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1. BBEAEHHE 

3aAa4a HaXO*AeHHA HOHOOOTH4eCKHX napaMeTpOB CHCTeM, BKn~4a~

~HX B ce6A nna3MeHH~H 3MHTTep H CHCTeMy 3neKTPOAOB, $OpMHpy~
~HX H $OKYCHPY~HX ny40K 3aPA*eHH~X 4aCTH~, MO*eT 6~Tb peweHa 
T04HO npH OAHOBpeMeHHOM peweHHH ypaBHeHHA nyaCCOHa AnA onpeAe
neHHA pacnpeAeneHHA noTeH~Hana H ypaeHeHHA Bna~oea AnA Haxo*
AeHHA $YHK~HH pacnpeAeneHHA 4aCTH~ no CKOpOCTAM, AnA KOHKpeT
HOH, COOTBeTCTBy~eH ycnOBHAM nna3M~ HCT04HHKa $YHK~HH pacnpe
AeneHHA nnoTHOCTH 3neKTpoHoe. TaKaA caMocornacoeaHHaA aaAa4a 
ABnAeTCA AOCTaT04HO cno*HOH H AnA ee peweHHA, Aa*e npH HCOOnb-
30BaHHH COBpeMeHH~X B~4HCnHTenbH~X cpeACTB, He06XOAHMO npH6e
raTb K ynp~a~~HM npeAnOnO*eHHAM. B KOHe4HOM HTOre nony4aeM~H 
peaynbTaT ABnAeTCA B OnpeAeneHHOH Mepe npH6nH*eHH~M. 

ECnH OTBne4bCA OT rnaBHOH OpH4HH~ BWCTyna~HX 3AeC~ TPYAHO
CTeH - nna3MeHHOrO 3MHTTepa, OOnD*eHHe H $QpMa KOTOporo ABnA
~TCA $YHK~HAMH napaMeTpOB nna3M~ H npHMeHAeMOH KOH$Hrypa~HH 
noneH, H paCCMOTpeTb CaMy~ npOCTY~ 3aAa4y - HaXO*AeHHe TpaeK
TOpHH OAHOH 4aCTH~~. oKaaweaeTcA, 4TO, eo-nepawx, a aHanHTH4e
CKOM BHAe peWeHHe ypaaHeHHA nannaca AnA HaH6onee 4aCTO npHMe
HAeM~X B 3neKTPOHHOH OOTHKe noneH C epa~aTenbHOH CHMMeTpHeH 
H nnOCKHX /HnH ABYMepHWX/ noneH B03MO*HO TOnbKO B orpaHH4eHHOM 
4Hcne cny4aea H, eo-aTop~x, Aa*e TOrAa, KOrAa pacnpeAeneHHe 
noTeH~Hana AaHo a aHanHTH4eCKOH $QpMe, a 6onbWHHcTee cny4aea 
HeB03MO*HO HaHTH peweHHe B T04HOM ~HAe H OPHXOAHTCA OpH6eraTb 
K npH6nH*eHH~M MeTOAaM. 

04eBHAHO, 4TO nony4eHHe Ka4eCTBeHH~X H KOnH4eCTBeHH~X O~e
HOK OOTH4eCKHX napaMeTpOB HHTeHCHBH~X, 11 rOpA4HX 11 ny4KOB B03MO*
HO nHWb npH y4eTe BnHAHHA CHn npOCTpaHCTBeHHOrO 3apAAa H none
pe4HOH 3HeprHH 4aCTHI4 / 11 TeMnepaTyp~11 4aCTH14 ny4Ka/. 

B cepHH npeAWAY~Hx pa6oT 111 HaMH noKaaaHo, 4To, onHpaACb 
Ha ypaBHeHHA napaKcHanbHOH TeOpHH B nHHeHHOM npH6nH*eHHH, MO*HO 
npOCT~MH CpeACTBaMH nony4HTb AOBOnbHO HC4epn~Ba~~YO HH$OpMa~H~ 
0 noaeAeHHH ny4Ka B $0KYCHPY~~e-$OPMHPY~~eH CHCTeMe, Ka4eCTBeH
HO XOpOWO H KOnH4eCTBeHHO YAOBneTBOpHTenbHO cornacy~~yOCA C 
3KCnepHMeHTanbH~MH peaynbTaTaMH. 

Uenb~ AaHHOH pa6oT~ ABnAeTcA HaXO*AeHHe MeTOAa npH6nH*eHHO
ro onpeAeneHHA HOHOOOTH4eCKHX napaMeTpOB ny4KOB, o6ecne4HBao
~~ro nony4eHHe KOnH4eCTBeHH~X O~eHOK. 
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B OCHOBe MeTOAa nemHT napaKCHanbHOe ypaBHeHHe TpaeKTOpHH. 
PacnpeAeneHHe noTeH411ana annpoKCHMHpyeTCR MeTOAOM MHoroyronb
HHKOB /KyC04HO-nHHeHHOH $YHK4HeH/. 3~eKT~ npOCTpaHCTBeHHOrO 
3apRAa H TepMH4eCKoro pacnn~BaHHR ny4Ka 04eHHBaOTCR He3aBHCHMO 
OT $OKYCHPY~HX CBOHCTB npHMeHReM~X KOH$Hrypa4HH noneH. 

B HaweH pa6oTe onpeAeneH~ ycnoBHR, o6ecne4HBaO~He, c OAHOH 
CTOpOH~, nony4eHHe YAOBneTBOPHTenbHOro no T04HOCTH pe3ynbTaTa 
AnR ny4KOB c HyneB~M npocTpaHCTBeHH~M 3aPRAOM, c APYrOH - no-
3BOnR~He nony4HTb 3TOT pe3ynbTaT npH MHHHManbHOM KOnH4eCTBe 
waroe annpoKCHMa4HH pacnpeAeneHHR nonR. 

2. PAC4ET HOHOOnTH4ECKHX CBO~CTB 3nEKTPOCTATH4ECKHX nonEn 

AnR aKCHanbHO-CHMMeTpH4H~X 3neKTpOCTaTH4eCKHX noneH C nOT 
4HanOM ~=¢{Z) napaKCHanbHOe ypaBHeHHe TpaeKTOPHH MOmHO 
B BHAe 

d - dr 1 ~---('1/~-)=-- -r, 
dz dz 4 yCf) /2.1/ 

rAe r=r(z)- paAHYC TpaeKTOPHH 4aCTH4~ H z- TeKy~aR KOOPAHHaTa 
Cny4aH nnocKHX noneH He Tpe6yeT oco6oro paccMOTpeHHR, nocKonb
Ky COOTBeTCTBy~ee ypaBHeHHe /2.1/ OTnH4aeTCR TOnbKO 4HCnOB~M 
/BMeCTO 1/4 CTOHT 1/2/ K03~H4HeHTOM, 

6yAeM pewaTb 3TO ypaeHeHHe a none, B KOTOPOM pacnpeAeneHHe 
noTeH4Hana annpOKCHMHpoBaHO KYC04HO-nHHeHHOH $yHK4HeH. nycTb 
B Ha4am,HOH T04Ke Z,.. Z 1_ 1 3aAaH~ paAHYC TpaeKTOPHH r(z)a r 

1
_

1 H HaKnOH rl_1 = (J 1_
1 
/~, 

nepeoe HHTerpHpoBaHHe ypaeHeHHR /2.1/ B npeAenax OT Zi-1 
AO Z AaeT 

-drz 1zA.. .. 
'1/~ - I = - - f Z-rdz. 

dz Zi-1 4 zt-1 i?i 
AnR r'(z). TaKHM o6pa30M, nony4aeM 

n;:-;- 1 z ~,. 
r'(z) • ..J~ri_1 - f --=:rdz. 

~ . 4'1)~ 1 1-1 '!)~ 
nocne BTOporo HHTerpHpoBaHHR 

z 
r(z) = r 1-1 + V ~ 1-1 r'1-1 f 

1 1-1 

dz 1 z 1 z ~, 
-=-- r -=[ J -=:r<U]dz. 
'!)~ 4 zl-1 '!)~ z1-1 '1/~ 

AnR npHHRTOH HaMH annpOKCHMa4HH ~(z) Ha 0Tpe3Ke OT Z 1- 1 AO Z 1 
/pHC, 1/ 

~(z)-~1-1 + (z-zl-1 )EI 

,,, 

.:!:· .....• 

! 

2 '
·'·. 

