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I 

B CBRSH c paag~ aosMo~oCTKMH ~a ~sHqecKHX Hccne~oaa

HH~ H npaKTHqecKHMH npHgomeHHHMH BSaHMO~e~CTBH~ MO~HHX 3ReKTpOHH~ 

nyqKOB c s~coKoqacTOTHNMH nonRMH nocToHHHO yAenReTcH 6onbwoe BHH

MaHHe/I/. B qacTHOCTH, He noTepRRO aKTYaRbHOCTH HCCReAOBSHHe B3aH

MOAe~CTBHH a~coKoqacToTHoro nonn c OTAeRbHNM pennTHBHCTCKHM crycT

KOM, COAeP*~M 6onbwoe qHcgo qacT~Q. 

HmKe npoBO,IUITCR Mo~enbHoe (Ma'l'eMaTHqecKoe) HsyqeHHe nose~eHH.fi 

BbiCOKoqacToTaoro nou, aos6~eHaoro·a pesoaaTope CTopoHHHM reae

paTopoM npH BJieTe B pesoaaTop pem:l'l'HBHCTCKoro ageKTpoaaoro nytnea. 

ilpH HH*eKI.\HH B peaoHaTOp peRR'l'HBHCTCKOrO 3R8KTpOHHOrO nytma 

C KOpOTKHM tflpoHTOM MH 3JieKTpOHHO-¥:OHHOrO CJIOR B pe30HaTOpe B03-

6~aeTCR MO~Hoe nepexo~oe HsnyqertHe, KOTopoe npHBO,IUIT K ~eWop

MaQHH Hcxo~oro pacnpe.negeHM saepr'HH BHXpeBoro nogR a peaoHaTope. 

UeJib~ paooTbl 6Nno BbiAeJieHHe HE~ aToM WoHe a~KTOB, cansaHHbiX 

c BaaHMo.ne~cTBHeM qacTHQ nyqKa. Mo~~o npe.nnoJiomHTb, qTo yKasaHHaa 

.ne<PopMai.zyiH npHBe~eT K npOCTpa.HCTB8HHOMy CmaTKIO 3HeprHH CTOpOHHero 

noJin,(Ha-sa aaaKMo.ne~cTBHa nones~ MO.IJ. peaoHaTopa qepea nyqoK H 

nepexo.ny sHeprHH noJia o~KX MO,Il B )lPyrHe) • Ilo,Il npocTpa.HCTBeHHbiM 

cmaTHeM Mbi 6y,IleM noHHMaTb yaeJI~eaue aHeprHH cTopoHHero amcpesoro 

noJISI a e,IUIHHu;e o6'beMa, npH aToM 3JIElKTpOHHbli1 nyqoK MomeT HrpaTb 

ponb cooeo6paaHoro nopwHn. l1pH aoa<iY*,JleHHH peaoHaTopa aa OCHOBHOi:t 

(HH3We~) MO~e flO,Il .ne~CTBHeM nyqKa aHeprHH MOmeT TpaHC¢opMHpOBaTbCH 

TORbKO B BbiCWHe MO~) • Ilpe,IlCTaBJIHHT HHTepec KOJilofqeCTBeHHaR on;eHKa 

*) 3.necb cne.IJYeT saMeTHTb, qTo ~n onHCaHHa nepexo,IlH~ npou;eccoB 

nsbiK qacToT He oqeHb y,u.ooeH, T. Jt. qacToTa Btt KOJie6aaH~, cooTBeT

CTB~aa 3aJlaHHOMy npOCTpaHCTBeliHOMy pacnpOCTpaHeHHIO flOJIH (MO,D.e) 

He ~KcHposaaa, a HsMeHneTca oo BpeMH nepexo,D.Horo npou;ecca. 
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aToro as~eHHa. Mo~o Ta~e npocneAHTb sa noBeAeHHeM CHCTeMH ec~H 

B036~eHa O~a H3 BYCWHX MOA• 

B ~e~OM see 3TH BonpOCY npeACTaBnSDTCH AOCTaTOQHO HHTepeCHHMH, 

"tlTOOY nOilbiTaTbCH "YBHAeTb" 3TO Ha MOAe~H. 

I1 

PaccMoTpeHHe B3aHMOAS~CTBHa a~eKTpoHHoro ny-q:Ka c sos6ymAeHHYM 

B p830HaTope noneM 6yAeM BeCTH ~HT~pya nyqOK CHCTeMO~ cryCTKOB

AHCKOB onpeAe~eHHoro p~Hyca ~ p~c.I. P~HaHbHyiD CTeneHb CBOOO~ 

C"tlHTaeM "saMopmKeHHoti". Cryc~KH ssa~u~oAeticTBYJOT Me7K.IJY cooott H c 

H300p~eHHHMH B CT9HK8X pe30HaTopa KBa3HCTaTHqeCKH (HCnO~b30BaHa 

Ky~OHOBCKaH K~HOpOBKa noTe~~OB), a TaK~e -qepe3 BHXpeBYe no~g 

(B030Y*A6H~e ABH~eneM crycTKOB H HaBeA6HH~ B CT6HK8X pesoHaTopa 

TOKaMH). KpoMe Toro, Ha HX AB~eHHe oKas~BaeT AStiCTBHe no~e, sapa

Hee aos6ymAeHHoe B pesoHaTope. 

lmoTHOCTb sapHAa H TOK B HMHTHp~ti UY"QOK CHCTeMe cryCTKOB 

(!) 

(2) 

9 (~ J ~ ! {._I ~ ) 0 

I 0 ~ ~ 0 
I 

r~e ~ j ~ fLA.j· - sapaA AHCKa C HOMepoM J' , )j (+) - KOOp,IJ.HHaTa 

~eHTpa, J {~\ -qwcno ~CKOB, H8XOA~~XCH B MOM6HT ~ BHyTpH peso

HaTopa. 

KaaswcTaTHqecKoe B3aKMO~e~cTBHe AHCKOB, nocne~osaTe~bHO s~e

Taro~HX B pe30HaTop, 0~0 paCCMOTpeHO sf2/. 3AeCb npHBe~eM cpasy 

BHp8meHHfi ~g CH~Y, C KOTOpOti OAHH H3 AHCKOB, HanpHMep, C HOMepoM 

J , Ae~CTByeT Ha AHCK C HOMepOM j~. 06~ee BNpa.eHHe CH~Y COCTa

BHTCR H3 CyNMii TaKHX ~eHOB. HTaK, HMeeM 



(3) 

Zo KJiaccHqecKHti PSJ:lHYC. 

~R B~HC~eHHR BKXpeBNX no~eH JrfCOO~b3yeM HOpMHpOBaH~e C06-

CTB6HHble cPyHK~H pesoHaTopa A~ , j( A 11 / 
2 
d v'-= '-f7rc. z.., sanHChiBM, 

Ka.K o6~HO, paaJIOX<6HHe l' -.L L - . A 
~ = - c } '1 ?- 7\ (4) 

CBR3b pesoHaTopa c reHepaTopo~ oc~ecTBJIReTCR c nowo~bD neTJIH 

CBRSH, OXBaTbiBaD~e~ MaJIYD nJI0~8Ab ~~ C l\6HTpOM B TOqKe '2. oz:. ?.." , 

-2--:: -1:-11 , (z ft ~ c::t) • fiyCTb reHepaTop pa6oTaeT Ha qacTOTe, COOTBeT

CTBYJ(llqet\ COc5CTB6HHOM qacTO'l'e pe30HB.TOpa 

"~- ft. =-llf~)2.-rf-rr""Wl)2_ <5> 
L.... } l Wt \.._ q_ "-= lr. 
r 

t- KopeHb ypaaHefilUI :/. { ~) = {!) , ""' = 0, I ,2, ••• }. 

Torp.a ,D.JIR OC~JIJIR'l'Opa no~R 1 COOTBETCTBMero 3'l'OH qacTOTe, MO'/KHO 

3aDHCaTb ypaBHeHHe 

1r +U~?? +c.Z ~1~ ~ t <;Q·...,~j~ )ii"r ,t {/ (6J 

~ v 
oL )"' ~ c. ~z~d- (7) 

&~ p.o6pOTHOCTb pe30HaTopa. 

