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Opdpexm Xonna 8 cmONKHOSUMENbHOU — NAAZMe MOJCEM npusecmu K
BO3HUKHOGEHUIO HENUHEUHOU naasmenHou eonnvl. llpu ee pacnpocmpane-
Huu 603HUKAIOM OONbuwiUe  INeKmpuyecKkue HNOAs U OHA MOJCEem Cmamb
UCTOYHUKOM BbICOKOBONIbIHBIX UMNYALCOS, UMO AGIAEMC OCHOB0U Hauel
MOOenU wapo8oyu MOIHUY U YMO 3AQUKCUPOBAHO HAMU IKCHNEPUMEHMANLHO
N0 PAOUOU3NYYEHUIO UCKYCCMBEHHBIX WAPOEbix MONHul. Panee mvl nonyuu-
U ypaeHenue Ons 6oanbl Xomna u3 cucmemvl ypasnenui Makceenna. B
Hacmosweu pabome NPUBOOUMCA 8bIBOO IMO20 B0NHOB020 YPAGHEHUA C
NOMOWbIO YPABHEH U MAZHUMHOU 2UOPOOUHAMUKU.

1. BBeaeHue.

Pa3spsaj B BO3LyXe ONMHOYHOTO, WIIH Na4YKH KOPOTKHX OJHOTOJAPHBIX
3JIEKTPHYECKUX UMITYJIbCOB, MOXKET MPHBECTH K BO3HUKHOBEHHIO CTOJIKHO-
BUTCIBHOM IUIa3Mbl, B KOTOPO#M paJuyC JIApMOPOBCKOI'O BpAILCHHS 3JIEK-
TPOHOB TOJ ACHCTBHEM MAarHMTHOTO IOJA paspsfa COCTaBHT IOJIOBHUHY
JUTHHBI HX cBoGOIHOTO npobera u 6oiee. B 3THX yCIOBHSAX IIasMa MpUOO-
peTeT mNapaMarHUTHBIC CBOMCTBA, KOrjJa €€ BHYTPEHHEE MarHMTHOE IO,
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OMpEACIAEMOE CTOJKHYBIIUMHCS JJIEKTPOHAMH, COBIALET C HAIpaBICHUEM
BO30YK/IAFOIIET0 BHEMIHETO OIS, BOSHUKIIETO MPH IEKTPHIECKOM paspsne
(puc. 1.).

BeikifoucHHe BHEIIHEro BO3CYXKAIOWEro II0JIS B TOM ClIydae He
NPUBEAET K MIHOBEHHOMY HCYE3HOBEHHIO BHYTPEHHErO IIOJIA, KaK 3TO
NPOUCXONHUT B AMAMAarHeTHKax, a OyAeT ompeneleHHbIM 00pa3oM H3Me-
HATBECA BO BPEMEHH H MPOCTpPAHCTBE. JIMHAMHMKA 3TOrO MpPOLIECCa OIHCHIBA-
€TCsl BOJTHOBBIM YpaBHEHHEM, KOTOpoe Ml nonyunnn B [Koneitkun, 2010]
13 CHCTEMB! YpaBHEHHHM Makcaesuia.

B nactosiel pabote mpenaraercs aabTepHATHBHBIN HOAXOI K BBIBO-
Ny YpaBHEHHH, OIHCHIBAIOIIMX IPOLECC H3MEHEHUS MArHHTHOTO MOJs
TUIa3MBl B TIPOCTPAHCTBEHHO-BPEMEHHOH 00aCTH, KOTOPBIM MBI Ha3bIBaeM
BONHaMH XO0Jju1a, C MOMOIIGI0 YPAaBHEHHH MarHUTHOH TUAPOAWUHAMHKH. B
OTJIHYHE OT TEPBOro MOAX0, IPEAIAaraéMelil BBIBOJX BOJIHOBOTO YPaBHEHHUS
YYHTBIBACT AMHAMHMKY H3MCHEHHS JJICKTPOHHOH KOHLEHTPALMH IIa3Mbl B
TIPOLIECCE PACTIPOCTPAHEHHUS BOJIHBI XOILIa.

BeccronkHoBHTEILHAS CTOoJKHOBHTEILHAS IJ1a3Ma
IJ1asMa Kak fHaMarHeTHK KaK nmapaMarHeTuk

z] —4’;—-1/‘ B
® BHeunee none ® Hetnee none

Tpaexropus snexTpoHa

, InasmenHoe none ‘,;Q ‘ IInasMeHHoe nose F :

Puc. 1. Ilnazma kak ouamazHemux u Kax napamazHemux.
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2. ITocTanoBKAa 33aJa4H

Ilpu 37€KTPUYECKOM pa3psale B BO3AYXE KOHLEHTpALHs 3JEKTPOHOB n,
B NjIa3Me MPUMEPHO Ha NATH MOPAOKOB HIKE KOHLIEHTPALHUH HERTPaNbHBIX
4acTUll n,. XapaKTepHbleé 3HAYEHUSA JTHUX NapaMeTpoB: n, ~3:10¥m>,
n, =2.683-10%m™ (Yucmo Jlommunra).

