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MATEMATHYECKOE MOJAEJIMPOBAHUE U ITPOEKTUPOBAHUE
MOIHbIX MUKPOBOJIHOBBIX 2JIEKTPOHHBIX ITPUBOPOB C
MPOJ0JIbHBIM B3AUMOJEACTBUEM

1. Hean padoTsl

[IpoBonuTCAa MaTeMaTUYECKOE MOJEIUPOBAHUE UM MPOEKTHPOBAHWE MOIIHBIX
MUKPOBOJHOBBIX 3JIEKTPOHHBIX MPUOOPOB C MPOAOJIBHBIM B3aMMOICHCTBHEM Ha
OCHOBE MeETOJa KpYNHbIX dYacTul. Mcrmosb3yercss MeTOJ KPYNHBIX YacTULl B
OpuOIMKEHUU  OAHOMEpPHOM  auckoBoM  mogzenu. Mccnenmyrores — mpoueccsl
IPYNIIMPOBAHUS AJEKTPOHOB IPU U3MEHEHUU NMApamMeTPOB CKOPOCTHOW MOIYJIALIMH
BBICOKOYACTOTHOTO MOJS W HIPOCTPAHCTBEHHOI'O 3apsja 3JIEKTPOHHOIO IIyyKa.
AHanM3UPYIOTCS HEJIWHEHWHBIE MPOLECCH B MOUIIHBIX 3JEKTPOHHBIX HpHOOpax ¢
IPOJOJIEHBIM B3aUMOJICHCTBHEM. OcyectBisiercs MOJIEJIMPOBAHUE u
MPOCKTUPOBAHUE FNEKTPOHHBIX MpuOopoB (DII) u onpenensitorcss UX ONTUMAaIbHBIC
KOHCTPYKTHBHBIE IAPaMETPHI.

2. ITocTaHOBKA 32124 U METO KPYIHbIX YaCTHL

Maremarnueckoe wmoaenupoBanue Ha OBM mpoieccoB B3auMOIECHCTBUS
BBICOKOYACTOTHOTO MOJSl C AJIEKTPOHHBIM IIYYKOM SBJISIETCSI OJHUM M3 HauOoiee
3¢ (PEeKTUBHBIX METOJOB UCCIIEIOBAHUS U TPOCKTUPOBAHUS SJIEKTPOHHBIX TPUOOPOB.

Haunbonee oOmuMM W IIHMPOKO NPUMEHSEMBbIM METOAOM pEIICHHs 3aaad
HEJIMHEWHOMW JIEKTPOHUKHU SIBIISIETCS MeTo1 KpynHbIX yactull (MKY), no3Bosstomnuit
AHAJIU3UPOBATH TOHKYIO CTPYKTYPY DJIEKTPOHHBIX IIYYKOB U aKTUBHBIX CPEl, a TAKKE
VICCIIEI0BATh JBU)KEHUE OTIEIIbHBIX YKPYIIHEHHBIX YaCTHULl B IEPEMEHHBIX Jlarpanixa.

B nanHOli paGoTe MBI paccMOTpUM OCHOBHBIE moHATHS U uaen MKY
IPUMEHUTEIIBHO K 3aJayaM HEJIMHEWHOM JJIEKTPOHUKHU, MPUYEM OrPaHUYUMCS
BaprantoM MKUY, OoTHOCAIIMMCS K aHAJINW3y HENMHEHHBIX OJHOMEPHBIX MPOLIECCOB
B3aMMOJICUCTBHSI My4yKa C IMOJIEM B DJIEKTPOHHBIX MpUOOpax ¢ MPOAOIbHBIM
B3aMMOJICMCTBUEM, B YAaCTHOCTM B MHOI'OPE30HATOPHBIX KiucTpoHax U JIbB Ha
1ernovKax cBsi3aHHbIX pe3oHaTtopoB (LICP).

Meronp! pemienus 3anad Ha OBM B 3HaUMTENBHON MEPE 3aBUCAT OT PEKUMOB

pabotel Ol U OoT TUMOB B3aUMOAEMCTBUS Nyudka c mojiem B npudopax. Ilpoueccer
B3aMMOJICUCTBHSI B 3JIEKTPOHHBIX MPUOOpAaX MOXKHO pa3eIuTh Ha JIBE OOJbIIME
IPYIIIbL:
— JIMHEWHBbIE TPOIECChl (PeXUM CIadoro CcurHaia) — HeJIuHeWHble S(OPEKTh
ABJIIOTCS CIa0bIMM M WX MOXHO HE YUYUThIBaTh. B 3TOM ciiyyae OOBIYHO
WCIIONB3YIOTCS JINHEWHBIE TEOPUH, OCHOBAHHBIE HA THAPOJNHAMUYECKAX MOJEIAX C
UCIIOJIb30BAaHUEM KOOpAMHAT OJilsiepa (MaKpOCKOIMYECKUNW NOAXOJ B TEOPUU —
YCPEIHEHHOE MaKpOCKONMYECKOE OnucaHue BewlecTBa). JIuHelHas Teopus
MO3BOJISIET HAMTHU MOCTOSIHHBIE PACHpPOCTPAaHEHUs BOJIH B MpHOOpax U OMpPENEIHUTh
ycwieHne B Oll, oqHAaKO OHA HE YyYHTHIBAET CHIIBHBIX BO3MYLICHHI 3JEKTPOHHOIO
My4yKa, MPUBOASIIMX K IMOJYYCHHUIO PEXKHMMa HACHIIICHHS, OOPAa30BaHMIO IJIOTHBIX
CI'YCTKOB, IIOSIBJICHUIO TAPMOHMK TOKA ITy4Ka.



— HETWHEHHBIE TPOIECCHl (PEXKUM OOJBIIOTO CUTHANA) — Pa3BUBAIOTCS CUJIbHBIC
BO3MYIICHHUSI DJIGKTPOHHOTO TIy4dKa, MPUBOAAIINE K HEIUHEHHBIM 3ddexTam,
KOTOpbIE HEOOXOIMMO YYUTHIBATh B T€OpUU. B 3TOM ciydae B HEJIMHEHMHOW TEOPHUH
DIl ucnosb3yercst APYrou Mojaxoj]i B TEOPUH, OCHOBAHHBIA HAa MHUKPOCKOIIUYECKOM
ONMCAHUM JJIEKTPOHHBIX NYy4YKOB M wucnons3oBannu MKY ¢ koopauHaramu
Jlarpanxa, TO3BOJSIONIMN YYUTHIBaTh HENWHEHHBIE 3(PdekThl. OTMETUM, UTO
OCHOBHAasl TCHJCHIMSI B Pa3BUTUM COBpeMEHHBIX JII — 3TO yBelIMYeHUE BBIXOJIHOMU
mourHoct, KIIJI, Toka ¥ HampshKeHUs My4yka, a 3TO NPUBOJUT K YBEIUYCHUIO
HEJIMHEWHBIX SIBICHUM, KOTOPbIE HEOOXOIMMO YYUTHIBATh B TCOPHUHU.

