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Bee.oeHHe 

8 CB!I3H C riOBbiWeHHeM HHTeHCHBHOCTH YCKOpHTenel p83nH"'HbiX THriOB 

ceAqac y.oenHeTcH BHHM8HHe eonpocaM enHHHHH co6cTeeuuoro non11 ycKopHeMoro 

nnoTHOFO riOTOK8 "18CTHU HnH cryCTKOB "18CTHU C 60.'1bWHM CyMM8p'IhP..t '3d':l!l.llOM 

H& nponecc ycKopeHHH, 

VfMeeTCSI uenbiA p!l.ll pa6oT, B KOTOpblX paccM8TpHB8eTCSI BnHSIHHe •uarpya-

. /1-6/ 
KH ny"'KOM' ua xapaKTepHCTHKH ycKOPHIOU!eA cHcTeMbl, uanpuMep . 

KpoMe Toro, HMeeTc!l MHoro Hccne.ooeauuA, nocBHU!eHHbiX Bbi"'HcneHHIO noneA uany-

"'eHHSI, C03.ll8B8eMbiX cryCTK8MH 0 .llBH}I{yUIHMHCSI B paanH'IHbiX npOCTp8HCTBeHHblX 

17-151 CTpyKTypax, Hau6onee 6nH3KHMH H3 HHX .lln!l yK838HHOrO Kpyra 38.08'1 SIBn!IIOTCSI 

Mo}I{HO, o.oHaKo. aaMeTHTb , 'ITO B pa6oTax o enHHHHH uarpyaKH ny'IKOM 

H3Y'I8eTCSI B OCHOBHOM .llBH}I{eHHe c6yH'111pOB8HHOrO ny'IK8 B nepiiO.llll'leCKOA npo

CTp8HCTBeHHOI CIICTeMe H npOH3BO.lliiTCSI KB8311CT8TII'IeCKIIA pac'laT noTep& 3Hep

rllll0 HnH B np116nH}I{eHHH TeOpllll 3neKTpK'IeCKIIX neneA paCC'IIITbiB810TCSI nepe

XO.llHble pe}I{IIMbl B YCKOp!IIOU!eA CIICTeMe, linK, H8KOHeU) np11 Tex }l{e OCHOBHbiX 

ripe.onono}l{eHIISIX 113y'laeTC!I .oeACTBHe C06CTBeHHbiX noneA Ha CTpyKTypy ny'IK8 

II ero YCTOI'IHBOCTb, VfCXO.llHblM npe.ononO}I{eHHeM 6on&WIIHCTB8 pa60T, B KOTo

pb!X Bbl'IIICn!IIOTCSI C06CTBeHHble non!!, !IBn!leTC!I paBHOMepHOCTb .llBII}I{eHHSI IICTO'I

HHK8 , HanpiiMep, npll T8KOM ycnOBIIII BbiDOnHeHbl pa60Tbl JluecTpOBCKOrO II 

/9 10/ 
KocToMapoea ' , r.oe onpe.oeneuo nonuoe Hany'leHHe np11 npoxoa<:.oeHHII 

38p!l}l{eHHOro cryCTK8 'lepea OTBepCTHe B 6eCKOHe'IHOM npOBO.ll!IU!eM 3KpaHe, 

pa6oTa KonnaKoea 11 KoToea
1111 , pa6oTa <PoMeHKo1141• 
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nepeqHcneHHble npeanono>KeHHH He sceraa aaJOT soaMO>KHOCTb nocneao

saTenbHO y'leCTb penHTHBHCTCKHi! xapaKTep aSH>KeHHg H SnHHHHe aana3abiBaHHH 

( B OCo6eHHOCTH, ecnH YCKOpSeTCS OTaenbHhli! Y'lBCTOK) Ha nonHbli! Ha6op 

9HeprHH qacTHUBMH S YCKOpSIOll!ei! CHCTeMe , nosTOMy >KenaTenbHO, XOTS 6b! 

HB npHMepe CHCTeMbl npOCTOi! KOHqJHrypaUHH 1 noap06Hee paCCMOTpeTb SnHHHHe 

STHX cpaKTOpOB, 

HH*e paccMaTpHsaeTcs cnyqal! ycKopeHHH oaHHO'lHoro crycTKa, npone 

TBIOll!ero qepea S036y>KaeHHbli! peaOHBTOp, 3a lfCXOaHyJO npHHSTa pa6oTa 
/II/ 

KonnaKosa 11 KoTosa , rae Bbi'li!CneHbl nons, soa6y>KaaeMble s KpyrnoM 

Ullni!Hapli'leCKOM lfat!BnbHO nposoaSiuteM peaoHaTope 38pSiaOM ( TO'le'lHbiM HnH 

S SHae 0Tpe3K8 HHTI!), nponeTBIOll!HM npoaonbHO OCH Ul!nHHapa C nOCTOSH-

HOi!, penSITHSHCTCKOi! CKOpOCTbiO, npHSOt1HTCSI Sb!pt!)l(c'Hife anSI SHeprHH HanyqeHHS! 

( s BHae asoi!Horo pSiaa ) H pacc~IaTpHSBIOTCS npeaen&Hble cnyqaH, 

8 OTnH'll!e OT SToll pa6oTbl, aanee He sea ae npeanonaraeTcs nocTOSIHC.Tso 

CKOpOCTH 38pSiaa H Y'IHTbiSBeTCS HBnlf'lHe S036y}l(aeHHOrO CTOpOHHero ( YCKO -

pS!IOutero) nonS! B peaoHaTope, TaKaS! nocTBHOSKa 3aaa'lH aaeT 803MO>KHOCTb 

npocneaHTb, KaK yCKOpS!eMbli! c;ryCTOK OT6HpaeT SHeprHIO, 38naceHHy10 S 06'beMe 

peaOHaTopa, T,K, O'lesHaHO, 'ITO np11 penSITI!BI!CTCKOi! HaqanbHOi! CKOpOCTH, 

H3-38 aanaaahiB8HHS1 1 SHeprHS CTOpOHHero nons He MO:>KeT OT6HpaTbCS Cpaay H3 

scero o6'beMa, 

ViTaK, paccMaTpi!SBeTCSI 38MKHyTaSI cpH3H'leCK8S CHCTeMa, COCTOS!ll!as H3 

IIOnepe'lHOrO nons, SOa6y)l(aeHHOrO S pe30H8TOpe C Haean&HO npoaoaHll!HMH CTeH·

KBMH ( T.e, cao6oaHblx Kone6aHHi! B peaoHaTope ) , nponeTaiOll!ero qepe3 peao

HaTop cryCTKB sneKTpOHOB H C06CTBeHHOrO nons 
1 
Boa6ymaeHHOrO STHM cryCTKOM 

xax 3a C'leT ero ycxopeHHH, 
TBK H acneacTBHe npocTpaHcTseHHoi! Heoauopoa-

HOCTH CHCTeMbl, Y'IHTbiSBIOTCH HB'IBnbHbJe ycnOSHH; S MOMeHT = t = 0 
0 

cryCTOK npOHHKdeT S 06'beM pe30H8TOpa CKS03b TOpUoSyiO CTeHKy CO CKOpOCTbiO 

v 0 = f' 0 C • , C06CTSeHHOe none CryCTKa SO SCeM 06'beMe pe3oHaTopa S STOT 
x) 

MoMeHT nonaraeTCH OTCyTCTSYIOll!HM , ycxopSIOll!ee nonepeqHoe none SHYTPH 

OO'beMB. HMeeT onpeaeneHHyJO Haqan&HyiO 8MnnHTyay H cpa3y. 

llns OnHcaHHS! cp1!311'leCKOi! CTOpOHhl aaaa'lH, aa I! anSI Sb!'II!Cn eHHi!, 

x) TaKHM o6pa3oM npeue6peraeTcs noneM, npoHKKlllKM s o6'beM qep~3 Topuosoe 
OTBepcTHe B npouecce sneTa crycTKa B peaoHaTop. 
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]I ,I 
1\· I; 

I 
II 
I 

I, 

' 

HaH6onee yao6HOi! S!SnSieTCS rBMHnbTOHOSCKBSI cpOpMa ypasHeHKi! 1 
/16,7/ syJOll!Hx 'lBCTKTI H nons • 

VicxoaSI ·K3 ypasHeHHi! ~BKCsenna S KynOHOSCKOi! KBnHGpoe 

... 
div A 0. 

n ; ~ ...L j!l'ad ..B..:L = -±JL p v 
c a 1 c 

\" 2 ¢ 4 rrp 

( rne A · onpenenseT sc10 nonepe'IHYJO 'lBCTb cyMMBpHoro no 
x) 

YCKOpHIOll!ero H C06CTBeHHOro nonS! , <t -onpenenSieT c 

none) H rpBHH'lHhiX ycnOSHi! Ha SHyTpeHHei! noaepxHOCTH pe30H8Tc 

( r.m ... 
n 

... 
(A xn)I=O, 

( 4 >y = 0 

-HopMan& K nosepxHOCTH ! ) onpenenHeM 
ypasHeHHSI anSI ocuHnnsTopoa nonepe'lHoro nons: ' 

•. 2 
q A + "'A q A 

c 
( p v A~ ( r ) (d "', ) • 

v 

3apsn cryCTKa, paccMaTpHaaeMoro xax enHHag 'lBCTHua c pacnpe.~: 
nnOTHOCTbiO p , ecT& s 

p=eg(; -Q(t)) 
rae Q ( t) -panHyc-seKTOJ 

... dO ... ... ... 
UeHTpa TSI}I(eCTH, V = -- K ( !d r - (l )( d r)=No -liOn Hoe 'lHC 

xx) dt v 
B CryCTKe 1 HHTerpHpOBBHHe B (6 ) pacnpocTpBHeHO HB 06'beM p~ 

OpToroHan&Has CHCTeMa aexTopHhiX cpyHKUHit I A A I • no 1 

X) 8 aan&Hei!ll!eM llnSI Kp8TKOCTH Cyll!eCTBOBBBll!ee paHee B peao 
6oaHoe none HB3hiBBeTCs "ycxopsiOll!HM ". 

I 171 xx) AHanorH'lHhli! nonxon npHHHT, HanpHMep, s pa6oTe ; KOHKJ 
}I( eHHS! llnS! g(:- ·c)) p8CCM8TpHS810TCSI HH)I(e, 
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o>KeHIIH He acerna naJOT B03MO)I(HOCTb nocneno

KIIil xapaKTep J:lBH)I(8HHSI H BnHSIHHe 38n83J:lb!B8HHSI 

oTnenbHhlil yqacToK) Ha nonHhli! Ha6op 

CHCTeMe • no3TOMY )l(enaTenbHO, XOTSI 6bl 

KOH~HrypaUHH 1 nonpo6Hee pBCCMOTpeTb BnHSIHHe 

cnyqai! ycKopeHHSI onHHoqHoro crycTKa, npone 

pe30H8TOp. 3a HCXOllHYIO npHHSIT8 pa6oT8 

BblqHcneHbl nonS!, ao36y)l(naeMMe a KpyrnoM 

38pSIJ:lOM( ToqeqHWM HnH 

npononbHO oCH UHnHHnpa C noCTOSIH-

b!O. npHBOClHTCH Bb!pd)l(c'HHe J:lnSI 3Hepf'HH H3nyqeHHSI 

H paCC\18Tp1IB810TCSI npenenbHWe cnyqaH. 

, nanee He se3 ne npennonaraeTCSI nocTOSIHC.TBO 

TCSI HBnHqHe B036y)I(J:leHHOf'O CTopoHHef'O ( ycKO -

pe. TaKaS! nocTaHosKa aanaqu naeT B03MO)I(HoCTb 

wi! <:rycToK oT6HpaeT 3HeprnJO, aanaceHHyJO a o6'beMe 

qTo np11 penSITHBHCTCKOi! HaqanbHOi! CKopoCTH, 

Sl CTOpOHHef'O nonS! He MO)I(eT OT6Hp8TbCSI cpa3y H3 

H 38MKHyTBSI cj:JH3HqeCK8SI CHCTeMa, COCTOSilllBH H3 

pe30HBTOpe C nneanbHO npaBOJ:lHlllHMH CTeH -· 

nil a pe3oHaTope ) , nponeTaJOll!ero qepea peao-

H co6CTBeHHOf'O liOnS! 
1 
B036y)I(J:leHHOf'O 3THM Cf'yCTKOM 

TBK H acnencTBHe npocTpaHcTseHHoi! HeonHopon-

Sl HUqanbHb!e ycnoBHSI: 8 MOMeHT = l = 0 
0 

pe30H8Tapa CK803b TOpUOBYIO CTeHKY CO CKOpOCTbiO 

none crycTKa so seeM o6'beMe peaoHaTopa a 3TOT 
x) 

JOWHM , ycKopSIJOWee nonepeqHoe none BHYTPH 

Haqan bHYIO BMnnHTy llY II cj:Ja3y. 

4 

3anaqu, na H nnSI Bhrqucn eHHi!, 

npoHHKWHM a o6'beM qep~3 Topuoaoe 

pe3oHaTop. 

• 

'I .. ?:·. 

I 
·,\ 

I 

tl 

H8H6onee yno6HoA SIBnHeTCSI f'8MHnbTOHOBCK8SI cj:JopMa ypaBHeHHA B38HMoneAcT
/16,7/. 

ayJOlllHX qacTKll H nonS! • • 

~CXOllSI •113 ypaaHeHHi! ~BKCBenna 8 KynoHOBCKOi! KBnHGpoBKe 

.. 
div A 0. 

n ... I il'" .. A ~ - !!fBd _..:.t;_ = -1..JL. p V 
~ ilt c 

\' 2 ¢ 
4 "P 

( rne A · onpenenSieT ac10 nonepeqHyJO qacTb cyMMapHoro nonSI, T.e. norrSI 
x) 

ycKopSIJOll!ero 11 co6cTseHHoro nonS! , <t -onpenenSieT cTaTnqecKoe 

none) 11 rpaHnqHwx ycnosHA Ha sHyTpeHHei! noaepxHocTH pe3oHaTopa 

( f'.$ 
.. 
n 

.. 
(A x n li 

( ")y = 0 

::: 0' 

-HopManb K noaepxHoCTH onpenenSieM cnenyJOll!He ! ) 

' 
ypaaHeHHSI nnSI ocunnnBTopoa nonepeqHoro nonS!: 

... _, ... .... 
.. 2 
q A + ~~A q A p v A). ( r ) (d r ) • 

c 
v 

3apHn crycTKa, paccMaTpnaaeMoro KBK enHHaSI qacTnua c pacnpeneneHHoi! 

nnoTHOCTb!O p , ecTb s 

p = eg(-; - Q(t)), rne Q ( t) -pannyc,-aeKTop 

.. dO .. .. .. 
ueHTpa TSI)I(9CTH, V = -- II f fl ( r - () ) ( d r)=No -non HOe qncno qaCTHU 

) d l v 
8 Cf'YCTKeXX , HHTef'pHpOBBHHe B (6 ) pacnpOCTp8H9HO H8 o6'beM pe30H8TOpa. 

OpToroHanbHBSI cHcTeMa seKTopHbiX cj:JyHKUHi! I A A I • no KOTopwM 

( 1 ) 

(2) 

l3) 

(4) 

(5) 

(6) 

x) B nanbHei!meM nnSI KpaTKOCTH cymecTsoaaamee paHee a pe3oHaTope cao-
6onHoe none HB3biBaeTCSI 'ycKopSIIOWHM•. 

I 171 
xx) AHanornqHbli! nonxon npHHSIT, HanpnMep, a pa6oTe ; KoHKpeTHbie Bbrpa-

)l(eHHSI llllSI g{f- ~) p8CCM8TpHB810TCSI HH)I(e. 
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BblfiOJIHSHO pa3nO)I(SHH8 fiOTSHUHana 

A=! qA(t)A.\ 
.\ 

HBmJeTCll CHCTSMOA co6CTB8HHbiX QJYHKUHA pe30HBTOp8, T,e, y JlOBnSTBOpSieT 

2 
ypSBHSHHHM t:,; .\ ru>.. 

+ ---
c2 

A.\ = 0, 

H rpaHH'IHOMY ycnOBHID 

... 
( \ x n) Y 0 • 

Ycr~&HSI aopMHpOBKH: 

... 
A 

v .\ 

... 2 
A.\,( d r ) = 4 rr c \>.., 

PeweHHe ypaBHSHHll (3) MO)I(eT 6bJTb npenCTSBneHO B liBHOM BHJlS B QJOpMe 

4> ( t.,. =( p(t,-;')! 
¢q(;) ¢Cf (-;') 

rne </> !?l 
0 

v' (f 

YJlOBnSTBOpSIIDT ypaBHSHHSIM 

(LI 2 

fort + ~¢ 
C1 c (1 

rpaHH'IHOMY ycnOBHID !¢C1(-;lly=0, 

c.:2 
(f 

= 0, 

(d-;'), 

(7) 

(8) 

nonHbiA raMHnbTOHH8H 38MKHyTOA CHCT8Mbl 1 B KOTOpoA crycTOK npencTaB

ngeTCH K8K uenoe ( T,e, '18CTH ero y Jl8p)I(HB8IDTCSI CTOpOHHHMH CHnaMH )
1 

HM88T 

BHJl 

H=v'M 2 c
4 + c2 

...................... 2 1 2 2~ 
p ( r - Q ( t)) A ( r .• t) ( d r ) 1 + ! -

2
- ( p >.. + Co\ q.\1+ 

.\ 

+ _1_ r 
2 . 

v' v 

! 
u 

p 
c v 

... ... , ) .... ... ... , 
¢ (rl¢tl(r ( ... _ ... Q)p(;'_Q)(dr)(dr l= 

C1 ·-- p r 
2 

(/.) C1 

J( +l{ + J( 
(I) (2) (8) 

B (9) A (1, t) H ¢ ( i,t) onpeneneHbl cpopMynaMH (7),(8), 
Q .. 

p -KaHOHH'ISCKHA HMnynbC, COfipH)I(eHHbiA C KOOpJlHH8TOit 

6 

'* 

(9) 

.,;.·.·.·.··! 

., 

J• 
'·'~ 

I. 

tl 

' ~(; 

' 

p).. _ K8HOHH'I8CKH8 HMnynbCbl 0 COfipSI)I(eHHble 'KOOpJlHH8T8M' 

uannsTCipOB nons, M = m 0 N 0 -cyMMapaas Mace a noKoH crycTKa 

H3 sneKTpOHOB ) , 

YpasaeHHH JlBH)I(eHHSI crycTKa 

.. 
_.U! 

dt 
.u ao 

C yqeTOM COOTHOWeHHit 

rne 

H = rot A = ! q >.. rot A >.. 
>.. 

p 

.. 
dO 

=Mcy--
d t 

.. 
F 

y = [I -

npHBOJlHTCH K ypasHeHHID 

..i..i. 
d t 

aJ< --ar 

.. 1 ... • -: 
t=--..: q.\".\ 

c A 

_l_f 
.. .. .. 

p A(r,t)(dr), 
c v 

( ~) 2 -10 

-;z· J 

v ¢J' 

d 

d t 
0.1 y d p ---· ) 

d t 

I - .. 
=f P 1--! ciA -vet> +-

1 1..i.2...x~ 
v c >.. .\ A c dt 

0CT8nbHble K8HOHH'IeCKHe ypaBHeHJISI, COOTBeTCTBYIDWH& ( 9), y)l(e 

BH)le CHCTSMbl ( 6), Hs 38KOH8 coxpaHeHHSI 3HeprHH 38MKHYTOA QJ 

Mbl cnenyeT, 'ITO H = J{ o 

B Te'leHHe BCero BpeMeHH, nOK8 CHCTeMy MO)I(HO C'IHT8Tb 38MKHY' 

noK<J crycTOK HBXOJlHTCSI' BHYTPH pesoHaTopa , Bhlpa)l(eHRe ( 15) 1 

KBKRM o6p830M npORCXOJlRT OT60p 3HeprRR 1!:3 nepBOH8'18nbHO B 

BHeWHIIMR HCTO'IHHKSMII pe30H8Topa- no Mepe JlBH)I(eHHH crycTK8 

nepepacnpeneneHHe 3Hepr11H Me)I(JlY BCeMH Tp9MH '18CTHMH }( 

cor nacHO (6) YM9HbW89TCH • 8MnnHTyna Kone68HHA', a BM9CT8 C 

rHSI rapMOHH'I9CKOro OCUHnnSITOpa, KOTOpblll 6bln B036y)I(Jl9H CTOJ 

HHK8MR, H B036y)I(Jl8IDTCSI ocTanbHble ocuannSITOpbl. 

0Tcrona cnenyeT, 'ITO npH pac'!eTe saepraa 
1 
Ha6apaeMoll cry· 

OH HaxonHTCSI ewe BHYTPH pesoHaTopa, Heo6xonaMo y'IHTbiBBTb He 
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q A ( t) AA 

pe3oHaTopa, T.e. ynoeneTBOpHeT 

_, 
A,\ = 0, 

_, 
x n ) Y 0 • 

2 
d r ) = 4 " e f; )\)\, 

T 6b1Tb npenCT8BfieHO B SIBHOM BHLl9 B cflopMe 

-; , l I 
c/:q(;) ¢(1 (;') 

(1 
ll:2 

(1 

ypaBH9HHSIM 

"-' 2 

+--;-¢ =0, 
c (1 

) ) y= 0 • 

( d -; , ) • 

(7) 

(8) 

38MKHYTOA CHCT9Mb1 1 B KOTOpOA crycTOK npencTa&

ero y Jl9p)KHB8~TCSI CTOpOHHHMH CHfiaMH ), HMS9T 

c v 

................... 2 1 2 2~ 
p(r-Q(t))A(r,t)(dr)] +! -

2
-(p>.+ru>.q>..l+ 

,\ 

c:,) .... ... ... ... .... ... 
-p(r-Qlp(r' -Ql(dr)(dr') = 

(9) 

¢ ( i,t) onpeaeneHbl ¢opMynaMH (7),(8), 

MnynbC, conpH)I(eHHbiA c KOOPJlHHaToA Q 

6 

• 

:(,,, 

i, .... ~ 
:~A~ 

:f .. 

~.· ,, 

p A_ KaHoRH'!eCKHe HMnynbCbl, conpg)KeHHble •KoopnHHaTaM• q >. oc-

Ii.HnnHTapoB noliH, M = m 0 N 0 -cyMMapHaH Mace a no KoSI crycTKa cocTOHIUero 

H3 aneKTpOHOB ) , 

YpasHeHKH nBH)KeHHH crycTKa 

.. _u 
d t 

4 a() 

C y'leTOM COOTHOW9HHA 

rne 

H =rot; =I q>. JOt;,\ 
,\, 

.. .. 
dO 

p =Mcy-- ~r 
d t 

)' = [ 1 -

npHBOLlSITCSI K ypa&H9HH~ 

...!!..i_ 
d t 

_ilL 
a'P 

.. 1 • .. 
t=--I q>.A~ 

c A 

.. .. .. 
- _l_f p A(r,t)(dr), 

c v 

( ~) 2 -10 

-c2·J 

( 10) 

v ¢>. ( ll) 

( 12) 

( 13) 

.. 
d 

d t 
<My dP 1 

dt 
= f p I --1 ! q A - V¢ 

1 dQ _, .. 
+ -(--xi q, JOt A,) l(drl 

v c >. >. A c d t >. 1\ 1\ 

( 14) 

0CT8fibHble KSHOHH'IeCKHe ypaBH9HJISI, COOTBeTCTBY~WHe ( 9), y)Ke 38fiHC8Hbl B 

BHJle CHCTeMbl (6 ), J.13 38KOH8 COXp8H9HHSI 3HeprHH 38MKHyTOA cPH3H'I9CKOA CHCTe-

Mhl cnenyeT, 'ITO H = H o 

B Te'!eHHe BCero BpeM9HH, fiOK8 CHCT9My MO)KHO C'IHTSTb 38MKHyToA, T,e, 

flOKCI crycTOK HSXOLlHTCSI' BHyTpH pe3oHaTopa , 8b!pa)KeHP19 ( 15) fiOK83hiB89T 1 

( 15) 

K8KPIM o6pa30M npOIICXOJlPIT OT6op 3Hepr1111 1'13 nepBOH8'18fibHO B036y)KJleHHoro 

BHeWHIIMR HCTO'IHHKSMII pe30HaTopa- no Mepe LlBH)K9HHSI cryCTK8 npOHCXOJlHT 

nepepacnpeneneHHe aaepriiH Memay sceMII TpeMSI '!8CTHMII }( , npa 3TOM 

cornacHo (6) yMeHbwaeTcSI • aMnniiTyna Kone6aHxA•, a BMecTe c TeM H aHep-

rHSI rapMOHH'IeCKOrO OCUHfifiSITOpa, KOTOpblll 6bln B036y)I(JleH CTOpOHHKMH HCTO'I-

HKK8Mll, H B036y)KJl8~TCSI OCTSfibHble OCUHfifiSITOpbl, 

0Tc~aa cnenyeT, 'ITO npx pac'!eTe aHeprHK
1 

Ha6KpaeMoA crycTKOM, Koraa 

OH HSXOJlKTCSI erue BHyTpH p930H8Topa, He06XOJlHMO Y'IHTbiBSTb He TOfibKO fiOTepH 
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aa R3llY'IeHHoe nonepe'IHoe none, ao 11 3HeprHIO, OnHCb!B&eMyiO 'cT.:s.-

TH'IeCKHM' 'lll8HOM }{ B • J.13 nocneaHerO 'lll8Hil aOll)!(Hil 6b!Tb Bbi'IT8Hil 

C06CTB8HH'Il!l 3ll8KTpOMBrHKTHa!l 3HeprH!I 3'"'p11aa cryCTKil, OCTaswa!IC!I 'lllCTb 

npeaCTilBHT sHepi'HIO, 38Tpa'leHHYIO Hll C03aBHHe CTaTR'IeCKOrO non!l 31lpHaOB, 

B03HHKWHX Hll BHyTpeHHRX CT8HKilX nonOCTR pe30HaTOpll. 

B caMoe ypaaHeHHe ( 14), B npasy10 ero 'laCTb, sxoaKT Tenepb • cHna 

caMoaeltcTBHH'. B CBH311 c 3TRM B03HHKaiOT K pa3l!H'IHbi8 sonpoCbi, CB!I3aHHbie 

C JICKlli0'18HH8M 3ll8KTpOM&rHHTHOit M&CCbl, peryn!lpH31lUH8lt iiOT8HUHanOB H T.n. 

nocneaHHe, oaH&KO, cyweCTB8HHO 31lBHCHT OT npeanOll0)!(8HHl! 0 pacnpeaene-

HHK 31lpHaa. 

II. 

.lln11 a&llbHel!wero Heo6xoaHMO npHB8CTII HBHbl8 Bb!pll)!(8HHH :-Jll!l cpyHKUHl! 
... 

Jo A rl>, .llnH pe3oHaTopa, y KOToporo paaKyc nonepe'IHoro ce'leHK!I 

paaeH a , anHHB pasHa h B UHllHHapH'18CKOl! CHCTeMe KOOpaHHilT 

r,¢,z 1 H.B rayccoaoA • CIICTeMe eauHKU 3TH cpyHKUHH pllBHbl ( CM,, 

/11/ 
aanpMep

1 
): 

mrr 2y2 ~~~ c 
A (z) 

fm 
a\lh A~m 

(I') 2y-2 II' m c A • _;:_,:~_.::......:;._; __ 

e... • ha/• Ar ... 

Jo<vr-71 

J I < t· e 1 

__1_!.{~ 

008 

-h- z } 

sln~z 
h 

m = t ,2, 3 "' 

'= 1,2 • 3 .•... 

J I ( 11f 1 

( z) 

Avo "' 
2 II f c 

r 
J~. 1 

J I (II f 1 a2yh Af 0 

m = 0, p = 1,2,3, ••• 

2y"i.'c 
Jo ( vf -71 

(/, = -sin~z. 
fm ayh J 'I II 1 h 

I f 

m = 1,2,3, ... 

p = 1,2,3, ... 

~= J Vf 2 
liiii' 2 

A = (--1 +(--1 ,_ c a h 

(1 = ~=~t 12 + ( _!!!..!L. '1 2 
r .. c a h 

r.u.e v, -~opHR ypBBHeHR!I J ( f 1 c 0 
0 

8 

• 

( 16) 

( 17) 

( 18) 

(19) 

.,. ' ' . 
\" ·' 

~-' _· ' _,· 

• 

Bsaay &311MyT&llbHolt CIIMMeTpHH 3aa&'lll see Bblpa>KeHHII a ~s 

noTeHUHill!OB OTHOC!ITC!I K ll3HMyTal!bHOMy 'IHClly j "'0 , ( T&KHM 

BM8CTO TpOitHbiX CyMM B Bblpll>K8riH!I TUna ( 7) 1 (8) BXOa!IT CyMMbl 

f , m ). 

.llanee 6y aeT pBCCM&TpHBilTbC!I oaHOMepHoe aBH>KeHHe Cr) 

npoaOllbHOlt OCR pe30HBTOpa 6e3 y'leTa nonepe'IHOl! yCTOl!'IHBOCTH, 

Be3ae HH)!(8 HCDOllb3YIOTC!I TOllbKO nocneaHHe 113 yp&BHeHHit ( 14), 

B 9TOM ypaaHeHHH nocneaanA 'lnea HC'Ie3aeT, T.K. M&rHHTHO€ 

IOWeec!l BHyTpH DOllOCTH, He OKil3b!BileT Bl!H!IHH!I Hll npoaOllbHOe a1 

nony'l&eTC!I cneaytolllllH CHCT8Mil _31lU80l!HIOlUHXCR ypaBHeHHit; 

2 
+ cu A q "' f p {3 

v 
A (z) (-; )( d;1 if A 

d 1 I 1 ~ -- (My~ ) =-I p --..!. 
dt B c v c A 

<i A A <f - ( V Ill l z I < d1 1 . 

rae ¢ 1111 
onpeaen!leTCR <jlopMynoll (8). TaK )!(e, lt&K B , 9T8 cu 

MO >KeT 6b!Tb nplfBeaeaa It OaHOMY HHTerpo-aHcpcpepeHUH8llbHOMy y 

.llnR 3TOrO Heo6xoalfMO 38a8Tb Hll'18llbHble yCliOBifH a/Ill BC8X OCUI 

DOll!l, Ecnn C'IIIT&Tb, 'ITO pe30HilTOp 6&m B036y>KaeH H8 OCHOBHOit 

( T,e, m = 0, f= I ) , TO_ npHHHTbie paHee Hll'18/lbHb18 YC/IOBIIH Cl 

cneayJOIUIIM: 

(0) • (0) ( P; m 1 vi (I; 0). 
qfm = q = 0. eCIIH 

Pm 
(0) • ( 0) 

q c q . q =q 
IO 0 10 0 

rae qo • q -3aaaHHble 3H8'1eHHR, Toraa pemeHH!I ocuHllllRTO 
0 

3&nHCb!BiliOTCH B BRae 

1 t (z) .. 
q , = -- f ( f p f A , ( d r 1 ) sin c A ( t - r 1 d r , 

1\ CA 0 v z 1\ 
( p ; III 1 vi ( 1 ;01. 

.ll1111 OCHOBHOI'O OCUHllllHTOpa yao6HO BBeCTH 0603H8'1HHHe .. 
q =q _+q, 

10 10 

rae 
(z) .. } ( fpf A (dr11sincA (t-r1dr 

v • 10 10 

cj 
coscA t +--0- sine,\ t 

10 e A 10 
10 

t 
·-~~ r 

q 10 = c ,\I) 0 

q = qo 

9 



9HeprHJO, OllHCb!BBeMyJO "eTa-

• kla nocnenHero •meHa non)!(Ha 6biTb Bbi'JTeHa 

gHeprHSI 3JpSina crycTKB, OCTBBWBSICSI 'IBCTb 

aT08'18HHYIO HB coanaHHe CTBTR'IeCKOrO liOnS! 38pSinOB, 

nonocTH peaoHaTopa. 

( 14), B npasyJO ero 'IBCTb, BXOnHT Tenepb • CRna 

C 9TRM B03HHK810T K pa3nH'IHbie BOllpOChl, CBSI38HHbie 

arHHTHOlt MI1CCbi, perynSipK38UKelt llOTeHUKBnOB H T,ll. 

HHO aaaKCSIT oT npennono)!(eHHA o pacnpenene-

II. 

SIBHbie Bbip8)!(eHHSI CinSI cpyHKUKlt 

y xoToporo panRyc nonepe'!Horo ceqeHKSI 

h B UKnKHnpH'IeCKOlt CHCTeMe KODpnKHBT 

OBOII • CHCTeMe enHHRU 9TH cpyHKUHII paBHbl ( CM,, 

mrr Jo<~~r-71 

1 1 < ~· e 1 

~~ 

ros -h-z } 

. m rr 
Sln-z 

h 

m = t ,2 O 3 NO 

P=1,2,S ..... 

J t ( 11f 1 

( ..... ....:._1 
a 

m = 0, p"' 1 '2. s, ... 
J I ( II p 1 

J ( v • ..L 1 
0 [ 8 m-= 1,2,g, ... 

• m rr 
stn --h-- z , 

J I \II p 1 p = 1,2.~ .... 

vp 2 m" 2 
(--1 +(--1 

a h 

II 
(--'-12 + (~12 

a h 

l!aaaeHHll J ( f 1 = 0 • 
0 

8 .. 

( 16) 

(17) 

( 18) 

' 
~ 
' 

' 
' 
I 

• 

BaRny aaRMyTan&HoA CRMMeTpRH aaaa'IR see Bblpa)!(eHHSI n ~ll 'ISCTOT R 

llOTeHUR81IOB OTHOCliTCll K 83RMYT8nbHOMy '!Kcny j a 0 , ( T8KHM o6p830M, 

BMeCTO TpOI!HblX CYMM ,B Bblp8}1{enRll TH!la (7) 1 (8) BXOaliT CyMMbl
1 

nsoi!Hhle no 

f ' m ). 

Llanee 6yaeT p8CCM8TpHB8TbCll OllHOMepHoe aBR}I{eHRe cryCTKB anOIIb 

npononbHDII OCH peaoHaTopa 6ea y'leTa nonepe'IHDII yCTOlt'IHBOCTR, no9TOMY 

aeaae HK}I{e Kcnonb3yJOTCll TOnbKO nocneaaae R3 ypaaaeaall ( 14), 

B 9TOM ypaaHeHHR nocneaHHA qneH acqeaaeT, T.K. MarHRTHoe none, liMe-

JOweecSI BHYTPR nonoCTR, He OK83hiBSeT BIIRliHHll Ha npoaonbHoe aBK}I{eHHe. 

nonyqaeTCll cneayJOll.lSll cRcTeMa aauennliiOlllHXCll ypasaeHHlt: 

ij >.. 
2 e:f p ~ A (z) (-; 1 ( d ;1 

} + (L) >.. q 
v • 

d 1 I 1 q>.. A<;_> -(V¢1• I< d1 1 --<Myfi 1 =-f P --! 
dt • c v c >.. 

rae ¢ 1111 
onpeaenlleTcll cpopMynoit (8). Tax *e, xax a , aTa cHcTeMa 

MO }l{eT 6&1Tb npaseaeHS K OaHOMY IIHTerpo-nRcpcpepeHUK8l1bHOMY ypllBHeHKIO. 

LJ.nll 3TOrO Heo6xoaKMO aaaSTb H8'1811bHhle yCii.OBRll allll BCex· OCUKl111liTOpOB 

l!OIIll, ECIIK C'IKTBTb, 'ITO pe30H8TOp 6&111 B036y}l{aeH H8 OCHOBHOlt '18CTOTe .\ IO 

( T,e, m "'0, e= I ) , TO, npKHliTbie p8Hee H8'1811bHble YCIIOBKll CBOaliTCll K 

cneayiOll.lKM: 

(0) • (0) 

qem "' q Pm = 0' ec1111 (P; m 1 ./ (1;0), 

(0) • ( 0) • 
q = q 

IO 0 
q =q 

10 0 

(20) 

(21) 

rae q 'q 0 
-aaaaHHble aaaqeHRll, Toraa peweHRll ocuKnnliTOpH&IX ypasHeHHlt 

0 

38llKCbiBBIOTCll B Bane 

t 

q =-1-f 
.\ c >.. 0 v 

(z) -+ 
A >.. ( d r ) ) sin c .\ ( t - r ) d r , 

( P ; m) .,' ( 1 ;01. 

(22) ( f p f 
• 

LJ.nll OCHOBHOrO OCUHIIl1liTOp8 ya06HO BBeCTII 0603H8'1HHHe .. 
q =q .+q, 

10 10 

rae 
(z) -+ } ( f p f A ( d r ll sin c.\ ( t - r1 d r 

v • 10 10 

cj 
rose.\ t +--0- !'!inc.\ t 

10 c.\ 10 
10 

(23) t - _l_J 
q 10- c ). ., 

q qo 

9 

~ ....... 



BblnenSISI CB060llHbJe KOne68HHSI, COOTBeTCTByiOWHe CTOpOHHeMy H8'18 flbHOMy 

soa6y)l(neHIIIO peaoHc~Topa. nonyqaeTCSI ( nanee f .. fl 

_d_ ( c \lyfll=- - 1- .f I ( <i 
0
coscA

10 
1 

d t c v 

( •l -+ 
cA

10
q

0
Rinc\

0
t)AA (r)+ 

10 

(24) 

( z) ( z) ... , -+ , -+ -+ ... 
+ ! A A (r) f ( fp'fl A A (r )(dr ))ooscA(t;-rldr+cv <f. I p(r-Ol(drl. 

A n v' 

8 (24 ) Heii3BeCTHbiMH HBflSIIOTCH tPYHKUIIII f (I) , 0 ( l) • OllH8KO OHII qpea-

Bbl'l8l!HO CflO)I(HblM o6p830M BXOllSIT B npasyiO '18CTb ypBBHeHHSI. KpoMe TOrO, 

K8K y)l(e OTMe'l8flOCb BbiWe, llflSI KOppeKTHOrO IICU0flb30B8HHSI ypaBHeHHSI (24) 

Heo6XOllKMO UpOK3BeCTII nepeHupMHpOBKY M8CChl. 

B o6weM cnyqae sKn pacnpeneneHKSI nnoTHOCTK aapHna, npKHHThll! shl

we, He HBnSJeTCSI penSJTHBHCTCKK-KHBapKaHTHhiM • .LlnSJ nanbHel!wero, Y'IKThiBBSI 

OllHOMepHOCTb llBII)I(eHKH, MO)I(HO npHHSITb '18CTHbll! Cny'IBJI pacnpeneneHIISI 

TOll )l(e ¢opMbl, KOTOpoe, OllH8KO, HBnSJeTCSI penSJTHBIICTCKHM: 

p = p o ( z -0 ( t) )[ 0' ( r ) . ..., u( r - b l ] } 
0 • 

j(z)=cflp . 

ufxl=l 

nonHb!lt 38pS1ll 

S = e N
0 

0. 

1 • 

=e 

X < 0; 

X ~ 0 

-+ 2 
(p(drl =rrh p

0 
v 

(25) 

(26) 

TaKKM o6p830M, cryCTOK npenCT8BnSieTCSI 6eCKOHe'IHO TOHKKM lliiCKOM pan11yca 

b , nsKx~ylliHMCSI nepneHnKKynSJpHo csoel! nnocKOCTH. B peaynbTBTe paano-

)l(eHKSI no C06CTBeHHhiM tPYHK UHSIM 

j (z) = J 
fm v 

(z) (z) -+ 
A (d r l 

fm 

- 2 b 
4'./2 S C F J1 (II fa) ODS __liL!L_ (l 

- h 
abyh "'rmjl(llpl 

j(z) = 
p 

0 

4 s c 
2 f J 1 < 11 v _ ~ 1 

ab.jh >.f Jl( 11p l 
0 

0TKyna c yqeToM (22) nonyqaeTCSI 

10 

• 

m ,f. 0 

. (27) 

., ,\ 
I 
·.'1 

~'.. . ~~~ 

.:<fr, 
q = 

fm 

4y2SJ
1
(11f+l 

ab{h- ,\~ J, (lie l 

b 
4SJ1 <11r-.-1 

t m" r Q < , > 008 r -- o < , > 1 ro1n £ c ,~.. < , -, 1 1 d , 
~ ~ h rm 

qfo = abyh .\p 1
1 

< 11f l 
0 

<t>opMyna ( 7) naeT 

A"(r, z, t) = 
II ~c 

a 8 b h 

t 
· Jf.!r) sin(c Ap (t -rl] dr 
0 0 

f II J ( h ~-·"' -~ I llf--)J (II_!_) 
" ~-- • 

0 fa 
>.f,.J~<IItl 

t 
X J f!r)oos[-¥-O(r)]sln[cAfm (t-rl]dr. 

