O BJIMSIHUM IVIASMEHHBIX HEJIMHEMHOCTEN
HA BO3BYXIEHUE KOJIEBAHUU SJIEKTPOHHBIM ITYYKOM
B KOPOTKOM IIVTIASMEHHOM PE3OHATOPE

ATl Toacmonyscckuii
HHI] X®TH, 2. Xapvkoe Akademuueckasn ya., 1, 61108, Ykpauna
tolstoluzhsky@kipt.kharkov.ua

B kuHETHYECKOM PUONMKEHIH MPOBEJCHO TEOPETHUECKOE NCCIIEJOBAaHNE ANHAMUKH BO30YKICHUS KOIeOaHUH
MIOTOKOM 3JIEKTPOHOB B KOPOTKOM IUIa3MEHHOM pE30HAToOpe. AHAIMTHYECKH ONpPENENCHBI 30HBI T'€HEpaluud M
3¢ PEeKTUBHOCTD B3aMMOJCHCTBUS Iydka C IIOJIEM pPE30HATOpa B 3aBHUCHMOCTH OT (HM3MYECKHX IapaMeTpOB
cucreMsl. [lokazaHo, 4TO HaIM4YKMEe OOPATHBIX BOJIH CYIIECTBEHHO M3MEHSET MMHAMHKY BO30YXIEHHs KoJeOaHHH.
IlyreM umcneHHOro aHanIM3a AMHAMHUKH YacTHIl M TOJIEH MOKA3aHO, YTO y4eT IEKTPOHHBIX HEIMHEHHOCTeH
NPUBOJMT K YMEHBIICHUIO 3HAYECHUH CTALMOHAPHOM aMILIMTYZBI BO30Y)KAAEMOIo IOJIsl, TPYIIMPOBKE YACTHIl U
3axBaTy 4YacCTHUI] IUIasMbl B Yy3JiaX BO36y)K}13.GMBIX CTOSAYHUX BOJIH. Honyqua OIICHKAa TMNMPUMCHHUMOCTHU MOJCIIU
pe30HaTOpa 3aI0JIHEHHOT' O TIa3MON — HalIeHbI 3HAUEHHS TapaMeTPOB CHCTEMBI, IIPH KOTOPBIX MPOUCXOIHUT 3aXBaT
YaCTHIl ITydYKa U IUIA3MBI ITOJIEM MPSIMOW M 0OpPAaTHOM BOJHBI, YTO MPUBOJHUT K BBIHOCY YACTHUI] IyYKa W IUIa3Mbl U3
o0acTi B3aMMOACHCTBISL, KaK Yepe3 BRIXOAHOM, TaK U Yepe3 BXOIHOW TOPIIBI pE30HATOPA.

PACS: 05.45, 52.40.Nj, 84.40, 29.27.Bd
1. BBEAEHHUE

B ocHOBe 2IEKTPOHHBIX MPUOOPOB JISKUT TPOLECC
npeoOpa3oBaHuss HSHEPTUM  JBIDKEHUS DIIEKTPOHHOTO
MOTOKAa B D3HEPTHI0 3JIEKTPOMATHUTHBIX KOJIEOaHWUI.
Haubonee momHo  TakoW  TpolleCC  OMHCHIBAET
CaMOCOTJIaCOBAaHHAS MOJIETIb, KOTOPAs BKIIOYACET B ces
CUCTEMY ypaBHEHHI MakcBesia s IoJsl M ypaBHEHUI
JBIDKEHUS! OTIEJBHBIX 3apsHKEHHBIX YaCTHIl B TaKUX
mojsix. JTa CHCTEMa YpaBHEHWH, JOIOJHEHHAs
TpaHUYHBIMU YCJIOBUAMU [JIA MoJieck W HayvalbHBIMU
YCIIOBUSIMU ISl YaCTHIl MTy4YKa, MO3BOJISET ONUCHIBATH
HCKOMBIE XapaKTEPUCTUKU IPOLECCa B3aHMMOJCHCTBHA
myuka ¢ nojeM. CTaloHapHBIA PEKUM TeHEPUPOBAHUS
KoslebaHnii obecreynBaeTcss 3a CUET HENPEephIBHOM
WHXXEKIIMM YacTHI[ Iy4YKa B HEKOTOPBIH PE30HAHCHBIN
00beM, B KOTOPOM HPOUCXOIUT SHEProoOMEH YacTHIL
ITy4Ka C M0JIeM, HAaKOIUICHHS 3HEPTHH TOJIsl U 0TOOp ee
B Harpy3ky (cm. [1-6]).

B crathe uccienoBaHO — BIMSHHE 3JIEKTPOHHBIX
HEJTMHEHHOCTER Ha BO30YXKIIEeHHUE KoJeOanmin
OJICKTPOHHBIM INYYKOM B KOPOTKOM INIa3MCHHOM
pe3oHaTope  MEIIEHHOH  BOMHBI € HJICAIBbHO
TIPOBOASAIINMHU TOpLIAMH n (uKCHpOBaHHON
MIPOCTPAHCTBEHHOW CTPYKTYpoll monsd, B KOTOPBIL
WHXXEKTHPYETCS IyYOK DJIEKTPOHOB. 3HAUYMTEIbHOE
YyOpOILIEHHE 3aJadyd  JOCTHUraeTcd B  aKCHAJIBHO-
CUMMETPUYHOM CIIyyae, KpoMe TOTO, CUYMTAeM, 4TO BCA
CHCTEMa HaXOAWTCSI B CHJIbHOM BHEIIHEM NPOAOJIbHOM
MAarHMuTHOM IIOJIC, TaK 4YTO JBHXXCHHUC YaCTHI[ MOXHO
CYUTATh OZHOMEPHBIM.

