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Obwas uzuxa

B3aumoaeiicTBHe 3apPSKEHHBIX YACTHI € 3JIEKTPUYECKUM I10JIeM,
HMEKLIMM NPbIrainyo ¢asy

H. I'. Anopees, H. C. Epoxun

Ilpeocmaenen ananus 63aumooeiicmeus 3apANHCEHHBIX YACMUY ¢ ITNEKMPUYECKUM NOJIeM, UMeElD-
wium npwicarouiyio gazy. Ilokazana 603moixicnocms zenepayuu ROMOKOE GbICMPBIX YACMUY 8 IMOM
npouyecce ¢ pOCHOM UX IHEPeUU HA HECKOJIbKO ROPAOKOG éeuuunsl. Paccmompena 3asucumocms
OUHAMUKU YCKOPEHUA O NAPDAMEMPOE CIOXACMUYECKU NPblealowell ha3vl INeKmpuiecKkozo nos
U Onpeodesenbl ONMUMAIbHBIE YCA06UA BbICOKOIU I heKmusHocmu 0annozo 63aumooeiicmeus ¢ ze-

Hepauueﬁ ceepxXmeniiosblx 3aPAHCEHHbLX Yacmuy,.

PACS: 52.40Db, 52.80.Pi

Kniouesvie cnosa: snexTpudeckoe moie, CTOXaCTUUECKH IpbIrarommas ¢asa, 3Heprus 3apsina, aMIuTUTyAa Ko-
ne0aHMH, cay4aifHOE pacmpenesieHue, CBEpXTEIUIOBbIC YACTUIIBI, TPOOOI ra3os.

BBenenune

OnHUM W3 BaXKHBIX BONPOCOB IUIa3MEHHOM 3JIeK-
TPOHHMKH SIBIAETCS HCCIeloBaHUE APPEKTHBHOCTH
B3aUMOJICUCTBHS JICKTPOMAHUTHBIX BOJIH, HMEIO-
IIMX CTOXaCTUYECKUE XAPAKTEPUCTHUKHU, C BEIECTBOM
[1—4]. Hannas npobiema mpeacTaBiseT HHTEPEC A
OOBACHEHHS MEXaHM3MOB T€HEepallid MOTOKOB YCKO-
PEHHBIX YacTHI B Ja0OpaTOpHOH U KOCMHYECKOH
IU1a3Me, BKIIOYas IUIa3MEHHYIO acTpodH3MKy, a Tak-
e 0KO0JIO3€MHOE IIPOCTPAHCTBO.