Bae,)leM nepeMeHHYD ~": c .. :t H HopMHpyE:M noJieBhle nepeMeHHwe no 

<Ix!:l»'YJieli) c ~ I 

1 ~ ( { ) = lrzf# 1 'A l [ ) (8) 

ii) BciOp.y )J.aJiee 6y,JleM ClUITa'l'b llHCJia qaCTHI.\ ).}j B cryCTKax O)J.HHaKO

BbiMH Jrf DOJIOxtHM '1 -:: IJ • 
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Tor~a, C yqeTON (2), nonHyv CHCTeMY ypaBHeHH~ BHXpeBoro nona 

sanWlleM a BH~e 

4 rr + 7te._ f /l 2. lf = - '1 tf2 t1 1 ,( Jq_ -i-) :t.0 '( ~w.. TI 'lifE)_) 
ot...... "71:: 'Jfl,_ +I~ ~t..c_ Oc g ~ "' (cJ ) • 2. X). i} Co-J h J + 

d l•..., " I f.. ) ":: ( 

~ -s: o/- 2 rz ~ i)~~~~) - I ;;il:e~..) <9> 
+ e e_ ~.:: \... 1'-'1 tVa... (Zj ~~ (~ ftt'c- +-'f) c.aa \_ "' 1 

~";:: 1,'2. ... j z..... -:: 0 
I 

B (9) wTpHXOM o6osHaqeHo .IJ.HqxpepeHI.zy~}OBaHHe no ~ , I.o = aMI1JIHTy.rte 

ToKa a neTne CB.RSH, 'i - <Pasoabtit c~ sHr pa6oThl reHepaTopa ~ ~ s' -

c~aon KpoHeKepa, ! 
1 1 

S 1- ,. . .:> 

lf' <; :: _]__ ~ :::. 0 
t/2: I 

AnSi 3a.MliKaHH.fi CHCT6Mbt ypaBHeHH:~ HSJXO ~o6aBHTb ypaBHeHH.fi ~BH-

JKeHJtt.R: TeX cryCTKOB, KOTOpble K MOMeH'ry BpeMeHH f: HaxO~.R:TC.fi B pe-

30HaTope. B aTHX ypaaHeHHHX yqHTbiB~3M .rte~cTBHe KBasHcTaTHqecKHX 

c~m THna (3) H .n.e~cTBHe BHXpesoro nt)n.R: (4). MMeeM, c yqeToM pe

MITHBHCTCKOI'O 'tJaKTopa('- (l J ~J-Ill , 
tr (t 1 l) 3h1J(..f/ 1 o-0 ( i ) I 

}(; ., 1- Y i L '/,f ~jl ,..] -1- ~<"-::._ Z: :1, ~ :;;:-U. J (o + 
i = f 11ea ., e =- t "I, v, ) c.. 

+ 1[2 f ;~, (tJe_ ~~~) ~ / _::-<ix.·_) ' J} 
q )Q.._ t, ( ~) l_ h ) 'It'- (10) e.,k.-;.1 

i "":. I, l . . . :/ (-Vj 

Y CTaHOBHM HatmJibHble ycnoBH.fi Ha none able nepeMeHHble ~ t ..... { ~ ) • 

IlpH aToM npHXO.IJ.HTC.R: pa.SJIHqaTb MoMeH'I' i: = 0 ( t = 0) , Kor.u.a BHYTPH 

pesoHaTopa e~qe He 6h1Jio HH o~Horo CF,fCTKa H "npoMeJKyToqHble HaqaJib

Hhle MOMeHTbl", B KOTOpble IlpOHCXO~HT 3Sl1YCK B peaoHaTOp K8JK,IJ.OrO cne

~ero crycTKa. llpH 1t = 0 npHHHMaoTCH eyneBble aaqanbHble aHaqeHH.R: 
0 , 

,IJ.JI.R: scex noneBbiX nepeMeHHbiX: '/ t.-._ = 0, (f fl...._ = 0 sa HCKJIIOqeHHeM 
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OCqHXXflTOpa TO~ MO~~, Ha KOTOpo~ pe30HaTop B036Y*AaACfl reHepaTopoM. 

C~TaeM, ~To pesoHaHCHoe aos6ymAeHMe ~Knoch ~ocTaTo~o ~onro, H 

K MOMeHTy1t = 0 ycTaHOBHAOCb CTaQHOHapHoe COCTOflHHe: 

___ c; ___ __....._ ~,/~~-~+v) 
2 ~~~ .::- { ?.. e·.:::: /2.tfl~ ) \ ~ d:I > 

(12) 

- SMnnHTy~a B036~~e~ CHXH. 

Cne~oBaT6XbHO, Ha~anbHOe COCTOflHHe STO~ MO~ onpe~enneTCfl SHa~e-

CrycTKH sanycKaDTCH BHJ'Tpb peaoHaTopa c nocTOHHHO~ cKopoCTbD 
'-o 

~ :: c {i (T.e. )( t. -=- ~o ) ~epes onpe~eneHHble npoMeJKYTKH A l . B 

"npoNe*YTOqH~e Ha~anbH~e MOM6HTH" COCTOHHHe CHCTeMH ~OnmHO ~MKCH

poBaTbCH, H ace sHal.leHHH nOJieswc nepeMeHHbDC, me nepawc npoMsBO~HhlX, I 
KOOp)lKHaTbl H CKOpOCTM cryCTKOB B S'lM MOMeHTbl CAJ1KaT HOBHNH "npoMe- f 

HtJ'TOtnlbD4H HaqanbHbiMM 3HaqeHHSD4H 11 
• 

BNecTe C sanyCKOM HOBOI'O crye~Ka yBeA~KB8eTCH K~~ pas Ha 

e~HHI.zy K liHCAO ypa.BHeHHf.l THna (10). 

cpMKCMpOBaHHOI'O 

(14) 
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B CBH3H c aap.aqe~, nocTaBJieHHoii BO BBe,o.eHHH, HHTepec npe,o.cTaB

JIHeT pacnpe,o.eneHHe sHeprHH BHxpeaoro noM no OT,D.eJibHbiM rpynna.M 

OCL\HJIJIHTOpOB (MO,D.) ,D.JIH 4:JHKCHpOBaHHbi:C MOMeHTOB BpeMeHH. Jtn:H onpe

,D.8JI8HHOCTH MH paao6beM ace paccMaTpnaae~e noJieBNe nepeMeHHNe Ha 

,D.Be rpyniibi. C O,IUiO~ CTOpoHN, COOTBe~l'CTBj'IOl.qHe C06CTB6HHNM llaCTOTaM 

peaoHaTopa MeHbl.IIKM qacTOTH BHeiiiHero reHepaTopa: w ==c.. 1\e--tZ , 
C ,o.pyro~ - BCeM OCTaJibHbtM 6oJiee BblCOKHM tlaCTOTSM, KOTOp.&re y,o.aCTC.R: 

npOaHaxH3HpOBaTb H OXBaTHTb tiHCJI8HIDW cqeTOM. Jt,na SHeprHH, COOTBeT-

(!5) 

(!6) 

HaKoHeJ..\, 

( 
~ t./(/ Y I ~ 2.. '2.. ) (17) 

E:::. v~e ~ ~) ~ z."' L '1~.-:: ..,.. ~'\, ~ 12' ~ 
- sHeprHH nona "ocHOBHo~" Mo~. 

CHcTeMa ypaaHeHH~ (9), (IO) flBjmeTca HeJIHHe~HOH, nosToMy 

,D.OJI?KHa CYll\9CTBOBaTb nepeKaqKa HJIH O()MeH 5HeprHH B p83HDIX cneKTpaJib

HbtX HHTepBSJiax. 

