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O METOJE BBIYHNCJIEHUA CBETOCHWJIBI
B DJIEKTPOHHOM ONTHUKE

[TpuBenen Meton pacueTa CBETOCHIIBI, TPUMEHEHHBIH K IWIMHAPUIECKOMY 3epKaiy. [loka3aHbl yclnoBus, pH KO-
TOpBIX peanusyercsi POKyCHpOBKa BTOPOro mopsiaka. [lokazaHna BO3MOXXHOCTb YBEIWYEHHS CBETOCHIIBI IIPH O0TOOpE

TOKa M3 KOJIbIId SMUCCHUHU JOCTATOYHO 0OJIBIIOTO paaguyca.
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BBEJEHUE

B nro6om m3mepuTensHOM TpHOOpE KEIaTEINbHO
UMETh KaK MOKHO OOJbIIMII BBIXOAHOHM CHrHan (TOK
Ha BBIXOZe). Pamu aTtoro paspaboTynkam MPUXOAUTCS
UATH HA Pa3HbIC YXUIIPEHUS.

[IpumenuTenpHO K SHEproananu3aTopam (DA) 3a-
PSOKEHHBIX dacTull (HWKe OyaeM paccMaTpuBaTh
9JIEKTPOHBI) KaK OJWH M3 BO3MOXKHBIX ITyTE€H MOBBI-
IIeHNs BBIXOJHOTO CHUTHAjJa pacCMaTpHUBajach BO3-
MOYKHOCTbH YBEJIMUEHUS TUIOMIAN TOBEPXHOCTH 3MUT-
Tepa, ¢ KOTOPOTO YaCTHUI[Bl MOMAJAI0T Ha JETEKTOp.
PaccMOTpyM — aKCHAJIbHO-CUMMETPHUUYHYIO  CHUCTEMY
(HampumMep, IUIMHAPUYECKOoe 3epKano). Ecaum smuc-
CHsl NIPOMCXOAMT HE C OCH (paluyC-BEKTOP TOYKH
smuccun r, #0), TO B aKCHalIbHO-CUMMETPUYHOM
cIy4ae TIIIOMmafb SMHCCHH TPEACTaBIseT CcoOOM
KOJIBLIO HEKOTOPOW TONIIUHBI C LEHTPOM, HAXOJd-
IIMMCA Ha OCH cHCcTeMBbl. Ecnu TonuHa KoJbla 1mo-
CTOSIHHA, a MEHSETCA PaAuycC KOJbla 7, TO C POCTOM
7, miomane konbua smuccuu (KO) pacrer mponop-
LUOHAJIBHO 7.

B atom Mecte cienyer onmpenenuTh MOHITHE CBE-
ToCWJIbl. PaccCMOTpUM TOK, KOTOPBIM BBIXOAMT U3 HE-
KOTOPOTO MaJIOT0 y4yacTKa 3MHTTEpa U IOHaxaer
Ha JIETEKTOp.

B obmem crmyuae [1] cBerocuna HekoTopo# (Oec-
KOHEYHO) MaJlol IJIolmaay sMuTTepa ds mpu ompe-
JICJIEHHOW 3HEepruu E — 3TO OTHOIIEHUE TOKa, BbI-
IIEJIIIETO C 3TOM TUIOMAAN ¥ TIOMABIIETO Ha IETEKTOP
(d/,,), K TOIHOMY TOKYy, 3MUTHPOBAHHOMY C 3TOH

mwromaau (d7,, ):
Sw = dldet /d[em .

Ecnu cunrtaTh pacnpezeneHne MiIoTHOCTH 3MUCCHU
[0 yTIJIaM M30TPOIHBIM, TO BBIPAXECHHUE JUIS CBETOCH-
JIBl yTIpoOIaeTcs

S, =dQ/Q,
rae dQ) — TenecHbI yroi, Bce AIIEKTPOHBI, BbLIE-
TEBIIME B Mpefesax KOTOPOro, MOMaaaloT Ha JETeK-
TOop; (2 — MOJIHBINA TeNeCHBIN yron 47.

JT10 oTHomieHWe B [1] HAa3BaHO TEOMETPUUCCKUM
(axTopoMm.

[Ipu yMHOXX€HWH TIIOMIAAX BBIAEIEHHOTO MAJoOTo
aneMeHTa KO Ha MIIOTHOCTH AMHCCHU M HAa BEJIMYUHY
CBETOCHJIBI MTOJTyYaeM TOK DJIEKTPOHOB B MPOCTPAHCT-
BE€ JIETEKTOpa, BBUICTEBIIMX C pPaccMaTpUBaeMOTo
3JIEMEHTa TIOBEPXHOCTH SMHUTTEPA.

OcCHOBHOI BKIaJ B TeopHi0 (HyHKIMOHUPOBAHUS
MWIAHAPUYIECKOTO 3epKaa BHECIH padoThl [2-5].

B oanmuoii pabome paccmompum onpocwi vluuc-
nenust menecnozo yena (TY) dQ.

Obwue udeu npUMeHUM K 8bIYUCTEHUIO CEeMOCUIbL
yunuHopuuecrxoeo 3epxana (L3).

IHOCTPOEHHUE TEJIECHOI'O YI'JIA

PaccmoTpuM TE€OMETpHIO MMIMHAPUIECKOTO 3ep-
kana (cM. puc. 1). DOMUTHpYIOIIEH MOBEPXHOCTHIO
CIIy>KUT IUIOCKOCTb, IIEPIICHANKYIIAPHAs ocH L cucre-
MBI.

BBoa 3apsKEeHHBIX 4acTHL B JUCIIEPCHOHHOE IIPO-
CTPaHCTBO, a 3aT€M BXOJl B NMPOCTPAHCTBO JAETEKTOpa
OCYILECTBISIETCS. 4epe3 HACAIbHYIO CETKY, SBIISIO-
IIyIOCA YacThl0 MOBEPXHOCTH BHYTPEHHETO LMIIMH]I-
pa. KonkpeTHsle BblUMClIeHUs npoBoauiuchk ana 13
C IMaMeTpoOM BHYTpPEHHero mwivdHapa 7 = 20 Mmwm,
JMaMeTPOM BHEILIHETO UUINHApa 7, = 50 MM.

MeTtoauka MOCTPOEHHUS TEJIECHOTO yria MpHBene-
Ha B pabote [6]. B nanHoi# paboTe MBI TOJIBKO BKpAT-
e KocHemcsi 3toro Bompoca. s 3amanus TY dQ
MIPUMEHSIETCS 3a/IaHne ero TPAaHUII.
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118 C. 1. LIEBYEHKO
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Puc. 1. [TonoBuHa ceyeHns! MUIMHIPUIECKOTO 3epKajia (OT OCH H BBIIIE BJIOJb PAANyca) MIIOCKOCTHIO,
OnHuparoweiics Ha OCh.

L — ocs 113; | = 20 MM — paanyc BHYTPEHHETO HWIHHIPA; 7, = 50 MM — pajiiyc BHEUIHETO [WJIHH/I-
pa; ¥y — TOYKA DIMUCCHU DJIEKTPOHOB; 1l — LWJIMHIP, HA KOTOPOM Pacrojio’KeHa BeIXOHas nuadpar-
ma (LUBJI); P, — pamuyc mununapa 1; abBr — TpaeKkTopus dnekTpona B 1[3; 6 — crapToBeril yron Ha-
KJIoHa TpaekTopuu K ocu 113. [TonpobHOCTH B TekcTe

Bce aiekTpoHbI, SMUTHPOBAHHBIE C ITOBEPXHOCTH
HMCTOYHHMKA BHYTPU 3THUX IPaHUII, MOMATAI0T B 3a30D
BbIXomHOW muadparmer (BJl). Paccrosame L Bmons
ocu Z, HA KOTOPOM DJICKTPOH MEPECEKAeT MOBEPX-
HOCTh muimHIpa, copepxkamiero Bl (LIB/), u moma-
AT Ha JIETEKTOp, YJOBIETBOPSET HEPABEHCTBY

Ly, <L<Lg,,rne Ly, u Ly, COOTBETCTBEHHO II0-

Beg
JIOXKeHUs ONvkHero u JanbHero kpas BJI. Jlns mo-
CTPOEHHS TEJIECHOTO yIila CIEeAYeT MOCTPOUTH JTNHHH,
CTapTysl C KOTOPBIX 3JEKTPOHBI MOMNANalOT B OJIUH
u3 kpaes BJI.

U3 pabotel [6] OepeM 3HauYeHHE SHEPIHU CTapTa
anektpoHoB E = 1245 »B, u L, A =91.492 MM,

Ly, =101.492mm. Ly, u Ly, BoIOMpAnuch Takumw,

Puc. 2. Bun ¢ynxmun ¢(x,L[i,]) npu duxcupoBaHHOM

Beg snepruu E. [logpoOHOCTH B TEKCTE

9T0OBI HcclieayeMble HaMu 3)(EKTsl MPOSBUIHN ceOsl,

r, =2 mMm, paguyc LUBJl P, =7 mm. N .
0 > pantye B/ F, Jus xaxno s L[i, ] B cooTBercTBUM C [6]
Jemim paccrosiHre oT OmkHero kpas B/ o nanms-

- aCCUUTHIBAEM U CTPOUM HKIIHIO x,L=L[i
Hero Ha N, =100 oauHakoBBIX yacTei. MaccuB u- P P by o, i ])

. (M. pumc. 2), Tae: ¢ — a3UMyTaNbHBIM yrom, Xx =
wuit L[7, | nemnr LBJI Ha qacTy = cos(f)) — kocuHyc yria 6; paauyc crapTa 3JIeKTpo-
Lli, )= Ly, +dL i, HOB C MOBEPXHOCTH HCTOYHHKA 7, = 2 MM; pajauyc

UuInHApa, coaepikamiero B, P =7 mm.
rne dL=(Ly,y —Lg,)/ N, — war Bgons L; i, —

HOMED JINHUH JeTeHus, u3Mensiercs ot 0 1o N, .

