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TTpHM8H8HH8 scj>4JeKTa Lli1<0aeificoua JJ.11SI npeo6pa30B8HHSI B '18CT0Ty 

CBepXM811b!X uanpsilKeHHii, l.JaCTb I • ¢H3H'leCKHe 0CH0Bbl MeT0JJ.8 

Ht'CReJJ._0BaH H3MepHTe11bHblll npeo6pa30BaTenb CB8pXM811b!X uanpsilKeHHii 

IlOCTOSIHHoro T0Ka B '18CT0Ty, OCH0BHb!M sneMeHTOM K0Toporo SIBllSleTCSI 

'18CTH'IHO pe3HCTHBHblll CBepxnpOBOJJ.SIIUHii KB8HT0Bblii HHTepifiepeH!lHOHHblll JJ.aT

'IHK (peCKBHJJ.). TTony'leHbl BbipalKeHHSI, OilHCb!B8IOIUHe npouecCbl B peCKBHJJ.e 

npH noJJ.a'le Ha aero aanpsilKeHHSI H JJ.eiiCTBHH aaewuero H3Measi10merocsi Mar

HHTHoro nonsi, KorJJ.a cna6asi casisb B peCKBHJJ.e npencTaBneaa napannenbHb!M 

coenHHenHeM HJJ.eanbaoro nepexona .!llKoseificoua H aopManbaoro conpoTHBneHHsil 

cna6oii CBSl3H, PacCMOTpeH pelKHM pa60Tbl peCKBHJJ.a, HHJJ.YKTHBHO CBSl38HH0ro 

c no6pOTHbIM Kone6aTenbHbIM K0HTyp0M, 

Pa6oTa Bb!IlOnHeHa B Jla6opaTOPHH HeiiTpOHHOii ifJH3HKH OHflH. 
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Vasiliev B.V., Krivoy G.S. 
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Application of the Josephson Eff~ct to 
Transformation of Supersmall Voltage into 
a Frequency. Part I. Physicil Foundations of 
the ~ethod 

The current to fre~uency converter of ultralow volta
ges is investigated, the partial resistive squid (resquid) 
being the main element of the device. The expressions 
describing processes in the resquid under the application 
of d.c. voltage and of external variable magnetic field 
were obtained. The working characteristics of the resquid 
inductively connected with a quality resonant circuit are 
considered. 

The investigation has been performed at the 
Neutron Physics Laboratory, JINR. 
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1. BBB,lfBHHB 

H3MepeHHC caepxMaJILIX 3JICKTpH'ICCKHX HanpJDKCHHH no-, 

CTOJIHHOrO TOKa /HH)KC 10-9 B/ JIBJIJICTCJI aKTyaJibHOH 

3a.n;a11eii coapeMeHHOH H3MepHTCJibHOH TCXHHKH. )];JIJI pewe-

- HHJI 3TOH 3a.n;a11H MOryT 6LITb npHMCHCHLI, B 11aCTHOCTH, 

BOJlbTMCTPLI ypaBHOBCWHBaromero npeo6pa3oBaHHJI, B KOTo

pLIX B Ka'leCTBC HYJib-HH,IJ;HKaTopa HCil0Jlb3YIOTCJI caepx

npOBO,IJ;JIUlHC KBaHTOBLIC HHTepcl>epeH:UHOHHLIC .n;aT'IHKH 

CKBH,IJ;LI 111 . 3TH BOJibTMCTpLI Hy)K,IJ;alOTCJI a rpa.n;yHpOBKe H 

perynJipHOH noaepxe, 'ITO conpJI)KCHO C H3BCCTHLIMH Tpy.n;

HOCT JIMH BBHAY MaJIOH BCJIH'IHHLI KaJIH6pOBO'IHOrO HanpJI)KC -

HHJI, Heo6xo.n;HMoro .n;JIJI 3THX onepa:uaii. 

Ilpe.n;cTaBJIJICTCJI nepcneKTHBHLIM HCil0Jlb30BaTb ,IJ;JIJI H3-

MepeHHJI HanpJI)KCHHH IlOCTOJIHHOrO TOKa HH)KC 10'""9 
BH3Me

pHTCJibHLIH npeo6pa3oBaTen& HanpJI)KCHHJI B 11acTory /IIHq/, 
B OCHOBY KOToporo IlOJIO)KCH HCCTa:UHOHapHLIH 3cl>cl>eKT )];)K0-

3ec1>c0Ha, OilHCLIBaeMLIH ypaBHCHHCM 
121 

rJ ... uJ/<I>0 , /1.1/ 

r.n;e f J - 11aCT0Ta; Uj - HanpJI)KCHHe, npHJI0)KCHH0e K ne
pexo.n;y )];)Ko3ecl>coHa; <1>0 .. h/2e = 2,07 -10-15 B6 - KBaHT 
MarHHT,HOro Il0T0Ka / h - Il0CT0JIHHaJI IlJiaHKa, e - 3apJ1,D; 

3JICKTPOHa/. 
YpaBHCHHe /1.1/ CBJl3LIBaeT HanpJI)KCHHe u J ' npuno

)KCHH0e K nepexo.n;y )];)Ko3ecl>coHa, c 11acT0Toii fJ nepeMeH
Horo T0Ka, o6ycJIOBJICHH0ro ,IJ;)K03ecl>coHOBCKOH reHepa:uueii. 
TaKHM o6pa30M, nepexo.n; ,D;)K03ecl>coHa npe.n;cTaBJIJieT co6oii 
IIHq, K03cl>cl>H:UHCHT npeo6pa3oBaHHJI AJ K0T0poro onpe.n;enJI
eTCJI T0JibK0 MHp0BLIMH Il0CT0JIHH~MH: 
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AJ=2e/h =/483,5912±0,0030/· 10
12 r11·B-: /1.2/ 

O,IJ;HaKo 11aCT0TY f J ,IVK03ecl>coHOBCKOH reaepanHH B 

o6oco6neaaoM nepexo,IJ;e aeB03M0)KH0 aencope,D;CTBeHH0 H3-

MepHTL CYllleCTBYIOUUIMH npH6opaMH, Il0CK0JILKY M0UUI0CTL 

:noro nponecca 11pe3Bld11a:iiHo Mana /-1O·15B111 npH UJ -
-12 V - 10 B H na,IJ;aeT npH yMeHLWeHHH IlpHJI0)KeHHoro K nepe -

X0AY aanpJI)KeHHJI UJ. 
,lJ;JIJI perHCTpanHH ,IVK03e4>coHOBCKOH reaepanHH M0)KeT 

6b1TL HCil0JIL30BaH pe3HCTHBHldH CKBHA
131 

- peCKBHA, 

cxeMaTH11ecKH H3o6pa,KeHHld:ii aa puc. la. PecKBHA npe,D;

CTaBJIJieT co6o:ii CBepxnp0B0,Il;Jllllee K0JILU0 c MaJIOH HH,IJ;yK

THBH0CTLIO /- 10-9 I'/, co,D;ep)l(alllee nepexo,IJ; )];,Ko3e4>coaa 

J H pe3HCTHBHYIO BCTaBKY R H3 H0pMaJILH0ro MeTaJIJia, 

BKJIIO'leHHyro B pa3pldB CBepxnp0B0,Il;Jllllero K0JILUa napan

JieJILH0 nepexo,IJ;y ,l1;)1(03e4>coaa. BeJIH'IHHa conpoTHBJieHHJI 

R 

Ux 

L 

fcsin</ 

a 

R; IUJ 

b 
Puc. 1. PecKauo. a - npun11unuaAr.HaJ1 cxeMa, 6 - 31<euaa
AeH111Ha.R cxeMa. 

