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MATEMATUYECKOE MOAEJNIMPOBAHUE U NPOEKTUPOBAHUE
MOLLHbIX MUKPOBOJTHOBbIX 3JIEKTPOHHbLIX NPUBOPOB C
nPOoAoOJibHbIM BSBAMUMOAENCTBUEM

1. Lenb paboTbl

[IpoBouTCS MaTEMaTUYECKOE MOJIECIMPOBAHHE M MPOEKTUPOBAHUE MOUIIHBIX
MHUKPOBOJIHOBBIX 3JIEKTPOHHBIX IMPUOOPOB C IPOJOJIBHBIM B3aUMOJCHCTBUEM HA
OCHOBE METOJa KPYNHBIX dYacTull. Mcrmonb3yercss METOJ KpYNHBIX YacTUIl B
npuOIMKEHUH  OJHOMEPHOM  JHMCKOoBOM  Monenu. MccnenyroTcss  mporecchbl
TPYNIIUPOBAHUSA JIEKTPOHOB MPH U3MEHEHUU MAPAMETPOB CKOPOCTHON MOIYJISLIUH
BBICOKOYACTOTHOTO IMOJISI M IPOCTPAHCTBEHHOIO 3aps/ia d3JEKTPOHHOTO IydKa.
AHanM3UpyOTCAd HEJIWHEWHBIE NPOLECCHl B MOIIHBIX 3JEKTPOHHBIX NpPUOOpax ¢
IPOJOJIBHBIM  B3aUMOJCHCTBUEM. OcymecTBisieTcst  MOJACIMPOBAHHE U
IPOEKTUPOBAHUE AIEKTPOHHBIX prOopoB (DII) u onpenensoTcs UX ONTUMAaIbHbIE
KOHCTPYKTUBHBIE TaPaMETPBI.

2. NocTtaHOBKa 3agayv U meToq KPYynHbIX YaCTuly

Maremaruueckoe moaenupoBanne Ha OBM mporneccoB B3amMOAEHCTBHUS
BBICOKOYACTOTHOTO MOJsSI C DJEKTPOHHBIM ITYYKOM SIBJIIETCS OJHUM M3 Hauboiiee
3¢ ()EKTUBHBIX METOJIOB UCCIEAOBAHUS U IPOCKTUPOBAHUS JIEKTPOHHBIX MPUOOPOB.

Haubonee oOummM M IMIUPOKO NPUMEHSEMBIM METOJIOM pEIIeHUs 3ajad
HEJTMHEWHOM AIEKTPOHUKH ABJsieTCA MeTo A KpynHbiX yacTul (MKY), no3sossttomuii
aHAJIU3UPOBATh TOHKYIO CTPYKTYPY 2JIEKTPOHHBIX ITYYKOB U aKTUBHBIX CPEJl, a TAKKE
WCCIIEIOBATh JBM)KEHUE OTHAENIBHBIX YKPYNIHEHHBIX YacTHILl B IIEPEMEHHBIX
Jlarpanxa.

B nmanHOil paboTe MBI paccCMOTPUM OCHOBHbIE MOHATHA H uaen MKY
IIPUMEHUTENBHO K 3aJa4yaM HEJIMHEWHOW OJIIEKTPOHUKH, IIPUYEM OIPAHUYUMCA
BapruanToM MKUY, oTHOCAIIMMCS K aHAJINW3y HEJIMHEWHBIX OJHOMEPHBIX IPOLECCOB
B3aMMOJICICTBUSl Iy4yKa C TIOJEM B OJJIEKTPOHHBIX MpUOOpax C MPOJOJIbHBIM
B3aMMOJICHCTBUEM, B YaCTHOCTH, B MHOTOPE30HATOPHBIX KiaucTtpoHax u JIBB Ha
IeMoYKax CBsi3aHHBIX pe3oHaTopoB (LICP).

Meronap! pemienus 3aaa4 Ha OBM B 3HAaUMTENBHON MEpPE 3aBUCAT OT PEKUMOB
pa6otel DI U OT TUMOB B3aMMOACHCTBUS IydKa C ToJieM B mpubopax. IIpomeccs
B3aMMOJICMCTBUSL B DJIEKTPOHHBIX MPUOOpPAX MOXKHO pa3leliuTh Ha JBE OOJbIINE
IPYIIIIBL:

— JIMHEWHBIE TPOIECCHl (peXUM c1aboro curHaia) — HeIuHEHHbIE 3P OEKTHI
ABJIAIOTCS CHaObIMM W WX MOXHO HE YYuThiBaTh. B 3ToM ciyyae OOBIYHO
VICTIOJIb3YIOTCS JIMHEWHbBIE TEOPUH, OCHOBAHHBIE HA THAPOAMHAMMUYECKUX MOJEIAX C
UCIIOJIb30BAaHUEM KOOpAMHAT OJiliepa (MaKpOCKONMYECKUH MNOAXOJ B TEOPHUH —
YCpPEIHEHHOE MAaKpOCKONMYECKOoe OIucaHue BemiecTtBa). JIuHelHas Teopus
MO3BOJIAET HANTH MOCTOSHHBIE PACHpPOCTPAHEHUS BOJIH B MpUOOpax U ONpPEeAeNuTh
ycunenue B Oll, OlHAKO OHA HE YYHMTBHIBAET CUJIbHBIX BO3MYLIEHHUU 3JEKTPOHHOTO



My4yKa, MPUBOISIIMX K IMOJYyYEHHUIO PEXUMa HACHIIIEHUS, 0Opa30BaHUIO IUIOTHBIX
CTYCTKOB, ITOSIBJICHUIO TAPMOHUK TOKA My4Ka;

— HEJMHEHHBIE MPOUEecChl (PeXUM OOJBIIOr0 CHTHala) — pPa3BUBAIOTCS CHUJIbHBIC
BO3MYILIEHUSI D3JEKTPOHHOTO Iy4Ka, NPHUBOIANINE K HEIMHEWHBIM 3ddekTam,
KOTOpbIe HEOOXOAMMO YUUTHIBaTh B Teopuu. B 3TOM ciiyyae B HEIMHEHHOUN Teopuu
OII ucnonb3yeTcs Ipyroil MoaxoJ B TEOPUU, OCHOBAHHBIM HA MHUKPOCKOIUYECKOM
ONMCAaHWM DJJIEKTPOHHBIX MYYKOB U wucnoip3oBannn MKY c¢ koopauHatamu
Jlarpanka, MO3BOJISIIOIIMKA YYMUTHIBATh HeNuWHEHHbIE 3S(dexThl. OTMETHM, 4YTO
OCHOBHAsl TEHJCHILIUS B Pa3BUTHH COBpeMEHHbIX OIl — 3TO yBennuyeHue BBIXOAHOU
MomtHocTH, KIIJI, Toka W HampspkeHus Iydka, a 3TO NPUBOJAUT K YBEIUYECHUIO
HEJIMHEWHBIX ABJICHUH, KOTOPbIE HEOOXOIUMO YUUTHIBATH B TEOPHH.