MarsuTtHas UHAYKLMS B,, BbI3BaHHAas TOKOM paspsifa, MNpUBENET K
JIApMOPOBCKOMY BpAIlICHHIO 3JIEKTPOHOB B IUIOCKOCTH (xy) IO OKPY’KHOCTH
panuyca

R =-=, 1)

Fme v, - NpoeKuwHs CKOPOCTH HAa IUIOCKOCTB (xy), @, - LMKIOTPOHHAs
4acToTa, onpeaesieMas Kak

0, = @
m

3nech e - 3apAf 37IEKTPOHA, m, - MacCa IEKTPOHA.

Ecnu napMopoBCKHit paxuyc R, 60JbIle MONOBHHBI [UTHHBI CBOOOIHOTO
nobera /2, riasmMa Oymer CTONKHOBHTeNpHOHW. Hanpumep, Temnosas
CKOpOCTh 3JE€KTPOHAa IIPH 7 =11600K paBHa ¥ =0.74-10°m/s, 4YacTOTa COyna-
peHMii C HeHTpaJbHBIMH YacTHUAMH @IPH  MNpPSMOIHWHECIHOM [BM)KEHHH
3MEKTPOHOB v =2-10"s"', IUIMHA CBOOOZHOTrO mpobera A=3.7-107m.

Jna Takux mapaMeTpoB IIa3Ma IepecTaHeT OBITh CTOJIKHOBHTEIHHOM
(R, <A/2) TpPH HHOYKLWH MarHUTHOTO MOJA B, > 22T . IIpu 3TOM OHa noTeps-
€T CBOM TMapaMarHUTHbIE CBONCTBA M CTAHET JHAMAarHETHKOM.

Puc. 2 u 3 noka3ssiBalOT MEXaHHU3M BO3HHKHOBEHHUS BHYTPEHHETO Mar-
HUTHOTO MOJIA IUIa3MBbl, HAIIPAaBJICHHOTO B CTOPOHY BHEILIHETO TOJISL.

I[anee MBI 6y,ueM OIHKCHIBATh BOJIONHUIO MMOJsA 6e3 BHEIIHEro HCTOY-
HHKa, Tpeanojaras, 41O B HavYaJdbHBIH MOMEHT BpEMCHH CYHIECTBYET
TOABKO IUIa3Ma H ee COOCTBEHHOEe MarHHUTHOE 1mojie, nNpu 3TOM TCHIOBas
CKOPOCTD JJICKTPOHOB IIOANCPKHUBACTCS MOCTOSHHOIA.
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Puc. 2. Cxema mennoozo 6nyxrcoanus 31eKmpoHa cpedu HeumpaibHblX
yacmuy 8 MAZHUMHOM NOJe.

B, > B,

Puc.3. Cxema ycpednennvix mpaekmopuii 31eKmpoHO8 NPU NOBbIUEHUY
UHOYKYUU MASHUMHOZ20 NOJA.
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3. Boausl XoJuia.

PaccMOTpUM ~ ypaBHEHHE MAarHHTHOH THIPOJHHAMHUKH Ul BEKTOpa
MarHMTHOM MHAYKUMH B B ruiasme [Kagomuer 1988, Uen 1987]:

0B - -
5~V xB)=0 3)

OHO HM3BECTHO KaK ypaBHEHHE U1 HICAJbHOH IIa3Mbl (MM ypaBHe-
HHE ]Il BMOPO)XEHHOTO MAarHHTHOI'O 110JI) H SBJSAETCA YaCTHBIM CIly4aeM
o0lLero ypaBHEHHS:

%-Vx(?xé)— L vig-o @

Ho o

VpasHenue (3) 4acTo HCIONB3yeTcs IUIS ONMCAHMA MIa3Mbl C 60jb-
1I0H MPOBOJMMOCTBIO o, Koraa Auddysuell MarHUTHOTO MONA B CPERY
MOXHO TIpeHeOpeyb.

Hac uHTepecyeT Aapyroi cmydaii: Mbl OyJeM ONHCBHIBATE MarHMTHOE
Hosie B MPEINONOXEHHH, YTO Cpella CleAyeT 3a HUM, T.€. peYb MAET O
BMOPOXXEHHOCTH CpeJbl B MarHHTHOE nojie. Kak U B Cllydae BMOPOXKEHHO-
CTH NOJIS B CPEAY, 3TO YCIIOBHE BHIPaXaETCsl B BO3MOXHOCTH OTOpaCkIBaHUs
ocieAHEro 4ieHa ¢ V2B (4).