OcHoBHass 3amaya HenauHewHoW Teopun Il cocrour B penieHUH
CaMOCOIJIaCOBAHHOM CHUCTEMBl YPAaBHEHHUM DJIEKTPOJAWMHAMUKUA U DJIEKTPOHUKH,
OIKACBHIBAOIINX JBHXKEHHUE JJIEKTPOHHOTO IIyYKa B JJEKTPOMArHUTHBIX TOJSAX
3aMEUISIIOIIEN CUCTEMBI, M ONPEAEIICHUM BbIXOAHBIX mnapamerpoB Ol — KII/I,
BBIXOJIHOW MOIITHOCTH, Ko puuiuenta ycusienus u T.4. [lpsmoe pemieHnue oOmieit
CHUCTEMbI YPABHEHUM 3JIEKTPOJAMHAMHUKU W DJIEKTPOHUKU JAXKE MPU HATUYUM CAMBIX
MOIIHBIX U OblcTpoaeicTBYIOmMUX OBM C BBIUHMCICHHEM TPACKTOPUM KaXKJA0ro
OTAEIBHOIO AJEKTPOHA MPAKTUUYECKU HEBO3MOXKHO, YTO CBSI3aHO C TPEMSI OCHOBHBIMHU
CYNIECTBYIOIIUMH NPOOIEeMaMU WIIA TPYAHOCTIMU:

— OOJIBIIUM YHUCJIOM DBJEKTPOHOB B DJJIGKTPOHHOM Iy4YKe, 4YTO NPUBOIUT K
HEO0OXOJJMMOCTU OJHOBPEMEHHOI'O PEIIEHUS TAKOTO K€ OOJIBIIOro Yucia YpaBHEHUI
JBUKEHUS;

— PE3KUM U3MEHEHUEM MUKPOCKOITUYECKOTO MOJISI OKOJIO TOUEUHBIX JJIEKTPOHOB;

— CJIO)KHOCTBIO KPaeBbIX U TPAHUYHBIX YCIOBUN PEAbHBIX 3aMEISIOIINX CUCTEM U
AJIEKTPOHHBIX MPUOOPOB, YTO HE MO3BOJIAET JaTh MPSMOTO pacueTa MOJHOTO IO,
B030Yy’K/1a€MOT0 B 3aMEIJISIOIICH CHUCTEME AJIEKTPOHHBIM ITyYKOM.

B npeoposieHnn nepBhIX ABYX TPYIHOCTEM Kak pa3 U COCTOWUT OCHOBHAs UAESA
MeToAa KpymHbix 4dactull. B MKUY BmecTo CIEXEHHS 3a KaXIbIM OTACIbHBIM
AJIEKTPOHOM B MHMKPOCKOIIMYECKOM IOJIE PACCMATPUBACTCS ABHXKEHUE OTIEIIbHBIX
YKPYITHEHHBIX (KPYMHBIX) YaCTHI] Pa3IM4IHONW (OPMBI B MAKPOCKOIMHMYECKOM TIOJIE,
IIpUYEM KaXXJI0M KPYNHOM YaCTHUIIE NPHUIIMCBIBACTCS 3apsJ U Macca HEKOTOPOTO
obbema (00aka) OKpYXKaroIKuX ee 3JIeKTpoHOB. Takum obOpazom, B MKY yuacTok
ANIEKTPOHHOTO IMy4YKa [JIMHOM B OAJIEKTPOHHYIO (3aMEVICHHYIO) JMJIMHY BOJIHBI
paszOuBaercs (paspesaercsi) Ha HEKOTOPOE KOHKPETHOE JUCKPETHOE YHUCIO KPYIMHBIX
YaCTHIl, IBMKEHUE KOTOPBIX B TAJIbHEHIIIEM U3Yy4YaeTCsl.

[Ipyn TakoM pa30OMEHUM BJIEKTPOHHOTO IydKa HAa KOHEYHOE YHUCIO KPYIMHBIX
YaCTHI] BO3HUKAET PsiJl BOMPOCOB, HA KOTOPBIE HEOOXOAMMO OTBETUTH TEOPUH:

— KaKk OINpeJeauTh ¢ OIEHUTh OCHOBHBIC TapaMeTphbl, KOTOpbIE OyIyT
XapaKTepu30BaTh YaCTOTHBIC, BPEMEHHbIE U TPOCTPAHCTBEHHBIE MacIITaObI
MaTeMaTUYECKUX MOJICTICH?

— Kak BBIOpaTh HY>XHO€ YHMCJIO KPYIMHBIX YacCTHUIl M KaK OMpeNeNuTh ux popmy s
MPaBUILHOI'O OMMCAHUS MTPOLIECCOB B3aUMOICHCTBUSA?



— KakuM 00pa30oM yMEHbBIIUTh OJMXKHHE (MapHbIE) B3aUMOJEUCTBUS KPYIHBIX
YacTHULl, T.€. KaK MPOBOJUTH MPOLEAYPY YCPEAHEHUS MHUKPOCKOMUYECKUX (PYHKIIHIM
B3aUMOJICHCTBHS?

— KakuM o0pa3oM HauOoJiee TOYHO BBIYMCIATH CHUJIbI MPOCTPAHCTBEHHOIO 3apsijia
AJIEKTPOHHOTO ITy4YKa?

— Kakue MpolecChl B 3JEKTPOHHBIX MydKax M MpUOOpax MOXKHO paccMaTpHUBaTh C
yAOBJIETBOPUTEIILHOM TOYHOCTBIO MPHU BbIOPAHHBIX IMpaBuiax pa3OMeHHUs IMydka Ha
KpYITHbIE YaCTULbI?

3. Bo30yxkaeHue mosst 3aMeJIAI0IIe CUCTEMbI 3JIEKTPOHHBIM MOTOKOM

3.1. BoiBoJ ypaBHeHMsI BO30OYKICHUS

Jlyist BBIBOJIa ypaBHEHUSI BO30YKJICHUS SJIEKTPOMArHUTHOTO TOJISI HCTIOTIb3YeM
pagnodusnyeckue ananoruu. [IpeacTasmisieM cniupalbHYIO 3aMEUISIOIIYI0 CUCTEMY B
BUJIE TUHUU TIEpeaun, IJisi KOTOPOM M3BECTHHI Tenerpadubie ypaBHeHus. M3 teopun
JUIMHHBIX JIMHAUM WM3BECTHO, YTO JIOOYIO CIIOXKHYIO 3aMEIJISIONIYI0 CHUCTEMY C
MOJIOKUTEJIbHOW ~ WM OTPULIATEBHOW  JUCIIEPCHENM  BOJIHBI ~ OCHOBHOWU
IIPOCTPAHCTBEHHOM  TapMOHHUKHA  MOXHO  OIIMCAaTh  LIENOYKOW  CBS3aHHBIX
MHOTOIOJIFOCHUKOB, CBOJAMMBIX K SKBHUBAJCHTHBIM cxemaM. CreoBaTenbHo, J1I00YIo
CJI0KHYIO 3aMEJUIAIOLIYI0O CUCTEMY U aJICKBATHYIO € SKBUBAJIICHTHYIO CXEMY MOYKHO
NPUBECTH K CBOEMY MPOTOTUIY — GWIBTPY HWKHUX WM BEPXHHUX YACTOT C
MTOJIOKUTEIBHON MIIA OTPULATEIBHOU JUCTIEPCUEH.

Hcnonb3zyem 0HOYACTOTHOE MPUOIMKEHHE, TO €CTh B TPUOOpax MPOUCXOIUT
YCUJICHWE CHUTHaJa Ha dyactore @. CuuraeM cOpaBeIIuBbIM  OJHOMOJIOBOE
NpUOJIMKEHUE, TO €CTh BO30YK/1a€TCsl OCHOBHOM THUIT BOJIHBI. DKBUBAJICHTHAsI CXeMa
JUHUM C TIOTEPSAMU COCTOMT M3 TOCJIEHOBATEIIbHOM HWHIAYKTUBHOCTH L,
MOCJIEIOBATEILHOTO COMPOTUBIIEHUsI R, 0OYCIOBJIEHHOTO TOTEPSIMU B JIMHUH,
napajuiesnibHol eMkoctTd C M mapajuiesibHOM MpoBoAUMOCTH (G, 00YyCIIOBIECHHOM
NOTEPSIMU B JAUDJICKTPUKE. YKa3aHHbIC BEIUYUHBI OEpyTCs U3 pacueTra Ha €AUHUILY
JUIMHBL. B o0mieM ciiydae Juisi onmpesiesieHusl MapaMeTpOB IKBUBAJEHTHOW CXEMBbl
yepe3 reOMETPUYECKUE Pa3sMEpbl M IAUBJICKTPUUYECKUE CBOMCTBA PEAIbHOU JIMHUU
HE0OX0IMMO peliaTh ypaBHeHUs MakcBeia.