OcHoBHast 3amaya HenuHeWHOM Teopuum DIl coctouTt B penieHUH
CaMOCOIJJaCOBAaHHOM CHCTEMBbI YPAaBHEHHMH JJIEKTPOJMHAMUKA U BJIEKTPOHUKH,
ONMCBHIBAIOIIMX JBWKEHUE OJIIEKTPOHHOIO IIy4Ka B JJIEKTPOMArHUTHBIX IOJIAX
3aMEJUISIONIC CUCTEMBI, M ONpEAENeHUM BBIXOAHBIX mapamerpoB Il — KII/,
BBIXOJIHOM MOIIHOCTH, KO3 puiuenrta ycusenus u T.4. [Ipsimoe pemrenne o0O1eit
CUCTEMBI YPAaBHEHMI JIEKTPOJUHAMUKHU U JIEKTPOHUKHU JAXKE IPU HAJUYUHU CaMBbIX
MOIIHBIX U ObICTpoAeHcTBYIOMX OBM ¢ BBIUMCIEHHMEM TPAEKTOPUM KaKIIOTrO
OTZIENIBHOIO JJIEKTPOHA NPAKTUYECKH HEBO3MOXHO, 4YTO CBSA3aHO C TpeMms
OCHOBHBIMM CYHIECTBYIOLUIUMU MTPOOJIEMaMHU U TPYIHOCTSIMHU:

— OOJIBIIMM YHCJIOM 3JIEKTPOHOB B 3JEKTPOHHOM IIyYKE, YTO MPUBOAUT K
HEOOXOJIMMOCTH OJIHOBPEMEHHOI'O PEUICHHUs] TaKOoro e OOJbIIOro uucia
YPaBHEHUM ABUKECHUS;

— PE3KMM  U3MEHEHHUEM  MHUKPOCKOIHMYECKOr0 TOJiI  OKOJO  TOYEUHBIX
DIIEKTPOHOB;

— CJIO)KHOCTBIO KpPAaeBbIX M TIPAHUYHBIX YCIOBUW pEAJbHBIX 3aMEIJISIOIINX
CUCTEM U 3JIEKTPOHHBIX MPUOOPOB, UTO HE MO3BOJISIET AATh MPAMOTO pacyera
MOJIHOTO TOJsI, BO30YXKIAa€MOT0 B 3aMEUISIONIEH CUCTEME 3JIEKTPOHHBIM
ITyYKOM.

B npeononeHuyn nepBhIX ABYX TPYAHOCTEH KaK pa3 U COCTOUT OCHOBHAs UAES
Metona KpynHbeix yactull. B MKY BMecTo cnexeHus 3a KaXAbIM OTJEJIbHBIM
JIEKTPOHOM B MHMKPOCKONMYECKOM I10JI€ PACCMATPUBAETCS IBUKEHUE OTIEIbHBIX
YKPYNHEHHBIX (KPYMHBIX) YACTUIl PA3IUYHON (OPMBI B MAaKpOCKOIMUYECKOM TOJIE,
IPUYEM KaKJIOM KPYIHOM 4YacTULE IPUITHCBIBAETCS 3aps] M Macca HEKOTOPOIo
o0bema (o0Jsaka) OKpYXKarlMX €€ AJIeKTpoHOB. TakuM obpazom, B MKUY yuacTok
AJIEKTPOHHOI'O Ty4YKa JJIMHOW B 3JIEKTPOHHYIO (3aMEUIEHHYIO) [UIMHY BOJIHBI
pazouBaercs (pa3pesaeTcsi) Ha HEKOTOPOe KOHKPETHOE JUCKPETHOE YMCIIO KPYITHBIX
YacTHUL, IBM)KEHUE KOTOPBIX B TAJIbHEUIEM U3Y4YaeTCsl.

[Ipu TakoM pa30MEHUU BJIEKTPOHHOTO IMyYKa HA KOHEUHOE YHUCIIO KPYIHBIX
YacTHIl BOSHUKAET PsiJ] BOIIPOCOB, HA KOTOPbIE HEOOXOIMMO OTBETUTH TEOPHUU:



— Kak omnpeaenuTs U OLEHUTb OCHOBHBIE HapaMeTpbl, KOTOpble OyayT
XapaKTepu30BaTh YaCTOTHbIC, BPEMEHHbIE U MPOCTPAHCTBEHHBIE MAacCIITaObI
MaTEeMaTHYECKUX MOJIETIEH?

— Kak BpIOpaTh HyXHO€ YHCJIO KPYNHBIX YacCTHIl M KaK ONpPEAEIUTh UX GopMy
JUISl IPABUJIBHOTO OMKUCAHMS MPOLIECCOB B3aUMOACHCTBUA?

— Kakum 006pa3zom yMmMeHBIINTH ONMVKHUE (MTapHBIC) B3aUMOJCHCTBUS KPYITHBIX
YacTUL, T.€. KaK IMPOBOJIUTH MPOLEAYPY YCPEIHEHUS MUKPOCKOIMYECKHX
byHKIMI B3auMoaeicTBUs?

— Kakum o6pasom HauOoiiee TOYHO BBIUUCIATH CHIIBI MPOCTPAHCTBEHHOTO
3apsija 3JEKTPOHHOTO IMyyKa?

— Kakue npoueccel B 3JIEKTPOHHBIX ITyYKax U MpUOOpax MOKHO paccMaTpHUBAaTh
C YIOBIIETBOPUTEIHHOW TOYHOCTHIO IMPHU BHIOPAHHBIX MpaBHIAX pa3OueHus
Iy4YKa Ha KPYIHbIE YaCTHUIIbI?

3. Bo36yxaeHune nonsi 3ameansiiowen CUCTeMbl NIEKTPOHHbIM MOTOKOM
3.1. BbiBoa ypaBHeHUA BO30OYXaeHUA

JIns BBIBOJIa ypaBHEHUS BO30YKIEHUS AJIEKTPOMATHUTHOTO MOJIA UCIIONIb3YyEM
paguodusnueckue ananoruu. [lpeacrarisieM CUpaibHYIO 3aMEUISIONYI0 CUCTEMY
B BHUJE JIMHUM TEpeaadd, JJIsi KOTOPOM HM3BECTHBI TenerpadHsie ypaBHeHHUs. M3
TEOPUU JUIMHHBIX JIMHUNA U3BECTHO, YTO JIIOOYIO CIOXKHYIO 3aMEIISIONLYI0 CUCTEMY C
IIOJIOKUTEIBHOM ~ WJIM ~ OTPUIATEIBbHOM  JHMCHEPCUEd  BOJIHBI  OCHOBHOWU
IIPOCTPAHCTBEHHOW  TapMOHUKM  MOXHO  ONHKCAaTh  LEMOYKOM  CBS3aHHBIX
MHOTOIOJIIOCHUKOB, CBOJMMBIX K 3KBUBAJIEHTHBIM cxeMaM. CiieoBaTeNbHO, JII00YIO
CJIOKHYIO 3aMEJISIFOIIYI0 CUCTEMY U aJICKBAaTHYIO € SKBUBAJICHTHYIO CXEMY MOYKHO
NPUBECTH K CBOEMY MPOTOTUMY — GUIBTPY HIKHUX WM BEPXHUX YACTOT C
MOJIOKUTEIIBHON WIIA OTPULIATEIIEHON AUCTIEPCUEH.

