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3. CKBHJU,I 

CKBH.!l npe.nCTaBJHieT co6oft caepxnpoao.ns1111wft KBaHTOBblft lfHTep(!JepoMeTp, 

T. e. KOJibUO lf3 caepxnpoao.nmuero MaTepwana, 3aMKHyToe qepe3 o.nwH lfJllf .naa 

.llJl(O3e(!JCOHOBCKlfX 

lfHTep<J>epoMeTpa. 

nepexo.na, C uenbll C'IlfTblBaHlfH lfH(!JOpMaUlflf O COCTOHHlflf 

TIOMlfMO 3<!><l>eKTa }l)Ko3e<JlcoHa B CKBlf.nax pa6oTaeT 3<!><l>eKT 

KBaHTOBaHlfH MarHlfTHOro IlOTOKa B KOJlbUe, KOTOpblft .nenaeT lfX HeJilfHeHHblMlf 

aKTlfBHblMlf 3JieMeHTaMlf C Hee.nlfHCTBeHHblM COCTOHHlfeM ycTOH'llfBOro paBHOBeClfH. 

EcTeCTBeHHO, 'ITO c IlOBblWeHlfeM pa6oqeft TeMnepaTypbl T, a cne.noaaTeJibHO, 

<JlJIYKTyauwoHHoro Tennoaoro TOKa ,a .nxo3ecpcoHoacKlfX nepexo.nax ii, pacTeT 

aepOHTHOCTb: noHBJieHlfH caMonpOlf3BOJlbHblX CKa'IKOB pa6oqeft TO'IKlf lf3 o.nHoro 

. COCTOHHlfH YCTOH'llfBOro paBHOBeClfH B .npyroe. IJTOObl o6ecrre'IlfTb YCTOH'IlfBYll 

pa6oTy lfHTepcpepoMeTpOB, Ha wu.nyKTlfBHOCTb lfX KOHTypa KBaHTOBaHlfH Ls 

HaKna.n1,1aaeTCH orpaHw'leHwe: L
5 

He .nomma 3aMeTHo npeaocxO,nwTh 

<!>JIYKTyauwoHHYll lfH.nYKTlfBHOCTb LF, anepBble aae.neHHYll B [1]. 

~JIYKTyauwoHHaH lfH.nyKTHBHOCTb 3TO TaKaH lfH.nYKTlfBHOCTb 

HHTep<J>epoMeTpa, npw KOTOpoft 3HeprHH TenJIOBblX (!JJIYKTyauwft CTaHOBlfTCH.paBHOH 

3Heprwlf, KOTopyll HYlKHO 3aTpaTlfTh, 'ITOObl nepeaecT~ pa6oqy11 TO'IKY B o.nHo H3 

coce.nuwx COCTOHHHH ycTOH'llfBoro paBHOBeCHH: 

~2 

L = o 
F (2n:)2kbT 

. (3.1} 

npw T=77K LF<><10-
1O

rH. 

C npeBblWeHHeM 3Ha'leHHH L aepOHTHOCTb caMonpOH3BOJlbHblX CKa'lKOB 
F L 

pa6oqeft TO'lKH P(ef>, t) pacTeT nponopuwonaJibHO <><exp( ; r!-J. cornacno [21. 
s 

npw Ls"'(4-S)LF P(ef>, t)"'O, 1 3a nepwo.n BpeMeHlf t.t .. s-ro, r.ne -ro - IlOCTOHHHaH 

apeMel!lf CKBHJta. Ha npaKTlfKe 3TO O3Ha'laeT (!JaKTH'leCKH IlOJIHYll noTepll pa60TO-

cnoco6HocTlf .naT'llfKa. 

B TOHKOnJiel!O'lHblX lfHTep<J>epOMeTpax, 'lTOObl o6ecne'IlfTb Ls:s10-
10

rH, 

,nwaMeTp KOHTypa KBaHTOBaHlfH He .nonxen npeBblWaTb <><SOMKM [3]. 

B Ka'leCTBe o6mero 3aMe'laHHH K rnaae 3 XOTeJIOCh 61,1 OTMeTlfTb, 'ITO 

cymecTBYlllllaH TeOplfH CKBH.noa Hanwcana .nJIH CJiy'IaH Ls<<LF. B npaKTlf'leCKlfX If 

TOIIKOilJieHO'lHblX, If MaCClfBHblX BTCTI-CKBH.nax npw T=77K .naHHOe ycJIOBHe, KaK 

npaBHJIO, ne BblilOJIHHeTCH •.. TIO3TOMY, npex,ne 'IeM HCilOJlb3OBaTb BblpalKeHwe ,nJIH 

CHrHaJibllblX If WYMOBblX xapaKTeplfCTlfK Hlf3KOTeMnepaTypHb1X CKBH.!lOB, Heo6xo.nHMO 

npe.naaplfTeJlbHO oueHHBaTb norpeWHOCTb, KOTOpaH MOJKeT 6b1Tb 3aJIOJKeHa B HHX 

H3-3a HeBblilOJIHeHlfH L <<L. 
S F -----
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Jlm1 npHKJJa,nm,1x ueJJefl HaH60JJbWee pacnpocTpaHeHHe noJJytJHJJH .nea THna 

CKBMOB: C O,nHHM H C .neyM.H nepexo.naMH )lJK03e<IJCOHa. no cnoco6y onpoca HX 

COCTO.HHH.H OHi'! noJJytJHJJH Ha3BaHH.H COOTBeTCTBeHHO CKBH,nbl nepeMeHHOro H 

IlOCTO.HHHoro TOKll. B CBOIO oqepe,nb, B 3aBHCHMOCTH OT tJaCTOTbl onpoca CKBMbl 

nepeMeHHoro TOKll Ha3blBaIOT ,im6o pa,nHotJaCTOTHblMH, JJH6o ceq-CKBH.naMH. 

Heo6XO,nl'IMO yKa3aTb Ha p.11.n OTJJHtJHblX no.npo6HblX 0030p0B,, TIOCB.HUleHIIUX 

OOOHM rnnaM CKBMOB, pa6oTaKlUlHX npH TeMnepaType lKMKoro reJJH.H [4, 5]. 

TIOCKOJJbKY ,nHHaMHKa KepaMH'leCKHX CKBH.noB B OCHOBHOM HHtJeM He OTJJHtJaeTC.H OT 

,nHHaMHKH HHOOHeBblX, TO, tJTOObl H36eJKaTb TIOBTopeHHH, B 3T011 rJJaBe OtJeHb 

'KpaTKO BBe.neM TOJJbKO IlOH.HTH.H ,nJJ.H HX OCHOBHblX CHrHaJJbHblX H WYMOBblX 

napaMeTpOB, a 3aTeM npnee.neM 3HatJeHH.H 3THX napaMeTpOB ,nJJ.H JJYtJWHX Ha 

cero,nH.H KepaMHtJeCKHX ,naTtJHKOB npn T=77K. 

3.1.Pa.nnotJaCTOTHble CKBH,nM. TipHHUMTI .neflCTBH.H. OCHOBHble COOTHOWeHH.H 

CorJJaCHO [6], BbipaJKeHHe ,nJJ.H MarHHTHOro TIOTOKa BHYTPH CBepxnpoeo.n.11mero 

KOJlbUa, 3aMKHYTOro qepe3 ,nJK03e$COHOBCKHH nepexo.n, MOJKeT 6b1Tb 3anHCaHO B 

cJJe.ny10meM BMe: 

~=~e-Lslc~in(2n~/~
0

), ,(3.2) 

r.ne ~ - TIOJIHbl11 BHeWHHH MarHHTHl,111 TIOTOK, npHJJOJ!CeHHblH K CKBH.ny, L 
e 15 s 

HH.nYKTHBHOCTb CKBH.na, ~ ~2.01 10- B6 - KBaHT MarHHTHoro TIOTOKa. B (3.2) 
od~ 

npe,nnOJJOJKeHo, tJTO C=O, ~=O. 