B kauecTBe MPHYHHBI BMOPOXXEHHOCTH Cpelbl B MardMTHOE IMOJe
PacCMOTPHM 3aBHCHMOCTh TOCTYNATEIBHON TEIUIOBOH CKOPOCTH 3JIEKTPO-
HOB OT MHAYKIHH MarHuTHOro mojis. Yem Oosplie MHAYKIMA MO, TEM
HWXE IIOCTyNaTejbHas CKOPOCTb, IIOCKONBKY PpaJuyC JIapMOPOBCKOTO
BpallleHHs yMeHbIIaeTcs (puc. 4).

Cpemmx nocrymnareabHasg CKOPOCTh 3JIEKTPOHOB, ¢ TOYHOCTBIO O ABYX

YIeHOB pa3NoXeHHs QyHkuuu arcsin B pax Teiinopa, Bripaxaercs Gopmy-
J0it:

Voo Ho> %)
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O

<V>=0;B, >22T

Puc. 4. Cpednas nocmynamenvhas ckopocms mennogozo Oeurcenus snex-
MPOHOE NPU YBENUYECHUU MAZHUMHOT UHOYKYUU.

YCioBHEe BMOPOXXEHHOCTH TIO3BOJISET 3HAYHTENBHO YIPOCTHTE 3anauy,
KOrjia BOIpOoC 06 M3MEHEHHH CBOMCTB CPEMbI (37EKTPOHHOM KOHLICHTPAI[HUH)
B TIPONECCE pACTIPOCTPAHEHHs BOJHBI XONIa CTaHOBHTCA NPOCTHIM. B
Ha4aJIBHBIX YCIOBHAX OyZeM Mpennonararh, YTO pacmpeelicHHE MIa3Mbl B
IIPOCTPAHCTBE MOBTOPACT (QYHKUMIO HAYANBHOTO MArHHTHOTO MNOJS, |
AaTbHEHIIee paclpesie/leHHe TUIa3Mbl TakKe GyIeT MOBTOPATH M3MEHEHHs
HOJIA.

BBIICHUM, ¢ KaKMMH ITapaMeTpaMM MarHHTHOTO TOJIS M TUIA3MbI  CBS3a-
HO yCIIOBHE BMOPO)XEHHOCTH IPUMEHHTEINBHO K Halllel 3agayve.

Eciy, cymecTByeT HeomHOpOMHOE, He 3aBHCsIee OT BpeMEHH MArHHT-
HOE TOJIe, TO 33 CYET TEIIOBOTO ABKKCHHMS SJIEKTPOHOB UX KOHIIEHTPALHS
Uepes Kakoe-To BpeMs OyIeT NpONOpUHMOHAIbHA HMHIYKIHH IIOAs, BHE
3aBUCHMOCTH OT BEJTUYHHBI IPOBOAMMOCTH IIa3MBI. DNIEKTPOHBI CKOHIICH-
TPUPYIOTCA TaM, II€ HHAYKUHA MaKCHMalbHa, MOCKOIBKY 3/1eCh HX TOCTY-
naTenbHas CKOPOCTh TEMNOBOrO Ipeiida MHHHMANbHA, M CYIIECTBYET
TIPUTOK 3ICKTPOHOB C COCETHUX Y4AaCTKOB, I/I€ 3Ta CKOPOCTH BBIIE (PHC. 5).
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KoHueHTpauus J1eKTpOHOB B pe3yIbTaTe MX Apeiida.

Puc. 5. Mexanusm 803HUKHOBEHUA BMOPONCEHHOCMU  CDEObL 8 NOJIe.

Vcenosue BMOpPOXEHHOCTH IUIa3Mbl B IIOJIE UIA KaXIOW TOYKH npo-
CTpaHCTBa MOXKET OBITH 3aIHCAHO KaK:

10n, _ 1 0B,
B 6)

Konuempaunﬂ 3JICKTPOHOB - 3TO UX KOJIHYCCTBO B €AMHHYHOM 06’LCM6,

KOTOpOE, B HAIlleM CJIy4ae, 3aBHCHT OT BPEMEHH, MOCKOJIBKY CYIIECTBYET
IPaIHeHT HX CPEJHEH NOCTYMaTeNbHOH CKOPOCTH:
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N,

n (1) = - (M
1)a,),)-0,)1,) 2 <6V 2 (1)
29
on, _ N, o<V > o<V >
5 1 =nl— (8)

(1,)(1,v)(12)—(1y)(1:)aa—:(lx)t Lo

I'paguent cpeqHel MOCTYNMaTENbHOR CKOPOCTH 3JEKTPOHOB, MEpPEMEIAro-
HIMXCS BAOJb OCH x:

<V, > 2!
a<V>_ o 21623:63.» 9
dx a2 LT 12m; 7 ox
1+ 2JB:
24m; ) °
HIH
<V, > 2¢?
3Bz=_#18233%=—l<%‘,>% (10)
ot e’ , 12m2 77 ax 2 : Ox
1+ 5 |B;
24m;

PaccMOTpuM TpaekTOpHM [BHXKEHHS JIEKTPOHOB, CTOJIKHYBIIMXCS C
HedTpanbHOM yacTuued. CoynapeHne MOKeT OBITh KaK YIPYI'MM, TaK H He
ynpyrum (puc. 6, 7).