Hcnonp3yeM 0AHOYACTOTHOE NPUOIMKEHNE, TO €CTh B IPUOOpax MPOUCXOIUT
yCUJIEHUE curHaja Ha yactoTe . Cuuraem copaBeIIMBbIM OJHOMOIOBOE
npUOJIMKEHUE, TO €CTh BO30YK/Ia€TCsl OCHOBHOM THUIT BOJIHBI. DKBHBAJICHTHAs CXeMa
JUHUM C TOTEPSAMU COCTOMT W3 IOCIEAOBATEIIbHOM HWHAYKTUBHOCTH L,
MOCJIEIOBATEILHOTO COMPOTUBIIEHUS R, OOYCIOBJIEHHOIO TMOTEPSIMU B JIMHHH,
napaienbHot emkoct C W mapaiuienbHOW mpoBoauMoctd (G, 00YyCIOBICHHOM
NOTEPSIMU B JMBJIEKTPUKE. YKa3aHHbIE BEJIMUYMHBI O€pyTCs U3 pacueTa Ha €IUHHILY
JUMHBL. B 0o0miem ciydae 1jisi onpeneneHus mapamMeTpoB SKBUBAJIEHTHOW CXEMBbI
yepe3 TeOMETPUYECKUE pa3sMepbl U JUAJICKTPUUECKHE CBOWMCTBA pEabHOW JIMHUU
HE00X0AMMO pemiaTh ypaBHeHUST MakcBea.

B naneHeiiiem Oyaem mnpeHeOperarb MOTEPSMU B JIMHUHU. 3alulleM
TenerpadHble ypaBHEHHUS IS CTAHAAPTHOW JIMHUHW TIEpelayd, MPEeCTaBIISIONICH
CIIUPAJIbHYI0  3aMEIUISIIOIIYI0  CHUCTEMY C  TOJIOKUTEIBbHOW  JUCIEPCHEM.
ONEeKTPOHHBIM TOTOK BO30Y)KJIaeT BHXPEBOE TIOJIE 3aMEJISIONIel CHUCTEMBI,
BCJIEZICTBUE YEr0 B CTPYKTYpE TOSIBISETCS HABEACHHBIM TOK (TOK CMEILEHHUS),
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YpaBHEHUA MJIMHHOW JIMHUHM TIEPENAYd C YYETOM OJJIEKTPOHHOTO Iy4YKa HMEKOT
CIICIYIOIINMN BULL:

TEKYIIUA OT DJEKTPOHHOTO TNydkKa B 3aMEUISIONIYIO CUCTEMY i, = Iey=

v, =—jolLl ,

g M
L =—joCU,——1,
Iz T odz

rae [, u U, — KOMIUIEKCHbIEC aMIUTUTY/Ibl TOKA U HaNpsSHKEHUS B JIMHUU Nepeiadu, i; —
KOMIUIEKCHAs aMIUTMTya EpBOM rapMOHUKH TOKa My4YKa Ha YaCTOTE CUTHAJIA (.

[IpoBeass HecnoxHble MpeoOpa3zoBaHus U3 ypaBHeHud (1), mnomydaem
mudpepeHnanIbHOe YPAaBHEHHE BTOPOTO TMOPSAKa OTHOCHTEIHLHO HANMPSOKCHUS B
JIMHUHW TIEPEIauHn:
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de ﬁfl a j dZ ( )
[ o v
rae B =wVLC=— — TOCTOSHHasl pAacIpOCTpaHEHUs NpsiMOil Oeryiield BOJHBI B

™

auHun nepeaaur; L 1 C — NOTOHHBbIE UHAYKTUBHOCTh U €MKOCTh SKBHUBAJICHTHOM
NMHUM nepenadyd, Vy; — (a3oBas CKOPOCTh PACHPOCTPAHEHUS HPAMOW Oeryiei
BOJIHBI.

B nanpHelimem mnpeamnonaraeM, 4YTO WHAYKTUBHOCTh M €MKOCTh JIMHUU
nepefayd  Mmojo0paHbl TakKUM O00pa3oM, YTO BBIMOJHIETCS SKBUBAJIECHTHOCTD
BBICOKOUYACTOTHOTO TOJISl M HAINpPSHKEHUS B JIMHUU NEPEAadyu, TO €CTh BBIIOIHSIETCA
CJIeIyIolee COOTHOIIEHUE
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[ToacraBum cootHomeHue (3) B ypaBHenue (2) u, npoauddepeHimpoBan
JICBYIO ¥ TIPABYIO YaCTH ypaBHEHUS (2), IOJYIHM CIICTYIOIIee YPaBHCHUE:
d’E g dli
— S HBE, =—jB k. 4)
dz dz
rje napameTp k — KodhUIIMEHT CBsI3U, OMUCHIBAIOIINMA CBS3b OIS 3aMeIISIONICH
CHUCTEMBI C JICKTPOHHBIM ITYIKOM.
[Ipeamnonoxum, 4TO TOK JIEKTPOHHOTO MOTOKA U3MEHSETCS IO CICAYIOMEMY
3aKOHY: 11~ € /< Toraa mojsy4aeM BeIpaXKCHHUE:
2.
di, 2
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rae B, =— — MOCTOSIHHAs paclpOCTPAHEHUs JICKTPOHHOTO My4Ka, V) — MOCTOsSHHAs
e V b
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CoCTaBA0IIas CKOpOCTHU DJICKTPOHHOTO ITyYKa.



Hcnons3ys cooTHomeHue (5), 3anuiieM ypaBHeHuE (4) B BHUJE YpaBHEHHS
BO30YXXACHUS AJIEKTPOMArHUTHOIO MOJS 3aMEIJISIOUIEN CHUCTEMBI 3JIEKTPOHHBIM
OTOKOM:
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3.2 BbiBOA YKOPOYEHHbIX YpaBHEHNN BO30OYXAeHUA

Jns  ynoOcTBa nmanmbHEHIIMX BBIKIAJAOK CAEJAaeM CIEAYIOUIYI0 3aMeHy

m
MEPEMEHHBIX: E_(z)= meo f(z), Tne f(z) — HeKoTOpas Heu3BeCTHAsI QYHKIIUS; € U M
e

— 3aps U Macca JIeKTPOHA.
Hcnonp3yst BBemeHHyro (GyHKIUIO f(z), mpeoOpazyeM ypaBHeHuE (6) K
CJIETyIOIIEMY BUY:

d’f

2 +ﬁ.rlf:jﬂflﬁe2'g3‘]19 (7)
dz
_; s_a_k1
rae J;=i;/ly — HOpMHpOBaHHas IepBasg TapMOHMKA TOKa IydYKa, & =c =10
0

napamMeTp MajocTu uiau kodddunueHt ycwienus B Teopuu JIBB; Iy, u Uy —
MOCTOSIHHBIE ~ COCTABJSIFOIIME TOKA M HANPSDKEHUS  AJICKTPOHHOIO — MYYKa,

el

v, = 2%y, .
m

[IpumMensis MeToa MEIJIEHHO MEHSIOIMUXCS aMIUTATY/] U UCTIOJIb3Ys TPOLENYPY
YCpEIHEHUS, BBEJIEM TaK HA3bIBAEMbIC MEJJICHHO MEHSIOIIUECS aMIUIUTYbI MOJI U
TOKA C MOMOILBIO CIAEAYIOIIUX BbIPAKEHUN:

f(2)=¢g"F(z)e”,
Ji(2) =1 (2)e 7,

(8)

rae F(z) u [)(z) — MeNIEHHO MEHSIOIIMECS KOMILJIEKCHBIE aMIUIUTYbI TOJIS
3aMEeUISIIOLIEN CUCTEMBI U IEPBOM TAPMOHUKH TOKA ITy4YKa.
IloacraBnsisi cooTHomeHust (8) B ypaBHeHHe BO30yxieHus (7), MOIydUM
CJIEIyIOIEe COOTHOLIEHUE:!
d’F
dz*