,;:tr:::· 

• 
';·.i· 

;(z) 

~~I !~ ;; 

Z;.~ 

r 
z~-~; r,<~ 

I I 

Z;,4 

r; I I 1-"""""'J= r!·e; 
r
1 
•• I lt"'"l .,,. 

z,_1 z; 

~zt zi-zi-1 n .•. fiH rffi ~= 1i::.fcl 
lHj 

f.= -4 ;; 
I Ei+f" E· I 

z 

z 

Puc.I. MeTo~ annpoKcHMaQHH H npH 
HHThle 0603Ha~eHHH BeUH~HH, 

H ~ ":0, 3a HCKn04eHHeM T04KH Z• Z I• 
rAe~"=~. HHTerpan, COAepmautHH 
~,, B npHBeAeHH~X B~We $OpMynax, 

MOmHO 04eHHTb cneAy~HM o6pa30M 
/eM. PHC.1/: 

zl ~, 
( --rdz 

Zl-1 yfp 

z ~-) z ~+) 

"" lim ( ( ... )dz+ ( ( ... )dz) 
z(+)_.z zl-1 

I I 
z (-) 

I 

z f-> .. z I 

Ha y4aCTKe (z 1_ 1,z<;>), nocKonbKY 
~ "= 0 nepB~H HHTerpan CYMM~ pa
BeH Hyno. B T04Ke z 1 , ~ (z}=f/>1 , 

r(z) = r I' ~·(-)cE 1H ~·(+) =E 1+ 1 , 

~~+) 
l_im f d~ (¢')-

1
- rdz=~EI+CI 

z(+)_.z zH fl \/~1 
I I f 

z~-> ... z 1 
BAonb ecero y4aCTKa oT zl-1 AO z 1 yron HaKnoHa TpaeKTOPHH 
H3MeHReTCR CornaCHO 3aKOHy 

r'(z)=r' ;~ 1- 1 , "' 
1-1 ~(z) 

H B T04Ke Z=Z I CKa4K006pa3HO 

rl M=--, 

rAe rl 

r, 
4~1 

H3MeHReTCR Ha 

EI+1-EI 
PaAHYC ny4Ka r 

1 
(z 

1
) paeeH 
, '1/~1 ~1-1 -~~ 

r
1 

(z
1
)cr

1
_

1 
+r

1
_

1
Az

1
n

1
2(1- ). 

~~ -~1-1 
H AnR 

(~I - ~ 1-1 )/c/J 1-1 « l 

/2.2a/ 
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8 OCHOBe MeTOAa nemHT napaKCHanbHOe ypaBHeHHe TpaeKTOpHH. 
PacnpeAeneHHe noTeH~Hana annpoKCHMHpyeTCR MeTOAOM MHOroyronb
HHKOB /KyC04HO-nHHeHHOH ~yHK~HeH/. 3~eKT~ npOCTpaHCTBeHHOrO 
aapRAa H TepMH4eCKOrO pacnn~saHHR ny4Ka O~eHHBaOTCR He3aBHCHMO 
OT ~OKYCHPYO~HX CBOHCTB npHMeHReM~X KOH~Hrypa~HH noneH. 

B HaweH pa6oTe onpeAeneH~ ycnoBHR, o6ecne4HBa~He, c OAHOH 
CTOpOH~, nony4eHHe YAOBneTBOpHTenbHOrO no T04HOCTH peaynbTaTa 
AflR ny4KOB c Hynes~M npocTpaHCTBeHH~M aapRAOM, c APYrOH - no
aeonR~He nony4HTb 3TOT peaynbTaT npH MHHHManbHOM KOflH4eCTBe 
waros annpoKCHMa~HH pacnpeAeneHHR nonR. 

2. PAC4ET ~OHOOnT~4ECK~X CBOACTB 3nEKTPOCTAT~4ECK~X nonEn 

AnR aKcHanbHo-cHMMeTpH4H~x 3neKTpocTaTH4eCKHX noneH c noTeH 
~HaflOM cf>~cf>(z) napaKCHanbHOe ypaBHeHHe TpaeKTOpHH MO*HO aanHCaT 

B BHAe 

d - dr 1 ¢" 
-h/¢-)=-- -r, 
dz dz 4 y;p /2.1/ 

rAe f=r(z}- paAHYC TpaeKTOPHH 4aCTH~~ H z- TeKy~aR KOOPAHHaTa 
Cny4aH nnocKHX noneH He Tpe6yeT oco6oro paccMOTpeHHR, nocKonb
Ky COOTBeTCTBy~ee ypaBHeHHe /2.1/ OTnH4aeTCR TOflbKO 4HCflOB~M 
/BMeCTO 1/4 CTOHT 1/2/ K03~H~HeHTOM. 

6yAeM pewaTb 3TO ypaaHeHHe a none, a KOTopoM pacnpeAeneHHe 
noTeH~Hana annpOKCHMHpoBaHO KyC04HO-nHHeHHOH ~YHK~HeH. nycTb 
B Ha4anbHOH T04Ke Z = Z 1_ 1 3aAaH~ paAHYC TpaeKTOpHH r(z)= r 1_ 1 
H HaKnOH ft_1 =fJ 1_ 1 /~. 

nepeoe HHTerpHpOBaHHe ypaBHeHHR /2.1/ B npeAenax OT Z1-1 
AO Z AaeT 

- dr z 1 z A." 
v¢ - I .. - - f ..L.rdz. 

dz Z1-1 4 Zi-1 yep 
AnR r'(z). TaKHM o6paaOM, nony4aeM 

n;:-;- 1 z tP, 
r'(z) • ..J ~ r;_1 - f -=r dz. 

¢ 4y,P zi-1 v¢ 
nocne BTOpOrO HHTerpHpoBaHHR 

I 

I 

-- , z dz 1 z 1 z ,P" 
r(z)= r1-1 +v¢1-1 r1-1 f -=-- r -=£ J -=rdzldz. ;; 

z1-1 ..; ¢ 4 z ... 1 v¢ z 1.-1 v ¢ 1!' 

AnR npHHRTOH HaMH annpoKCHMa~HH ¢(z) Ha oTpeaKe OT z ..,_ 1 AO z 1 ~ 
/pHc.1/ ., 

</>{z)-</> 1_ 1 + (z-z 1_ 1 )E 1 ~ 
&\ 

2 ~ .. , 

~) 

' ;/.., 
;i 

~-f 

I I ! l 
Z;--1 z~-~; :i" 

r I I . 
r; 

r;~,. 

ZH Z; 

6z.• z.-z. 
I I 1-1 

n.-li:; 1-ffi. 

Z;+4 z 

I 

r;·e; 

z 

t-fH 
~= ~Zj 

PHc.l. MeTOA annpoKcHMa~HH H npH
HiThle 0003HaqeHHH aenHqHH. 

H tP ":0, 3a HCKfl04eHHeM T04KH Z= Z 1, 
rAe ¢ "=OG. ~HTerpan, coAepma~HH 
¢'' B npHBeAeHH~X B~We ~OpMynax, 
MOmHO O~eHHTb cneAY~HM o6pa30M 
/eM. pHc.l/: 

Z1 ¢" 
r --rdz 

z1-1 fl 
z )-> z )+> 

.. lim r ( ... )dz + r ( ..• ) dz) 
z (-) 

1 
z(+)_.z z1-1 

1 1 

z 1-> .. z 1 

Ha y4aCTKe (z
1
_

1
,z(;)), nocKOflbKY 

¢"= 0 nepB~H HHTerpan cyMM~ pa
eeH Hyno. B T04Ke z 1 , ¢(z)=¢1 , 
r(z) ~ r 

1
, ¢'<->=E1H ¢'(+) =E 1+1 , 
(+) 

f.= -4;; 
I Ei+1 E· I 

zl d 1 f1 
l~m f rz<c;!l')- rdz==:;<Ei+CE1). 

z<t>-ozl zf-> fl y tP1 
z)-> .. z 1 

BAOflb acero y4aCTKa OT Z 1- 1 AO Z 1 yron HaKnOHa TpaeKTOpHH 

H3MeHReTCR cornaCHO 3aKOHY 

r'(z)=r' j¢1-1 ' 
1-1 ¢(z) 

H B T04Ke Z=Z 1 CKa4K006pa3HO H3MeHReTCR Ha 

M = ...!J_ 
t ' 

1 rAe 

4¢1 
r =- -=----
1 E1+1-E1 

PaAHYC ny4Ka r 
1 
(z 

1
) paeeH 

r1 (z1)=r
1
_

1 
+r;_

1
Az

1
n

1
2(1- y¢1¢1-1 -¢1 

¢1 -91-1 

H AI;J,R 

(cf>1- c,6.1-1 )/¢ 1-1 « 1 
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r1 = r 1-1 + 9 1-1 n1~z1' 

9t- 91-1 ni + r1/f1' 

/2.2/ 

;) 

'I rAe 

n1ay¢1-1/¢1 I, 

HcxOAHOe ypasHeHHe ASHmeHHR /2.1/ TaKHM o6pa3oM 3aMe~eHo c~c
TeMoH pa3HOCTH~X ypaBHeHHH /2.2/. 