Korzma pazmepsl HEHTpanbHOH YacTHLB! 3HAYUTENIBHO MEHbLIE JUIMHBI
cB0o60IHOTO MpoGera, To MOXKHO CYMTATh, YTO BCE CTOJIKHYBIUMECS 3JIEKTPO-
HBI, JIBHKYIIHMECS IO JApPMOPOBCKMM OpOHMTaM, HMEIOT OTHOCHTENIBHO JTOM
YaCTHLEl TAHIE€HLIHAIbHYI0 KOMIIOHEHTY CKOPOCTH V,, OIpeaeNieMyo

dbopmymoii: .

reB,
V =—=,
7 2m,

r<ala, (11)

rae r - MOAYIb PaiMyC-BEKTOpa 7 M3 LEHTPa YacTHLBl N0 JJIEKTPOHA,
JIeXKAIEro B TOW e IUIOCKOCTH (x,y), YTO M yacTHia. BreiBox ¢opmyisi
MOSICHSIETCS pHUC. 8.
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Puc. 6. Ynpyzoe coyoapenue anexmpona c HetimpanvHoi Yacmuyetl.

PN

Puc. 7. Heynpyzoe coydapeHnue 08yx 31eKmMpOHO8 C
HeumpansHou yacmuyeil.
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Puc. 8. Cxema pacuema manzenyuanbHoli CKOPOCMU CMONKHY8ULE20CA
¢ wacmuyeti 31eKmpoHa.
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Puc. 9. Cpednuti kpy20801i moK 60KpY2 HelimpanbHOU Yacmuybl
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CTONKHYBLIAECS JEKTPOHBI, KaK MpPAMBIC, TaK H YNPYro OTPaKXCHHBIC
HeHTpasbHOM yacTuLel, 06pa3yloT BOKpYT Hee KPYroBoii ToK (puc. 9).

TaHreHuManbHas CKOPOCTh 31eKTPoHOB (11) 3amuCHBaeTCs B BEKTOPHOH
¢dopme Kak:

l
i
0

xF (12)

<
[}
[
3

Vcrionb3ys BeIpaXeHHe s ckopocTH (12), HaileM BEKTOPHOE NpOM3-
BeJcHHE (V xB.):

(Vxﬁ:)=§—§':2—F=Eh(r) (13)

dopmyna (13) onuceiBaeT 3¢dext Xomra M O3HAYACT, HUTO Kaxiad
HeliTpanpHas YacTHlUd IUIa3Mbl, C KOTOPOH MPOHMCXOMAT CTOJKHOBEHHA
3JIEKTPOHOB MpH HAJNYHH MATHUTHOIO IO, ABIAETCSA IE€HEPATOpOM Ha-
NPSIKEHHOCTH JIEKTPHYECKOTO TMONs  E,, 3aHHUMAOLIEM Ha IUIOCKOCTH
2= const TUIOLIAAb S, ~ A%, @ BIOJb OCH z BBICOTY A,, CBA3aHHYIO C 3 (hEKTHB-
HBEIM CEYeHHEM COYIapeHuil O Kak h, ~0 [4].

HanpskeHHOCTh JJIEKTPHYECKOTO MO B MHKPOTEHEpaTope Xonna
UMEET pa3sMEPHOCTh:

[E)=4" 5" kg-m=V-m"

B oTiiMuHe OT PeayM30BaHHBIX M HCIOJIB3YEeMBIX Ha TPaKTHUKE MI'II-
TeHEepaTOpOB EKTPOIHEPrHH Ha dhdekTe Xomra [Ypycos, 1966], paccmart-
puBaeMbIii HaMH MHKDOIEHEpATop HMEET KBaJpaTHYHYIO 3aBHCHMOCTH
HANPSKEHHOCTH M0JIs OT MarHUTHON MHAYKuuMH. [IpdHHa B TOM, 4TO 3AECh
MArHHUTHOE [0JIE MIPAeT ABOMHYIO POJb: BO-IIEPBBIX, OHO ABIACTCSA «BHEII-
HHUM», TIpHBOAAWLKM K 3¢dekTy Xosuta, BO-BTOPBIX, OHO BBI3BIBACT yNOPA-
JO4YEHHOE KPYroBOE JIBUXKEHHE ICKTPOHOB M BXOMMT B (OpMyNy HIi HX
ckopoctd (12).