~2j3, E (5~ FIF = j2p el )

Beenem ucnonszyemyro B JMHEMHOM Teopuu JIBB MmemieHHO MeHsoyrocs
KOOpJUHATY y=¢&f3,z ¥ TOTJIa BMECTO ypaBHEeHHU (9) MoJlyunM ypaBHEHHUE:

2 2
gd f—zjd—F—l 1—ﬂ—‘2 F=j2£[l.
dy dy &\ P B.

Hcronp3yss MalocTh IMapaMerpa &£ << 1 W y4duThIBas IMapaMeTp PacCTPOUKH
b=(p,—p.)/ef., okoHuatenpbHO ToydyuM u3 ypaBHeHus (10) ykopoueHHoe pabouee

(10)
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YpaBHCHHUC B036Y)KI[CHI/I$I BBICOKOYAaCTOTHOI'O IIOJIA BaMeI[J'IﬂIOIHeﬁ CHCTCMBI
SJICKTPOHHBIM ITYYKOM:

fl—F+ij:—Il. (11)

'y

[TonyuenHnoe ypaBHeHue (11) sBIs€TCS UCKOMBIM YKOPOUYEHHBIM ypaBHEHUEM
BO30YXJI€HHS 111 KOMIUIEKCHBIX aMILIUTY]T ITOJISI M TOKA.

Takum oOpazomMm, pemieHa 3ajgada O BO30YXKIEHUU 3aMEIUISIOLIEN CUCTEMBbI
TOKOM DJIEKTPOHHOTO My4yKa, MPUYEM B BHUE, YAOOHOM ISl YMCICHHOTO CYETA.
VYpaBHeHHE BO30YXKAEHHS B KOMIUIEKCHOM BHUJE JIETKO NEPENMCHIBACTCS B BHUJE
YpaBHEHUS I pEAIbHBIX aMIUTUTY U (a3 BBICOKOYACTOTHOTO TMOJIS U TOKA IMyYKa:

dA

—=—|1,|cos(y — ),

7 7 (12)
do o

—=-bh-—— - ),

3 sin(y — @)

rae A U ¢ — pealbHble aMIUTUTYJa U (aza MoJjs 3aMeIJISIOIEed CUCTEMBI:

14

F=F'+jF" =4, A=[(F' f +(F" Y, (0=arctg%,

|[;| 1 w— peasibHbIE aMILIUTY/1a U (ha3a NepBO TApMOHUKH TOKA ITyYKa:

"
L= AL (7 + (1 =arctg
1

[TonyueHHbIE YKOpPOUEHHBIEC YPAaBHEHUS BO30OYXKIEHUS YKa3bIBAIOT Ha CKOPOCTh
W3MEHEHHUS aMIUMTYAbl W (a3bl MOJs MOJA BO3JCUCTBUEM BHEIIHEH CHJIBI —
HaBEJCHHOIO TOKAa WJIM aMIUIMTYJbl MEPBOM TapMOHHMKHA KOHBEKIMOHHOTO TOKa
anekTpoHHoro mydka. Cucrema ypaBHenuii (12) pemaercs merogom Pynre—Kytra
YETBEPTOro MOpPsIKAa C aBTOMAaTUYECKUM BBHIOOPOM Ilara. 3ajgaercs napadoiandeckas

anmpoKCUMAlNs paclpeesieHUsl TOKA My4YKa BJIOJIb 3aMEJISIFOIEH CUCTEMBI.

4. TapMOHMKMN TOKa 3NIEKTPOHHOIro ny4vka B npuéopax c
NPoOAOoSbHLIM B3aUMoOLeNCTBUEM

4.1. OnpeneneHMe rAapMoOHUK TOKa IJIeKTPOHHOro ny4kKa

Kak wu3BECTHO W3 DNEKTPOAMHAMHMKH, NEPUOJMYECKA HU3MEHSIOIIMNCA BO
BPEMEHU KOHBEKI[MOHHBIM TOK MAaTEMAaTUYECKH OIMCBIBAETCA C IOMOILBIO psifa
@ypbe, TO ECTh B BUAE CYNEPIOZULINN BPEMEHHBIX TAPMOHUK TOKA ITy4Ka:

i(z,t) =1, + ReZiﬂ (z)e”™", (13)
n=l1
rac I() — HOCTOAHHAA COCTABJIAIOIIASA TOKa 3JICKTPOHHOI'O ITYYKa, in_ KOMIIJICKCHAA
aMIUIUTyaa n—u rapMOHHUKH TOKa ITy4dKa, OoIpcacisicMast ¢ IMOMOUIbIO CICAYIOIICTO
BBIPAXKCHMUA:



2r
i = 1 j i(z,0)e”" d(ar). (14)
T 0

JIIst onpeneneHusl aMILIUTY)T TApMOHHMK TOKA ¢ TMTOMOIIBIO COOTHOIICHUS (14)
HE0OXOAMMO 3HATh KOHBEKIIMOHHBIN TOK ITydykKa B MOMEHT ¢ B ceueHuu z. Dopmymy
JUTSL TOKA i(Z,¢) MOYKHO TIOJIYYHTh, UCIIOJIB3Ys 3aKOH COXPAHCHUS 3apsjia U TOKa.

3a mManplii HHTEPBAJI BPEMEHH dfy B IIPOCTPAHCTBO B3aMMOJICHUCTBUS B CCUCHHH
z=0 Brexkaer 3apsan dQ=Ilydt). DIEKTPOHBI, COOTBETCTBYIOIIUE HTOMY 3apsiy,
MIEPECEKYT CCUCHHE Z 3a MHTEPBaI BpeMeHH df > (), clieqoBaTeIbHO, COTJIACHO 3aKOHY
cOXpaHeHus 3apsna, umeeM Ilydty=i(z,t)dt, OTKyJa MOJIy4yaeM COOTHOILICHHE JIs
oTpeJIeJICHUS KOHBEKIIMOHHOTO TOKA ITyYKa:

i(z,t) =1, CZ: ,

(15)

rje mapamerp t=t(z,tp) — ONpeAeSsIeT MOMEHT MpoJieTa 4Yepe3 CEYEHUE Zz TOTro

AIEKTPOHA, KOTOPBIA BIIETEN B MPOCTPAHCTBO B3aUMOJEUCTBUS IpU z=0 B MOMEHT

BpeMeHU . KoopauHarta z siBisieTcsl HE3aBUCUMOM MepeMeHHOM B ypaBHeHUU (14).
[Toacrasmnss Beipakenue (15) B ypaBHenue (14), momyyaem

i =t [ d(ar,). (16)
T

0
JInst  BBIYMCIICHUS TIOJYYEHHOTO HWHTErpajia HeoOXOAMMO 3HaTh 3aBUCUMOCTH
napaMeTpa BPEMEHHU ¢ OT fy B JAHHOM CEUYCHUHU z. ITa 3aBUCHUMOCTH MOXKET OBITh
HaliJIcHa C NIOMOILBIO PELICHUN YPaBHEHUMN JIBUKEHUS DJIEKTPOHOB B MPOCTPAHCTBE
B3aUMOJCHUCTBHUS WU 3aJaHA AHATUTHYECKHU.