HccneAyeM~H y4aCTOK pa3AenReTcR Ha HecKonbKO oTpe3KOB, 
Me*AY KOTOp~MH npeAnonaraeTcR nHHeHH~H XOA noTeH~Hana. Ha 
rpaHH~e MemAY 04epeAH~MH OTpe3KaMH HaCTynaeT CKa4K006pa3HOe 
H3MeHeHHe yrna HaKnOHa TpaeKTOpHH. 3TOT CKa40K paBeH cyMMe 
ASYX 3~eKTOS: npenoMneHHR ny4a B COOTBeTCTBHH C 3neKTpOHOOn
TH4eCKHM K03<!XIIH~HeHTOM n i H 11nHH30BOrO 3$$eKTa 1 

', OnpeAeneHHOr 
$OKYCH~M paCCTORHHeM C 1 H paAHYCOM r i 

<!>OpMyna, no KOTOpOH B~4HCnReTCR senH4HHa f I, eCTb He 4TO 
HHOe, KaK <!>OpMyna AesHccoHa-Kenb6HKa. Ee cM~cn s npHHRTOM npH-l 
6nHmeHHH COCTOHT B TOM, 4TO SnHRHHe OTKnOHeHHR $aKTH4eCKOrO 

... ·~· XOAa noTeH~Hana OT npHHRTOrO HaMH nHHeHHOrO pacnpeAeneHHR O~e-; 
HHSaeTCR nocpeACTBOM nOMe~eHHR Ha rpaHH~e pa3Aena MemAY OTPe3•l 
KaMH HAeanbHOH TOHKOH nHH3~, He H3MeHRO~eH paAHYCa ny4Ka H 
npHSOAR~eH TOnbKO K H3MeHeHH0 yrna HaKnOHa TpaeKTOpHH. 

3aAa4a COCTOHT Tenepb S onpeAeneHHH rpaHH~ npHMeHHMOCTH 
nony4eHHOrO pe3ynbTaTa H HaXOmAeHHH ycnoBHH, npH KOTOP~X MOm
HO nony4HTb YAOBneTSOpHTenbH~H no T04HOCTH pe3ynbTaT npH MHHH_ .. 
ManbHOM KOnH4eCTBe waros annpOKCHMa~HH ypaBHeHHR /2.1/ CHCTe-. 
MOH /2.2/. 

AnR HHTepecyO~HX HaC 3aAa4 /H3Bne4eHHR H $OpMHPOSaHHR ny4-
KOB 4aCTH~ H3 nna3MeHH~X HOHH~X HCT04HHKOB/ xapaKTepHO npHMe
HeHHe noneH c oces~M pacnpeAeneHIIIeM noTeH~Hana THna ¢- z 4/8 · 

/Ha y4aCTKe H3Bne4eHHR ny4Ka H3 HCT04HHKa/ H KOM6HHa~HH noneH 
THna ¢- z s o6nacTH <!>opMHposaHHR ny4Ka. AnR AanbHeHweH pa3-
pa6oTKH MeTOAa 6yAeM anpHOPH npHHHMaTb cy~eCTBOBaHHe HMeHHO 
TaKHX THnOB pacnpeAeneHHH noTeH~HanOB B HHTepecyO~HX HaC HOHQ
onTH4eCKHX CHCTeMaX. 

Pe3ynbTar~ pac4era napaMeTpos rpaeKTOPHH /KOHe4H~e: paAHYC 
"" yron HaKnoHa/ npeACTaBHM s BHAe <I>YHK~HoHanbH~x PRAOB, napa
MeTpOM KOTop~x 6yAeT KonH4ecrso waros pac4eTa N. B~6op MeTOAa 
annpOKCHMal.IHH pacnpeAeneHHR nOnR, MeTOA onpeAeneHHR AnHH OT- :. 

w ~ pe3KOB, Ha KOTOpble pa3AenReM y4aCTOK, He CBR3aH~ HH C KaKOH ·~ 

$H3H4ecKoA peanbHOCTbO /s BHAe, HanpHMep, Ha6opa AaHH~x o6 H3- ~ 
MipeHHH $aKTH4ecKoro pacnpeAeneHHR noneA HnH npeAnomeHHR H3Me- .· 
pRTb nonR B OnpeAeneHH~X CTpaTerH4eCKHX T04Kax/. 0HH OpHeHTH- ~ 
posaH~ nHWb Ha nony4eHHe peaynbraros pac4era s BHAe PRAa, cxo
AR~erocR K T04HOMY peaynbTaTy C MaKCHManbHOH CKOpOCTbO S <I>YHK-

