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Pac~eT sneKTpoMarHHTHHX nonen, eos6~aeMHX ~BHMeHHeM nnoTHhlX 
n~KOB 3E8KTpOHOB B HSO~HOpO~hlX CTpJKTypaX 1 npe~CTaBRH8T 6onbmOA HH
Tepec C TO~ 3peHRR pa3BHTHH K~eKTHBHHX MSTO~OB JCKOpeHKH. BamRO 
3HaTD pacnpe,n.eJieime IIOJie~ H YMSTD o:o;emma.T:o o6paTHoe BJniJlHlle aTHX rro

~e~ Ha .ItBRmeime rryqKa. 

B pa6oTe/I/ ~HcneHHo pemeHa a~a~a o arreTe nnoTHoro ~Ka sneKT
poHoB e pesoHaTop Heo,n_Hopo.n;Ho'A CTPYKTypN. ITyqoK sneKTpoHoB ,n_eKMeTcH 
B pe30HaTope TIOA ,n_e~CTBHSM HaBS.D;SHHOA CTOpOHHe'A BOEHH H C06CTB8HHOPO 
nann nyqKa, KOTopoe nepecTpaHeaeTCH npH ero ,n_eHMSHHH. CooTeeTCTB~
~aH rpynna ypaeHeHH~ MaKceenna H penHTHBHCTCKoe ypaeHeHHe ,n_eH~eHHH 

Hb!OTOHa, OnJIJ:CblBa~ee ,ItBH~8HH8 nytiKa, pema!OTCJI MSTO.IJ;OM KOH8~ pas
HOOTS~. ITO.D;p06HO pa3HOCTHblA anropHTM pemeHHH OTIHCaH B CTaT:DHX 2,3/. 

Bf41 nccne~eTCH ycTon~BOCTL n cxo~oCTL BL~ paaHocTHoro 

a.J!I'OpHTMa .lWI O.i1HOpD,l(IIOl! o<lJiacTH " r.lla,llltiiX pernemtil. 

B HacTo~e~ pa6oTe Hccne~eTCH ycTo~~eoc~b H cx6~MOCTb pasHo
CTHoro 8JII'OpHTM8. B &2. B CJiyqae HSO.IJ;HOpO.IJ;f:!O~ o6naC'1'H fl· H HSI'E~KHX 
pemeHH'A. IToKasaHo, ~To npH ecTecTBSHHOM orpaHHllSHHK Ha OTHOtneHHe rna
roe ceTKii o<. = 1:; h. * .::1 SJiropKTM ycToAtrn:e B ceT·o~Ho'A HopMe /..2. ( Q) • 

Tipe.nnonaraeTcH c~ecTeoeaHKe KOH81.1Hor·o tn1cna JIH:HHA Paspblea ·nepeNX 
npoHseo.n;HbtX pemeHHH H HX orpaHH~eHHOCTb e Q • Tor.n;a pemeHHe pas
HOCTHOA 3Matrn CXO,ItKTCH B I..J 2 ( U) K pemeHK!O ~~peHI.I,HB.JibHO'I:\ aa,na
QI< co CKopocTbiO OIWI'C,h)• .rk) • <liyHKlli<R u/'17:,1..) - MO~Jib Henpe

pblBHOCTH nepBblX npOH3BO.D;HNX pemeHKH ~~p8HUH8JibHQ1:\ saga~H. 
PaccMaTpHeaeTCH 3aMKHJTblR KOaKCHSJib~ pesoHaTop c ~eSJihHO npo

BO,Il,HII\HMH CTSHKaMH. Ha BHJi'peHHHJ::t m'IJIJ.iH.D,p CB060~0 "H:a,neT" KOEbUSBOR 
nyqoK. Ce~eHHH pesoHaTopa a. H nyr.ma 3neKTpoHOB a- (j) npe~cTaBJieHH 

Ha p>!C. I. 
qepes 1~,1 2 o603Ha~eHbl eepTHKaJibKMe H ropH30HTanbHH8 ~aCTKH 

rpaHHtlbl 1 o6.JiaCTH Q • B o6.naCTH Sl peroaJiaCb c.neJJYlO!qa.H KpaeBa.H ca.Mocor

nacoBaHHaH s~a~: 
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KoopJIHHaTa 't (f) ueHTpa crycTKa u (J J no ocM ~ y;~~oBJieTBopReT peJ!R-
THBHCTCKOMy ypaBH9HMD AB~9HHff Hb~TOHa 

czM.!L(#U- I#J' r•te) =21< j ..Plh dzd<, . d f f 1 o<Jl 
3~ HaqanbHHe ~aHHHe H rpaHHqHNe.ycnoBHR: 