2. IOCTAHOBKA 3AJIAYA. OCHOBHBIE
YPABHEHUA
PaccmoTpum LUIVHIPUYECKUN pe3oHaTop
pamuyca d, KOTOPBII B OOIIEM ciiydae IpeJCTaBISIET
co0oil  OTpe3oK  3aMemusiiomeld  CTPYKTYyphl, C
IUIa3MEHHBIM 3allOJIHEHUEM, BJOJb OCH KOTOPOTrO B
HYJIeBOM MOMEHT BpPEMEHU HHXXEKTUpYyeTCs

SJIEKTPOHHBIA MYYOK CO CKOPOCTBIO Vpo W TOIHBIM
tokoM 1. CaMocornacoBaHHas CHCTEMA YPAaBHEHUHA,
KOTOpasi ONHCHIBAET B3aMMOJCHCTBHE Iy4YKa C TaKUM

PE30HATOPOM, COCTOUT M3 ypaBHCHI/Iﬁ MakcBeiia JJIA
oJIA:

rotE = -c'laH/af )
rotH = ¢ "0 H[0t+ 4T[C—1(jp+jb)a (M

[
nd - - - -

tae: jp = I Vo pJb,p( V7, 1)dV - TUIOTHOCTB TOKA Iy4Ka
0

v mnasmel, Jpp(V.70) - pynkums  pacnpeneneHus

Ty4Ka ¥ I1a3Mbl (MHIEKCH D, P - 0603HAYAIOT TyHOK U
IU1a3My, COOTBETCTBEHHO) U KMHETHYECKOTO YpaBHEHHS
BrnacoBa st GyHKIMM pacnpeieneHus YacTHIl ITydKa 1
IUIa3MBl:

ify, it vify, fir+ elE+ ¢ (v Hot Hify, fip= 0. ?)
Hamnume cuasHOTO

(Hyl2),

OBIDKGHHEM  JJIGKTPOHOB IMy4Yka M IDIa3MBl |
OTPAaHUYUTHCS AHAIU30M OJHOMEPHOTO IBW)KCHHUS HX
BIONb Ocu Z . Pemenme ypaBHeHus Bracoa mis
YacTWI] Ty4YKka W IUIa3Mbl OyJeM WCKaThb METOJIOM
XapaKTEPUCTHK, YPAaBHCHUS KOTOPHIX HIMCIOT BUJI:

dpy (11,0 o) /dt = E\\[Zb(tlva bo)] ,

dzy, (1,0 o) [dt = V() 3)
Vsl py) = (py | m)(1+ py Im*c?) "2
4V, (4,0 o) [dt= B[z, (1,0 ,0)].

dz, (1,0 o) [di= V(1,0 ), 4

BHCINHCIO MArHuTHOIO  IIOJIA

paspemaer npeHeOpeYh  MOMEPECYHBIM

)

C  HAYAIbHBIMU Dp(0,0 40) = P;;O) )

z,(0,0 o) =0, roe t=t-1ty - narpaHkeBo BpeMs:

YCIOBUAMM:

4aCTHILbL, BXOJAIIEH B pe30HATOP B MOMEHT BPEMEHU
Lo Zp(81,0 po) = Vot = 1) + B(21,0 40) , Pp(£1,0 o) -
JIarpaHyKeBbl KOOPAMHATA M MMIYJbC YACTHIL ITY4Ka;
A(#,0 49) - OTKIOHEHMS TPAaCKTOPHM YACTHIGI IO

NEHCTBUEM TIOJS OT TpsAMOuHenHoH (Z; = Vot , uto
0 po = (20, Po) );

z, (t,(] pO) R Vp(t’u pO) - JIarpaHXeBbl KOOpIWHATA W

OTBCYACT JIBWIKCHHIO 6e3 10JI4,
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umnyase gactun mmasmsl (4 50 2 (2507 0) ). Ecmm

WHTETpajbl Zp,Pp U Z p,Vp cuctemsl (3-4) HalIEeHBI,

TO pelIeHHe KUHETUYECKOTO0 YpaBHEHUS Il YacTHUIL
My4Ka ¥ [JIa3Mbl MOXHO MIPEICTAaBUTE B BuAe [7]:

dfy = dnbé[z_zb(tlaa bo)]é[p_pb(tha bo)] , (%)
B0 [ pof ol 27 20 l1[F - ot ol
rae: dn= fio(0 o)dU g - umcnO wacTMI myuka Ha

TpaeKToOpusX, mnapameTrpel 0,y KOTOPBIX JeXaT B

untepBane 0 50,0 po+ dil 4o, a HauanpHas QyHKIUS
pactipenenerust 500 po) = 7 pod (V' =V, , (0,0, 1)) |
OIHO3HAYHO ONpPEAEIEHHAS YCIOBUAMH MHKEKIMK; JIs
oyuka V(0,0 49) = Vo, mma  XomomHOM — mma3Mel
V(0.0 ,0) = 0y = Lo | (SyVyo) (1o - amrmumurymaoe
3HAYEHHE TOKA Iy4Ka, S, - IUIOWAAb €r0 MOIEPEYHOrOo

CCUCHHUSA).
Takum 00pa3oMm, IUIOTHOCTh TOKA ITy4Ka W IIa3MbI B
PE30HATOPE MOXKHO MPEJICTABUTH B BHJIE:

Jp(r,z,t) = Sb(’”)” du o V(p) fro(0 po)dp*

(1) (6)
*d[z- Zb(tl’a bo)]é[]?' Dp(11,0 49)]s
I du oV (D) S pol ,o)dV*

n(t) @)
(t17a bO)]é[V_ Vp(tha pO)]‘

Jplrzt) =

*o[z- 2y
3neck GpyHkuus f50(0 50) - XapaKTepU3yeT MOIYJIALMIO
Myuka Ha BXOJE B pe3oHaTop, S p(7) - xapakrepusyer
pacrpeziesieHde My4Ka W IJIa3Mbl [0 Paguycy, Zpp U

