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1. BBE~EHHE 

B pa6oTe 111HaMH 6wno noKa3aHo, 4TO napaKcHanbHOe ypaBHeHHe 
TpaeKTOpHH B OTCYTCTBHe npocTpaHCTBeHHOro 3apRAa AnR aKcHanb
HO-CHMMeTpH4eCKHX noneH 

d -dr 1 f/J" 
-:r=-(vf/J -> .. -- -=r 
u11 dz 4 ..;q, /1.1 I 

MO*HO 3aMeHHTb CHCTeMOH pa3HOCTHWX ypaaHeHHH, annpOKCHMHPYR 
~aKTH4eCKOe pacnpeAeneHHe nOTeH~Hana KYC04HO-nHHeHHOH ~yHK~H-
eH: 

r 1 = r 1_ 1 + 0 1_ 1 n 1 .lz 1 [2(1-

()t"' ()1-1 nl + _r_l-
c ' I 

.lz 
1 

= Lga(1-1) ga -1 
aa-1 

..;q,l q, 1-1 -f/JI )] ' 

q,1 - q, 1-1 

/1 .2/ 

3AeCb r -= r(z) - paAHYC TpaeKTOPHH, Z - TeKylqaR KOOPAHHaTa, 
q, (z) - z !Ia - noTeHI.IHan, 1 ~ i < N, r ,qe i - 04epeAHOH HOMep 
war a, N - KOnH4ecTao waroa, g .. a liN , r,qe 0 = q,k/ q, 0 - cooT
HOWeHHe KOHe4HOro ¢k H Ha4anbHOro f/J0 noTeHI.IHanoa Ha y4aCTKe 
.QnHHOH L. OcTanbHWe o6o3Ha4eHHR eM. Ha pHc., IAnR cooTHowe-
HHR (¢ t - q, 1-1 ) I q, ,_1 « 1 B'blpa*eHHe a KBaApaTHWX 
CK06KaX ~pMynw /1.2/ CTpeMHTCR K eAHHHI.Ie/. 

KaK cneAyeT H3 pe3ynbTaTOB/1/, peweHHe 3TOH CHCTeMW MO*eT 
6wTb nony4eHo c YAOBneTBOPHTenbHOH T04HOCTbiO Y*e AnR N .. 2 + lf 
npH 0 5 10; no Mepe poeT a a KOnH4ecTBO waroa annpoKcHMai.IHH 
N, o6ecne4HBa~Q~qee 3aAaHHYIO T04HOCTb, pacTeT. 

YpaaHeHHR /1.2/ 6wnH nony4eHw a npeAnono*eHHH, 4TO Me*AY 
T04K8MH z 1_1 H z 1 3aKOH pacnpeAene~HR annpoKCHMHpyiO~qero nonR 

f/J(~ = az. 3aMeTHM, 4TO ecnH aaeAeM onpeAeneHHe (dq,) = 
dz 1 

.,. cfl(zl )-cfl(z i-1 ), TOr,qa CHCTeMa ypaBHeHHH /1,2/ MO*eT 6WTb 
z 1 - zt-1 BWBeAeHa H3 ypaaHeHHR /1.1/ npH annpOKCHMai.IHH nonR TaKme CTy-

neH4aTOH ~YHKL!HeH, y,qoaneTBOpRIOiqeH Ha OTpe3Ke OT Zt-1 ,QO Zi 
ycnoBHIO ¢(z) ,;. f/J(z.1_ 1 ) "'q, 1 _ 1 H a T04Ke z 1. npeTepnea-

-1 ."£\"' :'~ ·j~l~!t 
) r·~: .. "I .. . ~ "' 

,, •• ! .1-~~ HHcnrryT' ' 
':·;,;:}I':'MF!::'~ . 

-·-: '-~ ~ 
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Puc.J. MeTOA annpoKCHMa~u 
B npHHHTNX 0609HaqeHHHX BenH
qHH, 

WeH CK840K AO 3H84eHH.R c/J(z) = 
= c/J(Zt ) = cP!, H T ·A· 3TO YTBepiiC
AeHHe .RBn.ReTC.R cneACTBHeM TOrO, 
4TO B onpeAeneHHH ft H ~ B 
/1.2/ Y48CTBYOT TOnbKO 3Ha4eHH.R 
COOTBeTCTBY~HX BenH4HH Ha KOH
~ax 0Tpe3KOB, a OT annpOKCHMH
pyo~eH ~YHK~HH AOCT8T04HO noT
pe6oaaTb a~nonHeHH.R ycnoBH.R 
c/J'' =0, 38 HCKn04eHHeM KOH~OB 
0Tpe3KOB, rAe AOnycKaeTC.R c/J",....,, 

,llrr.R onpeAeneHH.R HOHOOnTH4ec
KHX napaMeTpOB HHTeHCHBH~X 
ny4KOB He06XOAHM Y4eT BnH.RHH.R 
CHn npocTpaHCTBeHHOrO 38P.RAa. 

lui• zi- zi-1 n.-~ ,-ffi· E;= 1i:.fu 
Azi 

HAe.R npeAnaraeMoro MeTOAa 
38Kn048eTC.R T8KIICe B n004epeA
HOH, He3aa~cHMOH APYr OT APYra, 
o~eHKe aenH4HH, onpeAen.RO~Hx 

HOHOOnTH4eCKHe napaMeTp~ ny4Ka, 
H nocneAy~eM HX CnDIICeHHH! 

f.= -4;; 
I Ei+1 E· I 

r 1 = rl LENS + L\ r ISC +hr!TH , 

2 2 ~ 0 1 =[(OILENS +MISC ) +MITH ] ' 
/1.3/ 

rAe r !LENS , 0 !LENS - PBAHYC H yron HaKnOHa TpaeKTOPHH 
B~4HCneHH~X B none, npHMeHeHH~X B CHCTeMe 3neKTPOAOB, L\ISC 
HhtTH - COOTBeTCTBy~He npHpa~eHH.R paAHyca H yrna HaKnOHa 
3a C4eT CHn npOCTpaHCTBeHHOrO 3BP.RAa (SC) H BnH.RHH.R TepMH-
4eCKOrO pa36poca CKOpOCTeH /TH/. 

3aKOH cnOIICeHH.R yrnoa HaKnOHa TpaeKTOPHH cneAyeT HenocpeA
CTBeHHO H3 BHAa ~YHK~HH, onpeAen.R~eH nOTeH~Han. 8 napaKCHanb
HOM cny4ae noTeH~Han c/J .. c/J( z,r) npH y4eTe KynoHOBCKOH nonpaa
KH An.R aKCHanbHOH CHMMeTpHH B OKpeCTHOCTH T04KH ZaZO B nepe
MeHH~X f H ( = Z- Z O MOIICHO 3anHCaTb B BHAe 

•c/J=c/J(z 0 ,0) +(c/J'(z0 ,o) + ;(2 c/J"(z 0 ,0)- :[c/J"(z
0
,0)+ ::1. 

2 

• 

F 

I 
' \\' 
~ 

:\'ifl, 

~~ .:ti. 

rAe Po- nnOTHOCTb npOCTp8HCTBeHHOrO 3ap.RAa HB 0CH
0 

EO -
neKTPH4ecKaR npOHH~aeMOCTb eaKyyMa. H3 ypaeHeHHR 3KBHnOTI 
~HBnbHOH nHHHH, KOTOpOe B OKpeCTHOCTH T04KHZo MOIICHO nony• 
nonaraA c/J =¢ (z 0 , 0) , cneAyeT AnA KPHBH3H~ K 3TOH nHHHH 

¢ "(z0 ,0) p
0 

(z
0

) 
K = + ----. /1 

2cf>'(z 0,0) 2£ 
0
¢'(z0 ,0) 

Ha rpaHH4HOH 3KBHnoTeH~HanbHOH nHHHH c KPHBH3HOH K = K 
1 

, ~ 
AenAo~er:t npocTpaHcTao, c noTeH~HanoM c/J 1_ 1 Hc/J1 npoHcXOAH1 
OTKnOHeHHe TpaeKTOpHH, KOTOpOe MOIICHO OnHCBTb nocpeACTBOM 
TH4eCKOH CHnl>l 1/f I : 