4 

pe3HCTHBHOH BCTaBKH R CYllleCTBeHH0 MeHLWe conpoTBB

JieHHJI nepexo,IJ;a ,n,.co3e4>coaa B H0PMaJILH0M C0CT0JIHHB, 

'IT0 Il03B0JIJieT Il0,IJ;aBaTL Ha nepeX0ll J qepe3 3alKBMLI X 
Il0CT0JIHH0e H3Mep.Heuoe HanpJI)l(eHHe. Pe3HCTBBHa.ll BCTaBKa 

R HrpaeT AJI.H nepexo,IJ;a J pom, HCT0'IHHKa HanpJl)KeHHJI U J. 
B Ka11ecTBe nepexo,IJ;a ,n,ico3e4>c0Ha B pecKBH,IJ;ax MoryT 

6LITL HCil0JIL30BaHLI T0'le'IHble K0HTaKTbl, M0CTHICH ,IJ;a:iieua 

H ,D;pyrHe aHaJI0rH'IHble THilLI cna6wx CB.113ei, B K0T0PLIX 

np0JIBJIJieTCJI 3q,4,eKT ,n,ico3e4>c0Ha H K0T0pble HMelOT co6cT

BeHHyro eMK0CTh He 6onee HeCK0JihKHX e,IJ;BHHU IlHK04>a,pa,D;. 

MbI HCil0Jih3yeM T0'le'IHble K0HTaKTLI BBHAY npoCT0TLI HX 

H3r0T0BJieHBJI H B03M0lKH0CTB peryJIHp0BKH napaMeTp0B 

nepexo,IJ;a B nponecce aacTpoiKB pecKBH,IJ;a. O,IJ;HaKo cne,IJ;yeT 

0TMeTHTh, 'IT0 0CH0BHLle TeopeTH'leCKHe Il0JI0)l(eHHJI, c4>op

MYJIHp0BaHHble HH)l(e, cnpaBe,IJ;JIHBLI ,IJ;JIJI pecKBH,IJ;0B c JII06blM 

THil0M nepexo,IJ;a ,n,.co3e4>c0Ha, YA0BJieTB0PJIIOUUIM npHBe

,IJ;eHH0MY BldWe Tpe6oBaHHIO K co6cTBeHHOH eMK0CTH ne

pexo,IJ;a. 

2. IIPfilmHil ,1'BRCTBHJI PBCKBH,ICA 

PaCCMOTPBM pa6oTy peCKBH,IJ;a B pe)l(HMe, WHP0K0 HC

Il0Jih3yeMOM.IlPB pa6oTe co CKBH,IJ;aMH/4,5~,lJ;JIJI 06ecne11eHH.ll 

3Toro pe)l(HMa peCKBHA BHAYKTBBH0 CBJI3aH C LC-K0HTypoM, 

IlHTaIOUUIMCJI OT reHepaTopa BLICOKO'laCTOTH0ro TOKa, Ha

CTpOeHHoro Ha pe3oHaHCHyro 11aCT0TY LC -KOHTypa /puc.2/. 
3Ta qacToTa ,IJ;0JI)KHa 6b1Tl, TaKOH, 11T06bl HHAYKTBBHOe co

npoTHBJieHHe peCKBH,IJ;a 6LIJIO MeHLWe ero aKTHBB0r0 co

npoTHBJieHHJI, npe,D;cTaBJIJIIOlllero co6oi cyMMY conpoTHB

neaHii pe3HCTBBHOi BCTaBKB H nepexo,IJ;a ,n,.co3e4>c0Ha B 
· HOpMaJihH0M COCTOJIHHH /6I _ O6LI'IHO HCil0Jih3yroTCJI LC~K0H

TypLI c pe3ouaacaoi 11acT0To:ii He MeHLWe 10 MI'11. 

,lJ;JIJI aHaJIH3a nponeccoB, np0HCX0,IJ;JIUUIX B peCKBH,IJ;e, 

Heo6XO,IJ;HMO C0CTaBHTh ero 3KBBBaJieHTHyro cxeMy apac

CM0TpeTh pa60TY peCKBH,IJ;a npH npHJI0)l(eHH0M HanpJl)KeHHH 

B npH B03,IJ;eHCTBHB BHeWHero MarHHTH0r0 Il0JIJI, BH,IJ;yUBpye

M0rO T0KOM, npoTeKaIOUUIM B KaTywKe HHAYKTBBH0CTH LC -
K0HTypa. 
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L It t Ir 

Ux R RJUt 
M 

Puc. 2. BKAro'leHue pec1<euoa e cxeMy OAR ycuAeHUJI oxo-
3e¢coHoecKux oc~UAAJlijUU. 1 - zeHemamop eb1co1<0'1acmom
Hozo moKa; 2 - ycuAumeAb eb1co1<ou 'lacmombl u aMMumyo-
HblU oemeKmop. · 

2.1. 3KeueaAeHmHaJI cxeMa pecKeuoa 
' 

Ilepexo.n ,[J.)K03e4>coHa xapaKTepH3yeTCR KPHTH'leCKHM 

TOKOM IC , HOpManbHbIM conpOTHBn.eHHeM R J H eMKOCTblO 

C j,D;na TO'le'IHbIX KOHTaKTOB, HCilOnb3yeMbIX HaMH B Ka
'leCTBe nepexo,n;a ,2J;)K03e4>coHa B peCKBH,IJ,e, eMKOCTblO CJ 
MO)KHO npeHe6pe11b, IlOCKOnbKY Ha 'laCTOTax Bq-HaKa'IKH 

