHUa I:~ I . 

a Jl· 
. , 

tio 9( 92 
: • < -' 

.. I 2 
' 

" 0,0622 .. -:-- o, 146 0,00864 ' . -0 00040 ' : . ' .. ' .. ' ... 
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' 
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