BbipaJKeHHe (3.2) 6oJJee y.no6HO 3anHcaTb B HOpMHpOBaHHOM BH,ne: 

<p=<pe-lsinq,, 

2nL I 
S C 

r.ne q,=2n~/~
0

• q,e=2n~e/~0• 1=--~--
o 

(3.3) 

1 - 3TO OCHOBHOl1 napaMeTp l111Tep<1>epoMeTpa, onpe.neJJ.HIOlUHH pelKHM ero 

pa60Tbl. ECJJH 1<1, <!>YHKUH.H q,=f(q,e) o.nHo3HaqHa, H .naTtJHK pa6oTaeT B 

6e3rHCTepe3HCHOM peJKHMe KaK napaMeTp11qecKa.H HH,nyKTHBHOCTb. nptt l>l 

3aBHCHMOCTb q,=f(q, ) co.neplKHT rHcTepe3HCHble neTJJH, KaK 3TO noKa3aHO Ha 
, e 
pHC.1. 

cor JJacHo TeopeTHqecKHM pacqeTaM. c,neJJaHHblM B [ 7. 8 l , 

6e3rHCTepe3HCHblH peJKHM B npHHUHne TI03BOJJ.HeT .no6HTbC.H JJyqwero OTHOWeHH.H 

CHrHaJJ/WyM, qeM B CJJyqae c 1>1. O.nHaKO Ha npaKTHKe 3TOT peJKHM He 

HCTIOJlb3yeTC.H, TaK KaK Tpy.nHo o6ecneqHTb ycTOHtJHBYIO pa6oTy peaJJbHblX 

CKBH,nOBCKHX CHCTeM 6e3 cepbe3Horo HX ycJJOJKHeHH.H. TeM He Meuee, yqHTblBa.H 

O,nH03HaqHQCTb <p=f(q,~). 3TOT peJKHM. MOJKeT 61,1Tb TIOJJe3eH ,nJJ.H noJJytJeHH.H 

·-~·r-,::~-· ~ ~-l '~") J 
,::.--:::}:-;',":•'"~--~~ -~.2:;_-.-:.~:"-~:t" .!f 

t'!·~ .,~'·:+i.:~~-

) 
!,1 

! 
II 

TOKOQ)a3osoro COOTHOWeHH.H B .nJK03e<t>conoecKHX nepexo.nax B .HBHOM BH,ne, 

3TO yJKe OTMetJaJJOCb B rJJaBe 1, tJaCTb 1. 
KaK 

'I' 

'I 

S"x =1 

A 

"· Pttc.1. 3aBHCHMOCTb BHyTpeHHero 
MarHHTHoro TIOTOKa <p OT BHeWHero 
q,e .nJJ.H pa.nHoqaCTOTHOro HHTep<1>epo-

MeTpa, pa60Ta10mero B. rHcTepe3nc~ 
HOM pelKHMe. 

PeaJJbHble H3MepHTeJJbHble CHCTeMbl CTpO.HTC.H Ha pa.nHotJaCTOTHblX CKBMaX, 

pa6oTa!OUlHx npH 1>1. npome Beere IlOH.HTb npHHUHTI .neflCTBH.H .naTtJHKa B 3TOM 

pelKHMe, ecJJH HCITOJlb30BaTb pa3,neJJbHble uerrtt ,nJJ.H Bq-cMemeHH.H HHTep<t>epoMeTpa H 

CqHTblBaHH.H C Hero HH<!>OpMaUHH, IlOKa3aHHble Ha pHc.2. B .naHHOM cJJyqae CKBM 

, , m 
1rf =rrf coswt to amplifier 

cp 

3f)ltout 
<flx / 

PHC.2. CBepxnpoeo.n.HUlHH KBaHTOBblH HHTep<1>epoMeTp c pa3.neJJbHblMH uerr.HMH 
CMemeHH.H Ll H onpoca ero COCTO.HHH.H LKCK. q,x - H3Mep.HeMblH MarHHTHblH IlOTOK. 

pa6oTaeT KaK KJJaccttqecKHH rrapaMeTpHtJeCKHH 3JJeMeHT. qepe3,HH.nYKTHBHOCTb Ll 

rrporrycKaeTc.H pa.nnoqacTOTHb111 TOK c <!>HKCHpoBaHHOH aMITJIHTy.no11, KOTOpb111 

C03,naeT orrpaumea10mtt11 MarHHTHb111 ITOTOK q,rf=q,;fcoswrft. TipH H3MeHeHHH 
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. . 
ll3Mepl!eMoro MarHllTHoro ITOTOKa ¢x pa3Max cyMMapHoro ITOTOKa BHYTPll KOJJbUa ¢ 

ll3MeHlleTCll TaKllM o6pa30M, KaK 3TO ITOKa3aHO Ha pttc. 1 )Inll ¢=f ( ¢ e), r )le 

¢ e =¢x +¢rf" IIOTOK BHyTpll KOJJbUa ¢ C'ittnrnaeTCll npu ITOMO!llll KOJJe6aTeJJbHOro 

KOHTypa LIC CIC, KOTopuf! MOJKeT 6L1Tb HaCTpOeH KaK Ha 'iaCTOTY w rf , TaK tt Ha 

BLICllllle rapMOHll'ieCKlle COCTaBJJllD!lllle, T.e. nwrf' r.1te n=2,3,4 ••• 

C'illTLIBaHlle llHc!JOpMaUllll C llCITOJJb30BaHtteM pa3)leJJbHOH HaKa'!Kll He uawno 

npttMeHeHlll! B CKBll)laX, pa6oTaD!llllX B JKll)lKOM reJJllll. OT'iaCTll 3TO CBl!3aHO C 

TeM, 'ITO )laHHLlfl ITO.llXO.ll Tpe6yeT )lOITOJJHllTeJJbHOro coe)lllHllTeJJbHOro Ka6eJJl!, 

ll.llymero ll3 KOMl!aTHOfl TeMnepaTypu ll ITOTOMY yBeJJll'ittBaDmero paCXO)l 

XJJa)loareHTa. B YCJJOBllllX pa6oTLI B JKll)lKOM a30Te eCTb CMLICJJ 6onee TlllaTenbHO 

llCCJJe)loBaTb pa3)leJJbHYD HaKa'iKY, TaK KaK, corJJaCHO [8) •. C Hefl MOJKIIO 

)lOOllTbCll 6onee BLICOKoro K03c!Jc!JllUlleHTa npeo6pa3oBamrn Manmnmro IIOTOKa B 

Hanpl!JKeHtte no cpaBHeHttD co cTaH.1tapTHLIM cnoco6oM onpoca, oco6emm B TOM 

CJJy'!ae, eCJJll llCl10Jlb30BaTb pa)lHO'iaCTOTHLIH TOK CMeUlellllll cneuwaJJbHOH cpopMLI. 

CTaH.1tapTHal1 CXeMa C'illTLIBaHllll HH(!JOpMatiuu B pa)lttO'iaCTOTHOM CKBll)le 

npe.1tCTaBJJeHa Ha puc. 3. B 3TOH cxeMe mnepcpepoMeTp HH.llYKTHBHO CBl!3aH C 

Grt 
R 

M 

.o 
e 

CT' 

P11C.3. CTan.1tapTHal1 cxeMa onpoca COCTOl!Hllll llHTepcpepoMeTpa B pa.1tH0'-1aCTOTIIOM 

CKBll)le. G -- reHepaTop pa.1tHO'iaCTOTHOro TOKa CMemeHllll, A - pa.1tl10'iaCTOTHbll1 
rf . 

npe.1tBapttTeJJbHbll1 YCllJJl1TeJJb, D, C,R - aMHJJllTY.1lHhll1 )leTeKTOp. 