U (l, 2, O)::: U, (Z,i!)., '1)"(2
1 

%,0)= 1Jot?., ~), l.UO:.,.!,O),.. Wo (t, i!), 

I 
- .. ,_I -'0""1 = ,., =()~"I . = ~, ,.,.,. = o, U :J1- 'Oe &1-- '0 l 11 -lz 'O't le. ?Jz ~z 

(2) 

i (O) =f,. 

3~aqa (I),{2) pemaeTCR MSTO~OM KOHeqHNX pa3HOCTeA. B 06HaCTH S2 BBO
)VITCR C8TKH 
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Sl.n.={'Zi.,'iJ;i..=1~···•M;i:1, ... ,t...J H Q';,_={'t~-•;2 1 i;j-1f.z; 

i.=0,1, ... , M+1; j=o,, .• 1 &+1}. Ha'tlarrbHbie ycnoBJ.1:R aanaJOTCR a yanax -ceT
KH 51~ • Ha nonyrreJihiX epeMeHHbiX CJIORX !n+1/2 =(n.+1f2)'l: C'tleT aeneT
CH TIO CX8M8 ]aKca, aaTeM H~ST C'tl8T USJihlX Bp€MeHHNX CJI08B TIO RBHOMY 
KpecTy. HeJIHHeAHoe ypaeHeHHe ~BJ.1:~8HHR HbiOTOHa saMeHRSTCR paaHOCTHHM 
aHa.n:oroM 

czM ~ Pn+~ , 
1/1-p., 

P _i3c_ 
- d~ . 

0THOCHTeJibHO pemeHHH Y = { u 
1 
tr, W J aa,n,a'tlH (I)., ( 2) 6y.n;eM npe.n;nona-

raTb c~e~~ee/61: . 
I) a o6nacTH ~ c~ecTeyeT KOHe'tlHoe 'tlHCJio Kyco'tlHo-rna.n;KHX JIHHH« paa-

pbiaa nepebtX npoHaao.n;Hh!X pemeHHH :ii.,i==1, .•. , K • JIHHHH paapcma 
HMSIOT KOHS'tlHYJO AJIHHy; 
2) BH8 JIHHHR paapHBa Y -rJia,n,KM BSKTOp-if}yHKUHH C HenpepbiBffioiMI.1 I1pOH3-

BOAHhiMK B Q \ .lJ ;(. L • 

3) Y, (t,>, 0 '';;enpephiBHa no } E [ 0, TJ.~ _ 
B (I), ( 2) C.J1e~aeM 3aMeey nepeMeHHHX iJ. =VI , ,_,. = z z>-, W = Z- W. 
PaccMOTpHM aKeHsarreHTHYJO CHCTSMY 

a;;;. __ ou. + 
as - 'Oi! 

L (~) = Cz J plr dt dz, 
df V1-p' 

IT<J) 

ui,.O= 'Wo , 17/}=0=Zifo , Ufj}•O=zu)', 
a(o)=n O(O)= n c, Cz - HeKoTophle nocTORHHhle. 
7 1> o , 1' ro , 1...., "'"( _ ~ 

(3) 

. u I J, = ii-.1 & , = w./&, = ,. &z = u. ~ It,= ur, I&, = o. 
~OKa3aT8JibCTBO YCTOR'tlHBOCTH H CXO~OCTH npoBO~HTCH ~R (3). ~OKaaa
TeJibCTBO ycTORQHBOCTH paaHOCTHoro arrropHTM~ noJIHOCTbiO coena,n,aeT co 
cnyqaeM npmmyron&HoR o6nacTH •. B yrJioebiX TO'tlKax Ha CTblKe np.HMoyron&
HHKOB HCnOHb30BaHa annpOKCJ.1:M8llHH rpaHHqHNX YCHOBH~ Ha aepTHK8nbHbiX 
yqaCTKaX rpaHHUH AJIR H~ero ·rrpRMoyrOHbfiHKa H ropH30HTaHbHHX - AJIR 
eepxHero. ~oKa3aTeJI&CTBO npHee~eHo B/41. Cxo~KMOCTb paaHoCTHoro peme-