0 

CliMB On f 
m 03H8'18eT: 

-{I . f -
m 2 

m = 0; 

m ,f 0. 

mrr oos--- z 
h 

KpoMe SToro, B (29) He p8CCM8Tp11B8eTCSI noxa CTOpOHHee B036y)l(ll 

HBTopa. HaKoHeu, 'nonepe'IHBSI 'laCTb' sneKTpH'Iecxoro nonS! 6yneT 

00 00 

l .-.!!.Ji-L ! Y f m 
F =- f=l m=O 

b r l 
11 0 ] 1 (v0-lJo(llo-8-l m1rz (~1 mrrO 

t r. a t -cos-- f-.1 oos--oo1 

z a8 b h \2 J 2( l h 0 h 
"fm I 11P 

<t>opMyna (8) c y'leToM ( 18) 11 (25) naeT 

If;~ i' 
lt(r,z,tl=-;\,h P,m=l 

J (llp..l)J (u,.l..) 
1 a o r a mrr 
------- sin --
>-p!, lip J: (lip ) h 

0TKyna •npononbHaSI 'ISCTb ' sneKTpll'lecxoro nonS! 

z sin J!!.J!:Qll 
h 

El/=_lliw~ ! 
abh 2 P,m=l 

m .) ( "• ..!..1 J ( "• -'-l 
I r a o r a 

2 2 
cos~ sin lll..lt.L 

h 
"p .\fm 11 < 11P 1 

II 



•KoneoaH<JSI, COOTBeTCTBYIOWHe CTOpOHHeMy H8'18 flbiiOMy 

nonyqaeTCSI ( .nanee f' '!' fl ) 

v 
I ( ci ocos CAIO I -

( ., .. 
c,\

10
q

0
Rinc\

0
1)A,\ (r)+ 

10 

(24) 

(r:) ... .... .I ... .... ... 

' f A ,\ ( r ' ) ( d r ) ) cos c ,\ ( t '0 r) d r + c V If. I p ( r - 0 )( d r l. 

H SIBflSIIOTCSI cl:>yHKUKH f' ( t) , 0 ( t) • O.[lHBKO OHII '1pea-

p830M axo.nstT a npaay10 'IBCTb ypaaHeHKSI, KpoMe Taro, 

Bb!W9 0 .[lflSI KOppeKTHO!"O HCnonb30B8HHSI ypaBH9HHSI (24) 

nepeHopMHpOBKy MBCCW, 

BHLl pacnpe.neneHHSI nnoTHOCTH 38pst.na, npHHSITWA aw

BKCTCKK-HHBBpHaHTHbiM, llnst .nanblleAwero, Y'IHTWBBSI 

MO>KHO npHHSITb 'IBCTHhtA cny'laA pacnpe.neneHKSI 

, OLlHBKO, SIBflSieTCSI penSITHBKCTCKKM: 

( 1) l[ u ( r ) ..., u( r - b l ] } 

0, 

I ' 

=• 

X < 0; 

X ~ 0 

.. 2 
(p(dr) =rrb p

0 
v 

npe.ncTaBnlleTCSI 6eCKOH9'1HO TOHKKM .[liiCKOM pB.UKyca 

nnocKOCTII. B peaynbTBTe paano-

¢yHKUHSIM 

- 2 b 
4'./2 s c f J, ( v e & > cos __!!L!!_ o 

h 
abyh )..Pm 11 (lip l 

m ,j n 

(25) 

(26) 

• (27) 
j(z) = 

b 
4 s c 2 f 1 1 < 11e_a > 

p 
0 abyb Af J,( 11 p) 

0 

) nonyqaeTcst 

10 

.. 

~,. ,;/ 

',_! 
~.~~). , 
>~;·~ ~ 

'\.,.~.~... ,., 

·~ 

4y2SJ <v. _b_) 
q = 

&, 
I t a 

ab~Tb- >.~ 1tlllr) 

b 
4SJ1 <vr-.-l 

t m" r f. ( r ) Cl08 [ -- 0 ( r ) 1 sin [ c An ( I - r) I d r • o h tm 

qfo = - 2 
aby h >.p 11 (!If l 

0 

<PopMyna ( 7) .naeT 

Az(r,z,tl= 

t 

II !t.c 

a 8 b h 

t 

· ff.(r) sin[c >.p (t -rl I dr 
0 0 

f II J ( b ~ _..:.!......:.! I !If--) J (II __!_) 
-- • 0 fa 

>.fm J~ ( llf) 

X/ ,8(r)cos[--¥-O(r)]sln [c>.Pm (t- r )]dr. 

CKMaon 
m 03H8'189T: 

t ={I 
m 2 

m = 0; 

m ,f 0. 

mrr 
Cl08 --- Z X 

h 

m ,f 0 ; 

(28) 

(29) 

KpoMe 3TOI'O, B (29) He pacCMBTpHEiaeTCSI noxa CTOpOHHee B036y)!{.[leHHe peao

HBTOpa. HaxoHen, •nonepeqHag 'IBCTb• anexTpll'lecxoro nonS! 6y.neT pasHa: 

b r l 
l oo oo !If Jl (11,-;)lo(llf-a-) mrrz r f3 COB _mrrl) cos[c"t,(t-r)).drQ.) 

F -- _uL! ~ f . -cos -h-o h (3 
z - 8 3 b h P= I m=O m ,\ ~m J :< vp ) 

<PopMyna (8) c y'leTOM ( 18) 11 (25) .naeT 

I~ I 
¢(r,z,t)=-;;},h P,m=l 

J,<vp-}>Jo(tt~> mrr 
------- sin --
,\p!, lip J: ( Vp ) h 

0TKy .na •npo.nonbHSSI 'IBCTb • 3n9KTpii'19CKOI'O nong 

z sin ...!!'.JrQ.Ul. 
h 

FIJ 
~ =-

16 ,~ 

8 b h 2 

b -'-) 
m .T ( v -) 10 ( 11 n a ....!!J...Il... sin 

.., 1 p a r cos h 
! 2 2 ( 

mn(\ 

P,m=t vp .\Pm J, vp h 

II 

' 

(31) 

( 32) 



HaKoHeu, 
2 .. 

1~ s ! 
.1{ 8 = b2h7,mc I 

2 b rl ( ve-.-1 
vp2 ~P! Jl2 ( vp 1 

III 

sin 2 mlrO 
h 

rpoM03.0KIIe Bblll8)!(9HHll ( 30)' ( 31)' ( 32) Tpy .OHO IICC/19.00B8Tb, O.nHaKO 

(33) 

npe.ncTaenH,•Tcll B03MO)!(HOCTb .llllll HeKOTOphtx o6nacTel! .-npocTpaHCTBa BHYTPII 

o61>~Ma V npoK3BeCTII cyMMKpoec~HI!e pli.OOB • .Ueol!Hol! pll.ll ( 30) npe.ncTSB/IlleTcll 

B ¢opMe 

l 
F 

z =-
.. 

~y 
a 3 b h m=O 

cos~".!_ (fl. mwfl 00 
11

p ]( 11 p ..l..1]( v -'-1 
m h o· cos-h-..:_1! ___ I_ a o p a 

f=l ( Vp 2 2 X 
(-1 +(~-1 1J2( 1 

• h vp 

vp 2 m" 2 
x cos ( e ( t - r 1 y ( -- 1 + ( ---1 1 l d r 

a h 

(34) 

PH.O, 38K/110'19HHbll! B clJKrypHOI! CK06Ke B (34), IICI1011b3YSI pa3/10)!(9HKe, a!ll /!OrH'IHOe 

/18/ 
p83/IO)!(eHHIO KHe3epa-30MMepctJen b.llS , MO)!(HO 3811HC8Tb B BII.Oe KOHTypHoro 

KHTerpana 

b) 1 (v -•-1 y(..':L1 2 
( m·, )2 

+ 
h 

"" v J (vP.& o p • cos(e(t-rl a l f I . 
() = ! 17 v e l 2 + <---'V'---1 21 .I :<vp 1 

(m) P=l 
a 

w 2 + ( !!!..!L1 21 w cos [ c ( t - r 1 V ( -a- 1 h 
(35) 

dw, = f C:(w1 
2 mrr 

1
2 (~1 +(-h-r 

a 

r.ne 

b 
(2) (I) . r 1 1 

(36) 

I (w-1w 
(tl (2) ( w __!_ 1 - 11 ( w 1 II o ( " -a-I a 

[flo (w11'o a o r ( "l = 
~.I o (w1 

• KOHTYP HHTerpHpoeaHKSI B KOMn/leKCHol! nnocKocTK w npe.ncTaeneH Ha p11c, 1x), 

x) 
Bht'IKC/IeHKe COOTBeTCTByiOllliiX KOMil/leKCHbiX IIHTerpaiiOB npKee.neHO B npK-

/10 1< eHHII I. 

12 

• 

•{_.-~~.i 
·~u· ! 