CornacHo 3KCHepUMEHTaJIbHBIM paboTam [2—4],
UCIIOJIb30BAHNE MHUKPOBOJHOBOI'O H3JIyYEHHS CO CTO-
XaCTHYECKH NphIraromei $a3oil MO3BOJISET peann3o-
BaThb A3(QPEKTUBHBIH OECCTONKHOBUTENBHBIA Harpes
3JIEKTPOHOB U MPOOOI ra3a MpH MEHBLINX HaNpPsLKEH-
HOCTSIX 3JIEKTPHUYECKOTO MOJIsl, HaONIoNaTh MPOXOXK-
JIEHHE 3TOTO M3JIy4YEHHUs Yepe3 Miaa3My C MIOTHOCTBIO
BBIIIE KPUTUYECKOTO 3HAu€HUs (IIPOCBETIIEHHE BOJI-
HOBBIX OaprepoB). Kpome TOro, BO3MOXKHBI MPOLECCHI
00pa3oBaHMsT HEMAaKCBEJIOBCKUX XBOCTOB YCKOpEH-
HBIX 3JICKTPOHOB U OoJice 3((EeKTUBHOTO BO30YKIEC-
HUE pEe30HATOPOB.
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Hacrosimee cooOmeHne MOCBALICHO HCCIEN0Ba-
HUIO (Ha OCHOBE YHCJICHHBIX PAacieTOB) B3aUMOICUCT-
BUS 3apsDKEHHBIX YaCTHUIL] C JJIEKTPUYECKHM IIOJIEM,
MMEIOIIVM TIPhITaINyto ¢a3y, u aHamuzy dddexTus-
HOCTH 3TOr0 B3aUMOJICHCTBHSI B 3aBUCUMOCTH OT HC-
XOIHBIX MapaMmeTpoB. [lyTem BBeneHUS HOPMHUPOBAH-
HBIX TIEPEMEHHBIX JaHHas 3a7ada CBOJUTCS K
PELICHUI0 KAHOHUYECKOI0 YPAaBHEHHUs OCLUILIATOPA C
BHEIIHEN CUJION 3aJlaHHOM 4acTOThI, UMEIOIIEH B IIPO-
CTelIIeM BapHaHTE CAMHUYHYIO Oe3pa3MEpHYI0 aM-
wTyay. Ilpu noctosiHHOM (ase Mot 3T0 COOTBETCT-
ByeT €IMHUYHOW aMIUIUTylle KoJeOaHHH CKOPOCTH
3apsaa. IlapamerpamMu  B3aMMOACHCTBUS — SIBJIAIOTCS
XapaKTEepHbIM HMHTEpBaJ BPEMEHH MEXIY CKauKaMu
(asbl, CTENeHb Pa3MBITOCTH CKayKa ()a3bl U TUIIHYHAS
aMIUIMTYJa CKa4KOB. B wacTHOCTH, HHUXKE I10JIaranocs,
YTO BEJMYMHA CKauka (ha3bl SBISIETCS CIydallHOW Be-
JUYMHOM, PAaBHOMEPHO PaCIpPEEICHHON B UHTEpBAJIE
(-, 7). PaccMOTpeHbI pa3iudHbIE BapUAHTHI JJIST WH-
TepBajla BpEMEHH MEXIy CKaukamu (hasbl, Harmpumep,
HELEJI0€ YUCIIO MOJIYIEPHOJOB JIEKTPUUECKOr0 MO
u ap. PasmbiTocTh Cckauka (a3zel MozAenMpoBalach
CTYIIEHbKOM, MMEIOIe Malyro, HO KOHEYHYIO TOJI-
HIUHY.

IIpoBeneHHble pacyeThl MOKa3aiu, 4TO MpU YHUCIIe
CKA4KOB TIOpSAJKa ThICAY U OoJjiee BO3MOKHBI BapuaH-
THI CHJIBHOTO YCKOpEHHs 3apsia, a UMEHHO, Oe3pas-
MEpHasl aMILIUTYJla €r0 CKOPOCTU B CTOXAaCTUYECKOM
MoJIe MOXKET BO3pacTaTh 0 JIECITKOB U coTeH. Cie-
JOBaTeNbHO, 3a CYET TMphIraoonield (a3l MaKCHMyM
SHEPIUU 3apsDKEHHON YAaCTHLBI IIPU €€ B3aUMOJACHUCT-
BHH C OCHWUIMPYIOIIMM 3JIEKTPUYECKUM IOJIEM MO-
JKET YBEIMYUTHCA B COTHH, THICSYM U Oonee pas. Ilo-
Ka3aHO TaKXXe, YTO UMEKTCS ONTHUMAJIBHBIE YCIOBUSA
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JUTSL peaju3ali Takoro 3PQPEeKTUBHOTO B3aUMO/ICH-
CTBUSL.

OcHoBHBIE YPaBHECHUSA U PE3YyJbTATHI PACIE€TOB

Hexkoroprle kadyecTBeHHBIE OCOOCHHOCTH JBHKE-
HMSI YaCTHIBI B IOJIE BOJIHBI SIBISIOTCS JTOCTATOYHO
M3BeCTHBIMU [5, 6]. Hampumep, B mose ajieKkTpomar-
HUTHOW BOJIHBI, TIOJISIPU30BAHHOM MO KPYyry, 4acTHIlA
JIBUKETCS TI0 OKPYKHOCTH, TIOCKOCTh KOTOPOH Iep-
MIEHIUKYJSIpHA HANPaBICHUIO PACIIPOCTPaHEHUS BOJI-
Hbl. B mone ogHOpOoaHON JMHEHHO MOJISIPU30BaHHOU
MOTIEPEYHON BOJIHBI 3apsijl JBMKETCA TI0 CHHYCOH-
naneHOU KpuBoi. Hambonee mpocTast Mojens omwca-
HUsl (B OECCTONIKHOBUTEIIFHOM CJy4ae) CTOXacTh4de-
CKOTO YCKOpPEHHS YacTHI[ OCHOBaHa Ha CJEIYIOIIEeM
OJTHOMEPHOM YpPaBHEHUH JIJIsi CKOPOCTH 3apsDKEHHON
HEPENATHBUCTCKOMN YacTHIIbI W(f):

avidt=qE | m, (1)

T7A€ ¢, m — 3aps] ¥ Macca YaCTHIbI, COOTBETCTBEHHO;

E(f) = Eycos [of + o(9)];

Ey— ammumutyna xoedaHuii 371eKTPUIECKOTo OIS,

® — YacToTa;

¢(f) — croxacTuuecku npeiraromias ¢asa.