B nanpHeiimem Oyaem mnpeHeOperatb MOTEPSMH B JIMHUM. 3aluiIeM
TenerpadHble ypaBHEHUs JJIsI CTAHAAPTHOM JIMHUW TMepelayu, MpeCTaBIISIONIeH
CIHUPAIBHYIO 3aMEJISIONIYI0 CUCTEMY C MOJIOKUTEIBHON TUCTIEPCUEH. DIIEKTPOHHbIN
MOTOK BO30YyKJaeT BUXPEBOE IOJIE 3aMEUISIONIEH CUCTEMBI, BCJIEJACTBHUE YErO B
CTPYKType TOSBJISIETCS HABEACHHBIM TOK (TOK CMEIIEHMS), TEKYIHH OT
3JIEKTPOHHOTO IIYYKA B 3aMEJJISIOLLYI0 CUCTEMY Iy06= ley= % YpaBHEHUS NIMHHOM

z
JIMHUU TIEPEIayy C YYETOM BJIEKTPOHHOIO IyYKa UMEIOT CIECIYIOINUNA BU:
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rae I, u U, — KOMIUIEKCHbIE aMIUIMTYbl TOKA U HAIIPsDKEHUS B JIMHUU NI€pead, i; —
KOMIUJIEKCHAs aMILTUTY/1a IEPBOM TAPMOHUKH TOKA MTy4Ka Ha 4aCTOTE CUTHAJa @.

[IpoBenst HecnoxxHble MpeoOpazoBanuss w3 ypaBHeHuM (1) mnomyyaem
muddepeHuranbHOe YpaBHEHUE BTOPOrO MOPSAKAa OTHOCUTEIBHO HANpPSHKEHUS B
JVMHUY TIepelavuu:

d*’U ) di
L+ fU, = joC—L, 2
2 BU,=j . (2)
rne f =wVLC =% _ HocrosHHas pacnpocTpaHeHusl MpsMOil Oeryiei BOJHBI B

™

auHuM niepenayu; L m C — NOTrOHHbIE MHAYKTUBHOCTb U €MKOCTb SKBUBAJEHTHOM
NMHUM nepenadd, ¥, — (a3oBas CKOPOCTb paclpOCTpaHEHHUs] HpsAMOW Oeryiueil
BOJIHBI.

B npanbHeilliem mnpeamnosiaraéM, 4YTO MHAYKTHUBHOCT WM €MKOCTb JIMHUHU
neperayd MogoOpaHbl TakUM OOpa3OM, UTO BBIIOJHSETCS SKBUBAJIEHTHOCTH
BBICOKOYACTOTHOTO MOJISI U HANPSHKEHUs] B JIMHUM MEPEAAYd, TO €CTh BBIIOJIHAETCS
CJIENYIOIEE COOTHOLICHHE

E, 6 =- = (3)

[ToncraBum cootHomenue (3) B ypaBHeHue (2) u, npoauddepeHuupoBan

JIEBYIO U IIPABYIO YaCTU ypaBHEHUS (2), MOJYyYUM CIEAYIOllee ypaBHEHHE:

d’E .
7 +BE., =—jpk

2,
=, )
rae napamerp k — K03()(HUIMEHT CBSI3U, OMUCHIBAIONINIA CBSI3b OIS 3aMeIAIOIICH
CHCTEMBI C 3JICKTPOHHBIM ITyYKOM.
[TpeArnoaoXuM, 9TO TOK IJIEKTPOHHOTO MOTOKA M3MEHSETCS 1O CIIEAYIOIEMY
3aKOHY: I ~ e /<  Torna nojydaeM BhIpaKCHHUE:
d’i, 5

P clis (5)

(0
rae B, = 5~ ~ MOCTOSHHAS PACPOCTPaHEHIA JNEKTPOHHOTO Iy4ka, Vy — mocTostHHas
0
COCTABJIAIOIIAS] CKOPOCTH JIEKTPOHHOT'O ITyUKa.
Hcnonb3ys cooTHoweHue (5), 3anuiieM ypaBHeHUE (4) B BHUJIE ypaBHEHHS
BO30YXACHHUS DJICKTPOMArHUTHOTO TOJS 3aMEAJISIONICH CHCTEMBI 3JIEKTPOHHBIM
OTOKOM:

d’E : ,
dTZZJ7 + ﬂlezz = Jﬂﬂﬂezkll * (6)



3.2 BbIBOJ YKOPOYCHHBIX YPABHEHHM BO30YKICHUS
Jigs  ynoOcTBa JajbHEMIIMX BBIKIAJOK CHEIAEM  CIEOYIOIIYI0 3aMEHY

m

nepeMeHHbIX: E_(z)=—aV,f(z), TIe f(z) — HeKoTopasi Heu3BecTHas QYHKIIUS; e U m

e
— 3aps] ¥ Macca dJIeKTpOoHa.
Ucnons3yst BBenaeHHyro ¢GyHkuo f(z), npeodOpazyem ypaBHeHue (6) K
CJIeIyIOUIEMY BUY:
d>f
dz’*

+B.f = iB.B.2eT,, (7)

. k1
rae J;=i;/[y — HOpMHpOBaHHas TNiepBasi TapMOHHMKA TOKa ITyuKa, 83ZC3ZZU_O_
0
napamMerp Majoctd win kodpdunueHt ycwienus B Teopuu JIBB; Iy u U, —
IIOCTOSIHHBIE ~ COCTABJISIIOIIME TOKA WM HANPSHKEHUS  DJIEKTPOHHOTO — ITy4Ka,

el
v, =25, .
m
[TpumeHss MeTOA MEIJICHHO MEHSIOUIUXCS aMIUIMTYI U UCIIOJIb3YSI POLUENYPY
YCPEIHEHUS, BBEJEM TaK HA3bIBAEMbIC MEIJICHHO MEHSIONIMECS aMIUIUTYAbl TOJS U

TOKa C MOMOIIBIO CJICTYIOIIUX BhIPAXKEHUIN:

f(2)=&"F(z)e 7, )
J\(2) =1 (2)e",

rae F(z) u [i(z) — MEmJIEHHO MEHSIONIUMECS KOMIUICKCHbIE aMIUIMTYJbI TOJIs

3aMeUISIIOIIEH CUCTEMbI U MIEPBOM rapMOHUKHU TOKA MyYKa.

[ToncraBnsast cooTHomieHust (8) B ypaBHeHHE BO30yxjaeHUs (7), MOTydUM

CJIEIyIOLIEE COOTHOIICHHE:
d’F
dz’*

~2j5, - (52~ F)F = 2P, )

Beenem ncnonbs3yemyro B nuHeWHOM Teopuu JIbB MemieHHO MeHsrouyrocs
KOOpJMHATY y=¢&[3,z 1 TOrAa BMECTO ypaBHeHUs (9) moyiydnum ypaBHEHHUE:

dA°F _ dF 1(, B’ )
—2j———|1-—= |F=j2~—1I. 10
o a( ﬁfj g 1o

Hcnonp3ysi MallocTh mapaMerpa & << 1 W y4HWThIBas TapaMeTp pacCTpPOHKH
b=(p,—f.)/€p., okoHuaTenbHO mojyyuM u3 ypaBHeHus (10) ykopoueHHoe paboyee
ypaBHCHUE BO30YKICHUS BBICOKOYACTOTHOTO TIONSA 3aMEIJISIONIEH  CUCTEMBI
AIICKTPOHHBIM ITyYKOM:



aF L ibF =1, (11)
dy

[Tonyyennoe ypaBuenue (11) siBAsieTCS MCKOMBIM YKOPOUEHHBIM ypaBHEHUEM
BO30Y>KJICHUS JIJIs1 KOMIUIEKCHBIX aMILTUTY/T TTOJISI U TOKA.

