BBepeHue

Hucuunnuaa  «OCHOBBI ~ ONTHKW»  MOCBSIIEHA ~ M3YYCHUIO  3aKOHOB
pacrpocTpaHeHus U peoOpa3oBaHUsl CBETOBOTO TOJIS, TO €CTh AJICKTPOMArHUTHOIO
II0JII B ONTHYECKOM Auaria3oHe 4acTtoT. «OCHOBBI ONTHKHY OXBATHIBAIOT HACTOJIBKO
OOIMMPHBIA W TIYOOKHH IO COJEpKAaHUIO Marepuaj, 4YTo IO IpaBy CUYUTAIOTCS
byHIaMEHTAbHOW  TUCHUIUTMHOM, SIBJISIOMICHCS HEOThEMJIEMON KOMITOHEHTOM
OTNITHYECKOTO 00pa30BaHUSI.

N3ydyeHrne Bcex BOINPOCOB JAHHOW JHUCHUIUIMHBI Ba)KHO KakK ISl YCBOEHHS
0a30BBIX TMOHATHM, AaKTHUBHO HCIOJB3YEMBIX B JPYrux OoJjiee CrHelualibHBIX
JTUCHUIUIMHAX, TaK W IS TOJYy4YeHHUsS JOCTaTOYHO IIOJHOTO TMPEICTaBICHUs 00
OCHOBHBIX HAyUYHBIX KOHUENIUAX COBPEMEHHOM ONTHKHU.

Bces muctunimuaa «OCHOBBI ONTHKHY» COCTOMT M3 JIBYX OOJIBIIUX YacTeW —
FCOMETPUYECKOH W (PU3MYECKONM ONTHKA. B JaHHOM KOHCIIEKTE JICKIUH
paccMaTpuBaeTCS T€OMETPUYECKasl ONTHKA — HayKa O 3aKOHax pachpoCTpaHEHUS
CBETa B OINTHYECKUX CHUCTeMaxXx MU (OPMUPOBAHUU OINTHUYECKOTO H300paKCHHUS.
N3noxxkenne wMarepuana ©Oa3upyeTcs Ha KJIACCHYECKOW DJICKTPOJMHAMHUKE U
ypaBHeHHsIX MakcBemia. B jaHHOM mocoOMM paccMaTpuUBAaIOTCS TOJBKO JIMHEHWHBIC
SIBJICHUSI B ONTHUKE, & B3aUMOJICHCTBUE CBETa C NPEMATCTBUSIMHU pPAcCCMATPUBACTCS
TOJIKO B BHUJE aMIUIUTYAHO-(a30BBIX IpEeBpallleHUi. SIBIeHHs mepexoja OIHOTO
BUJIa DHEPIrUM B JPYrod OOCYXJAOTCA JIMIIb B CBSI3M C PETUCTpalHeit
MHTEHCHUBHOCTH CBeETa. KBanToBOMeXaHUUECKHE SIBIICHUS TaKXe HE
paccMatpuBaroTcs, a Ju@paKIMOHHBIE TPOLECChl  H3JIAaraloTcs B paMKax
KJaccuueckoit Teopun nudpaxkuun Penes-3ommepdennaa.

B nepBoii yactu nmocobus (ryaBel 1 — 6) paccMaTpUBalOTCS OCHOBHBIE CBOMCTBA
CBETOBBIX ITOJICH M MX MAaTEMaTHUECKOE OMMCAHUE, a TaK)KEe MOHSATHS CBETOBBIX BOJIH,
CBETOBBIX JIydel M MydKkoB. M3maraercsi Teopus HACaIbHBIX ONTUYECKUX CHUCTEM B
KJIACCUYECKOM ¥ MaTpU4IHOU dopme.

B riaBe 1 paccmaTpuBaeTcs BBIBOJI BOJHOBOTO YPaBHEHMS ISl KOMIUJIEKCHOM
aMIUIMTYAbl TIOJIS — ypaBHeHUsl ['enbMrosblia, a B rjaBe 4 — BBIBOJ OCHOBHOTO
ypaBHEHHUS TEOMETPUUYECKON ONTHUKU — ypaBHEHUS dMKOHAJIA.

B rnaBe 2 paccMaTtpuBarOTCA YHEPIETUUECKUE XAPAKTEPUCTUKU CBETOBOIO TOJIS,
KOTOPBIC Pa3ICNIIIOTCS Ha COOCTBEHHO YHEPTreTUYECKUE U CBETOBBIC.

3aKOHBbI T€OMETPUUYECKON OINTHKH, pacCMaTpUBaeMbIe B TiaBe 4, BBITEKAIOT U3
OCHOBHOTO TOJIOKEHUSI 3TOM TUCHMIUIMHBI — MPUOTUKEHUS KOPOTKUX JUTMH BOJIH,
Ipyd KOTOPOM JIJIMHA BOJIHBI CYUTAETCA MPEHEOPEKUMO Mol BETUYUHON TI0
CpPaBHEHHUIO C HEOJHOPOHOCTSIMHU CPEJIbl M caMOoro 1oJjisi. BoJHOBBIE CBOICTBA CBETA
YUYUTBIBAIOTCS TOJILKO B 00J1acTH (POKYCOB IyYKOB JIy4eH, a TakkKe MPH OMHCAHUU
MIPOXOXKCHHUS CBETA Yepe3 TPaHMILy IBYX cpej (TaBa 3).

Teopusi uaeaNbHBIX ONTHYECKUX CHUCTeM (TJlaBa 5) wW3jaraeTcss BHayajie B
kiaccuueckoit ¢opme HproTona-I'aycca, a 3areM ¢ HMCHOJb30BAaHUEM MATPUYHOTO
ammapata M COOTBETCTBYIOIIUX TOHATUHM MATpUIl MpeoOpa3oBaHUs KOOPAUHAT
HYJIEBBIX JIy4eil (raBa 6).



Bropas yacts mocoOus (rmaBel 7 — 9) mocBAIIEHa OCHOBAM T€OpUU 00pa30BaHUS
U300paKEHUS B pPEAJbHBIX ONTUYECKUX CHCTEMax. TeopHsl peaibHbIX ONTHYECKHX
CUCTEM OXBaTBhIBAECT MOHITHE pPEAIbHBIX Jy4deil, OrpaHUYEHHE IyYKOB Jy4yed B
ONTUYECKUX CHCTEMax, CHCTeMy OOOOIIEHHBIX (KaHOHMYECKHUX) XapaKTEPUCTUK
(rmaBa 7), a Takxke abeppanuu, X THOBI U Topsaku (riaBa 8). B rmaBe 9
paccMaTpHUBAIOTCA  KPUTEPUM U XApPAKTEPUCTHKM  KauyecTBa  HM300pakKeHUs
0e3a0eppallMOHHBIX ONTHYECKHX CHUCTEM, TEOPETUYECKHE NpPENebl pa3pelieHHus,
BIMSIHUE a0eppaluii Ha XapaKTepUCTUKH KauecTBa U pa3pelieHHEe, a TAaKKe MOHITHE
IUQPPaKIIMOHHO-OTPAHUYCHHBIX U TE€OMETPHUUYECKU-OTPAHMUYEHHBIX  ONTUYECKUX
CHUCTEM.



1. OnncaHue cBeTOBbLIX BOJH

1.1. OcHOo8HbIe ceolicmea ceaemoshbIix noseu

CBEeTOBBIM IOJIEM HA3bIBAIOT JJEKTPOMATHUTHOE T0Ji€ B ONTHYECKOM
auamna3oHe d4actoT. ONTUYECKWE YaCTOThl YPE3BbIYAWHO BENMKU (MOpsAKa
10" —10"I'y ), a pa3HOCTb YACTOT ME3Kly FPAHMUIIAMU ONTUYECKOTO IUANa30Ha OYeHb
Maja [0 CPAaBHEHMIO C UX BEIMYMHAMM, IIOITOMY NPUHATO HU3MEPSTH ONTHYECKHM
JMana3oH B JIMHaX BoJH. Crnennduka onTHYECKOro Juana3oHa 3aKIYaeTcs B €ro
JIBYX TJIABHBIX OCOOEHHOCTSIX:

® B ONTUYECKOM JUANA30HE BBIMOJHSAIOTCS 3aKOHBI FT€OMETPUUECKOU ONTUKH,
® B ONTUYECKOM JUANA30HE CBET OUEHb CIa00 B3aMMOJIEHCTBYET C BELIECTBOM.

Jlnst yactoTr, Oojiee HM3KHMX, YEM YacTOThbl ONTHUYECKOIO JMAaIra3oHa, HEJb3s
NOCTPOUTh ONTHYECKHE CHUCTEMBbl IO 33aKOHAM TI'€OMETPUYECKOM ONTHKH, a
AJIEKTPOMArHUTHOE IoJie OOJee BBICOKMX YacTOT, KaK MPaBWIO, JHOO MPOXOIAUT
CKBO3b JIt000€ BEILIECTBO, TUOO pa3pyllaeT ero.

CornacHo cragaapty DIN 5031, Bl, onruueckmii auanaszoH BKJIIOYAET
U3JTy4€HHEe, KOTOPOMY IMpPU PpacCHpOCTPAHEHHWU B BAKYYME€ COOTBETCTBYIOT JIJIMHBI
BoinH or 100 M mo 1 M. Onrhueckuii auana3oH JENUTCA HA TPU OCHOBHBIE
o0nacTu: yJabTpadguo/ieTOBYI0 BIUIOTH 10 PEHTITeHOBCKOro usiaydenuss (Y®, or
100 no 380 um), Buaumyo (ot 380 10 780 um) u munppakpacuyr (MK, or 780 um
1m0 1 Mmm).

Ha puc.1.1.]1 mnokazan y4acTOK WIKanbl DJEKTPOMATHUTHOTO W3JIyYEHUS B
JUIMHAX BOJIH, COOTBETCTBYIOIIMI ONTHYECKOMY IUaIa3oHy. ['paHULIBI ONTHYECKOrO
IUana3oHa, a TaKKe TIPAaHMIbl MEXAY €ro y4acTKaMd YCTAHOBJIEHbl Ha OCHOBE
AKCIIEPUMEHTAIbHBIX JAHHBIX U HE SIBJISIOTCSA a0COIIOTHO TOUHBIMHU.

PEHMeEeHOBCKOoE
usjiyd4erue

/ yavmpagpuonemosoe
usiyuenue BUOUMDbILL CBeMm ungpaxpacHoe uznyuenue

A, MKM

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1000

Puc. 1.1.1. Onmuueckuul ouanasom.

1.2. YpaeHeHusi Makceenna

YpaBHeHuss MakcBema SBWIMCh HUTOTOM HMHTEHCHUBHBIX — HMCCIIEHOBAHUU
AJIEKTPUYECTBA, MAarHETU3Ma U CBETOBBIX SABJICHUU, IPOBOJAUMBIX B IIEPBOU ITOJIOBUHE
XIX Beka. YpaBHeHUss MakcBellia — 3T0 YHUBEPCAIbHBIM MaTeMaTUYECKUHI armnapar,
CBSI3BIBAIONIMI MEXIy COO0M (PYyHKIIMM U3MEHEHHS BO BPEMEHHM M MPOCTPAHCTBE
3JIEKTPUYECKOTO U MATHUTHOTO TOJIEH.



DJIEKTPOMAarHUTHOE IIOJIE IO CBOEM NPHUPOJE BEKTOPHOE, TO €CThb BCE €r0
WU3MEHEHNs, ITPOUCXOIAIINE BO BPEMEHM, MMEIOT OIPEIACICHHYIO OPHUEHTALIO B
IIPOCTPAHCTBE.

OCHOBHBIMM ~ BEIIMYMHAMM, OINPEHCIAIOIIMMHU  3JIEKTPOMAarHUTHOE  IIOJIE,
ABJISIIOTCSL  BEKTOP JJIEKTPUYECKON HampsikeHHOcTH moiass E  u  Bekrop
MATHUTHOH HampsizKeHHOCTH mouass H. DOTu BekTopbl SABISAIOTCS (PYyHKUUSAMH
BPEMEHHU ! ¥ KOOPAMHAT B IIPOCTPAHCTBE, ONIMCHIBAEMBIX PAAUYC-BEKTOPOM I :

E=E(r,1), [E]=6omem/ m

H=H(r,?), [H]=4/nm

B cpene, ornmmyHOM OT Bakyyma, HOJ JEUCTBHEM 3JIEKTPOMATHUTHOTO ITOJIS
BO3HHMKACT dJIEKTpHUYecKas HHAYKIUA D 1 MaruuTHas uHaykuus B:

D =D(r,?), [D]=xa/m?

B =B(r,?), [B]z 6€6€p/M2

B ypaBHeHns MakcBemia KpoMe YyKa3aHHBIX BEJIUYHH BXOIAT 00beMHas
IUIOTHOCTH 3apsiia o, NMOBEPXHOCTHAasl IUIOTHOCTH TOKa J, JjIeKTpuuecKasi
NPOHUIIAEMOCTh £ ¥ MATHUTHAS IPOHULIAEMOCTD [/ CPEIIbI:

p=p(r,0), [p]=x/a’
J=J(r,0), [J]= 4/ 0’

e=¢(r), pu=p(r)

YpaBuenuss MaxkcBemna (Maxwell’s equations) (1-4 B Beipakenun 1.2.1)
OOBIYHO 3amuChIBAlOTCA B AuddepeHnnanbHol  (opMe C  HCIOJb30BaHHEM
o0o3HaueHU, TmpuBeACHHbIX B llpunoxkenun A. Jlns momHOTO OmMHMCaHUsA
pacmipoCcTpaHEHHs] CBETOBOTO IOJIsI BMCTE C YpaBHEHHUSAMH MakcBesia MCIOIb3yIOT
MaTepHuaJbHble YpaBHEHHAMSI (5-6), KOTOpBIE YUUTHIBAIOT CBOMCTBA BEIIIECTBA.

VxE:—].B (D

VxH=D+J (2)

V-D=p (3) D=¢E (5) (1.2.1)
V-B=0 4) B=uH  (6)

ypaBHCHI/I}I MakcBeinia B KI1acCHYSCKUX 0003HAUCHUSIX UMEIOT BU:

rotE =-B (1)
rotH =D+J 2 (12.2)
divD = p (3)
divB=0 4)



B BakyyMe u JUPJEKTpUKAX, IUIOTHOCTh 3apsiia MU TOKU PaBHBI HYJIIO:
p=0,J=0, mosromy ypaBHeHuss MakcBemwia IS JUAJIEKTPUUYECKON Cpelbl

BBITTEA AT CIICOYIOITNM 06pa30M:

VxE=-B (1)
VxH=D 2 (1.2.3)
V:-D=0 (3)
V-B=0 (4)

Jlns BakyyMa u3 ypaBHeHU MakcBesuia MOKHO NOJIYYHUTh CIEAYIOIIEE BAXKHOE
COOTHOILICHHUE:

1
Jeuty = (1.2.4)

8
rne c¢=3-10 f% — CKOpPOCTb  PAacClpOCTPAaHEHHUS DIEKTPOMArHUTHOIO

M3JIYy4YCHUA B BAKyyMeE, &, U (Y, — ODJICKTPUYCCKas W MarHuTHasA IIOCTOAHHBIC B

BaKyyMe.

DJIeKTpUYECcKass MPOHUIIAEMOCTh & JUISl Pa3HbIX CpEll MOXKET NIPUHUMATH
paznuYHbIe 3HAYCHUS, & MATHUTHAS MPOHUIIAEMOCTh 4 JJIA ONTUYECKUX YaCTOT BO
BCEX Cpellax MPAKTUYECKH HE OTJIMYAETCS OT ff,. Jus JTUHEHHBIX cpen &€ U U He

3aBucAT oT E m H, To ecTh 3nexkTpuyeckass U MarHUTHAasl IMOCTOSIHHbIE JTUHEHHOM
Cpelibl HE 3aBUCAT OT HHTEHCUBHOCTH CBETA.

YpaBHeHuss MakcBeiia ONUCHIBAIOT BEKTOPHOE IOJE. BEKTOpP 2JIEKTpUYECKON
HaNPsHKEHHOCTHU MEPHEHANKYIISIPEH BEKTOPY MarHUTHOM HAMpsHXKEHHOCTH, U 00a OHU
NEPHEHIUKYJIIPHBl HAIMpPABIEHUIO pacnpocTpaHeHus ceta (puc.l.2.2), mostomy
TaKO€ I10JI€ Ha3bIBAECTCS MOIIEPEYHBIM.

H

Puc. 1.2.2 . B3aumnoe pacnonodicenue 6eKmopos 31eKmpuieckou (E) U MACHUMHOU
(H) HANPsXCEeHHOCMU U HANPAaeeHUst pAcnpoCmpaHeHus ceema (S)

1.3. Mamemamud4eckoe onucaHue 3/1IeKmpoMa2HUMHbLIX 80JTH

PacrmipocTtpanenue 31€KTpOMarHUTHOTO TOJSL B MPOCTPAHCTBE — 3TO BOJHOBOU
MPOILIECC, OMUCAHUE KOTOPOr0 MOXHO MOJYy4YUTh U3 ypaBHeHui Makcsemna (1.2.1).
VYpaBHenuss MakcBenia ONMKUCHIBAIOT CBOMCTBA AJEKTPOMArHUTHBIX BOJIH B HanbOoJee
ollieM ciiyyae, HO HX HEMOCPEACTBEHHOE WCIOJIb30BaHUE HE BCerja yao0HO.



[TosTomMy ansi cimydass JIMHEHHBIX M OJHOPOAHBIX CpPEl MOXKHO TMOJY4YUTh OoJjee
IIPOCTBIE BOJIHOBBIE YPAaBHEHUS, U3 KOTOPBIX CIEAYIOT BCE 3aKOHBI T€OMETPUYECKON
ONTHKH.

1.3.1. BonHoBble ypaBHEHUA

B onruke 4dacto paccMaTpuBarOT U3MEHEHME DJIEKTPUUYECKOIO U MArHUTHOIO
IIOJIEM HE3aBUCHUMO JPYT OT APYra, U TOrJa BEKTOPHBIM XapakTep IOJIs HE SABIISETCA
CYLIECTBEHHBIM, @ 3JIEKTPOMArHUTHOE I10JI€ MOKHO paCCMaTpUBATh U ONKUCHIBATH KaK
ckaysipHOe. CKaIsIpHas TEOPHsI 3HAUUTEIIBHO MPOLIE BEKTOPHOM, K BMECTE C TEM JAET
BO3MOKHOCTh JOCTAaTOYHO TIJyOOKO aHAJIM3MpPOBATh PACIPOCTPAHEHHE CBETOBBIX
IyYKOB M TpollecChl 00pa3oBaHusi HM300pakKeHUs B ONTHYECKHX cHcTeMax. B
FeOMETPUYECKON OITUKE CKaJspHas TEOpUs IMIHUPOKO HCIHOJB3YETCd HMEHHO
Oylaroiapsi TOMy, YTO 3JEKTPUUYECKOE U MAarHUTHOE MOJISl B 3TOM CIydyae MOTYT OBITh
ONIMCAaHbl HE3aBUCUMO APYr OT APYyra, a BOJIHOBbIE YPaBHEHUs OJWHAKOBBI IS
BEKTOPHOI'O U CKAJISIPHOIO MOJIEH.

PaccMOTpyM BBIBOJ BOJIHOBBIX YPaBHEHUN HEIOCPEACTBEHHO W3 YPaBHEHHU
Makcseinna. BospMeM ypaBHEHUE 11 pOTOPA DIEKTPUUECKOTO OIS, OIPEAEIIIEMOT0O
yepes IPOU3BOAHYIO 10 BPEMEHU OT MarHUTHOM MHIYKLWHN:

. JB _ uJH

VxE=-B=- =
ot ot
BeKTOpHO IOMHOKUM 3TO ypaBHEHUE HA V :
JH 7 J (D
VxVxE=—u| Vx— |=—u| —(VxH) |=—u| —| — | |=
SR sl PP sl A b
o° 0°E
=— ¢E)|=-¢
al oo CE) |=—eu
Bocnonb3oBaBmuck BeipaxkeHneM (A.15) u3 [lpunoxenus A, moirydum:
O°E

V-(V-E)-V’E=—su~——
Ot

Tak kak JOMBEpreHUUs OHIEKTPUYECKOro TMOJs B JIHUAJIEKTPUYECKOW cpene
V-D =0, to B onHopoaHou cpene V-E =0, uro cneayer u3 ypaBHeHuii Makcsenia
(4, 5). Torna nojiy4uM BOJTHOBOE YPABHEHUE /ISl JIEKTPUUECKOH COCTABJISIONIEH
MOJIs:

2
VzEzgy?t];j (1.3.1)
NJIn
O°E
V2E-¢ =0
H ot?



E

X

Hockonbky E =| E |, BEeKTODHOC YypaBHCHHC IpPEICTaBIACTCS B BHJAC TPEX

EZ
CKQJISIPHBIX YPaBHECHUM:
O’E
VE =¢ x
x = ¢H Py
2 é)zEy
VE, =¢u P (1.3.2)
O’E
VE =¢ 2
: = EH Py

Paccyxnas aHanoruduHbiM 0Opa3oM, MOXHO MOJYYUTh BOJHOBOE YPaBHEHHeE
JJISI MATHUTHOM COCTABJIAIOLICH MOJIA:

Gt |
VH=¢ 1.3.3
s ( )
HX
HOCKOJ’IBKy H = H v | TO 3TO BCKTOpHOC ypaBHeHHe TaKXEC HpeI[CTaBJI}IGTCH B
HZ
BUJIE TPEX CKAJAPHBIX YPABHEHUM:
O°H
VH, =ep—*
FTEHT
) 0°H,
VHy:(QILlT (134)
O°H
VH =¢ z
STEHT A

13 ypaBuenuit MakcBeria ClIeyeT, 4T0 Kaxaas U3 cocTapsiomux £, £, E,

BekTopa E momumHsercss abCOMIOTHO OAHOMY U TOMY e CKaJipHOMY ypaBHEHHIO.
ITosTomy, ecnu TpeOyercss 3HAaTh HM3MEHEHHE TOJBKO KaKOM-HUOyAb OJHOU W3
cocTaBiIOIIMX BekTopa K, MBI MOXEM paccMarpuBaTh BEKTOPHOE IIOJIE Kak
ckaisapHoe. llepen TeM, Kak OKOHYATEIBHO NMEPEUTH K CKAILIPHOM TEOPUH, CIELYET
3aMeTHTb, YTO COCTaBJIAOLIME BekTOopa E He sBIIAIOTCS HE3aBUCUMBIMH (PYHKLHUSAMH,
yTo BbITeKaeT wn3 ycinoBusa V-E=0. Iloatomy, XOTA CKamspHbIE BOJIHOBBIE
ypaBHEHUS SIBISIIOTCS CIIEICTBUEM ypaBHEHMI MakcBemia, 00paTHO MEepelTH OT HUX
K ypaBHEHUAM MakcBeIlla HeNb3s.

[TycTh ckansipHas BeauuuHa V' — 370 J1t00ast U3 COCTABIIAIOUINX HJIEKTPUUECKOTIO
Bekropa: (E,, £, wm E,). VIHBIMH CIIOBaMH, 5TO BO3MYIICHHE TOJIS B KAaKOH-TO



TOYKE IIPOCTPAHCTBA B KAaKOW-TO MOMEHT BPEMEHH V(x,y,z,t). Torma MOXHO
3aMycaTh BOJIHOBOE YPaBHEHHeE B O0IIEM BU/JIE:

o
V¥V =¢ 1.3.5
Ko (1.3.5)
rie V?V— Bropas NpPOHM3BOJHAS BO3MYIIEHHS IO IPOCTPAHCTBEHHBIM
KOOpAUHATaM,
o

> = BTOpada IMpou3BOAHAA BOSMYIICHUA 110 BPCMCHU.

Ot

CMBICTT 3TOTO ypaBHEHHS 3aKIIOYaeTcsl B TOM, YTO BOJHA oOpa3yercs TOrna,
KOTJa y HEKOTOPOro BO3MYIIEHMS BTOpas IMPOU3BOAHAS IO IPOCTPAHCTBEHHBIM
KOOpAMHATaM IPONOPLMOHAIBHA BTOPOU MPOU3BOJHON IO BPEMEHH.

MoOXHO TOKa3aTh, 4TO CKOPOCTb PACHPOCTPAHEHUS BOJHBI JUIA JUAJIEKTPUKOB
CBS3aHA C JJIEKTPUYECKOM M MarHUTHOM NPOHMIAEMOCTSAMH CpPEIbl CIEAYIOIIUM
o0Opazom:

1

Ef=— (1.3.6)
v

CrnenoBaTenbHO, CKOPOCTh  PAcHpOCTPAaHEHUS BOJHBI B  MPOCTPAHCTBE

OIIPENENACTCS TaK:
1

Jen

Torma oOmuMi BUJ BOJHOBOIO YpPaBHEHHMS MOXKHO 3aIlMCaTh CICAYIOIIMM
obpazom:

L= (1.3.7)

1 8%
VI =—. 1.3.8
vt o ( )
BoJsiHOBOE ypaBHeHHeE /151 OTHON OCH KOOPAMHAT:
a1 o
— = 1.3.9
Ox v* ot ( )

OTHoIIIEHNEe CKOPOCTH CBETA B BaKyyMe€ K CKOPOCTH CBETa B Cpejic Ha3bIBACTCs
noxkasarteJjieM NpeoMJIeHUs TaHHOU cpeabl (index of refraction):

c_ eu (1.3.10)

n=—=

L €k

1.3.2. MoHOXpomMaTundeckoe nose

MoHoxpoMaTHieckoe TMOJe H3MEHSIETCS BO BPEMEHH 110 TapMOHHUYECKOMY
3akony (puc.1.3.1):

V(r,t)=a(r)cos(wt—@,(r)) (1.3.11)
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rae  a(r)

— aMIUUTyla Bo3MymleHus ((QYyHKIHS TPOCTPAHCTBEHHBIX
KOOpPAMHAT),

@ — TUKJIAYECKas 9acTOTa U3MEHEHHUS TT0JII BO BPEMEHH,
@,(r) — ¢a3a nons (PyHKUMS IPOCTPAHCTBEHHBIX KOOPIUHAT).

ol

T

Puc.1.3.1. 3menenue MOHOXpOMAMUYUECKO20 NOJISL 0 8PEMEHLL.

MOHOXpOMATHUYECKOE TOJIE TAKKE XAPAKTEPU3YETCS MEePUOAOM KojeOaHuii 7'
WJIA 9YaCTOTOM V :

v=;, e |=[r] (1.3.12)

HpI/Iqu HI/IKHI/I‘—ICCKyIO qaCTOTy @ MOXHO BBIpa3I/ITB qepe?. tIaCTOTy V.
w=27v, [Pa%} (1.3.13)

["apMOHUYECKYIO0 BOJHY XapaKTEPU3YIOT TAKKE MPOCTPAHCTBEHHBIA TEPHOJ —
JJIAHA BOJIHBI A :

i:U-T:2:£-27z,[ed.0Jzquz] (1.3.14)
vV oo

U BOJTHOBOC€ YUCJIO:

k :2—7[=2, ed.()ﬂqul’l] (1.3.15)
A v

N3nyyeHne ¢ ompenesieHHOW JJIMHOW BOJIHBI COOTBETCTBYET OINPEACICHHOMY
LBETY B BUAMMOM auana3one (puc.1.3.2).

500 550 600 650 700

Puc.1.3.2. Cnexmp 6uoumozo usiydeHusl.

[TocTossHHBIMU XapaKTCPUCTUKAMMU, HC 3aBUCAIINMHA oT ITOKa3aTcCJIA

PEIIOMIICHHS, 11T MOHOXPOMATHYECKOTO TOJIS SBISIOTCS: 4acToTa Vv, [UKIWYECKas
yacToTa @ U nepuoa koiebanmid 7 . J[muHa BOJMHBI A M BOJHOBOE YHCIO Kk
MEHSFOTCS B 3aBUCHMOCTH OT TTOKa3aTesl MPeJIOMJICHHUS, TaK KaK MEHSIETCS CKOPOCTh
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pacrpoCTpaHeHHsT CBETa B Cpele (U: 4 ) Wrak, wactota B cpene Bcerma

COXpPaHACTCA, a JIMHA BOJIHbBI HU3MCHACTCA. I[JII/IHy BOJIHBI WM BOJHOBOC YHCJIO B
HCKOTOpOﬁ CpCac C MOKA3aTCJICM IIPCIOMIICHUA 77 MOKHO OIIPCACINTDL TaK:

A
A="9

n (1.3.16)
k=kyn

rae A, — JJIMHA BOJIHBI B BAKyyMe, k, — BOJJHOBOE YHCJIO B BAKyyMe.
WNHorna npu omucaHMM MOHOXPOMATHMYECKOTO TOJIsl BMecTO (asbl ¢,

HUCITIOJIB3YIOT APYTUC BCINYHUHLI. BBCI[GM B BBIPAKCHUC IOJIA BOJIHOBOT'O BO3MYIIICHUA
BOJIHOBOC YHCJIO kO BMCCTO I_II/IKJII/I‘ICCKOﬁ YaCTOThI @ :

ko =2 (13.17)

C
Toraa BOTHOBOE BO3MYILIEHUE TPUMET BU:
V(r,t) = a(r)cosk,[ct — E(r)] (1.3.18)

rie E(r) — 21o siikonan mons:

E=2 =203 [un] (1.3.19)
ky, 2x

Cnoso “stikonan” npoucxooum om 2peyeckoco closa EIKOV (IUKOH — obpas). B

PYCCKOM 53bIKe 9MOMY COOMEEemcmayem closo “‘Ukona”.

B otrnuuue ot ¢azel mosist siKkoHan Oosee yAoOHas BEJIWYMHA JJISI OLICHKH
u3MeHeHHs ($a3pl OT Jyda K JIydy, TaK KaK HEMOCPEACTBEHHO CBSI3aH C
r€OMETPUYECKOM ITTMHOW X0/1a JTyyva.

Ontuyeckass anaumHa Jayda nl (optical path difference, OPD) — 310

POU3BEICHUE TTOKA3aTeNs MPEJIOMIICHHS 71 HA TEOMETPUUECKYIO JUTMHY MyTH /.
[Ipupaienue siikoHana paBHO ONTHYECKON JITTMHE JIy4da:

AE =nl (1.3.20)
Ecin ¢daza wusmensercs Ha 27, TO »OHKOHan wu3MeHseTcs Ha A:
Ap =21 = AE = A; ecnu (a3a U3MEHAETCI Ha 7, TO SUKOHAI U3MEHAETCA Ha /;0:
Ao 4 . o
Ap=r=>AE = ?; ecnu ¢aza U3MEHSETCS Ha EE TO dMKOHAJ U3MEHSETCSA Ha Z:
V4 A
Ap="=AE="",
2 4

DWKOHAJI OYEHb BAKEH B TEOPUM ONTHYECKOTO M300paKEHUs, TaK KaK MOHSTHE
SWKOHAsa TTO3BOJISIET, BO-TIEPBBIX, OMKCATh BECh MPOIECC 00pa30BaHUS N300PAKCHHUS
C TMO3UIMA BOJHOBOM TEOpUHU CBE€Ta, a BO-BTOPBIX, HauOOJIE€Ee TMOJHO
MPOAHANM3UPOBATh MCKAXKEHUS NEepeAadyr U300pakeHUsi ONTUYECKUMU MpUOopamu.
Teopusi »itkoHana, paspaboranHas B XIX Beke IleruBanem, 3eiigenem wu
[IBapimmibaoMm, SIBUJIACH BaKHBIM byHIaMEHTATBHBIM JIOCTYDKECHUEM
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FGOMGTpH‘-IGCKOﬁ OIITHKH, 6.]'[31“0[[21})5[ KOTOpOMY CTaJI0 BO3MOKHBIM CO3JIaHHC
OIITHYCCKUX CUCTEM BBICOKOI'O Ka4€CTBA.

1.3.3. KomnnekcHasa amnnntyga

["apMoHnyeckue KojebaHUs yAOOHO ONHCHIBATH YEpPe3 KOMIUIEKCHYIO
ammuTyny. Jiis 3TOro  NpPUMEHSIIOT — SKCIOHEHLHMAbHOE  MPEACTABJICHHE
KOMITJIEKCHBIX YUCEI:

e'? =cosgp +ising (1.3.21)

I7Ie COS(p — NEHUCTBUTEIbHAS 4YaCTh, a SIN@ — MHUMAas 4acTb KOMIUIEKCHOMN
byHKIIUU.

[IpencraBum, uyto MoHOXxpomaTtudeckoe moisie (1.3.18) — 3To nmelicTBUTENbHAS
4acTh OT HEKOTOPOU (PyHKIIHH:

V(r.t) = Refa(r) - e 0l FO) - Refa(r) - ¢H0F () . g ihoct | (1.3.22)
rae cocramsomas  a(r)- e °F(")  sapucnut TONBKO OT POCTPAHCTBEHHBIX
—ikoCt

KOOpAWHAT, a COCTaBJIAIOIIas € 3aBHUCHUT TOJIbKO OT BpCMCHMU.
HyCTB U (l’) — KOMIUICKCHAasA aMIUIMTyJa II0JiA, TO CCTb (byHKL[I/IH TOJIBKO

IIPOCTPAHCTBEHHBIX KOOPINHAT:

ik,E(r)

U(r)=a(r)-e (1.3.23)

rae a(r) = \U (r)\ — BEILIECTBEHHAs aMIUIUTY/ 1A (MJIU TIPOCTO aMIUIUTY/IA).

Ecnu BemiecTBeHHas aMIUIMTYIa BOJIHBI HE 3aBUCHT OT MNPOCTPAHCTBEHHBIX
KOOPJMHAT, TO TaKasl BOJIHA HA3bIBACTCS OAHOPOJAHOI BOJIHOM.
Torpaa 31KOHaN MOJISI BBIPA3UM TaK:

E(r) = kl arg[U(r)] (1.3.24)

0
rje arg [U (r)] = @,(r) — da3a noss.
Y100cTBO HCIIONB30BAHUS TAKOW 3aITUCH 3aKJITFOYACTCS B MPOCTOTE CIIOKCHUS
nojeii.  JlomycTtuMm, — MMEOTCS  JBa  IOJIA: Vir,t)=U,(r)-e™“  u
—ik o
Vy(r,t)=U,(r)-e ™. Tlpn CcnokeHMH NOJEH MX KOMIUIEKCHBIE aAMILTHTYIbI

CKJIAJIBIBAIOTCSI, @ BPEMEHHOM SKCIIOHEHIIMAIbHBI MHOXXHTEIIb MOXHO BBIHECTH 3a
CKOOKH Y HE YYUTHIBATH:

Us =U, +U, (1.3.25)

Takum 00pa3oM, MOKHO CUYMTATh, YTO KOMIUIEKCHAs aMIUIUTYJa IOJHOCTBIO
OTMCBHIBACT MOHOXPOMATHYECKOE II0JIe, TaK KaK OHa OOBEIAMHSCT aMIUIUTYIy |
SUKOHAI.

1.3.4. YpaBHeHue 'enbmrosnbua

Ecnmu mone sBnseTcs MOHOXpOMAaTHUYECKUM, TO AUQPQPEpEeHIMpOBaHUE II0
BPEMEHH, CBOAUTCSA K YMHOXKEHHUIO CKAIIPHOM aMIUIMTYJbl HA MHMMBIM MHOXHUTEIb
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(— ikoc). Takum o0pa3om, ecinm TOJICTaBUTh B BOJHOBOe YypaBHeHume (1.3.18)

omnucanue MoHoxpomaruueckoro mons (1.3.23), To mocne mnpeoOpa3oBaHU MBI
MOJIyYMM BOJIHOBOE YPAaBHEHHE I MOHOXPOMATHYECKOTO TOJIsl, B KOTOpoe Oyjaer
BXOJIUTH TOJILKO KOMIUIEKCHAsI aMIUTUTY/a (ypaBHeHue [ enbMroipiia).

YpaBuenue I'eabmroabua (Helmgolz equation):
(V> +k*)-U=0 (1.3.26)
WM

VU +n’k;U =0

1.4. Pecaucmpupyemsbie (HabnrodaemMbie) xapakmepucmuKu nosns

1.4.1. IHTEHCUBHOCTbL Nons

AMHJ’II/ITy,Z[a I10JIA HE MOIKET HeHOCpeI[CTBeHHO Ha6JIIOI[aTI>CH nimn HSMGPHTBCH,
TaK KaK IIOJIC OYCHBb 6BICTp0 MCHACTCA BO BPCMCHHU C 4acTOTOU V%IOISCQK_l u
T =10"cex , a mobbIe OPUEMHUKN M3IYyYEHHUS UMEIOT 3HAYUTENIbHO OoJibllee, YeM

nepuosi KoneGaHuii, Bpems uHepiuu A7 >>107"cex. ITodToMy perucrpupyercs
JIMIIb YCPEIHEHHAs BO BPEMEHU BEJIMYMHA — HHTEHCUBHOCTD 10JIA [ .
N3 ypaBHeHui Makcgemia cleyeT, 4TO MHTEHCHUBHOCTH IPONOPLMOHAIBHA

KBaJpaTy aMIUIMTYAbl 1onsi | ~a’, To ecTh paBHA KBaJApaTy MOJYJ]S KOMIUIEKCHOM
aMIUTUTY/IBI (MIPOU3BE/ICHUIO KOMIUIEKCHOM aMIUTUTYIbl Ha BEJIMYMHY, KOMIUIEKCHO
CONPSIKEHHYIO €M):

[=U =uU" (1.4.1)

MO0>XHO U3MEPUTH KBaJIpaT MOAYJSl KOMIUIEKCHOM aMILIUTY/IbI, HO HEBO3MOKHO
u3MepuTh (azy u shikoHan nois. s coxpanenuss uHpopManuu o dase (FUKoHase)
TpeOyeTcsi 3MEepeHne NHTEHCUBHOCTH TIOJIS, CKJIAJILIBAEMOTO U3 HECKOJIBKUX TOJICH.

1.4.2. Habnogaemble BENUYNHBI MPU CIOXEHUN Monen
ITpu cnoxenun nByx nosneun U, = alei(p1 (c dasoit ¢, =k,E)) u U, =a,e'” (c
¢dazoit ¢,=kyE,), CcyMMapHy0 HUHTEHCUBHOCTb MOXHO IIPEJICTABUTh B BUJE:
2 * * * * * * *
1=|Uy| =UU; = (U, +U, \U; +U;)=UU; +UU; +UU; +U,U; =

—al +a? +a,a,e’ " a0, =1 + 1, +2,[1,1, -cos(Ap)= Is
Takum oOpazoM, cyMMapHasi MHTEHCUBHOCTh 3alIMChIBACTCS B BUJIC YPABHEHUS
uHTepdepeH U ABYX MOJIe:

Iy =1,+1,+2.[I,1, -cos(Ap), (1.4.2)
2rAE
Ao

rne Ap =@, — @, = — pa3HOCTh (a3 moJIs.
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SIBeHne, BO3HMKAOLIEE MNPHU  CIOKEHUM  JIBYX IIOJIEW, Ha3bIBACTCSA
uHTeppepeHuneil, a uHTepdeporpaMmMa — 3TO KapTUHA, HaOIOgaeMas NpH
UHTEP(EpEeHIINH.

CJi0:keHNe KOrepeHTHBIX MoJiel

KorepeHTHbIe MOJIAA XapaKTEpU3YIOTCA TEM, YTO Pa3HOCTh (pa3 (PUKOHAIIOB)
JIBYX TIOJIEH OCTaeTCsl MOCTOSIHHOM 32 BpeMs WHEPIIMH MTPUEMHHKA.

B sTOoM cityyae cyMMapHasi ”HTEHCUBHOCTb OmpeesiseTcs: Boipaxkenunem (1.4.2),
a KapTUHA paclpeieseHUs] HWHTEHCHUBHOCTU TMpeAcTaBisieT co0ol yepenoBaHUe
TEMHBIX U CBETJIBIX IOJIOC, (pOpMa KOTOPBIX 3aBUCUT OT M3MEHEHHs pa3HOCTH (a3
Ag.

BBeneM mnoHsTHE pedepeHTHOro (ITAJOHHOIO) MOJIsI, KOTOPOE HMEET
U3BECTHYIO KapTuHy (a3. [Ipu cpaBHEHUU ¢ HUM BBISBISIOTCS TApaMETPhl APYroro —
00BEKTHOIrO MOJIsi (MHTEHCUBHOCTh M (pa3a). KapTuHy B3aMMOJEHCTBUA ABYX IMOJEH
(uaTepdeporpamMmy), OAHO U3 KOTOPHIX pedEepeHTHOE, MOXKHO 3amucarb Ha
(GoTONMNacTUHKY (MM WHOM PErucTpUPYIOUIMI Marepuan) B BHAE TOJOIPAMMBI.
['onorpamma — 310 3anmuch MOJHONW MH(OPMAIMU O TOJIE, TO €CTh €r0 KOMIUIEKCHOM
aMIUIMTybl. Eciy 3Ty MiIacTUHKY MOMECTUTH B MoJie, OJu3Koe K pedepeHTHOMY, TO
cymMapHoe 1oje Oynaer mnpeoOpa3oBaHO B Tojie, OJNHM3KOE K OOBEKTHOMY.
WNurepdeporpamma M rojorpaMmMa — CIOCOOBI 3alKMCH KOMIUIEKCHON aMIUIUTYIbI
10JIS yTEM CPABHEHUS €T0 C 3TAJIOHHBIM IOJIEM.

CJ10:KeHre HEKOTepPEeHTHBIX I0JIeH

Ecnu pasnocts (ha3 mosieil MeHsIeTCs CIyd4ailHbIM 00pa30oM MHOTO pa3 3a BpeMs
pEerucTpainuu, To MoJjs SBISIOTCS HeKOrepeHTHbIMM. [Ipu perucrpanuu cyMMapHoOn
MHTEHCUBHOCTH €€ 3HAUCHUS 110 BPEMEHH YCPETHSAIOTCS:

Iy =1, +1,+2./11, -cos(Ap) (1.4.4)

B Beipaxenuun (1.4.4) I, m I, — NOCTOSHHBI, UX MOXHO HE YCPEIHATH, a
cos(A@)=0, Torga, moiy4uM BBIpaKEHUE IJIs CIOKEHMS JBYX HEKOTEPEHTHBIX
IOJIEH:

|| Iy =1,+1, (1.4.5)

1.4.3. KBasanuMoHOXpoMaTUyeckoe 1 nonmxpomaTmyeckoe none

[lone, u3nmy4yaemMoe pealbHBIMU HCTOYHUKAMU CBETa, HE OBIBAET CTPOrO
MOHOXpoMaTtndeckuM. OHO ObIBaeT JIMIIb OYEHb ONM3KHUM K  TOJHOM
MOHOXPOMATUYHOCTHU, TO €CTh KBA3UMOHOXPOMATUYECKHM.

[Tonuxpomatuueckoe mnoisie U(r,t) MOXHO CUUTATh CyMMOW (Cyneprno3uIIneil)
MOHOXPOMATUYECKUX COCTABJISIONINX, @ UHTEHCUBHOCTh TAKOI'O0 CYMMApHOTO IOJIS
BBIYHCIISATD CIEAYIOIIUM 00pa3oM:

I=[1(2)-5(4)-d2 (1.4.6)
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rne [(A) — pacmpeneneHne WHTEHCUBHOCTH MOHOXPOMATHYECKOM
COCTaBJISIONICH MO JyiMHaM BOJIH, S(A) — BecoBas crieKTpajabHas (YHKIUS
(HarpuMep, CIEKTpalbHas YyBCTBUTEIBHOCTh INPUEMHMKA), A4, U A, —

PCAJIBHBIC I'PAHUIIBI JHAIIa30Ha U3JTYUCHU .

Ha pwuc.1.4.1 mokazan mnpumep rpaduka pacrpeaesieHus HHTCHCHUBHOCTH H
BECOBOU CHEKTPAIIbHON (DYHKITHH.

A z

Puc.1.4.1. Unmencusnocmo u ecosas cnekmpanbHas QyHKYusL.

1.4.4. lpocTenime MoOHOXpoOMaTU4YECKNE BOSIHbI
PaCCMOTpI/IM JBa THUIIA BOJIH: IIJIOCKHUEC BOJIHBI 1 C(l)@pI/I‘IeCKI/Ie BOJIHBI.

ILi10cKMe BOJIHBI

Ilnockue BOJIHBI (plane waves) Ha3bIBAIOTCS TaK MOTOMY, YTO OHM HMEIOT
IUIOCKKE BOJIHOBBIE (DpOHTHI (pHc.1.4.2).

Hanpasnenue
pacnpocmpaneHus

Puc.1.4.2. IInockue 6oanbl.

BoyiHOBOM (PPOHT — 3TO MOBEPXHOCTH B NMPOCTPAHCTBE, HA KOTOPOW JHUKOHAI
noJist (wiin aza) UMeeT OJIMHAKOBBIC 3HAUCHMUSI:

E(r):const (1.4.7)

Pa3nuuHpIM 3HAYEHHUSM 3MKOHAJIAa COOTBETCTBYIOT Pa3HbIE€ BOJIHOBBIE (DPOHTHI.
Ecnu MeHATH 5HKOHAN, TO BOJHOBOM (PpOHT OyAET mepeMemarsesi B MPOCTPAHCTBE,
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nepexoAs U3 OAHOro cocTostHMs B apyroe. Ilosie pacnpocTpaHsercs B CTOPOHY
YBEIIMYEHHUS JUKOHAIA.

Hampasnenue pacnpocTpaHeHusi CBeTa MEPIEHIUKYISIPHO BOJTHOBBIM (PpOHTaM,
KakK MMOKa3aHo Ha puc.l.4.2.

JlnnHa BEKTOpa, MOKa3bIBAIOIIEIO HAMNpaBlIEHHE, MOXET ObITh BbIOpaHa
pa3IuYHBIM 00pa3oM:

e S — eIMHUYHBbII BEKTOP HaNpaBJeHus (0pT), SH =1;
. 27 27
e Kk — BOJIHOBOI BEKTOP, kH =k=—=|—|-n, rae k — BOJIHOBOE YHCIIO;
A Ao
® ( — ONTHYECKHIi JTJy4eBOH BEKTOP, qH =n,
q, X ncosa,
q=|gq, |=|Y |=|ncosa, (1.4.8)
q. Z ncosa,
rne X, Y, Z — 5T0 HampaBisiolnuMe KOCHHYChl (YMHOXKEHHbIE Ha

[0Ka3aTesb IMPEJIOMIICHUSI CpeNbl KOCHHYCBhl YIJIOB MEXIYy OCAMU
KOOPAWHAT Y HAMpaBJICHUEM pacrpocTpaHeHus1). COCTaBISIOMINE JTyYEBOTO
BEKTOpa ¢, U ¢, HA3bIBAIOT TAKXKC NPOCTPAHCTBEHHBIMH YacCTOTAMHU

IJIOCKOM BOJIHBI.

Bce stu Bektopwl (S, K, q) UMEIOT 0JMHAKOBOE HampaBieHHE (B CTOPOHY
pactpoCTpaHEHUS T0JIS), HO PA3HYIO ITUHY.
YpaBHeHHUE IUI0CKOI BOJHBI UMEET CICAYIOIIUNA BU/L;

U(r)=U,-e" "™ (1.4.9)

Jns TIOCKOW BOJHBI AMIUIATYJAa NOCTOSIHHA, MEHSETCS TOJNBKO SUKOHAI,
KOTOPBI MOKHO 3aIMCaTh KaK YPABHEHUE INIOCKOCTH:

E(r)=(q-r)=xX+yY +zZ (1.4.10)
M3 anaauTtnueckoun reoMeTpun CJICAYCT, 4TO IIPU TAKOM OIIMCAHHH AiiKOHaJIa

BOJIHOBOM (DPOHT MIJIOCKUN U MEPHEHAUKYJISIPEH BEKTOPY PaclpOCTPAaHEHUS, TO €CTh
ONTHYECKOMY JIy4eBOMY BeKTOpY (. [llmockre BOJIHBI 3aMeyaTesIbHbl TEM, YTO JH000e

CJIOKHOC ITIOJIC MOKHO IPEACTABUTb B BUAC COBOKYITHOCTHU IIJIOCKHUX BOJIH. HOSTOMY
9TH BOJIHBI ABJIAIOTCSA YHUBCPCAJIbHBIM 0azucom JJIA OIINCaHusA CBECTOBBIX TOJICH.

Cdepuyeckne BOJHBI

Cdepuueckue BoJHBI (spherical waves) uMEIOT BOJHOBOM (pOHT B BHUC
KOHIIeHTprueckux chep (puc.1.4.3).
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Puc.1.4.3. Cihepuueckue sonnul.

[lomecTiM cucTeMy KOOpPAMHAT B ILEHTP, TOrJAA IOIYYHM CIEAYIOLINE
BBIPAXKECHUS JIJIsI KOMITJIEKCHOM aMIUTUTYbI U 3KOHaa c(hepruieckoil BOJIHBI.

YpaBHeHue c(pepruecKoil BOJIHbI:

Ur)= ﬁ-e"‘ﬂ” (1.4.11)
r

YpaBHeHue diiKoHa1a c(pepuyecKOil BOJIHbI:

E(r)=n-|r| (1.4.12)
rae  rj=-/x*+)y*+z° — oTo mmMHa pagMyc-BeKTOpa TOYKH B
TIPOCTPAHCTBE.

Cdepurueckue BOJHBI Tak K€, KaK M IUIOCKHE, MOTYT OBITh MCIIOIb30BaHbI IS
IIPEJCTABJIEHUS] CJIOKHBIX II0JIEH, KPOME TOr0, IUIOCKAE BOJIHBI MOHO CYHUTAaTh
YaCTHBIM ClIy4aeM c(HeprudecKoil BOJIHBI C OECKOHEYHO MaJION KPUBU3HON BOJHOBOTO

¢dponra.
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2. 3|-|epreTm<a CBeTOBbIX BOJIH

2.1. 3Hepaemuqec1<ue eaUHuubl U COOMHOWeHUus1 Me)Kdy HUMU

B onTHKe >HEprus M3JIydeHHs ONpeelseTcs 32 BpeMs HaMHOIO OOJIbIlIee, 4eM
TIepUOoJ COOCTBEHHBIX KOJNEOAHMIA 3IEKTPOMArHUTHBIX BOJIH OINTHYECKOTO AUAMA30HA.
OrpaHuumMcsl IIPOCTOM T€OMETPHYECKOW MOJENbI0, SBISIOMICHCS —CIIEICTBHEM
ypaBHeHMI MakcBemIa, COrJacHO KOTOPOM CBET MPEACTaBIseT CcobOil MOTOK
JIyYHUCTOM SHEPTUM, PACIIPOCTPAHSIOILEHCS BIOJIb TEOMETPUYECKHX JIydeii.