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1



O METOJIE BBIUMCIIEHUA CBETOCHIIBI

1.0

119

=

0.6

\"””P'”””W”'”””P"””W””””' e

0.5

A\

20 40 60

lﬁ 'IQ Iﬁ

100 120

.L,MM

Puc. 3. I'padux pynxuun x = x(L) npu pa3HbIX 3HAYEHUIX SHEPruu E.

IMonpoGHOCTH B TEKCTE

Hunsa xaxpod wactu BJI or L[i,] mo L[i, +1]
Ha Tpaduke OQYHKIMH @(X) TPOCTPAHCTBO MEXKIY
nByms muHAsMu @(x,L[i;]) u ¢(x,L[i, +1]) npen-
CTaBIIAET COOOW TelecHBIN yroi. Bce aneKkTpoHsl, nc-
HyIeHHble MKy THHUIMA @(x,L[;, ) u @x L[ +1]),
nonazarotT B 3a30p BJ mexny L[7, ] u L[i, +1].

byHKIUK @ (x, L[, ]) ,
Ha puC. 2, MOKa3bIBaeT, uto jquHust @(x,L[i,]) moxer
MUMETh KaK OJHO, TaK M TPU MEPECeUeHHs C OCHIO X.

B nanpHeiimeM HaMm MOHAZOOSATCS KOOPAWMHATHI 3THUX
TOYEK NepeceucHus. Brlunciienne Touek nepeceyeHus

O3HayaeT HaxoxieHue Hyned ¢ynkumu @(x,L[i,])
(cm. Ipumnoxenne 1).

PaccmoTpum, Kak MEHAETCs BUJ COCEIHUX JIMHUAN
o(x,L[i,]) (u oO6pa3yeMslii UMH TeJIECHBIH yroi) MpU
yBenuueHnn pacctosius L. Bynem cumrats, uro d L
apnsiercss ManbiM. [lpu  3HavweHusix L, OiM3KHX
kK L (cM. pue. 2), mocienoBaTeNbHBIC JIMHUH

o(x,L[i,]) m ¢(x,L[i, +1]) pacnonararorcsi mpakTu-
YeCKH TapaJIeIbHO U 00pa3yoT HEKOTOPYIO 00J1acTh

(TenecHsIi yroi), HA30BEM €€ OCHOBHOM (CM. JIMHWUU
cieBa Ha puc. 2 u B llpunoxennn 2 obe nHHUN

Ha puc. I11). 3arem npu HekoTopoMm 3Hauenuu L =1L,,
CIpaBa OT OCHOBHOH 00J1acTH, MOSIBISIETCS Majas 00-
nacte. Ha3oBeM 3Ty 00macTb IONMOJHUTEIBHON (CM.
puc. I12 Ilpunoxenus 2). Touky L, HaHeceM Ha rpa-
¢ux x=x(L) (cM. puc. 3, BepxHuii psin Touek). [Ipu
JanpHeWIeM yBeNUYeHHH L JIOMOJIHUTENbHAs 00-
JlacTh HAYMHAET PaCHIMPATHCS: CTOpPOHA MajbIX 3Ha-

Bug MIPUBEICHHBIN

Beg
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YeHUH X B CTOPOHY MEHBIIUX X U OCHOBHOM 00JacTH,
a CTOpoHa OONBLIMX X B CTOPOHY Oonpmux x. [lpu
HEKOTOPBIX 3HAYCHUSX L OCHOBHAs 00JacTh U JONOJ-
HHUTEJbHAs 00JacTh CONPHUKOCHYTCSI M OCHOBHAs
W JONOJHUTENbHAs 00JIaCTH CONBIOTCSA B OJJHY OCHOB-
HYIO 00JIacTb.

PaccmoTpuM moBesneHHE TOUEK NEPECEdeHUs JH-
HUH @(x) c ocbo L (npu pasHBIX 3HA4YCHUsIX L
u ¢pukcupoBanHoH sHeprun E). Kak BuaHO U3 puc. 2,
NP 3HAYEHHUSAX L, MEHBIIMX HEKOTOPOTO 3HAYCHHA,
TUHAHA @(X) WMEIOT TOJIBKO OJHY TOUYKY MEpEeCcedeHus
cocero L.

ITpu 3nauennn L =L, Ha rpaduke @(x) nossis-
ercs Touka (x,,L,) (cmpaBa OT OCHOBHOH 00nacTH),
KOTOpasi NpH AaJbHEHUIIEM YBEIUUEHUH L MEepEXOanuT
B JIOTIOJHHUTENBbHYIO o0nacTth. llpm yBemmuenwm L
rpaduk GyHKIMH @(x) mepecekaer ock L yxe B IBYX
TOYKaX: CJI€Ba OT X, W clpaBa (IIPU X, MEHBIIUX X,
u OOJIBIIUX X, ).

[Ipu nanpHelimem yBenuueHuu L jexainas Ha OcH
L Toyka OCHOBHOH 00JacTH IBHXKETCS B CTOPOHY
OonpmMX X, a OMMDKHUN Kpail JOTOJHHUTEIHHON 00-
JIACTH JBHUTaeTCsl B CTOPOHY MEHBIIMX 3HAYEHHUH X.
B HekoTopo#l Touke npu L =1, 3TU JIUHUU COIPU-
kocHyTcs. lloBeneHune Todek mnepeceueHust JIMHUN
¢@(x) c ocklo L mokazaHo Ha puc. 3.

Ha puc. 3 B nauana3oHe H3MEHEHHS 3HEPTrUU
oT EBeg =124.5 5B nmo E,,=129.5 5B, c marom
dE = 0.25 3B mpencTaBiieHbl pe3yIbTaThl BEIYUCICHUS
¢bysxmm x = x(L).
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OCHOBHBIE TOYKH, KOTOpBIE OIpPEICISIIOT MOBEe-
Hue pyHkuun x =x(L): B Touke (x,,L,) HOsABIsAETCS
JIOTOJIHUTEIIbHAs 00J1acTh, B TOUKe (X;,L,) OCHOBHasd
Y JOTIOJNIHUTEIIbHAsL 001aCcTH conpuKacatoTcs. B Touke
(x,,L,) umeercs IKCTpeMyM (MHHHMYM) (YHKIHUU
L = L(x,E =const), T.e. B 3TOi Touke nmeeTcs GoKyc
nepBoro mopsiika. Ha puc. 3 TpaekTopuio 3TOi TOYKH
B NIEPEMEHHBIX (X, L) cocTaBisieT BEPXHUH DSl TOYEK.
B Ttouke (x,,L,) wuMeeTca MakCUMyM (QYHKIHUH
L =L(x,E =const), T.e. B 3TOI TOUKE TaKKe UMEETCs
¢okyc mepBoro mopsaka. TpaekTopus 3TOH TOUKU
COCTaBIIsIeT HIKHUM psaja Touek. B Touke (x,,L,) nBa
9KCTpEeMyMa CIIMBAIOTCS U MOJIydaeTcs: (OKyC BTOPOTO
NopsIzIKa.

Bbuto oTMeueHO, YTO MaKCHUMalbHOE 3HAYCHUE
CBETOCHJIbI HAaOIIOAAETCsI, KOT/1a OCHOBHAs M JOMOJ-
HUTenbHas oOjacth Ha Tpaduke hyHKIIHI
@(x,L=L[i,]) kacaroTcs, 4TO COOTBETCTBYET TOUYKE
(x,,L,) na rpapuxe ¢ynkuun L = L(x,E =const).
Ota TouKa SBJIsIeTCsl TOUKOH (OKyca EpBOro MOPSAKA.

Takum oOpa3oM B cilydae ydera HeaKCHAbHBIX
TPaeKTOPHA CYIIECTBYET 00JIacTh (TOYKa), B KOTOPOH
peanusyetcs (OKyCHPOBKa BTOPOTO MOPSIKA.

BBIYMCJIEHHUE TEJJECHOI'O YIJIA

Bremne ObLT 3amaH Auama3oH W3MEHEHUSA JIAHEI
BJIOJIb TIOBEPXHOCTU IWJIMHApA, coaepxkaiero BJI,
(LBeg,LEnd ), B TpeleNax KOTOPOrO0 HaM HHTEPECHO
pacrpesiesieHle 3JEKTPOHOB IO MOBEPXHOCTH ATOTO
MUIAHAPA. DTOT AOBOJIFHO MIMPOKHWHA JHANa30H Tep-
BOHaYaJIbHO ObLT ompesienieH B padote [6]. Ananmoruy-
HO 3aJaeM JHama3oH W3MEHEHHS IepeMEHHBIX X
(xBeg’ xEnd) un ¢ (@Beg’ (DEnd ) I[HH Kaxxaoun HepeMeH-
HOW 3a/aeM dYHCI0 pa3OMeHWH COOTBETCTBYIOUIETO
AvanasoHa Ha y4acTKu-oTpeskn N , N , N, . U nony-

JyacM Imar BIOJIb COOTBGTCTByIOH.[eﬁ HepeMCHHOfII
dL:(LEnd_LBeg)/NL’ dx:(xEnd_xBeg)/Nx’

d(D:((DEnd _(DBeg)/N(p .

W3 Becex map MHui @y ; (X) MOXKHO BBIIEIHMTD HE-
ckosibko TUTOB (cM. [Ipmiioskenue 2) B 3aBUCUMOCTH
OT 3HAUYEHUI MHJEKCa — YHKCIIa IePECeUCHU HUKHEN
U BEPXHEH JIMHUHI C OCBIO X.