1 --r t 

- ---
v¢1 -vc/J1-1 

Jh 
cPt -¢!-l K 1 

K 1.. 2¢1 

JlrrA ny4Ka paAHYCOM f I yron OTKnOHeHHA 0
1 

rl o, .. --ri 

HHa4e roeop.R, M~ noKa3anH, 4To onTH4eCKHe CHn~. onpeAe. 
H~e 3neKTpOCTaTH4eCKHM noneM /nHH30B~H 3~eKT - nepeoe en. 
raeMoe ~opMyn~ /1.4/ I H KynOHOBCKOH nonpaBKOH /npocTpaHcTr 
H~H 3apAA- BTOpOe cnaraeMoe ~OpMyn~ /1.4// ,aAAHTHBH~, H 
BcneACTBHe 3TOro 8AAHTHBH~ COOTBeTCTBYD~He yrn~ OTKnOHeHHl 
TepMH4eCKBA nonpaeKa B CHny BeKTOpHOrO XapaKTepa CKnaA~Bal 
BenH4HH /CKOpOCTH nonepe4HOrO - TepMH4eCKOrO H npOAOnbHOrC 
ABHIICeHHA/ npH6aanReTCA K npeA~AY~HM BenH4HHBM no reoMeTpH• 
KOMy 3BKOHy, 

B AaHHOH pa6oTe npeACTaeneH MeTOA o~eHKH enHAHHA cHn n~ 
CTpaHCTBeHHOro 3apRAa, OCHOBaHH~H Ha npHH~Hne annpOKCHMa
~HH HCTHHHOrO pacnpeAeneHHA nOnA CHCTeMOH CTyneHeK, HB K01 
pwx c/J = const • '" 

KpoMe yKa3aHHoro a ~opMynax /1.2/ 3aKoHa onpeAeneHHA Ar 
waroa annpoKCHMa~HH hz 1 (g1 = const) paccMOTpeHw TaKIICe 
cny4aH: L\z 1 = L/N = const H L\t 1 = const, rAe L\t 

1 
- apeM 

nponeTa 4aCTH~er:t OTpe3Ka L\z
1

• 

2. TPAEKTOPHR 4ACTHU B nPHCYTCTBHH nPOCTPAHCTBEHHOfO 
3APRAA 

B aKcHanbHO-cHMMeTPH4HOM cny4ae nony4eHHe a aHanHTH4eCK· 
BHAe peweHHA ypaaHeHHR ABHIICeHHA c y4eTOM npocTpaHCTBeHHoro 
3BPAAa HeB03MOIICHO ABIICe B npOCTPBHCTBe APeH~a, rAe c/J=COnSt •, 
npH6nHIICeHHOH O~eHKH BnHAHHR 3~eKTOB npOCTPBHCTBeHHOrO 3ap: 
eocnonb3yeMCA annpOKCHMB~Her:i pacnpeAeneHHA noner:t c/J-z H c/J
CTyneH4BTor:t ~YHK~HeH (c/J(Z) = COnst) , 6yAeM orpBHH4HBBTbCA 

_____ -_~_- -------~' . --·· .-~w,~·--··--- ~--":' ___ .._ -~·~' •-"'~ ~"'.:'::.'~'."!!"""'':".~~-!"""-~ "<""'"'"""·...,.'"'!'"" 
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PHc.l. MeTOA annpoxcHMa~H 
B npHHHThlX 0503HaQeHHHX BenH
QHH. 

WeH CKa40K AO 3Ha4eHHA c/J(z) = 
= c/J(Zt ) = cPi, H T ·A· 3TO YTBepiK
AeHHe ABnAeTCA cneACTBHeM TOro, 
4To a onpeAeneHHH r 1 H Ot a 
/1.2/ y4aCTBY~T TOnbKO 3Ha4eHHA 
COOTBeTCTBY~HX BenH4HH Ha KOH
~ax 0Tpe3KOB, a OT annpOKCHMH
py~~eH ~YHK~HH AOCTaT04HO noT
pe6oaaTb a~nonHeHHA ycnoBHA 
c/J'' =0, 3a HCKn~4eHHeM KOH~OB 
OTpe3KOB, rAe AOnycKaeTCA ¢ ''aoo. 

anA OnpeAeneHHA HOHOOnTH4ec
KHX napaMeTpOB HHTeHCHBH~X 
ny4KOB He06XOAHM Y4eT BnHAHHA 
CHn npocTpaHCTBeHHOro 3apAAa. 

HAeA npeAnaraeMoro MeTOAa 
3aKn~4aeTCA TaKIKe a noo4epeA
HOH, He3aB~CHMOH APYr OT APYra, 
o~eHKe eenH4HH, onpeAenA~~Hx 
HOHOOnTH4eCKHe napaMeTp~ ny4Ka, 
H nocneAy~eM HX CnoiKeHHH! 

rl = r!LENS +Ar ISC + L\ r iTH ' 

[ 2 2 ~ 01 = (OILENS + L\O ISO ) + L\O iTH ) ' 
/1 .3/ 

rAe r !LENS , 0 tLENS - paAHYC H yron HaKnOHa TpaeKTOPHH 
~4HcneHH~x a none, npHMeHeHH~x a CHCTeMe 3neKTPOAOB, L\

180 
L\ITH - COOTBeTCTBy~~He npHpa~eHHA paAHYCa H yrna HaKnOHa 

a C4eT CHn npOCTpaHCTBeHHOrO 3aPAAa (SC) H BnHAHHA TepMH
ecKoro pa36poca CKOpocTeH /TH/. 

3aKoH cnoiKeHHA yrnoa HaKnOHa TpaeKTOpHH cneAyeT HenocpeA
TBeHHO H3 BHAa ~YHK~HH, onpeAenA~eH noTeH~Han. B napaKCHanb
OM cny4ae noTeH~Han cp .. cp( z,r) np11 y4eTe KynoHOBCKOH nonpaa
H AnA aKCHanbHOH CHMMeTpHH B OKpeCTHOCTH T04KH Z=Zo B nepe
eHH~X r H ( = Z - Z O MOIKHO 3anHCaTb B BHAe 

cP = cp (z 0 , 0) + ( ¢ '(z0 , 0) + : ( 2 cp "(z 0 , 0) - : [ cp "(z 
0

, 0) + ::] , 

.. 

i . 

I 
,if.; 

'I' ., 
' 

rAe Po - nnOTHOCTb npOCTpaHCTBeHHOrO 3apR,qa Ha OCH, £O - AH3-
neKTPH4eCKaR npOHH~aeMOCTb aaKyyMa. H3 ypaaHeHHR 3KBHnoTeH
~HanbHOH nHHHH, KOTOpoe B OKpeCTHOCTH T04KHZo MOIKHO nony4HTb, 
nonaraA cp =cp (z 0 , 0) , cne,qyeT ,qnA KPHBH3Hbl K 3TOH nHHHH 

cp "(z0 ,0) p
0 

(z
0

) 
K = , + --,--. /1.4/ 2cp (z 

0
,0) 2£ 

0
¢ (z

0 
,0) 

Ha rpaHH4HOH 3Ke~o~noTeH~HanbHOH nHHHH c KPHBH3Hoa:i K = K 
1 

, pa3-
AenAJO~eH npocTpaHcTao, c noTeH~HanoM ¢ 1_

1 
Hc/J

1
npoHCXOAHT 

OTKnOHeHHe TpaeKTOPHH, KOTOpoe MOIKHO OnHcaTb nocpe,qCTBOM on
TH4eCKOH CHn~ 1/f I : - ---..jcp I -..j cp 1- 1 

- Kl .. 
...;cpl 

1 
Kt 77-

JlnA ny4Ka pa,qHyCOM f I yron OTKnOHeHHA 8
1 

rl 
01"'-. rt 

HHa4e roaopR, Mbl noKa3anH, 4TO onTH4eCKHe CHnbl, onpeAeneH
Hble 3neKTpocTaTH4eCKHM noneM /nHH30BbiH 3~eKT - nepaoe cna
raeMoe ~OpMynbl /1.4// H KynOHOBCKOH nonpaBKOH /npOCTpaHCTBeH
HbiH 3apA,q- BTOpoe cnaraeMoe ~OpMynbl /1.4// ,aAAHTHBH~, H 
BCne,qCTBHe 3TOro a,q,qHTHBHbl COOTBeTCTBYIO~He yrnbl OTKnOHeHHA. 
TepMH4eCKaA nonpaeKa a CHny BeKTOpHoro xapaKTepa cKna,qbleaeMbiX 
BenH4HH /CKOpOCTH nonepe4HOrO - TepMH4eCKOro H npo,qonbHOrO 
ABHIKeHHA/ npH6aenReTCR K npe,qbiAY~HM BenH4HHaM no reoMeTpH4ec
KOMy 3aKOHy, 