iff!:·:· 
r,iki!,_ 
~~~. 

't :·4r·.t 
,iif 

LJ.n11 fBIIcPOpM113&1lllll MBOr03H&'IBOI cPYHKilllll y(--!.....)1 +(...!!!. 
• 

8 nnOCJtOCTII .. C.ll8li&Hbl p83p83W 0 8biXO.llHlllll8 113 T0'18K 

Mo»<:ao noK&3&Tb, 'ITO 8 o6nacTH r-a > c( t- r) (37) KOI 

MO»<HO 'paCTIIHYTb' ' 8 KOHTyp r r 
I 

, COCTOllllllll 88HHII 

6ecKOH8'1HO 60llbWOrO p&llllyCa II MHHMOl! OCH, npK'IeM RHTerpa 

HOI nonyOKpy»<:HOCTII KC'I8388T, 4>yHKilK!I C( w) ll8llli8TCII 'leT 

nOlliiHTerpanbHOe Bblp8»<:8HK8 8 npaaoA '14CTH ( 35 )- H8'1~THOe, 

KHTerpan 8ll0llb MKHMOI OCR C80llKTCII TOllbJ[O K HKTerpany no 

I m tra 
oJtono nomocoa ± -_;y.;;.;:__ • nocne BW'IHcneHHII nonyqaeTC 

(J .l. 1 mtra ra 1 m 
•-trio· C(l---l •-·---

(DI) h 2h 

1 c....!!!ltL, 
~ II; 

Io(~) 
h 

[r (~)I (J 
-o b 0 

npH nollCT4KOBKe (38) B (34) He06XOllHMO Y'I8CTb, 'ITO r 

npenenax [0, t] , noaToMy o6lllee awpa»<:eaHe llllll ycno&Hll (: 

r-b>et, 

0KOH'I8T8llbH08 Bblp&»<:eKHe llll!l r:- npHHHM48T 8Hll 

I ( mrb 
.l oo I --.--) 

F • ...!L. I CDs .!!.It!. Ilia ~ ( K ( .t!!.!t_) I ( ..!!!t!.. 
• bh 1 b h 1 ( Ill tra l 0 h 0 h 

·- 0 -,;---

' (B (39) Y'ITeHo, 'ITO J c fHr)OOB mtrO dr -l-h-ro111 __!!.LQ_h 
o k m tr . 

CyMMHpoaaaHe plllla (31) no r B o6nacTH r>b npoH380llHTC' 

»<:e o6pa3oM H aaeT 8 pe3yllbT&Te 

I, ( .!!!!!L) 
41 • ..!L I ..1... ebl ..!!!!!- al11 _!!I._!.Q_ h ( K 0 ( _.!!.!!,_) I 0 ( ..!!!.!.. 

trb m•t ., h b 1 ( ..!.!.!._) b b 
0 h 

tJ4l 
0TKYll8 

II 
F • --,.-;- OK83b1848TCII C TO'IHOCTbiO llO 3K8· 

C Bblpa»<:eKHeM 

M8HH t E.l. 
z 

(39). 

H 

noaToMy, ecliH paCCM8TpHB8Tb 8 K8»'llb1l 

11 
&. B o6lllel '14CTH o6nacTel ( 38) H ( 

B llaiCTBHTallbHOCTH COBI18ll88T C C8MOI o6naCTbiO (38) ), TO 

B STOI '18CTH 11pOCTp8HCT88 OK83bi888TCR HylleM. 

LI.n11 Toro, '!To6w ynpocTHTb Bblpa»<:eHHe ( 31) llll!l o6nacTH 

llliR o6nacTH, B KOTOpol H&XOllHTCR C8M ·3ap11l1, yao6HO BXOll~ 

»<:eHHe pllll no 9 npeacT&BHTb B ctJopMe 

11 .. J (v.JLlJ (vp-'-l a .. •Jo<vv+>Jo<' 
6 = ! 1 r 1 0 11 

=- ....--" -- llllr 2 · 
<"'l f=t !If { ( -;->2 + ( ~," l~~Jtl ;I b Pet v;f<~l2 + <--r--1 
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! 
,m= I 

r 2
( IJn-b-) 

I I a 

"p2 Ap~ Jl2(vp l 

lli 

sin2mrrO 
h 

(30), (31), (32) TpynHo KccnenoaaTb. OnHaKo 

(33) 

nns HeKoTopbiX o6nacTel! ··npocTpaHCTBa BHYTPII 

HpoB.JHife psnoa • .Llaoi!Hol! psn ( 30) npencTaanseTCII 

r F cos ~.!2- 1 ; 0 h ,;1 

-~l 2
) l dr 

h 

v J( v ...l!...)J(v -L) 
P1PaoPa 

----vp--2 m rr 2 2 
[(-) +(--) lJ (v l 

a h r 
X 

(34) 

oil cKo6Ke B (34), Kcnonb3yll pa3no>KeHKe, ali! norK'IHOe 

/18/ 
eptpen bllS , MO>KHO 3SOKCSTb B Blfne KOHTypHoro 

"e -·-> 
I a 21 2 cos(c(t-r).j(!:..L)2 

. .I I <vp l + 

(~)2+(~121 
a h 

-------
+(~)2 

h 

dw, 

~)2 
h 

(I) (w)J>(2
) (w .._!_)-H(2l(w)ll(ll (w -•-)1 

0 o a 0 0 a 

(35) 

(36) 

nneKCHOI! llllOCKOCTH w 
x) 

npencTaaneH Ha p11c. 1 • 

llllfX KOMnneKCHbiX KHTerpanoe npHaeneHo B np•-

12 

• 
' ·~...;.. 

.LJ.nR fB114>0pMB3AilBR MHOr'03HA'IHOI iPYHK·JlKR V ( _..!,...)I + ( ...!!!..!!-)I • h 

a nnocJtocTB w c.aenaaw p83p83bl, BbiXOlllllUKe H3 TO'f8K : lm It • 

Mo»<HO nOJt838Tb, 'ITO B o6n&CTH r-a > e( t- r) (37) KOHTYP RHTerpHpo-

BAHHII r MO»<HO 'p8CTIIHYTb' ' B JtOHTyp r , COCTOII!URI K3 nonyJtpyra 
I 

6ecKoHe'IHO 6onb!Uoro pa.aayca K MHRMOA OCR, npK'Il!M RHTerpan no 6ecJtoHe'l-

HOI nonyoltpy»<HOCTB HC'I8388T, ¢>yHKilKII C ( w) IIBnlleTCII 'll!THOI 1 noaTOMy 

no.aBHTerpanblloe Bblpa»<eaae B np1111oA 'ISCTK ( 35 )- He'll!THoe. B peaynbT&Te 

HHTer'pall B,llOnb MHHMOI OCR CBO.llHTCII TOnb.ltO It KHTerpany no .llBYM 06XO.ll8M 

I m Ita 
oJtono nomocoa ± -'-~=~- nocne Bbi'IIICneHHII nony'laeTCII 

I (.....!!!.!L) 
I 

----~---('o(~)l (..!!!.!!.!...)-IC (!!!.)I(.!!!!!!..)). 
m Ita h 0 b '"tl b 0 h 

.l 1 mwa It a 1 m 
9 •-wit· G(l---l ·-·---<•> h 2b 

Io ( --r-l (37) 

npR nO,llCT8HOBKe (38) B (34) He06XO.llKMO y'lecTb, 'ITO r K3M8Hli8TCll B 

npenenax [0, t] , noaToMy o6mee Bblpa»<eHKe .an11 ycnoBKll ( 37) non»<HO 6b1Tb 

r-b>et, (38) 

0JtOH'IST8nbHOe Bblp8»<8HH8 .llnll F:- npHHKM88T BKll 

I ( mw b 
.L .. 1 -,.--l 

F ._!LI cos..YL.m2!.!..9.... [K (.!!£_)! (.!!!.!.!...)-K(.!!!!_)J(.!!!!-.)). 
• bh 

1 
h h I ( mit a l o b o h o h o h 

·- 0 -,;-- . ( ) t 39 

(B (39) y'ITeHo, 'ITO / e {3(r)oos mtO dr .. i mhlt slo ~ ). ( 40) 

CyMMKpoaaHKe p11.aa (31) no t a o6nacTH r>b npoK3BO.llRTCll TO'IHO TSJCHM 

»<e o6paaoM H .aaeT B peaynbT&Te 

I, ( .!!!.!!L l 
(l. _!L i _L aiD ,.!!!!!_ alo __!!1...!.2_ b ( K ( -'!!.!!!-) I ( ..!!!!!-) - K (---!!!.!.!-)I ( ..!!.tL )1. 

1r b m•l m h h 1 ( ...!!..!t!_l 0 h 
0 

h 
0 

h · 
0 

h 
0 h 

II "(l . 
0TKy.aa F • • -·'""lT OK83biBSeTCll C TO'IHOCTbiO .llO 3HSKS COB08,ll810Ulel 

C Bblp8»<8HK8M (39). noaTOMY1 ecnK paCCM8TpHB8Tb B K8»<.llbll MOM8HT &pe-

.l " M8HH I [z K E.z B o6mel '18CTH o6nacTel (38) H (39) ( KOTOp811 

B .ll81cTBKT8nbHOCTH coana,aaeT C CSMOI o6n&CTbiO (38) ), TO cyMM8pll08 none 

B 8TOI 'ISCTK npOCTp8HCTB8 OK83b1BS8TCH HyneM, 

.LJ.n11 TOr'O, 'IT06bl ynpOCTKTb Bblpa»<eHKe ( 31) ,anll o6nSCTH 
r < b • T.e. 

.llnll o6nSCTH
1 

B KOTOpol HaxO.llKTCH CSM ·aapll.ll, y,ao6HO BXO.lllllUHI! B 8TO Bblp8-

»<eHHe p11.a no r npe.acT&BHTb a q,opMe 

II .. J <vy..!!...lJ (vp-'-l ()"" •Jo<vp+lJo<vp...!,;-l 
(I-! 1 • 0 a =-...---~ 111-,-----
(m)r=l II ((!f_)l +(....!.!,_)~fllw) ah'=l v;{(.!!_)2+(-h-)2]J~(IIf) 

f a h f a 

(42) 
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( T.K. IICXO.llHbll pH.ll p8BHOMepHO CXO.lliiTCSI .llflSI 0 ~ b < a 1 K8K -l ea 
TO noqneHHOe .llii<P<!>epeHUHpOB8HHe .llOfiyCTIIMO). ,LlnH nepeXO.ll8 B KOMnneKCHYIO 

o6naCTb II KOHTypHOrO HHTerpHpOB8HHSI BMeCTO C ( w ) Tenepb cne,llyeT Bb16p8Tb 

BbipameHHe 

t 

G
1 

(w)= 
10 ( w -.-) (I) (ll) b (ll) (0 b 

[H
0 

(w}H
0 

(w-;;-1-H 0 (w)H 0 (w--;11 '(43) 
R J

0 
(w) 

KOTOpoe o6na,ll8eT CXO.llHbiMH CBOICTB8MH C G ( w) • noaTOMY 

II a 
6 •-•--{ C (w) dw • 

(m) ab j' I w{(...!....)li+(..!!!..!L)2J 
(44) 

a h 

,LlanbHelwHe npeo6paaoeaHHH aHanorH'IHbl npe.llbi.llYlllHM, cne.llyeT TOflbKO 

eml! npH Bbl'IHCneHHH HHTerpana no KOHTypy 

waO nonyqaeTCH 

o ll =a a I 
(m) ifb 

h'lla2 fo-b-+ 

2 ( m rr )II 2 a 

rl o6oATH non10c B TO'IKe 

+ 
all h 2 

2( m rr) 2 

I ( m rrr 1 
0 ----r- { K ( ...!!'...!tL )I ( --l!!..ll!....- ) - K ( _!!!..!.!_ ) I ( m ff b 

0 b 0 h Ob 0 h 

(45) 

lll . 
I ( mlf a ) 0--,;-

0TKY.ll8 

¢=_l!L! 
bll mal 

h 

m ,, 

lo(-r-l m!7b )I (..1!U!..!-)+ 
-----{KI(-h- 0 h b 

17 2 m 2 17m 'u(m!7a/hl 
(46) 

+ Ko< m "a 
h 

) I' ( ) 11!1111 
~·sillml70 

h h 

B ( 46) qneHbl, co.llep*amao:_
81
u,a_nHH.llp11'1eCKIIe <!>YHKUIIH, 6biCTpo y6b!B810T c yee

-,;--<b-r) 
flll'leHIIeM m ( KBK " e ) 1 n03TOMy COOTBeTCTBYIOlllBSI 'IBCTb 

pSI.llB nerKO OUeHHB8~TCSI 1 OCT8flbH8SI '18CTb pH.ll8 cyMMHpyeTCSI II npe.llCTBBnHeT 

<i>YHKUHIO 

cfl
0 

=-4_S_ 
b2 { 

Q - 0 z -h-.-

z - (,1hz . 

npH 

npH 

z-f'>O, 

z-n<o. 
(47) 

II 
4neH cll

0 
onpe.llenHeT paapb!B nonH F • np11 nepexo.lle qepea noeepxHOCTb crycT-

4S .. II 
KB ( .llHCK8) • Benii'IIIHS pa3pb!B8 b'2 COOTBeTCTByeT CK8'1KY OOIISI E np11 ne-

14 

• 

~ 

.:;;::,, 
::: 

' 
·•. 

pexo.lle 'lepea noeepxHoCTb aapg)f(eHHoro .lliiCKa B cep6o.llHOM npocTpaHc 

none r,ll B p8CCM8Tp11B8eMOI o6n8CTH 1 T8XHM o6p830M, 6y.lleT 
• 

J.: ( m1ra )I ( mwb ) 
0 _,.- I =r ) tile--.!..!.!.. 

lo<~ b 
F II- _ll__ ' I ( ~l[JC (....!!!.!!!._)+ 

8 bb Dl at 0 b 1 h 

h 

4S - ...:2.. z<Q(t),. 
-~x I h npH 

1--4 npH z >Q(t). 

n ocne,llHee Bblp8)1{eHHe MO)f(HO npe.llCT8BHTb B CHMMeTpii'IHOM BH.lle: 

FH 
• { 

2S II - + 6, (z ,rl 
bl • 

- 11 _ _!L +lb · (z,rl 
bll • 

npH z > Q , 

npH 
• < 0. 

r.lle 

II 
45n ~" Dct ; mrrr [ 1 mrrz &' .(~-......_)+...a><-~ I( ---1 .... cos Ida 

• ~ h II' bh m•l 
0 h h 

mrrQ 

h 

.l 
Bbi'IHcneHHe F • 

B o6l)8CTH, r.lle He BblnonHeHo ycnoeHe (38), He yJ. 

,ll0CT8TO'IHO ynpOCTHTb. ,LlnH KOHKpeTHbiX cnyqaeB npHXO.llHTCH OUeHHB~ 

60flbWOe KOflH'IeCTBO qneHOB pH.llOB, OT6p8Cb!B8H OCT8flbHble. 

IV 

(24) 

.Llna OKOH'I8TenbHoro onpe.lleneHHH .llBH)f(eHHH crycTK8 cornacHo 

Heo6XO.llKMO Bbi'IIICflHTb .llelcTByiOlllHe Cllflbl, T.e. npiiBeCTH HBHO 

.llnH npaeol 'IBCTII ypasH~~H!I (24). II 
C11na F II coa.llaeaeMaH 'IBCTbiO F. sneKTpH'IeCKoro nonH, 

z 

no q,opMyne 

11 f • "')I 
F • p"' 

• v • 

-+ 4S
2 

1 
(dr) •-- 1-b 2 

2 ( t) ) + 
h 

ll .. 
+ _as__ I _J_ llill !mrO 1 ( _!!.!!..L l 

tr b ll •=I 81 h I .h 

( ( ( _!!!...!!.L ) + 
I h 

( ( .!!L!.. 
~ 

'o ( -
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_..[ 
fa 

aonycTHMO) • .LlnH nepexoaa 8 KoMnneKcHyJO 

pBBHOMepHo CXOaHTCSI anH 0 ~ b <a , K8K 

G ( w ) Tenepb cneayeT 8b16paTb 

(I) (2) b (2) (I) b 
l!

0 
{w)H

0 
(w-;;-l-H 0 (w)H 0 (w---;-1 '(43) 

C801lCT88MH C G ( w) no9TOMy 

~-•-()- ( G (w) dw • 
(Jb l' I w[(...!:.....)~+(.!!UL~ 

(44) 

a h 

ra3088HHSI 8H81lOrH'IHbl npeahlaylllHM, CneayeT TOilbKO 

f
1 

060itTH llOiliOC 8 TO'IK9 

In a fn-b-+ 
2 a 

[ K ( .....!!!..!lL li ( --l!!..lL!..-) _ K ( .....!!!..It!.. ) I ( m 1r b 
o h o h oh o h 

(45) 

>ll • 

1 { m 1rr 
0 --,-> 

[K (~)I(~)+ 
I h 0 h 

b 

1rm lo (m wa /h) 
(46) 

mwb )}sin 
h 

~·sin mwO 
h h 

BlllH<:_ 111u,p.nHHapH'19CKH9 cpyHKUHH, 6biCTpO y6bi8810T C y8e
-,;-(b-r) 

BK ,. e ) 1 1109TOMY COOT89TCT8YIOlll8SI '18CTb 

Q - Q z -r-
z- Q z -h-

'IBCTb pHaa CYMMHpyeTCSI H npeaCT881lSI9T 

npH z-1">0, 

npH z-0<0. 
(47) 

II 
paspb18 nonH F • npH nepexoae qepes no8epxHOCTb crycT-

4S -+jj 
a p83pb188 1:'2 COOT8eTCT8yeT CK8'1KY !lOllS! E !IpH ne-

14 

• 

,• 

' 

it 

' .. :*.~ 

:l;f~ .. 
,, ' J ' 

/19/ 
pexoae 'lepes no8epxHoCTb sapH)KeHHoro aHcKa 8 c8p6oaHoM npocTpaHCT8e (eM. ). 

none til 
• 8 pacCM8TpHBBeMOI 06118CTH, T8XHM o6p830M, 6yaeT 

1 ( mwa )1 ( mwll ) 
0 a- l =r= ] .,. __.!.!!L sill .!!1£Q_-{ 4 8) 

h " I ( ., "(I l 
rli ._!!!_ J I t~l{IC (...!!.!!..L_l+ 

• bh .... 0 h l h 

4S 
~X 

- ..Jl.. 
h 

1- _Q_ 
h 

npH 

npH 

0 h 

z<Q(tl .. 

z >Q(t), 

nocneaHee 8blp8)KeHHe MO)KHO npeaCT88HTb B CHMMeTpH'IHOM 8Hae: 

11 

{ ...!.L.. • • <• ·" z < 0. Ill • npH 

Fll • 11 z > Q. • _ _!L +& {z,rl npH 

b~ • 

(49) 

rae 

'I 4sn ~c D., 
00 

mtrr m11z &1 • ( ~- ......._) + ......._ I I( ---l [ .... J eos ain 
• "' h "' bh ..... 

0 
h h 

mtrO 
(50) h 

.l 
B bi'IHCileHHe r • B o6nacTH, rae He 8biDOnHeHo ycnosHe (38), He yaaeTCH 

aoCT8TO'IHO ynpoCTHTb, .LlnH KOHKpeTHbiX CllY'I888 npexoaHTCSI OU8HHB8Tb a0801lbHO 

60ilbW09 KOilH'IeCT80 qneH08 pS!aOB, OT6p8Cb188SI OCT81lbHbie, 

IV 

.LlnH OKOH'IBTellbHoro onpeaeneHHH a8H)KeHHH crycTKa cornacHo cpopMyne 

(24) Heo6xoaKMO 8bi'IHCilHTb aeAcTByJOwHe CHilbl 1 T.e, 11pH89CTH SIBHOe Bblp8)1(9HH9 

anH npa8ol qacTK ypBBKeHHR (24). II 
CHna F II cosaaeaeMaR qacTbJO F. 

no cpopMyne 

11 f · &JI 
F • • p • 

v 

.. 4S
2 

(dr) ---- r.L 
b 2 

2..U.l 
h 

9119KTpH'19CKOI'O !lOilSI 1 110ily'I89TCSI 

) + (52) 

IC ( ..!!L!_ l I ( !!rl. l 
2 .. 

+ _as__ I _t_ sill ..1!!.!J2 0 h I h ] • 
1,( ··: b ) { IC ( ---'l!J!.L l + 

I b 
""~ ..... • h I (.!!!..!.!--) 

0 h 
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"' 

' 

11 
n pH Bbi'IHCneHHH (52) B (; 

8 
6bln8 OT6poweH8 '18CTb, COOTBeTCTByJOI.U8SI CK8'1KY 

"co6cTBeHHoro nons•. L 
npe>Kae qeM Bbi'IHCnHTb CHny F

8 
, Heo6xoaHMO npOH3BeCTH nepeHOpMHpo&-

Ky anH TOro, 'IT06bl HCKnJO'IHTb C06creeHHyJO sneKTpOM8rHHTHYIO Macey, KaK H3-

aecTHO, ans sToro MO>KHO aocnonb30B8TbCH ~B&Ipa>KeHHeM ans o6o6meHHoro 

HMnynbCa, KOTOpoe ans aaaaoro cnyqag HMeeT aHa: 

.. .. 
p .. Mcfly 

1 .. .. .... .. 
+ -c- f p A ( r , t) ( d r1 , 

v 
(53) 

rae qepe3 M o603H8'1eH8 nepBOH8'18nbHO He nepeHopMHpOB8HH8SI M8CC8 cryCTK8. 

nepeHopMHpOBK8 38Kni0'188TCH B TOM, 'ITO BO BTOpOM qneHe B (53) KOB8pH8HTHbiM .. 
cnoco6oM a&~aenseTCH qnea, HMeJOI.UHA aHa c f. y • :01111st , H o6beaHaseTCH c nep-

BbiM qneHOM. 

BaKay TpyaHOCTH nocneaOB8TenbHO KOB8pH8HTHOA Tp8KTOBKH, KOTOpAH OK8-

3biB8eTCSI Cyi.UeCTB8HHO 38BHCIII.UeA OT BHyTpeHHeA CTpyKTyp&l crycTK8, HH>Ke 1 cne
/17/ ays pa6oTe , Mbl paccMaTpH;aaeM npH6nH>KeHHyJO npoueaypy, npHroaayJO ans 

cna6o penHTHBHCTCKoro cnyqas r .. ! 

nocne HHTerpHpoaaHHII a (29) aaa pa3a no 'IBCTIIM nonyqaeTCH: 

"p 11 <v • ....l!....l J0 (v0 ..L..) 
& 8S r a 1 • --nlo\ ~ (r,z,t) .. ___:_! f oos...!l!..IU.....Ifl(t}oos..!!..lt=!J. 

a 8 b h P,m m A 4 J 2 ( 11 ) h h 
fm t f 

(54) 

- fl coa(cA 0 

1 • t 2 
tl- ---(fl sin( cAn tl- Jsin(c>.p (t-rl]-d-(fooa..!!l..!UL]drll• 

c Afm 0 r m 0 m d r2 h 0 tm 

·n ocne noacTaHOBKH (54) a z -oe ypaBHeHHe. CHCTeMbl (53) BbiaenHeTCSI qneH, 

nponopuHoHanbHbiA 

M8eT BHa (npH Y ., 1 

f3 ( t l • 

) 

P =cf1(M + 
& 

8 s 2 

• 2h b 2 c 2 e ~ .. 

H COOTBeTCTByJOI.Uee Bblpa>KeHHe anSI p • npHHH-

2 b 
J 1 ( "t -.- 1 

l + 
J :< v f ) A fm 

2 b 
I6S 2 J,<ve.- 1 2 o + n'! £ I ~ f cos ___!.E!,._- cos __1!!..!1Q_ (f. cos( CAn tl + (55) 

8
2b2hc rm m 12(

11 
lA 4 lm h h 0 rm 

f 1 f fm t 2 

+--0 -to!n(cAp t)+ A -fsin(c>,. (t-rl]-d-(,'lcoeJ!lrlL]dr]l 
c A fm m c fm o rm d r 2 h 

16 

• 

;¥fir 

il '',; .. :: 
i~(li 
.:{~h 

'•d 

1 
--

-[~ •·0 
rae a, .. 

• • .,t 0. 

TaltHM o6pasoM, aenH'IIIHY 

• ss' ! 
M + AM-M + •'h'hc 2 r ... I--~-=-:--- - M 

MO>KHO C'IIITATb nepeaopMHpoaaaaol MaccoA crycTJta. B&~pa)KeaHe 

npocyMMHpoaaTb no m , Toraa 

I b 
25 • .. J,<ve-l hve hvp 

~u- . I • r--atlt--
b1 h a I c I f•l J I( Ut ) .\ 4 a a 

vf h ' 1 
+ --~- I iw-a .., ~ 

~M 

rae 

I ·r fo • 
MO>KeT 6b1Tb npeacTuneaa T81t>Ke a BH.Ile 

s• 
be' E 

I b 

2 
.. J 1(v,-.-l 

i- ! [. ···1 
bha'p., J 1

1 <vrlAI '7'6esp&3Mepi 

0 
o6p830M, Bblp8>K8HH8 .llnSI nepeaopMapoax• Macchi t Tenb. TaKHM 

OT 06bi'IHOrO 

/16/ 
~· . ~ , r.11e h -xapaxTepHbll paaMep crycT! 

Mep, 

b 

) H8nH'III8M K~ll!RilH8HT8 f , 38BHCSII.Uero, 

, OT p83Mepa pe30H&Topa • .Llns .llAnbHelmero Bbi'IHcneaas 1 

o6nacTH caM oro crycTKa cne.11yeT acnonb 3 oaaTb H3M8H8HHy10 840 

a HM8HHO, (i •.. , b 
"e J < "e -, J <" e-'- , 

~- __..!L.l' f l • 0 • 3 ,. f·• 
• abh £.., ., J' ( v ) A 4 

1 t e .. 

x{l! 0 coa(cAf.., t}+ c~;., aln(d.,.,t }+·--J. 
t d 
f a1n e A0 (t -r)-

0 tao dr 

B KOTOpOI OTCyTCTByJOt 'ln8Hbl, .11810l.UH8 BKn&.ll B nepeHOpMHpOBKy 

( 
~-

DOMOlllbiO 57) nonyqaeTCSI Bblp4>K8HH8 .11n11 CHnbl F ~ 

J. ~ • J'<vt-i...) • 
F --.LJp .....rlll-(dr)• -165 I f : I 3 I• fell 

• e v 8t a'bllhe t,. • J~(vplAr. 

-~ef'u 
2h 

- CH 
m wQ 

h 

2wm9 
h 

+lit c ~f., lllD( cAt., t) coa ..!!.fL- - ~0 caa ( cAf 

t • 

f eo. [ e A f., ( t - r) ] ~ [ f' coa ..JU2 
o dr 1 h 
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11 
(52) B E. 6&!n8 oT6poweHa '!8CTb, COOTBeTCTBYIOlll8ll CK8'1KY 

L 
cRny Fz , Heo6xqaRMO npOR3BeCTR nepeHOpMHpoe-

RCKniO'IRTb co6CTBeHHyiO sneKTpOMSrHRTHyiO Macey. Kax R3-

MO>KHO eocnonb30B8TbCH ~B&tpa>KeHReM anH o6o6weHHoro 

aaHHOrO cny'ISSI RMeeT BRa: 

t:f ~ 1 .... .... .... .... 
e M c fl y + -.,- J p A ( r, t) ( d r1 , 

v 
(53) 

aqeHa nepBOH8'!8nbHO He nepeHOpMRpOB8HH8SI M8CC8 cryCTKS, 

38Knl0'18eTC S1 8 TOM, 'ITO 80 BTOpOM 'lneHe 8 (53) K088pR8HTHI:dM .. 
qneH, RMeiOlllRA BRa c f. Y ':llCIIlst , R 06beaRHSieTCSI C nep-

nocneaoaaTenbHO K088pR8HTHOA Tp8KTOBKR, KOT0p8SI OKS-

38BRCSIUleA oT BHyTpeHHeA CTpyxTypbl crycTxa, HR>Ke1 cne

paccMaTpn:aaeM npR6nR>KeHHyJO npoueaypy, npRroaHyJO anll 

f m 

Y .. r 

(29) aaa pa3a no '!SCTSIM nonyqaeTcH: 

b )J (II ..L..) 
1 < v - o p • ...!l!..lt.L. I 11

pt fa COSh 

4 2 
"Pm 1, <ve 1 

fl ( I ) cos ..rutQ.i.tl 
h (54) 

1 • t 2 ---[fl sin(d.n t)- Js!n[cA. (t-rl]-d-({Jma..!!!J!.Q_1drJI• 
c >..pm 0 r m 0 •m d r2 h 

a • -oe ypaaHeHRe. CRCTeM&I (53) B&taenHeTCSI '!neH, 

{3 ( t l • 

2 b 

I e. m 

R COOTBeTCTByJOUlee Bh!pS>KeHRe anSI p z npRHR-

2 b 
J I ( 11 f -.-) 

1 + 
J:<ve l A~m 

J 1 <11e-.l --:---=----- I ~ f cos 2 rr mO -cos ~ { fl cos( CAD t) + (55) 
J 2 ( 11 l A 4 I m h h 0 rm 

I e Pm t 2 

tl+ , -Js!n{cA. (t-rll-d-(flcos..!!Ul!L1drll 
""fm a rm dr2 h 
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• 

IJr 
~ !: 

~l 
:·i:rc:~~: 
,J" 

·' 

i 
'!:'f: 
'-

'W~~· 

•-o 
rae fo. 

a,.,- + 
• .; 0. 

TaxHM o6pasow; aenH'IHHY 

b 
J,'<llt -.-1 • M 

4 
1: < 11, , >-r .. 

(56) RS 
2 ~ 

M + ~ M - M + • 'b I Ia c 2 , .-, 

MO>KHO C'IHT8Tb nepeHOpMHpo88HHOI MSCCOI CryCTKS, 8blpa)KeHHe (56) MO>KHO 

npocyMMRpo&aTb no m , Toraa 

I b 2s' .. J,<~~e-lrhll£ ~~~~, 
.:'M.. I 8 --clh--

b1.h • •e• f•t J,l('t ).\fo • a 

11f h 1 
+ --

.I 

~M MO>KeT 6b1Tb npeacTaeneHa Tax>Ke e BRae 

rae I b 1 1(11,-
8
-l 

• 
~~ 

be 1 

l m 
2 5 I 

b ha f-a 
-~-...,--[•oool 

J,'<llr at "'! 6e3p83MepHbll MHO>KH-
0 

Tenb, Taxaw 

OT 06bi'IHOrO 

/16/ 

o6p830M, Bblpa>KeHRe anll nepeHopMHpo.XR MSCCbl ~M OTnH'I8eTCII 

1'' """b7 , rae h -xapaxTepHbll pa3Mep crycTxa ( CM.~811pa-

wep, 

b 

) H&nH'!ReM Jt~cpRIIHeHT8 f , 38BHCIIUiero, &powe paawepa 
l 

, oT p83Mepa pe3oHaTopa • .LlnH aanbHeAwero Bbi'IRcneHHll nonll E • e 

o6nacTH caworo cryCTKa cneayeT acnonb3 oeaTb 

• 
8 HMeHHO, (i •· 0 b 

R3M8H8HHy10 eenH'!HHy A • 

ll f J (II£ -) J (II f -'- ) 
Cf• _!!!_I f I • 0 • 

a 1 bla £.m m J 1 ( 11 ) A 4 
3 f ' 'coa ID IF( 8+ Q) - CO& ...!!.f.L_ X 

•• Ia h 
I f £m 

(57) 

x(fl
0

coa(c.\n tl+ ~0 alll(eA.t)+·-~ 
tm ""fm tm 

t d 1 trO f sine An (t -rl --{flme-•--]dr'!JI 
0 tm dr 1 Ia 

B ltOTOpol OTCYTCTBYIOT '!n8Hbl1 aaJOUIHe BXnaa 8 ntpeHOpMHpoB&y MSCCbl, C 

ROMOUibl0(57) nony'I88TCSI Bblp8>K8HH8 an11 CRnbl F J. 
• 

I _j_ 
J ( II £ l • 21r1Dn 

I r 8 13 fcoa-===--
, "' Jll(v l.\4 •• Ia 

.1. .Lfp _aL(dr)• F •- 8t 
• " v 

- ..!!!.!!_ e f' a 
2h 

- COB 
mwQ 

Ia 

•• I t t. 

hm(l 

" 
+flt e~t .. .m(cAt.')coa~ -li0 -<eAfmtlme mw~ 

t I 
f coa ( c A fm ( t - r) 1 _d_ ( f coa ..u.2 
o d r 11 h 
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KaK o6bi'IHO, .nau}l{eHIHl qacTHUbi oKaablaaeTCH aaancSILUHM OT npe.nncTOpHH .. 
qneHbl f3 O , {3 C ) , npe.nnonaraSI ., 'ITO .llO aneTa a peaoHaTop qaCTHua .nau-

ranacb paaHoMepHo, cne.nyeT C'IHTSTb f 0 • fi 0 • 0 • 

n ocne 06'be.llHHeHHSl (52), (58) C y'I&TOM nepeHOpMHpoaJtH MaCChi nonyqaeT-

CSI OJtOH'IaTenbHOe ablpS}I{eHHe .l(nSI ypaaHeHHSI .naH}I{eHHSI qacTHUbl: 

d II 
-d-t-(eMyfJ)EF z 

J. 
+ r. 

CTOp 

+ r. 

npuro.nHoe .nnH cny'laSI He6onbLUHX aHaqeHHJI Y 0 
• Ecnu .no aneTa crycTJta , 

a peaoHa Tope 6binO aoa6y}l{.neHo cTopoHHee none, It (59) Heo6xo.nnMo .no6asHTb 

COOTaeTCTayiOLUYIO 9TOMY noniO CTOpOHHIOIO CHny 
r cTop.. KaJt 6blno npnHSITO 
• 

(59)\ 

paHee ( CM, ( 21 )- ( 23) ) , nyCTb H8'18nbHOe ao36y}l{.neHHe pe30HaTopa COOTaeTCTaoaano 

OCHOaHOJI '18CTOTe A to , npH'I&M a MOMeHT aneTa crycTK8 ( t = 0 ), 

q = o , B,mH'IHHS q 0 
ablpa}l{a eTCH qepe3 nepaoHs'lan&Ho 3&nac(!HHyiO a pe-

0 

30H8TOpe 9HeprHIO HnH qepe3 Haqan&HyiO SMnnHTy.ny nonR Ha OCH pe30H8TOp8 

E
0 

, C y'I&TOM Toro, 'ITO H8 OCHOaHOJI '18CTOTe none He 38aHCHT OT 

.nnR HCXO.llHOrO ao36y}l{,neHHS1 HMeeT MeCTO: 

F. (t,rl\ .. r t'JOtl(eA tl•--1-ti!tlA<•>crl\ , 

0TKY.ll8 

z raO 0 to e IJ rmO 

q 
q ( t l = ......:!~...- sill ( e A to t l 

e Ato 

ayh , e E 
0 

q =- -=--
0 Ato(O) 2 

J t (v t lEo 

(60) 

(61) 

C noMOLUbiO ( 17), (24), (25) nonyqaeTCSI OKOH'ISTenbHOe ablpS}I{eHHe .nnR CTOpoH-

Hell CHnbl: 

b 
CTOp. 

2
• Jt ( v t-.-l s r COR ( e AJO t l 

F = o 
bvt 

(62) 

Bau.ny cno}I{HOCTH OCHOaHoro ypaaHeHHSl (59) .nnR cny'laSI Cp8BHHTenbHO 

He6on&woro HaMeHeHHil fH t l 38 apeMSI nponeTa pe3oH&Topa MO}I{HO nonb!TST&-

CSI oueHKTb peLUeHHe C nOMOLUbiO MeTo.na nocne.noaaTenbHbiX npK6nH}I{eHHII, 

npHHHMaSI aa nepaoe npK6nu}l{eHHe 'cHJJbi caMo.nellcTaKSI , aoa6y}l{.naeMble 

crycTKOM, ,nalf}I{YLUKMCSI C nOCTOSIHHOJI CltOpOCTbiO f = f 0 

(59) . OUeHHaaTb HepaaHOMepHOCTb ,naH}I{eHHSI, 

18 

• 

, 38TeM C fiOMOLUbiO 

'I ' ' 
~: ? 

::.• _\ 
,, 'f 

.···~1:' :>!I 
,·l~~1~~ 

'\~· 

-';. 
·r; 

·' ~.1 

. ' ' 

~· ' ' ~ 

! ' 

:1?' 

I
I 

·!: \ 
: : .· 

·-~ 

t 

v 
Cne.nyeT npHaecTH HeJtoTopble oueHKH H cpH3H'IecK:re cne.ncTBHil, abl· 

H3 R3nO}I{eHHOrO BbiWe, 

8 paa.nene m 6blnO OTM8'1eHO, 'ITO B X8}1{.llbll Jl8HHbll MOM8HT 1 

c noMolllbiO HepaseHCTaa (38) onpeJlenlleTCR o6nacTb • ~ • > b -t 

KOTOpol OTCYTCTByiOT nons, B036y}l{.ll88Mble JlBH}I{ylllHMCSI CryCTKOM 

o6n8CTR H8XOJlHTCSI TOnbKO Hea03Mylll8HH08 CTOpOHHee none( ecnH C 

p8Hee 61>1no aoa6y}I{JleHo), EcnH .nonycTHTb, 'ITO a Te'leHHe apeMeH~ 

pe30H8TOp8 YCXOpReMbiM a HeM cryCTXOM CltOpOCTb cryCTJt8 H3MeHH 

f3 • f3 0 ) ( npH yn&TpapenllTRBRCTCKOM JlBH}I{eHHH &TO ycl 

'lecKH BblnOneHHO), TO no HCTe'leHHH apeMeHH t XOH,• ~ 
pacnpocTpaHeHHSI' nonel, B036y}I{Jlf!oHHbiX cryCTXOM, orpaHH'IHBSeTCll 

0 ~ z ~ b h 
+ --. f3o 

( B cnyqae ClfDbHO H8p8BHOMepHoro .naHlKeHHll 

ItO C nOMOlllbiO pe!lleHHll ypaaHeHHSI (59)), 

t 
KOH, MOlKHO 0 

Qqean.nHo, 'ITO HepaaeHcTBoM (63) onpe.nenReTCR H 'o6nacTb 1 

BHll' crycTK8 CO CTOpOHHHM noneM, T,e, o6n8CTb, H3 KOTOpOJI cryc1 

OT6Hp8Tb 9HeprHIO CTOpOHHero nonll, 3HeprHR CTOpOHHero non11, san 

OCTanbHOI 'laCTH 06'beMa pe30H8T'>p8, He ycnea8IO!ll8SI 38 apeMSI npo1 

cryCTK8 .nepeTe'lb' 8 o6n8CTb a381fMO.neiiCTBifll, OCTSeTCll HeHcn 

Mo}I{HO nponaaecTH oueHxy JlOnH &HeprH·H cTopoHHero nons, a1 

'o6n8CTH B381fMO.lleJICTaHR' no OTHOWeHHIO X TOI 9HeprRR, XOTopyiO 

cryCTOX B H.neanbHOM Cny'l88 npK npOXO}I{.lleHHH a CT8TH'IeCXOM sne 

none r 0 p8CCTOSIHHll h •. 

3HeprHll, Ha6p8HH8SI a CT8TH'IeCKOM none \" '" Ji' h~ , nnoTHOC, 
.. \ ' 0 0 

CTOpOHHero nonll, aanaceHHOJI a pe30H8TOpe, npR npRHSITOI H8'18nbHO 

q 0 -o, MOlKeT 6b1Tb ablpslKeHa TOnblto 'lepea E 2 I t•O 
• 

9HeprRH B o6n8CTH a38HMOJleiCTBHSI ablp83HTCSI Tax: 

, Tor.na 

Waa• ( 
v 

r: (O,r) .. h b+jr,:-
4Jr (drl .. hfdz fo 

0 0 

---!~--~ rdr 
41F 

C y'I&TOM (60), (61) nonyqaeTCst 
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SHIH! 'ISCTHUbi OK83biB81i!TCSI 38BHCSI!UHM OT np<i!.OHCTOpHH 

npe.ononaraH ·1 'ITO .00 aneTA a p<i!30H8TOp '18CTHU8 .OBH

C'IHT8Tb f O m fj 0 • 0 • 

(52), (58) C yqATOM nepeHOpMHpOBKH MACChi nony'l&li!T

ypaBHSHHSI .llBH:lKii!HHSI '18CTH!lbl: 

11 
(eMyfllcF 0 

.l 
+ F • 

CTOp 

+ Fz 

ae6onblllHX aaaqeHHA Y 0 • EcnH .oo aneTa crycTxa 1 

(59)\ 

aoa6ym.oeao cTopoaaee none, x (59) aeo6xo.oHMO .oo6aBHTb 

F CTOp. 
6 nomo CTOpOHHJOJO CHny • • Kax blnO npHHSITO 

) 
1 

nycTb Jl&qanbHOe aoa6ym.oeHHe pe30H8T0p8 COOTBeTCTBOaano 

A to , npH'IAM B MOMSHT BneTa cryCTX8 ( I .,. 0 ) , 

rj 
0 

Bbipama eTCH qepea nepeoH&'I&nbHO 3&nacAHHYJO B pe-

qepe3 H8'18nbHyJO 8MDnHTy.oy DOnH H8 OCH pe30H8TOpa 

'ITO Ha OCHOBHOI '18CT0Te none He 38BHCHT OT z 

)l(,lleHHSI HM99T MeCTO: 

=F oos(e,\ t)a--1-q(t)A<•>(rll 1 
o 10 e I! •=0 

(60) 

t) 

a yh 
qo eE 0 =---

Ato (0) 
1 1 ( 11 1 1 to (61) 

2 

(24) 1 (25) nony'I89TCSI OKOH'I&TenbHOe BbipameHH9 .OnH CTOpoH-

2a J ( 'V _b_)S 
I I a t

0 
eo8 ( e ,\

10 
t ) (62) 

bv 1 

OCHOBHOrO ypaBHeHHSI (59) .OnH cny'I8SI Cp8BHHTenbHO 

fl( t) 38 apeMSI nponeTa pe30H8TOp8 MO)I(HO nonbiT8Tb-

noMOlllbJO MeTo.oa nocne.ooaaTenbHhiX npH6nHmeHHA 1 

npH6nHmeaHe 'cHnbl caMo.oeAcTBHSI 1 eoa6ym.oaeMbie 

nOCTOHHHOA CKOpOCTbJO f = f 0 , 38T9M C nOMOlllbJO 

Tb .llBH)I(9HHSI, 
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• 

I
' 

' 

' 

, ~~v 
:~; 

.• :.·"' 
-~{ ;· 

'f ' 
',,~;k.' 
t~f:,\ 
''V· ·1; 

v 
Cne.oyeT npasecTH HeKOTOpble oueHKH H !J!aaH'Iecx:re cne.ocTBHH, BhiTeXAJO!UHe 

H3 H3nO>KeHHOrO Bbl!lle, 

8 p83.0ene m 6blnO OTMe'leH0 1 'ITO B XA>K.llbll .llaHHbll MOMeHT BpeMeHH I 

C DOMOlllbiO HepaeeHCTB8 (38) onpe.aenH8TCA o6n8CTb a :!!:. I > b + Cl 
1 

B 

XOTOpOI OTCYTCTByJOT nonH, B036ym.aaeMble .QBH>Ky!UHMCSI cryCTXOM, T.e, B 3TOI 

06n&CTH H8XO.QHTCA TOnbXO HeB03MyllleHHOe CTOpOHHee none( ecnH OHO TAM 38-

paHee 6blno B036ym.aeso). Ecna .aonycTHTb, 'ITO B Teqesae epeMeHH nponeTa 

pe3oHaTopa ycxopHeMbiM B HeM crycTXOM cltopocTb crycTxa H3MeHanacb Mano 

f! ., {3 0 ) ( npH ynbTp8penATRBRCTCXOM .QBH>KeHHH 3TO ycnOBHe npaJt-

h 'lecltH 8blnoneHHo), TO no HCTe'leHHH BpeMeHH I XOH,., ~ • o6n&CTb 

pacnpOCTpaHeHHA' nonel, ao36y>K.Q&HHbiX crycTitOM, orp8HH'IR88eTCH HepaeeHCTBOM 

0 s, z ~ b h 
+ --

f!o 

( 8 cny'lae CHnbHO H8p8BHOMepHoro .Q8H>KeHHSI 

ItO C noMOlllbJO peweHHA ypa8H8HHSI (59)). 

(63) 

KOH, MO>KHO Oll9HHTb TOnb-

Qqesa.aao, 'ITO aepa8eHcTBOM (63) onpe.aenAeTCR a 'o6nacTb 838HMo.aelcT-

BHSI' crycTX8 CO CTOpOHHHM noneM, T,e, o6n8CTb1 H3 XOTOpOI cryCTOX M0)1(9T 

OT6Hp8Tb 3HeprHJO CTOpOHHero nonA, 3HeprHSI CTOpOHHero DOnll, 3808CeHH8SI 8 

OCT8nbHOI '18CTH 06beMa pe30H8T<>pa, He ycneB810lll8SI 38 BpeMA nponeTa 

cryCTK8 .nepeTe'lb' B o6n8CTb B38HMO.QelcTaHSI, OCT8eTCSI HeHCDOnb3088HHOI. 

Mo»<Ho npoHaaecTH oueaxy .aona sHepraa cToposaero non11, aanaceaaot 8 

'o6n8CTH 838HMO.OelcTaHA' no OTHOWeHHJO X TOI 3HeprHR, KOTOpyJO npH06pen 6bl 

crycTox 8 H.oeanblloM cnyqae npH npoxom.aeaaa 8 cT&TH'IecxoM snexTpH'IecxoM 

none F 
0 p8CCTOSIHHSI h • 

3aeprHSI, H86p8HH8SI 8 CT8TH'I9CKOM none 
1 

',;
0

"' t 0 h~ • nnoTHOCTb 3HeprHH 

CTOpOHHero. nonH, 3anaceHHOI 8 pe30H8TOpe, npH npHHSITOI H8'18nbHol !J!a3e 

q 0 -o, MO)I(eT 6b1Tb abip8)1(eHa TOnbXo qepea E 2 I t•O 

• 
3HeprHH 8 o6n8CTH 838HMO.aeiCTaHH abip83HTCSI Tax: 

Waa• J 
v 

r: (O,r) .. h b+t.;-
41r (dr) .. 2~rfdz fo 

0 0 

C y'IATOM ( 60) 1 ( 61 ) nonyqaeTCH 
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I 

I 

"' 
2 

F 0 h 

83 4 

V1nH, Korns 

0TKYll8 

h 2 2 V h 2rV h (b+ --l 1 J
0 

{.....:..1-(b+--.1 + J1 t_::.j._(b +--lll 
flo a flo 8 fl 0 

• » v (b +-4,1 
I Po 

w F0
2 

h ( b + _h_) 2 

f3o 83 4 

l 
W83 h ) 2 ~(b + -r;-

4S 

(65) 

(66) 

(67) 
II' 

0 
¢opMyna ( 68) naeT oueHKY 

1 
nOK8.3b18810UlYIO o6UlyJO B03MO:lKHOCTb Ha6opa 3HeprKK 

cryCTKOM B pe30H8TOpe, T,K, HCHO, 'ITO H3 o6naCTH 838KMOlleiiCT8HH 3HeprHH 

CTOpOHHerO nons OT6Kp8eTCH cryCTKOM He fiOJIHOCTbiO, ans yTO'IHeHHS ¢opMynbl 

(67) MOMHO oueHKTb eUle KOnH'leCTBO 3HeprHH ; CTOpOHHero nons, • BTe-

K8JOUlell• Hnll, H8o6opoT 
8 38BHCHMOCTH OT ¢830Bb1X COOTHOLUeHKII), 'BbiTe-

K810Ulell "H3 o6n8CTH B38HMOlleiiCTBHS 38 epeMS nponeT8 cryCTK8: 

"' II' 
tKOH c - - -+ 

c-2rrah f -rtF,H)e o 4 It r 
I dt -t: ' I KOH "' 
fEb+ 

____h._ 

fo c 

H8 OCHOBHOII 

\'' 
F 2 a 2 h 
' 0 

0 

(7),( 17),(61) nonyq8eTcH: 

b+--k- 211 h 
) J ( II ) { 1 - oos fl ] '" 

I I ll 8 0 

'18CTOTe A 10 c yq~TOM 

h+t,; 
Jo (vi o .. 
(b++l; 

sv, 
Fh '\J,2 

4 •flit 0 
3H8K MHHyc noK83bt88eT, 'ITO e paccM8TpH8BeMOM cnyq8e ( an~T crycTK8 B Mo-

MeHT M8KCHMYM8 nonH F z CTOp,) 38n8CeHH8>1 B o6n8CTH B3BHMalleiiCTBHS 

3HeprHS CTOpOHHerO non>l yMeHbLU8eTCH 38 C'l~T • nepeTeK8HHH • H3 3TOII o6n8CTH 

B OCT8JibHYIO 'ISCTb 06'beM8 pe30H8TOp8 B Te'leHHe 8Cero BpeMeHK fi'JOneTB 

crycTKB, 

C 3TOII nonpaBKOII nnH e nonyq8eTcH ¢opMyn8 

WB3+ W 
f c 

\II 0 

_s_ (b 
45 

h 
+ --) { b 

fo 

Mo:lKHO npH8eCTK 'IKCneHHble npHMepbl llnll e 
nycTb a = 100 CM , b = 3 M • f 0 c 0, 5 ' 

h 
+-

fo 

~ =tOe 
18 

Torn8 nonyq8eM cnenyJOlliYJO T86nuuy 3H8'1eHKII: 

• 20 

h 2 v 2 
;:__:._.t. 

ll fl: (68) 

~ :.,\ 
·.I -~ ; ~ 

\ 

T86nKU8 1 

F 0 KHICM 

t 100 150 

h CM 
2 0,82 1,23 

5 2,61 3,91 
-

T86n. 1 noK83biBBeT, 'ITO senu'IKH8 nponeTHoro npoMe:lKyTK8 h 

uenocT8TO'IH8 nnH o6ecneqeHHR npennon8raeMoro H86op8 aueprH~ 

ll8:lKe npu H8npR>KeHHOCTH nom! 150 KB/CM. KaK BHllHO H3 (68), K 

38BHCHMOCTb OT llJIKHbl nponeTa( LUKpHHbl pe30H8TOpa ) 6onee CKJll 

B8eTCR Ha H86ope auepruu, qeM ll8:lKe yeenH'IeHHe H8'18JibHOII H8np~ 

nonR B pe30H8Tope , KoHe'IHO, npH yqATe Toro, 'ITO epeMR nponeTa 

pHOll8 OCHOBHOrO KOne68HHH B pe30H8TOpe, T8KHM o6pa30M, 6onee 

yCKOpRTb HS llJIKHHblX BOJIHBX, nponopUHOH8JlbHO yeenH'IHB8H p83Mep 

h pe30H8TOp8 C TeM 1 'IT06bl cpenHee OTHOLU8HK8 epeMeHH nJ 

K qeTBepTH nepHOll8 OCHOBHOrO KOJie68HHH pe30H8TOp8 CHJlbHO He H 

T.e. 

~ 
To 

2 h v 1 
trafo '"0011"1«1· 

KOJIH'l8CTB8HHO, npH OTHOCHTe JlbHO He60nblliOM H3MeHeHHH f (I) 

nponeT8, oueHK8 H86op8 aHeprHH crycTKOM nonyq8eTCH ua p8CCM01 

aoro npH6nu.lKeHHS B (59). 

nocne nollCT8HOBKH B (52), (58) If (59) COOTHOLUeHKII 

f= f 0 

(59) npHHKMB8T BKll: 

Q(t)=cf
0

t 

d 2 7( cMyf.l =-...,!L_( _!_ 
" f3o t 

2 OD 

l + ..J!L_ I - 1-s!n (~ 
m h 

b2 2 --"h rrh 
2 "'=' 

1C ( mtfa 
x[tc

1

( mtfb 0 --b~-·)1 1 (..J!L!!-!L_l 
-----l+ h h 1 1 '( rnlfa .+ 

0 --r-l 

2 f3 00 "" 16 s ~ 0 I ! 
a2b2 h Pet m=O 

(tn -
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(b+-h-)21 
flo 

h 

2 v h 1 J [--=..1.- (b + --. 
0 o flo 

+ J '~(b +-h-lll· 
I a fl 0 

(65) 

a >> V 
1 

(b +tl;;\ 

w 
63 

f 

F0
2 

h ( b 
4 

+ _h_) 2 

f3o 

ll'o 

h ) 2 __!i__ ( b + -,r;-
4S 

WB3 

(66) 

(67) 

.aaeT oueHI<Y 
1 

nOI<8.3b!B8101UYIO 061Uyl0 B03MO>KHOCTb Ha6opa aKeprHH 

8TOpe, T,I<, HCH0
1 

'iTO H3 o6n8CTH B38HMO.lleACTBHH aKeprH!I 

oT6HpaeTC!I crycTI<OM He nonHOCTbiO, lln11 yTo'lKeHH!I ¢opMynbl .. 
I<OnH'leCTBO 3HeprHH v· CTOpOHHero non!!, * BTe-

B 38BHCHMOCTH OT ¢a30BbiX COOTHOlUeHHA) 1 *BbiTe-

8CTH B38HMO.lleACTBH!I 38 epeMH nponeT8 cryCTI<B: 

-2rtah 
tKoH e !"[F ,H] :, 
J ~ I dt t: ' t KOH 

fEb+ 

.. __h._ 

foe 

h 

0 
0 

'l8CTOTe >. 10 c y'lliTOM (7),( 17),(61) nonyqaeTcH: 

b+* h+t 
Jo ( v, o a 

2 v h l .. 
) ( 1 - COR 8 fl 0 ) J t (VI 

B 

(b ++-); 
0 

'iTO B paCCMBTpHBBeMOM cnyqae ( snliT cryCTI<B B Mo-

F • CTOp,) 38n8CeHH8!1 B o6n8CTH B38HM':l.lleACTBH!I 

non!! yMeHbW8eTC!I 38 C'lliT * nepeTeK8HH!I * H3 3TOA o6nBCTH 

o6'beMa pe3oHaTopa a Te'leHHe ecero epeMeHH n•JoneTa 

e nonyqaeTC!I ¢opMyna 

h -+ --
flo 

=~(h+~-)[b 
45 f\ 

'lHCneHHble npHMepbl .anH 

b = ~ M ' f o = 0, 5 

~ 
18 

5 =tOe 

cne.ayJOlllYIO TB6nuuy 3H8'leHHA: 

20 
• 

h 2 v 2 
;:____:,_j... 

ll f!; (68) 

·r ·.~~ .. ~(~ ,.: 

~~ > 

Ta6nHua 1 

t 
Fo Kl /CM 

100 150 

h CM 
2 0,82 1,23 

5 2,61 3,91 

Ta6n, 1 noi<83biB8eT, 'lTO eenH'lHHa nponeTHoro npoMe>KyTI<a h =2CM HBHO 

He.aocTaTO'lHB .anH o6ecneqeKH!I npe.anonaraeMoro Ka6opa aHeprHH 
w 

0 

.aa>Ke npH Kanp!I>KeHHOCTH non11 150 I<BicM. Kai< BH.llHO H3 (68), I<Ba.apaTH'!HB!I 

38BHCHMOCTb OT .anHHbl nponeTa( WHpHHbl pe30H8TOpa ) 6onee CHnbHO CK83bi

B8eTC!I H8 Ka6ope aKeprHH 1 qeM .aa>Ke yeenH'!eHHe H8'lBnbHOA H8np!!>KeHHOCTII 

non11 B pe3oHaTope , KoHe'!HO, npH y'lliTe Toro, 'lTO epeM!I nponeTa « ne-

pH0.£18 OCHOBHOrO Kone68HH!I B pe30H8Tope, TaKHM o6p830M 1 6onee BblrO.llHO 

yCKOp!!Tb HB .anHHKb!X BOnK8X 1 nponopUHOHBnbHO yeenH'!HB8!1 p83Mepb! a H 

h pe30H8TOp8 C TeM 0 '!T06bl cpe.aHee OTHOWeHHe BpeMeHH nponeTB T 
np. 

K qeTBepTH nepH0.£18 OCHOBHOrO I<One68HH!I pe30H8TOp8 CHnbHO He H3MeHHnOCb0 

T.e. 

4 Tnp 

To 

~ 
rr a f o 

"' CODAl << l . (69) 

KonH'!eCTBeHHo, npH oTHOCHTenbHO He6onbWOM H3MeHeHHH f ( t) 38 epeMSI 

nponeTa, oueHKB Ha6op8 aHeprHH crycTKOM nonyqaeTC!I H3 paccMoTpeHH!I nep

eoro npH6nH)I( eHHH B (59). 

nocne nO.llCT8HOBKH B (52), (58) H (59) COOTHOWeHHA 

f= f 0 

(59) npHHHMBeT BH.£1: 

Q(t)=cf
0

t 

d 2 
d";""""( cMyf.l =-_!L_(...!.. 

b2 2 

c f3o t 

h 

K ( ...!!!...!.!-)I ( .1!L!l.L l 

) + 

0 h I h 
x(K 1(.J!!..!l_l + 1+ 

h !'(~) 
0 h 
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r.ae 

x ClOII ( ~ fJ 0 c t) t ...!..!.. ~ 0 .U ( ....!!!...!,_ f!0 ct) - >.t llba ( c >. • t) I + 
h h h . .. ... 

+ 

b 
hS J

1 
(II,-.. -) 

b ... I 
~0 - (" >.10 t). 

"V 2 m tr 2 >-. <,.. )- v<--J + f--> 
t., o a h >'o 

npaaa11 'l8CTb (70t - H3BeCTR811 cPYHKUHII BpeMeHH, D03TOMy ypaaHeHHe nerKO 

IIJ&TerpapyeTCII, V )' 2 _ 
1 

0 0 C ;rr6TOM COOTROWeiHfl' f'o .. )' 
0 

"' • No mo S•No•• 

r.ae N 
0

- 'lllc_:ro qac:rau crycTKa, m0 -Macca DOKOII aneKTpoaa nocne 

HHTerpHp088HHII, nonyqaeTCII: 

( 70) 

(71) 

(72) 

c No mo ( V )' 2 - 1 - VY 2 -n •-0 ------ . (l -

I 2 
"~ot l-'-+ 4Nne b I~x 

h 2 rb2cf!o-lm 

Y( mtra 

x ( 1- cos _!!u_.c 0 1)1 (....!ll.l.b. 
Ia ~"'o t 1a 

)( ( ( ..III..4L "0 --~·- ) I ( m tr b 
I b )+ II I --b~ 

1 ( mtra ]+ 

+ 
2 'f. !6~ •o 

a2bllac 

... 
I ,_, 

o~> 

2 b l 
J,<"t -.- 1-Lo- coB Ztrm f! ct)-

4 b 0 J~("t ).~;.,>-;,.<yo) 
,. f .. 

111-D 

2 

-( ). fm ( J -COB ( C ). 0 I ) COB ( Bib .. f O Ct )) -

>.' (y l ... 
m 1r A, At., 111 ( c >. 1 ) a ...!!!...!Lf.

0 
ctll ---'-.:-.-B t.. Ia 

b >. ~., ( Y o> t. 0 

+ 
2 I b a SF 0 J 1(.., 1 -l 

• • "\o'. (73) 

c ... : b 
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B K&'lecne e.aHHHUbl apeMeHH a ( 73) y.ao6Ho Bb16paTb npoMe)KyToK 

npHMepHo pa&Hbllt apeMeHH nponeTa, Tor.aa nocne BBe.aeHHH 6eapaaM 

apeMeHH 

T np 

nonyqaeTCII cne.ay10wee ypaaaeaae, aanucaaaoe y)Ke B 6eapaaMepaoJ 

+ 

v y 2 - 1 - v y 02 - 1 -
2N 0br 0 4N 0hr 0 ""t 

--...---- (1- r l r + 
2 2 

~~1-cos2J 
b fl 0 rr b fl 0 m=lm 