HH)Ke - 10 g I'ij BKnap, eMKOCTHOrO TOK8. B 06IqHH TOK He -
c~eCTBeH. PaCCMOTPHM cny11aii, KOrp,a HCTO'IHHKOM Ha
npR)KeHHR Ux RBn»eTCJI caMa pe3HCTHBHa» BC.TaBKa R .3TO 
HMeeT MeCTO, HanpHMep, Kor.na peCKBH,IJ, npHMeH»eTCR .nn» 
H3MepeHHR TepMO-3.P,.C. B WYMOBOH TepMOMeTpHH 171. 13 
nro6oM .npyroM cny11ae, Kor.na H3MepJieMoe HanpJl)KeHHe . 
IlOCTynaeT H3BHe, IlO,IJ, R cnep,yeT IlOHHMaTb napannenbHOe 
coeP,HHeHHe pe3HCTHBHOH BCTaBKH H BHyTpeHHero conpo
THBJieHHJI HCTO'IHHKa U x-3KBHBaJieHTHaJI cxeMa peCKBHP,a P,JIJI 
3TOro cny<iaJI npHBeP,eHa Ha puc. 16. HHP.YKTHBHOCTb KOJibUa 
peCKBH,IJ,a npep,cTaBJieHa B BHP,e cocpep,OTO'leHHOH HH,IJ,YKTHB
HOCTH L. Ilepexo.n ,n)Ko3e4'c0Ha npep,cTaaneH napannen&HbIM 
coe,IJ,HHeHHeM HOpMaJibHOro conpOTHBJieHHJI nepexop,a R J H 
"u.nean&Horo" nepexo.na J, 11epe3 KOTOpblii npoTeKaeT TOJibKO 
CBepxnpOBOP,JIIUHH TOK 

6 
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l 

/1.3/ I ... I sin¢ , 
S C 

r.ne 4>- KBaHTOBOMeXaHH'leCKa» pa3HOCTb 4>a3 Ha nepexop,e. 
<l>aKTH'leCKH ,u.neanbHbIH nepexo.n »Bn»eTCR reHepaTOpOM 

caepxnpoao.n»inero ToKa, npu11eM pa3HOCTb 4>a3 ¢ y,noa
neTaopaeT COOTHOWeHHIO ,[J.)K03e4>coHa 

d<f;, -~U. 
d t «I> J 

0 

/1.4/ 

r.ne U J - Hanp»)KeHHe Ha nepexo.ne. 

2.2. 1Ipoijeccb1 e pec1<euoe 

B cny11ae, Kor.na npnno)KeHHoe Hanp»)KeHHe Ux.k O , B 
KOn&ne peCKBHP,a nupKynupyeT TOK 1. qT06bl HaiiTH 3TOT 
TOK, cocTaBHM ypaBHeHHe Kupxro4>a .nn» nenu, n306pa)KeH
Hoii Ha puc. 16,H pa3peWHM ero OTHOCHTenbHO I. YpaBHeHHe 

6yp,eT HMeTb BHP, 

l(R+RJ)+LJ!L-RJIJ!in<f, =Ux· 
dt 

Y11HTbIBaJ1 COOTllOWeHHe /1.4/, MO)KHO 3anucaTb: 

d <f;, 2TTR . 
--=~(1-1 sm<J;,). 

dt «I> C o-

/1.5/ 

/1.6/ 

Hcnonb3YJI /1.6/ a 4/l.5/, nony11aeM HenuHeiiHoe p,ucli4>epeH
nuan&Hoe ypaaHeHHe 2- ro nopJip,Ka p,JIJI 4>a3bl 

2 
_r_ .!i+ (1+q+ foos<J;,)_jp_+/3Sinq;,= 1, 

Ct) dt 2 Ct)x d t 
X /1.7/ 

r.ne 

r = L /R J ; f "" 2 TT L I c / «I> 0 ; q = R /R J ; Ct) x"' 2 TT U x I «I> 0 

/3 = Rlc/Ux. 

IIepBbIM .. meHOM B neaoii 11acTH ypaaHeHHJI / 1. 7 / MO)KHO 
npeHe6pe'lb, IlOCKOJlbKY npH IlOCTOJIHHOM HanpJI)KeHHH U x 
cKopocTb H3MeHeHHJI 4la3bl d <f;, I dt - aeJIH'IHHa KBa3Hno-
CTOJIHHaJI 181 . . 
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Ypaeueuue /1.7/ MO:>KHO peWHTL qucneuuo ua 3BM. 
0,nuaKo B cnyqae {3<1 H q<<1B03MO:>KHO aHanHTHqecKoe pe
weuue: 

I =le sin[wi+ ( e I f3)In I 1- f3 (I/I c)I]. 
/1.8/ 

r,ne wJ :211RJv'U~-(RI5~/<1>0 (R+RJ)- cpe,nuee 3Haqeuue 
qacTOThl A)K03e<l>couoecKoii ocnunnsnuu, nonyqeuuoe npu 
ycnoeHH <P ➔ oo • 

AuanH3Hpys /1.8/, 3aMeqaeM, qTo npu e,.. 0 3aeucu
Moc1:L_ I (t ) CTaHOBHTC.II qucTo CHHycou,nanLHOii. II pH e > 1 
3aBHCHMOCTL TOKa OT epeMeHH 6y,neT Heo,nuo3uaquoii H cy
IQeCTBeHHO HenuHeiiHoii / puc. 3/. C yeenuqeHHeM epeMeHH 

I 

0 r 1 , / v I s "', t 

-:le 

Puc. 3. 3aaucuMocmi, 1110Ka a pecKauoe 011 apeMeHu OAJI oayx 
3Ha<1eHuu napaMe111pa e npu f3=0,01. 

TOK B pecKBH,ne yeenuqueaeTCJI MOHOTOHHO ,no 3HaqeHHJI 

+IC • 3aTeM CKaqKoo6pa3HO na,naeT no WTpHXOBOH nHHHH ,no 
MHHHManLHoro 3HaqeHHJI, onpe,nenseMoro e o6IQeM cnyqae 

8 

lo 

; 

BenaqHHaMH e H f3 • IIpH 3TOM, qeM 6onLWe f IlpH ,naHHOM 
f3 , TeM 6onLwe /no a6coJUOTHoii eenuquHe/ MHHHManLHoe 
3HaqeHHe ToKa. AuanoruqHo 3TOMY, qeM 6onLwe f3 npu 
,naHHOM f, TeM 6onLwe MHHHManLHOe 3HaqeHHe TOKa. Ilocne 
CKaqKa TOK HaquHaeT CHOBa MOHOTOHHO B03pacTaTL ,no 
+10 c yeenuqeuueM epeMeHH. B c~e,nyroIQeM nuKne nponecc 
noeTopseTCJI, npuqeM nepuo,n ocnunnJinuii paeeH 211 / w J H 
He 3aBHCHT OT e, aMnnuTy,na CKaqKa TOKa paeHa~<I>of L 
,nilJI JU06h1X e H f3 • 

Ecnu KOnLno peCKBH,na npoHH3h1BaeTCJI H3MeHJIIOIQHMCJI 
BO epeMeHH MarHHTHhIM IlOTOKOM <l>e• TO, B COOTBeTCTBHH 
C 3aKOHOM 3neKTPOMarHHTHO:ii HHAYKUHH, B KOnLne 6y,neT 
HaBO,ltHTLCJI 3.,n.c. H nponeCChl B peCKBH,ne 6y,nyT aHano
ruqHhl nponeccaM, o6ycnoeneuHhIM npuno)KeHHhIM BHeWHHM 
uanpJI)KeHHeM Ux, pacCMOTpeHHhIM BhIWe. IIycTL <l>e nHHeHHO 
3aBHCHT OT epeMeHH t: 

<I>e = Uet, /1.9/ 

r.I{e Ue - IlOCTOJIHHaJI. 

