TOMCKMI TOCYJAPCTBEHHbI YHUBEPCUTET CUCTEM
YIPABJIEHUSI U PAJJUODJIEKTPOHUKH
(TYCYP)

Kadenpa cBepxXBbICOKOYACTOTHON U KBAHTOBOM PaINOTeXHUKH
(CBUuKP)

NCCIEJOBAHUE COJIMTOHOB

2011



MuHucTepcTBO 00pa3oBanusi U Hayku P®

TOMCKMI TOCYJAPCTBEHHbI YHUBEPCUTET CUCTEM
YIPABJIEHUSI U PAJJUODJIEKTPOHUKH
(TYCYP)

Kadenpa cBepXBBICOKOYACTOTHON U KBAHTOBOM PaIMOTEXHUKHU
(CB4uKP)

YTBEPXIAIO
3aBenyrommii kadgeapoi
C. H. HlapanroBuy4

MeTtoabl MaTeMaTH4YeCKON PU3UKHI

NCCIEJIOBAHUE COJIMTOHOB
(KOMIBIOTEPHDBIH IKCIIEPUMEHT)

Memoouueckue ykazanusa K KOMRbIOMEPHOU 1a60OpamopHoll padome
014 CHyOeHm 08 CneyUuaIbHOCmu
210401- Du3uka u mexHuka OnmMu4ecKoil ceasu

PaspaboTunk
npogeccop xkadgeapsi CBY u KP
I'.T. I'omun
IIporpamMmmMHoe o0ecriedyeHue
cryaent rp. 144-8 E. JI. /lapuonoBa

2011



Conep:xanue
I 52 T3 (=) 0 (= 3

P2 1 (53 1338 o Y- 1070 1 - S 4

3. OCHOBHBIE TEOPETUUECKUE CBEJICHUS
3.1.WccnenoBanusi COTUTOHOB B HEJIMHEWHBIX JIMHUSX NIEPEAUU C
nucnepcueil. Ypasuenue Kopresera-ne Bpuza.........ooovvvviiiiniinnnn. 4
3.2.PacnpocTpaHeHue CBEPXKOPOTKUX UMITYJICHBIX CUTHAJIOB B

BOJIOKOHHOM cBeToBoze. Henmmuennoe ypasuenue lllpenunrepa ........... 7
3.3.DmaroKCcoHBI B pacpeiesieHHbIX KoHTakTax J[ko3zedcona.
CHHYC-YPABHEHHE ['OPIIOHA. .. .. vv et e i et e e e 10
4. OnrcaHue 3KCIepuMeHTa U METOIMKa paboThl C IPOTPAMMOM ... ........... 15
5.3a/1aHus U PEKOMEHJALMHU IO MPOBEAEHUIO SKCIEPUMEHTA. .. ..\ vn v vnnsss 16
5.1.HenuHelHas JuHMS epeaadu ¢ aucnepcuei (ypaBHEHHE
KopTeBera-1e Bpr3a)........oceiuiiiiiieiiii i e e e 16
5.2.CBepXKOPOTKHUM UMITYJIBC B BOJIOKOHHOM CBETOBOJIE
(HenuHelHOE ypaBHEHHUE [LIPEIUHIEPA). .. . vve e e v e ee e 17
5.3. OrOKCOH B pacnpeiesiecHHOM KoHTakTe J[>ko3edcoHa
(CHHYC-YPABHEHHUE T OPIIOHA) ... .ovives erieten it vaeete e e e eneenenen, 17
6. PexoMeH1alMK TI0 OPOPMITCHHUEO OTUETA ..+ v vuvveeeaesernnenaneenenenennns 18
7. KOHTPOIIBHBIE BOIIPOCH. .+« e eaeeenesaaetnten sassaeaen e nneeeaenansanee e 18

8. PEKOMEHIYEMAS JIATEPATYPA .+« v v evventenenaeeaeeneeneeeerneanenenaesnenes 18



BBenenue

[lonsiTue «yenuHEHHAsh BOJHA», SBIAIONIEECS TMPOTOTUIIOM COJIHMTOHA,
BIiepBbIe ObUTO BBeAeHO CkoTTOM Paccemom B 3ap0oXAaBIIyIOCS B TO BpeMs
THIPOJUHAMHUKY C MOMOIIBIO TAKOTO BOCTOP)KEHHOTO onucaHus: «S Habmroman
3a ABM)KEHHEM OapikKu, KOTOPYIO C OOJBIION CKOPOCTHIO TSAHYJA MO Y3KOMY
KaHajly Tapa JIoIajeii, kak BApyr Oapka pe3ko ocTaHoBuiach. Ho oTHIONb He
OCTaHOBWJIACh MPUBEACHHASA €10 B JABM)KEHHME Macca BOAbl B KaHase. HemctoBo
OypJisi, OHa cTajga coOupaThCsi BOKPYT HOCOBOM 4YacTW Cy/AHA, a 3aTeEM BIPYT,
NOKMHYB €ro, ¢ OrPOMHOM CKOPOCTHIO TMOKaTWja BIEpeNl, NPUHSB (QopMy
000COOJIEHHOTO KPYITHOTO BO3BBIIICHUS] — OKPYIVIOrO, TJIaJAKOTO U PE3KO
OUYEPUYEHHOT'O CKOTUICHHSI BOJIbI, KOTOPOE MPOJOJIKUIIO CBOM MyTh MO KaHay 0e3
CKOJIbKO-HUOY/Ib 3aMETHOTO U3MEHEHMSI (POPMBI UM YMEHbILIEHUSI CKOPOCTH. S
MOCKaKaJl 32 HUM BEPXOM M KOTJa HarHajl ero, OHO €lle KaTWUJIO BIEepe] CO
CKOPOCTBIO BOCBMH-JEBATH MHJIb B Yac, COXpaHSs CBOI MEPBOHAYAIHHYIO
dopmy B BHae ¢urypsl GyTOoB TpUALATH JIMHOM U OAMH — moaTopa (yra
BBICOTOM. BhICOTa CKOIJIEHHS MOCTENEHHO YMEHbIIANAch U, MPOCKAKaB 32 HUM
OJIHYy — JIBE€ MHJIH, 51 TIOTEPSUT €r0 B U3BMBAX KaHana. TakuM B aBrycTe MecsIe
1834 roma okaszamach MOS TiepBas BCTpeYa CO CTOJb CBOCOOpPA3HBIM U
npekpacHeM siBieHWeM...» [1]. B 189%. KopreBer m ne Bpus BwiBenu
YpaBHEHHS BOJH Ha MEJKOW BOJAE C YYETOM HEJIMHEWHBIX W IAUCIEPCHOHHBIX
3¢ (pexToB, MOTYUUB €T0 pelICHUE B BUJIE YEIUHEHHON BOJIHBI.

ConuTOH — 3TO OJHOMOJISIPHBIA CHEKTPaIbHO-OIPAHUYEHHBINM HMITYJIbC,
pACIpPOCTPAHSAIOIIMKCS B HEJIMHEMHOM  Ccpede C  JHUCIEpCUer U
XapaKTEPU3YIOIINIICS TOCTOSIHHOW CKOPOCTBIO PACIIPOCTPAHEHUSI U HEM3MEHHOMN
dopmoii. Jlucnepcuss W HEIMHEHHOCTh H3MEHSIOT OrMOAaoIIyI0 BOJIHOBOTO
nakera win (opmy ummynbca. [Ipuyem 3Tu u3MeHeHUs TeM OOJblIe, YeM
MEHBIIIEe IMTENFHOCTh UMITYJIbca. B cpenax ¢ pucrepcueil mmpuHa UMITyJIbCa
3aBHCUT OT 4YacTOThl. Jlucmepcus NpPUBOAMT K pPACIIUPEHHUIO HMITYJbCa, a
HEJIMHEWHOCTh — K €ro caTtuio. [Ipum ompeneneHHbIX YCIOBHSIX BO3MOXKHA
KOMIIEHCAIIHS 3TUX JIBYX MMPOTHUBOIOJIOKHBIX TEHACHIIUN, B pe3yJIbTaTe KOTOPOi
POXKIAOTCS] COUTOHBI.