Takum oOpaszoM, pemieHa 3ajada O BO30YXKIEHHUU 3aMEJUISIONIEH CHCTEMBbI
TOKOM D3JIEKTPOHHOI'O IMy4yKa, MpUYeM B BHUJE, YAOOHOM JUIsl YHMCIEHHOI'O CyeTa.
VYpaBHeHue BO30YXKIEHUS B KOMIUIEKCHOM BHJI€ JIETKO TEPENUCHIBACTCS B BUJEC
ypaBHEHUS JJIs PEAIbHBIX aMIUTUTY U (pa3 BHICOKOYACTOTHOTO TOJISl M TOKA IMyYKa:

dA

d—=—|11 | cos(y — ),

dy 1 (12)
0 =b-Lilsinty ),

Trac An @ — pCAJIbHBIC aMIITINTYyda U (1)8,33 I1O0JIA SaMG,HHHIOHIGﬁ CHCTCMBI:

F=F'+jF"=A4e", A= J( F'Y+(F"), o= arctg%,
|I;| m y — peanbHble aMIuIUTYa U (ha3a IEpBOM TAPMOHUKH TOKa IyYKa:

L=n+ =1, L= P+ Y, ‘/’:“mg%'

1

[TonyueHHbIe YKOPOUYEHHBIE YPaBHEHHS BO30YKIECHUS YKA3hIBAIOT HA CKOPOCTh
U3MEHEHHUSI aMIUIMTYJbl U (a3pl MOJs MOJA BO3JACHCTBHEM BHEIIHEH CHIIBI —
HABEJICHHOTO TOKAa WJIM aMIUIUTYAbl MHEPBOM TapMOHUKM KOHBEKIMOHHOTO TOKa
anekTpoHHOro myuka. Cucrema ypaBHenuil (12) pemaercs meronom Pynre—Kyrra
YETBEPTOIrO MOPSIKAa C aBTOMAaTUYECKUM BBIOOpOM Iara. 3agaetcsi mapadomyecKast
anmpoKCUManus pacrpeeieHus: TOKa IMMy4yKa BAOJIb 3aMEJISIONIEH CUCTEMBI.

4. 'apMOHUKH TOKA 3JIEKTPOHHOI0 MY4YKAa B NPUOOPAaX ¢ NPOA0JIbLHBIM
B3aMMO/IeiiCTBHEM.

4.1. OnpenesieHue raApMOHHUK TOKA JIEKTPOHHOTI0 MyYKaA.
Kak wu3BecTHO W3 3JIEKTPOJWHAMHUKH, MEPUOAUUYECKU H3MEHSIONIUNCA BO
BPEMEHHM KOHBEKIIMOHHBIM TOK MaTEMaTUYECKH OIMCHIBAETCS C IMOMOIIBIO psiaa
@ypbe, TO €CTh B BUAE CYNEPHO3ULINN BPEMEHHBIX TAPMOHHK TOKA MTyYKa:

i(z,t) =1, +Reiin (z)e", (13)

n=1



rac I() — IIOCTOAHHAA COCTAaBJIAIOIIAA TOKa JJICKTPOHHOI'O ITYy4YKa, I,— KOMILICKCHAas
AMIIINTy Ja n—ou rapMOHHKH TOKa ITy4Ka, OIIpCACIICMas € IOMOIIBIO CICAYHOIICTO
BBIPAKCHUA:

2
i = 1 ji(z,t)e‘f”“”d(a)t). (14)
a 0

Jns onpeneneHus aMIUIMTYl TAPMOHUK TOKA C MOMOIIbI0 cOOTHOEHUs (14)
HE0OXO0IMMO 3HAaTh KOHBEKIIMOHHBIA TOK ITy4Ka B MOMEHT ! B cedeHUH z. Dopmyiy
JUTSI TOKA i(z,1) MOYKHO TIOJTYYUTh, HCTIONB3YS 3aKOH COXPAHEHHMS 3apsiia U TOKa.

3a Masblii UHTEPBAJI BpEMEHU dfy B IPOCTPAHCTBO B3aUMOJCHCTBUS B CEUCHUU
z=0 Btekaer 3apsan dQ=Iydt) . DIEKTPOHBbI, COOTBETCTBYIOIIME 3TOMY 3apsjiy,
MIEPECEKYT CEUEHUE z 32 MHTEPBaAI BpeMeHU df>(), ciel0BaTeIbHO, COTJIACHO 3aKOHY
cCOXpaHeHMs 3apsiga, umeeMm Iydty=i(z,t)dt, oTKyaa TIOJydyaeM COOTHOILICHHE IS
ornpe/eeHus] KOHBEKIIMOHHOTO TOKA My4Ka:

iz =1, fj; ,

(15)

rae mnapamerp t=t(z,ty) — ONpeAeNsieT MOMEHT MpoJieTa Yepe3 CEYEHUE Z TOro

JJIEKTPOHA, KOTOPBIM BIIETEN B IPOCTPAHCTBO B3aMMOJAEUCTBUA NpU z=( B MOMEHT

BpeMmeHU fy. KoopanHara z siBisieTcst He3aBUCUMOM ITepeMEHHOM B ypaBHeHuu (14).
[Toncraisas Beipaxenue (15) B ypaBHenue (14), noayyaem
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i, == [e " d(ety). (16)
T

n
0

JUist  BBIYMCJIEHUS TOJYYEHHOrO MHTErpaja HEOO0XOAUMO 3HATh 3aBUCUMOCTD
napaMeTpa BpPEMEHHU ¢ OT fy B JJAHHOM CEUYEHHUHU z. DTa 3aBUCUMOCTb MOXET OBITh
HaliJIeHa C IIOMOILIBIO PELICHUNA YPaBHEHUN ABHIKEHUS DJIEKTPOHOB B IPOCTPAHCTBE
B3aMMOJICMCTBUSA WJIX 3a1aHA AHAJTUTUYECKH.

4.2. Pacuer rapMOHHMK TOKA 3JICKTPOHHOI0 MyYKa.
3anuuieM COOTBETCTBYIOLIUE (POPMYJIbI JUIsl ONPENEIeHHsI IEPBOIl TapMOHUKH

l
ToKa my4ka. Panee Hamu OBLIM BBEACHBI CIEAYIOUINE 0003HAYCHUS ISl TOKA J, :I—‘
0

U TaKke [, =J, ¢/, UCHONb3ysi KOTOPHIC MOJTYYHUM BBIPOKCHHS IS HAXOMKICHUSI
KOMIUIEKCHOM aMILINATYbI IEPBOM FAPMOHUKH TOKA ITy4Ka.