Just Beramcienus "Tutomaan’ MexXIy AByMs IIO-
CJIEZIOBATENbHBIMU JIUHUSAMU @y (x) U @g(x) Oynem
WCIIOJIB30BaTh MeToj KBamparyp laycca [7] (meton
HauWBBICIIEH anredpamyeckoil TOYHOCTH). UYTOOBI
NPUMEHSATH 3TOT METOM, JIMHUM @ (X) HE JOJDKHBI
coJiepKaTh U3JIOMOB M CHUHTYJISIPHOCTEH, a TakKe yda-
CTKOB BONM3M cHHTYJspHOCTeH (2N —1 rmaakocTs

C. 1. IEBYEHKO

rpaHull, rae N — MopAIoK KBaaparypsl). byaem mc-
MOJIb30BaTh KBaApaTypsl 10-ro mopsaxa.

Ha puc. 2. Takumu HETTAIKUMU HE TTOIXOSIIIMHI
JUISl KHTETPUPOBAHKS yYaCTKAMHU MOTYT OBITh yYaCTKH
JUHUA @, (X) BOJM3M NEPECEYEHUs ITUX JIMHMH
C OCBIO X, TA€ 3TH JHUHHUHA MOTYT OBITh MPAKTHYECKH
MepIeHANKYIIpHBIME ocH Xx. [loaTromy Ha 3THX y4a-
CTKax MPOBOANM HHTETPHUPOBAHKE HE TT0 IEPEMEHHOM X,
a I10 IEPEMEHHON (.

PaccmoTtpum nepBbiit yuactok Ha puc. I11, npoctu-
paromuiica oT Xz =X, A0 X, =XCr,[0]—dx, rme
XCr,[0] — x-xoopauHaTa NepBOM TOYKM IEepeceye-
HUS TMHUU @4 (x) ¥ ocu x (ompenenena B Ilpuioxe-
Hun 1). B kadecTBe X, BBIOMpaeM Xy, = 0.5, drO
COOTBETCTBYET yrity 6 = 60°.

Hemum 3TOT y4acTOK Ha N, =
=int((x; —xz)/dx)+1 uacreii (oTpe3koB), rae int —
(YHKIMSI BBIYMCIICHUS IIEJIOW YacTH OT HEKOTOPOTO
yycna. MaccuB JIMHUH, OENSIIUX paccMaTpUBaeMbld
Y4acTOK, onpenensiercs thopmyoit x[n]=
=xz+n-dx. B mpememax KaxIoro orpeska
(x[n], x[n+1]) mpoBOOMM HYHCIECHHOE WHTETPHPOBA-
Hue mo npaBmiy [aycca. CoriacHO 3TOMy TpaBHILY,
st Kaxkporo ysna x[i,]=x[n]+xg[i,]-dx meronom,
ONMHCaHHBIM B [6], HaxoauM 3HauYeHUs (QyHKIUH
@5 (x) 1 @ (X) Ha HIOKHEH U BEpXHEH JIMHUAX.

®opmyna ["aycca st otpeska (x[n], x[n+1]):

S,[n]= 3 Acli,1-(0cli, 1= 0,[7, 1)

rae Si[n] — Bkaag B TY oT oTpe3ka HOMED 7 IEPBOTO
ydJacTka, I, — HoMmep y3na I'aycca, xg[i,] — Maccus
y3nos T'aycca st orpeska (0, 1), x[i,] — maccus
y3noB ["aycca mna orpeska (x[n], x[n+1]), Agli,] —
MaccuB BecoB ["aycca. 3nauenus xgli,| u Agli,] B3ATHI
u3 Tabmuu Monorpaduu [7], ¢gli,] u @gli,] — 3na-
deHuss QyHKUMH @y (X) B y3/nax KBaJaparyphl, T.e.

Pe (X[ig D u oy (X[ig D
CymMMupyeM Bce BKJIAbI OT BCEX OTPE3KOB IEPBO-
ro y4acTka

Nyl
S, = Z Si[n],

n=0
nosrydaeM Bkiag B TY oT mepBoro y4acrka auadpar-
mer (L[i, ], L[i, +1]).
[TomoOHBIM ke 00pa30M BBIUMCIISIEM BKJIAJ] OT OT-
peska 3, rae nMHuK @y (X[, ]) mpoxoasT BOIM3K ocu

X ¥ KacarwTCs €€ INPAKTUYECKU IOJ IPSIMBbIM YIJIOM.
IToaTOMy Ha 3TOM y4acTKe IPOBOJAUM HHTETPUPOBA-

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1
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HHE 10 mepeMeHHoi ¢. [l kaxporo ¢[i, | =o[n]+

+xg[i, ]-do GbyHKIIH
x g (0[i,]) Ha neBO¥ K NpaBoii TMHUAX X, ¢ (¢):

HaXo0uM 3HAYCHUA

9
S,[n1= D Agli,1- (xgli, 1= x4[7,]).
i, =0
Cymmupys Bce BKJIaJBI OT OTPE3KOB 3-TO y4acTKa,
nosty4aem Bkjaa B TY OT TpeThero yyactka

N;-1
S, = S,[n]
n=0

[locnexnuit yuactok Ha puc. I11, nmeromuii "tpe-
YTONBHBIN" BHUJI, MO)KHO MHTETPUPOBAThH KakK I10 Mepe-
MEHHOH ¢, Tak U Mo nepeMeHHou x. OTau4ue 3Toro

ciay4asi OT paHee PacCMOTPEHHBIX B TOM, 4TO OJHA
W3 CTOPOH, BAOJL KOTOPOH TpeOyeTcs BBIYUCIITH X
UM @, SIBISETCA IPSIMOW, NMapajUieIbHONM OJHON W3
oceil. IToaTromy Ha 3TOM NpPSAMON X WU ¢ BBIYUCIATH
He TpeOyeTcs, T.K. Ha Hel WM X, WJIH ¢ TOCTOSHHBIL.
OTO cokpalaeTr BpeMs BbluncieHnil. CpaBHUTEIbHOE
BBIYKCJICHUE ILUIOIAAU ATOrO TPEYTOJBHOIO Y4YacTKa
WHTETPUPOBAHUEM I10 IEPEMEHHON () W IO NIEPEMEH-
HOWM X TIOKa3aJl0 COBMAJICHUE HE XyXe 5 3HaKoB (3Ha-
qammx uugp).

CoOupaeM Bce BBIYMCICHHBIC YaCTH BMECTE M I10-
ayyaeM TV, moa KOTOpbIM M3 MCTOYHHMKA BUIHA BJI
B Buge (L[i, ], L[i, +1]).

Brrunciiiem TY 1715 Bcex y4yacTKOB IJIMHBI 3a30pa
nuadparMel ¥ mMoy4aeM (yHKIIHEO, TPOITOPIUOHAIb-
HYIO paclpeleJICHUI0 JIEKTPOHOB MO JIJIMHE LMJINH]I-
pa, coaepxamero B/I.

Bce nmpyrue BO3MOXKHBIE Cllydan KOHGUTYpaluu
TV, nokazannsle Ha puc I[I1-TI5, unTerpupyrorcs
BIOJIHE aHAJIOTUYHO PACCMOTPEHHOMY CIIy4aro.

Ha »tux pucyHkax o0nacTu HHTErpUPOBaHUS
M0 TIEPEeMEHHON ¢ TIOKa3aHBI (BBIJIEIEHBI) TOPU30H-

max
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TaTbHON MTPUXOBKOH. OOnacT 6e3 MTPUXOBKH HH-
TErPUPYIOTCS 0 IIEPEMEHHON X.

Tenepb, ¢ 0AHON CTOPOHBI, MOKHO BBIYUCIUTE TY
JUtst J1I000# auadparmel, pasmMep KoTopoi kpareH dL.
C gpyroii cTopoHsl, eciu nocrpouts rpadux S[i |,

TO NOJIyYUM paclpeiesieHue 3HaueHnd 1Y BIosb Lu-
JIuHJpa, coaeprxkaiero B/I.

PACHIPEJEJIEHHUE TY BJOJIb
IUJINHAPA, COOAEPKAILIEI'O B/]

Metoa Beruuciaenus 1

Hnsa nonyuenns ¢ynxmun S(L) pa3OuBaeMm BbI-
Opannblii yuactox LIBJ] Ha N, (N, =100) paBHBIX
vacret (L[7,]), crpoum dynxuun ¢(x,L[i,]) u ams
kaxoi mapel (L[7, ], L[i, +1]) BeruncisieM TenecHbIH
yron (S”[i,]). Bepxuuii uHmeKc B CKOOKAX yKa3biBa-
€T Ha TO, YTO ATO pe3yJbTar nepBoi urepannu. Ctpo-
M rpaduk ¢yrkmum S (L) B BHEE THCTOTPAMMEI
puc. 4, rne Ha kaxzaom orpeske (L[i, ], L[i, +1]) Te-
JIECHBIH yTOJI IOCTOSIHEH.

Bunno, uto rpaduk 3TON (QYHKIME WMEET SBHO
BBIPQXEHHBII MaKCHMYM.

Cpemu Beex S"[i, ] HaxomuM MakcUMaibHOE 3Ha-
gerne S\

max

¥ ero Homep i, . Bbibupaem HOBBIH y4a-
crok (L[;, —2],L[i, +2]), nemum 5TOT y4acTok
Ha N, =100 wuacreil, Hax0AUM Ha HEM HOBBIE 3Haue-
st SP[i, ] u SC . Takum o6pazoM, 3a HECKOJIBKO

WUTepalnuii MOXKHO C XOPOIIIEH TOYHOCThIO BBIYUCIUTH
MaKCUMyM (QYHKIHUH U MapameTpsl Makcumyma S(L),

T.C. 3Ha4CHUA Smax H Lmax s xmax H ((pmax ~ O )

40

30

10

20 30 40 50 60 70

| \ | \ L, wm

80 90 100 110 120 |

Puc. 4. Bua ¢pyuxiuu SV (L) npu dL =0.1 MM
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C. 1. IEBYEHKO
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Puc. 5. Bug ¢pysxuuu S(L) mpu nepBbIX MATH HTEPALUIX

VY sToro Meroja €CTb HENOCTAaTOK: PE3yJIbTaThl
pa3HBIX UTEpALUi HENb3s NMPEACTABUTH B BUAE OJHOU
muHAK (ornOaromiel BEepIIHH), T.K. MacmTadbl 1o S
pasHble.