B ,qaHHOH pa6oTe npe,qcTaeneH MeTOA o~eHKH BnHAHHR cHn npo
CTpaHCTBeHHoro 3apA,qa, OCHOBaHHbiH Ha npHH~Hne annpOKCHMa
~HH HCTHHHOrO pacnpe,qeneHHA nOnR CHCTeMOH CTyneHeK, Ha KOTO-
p~X cp = const. , 

KpoMe yKa3aHHoro a ~OpMynax /1.2/ 3aKoHa onpe,qeneHHA AnHH 
waroa annpoKCHMa~HH Az 1 (g1 = const) paccMoTpeHbl TaKIKe 
cny4aH: Az 1 = L/N = const H At 1 = const, r,qe At

1 
- apeMA 

nponeTa 4aCTH~eH OTpe3Ka Az 
1
• 

2. TPAEKTOPH~ 4ACTHU B nPHCYTCTBHH nPOCTPAHCTBEHHOrO 
3AP~~A 

B aKcHanbHO-CHMMeTpH4HOM cny4ae nony4eHHe a aHanHTH4eCKOM 
BHAe peweHHA ypaaHeHHR ABHIKeHHR c y4eTOM npocTpaHCTBeHHoro 
3apA,qa HeB03MOIKHO ,qaiKe a npocTpaHcTae ,qpeH~a, r,qe ¢= const ·.£l:nA 
npH6nHIKeHHOH O~eHKH BnHAHHA 3~eKTOB npOCTpaHCTBeHHOrO 3apR,qa 
aocnonb3YeMCA annpOKCHMa~He.:i pacnpe,qeneHHR nonei1 ¢- z 11 cp- z41S 
CTyneH4~TOH ~YHK~HeH (c/J(z) = COnst) • Eiy,qeM orpaHH4HBaTbCR i 
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cny4aeM He cn~wKOM 6onbw~x ~3MeHeH~~ paA~yca ny4Ka /He 6onee 
4eM e ABa pa3a/. O~eHKa nonepe4HO~ cocTaen~~~e~ c~n~, AeHcT
ey~~e~ Ha 4aCT~~Y ecneAcTe~e ee AB~*eH~~ e none o6DeMHOro 3ap~
Aa, OCHOBaHa Ha ~CnOnb30BaH~~ TeOpeM~ raycca. npeAnonara~, 
4TO paA~anbHa~ COCTaBn~~~a~ CKOpOCT~ Vr 3Ha4~TeflbHO MeHbWe 
npoAOflbHO~ vz, ~ noH~Ma~ noA ¢ 0 = const a6con~THOe 3Ha4eH~e 
COOTBeTCTBY~~erO Vz yCKOp~~~ero noTeH~~ana, MO*HO ypaBHeH~e 
AB~*eH~~ rpaH~4HO~ 4aCT~~~ ny4Ka 3an~caTb B B~Ae 

d2r 1 p 

dzT = 47Tt
0

(2Q/AM) 1i2 ; 
/2.1 I 

rAe AM - Macca 4aCT~~~. Q - ee 3ap~A. P = J/¢0
812

, J -
nonH~H TOK ny4Ka. BBeAeM HOpMan~30BaHH~e nepeMeHH~e: 

R = 
r 
r;-· 

z - ~ ( p ) 112 
r n 27Tt 

0 
(2Q/ AM) 112 ' 

rAe f 0 - HOPM~py~~~H MHO*~Tenb. 

/2.1/ 6onee KOMnaKTHO: 

d2R 1 
~= 2R. 

B 3T~X nepeMeHH~X ypaeHeH~e 

12. 1a/ 

nocne nepeoro ~HTerp~poaaH~~ nony4~M 

(~) 2 = ln (.!._) + ( dR ) 2 ' 
dZ Ro dZ o 

/2.2/ 

rAe R0 -Ha4anbH~~ paA~YC ~ ( dR) o - Ha4anbH~H HaKnoH TpaeK-
dZ 

Teop~~ e c~cTeMe KOOPA~HaT R,Z. BTopoe ~HTerp~poeaH~e np~BOA~T 
K ypaBHeH~~ TpaeKTOp~~ rpaH~4HOH ~aCT~~~ ny4Ka B B~Ae 

R dR 
z = r . 12.3/ 

Ro ...j ln (R/R0 )+ (dR/dZ)~ 

H3 ypaeHeH~~ /2.2/ MO*HO HaHT~ een~4~HY paA~yca Ru ny4Ka e 
dR 

nnocKOCT~ ZM ero M~H~ManbHoro ce4eH~~. nocKonbKY 3AeCb - =0, 
dZ 

R M= R0exp [-(~) 2 ] 
dZ o . /2.4/ 

Ecn~ B Ka4eCTBe HOPM~py~ero MHO*~Ten~ np~MeM f0 =fM ~ CAB~HeM 

Ha4ano OTC4eTa no KOOPA~H~aTe Z B nnOCKOCTb Z = z., rAe Ro=Ru, 
nony4~M c~cTeMy ypaeHeH~~. on~c~ea~y~ ny4oK B npocTpaHCTBe 
APei:1$a B B~Ae 