MHoro npeacTour emie cAenaTh B 0071acT UCIONIb30BAHUS COTUTOHOB, T.€. B
o0nacTu pa3pabOTKH YCTPOMCTB, HCHOJB3YIOUIMX COJUTOHBI. (OCOOEHHO
aKTyaJbHBI 3TH BOIPOCHI IS BOJIOKOHHO-oMTHYeckuX JimHUi cBs3u (BOJIC).
Tak kaK JJIUTENLHOCTh COJIMTOHA MEHBIIIE ITTUTEIHLHOCTA BXOAHOTO UMITYJIbCA, a
CKOPOCTb pacHpoCTpaHEHHUsi €ro OoJibllle, TO HCIOJIb30BAHUE COJIUTOHHBIX
PEXKUMOB 00ECIIEYMBAET MOBBILIEHUE OBICTPOACHCTBUS U PACIIUPEHHUE MOJIOCHI
HPOMYCKaHUs JMHUN Tepelay U yCTPOWCTB, BBIMOJHEHHBIX Ha WX OCHOBE [2],
[3]. [lepcnexkTuBHO pUMEHEHUE COJINTOHOB B CO37aHUU
CBEPXOBICTPOACHCTBYIOIUX CUCTEM 00pabOTKH MHGOpPMAIUH.

Hapsiny ¢ teopernueckumMu  paboTamMM  MPOBOJWINCH  TaKXKe
AKCIIEPUMEHTAJIbHbIE HCCIEJOBAHMUS COJMTOHOB B pPAa3IMYHBIX CHUCTEMax U
cpenax. OIHAaKO, 3TH SKCIEPUMEHTHI TOBOJBHO CIOXHBI M 4YacTO TPEOYyIOT
noporocrosimero obopynoBanus. [loaTomy C pa3BUTHEM BBIYUCIHTEILHON



TEXHUKU CTaJIH TPEIIPUHUMATHCS TONBITKH IPOBOAHWTH BBIUYMCIHTEILHBIC
skcnepuMeHThl. B 199Q. B ToMckoMm rocyaapcTBEHHOM YHUBEpPCHUTETE Oblia
nocTaBjieHa JiabopaTopHas paboTa MO0 HCCIEJOBAHUIO COJHUTOHOB C
HCIIOJb30BaHUEM JHAJIOTOBBIX BBIYMCIUTEIBHBIX KomiuiekcoB (JIBK) [4].
CrpemuTenpHas KOMIBIOTEpU3ANUS 3a TPOIMIENIIee C TeX MOp BpeMs jaaia
BO3MOXKHOCTh TOCTaBUTh BBIYMCIUTENBHBIN JKCIIEPUMEHT C HUCIOJIb30BAHUEM
nepcoHanbHbIX KomibioTepoB (1K) u pa3paboTaHHOTO /IS HUX MPOrPAMMHOIO
oOecrieyeHus.

Bnepsrie nannas padora B TYCVYP Obuia nocranena B 200G. u Torma ke
ObUIM COCTaBJIEHBI K HEW METOJMYECKHWe YKa3aHus. B HOBoe wu3maHue
METOAMYECKUX YKa3aHWU BHECCHBI UCIPABICHUS W YTOYHCHUS, YYUTHIBAIOIIHE
HAKOTUICHHBIM OMBIT IPOBEJACHHS TaOOPaTOPHON pabOTHI.

2. lleab paboThI
[lenpto paboOTHI SIBISIETCS TPOBEACHUE KOMIIBIOTEPHOTO AKCIEPHUMEHTa II0
MCCJICIOBAaHUIO COJIMTOHOB B TPEX PA3IUYHBIX CUCTEMAaX: UMITYJIbC HATPSIKESHUS
B PAIMOTEXHUYECKHX IEMAX C HEIMHCHHBIMH pPEaKTHBHBIMH DIIEMEHTaMU,
CBEPXKOPOTKUI UMITYJIhC B BOJJIOKOHHOM CBETOBOJIC; KBAHT MarHUTHOTO IMTOTOKA
B pacrnpeneneHHoM KoHTakTe J[xo3edcona.

30cHOBHbBIE TEOPEeTHYECKHE CBEIeHHS

3.1.VccnenoBaHus COMUTOHOB B HEJIMHENHBIX JIMHUIX NIEPEIaAUYN
¢ nucnepcuen. YpasHenue Kopresera-ne Bpuza

Henuneiinas nuHHWS mepenayn ¢ Aucnepcued — Quinueckas CHcTeMa,
IpOIIeCcChl B KOTOPOH YAOBIETBOPSIIOT ypaBHeHHIO KopTesera-ne Bpusa [5]
Ut+l&JXXX+WUX:O’ (1)

rae B =CONS, )y =CONS —ko>pPHUIHEHTH YPABHEHHUS.

PeanbHbple nHMHMU nepeaadyn, Kak IIpaBUIO, SBIIAIOTCA HCJIUHEHHBIMU U
HMCIOT OHCIICPCHUIO. HenmuHelHOCTh JMHHMU O6YCJ'IOBJ'ICH8, 3aBUCUMOCTBIO
MHAYKTUBHOCTH OTPE3Ka JIMHHUH OT TOKA U EMKOCTH OT HAIIPSAKCHUA. I[I/ICHCpCI/I}I
B JIMHHHU CBs3aHa C 3aBHCHUMOCTBIO YKA3aHHBIX MMapaMCTPOB OT YaCTOTEI.

DKBUBAJIEHTHBIE CXEMBI TAKUX JIUHUI ITOKAa3aHbI Ha puc. 1.
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Puc. 1.DOxBuUBaIeHTHBIE CXEMbI 3B€HA HEJTMHEWHOW JTUHUU Tepe/laun C JUCIICPCUCH:
@ — ¢ HEJIMHEMHOM €MKOCThIO; 6 — C HEIMHEHHON UHYKTUBHOCTBIO.



Henuneltnpimu snementamu C, u L, cimyxaT 1100 AUOIbI, EMKOCTh KOTOPBIX
SIBIISICTCSI HEJMHEHHOW (YHKIMEH HampsyKCHHUsS CMEIICHUs (BapuKarbl), OO
KaTyIIKA UHIYKTUBHOCTH C HACBIILAIOIIUMHUCS (beppoMarHuTHEIMU
CEp/ICYHUKAMH, WHIYKTUBHOCTb  KOTOPBIX SIBJISETCS HEIMHEHHOW (QyHKIuen
toka. Konnencarop C, no0OaBiieH aJisi yBeJIMUYEHUS TUCIIEPCUU CBEPX TOM, KOTOpast
00yCJIOBJIEHAa JTUCKPETHOCTHIO MAPAMETPOB JIMHUM U MEXBUTKOBBIMU €MKOCTSIMHU.
bnarogapst emy yMmeHbImaeTcst TpeOyemMoe uncio 3BeHbeB [5]. B mmHHOBOIHOBOM

npubmkennn  (Ax/A) —» 0, rae AX— [1iMHA 3BeHa, LENOYKA TAKMX 3BEHBLEB
OITUCBHIBAETCS CUCTEMOMN YPaBHEHUH

a_l + —aQ(V) =0
0X ot
'
N -, )
oX ot
ﬂ+i[q| -1")=0.
oxot C
DTH ypaBHEHHUS ONKCHIBAIOT HW3MEHCHHE TOKAa B JIMHHH, OOYCIIOBJIEHHOE
usmenenneM 3apsga  Q(V) Ha HenmueliHom kouzaencatope C, , a Takxke
M3MEHEHHE Hanpspkenuss V, BbI3bIBaeMoe usMeHenusmu toka (1—1") B
HHIYKTUBHOCTH L u nmHeilinom konmgeHcarope C, . U3 cucremsl (2) MOXKHO
HOJYYHMTH OJHO YPaBHEHHE IS HAMPSIKEHUS
2

ov 1 L@2\/__1 aQ(V):0 ‘)

oxot’ LC, ox* C, ot ’
KOTOpOe MpuUBOAUTCS K ypaBHeHuio Kopresera-ge Bpmsa. C 310l 1€1bI0
BBOISITCSL HOBBIC Oc3pasMepHble mepeMeHHele ¢ u 7, a 3aping QW)
amnMpPOKCUMHUPYETCS KaK

Q(V) = GV-GV, (@)
rae Co — nuHEeHast COCTaBISIONIas HeMMHEHHO#M eMkocTi C,, TIPH OTCYTCTBUHU
Ha HEll HaIPSHKEHUST CMEIICHHS.