HHTepecHo TS.Klite paccMoTpeTb apuMeHHyiO aaBHCHMOCTb pacnpe,o.eJie

HHH 5HeprHH BHxpeaoro noJIH no qacT.m.t o6'beMa peaoHaTopa, npHqeM 

KaxteTCH 6onee HarJifl,IUiblM pas,o.eneHHe o6DeMa no Koop,D.HHaTe .Z. • llpH 

sToM, yqHTNBM opToroHMbHOCTb pa.JlHUJibHbiX !f!yHKIJ,Hi:t, sHeprHIO y,o.o6Ho 

ycpe,D.HHTb no p~MbHOi:t KOOp,D.HHaTe. oTo CUJibHO ynpocTHT aHaJIHTH

qecKHe Bblp821teHHa. B peayJibTaTe, Bbl6paa HeKoTopbiR Illar A1.-2:- = f,;k , 
:C~c: -=- k A~ ; k:. ~ 1, 1. · · 1<: nonyqaeM z_ t. c.>a t 

.L {'- ~ z. z.. ') - ~ ~ L 
"""'" ( ~ ) = '1 ; 1.. J 2. ~ (f 2 + E~; f-)('( d :j; - It 1?.::.. I '"'I ._I:. l 

0 L-t.. i'-' 
I { f ( ' t. l '/L~ {\ ~t ... ' ll . (P--+P+) +( Je.. 2. + ~e._ f..Q.._' '\. 

2-t,L ~ A~c....' - 2-lfc:t It, ~ I -rr -) 
"'""' (.'-



B HHTepsaJie ( -2:" , tu..+,) co,nep1KHTC.R: ::meprw.R: 

A w = (..J~ +r { Z ) - w~ ( l) (19) 

BHOC.R: H63HaQHT6~bH~e H3M6H6HHH B H3~01K6HHJID aHanHTHqecKyD 

npo~e,nypy, M01KHO paccMoTpeTh ,npyryro nocTaHOBKy. B pesoHaTop; BMecTo 

HMHTHp~X nyqoK C~CTKOB, B~eTaeT ",nBO~HO~ C~O~" - ,naa cryCTKa, 

BHaqane oqeHb 6~HSKO pacnono1KeHH~e .~pyr K ,npyry H npoTHBono~o1KHO 

sap~eHH~e. B ~e~oM nycTb cHCTeMa .R:Bn.R:eTc.R: 3~eKTpwqecKH He~Tpanh

Ho~. flpH 3THX yc~OBH.R:X "HOHHbiH Cf'YC'I'OK" (OCTOB) .R:MH6TC.R: T.R:1Ken'bJM 

H M01KHO cq:vrTaTh, qTo BHyrrpw pesoHaT.:>pa CKopocTb ero ocTaerrc.R: Hews

MeHHo~, paBHO~ HaqanbHO~. 

"8~eKTpOHHblit cryCTOK" ,UBHJKeTC.R: no,n ,D.6~CTBH6M CH~ CO CTOpOHbl 

KBaawcTaTwqecKoro H BHxpeaoro no~e~ w, c~e,nosaTenhHO, npw onpe,ne

~eHHHX yc~OBHflX M01K6T COBepmaTb K0~368HH.R: OKO~O (~H B6~H3H) HOHHO

f'O OCTOBa. TaKa.R: CHCTeMa B KaKO~-TO Mepe HMHTHpyeT ,D.BH1KeHHe M6TaJI

~wqeCKOf'O nopmH.FI B pesoHaTope w, ecJIH KaK B npe,Ilht,J1,Yll\e~ sa.naqe, B 

pesoHaTope paaee 6~o sos6Y1K,IteHo cTopoHHee noAe, TO HHTepecHa .ne

¢opM~.fl 3TOf'O UO~.R:. 

TaKHM o6p830M, B CHCTeMe (10) ~ HMeeM TO~hKO O,nHO ypaBH6HHe, 

a B CYMMe, onpe,ne~~e~ KB83HCTaTHqeCKyiD CH~y, B npaBO~ qacTH 3TO

f'O ypaBHemut TO~bKO ,IJ.Ba ~eHa: F,, ( x4- I 'X 1. ) 

(X = X 1.. - Koop,D.HHaTa ~eHTpa 3~eKTpoHHoro crycTKa) H ~eH 

r:
11 

( V
0 

t- , ~ L ) , r,n.e K2.. -.:: Vof: onpe,ne~neT KOOp,IJ.HHaTy HOHHoro ocTo sa. 
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BTopB.fi qacTb CHJihl - Cy-MMa no l , """ - peayJibTaT )te~CTBHH noJIHoro 

Bwtpesoro noJin, yqHThiBaeTcJt Ka.K B IIJ:e~eM CJiyqae. HaqaJibHble 

YCJIOBHR Ha CTOpoHHee noJie {11)-(13) OCTSIDTCR 6ea H3MeHeHHH. llpHMe

HHMhi Ta~e ypaBHeHHH (15)-(I?) H (IE), {I9). 

0)1HaKo, )tJIH pacCMOTpeHH$1 B03MO~HOCTH "c:~~taTHR" CTOpOHHei'O OOJIH, 

COOTHOW6HH6 {18) MO~HO e~e npeo6paacBaTb CJie)tyD~M o6pa30M. BMeCTO 

npoH3BOJJ;bHOI'O OOJI0~6HH$1 -t , B Kaqec TBe BepXHei'O npe)leJia B3HTb 

3HaqeHHe ~ :: ~ =-fifo , COOTBeTCTBJiiO~ee OOJI07K6HHIO "nopWHR" B )ta.H

HwM MOMeHT l . Tenepb ~('[ ) 6y)1eT C~OTB6TCTBOBaTb aHepi'HH llOJIJt, 

JIOK8JIH30Ba.HHOI'O B MOM6HT f B o6JiaCT~ C3B.,llH nOplllHR. :BbNHCJIR$1, KpOMe 

TOI'O, flOJIH,YID 3H6pi'HIO BHXpeBOI'O llOJIR BO BC6M 06DeMe peaoHaTopa 

lt/llOJIH. ( l ) (oHa npe)1CTaBJifi6TC$1 CYMJ40ti Bbtp8JK6HHi-1 (I5), (16), {I?)) 
MOiKeM noJiyqHTb npe)tcTaBJieHHe o cTenuHH "c~aTHH" noJin nepe)t noplllHeM. 

BhiiUillleM ell.\e llJoPJ.fYJIY )1.JIJt pacnpe)teJieHun aHeprHH KaKo~-JIH6o O)tHOH H3 

MO)J. (oHa nOJiyqaeTOR TaKHM ~e o6paaou, Ka.K (18)) 

4). {+) = ~w~A:. ~2#z_,_ ,..,. ... (2~~~u.)\r~l~ , ( J A2. 3t~[~)J 
t.,.. h t.._ 2 t, 2..71"""-' ~1 ~ "";)Z lt { + (..... ~ 

"t""" c... (20) 

(2I) 

HaKOHen;, paonpe)teJieHHe 3H6pi'HH O)tHOPO TOJibKO CTOpOHH6I'O OOJI.fl 

.n.aeTOR B~a:IK6HH6M! 

W- ,-y {'~} :: ~ W. + 2 s~ J;,\ :t r ~ ~~~ . '2. ( ) 
t ~ l 4 o ii~ ha ,_ Z:J { ~:, f.Lt Ill'~~+'(' -+ (22) 

,, """ z. ~ 

~:J-z..( Al &Z+tfj J J,-~ ~ ~k ) (.../ 
0 

_ f: <f 11r ' I~) 2.. 
1 ""- h a 2. \5. 