" 
• 

,, 

il~ 

ftl\ 

~,Nii 

~-t 
~~~: 
} 

1 

i!!._ = ...jlnR. 
dZ 

R 
Z=± ( dR 

1 ...jlnR 

/2. 

/2. 

/nonO*~TeflbH~H 3HaK COOTBeTCTByeT ( dR) O > 0) • noACTaHC 
dZ -

KOH W = (lnR) Vz ~HTerpan /2. 3a/ MO*HO npeo6pa30BaTb K B~~ 

R dR r
vlnR 

~ An~ R < 2 

w w2 
2 ( e dw = A 

0 

A ;; 2,09 (R- 1) Vz • 
Y4eT 3$$eKTOB npocTpaHCTBeHHoro 3ap~Aa MO*eT 6~Tb Tene~ 

e np~H~TOM HaM~ np~6n~*eH~~. npo~3BeAeH An~ Ka*Aoro wara ~ 
4eTa nyTeM np~6aeneH~~ K pacc4~T~eaeM~M no $opMynaM /1.2/ 
fl~4~HaM r I, 01 een~4~H ~r iSC ~ ~0 ISC , onpeAeneHH~X 
ypaeHeH~H /2.2a/ ~ /2.3a/. B cny4ae, KOrAa An~ Ka*Aoro ~3 
WaroB 6yAeM np~H~MaTb, 4TO KyflOHOBCKa~ nonpaBKa paCC4~T~Bc 

dr dR 
C~ KaK Afl~ ny4Ka C r O = r M , TO eCTb (-d ) 01 = (-) Ol = 0 

z dZ 
/ocHOBHOH eap~aHT MeTOAa, npeHe6pera~~H Ha ecex warax pac 
Ta Ha4anbH~M HaKnOHOM TpaeKTOp~~ Ha Ka*AOM 0Tpe3Ke/: 

(~z 1)2 Pt 
M ISC = ------------------

r i- 1 2(2,09) 2 "t 
0 

(2Q/ AM) 112 

/2. 

~0 iSC 
~Zi Pt ------·· ----
r 1-1 (2,09) 2 1Tt 

0 
(2Q/ AM) 112 

Ben~4~Ha nepeeaHca ny4~ P1 e $OpMynax /2.5/ onpeAeneHa nc 
CTBOM nonHoro TOKa ny4Ka ~ noTeH~~ana ¢0 Ha y4aCTKe APeH$< 

np~MeH~~ Haw MeTOA An~ onpeAeneH~~ noeeAeH~~ ny4Ka Ha 
y4aCTKaX C ~3MeH~~~~MC~ nOTeH~~anoM, M~ AOn*H~ 6onee T04HC 
onpeAen~Tb een~4~HY ¢0 B B~pa*eH~~ An~ P1 , 6~no paCCMOTpeHC 
HeCKOnbKO eap~aHTOB onpeAeneH~~ ¢ 0 /cM. p~c.2/: 
1. ¢ 0 = ¢ 1_ 1 Ha Ka*AOM ware pac4eTa, 
2 II 

· ¢o"' if>t ---
3. ¢

0 
= ¢

1
_

1 
Ha He4eTH~X warax pac4eTa, 

~ _ ~ Ha 4eTH~x warax pac4eTa, 
'I' 0 = 'l'j 

4. ¢ = _.:f.!-1 + _t!_ Ha Ka*AOM ware pac4eTa. 
0 2 



ny4aeM He CnHWKOM 6onbWHX H3MeHeHH~ paAHYCa ny4Ka /He 6onee 
eM e ABa paaa/. O~eHKa nonepe4HO~ cocTaen~~~e~ cHn~, Ae~cT
Y~~e~ Ha 4aCTH~Y ecneACTBHe ee ABH*eHH~ e none o6DeMHOro aap~
a, OCHOBaHa Ha HCnOnb30BaHHH TeOpeM~ faycca. npeAnonara~, 
TO paAHanbHa~ COCTaBn~~~a~ CKOpOCTH Vr 3Ha4HTenbHO MeHbWe 
pOAOnbHO~ Vz, H nOHHMa~ nOA cPo = const a6con~THOe 3Ha4eHHe 
OOTBeTCTBY~~ero Vz YCKOp~~~ero noTeH~Hana, MO*HO ypaeHeHHe 
BH*eHH~ rpaHH4HO~ 4aCTH~~ ny4Ka 3anHCaTb B BHAe 

d2r 1 P 
ci;T = 411£

0 
(2Q/ A'i.n 172 ; 

/2.1 I 

rAe AM - Macca 4aCTH~~. Q - ee aap~A. P = J/¢ 8/2, J _ 
nonHbl~ TOK ny4Ka. BeeAeM HOpManHaoeaHH~e nepeMeH~~e: 

R = 
r 
-r-' 

n 

z = ~( 
rn 

p ) 1/2 

217£
0 

(2Q/ AM) 112 ' 

rAe f 0 - HOPMHPY~~H~ MHO*HTenb. 
/2.1/ 6onee KOMnaKTHO! 

B 3THX nepeMeHH~X ypaeHeHHe 

d2R 1 
dZ2 = 2R • 

/2.1a/ 

nocne nepeoro HHTerpHpoeaHH~ nony4HM 

( dR) 2 = ln (_!_) + ( dR ) 2 ' 
dZ R 0 dZ o 

/2.2/ 

Ae R0 -Ha4anbH~~ paAHYC H ( dR) o - Ha4anbH~~ HaKnoH TpaeK-
dZ 

eopHHB CHCTeMe KOOPAHHaT R,Z. BTopoe HHTerpHpoeaHHe npHBOAHT 
K ypaBHeHH~ TpaeKTOpHH rpaHH4HO~ 4aCTH~~ ny4Ka B BHAe 

R dR 
z = r . 12.31 

Ro y'ln(R/R0 )+ (dR/dZ)~ 

~3 ypaeHeHH~ /2.2/ MO*HO Ha~TH eenH4HHY paAHyca Ry ny4Ka a 
dR 

nnOCKOCTH ZM ero MHHHManbHOro Ce4eHH~. nocKOnbKY 3AeCb - =0, 
dZ 

RM= Roexp [-(~R )2 ] 
dZ o . /2.4/ 

EcnH B Ka4eCTBe HOpMHpy~ero MHO*HTen~ npHMeM r0 =rM H CABHHeM 
Ha4ano OTC4eTa no KOOPAHHwaTe Z B nnocKOCTb Z = ZM' rAe Ro=Ry, 
nony4HM CHCTeMy ypaBHeHHH, OnHC~Ba~y~ ny40K B npOCTpaHCTBe 
APeH<!la B BHAe 

4 

• 

\-· 

·,, 
'; 

"(; 

: 1
'", 
j' 

' 
'1'", .,,) 
,.,_\ 
) ~ 

J '! 
'~i: -1 ~ 

~K 

~~ 
i 

i.J· 

A~' 

~' 

j!!__ = y'lnR, 
dZ · 

/2.2a/ 

R dR 
r -

1 y'ln R 
/2.3a/ z = ± 

/nonO*HTenbH~H 3HaK COOTBeTCTByeT (~)O > 0) • noACTaHOB-
dZ -

KOH W = (lnR) Vz HHTerpan /2. 3a/ MO*HO npeo6pa30BaTb K BHAY 

r dR = 2 
w w2 
( e dw = A 

y'lnR 

R < 2 

0 

A ;;; 2,09 (R- 1) Vz H An~ 
Y4eT 3<1l<lleKTOB npocTpaHCTBeHHoro aap~Aa MO*eT 6b1Tb Tenepb, 

B npHH~TOM HaMH npH6nH*eHHH, npOH3BeAeH An~ Ka*AOrO wara pac-
4eTa nyTeM npH6aeneHH~ K pacc4HT~eaeM~M no <IJopMynaM /1.2/ ee-
nH4HHaM r l, 81 BenH4HH ~r iSC H ~8!SC , OnpeAeneHH~X H3 
ypaBHeHHH /2.2a/ H /2.3a/. B cny4ae, KOrAa An~ Ka*AOrO H3 
Waroe 6yAeM npHHHMaTb, 4TO KynOHOBCKa~ nonpaBKa paCC4HT~BaeT-

dr dR 
C~ KaK An~ ny4Ka C r O = r M , TO eCTb (-d ) 01 = (-) Oi = 0 

z dZ 
/ocHOBHOH eapHaHT MeTOAa, npeHe6pera~HH Ha ecex warax pac4e
Ta Ha4anbH~M HaKnOHOM TpaeKTOpHH Ha Ka*AOM OTpe3Ke/: 

(~z t> 2 
Pt 

~r ISC = 
r 1-1 -2(2,09) 21T-£-:(2Q/AM) 112-

/2.5/ 

MISC 
~ZI Pt --------· -----· 
r1-1 (2,09) 2 11£

0 
(2Q/AM)11 2 

BenH4HHa nepeeaHca ny4Ka P1 a <IJOpMyna~ /2.5/ onpeAeneHa nocpeA
cTBOM nonHoro TOKa ny4Ka H noTeH~Hana ¢0 Ha y4aCTKe APeH<IJa. 

npHMeH~~ HaW MeTOA An~ onpeAeneHH~ noBeAeHH~ ny4Ka Ha 
y4aCTKaX C H3MeH~~~HMC~ nOTeH~HanOM, Mbl AOn*Hbl 6onee T04HO 
OnpeAenHTb BenH4HHY cPo B BbiPa*eHHH An~ P1 , 6blnO paCCMOTpeHO 
HeCKOnbKO eapHaHTOB onpeAeneHH~ ¢ 0 /cM. PHC.2/: 
1. ¢ 0 = ¢ 1_ 1 Ha Ka*AOM ware pac4eTa, 
2 II 

• ¢o = cPt ---
3. ¢0 = ¢

1
_

1 
Ha He4eTHbiX warax pac4eTa, 

~ _ ~ Ha 4eTH~x warax pac4eTa, 
'I" 0 = 'l"j 

4. ~ = _j!-1 +_!.1_ Ha Ka*AOM ware pac4eTa. 
'~"o- 2 

5 
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PHc. 2. Pa3JIH'IHble MeTO.Z:U,I annpoK
CHMa~HH pacnpeAeJieHHR UOTeH~Ha
na CTyTieHtJaTOH ~YHK~HeH: 1,2,3, 
4 - L'1z1 = const, 5 - llt 1 = 
= const , 6 - g 1 = const. Ha 
BCeX UOCJieAYID~X pHCYHKaX ~H~
Pbl KPHBbiX COOTBeTCTBYffiT pa3JIHtJ
HbW MeTOAaM annpOKCHMa~HH, 
npeACTaBneHHbW Ha AaHHOM pHcyH
Ke. 

B pa6oTe 111 M~ noKa3an~, 4TO 
e none c/J-z Ami P =0 c~cTeMa 
ypaeHeH~H /1.2/ AaeT T04H~H pe-
3ynbTaT, He3aB~C~MO OT KOn~-

4eCTBa waroe pac4eTa N.An~ KOH
Tpon~ CBOHCTB nepe4~CneHH~X 
e~we eap~aHTOB /1-4/ 6~no pac

C4~TaHo noeeAeH~e ny4Ka e none c/J-z An~ He6onbworo G/- 4/. 
Pe3ynbTaT~ pac4eTa npeACTaeneH~ Ha p~c.3a ~ 36. Kp~e~e 1-4 
npeACTaen~~T pe3ynbTaT~ pac4eTa no eap~aHTaM~4 An~ cny4a~ 
llz 1 = const. Kp~ea~ 5 - pe3ynbTaT pac4eTa An~ llt 1 .. const ~ cPo 
no eap~aHTY 4, Kp~ea~ 6 - An~ cny4a~ g 1 =const ~ c/J 0 TaKlKe no 
eap~aHTY 4. 3Aecb, KaK ~ e pa6oTax 121, M~ nonb3yeMc~ noH~-

1.4 

1.1 

R/a 

I 
I 
I 

[B 
P/~·1 
S•O.S 
<.\ /c/Jo=-4 

a 

'0 

8rad 

Q20, ·3 

0,15 

0,10 

2 

[B 
P~•1 S• 5 

rp eft,"' 4 

6 

01 1 2 3 lgN) 

aos 
I 
I 

or 1 2 3 lg(NI 

Put.3. 3aBHCHMOCTb KOHetJHOrO HOPMHPOBaHHOrO paAHyCa /a/ 
H yrna HaKJIOHa /6/ TpaeKTOPHH OT KOJIH'IeCTBa maroB annpoK
CHMa~H N. 

• 

!.ll~ ·g:i 

·II ,, i\. 

~l 
~'l 
:i .. ; .~,1 
.:.:r. 

·~ ..• 1. _,,;, 

I '· 

)i 
( 

! 

~
','\ 

·. 

t 

:t' 
>' 