•4 

•) 

~~~~~~~ N /To ecTb nony4eHHe AnR He6onbWHX N pe3ynbTaTa, AOCT 
T04HO 6nH3KOrO AeHCTSHTenbHOCTH - B OCHOBHOM 3KCnepHMeHTan 
AaHH~M/. 

3. OnTHMH3AUHR nAPAMETPOB METOAA 

To4HOCTb pe3ynbTaTos, onpeAenRO~HX onTH4eCKHe csoAcTsa 
nR ¢- z npH npHMeHeHHH AnR r 1 <!>OpMynbl /2. 2a/, 3aBHCHT nHWb 
T04HOCTH napaKCHanbHOrO ypaBHeHHR. none THna if> -z 418 Tpe6 
eT pa3pa60TKH onTHManbHoro MeToAa onpeAeneHHR AnHH~ wara a 
npoKCHMa~HH. 

nocKonbKY pacnpeAeneHHR noneA 3aAaHbl HaMH anpHOPH, npHM 
3aKOH ~z 1 = C(N), MomHo see senH4HH~, onpeAenRO~He r 1 "" (} 1 
S CHCTeMe ypaBHeHHH /2.2/, B~pa3HTb aHanHTH4eCKH B <I>YHK~H~ 

B pa6oTe paccMoTpeHo TPH MeTOAa onpeAeneHHR AnHHbl wara 
neps~H - CaM~H eCTeCTSeHH~H H HaH6onee ynoTpe6nReM~H - 3TC 

L 
~z 1 =~Z =- = const, 

N 

rAe L - nonHaR AflHHa HccneAyeMoro y4aCTKa. 
CneAYO~HH MeTOA npeAnonaraeT nocTORHCTBO speMeHH npone1 

4aCTH~eA KamAoro wara, TO eCTb 

T ~t 1 = ~t =- = const, 
N 

rAe T - speMR nponeTa HCcneAyeMoro y4acTKa. 
B OCHOSe nocneAHero pacCMOTpeHHOrO HaMH MeTOAa nemHT Tl 

SaHHe nOCTORHCTSa COOTHOWeHHR noTeH~Hanos Ha 04epeAH~X wa1 

if>t 1/N 
I 1 = g = --- = 0 = const , 

¢i-1 
rAe 0 - COOTHOWeHHe KO.:f'e4HOrO if> k H Ha4anbHOro ¢ O nOTeH~H; 
Ha HccneAyeMOM y4aCTKe. 

nocKOnbKY <I>YHK~HOHanbHaR CSR3b noTeH~Haiia C paCCTORHHel 
H3SeCTHa, AnR onpeAeneHHR nepe4HCneHH~X senH4HH AOCTaT04HI 
TH Az 1 s cny4ae M 1 = const H g1=const. OcTanbH~e HHTepecyo~l 
Hac s pac4eTax senH4HH~ n 1 , r 1 , E 1 s~pamaiOTCR 4epe3 
¢ 1 H ~Zi· nycTb S Ha4ane HHTepecyiO~ero HaC y4aCTKa AnHH• 
onpeAenReTCR noTeH~Han ¢-¢0 , "" Ha ero KOH~e ¢ .. ¢k -a~ 
AnHHa LA y4aCTKa, Ha KOTopoM noTeH~Han so3pacTaeT OT HynR 
¢ 0 , pasHa 

1 
LA= L- AnR ¢ - z , 

0-1 

1 
LA==LQS/4_1 

AnR ¢- z 4/8 • 



rAe 

r1=r1-1 + 0 1-1 n1£\z1' 

o i = o 1-1 n i + r 1 I r 1 ' 

n1 -=Y¢1-1/¢1 

/2.2/ 

HcxoAHOe ypaeHeHHe ABHmeHHR /2.1/ TaKHM o6paaoM aaMe~eHo c~c
TeMo~ pa3HOCTH~X ypaBHeHH~ /2.2/. 

HccneAyeM~~ y4acTOK pa3AenReTcR Ha HeCKonbKO oTpeaKoa, 
MemAY KOTOp~MH npeAnonaraeTcR nHHe~H~~ XOA noTeH~Hana. Ha 
rpaHH~e MemAY 04epeAH~MH 0Tpe3KaMH HdCTynaeT CKa4K006pa3HOe 
H3MeHeHHe yrna HaKnoHa TpaeKTOpHH. 3TOT CKa40K paaeH CYMMe 
ABYX 3~eKTOB: npenoMneHHR ny4a B COOTBeTCTBHH C 3neKTpOHOOn
TH4eCKHM K03<!XIlH~HeHTOM n 1 H 11nHH30BOrO 3!1l!l>eKTa 1',0npeAeneHHOr 
!I>OKyCH~M paccTORHHeM f 1 H paAHYCOM r 1 

!I>OpMyna, no KOTOpO~ B~4HCn.ReTCR BenH4HHa f 1 , eCTb He 4TO 
HHOe, KaK !I>OpMyna ,[\eBHCCOHa-Kenb6HKa. Ee CM~Cn B npHHRTOM np111-:' 
6nHmeHHH COCTOHT B TOM, 4TO BnHRHHe OTKnOHeHHR !l>aKTH4eCKOrO 
xoAa noTeH~Hana OT npHHRToro HaMH nHHe~Horo pacnpeAeneHHR o~e-\ 
HHBaeTCR nocpeACTBOM noMe~eHHR Ha rpaHH~e pa3Aena MemAY OTpe3-'

1 

KaMH HAeanbHO~ TOHKO~ nHH3~, He H3MeHRO~e~ paAHYCa ny4Ka H 
npHBOAR~e~ TOnbKO K H3MeHeHHO yrna HaKnOHa TpaeKTOpHH. 

3aAa4a COCTOHT Tenepb B onpeAeneHHH rpaHH~ npHMeHHMOCTH 
nony4eHHOrO pe3ynbTaTa H HaXOmAeHHH ycnOBH~, npH KOTOp~X Mom
HO nony4HTb YAOBneTBOpHTenbH~~ no T04HOCTH pe3ynbTaT npH MHHH
ManbHOM KOnH4eCTBe waroB annpOKCHMa~HH ypaBHeHHR /2.1/ CHCTe
MO~ /2.2/. 

,[\nR HHTepecyO~HX HaC 3aAa4 /H3Bne4eHHR H !I>OpMHpOBdHHR ny4-
KOB 4aCTH~ H3 nna3MeHH~X HOHH~X HCT04HHKOB/ xapaKTepHO npHMe
HeHHe none~ c ocee~M pacnpeAeneHHeM noTeH~Hana THna ¢- z 4/8 

/Ha y4aCTKe H3Bne4eHHR ny4Ka H3 HCT04HHKa/ H KOM6HHd~HH none~ 
THna c/J- Z B o6naCTH !I>OPMHpOBdHHR ny4Kd. ,[\nR AanbHe~we~ pa3-
pa6oTKH MeTOAa 6yAeM anpHOpH npHHHMaTb cy~eCTBOBaHHe HMeHHO ~ 
TaKHX THnOB pacnpeAelleHH~ noTeH~HanOB B HHTepeCyO~HX HaC liiOHO
OnTH4eCKHX CHCTeMaX. 

PeaynbTaT~ pac4eTa napaMeTpoe TpaeKTOPHiil /KoHe4H~e: paAHYC 
H yron HaKnOHa/ npeACTaBHM B BHAe !I>YHK~HOHanbH~X PRAOB, napa
MeTpOM KOTop~x 6yAeT KonH4eCTBO waroe pac4eTa N. B~6op MeTOAa 

~~ annpoKCHMa~HH pacnpeAeneHHR nonR, MeTOA onpeAelleHHR AnHH oT
peaKoe, Hd KOTOp~e pd3Aen.ReM y4dCTOK, He CBR3dH~ HH C KdKO~ i 
$~3~4eCKO~ peaJlbHOCTbO /B B~Ae, Hanp~Mep, Ha6opa AdHH~X 06 1113- ) 
MepeH~H $aKT~4eCKoro pacnpeAeneHHR none~ ~n~ npeAnomeHHR H3Me- ·· 
PRTb nonR B onpeAeneHH~X CTpaTerH4eCKHX T04KaX/. 0HH OpHeHT~
POBaH~ n~Wb Ha nony4eHHe peaynbraroe pac4era B BHAe PRAa, cxo
AR~eroc.R K T04HOMY pe3y11bTaTy C MdKC~MdllbHO~ CKOpOCTbO B !I>YHK• 

4 
• 

·~ 

~HH N /To ecTb nony4eH~e AnR He6onbWHX N peaynbTaTa, AOCTa
T04HO 6nH3KOrO Ae~CTBHTellbHOCTH - B OCHOBHOM 3KCnep~MeHTanbH~M 
AaHH~M/., 

3. OnTHMH3AUHR nAPAMETPOB METO.QA 

T04HOCTb peaynbTaToe, onpeAenRO~Hx onTH4eCKHe ceo~cTea no
nR ¢- z npH npHMeHeH~H AnR r 1 !l>opMynbl /2. 2a/, aaBHCHT nHWb OT 
T04HOCTH napaKCHanbHOro ypaBHeHHR. none THna cp -z 413 Tpe6y
eT paapa6oTKH onTHManbHoro MeToAa onpeAeneHHR AnHH~ wara an
npoKcliiMa~HH. 

nocKonbKY pacnpeAeneHIIIR none~ aaAaH~ HaMH anpHOplil, npHMeHRR 
3aKoH L\z 1 = r(N), MomHo ece eenH4HH~, onpeAenRo~He r 1 H 0 1 
B CliiCTeMe ypaBHeHH~ /2.2/, B~pa3HTb aHanHTH4eCKH B !I>YHK~HH N, 

B pa6oTe paccMoTpeHo TPH MeTOAa onpeAeneHHR AnliiH~ wara L\z 1• 

nepB~~ - CaM~~ ecTeCTBeHH~~ H HaH60nee ynoTpe6n.ReM~~ - 3TO 