KOJJe6aTeJJbHLIM KOHTypoM LTCT, 11a KOTOpL111 IIO)laeTCll pa.1tttO'iaCTOTHLll1 TOK 

CMemeHllll irf OT ·reHepaTopa TOKa Grf" Cy!llHOCTb B3allMO)lel1CTBllll 

llHTepcpepoMeTpa c KOJJe6aTeJJbHblM KOHTypoM COCTOllT B TOM, 'ITO npu OOXO)le 

neTeJJb rttcTepe3ttca 11a ¢=f(¢e) (p11c. 1) llHTepcpepoMeTp BIIOCllT aKTllBHble ITOTepu 

B KOHTYP, M0.1lYJll1PYll TeM CaMblM aMITJJllTY.llY pa.1tl10'-1aCTOTHOro nanpmKeHllll na _HeM. 

fJJy6m1a MO.llYJJllUllll 3aBttCl1T OT aMHJJl1TY.1lhl TOKa CMemeHllll 1;f 11 113Mepl!eMoro 

MarHttTIIOro noTOKa ¢x• 

4 

Ha puc. 4 npe.1t9TaBJJeHL1 pa.1tttO'iaCTOTHL1e BOJJbT-aMnepHble xapaKTepttCTllKll · 

KOJJe6aTeJJbll010 KOHTypa, CBll3aHIJOro C llHTepcpepoMeTpOM npu ¢x=n ll 

¢x=(n+l/2). ECJJll 3a(!JttKCllpOBaTb aMITJJllTY.llY pa)lttO'iaCTOTHOro TOKa CMemeHllll 

(1° Ha puc.4 ), TO npu ¢ =n MLI 6y.1teM llMeTb MaKCllMaJJbHOe 3Ha'ieHtte ITllKOBoro 
rf X 

uanpl!JKeHllll Ha KOHType V , a nptt ¢ =(n+l/2) COOTBeTCTBeHHO MllHttMaJJbHOe -
THAX X 

VTHIN IIptt 3Ha'ielllll!X ¢x, JJeJttamux B llHTepBaJJe MellUly n ll (n+l/2), VT TaKJtte 

6y.1teT 3aHttMaTb npoMellCyTO'iHble 3Ha'iellttll Mell()ly VTHAX ll VTHIN Ha Bpe3Ke 

puc.4 ITOKa3aHa 3aBllCllMOCTb VT OT ~x npu (!JllKCllpOBaHHOH aMITJJllTYJle 

,,, 
PllC.4. Pa)lttO'iaCTOTHal! BOJJbT-aMnepHal! 

xapaKTepttCTllKa (3aBllCllMOCTb ITllKOBoro 

11arrpmKemrn Ila KOJJe6aTeJJbHOM KOHType VT :: ::~;,,.,~" -~ /1- ,7 
·._ • ~-;,-- ---/- -- -✓ 

I ~'-/_-/.,/I ,v,, i ,~' --~- . .,, 
I ---- - . ,'t!i-•' 
V ·- ,~, ---- %~" ,;;, "-~~ 

OT 111-!KOBblX 311a'-1e1111f! pa.1tl10'-1aCTOTHOro 

TOKa CMememrn I rf) CKBll)la co _cTaH.1tapTHOH 

cxeMOH onpoca COCT0lllll111 llHTepcpepoMeTpa. 

,,, Ha ape3Ke noKa3aHa BOJJbT-ITOTOKOBall 

xapaKTep11CTl1Ka (VT=f(~x)) pa.1tttO'iaCTOTHOro 

CKBll)la. 

pa)lttO'iaCTOTHOro TOKa cMeme1111H Io . 
rf 

3Ta 3aBttCllMOCTb Ha3blBaeTCll 

BOJJbT-ITOTOKOBOf! xapaKTepttCTllKOfl pa;mo'iaCTOTHOro CKBll)la. 

KpyTll3Ha JlllHe1111oro y'iaCTKa. BOJJbT-ITOTOKOBOH xapaKTep11CTllK11 av 
11= a~: I B pa6 o'!efl TO'!Ke Ha3uaaeTCll Ko3c!Jc!J11u11e11ToM npeo6pa3oBaHttll ManmTHorrr 

ITOTOKa B nanpl!J1Ce11ue CKBttJta. cornac110 [9), 

(1-cx)w ~ rf T 
ll"'-~k--- -L-, 

s 
r.1te ex - napaMeTp HaKJJOlla ITJJaTO P4-BAX CKBll)la, 

n0Ka3a11 11a 

(3.4) 

BBe)leH1lbll1 B 

p11c. 4. w 
rf 

[ 10]. MeTO.ll 

'iaCTOTa onpe.1teJJe1mH 3Toro napaMeTpa 

pa)lttO'iaCTOTHOro TOKa CMeutelll151, 

KOJJe6aTeJJbllblM KOHTypoM. 

k - K03c!JC!>Hu11e1rr CB51311 mrrepcpepoMeTpa c 

EcTeCTBe11110, 'ITO BblpaJKe1111e (3. 4) .1lJJ51 K03c!Jc!Jl1Utte1na npeo6pa3ona11m:1 

llMeeT Y.llOBJJeTBOpttTeJJbllYD TO'-IIIOCTb B onpeJteJJellliblX llHTepBaJJax COCTaBJJ51Dll!HX 

era napaMeTpOB. B 'iaCTIIOCTll, B . [ 11) 11a11ne110, 'ITO )lJlll JlOCTlllKellllll 

MaKC11MaJJbHOro 31ta'ielll1ll 11 Heo6xo)ll1MO o6ecne'!l1Tb ycnoa11e k
2Q .. n/2, rne Q -

.1to6poTHOCTb KOJJe6aTeJJbllOro KOHTypa 6e3 llHTepcpepoMeTpa. 

np11 TeMnepaType lKll.llKOro a30Ta KOJJe6aTeJJbllb111 Ko,rryp HMeeT IIH3KYD 

5 



,/lOOpOTHOCTb, ecJm ero HHJlYKTHBHOCTb npeJlCTaem1eT co6ofl TOHKYJO 

crrnpaJieBH./lHYJO IJJlaHapHyJO KaTyWKY. B CBll3H C 3THM o6ecne'!e1me ycJIOBHll 

k2Qo,rr/2 B TOHKOnJieHO'!HblX CKBH,/laX llBJilleTCll HenpOCTOH 3a)laqefl. OpttrnnaJibHOe 

peweHHe 3TOH 3a)la'!H npe,/lJIO]l(eHO aBTOpaMH (12]. B 3TOH pa6oTe )lJlll OOBblWeHHll 

3cfXlleKTHBHOH JlOOpOTHOCTH KOHTypa Qeff B npe,/lBapttTeJibHOM YCHJIHTeJie 

npeJlyCMOTpeHa MeCTHall OOJIO]l(HTeJibHall CBll3b, HJlylUall Ha BXO,/l KOJie6aTeJibHOro 

KOHTypa. npH 3TOM: 

· r.lle 

o6parnow 

Q 
Qeff= 1-K (wl/3 (wl 

0 0 

(3.5) 

Ko (w)/30 (w)-neTJieBOH K03ifxJ)HUHeHT ycHJieHHll MeCTHOH OOJIOJl(HTeJibHOH 

CBll3H. ECTeCTBeHHO, K (w)/3 (w) He ,/lOJIJICHa CJIHWKOM 6JIH3KO 
0 .o 

np1-16JIHMaTbCll K 1, TaK KaK CKBHJl MO]l(eT nepeHTH B aeToreuepaTOpHblH 

(aBTO,/lHHHUH) pe]l(HM pa60Tbl. npH 3TOM B03HHKHYT 611eHHll '!aCTOT aBTOre11epaim11 

H TOKa CMelUeHHll, '!TO npHBe)leT K uecTa6HJibllOCTH pa60Tbl CKBH,/la B uenoM. 

nonyTHO 3aMeTHM, eCJIH CTpOHTb paJIHO'!aCTOTHblH CKBH./l B HHTerpaJibHOM 

HCITOJIHemm, TO aBTO,/lHHHblH pellCHM MOJICeT OKa3aTbCH npeJIOO'!THTeJibHee 

CTaH,/lapTHoro H3-3a HeHa,/lOOHOCTH B renepaTope paJIHO'!aCTOTHOro TOKa 

cMemeHHll. npeKpacHall cxeMHall peaJIH3aUHll 3Toro peJ1C11Ma onttcaHa B (13]. 