Yno0Ho mepeliTH Kk Oe3pa3MepHBIM IePEMEHHBIM
T=t v=1vu(T) c XapaKTepHBIM 3HAYCHUEM OCIIHII-
JMSATOPHOH CKOPOCTH 3apsanma vy = gEy /(mw). U3 (1)
UMeeM Cleyrollee ypaBHEHHE [Uis Oe3pa3sMepHOM
CKOpocTH u(T)

du / dt = cos [t + o(1)]. 2)
Ero pemrenue onpenensercs popmyIIoit
T
u(t) = [d' cos[' + p(t")]. 3)
0
CrnenoBaTenbHo, B ClIydae MOCTOSHHOH (hasbl

¢(t) = const amruiuTyna KojiebaHui Oe3pa3MepHOi
CKOPOCTH 3apsifia B DJIEKTPUUECKOM II0JIE paBHA €JU-
HHUIIE.

PaccmoTpuM mMHAMHKY CKOpOCTH 3apsima u(T) B
cly4ae CTOXacTHYeCKH Tphiraromend ¢assl  ¢(T).
B uncneHHbIX pacuerax ypaBHeHHA (3) mHOiaraiocs,
YTO BEJIMUMHA CKauka (asbl O¢ = O sBusercs ciydaii-
HOH BENMYMHOM, PABHOMEPHO PACIpPEJCICHHON B UH-
tepBane (—m, m). Ecnu ckauku (azbl AIEKTPUIECKOTO
TIOJISl TIPOMCXO/ISAT BHE3AIMHO Yepe3 WHTEPBA BpeMeHH
[, Torna Ha uHTEpBaANe BpeMeHH nf3 < T < nfl + 3 ms
CKOpocTH 3apsnga u3 (3) moimydaem CIEAyIOUIYI0 pe-
KyppeHTHYI dopmyiy u(t) = u,.; + sin(t —np + 6,) —
sin(0,), rae u,. = u(np). llpu ananuze ObUIN PacCMOT-
PEHBI pa3IMyHbIe BApUAHTHI AJsl MHTEpBala BPEMEHU
MEXIy CKaukaMu (asbl, B 4acTHOCTH, B =71/ 4,31/ 2,
5w, 6m. JI7s pa3MBITHIX CKAYKOB M3MEHEHHE (Da3bl 1Mo-
JI51 MOAEIUPOBANIACh CTYNEHbKOW KOHEYHOM TOJIIIVHEL

89,(1)=0.56, [ 1 +g,(7) ] 4
gn(T):(Tf’[n )/[ 82+(T*'Cn )2 ]1/2. ( )

31eck mapamMeTp € ONMPEAEeNsIeT pa3MBITOCTh CKAadKa
(hazpl 1 TIoNarasucs MajbIM, T. €. € << f3.

Ecnm ckaukn a3pl 2J1€KTPUUESCKOTO IO POUC-
XOZST BHE3alHO, TOTAa Ha MHTEpBaje BPEMEHH T, =
=nf <1t <71 =+ 1) us3 (4) s CKOPOCTH MOJY-
YaeM CIIeNyIOIIYI0 PEeKyppPeHTHYI0 GOopMyITy

u(t) = u,. + sin(t + @,) — sin(t, + @,). 5)
HpI/I‘IeM CKOpOCTb U = U, AJ11 MOMECHTAa BpeMeHI/I T

=npP, amepen (n + 1) ckaukom ¢a3zel, korma T = nf + 3,
13 BRIpaKeHH (5) cIeayeT, 9To