L L\z 1 ,.£\z = - = const, 
N 

rAe L - nonHaR AniiiHa HccneAyeMoro y4acTKa. 
CneAy~~~~~ MeTOA npeAnonaraeT nocTORHCTBO apeMeHiil nponeTa 

4acT111~e~ KamAoro wara, TO ecTb 

T L\t 1 = L\t =- = const, 
N 

rAe T - epeMR nponeTa HccneAYeMoro y4acTKa. 
B OCHOBe nocneAHero paCCMOTpeHHOro HaMH MeTOAa nemliiT Tpe6o

BaHiile nOCTORHCTBa COOTHOWeHIIIR noTeH~IilanOB Ha 04epeAH~X warax: 

¢1 1/N 
8 1 = g = --- = 0 = const , 

¢1-1 
rAe 0 - COOTHOWeHiile KOHe4HOrO cp k 111.1. Ha4anbHOro cp O nOTeH~IilanOB 

Ha liiCCneAyeMOM y4aCTKe. 
nocKOnbKY !l>yHK~HOHanbHaR CBR3b noTeH~Haiia C paCCTORHHeM 

1i13BeCTHa, AnR onpeAeneHHR nepe4111CneHH~X Benlil41i1H AOCTaT04HO HaH
TH Az 1 a cny4ae At 1 = const 111 g1=const. OcTanbH~e liiHTepecy~He 
Hac a pac4eTax aenH41i1H~ n 1 , r 1 , E 1 e~pamaoTCR 4epe3 
¢1 H Azt· nycTb B Ha4ane HHTepecyo~ero Hac y4aCTKa AnliiHO~ L 
onpeAenReTc.R noTeH~Han ¢ •¢0 , 111 Ha ero KOH~e ¢ .. c/Jk •Cl<fb. 
,[\nii!Ha LA y4aCTKa, Ha KOTOpOM noTeH~Iilan B03pacTaeT OT HynR AO 
¢ 0 , paaHa 

1 
LA= L (i':1 An.R ¢- z' 

An.R ¢ - z 4/8 • 

·..:;~ 
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PaccTORHI1e, Ha KOTopoM noTeH1.111an pacTeT OT HynR AO cf>• a4b, 
L*=L+LA. 

nyTb, npOHAeHHbiH 4aCTI1LieH, Ha411Hal01!1eH AB11>KeHI1e B T04Ke 
C cf>o =0, C HyneBOH Ha4anbHOH CKOpOCTbiO B none cp- z 3a apeMR 

T * = k. ~t, paaeH 

k 2 2 
L* = I. ~z 1 = const.k .~t • 

1 

Bocnonb3oaaawi1Cb paaeHCTBOM 

... L*21-1 
uZi = --2-

k 

2 k 
k = I. (21- 1), nony4aeM 

i= 1 

Ecn11 11ccneAyeM~H HaMI1 y4aCTOK L pa3Aeni1Tb Ha N 4acTeH 
11 0603Ha411Tb 4epe3 j KOnl14eCTBO OTpe3KOB, Ha KOTOpOe Aeni1TCR 

y4aCTOK LA, TOrAa 

N 
j = ()112_ 1 

11 

... L2(J+i)-1 
uZ 1 = , 

(j + N)2-j 2 

HaHAeM Tenepb 3aKOH, CBR3~Bai01!111H apeMR nponeTa 11 npOHAeHHOe 
4aCT11LieH paccTORHI1e a none cf>- z 418 • KaK 11 paHbwe, 6yAeM pac
cMaTpi1BaTb 4aCTI1LIY• Ha411HaiOIIIYIO AB11>KeHI1e B T04Ke c/>o=O C Ha4anb
HOH cKopocTbiO v0 =0. H3 ypaaHeHI1R Henpep~BHOCTI1 TOKa AnR ny4Ka 

cneAyeT, 4TO 

IP 
p=---. 

Vz 

~~=c~o~an~~:=~c:~P::~~:~:·H~p~>K~~~::~~T~o~~~a. 
H3 ypaaHeHI1R 

11 

dEZ d dt Ip -----E =---
dz dt dz z 

I 
E z'"' 2t. 

(0 

( 0 vz 

dvz 
TorAa 113 ypaaHeHI1R AB11>KeHI1R -- = const· t 

dt 
411M 

8 
~(t) = const. t • 

OKOH4aTenbHO nony-

OcHOB~BaRCb Ha aHanor114H~x /KaK 11 AnR nonR cf> - z I paccy>KAe-
k . 

H11,.X, BOCnOnb30BaBW11Cb paeeHCTBOM k S"' I, (31(1-1)+1], nony411M 
I= 1 

6 

• 

.• 1 

.~:~~' '·I 
J! 

·~ii 

·1 

···--__...,... 

~z 1 ... L* 31(1-1)+1 
k8 ' 

j = 
N 

a 1/4 - 1 

11 OKOH4aTenbHO 

" L 3(j + 1 )(j + 1 - 1) + 1 
uZ 1 = 

(J+N)8-J8 
1<i<N. .. = 

HAeR pac4eTa ~z t e cny4ae g= const ocHoeaHa Ha aHanorl141 

np11H1.111nax: 

g-1 1-1 
l\z 1 = L-g AnR 

0- 1 
cf> - z 

11 

~z 1 = L 8/4(1-1) AJ1R g cf> - z 4/8 

~opMyn~, onpeAenRI01!111e ~z 1 11 cf> 1 AnR noneH cf>- z 11 cf>- z 
AnR MeTOAOB ~z =const, ~t .. const 11 g=const, npi1BeAeH~ e Ta6n.1. 

TaflnH~a 

1 < 1 < N ~z = const ~t = const g = const - -
cf>-z 

L 2(j+i)- 1 L g-1 1-1 

(J+N)2-j2 a-1 g 

1\z 1 
L 
N .. 

cf>-z4/8 
~· 3(j+i)(J+i-1)+ 1 g 814 -1 81 

L----g 
(j+N)8-JS a 814 -1 

c/>-z 
1 . cf> (~)2 cf>o (l+N(a-1)) o j + N 

cf>t 
cf> g1 

0 

cf>-z4/8 cf>o<1+ .!-(as/4_1))4/8 cf> (~)4 
N o j +N 

cf>-z j = N 

a .. ~ aue - 1 g =a 1/N 

cf>- z4/8 cf>o N 
j =----

a 114 - 1 

.. ~- --·----·---·---



PaccTORHI1e, Ha KOTopoM noTeH1..111an pacTeT OT HynR ,qo ¢= a<lb, 
*=L+LA. 

nyTb, npo.:i,qeHHbiH 4aCTI11..1eH, Ha411HaiOllleH ,QBI11KeHI1e B T04Ke 
c/>o =0, C HyneBOH Ha4anbHOH CKOpOCTbiO B none cp _ z 3a BpeMR 

T* = k·M, paeeH 

k 2 2 
L * = I L\z 1 = const. k . L\t • 

1 k 
2 

ocnonb3oeaBWI1Cb paeeHCTBOM k = I (2i- 1), nony4aeM 
1= 1 

,. _ L"' 2i- 1 
LlZ 1 - 2 • 

k 

Ecn11 11ccne,qyeMbiH HaMI1 y4acToK L pa3,qeni1Tb Ha N 4acTeH 
0603Ha411Tb 4epe3 j KOnl14eCTBO 0Tpe3KOB, Ha KOTOpOe ,qeni1TCR 

4aCTOK LA, TOr,qa 

N 
J = a 112_ 1 

.. 2(J+i)-1 
LlZ I = L . 

(j + N)2-j 2 

Ha.:i,qeM Tenepb 3aKOH, CBR3b1Bal0lii11H BpeMR nponeTa 11 npo.:i,qeHHOe 
CTI11..1eH paccTORHI1e e none ¢- z 418 • KaK 11 paHbwe, 6y,qeM pac
aTpi1BaTb 4aCTI11..1Y, Ha411HaiOIIIYIO ,QBI11KeHI1e B T04Ke c/>o=0 C Ha4anb
H CKopocTbiO v0 =0. Ha ypaeHeHI1R Henpepb1BHOCTI1 ToKa ,qnR ny4Ka 
e,qyeT, 4TO 

IP 
P=-, 

Vz 

:c:o:an~~:=~c~~P=:~~:~:·H~p~IK:~~~~~~T~o~~~a. H3 ypaeHeHI1R 

dEZ d dt Ip 
- .. --E =---dz dt dz z 

I 
E z = ..:.e..t. 

to 

l 0 vz 

dvz 
r,qa 113 ypaBHeH11R ,QBI11KeHI1R - = CODSt• t 

dt 
OKOH4aTenbHO nony-

M 

z(t) = const. t 8 • 

OcHOBbiBaRcb Ha al-fanori14Hb1X /KaK 11 ,qnR nonR ¢ _ z I paccylK,qe
k 

RX, eocnonb3oeaewl1cb paeeHCTBOM k 8,. I [3i(i-1)+1], nony411M 
i= 1 

• 

~~ 
,(!) 

l\z
1 

= L* 3i(i-1)+1 
k8 

j .. N 
a 1/4 - 1 

11 OKOH4aTenbHO 

.. L 3(j + t)(j + 1 - 1) + 1 
LlZ 1 =o , 

(J+N)8-J8 
1<i<N. .. "' 

H,qeR paC4eTa 1\z 1 B cny4ae g= CODSt OCHOBaHa Ha aHanOri14HbiX 
np11H1..111nax: 

g-1 i-1 
l\z 1 = L -g ,qnR 

0- 1 
¢ - z 

11 

L\z 1 .. L 8/4(1-1) ,qJlR g ¢- z 4/8 