12”i(zat) —j(@t-B,2)
I =— [===e P2 d ), (17)
Ty 1,
rae Vo=w/f, — MOCTOSIHHAsg COCTaBJISIONIAsi CKOPOCTH 3JEKTPOHHOTO MyuKa, [, —
IIOCTOSIHHAsL PACIPOCTPAHEHNUs DJIEKTPOHHOIO ITy4Ka.
Jlnst ynopouieHusi NOJBIHTErpanbHOro BbIpaxkeHus: B (17) wcmonb3yeM 3akoH
coxpaHenus 3apsaa lydDy=i(z,t)d®, yuuTbiBas KOTOPHIA MOJIYy4a€M OKOHYATEIBHO

MHTErpaJl I OIPEACIICHUS IEPBOM TapPMOHUKH TOKA ITy4Ka:
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L=—[e"do, (18)

T

rae @=wt—f.z — dpazoBas koopAauHaTa Jlarpanxa, ucnosib3yemas B JMHEHHOW TEOpUH
AJNIEKTPOHHBIX MPUOOPOB, Dy=wnt.

IIpu paccMOTpEHUM HEIUMHEWHBIX IMPOLECCOB B 3alIMCU YPABHEHUM JIBUKCHUS
BMECTO KOOpJIMUHAT OJiliiepa (z,f), SBISAIOMIMUXCS HE3aBUCUMBIMHU SUIEPOBBIMHU
KOOpAMHATaMU, UCIIOIb3YIOTCSl HE3aBUCHUMbIE TlepeMeHHble Jlarpanxka (z,1)), a Bpems
{ SIBISIETCA 3aBUCUMOW TIEPEMEHHOU (=f(z,t;). PelieHue ypaBHEHUS IBUKEHUS
MO3BOJISIET HAWTH #(z) IpU JTI0OO00M BEIOPAaHHOM HAa4YaJIbHOM 3HAYCHHH fj, @ TEM CAMBIM
onpenensiercss GyHkuus (z,ty). [locne ompenenenust #(f)) B JaHHOM CEUYEHUU Z
IIPOU3BOJIUTCS BBIYMCIICHHE TAPMOHUK TOKA ITy4Ka ¢ MOMOIIbI0 uHTerpana (16).

Ecnmu nns 3anucu ypaBHEHME JBMKEHUS HCIONB3yeTcs (a3oBas cucTema
koopauHat Jlarpawxka y=gfz, @=wt—fz, TAE & —nNapamMeTp MajoCTU, TO NpH
pELIEHNH YPAaBHEHUM [BH)KEHHUS SJEKTPOHOB B IPOCTPAHCTBE B3aWMOJCHCTBUS
HaxoauTcsl ObicTpast (pasoBasi KoopJauHata @ Ui KaXkJAOrO SJIEKTPOHA MpHU OO0
3alaHHON HavanbHOM (aze @), ompeaensionield BpeMs BIeTa DSJEKTPOHOB B
IPOCTPAHCTBO B3aUMOJEHCTBUSA. DTO IMO3BOJISET ONPEACIHUTH IMEPBYIO TAPMOHHUKY
TOKa Iy4Ka ¢ MOMOIIbI0 nHTerpaa (18).

[Ipu mpoBeeHUU NUCKPETU3AIMU YpaBHEHUU ABMKEHUS M uHTerpana (18) c
NOMOIIBI0 METOAA KPYIHBIX YacTUIl MOJy4YaeM CIEAYIOLIEe BBIPAKECHUE IS

2&
HAXOXEHHS TOKa Mydka: [, =—» e, OTKyJa HAXOAUM aMIUIUTYIy U (a3y Toka:

n=1
_ [ 2, 2 _ Q, 2y 2. B
|1, |=+Jal +ai , y =arctg—L, 1€ @ —ﬁZcos@n , a, —ﬁZsmch , N —4HCIIO0 KPYIHBIX
az n=1 n=1

JacTull Ha ICpHUOJ BBICOKOYACTOTHOI'O I10JIA 38.M€I[J'I$IIOH.[€I>1 CHUCTEMbI, HA4YaJIbHOC

27
pacrpeieIeHue dJIEKTPOHOB JacTCs BBIPAXKCHUEM dPD | = W

5. YpaBHeHMe ABUKEHUS JIEKTPOHHOI0 MOTOKA

5.1. YpaBHeHue ABMKEHUS B KOOPAUHATAX Jiljiepa U KOOPAMHATAX
Jlarpanaxa.

[Ipu nocTpoenuun HenuHelHou Teopuu D11 ¢ Tpo10IbHBIM B3aUMOAECHCTBUEM U
st ucriob3oBanuss MKY BBenem psi mpuOIMKeHU B TEOPUU:

— paccMaTpuBaeM HEPEISTUBUCTCKHUI cllydail U mpeHeOperaeM COOCTBEHHBIM
MAarHUTHBIM IOJIEM AJIEKTPOHOB;

— paccMaTpuBaeM cliydyaid OECCTOJKHOBHUTENbHBIX JJEKTPOHHBIX IYYKOB U
CUMTAEM, YTO IOTOK B IIEJIOM HEUTPAJIEH;

— UCMOJB3YEeM  KBAa3UCTATHUUECKOE  MNpUOJMKEeHHEe, T.e. IpeHeOperaem
a¢dexTamu 3ama3abIBaHK U BMECTO pELIEHUs] ypaBHEHH MakcBesuia OyieM penarhb
ypaBHeHue Ilyaccona g noreHuumana 00beMHOro 3apsiaa;

10



— CYHTAeM CIIPaBEIJIMBBIM KBa3UIIEPHOINUECKOE MPUOIHKEHNUC;,

— Oy/JieM HCIOJIb30BaTh OJHOMEPHOE TMPUOJIUKEHHE W B aAKCHAIbHO—
CUMMETPUYHOM CJIydya€ B POJIM KPYIHBIX YacTHIl OyJeM HCIO0JIb30BaTh KECTKHE
3apsDKEHHBIC TUCKY ¢ KOHEUHBIMU pa3MepaMu.

VYuuTeiBass BBEJECHHBIC NPUOIIKCHHUS, YpaBHEHHE OJJICKTPOHHOTO IydKa B
KOOpAWHATaX Dujiepa UMeeT CIASAYIONTUN BHUI:

dv e
i =_F 19
d m ° (19)

dz
raee muv, = —, ~3apsilL, Macca i CKOPOCTb SIIEKTPOHOB IyUKa COOTBETCTBEHHO, E.
t

— YCpPEAHEHHAas 0 CEYEHUIO IMMYy4YKa MPOJOJIbHAS COCTABISAIOLIAS JJIEKTPUYECKOIO
TIOJIAL.

B noaxone Diinepa 3IEKTPOHHBIA MYyYOK MPEACTABISIETCS B BUAE CIUIOUIHOMN
3apsHKEHHOM JKUIKOCTH U 32 JIBDKEHHUEM CIUTOIIHOW CPEeJibl IPOUCXOIUT HAOIIOICHHE
B OINpEAENIEHHbIX TOYKax (u3nyeckoro mpocTpancTBa. KoopawHaTel TOYEK
HAOJIIOICHHUSI SIBJISIIOTCS HE3aBUCUMBIMH DHMIIEPOBBIMH KOOPAUHATAMM Z, 1.

B mnonxone Jlarpamka mpoucxoauT HaAOJIOJCHHE 3a JIBMKEHHUEM OTICIbHBIX
BBIOpDAHHBIX YaCTHI[ W COBOKYIMHOCTH (Da30BBIX TPACKTOPHUMA ATHUX YACTHUI[ JAeT
NoJIHYI0 MHpOpMaNHio O mporecce. He3aBUCHMBIMU TMEPEMEHHBIMU B TOAXOJE
Jlarpan»xa sIBJSIOTCS HOMEpa YacTHUIl WU UX HadalbHbIe (Pa30Bbie KOOPAUHATHI- Z, .
Bpewms ¢ ctanoBUTCS 3aBUCUMOM TIEpEMEHHOMU 1=1(z, t).