3.2.TenJIOBOH wyw B paJlHO'!aCTOTHblX CKBH,/laX 

CyMMapHall cneKTpaJibHall OJIOTHOCTb wyMoBoro noTOKa CKBH,/la onpe,/leJilleTCll 

CJie)lyJOIUHM Bblpall(eHHeM: 

SI:=S1+sP+sTC (3 6) t <f, "' <f, • • 
r)le s~. s:. s; - COOTBeTCTBeHHO cneKTpaJibHble OJIOTHOCTH WYMOB 

HHTepctiepoMeTpa, npeJlyCHJIHTeJill 1-1 KOJie6aTeJibHOrO KOHTypa, npHBe,/leHHble KO 

BXOJlY HHTepctiepoMeTpa. ){Jill ,/laJibHeflwero COBepwenCTBOBaHHll pa,/lHO'!aCTOTHblX 

CKBH,/lOB HeOOXO,/lHMO 3HaTb, BKJia)l KaKoro 3JieMeHTa B s! llBJilleTCll HaH60JibWHM. 

3a)la'!a pa3)leJieHHll cyMMap1;mro wyMa s! Ha cocTaBJillJOIUHe B cJiyqae 

HHTepctiepoMeTpa, pa60TaJ01Uero npH T=77K, cyuteCTBeHl!O ycJIOJICHlleTCll B CBll3H C 

e1,1pa]l(e1111e JIJill s!, TeM, '!TO Mbl He MOJICeM HCOOJlb30BaTb auaJIHTH'!eCKOe 

nony'!eHHOe paHee B HHOOHeBblX CKBH)laX qepe3 napaMeTpbl pe3HCTHBHOH MO)leJIH 

Jlll(03ecticoHOBCKOro nepexo)la, no npH'!HHe HeBblOOJIHeHHll ycJIOBHH Ls«LF. 

0,/lHaKO B (14] 61,1na npeJinpHHHTa ncinblTKa, HCOOJ1b3Yll COBOKYOHblH MeTOJl 

H3MepeHHll, OOIUYJO TeOpHIO uenej:j H cneu11aJibHO CKOHCTpy11poeaHHblH OXJia]ICJlaeMblH. 

npe,/lyCHJIHTeJib, paCC'!HTaTb COCTaBJilllOIUHe s!. ){Jill onpe,/leJieHHll wyMa ycHJIHTeJill 

H KOJie6aTeJibHOro KOHTypa HCITOJlb30BaJIHCb CJie)lyJOIUHe COOTHOWeHttll: 
p 2 

S<f,=(1/l)) 4kbTpRd, (3.6) 

6 

I 

i 

1 

tc 2 2 
S<f, =(1/l)) 4kbTTcRd/RTc' (3.7) 

r)le T - wyMoBall TeMnepaTypa npeJlyCHJIHTeJill, R =Qw L. Rd - ,/lHHaMH'!eCKOe 
P TC rf T 

conpOTHBJieHHe KOJie6aTeJibHOro KOHTypa, CBll3aHHOro C HHTepctiepoMeTpOM, B TOH 

TO'!Ke pa,/lHO'!aCTOTHOH BAX CKBH)la, B KOTOpOH H3Mepllnacb cyMMapHaH 

cneKTpaJibHaH ijJIOTHOCTb s!. 

B pe3yJibTaTe Bbl'!HCJieHHH H H3MepeHHH BblllCHeHO, '!TO wyM HHTepctiepoMeTpa 

MO]l(flO onpe,/leJIHTb C YJlOBJieTBOpHTeJibHOH TO'!HOCTblO nptt OOMOIUH BblpaMeHHH, 

BnepBble BBe,/leHHoro B (10], a 3aTeM cJierKa MOJlHC!>HUHPOBaHHOro B (9]: 
2 t2 

I l)!to 
s =-----. 

<f, (1-l))2w 
(3.8) 

rf I: 
K COJl(aJieHHJO, )leTaJibHblX H3MepeHHH COCTaBJilllOIUHX s<f, )lJlll HHTepctiepoMeTpOB 

1-13 TOHKOH MOHOKpHCTaJIJIH'!eCKOH nnenKH eme He npoBO,/lHJIOCb. ){JIH ,/lOCTaTO'!HO 

BblCOKOKa'!eCTBeHHOro HHTepctiepoMeTpa 113 OOJIHKpHcTaJIJIH'!eCKOH KepaMHKH 

COOTHOWeHHe Mell(Jly s!, s:. s;c npHBe,/leHO B Ta6Jmue 1. KaK . BH,/lHO H3 3TOH 

Ta6JIHUa 1 

t{acToTa IIIYMOBaH -.re cneKTpaJibHaH ITJIOTHOCTb 

Bt{-CMeuteHHll TeMnepaTypa WYMOBoro noTOKa, to/ru
1

/
2 

f=wrf/2rr, ycttJIHTeJIH 

Mru Tp,K (51)1/2 (SI: )1/2 
t te 

10 80 
' 

1.8 1.83 10-4 2.5 10-4 

20 50 1. 7 1. 35 10-4 1. 6 10-4 

40 90 1. 7 0.95 10-4 1. 2 10-4 

Ta6JIHUbl, s! MHoroKpaTHO npeBblWaeT s:+s;c. TaK KaK s! JlJlll CKBH,/lOB H3 

OOJIHKpHcTaJIJIH'!eCKOH KepaMHKH c TO'!HOCTbJO (10-20 )% COBna)laeT c s!, 

H3MepeHHOH B (15,16] ,/lJIH TOHKOnJieHO'!HblX CKBH,/lOB, TO c 60JibWOH BepOHTHOCTblO' 

MO]l(HO npe,/lnOJIOJl(HTb, '!TO B nocJie,/lHHX HMeeT MeCTO no)lo6Hall Jl[e KapTHHa. 

KaK 6blJIO BblHCHeHO TaKJl(e, 3KCnepHMeHTaJibHOe 3Ha'!eHHe 5~ 3Ha'!HTeJibHO 
I -10 2 

npeB1,1waeT TeopeTH'!ecKyJO oueHKY s ,._ "'o, 25 10 t /fU I 17 J. nptt'!HHa TaKoro 
.,,T O 

pacxoll[JleHHH npoHcHHTCH nocne Toro, KaK 6yJleT noJiy'!eHo \T0Ko~a3oeoe 
COOTHOWeHHe B Jlll(03ecticoHOBCKOM KOHTaKTe B llBHOM BH)le [10, c.215]. ITOJIHOH 

yBepeHHOCTH, '!TO f(<f,)=sin<f, B C03JlaHHblX paJlHO'!aCTOTHblX CKBH,/laX HeT, TaK 

7 
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' KaK, HanpttMep, npttBeJieHHaH B (16] BAX cna6ofl CBH311 xapaKTepHa JIJJH nepexo)la 

C noBe)leHHeM, no)lOOHUM Jl~03e~COHOBCKOMY 3a cqeT K□repeHTHOrO· .llB11~eHHH 

snxpefl. 

lJJH Toro qTo6U HMeTh 803MOXHOCTb cpaBHHBaTb wyMOBUe CBOHCTBa CKBMOB, 

OOJl~Xll!U{X pa3JJHqHl,IMH HHnYKTHBHOCTHMl1 KOHTypos KBaHTOBaHHH 

ncnonh3yeTcH napaMeTp, Ha31,1saeMufl pa3peweHtteM no 3Heprtttt: 
l: 

c=S.,/2L , (3. 9) 

Ls, 

'I' s l: 
IIOCKOJlbKY OCHOBHOH BKJJa)l B s,f> BHOCl1T HHTep~epoMeTp, TO, corJJaCHQ. 