CllopMynbl, onpe,qenRIOU111e L\z 1 11 ¢ 1 ,qnR none.:i ¢ _ z 11 ¢ _ z 4/8 
,qnR MeTo,qoe 1\z = const, L\t= const 11 g .. const, np11ee,qeHbl B Ta6n. 1 • 

TatSnH~a 

1.,$ t ~ N L\z = const L\t = const g = const 

c/>-z L 2(j+i)-1 L g-1 1-1 
(j+N)2-J2 Q:Tg 

Az 1 
L 
N 

¢-z4/8 3(j + t)(j + 1-1)+ 1 g 814 -1 814(1-1) IL L g 
(j+N)8-J8 0 8/4 -1 

c/>-z ¢ 0 (1+ ~ (a-1)) 
J + i 2 

cl>o<-> 
J+N 

¢1 ¢ gl 
0 

¢-z4/8 ¢ o<l+ .!...(a814_1))4/8 ¢ (~)4 
N o j +N 

¢-z N 

a .. ~ J = a112-:T 
g =a 1/N 

c/>-z4/8 cl>o N 
j =----

a 114 - 1 
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4. BbiBOAbl 

Bo ecex nocneAY~~~x pac4eTax e Ka4eCTBe ~CXOAH~x AaHH~x 
np~HRT~: HOpM~poeaHH~~ Ha eA~H~~y Ha4anbH~~ paA~YC ~ Ha4anbH~~ 
yron HaKnOHa TpaeKTOp~~, B~4~CneHH~~ AnR nna3MeHHOrO 3MHTTepa, 
pa6oTa~~ero B "6eCTOKOBOM11 peiK~Me, TO eCTb C nepeeaHCOM ny4Ka 
P .. J/V 3121 I - nonH~~ TOK ny4Ka, V - ycKopR~~ee HanpRIKeH~el, 
paeH~M Hyn~. KoHKpeTHaR een~4~Ha yrna Ha4anbHoro HaKnOHa Tpa
eKTop~~ 0 0 e~4~cnRnacb AnR 3aAaHHO~ reoMeTp~~ no ~opMynaM 
pa6oT/11.QnpeAenR~~~M 00 napaMeTpoM RBnReTCR xapaKTeP~3Y~~aR 
reoMeTp~~ e~TRr~ea~~ero npoMeiKyTKa een~4~Ha "aspect ratio" S=a/d 
lp~c.21, rAe a paBHO paA~YCY 3M~TTepa, TO eCTb Ha4anbHOMy 
HQPMHPOBaHHOMY paA~YCY TpaeKTOP~~ R0=1, d- paccTORH~e MeiK
AY 3M~TTepoM ~ B~TRr~ea~~~M 3neKTPOAOM. CornacHo ~pMynaM /1/ 
pocTy S cooTeeTCTeyeT eo3pacTa~~~~ Ha4anbH~~ yron HaKnoHa 
TpaeKTOP~~, TO eCTb ycnoB~R np~MeH~MOCT~ napaKc~anbHOrO np~-
6n~IKeH~R e~nonHR~TCR 3Ha4~TenbHO xyiKe AnR 6on&w~x S. 

PewaR nonHoe ypaeHeH~e TpaeKTop~~= 

~=-1-[1+(~)2](au- au J!!:..), 
dz2 2U dz ar az dz 

14.11 

rAe U = U(r, z) - noTeH~~an, MOIKHO o~eH~Tb npeAen~ np~MeH~MOCT~ 
napaKcHanbHoro ypaeHeH~R. 3Ta o~eHKa e~nonHeHa HaM~ AnR cny4aR 
a-= 4-8. PeweHHe nonHoro ypaeHeH~R I 4. 1 I nony4eHo AnR oceeoro 
pacnpeAeneH~R noTeH~~ana cp -Z ~ cp- z 418 c y4eTOM e U(r, z) 
4neHOB nOPRAKa r 4 BKn~4~TenbHO. HHTerp~pOBaHHe BblnOnHJinOCb 
no MeTOAY MepcoHa 121• 0TKnoHeH~JI peweH~JI napaKc~anbHoro ypaeHe
HHJI /2.11 oT peweHHJI nonHoro ypaeHeHHJI /4.1/ He npee~wan~ 10% 
Anft S< 0,6 ~ 5% AnR S< 0,4. 

np~ onpeAeneH~~ r 1 no ~opMyne l2.2al T04HOCTb pe3ynbTaToe, 
OnpeAenJI~~~X OnTH4eCK~e CBO~CTBa nonJI cp- Z, 3aBHCHT TOnbKO OT 
T04HOCTH napaKCHanbHOrO ypa&HeHHJI H He 3aBHCHT OT MeTOAa onpe
AeneHHJI ~z 1 H KOnH4eCTBa waroa pac4eTa. 8 CBJ13H C 3THM Ha 
pHc.3,4a H 46 npeAcTaaneH~ pe3yn&TaT~ npHMeHeHHJI npeAnarae
Moro MeTOAaAnJI nonft cp-z4/3 a cny4ae a=6 H 0=100. HopMHpo
B04H~MH aen~4HHaMH Anft KPHB~X B~6paH~ 3Ha4eHHJI (Rp,Op) T04H~X 
peweHH~ napaKcHanbHoro ypaaHeHHR /2.11, nony4eHH~e MeTOAOM Mep
coHa. AnHHa y4aCTKa, Ha KOTopoM pacc4HT~eanacb TpaeKTOPHJI, H3-
MeHRnacb B 3aBHCHMOCTH OT aenH4HH~ a= cpk I cp 0 . Ha4anbH~e H KO
He4H~e /HOpMHpOB04H~el AaHH~e C06paH~ B Ta6n.2. 

KaK BHAHo H3 nony4eHH~x pe3ynbTaToa, AfiJI He6onbWHX 3Ha4e
HH~ a a~6op MeTOAa onpeAeneHHJI ,~z 1 Henp~H4HnHaneH, 11 anon He 
AOnyCTHMO onpeAeneHHe ~z 1 = L/N = const, a YAOBneTaopHTenbHaJI 
T04HOCTb MOIKeT 6~Tb nony4eHa yiKe Anft N .. 4-6. AnH 0>> 10 3TO 
yiKe"HeAonycTHMO. Pa3yMH~e, np~ He6onbWHX N,pe3yn&TaT~ MoryT 
6~Tb nony4eH~ nHWb B pe3yn&TaTe npHMeHeHHJI MeTOAa nOCTOJIHHOrO 

8 .. 
........... ....... ~·-·· 

R • 
PHc.2. OnpeAeneHHe Hcnonbs 
B pacqeTaX BenHqHH. 

8 ,:~ 
1.2 \ 1. 

l~-zl/ll 
--l!J.z } 
--- -IV~ -cone 
~-6 

1.1 t \~ -
a 

z 
- 1.0 

PHc. 3. KoHeqH&rn HopMHpoeaHHbiH ~ 

PaAHYC H yron HaKnOHa TpaeKTo-, Q,g 
pHH B ~YHK~HH KOn~eCTBa ma-
roa annpoKcHMa~HH nonn cp- z4/3 
OTpeSKaMH C nHHe~HhlM noTeH~Ha-

I 
I 

noM. 

0 

-1 

-2 

-3 

-4 

-5 

a 

3 
.,;-.:.:::~;.;:--

"', / 
// / 

I/ / 
I 1 I 

I 1 I 
I 1 I 

I 1 I 
I I I 
I I I 

I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I 1 
I I I 

/ : I 
3 1 I 

1 I 
1 I 
I I 
1 I 
I I 
2 1 

~ 
1-ll.z • 
2-ll.t }·canst. 
3- ¢rl4-. 
---~·100 
-¥··6 
F(g 0 0 1 5•0,5 

I 1 2 j lgNJ 

ol 1 2 

&:'9.. 

10 1-;;• ----' ~.,. ,.' 
"' / / / / I 

/ I I 1 I I 
I 1 I 

/ I I 

0,9 

1 I I 
Q8 t 3 I I 

0,7 

Q6 

I I 
·I I 
I I 
I I 
I I 
I I 
I I 
I I 

2 I 
I 

I 

~ 

05 t 11 i 1 
0 1 
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PHc. 4. KoHeqH&IH HOpMHpoBaHHbl~ paAHYC I a/ H yron HaKnoHa 
TpaeKTOpHH B ~YHK~HH KOnHqeCTBa warOB annpOKCHMa~HH nonl 
cp-z413 : KPHBaR: I -~z=const; 2 -~t=const, 3- g=const. 



4. BbiBO,Libl 

Bo ecex nocne,qy~~~x pac4eTax e Ka4eCTBe ~cxo,qH~x ,qaHH~x 
np~HRT~: HOpM~poeaHH~~ Ha e,q~H~4Y Ha4anbH~~ pa,q~yc ~ Ha4anbH~~ 
yron HaKnoHa TpaeKTop~~. Bbl4~cneHH~~ ,qnR nnaaMeHHoro 3M~TTepa, 
pa6oTa~~ero B "6eCTOKOBOM11 pe>K~Me, TO eCTb C nepeeaHCOM ny4Ka 
p = I/V 3/2/ I - nonHbl~ TOK ny4Ka, V - yCKOpR~lllee HanpR>KeH~e/, 
paBHbiM Hyn~. KoHKpeTHaR een~4~Ha yrna Ha4anbHoro HaKnoHa Tpa
eKTop~~ 0 0 B~4~cnRnacb ,qnR aa,qaHHO~ reoMeTp~~ no ~opMynaM 
pa6oT/11. Onp~,qenR~~~M 00 napaMeTpOM RBnReTCR xapaKTep~ayo~aR 
reoMeTp~o e~TRr~eao~ero npoMe>KyTKa een~4~Ha "aspect ratio" S=a/d 
/p~c.2/, r,qe a paBHO pa,q~ycy 3M~TTepa, TO eCTb Ha4anbHOMY 