3anuiieM ypaBHeHue ABMKEHUS (19) B HOBBIX JIarpaH>XKeBbIX KOOPJIMHATAX:

d’t dt) e
_ [ g 20
dz’ (dz j m (20)
d’t
1 dv. dz*
e V, =— u —= =92 _cKopocTh U YCKOpEHHE B KOOpAMHATax Jlarpanka.

dat —dr (dr
dz dz

bonee ynoOHO B manbHEWIeM HCHOJBb30BaTh (PA30BYH0 CHCTEMY KOOPIMHAT
Jlarpan»a, KOTOpast BBOAUTCA CIEAYIOLIIMMU COOTHOIIEHUSIMU:

y=¢&f.z, O=wt—Pf,.z, (21)

I £€— NapameTp MaJIOCTH, SKBUBAJIEHTHbIA KO3Puunenty ycuienus C B T€OpUH
JBbB, g, :g— MOCTOSIHHASA PACHPOCTPAHEHHMS DJIEKTPOHHOTO IIyuKa, V) — cpenHss
0
CKOpOCTB ITy4Ka.
VYpaBuenue nBuwxenus (20) B (a3oBoil cucTeMe KOOPAMHAT MPUHUMAET
CIEQYIOLINI BU:

11



2 3
P _ 1492 c— (22)
dy dy ) moV,s

rae V, = — CKOpOCTh B (pa30BOM crcTEMEe KOOPAMHAT.

_ "0
do
l+e—

dy

5.2. PacyeT KyJIOHOBCKHMX CHJI.

Pacuer cmi DpPOCTPAaHCTBEHHOrO 3apsjia JJIEKTPOHHOIO IYy4YKa SIBISETCS
HapOoyiee CJIOKHOM  3ajauedl  HEIMHEHHOW Teopuu. bynem uCmonb30BaTh
npUOIMKEHUE YKBUBAJICHTHOTO TJIAJKOTO BOJIHOBOJA, TPUOIMKEHUE Y3KHX 3a30POB
JUI. MHOTOPE30HATOPHBIX KIMCTPOHOB, KBA3WCTATUYECKOE M KBA3ZUIIEPUOAUYECKOE
npubnmxenus 8 MKY.

B HenuueitHoit Teopuu OII mpuMeHSIOTCS pa3iUyHbIE METOMAbl pacueTa IMOoJis
IPOCTPAHCTBEHHOTO 3apsiia, U3 KOTOPHIX HamMOOJee pachpOCTPAHEHBI CIEAYIOIIHE:
meton Gyukumii ['puna, metonm mpeoOpasoBanus Pypbe M METOJ KOHEUHBIX
paszHocteit. Hamu B qanHOM paboTre OyeT ucnoiib3oBathes MeTol hyHkumii [ puna.

[IpononpHast COCTaBISIIOIIAS AJIEKTPUYECKOrO Mojs £, B IpaBoOM 4acTu
YPaBHEHHS [IBU>)KEHUSI COCTOUT M3 JBYX CllaraéMbiXx — FE,— MOJA 3aMelIaronien
cucteMbl U E,,— COOCTBEHHOI'O TOJISI AJIEKTPOHHOTO Myuka (KYJOHOBCKOE TMOJIE WU
MoJie CUJI MPOCTPAHCTBEHHOrO 3apsga). B kBazucTaTM4ecKOM MNPHUOIMKEHUM IS
omnpeesieHus] COOCTBEHHOTO AJIEKTPUUECKOr0 MOJIsl HEOOXOAUMO PEIIUTh YPaBHEHUE
[lyaccona Ap=-p/& ©W HAUTH TOTEHHMAT (¢  KBa3HCTaTUYECKOTO
3JIEKTPOMArHUTHOTO  TMOJIsA, IIOCJI€ Yero ONPEAEseTCsl KYJOHOBCKOE  MOJIE
E..=grad ¢, tne p — TUIOTHOCTh 3apsia dDJIEKTPOHHOTO TydKa, & —
JIUBJIEKTPUYECKAs IIOCTOSIHHASI aKTUBHOM CPEBI.

N3 >5ekTpoaAMHAMUKK UM3BECTHO pemeHue ypaBHeHus Ilyaccona s
SKBUBAJICHTHOU TJIAJIKOW TPyOBI Apeiida, B KOTOPOU ABUKETCS dIEKTPOHHBINA MOTOK,
BbIpakaeMoe ¢ moMotibio GyHkiuu ['punra. [losTromy MBI cpasy BIIHIIIEM TOTOBOE
pelIeHue Uil KyJIOHOBCKOTO ITOJIS

E, = [p()f(z,2)dz, (23)

rae f(z,z")— aro ycpennenHas ¢yHkuus ['puHa (PyHKIUS BIMSIHMS), ONMHUCHIBAIOIIAS
JNENCTBUE KYJOHOBCKUX CHJI CO CTOPOHBI JUCKA B CEYEHUHU Z HA JIUCK B CEUCHHHU Z
E..— ycpenHeHHas HapsSHKEHHOCTD 3JIEKTPUYECKOIO MOJISA, NIEUCTBYIOIIAs HA CEUYCHHE
z’ CO CTOPOHBI BCEX IPYTUX CEUCHMM IydyKa CJIEBA U CIIPaBa.

3anuieM aHaJIUTUYECKOE BBIpAXKEHUE IS ycpeAHeHHON (ynkuuu ['puna,
IPEICTaBIIEMOM B BUJI€ SKCIIOHEHIMAIbHON (PyHKIUH,

12



2
—lAz

f(z,2") = Le "~ sign(Az), (24)
2¢,
1 Az>0
TJ€ 7,— PAANYC JIEKTPOHHOTO MyYKa, sign(Az)=<0 Az=0, Az=z-z’.
-1 Az<0

[lepetimeM BO BBeJEHHYIO HamMu paHee (a30BYyI0 CHUCTEMY KOOpAMHAT
Jlarpanka, Torma cooTHomieHue (24) i ycpeaHeHHoW ¢yHknuu ['puHa B
JIBWOKYIICHCA CHUCTEME KOOPAMHAT BMECTE€ C OJJIEKTPOHHBIM MOTOKOM IPUMET
CIICIYIOLIUMN BUL:

f(@D,D") = ZLe_kmsign(A(D), (25)
£

0

rne k=2/f,r,— Tmapamerp YOBbIBaHUS KYJOHOBCKHX CHJI C PACCTOSIHHEM,
UCIIOJIb3YEMbIN B HEJIMHENHOHN Teopun, AQ=P—D’.