16N0 roflo 

a 2 b:l h 
~ 

t-1 
"" 

J2(vn-b-) 
I t a 

~ ( \ 2 \ 2 (y ) 
maOm J~(llf)"fm"fm 0 

m rrfloAlm 
- cos m rr r cos ( c A fm r )) 

h A~m (y 0 l 

2 a 2 E 0 r 0 J I ( II l_b_) 
a 

- 1-(l-cos2rrmr)-
4 

sin ( e A f m r ) sin m 

+ 11: b e 
sin , . 

r.ae r o .. 
2 

e 
m 0 c~ 

-Kn8CCH'leCKHlt pa.aHyc aneKTpOH8, 

.llanee C DOMOlllbiO (73) HflH (75) H8XOllHM 38BHCHMOCTb 

Q(t)=cf 
0 

H MOMeHT BpeMeHH t KOH 

d t HnH 

h , 

Q(rl=-zrf 
Po o 

v y 2 -1 

y 

• COOTBeTCTBYIOWHlt BbiXOllY crycTK 

HaTOpa Q ( t KOH l "'h , TaKHM o6paaoM aaxo.aHM nepaoe npa6m 

QmQ!(t) 
1 

/3•/31(1) 

npa KOHKpeTHOM pac'laTe He06XOllHMO ynpoCTHTb Bblp8)KeHHll 

orpaHH'lHB8liCb TOflbKO H8H6onee cy!lleCTBeHHbiMH qneHSMH pllllOB, J-< 

OllH8KO, B 06UleM cnyqae TpyllHO O)I{Hll8Tb 6biCTpOlt CXOllHMOCTH ps 

TOMY He06XOllHMbl llOflOflHHTenbHble lpH 3H'l9CKH9 OCHOB8HHll llnll BBE 

ynpoweanA. 
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Eo """ (" A 10 t) • 
bIll 

11 f 2 mtr I 
A. (y >- '1/!--l + (--) 

• m o a h Yo 

(70) - H3B8CTR8R ~YHKUHR Bp&M8HH 0 D03TOMy ypasHeHHe nerxo 

COOTHOWeHifl' ({0 .. 
'1/ r' -I 

0 

)'0 

)! - No mo s.N 0 e, 

'IHcno 'lac:rau crycTxa, 

nony'laeTCa: 

m0 -Macca noxoa anexTpoaa nocne 

( 70) 

(71) 

(72) 

ll ll t 4N 1e 2h 00 1 4N 0 e c~ot )-+ a I-=t'x 
- '1/)' ~- -I) •- bll ( 1- h 2 rb2c~o-lm 

c {:! 0 t )II ( ..JDJL.b. 

!Col Ill IF a 
)[I( (..lll...ltL) --h lll ( ~ 

t h + h I ( mr • _.....;;.._, __ ) + 

0 --r-> 
J ll b 

1 ( 11 f -.-) 
Jll(ll )A2 A' ( ) l+<r- eoa hm f ct)-

1 f fm ,., >'0 h 0 

.. 
f-t 

,. fIll 

m-«1 

( J - eoa ( c A • I ) eoa ( mh lr f 0 et )) -
111 

" A, At., abt ( c A • t) tola .....!!!..!L~ ctll 
... h >.' ( ) [81 h 0 ,., )' 0 

Fo J•("t_b_) 
(73) ... c AIO t • 

c v: b 
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h 
B KS'IeCTBe et:tHHHUbl BpeMeHH B ( 73) y t:t06Ho Bb16p8Tb npoMe)l{yTOK T np-~ 

0 

npaMepao paBHbllt speMeHH nponeTa, Toraa nocne sseaeHHH 6eapaaMepaoro 

speMeHH 

T np (74) 

nony'laeTcR cneay10mee ypasHeHHe, aanacaaaoe Y*e B 6eapaaMepaoA ~opMe: 

'1/ y 2 - 1 - '1/ y 02 - l - (1-r)r + 
4N 0hr0 oo 1 mwb 
-=--7-~'i.-f-.1.1-cos 2mwr) Il--H .. l+ 

17 2 b 2 fJ 0 m=lm h 

+ 
16NorofJo 

a 2 bll h 
'i. 

fat 

J 2 (vn-b-) 
1 t a 

'i. f \ 2 \ 2 (y ) 
maO m J~(llf )"fm "fm 0 

- 1-(1-cos2wmr)-
4 

A' 
fm {l-

A~m<Yol 

- cos m "r cos ( c ,\ fm r )) 
m "fJo,\fm 
h ,\~m <rol sin(c Afm r)sin m wrll + 

+ 

2 a 2 E o r o J I ( v l_b_) 
a 

v: b e 

e 

sin , . 

rae r o .. m
0

c..- -xnaccH'IeCKHit paaayc aneKTpoaa, 

(75) 

,Llanee C DOMOUlbiO (73) HnH (75) H8XOtlHM 38BHCHMOCTb 

Q (I) = c f 
0 

'1/ y2-1 
y 

d I HnH 

h , 
Q(r)=--zrf 

Po o 
'1/y'- 1 dr 

y 
(76) 

II MOMeHT BpeMeHH I KOH o COOTBeTCTBYIOUlHA BbiXOtlY crycTK8 H3 peao -

H8TOp8 Q (I KOH ) = h , TaKHM o6p830M HSXOtliiM nepsoe Dp116nH)I{eHHe 

QaQt{t), fJ•fJ 1 (t) 

np11 KOHKpeTHOM pSC'IaTe He06XOtliiMO ynpOCTHTb BblpS)I{eHIIR {73), (75), 

orpSHII'IIIBSSICb TOnbKO HSH6onee CyUleCTBeHH&IMII 'lneHSMH pHtlOB, Kax BlltlHO, 

OtlH8K0
0 

B 06UleM Cny'lae Tpyt:tHO Q)I{Htl8Tb 6biCTpOit CXOtliiMOCTII pHtlOB 1 noa

TOMY He06XOtli!Mbl tlODOnHHTenbHbl8 tpll 311'leCKHe OCHOBSHHSI t:tnH BBet:teHHH 

ynpomeHHit. 
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npe)l(,ne &cero Heo6XOllRMO Y'I9CTb1 'ITO B peallbHOM pe30H8TOpe HMeiOTCII 

BXOllHoe H BbiXOllHOe OTB&pcTHII, p8.C.HyC KOTOpbiX b t 1:; b , MO>KHO npe.nnonar8Tb 

'ITO H3-38 9THX OTB&pcTRI orpaHH'IHB89TCII .nonycTRM811 HeOllHOpOllHOCTb n0n11 B 

p8llHMbHOM H8Dp8BJI9HRR , 0ueHKy MO)I(HO BblnOJIHRTb CJie.nyJOlUHM o6p830M, .. 
<l>ypbe-p83nO>K9HRII nOTeHUHMOB A • 4J llBH>KylU&rOCII B CB060llHOM 

npOCTp8HCTB& cryCTK8 ( nnOTHOCTb 38pllll0B R TOK ll8Hbl !flopMynaMH (25)) 

JI&rKO npe.nCT8BHTb B !flopMe 

(A -lo,o,A. A.aflo ¢ ) . 
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(A"' )• 
2 Pob ,. ___ e 
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r > b , 
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), 

c{:Jo 
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f:3o 

0TCIOll8 b 
-+ 2AJ -e 
(Ec.>lr=~ 

I r» • "' e 
OfJ; I JbOlK,(rOl + 1-c-

"' . 
•-;-ro (bfi)K (r0), 

'a o 

< ii OJ> <P 
2 Poi> 

c 
e 

OJ 
I -;-p;• 

I
1
(b0lK

1
(r0l 

COOTB&TCTBYIOlllH& !flyp&e-KOMnOH&HTbl flOB&pxHOCTHbiX TOKOB 9n&KTpH'I9CKOro H 

• MarHBTHOro• 1 B036y>Kll9HHbiX non&M ( 78) H T&KYlllHX no TOpUOBioiM CT&HK8M 

p&30H8TOpa llJISI llOCT8TO'IHO 6onblUHX c.> 1 MOryT 6b1Tb OII&H&Hiol no cPoPMynaM 

.. .. 
c ~ c ~ 

} 
• - ,.--- [ D , H ] '" - 4-- e r (H ) t/J 

OJ • "' tr "' 

•-c--[= 
.. .. 

j • ,F. 1---;-: q.<F. ) 
"' 

4 , "' • OJ • 

.. 
er,et/l,e• 

.. 
-o~ UBnBHllpB'I&CKOI CBCT&Miol KOOpllBHAT1 

8 
.. 
e • ). 

TolltK aoa6ylKll8JOT aropuuoe none a pe30Barope ~ EcT&CTB&HHo, 'ITO R3 acel 

Henpepwaaol o6nacTR 'IACTOT "' rna&HO& 3H8'19HB9 BM&IOT Te, KOTOpble 

6JIII3KB It Co6cTBe-loiM 'IACTOTAN OJ fa • npa m- 0 nony'IA&TCH 
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(77) 

(78) 

(79) 

COOTB9TCTBH9 "' .. ~c • H 

2 II f 2 2 
0 -<---o-l (1-{:3 ). 

a f' 0 0 

npH cPHKCHpOB8HHOM {:3 0 H llOCT8TO'IHO 6onblUBX f 
1 T8K 1 'IT 

MO>KHO BCnOnb30B8Tb 8CHMnTOTB'I&CKH9 8blp8>K9HHSI ,nnsr 1 1 , lC 

TOr,ll8 TOKH ( 79) 1 8 cne,nOB8T&nbH0 1 H B036Y>Kll89M09 BTOpB'IHOE 

OK83b1B810TCSI nponopUHOH8nbHbiMB &enH'IHHe 

• {:3 0 
e 

211fy1-{:J~ 

11 f ---2-
--a- y I- {:3 0 ( r- b) 

8 Po 

TaKHM o6paaoM, c y'I&TOM Toro, 'ITO II f • rr f , nonyqaeTc 

anbHO& 38TYX8HB& C yaenK'I9HB9M HOM&pa 'rapMOHHKH' 

a ( 81) cne.nyeT B3SITb aenH'IBHY ~ b 1 • C'IHTasr .nocTa1 

,. ,neCSITHKp8TH09 yMeHblll9HH9 8MnnBTYllHOrO 3H8'19HHSI BAnH'IHH, I 

'ITO .non>KHO 6b1Tb 

rr t ·' a Bf3-; V 1 - {:J 0 ( b I - b ) > 2 ' 

OTKYll8 nony'I89TCSI, 'ITO M8KCHM8nbH09 'IHCnO 'pa,nHSnbHbiX rap: 

CylU&CTBQHHblft BKna,n B B036y>Kll89M09 cryCTKOM none, MO>KHO ( 

2 a flo 

max rr(b 1 -b)y1-{3~ 

KaK BHllHO H3 npe.n~o~.nymero, npH nonyqeHHH ( 82 )1aoa6y>K.aaeM 

BTOpH'IHOQ none OU9HHB8nOCb K8K llHcPp8KIIHOHH09 none C nOM 

cPH3B'I9CKOI onTHKH, VfaaecTHO, 'ITO nocne,nHHI npHM&HHM H ,naE 
2trbt /20/ 

TenbHoe cornacae c onbiTOM, ecnH --x- ::t 3 • , eM. 

OTBepcTHSI B 9Kp8He, ,\ -,nnHH8 BOnHbl), no9TOMY OU9HKI 

ae,nnHB8, ecnH OllHOBpeM&HHO C Heft BblnOnHSI9TCSI Hepa&eHCTBO 

npH m .,t 0 B&nH'IHH8 0 nonyqaeTCSI 3H8'1HT9nbHO 

a » h ) H aMnnHTYllbl COOTB9TCTBYJO!UHX rapMOHHK ,non: 

no.naaneHHbiMH. 

25 



Heo6XOJ:IHMO y'leCTb1 'ITO B peallb HOM pe30H8TOpe HM910TCll 

OT&epcTHll, pa,r.HyC KOTOpbiX b 1 i:: b • MO>KHO DpeJ:IDOn81"8Tb 

OT&epcTHI Ol"p8HH'IHB8eTCll J:IODYCTHM8ll H90J:IHOpOJ:lHOCTb DOnR B 

IJpaaneHHH • OueHKy MO>KHO BblnonHHTb cneayJOlllHM o6paaow • ... 
A • .tJ J:IBH>KYlll91"0CH B CB060J:IHOM 

( DnOTHOCTb 38p!IJ:IOB H TOK J:l8Hbl 4Jopwyn8MH (25)) 

'A • A.=fJo¢ ) . 
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"' I -;;rr;;• 
1 1(b0lK

1
(r0) 

IJ!yp&e-KOMDOH9HTbl noaepXHOCTHbiX TOKOB aneKTpH'I9CKOI"' H 

5y>KJ:I9HHbiX noneM ( 78) H TeKylUHX DO TOpUOBbiM CT9HK8M 

J:IOCT8TO'IHO 60nblUHX W ,MOf'YT 6b1Tb 0119H9Hbl no IJ!opwyn8M 

... 
-+.-[; ,H I c ... 

} , w • -4-.,-- e t (H w ) </> 

c [: ... c ... ... 
.F.w]"'--,;;--e .p<F.OI l. 

:a ). 
BTOpH'IIIoe none a peaosarope ~ EcTeCTBe&ao, 'ITO H3 acel 

'19CTOT w rnaaHoe 3H8'19BH9 HM&JOT Te
1 

KOTOpb19 

'19CTOT8M 01 t,. • npa m • 0 nony'l89TCll 
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(77) 

(78) 

(79) 

COOTB9TCTBH9 
Vf 

w .. --- c • H 

2 v n =< e 2 
2 

~) (l-{30 ). (SO) 

npa IJ!aKCHpOB8HHOM {3 0 H J:IOCT8TO'IHO 6onblUHX f , T8K 1 'ITO b 0 j;; 3 

MO>KHO HCDOnb30B8Tb 8CHMnTOTH'19CKH9 Bblp8:lK9HHII J:Inll I 1 • K 0 • K 1 

TOI"A8 TOKH ( 79), a cneaoaaTenbHo, H aoa6y:lKJ:I8eMoe BTOpH'IHoe none 

OK83biB810TCll nponopUHOH8nbHbiMH aenH'IHH9 

Vf ---

J 

a {3 o 
-~yl- {3~(r-b) 

(81) 
e 

2vfyl-{3~ 

TaKHM o6paaoM, c y'IGTOM TOI"0 1 'ITO v f •" f 1 nony'I89TCII SKCnOH9HUH-

anbHOQ 38TYX8HH9 C yaenH'I9HH9M HOMepa 'rapMOHHKH' • B K8'19CTB9 

a ( 81) cneayeT B3HTb aenH'IHHY ~ b 1 • C'IHT8H aocTaTO'IHbiM 

.. J:I9CHTHKp8TH09 yMeHblll9HHe aMnnHTyJ:IHOI"O 3H8'19HHII B<>nH'IHH 1 MO:lKHO npHHliTb 1 

'ITO J:IOn:lKHO 6b1Tb 

rr£. .! 2 """Bf3;- V l - {3 O ( b I - b ) > 2 , 

OTKy a a nonyqaeTCH
1 

'ITO M8KCHM8n&Hoe qacno • paaaanbHbiX rapMOHHK' 1 J:I8101UHX 

CYlll9CTB9HHbll BKn8J:I B B036y>KJ:I89MOe cryCTKOM none, MO>KHO OU9HHTb 'IHCnOM 

f 
2 a fJ 0 

(82) max rr(b 1 -blyl-{3~ 

KaK BHJ:IHO H3 npeJ:IbiJ:IYlllero 1 npa nony'leHHH ( 82 )1aoa6y:lKaaeMoe crycTKOM 

BTOpH'IH09 none OUeHHB8nOCb K8K J:IHIJ!p8KUHOHH09 none C noMOlllbiO npHHUHna 

IJ!H3H'IeCKOit OnTHKH, Yf3B9CTH0 1 'ITO noCn9J:IHHit npHM&HHM H J:I8eT yJ:IOBneTBOpH-

2rrbl /20/ 
TenbHoe cornacae c onbiTOM, ecna --x- ~ 3 • , eM. ( b 1 -paaayc 

A -anaHa aonHbl). noaToMy oueHK8 (82) cnpa-OTB9pcTHll B 9Kp8H9 1 
3a 

B9J:lflHB8
1 

eCnH OJ:IHOBpeMeHHO C Halt BbiDOnHHeTCll Hepa&eHCTBO f max~ ~ 

npa m ~ 0 senH'IHHa 0 nony'laeTCH aHa'IHTenbHO 6onbwell (ecml 

a » h ) H 8MDnHTYJ:lbl COOTBeTCTBYIOlllHX rapMOHHK J:lOfl:lKHbl 6b1Tb CHflbHO 

noaaaneHHbiMH· 
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I 

I 

KpoM& yX838HHbiX C006p8)KQHHI OTHOCHTenbiiO 803MO)KHOI H&O.llHOpO.llHOCTH 

nonel 8 pa.llHanblloM HanpaaneHax1aeo6xo.llHMO y'leCTb, 'ITO peanbll.wl crycTox 

HMe9T KOHe'IH.bll p83M8p 8 npO.llonbHOM Hanpaan&HHH, TaKHM o6p830M 1 80nH.w, 

C03.ll810UliiQ HQO.llHOpO.llHOCTb non.R 8 3TOM H&npa&neHHH Ha p8CCTOIIHHIIX0 Cp88-

HHM.b1X no xpaiHeA M&pe C HeCKOnbXHMH p83M8p8MH cryCTX8, He MOryT 803-

6y)K.ll8TbCll KOrepeHTHO H 1f8CTH'IHO r&CSIT .llpyr .llpyra. 3TO o6CTOIITenbCTBO 

oco6eHHO cywecTBeHHo 8 ynbTpapeniiTH8HCTCXOM npe.11ene, xor.lla H3ny1f&HHII 

8 OCHOBHOM H8npaaneHO 8nepe.ll H 8 ycn08HQ xorep&HTHOCTH .llOn)KH.W 8XO.llHTID 

• /21/ 
rna8H.WM o6paaoM npo.llonbHble paaMepbl crycTxa, eM. 

VI 

HH)Ke npH80.llliTC.R XOHXpeTHb18 OUQHXH .lln.R HeXOTOp.WX Cny1f8Q8 ycxopeHHll 

crycTxa 8 peaoHaTope. 0cH08Hble napaMeTpbl pe30H&Topa H crycTxa T&KHe )KQ, 

K8KHe 6.WnH DpHHSITbl npH p8C1f&Te Ta6n. 1 ( a "' 100 CM I b • 5 C~' I b I = 4,5 CM 1 

b m 3 CM I S • 10 l3 e ; fJo • 0.5 ). Pac'l&Tbl npOIIO.llHnHCb no liJopMynaM ( 75), 

(76) nocne pll.ll8 ynpOUl8HHA 8 4JopMyne (75) C y'IATOM CX838HHoro 8b1Ule OTHO

CHTenbHO .llOnyCTHMoro 8Kn8.ll8 pa3Hb1X rapMOHHX 8 8036y>K.ll88MOe cryCTKOM 

none • .LlononHHTenbHo MO)KHo 3&MeTHTb emA cne.llyiOmee. "lecneHHoe cpaaHeHHe 

8MnnHTy.ll .llnll rapMOHHK C m • 0 H c m ol 0 noxa 3bl88eT , 'ITO nocne.ll-

HHe 3H81fHTenbHO MQHblUe 
x) l 

• .Ll&ACT8HTenbllo, 8blp8)KeHHe .llnll F. 
0 

npH 

f3 ..; f3 0 "' C!ODSI nocne aaM&H.bl 'lepe3 r ) nony'laereR H3 (30): 

J. 
r.. 

r b 
t6sf3

0 
oo oo "r 1o<"r-;::->J 1 < "t-.-> 

- 8 -- I I f eos~l A. br mwR 
a bh f•l m•O m A a (y ) J ~( ) h ·l' slu(A • -}-.::::t:.l!sinra,.l• 

fm 0 I 11£ m un {1 h ' 
(83) 

0TCIO.ll8 .llnll He6onblUHX 3H8'1eHMA 
J. 

f T8XHXl- 'ITO ~ « I nony'I&&TC!I 

SonblUMe 3H8'1&HHR f 

F.fm r .. 0 
--.:r-

F. fo ... o 

2
( __ t_)~ a 1 

• 
!....!.fr-la 

8 ( 83) MO)KHO He Y'IHT.b188TID1 T8K X8K 0 X8X CK838HO 

8.b1Ule, 8 peanbH biX ycn08HIIX COOT8eTCTByiOUlH8 rapMOHHKH OX83.bi8810TCII cn86o 

x) 
noao6Hbl8 oueHKH Dpo8oaHnHCb T8K)Ke KoTOBioiN H Konnaxo8.WM. 
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eb1p&)K8HHbiMH • .Un11 xpaiHHX 3H81f8HHI f 
J. 

8 CMblcne liJopMy nbl ( 8:l 
J. 

MO)I(HO nony'IMTb OUQHKY 0 Cpa&HM88ll E fo H F. npH f • f 
10 max 

ny'l&eTCSI OTH0Ul8HM8 

J. a~ J (v b) 
I ~ I ,.o - I ra [ J I< "I> ~ < b I - b > ~ 

E 10 ... o h h 11 Jil ( ) ) • --f I 11 f bb 

(1- f3o~ 
16"1; 

KOTOpoe 1!p8KTH'18CKH COXp8HSIQT nOCTOSIHHyiO _renH'IH~Y 

a aaT&M y6b18&eT. HaxoHeu, OTHomeHae ( F. f I E f 
•r2< 2hf3 0 "'la 

0 

HMeeT nopRaOK o m(b 1-blyl- {3 0 

2 b f3 0 
J [ r.--;:; 

I (b -b)y1- {3 
I 

2a {3 o 

(b ,-hl-11- {3~ 

8nnoTb .110 f • f 

) npH f 

H T8KHM o6p830M 

p8CCM8TpM88QMOI o6n&CTH 3H81f8HHA YO OK83biB810TCSI Cp8BHHMbiMH TC 

anSI aayx-Tpex HH3UlHX no m rapMOHHK. 

B pe3ynbT&Te T&KHX oueHoK anH1HHR 1fneHo8, aomeawax a (70),(1 

( 75) 38 C'IAT COCT&BnSIIOUlHX nonll F. • 1 DpH aanblleAWHX p8C'IAT8X E 

y1fHTbiB8nHCb nHWb 'lneHbl C m ,. 0 anSI 3H81feHHA f-1,2, ... ,20. 

TOro, oueHK8 &nHSIHHSI 'lneHOB 0 BOWeaWHX B ( 75) 38 C'IAT COCT8BnSIIOUleA 

F. II , noxa3ana, 'ITO cymecT&eHHO? 3H&1feHHe MoryT HMeTb nHWb nap! 

(He BoweamHA Doa 3H8K CYMMbl) 'ln&H H oaaH-aBa 'lneaa CYMMbl, 

PeaynbT&Tbl npoaeaeHHbiX nocne aTHX ynpomeHHA pac'IAT08 npe.llCTI 

B Ta6naue 2, rae .ll8Hbl H8'18nbHble H KOHe'IHble 3H81f8HHSI aenH'IHHbl y 

ny'IHBWHecR nocne nocneaoaaTenbHoro npoxo)KaeHHSI crycTKOM Tpex oa1 

E .. t5o · 
BbiX pe30H8TOpOB C 8MDnHTY aHbiM 3H81feHHeM C ropOHHero nonS! 0 

( napaMeTpbl Te )KQ 0 'ITO H anSI OT86n.1). 

Ta6nHua 2 

y 0 y KOH (y KOH) H.ll 
/j. 

1,502 1,891 2,966 26% 

1;891 2,184 3,351 20% 

2;184 2,438 3,648 17,5% 

8 Ta6nHUe 2 npHBe.lleHbl T8K)Ke KOHe'IHbiQ 3H81feHHSI y 
0 Bbi'IHCneHHI 

06b11fHOA liJopMyne E 0 e b 
{ Y ) a Y 

KOH Ma 0 
+ 

m 
0

o ~ 
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coo6p8)f(QHHI OTHOCHT9!lbHO B03MO)f(HOI H80.!lHOpO.!lHOCTH 

HanpaaneHHll1 H&06XO.!lHMO y'lecTb, 'ITO peanbHWI C!'"yCTOX 

paaMep a npoaonbHOM HanpaaneHHH. TaKHM o6paaoN, aonHw, 

HOpO.!lHOCTb non~ B 3TOM Hanpa&!l9HHH H8 p8CCTORHHRX, cpa&

Mepe C HeCKO!lbKHMH p83M8p8MH cryCTX8, HQ MO!'"yT BOa-

THO H qacTH'IHO r&CRT .!lpyr .!lpyra. 3TO o6CTORT8!lbCTBO 

HO B ynbTp8p9!1RTHBHCTCKOM npeaene, KOr,!l8 H3!1Y'I8HH8 

0 anepea H B YC!IOBHQ xorepeHTHOCTH .!lOJl}I(HJol BXO.!lKTb 

• 1211 
npoaonbH&Ie paaMepbl crycTxa, CM. • 

VI 

KOHKp9THb19 OUGHKH .!l!IR H9XOTOpbiX Cnyqaea YCKOpGHHR 

0CHOBHble napaMeTpbl pe30H8TOpa H cryCTXa TaKHe )1(8
0 

pac'IC!Te Ta6n. 1 ( a a 100 CM I h • 5 C~' 1 b l ., 4.5 CM 1 

.o.s ). Pac'!C!T&I npOIIO.!lKnKcb no !jlopNynaM (75), 

!jlopMyne (75) c y'I&TOM cxaaaHHoro awwe OTHo

paaH&IX rapMOHHX B 8036y>K,!la9M08 cryCTXOM 

MO}I(HO 3aMeTKTb 8W& C!l9,!lyiOWee. \.{KC!leHHoe Cp8BH8HHe 

m•O H c m-/0 
x) 

noxa 3blaaeT ..J.: 'ITO nocnea

LlellcTBHTenbHo, Bblpa}I(QHKe .!l!IR F. 
0 

M9HbW9 
npH 

nocne aaM&Hbl '19p83 ) nonyqaeTCR na (30): 

I 
m•O 

!lbWHX 

r b 
vel 0 1"t -;;-> J l ( "t -a-) 

A 2 ( ) 2 cos ..!!.!!.....j A. siii(A hr) mrrR. 
fm Yo 1 

1 
(vf) h "l'm fm "/:i -.:::=!sin•e,.l• . ,. h • 

3Hf'19HHII 

F. fm ---::r-- r • o 
F. fo • .. o 

(83) 

T8XHXJl. 'ITO ~ « 1 
2(--f-)2 a ' 

a 

nony'la&TCR 

<4->' 
R 8 (83) MO)f(HO He Y'IHTWB&Tb, Tax K&X , xax cxaaaHo 

X YC!IOBHRX COOTB9TCTBYIOWH8 rapMOHHXH OX83bl88lOTCR cn86o 

npoaoaKnHcb TaK)f(e KoTOBbiM H KonnaxoawN. 
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ablpa)f(QHHbiMH, Lln~ xp&IHHX 3Ha'I&HHI f 
.1. 

B CMbiC!lQ !jlopMy!lbl (82) ), 
.J. 

MO)I(HO nony'IHTb OU9HXY 0 cpaBHHBa~ E fo H F. IO npH f • f max • no-
ny'I89TC~ OTHOWQHHQ • 

.J. 

~I ,.o .. I E 10 zaO 

a2 J 1 (via> 1 
1
!v

1
) 

bh [ "tJYI<ve> 

2 
1 .. -"---·-· 

bh 

(1- f3o~ 
l6.j1""" 

I 

KOTOpoe np&KTH'IGCKK COXp8H~9T nOCTOSIHHYIO f8!1H'IK1Y 

a aaTeM y6&~aaeT. HaxoHeu, OTHOWeHKe ( E f I E f 
2 2hf3o m 8 o 

HM9eT nopSI.!lOK "' YO ( m ( b 
1
_b) y I- {3 O ) 

J l [ 

2a{3o 1 

(h,-bl~:;•• 

annOTb .!lO l • f max 

f ) npH f 
max 

K TaKHM o6p830M .!l!IR 

paccMaTpKB89MOI oi5nacTH 3Ha'I&HHI Yo OXa3biBaiOTCR cpa&HHMbiMK TO!lbKO 

an~ aayx-Tpex HH3WHX no m rapMOHKK, 

8 pe3y!lbTaTe T8XKX OU9HOX BJIH!HHR 'l!l9HOB, BOWe,!lWRX B (70),(73), 

( 75) aa C'I&T COCT8B!l5110WKX nonSJ E s , npK aanbHeiiWKX pac'IC!T8X B ( 75) 

y'IHTbiBa!lKCb JlHWb 'l!leHbl C m '"0 • ,!l!ISI 3Ha'!eHKII f - I ,2 .... '20 . KpoMe 

TOrO, OUeHxa B!IHSIHKSI 'l!l9HOB, BOW9,!lWKX B ( 75) 38 C'I&T COCTaBnSIIOWell nO!lSI 

F. II , noxaaana, 'ITO cywecTaeHHO? aHa'!eHHe MoryT KM9Tb nKWb nepablll 

(He BOWe,!lWKII no.!l 3H8K CyMMbl) 'IJIQH K O,!lKH-,!lBa 'l!leHa CyMMbl. 

PeaynbTaTbl npoaeaeHHbiX nocne 3TKX ynpoweHKI pac'IC!TOB npeacTaaneHbl 

B Ta6nHU8 2, rae ,!laHbl Ha'!a!lbHble H KOHQ'IHble 3Ha'I&HK51 BQJIK'IKHbl Y , no-

ny'IHBWKeCR nocne nocne.!lOBaTe!lbHOrO npOXO)f(,!lQHHSI cryCTKOM Tpex O,!lKHaKo
KB 

BbiX peaoHaTOpOB C aMn!lHTY ,!lHbiM 3Ha'!eHKQM C ropOHHero nO!lSI E 0 ,. 150 -;;:;--

( napaMeTpbl Te )f(Q 1 'ITO K ,!l!ISI T86n.1), .. 

Ta6naua 2 

Yo y KOH (y KOH) R.!l !l 

1,502 1,891 2,966 26% 

1,891 2,184 3,351 20% 

2;184 2,438 3,648 17,5% 

8 T86!1HU9 2 npKBe,!l9Hbl T8K.>Ke KOHe'IHbiQ 3Ha'I&HK~ y , Bbi'IHC!lQHHbl9 no 

06bi'IHOI !jlopMyne 

( y KOH )H.!l ,. y 0 + 
E 0 e h 

moo 2 
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H ,ana cpaaeHHHH ,aaHa OTHOCHT&nbH&a aenRqHH8 1\ , r.ae 

y - y 
t; a ltOH. o 

( y ) -
ltOH. H.Q. yo 

C,ae/I&HHble qKCn&HHb18 pacq(!Tbl MO}f(HO yToqHHTb C ROMOWbiO BTOpOro 

npH6nH*eHHa. CooTBeTCTBYIOWHe pac'I!!THble <t>opMynbl nony'I&JOTCa H3 (52), 

(84) 

(58 ) , (59), (62) cne,ayJOWHM _e6p83oM. Ta1t *&, lt&lt H .ana nepaoro npH6nH*eHHa 

B Bblp8}1(8HHH (58) .ana F z yqHTbiB810TCR nRW b qneHbl C Ill ~ 0 • 1 ~ f ~ 20 ; 
1 

II 
B 8blp8}1(9HHH (52) ,ana F z yqHTbiB810TCSI nep&bll 'lneH H O.QHH 'lneH cyM-

Mbl npH m •1. Llanee, a npaay10 qacTb (59) aMecTo Q (t l, y It), {3 (t) 

H T,,Q, RO,QCT&BnaiOTCR 3H8'18HHa Q 1( I) , )" t (I ) , ~I (I) H T,.a., nonyqeHHble 

nocne pac'I!!TOB no nepaoMy npH6nH*eHHIO ( 

COitpAW9HH9M qHcna 'ln9HOB). nycTb '19pe3 

CM, <t>opMyny ( 75) C COOTB9TCTBYIOWHM 

y 2 ( r l ( r. cfo 1 6e3p83MepHoe 

spews!) o6o3HaqeHo &Topoe npH6nR*eHHe, Tor.aa ana p83HOCTH 

"'r<r> •r,<r>- y2<r> 

B npe.anono}f(eHRR, qTo 1\ y (r) -Mano, nonyqaeTCa <t>opMyna 

( 135) 

~ 
2" r rrb JFb cos21rl'-1 

+ -
2
-,- I 1( -h-) K 1(-b -l[rsln21Fr +--::2-"-

{3 0 

"'y( r) • -~...-.!---
8 

r 2 20 

- _I - f {3 I ( e ) ( sia 2 , , - sia 2 "e ) d e J + ~ B 0 l: 
f3o 0 b e.;.. 

2 b 
1 I (v f-.-) 

' 2 "t 11 <"e 1 

Vfb r "t h 
J {3 1 < e l sin £ -- < r - e l l d ~ l I . 
0 • {3 0 

"th 
---- r - f3'o cos a {3 o 

a {3 0 

<sal 
[{3 1 (rl-

no 4>opMyne (79) 'IIICneHHbiM HHTerpHp088HH8M H8 M8WHHe 63CM-3 6wn Bbl

nonHeH pac'I!!T np11 Tex *e 3H&'IeHHax napaMeTpoe, qTo H .ansr Ta6n. 1,2. B Jta

'lecTBe nepaoro npH6nH}f(eHHa 6panoc& peweHHe,cooTBeTCTByJOwee 3JiaqeHHIO 

y 0 • 1,891 T&61111uw 2. Ha pHc. 2 npe.acTaaneaw rpa<t>HKH aenaqRH 

r,<rl, y2(r) •yl(rl+i'iy(r). 

Ku Bll.aHo H3 pac. 2, y'I!!T aroporo npR6nR)K8HRa .aaeT .aononHRTenbHoe yMeH&

weHHe nonHoro aa6opa uepr•• crycTitOM ew!! aa aenRqHHy 

1\ Y ~ + [ < Y 1 >KoH- ~ Y 1 > 0 l . r.ae < Y 1 l KOH 
1 

cornacao Ta6n. 2 1 

paaao 2,184. nony'I-HU H3 pac'I&Ta .\ y < r l no nopK.aKy aenH'IHHbl :a 0.1 

H, TUHM o6p830M 1 Oll&3b1889TCa npReMneMOI ,ana TeX OU9HOK 1 C ROMOWbiO 

28 

KOTOpblx nony'leHa cpopMyna ( 86). Ha pH c. 3 aononHHTenbHO K npea1 

_onSI TOrO }1(8 cny'IBSI npe,QCT8Bn9Hbl aneKTpH'I9CKHe nonS!, aei!CTBYIOIJ 

B Jl8}f(,llblll ,Q8HHblll MOM9HT BpeMeHH, nOK8 Cr'yCTOK H8XO,QHTCSI BHyTp 

nomi pacC'IHT8Hbl no nepBOMy DpH6nH»<:eHHIO, T,e, KOI",Q8 CKOpOCTb Cl 

npeanonaraeTCSI nocTOSIHHOII. _ E o -aHewHee none B peaoHaTc 

_E 1 -aneKTpH'19CK8SI KOMnOH9HT8 nonepe'IHOI"O nonS!, B036y»<:_oae~ 

KOM, E 2 -cTaTH'IeCKoe none, HaaoaHMoe crycTKOM, E 

aenH'IHHa acex Tpex nonell. 

VII. 

B paaaenax v, VI 6blnH paccMoTpeHbl cny'laH ycKopeHHSI a cnae 

BHCTCKOII o6n8CTH, KOI",Qa ,QnSI onpe_oeneHHSI noT&pb 3HeprHH 6blnO eL 

aeHHbiM H3M9H9HH9 &enH'IHHbl f3 1 T,e, KOI",Q8 TOK, C03,Q888e! 

ew!! He aoxoaHn ao •Hacb1W9HHSI• npH f3 " I • n pe,acT&BnSIE 

nony'leHHe 8CHMnTOTH'I9CKHX OU9HOK 8 _opyroll o6n&CTH- ynbTpapenAT 

KOI",Q8 f3 ., I H DpOHCXO,QHT nHWb yaenH'I9HH9 Y (I) · 

Vf3 <t>opMyJ1bl (9) C y'I!!TOM (28) ,QnA 3H9pr'HH nOnA H311Y'I9HHA 

x) 
Bbtpa»<:eHHe 

I • 2 2 2 '<' '>' 

2 ( b 2 
16 S J 1 v f-a-) c 

1( .I,-(q +cu q l=-"' -f 
<2> .\ 2 .\ .\ .\ m :0 £..1 m a ~J--: ( v f ) A ~m 

X I [ f 
m 7TQ 2 t 

f3 cos ( c A 
0 

( t - r) l cos --h--d r] + [ f f3 sin (c.\ 0 ( t-rll co 
Lm 0 tm 

0 

npH y >> I eCT9CTB9HHO p8CCM8TpHB8IOT 38KOH ,QBH»<:9HHA f3=i 
, ) h 

Toraa ana MoMeHTa apeMeHH t • tKOH = --1'1- ( MOMe~ 
~· 0 c I 11 I 

BbiJ19T8 Cr'yCTKB) 3H8'19HHe }( (2) 6yaeT ( CM, T8K»<:9 ) 

x) npH {3(t)-/ const 

SHepr'HA•. 

8 H (2) BXO,QHT 
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H • nonepe'IH8R C06CTB9HHB 
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OTHOCHT81lbH8H B&llH~HHS A , r.11e 

)' - )' 
A - KOH. 0 

( )' ) -
KOH, H.ll• )' o 

~HCJleHH&Ie pac~~T&I MO)I(HO YTO~HHTb C noMOmbiO BTOporo 

CooTBeTcTByJOmHe pac~~TH&Ie ¢opMyn&l nony~aiOTCH H3 (52), 

(84) 

) cne.llyiOmHM J.o6paaoM. TaK *&, ll&K H .llllR nepaoro npH6JlH)I(eHHR 

{58) .llllR F y~HT&IB810TCiil llHm b ~ll&H&I C ID m 0 , 1 S:: f S:: 20 • 
I Z ' 

II 
(52) .llllR F z y~HT&IBBIOTCR nepa&ll ~eH H O.llHH ~neH cyM-

.llanee, B npaay10 ~8CTb (59) BM9CTO Q (t), )' (t), {3 (t) 

3H8~9HHiil Q 1( l ) , )' l ( l ) , {3 I ( t ) H T • .ll., nony~eHH&Ie 

nepaoMy npa6JlH)KeHHIO ( CM. ¢opMyny ( 75) C COOTBaTCTByiOmHM 

Y 3 ( ' l ( r • ~ t 6eapaaMepHoe 

o BTopoe npa6nH}I(aHHe. Tor.11a llllR paaHocTH 

~y!rl •y
1
!rl- y

3
(rl ( 85) 

'ITO Ay(r) -Mano, nonyqaeTCR ¢opMyna 

.v, v ~ r 
2 

1 wb wb cos2wr-1 
- + -- I 1( --) K 1!--l[rsla2wr +----

{3 0 8 2lf b h 

2 30 
< e > < sin 2 , r - siD 2 rr e > d e J + ~ba B 

0 
l: 

I ~ 

"th , "t h 
I f3 I ( e ) sin [ -- ( , - e ) l d e I I . 
0 • {3 0 a {3 0 

(Q < <sal ,.., rl-

(79) 'IHCilaHH&IM HHTerpHpOB8HH8M H8 MamHHe 63CM-3 6&111 B&l

npH TaX )!(a 3Ha~eHHRX napaMeTpoa, 'ITO H .llllR T861l. 1,2. 8 K8-

npH6JlH)KaHHR 6panocb pemeHRe,COOTBaTCTByiOmee 3H8'19HHIO 

2. Ha pac. 2 npe.llCT8BneH&I rpa¢RKH aenii'IHH 

y
2

(r) =y
1
(r) +-\y(r). 

pHC, 2, Y'I~T BToporo npH611HlKeHIIK .ll88T .llOftOilHRTellbHOe yMeHb

H86opa .. HeprHH crycTKOM em~ Ha aenH~RHy 

[ < Y 1 >KoH- ~ Y t l 0 I • r.11e < Y 1 l cornacHo Ta6n. 2 
1 KOH I 

A y ( r l no noplil.llKy aenR'IRH&I :ji 0, 1 

, OK83&188aTCR npHeMJlaMOI .llllR TaX OUaHOK
1 

C nOMOmbiO 

28 

\'", 

KOTOpbiX nony~e11a cpopMyna ( 86), H a pHC, 3 .llOnOilHHTellbHO K np&.llbiLlymeMy 

Llllll TOrO lK& Clly'last np&LlCT8BilaHbl 3/leKTpH'IeCKHe nOilll, aeiiCTBYIOmHe Ha 

B K8)KLlblll .l:l8HHblll MOMaHT Bp&MeHH, nOK8 CryCTOK H8XO.l:lHTCll BHyTpH nonOCTH. 

nonll pacc~HT8H~ no nepBOMy npH61lH)KeHI!IO, T,e, Kor.aa CKOpOCTb cryCTK8 

npe.anonaraeTCll nOCTOliHHOII, E o -suewuee none B peaoHaTope, 

.E -aneKTpll'!aCKast KOMnoHeHTa nonepe~Horo nonll, soa6y*.aaeMoro crycT-

KOM, E 2 -cTaTI!'IacKoe none, Haao.aaMoe crycTKOM, E -cyMMapHall 

seni!'II!Ha acex Tpex nonell, 

VII. 

B paa.aenax v, VI 6hlnH paccMoTpeHbi cny'lal! ycKopeHI!ll a cna6o penliTH

BIICTCKoll o6nacTH, Kor.aa .anSI onpe.aeneHHst noTepb auepraH 6bino em~ cymecT-

aeHHbJM H3MeHeHHe aenH'IIIHbl f3 , T.e. Kor.aa TOK, coa.aaaaeMblll crycTKOM, 

em~ He .aoxo.aan .ao •uacblmeHHll" npH f3 • 1 , npe.acTaansteT HHTepec 

nony'leHHe acHMnTOTH'IeCKHX oueHoK B .apyroll o6nacTH- ynbTpapenRTHBHCTcKoll, 

Kor.aa f3 ,. I H npOHCXO.l:lHT llHmb yaenH'IeHHe )' ( l) · 

Ma cpopMynbl (9) c y'I~TOM (28) .ans aueprHH nons HanyqeHast nony~aeTCll 
x) 

Bbipa:>KeHHe 

I • 2 2 2 '<' 
1( •l:-(q +cu q >="" 

(2l A 2 A A A m=O 

2 ( b 2 
16s J 1 "r-.-lc 

';' 
- f J',.r m 

X a 2-b 2-hJ ; (II f) A ;m 
(87) 

X I [ I m TTQ 2 
1 

mTTQ 2 f3 cos (c A 0 (t- r)) cos --h--dr] +[I {3 sin(cA 0 (t-rllco•--h-dr] l 
Lm .... Lm 

npa ecTeCTBeHHO p8CCM8TpHB810T 38KOH .l:lBH:>KeHHst f3=f3o=const, 
I h 

= lKOH = -R-- ( MOMeHT apeMeHH 
P oc I 11 I 

}( (2) 6y.aeT ( CM, T8K:>Ke ) 

y» I 

Tor.aa .ans MOMeHTa apeMeHH 

BbllleTa CryCTKa) 3H8'!eHHe 

x) 
npH {3(t)-l cons! B H (3) BXO.OHT H • nonepe'!HSR C06CTBeHH8R 

aueprast•. 
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~ b 

64 S 
2 {3: a 

2 00 00 £ m J I ( 11f -a-) 

}{ (2) = I I 
X b h m=O f=1 

2( l[ 2 ( m"a )2]2 1 1 11 f 11£ + _h_y __ 
0 

~ h 2 
m "• 

sin ( 2/loa vII e + < h 
) ) . m -'li!THOe 

(88) 

2 h 2 m "a cos ( vII e + < ) ) . m -He'!4!THOe 2 {J 0 a 

BenH'IHHa Yo CnO)!(HblM o6p830M BXOLlHT B (88), H HenocpeLICTBeHH8ll CTpO-

I"Sll 8CHMUTOTH'IeCK8ll OUeHK8 9TOI"O Bblp8)!(eHHll npH y -+oo 
0 

38TpyLIHH-

TenbHa, Jlanee 6yaeT aaHa oueHxa LinH cny'!aH, xoraa paaHyc peaoHaTopa 

a -+ oo 
1 T.e, CHCTeMa Bblp8)!(8eTCH B COBOKynHOCTb LlBYX napannenbHblX 

nnoCKOCTeA, H8XOLlllll.IHXCll noa OLlHHM H TeM 
>Ke HyneablM noTeHuHanoM. 

nepeXOLl K npeaeny a -+ 00 B ( 81) 1231 aenaeTcH o6bl'!HblM cnoco6oM : lie 
BBOLIHTCH o6oaHa'!eHHe -a- .. k. , aanee 

o x) npH 60nbWHX L nonyqaeTCll 

" ~ 2 
.1.k·-.-. J~<~~e>"' "•k 

sin 
2 

( h 2 

00 J~(.o:b)kdk 
21J";,Yk + <....!!!..!L..> 2 > h • 

I R(2) = m .. o f 
0 [ k 2 + ( ....'!L!L)2]2 

hyo 

m- 'li!THoe 

Cos 2 ( 'h . 1 2 Vo v k + ( :" ) 2) 

( 89) MO)!(eT 6blTb npeo6paaoaaHo: m -He'li!THOe 

.. 1-(-1 )·m co.s (_h_ V k 2 + (~) 2 

}{ (2) = 
32 s 2 

f3 ~ +oo 

b~h f J ~ ( kb) l I 
f3o h 

I k dk 

x) 

0 m=-oo 
[ k ~ + (~)~]2 

hy 

TaxoA )!(e peaynbTST nonyqaeTcH npH HenocpeacTaeHHOM peweHHH aneKTpo
LlHHSMH'IecxoA 38Ll8'1H nyTI!M paano>KeHHA no C06CTBeHHbiM 4JyHKUHliM

1 
HMeJOWHM HenpepbiBHyJO 38BHCHMOCTb OT cneKTp8nbHOI"O napaMeTpa, 

30 

(89) 

(90) 

+ 

TaKoe npeo6paaoaaHHe aonycTHMo, T,K, pHJI noa aHaKoM HHTerpana c 

paBHOMepHO OTHOCHTenbHO nepeMeHHOll k 

nyTi!M HC110nb30B8HHll 4JopMynbi CYMMHpOB8HHSI nyaCCOH8 ( CM. 

HHe II ) 38KnJO'Ii!HHblll B ( 90) B ¢lHrypHbie CK06KH PSIL1
1 

CYMMa KO 

aanee o6oaHaqaeTcH qepea 0 , MO)!(eT 6biTb npeo6paaoaaH K 

e hyo ll- 2 2e 
( --- 2 K Yo 1T 

1T 
-21TKYo 

+ 4 f 
0 

cos " z [ cos 1T z - cos ( ~ v 
(z +K2Yci~'2 

rae K = kh 

1T 

B peaynbTaTe, nocne nepexoaa OT 

BBeJieHHSI HOBbiX KOOpLIHH8T 

nonyqaeTCSI 

}{(~)a 

" 

~ 2 
32 s {3 0 

b 2 h 

z = R cos rf> , 

K = R sin rp 

2 2 f 1 - 2 h Y
0 

0 

k 

2 
J I ( TT 

K nepeMeHHOll K 

b 
--K 

h 

)~2"YoK 

K 

H 

d 

2 4 2 .. 2 "b 

~f f Jl(--h-
TT 0 0 

cos ( TT R cos rf> ) [ cos ( 1T R cos rf> ) -co1-~ 
R sin rf> ) 

2 2 
. 

2 
~ sin rp 

R ( l + y 0 s1n rf> l 

AcHMnTOTH'IecKoe Bbl'!HcneHHe npH y -+ 00 
0 nepsoro qneHa B C 

CK06Ke B (92) nyTI!M LlByKp8THOI"O HHTerpHpOB8HHSI no '18CTSIM aaeT 

2 2 "b 2 I 2. 2 .,-2h y (--) --=-2TT o -noCTOSIHHyiO aenH'IHHy, 
o h yg 

AcHMnTGTH'!ecxaH oueHKa asoliHoro HHTerpana (eM, npHno)!(eHHe II 

3biB81i!T, 'ITO OH paCTi!T C ysenH'IIi!HHii!M Y 
0 

He 6blCTpee 1 '!eM fn 

B aaKnJO'IeHHe asTopbl ablpa>KaJOT 6naroaapHOCTb E.M.EonoToBCI 

pHLI ueHHblX yxaaaHHll, s 'ISCTHOCTH, s sonpoce o noaxoae K oueHKe 1 

OTBti!pcTHll B peaoHaTope. ABTOpbl TSK>Ke 6nai"OLl8pHbl TOB8pHW8M no J 

M.n.HoaHOBH'Iy, O.A.Konnaxosy, A.E.KyaHeuosy, H.E.Py6HHY aa ueH 
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h 

2 2 
oa I I 

m=O f"'l 

y'v;+( mrr: 

2 m 11 a 
v've+<-c-

2 b 
fmJI(vf-a-l 

X 
2 2 J (v )( 11 + (~) 2]2 
1 e e h r 

0 

) . m -ql!TH09 

(88) 

) . m -He'lllTHoe 

CnO>KHb!M 06p830M BXO.llHT B (88), H H9flOCp9.llCTB9HH8ll CTpo-

OU9HK8 3TOro Bb1p8)1(9HHll npH y .. oo 38Tpy.llHH-
0 

.ll8H8 oueHK8 .anll cny'18ll, Kor.a8 p8.llHyc peaoH8TOp8 

CIICT9M8 Bblp8>K89TCll B COBOKyflHOCTb .llByX fi8p8nnenbHbiX 

XCll flO.ll O.llHHM II T9M 

B (81) 

)l(e Hynesb!M noTeHuH8noM. 

.nen8eTcl! o6bi'!Hb!M cnoco6oM
1231: 

.ll8nee 
, 2 2 

,1.k .. -a-· 1 1 <ve >"' ___,.. 

• 2 ( h 2 

J~(cb)kdlc 
SID 2BoyJc + (..!!!L)2 ) h • 

I J 
maO 0 [k 2 +(....!!!...!L_)2]2 

hyo 

m- 'lllTHoe 
(89) 

2 ,), 2 mrr 2 
cos ( 2 {3

0 
yk +(-h-l l , 

npeo6p830B8Ho: 

J J2(kb) 
0 I 

+oo 
I 

m=-oo 

m -He'lllTHoe 

I - (-I ) ·m c~s ( _h_ y' 1c 2 + (~) 2 

f3o h 

[lc2+ (~)2 ]2 
by 

k dk 

bT8T nony'l8eTcl! np11 Henocpe.ncTseHHOM peweHHH aneKTpo-

8'111 nyTllM p83nO)I(9HHit no C06CTB9HHb!M cPYHKUIIliM, 

BHYIO 38BIICHMOCTb OT Cfi9KTp8nbHOro n8p8M9Tp8. 

30 

• 

(90) 

+ 

'. 

T8KOe npeo6p830B8HHe .nonycTHMo, T.K. pS!.ll no.a 3H8KOM HHTerpana cxo.lliiTCSI 

p8BHOM9pHO OTHOCHT9nbHO nepeMeHHOit k 

nyT~M HCnOnb~OB8HIISI cpopMynbl CYMMHpOB8HHSI nyaCCOH8 ( CM. npHnO>Ke-

HH9 11 ) 38Kn!O'I~HHbllt B ( 90) B cpHrypHb19 CK06KH pH.ll, CYMM8 KOTOpOf'O 

.aanee o6o3H8'189TCSI qepea 0 , Mo>KeT 6biTb npeo6pa3oBaH K BH.ny: 

, -21rKYo 

(} hyo ) 1 _ 2 2 e 
( -- 2 1< Yo , + 4 f 

0 

cos TT z [ cos rr z - cos ( ~ 
0 

y' I( 2 + z~] 

-...,.----:::---::,..-,,.----- d z I. 
(z + 1<2Yo~l2 (91) 

kh 
r.ae 

I( = ---· , 

B pe3ynbT8Te, nocne nepexo.n8 OT k K nepeMeHHOit I( 11 .aanee 

BB9.lleHIISI HOBblX KOOp.llHH8T 

z = R cos </> . 
I<= R sin¢ 

nonyqaeTCll 

32 s 21'3 ~ 00 
2 b e - 2TTYo I< 

}{(~) = I -2h2y2 f J I ( TT --1<)-- d I( + 
b 2 h 0 n h I( 

TT 
2 • 

4 h Yo 
2 

f J"'/c~ R sin¢) 

cos ( rrR cos¢) [cos(rrRcos¢ )-co?-L 

2 2 2 2 
sin r;!> d R d¢ 1. (92) 

, 0 0 I h R (I +Yo sin ¢ ) 

AcHMnTOTH'IecKoe Bbi'IHcneHHe np11 y .. "" 
0 

nepsoro qneH8 B cpHrypHOit 

CK06Ke B (92) nyTl!M .llByKp8THOrO HHTerpHpOB8HIISI no '18CTSIM .ll89T 

2 2 rrb 2 I ll. 2 =-2h y (--) --=-2TT -b -noCTOSIHHyiO senH'IHHy. 
0 h y g 

AcHMnTCTH'IeCK8ll oueHK8 .nsoltHoro HHTerp8na (eM. npHno)l(eHHe II noK8-

3biB8eT, 'ITO OH p8CTl!T C ysenll'l9HII9M Y 0 
He 6blcTpee, qeM fn y 0 

B 38Kni0'19HHe 8BTOpbl Bblp8)1(810T 6n8ro.n8pHOCTb 6.M.6onoToscKoMy 38 

pH.ll ueHHbiX yK838HHit, a '18CTHOCTH, a sonpoce o no.axo.ne K oueHKe snHHHHH 

OTB9pcTHit B pe30H8TOpe. ABTOpbl T8K)I(9 6n8rO.ll8pHbl TOB8p11W8M no pa6oTe 

M.n.HosHOBH'ly, O.A.Konn8Kosy, A.6.KyaHeuosy, H.6.Py6HHY 38 ueHHblll 
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o6cy>KaeHHH H coTpyaHHKBM pac'IATHOA rpynnbl H.A.3onHHoA
1 

M.r.HexaeaoA
1 

H.H.03epoaoA 38 BblnonHeHHe TpyaoAMKHX 'IHCneHHblx pac'IATOB, 

nPHnO)f(EHHE I 

IIH 
8bl'leT cpyHKIIHH G ( W ) B KB>KaOM H3 llOniOCOB ( llOlliOCBMH HBIIHIOTCH Hy-

) x) 11 f cpyHKIIHH J o ( W ) p8BHH9TCH 

( r b 10 "e -a-> 1 1<"e -a-> 
g e .. 

~ 

2 "; J I <" e > 

noaToMy HHTerpan BOKpyr liOlliOCa w • II f 
OT cpyHKIIHH G ( w ) F ( w ) • 

rae F ( w ) 
I"'OllOMOpcpHa B OKpeCTHOCTH 

Lf cf G(w)F(w)dwoz 

of 

J < " •. L > J <"e ...!L) 
0 < a I a 

J~<"e> 

"e I 6y aeT paaea 

F < "e > 

( 1.1) 

( 1.2) 

H eo6xoaHMO emA OTMeTHTb
1 

'ITO G ( w) 
He HMeeT 0C069HHOCTH B TO'!Ke 

w = 0 

HBXOaHM 

.LleAcTBHTenbHo 1 c y'IATOM pa3no>KeHHH 

N ( w) 
0 

2 

" 
J ( w )fn C w

2 
+ 2 J ( w) + ... 

0 ~ ( 1.3) 

ll(l)(w)ll(
2
)(w.!.._)-H(

2
) (w)ll(l)(w _r_l= 2i[N (w)J (w-r-) -N (w-r-)J (w)] .. 

o o a o o a o 0 a o ao 

x) 

ill 

=-~fn r -" 2 a 
r 

J 0 (w--) + O(w), 
a 

npH Bbi'IHCIIQHHH Bbi'IQTOB yao6Ho BOCIIOllb30B8TbCH COOTHOlll&HHeM 

2 
No <vel ... ""eJdvfl (cM/22/). 
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( 1.4) 

T,e, p83llO>K eHHe l"'llBBHOI"'O cp8KTOp8 H8'1KH8eTCSI C llOCTOSIHHOI"'O 'lllQH8
1 

l 

KHTQI"'p8II OKOIIO TO'IKK w - 0 HC'le3aeT. 

HHTerpan no KOHTypy 1 npeaCTBBIIeHHOMy Ha pKC, 4 1 OXB8Tb18810llle 

ace noniOCbl "e 1 paaeH Hyn10, OTKY a a 

f 
[' 

G(w)F(w)dw = ! J ( ... ) rl W a! 
e =I e al 0 f 

...!!....) 
a 

r ) J (" 
J 0( "p -a- I f F (" p 

J~ < "e > 

rae r -xoHTVp r \ 6e3 o6xoaoB C I ,c 
2 

, ... 

llpOXOaHMblll llpOTHB 'IBCOBOA CTpenKH 

nPvlnO)f(EHHE II 

I. Dng npeo6paaoaaHHSI pgaa a ( 90) 1 KOTOpbiA nocne BbiHeceHHH 3 
hy 0 4 kh 

BeiiH'IHHbl ( --IT--) H BBeaeHHH 0603H8'1eHHH K • W 
HHMBeT BHa 

h Y 0 4 +oo 
(} .. (---) ! 

tr m a-oo 

m 11 2 2 
- (-I ) cos ( Po y K + m ) 

(K2Y2+m2)2 
0 

Hcnonb3yeTCSI cpopMyna CYMMHpOB8HHSI nyaccoHa 

+oo + oo +oo 
! r (m) =! .p (a) • rae ,P(a) = f f(z)e 

me._ a=-oo 

8 aaaHoM cnyqae 

liT z 

1 
<. > = < ~ >' cos < + ..; K 2 + • 

2 
) 

" 0 

I- ~ 

nOSTOMY 

(K2Y2+z2)2 
0 

1 _ ,a 171z 

1211a z 
d z . 

A.. ( h y +oo COB ( IT .I 2 ~ 
'I' al•( o )4/ -,r,:vK +zl 

" 0 

12rra z 

( K 2y 2 2 ~ e 
0 + z ) 
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KBM pacq~THOA rpynnbl H.A.3onHHoA, M.r.Hexaesot, 

iHeHHe Tpy.llO~MKHX 'IHCnQHHblX pacq~TOB, 

G(w) B Ka)l{,llOM H3 nomOCOB ( noniOCaMH HBnHIOTCH Hy

x) 
J 0 (w)) paBHHeTCH 

lo< "'r ~> J l<"'e+> 
2 

2 T1 i J I (II f ) 

) d w= 

non10ca w = v f OT cpyHKllHH G ( w ) F ( w ) 

OKpeCTHOCTH 1/ f , 6y.oeT paaeH 

J (v 0 - L)J (v
0

_!!_) 
0 < a I < a 

J~(vf) 
F < "'r > 

G (w) 
He HMeeT OC069HHOCTH B TOqKe 

C yq~TOM pa3nO)I{eHHH 

Cw +2J(w)+ ... --2- 2 

( 1.1) 

( 1.2) 

( 1.3) 

(w)H(I) (w -'-) = 2i [ N (w) J (w -'-) - N (w--')J (w)j. 
o a o 0 a o ao 

J 0 (w-'-) + O(w), 
a 

Y.ll06Ho BOcnonb30B4TbCH COOTHOWeHHeM 

t< 1/ f) 
(cM/22/ ). 
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( 1.4) 

T.e. pa3n0)1{0HHe l"'nBBHOI"'O cpBKTOpB H8'1HH89TCH C nOCTOSlHHOI"'O qneHa, no3TOMY 

HHTerpan OKOnO TO'IKH w a 0 HC'IeaaeT. 

HHTerpan no KOHTypy, npe.llCTBBneHHOMY HB pHC. 4, OXBBTbiBBIOWiilMY 

see noniOcbl "'e 

f 