(3.6), pa3peweHHe no 3Hepr1111 JIOJJXHO c11nxaTbCH nponopu11011aJ1bHO pocTy 

qacToTu onpoca w rr co6n10.neH11e 3Toro 3aKoHa nposepeuo snn□Th JI□ 360 Mru 

I 14, 1~. 181. 

3.3. npaKT~ecKaH peaJJl13aUl1H pa.n11oqacTOTHhlX CKBl1.ll08. 

IIOKa3aTen11 KaqecTsa 

HCTOp11qecKH pa.n11oqaCTOTHUe 11HTep~epoMeTpU CHaqana H3rOTaBJJHBaJJl1Cb H3 

MaCCHBHOH noJJHKpttcTaJJJJHqecKOH KepaMl1KH. OHH npe.ncTaBJJHJJH co6ofl 

csepxnpoBO)lHIUee KOJ!bllO, 3aMKHYTOe qepe3 CJJa6yv CB513b, B KaqecTBe KOTopofl 

Hcn□JJb30BaJJHCb O)lHa HJll1 ueCKOJlbKO ecTeCTBeHHUX Mex3epennux . rpaHHU, 

OCTaBJJHeMUX B pe3yJlbTaTe Mexa1mqecKoro CKpafl6HpOBaHHH. XOTH CKBMU )laHHoro 

Tttna C 6JJH3KHMl1 cttrHaJJbHUMIT H WYMOBUMl1 xapaKTepttCTHKaMH 6UJJH nonyqeH'u B 

HeCKOJlbKHX na6opaTopHHX npaKTHqecKH OJlHOBpeMeHIIO, XpOIIOJJOrttqecKH nepBUM 

coo6meHtte o6 3TOM noHBHJIOCb B neqaTl1 OT rpynnu U11MMepMaHa [19]. 3TO oqeHb 

CHMBOJIHqHo H cnpaBe)lJJHBO no OTIIOWemm . K BU)laIOIUHMCH 3acnyraM yqe11oro," 

BHecwero pernaIOIUHH BKJJa)l B C03J!aHHe mm6tteBUX CKBH.llOB, B nOHHMam1e JlHl!aMHKH 

npoTeKaIOIIU{X B HHX npoueccoB H .naswero CBOHMH pa6oTaMl1 MOIUHeHlUHH 11MnyJJbC HX 

npaKTHqeCKl1M npttMeHeHl1HM. 

Hccne.nosaH11e MaCCHBHUX KepaM11qecKHX 11HTep~epoMeTpOB n03B0Jll1JIO yxe 11a 

·pauneM :nane c.nenaTb BUBO)l He TOJlbKO O TOM, qTo B03MOXHO B npmm1me 

co3.naTb npaKT11qecK11e cKB11.lll;,I, pa60Ta10m11e np11 TeMnepaType X11JlKOro a30Ta, HO 

11 JIOCT11qb np11 3TOfl xe TeMnepaType 3HepreTnqecKoro pa3peweHl1H, 6JJtt3Koro K 

KBaHTOBOMY npe.neny c°'11 [20]. TaKOH BUBOJI CHHJI Cl1H.llPOM neccl1Ml13Ma B 

OTHOWeHHH 6yJ1y1Uero BTCII -3JleKTp01111Kl1 11 cnoco6CTBOBaJJ pa3BOpaq11saHHIO 

WHpOKOMaCwTa6nux pa60T no Cl1HTe3y 11 HCCJ1e.nosa111110 perynHpHUX 

AX03e~COHOBCKH~ CTpyKTYP B HHTerpaJJbHOM 11cnoJ111eHHl1. 

3HaqnTeJJbHUH H36UToq11ufl WYM B HH3KOqaCTOTHOH o6nacTH, a TaKxe 

OTCYTCTBHe TOHKOH csepxnpoBO.llHIUefl np11 T=77K npoBOJIOKl1 JlJIH 113rOTOBJJeHHH 

KaTyWKH CBH3H B HaCTOH1Uee BpeMH 3aMeTHO ocna611no mnepec K MaCC11BHUM 

8 

.) 

1 

)' 
) 
/ 

CKBHJlaM. 0.llHaKo HYXHO OTMeTl1Tb, qTo K MOMeHTY nanttcaHl151 CTaTbH HM noKa 

-29 np11Ha.nnexaT peKop.nHue 3Haqe111151 pa3pewe1mH no 3Heprtttt c"'2, 6 10 blru 

cpe.n11 pa.n11oqaCTOTHUX CKBHJIOB 11 qyscTBl1TeJJbHOCTl1 no MarHHTHOMY noJJIO oB"'5 

10-
1
~n1ru

112 
cpeJ111 B4- 11 IIT-CKBH.llOB B o6naCTl1 6enoro wyMa [18]. 

0 C03)laHl111 paJittoqacTOTHUX 11HTep~epoMeTpOB H3 TOHKOH 

MOIIOKpHCTaJIJJHqecKofl nne11Kl1 npaKT11qecK11 OJIHOBpeMeHIIO 6uno coo6meHo B JlBYX 

pa6oTax - [ 15, 16 J. B o6011x .naTq11Kax cna6ue CBH311 6un11 ~opM11posa111,1 Ha 

OCIIOBe HCKYCCTBeHHO BUpameHHOH Mex3epen11ofl rpa1111uu B CTyneHYaTO-TOp~oeofl 

KOH~11rypau1111. OCHOBl!Ue napaMeTpU JIY4Wl1X B4-CKBl1.ll0B 11 qacTOTHUe3aBHCHMOCTl1 

11x pa3pewen1151 no 311epr1111 npe.ncTasne11u cooTBeTcTsemIO B Ta6n11ue 2 11 p11c.'5. 

Tun nepexo.aa 

ECTecreennasr 
■e:uepeHuaJI 

rpannua 

Step-edge 
Junctions 

OcHOBHble napaMeTpbl BY· CKB~1tloe 
Ta6n11ua 2 

HH.lykTHBIIOC:Tb 'laCTOTa 0CHOBHOll llapa•eTp KpyTH3Ha cneu~n''"'" HIITepq>epotteTpa, Halt&'lltH, napa■eTp, 11a1t.11oua BIIX, n.110THOCTI. ■yu. L
8

, ru "'rr/Za, J « 11,•xB/10 
<5!>1~2,to/fltt/2 Mru 

2 10-10 ,.. 8 - - s 10-s 

o,6 10-10 
27 I . o.s 36 1,5 lo- 4 

t,s 10-'0 
27 I 0,5 36 1,5 10-4 

1,2s 10-10 
150 I - 40 0,8 10-4 

10 -17 

,....,_ RF SQUID /15/ 
N 

I '-.10 -a 

2 
C 
0 

:;, ::] 10 _,. 

0 
1/) 
(I) .... 
>-. 1?' 10 _., 

(I) 
C 

w 

RF SQUID /18/ 

~SQUID /32L 

""""~ 
10 _,, I I I 11111 10-1 I liillitj iliiiiij liiiiilj iiililll 

10 19. 10' 
Frequency LHz) 

AHTepaTypa 

(70] 

(69) 

(68I 

(68( 

P11c. 5. 4aCTOTllaH 3aBl1CHMOCTb pa3pememrn no 311epnm 84 - 11 nT - CKBHJlOB, 
pa6oTaIOU(11X np11 T=77K. 
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IlOCKOJlbKY B pa6bTaX [ 15, 16 I He JlaHO '!eTKl1X rpatp11KOB paJll10'!aCTOTllblX 

BOJlbT-aMnepHblX xapaKTep11CTl1K, WYMOBOH TeMnepaTypbl npeJlyCl1Jll1TeJIH, a TaKJKe B 

CBH3H C TeM, '!TO He BblnOJIHeHO ycnos11e Ls «LF, Ha )laHIIOM :Hane HeT 

803MOJKHOCTH c.nenaTb 3aKJID'leH11e 0 COOTBeTCTBl111 3KCnep11MeHTaJ1bHO 

onpeJleJieHHblX napaMeTpoa cymecTsyximefi TeopHH aq-cKBH.!lOB. 