Ecau o603nauute V L U | roe £— manbrit 0e3pa3MepHbIil mapamerp, To JIs
Hanpsbkenns U momyuaercs ypaBHEHHE

6U+ C, |L¢3U3+C”IBJ6U

or 2C, 0¢ G, 0¢
Oto u ectb ypaBHeHue Kopresera-ne Bpusa.
ConuronHoe pemenue ypaBHeHus (5) B mepeMeHHBIX X B t MMeeT BH

=0, (5)

rac Umax_ MaKCHUMAJIbHAA aMIIMTyda COJIMTOHA.
HCpr,Z[HO 3aMCTUTh, YTO B JaHHOM CJIy4a€ CKOPOCTb COJIMTOHA paBHa



CHUmax 1

E
SCO / LCO ’ (7)

B TO BpEMA KaK Yy OOBIYHOT'O HMITyJIbCa OHa MCHBIIC HW COCTABJIACT

V. =| 1+

\A :]/ VLG, . M3 (7) BuaHO, 4TO CKOpOCTH CONMTOHA  BO3PACTaeT C

YBEIMYECHUEM €ro aMIutuTynbl. Eciau HemuHeiHocth orcytcTByeT (C, = 0), TO
COJTUTOHA He OyJIeT.

B paccMoTpeHHON MaTeMaTUYECKON MOAEIN HEJIMHEMHOM JIMHUU TIEPEIadn C
TUCTIEPCHEH TTpeHeOperaloT MOTePSMU M 3aBUCUMOCTBIO 3apsiia OT HANPSHKCHUS
Ha HEJMHEWHOM KOHJEHCATope, B COOTBETCTBUU C (4), B CTENEHH TpeThed U
BhITie. Kpome Toro, mpenronaraercs, 4To JJIMHA BOJIHBI 3HAYUTEIHLHO OOJBIIE
pa3MepoB 3BEHA JIMHUM TIePEIayH.

[Tpu ManbIX aMIIMTyIaX CTallOHApHAs BOJIHA ISl ypaBHeHUs KopTesera-ne
Bpuza — sto rapmonudeckas BoiaHa (puc.2, a) [6]. 3aTeM ¢ yBeiauueHHEM
aMIUTATYIBI COOTBETCTBYIOIIAs CTAI[MIOHAPHASI BOJIHA OCTAETCS MEPHOINIECKOH,
HO YK€ HCIBIThIBACT Ha ceOe BIMSHHE HEIMHEHHBIX 3(dekToB (puc.2, 6). U,
HaKOHEII, Ha pUC. 2,8 BHUIUM yEeTUHEHHYIO BOJIHY WJIHA COJIUTOH.
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Puc. 2. ®opma cTaniioHapHBIX BOJIH Pa3IMYHON aMIUIUTYABI JJIs
ypaBHeHust Kopresera-ne Bpusa.

Teneppr ocTaHOBUMCST Ha B3aUMOJCHCTBHM JBYX COJHTOHOB (puc. 3).
IIpenmonoxxum, 4YTo B Cpele pacnpoCTPaHAKOTCA JBE  CTAlMOHAPHBIE
YEAUHEHHBIE BOJHBI C PA3IMYHBIMM AMIUIMTYJaMH. ECIM NEpBBIM COIUTOH C
OoJblIel aMIUIMTYAONM B HAYalbHBI MOMEHT BPEMEHHU DACIOJOXKEH I03a1U



BTOPOTO COJMTOHA C MEHBIICH aMIUIUTYAO0U, TO, 00anas OOJbIIel CKOPOCTHIO
pacnpoCTpaHEHUs, TEPBbIM COJMTOH JOTOHUT BTOPOM M HA4YHETCA HUX
B3aumozeicteue (puc. 3, a). [Ipu B3aumopeiicTBun oOpa3yeTcs BO3MYIICHHE,
HO OHO HE SIBJISIETCS JIMHEHMHOW CYINEpPHO3UIIMEN JBYX COJUTOHOB. 3aT€EM 3TO
BO3MYIIEHHE PACMaJaeTCd Ha JBa COJIMTOHA, B TOYHOCTU COBMAJAIOIIUX C
UCXONHBIMH. Takum 00pa3oM, HECMOTpsl Ha HEJIMHEHHOCTh Mpoliecca,
IPOUCXOIUT Kak Obl HE3aBUCHMOE IPOXOXKIACHHE OJIHOIO COJMTOHA uepes
npyroii. OJHaKO TakKoe B3aUMOJEHUCTBHE HMEET MECTO TOJbKO TIpHU
3HAYUTEIIbHOM Pa3HULIE B aMILUIUTY1aX COJIUTOHOB.

a@ o

Puc. 3.TIporecc CTOJIKHOBEHHUS ABYX COJUTOHOB C CHIIBHO Pa3IMyYalOIuMU
cs (a) v OJIM3KUMU TI0 3HAYEHUIO (0) aMILTUTYIaMHU

Ecnu  aMIumTyapl CTaNKMBAIOUNIMXCS CONUTOHOB Onmu3ku (puc. 3, 6), uX
MIOJIHOTO TEPEKPBITHS He MpOoucXoAuT. COJIMTOHBI CONMKAIOTCS, HO TaK, 4TO
CBSI3aHHOE COCTOSHHE MMEET JIBa BBIPAKEHHBIX MAaKCUMyMa. 3aTeM B TEUCHHUE
HEKOTOPOTO BPEMEHU OTHOCHTEIIFHOE pACIIOJIOKEHHE MAaKCUMYMOB — HE
M3MEHSICTCS, HO U3MCHSCTCS WX 3HAYCHUE. MEHBIIUI MAaKCUMYM BBIPACTAET 10
Oousbrrero. [Ipu sToM OonbIIMil, HANPOTHB, JOCTUTAET 3HAYEHHE MEHBIIETO,
MOCJIE Yero COJIMTOHBI PAcXOAATCs. TakoW MPOLEecC HANOMHUHAET YIPYroe
CTOJIKHOBEHHE JIBYX YacTUI[ OJUHAKOBOH MacChl, MPH KOTOPOM YaCTHUIIBI
O0OMEHUBAIOTCSA CKOPOCTSIMHU.

3.2.PacopocTpanenne cBEpXKOPOTKUX MMITYJILCHBIX CUTHAJIOB B BOJJOKOHOM
ceetoBojie. Henuneiinoe ypaBaenue IlIpenunrepa

OnTudeckoe BOJIOKHO WM BOJIOKOHHBIM CBETOBOJ — HelUHeUHdAs
oucnepeupyowas cpena, yanooHas i W3y4eHUs HECTAlMOHAPHBIX BOJHOBBIX
SIBJICHUH, B YaCTHOCTH, ONTHYSCKUX COJIUTOHOB.

B ciydae ciaObIx CUTHAJIOB ONTHYECKOE BOJIOKHO MOHO pacCMaTpUBaTh Kak
JMHENHYIO JUCIEPrupyronyro cpeay. Aucnepcus OpUBOIUAT K YIIMPEHUIO
HUMITYJICOB, KOTOPOE OIUCHIBaeTCs mapamerpoM [1]

— 2 2
Ty - \/Tebzx Tl

U 7, — JNIATCIIBHOCTU MMITYJIbCOB HAa BBIXOJC WU BXOJC B CBCTOBOX 110

S O
ypoBHIO 0,5 0T MakcMManbHOTO 3HAa4YeHUs. YIIMPEHUE, B CBOIO OYEpe.b,
OrpaHUYMBACT MoJocy 4actoT Af u ckopocth mepemaun mHbopmanmu. ITH
UCKQKEHHUSI IPUHATO OTHOCUTH K YYacCTKYy CBETOBOJA, JUIMHA KOTOpPOro paBHa 1

kM. OJJHOMO/IOBBIE BOJIOKHA, TUaMeTp cepaneBuHbl KoTopbix d = 5...10MmKM,



umerot nosiocy nponyckanus Af = 1...100I'T; MHOrOMOIOBBIC C TPATUCHTHBIM
npopuiaem u d =50 mxm mmeror Af = 100...1000MI'11; MHOTOMOJIOBBIE CO
crynenyarbiM npoduiem . d=80...400mkm mmeror A f = 10...100MI .
XO0poII0 U3BECTHA MTPOCTas OIICHKA

Af =1t
Hanpumep, T, = 20nc/km  coorsercreyer A f =50 MIy .