r 

r.oe 

G(w)F(w)dw 

I' -KOHTyp 

, paeeH HyniO, OTKy.oa 

f ( ... )dw -~ 
fa I of f =I 

= ~ 

r 
npOXO.llHMblll npOTHB '18COBOII CTpenKH 

nPHnO>KEHHE II 

101 "'e711
1

1"'r J;-> 
2 . 

J I< "'r > 
F ( v f l' 

\ 6ea o6xo.ooe c 1 ,c 2 .... 

( 1.5 ) 

), 

1 . .[lnSI npeo6p830B8HHSI pH.llB B ( 90), KOTOpbiii nocne BbJHeceHHH 38 CK06KH 
hy

0 4 kh 
eenH'IHHbl ( --

11
--) H BBiil.lleHHSI o6o3HS'IeHHH K • -

11
-- ( 11.1) npH-

HHM89T BH.ll 

0=< hyo • --,-- ) 

+oo 
l: 

m=-

m T1 .I 2 2 
- (-I ) cos ( Po v K + m ) 

(K2Y2 + m 2)2 
0 

Hcnonb3yeTCH cpopMyna cyMMHpOBBHHH nyaccoHa 

+oo + oo + 00 12 rra z 

~ l(ml=~ <;6!al, r.oe <;6!al = f l(z)e dz. 
m=.....oo a=-oo 

B .oaHHoM cnyqae 

liT. 

r < • l = < ~ l• cos < --fr::- v K 2 + • 2 ) 

" 0 

l- e 

no3TOMY 

<;6 (a)= ( 4 +oo 
" ) f 

(K2y2+z2)2 
0 

Urz ,. 2 2 
1-e cos(-,r;:yK +z) 

0 
------:-----::---::------ e 

( K 2y 2 + z 2) 2 
0 
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( 11.2) 

( 11.3) 
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J.1HTerpanbl ( 11,4) nerxo Bbl'IHCITSIJOTCSI C ITOMOlllbiO XOHTypHOI"O HHTei"pHpOB8HHS1 .lliTSI 
BCeX Hy>KHblX 3H8'1eHHit a 

, HCXITIO'I8SI 3H8'1eHHS1 a "' 0 i a ., - I 
[lnS! 3H8'19HHit a~ I 

XOHTyp HHT9I"pHpOB8HHS1 38MbiX89TCSI B BepxHelt rrony-

nnocxocTH, axna.a .aaeT o6xo.a non10ca 2-ro nopH.axa oxono TO'IXH z • i 1< y 

0 

; 

.anH aHaqeHnlt a ~ - 2 -xoHTyp aaMbiKaeTcH a HH>KHelt nonynnocxocTn H 

BKna.a .aaeT o6xo.a oxono z • - i 1< Y 0 , PeaynbTBT Bbi'IHcneHHS! 'IBCTH cyMMbl:: 

a•-2 
I ¢(a) + 

a•-oo 

+ 2rr i I 
a• I 

a==-2 
I ¢(a) •(-2rri) I 

aal a--~ 

d g (z , a) 

d z 
z m I Yo I( 

d Ill ( z, a) 

d z 

" a 
2~<Ye 

0 

• •- I y 01< . 

-2rry
0

1< 

( 
h y 0 -" 

+ 

4 
) . 

r.ae 'lepea g( z, a), g 1 (z ,a) 0603H8'18Hbl COOTB8TCTB8HHO I"OnOMOpclJHhie '18CTH 

ITO.£lHHTerpanbHOI"O Bb!p8iK8HHS1 B 0Xp9CTHOCTH 0C06b1X TO'IeK, 

( 11.5) 

CyMMa .aayx OCTSBlllHxcsr 'lnenoa, ¢ (O) 

HHTepaana HHTerpnpoaaHnsr ( - ~ ~ ) 
If ¢(-I) 

, nocne H3MelfeHHH 

.aaeT BTopolt 'lneH cpopMynhi ( 84). lfa lfHTepaan ( 0 , ~ 

2. AcnMITTOTH'Iecxasr oueHxa .aaoltHoro lfHTerpana a (92): 

rr/2 oo b cos ( II' R cos ¢ ) - cos ( --;J;. R ) 

fl; y 

4 

f f J 
2 

(TR sin¢) 0 cos ( rrR cos¢) sin¢d R d¢ 
o o o I R 2( I + y 2 sin 2 ¢ ) a 

npn y ... 00 • 
0 

Oocne rrpeo6p830B8HHS1 

Cos (IT R Cos¢)- cos ( -.!!.._ R ) e 2 sin [ ~- ( I - fJ cos ¢ ) J sin [ ...!!:...!!..__ ( 1 - fJ cos ¢ ) ] 

1 
{30 2{10 0 2{30 0. 

Y'IHTblBBH, 'ITo npn 

'ITO 

I [ Cos ( 7T R cos ¢ ) - cos ( T R ) ] cos (IT R cos ¢ ) I < T- ( I - fJ 
0 

Cos ¢ ). 

0 0 

X > 0 
acer.aa sin x < x 

, MOiKHO H8filfC8Tb, 
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_, 
fit;~ 

( 11.6) 

.. ~ ... ~ 

OTcJO.aa rronyqaeM 

rr/2 oo 
2 II' b 

ll:f-+J f 
J 

1 
( ,_- R sin rp ) ( I - fJ cos cp ) 

0 

T.x. 

TO 

t' 0 0 0 I 2 2 
( --

2 
+sin ¢ ) 

y 0 

J
00

J2( rrb R . .~..) dR 
I-- SlD"f' ---

0 h R 
I 
2 

rr/2 I- {3 0 cos ¢ 7T 

(cM/22/ ), 

sin¢ 

R 
d R d 

IJ ~-[ 
flo + y~ 

~- 2 rg - cos ¢ > 2 

sin¢ d ¢ 

3TOT lfHTerpan nerxo Bbl'!HcnsreTcsr n rrpn 

HM88T Blf.ll 

c +C2fnyo +Ca 

r.ae C 1 , C 2 , •• -nocTOHHHble. 

y2 
0 

y 
0 

+ ... t 

IIJ.1TEPATYPA 

, ero paanOiK€ 

I. Teopnsr n pac'I~T nHHei!HbiX ycxopnTenell, <PTJ.1 AH YCCP.C6opHHK CT 

rocaTOMH3.ll8T,I962. 

2.3.!I.EyplllT81!H, r.B.BoaHeCeHCKOI!. 0 BnHSIIiHH Harpy3Kif ITy'IKOM Ha xa 

pHCTHKJf ITHHei!Horo aneKTpOIWIOI"O YCKOpHTensr. ATOMHag 9HeprHSI, 1_2,441 

3.J.1.M.Kan'IHHCKifl!. [lHH8MHKa 'lf.ICTHU B ITHHei!HblX pe30H8HCHbiX yCKOplf1 

Mocxaa,1966. 

4.A.A.Bnacoa. TeopHSI nnHei!HbiX ycxopnTenell, Mocxaa, 1965. 

5.r.B.BocxpeceHCKHII, B.H.Kop.aa, IO.H.Cepe6pS!KOB. Pa.ananbHoe p8Cllll 

nyqxa a nnnei!HOM ycxopHTene anexTpoHoa, o6ycnoaneHHoe 

MeTpH'IHOI! BOITHhi, ATOMH8SI 9HeprlfSI, ~, 3 ( )966). 
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,4) nerKO Bbl'IHCJlHIOTCH C DOMOIJ..{biO KOHTypHoro HHTerpHpOB8HHS1 llilll 

a , HCKJ110'18ll 3H8'1eHHSI a ,. 0 I a • - I 

KOHTyp HHTerpHpOBBHHSI 38MNKBeTCSI B BepxHeA nony

.o;aeT o6xon non10ca 2-ro nopllnKa oKono TO'IKH z • i K y 
0 

< - 2 -KOHTyp 38MhlKBeTCSI 8 HH>KHeA fioilYfiilOCKOCTH H 

oKono z • - i K y 0 , PeaynbTBT Bhl'IHcneHHll 'IBCTH cyMMN:: 

a=-~ 

k </>(a) m (-2rri) ~ 
a= I 

d g ( z , a) 

d z 

a•-oo 

• = 1 y0 K 

81 ( z, a) 

d z a =-ty OK . 

17 2 - 2try
0

K 

2 2 e ( 
2 K Yo 

h y 0 

" 

+ 

4 
) . 

) , g 1 (z ,a) 0603H8'1eHhl COOTBeTCTBeHHO ronoMopcf:>Hhle 'J8CTH 

Bblpa>KeHHSI 8 OKpeCTHOCTH OC06hlX TO'IeK, 

( 11.5) 

OCTBBIJ..IHXCH '1Jlel!o8 I 

pOBBHHH ( 

r,6 (0) 

) 

H </> (-1) , nocne H3MeHeHHH 

Ha HHTepsan ( 0, ~ 

KBSI oueHKa nsoAuoro HHTerpana a ( 92): 

sin¢) cos(rrR cos¢ l- cos( 7o Rl cos( trRcosrplsinrpdRdrp 
2 2 2 n 

2
( 1 + y sin r,6 l ( 11.6) 

ll 

R ) = 2 sin ( ~- ( I - {3 cos r,6 ) J sin ( ..!!'..!!._ ( I - {3 cos </> ) J 
1 2{30 0 2{30 0. 

X > 0 Bcer.o;a sin x < x 
, MO>KHO H8UHC8Tb, 

rr J rrR ( T R) cos (" R cos r,6) I< -r- (I - {3 0 cos </> ). 
0 0 
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OTcJOna nonyqaeM 
2 "b 

rr/~ ~ J 
1 

( -,;-- R sin </> ) ( I - {3 
0 

cos </> ) 

II 5 +I f 
1-' 0 0 0 

sin¢ d R d </> 
R 1 2 2 

( --
2 

+sin </> ) 
y 0 

T.K. 

f~ J 2 ( rrb R . -1. ) d R I 
0 I -h- SID 'I' -R- - -2-

(cM/22/ ), 

TO 

rr/2 I - {3 0 cos </> 
ll ~-"-! 

f1o I + Y~ _ cos 2 </> 
sin</> d </> 

y~ 

3TOT HHTerpan nerKO Bbi'IHClllleTCH H npH 

HMeeT BHll 

c +C
2

fny
0 

r.o;e C I , C 2 ,.. -noCTOSIHHbie, 

+ c 
3 y2 

0 

) 2 

yo 

+ ... ' 
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2.3.n.EypwTeAH, r.B.BoaueceHCKOA. 0 BJlHSIHHH Harpy3KH ny'IKOM Ha xapBKTe

pHCTHKH nuueAHoro aneKTpOKIIoro ycxopHTenH. ATOMHaH aueprHH, 11,446( 1962). 
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4.A.A.Bnacos. TeopHH nuHeAHNX ycKOpHTenell, MocKsa, 1965. 
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ny'I:Ka B llHHeAHOM yCKOpHTene 9JleKTpOHOB, o6ycnosneHHOe neiiCTBHeM HeCHM

MeTpH'IHOII BOilHbl, ATOMHBSI 9HeprHSI, ~, 3 ( )966). 
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Bee.oeHHe 

8 CB!I3H C riOBbiWeHHeM HHTeHCHBHOCTH YCKOpHTenel p83nH"'HbiX THriOB 

ceAqac y.oenHeTcH BHHM8HHe eonpocaM enHHHHH co6cTeeuuoro non11 ycKopHeMoro 

nnoTHOFO riOTOK8 "18CTHU HnH cryCTKOB "18CTHU C 60.'1bWHM CyMM8p'IhP..t '3d':l!l.llOM 

H& nponecc ycKopeHHH, 

VfMeeTCSI uenbiA p!l.ll pa6oT, B KOTOpblX paccM8TpHB8eTCSI BnHSIHHe •uarpya-

. /1-6/ 
KH ny"'KOM' ua xapaKTepHCTHKH ycKOPHIOU!eA cHcTeMbl, uanpuMep . 

KpoMe Toro, HMeeTc!l MHoro Hccne.ooeauuA, nocBHU!eHHbiX Bbi"'HcneHHIO noneA uany-

"'eHHSI, C03.ll8B8eMbiX cryCTK8MH 0 .llBH}I{yUIHMHCSI B paanH'IHbiX npOCTp8HCTBeHHblX 

17-151 CTpyKTypax, Hau6onee 6nH3KHMH H3 HHX .lln!l yK838HHOrO Kpyra 38.08'1 SIBn!IIOTCSI 

Mo}I{HO, o.oHaKo. aaMeTHTb , 'ITO B pa6oTax o enHHHHH uarpyaKH ny'IKOM 

H3Y'I8eTCSI B OCHOBHOM .llBH}I{eHHe c6yH'111pOB8HHOrO ny'IK8 B nepiiO.llll'leCKOA npo

CTp8HCTBeHHOI CIICTeMe H npOH3BO.lliiTCSI KB8311CT8TII'IeCKIIA pac'laT noTep& 3Hep

rllll0 HnH B np116nH}I{eHHH TeOpllll 3neKTpK'IeCKIIX neneA paCC'IIITbiB810TCSI nepe

XO.llHble pe}I{IIMbl B YCKOp!IIOU!eA CIICTeMe, linK, H8KOHeU) np11 Tex }l{e OCHOBHbiX 

ripe.onono}l{eHIISIX 113y'laeTC!I .oeACTBHe C06CTBeHHbiX noneA Ha CTpyKTypy ny'IK8 

II ero YCTOI'IHBOCTb, VfCXO.llHblM npe.ononO}I{eHHeM 6on&WIIHCTB8 pa60T, B KOTo

pb!X Bbl'IIICn!IIOTCSI C06CTBeHHble non!!, !IBn!leTC!I paBHOMepHOCTb .llBII}I{eHHSI IICTO'I

HHK8 , HanpiiMep, npll T8KOM ycnOBIIII BbiDOnHeHbl pa60Tbl JluecTpOBCKOrO II 

/9 10/ 
KocToMapoea ' , r.oe onpe.oeneuo nonuoe Hany'leHHe np11 npoxoa<:.oeHHII 

38p!l}l{eHHOro cryCTK8 'lepea OTBepCTHe B 6eCKOHe'IHOM npOBO.ll!IU!eM 3KpaHe, 

pa6oTa KonnaKoea 11 KoToea
1111 , pa6oTa <PoMeHKo1141• 
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nepeqHcneHHble npeanono>KeHHH He sceraa aaJOT soaMO>KHOCTb nocneao

saTenbHO y'leCTb penHTHBHCTCKHi! xapaKTep aSH>KeHHg H SnHHHHe aana3abiBaHHH 

( B OCo6eHHOCTH, ecnH YCKOpSeTCS OTaenbHhli! Y'lBCTOK) Ha nonHbli! Ha6op 

9HeprHH qacTHUBMH S YCKOpSIOll!ei! CHCTeMe , nosTOMy >KenaTenbHO, XOTS 6b! 

HB npHMepe CHCTeMbl npOCTOi! KOHqJHrypaUHH 1 noap06Hee paCCMOTpeTb SnHHHHe 

STHX cpaKTOpOB, 

HH*e paccMaTpHsaeTcs cnyqal! ycKopeHHH oaHHO'lHoro crycTKa, npone 

TBIOll!ero qepea S036y>KaeHHbli! peaOHBTOp, 3a lfCXOaHyJO npHHSTa pa6oTa 
/II/ 

KonnaKosa 11 KoTosa , rae Bbi'li!CneHbl nons, soa6y>KaaeMble s KpyrnoM 

Ullni!Hapli'leCKOM lfat!BnbHO nposoaSiuteM peaoHaTope 38pSiaOM ( TO'le'lHbiM HnH 

S SHae 0Tpe3K8 HHTI!), nponeTBIOll!HM npoaonbHO OCH Ul!nHHapa C nOCTOSH-

HOi!, penSITHSHCTCKOi! CKOpOCTbiO, npHSOt1HTCSI Sb!pt!)l(c'Hife anSI SHeprHH HanyqeHHS! 

( s BHae asoi!Horo pSiaa ) H pacc~IaTpHSBIOTCS npeaen&Hble cnyqaH, 

8 OTnH'll!e OT SToll pa6oTbl, aanee He sea ae npeanonaraeTcs nocTOSIHC.Tso 

CKOpOCTH 38pSiaa H Y'IHTbiSBeTCS HBnlf'lHe S036y}l(aeHHOrO CTOpOHHero ( YCKO -

pS!IOutero) nonS! B peaoHaTope, TaKaS! nocTBHOSKa 3aaa'lH aaeT 803MO>KHOCTb 

npocneaHTb, KaK yCKOpS!eMbli! c;ryCTOK OT6HpaeT SHeprHIO, 38naceHHy10 S 06'beMe 

peaOHaTopa, T,K, O'lesHaHO, 'ITO np11 penSITI!BI!CTCKOi! HaqanbHOi! CKOpOCTH, 

H3-38 aanaaahiB8HHS1 1 SHeprHS CTOpOHHero nons He MO:>KeT OT6HpaTbCS Cpaay H3 

scero o6'beMa, 

ViTaK, paccMaTpi!SBeTCSI 38MKHyTaSI cpH3H'leCK8S CHCTeMa, COCTOS!ll!as H3 

IIOnepe'lHOrO nons, SOa6y)l(aeHHOrO S pe30H8TOpe C Haean&HO npoaoaHll!HMH CTeH·

KBMH ( T.e, cao6oaHblx Kone6aHHi! B peaoHaTope ) , nponeTaiOll!ero qepe3 peao

HaTop cryCTKB sneKTpOHOB H C06CTBeHHOrO nons 
1 
Boa6ymaeHHOrO STHM cryCTKOM 

xax 3a C'leT ero ycxopeHHH, 
TBK H acneacTBHe npocTpaHcTseHHoi! Heoauopoa-

HOCTH CHCTeMbl, Y'IHTbiSBIOTCH HB'IBnbHbJe ycnOSHH; S MOMeHT = t = 0 
0 

cryCTOK npOHHKdeT S 06'beM pe30H8TOpa CKS03b TOpUoSyiO CTeHKy CO CKOpOCTbiO 

v 0 = f' 0 C • , C06CTSeHHOe none CryCTKa SO SCeM 06'beMe pe3oHaTopa S STOT 
x) 

MoMeHT nonaraeTCH OTCyTCTSYIOll!HM , ycxopSIOll!ee nonepeqHoe none SHYTPH 

OO'beMB. HMeeT onpeaeneHHyJO Haqan&HyiO 8MnnHTyay H cpa3y. 

llns OnHcaHHS! cp1!311'leCKOi! CTOpOHhl aaaa'lH, aa I! anSI Sb!'II!Cn eHHi!, 

x) TaKHM o6pa3oM npeue6peraeTcs noneM, npoHKKlllKM s o6'beM qep~3 Topuosoe 
OTBepcTHe B npouecce sneTa crycTKa B peaoHaTop. 

4 

• 

]I ,I 
1\· I; 

I 
II 
I 

I, 

' 

HaH6onee yao6HOi! S!SnSieTCS rBMHnbTOHOSCKBSI cpOpMa ypasHeHKi! 1 
/16,7/ syJOll!Hx 'lBCTKTI H nons • 

VicxoaSI ·K3 ypasHeHHi! ~BKCsenna S KynOHOSCKOi! KBnHGpoe 

... 
div A 0. 

n ; ~ ...L j!l'ad ..B..:L = -±JL p v 
c a 1 c 

\" 2 ¢ 4 rrp 

( rne A · onpenenseT sc10 nonepe'IHYJO 'lBCTb cyMMBpHoro no 
x) 

YCKOpHIOll!ero H C06CTBeHHOro nonS! , <t -onpenenSieT c 

none) H rpBHH'lHhiX ycnOSHi! Ha SHyTpeHHei! noaepxHOCTH pe30H8Tc 

( r.m ... 
n 

... 
(A xn)I=O, 

( 4 >y = 0 

-HopMan& K nosepxHOCTH ! ) onpenenHeM 
ypasHeHHSI anSI ocuHnnsTopoa nonepe'lHoro nons: ' 

•. 2 
q A + "'A q A 

c 
( p v A~ ( r ) (d "', ) • 

v 

3apsn cryCTKa, paccMaTpHaaeMoro xax enHHag 'lBCTHua c pacnpe.~: 
nnOTHOCTbiO p , ecT& s 

p=eg(; -Q(t)) 
rae Q ( t) -panHyc-seKTOJ 

... dO ... ... ... 
UeHTpa TSI}I(eCTH, V = -- K ( !d r - (l )( d r)=No -liOn Hoe 'lHC 

xx) dt v 
B CryCTKe 1 HHTerpHpOBBHHe B (6 ) pacnpocTpBHeHO HB 06'beM p~ 

OpToroHan&Has CHCTeMa aexTopHhiX cpyHKUHit I A A I • no 1 

X) 8 aan&Hei!ll!eM llnSI Kp8TKOCTH Cyll!eCTBOBBBll!ee paHee B peao 
6oaHoe none HB3hiBBeTCs "ycxopsiOll!HM ". 

I 171 xx) AHanorH'lHhli! nonxon npHHHT, HanpHMep, s pa6oTe ; KOHKJ 
}I( eHHS! llnS! g(:- ·c)) p8CCM8TpHS810TCSI HH)I(e, 
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o>KeHIIH He acerna naJOT B03MO)I(HOCTb nocneno

KIIil xapaKTep J:lBH)I(8HHSI H BnHSIHHe 38n83J:lb!B8HHSI 

oTnenbHhlil yqacToK) Ha nonHhli! Ha6op 

CHCTeMe • no3TOMY )l(enaTenbHO, XOTSI 6bl 

KOH~HrypaUHH 1 nonpo6Hee pBCCMOTpeTb BnHSIHHe 

cnyqai! ycKopeHHSI onHHoqHoro crycTKa, npone 

pe30H8TOp. 3a HCXOllHYIO npHHSIT8 pa6oT8 

BblqHcneHbl nonS!, ao36y)l(naeMMe a KpyrnoM 

38pSIJ:lOM( ToqeqHWM HnH 

npononbHO oCH UHnHHnpa C noCTOSIH-

b!O. npHBOClHTCH Bb!pd)l(c'HHe J:lnSI 3Hepf'HH H3nyqeHHSI 

H paCC\18Tp1IB810TCSI npenenbHWe cnyqaH. 

, nanee He se3 ne npennonaraeTCSI nocTOSIHC.TBO 

TCSI HBnHqHe B036y)I(J:leHHOf'O CTopoHHef'O ( ycKO -

pe. TaKaS! nocTaHosKa aanaqu naeT B03MO)I(HoCTb 

wi! <:rycToK oT6HpaeT 3HeprnJO, aanaceHHyJO a o6'beMe 

qTo np11 penSITHBHCTCKOi! HaqanbHOi! CKopoCTH, 

Sl CTOpOHHef'O nonS! He MO)I(eT OT6Hp8TbCSI cpa3y H3 

H 38MKHyTBSI cj:JH3HqeCK8SI CHCTeMa, COCTOSilllBH H3 

pe30HBTOpe C nneanbHO npaBOJ:lHlllHMH CTeH -· 

nil a pe3oHaTope ) , nponeTaJOll!ero qepea peao-

H co6CTBeHHOf'O liOnS! 
1 
B036y)I(J:leHHOf'O 3THM Cf'yCTKOM 

TBK H acnencTBHe npocTpaHcTseHHoi! HeonHopon-

Sl HUqanbHb!e ycnoBHSI: 8 MOMeHT = l = 0 
0 

pe30H8Tapa CK803b TOpUOBYIO CTeHKY CO CKOpOCTbiO 

none crycTKa so seeM o6'beMe peaoHaTopa a 3TOT 
x) 

JOWHM , ycKopSIJOWee nonepeqHoe none BHYTPH 

Haqan bHYIO BMnnHTy llY II cj:Ja3y. 

4 

3anaqu, na H nnSI Bhrqucn eHHi!, 

npoHHKWHM a o6'beM qep~3 Topuoaoe 

pe3oHaTop. 

• 

'I .. ?:·. 

I 
·,\ 

I 

tl 

H8H6onee yno6HoA SIBnHeTCSI f'8MHnbTOHOBCK8SI cj:JopMa ypaBHeHHA B38HMoneAcT
/16,7/. 

ayJOlllHX qacTKll H nonS! • • 

~CXOllSI •113 ypaaHeHHi! ~BKCBenna 8 KynoHOBCKOi! KBnHGpoBKe 

.. 
div A 0. 

n ... I il'" .. A ~ - !!fBd _..:.t;_ = -1..JL. p V 
~ ilt c 

\' 2 ¢ 
4 "P 

( rne A · onpenenSieT ac10 nonepeqHyJO qacTb cyMMapHoro nonSI, T.e. norrSI 
x) 

ycKopSIJOll!ero 11 co6cTseHHoro nonS! , <t -onpenenSieT cTaTnqecKoe 

none) 11 rpaHnqHwx ycnosHA Ha sHyTpeHHei! noaepxHocTH pe3oHaTopa 

( f'.$ 
.. 
n 

.. 
(A x n li 

( ")y = 0 

::: 0' 

-HopManb K noaepxHoCTH onpenenSieM cnenyJOll!He ! ) 

' 
ypaaHeHHSI nnSI ocunnnBTopoa nonepeqHoro nonS!: 

... _, ... .... 
.. 2 
q A + ~~A q A p v A). ( r ) (d r ) • 

c 
v 

3apHn crycTKa, paccMaTpnaaeMoro KBK enHHaSI qacTnua c pacnpeneneHHoi! 

nnoTHOCTb!O p , ecTb s 

p = eg(-; - Q(t)), rne Q ( t) -pannyc,-aeKTop 

.. dO .. .. .. 
ueHTpa TSI)I(9CTH, V = -- II f fl ( r - () ) ( d r)=No -non HOe qncno qaCTHU 

) d l v 
8 Cf'YCTKeXX , HHTef'pHpOBBHHe B (6 ) pacnpOCTp8H9HO H8 o6'beM pe30H8TOpa. 

OpToroHanbHBSI cHcTeMa seKTopHbiX cj:JyHKUHi! I A A I • no KOTopwM 

( 1 ) 

(2) 

l3) 

(4) 

(5) 

(6) 

x) B nanbHei!meM nnSI KpaTKOCTH cymecTsoaaamee paHee a pe3oHaTope cao-
6onHoe none HB3biBaeTCSI 'ycKopSIIOWHM•. 

I 171 
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)l(eHHSI llllSI g{f- ~) p8CCM8TpHB810TCSI HH)I(e. 
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BblfiOJIHSHO pa3nO)I(SHH8 fiOTSHUHana 

A=! qA(t)A.\ 
.\ 

HBmJeTCll CHCTSMOA co6CTB8HHbiX QJYHKUHA pe30HBTOp8, T,e, y JlOBnSTBOpSieT 

2 
ypSBHSHHHM t:,; .\ ru>.. 

+ ---
c2 

A.\ = 0, 

H rpaHH'IHOMY ycnOBHID 

... 
( \ x n) Y 0 • 

Ycr~&HSI aopMHpOBKH: 

... 
A 

v .\ 

... 2 
A.\,( d r ) = 4 rr c \>.., 

PeweHHe ypaBHSHHll (3) MO)I(eT 6bJTb npenCTSBneHO B liBHOM BHJlS B QJOpMe 

4> ( t.,. =( p(t,-;')! 
¢q(;) ¢Cf (-;') 

rne </> !?l 
0 

v' (f 

YJlOBnSTBOpSIIDT ypaBHSHHSIM 

(LI 2 

fort + ~¢ 
C1 c (1 

rpaHH'IHOMY ycnOBHID !¢C1(-;lly=0, 

c.:2 
(f 

= 0, 

(d-;'), 

(7) 

(8) 

nonHbiA raMHnbTOHH8H 38MKHyTOA CHCT8Mbl 1 B KOTOpoA crycTOK npencTaB

ngeTCH K8K uenoe ( T,e, '18CTH ero y Jl8p)I(HB8IDTCSI CTOpOHHHMH CHnaMH )
1 

HM88T 

BHJl 

H=v'M 2 c
4 + c2 

...................... 2 1 2 2~ 
p ( r - Q ( t)) A ( r .• t) ( d r ) 1 + ! -

2
- ( p >.. + Co\ q.\1+ 

.\ 

+ _1_ r 
2 . 

v' v 

! 
u 

p 
c v 

... ... , ) .... ... ... , 
¢ (rl¢tl(r ( ... _ ... Q)p(;'_Q)(dr)(dr l= 

C1 ·-- p r 
2 

(/.) C1 

J( +l{ + J( 
(I) (2) (8) 

B (9) A (1, t) H ¢ ( i,t) onpeneneHbl cpopMynaMH (7),(8), 
Q .. 

p -KaHOHH'ISCKHA HMnynbC, COfipH)I(eHHbiA C KOOpJlHH8TOit 

6 

'* 

(9) 

.,;.·.·.·.··! 

., 

J• 
'·'~ 

I. 

tl 

' ~(; 

' 

p).. _ K8HOHH'I8CKH8 HMnynbCbl 0 COfipSI)I(eHHble 'KOOpJlHH8T8M' 

uannsTCipOB nons, M = m 0 N 0 -cyMMapaas Mace a noKoH crycTKa 

H3 sneKTpOHOB ) , 

YpasaeHHH JlBH)I(eHHSI crycTKa 

.. 
_.U! 

dt 
.u ao 

C yqeTOM COOTHOWeHHit 

rne 

H = rot A = ! q >.. rot A >.. 
>.. 

p 

.. 
dO 

=Mcy--
d t 

.. 
F 

y = [I -

npHBOJlHTCH K ypasHeHHID 

..i..i. 
d t 

aJ< --ar 

.. 1 ... • -: 
t=--..: q.\".\ 

c A 

_l_f 
.. .. .. 

p A(r,t)(dr), 
c v 

( ~) 2 -10 

-;z· J 

v ¢J' 

d 

d t 
0.1 y d p ---· ) 

d t 

I - .. 
=f P 1--! ciA -vet> +-

1 1..i.2...x~ 
v c >.. .\ A c dt 

0CT8nbHble K8HOHH'IeCKHe ypaBHeHJISI, COOTBeTCTBYIDWH& ( 9), y)l(e 

BH)le CHCTSMbl ( 6), Hs 38KOH8 coxpaHeHHSI 3HeprHH 38MKHYTOA QJ 

Mbl cnenyeT, 'ITO H = J{ o 

B Te'leHHe BCero BpeMeHH, nOK8 CHCTeMy MO)I(HO C'IHT8Tb 38MKHY' 

noK<J crycTOK HBXOJlHTCSI' BHYTPH pesoHaTopa , Bhlpa)l(eHRe ( 15) 1 

KBKRM o6p830M npORCXOJlRT OT60p 3HeprRR 1!:3 nepBOH8'18nbHO B 

BHeWHIIMR HCTO'IHHKSMII pe30H8Topa- no Mepe JlBH)I(eHHH crycTK8 

nepepacnpeneneHHe 3Hepr11H Me)I(JlY BCeMH Tp9MH '18CTHMH }( 

cor nacHO (6) YM9HbW89TCH • 8MnnHTyna Kone68HHA', a BM9CT8 C 

rHSI rapMOHH'I9CKOro OCUHnnSITOpa, KOTOpblll 6bln B036y)I(Jl9H CTOJ 

HHK8MR, H B036y)I(Jl8IDTCSI ocTanbHble ocuannSITOpbl. 

0Tcrona cnenyeT, 'ITO npH pac'!eTe saepraa 
1 
Ha6apaeMoll cry· 

OH HaxonHTCSI ewe BHYTPH pesoHaTopa, Heo6xonaMo y'IHTbiBBTb He 
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q A ( t) AA 

pe3oHaTopa, T.e. ynoeneTBOpHeT 

_, 
A,\ = 0, 

_, 
x n ) Y 0 • 

2 
d r ) = 4 " e f; )\)\, 

T 6b1Tb npenCT8BfieHO B SIBHOM BHLl9 B cflopMe 

-; , l I 
c/:q(;) ¢(1 (;') 

(1 
ll:2 

(1 

ypaBH9HHSIM 

"-' 2 

+--;-¢ =0, 
c (1 

) ) y= 0 • 

( d -; , ) • 

(7) 

(8) 

38MKHYTOA CHCT9Mb1 1 B KOTOpOA crycTOK npencTa&

ero y Jl9p)KHB8~TCSI CTOpOHHHMH CHfiaMH ), HMS9T 

c v 

................... 2 1 2 2~ 
p(r-Q(t))A(r,t)(dr)] +! -

2
-(p>.+ru>.q>..l+ 

,\ 

c:,) .... ... ... ... .... ... 
-p(r-Qlp(r' -Ql(dr)(dr') = 

(9) 

¢ ( i,t) onpeaeneHbl ¢opMynaMH (7),(8), 

MnynbC, conpH)I(eHHbiA c KOOPJlHHaToA Q 

6 

• 

:(,,, 

i, .... ~ 
:~A~ 

:f .. 

~.· ,, 

p A_ KaHoRH'!eCKHe HMnynbCbl, conpg)KeHHble •KoopnHHaTaM• q >. oc-

Ii.HnnHTapoB noliH, M = m 0 N 0 -cyMMapHaH Mace a no KoSI crycTKa cocTOHIUero 

H3 aneKTpOHOB ) , 

YpasHeHKH nBH)KeHHH crycTKa 

.. _u 
d t 

4 a() 

C y'leTOM COOTHOW9HHA 

rne 

H =rot; =I q>. JOt;,\ 
,\, 

.. .. 
dO 

p =Mcy-- ~r 
d t 

)' = [ 1 -

npHBOLlSITCSI K ypa&H9HH~ 

...!!..i_ 
d t 

_ilL 
a'P 

.. 1 • .. 
t=--I q>.A~ 

c A 

.. .. .. 
- _l_f p A(r,t)(dr), 

c v 

( ~) 2 -10 

-c2·J 

( 10) 

v ¢>. ( ll) 

( 12) 

( 13) 

.. 
d 

d t 
<My dP 1 

dt 
= f p I --1 ! q A - V¢ 

1 dQ _, .. 
+ -(--xi q, JOt A,) l(drl 

v c >. >. A c d t >. 1\ 1\ 

( 14) 

0CT8fibHble KSHOHH'IeCKHe ypaBH9HJISI, COOTBeTCTBY~WHe ( 9), y)Ke 38fiHC8Hbl B 

BHJle CHCTeMbl (6 ), J.13 38KOH8 COXp8H9HHSI 3HeprHH 38MKHyTOA cPH3H'I9CKOA CHCTe-

Mhl cnenyeT, 'ITO H = H o 

B Te'!eHHe BCero BpeM9HH, fiOK8 CHCT9My MO)KHO C'IHTSTb 38MKHyToA, T,e, 

flOKCI crycTOK HSXOLlHTCSI' BHyTpH pe3oHaTopa , 8b!pa)KeHP19 ( 15) fiOK83hiB89T 1 

( 15) 

K8KPIM o6pa30M npOIICXOJlPIT OT6op 3Hepr1111 1'13 nepBOH8'18fibHO B036y)KJleHHoro 

BHeWHIIMR HCTO'IHHKSMII pe30HaTopa- no Mepe LlBH)K9HHSI cryCTK8 npOHCXOJlHT 

nepepacnpeneneHHe aaepriiH Memay sceMII TpeMSI '!8CTHMII }( , npa 3TOM 

cornacHo (6) yMeHbwaeTcSI • aMnniiTyna Kone6aHxA•, a BMecTe c TeM H aHep-

rHSI rapMOHH'IeCKOrO OCUHfifiSITOpa, KOTOpblll 6bln B036y)I(JleH CTOpOHHKMH HCTO'I-

HKK8Mll, H B036y)KJl8~TCSI OCTSfibHble OCUHfifiSITOpbl, 

0Tc~aa cnenyeT, 'ITO npx pac'!eTe aHeprHK
1 

Ha6KpaeMoA crycTKOM, Koraa 

OH HSXOJlKTCSI erue BHyTpH p930H8Topa, He06XOJlHMO Y'IHTbiBSTb He TOfibKO fiOTepH 
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aa R3llY'IeHHoe nonepe'IHoe none, ao 11 3HeprHIO, OnHCb!B&eMyiO 'cT.:s.-

TH'IeCKHM' 'lll8HOM }{ B • J.13 nocneaHerO 'lll8Hil aOll)!(Hil 6b!Tb Bbi'IT8Hil 

C06CTB8HH'Il!l 3ll8KTpOMBrHKTHa!l 3HeprH!I 3'"'p11aa cryCTKil, OCTaswa!IC!I 'lllCTb 

npeaCTilBHT sHepi'HIO, 38Tpa'leHHYIO Hll C03aBHHe CTaTR'IeCKOrO non!l 31lpHaOB, 

B03HHKWHX Hll BHyTpeHHRX CT8HKilX nonOCTR pe30HaTOpll. 

B caMoe ypaaHeHHe ( 14), B npasy10 ero 'laCTb, sxoaKT Tenepb • cHna 

caMoaeltcTBHH'. B CBH311 c 3TRM B03HHKaiOT K pa3l!H'IHbi8 sonpoCbi, CB!I3aHHbie 

C JICKlli0'18HH8M 3ll8KTpOM&rHHTHOit M&CCbl, peryn!lpH31lUH8lt iiOT8HUHanOB H T.n. 

nocneaHHe, oaH&KO, cyweCTB8HHO 31lBHCHT OT npeanOll0)!(8HHl! 0 pacnpeaene-

HHK 31lpHaa. 

II. 

.lln11 a&llbHel!wero Heo6xoaHMO npHB8CTII HBHbl8 Bb!pll)!(8HHH :-Jll!l cpyHKUHl! 
... 

Jo A rl>, .llnH pe3oHaTopa, y KOToporo paaKyc nonepe'IHoro ce'leHK!I 

paaeH a , anHHB pasHa h B UHllHHapH'18CKOl! CHCTeMe KOOpaHHilT 

r,¢,z 1 H.B rayccoaoA • CIICTeMe eauHKU 3TH cpyHKUHH pllBHbl ( CM,, 

/11/ 
aanpMep

1 
): 

mrr 2y2 ~~~ c 
A (z) 

fm 
a\lh A~m 

(I') 2y-2 II' m c A • _;:_,:~_.::......:;._; __ 

e... • ha/• Ar ... 

Jo<vr-71 

J I < t· e 1 

__1_!.{~ 

008 

-h- z } 

sln~z 
h 

m = t ,2, 3 "' 

'= 1,2 • 3 .•... 

J I ( 11f 1 

( z) 

Avo "' 
2 II f c 

r 
J~. 1 

J I (II f 1 a2yh Af 0 

m = 0, p = 1,2,3, ••• 

2y"i.'c 
Jo ( vf -71 

(/, = -sin~z. 
fm ayh J 'I II 1 h 

I f 

m = 1,2,3, ... 

p = 1,2,3, ... 

~= J Vf 2 
liiii' 2 

A = (--1 +(--1 ,_ c a h 

(1 = ~=~t 12 + ( _!!!..!L. '1 2 
r .. c a h 

r.u.e v, -~opHR ypBBHeHR!I J ( f 1 c 0 
0 

8 

• 

( 16) 

( 17) 

( 18) 

(19) 

.,. ' ' . 
\" ·' 

~-' _· ' _,· 

• 

Bsaay &311MyT&llbHolt CIIMMeTpHH 3aa&'lll see Bblpa>KeHHII a ~s 

noTeHUHill!OB OTHOC!ITC!I K ll3HMyTal!bHOMy 'IHClly j "'0 , ( T&KHM 

BM8CTO TpOitHbiX CyMM B Bblpll>K8riH!I TUna ( 7) 1 (8) BXOa!IT CyMMbl 

f , m ). 

.llanee 6y aeT pBCCM&TpHBilTbC!I oaHOMepHoe aBH>KeHHe Cr) 

npoaOllbHOlt OCR pe30HBTOpa 6e3 y'leTa nonepe'IHOl! yCTOl!'IHBOCTH, 

Be3ae HH)!(8 HCDOllb3YIOTC!I TOllbKO nocneaHHe 113 yp&BHeHHit ( 14), 

B 9TOM ypaaHeHHH nocneaanA 'lnea HC'Ie3aeT, T.K. M&rHHTHO€ 

IOWeec!l BHyTpH DOllOCTH, He OKil3b!BileT Bl!H!IHH!I Hll npoaOllbHOe a1 

nony'l&eTC!I cneaytolllllH CHCT8Mil _31lU80l!HIOlUHXCR ypaBHeHHit; 

2 
+ cu A q "' f p {3 

v 
A (z) (-; )( d;1 if A 

d 1 I 1 ~ -- (My~ ) =-I p --..!. 
dt B c v c A 

<i A A <f - ( V Ill l z I < d1 1 . 

rae ¢ 1111 
onpeaen!leTCR <jlopMynoll (8). TaK )!(e, lt&K B , 9T8 cu 

MO >KeT 6b!Tb nplfBeaeaa It OaHOMY HHTerpo-aHcpcpepeHUH8llbHOMy y 

.llnR 3TOrO Heo6xoalfMO 38a8Tb Hll'18llbHble yCliOBifH a/Ill BC8X OCUI 

DOll!l, Ecnn C'IIIT&Tb, 'ITO pe30HilTOp 6&m B036y>KaeH H8 OCHOBHOit 

( T,e, m = 0, f= I ) , TO_ npHHHTbie paHee Hll'18/lbHb18 YC/IOBIIH Cl 

cneayJOIUIIM: 

(0) • (0) ( P; m 1 vi (I; 0). 
qfm = q = 0. eCIIH 

Pm 
(0) • ( 0) 

q c q . q =q 
IO 0 10 0 

rae qo • q -3aaaHHble 3H8'1eHHR, Toraa pemeHH!I ocuHllllRTO 
0 

3&nHCb!BiliOTCH B BRae 

1 t (z) .. 
q , = -- f ( f p f A , ( d r 1 ) sin c A ( t - r 1 d r , 

1\ CA 0 v z 1\ 
( p ; III 1 vi ( 1 ;01. 

.ll1111 OCHOBHOI'O OCUHllllHTOpa yao6HO BBeCTH 0603H8'1HHHe .. 
q =q _+q, 

10 10 

rae 
(z) .. } ( fpf A (dr11sincA (t-r1dr 

v • 10 10 

cj 
coscA t +--0- sine,\ t 

10 e A 10 
10 

t 
·-~~ r 

q 10 = c ,\I) 0 

q = qo 
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9HeprHJO, OllHCb!BBeMyJO "eTa-

• kla nocnenHero •meHa non)!(Ha 6biTb Bbi'JTeHa 

gHeprHSI 3JpSina crycTKB, OCTBBWBSICSI 'IBCTb 

aT08'18HHYIO HB coanaHHe CTBTR'IeCKOrO liOnS! 38pSinOB, 

nonocTH peaoHaTopa. 

( 14), B npasyJO ero 'IBCTb, BXOnHT Tenepb • CRna 

C 9TRM B03HHK810T K pa3nH'IHbie BOllpOChl, CBSI38HHbie 

arHHTHOlt MI1CCbi, perynSipK38UKelt llOTeHUKBnOB H T,ll. 

HHO aaaKCSIT oT npennono)!(eHHA o pacnpenene-

II. 

SIBHbie Bbip8)!(eHHSI CinSI cpyHKUKlt 

y xoToporo panRyc nonepe'!Horo ceqeHKSI 

h B UKnKHnpH'IeCKOlt CHCTeMe KODpnKHBT 

OBOII • CHCTeMe enHHRU 9TH cpyHKUHII paBHbl ( CM,, 

mrr Jo<~~r-71 

1 1 < ~· e 1 

~~ 

ros -h-z } 

. m rr 
Sln-z 

h 

m = t ,2 O 3 NO 

P=1,2,S ..... 

J t ( 11f 1 

( ..... ....:._1 
a 

m = 0, p"' 1 '2. s, ... 
J I ( II p 1 

J ( v • ..L 1 
0 [ 8 m-= 1,2,g, ... 

• m rr 
stn --h-- z , 

J I \II p 1 p = 1,2.~ .... 

vp 2 m" 2 
(--1 +(--1 

a h 

II 
(--'-12 + (~12 

a h 

l!aaaeHHll J ( f 1 = 0 • 
0 

8 .. 

( 16) 

(17) 

( 18) 

' 
~ 
' 

' 
' 
I 

• 

BaRny aaRMyTan&HoA CRMMeTpRH aaaa'IR see Bblpa)!(eHHSI n ~ll 'ISCTOT R 

llOTeHUR81IOB OTHOCliTCll K 83RMYT8nbHOMy '!Kcny j a 0 , ( T8KHM o6p830M, 

BMeCTO TpOI!HblX CYMM ,B Bblp8}1{enRll TH!la (7) 1 (8) BXOaliT CyMMbl
1 

nsoi!Hhle no 

f ' m ). 

Llanee 6yaeT p8CCM8TpHB8TbCll OllHOMepHoe aBR}I{eHRe cryCTKB anOIIb 

npononbHDII OCH peaoHaTopa 6ea y'leTa nonepe'IHDII yCTOlt'IHBOCTR, no9TOMY 

aeaae HK}I{e Kcnonb3yJOTCll TOnbKO nocneaaae R3 ypaaaeaall ( 14), 

B 9TOM ypaaHeHHR nocneaHHA qneH acqeaaeT, T.K. MarHRTHoe none, liMe-

JOweecSI BHYTPR nonoCTR, He OK83hiBSeT BIIRliHHll Ha npoaonbHoe aBK}I{eHHe. 

nonyqaeTCll cneayJOll.lSll cRcTeMa aauennliiOlllHXCll ypasaeHHlt: 

ij >.. 
2 e:f p ~ A (z) (-; 1 ( d ;1 

} + (L) >.. q 
v • 

d 1 I 1 q>.. A<;_> -(V¢1• I< d1 1 --<Myfi 1 =-f P --! 
dt • c v c >.. 

rae ¢ 1111 
onpeaenlleTcll cpopMynoit (8). Tax *e, xax a , aTa cHcTeMa 

MO }l{eT 6&1Tb npaseaeHS K OaHOMY IIHTerpo-nRcpcpepeHUK8l1bHOMY ypllBHeHKIO. 

LJ.nll 3TOrO Heo6xoaKMO aaaSTb H8'1811bHhle yCii.OBRll allll BCex· OCUKl111liTOpOB 

l!OIIll, ECIIK C'IKTBTb, 'ITO pe30H8TOp 6&111 B036y}l{aeH H8 OCHOBHOlt '18CTOTe .\ IO 

( T,e, m "'0, e= I ) , TO, npKHliTbie p8Hee H8'1811bHble YCIIOBKll CBOaliTCll K 

cneayiOll.lKM: 

(0) • (0) 

qem "' q Pm = 0' ec1111 (P; m 1 ./ (1;0), 

(0) • ( 0) • 
q = q 

IO 0 
q =q 

10 0 

(20) 

(21) 

rae q 'q 0 
-aaaaHHble aaaqeHRll, Toraa peweHRll ocuKnnliTOpH&IX ypasHeHHlt 

0 

38llKCbiBBIOTCll B Bane 

t 

q =-1-f 
.\ c >.. 0 v 

(z) -+ 
A >.. ( d r ) ) sin c .\ ( t - r ) d r , 

( P ; m) .,' ( 1 ;01. 

(22) ( f p f 
• 

LJ.nll OCHOBHOrO OCUHIIl1liTOp8 ya06HO BBeCTII 0603H8'1HHHe .. 
q =q .+q, 

10 10 

rae 
(z) -+ } ( f p f A ( d r ll sin c.\ ( t - r1 d r 

v • 10 10 

cj 
rose.\ t +--0- !'!inc.\ t 

10 c.\ 10 
10 

(23) t - _l_J 
q 10- c ). ., 

q qo 

9 

~ ....... 



BblnenSISI CB060llHbJe KOne68HHSI, COOTBeTCTByiOWHe CTOpOHHeMy H8'18 flbHOMy 

soa6y)l(neHIIIO peaoHc~Topa. nonyqaeTCSI ( nanee f .. fl 

_d_ ( c \lyfll=- - 1- .f I ( <i 
0
coscA

10 
1 

d t c v 

( •l -+ 
cA

10
q

0
Rinc\

0
t)AA (r)+ 

10 

(24) 

( z) ( z) ... , -+ , -+ -+ ... 
+ ! A A (r) f ( fp'fl A A (r )(dr ))ooscA(t;-rldr+cv <f. I p(r-Ol(drl. 

A n v' 

8 (24 ) Heii3BeCTHbiMH HBflSIIOTCH tPYHKUIIII f (I) , 0 ( l) • OllH8KO OHII qpea-

Bbl'l8l!HO CflO)I(HblM o6p830M BXOllSIT B npasyiO '18CTb ypBBHeHHSI. KpoMe TOrO, 

K8K y)l(e OTMe'l8flOCb BbiWe, llflSI KOppeKTHOrO IICU0flb30B8HHSI ypaBHeHHSI (24) 

Heo6XOllKMO UpOK3BeCTII nepeHupMHpOBKY M8CChl. 

B o6weM cnyqae sKn pacnpeneneHKSI nnoTHOCTK aapHna, npKHHThll! shl

we, He HBnSJeTCSI penSJTHBHCTCKK-KHBapKaHTHhiM • .LlnSJ nanbHel!wero, Y'IKThiBBSI 

OllHOMepHOCTb llBII)I(eHKH, MO)I(HO npHHSITb '18CTHbll! Cny'IBJI pacnpeneneHIISI 

TOll )l(e ¢opMbl, KOTOpoe, OllH8KO, HBnSJeTCSI penSJTHBIICTCKHM: 

p = p o ( z -0 ( t) )[ 0' ( r ) . ..., u( r - b l ] } 
0 • 

j(z)=cflp . 

ufxl=l 

nonHb!lt 38pS1ll 

S = e N
0 

0. 

1 • 

=e 

X < 0; 

X ~ 0 

-+ 2 
(p(drl =rrh p

0 
v 

(25) 

(26) 

TaKKM o6p830M, cryCTOK npenCT8BnSieTCSI 6eCKOHe'IHO TOHKKM lliiCKOM pan11yca 

b , nsKx~ylliHMCSI nepneHnKKynSJpHo csoel! nnocKOCTH. B peaynbTBTe paano-

)l(eHKSI no C06CTBeHHhiM tPYHK UHSIM 

j (z) = J 
fm v 

(z) (z) -+ 
A (d r l 

fm 

- 2 b 
4'./2 S C F J1 (II fa) ODS __liL!L_ (l 

- h 
abyh "'rmjl(llpl 

j(z) = 
p 

0 

4 s c 
2 f J 1 < 11 v _ ~ 1 

ab.jh >.f Jl( 11p l 
0 

0TKyna c yqeToM (22) nonyqaeTCSI 

10 

• 

m ,f. 0 

. (27) 

., ,\ 
I 
·.'1 

~'.. . ~~~ 

.:<fr, 
q = 

fm 

4y2SJ
1
(11f+l 

ab{h- ,\~ J, (lie l 

b 
4SJ1 <11r-.-1 

t m" r Q < , > 008 r -- o < , > 1 ro1n £ c ,~.. < , -, 1 1 d , 
~ ~ h rm 

qfo = abyh .\p 1
1 

< 11f l 
0 

<t>opMyna ( 7) naeT 

A"(r, z, t) = 
II ~c 

a 8 b h 

t 
· Jf.!r) sin(c Ap (t -rl] dr 
0 0 

f II J ( h ~-·"' -~ I llf--)J (II_!_) 
" ~-- • 

0 fa 
>.f,.J~<IItl 

t 
X J f!r)oos[-¥-O(r)]sln[cAfm (t-rl]dr. 

0 

CliMB On f 
m 03H8'18eT: 

-{I . f -
m 2 

m = 0; 

m ,f 0. 

mrr oos--- z 
h 

KpoMe SToro, B (29) He p8CCM8Tp11B8eTCSI noxa CTOpOHHee B036y)l(ll 

HBTopa. HaKoHeu, 'nonepe'IHBSI 'laCTb' sneKTpH'Iecxoro nonS! 6yneT 

00 00 

l .-.!!.Ji-L ! Y f m 
F =- f=l m=O 

b r l 
11 0 ] 1 (v0-lJo(llo-8-l m1rz (~1 mrrO 

t r. a t -cos-- f-.1 oos--oo1 

z a8 b h \2 J 2( l h 0 h 
"fm I 11P 

<t>opMyna (8) c y'leToM ( 18) 11 (25) naeT 

If;~ i' 
lt(r,z,tl=-;\,h P,m=l 

J (llp..l)J (u,.l..) 
1 a o r a mrr 
------- sin --
>-p!, lip J: (lip ) h 

0TKyna •npononbHaSI 'ISCTb ' sneKTpll'lecxoro nonS! 

z sin J!!.J!:Qll 
h 

El/=_lliw~ ! 
abh 2 P,m=l 

m .) ( "• ..!..1 J ( "• -'-l 
I r a o r a 

2 2 
cos~ sin lll..lt.L 

h 
"p .\fm 11 < 11P 1 

II 



•KoneoaH<JSI, COOTBeTCTBYIOWHe CTOpOHHeMy H8'18 flbiiOMy 

nonyqaeTCSI ( .nanee f' '!' fl ) 

v 
I ( ci ocos CAIO I -

( ., .. 
c,\

10
q

0
Rinc\

0
1)A,\ (r)+ 

10 

(24) 

(r:) ... .... .I ... .... ... 

' f A ,\ ( r ' ) ( d r ) ) cos c ,\ ( t '0 r) d r + c V If. I p ( r - 0 )( d r l. 

H SIBflSIIOTCSI cl:>yHKUKH f' ( t) , 0 ( t) • O.[lHBKO OHII '1pea-

p830M axo.nstT a npaay10 'IBCTb ypaaHeHKSI, KpoMe Taro, 

Bb!W9 0 .[lflSI KOppeKTHO!"O HCnonb30B8HHSI ypaBH9HHSI (24) 

nepeHopMHpOBKy MBCCW, 

BHLl pacnpe.neneHHSI nnoTHOCTH 38pst.na, npHHSITWA aw

BKCTCKK-HHBBpHaHTHbiM, llnst .nanblleAwero, Y'IHTWBBSI 

MO>KHO npHHSITb 'IBCTHhtA cny'laA pacnpe.neneHKSI 

, OLlHBKO, SIBflSieTCSI penSITHBKCTCKKM: 

( 1) l[ u ( r ) ..., u( r - b l ] } 

0, 

I ' 

=• 

X < 0; 

X ~ 0 

.. 2 
(p(dr) =rrb p

0 
v 

npe.ncTaBnlleTCSI 6eCKOH9'1HO TOHKKM .[liiCKOM pB.UKyca 

nnocKOCTII. B peaynbTBTe paano-

¢yHKUHSIM 

- 2 b 
4'./2 s c f J, ( v e & > cos __!!L!!_ o 

h 
abyh )..Pm 11 (lip l 

m ,j n 

(25) 

(26) 

• (27) 
j(z) = 

b 
4 s c 2 f 1 1 < 11e_a > 

p 
0 abyb Af J,( 11 p) 

0 

) nonyqaeTcst 

10 

.. 

~,. ,;/ 

',_! 
~.~~). , 
>~;·~ ~ 

'\.,.~.~... ,., 

·~ 

4y2SJ <v. _b_) 
q = 

&, 
I t a 

ab~Tb- >.~ 1tlllr) 

b 
4SJ1 <vr-.-l 

t m" r f. ( r ) Cl08 [ -- 0 ( r ) 1 sin [ c An ( I - r) I d r • o h tm 

qfo = - 2 
aby h >.p 11 (!If l 

0 

<PopMyna ( 7) .naeT 

Az(r,z,tl= 

t 

II !t.c 

a 8 b h 

t 

· ff.(r) sin[c >.p (t -rl I dr 
0 0 

f II J ( b ~ _..:.!......:.! I !If--) J (II __!_) 
-- • 0 fa 

>.fm J~ ( llf) 

X/ ,8(r)cos[--¥-O(r)]sln [c>.Pm (t- r )]dr. 

CKMaon 
m 03H8'189T: 

t ={I 
m 2 

m = 0; 

m ,f 0. 

mrr 
Cl08 --- Z X 

h 

m ,f 0 ; 

(28) 

(29) 

KpoMe 3TOI'O, B (29) He pacCMBTpHEiaeTCSI noxa CTOpOHHee B036y)!{.[leHHe peao

HBTOpa. HaxoHen, •nonepeqHag 'IBCTb• anexTpll'lecxoro nonS! 6y.neT pasHa: 

b r l 
l oo oo !If Jl (11,-;)lo(llf-a-) mrrz r f3 COB _mrrl) cos[c"t,(t-r)).drQ.) 

F -- _uL! ~ f . -cos -h-o h (3 
z - 8 3 b h P= I m=O m ,\ ~m J :< vp ) 

<PopMyna (8) c y'leTOM ( 18) 11 (25) .naeT 

I~ I 
¢(r,z,t)=-;;},h P,m=l 

J,<vp-}>Jo(tt~> mrr 
------- sin --
,\p!, lip J: ( Vp ) h 

0TKy .na •npo.nonbHSSI 'IBCTb • 3n9KTpii'19CKOI'O nong 

z sin ...!!'.JrQ.Ul. 
h 

FIJ 
~ =-

16 ,~ 

8 b h 2 

b -'-) 
m .T ( v -) 10 ( 11 n a ....!!J...Il... sin 

.., 1 p a r cos h 
! 2 2 ( 

mn(\ 

P,m=t vp .\Pm J, vp h 

II 

' 

(31) 

( 32) 



HaKoHeu, 
2 .. 

1~ s ! 
.1{ 8 = b2h7,mc I 

2 b rl ( ve-.-1 
vp2 ~P! Jl2 ( vp 1 

III 

sin 2 mlrO 
h 

rpoM03.0KIIe Bblll8)!(9HHll ( 30)' ( 31)' ( 32) Tpy .OHO IICC/19.00B8Tb, O.nHaKO 

(33) 

npe.ncTaenH,•Tcll B03MO)!(HOCTb .llllll HeKOTOphtx o6nacTel! .-npocTpaHCTBa BHYTPII 

o61>~Ma V npoK3BeCTII cyMMKpoec~HI!e pli.OOB • .Ueol!Hol! pll.ll ( 30) npe.ncTSB/IlleTcll 

B ¢opMe 

l 
F 

z =-
.. 

~y 
a 3 b h m=O 

cos~".!_ (fl. mwfl 00 
11

p ]( 11 p ..l..1]( v -'-1 
m h o· cos-h-..:_1! ___ I_ a o p a 

f=l ( Vp 2 2 X 
(-1 +(~-1 1J2( 1 

• h vp 

vp 2 m" 2 
x cos ( e ( t - r 1 y ( -- 1 + ( ---1 1 l d r 

a h 

(34) 

PH.O, 38K/110'19HHbll! B clJKrypHOI! CK06Ke B (34), IICI1011b3YSI pa3/10)!(9HKe, a!ll /!OrH'IHOe 

/18/ 
p83/IO)!(eHHIO KHe3epa-30MMepctJen b.llS , MO)!(HO 3811HC8Tb B BII.Oe KOHTypHoro 

KHTerpana 

b) 1 (v -•-1 y(..':L1 2 
( m·, )2 

+ 
h 

"" v J (vP.& o p • cos(e(t-rl a l f I . 
() = ! 17 v e l 2 + <---'V'---1 21 .I :<vp 1 

(m) P=l 
a 

w 2 + ( !!!..!L1 21 w cos [ c ( t - r 1 V ( -a- 1 h 
(35) 

dw, = f C:(w1 
2 mrr 

1
2 (~1 +(-h-r 

a 

r.ne 

b 
(2) (I) . r 1 1 

(36) 

I (w-1w 
(tl (2) ( w __!_ 1 - 11 ( w 1 II o ( " -a-I a 

[flo (w11'o a o r ( "l = 
~.I o (w1 

• KOHTYP HHTerpHpoeaHKSI B KOMn/leKCHol! nnocKocTK w npe.ncTaeneH Ha p11c, 1x), 

x) 
Bht'IKC/IeHKe COOTBeTCTByiOllliiX KOMil/leKCHbiX IIHTerpaiiOB npKee.neHO B npK-

/10 1< eHHII I. 

12 

• 

•{_.-~~.i 
·~u· ! 

iff!:·:· 
r,iki!,_ 
~~~. 