Pp,, - ompenensitotrcs M3 ypaBHEHMH [BHKEHHsS, a

HMHTErpupoBaHue B (6) MPOBOAUTCA 11O BCEM YaCTHUKaM
nyuka(7(?) , koTopwle HaxomsTcs B pe3oHaTope (

0<z <L, L — pmima pesonaropa). C ydeToMm
TPaHUYHBIX YCIOBUM [ TMOJEHM Ha HIEaNbHO
MPOBOAAIIMX  TOPIAX  pE30HATOpa  AKCHAIBHO-

cUMMeTpH4HbIe TIoNs £ u H - BOJH MOXXHO 3aIiCaTh B
BUJIE:

E. = z E, cos(k,z), E, = Z E,, sin(k,z)
Hy = Z Hy, cos(k,z) — nns E - BonHbl,

H, = Z H_,,sin(k,z) H.= 2 H,cos(k,z) ,
E, = z E¢nsin(knz) — nns H - BonHbI,

rae k, = A | L - 1poio/ibHOE BOJHOBOE YHCIIO.
Ions £, = E,(t)R

(pynxmun R, (r) , KOTOpBIE ONMCHIBAIOT pajHATBLHOE

npexcraBuM B Bujge £, i (7)
pacrpee/iecHUe oSl B CHCTEME, CUNTAeM M3BECTHBIMH,
i=rf,z ). [loacTapmnsis BeIpaKeHUs 7S TTOJIEH U TOKOB
B ypaBuHeHume (1) w® mepexogs K HOPMAaJbHBIM
KOOpAHWHATAM, IIOlydaeM CHCTEMY YpaBHEHUH st

AMIUTHTY I HOPMAJIBHBIX moJieit § mm(t) :

d2e e /dr 2, VVrES)za L= AL 0 (1), (8)

n

IJie BBEJICHBI clieytonre Oe3pasMepHble epeMEHHbIE:

(s) 2 2 52
g (s) - eAzn L /\(‘Y) - (-1 S knC -Q (,;)
- mmyz " = @2 _ a2’
phl Q n - Q n
Q 2

d
1,(1) ubd J’vbcosncb)w(TO)dIo

2.d
+ Fd__[[)vpcos(n(;p)dco _8 Zn),

2

Q b Vo -
1 Hp = C'klz,va'Va/Vphl,
p
a
(s)
ws) - Q) 02 ISb,p(”)Jo(ku r)rdr
n 0 (]S) ’ 0 2 bp 0 ’
A AUk
2 [0 2200
Q(S)Z-Q_DH NE 4ka" [
n - ( ) 4
2 0 0
I [
Q%= ?,+ (K + ke, o (n])z -OIpesesisieT  YacTOTh
MEUIEHHBIX  BOJIH C  ()a30BBIMH  CKOPOCTSIMH
- 1)
Vn_Q(n/kn<C> yb:ﬂl-VbZ/cz-
pensSTUBMCTCKU (akTop Mmyuka, V- cKOpocTh MmydKka,
V,o- ero HauanpHas CKOpOCTB, Vo = Q (1” [k, -
¢azoBas CKOPOCTB nepBoi TapMOHHKH,

2 . 2
W}, = 4Mny, ,e” /m - nnasmeHHas wactora Iydka H

1a3mbl, b p - MIIOTHOCTH IMy4Ka M IU1a3Mbl, € M - 3apsiy

M Macca  ONIEKTpOHa,  COOTBETCTBEHHO.  Jlis
MOHOYHEPTETHYECKOTO TTyUKa.
IMockomeky Qaszosas ckopoctb? (1g)= 1 Bonmm ¢

WHJEKCOM S= 2 TPEBBIIAET CKOPOCTh CBETAa W HE
MOJKET PE30HAHCHO B3aWMOJCHCTBOBATH C YaCTHUKAMHU
Mydka © TUTa3MBl B JaNbHEHWIIEM pPacCMOTPEHUH
BKJIaJIOM BO B3aUMOJEHUCTBUE YACTHUI[ C IOJEM 3TOU
BOJIHBI MOYKHO TIpeHeOpeyb.

Ucxons w3 obmiero pemieHus ypaBHeHUs (8) s
MoJis TapMOHHMK MEIJEHHOW BOJIHBI B  BHJIE!
8zn(T):An(T)COS(VVnT)+ ( )SIH(WT) MOy IHM
MOJTHYI0 CHCTEMY YpaBHCHHU IUIA TIONIA W YPaBHEHUHA
JIBH>KEHUS, KOTOpBIE ONHCHIBAIOT JIMHAMUKY
B3aUMOJICHCTBUS 3JIEKTPOMArHUTHOTO MOJIS C MyYKOM U
IJ1a3MOU B pe30HATOPE:

4, 07

N oz o) [y eos(nc U (1ot -
1 n(1)
. L n (93.)
““(W””HE"[ (206, )de o - [ v 2sin(nc ) o
ST S| eos(2nC ,)dG g - sin ng ,)de Y,
W 314 g :
dAn Qi .
PR [vpcostng,)u(vo)dr -
1 n(1)
96
cos(WnI)Da : 0

S o2 ) g [ sin(c ko,
A9 0 :



dCpp [ =0, (98)
diy,[di = vb.p-32 [4,cos(W)+ anin(VK,I)}cos(ncb,p)’ ©r)

n

raety, , = 1=V, p2 e - pensTUBUCTCKUIT  akTop

My4Ka ¥ I1a3MBl.

ITpu 3TOM MBI HE IPUHUMAJIHM BO BHUMaHUE IPOIIECC
0TOOpa 3HEPTUM OT CHCTEMBI B HAarpy3Ky M CUHTAIH
MMy4OK W IUIa3My JOBOJBHO TOHKHMH, IpeHeOperast
¢ peKToM paccioeHHs MydKa W IUIa3Mbl B II0JIE
JJIEKTPOMArHUTHBIX KOJIEOAHUH CHCTEMBI.