5.3. 'pynnupoBKa 3JIEKTPOHOB € Y4€TOM KYJOHOBCKOI0 B3aUMOJAECTBUS

VYpaBHeHue ABMKEHHUS (22) ¢ ydyeTOM BBIPAXEHUH I KYJIOHOBCKUX CHJI
(23)—(25) u ucnonb30BaHUS 3aKOHA COXpaHEHUSs 3apsna podzy =p(z’)dz’ npuHUMaeT
CICIYIOLINN BUL:

5 3 2,
cj{y(zp = [1 + gi{—fj Acos(D+ @)+ %(%} J.e_k‘m‘sign(ACD)d(D(; , (26)

—00

rie A u @—ammiutyaa u ¢daza BRICOKOYACTOTHOTO TOJS 3aMEIJISIONIEH CHUCTEMBI,
e
w, = £ £ _ nnasmeHHas 4acTOTa GECKOHEUHO MIMPOKOTO MyYKa.
m &,
[Tpumensis MKY u npoBos TUCKPETU3ALMIO YPAaBHEHUS JBUKEHUS, [TOTy4aeM
ypaBHEHUS! OJTHOMEPHOM TMCKOBOW MOJIEIU MTy4Ka:

2 3 P
dd? _(ugﬁ"] Acos(®, +¢)+%[%J D e isign(AD,, )+, (27)
m=1

V.
rae N— 4ucio KpyHHbIX YaCTHUIL HAa DJIEKTPOHHYIO JUIMHY BOJHBI 4, = A2,
C
[Ipy  aHasm3e  TIPyNOUPOBKM  DJIEKTPOHOB B MHOI'OPE30HATOPHBIX
TPYNIHPOBATENAX MOIIHBIX 3JICKTPOHHBIX MPHOOPOB HCIOJIB3YEeM MNPUOIHKCHHUS
3aIaHHOTO IOJIA U Y3KHX 3a30pOB. YCIIOBUS CKOPOCTHOM MOIYJIALMH 3aJAKOTCSA BO

BXOJHOM pE30HATOpEe, a TakKe B IMPOMEKYTOUHBIX pe3oHaTopax. llepBoHayanbHO
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3a7]a€TCSl PABHOMEPHOE PaACIIPEICIICHUE KOOPAMHAT YJICKTPOHOB AQD' = v Cxopoctu

AJIEKTPOHOB HA BBIXOJIE 71—T0 3a30pa pe30HATOPa ONPEIENISIOTCS IO (opMyIIe:

ool b Y@, —,), (28)

Vo do, Y
1+
dy

rae U, — mnepeMeHHas pa3HOCTh IMOTEHIMAJIOB B 3a30p€ m—TO0 pe3oHaTopa, U() -
m

le]

YCKOPSAIOIIUM NOTEHIMal Iyuyka V,=.2—U,, V,— CKOpPOCTb n—TO 3JIEKTPOHA
m

(KpynHOW dacTuiel), Vo— cpeaHsisi CKOPOCTh Iy4YKa, ¢,— 3aJaHHBIM cABUT (¢as.
[lepBoe cnmaraemoe MOJ 3HAKOM KOpHS B BBIpaXeHHM (28) mpeacTaBisieT coOoif
OTHOCHUTEJIbHOE 3HAUYEHUE KHHETHUECKOI 3HEPTUU n—T0 3JIEKTPOHA Ha BXOJIE B 3a30p.

JlJis OLleHKHM CTeNneHU (MM ONTHUMAJIbHOCTH) IPYHNIUPOBAHUS 3JEKTPOHOB B
MHOTOpPE30HATOPHBIX KIUCTPOHAX MCIONb3YeTCA CIEUHUaIbHBbIA IMapameTp, Tak
Ha3bIBAEMBIN IOKa3aTesb (KO3((GUIMEHT) KayecTBa IPYyNIUPOBAHUSA 7].,, ONM3KHN K

P o
anektpoHHoMy KIIJ[ KIHUCTPOHOB 740 = Px , W ompeaensieMblid 1o (opmyre
0

1LV . 1 o
7, :jﬁ, rae 1—1— OTHOLIEHHUE aMIUIUTYbl NEPBOM TAPMOHUKHM TOKA Iy4Ka K
0 0 0

. o V. o o
ITOCTOAHHOMN COCTAaBJIAIOIICH, % — OTHOHICHHUC CKOPOCTH CaMON MCIJICHHOHU
0

KPYITHOM 4aCTHUILIbI B JAHHOM CEUYEHUH K €€ IMOCTOSTHHOM COCTABJISIOLIEH.

1 | | L
—+ | | o
5,0 \
\§ L4
40 \ ———
_ - —
3,0 LO -
2,0 06 L
1,0
02 |
0,0 .
0,0 50 100 150 200 250 Z 0,0 50 100 150 20,0 250 z

Puc 1. 3aBucumocTt (a30oBBIX KOOPAUMHAT KPYMHBIX 4YacTUll @,, aMIUIMTYJ] TapMOHHK

I, .
Toka — ¥ anekrporHoro KIIJI 7., or HopmuposanHoii niauael CBY npubopa
0

14



6. [IpuMepHble BapuaHTHI 32IaHUI K KYPCOBOH padoTe

SAZTAHUE Nel
Crynenty rpynns DII(B) —
Ha BBINIOJIHEHUE KYypCOBOM palbOThl MO JUCHUIUIMHE ‘‘HenuHeiHas Tteopuss MKB
npuOOpPOB U YCTPOUCTB .
Tema paboTsl: “MogenupoBaHue B3aUMOICHCTBHS MyYKa € MOJIEM U TPOCKTUPOBAHKE
OHOCEKUHNOHHBIX JIBB Ha cimpanbHBIX WM PE30HAHCHBIX 3aAMEISIIOIIUX CUCTEMAX

cxonHble TaHHbBIE:

1. KosumnuecTBO KpyNHBIX YaCTHUIL 24, 48

2.  KonnuecTBO rapMOHHUK TOKA 2,3,4, ..

3. Tlapamerp yObIBaHUS KYJIOHOBCKHUX CHUJI 3.0

4. TlapameTp mia3MeHHON YaCTOTBI 0.05,0.3

5. Awmmuryna nosist Ha Bxoje Ol 0.1,0.2, ...
6. @a3a 1oJisg CUrHaja Ha BXOJIe 0,1.57,3.14

PacueTHas 4yacThb H OIITUMH3AlMA [1apaMCTPOB.

HaiiTu MakcMMyMbl aMIUIMTYJ MOJS M TOKA IMy4YKa BIOJb JIMHUM Npubopa U
ONpPENEIUTh ONTUMAJbHBIE IapaMeTpbl JUMHBI cexkuuu JIbB mig  3amaHHBIX
napaMeTpoB MyyKa U 3aJaHHBIX TapaMEeTPOB aMILUIUTY/ bl U a3kl moss Ha Bxoae OlI.

I'pacdhnyueckas 4acrts:

BriBecTu Ha skpaH U neyath rpaduku 3aBUCUMOCTEN aMIUIUTY/IbI U (pa3bl Mo
OT JUTUHBI, TpadUKU 3aBUCUMOCTEH aMIUIUTYbI U (a3bl TAPMOHUK TOKA OT JIJTUHBI
npubopa, a Takxke (pa3oBbIC JUATPAMMBI TPYNIUPOBAHUS YaCTHUIl B MPOCTPAHCTBE
B3aUMOJECUCTBUS

JlaTa BbIIauM 3a1aHUS: « » 200 .
JaTa cnaum 1 3aUThl pabOTHI: «_» 200 .
PykoBoguTenu paboThI: 10.J1. Mo3sroBoii

C.A. XputkuH
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SAZTAHUE Neo2
Crynenty rpynns DII(B) —
Ha BBITMOJIHEHUE KypcoBOW paboThl mo auciuiuimHe “Henuneiinas teopuss MKB
npuOOpPOB U YCTPOUCTB.
Tema paboTsl: “MogenupoBaHue B3aUMOIECHCTBHS MyUYKa € MOJIEM U TPOCKTUPOBAHKE
MHOTOPE30HATOPHBIX MOIIHBIX DI ¢ NpOI0IBHBIM B3aUMOJIEUCTBUEM

cxonaple TaHHbIE:

1. KonuuectBo pe3onatopos B OII 4,5,6,7, ...
2. KonnuecTBO KPYIHBIX YaCTHII 24, 48

3. KonmyecTtBo rapMOHUK TOKa 2,3,4, ..
4. Ilapametp yObIBaHUS KYJOHOBCKHX CHJI 3.0

5. IlapameTp maa3MeHHON 4acTOTHI 0.05,0.3

PacueTHas 4acThb U OIITUMH3AMA KOHCTPYKTHBHBIX ITAPAMETPOB.