't :·4r·.t 
,iif 

LJ.n11 fBIIcPOpM113&1lllll MBOr03H&'IBOI cPYHKilllll y(--!.....)1 +(...!!!. 
• 

8 nnOCJtOCTII .. C.ll8li&Hbl p83p83W 0 8biXO.llHlllll8 113 T0'18K 

Mo»<:ao noK&3&Tb, 'ITO 8 o6nacTH r-a > c( t- r) (37) KOI 

MO»<HO 'paCTIIHYTb' ' 8 KOHTyp r r 
I 

, COCTOllllllll 88HHII 

6ecKOH8'1HO 60llbWOrO p&llllyCa II MHHMOl! OCH, npK'IeM RHTerpa 

HOI nonyOKpy»<:HOCTII KC'I8388T, 4>yHKilK!I C( w) ll8llli8TCII 'leT 

nOlliiHTerpanbHOe Bblp8»<:8HK8 8 npaaoA '14CTH ( 35 )- H8'1~THOe, 

KHTerpan 8ll0llb MKHMOI OCR C80llKTCII TOllbJ[O K HKTerpany no 

I m tra 
oJtono nomocoa ± -_;y.;;.;:__ • nocne BW'IHcneHHII nonyqaeTC 

(J .l. 1 mtra ra 1 m 
•-trio· C(l---l •-·---

(DI) h 2h 

1 c....!!!ltL, 
~ II; 

Io(~) 
h 

[r (~)I (J 
-o b 0 

npH nollCT4KOBKe (38) B (34) He06XOllHMO Y'I8CTb, 'ITO r 

npenenax [0, t] , noaToMy o6lllee awpa»<:eaHe llllll ycno&Hll (: 

r-b>et, 

0KOH'I8T8llbH08 Bblp&»<:eKHe llll!l r:- npHHHM48T 8Hll 

I ( mrb 
.l oo I --.--) 

F • ...!L. I CDs .!!.It!. Ilia ~ ( K ( .t!!.!t_) I ( ..!!!t!.. 
• bh 1 b h 1 ( Ill tra l 0 h 0 h 

·- 0 -,;---

' (B (39) Y'ITeHo, 'ITO J c fHr)OOB mtrO dr -l-h-ro111 __!!.LQ_h 
o k m tr . 

CyMMHpoaaaHe plllla (31) no r B o6nacTH r>b npoH380llHTC' 

»<:e o6pa3oM H aaeT 8 pe3yllbT&Te 

I, ( .!!!!!L) 
41 • ..!L I ..1... ebl ..!!!!!- al11 _!!I._!.Q_ h ( K 0 ( _.!!.!!,_) I 0 ( ..!!!.!.. 

trb m•t ., h b 1 ( ..!.!.!._) b b 
0 h 

tJ4l 
0TKYll8 

II 
F • --,.-;- OK83b1848TCII C TO'IHOCTbiO llO 3K8· 

C Bblpa»<:eKHeM 

M8HH t E.l. 
z 

(39). 

H 

noaToMy, ecliH paCCM8TpHB8Tb 8 K8»'llb1l 

11 
&. B o6lllel '14CTH o6nacTel ( 38) H ( 

B llaiCTBHTallbHOCTH COBI18ll88T C C8MOI o6naCTbiO (38) ), TO 

B STOI '18CTH 11pOCTp8HCT88 OK83bi888TCR HylleM. 

LI.n11 Toro, '!To6w ynpocTHTb Bblpa»<:eHHe ( 31) llll!l o6nacTH 

llliR o6nacTH, B KOTOpol H&XOllHTCR C8M ·3ap11l1, yao6HO BXOll~ 

»<:eHHe pllll no 9 npeacT&BHTb B ctJopMe 

11 .. J (v.JLlJ (vp-'-l a .. •Jo<vv+>Jo<' 
6 = ! 1 r 1 0 11 

=- ....--" -- llllr 2 · 
<"'l f=t !If { ( -;->2 + ( ~," l~~Jtl ;I b Pet v;f<~l2 + <--r--1 

13 



! 
,m= I 

r 2
( IJn-b-) 

I I a 

"p2 Ap~ Jl2(vp l 

lli 

sin2mrrO 
h 

(30), (31), (32) TpynHo KccnenoaaTb. OnHaKo 

(33) 

nns HeKoTopbiX o6nacTel! ··npocTpaHCTBa BHYTPII 

HpoB.JHife psnoa • .Llaoi!Hol! psn ( 30) npencTaanseTCII 

r F cos ~.!2- 1 ; 0 h ,;1 

-~l 2
) l dr 

h 

v J( v ...l!...)J(v -L) 
P1PaoPa 

----vp--2 m rr 2 2 
[(-) +(--) lJ (v l 

a h r 
X 

(34) 

oil cKo6Ke B (34), Kcnonb3yll pa3no>KeHKe, ali! norK'IHOe 

/18/ 
eptpen bllS , MO>KHO 3SOKCSTb B Blfne KOHTypHoro 

"e -·-> 
I a 21 2 cos(c(t-r).j(!:..L)2 

. .I I <vp l + 

(~)2+(~121 
a h 

-------
+(~)2 

h 

dw, 

~)2 
h 

(I) (w)J>(2
) (w .._!_)-H(2l(w)ll(ll (w -•-)1 

0 o a 0 0 a 

(35) 

(36) 

nneKCHOI! llllOCKOCTH w 
x) 

npencTaaneH Ha p11c. 1 • 

llllfX KOMnneKCHbiX KHTerpanoe npHaeneHo B np•-

12 

• 
' ·~...;.. 

.LJ.nR fB114>0pMB3AilBR MHOr'03HA'IHOI iPYHK·JlKR V ( _..!,...)I + ( ...!!!..!!-)I • h 

a nnocJtocTB w c.aenaaw p83p83bl, BbiXOlllllUKe H3 TO'f8K : lm It • 

Mo»<HO nOJt838Tb, 'ITO B o6n&CTH r-a > e( t- r) (37) KOHTYP RHTerpHpo-

BAHHII r MO»<HO 'p8CTIIHYTb' ' B JtOHTyp r , COCTOII!URI K3 nonyJtpyra 
I 

6ecKoHe'IHO 6onb!Uoro pa.aayca K MHRMOA OCR, npK'Il!M RHTerpan no 6ecJtoHe'l-

HOI nonyoltpy»<HOCTB HC'I8388T, ¢>yHKilKII C ( w) IIBnlleTCII 'll!THOI 1 noaTOMy 

no.aBHTerpanblloe Bblpa»<eaae B np1111oA 'ISCTK ( 35 )- He'll!THoe. B peaynbT&Te 

HHTer'pall B,llOnb MHHMOI OCR CBO.llHTCII TOnb.ltO It KHTerpany no .llBYM 06XO.ll8M 

I m Ita 
oJtono nomocoa ± -'-~=~- nocne Bbi'IIICneHHII nony'laeTCII 

I (.....!!!.!L) 
I 

----~---('o(~)l (..!!!.!!.!...)-IC (!!!.)I(.!!!!!!..)). 
m Ita h 0 b '"tl b 0 h 

.l 1 mwa It a 1 m 
9 •-wit· G(l---l ·-·---<•> h 2b 

Io ( --r-l (37) 

npR nO,llCT8HOBKe (38) B (34) He06XO.llKMO y'lecTb, 'ITO r K3M8Hli8TCll B 

npenenax [0, t] , noaToMy o6mee Bblpa»<eHKe .an11 ycnoBKll ( 37) non»<HO 6b1Tb 

r-b>et, (38) 

0JtOH'IST8nbHOe Bblp8»<8HH8 .llnll F:- npHHKM88T BKll 

I ( mw b 
.L .. 1 -,.--l 

F ._!LI cos..YL.m2!.!..9.... [K (.!!£_)! (.!!!.!.!...)-K(.!!!!_)J(.!!!!-.)). 
• bh 

1 
h h I ( mit a l o b o h o h o h 

·- 0 -,;-- . ( ) t 39 

(B (39) y'ITeHo, 'ITO / e {3(r)oos mtO dr .. i mhlt slo ~ ). ( 40) 

CyMMKpoaaHKe p11.aa (31) no t a o6nacTH r>b npoK3BO.llRTCll TO'IHO TSJCHM 

»<e o6paaoM H .aaeT B peaynbT&Te 

I, ( .!!!.!!L l 
(l. _!L i _L aiD ,.!!!!!_ alo __!!1...!.2_ b ( K ( -'!!.!!!-) I ( ..!!!!!-) - K (---!!!.!.!-)I ( ..!!.tL )1. 

1r b m•l m h h 1 ( ...!!..!t!_l 0 h 
0 

h 
0 

h · 
0 

h 
0 h 

II "(l . 
0TKy.aa F • • -·'""lT OK83biBSeTCll C TO'IHOCTbiO .llO 3HSKS COB08,ll810Ulel 

C Bblp8»<8HK8M (39). noaTOMY1 ecnK paCCM8TpHB8Tb B K8»<.llbll MOM8HT &pe-

.l " M8HH I [z K E.z B o6mel '18CTH o6nacTel (38) H (39) ( KOTOp811 

B .ll81cTBKT8nbHOCTH coana,aaeT C CSMOI o6n&CTbiO (38) ), TO cyMM8pll08 none 

B 8TOI 'ISCTK npOCTp8HCTB8 OK83b1BS8TCH HyneM, 

.LJ.n11 TOr'O, 'IT06bl ynpOCTKTb Bblpa»<eHKe ( 31) ,anll o6nSCTH 
r < b • T.e. 