CylIeCTBEHHOE OrpaHMUYCHHE MMOJOCH YaCTOT B MHOTOMOJIOBBIX ONTHYECKUX
BOJIOKHAX 10 CPaBHEHHIO C OJHOMOOBBIMH CBSI3aHO C MEXMOJOBOM
aucrepcueii (B3auMOICHCTBUEM MOJ).

B  0IHOMOZOBBIX BOJIOKHAX pEaTM3yeTCs PEKHUM PacIpOCTpaHEHHUs
CBEPXKOPOTKHX HMITYJICOB, aHAJIOIMYHBIN PACIPOCTPAHEHUIO IIOCKUX BOJIH B
HEOrpaHMUYEHHON mucneprupyromeit cpeme [2]. ducmepcus o0yciaoBicHa
3aBHCHMOCTBIO TPYNIOBOH CKOpOCTH V., pacmpoCTpaHEHUs HMITYJIbCA OT
9acTOTHl G, YTO, B CBOKO OYEPEIb, CBA3aHO C YACTOTHON 3aBHCHMOCTBLIO

MOCTOSIHHOM  pacmipoctpaneHust  K(a) — WM 4acTOTHON 3aBHUCHMOCTBHIO

MoKa3aTeNsi TPEIOMJICHUS  CPEeabl n(&). Yacrto »3Ta 3aBUCHMOCTH
aNMPOKCUMHUPYETCS TIOJTMHOMOM ITOPS/IKA HE BBIIIIE BTOPOTO
1 2
(@) = k(@) + K, Tew= @) +5 K, [w- @)’ ®
__0k| _ 1
rne K == dwl v | V,, — TpynmoBas CKOpOCTb;
w Wy P |w,
__ 0% | __ 1 9V, y
27" 342 RV Dﬁ — IUCTIEPCHsI TPYIITIOBOM CKOPOCTH;

Wo » Wo
(v, — CPEeNHss HEeCyllasi 4acToTa UMITYJIbCA.
I[Ipu K>>0 pucnepcuro Ha3bIBalOT Hopmanvrot, ipu K>, <0 —anomanvuoil.

Jlucnepcuio XxapakTepu3yrT mapaMeTpoM
Ld :TGX/‘KZ" (9)
Trac I—a— ,Z[I/ICHepCI/IOHHaH AJIMHA, HpI/I paCHpOCTpaHCHI/II/I Ha KOTOPYIO

MHTEHCUBHOCTh HMITyJIbCA CHUXKAETCS B € pa3 3a CYEeT YIIUPEHUs WIH
pacIUIbIBaHMS MTaKeTa.

B ciyyae CHUIBHBIX CUTHAJIOB ONTHUYECKOE BOJIOKHO SBIISIETCS HEJIMHEHHOU
JTUCHIEPTUPYIONIEH cpeno, Moka3aTeidb MPEIOMIIEHUS KOTOPOMl 3aBUCUT OT

aMIUTATYbI BOJIHBI ‘U‘ Wi ee mHTeHcuBHOCTH |, T.6. N=n(&,l). dus

craboHenuneinou CpEanbl ,Z[CﬁCTBPITCJII)H&H JaCTb IIOKa3aTelisd IIPCIOMIICHUSA
MOJKET OBIThH MMpCACTaBJICHA B BUJIC

nzno+%n2‘uz‘=no+ﬁzl , (10)
nz‘U2‘
2|

~

= 2
roe N, = UMEET Pa3MEpPHOCTh M / Bm,



nO — JIMHEWHAas COCTaBJIAIOMIAA ITOKa3aTEJIsl HPCIOMIICHU,

> 0 — korhpunueHT, ONpeneNIOMNA BETNIYUHY HETMHEWHON T00aBKH.
HennHeWHOCTH XapakTepu3yoT IapaMeTpoM

r

86X

L, = 11
JoKonlo| b

rac I—H — HEJIWHEHHAas JJIMHA, omnpeacisieMas 1o aHaJlorun C I[HCHCpCI’IOHHOﬁ

JUTMHOW;
b — muKoOBOE 3HaUE€HHE UHTEHCUBHOCTH MpU & = (; K, = k(@) .

B onTtudeckux BOJIOKHAX aHOMallbHasi JUCIIEPCUS] TPYNIOBOM CKOPOCTHU
(K> < 0) nabmogaercs B ClieKTpaibHOM auana3one A = 13mkm, B koropoM mpu
ONPENECICHHOM YPOBHE€ BXOJHOM MOIIHOCTA COBMECTHOE MPOSIBICHHUE
JTUCTIEPCUM W HEJIMHEWHOCTH TMPUBOJUT K CTAOWMIU3AIUMU JIUTEIBHOCTH

HMITyJIbCa, T.C. K 06pa3013aH1/I}0 COJIMTOHA. MaTreMaTu4eCcKu 3TO BbIPAXKaCTCsA
COOTHOIIICHHUEM

La = LH 1 (12)
OTKyda CJICAYCT BbIPAKCHUC 1JIsI MOIITHOCTHU COJIMTOHA
1 K|
P=215, =12 g
C 2 0 (17 ko n2 Z_gx 2 ’17 ] (13)

rae Sgd) —3¢dexkTrUBHAS MIOATb MOJIBI.

Jns ogHOMOOBOTO cBeTOBOAa S, <S, S —MJI0Ia1b CEPALICBUHBL.

Conuton obpasyeTcs, eciau MOIIHOCTh CHTHalla Ha BXOJAE B CBETOBOJ Py
paBHa MouiHocTH conmutoHa P, . [lpu P,> P. Oyner pasBuBaThCs mpoliecc
caMoC)KaThss uMIyinbca, npu Py, < P. Oymer HaGmogarhbes yIIMpeHHE
UMITYJIbCA.

OneHrM MOIMHOCTh COJHMTOHA, mojcTaBuB B ¢opmyiny (13) Ttunuunbie

sHauenns mapametpos.  Ag = 15amkm, 71, =3.4nc, S, ~100mKm?,
A, ~ 3200 °cn?/Bm, K,=-1512/2mc, ¢=300u/c. B pesynsrare
nonyuuM P, =1 Bm. Takum o0pa3zoM, aias BO30YXIEHHS COIUTOHA JIa3ep

JIOJKEH UMETh MOILIHOCTD HE MeHee 1Bm .

HpOHCCC pPacupoCTpaHCHUs CBCPXKOPOTKHUX HMIIYJIbCOB B CBCTOBOJAC MJIA
Cciydvas, Korga Hecylas 4actora G, HaXOAUTCA BAAJIA OT PE30OHAHCHBIX YaCTOT

C(,peg Cpeanbl (OHTI/I‘-IeCKOFO BOJ'IOKHa) " IOIJIOHMICHHUE B CPpCAC HECYHICCTBCHHO,

OTHCHIBACTCS HEMUHENHBIM Au(depeHnnanbHbiM ypaBaenueM lpenunrepa

oU . K, 9% kot o2
0¢ I\KZ\EZTZHZ\KZ\nOEIU‘U .

rne U(&,7) — aMILIUTY1a UMITYJIbCA HAMPSIKEHUS,

(14)



(t - x/Vep)

r

6X

r= — 0e3pa3MepHOe Bpems;
¢ = X/L() — O6e3pa3MepHOe PacCTOSTHUE,

t —Bpems; X —KOOpIMHATA BJIOJIb OCH CBETOBO/IA.
VYpapHenwue (14) iMeeT COIMTOHHOE PEIICHHUE BHIA

2n, —iy?
< z\Kz\ Dysch{x7)@x %‘t . (15)

HapaMeTp X €CTh OTHOHMICHHC IIUTCIBHOCTH 7, BXOJHOTO HMITYJIbCa K

JIMTENFHOCTU COJMTOHA [, M HaspiBaeTcs GopMm-dakropom. 13 (15) cnenyer,
YTO TapaMeTp X ONpeaeNseT He TOJBKO JIMTEIBHOCTh, HO U aMIUTHTYAY

COJIMTOHA.