Haiitu makcumywmsl anekrpoHHoro KIIJ[ m aMmmuTyasl mepBoil rapMOHUKH
TOKA Iy4YKa M ONPEAEIUTh ONTUMAJIbHBIE aMIUTATYAbl MOJYJIUPYIOIINX HANPSHKEHUN
U JUIMH TpyO Aperida 111 MHOrOpe30HaTOPHOTO YCTPOICTBA.

I'pacdhnueckas 4acTts:

BoeiBectu Ha 3kpaH U nedarb rpaduku 3aBucumocteid Toka U KIIJ[ ot anuHb
npubopa (TpaeKTOPHBINA aHAIU3) JJI JBYX 3HAUEHHH IJIa3MEHHOW YacCTOTHI.

JlaTa BpIiauM 3a1aHus: « _» 200 .
JaTa cnauu 1 3aUThl pabOTHI: «_» 200 .
PykoBoguTenu paboThI: 10.J1. Mo3sroBoii

C.A. XputkuH
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7. OdopmiieHHe KYPCOBOH PadoTHhI

[Io BBINOJSHEHHWH BCEX pacyeToB HEOOXOAUMO cocTaBUTh “‘llosicCHUTENBHYIO
3alMCKy’, KOTOpasl IOJKHA COJIEPKATh:
— TUTYJIbHBIM JIUCT;
— OCHOBHBIE TEOPETUYECKHUE YPABHEHUS U COOTHOLICHMUS;
— pe3yJbTaThl YUCIEHHOTO pacueTa ypaBHEHH BkeHust Ha DBM;
— MOCTPOEHHBIE TEOPETUUECKUE 3aBUCUMOCTHU TPYIITUPOBKHU AJIEKTPOHOB;
— OCHOBHBIE BBIBOJIbI K ITOJYYEHHBIM pe3yJibTaTaM paOoThI.

8. KonTpoabHbIe BONPOCHI

— PacCMOTPETh U CPAaBHUTH KOOPIAUHATHI Diepa u Jlarpanxa;

— MIEPEYHCIUTh OCHOBHBIE TPUOJIMKEHNUS B HEMMHENHOM Teopuu 1 B MKY;

— 3aIIMCaTh YPaBHEHUS JBIKCHUS DJIEKTPOHOB B PA3JIMYHBIX KOOPAMHATAX;

— OOBSICHUTD TUCKPETU3ALUIO YPABHEHUH IBUKEHUS;

— MEPEYUCIUTh METO/IbI PACUETa CUJI POCTPAHCTBEHHOTO 3aps/Ia;

— MOSICHUTh OCHOBHYIO POJIb KO3((PUIMEHT KayecTBa IpyIIIUPOBaHUS;

— MOJEIMPOBAaHNE W TPACKTOPHBIM aHAJIU3 IIPOLIECCOB I'PYNIUPOBAHUS B MOIIHBIX
AJIEKTPOHHBIX MPUOOpax;

— IPOEKTUPOBAHWE KOHCTPYKIMM  JJIEKTPOHHOTO MpuOOpa U  IPyHIUPOBKA
JIEKTPOHOB IIPM  HU3MEHEHMM [apamMeTpoOB IMPOCTPAHCTBEHHOIO 3apsaa W
CKOPOCTHOM MOJYJISALIMU ITy4Ka,;

— OCHOBHBIE MJEM METOJa KPYNHBIX YaCTUL MU MX HCIOJIb30BaHUE IS
MOJICJIMPOBAHUS U MTPOCKTUPOBAHMS MOILIHBIX JEKTPOHHBIX MPUOOPOB;

9. JIutepatrypa

1. B.M. Kanager, 10./[. Mosrogoii, A.U. CaenkoB. N3nydeHre MOIIHBIX
AJIIEKTPOHHBIX MMOTOKOB B PE30HAHCHBIX 3aMeIAIONIIMX cucTeMax. Mockaa.
Uzng. MI'Y, 1993 1.

2. JI.A. Baitamreiin, B.A. ConniieB. JIEKIIMU 110 CBEPXBBICOKOYACTOTHOM

anektpoHuke. M.: Cos. Paguo, 1973 r.
. P.A.Cunun. [lepunoandeckue BosHoBOoAbI. M31. @aszuc. Mocksa. 2002r.
4. 1.1.Tpy6enkos, A.E.Xpamos. Jlekiiuu no CBY snexkrponuke. M. U3,
®du3marnurt., 2003 1.

. A.C. Pomasib. MoaenupoBaHue 3apsbpKeHHbIX My4koB. M.: Atomuznar, 1989 r.

6. JIx. Poy. Teopust HenuueliHbIX siBieHnit B mpudopax CBY. M.: Cos. Paamo,
1989 r.

7. B.H. llleuuk, JI.W. TpyOenkoB. AHATUTHYECKHE METO/IBI pacyeTa B
anexktponuke CBY. M.: Cos. Paauo, 1990 r.

(98]
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O XI

Coaep:xanue

[enb paboThl

ITocTaHOBKA 3a/1a4n U METOJ KPYITHBIX YaCTHI]

Bo30yxaenue nosust 3aMeIsIoEed CUCTEMBI AJIEKTPOHHBIM ITOTOKOM

3.1. BriBoJ ypaBHEHHS BO30YKIEHUS

3.2. BbIBOJ yKOPOUYEHHBIX YPABHEHHUI BO30YXKICHUS

["apMOHUKH TOKA 3JEKTPOHHOIO My4Ka B IPUOOpax ¢ Mpo0JIbHBIM

B3aUMOJICHCTBUEM.

4.1 OnpeneneHne rapMOHUK TOKA 3JIEKTPOHHOT'O ITy4YKa

4.2 Pacuer rapMOHUK TOKa 3JIEKTPOHHOI'O ITy4Ka

YpaBHEHUE ABUKEHHUSI JIEKTPOHHOTO NTOTOKA

5.1 VYpaBHeHHEe IBMKEHUS B KOOpJAMHATAX DUiepa U KOOPAUHATAX
Jlarpanxa

5.2 Pacyer KyJOHOBCKHMX CHJI

5.3 TI'pynnupoBka 3J€KTPOHOB C YYETOM KYJIOHOBCKOTO
B3aUMOJICUCTBUSA

[IpumepHble BapuaHThI 331aHUI K KypcoBOM padoTe

Odopmnenue KypcoBoit pabOThI

KoHTpoabpHBIE BOTPOCHI

Jluteparypa

18

N L D W W

— O OO0 OO

13
15
17
17
17



YyeOHOE u31aHne

CocraBurenu: MO3I'OBOU IOpuii MuTpueBnd
XPUTKUH Cepreit AnaTosibeBUY

Penaxrop C.I1. Kipnmmuckas.
Texnanuecknii penakrop O.I'. 3aBpsnoBa

W3n. mun. U Ne 06117 ot 23 okta0ps 2001 r.
[Tognucano B nevyaTh dopmat 60x84/16. bymara odcernas Ne 2. Puzorpadus.
Ven.new. 1. 1,2 Vu-uzpa. 1,1 U3n.Ne  Tupax 50 k3.  3aka3z —
MOCKOBCKHI TOCYJapCTBEHHBIM UHCTUTYT 3JIEKTPOHUKHA U MATEMATUKH.
109028, Mocksa, b. TpexcBaturenbckui mep., 3/12.
OTtnen oneparuBHOU monurpadun MOCKOBCKOTO TOCYJapPCTBEHHOTO MHCTUTYTA
ANEeKTPOHUKH U maTeMatuku. 113054, yin. M. [1uonepckas, 12.
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