3 



HHR K pemeHHD ~H~peH~anbHO~ 3~a~K ~OKa3NBaeTCR T8K ze~KaK B pa6oT.!41. 
PaaHHua aaKnn~aeTcR B oueHKe norpemHocTH annpoKCHMaQHH cxeMN. flo

HYOKM aTy ou•RKY· 
06oaHatmM ~epea Ui.j BeKTOP c Koop~aTSMH { U.ij 

7 
'l1-ij ~ W'ij } • 

PaCCMOTpHM OBK.IIH,IIOBO npocTp!l!ICTBO IJ, (Jl) eeKTOpOB U = { Vij J C HOp-
MOf:l: Hi. 

lVII~ = 1/ 't I Uij 1
2

+ /Vijl' + '""'i /2 • 2 ., =-of 

Pa3HoCTHyn KpaeByn a~a~ AnH (3) MOKHo aanHCaT& s onepaTopHOM BH~e: 

(4) 

Bn., (U)= Cz'C a Ao V' + i A, VK + k A"" v n") , 
fc=1 

B" (u) = -~~~·r~· , u· e. L, en>, u )J- ae,~~aHo, "'"' ~ T. 
A K -nHHeRHNll onepaTop, ,lleRcTByi)IJIHR B &2 (Q) : 

A,U=h.'.L. li''J.l''i, 1/Adi, z!'R (}, "/K: K'l:.,T, (5) Lj£ti(Kl 1 

Q z - MOII!O,IIh nyqKa 0 ( !) · 
OnepaTop /.,1,_ e (4) KMeeT BH,II iJ1, ~ &.+r:GI,. Q.__ orpaHHtleHHNll r-e L2 (l!.) onepeTop; annpoxeHMHpYI'Jil!A tlneH 't'l7: IIG.I>CQ._. G1-

onepaTop C nOCTORHHNMH K03~H9HTaMH, annpOKCKMHp~~ CHCT9My ypaB
H9HKtt: 
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'f(Y) = Y"''- (Q1 +'l:Q~) Y"+ c,-r: a·J /1:~'f!.cvJ , 
i! 0 = 0. (7) 

'/'(Y)- norpemHOCTb annpOKCHM8.UKK CXeMhl (4). B/4/ MeTO,IIOM 3Hepr&rK
t<eCKKX HepaseHcT/5/ AoKaa&Ho, t<To npK o( = 'i: I A • ~ 8 & , I ~ /. . 
~cnonboya peoynbTaTN 1( K3 (7) K (5) nonyqKM 

1/:c"" I"' ~ (1 + 1: CG) « z"/1~,, +I 't'(YH ~,, + C.'i:'ffj>~l ff B.(.z>l • 
" (8) 

.,. C/1: !.P~ II~,, ' I j5"-U ~ ~i "· 
U - -& •• ,Ci!:l/l~,,;cz~.t·R a-L.Hz"U~, =<rA2..UZ"f6,; A=c • ..P:, ."· 4 1 K•O 2. 1(=0 'li"{~ 

~R ~OKa3QTeJibCTBa CXO~OCTH pa3HOCTHOrO pemeHHR (4) K pemeHKD ~~ 
WepeH!lKMbHO~ aa,~~at<K ( 3) eyl<HO oueHKTb I 'I' ( Y) It, , I J :- II . 

us;~""·= Ht<.J'<j)./1~,, ~ f', vr • .fh = o 1 .n;; >. 
OcHOBHM Tpy,nHocTb aaKJinqaeTCJI s oneHKe U Y'(V) 1/l..t. • OneH-

KY npOBS~SM B HSCKOJibKO 3Tanos. 
lleMMa. ITpH CAeJiaHHHX sHrne npeAnono•eHHRX o cao«cTsax pemeHHR a~aqH 

(3) J~ 

B,(Yl=J J vc•.~.sld•diclS + o(-r:+h.). 
II (J"(}) 

lloKaaaTeJibCTBO. 
PaMoli<HM pemeHKe B pRJ1 Te~nopa ,110 nepBNX npoK3Bo,IIHNX. Tor,11a 

l ~ ( k :k KH > n <:;- k 8,_ ('I)= !d. L. 2:. II' ml + 1)" mt ) =d L '- .,. m< + 
K .. o I'T1(~1t'"(tel m EOCKH) J<~o ml:e5'(Jt) 

0<8.<1. 