• 
lli 

]VIa ll:KCJI6HHWX pacqeTOB Ha 3BM (~C 6500 Ha OCHOBe/3/ 6biJia coc

TaBJieHa nporpa:MMa Ha R3hiKe cpopTpa.H. YpaBHeHH.R (10) HHTerpHpOBaJIHCb 

M6TO)J.OM PyHre-KyTTa qeTBepTOI'O nop~(Ka. ~ yM6HbW6HH.R cqeTHOI'O 
i BpeMeHH H fl0Bbllll6HH.R TOllHOCTH, HHTei'pHpOBaHHe ypaBH6HHi:i (9) npOBO)J.H- 1 
~ 
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JIOCb CJI€,nyiOII\HM o6pa30M. }J,ng IIpOB€)l.HHHSl nepBbiX TpeX IDarOB 6hTJI HC

llOJib30BaH MeTO)l PJHre-KyTTa, a .nanoe HHTerpHpoBa.HHe npoBO,D.HJIOCb 

AT3-anropHTMO~ 4/. BH)l npaBbiX qacTHH ypaaHeHHi1 (9) no.ncKaabiBaeT, 

qTO OHH XOpOIDO annpOKCHMHpJ'IOTC.fl Tplii'OHOM6TpH"q€CKHMH MHOroqneHaMH. 

il03TOMy Hapa.ny C K~aCCHqeCKHM Tpe~uarOBbiM M6TO)l.OM A)laMca, OCHOBaH

HbiM Ha HHTepnOJI~H npaBbiX qacTei1 ~lH<MJepeHIJ;HaJibHbiX ypaBH€HHt.i aJire6-

paHqeCKHMH MHoroqneHaMH BToporo no]?.fl,llKa (HaaoaeM ero A- MeTo)loM 

Ap,a.Mca), Ha.MH HCIIOJib30BaJIHCb H Tpe:auarosble T- MeTo)lbl H 7 - MeTo

)lhl A.naMca. 0HH noJiyqB.lOTC.fl a.HB.JIOI'HtlliO BhiBo.ny A - MeTo.na A)la.Mca, HO 

npaBbl€ qacTH )l.H~peHIJ;HaJibHblX ypaBli€HHH annpoKCHMHpyiOTC.R COOT

B6CTB€HHO TpHrOHOM€TpHqecKHMH H 3K1::!llOH6Hu;HaJibHJ:iiMH MHOrOqJI6HSMH 

nepaoro nopSI)l.Ka. Ha ocaose A , 1- H :::; - MeTO)l.OB Ap,a.Mca nocTpoeH 

KoM6HHHposaHHbiH ATo - anropHTM, c~qHoCTb KoToporo aaxJIIDqaeTc.R B 

TOM, qTo Ha K~OM mare HHTerpHpOBaHHe npOBO)l.HTC.fl no O)l.HOMy H3 

A , T H 7 - MeTo,IJ.oB, B aasHcHMo :::TH oT Toro, Ka.Kasl HHTepnoJI.flu;H.fl 

(aJire6paHqecKaH, TpHI'OHOM€TpHqecKaff HJIH 3KCllOH€Hu;HaJibHa.R) HaHJiyq

llia.fl Ha aTOM ware. 3,D.€Cb yKaJKeM TOJibKO TO, qTO THllHlffiO€ COOTHOW6lifti€ !'' 

qHceJI HcnOJib30BaHH.fl .A , T H -7-MeTo.n.os B anropHTMe so acex 

IlpO,IJ.6JiaHHbiX HaMH pacqeTax AJI.fl CHCTeM (9) CJI6,nyiOII\66: A:T:o=!:30:8. 

OTO COOTHOW€HH€ H npO)l€JiaHHbi€ HaMH T€CTbi, B KOTOpNX H3BeCTHO Toq

HO€ pemeHHe, flOKa3biB8lOT, qTO B H8lllHX pacqeTax HHTerpHpOBaHH6 CHC

T6MH (9) npOBO,IJ.HTCSl C norpeWHOCTbiD, He np6Bhllli8.l0~6H 10-
6• 

IY 
PasMepbi pesoHaTopa npHse.n.eHbi Ha pHc.r*>. 

B 6oJibWHHCTBe pacqeToB no~araJIOCb q:H;C~o a~eKTpoHoB B o,IJ.HOM 

,IJ.HCKe pasHbiM AI= 5·ro11 , HaqaJibHoe paccTo.RHHe Me*,IJ.Y ,IJ.HCKaMH 

At_ = 0,2 CM, aKCHa.JibHa.fl CKOpOCTb nyqKa }<:- = 0, 9 C ( 0 = 2,3). 

H) l1pH pacqeTax orpa.HHqHBaJIHCb Mal<CHMaJibHbiMH qHC~aMH rapMOHHK: pa

)l.HaJibHbiX I ~ l.. ~ 5; npo)l.OJibHhiX 0 S:, c.., ~ 4; npH npHHHTbiX pasMepax > 

peaoHaTopa t,)o ( 0 = 1,44· ro10
; Wo 2 ~ = 5,8· ~o10 p/ceK. I 



- II -

oTO COOTBeTCTByeT TOKY ~Ka 12 KA! peanbHO~ nROTHOCT~ qacT~~ B nyq~ 

Ke \1 = lOll • 

~R onpe~eneHHR CTeneHH H~6*llOCT~ nonyqaeM~ C UOMO~b~ ~aHHO~ 

MO~enH $H3HqeCKHX peaynbTaTOB 6~0 npoBe~eHO H6CKOnbKO T6CTOBYX 

pacqeTOB B KOTOpYX H3MeHJUiaCb qacTCITa pacCTa.HOBKH CI'YCTKOB. flpoBO

)J.HnOCb cpaBHeHHe peaynbTaToa nonyqt::.eMbtX c:::. a~aoe 6onee qacTo~ 

( b i = 0. I CM) H B)l.BOe 6onee pe~KO~: ( l.)l = 0.4 CM) paccTaHOBKOH 

CI'YCTKOB, TOK nyqKa npH STOM OCTaW:.RRCR HeH3MeHHblM. Pacnpe~MeHHe 

noTeH~ana KBas~cTaTHqecKoro·nonn ~o (pHc.2) OTRHqaeTcn a xy~eM 

cJiyqae so apeM.FI aneTa nyqKa a peaohaTop H BbiXO~a 4JpoHTa nyqKa ~3 

peaoHaTopa Ha IO%t ~nR ,DJ>Yf'HX MOM€HTOB BpeMeH~ tl'( ( 0.4t 0. iY'f(0.2) 
COCTaBnReT Ben~qHHy MeHbmyro, qeM IC-2 • 

BHHRHHe ~HcKpeTHOCTH pacnpe.n.e~eHHR nnoTHOCTH a HHmeKTHpyeMOM 

nyqKe (pacCT8HOBKH CI'YCTKOB) MomeT CKa3biBaTbCR H Ha CTeneHH y.n.ap

HOI'O B036~e~R none~ B pe30HaTope, npHqeM HaH6onee CHJibHO STO 

BJIHRHHe 6y~eT ~R c~ BbiCillHX Mo.n.. PacqeTbi noKaaanH, qTo aMnRHTy~a 

UOJIR MO)lbl ~~ s-1 , HMe~~eti MaKCHMaJibHyiD qacToTy KOJI668HHH H3 pac

CMaTpHBaeMhiX MO~, OTJIHQaeTCH ~g CJiyqaeB IJf = 0.2 CM H 6[ = 0. I CM 

Ha 3%. 3TO CBH3aHO C TeM, qTo ~~a BO~, COOTB6TCTB~aft STOH 

MO~e, ~ = 1.2 CM MHOI'O 60Jibill6 06bl'qH0 HCUOJib3Y6MOI'O pacCTOHHHR Me~ 
CI'yCTKaMH ( ~~ = 0.2 CM). 

ToqHocTh pacqeToB KOHTpOJIHpoaaQaCb TaK me JM6HbilleHHeM mara 

HHTerpHpO BaHI-Ui. 

AHanHaHpyn peaynbTaTbl TeCTOBbiX pacqeToB MomHo c~eJiaTb BbiBO~, 

qTo npHHHTbiH ~HTepBaJI Me~ Cf'yCTKrudH ~~ = 0.2 CM Bb16paH ~OCTaTOQ

HO XOpOillHM. 

IlOCKOJibKY ~3 BCeti COBOKynHOCTH MO~ peaoHaTopa yqHTblBaJIHCb UOJIH 

25 nepBblX nocne.n.osaTenbHhtX MO,IJ. (f..:: 1,2 ••• 5, '-'1 = 0,1 ••• 4) B03HHKae1 

BOnpoc 0 ~OCTaTOQHOCTH 3TOI'O KOJIHQeeTBa MO~ ~ Oll~C8HHH CHCTeMbl. 