DIEKTPOMATHUTHOE I10J€ B OJHOPOJHBIX M30TPOMHBEIX CPENAX IEPEHOCHT
SHeprui0 £ B HAIpaBIEHUM, KOTOPOE YKA3hIBAETCA ONTUYECKUM JIy4EBBIM BEKTOPOM
q.

DHeprus U3MepseTcs B [KOYJIAX: [E]= o .

2.1.1. T1oTOK n3ny4yeHns

OcHoBHOI1 BCHHQHHOﬁ, KOTOpasd IMO3BOJIACT CYAHUTH O KOJMYCCTBC U3ITYUCHUI,
ABJIACTCA ITOTOK HU3JTYUCHUA (I/IJII/I MOITHOCTD I/I3JIyLI€HI/I}I):

IHoroxk wu3nydenuss (JyducTelid mnoTok) @, — 5TO BEIUYMHA DHEPIUH,
MEPEHOCUMOH T0JIEM B €IMHUILY BpPEMEHU Yepe3 AaHHYIO momaaky (puc.2.1.1)

Tl

[TOTOK M3IMydYeHHst U3MEPSIETCS B BarTax: [, |=Bm, 1 Bm=1"",
c

S

Puc. 2.1.1. Ilomok uznyuenus.

OHeprusi 3aBUCUT OT CHEKTPAJIBHOIO COCTaBa cBeTa. EciM pa3iiokuTh Mosie Ha
MOHOXPOMATHUYECKHE COCTABIIAIOIINE (KaXJasi C ONPEAEICHHOW IJIMHON BOJIHBI), TO
BCS SHEPTUs HEKOTOPBIM 00pa30M pacipenenuTcss Mexay HuMu (puc.2.1.2).

®,(2)

A A

Puc.2.1.2. Cnekmpanvnas nnomnocms nOmMoKa u3Ly4eHusl.
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CnekrTpajibHasi IJIOTHOCTH NoToka u3aydeHus D ,(A) — 310 ¢yHKUMA,
MIOKA3bIBAOIAs] PACIIPEAEIICHUE DHEPTUU 10 CIIEKTPY U3JIyUECHHUS:
_ oD,

oA

Toraa o6t cyMMapHBIN MOTOK JUJIsl BCEX JUIMH BOJIH B IMana3oHe oT 4, 10 4,

®,(1) (2.1.1)

6y,Z[CT BBIYUCJEATBCA KaK HHTCTPAJI:

®, = [®, (142 (2.1.2)

2.1.2. NoBepxHOCTHasA MNSIOTHOCTb MOTOKA 3HEpPrun (OCBELLEHHOCTb,
CBETUMOCTb)
HOBerHOCTHaH IIJIOTHOCTDH IIOTOKA 3Hepr1m Ee — OTO BCJIHWYHMHA IIOTOKA,
MPUXOIAIICTOCH Ha €AUHUIY IIOIAHN:
oD B
E, = ae : {_’"} (2.1.3)

M

ECJ’II/I I1o1aaKa 06’861/0;6167’}’10}1 IIOTOKOM, TO HOBerHOCTHaH IIJIOTHOCTDH ITIOTOKa

SHEPruu OyJIeT UMETh CMBICT IHEPreTHYeCKOH O0CBEIIeHHOCTH WU 00Jy4eHHOCTH
E,. Ecnu NMOTOK usnyuaemcsi NMAOLIAAKON, TO IOBEPXHOCTHASA IUIOTHOCTH IIOTOKA

SHEpruu OyAeT UMETh CMBICI JHEPreTHYeCKO CBeTUMOCTH M , .
CnexkTpajbHasi IUIOTHOCThL NOBEPXHOCTHOH INIOTHOCTH NOTOKa FE (/1)
IIOKa3bIBACT PACIPEACICHUE CBETUMOCTH WIH OCBEIIEHHOCTH 10 CIIEKTPY U3Ty4YECHUS:
2

E,(1)= ) (2.1.4)

2.1.3. Cuna unany4eHnsd

PaccmoTpuM  M3iydeHHME TOYEUHOTO WCTOYHMKA B TMPEAEIax HEKOTOPOTro
TenecHoro yria Q (puc.2.1.3):

Puc.2.1.3. Duepeemuueckas cuna ceema.
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TesiecHbIli yrojq JaHHOIO KOHyCa paBeH OTHOLICHHWIO IUIomamd S
MIOBEPXHOCTH, BBIPE3aHHOM Ha cepe KOHYCOM, K KBaapaTy paauyca » cQepsl.

Q:;, lep] (2.1.5)

TenecHslit yron usmepsiercst B crepaguanax (B cepe 4z cp ).

Cuia m3iydyeHusi (QHepreTMvyeckasi CMJa CBeTa) — 3TO IOTOK HW3IIyYEHHS,
OPUXOAAIIMICS Ha EAUHMUI]y TEJIECHOro yria, B Ipeaesax KOTOpOro OH

PacCIpPOCTPAHSAETCH:
I, = q;; : {B_m} (2.1.6)
cp

3a eAVHUIly DHEPreTHYECKON CHJIbl CBETAa NMPUHATHI CUJa U3Ty4YEHUS TaKOTro
TOYEYHOTO MCTOYHHMKA, Yy KOTOpOro B Ipenenax lcmepaouana PaBHOMEPHO
pacnpenensercs NOTOK U3Iy4eHus B 1 samm .

OHeprerryeckass CWJIa CBE€Ta — BEJIMYMHA, HUMEKOIIAs HalpaBlIeHUE. 3a
HaIIPAaBJICHUE CUJIbI CBETA IIPUHUMAIOT OCh TEJIIECHOIO YIJja, B Mpeaenax KOTOpPOro
pacpOCTPAHAETCA OTOK U3JITYUYEHUS.

[Torox Ha3bIBaeTCA PABHOMEPHBIM, €CIM B OJMHAKOBBIE TEJIECHBIE YTJIbI,
BBIJICJICHHBIE TI0 KAaKOMY-JTMOO HampaBJIEHUIO, M3Ty4aeTcs OJMHAKOBBIM MOTOK. B
Cly4yae HEpPaBHOMEPHOIO IIOTOKa JUI OIIPEHENICHUs CWIbl CBE€Ta B KaKOM-TO
HaIPaBJICHUH HAJ0 BBIACIHUTH AJIEMEHTAPHBIN TEJIECHbIM yroia d() BAOJb JTaHHOTO
HaMpaBJICHUs U U3MEPUTH CBETOBOM MOTOK d®d,, NpUXOIALINIICS HAa ATOT TEJIECHBIN

yTOJI:

o0
I, = € (2.1.7)
o0Q
711 HEpaBHOMEPHOTO IIOTOKA CYUIECTBYET IOHSATHE CpeaHeill cdepuyeckoi
CHJIBI CBETA:

()]
[,=—° (2.1.8)
4
CrnekTpajbHasi IUVIOTHOCTh CHJIbI M3JIyYeHHUsl TOKa3bIBACT pacCHpe/esICHHUE
CHUJIbI U3JTyUYEHHUS IO CIIEKTPY:

ol
Ie/l(ﬂ“) = a;

(2.1.9)

2.1.4. QHepreTuyeckas ApKoCTb

SIpKoCTh ompenenseT MOBEPXHOCTHO-YIJIOBYIO IUIOTHOCTh ITOTOKA HW3JIyYEHUS.
SpKOCTh ABJISIETCS XapAKTEPUCTUKON NPOTSIKEHHOTO MCTOYHMKA, B TO BpEMs Kak
CUJIa U3ITy4YEHUS SABISIETCS XapaKTEPUCTUKON TOUEUYHOTIO HCTOYHUKA.

3Hepreanec1<aﬂ SIPKOCTb — OTO BCJIIMYMHA IIOTOKA, HU3J1y4acMOro eI[HHI/II_[eﬁ
miomaan B CAMHUIYY TCICCHOI'O yIJla B JaHHOM HalIpaBJICHUH.
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Ecnu n3nyyaromas miomanka dS neprneHaIuKyaspHa HallpaBICHUIO U3JIyYeHUs,
TO 3HEpPreTHYecKas IPKOCTh ONPEACIIAETCS CAEAYIOIHNM 00pa3oMm:

82®e Bm
= ans LP_MJ (2.1.10)

3a eAWHUIly DJHEPreTMYECKOl SPKOCTH MPUHUMAIOT SPKOCTh IIOCKOM

2
IMOBEPXHOCTH B 1m~, KOTOpass B MNEPICHIUKYIIPHOM HaIpaBJICHUN HMEET
SHEPreTUYECKYIO CUILY CBETa B 1 Bm/cp .

B o6mem ciydae:

2
. = & (2.1.11)
0Q0Scosd
rae @ — yroja Mexay HalpaBJICHHEM H3JIYYCHHS U HOPMAJIbIO K ILIOIIAJIKE
(puc.2.1.4).

Puc.2.1.4. Duepeemuueckas sipxocme.

CnekTpajbHasi IUIOTHOCTh JHEPreTHYecKOll  SPKOCTH  TOKa3bIBaeT
pacnpeniesIeHue YHEPreTUYECKOM SIPKOCTH 0 CIEKTPY:

oL
Leﬂ, (2‘) = a;

(2.1.12)

2.1.5. \HBapuaHT apKoCTK BOOIMb Jlyya

SpkocTh MOCTOSIHHA (MHBAapHAaHTHA) BAOJIb JIyda IIPU OTCYTCTBUM IIOTEPH
SHEPIrUu:
L, = const

Ecim cpema HeoaHoponHa (MOKa3zarellb MPEJIOMIICHUST MEHSETCS), TO
UCIIOJIb3YETCS MPUBEACHHAS IPKOCTh (MHBAPHUAHT SIPKOCTH):

L—; = const (2.1.13)
n

W3 mHBapuaHTa SPKOCTH BBITEKAIOT JBA BAXHBIX JJII T€OMETPUUECKON ONTHKH
CIIEICTBUSA:
® SPKOCTb SIBISETCA OCHOBHOM XAPAaKTEPUCTUKOU NEPENAYN CBETOBOM IHEPIUHU
OINTUYECKON CUCTEMOM,
® ONTUYECKAass CHUCTEMa B IPUHLMIIE HE MOXET YBEIWYUBATH SPKOCTh
IPOXOJAIIEro Yepe3 Hee M3IydeHHUs (OHa MOJKET JIMIIb YMEHBIINUTH SPKOCTh
3a CYET MOIJIOLIEHUS NN PACCESHUS CBETA).
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2.1.6. lNornouwieHne ceeTa cpenon

CBETOBOM TOTOK, pacOpOCTPaHSASACh B ONTHYECKOM Cpelle, YaCTUYHO
MOTJIOIAETCSL.
JHepreTudecKuid KOIPPUUMEHT NPONMYyCKAHMSI 7, — OTO OTHOIICHUE

e
OHEPreTHYECKOTO CBETOBOTO MoToka @), MpOMyIIeHHOTO NaHHBIM TEIIOM, K
HHEPreTUYECKOMY NOTOKY D, , ynaBlieMy Ha HETO (O <7, < 1):
_ %
e @e
Ecimu cpema moriomaer, TO HWHBApUaHT SPKOCTH BIOJb Jyda BBITJISAIUT
CJIEYIOIUM 00pa3oM:

r (2.1.14)

IZJG = const (2.1.15)

n vt

CnekTpanbHasi INIOTHOCTh NPOIYCKaHus 7,,(A) MOKa3bIBaeT pacnpeaeieHme

KodhUIHeHTa POy CKaHUS TIO CIIEKTPY.
OnTnyeckasi IUIOTHOCTH Cpeabl — JorapudM BEJIMYMHBI, OOpaTHOM
KOA(h(DUIIMEHTY TTPOITYCKAHMS:

1

D=lg-=-lgr (2.1.16)
T

Taxum 06p330M, 60]’[66 OIITUYCCKHU IIIIOTHAsA CpCaa CUIIbHCC ITOTJIOIMIACT.

2.2. Ceemosbie eesludUHbI

QHGPFCTI/IIICCKI/IC BCIIMYUHLI ABJIAIOTCA HCUCPIIBIBAIOIMMHA C BHGPFGTI/I‘ICCKOP'I
TOYKH 3pCHUSA, HO OHH HC TIIO3BOJIAIOT KOJUYCCTBCHHO OICHUTH BH3YaAJIBHOC
BOCIIPpUATUC HU3TTyUCHUS. BOCHpI/I}ITI/Ie IJ1a3oM HU3JIYYCHHUA BHUIAWMOIO JHAIIA30HA
onpeaACsICTCA HC TOJIBKO MOIIHOCTBIO BOCIIPHHUMACMOI'O H3JIYUCHHUA, HO TaKIKC
3aBUCHUT OT €TI0 CIICKTPAJIBHOI'O COCTaBa (TaK KaK TIJia3 — CEJICKTUBHBIM IMPUCMHUK
HBquCHHH). CBeTOBEBIC XApPAaKTCPUCTHUKHU OIIUCBIBAIOT, KadK OJOHCPIrUI0 H3JIIYYCHUA
BOCITPUHUMACT 3pUTCIIbHAA CUCTCMaA I'JIa3a C YYCTOM CIICKTPAJIbHOT'O COCTaBa CBCTA.

2.2.1. CBeTOBbIE€ BENMNYUHDI

CBeTOBBIC BEJIUYMHBI 0003HAYAIOTCS aHAJIOTMYHO SHEPrEeTUUYCCKUM BEIUYHHAM,
HO O€3 MHIEKCa.

@ — cBETOBOM MOTOK
I — cuna cBera

E — ocBenieHHOCTh
M — cBETUMOCTH

L — apkocTb

Y CBETOBBIX BEJIWYHMH HET HUKAKOW CIEKTPAIbHOM IUIOTHOCTH, TaK KaK IJjla3 HE
MOKET MPOBECTH CIIEKTPATBHBIN aHAIU3.
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Cuia csera:
Ecnum B sHepreTMyeckux BeIWYMHAX HCXOJHAs €IWHUIIA — 3TO IMOTOK, TO B

CBC€TOBBIX BCJIMYMHAX HUCXOJHAsd C€AMHHIIA — 3J3TO CHJIa CBETaA. Cuna cBeta
OIIpCACIISACTCA aHAJIOT'NYHO 3H€pFCTI/IquKOI7I CHJIC CBCTA.
oD
1= [«0] (2.2.1)
o0

1 kanoena — CUIIa U3TYYEHHS TANOHA (3TAJOHHBIN U3Ty4aTeNlb WK YEPHOE TEJO)
IIPH TEMIIEpAType 3aTBEPACBAHUS TUIATHHEI ( ~ 2042°K ) TUTOIIAIBIO 1/60cm” .

AOCOJIIOTHO YepHOe TeJ0 — 3TO TelOo, KOTOPOE€ IMOJHOCTHIO MOIJIOUIAET
najarollyl0 Ha HEro sHepruro. Mojenb aOCOMIOTHO YEPHOro Tella IMPEACTaBIIAET
c000Ii T0JI0€ TEN0, BHYTPEHHSSI IOBEPXHOCTh KOTOPOTO BBIKpAIlIEHA B YEPHBIH IIBET.
Uepe3 HeOOJBIIOE OTBEPCTHE MOTOK M3IYyUYECHHUS TOCTYMAeT BHYTPh Tefa, TIe B
pe3yJibTaTe MHOTOKPATHOT'O OTPaXKEHUSI MOJHOCTHIO morjotaetcs (puc.2.2.1).

Puc.2.2.1. Abconromno uepnoe meino.

IHoTok M3nyyeHus:

O=1-Q, [w] (2.2.2)

1 iromen — 3TO TOTOK, KOTOPBIM HU3Iy4AETCd UCTOYHHKOM C CHJIOW CBETa 1k0 B
TEJNECHOM yriIe lep: 1an =1 K%p.

OCBelIeHHOCTD:
0D

£=51, o] (2.2.3)

1 ioke — OCBELIEHHOCTh TaKOM NOBEPXHOCTHU, HA KAXKABIM KBAAPATHBIA METP
KOTOPOU paBHOMEPHO MAAAET MOTOK B 1 v .

CBeTHMOCTD:
_ 0%
04" "M

3a CANHNIY CBECTUMOCTH IMMIPUHUMAIOT CBETUMOCTD TaKoOu IMOBCPXHOCTH, KOTOPAs

M3JIy4aer ¢ 1m* CBETOBOM MOTOK, PABHBIN 1 .

SApxocTth:
__oa X
o4-cose

3a eUHUIY APKOCTH IMPUHSATA SIPKOCTh TaKOU MJIOCKON MOBEPXHOCTH, KOTOPas B

HEPIEHIUKYIIIPHOM HaIIPABJICHUH M3y4aeT CHIy CBeTa 1x0 ¢ 1>,
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2.2.2. CBA3b CBETOBbIX U 3HEPreTUYECKNX BEMNYUNH

CBsi3b CBETOBBIX M HHEPreTUUYECKUX BEIWMYMH CBS3b yCTaHABIIMBACTCS uepes
3pUTEIIBHOE BOCIIPUSATHE, KOTOPOE XOPOIIO M3YYEHO IKCIEPUMEHTATBHO. DYyHKIMS
BHIHOCTH V(/l) — 3TO OTHOCUTEJbHAs  CHEeKTpanbHass 3PQPEKTUBHOCTD
MOHOXpOMAaTUYeCKOro wu3iaydyeHus. OHa TMOKa3blBaeT, KaK TIJla3 BOCIHPUHHUMAET
W3JIY4YECHHUE Pa3JIMYHOTO CIIEKTpaabHOro coctaBa. yHKIMSA BUAHOCTH V(/l) obpatHO
IpPOMOPLUHUOHAIbHA ~MOHOXPOMATHYECKUM  MOIIHOCTSAM, JAOIIUM  OJMHAKOBOE
3pUTENIBHOE OIMYIIEHUE, TPUYEM BO3JEHCTBHUE MOTOKA M3JIYYEHUS C JITTMHOW BOJIHBI
A =555um IS AHEBHOTO 3PEHHS U C JJIMHOW BOJIHBI A = 507wm JJISI HOUYHOTO 3PECHUS
YCJIOBHO MpUHUMAaETCs 3a eauHuily. DyHKIUS BUAHOCTH TJjla3a MaKCHUMajbHa B
obsactu xento-3eiaeHoro 1Bsera (550-570 HM) U cmamaetr 10 HyJs AJISE KPAaCHBIX U
¢uoneroBbIxX ayuen (puc.2.2.2).

v(4)

1.0

0.1

0.0 —
380

Il Il 1 EI\|" L L L %’HM

500 600 %9 700 780
2.2.2. Dynkyus suoHocmu 21da3zd.

470 555

OnpenenuTh HEKYIO CBETOBYIO BeluuuMHy () (TOTOK, CHJIa CBETa, SPKOCTH,
U T.J.), 1O CHEKTPAJIbHOW IUIOTHOCTH COOTBETCTBYIOIIEH €l 3HEPreTH4ecKoit
BesinuuHbl Q,, (A) MOXHO 1o obeit popmyie:
0.77
Q=680 [V(2)Q,,(A)dA (2.2.4)
0.38
rne V(A) — QyHKuMa BHAHOCTH TIJa3a, MHOXHUTENbp 680 —
HKCIIEPUMEHTAIBHO YCTAaHOBJICHHBIM KOA(PGUIMEHT (TOTOK H3IyYeHUS
MOIIIHOCTBKO 1Bm C JJIMHOW BOJHBI A =3555uu COOTBETCTBYET 680 im
CBETOBOTO MIOTOKA).

Hanpumep, cuiia cBera:
0.77

=680 [V(A)1,,(A)dA (2.2.5)

0.38
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SIPKOCTb:
0.77

L=680 [V(A)L,,(A)dA (2.2.6)
0.38

Jlpyrue equHuIbI H3MEpPEHHUs] CBETOBBIX BEJIUYHH:
CHJIa CBETa 1 ceeua 1.0005 xo
SIPKOCTH 1num = 10" cmunv6 1.0005 ko / m’
OCBEILIEHHOCTD 1 nroxc (cmapewtit) 1.0005 sk (nosw11l)

ConocraBjieHHe JHEPTreTHYECKUX U CBETOBBIX €IMHMIL:

DHEPreTUYECKue CBeToBbIC
HaunmenoBanue u 0003HaueHme Emnnuner | HaumenoBanne u | EguHuIme:
n3MepeHus | 0003HaYCHUE U3MEpPEHUS

NOTOK u3inyyenus O, Bm CBETOBOM MOTOK P M
DHEpreTudecKas cuia csera /, B %p cuia csera [ KO

QHCPICTUYICCKAA OCBCIICHHOCTD Ee

OCBEIIEHHOCTL F

JIK

DHEPreTHYECKas CBETUMOCTL M,

Bn/
M

CBETUMOCTh M

Jl/yz
M

DHEPreTHYECKas IPKOCTh L,

2
Bm
cp-M2

SAPKOCTb L

K%z

2.2.3. lNpakTnyeckne cBeToBblE BEMUYUHBI U NX MPUMEpPBI

CBeToBafl DKCIO3UIINA.

OT t, 10 1,):

H = J%E(t)dt, [k - c]

b

CBetoBasi IKCIO3NIHUA — 3TO BCIMYMHA SHEPTHUH, HpI/IXO,Z[SIH_IeI‘/’ICH Ha CAUHHUIY
momaan 3a HCKOTOPOC BPCMA (OCBemeHHOCTB, HAaKOILUICHHAA 3a BpCMA

(2.2.7)

Ecau OCBCHICHHOCTD ITOCTOsAHHA, TO 9KCIIO3UIUSA OIIPCACIIACTCS BBIPAKCHUCM !

H=FEAt

Baeck.

(2.2.8)

Jlis TIpOTSHKEHHOTO HMCTOYHHMKA XapaKTePUCTHKA, BOCIPUHUMAEMasi TJIa30M —
SAPKOCTh. J[1s1 TOYEUHOTO MCTOYHHMKA XapaKTePUCTHKA, BOCIPHHMMAeMas TJIa30M —
osieck (uem Oouibiiie OJiecK, TeM OOJIbIIIE KaKeTCs SIPKOCTh). biieck — 3To Benu4uHa,
NpUMEHsIeMasi IPU BU3YyaJIbHOM HAOIIOIEHUN TOYEUYHOTO HCTOYHHKA CBETA.

baeck E,, — 5TO OCBELICHHOCTb, CO3/1aBa€Mas TOYEYHBIM HCTOYHUKOM B

IIJIOCKOCTH 3paydyKa Ha6J'HOI[aTeJ'I$I,

[E, ]=7x.

BumnMmeiii Oneck HeOSCHBIX TEJI OLEHMBAETCS B 3BE3AHBIX BEeJIWYHHAX 771.
[[Ikana 3BE3MHBIX BEIMYMH YCTAHABIUBACTCS CIECAYIOIIMM JKCIIEPUMEHTATBHBIM

COOTHOIICHUCM .
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m=-251gkE, —13.89 (2.2.9)
Yem MeHblIIe 3Be3/IHas BeMYnHa, TeM Ooibiiie Oieck. Hanpumep:

E, =1.11-10"° 2x — Oyeck, co3IaBaeMbIii 3B€37101 TIEPBOI BEJTMYUHBI;

E, =1.75-10" ax — OJI€CK, CO3/1aBAEMbIiA 3B€3101 BTOPOIl BEIIMINHBI.

SApKoCTh HEKOTOPBIX HCTOYHUKOB, Ky .
M

1.5-10° — HNOBEPXHOCTH COJIHIIA,

2.5-10° — MOBEPXHOCTH JTYHBI,

1.5-10° — sicHOE HE6O,

5.10° —=5-10" — HATB JTAMIIBI HaKaJ1BaHU4,
10" — sicHOe Ge3TyHHOe HOUHOE HEGO,

10® — HauMeHbIAs pa3nu4uMasi ri1a3oM SpKoCTb.

OcBeleHHOCTD, ik :
10° — OCBEIIEHHOCTh, CO3/aBaeéMasi COJHIIEM Ha MOBEPXHOCTH 3eMIH (JIETOM,
JTHEeM, TIpy 0e3001a4HOM Hebe),

102 -5 103 — OCBEIIECHHOCTH pa60qer0 MeECTa,
0.2 — OCBEIIEHHOCTh OT IMOJIHOM JIYHBI,

10’ — mopor 6iecka (IIPUMEpHO 8-ast 3BE3[HAS BEIHYHHA).

2.3. Modesnu ucmo4HuUKo8 u3Jsly4yeHusi
HcTouHMK M3JIyYeHUs — 3TO HEKOTOPasi MOBEPXHOCTh, U3TyUarolias YHEPTHUIO.
OO0MMHU XapakTepUCTUKAMU UCTOUYHHUKA U3JTYUYEHUS SIBIISIOTCS:

e [loTOK M3myuyeHus.

e Jluarpamma cuiibl cBeTa ((hOTOMETPpUUECKOE TEJNO CHIIBI CBETA) — MOKA3bIBAET
pacnpeneneHue Ccuibl cBera B mpoctpaHcTBe (puc.2.3.1). Cuma cBeta
aprngerca (QyHKIMEW JBYX VYIJIOB BO B3aMUMHO MEPHEHAUKYJSIPHBIX
nanpasnenusx: 1(¢,0).

Puc.2.3.1. JJuacpamma cunvt céema.

e SpkocTh L(x, y,(p,@) — HauOoJiee TIONHAS XapaKTepUCTUKA, TAe X, ) —
KOOpPJIMHATHI Ha TIOBEPXHOCTH HWCTOYHHKA, ¢, O — YIIbl B TOJSAPHBIX
KOOpIMHATAX.
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Beenem cucremy koopaunHat (puc.2.3.2), rae r(x, y,z) — JIMHEWHBIM BEKTOD,
q(X Y, Z ) — YIJIOBOM BEKTOP.

X

Puc. 2.3.2. Cucmema xoopounam.

[Tomnast MoAeNb MCTOYHUKA OIPENENAETCS  CHEKTPAJIBHOM  IIOTHOCTBIO
sHepretnueckoii spxoctu L, (r,q, 1), 3aBHCAIell OT NMHEHHOro BEKTOpa I |

YIJI0BOTO BEKTOPA (.

JlamOepTOBCKMA M3JIydyaTelb — 3TO TaKOW M3IIy4aTelb, Y KOTOPOIrO SPKOCTh
IIOCTOSIHHA M HE 3aBUCHUT OT HANpPABJIEHUS (TO €CTh HE 3aBUCUT OT MOJIOKECHHUS
TOYKH Ha TIOBEPXHOCTH U OT yrJia HaOIIOCHHUS).

Ha mpakrtuke ir00ast XOpoiio pacceuBaroniasi MOBEPXHOCTh MOXKET CUMTATHCS
1aMOepTOBCKUM Hu3NydareseMm (Oenas maToBas Oymara, I€pOXOBaThle MOBEPXHOCTH
METaJIOB, TOBEPXHOCTH TOJIBKO YTO BHINABIIETO CHEra, U T.J.).

2.3.1. Mnockun namBepTOBCKNIN n3ny4daTesb

[Tnockuit naMOEepTOBCKUIN M3ITy4yaTeslb — OSCKOHEYHO TOHKUMW IUIOCKUN JHCK.
HuarpamMmma pacrnpeneneHusi CHJIbI CBETa OT TaKOro HWCTOYHMKA HMMEET BUJ
OKpY>KHOCTH (puc. 2.3.3).

~ Y -
Puc. 2.3.3. Ilnockuii rambepmosckuti usiyiamers.

Cuity cBeTa OT TaKOIo MICTOUHUKA MOXHO BBIYMCIIUTb, 3Has SIPKOCTh HCTOYHMKA:
I=LS=LS,cos0=1,cos0
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rae S — MNpoeKuus HCTOYHHMKA HA IUIOCKOCTh, NEPIEHIUKYJSPHYIO
HAIpaBIEHUIO U3Iy4YeHUs, S, — HICTOUYHUK, [, — CHJIa CBETA B HAIIPaBJIICHUU

HOpMalli K TIOBEPXHOCTH, & — yrol MeXAy paccMaTprUBaEMbIM
HaIlpaBJICHHEM U HOPMAJIBIO.
3akon Jlam0epTa (3aKOH KOCHHYCOB):

IInockas IMOBCPXHOCTD, NMCromast OJNHAKOBYIO SAPKOCTH 110 BCCM
HAIIPpAaBJICHUAM, H3JIYy4aCT CBCT, CHJIIA KOTOPOro MU3MCHACTCA II0 3aKOHY
KOCHUHYCa:

I=1,cos0 (2.3.1)

2.3.2. Chepunyeckun nambepToBCKUIM n3nyvaTerb

Juarpamma pacrpeneneHusi CUiIbl CBeTa OT C(epudyecKoro JIamMOepTOBCKOIO
U3JTydaress UMEeT BUJ OKPYXKHOCTH (puc.2.3.4).

Puc. 2.3.4. Cihepuueckuii nambepmosckuti usiyiamers.

Cuna cBera OT cepruuecKkoro J1aMmOepTOBCKOIO UCTOYHHMKA MOCTOSIHHA BO BCEX
HaIpaBJICHUSX:

I =1, =const (2.3.2)

2.4. [Tlomok om u3ny4yameJseu pa3niu4Hou ¢popMbl

BreipexxeM Ha TMOBEpXHOCTH c(epbl EIWHUYHOTO paauyca C IEHTPOM B
UCTOYHHUKE 3JIEMEHTAPHYIO IIOMAAKY dS U TenecHblid yroa — d€) (puc.2.4.1).
Beipa3zuMm TenecHsiii yron d€Q yepes yrisl dg u do:

_dS _(r-dO)r-sinf-dp) _r’sin0-d6-do

dQ 2 2 = 2 =sinf-df-do

|| dQ =sin0-db-do 2.4.1)
[ToTOK, MPOXOISAIINI Yepe3 IIOMAaKy dsS :
dD = [ -dQ

Torga oOmuii MOTOK OT MPOU3BOJILHOTO U3IIyYaTelis B IPOU3BOJIBHOM TEJIECHOM
yrie:

® = [[1(p,0)d2= [[1(p.0)-sin0-dO dg (2.4.2)

Qg Qo
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z
9dS
9 do
r=1 O Y
do >

Puc. 2.4.1. Tenecnviii y2on 6 noasapHvix KOOpOUHaAmax.

2.4.1. Chepunyecknin nambepToBCKU n3nyvaTtenb

Jlist ceprueckoro 1aMOEpTOBCKOTO U3TydaTessi CHjla CBETa MOCTOSIHHA BO BCEX
Hanpasinenusx: [(¢,0) =1, = const.

[Torok B TenecHoM yrie ), onpenensercs u3 Bolpaxkenus (2.4.2):

® = [[1(p.0)-sin6-d6 dp =1, [[dQ =1, [[sin6 -d6- dp = 1,Q (2.4.3)
Q) Q Qo
Z
it}
2 [
y
X

Puc.2.4.2. Tenecnwiii yeon, nonyuaemviii 8paujeHuem niocko2o yaia.

Hatinem tenecHslil yroa €, onpenesseMslil INOCKUM yriioM 2o (puc.2.4.2):

o2r o

Q, = [ [sin6-d6-dp =27 (sin0-do =27z(— cos9§): 27(1-coso )= 4zxsin’ ;
00 0

Takum 00pa3oM, TENECHBIN yroj, KOTOPBIA MOJydaeTcs BPAIICeHHEM IJIOCKOTO
yTJla MOKHO BBIPA3UTh CJIEIYIONTUM 00pa3oM:

Q, = 4rsin’ ‘27 (2.4.4)
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Torma monHBIM MOTOK OT c(EepHUUecKoro JaMOEpTOBCKOTO H3Iydarens B
TEJIECHOM yriIe (), OIpenesieTCs BBIPAKEHUEM:

@ =1,0Q, =4, sinzj (2.4.5)

2.4.2. TInockun namBepTOBCKUIN n3ny4daTesb

JIAst MIOCKOro JaMOEpPTOBCKOTO W3JIyuaTeNs CHIa CBeTa HE MOCTOSHHA
(I =1,cos@), cnenoBaTensHo:

o2r o
® = [[1, cose.sine.de.d(pJOj [sin26.d0-dp =1, [sin20-d6 =
Q 200 0 (2.4.6)

= ”2[0(— cos20§): 7[210(1 —cos20)=rxl,sin’ &

Takum 00pa3oM, MOJHBIM MOTOK OT IUIOCKOTO JIAMOEPTOBCKOTO H3JIydaress B
TeJeCHOM yriae €2,, OmpeneisieMbIM IUIOCKUM YIJIOM 20, MOKHO BBIPA3UTh

CIEeAYIOMM 00pa3oMm:
® = 7l sin’ & (2.4.7)

[Ipn Maneix yrimax BelpaxeHus (2.4.5) u (2.4.7) nnsg TOTOKAa W3IyYEHUS
c(hepuvecKoro 1 MIOCKOro HCTOYHUKOB JAI0T OJTMHAKOBBIN PE3yJIbTaT.

2.5. Silpkocmb pacceusaroujeli NogepxHocmu

Paccmorpum  1am0epTOBCKOEe paccesiHMe: paccesHHE CBeTa  IUIOCKOH
MIOBEPXHOCTHIO MPOMCXOJIUT IO BCEM HAINPABICHUSM, U HE 3aBHCUT OT TEJIECHOTO
yria, B Mpeaenax KOTOPOTO MagaeT CBETOBOM MOTOK. CBETOBOW MOTOK BBIXOAWT
MOCJIe TaKOT'O paccerBaTelsi paBHOMEPHO paclpeelieHHBIM B Mpeenax TeJIEeCHOTO
yraa 27 . [Ipumepom MOXKET CITy>KHTh Oenast Oymara Wid MOJIOYHOE CTEKI0. SIpKOCTh
TaKOM TIOBEPXHOCTH IIOCTOSIHHA [0 BCEM HAMpaBICHUSM W HE 3aBUCUT OT
HampaBleHUS TAJalolIET0 CBETa, TO €CTh TOJHOCTHIO TOAYMHSETCS 3aKOHY
JlamGepta. KpuBasi pacmpezneneHusi CUIIbBI CBETa TaKUX MOBEPXHOCTEH UMEET GopMmy
OKpyxHOCTH (puc.2.5.1).

Puc.2.5.1. Jlambepmosckoe paccesnue.

Yacte magaroniero moroka @ IOIJIOIMIAETCS IMOBEPXHOCTHIO, M PACCEUBAECTCS
moTok O’ :

D' = ad (2.5.1)
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Koy¢ppunuent anndeno o« onpenensieT CTENeHh OCTU3HBI TOBEPXHOCTH
(0<a<l1). V abcomoTHo uepHoro Tena =0 (HHYEro He PACCEMBAET, BCe
norJionaeT), y aobcomoTHO Oemoro Tena o =1 (Bce pacceuBaeT, HHUYETO HE
MIOTJIOIIAET)

Aub0e10 HEKOTOPBIX MOBEPXHOCTEM:

a =0.85-0.95 — OUMILICHHBIA M€,

o =0.7-0.8 — Oenast Oymara Jyisi puCOBaHUs,
a=0.78 — CBEKEBHINABILIMN CHET,

o =0.25-0.3 — IECOK,

o =0.01-0.002 — yepHBIif Oapxar.

Harinem spkocte pacceuBarensa. Ilotok @ co3maeT OCBEIIEHHOCTh £ =d—S,

CJICOOBATCIIBHO, ITOTOK, ynaBmHﬁ Ha paCcCCUBATCIIb:

O=FE-dS (2.5.2)
PaccesnubIi OTOK B nosycdepe:
®' =] =LdSx (2.5.3)

' = ad, cnegoBaTeaBHO:
LdS7 = a-(EdS)
Otcroia IpKOCTh HA€aTbHOTO PACCEUBATEIS:

=% (2.5.4)
T

rae £ — OCBEIICHHOCTD, CO3/IaBaeMasl IaJaroliM IMTOTOKOM, & — KO3 PUITUCHT
Anp0eo.

2.6. OceeuwleHHoCcmb, co30asaemasi pPas3JIUYHbIMU UCMOYHUKaMu
(3aKkoH 06pamHbIX KeaOpamoes)

2.6.1. OcBelleHHOCTb, co3aaBaemMasi ToMeYHbIM MCTOYHUKOM
PaccMoTpruM TOUEUHBIN UCTOYHHK.
ToyeyHblil MCTOYHHUK — 3TO HCTOYHHK, pa3MEpaMu KOTOPOTO MOKHO
npeHeOpedb 10 CPaBHEHHIO C PACCTOSHHEM JI0 HETO, U KOTOPBIA H3ITydaeT
MOTOK, PABHOMEPHBIN MO BCEM HaIIPaBJICHUSM.
OcBeneHHOCTh IIOMAAKHU dS , co3maBaeMasi TOUCYHBIM HCTOUYHHKOM:

d® 1dQ)  Icos®

E = 5
ds dS r
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Puc.2.6.1. Ocsewennocmo, coz0asaemas moyeuHviM UCMOYHUKOM.

3aKkoH 00paTHBIX KBA/IPaTOB:

OCBEIICHHOCTD, co3taBaeMast TOYCUHBIM WCTOYHHKOM obpaTHO
MPOTIOPIIMOHAJIBHA PACCTOSIHUIO OT HMCTOYHHUKA O TOBEPXHOCTH M TIPSIMO
MPOTIOPIIMOHAIIBHO KOCHHYCY YIJIa, MEXK]Iy HaIllpaBJICHUEM CBETOBOI'O IOTOKA M
HOPMAJTbIO K OCBEIAEMOM TTOBEPXHOCTH:

Icosd

2
r

E= (2.6.1)

rae / — cuia cBeTa HCTOYHUKA B HAMPABJICHUU OCBEIIAEMON TOUKHU.

[IpakTudeckue wu3MEpeHUsl TMOKa3bIBAIOT, 4YTO JJig COOJIOJICHUS] 3aKoHa
0oOpaTHBIX KBaJ[paTOB OTHOIIECHHE pa3Mepa HUCTOYHMKA K PACCTOSHUIO JO HETrO
OJKHO OBITH MeHbIe (.1.

2.6.2. OcBeLIEeHHOCTb OT NPOTA>XEeHHOIro J'IaM6epTOBCKOFO MCTOYHUKAa

L=const

Puc.2.6.2 Ocsewyennocmo om npomssiceHH020 1ambepmo8cK020 UCIOYHUKA.

JIns OpOTSHKEHHOTO MCTOYHHMKA MOXKHO Pa30OUTh MOBEPXHOCTh MCTOYHUKA Ha
AJEMEHTapHble IUIomanku dS  (puc.2.6.2) W ONpeAeNuTh OCBEUIEHHOCTb,
co37aBaeMOI KaxJ0W U3 HHUX IO 3aKOHY OOpaTHBIX KBaapaToB (2.6.1):

dl cos®  LdScos fcost

2 2
r r

dE = = Lcos [ cos8dQ) (2.6.2)
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[IpounterpupyeM Tenepb 3JIEMEHTApPHYI0 OCBELIEHHOCTh IO BCEH IUIOLIAAM
UCTOYHHUKA!

E= ”L cos 3 cos dQ) (2.6.3)

Tak kak y m1aMOEpTOBCKOTO HCTOYHHKA SPKOCTh IIOCTOSSHHA 1O BCEM
HaIIPaBJICHUSIM, €€ MOKHO BBIHECTH 3a UHTETPal:

E= LJ.J. cos f cos dQ) (2.6.4)
Q
nJin
E=L{[dq.dq, = L[[dXdy (2.6.5)
Q Q

IIe q — OpT HAamNpaBICHHUS HA UCTOYHUK; ¢, =X =cosq,, ¢, =Y =cosa,—

HAIPABJISIFOIINE KOCUHYCHI.
MoxHO TmoOKa3aTh, 4TO BbIpakeHus (2.6.4) u (2.6.5) SKBUBAJICHTHBI, €CIIH
ydects, uto dg, =-sina,da,, dg,=-sina da,, dada,=dQ, a yrnet  u 60

ABJAKOTCA AOIOJIHUTCIBHBIMUA K &, , & y
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3. MpoxoxaeHue cBeTa Yepes rpaHuLy pasgena oByX cpea

3.1. OmpaxeHue u npesioMmsieHUe ceema Ha 2paHuue pasdena deyx

cped

PaccMoTpuMm mameHue TUIOCKOW BOJHBI HA TPaHUILY, Pa3lIeiSIFONIYI0 JBE
IPO3pavHbIe OJJHOPOIHBIC TUAICKTPUICCKHIE CPEIBI C TIOKA3ATEISIMU TIPETIOMIICHUS 71
u n'. Bynem cuurtath, YTO TpaHHUIA MPEICTABIIACT COOOHM IJIOCKOCTh (Tak Kak B
npenenax OSCKOHEYHO Maod 00JacTH JI0OYI0 TOBEPXHOCTh MOXKHO CUHTATh
TUIOCKOH ). Byiem Takoke cunTaTh, YTO camMa rpaHMIIa pa3zelia CBET He MOTJIOIIaeT.

[Tocne mpoxoKAeHUs TPaHUIBI pa3zesia IBYX Cpel Majarolias IUIoCKas BOJHA
(my4 1) pasgensieTcs Ha JBE BOJHBI: MPOXOJAIIYI0 BO BTOpyIO cpeny (yd t) u
oTpaxxkeHHyo (Jyu I) (puc.3.1.1).

1

Puc.3.1.1. Ilpenomnenue u ompasxicenue ceema Ha 2paruye 08yx cpeo.

Ha puc.3.1.1 N — BekTOp HOpMaJIA K MMOBEPXHOCTH B TOUKE MaJICHUS €AUHUYHOMN
JUTUHBI Q\NH = 1). [TomecTuM Hayallo KOOpJIMHAT B TOYKY majeHus. Omnpenenum
CJIeIyIOIME BETUYHHBIL:

Yrou nageHusi £ — 3TO YroJ MEXKAY Jy4OM |, MaJaroIiuM Ha IPEIOMIISFOILY O
WIN OTPaXKarollyl0 NOBEPXHOCTb, U HOpMaibl0 N K NOBEPXHOCTH B TOYKE
NaJCHNUs.

Yron mnpejaomjeHusi & — 3TO Yrojd MEXAy HpPEIOMJICHHBIM JydoM t
HOpMaJibl0 N K TOBEPXHOCTH B TOUYKE MPEITOMIICHUS.

Yroa oTpaxkeHust & — 3TO YIoJI MEXAY OTPAKEHHBIM JIydoM I 1 HOpMaiibio N
K IIOBEPXHOCTU B TOYKE OTPAKEHUS.

3.1.1. 3aKoH npenomneHuns

[Tocne mTpPOXOXIEHUsS CBETOM TpaHUIIBI pa3zelia JABYX Cpell HEoO0XO0IuMO
ONPEAEIUTH HAIIPABJIICHUE PACTIPOCTPAHEHHUS ITPEITOMIICHHON BOJHBI I ¥ OTpa)KEHHOU
BOJIHBI I, U pacupeaesieHue SJHEPTUU MEXK/1y OTPAKEHHOU U IIPEJIOMIIEHHOW BOJHOM.

B cootBeTcTBUU C ypaBHEeHHEM TUIOCKOW BOJHBI (1.4.9) 3amuriiem BbIpaKeHUS
JUI KOMIUIEKCHBIX aMIUIMTY I aJArolle, OTPaXKEHHOW U IIPEJIOMIIEHHOW BOJIH:

YpPaBHEHUE MAJAOIICH TIJIOCKON BOJIHBI
U,(r)= U eoldoor) (3.1.1)

1 1

YPaBHCHUC HpeJIOMHGHHOﬁ IIOCKOM BOJIHBI
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U,(r)= Uzeiko(q”r) (3.1.2)

YPaBHEHUE OTPAKEHHOM INIOCKON BOJIHBI

ikolq,.r)
_ 0d,»
U,r)=U,e" (3.1.3)
rae (;, (,, (, — OITHYECKHE BEKTOpPbI MAJAIOLIEH, OTPa)KCHHOU U
IPEJIOMIIEHHOW BOJNH, k, — BOJHOBOE 4YHCIO, I — paguyC-BEKTOP

MIPOU3BOJILHOW TOYKH.

3/1ech MBI HCHOJB3yeM COOTHOIICHUS CKaJISIPHOM TEOpHH, MOCKOJIBKY 3aKOH
MPEJIOMJICHHS OJTMHAKOB JIJIs BEKTOPHBIX U CKAISIPHBIX BOJIH.

N3 ypaBHeHMI magaronieid U MpeIOMIEHHON TUIOCKOM BOJIHBI CIIEYEeT, YTO Ha
rpaHuIle pa3jena JBYX Cpell y MaJarolie u mpeoMICHHOW BOJIH aMIUTUTYIbl MOTYT
OBITh pa3IMYHBI, HO JOJDKHBI COBMHAJaTh 3HAYEHUS SUKOHAIOB (ITOro Tpeldyer
yCJIOBUE (PUBMUECKON peaqn3yeMOoCTH, TaKk KaKk MHa4Ye BOJHA OyJEeT UMETh pa3phiB Ha
rpaHulle pa3jena):

(q;.r)=(q,.r) (3.1.4)

PaBenctBo (3.1.4) coOnromaeTcss Ha rpaHuUlle pasjenia, TO €CTh JJIsl BCEX T,
NEePIEeHINKYIAPHBIX BEKTOPY HOpManu. Takum oOpa3om, BeipaxkeHue (3.1.4) MOxKHO
3anucaTh B BUJE:

(q,,r)—(a;,r)=0 npu (r,N)=0

WIIN:

((qt - qi)ar) =0 mpu (I',N) =0

To ecTp (‘1; —qi)J_r , eciii N_Lr. BeinonHeHue 5TUX yCIOBHI BO3MOXHO TOIa
u Tompko Torma, koraa (q,—q,)||N. Takum o06pa3oM, MOKHO BBIBECTH
(bOopMyIMPOBKH 3aKOHA MPEIOMIICHUSI B BEKTOPHOU opme:

(q,-q,)=N-T (3.1.5)
rae I'— HEKOTOPBIN CKajsp, HIIH:
[(q, —q;)xN]=0 (3.1.6)
nJmn.

| o xN]=[a, xN] (3.1.7)

Tak xak JJIMHA ONTHYECKOTO BEKTOpA paBHA MOKA3aTEN0 MPETOMIICHUS CPE.bl
(Hqu =n, Hth =n'), 10 w3 Bepaxenus (3.1.7) u ompenercHUs BEKTOPHOTO

NPOU3BECHUS MOXKHO BBIBECTH KJIACCHYECKHU 3aKoH mpenomieHus CHemimyca
(Snell law).

3akon npesaomiienus (refraction law):

Ka4eCTBEHHAS YacTh 3aKOHA:

MaJIal0LINN JIyd, PEJIOMIICHHBIN J1yd U HOPMaJlb K IMOBEPXHOCTHU pa3zena ABYX
Cpell B TOUKE IaJICHUS JIekKAT B OJJHOMU IIJIOCKOCTH.

KOJINYCCTBCHHAS 94aCTh 3aKOHA.
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MPOU3BEJCHUE TMOKAa3aTesid MPEJOMIICHHS HAa CHUHYC YIVIa MEXIY JIy4oM H

HOPMAaJIbIO COXPAHSIET CBOE 3HAUCHUE MIPU MEPEXO/IE B CACAYIOUIYIO CPEY:

n-sing=n'-sing’ (3.1.8)

Uto0bl HaliTu ckansip ', JOMHOXHUM CKaIsipHO BbIpaxkeHue (3.1.5) Ha BekTOp
HopManu N:

(N-q')-(N-q)=(N-N)-T
(N-N)=1, cnenosarensno n'-cosg’' —n-coss=T"

" q=q+N-T (3.1.9)
rne '=n'-cosg’'—n-cos¢.
Benmnunna I’ uMeer OobIIOe 3HAYCHHE B MAaTEMAaTHUYCCKOM arrapare pacdyeTa
ay4dewt (ray tracing) Ha KOMIIBIOTEDE.

3.1.2. 3aKoH oTpaxkeHud

3aK0H OTpa)KEHUSI MOXKHO BBIBECTH B BEKTOPHOH (hOopMe aHAJIOTHYHO 3aKOHY
[IPEJIOMIIEHHS, TOJACTABUB BMECTO ONTHUYECKOIO0 BEKTOpa IPEIOMIIEHHOIO JIyda (,

ONTUYECKUI BEKTOP OTPAKEHHOTO Jiyya (; (puc.3.1.2).

Nj 2

| 1
Puc.3.1.2. Ompadicenue ceema Ha eparuye 08yx cpeo.

3akon orpa:kenusn (reflection law):
|| sin(r —&) =—sing (3.1.10)
3aKOH OTpaKEHHs] MOXHO TMPEJCTaBUTh KaK YacTHBIM clydaid 3aKoHa
npenomiienus npu n' =-n (puc.3.1.3). Ciaenyer OTMETUTh, YTO B OTPHULATCIHHOM
3HAUCHUU TI0Ka3aTelid MPEeIOMIICHUS HET HHUKAKOro (U3HYECKOr0 CMbICTA, 9TO
IPOCTO MpUeM JIsl y100CTBa pacyeTa JIydeil B reOMETPUUECKON ONTHKE.