T~~M~ "aspect ratio " 
Horo nnocKoro A~OAa: 

4 2Q \.1 2 
p 0 = lT IT( 0 ( AM) s 

S = a/d ~ nepeeaHca 3KB~eaneHT-

rAe a - paA~YC 3M~TTepa ~ d - MelK3neKTPOAHOe paccTORH~e A~o-
-8/2 Aa. Pac4eT npoeeAeH An~ ny4KOB c nepeeaHCOM P = J r/J k _.= P 

0
• 

np~M~e. 0603Ha4eHHble C~MBOnaM~ Rp/a /p~c.3a/ ~ 9p /p~c-36/, 
noKa3~ea~T T04H~e 3Ha4eH~~ R ~ (), nony4eHH~e nyTeM 4~cne~ 
Horo ~HTerp~poeaH~~ napaKc~anbHOro ypaeHeH~~ MeTOAOM Mepco
Ha18~ npeACTaeneHH~e pe3ynbTaT~ y6eA~TenbHO nOKa3~Ba~T, 4TO 
onpeAeneH~e a een~4~He nepeeaHca noTeH~~ana e B~Ae 

c/Jo = 
cPi-1 + cP I 

2 /2.6/ 

AaeT pe3ynbTaT, MeHee BCero OTn~4a~~~HC~ OT 3Ha4eH~~. COOT
BeTCTBy~~ero N~~ An~ n~6oro N,~ OAHOBpeMeHHO OTKnOHeH~~ ee
n~4~H R ~ () OT T04H~x 3Ha4eH~H Heeen~K~ An~ He6onbw~x N. 

KaK AOnonH~TenbH~H eap~aHT MeTOAa y4eTa en~~H~~ npocTpaH
CTBeHHOro 3ap~Aa, 6~no paCCMOTpeHO peweH~e ypaBHeH~~ /2.1/ 
An~ cny4a~, KOrAa Ha4anbH~H yron 90 ~0. B 3TOM cny4ae 

dR 
(----) 0 ~ 0, ~ M~ AOnlKH~ CAB~HYTb Ha4ano OTC4eTa B T04Ky 

dZ 

R#:l 

1,4 

j¢-z4'3j 
P/~·1 
5•0.5 
'4/~-·6 

a 

.. 

t2~:A ~Q =-- -----~rfo 

e rad 

3111 

~~-z413J 
P/~·1 
5•0.5 
~/t·6 

6 

------------1,1 

or ; 2 3 IQNI o I 1 2 3 lQlN 

PHC,4, 3aBHCHMOCTb KOHetJHOrO HOpMHpOBaHHOrO paAHyCa /a/ 
H yrna HaKJIOHa /6/ TpaeKTOPHH OT KOJIH'IeCTBa maroB an
npOKCHMa~HH N. 4A - annpoKcHMa~HR noTeH~Hana 4 H 9

01 
., 0, 

6A - annpoKCHMa~HR noTe~Hana 6 H () 
01 

.;. 0. 
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PHc. 2. Pa3JIH"'Hble MeTo.z:u,J annpoK
CHMa~HH pacnpe~eJieHHR nOTeH~Ha

Jla CTyTieH"'aTOH ~YHK~HeH: 1,2,3, 
4 - !1z1 = const, 5 - !1t 1 = 
= const , 6 - g 1 = const. Ha 
Bcex nocne~yro~x PHCYHKax ~H~
Pbi KPHBbiX COOTBeTCTByroT pa3JlH"'
HbiM MeTO~aM annpOKCHMa~HH, 
npe~cTaBJieHHb~ Ha ~aHHOM pHCyH
Ke. 

B pa6oTe 111 M~ noKa3an~, 4TO 
e none ¢-z AnR P =0 c~cTeMa 
ypaeHeH~H 11.21 AaeT T04H~H pe-
3YnbTaT, He3aB~C~MO OT KOn~-

4eCTBa waroe pac4eTa N.AnR KOH
TponR CBOHCTB nepe4~CneHH~X 
e~we eap~aHTOB 11-41 6~no pac

C4~TaHo noeeAeH~e ny4Ka e none ¢-z AnR He6onbworo Gl- 41. 
Pe3ynbTaT~ pac4eTa npeACTaeneH~ Ha p~c.3a ~ 36. Kp~e~e 1-4 
npeAcTaenR~T pe3ynbTaT~ pac4eTa no eap~aHTaM~4 AnR cny4aR 
!1z 1 = const. Kp~eaR 5 - pe3ynbTaT pac4eTa AnR !1t

1 
=const ~ ¢o 

no eap~aHTY 4, Kp~BaR 6 - AflR cny4aR g 1 =const ~ ¢
0 

TaKIKe no 
Bap~aHTy 4. 3AeCb, KaK ~ B pa6oTax 121, M~ nOnb3yeMCR nOHR-

R/a Brad 

1.4 a 6 

1.1 

[E) 
P/fg•1 
5•0.5 
¢\ 1¢

0
,.. 

·a 

Q20, 3 

0,15 

0,10 

Q05 
I 

2 

[E) 
P~·1 S• 5 

¢ ¢1>"'4 

or 1 2 3 lgN) ~' 1 ~ 3 1aN, 
PHc.3, 3aaHCHMOCTb KOHe"'HOrO HOpMHpoaaHHOrO paAHyca /a/ 
H yrna HaKJIOHa /6/ TpaeKTOPHH OT KOJlH"'eCTaa maroa annpoK
CHMa~HH N .• 

• 

il 

:I 
~ ~ 

-~I 

.f~ 
,1._.~:-

... ~ t 
... 
!~. J, I .. 

1:';[ 

\'. 
Ji' 
·~ 

J 
'4 
'1~) 
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I· 
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T~RM~ "aspect ratio " 
Horo nnocKoro A~OAa: 

4 2Q \.1 2 Po = "'V"( o (AM) s 

S = aid ~ nepeeaHca 3KB~eaneHT-

rAe a - paA~Yc 3M~TTepa ~ d - MelK3neKTPOAHoe paccTOAH~e A~o-
-8/2 Aa. Pac4eT npoeeAeH AnR ny4KOB c nepeeaHCOM P = J ¢ k .;;; P 

0
• 

npRM~e' 0603Ha4eHHble C~MBOnaM~ Rp /a I p~c. 3al ~ (} p I P~C. 361' 
noKa3~ea~T T04H~e 3Ha4eH~R R ~ 0, nony4eHH~e nyTeM 4~cneH
Horo ~HTerp~poeaH~R napaKc~anbHOro ypaeHeH~R MeTOAOM Mepco
Ha181. npeACTaeneHH~e pe3ynbTaTbl y6eA~TenbHO noKa3~Ba~T, 4TO 
onpeAeneH~e e een~4~He nepeeaHca noTeH~~ana e B~Ae 

¢o = 
cPi-1 +¢I 

2 12.61 

AaeT pe3ynbTaT, MeHee BCero 0Tn~4a~~~HCR OT 3Ha4eH~R, COOT
BeTCTBy~~ero N~~ AflR n~6oro N,~ OAHOBpeMeHHO OTKnOHeH~R Be
n~4~H R ~ 0 OT T04H~x 3Ha4eH~H Heeen~K~ AflR He6onbw~x N. 

KaK AOnonH~TenbH~H eap~aHT MeTOAa Y4eTa en~RH~R npocTpaH
CTBeHHOro 3aPRAa, 6~no paccMOTpeHo peweH~e ypaeHeH~R 12.11 
AnR cny4aR, KOrAa Ha4anbH~H yron 00 ~0. B 3TOM cny4ae 

dR 
(----) 0 ~ 0, ~ M~ AOnlKH~ CAB~HYTb Ha4ano OTC4eTa B T04Ky dZ 

Rtl 

1.4 

[¢-zl/.lj 
P/[;·1 
5·0.5 
'4/~-·6 

a 

1.2r ~~~>, Rr{a 
6A =-- -----

1.1 

e rod 

3111 

l¢-z413j 
P/P•1 
5•0.5 
<a/t·6 

------------

6 

ol l 2 3 ~gNj ~I 1 2 3 lgfN) 

PHc,4. 3aaHCHMOCTb KOHe"'HOro HOpMHpoaaHHOro paAHyca /a/ 
H yrna HaKJioaa /6/ TpaeKTOPHH OT KOJlH"'eCTBa maroa an
npoKCHMa~HH N. 4A - annpoKCHMa~R noTeH~Hana 4 H 0

01 
.f. 0, 

6A - annpOKCHMal.IHR noTe~ana 6 H (} Ol -/, 0. 

7 



Z=ZM, e KOTopo.:l R = RM=1. Ha411HaR pac4eT 113 3TO.:i TO("IJ~v. 11 or-
paHn411BaRCb BeiU1411HaMI1 R < 2, MOIKHO n011Y411Tb A11R ~r ISC 11 
~() ~~~ I3Ha40K () . np11MeHeH A11R Bb1Ae11eHI1R 3TOro eapl1aHTa 
MeTOAal tl>OPMY11bl T11na 

(()) 
M ISC =Mise + !(~ zi ' ()i-1 ' pi), 

l2.5al 

(()) 
~()ISO = ~() ISC + 

dt(~z 1 • (J 1-1 ' Pi ) 
d(~z 1) 

rAe t\r !SC 11 ~ (J iSC onpeAelleHbl ypaeHeHI1RMI1 12. 51. 3aMeTI1M, 
4TO A11ana30H AOnycTI1MbiX 3Ha4eHI1H M 180 3AeCb cyaqecTBeHHO 
yiKe, 4eM A11R C11y4aR 12. 51, nOCK011bKY BblpaiKeHI1R BbiBeAeHbl A11R 
4>YHKLI1111 f(~z i' () 1_ 1, P1 ) B npeAn0110IKeHI111, 4TO OTHOWe-
HI1e r 1lrM < 2, a He, KaK npeiKAe, rl lr 1-1 < 2, npi1MeHeHI1e 
3TOrO OTHOCI1Te11bHO HeyAOfiHOrO 113-3a rpOM03AKOrO Bblpa1KeHI1R 
l2.5al MeTOAa B03MOIKHO T011bKO A11R ny4KOB C Hefi011bW11MI1 yr11aMI1 
HaK110Ha TpaeKTOpl111. Ha pl1c.4a 11 46 npeACTaeneHbl pe3y11bTaTbl 
pac4eTa napaMeTpoe TpaeKTOpl111 e none ¢- z 413 A11R G =6. 
P11c.5a 11 56 cooTBeTCTBY~T 3Ha4eHI1RM 0=100. KaK 11 AJ1R cny4aR 
nonR ¢-Z,BI1AHO npei1MyaqecTeo onpeAe11eHI1R A1111Hbl wara ~z1 Ha 
OCHOBe 3aKOHa gi = CODSt IKp11Bble 61. AnR cpaeHeHI1R Ha PI1C. 4a 
11 46 np11eeAeHbl pe3y11bTaTbl, nony4eHHble c y4eTOM Ha4a11bHbiX 
yrnoe HaK110Ha, Bbi411C11eHHble A11R tu I= const IKpi1Bble 4AI 11 

RP 
2.5 

2.4 

2,3 

2,2 

2,1 

2,0 
I .. 

a 

I I • 

ol 1 2 3 l~NI 

8 

• 

PHC.5. 3aBHCHMOCTb KOHeqHoro 
HOPMHPOBaHHOro paAHyCa /a/ H 
yrna HaKnoHa I 6/ TpaeKTOPHH 
oT KonHqecTBa maroB annpoKcH
MaUHH N npH G =100. 

8rad 

Q25 
~ P/~·1 
L!::!:J s •0.5 ,,,.100 

u2o I / >0, "" e.. 

Q15 

6 

o I 1 2 ~ LgtNl 

~% 

4 

I 
i 

3 tl 
i 

a 

\ \ '\. -----.77;;56 

2 f \ 
\ \ ''\ 
\ \ I ., 
1\ \ I ·, ._. _ -·-·-4 

\I ........... -·-· \ ~ ·-· 
'y'\ 
1\ ' 

I \ '·,. -·-·-·-·-·-·-·-·-·-6 
I '·--><.;,_ ·-·-·-·-·-·-·-· 

0 o:s to 1;5 2:o P/~ 

~% 

20 

10 

l!f!-z413l 
M·6-~ 

--::l~f~ 
~~~J bo3 