,IJ;nH npocTOThl 6y.I{eM nonaraTL, qTo e 3TOM cnyqae 
Ux= 0. Tor,I{a B ypaeHeHue Kupxroqia /1.5/ cne.I{yeT BMecTo 
UxnO,I{CTaB!1TL 3.,I{.C. 

& e = - d <I> e "; dt = - U e • / 1.10 / 

a BMecTo f3 - napaMeTp a = RI c /U e . Ilpu cKopocTJIX 
H3MeHeHHJI BHewHero MarHHTHoro IlOTOKa, KOr.I{a .I{eiiCTBH· 
TenLHO HepaeeHcTBO a<l , nonyquM pe3ynLTaT HHTerpupo
BaHHJI, IlO.I{06HhIH /1.8/: 

l=-l0 sin [2 11v' 1-a2 (<I>/ <1>0)+( e/a )ln l 1 + a (I/I 
0

) I]. /1.11/ 

TaKHM o6pa30M, pa3nuque ypaBHeHHH /1.8/ H /1. 11/ 
3aKJUOqaeTCJI nHWL B pa3HOCTH 3HaKOB, CTOJIIQHX nepe.I{ 
TOKOM. II03TOMY 3aBHCHMOCTL TOKa B peCKBH.I{e OT BHew
Hero MarHHTHoro IlOTOKa npH a< 1 COOTBeTCTByeT H30· 
6pa)KeHHOH Ha _puc. 3, B3JITOH C o6paTHhIM 3HaKOM no OCH 
TOKa. 

H3 ypaeHeHHJI / 1. 11/ BH,IJ;HO, qTo nepHO.I{ qiyH~HH I= f (<Ii e) 
3aBHCHT OT eenuqHHhl a H paeeH <fl/ y'l-a 2. HcnonL3YJI 
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/ 1.11/, 3alIHChlBaeM BhlPa)KCHHe ,IVUI BHYTPCHHero MarHHT

Horo IIOTOKa ell i, npoHH3blBalOIIlCro KOilLUO peCKBH,IJ;a: 

<1>
1
-<ll + LI=<ll -LI sin[21Ty1-a2 (<ll /<11

0
)+ e e c e /1.12/ 

+(f /a)lnll+a(I/Ic)j]. 

'AJUI HnnIOCTpaUHH Ha puc. 4 npHBCACHa BLl'IHCilCHHa.H Ha 

3BM 3aBHCHMOCTL <I> = f(<fle )npH f =4 H a=0,01. Ilpuyaenu

'ICHHH BHCWHero MarHHTHOro IIOTOKa <l>e /ecnH CKOpOCTL 

H3MCHCHH.II ero TaKo'ea, 'ITO a<l / TOK, HaBCACHHLIHIIOTOKOM 

<l>e ,MO)KCT AOCTHraTL aemi'IHHLI, AOCTaTO':IHOii Ail.11 CKa'IKO

o6pa3HOro nepeXOAa peCKBHAa B KBaHTOBOe COCTO.IIHHe C 

N- 1, rAe N = <I>/ <llo . BenH'IHHa KpHTH'ICCKOro BHCWHero 

IIOTOKa <llec, npH KOTopoii npoHCXOAHT CKa'IOK H3 COCTO.IIHH.11 

C N =0 B COCTO.IIHHe C N=l, 3aBHCHT OT aenH'IHHLI a. Ypaa

HCHHC /1.11/ II03B0Il.llCT nony'IHTL 3Ha'ICHHe KpHTH'ICCKOro 

4i /4'0 
(= 27TLlc ~4 

q,o 2 r--r 
t I 

~ = Ric 
d 4'e/dt !::!0,01 

H~ 
t t 
I 

-2 -1 r t 

~H 
t f 
J___-) 

-2 

2 

(Llc + 4'o/4)/<l'o 

4'e /q>o 

Puc. 4. Kpuea.R HQMQZHU'IUBQHU.R pecKeuoa npu 3Ha'leHU.RX 
napaMempoe: f=4. u a ..,Q,01. 
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IIOTOKa B IIPCAIIOilO)KCHHH, 'ITO CKa'IOK npOHCXOAHT, KOrAa 

TOK AOCTHraeT aenH'IHHLI I = -le: 

ell ""4Lic+<llo /1.13/ 
ec 

4 yl- a 2 

IlpH AanLHeiiweM yaenu11eHHH noT~ <I> e cneAYIOIUHii 

CKa'IOK IlpOHCXOAHT, KOrAa <l>e=<l>ec+<l>/y1-a2,H BCe IIOCilCAYIO

IUHC CKa'IKH 6YAYT npoHCXOAHTL nepHOAH'ICCKH 11epe3 

<I>olv1-a 2 

IIHTepeCHO OTMCTHTL, 'ITO KPHBa.11 HaMarHH'IHBaHH.11 

pecKBHAa npH a<<l aHanoru11Ha Kpuaoii HaMarHH'IHBaHH.11 

CKBHAa. EcnH )KC a> 1 , TO, KaK IIOKa3LIBaeT aHanH3 ypaa

HCHH.11 /1.12/,. nepHOAH'ICCKa.11 3aBHCHMOCTL OT BHeWHero 

MarHHTHOro IIOTOKa <I>e HC'IC3aeT. 3TO 06~.IICH.IICTC.II TCM, 

'ITO 3,D;C, HaBOAHMa.11 a KOilLUe peCKBHAa, HCAOCTaTO'IHa 

An.II Toro, 'IT06LI pa3BHTL TOK 6onLwe KPHTH'ICCKoro. B 

3TOM cny11ae nepexoA ,lJ;)K03e<l>coHa 6yAeT nonHOCTLIO caepx

npoBOA.lllllHM, n a KOHType peCKBH,IJ;a 6yAeT npoTeKaTL 

nocTO.IIHHLiii TOK, MeHLmHii, 11eM I c • Ocuunn.11uuii TaK)Ke 

He 6yAeT Ha6nroAaTLCJI, Il_OCKOilLKY npn TOKe 11epe3 nepeXOA 

I < le. Hanp.ll)KCHHe Ha HCM paBHO Hynro. 