IIpexne yem mepexoauTh HEMOCPEICTBEHHO K
YICIOBOMY aHAJIM3Y CUCTEMBI (9) MpUBEIeM HEKOTOPbIE
AQHAJTUTUYECKHE PE3YIbTaTHI.

3. AHAJIMTUYECKUME NCCJIEAOBAHMUSI.
INPUBJINXKEHUE 3AJJAHHOI'O ITOJISA

ITox crmoBamu “KOpPOTKHUN pe30HATOP” MOHHMaeM
pe30HaTOp, B KOTOPOM aMIUINTYAA JIEKTPOMAarHUTHBIX
KoneOaHUi HE W3MEHSAETCA CYIIECTBEHHO 3a BpeMs
IpoJieTa 4epe3 Hero 3apspKeHHOW dacTuibl. B sTom
Cilyyae CTalMOHApHBIE PEKUMBI  B3aHMOJCHCTBUS
My4Ka 3apsOKEHHBIX YaCTUIl C MOJIEM PEe30HaTopa MOTyT
OBITH TOJTy4YeHBI B IPHOIMKEHUHN 3a1laHHOTO 1101 [8].

YpaBHEHUS IBUKEHUS YACTHI IydKa:

mdV, [dt = eE(z,1),

rue. e,m

(10)
- 3apsJ 1 Macca 4acTHIBI, V, - €€ CKOPOCTh,

Ez - II0JI€ TaKe€Ta CTOAYMUX BOJIH, KOTOPOEC MBI

NpEJCTaBIsAEM CYNEpIo3UIMeH OerynX BOJIH:
N
E, - Z Ey;qcos(0;t- kiz) + Eycos(wt+ kz),

i=1

(11)

rne Ey-y,Ey - ammmarymer npsmolt o oGpaTHOMN

BONHBI,  COOTBETCTBeHHO. k; = iT/L~  mpononsHoe
BOJIHOBOE 4HCJIO, [~ UeNoe, L - JUIMHAa pe30HaTopa.
CoOCTBEHHbIE YaCTOThI ONPEIEIAIOTCS AUCTIEPCHOHHBIM
YPABHEHHEM  DIIEKTPOJIMHAMHMYECKOH  CTPYKTYPHI
w;z0(k). B (10 3aMeHy:
mdV_ [dt=V_dV_|dz, . V3 (10) nomyuum ypaBHeHHeE

JJIA DOHEPIUU U (1)3,3])1 YacCTHUILbI:

ya00HO  caenaTh

N
Wl = Y 5y c0s(0])+ £ 5005(0 ), (12)
i=1

d¢f/dlziiVo/Vplzl+Qi/\/;’ (13)
rae: w= VZ/ VO2 - KHMHETHYECKas JHEPrus 4YacTHUIIbI,
V, - ee wauanbHas ckopocth, €;= 2eE;/mw,V, -

+
OespasMepHas aMIUIUTyJa BOJHBL, O =W ;- k;z

®; =w;t+ k;z- Qazel npsMoii U oOpaTHO# Oeryuux
(=20 ,/V, - 6espasmepHnas

W, =0k,

BOJIH, COOTBETCTBEHHO,
MPOJI0JIbHAS

Vphlzwl/kl’

KOOpAuHaTa qacCTuukl,

Q,=0,/0,. B cmydae nuHeiHOH

csasu Mexay O; u k; (Takylo aucnepcuio HMeer,

HampuMmep, BoimHoBOm) (12), (13)

YIPOLIAIOTCS:

CIIUPAJILHBIN

dw o o
E:Z 1 008(i0 ) E5;008(i8 "+ 21 V[V, (14)
i=1

o [dl = =V [V + YN w (15)
lamunberonnan cucremsl (14), (15):
H(w0 1) = 2dw- eV [V ¢

N (16)
£) [Egsin(i0 ")+ £yysin(i0 "+ 21 Fy V) /l

i=1

OHeprusi, KOTOPYIO TepSET 3IEKTPOHHBIN MOTOK HA
BO30Yy’KJ€HHE COOCTBEHHBIX KOJIeOaHMH pe30HaTopa,
OIIPEAETIETCST CYMMOH TOTO, YTO TepseT Kaxnias
YacTHYKa ¢ y4eToM 3((EeKTOB KOrepeHTHOCTH. BaxkHoii
XapaKTEepPUCTUKOW paJMallMOHHON HECTOWKOCTH IMy4Ka
€CTh DJIEKTPOHHBIN KO3(PPUIIMEHT MOIE3HOTO NEHCTBUS
(KITH), ompenencHHbIM Kak OTHOIICHHEM HW3MEHCHHS

CpCHHeﬁ OHEPIvU Iy4dkKa K €ro HavYaIbHOI OHCPIrun:

1211

0= 5[ (1= wid o, db,
2n
0
B (17) M0,,0=150<0¢,<2n, a ycpennenue
IIPOBEJCHO N0 HadaJlbHBIM (a3aMm yactuiu. [Ipum sTom
coywaiti N1 >0 - cooTBercTByeT — reHepaunuu
SIIEKTPOMATHUTHOTO HM3JIydeHMs, a ciaydaii N <0 -
COOTBETCTBYET YCKOPEHHIO dYacTHIl B cpemHeM. Jlis
TOro 4YTOOBI HAalTH SHEPrHIO0, KOTOPYIO TEpSAET IIy4OK
3apsDKEHHBIX YaCTHIL Ha BO30YKIEHHUE
JIEKTPOMArHUTHBIX KOJIEOAHUI PE30HATOPA, MBI HAIIIH
pemenune (14), (15) ¢ TOYHOCTBIO IO YJICHOB BTOPOTO

(17

2
nopsinka (€; ), MOCIE YCPEOHEHHUs IO HavallbHBIM

¢dazam, wumeeM 11 COOCTBEHHOTO KoJcOaHUS C
HOMEPOM KOJICOAHUS N CICAYIOIICE BHIPAKCHUE:

‘ 21+ 12
1= (- 80 sin(6,)- EH—E]’H- 058,01 (18)
vl GRS EEL/m”szm , 0,=an(l- /L - yron

nporteta cuctemst, & = Vo ! Vpui .- mapamerp paccrpoiiku

(OTHOILIEHUST Ha4yaldbHOW CKOPOCTH Iy4yka K (ha3oBoi
CKOpPOCTH TIEPBOM NPOJONBHONW TapMOHHMKH TIOJIA).