N =—n

Puc.3.1.3. Ompaoswcenue ceema na epanuye 08yx cpeo.

| (@-a)=Nr (3.1.11)

Benuuuna T' B TakoM ciiydae OyAeT paBHa:
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I'=-2n-cose (3.1.12)

3.1.3. lNonHoe BHYTPEHHEE OTpaxXeHue

Ecniu yrom majgeHuss & HEBENUK, TO YacTh IMOJII OTPa)KaeTcs, a 4YacThb
npenomsiercs. OiHaKo, IPH Mepexojie u3 0oJiee TIOTHOM Cpe/ibl B MEHEE IJIOTHYIO
(n>n'), IpH HeKOTOPOM YIe MAdEHHA CHHYC YIJIa TpPENOMJICHHS IO 3aKOHY
TIPEITIOMJICHHS JTOJDKEH OBITH OOJIBINE SIUHUIIBI, YTO HEBO3MOXKHO. [103TOMY B Takom
clly4ae TIpEIOMJICHUS HE TMPOUCXOIAUT, a TPOUCXOJUT TIIOJHOE BHYTPECHHEE
otpaxenue (/IBO, entire inner reflection) (puc.3.1.4):

2

n<n

! 1

Puc.3.1.4. Ilonnoe enympennee ompasiceHue.

YcaoBue no1HOro BHyrpeHHero orpa:xxenus (IIBO):

'

sing> " (3.1.13)
n

[IBO — 3T0 siBIeHHE OTpaXeHUs! 3JIEKTPOMATHUTHBIX BOJIH OT TPaHHULbI pa3jiena
JIBYX MPO3PAUYHBIX CPeJ HPH YCIOBHMH, Y4TO BOJIHA NMAJaeT M3 CPEabl ¢ OOJIBIINM
IIOKA3aTeJIeEM IMPEJIOMIIEHUS W IIPU YCIOBHUH, YTO YrOJd NAaACHUSA IPEBOCXOIUT
HEKOTOPBIN Kputnueckuit yroi. Kosdduuuent orpakenus npu I[1BO He 3aBucur ot
uiHbI BOIHBL. [IBO mmpoko ucnosb3yercst B ONTHYECKOW TEXHUKE Ojarofapsi ToMy,
yto npu [IBO nagaronias BoaHa OTpa)kaeTcs MOJHOCTBIO, TO €CTh MOTEPh SHEPIHU
HET.

Hapymenue nonnoro BHyTpenHero orpaxenus (HIIBO) 3akntouaercs B TOM,
9T0 KO3()PUIMEHT OTpaskeHUsI CBETa OT TPAHUIIBI pa3zieia Cpell CTAHOBUTCS MEHBIIIE
€IUHULBl BCJIEACTBAE NOTJOLICHUS CBE€Ta B NPUIPAHWUYHOM CJIO€ OTPAXKAIOLIEH
cpenpl. CreneHb oOC/Ia0NeHUs] OTPAKEHHOM BOJHBI 3aBUCUT OT MOJISIPU3ALMH
NAJAOMIE BOJHBI W IPONOPLUOHAIBHA ITOKA3ATEII0 IOIVIOIIEHHS OTPAKAIOILIEH
cpensl, a cnektp HIIBO monmoben cmektpy mnormomeHusi »toid cpensl. HIIBO,
HECYIIECTBEHHOE TSI T€OMETPUYECKON ONTHKH, MOCIYKUJIO OCHOBOW I Pa3BUTHUS
cnexktpockonuu HIIBO, umeromeld psx NpeuMyIIecTB NEpea TpaJulUuOHHBIMH
METOJIaMH  MCCIIEIOBAaHUSI CHEKTPOB OTpaxeHuss M mnoriowmeHus. OcoOeHHO
s dextuBen meron HITBO mis nccnenoBanmii TOBEpXHOCTHBIX ONTHYECKUX CBOMCTB
00BEKTOB, a TAKXKE JJIS1 CUIIBHO MOTJIOMIAKOIINX CPE.
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3.2. Popmynbl PpeHenss. CoomHoweHue Mexdy amniaumyoamu
nadarowux, NPesIoM/IeHHbIX U OMpPaXKeHHbIX 80JIH

[Ipn BBIBOJE 3aKOHOB TpeloMJICHHs U oTpaxeHus (maparpad 3.1) He
NPUHUMAJIUCh BO BHUMAHHE SHEPreTUYECKUE COOTHOIICHUSI MEXKIY MaJlaloliuMm,
OpPEJIOMIICHHBIM U OTPaXEHHBIM Jiydyamu. JlJisi y4yeTta H3THUX COOTHOIICHUI
HEO0OXO0JIMMO HCIIOJIb30BaHNE BEKTOPHOTO OMUCAHUS MaJa0LIEro MmoJis.

3.2.1. dopmynbl dpeHens

PaccMoTpuM, Kakoe KOJIMYECTBO CBETa MPEJIOMIISIETCS, a KaKoe OTpa)kaercs, B
3aBHCUMOCTH OT YTIJIa MaJICHUs U MoKa3aTeneil mpeaoMiIeHus cpell. Jrta 3agada Oblia
pemieHa B nepBoi mosioBuHe XIX Beka ®penenem (Fresnel).

PaccMoTpuM rpaHully pasziena ABYX Cpel C MOKa3aTeNlsIMHU MPEJIOMJICHUS N U

!

n'. Pa3noXuM SIEKTPUYECKUN BEKTOp MANAIONICH TMJIOCKOW BOJIHBI EY na JIBE
COCTABIISIFOLIMX: OJ(HA JIOKHT B IUIOCKOCTH MajaeHus (A4, ), Apyras MepreHAnKyIspHa

IUIOCKOCTH NaJieHus (1M IUIOCKOCTH pUCYHKa) (4, ) (puc.3.2.1).

n

4

"4

A

g

+ R

Puc.3.2.1. Ompasicenue u npenomnenue niockot 80anvl. Popmynvlt Openens.

Torna KOMIIOHEHTBI AJIEKTPUYECKOTO BEKTOPA IOJI MaJarolIei MIOCKOW BOJIHBI
3aIUIIYTCA B BUJE:

E® =—-4, cose
EV =4 (3.2.1)
EY = 4, sing

[Tockonbky BexkTop H nepnenaukyispeH Bektopy E, TO ero KOMIIOHEHTHI
MO>KHO BBIPA3UTh CJIEAYIONUM 00pa3oM:

HY =—4 ncoss

HY =—A4,n (32.2)

y
(i) — :
H;” = A nsing

AHaAJTOTMYHO MOYKHO PAa3JI0KUTh KOMIUIEKCHYIO aMIUTUTYAY OTPaK€HHOUW BOJIHBI
R wu npemomsieHHONM BOJAHBI 71 Ha MapauIeNIbHYI0O W NEPIEHIUKYISIPHYIO
COCTaBJISIOIINE.

Toraa nmosie mpoIIeAnIei BOIHBI:
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E" =T cose' HY =T n'cose'
E)(zt) =T, H}(f) — _TH n' (3.2.3)
E" =T sing' H" =T n'sing'

[Tone oTpaxxe€HHOU BOJHBI:

E") = —R| cose, H") =—R ncose,

(r) _ (r) _
E¢ =R, H =-R -n (3.24)
E" =R sine, H'” =R nsing,

Ha rpanumne pasnmena aByx cpem HE JOKHO OBITh pa3phiBOB (DYHKITHI, TO €CTh
TaHIreHIMAJIbHBIE cocTaBisonme BektopoB E u H (x- u y- cocraBistomue,
JeXalive B MIOCKOCTH TPaHUIIbl pa3ziena) JOJKHBI ObITh HEMPEPBIBHBI, UTO CIIEIYET
u3 ypaBHeHudt MakcBemna (1.2.1), u, ciemnoBaTenbHO, OJKHBI BBIMOTHATHCS
COOTHOILICHHUS:

EV+EY =EY HO?+H" =HY
(1) (r) _ () (1) (r) _ g0 325
EQ+EV =E HY+H" =H (3.2.5)

OTH ypaBHEHHS OIKCHIBAIOT HENPEPHIBHOCTh TAHTE€HUMAJIBHBIX (JIEXKAINIUX B
IJIOCKOCTU TPAHUIBI) KOMIIOHEHT 3JJIEKTPUYECKOIO W MATrHUTHOTO TOJIEH, €CIu
MOTJIONIECHUS HAa TPAHULIEC HET.

[ToncraBuB B (3.2.5) 3HaueHuss BceX KOMIIOHEHT, W VYYHUTHIBas, YTO
cos¢,= cos(7z - 6‘) = —CO0S &, MOJTYUYUM:

cosg(AH - RH): cose'T

A +R, =T, (3.2.6)
ncoss(4,— R, )=n'coseT,

ndy+ Ry )=n'T)

MoskHO pemuts ypaBHEeHHUS (3.2.6) OTHOCHTEIBHO KOMITOHCHT OTPAKCHHON U

IpoLIEAIIEd BOJIH, BBIpa3WMB HX YEpe3 KOMIIOHEHTHI Majaromeil BoaHbl. [locne
npeoOpasoBaHuii oxy4nM (popmy sl Ppenestst, Uit aMIuMTy A npowexweit 7, 7,

Y OTPAXKEHHOMN RII’ R, BOJH COOTBETCTBEHHO:

2ncos¢ ' - '
T = A RH:ncosg ncose 4,
n'cosE+ncose n'cosg +ncose’ (3.2.7)
2ncose ncose —n'cose’ o
TJ_: ; , A RJ_: AJ_
n'cose' +ncose ncose +n'cose’

[Tonb3ysice 3akonom mpenomuienust (3.1.8 — 3.1.9), u3 stux GopMyna MOKHO
UCKJIFOYUThH MMOKA3aTEIIU MPEIIOMIICHUS 7 U 1’
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. 2sing’cose 4 1R :MA
I sin(e+ &' )cos(e—¢) N | tglere)”! (3.2.8)
g _2sing'cose R, —_Sle=e) -
sin(g + &') sin(e+ ")

3.2.2. PacnpegeneHne aHeprun mexay OTpaXkeHHbIM U NpesioMieHHbIM
nossiMu

PaccMoTpuM Tenepb, Kak 3HEprus MOJs MaJarolled BOJHBI paclpeieiseTcs
MEXIYy OTPa)KEHHBIM M MPETOMIICHHBIM MOJISIMHU. {71 3TOr0 MOYKHO HMCHOJIB30BaTh
MHTEHCUBHOCTH MMAJIa0IEH, MPOIIeIIeld U OTPAXXEHHON BOJIH, ONpeesieMble Yepes
KBaJIpaThl UX aMIUIUTY/I:

2 2
I, ~ A% -(cose-n)
2 N2
I, ~T?*-(cosg'-n') (3.2.9)
2 2
I, ~R -(cosg-n)
Ko duunuent orpaxkeHus p IMOKa3bIBACT, KaKas 4acTb YHEPIUU OTPAKAETCS
10 OTHOLLECHUIO K NaJaroNIeH:
2
R*(ncose¢) B R’
27 2
A*(ncose)” 4

Ko3¢gduuueHT nponyckaHusl 7 NOKA3bIBAECT, KaKasl 4YaCTh SHEPTUU MPOXOAUT
110 OTHOILLIECHUIO K ITAIAI0IIEN:

_ T*(n'cose'y

(3.2.10)

3.2.11
A*(ncose) ( )
B cymme k0a((HUITMEHTHI OTPaXKEHUS M TPOITYCKAHUS PaBHBI SAMHUIIE:
p+7=1 (3.2.12)

Koapdunmentsl oTpakeHuss W MPOMYCKAaHUS 3aBUCAT OT HaIpaBlICHUS
NOJISIPU3ALAY AJAX0IIEN BOJIHBI:

_tgl(e-¢)
tg’(e+ &)
_sin*(e-¢)

P
(3.2.13)

t sin”(s+&')

sin” g+ sin(e—&')

e sin’(s+ &')cos*(e— &)

3.2.14
_ sin” g+ sin(e—¢&') ( )

sin’(s+ &)

OTCIOI[a CICAYCT, UTO IIPpU IMPOXOKIACHHUN CBCTOM I'PAHUIIBI pa3aciia IBYX CpCa
€TI0 COCTOAHUC ITOJIApU3aAlIUH U3MCHACTCA.
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3.3. Pasnu4Hble ciy4au nadeHusi U ompaxkeHusi ceema

MaremMatndeckoe ONMMCaHue MPOXOXKICHUS IOJEM IPAHUIbI pa3ena IByX Cpel
uMeeT OOJIbIIIOE 3HAYEHHE TIPU MPOCKTUPOBAHMHM ONTHYECKUX CHUCTEM, TJIe
BCTPEYAETCS Psii NPAKTUYECKU BaXKHBIX YaCTHBIX ciiydaeB. Huke paccmarpuBaroTcs
O9TH Clly4aW, a Takke mpuMmep mnpuMeHenus Qopmyn OpeHens s pacyeTa
IIPOCBETIISIIOIIMNX MOKPBITUNA, YMEHBIIAOIIMX ITIOTEPU CBETA HA OTPAKECHUE.

3.3.1. HopmanbHoe nageHue
[lpu HopmambHOM majgeHun &£=¢&'=0. Torma KodGUIMEHT OTpaKCHUS
OTIpe/eNsAeTCs TaK:

, 2
n'—n
PL=P = p:( , j (3.3.1)
n'+n
Ucxons u3 Beipaxkenus (3.2.12), noxyyum ko3hOUIIMEHT POy CKaHUS:
n
47 '
= ( n ; (33.2)
+
(n, + 1) e
n

Ecnu rpanuma pasgena cpeg — CTekino-Bo3nyX, To o =0.04, Tto ectb mpu
HOPMaJIbHOM Ta/ICHUH CBETA HA CTEKJIO OTpakaeTcsl OKoJIo 4% 3HEPIHH.

3.3.2. Yron bptocTtepa

W13 Beipaxenus (3.2.13) ciieqyer, 9To NpH yriie MAJACHUS TaKOM, YTO £+ &'=

b

NN

KOO()QUIMEHT — OTpaKEHHS MNapajlleNbHO  MOoJsApu3oBaHHOro csera o =0.

CrnenoBaTennbHO, TIPW OMNPEACICHHOM VIJIe TMaJeHUs CBET MpU MapauieIbHOU
MOJIAPU3AIMA  COBCEM HE OTPaKaeTCs, a OTPaKaeTCs] TOJIBKO OPTOTOHAIHHO
noJISIpU30BaHHbIN cBeT (puc.3.3.1).

VYron, mpu KOTOpPOM MPOUCXOIUT TOJIHAS TOJSApU3ALMS TPU OTPAKEHUH,
Ha3bIBaeTcs yrJjoMm bprocrepa:

!

tge=" (3.3.3)
n

Puc.3.3.1. Y.ZIOJZ bpiocmepa.
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MOXHO HAarJIsIAHO TIOKa3aTh pa3jiuudsi 3aBUCUMOCTEH  Kod()PHUITMEHTOB
OTpPaXEHUS CBETA OT TPAHUIIBI pa3fesia IBYX Cpel IS IBYX CIIy4dacB MOJISIPU3AIIHH.
Jis 3TOro crpoutcs rpaduk 3aBUCUMOCTH QO U pPr, OT yIja MNaJeHUd &
(puc.3.3.2). Uunekc TE o0003Ha4aeT Tako€ COCTOSHUE TMOJSPHU3AIMU CBETa, MpU
KOTOPOM D3JIEKTPUYECKUH BEKTOP MEPHEHAUKYJSIPEH IUIOCKOCTH maneHus (£), a

TM — coctosiHME TOJSPU3ALNM, MPU KOTOPOM DJIEKTPUUYECKUN BEKTOp JICKHUT B
miockocTy magenus (E ). I'paduk 1mokassiBact, 4rto rpaHHla pasiena IByX Cpen

OKa3bIlBaeT HauOoJiee CUJIBHOE BJIMSHUE HAa TOJSAPHU3ALMIO MAJaroliero CBeTa JUis
yIJOB MajieHus, ONuM3Kkux K yriy bproctepa. DTo sBIeHHE HCHONB3YeTCA MpH
CO37IaHUU CHEIHATbHBIX MpeoOpa3oBaTesield CBETOBOIO MOJIS — MOJISIPU3aTOPOB.

P

0.9 7%
0.8

0.7

/|
0.5

04 1/
0.3 4

02 ,/ Y
A1/
| — y &

0 1
56
0 10 20 30 40 50 60 70 80 90

Puc.3.3.2. I pagpux 3a6ucumocmu kos3¢hghuyuenmos ompasiceHus
E.
1

0.1

onss TM u TE nonspuzosannoeco ceema om yena nadeHust

3.3.3. lNpocBeTneHne onTUKN. TOHKME NNEHKN

[Ipy mpoXO0KJIEHUH CBETa Yepe3 CIOKHbIE ONTHYECKUE CHCTEMbI C OOJIBIINM
KOJIMYECTBOM ONTHYECKUX JETAIIEW Ha Ka)XXI0M IMOBEPXHOCTU TepseTcss okoyo 4%
cBera. B pe3ynbraTe uepes cucremy MoOXKeT mpoiTu Bcero 20% CBETOBOTIO MOTOKA.
[IpumMeHeHne TOHKOCIOWHBIX IUICHOK IS oclabiieHust (pEeHENIeBCKOTO OTPaKEeHUS
Ha3bIBAE€TCS MPOCBeTJeHHeM ONTHKU. [IpocBeTysioniue TOKPBHITUS  MOTYT
YMEHBIIUTh OTpakeHUe B 3-4 pasa.

[TpuHIMn AEMCTBUS TPOCBETISAIOMIUX TOKPBHITUA OCHOBaH Ha  SIBICHHUH
uHTeppepenr. Ha moBEepXHOCTh ONTHYECKOM JAETalu HAHOCAT TOHKYIO IUICHKY,
MOKa3aTeilb TMPEJIOMIICHUS] KOTOPOW MEHBIIEe I[0Ka3aTels MpeloMJICHUS CTeKIa
n,<n, . Jlyd, OTpa)K€HHBI OT MOBEPXHOCTH IUIEHKH, W JIy4, OTPA)KEHHBIH OT

TPAaHMIBI TUICHKA-CTEKIO KOTepPeHTHBI. MOXKHO TOJ00paTh TONIIMHY TUICHKH Tak,
9TOOBI TIPW WHTEPPEPECHIIMM OHHM TOTACHIM OBl JNPYr Npyra, YCWIHBAs, TaKUM
obOpazom, npoxoasiuii ceet (puc.3.3.3).
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6030yX cmekKo

njlieHKa

Puc.3.3.3. I[Ipoceemnenue onmuxu.

JIist 9TOTO, BO-TIEPBBIX, AMIUTUTYABl JABYX OTPAXEHHBIX BOJH JIOJDKHBI OBITh
paBHBI (,o1 = pz), U, BO-BTOPBIX, (a3pl (PMUKOHAIBI) MODKHBI OTIWYAThCS Ha

A
IOJIOBUHY Ilepuojaa, 4ToObl Jyuu moracunu Jpyr apyra (E,—E, :5 WJIn

@, — @, = ). 11 3TOro HeoOXOAUMO BBIIIOJHEHHUE CIAEAYIOLUIUX YCIOBUI:

n!‘l.'l = nCp : ncm (3-3.4)
Ecnu BHEIIHEN Cpellon SBIISIETCS BO3AYX, TO n,, = 4/n,, .

A
nnﬂ .d}'l]l = Z (3-3.5)
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4. leomeTpunyeckas onTuka

4.1. MpubnuxeHue KOPomMkKux OJIUH 80JIH. YpaeHeHuUe 3lKoHana

I'eomeTpuyecKkasi ONTHKA — DTO pas/ieNl ONTUKU, B KOTOPOM IPEATIOIAraeTcs,
YTO JTMHA BOJHEI TIpeHe6pekumo Mana (1,—> 0). B 0cHOBY reoMeTpudecKoil ONTHKH

MI0JIOXKEHO YypaBHEHHE 3WKOHaja. Ero MOXHO MOJYy4YWTh M3 BOJHOBOIO YPaBHEHHS
JUTSL KOMIUIEKCHOM aMIuuTy bl (ypaBHeHus [ensmromnsua) (1.3.26).

Bnauane paccMOTpUM H3BECTHBIE M3 MAaTEMaTUKH TOXKJECTBA, CIPAaBEIJIUBbHIE
g HekoTopod  ¢yHkmuum U, 3amaHHOM B OKCHOHEHIHUANbHOH  (opme
U = oPr) — pBlxrz).

U _ B _;PB 4.1.1)
ox ox ox

2 2 g 2
U _yPBP OB _y [P ,0F (4.1.2)
Ox ox Ox ox ox ox
Takum oOpazom:
2 2 2
V2U=a U+5 U+§ U:U[(V,B)2+V2,3] (4.1.3)

2 2 2

ox~ Oy oz

[Tycts Temepy U — 3TO KOMIUIEKCHAs aMIUIMTYJa, KOTOpas IMpejcTaBjicHa B
BUJIE:

U=eP = e[a(r)+ik0E(r)] (4.1.4)
Torna, npumenus npeodpazoBanue (4.1.3), moxyyum cienyroiiee BhlpakeHue:
U{V[a(r)+ ikOE(r)]]2 +V[a(r)+ ikOE(r)]}+ kgn*U =0 (4.1.5)
oTCrO/1a!

(Va +ikyVEY +V2a +ikyV?E + kin* =0 (4.1.6)
B utore noimyumnm cienyolee ypaBHEeHHE:

(Va ) +2ikyVEVa -k} (VEY +V2a +ikyV2E + kin* =0 (4.1.7)
WIN:

(Va) —k2(VEY +Via +k2n® |+ ik, V2E + 2k, VEV a]=0 (4.18)

[Tockonbky B JneBoM yactu ypaBHeHUs (4.1.8) — KOMIUIEKCHOE 4YHCIO, TO
PaBEHCTBO HYJIIO MPABOM YacTH MPEANoaraeT paBeHCTBO HYJIIO KaK BEIECTBEHHOM,
TaKk 1 MHUMOM YacTel 3TOro KOMIUIEKCHOro uucia. Hac mHTepecyer BellecTBeHHAs
YacTh:

(Va) -k} (VE) +Via+kln* =0 (4.1.9)

[IepenuiemM 3TO ypaBHEHHE B BUJE:
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(VE) —n® = : [(vOc)2 +V2a]

K

27
rne k, = T , VI

2
2 A 2
(VE) =n* = =% |(Va) +V2a] (4.1.10)
2
4r
[Tpumenum k ypaBHeHuto (4.1.10) npubnmkeHre KOpOTKUX JJIUMH BOJH. Eciu
JUIMHA BOJMHBI cTpeMutcs K Hymo (1,—0), To B TpaBoi 4YacTH ypaBHEHHS
NOJy4yaeTcsl BeNWYMHA, Onu3kas K Hymo. OTcCioga MOXXHO TOJNYyYHUTh ypaBHeHHUe
JMKOHAJIA:

|| (VEY =n? (4.1.11)
nJIn:
2 2 2
OF OF OF
VEY =| = | +| 5| +| 5| =n*(x,p,z2 4.1.12
VEY = "oc ) oy ] L as) =7 ) (4.1.12)
N3 ypaBHEHUs 3MKOHana CJIEAyeT, YTO I€OMETPUYECKas ONTHKA MPUMEHHMA

TOJNBKO [UJI1 KOPOTKMX JUIMH BOJIH. YeM Kopode [iMHa BOJIHBI, TEM TOYHEE
pUOIHNKEHUE TEOMETPUIECKON ONITHUKH.

4.2. OcHO8HbIe NoOHsIMUSs eeomempuquKoa OormmukKu

4.2.1. BoriTHOBOW QOPOHT U fyyu
W3 npubnmkeHus: KOPOTKUX BOJIH, PaCCMOTPEHHOTO B maparpade 4.1, ciemyer
IIOAXO0JI K U3YUYEHUIO PACIIPOCTPAHECHUS CBETA HA OCHOBE MOHSTHUSA JIYYEH.
Jlyd — 310 nuHusa (mpsiMas WM KpUBasi), BIIOJb KOTOPOW pacHpOCTpPaHSETCs
OHCPIrusa CBETOBOI'O ITOJIA.
Takum oOpazoM, reomeTpuyeckass ONTHUKA OMKCHIBAET PACIPOCTPAHCHHE
3JIEKTPOMArHUTHOIO TOJISI KaK pacIpOCTpaHEHHE JIydyed B IpocTpaHcTBe. Kpome
JIy4eH CYILIECTBYET €II€ OAHO BAXKHOE IMOHITHUE T€OMETPUYECKON ONTUKUA — BOJIHOBOU

b poHT.
BoJ1HOBOI1 ()POHT — 3TO NOBEPXHOCTH PABHOM (Pa3bl WM PAaBHOTO dKOHAIA:
E(r)= const (4.2.1)

W3meHsis 3HaueHue const MOKHO TOJYYHUTh Pa3IU4HbIe BOJHOBBIE (DPOHTBHI.
[Ipu nepemernieHry BOJIHOBOTO (PPOHTA M3 OJTHOTO MOJOXKEHUS B APYrOe MPOUCXOIUT
YBEJIIMYECHUE DUKOHAJIA.

OcHOBHbBIE CBOHICTBA BOJIHOBBIX ()POHTOB:
® BOJIHOBbIE (DPOHTHI B paMKax T€OMETPUYECKOW OINTHUKH HE IEpPECeKaroTCs
MEXTy COOO0M;
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® uepe3 KaxAyH TOUYKY MPOCTPAHCTBA MPOXOAUT BOJHOBOW (PPOHT, U MPUYEM
TOJIBKO OJIVH.

Puc.4.2.1. Bonnosvie gpponmul u yuu.

B reomerpuueckoil ONTHKE JIy4HM ONPEACNSAIOTCA KaK HOPMajiud K BOJHOBOMY
¢ponty. HampaBnenue Jyda COBIAgaeT C HaMpaBICHUEM paCIpOCTPaHEHUS
BOJIHOBOTO ()POHTA M OMPENEISIETCS] ONTHYECKUM BEKTOPOM ( B KaXKIOM TOUKe

npoctpaHcTBa (puc.4.2.1).

YpaBHeHue BOJHOBOIO (ppoHTA:
|| q=VE (4.2.2)

Ecnmu cpema, B KOTOpOW pacmpoCTpaHsSeTCs CBET OAHOPOJHA, TO €CTh €€
TMOKa3aTeNb NPEeIOMIICHHS HE 3aBHCHT OT IIPOCTPAHCTBEHHBIX KOOPIHHAT (1 = const),
TO W3 ypaBHeHUs diikoHana (4.1.11) cimemyer, 4TO HampaBieHUE JIy4a OCTAETCS
MOCTOSIHHBIM:

q = const (4.2.3)

CrnenoBarenbHO, B OAHOPOJHOM CpEAE JIyYH SIBIIAIOTCSA NMPAMBIMH JIMHUAMU. Ha
IpaHuLE pas3fena ABYX Cpel Jyd IHpPEIOMISETCS B COOTBETCTBUU C 3aKOHOM
IPEIOMIICHMUS.

B HeogHOpoaHOW cpezae, rAe MOKas3aTeiab IPEJOMIICHUS HEMOCTOSHEH, Jy4d
UCKPUBIIAIOTCSI B CTOPOHY TIpaJueHTa IOKas3aTels MNpeNoMIIeHHs Vn, TO €CThb C
YBEIMYECHUEM T[OKa3aTelsl NpesIOMJICHHs] Bo3pacTaeT KpuBu3Ha Jiyua. [lpum sTom
KpUBHU3HA JIyya MponopuroHanbHa Va. B oOmiem ciydae, Koraa Jiyd - 3T0 KpuBas
JIMHUS, BEKTOP ( HAIpaBJIeH MO KacaTeJIbHOM K JIy4y B KaxAou Touke (puc.4.2.2).

q
Iy

Vn
Puc.4.2.2. Onmuueckuii 1yy 8 HeOOHOPOOHOUL cpede.

C noMouIpl0 M3y4eHUs TPAEKTOPUHM JIyded B HEOJHOPOJHON cpefe MOXKHO
AHAJIM3UPOBATh BIIMSIHUE HEOJHOPOJHOCTEW HA PAaCIpPOCTPAHEHHE CBETA, HAIIPUMED,
UCIIONBb3Yysd HA3€MHBIE ONTHUYECKHE TEJIECKOIBl YYUTHIBATH HEOJAHOPOAHOCTH
aTMocheps! 3emiu.
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4.2.2. OnTnyeckasa gnuHa nyya
[TycTh mMeeTcst ogHOpoAHAs cpena (n :const), TOTJIa OTPE30K Jyda MEXKIY
ToukaMu P, u P, —3TO OTpe30K NpsIMOM ¢ reoMeTpudeckoil ymHoit [ (puc.4.2.3).

g

P l
Puc.4.2.3. Onmuueckas onuna nyua 8 00HOPOOHOU cpeoe.

OnTnyeckas JJMHA JIy4ya B OJJHOPOJHOM cpefe:

OnTnyeckasi UIMHA Jyya B OJHOPOJHON cpeie — 3TO MPOU3BEACHHE
TeOMETPUUYECKON JUTMHBI MTyTH Jiy4a / Ha ToKa3aTellb MPeIOMJICHHS 71 CPEIlbl, B
KOTOPOM paclpOCTPAHSIETCS CBET:

(PP ]=nl (4.2.4)

Ecmu cpena sBisterca HeognoponHoit (n(x, y,z)# const), To MyTh Iyda MOXKHO

pa30ouTh Ha OECKOHEUHO Malible OTpe3Ku dS, B MpeAenax KakIoro u3 KOTOPBIX
NOKAa3aTesb MPEIOMIIEHUS] MOKHO CUMTATh IMOCTOSIHHBIM (puc.4.2.4).

P
ds 2
A

Puc.4.2.4. Onmuuecxas onuna nyya 8 HeOOHOPOOHOIL cpeoe.

B sTOoM ciiywae onTuyeckasl JJIMHA Jyda BBIYMCISIETCS KaK KPUBOJIMHEHHBIN
WHTErpat:
L)
[AR]=[n-ds (4.2.5)
B
Ecnm ecTb HECKOJIBKO OJJHOPOJIHBIX CpPEll, pa3AelIeHHbIX rpaHuniamu (puc.4.2.5),
TO ONTHYECKas JUIMHA Jiy4a BBIUMUCIAETCS KaK CyMMa OINTHYECKUX [JIMH JIyded B
KaXJI01 Cpee:

[AR]=2 L, (4.2.6)

Puc.4.2.5. Onmuueckas onuna nyua 8 HeCKOIbKUX CPeOax.
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Ecimu cpeasl HEOOHOPOAHBIE, TO MOXHO IOJb30BAaThCs BbIpaxkeHuem (4.2.5),
CYMTask MHTETPa MO JOMAHOM JIMHUU.

4.2.3. KOHrpyaHuma nyyen

[Iy4ok ;mydei — 3TO MHOKECTBO JIMHUM, POHU3BIBAIOIINX MpOocTpaHcTBO. Ho He
KQKJI0€ MHOKECTBO KPHMBBIX WM MPSAMBIX JIMHUM, TPOHU3BIBAIOIIUX ITPOCTPAHCTBO,
MOKHO Ha3BaTh ITyYKOM Jiy4eil. [[js Toro 4ro0pl MHOKECTBO JUHHUI 00pa30BbIBAJIO
MYYOK Jy4Yei, Hy>KHO 4TOOBI 3TO MHOYKECTBO COCTABHIIO KOHIPYIHIMIO.

KoHrpy3Huus — 310 Takas COBOKYITHOCTb JIMHHUI B IPOCTPAHCTBE, JIs1 KOTOPOUN
BBITIOJIHAETCA YCJIOBHE, 4YTO dYepe3 JIOOYH TOUYKY MPOCTPAHCTBA MOXKHO
MPOBECTHU TOJIBKO OJIHY JIMHUIO U3 3TOU cuctemsl (puc.4.2.6).

Puc.4.2.6. Kouepysnyus.

KoHrpysH1us onpenensercs CleIyronuM YPaBHEHUEM:

| roratr)=o0 4.2.7)
(Vxq(r))=0

rie 3amuch (r) ompenenseT MHOKECTBO Jydell B MPOCTPAHCTBe. BripakeHue
(4.2.7) o3Ha4aeT, YTO COBOKYITHOCTH JIydeil He 00pa3yeT BUXPEBBIE CTPYKTYPHI.

HopMaibHasi KOHIPYIHUMSI — OTO KOHIPYDHLHs, BCE JMHUHA KOTOPOWU
MIEPECEKAIOTCA HEKOTOPOU MOBEPXHOCTHIO MO/ MPSMBIM YIJIOM.

[Tydok Jsy4elt — 93TO MHOXECTBO Jy4yeil, KOTOpOE TMPEACTaBIsAeT COO0Oit
HOPMAJILHYI0 KOHTPY3HIMIO.

4.3. OcCHOBHbIe 3aKOHbI 2eO0Mempu4YecKolU OnMuKu

Bce 3aK0HBI T€OMETPUYECKON ONTHKU CIEAYIOT U3 3aKOHA COXPAHEHHUS SJHEPTUU
Y HE SIBJSIFOTCA HE3ABUCUMBIMHU JIPYT OT JApPYyTa.

4.3.1. 3aKOH HE3aBMUCUMOTO pacnpoCTpaHeHus nyyemn

Ecnu depe3 Touky MpOCTpaHCTBA MPOXOAUT HECKOJIBKO Jy4eH, TO KaKIbIi JTyd
BeJleT ce0s Tak, Kak ecii Obl APYTUX Jyuel He ObLIO.
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910 CIIpaBCaAJIMBO JIsA JIMHEHHOM OIITUKH, T'AC IIOKA3aTCJIb IPCIIOMIICHUA HC
3aBUCUT OT aMININTYAbl U HHTCHCUBHOCTHU IMPOXOAAIICTO CBCTA.

4.3.2. 3akoH obpaTMMoCTH

Tpaexkropuss W JaIMHA XoAa JIydell HE 3aBUCIAT OT  HalpaBJCHUS

pacrnpocTpaHEHUs.

To ecTp, ecau ayd, KOTOPBIA PACIPOCTPAHAECTCS OT TOYKH F 10 Touku P,
IyCTUTb B 00paTHOM Xofe (oT P, k F,), To oH OyAeT UMEeTh TaKylo e TPAeKTOPHIO,
KaK U B MPSIMOM.

4.3.3. 3aKoH NPSAMOSIMHENHOrO pacnpoCTpaHeHUs

" B ogHopoaHo# cpene ayun — npsmMble JUHUM (cM. taparpad 4.2.1).

4.3.4. 3aKoH NPenoMIIEHUSI N OTPAXKEHUS

3aKkoH OTpa)KeHHs W MpeJoMIIeHUs] MoapoOHO paccMarpuBaetcs B I'iaBe 3. B
paMKax TE€OMETPUYECKONM ONTUKU (DOPMYIUPOBKA 3aKOHOB TMPEIOMIICHUS U
OTPaXEHUS COXPAHSIFOTCA.

4.3.5. lNpnHUMN TayTOXPOHU3Ma

Puc.4.3.1. Ilpunyun maymoxponusma.

PaccmoTpuMm  pacmpocTpaHeHHE CBeTa, KaK paclpoOCTPaHEHHWE BOJIHOBBIX
dbponToB (puc.4.3.1).

OnTuyeckasi JJIMHA JIFOOOTO Jyda MEXIY JBYMsI BOJHOBBIMH (DpOHTaAMU OJHA U

Ta XKe:
[PP,]=E, - E, = const (4.3.1)
BonHoBBIE (QPOHTBI — NOBEPXHOCTH, KOTOPBIE ONTHYECKH IApasuIeIbHBbI

(KOHTPY3HTHBI) JIPYr APYry. DTO CIPABEJIMBO U JJII PACHPOCTPAHEHHUS BOJHOBBIX
(pOHTOB B HEOAHOPOHBIX Cpeaax

4.3.6. MNpuHumn depma
ITycTe umerorcs aBe Touku £ U P, pacronoXeHHbIe, BO3MOXXHO, B Pa3JINYHbIX
cpenax. OTH TOYKH MOKHO COCIUHUTH MEXKIY CO00H pasnmuyHbiMu JuHUsSMU. Cpenn
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ITUX JMHUK OyIeT TOJBKO OfHAa, KOTOpas OYIEeT SBIATHCS ONTHYCCKUM JTyUOM,
KOTOPBIN PacCIpOCTPAHACTCS B COOTBETCTBUHU C 3aKOHAMHU T€OMETPHUYECKON ONTHKH
(puc.4.3.2).

Puc.4.3.2. Ilpunyun @epma.

MOXHO cOCUMTaTh I CPaBHEHHS ONTHYECKYIO NJIMHY JTOTO Jydya M KaKHX-
a0 apyrux JuHUKA. B pe3ynbraTte Takoro cpaBHEHWs ObUI TOMy4YeH NPUHITHIM
®epma (Fermat principle).

Hpunoun depma:

OnTnueckas IJIMHa Jyda MCXKAYy ABYMA TOYKAMMW MHUHHMAJIbHA 110 CPAaBHCHHUIO
CO BCECMM JPYIUMHU JIMHUAMHU, COCANHAOIIUMHU 3TU JIBE TOUKHU:

[P,P,]= min (4.3.2)
CymectByet Oosiee moJiHast popMyJIUpOBKa:

OnTuueckas IJIMHA JIyda MCXKIAY ABYMS TOYKAMH ABJIACTCA CTaHHOHapHOﬁ 110
OTHOIICHHNIO K CMCIICHHIO ATOM JIMHUM.

Jlyu — kparyauiiee pacCTOsHUE MEXAY ABYyMs TOYKaMH. Eciu nvHUA, BIOJb
KOTOPOM MBI U3MEPSEM PACCTOSTHUE MEXKAY ABYMS TOYKAMH, OTJIIMYAETCS OT Jyda Ha
BEIIMYMHY |-ro mopsaka MaJOCTH, TO ONTHYECKAas JJIMHA 3TOM JIMHUMU OTJINYAETCS OT
ONTHUYECKOM JIJIMHBI JTy4ya HA BEJIMYMHY 2-TO MOPAIKA MAIOCTH.

Ecmu onTtuyeckyro IMHY Jy4da, COCHUHSIONIErO JBE TOYKH, MOAECIUTh Ha
CKOPOCTh CBE€Ta, TO MOJIYYHUM BpEMs, HEOOXOAMMOE Ha MPEOJOJICHUE PACCTOSHHUS
MEXIY ABYMS TOUKAMMU:

(75 At = [PP]=cAt (4.3.3)
c
Eme onna ¢popmynuposka npuniuna depma:

Jly4d, coequHsIOMMNA JABE TOYKH, MJET MO TAaKOMYy IyTH, KOTOPBIA TpeOyeT
HAaUMEHBIIEro BpeMeHH (110 caMoMy OBICTPOMY IYTH).

N3 storo IIpUHIOUIIA MOT'YT OBITH BBIBCACHBI 3aKOHBI IIPCIIOMJICHHWA, OTPAKCHUA
nT.IO.

4.3.7. 3akoH Mantoca-[toneHa

HopMmaisibHass KOHIpy HLHS COXPaHSAET CBOMCTBA HOPMAJIbHOM KOHIPYSHIIMU B
IIpOLECCE MPOXOKIACHUS YEPE3 PA3JIUUHBIE CPEJIBI.
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4.3.8. "HBapunaHThI

NuBapuanTsl (om croéa HeuzMeHHbIl)) — 3TO COOTHOILLIEHUS, BBIPAKEHUS,
KOTOpBIE COXPAHSAIOT CBOM BHUJ NpPH U3MEHEHHHM KAaKUX-TMOO YCIOBUM, Halpumep,
IIPU IPOXOXKACHUYU CBETA YEPE3 PA3TUYHBIE CPEIIBI MIIU CUCTEMBI.

HNuTerpanbubiii ”HBapuaHT Jlarpan:ka

[lycTe uMeeTcss HEKOTOpas HOpMaibHas KOHTPYSHIUS (MY4OK Jydei), U JIBe
IIPOU3BOJIbHBIE TOUKHU B ITpocTpancTBe A u P, (puc.4.3.3). CoequHuM 3TH JBE TOUKH

IIPOU3BOJILHOW JINHUEW U HAWJIEM KPUBOJIMHEWHBIM UHTETpaJl.
P
2

[ (qar) (4.3.4)

Py
Kpusonmnennsiii uarerpai (4.3.4), B3ATbI MEXIYy ABYMs JIOOBIMU TOUYKamu b
u P, He 3aBUCHUT OT IyTH UHTETPUPOBAHUS.

AN
s ~7

Puc.4.3.3. Unmeepanvuoiu unsapuanm Jlazpanoica.

JAunddepenunajbHbIi HHBApUaHT Jlarpanxka
JIyd B mpOCTpaHCTBE MOJHOCTBIO ONMCHIBAECTCS PAAUyC-BEKTOPOM I, KOTOPBII
COHEPKUT TPHU JIMHEWHBIE KOOPIWHATHI (x,y,z), U ONTUYECKUM BEKTOPOM (],
KOTOPBIM COAEPHKUT TPU YIJIIOBBIE KOOPAUHATHI (X Y, Z ) Bcero, takum oGpazom,

uMmeeTcs 6 mapaMmeTpoB IS ONPEJEIICHHS] HEKOTOPOTo Jydya B mpocTpancTse. OIHAKO
13 3TUX 6 MapamMeTPOB TOJIBKO 4 SBISIOTCS HE3ABUCUMBIMU, TaK KAK MOKHO MOJIYUYHTh
JIBa YPaBHEHMS, KOTOPBIE CBS3BIBAIOT ITApaMETPhI JIydya APYT C IPYTOM.

[IepBoe ypaBHEHME ONpPENENAET JIIMHY ONITHYECKOTO BEKTOPA:

X2 +Y*+ 2% =n? (4.3.5)
A n — IMOKa3aTeCib IPCIOMIICHUA CPCABI.
BTopoe ypaBHeHHE BBITEKAET U3 YCIOBHSI OPTOTOHAJIBHOCTH BEKTOPOB (| U I :

(r-q)=0
WIH
xXX+yY+zZ=0 (4.3.6)

N3  Beipaxkenuit (4.3.5) u (4.3.6), BOCIOJB30BABUIUCH AHATUTUYECKOU
r€OMETpPUEH, MOKHO BBIBECTH CIEAYIONIEE COOTHOLICHUE:
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/ _or 4 Jr Jdq
© oU oV oV oU

rae U u V' — 570 mapa Jiro0bIX U3 6-TH apamMeTpoB JTyda.
JAudppepenunanbubiii uHBapuaHT Jlarpanika:

(4.3.7)

Benuumna I, coxpaHseT CBO€ 3HAuY€HUE I JAHHOTO Jiy4a IIpU

e

pacnpocTpaHEHUH ydKa JIydel uepes JI00yI0 COBOKYITHOCTh ONTHYECKUX CPEJ.

HNuBapuant HlTpayoens
PaccmoTpuM B mpocTpaHcTBE OECKOHEYHO Manble IUIOW@AAKU dS, u ds,,
HaXOJISIINeCcs] HA HEKOTOPOM PacCTOSIHUU APYT oT apyra (puc.4.3.4). Yrisl o, U o, —
YTII6I MEXTy HOPMAJISIMU K TUTOIIA/IKaM 1 HalpaBlIeHUEM JTyda.

Puc.4.3.4. Ceemosas mpyoxka.

Eciu MBI coefuHIM BCE BO3MOXHBIE TOUKU KPaeB IUIOMIAAKHA APYT C APYTOM, TO
MOJIy4YMM TaK Ha3bIBAEMYIO JIy4eBYIO (CBETOBYIO) TPYOKY.
I'eomeTpuyeckuii pakTop JIydeBoi TPyOKH 3aMMCHIBACTCS TaK:

G=n"-dS,-cosa,; dQ, =n*-dS, -cosa, -dQ, =
n®-dS, -dsS, -cosa, -cosa, (4.3.8)

o 2
c

Puc.4.3.5. Uneapuanm IlImpayb6ens.

NuBapuant lTpayéens:

['eomeTpruueckuii ¢akTOp OCTAaeTCsl HWHBApPHAHTHBIM IIPH PaCIpPOCTPAaHECHUH

Jy4eBOM TpyOKH dUepe3 JIIOOYI IOCIIENOBATCIBbHOCTh PA3IUYHBIX  Cpel

(puc.4.3.5).

WNuBapuant IllTpayOenst BbIpakaeT 3aKOH COXPaHEHHUS JHEPTUH, TaK KaK OH
MIOKa3bIBaeT HEM3MEHHOCTD JTyYHUCTOTO MTOTOKA.
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H3 OHpeI[eJIeHI/IH ﬂpKOCTI/I MOXHO HOquI/ITB CJIeI[yIOIHee paBeHCTBOI
dZ(D — LR . G (43.9)

L
rae L, =— — NpuUBEIEHHAs SAPKOCTb, KOTOpas WHBAPHAHTHA, KAK yxkKe ObUIO
n

CKa3aHo B IJ1aBe 2.

4.4. lNMy4ku nydei

4.4.1. [OMOLIEHTpPUYECKNE MYYKN JTyHeN
I'oMoneHTpUYecKkre My4YKH Jy4deid UMEIOT OOLIUNA LEHTP, TO €CTh BCE Jy4H
BBIXOOAT UJIN CXOOSATCA B OHHOﬁ TOYKE.

['oMoneHTprUeckre My4Yykd Jydei MOryT ObITh cxopasmumucs (puc.4.4.1.a),
pacxoasumucs (puc.4.4.1.6), wim napamiensbHsiMu (puc.4.4.1.B).

a) pacxooawuiics 0) cxooawutics 8) napannenbHulil

Puc.4.4.1. Ilyuxu nyueu.

Dokyc my4yka — 3TO TOYKA, B KOTOPOH BCE JIyUU CXOIATCS WU U3 KOTOPON OHU
BCE BBIXOAAT. BomHOBOM (DpOHT Takoro mydka MpeAcTaBisieT co0oil chepruyecKyro
NOBEPXHOCTh. B yacTHOM citydae (oKyc Mmydka HaXoAUTCS Ha OECKOHEYHOCTH, TOT /1A
BOJIHOBOM (DPOHT IUTOCKHUM, a BCE JIyUH HapajuiesIbHBbI.

Dokyc, focus (nam.) — ouae, mecmo 20e 20pum 020Hb

®oKyc MOXKET ObITh MHUMBIM WUJIA JACHCTBUTEIBbHBIM. JICHCTBUTENBHBIA (HOKYC
o0pa3oBaH caMUMHU JTy4aMU, & MHUMBII — UX NpoAoukeHusiMu (puc.4.4.2).

a
L~

oelicmeumibHbulll pokyc

MHUMBLU POKYC \

Puc.4.4.2. Jleticmeumenvulii u MHUMBLU POKYC.
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Bce paccmoTpeHHble 31€ch YUKW  SIBISIIOTCA — ABYXIIApaMETPHUUYECKUMU
(mokaszarenb MpenoMiIeHUus (PUKCHUPOBaH, TMOJIOKEHHE (OKyca 3aBHCHT  OT
ONTHYECKOrO0 BEKTOpa (¢, a OH HMMeeT JBa mapamerpa). Kpome Takux mydKoB,
CYILIECTBYIOT MYy4YKH, oOyajaromue Oosiee CIOKHBIMU CBOWCTBaMH (Harpumep,
nazepHble myuyku). WX cTpykTypa omnpenenseTcss He JByMs, a YeThIpbMs
napaMeTpaMu.

4.4.2. HeromouUeHTprYecKue ny4ykm

HeromouenTpuuyeckuii my4oK — 3TO IMy4YOK, HE HMEIOMUA oOmiero ¢oxyca
(flyan He TepeceKaroTcs B OJHOM Touke). BomHOBOM (PpOHT Takoro mydka — He
chepudeckoil u He MII0CcKoi GpopMel (puc.4.4.3).

JIOKANbHBIU POoKyC

Puc.4.4.3. Hecomoyenmpuueckutl nyuox.

VY HeroMoueHTpUYEeCKHX IYyYKOB HET oOuiero (¢oxyca, HO €CTh JIOKAJIbHbIE
dokychl. JlokaabHbIil (POKYC — 3TO TOUKAa, B KOTOPOU MEpPEeceKaeTcs 4acThb Jydeu
nyuka (puc.4.4.3). ¥ OGeCKOHEUHO Yy3KOro Mydka BCerja €cCTh JIOKaJIbHBIM (OKyC.
Ecnu paccmaTpuBaTh MMPOKUNA MyYOK KaK COBOKYITHOCTh OECKOHEUHO Y3KHUX ITyUYKOB,
TO COBOKYITHOCThH JIOKQJIBHBIX (POKYCOB 00pa3yeT MOBEPXHOCTh CJIOKHON (hOpPMBI,
KOTOpas Ha3bIBAECTCSI KAYCTHKOM.

4.4.3. AcTurmatn4eckum ny4yok

YacTHBIM CiIydya€M HETrOMOIIEHTPUYECKOrO ITy4yKa SBISETCS aCTUTMAaTHYECKUN
ny4ok. beckoHEeUHO y3Kui acTUrMaTHYECKUI MTy4OK UMEET JBa JOKAIbHBIX (OKyca —
caruTTajbHbid  ¢Gokyc F, u MepuaumoHajabHbld ¢oxkye F . Illupoxuu

S m
ACTUTMATUYECKUM ITy4YOK HMMEET JBE IUIOCKOCTH CHUMMETPHH, KOTOPBIE B3aMMHO
NEPIEHINKYJIAPHBl — MEPUIMOHAJIBHYIO M caruTTanbHyro. Kayctuka mpencraBiser
co00li JBe TOJIOCKU (BEepTUKaJIbHAs W ropu3oHTaidbHas) (puc.4.4.4). Y mmpokoro
ACTUTMATHYECKOIr0 IMy4YKa MOBEPXHOCTh BOJHOBOI'O (DPOHTA — MOBEPXHOCTH JIBOSKOM
KPUBU3HBI, TO €CTh BOJJTHOBOU (PPOHT UMEET TOPUUECKYIO (hopMy.
Paccrosanue mexnay toukamu [, uw F, — 3TO Mepa acTUrMarusma. OTO

pacCTOSHUE HA3bIBAIOT IIPOAOJIBHBIM ACTUTMAaTH3MOM O (F;,Fm ) Ecmu 6(F,,F,)=0,

TO My4oK OyneT romoreHTpuueckuM. COBOKYMHOCTh Jydel acTUTMaTHYE€CKOTO
Iy4YKa Ha3bIBatOT KOHycoM LlITypma.
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MEPYOUOHATILHAS NIOCKOCTb MePUOUOHAbHAS KAYCMUKA

F F

N m

cazummanbHas Kaycmuka
cazummaibHdas njloCKOCmbv

Puc.4.4.4. Acmuemamuueckuti ny4ox.