Up+1 = Up- + Sin(B+ an) - Sin (an)a (6)

roe V¥, = nf + ¢,. Popmyna (6) maer mpeodpazoBa-
HUE CKOPOCTH Yepe3 MHTEPBaJl BpeMEeHH [} ¢ y4eToMm
CKaukoB (hazpl. 3aMETHM, YTO B MOMEHT pPE3KOTO
ckadka (hazbl AMEKTPHUECKOTO MOl CKOPOCTh YacTH-
el 4 = df / dt n ee cmemenne & HENPEPHIBHEL
Ha mocratoyHo TpOTSHKEHHOM HHTEpBAjie BPEMEHHU
PEKYPPEHTHOE COOTHOIIEHHE (6) BEIABISET CYIIECT-
BEHHBII HAOOp SHEPTUM YACTHIIBI 3a CUET CITyYailHBIX
CKauKoB (a3bl. 31eCh ClIemyeT OTMETHTh, YTO HAIH
pacueTsl MOKa3alu — CHJIBHOE YCKOPEHHE YaCTHIIBI
AIIEKTPUYECKAM IIOJIEM CO CTOXACTHYECKH MPBITalo-
mei (pa3oil IPOUCXOMUT TMPH MTOCTATOTHO OOIBIIIOM
YHUCIIE CKAYKOB, TIOPS/IKa HECKOJIBKHX THICSY U Ooee.

N3noxum pe3ynbrarhl pacyeToB. bbul B3ST Bapu-
aHT TIOCJEIOBATEILHOCTH PE3KMX CKAuKOB C BEIUYH-
HOHM ckadka m3 oOyactu -1 < O < 7 depe3 MHTEPBAI
Bpemenu P = 57. Beero 6110 pacemorpero 10* ckau-
koB. I'padmk ckopoctm u(tT) mpuBeneH Ha puc. 1.
B nmanHOM ciiydae MakCUMyM CKOPOCTH HYaCTHIIBI
Umax & 165,75 ObUT JOCTUTHYT TIpHU T = 64368.
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Puc. 1. Jlunamuka ckopocmu 3apsaoa u(7) 6 cyuae pe3Kux cayuaiiHblx
CKA4K06 (hazvl nona ¢ 6eNUUUHON CKauKa uz oonacmu - t< 0<7w
uepe3 unmepean epemenu f= 5

s npyroro BapuaHTa MHTEpBaja MEXIY PE3Ku-
MU ckaukamu (assl mons 3 = 11,17 pesynbTar pacue-
TOB TOKa3aH Ha pHUC. 2. 37eCb MAKCUMyM CKOpPOCTH
YaCTUIBI Umax ~ 104,24 O0but ipu T = 107370, a MunHM-

MyM CKOPOCTH Uy, = — 64,917 umen mecto mpu 1t =
=39363.
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Puc. 2. lunamuxa ckopocmu 3apaoa u(t) npu pe3Kux cayuaiunvix ckay-
Kax pazvl nons ¢ 6enuUNUHON cKauKka u3 oonacmu - <0<
uepes unmepean épemenu = 11,17

Ecnu B3stb B = 8,11, yto 6mm3Kko k 57 / 2, To 3a
UCKJIIOYCHUEM CPaBHUTENBFHO MAJIOTO HAYalbHOTO
MHTEpBaa BpEMEHH YCKOpPEHHE 3apsaaa MPOUCXOIUT B
oOpatHOoM HamnpaBneHun. Ha puc. 3 mnpencrasien
rpaguK CKOpPOCTH AJISl NAaHHOTO ciydvas. Temeps Mak-
CHMYM CKOPOCTH YAaCTHIIBI Uy ~ 34,227 mocTUraeTcs
mpu T = 2238, a MUHAMYM CKOPOCTH Uy, =~ —108,57
HMMEeT MECTO B KOHIIE MHTEpBaJla YHCICHHBIX pacue-
ToB mpu T ~ §1068. Kak BuaHo u3 rpaduka, B cpen-
HEM YCKOPEHHE YacCTHIBl WAET B HAIPaBICHUH OTPH-
HaTeIbHBIX &.