MeTtoa BeIYHCIEHUSA 2

MOHO K 3TOMY BOIPOCY MOJOWTH C HECKOIBKO
JIpyroil CTopoHsl. B mpenpiaymiem ciaydae OTpE3KU
JUTMHBI BJOJIb IWIMHAPA, cojepkaiiero BJI, mimoTHO
MOKpBIBANK 3Ty AAMHY. Ham Her HeoOXxomumocTu
B Ipouecce MoucKka Makcumyma TV 3HaTh BENMYUHY
storo TY. JloctarouHo 3HaTh BeauuuHy 1Y OTHOCH-
TEJIbHO COCEHUX YIACTKOB.

B sToM cnyuyae HeT HEOOXOAMMOCTH IJIOTHO IIO-
KpBIBaTh JJIMHY UuinuHApa. Kak panee, pasOuBaem
yuactok Ha LIBJI ma N, =100 paBubIX dacTei
(L[i,]). bepem HekoTopyto mupuny AL HacTOJIBKO
MaJoi, dYTO TpPH BCEX HWTEpalMAX  Ppa3HHUIA
L[i,+1]-L[i,] Obua MHOro OoJibllIE TOW IIUPUHBI.
Hns obpazoBanust 3azopa BJI, mo kotopomy Oynem
IpPOBOJIUTh HMHTErpUpoBaHMe, Oepem kaxaoe L[i, ]
M OTCTYIaeM OT HEr0 B CTOPOHY MEHBIIUX U OOJBIINX
3HaYeHHM JUIMHBI HA AL /2. Jljis 3T0¥ MIMPUHBI 3330-
pa mpoBoAuM Bce BbuucieHus. llpum sTom B moGoi
uTepauuu Maciutad no S OyeT OHUM U TEM Ke.

Hexkoropast mpo6siema B macimrade mo L. Eciou ipu
nepexoe K CIEAyIomel UTepaluy 3TOT MacuTad He
MEHSTh, TO Y€ BTOpas, TPEThs U BCE MOCIEIYIOINe

utepaiuu Ha rpaduke S(L) combiorcs (cMm. puc. 5).
OpHaKo XBOCTHI IMKA OyIyT XOPOIIO BUIHBI.

Ha puc. 5 mpuBeneHsl pe3ynbTaThl pPacyeToOB
byaxkoun  S(L) B KaxaIOW W3 MATA TPOJETAHHBIX
uTepanui.

O cokpalleHHN BpeMeHH PacuyeToB

N B 3akimioueHue 3TOro pasjena ONUIIEM, KaK C3-
KOHOMUTEL BpeMs pacuetoB. st aToro cieayer mpu-
MEHUTh METOJI MOUCKA MAaKCUMyMa IO ISITH TOYKAM.
WNHurepBan L, B KOTOPOM NPEANIOIATaeTC HAXOXKICHUE
MaKCUMyMa, NEJIHUTCS Ha YETbIpe PaBHBIX OTpE3Ka.
B 5 toukax nenenwust Beramcisercs S(L) u cpenu HUX
HaxOJIUTCSA MakcuMmanbHOoe 3Hauenme S(L). bmu-
XKaimme 2 oTpe3Ka JEJsATCs MOMoyiaM, U B TOYKax Jie-
JICHWsI BBIYUCIAIOTCA 3HadeHuss S(L). DTUM K Mak-
CUMalTbHOMY 3HAUEHHWIO M 2 TO4YKaM, OJIMKaWIIIM
K TOYKE C MAaKCUMAIIbHBIM 3HAUYCHUEM, TIPUOABIISIOTCS
eme 2 Toukn. Beero cHoBa momydaercs 5 touek. Cpe-
1 HUX HaXOJHMM TOUYKY C MaKCHUMAaJIbHBIM 3HAYCHUEM
S(L). U1 tak nanee. UtepannoHHbIN nporecc MOXKHO
3aKaH4YMBaTh, KOTJA, HAIPUMEpP, Pa3HULIA MEXAY NIBY-
Ms 3HadeHHsMH S(L) B MOCIenoBaTeIbHBIX UTEpa-
[UASIX OKaXKETCSI MEHBIIIE 1076, Dror METOJT HaXO0XIe-
HUe MakcuMyMma GyHKIUH S(L) OKa3bIBaeTCs 3HAUU-
TeJNBHO OoJiee OBICTPHIM, UM OTNIMCAHHBIA paHee.
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Puc. 6. Bun pysxkuun S_ (L

max ‘max 2

E) nns HeCKONBKUX UTepanuil no E.

1 — pe3ynbTaT NepBoi UTEpaIuy, 2 — pe3ysbTaT MATON UTepaluu

OBb OIITUMU3AIINA

B npensiaymiem pasnene Obuto HaiieHO paccTof-
HUEe L__ BIOJb OCH CHCTEMBI, IPH KOTOPOM peann3y-

max

€TCsl MaKCMMAaJIbHO BO3MOKHOE 3HAYE€HHE TEJIECHOIO
yrma S, .. Oto Obl1o mpojenaHo mpu E; =const,

1, =const, P =const.

[Iepen Hamu cTOUT 3aja4ya MOJYYUTh MAKCUMAb-
HBIM TOK Ha AeTekTope. s 3Toro cieayer noiayyuTh
MAaKCHMAJIbHBIM MCCJIEIOBAaHHBIN BbIIIE TEJIECHBIN
yroi. OTo 33jaya ONTUMH3AIMK, a [ejeBas QyHK-
LUSI — TEJECHBIN yro.

4K [6] Oepem Jhana3ox 3HAYEHUM

Ey=(Eq,, Epy), B PaMKax KOTOPOTO UMEET CMBICI

HCKaTb MaKcuManpHOe 3Hauenue S . Pa3OuBaem
3TOT  JMama3oH  Ha N, NOJ/IMAana30HOB
(dE=(Eyy —Ep)/N,) nm mpu N, +1  3Hauenu-

sax ouepruu (E, =Eg,

+dE-i,) BbruucngeM S,
MAaKCHMAJIbHOE CpEY BCEX 3HAUYEHUH L W 3a0HO MOo-
aydaeM L ., IIpE KOTOPOM 3TOT MAaKCHMyM DEaju-

3yetrcs. Pe3ynbrarel Takoro AeHCTBUS NPUBEIECHBI
Ha puc. 6 (uHM 1).

Kaxnas Touka 3Toro rpaduka cOOTBETCTBYET OII-
penelieHHol sHeprun £ W IpeacTaBiIseT coO0l Mak-
cuMaibHOe 3HaueHue TY mpu 3Tod 3Hepruu. Janee
HaXOoAMM MaKCHUMaJIbHOE 3Ha4YeHHe Mo F, HCIOIb3ys
TaKOW >K€ alrOpuTM, 4TO OBbUI MCIOJIB30BAaH IpHU Ha-
XO0X/IeHUU Makcumyma 1o L. To ecTb Haxoaum Mak-

cumanbHoe 3Hadenue E\) B mepBoif uTepamuu

max

U HOMCp J3TOTrO0 3HAUYCHHUA ! I[anee YTOYHACM

Emax *

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1

EY mo panee mpuBejeHHol mus L meronuke. Jlns

max

9TOT'O UBMCHSICM NHAIlIa30H SHCPIHUU:

E, =Eli,. -2]nE_ =E

beg =

E max lEmax + 2] .

B wnoBom gmnasone Beruuciasgem S, (L., E)

max ?
1 HaXOIUM E[fa)x M T.1.

Tak kak MBI MONYYMIH 3KCTPEMyM (MakCHUMyM)
M0 KaX10i n3 nepeMeHHsIX (L u E), TO B 3TOH TOYKE
Mbl MMEEM JIOKaJbHBIH MaKCUMyM. JTOT ajIrOpUTM
OYCHb MOXOK Ha Metox l'aycca — 3aiimens (MeTon
MOKOOPJIUHATHOTO CIyCKa, WJIA TIOUCK OINTUMY-
Ma I00YEePETHO M0 KAXKAON IIEpEMEHHOM ).

ITogoOHble apelicTBus npoBoguM a7, €(0, 7;)
u st P, €(0, 7). Pesynbrarsl BeIBeACHbI Ha puc. 7.

Ha puc. 7 mudpa 1 COOTBETCTBYET 3HAYCHUIO
rn=01.7,2 — n=02-,3 — 1,=03-1,, 4 —
=04, 5 — 1,=05-rn,6 — =061, 7T —
7,=07-1n,8—r=08-r,9—r,=09-7.

OBCY)XXJIEHHME PE3YJIBTATOB

Panee ObLTO OTMEUEHO, YTO MaKCHMAJIbHOE 3HAYC-
HHUE CBETOCHJIBI HaOMIoqaeTcs, KOrja OCHOBHAsA U JI0-
MOJIHUTENbHAs 00acTu Ha rpaduke @(x) KacarTcs,

4TO COOTBETCTBYET Touke ( L, x,) Ha rpaduke L(x).

Haxozast MakcUMyM CBETOCHIIBI IIPH U3MEHEHUH DHEP-
THU, MBI HAXOJJMM TOUYKY CIHSHUS ABYX (OKycoB mep-
BOT'0 MOPsIIKa B POKYC BTOPOTO MOPsAKA.



124

max

C. 1. IEBYEHKO

Puc. 7. 3aBUCHMOCTh BETHYMHLI MaKCH-
MaJBHOW CBETOCWIHI (ONTHMHU3UPOBAH-
Hoii o L u E) ot pamuyca B/ (P,), npu
Pa3HBIX 3HAUCHWSX pajmyca crapra
3JIEKTPOHOB 7 .