4.5. [lepeHoc nons e npubnuxeHuu 2eoMempuYecKoli ONMMUKU.
lMpedenbi npumeHUMoCcmu 2eomMempuYyecKoll onmMuKu

4.5.1. YpaBHEHNE nepeHoca KOMMSIEKCHOW amMnniuTyabl B NpUBIvKeHUn
reoMeTpn4ecKon onTUKK

B npubnmkeHMn reoMeTpU4ecKOM ONTHKHM IOJE PAacIpOCTPaHAETCS BIOJb
ny4eit. IIpu TakoM noaxone mepeHoc mojs — 3TO MEPEHOC KOMIIJICKCHOW aMILIUTY bl
U (Pl) U3 TOYku P, B TOuky P, .

U(p,)
U’(ﬁ)/)\PZ.

it
Puc.4.5.1. Ilepernoc nons uz mouxku 6 mouxy.

ITyctes umerorcs Touku F u P,, KOTOpbIE HaxOIATCA B Pa3jIU4HBIX Cpelax
(puc.4.5.1). Ecin u3BecTHa KOMIUIEKCHAs aMIUIUTYJa IMOJsL B TOUKE P, TO MOXHO
HAUTU KOMIUIEKCHYIO aMILIUTYy IOJSA B TOUKE P .

KoMIUIEKCHYX0 aMIUIMTYLy M[ojsg B TOYKax F u P, MOXHO BBIPa3UTh B

COOTBETCTBHH C BhIpakeHueMm (1.3.23):
U(R)=a(R)-o5 )

U(P,)=a(P,)- e™oE) (4.5.1)

I7I€ a— BEIIECTBEHHAs aMIUIUTY1a.

PaccmoTpum, Kak B OTHAENBHOCTH APYr OT Apyra HEPEHOCATCA SUKOHAT M
BEILIECTBEHHAs aMILIUTY/IA.

YpaBHeHHe NepeHoca iKOHAIA MOXKHO TOTYYUTh U3 BeIpakeHus (4.3.1) mis
ONTUYECKOU JUIMHBI JIyya MeXAy Toukamu B u P, :

| £=£-+rR] @5.1)

Jlyis mepeHoca BEUISCTBEHHONW aMIUIMTYABl PACCMOTPHM JIy4eBYIO (CBETOBYIO)
TpyOKy (puc.4.5.2), xoTopas COCTOMT U3 OECKOHEYHO MaJoHi IUIOIAgKu dS), |
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OECKOHEYHO Y3KOro ITydka Jy4dedl — HopMmaieil K BoigHOBoMy (QpoHTy. Ilydok
BBIPE€3aeT Ha IOBEPXHOCTH OECKOHEUHO MAJYIO ILIOWAAKY d.S, .

u(p) —4&
ds, ds,

Puc.4.5.2. Jlyuesas mpyoka.

DHeprusi pacrnpoCTpaHsIETCs BIOJb Jydeld, M €CIU HET MOTepPb, TO MOTOK
SHEPrUM uepe3 IIOMAAKY dS; paBeH MOTOKY SHEPIHH Yepes3 IJIOWAAKy dS, :

a*(B)-dsS, =a*(P,)-ds, (4.5.3)

Uto0Bbl ydYecTb NOTEpPH, MOKHO BBECTH KOIQ(PUIHEHT NPONYCKAHUSA IO
JHEepPruu T(Ple) MeXIay Toukamu. Tornma BeipakeHue (4.5.3) MOXXHO MepemnucaTh

CIeAYIOMMM 00pa3om:
?(RP)-a*(R)-dS,-n, =a*(P,)-dS, n, (4.5.4)

Otcrona cineayeT ypaBHeHHe NMePpeHoca BelleCTBEHHOM aMIJIMTY/IbI:

a(P)=a(r)- "L H(PP,) 45.5)

n

Torna ypaBHeHHe TepeHOCAa KOMILIEKCHOH aMILUTHTYAbI OyJeT BBIMJISACTH
CIeAYIOIMM 00pa3om:

dS ,.
U(R,)=U(R) Zldsl' (PP eoli] (4.5.6)
2 2

Breaem (QpyHKIMIO KOMIJIEKCHOTO MPONMYCKAHUS Cpelbl BAOJb Jy4a f (PIPZ)
MeXay Toukamu F, u P,, KoTopasi XapakTepu3yeT cpey Mexay Toukamu P u P, :

F(rp)= M e(pp,)- ] 5.7
2

n,

3aMeTuM, YTO B paMKax IeOMETPUYECKOM ONTHUKHU IPOUCXOIUT IOTOYEYHBIN
IIEPEHOC IO, TO €CTh KaKIbIM JIyd NMEPEHOCUT DHEPIUI0 HE3aBUCHUMO OT IPYIUX
ny4en. Ilone B Touke P, onpenensercs TOJIBKO TOYKon F .

4.5.2. Npegensi NPUMEHMMOCTN rEOMETPUYECKOU ONMTUKU

OcHOBHOE TpPHUOJMKEHUE TEOMETPUYECKOW ONTHKM — 3TO MNPUOIMKEHHE
KOPOTKHMX JUIMH BOJH. DTO O3HAYaeT, YTO UIMHBI BOJIH CUUTAIOTCS MPEHEOPEKUMO
MaJIbIMU 110 CPABHEHHUIO C pa3MepaMu HEOJHOPOIHOCTEN AIEKTPOMArHUTHOTO MOJIS U
cpenbl. IloaTromy reomerpuueckas ONTHKAa HE MPUMEHUMA TaM, IJle HEOOXOAUMO
UCCJIeI0BAaTh TOHKYIO CTPYKTYPY HEOJHOPOAHOCTEN, CPABHUMBIX C JUIMHOW BOJIHBI.
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WTak, reomeTpruyecKkas ONTHKa HE OMUCHIBAET paclpe/ieIeHUEe CBETOBOTO TOJIS B
CIIETYIONTUX CUTYAIUIX:
e BOJM3M IpeaMeTa U u300pakeHUs] B ONTUYECKUX CUCTEMax, TO €CTh TaM, IIe
BO3MOYXHA TOHKasi CTPYKTypa HEOJHOPOAHOCTEH,
e BOJM3HU (DOKYCOB ITYyYKOB.
B a1ux cmydasx TpeOyroTcs ApyrHe TMOIXOIbl K OIMHMCAHWUI0 CBETOBOTO IOJIA,
OCHOBaHHBIC HA TCOPHH TUDPAKITUH.
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5. FeomeTpvmeCKaﬂ Teopus ONTN4YeCKunx M306pa>|<eHm7|.
UpeanbHble oONTUYECKUE CUCTEMbI

5.1. OnucaHue onmuYyecKux cucmem

5.1.1. DnemMeHTbl ONTUYECKUX CUCTEM

OnTuyeckasi cMCTeMa — 3TO COBOKYITHOCTh ONTHYECKHX CPEIl, pa3AelICHHBIX
ONTUYCCKUMHU  TOBEPXHOCTSIMH, KOTOpPbIE  OTPaHUYMBAIOTCS  JauadparMami.
OnTHnueckass cucTeMa MNpeAHa3HadeHa Uil (HOPMHUPOBAHHS H300paKCHHS MyTeM
nepepacnpeicfieHus B MPOCTPAHCTBE DSJICKTPOMArHUTHOTO TIIOJSI, MCXOMSINEro W3
npeameta (mpeoOpa3oBaHus CBETOBBIX ITYYKOB).

[TpeoOpazoBaHne CBETOBBIX MYyYKOB B ONITHYECKON CHCTEME TIPOUCXOINT 32 CUET
NpeTIOMJICHUSI W OTPaXCHHsI CBETAa TOBEPXHOCTSIMH, a TaKXKE 3a CUCT OTpaHUYCHUS
ny4ykoB auadparmoii. Kpome Toro, mydku cBeTa MOTYT MPeoOpa3oBBIBATHCS 33 CUET
TUQPPAKITIH U TTOTIOMICHHUS.

OCHOBHBIMH  (PDYHKIHOHAJBHBIMH  JJIeMEHTAMH  OINTHYECKHX  CHUCTEM
SIBIISTFOTCSL:

® OINTHYECKHUE CPEbI,
ONTHYECKHE TIOBEPXHOCTH,
3epkaia,
nuadparmel,
TU(PaKIIMOHHBIC ONITUYECKUE FIICMEHTHI.

Onruyeckue cpeabl

OnTnyeckue cpeabl — 3TO MPO3PAYHBIE OJHOPOJIHBIE CPEABl C TOYHBIM
3HAYEHUEM I10Ka3aTelIs MPeIoMIIeHuUs (C TOUHOCTBIO A0 4-6 3HAKOB MOCIIE 3aIISATON).
B kauecTBe ONTUYECKUX CPEJl B ONTHYECKUX CHCTEMAX B OCHOBHOM IPUMEHSIOT:

® BO31YyX (BaKyyM) (n ~ 1),
® ONTHUYECKHE CTEKJIIAa — TOYHO H3BECTHBI UX IIOKA3aTeId IPEIOMIICHHUS H
pa3TMYHbIE ONTHKO-(U3MIecKHe cBoiicTBa (1 = 1,42 +2,0),

® OINTUYECKHE KPUCTAUIBI — paboTaloT B 0o0Jjiee MIMPOKOM JIMAIa30He JJIUH
BOJIH, YEM CTEKIIA,
® ONTHYECKHE IUIACTMACChl — HE MOAXOAAT JII TOYHOM ONTHKM W3-3a
HE3HAYUTETHbHOW TBEPAOCTH M  BBICOKOTO KO3(PQHUIMEHTa TEIIOBOTO
pacIIMpeHus, HO MOILYT MPUMEHATbCA [UIsl M3TOTOBJIEHUS IPOCTHIX
ONTHYECKUX 3JEMEHTOB M IIO3BOJSIOT H3rOTaBIMBATH OYEHb JCIIEBBIC
DIIEMEHTBl CO CIIOXKHOW (OpMOM pa3aU4YHBIMA METOJaMH, HampHuMmep,
IIPECCOBAaHUEM.
OnTuyeckue CUCTEMBI HCIONB3YIOTCS B IIMPOKOM HMHTEpPBAJIE IJIUH BOJH (OT
YO no UK), mo3TOMy Ba)KHO 3HaTh MOKA3aTEIU MPEIOMIICHUS CTEKOJI U KPUCTAILIIOB
JUISL pa3HbIX JJIMH BOJIH. JlMcnepcusi ONTHYECKUX MAaTEPHAJIOB — 3TO 3aBUCUMOCTD
NOKa3aTessl MPEJIOMIIEHUS OT JUIMHBI BOJIHBI.
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CylIHOCTBIO  SIBIIGHHMSI ~ JUCIIEPCUM  SIBIIAETCSI  HEOJMHAKOBAasi  CKOPOCTH
pacnpoCTpaHEHUs] Jy4edl CBETa C pa3jJWYHOW JUIMHOM BOJIHBI B MPO3PAYHOM
BELIECTBE — ONTHYECKOW cpene (Torga Kak B BAaKyyMe CKOPOCTh CBETa BCErja
OJIMHAKOBA, HE3aBUCUMO OT JIIMHBI BOJHBI). OOBIYHO YeM OOJbIIEe YacTOTa BOJIHBI,
TeM OOJIbllIe TTOKa3aTelb MPEIOMJICHUS CPEIbl U MEHBIIE €€ CKOPOCTh CBETA B HEW
(HOpMasibHast AUCTIEPCUs):

e y JUIMHBI BOJIHBl KPAacHOr0 LBETa MaKCUMaJibHasi CKOPOCTb B CpeAe u
MHUHUMAJIbHASL CTENIEHb MPEJIOMIICHUS,

® Yy JUIMHBI BOJHBI (PUOJIETOBOTO 1[BE€Ta MUHUMAJIbHASI CKOPOCTh CBETA B CpeJie U
MaKCUMaJbHasl CTENEHb MPEIOMIICHHUS.

OpHako B HEKOTOPBIX BelllecTBaX (HampuMmep, B Mapax Hoja) HaOrogaeTcs
3¢ dexT aHoMaNbHON TUCTIEPCUH, TTPU KOTOPOM CUHHUE JIy4H MPETOMIISIOTCS MEHBIIIE,
YeM KpAacHbIE, a JPYTHE Jy4Yd IOIJIOLIAIOTCS BEIIECTBOM. AHOMAaJbHAsl AUCIEPCUS
HIMPOKO pacipocTpaHeHa, HApUMeEpP, OHA HAOIIOJACTCsl MPAKTUYECKHU Y BCEX ra3oB
Ha YacToTax BOJM3W JIMHUN MOTJIOMICHMS, OJTHAKO Yy IMapoB MOJa OHA JOCTATOYHO
yao0Ha g HAOMIOJEHUsS B ONTUYECKOM JUana3oHe, TJIe OHU OYEHb CHUJIBHO
MOTJIOUIAIOT CBET.

[lokazaTenp NPEJIOMIICHHUS MaTepHalla MOXHO BBIUHCIUTH [0 PA3TUYHBIM
JTUCIIEPCUOHHBIM (opMyJsiaM, HampuMep, UCob3ys Gopmy.ty 3eiibMeiiepa:

S

n-=1+» -+, (5.1.1)
ar-x

i popmyay Koun

n=a,+a,A +al va 0 +a At +a (5.1.2)

Taxum 006pazom, MOKHO OMHUCHIBATH ONTHYECKHE MaTepUANbl JUO0 3HAUCHUSIMU
KOO(PPUIIUEHTOB TUCIEPCUOHHON (HOPMYIIbI, TUOO HEMOCPEACTBEHHO 3HAUYCHUSMU
IIOKAa3aTens MPEJOMIICHMS I PA3JIMYHbIX JJIMH BOJIH.

OnTuueckue martepuangbl MOTYT padOTaTh TOJIBKO B ONPEIEICHHOM WHTEpBaie
JUIUH BOJH (0T 4, 10 A, ), Ha3bIBAEMOM I10JI0CO MPOIyCKaHuUs, B IIpesienax KOTOpOro

MOKAa3aTeNb MPEJIOMJICHUSI XOPOIIO OMHCHIBACTCS NUCTIEPCUOHHBIMH (HOPMYIIaMH.
BOnu3u rpanuil 3TOro MHTEpBalia 3aBUCUMOCTBH MOKA3aTeNsl MPEJIOMIICHUS CUIIBHO
OTJIMYAETCS OT OMMCAHHOTO JUCIEPCHOHHON (opMyIoil (ToKazaTenb MpeTOMICHHUS
1100 pe3ko yObIBaeT, TuO0 pe3ko yBenudyuBaercs). [lorpaHudHble HHTEPBAIBI JUTHH
BOJIH Ha3bIBAIOTCA MOJIOCAMH MOIJIOIIEHHUS. Y Pa3JIUYHBIX ONITHYECKUX MATEPUAIIOB
IIOJIOCHI TIOTJIOLIEHUS Pa3HBIE.

B Bugumoii o00macTé CrmeKTpa UMEIOTCS CTAHAAPTHbIE JMHBLI BOJIH,
Ha3piBacMble DpayHrogepoBbIMU JTUHUAMM:
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i —365HM d — 587 um

h — 404 am D — 589 am

G'— 434 am C' — 643 am

g —436 am C — 656 Hm

F' —480 um r — 706 HM

F — 486 um A - 768 um

e — 546 um

OCHOBHBIMH XapaKTCPUCTUKAMHU CTEKOJI ABJSIOTCS MOKA3aTeJb NMPeJoMJIeHHSs

JJIS OCHOBHO#M JJIMHBLI BOJIHBI 71 B o0Iasi TUCIepPCHst 7 y ~ My, THE A, A —

HauOOJbIIas ¥ HAMMEHBIIIAs IJTUHBI BOJIH, KOTOPBIE MPOIMYCKAET CTEKIIO.
B kadecTBe OMOpPHBIX WM OCHOBHBIX [IJIMH BOJIH I BUJIUMOUN 001acTH
MCTIOJIB3YIOTCS: LIEHTpAJIbHAsL JUIMHA BOJHBI A, = e, KpaliHHe JUIMHBI BOMH A, =F",

A, =C'". Panee B KadecTBe OCHOBHBIX JUIMH BOJIH  HCIIOJIb30BAJIKCh:
A=D, 4 =F, 4, =C.

OnTryeckoe CTEKJIO XapaKTepU3yeTcsl IOKa3aTellieM MPEJIOMIICHUS  JJIs
OCHOBHOM JUIMHBI BOJHBI 7, (WIN np), @ TaKkKe OOIIeH OUCIEepPCUEN Ny — N
(wmu np —ng).

Emie oaHOM BaXHOM XapaKTEPUCTUKOW CTEKJIa SBISIETCA YHCI0 A0Oe
(k03 PUITMEHT OTHOCUTEIBLHON AUCTIEPCUN):

n —1
= ¢ (5.1.3)
¢ np—ng
WA
nn—1
e

Opucem Ab6o6e (Ernst Abbe) — nemeyxuil yuemwlii, 0CHO8AMeENb COBPEMEHHOU NPUKIAOHOU
onmuxu, Hayunslti pykogooumensv upm Carl Zeiss u Schott (xoney XIX sexa).

Yem wmenbie uuciao AOOe, Tem Oonblie TUCIIEPCHsi, TO €CTh CHUJIbHEE
3aBHCHUMOCTh TIOKa3aTelisi MpeloMJIeHUuss OT JUIMHBI BoaHbBL [lo umcmy AOGGe
ONTHYECKHUE CTEKJIA JENIAT Ha IBE TPYIIIIbI:

e V,>60 — KpoHBI,

e V, <60 — QuuHTHL

KoMOuHanus cTekosa, MNpUHAUICKANMX pa3IUYHbIM CpPYyIIaM, IO3BOJSET
KOMIIEHCHPOBAaTh XpOMaTUYECKHe adeppariv, BOZHUKAKOUIUE BCIEACTBUE JUCTIEPCHH
ONTHYECKOI0 Marepuajga M AAeT BO3MOXKHOCTH CO3/1aBaTh BBICOKOKAYECTBEHHBIE
ONTHYECKUE CUCTeMbl. KpOHbI M (IMHTBI — 3TO OCHOBHBIE TPYIIIBI ONTUYECKUX
CTEKOI.

Onruueckue MOBEPXHOCTH

OnTnyeckasi MOBEPXHOCTb — 3TO TJAJKas PEryJspHas MOBEPXHOCTh TOYHO
U3BECTHOU (POPMBI.

61



[ToBepXHOCTH MOTYT OBITH:

® IUIOCKHUE,

e cdepuueckue,

e acdepuueckue.

Yarme Bcero B ONTHUKE MPUMEHATCSA CHEPUICCKUE U TUIOCKHE MTOBEPXHOCTH. J[7st
chepuvecKuX TOBEPXHOCTEH 3aJaeTcsi OJWH TapaMeTp TMOBEPXHOCTH — PaaMycC
KPUBHM3HBI R, paBHBI pPACCTOSHUIO OT BEPIIMHBI TPEIOMISIIONICH WM
OTpaXkaroliel IMOBEPXHOCTH JI0 IIEHTpa KPWUBH3HBI CHEPUIECKON TOBEPXHOCTH.
[Tnockoil MOBEPXHOCTHIO MOXKHO CUUTaTh CHEPUUECKYI0 MOBEPXHOCTH C PaTAyCOM
KPUBHU3HBI PABHBIM OCCKOHEYHOCTH R = 0.

[Ipy KOMMBIOTEPHBIX pacueTaX yAOOHO TaKKe HCIONb30BaTh HE PaguycC
KPUBU3HBI, & KPUBHU3HY MOBEPXHOCTH:

®dopMa ONTHYECKHX MOBEPXHOCTEH MOJKHA BBIAEPKUBATHCS C TOYHOCTBIO
MEHBUIE JJIMHbI BOJIHBI. B uA€aJbHBIX ONTUYECKUX CHUCTEMAX OTKIOHEHHUS OT
uaeanbHol (OpMbI MOBEPXHOCTH HE JOKHBI mpeBbimath 0.1-0.024, mpu sToMm
JOIYCK HE 3aBHUCHT OT pa3Mepa MMOBEPXHOCTH.

[Inockme u  cdepuyeckre MOBEPXHOCTH M3  CTEKISHHBIX  3arOTOBOK
U3TOTABJIMBAIOTCA JOCTATOYHO IMPOCTO (METOAOM MPUTHUPKH), U TIO3TOMY UMEHHO MX
yalie BCEro MCHOJB3YIOT B ONTHYECKHUX CHCTeMax. Acdepruyeckre NOBEPXHOCTH
HCITOJIB3YIOTCS PEAKO M3-3a CIOXKHOCTH UX U3TOTOBJIEHUS U KOHTPOJIS, TaK KaK y HUX
paznuyHas BEJMYMHA paadyca KPUBU3HBI 1O pPA3IWYHBIM HampaBieHUsM. B
HACTOSIIIIEE BpeMsSl  CYHIECTBYIOT TEXHOJOTHMHM H3TOTOBIEHHUS  acepruuecKux
NOBEPXHOCTE Ha CTaHKaXx C MpPOrpaMMHBIM yOpaBieHHEM. B To e Bpems,
TEXHOJIOTHSI U3TOTOBJCHHUS ONTHYECKHUX DIEMEHTOB CO  CIOXKHOW  opMoii
INOBEPXHOCTH H3 TMOJUMEPHBIX ONTHYECKUX MATEPUATIOB SABISIETCS MPOCTOM H
nemeBoir. K Meromam ¢opmMooOpa3oBaHUs TMOMMMEPHBIX ONTHYCCKUX MaTEpUaJIOB
OTHOCATCA [IPECCOBAHUE, rOpsiuas IITaMIIOBKA, HarpeBaHue, pOpMOBaHUE U AP.

Anadgparmel
JAuadparma — 5TO Hempo3payHas WIM YaCTUYHO HENpO3padHasl Iperpaja,
OTpaHUYMBAIOIIAs MONEPEYHOE CEYEHUE CBETOBBIX MYYKOB B ONTHYECKUX CUCTEMAX
(Hampumep, METAIUIMYECKUI SKpaH ¢ KpyIiibiM oTBepcTueM). Ha onTuyecknx cxemax
nuadparMbl MOTYT OBITH 3aJlaHbl SBHO — Auadparma SIBISETCS CaMOCTOSTEIbHBIM
AJIEMEHTOM OMNTHYECKON cuctembl (puc.5.1.1.a), win HEIBHO — poJyib auadparmsl
urpaeT Kpa win ornpana JuH3bI (puc.5.1.1.06).
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T a) 0)

Puc.5.1.1. Jluagppaecmeoi.

5.1.2. B3anmMHoe pacrnonoxeHune aneMeHToB B ONTUYECKOU CUCTEME

LlenTpupoBaHHasi onTHYECKasi CHCTEMA.

IleHTpUpPOBaHHAA ONTHYECKASI CHCTEMA — 3TO ONTHYECKAasi CUCTEMA, KOTOpast
UMeeT OOIIYI0 OCh BpaIlleHUs IOBEPXHOCTEH - ONTHYECKYIO OCh.
JIns  UEeHTPUPOBAHHOM  ONTHYECKOM  CHCTEMBI  JOJDKHBI  BBITOJIHATHCS
CIEYIOLINE YCIOBUS:
® BCE IUIOCKHUE MOBEPXHOCTH MEPICHAUKYJISIPHBI OCH,
® IIEHTPHI BceX ChepUUECKUX MOBEPXHOCTEH MPUHAIJICKAT OCH,
e BCce auadparMbl Kpyribie, IEHTPHI Bcex AuadparM MpuHajIeKaT ocH,
® BCe cpenbl TM00 OJHOPOIHEL, MO0 pacTpeeeHIe TToKa3aTess MPEIOMIICHUS
CHUMMETPHUYHO OTHOCHUTEIBHO OCH.
[{leHTprpOBaHHBIE ONTHUYECKHUE CHUCTEMBI MOTYT BKIIOYAaTh B Ce€OSl TUIOCKHE
3epKajia U OTPAXKAIOLIME NPU3MBI, JOMAKOIIME ONTHYECKYK) OCbh, HO IO CYTH HE
BIIUAIONINE HA CHMMETPHIO cucTeMbl (puc.5.1.2).

N <
U U

1

Puc.5.1.2. [Jenmpuposannas onmuyeckas cucmema ¢ uziomMom Onmu4ecKou ocu.

Hymepamusi 37€MEHTOB ONTHYECKOM CHCTEMBl BEACTCS 10 XOAy Jiyda
(puc.5.1.3). Bce paccTosiHusST MEXAy MOBEPXHOCTSAMH (TOJILMHBI JIMH3 WIH
BO3/TYIIIHBIE TIPOMEKYTKH ) U3MEPSIOTCS 110 OCH.
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Puc.5.1.3. Hymepayus snemenmos onmuyeckou Cucmembi.

IIpaBuia 3HaKoB

I[JISI y,[[O6CTBa YTCHHA OINITHYCCKHUX CXCM N KOMIIBIOTCPHBIX PACHYCTOB B OIITHKC
IMPHUHATHI CIUHBIC IIPABHJIA 3HAKOB.

[TonoxuTEIABHBIM HalpaBJC€HHEM PpacClnpoCcrpaHeHusi CB€Ta CUYHUTACTCA
PaCIIpOCTPAHCHUC CJICBA HAIIPABO.

OceBble paccTOSSHUS MEXIy MPEIOMISIONIMMUA TTOBEPXHOCTSIMHU CUUTAIOTCS
MIOJIOKUTEIIbHBIMU, €CTM OHH M3MEPSIOTCS TI0 HAMPABICHUIO PACTIPOCTPAHCHHUS
cBera (cneBa Hampaso) (puc.S.1.4).

Paguyc KpUBU3HBI MOBEPXHOCTH CUYUTACTCS IOJIOKHUTEIBHBIM, €CIH IICHTP
KPUBU3HBI HAXOAWTCS ClpaBa OT TIOBEPXHOCTH (TMOBEPXHOCTH OOpaiieHa
BBITTYKJIOCTBIO BJIEBO) (puc.5.1.4).

Yroa Mexay Jy4oM H ONTHYECKON OCBIO CUMTACTCS TOJOKHUTEIbHBIM, €CITU
JUTS COBMEIIEHUSI OCH C JIY4OM OCh HYXHO BpaIiarh IO YaCOBOH CTPEIKE
(puc.5.1.4).

Otpe3kn, nepneHIuKyJIsipHbIe ONTHYECKOMH ocH CUHMTAIOTCS
MOJIOKUTENIbHBIMU, €CJIM OHU PacIiojaraloTcs Haja ockio (puc.5.1.4).

JIy4

—
y>0 >0

a>0
|

d>0

Puc.5.1.4. Ilpasuna 3naxos.

Ha 4geprexkax m puCyHKax BCEra YKa3blBalOT 3HAK OTPE3KOB W yrjioB. [Ipu
ONTHYECKUX PacueTax CUMUTACTCS, YTO IIOCIIE KKIOM OTPa)Karolled MOBEPXHOCTHU
IOKa3aTellb MPEJIOMIICHUS, OCEBOE PACCTOSIHUE U YTOJI OTPAKECHUSI MEHSIOT 3HAK Ha
MIPOTHUBOIIOJIOKHBIMN.
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Jlyd MOXET HMpOWTH OJHY M Ty € IMOBEPXHOCTh HECKOJIBKO pa3, MO3TOMY
¢u3nyecKoe U pacueTHOE YHUCIIO MOBEPXHOCTEH MOXeT paznuuarbes. Hampumep, Ha
puc.5.1.5 nokazansl 8 puznueckux u 12 pacueTHBIX TOBEPXHOCTEH.

1 2

8
Puc.5.1.5. Quszuueckue u pacuemmvie nOBEPXHOCMIUL.

[To cocTaBy ONTUYECKUE CUCTEMBI JIETIATCS Ha:
e JIMH30BEIC,
® 3CpKaJIbHBIC,
® 3EPKAIbHO-JIMH30BBIE.

Mepnzmona.m;naﬂ H CATUTTAJbHAA IIJIOCKOCTH

[Ipn aHanu3e ONTHYECKON CUCTEMBI UCITOIB3YIOTCS TOHATHSI MEPUANOHAIBHOU U

CaruTTaJIbHON TUIOCKOCTH. MepHAMOHAJbHAA IJIOCKOCTL — 3TO IUIOCKOCTD,
IPOXOsIIasl Yepe3 ONTUUYECKYIO OCh (HaIpUMeEp IIOCKOCTh pUCyHKa 5.1.5).
CarurranbHasi IJIOCKOCTbL — 3TO IUIOCKOCTh, COJEpXalas Jyd ¢

NEepICHANKYIApHAs MEPUAMOHAIBHON TIJIOCKOCTH (MOXXET OBITh JIOMaHOH U
paccMarpuBaeTcs 1o yactsMm). Ee Ha3BaHue mpou301uIo OT ciaoBa “‘carutra’ (JaT.) —
ctpena. [Ipumepom Takoil TIIOCKOCTH MOKET CIYXXHTh BOOOpakaemas JOMaHas
IUIOCKOCTB, COAEp:Kalas jJyd Ha puc. 5.1.5 u neprneHauKyIIsipHas MIOCKOCTHA 3TOTO
pPHUCYHKA.

5.1.3. lNMpeameT n n3obpaxeHme B ONTUYECKON CUCTEME

OCHOBHBIC TOJIOKECHUSA

OnTuueckue CUCTEMBI B OCHOBHOM TMpeAHA3HAuYeHbl s (HOPMHUPOBAHHUS
n300paxkeHus (M300pakaroniue ONTHIYECKHE CUCTeMBI). [l TaKMX CUCTEM BBOAMUTCS
NOHATHE TMpeaMeTa W u300pakeHus. /s ONTHYECKHUX CHUCTEM, HE CTPOSAIIUX
U300paKeHNE, TOHATUE MPEIMETA U U300paKEHNS BBOJUTCS YCIOBHO.

B FGOMCTquCCKOﬁ OIITUKC NMPEAMET — 3TO COBOKYIIHOCTH TOUYCK, M3 KOTOPBIX
BBIXOIAT JIYYUH, ITOIIAJAOIIHUEC B OIITHYCCKYIO CUCTCMY.
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OnTryeckasi CUCTEMA JIETTUT BCE MPOCTPAHCTBO HA JIBE YACTHU:

® [POCTPAHCTBO MPEIMETOB,

® TIPOCTPAHCTBO M300paKCHUH.

N3 kaxI0oW TOYKH NMPEIMETa BBIXOAUT NOMOLIEHTPUYECKHUN My4OK Jiydeu. Bes
BO3MOXKHAsl COBOKYITHOCTh TOYE€K (OT —o0 J0 +00) 00pa3yeT NPOCTPAHCTBO
npeaMeToB. COBOKYNMHOCTh H300paKEHHM TOYEK MPOCTPAHCTBA IMPEIAMETOB,
ONpPENECICHHBIX MO 3aKOHAM TNapaKCHUAIbHOM ONTHUKKM M 3aMOJIHSIOIMIMX BCE
IPOCTPAHCTBO 00pa3yeT MPOCTPAHCTBO U300PaKEeHUIA.

[IpocTpaHCTBO MPEIMETOB M MPOCTPAHCTBO M300paKECHUNW MOTYT OBIThH
JeHCTBUTEIbHBIMH WJIH MHUMBIMH.

ILiockocTh TpPeAMETOB M IUJIOCKOCTH H300pa’keHMH — OTO IUJIOCKOCTH,
NEepHeHIUKYJIIPHbIE ONTUYECKOW OCH U MPOXOJIAIINE Yepe3 MpeMeT U U300pakeHHE.

ConpsizkeHHbIE TOYKH

B reomerpuueckoil ontuke JrO00M TOYKE MPOCTPAHCTBA MPEIMETOB MOKHO
[IOCTaBUTh B COOTBETCTBUE COMPSIKEHHYIO € TOUKY B MPOCTPAHCTBE M300paKeHUIA.
Ecny u3 HEKOTOPON TOUYKM B IPOCTPAHCTBE IPEIAMETOB BBIXOAAT JIYUYU U OTU JIY4H
3aTeM MEePEeCceKaroTCsl B MPOCTPAHCTBE U300PAKEHUIN B KaKON-IMO0 TOUYKE, TO ITH JBE
TOYKU Ha3bIBAIOTCS CONMPAKEHHBIMU.

ConpsizkeHHbIe JMHUM — DTO JIMHUM, I KOTOPBIX Ka)K[1as TOYKa JINHUU B
IIPOCTPAHCTBE MPEAMETOB COIPSKEHA C KAXKJIOW COOTBETCTBYIOLIEH TOYKOM JIMHUU B
MPOCTPAHCTBE N300paXKEHUM (7151 UCaTbHBIX ONTUYECKUX CUCTEM).

g uaeanbHBIX ONTUYECKUX CUCTEM KaXKAOM TOYKE IPOCTPAHCTBA IIPEIMETOB
A 00s3aTeIbHO COOTBETCTBYET MACAIBHO COIpPSKEHHAs € TOYKa B MPOCTPAHCTBE
n3o0paxkeHunii A’'. B peasbHBIX ONTHYECKUX CHCTEMAax JIYYH, BBIXOISIIME U3 TOUKH
A, TOJBKO IPUOJIMKEHHO CXOATCS B Touke A'.

Tunsl npeavera u H300pakeHust
CyImiecTByIOT /1Ba THIIA ITPEMETa U N300paKEHUS:
Bawxuuii ™MD — mpeaMer (M3o0pakeHHWE) pAaCIONOKEHBI Ha KOHEYHOM
PACCTOSIHUH, TTOTIEPEYHBIC pa3Mephbl U3MEPSIIOTCS B €IMHUIIAX JTHHEL

JanbHuii THN — npeaMeT (M300pakeHHE) PacIoJIOKEHBI B OCCKOHEYHOCTH,
TIOTIEPEYHBIC pa3Mephl BEIPaXKEHBI B YTIIOBOK Mepe.

TepMuHbI “KOHEUHOE pacCTOsTHUE” U “OECKOHEYHOCTH” JIOCTATOYHO YCIOBHBI U
IPOCTO COOTBETCTBYIOT 0Oojiee HWJIM MEHee ONU3KOMY pACIOJIIOKEHHUIO MpeaMeTa
(n300pakeHus1) 0 OTHOIICHUIO K OITHYECKON CUCTEME.

5.2. Teopusi udeasibHbIX ONMUYECKUX cucmem (napakcuasibHasi unu
2ayccoea ornmuka)

5.2.1. OCHOBHbIE MOoJsoXKeHunsa

B napakcuanbHOi oOnactu (OECKOHEUHO OJM3KO K ONTHUYECKON OCH), JIr00ast
peanbHas cUCTeMa BeJleT ce0sl Kak HJleasibHas:
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Kaxx1oil Touke MpOCTpaHCTBA MPEIMETOB MOKHO MOCTaBHTh B COOTBETCTBHE
CONPSKEHHYIO €l TOUKY B POCTPAHCTBE U300paKEeHUM.

Kaxmas mpsiMas JUHHS HWMEET CONPSDKEHHYIO ed  TNpsAMYyI0 JIMHUIO B
IPOCTPAHCTBE N300PAKECHUH.

Kaxnas mI0CKOCTH MPOCTPAHCTBA TMPEAMETOB HMEET CONPSDKEHHYHO €M
TJIOCKOCTh B MMPOCTPAHCTBE NU300PaKCHHIMA.

N3 5ThX nONM0KEHUM CIENAYET, YTO:

MepuanoHanpHas IUIOCKOCTh HMMEET COMNPSDKEHHYI0 €W MEPUAMOHAJIBbHYIO
TJIOCKOCThH B MMPOCTPAHCTBE NU300PaKCHHIA.

[T10CKOCTh B MPOCTPAHCTBE MPEIMETOB, MEPIICHIUKYJIIPHAS ONTHYCCKOH OCH,
UMEET COMNPSKCHHYIO €M IUIOCKOCTh, NEPICHINKYJIAPHYIO ONTHYECKON OCH B
MIPOCTPAHCTBE U300PAKECHUH.

5.2.2. JluHenHoe, yrnosoe, NpogonbHoe yBenmyeHne

JInHelHoe (MmonepevyHoe) yBeJJudeHune

JIlnneiiHoe yBeJMUYeHHE ONTHYECKOH CHCTEeMbl — OTO YBEJIWYCHHE B
COTPSDKEHHBIX ~ TUIOCKOCTSIX,  TEPIEeHIUKYJSPHBIX ~ ONTHYECKOW  OCH,
oTpesieNisieMOe OTHOILIIEHUEM pa3Mepa MapakCHaTIbHOTO N300pakeHUs K pa3Mepy
npeamerta (puc.5.2.1):

!
p=2 (5.2.1)
y
Ay
% A
NAOCKOCTb
NJI0CKOCMb u30bpaicenuti
npeomemos

Puc.5.2.1. Conpsorcennvie nunetinvie eUUUNbL.

Ecmu £ >0, T0 oTpe3ku y u ' HampamJICHBI B OJHY CTOPOHY, eciiu [ <0, TO
OTpe3KM )y W )’ HampaBlIeHbBl B pa3HbIE CTOPOHBI, TO €CTh IPOHCXOIUT
obopaynBaHKe N300pPAKCHUS.

Ecnu ‘ ﬂ‘ > 1, TO BenMYMHA M300pakeHHsI OOJIbIIE BEJIWYMHBI MPEIMETa, €CIH
‘ ,B‘ < 1, To BenmunHa N300pa’keHNsI MEHBIIIE BETUYUHBI PEAMETA.

Jns uaeasibHOM ONTHYECKOM CHUCTEMbl JIMHEWHOE YBEIWYCHUE Jis JIH000H
BEJIMYMHBI TIPEMETA U U300paKEHUS B OJTHUX U TEX K€ TUIOCKOCTSIX OJIMHAKOBO.
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YriioBoe yBeJin4eHue

Yriosoe yBeqHMYeHHE ONTHYECKONW CHCTEeMbl — DOTO YBEJIMYEHHE B
CONPSKEHHBIX TOYKAaX Ha ONTUYECKOW OCH, ONMPENEIIEMOE OTHOIIEHUEM YIJIOB
NapaKkCUalIbHBIX Jydyel C ONTHUYECKOH OChIO B MPOCTPAHCTBE M300PAKEHUH U
IPOCTPAHCTBE MpeaMeToB (puc.5.2.2):

_tga’

W (5.2.2)

ga

e o' T~

Puc.5.2.2. Conpsowcennvle yenoguvle seniuyunbi.

B napakcuanbHOM 005acTM  yribl Manibl, M CJIEIOBATEIbHO, YTIOBOE
YBEIIMYEHNE — ITO OTHOIIECHUE JTIOOBIX U3 CIAEAYIONIUX YTIOBBIX BEJIMYMH:

&0 _sing'_§
g6 sinb6 6

(5.2.3)

IIpoxosibHOE yBeIMYeHUE

IIponosbHOE yBejIMUeHHE ONTHYECKON CHCTeMbl — 3TO OTHOIICHHE pa3Mepa
napakCHaIbHOTO M300paKeHHsI OECKOHEUYHO MAaJIOr0 OTPE3Ka, PacIoIOKEHHOTO
BJIOJIb ONITUYECKOM OCH, K pa3Mepy 3TOro oTpeska (puc.5.2.3):
/g!
0=— (5.2.4)
1

Puc.5.2.3. Conpsidxcennvle npo0donibHbie ompe3Ku.

Buaumoe yBeanuenue

Buaumoe yBeM4YeHHe ONTHYECKON CHCTEMbI — 3TO OTHOIIEHUE TAaHTEHCA
yTiia, Moj KOTOPHIM HaOIIOJAeTCsl MapakCHalbHOE HM300paKeHHE, K TaHTEHCY
yTJia, ol KOTOPBIM Ha0Jt01aeTCs MPEAMET HEBOOPYKEHHBIM TJIa30M.
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5.2.3. KapauHanbHble TOYKN N OTPE3KN

PaccMOTpUM IUIOCKOCTM B IPOCTPAHCTBE NIPEAMETOB U COIPSIKECHHBIE WM
IUIOCKOCTU B IPOCTpaHCTBE M300pakeHuil. Haiinem mapy miaockocTeil, B KOTOPBIX
JUHEIHOE yBEIMYEHUE PaBHO eauHuLEe. B obmiem ciydae Takas mapa MjIOCKOCTEH
CYILIECTBYET, MPUYEM TOJbKO OJHA (HMCKIIOUEHHEM SBISAIOTCS adOKaJbHbIE WIH
TEJIECKOIINYECKUE CUCTEMBI, JIJI1 KOTOPBIX TAKUE INIOCKOCTU MOTYT HE CYyLIECTBOBATH
WJIM UX MOXKET OBITh OECKOHEYHOE MHOXKECTRBO).

I'1aBHBIMH  IUIOCKOCTAMHM CHCTEMbI Ha3bIBa€TCA Mapa COMNPSIKEHHBIX
IUIOCKOCTEH, B KOTOPHIX JIMHEWHOE yBelInueHue paBHo equnuie (f =1).

I'naBuble Toukn H u H' — 3T0 TOYKHM TepeceueHusl TIaBHBIX IUIOCKOCTEH ¢
ONTUYECKOU OCBIO.

PaccmoTrpum citywall, Korjga JIMHEWHOE YBEJIMYEHUE PABHO HYJIK0, WU
o6eckoHeyHocTu. OTOABUHEM IUIOCKOCTh TMPEAMETOB OECKOHEYHO Jalieko OT
onTu4eckor cuctembl. COnpsiaKeHHasl € MII0CKOCTh Ha3bIBaeTcs 3aAHell oKaIbHOM
IUVIOCKOCTbI), a TOYKa Ha ONTHYECKOM OCH B TPOCTPAHCTBE H300paKEHH,
comnpsbKeHHass ¢ 0CCKOHEYHO YMAJICHHOM TOYKOM, PACIlONOKCHHOM Ha ONTHYECKOM
OCH B MPOCTPAHCTBE MPEIMETOB Ha3bIBaeTCs 3aAHUM (pokycom F' (puc.5.2.4).

-

— Sk Sk

_f fr

Puc.5.2.4. Kapounanvhvle mouku u ompesKu.

Paccrosinue ot 3a7Hell r1aBHOM TOYKH 70 33a]iHEro (hOKyca Ha3bIBACTCS 3aAHUM
¢okycHBIM paccTosinuem f'.

Paccrosinue ot BepIIMHbBI 33 JHEH MOBEPXHOCTH J0 33aJIHEr0 (HOKyca HA3bIBACTCS
3aJHUM (POKATBHBIM OTPe3KOM S, .

Hepexnuin ¢poxkyc /' — 5TO TOUKA HA ONTHYECKOW OCH B IPOCTPAHCTBE
IPEIMETOB, COMpsKEHHAs ¢ OECKOHEYHO YIAJIEHHOW TOYKOM, pacIoyIOKEHHOU
Ha ONTUYECKON OCH B IPOCTPAHCTBE N300paKEHUH.

Ecnmu nyun BbIXOAST M3 mepenHero (okyca, TO OHH HUAYT B HPOCTPAHCTBE
M300paKEHUN MapajlieabHO.

Ilepennee pokycHoe paccTosiHMe [ — ATO PACCTOSIHUE OT MEPEIHEH TIIaBHOM
TOYKH JI0 TIepeTHeTo (oKyca.
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Iepennuii poxanbHBIA 0TPE3OK S, — 3TO PACCTOSIHUE OT BEPILUUHBI IEPEAHEN

MOBEPXHOCTH JI0 IepeHero Gokyca.

Ecmu f'>0, To cuctemMa Ha3blBaeTCs COOMpAIONIeii WM MOJIOKUTEIHLHOM.
Ecmu f' <0, To cucTteMa paccenBaioiiasi Wik OTPUIIATEIbHAS.

[lepennee u 3agHee (OKYCHbIE pACCTOSHUSA HE SIBISIIOTCA  aOCOIIOTHO
HE3aBUCHUMBIMH, OHH CBS3aHBI MEXTy COOOH COOTHOIIICHHEM:

o (5.2.5)
f n
Bripaxkenue (5.2.5) MOKHO Tiepenucarh B BUJIE:
f, = _t (5.2.6)
n n

f!

Trac NMPUBEIACHHOC€ NI IKBUBAJICHTHOC (l)OKYCHOC pacCcrosinue.

-
B toM cnyuae, ecnm omTuyeckas CHCTeMa HAaXOAWTCS B OJHOPOITHON cpene
(HarpuMep, B BO3ayXxe) n=n', a iepeaHee U 3aJHee (POKYCHBIC PacCTOSHUS PaBHBI
10 aOCOJIIOTHOM BETUUMHE \ f \ = \ f '\ :
OnTuyeckasi CHJIa ONITHYECKON CHUCTEMBI:

!/
n n
d="=-—" (5.2.7)
o f
YemMm OO0ibIlIE ONTHYECKAs CHJIA, TEM CHIIbHEE OINTHYECKAas CHUCTEMAa H3MEHSET
xon nyueit. Ecmu @ =0, 710 f'=0.

5.2.4. lNocTtpoeHne n3obpaxeHnn

Haitnem nzob6paxenue A Touku A. Jlns 3TOro HEOOXOAMMO MOCTPOUTH XOTSI
Obl JBa BCIIOMOTAaTENbHBIX JIyda, Ha MEPECEYECHUU KOTOPHIX U OyAEeT HaXOIUTHCS
touka A" (puc.5.2.5). BcmomoratenbHbiili 1yd 1 MOXKHO MPOBECTH Yepe3 TOUKy A
napajyiesibHO ONTUYeckoi ocu. Toraa B mpocTpaHcTBe M3o0paxenuid tyu 1’ mpoiiner
yepe3 3aaHuUi (POKyC ONTHYECKOM cucTeMbl. BcrmomorarenbHbld JIyd 2 MOXKHO
IpoBeCTH uepe3 TOUuKy A U mnepenHuil (okyc omnTuueckoil cucreMbl. Torma B
NPOCTPAHCTBE M300pakeHWil Jiyd 2’ moijeT mapaielibHO ONTHYecKor ocu. Ha
nepeceueHun Jiyued 1" u 2" OynmeT HaxomuThes u3oOpakeHue Touku 4. Temeps B
Touke A’ mepecekarorcs Bee myun (1-2-3), BEIXOAAIIHE U3 TOUKH A.
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Puc.5.2.5. Ilocmpoenue uzobpasicenuss mouxku.

[Toctpoum Teneps xoxa nyda » (puc.5.2.6).

1 cmoco0. MoOXHO MOCTPOUTH BCIIOMOTATENbHBIN JIy4, TapaJlJIeIbHbIA JAHHOMY
U MpoxoJsauuil uepe3 nepeanuit pokyc (iayd 1). B mpoctpancTBe n300pakeHui Jiyd
1" Oyzaer uaTh mapauiedbHO ONTHYECKOW ocu. Tak kak Jiyun » u 1 mapajuienbHbI B
IUIOCKOCTHU MPEAMETOB, TO B MPOCTPAHCTBE N300paKEHUN OHU JAOJKHBI IEPECEKATHCS
B 3aJHeH (okanbHON rmiockocTH. ClenoBaTeNbHO, JIyd 7' TPOUIET 4Yepe3 TOUKY
nepecedyeHus ayda 1’ v 3aaHel GOKaIbHON MIIOCKOCTH.

2 cnoco0. M0oXHO MOCTPOUTH BCIIOMOTATENbHBIN JyY, WAYIIUNA MapaieabHO
ONTHUYECKOM OCH U MPOXOIAIIMM 4Yepe3 TOYKY IEPECEYEHHUs Jiyda »r U NEepeaHen
¢doxanbHOM TUIOCKOCTU (dyd 2). COOTBETCTBYIOIIMU €My JIyd B IPOCTPAHCTBE
n3o0paxkeHuid (yd 2') OyneT mpoxoauTh uyepe3 3aaauid Gokyc. Tak kak iyuu » u 2
nepeceKkaroTcs B nepeaHeil (oKaabHOM MIOCKOCTH, B MPOCTPAHCTBE M300paKeHHM
OHHM JIOJDKHBI OBITh MapajuieabHbIMH. ClleI0BaTeIbHO, Jyd 7' TOWIET MapajuiebHO
nyay 2'.

2 1 A

FI

Puc.5.2.6. [locmpoenue xooa nyua.

5.3. OcHOBHbIE COOMHOWEHUs napakcuaanofl OormMmukKu

OCHOBHBIE COOTHOILIEHUS TapaKCUAIbHOW OINTUKH CBS3BIBAIOT MEXIY COOOi
(GOKyCHBIE PacCCTOSHMUSI, MTOJIOKEHUE U pa3Mephl MpeaMeTa U U300pakeHusl, yTiIoBoe,
JUHENHOE U MPOJI0JIbHOE YBEIUYCHHUS.
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5.3.1. BblBO4 3aBUCUMOCTIN MeXAY MOJSIOKEHNEM U pa3MepoM npegmerta u

n3obpaxeHns
A "
1
2
y 3
o H
0 F
-z -f
-a \ a'

Puc.5.3.1. Cxema 0ns 6b1600a OCHOBHBIX COOMHOULEHUL NAPAKCUANLHOU ONNMUKU.