TaK KaK jll'~l•c , TO 

f I,I=OI'tl npK 
PaccMoTpHM 

s 



3a o~H mar no apeMeHH ~ nno~a ~(~J cMe~aeTcR no ceTKe aneso 
HRH BnpaBO M8HbiD8 ~eM Ha h . 3TO CRe~eT H3 COOTHOIDSHHR: 

P.=C~j, • .,-q,~)/.- IP"I<i, r:X~'!;flt.c<,i. 
'/ ~n/lf"(< < !l03TOJ<Y, B xyAWSM cnyqa.e, I~ I ~t_dc 1:. '2:. 11tme:l+ /ltme~/), If K:>O nt::H~ 

r,I\8 .f.~ , £2. - KH,{\SKCbl OCTaBlliHXCR tiJISHOB H3 pR,I\a TIO £ . 
OTCID/19. III 2 H = 0 (h) . 

PfL..,. """" ..; CYMMa. I,= 'Cn. I. "--1Y me 
K,.O 0'>\lOO\l(r<) 

AJIH HHTSI'pB.Jia 
T Jn s. cv> = J J lJ'(z,£, ·n c~, d~ dJ. 

. 0 5'(!) 

Jln~ tWHK!!H~ c orpa.HH'!SHHHMH nepBhiMH npoH3BOJIHhiMH/? I 
I,= B: IY! + 0 (-r:.h), 

CJie,I\OBaTeJI&HO, Bn.(YJ = B.,.rt..(Y) + 0(7:+h). 
JleMMa .n;oxMaHa. 

IlorpemHOCTb annpoKCHMaUHH ~(YJ npe.D;CTaBHM B BH,I\8 

lji (Y) = y""- Q, Y"- 1: Q~ y'\ c,7: ( {~)p: +C,1: ( f x::~~(Y)- V~:[~~IVJ)')' 
T ~~0 (9) 

r.n.e Pn: V lt[B~ lY)]Z' - TO'tiHOe pemeHHe ypaaHeHH'.fl .n;amtteHHR H&iOToHa. 

i .fuLill.. - 8~ (Y) jll I T I 1.. UyJ+&',iY) v1+(&~(YJ)' 1~,,• Bn(Y)-8n1Y>/~,,=0(1:+ ) . 

flpH C.D;SJiaHHbrX npe.n;rroJIOJIKSHH.HX OTHOCHTSJibHO pemeHHR Y ~!f.4JepeHUHB.JJb
HOR 39.J19.'!H (1),(2) 

Q~ y"; (1-)-r O!'C+h). 
'Z.j. '11-. d 

Hs (3) H (9) nonyqa.eM, 'ITO 

1.(! l YJ • Y "" - G, Y "- + 1: 0 cor; • I.) , 
r,lle onepaTop Q 1 annpOKCHMHpyeT CHCTSJ<Y ( 6) • 
KoopJIHHa.TLI BeKTOpa y""'-Q 1Y"={I.f', ,'f,,%) 
IqHM 06pa30M! 
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""~I ( ,_ -- . w-8 d ti ) • 

?;. =r,.,,-?,_,,, ?•=?,,.,-e,i-·, ?,, =?,.,1- 2 ?'i '"'2'-'i, 

? • ii : ? ij" - 2 ? ij • ~ ij -I . 

(!!) 

Paano~~M pemeHHe B pR~ Te~nopa ~a nepehlX npoH3EO~HHX. Ma (II), yqH
TbiBaR ( f:,) , nOJiytiHM: 

//'1',11 4, ,:q;(/JuJ(S"•T.Bn,1 )-u11!4, •j;IJur,rz1·1dJj,•)-I.IJ',IL, + 

+ :f I ur, 1z1 -hJJp l - ur, 1/L, • f II ur,1., ! z, • /,_ e ,,,)- uJ",1,,rz, -Ml,;..!l4,• 

+ f /1 w-.,_1 _, (z1 + hB;,z) -?Jty_,(z, -h. B;,3 J!L, + l f u,.,, (~I •lz_ ~,,) -
(!2) 

- u,m(z1_,tk~9)1/4, +Ou, (l1 +hBi,,)-u,(zi-• +h.Bh,)dt,,,. 