¢./¢.·6 
5=0,2 1 0,5, 1.0 

6 

--4 

1,0 1,5 2.0 F. 

Pnc.6. 0THOCHTenbHOe OTKnOHeHHe paAHyca /a/ H yrna 
HaKnOHa /6/ TpaeKTOPHH OT napaKCHanbHOrO pemeHHH B sa
BHCHMOCTH OT OTHOCHTenbHOrO nepBeaHCa P/Po npHG=6. 

it== CODSt IKpi1Bble 6AI. 0T1111411Te11bHOH 4epTOH 3TI1X Kpi1BbiX 
11J'IeTCfl TO, 4TO B npeAelle N -+ 00 OTK110HeHI1A 3Ha4eHI1H paA11YC 
11 yr11a HaK110Ha TpaeKTOpl111 OT COOTBeTCTBy~&qi1X T04HbiX pewet 
napaKCI1aJlbHOrO ypaBHeHI1fl 3Ha411Te11bHO MeHbWe, 4eM AJ1R 6a3C 
eapHaHTa, npeAnonara~aqero npH pac4eTe ~lSC Ha Ka>KAOM w 
8 o, 1- 1 =0. K coiKaneH~-t~, orpaHI14eHI1e MeTOAa 3Ha4eH~-teM 
r 
1 
I r M < 2 He no3B011Attr np~-tMeHATb 3TOT aapHaHT AJ1A 6onbWI 

CneAyeT TaK>Ke yKa3aTb, 4TO AJ1A He6onbw~-tx N OTK110HeH~-tfl a• 
paA~-tyca 11 yrna HaK110Ha OT T04Horo peweHI1R napaKc~-tallbHOro 
HeH~-tfl 6onbwe np~-t y4eTe Ha4a11bHbiX yrnoa Ha Ka>KAOM ware pa• 

Ha p11c. 6a 11 66, Sa H 86, 9a 11 96 npeAcTaeneHbl ae11~-t4HHI 
HOCI1Te11bHbiX OTK110HeHHH OT napaKCHallbHOrO peweHHR B C11y4al 
4eTa napaMeTpOB TpaeKTOPHH (R, 8) AJ1A Tpex 3aKOHOB onpeAI 
A11HHbl wara ~z, Bbi411C11eHHble B tl>YHKI..IHI1 OTHOCHTellbHOrO nepBei 
P jp0,napaMeTpOM KpHBbiX 3AeCb AB11AeTCR K011H4eCTBO warOB I 

4eTa IN =4, 1 0, 1 0 8 I. nepeeaHc onpeAeneH 4epe3 cpeAHee a' 
TH4ecKoe 3Ha4eHHe noTeHI..IHana Ha A11~-tHe wara 12.61. nocKon 
Kp~-table, onHcbiBa~&qHe noaeAeHHe ae1111411Hbl 1~8/81 AJ1R napanne. 

ny4Ka 18 =01, npeTepneaa~T pa3pb1B, Allfl 6onee nonHOH xapa1 
THKH MeTOAa Ha p~-tc.] npeACTaB11eH XOA a6C011~THOrO 3Ha4eHI1 
4HHbl ~8. -



Z=ZM, e KOTopoH R = RM=1. Ha411HaR pac4eT 113 3TOH TO("IJ~III 11 or-
paHn411BaRcb eeni-'I411HaMI1 R < 2, MO)f(HO nony411Tb AllR ~r 