3aBHCHMOCTH d)(E):r]n(z)(i)/(sf’h)2 or ¢

Pa3HbBIX MPOAOJIBHBIX TAPMOHHK ITPHUBEICHBI Ha pHC. 1.

IS

= | g
=< 1.5 2.0 25 & = ’7/\\\—\
a s 15 20 25 &
1 cll—ﬁ
o +1
I
o Nmod=1 i Nmod =2
‘ E
=r ©
{ RN
ol
o |
- S~ - S~
o e B e ———
s 20 25 & - 15 20 25 ¢
o Nmod=3 <:._ Nmod=4

Puc.1. 3asucumocms HOpMUPOBAHHO20 UHKPEMEHMA
0 () om paccmpoiixu ona capmonux ¢ nomepamu
Nmod=1, 2, 3, 4 c yuemom obpammoii onnusl u (a) - be3
yuema 0OpamHou 601Hbl



Kak BumHO ©3 3THX TpaduKOB IIMPUHA 30HBI
renepanuyu (00MacTh 3HAYEHUH, { MNPU KAKHX MydYOK

Tepser  osHepruto -N({) > 0) no mnapamerpy ¢
YMEHBIIAETC C HOMEPOM MoAbl. B crosueil BoiiHE
MaKCHUMYyM WHKPEMEHTA (MHKpEMeHT

nponopuroranbHeii 1(§) ) mepBBIX AByX rapMOHHMK
(Nmod=1,2) nexur B unreppane 0.8 <., < 1.0. u
3¢ ¢exTUBHBIN OTOOpP HSHEPrHHM OT ITydKa BO3MOXKEH
N@kKe U1 CKOPOCTEH TMydka MEHbIIMX —(a3oBOi
CKOPOCTH BOJHBL B TO BpeMst Kak OTOOp DHEPIUH OT
My4ka B CJIydae NPAMBIX OETyIIMX BOJH MPOUCXOIUT
JIMLIL TIPM  CKOPOCTAX Mydka Ooibmux  (hasoBoi
CKOPOCTH BONH. IIpH 3TOM IIONOKEHUS MaKCUMyMa
unkpementa (&) mexur B wmHTepBame 1.2< .,

<1.4. BenmunHa MakCMMyMa HWHKpEeMEHTa 0e3 ydera
00paTHOW BOJHBI MPAKTHYCCKU JIMHEHHO BO3PACTACT C
yBEJIMYEHUEM HOMEpa MOABbI, B TO BpeMs Kak IIpH
HaJIMYUK 0OpPaTHOM BOJIHBI BEIMYKMHA 3TOTO MaKCUMyMa
Bo3pacraeT He Tak ObicTpo. C yBennyeHHEeM HoMepa
TApMOHUKHA BO30YXKTa€MBIX KOJCOaHWH TPOUCXOIUT
COMMKEHHE MOJ0KEHNH MaKCHMYMOB H COBIIAJICHHUE
30H TCHEpalyM, KOTOpbIE OTBEYAIOT OErymuM W
CTOSIYUM BOJIHAM.

Takum 006pa3zoM, ydeT oOpaTHBIX BOJH IPUBOIUT HE
TOJBKO K KOJIMUYECTBEHHOMY, HO M K KayeCTBEHHOMY
W3MEHEHHIO TMHAMHKY B3aMMOJICHCTBHS My4Ka C I0JIeM
pe30oHaTopa CPaBHUTENILHO CO CliydaeM OerylIuX BOJIH,
B 0COOEHHOCTH TUTS HEOOIBIINX HOMEpPOB
MIPOCTPAHCTBEHHBIX TapMOHHMK BO30Yy>KIaeMbIX IOJICH
(0OBIYHO BIWSHUWE OOpAaTHOW BOJHBEI Ha IBIDKCHHE
4acTHUI[ He OepeTcs BO BHUMaHHe (CM., Hanpumep, [4])).

4.YUCJIEHHBIE NCCJIEJOBAHUSA

Pe3synbraTs AQHAJIUTHUYECKOTO paccMOTpeHHUs
ciaboHeTMHEHHOM TEOpUU B3aUMOJICHCTBUS
SJIEKTPOHHOTO TOKa C pPE30HAHCHOM 3ameistoneit
CTPYKTYpPOl C pacHpeieleHHbBIM B3anMOACHCTBHEM
MIPEACTABICHBI BBIIIE, TAM K€ HMPUBEACHBI BBIPAKECHH
st anekrponHoro KIIJI, mpu He odeHb OOnbIINX
aMIUIMTYJax Bo30yXIaeMblx moned. B maHHOlN wacTtn
oT4yeTa Ha OCHOBE JTHUX pPE3yJIbTaTOB IPOBEICH
YHCIICHHBIM aHa U3 KOJUIEKTUBHOM AMHAMMKH YacTHIl U
NOJIEH € YYETOM  HEJIMHEHHOCTH IIyyKa W IUIa3MBbl.
UucneHHoe pemieHHe 3TOW CHUCTEMBI  IPOBEICHO
meronoM Pynre-Kyrrel 4-ro nopsiaka. MHrterpansl B
MIPaBOH 9aCTH CHCTEMBI AlPOKCUMHPOBAINCH METOIOM
NpsIMOYTOJABHHUKOB; IPUYEM YACTHLBI, KOTOpbIE Ha
TEKyIEM Iare BBIXOAWIM U3 PE30HATOPAa CKBO3b
BXOAHOW  WJIM  BBIXOJHOM  TOpeu, IporpaMmma
ABTOMATHUYECKH HCKIIOYaja M3 paccMOTpeHusi. UToOsl
OTACINTH BIUSHUEC HEIMHEWHOCTH IIa3MBbI Ha IpOLECC
BO3OYXKJeHHUS KoyieOaHWil, WCclaeIoBaHa JUHAMHKA
TpeThbell TapMOHHKH B OTAEIBHOCTH. YmWCiIeHHbIC
pacyeTsl IPOBEJCHBI B THANIa30HE PACCTPOECK CKOPOCTH