4.2. PacuyeT rapMOHUK TOKa 3NTIEKTPOHHOIO ny4kKka

3anuiieM cooTBETCTBYIOIUE (GOPMYJIBI ISl ONIPEICIICHUs TIEPBON TApMOHUKHU

)
TOKa My4ka. Panee Hamu ObLIM BBECHBI CeAyrolue 0003HaYeHUs JUIs Toka J, = —
0

, UCIIOJIB3YdA KOTOPLIC ITOJIYUYMM BBIPAXKCHHUA JII HAXOXKIACHUA

z

U TaKke I, =J, e’
KOMIUJIEKCHOW aMILUIATY/IbI IIEPBOM TAPMOHHUKH TOKA ITyYKa.

I = lT—i(z” ) @182 4 (o), (17)
Ty 1,
rae Vo=a/f, — NOCTOsIHHAs COCTABIISIIOLIAs CKOPOCTH 3JIEKTPOHHOTO Mydka, [, —
NIOCTOSIHHAS! PACIPOCTPAHEHUS AIEKTPOHHOIO ITyYKa.
JIist ynpouieHus: MoJAbIHTErpaibHOro BhipakeHUs: B (17) ucnosb3yem 3aKoH
coxpanenus 3apsna lyd®Dy=i(z,t)d®, yuuTheiBasi KOTOPHIA MOTy4yaeM OKOHYATEIHHO
WHTErpall AJid ONpeesieHUsl epBO FTapMOHHUKHU TOKA My4Ka:

1271'

L=—[e"d®,, (18)

%



rie @=wt—f,z — (Pa3zoBas koopauHara JlarpaHka, HCMoJib3yemass B JUHEHHOM
TEOPUH IEKTPOHHBIX TPUOOPOB, Dy=wnt.

[Ipn paccMOTpEeHMHM HEIMHEWHBIX MPOLECCOB B 3aIIMCU YPABHEHUM JBUKEHHUS
BMECTO KOOpJIMHAT OJiisiepa (z,f), SABJISIONIMXCS HE3aBUCUMBIMHU SUJIEPOBBIMU
KOOpPJIMHATAMM, UCIIOJIb3YIOTCSl HE3aBUCHUMbIE NiepeMeHHbIe Jlarpanxka (z,1), a BpeMs
{ SBIFETCS 3aBUCUMOM TNepeMeHHOUN (=f(z,t;). PemieHne ypaBHEHHS IBUKEHUS
MO3BOJISIET HAWTHU #(Z) TP JTH0OOOM BHIOPAHHOM HA4YaJIbHOM 3HAUYEHUHU f), & TEM CaMbIM
onpenaemnsiercs QpyHkums #(z,ty). [locne ompeneneHus #(f)) B JaHHOM CEUYCHUU Z
IPOU3BOAUTCS BBIYMCICHUE TAPMOHMK TOKa ITyYKa ¢ MOMONIbI0 nHTerpaia (16).

Ecnu nns 3anucu ypaBHEHHME NBM)KEHHS HUCHOJIb3yeTcs: (a3oBasi cuUCTeMa
koopauHar Jlarpanxka y=gflz, @=wt—fz, TAe &—napameTp MajoCTU, TO MpHU
pEIICHUN YPaBHEHUW JBUKEHHUSA O3JIEKTPOHOB B IPOCTPAHCTBE B3aUMOJACHCTBUSA
HaxonuTca OwicTpas (azoBasi KoopauHaTta @ JUisl KaXJOro 3JEKTPOHA IMpH JIIOOOU
3aJlaHHONM HadyalbHOU (aze @y, ONpeneNsoled BpeMs BIIeTa JJIEKTPOHOB B
IIPOCTPAHCTBO B3aUMOJEUCTBUSA. JTO IMO3BOJIIET ONPEACINUTH IEPBYI0 T'APMOHUKY
TOKa My4yKa ¢ oMollbio uuterpana (18).

[Ipu npoBeneHUN NUCKPETU3alUKU YpAaBHEHUI JBWKEHUS U uHTerpaia (18) c
NOMOILBI0 METO/Ia KPYIHBIX YacTUL[ IMOJY4YaeM CIEAYIOIIEE BbIPAXKEHUE IS

N
HaXOXKJEHUs TOKa Mydka: [, =—» ¢ '™, OTKyJla HAXOJUM aMILIUTYIy ¥ (asy Toka:

n=l1

2
N
PR a 2 & 2 &
|1, =+ +a;, w=arctg—>, TOE « :—Zcoscbn , a, :——Zsmcbn , N — u4wucno
a, N3 N3
KPYIIHBIX YaCTHUI[ Ha IICPHOA BBICOKOYACTOTHOI'O IIOJIA 3aMellJIHIOHLeﬁ CHUCTCMBI,
2
Ha4aJIbHOC paCIIPCACICHHUC 3JICKTPOHOB AACTCA BBIPAKCHHUCM d@o =—.

5. YpaBHel-me ABUWNXEHUA IJTIeKTPOHHOIo noToKa

5.1. YpaBHeHMe ABUNXKEHNUA B KOOpAUHaTax dunepa n KoopamHaTtax
NarpaHxa

[Ipn nocrpoennn HenmuHenHOM Teopuu Il ¢ MpoaONBHEIM B3aMMOAEHUCTBHEM
u g ucnoab3oBanuss MKY BBeseM psi mpuOIMKeHUN B TECOPUU:

— paccMaTpuBaeM HEpPENATUBUCTCKUNA ciay4yail M mpeHeOperaeM COOCTBEHHBIM
MAarHUTHBIM MOJIEM JIEKTPOHOB;

— PpaccmaTpuBaeM ciiydyaid O€CCTOJIKHOBUTENBHBIX DJJIEKTPOHHBIX IYYKOB H
CYMTAEM, YTO IOTOK B L[€JIOM HEUTPAJICH;

— UCIOJIb3yeM KBa3HCTATHUUECKOE MPHUOIMKEHUE, T.€. IpeHeOperaeM spdexkramu
3ama3fbplBaHUsl U BMECTO peIlIeHHs] ypaBHeHUM MakcBemna OyneM peuiath
ypaBHeHue [lyaccona nms moreHmana 00beMHOTO 3apsija;

— CUMTaeM CIPaBEIJIUBBIM KBA3UIIEPUOINYECKOE MTPUOIIHKEHUE;
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— OyJeM HCHoJIb30BaTh OJHOMEpPHOE TMNPUOJMIKEHHWE W B  aKCHAJIbHO-
CUMMETPUYHOM CJIy4a€ B POJM KPYIHBIX YacTUI[ OyJeM HCIOJIb30BaTh
YKECTKHE 3apsKEHHBIE TUCKU C KOHCUHBIMH pa3MepaMH.