IMoapoGHocTH B TeKcTe

0.8

Tabu. CpaBHeHHUE HallIEHHBIX MAKCUMYMOB

Merton A L. ... MM
Crnusaue 0.10184942 | 96.725138
Ontumusanus | 0.10144286 | 96.725174

Jisi TIONTBEpKACHUSI ITOTO TIPUBENEM JTaHHBIC
CpaBHCHUSI PE3yJbTATOB IMOMCKA MAaKCHMyMa CBETO-
CHJIBI METOJIOM ONTHMM3AITUU U TOJHKO YTO OIHCAH-
HBIM METOJIOM (CM. TabIL.).

OnucanHas BBHINIE METOJAMKA HAXOXKICHHUS MaKCH-
MyMa CBETOCHIIBI HE MOXKET 00€CTIeUNTh 3HAYUTEIBHYIO
TOYHOCTh. XOTSI MPUBEACHHBIC TAHHBIC MOKA3bIBAIOT
BeCbMa HEIUIOXWE pe3ynbTaThl. C Ipyrod CTOPOHBI,
HOBasl METOJIMKA TIOKa3alia, 4To TpeOyeT NpPUMEPHO
Ha 2 TOpsIIKa MEHBITIE CICTHOTO BPEMEHH, YeM METO]]
pacyera CBETOCHJIBI U €€ ONTUMHU3AIIHSL.

OCHOBHO# pe3yJbTaT JaHHOH pabOThl TOKa3aH

Ha puc. 7. BugHo, 4ro c yBenudeHueMm P, Makcu-
MaJIbHO JIOCTIDKMMAsi CBETOCHIIA PacTeT. A BOT 3aBHU-
CUMOCTh MAaKCHMaJbHO JOCTM)KHMOM  CBETOCHIIBI
OT pajuyca crapTa 3JeKTPOHOB C IOBEPXHOCTH IMHT-
Tepa He CTOJIb OJJHO3HAYHA.

llpy P <04-r, n mpu yBenwdeHud 7, S
ymenbiaercs. Ilpuuem npu npubnmxeHun 7, x 7,
(P, /1)

Ho 7, <0.3-1 u nna Bcex P, munamm S, ¢ 60Jb-

max

HaOII01aeTCs CTyIIeHNE JINHUHN S,

max

LIMMH HOMEPaMH BCETAa PacIoaratoTcs HIDKE JIMHUN
C MEHbUIMMH HOMepamu. Haumnasg ¢ JuHHU ¢ HOMe-
poM 4, KOoTOpas INepeceKaeT JUHHI0O C HOMEpPOM 3
npumepHo npu B, =0.8- 7, Bce mocneayromume JIMHIA

09 10PN

S TIepeceKaroT Bce mpeapLayime JuHuu. HaGumro-

max

JaeTcsl TOYKa CTYNICHHs, B KOTOPOH MepeceKaroTcs
JUHUW C HOMEpPaMH OT 5-T0 10 9-ro.
Jluausg 6 mpu OOJBIIMX P, nepecekaer nunuo 1.

To ecre nonnsiit curnan npu 7, >0.5-1 u P, >0.85

YBEIMYUBAETCSA 110 OTHOLICHUIO K BEIUMYUHE CUTHANA
C IJIOINAJKK BOJM3M OCH Ha OTHOIIEHHE IIIOINAJAEH
SMHUCCHUMU.

I'opa3no Oonee unTepecHsl rpaduku S, ¢ HOMe-
paMH C CEAbMOrO MO JEBATHIH, JTMHHUM Ha KOTOPBIX
YXOSAT 3a BEPXHIOIO I'PaHUIy PUCYHKA. DTOT PEXUM
OyZleT HaMHU PacCMOTPEH B clielyrolieii padore.

MPUJIOKEHUE 1.
BBIYMCJEHUE TOYEK MEPECEYEHHS
JIMHUM ¢(x) U OCH X

Brluncnenne Touek mepecedeHus] 03HayaeT Haxo-
xkaenue Hyned gynkuun ¢(x,L =L[i, ]).

IlepBblii 3Tam pelieHus ypaBHEHUS

@(x,L=L[i,])=0 (IT1)

3aKJII0YaeTcs B HaXOXJACHUU MHTEpBaja X, B KOTOPOM
bynkmus @(x,L=L[i,]) menser 3mak. [lus sTOro
BECh MHTEpPBAJI U3MEHEHHUs X A€IMM Ha N  paBHBIX
yacteil. B Toukax neneHus HaxoauM 3HayeHUe (QyHK-
mun @(x,L[i,]) u mociemnoBaTenbHO NPOBEPSEM BCE

OTPE3KU OCH X Ha BBIIIOJIHCHUC OJHOTO M3 HCEpa-
BCHCTB!

@(x[n]) <0 <(x[n+1]) (I12)

nim
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P(x[n+1]) <0 <(x[n]). (I13)

OTHM MBI JIOKATU30BAIH MOJIOKEHHE OAHOTO U3 KOp-
Heit ypasuenus (I11).

Ha BTopom sTame BeluucisieM Oosiee TOYHOE 3Ha-
YEHHE MCKOMOTO KOPHSI METOIOM JICJICHHSI IOIO0JIaM
(meton mpuctpenku). s ynoOcTBa BBeeM 0003Ha-

dennst X[n]=x,, X[n+1]=x,, @(x) =y, @(x,)=y,.
Kax BbllIe OBIIO OTMEYEHO, 1 U )> HMMEIOT Pa3HbIe
3HakH. bepem touky x, =0.5-(x, +x,) u BbIUHCIAEM
BHeH y, =¢(x,).

ITpoBepsieM coBNafeHUE 3HAKOB!

ecau y, -y, <0 (T.e. OHM UMEIOT pa3HbIi 3HAK), TO
NpOBOJUM 3aMeHy X, =X, , J, =), W Jailee oepeMm
CPEIIHIOI0 TOUKY X, U BbIUHCIAeM ), =@(X,) U T.1.

Ecmu y,-y, >0 (onuHAaKkoBbI 3HAK), TO IPOBO-
JMM 3aMeHy X, =X, , J, =), , 06peM CPeHIOI0 TOUKY
X, M BBIUHCIAEM Y, =@(X,) U T.J.

Oty nmpoueaypy MOBTOPsiEM, ITOKa aOCOJIIOTHAS Be-
NMYMHA Y, He cTaHeT MeHbwiei 107°. DTo 3Haum,
4TO C 9TOH TOUHOCTBIO KOPEHb HaM/IEH.

125

Beoaum mapamerp xCr{0]=x, — x-koopauHary
MIEPBOM TOUKHU TIEPECCUCHUS JTUHUH ((X) U OCH X.

[IepBbIii KOpeHbp MBI Hanu. Jlanee mnposepseM
crenyrome npomMexyTku x € (X[n+1],x[n+2]) Ha Ha-
JIMYMe HAa HUX KOpHA. BBeaem menoe umcino nCr —
NPU3HAK, YKa3bIBAIOMINH, CKOJIBKO IIepecedeHnil nme-
et muHus @(x, L[, ]) c ocklo x.

Ecrmu Ha ofHOM W3 CIEIYIONIMX OTPE3KOB X BBI-
nonHsieTcst HepaBeHCTBO (I12) wmm (I13), To Ha pac-
CMaTpHBAaEMOM YYacTKEe €CTh €Ille OJHO MepeceucHue
TUHUU  @(X) C OCBI0 X, KOTOPOE IMOJIydaeM IOCIe
NpUMEHEHUs] MeToza AeieHus nomonam. [IpucBauBa-
eM nCr=2 u xCr[l]=x,,.

CornacHo puc. 2, eclli €CTh BTOPOE TepeceuecHue
TuHAHA @(X) C OCBIO X, TO €CTh U TpeThe. Haxoxaenne
9TOTO TepecedyeHrss BrosHe aHamornyao: nCr=3
u xCr{2]=x,,.

IMPUJIOKEHHUE 2.
BBIYNCJIEHHME TEJIECHOT O YIJIA

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1

Puc. II1. TenecHslii yron oOpa3yeT napa cCOCEAHUX JIMHUH
o =@(x,L[i,]) um ¢p=0(xL[i+1]), @11 KOTOPLIX
nCr=1. B TenecHOM yrie NpUCYTCTBYET TOJIBKO OCHOBHAsI
00J1acTh, a HOTOJTHUTEIILHAS OTCYTCTBYET.

B — mwxuas nmuaus @, =@(x,L[i,]) nepecekaer ock x
B Touke "a"; E — BepxHas nunua ¢, = o(x,L[i, +1]) nepe-
ceKaeT och X B Touke "b"; | — 00macTh MHTETPUPOBAHNUS
M0 TIEPEMEHHOH X, B KOTOPOH HEOOXOIMMO PaCCUUTHIBATH
@3 U @; 2 — 001acTh MHTErPUPOBAHUA 110 TIEPEMEHHON
X, B KOTOpOH HEOOXOJMMO PACCUHUTHIBATL TOJBKO (@5 3 —
00JIacTh MHTETPUPOBAHUS 110 NMEPEMEHHOH ¢, B KOTOPOi

HEoOX0MMO paccunTsiBath X, ([, ]) ¥ x,(o[7,])
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@, rpax

¢ d X

Puc. I12. TenecHsiit yron obpa3yeT mapa COCEOHUX JTMHHUN
@y =@(x, L[, D) u @y =@(x,L[i, +1]), amt g nCR =1
n gt gg nCR=2.
JleBast 4acTh TEIECHOTO yIJa SIBJISIETCS OCHOBHOM YacTBIO
U 00pa3oBaHa NTMHMAMU B (MHMA @, ), KOTOpas nepeceka-
€T oCch x B Touke "a", u E (uHua ¢ ), koTopas nepecexaer
och x B Touke "b". IIpaBas yacTe TeIECHOTO yriia SBISACTCS
JIOTIOJTHUTENFHON YacTbio M 00pa3oBaHa TONBKO JHuHHUEH E,
KOTOpast IiepecekaeT ochb x B Toukax "c¢" u "d".