BhiJio npoae~eHo cpaaHeHHe pacnpe~eJieim:n sHeprH~ noJIH a peaoHaTope 

W-t- , pHc.3 (CM. !flopMyny 19) ~ MOM6HTa BpeM6HH T = 0,5, KOI'~a 
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¢pOHT nyqKa nporuen MeHbille 0~0~ )teCRTO~ B~COTH pesoHaTopa, ~R ABJX 

cnyqaea - oo~Ho wcnonbsyeMoro H y~aoeHHoro qwcna Mo~. B o6oKX cny

qamc nepeA ¢poHTOM nyqKa llORMRe'l'CR "runei:i<IJ" llOH.ff, KOTOporo He AOHiKHO 

O~b llOCKOHbKY BHXpeaoe none e~e He ycneaaeT K 3TOMY MOM9HTY BpeMe

HH npoHHKHYTb Ha TaKoe paccTonHHe~. B~Ho, qTo yaeJIHqeawe qwcna MO~ 

He npHBO~T K yMeHbllieHHD 3HeprHH nOH.ff "rune~<IJa". illnei:i<P CBR3aH C TSM, 

qTo npH B~CHeHHH 3HeprHH llORR r:e yqHT~BaRCR BKn~ OT KBa3HCTaTH-

tleCKOrO nOHR nyqKa, KOTOpoe B CO:EIOKyriHOCTH C BKXpeBhlM 

HO noracHTb none B o6nacTw·nepe~ <IJpoHTOM nyqKa. 

,non>K-

TB.KHM o6pa30M BhiOpaHHOe qwcJ.:O OCQHHRHTOpOB RBHReTCR ,nocTaToq-

HbiM ,IJ.JIR OnHCaHHR ~HHHOBOHHOBbiX ltORe6aHHti B CHCTeMe. 

0THOCHTeRbHO llOCTaHOBKH 3aAa,q 38MeTHM e[4e CRe,nyiOII{ee. C llOMOll\biO 

MeTo,na MaKpoqacTH~ ,nOCTaTOtniO XOporuo/5/ OnHCblBaiOTC.ff ~HHHOBOHHOBble 
KOHeOSHHR B nyqKax B cnyqae, ecn~ qacToTa CTOHKHOBeHH~ MB.KpoqacTH~, 

yaenHqeHHaR no cpaBHeHHIO C qacTO~O~ CTORKHOBeHH~ peaHbHblX qaCTH~ B 

J_ pas (r.ne rl-- K03tjxpHQHeHT _yKp~naeHHR - qwcno"peanbHhiX" qacTHQ a 

0~0~ KpynHoi:i) OCTaeTCR MeHbille nnasMeHHO~ qacTOTbl. 

0 BHnOHHeHHH KpHTepHR CYJJJiT no CKOpoCTB ~~c.. /L,_~ ,..--.. 
MOHoxpoMaTHqecKoro nyqKa. Cne.nyeT, o~aKo, yqHTbiBa.Tb, qTo ,IJ.JIR o~o

MepHblX MO,nene~ CKQpOCTb peRaKC~H 3aBHCHT He OT napHblX, a OT 3Ha

qHTeRbHO 6onee pe,nKHX TpOi:iHblX CTORKHOBSHHM, n03TOMY C~eCTBeHHbiM 

MOiKeT OKasaTbCR TB.KiKe yqeT KOHHeKTHBHblX BORHOBblX npoQeCCOB. qTOObl 

KaK-TO OpHeHTHpOBaTbCR OTHOCHTeRbHO napaMeTpOB nocne~HX, llOnhiTaeMC.ff 

0~9HHTb RHHe~~e 3HeKTpo,UHHaMHqeCKHe CBO~CTBa nyqKa. 

ilnasMeHHaR tlaCTOTa, COOTBSTCTB,YIOt4aR peanbHO~ TIROTHOCTH qacTHQ 

nyqKa "' OKa3biBaeTCR ~paBHO~ _ ( l( = 2, 3) 

'" - d~na.. z."' ·- 2 8 . c.o to 
""", - V ""'- lfo ' 

By,ueM Tenepb cqwTaTb, qTo CTIROlliHOti nyqeK p~yca 2. = e ~BIDK9TCR 
BHYTPH QHHHHApHtleCKOro KO?Kyxa Toro iKe p~Hyca ( '2.. =(L), qTo H pac

CMaTpHBaeMhli:i pesoHaTop. ~R ,UH3ReKTpHqeCKO~ llOCTORHHOM TB.KO~ CHCTe-

MhJ: MO>KHO sanHCaTb '2.. 

[ - 1 - ~I p v.. ~ ) x-.. I'"' - JC,, o ) 
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I"):le CBSI3b M67K,IJ.Y npo,D.OJibHhiM BOJIHOBbiM tmCJIOM J( f1 H W 3a,D;aeTC11 

):lHCnepCHO~ ypaBH6HHeM (c~6/) 
«I, ( (! Uf j]_ _ I,f"'l )~(q f) +~_,(~~ )Ta(ll1) 

:Io (Q, iff 't) - :I..o(ai·)Jco(Q?) -]U(e1Jh(a?) 

~ ~ V '11- t1.1 , k :: ~ , ~ -tteiE>,3M»~~Q.& CKOpOCTb tla.CTHI.\ nyqKa. 

B OKpeCTHOCTH HHTepec~e£1 HaC qaCTOThl C) , paBHOH COOCTBeH

HOJ;i qacTOTe pesoHaTopa LV D ro ::: I ,44• ro10, k13 ):lHCnepCHOHHOI"O ypaB
{, J 

H6HH.fl HaxO,IUiM ):lBa peilleHHII Jl 11 :: 0, 7146, KOTOpOMy COOTBeTCTByeT 
~(IL,, ~ -,.,t) ,.J 4.) 

,D.JIHHa BOJiffii B CHCTeMe nyqeK-BOJIHQ-BO):l ( A--(l_ ) If t• ::::8,8 CM 

H k~~l= 0,9421, J~z~ 6,? eM. llpH sToM coOTBeTcTBYJOiqHe sHaqeHl-ist 

£. f :::-21 , 5, f. 2. --3, 40 OKa3btBSlOTC!.fl OTpHu;aTeJibHhtMH. 
1r. 0 • B JIHHei:tHOM 

npHOJIHxt6HHH B .zi,nHHHOM nyqKe 3JI6lCTpOMSJ1HHTHa.Fi BOJIHa MO>KeT pacnpocT

paHSITbCSI TOJibKO BMeCTe C B03MYU\UHHeM cpe,Q,hl (nyqKa qacTHl\), H npH 

)laHHhiX napaueTpax, Ho npH orprunrqeHHhiX npO):lOJibHhiX pasMepax CHCTeMht,. 

):lOJI>KHa owxa 6LI sanHpaTbCst. 

HaKoHeu;, sonpoc.o cpasHeHH~r CTOJIKHOBHTeJibHo-peJiaKCau;HOHHLIX 

CBO~CTB MO):l6JIH H "peaJibHO~ CkiCTE!Mbl" Ol\6HHB8JICSI TaK)K6 "3KCnepHMeH

TaJibHO": IIpH nponyCKaHHH qepe3 Je30HaTOp 200 ~CKOB Q K03~Hu;H6H

TOM yKpynHeHHR 1012 
MOHOXpOMaTv:"qHOCTb nyqKa COXpaHSIJiaCb e~qe 

):lOCTaTO"qHO. 

Y. 

ilpOBO):lHTb aHaJIH3 pacnpe,D.eJieHHR llOJIHO~ 3HeprHH BHXpeBOI"O llOJIII 

B pesoHaTope HaHOOJiee Y.IlOOHO cpaBHHBaR ,D.Ba CJiyqaH - B030Y*,Jl6HHe 

peSOHaTopa llytlKOM "HeB3aHMO)l6~CTBYJO!qHX" (H.) qaCTHl\, T.e. llytlKOM 

qacTHl\ npoJieT~ qepes pe30HaTop C llOCTORHHO~ CKOpoCTb~ H B3aHMO

):l6~CTBYJO~HM (B.) llytlKOM. ~pOHT nyqKa MO>KeT BXO)lHTb B pesoHaTop B 

pasJIH~ ~ax BH6WH6I"O llOJiil ~~ :;:; 0 - ycKOpflro~e~ 3JI6KTpOHbt nyqKa 

H tfk -::. « - TOpMosruqe~ nyqoK. Ha pHc. 4 npHBe,neHLI pesyJibTaTLI pac

qeToB. BH):lHo, qTo KpHBLie noxoxtH, ypoBeHb BOSOYlK,JleHHoro nOJist ,D.JIR 

(B.) qacTHl\ H6CKOJibKO M6HbWe. OT) CBR3B.HO C TeM, qTO CKOpOCTb 
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qacTHQ YfdSHblliHnaco Hs-aa Toro, · o~To OHH OT)laJIVI aHeprmo non10, Me Howe · 

CTaJI TOK nyqKa H, COOTBeTCTB9HH4), CT8ll9Hb y,napHOrO B036~eHHfi 

peaoHaTopa. 

llepe,n <PpoHTOM nytlKa cpop.mp:reTC.R: "sonHa 3HeprVIVI" nonn nepexo,n

HOrO H3Jlytl8HH.R:, HaVI60Jiee CHJibHO B036~aeTC.R: OCHOBHafi MO)la peaoHa

TOpa tOto , HM9IO~M O,nHOpO,nHOe pacnpe,neneHHe OOJI.R: B,D.OJib OCH, 

HeO)lHOpO)lHOCTb pacnpe,n.eJieHHn n~Ifi CB.R:3SHa C Boa6ym,neHHeM BHClllVIX 

THnOB KOJie6SHVIit. 