,lJ;pyrHMH cnoaaMH, . Ha BHCWHHii MarHHTHLiii IIOTOK, 

HMCIOIIlHH CKOpOCTL H3MCHCHH.II 

~<R( " d t C. 

peCKBHA He 6yAeT pearHpoBaTL. 3TO CBOHCTBO OTilH'laeT 

peCKBHA OT CKBHAa, peaKUH.11 KOTOporo Ha MarHHTHLie 

non.II He 3aBHCHT OT CKOPOCTH HX H3MCHCHH.II. 

PaccMoTpHM npouecc "nepeMarHn11naaHn.11" pecKBH,IJ;a 

npH a<<l /puc. 4/. IlpH yaenH'ICHHH IIOTOKa <Ile COCTaBn.1110-

~.II LI . MarHHTHOro IIOTOKa <I> i , npOHH3L1Bal01IlCrO KOilLUO 

pecKBHAa, ao3pacTaeT AQ Tex nop, noKa He AOCTHrHeT 

BCnH'IHHLI (LI C +ell/ 4), nocne 11ero peCKBHA CKa'IKOM nepe

XOAHT H3 COCTO.IIHH.11 C N ,,,Q B COCTO.IIHHC C N=l . IlpH AanLHeii

WCM yaenH'ICHHH IIOTOKa <I>e CKa'IKH B nocneAyroIUHe KBaH- I 

TOBLie COCTO.IIHH.11 npoHCXOA.IIT C nepHOAOM ~<Ile , T.e. KOrAa 

<l>e= Lic+<I>0 (N+1/4). 
,lJ;onyCTHM, 'ITO IIOTOK <I>e AOCTHr BCilH'IHHLI (LIC +<1>/1)< 

<<118 <(Lic+54>/4) H Ha11an yMeHLWaTLC.11. B 3TOM cny11ae 

peCKBHA OCTaeTC.11 a COCTOJIHHH c N=l AO Tex nop,noKa 6yACT 

BLIIIOnH.IITLC.11 HepaBeHCTBO <I> 0-(LI c+ct> 0 /4) < ct> e : KorAa 
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3TO HepaBeHCTBO o6paTHTC.R B paaeHCTBO,npOH30Hl\eT cKa'IOK 

H3 COCTO.RHH.R C N =1 B COCTOJIHHe C N =0,TaKHM )Ke o6pa30M 

npoHCXO,ll.RT nepeXO'ALI B COCTO.RHHe c N ,c-1 H B CJle,llyrollUle 

COCTOJIHH.R npH ,llaJlbHeiimeM yMeHbWeHHH IlOTOKa. 3aMeTHM, 

'ITO KPHBa.R HaMarHH'IHBaHH.R HMeeT rHCTepe3HC. 

Bena pecKBH'A HH'AYKTHBHO .CBJI3aH c LC ·KOHTypoM 

/cM. puc. 2/, TO BHeWHHH MarHHTHLIH UOTOK HMeeT /BCJle,ll· 

CTBHe H36HpaTeJlbHLIX CBOHCTB KOHTypa/ BH,ll: 

<I> - <I> sinw t, 
e em 0 /1.14/ 

r,lle w 0• pe30HaHcHaJ1 yrnoaa.a qacToTa KOHTypa. Ycnoaae 

a< 1 'AJIJI CHHYCOH,llaJlbHOro BHeWHero MarHHTHoro IlOTOKa 

npao6peTaeT BH'A 

d<I>e 
a = RI c / (-- ) = RI / w

0
<I> < 1. 

dt max c em /1.15/ 

OTKy,lla MO)KHO BLIBeCTH Tpe6oaaHHe K BLI6opy pa6oqeii 

qacTOTLI ffq·HaKa'IKH: 

fo> Rlc/2rr<l>em· /1.16/ 

KaK 6y,lleT noKa3aHO HH)Ke, aMilJIHTY'AY BHeWHero MarHHT • 

Horo llOTOKanenecoo6pa3HO BLI6HpaTb <I> - LI C • Y'IHTLIBaJI 
em 

3TO B /1.16/, UOJIY'IHM: 

f o> R /2rr L /1.17/ 

3TO YCJIOBHe HanaraeT BepXHHH npe,lleJI Ha BeJIH'IHHY R. 

IlOCKOJlbKY HH'AYKTHBHOCTb peCKBH,lla o6LI'IHO COCTaBJIJleT 

-10-9 r, a qacTOTa f 
O 
~ 10 7 I'll, TO R < 10-2 OM. 

2.3. B3auMooeiicmeue pecKeuoa c LC- Ko11111ypoM 

PacCMOTpHM Tenepb nponecc aMUJIHTY'AHOH MO'AYJIJIUHH 

Hanp.R)KeHHJI Ha LC ·KOHType, llHTaeMOM OT HCTO'IHHKa Bq
TOKa HaKa'IKH. liy,lleM paccMaTpHBaTb nponeccLI B CHCTeMe 

peCKBH'A - KOJle6aTeJlbHLIH KOHTYP npH a<<l a BHa'laJle 

_noJIO)KHM, 'ITO U x=O.Tor,lla TOK, o6ycnoaneHHLiii Ux , TaK)Ke 

paBeH Hymo. B peCKBH,lle npoTeKaeT TOJlbKO Bq·TOK, Haae-

12 

;, 

,lleHHLIH nepeMeHHLIM MarHHTHLIM llOTOKOM <I> e ,B COOTBeT
CTBHH c / 1.14/, npH'leM 

<I> = MI = QMI , em tm rm /1.18/ 

r,lle M = k .../ L Lt - B3aHMHaJI HH'AYKTHBHOCTb L H Lt ; 

k - Ko3cW>anaeaT CBJI3H L a Lt ; Lt - HH'AYKTHBHOCTb LC

KOHTypa; I tm - aMnJIHTY'Aa .ToKa, npoTeKaro~ero no Ka

TywKe Lt ; Q= wOLt /Rt - ,ll06poTHOCTb LC ·KOHTypa; Rt -

3KBHBaneHTHOe aKTHBHOe conpoTHBJleHHe LC·KOHTypa Ha 

pe3oHaHcHoii <1acT0Te w 0 ; I rm - aMUJIHTY'Aa Bq ·ToKa, no

CTynaro~ero B LC·KOHTyp OT reHepaTopa ToKa. 

IloKa <I> em < LI c , B pecKBH,lle 3a nepHO'A H3MeHeHHJI 

BHewHero MarHHTHOro llOTOKa pacceaaaeTC.R TOJlbKO MaJlaJI 

'laCTb 3HeprHH H3 LC • KOHTypa - 2 17 I 
2a / w 

O
. B 3TOM 

pe)KHMe aMnJIHTY'Aa HanpJI)KeHHJI Ha LC·KOHType Utm JIH• 

HeiiHo 3aBHCHT OT I tm / puc. 5/. Kor.Ila npa yaena<1eHHH 

llOTOKa ero aMUJIHTy,lla 'AOCTHraeT BeJIH'IHHLI <I> emc = 
= (LI C + <l>o/ 4) , B peCKBH,lle npOHCXO,llHT CKa'IOK H3 co-

Utm 

A 
Utm 

ut'm 

Lic1- ~/4 

QM 

C 

Irm 

Puc. 5. Ynpo111e1111a.11 aMnAu111yo11a.11 eo.11b111aMnep11a.11 xapaK· 
111epuc111uKa LC • KOH11lypa, UHOYKIIIUBHO C6Jl3aHIIOZO C pecKeu
OOM. 