YuuTeiBas BBEJCHHbIC NPUONMKEHUS, YPAaBHEHUE DSJICKTPOHHOTO IydyKa B
KOOpAMHAaTax Diliepa UMeeT CIACAYIOIUN BU:

dv e
i =_F 19
da m ° (19)

dz
rac e, mu Vz = ; — 3apiana, MacCa U CKOPOCTh 3JICKTPOHOB ITYYKa COOTBCTCTBCHHO,
t

E. — ycpenHEHHas M0 CEUSHHIO MydYKa MPOJ0IbHAS COCTABISAIONIAs JIEKTPUICCKOTO
OIS

B noaxoxe Dilnepa 37MeKTPOHHBIN My4OK MPEACTABISIETCS B BUE CIUIOIHOMN
3apsOKEHHOW JKUJIKOCTH ¥ 32 JBWIKEHHEM CIUIONTHOW Cpeabl MPOUCXOIUT
HAOJIOZICHUE B OMpPEACNICHHBIX TOYKax (u3anueckoro mnpocTtpanctBa. KoopauHatsl
TOYEK HAOJIFOCHUS SBIISIOTCS HE3aBUCUMBIMH SHIICPOBBIMH KOOPIUHATAMH Z, 1.

B noaxone Jlarpanka mpoucXOAuT HaOJIOJICHUE 3a JBUYKEHUEM OTACIIbHBIX
BBEIOPAHHBIX YAaCTHI[, ¥ COBOKYITHOCTH (Da30BBIX TPACKTOPHH 3THX YaCTHI[ JIaeT
MoJIHYI0 HHpOpMAIMI0 O Tpoiiecce. HezaBUCMMBIMU TIEPEMEHHBIMU B TOJXOJIE
Jlarpan»ka sIBJIIFOTCSI HOMEpa YacTHI[ WJIM UX HaydalbHbIe (a30Bble KOOPIAUHATHI— Z,
to. BpeMs ¢ cTaHOBUTCS 3aBUCUMOM MIEPEMEHHOMU 1=1(Z, fy).

3anumieM ypaBHeHue qBUKeHUS (19) B HOBBIX JIarpaHKEBBIX KOOPAMHATAX:

d’t atY e
A Py R 5 20
dz* (dzj m - (20)
d*t
1 dv. dz*
rae V. =— n —==——9__ — CKOpOCTh U YCKOPEHHE B KoopauHarax Jlarpamxka.

oAt ar drY
dz dz

bonee ynoOHO B manbHeiIeM HCHOJb30BaTh (Pa3oBYI0 CHUCTEMY KOOPAMHAT
Jlarpanka, KOTOpas BBOJAUTCS CIECAYIOIIUMHU COOTHOIICHUSIMMU:

y=&Pez, DO=wt—pf,z, (21)
I7Ie £€— NapameTp MaJIOCTH, SKBUBAJICHTHBIN KO3 duureHty ycuienus C B TEOpHUH

w
JIBB, g, =, " IIOCTOSIHHAST PACTIPOCTPAHEHUS AJIEKTPOHHOIO Iyd4Ka, Vy — cpenHss
0

CKOpOCTb ITyYKa.
VYpaBuenue nBwxkenus (20) B ¢a3oBod cucTeMe KOOpPAWHAT MPUHUMAET
CIICIYIOIINMN BUL:

2 3
TP _ 1,92 ¢ g, 22)
dy dy ) moV,e
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rac VZ = — CKOpPOCTh B q)aSOBOﬁ CUCTEMC KOOpAUHAT.

0
dd
l+&—

dy
5.2. PacyeT KynoOHOBCKUX CUJI

Pacuer cmi mpoCTpaHCTBEHHOTO 3apsaa 3JJIEKTPOHHOTO IIy4YKa SIBJISIETCS
HauOojiee CJIOKHOM 3ajmaveid HENMMHEHHOW Teopuu. byaeM HCHosib30BaTh
PUOJIMKEHNE SKBUBAJICHTHOTO TJIQJKOTO BOJTHOBOIA, TPUOIMIKEHNE Y3KHX 3a30POB
JUISi MHOTOPE30HATOPHBIX KIMCTPOHOB, KBA3UCTATHUYECKOE M KBa3UIIEPUOIUYECKOE
npuokenus B MKY.

B Henuueitno# Teopun DIl npuUMEHSIOTCS pa3iWyHbIE METOJBI pacuera MoJIs
MIPOCTPAHCTBEHHOTO 3apsiga, W3 KOTOPHIX HaWOoJiee pactmpoCTPaHEHBI CIICTYIOIIHE:
meron Gynkuuii ['puna, merton mnpeoOpazoBaHus Dypbe M METOA KOHEYHBIX
paszHocreil. Hamu B nanHOM paboTe OyaeT ucnoisib3oBatbea Meto GyHkuuii ['puna.

[IpomonpHas cocraBisomas >SJIEKTPUUECKOro moyiss FE, B IPaBOM 4aCTH
YPaBHEHHUS JBUKECHUS COCTOMT M3 JBYX ClIAraeéMbIX — F,,— MO 3aMeUIIOLIen
cucTeMbl U E,,— COOCTBEHHOTIO IOJISl AJIEKTPOHHOTO MyykKa (KYJIOHOBCKOE IOJI€ WU
MoJie CUJI MPOCTPAHCTBEHHOTO 3apsifa). B KBa3zucTtaruueckoM MNPUOIUKEHUU IS
ompeieNIeHUs: COOCTBEHHOTO 3JIEKTPUUYECKOTO MOJIsi HEOOXOIUMO PEUIUTh YpaBHEHUE
[lyaccona Ap=-p/& U HaWTH TOTEHIMAT (@  KBa3UCTATUYECKOIO
AJEKTPOMArHUTHOTO TMOJIA, [IOCII€ 4Yero ONpeAcisieTcsi KYJOHOBCKOE IOJie
E.,=grad ¢, Ttne p — TUIOTHOCTH 3apsiia OAJIEKTPOHHOIO TydyKa, & -—
JIADJICKTPUUYECKAS IIOCTOSIHHASI aKTUBHOM CPEJbI.

N3 »smekTpoaMHamMuKyd UM3BECTHO pemeHue ypaBHeHus Ilyaccona miis
HKBUBAJICHTHOM TJIaJIKOW TpyOHI Aperida, B KOTOPOH JIBHKETCS AJIEKTPOHHBIN MOTOK,
BbIpaxkaeMoe ¢ nomolbio GpyHkiuu ['puna. [1oaTOMy MBI cpa3y BBINHIIIEM TOTOBOE
pelieHue 11 KyJIOHOBCKOIO OIS

E,.= [p(z)/(z2)dz, (23)

rne f(z,z')— »to ycpennennas ¢byHkuus ['puna (PyHKIUS BIMSHUS), OMUCHIBAIOIIAS
JEHCTBHUE KYJOHOBCKHX CHJI CO CTOPOHBI JMCKAa B CEYCHUU Z HA JWCK B CCUCHUH Z,
E..— ycpenHeHHas HANPSHKEHHOCTH 3JIEKTPUUYECKOTO TOJIs, ACHCTBYIOIIAsA Ha CCUCHHE
z' CO CTOPOHBI BCEX JAPYTUX CEUEHUN ITydKa CJIeBa U CIIPaBa.