.llnll o6nSCTH
1 

B KOTOpol HaxO.llKTCH CSM ·aapll.ll, y,ao6HO BXO.lllllUHI! B 8TO Bblp8-

»<eHHe p11.a no r npe.acT&BHTb a q,opMe 

II .. J <vy..!!...lJ (vp-'-l ()"" •Jo<vp+lJo<vp...!,;-l 
(I-! 1 • 0 a =-...---~ 111-,-----
(m)r=l II ((!f_)l +(....!.!,_)~fllw) ah'=l v;{(.!!_)2+(-h-)2]J~(IIf) 

f a h f a 

(42) 
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( T.K. IICXO.llHbll pH.ll p8BHOMepHO CXO.lliiTCSI .llflSI 0 ~ b < a 1 K8K -l ea 
TO noqneHHOe .llii<P<!>epeHUHpOB8HHe .llOfiyCTIIMO). ,LlnH nepeXO.ll8 B KOMnneKCHYIO 

o6naCTb II KOHTypHOrO HHTerpHpOB8HHSI BMeCTO C ( w ) Tenepb cne,llyeT Bb16p8Tb 

BbipameHHe 

t 

G
1 

(w)= 
10 ( w -.-) (I) (ll) b (ll) (0 b 

[H
0 

(w}H
0 

(w-;;-1-H 0 (w)H 0 (w--;11 '(43) 
R J

0 
(w) 

KOTOpoe o6na,ll8eT CXO.llHbiMH CBOICTB8MH C G ( w) • noaTOMY 

II a 
6 •-•--{ C (w) dw • 

(m) ab j' I w{(...!....)li+(..!!!..!L)2J 
(44) 

a h 

,LlanbHelwHe npeo6paaoeaHHH aHanorH'IHbl npe.llbi.llYlllHM, cne.llyeT TOflbKO 

eml! npH Bbl'IHCneHHH HHTerpana no KOHTypy 

waO nonyqaeTCH 

o ll =a a I 
(m) ifb 

h'lla2 fo-b-+ 

2 ( m rr )II 2 a 

rl o6oATH non10c B TO'IKe 

+ 
all h 2 

2( m rr) 2 

I ( m rrr 1 
0 ----r- { K ( ...!!'...!tL )I ( --l!!..ll!....- ) - K ( _!!!..!.!_ ) I ( m ff b 

0 b 0 h Ob 0 h 

(45) 

lll . 
I ( mlf a ) 0--,;-

0TKY.ll8 

¢=_l!L! 
bll mal 

h 

m ,, 

lo(-r-l m!7b )I (..1!U!..!-)+ 
-----{KI(-h- 0 h b 

17 2 m 2 17m 'u(m!7a/hl 
(46) 

+ Ko< m "a 
h 

) I' ( ) 11!1111 
~·sillml70 

h h 

B ( 46) qneHbl, co.llep*amao:_
81
u,a_nHH.llp11'1eCKIIe <!>YHKUIIH, 6biCTpo y6b!B810T c yee

-,;--<b-r) 
flll'leHIIeM m ( KBK " e ) 1 n03TOMy COOTBeTCTBYIOlllBSI 'IBCTb 

pSI.llB nerKO OUeHHB8~TCSI 1 OCT8flbH8SI '18CTb pH.ll8 cyMMHpyeTCSI II npe.llCTBBnHeT 

<i>YHKUHIO 

cfl
0 

=-4_S_ 
b2 { 

Q - 0 z -h-.-

z - (,1hz . 

npH 

npH 

z-f'>O, 

z-n<o. 
(47) 

II 
4neH cll

0 
onpe.llenHeT paapb!B nonH F • np11 nepexo.lle qepea noeepxHOCTb crycT-

4S .. II 
KB ( .llHCK8) • Benii'IIIHS pa3pb!B8 b'2 COOTBeTCTByeT CK8'1KY OOIISI E np11 ne-

14 

• 

~ 

.:;;::,, 
::: 

' 
·•. 

pexo.lle 'lepea noeepxHoCTb aapg)f(eHHoro .lliiCKa B cep6o.llHOM npocTpaHc 

none r,ll B p8CCM8Tp11B8eMOI o6n8CTH 1 T8XHM o6p830M, 6y.lleT 
• 

J.: ( m1ra )I ( mwb ) 
0 _,.- I =r ) tile--.!..!.!.. 

lo<~ b 
F II- _ll__ ' I ( ~l[JC (....!!!.!!!._)+ 

8 bb Dl at 0 b 1 h 

h 

4S - ...:2.. z<Q(t),. 
-~x I h npH 

1--4 npH z >Q(t). 

n ocne,llHee Bblp8)1{eHHe MO)f(HO npe.llCT8BHTb B CHMMeTpii'IHOM BH.lle: 

FH 
• { 

2S II - + 6, (z ,rl 
bl • 

- 11 _ _!L +lb · (z,rl 
bll • 

npH z > Q , 

npH 
• < 0. 

r.lle 

II 
45n ~" Dct ; mrrr [ 1 mrrz &' .(~-......_)+...a><-~ I( ---1 .... cos Ida 

• ~ h II' bh m•l 
0 h h 

mrrQ 

h 

.l 
Bbi'IHcneHHe F • 

B o6l)8CTH, r.lle He BblnonHeHo ycnoeHe (38), He yJ. 

,ll0CT8TO'IHO ynpOCTHTb. ,LlnH KOHKpeTHbiX cnyqaeB npHXO.llHTCH OUeHHB~ 

60flbWOe KOflH'IeCTBO qneHOB pH.llOB, OT6p8Cb!B8H OCT8flbHble. 

IV 

(24) 

.Llna OKOH'I8TenbHoro onpe.lleneHHH .llBH)f(eHHH crycTK8 cornacHo 

Heo6XO.llKMO Bbi'IIICflHTb .llelcTByiOlllHe Cllflbl, T.e. npiiBeCTH HBHO 

.llnH npaeol 'IBCTII ypasH~~H!I (24). II 
C11na F II coa.llaeaeMaH 'IBCTbiO F. sneKTpH'IeCKoro nonH, 

z 

no q,opMyne 

11 f • "')I 
F • p"' 

• v • 

-+ 4S
2 

1 
(dr) •-- 1-b 2 

2 ( t) ) + 
h 

ll .. 
+ _as__ I _J_ llill !mrO 1 ( _!!.!!..L l 

tr b ll •=I 81 h I .h 

( ( ( _!!!...!!.L ) + 
I h 

( ( .!!L!.. 
~ 

'o ( -

15 



_..[ 
fa 

aonycTHMO) • .LlnH nepexoaa 8 KoMnneKcHyJO 

pBBHOMepHo CXOaHTCSI anH 0 ~ b <a , K8K 

G ( w ) Tenepb cneayeT 8b16paTb 

(I) (2) b (2) (I) b 
l!

0 
{w)H

0 
(w-;;-l-H 0 (w)H 0 (w---;-1 '(43) 

C801lCT88MH C G ( w) no9TOMy 

~-•-()- ( G (w) dw • 
(Jb l' I w[(...!:.....)~+(.!!UL~ 

(44) 

a h 

ra3088HHSI 8H81lOrH'IHbl npeahlaylllHM, CneayeT TOilbKO 

f
1 

060itTH llOiliOC 8 TO'IK9 

In a fn-b-+ 
2 a 

[ K ( .....!!!..!lL li ( --l!!..lL!..-) _ K ( .....!!!..It!.. ) I ( m 1r b 
o h o h oh o h 

(45) 

>ll • 

1 { m 1rr 
0 --,-> 

[K (~)I(~)+ 
I h 0 h 

b 

1rm lo (m wa /h) 
(46) 

mwb )}sin 
h 

~·sin mwO 
h h 

BlllH<:_ 111u,p.nHHapH'19CKH9 cpyHKUHH, 6biCTpO y6bi8810T C y8e
-,;-(b-r) 

BK ,. e ) 1 1109TOMY COOT89TCT8YIOlll8SI '18CTb 

Q - Q z -r-
z- Q z -h-

'IBCTb pHaa CYMMHpyeTCSI H npeaCT881lSI9T 

npH z-1">0, 

npH z-0<0. 
(47) 

II 
paspb18 nonH F • npH nepexoae qepes no8epxHOCTb crycT-

4S -+jj 
a p83pb188 1:'2 COOT8eTCT8yeT CK8'1KY !lOllS! E !IpH ne-

14 

• 

,• 

' 

it 

' .. :*.~ 

:l;f~ .. 
,, ' J ' 

/19/ 
pexoae 'lepes no8epxHoCTb sapH)KeHHoro aHcKa 8 c8p6oaHoM npocTpaHCT8e (eM. ). 

none til 
• 8 pacCM8TpHBBeMOI 06118CTH, T8XHM o6p830M, 6yaeT 

1 ( mwa )1 ( mwll ) 
0 a- l =r= ] .,. __.!.!!L sill .!!1£Q_-{ 4 8) 

h " I ( ., "(I l 
rli ._!!!_ J I t~l{IC (...!!.!!..L_l+ 

• bh .... 0 h l h 

4S 
~X 

- ..Jl.. 
h 

1- _Q_ 
h 

npH 

npH 

0 h 

z<Q(tl .. 

z >Q(t), 

nocneaHee 8blp8)KeHHe MO)KHO npeaCT88HTb B CHMMeTpH'IHOM 8Hae: 

11 

{ ...!.L.. • • <• ·" z < 0. Ill • npH 

Fll • 11 z > Q. • _ _!L +& {z,rl npH 

b~ • 

(49) 

rae 

'I 4sn ~c D., 
00 

mtrr m11z &1 • ( ~- ......._) + ......._ I I( ---l [ .... J eos ain 
• "' h "' bh ..... 

0 
h h 

mtrO 
(50) h 

.l 
B bi'IHCileHHe r • B o6nacTH, rae He 8biDOnHeHo ycnosHe (38), He yaaeTCH 

aoCT8TO'IHO ynpoCTHTb, .LlnH KOHKpeTHbiX CllY'I888 npexoaHTCSI OU8HHB8Tb a0801lbHO 

60ilbW09 KOilH'IeCT80 qneH08 pS!aOB, OT6p8Cb188SI OCT81lbHbie, 

IV 

.LlnH OKOH'IBTellbHoro onpeaeneHHH a8H)KeHHH crycTKa cornacHo cpopMyne 

(24) Heo6xoaKMO 8bi'IHCilHTb aeAcTByJOwHe CHilbl 1 T.e, 11pH89CTH SIBHOe Bblp8)1(9HH9 

anH npa8ol qacTK ypBBKeHHR (24). II 
CHna F II cosaaeaeMaR qacTbJO F. 

no cpopMyne 

11 f · &JI 
F • • p • 

v 

.. 4S
2 

(dr) ---- r.L 
b 2 

2..U.l 
h 

9119KTpH'19CKOI'O !lOilSI 1 110ily'I89TCSI 

) + (52) 

IC ( ..!!L!_ l I ( !!rl. l 
2 .. 

+ _as__ I _t_ sill ..1!!.!J2 0 h I h ] • 
1,( ··: b ) { IC ( ---'l!J!.L l + 

I b 
""~ ..... • h I (.!!!..!.!--) 

0 h 
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"' 

' 

11 
n pH Bbi'IHCneHHH (52) B (; 

8 
6bln8 OT6poweH8 '18CTb, COOTBeTCTByJOI.U8SI CK8'1KY 

"co6cTBeHHoro nons•. L 
npe>Kae qeM Bbi'IHCnHTb CHny F

8 
, Heo6xoaHMO npOH3BeCTH nepeHOpMHpo&-

Ky anH TOro, 'IT06bl HCKnJO'IHTb C06creeHHyJO sneKTpOM8rHHTHYIO Macey, KaK H3-

aecTHO, ans sToro MO>KHO aocnonb30B8TbCH ~B&Ipa>KeHHeM ans o6o6meHHoro 

HMnynbCa, KOTOpoe ans aaaaoro cnyqag HMeeT aHa: 

.. .. 
p .. Mcfly 

1 .. .. .... .. 
+ -c- f p A ( r , t) ( d r1 , 

v 
(53) 

rae qepe3 M o603H8'1eH8 nepBOH8'18nbHO He nepeHopMHpOB8HH8SI M8CC8 cryCTK8. 

nepeHopMHpOBK8 38Kni0'188TCH B TOM, 'ITO BO BTOpOM qneHe B (53) KOB8pH8HTHbiM .. 
cnoco6oM a&~aenseTCH qnea, HMeJOI.UHA aHa c f. y • :01111st , H o6beaHaseTCH c nep-

BbiM qneHOM. 

BaKay TpyaHOCTH nocneaOB8TenbHO KOB8pH8HTHOA Tp8KTOBKH, KOTOpAH OK8-

3biB8eTCSI Cyi.UeCTB8HHO 38BHCIII.UeA OT BHyTpeHHeA CTpyKTyp&l crycTK8, HH>Ke 1 cne
/17/ ays pa6oTe , Mbl paccMaTpH;aaeM npH6nH>KeHHyJO npoueaypy, npHroaayJO ans 

cna6o penHTHBHCTCKoro cnyqas r .. ! 

nocne HHTerpHpoaaHHII a (29) aaa pa3a no 'IBCTIIM nonyqaeTCH: 

"p 11 <v • ....l!....l J0 (v0 ..L..) 
& 8S r a 1 • --nlo\ ~ (r,z,t) .. ___:_! f oos...!l!..IU.....Ifl(t}oos..!!..lt=!J. 

a 8 b h P,m m A 4 J 2 ( 11 ) h h 
fm t f 

(54) 

- fl coa(cA 0 

1 • t 2 
tl- ---(fl sin( cAn tl- Jsin(c>.p (t-rl]-d-(fooa..!!l..!UL]drll• 

c Afm 0 r m 0 m d r2 h 0 tm 

·n ocne noacTaHOBKH (54) a z -oe ypaBHeHHe. CHCTeMbl (53) BbiaenHeTCSI qneH, 

nponopuHoHanbHbiA 

M8eT BHa (npH Y ., 1 

f3 ( t l • 

) 

P =cf1(M + 
& 

8 s 2 

• 2h b 2 c 2 e ~ .. 

H COOTBeTCTByJOI.Uee Bblpa>KeHHe anSI p • npHHH-

2 b 
J 1 ( "t -.- 1 

l + 
J :< v f ) A fm 

2 b 
I6S 2 J,<ve.- 1 2 o + n'! £ I ~ f cos ___!.E!,._- cos __1!!..!1Q_ (f. cos( CAn tl + (55) 

8
2b2hc rm m 12(

11 
lA 4 lm h h 0 rm 

f 1 f fm t 2 

+--0 -to!n(cAp t)+ A -fsin(c>,. (t-rl]-d-(,'lcoeJ!lrlL]dr]l 
c A fm m c fm o rm d r 2 h 

16 

• 

;¥fir 

il '',; .. :: 
i~(li 
.:{~h 

'•d 

1 
--

-[~ •·0 
rae a, .. 

• • .,t 0. 

TaltHM o6pasoM, aenH'IIIHY 

• ss' ! 
M + AM-M + •'h'hc 2 r ... I--~-=-:--- - M 

MO>KHO C'IIITATb nepeaopMHpoaaaaol MaccoA crycTJta. B&~pa)KeaHe 

npocyMMHpoaaTb no m , Toraa 

I b 
25 • .. J,<ve-l hve hvp 

~u- . I • r--atlt--
b1 h a I c I f•l J I( Ut ) .\ 4 a a 

vf h ' 1 
+ --~- I iw-a .., ~ 

~M 

rae 

I ·r fo • 
MO>KeT 6b1Tb npeacTuneaa T81t>Ke a BH.Ile 

s• 
be' E 

I b 

2 
.. J 1(v,-.-l 

i- ! [. ···1 
bha'p., J 1

1 <vrlAI '7'6esp&3Mepi 

0 
o6p830M, Bblp8>K8HH8 .llnSI nepeaopMapoax• Macchi t Tenb. TaKHM 

OT 06bi'IHOrO 

/16/ 
~· . ~ , r.11e h -xapaxTepHbll paaMep crycT! 

Mep, 

b 

) H8nH'III8M K~ll!RilH8HT8 f , 38BHCSII.Uero, 

, OT p83Mepa pe30H&Topa • .Llns .llAnbHelmero Bbi'IHcneaas 1 

o6nacTH caM oro crycTKa cne.11yeT acnonb 3 oaaTb H3M8H8HHy10 840 

a HM8HHO, (i •.. , b 
"e J < "e -, J <" e-'- , 

~- __..!L.l' f l • 0 • 3 ,. f·• 
• abh £.., ., J' ( v ) A 4 

1 t e .. 

x{l! 0 coa(cAf.., t}+ c~;., aln(d.,.,t }+·--J. 
t d 
f a1n e A0 (t -r)-

0 tao dr 

B KOTOpOI OTCyTCTByJOt 'ln8Hbl, .11810l.UH8 BKn&.ll B nepeHOpMHpOBKy 

( 
~-

DOMOlllbiO 57) nonyqaeTCSI Bblp4>K8HH8 .11n11 CHnbl F ~ 

J. ~ • J'<vt-i...) • 
F --.LJp .....rlll-(dr)• -165 I f : I 3 I• fell 

• e v 8t a'bllhe t,. • J~(vplAr. 

-~ef'u 
2h 

- CH 
m wQ 

h 

2wm9 
h 

+lit c ~f., lllD( cAt., t) coa ..!!.fL- - ~0 caa ( cAf 

t • 

f eo. [ e A f., ( t - r) ] ~ [ f' coa ..JU2 
o dr 1 h 
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11 
(52) B E. 6&!n8 oT6poweHa '!8CTb, COOTBeTCTBYIOlll8ll CK8'1KY 

L 
cRny Fz , Heo6xqaRMO npOR3BeCTR nepeHOpMHpoe-

RCKniO'IRTb co6CTBeHHyiO sneKTpOMSrHRTHyiO Macey. Kax R3-

MO>KHO eocnonb30B8TbCH ~B&tpa>KeHReM anH o6o6weHHoro 

aaHHOrO cny'ISSI RMeeT BRa: 

t:f ~ 1 .... .... .... .... 
e M c fl y + -.,- J p A ( r, t) ( d r1 , 

v 
(53) 

aqeHa nepBOH8'!8nbHO He nepeHOpMRpOB8HH8SI M8CC8 cryCTKS, 

38Knl0'18eTC S1 8 TOM, 'ITO 80 BTOpOM 'lneHe 8 (53) K088pR8HTHI:dM .. 
qneH, RMeiOlllRA BRa c f. Y ':llCIIlst , R 06beaRHSieTCSI C nep-

nocneaoaaTenbHO K088pR8HTHOA Tp8KTOBKR, KOT0p8SI OKS-

38BRCSIUleA oT BHyTpeHHeA CTpyxTypbl crycTxa, HR>Ke1 cne

paccMaTpn:aaeM npR6nR>KeHHyJO npoueaypy, npRroaHyJO anll 

f m 

Y .. r 

(29) aaa pa3a no '!SCTSIM nonyqaeTcH: 

b )J (II ..L..) 
1 < v - o p • ...!l!..lt.L. I 11

pt fa COSh 

4 2 
"Pm 1, <ve 1 

fl ( I ) cos ..rutQ.i.tl 
h (54) 

1 • t 2 ---[fl sin(d.n t)- Js!n[cA. (t-rl]-d-({Jma..!!!J!.Q_1drJI• 
c >..pm 0 r m 0 •m d r2 h 

a • -oe ypaaHeHRe. CRCTeM&I (53) B&taenHeTCSI '!neH, 

{3 ( t l • 

2 b 

I e. m 

R COOTBeTCTByJOUlee Bh!pS>KeHRe anSI p z npRHR-

2 b 
J I ( 11 f -.-) 

1 + 
J:<ve l A~m 

J 1 <11e-.l --:---=----- I ~ f cos 2 rr mO -cos ~ { fl cos( CAD t) + (55) 
J 2 ( 11 l A 4 I m h h 0 rm 

I e Pm t 2 

tl+ , -Js!n{cA. (t-rll-d-(flcos..!!Ul!L1drll 
""fm a rm dr2 h 

16 

• 

IJr 
~ !: 

~l 
:·i:rc:~~: 
,J" 

·' 

i 
'!:'f: 
'-

'W~~· 

•-o 
rae fo. 

a,.,- + 
• .; 0. 

TaxHM o6pasow; aenH'IHHY 

b 
J,'<llt -.-1 • M 

4 
1: < 11, , >-r .. 

(56) RS 
2 ~ 

M + ~ M - M + • 'b I Ia c 2 , .-, 

MO>KHO C'IHT8Tb nepeHOpMHpo88HHOI MSCCOI CryCTKS, 8blpa)KeHHe (56) MO>KHO 

npocyMMRpo&aTb no m , Toraa 

I b 2s' .. J,<~~e-lrhll£ ~~~~, 
.:'M.. I 8 --clh--

b1.h • •e• f•t J,l('t ).\fo • a 

11f h 1 
+ --

.I 

~M MO>KeT 6b1Tb npeacTaeneHa Tax>Ke e BRae 

rae I b 1 1(11,-
8
-l 

• 
~~ 

be 1 

l m 
2 5 I 

b ha f-a 
-~-...,--[•oool 

J,'<llr at "'! 6e3p83MepHbll MHO>KH-
0 

Tenb, Taxaw 

OT 06bi'IHOrO 

/16/ 

o6p830M, Bblpa>KeHRe anll nepeHopMHpo.XR MSCCbl ~M OTnH'I8eTCII 

1'' """b7 , rae h -xapaxTepHbll pa3Mep crycTxa ( CM.~811pa-

wep, 

b 

) H&nH'!ReM Jt~cpRIIHeHT8 f , 38BHCIIUiero, &powe paawepa 
l 

, oT p83Mepa pe3oHaTopa • .LlnH aanbHeAwero Bbi'IRcneHHll nonll E • e 

o6nacTH caworo cryCTKa cneayeT acnonb3 oeaTb 

• 
8 HMeHHO, (i •· 0 b 

R3M8H8HHy10 eenH'!HHy A • 

ll f J (II£ -) J (II f -'- ) 
Cf• _!!!_I f I • 0 • 

a 1 bla £.m m J 1 ( 11 ) A 4 
3 f ' 'coa ID IF( 8+ Q) - CO& ...!!.f.L_ X 

•• Ia h 
I f £m 

(57) 

x(fl
0

coa(c.\n tl+ ~0 alll(eA.t)+·-~ 
tm ""fm tm 

t d 1 trO f sine An (t -rl --{flme-•--]dr'!JI 
0 tm dr 1 Ia 

B ltOTOpol OTCYTCTBYIOT '!n8Hbl1 aaJOUIHe BXnaa 8 ntpeHOpMHpoB&y MSCCbl, C 

ROMOUibl0(57) nony'I88TCSI Bblp8>K8HH8 an11 CRnbl F J. 
• 

I _j_ 
J ( II £ l • 21r1Dn 

I r 8 13 fcoa-===--
, "' Jll(v l.\4 •• Ia 

.1. .Lfp _aL(dr)• F •- 8t 
• " v 

- ..!!!.!!_ e f' a 
2h 

- COB 
mwQ 

Ia 

•• I t t. 

hm(l 

" 
+flt e~t .. .m(cAt.')coa~ -li0 -<eAfmtlme mw~ 

t I 
f coa ( c A fm ( t - r) 1 _d_ ( f coa ..u.2 
o d r 11 h 
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KaK o6bi'IHO, .nau}l{eHIHl qacTHUbi oKaablaaeTCH aaancSILUHM OT npe.nncTOpHH .. 
qneHbl f3 O , {3 C ) , npe.nnonaraSI ., 'ITO .llO aneTa a peaoHaTop qaCTHua .nau-

ranacb paaHoMepHo, cne.nyeT C'IHTSTb f 0 • fi 0 • 0 • 

n ocne 06'be.llHHeHHSl (52), (58) C y'I&TOM nepeHOpMHpoaJtH MaCChi nonyqaeT-

CSI OJtOH'IaTenbHOe ablpS}I{eHHe .l(nSI ypaaHeHHSI .naH}I{eHHSI qacTHUbl: 

d II 
-d-t-(eMyfJ)EF z 

J. 
+ r. 

CTOp 

+ r. 

npuro.nHoe .nnH cny'laSI He6onbLUHX aHaqeHHJI Y 0 
• Ecnu .no aneTa crycTJta , 

a peaoHa Tope 6binO aoa6y}l{.neHo cTopoHHee none, It (59) Heo6xo.nnMo .no6asHTb 

COOTaeTCTayiOLUYIO 9TOMY noniO CTOpOHHIOIO CHny 
r cTop.. KaJt 6blno npnHSITO 
• 

(59)\ 

paHee ( CM, ( 21 )- ( 23) ) , nyCTb H8'18nbHOe ao36y}l{.neHHe pe30HaTopa COOTaeTCTaoaano 

OCHOaHOJI '18CTOTe A to , npH'I&M a MOMeHT aneTa crycTK8 ( t = 0 ), 

q = o , B,mH'IHHS q 0 
ablpa}l{a eTCH qepe3 nepaoHs'lan&Ho 3&nac(!HHyiO a pe-

0 

30H8TOpe 9HeprHIO HnH qepe3 Haqan&HyiO SMnnHTy.ny nonR Ha OCH pe30H8TOp8 

E
0 

, C y'I&TOM Toro, 'ITO H8 OCHOaHOJI '18CTOTe none He 38aHCHT OT 

.nnR HCXO.llHOrO ao36y}l{,neHHS1 HMeeT MeCTO: 

F. (t,rl\ .. r t'JOtl(eA tl•--1-ti!tlA<•>crl\ , 

0TKY.ll8 

z raO 0 to e IJ rmO 

q 
q ( t l = ......:!~...- sill ( e A to t l 

e Ato 

ayh , e E 
0 

q =- -=--
0 Ato(O) 2 

J t (v t lEo 

(60) 

(61) 

C noMOLUbiO ( 17), (24), (25) nonyqaeTCSI OKOH'ISTenbHOe ablpS}I{eHHe .nnR CTOpoH-

Hell CHnbl: 

b 
CTOp. 

2
• Jt ( v t-.-l s r COR ( e AJO t l 

F = o 
bvt 

(62) 

Bau.ny cno}I{HOCTH OCHOaHoro ypaaHeHHSl (59) .nnR cny'laSI Cp8BHHTenbHO 

He6on&woro HaMeHeHHil fH t l 38 apeMSI nponeTa pe3oH&Topa MO}I{HO nonb!TST&-

CSI oueHKTb peLUeHHe C nOMOLUbiO MeTo.na nocne.noaaTenbHbiX npK6nH}I{eHHII, 

npHHHMaSI aa nepaoe npK6nu}l{eHHe 'cHJJbi caMo.nellcTaKSI , aoa6y}l{.naeMble 

crycTKOM, ,nalf}I{YLUKMCSI C nOCTOSIHHOJI CltOpOCTbiO f = f 0 

(59) . OUeHHaaTb HepaaHOMepHOCTb ,naH}I{eHHSI, 
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• 

, 38TeM C fiOMOLUbiO 

'I ' ' 
~: ? 

::.• _\ 
,, 'f 

.···~1:' :>!I 
,·l~~1~~ 

'\~· 

-';. 
·r; 

·' ~.1 

. ' ' 

~· ' ' ~ 

! ' 

:1?' 

I
I 

·!: \ 
: : .· 

·-~ 

t 

v 
Cne.nyeT npHaecTH HeJtoTopble oueHKH H cpH3H'IecK:re cne.ncTBHil, abl· 

H3 R3nO}I{eHHOrO BbiWe, 

8 paa.nene m 6blnO OTM8'1eHO, 'ITO B X8}1{.llbll Jl8HHbll MOM8HT 1 

c noMolllbiO HepaseHCTaa (38) onpeJlenlleTCR o6nacTb • ~ • > b -t 

KOTOpol OTCYTCTByiOT nons, B036y}l{.ll88Mble JlBH}I{ylllHMCSI CryCTKOM 

o6n8CTR H8XOJlHTCSI TOnbKO Hea03Mylll8HH08 CTOpOHHee none( ecnH C 

p8Hee 61>1no aoa6y}I{JleHo), EcnH .nonycTHTb, 'ITO a Te'leHHe apeMeH~ 

pe30H8TOp8 YCXOpReMbiM a HeM cryCTXOM CltOpOCTb cryCTJt8 H3MeHH 

f3 • f3 0 ) ( npH yn&TpapenllTRBRCTCKOM JlBH}I{eHHH &TO ycl 

'lecKH BblnOneHHO), TO no HCTe'leHHH apeMeHH t XOH,• ~ 
pacnpocTpaHeHHSI' nonel, B036y}I{Jlf!oHHbiX cryCTXOM, orpaHH'IHBSeTCll 

0 ~ z ~ b h 
+ --. f3o 

( B cnyqae ClfDbHO H8p8BHOMepHoro .naHlKeHHll 

ItO C nOMOlllbiO pe!lleHHll ypaaHeHHSI (59)), 

t 
KOH, MOlKHO 0 

Qqean.nHo, 'ITO HepaaeHcTBoM (63) onpe.nenReTCR H 'o6nacTb 1 

BHll' crycTK8 CO CTOpOHHHM noneM, T,e, o6n8CTb, H3 KOTOpOJI cryc1 

OT6Hp8Tb 9HeprHIO CTOpOHHero nonll, 3HeprHR CTOpOHHero non11, san 

OCTanbHOI 'laCTH 06'beMa pe30H8T'>p8, He ycnea8IO!ll8SI 38 apeMSI npo1 

cryCTK8 .nepeTe'lb' 8 o6n8CTb a381fMO.neiiCTBifll, OCTSeTCll HeHcn 

Mo}I{HO nponaaecTH oueHxy JlOnH &HeprH·H cTopoHHero nons, a1 

'o6n8CTH B381fMO.lleJICTaHR' no OTHOWeHHIO X TOI 9HeprRR, XOTopyiO 

cryCTOX B H.neanbHOM Cny'l88 npK npOXO}I{.lleHHH a CT8TH'IeCXOM sne 

none r 0 p8CCTOSIHHll h •. 

3HeprHll, Ha6p8HH8SI a CT8TH'IeCKOM none \" '" Ji' h~ , nnoTHOC, 
.. \ ' 0 0 

CTOpOHHero nonll, aanaceHHOJI a pe30H8TOpe, npR npRHSITOI H8'18nbHO 

q 0 -o, MOlKeT 6b1Tb ablpslKeHa TOnblto 'lepea E 2 I t•O 
• 

9HeprRH B o6n8CTH a38HMOJleiCTBHSI ablp83HTCSI Tax: 

, Tor.na 

Waa• ( 
v 

r: (O,r) .. h b+jr,:-
4Jr (drl .. hfdz fo 

0 0 

---!~--~ rdr 
41F 

C y'I&TOM (60), (61) nonyqaeTCst 
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SHIH! 'ISCTHUbi OK83biB81i!TCSI 38BHCSI!UHM OT np<i!.OHCTOpHH 

npe.ononaraH ·1 'ITO .00 aneTA a p<i!30H8TOp '18CTHU8 .OBH

C'IHT8Tb f O m fj 0 • 0 • 

(52), (58) C yqATOM nepeHOpMHpOBKH MACChi nony'l&li!T

ypaBHSHHSI .llBH:lKii!HHSI '18CTH!lbl: 

11 
(eMyfllcF 0 

.l 
+ F • 

CTOp 

+ Fz 

ae6onblllHX aaaqeHHA Y 0 • EcnH .oo aneTa crycTxa 1 

(59)\ 

aoa6ym.oeao cTopoaaee none, x (59) aeo6xo.oHMO .oo6aBHTb 

F CTOp. 
6 nomo CTOpOHHJOJO CHny • • Kax blnO npHHSITO 

) 
1 

nycTb Jl&qanbHOe aoa6ym.oeHHe pe30H8T0p8 COOTBeTCTBOaano 

A to , npH'IAM B MOMSHT BneTa cryCTX8 ( I .,. 0 ) , 

rj 
0 

Bbipama eTCH qepea nepeoH&'I&nbHO 3&nacAHHYJO B pe-

qepe3 H8'18nbHyJO 8MDnHTy.oy DOnH H8 OCH pe30H8TOpa 

'ITO Ha OCHOBHOI '18CT0Te none He 38BHCHT OT z 

)l(,lleHHSI HM99T MeCTO: 

=F oos(e,\ t)a--1-q(t)A<•>(rll 1 
o 10 e I! •=0 

(60) 

t) 

a yh 
qo eE 0 =---

Ato (0) 
1 1 ( 11 1 1 to (61) 

2 

(24) 1 (25) nony'I89TCSI OKOH'I&TenbHOe BbipameHH9 .OnH CTOpoH-

2a J ( 'V _b_)S 
I I a t

0 
eo8 ( e ,\

10 
t ) (62) 

bv 1 

OCHOBHOrO ypaBHeHHSI (59) .OnH cny'I8SI Cp8BHHTenbHO 

fl( t) 38 apeMSI nponeTa pe30H8TOp8 MO)I(HO nonbiT8Tb-

noMOlllbJO MeTo.oa nocne.ooaaTenbHhiX npH6nHmeHHA 1 

npH6nHmeaHe 'cHnbl caMo.oeAcTBHSI 1 eoa6ym.oaeMbie 

nOCTOHHHOA CKOpOCTbJO f = f 0 , 38T9M C nOMOlllbJO 

Tb .llBH)I(9HHSI, 
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' 

, ~~v 
:~; 

.• :.·"' 
-~{ ;· 

'f ' 
',,~;k.' 
t~f:,\ 
''V· ·1; 

v 
Cne.oyeT npasecTH HeKOTOpble oueHKH H !J!aaH'Iecx:re cne.ocTBHH, BhiTeXAJO!UHe 

H3 H3nO>KeHHOrO Bbl!lle, 

8 p83.0ene m 6blnO OTMe'leH0 1 'ITO B XA>K.llbll .llaHHbll MOMeHT BpeMeHH I 

C DOMOlllbiO HepaeeHCTB8 (38) onpe.aenH8TCA o6n8CTb a :!!:. I > b + Cl 
1 

B 

XOTOpOI OTCYTCTByJOT nonH, B036ym.aaeMble .QBH>Ky!UHMCSI cryCTXOM, T.e, B 3TOI 

06n&CTH H8XO.QHTCA TOnbXO HeB03MyllleHHOe CTOpOHHee none( ecnH OHO TAM 38-

paHee 6blno B036ym.aeso). Ecna .aonycTHTb, 'ITO B Teqesae epeMeHH nponeTa 

pe3oHaTopa ycxopHeMbiM B HeM crycTXOM cltopocTb crycTxa H3MeHanacb Mano 

f! ., {3 0 ) ( npH ynbTp8penATRBRCTCXOM .QBH>KeHHH 3TO ycnOBHe npaJt-

h 'lecltH 8blnoneHHo), TO no HCTe'leHHH BpeMeHH I XOH,., ~ • o6n&CTb 

pacnpOCTpaHeHHA' nonel, ao36y>K.Q&HHbiX crycTitOM, orp8HH'IR88eTCH HepaeeHCTBOM 

0 s, z ~ b h 
+ --

f!o 

( 8 cny'lae CHnbHO H8p8BHOMepHoro .Q8H>KeHHSI 

ItO C noMOlllbJO peweHHA ypa8H8HHSI (59)). 

(63) 

KOH, MO>KHO Oll9HHTb TOnb-

Qqesa.aao, 'ITO aepa8eHcTBOM (63) onpe.aenAeTCR a 'o6nacTb 838HMo.aelcT-

BHSI' crycTX8 CO CTOpOHHHM noneM, T,e, o6n8CTb1 H3 XOTOpOI cryCTOX M0)1(9T 

OT6Hp8Tb 3HeprHJO CTOpOHHero nonA, 3HeprHSI CTOpOHHero DOnll, 3808CeHH8SI 8 

OCT8nbHOI '18CTH 06beMa pe30H8T<>pa, He ycneB810lll8SI 38 BpeMA nponeTa 

cryCTK8 .nepeTe'lb' B o6n8CTb B38HMO.QelcTaHSI, OCT8eTCSI HeHCDOnb3088HHOI. 

Mo»<Ho npoHaaecTH oueaxy .aona sHepraa cToposaero non11, aanaceaaot 8 

'o6n8CTH 838HMO.OelcTaHA' no OTHOWeHHJO X TOI 3HeprHR, KOTOpyJO npH06pen 6bl 

crycTox 8 H.oeanblloM cnyqae npH npoxom.aeaaa 8 cT&TH'IecxoM snexTpH'IecxoM 

none F 
0 p8CCTOSIHHSI h • 

3aeprHSI, H86p8HH8SI 8 CT8TH'I9CKOM none 
1 

',;
0

"' t 0 h~ • nnoTHOCTb 3HeprHH 

CTOpOHHero. nonH, 3anaceHHOI 8 pe30H8TOpe, npH npHHSITOI H8'18nbHol !J!a3e 

q 0 -o, MO)I(eT 6b1Tb abip8)1(eHa TOnbXo qepea E 2 I t•O 

• 
3HeprHH 8 o6n8CTH 838HMO.aeiCTaHH abip83HTCSI Tax: 

Waa• J 
v 

r: (O,r) .. h b+t.;-
41r (dr) .. 2~rfdz fo 

0 0 

C y'IATOM ( 60) 1 ( 61 ) nonyqaeTCH 
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• Tor.aa xona'lecTao 

r d r • (64) 



I 

I 

"' 
2 

F 0 h 

83 4 

V1nH, Korns 

0TKYll8 

h 2 2 V h 2rV h (b+ --l 1 J
0 

{.....:..1-(b+--.1 + J1 t_::.j._(b +--lll 
flo a flo 8 fl 0 

• » v (b +-4,1 
I Po 

w F0
2 

h ( b + _h_) 2 

f3o 83 4 

l 
W83 h ) 2 ~(b + -r;-

4S 

(65) 

(66) 

(67) 
II' 

0 
¢opMyna ( 68) naeT oueHKY 

1 
nOK8.3b18810UlYIO o6UlyJO B03MO:lKHOCTb Ha6opa 3HeprKK 

cryCTKOM B pe30H8TOpe, T,K, HCHO, 'ITO H3 o6naCTH 838KMOlleiiCT8HH 3HeprHH 

CTOpOHHerO nons OT6Kp8eTCH cryCTKOM He fiOJIHOCTbiO, ans yTO'IHeHHS ¢opMynbl 

(67) MOMHO oueHKTb eUle KOnH'leCTBO 3HeprHH ; CTOpOHHero nons, • BTe-

K8JOUlell• Hnll, H8o6opoT 
8 38BHCHMOCTH OT ¢830Bb1X COOTHOLUeHKII), 'BbiTe-

K810Ulell "H3 o6n8CTH B38HMOlleiiCTBHS 38 epeMS nponeT8 cryCTK8: 

"' II' 
tKOH c - - -+ 

c-2rrah f -rtF,H)e o 4 It r 
I dt -t: ' I KOH "' 
fEb+ 

____h._ 

fo c 

H8 OCHOBHOII 

\'' 
F 2 a 2 h 
' 0 

0 

(7),( 17),(61) nonyq8eTcH: 

b+--k- 211 h 
) J ( II ) { 1 - oos fl ] '" 

I I ll 8 0 

'18CTOTe A 10 c yq~TOM 

h+t,; 
Jo (vi o .. 
(b++l; 

sv, 
Fh '\J,2 

4 •flit 0 
3H8K MHHyc noK83bt88eT, 'ITO e paccM8TpH8BeMOM cnyq8e ( an~T crycTK8 B Mo-

MeHT M8KCHMYM8 nonH F z CTOp,) 38n8CeHH8>1 B o6n8CTH B3BHMalleiiCTBHS 

3HeprHS CTOpOHHerO non>l yMeHbLU8eTCH 38 C'l~T • nepeTeK8HHH • H3 3TOII o6n8CTH 

B OCT8JibHYIO 'ISCTb 06'beM8 pe30H8TOp8 B Te'leHHe 8Cero BpeMeHK fi'JOneTB 

crycTKB, 

C 3TOII nonpaBKOII nnH e nonyq8eTcH ¢opMyn8 

WB3+ W 
f c 

\II 0 

_s_ (b 
45 

h 
+ --) { b 

fo 

Mo:lKHO npH8eCTK 'IKCneHHble npHMepbl llnll e 
nycTb a = 100 CM , b = 3 M • f 0 c 0, 5 ' 

h 
+-

fo 

~ =tOe 
18 

Torn8 nonyq8eM cnenyJOlliYJO T86nuuy 3H8'1eHKII: 

• 20 

h 2 v 2 
;:__:._.t. 

ll fl: (68) 

~ :.,\ 
·.I -~ ; ~ 

\ 

T86nKU8 1 

F 0 KHICM 

t 100 150 

h CM 
2 0,82 1,23 

5 2,61 3,91 
-

T86n. 1 noK83biBBeT, 'ITO senu'IKH8 nponeTHoro npoMe:lKyTK8 h 

uenocT8TO'IH8 nnH o6ecneqeHHR npennon8raeMoro H86op8 aueprH~ 

ll8:lKe npu H8npR>KeHHOCTH nom! 150 KB/CM. KaK BHllHO H3 (68), K 

38BHCHMOCTb OT llJIKHbl nponeTa( LUKpHHbl pe30H8TOpa ) 6onee CKJll 

B8eTCR Ha H86ope auepruu, qeM ll8:lKe yeenH'IeHHe H8'18JibHOII H8np~ 

nonR B pe30H8Tope , KoHe'IHO, npH yqATe Toro, 'ITO epeMR nponeTa 

pHOll8 OCHOBHOrO KOne68HHH B pe30H8TOpe, T8KHM o6pa30M, 6onee 

yCKOpRTb HS llJIKHHblX BOJIHBX, nponopUHOH8JlbHO yeenH'IHB8H p83Mep 

h pe30H8TOp8 C TeM 1 'IT06bl cpenHee OTHOLU8HK8 epeMeHH nJ 

K qeTBepTH nepHOll8 OCHOBHOrO KOJie68HHH pe30H8TOp8 CHJlbHO He H 

T.e. 