Jlns BBIBOAA 3aBUCHMOCTH MEXIy TOJOKEHHEM M pa3MEpoM TMpeaMera u
n300paxeHus Bocnoabszyemcs puc.5.3.1. AOAF nonoden AFHK, , cinefoBaTenbHO:

Torna, B cOOTBETCTBUU C BbIpaxkeHueMm (5.2.1), nuHeNHHOE YBEIMUYCHHE MOXKHO
BBIPA3UTh CJICIYIOIIUM 00Pa30M:
!
g S (5.3.1)
y z
Ananornyno, w3 mnomodbus TpeyronbHukoB AH'K(F' u AF'O'A" wmoxHO
TIOJTYYHTh BBIPAKCHUE!
!
5= z
= _7
Takum 00pa3oM, yBeIMUYEHHE MOXKHO BBIPA3UTh KaK 4epe3 MepeqHue, TaKk U
yepes U 3aHue oTpe3ku. OTcroa MOXKHO MOIy4YuTh (popmyiy HeloTona:

z-Z'=f-f' (5.3.3)
Ecmu onTudeckas cucTteMa HaxOIUTCs B OJHOpOAHOW cpeae (n=n'), TO
f=—f", u hopmyna HeroToHa MOTyYaeT BUI:

z-z/=—f" (5.3.4)

Beipasum z u z' depe3 HOKyCHBIC paCCTOSIHUS M TIEPEIHUN (—a) Y 3aHUN (a')

(5.3.2)

OTPC3KH:

Z!:al_f!
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z=a—-f

Torna Beipaxkenue (5.3.3) MOXKHO 3aMucaTh B BUJIE:

(a=f)@=1)=71-f

[Tocne mpeoOpa3zoBaHuil TMOJYYUM BBIpAXKEHHUE, CBs3bIBatollee (HOKYyCHBIE
pacCTOSIHUSL M TEepeAHu U 3aaHuil oTpe3ku (dopmyJia oTpe3koB wid (opmyJia
I'aycca):

!
f,+f=1 (5.3.5)

a a

5.3.2. YrnoBoe yBennyeHne 1 y3noBble TOYKU

Tenepb paccMOTpUM YIJIOBOE YBEJIMYEHHUE, BOCIIOIb30BABIIUCH CHOBA puc.5.3.1.
W3 AOK,H , BUaHO, 4TO:

tg(—a):_ya:a,OTCIoz[a —a:_ya

AHaJIOTHYHO MOKHO BBIBECTH BBIPAXKCHUC!

Temepp MOXHO BBIPA3UTh YIJIOBOC YBEIMYEHHE Yepe3 COOTBETCTBYIOIINE
oTpe3ku (ama’,zuz’):

!
a ‘a a +z
szzyi:—:fi (5.3.6)
! ! ! !
a y-a a f'+z
Beipasum z' w3 ¢opmynsl Herotona (5.3.3), Torma mocie mpeoOpa3oBaHUit
MOJIYYMM BBIPAKEHUE JIJIs1 BBIYMCIICHUS YTIIOBOTO YBEIHMUCHUS:

w21 (5.3.7)

f'oz

N3 Beipakenust (5.3.7) cienyer, 4To €clid BBIOpaTh IUIOCKOCTH TMpEIMETa U
H300paKeHHsT TAKMM 00pa3oMm, 9uTo z= ' ® z' = f, TO B TOYKaX Ha ONTUYECKON OCH
B MPOCTPAHCTBE MPEAMETOB (M300paKeHUI) YIJIOBOE YBEIMYEHHUE PABHO EIAMHMUIIE.
Takue TOUKM HA3bIBAIOTCS Y3J10BBIMH TOYKAMMU.

YroObl HalTH y370Bbie Toukn N U N', oT mepemHero Gokyca OTKIaIbIBACTCSI
3anHee (PoKycHOoe paccTosiHue, a OT 3aAHero (oKyca OTKIAJbIBACTCS MepeaHee
¢dokycHoe paccrosaue (puc.5.3.2). Orpesku NN' u HH' paBubl. Ecin — f'= f
(n=n"), TO y3710BbIC TOYKH COBIMAIAIOT C IIIABHBIMH TOYKAMHU.

CnenctBuem BoipaxkeHut (5.3.2) u (5.3.7) sABisieTcst caeAyroIiee COOTHOIIECHUE:

o S _n
W= s (5.3.8)
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Puc.5.3.2. V3noevie mouxu.

5.3.3. HacTHble criyyau nonoxeHus npegmera n nsodpaxeHuns
PaccMoTpuM pasnuyHbIE MOJIOKEHUS MPEAMETa U U300pakeHus (pa3nyHbIe Z

uz):

z=—f. Torma z'=-f', nuHeilinoe yBemuueHue [ =1, cienoBaTeIbHO,
IpeMET U M300pakeHHe — 3TO TJIABHBIC TUIOCKOCTH. YTJIOBOC YBEIHUCHHE

__JS_n
f! n!
z=f".Torma z'= f, yrnoBoe yBenuuenue W =1, cienoBareabHo, MPeAMET
. n
¥ U300payKeHUE — 3TO y3JIOBBIC TOUKH. JIMHEHHOE yBeanueHue 3 = —% =—.
n
z=f. Torma z'= f', nunelinoe yBenuyeHue L =—1, yriioBoe yBeINYCHUE
n .
W= ;’ = ——, CJIE[IOBATENIbHO, MPEAMET HAXOAUTCS Ha JIBOHHOM (DOKYCHOM
n

PaCcCTOAHUN, TO CCTb PACCTOAHHUC MCKAY IMNPECAMCTOM H I/1306pa}KCHI/ICM
MHWHHUMAJIBHO.

z=0. Torma z'=oco, nuHEWHOE yBenuueHHe [ = —o0, YIIIOBOE YBEINYCHUE
W =0, cnemoBaTenbHO, MpEeaIMET HAXOIUTCs B mepenHeM (¢okyce, a
n300paxeHne — B 0ECKOHEYHOCTH.
z'=0. Torga z=—oo, nuHelHOE yBenuueHue [ =0, yriaoBoe yBEINYCHUE
W =0, crienoBaTellbHO, TPEIMET HAXOAWUTCS Ha OCECKOHEYHOCTH, a
n300pakeHne — B 3aHEM (hOKycCe.

5.3.4. CBsa3b npoaoJsibHOro yBelsindeHnd C nonepeyvHbliM U yrinoBbiM

A /g Al F FI A! g' A]!

’

’

—Zz z

Puc.5.3.3. Cea3b npodonvrHozo ygenuuenus ¢ NOnepeuHviM U Yel08bIM.
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Paccmotpum puc.5.3.3. Jlnuny otpe3koB / u £’ MOXKHO BBIPA3UTh CIIECIYIONUM
o0Opazom:
b=z -z
0=z -z
[To onpenenennto Mpo0IbHOTO yYBenuueHus (5.2.4):
0 Z'—z

O=-—=

t z—z

[Tocne npeoOpaszoBaHuii, ¢ yuetoM Beipaxkenuit (5.3.1) u (5.3.2), noayuum:

__ S 539
0 7 BB (5.3.9)

rne f u [, — nonepevnblie (IMHEWHbIE) yBETMYeHUs B Toukax A U A .
Wnm, ¢ yuetoMm BeipaxkeHus (5.2.5):

Q=%-ﬁ-ﬂ1 (5.3.10)

Tenepp paccMOTpUM TIPOJOJIBHOE YBEIWYCHHE T OECKOHEYHO MAabIX
otpe3koB (£ — 0, ¢'— 0) (10 onpeneneHuio 3T0 U eCTh MPOJI0IbHOE YBEIHUYCHHE).
B arom cnydae nmHeiHOe yBenmueHune B TOYkax A u Al OyAeT OJWHAKOBBIM,

CJIeIOBATENBHO:
0-".p=L p (5.3.11)
>0 N f
13 BeipaxkeHus (5.3.8) MOKHO MOJTYyYHTH:
we-t g g (5.3.12)

f! n!

Ecnu ontryeckas cucteMa HaXOAWTCS B OJHOPOIHOM cpene (n' =n), To:
O=pw=p" (5.3.13)

To ecTh NpOJOJIbLHOE YBEJIWYEHUE PABHO KBAJApaTy JUHEHHOTO YBEIUYEHUS, a
yTJI0BO€ 0OPATHO MPOIMOPILIMOHATIEHO EMY.

5.3.5. [lnonTpuimnHoe ncumncneHme

JuonTpuiiHoe HCYHCIEHHE — HTO H3MEPEHHE IMPOJOIBHBIX OTPE3KOB B
oOpaTHBIX eAUHUIAX (JUONTPHUSX):

-1
D= (aj , [onmp]
n

a
rac — — IIpUBCACHHAA OJIMHA.
n

OpHa AMONTPUS COOTBETCTBYET MPUBEACHHOMY OTpe3Ky B IM. Ecim orpesok
U3MEpSIETCA B MM, TO OOpaTHBIA OTPE30K U3MEPSAETCS B KMIIOAUONTPHUSX.
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Hcnonp3yst hopmyny orpes3koB (5.3.5) u Beipaxenue (5.2.5) MOXHO TOJIYYHTh
BAXXHOE COOTHONIEHUE IJii MPUBEJAEHHBIX OTPE3KOB B IMPOCTPAHCTBE MPEIMETOB U
M300paXeHUN U ONTUYECKOUN CHUIIBI, U3BMEPSIEMBIX B THONTPHUSIX:

n _I’Z n
a a f
niimn
| p=p+o (5.3.14)

rne D u D' — npuBeneHHbIE MEPETHUA U 3aJHUA OTPE3KU B JUONTPHUSIX. To
€CTh ONTUYECKAS] CUCTEMA YBEJIMYMBAET IPUBEACHHBIM OTPE30K B IPOCTPAHCTBE
n300pakeHui (B JOTP) HA BETUYMHY ONTHUYECKOMN CHJIBI.

5.3.6. lHBapuaHT Jlarpanxa-I'enbmronsua

NuBapuant Jlarpanxka-I epMrosibiia CBA3bIBACT JIUHEWHBIN pa3Mep MpeaMeTa 1
yII0BOM pa3mep mydka jydeil (puc.5.3.4). Dra BenuunMHa WHBAapHAHTHA, TO €CTh
HEU3MEHHA B JIIOOOM MTPOCTPAHCTBE.

H-

Puc.5.3.4. Benuuunwi, komopuie cesazvieaem ungapuanm Jlacpamnoca-1 envmeonvya.

Jlnst  BbIBOAA 3TOro MHBapuaHTa BOCIOJIb3yeMmcsl BblpaxkeHuem (5.3.8),
CBS3BIBAIOIIMM YIJIOBOE U JIMHEMHOE YyBEJIMYEeHUs. Torga BOCIOJIb30BAaBIIUCH
BbIpakeHusaMHu (5.2.1) u (5.2.3), onpenensomumMu JIMHEMHOE U YTJIOBOE YBEIUYCHHUS,
IIOJIy4YUM CJIEAYIOIIEE COOTHOLICHHUE:

! !
a - n
“er_n (5.3.15)
a-y n

Bripaxkenne (5.3.15) mMoxHO mpeoOpa3oBath, U TOTJA MOJYYUM HHBAPUAHT
Jlarpanxa-I'eqbMroJsbsua:

|| a-y-n=a-y-n (5.3.16)

NuBapuant  Jlarpamxka-I'enbmronbiia  xapakrepusyeT  MHGOPMALMOHHYIO
€MKOCTh ONTHUYECKON CHUCTEMBI, TO €CTh BEJIMYUHY MPOCTPAHCTBA, KOTOPOE MOMKET
OBITh OTOOpPAXXEHO ONTHUYECKOW CHUCTEMON. OTOT WHBApUAHT MaTEeMaTUYECKH
BBIpaXKaeT 3aKOH COXpaHeHUs] MH(OPMALIUKU B TEOMETPUUECKOMN ONTHKE.
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6. MaTpuuHasa Teopusa NayccoBOU ONTUKMU

6.1. llpeobpasoeaHue koopAuHam Jsiy4el onmu4yeckol cucmemolu

OCHOBHOE JIEMCTBHE ONTUYECKON CHCTEMBI 3aKIIFOYACTCS B M3MEHEHHHM XOJa
Jy4ei, KOTOpOEe OMUCHIBAETCS MPeoOpa3OBaHUSMH JBYX MapaMeTPOB — JIMHEHHON U
YTJIOBOM KOOPJIMHAT Jiyda. DTU MpeoOpa3zoBaHus Haubosee yA00HO ONMUCHIBaTh MpHU
MOMOIIM amnmapara MaTPUYHOH onTHMKHM. Matpuiia npeoOpa3oBaHUsl MOJHOCTHIO
OMUCBIBAET PACIPOCTPAHEHUE JTyUel yepe3 ONTUUECKYI0 CUCTEMY.

6.1.1. KoopanHatbl fiyyen B NpPOCTPaHCTBE MPeaMEeTOB M NPOCTPaHCTBE
n3obpaxeHui

[TapameTpbl Jdyya B MNPOCTPAHCTBE NPEIMETOB U H300paKEHUH MOTYT OBIThH
3a/laHbl TOJBKO B TOM CJlydae, €CIM BBIOpaHbl OMOpHBIE IUIOCKOCTH. OmnopHas
mwiockoctb (OIl) — »5TO HeEkoTopas NPOU3BOJIBHO BbIOpaHHas IJIOCKOCTb,
NEPHEeHAUKYJIApHAs ONTUYECKOM ocu. OMNOopHbIE IJIOCKOCTH B IMPOCTPAHCTBE
IPEeIMETOB U M300paKeHUI BBIOUpAIOTCS U3 COOOpaKeHU y00CTBa U MOTYT OBIThH
AM00 COMPSKEHHBIMU, JIUOO HET.

Ha puc.6.1.1 mokasanbsl nuHENHHAss KOOpAWHATA JIydya ) W yTJIOBas KOOpJIHWHATA

ay4da o .

o1l orr
Puc.6.1.1. Koopounamei yua.

BmecTo yriia o 4acTo MCHosb3yOT HAIPaBIIONIMNA KOCUHYC Y ONTHYECKOTO
JIy4€BOI'0 BEKTOpA:

Y=n-cosf,=-n-sina=-n-a
rje 3, — yroi MeXJy JIy4OM U OCBIO ), 11+ — TIPUBEJIEHHBIA YTOIL.

Jns nydell B MEpPUIMOHAIBHOM IIJIOCKOCTH HaIpaBisitionmid kocuHyc X =0,
TakUM 00pa3oM, B MApaKCHAIbHON OINTHKE Jy4 MOXKET ObITh OJJHO3HAYHO ONpE/IesieH
Yyepe3 JUHEWHYI0 KOOPJIUHATY ) W YTJIOBYIO KOOpJAWHATY ¥ =—n-:

y
(Yj (6.1.1)
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AHanornyHo, Jgy4 B IPOCTPAHCTBE HM300paKEHUN ONMCHIBAECTCA JIMHEWHON
KOOpJMHATON y' ¥ yrioBo koopauHatowt ¥V'=—-n'-a':

yl
(Y,] (6.1.2)

6.1.2. NpeobpasoBaHne KoopANHAT ONTUYECKUX NyYen

JleficTBME ONTUYECKON CHUCTEMBI 3aKJIIOYaeTcsl B MpeoOpa3oBaHUU KOOPAMHAT
JyYeu:

()o-(3)

Paznoxum BBIXOOHBIC KOOPAHWHATHI JIy4da B pPAI:

y =a,+ay+a,Y +ay* +a,yY +a¥Y’ +...

' 2 2
Y'=by+by+bY +byy  +b,yY +bY" +...
Ecin onTuuyeckas cucrema sBIsieTCs LEHTPUPOBAHHOM, TO a,=b,=0. Bce
YJIeHBI Psijla, HAUMHAs C a; U b;, MOXKHO OTOPOCUTD, TaK KaK OHM CTPEMATCS K HYJIO

Ha TOpSJOK ObIcTpee, ueM Tpeapiayime. Takum o00pa3oMm, s HUAcaIbHOMN

OIITUYECKOU CUCTEMBI;
"= Ay+BY
r =AY (6.1.3)
Y'=Cy+DY

6.2. Mampuuya npeobpa3oeaHusi ny4el

6.2.1. O6wun Bng maTpuubl npeobpasosaHna (ABCD-maTpuua)

Bripaxkenne (6.1.3) mna npeoOpa3zoBaHusl JIMHEWMHOW M YIJIOBOW KOOpAMHAT
Jdy4a, pacCMOTpeHHble B maparpade 6.1, MOXHO 3amucaTh B MaTpHUYHON Qopme,
TOTrJia MpeoOpa3oBaHue KOOPAUHAT JIyda ONTHYECKONW CUCTEMON MOXKHO MPECTaBUTh
B BUJI€ YMHOXEHUS HEKOTOPOM MaTpHIIbl BEKTOpPAa HA BEKTOpP BXOJHBIX KOOPJHMHAT
ayyda:

@:[é ij@ (6.2.1)

Bce cBolicTBa HII€abHOM ONTHYECKOW CHUCTEMBI MOJHOCTBIO OINHMCHIBAIOTCA
MaTtpuueii npeodpa3oBaHus Jy4eil GG, Ha3bIBAEMOW TaK)Ke rayccoBOd MaTpHuIlei
unu ABCD-maTpuneil:

A B

G = (6.2.2)
C D

Bripaxkenune (6.2.1) MOXKHO Tak)Ke 3amucaTh B BUJIE:

b=G-b (6.2.3)
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rae b — BEKTOP-CTOJOEI] BXOAHBIX KOOpAWHAT, b’ — BEKTOP-CTOJOEI
BBIXOJHBIX KoopawHAaT, (G — MaTpulla, ONKCHIBAIONIAS ONTHYECKYIO
CUCTEMY.

6.2.2. [eoMeTprYEeCcKnin CMbICST 3fIEMEHTOB MaTpuLbl Npeobpa3oBaHus
Paccmotpum nyd ¢ koopaunaramu y =1, ¥ =0 (puc.6.2.1).

o1l / oIr

[ R — .

A 'y
y '
y

I
Puc.6.2.1.Cxema onsa naxoxcoenus snemenmos A u C mampuysi npeobpazosaHusi.

[ToxcraBuB B BeipaxkeHue (6.1.3) 3HaueHus y u Y’ , MOTyIHM:
y'=Ay+BY =4

Y'=Cy+DY=C

N3 puc.6.2.1 BugHO, 4TO:

£ = Yy oo Y

(6.2.4)

!

T o

Otcrozia ¢ y4eTOM TOT0, 4TO ¥ =1, MOKHO MOJIYYUTh BhIpaKeHust it ' u Y':

!
F'

yI:SI"a!: ’
/ 6.2.5
" (6.2.5)
Y'=-—n'ad'=——
f!

Takum oOpaszoMm, mojcTaBuB BbipakeHus (6.2.5) B (6.2.4), MBI MOJTY4YUM JiBa
AJIEMEHTa MaTPHIIbI MPEe0Opa30OBaAHUS:

!

A="E
f , (6.2.6)
c=-"-_
/
y y 1 y
Teneps paccMOTpUM JIyd ¢ BXOAHOUM kKoopauHaTo ¥ =1 (a = ——) U BBIXOHOM

n
koopauHatoii Y' =0 (a'=0) (puc.6.2.2).
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ornl \ on'’

Y

—Sp
-/
\

Puc.6.2.2. Cxema onsa naxoocoenus snemenmos B u D mampuysr npeobpazosarusi.

[ToacraBuB B Beipaskenue (6.1.3) 3HaueHus y u Y', momyqmm:
y'=Ay+BY =Ay+B

. (6.2.7)
Y'=Cy+DY=Cy+D=0
W3 puc.6.2.2 HaiiileM BXOJHYIO U BBIXOJIHYIO JTMHENHBIE KOOPAUHATBHI:
y=—a-f)=-1
6.2.8
s, (6.2.8)

y=-a-(=S;)==""

N3 Beipaxkenuit (6.2.7) u (6.2.8) MOXXHO MOJYYUTH €III€ JBa HJIEMEHTa MaTPUIIGI
npeoOpa3oBaHuUs:

/ n) fon f

, ! ’ , (6.2.9)
B:y’—Ay:_f_SF’.(SF): Sp-Spr _f _Se-Sp=f-f
n f \n n-f'" n n-f'
Takum oOpazom maTpuiia npeoOpa3oBaHUs UMEET CIECAYIOIINI BU/I;
S;F’ Sk 'S}' -/ f
a=| 1 nf (6.2.10)
oo Sp
A f

DJIeMEeHT MaTpHIbI C 3aBHCHUT TOJBKO OT [mapaMCcTpoOB ONTHUYECKOMN CUCTCMBEI, a
DJIEMEHTHI A , B n D 3aBucsr CIc 1 OT BBI60pa OIIOPHBIX TIOCKOCTEH.
Onpeneaurenb MATPUIBI IPeOOPA30BAHUS

OnpeaenuTenh MaTPUIBl MPEeoOpa30BaHMs 000N ONTHYECKOW CHCTEMBI PaBEH
CMHULIC:

detG=AD-BC =1 (6.2.11)
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OoOpaTHass MaTpuLa IpeoOpa3oBaHUSI

[To ompenenenuio 00paTHON MaTPHIBI JTOJDKHO BBIMOIHATHCS —CIIEAYIOIICe
PaBEHCTBO:

G'G=GG =1 (6.2.12)
1 0
roe [ = 0 1 — CAMHUYHAas1 MaTpulla.

OO6parHas MaTpuIla Mpeodpa3zoBaHus OMUCHIBaeT oOpaTHOE MpeodpazoBaHue (U3
BBIXO/IHBIX KOOPJUHAT BO BXOJIHBIC):

b=G'-b (6.2.13)

NI

i)

OOpatHas MaTpuIila MpeoOpa3oOBaHUsI UMEET CIETYIOIIUNA BU;
. D -B
G = (6.2.14)
-C 4

YcioBue conpsizkeHusi ONMOPHBIX MJIOCKOCTEH
B o0miem ciydae Bce 3ieMeHThI MaTpUIlbl MPe0Opa30BaHMs HE PABHBI HYIIO, HO
JUISL CITy4asi CONPSIKEHHBIX OTIOPHBIX TJIOCKOCTEN AnemMeHT B =0.
6.2.3. Bugbl maTtpuu npeobpasoBaHngd

Cy1ecTByIOT /IBa OCHOBHBIX BHJIa MaTpPUIl IPeoOpa30BaHusl, OMMCHIBAIOIINX JBa
OPOCTBIX MpeoOpa3oBaHHUsI — NEPEHOC Jyda B CBOOOJHOM MPOCTPAHCTBE M
MPEJIOMJIEHHE JIy4a Ha MPEJIOMIISIONIEN TOBEPXHOCTH WIIM B ONTUYECKOM CHUCTEME.

Marpuna npesjomjieHust

o1l oI’

Puc.6.2.3. Ilpenomnenue nyua.

Jlis  BBIBOJA MATPHIIBI TMPEIOMIICHHS COBMECTUM OIOPHBIE TUIOCKOCTH C
rnaBHeIMU TUTOcKocTsmu (OI1=H, OIl'=H'). U3 pucynka (6.2.3) BHOHO, 4YTO
y=y". TlockoJIbKy OIOpHBIC ITUIOCKOCTH compsbkeHbl, To B=0 u y'= Ay. Torna

A=1, a TOCKONbKYy OIpEICINTEeIh MATPHUIBI BCETJa pPaBeH  CIUHUIIE
detG = AD — BC =1, cnenoBarenbHo D =1.
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B nmamHOM crnywae wmartpuma mpeoOpa3oBaHUS HWMEET CMBICT MAaTPHIIbI
NpeIOMJIeHUS:

()

(6.2.15)

Marpuia npeaomMiIEeHHUs] OMUCHIBAET MPETOMIIEHHE JTyda ONTUYECKON CUCTEMOI,
ITPHU OTOM Yy JIyda USMCHACTCA TOJIBKO YTIJIOBAaA KOOpJAHUHATA:

' [
y =7 (6.2.16)
Y'=—®y+Y
Marpuua nepeHoca
J— a,
A
—a y'
A
y
d
oIl oI’

Puc.6.2.4. Ilepenoc nyua.
[Ipn mepeHoce Jyya U3MEHSAETCS TOJIBKO JIMHENHAs KoopauHara. M3 puc. 6.2.4
BUJTHO, YTO:

y=y+(a)yd=y+ d
n

(6.2.17)
yFJ'IOBaH KOOpI[I/IHaTa HC UBMCHJICTCA:

Y'=Y

B nmamHOM ciyuae wmarpuma mpeoOpa3oBaHUS HWMEET CMBICT MAaTPHIIbI
nepeHoca:

d
=1
0 1

(6.2.18)

rac — — IIPUBCACHHOC PACCTOAHUC MCKAY OIMOPHBIMH IIJIOCKOCTAMMU.
n
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6.2.4. MaTpuua ogHon NpenoMnsoWen NoBePXHOCTH

l

\

Puc.6.2.5. llperomnarowasn nosepxnocmeo.

Paccmotpum puc.6.2.5. U3 tpeyronsaikoB AOKC u ACKO' MOXXHO BBIBECTH:

—&=—a+e
' ' (6.2.19)
—&=—a'+¢
JIOMHOXHM 00a BBIPaKECHUS HA 77 U 1’ COOTBETCTBEHHO:
—neE=—-na+ne
(6.2.20)

—n'e'=-n'a"+n'p
W3 3akona mpenomienus (3.1.5) cieayer, 4to ne =n's’, caemnoBaTeabHO:
—na+np=-n'a'+n'e

Yron ¢ MOXHO HaWTH U3 AKMC :

p=" (6.2.21)
r
Torma, ¢ yuyeTtom Toro, uto —na =Y, —n'a’=Y', MO)KHO TIOJy4UTh UTOTOBOE
BBIpAXKCHHE TS MPeoOpa30oBaHMsl YIIIOBOW KOOPAWHATHI Jyda MpU MPEIOMICHUN Ha

C(pepUYECKON TOBEPXHOCTH:
Y=Y -2 (' —n) (6.2.22)
r

WA
Y'=Y-y-p-(n'—n)
IJie 0 — KpUBHU3HA TOBEPXHOCTH.
[Tockonpky B Matpuile npeaomicHuss Y' =Y +Cy, »dJIeMEHT MaTPHIIbI
C=-p-(n"-n). Kpome Ttoro, C=-®, caemoBarejibHO, ONTHYECKAs CHJIa

chepruecKoi MPeTOMIISIONIEN TIOBEPXHOCTH:
®=p-(n"—n) (6.2.23)
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B »TOoM citydae omopHBIE TIIOCKOCTH COBMAMAIOT C TJIIABHBIMH IJIOCKOCTSIMH, U
COCTAaBJISIFOT OJTHY TUIOCKOCTh, KaCaTeIbHYI0 K TTOBEPXHOCTH.

WUtak, wMarpuma mnpenomyieHHs cPepudeckod TOBEPXHOCTH  BBHITISIUT
CeAyIOMMM 00pa3oMm:

1 0
R= (6.2.24)

—p(n'—n) 1

6.2.5. Matpuua 3epkanbHOu (OTpaxarLen) NoBepXHOCTH
PaccmoTpum 3epkanbHyr0 NOBEPXHOCTS (prc.6.2.6).

Puc.6.2.6. 3epxanvras nosepxrnocme.

Ecau IMOBCPXHOCTL ABJIACTCA 0Tpa>1<a10meﬁ, TO n':—n, CJICOOBATCIIBHO
OIITHYCCKas CHUjia SCpKaHBHOﬁ IMOBCPXHOCTHU:

®=p(-n—n)=-2pn (6.2.25)
Toraa marpuia IpeaoOMICHUs 3epKaalbHOU IIOBEPXHOCTHU:

1 0 1 0
R= = (6.2.26)
—d 1) \2om 1

r7€ p — KpUBU3HA MOBEPXHOCTH, 7 — MOKA3aTENb MIPEIOMIICHHUS CPEJIbI.
B cnydae mockoro 3epkana (0 =0) Marpuiia oTpaXxeHus: eAUHUYHAS:

1 0
R= (6.2.27)
0 1
CrnenoBarenbHO, IUIOCKOE 3€PKal0 HE MEHSeT XOoAa Jyda (reOMETpUYECKHid
KOCUHYC U3MEHSETCS, a ONTHYECKU NpPEJOMJICHHBIA (OTPa)KEHHBIN) KOCUHYC
OCTaETCA MPEKHUM).

6.3. Mampuuybl onmu4eckou cucmembl, cocmosiujel U3 HeCKOJIbKUX
KOMIMoOHeHmoese

JIroOyr0 ONTHUYECKYID CHUCTEMY MOXHO TPEACTaBUTh KaK COBOKYHHOCTh
HECKOJIbKMX KOMIIOHEHTOB, Pa3JCJICHHbIX NpoMmexyTkamu. [lycTh mana HekoTopas
MIPOU3BOJIbHASL CUCTEMA, B KOTOPOU ISl KAXKAOT0 KOMIIOHEHTA U3BECTHO IOJI0KEHUE
[JIaBHBIX IIJIOCKOCTEM M OINTHYECKAs] CHJIA, & TAKXKE HU3BECTHBI PACCTOSHHUS MEXKIY
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KOMIIOHEHTaMU M TII0Ka3aTeNH MpenoMieHus (Ha puc.6.3.1 yka3aHbl pacCTOSHHS
HENOCPEICTBEHHO MEX/1y TJIABHBIMU IIJIOCKOCTSIMU KOMIIOHEHTOB).

OI1 H H, H, H, H; H; orr

e T
T e

I 17 II7
Puc.6.3.1. Onmuueckasa cucmema u3 HeCKOJIbKUX KOMHNOHEHMO8.

Martpuiia Takoil CcuUCTeMBbl OYyJEeT COCTOATh W3 TMPOU3BEACHUS MATPUII
npesoMmieHus R, uneperoca 7, s OTACIIBHBIX KOMIIOHEHTOB:

G=TRT,RTRT,=RT,  RTT, (6.3.1)
. Loy d
I‘I[e " = ) " = nn
-0, 1 0 1

Kaxxaplii 13 KOMIOHEHTOB MOET ObITh Pa3joKeH IO 3TOM Xe cxeme Ha Oosnee
MPOCTHIC COCTABIISIONIUE (BILIOTh JO OTJAEIBHBIX ITOBEPXHOCTEH).
Ecnu Mexny KOMIOHEHTaMH HET poMeKyTKOB (d, =0 ), To MaTpuLia nepeHoca

MEXAY OTUMHU KOMIIOHCHTAMHM CTAHOBUTCS €IMHUYHOM 7, =/, U €€ MOXKHO HE
y4uTBIBaTh. ECiu onTvueckas cuila KOMIIOHEHTa paBHa Hymo @, =0, To Marpuna
IIPEJIOMIICHHS 711 3TOr0 KOMIIOHEHTA TAK)KEe CTAHOBUTCS €AUHUYHON R, =1 .

6.3.1. [MakeT 13 nnockonapasnnenbHbIX CNOEB

PaccMoTpuM ONTHYECKYIO CHCTEMY, COCTOSIIIYIO U3 KOMIIOHEHTOB, ONITUYECKAs
cuia KoTopbix paBHa Hyt0 @ =0 (puc.6.3.2).

n; n; /

/
/ d; d>

Puc.6.3.2. Ilakem u3 niockonapanienibHulx cl10es.

ManI/IHa TaKOW CUCTEMbI COCTOMUT TOJBKO U3 MaTpul IIEpeHOCa:
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(6.3.2)
o 1o 1) (o 1

[IpuBeneHHBIE TOJIIMHBI BCEX JJIEMEHTOB CKJIQABIBAIOTCS, M MOTYT OBIThH
3aMEHEeHBI 0011IeH MPUBEACHHON TOJIIIUHOMN:
d, d d
[=t+t,+.o..+t, =1L+ 24+ (6.3.3)

n, n, n,

I[GﬁCTBPIG Ha MpOXOIAIUC JIYUU ITaKETa CJIOCB C pPAa3HbBIMU I'COMCTPHUYCCKUMH
TOJIIIMHAMH M II0Ka3aTCILIMHU  IIPCIIOMIICHUA JSKBUBAJICHTHO OAHOMY CJIOHO,
TOJIIIMHA KOTOPOI'O paBHA HpHBGI{GHHOﬁ TOJIITHHC.

Takum oOpa3oM, mpuBeIeHHAs MaTpulla TIepeHoca g TakeTra u3
TUIOCKOTIapaJIEIbHBIX CJI0EB OYyIEeT BBITISAIETh TaK:

T = bt (6.3.4)
o 1 o
6.3.2. OnTndyeckass cuctemMa C HyneBbIMA  PACCTOAHUAMWU  Mexay

KOMMNOHEHTaMM

PaccMoTpuM  OonTHMYECKYHO CHCTEMY, B KOTOPOM PpACCTOSHUS  MEXKIY
KOMITOHEHTaMu paBHbI HYMIO d = (. MaTpuiia Takoil CUCTEMBI:

G RR - 10y 1 0) 1 0 615
-2 1_£—q>2 1]{—@1 1]_(—(q>l+cp2) J (6.3.5)

TO C€CTh OIITUYCCKUEC CUJIbI TAKNX KOMIIOHCHT CKJIAJAbIBAKOTCA:
|| D=0, + D, 4.+ D, (6.3.6)

6.3.3. [IByXKOMMNOHEHTHasi onTuyeckasi cmctema

PaccMoTpuM  ONTHYECKYHO CHCTEMY, COCTOSIIIYIO U3 JIBYX KOMIIOHEHTOB,
Pa3IeIEHHBIX HEHYJIEBBIM ITIPOMEKYTKOM.
Martpwuiia TakOl CUCTEMBI:
G =R,DR, (6.3.7)
OnTrueckas cuia:
D=0, +CD2—CI)1CI)2€ (6.3.8)
n
PaccMoTpuM YacTHBIE Caydyan ABYXKOMIIOHEHTHOM CHCTEMBI.
e Ecmd=0,torna ® =0, +0,.
e Ecmm t=—= o 3TO 3HAYUT, YTO BTOPOM KOMIIOHEHT (€ro TJiaBHas
h 1

IJIOCKOCTh) HAxXOJIUTCA B 3aJHeM (oOKyce MepBOro KoMIoHeHTa. Toraa
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®=®,, TO ecTp BTOPOM KOMIIOHCHT MOXET HMEThb KaKyl YILOJIHO

OIITHYCCKYIO CHITY.

d 1 .
e Ecmu t=—=—, TO NEpPBbIi KOMIIOHEHT HAaXOJUTCA B TepeaHeM (oKyce

n 2
BTOPOr'0 KOMIIOHEHTa, Torga @ =@, .

e Ecmu t:g:w:L+L,Torﬂa O =0.
n ON o, O,

AdoxanbHble (TeJeCKONMYeCKne) CHCTEMbI
AdokanbHble WIN TeJeCKONNYeCKHe CUCTeMbl — 3TO CUCTEMBI U3 JIBYX WJIU
0osee KOMITOHEHTOB, OINTHUYECKas CHUJla KOTOPBIX paBHA Hyl0. Takue CUCTEMBI
pelHa3HavYeHbl 111 HAOIIOEHUS yIaJlEeHHBIX 0ObEKTOB.
VY adokanbHBIX CHCTEM OINTHUYECKas CWiIa paBHa HYNO, To ectb C=-O =0,
cienoBaTenbHO, omnpeAenutenb wmatpuilbl detG=AD-BC=AD=1. Orcioaa
D =A". Torna Marpunia G 6y/eT BBIISIETh CIEIYIOMHM 00pa3oM:

A B A B

G= = 6.3.9
0 D) \0 4 (6:39)

Ecnu onopHbIe IIOCKOCTH CONPSIKEHBI, TO B =0, U CIIEI0BATENIBHO:
4 0

G= (6.3.10)
0 -4

Torma KoopaAUHATHI JTyya:

y'=Ay+BY = Ay

Y'=Cy+DY =AY

N3 Beipakenust (6.3.11) BugHO, uTO Uil aOKAIBHOM CUCTEMBI AJIEMEHT A

MaTpPHIIbl PABEH JINHEWHOMY (TIOTIEPEYHOMY) YBEIMYEHHIO, @ €ro 00paTHas BEIMYMHA
UMEET CMBICIT YTJIOBOTO YBEJIUYEHUS:

(6.3.11)

4=2-p (6.3.12)

14 14 [
4 Y —-na n
A =—= =W (6.3.13)
Y —-na n
B Teneckonnyeckux cucteMax JIMHEWHOE U yIJIOBOE YBEIMYECHUE HE 3aBUCAT OT
MIOJIOKEHUS COMPSIKEHHBIX OMOPHBIX IIJIOCKOCTEW M, CIEAOBATEIBLHO, HE 3aBUCAT OT

IMOJIOKCHHUA IIPCIMETA U I/I306pa)I(eHI/I$II

!

Y

=const = A4
(6.3.14)

y
a!
“ —const=A"
o
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JIByXKOMIIOHEHTHAsI OTNTHUYECKas CHUCTEMa SIBIIACTCS TEJICCKOMUYECKON, €Clu
3amqHui (HOKYC TIEPBOTO KOMIIOHEHTA COBMAJAET C MepeaHuM (OKYCOM BTOPOTO
(puc.6.3.3):

41,1 (6.3.15)
n Dy
—% P
Yy
v F'=F
A
S'i -2 P4 --1

|

Puc.6.3.3. Ilonoscenue ¢poxycos KOMNOHEHMO8 MmenecKoOnu4ecKou Cucmembl.

JIuHeHOe yBEeINUYEHNE TAKON CUCTEMBI:

y' fz
B== =72 6.3.16
y A ( )

MaTpuua TOHKOM JUH3bI

Paccmotrpum nmH3y B Bo3ayxe. Takyio JHMH3Y MOXHO paccMaTpHUBaTh Kak
JIBYXKOMIIOHEHTHYIO CHCTEMY, COCTOAIIYI0 M3 JBYX IOBEPXHOCTEH, pa3/ielIeHHBIX
npoMexxyTKoM d (puc.6.3.4).

orl orr

ry

Puc.6.3.4. Jlunza 6 6o30yxe.

JUns mun3el B Bo3nyxe 1, =7, =1, cnenoBarensHo G = R,T(R,. Torna marpuna
npeoOpa3oBaHus JMH3BI B 001EeM ciiydae OyJeT BBITISIICTh CIEAYIOIINM 00pa3oMm:
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on(; ¢ | 0
—py(l=n) 1 0 rlz —pi(n-1) 1

DNeMEeHTHI TOJYYEeHHOM MaTpHIlbl MPeoOpa3oBaHUs MOXKHO BBIPA3UTh 4Yepes

napakCUadbHbIe XapaKTePUCTHKU, KakK IoKa3aHo B BbipakeHuu (6.2.10). Takum
o0Opa3oM, 3Hasi MaTpUIly MpeoOpa3oBaHuUs JMH3bI, MOKHO HANTH €€ MapakCcHUaJbHbIC
XapaKTEePUCTUKHU.

VY TOHKOH JIMH3BI TOJIIMHA 10 OCH paBHA HymO d =0 (d << \rl;rz\). VY Takoi

JMH3bI MaTpHUILIA IPeoOpa30BAHMUS:

g=[ 1 ¢ (6.3.18)
- _ @ 1 . .

rie ®=(p, — p,(n—1) — onTuyeckas cuna TOHKOH IHH3BL P, P,
KPHUBU3HBI IOBEPXHOCTEN.

6.3.4. PacyeT napakcmarnbHbiX (HyneBbIX) IyyYen 4epes3 ONTUYECKYH
cuctemy

HyJseBble Jy4d — 3TO Jy4d, KOTOpbIE NPETOMIISAIOTCS IO 3aKOHAM
NapaKkCUaIbHOM ONTUKH, HO UMEIOT MTPOU3BOJILHO OOJIBIINE KOOPIUHATHI.

Pacuer HyneBbIX nyuded uepe3 ONTHUYECKYIO CHCTEMY COCTOWT W3 Oleparuit
nepeHoca Jyda MeXay KOMIIOHEHTAMU W TPEJIOMJICHHs Jyda Ha KOMIIOHEHTaX,
KOTOPBIE MOXXHO OMHUCHIBaTh MO0 B MaTpuuHoil popme (6.2.3), (6.3.1), mubo B BujC
PEKYPPEHTHBIX COOTHOIIEHHUN:

R (6.3.19)

Y=Y-®y

Hanpumep, y, =y, + @YO — IIEPEHOC J10 IEPBOr0 KOMIIOHEHTa, Y, =Y, — D, y,—
o
IPETOMIIEHHUE T1OCIIE IIEPBOTO KOMIIOHEHTA.

Beruncnenns cornacHo BbIpakeHUAM (6.3.19) BBINONHAIOTCA CTOJIBKO Pas,
CKOJIbKO KOMIIOHEHTOB MMEETCS B ONTHYECKOW cucreme. OmHaKo, A IIOJIHOTO
pacyera Jy4yel dYepe3 ONTHYECKYyH0 CHCTEMY BHAYaje€ HY)KHO OIPEICIUThH
KOOPJIMHATHI JIydeld B IIPOCTPAHCTBE IIPEIMETOB, a IIOCIIE 3aBEPIIEHHUS PacuyeTOB
OIIPEICIUTh KOOPAMHATHI Jyded B NpOCTpaHCTBe n300paxkeHund. Takum oOpasowm,
pacyeT HyJIeBBIX (IIapaKCHANBHBIX) JTy4eld BKIIIOYAET B ce0s TPH JTama:

® OIpEIeNICHUEe BXOIHBIX KOOPAMHAT JIyya,

e BBIUMCIIEHUE XOJa Jy4a (IIOCIEA0BATEIbHOE ONMPEACIIEHUE €r0 KOOPAUHAT Ha

BCEX KOMIIOHEHTAX),
® ONpEIENIEHNE BBIXOJAHBIX KOOPAUHAT JIyYa.
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7. PeanbHble oNTU4YeCKNEe CUCTEMbI. OrpaHM‘-IeHVIFI ny4ykoB

7.1. PeanbHbie (OelicmeumersibHble) J1y4u

Yepe3 peasibHYI0 ONTHYECKYIO CHUCTEMY B OTJIMUME OT HUACATBHON MPOXOAST
peanbHbIe Jy4d, a HE HYyJIEBbIE (MTapakcUadbHbIe). X0 PEeaTbHOTO Jy4ya OTJINYAETCS
OT XOJa HYJIeBOro (uaeanbHOro) jayya. OTKIOHEHHE XOJa pEeajbHOro Jy4a OT
UJICATBHOTO CBSI3aHO CO CTPOTHM BBITIOJIHEHUEM 3aKOHOB MPEJIOMJICHUS U OTPAKCHUS
Ha peaJibHBIX MOBEPXHOCTAX ONTUYECKUX CUCTEM.

OTiin4us peajnbHON ONTHYECKON CUCTEMbI 0T M/1€AJIbHOM:

e B peanbHON ONTUYECKON CUCTEME IIPOUCXOAUT OTPAHUYECHUE IIYUYKOB, TO €CTh
HE BCE CYIIECTBYIOLIME JIy4yd MNPOXOAAT YEpe3 ONTUYECKYIOD CHCTEMY U
JOCTUTAIOT MPOCTPAaHCTBA U300paxeHui. [Ipoxonasdiue ny4yku gyyeld UMEroT
KOHEUYHBIE Pa3MeEpBI.

e Xon Jly4eH, IPOXOAALIMX Yepe3 ONTUYECKYIO CUCTEMY, HE COBIAAAET C XOJA0M
UACAIBHBIX  JIydell  (peaJbHblE  ONTHYECKHME  CUCTEMBI  00JIaJaroT
abeppanusimn).

AOeppaunu jgyveil (1am. — omxioneHue) — OTKIIOHEHUE XOJla PeajJbHOTO JIy4ya
OT ujeasbHOro. Abeppaluu Jiydeil SIBISIOTCS MOTPEHIHOCTHIO (MCKaXEHUEM)
U300paKEHUN B ONTUYECKUX CUCTEMaX.

7.1.1. Pac4yeT xoaa peanbHbIX Nyyen
PaccMoTpyM X0/ peanbHBIX JIyyell B MEPUAMOHAIBHOM mi1ocKocTH (puc.7.1.1).

7_Ir

S S’
Puc.7.1.1. Xoo peanvroco nyua.

PeasnbHble syun, B OTIIMYKME OT HYJIEBBIX, NPEJIOMISIOTCS HE HA TJIABHBIX
wiockoctsax H u H', a Ha peabHBIX ONTHYECKHUX MOBEPXHOCTIX S u S'.

OCHOBHBIE XAPAKTEPUCTUKH ONTHYECKOM CHUCTEMBI ONPEIEISIOT Ha OCHOBE
pacueToB mapakcHanbHBIX Jy4yeil. Ho st Beiuncienus aGeppaiuii U mpu pereHuH
€Ille LEJIOr0 Psiia 3a4a4 HeOOXOIUMO BBIIIOJIHUTD PACYET YEPE3 ONTUUYECKYIO CUCTEMY
peanpHBIX Jiyyed. Pacuer xoxa peasbHOro Jiyya COCTOMT M3 JIBYX OCHOBHBIX IIIATOB.
Ha nepBoMm mare omnpenensercss TOYKa NEPECEUYEHUS Jiyda C IOBEPXHOCTBIO, a Ha
BTOPOM IIIare BBIYMCIIAETCS HANPABICHUE NPEJIOMIICHHOIO Jy4a ¢ MCHOJIb30BAHUEM
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3aKOHA TIPEIOMIICHHS. AHaTUTHYECKHEe (OPMYJIIBI pacueTa PEalbHOTO JIyda TTOXOXKH
Ha pacyeT HyJieBoro jyda (maparpad 6.3.4) u COCTOSAT U3 MepeHOCca U MPETOMIICHUS:

d
=y+—Y
YErT, (7.1.1)

Y=Y-®y

rie d — paccTosHME BIOJb JIyda My IOBEPXHOCTAMH (Kocas TOJIIMHA),

® — onTUYeECcKas CUiia MOBEPXHOCTU B TOUKE NPETOMJICHUS JIyda.

Ontuueckas cuila MOBEPXHOCTH B MapaKkCHaIbHOM 0OJACTH BBIUUCISIETCS MPH
IIOMOILY CJIEAYIOLIETO BBIPAKCHUSA:

O = p(n'-n) (7.1.2)

JIJ1st BBIYMCIIEHMS CUITBI TIOBEPXHOCTH PEAIBHOTO JTyda HEOOXOJIMMO YUUTHIBATh
YIJIBI TAJICHAS € W MPEJIOMIICHUS £ peasbHOTO JIy4a:

® = p(n'cose'-ncose) (7.1.4)

Jns myneBbix ayued d w @ g JaHHOW TOBEPXHOCTH TOCTOSIHHBI, a ISt
pEAIBHBIX JTyYEH OHU 3aBUCAT OT KOOPAMHAT TOYKH MEPECECYEHUSI KOHKPETHOIO JIyda
C 9Toil moBepxHOCTHIO. brarogaps otuuusaM d or d u ® or @, u TOMy, 4TO JIy4
MPEJTOMIISIETCS. HA CAMUX MTOBEPXHOCTSX, @ HE HA TJIABHBIX IIOCKOCTAX, MOSBISIOTCA
OTJINYUSI B XOJIC PEabHBIX U UJICATIbHBIX JIyuel — abeppaliuu.

7.1.2. TIpUynHBI «KHENPOXOXOEHUA» NyYen Yepes NoBEepXHOCTb

B oTnnuue oT mapakcuanbHBIX JTyuded, KOTOpbIe B JIFOOOM Cily4ae MomnajarT Ha
[VIaBHYIO IUIOCKOCTh TMOBEPXHOCTH, pEalbHbIE Jy4d MOTYyT JMOO BOOOIIE HE
BCTPETUTh TMOBEPXHOCThb, JUOO BCTPETUTH €€ B TaKOM TOYKe, KOTOpas He
COOTBETCTBYET YCIOBUSM (U3MUECKOW WM KOHCTPYKTUBHOM peaInu3yeMOCTH
ONTHYECKOU CUCTEMBI.

JIy4y He momajgaer Ha MOBEPXHOCTh
Ha puc.7.1.2 nokaszaHo, 4TO HyJIE€BOM JIyd NPEJIOMIISIETCA Ha MIaBHOM MJIOCKOCTH
NOBEPXHOCTH, a peaJbHbIA JTy4 WIET CIUIIKOM BBICOKO M BOOOIE HE BCTPEYAETCS C
NOBEPXHOCTHIO. J[ambHENIINI pacyeT Takoro Jyya HEBO3MOXKEH (HE COOTBETCTBYET
YCIIOBUSAM (PU3NYECKON U MAaTEMaTUYECKON peann3yeMOCTH).
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peanvHulll 1Yy

~<~ -

Puc.7.1.2. PeanvHuiii 1y4 He nonadaem HA NOBEPXHOCHb.

IHosiHOe BHYTpPEHHee OTpaKeHue

[Ipn mnageHun Jydya Ha TOBEPXHOCTb, 3a KOTOPOM HAXOJIUTCA cpeaa C
MoKazaTejieM MPEeJOMIICHUS MEHBUIUM, 4YeM mpeasiaymmii (puc.7.1.3), BO3MOKHO
MOJIHOE BHYTpeHHee oTpaxkeHue (maparpad 3.1). HyneBoii nayuy B 3TOM cilydyae Bce
PaBHO MPEJIOMIISIETCSl Ha TJIaBHOM IUIOCKOCTH M MIET Jajbllle, TaK KaK yCIOBUS €ro
pEeIOMJICHUS] HAa TOBEPXHOCTH HE 3aBUCAT OT €r0 KOOPJIWHAT, a peajbHBbIM JIyd
MOJIHOCTBIO OTPAXKAETCA M €ro JAJbHEUIIUH pacueT yepe3 ONTHUYECKYH) CUCTEMY
HEBO3MOXEH.

' n>n

AN

/ HYNe8oU 1Yy

DpeanbHblil 1Y

Puc.7.1.3. Ilonnoe sHympenHee ompasicerue peaibHo2o iy4d.

Jly4 mpoxoauT 3a ocTpbIM Kpaem

BrnosiHE BO3MOXKHO, 4YTO JIyd OKa3bIBAETCS BBIIIE TOYKU IEPECEUCHUS
IIOBEPXHOCTEN, 3TO HA3BIBACTCA MPOXOXKICHUE 3a OCTPhIM KpaeM. Touka
[EpEeCceUeHrs Jy4ya C OJHOM M3 IMOBEPXHOCTEH CTaHOBUTCA MHUMOHN (puc.7.1.4) u
BO3HUKAET CUTyallWs, KOrJla MaTEeMaTHYECKH pacueT Jiyda MOXKET OBITh MPOJIOJIKEH,
HO TaKasi CUCTeMa He MOKET ObITh (PM3UUECKH pean30BaHa.
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MHUMAA MOYKA nepecedyerusl

ocmpwlil Kpau

Puc.7.1.4. Peanvnuiil 1y npoxooum 3a 0OCMpsim Kpaem.