nyuka u asosoit ckopoctu Bomubl: 1.0< & < 15, Tlpu
yTOM cunTanock, utoQ 25 /Q %, 00.01- 0.02 .

Kak moka3bpIBaroT YuCIEHHBIE HCCI€J0OBaHMs, BPEMA
YCTAHOBJICHHS CTalMOHApa 3aBHCHUT KaK OT 3HA4EHUI
paccTpoiiku & , Tak M oT 3Hauenumii mapamerpa Hp.
Bennuuza aMIunTyasl HOMs, KOTOpas yCTaHOBUIIACH, B

OCHOBHOM, 3aBHCHT OT 3HAYCHMIl PaccTpOHKH { H B
MeHbIIeH Mepe oT mapamerpa l, (CleayeT OTMETHTS,

YTO PACCMOTPEH CIydal JOCTaTOYHO MaBIX H 5 <<I)

Ha pI/IC.2 MPUBEACHBI 3aBUCUMOCTU aMIJIUTY /] IOJIA
TpGTBeﬁ TapMOHHUKHW OT BpPEMCHU [UIA PA3JIUYHBIX

3HAaYeHHil MapameTpa PacCTpoiiku & ¢ yderom u Ge3
ydeTa HeTMHEHHOCTH TUIa3MBlL.
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Puc.2. 3asucumocmu amniumyo nois mpemoeti
2apMOHUKY OM 6peMeH 0N 3HaYeHull paccmpoiiky &
= 1.1, 12 13, 14, 1.5. 6e3 yuema nenurernocmu
niasmel (1e6ds KOJOHKA) U NpU HATUYUY HeTUHeUHOCmU
niaazmel (Npasas KOJIOHKA)

Kak BumHO M3 3THX rpadMKOB NPH YBEIWYECHHH
napaMeTpa paccTpoiiku { cTalMOHapHas aMILTMTYa
KoneOaHWK Bo3pacTaeT. BenwuymHa ~CcTanMOHAPHOM
aMIUINTY bl TIPY HAJIWYUM JJIEKTPOHHON HEIMHEHHOCTH
MEHbILIAs, YEM B CIydae, KOT/la HEIMHEHHOCTD ILIa3MBI
HE YUUTBIBAETCA. OTtHOCHUTENBHOE BIIUSIHHE
JJIEKTPOHHON HEJIMHEHHOCTHM Ha Ipolecc oOMeHa
SHEeprued Mexay IMoJieM M IyYKOM YMEHBIIAeTCs C
BO3pacTaHHEM CKOPOCTHU IMy4YKa OTHOCHTENILHO (ha30BOi
CKOpOCTH BO30Y)KIaeMbIX WM KosieOanuii. Pasmmuune
MEXIY MAaKCUMAJIbHBIMH 3HAYCHUSIMH aMIUIUTY] (B
ciayyae — JMHEMHOM M HENMHEWHOM  IUIa3MBl,
COOTBETCTBEHHO) OCTAa€TCsl IIOYTH HEU3MEHHBIM C
BO3pacTaHMEM IapameTpa paccTpoiku. OnxHuM H3
BO3MOXKHBIX OOBSICHEHHUI TaKOTO Pa3INn4Us MOXKET OBITH
YMEHBIICHUE HEJINHEIHOTO HUHKPEMEHTAa,
00yCIOBICHHOE BIUSHUEM IEKTPOHHON HETHHEHHOCTH
Ha 3(eKTUBHOCTh B3aUMOJICHCTBUS Iy4Ka C IIOJIEM B
pe3onarope. C (uU3WYECKON TOYKH 3pEHHS K TaKOMY



yMeHBHIeHI/IIO I/IHerMeHTa MOXET HpI/IBOJII/ITB
HEJIMHEWHBIN CIBUT YaCTOTHI BO30YKIaeMbIX
konebanuid. C qpyroil CTOPOHBL, ¢ POCTOM aMILTUTYAbI
oI BO3pacTaeT W aMIUTUTYAa KOJeOaHWHA YacTHIl
I1a3MblI, KOTOpasi MPUBOAUT K OTOOpPY SHEPIHH ITydKa
("depe3 mose) B JHEPTUI0 HENMHEHHBIX IUIA3MEHHBIX
KoJIeOaHUH, TO €CTh K YMCHBIICHHIO JOOPOTHOCTH
pe3oHatopa. OIHAKO BEJIMYMHA SHEPTUHU, KOTOPas UIET
Ha BO30YXXIIEHHUE HEIMHEHHBIX KOJIICOAHWA TUIa3MBbl,
Majga M C POCTOM PAacCTPOMKH BO3pACTaeT JIOBOJILHO
MEJIJICHHO.

Jns Oonee [eTanpbHOTO BBUICHEHHA —(DHU3HUKH
npoliiecca B3aUMOAECHCTBHS MyYKa C IMOJIEM KOPOTKOIO
pe3oHaTopa pacCMOTpeHa AWHAMHUKA €ro YacTHIl Ha
(azoBoii miockoctu. Kak B Mojmenu 3alaHHOTO MOJI,
TaK U B CaMOCOIJIACOBAaHHON MOJENIM OHA UMEET 00Ine
3aKOHOMEPHOCTH.