180 
11 

~() ~~~ I3Ha40K () . np11MeHeH AllR Bb1AelleHI1R 3Toro eap11aHTa 
MeTOAal ~OpMyJl~ T11na 

(()) 
Ar ISC = MiSC + f(~ Zi ' ()1-1 ' pi), 

(()) 
~()ISC = ~() iSC + 

dt(~z 1 • fJ 1-1 • Pi ) 

d(~z 1) 

l2.5al 

rAe Ar tsc 11 ~ fJ iSC onpeAeneH~ ypaeHeHI1RMI1 12. 51. 3aMeTI1M, 
4TO A11ana3oH AOnyCTI1MbiX 3Ha4eHI1H M ISC 3AeCb cyaqecTBeHHO 
y)f(e, 4eM AllR cny4aR 12.51, nocKOJlbKy Bblpa)f(eHI1R BbiBeAeHbl AllR 
~YHKI.jl111 f(~z i' () 1_ 1 , P1 ) B npeAnOJlO)f(eHI111, 4TO 0THOWe-
HI1e r i lr M < 2, a He. KaK npe)f(Ae' r 1 I r i -1 < 2 • npi1MeHeHI1e 
3TOrO OTHOCI1TeJlbHO HeYAOfiHOrO 113-3a rpOM03AKOrO Bblpa)f(eHI1R 
l2.5al MeTOAa B03MO)f(HO TOJlbKO AllR ny4KOB C HefiOJlbWI1MI1 yr11aM11 
HaKnoHa TpaeKTOPI111. Ha pl1c.4a 11 46 npeACTaeneHbl pe3yJlbTaTbl 
pac4eTa napaMeTpOB TpaeKTOPI111 B iiOiie ¢- z 413 AllR a =6. 
P11c.5a 11 56 cOOTBeTcTBY~T 3Ha4eH11RM a=100. KaK 11 AJlR cny4aR 
nonR ¢-Z,B11AHO npei1MyaqecTeo onpeAeneHI1R A1111Hbl wara ~Zt Ha 
OCHOBe 3aKOHa gi = const IKPIIIBble 61 . .QnR CpaeHeHI1R Ha PI1C. 4a 
11 46 np11eeAeHbl pe3yJlbTaTbl, nony4eHHble c Y4eTOM Ha4allbHbiX 
yrnoe HaKnoHa, Bbi411CJleHHble AllR L\z 1 = const IKP11Bble 4AI 11 
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PHc.5, 3aBHCHMOCTb KOHeqHoro 
HOpMHpOBaHHOro paAHyCa /a/ H 
yrna HaKnoHa I 6/ TpaeKTOPHH 
OT KonHqecTBa maroB annpoKcH
MaUHH N npH a =100. 
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PHC,6, 0THOCHTeRbHOe OTKROHeHHe paAHyCa /a/ H yrna 
HaKnOHa /5/ TpaeKTOpHH OT napaKCHaRbHOrO pemeHHH B sa
BHCHMOCTH OT OTHOCHTeRbHOrO nepBeaHCa P/P0 npH a=6. 

8t == OODSt IKplo1Bble 6AI. 0TJllo14J.1TeJlbHOH 4epTO~ 3TJ.1X Kplo1BbiX RB
JlReTCR TO, 4TO B npeAeJle N-+ oo OTKJ10HeH11R 3Ha4eHJ.1~ paAI-1YCa 
J.1 yrna HaKJlOHa TpaeKTOPI-11-1 OT COOTBeTCTBy~&qJ.1X T04HbiX peweHJ.1~ 

napaKcl-1aJ1bHOro ypaeHeHJ.1R 3Ha4J.1TeJ1bHO MeHbwe, 4eM AJ1R 6aaoeoro 
eaplo1aHTa, npeAnonara~aqero np1o1 pac4eTe ~tsc Ha Ka)f(AOM ware 
fJ o, 1 _ 1 =0. K CO)f(aJleHI-1~, orpaHJ.14eHJ.1e MeTOAa 3Ha4eHJ.1eM 
r 1 I r M < 2 He noaeonReT npi-1MeHRTb• 3TOT eap1o1aHT AJ1R 6onbW11X a. 
CneAyeT TaK)f(e yKaaaTb, 4TO AllR He6onbwl-1x N OTKJ10HeHJ.1R eeni-14J.1H 
paA1o1yca 1o1 yrna HaKnOHa OT T04Horo peweHI1R napaKcJ.1allbHOro ypae
HeHJ.1R 6onbwe np1o1 y4eTe Ha4aJ1bHbiX yrnoe Ha Ka)f(AOM ware pac4eTa. 

Ha p1o1c.6a 11 66, 8a 1-1 86, 9a 11 96 npeAcTaeneHbl eenltf4J.1Hbl oT
HOCitiTenbHbiX OTKJ10HeHJ.1~ OT napaKCJ.1aJlbHOro peweHitfR B CJly4ae pac-
4eTa napaMeTpOB TpaeKTOPitlltf (R,()) AJlR Tpex 3aKOHOB onpeAelleHitfR 
AllltfHbl wara L\z, Bb141tfCJleHHble B ~YHKI.IItfltf OTHOCitfTeJlbHOro nepeeaHca 
p /P0.napaMeTpOM KpltiBbiX 3AeCb RBJlReTCR K0Jlltf4eCTBO warOB pac-
4eTa IN =4, 1 0, 1 0 s I. nepeeaHc onpeAeneH 4epea cpeAHee aplti~Me
Titf4ecKoe 3Ha4eHitfe noTeHI.IItfana Ha AJlltiHe wara 12.61. nocKOJlbKy 
Kplo1Bble, on~t~cbiBa~aqltfe noBeAeHitfe eenltf411Hbl 1~0/61 AJ1R napannenbHOro 

ny4Ka 18 =01, npeTepneea~T paapbiB, AJ1R 6onee nonHO~ xapaKTep~t~c
THKI-1 MeTOAa Ha PltiC.] npeACTaBJleH XOA afiCOJl~THOrO 3Ha4eHitfR BeJlJ.1-
4~.Hbl M. ---
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PHc.7. A6coniDTHoe OTKnoHeHHe 
yrna HaKnOHa TpaeKTOpHH OT 
napaKcHanhHoro pemeHHn B saBH
CHMOCTH OT OTHOCHTenhHOrO nep
BeaHca P/P 0 npH G=6. 

KaK H cneAOBano O*HAaTb, AflR 
N-+"" nony4eHHble pesynbTaTbl 
He 3aBHCRT OT MeTOAa onpeAene
HHR aenH4HHbl wara ~z.BapHaHT 
MeTOAa, Y4HTbiBa~~H~ Ha Ka*AOM 
ware Ha4anbHbl~ HaKnoH, AaeT 
6onee T04Hbl~ pesynbTaT. 0AHaKo, 
nocKOflbKY nocTaaneHHaR saAa4a 
HMeeT ~enb~ BbiRBneHHe YCflOBH~, 
npH KOTOpbiX MO*HO nony4HTb 

HBH6onee T04Hbl~ pesynbTaT npH MHHHManbHOM N, B KOHe4HOM HTOre 
Mbl OTAanH npeAn04TeHHe 6a30BOMY BapHaHTY /2.5/. 

3. B~BO~~ H 06CY~~EHHE PE3YnbTATOB 

0KOH4aTenbHaR ~OPMYflHPOBKa MeTOAa O~eHKH 3~~eKTOB ~OKYCH
POBKH 3fleKTpOCTaTH4eCKHMH nOnRMH H pacnnbiBaHHR ny4KOB nOA 
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RHc.8. 0THOCHTenhHOe OTKnOHeHHe paAHyca /a/ H yrna 
HaKnoHa /6/ TpaeKTOPHH OT napaKcHanbHoro pemeHHn B sa
BHCHMOCTH OT OTHOCHTenhHOro nepBeaHca P/Po npH 0=6. 