Jly4 nmpoxoaut 3a kpaem quagparMpl

Ecmm 1m0 KOHCTPYKTHBHBIM  COOOpaXE€HUSM TabapuThl  TOBEPXHOCTEH
CHEIMaTbHO  OTpaHMYMBAIOT jAuadparMaMu, TO 4YacThb Jyd4ell oTcekaercs
muadparmamu (puc.7.1.5). Pacuer Takux nydell uepe3 ONTHUYECKYIO CHUCTEMY HE
POU3BOIAT, XOTSI MATEMaTHUYECKH pacyeT BIOJHE BO3MOXEH. B ToM ciyuae, koraa
MTOBEPXHOCTH OINTHYECKON CHUCTEMBI OTpaHUYCHBI AuadparMaMu, pPaCCUUTHIBAIOT
TOJIBKO T€ JIy4YH, JJI1 KOTOPBIX BBITIONHSAETCS YCIOBUE MOTAAHUs JIyYeH B 3aJaHHBIC
rabapuThl.

Puc.7.1.5. Peanvuwuii 1yy npoxooum 3a Kpaem ouagpazmoi.

7.2. O2paHuYeHus ny4Koe siy4yeu

OrpaHuyeHusi My4YKOB B ONTHYECKMX CHCTEMaxX CBSI3aHbl C KOHEYHOCTHIO
($u3HUECKUX pa3MEPOB ONTHUYECKUX 3JIEMEHTOB. DTH OTPaHUYEHUSI 0003HAYAIOTCS HA
CXeMax M 4yepTexax B BuIe auadparm, pojb KOTOPBIX MOTYT UIPaTh ONpPaBbI JUH3, A
TaK)Ke OT/ENbHO CTOAIIME AuadparMsbl.

B npunnune auagparMbl MOTyT paccCMaTpUBaTLCA HE TOJBKO JJIsl pealbHBIX, HO
U JUIsl HyJIEBBIX JIydell (To ecTh B nmapakcuaiabHOi obnactn). Kak npaBuiio, B mepBom
npUOIMKEHUU aHAIW3 radapyuTOB MyYKOB MPOU3BOJUTCS B MapaKCHAIbHOM 001acTH,
HO BIIOCJIEJCTBUM pacyeTbl 00sA3aTEeIbHO YTOYHSIOT C HCIOJIb30BAHUEM PEATbHBIX
JTy4dei.
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7.2.1. AneptypHas gnadpparma

OrpannueHue pasmepa My4YKOB — pe3yJbTaT COBMECTHOTO JEWCTBUSA BCEX
UMEIOIINXCS B ONTHUECKON cucteme nuadparMm. OAHAKO BBIACISAIOT OAHY ArUadparmy
(amepTypHy0 aAuadparmy), OTpaHUYUBAIONIYIO IYYOK JIy4eH, BBIXOISAIIUX U3
oceBoil Toukum mnpenmera (puc.7.2.1). Jlwobas guadparma, He SABIAIOIIAACS
anepTypHOil, He YUYUTBHIBACTCS IIPH PacUeTe X0/1a PeabHBIX JIydel

Amneprypa (1aT. — OTBEpPCTHE) — ATO MOHATHE, KOTOPOE B T€OMETPHUYECKOM
ONTHUKE OINpEIEIsAET pa3Mep IMyyKa JIydei.

anepmypnoit. =<\ T T _____
Yy

6blX. 3pAYOK
6X. 3pav4oK

anepmypmnas
ouappaema

Puc.7.2.1. Anepmypuas ouagpaecma.

AmneprypHas amadparma — 310 auadparma, KOTopas OTrpaHUYMBAET pa3Mep
0CEBOro MyyKa (MIYyIIEro U3 OCEBOM TOUKHU MPEIMETA).

Jlyd, maymmii U3 OCEBOM TOYKM IMpeaMeTa W NPOXOASAUNIMH 4epe3 Kpau
anepTypHoi quadparmMbl Ha3bIBAECTCA ANEPTYPHBIM JIYYOM.

UtoOwl ompenenutb, kKakasg u3 AuadparM ONTUYECKON CHUCTEMBI SBISETCS
anepTypHOM, HAaJ0 HAWTU M300pakeHHe Bcex AuadparM B MPOCTPAHCTBE MPEIMETOB
B 00OpaTHOM XOJI€ JIy4ei MO 3aKOHaM MapaKCHAIbHON ONTHUKU. ATIEPTYPHOU SBIISIETCS
Ta auadparma, U300pakeHrne KOTOPOW BUIHO IOJ HAMMEHBIIMM YIJIOM U3 OCEBOM
TOYKU IIpeaMeETa.

Ecnu mpenmer HaxoauTcst Ha OECKOHEYHOCTH, TO anepTypHas nauadparma — 3To
muadparma, n300pakeHre KOTOPOil UMEET HaUMEHBIIINE JTUHEHHBIC pa3MephI.

Paccmorpum  amepTypHyto auadparMy ©W  OPEINISCTBYIONIYI0 €W 4acTh
ONTHUYECKON CUCTEMBI:

[TapakcuanbHOe U300pakeHUE amnepTypHOM JauadparMbl B TMPOCTPAHCTBE

IpEeIMETOB WM anepTypHas auadparma, pacnojio)KeHHass B IPOCTPAHCTBE

IIPEAMETOB, HA3bIBAETCSA BXOJAHBIM 3PA4KOM ONTHYECKON CHUCTEMBbI.

[TapakcuanbHO€ U300paKeHUE amnepTypHOW auadparMbl B TMPOCTPAHCTBE
OPEeIMETOB OINpEAesioT B OOpaTHOM Xoje Jydyedl dYepe3 MpelleCTBYIONIYIO
anepTypHoi muadparme 4acTb ONTHYECKON CHUCTEMBI.
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BbIXogHO 3payok — DJTO NApPaKCUAIbHOE HW300pAKEHHE anepTypHOU
nuagparMbl B TPOCTPAaHCTBE H300pakeHUH WM amnepTypHas anadparma,
pAacIoNokKeHHast B IPOCTPAHCTBE U300paKEHMIA.

[TapakcuanbHOe U300pakeHUE amnepTypHOM nauadparMbl B TMPOCTPAHCTBE
U300pKEHUN ONpENEeNsoT B MPSAMOM XOJIe JIydel uepe3 MOCIeAyIollyl 4YacTb
ONTHYECKOU CUCTEMBI.

BxoaHoii 3pauok, BBIXOJHOM 3pavyoK W amepTrypHas AuadparMa COMPSHKEHBI.
ATniepTypHBIi JIyd BHYTPU CUCTEMBI POXOIUT Uepe3 Kpail anepTypHOil 1uadparmsl, B
IPOCTPAHCTBE MPEIMETOB — uepe3 Kpall BXOJHOTO 3payka, a B IPOCTPAHCTBE
U300paKEeHU — Yyepe3 Kpail BBIXOJIHOTO 3paykKa.

I'1aBHBIH JIyd — 3TO JIy4Y, HMAYLIMHA M3 BHEOCEBOM TOYKHM IpPEAMETA H
IPOXOSAIINNA Yepe3 LEHTP anepTypHOr Auadparmol.
[Io 3axkoHaM mapakCHaJbHOM ONTHUKM TJIABHBIM JIyd TAaKXKE IMPOXOAMUT 4Yepes

IICHTP BXOJHOTO 3padka B IMPOCTPAHCTBE MPEAMETOB W Yepe3 IEHTP BBIXOTHOTO
3payka B IPOCTPAHCTBE N300pakeHui (puc.7.2.2).

6epruu Y

2.72616Hbl1/l Jyd

\l.mcrmu A%
8bIX. 3PAYOK

6X. 3patox anepmypHas
ouagppazma

Puc.7.2.2. Bneocesou nyyokx.

BepxHuii Jiyd BHEOCEBOI0 IMMy4YKa — 3TO JIyY, IPOXOIAIINN Yepe3 BEPXHUMN Kpar
anepTypHoil JuadparMbl M COOTBETCTBYIOIIME €MY CONPSKEHHBIE TOYKH
BXOJHOTO Y BBIXOJHOTO 3PAayKOB.

HuokHuit J1y4 BHEOCEBOI0 IMYy4YKa — 3TO JIy4, IPOXOIAIINN Yepe3 HUKHUN Kpan
anepTypHoil uadparMbl M COOTBETCTBYIOIIME €MY COMNPSKEHHBIE TOYKH
BXOJHOTO Y BBIXOJHOTO 3pAayKOB.

7.2.2. lNoneBas gnadparma

IToJsie — 3TO YacTh MIIOCKOCTH MPEAMETOB, KOTOPAsk U300pa)kaeTcsi ONTHUYECKOM
cucteMol. B mapakcualibHON ONTHKE pa3Mep NOoJisl HEOrpaHuyeH. B peanbHOM
ONTUYECKON CHUCTEME T10JI€ OTPAHUYHUBACTCS MOJIeBOM TuadparMou.

IloneBass auadgparma — 510 aAumadparma, pacroJOKCHHAss B IUIOCKOCTH
npeaMera WiId B OJHOM M3 IUIOCKOCTEM, C HEW CONPSHKEHHBIX, U
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OTpaHMYHUBAIONIAS pa3Mep JMHEWHOTO TOJS ONTHYSCKOH CHCTEMBI B
IPOCTPAHCTBE N300PAKECHUM.

N3o0paxkenne TmoyieBOoM  auadparmMpl  Yepe3  COOTBETCTBYIOIIME  YacTH
ONTUYECKOW CHUCTEMBl HA3bIBAIOTCS TOJEM ONTHYECKON CHCTEMBI B MPOCTPAHCTBE
npeaMeToB / n3o0paxenui (puc.7.2.3).

[Tone onTHYeCKOW CHCTEMBI B MPOCTPAHCTBE MPEIAMETOB — ATO HAMOONBIIUI
pa3Mep u300pakaeMoil 4acTH TUIOCKOCTH MPEAMETa, PaCcIOIOKEHHOW Ha KOHEUYHOM
paccrosiuuu. llone onTHYecKol CHUCTEMBI B TMPOCTPAHCTBE H300paKEHUH — 3TO
HanOONBIIUN pa3Mep H300paKEHUs, JICKAIIET0 Ha KOHEYHOM paccTosHuu. [lons
ONTUYECKOW CHUCTEMBI B TIPOCTPAHCTBE TPEAMETOB, HM300paKeHWH W  TOJIeBas
nradparma ConpsiKeHBI.

Panee BMecTO TepMHHA «IOJE€ ONTHYECKOW CHUCTEMBI B TIPOCTPAHCTBE
NPEeIMETOB» HWCIIONB30BANICS TEPMUH «BXOJHOW JIFOK»; BMECTO TEPMHHA «IIOJIC
ONTUYECKOW CHCTEMbI B MPOCTPAHCTBE H300paKEHUI» HCIIOIB30BAJICS TEPMHUH

«BBIXOAHOM JIIOK». TepMUHBI «BXOJHOM JIFOK» U «BBIXOJAHOM JIIOK» oTMEeHEHBI ['OCT
7427-76.

= 8HeoCesol ny4oK

0cegoli NYyYox

B8X00HOU
3pavoK

nozesas ouagpazma

Puc.7.2.3. [lonesas ouaghpaema.

7.2.3. BuHbeTupoBaHue

Ecnu mydku jydeil orpaHUYuBaIOTCS TOJIBKO amepTypHOU auadparMoi, TO OHH
MOJIHOCTBIO 3aMOJIHAIOT 3payoK, KaK MOKa3aHo Ha puc.7.2.3. Eciiu BHEOCEBbIE MyUYKH
JIOTIOJTHUTENBHO OTPAaHUYMBAIOTCS IOMUMO aNepTYPHOU APYyTUMH auadparMaMu, TO
3payvyoK 3alOJIHIETCS HE MOJHOCTBIO (puc.7.2.4). DTO TONMOIHUTENBHOE OrpaHUYEHUE
WJIN CPE3aHUE ITyYKOB Ha3bIBACTCSI BUHbETHPOBAHHUEM.
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BUHbEMUPYIOUAs 6X00HOU
ouagppaema 3patox

nonesas ouagpazma

Puc.7.2.4. Bunvemuposanue.

BunbeTupymomas guadparma — 31o mobdas auadparma, KpoMe anepTypHO U
[IOJIEBOM, KOTOpas OIrPAaHWYMBAET ITyYKH JIy4deil, BBIXOAAIIUX M3 TOYEK
NPEeIMETAa, JIEKAUX BHE ONITUYECKOM OCH.

BxogHoe (BBIXOJHOE) OKHO — 3TO I[apakCUadbHOE H300paKeHHE
BUHBETHUPYIOLIEH TuadparMbl B MPOCTPAHCTBE MPEAMETOB (M300paKEHUN).

B o6mem cnyudae oOnacth auaparMbl BBITISAUT TaK, Kak IIOKa3aHO Ha
puc.7.2.5, U3 KOTOPOro BHJHO, YTO IIy4OK CpE3acTCsi CBEPXY HA BEIUYUHY d,, U

CHU3Y Ha BCIWYUHY 4, . OTH BEJIUYMHBI MOT'YT OBITH paBHBL APYyr Apyry, Toraa
BHUHBCTUPOBAHUC CUMMCTPHUYHO. Ecnu a, * a,, — BUHbCTUPOBAHNC HECUMMCTPUYIHO.

anepmypHas
ouagpaema

8Heocesol
NYYOK

Puc. 7.2.5. Bunbemuposanue (niockocms anepmypHou ouagppacmoi).

Ko3ppuuueHT BHHBETHPOBAHHMS — OTO OTHOLICHUE PA3MEPOB CpPE3aeMOMn
qactu auadparmsl K ee paauycy. Koapouuuentsl BuHbeTUpOBaHUS cBepxy K, U

CHU3Y K , BPIYHCIEIIOTCA CIICAYIOIIUM o6pa30M:

2a,
K="
A (7.2.1)
2a,,
K, =
Dy
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BneoceBol my4ok Jyuen B cilydae BUHbETUPOBAHUSA ITOKA3aH Ha puc.7.2.6.

6UHbemupyrouas

ouagppazma suHbemupyiowas

6blX. 3pA40K
6X. 3pa40OK X~~~

anepmypHas
ouagppazma

Puc.7.2.6. Bunbemuposanuulti ny4ox iyueu.

JIOCTOMHCTBA BUHbETUPOBAHUS:
® CIOCOOCTBYET YMEHBIIIEHUIO MTONIEPEUHBIX TA0APUTOB ONTHIECKON CHCTEMBI,
® HCKIIOYaeT u3 (POPMUPOBAHUS HU300pKEHUS KpaHUE 30HBI BHEOCEBBIX
MyYKOB (MMEHHO OHU OOBIYHO HMMEIOT OOJBIINE W TPYAHO YCTPAHHMbIC
abepparium).

HenocraTtku BUHbETHPOBAHUS:

® YMEHBIIIAET Pa3Mephl MYyYKOB, CICTOBATEIBHO, YMEHBIIAECT YHEPTUIO MTyUKa,
YTO TPUBOAUT K HEPABHOMEPHOMY pACHPENCICHUI0 OCBEUIEHHOCTH
BHEOCEBBIX 30H U300pakeHHS,

e B IU(MPaAKIMOHHO-OTPAHUYEHHBIX  ONTHUYECKHX  CHUCTEMax  KadeCTBO
u300pakeHuss ~ ompenernsiercs — audpaknued, TpUYeM  YeM  MEHBIIe
pesynbTUpylomas aneprypa (pasMep Iydka), TeM OOJbIIe BIUSHUE
TUQPAKITIH, YXYAIIAIONIEH KaueCTBO H300payKeHUsI.

7.3. OnucaHue npedmMemoes, uzobpaxkeHull U 3pa4yKkoe

OpHuM cocoOOM OIMHUCHIBATH Pa3Mephl U MOJIOKEHUE NIPEIMETa, U300PAKEHUS
U 3padyKkoB BO BCEX CHUTyalUsX He Bcerga yaoOHo. PaccmoTpum 3TO ommcanue uist
JIBYX TUIIOB MpeAMETa U U300pakeHUs — OJIM>KHETO U JTaJbHETO.
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7.3.1. NpeameT (n306paxeHne) 6rvkHero Tuna

» IJ
"] 6x. 3pauok

a) npeomem

6blX. 3pA40K

6) uzobpasicenue
Puc.7.3.1. IIpeomem u uzobpasicenue oaudxcueco muna.

Benuuuny npenMera (M300pakeHus1) MPUHITO pacCMaTPUBATh KaK PACCTOSHUE
OT OCHU J0 ero KpaWHel Touku. Ecim npenmer (Waum u3zoOpakeHUE) HAXOIATCS
JIOCTATOYHO OJIM3KO K ONTHUYecKou cucteme (puc.7.3.1), To ero BeIu4rHa U3MEPSIETCS
B JINHEMHOW Mepe:
Y, []I/l]l/l]

!

¥, [aan]
BeJII/I“II/IHa npeaMeTa — 9TO IIOJOBHHA BCCTO IIOJIAA, TO €CTh PasMCp BCCTO IIOJIA
2y.

(7.3.1)

Ilepennuil (3amHuil) OTPE30K — 3TO BEIMYMHA, OMNPENEIAIOAs IOJOKEHUE
npeaMera (M300pakeHUs ) 0 OTHOIIEHUIO K ONTHYECKOMN CHCTEME.
[lepennnii OTpE30K — 3TO PaCCTOSHUE OT BEPIIMHBI MPETOMIISIOMIECH WM
OTpaXXaIIEH IOBEPXHOCTH MO0 TOYKH IIEPECEUEHMs MAJAIOLIEro Jiyda C
ONTHYECKOW OCBhIO, a 3aqHUU OTPE30K — H3TO PACCTOSHHUE OT BEPILUIUHBI
OPEIOMIISIIONIEH WM OTpa)karollled MOBEPXHOCTH JI0 TOYKHU IEpPEeCcCeUeHHUs
IPEJIOMJIEHHOTO UJIM OTPAKEHHOTO JIyda C ONTHYECKON OChIO

Takum 00pa3oMm, TepeaHUN OTPE30K I ONMKHEro THIA H3MEpSeTCs Kak
pacCCTOAHUE OT MEPBOU MOBEPXHOCTU ONTHYECKOW CHUCTEMBI JO MPEAMETa, a 3aHUN

OTPE30K — KaK PacCTOSTHUE OT TMOCJICTHEH MOBEPXHOCTH 110 M300paxkenus (puc.7.3.1):
S =z, |mm

= ,[ ] (7.3.2)
S'=z, [MM]
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BxoaHoii (BRIXOAHOI) 3pav0K MOXKET HAXOIUThCA Ha OeckoHeuHocTH. [loaToMy
pa3Mephbl 3pauKoB OMPECIAIOTCS aepTyPHbIMU yTIIAMH.

ANepTypHBIli YroJ B MPOCTPAHCTBE IPEIMETOB O, — 3TO YIOJd MEXAY

ONTUYECKON OChIO U JTy4YOM, BBIXOASIIUM U3 OCEBOM TOYKHU MPEIMETa U UAYIIUM
Ha Kpail aneptypHoi auadparmsel (puc.7.3.1). AHaIOTMYHO, aNepTyPHBIN yroJ
B MPOCTPAHCTBE M300paKEHUH o 4 — ITO yroJl MEXAYy ONTHYECKOW OCBhIO H
Jy4OM, MPOXOASAIIMM YEpe3 OCEBYIO TOUKY M300pa)K€HUs M Kpail anepTypHOH
nuadparmal.

Pa3smepsl  3paykoB  ONpENENSIIOT Ye€pe3 COOTBETCTBYIOIIME  IOKA3aTeIu
IPEIOMJICHHS, YMHOKEHHbBIE Ha a0COJIIOTHBIC 3HAYEHUSI CUHYCOB alepTYPHBIX YTJIOB
(«ONTUYECKUE CUHYCHI»). DTH pa3Mepbl HA3bIBAIOTCS YHCJIOBBIMHU aNePTypamMu, U
OTIPE/ICTISAIOTCS CIEIYIOIINUM 00pa3oMm:

A,=n-sinoc
_ (7.3.3)

Ay =n"-sinc’,

ITosi0:keHue 3padyka U3MEpSETCSs OTHOCUTEIBHO MpeameTa (U300pakeHus) B
00paTHBIX MUJUTUMETPAX:

p

S :L, [konmp)]
z

1” (7.3.4)

Zp

S, = [konmp)]

Ecnu BX0/IHOM M BBIXOJHOW 3padykd PacloiOKEeHbl CTPOTO B OECKOHEYHOCTH, TO
§,=0u S, =0. Takue NoJO)eHHUs 3pa4KOB 0OECTICIMBAIOTCSA TEM, YTO aNepTypHAas

nuadparMa HaxoJuTCsl B mepenHed (Wiau 3aaHer) (poKalbHOW IMIIOCKOCTH TEPBOTO
(WM TOCHEeAHEro) KOMIIOHEHTa ONTHUYECKOW CHUCTEeMbl. B 3TOM ciydyae BO3HUKAET
TeJeleHTPUYeCKHil XO/I IIaBHbBIX JIyuel (TJIaBHBIE JIyYd NapajuleIbHbl ONTUYECKON
ocH).

7.3.2. NpeomeT (M306paxeHne) ganbHero Tuna

6X. 3pavoK |

a) npeomem
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|6blx. 3paAdoK

DP

0) uzobpasicerue
Puc.7.3.2. [Ipeomem u uzobpadsicenue oanbHe2o mund.

Ecnmu mnpenmer (wnmm u300pakeHHWE) HAXOAUTCSA JOCTATOYHO JaleKO OT
ONTUYECKOW CHCTEMBI, TO MBI MOKEM OIIEHUTH TOJBKO €0 yriIoBbIe pa3mephl. Touka,
U3 KOTOPOW HM3MEPSIOTCS YTIIOBBIE pa3Mephl mpeaMera (M300pakeHus ), Ha3bIBaeTCs
MoJICcoM. byneM cunTaTh, 4TO TMOJIOC HAXOAWTCA B LIEHTPE BXOTHOTO 3padka IJis
npeaMeTa, U B IICHTPE BBIXOIHOTO 3padka it n3oopaxenus (puc.7.3.2).

Benuunna npenmeta (M300pa)keHus) JAIBHETO TUIIA — 3TO YTOJl, O] KOTOPBIM
BUJIHA KpaWHsIs TOYKa mpeameTa (M300paxeHus) U3 [eHTpa BXOAHOTO (BBIXOIHOTO)
3padka:

o, [ep.mn.cex ] (73.5)
@', |ep.mn.cex.] o

Bennunna Bcero mons  2w. Mepou  yrioBOM  BEIMYMHBI  SIBISIOTCS

IpayChl/MUHYTHI/CEKyH/IBI (Tp.MH.CeK.), HarpumMep 20°1018"
ITosi0:keHue npeamerta (M300pakeHUs) U3MEPSAETCS B 0OPATHBIX MUJUIUMETPaX
OTHOCHUTEJILHO BXOJIHOTO (BBIXOJHOT'O) 3payKa:

S :l, [konmp)]
z (7.3.6)

S'= l, , [konmp]
z

B ciiywae npenmera (n300pakeHus) JaTbHETO TUTIA 3paY0K HAXOIUTCS OJIM3KO K
ONTUYECKOM CHUCTEME, MOITOMY BEJIWYMHA 3padyka HU3MEPSIETCA KaK €ro JIMHEWHBIN
pasmep. Takum oOpazom, amepTypbl B 3TOM CiIydyae ONPEACNSIOTCS CIEAYIOIIUMU
BBIPAXKCHUSIMHU:

D

AO:n-—p,[MM]
2 (7.3.7)

=2 L]

o === Lawn

ITo10:xeHMe Jpavukra u3MCpsACTCsa B MUJIJIMMETPAxX OT OINTHUYCCKON CUCTEMBI:

S,=2,, [MM]

(7.3.8)

S, =z, [2am]
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JIns onTUYECKOM CUCTEMBI OYE€Hb BAXKHO 3HATH ITOJIOKEHUE BBIXOIHOIO 3PAyKa.
Tax kax n300pa’keHHUE OOBIYHO BOCIHPHUHMMAETCS WM TOCIEIYIOMEH ONTHYECKON
CUCTEMOM, WM TJIa30M, CJIEIOBAaTEIbHO, HEOOXOIMMO, 4YTOOBI BBIXOJHOM 3padyok
ONTUYECKOM CHUCTEMBI COBMAJal C BXOJHBIM 3padukoM Mpubopa WM TIJa3a IO
IIOJIOKCHUIO U pa3MeEPaM.

7.3.3. OB6006LLEHHbIE XapaKTEPUCTUKN

JInst onvcaHusl XapakTEPUCTHK MPEAMETa WU M300pakeHHs] B YHHBEPCAIbHON
dbopme, He 3aBUCSIIEH OT UX THUMA (IAJTILHETO WU OJIMIKHETO), BBOJSATCS 0000IIICHHBIC
XapakTepucTuku. OHU HMMEIT pa3IuYHBIA CMBICI U Pa3MEPHOCTb, XOTS
0003HayalTCs OJWHAKOBO. B Talnuile mMOKa3aHO COOTBETCTBUE pEATbHBIX H
000O0IIIEHHBIX XapaKTEPUCTUK APYT APYTY.

O0001IIEHHBIC
XaPAKTePUCTHKH

bauxHnin T JdanbHui THI

Bennunna npeamera y=5 [MM] y=1gw, [Zp-MH.ceK.]

(M300paskeHus) y' =y, [mn] V' =tgw', [ep.mn.cex.]
< - 1
S == S = = = —
[Tomoxxenune - z [MM] §=5 .’ [’“)”ml?]
npeaMeTa S'=8"=2", [mum] - a1
(m300paxkeHUs) §'=8=—-, [Kdnmp]
(M3MepsieTCst OT MOBEPXHOCTH) z
(M3MepsieTcst OT 3padKa)
- o - D
Bxonas Ay =dg=n-sino,, A0=A0=n7p, [2un]
(BBIXOTHAS) Ay =Ay=n"-sin'c/,, D’
anepTypsl A=A =n""2 [un]
(uucioBas anepTypa) 2’
(ameptypa)

(%)

=S =i, [Kdnmp] ,=8,=2,, [MM]
z

[Tonoxenue p—"p
BXOAHOI'O - 1p g _ S; _ Z; ’ []I/l]l/l]
(BBIXOIHOTO) 3payka S, =8,=—", [Kdnmp]
Zp (n3mepsieTcst OT
(M3MepsieTcs OT TIOBEPXHOCTH)

npeaMeTa/n300pakeHMs)

7.3.4. O600LLeHHOEe yBennyeHne n nuBapuanT Jlarpanxa-Irenbmronsua

Hcnonb3ys noHsTHE 00OOLIEHHOTO MpeAMETa U U300pakKeHUs] MOKHO BBECTH
NOHATHE 0000LIEHHOI'0 YBEIMYCHUA:

7 A
V= y; = ZO (7.3.9)
0
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rae y — 00O0OIIeHHAss BeJIWYMHA IpeaMera, )' — 00OOIIEHHAas BelMYHMHA
u300paxenus, A, — 0000LIeHHas Tepeanss aneprypa, A', — 0000LIeHHAas 3aHss
aneprypa.

Jlns 1000 ONTHYECKONW CHCTEMBl CYIIECTBYeT OOOOIIEHHBI WHBapUAHT
Jlarpanxa-I'enpMrosbiia, BeIpakeHHbIH B peanbHbIX BenuuuHax ([laparpad 5.3.6).
OnHako, B OTJIMYKE OT MAapaKCHUAIbHOM ONTUKH, €T0 MHBAPUAHTHOCTh HE CTpoOras, a
npubnuxeHHas. HBapUaHTHOCTh HApyIIAEeTCA U3-3a HAIMYUS abeppaluil u SBICHUS
mupakuuu B ontudyeckoil cucreme. MuBapuant Jlarpamxka-I'enbmronbiia depes
0000I11IeHHbIE XapAKTEPUCTUKH MOYKHO 3aMUCaTh CIEIYIOIUM 00pazoM:

y-A,=y"-A, (7.3.10)
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8. AGeppauum onTUYECKNX cCUCTemM

8.1. ®opmbI npedcmasneHusi abeppayull (nonepeyHasi, NPodosibHasl,
80J1HO8asl)

8.1.1. O6wme nonoxeHus

B wuneanbHOM oONTHYECKOW CHCTEME BCE JYyUM, MCXOMSIIUME W3 TOYKU A,
TIepeceKaloTCsl B CONPSDKEHHOW ¢ Hell Touke 4. Ilocnme mpoxoskaeHHs peasbHON

ONTHYECKOW CHCTEMbl JMOO HapyllaeTcs TOMOLICHTPUYHOCTh My4yKa M JIy4d He
UMEIOT OOLIEeH TOYKU TepeceueHus, MO0 TOMOLEHTPUYHOCTb COXPAaHSETCs, HO JIy4H
TIEPECEKAIOTCS B HEKOTOPOU TouKe A', KOTOpas HEe COBIAJaeT ¢ TOYKOW HMJICAIbHOTO
nzo0paxenus (puc.8.1.1). Oto saBisieTcs cieacTeuem adepparuii. OCHOBHAs 3aj1aya
pacdeTa ONTUYECKUX CUCTEM — KOPPEKIHs (YMEHbIlIeHHEe) abeppaiuil.

[TonHoe ycTpaHneHue Bcex abeppaluii B ONTUYECKONW CUCTEME HEBO3MOXKHO, TaK
KaK YCJIOBUSI HUCIpaBJICHHUS OJIHUX BHUJOB abOeppaluii MNpoTUBOpEYaT YCIOBUIM
ucnpasieHuss abeppaiuii apyrux BuuoB. [loaToMy mpu koppekuuu abeppanuii B
ONTHYECKOW CHUCTEME HIIETCS HEKOTOpPOe KOMIIPOMHUCCHOE peUIeHUE, KOTOpOoe
onpenensieTcss 00JacThbi0 MPUMEHEHHS ONTHYECKOW cucTeMbl. OJHOBpPEMEHHOE
UCIIPAaBJICHHE MHOTHX BHJOB abeppaluii B ONTHYECKOW CHCTEME BO3MOXHO IpPH
HAJIMYMUU B KOHCTPYKIMU ONTHYECKOM CUCTEMBI OOJBIIOTO YUCIA MPETOMIISIONIUX U
OTpaXarolUX MOBEPXHOCTEH W/WIM MPU HUCIHOJIb30BAHUU TaKUX JOIMOJHHUTEIIbHBIX
BO3MOXHOCTEH, Kak achepuyeckrue MOBEPXHOCTH UM MAaTepUaibl C HKCTPEMATbHBIMU
3HAUCHHUSAMM TOKa3aTesl MpejoMiieHus U yuciia AGoe.

N\ 4

A

Puc.8.1.1. Hoeanvroe u peanvroe uzobpasjiceHuss mouku.

Jlnst BerUmcIieHnus abepparuii HeoOXOIUMO ONPENeTUTh TOUYKY pedhepeHTHOTO
(nneanbHOro) U300pakeHuss A,, B KOTOPOH JOJKHO HaXOIUTHCA M300pa)KeHHE II0
3aKOHAM rayccoBoi onTUkH. OTHOCUTEIHHO 3TOM TOYKU U OMPEIEISIIOT abeppaliuu.

8.1.2. lNonepeyHble abeppaumm

Monepeunsie adeppanun (Ax’,Ay’) — 3T0 OTKIOHEHHS KOOPAMHAT TOYKH A’
HepeceueH sl PeabHOrO JIyYa C IIIOCKOCThIO M300paKeHUsT OT KOOPAUHAT TOUKH
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A, nneanbHOT0 N300paKeHNUS B HAIIPABJICHUH, TIEPIICHIUKYIIIPHOM ONTHYECKON
ocu (puc.8.1.2):
Ax'=xp—x'
Ay =y, =y
Ecmm Ttoukn A’ w A coBmajmaroT, TO MONEpPEYHbIE abeppaluyl paBHBI HYJIIO
(Ax'=0,Ay"=0).

(8.1.1)

Ay{f‘O 4

A/ K /i

Puc.8.1.2. I[lonepeunvie abeppayuu.

Pasnuuaror momnepeuyHble abeppalid B CaruTTalbHOM IJIOCKOCTH (Ax') U B
MepuIHOHaNbHON 1wockocTH (Ay'). Ilomepednsie aGeppalluy i H300paKeHHs

OJMMKHETO TUMA BBIPAXKAIOTCS B MIJUTUMETpax, JUIsl H300pakeHHsl JabHETrO TUIA — B
yriaoBoi mepe. s m3o0pakeHus albHEro TUMA MomnepeyHas abeppauus — 3TO
YIJIOBOE OTKJIOHEHUE AC’ MEXy peajbHbIM U UCalbHbIM JyuoM (puc.8.1.3).

\L

Puc.8.1.3. I[lonepeunvie abeppayuu 015 yOaieHHO20 U300PAAHCEHUSL.

VY kaxmoro Jiyya B IMy4yKe CBOSI BEMYMHA TMOTEpeuHOi abeppanuu. s Bcero
y4Ka MmornepevyHbie abeppanuu — 370 GyHKIUUA OT 3pAaYKOBBIX KOOPIMHAT:

AX'= AX'(P,,P,)
AY'= AY'(P,,P,)

rae (P, P,) — peajibHble 3pa4KOBbIe KOOPIUHATHI.

(8.1.2)
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3paykoBble KAHOHMYECKHE KOOPAUHATHI.
3pauKkoBbIe KOOPAUHATHI ONPEEIAIOT MOJIOKEHNE JTyda B myuke. KanoHndeckue
(OTHOCHUTEIbHBIE) 3paUKOBBIE KOOPAUHATHI ONPEEISIOTCS CASAYIOINUM 00pa3oM:

P._P P, P
=% =1x - S 8.1.3
Pma a0 T a T a (51
rae (Px , Py ), (Px’ , Py' ) — BXOJHBIE U BBIXOJHBIE pEaAJbHBIE 3PAYKOBBIE

X

KOOPAMHATBHI, (Ax,Ay), (A’,A;) — BXOJHBIE W BBIXOJHBIE alepTypbl. AIEpPTypbI

ONPENEIAI0T MAKCUMAJIbHBIE 3HAUEHUS 3paYKOBBIX KOOPAUHAT.
Takum 00pa3oMm, BepxHHil JIyd My4ka uMmeeT KoopauHatel p, =0, p, =1,

HIDKHUA Jiyd nydka — p, =0, p,=-1, rmmaBueli syd nyuka — p, =p, =0,

caruTTanbHeli 1yd — p, =1, p, =0 (puc.8.1.4).

2NaBHbIU
Y

Px

Puc.8.1.4. Kanonuueckue 3pauxkogvle KOOpOUHAMBbL.

Kanonuueckune 3padKOBBIC KOOPpJAHMHATBI MOXKHO BBIPA3UTh YCPC3 NMOJHAPHBIC
KOOPAMHATBHI P U @ :

p, = psing

P, = pPCcosy

e p=-/p;+p; .

8.1.3. BonHoBas abeppauus

(8.1.4)

BosHoBasi aGeppanusi — 3TO OTKJIIOHEHUE pEajJbHOrO BOJHOBOro (ppoHTA OT
uaeanbHoro (puc.8.1.5), u3MepeHHOE BIOIb JIy4a B KOJIMYECTBE JJIUH BOJIH:

Al'-n'
A

W3 Beipaxenus (8.1.5) cmemyer, 4To BOJTHOBAs adeppalvs MPOMOPIMOHAIbHA
OTKJIOHEHUSIM ONTHUYECKHUX JUIMH Jyder nydka. lloaTomy BiMsiHHE BOJIHOBOU
abeppaluu Ha KadyeCTBO H300paXCHHsS HE 3aBUCUT OT THUIIA H300paKECHHS, a
OMpENEIAETCS TEM, CKOJIBKO JIJIMH BOJIH OHA COCTABJISIET.

W =

(8.1.5)
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A 80IHOGOU
@dponm
8bIXOOHO peepenmuas
3pavok cepa

Puc.8.1.5. Bonnosas abeppayus.

PedepentHas cepa — 3TO BOJHOBOUM (PPOHT HIEATBHOIO MydYKa C LEHTPOM B
TOYKE HJICaJBHOTO M300paXEHUs A, MPOXOSIIHIA Yepe3 HEHTP BBIXOAHOTO 3pavka

O'. Tlpu HaxOXKJACHUU BOJHOBOK abOeppaiuu ¢ pedepeHTHOH chepoii cpaBHUBACTCS
OJIMDKAMIIIHMKM K HEel BOJIHOBOW (PPOHT.

Jlnst Bcero mydka BOJIHOBasg aleppanus — 3TO (PYHKIUMS KaHOHUYECKUX
3PavYKOBBIX KOOPAWHAT!
| w=wer (8.1.6)

[Tonepeunass 1 BoJIHOBas abeppaluu — 3TO pa3Hbie (OPMBI TPEACTABICHUS
OJIHOTO SIBJICHUS, OHU CBSI3aHBI MEXKIY COOOW COOTHOIICHUSIMHU:

Ax':‘j'gW
v OPx
| 1 ow (8.1.7)
Ay'=-—" 20
4, op,

Takum oOpa3om, momnepeyHsle abepparuu MpsSMO MPOMOPLHOHAIBHBI TEPBBIM
YaCTHBIM ITPOU3BOJHBIM BOJIHOBOM a6eppau1/11/1 10 KaHOHNYCCKNM KOOPpAHATAaM.
8.1.4. lNpoponbHble abeppauyunm

IlponosibHbIe aGeppamuum — 5TO OTKJIOHCHHS KOOpAWHATHI TO4YkH O
HepeceueHusl PeaabHOro Jiyda ¢ OChIO OT KOOPAMHATHI TOYKH O' HOaeaTIbHOrO
n300pakeHus Baoib ocu (puc.8.1.6):

AS'=S'-S,' (8.1.8)

rae S' — NOJIOKEHUE TOYKU MEPECEUEHHUs JIyda ¢ OCbIO, S,' — IOJIOKEHUE

HI[eaHBHOfI TOYKHU IICPCCCUCHU.

107



OH
So' AS'

SV

Puc.8.1.6. IIpooonvusie abeppayuu ocegoco nyuxa 0Jisi U300paiceHus
OUdICHEe20 MUna.

s n300pakeHUsT OMMKHETO THIIA TMPOJOJIbHBIE a0eppaluu BhIPAXKArOTCS B
MUJIUMETpAxX, I n300pakeHus naibHero tuna (puc.8.1.7) npoaoiasHeie adeppanuu
BBIPAXKAIOTCS B 00OpAaTHBIX MUJUTUMETPAX:

IR

)

[xonmp] (8.1.9)

' Ou
' 0
Zy

!

z

Puc.8.1.7. [Ipooonvrbie abeppayuu oceso2o nyuxa 0jisi U300paxiceHus
oanvHe20 mund.

[IpomonbHble abeppaliid CBSI3aHBI C TOMEPEYHBIMHU, W, CJEAO0BATEIHHO, C
BOJIHOBBIMH TOKC:
A1 ow
S (8.1.10)
4y p Op

rae A, — 3aaHss anepTypa OCeBOro Imydka.

AS'~

Bripaxkenne (8.1.10) npubimkeHHOE, OHO MOXET HCIOJIb30BaThCA TOJIBKO IS
cirydasi HeOOJIBIHX anepTyp.

Urak, u3 Beipaxkenunii (8.1.7) u (8.1.10) cinenyer, yTo BOJIHOBasi, OMEPEUYHAS U
POJ0JIbHAST abepparusi — 9TO pa3Hble (HOPMBI TPECTABICHUS OTHOTO SBJICHUS —
HApYIIEHUST TOMOIICHTPUYHOCTU IMy4KOB. [Ipu ormeHke kadecTBa W300pakeHUsS 3a
UCXOJHYIO MOJIENTh a0epPaAIlMOHHBIX CBOMCTB OMTHYECKOW CUCTEMBI O€PYT BOJTHOBYIO
abepparuio (MO0 BEIMYMHE BOJHOBOW abepparuu CyAsST O KadecTBE ONMTHYECKOM
cuctemsbl). OgHAKO, €ciii abeppaluy BeITUKH, TO OoJiee 1menecoo0pa3Ho UCTIOIb30BaTh
JUTSI OIIEHKH Ka4eCcTBa M300paXeHUs MOTIEpEeUHbIe abeppalium.
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8.2. MoHoxpomMamu4eckue abeppayuu
Aleppanuu  JeNATCS HAa  MOHOXPOMATHYECKHE ¥ XpOMaTHYeCKHe.

Monoxpomaruueckre abeppalii  ONTHUYECKOW CHUCTEMbl HAONIOMAIOTCS  TIPH
MOHOXPOMATUYECKOM M3ITy4eHHUH (Ha OJTHOMW JJTMHE BOJIHBI A).
Monoxpomaruueckue adbeppaiuu IeasSTCs Ha HECKOJIBKO TUITOB:

chepuueckas,

KOMa,

ACTUTMATHU3M U KPUBU3HA H300paKeHUS,

JTUCTOPCHSL.
OOBIYHO B ONTHUYECKOM CHCTEME TMPUCYTCTBYET KOMOUWHAIus adeppaiuii
pasznuyHoro tuma. PaccMoTpum Kaxplii TUIT abeppaliiy Mo OTAEIbHOCTH.

8.2.1. PasnoxeHune BonHoson abeppauun B pag

Ecin B onTHYeckoil cUCTEME MPHUCYTCTBYIOT BCE THIIBI a0deppauuid, TO IS
OMMCAHMS OTAEJBHBIX TUIIOB a0eppalrii BOJIHOBYIO a0E€pPALIMIO MOXKHO PA3JIOKUTH B
PSAI IO CTENEHAM OTHOCHUTEIIBHBIX 3paYKOBBIX KOOPAUHAT B CIEAYIOLIEM BUAE:

W (0,0, )= Wo + Wy 02 + p2 )+ Wi 02 + 02 + W02+ p2f ..
+Mp, +W31(P§ "‘Pi)ﬂy +W51(,0§ "‘P;),Oy +... (8.2.1)

2 2, 2} .2
+Wypy "‘W42(,0x +py)10y +..
WJIH B MTOJISIPHBIX KOOPIUHATAX:

W (0, 0)=Woo +Waop* +Waop* + Wy +..
+ W, pcos@+ Wy, p’cosgp+ W, p> cosp+... (8.2.2)

+Wyp*cos’p+W,ptcostp+...

rne W, (n — creneHp p, m — CTENEHb COSQ ) — KOA(Q(UIMEHT, 3HAUCHUE

KOTOPOT'O OTpeesieT BKJIaJl KOHKPETHOro TUMa (M mopsiika) adeppaiuu B OOIIYIO
BOJIHOBYIO a0eppaluio:

Wy, — IOCTOSIHHAsI COCTaBJISIIOIIAsl, KOTOPasi MOXKET OBITh CBEJIEHA K HYJIIO
COOTBETCTBYIOIIUM BHIOOPOM peepeHTHOH chephl,

Wy p’ — posonbHas 1e)OKyCHPOBKa,

Wi ,04 u Wy, ,06 — chepuueckas abeppanus 3 u 5 mopsaka,
W,,pcos¢ — nucTopcus,
W31,03 cosQ + WSl,o5 Cos@ —KoMa 3 u 5 mopsika,

W,,p° cos” ¢ +W,, p*cos’ ¢ —acturmarism 3 u 5 nopsxa.

B paznoxenun MOryT y4acTBOBaTh M 00Jiee BBICOKHE TOPSIKH, HO MBI UX
paccmarpuBaTh He Oynem. Ilopsimok aleppaiuu  ompeAensieTcss Mo CTENeHU
KOOPJIMHATHI O B PA3JOKEHUU MOMEPEUHON abeppaiu B psil. DTOT Psij MOTydaeM
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nyteM auddepeniupoBanus Bblpaxkenus (8.2.2). Takum oOpa3om, momnepedHas
abeppartust onpeeseTcs CIeTyONUM 00pa3oM:

, A W A
Paznoxxenue B psij Npo0sibHOM abeppaliii UMEeT BUI:
as= 2 LW A o+ (8.2.4)

ArZ ) 5,0 - Alz

8.2.2. PagnanbHO cuMMeTpuyHble abeppauun  (gedokycmpoBka W
cthepuyeckasa abeppaums)

PanuansHo cumMmerpuunble abeppauun (pachokycupoBka u cdepuueckas
abeppanusi) aHAIM3UPYIOTCS M HU3Y4aAlOTCAd IMPU PACCMOTPEHUM OCEBOM TOUYKH
npeaMera. g omucaHWs paguaibHO CHUMMETPUYHBIX aldeppaluii J0CTaTOYHO

HCIIOTH30BaTh OJHY PafHANbHYIO 3padKOBYIO KOOPIHHATY P = .| P + pi :

W(szpy): W(p)=Woo +Waop” +Wap* +Weop® +.. (8.2.5)
HedoxycupoBka
|| W (p)=Wyp? (8.2.6)

JlepokycupoBka HE TNPUBOAWT K HAPYIMICHUIO TOMOIICHTPUYHOCTH ITy4Ka
(puc.8.2.1), a TONBKO CBHUJACTEIHCTBYET O NPOAOIHHOM CMEUICHHH TUIOCKOCTH
M300paKeHus.

1
AS'=const
NJI0CKOCMb
UoeaIbHO20 NJI0CKOCHb
uzobpaicenus uzobpadicenus

Puc.8.2.1. lleghoxycuposka.

[Tpu nedokycupoBKe Bce Tydu Ha BBIXOJIE ONTHUECKON CUCTEMBI MEPECEKAIOTCS
B OIHOM TOYKE, HO HE B TOYKE HCATLHOr0 W300paxeHws. llosTomy B ciydae
1e(pOKYCHPOBKH TIPOAOIbHAs abeppaliisi OCTOSTHHA JIJIs BCEX Jydel (1S BCeX TOUeK
3pavka):
2AW,,

AIZ

AS' = = const (8.2.7)

Ecmu nmedokycmpoBkM HET, TO IUIOCKOCTh HM300paKEHUS COBMAIAeT C
miockocTbio I'aycca (TUIOCKOCTBIO UCATBHOTO M300pakeHus). UToObI H30aBUTHCS
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0T JNe(hOKyCHPOBKH, HYKHO MPOCTO COOTBETCTBYIOUIMM OOpa3oM TepeaBUHYThH
IUIOCKOCTh M300paKeHHUS.

[MIpu ananuze abeppauuii ONTUYECKUX CHUCTEM HPUHATO CTPOUTH TpaQuKu
3aBHCHUMOCTH TOTEPEYHOM, MPOJOJIBHOM, M BOJHOBOM abeppaluii OT 3pauyKOBBIX
KoopAuHatT. Eciiu B ONTHYECKOW CUCTEME MPHUCYTCTBYET TOJIBKO Ae(POKYCHPOBKa, TO
9TH rpaduku OyAyT BHIIJISIIETH Kak MOKa3aHo Ha puc.8.2.2.

o)
<

/4 AS'

a) eonHosas abeppayus  6) npoooabHaAs abeppayus 8) nonepeunas abeppayus

Puc.8.2.2. I'paguxu abeppayuti o5 pacghoxycuposxiu.

Cdepuueckas abeppauusi 3 nopsiaika
|| W =W, p* (8.2.8)

Cdepuueckas abepparusi TpUBOIUT K TOMY, YTO JIY4YH, BBIXOSIINE U3 OCEBOM
TOYKH TIPEAMETa, HE TMEPECeKaloTCs B OJHOM TOYKe, o0Opa3ys Ha IUIOCKOCTH
UACAIBHOTO U300pakeHus KpyKok paccesHus (puc.8.2.3). Ewo oOnamaroT Bce
chepuueckue nosepxHoctu. Chepruueckyro abeppainio 3 MopsiaKa Ha3bIBAIOT TAKKE
nepBuYHOM cdepudeckont abepparueit. s koppeknuu chepuueckoit adeppaiuu
UCTIONB3YIOT acepudecKkre MOBEPXHOCTH U /MM MaTepUalbl C AKCTPEMaTbHBIMU
3HAQUCHUSIMU  TOKa3aTeliss mpejioMyeHus U uucia AOOGe, MO3BOJSIONIMMU
KOMIICHCUPOBATh abeppaliuu.

Puc.8.2.3. Cpepuueckasn abeppayusi.

Hpozxoanaﬂ H IIOoIICpCUHaA a6eppauHH B O9TOM ClIydac OIpCACIIAIOTCA
BBIPpAKCHUAMMU :
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A

AS' = F-4W40 p’ (8.2.9)
Ay' :j’l,-4W40p3 (8.2.10)

B mpocThix monmoxuTenpHBIX JMH3aX cdepuueckas abeppamus 3 mopsika
oTpullaTelIbHAa, a B OTPUIATEIBHBIX TOJOXKHUTENbHA. ['paduKku  BOJHOBOM,
IPOJOJIbHOW W TONepeuHor abepparnuii B ciaydae cdepudeckoil abepparuu 3
NopsiIKa MpEeCTaBIIeHbI Ha puc.8.2.4.

2 2
P Yy Ay'

W ASV

a) sonnosasn abeppayus  6) npodonvHas abeppayus 6) nonepeunas abeppayus

Puc.8.2.4. I'paguxu abeppayuti o1 cpepuueckoti abeppayuu 3 nopsaoxa.

Codepuueckas abeppauus S nopsiaka
" W =W, p° (8.2.11)

[To xapakTepy HCKaXeHHMs TOMOILICHTPUYHOCTH Iy4Ka Jydell cdepuueckas
abeppanusi 5 mopsJiKa MOJTHOCThIO aHAJIOTUYHA cepruueckoi abeppainuu 3 nopsjika,
TOJILKO UMeeT 0oJiee BBICOKHI TMOPSIIOK KPUBBIX Ha Trpadukax TIOMNEPEeUHOH H
IPOJIOJILHOM abeppariuii.

B crnoxHbIx cucreMax cepruueckue adbeppaiuu 3 U S NopsiAKOB UMEIOT pa3HbIe
3HAKM M MOTYT B3aMMHO KOMIIEHCHPOBaTh Apyr Apyra. Ha puc.8.2.5 mpencrasieH
rpa@uK oNTUMaNbHON Koppekuuu chepudeckoil abeppauuu 3 U 5 TOPAIKOB JUIs
anepTypHOro Jyya (pzl). B pesynbpTaTe KOppeKIMM OCTaTO4HbIE abeppanuu

CTaHOBSITCSI MEHBILIE, YEM caMu adbeppauuu 3 U 5 nopsaka.