CxeMaTH4yeCKH, IPUHITUIIBI pa6orel  mpompinuiersoro  MITJI-
reHeparopa, 1 MUKporeneparopa Xoia Ioka3aHbel Ha pHUC. 101l
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Puc. 10. Ipunyun pabomer MIJ] — 2enepamopa Xonna ons nonyyenus
NPOMBIUUAEHHOU INEKMPOIHEPSULL.

v

Puc. 11. IIpunyun 803nuKHOBeHUA MUKpOceH2zepamopa Xonna
8 CMONKHOBUMENLHOU NAA3ME BOKPYS HEUMPANbHOU Hacmuybl.
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Haiinem MaKpOCKONMHYECKOE DJJICKTPUYECKOE TII0JI€E C BPECMCHHBIMH
MacmrrabaMy Ar>> T, H C IPOCTPaAHCTBCHHBIMH macmTabaMu Ax>> 1 , Ay>> A4,

BO30Y’KaeMOe MUKpOTreHepaTopaMH XoJuia.

ITOCKOJIBKY KOHLEHTPALMS JJIEKTPOHOB n, MOXKET OBITh 3HAUMTENBHO
HHKE KOHIIEHTPALMH HENTPaNbHBIX YacTHIL n,, TO PACCMAaTPHUBATh HEHTpPAIIb-
HYI0 4YacTHIy KaK MHKporeHeparop Xojuia MOXHO TOJIbKO Ha MepHoxax
BPEMEHH, KOTZa MPOU30MIET JOCTATOYHO GONBIIOE KOJHMYECTBO CTOJIKHOBE-
HHM 3TOM 4YaCTHLEI C 3MEKTPOHaMH. XapaKTepHOE BPEMsS MEKIY CTOJKHO-
BEHHUSIMH 3JICKTPOHOB C YaCTHIICH OLIEHUBAETCS KaK:

Y (14)

ragc v - 4aCctora CTOJIKHOBEHHH.

BocnonmyeMcx ONPEACICHHUEM HANPKECHHOCTH 3JIEKTPHYECKOro IHOJIA,
npeanosiaras €ro KBa3HCTAaTHYECKUA XapakTep, 4epe3 CKaHﬂprIﬁ TIIOTCHIH-
al ¢

Pa3sHOCTEL MOTEHIHMAIOB (HAaNpsHKEHHE) U = @, —p, MEXKIY ABYMS TOUKAMH

onpeacIACTCA KakK:

U= [Ear (15)

HailineM HampspkeHHe 3JEKTPUYECKOTO TMOJds Ha HPOTHBOIIOJIOXHBIX
KOHIIaX
MHKpoOreHeparopa Xomia x=a=-4/2 ¥ x=b=4/2, UIEHTP KOTOPOTO PacIoJo-
XeH Ha OCH x. HampsuKeHHOCTB MOJisi OTHOCUTENBHO LIEHTpA HalpasjieHa B
HPOTHUBOIIOIOXKHBIE CTOPOHBI, HO HAJTHYHE NPOU3BOJHOM
B

z

ox
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NPUBOIUT K aCHMMETPHH T'€HEPATOPA BIOJIb 3TOH OCH. HHI[yKL[HﬁI MAar”HuT-
HOT'O ITOJIS Ha OJTHOM U3 rpaHull paBHa

OB, A

B,-—=Z_ Ha Apyrou B+ 4
Toox 2 ;

ox 2

HanpsbkeHre MeXIy NMPOTHBOINOJOXKHBIMH TOYKaMH I€HEpaTopa, B COOTBET-
cteuH (13) u (15), paBHoO:

TepeiieM OT MHKPOCKOIIMYECKHUX MPOCTPAHCTBEHHBIX MacmTaboB 1o-
psaka UIMHBI CBOOOAHOro mpofera 3J€KTPOHOB, K MaKpOCKOIIHYECKUM,
npeanoaras, 9YT0 pacCTOSIHUE MEXAY TOYKaMH a M b BIOJb OCH x MHOTO
Oouplile 3TOH JJIUHBI, T.€.

ja—b>>2

Tenepb OCb x MOXET MepeceKaTb MHKPOI'€HEPATOPHl B IIPOH3BOJIEHOM
CEYeHHH, a He TOJBKO 4Yepe3 HX LEHTP, YTO IPHUBEAET K YMEHBIICHHIO MX
BKIaJa B pe3ylbTHUpPYIOLlee HampsokeHHe. ECiM CYMTATh, YTO OTKIOHEHHE
CeYeHHs OT LIEHTpa IO IONEpPeYHOH KOOPAHHATE y PAaBHOBEPOATHO, TO
YMEHBIIEHHE HATPSDKEHHS. MOXHO Y4eCTh BBEIACHHEM NONpPaBOYHOro Ko3g-
¢unuenTa ’