MHTepecHo cpasHHTb pacnpe,n.oneHVIe aHeprHH smcpeaoro noM s pe

aoHaTope npe,n.BapHT9JlbHO B036Y)K)lE!HHOM OT CTOpOHHero reHepaTopa. Ha 

pHc.4 npHse,n.eHH peaynoTaT~. 

BKJI~ B 3HeprHIO nOJifi OT MO)~ tDfO pacTeT CO BpeMeHeM, c~e

CTBeHHbiX OTJIHqM::H B pacnpep;eJieHHl< nonn (H.) H (B.) qacTHQ H9T, qTo 

CB.R:3aHO nO-BH,.llHMOMy C TeM, qTo qaCTOTa MO)lhl E.o2. ~ 6JIH3Ka K nJiaaMeH" 

Ho~ qacToTe nyqKa, aa speM.R: nporeTa nyqKa qepea pesoHaTop none 

npocTo He ycnesaeT nepecTpOHTbcs::. 

Pacnpe,neneHHe aHeprHH nons B aToT *e MoMeHT apeMeHH T = 5 ,n.nn 

HH7KeK:QVIVI (H) nyqKa B H8B036y}K,UeE~i1 peaoHaTop ,D.aHO Ha pHc.5. Ha

qanbH~~ ypOBSHb 3HeprHH nona, CCOTBSTCTBy~HH Hanp~eHHOCTH 240 

KB/cM paseH t..J'+ = 5• 105 apr. Ta.RHM o6pasoM K MoMeHTY speMeHH T = 5 

(pHc.5) )aHeprHn nonn, ocTasneHf.aa nyqKoM B peaoHaTope npesblll.laeT 

yposeHb noJia, soa6~eHHoro B peaoHaTope cTopoHHHM reHepaTopoM. 

YposeHb nona soa6~eHHoro a peaoHaTope (B) qacTHQaMH MeHowe (pHc.5: 

H "BOJIHa" 3HeprHH nona nepe,n ljlpOHTOM nyqKa HMeeT M9HbwyiO a.MllJIHTy,ny. 

IlOCJie)lHee CB.fl3SHO C TSM, qTO npoHCXO,D.HT paCtJ>aaHpoBKa H3JiytleHH.R: H 

<PpoHTOBHX qacTHQ KOTOp~e )lBH7KYTC.fl no CJIOmHOMY 3aKOHy, onpe,n.enaeMO

My ,nei1cTBHeM KynoHoscKoro H a~coKoqacToTHoro noJI.FI. 

Bossp~a.R:Cb K a~aqe OOCTaBneHHO~ BO BBS,D.SHHH MOmHO BH)leTb, 

qTo c5blCTpO ,D.BHlK~HHCfi ( fl =0, 9) pe,D.KHH ( W k.A = w f" J ) 3JieKTpOHH~H 

nyqoK, HMHTHpyeMbiH CHCT9MO~ ,D.HCKOB, HHlK9KTHpyeMWX B pe30HaTOp npH 
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B~6paHHOM AH8Da30He napaMeTpOB He npHBOAHT K C~aTHD npeABapHTe~bHO 

B036Y*A6HHOrO B peaoHaTope no~H H He HBHHeTCH 3~6KTpOMarHHTHUM 

nopmHeM. 3Ha~Te~bHOe A~bHe~meH yBeRHqeHHe qHcna Af qacTH~ B ,Il.HC

Kax CB6pXBb16paHHOr·o ,IU18D8.30Ha Ol~aa~BaeTCH aaTPYAHHTe~bHbiM, T.K. 

n~eK Ha~aeT aanHpaTbCH Bc~eA<:TBHe o6paaoBa.HHH BHPTYMbHoro KaTo-

Aa. 

PaccMoTpHM ABHJKeHwe B peaoHaTope ABOIDioro s~eKTpoHHo-HoHHoro 

C~OH, COA6pxtruqero paBHOe qwc~O r:pOTHBOllO~OJKHO aapSDKeHHhtX qacTvt:~ B 

cryCTKax. llo~O~Te~bHO aapH*6HHb~·CryCTOK- HOHHbl~ ABH~eTCH C 

nocToHHHo~ cKopocTbro !> = 0, I, SJJ eKTpoH~ti HCIThiT~BaeT Aei1cTBHe Ky~o

HOBCKHX CH~, CTOpOHHero llO~H H DO~H H3~yqeHMH. ~H yMeHblli6HHH CTe

neHH y,napHOrO B036Y*AeHHH peaOHSTOpa 3~6KTpOHHblti H HOH~i1 cryCTKH 

aanycKaroTCH B pe30HaTop OAHOBpeMeHHO C OAHHaKOBO~ Hatl~bHOti CKO

pOCTbiO. CqHTanocb, qTo B peaoHaTope c noMo~bro cTopoHHero reHepaTo

pa B036YJK,JleHo no~e 50 KB/cM Ha MOAe f.o 2..~, <f>a.aa BJieTa crycTKOB 

fH= 0, T.e. 3~eKTpOHHbiR cryCTOK yCKOpHeTCH B HaqanbHH~ MOM6HT 

noneM cTopoHHero reHepaTopa. 

B Ae¢opMaQHH cTopoHHero no~R ~OHTOM nyqKa c~ecTBeHHa ponb 

~HaHbHbiX TOKOB. ~e~CTBHT6RbHO, HanpHMep, B AHllORbHOM npH6RH~eHHH 

HHT8HCHBHOe HanyqeHHe B03MO>KHO ~~b B HanpaB~eHHHX nepneHAHKYRHpHbiX 

HanpaBJieHHD Kone6aHH~ AHnonn. B ~iamHX MOAe~sx pa,nHanbHoe ABHJKeHHe 

"3aMOpOJK6HO" H npH O~eHKe W MOJK13M ~TblBaTb TORbKO TO, tlTO pa,llH

aHbHOe pacnpe,neneHHe aapSI,Jla (,IUICl<OBM CTpyKTypa) npHBO,Il.HT H K 

HeKOTOPOMY yr~OBOMY pacnpeAe~eHHI:J HHTeHCHBHOCTH H3nyqeHMH. rpy6YJO 

O~GHKY MO~HO c,ne~aTb, HCllORb3YH ~lJIH AMbHe~ 30Hbl ¢opMy~y 

t / = b:-~ ( ii )( "'} ~"" , (eM. 161, cTp. 213, I960r.), 

rAe MH )lHllORbHbiX KO~e6aHH~ 3r.fl!.t6HHoro ,IJ.KCKa PSJlHYCa " : 
'l...."Ti t -::f.?(~~· -z;)tv s [ j{~, .W-Hj ~(J)fdf,/Y' 

j 0 • 

4'"'( J) - :~ 2. ::. Go r....-f{T. K. p~a.JibHOe ABHlKGHvt:e 3aMOpOlK6HO, 

TO f = 0, -it ::--4 ~ ~ • EcnH CTOpoEHee no~e GCTb €, ~·4 c.J + , TO 

,. 
i 
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• . e. 
t""' k; ~-t:t..w+ H .IJ)I.fi OOJIHOI'O OOJI.FI B HeKOTOpo~ TOqKe Ha6JIIO):(eHH~ C 

OOJiflpHblMH KOOp):(HHaTa.MH 't.o , (7, l( ( 0 ~ lp ~ 2..11 ) llOJiyqHTC.fi 

't 

f. -t rr;"" £., ( 1 - AI/:~-... '2. (;' )+i. w{, ( z... =- ~2 ) 
0TCIO):(a HMeeM OQeHKY 

(~, .ifJf~ ) c(c:: fLo 

qaeM ~tv 1015• 

#;;: ~.;ez t.O IV 1. , KoTopan ):(onycTHMa, ecJIH 

, ~ c::-c. t'i'fl:!.. llpH ..!.. ""' 0, 2 , f!.... = I 5 eM noJiy-
c.v f2. 