0
1
N ’ e
AN ASH[+V L
\\\ \ //
/ ’
roN /AS
ASyy N ’ v
\ /
\ /
\ !
A\ 1
1
/ AS'

Puc.8.2.5. Bzaumoxomnencayus cghepuueckoil abeppayuu 3 u 5 nopsoxos.
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OnHako B cinydae chepuueckoit abeppaunu 3 u 5 TOPSAKOB MOKET OBITH H TakK,
KaK IMOKa3aHO Ha puc.8.2.6.: a) — abeppauusi «HeJOUCIpaBieHa», 0) — abeppaius
«TIepeUCTpaBICHay.

AS' AS'
@) HedoUCnpasienHas cepuyeckast 0) nepeucnpasnenHas chepuveckas
abeppayusi abeppayust

Puc.8.2.6. I pagpuxu xoppexyuu cghepuuecxoii abeppayuu.

[Tockonbky  MpoAOABHON  Ne()OKYCHpPOBKOM  JIETKO  YNPaBIATh  IyTEM
NEepEeMEILECHNs TUIOCKOCTU H300pa)KeHus, TO, coueTas cPepuyeckyro adbeppanuio u
1e(OKYyCHPOBKY, MOXHO BBIOpaTh HaWjyylllee C TOYKH 3pEHUS MHUHUMYyMa
chepuueckoit abeppalivu mojiokeHue nzoodpaxenus. B vactHoctu, 1i1s chepudeckoit
abeppanuu 3 mopsjika npu momMoIu BeipaxeHui (8.2.9), (8.2.10) MOKHO BBIYUCIUTH
MOJIO’KEHUE M300paKeHHs, B KOTOPOM KPYXKOK paccesHuss MUHUMAajeH. [Ipu stom
IPOJOJIBHOE CMEILEHHE M300pa)KeHUs COCTaBiigeT 2/3 OT MpOAoJiIbHOM aldeppanuu
amepTypHOTO Jyya.

8.2.3. Koma

Om epeueck020. KOLUA— X80CM, NYYOK B0JIOC.

KomMma nosiBnisiercst mpu cMeIeHusIx TOUKe npeamMera ¢ ocu. Koma gobasmsiercs K
IpyruM abepparusM (Hampumep, K cheprueckoii), Ho Mbl OyJIeM paccMaTpuUBaTh €e
OTIIETILHO OT Apyrux abeppanuii (puc.8.2.7).

8EPXHULL VY

AV

2/IABHBLU VY

A

Puc.8.2.7. Cmpyxmypa nyuka nyuei npu HAIUyuu KOMbl.

B nepBoM npubamxeHun Koma mpsiMo MPOMOPIMOHAIbHA CMEIICHHIO MTPeAMETa
¢ ocu. Eciu cMemieHue paBHO HYINIO, TO M KOMa paBHa HyJO. Takum o0paszom,
nonepeyHasi abeppauus MpUd HAIWYUU KOMBI MPSMO NPOMOPLHMOHAIbHA BEIUYHHE
npeamera:
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Ay ~0-y (8.2.12)

rae 0 — KOd(pOUIMEHT NPONOPIUOHATBHOCTH, OINPEACISIONIUA KaueCTBO
a0eppallMOHHON KOPPEKIIMM ONTUYECKOM CHUCTEMbl (UY€M MEHbIIE O, TeM JIydlle

ONTHYECKas CUCTEMA).
Unensl psasia BOJIHOBOM abeppanuu (nmaparpad 8.2.1), cooTBeTcTBYIOIME KOME 3

U 5 TIOPSAKOB:

W(p,0)=W;p° cosp + Ws, p° cosp (8.2.13)
NnJIn

W(p..p,)=(0? + 02 )0, = Wilo2p, + 02)

Beipaxxenue s momepedHbIX adeppanuid, COOTBETCTBYIOIIMX KoMe, (mocie
auddepennrpoBanus BoipakeHus (8.2.13)) Oyaer BBIMISACTD CIEIYIOIIUM 00pa3oM:

. A oW A
Ax 22’522‘ 31(2Px/0y)
y 8.2.14
A '_i.ﬁl_i.W ( 243 2) ( :
) 0 070y g Py T3P,

Onucanue IMOIICPCUYHBIX a6eppau1/1171 KOMBI pPAa3JIM9IHO I MCPHUAMOHAJIBHOI'O U
CaruTTaJILHOIO ceueHui. B MCPHUANOHAJIBHOM CCUCHUU O, = O, CJIICOOBATCIIBHO:

Ax"=0

A (8.2.15)
Ay =—"-Wy '3,0§

A
B carurransHoM ceuenun p, =0, cieoBaTeIbHO:

Ax"=0

A (8.2.16)
Ay :E' 31 'Pi

Ha puc.8.2.8 mokasansl rpaduku monepeyHbix abeppariuii 1uist KOMbI 3 opsiika
B MEPUJIMOHAIBHOM U CaruTTaIbHOM cedeHusx. KpuBble Ha Tpadukax HUMEIOT
OJIMHAKOBYIO (OopMy, HO B MEPHIMOHAIBHOM CCeueHHHM 3HadueHue Ay’ B 3 pasa

00JIbIIIe, YEM B CATUTTAIILHOM.

Ay' Ay’
i\ /i Py i / Px
1 |o 1 -1 |o 1
a) MepuoUOHANIbHOE CeueHuUe 0) cacummanvHoe ceyeHue.

Puc.8.2.9. Ilonepeunvie abeppayuu npu kome 3 nopsoxa.

JIst TOro 4TOOBI Jydllle OHSATh CTPYKTYPY MOIMEPEUYHBIX abeppaluii mpu Kome,
paccMOTpUM TOYEYHYI0 auarpammy jyueid. PazoObeM 3padok Ha MHOXKECTBO

114



PaBHOBEIMKHUX IUJIOMAJA0K M PACCMOTPUM JIydd, MPOXOIALINE Yepe3 IEHTPHl ITUX
wiom@aaok (puc.8.2.10.a). I[lonyyum KapTHHY Jydel, paBHOMEPHO pacIlpeaesIeHHbIX
1o 3pauky. ToUYkM mepecedeHns ITHX JIy4el ¢ MIIOCKOCThIO U300paKeHUsI 00pa3yroT
TOYEUYHYIO Auarpammy (puc.8.2.10.0).

1] Py

Px
1

® o
.
L]
.
0
L]
L]
L]
L]
®e

.
.

'.. ®egqec® o
®eehoe®

@) NI0CKOCMb 3PayKa 0) niocKkocmv U300pPaAtCceHUs:

Puc.8.2.10. Toueunas ouazpamma.

Koma u Hen3omiaHaTu3M

B naseanuu “neuzonnanamusm’ npucymcmeyrom KOpHU 2pedecKux Clo8. U3oc —
00UHAKOBDIU, PABHDLLL, NAaHema — Oyxcoauee meio.

MN3onnanatusM (OJMHAKOBO 3a0Jy>KITAIOIMIMICS) — B  OKPECTHOCTH OCH
ONTHUYECKONW CHCTEMBI HET KOMBI, HO €cTh c(epuueckas abeppanus (M300pakeHUE
Pa3HBIX TOYEK MpeaMeTa OyJIeT OJMHAKOBO IUIOX0E). AMJIAHATH3M — HET HU KOMBHI,
HU cepruueckoi abeppauuu (M300paXkK€HUE Pa3HbIX TOUEK MpPEeAMETa HACAIBHOE).
ATITaHATU3M MOJKET BBIMOJTHATHCS TOJIBKO NI KAKOK-TO YacTH TMpeaMeTa, HalpuMep
B OKPECTHOCTH OCH.

O BO3MOXHOM BEIMYMHE KOMBI MOXKHO CYJIUTh, HE CMEIIAsi TOYKY C OCH, €CIIH
KOJIMYECTBEHHO OICHUTh HEU3OIJIAHATU3M. Takas OIICHKa BO3MOJXKHA, €CIIH
WCIIOJIb30BaTh YCIIOBUS arjlaHaTH3Ma U U30IIaHaTH3Ma.

3axoH cunycoB AG0e (yc10BHE aNJIAHATH3MA):

sino

—— =const=V (8.2.17)
sino
Ecmu 31O ycioBHe BBIIONHSETCS JJIA BCEX JIyded, TO HET HH KOMBI, HHU

chepuueckoit abepparuu. Ecnu mpucytctByer chepudeckas abeppanus, TO BMECTO

YCIIOBHS arylaHATH3Ma MCIIOJIb3yeTCs MOX0XKEe YCIIOBUE — YCJIOBHE H30MJIaHATH3MA:

sino

—=const=V (8.2.18)
sino,

Puc.8.2.11 mnoka3piBaeT pa3zHUIly B ONPEACICHUU JBYX YCJIOBUU — YCIIOBUS
cuHycoB A0OOe 1 ycloBus U30IIaHATU3MA.
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T

njuocKocms
Taycca

Puc.8.2.11. Yenwt nyueii, ucnonv3yemvie 8 ycio8usx aniaHamusma u U30N1anamusmd.

Ecnmu ycnoBue wu3omiaHaTH3Ma BBIMONHIETCS, TO KOMBI B  ONMKauIiei
OKPECTHOCTH OCeBOM TOouku He Oynaer. OTHOCHTENbHOE OTCTYIUICHHE OT
u3oIUlaHaThu3Ma (TaKk Ha3blBaeMass Mepa KOMbBbI) ONpPEACNSIeTCS  CIEAYIOIIUM
BBIPAKECHUEM

sino
n(%)=| " —1]-100% (8.2.19)
sino,, -V

[Tonepeunass abGepparuss KOMBI 3 TOpSAKAa IS TOYKH H300paKeHUs C

KOOPAWHATON ' MOXKET OBITh IPEICTABJICHA CIICIYIOIINM 00pa3oMm:

, 3n-y
Ay’ = 8.2.20
T 00% (8.2.20)

8.2.4. AcTurmaTunam 1 KpmBm3Ha U306paxeHuns

AcCTUTMaTU3M TMOSBJISIETCS NPU 3HAYUTEIBHOM CMEIIECHHHM TOYKH IpEeaMeTra C
OCH U JT0OABIISIETCSI KO BCEM OCTaNbHBIM abepparusiM. CMECTUM MpeAMET ¢ OCU Ha
3Ha4YUTENbHOE paccTossHue (puc.8.2.12). ACTHrMaTU3M COCTOMT B TOM, 4YTO HE
COBIAIAIOT TOYKU (POKYCOB B MEPUANOHAIBHON F, W CarnTTAIBHON F, IIOCKOCTSIX,

MOATOMY JTydd OSCKOHEUHO y3KOTO IydKa HE CXOIATCS B ofgHOU Touke. KpuBu3Ha
MOJIsl 3aKJI0YaeTcss B TOM, YTO HaWIydllee HW300pakKCHHE TMONyJdaeTcs Ha
WCKPUBJICHHOH MMOBEPXHOCTH, & HE HA TUIOCKOCTH.

Unensl psiga BoiaHOBOM abepparuu (maparpad 8.2.1), COOTBETCTBYIOIIWE
aCTHTMaTU3My 3 ¥ 5 TIOPSIKOB:

W(p,(p) =W,,p*cos” @+ W, p*cos* (8.2.21)

HnIn

W(an Py): szpi + Wy, (Pi + ,0; ),0;
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NOBEPXHOCHb HAULYUULE20
uzobpasicenust

Puc.8.2.12. Acmuemamusm u kpusuzna uzoopadiceHus.

KonandecTBeHHO acTUrMaTU3M M KPUBHU3HA XapaKTEPU3YIOTCS NMPOA0JIbHBIMH

! !

ACTUT'MATHYECCKUMHU  OTPE3KaAMHU Zy, )51 z,. MepI/II[I/IOHaJ'IBHaH KpUBHU3HA

N

ONpesieNIsieTCS OTPE3KOM z, — OTO PACCTOSHUE OT IUIOCKOCTH IapaKCHaIbHOTO
300paKeHuss 0 MepuauoHanbHOro Qokyca F). CaruTranbHas KpHBH3HA

m

OTIpeeTsIeTCSl OTPEe3KOM z. — 3TO PACCTOSIHME OT IUIOCKOCTH MapaKCHaIbHOTO
M300paXKeHUsI 10 CaruTTanbHoro dokyca F; .

CpeI[HSIH KPHMBU3HA OIIPCACIIACTCA HOHYCYMMOﬁ ACTUI'MAaTUYCCKUX OTPC3KOB U
YKa3bIBACT ITOJIOKCHNC HANITYHYIICTO I/I306pa)KCHI/I$I AJI1 JAHHOT'O ITy4dKa:

z +z
A =-"— (8.2.22)
p
2
Mepa acTurMaTu3mMa B IIPOJOJBEHOM HM3MEPCHHH ONPEICISACTCS Pa3HOCTHIO
ACTUTMATHYCCKHX OTPE3KOB:

A, =z —z! (8.2.23)

acm

B mepBoMm mnpubnwkeHHH CpenHss KpUBHU3HA MPOIMOPIHMOHAIBHA KBaJpary
paccTosHUS OT OCH. 3aBHCUMOCTh KPUBU3HBI M aCTUTMAaTH3Ma IO TOJII0 TTOKA3bIBAIOT
rpadyKu TPOIOIBHBIX abeppaliuii 11 BHEOCEBBIX My4YKoB (puc.8.2.13).

['me o — oTHOCHTeILHAS MPeAMeTHAasi KOOpAMHATa (Ha Kpato noist o =1, Ha
ocu 0 =0):

o= (8.2.24)
ymax
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2
Aac O \G

"o z',z

ZS’ m

6) npodovHble abeppayuu

a) npoooavHble abeppayuu 5
(3asucumocms om K8aOpama NpeoMemHou

(3a6ucumocms om npeoMemHuoll

KOOpOUHAmMbvl) KOOpOuHamot)
Ay’ ! Ax'
| O i yon
" ° 1 A 0 1
6) nonepeunbvle abeppayui ¢ 2) nonepeunvie abeppayuu 8
MEPUOUOHATILHOM CeYeHUU CUPUMIMALHOM CeUeHLL

Puc.8.2.13. Acmuemamuzm 3 nopsioka (npooosivHule u nonepeunsie abeppayuil).

Jlns acturmatusMa 0oJjiee BBICOKHMX MOPSAKOB (5 W BbIIe) rpaduKd MOTYT
BBITJISIZIETh, KaK MTOKa3aHo Ha puc.8.2.14.

m

Puc.8.2.14. Ilpooonvusie abeppayuu npu acmuemamusme 5 nopsoxa.

B 3aBucMMOCTH OT MOJOXKEHMS TJIOCKOCTH H300paKCHHS MPU aCTUTMATU3ME
ISTHO PAacCEesTHUST MOXKET NPUHUMAaTh (OpPMY DIIITUIICOB, OTPE3KOB WM KpyTa
(puc.8.2.15). T'opu3OHTaNBHBI  OTPE30K  HAOMIOJAETCs, €CIU  IUIOCKOCTh
U300paKEHUS COBMAJACT C MEPUIUOHAIBHBIM (DOKYCOM, a BEPTUKAIBHBIA — €CIIU C
carutrtanbHbIM. [locepearHe My HUMH MATHO paccestHus umeeT Gopmy kpyra. B
OCTaJIbHBIX MOJIOKEHUSAX — MATHA JUTUNITUYECKON (HOPMBI.
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Puc.8.2.15. Ilamna paccesanus acmuemamu4ecko2o nyukda.

8.2.5. luctopcus
Haszeanue npoucxooum om namunckoeo “‘ucxkasicenue”.
Ecnu xpome nucropcun Apyrux adeppaiuii HeT, TO ToUuKa N300pakaeTcsi B BUC
TOYKH (TOMOIICHTPUYECKUNM IMyYOK OCTAETCS TOMOIIEHTPHUUYECKHMM), HO 3Ta TOYKa

cMelIeHa oT uaeanbHou (puc.8.2.16).

A
A
A() y'

Puc.8.2.16. /lucmopcus.

Unen psga BosHOBOW abeppauuu (maparpad 8.2.1), COOTBETCTBYrOUIUMI
TVCTOPCHH:

W(p,0)=W, pcosg (8.2.25)

WA

| #lown)=mp,
HpI/I AUCTOPCHUH BCIINYMHA I/I306pa}KeHI/IH OTIIMYACTCA OT UACAJIBHOTO:

Ay'=y"—y, (8.2.26)

AOcoJIIoTHAsI TUCTOPCHUS (BBIpAXKAETCS B TEX K€ €JUHUIIAX, YTO U BEJIUYMHA
U300paxKeHuUs ):

A=y -V-y (8.2.27)

rje V' — yBeJIMYeHHE CUCTEMBbI I JAHHOW TOYKHU TTOJIS.

OTHOCHUTEJbHASL TUCTOPCHA:

A%:Al,.loo% :(y—1j.100% (8.2.28)

Yo V-y

I[I/ICTOpCI/IH XdpaKTCpHa TCEM, YTO ¢€C BCJIWYHNHA HCJIWHEHMHO 3aBUCUT OT
BCIIMYUHBI IIPpCAMCTA, TO CCTbh JIMTHEHHOE YBCIIMYCHUC PA3JIMIHO I PAa3HbIX TOYCK
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nonsi. AOcomoTHasi AucTopcusi 3 mopsaka ompenenserca AuQdepeHIrpoBaHUEM
BbIpaKeHHU (8.2.25) 1 YMHOKEHUEM Ha KBaJApaT NPEeIMETHON KOOPJIUHATHI O :

A WWupeosg) o _ - Wo (8.2.29)
4, op, A

Ay' =

['padux oTHOCHTENBHOU MUCTOpcUM 3 TOpsaKa mpuBeneH Ha puc.8.2.17. s
CpaBHEHHMS NTOKa3aH MPUMEPHBIN XO0J1 KPUBOM AUCTOPCHUH BBICIIETO MOPSIAKA.

\0_2

0
A% Vvl

A%

Puc.8.2.17. Jlucmopcus 3 u evicuieco nopsoxos.

Hannuue nuctopcuu MpUBOIUT K UCKAXKEHHUIO MPSMBIX JTUHUH, HE TPOXOIAIINX
gyepe3 och (puc.8.2.18). Ecnu kBagpatHblil mpeaMer n3o0pakaeTcss B BUAE MOIYIIKH
— 9TO MOJIOKUTEIbHas auctopcus. Ecnu m3obpakeHne KBaJapaTra UMEET BBIMYKIIbIC
CTOpPOHBI (B BUJI€ OOUYKH), TO 3TO OTpULIATENbHAS AUCTOPCHSL.

Yy V'

'

X

ompuyamenvbuas
oucmopcus

HOLOAHCUMENbHASL
oucmopcus

a

a) npeomem

0) uzobpasicenue

Puc.8.2.18. Jlucmopcus.

JlomycTuMasi OTHOCHUTENbHAs AUCTOPCUS (TO €CTh JUCTOPCHS, KOTOpasl IMpHU
BOCTIPUSITUY TJIA30M HE BBI3BIBACT OILIYIIEHUS, YTO M300paKEHHE MCKAXEHO) OKOJIO
A% ~5-10% . WcnpaBneHue AMCTOPCHMU BaXXHO B HM3MEPUTENBHBIX MpuOOpax (B
YaCTHOCTH, B (POTOTPAMMETPUUYECKUX CHUCTEMax), TaK KakK HaJIUYUe TUCTOPCHH
OpUBOJUT K HeIuWHEHHOW omubke usMepenuil. Hampumep, B doTomutorpaduu
JIOTYCK Ha a0COIOTHYIO TUCTOPCUIO He TpeBbImaeT 20 HM.
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8.3. Xpomamuueckue abeppauyuu

XpomaTtuyeckue adeppanum — 3TO MPOSBICHUE 3aBUCUMOCTH XapaKTEPUCTHUK
ONTUYECKOW CUCTEMBI OT JJIMHBI BOJHBI CBETa (Xpomo — yeem). XpoMmMaTHUECKUE
abeppalyd NPUBOAAT K TOMY, YTO B HM300paKEHUSAX HEOKPALICHHBIX IPEIMETOB
HOSIBJIIETCS. OKPAIIEHHOCTh. XpoMaTHYecKue adeppaiiu MOSBISIOTCS U3-3a TOTO,
YTO ONTUYECKHUE CHUCTEMbI M3TOTOBJIEHBI M3 ONTHYECKUX CTEKOJI C IOKa3aTeJsIMH
TPETOMIIEHHS, 3aBUCAIIIMHE OT JUTHHBI BOMHEI 7=7(1) (OucHepcHu mokasaTens
IPEJIOMIICHHUS] ).

Cy1iecTByIOT IBa OCHOBHBIX BHJIa XpOMaTU3Ma:

® XpOMAaTHU3M IOJIOKEHUS,

® XpOMaTU3M yBEIUYECHHUS.

8.3.1. XpomaTtnam nonoxeHus

XpoMaTu3M MoJI0KeHus — 3TO abeppalus, Ipyu KOTOPO M300paKeHUsI OJHOMN
TOYKH MPEAMETA PACIIONOKEHBI HA PA3HOM PACCTOSIHUM OT ONTHUYECKON CHCTEMBI IS
Pa3HBIX JIJIMH BOJIH (pa3HbIE MOJIOKEHUS MJIOCKOCTU M300pakeHus). B aTom ciyuae
(OKyChI TaK)Ke PACTIONOKEHBI Ha pa3HbIX paccTosHUAX (puc.8.3.1).

T
F'y F', F'.
L1 Al A

Puc.8.3.1. Xpomamuzm nonoowcenus.

Ha pwuc.8.3.2 mnpencraBieH TUNUYHBIA TrpaduK 3aBUCUMOCTH TMOJOKEHUS
U300paKEeHUS OT AJTMHBI BOJIHBI.

S!

N

Ao 4

Puc.8.3.2. I pagpux 3a6ucumocmu nonodxicenus uzoopasxdcenust om OJUHbl GOIHbI.

Uem MeHbINE JJIMHA BOJHBI, TEM OJMKE M300paKeHHE K ONTHYECKOM CHUCTEME.
UucneHHo XpoMaTH3M TOJIOKESHHS ONPEACIISICTCS. pa3HOCTHIO TTOJIOKESHHUH TIJIOCKOCTH
N300pakeHus Uil KpalHUX JUIMH BOJIH (A4, U A, ):

| asi =535, (8.3.1)
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EcrecTBeHHBIN XpOMaTHU3M BO3HHUKAET B ONTUYECKOM CHCTEME, €CIIH BCE JIMH3bI
cAenaHbl W3 OJHOIO COpTa cTekiIa. B TakoM ciydae oONTHYECKas CHCTEMa
HEaXpoOMaTH30BAHA.

VYcrpanenue (KOppeKIusi) XpoMaTh3Ma MOKET OBbITh NPOU3BEICHA JIBYMs
crocodamu:

® CMOJIb30BaHHWE 3E€PKAJIbHBIX CHUCTEM, TJI€ XpOMaTW3M B IPUHIIUIIC
OTCYTCTBYET (KaTONTPUYECKUE CUCTEMBI, Harpumep cuctema Kaccerpena),

® CIIOJIb30BaHHUE B JIMH30BBIX (JIMONTPUUECKUX) CHUCTEMaX HECKOJbKUX COPTOB
CTEKJIA C PA3INYHBIMU KOAPPUIUEHTAMU JUCIIEPCUU V, .

HpI/IHlII/IHbI axpoMaTiM3alimi OIITHICCKUX CUCTEM

Bo3pMeM gaBe TOHKMX JIMH3bI M3 pasHbIX COPTOB CTekna. Ecnu  JHMH3BI
pacnoJioKEeHbl BIUIOTHYIO APYr K APYry, TO IHOJy4aeTcs TOHKas CUCTeMa. 3ajada
axpoMaTU3allMM CBOJUTCA K TOMY, YTOOBI ONTHYECKas CHJIAa CUCTEMBI JIMH3 HE
3aBHUCENA OT AJIMHBI BOJHBI. ONTHYECKAs CHJIa CUCTEMBI U3 ABYX TOHKUX JIMH3!

d=D, +, (8.3.2)

OnTuyeckas cua Kaxaoi muHssl @ =(n—1)-(p, — p,). Mycts A, — A, =—AA,

Ipd STOM ONTHYECKas CWJIa KakIOH JIMH3BI MEHSETCs Ha  BEIUYMHY
AD = (n P /12)'(,01 — p,). 3Has uncno A66e a1A MOOOTO MHTEpBANA JUTHH BOIH

n, —1
A
YV =——"——, MOXHO IOJYy4YHTh CICIYIOIICE BbIPAKCHUE:

n, —n,

1 2

n, —n ()
AD = (n, —n,, ) (0, - py)= H-(nao—l)-(pl—pz) - j‘) (8.3.3)
A0

JlommycTuM, YTO 3TH JMH3bBI WM3TOTOBJIEHBI M3 PA3HBIX COPTOB CTEKJIA, TOrAA
yCJIOBUE aXxpoMaTHh3aluu OyJIeT BBITJISIACTh TaK:

b a0 = D, +D,
o, D 8.3.4
AD="1+"2=0 (8.3.4)
Vi oW
rne O 4, — ONTHYECKAs CHJa CHCTEMBI JUIs OCHOBHOH UIMHBLI BOJIHEI,

®,,d, — onTUYECKHUE CUIIBI IEPBOM U BTOPOU JIUH3 JUIsL OCHOBHOM JJIUHBI
BOJIHBI, V,,V, — KO3((UIUEHTHI JUCIIEPCUU CTEKJIA TIEPBOM U BTOPOH JIMH3.

PemuB cucremy suHeWHbIX ypaBHeHUH (8.3.4), MoJIyuyuM YypaBHeHHA
axpoMaTHU3aIluM JJI IBYX COPTOB CTEKJIA:

" e
Vi—W,

V.
D 2
2

D, =
(8.3.5)

Vi—W,
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Y crekon MOMKHBI OBITH pasHble KOAIPOUIMEHTHl AUCIEPCHH, MPUYEM
KOd(h(DUIMEHT UCTIEpCHH TIEPBOM JUH3BI JTOJDKEH OBITh Oonbie KoddhduimeHTa
JMcTiepcuy BTOpoi muH3Bl (V, >V, ), WHauYe MOKET TOTYYHTCA TaK, YTO CHCTEMA

OyZneT CcoCTosITh U3 JABYX KOMIIOHEHTOB C OJHM3KMMH TI0 BEIUYHHE, HO
MPOTHUBOIIOJIOKHBIMU IO 3HAKy ONTHUYECKHUMH CHJIaMH. OTO TPUBEAET K
HEOOXOIMMOCTH YBEIIMYEHUSI ONTUYECKON CHIIbI KOMIIOHEHTOB, U KaK CJEICTBHE, K
MOSIBJICHUIO OOJIBIIUX MOHOXpoMaTthueckux abepparuii. OOBIYHO AJII CUCTEMBI U3

IBYX JUH3 BbIOMparoT v, =60 (xpoH), v, =30 (¢uunt). Torna @, zgg-q) =20,
D, = —';’g-op =—®, ®=(20-D) (puc.8.3.3).

¢aunm
(20)
KPOH

(-@)

Puc.8.3.3. Axpomamuueckas cucmema u3z 08yx JuUH3.

B sTom ciyuae rpaduk 3aBUCUMOCTH TOJIOKEHUS H300pa)KEHUs OT JJIUHBI
BOJIHBI Oy/eT BBITJISACTh, KaK TMMOKa3aHo Ha puc.8.3.4. Y Takoii CHCTEMBI HET
Xpomarusma nonoxenns: AS; ; =0,

, - - - XPOMAMU3M NOJOIHCEHUS
S (ﬂ’) 1-11 u 2-1 unzel

——  XPOMAMU3M NOJONCEHUS.
y) cucmemsl U3 08yX JIUH3

7
’
4
4

7
1
\

\

AY
\
\
S

ity
1
\
I . 1

Ay
4

\
\
\
\
S
1
1
7
/7
4

oo

<---

Puc.8.3.4. I pagpux xpomamuszma nonodrcenus 0as cucmemsl U3z 08yX JIUH3.

PasHocth Ha Kkpasix CHeKTpa CBOAMTCS K HYJIO, HO OCTAaeTCd pPa3HOCTh
MOJI0KEHUN U300pakeHus Ul LHEHTPaIbHOU A, U KpallHUX (11,22) JUTUH BOJIH. JTO

BTOPUYHBII XpOMAaTH3M WIM BTOpUYHBIA crnekTp. Ero BenmuuunnHa ompenensercs
CIeAYIOIIMM 00pa3oMm:

! !

AS _Su * 5% Y 8.3.6
p= =S, (8.3.6)

BTopuuHbI ClIEKTp ropa3go MEHBIIE EPBUYHOIO XpOMATU3MA MOJIOKEHUS, HO
TEM HE MEHEe, OH BIUSET Ha Ka4eCTBO M300pakeHus. J{Js ucnpaBieHuss BTOPUIHOTO
crekTpa TpeOyeTrcs HE MEHbBIIE TpeX COPTOB CTEKJIAa C  Pa3IuYHBIMH
KodhDUIIMEHTaMH JHUCTIEPCUM W OTHOCHUTENBLHOM YacTHOW Jucrhepcueit (Takue
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CUCTEMBI Ha3bIBalOTCA amoxpoMatbl). Eciam 10pu  KOppeKIMH XpoMaTHU3Ma
UCTIOJB3yeTCs  eme  Ooyblle  CTeKOJ, TO Takas CHUCTeMa  Ha3bIBaeTCs
CyNepanoxpoMaToM.

Ha puc.8.3.5 nmpuBeaens! rpaduku MpoI0IbHOTO XpOMATHU3Ma TIEPBOTO TTOPSIIKA
HEAaXpOMAaTU3UPOBAHHOW U aXpOMAaTU3UPOBAHHOM CHUCTEM.

I < I p
4 A 4 & & Ay
AS' AS'
a) HeaxpomMamu3upoOBaAHHAsL CUCTNEMA 6) axpomamuszupoeannan cucmema

Puc.8.3.5. Ilpooonwusiii xpomamuszm nepso2o nopsoxa.

Ecnu B ontuyeckoil cuctemMe MPUCYTCTBYIOT MOHOXpOMAaTHYeckue adeppanuu
TPETbETO0 W TATOrO TMOPAIKa, TO TpadUKH TMPOJOJIBHOTO XpOMaTu3Ma OyayT
BBITJISIJIETh, KaK MTOKa3aHo Ha puc.8.3.6 u puc.8.3.7.

AS' AS

a) Heaxpomamu3upoBaHHas cucmema 0) axpomamusuposannas cucmema

Puc.8.3.6. [Ipooonvublil xpomamuszm 6 npucymcmeuu abeppayuii mpemove2o nopsokda.

AS'

AS'

@) HeaxpomMamu3upoBanHas CUcmema 0) axpomamusuposannas cucmema

Puc.8.3.7. [Ipucymemeytom abeppayuu mpemve2o u nsamoz20 nopsoKos.

KpuBbie xpomatu3ma MOTYT OBITh B3aUMHO HAKJIOHEHBI, 3TO TaK Ha3bIBACMBIN
cepoxpomaTu3m, TO €CTh XpoMaTu3M chepuueckoit abeppanuu (puc.8.3.8).
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/22 /11\
A ,
' A
\ AS N S
a) cihepoxpomamusm 3 nopsaoxa 0) cchepoxpomamusm 3 u 5 nopsaoxa

Puc.8.3.8. Cpepoxpomamusm 6 npucymemesuu abeppayuii 3 u 5 nopsoxos.

Kax BuaHO 13 puc.8.3.8, 00b14HO chepoXxpomMaTr3M UCIPABIACTCS AJIsl 3HAYCHUS
p*=0.5.

8.3.2. XpomMaTtn3m yBenuyeHus

XpomaTu3M yBeJMUYeHH — 3TO abOeppauusi, NP KOTOPOH YBEIUUYCHUE
ONTUYECKOW CHUCTEMBI 3aBHCUT OT IJWHBI BOJIHBI (puc.8.3.9). BcrneacrtBue 3Toro
BMECTO M300paKeHUsI TOUKU 00pa3yeTcs IBETHAs MOJIOCKA.

Y,

Puc.8.3.9. Xpomamusm ysenuuenus.

YucneHHO a0COIOTHBIA XPOMATH3M YBeJHYeHHMsl (IIEPBUYHBIN CHEKTP)
OTIpe/IeTISIeTCS KaK Pa3HOCTh BEMUMHBI M300paXEHUS 711 KpAHUX JJIUH BOJIH:

Ay;p = y;il - y;vz (8'3'7)

Bropuusblii crieKTp (BTOPUYHBIA XPOMAaTH3M YBEIUYEHHS) ONPEIEISIETCS Kak
PA3HOCTh BETUYHMHBI U300pAKEHUS JIUIS IEHTPAJIbHON M KpailHUX JJTMH BOJIH:

. YTV,
Ayxpz :%—yﬂo (838)

XpoMaTu3M YBEIWYEHUSI U3MEPSIETCS B T€X K€ €AMHUIAX, YTO M BEIUYMHA
U300paKeHUs: g OMMKHEro TUMAa — B MWUIMMETpax, JJs JajdbHEro THIa — B
yIJIOBOM Mepe.
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OTHOCHUTEILHBIA XPOMATH3M YBEJIUYCHHS:
IIEPBUYHBIN CIIEKTD:

A, (%)= —2% 100% (8.3.9)
Yo
BTOPUYHBIN CIIEKTD:
y’ +yl
A, (%)= =" —~1]-100% (8.3.10)
Yo

!

A
Ecau BBIPA3UTh YBCIMYCHUC IOJIA PA3JIMYHBIX OJIMH BOJIH B BHUJIC!: Vﬂvo =" )
Y

14
Y o
V/11 =""L TO OTHOCHUTEIILHBIN XpOMATU3M YBEIIMYEHHUS MOXKHO 3alucarh B
Y
CIIEAYIOIIEM BUJIE:
Vﬂl _V/12
M2 100% (8.3.11)
A

XpoMaTu3M YBEJIHYEHHS MPUHITO PACCMATPUBATh TOJIBKO B OJIHOW IUIOCKOCTH
yCTaHOBKHU. [lOCKOJIbKY THIIBI XpOMAaTUYECKUX abeppaluii He CBsI3aHbl JPYT C
JIPYroM, XpOMAaTH3M YBEJIUUYEHHUSI MOKET HCIPABIATHCSI HE3aBUCUMO OT XpOMaTu3Ma
noyioxkeHus. B dyacTHocTH, ecnu onrThueckas cuctemMa ToHkas (puc.8.3.10), a
aneptypHas nuadparma COBMaaeT C Hel, TO XPOMATU3M TOJIOKEHUS MPUCYTCTBYET,
a XpoMaTu3Ma yBEJIMYEHUS HET.

A v

2NABHBIU VY

YRTYATY

v

Puc.8.3.10. Xpomamusm nonodscernus u ygeauyenuss MOHKOU JUH3BL.

Ecou B cucreme HCIIPABJICH HCpBH‘IHBIfI XpOMATHU3M YBCIMYCHUA, TO ITO
axpomMar I1I0 XpOMATH3MY YBCINMYCHHA, CCIN HCIIPABJICH BTOpH‘lHBIﬁ XpoOMaTu3m
YBCIIMYCHUA, TO I3TO anoxpomar II0 XpOMAaTU3My YBCIIMYCHUA, CCIIM XPOMATHU3M
YBCIIMYCHUA HC UCITPABJICH, TO 9TO HCAXPOMAT I10 XpOMATU3MY YBCINYCHUA.
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9. CprKTypa N Ka4eCTtBO onTn4veckKkoro M306pa)KeHVIF|
9.1. OcHOBHbIe XxapaKmepucmuKu cmpyKmypbl U306paxKeHusl

9.1.1. OCHOBHbIe NoHATUA

N3o0paxatorue mpudOpsl MOTYT J1aBaTh U300pakeHUE PA3TUYHOTO KauecTBa C
TOYKHU 3pEHUs Tepeaayu CTpyKTyphl peamera. CTpykTypa U ¢popma CBETOBOTO IMOJIs
B TPOCTPAHCTBE M300paKECHHM MMOJ00HA CTPYKType U ¢dopMme MNpeaMera, OJIHAKO
ONTHUYECKAas CHUCTEMa BHOCUT B 3Ty CTPYKTYPY CBOU M3MEHEHMS, OLIEHKA KOTOPBIX
€CThb OIleHKa KauecTBa N300paKeHUsI.

[lepemaua CTPyKTyphl MNpeaMeTa WIM H300pAKEHUS — 3TO OTOOpaKEHHUE
ONTUYECKOM CHCTEMOM MEJIKHMX JeTaieii oObekra. JlJIsS ommcaHMs TaKoro
oTOOpakeHHus: He0OXOAUMO MaTeMaTHYECKOe ONMHCAHHUE MpeaAMeTa U U300paKeHUs B
Bujne Gyskiuin [ (x, y) nu I '(x’, y'). O™ (QYHKIHMM OIUCHIBAIOT 3aBUCHUMOCTD
pacnpeneneHuss HHTEHCUBHOCTH OT TPOCTPAHCTBEHHBIX KOOPIMHAT.

[IpencraBum TipeAMET B BHJE COBOKYIMHOCTH OECKOHEYHOTO KOJUYECTBA
CBETAMUXCS To4YeK. JIJis TOTo, 9TOOBI CUMTATh, YTO M300paKEHHE MpEaMETa — ITO
COBOKYITHOCTh HM300pa)K€HUU COOTBETCTBYIOIIUX TOYEK MIPEAMETA, ONTHUYECKas
CHUCTEMa JIOJDKHA YAOBJIETBOPSTH CBOMCTBAM JIMHEWHOCTM W WHBAPUAHTHOCTU K
CIBUTY.

CBOHCTBO JIJUHEHHOCTH

N306pakeHne cyMMbl 0OBEKTOB PABHO CYMME M300paKeHHI KaXX10ro 00beKTa:

ZOI.—> Z[i (9.1.1)
To ecTp, ecnu npeaMET — 3TO CyMMa TOYEK ZOI. , TO U300paKeHUEe — CymMMa

U300paXEHUN ITUX TOUYEK Zl . . I300pakaromue ONTUYECKUE CUCTEMBI IIOJHOCTBHIO

JINHEWHEI.

CBOMCTBO MHBAPMAHTHOCTH K CABHUIY (YCJI0BHE H30ILIAHATH3MA)

[Ipy cmelmieHMM TOYKM €€  HW300paKEHHE TOJBKO  CMEHaeTcss Ha
MIPOTIOPIIMOHANIBHYIO BennuuHy (puc.9.1.1):

y'=V-y (9.1.2)

rae V' — o0o01eHHoe YBETMYCHHE.

B oriawyme oT yciaoBHS JTMHEHHOCTH, YCIOBHE HM30IUIAHATH3MAa B ONTHYCCKUX
CHUCTEMaX COOIIOJAcTCS MPHUOIU3UTEIIBHO, TMTOCKOJIBKY XapaKTep HM300pakKCHHS TPH
CMEIICHUHN M3MEHsieTcs. M30ommanaru3M, Kak paBuiio, He COOJIoIaeTes B Ipejiesax
BCETO IOJIs, 0OBIYHO OH COOJIF0IaCTCS TOJIBKO IMPU HEOOJBIITUX CMEIICHUSX.
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X

Puc.9.1.1. Ycnosue uzonianamusma.

M3omianaTtuyeckass 30Ha — 3TO 30HA, B MpeJeNax KOTOpOl colOiomaercs
yCIIOBUE M30IUTaHaTu3Ma. Yem Ooubliie pa3Mep M30IIIaHATHUECKON 30HBI, TEM JTydlle
u30IUIaHaTu3M. Eciu  30Ha TOTHOCTBIO TEpPEeKphIBaeT MpPEIMET, TO CHUCTeMa
MOJTHOCTHIO M3O0IIaHATHYHA. MBI OyJieM paccMaTpuBaTh CTPYKTYPY M300paKEHUS B
npesenax 0JHONW N30IUTAaHATHIECKON 30HBI.

9.1.2. ®yHKUMA paccesHNA TOYKN

B I/I,Z[GaHBHOﬁ ONTUYECKOM CHUCTEME TO4YKa H306pa>1<aeTc;1 B BHJC TOYKH, a4 B

pEeaIbHOM ONTHUYECKOW CHCTEME TOYKa H300pakacTcsi B BUJIC MATHA pPacCessHUs
(puc.9.1.2).

y y'

uzonjianamudeckas

Puc.9.1.2. H306pasicenue mouku 6 npeodenax uzoniaHamu4eckoll 30Hul.

OCHOBHOI XapaKTEpUCTUKOW, OMUCHIBAIOLIEH Iepeaadyy CTPYKTYpbl IpeaIMeTa
ONTHUYECKON CHCTEMOM SIBIAETCA (PYHKIUA PACCEHUS TOYKHU.
®ynkuus paccessnus Touxn (PPT, point spread function, PSF) h(x',y") — 310
(GYyHKIMS, OMHCHIBAIONIAS 3aBUCUMOCTb pPACIpEAENCHUS] OCBEHICHHOCTH OT

KOOpAWHAT B IIJIOCKOCTH I/I306pa)KeHI/I$I, CCJIM IPpCAMCT — 3TO CBCTAIIAACA TOYKA
B ICHTPC W30IJIaHATUYSCKOM 30HEI.

3Has (QYHKIMIO paccesHUs TOYKH, MOXKHO HaWTH u300pakeHue Jroooro
MPEIMETA, €CIIA PA3JIOKUTh €ro Ha TOUKH U HauThu OPT oT kaxxaou Touku. Ecinu ecThb
npeamer [ (x, y), TO Kaxzaas ero To4yka wu3o0paxkaeTcs B BuUAC (QYHKIUH

h(x'—Vx,y' —Vy), 10 ecth ®PT cMemaercs B TouKy ¢ KoopmuHatamm (Vx,Vy)

(puc.9.1.2), a u300pakeHUe BCero npeamMera OyaeT NpeacTaBIsaTh COO0M CyMMY ITHX
U300paKEHUN:
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+00 400

I'(x',y")= _[ J[(x,y)-h(x’—Vx,y'—Vy)-dx-dy (9.1.3)

—00 —00

Ecnu yBenuuenue V' mpuHATH 3a €AUHHMILY, TO BhIpakeHue (9.1.3) craHoBUTCS
CBEPTKOM (koHsomtOYUEl).

Oynkuug u300pakeHUs ecTh CBepTKa (PyHKIMHM TMpeaMera ¢  (QyHKIHEH
paccessHus TOUKU:

I'(x',y")=1(x,y)®h(x',y") (9.1.4)

9.1.3. NapMOHUMYecknin nepnognyeckmin o6 bekT

[ToMruMO pa3yiokeHuss Ha OTAEIbHBIE TOYKM IPEIAMET MOXKHO Pa3jI0XKUTh Ha
JIPYTUE DIIEMEHTAPHBIE YaCTU — IIEPUOIUUECKHUE PEILIETKHU.

Ilepuoanyeckass pemerka — 3TO CTPYKTypa, MpeAcTaBistomas coooit
yepeaoBaHue OeIbIX U YEPHBIX MOJIOC.

'apMoHuyeckasi nepuoanyecKasi pemerka — 3T0 CTPYKTypa, HHTCHCUBHOCTD
KOTOPOM OMHCHIBAETCS rapMoHHUeckon pynkiueit (puc.9.1.3).

b
T

a) pacnpeoenenue UHMEHCUBHOCTU 0) ceuenue pacnpeoeneHus UHMEHCUBHOCMU

Puc.9.1.3. I'apmonuueckasn nepuoouueckas peuemxa.

FapMOHI/ILIeCKaH MECPHUOANYICCKAs PCIICTKA OIIMCBIBACTCS BBIPAKCHUCM:

I(x,)=a 'cosEZﬂ xeT_ bj (9.1.5)

rI€ a — BeIEeCTBEHHas aMIuiuTyaa, b — casur, I — mepuona, € — yron
OPUEHTAIIUHU.

1
Bwmecto Inepuoaa MOXHO HUCIIOJb30BATH NIPOCTPAHCTBCHHYIO YaCTOTY V = ? , a

BMECCTO BCIHGCTBCHHOﬁ AMIUIUTYAbI U CABHUI'd — KOMIUICKCHYIO aMIINIUTY Y
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27ivb
u=a-e2™ (9.1.6)
Torna HHTEHCUBHOCTH TAPMOHUYECKON PEIIETKH B KOMILJIEKCHON (opme:
2iv-
I(x))=u-e™" (9.1.7)
BenuunHy X, MOXHO BBIpa3uUTh KaK X, =X-cosd+ y-sinf, Toraa
MHTEHCHBHOCTH TaApPMOHMYECKOH PEIeTKH Oy/IET 3aBHCETh OT ABYX KOOpAHHAT (x, y):

27i(x-v- V-si 27lv, x+v
() = @Arveosonrvsnd) 2o ) () ©0.1.8)
Trac Vx — 4acCTOoTa B HAIIPpAaBJICHUHA X, Vy — 4acToTa B HAIIPpABJICHUHA ) .

JI1060i1 00BEKT, Kak OBLIO CKAa3aHO BBILIE, MOKHO Pa3JIOKUTh Ha JI€MEHTapHbIE
rapMOHHYECKHE OOBEKTHI, TOTJa M300paKEHHE — 3TO COBOKYITHOCTh M300paKCHHI
AIIEMEHTAPHBIX OOBEKTOB. DTH W300paKeHHs ISl PeajbHBIX ONTHYECKHX CHUCTEM
BCEr/la MMEIOT HWCKaXEHHsS, OOYCIIOBJICHHBIC BBIMTOJHEHUEM 3aKOHA COXPAHCHUS
sHeprun. Cienyer OTMETUTh, YTO UACATBHBIM ONTHYECKHUM CHCTEMaM CBOWCTBEHHO
HapyIICHNE 3aKOHA COXPAaHEHUS SHEPTUH, TaK KaK OHH JJIsi COXpaHEHHsI HEM3MEHHOU
CTPYKTYpBI IIPEAMETA TOJKHBI IIEpeiaBaTh OECKOHEYHO OOJIBIIIYIO SHEPTHIO.

N300paxkeHrne rapMOHHYECKOTO O0BEKTa MOXKHO OIHCATh, €CITU B BBIPAKEHUE
(9.1.3) moacTaBuUTh B KadyeCTBE pacHpenesieHUuss MHTEHCUBHOCTHM Ha NpeIMeTe
dyaxmmro 7 (x,y) (9.1.8):

+00 +00
= I JT(x,y)-h(x'—Vx,y'—Vy)-dxdy (9.1.9)
—o0 —o0

Ecnu BbIpa3uth KOOpAUHATHI IpeIMeTa U U300pakeHusl B €JMHOM MacIiTade, To

V' =1, cnenoBarenbHO:

+E I: e )’h(x'—x,y’—y)-dxdy

X'—x=v dx=—-dv x=x"-v
Ilocie 3amedbl IMCPECMCHHBIX , ) ) , I[MOJIYy4UM:
V—y=w dy=—dw y=y'—-w
- +00+00 ( , , )
]V(x(’ y/) _ J' Iu ) eZm v (X =y v, (y'-w) ) h(V, W) dvdw
WJIH, TIOCJIE TIEPE0O03HAUCHUS V=X, W=y
+00 +00

Tr(xr’)/) _ J' J‘u ) eZﬂi(vx(x’—x)-i-Vy(y'—J’)) . h(x,y) dXdy —

—00 —00

_ J’ J’u ) e27li(vxx'+vyy') ) e—zﬂi(vx)H'Vyy) . h(x,y)- dxdy _
e (9.1.10)
:u'eZ Vxx+v ‘[ J‘h Xy (vxx+v )dxdy:

2m’(vxx’+vyy’) ) D(

=u-e vx,vy)
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JIBoliHoM nHTerpan B BeipakeHuu (9.1.10) — 3To HekoTopast pyHKIUS D(Vx,l/y),

3aBHCAIIAS OT MPOCTPAHCTBEHHBIX YaCTOT.
O003HauNM u’=u-D(Vx,Vy), Y 3alUIIEM paclpelelieHue MHTEHCHUBHOCTH Ha

M300paXKEHUH TAPMOHUYECKOTO OOBEKTA B CIAEAYIOIIEM BUJIE:

T'(x,y)=u'" ezm.(v"x'wyy') (9.1.11)
Kak mokassiBatoT cootHomenus (9.1.8) u (9.1.11), uzobpaxkenue ot npeamera
OTIIMYAETCS  TOJIBKO  KOMIUIEKCHOW  aMIUMTYJOM, TO €CTh H300pakeHHe
TapMOHUYECKON pEIIeTKH JI000M ONTHYECKOM CHUCTEMBI €CTh TapMOHUYECKas
pemerka ¢ TOM ke dYactorod. IloaToMy TrapMOHHYECKYIO peIIeTKy YI00HO
UCIIOJIb30BaTh JJI MCCIEIOBAaHUS W OICHKU IMepefaud CTPYKTYPbl HM300pasKeHHS.

N3MeHeHne KOMIUIEKCHOM aMIUIMTYAbl TapMOHHUYECKOM PEMIETKM — 3TO U €CTh
JNEUCTBUE ONITUYECKON CUCTEMBI.

9.1.4. OnTtnyeckasa nepegaToyHasn yHkuma (OlNP)

Ontuyeckasi nepenarounasi ¢ynkuusi (optical transfer function, OTF)
D(vx,vy) XapakTepu3yeT TMepenady CTPYKTyphl TMpeaMeTa ONTHYECKOU

CHUCTEMOH KakK (I)YHKHI/IH IMPOCTPAHCTBCHHBIX YaCTOT:
' —_—
w'=u-Dlv,,v,) (9.1.12)

OIl® ces3ana ¢ OPT wmHTErpanbHbM TpeoOpa3zoBaHUEM — MpPeoOpa3OBaHHEM
Dypse:

400 400

D(Vx,vy ) = j ~[h(x,y)- e_zm(v"xwyy) - dxdy (9.1.13)
WA
OIl® = F|®PT]
WA

F
OPT < OllD
rae F' — o6o3Hauenne Oypoe-mpeodpa3oBaHus:

+00 +00 .

FLFGen)l= [ [ £(ep)-e ). vy 9.1.14)

OPT mnoka3biBaeT, Kak OINTHYECKas cHcTeMa u3o0paxaer Touky, a OIlD
MOKAa3bIBACT, KaK ONTHYECKAas CHUCTeMa HM300pakaeT TapMOHHYECKYIO PEMIETKY, TO
€CTh KaK MEHSIETCS] KOMIUICKCHAsI aMIUIUTY/Ia PEICTKH B 3aBUCUMOCTH OT YaCTOTHI.