Ha pucynke obo3HaueHus Takue ke, kak Ha puc. 111,
W JIONOJIHUTENBHO: 4 — 00JIacTh MHTErPUPOBAHHMS IO Tie-
PEMEHHOH ¢, B KOTOPOI HEOOXOAUMO PACCUUTHIBATL Xg;
5 — o0macTb WHTCTPHPOBAHHSA II0 TIEPEMEHHOH X,
B KOTOpOH HEOOXOJAMMO pPAaCCUMTHIBATH TONBKO @, ; 6 —
00J1acTh MHTETPUPOBAHMS 110 NEPEMEHHOH ¢, B KOTOPOH

HE0OXOIMMO PaCCUUTHIBATH X

C. 1. IEBYEHKO

Puc. I13. Tenecuslit yron oOpa3yeT mapa cOCeAHUX JIMHAH
oy =@l D) @y =¢(x,L[i, +1]), a1 xoTopsIX
nCR =2.
JleBast yacTh TEJIECHOTO YIJla SIBJISICTCS OCHOBHOM YacThIO
n oOpa3oBaHa JMHUSAMH B, KOTOpas mepecekaeT och X
B Touke "a", u E, koTopas mepecekaet ock x B Touke "b'".
[IpaBas 4acTh TENECHOTO yIja SIBISETCS JAOMOJHHUTEILHON
4acThi0 U 00pa3oBaHa IMHHUAMH B, KoTOpas epecekaer och
x B Toukax "d" u "e", u E, koTopas nepecekaer och X B TOY-
KaX "C" u Vlfl.

Ha pucynke o0o3HaueHus: Takue ke, kKak Ha puc. 11,
W JIOTIONHHTENbHO: 4, 8§ — 001acTM WHTETpUPOBAHUS
0 IEPEMEHHOHN ¢, B KOTOPBIX HEOOXOANMO PACCUUTHIBATH

x (o[, D1 xp(o[i,]); 5, 7 — obnacti MHTErPUPOBAHHS
MO MEePEMEHHOH X, B KOTOPBIX HEOOXOANMO PACCUUTHIBATH
TONBKO  @,; 6 —  o0macTb  MHTErpHPOBAHHUS
[0 HEPEMEHHOH X, B KOTOpPOH HE0OXOAUMO PacCUUTHIBATH
P 1 P

Puc. T14. Tenecuslif yron oOpa3yeT mapa cOCeIHUX JIMHHAN
@y =L D) u @ =e(x,L[i, +1]), ms gg nCR = 3
n gt g nCR=1.

TenecHBIi yroy COCTOUT TOJIBKO W3 OCHOBHOW 4acTH, KOTO-
past oOpa3oBaHa JMHHMAMH B (mepecekaer och X B TOYKax
"a",  "db" wm "¢") m E (mepecekaer och X
B Touke "d").

Ha pucynke o0o3HaueHus Takue e, kak Ha puc. II1,
W [OTONHUTENBHO: 4, 6, 8§ — 00macTH MHTETPHUPOBAHUS
0 TIEPEMEHHON X, B KOTOPBIX HEOOXOIMMO PAaCcCCUUTHIBATDH
TONBKO @y =@(x,L[i;]); S5 — oOmactb uHTErpUpOBaHUs

TI0 TIEPEMEHHON ¢, B KOTOPOil HEOOXOMMO PACCUUTHIBATH
xz =x(@,L[i,]); 7 — obnacTe MHTErpUpOBaHUS TIO TEpe-
MEHHOH X, B KOTOPOH HEOOXOJAMMO PpacCUUTHIBATL
U @,; 9 — o0nacTb UHTErPUPOBAHMS 110 MEPEMEHHOH @,
B KOTOPOI HEOOXOAMMO PACCUUTHIBATE X, U X
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INTRODUCTION

In any measuring instrument, it is desirable to have
as large an output signal (output current) as possible.
For this, developers have to resort to various tricks.

In relation to energy analyzers (EA) of charged
particles (we will consider electrons below), the pos-
sibility of increasing the surface area of the emitter
from which particles fall on the detector was consi-
dered as one of the possible ways to increase the out-
put signal. Consider an axially symmetric system (for
example, a cylindrical mirror). If the emission occurs
not from the axis (radius vector of the emission point
r, #0), then in the axially symmetric case, the emis-
sion area is a ring of some thickness with the center
located on the axis of the system. If the thickness of
the ring is constant and the radius of the ring 7
changes, then the area of the emission ring (ER) in-
creases in proportion to 7.

At this point, the concept of light intensity should
be defined. Let's consider the current that comes out
of some small section of the emitter and enters the
detector.

In the general case [1], the light intensity of a cer-
tain (infinitely) small area of the emitter ds given
a certain energy E is the ratio of the current leaving
this area and hitting the detector (d/,, ) to the total

current emitted from this area (d/_, ):

Sw = dldet /d[em .

et

If we consider the distribution of emission density
over angles to be isotropic, then the expression for
light intensity is simplified

S, =dQ/Q,

where dQ is the solid angle, all electrons emitted
within which fall on the detector; Q is the full solid
angle4r .

This relation in [1] is called a geometric factor.

When multiplying the area of the selected small
element of ER by the emission density and the light
intensity, we obtain the current of electrons in the de-
tector space emitted from the considered element of
the emitter surface.

The main contribution to the theory of the func-
tioning of CM was made by works [2—5].

In this work, we consider the issue of calculating
the solid angle (SA) dQ.

General ideas can be applied to calculating the
light intensity of a cylindrical mirror (CM).

CONSTRUCTION OF SOLID ANGLE

Let's consider the geometry of a cylindrical mirror
(see Fig. 1). The emitting surface is a plane perpendi-
cular to the L axis of the system.

Fig. 1. Half of the cross section of a cylindrical mirror
(from the axis and above along the radius) by a plane
resting on the axis.

L — CM axis; r; = 20 mm — radius of the inner cy-
linder; , = 50 mm — radius of the outer cylinder;
ro — electron emission point; 1 — cylinder on which
the outlet diaphragm (COD) is located; P,— radius of
the cylinder n; a0Br is the trajectory of the electron in
the CM; 0 is the starting angle of inclination of the
trajectory to the CM axis. Details in the text

Charged particles are introduced into the disper-
sion space and then enter the detector space through
an ideal grid, which is part of the surface of the inner
cylinder. Specific calculations were carried out for
CM with an inner cylinder diameter 7 =20 mm, outer
cylinder diameter ,= 50 mm,

The technique for constructing a solid angle is giv-
en in [6]. In this paper, we will only briefly touch on
this issue. To set a solid angle dQ, the setting of its
boundaries is used.

All electrons emitted from the source surface with-
in these boundaries fall into the gap of the output di-
aphragm (OD). The distance L along the Z axis at
which the electron crosses the surface of the cylinder
containing the OD (COD) and hits the detector satis-

fies the inequality Ly, <L <Lg,, where Ly and

L., respectively, are the positions of the near and far
edges of the OD. To construct a solid angle, you need
to construct lines starting from which the electrons fall
into one of the edges of the OD.

From [6] we take the electron start energy value

E = 1245 eV, and Ly, =91.492 mm, L, =

= 101.492 mm. L,

a way that the effects we studied would manifest
themselves, 7, =2 mm, radius of the COD P, =7 mm.

and L., were chosen in such

We divide the distance from the near edge of the
OD to the far one into N, =100 equal parts. An array

of lines L[i, ] divides the COD into parts

Lli,]=L,, +dL-i,,

Beg

where dL =(Lg,, — Ly, )/ N, is the step along L; i, is
a division line number, varies from 0 to N, .

For each line L[i, ], in accordance with [6], we
calculate and construct a function ¢(x,L=L[i,]) (see



Fig. 2), where: ¢ is the azimuthal angle; x = cos(6)
— cosine of angle #; radius of electron start from the
source surface 7, = 2 mm; radius of the cylinder con-

taining the OD, P, =7 mm.

Fig. 2. Form of the function ¢(x,L[7,]) at a fixed
energy E. Details in the text

For each part of the OD from L[i,] to L[i, +1],
@(x,L[i 1)
o(x,1]i, +1] ) represents a solid angle on the graph of
a function ¢@(x). All electrons emitted between the
lines @(x,L[;,])and ¢(x,L[i, +1]) fall into the OD gap
between L[7,] and L[i, +1].

The form of the function (p(x,L[iL]), given in

the space between two lines and

Fig. 2, shows that the line ¢(x,L[i,]) can have either
one or three intersections with the axis x. Below, we
will need the coordinates of these intersection points.
Calculating intersection points means finding the ze-
ros of the function ¢(x,L[7,] ). (see Appendix 1).

Let us consider how the appearance of adjacent
lines ¢(x,L[i,]) (and the solid angle formed by them)
changes with increasing distance L. We will assume

that d L is small. If values of L are close to Ly, , (see

Fig. 2) successive lines ¢(x,L[i,]) and ¢(x,L[i, +1])
are located almost parallel and form a certain area
(solid angle), let's call it the main one (see the lines on
the left in Fig. 2 and both lines in Appendix 2,
Fig. I11). Then, with a certain value L=L,,a small

area appears to the right of the main area. Let's call
this area additional (see Appendix 2, Fig. I12). Let's
plot the point L, on the graph x =x(L) (see Fig. 3, top
row of points). With a further increase of L, the addi-
tional region begins to expand: the side of small val-
ues of x towards smaller x and the main region, and
the side of large x towards larger x. For some values
of L, the main region and the additional region will
touch, and the main and additional areas will merge
into one main area.