KpynHblM JlOCTHXeHHeM CJle)lyeT np113HaTb pe3yJibTaT, nony'!eHHbltt B [15) B 

o6JiaCTH 1/f wyMa. KaK BH,llHO H3 p11c. 5, npH pa3peweHHH no 3HeprnH 1, 5 

10-28)1JC1ru H36blTO'!Hbltt HH3KO'!aCTOTHbltt WYM Ha'111HaeT npoHBJIHTb ce6H TOJlbKO c-

0,3 ru. 3TO ~epbe3Hbltt npopblB enepeJl JlJIH 60JibWOro '111CJia npaKTl1'!eCKHX 

npHMeHeHl1H. 

3.4. CKBHJlbl nocTOHHHoro TOKa 

CKBH.!l nocTOHHHoro TOKa npeJlCTaBJIHeT co6ott csepxnpoBOJlHmHtt KOHTYP, 

3aMKHYTb1H l!epe3 .nsa JllK03e~COHOBCKl1X nepexo)la C uenHMl1 CMemeHl1H 11 

C'IHTblBaHl1H HH~OpMaU11H (p11c. 6a). BonbT-aMnepHaH xapaKTep11CTl1Ka 

JlBYXKOHTaKTHOro HHTep~epoMeTpa npeJlCTaBJieHa Ha p11c. 66. KaK H . B 

paJtHO'!aCTOTHOM HHTep~epoMeTpe,np11 113MeHeHl111 BHewHero MarHl1THOro noTOKa <PX 

BAX OCUl1JIJIHpyeT MeJK.lly JlBYMH - KpattHl1Ml1 Kp11BblMl1 np11 ¢ =n 11 ¢ =n+l/2. ECJll1 X X 

l!epe3 HHTep~epoMeTp nponycTHTb nocTOHHHbltt TOK CMemeHl1H l, TO HanpHJKeHHe . . B 

Ha HeM 6yJleT 2n~nepHO)lH'!eCKOH ~YHKUHett <PX (pHC.68). 

Q 'lt~VIDZL 
le 0 2 3 <l'xl% 

a. b. C. 

PHC. 6. a - cxeMaTH'!eCKOe H3o6paJKe1111e CKBHJla nocTOHHHOrO TOKa; 6 -
BOJlbT-aMnepHaH xapaKTep11CTl1Ka CKB11Jla; B - BOJlbT-nOTOKOBaH xapaKTepHCTHKa 
CKBH)la. 

CorJiaCHO [5,211, Jl11HaMl1Ka CKBHJla nocTOHHHOro TOKa onl1CblBaeTCH 

c11CTeMOH ypaBHeHHH: 
2 

f3 ~ + ~ +sinvcoso=i+i (,:) , 
C d,:2 d,: n,v (3. 10) 

2 d o do 2 . 1--+-+cosvsino+T Co-¢ )=1 0 (,:), 
d,:2 d,: C X n, 

10 

I 
.I 

) 
i 

\'r 

2nl R
2
C ¢ +¢ ¢ -,p 

C N 1 2 1 2 
r)le f3c= w , v= - 2-, o= 2 , ¢

1
, ¢

2 
- pa3HOCTH «pa.3 napaMeTpa 

o 2nR I 
nopHJlKa Ha nepexo.nax, ,:= w N C t - HOpMHpOBaHHOe ilpeMH, 1=2L I /W • 

· S C 0 
0 

<i (,:+a,:)i (,:)>=<i r(,:+a,:)i r(,:)>= =ro(a,:), r=2nkbT/I w, o(a,:) -
n,11 n,V n,u n,u C 0 

,neJibTa-~yHKU11H .l!HpaKa. 

B HaCTOHmee epeMH eme He Hatt,neHO o6mee aHaJIHTH'!eCKOe peweHHe CHCTeMbl 

ypaBHeHHH (3.10) OTHOCHTeJibl!O o 11 v. B CB513H c 3THM Ha npaKTHKe

ocymecTBJIHeTCH HX '111CJleHHOe l1HTerp11poBaH11e. Cl1CTeMaTH'!eCKOe 113JIOJKeH11e 

pe3yJibTaTOB '111CJleHHOro 1111Terp11posaHl1H np11 pa3Jil1'1HblX 3Ha'!eHl1HX BXOJlHm11x, 8 

(3.10) napaMeTpOB npe,nCTaBJieHO 8 [5). qT06bl 1136eJKaTb nOBTOpeH11ri, MU· HE! 

6y.neM nepe113JiaraTb 3Tl1 pe3yJibTaTbl, a orpaHl1'111MCH OJlHHM o6m11M 3aMe'!aH11eM 

OTHOCl1TeJibHO )lHHaMl1Kl1 flT•CKBl1.l(a. 

TaK >t<e 'KaK Ill paAI/IO'laCTOTHbl~ CKBIIIA' CKBIIIA noCTOHHHOro TO Ka HBnHeTCSI 

napaMeTpl1l!eCKl1M 3JieMeHTOM. CornacHo [22), npeJleJibHOe pa3peweH11e no 3Hepr1111 

JlJIH napaMeTpH'leCKHX 3JleMeHTOB c~kbT/w, r)le w - '!aCTOTa onpoca. B flT•CKBH)le 

np11 nponycKaHl111 TOKa CMemeHl1H l 2:21 JllK03e~COHOBCKl1e nepeXOJlbl Ha'111HaDT 
B C . . 

nool!epeJlHO nepeKJID'!aTbCH 113 ceepxnpoBOJlHmero COCTOHHl1H B HOpMaJibHOe ·11 

o6paTHO, KaK 61,1 B3al1MHO onpaw11eaH Jlpyr Jlpyra. Pe3yJibTaTOM 3Tl1X 

nepeKJID'!eHl1H 11 HBJIHeTCH )leTeKT11poeanHoe HanpHJKeH11e Ha 11HTep~epoMeTpe, 

3a811CHmee OT <Px· ECJll1 npene6pel!b eMKOCTbD JllK03e~COHOBCKl1X nepexo.noa 

(f3c<<l), TO npH 3KpaHHpyximeM «pa.KTOpe 1~1 xapaKTep11cT11'1eCKaH '!aCTOTa 

onpe)leJIHeTCH noCTOHHHOH apeMeHl1 11HTep~poMeTpa - w =R /L . OTCIOJla" 
kT L P N s 

c=k _b_=k _s_k T, (3.11) 
p w p R b 

p N 

r)le k - K03~11U11eHT nponopu11011aJ1bHOCTl1. k =6,7 B [SI, k =9 B [21). 
p p p 

liCCJ1e)lOBaH11e B [23) flT•CKBHJlOB, C~OpM11pOBaHHblX Ha 611KpHCTaJIJIH'!eCKl1X 

CJia6blX CBH3HX, noKa3aJIO, '!TO HX TenJIOBOH wyM naXOJll1TCH B xopoweM cornac1111 

c BblpaJKeH11eM (3.11) np11 k =9. 
p 

TaK KaK 

w 12n>1010ru, 
p 

xapaKTepHCTH'!eCKaH '!aCTOTa JlBYXKOHTaKTHoro 11HTep~epoMeTpa 

a uen11 onpoca OJlHOKOHTaKTHOro CKBH)la Ha TaKl1X '!aCTOTax 

Cl1JlbHO ycJIOJKHHIOTCH, TO MOJKHO 3aKJIIO'll1Tb, '!TO BblCOKO'IYBCTBl1TeJibHble 

11HTerpaJibHble Bren • CKBH.!l • Cl1CTeMbl npeJlnO'ITHTeJlbHee peaJil130BblBaTb Ha 

JlBYXKOHTaKTHblX 11HTep~epoMeTpax. 