OnTuueckas nepenarodHas GyHKINS — 3TO KOMITIEKCHAS (PYHKITUS:

“ D(Vx,Vy)Z T(vx,vy)-ei(p(l/x’vy) (9.1.15)

Monynb OIl® T (vx vy, ) = ‘D(Vx Yy } Ha3bIBACTCS MOIYJIAUUOHHOU

nepeaaToOuYHoOM bynkuuei (MIID) 158105 YaCTOTHO-KOHTPACTHOM
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xapakrepuctukoii (UYKX). Apryment (¢aza) OIID go(vx,vy):arg[D(vx,vy)]

Ha3biBaeTcs (GazoBoii nepenarouHoi pynkuueii (OIID) unu yacToTHO-Pa30BOM
xapakrepuctTukoi (YOK).

YacTOTHO-KOHTpPACTHASL XAPAKTEPUCTUKA MOKA3bIBAECT NEpe/iayy BELECTBEHHON
aAMIUTUTYIbl TAPMOHHYECKOTO O0BEKTA!

!

yrx =4 (9.1.16)
a

r7ie @ — aMIUIUTY/Ia Ha TIpeaMeTe, a’' — aMIUIUTY/a Ha N300PaKCHHH.

AMIUIMTYla UW300paXEHUsT TapMOHUYECKOTO OO0BEKTa TECHO CBsi3aHa C
KoHTpacToM. KoHTpacT mjisi mnepuogudeckux (TapMOHMUYECKUX) H300paKeHUI
(puc.9.1.4) onpenensieTcsi BIpaKEHUEM:

I =1
= ma = Pmin 9.1.17
Ir,nax+]r'nin ( )
0<k'<1.

I!

I!

max

C

! !
I min X

Puc.9.1.4. Koumpacm capmonuueckoeo obvexma.

AGcomoTHbIil KOHTpacT k'=1 mnomywaercs, korma [ . =0 (puc.9.1.5.a).
Kontpact B m3o0paxenun HyneBod k'=0, xorma I, =1

max °

B OTOM CIlydae
n300paxeHue MpakTU4ecku oTcyTcTByet (puc.9.1.5.0).

I I’

’ !

X X

a) abconromublil KOHMpAcm 0) Hy1e80U KOHMpacm
Puc.9.1.5. Abcontommuulii u Hynesol KOHMpPACM 2apMOHUUECKO20 00beKma.

YeM OompIiie KOHTPACT, TEM JyYIlle pa3inyaloTcs MEJIKUe AeTaal N300pakeHU .
N300pakeHre HeNb3s 3apEruCTpUpOBaTh WK YBUAETh B CIIy4ae, €CIu:

K < Sk’ (9.1.18)

rne ok’ — TOpOr KOHTpacTa, 3aBHUCAIIMA OT MPHEMHHKA HW300paKeHHS
(HanpuMmep, s r1a3a ok’ =~ 0.05).
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KoHTpacT aj1st u300pakeHusi TAPMOHUYECKOT0 OOBEKTa MOKET OBITH BBIPAXKEH
Yyepe3 IMOCTOSHHYI da, W TIEPEMEHHYI0 @'  COCTaBIIIOIIUE HM300pakeHHS
rapMoOHHYECKOro oobekra (puc.9.1.6):

!

k,:a(') (9.1.19)
ANWANWANWEL
VARV,

ay

!

X

Puc.9.1.6. [locmosinnas u nepemenHas cocmasisiowue u300pariCceHusl
2apMOHUYECK020 00beKma.

Ecmm aj=a,, 1o UKX, xak cmexyer u3 Bboipaxkenus (9.1.16) Oyner
ONPENENATHCS CIAEAYIOIIMM COOTHOILIEHUEM:
k’
YKX =— (9.1.20)
k
riae k' — KOHTpacT u3o0paxkeHus, k — KOHTPACT peMeTa.
YacTOTHO-KOHTPACTHAsL XAPAKTEPUCTUKA IOKA3bIBAET 3aBUCUMOCTh KOHTpAacTa
M300paKEHNS TAPMOHUYECKON PEUIETKN OT YaCTOThI PEIIETKH, €CIIM CUUTATh, YTO HA
npeaMeTe KOHTpAacT eIuHuYHbIA (puc.9.1.7). ns upearbHOM ONTUYECKOW CUCTEMBI
UKX — nmpsiMast, napajienbHas OCH.

k!

uoeanibhas o.c.

peanvHast o.c.

Vy

0
Puc.9.1.9. Yacmomuo-kormpacmuas xapakmepucmuxa.

Jlist OnvpKHEro Tumna npeaMera Wik n300pakeHusl IpOCTPaHCTBEHHAs YacToTa v

U3MEPACTCA B |:J17/7 :| I[J'IH AAJIBHEIO THUIIA IIPOCTPAHCTBCHHAA YaCTOTa
MM

usMepsiercs B | Uk .
pao

Wtak, mepemaua cTpykTypsl uzoOpaxenusi omwucbiBaercs OPT wunmu OIlO,
KOTOpBIE CBSI3aHBI Yepe3 B3aMMHO OJHO3HAauYHbIe IpeoOpazoBanus Pypwe. HarnsaaHo
0T00pa3uTh AByMepHyto Pynkiuio OIID MoxHO B BUjIE:

e rpaduxos cevennit T(v, ) wiu T (vy),

® HU30METPHUUYECKOro U300pakeHus “‘loBepXHOCTH T’ (Vx,vy),

e KapTel ypoBHeH T (vx,vy).
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9.2. Cxema chopmupoeaHuUsi onmMu4YecKo20 u3obpaxkeHusi

CymiecTByeT JBa ONTHYECKUX SBJIICHHS, KOTOPbIE BIUSAIOT HAa CTPYKTYpy H
KauyecTBO HM300pa)keHUsi B ONTHYECKOW cucrteMe - nudpakius u adeppamuu. ITH
SBJICHUSI JICHCTBYIOT coBMecTHO. Ecim aGeppanuu manbsl u npeobianaer nudpakiius,
TO TaKkW€ CHUCTEMbl Ha3bIBAIOTCS AN(PPAKIUOHHO-OTPpaHMYeHHBIMU. Eciu
abeppaiuu BEIUKH, U JUPPAKIUS CTAHOBUTCSA He3aMeTHOW Ha ¢oHe abeppaiuii, TO
TaKM€ CHUCTEMbl HA3BIBAIOTCS TeOMeTPUYeCKH-OrpaHn4YeHHbIMU ((hopmupoBaHue
U300paKEHUS BITOJIHE KOPPEKTHO OIMUCHIBACTCS C TIO3UIIUNA T€OMETPUUECKON OTNITHUKH,
0e3 mpUBJICUCHUS TEOPUH TUPPAKITUN).

y N
NIOCKOCHb ,
npeomemos * 6bIX. 3P. *
U X, (78N
(x.2) Ux.y)
4 4
O S!
w HIIOCKOCTb
) uzobpasicenuil
S S
w AJI P

Puc.9.2.1. Cxema gpopmuposanus onmuuecko2o uz00paxceHus.

PaccmoTtpum  opmupoBaHue H300pakeHUsT HEKOTOpod Touku (puc.9.2.1).
['oMoOLIeHTpUYECKUH IMy4OK JIyded BBIXOAMT M3 TOYKH A,, U TOCJIE HACATbHOM

ONITHYECKON CUCTEMBI CXOUTCS B TOUKe A). Hapsay ¢ myukamu jrydeil MOKHO TakKe
paccMaTpuBath cleprdeckue BomHOBBIE (poHTHI S, U S| . JlelicTBue peanbHOI

ONTUYECKOM CUCTEMBI CBOJIUTCS K CIIEIYIOIINUM (haKTOpaMm:

e MpeoOpa3oBaHUE pACXOMSIIErocss Mydyka Jyded (BOJIHOBOro (QpoHTa) B
CXOJISIIMMCS,

® OrpaHUYCHHE PA3MEPOB MPOXOSIIETO MMydKa JTydel MM BOJIHOBOTO (PPOHTA,

e 0cna0JieHHe NMHTEHCUBHOCTH (3HEPrUM) MPOXOIALIETO OIS,

® HapylIeHHE TOMOLEHTPUYHOCTH Iy4YKa WM C(HEpUYHOCTH BOJIHOBOIO
¢dbpoHTa, TO ecTh U3MEHEHHUE (ha3bl MPOXOIAIIETO OIS,

Paccmorpum mone U '(P' Py') Ha BBIXOJHOW cdepe (B 00JacTH BBIXOIHOTO

X
3pauka). BomHOBO# (hpOHT OIM30K K BBIXOAHOHM cdepe, HO OTIIMYAETCS OT Hee Ha
BEJIMYMHY BONHOBOK aGepparmu. Ilome wa BonmHoBOoM Qpomte U, (Px' P )

OnTuyeckuid MyTh W3 IEHTpPa MpeAMeTa J0 BOJIHOBOrOo (poHTa ISl BCEX JIydei
OJINHAKOBBIM, TaK KaK BOJHOBOM (PPOHT — TMOBEPXHOCTh PABHOTO »JHKOHAjA.
[Tockonbky nmst ¢GopMHpOBaHUS H300paKEHHUS BakHa pa3HOCTh (a3 MexIy
BBIXOJIHOM c(pepoit 1 BOJTHOBBIM (DpOHTOM, a HE cama ¢aza, TO MOKHO PHUHSTH, YTO
¢aza BomHOBOTO (hpoHTa paBHA HyNIO @ = 0. [Ipu oTcyTcTBUM abeppaiinii aMILTUTyAa

TOJISt €JIMHMYHAS, CJIEIOBATENLHO MOJIE HA BOTHOBOM (pponTe U, (P', P )=1. Haber

X

(a3bl OT BBIXOJIHOM cepbl 10 BOJTHOBOTO (pPOHTA:
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27ziAl n

Ap=e 7 (9.2.1)

rae Al' — paccrosiHEe MEXTy BOJTHOBBIM (DPOHTOM M BBIXOJHOM cepbl BIOJb
ayya.
[Tonie Ha BBIXOJHOM chepe MaTeMaTUYECKU MOXKHO MPEJCTAaBUTh B BUJIE:
27 (P}, P} )
, BHYMPU 3pauKa

U'(p, P )= = f(P., P (9.2.2)

O, 6HE 3padKa
Y, Al"-n' Y,
rae W(Px,Py): 7 BOJIHOBast abeppanusi, f (Px,P ) — 3pavyKoBasi QyHKIIHSL.
B Beipaxxenun (9.2.2) yduThiBaeTCs OJHOBPEMEHHO OTpaHUYECHHE IYyYKOB U
HaJu4Iue adepparmii.

3paukoBas pyukums (pupil function, PF) noka3bIBacT BIUSHUE ONTUYECKOU
CHUCTEMBI Ha TIPOXOXKICHUE DJIEKTPOMATHUTHOTO TOJISI OT TOYKH IPEAMETa 0
BBIXOJTHOTO 3payka M B OOIIeM ciydyae B KAaHOHHMYECKHUX KOOpJIWHATAX
OTIMICHIBACTCSI BBIPAKCHUEM:

% . ZﬂiW(pxapy)

floep,)=1" AR > eympu £, 9.2.3)
0, 61e Q2

rac (px9py) — KaHOHHYCCKHUC 3pPAaYKOBBIC KOOPIWHATHI, T(px’py) —

(YHKIMS POIyCKaHUsA 1O 3pauky, (2, — 00yacTh 3payka B KAHOHUYECKUX

KOOpJAMHATaX.

Tenepp HYXHO TIEPEHTH OT TMOJS HAa BBIXOJHOM 3padke K IO Ha
n300pakeHnd. BOmu3m wn300paXkeHUs TeOMETpUYEeCKas OITHKA HE TNPUMCHHMA,
MIO3TOMY JIJIsi ONKMCAHMS TOJA Ha HM300paKCHUU CIIEIYET HCIIOIh30BaTh TCOPHIO
TudpaKIumu.

J) u/(p.p) Y U'(x.y)
(x;,y; r (x,’yr)
e X'
rp' = const S
NAOCKOCHIb
BbIXOOHAs usobpasicenus
_|_ cpepa

Puc.9.2.2. @opmuposarue KoMnIeKCHOU AMIIUMYObL 8 NIOCKOCMU U300PAHNCEHUSL.

JI7st BBIYUCIICHHUS] KOMIUIEKCHOW aMIUIUTYABl TOJIA B IJIOCKOCTH HM300pakKeHUS
npumeHuM npuHiun [roiirenca B Qopme wuHTerpana [roiirenca-dpenens.
PaccmaTpuBaemas 0611acTh HAXOUTCS BOJIM3H IIEHTPA BBIXOAHOM cdepsl (puc.9.2.2):

24"
e A
U'(x,y')= .[J.U'(x;),y; )7, ds,, (9.2.4)

, r
Sp
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Hcnonb3ys 3paukoByio (QyHKIUIO, BeIpaxkeHue (9.2.4) MOXKHO 3amucaTh B BUAE:

rr
rn
27

U'(x,y)=|[ s (o0, )erﬂ dp,dp, (9.2.5)

!

Hockombky r'=r, +Ar' m \Ar'\ <<7,, TO MHOXHTENIb e *  MOXHO

r'n’ ,”[’y"' Ar'n’ ,”1’7”’

27 2m—— 27 2m——
OpeACTaBUTh B BHae e * =e +* -e * . Muoxkurens e * =const,
CJIEIOBATEIbHO €r0 MOYKHO BBIHECTH 3a MHTETpall, ¥ HE YYHMTHIBaTh, TaK KaK Hac
UHTEPECYET TOJIBKO OTHOCHTEIIBHOE pacIpeaeiieHne KOMIUIGKCHOW aMILIUTY/IbI.
Torna Beipaxkenue (9.2.5) mpeobpaszyercs Tak:

2m,Ar'n'

U',y)=[ fle..p, )erl dp,dp, (9.2.6)

Ar'MOXHO BBIPa3uTh yepes x', )" u X,y (puc.9.2.3).

’
J_ Yy
]/' [
.A!
!’
r
p
o, 04 z'
Ar'
NA0CKOCMb
8bIXOOHAS U300padicens.
chepa

T

Puc.9.2.3. Ceszo Ar' ¢ paouycom 6vixoonoii cgpepui 1, u paccmosmuem 1’

om 6bIX00HOU cghepbl 00 mouxku A’ .

XX, TV, o N
Orpesoxk OA=Ar'~——"—""" mpudem n'sinc, = A" — 11s KpaiHero ayuya,
"p
. nx, , ny, ,
a Juist OCTaNbHbIX Jydeit: — == p A", — == p A'. Tenepp unrerpai (9.2.6) MOXHO
"p "p
3anMcarh TaK:
_ .x'px+y,py ,
2
U'(x, )= [[ £ ¢ dp.d 9.2.7
Xay _jjfpx7py/ r' px py ( . .)
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BBeneM kaHoHHM4YecKHe (IIpHBeJeHHbIE) KOOPAUHATHI Ha TpEAMETEe U
U300pAKEHUH:

A T
- —yx X =—X —
n., X 2 1 1
4 A (9.2.8)
n,=-y— m ==y
y ﬂ, l
TOFI[a B KAHOHHNYCCKHX KOOpI[I/IHaTaX HOHyI—II/IM:
! ! ! 27i )’C X ’
U(ﬂx’ny):“.f(px,py).e (’7 Y +77ypy)dpxdpy (929)

Tax kak 3pauykoBas (YHKIMS BHE 3payka paBHA HYIIO, WHTETPUPOBAHUE
IPOUCXOANT BHYTpH 3pauka. KommiiekcHas aMIUITyAa B H300paK€HHWH TOYKU B
KaHOHMYECKUX KOOpAMHATaxX, Kak clieayer u3 BblpakeHus (9.2.9), cBs3zaHa co
3paukoBOil hyHKIMEH Yepe3 oOpaTHoe npeodpazoBanmne Dyphe:

U'lnm)=F {1, ) (9.2.10)

KomrnekcHas aMIuinTya mojisi B M300pakeHUU TOYKU ecTh oOpaTHoe Dyphe-
npeoOpa3zoBaHue OT 3paYKOBOM (DYHKIIMHM B KAHOHUYECKUX KOOPAMHATAX.

DOyHKIUS paccesHUs TOYKH — OTO pacupeielcHHe He aMIUIUTYAbl IO, a
2
WHTCHCUBHOCTH, TO €CTh KBaJipaTa MOJYJIS KOMIUICKCHOW aMILIUTYIbI ‘U '(77;,77;] :

Torma mist ®PT M0XHO NOYYUTH CIEAYIOIIEE BBIPAKEHUE:

W, )= [ (o, ) (9.2.11)

OnTUYecKkyr0 MepelaTOuYHyr0  (YHKIHMIO TakXe MOYKHO  BBIPAa3UTh B
KAaHOHMYECKUX KOOpANHATAX:

D(a)x,a)y)z F[h(nx,ny )J (9.2.12)
rie ,,®, — KAHOHNYEeCKHe MPOCTPAHCTBEHHBIE YACTOTHI:
w 1% A V! A '
= — _ = — — =
X X X ' X
Ax AX
A A
w,=—v, — =V —=a (9.2.13)
y y A y A y
v y
JAUH MM
Kanonnyeckne dacTtoThl Oe3pazMepHble: —— - ——. B 3TUX KoopauwHaTax
MM SIn

MOJIy4yaeM TIPOCTYIO CBSI3b 3PAuKOBOM (PYHKIMH C ONTHYECKON MepernaTouyHoMm
byHKUIMEH:

D(a)x,a)y)zF[F_l[f(px,py)]2] (9.2.14)
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OT0 BBIpaXXEHHE B COOTBETCTBHH CO CBOMCTBOM Mpeodpa3zoBaHusi Pypre MOKHO
IPEICTaBUTh Yepe3 aBTOKOPPEIIIINIO 3pauKOBOM (DYHKIIHH:

1 .
D(a)xawy): gzoj.jf(pxspy) f (px - C()x,py - (()y)‘ dpxdpy (9215)
Trac QO — I1omaJib 3padyka B KAHOHMYCCKHUX KOOpANHATAX.
9.3. [JugppakyuoHHasi cmpykmypa u3obpaxxeHusi

9.3.1. ®yHKUMSA paccesiHUs TOYKM B CrnyYae OTCyTCTBUA abeppauni
[IpenmonoxxkuM, YTO B ONTHYECKOW cucTeMe abeppalii  OTCYTCTBYIOT
W(px, py): 0. Torma 3paukoBast PYHKIIUS ONTHYECKOH CHCTEMBI B COOTBETCTBHUH C

BbIpakeHueM (9.2.3) OyneT BBITIISAIETh CIASAYIOMUM 00pa3oM:
1
TA(PX,,Oy ), eHympu £, (9.3.1)

filpeop, )=
0,6ne Q)

rae ), — o6aacTh 3pauyka B KAHOHUYECKUX KOOPIUHATAX.
bynem cuurtath, YTO IPONYCKAHME PABHOMEPHO IO 3payky, TO €CThb

1
Té(px,py)zl. Torz:a, IMOCKOJIBKY B KAaHOHHMYCCKHX KOOPJAHHATAX 3PadYO0K BCCTIA

KpYTJbIi, BeipakeHue (9.3.1) MOXKHO 3anmucaTh CieIyoumM o0pa3oM:

1, npu (pf +p§)£1

0, npu (,Of +,0§)>1 (9.3.2)

fO(px’py):

To ecTb 3paukoBasi pyHKIMS paBHA €UHULIE B MIpeesiax Kpyra, U HyJIt0 Ha BCel
OCTAJIbHOM 00JIacTH, U CJIEI0BATEIbHO, MATEMATUYECKU OMHUCHIBAETCS MPU MOMOIIH

GyHKIMH Circ(px, py):
folpwp,)=Cirdp,,p,) 9.3.3)

UtoObl MONYyYUTh (DYHKIHMIO paccesHUs TOUKH MPH OTCYTCTBUM abeppauuid,
HYXHO B3sITh 0OpaTHOe npeoOpazoBanre Dypbe oT Oe3abeppalliOHHON 3PauKOBOM
(GyHKUMHU, TO €CTh OT PYHKUIUU Clrc(px, py):

h (,ox,py)z ‘F_l [Circ(px,py )] g {]1(;7;77)} = Bessinc* (1) (9.3.4)

rae 77:A/77§ +77§, J1(27m) — ¢ynknus beccenst mepBoro poja, MepBOTO

nopsJIKa.

Kaptuna @®PT npna 0Oe3zabeppalOHHON onthyeckod cuctemsl (puc.9.3.1)
COCTOMT W3 LEHTPAIBHOIO MAaKCUMyMa AUaMeTpoMm 1.22 KaHOHMYECKHX E€OUHHI U
NOOOYHBIX MAaKCUMyMOB — KOJIEI] C IIaroM, MOCTeneHHO npubmmxaromumes K 0.5
KaHOHWYeCKUX eauHul. be3zabepanmonHas @OPT cuUMMETpHUYHO OTHOCUTEIBHO
ontuuecko ocu. LleHTpanbpHBII MakcuMyMm cojepxutr 83.8% Bceil aHepruu (ero
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BBICOTA PaBHA €IMHHUIIE), mepBoe Koublo — 7.2% (Bbicota 0.0175), BTOpoe 2.8%
(BeicoTa 0.0045), Tpetbe 1.4% (BbicoTa 0.0026), yetBepToe 0.9%.

hy (17) n,
1.0

T 1222
A

n
i N
-1.62 -112 -061 0 0.61 1.12 1.62
a) ceyeHue 0) obwui 8u0 pacnpeoenenus

uHmeHcusHocmu (Kapmuua Spu)
Puc.9.3.1. @ynkyus paccesnus mouku 6 omcymcmeue abeppayuil.

HenTpanbubii Makcumym @OPT HaszpiBaetcst aumekom dpum (A4iry). duamerp
JUCKa DpU B pealIbHbIX KOOPAMHATAX HAa U300PaKEHHUH:

1.224
A

rae A, — amneprypa OCeBOro Imydka.

D=

(9.3.5)

Juck Opu B o01ieM ciayyae MOXKET ObITb HE KPYTJIbIM, €CIIM MEPHUIUOHATbHAS
A, v carutTanbHas A, anepTyphl paslIuYHbL

N3 Beipaxkenus (9.3.5) ciemyer, 4To MOCKOJBKY amepTypa Uil M300paskeHUs
OJIPKHErO TUIa HE MOKET ObITh OOJIbIle MOKa3aTessl MPEeIOMIICHUS, W300pakeHHe
TOYKH JJIs1 OJIM>)KHETO TUIIA HE MOYKET ObITh MEHBIIIE JITTUHBI BOJTHBI.

9.3.2. BnusHne HepaBHOMEPHOCTM NPOMNyCcKaHUA no 3padyky Ha OPT

Ha puc.9.3.2 nokazan Bua OPT mns paznuunbix Qyskimit npornyckanus. Eciu
IPOITyCKaHUE YMEHbIAaeTCa K KpasiM 3pauka (2), To neHtpanbHbiii MmakcumyMm OPT
pacmupsieTcs, a KoJiblla ucue3aroT. Eciu MpomyckaHWe yBEITUYUBAETCS K KpasMm
3pauka (3), TO LIEHTPAJIbHBIA MAKCHUMYM CYXa€TCi, a HWHTEHCHUBHOCTb KOJEIl
YBEIMYUBACTCS. DTH M3MEHEHHMsSI MO-Pa3HOMY BIHSIOT Ha CTPYKTYPY H300pasKeHUS
CJIO)KHOTO O00BEKTa, M, B 3aBUCUMOCTH OT TPEOOBAHMI, MCIIOIB3YIOTCS pPa3IUYHBIC
GyHKIIMM TpONMyCKaHus, ‘‘HaKIaJbIBaeMble” Ha 00JIacTh 3padka. IJTO SBIICHUE
Ha3bIBACTCS ANOAU3ALMEH.
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h(n7)

P -1.12 -0.61 0 0.61 1.12
a) YHKYUsL NPONYCKAHUsL NO 3PAYKY 0) @yHKyus pacceanus mouxku

Puc.9.3.2. Brusanue nepagnomeprocmu nponyckanus no 3pauxy na OPT.

9.3.3. besabepaumonHaa Old. NMpegenbHas NPOCTPaHCTBEHHAA YacToTa

Ontuueckas mepeaarodHas (PYHKIHS BBIYUCISECTCS NMPHU MOMOIIN BbIPAXKCHHUS
JUIA  aBTOKOppensuuu 3padkoBoit ¢yHkimuu (9.2.15). s GezabeppallioHHOM
ONTHYECKOW CHCTEMBI BOJIHOBAs abeppanus W =0, Toraa MHTErpai aBTOKOPPEALIH
OyZeT BBITTIAACTD CIASAYIOUIIM 00pa3oM:

Dloo,)= - [[dp.dp, = olo..o,)

0 Q(a)x,a) QO

(9.3.6)

Y

rje Q(a)x,a)y) — 00J1acTh MHTETPUPOBAHUS, TTIOKAa3aHHas Ha puc.9.3.3.

py QO(px_wx’py_a)y)

Qo,.,)

QO(IOxapy

Puc.9.3.3. Obnacmu 3paukos, cmewjeHHble OMHOCUMENLHO Opy2 0py2a Ha (a)x,a)yj.

Takum oOpazom, Oezabeppanuonnas OII® npomnopiyoHaabHa IIOIIAAH
NEPEKPBHITAS ~ JIBYX  3PAdKOB Q(a)x,a)yj, KOTOpass  sBiseTcs  (pyHKIuen

MPOCTPAHCTBEHHBIX 4acTtoT. M3 puc.9.3.3 cruegyer, dYTo MaKCMMAaJbHAasi
KAHOHHYECKAasl IPOCTPAHCTBEHHAS YacTOTa @ . = 2. [ 6onee BBICOKMX 4acTOT

WA (011010 Q(a)x,a)y) CTAHOBUTCS HYyJeBOH (puc.9.3.4).
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MakcuMabHOW KaHOHWYECKOW NPOCTPAHCTBEHHOM 4YaCTOTE COOTBETCTBYIOT
IIPEACIBbHBIE PEAIbHBIC IPOCTPAHCTBEHHBIE YACTOTHI:
24 24;

Viimx = TXa Viimy = DR (9.3.7)

ollo

uoeanbHas 0.c.

bezabeppayuonnast o.c.

0 1'2

Puc.9.3.4. Besabeppayuonnas Ol D.

Takum o6pazom, OIID peanbHON ONTHUYECKOW CHUCTEMBI MPU OTCYTCTBHH
abeppanuii He cooTBeTcTBYyeT OIID wmaeanbHON ONTHYECKON CHCTEMBI, M BCEra
OorpaHUYeHa MpeeTbHBIMUA YaCTOTaMU, 00YCIOBIICHHBIMU AU paKIIUel CBeTa.

9.4. Kpumepuu Ka4ecmea onmu4eckoz20 u3obpaxeHusi

9.4.1. lMNpepenbHas paspeluatoias cnocobHocTb no Peneto

Pazpemaromas cmocoOHOCTh OmMpeAeisieT CIOCOOHOCTh ONTHYECKOW CHUCTEMBI
n300paxkaTh pa3/ielIbHO JBa OJIM3KO PACTION0KEHHBIX TOUSUHBIX IMPEIMETA.

IIpenenbHas paspemialas CmOCOOHOCTb — 3TO MHUHHUMAJIBHOE PACCTOSIHHE
Or MEXIy IByMs TOUYKAMH, NPU KOTOPOM HX H300pa)K€HHE OTIMYUMO OT

M300pKECHUS OJTHOW TOUKH.

Kputepuii Penes rmacut, yTo mpu mpoBajie B paclpeesieHud MHTEHCUBHOCTH B
U300pakeHuu JBYX Onm3kux Touek B 20% TOYkM OyIyT BOCHPUHUMATHCS Kak
pasznenbHbie. s ATOrO  HEOOXOAMMO, YTOOBI I[EHTPAJbHBI MaKCUMyM B
U300paKEHUU OJTHOM TOUKHM MPUXOAWICS Obl Ha MEPBbIH MUHUMYM B HM300paKeHUU
apyro# (puc.9.4.1). [l onTHYECKUX CUCTEM NPU OTCYTCTBUU abeppauuil o, =0.61

KAHOHMYECKUX €IUHULL.

Pazpemienne 1o Penero  yIOBIETBOPUTENBHO  XapaKTEPU3yeT KayeCTBO
U300paKEHHUS AaCTPOHOMUYECKHX TEJIECKONOB, CHEKTPalIbHBIX NPHOOPOB, IS
KOTOPBIX MPEAMETAMU SABJSIOTCS OJIM3KO PaCHOJIOKEHHbIE TOUKU WM JIUHUH, a TAKXKE
BU3YaJIbHBIX IPUOOPOB (MpeIHA3ZHAUYEHHBIX ISl pabOTHI C TJIa30M).
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20%

O

Puc.9.4.1. Paspewenue no Penero.

9.4.2. Paspewatowiasa cnocobHocTb no Pyko

Kpurepuit ®yko nmpuMeHsIETCS JIJIs OIICHKH KaueCTBa H300PKCHUS ONTHYSCKUX
CUCTEM, TEepeaoNIuX OOBEKTHI CIOXKHOW CTPYKTypbl. Paspemiaromias ciocoOHOCTh
R ompenensiercs Kak MakCHMallbHasi MPOCTPAHCTBEHHAs 4acTOTa MEPUOJUYECKOTO
TECT-00BEKTA, COCTOAIIETO U3 YEPHO-0eNbIX mTpuXxoB (Mupsl Myko), B M300paskeHUH
KOTOPOTO €Ie pa3jIudyuMbl IMTPpUXU. Pa3zpemaronryto CcrnocoOHOCTh OOBIYHO
OTIPENIEISIIOT JUIsl MUPBl €UHUYHOTO (a0CONOTHOT0) KOoHTpacTa mo rpaduxy UKX
ONTHYECKON cUCTeMBI (puc.9.4.2). Paspematomnias criocoOHOCTh R ompeaenseTcs s
3aJJaHHOTO KOHTpacTa (00bIYHO 1151 KOHTpacTa k'=0.2).

k!

R, =2
Puc.9.4.1. Paspewarowas cnocoonocms no @yko.

IlpenensHast paspemaronias CHOCOOHOCT R, AN ONTUYECKUX CUCTEM

OTpesieTIsieTCsl pa3MepaMu 3padka, JJIWHOW BOJHBI M abeppamusiMu. B peanbHBIX
NPOCTPAHCTBEHHBIX  YacTOTax  TpeJelibHas  pa3pemarorias  CIoCOOHOCTh
omnpenensercs u3 Beipaxkenus (9.3.7).

9.5. BnusiHue abeppauut Ha ®PT u Ol1®

Brnusinue Manbeix abeppanuii (BoJIHOBas aOeppaiusi COCTaBIseT JOJU JJIUH
BosTH) Ha OPT mposiBiseTcss B TOM, YTO YaCTh SHEPTUU U3 LEHTPATBLHOTO0 MaKCUMyMa
NEPEXOUT B KOJbLA. B pe3ynbTaTe B HEHTPAIIBHOM MAaKCUMyMeE OCTAeTCsl OKOoJIo 60-
70% BmecTo 84%, mpuU 3TOM pa3Mepbl LEHTPATBHOIO MAaKCMMyMa COXPAHSIOTCA, a
MHTEHCUBHOCTH B LIEHTpE yMeHbInaercs (puc.9.5.1).
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h(1)

1.0

AN VAN |

r == Y a = ¥

1.22

Puc.9.5.1. Buusnue abeppayuii na @PT.

AOGeppaniui pa3HBIX THUIOB TMO-PAa3HOMY BIUSIOT HAa BHUJ TISITHA PACCESTHUS
(kaptuHy Opm). B cimywae cummerpuuHbIx abeppammii  (pacokycupoBKa,
chepudeckasi) coxpaHseTcs paauaibHas cumMMmeTpus msaTHa (puc.9.5.2.a). B ciydae

HECUMMETPUYHBIX abeppanuii (KOMa, aCTUTMaTHU3M) CHMMETpPHSI TISITHA HapyIIaeTcs
(pnc.9.5.2.6, puc.9.5.2.8).

Ty y n,

a) cummempuyHsle abeppayuu 6) koma 8) acmuemamusm

Puc.9.5.2. Kapmunvi Opu onsa abeppayuii pasiudnsix munos.

[Tpu nanbHelimem yBennuenuu adeppaiuii cxoactso @PT ¢ 6e3abeppanimoHHOR
MOJTHOCTBIO TEpSAETCs, U ee (popMa ompeAensseTcss KapTUHOM MOMepeUHbIX abeppauuii
(Toueynoit nuarpammoit). IIpakTuuecku BCs HEPTHsl U3 LEHTPAIBHOTO MaKCUMyMa
NEepPEeKaurBaeTCs B Koyblla (B LEHTPAJIbHOM MakcuMyMe ocraercs MeHblie 40%
sHeprun). OMHAKO TPHU ITOM COXpaHseTcs MudpakmuoHHbINH y30p ¢ marom 0.5 B
KaHOHUYECKUX KOOpJIMHATAX.

9.5.1. Yncrno Wrtpens

[Tockonbky Tipu MaybIXx alOeppalusx YacTb BSHEPrUM U3 LEHTPAIbHOIO
MakCUMyMa II€PEKAYMBAETCS B  KOJIbLIA, YMEHBIIAETCS HWHTEHCUBHOCTh B
HEeHTpaJibHOM Makcumyme. OOo3HauuM 3HaueHue @OPT B ee Makcumyme mpH
OTCYTCTBMHM abeppanuii /4, (O), a pu Hamunu abepparmit 4(0) (puc.9.5.3).
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h(n)

1.0

7y (0)
h(0)

/\ SN

Puc.9.5.3. Yucno LlImpens.

YUucao WMrpenss (kpumepuii lllmpens, Strehl ratio) moxkas3piBaeT BIUSHUE

abepparuiit Ha OPT:

Stzw (9.5.1)
y(0)

3nauenue yucna lltpens Haxogutcs B npenenax 0< St <1, sHeprus B KoJyblia
NEPEKAUYNBACTCA B TaKOM € COooTHouleHuu. Ecim Sf=1 — onrtuueckas cucrema
0e3abeppanmonHasi, ecnu St > (0.8 — cucrema mpakTH4ecku Oe3abeppalloHHas,
MOCKOJIbKY YMEHBIIIEHUE [IEHTPAIbHOTO MakcuMyMa Ha 20% MoYTH HE3aMETHO.

9.5.2. Kputepun Penesa ona maneix abeppaunn

Kpurepnii mwnmm pomyck Penes 3akmrodaercss B TOM, YTO €CIM  BEJIMYMHA
BOJIHOBOM a0eppauuu (MpU YCIOBHUHM, YTO B CHCTEME HPHUCYTCTBYET TOJIBKO

chepuueckass abeppamusi) HE MPEBOCXOIUT % (puc.9.5.4), to uucno IllTpens

St > 0.8. Orcrona Peneit pacpocTpaHuil CBOM KpUTEpUI U Ha IPYTHE TUIBI a0eppariui.

e AL

]

/4

Puc.9.5.4. Beruuuna sonnosotul abeppayuu.

PeJieeBCcKkHi 10IYyCK HA OCTATOYHBIE adeppauyu:

“ Wl <%, (9.5.2)

OpHako pacyeTsl TOKA3bIBAIOT, YTO HE JJIS BCEX TUIIOB a0Oeppaluii CripaBeiuB
Peneesckuii nomyck. Kpome Toro, nist 6oee CTpororo aHajivusa Hy»KHO MPOBEPUTH Ha
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CKOJIBKO u3MmeHuTtcst uncio llrpens npu ‘Wm

= % WIn ‘Wmax

_A o
= A PeneeBcxuii

ax

AOITYCK TOYHOI'O OTBCTA HA 3TOT BOIIPOC HC JACT.

9.5.3. ®opmyna Mapewans. [lonyck Mapelwansa gns manbeix abeppaunin

@paHUy3CcKui ONTUK Mapemainp Mojay4usia CBOE aHAIUTHYECKOE BBIPAKEHUE U
CBOM JIOMYCK B BHJAE CPEAHEKBAAPATUYHOIO MO 3padyKy 3HAYEHUs BOJHOBOWU
abepparnuu. Kpurepuit Mapemans 6onee yHHBEpCalbHbBIN, YeM Jomyck Peres, oH
TIOJAXOIUT JUIS JIFOOBIX THUITOB abeppariui.

PaccmoTpum BbIBOJ dopmynsl Mapemans. DyHKus paccesHus TOYKH, B
COOTBETCTBHH C BhIpaxkeHunem (9.2.10):

+0 ] 2
W, )= F'f oo 0, )]2 = [[rlp.p, )ez”’(”xp“”ypy )dpxdpy (9.5.3)
3nauenue OPT B ee LIeHTpAIIbHOM MaKCUMYME:
w 2
1(0)=h(n, =0.7,=0)= [[ flp..0,) dp.dp, (9.5.4)

Bocrmosib30BaBIIUCEH BhIpaKeHHUEM TSl 3padukoBoid pyHkimu (9.2.3), moaydum:
2

I J IV

Q

h(0)= dp.dp, (9.5.6)

3, W4,... <<1. Torma

B ciyuae maneix aGepparuii \W\ < %, CJIEIOBATEIILHO \W

PU PasNOKEHUH (GYHKIMH e B pss, MOXHO OCTAaBHTh TOJLKO TPH 4IICHA, a

1
OCTaJIbHbIE OTOPOCUTH (e" =l+x+ 2x2 +... |, oTCrO1a:

> z1+27ziW+;(27ziW)2 =1+ 2mW - 272°W* (9.5.7)
Torga MoHO 3anucath NpuoOInKeHHOE Beipaxenue ais OPT:
2
1(0)= | [[[1+27w —22°W?] dp,dp, =
Qo

(9.5.8)

[[dp.dp, +27i[[Wp,.p,) dp,dp, —22° [W*(p,. p,) dp.dp,
Q Q Qo

BBCI[CM 0003HaUYCHHUE HJIA CPCAHCTO 3HAUCHUSA BOJIHOBOM a6eppauHI/I I10 3pavuKy:

W= Ql [[w(py.p,) dp.dp, (9.5.9)

OQO

U CpEJIHEro KBaJpaTa BOJIHOBOM abeppaliuu:
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W’ :g; [[w(p,.0,)dp.dp, (9.5.10)

OQO

Torna Beipaxenue (9.5.8) 3anumercs B BUJE:
_ __ 52
1h(0)~ Q21 + 27 W 227 W* (9.5.11)

Moaynb KOMITJIEKCHOTO YHUCHA Z =a +ib BBIUKCISAETCS KaK CymMMma KBaJIpaToOB

o o o 2
BCIIICCTBCHHOM 1 MHHMMOH 4aCTCHU ‘Z‘ = a2 + b2 , CJICAOBATCIIBHO.

1(0) Qé[l +22W° +ax () + 47z2W} - Q2 {1 4zl - ()] }(9.5.12)

3nauenne ®OPT B makcumyme MpH OTCYTCTBUM abeppauuil ompeaensercs
BBIPAKCHUEM

hy(0)= Q) (9.5.13)

Torna ¢popmyia MapewaJs:

h(0) 27 (772

St = ~1—47* W - (W) (9.5.14)
/o (0) [ |

Bennuuna [Wz—(W)Z] Ha3bIBACTCS JAUCHEPCHeil BOJIHOBOI al0eppauuu Io

3pauKky (aucrmepcusi — 3TO Pa3HOCTh CPEAHEro KBajpaTa W KBajpaTa CpPEIHEro
3HAYEHHUS):

Dy =w-wf = —2ww+ W} )=w> —2mww+ (W] =w* (W) 95.15)

dopmyrna Mapemians moka3bIBaeT, 4TO BaKHA HE cama BOJIHOBas abepparus, a
ee n3MeHenue (aedopmaiirisi BOJIHOBOTO (DPOHTA) IO 3pAUKY.

Cpennuii kBagpar nedopManyuy BOJIHOBOTO ()POHTA — TO KBAJAPATHBIA KOPCHb
U3 JUCTIEPCUU:

JD, =W.. (9.5.16)

®opmyna Mapemans AgaeT BO3MOXHOCTb MPHUOJMU3UTENBHO OLEHUTh YHUCIIO
[ tpens, ecau U3BECTEH CPEAHUM KBapaT nedopmanuu BOIHOBOTO (ppoHTa:

Stx~1-4x’D, =1-47°W2 =1-Q2aW_ ) (9.5.17)

CKe6 CKe6

1
Ecm St>08~1- 47r2DW, TO, CIENOBaTeNbHO, D) < 2—00 , a JOMyCK

Mapemans Ha cpenHUN KBaApat AedhopMar BOJIHOBOTO (HpPOHTA:

<L (9.5.18)

WCK(s’
14

MapermianeBckuil I0MyCK Ha OCTaTOYHBIC aOeppaluy CHpaBeJIUB IS JIFOOBIX
TUIIOB abeppaiuii Majaoi BeIMYUHBI.
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9.5.4. Bnnanune abeppaumn Ha Old. 'eomeTpUYECKN-OrpaHNYEHHbIE U
AnpakUMOHHO-OrpaHNYEHHbIE ONTUYECKME CUCTEMDI

[Tpu Hanmuuun abeppauuii OIID onTuyeckoil cucTeMbl CTAHOBUTCSI MEHBIIIE, YEM
OIl® OGezabeppammonnoit cucrembl. Ha rpapuke UKX MoxHO mMoOKazaTh, Kak
abeppauuu BAMSAIOT Ha (opMmy KpuBoi KoHTpacta (puc.9.5.4). Kpussie UKX B
OpUCyTCTBUM aleppaluii MOTYT HMEThb CJIOXHYIO0 (opMy, HO OHHM HHKOT/A HE
MPEBBIIIAIOT KpUBYIO Oe3abepparronHoit UKX.

k!

ougp. oepanuyennas o.c.

bezabeppayuonnas o.c.
2€0M. Ppay

OCPpAHUYEHHQAl O.C.
0.2focccc N T

0 T T

Puc.9.5.4. Buusnue abeppayuii na YKX.

JuppakIMOHHO-OTPAaHUYEHHbBIE  ONTUYECKUE CUCTEMBbl HMMEIOT  pabouuit
WHTEPBAJI YACTOT, NPEBBILAIOIIMNA IOJOBUHY OT MPENEIbHOHW, TO €CTh @ >1
(pnc.9.5.4). KauecTtBo mM300pakeHUsI B TAaKUX CHUCTEMaxX OMPENEISETCS B OCHOBHOM
ABJICHUSMU TU(GPAKIUU U HETOCPEICTBEHHO 3aBHCUT OT OTHOIICHHS amepTypbl K

'
JJINHE BOJIHBI ‘% . OcraTouyHbie a6eppau1/m AOJUKHBI OLICHUBATBLCA 110 KPHUTCPHIO

Mapemans (9.5.18). K audpakumoHHO-OrpaHUYEHHBIM CHCTEMaM OTHOCSTCS, B
YaCTHOCTH, M3MEPHUTENIbHbIE CHCTEMBbI, MPOEKIMOHHBIE ONTHYECKHE CUCTEMBI IS
MHUKPORJIEKTPOHUKH U CUCTEMBI, pa0OTAIOIIKE C TJ1a30M.

K reoMerpuuecku-orpaHU4eHHBIM OTHOCSTCS ONTUYECKHE CUCTEMBI, pabouMii
MHTEPBAJ YaCTOT JJIsl KOTOPHIX HE MPeBOCXOAUT @ =(0.5 B KaHOHHYECKUX YaCTOTaX
(puc.9.5.4). KauectBo wu300pakeHUs TaKUX CHUCTEM OIpEAeNseTcsd KapTHUHOU
nomnepeyHbiXx abeppaluii ¥ HENOCPEACTBEHHO HE 3aBUCUT OT JJUHBI BOJHBI H
aneptypsl.  CTeneHb  KOPPEKUMHU  TE€OMETPUYECKU-OIPAHUYEHHBIX  CHCTEM
OLICHMBAETCSl TomnepeyHbiMU abeppauusiMu. K TakuMm cucreMaMm OTHOCSTCS, B
YaCTHOCTHU, KUHO-, (JOTO-, U T€JIEBU3UOHHbBIE OOBEKTUBBHI.
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MpunoxeHus.

lpunoxeHue A. JuhghepeHuyuanbHbIe onepamopbl
MamemMamu4eckoll meopuu rnosisi

MaremaTtudecKkui alapar, HpI/IMCHSIGMHﬁ B TCOPHH OSJICKTPOMAIrHUTHOI'O
o1 — 3TO TCOPHA CKAJLIPHOI'O WM BCKTOPHOI'O IIOJIA. HpCI[MCT 9TOTr0 pasaciia

MareMatTuku — cKasipHble (A.1) u BektopHble (A.2) QyHKIMHM OT Tpex
MPOCTPAaHCTBEHHBIX TIEPEMEHHBIX (PaANyC-BEKTOpA I' TOYKHU B IIPOCTPAHCTBE):
U(x,y,z)=U(r) (A.1)
(%, ,2)
F(x,y,z)=| F,(x,y,2) |= Fi+ F j+ Fk (A.2)
F.(x,y,2)

B cooTHOmeHus X TEOpUU MO UCTIOIB3YIOTCS AU(depeHITnaTbHBIC OTIePATOPHI
°* OB

muddepeHupoBaHns 10 BpeMeHHU (Hampumep, B:—a ) ¥ MO MPOCTPAHCTBEHHBIM
t

koopauHataM.  Omepatopsl  auddepeHIUpoBaHUs MO0  MPOCTPAHCTBEHHBIM
KOOpJIMHATAM MOTYT OBITh BEKTOpPAMH WU CKaJIsIpaMH, C KOTOPBIMH MOXKHO
IPOU3BOJIUTh BCE W3BECTHBIE W3 BEKTOPHOW anreOpbl JCUCTBUS, B YaCTHOCTH,
BEeKTOpHOE mpousBeaeHue (A.3), ckamsipHoe mnpousBeneHue (A.4) W cMemaHHOe
npowusBeaeHue (A.5):

V xE (A.3)
V-D (A.4)
Vx(V-U) (A.5)

JAudpepenunanbubie oneparopsl 1-ro mopsiaka

Omneparop auddepeHupoBaHUs MO TPOCTPAHCTBEHHBIM KoopauHaTam V
SIBIIIETCS] BEKTOPOM:

2
ox
V=7 _ 044 951 9k (A.6)
ﬁﬂy ox oy oz
/ﬁz

[Ipumensas onepatop V K CKaISIPHOMY WIM BEKTOPHOMY MOJIKO, MOXHO
IIOJIYYUTh CICAYIOIIUE CKAISPHBIE U BEKTOPHBIC BEJIUYNHBIL:

ou
ox
V.U = gradU = é’%

Y
ou
Oz

:an+an+aUk (A7)
ox Oy 0z
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OoF. OJOF, OF
+ z

V-F=diF=""%1 (A.8)
ox Oy Oz
i ik
_votF |8/ 8/ @
V xF =rotF = /&C /ay /az (A.9)
F. F, F

Pesynbratel BeipaxkeHnuid (A.7) u (A.9) — BEKTOpHI, a pe3yJIbTaT BBIPAXKEHUS
(A.8) — ckasp.

JAundPepenunaibHbie onepaTopsbl 2-ro NOPSAKA

Onepatop V> HasbiBaeTcs omepaTopom Jlamiaca (SBISETCS CKalsIPOM):
2 2 2
Vi=V.V= 0’72+ §2+ 62
ox~ Jy° Oz
[IpumeHeHue 3Toro oneparopa K CKajJsipHOMY IMOJI0 JAeT CKAIAPHYIO BEJIMYUHY
(A.11), a k BeKTOpHOMY — BEKTOpHY10 (A.12):

/U AU 2

(A.10)

VU = o P ot o (A.11)
V*F,
V’F =| V’F, (A.12)
V’F,
OcHoBHbBIE MaTeMaTHYeCKHE TOXKIECTBA TCOPHUH IMOJIHA
V -(V-F)= grad(divF) (A.13)
V x(V xF) = rot(rotF) (A.14)
V-(V-F)=V’F+Vx(VxF) (A.15)
Vx(VU)=rot(gradU)=0 (A.16)
V-(V xF)=div(rotF)=0 (A.17)

Bce PAaCCMOTPCHHBIC COOTHOIICHUA IIHUPOKO MCIIOJIB3YIOTCA B OIITHKC JIA
OIMINCaHMA CBCTOBOI'O ITIOJIsA, BEIBOJA ypaBHeHI/Iﬁ H 3aKOHOB FGOMCTpH‘-IGCKOfI OIITHKH.
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lNpunoxeHue b. CeodHass mabnuya mampuy npeobpaszosaHusi

Haspanue Bripaxkenne
OO01mmii BUJI MATPUIIbI A B
npeodpa3oBaHui Jy4deii “lc b
['eomeTpryueCKuil CMBICI 3JIEMEHTOB Sp SpSp =S
MaTpPHILbI G = /! n'-f
_ Sk
f
VpasHeHue npeodpa3oBaHus Tydeit y'=Ay+BY
Y'=Cy+DY
OnpenenuTenb MaTPUIIBI detG=A4D-BC=1
OOpartHasa Matpuna G = D -B
-C 4
Marpuna nepenoca 1 a
T= n
0 1
Marpuna npenomneHus R= L0
-0 1
Onrryeckas cuia IpenoMIIOIIEH ®=p-(n'—n)
ITOBEPXHOCTH
Onrtuueckas cuja oTpakaromuiei ®=-2p-n
ITOBEPXHOCTH
Marpuna ci0XKHOU ONTHYECKON G=TiRy..R,T,R,T,RT,
CUCTEMBI
Marpuna nakera u3 G = It ;= d, - d,
IJI0CKONapaJUIEIbHBIX CJIOEB 0 1) n, n,
Marpuna 1By XKOMIIOHEHTHOW
pHa By G =R,DR,
ONTHYECKOU CUCTEMBI
Marpwuiia TOHKOHU JINH3BI G= ( 1 O]
-0 1
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