Haﬂpﬂ)KCHPIC YCPE€AHCHHOrO ITOJI B NMPEATIOIOXKEHHH, YTO KOJIHICCTBO
nepeceKacMbIX T'eHEPATOPOB PABHO n ~dx/ A, 3aIIUCBIBA€TCS KakK:
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v-kxrep B 4 (17)
m

k== (18)

BespasmepHsiii ko3¢ dunuent (18) nonydeH mis ycnoBus JTUHEHHOIO
BO3pacTaHHs HAaMpPsDKEHHOCTH TOJS MHKPOIeHEpaTOPOB OT PACCTOSHHA -
(13), xorma uMeercs OOCTAaTOYHO OONBINOE KOJIHYECTBO CTOJKHYBIIHMXCS C
JaCTHUIIEH IEKTPOHOB CO CKOPOCTAMH

Vo> AeB,

xy

2m,

Bonee PCAINCTHYHOC PACIIPEACIICHUE 3JIEKTPOHOB 10 CKOPOCTAM MOXKET
IPHBECTH K APYroMy 3HAYeHHIO KodddHIHMEHTa, YTo, TEM HE MEHee, He
IIOBJIMACT HA (I)H3I/1Ky pacCcMaTpuBacMbIX IPOLECCCOB.

HaHpﬁ)KeHHOCTL QJICKTPHUYECCKOrO MOJIA B TNIOCKOCTH (x,y) 6y11€T HMETH
BUI:

E:KLZ"B__(%L+%1) (19)

Jna Haxoxkaerus QyHKUMH poTopa aeKTpHueckoro nois (19), Bo3dy-
AIaeMoro MHKporeHeparopamu Xomna (13) u OXHOBPEMEHHOTO €ro ycpea-
HEHMs IO NPOCTPAHCTBY, BOCIHOIb3yeMcsi TeopeMoii CTOKca: OTOK poTopa
yepes NOBEPXHOCTE PAaBEH IUPKYJISIMH BEKTOPA BIOJE €€ TPaHHIIBL:

[(VxEy-ds = [E-al (20)
N L

3amanuM [UIHHY KOHTYpa HHTETPHPOBAHHUA L>> 4.
BBIYKCIIAT HUPKYJIAILMIO BEKTOPA 3MEKTPUIECKOTO MO BIOJb FPaHUIBI
CDABC (puc. 12), noay4yum:
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m, \ Ox Oy

e

(VxE)~§=K’1@B:[5’E—@ny (21

y
C
D
/
A B
X
\

Puc. 12. Koumyp unmezpuposanus ¢ meopeme Cmoxca.
OkpysicHocmamu u306pasicenvl MUKpozenepamopusl Xoana.

N

vxE =g 2B (0B, OB, (22)
m, \ O0x Oy

IIpu BeryMcIeHMH HUPKYIAOMH B (21) [nd ompeldeneHHs pPa3sHOCTH
NOTEHUHAIOB MEXIY TOYKaMH MBI IPUMEHUIIH TOT )K€ MOAXOJ, YTO H IpH

HaXOXXICHHUH MaKpPOCKOMMHYECKOTO AJIeKTpuUueckoro nojs (17).

3xechs cliemyeT clenaTh HEKOTOpOE 3aMedYaHHE, MOCKONBKY JOBOJBHO
4acTO MOXHO CJBILATh YTBEP)KACHHE: TaK KaK BEKTOP 3JEKTPHYECKOTO MOJIS
oIpenesieH HaMH TOJIBKO 4epe3 MpaHeHT CKAJIPHOH (QYHKIMH, TO U3 MaTe-
MaTHYECKOTO TOXKIECTBA VxVF=0 ciexyer, 94To potop (22) mo ompeneine-

HHIO PaBCH HYJIIO. B nHamem ClIydae CJI€ayeT HCTIOJb30BaTh TOXACCTBO!

VxaF =aVxF+VaxF,
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B KOTOPOM IEpBBIH UJIeH NpaBoli 4acTH, ACHCTBUTENBLHO, PABEH HYIIIO, YETO
HEJb3s CKa3aTh O BCEH (QYHKIIHH.

N3 (3) u (22), MOXXHO TOJNYYUTH BOJIHOBOE YpPaBHEHHE IS MHIYKLUH
MarHuTHOTrO HOJIS:

9B, _g2eB.[ 2B, OB )_, (23)
ot m, \ dx 0Oy
Bemnuuna
[ e AeB, ] s
mP

UMeeT pa3MepHOCTh CKOPOCTH.