13 



CTOJIHBJI C N=O B COCTOJIHBe C N=l BJIH C Na-1 B 3aau

CBMOCTH OT HanpaaneHBJl B"tJ-noTOKa /TO'IKa A Ha puc.5/. 
IlpB !3TOM aMnJIHTy.n;a Hanp.ll)KeHHJl Ha KOHType B TO'IKe 

ApaaHa: 

A A 
U tm .., wOL t I tm'"' w OL t(L I e + <I> of 4 )/M /1.19/ 

Bo BpeM.ll CKa'IKa H3 KOHTypa OTBO,IJ;HTCJI 3HeprB.ll, 

qacTL KOTopou pacceHaaeTc.ll B conpoTHBJieHHH nepexo.na 

RJ" Bo BTopoM nonynepHo.ne B"tJ-noToKa pecKBH,D; ao3apa

ll\aeTc.11 B COCTOJIHHe C N = 0 ,H H3 KOHTypa CHOBa OTBO,IJ;HTCJI 

:rneprH.ll. lfa - 3a ,IJ;HCCHnaUHH 3HeprHH 3a 3TOT nepHO,D; 

CHH)KaeTCJl .n;o6pOTHOCTL LC -KOHTypa H, KaK cne,nCTBHe, 

- aenH'IHHa <I> • Ilo3TOMY B cne,nyroll\HH nepHo.n B"tJ-noToKa 
em 

BeJIH'IHHa (LI e + <l>o/ 4) He ,D;OCTHraeTCJl, H CKa'IKa B KBaHTO-

BOe COCTOJIHHe, OTJIH'IHOe OT N = 0 ' He npOHCXO,D;HT. ,D;m1 

Toro 'IT06LI BOCCTaHOBHJiaCL .no6poTHOCTL KOHTypa, Tpe-

6yeTCJl npHMepHO Q nepHO,IJ;OB B"tJ -ToKa. 

EcnH npo,non)KaTL yaeJIH'IHBaTL Irm ,cKa'IKH 6y,nyT npo

ucxo,nHTL no-npe)KHeMy npH Tex )Ke 3Ha'leHH.llX <I> eme•a cne

.noaaTeJILHO, H Utm H I tm , o,nHaKO TenepL OHH 6y,n;yT npoHc

XO,IJ;HTL 'lall\e, TaK KaK .no6poTHOCTL KOHTypa 6y,neT BOCCTa

HaBJIHBa TLCJl 6LICTpee.B TO'IKe B/ puc.5/ 6y,nyT npoHCXO,IJ;HTL 

.n;aa cKa'IKa 3a Ka)K,D;LIH nonynepHo.n B"tJ-noToKa. ,D;anLHeu

wee yBeJIB'leHHe aMnJIBTY.ULI TOKa Irm 6y,neT conpOBO)K,D;aTL

CJl nBHeHHLIM pOCTOM aMnJIHTY.ULI HanpJI)KeHHJl Ha KOHType 

UtnrnOCKOJILKY 3a Ka)K,nLIH nonynepuo.n TOKOM Ir nocTaBn.11-

eTc.11 B KOHTYP 60JILWe 3HeprHH, qeM 3TO Heo6xo,n;HMO ,IJ;JIJI 

CKa'IKa. CKa'IKH no- npe)KHeMy 6y,nyT npOHCXO,IJ;HTL no O,IJ;HOMY 

3a nonnepuo.na B"tJ-noToKa. TaK6y,neT, noKanpHyBeJIH'leHHH 

aMnJIHTY.ULI TOKa aMnJIHTy,na noTOKa He ,IJ;OCTHrHeT BeJIH'IHHLl 

(Lie+ 5<1>0/4) /TO'IKa C/. B 3TOH TO'IKe B peCKBB,IJ;e npo

HCXO,IJ;JIT cKa'IKH H3 cocTO.llHH.ll c N =1 B cocTOJIHHe c N = 2-'nnn 

B3 COCTOJIHHJI C N=-1 B COCTOJIHHe C N=-2 COOTBe'I'.CTBeHHO, 

B 3aBHCHMOCTH OT HanpaaneHHJl B"tl -nOTOKa/. BO3HHKHOBe

llHe BTOporo nnaTo, Ha'IHHaIOil\eroc.11 TO'IKOH C ' /KaK H 

acex nocne,nyroll\HX/ ofrLJ1CHJ1eTc.11 TaK )Ke, KaK H o6pa3oBaHHe 

IlJlaTo AB. 3HeprH.ll, nocTynaroll\a.ll a LC-KOHTYP 3a nepHo,n;, 

/B TO'IKe A , puc. 5/ paBHa: . 
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A 2 2 
E ""rr Lt (Lie + <l>ol 4) / QM . /1.20/ 

Pa3HHua B 3HeprH.11x 2~. nocTynaIQII\HX B LC -KOHTYP, 

/B TO'IKax B ,H A ' puc. 5/ npH6nH3HTeJILHO paBHa y.n;aoeH

HOH nJIOil\a,D;H rHCTepe3HCHLIX UHKnOB KPHBOH HaMarHH'IHBa

HBJl peCKBH,D;a, .n;eneH.HOH Ha L, T .K. B TO'IKe B npoHCXO,D;JlT ,D;Ba 

CKa'IKa 3a nepHO,D;, a B TO'IKe A - 1/Q CKa'IKOB: 

21'.lE = 2(2<1>0 1 e- <I>~/ L ) • 

. TaKHM o6pa3oM, .n;nHHa nnaTo AB paaHa 

L\I AB'= 21'.lEw 0 

rrUA 
tm 

2 
2<l>Ok (2Lic·-<1> 0 ) 

rrM(Lle +<1>/4) 

/1.21/ 

/1.22/ 

PaCCMOTpHM TenepL pa6oTy CHCTeMLI, Kor.na Ha peCKBH,D; 

no.naHo H3Mep.11eMoe noCTOJIHHOe Hanp.ll)KeHHe U >>RI • KaK 
X C 

6LIJIO noKa3aHO BLIWe' B 3TOM cnyqae B KOJILUe peCKBH,D;a 

npoTeKaeT nepeMeHHLIH TOK C 'laCTOTOH <.,) J• nponopUHOHaJIL -

HOH U x"IlepeMeHHLIH TOK I c qacTOTOH w J 6y,n;eT ao36y)K,D;a TL 

MarHHTHLIH nOTOK <l>x, npoHH3LIBaIOII\HH peCKBH,D;: 