T
i

-100 —

u(t)

) 1

-150 | | | | 1 1 1 I
0 2-10* 4.10* 6-10* 8-10*
T

Puc. 3. I'paghuk ckopocmu 3apada u(t) npu pe3Kux cayuaiiHblX cCKauKkax
dazvl nons (- < < n) uepes unmepean epemenu f= 8,11

WuTepecen ciayyait ckaukoB (as3bl ¢(T) yepe3 4etT-
HOE€ YHCJIO TIepUOJIOB Mo, Tak, pacyeThl i ciiydast
B = 6m ¢ BenuuuMHOW Ckadyka w3 obmactu -n < O < 7,
IMPUBEACHHBIC Ha pUC. 4, IMMOKa3bIBAOT IMPAKTUYCCKU
MOJIHOE OTCYTCTBHE YCKOPCHHS 3apsia dSJICKTpUye-
CKHUM IIOJIEM B 3TOU CUTyaluu.

Bt paccMoTpeH citydaii CKaukoB (a3l U3 UHTEP-
Baja -m < O < 7 mpH CIIy4aHBIX MOMEHTaX BPEMEHHU
ATUX CKadkoB. Ha puc. 5 mokazaH rpaduk CKOpOCTH
gacTurlsl s 50 000 ckaukoB (a3wl MpU BEIOOPE WH-
TepBayia MEX/y CKaYKaMH CITyJailHBIM YHCIIOM W3 MH-
tepBasia 5t < [ < 7n. Kak BuauMm, 37ech Takxke Ha-
OmonaeTcs BechbMa CWIBHOE YCKOPEHHE YacTHIl
ANIEKTPUYECKUM IIOJIEM CO CTOXACTHUYECKH TMPHITaro-
e azoit.

T

Puc. 4. I'pagux ckopocmu 3apada u(t) npu pe3Kux ciayuaiiHplX CKa4Kax
¢azvl nons (- < < ;) uepes unmepean epemenu = 67x

200

u(t)
max u = 20,718

0 min u = -560,2
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Puc. 5. I'paghux ckopocmu yacmuywt ons 50 000 ckaukos ghazvt
HpU 6bI60PE UNMEPBANA MENCOY CKAUKAMU CILYUATIHbIM YUCTIOM
u3 unmepeana Sx<fB<7w

beuto paccMOTpeHO YCKOpEeHHEe YacTHll MPU KX
B3aUMOJICHCTBUU C MPOJOJBHOM BOJHOW, UMEIOLIEH
CTOXacTUYECKH TIphIraronnyio (azy. HauanpHas sHep-
THS YacTUIlBl ObLIa 3HAYMTENILHO MEHbIIe (a30BOU
CKOpPOCTH BOJHBI (TIOpsAKA TETTOBON cKopocTH). Pac-
YeThl TIOKa3alld BO3MOXKHOCTh CHJIBHOTO YCKOPEHHS
YaCTHIl, JUHAMHUKA CKOPOCTH 3apsJOB B IEIOM ObLIa
aHAJIOTUYHA OMHMCAaHHOW BhImIE. Pe3ynbTaThel Aeraib-
HOTO aHaJK3a TOTO0 BApHAHTa CTOXACTUYECKOTO YCKO-
peHust OyIyT W3IOXKEHBI B MOCIEAyromei padore. B
3aKJIIOUYEHUE OTMETHM, YTO HEKOTOpPhIE BapHAHTHI
B3aMMOJICHCTBUS 3apsSHKCHHBIX YACTHI[ C AJIEKTpUYC-
CKUM TI0JIEM, UMEIOIIMM CTOXACTHYECKH IPHITAFOIIY IO
(a3zy, ObUTH paHee pacCMOTPEHHI B paboTte [7].

BoiBoabI

1. Ha ocHOBe YHCIIEHHBIX PaCUETOB BBIMOJHEH
aHaIN3 B3aWMOJIEHCTBHS 3apsKEHHBIX YaCTHII C JIEK-
TPUUYECKUM TIOJIEM, WMEIOIIMM TpBITaroIIyio (asy,
BKJTIOYasl UccienoBanue d(H(PEKTUBHOCTH ATOTO B3aW-
MOJICHCTBHUSI B 3aBUCUMOCTH OT MCXOJHBIX TapameT-
POB 3a/1a4H.

2. PacueTsl OKa3aiy, 4TO MPH YHCIe CKAYKOB TI0-
pSAKa THICSY BO3MOXKHBI BAPHAHTHI CHIIBHOTO yCKOpe-
HUS 3apsi/ia: aMIUTUTYIa €r0 CKOPOCTH B CTOXacTH4e-
CKOM IIOJIE MOXET JOCTHTaTh JECSITKOB M COTEH.
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