YpaBHeHHE B YaCTHBIX NPOH3BOAHBIX IEpBOro ropsaka (23) xopomo
H3BECTHO B (pM3HMKE W MaTeMaTHKe, H ero OOBIYHO Ha3bIBAIOT ypaBHEHHEM
PumaHa 111 mpocTOH BOJIHBL. OTHM YpaBHEHHEM OIHCHIBaeTCS OOJBLIOH
Knacc ¢H3NYECKHX ABJICHHIA: BOJHBI B TPAHCIOPTHOM IMOTOKE, pacmpocTpa-
HEHHE Toxapa, npouecc reaepupoBanus CBU konebanmii B KIMCTpoOHaX,
HEYCTOMYHBOCTD ILTa3Mbl H MHOroe apyroe [['ypbaros u np., 2008].

Jns YuCneHHpIX pacyeToB BOJHOBOTO ypaBHeHHs (23) OyxemM HCIonip30-
BaTh CYMMAapHO-Pa3sHOCTHYIO ME€PBOTO MOPANKA TOYHOCTH YCIOBHO YCTOHYH-
BYIO CXEMY.

+ 1 14 Ll 1 aAt ! I
B:)l' = Z(B,’m.y + Bx—l,y + B.r,yu + Bx.y-l ) +2_A’;Bx,y (B.:+Ly - Bx—l,v) -
alt
—_ZEB;,y(Bl,y-«I _B:‘,y—l) (24)
rae
a= Kﬁ

m

3xeck BEpXHHE HHJEKCH NIPH B COOTBETCTBYIOT BPEMEHHOH KOOpIUHATE ¢,
HH)KHHE HHJIEKCHI — IPOCTPAHCTBEHHBIM KOOPAUHATAM x H y .

YcnoBre yCTOHYMBOCTH PasHOCTHON cxeMEbl (24) TpeOyeT BBINOJHEHHS
COOTHOILIEHHH MEeXIy IIaroM Mo BPEMEHH Ar M IlIaraMu I10 NPOCTPaHCTBEH-
HBIM KOOpAMHATAM Ax, Ay

s B pc Y (25)
a|B a|B

max I max I
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Puc. 13. HuoyKyus MazHumHoz20 u HANPAjiCEHHOCHb NeKMPU4eCKo20 nonei
6 sonne Xonna 8 pasnuiHvle MOMEHMbl BPEMEHU .

s
I[IpuBeieM pe3yibTaThl YUCICHHBIX PAaCYETOB 110 CyMMapHO-Pa3sHOCTHOH
cxeme (24) Juis 3anaqu, KOraa o8, /oy =0.
Ha puc. 13 moka3aHo NPOCTPaHCTBEHHOE PAaCHpee/]eHHe MarHUTHOH
MHAYKIMH B, W 3JEKTPHYECKOTO MO E, B MOMeHTHI Bpemenu 0, 50 u 100

HC OJI4 Ha4aJIbHOT'O TayCCOMIATIBbHOIO I10JI4.

HauanpHOe MarHWTHOE II0J€ CHMMETPHYHOM TacCOMIaNbHOH (OpMBI
HAYMHAET IIEPEMELIAaThCs BJIEBO, NIPH 3TOM €ro JieBasi IPaHUIA CTAHOBHTCA
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Kpyue, a Ipasas moyioxe. Bo3pacTanue NpOCTPaHCTBEHHOH NPOHM3BOJHOMN
J€BOH TpaHHLBI IPHBOAUT K TOSBJICHHIO OONBINOH HAIPSXKEHHOCTH 3JIeK-
Tpu4eckoro noid. Ilpu maneHeimeM ABHXKEHHH, TEOPETHYECKH, IPOH3BOI-
Hasg MarHUTHOTO TOJIA ¥ HaIIPSXKEHHOCTD JIEKTPHUECKOT0 CTaHYT OeCKOHEeY-
HBIMH, Y BOJIHA OTIPOKHHETCA.

JInHaMHKa 37€KTPOHHOM KOHIEHTPALHH I1JIa3MBl TOBTOPSET AHHAMHKY
MarHMTHOW HMHIYKLMH.

4. 3ako4yeHHe.

OKCNEepUMEHTAJIBHO BOJHBI X0J1a MOXXHO HabGNIoJaTh npH 3JIeKTpHYe-
CKOM pa3pslle CEpHH KOPOTKHX ONHOMIOJIAPHBIX HMITYJbCOB, IpUMeEp
KOTOpOTO MOKa3aH Ha pHc. 14. B maHHOM cilydyae B KauecTBE HCTOYHMKA
HUMITYJIECOB HCIOJIB30BAJICS TEHEPATOp HMITYJIECHOTO HANpsKEHUs CO Clie-
IYIOHIMMH NMapaMeTpaMu:

1. BrIxogHOE HanpshKEHHE 160 KB
2. Tok uMmImysbca 1 KA
3. JInuTensHOCTE UMITYJTIbCa 175 nHe
4. YactoTa cneJoBaHHUA HMITYJIHCOB 1 KI'm

Kakx BuaHo u3 puc.14, HaOmogaeTcs HOMEpPeYHBIH OTHOCHUTENBHO
pa3psz1a nepeHoc I1a3Mbl, CBS3aHHBIH C pacpoCcTpaHEeHHEM BOJIHBI XoJua.