B paCCMOTpeHHOﬁ MaTEMaTHYECKOM MOACIIM OIITHUYECKOI'O COJIMTOHA
npeHe6pera}0T MNOTEPAMH HA HU3JIYUCHHC, YJICHAMH TPETHCIO U 0oJsice BBICOKHX
IMOpAAKOB MAJIOCTHU B PA3JI0KCHHH BOJIHOBOI'O YHCJIa IIO CTCIICHAM (CL —CLO),

JTUCIIEPCUEN HENMHENHOCTH, MHEPLUHUOHHOCTBIO HEJIMHEWHOro OTKIuKa. Kpome
TOr0, BOJIOKOHHBIM CBE€TOBOJ, B KOTOPOM pacCIpPOCTPAHSAETCS ONTHYECKUU
COJUTOH, TPEINOJaraeTcsi OJHOMOJOBBIM, YTO TIO3BOJISIET TMpeHeOpeyb
MEKMOJIOBOY JUCIIEPCUEN, U HE UMEET NTOTEPD.

3.3. DtoKCOHBI B pacnpeie/ieHHbIX KoHTakTax /[xo3edcoHa.
Cunyc-ypaBHenue ['opona

Pacnpenenennsiii koHTakT J[)kozedcoHa mpeacTaBiser coOOM OHY U3

MHOTHX (PU3UYECKUX CUCTEM, ONMMCHIBAEMBIX CHHYC-ypaBHeHUeM [ opoHa

2

2920 sing, 16)

ox~ ot
B KOTOpPOW BO3MOXKHO CYIIECTBOBaHHE COJHMTOHOB [5]. B manHOM ciyuae
¢uznyeckuM OOBEKTOM, COOTBETCTBYIOIIMM OOIEMYy TMOHSTHIO COJUTOHA,
ABJISIETCS] KBAHT MarHUTHOTO MOTOKA WK (ItOKCOH. DIIOKCOHBI YCTOMUUBBI, UX
MOXXHO XpaHWTbh, NEpPEeMEIIaThb B HY)XHOM HAaNpaBlIE€HUU U MPUBOJUTH BO
B3aMMOJICUCTBHE C BJEKTPOHHBIMH TpuOOpamu, Onaromaps yemy (IIFOKCOH B
OPUHIIMIIE MOXET CIY)KUTh OWTOM B JJIEKTPOHHBIX CHCTEMax oOOpabOTKH
uHpopMalui. A TOCKOJBbKY TOJ00OHBIE OINEpalud MOXKHO TPOBOAMUTH C
UCKJTFOUUTEIbHO BBICOKMMH CKOPOCTSMU U C YPE3BBIYAMHO MajbIMH 3aTpaTaMu
SHEPruu, Takas MbICIb TMPECTABISETCS BECbMa 3aMaHYMBOM C TEXHUYECKOU
ctopoHsl. Kpome Toro, nBmxkeHue (rOKCOHOB B KoHTakTax JIxozedcoHa
conpoBokmaercs CBY w3mydeHueM, W 9TO MO3BOJISET UCIOJIB30BATH TAKHE
KOHTAaKThl B TEHEPATOPaX U JETEKTOPAX.

B cBoem mpocreiimem Buime KoOHTAakT JIkozedcoHa — 9TO CaHIBUY,
COCTABJICHHBIA W3 JBYX CJIO€B CBEPXIIPOBOJAIIETO METaia, pPa3eICHHBIX
TOHKUM JUAJIEKTpUIeCcKUM O0apbepoM (puc. 4). Kormga o6a Meraia HaXoaITCs B
HOPMAJIbHOM COCTOSIHUHM, BOJIbTAMIIEpPHAs] XapaKTEPUCTHUKA BCETO YCTPOMCTBa




UMeeT MPUMEPHO OMUYecKHid BUJ (ITyHKTHpPHAs KpuBas Ha puc. 5). Eciu xe 06a
MeTajljia SBISIOTCS CBEPXIMPOBOJHUKAMHU, TO BOSHUKAIOT /IBA TYHHEJIbHBIX TOKQ,
KOTOpbIE TMPUBOAAT K TOSBIICHUID HA BOJBTAMIEPHOW KPUBOM JABYX
HE3aBUCHMBIX BETBEH (CIUIOIIHAS KpUBas Ha puc. D).

Takue cUCTEMBI M3rOTaBIMBAKOTCSA METOJOM BaKyyMHOI'O HAalbUICHHS,
KOTOPBIM NPUMEHSETCS MPU WU3TOTOBICHHH IUICHOYHBIX HHTETPAJIbHBIX CXEM.
TonmmHa CBEpPXNPOBOAAIIMX CJIOEB OOBIYHO paBHAa ThICSYAM AHICTPEM,

TOJIIUHA JUDJIECKTPUYECKOrO CJIOs IOpsKa 2510 "%y, a HOIEPEYHbIE
pasMepbl KOHTAaKTa, M3TFOTOBJIEHHOTO OOBIYHBIM  (POTONUTOrPAYUUECKUM
METOZIOM, MOIYT COCTABIATH OT HECKOJBKMX MHUKPOMETPOB [0 JECATKOB
CAHTHMETPOB.

I.li

¥

Puc. 5. BospramnepHasi XapakTEpUCTHKA TYHHEJIBHOIO ITepexoa

B konrtaktax [I)ko3edcoHa ¢ ManmpiMH TONEPEYHBIMU pa3Mepamu |
OJTHOPOJIHBIM TYHHEJIbHBIM 0apbepoM 3JIEKTPUUYECKHE BEJIWYUHBI B IEPBOM
MPUOTIMKSHUHN TTIOTYHHSIOTCS YpaBHEHUSIM [6)]

1(xt)=1,sing, (17)
3¢ _2n
ot @ (x1), (18)

rjae | — TyHHeIbHBINM CBEepXIIPOBOIALIMI TOK Yepe3 U30JUPYIOIIHM Oaphep;



lo — mapameTp, Ha3bIBAEMBId KPUTHYECKUM TOCTOSSHHBIM  TOKOM
JI>xo3edcoHa, KOTOPBIN 3aBUCUT OT HCIIOJIB3YEMBIX MAaTepUajoB, T€OMETPUHU
KOHTaKTa U TEMITepaTyphl;

¢ — OTHOCHUTEJIbHAS Pa3HOCTh (Da3 MEXK Ty MaKPOCKOITMYECKUMH KBAHTOBBIMU
BOJTHOBBIMH (DYHKITUSIMU JIBYX CBEPXITPOBOHUKOB;

U — pa3HOCTh NOTEHLIMATIOB HA KOHTAKTE,

h

@ = 2—e — KBaHT MarHUTHOTO motoka (h — moctosiHHas [lnanka, € — 3apsn

AIIEKTPOHA).
B mpakThueckoil cucTeMe eIWHUI] BEIWYMHA ¢, TNPUMEPHO paBHA

2107 B6 [¢, uro maer mpeIcTaBICHHE O MOPSAKAX BEIMYMH, XapaKTEPHBIX
JUIsl cucTeM 00paboTku nHpopManuu Ha (IIOKCOHAX.

N3BecTHBI 1Ba BAXKHBIX CBOMCTBA KOHTAaKTOB Jl)ko3edcoHa:

1.Tox yepe3 KOHTAKT BO3MOXKEH JJa)Ke B OTCYTCTBHH HaIpsoKeHUs (PaBEHCTBO
09 _
ot

2Ilpu MOCTOSSHHOM HaIpsKEHUU BO3HUKAET MEPEMEHHBIM TOK C YacTOTOH
484 MI'11. D10 Tak Ha3piBaeMbli A dekT Jxxo3edcona.

bonee unTepecHoi KOHpUTypauuen sBIseTCA Ta, B KOTOPOH, KaK MOKa3aHO
Ha puC. 4, MPOTSHKEHHOCTh KOHTAKTa B HAIMIPABJICHUU Y MaJjia, a B HAIIPaBJICHUH X
Benuka. UToOBI ommcath 3JIEKTPUYECKUE CBOMCTBA TAKOTO PACHpPEIEICHHOTO
OJTHOMEPHOTO KOHTakKTa, HeoOxomuMo oOweawHHTh ypaBHeHUs (17) m (18) c
ypaBHEHHsIMH MakcBeiia, ONMCHIBAIOIIMMU CBEPXHPOBOASAIINAN IMOJIOCKOBBIN
pe3oHaTOp. DKBUBAJIEHTHAA CXE€Ma KOHTAKTa MPUBEJIEHA Ha pUC. 6.