Fig. 3. Graph of the function x =x(L)at different
values of energy E. Details in the text

Let us consider the behavior of the points of inter-
section of lines ¢(x) with the L axis (for different
values of L and fixed energy E). As can be seen from
Fig. 2, for values of L less than a certain value, the

lines @(x) have only one point of intersection with
the L axis.

If L=L,, a point (x,,L,)appears on the graph
@(x) (to the right of the main area), and, with a fur-
ther increase of L, moves into an additional area. As L
increases, the graph of the function ¢(x) intersects the
axis L at two points already: to the left of x,and to the
right (for x smaller than x, and larger than x,).

With a further increase of L, the point of the main
region lying on the axis L moves towards larger x val-
ues, and the near edge of the additional region moves
towards smaller x values. If L =L, these lines touch at
some point. The behavior of the points of intersection
of lines ¢(x) with the axis L is shown in Fig. 3.

Fig. 3 presents the results of calculating the func-
tion x=x(L) in energy range of E, =124.5 ¢V to

E..,=129.5¢eV, with a step dE = 0.25 eV.

The main points that determine the behavior of the
function x=x(L) are: an additional area appears at
the point (x,,L,), main and additional areas are in
contact at the point (x,,L,). At the point (x,,L,) there
is an extremum (minimum) of the function
L = L(x,E =const),, i.e. a first order focus. In Fig. 3,
the trajectory of this point in the variables (x, L) is
made up of the upper row of points. At a point (x,,L,)
there is a maximum of the function
L =L(x,E=const), ie., at this point, there is also
a first-order focus. The trajectory of this point consists
of the bottom row of points. At a point (x,,L;), two
extrema merge and a second-order focus is obtained.

It was noted that the maximum light intensity is
observed when the main and additional areas on the
function graph ¢(x,L =L[i,]) touch, which corres-
ponds to a point (x,,L)on the function graph
L = L(x,E =const). This point is the first-order focus
point.

Thus, taking into account non-axial trajectories,

there is a region (point) in which second-order focus-
ing is realized.

CALCULATION OF SOLID ANGLE

Above, the range of length changes along the sur-
face of the cylinder containing the OD was specified
(Lge,» L,y ), within which we consider the distribution
of electrons over the surface of this cylinder. This ra-
ther wide range was originally defined in [6]. Similar-
ly, we set the range of changes in the variables x
(Xpeg> Xena) a0d @ (Pyys Pryg )- For each variable, we

Beg

set the number of divisions of the corresponding range



into segments N,, N, N,. And we get a step along
the corresponding variable:d L = (Ly,y — Ly, )/ N,

dx:(xEnd _'xBeg)/Nx’ d(p:((pEnd _(pBeg)/N(p .

Of all pairs of lines ¢ . (x), several types can be
distinguished (see Appendix 2) depending on the val-
ues of the index — the number of intersections of the
lower and upper lines with the axis x.

To calculate the "area" between two consecutive
lines @,(x) and @, (x) we will use the Gaussian qua-
drature method [7] (the method with the highest alge-
braic accuracy). To apply this method, the lines
@y (x) must not contain kinks and singularities, as
well as areas near singularities (2N — 1 smoothness of
boundaries, where N is the order of quadrature). We
will use quadratures of the 10th order.

In Fig. 2, such non-smooth sections, unsuitable for
integration, can be sections of lines near the intersec-
tion of the lines ¢y ;(x) with the axis x, where these
lines can be practically perpendicular to the axis x.
Therefore, in these sections, we carry out integration
not over the variable x, but over the variable ¢.

Let's look at the first section in Fig. IT1, extending
from x; =x,, to x; =XCry[0]—dx, where xCr,[0] is
the x-coordinate of the first intersection point of the
line ¢, (x)and the axis x (defined in Appendix 1). As
Xmin W€ choose Xy, = 0.5, which corresponds to the
angle 6 = 60°.

We divide this area into N, =int((x; —xz)/dx)+1
parts (segments), where int is a function for calculat-
ing the integer part of a certain number. The array of
lines dividing the section under consideration is set by
the formula x[n]= x; +n-dx. Within each segment
(x[n],x[n+1]), we carry out numerical integration
according to Gauss’s rule. According to this rule, for
each node x[i,]=x[n]+xg[i,]-dx, using the method
described in [6], we find the values of the functions
@5(x) and @g(x) on both the lower and upper lines.

Gauss formula for a segment (x[#], x[n +1]):

S,[n]= 3" Agli,]-(0cli, 1= 04[7, 1)

where Si[n] is the contribution to the SA from the
segment number n of the first section, i, is the number
of the Gaussian node, xg[i,] is the array of Gaussian
nodes for the segment (0, 1), x[i ] is the array of

Gaussian nodes for the segment (x[n],x[n+1]),

Agli,] is an array of Gaussian weights. The values of
xgli,] and Agli,] are taken from the tables of the mo-
nograph [7], @.[i,]Jand @g[i,] are the values of the

functions @, (x) at the quadrature nodes, i.e.

P (xli,Dand g, (x[1, ).
We sum up all the contributions from all segments
of the first section

N, -1
Sl = ZSI[I’Z] 4

n=0

we get the contribution to the SA from the first section
of the diaphragm (L[7, ], L[i, +1]).

In a similar way, we calculate the contribution
from segment 3, where the lines ¢, .(x[i,]) pass

close to the axis x and touch it almost at a right angle.
Therefore, in this section we carry out integration over
the variable . For each o¢[i,]=0[n] +xg[i,]-d¢, we

find the values of the function x,  (¢[i,]) on the left
and right lines x  (¢):

S,[n]= 3" Aeli, ] (x; i, 1= 7, D)

Summing up all the contributions from the seg-
ments of the 3rd section, we obtain the contribution to
the SA from the third section

N, -1
S, = S,[n]
n=0

The last section in Fig. I11, which has a “triangu-
lar” form, can be integrated both over the variable ¢,

and over the variable x. The difference between this
case and those previously considered is that one of the
sides along which you want to calculate x or ¢, is
a straight line parallel to one of the axes. Therefore,
there is no need to calculate x or ¢ on this line, be-
cause on it either x or ¢ are constant. This reduces
computation time. A comparative calculation of the
area of this triangular section by integration over the
variable and over the variable x showed a coincidence
of no worse than 5 digits (significant figures).

We put all the calculated parts together and get the
SA, at which the OD is visible from the source
as(L[i, ], L[i, +1]).

We calculate the SA for all sections of the diaph-
ragm gap length and obtain a function proportional to
the distribution of electrons along the length of the
cylinder containing the OD.

All other possible cases of the SA configuration,
shown in Figs. IT1-115, are integrated quite similarly
to the case considered.

In these figures, the areas of integration over vari-
able ¢ are shown (highlighted) by horizontal shad-

ing. Areas without shading are integrated over the va-
riable x.



Now, on the one hand, you can calculate the SA
for any light intensity which size is a multiple of dL.
On the other hand, if we build a graph S[i, ], then we

obtain the distribution of SA values along the cylinder
containing the OD.

DISTRIBUTION OF SA ALONG
CYLINDER CONTAINING OD

Calculation method 1

To obtain the function S(L), we divide the se-
lected section of the COD into N, (N, =100) equal
parts (L[i,]), construct functions ¢(x,L[i,]) and for
each pair (L[7, ], L[i, +1] ) calculate the solid angle
(S"[i, ]). The superscript in parentheses indicates that
this is the result of the first iteration. We plot the func-
tion S” (L) in the form of a histogram Fig. 4, where
the solid angle is constant on each segment

(LLi, ], L, +1]).

Fig. 4. Form of function S’ (L) for dZ =0.1 mm

It can be seen that the graph of this function has a
clearly expressed maximum.

Among all S"[i, ], we find the maximum value

SO and its number i, . Select a new section

max

(L7, -2],L[;, +2]), divide this section into

N, =100 parts, we find new values of S™[i,]and

S on it. Thus, in a few iterations, it is possible to
calculate the maximum of the function and the para-

meters of the maximum S(L) with good accuracy, i.e.
Values Smax s Lmax > xmax H ((Dmax ~ 0 )

This method has a drawback: the results of differ-
ent iterations cannot be presented in the form of a sin-

gle line (envelope of the vertices), because S scales
are different.

Calculation method 2

You can approach this issue from a slightly differ-
ent angle. In the previous case, the lengths along the
cylinder containing the OD densely covered this
length. We don't need to know the value of SA when
searching for the maximum SA. It is enough to know
the value of the SA relative to neighboring areas.

In this case, there is no need to tightly cover the
length of the cylinder. As before, we divide the sec-
tion on the COD into N, =100 equal parts (L[, ]).

We take a certain width AL — so small that during

all iterations the difference L[i, +1]—L[i, ]was much
greater than this width. To form an OD gap over
which we will carry out integration, we take each
L[i, ]and retreat from it towards smaller and larger

length values by AL /2. For this gap width, we carry
out all the calculations. Moreover, in any iteration the
S scale will be the same.

There is some problem with the L scale. If, when
moving to the next iteration, this scale is not changed,
then the second, third, and all subsequent iterations on
the graph S(L) will merge (see Fig. 5). However, the

tails of the peak will be clearly visible.

Fig. 5. Form of function S(L)during the first five
iterations

Fig. 5 shows the results of calculating the function
S(L) in each of the five iterations performed.

About reducing calculation time

At the end of this section, we will describe how to
save calculation time. To do this, you should use the
five-point maximum search method. The interval L, in
which the maximum is expected to be found, is di-
vided into four equal segments.

In the 5 division points S(L) are calculated and the
maximum value is found among them. The nearest 2
segments are divided in half, and the values of
S(L)are calculated at the division points. 2 more
points are added to the maximum value and 2 points
closest to the point with the maximum value. There
are again 5 points in total. Among them, we find the
point S(L) with the maximum value. And so on. The
iterative process can be ended when, for example, the
difference between two values S(L) in successive
iterations is less than 10°°. This method of finding the
maximum of a function turns out to be much faster
than the one described earlier.