<I> x = LI c sin [ «: i + C,, e I ,8) In I 1- ,8 (I/I c )I]. /1.23/ 

3aBHCHMOCTL <l>x OT BpeMeHH COOTBeTCTByeT H3o6pa)KeHHOH 

Ha_ puc. 3. C .n;pyroii CTOPOHLI, a KOJILUe peCKBH,na 6y,neT 

UHPKYJIHpoaaTL TOK, HH.UYUHPOBaHHLIH MarHHTHLIM noTOKOM 

B "tJ - HaKa q1rn <I> • . e 
Y'IHTLIBa.ll, 'ITO ypaBHeHHe /1.12/ .neHCTBHTeJILHO .nn.11 

nro6Lix <l>eH I, a TaK*e TOT 4'aKT, 'ITO_ aMnJIHTy,na caepxToKa 

B KOJILD;e peCKBH,na He MO)KeT npeBLIWaTL I c' MO)KHO 3anH

CaTL 

<I>. =<I>+ L(I(x\1 (r) ), 
1· e /1.24/ 

r.ne I (x) - KOMilOHeHTa. TOKa B peCKBH.ne, onpe,neJIJleMaH 

HanpJI)KeHHeM ux B COOTBeTCTBHH c ypaaHeHHeM / 1.8/; 1(r) -
KOMilOHeHTa TOKa B peCKBH,ne, HH.UYUHPOBaHHa.ll MarHHTHLIM. 

nOTOKOM B "tJ -HaKa'IKH H onpe,D;eJIJleMa.ll ypaBHeHHeM / 1.11/. 
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TaKoe pa3,D;eJieHHe CYMMapHoro TOKa Ha KOMIIOHeHThl HMeeT 
CMhlCJI B CBJl3H c TeM, ~no nepHOJl. TOKa 1<x>Bo MHOro pa3 

6onLme nepHo.na TbKa I (r). ,D;pyrH~B cnoBaMH, .nns TOKa 

1Jr}HH,D;yUUpyeMOI'O B KOJIL:Ue peCKBB,D;aIIOTOKOM Bq-Haxaqxu 

<I>e, TOK I (.J!:) MO:>KeT C'IHTaTLCJI KBa3BIIOCTOJIHHhlM. Cne,D;oBa
TeJILHO, TOK l(X) BLIIIOnHJleT ,wIJI IIOTOKa <1> 0 pOJIL CMemeHll~, 

nepeMemas Ha11ano KOOp,D;BHaT Ha puc. 4 OTHOCBTeJILBO 

HeIIO,D;BB:>KHOB KPHBOB HaMarHH'IBBaHHJI. 

Bwme Mhl paccMaTpBBanB cny11aii, Kor.na HanpJl)l(eHBe 
UX.H TOK l(x\>aBHhl Hymo. 3TO 3KBBBalleHTHO OTCYTCTBHIO 

CMemeHHJI oceii Koop,D;Baar. Kor.na B pecKBBJle npoTeKaeT 
TOK 1<x? TO OJlHH pa3 3a nepHOJl, a BMeHHO B MOMeBThl Bpe

MeHH t ... 71 (2n+1) / w J / n - nenoe IIOJIO:>KBTenLHOe 'IBCJIO/, 

CMemeHHe oceii KOOPJlHHaT COCTaBnJieT <I>/2- B 3TOM nerxo 
y6e,D;HTLCJI, BCIIOMHBB o IIOJJ;06BB <l>opM KpHBhlX 1tx>:e I (r). 

KpHTH'leCKaJI BenB'IHHa aMIInHTYJlhl IIOTOKa <I>emc ,D;llJI 3TOro 
cny11a.J1 paBHa IIOJIOBHHe mHpHHhl neTnB rBCTepe3BCa 

(LI c - <f>o/ 4), CooTBeTCTByromaJI 3TOMY 3Ha'leHHIO IIOTOKa 
aMIInBTY,D;a HallpJI:>KeHBJI Ha LC-KOHType 

D D I 
U •w L I ""'w L (LI - <I> 4)/M • /1 25/ tm O t tm O t c O • 

Ha BOJILT-aMnepHoii xapaKTepBCTBKe 3TOB aMIInBTY,D;e aa

npJI:>KeHHJI COOTBeTCTByeT· TO'IKaD, KOTopaJI cny:>KBT aa11anoM 

IIn8.TO DE.B TO'IKe D IIPOBCXO,D;BT 0,D;BH CKa'IOK 3a....QnepBO,D;OB 

B3 COCTOJIHHJI C N•O B COCTOJIHBe C Nm1. IlpH yBenB'leHBB 

aMIInBTYJlW TO Ka I rm B npe.nenax nna TO DE cKa'IKH yqama,roT
cs, a B TO'IKe E llpOBCXO,D;BT ,D;Ba CKa'IKa 3a nepuo.n. CucTe

Ma IIPOXO,D;HT 3a nepBOJl O,D;BH rBCTepe3BCHhlB :UUKn. B 3TOM 

OTnB'IBe pe:>KBMOB B TO'IKaX BB E,T.K. BTO'IKe B /npu wJ= 
=0/ cucTeMa coBepmaeT ,D;Ba cKa'IKa 3a nonynepuo.n, a 3a 

nepBOJl npOXO,D;BT ,D;Ba rBCTepe3BCHhlX :UBKna. 
IlpupameHue 3Hepruu Ha nnaTo DE cocTaBJIJieT .:\E , a 

JJ;nBHa nnaTo DEpaBHa 

.:\I DE_ .:\Ewo 

11UD 
tm 

~ 
<I>0 k {2Lic - <I>0 ) 

11M{Lic- <I> 
0

/ 4) · 

'ITO B 2{LIC- <I>o/4)/(LI c+<I>o/4) pa3 MeHLme 
nnaTc;> AB. 
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/1.26/ 

JlnHHLI 

IlpH ,D;aJILHeiimeM yBenu'leHBB aMIInHTYJlhl TOKalrm 110-
BTOpJieTCJI BCJI IIOCJie,D;OBaTe.JILHOCTL ·nnaTO B 110,D;'LeMOB, KaK 
a .nns cnyqas I (x)._ O. 

AMIIJIBTYJla KPBTB'leCKoro IIOTOKa <I>emc Ha nepBOM nnaTO 
.nns mo6wx .npyrux 3Ha'leHuii Toxa I(x), KpoMe paccMO,TpeH

HLIX, onpe.nenseTcJI paccTOJIHBeM OT cMemeHHoro Haqana 

KOOp,D;BHaT .no HaB6oJiee y.naneHHOB BepTBKallLHOB nBHBB 

nepBoii neTJIB rucTepe3uca /nepexo.n B3N-=OBN•1 BHa3a.n/. 