HOpM~poeaHHOMy pa,q~ycy TpaeKTop~~ R 0~1, d- paccTORH~e Me>K-
AY 3M~TTepoM ~ BbiTRr~ea~~~M 3neKTpo,qoM. CornacHo ~opMynaM 111 
pOCTy S COOTBeTCTByeT B03pacTaO~~~ Ha4anbH~~ yron HaKnOHa 
TpaeKTop~~. To ecTb ycnoe~R np~MeH~MOCT~ napaKc~anbHoro np~-
6n~>KeH~R e~nonHR~TCR 3Ha4~TenbHO xy>Ke ,qnR 6onbw~x s. 

PewaR nonHoe ypaeHeH~e TpaeKTop~~= 

~ = _1_ [1 + ( 2!....) 2 ] ( au - au _!!!:.. ) • 
dz2 2U dz ar az dz /4.1/ 

r,qe U = U(r, z) - noTeH4~an, MO>KHO 04eH~Tb npe,qen~ np~MeH~MOCT~ 
napaKc~anbHoro ypaeHeH~R. 3Ta 04eHKa e~nonHeHa HaM~ AnR cny4aR 
0= 4-8. PeweH~e nonHoro ypaeHeHHR /4.1/ nony4eHo ,qnR oceeoro 
pacnpe,qeneHHR noTeH4Hana ¢ -Z H ¢- z 418 c y4eToM e U(r, z) 
4neHoe nopR,qKa r 4 BKn04HTenbHo. HHTerpHpoeaHHe e~nonHRnocb 
no MeTo,qy MepcoHa 121, 0TKnoHeHHR peweHHR napaKcHanbHoro ypaeHe
HHR /2.1/ oT peweHHR nonHoro ypaeHeHHR /4.1/ He npee~wanH 10% 
,qnR S < 0,6 H 5% ,qnR 8 < 0,4, 

np~ onpe,qeneHHH r 1 no ~pMyne /2.2a/ T04HOCTb peaynbTaTOB, 
Onpe,qenROIIIHX OnTH4eCKHe CBO~CTBa nonR rp- Z, 3aBHCHT TOnbKO OT 
T04HOCTH napaKCHanbHOro ypaBHeHHR H He 3aBHCHT OT MeTO,qa onpe
,qeneHHR ~zi H KOnH4eCTBa waroe pac4eTa. 8 CBR3H C 3THM Ha 
PHc.3,4a H 46 npe,qcTaeneHw peaynbTaTw npHMeHeHHR npe,qnarae
Moro MeTo,qa/inR nonR ¢-z413 e cny4ae 0=6 H 0=100. HopMHpo
B04H~MH eenH4HHaMH ,qnR KpHBwx ew6paHw 3Ha4eHHR (Rp. Op) T04HWX 
peweH~~ napaKcHanbHoro ypaeHeHHR /2.1/, nony4eHHwe MeTo,qoM Mep
coHa . .L\nHHa Y4aCTKa, Ha KOTOpOM paCC4HTWBanaCb TpaeKTOpHR, H3-

eHRnacb e aaeHCHMOCTH OT eenH4HHW 0 = ¢k I ¢
0

• Ha4anbHWe H Ko
He4H~e /HOpMHp0B04HWe/ ,qaHHWe C06paHW B Ta6n.2. 

KaK e~,qHo H3 nony4eHHWX peaynbTaToe, ,qnR He6onbWHX 3Ha4e
H~ 0 ew6op MeTo,qa onpe,qeneHHR ,~z 1 HenpHH4HnHaneH, H enonHe 
onycTHMo onpe,qeneHHe ~z 1 = L/N .. const, a y,qoeneTBOpHTenbHaR 
04HOCTb Mo>KeT 6b1Tb nony4eHa y>Ke AnR N-4-6. JlnR 0>> 10 3TO 
>Ke He,qonycTHMO. Pa3yMHble, npH He6onbWHX N,peaynbTaTw MoryT 
biTb nony4eHbl nHWb .. B pe3ynbTaTe npHMeHeHHR MeTo,qa nOCTORHHOrO 

-

R ~ 
PHc.2. OnpeAeneHHe HcnonhsyeMwx 
B pacqeTax BenH'IHH. 

8 R/1 8/a. 

1.2 

a 

l¢-zl/31 
--t::..z } 
--- - ~1\t. -canst 
tV~-6 1,1 

z 
- 1.0 I ~ ->~4<-!Ui)p •• 

PHc. 3. KoHe'IHblii HOpMHpoBaHHblii ~ 

PaAHYC H yron HaKnOHa TpaeKTO-, Q,g 
PHH B ~YHK~HH KOnH'IeCTBa ma-

I 
I 

I'OB annpoKcHMa~HH nann ¢- z4/3 
OTpe3KaMH C nHHeAHhlM noTeH~Ha-
noM. ol 1 2 3l~ 

0 

-1 

-2 

-3 

3 

a 

...-;-;.:::=--;-.::~

...... ~.... ,"' 
/I / 

I I / 

&:'8,. 

/ I I 1.0 
I I I ,..-::: ---

I I I ~ .- /"' _,.,. 

B 
I / I 1/ 1/ / 

I I I 1-.ll.z } 09 I I I 
1 1 / 2-t>.t •cons!. • / 1 / 
I I I 3-~, 1 I 1 
I I 1 ---:,t. •100 31 I 1 
I I 1 - ,•6 Q8 I I 
I I I o1 I I 
I 1 I '71;'•0, S•0.5 .1 1 I / I I I 

I 1 I 0,7 I I 
I 1 I I I 

6 

3 1 I I I 
-4 + I I I I 

I I Q6 
2
1 I 

I I I 
I I I 
I I 1 
2 1 05 1' 

I 1 2 3 l!;iNJ o.:-ill----r-1----::~~,...---:t-1 --lgN-•) 

-5 

PHc. 4. KoHe'IHbiH HopMHpoBaHHbiH paAHYC /a/ H yron HaKnoHa I 6 I 
Tpa~TOpHH B ~YHK~HH KOnH'IeCTBa Wai'OB annpOKCHMa~HH nOnH 
¢- z 413 : KPHBaR: I - ~Z= const; 2 - ~t=const , 3 - g=const. 
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Ta6nH~a 2 

¢- z 4/3 

s Ro 8o 
Rp 8p 

0=8 0= 100 0=6 0=100 

0,2 -0,14938 -0,07797 -0,07852 
0,5 I ,0 -0,37344 0,35973 -0,09808 -0,19492 -0,19631 
I, 5 -0,74688 -0,38984 -0,39262 

cooTHoweHHA noTeH~Hanoe Ha o4epeAH~x warax pac4eTa. TonbKO 
3TOT MeTOA AnA 6onbWHX G o6ecne4HBaeT ycnoBHA napaKcHanbHOCTH 
Ha Ha4anbH~x warax pac4eTa H ycnoBHA npHMeHHMOCTH Hcnonbaye
Moro HaMH npH6nH*eHHA TOHKHX nHH3 npH B~4HCneHHH ¢0KYCH~X 
pacCTOAHH~ B006pa*aeM~X nHH3, noMe~eHH~X Ha KOH~aX 04epeAH~X 
0Tpe3KOB, Ha KOTOp~e pa3AeneH~ HCCneAyeM~e y4aCTKH /eM. B~BOA 
ypaBHeHHA /2.2//. 

KaK BHAHO H3 Ta6n.1, TonbKO AnA g 1=const 3neKTpoHoonTH4e
CKH~ noKa3aTenb n 1 ABnAeTCA BenH4HHO~ nOCTOAHHO~ H He MeHA~
~e~CA e aaBHCHMOCTH OT HOMepa war a pac4eTa. B cny4ae t\t1 = const, 
H oco6eHHO t\z 1 = const, 3TH H3MeHeHHA eenHKH, H AnA 6onbWHX G 
npH He6onbWOM KonH4eCTBe waroe H3MeHeHHe yrna HaKnoHa TpaeK
TOpHH Ha nepe~x warax 3Ha4HTenbHO npea~waeT H3MeHeHHA 3Toro 
yrna Ha KOHe4H~x warax pac4eTa. HHa4e roeopA, Ha nepe~x warax 
npOHCXOAHT OCHOBHOe H3MeHeHHe yrna HaKnOHa TpaeKTOpHH, B~4HC

neHHOe C He6onbWO~ T04HOCTb~, a npH 0>>10 Aa*e C HeAonyCTHMO 
6onbWO~ owH6Ko~. KoHe4H~e *e warH AnA t\z 1 = const H L\ t 1 = const 
o6ecne4eH~ ycnOBHAMH, 3Ha4HTenbHO npeBOCXOAA~HMH Tpe6oaaHHA 
T04HOCTH. HeTOA g 1 = const npHBOAHT , K paeHoMepHOMY pacnpeAene
HH~ BenH4HH yrnOB OTKnOHeHHA no BCeM waraM, H ycnOBHA npHMe
HHMOCTH napaKCHanbHOro y~aBHeHHR Ha BCeX warax paC4eTa OAHHa
KOB~, nOCKOnbKY D1 =g-11 = CODSt. 0AHOBpeMeHHO H BenH4HHa f1 
AnR BCeX pacCMOTpeHH~X MeTOAOB 3aBHCHT cna6ee Bcero OT 04epeA
HOro HOMepa wara i a cny4ae g 1 = const. 

Ha OCHOBaHHH KpHB~X 3 Ha pHC.4a H 46 MOmHO CAenaTb B~BOA, 
4TO AnR ny4KOB C He60nbWHM (8 0 < 0,4) Ha4anbH~M HaKnOHOM TpaeK
TOpHH (8 < 0,6-0,8) H 0 < 10 O~eHKa OnTH4eCKHX CBO~CTB ¢0pMH
py~HX H ¢oKYCHPY~~HX none.:i MO*eT 6~Tb npoBeAeHa C AOCTaT04HO~ 