Bonna Xonna — 310 HenuHEHHas 3JEKTPOMArHUTHas BOJHA, B KOTOPOH
OCLHIIIATOPaMH IO ABJISIOTCS MHKpOreHepaTopsl Xoiia, BO3HHKAlO-
m#e IPH CTOIKHOBEHHH 3JEKTPOHOB, IBHXKYIIMXCA IO JIApMOPOBCKHM
opburaM, ¢ HEHTPaIbHBIMH YaCTHIIAMH.

YpaBHeHue (23) comepXUT 4acTHHIE NPOM3BOIHBIE MEPBOTO MOPAIKA,
MO 3TOH MpHYHMHE BOJIHA XOJUIa OTHOCUTEIBHO KaXKJO0H NMpPOCTpaHCTBEHHOMH
KOOpAMHATHl MOXET JBHIAThCA TOJHKO B OJHOM HANpaBIIEHHH, OIpeaese-
MO} HgIpaBICHUEM II0IIEPEYHOr0 BEKTOPa MAarHUTHOH HMHYKIIHH.

IIpy HEKOTOpBIX YCHOBHAX, BOJNHA XOJUIa MOXET CTaTh NPHYHHOH
BO3HUKHOBEHUS aBTOTCHEPATOpPa BBICOKOBOJBTHBIX HMITYJIECOB, ABJIAIOIIE-
rocs OCHOBOH Hamei Mozaenu mapoBoi Mosiauu [Komnetikun, 2010, 2014].

Pangnon3nmydyeHue STHX HMITYJIbCOB OT HCKYCCTBEHHBIX  IIAPOBBIX
MONHUH HaMH 3a(UKCHPOBAHO 3KCIIEPUMEHTATHHO Ha ABYX YCTaHOBKax —
reHepaTope UMIMYJILCHOTO HaNpsHKEHUs W TPEXKOHTYPHOM TpaHcdopmarope
Tecnbr [Koneiixusn, 2014].
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Puc. 14. ©opma paspsada uepes 0.2 c. nocne e20 603HUKHOBEHUA.
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Puc. 15. Hanpsasicennocms 31eKmpuyeckozo nois om epeMeny € paspaoHoM
npomesicymie mpexkoHmypHozo mparcgopmamopa Tecavl.
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BeposaTHO, TPEXKOHTYPHBIH TpaHcopmaTtop OBUT NEpBBIM TEXHHYE-
CKMM ycCTpoicTBOM, no3BoinuBmiMM Huxone Tecne B 1899 r. momyuuts
HCKYCCTBEHHBIE IIAPOBBIE MOJIHHH.

Bpates Jxxeiimc u Kenner KopyMsl no onvcanusamM Tecnbl OBTOPHIIH
€ro YCTaHOBKY, BOCIIPOM3BENIH €ro 3KCIECPHUMEHTBl H MOATBEPIWIM, 4YTO
Hukona Tecrma ymen mosydarh MCKYCCTBEHHBIE LIApOBBIE MOJIHHMHM, HCH-
THYHBIEe IpupoausM [Kopym, Kopym, 1990].

MBI Tak)ke BOCHPOHU3BENM YCTaHOBKY Tecibl, IPOBENH C HEH 3Kcrie-
PHMEHTHI, H MOATBEP)KAAaeM 3TOT BEIBOX KopyMoB.

B otnnume oT 00BIYHOTO, ABYXKOHTYpHOTO TpaHchopmaropa Tecinsl, y
TPEXKOHTYPHOTO HMEIOTCH [BE BTOpPUYHbIE OOMOTKH, OOHA M3 KOTOPBIX
HAcTpOEHa Ha BTOPYIO I'apMOHHKY OCHOBHOH YaCTOTHl. OTO IPHMBOAHT K
TOMY, YTO Ha PaspsiAHbII MPOMEXYTOK 3aJaeTcs acCHMMETPHUYHOE Iepe-
MEHHOE HaNpsHKEHHE, TI03BOJIAIONIEE Pa3BHBATHCS BOJHE XOJula: HaIpsKe-
HHe OOpaTHOM TIONYBONHEI MEHBIIE, YeM OCHOBHOH, M OHa 1O KOHDA HE
racHT BOJHY XOJIUIa, KOTOpas YCHIIMBAETCS 04epeIHOH NpsAMOM MOITyBOIHOM.
JuarpamMMa HanpsHKEHHOCTH 3JIEKTPHYECKOro TOJNs B pa3psIHOM HpOMe-
KYTKe TPEXKOHTYpHOro tpancdopmaropa Tecisl nokazaHa Ha puc. 15.
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