~ 
To 

2 h v 1 
trafo '"0011"1«1· 

KOJIH'l8CTB8HHO, npH OTHOCHTe JlbHO He60nblliOM H3MeHeHHH f (I) 

nponeT8, oueHK8 H86op8 aHeprHH crycTKOM nonyq8eTCH ua p8CCM01 

aoro npH6nu.lKeHHS B (59). 

nocne nollCT8HOBKH B (52), (58) If (59) COOTHOLUeHKII 

f= f 0 

(59) npHHKMB8T BKll: 

Q(t)=cf
0

t 

d 2 7( cMyf.l =-...,!L_( _!_ 
" f3o t 

2 OD 

l + ..J!L_ I - 1-s!n (~ 
m h 

b2 2 --"h rrh 
2 "'=' 

1C ( mtfa 
x[tc

1

( mtfb 0 --b~-·)1 1 (..J!L!!-!L_l 
-----l+ h h 1 1 '( rnlfa .+ 

0 --r-l 

2 f3 00 "" 16 s ~ 0 I ! 
a2b2 h Pet m=O 

(tn -

21 



(b+-h-)21 
flo 

h 

2 v h 1 J [--=..1.- (b + --. 
0 o flo 

+ J '~(b +-h-lll· 
I a fl 0 

(65) 

a >> V 
1 

(b +tl;;\ 

w 
63 

f 

F0
2 

h ( b 
4 

+ _h_) 2 

f3o 

ll'o 

h ) 2 __!i__ ( b + -,r;-
4S 

WB3 

(66) 

(67) 

.aaeT oueHI<Y 
1 

nOI<8.3b!B8101UYIO 061Uyl0 B03MO>KHOCTb Ha6opa aKeprHH 

8TOpe, T,I<, HCH0
1 

'iTO H3 o6n8CTH B38HMO.lleACTBHH aKeprH!I 

oT6HpaeTC!I crycTI<OM He nonHOCTbiO, lln11 yTo'lKeHH!I ¢opMynbl .. 
I<OnH'leCTBO 3HeprHH v· CTOpOHHero non!!, * BTe-

B 38BHCHMOCTH OT ¢a30BbiX COOTHOlUeHHA) 1 *BbiTe-

8CTH B38HMO.lleACTBH!I 38 epeMH nponeT8 cryCTI<B: 

-2rtah 
tKoH e !"[F ,H] :, 
J ~ I dt t: ' t KOH 

fEb+ 

.. __h._ 

foe 

h 

0 
0 

'l8CTOTe >. 10 c y'lliTOM (7),( 17),(61) nonyqaeTcH: 

b+* h+t 
Jo ( v, o a 

2 v h l .. 
) ( 1 - COR 8 fl 0 ) J t (VI 

B 

(b ++-); 
0 

'iTO B paCCMBTpHBBeMOM cnyqae ( snliT cryCTI<B B Mo-

F • CTOp,) 38n8CeHH8!1 B o6n8CTH B38HM':l.lleACTBH!I 

non!! yMeHbW8eTC!I 38 C'lliT * nepeTeK8HH!I * H3 3TOA o6nBCTH 

o6'beMa pe3oHaTopa a Te'leHHe ecero epeMeHH n•JoneTa 

e nonyqaeTC!I ¢opMyna 

h -+ --
flo 

=~(h+~-)[b 
45 f\ 

'lHCneHHble npHMepbl .anH 

b = ~ M ' f o = 0, 5 

~ 
18 

5 =tOe 

cne.ayJOlllYIO TB6nuuy 3H8'leHHA: 

20 
• 

h 2 v 2 
;:____:,_j... 

ll f!; (68) 

·r ·.~~ .. ~(~ ,.: 

~~ > 

Ta6nHua 1 

t 
Fo Kl /CM 

100 150 

h CM 
2 0,82 1,23 

5 2,61 3,91 

Ta6n, 1 noi<83biB8eT, 'lTO eenH'lHHa nponeTHoro npoMe>KyTI<a h =2CM HBHO 

He.aocTaTO'lHB .anH o6ecneqeKH!I npe.anonaraeMoro Ka6opa aHeprHH 
w 

0 

.aa>Ke npH Kanp!I>KeHHOCTH non11 150 I<BicM. Kai< BH.llHO H3 (68), I<Ba.apaTH'!HB!I 

38BHCHMOCTb OT .anHHbl nponeTa( WHpHHbl pe30H8TOpa ) 6onee CHnbHO CK83bi

B8eTC!I H8 Ka6ope aKeprHH 1 qeM .aa>Ke yeenH'!eHHe H8'lBnbHOA H8np!!>KeHHOCTII 

non11 B pe3oHaTope , KoHe'!HO, npH y'lliTe Toro, 'lTO epeM!I nponeTa « ne-

pH0.£18 OCHOBHOrO Kone68HH!I B pe30H8Tope, TaKHM o6p830M 1 6onee BblrO.llHO 

yCKOp!!Tb HB .anHHKb!X BOnK8X 1 nponopUHOHBnbHO yeenH'!HB8!1 p83Mepb! a H 

h pe30H8TOp8 C TeM 0 '!T06bl cpe.aHee OTHOWeHHe BpeMeHH nponeTB T 
np. 

K qeTBepTH nepH0.£18 OCHOBHOrO I<One68HH!I pe30H8TOp8 CHnbHO He H3MeHHnOCb0 

T.e. 

4 Tnp 

To 

~ 
rr a f o 

"' CODAl << l . (69) 

KonH'!eCTBeHHo, npH oTHOCHTenbHO He6onbWOM H3MeHeHHH f ( t) 38 epeMSI 

nponeTa, oueHKB Ha6op8 aHeprHH crycTKOM nonyqaeTC!I H3 paccMoTpeHH!I nep

eoro npH6nH)I( eHHH B (59). 

nocne nO.llCT8HOBKH B (52), (58) H (59) COOTHOWeHHA 

f= f 0 

(59) npHHHMBeT BH.£1: 

Q(t)=cf
0

t 

d 2 
d";""""( cMyf.l =-_!L_(...!.. 

b2 2 

c f3o t 

h 

K ( ...!!!...!.!-)I ( .1!L!l.L l 

) + 

0 h I h 
x(K 1(.J!!..!l_l + 1+ 

h !'(~) 
0 h 
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~i 
rrb 2 m=t 

2 
16 s f3 0 

a 2 b2 h 

- 1- sin ( 2 rrm m --h-· 

<10 .. 
I ! ( "' Pel m=O 

e {{ t ) 1 ( m rtb ) o ,-h-x 

2 b 
J ,<vp -a-) 

X 

J2<v )).2 ).2(y) 
t P Pm Pm o 



I 

r.ae 

x ClOII ( ~ fJ 0 c t) t ...!..!.. ~ 0 .U ( ....!!!...!,_ f!0 ct) - >.t llba ( c >. • t) I + 
h h h . .. ... 

+ 

b 
hS J

1 
(II,-.. -) 

b ... I 
~0 - (" >.10 t). 

"V 2 m tr 2 >-. <,.. )- v<--J + f--> 
t., o a h >'o 

npaaa11 'l8CTb (70t - H3BeCTR811 cPYHKUHII BpeMeHH, D03TOMy ypaaHeHHe nerKO 

IIJ&TerpapyeTCII, V )' 2 _ 
1 

0 0 C ;rr6TOM COOTROWeiHfl' f'o .. )' 
0 

"' • No mo S•No•• 

r.ae N 
0

- 'lllc_:ro qac:rau crycTKa, m0 -Macca DOKOII aneKTpoaa nocne 

HHTerpHp088HHII, nonyqaeTCII: 

( 70) 

(71) 

(72) 

c No mo ( V )' 2 - 1 - VY 2 -n •-0 ------ . (l -

I 2 
"~ot l-'-+ 4Nne b I~x 

h 2 rb2cf!o-lm 

Y( mtra 

x ( 1- cos _!!u_.c 0 1)1 (....!ll.l.b. 
Ia ~"'o t 1a 

)( ( ( ..III..4L "0 --~·- ) I ( m tr b 
I b )+ II I --b~ 

1 ( mtra ]+ 

+ 
2 'f. !6~ •o 

a2bllac 

... 
I ,_, 

o~> 

2 b l 
J,<"t -.- 1-Lo- coB Ztrm f! ct)-

4 b 0 J~("t ).~;.,>-;,.<yo) 
,. f .. 

111-D 

2 

-( ). fm ( J -COB ( C ). 0 I ) COB ( Bib .. f O Ct )) -

>.' (y l ... 
m 1r A, At., 111 ( c >. 1 ) a ...!!!...!Lf.

0 
ctll ---'-.:-.-B t.. Ia 

b >. ~., ( Y o> t. 0 

+ 
2 I b a SF 0 J 1(.., 1 -l 

• • "\o'. (73) 

c ... : b 

22 

·• 

B K&'lecne e.aHHHUbl apeMeHH a ( 73) y.ao6Ho Bb16paTb npoMe)KyToK 

npHMepHo pa&Hbllt apeMeHH nponeTa, Tor.aa nocne BBe.aeHHH 6eapaaM 

apeMeHH 

T np 

nonyqaeTCII cne.ay10wee ypaaaeaae, aanucaaaoe y)Ke B 6eapaaMepaoJ 

+ 

v y 2 - 1 - v y 02 - 1 -
2N 0br 0 4N 0hr 0 ""t 

--...---- (1- r l r + 
2 2 

~~1-cos2J 
b fl 0 rr b fl 0 m=lm 

16N0 roflo 

a 2 b:l h 
~ 

t-1 
"" 

J2(vn-b-) 
I t a 

~ ( \ 2 \ 2 (y ) 
maOm J~(llf)"fm"fm 0 

m rrfloAlm 
- cos m rr r cos ( c A fm r )) 

h A~m (y 0 l 

2 a 2 E 0 r 0 J I ( II l_b_) 
a 

- 1-(l-cos2rrmr)-
4 

sin ( e A f m r ) sin m 

+ 11: b e 
sin , . 

r.ae r o .. 
2 

e 
m 0 c~ 

-Kn8CCH'leCKHlt pa.aHyc aneKTpOH8, 

.llanee C DOMOlllbiO (73) HflH (75) H8XOllHM 38BHCHMOCTb 

Q(t)=cf 
0 

H MOMeHT BpeMeHH t KOH 

d t HnH 

h , 

Q(rl=-zrf 
Po o 

v y 2 -1 

y 

• COOTBeTCTBYIOWHlt BbiXOllY crycTK 

HaTOpa Q ( t KOH l "'h , TaKHM o6paaoM aaxo.aHM nepaoe npa6m 

QmQ!(t) 
1 

/3•/31(1) 

npa KOHKpeTHOM pac'laTe He06XOllHMO ynpoCTHTb Bblp8)KeHHll 

orpaHH'lHB8liCb TOflbKO H8H6onee cy!lleCTBeHHbiMH qneHSMH pllllOB, J-< 

OllH8KO, B 06UleM cnyqae TpyllHO O)I{Hll8Tb 6biCTpOlt CXOllHMOCTH ps 

TOMY He06XOllHMbl llOflOflHHTenbHble lpH 3H'l9CKH9 OCHOB8HHll llnll BBE 

ynpoweanA. 
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h 
f3 c t l I ...!L f. 0 to1a < ....!!!..!.._ f.0 ct > - Af to1a < c A • t > I + 

0 h h . .. [81 

b 
S Jl (II I-•. -) 

Eo """ (" A 10 t) • 
bIll 

11 f 2 mtr I 
A. (y >- '1/!--l + (--) 

• m o a h Yo 

(70) - H3B8CTR8R ~YHKUHR Bp&M8HH 0 D03TOMy ypasHeHHe nerxo 

COOTHOWeHifl' ({0 .. 
'1/ r' -I 

0 

)'0 

)! - No mo s.N 0 e, 

'IHcno 'lac:rau crycTxa, 

nony'laeTCa: 

m0 -Macca noxoa anexTpoaa nocne 

( 70) 

(71) 

(72) 

ll ll t 4N 1e 2h 00 1 4N 0 e c~ot )-+ a I-=t'x 
- '1/)' ~- -I) •- bll ( 1- h 2 rb2c~o-lm 

c {:! 0 t )II ( ..JDJL.b. 

!Col Ill IF a 
)[I( (..lll...ltL) --h lll ( ~ 

t h + h I ( mr • _.....;;.._, __ ) + 

0 --r-> 
J ll b 

1 ( 11 f -.-) 
Jll(ll )A2 A' ( ) l+<r- eoa hm f ct)-

1 f fm ,., >'0 h 0 

.. 
f-t 

,. fIll 

m-«1 

( J - eoa ( c A • I ) eoa ( mh lr f 0 et )) -
111 

" A, At., abt ( c A • t) tola .....!!!..!L~ ctll 
... h >.' ( ) [81 h 0 ,., )' 0 

Fo J•("t_b_) 
(73) ... c AIO t • 

c v: b 
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h 
B KS'IeCTBe et:tHHHUbl BpeMeHH B ( 73) y t:t06Ho Bb16p8Tb npoMe)l{yTOK T np-~ 

0 

npaMepao paBHbllt speMeHH nponeTa, Toraa nocne sseaeHHH 6eapaaMepaoro 

speMeHH 

T np (74) 

nony'laeTcR cneay10mee ypasHeHHe, aanacaaaoe Y*e B 6eapaaMepaoA ~opMe: 

'1/ y 2 - 1 - '1/ y 02 - l - (1-r)r + 
4N 0hr0 oo 1 mwb 
-=--7-~'i.-f-.1.1-cos 2mwr) Il--H .. l+ 

17 2 b 2 fJ 0 m=lm h 

+ 
16NorofJo 

a 2 bll h 
'i. 

fat 

J 2 (vn-b-) 
1 t a 

'i. f \ 2 \ 2 (y ) 
maO m J~(llf )"fm "fm 0 

- 1-(1-cos2wmr)-
4 

A' 
fm {l-

A~m<Yol 

- cos m "r cos ( c ,\ fm r )) 
m "fJo,\fm 
h ,\~m <rol sin(c Afm r)sin m wrll + 

+ 

2 a 2 E o r o J I ( v l_b_) 
a 

v: b e 

e 

sin , . 

rae r o .. m
0

c..- -xnaccH'IeCKHit paaayc aneKTpoaa, 

(75) 

,Llanee C DOMOUlbiO (73) HnH (75) H8XOtlHM 38BHCHMOCTb 

Q (I) = c f 
0 

'1/ y2-1 
y 

d I HnH 

h , 
Q(r)=--zrf 

Po o 
'1/y'- 1 dr 

y 
(76) 

II MOMeHT BpeMeHH I KOH o COOTBeTCTBYIOUlHA BbiXOtlY crycTK8 H3 peao -

H8TOp8 Q (I KOH ) = h , TaKHM o6p830M HSXOtliiM nepsoe Dp116nH)I{eHHe 

QaQt{t), fJ•fJ 1 (t) 

np11 KOHKpeTHOM pSC'IaTe He06XOtliiMO ynpOCTHTb BblpS)I{eHIIR {73), (75), 

orpSHII'IIIBSSICb TOnbKO HSH6onee CyUleCTBeHH&IMII 'lneHSMH pHtlOB, Kax BlltlHO, 

OtlH8K0
0 

B 06UleM Cny'lae Tpyt:tHO Q)I{Htl8Tb 6biCTpOit CXOtliiMOCTII pHtlOB 1 noa

TOMY He06XOtli!Mbl tlODOnHHTenbHbl8 tpll 311'leCKHe OCHOBSHHSI t:tnH BBet:teHHH 

ynpomeHHit. 
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npe)l(,ne &cero Heo6XOllRMO Y'I9CTb1 'ITO B peallbHOM pe30H8TOpe HMeiOTCII 

BXOllHoe H BbiXOllHOe OTB&pcTHII, p8.C.HyC KOTOpbiX b t 1:; b , MO>KHO npe.nnonar8Tb 

'ITO H3-38 9THX OTB&pcTRI orpaHH'IHB89TCII .nonycTRM811 HeOllHOpOllHOCTb n0n11 B 

p8llHMbHOM H8Dp8BJI9HRR , 0ueHKy MO)I(HO BblnOJIHRTb CJie.nyJOlUHM o6p830M, .. 
<l>ypbe-p83nO>K9HRII nOTeHUHMOB A • 4J llBH>KylU&rOCII B CB060llHOM 

npOCTp8HCTB& cryCTK8 ( nnOTHOCTb 38pllll0B R TOK ll8Hbl !flopMynaMH (25)) 

JI&rKO npe.nCT8BHTb B !flopMe 

(A -lo,o,A. A.aflo ¢ ) . 
.. 

(A"' )• 
2 Pob ,. ___ e 

c 

"' 1

0JI0• .. J 0 (~erlJ,(~eb) d~e .. 2 Pob Ip0liC
0
(r0), 

f a a a cO o (_!!..__ l (1 -flo l +K 
cf3o 

r > b , 
a "' a a 0 ,..(---) (1- {:3

0 
), 

c{:Jo 

I -+ 
-IIOJ•--(A"' l,.. 

f:3o 

0TCIOll8 b 
-+ 2AJ -e 
(Ec.>lr=~ 

I r» • "' e 
OfJ; I JbOlK,(rOl + 1-c-

"' . 
•-;-ro (bfi)K (r0), 

'a o 

< ii OJ> <P 
2 Poi> 

c 
e 

OJ 
I -;-p;• 

I
1
(b0lK

1
(r0l 

COOTB&TCTBYIOlllH& !flyp&e-KOMnOH&HTbl flOB&pxHOCTHbiX TOKOB 9n&KTpH'I9CKOro H 

• MarHBTHOro• 1 B036y>Kll9HHbiX non&M ( 78) H T&KYlllHX no TOpUOBioiM CT&HK8M 

p&30H8TOpa llJISI llOCT8TO'IHO 6onblUHX c.> 1 MOryT 6b1Tb OII&H&Hiol no cPoPMynaM 

.. .. 
c ~ c ~ 

} 
• - ,.--- [ D , H ] '" - 4-- e r (H ) t/J 

OJ • "' tr "' 

•-c--[= 
.. .. 

j • ,F. 1---;-: q.<F. ) 
"' 

4 , "' • OJ • 

.. 
er,et/l,e• 

.. 
-o~ UBnBHllpB'I&CKOI CBCT&Miol KOOpllBHAT1 

8 
.. 
e • ). 

TolltK aoa6ylKll8JOT aropuuoe none a pe30Barope ~ EcT&CTB&HHo, 'ITO R3 acel 

Henpepwaaol o6nacTR 'IACTOT "' rna&HO& 3H8'19HB9 BM&IOT Te, KOTOpble 

6JIII3KB It Co6cTBe-loiM 'IACTOTAN OJ fa • npa m- 0 nony'IA&TCH 
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(77) 

(78) 

(79) 

COOTB9TCTBH9 "' .. ~c • H 

2 II f 2 2 
0 -<---o-l (1-{:3 ). 

a f' 0 0 

npH cPHKCHpOB8HHOM {:3 0 H llOCT8TO'IHO 6onblUBX f 
1 T8K 1 'IT 

MO>KHO BCnOnb30B8Tb 8CHMnTOTB'I&CKH9 8blp8>K9HHSI ,nnsr 1 1 , lC 

TOr,ll8 TOKH ( 79) 1 8 cne,nOB8T&nbH0 1 H B036Y>Kll89M09 BTOpB'IHOE 

OK83b1B810TCSI nponopUHOH8nbHbiMB &enH'IHHe 

• {:3 0 
e 

211fy1-{:J~ 

11 f ---2-
--a- y I- {:3 0 ( r- b) 

8 Po 

TaKHM o6paaoM, c y'I&TOM Toro, 'ITO II f • rr f , nonyqaeTc 

anbHO& 38TYX8HB& C yaenK'I9HB9M HOM&pa 'rapMOHHKH' 

a ( 81) cne.nyeT B3SITb aenH'IBHY ~ b 1 • C'IHTasr .nocTa1 

,. ,neCSITHKp8TH09 yMeHblll9HH9 8MnnBTYllHOrO 3H8'19HHSI BAnH'IHH, I 

'ITO .non>KHO 6b1Tb 

rr t ·' a Bf3-; V 1 - {:J 0 ( b I - b ) > 2 ' 

OTKYll8 nony'I89TCSI, 'ITO M8KCHM8nbH09 'IHCnO 'pa,nHSnbHbiX rap: 

CylU&CTBQHHblft BKna,n B B036y>Kll89M09 cryCTKOM none, MO>KHO ( 

2 a flo 

max rr(b 1 -b)y1-{3~ 

KaK BHllHO H3 npe.n~o~.nymero, npH nonyqeHHH ( 82 )1aoa6y>K.aaeM 

BTOpH'IHOQ none OU9HHB8nOCb K8K llHcPp8KIIHOHH09 none C nOM 

cPH3B'I9CKOI onTHKH, VfaaecTHO, 'ITO nocne,nHHI npHM&HHM H ,naE 
2trbt /20/ 

TenbHoe cornacae c onbiTOM, ecnH --x- ::t 3 • , eM. 

OTBepcTHSI B 9Kp8He, ,\ -,nnHH8 BOnHbl), no9TOMY OU9HKI 

ae,nnHB8, ecnH OllHOBpeM&HHO C Heft BblnOnHSI9TCSI Hepa&eHCTBO 

npH m .,t 0 B&nH'IHH8 0 nonyqaeTCSI 3H8'1HT9nbHO 

a » h ) H aMnnHTYllbl COOTB9TCTBYJO!UHX rapMOHHK ,non: 

no.naaneHHbiMH. 
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Heo6XOJ:IHMO y'leCTb1 'ITO B peallb HOM pe30H8TOpe HM910TCll 

OT&epcTHll, pa,r.HyC KOTOpbiX b 1 i:: b • MO>KHO DpeJ:IDOn81"8Tb 

OT&epcTHI Ol"p8HH'IHB8eTCll J:IODYCTHM8ll H90J:IHOpOJ:lHOCTb DOnR B 

IJpaaneHHH • OueHKy MO>KHO BblnonHHTb cneayJOlllHM o6paaow • ... 
A • .tJ J:IBH>KYlll91"0CH B CB060J:IHOM 

( DnOTHOCTb 38p!IJ:IOB H TOK J:l8Hbl 4Jopwyn8MH (25)) 

'A • A.=fJo¢ ) . 
w 

1
0f10a 00 J 0 ( 1C r) J I (K b) 

e f 2 2 2d IC 
o (_!!!_) {l-{30 l+~e 

2 Pob 
c 0 l/b0lK 0 (r0), 

c{3 o 

= ( w 2 2 ~) (1- {3 ) 
0 0 • 

I ... 
4101·---,;;,<A 01 > •. 

"' w 2po b e 
1-:-.r:r • 

or-'0 I fbOlKI(rOl + 1-c- c 0 

w • 

~~ l(b(})K (r0). 
I 0 

"' I -;;rr;;• 
1 1(b0lK

1
(r0) 

IJ!yp&e-KOMDOH9HTbl noaepXHOCTHbiX TOKOB aneKTpH'I9CKOI"' H 

5y>KJ:I9HHbiX noneM ( 78) H TeKylUHX DO TOpUOBbiM CT9HK8M 

J:IOCT8TO'IHO 60nblUHX W ,MOf'YT 6b1Tb 0119H9Hbl no IJ!opwyn8M 

... 
-+.-[; ,H I c ... 

} , w • -4-.,-- e t (H w ) </> 

c [: ... c ... ... 
.F.w]"'--,;;--e .p<F.OI l. 

:a ). 
BTOpH'IIIoe none a peaosarope ~ EcTeCTBe&ao, 'ITO H3 acel 

'19CTOT w rnaaHoe 3H8'19BH9 HM&JOT Te
1 

KOTOpb19 

'19CTOT8M 01 t,. • npa m • 0 nony'l89TCll 

24 

• 

(77) 

(78) 

(79) 

COOTB9TCTBH9 
Vf 

w .. --- c • H 

2 v n =< e 2 
2 

~) (l-{30 ). (SO) 

npa IJ!aKCHpOB8HHOM {3 0 H J:IOCT8TO'IHO 6onblUHX f , T8K 1 'ITO b 0 j;; 3 

MO>KHO HCDOnb30B8Tb 8CHMnTOTH'19CKH9 Bblp8:lK9HHII J:Inll I 1 • K 0 • K 1 

TOI"A8 TOKH ( 79), a cneaoaaTenbHo, H aoa6y:lKJ:I8eMoe BTOpH'IHoe none 

OK83biB810TCll nponopUHOH8nbHbiMH aenH'IHH9 

Vf ---

J 

a {3 o 
-~yl- {3~(r-b) 

(81) 
e 

2vfyl-{3~ 

TaKHM o6paaoM, c y'IGTOM TOI"0 1 'ITO v f •" f 1 nony'I89TCII SKCnOH9HUH-

anbHOQ 38TYX8HH9 C yaenH'I9HH9M HOMepa 'rapMOHHKH' • B K8'19CTB9 

a ( 81) cneayeT B3HTb aenH'IHHY ~ b 1 • C'IHT8H aocTaTO'IHbiM 

.. J:I9CHTHKp8TH09 yMeHblll9HHe aMnnHTyJ:IHOI"O 3H8'19HHII B<>nH'IHH 1 MO:lKHO npHHliTb 1 

'ITO J:IOn:lKHO 6b1Tb 

rr£. .! 2 """Bf3;- V l - {3 O ( b I - b ) > 2 , 

OTKy a a nonyqaeTCH
1 

'ITO M8KCHM8n&Hoe qacno • paaaanbHbiX rapMOHHK' 1 J:I8101UHX 

CYlll9CTB9HHbll BKn8J:I B B036y>KJ:I89MOe cryCTKOM none, MO>KHO OU9HHTb 'IHCnOM 

f 
2 a fJ 0 

(82) max rr(b 1 -blyl-{3~ 

KaK BHJ:IHO H3 npeJ:IbiJ:IYlllero 1 npa nony'leHHH ( 82 )1aoa6y:lKaaeMoe crycTKOM 

BTOpH'IH09 none OUeHHB8nOCb K8K J:IHIJ!p8KUHOHH09 none C noMOlllbiO npHHUHna 

IJ!H3H'IeCKOit OnTHKH, Yf3B9CTH0 1 'ITO noCn9J:IHHit npHM&HHM H J:I8eT yJ:IOBneTBOpH-

2rrbl /20/ 
TenbHoe cornacae c onbiTOM, ecna --x- ~ 3 • , eM. ( b 1 -paaayc 

A -anaHa aonHbl). noaToMy oueHK8 (82) cnpa-OTB9pcTHll B 9Kp8H9 1 
3a 

B9J:lflHB8
1 

eCnH OJ:IHOBpeMeHHO C Halt BbiDOnHHeTCll Hepa&eHCTBO f max~ ~ 

npa m ~ 0 senH'IHHa 0 nony'laeTCH aHa'IHTenbHO 6onbwell (ecml 

a » h ) H 8MDnHTYJ:lbl COOTBeTCTBYIOlllHX rapMOHHK J:lOfl:lKHbl 6b1Tb CHflbHO 

noaaaneHHbiMH· 
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I 

I 

KpoM& yX838HHbiX C006p8)KQHHI OTHOCHTenbiiO 803MO)KHOI H&O.llHOpO.llHOCTH 

nonel 8 pa.llHanblloM HanpaaneHax1aeo6xo.llHMO y'leCTb, 'ITO peanbll.wl crycTox 

HMe9T KOHe'IH.bll p83M8p 8 npO.llonbHOM Hanpaan&HHH, TaKHM o6p830M 1 80nH.w, 

C03.ll810UliiQ HQO.llHOpO.llHOCTb non.R 8 3TOM H&npa&neHHH Ha p8CCTOIIHHIIX0 Cp88-

HHM.b1X no xpaiHeA M&pe C HeCKOnbXHMH p83M8p8MH cryCTX8, He MOryT 803-

6y)K.ll8TbCll KOrepeHTHO H 1f8CTH'IHO r&CSIT .llpyr .llpyra. 3TO o6CTOIITenbCTBO 

oco6eHHO cywecTBeHHo 8 ynbTpapeniiTH8HCTCXOM npe.11ene, xor.lla H3ny1f&HHII 

8 OCHOBHOM H8npaaneHO 8nepe.ll H 8 ycn08HQ xorep&HTHOCTH .llOn)KH.W 8XO.llHTID 

• /21/ 
rna8H.WM o6paaoM npo.llonbHble paaMepbl crycTxa, eM. 

VI 

HH)Ke npH80.llliTC.R XOHXpeTHb18 OUQHXH .lln.R HeXOTOp.WX Cny1f8Q8 ycxopeHHll 

crycTxa 8 peaoHaTope. 0cH08Hble napaMeTpbl pe30H&Topa H crycTxa T&KHe )KQ, 

K8KHe 6.WnH DpHHSITbl npH p8C1f&Te Ta6n. 1 ( a "' 100 CM I b • 5 C~' I b I = 4,5 CM 1 

b m 3 CM I S • 10 l3 e ; fJo • 0.5 ). Pac'l&Tbl npOIIO.llHnHCb no liJopMynaM ( 75), 

(76) nocne pll.ll8 ynpOUl8HHA 8 4JopMyne (75) C y'IATOM CX838HHoro 8b1Ule OTHO

CHTenbHO .llOnyCTHMoro 8Kn8.ll8 pa3Hb1X rapMOHHX 8 8036y>K.ll88MOe cryCTKOM 

none • .LlononHHTenbHo MO)KHo 3&MeTHTb emA cne.llyiOmee. "lecneHHoe cpaaHeHHe 

8MnnHTy.ll .llnll rapMOHHK C m • 0 H c m ol 0 noxa 3bl88eT , 'ITO nocne.ll-

HHe 3H81fHTenbHO MQHblUe 
x) l 

• .Ll&ACT8HTenbllo, 8blp8)KeHHe .llnll F. 
0 

npH 

f3 ..; f3 0 "' C!ODSI nocne aaM&H.bl 'lepe3 r ) nony'laereR H3 (30): 

J. 
r.. 

r b 
t6sf3

0 
oo oo "r 1o<"r-;::->J 1 < "t-.-> 

- 8 -- I I f eos~l A. br mwR 
a bh f•l m•O m A a (y ) J ~( ) h ·l' slu(A • -}-.::::t:.l!sinra,.l• 

fm 0 I 11£ m un {1 h ' 
(83) 

0TCIO.ll8 .llnll He6onblUHX 3H8'1eHMA 
J. 

f T8XHXl- 'ITO ~ « I nony'I&&TC!I 

SonblUMe 3H8'1&HHR f 

F.fm r .. 0 
--.:r-

F. fo ... o 

2
( __ t_)~ a 1 

• 
!....!.fr-la 

8 ( 83) MO)KHO He Y'IHT.b188TID1 T8K X8K 0 X8X CK838HO 

8.b1Ule, 8 peanbH biX ycn08HIIX COOT8eTCTByiOUlH8 rapMOHHKH OX83.bi8810TCII cn86o 

x) 
noao6Hbl8 oueHKH Dpo8oaHnHCb T8K)Ke KoTOBioiN H Konnaxo8.WM. 
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eb1p&)K8HHbiMH • .Un11 xpaiHHX 3H81f8HHI f 
J. 

8 CMblcne liJopMy nbl ( 8:l 
J. 

MO)I(HO nony'IMTb OUQHKY 0 Cpa&HM88ll E fo H F. npH f • f 
10 max 

ny'l&eTCSI OTH0Ul8HM8 

J. a~ J (v b) 
I ~ I ,.o - I ra [ J I< "I> ~ < b I - b > ~ 

E 10 ... o h h 11 Jil ( ) ) • --f I 11 f bb 

(1- f3o~ 
16"1; 

KOTOpoe 1!p8KTH'18CKH COXp8HSIQT nOCTOSIHHyiO _renH'IH~Y 

a aaT&M y6b18&eT. HaxoHeu, OTHomeHae ( F. f I E f 
•r2< 2hf3 0 "'la 

0 

HMeeT nopRaOK o m(b 1-blyl- {3 0 

2 b f3 0 
J [ r.--;:; 

I (b -b)y1- {3 
I 

2a {3 o 

(b ,-hl-11- {3~ 

8nnoTb .110 f • f 

) npH f 

H T8KHM o6p830M 

p8CCM8TpM88QMOI o6n&CTH 3H81f8HHA YO OK83biB810TCSI Cp8BHHMbiMH TC 

anSI aayx-Tpex HH3UlHX no m rapMOHHK. 

B pe3ynbT&Te T&KHX oueHoK anH1HHR 1fneHo8, aomeawax a (70),(1 

( 75) 38 C'IAT COCT&BnSIIOUlHX nonll F. • 1 DpH aanblleAWHX p8C'IAT8X E 

y1fHTbiB8nHCb nHWb 'lneHbl C m ,. 0 anSI 3H81feHHA f-1,2, ... ,20. 

TOro, oueHK8 &nHSIHHSI 'lneHOB 0 BOWeaWHX B ( 75) 38 C'IAT COCT8BnSIIOUleA 

F. II , noxa3ana, 'ITO cymecT&eHHO? 3H&1feHHe MoryT HMeTb nHWb nap! 

(He BoweamHA Doa 3H8K CYMMbl) 'ln&H H oaaH-aBa 'lneaa CYMMbl, 

PeaynbT&Tbl npoaeaeHHbiX nocne aTHX ynpomeHHA pac'IAT08 npe.llCTI 

B Ta6naue 2, rae .ll8Hbl H8'18nbHble H KOHe'IHble 3H81f8HHSI aenH'IHHbl y 

ny'IHBWHecR nocne nocneaoaaTenbHoro npoxo)KaeHHSI crycTKOM Tpex oa1 

E .. t5o · 
BbiX pe30H8TOpOB C 8MDnHTY aHbiM 3H81feHHeM C ropOHHero nonS! 0 

( napaMeTpbl Te )KQ 0 'ITO H anSI OT86n.1). 

Ta6nHua 2 

y 0 y KOH (y KOH) H.ll 
/j. 

1,502 1,891 2,966 26% 

1;891 2,184 3,351 20% 

2;184 2,438 3,648 17,5% 

8 Ta6nHUe 2 npHBe.lleHbl T8K)Ke KOHe'IHbiQ 3H81feHHSI y 
0 Bbi'IHCneHHI 

06b11fHOA liJopMyne E 0 e b 
{ Y ) a Y 

KOH Ma 0 
+ 

m 
0

o ~ 
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coo6p8)f(QHHI OTHOCHT9!lbHO B03MO)f(HOI H80.!lHOpO.!lHOCTH 

HanpaaneHHll1 H&06XO.!lHMO y'lecTb, 'ITO peanbHWI C!'"yCTOX 

paaMep a npoaonbHOM HanpaaneHHH. TaKHM o6paaoN, aonHw, 

HOpO.!lHOCTb non~ B 3TOM Hanpa&!l9HHH H8 p8CCTORHHRX, cpa&

Mepe C HeCKO!lbKHMH p83M8p8MH cryCTX8, HQ MO!'"yT BOa-

THO H qacTH'IHO r&CRT .!lpyr .!lpyra. 3TO o6CTORT8!lbCTBO 

HO B ynbTp8p9!1RTHBHCTCKOM npeaene, KOr,!l8 H3!1Y'I8HH8 

0 anepea H B YC!IOBHQ xorepeHTHOCTH .!lOJl}I(HJol BXO.!lKTb 

• 1211 
npoaonbH&Ie paaMepbl crycTxa, CM. • 

VI 

KOHKp9THb19 OUGHKH .!l!IR H9XOTOpbiX Cnyqaea YCKOpGHHR 

0CHOBHble napaMeTpbl pe30H8TOpa H cryCTXa TaKHe )1(8
0 

pac'IC!Te Ta6n. 1 ( a a 100 CM I h • 5 C~' 1 b l ., 4.5 CM 1 

.o.s ). Pac'!C!T&I npOIIO.!lKnKcb no !jlopNynaM (75), 

!jlopMyne (75) c y'I&TOM cxaaaHHoro awwe OTHo

paaH&IX rapMOHHX B 8036y>K,!la9M08 cryCTXOM 

MO}I(HO 3aMeTKTb 8W& C!l9,!lyiOWee. \.{KC!leHHoe Cp8BH8HHe 

m•O H c m-/0 
x) 

noxa 3blaaeT ..J.: 'ITO nocnea

LlellcTBHTenbHo, Bblpa}I(QHKe .!l!IR F. 
0 

M9HbW9 
npH 

nocne aaM&Hbl '19p83 ) nonyqaeTCR na (30): 

I 
m•O 

!lbWHX 

r b 
vel 0 1"t -;;-> J l ( "t -a-) 

A 2 ( ) 2 cos ..!!.!!.....j A. siii(A hr) mrrR. 
fm Yo 1 

1 
(vf) h "l'm fm "/:i -.:::=!sin•e,.l• . ,. h • 

3Hf'19HHII 

F. fm ---::r-- r • o 
F. fo • .. o 

(83) 

T8XHXJl. 'ITO ~ « 1 
2(--f-)2 a ' 

a 

nony'la&TCR 

<4->' 
R 8 (83) MO)f(HO He Y'IHTWB&Tb, Tax K&X , xax cxaaaHo 

X YC!IOBHRX COOTB9TCTBYIOWH8 rapMOHHXH OX83bl88lOTCR cn86o 

npoaoaKnHcb TaK)f(e KoTOBbiM H KonnaxoawN. 
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• 

ablpa)f(QHHbiMH, Lln~ xp&IHHX 3Ha'I&HHI f 
.1. 

B CMbiC!lQ !jlopMy!lbl (82) ), 
.J. 

MO)I(HO nony'IHTb OU9HXY 0 cpaBHHBa~ E fo H F. IO npH f • f max • no-
ny'I89TC~ OTHOWQHHQ • 

.J. 

~I ,.o .. I E 10 zaO 

a2 J 1 (via> 1 
1
!v

1
) 

bh [ "tJYI<ve> 

2 
1 .. -"---·-· 

bh 

(1- f3o~ 
l6.j1""" 

I 

KOTOpoe np&KTH'IGCKK COXp8H~9T nOCTOSIHHYIO f8!1H'IK1Y 

a aaTeM y6&~aaeT. HaxoHeu, OTHOWeHKe ( E f I E f 
2 2hf3o m 8 o 

HM9eT nopSI.!lOK "' YO ( m ( b 
1
_b) y I- {3 O ) 

J l [ 

2a{3o 1 

(h,-bl~:;•• 

annOTb .!lO l • f max 

f ) npH f 
max 

K TaKHM o6p830M .!l!IR 

paccMaTpKB89MOI oi5nacTH 3Ha'I&HHI Yo OXa3biBaiOTCR cpa&HHMbiMK TO!lbKO 

an~ aayx-Tpex HH3WHX no m rapMOHKK, 

8 pe3y!lbTaTe T8XKX OU9HOX BJIH!HHR 'l!l9HOB, BOWe,!lWRX B (70),(73), 

( 75) aa C'I&T COCT8B!l5110WKX nonSJ E s , npK aanbHeiiWKX pac'IC!T8X B ( 75) 

y'IHTbiBa!lKCb JlHWb 'l!leHbl C m '"0 • ,!l!ISI 3Ha'!eHKII f - I ,2 .... '20 . KpoMe 

TOrO, OUeHxa B!IHSIHKSI 'l!l9HOB, BOW9,!lWKX B ( 75) 38 C'I&T COCTaBnSIIOWell nO!lSI 

F. II , noxaaana, 'ITO cywecTaeHHO? aHa'!eHHe MoryT KM9Tb nKWb nepablll 

(He BOWe,!lWKII no.!l 3H8K CyMMbl) 'IJIQH K O,!lKH-,!lBa 'l!leHa CyMMbl. 

PeaynbTaTbl npoaeaeHHbiX nocne 3TKX ynpoweHKI pac'IC!TOB npeacTaaneHbl 

B Ta6nHU8 2, rae ,!laHbl Ha'!a!lbHble H KOHQ'IHble 3Ha'I&HK51 BQJIK'IKHbl Y , no-

ny'IHBWKeCR nocne nocne.!lOBaTe!lbHOrO npOXO)f(,!lQHHSI cryCTKOM Tpex O,!lKHaKo
KB 

BbiX peaoHaTOpOB C aMn!lHTY ,!lHbiM 3Ha'!eHKQM C ropOHHero nO!lSI E 0 ,. 150 -;;:;--

( napaMeTpbl Te )f(Q 1 'ITO K ,!l!ISI T86n.1), .. 

Ta6naua 2 

Yo y KOH (y KOH) R.!l !l 

1,502 1,891 2,966 26% 

1,891 2,184 3,351 20% 

2;184 2,438 3,648 17,5% 

8 T86!1HU9 2 npKBe,!l9Hbl T8K.>Ke KOHe'IHbiQ 3Ha'I&HK~ y , Bbi'IHC!lQHHbl9 no 

06bi'IHOI !jlopMyne 

( y KOH )H.!l ,. y 0 + 
E 0 e h 

moo 2 
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