ABOUT OPTIMIZATION

with the

max

In the previous section, the distance L
maximum possible value of the solid angle S ..
along the axis of the system was realized. This was
done with E, =const, 7, =const, P, =const.

Our task is to obtain the maximum current at the
detector. To do this, obtain the maximum solid angle

studied above. This is an optimization problem, and
the objective function is the solid angle.



From [6] we take the range of values
E, =(E;.,, Eg,,), within which it makes sense to look

for the maximum value S, . We divide this range
into N, subranges (dE=(Eg,—£Ey,)/N,); for
N, +1 energy values (E, =E

Beg?

peg TAE 1) we calcu-

late S — the maximum among all values of L, and
at the same time, we obtain L ___,at which this maxi-

mum is realized. The results of this action are given in
Fig. 6 (line 1).

Fig. 6. Form of function S__ (L,
iterations over E.

1 — the result of the first iteration, 2 — the result of
the fifth iteration

E) for several

Each point on this graph corresponds to a specific
energy £ and represents the maximum SA value for
that energy. Next, we find the maximum value for E,
using the same algorithm that was used to find the
maximum for L. That is, we find the maximum value

Ef;;x in the first iteration and the number of this value
E(i)

i ... Next, we clarify E' using the previously
given method for L. To do this, we change the energy
range:

E

voe = Eligme —2] and E,, = Eliz.. +2].

E max lE max

In the new range, we calculate S__ (L . ,£E) and

max

determine E? | etc.

Since we got the extremum (maximum) for each of
the variables (L and E), at this point we have a local
maximum. This algorithm is very similar to the
Gauss-Seidel method (coordinate descent method, or
searching for the optimum for each variable in turn).

We carry out similar actions for 7, € (0, 7;) and for

P, (0, r,). The results are shown in Fig. 7.

Fig. 7. Dependence of the maximum light intensity
(L and E optimized) on the radius of the COD (P,),

for various values of the electron start radius 7,. De-
tails in the text

In Fig. 7 digit 1 corresponds to the value
n=017#,2 — r=02-,3 — 1,=03-1,, 4 —
rn=04-r,5 — =05, 6 — =061, 7T —
7n=07-rn,8—1,=08-rn,9—r=09-r.

THE DISCUSSION OF THE RESULTS

It was previously noted that the maximum light in-
tensity value is observed when the main and addition-
al areas on the graph ¢(x) touch, which corresponds
to point (L,,x, ) on the graph L(x). By finding the
maximum light intensity with a change in energy, we
find the point of merging of two first-order focuses
into a second-order focus.

To confirm this, we present data comparing the re-
sults of searching for maximum light intensity using
the optimization method and the method just de-
scribed (see Table).

Tab. Comparison of maxima

The method described above for finding the maxi-
mum light intensity cannot provide significant accura-
cy. Although the data presented shows very good re-
sults. On the other hand, the new technique has shown
that it requires approximately 2 orders of magnitude
less computational time than the method of calculat-
ing the light intensity and its optimization.

The main result of this work is shown in Fig. 7. It
can be seen that the maximum achievable light inten-

sity increases with increasing P, . But the dependence
of the maximum achievable light intensity on the ra-

dius of electrons starting from the emitter surface is
not so clear.

If P <04-rand r, increases, S, decreases.

Moreover, when approaching 7, to 7, a thickening of
the lines S, (P, /1) is observed.

To 7, <0.3-7 and forall P,, lines S,

numbers are always located below the lines with
smaller numbers. Starting with line number 4, which

intersects line number 3 at approximately P, =0.8-7,

with larger

X

all subsequent lines S, intersect all previous lines.
A condensation point is observed, at which lines with
numbers from 5 to 9 intersect.

Line 6 intersects line 1 at large values P,. That is,
the total signal at 5, >0.5-5 and P, >0.85 increases
in relation to the magnitude of the signal from the site
near the axis by the ratio of emission areas.

Much more interesting are the graphs S__ with
numbers seven to nine, the lines on which go beyond

the upper border of the picture. We will consider this
mode in the next work.



APPENDIX 1.
CALCULATING INTERSECTION POINTS OF
LINES ¢(x) AND AXIS X-

Calculating the intersection points means finding
the zeros of the function ¢(x,L =L[i, ]).
The first stage of solving the equation

o(x,L=L[i,))=0 I

consists in finding the interval x in which the func-
tionp(x,L =L[i,]) changes sign. To do this, we di-
vide the entire interval of change x into N_equal
parts. At the division points, we find the value of the
function ¢(x,L[i,]) and sequentially check all seg-

ments of the axis x for the fulfillment of one of the
inequalities:

@(x[n]) <0 <o(x[n+1]) (I12)

or

p(x[n+1]) <0< p(x[n)]). (I13)

With this, we localized the position of one of the
roots of equation (I11).

At the second stage, we calculate a more accurate
value of the desired root using the halving method
(shooting method). For convenience, we introduce the

notation  x[n]=x,, x[n+1]=x,, @(x)=y,
@(x,)=y,.As noted above, y; and y, have different
signs. Take a point x, =0.5-(x, +x,)and calculate
v, =¢(x,). atit

Let's check if the signs match:

if y,-y, <0 (i.e., they have a different sign), then

we carry out the replacementx, =x,, y,=y,, and

then take the midpoint x, and calculate y, 6 =¢(x,),
etc.

If y,-y,>0 (same sign), then we make the re-
placement x, =x,, y, =y, , take the midpoint x,k and
calculate y, = ¢(x,,), etc.

We repeat this procedure until the absolute value
y,, becomes less 10~ . This means that the root has
been found with this accuracy.

We enter the parameter xCr[0]=x, — the x-
coordinate of the first point of intersection of the line
@(x) and the axis x.

We have found the first root. Next, we check the
following intervals xe(x[n+1],x[n+2]) for the pres-
ence of a root on them. Let's introduce an integer
nCr — a sign indicating how many intersections the
line ¢(x, L[i, ]) has with the axis x.

If inequality (I12) or (I13) is satisfied on one of the
following segments of x, then in the section under

consideration there is another intersection of the line
@(x) with the axis x, which we obtain after applying
the halving method. We assign nCr=2 and
xCr[l]=x,,.

According to Fig. 2, if there is a second intersec-
tion of the line ¢(x)with the axis x, then there is

a third one. Finding this intersection is quite similar:
nCr =3 and xCr[2]=x,,.

APPENDIX 2
CALCULATION OF SOLID ANGLE

Fig. IT1. A solid angle is formed by a pair of adjacent
lines ¢, =¢(x,L[,]) and ¢, =¢(x,L[i, +1]), for
which nCr=1. There is only the main region in the
solid angle, and the additional region is absent.

B — bottom line ¢, =@(x,L[i, ]) intersects axis x at

point "a"; E — the top line ¢, =@(x,L[i, +1]) inter-
sects the axis x at point "b"; 1 — region of integration
over variable x, in which it is necessary to calculate
@, and ¢@_; 2 — region of integration over variable
x, in which it is necessary to calculate only ¢,;3 —
region of integration over variable ¢ ,, in which it is

necessary to calculate x, (¢[i,]) and x,(o[Z,])

Fig. I12. A solid angle is formed by a pair of adjacent
lines @, =@(x,L[i,]) and ¢, =@(x,L[i, +1]), for
both pg nCR =1 and gg nCR =2.

The left side of the solid angle is the main part and is
formed by the lines B (line ¢, ), which intersects the

axis x at point "a", and E (line ¢, ), which intersects
the axis x at point "b". The right side of the solid an-
gle is the complementary part and is formed only by
line E, which intersects the axis x at points "c¢" and
VldH.

The designations in the figure are the same as in Fig.
IT1, and additionally: 4 — area of integration over the
variable ¢ in which it is necessary to calculate x;;
5 — region of integration over the variable x, in
which it is necessary to calculate only ¢ ;6 — the
region of integration over the variable ¢ in which it

is necessary to calculate x;




Fig. I13. A solid angle is formed by a pair of adjacent
lines ¢, =¢(x,L[i,]) and ¢, =@(x,L[i, +1]), for
which nCR = 2.
The left side of the solid angle is the main part and is
formed by lines B, which intersects the axis x at point
"a", and E, which intersects the axis x at point "b".
The right side of the solid angle is the complementary
part and formed by lines B, which intersects the axis
x at points "d" and "e", and E, which intersects the
axis x at points "c¢" and "f"".

The designations below are the same as in
Fig. IT1, and additionally: 4, 8 — areas of integration
over variable ¢, in which it is necessary to calculate

x,(oli,])and x,(o[i,]); 5, 7 — areas of integration

over the variable x, in which it is necessary to calcu-
late only ¢, ;6 — the region of integration over vari-

able x, in which it is necessary to calculate ¢, and
P -

Fig. I14. A solid angle is formed by a pair of adjacent
lines @, =(x,L[;,]) and ¢ =(x,L[i, +1]), for s
nCR =3 and for gy nCR = 1.

The solid angle consists only of the main part, which
is formed by lines B (intersects the axis x at points
"a", "b" and "¢") and E (intersects the axis x at point
Hd”).

The designations below are the same as in Fig. I11,
and additionally: 4, 6, 8 —areas of integration over
variable x, in which it is necessary to calculate only
@z =@(x,L[i,]); 5 — region of integration over the
variable ¢ in which it is necessary to calculate
xz =x(p,L[i,]); 7 — area of integration over the
variable x in which it is necessary to calculate ¢, and
@.;9 — area of integration over the variableg, in

which it is necessary to calculate x, andx,.

Fig. ITI5. A solid angle is formed by a pair of adja-
cent lines @, =@(x,L[i,]) and ¢, = o(x,L[i, +1]),
for which nCR = 1, i.e., only the main area is
present. The designations in the figure are the same
as in Fig. IT1.