3anumieM aHaJIUTHYECKOE BBIpaXCHHE ISl ycpeaHeHHoW (ynkmuu ['puna,
MPEACTABISIEMON B BUIE DKCITOHEHIIUATBLHON (QYHKITNH,

2
——Az|

fa)=—te " sign(Ao), (24)
2¢,
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1 Az>0
I 7,— pagnyc 3JEKTPOHHOIO My4YKa, sign(Az)=<0 Az=0, Az=z—7'.
-1 Az<0

[lepeiineM BO BBEACHHYIO HaMH paHee (a3oByI0 CHUCTEMY KOOpPIMHAT
Jlarpamxa, Torma cooTHomieHue (24) nns ycpeaneHHod ¢yHkuuu ['puHa B
JBIDKYIIEUCS CHUCTEME KOOPAMHAT BMECTE C JJIEKTPOHHBIM IIOTOKOM IIPUMET
CIEIYIOIINI BU:

f(D,D) = Le*"'m"sign (AD), (25)
2¢,

rne k=2/f,r,— nmnapaMerp YOBbIBaHUS KYJIOHOBCKUX CHJI C pacCTOSHUEM,
HCIOJIb3YEMBIN B HEIMHEWHOM Teopuu, AQ=D—D',

5.3. rpyﬂI'IMPOBKa AJIeKTPOHOB C Yy4€TOM KYJIOHOBCKOIo
B3aumMmoaeuncTeus

VYpaBHeHue aBuxkeHUd (22) ¢ ydyeToM BBIPAXKEHUW I KYJIOHOBCKUX CHJI
(23) — (25) n ucnoap30BaHMS 3aKOHA COXpAaHEHUS 3apsaa podzy'=p(z")dz' npuHuMaer
CIICIYIOINM BUL:

3 2
d*® dd (o, 7 :
—=—l+&— | {Acos(D+ @) +—| L Ie_k'A¢'51g1 (AD)dD ¢, (26)
dy dy 2lwe ) =,
rac An @— aMIlUINTy1a 1 (1)333 BBICOKOUYACTOTHOI'O ITOJIA 3aMeI[JISIIOH16171 CHCTCMBEI,
W = £ A _ nia3smMeHHas 4acTOTa GECKOHEYHO LIMPOKOTO IyYKa.
m &,

[Tpumenss MKY u npoBoAs AMCKPETU3ALMIO YPABHEHUS JBHKECHUS, ITOIYy4aeM
YPaBHEHHUSI OJHOMEPHOU AUCKOBOW MOJENH ITyYKa:

d*® do Y af@, )
L= l+e—L | 3 Acos(P + ) +—| -2 e Plsion (AD )1, 27
= ( dyJ (@, +9) N(@g] > o (AD,,) (27)

m=1

V.
rae N— 4uciio KpYNHBIX YacTHUIl Ha AJIEKTPOHHYIO IJIUHY BOJHBI A, = A2,

(4
[Ipu ananu3e rpynnupoBKU SJIEKTPOHOB B MHOTOPE30HATOPHBIX IPYHITUPOBATEISAX
MOIITHBIX JIEKTPOHHBIX MPUOOPOB UCIIOIB3YEM MPUOIMKEHUS 3aIaHHOTO TMOJIS U
Y3KHX 3a30pOB. Y CJI0BUSI CKOPOCTHOM MOIYJISILIMU 3aJA0TCS BO BXOJHOM

PE30HATOPC, a4 TAKIKC B IIPOMCIKYTOUYHBIX PE30HATOpAX. HCpBOHa‘IaJ'IBHO 3a0a€TCA

27
PaBHOMEpHOE paclpeieleHue KOOPIUHAT 3IEKTPOHOB AD, = ~ Ckopoctu

3JIEKTPOHOB Ha BBIXOJIE 7—T0 3a30pa pe30HATOPA ONMPEACISAIOTCS 10 PopMyIie:

o)L Z sin(d, - p,) (28)
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~

rac Um— NEpEMCHHAA PA3HOCTL IIOTCHIHAJIOB B 3a30p€ m—T0 PpC30HATOpAa, U() -

e

YCKOPSIIOUUMK TOTeHIMan mnyyka V,=.2-—U,, V,— CKOpOCTb n—TO D3JEKTpOHa
m

(KkpynHOM dacTuupbl), Vo— cpeaHssi CKOpPOCTb Iy4Ka, ¢J,— 3aJaHHbIA cABUT (¢as3.
IlepBoe cnaraemoe 1oOj 3HAKOM KOPHS B BbIpaxeHuu (28) mpeacraBiisieT cOOOi
OTHOCHUTEJIbHOE 3HAYEHNE KUHETUUECKON IHEPTUU n—T0 JEKTPOHA Ha BXOJIE B 3a30p.

JUi OLEHKH CTENeHU (WM ONTUMAJIbHOCTH) I'PYNIHMPOBAHUS AJIEKTPOHOB B
MHOTOPE30HATOPHBIX KIHUCTPOHAX MCHOJB3YETCA CIELHAIbHBIA MapaMeTp, TaK
Ha3bIBAEMBIN MOKa3arTelb (K03()(HUIMEHT) KadyecTBa IPYNIMPOBAHUS 7].,, OMU3KUHA K

P o
anexktpoHHoMy KII/J[ kmaucTtpoHOB n,m():%, U OmpeenseMbli 1o Qopmyie
0

1 : 1 .
n., :i”Tmm, rac ]_1_ OTHOIICHUC aMIINIMTYObI IICPBOU TAapMOHHKH TOKa ITy4YKa K
o "o 0

o . V.. o o
IIOCTOAHHOHN COCTaBJIAIOLICH, ”Tmm — OTHOIICHHUC CKOPOCTHM CaMOU MCAJICHHOU
0

KPYITHOM YaCTHUIIBI B TAHHOM CEYEHUU K €€ TOCTOSIHHON COCTAaBIISIOLIEH.