Tak, mpu ManblX paccTpoilkax AMHAMHUKA YaCTHUIL
mydyka Ha (pa30BOH IUIOCKOCTH IIOA00OHA IHMHAMHKE
yacTWI B 1ojie Oerymed BOJHBI - CHadyaja B
OIHOPOAHOM TIy4YKE, KOTOPbIH HHXKEKTUpYETCS B
pe30HaTOp, MPOUCXOAUT MPOILECC OYHUYMPOBKH YACTHIL
(MonynALMsA TJIOTHOCTH MyYKa), KOTOpbIE IBUTAIOTCS
BJIOJIb PE30HATOpa K €ro BbIXOAHOMY Topiy. Ha puc.3
nmpencTaBieHbl (a30Bble MIIOCKOCTH TMy4yka W TUIa3Mbl

TIpH pasiYHbIX 3HAYCHUAX BpeMeHH s § =1.2.
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Puc.3. @azoeas niockocms nyuka u niazmol npu &
=1.2:1.=374 (a); T =1686 (6). DPazosas niockocmo
naazmoi: 1 =374 (8); 1 =1686 (2)

['ny6uHa MOMYJIAUMH IUIOTHOCTH ONpEAeseTcs
BETMUMHON aMIUTUTY/Bl TIOdA. JIJIs 9acTHIl IUIasMbl
TaKKe UMEET MECTO TIPOLIECC MOYIAIHMH, HO B OTJIHYHE
OT YacTHIl MydyKa, YacTUIBl TLTA3Mbl COOMPAIOTCS B
CTYCTKM B Yy3/ax MpOJONBHOTO MOJs PE30HATOPA,
3aXBaTbIBAIOTCA B MOTCHIUAJIBHYIO SIMY B KaXXJIOM Y3JI€
CTOSTYEH BOJIHBI, T/Ie W KOJEBIIOTCA, TO TOPMO3ACH, TO
yckopsisick. TIpi 5TOM Mia3Ma He BBIXOJUT 3a TPETIebl
pesoHaropa.

Taxas AMHAMEKA YaCTHI] MyYKa U TIA3MBI SABJISETCSA
XapaKTepHOH IpM 3HAYEHHAX MapamMeTpa PacCTPOHKH,
IpH KOTOPHIX aMIUIUTyZa BO30YKIAeMBbIX KojeGaHuii
He odeHb Benuka (mapamerp ¢ < 1.4). Ha pucd
Tpe/cTaBIeHbl (pa3oBble TIOCKOCTH IydYKa M IUIA3MbI
TIpM Pa3IHYHBIX 3HAYEHUAX BpeMeHH uis ¢ =1.4.
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Puc.4. Dazoeas niockocms NyuKa u naazmol npu &

=1.4:1 =374 (a); T =1686 (6). Dazosas nrockocmo
nrasmer: 1 =374 (g); T =1686 (2)

JluHaMuKka  4acTHIl  CyHIECTBEHHBIM  00Opa3oM
HU3MEHSeTCd NpU JOCTHKEHUU 3HAUYCHUH aMIUTUTYAbI
MOJISL JTOCTATOYHOM UL MX IIOJIHOTO TOPMOKEHHUS B
obnactu B3aumojeicTeus (napamerp & ~ 1.5). Ilpu
9TOM BO3MOXEH 3aXBaT YacTHII [10JIEM OOpaTHON BOJHEI
U TIOSIBJIEHHE YaCTHII, KOTOPBIE IBUTAIOTCS K BXOJHOMY
TOpILy pe3oHaropa. [Ipy Takux aMIIUTyax MO TaKkxKe
BO3MOJKEH 3aXBaT YAaCTHUI] IUIA3Mbl KaK IOJEM IPSAMOM,
TaKk W TojeM OOpaTHOW BOJHBI, KOTOPBHIH HMPUBOIUT K
JBIDKEHUIO YacTHUI] MJIa3Mbl 4€pe3 TOPLBI PE30HATOPA U
I1a3Ma HAYHET PAacTeKaThCsl W3 PE30HATOpa, KaK uepes
BXOJHOM, TaKk M uepe3 BBIXOJHOW TOpEl pe3oHaTopa
(cM. puc.5.)
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Puc.5. ®azosas niockocms nyuka u niazmvl npu &
=1.5: 1 =2313 (a); T =2450 (6). Dazosas niockocmy
naasmol: U =2313 (a); T =2450 (2)

Takum  oOpa3oMm, TMpM  3HAYCHUSAX  IapaMeTpa
pacctpoiiku ¢ >1.5 Momens mma3sMbl, KOTOpas
HaXOJUTCS  BHYTPH  pe30HATopa, HE  OTBEYaeT

(u3MUECKUM IpolleccaM, KOTOpbIE MPOUCXOIAT TPH
BO30YKACHHU KOJEOAHWIT B KOPOTKOM ILIa3MEHHOM
pe3oHarope. Bo3HukaeT HEOOXOAMMOCTh B MPOBEICHUN
JaJTbHEUIINX HCCIIeIOBaHUI TSt BBIICHCHUS
(U3MYIECKUX TPOIECCOB, BO3OYKICHUS KOJNCOAHUH B
KOPOTKOM IUIa3MEHHOM PE30HATOPEe, KOTOPBIE TTO3BOJISIT
Oosiee MONPOOHO HCCIENOBAaTh IUHAMHKY TIONEH W
ILIa3MBl.