BflHRHHeM npoCTPBHCTBeHHOrO 3apRAa MO*eT 6b1Tb Bblpa*eHa noc 
CTBOM cneAYD~HX ~OpMyn: 

r1 .. r1-1 + 81-1D1~z1k + 
(~z 1 )2 2 p1 2 

-S. 
r 1-1 9(2,09) 2 Po 

r 1 ~z 1 4 ...!l.s 2 ; 1<t< N; 81 = 81-1 n 1 + - + ---r 1 r 1_ 1 9(2,09)2 p - -0 

" L ga- 1 a(i-1) k 2[1 vi"- g]. p J( c/>1-1 ~ 
uz1 = a g • "" - • I= --

0 -1 g-1 2 

HaAo OTMeTHTb, 4TO anepable HAeO TaKoro THna o~eHKH na~ 
poa ny4Ka c saMeTHbiM npocTpaHCTBeHHWM sapRAOM awcKasan B~ 

paHc/4/. npeACTaaneHHbl~ Ha6opOM /3.1/ MeTOA sa C4eT npeAflC 
Hor,o oppeAeneHHR aenH4HH Az 1 H P1 nosaonReT nony4HTb pE 
3YflbTaT 3aAaHH0~ T04HOCTH npH 3Ha4HTeflbHO MeHbWeM 3Ha4eH~ 
Y1.1eT aenHI.IHH 11nHH3oaoro 3~eKTa11 r 1 It 1 H k 3Hai.IHTem 
noawwaeT AOCTH*HMYD T04HOCTb pesynbTaTa B cpaaHeHHH C npE 
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PHc.9. 0THOCHTenbHoe OTKnoHeHHe paAHyca /a/ H yrna 
HaKnoHa /6/ TpaeKTOpHH oT napaKcHanbHoro pemeHHH B sa 
BHCHMOCTH OT OTHOCHTenbHOrO nepaeaHca P/PonPH 0 =100. 
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PHc.7. A6coniDTHoe OTKnoaeHHe 
yrna uaxnoaa TpaeKTOpHH OT 
napaxcHanbaoro pemeHHn B aaBn
CHMOCTH OT OTHOCHTenbHOro nep
Beaaca P/P 0 npH 0=6. 

KaK H cne~oeano O*H~aTb, ~nR 
N-+""' nony4eHHble pesynbTaTbl 
He SaBHCRT OT MeTO~a Onpe~ene
HHR eenH4HHbl wara ~z.BapHaHT 
MeTo~a, Y4HTbiBa~~HH Ha Ka*~OM 
ware Ha4anbHbiH HaKnoH, ~aeT 
6onee T04Hb1H pesynbTaT. O~HaKo, 
nocKOflbKY nocTaeneHHaR aa~a4a 
HMeeT ~enb~ BbiRBneHHe YCnOBHH, 2.0~ 
npH KOTOPbiX MO*HO nony4HTb 

HaH6onee T04HbiH pesynbTaT npH MHHHMaflbHOM N, B KOHe4HOM HTOre 
Mbl OT~anH npe~n04TeHHe 6asoaoMy eapHaHTy /2.5/. 

3. B~Boa~ H 06CY~aEHHE PE3YflbTATOB 

0KOH4aTenbHaR ~OPMYflHPOBKa MeTO~a O~eHKH 3~~eKTOB ~OKYCH
POBKH 3fleKTpOcTaTH4eCKHMH nOnRMH H pacnnbiBaHHR ny4KOB no~ 
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PHc.8. 0THOCHTenbHOe OTKnOHeHHe paAHyca /a/ H yrna 
aaxnoaa /6/ TpaeKTOPHH OT napaKcHanbaoro pemeHHn B sa
BHCHMOCTH OT OT~OCHTenbHOro nepBeaaca P/Po npH 0=6. 

.. 

6 

BflHRHHeM npocTpaHCTBeHHOrO 3apR~a MO*eT 6b1Tb BbiPa*eHa nocpe~-
CTBOM cne~yD~kX ~OpMyn: 

r1"' r1-1 + 81-1n1~z,k + 
(~z 1 )2 2 p1 2 

-8. 
r t-1 9(2,09) 2 Po 

r 1 ~z 1 4 
81 = 81-1 n 1 + - + --- 2J.s 2

: 1<t< N; r 1 r 1_ 1 9(2,09)2 Po - - /3.1/ 

~z1 = L g:-1 ga(l-1), k .. 2[1- vi"- g]; P,=J(<1>1-1+</>1f8/~ 
0 -1 g-1 2 

Ha~o OTMeTHTb, 4TO anepawe H~eo TaKoro THna o~eHKH napaMeT
poa ny4Ka c aaMeTHbiM npocTpaHCTBeHHbiM aapR~OM BblcKasan BH6-
paHc1'1. npe~CTaeneHHbiH Ha6opOM /3.1/ MeTOA sa C4eT npeAflO*eH
HOrO onpeAeneHHR eenH4HH ~z 1 H P1 nosaonReT nony4HTb pe
synbTaT sa~aHHOH T04HOCTH npH 3Ha4HTenbHO MeHbWeM 3Ha4eHHH N. 
Y4eT aenH4HH 11nHH3oeoro 34K!leKTa 11 r 1/r 1 H k 3Ha4HTenbHO 
noawwaeT AOCTH*HMYD T04HOCTb pesynbTaTa B cpa&HeHHH C npeA-
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PHC.9, 0THOCHTenbHOe OTKnOHeHHe paAHyCa /a/ H yrna 
aaxnoaa /6/ TpaeKTOPHH OT napaxcHanbaoro pemeHHn B aa
~CHMOCTH OT OTHOCHTenbHOrO nepaeaaca P/PonPH Q =100, 
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no*eHHeM BH6paHca. OnHcaHHe ~aneHH~ pacnnwaaHH~ ny4Ka noA anH~
HHeM npOCTpaHCTBeHHOrO 3ap~Aa nocpeACTBOM aenH4HHW npHBeAeH
HOrO nepaeaHca P /P0 nosaon~eT paccMOTpeTb cpasy aecb Knacc 
reOMeTpH4eCKH nOA06HWX /c OAHHaKOBWM ''aspect raUO''/ CHCTeM 
ny4KOB H 3neKTPOAOB. 

PesynbTaTw, npHBeAeHHWe a pa3Aenax 1 H 2, nony4eHw An~ 
MOH03HepreTH4eCKHX ny4KOB, HeCMOTp~ Ha HeCOH3MepHMOCTb yc
~Op~O~ero nOTeH~Hana, npHMeH~eMOrO npH $OpMHpOBaHHH ny4KOB, 
H noTeH~Hana, 3KBHBaneHTHOrO Ha4anbHOMy pa36pocy CKOpOCTeH, 
nocneAHHH ~an~eTc~ aenH4HHOH, onpeAen~o~eH MHHHManbHWH yron 
HBKnOHa TpaeKTOpHH lei, npeAnO*eHHWH MeTOA pac4eTa n03BOn~eT 
y4eCTb TepMH4eCKHe 3$$eKTw cneAyO~HM cnoco6oM. B KB*AOM ce-
4eHHH 1 ny4Ka acneACTBHe TeopeMw nHyBHnn~ coxpaH~eTc~ ae
nH4HHa HOpManH30BBHHOro 3MHTTBHCB. An~ KOH~a i-Toro 0Tpe3KB 
MO*eM TOrAa 3BnHCBTb 

r;T8 = r~T 1 , 

rAe f 8 ,T 8 - PBAHYC H TeMnepaTypa /Bwpa*eHHB~ B eAHHH~ax 
3KBHBaneHTHOrO TepMH4eCKOH CKOpOCTH nOTeH~Hana/ 3MHTTepa. 
TorAa HaKnoH TpaeKTOPHH rpaHH4HOH 4BCTH~w o6ycnoaneH TepMH-
4eCKHMH 3$$eKTaMH 

fe Te 1,-i 
MITH =-(-) ' /3.2a/ 

r I 1/J I 
H, COOTBeTCTBeHHO, paAHYC 

/lr ITH: /lz I 'MITH • /3.26/ 

npH nOM~H OnHCaHHOrO MeTOAa MO*HO nony4HTb KOnH4eCTBeH
HWe O~eHKH HOHOOnTH4eCKHX napaMeTpOB ny4KOB B WHpoKOM AHana-
30He H3MeHeHHH nepaeaHca ny4Ka I 0 ~ P /P 0 ~ 2/ H An~ cooT
HoweHH~ KOHe4HOrO H Ha4anbHOrO nOTeH~Hanoa a annOTb AO a -100. 

0TnH4HTenbHOH 4epTOH MeTOAB ~Bn~eTC~ TO, 4TO 3Ta O~eHKa 
C T04HOCTbO, ny4WeH 10% /a ~paBHeHHH C peWeHHeM napaKCHanbHOrO 
ypaaHeHH~/, MO*eT 6wTb nony4eHa npH ManoM /2-4/ KOnH4ecTae 
waroa pac4eTa. 
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