Ilpu 3TBX 3Ha'leHBJIX <I> em IIPOHCXO,D;HT, TaK :>Ke KaK H Ha 

nnaTo DE , JJ;Ba cKa11Ka 3a nepHOJl, i.e. CHCTeMa npoxo.nHT 

3a nepHOJl O,D;HH· rHCTepe3HCHLiii :UHKn. TaKHM o6pa30M, 
IIPH H3MeHeHHH TOKa I (X) BO BpeMeHH OT Ha'lana nepHO,D;a 

(t ... 211n/wJ) .no IIOJIOBHHLI 11epHO,D;a(t-11{2n+1)/wJ) aM
llnHTYJJ;a KPHTH'leCKoro IIOTOKa <I>emcnBHeBHO yMeHLmaeTCJI, 
a OT nonoBHHLI nepHo.na .no Haqana cne.nyromero - JIBHeiiHo 

YBeJIH'IHBaeTCJI. 3TH H3MeHeHHJI <I>emcr•eCTeCTBeHHO, conpo

BO)l(,l(aIOTCJI TaKHMH :>Ke H3MeHeHHJIMH aMIInBTYJlLI TOKa 

Itm• 11poTeKa10mero qepe3 KaTymKy Lt ,H aMIInBTYJlhl Ha11pJ1-
:>KeHHJ1 Ha KOHType U tm· ,'ITO BLl3LIBaeT aMIIJIHTYJlHYIO MO,D;y

JIJl:UUIO U tm • IlepHOJl 3Toii MOJlYJIJI:UHH paBeH · 211 / w J JI npo
nopnHoHaneH H3MepJieMOMy HallpJI:>KeHHIO Ux B COOTBeTCTBHH 

C / 1. 8/. JllrneiiHaJI 3aBHCHMOCTL <I> emc OT BpeMeHH IIOHJITHa, 

ecnu yqecTL no.no6He <l>opM TOKOB I(x) H I (r~ IlepBhlii 3aBHCHT 

OT BpeMeHH,. a B}'Opoii - OT BHemHero MarHHTHOro IIOTOKa. 

KpoMe Toro, OKa3LIBaeTCJI HeBa:>KHhlM, IIPHHHMaeT TOK 
I(x\iyneBoe 3Ha'leH:e:e XOTL pa.3 3a nepHOJl HnB HeT /npu 

£>311/2 TOK I (x)He .nocTHraeT HyJieBoro 3Ha'leHHJI B Te'leHHe 

nepHo.na/, IIOCKOJILKY aMIIJIHTy,D;a KPHTH'leCKOro . IIOTOKa. 

<I>emcf>Ka3LIBaeTCJI IIPJIMO 3aBHCJimeii OT BpeMeHH C nepHOJlOM 
211/ w J 6naro.napJI IIOJJ;06HIO <l>YHX:UHB I (XJ:r ( w Jt ) H I (r) = 
= f (2 71 ct> e / <I>o).TaKHM o6pa30M, 3aBHCBMOCTL aMIInBTYJlhl 
IIOTOKa <I> emcOT BpeMeHH JIBJIJleTCJI TpeyrOJILHOH ,D;llJI mo6wx 

f , llpH a<<J. H {3<<1.HMeHHO TaKaJI 3aBHCHMOCTL Ha6moJJ;aeTCJI 

3KcnepHMeHTaJILHO. Ha puc. 611pHBe.neHa<l>oTorpa<i>HJ1 ocnBJI
norpaMMLI YCBJieHHOro H. npo,D;eTeKTHpoBaHHOro HaIIpJl)l(eHHJI 
Ha KOHType llpH w /211 ~ 880 I'll, f ~9. 

rny6HHa aMIInBTYJlHOii MOJlYJIJI:UHH m B npe.nenax nepBoro 
nnaTo onpe,D;eJIJieTCJI OTHOmeHHeM pa3HOCTH aMIInHTYJl cl) emc8 

TO'IKax _ A H D ( ct> 
0 

/2) K IIOJiymHPHHe KBaHTOBOB CTyneHH 
(Lie +ct>0 /4) 
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Puc. 6. Oc1.1uAAozpaMMa eMxooHozo Hanp.11J1CeHUJ1 I/Ht/ Ha 
peCl<BU0e npu e -9 U w / 21r -880 I'll. 

J 

m = <I> /2 (LI + <I> /4). 
0 C 0 /1.27/ 

OTCIO,lla MO)KHO C,lleJlaTb BbIBOA, 'ITO )KeJlaTeilbHbl /AJIJI 

6onLwee: rny6HHbl MOAYJ1J1UHH/ MeHbwHe 3Ha11eHHJ1 LI c • 

1OO0/o-HaJI MOAYJIJID;HJI nony11aeTCJI IlpH e=l. KOr,lla HC11e:iaeT 

rHCTepe3HC. ,ll;JIJI 06ecne11eHHJI OilHCaHHoro pe)KHMa pa60Tbl 

CJle,llyeT Bbl6HpaTb napaMeTpbl CHCTeMbl peCKBH,ll-KOJ1e-

6a TeJlbHblH KOHTYP TaKHM 06pa3 OM, 11T06bl y11acTOK ill AE>O H 

pa6oqag TO'IKa no T0KY Irm HaXO,llHJlaCb Ha 3TOM y11aCTKe. 

OTCIO,lla nerKO HaHTH Tpe6oaaHHe AJIJI napaMeTpa CBJl3H: 

k2 Q > 1rl 4 . Cne,llyeT OTMeTHTb, 11To 4>opMyJ1bl / 1.19 / H 

/1.25/ ,llJIJI Hanpg)KeHHH U tm H U~m ,lleHCTBHTeJlbHbl ,llJIJI 3Ha

qeHHH K034>4>HuHeHTa CBJl3H k, YAOBJleTBOPJIIOll.\HX HepaBeH

CTBY k 2 >1r/4 Q. Bbipa)KeHHe /1.27 / ,llJIJI onpe,lleJleHHJI rny-

6HHbl MOAYJ1J1UHH cnpaae,llJIHBO TaK)Ke TOJlbKO B 3TOM cny11ae. 
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CABHra Tb anpaao pa6011y10 T011Ky B npe,llenax y11acTKa 

ill AE HeBblrO,llHO: npH 3TOM CHH)KaeTCJI 34>4>eKTHBHaJ1 A06-

POTHOCTb LC -KOHTypa H3 - 3a yBeJIH'leHHJI IlOTepb 3Hepr;HH 

B pecKBH,lle. BLiwe Mbl npeHe6peranH yMeHbWeHHeM A06poT

HOCTH Q npn yaeJIH~eHHH TOKa Ha nnaTO. O,llHaKo npH CTpo

roM a11a.JIH3e C D;eJlblO yBeJIH'leHHJI OTHOWeHHJI CHrHan/wyM 

CJle,llyeT Y'IHTbIBaTb H YMeHbWeHHe ,ll06poTHOCTH Ha nnaTo. 
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