5. BBIBO/1bl

B naHHOI cTarbe MOJIydy€Ha U UCCIIECNOBAHA IOJIHAS
HEeNWHEHHAs caMOCOTJIaCOBaHHAs CHUCTEMa ypaBHCHUH,
KOTOpas ONHCHIBaeT BO3OYXKICHUS KONcOaHU B
KOPOTKOM IUIa3MEHHOM PE30HATOpPE MEJJICHHBIX BOJIH
MOHODHEPTETHYCCKIUM ITYYKOM AJIEKTPOHOB, KOTOPBIC
WHXEKTUPYIOTCS U3BHE, C YUYETOM OJIEKTPOHHBIX
HenuHeltHocTed. Mcxonsd U3 aHaIUTUYECKOro pelieHus
3aJa4d O JAWHAMHUKE OHIEKTPOHHOTO IIydKa B IIOJIE
MaKkeTa CTOSYUX BOJH C OJHOPOTHBIM paclpeeiIcHueM
aAMIUTUTYOBl BIONB TIPOCTPAHCTBA B3aMMOICHCTBHSA
MpoBeACH aHainm3 JPQPEKTUBHOCTH HHEProodOMeHa
My4ka ¢ nojem pezoHaropa. IlokazaHo, 4TO Mpu MajaoM
napaMmeTpe HenuHeiHocTH 31ekTpoHHBI KIIJ| pacrer
KBaJpaTUYHO C aMIUIUTyIod mojs. CyliecTBoBaHHE
OOpaTHBIX BOJH B OTPE3KE 3aMEMJIAIONIEH CTPYKTYpBI
KadeCTBEHHO U3MEHSIET 3¢ peKTHBHOCTD
B3aMMOJICHCTBHSA ITyYKa C PE30HATOPOM II0 CPAaBHEHMIO
¢ 3)QPEKTHBHOCTRIO B3aUMOICHCTBUSA C IPSIMBIMH
BonHamH. [TonoxxeHusa makcuMmyma 3aekTpoHHoro KITJI
N s TmepBBIX HPOCTPAHCTBEHHBIX TapMOHUK ITOJIS
JexuT B uHTepBaie 0.8 < $ny <1.0wm 3¢ GeKTUBHBII
OoTOOp DJHEPTUH OT IIydKa BO3MOXKEH Jake Ui
CKOpOCTEH IMyuYka, MEHbIINX (a30BOH CKOPOCTH, B TO
BpeMs Kak s Oerymx BOJH B STOM HHTEpBaie
paccTpoek my4oK yCKOpsIeTCsI.

I[lyreM dYHCICHHOTO WCCIICAOBAHUS JUHAMUKH
YacTHUI] B KOPOTKOM IUTa3MEHHOM pe3oHaTope
MOKa3aHo, YTO NMPH MAaJIBIX pacCTPOHKax (OTHOCUTENIBHO
HEOOJIBIINX 3HAUCHUSX YCTAHOBHMBIIUXCS AMIUIHTY)
OUHAMUKAa 4YacTHI[ ITydyka Ha (a30BOH IUIOCKOCTH
nojgo0Ha NWHAMHUKE YacTHI[ B Tojie Oeryiiedl BOJHBI.
I'myOuHa  MOAYISMHMK  TIOTHOCTH  OIIPENEIIIeTCS
BEIMYMHON aMIUTATYABl Toist. s 9acTuIl Iura3Mbl
MPOIECC MOAYJIALUN MPOUCXOJUT IyTeM 3aXBaTa UX B
MMOTCHIIMANBHYIO SIMY B KKIOM y3JI€ CTOSYCH BOJHEI,

rac OTH YaCTHUIIbI u MMPpUHUMAIOT ydacTue B
KonebaTenbHOM — TIpoIlecce, TO  YCKOpSsICh,  TO
TOPMO3SICh.

I[Ipm >TOM m™Ma3Ma HE BBIXOAMT 3a MPEICIBI
pe3oHaropa. B obmact ManbIX amImmmTyn Tosei
pe3yIbTaThl YHCIEHHOTO HCCIEIOBAHUS IOJTHOCTBHIO

COIIACOBBIBAIOTCA  C
BBIYHCIICHUM.

[Ipr HaTMYMU CTAIMOHAPHOTO PEXMMa TEHEepaIHH
pe3yIpTaThl YMCIEHHOTO aHalW3a MOJCTH 33JaHHOTO
I0JISL U TIOJHOM CaMOCOTJIACOBAHHOM TEOPUU HE TOJIBKO
KauyeCTBEHHO, HO ¥  KOJMYECTBCHHO  XOPOIIO
COTJTACOBBIBAIOTCS MEXKTYy COOOIA.

[Ipu nocToKeHNH 3HAYCHUN aMIUIMTYIBI MOJs (TIpH

JaHHBIMU AHAJTUTHYCCKUX

§ > 1.4), mOCTaTOYHON JIS TOJHOTO TOPMOXKCHHS
my4yka, JUHAMHKA YacTUI[ Ty4ka ©  [J1a3Mbl
CYILIECTBEHHBIM 00pa30M u3MeHseTcs. B mpocTpaHcTBe
B3aMMOJICHCTBHS MPOUCXOMUT 3aXBaT YACTHI[ MTy4Ka U
IUTa3MBl  TOJIEM  MPsSIMOW  OOpaTHOW  BOJHBI U
BO3HUKHOBCHHEC llByXHOTOKOBOFO JABUXXCHUA YaCTHUL K
HpOTHBOHOJ’IO)KHI)IM TOpHaM pe30HaTopa, qToO HpI/IBOI[I/IT
K CpBIBy TreHepanuu kojeOaumil. Taxmm o0pazowm,
BO3HHMKaeT HEOOXOAMMOCTh B MCCJICJOBAHHHU Ipoliecca
BO30YXIIeHHs KOJIeOaHUA B KOPOTKOM PE30HATOPE MPH
YCIIOBHUSIX, KOT/Ia YACTHUIIBI TIa3Mbl MOT'YT BBIXOIUTD M3
o0beMa B3aMMOJICHCTBHS.
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