L]_ I—2

=

Puc. 6. DkBuBaneHTHasi cxeMa pacnpeaeseHHOro KonTakra Jlxo3edcona

0 o3Hauaer @ = CONS , Ho He o6s3arenpHO ¢ =0).

[Toronnsie HAYKTUBHOCTH L 1 emkocTh C natorcs popmynaMu

L=Forld+s,+0,) (19)
C=£5,9 120

rne YU, U € — MarHuTHas M AUDJIEKTPUYECKasl MPOHULIAEMOCTH CBOOOJHOIO
IPOCTPAHCTBA,
& — OTHOCHUTEJIbHAS AUDJIEKTPUUECKask IPOHULIAEMOCTh OapbepHOTO CJI04;
a— IIMpYHA KOHTAKTa B HAIIPABJIEHUH OCH Y,
d — TonmmmHa 6aphEPHOTO CJIOS B HATIPABICHHH OCH Z,



d,,— TIyOUHBl NPOHUKHOBEHHS TOKa (TONIIMHBI CKUH-CIIOS) ISl JIBYX

CBEPXITPOBOIHHKOB.

Dnement J onuceiBaercs ypaBHeHussMu (17) u (18), B koTopeix | u lg uMeroT
Pa3MEpHOCTh TOKA Ha €IUHUIY JUITMHBI. B 3TO Moaenu mpenamosiaraercs, 4To
TOJNIIMHA  KaXJOTO  CBEPXIPOBOJHWUKA  BEIWKA 1O  CPaBHEHUIO  C
COOTBETCTBYIOIICH TIyOMHOW NMPOHUKHOBEHHS TOKA, XapaKTEPHBIC MACIITAOBI
M3MEHEHUs (U3NYECKUX M DJIEKTPOMATHUTHBIX IMAapaMETPOB TAaKOBBI, HTO
KpaeBbIMH (rpaHHYHBIMK) 3D PeKTaMu MOKHO MTPeHEeOpeUb; MOYKHO IpeHeOpeyb
BCEMU BUIAMH TUCCHUTIAIINH SHEPTUH.

I'myOrHa MPOHUKHOBEHHUS TOKA — BEJIMYMHA OOBIYHO MOPSIKA 500A. Tak kax
TOJIIIIMHA OAPHEPHOTO CJI0s1 O B THITMYHBIX KOHTAKTaX paBHA MPUMEPHO 25A, u3
(19) u (20) crmeayer, YTO MarHUTHas TOJIIMHA ITOJOCKOBOTO KOHTAaKTa
JIxxo3zedcona ropaszno OOJbIIE €ro AMEKTPUIECKOW ToMmMHbL. Kpome Toro, Tak
KaK CKOPOCTh PaCIpPOCTPAHCHUS dJIEKTPOMATHUTHBIX BOJIH B TAKOM MOJIOCKOBOM

-1/2 o o
JIMHHUU paBHA (LC) , 9TO YCTPOHUCTBO MOXHO CUMTATb 3aMCIIAIONICU

CUCTEMOM.
YpaBHEeHHs 1JI SKBHBAJICHTHON cXeMbl (puc. 6) MOXHO MOJIY4YUTh, 3aIIMCaB
3akoHbl Kupxroda:

ol oU

—=-C—-1sin

ax ot © ¢, (21)

oo 2 22

ox ot (22)

¢ _2m,

ot @ (23)
[Iyrem sneMeHTapHBIX MPEOOPa30OBaHMI 3TU YpPAaBHEHUS MOXKHO CBECTH K
OJTHOMY

L¢¢ C%£¢—Ism¢ (24)

2L ox*  2ir ot?

Ecnim B kavecTBe MacmiTtaba JIMHBI B3ATh JKO3E()COHOBCKYIO TIIyOWHY
MIPOHUKHOBEHUS TOKa A j :\/%/ 2Ll | a B xauectBe Macmtaba BPEMEHU —

0bpaTHyl0 mmasMeHHyio uactory Jhkosedcoma @, =4/271,/Cq . 1o

ypaBHenue (24) B Oe3pa3sMepHBIX BEIMYMHAX NMPHUMET BHJ CHHYC-YpaBHCHHUS
I'opmona (20). ITockonbky u3 ypaBHenwuii (21) — (23)caenyer, 4To HanpsHKEHUE
U Ha Gapbepe mpoIopIoOHaIbHO POU3BOIHOM OT ¢ 10 t, a IPOI0bHBIH TOK |
— MPOU3BOTHON OT ¢ MO X, TO SICHO, YTO JTUHAMHUKA DJICKTPHUCCKHX BEIUYMH,
XapaKTEPU3YIOIMUX KOHTAKT J[»o03edcoHa, MOTHOCThIO OnpeaesseTcss PyHKIueH
Q.

[TpocTeie perrenus ypaBHenus (16) MOTyT ObITH IOIYYEHBI, €CJIM UCKATh UX B
BHUie OCTyIINX BOJH HEU3MEHHOMN (OPMBI, PACIIPOCTPAHSIOIINXCS C TOCTOSTHHOM
ckopocthio. C  MareMaTHYeCKOW TOYKH 3pPCHHS O3TO  3KBUBAJICHTHO
MPEANONOXKEHNIO, YTO 3aBUCHMOCT ¢ OT X Wt uMeer BHI



¢ =g(x-ult)=¢(), rme U — CKOPOCTh PACHPOCTPAHEHHs, YMHOMKEHHAs Ha

~1/2
(LC) . Takue pemieHuss MOTYT CYIIECTBOBaTb TOJBKO B OECKOHEYHO
npotrshkeHHOW nHuU. [loactaBuB 310 BhIpaxkeHue it @ B (16) , MOXKHO

NOJIYYUTh ypaBHEHHUE, MO (QOopMe COBNAAAIONIEE C YPABHEHHEM OOBIYHOTO
IIJIOCKOTO MasiTHUKA

d’¢ _ sing
dé? 1-u?’
DTO ypaBHEHHE HMMEET pELICHHsS [BYX THIIOB. IUIa3MEHHBIC BOJIHBI, B
MEXaHHYECKOM aHaJI0re COOTBETCTBYIOIIME OOBIYHBIM KOJICOAHUSIM MasSTHUKA, U
(JIIOKCOHOBCKHE BOJIHBI, OTBEYAIOIIHE €r0 BPalaTeIbHOMY JBHKEHHMIO.
1. ITnasmennvie gonnwl. lpu U>> 1  ypasueHue (25) nMeet pereHne

¢ = 2arcsir| ROs u‘:%f)‘g,z R|| (26)

(25)

rae SN —amnunTtuueckas ¢yHkuus Skobu ¢ mogynem R, O<R <1, ¢ —
HPOU3BOJIbHAS TOCTOSTHHAS.
Jlnst HanpsbkeHus, NeNeHHoro Ha Wj¢h, ypaBHeHue (23) mepenuiercs B BHIE

9 —on 27)

W3 Hero HeTpyaHO HaWTH Oe3pa3MepHOE HANpPSDKEHHE, COOTBETCTBYIOIIEE
penrenuto (26),

uﬂ__ uR on -4,

= = ‘R
2T dg( r[(u2 _1)]J2 (uz_])llz . (28)

OTO pelieHHe ONKCHIBACT MEPUOMUYECKYI0 BOJIHY C HYJICBBIM CPEIHUM
3HAYCHUEM.
2
2. @awoxconosckue goanvl. Ilppu  U” < 1  ypaBHenue (23) umeer penieHue

BHUA

— i § ~ <o .
¢ =arcsinn+cn - RE(l—uz)m Rt (29)
B KOTOpPOM, KaK W paHbIIE, &o — npou3BoJibHas moctosiHHas, 0 < R <1 | a

3HAKU TUTIOC U MUHYC COOTBETCTBYIOT (DJIFOKCOHY U aHTU(]IIIOKCOHY.
OTHU pellleHus MPeACTaBISIOT CO00M MOHOTOHHO YOBIBAOUIUE TUOO MOHOTOHHO
BO3pacTaloline, B 3aBUCUMOCTH OT BbIOOpa 3HaKa, pyHKIMM nepemennoi ¢ . U3

ypaBHeHus (27) ciemyer, 4To Oe3pa3MepHOE HaIPsDKEHHE, COOTBETCTBYIOIICE
peurenuto (29), paBHo



u ¢
U=+« o :R|. (30)
2 2!
BOBBpaH_IaHCB K paSMCpHBIM BCJIIMYNHAM, l'IOJ'IyllaCM, qTo K&)I(,Zlblﬁ

MOJIOKHUTEIIbHBIN (OTPHUIIATENIbHBIN) HMMITYJIbC HANPSHKCHUS COACPKUT POBHO
OJTVH TTOJIOKUTENIbHBIN (OTPUIIATEIILHBIN) KBAHT MOTOKA ¢, .