PacqeTbi npoBO):(HJIHCb ,D.Jlfl Hec:KoJibKHX sHaqeHHH qJiCJia qacTHQ B 
II I 1.4 ~ 

crycTKax rv = 8• IO ( t.. =13, 14 1 15, 16). ivlHHHMBJibHoe qHcJio qacTHQ 

B crycTKax Bbi6HpaJIOCb TaKHM o6p~~OM, qT06bi qacTOTa KOJie6aHHH "aJieK

TpOHOB" OTHOCHTeJibHO ):(BmKYJltHXC.fi C OOCTO.fiHHOti CKOpOCTbiO "HOHOB" He

CKOJlbKO npeBbiiiiBJia qaCTOTY KOJI66t:.HHi.l Ha MO)le £o ~ ~. PMHYC crycTKOB 

6hiJI yBeJIHqeH ):(O t = 4, 9 eM. Pe::yJibTaTbi npHae):(eHbi Ha pHc.6 ,JJ.JIH 

):(Byx 3HaqeHH~ BpeMeHH. 

KaK BH):(HO H3 3THX rp~HKOB ):(BOHHO~ CJIOH TaK *e KaK H ~poHT 

nyqKa He npHBO):(HT K C*aTHIO OOJifl. MO}KHO OTMeTHTb, qTo C yBeJIHqeHHeM 

qHOJia AI> 10
16 

HaqJiHaeT nonBJI.R:TbCH pacKaqKa KoJie6aHH~ aJieKTpoHHoro 

CI'YCTKa OKOJIO HOH~OI'O. 

Ha pHc.? npHBe):(eH I'~K 3Hepi'HH OCHOBHO~ MO~ AJIH (H) H 

(B) qacTHt:t. 

l\ruKeTCH CTpaHHhiM, qTo rp~HOC HaKOIDieHHfl 3H6pi'HH BHXpeBOI'O OOJIH 

onpe):(eJieHHOi.l MO)lbl (Ha pHC.? - 3T:> OCHOBHM MO):(a) HMeeT OCI.:tHJ1JU1PYD

U(Hi1 xapaKTep. YnporqaH s~aqy, MO:KHO, O.ztHaKO, paccMoTpeTb sToT Bon

poe SHaJIHTWqeCKH Ha npHMepe BJI6Ti:l. B "XOJIO,IUibi~" pe30HaTOp CIDIOlUHOI'O 

aapR*6HHOI'O nyqKa C Pe3KHM nepe,IUUtM ~pOHTOM, )lBH*YJltHMCfl C fiOCTOHH

HOH CKOpOCTbiO ifo • 'I'OI'):(a, COI'JiaCHO (6), fiOJiai'M ,JJ.JIH npOCTOTbl ~,.:::c.::..,, 

Ha OCHOBHO~ MO)le 

'l.. i + w,o 1 npH 
(23) 

npw 
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r.ne A :: ~~ y(-- • 0TCIO,D.a npH .f: ~ %
0 

(noKa cppoHT nyqKa He .nocTHr 

npOTHBOUOJIOJKHO~ CT6HKH p630HaTopa) ,D.JIR SHeprHH OC~JIJIRTOpa ilpH 

Cf {o)= 0, 1 ( o) = 0 noJiyqaeM .. 

2 w (+J ,. 9 z +W2. 1 '- "' :J/!zb+-"' ¥z- z ~s<o>-l-z....,.f s i~ ...,-tj 
( on~eH HH,D.6KC y ~to ) • J3eJIHqHHU. fA.J { .fj He HM66T OTHOCHTeJlbHbiX 

t 'l.1r y 
MaKCHMYM HJIH MHHHMJ'MOB, a JIHlllb ~~OqKH neperw6a: 1.( = t W, 

k = I, 2... (ecJIH -f ,_. ~ "'lv;, ) • llpH aTOM l w (-fu) = v~~ {211 t,) Z.. 

T.o. rpacpHK w(-f/ npH -(;;-<:.. 4fv.
0 

- Hey6bi~aR 4>-~a, HMe~aa BH;l 

KaK Ha pHc.?o. 

flpw i:,) ltjVo , T.e., Kor,ua cppoHT nyqRa YJKe npoweJI qepea peaoHa

Top, a B peaoHaTope ilpO,llOJI*aeT ~t,D.TH "CnJIOlllHOiii TOK", H3 (23) Haxo

)J.HM 
l w ~ ; l....,.. W'l.? l. ::- .2.A~ 7 -4-C.O ~ tr+ (24) 

B KOOp,llHHaTax ~ , 1 Ha cpaaoac H UJIOCKOCTH (24) ecTb ypaaHeHHe 

OKPY*HOCTH c qeHTpOM, CMell.(eHHbJM B ToqKy ;;(.c) = o;' =- ~:~ • B CHJIY 

CM611.(6HHOCTH :3TOI'O qeHTpa, npH ,llEH~6HHH Hao6p~aiOI1.(6H TOqKH no :3TOH 

~aoaoiii OKPY*HOCTH BeJIHqHHa q ~aMeHReTCR nepHO,D.HlleCKH c qacToToiii 

V B npe,lleJI8X ro..:~~ 'f$7.....,: 0TCBJila CJiellYeT, qTo W(-f1 npH f-,. ~ 
HMeeT OCQHJIJIHpYIQII(HH xapaKTep. 

qaCTb pacqeTOB 6~a npoBe,D.eHa C HCKJIIOqeHHeM KBa3HCTaTHqeCKOI'O 
'll!,.- ·~() 

B38HMO,D.6HCTBHR M6*,D.Y cryCTKaMH~~MHTHp· . HH~eK~IO nyqKa B nJiaa-

MY H HeiiiTpanHa~IO ooDeMHoro aap~a. Ha pHc. 8 npoBe,D.eHo cpaaHeHHe 

peayJibTaTOB pacqeTOB ,D.JIR TB.KHX KBaBHB3a.HMO,D.6R'CTB~ (KB) H (B) 

qacTHq. BH,D.Ho, qTo noae,lleHHe KpHBbiX no.no6Ho. 

llpH HH1K6KqKH Ta.KHX (KB) qaC't'HQ B peaoHaTOp HaH60Jiee CHJibHO 

B036~aeTCSI OCHOBHaR MO,tta (pHc.9). B peayJibTaTe paccpaaHpOBKH qac

THL( OCL(HJIJIR~H SHeprHH OCHOBHOM 140,D.bl (cp. C pHc.?) CO apeMeHeM 

yMeHbWaiOTCH, 3HeprHH BbiCillHX MO,D. liMeeT T6H,JJ.6H~IO H pocTy. 

HeaaBHCHMO OT ~hi BJieTa n~IKa nocne nepexo,nHNX npoqeccoB 

3HeprHH B036Y*)J.6HHOH MO,D.bl £.o 2...3,. MOHOTOHHO yM6HbiiiaeTCR (pHC. IQ) • 
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TaKoe yMeHbllleHvte 3HeprvtVI Mbi o61>s:I<~HneM aaTYJ(aHHeM Jia.H.nay H ycKope

HHeM B cpe~eM qacTKq nyqKa. 

Paanvtq)1e B noBeAeHHH (H) H (B) qacTH~ oco6eHHo xopolllo BH~o 

wa rpa4JwKo B npw se.neHHblX Ha pwc. I.[ • .Lito MoMeHTa BpeMeHH T = 5 Cj'MMa 

3HeprH~ s~cwwx Mo.n onpe.nenneTcs:I ;r.napH~ soa6ym.neHHeM peaoHaTopa. 