CorJJaCHO (3. 11), JlJIH Toro 'ITOObl YJIY'IWlfTb pa3peweHHe no 3Heprn11 B nr

CKBH,llaX np11 ~11KCl1pOBaHHOH TeMnepaType, HYJKHO CHl1l!CaTb Ls 11 yeeJIH'IHBaTb RN. 

EcTeCTBeHHO, '!TO B npaKTH'!eCKl1X CKBl1JlaX B03MOJKHOCTl1 CH11JKeHl1H Ls 11 
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yBeJJWieHIUI RH )laJJeKo He 6ecnpe)leJJbHbl. TaK npu Ls ➔o CKBll.ll He MOJr.eT 6b1Tb 

CB.113aH c BHeWHllM MttpoM,ll, CJJe.lly.11 (24], BO tt36elll'.aHtte cepbe3HblX noTepb nptt 

nepe.llatJe curHaJJa oT BXO.llHblX uenefl Ha ttHTepcpepoMeTp ::r.eJJaTeJJbHO o6ecnetJttTb 

3HatJeHHe L nopH.llKa 10-
1O

rH. 
s 

BO3MOJll'.HOCTll nOBblWeHll.11 RH orpaHtttJHBaJOTC.11 xapaKTepHblM HanpmtceHlieM 

Jllll'.O3ec!JCOHOBCKllX nepeXO.llOB.- Vc=ICRH,c O.llHOll CTOpOHbl,ll, C .llpyrofl - ycJJOBlleM 

MaJJOCTll TenJJOBblX c!JJJYKTyauufl r«l, cornacHO KOTOpoMy npn T=77K I c .llOJJlll'.eH 

611Tb 60JJbWe (20-30) MKA. KaK Bll.llHO ll3 Ta6JJHUbl 2 [tJaCTb I l, .llJl.11 JJYtJWllX" 

Jllll'.O3ec!JCOHOBCKllX nepeXO.llOB ll3 YBaCuO xapaKTepHoe Hanp.11xeHtte JJelll'.HT B 

llHTepBaJJe (50-300) MKB npn T=77K. TaKHM o6pa30M, .llOCTlllll'.llMOe Ha cerO.llllH C 

3Tl1Mll .llll\'.03ec!JcOHOBCKHMll nepexo)laMll 

L =10-lOfH c~(10-31 -10-3O ).1lJK/fU. 

pa3peweHtte no 3Hepruu npu T=77K u 

B (23] coo6ute!IO O CO3.llaHllll CKBl1.lla, 
s 

noKa3aBwero C"'3 10-
31

i::r;1ru B o6JJacrn 6eJJoro wyMa. 3To JJytJwttfl na cero.llH.11 

pe3yJJbTaT. TaKoe pa3peweHtte no 3Hepruu BnOJJHe JlOCTaTO'c!HO JlJl.11 60JJblllllHCTBa 

npaKTtttJeCKllX npttMeHeHttll. 

ECJJll ne o6ecnetJttTb ycJJOBtte MaJJOCTll TenJJOBblX c!JJJYKTyauufl r<<l, TO B 

Jllll'.O3_ecpconoscKttX nepexo.llaX CKBttlla 

TepMoaKTllBttpoBaHHOro CllHXpOHll3llpOBalll!OrO 

llHTeHCllc!JllUHpyeTC.11 npouecc 

npocKaJJb3blBaHtt.ll c!Ja3bl (25], 

KOTOpblfl, KaK noKa3aHO B (26, 27], npttBO.llllT K CHttlll'.eHmo KPYTH3Hbl 

npeo6pa30BaHtt.ll TJ=BVIB<f,x ll, B CBOIO oqepe.llb, cornacno (3.9), K YXY.llWeHlllO c. 

KcTaTtt, nptt r<<l ll 3KpaHttpyIOIUeM c!JaKTOpe 1"'1 KpyTtt3Ha npeo6pa30BaHll.ll 

TJOCI CRH/~ 0 (21]. 3TO eme 6oJJee HarJJ.11.llHO noKa3blBaeT HaCTOHTeJJbHYIO 

noTpe6HOCTb B yseJJtttJeHllll Ve B JllKO3ec!JCOHOBCKllX nepexo)laX. 

Eme O.llHllM Balll'.HblM noKa3aTeJJeM KatieCTBa TOHKOnJJeHO'lHblX nT - CKBll.llOB 

.IIBJJHeTC.11 rttcTepe3ttCHblll napaMeTp h=ti~/ti~x' r.lle ti~ C.llBllr TO'leK 

BOJJbT-nOTOKOBOll xapaKTepttCTllKll no MarHHTHOMY noTOKY npu ee npoXOlll'..lleHllll B 

npHMOM ll o6paTHOM nanpaBJJeHttHX, T. e. np11 113MeHelll111 ~x OT O JlO ti~x 11 

o6paTHO. !JJH nepBblX BTCIT-CKBl1.llOB 6wm xapaKTepHbl BblCOKtte 3Ha'lelmH h (28]. 

C YJJYtIWeHtteM KatJeCTBa nJJeHOK 11 JlJl(O3ec!JCOIIOBCKl1X nepeXO.llOB napaMeTp h Clll1lll'.eH 
-4 

JlO 10 , 'ITO cpaBHllMO c Htto6tteBblMl1 )laT'll1KaMl1. 

CKBll.llbl nocTOHHHOro TOKa ccpopMttpoBaHbl Ha . OCHOBe BCeX pacCMOTpeHHblX 

HaMtt B rJJaBe 2 ['laCTb I] Tl1llOB CJJa611x CBH3ell. Hau6oJJee Bal!'.Hble napaMeTpbl 

JJYtJWllX )laTtJllKOB Ka::r;noro Tttna, pa6oTalOllll1X np11 TeMnepaType Mll.llKOro a3OTa, 

np11Be)len11 B Ta6JJttue 3 u p11c.S. 

3.5. 1/f-wyM B CKBH.llax 

iocTttrnyToe B nT- CKBtt.uax pa3pemem1e no 311epnm B o6JiacT11 6eJJoro wyMa 
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-31 
C"'3 10 )lJK/fU .IIBJJ.lleTC.11 Y.llOBJJeTBOp11TeJJbllblM npaKTtt'leCKll .llJl.11 Bcex BO3MOJll'.HblX 

Ta6JJttUa 3 

OcHOBHble napaMeTpbl nT-CKBH,0.08 

nm nepexo,1os HH.1,y1tTMBHOCTI» 31tpa11Hp)'I>- rHcrepe3HCHwA Kpynt31ta snx Pa3peweHHe no 3Hepnut.,I.VTu 
KHTep¢1epOMeTpa. OHAq.anop. napa■eTp. 11. ■ 1t8/t0 JlHTepaTypa 
L•• rH J h TeopeTH'I. 31tCllepH■ . 

6HkpHCTa.JIX'rl-
0, 7 10-10 <2 10-l 

4, J 10·-'9 

11ec1tHe ,. 7 17 (to ruJ 1781 

0,13 10- 10 I 10-• 3 to-31 
3 10-31 

t101tru> 1131 

6H3nHT&KCM- 5 to-30 

aJlbHYe 1, t 10-10 - - 1.s - (3 11:ru> (JI, 79) 

cryneu11a.To- 1 10-29 

Topueewe 0,2 10- 10 
I - 50 - u ru> 1801 

YBaCUO/Ag/ 
1,0 10-10 YBaCUO - - o.z - - IUI 

HX npttMenemifl. O.llllaKO, KaK IlOKa3blBaIOT 3KCnep11MeHTbl, . np11 TaKOM c B 

llll3KO'laCTOTHOll o6JJaCTll, 11aq1111aH c f"'1O
3
-10

4
ru. l!a.ll 6eJiblM myMOM npeBaJittpyJOT 

6 ex 
ll3 blTO'c!Hble c!JJIYKTyau,m C 311epreTl1'!eCKHM cneKTpOM s<I> , nponoputtollaJJbHblM 1/f •. 