+ k I u,_,, ( "i + h 111, to)- ui-<, ( z1_, +k ~·-,,,JilL,+ H il.ti" ~~' +I.Jh,,,)

- u.t1_, ( z1 • h. Bi.fl >d~,, +iff u,1 ,, (t, -!.B,,")- u.,i-1 {t; -I. 8,:,,)1/" ,) , 
D<8,e<3.. 

flyCTb i - O~Ha H3 JIHHHt:i pa3pblBa nepBb!X t1pOJ.13BO,IJ;HI:lX, HanpHMep TIO r 

~CJIO ~€€K C€TKH, HaKpblBa~~X JIHHH~ KOH9~HOR ~HH&,-0(~/4) 
PaccMoTpHM o.n;Hy- K3 HOpM B onpe,n;-eJI-eHHH l11',1Lz , HanpHMep, 

( 8 It ,, "·' • gurl ""i'h 1 .• >-ur,rl1>J,,=n. ,t;./w.r•,•hf11,,J-w.<~J>I = 

=h. L. ~ + t.• L. ••. 

""''* 3,11ecb L.. 

"'£..* CO,IIepl!G!T 

Tor,11a 
OCTaHbHHe J3RH C9TKH. 

"'' L. I w-, ('I+~ 8jvl- uJ',(;/,j)J<;, z';,.il.)l. '(M,){t ++) = 0 r~~ (/,)). 
'&w (It,) - MO.IJYJib Henpepbi:BHOCTR W'",;t , a 

12 ** .t 1 o<. I tv L. /W,(:I.; +1..8,,)-uJi (1
1
-J / ~-,;;en- ~O(n). 

o(1j/.J q 

AHanorH~Ho paccMaTpHBBnTCR ~pyrHe HOpM@ s (I2). ITo npe~noJio~eHH~, cy-
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~ecTeyeT nHmb KoHe~oe ~cno nHHHA paapMBa nepBHX npoHaeo~HNX. Tor~a U '1', II h ~ 7: 0( 8 (1:) • z (f.J ' Vi:. ) , tIn H '1 (I.) - MDJzynH Henpe-
pbiBHocTH nepebiX npOH3BO~ perneHHH YJ, Y1., Yi • )VIR KOop.D;HHaT 
'f'z 

1 
\.f.!~ HM€€M aHB.JIOI'HQHbi€ OU€HKH: 

/{'J',/1, ='t0{/)(7:) +.,._(/,.)+'{7;) /f'I',/IL~1;0(0(7;)+Z(k)+Vh). uz ' z 
TaxHM o6pasoM, 

H'f(Y)//0 , =7:0(8!7:! n.!~J + Vh. ). 03) 
~HKrunr 0 (t) , 'l- (it..) onpe,n;eJIRIOTCH ceotkTBB.MH rJIB.,W{OCTH peweHHH eHe 
RHHHA pa3pHBa rrepBNX npOH3BO.D;HHX B 5l . C yqeTOM ITOJiyqSHHNX OQSHOK 
H3 (8l,(I3) cneeyeT ~ 

1/r.""ff ~ (1•1;ct:i )P~fh,+'l:"'BL.. /ll<I~,,•7:0(o(..->nr~;. VK). 
!... z B ,.c, A9o/u/;, l<.:o 0 

ITpHMSHHH MSTO.D; MaTeMaTHQSCKOA H~KQHH, TIOJiyqHM OUSHKY CKOpOCTH CXO
.I\HMOCTH: 

tr.~fft,~o(o('r:J+z(/,.)t.{f;_); o(=r:j.t._,1, nx"-r. 

Ecm1 eHe JUlHHtt paapblea nepeHX npouaeo,!Vfb!X e Q pemeHHe Y a~atrH (I) , 
( 2) HMSST OI'paHH'Q'SHHbl€ BTOpbiS npoH3BO.rzyn.I€ ITO 't. 

1 
~ 

1 
3 , TO 

/ll~IIL, ~o ('t+{l; ). 

B aaKJIIDQSHHe B~~ rny6oKyn 6naro~apHoCTb C.H.Ge~oBOH aa 
BHMMaHHe K pa6oTe H noneaHNe o6c~eHHH. 
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