YsenH'tleHHe 3TO~ CyYM~ .nns:~ (B) q~~TH~ no cpasHeHHro c (H) qacTH~aMH 

o6'bflcHs:IeTcn TeM, liTO B Te'tleHHe speMeHH T = 8+16 cTopoHHee none 

yCKOps:IeT 'tlaCTHQbl nyqKa, KOTOpble li reHepHpyroT none BbiClliHX MO.IJ.• 

llpH 3TOM 3HeprHs:I OCHOBHO~ ~O.IJ.bl ~4e~bmaeTCSi (pHc.l2) pacTeT 3HeprHs:I 

H CaMHDC BbiCillHX MO.IJ. (KpHBa.H 2, pH~~.I2). 

)J,nn .npyroi1 <iJaabi MeTa cppOHTii nyqKa llOBe)leHHe OCHOBHOi1 MO,Il.bl 

npwse,neHo Ha pHc. 13. Ta~ H Ha pHc. II-12, poeT 3HeprHH BblClllHX 

MO,l4 OC06eHHO 3HaqHTeJieH B Te'tleHHO BpeMeHH KOI'.IJ.a 'tlaCTHQbl nyqKa yCKO

pHIDTCH noneM OCHOBHOi1 MO~. HHTe])eCHO cpaBHHTb KpHB~e 2 H 3 Ha 

pHc.I3, KOTOpble COOTBeTCTBYIDT 0~1011 H TOi1 *e 3HeprHH BbiCillHX MO.IJ., HO 

2 COOTBeTCTByeT npe)lBapHTeJibHO B036YJK.neHHOMy pe30HaTopy. TaKHM 

o6pasOM MO~O I'OBOpHTb 0 Tpa.HC~]~~H 3HeprHH OCHOBHOi1 MO~ B BbiC

WHe npH HIDKeK~H (B) qacTH~ B peaoHaTop. 
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ITO,!U"JMCM K PMCY. iKAM 

PHc. I. CxeMa qlfcJieHHoro sKcnep:&eHTa. 

Pa.sMepbt peaoHaTopa a = l) eM, A = 5 eM. 

Patn.Hyc .IJ.HCKOB .( = 3 eM, paccTO.RHHe .b ~ = 0,2 eM. 

PHco 2. Pacnpe,neJieHHe sJieKTpocTa.THqecKoro noTeHWiaJia Cf B,rtOJib 

PHc. 3. 

ocH pe3oHaTopa ,nJI.R HeCKt>JibKHX MOMeHTOB apeMeHH. Ha npaBhiX 

rpa4lHKaJC TOqKSWI H KpeC~~aMH yKasaHbl OTKJIOH6HH.fl llOTeH~ana 

i>'f OT STHX 3HaqeHH£1 ,D.JI.fl pacCTO.RHH~ M6:1K)ly' ,ItHCKaMH 

Pz = O,I H ~{ = C),4 CM •. 

Pacnpe,neJieHHe sHepr:v.tH B~lxpeaoro noJIH ~onpe,neJieHHe eM. 
-4r 

B T6KCT6) B peaoHa'Dope B MOM9HT Bp6M6HH 'r = (e.f} = 0, 5. 

I - B pacqeTax yqTeHbt 2f) OC~JIJI.RTOpOB llOJI.R, 2 - 50 OC~JIJI.R

TOpOB. 

PHc. 4. Pacnpe,neJieHHe t,J+ B pe::.oHaTope ,nJI.R (H) H (B) crycTKOB. 

KpHBbte I H 2 - y,napHCe ~:~oa6ynt.IJ.eHHe peaoHaTopa, 3 - 4 -

peaoHaTop npe,naapHTeJibHC aoa6ym,neH Ha Mo,n.e E. Ll (,no ypoa

H.R 50 KB/cM). KpHBbte 5 ~ 6 oTaeqaroT 3THM *e pacnpe,neJieHHHM 

B 6oJiee noa,nHH~ MoMeHT EpeMeHH. HaqaJibHa.R ~a BJieTa nyqKa 

B pe3oHaTop Lf~ = 0. 

PHc. 5. Pacnpe,neJieHHe t.v'-4- B peaoHaTope ,llJIR T = 5. KpHBa.R I - y.nap

Hoe B036Y*,IteHHe peaoHaTopa (H) - qacTH~aMH. KpHBbte 2 H 3 -

HH~6KWi.R (B) qaCTH~ B B036ym,rteHHbt~ Ha OCHOBHO~ Mo,ne 

peaoHaTop ,no ypoBH.R 240 ECB/cM. KpHBa.R 2 - '( ~ =--It , 

3 'f \1 = o. 
PHc. 6. Pacnpe,n;eJieHHe wt B pe 30HaTope. 

PHc. 7. a) 3aaHcHMOCTb oT BpeMeHII sHeprHH ocHoBHO~ MO,D;bl Lt 0 (onpe

,n;eJieHHe CM. B TeKCTe). MH*eK~.fl B H6B036ym,rteHHbt~ p930Ha

TOp I - (H) H 2 - (B) qacTH4• 

6) XapaKTep HapaCTaHH.R 3HeprHH OCHOBHOtl MO,D;bl npH HH*9K~H 

CIIJIOlllHOro nyqKa ( f ~: h. I t/
0 

) • 
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Pvtc. 8 .. 3asHCHMOCTb oT speMeHH £. H ~ 
(o 

I 
£t._ (cyMMa aHeprH~ oc~-

RHTOpOB BCeX MO~, KpOMe nepBo~) .nnfl A - KBaaHBaaHMo.ne~cTByK. 

~KX (KB) H B - (B) qacT~4· 

PHc. 9. 3aBHCHMOCTb oT apeMeHH CYMW aHepr:rdi Mo.n $ 1 (KpHBaJI I) 

HMeiO~HX qacTOTY MeHbWYIO Bbl)1,6ReHHO~ ( £.o 2.3 ) H CJ'MMbl aHep

I"'H~ MO,IJ. ~ l.. (KpHBM 2) (yBenHqeHa Ha TpH nopR,nKa) HM6lOiqHX 

qacToTy 60RbWYIO qeM .I(n.fl £., 2.l .I(R.fl (KB) qacTH4• 

PHc. I0.3aBHCHMOCTb oT apeMeHH .3HeprHH MO,IJ.bl E , aoa6y)K,Il6HHoti 
ot.!o 

OT CTOpOHHe:ro reHepaTop;:.t,- npH HH7K6K~H B pe30HaTope (liB) 

qacTH4. KpHBM I - HaqarbHM cpaaa YH = 0, KpHBM 2 -

'f k -=- 7r 
PHc.II. IIoae~eHHe Cy:MMbi aHeprHti scex MO,IJ. KpoMe nepaoti. KpHBM I -

HHJK6K4HH (H) qacTH4. KpltBM 2 - (B) qacTH4bl, peaoHaTop 

B036ytK.U6H Ha OCHOBHOH MO.I(e, 'fJ.f-= 7T • 

PHc. I2.3aBHCHMOCTb OT apeMeHvt ~meprHH MO,D.bi £,o (KpHBaii I) H ~.2.. 

(yBeJIHti6HO B I03 
paa) npH HHiKeK4HH B B036y;K,IleHHO~ Ha OCHOB

HOH MO.I(e peaoHaTop (B) qacTH4, l(~ '=- U. 
Pwc. I3 .. 3aBHCHMOCTb OT apeMeHH ~~HeprHH MO~hl ~ o (KpHBa.fl I), H 

f 
3HeprHH acex MO,IJ. KpoMe nepaoti L: t'~u.(KpHBM 2) (ysenH-

qeHa B IO paa) npH HH>Ket:4HH (B) t~acTH4 B soa6j"'K.lleHHhi~ Ha 
~ _, 

OCHOBHOti MO,Ile pe30HaTOp, 1 k = 0, 3 - llOBe.I(eHHe 2 [e._ llpH 

HH7K6K4HH (B) qacTH4 B H€B036y;K,Il6HHblti peaoHaTop. 
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