(€
R

Ocoboe pemenne ypaBHeHHs (25) momydaercss mpu mepexojae K Mpeaety
R - 1 B popmynax (29)u (30):

¢ = darctg ex iﬁ ’ (31)
U :_#E h i
c =% ﬂ(l—uz)llz C (1_ u2)1/2 . (32)

OTO pelleHue, COOTBETCTBYIOLIEE PACHPOCTPAHEHUIO M0 JMHUU OJMHOYHOI'O
U30JIMPOBAaHHOTO  (UIFOKCOHA  (aHTH(QUIIOKCOHA), M €CTh  KJIACCHUYECKOe
COJIUTOHHOE pEIIeHNne CUHYyCc-ypaBHeHus ['opioHa.

4. OnucaHmue IKCNEPUMEHTA U METOAUKA padoThl C MPOrpaMMoOi

[locnenoBarenbHOCT,  MPOBEACHMUS  DKCIIEPUMEHTA  3aKJIOYaeTcs B
CJIEIYIOLIEM: CHayaia 3aJat0TCsl UCXOJIHbIE MapaMeTphbl COJIUTOHOB U MHTEPBAI
3HAYCHUW IIPOCTPAHCTBEHHOMW NEPEMEHHOM OTHAEIBHO IS KaXJIOU U3 TPEX
mozenelt ¢usmdeckux cpen. HabGmomaem wu3MeHnenue (OpMbl COJIMTOHA B
3aBUCUMOCTH OT M3MEHEHUs NapaMeTpoB cpeabl. Hapsay ¢ 0HOCONMMTOHHBIMU
pEUICHUSIMU ~ PAacCMaTPUBAIOTCA  JBYXCOJIUTOHHBIE  PEIICHUS  YpaBHEHUU
KopreBera — ne Bpuza u HenuneitHoro ypaBHenusi [llpegunrepa. 3amaem
nmapamMeTpbl BTOPOTO COJIMTOHA, OTIMYAIOIIUMUCS OT MapaMeTpoB IEPBOTO, U
Ha0II0aeM B3aMMO/ICHCTBHE COJTMTOHOB.

3amyck mporpamMMbl OCYIIECTBISIETCS ITyTEM 3aIllycKa Ha MCIOJHEHue (aiina
soliton.exe, B pe3ymbTaTe dYero Ha OSKpaHE MOSBISETCS TJIABHOE OKHO
nporpammel " JlemoHcTpanus coauToHOB". [IporpamMma cOOEp:KUT TpU MYHKTa
mento: "I'maBnas”, "Hactporiku" u "llomomis". IlaHenb OBICTPBIX KHOIIOK
nyOIMpyeT MyHKTh MeHio "I 1aBHas .

B mento "I'maBuas” conmepxkarcs ommuu: "Ilyck”, "Cromn”, "I[leuats”. Onius
"Ilyck" mpuUBOIUT K MOSIBJICHUIO JTMAJOTOBOTO OKHA, KOTOPOE MPENOCTABISET
MOJIK30BaTelt0 BeIOOp rpaduka. [Tocne nHaxarus kHonku "OK" akTuBusupyercs
Ha paboueM oOkHe 3akiagka "Padora" u JEeMOHCTpUpYETCS JABUIKEHHE
conuTtoHOB. Omnmusa "Crom" ocranasnuBaer aBwxeHue. Onmus "lleyats”
rmeyaTaeT AaKTUBHYIO 3akKiajKy. Eciu Toib30BaTeNh MBITAETCS IeYaTaTh
3aknanky "Pabora" BO BpeMsl JBMXKEHHs, TO TOSIBISIETCA COOOIIEHUE O
HEBO3MOYKHOCTM II€4aTH JO OCTAHOBKHM. BBIXOA' BBITPYKAeT U3 MaMSITH
MIPUIIOKEHUE.



B mento "Hactpoliku" conmepaxarcs ONiuu:
"T'paduk 1" (ypaBuenue KopreBera — ae Bpusa);
"T'paduk 2" (cunyc-ypaBuenue ['opaona);

"T'paduk 3" (Henuuerinoe ypaBuenue Lpénunrepa).

"I'padux 1". Be16op 3TOM ONiMu MPUBOIUT K MOSBICHUIO TUAJIOTOBOTO OKHA
"HacTtpoiiku”, rae Mo yMOJYaHUIO YyKa3aHbl IEPBOHAYAJIbHBIC MapaMeTpPhI
COJTUTOHOB. B HeM moib30BaTenh MOXKET U3MEHATh MapaMeTphl. B cimyuae ecnu
MOJIb30BaTEIb BBOAMT IapaMeTp, HE MO3BOJIAIOMINNA HOPMAJIbHO MPOU3BECTU
MaTeMaTUYeCKHe BBIUHUCICHHUS, TO TMporpaMma MpeaymnpeauT o0 OSTOM U
MCIIPABUT 3HAUEHHUE TTapaMeTpa Ha TO, KOTOPOE MPEAYCMOTPEHO M0 YMOITYAHHUIO.
HenpaBunbHblil BBOA yucia mporpaMMmoit He oOpaOateiBaercs. [Ipu HaxkaTtuum
kHonku "OK" OKHO wmcue3aeT W Mbl BUIUM H3MEHEHHble rpaduku. [lpu
UCIOJIb30BaHNHU KHOMKY "[IpuMeHuTs" OKHO He ucye3aeT. MoxkHO 175 ya1o0cTBa
nepeMeniaTh €ro MBIIBI0 MO TO. JTO yA0OHO TpHU OBICTPOM MPOCMOTpE
rpadukoB. Kuomka "Ilo yMomdanuio" Bo3BpaliaeT IMpexHUE IapaMeTphl.
[Tpekpatuth paboOTy C JAHHBIM OKHOM MOYXHO C TTOMOIIbIO KHOMKH "3aKphITh .

"I'pacdux 2". Be160op 3TOM ONIIMU MPUBOJIUT K MOSBICHUIO TUAJIOTOBOTO OKHA
"Hactpoiiku”. 31ech BO3MOXKHBI JIBa BapvaHTa. BbIOOp mapamerpa U > 1 —
Ha0II0aeM MEPUOIUYECKYIO BOJHY, BBIOOp mapamerpa U < 1 — HaGmromaem
COJINTOHHBIN PEKHUM.

"I'pacdux 3". Be1OOp 3TOM ONIIMK B TOSICHEHUSX YK€ HE HYKIAeTCS.

B mento "ITomorp” copeprkarcst KpaTKUE CBEJICHHS O COJTUTOHAX.