P p— 1 | |

|~

5,0

4,0

3,0

2,0 0.6 |-

1,0

02 |

0,0

0,0 5,0 10,0 15,0 20,0 25,0 Z 0,0 5,0 10,0 15,0 20,0 25,0 z

Puc 1. 3aBucumocTt (a3oBBIX KOOPJIMHAT KPYMHBIX 4yacTUl @,, aMIUIMTY]l FApMOHUK

I, .
ToKa —- u anekrponHoro KIIJI 7., or Hopmuposannoii anuuasl CBY npubopa
0
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6. MpnmepHble BapuaHTbl 3afaHUM K KypcoBou paboTte

3AJIAHUE 1
Crynenry rpynnel JII(B) -
Ha BBINIOJHEHHE KYypCOBOM paboThl MO JucHUIUIMHE «MojaenupoBaHue U
MPOEKTUPOBAHUE JIEKTPOHHBIX TPUOOPOBY.
Tema pabGotel: «MojenupoBaHue B3aUMOJEHUCTBUS TMydyka C TOJEM W
MPOEKTUPOBAHNUE OJHOCEKIMOHHBIX JIBB Ha cnupambHbIX WIM PE30HAHCHBIX
3aMEIIIONINX CHUCTEMAaX)

HMcxoaHble JaHHBIC:

1. KonuuecTBO KpyNHBIX YaCTHIL 24,48

2. KoanuecTBo rapMOHMK TOKA 2,3,4, ..

3. Tlapametp yObIBaHUS KyJIOHOBCKUX CHJI 3.0

4. Ilapamerp nina3MeHHON 4aCTOTBI 0.05,0.3

5. Ammutyna noss Ha Bxoje Ol 0.1,0.2, ...
6. @a3a Moy curHajaa Ha BXOJE 0,1.57,3.14

PacueTHas yacTh U OIITUMM3AINA IAPAMCTPOB.

Haiitn MakcuMyMmbl aMIUIMTYJ MOJII M TOKa IMy4YKa BAOJb JIMHUM MpUOOpa U
ONPEACIIUTL ONTUMAJIBHBIE IapaMeTpsl JUIMHBI cexkuuu JIbB g 3amaHHBIX
napamMeTpoB IyYKa U 33/IaHHbIX apaMeTPOB aMILTUTYAbI U (a3bl mosist Ha Bxoae Ol

I'padmnueckast 4acTh:

BriBecTy Ha 3KkpaH U neyath rpauku 3aBUCUMOCTEH aMIUTUTY bl U (Da3bl OIS
OT JITMHBI, TpadUKU 3aBUCUMOCTEH aMIUIUTYABl U (pa3bl TapMOHHMK TOKA OT JJIMHBI
npubopa, a Takxke (pazoBbie AUArpPaMMBbl TPYNIUPOBAHUS YACTHUI[ B MPOCTPAHCTBE
B3aMMOJICHCTBUSA

JlaTta BeIIauM 3a/1aHUS: « _» 201 .
Jata cnauu v 3aluThl paOOThI: « » 201 r.
PykoBoauTenu paboThl: 10.J1. Mo3sroBoii

C.A. XputkuH
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SAJTAHUE 2
Crynenry rpynnel JII(B) -
Ha BBIIOJHEHUE KypcOoBOM paboTel 1o aucuumiimHe «MojenupoBaHue u
IPOEKTUPOBAHUE IIEKTPOHHBIX PUOOPOB.
Tema pabotel: «MonaenupoBaHue B3aUMOJCHCTBUS IMy4dka C TIOJEM U
IPOEKTUPOBAHUE  MHOIOPE30OHATOPHBIX  MOWHBIX Il ¢ mpoaosbHBIM
B3aUMOJCHCTBUEM)

HMcxoaHble JaHHBIC:

1. KonuuectBo pe3onaTtoposB B JII 4,5,6,7, ...
2. Konn4decTBO KpyIHBIX YaCTHI] 24,48

3. KoauuecTBO rapMOHMK TOKa 2,3,4, ..

4. Ilapamerp yObIBaHUS KYJOHOBCKUX CHUJI 3.0

5. IlapameTp nia3mMeHHON 4YaCTOTHI 0.05,0.3

PacueTHas yacTh U OIITMMM3AIINg KOHCTPYKTHMBHBIX IIapaMCTPOB.

Haiitu makcumywmsbl snekrpoHHoro KIIJ[ m amMminuTyasl nepBOW TapMOHUKH
TOKa MyYKa U OMPEICIUTh ONTUMAIBHBIE aMIUTUTYAbl MOAYJIUPYIOIINX HAPSIKEHUN
U JUIUH TpYO Apeiida ajis MHOTOPE30HATOPHOTO YCTPOMCTBRA.

FDad)I/IIIGCKaH 4HacCThb.

BriBectr Ha 2kpaH u nevarh rpaduxu 3aBucumocteit Toka U KITJ[ ot nmunsl
npuodopa (TpaeKTOPHBIN aHANK3) AJs ABYX 3HAYEHHH MIIa3MEHHOM YaCTOTHI.

JlaTa BbI1aun 3aJaHUS: « » 201 r.
JlaTa cnauu v 3aluThl paOOThI: « _» 201 .
PykoBoguTenu paboThi: FO.JI. Mo3sroBoii

C.A. XpuTkuH
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7. OchopmreHne KypcoBon paboTbl

[Io BBIIIOJIHEHMH BCEX PacucToB H€O6XOI[I/IMO COCTaBHUTDH “HO}ICHI/ITCHLHYI-O

3alUCKY”, KOTOpas I0JKHA COAEPKaTh:

(98]

TUTYJIbHBIN JIUCT;

OCHOBHBIE TEOPETUYECKUE YPABHEHUS U COOTHOILICHUS;

pe3yNbTaThl YUCICHHOTO pacyeTa ypaBHEHUH ABMKeHUs Ha DBM;
ITIOCTPOEHHBIE TEOPETUUECKUE 3aBUCUMOCTH I'PYIIIIMPOBKH JIEKTPOHOB;
OCHOBHBIE BBIBOJIbI K ITOJIYY€HHBIM pe3yibTaTaM paboThl.

8. KoHTpoOnbHbIe BONpPOCHI

paccMOTPETh U CPABHUTH KOOPIUHATHI Dijepa u Jlarpanxka;

NEPEUUCIUTh OCHOBHBIC MPUOTMKEHUS B HeTMHEeHHON Teopuu 1 B MKY;
3aIMcaTh ypaBHEHUS JBUXKEHUS JJIEKTPOHOB B PA3JIMYHbBIX KOOPAUHATAX;
OOBACHUTH TUCKPETU3ALUIO YPABHEHUM JIBUKCHHUS;

IIEPEUNCIUTh METOBI paCYeTa CUJI IPOCTPAHCTBEHHOTO 3aps/1a;

MOSICHUTH OCHOBHYIO pOJIb KO3 (UIIMEHTa KaueCcTBa IPYyIITUPOBAHUS;
MOJICJIMPOBAHUE U TPACKTOPHBIM aHajlW3 NPOLECCOB TIPYINIIUPOBAHUSA B
MOITHBIX JIEKTPOHHBIX MPUOOpax;

MIPOEKTUPOBAHUE KOHCTPYKLIMHM 3JIEKTPOHHOIO Npubopa W TIpyNIHpPOBKa
AJIEKTPOHOB NPU M3MEHEHUH I1apaMEeTPOB IIPOCTPAHCTBEHHOIO 3apsaa U
CKOPOCTHOM MOZYJIALIMY ITy4Ka;

OCHOBHBIE HJEWM METOJAa KPYNHBIX YaCTHULl W UX HCIOJIB30BAHUE JUIS
MOJICIIUPOBAHUS U MMPOSKTUPOBAHUS MOITHBIX AJIEKTPOHHBIX TPHUOOPOB.
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