T04HOCTb~ npH yMepeHHOM KOnH4eCTBe waroa annpoKCHMa~HH N-2-4. 
no Mepe pOCTa COOTHOWeHHR KOHe4HOro H Ha4anbHOro noTeH~HanOB Q 
Ha KCcneAyeMOM y4aCTKe He06XOAHMOe AnA nony4eHHR 3aAaHHO~ T04-
HOCTH KOnH4eCTBO warOB TaK*e pacTeT /pHC.5/. 
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• 

PHC,5, 3aBHCHMOCTb KOnHqecTBa 
maroB annpOKCHMa~HH, o6ecne
qHBaro~ TOqHOCTb B~HCneHHH 
HOpMHpOBaHHoro PaAHYCa nyqKa 
He xy.e 5%, B WYHK~H G. 

lg(N) 

2.5 

1,5 

o.sl 
I 
I 

1;-~1 
IRRM· 5% 

Pf.to 
~canst 

ol 25 5o * il 

UeHo.:i noTepH 114HCTOT~11 MeTOAa, TO ecTb Toro, 4To6~ np1 
N ... oo (RN• ON) ... (R P• 8 p ) , MO*Ho A06HTbCR nony4eHHR peaynb· 
Mano oTnH4a~HXCR oT Rp H 8p Y*e npH N .. 2-4 AnR 1110601 
TaKHM TOHKO perynHpy~~HM napaMeTpOM RBnReTCR BenH4HHa 8! 
nyTeM BBeA8HHR napaMeTpa 1 ~ Cl !:;i 4/S B ypaaHeHHe 

r1 
81 - 01-1 n 1 + a~ 

MO*HO AOCTHrHYTb KOnH4eCTB8HHOro COBnaAeHHR C 3aAaHHOH Tl 
HOCTb~ aenH4HH R H 0 C peaynbTaTaMH T04HOrO peweHHR napa1 
Horo ypaaHeHHR npH N .. 2-4 Aa*e AnR G ... 100. 

noABOAR HTOrH cKa3aHHoro, MO.HO YTBeP*AaTb, 4TO AnR 01 
AeneHHR HOHOOnTH48CKHX CBOHCTB 3neKTpOCTaTH48CKHX none.:i I 
6nH*8HH~H MeTOAaMH HaH6onee 4aCTO ynoTpe6nReM~~ MeTOA 0 
neHHR AnHH OTpe3KOB, Ha KOTOpWe pa3AenR~T HCCneAyeM~H Y4 
B BHAe £\z 1- CODSt, AaeT pesym.TaT~ caMol1 HH3KO~ T04HOCTH. 1 

no*eHH~I1 a 3TOH pa6oTe MeTOA g ... ¢ 1 I¢ 1_ 1 - const o6ecne4H&a 
3Ha4HTenbHO ny~.twHe pesymaTaT~ pac4eTa' noseonRR OAHOapeM 
Ha4HHaTb HX H3 T04KH ¢ 0 - 0,01¢t 

• 
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Ta5JIHQa 2 

¢- z 4/3 

I 
Rp Op 

s I R 0 I Oo 
0=8 0= 100 0=6 0 =100 

0,21 1-0,14938 
10,35973 

-0,07797 -0,07852 
0,5 1,0 -0,37344 -0,09808 -0,19492 -0,19631 
1,5 -0,74688 -0,38984 -0,39262 

pOTHoweHHR noTeH~Hanoe Ha o4epeAH~x warax pae4eTa. TonbKO 
oT MeTOA AnR 6onbWHX 0 o6eene4~o~eaeT yeno&HR napaKeHanbHOeTH 

~ 
Ha4anbH~X warax pae4eTa H yeno&HR np~o~MeHHMOeTH ~o~enonbaye

ro HaMH np~otfin~otmeHHR TOHKHX J1HH3 npH B~4HeneHHH ¢oKyeH~X 
eeTORHH~ B006pamaeM~X J1HH3, noMe~eHH~X Ha KOH~ax 04epeAH~X 
pe3KOB, Ha KOTOp~e pa3AeJ1eH~ HeeneAyeM~e y4aeTKH /eM. B~BOA 
a&HeHHR /2.2//. 

KaK BHAHO H3 Ta6n. 1, TOJlbKO Al1R g 1=const 3J1eKTPOHOOnTH4e
H~ noKa3aTeJ1b n 1 RBnReTeR BeJ1H4HHOH noeTORHHOH H He MeHR~
HeR a aae~o~e~o~MoeTH OT HOMepa war a pae4eTa. B eny4ae ~t1 "'const, 
oeo6eHHO ~Z I -=CODSt, 3TH H3MeHeHHR BenHKH, H AnR 60J1bWHX 0 
H HefiOJlbWOM KOJ1H4eeTBe warOB H3MeHeHHe yrna HaKJlOHa TpaeK
PHH Ha nepe~x warax aHa4HTenbHO npee~waeT H3MeHeHHR 3Toro 
ra Ha KOHe4H~X warax pae4eTa. 11Ha4e rOBOpR, Ha nepB~X warax 
b~o~eXOAHT OeHOBHOe H3MeHeHHe yrna HaKJlOHa TpaeKTOpHH, B~4He
~HOe e He60J1bWOH T04HOeTb~, a npH 0>>10 Aame e HeAOnyeTHMO 
~bWOH OWH6KOH. KoHe4H~e me warH AnR ~Z I= const H ~ t I= const 
ene4eH~ yenOBHRMH, 3Ha4HTeJ1bHO npeeoeXOAR~HMH Tpe6oeaHHR 
HOeTH. MeTOA gl =CODSt npHBOAHT K paBHOMepHOMy paenpeAene

eenH4HH yrnoe OTKnoHeHHR no seeM waraM, 1o1 yenoBHR np~o~Me

oeTH napaKe~o~anbHoro y~aeHeHHR Ha eeex warax pae4eTa OAHHa
~. noeKOJlbKy n 1 =g-Il = CODSt. 0AHOBpeMeHHO H BeJ1H4HHa f 1 

eeex paeeMoTpeHH~x MeTOAOB aae~o~e~o~T ena6ee eeero OT 04epeA-
o HoMepa wara i a eny4ae g 1 = const. 
~a OeHOBaHHH KpHB~X 3 Ha pHe.4a H 46 MOmHO eAenaTb B~BOA, 

Al1R ny4KOB e He60J1bWHM (0 0 < 0,4) Ha4aJ1bH~M HaKJ10HOM TpaeK
l,.i~o~ (S < 0,5-0,8) H 0 < 10 O~eHKa onTH4eCKHX e&oHeTB ¢QpMH
~HX H ¢OKye~o~py~~HX noneH MOmeT 6~Tb npo&eAeHa e AOeTaT04HOH 
hoeTb~ np1o1 yMepeHHOM KonH4eCTBe waroa annpoKCHMa~HH N- 2-4. 
epe POCTa COOTHOWeHHR KOHe4HOrO H Ha4aJ1bHOrO nOTeH~HanoB 0 
ccneAyeMOM y4aCTKe Heo6XOAHMOe AnR nony4eHHR 3aAaHHOH T04-
H KonH4ecTao waroa TaKme pacTeT /p~o~c.S/. 

•· . 

PHc.S. 3aBHCHMOCTb KonHqecTBa 
maroa annpOKCHMaQHH, o5ecne
qHBaiD~ TOqHQCTb B~HCJieHHR 
HOpMHpOBaHHOro PaAHYCa nyqKa 
He Xy.TJ:e 5%, B WYHKQHH 0. 

lg(N) 

2,5 

1,5 

o.si 
I 
I 

lt-z4Pl 
~ ~,·5% 

~0 
~t"const. 

ol 25 ~ 75 iXi G 

UeHOH noTep~o~ 114HCTOT~11 MeTOAa, TO ecTb Toro, 4To6w npH 
N ... oo (RN• ON) ... (R P• 0 p ) , MOmHo A06HTbCR nony4eHHR peaynbTaTOB, 
Mano oT l1H4a10114HXCR OT Rp H fJp ylKe n pH N .. 2-4 AllR n~6oro 0. 
TaKHM TOHKO perynHPYIOII4HM napaMeTpOM RBJ1ReTCR BeJ1H4HHa (} 1 /2.2/. 
nyTeM BBeAeHHR napaMeTpa 1 ~ a ~ 4/8 B ypaBHeHHe 

ri 
81 • 81-1 D I + a -r-

1 v 

MOlKHO AOCTHrHyTb KOJ1H4eCTBeHHOrO coanaAeHHR C 3aAaHHOH T04-
HOCTbO BeJ1H4HH R H (} C pe3yJ1bTaTaMH T04HOrO peweHHR napaKCHanb
HOrO ypaaHeHHR npH N .. 2-4 AalKe A11R 0 .. 100. 

noABOAR HTOrH CKa3aHHOrO, MO.HO YTBeplKAaTb, 4TO Al1R onpe
AeneHHR HOHOOnTH4eCKHX caoHCTB 3neKTpocTaTH4eCKHX noneH npH-
6nHlKeHH~H MeTOAaMH HaH6onee 4aCTO ynOTpe6nReM~H MeTOA onpe~e
neHHR AJ1HH 0Tpe3KOB, Ha KOTOpble pa3Ael1R~T HCCJ1eAyeMbiH y4aCTOK 
8 BHAe ~Z 1• CODSt, AaeT pe3yJ1bTaT~ caMOH HH3KOH T04HOCTH. npeA
JlOlKeHHbiH B 3TOH pa60Te MeTOA g • cp / cp I _1 • COnst o6ecne4HBaeT 
3Ha4~otTeJ1bHO l1Y4WHe pe3yJ1bTaT~ pac4eTa) no3BOJ1RR OAHOBpeMeHHO 
Ha4HHaTb HX H3 T04KH ¢ 0 - 0,01cpk . 
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