5. 3a1aHus U peKOMEHAaluM M0 MPOBEACHNIO IKCIIEPUMEHTA

5.1.Henunelinag nuHus nepeaadu ¢ AUCIEepcUuei
(ypaBuenne Kopresera-ae Bpuza)

e [lpu wuccnenoBaHWM COJMTOHA B JJIWHHOW JMHUM W3YYUTh BIUSHUC
kaxxaoro u3 mapametpoB C,, C, (Cy), Cy, L Ha mupuny conuroHa. B ckoOkax,
3/1€Ch U JaJiee, MPUBEACHBI 0003HAUCHMS, UCIIOJIb3yeMble B MeHI0 "Hactpoiiku'.
JloIyCTUMBIE TPaHUIBI K3MEHEHUS ITapaMeTPOB:

- HeauHenrHas emMkocTh quHnu C, ot 7E-10® no 7E-4 @;

- nuHenHas eMkocTh JmHnu C, ot 2,ZE-10® go 2,2E-7 O;

- Ha U3MEHEHUE JIPYTHUX apaMeTPOB OTPAaHUYCHUN HET.

UtoOsl paboTaTh ¢ OAMHOYHBIM COJUTOHOM, HeoOxomumo 3amath U,y = U, =
1,0.B mporpamMmMe ammuntyasl 0003HaueHbI uepe3 V.

* BeiOpathe mapameTphl Menu, MNPy KOTOPBIX IMMPHUHA COJUTOHA MO YPOBHIO
0,5 mpunumana Obl 3amaHHoe B TaOn. 1 3Hauyenue. IlpuBecTH 3HAYEHUS
BBIOpAHHBIX ITAPAMETPOB IICTIH.

Tabmuma 1
Bapanr 1 2 3 4 5 6 7 8 9

Hlupuna | 1,0 1,25 1,5 1,75 2,0 2,25 2,9 2,75 3,0




* [TocTpouTh 3aBUCUMOCTH IIMPUHBI 33JJaHHOTO COJIMTOHA OT €T0 AMILUTATYIbI
U,=1....10 fepes 1,0).

* TlocTpouTh 3aBUCUMOCTH CKOPOCTH V. HCCIEAYEMOTO COJUTOHA OT €ro
ammmatyabl U = 1....10 Gepes 1,0), ucnons3ys hopmyny (7)) u Mathcad.

* BwusyaapHO oOmnpeaeiuTh KOOPAMHATY B3aUMOJCHCTBUSA (KOOPAMHATY
COBIAJICHUS MaKCUMYMOB aMIUIATY]) JIBYX COJUTOHOB C 3aJlaHHOW B Ta0J.2
ammmutynoil U u st U, = 1,0. CkopocTh nepeMenieHus: COMUTOHOB MOYKHO
YMEHBIATh, YBEIUYNBAs TPEAeNbl WU3MEHEHUs TepeMeHHou. Jjia momydeHus
MPaBUJILHON (POPMBI COJTMTOHA MpuUparieHue cieayet ymeHsmuTh 10 0,1. Crom-
KaJIp BCTaBUTH B OTYET.

Tabmnuma 2

Bapuant 1| 2 3| 4] 5, 6| 7/ 8 9

Us |2 3| 4| 5| 6| 7| 8 9 1d

5.2.CBepXKOPOTKHiII UMITYJIEC B BOJIOKOHHOM CBETOBOJIE
(menuueiinoe ypasuenue Illpeaunrepa)

* [Ipu uccnemoBaHUKM CBEPXKOPOTKOI'O HMITYJIbCA B BOJIOKOHHOM CBETOBOJIC
u3yuuTh BiusHue (opm-dpaktopa x (B mporpamme H) ¥ HOPMHPOBAHHOTO
BpeMeHH 7 (B mporpamme T) Ha aMIUTMTYIy M CKOPOCTb JABUKECHHUS COJIUTOHOB.

* [TocTpouTh 3aBUCUMOCTh IIMPHHBI COJMTOHA OT apamerpa 7' = 1...10
(uepes 1,0) nns 3agannHOTO B Tab. 3 3HadeHnn Gopm-dakTopa.

Tabnuia 3

Bapuant 1| 2 3| 4] 5, 6] 7/ 8 9

X 21 3| 4] 5] 6| 7| 8 9@ 14

* BusyanpHO omnpenenuTh KOOPJAWHATY B3aUMOJEHCTBHS JIBYX COJIUTOHOB C
3amaHabiMUA B Ta0Jd. 4 ammmutynamu U, mus U, = 1,0.Cron-kanp BCTaBUTH B
OTHYET.

Tabmuma 4

Bapuant 1|1 2| 3| 4| 5| 6 7, 8 9

Ut 10 9 8| 7| 6| 5| 4] 3 2

5.3. DIIOKCOH B pacnpeieieHHOM KoHTakTe J[ko3edcoHa
(cunyc-ypaBaenue [opmona)

* IlponabmiogaTh mnoBefeHHE (IIOKCOHA B PACHpPENEICHHOM KOHTAKTe
JIxxozecona. Bo3smMoxHBI Ba BapuaHTa: CKOPOCTh pacmpocTpaHeHuss U >1 u
O <u <1 VBugerb U MNpoaHaIU3UpOBaTh pa3HUIy. COOTBETCTBYIOLINE
BapUaHTY 3HAYCHUS U B3STh U3 Ta0I. 5.

Ta0murma 5
Bapuant 1 2 3 4 5 6 7 8 9




u<li 09/08(0,7/0605/04/03|0,2|0,1

u>1 19/18/17/16|15/14|13|12|1,1

e Jlnst 3amaHHOM B Ta0J1. 5 CKOPOCTH OLEHUTH MIMPUHY (IIFOKCOHA.
* Ilo dopmyne (32) mocTpouTh 3aBUCUMOCTh aMILIHTYAbI ¢utokcoHa U, oT
ckopoctu U= 0,9...0,1 ¢epe3 0,1).

6. Pexomenganum no opopMiIeHHIO 0OTHETA

Otuer momkeH ObITh OQOpMIIEH B TEKCTOBOM pemakrtope Microsoft Word.
Jlnst Toro uToObI caenath GopMy MPOrpaMMbl aKTHBHOM HYXKHO OJHOBPEMEHHO
Haxath Ha kHomku “Alt — Print Screen”n BcraBuTh GopMy B HY)KHOE MECTO
oT4erTa.

OTueT T0HKEH COJepKaTh:

- THUTYJbHBIN JIUCT;

- TpaduKH 3aBUCMMOCTH aMILUIMTYJbl ¥ IIUPUHBI COJIMTOHA OT MapaMeTpoOB
3aj1a4u;

- TpaduKH, TOSCHSIOUIME B3aMMOJCHCTBHE IBYX COJIMTOHOB W BIIHMSHUC
apaMeTPOB Ha CKOPOCTh JIBUKCHHS COJTUTOHOB;

- BBIBOJBl 10 paboTe [O/DKHBI OOBSICHATH BJIHMSHUEC IapaMeTpOB
paccMaTpuBaeMbIX CUCTEM Ha aMIUTUTYY, JUIMTEIbHOCTh U CKOPOCTh JIBHIKEHHS
COJIUTOHOB, @ TAKXKE HA XapaKTep UX B3aUMOJICHCTBUS.

7. KoHTpOJIbHBIE BONIPOCHI

1. Yro takoe conmutoH? OCHOBHBIC TAPAMETPHI, XaPAKTEPUIYIOIIUE COIUTOH.

2. MaTteMaTHueckasi MOJIeNTb COJIMTOHA B BOJIOKOHHOM CBETOBO/IE.

3. I[Ipu kakux ycnoBusix 00pa3yeTcsi COJIMTOH B BOJIOKOHHOM CBETOBO/IC.

4. MatemaTrueckass MOZIEb COJHMTOHA B JIMHUM TEpeJadd C HEIWHEHHBIMU
PEaKTUBHBIMH JJIEMEHTAMH.

5.4UT0 NpouCcXoaUT NpU B3aMMOICHCTBUY IBYX PA3INYHBIX COIMTOHOB?

6. MaTemaTiuecKasi MOJIeIb, HCIIOJIb3yeMasl P ONUCAHUU PACTIPEIEIIEHHOTO
KoHTakTa J[>k03edcona.

7. Ileprognueckue u COMTOHHBIC PEIICHUs] CHHYC-YpaBHEHUs [ opioHa.

8. IlepcneKTHBBI TPUMEHEHUS COJUTOHHBIX PEKHUMOB B ONTOBOJIOKOHHBIX
JVHUAX TEePe/lavyd U YCTPOMCTBAaX HA MX OCHOBE.
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