C!ll1lll'.eHHe 'lYBCTBHTeJJbHOCTll, o6ycJIOBJJe1111oe 3THMll c!JJIYKTyauttHMl1, CTOJ!b CHJlbHO, 

'ITO B TOM CJJy-qae, eCJil1 He y.llaCTCH HX 3Ha'c!HTeJJbHO IlO.llaBHTb, .llJIH BTCil-

CKBll.llOB 6y)leT 3aKpb1T PH.ll Balll'.llblX o6JiacTefl npaKTl1'cleCKHX np11M,eHeHHll, cpe.lltt 

KOTOpbl?(, HanpttMep, ManmTO3llllec!JaJJOrpaqlllH. B CBH3ll C 3THM llO11CK HCTO'c!HHKOB, 

OTBeTCTBemmx 3a tt36blTO'c!Hblfl tuyM, npH06peJ1 ceflqac nepsocTene1moe 3Ha'cle1me. 

K .uaTe uan11caimH 0030pa B ne'claTll ony6Jll1KOBaIIO 31Ia'c!HTeJJblIOe KOJJH'cleCTBO 

TeopeTl1'leCKHX pa6oT. IlOCBHI[lellllblX 1/f - myMy B. BblCOKOTeMnepaTyp,mx 

CBepxnpOBO.llllllK'aX, llallpllMep, [31, 35, 36 11 Jlp. J. fiO.llXO)l llpH HX 11an11caHlll1 

tiacTo y11uBepcaJJe11. CHa'claJia JteJ1aeTcH npe)lllOJIOMeHHe 0 BO3MOJKIIOM 

cymecTBOBauuu KaKoro-Jm6o TepMOaKTl1811pOBaIIIIOl'O CKa'c!K006pa3HOl'O 

cp11311qecKoro npouecca co cJ1yqafl110 pac11pe;teJ1e111111M11 BpeMe1111uM11 11HTepBaJiaM11 

Me::r;ny CKatIKaMH, 3aTeM 6epeTCH JIOpelllleBO ycpeJ111e1me no a11caM6JIIO CKa'lKOB H 

noKa3blBaeTCH B HBHOM llll.lle naJIW!lle 1/f - KOMilOl!eIITbl B pe3yJibTHPYIOlllefl 

cneKTpaJJbllOll nJIOTIIOCTl1. 

HeT CMblCJia npHBO.lll1Tb 3)1eCb anaJil13 TeopeTtt'cleCKHX pa6oT. 1/f-lUYM 

Be3)lecym. Ero MOJll'.11O Bbl5lllllTb BO Bcex !J1113l!'clecKHX o6beKTax II peaJlbllblX 

c!Jll3ll'leCKHX npoueccax. 13 CHJIY 3TOl'O lleBO3MOJKIIO O)111O311a'cll!O H)lelITlllfllllll1POBaTb 

HCTO'IIIIIK 1/f - myMa 6e3 O11pe)leJ1e1monJ :rna111rn · MHKpOCKOIIH'clecKofl 11p11pOJ1bl 

BblCOKOTeMnepaTypnux CBepxnpoBOJUIIIKOB II B 11a111eM '!aCTIIOM c11yqae, B 
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.nonoJ1HeH1ie K 3TOMY, &mKpOCKOilH'leCKOH nplipO.l!hl CJ1a60CBS13aHHO,O nose.neHHSI. 

Y'lliTblBaSI 3TO, Ha .naHHOM 3Tane 6y.neT pa3yMHO o,paHH'lliTbCSI TOJlbKO KpaTKHM 

nepe'lliCJleHHeM 3KcnepttMeHTaJlbllblX <f>aKTOB, noJJy'leHHblX B pe3yJJbTaTe H3y'leHml 

Ka'leCTBennux TOHKHX nJJenoK H pe,yJJsipnux ,nJ1Co3ecflcononcKHX cTpyKTyp. 

1. H3Mepentte JIOKaJlbHOH HaMa,HH'leHHOCTH TOHKHX nJJeHOK YBaCuO nptt 

IlOMOIIUi CKBH.lla IlOKa3aJIO B SIBHOM BH.lle uaJJH'llie B nJJeHKe TeJJe,pacflHO,O wyMa, 

KOTOpui1 B03HHKaeT OT TepMH'leCKH aKTHBHpOBammx CKa'lKOB e.nHHli'IHblX ManmTHUX 

BHXpei1 Mell(Jly .l!BYMSI IlliHIIHH,OBblMli COCTOSIHHSIMH B Y3KOM TeM~epaTypHOM 

J!liaila30He [3_7 J._ TaKHM o6pa30M, cymecTBOBaHHe O.l!HO,O HCTO'lHHKa 1/f -wyMa B 

CKBH.lle OT CMemeHHSI Ma,HHTHhlX CHJIOBblX JIHHHH CJJy'laHHblX CKa'lKOB BHXpei1 

(Ma,HHTHblH wyM) MOJICHO C'lHTaTb O)!H03Ha'JHO ycTallOBJJeHHblM (38]. 

2. B [26] noKa3aHO, 'lTO B CKBHJ!aX, npH,OTOBJlellllblX H3 

BblCOKOKa'leCTBeHHblX 

TeMnepaTyp 82-SSK. 

nJJeHOK, Ma,HHTHblH UJYM npOSIBJISleT ce6si B .nttana30He 

nptt_ T=77K . IlOJIIIOCTblO .l!OMHHHpyeT 1/f • wyM OT 

.l!JIC03ecflCOHOBCKHX nepexo.noB. 

3. H36blTO'lHblH wyM B )!JIC03ecflCOHOBCKHX nepexo.nax, 

MeJK3epeHHblX ,pa,muax, MOJICHO TpaKTOBaTb KaK cflJJYKTyaUHH 

CcflOpMttpoBaHHhlX Ha 

eCJJH .TOK CMemeHHSI rB~rc' Ii KaK cflJJYKTyaUHH npOBO.l!HMOCTH, ecJJH 

npH 3TOM ycraHOBJleHO, 'lTO cflJJYKTyaUHH KpHTH'leCKO,o' TOKa Ii 

KpliTH'leCKO,O TOKa, 

I »I (39]. 
B C 

npoBOJ!HMOCTH 

SIBJISIDTCSI KoppeJJHpOBaHHhlMH npoueccaMH. 

4. Co,JJa~HO [27], cflJJYKTyaUHH KpliTH'leCKO,O TOKa B 60J1bwey,JJOBhlX 

MeJK3epeHHUX ,pallliuax HeJJb3SI y .l!OBJleTBopttTeJlbHO 001,SICHHTb B paMKaX ~o.neJJH 

cflJJYKTyauHi1 noTeHuttaJJa TYHHeJlbHO,O 6apbepa H3-3a HaJIH'lliSI B neM .. _ 3JleKTpOHHhlX 

JIOByweK [40] HJIH MO)!eJIH TeilJIOBblX cflJJYKTyautti1 BHYTPH KOppeJJttpoBaHHO,O o61>eMa 

CBepxnpoBO.l!HHKa [41], KOTOpble xopowo pa6oTaJJH B Hli3KOTeMnepaTypHb1X 

TYHHeJlbHblX .l!JIC03ecflCOHOBCKHX nepexo.nax. 

5. l!aCTOTa, npH KOTOpoi1 1/f- myM Ha'lHHaeT npeBaJJttpoBaTb na.n 6eJJblM 

wyMOM B CTyneH"laTO-TOPl.lOBblX nepexo.nax, nptt6JJH3HTeJlbHO Ha nopsi.noK HHJICe 

aHaJJO,H'lHOH 'laCTOTbl B 6ttKpHCTaJIJIH'leCKHX H 6H3IlHTaKcHaJlbHblX nepexo.nax (32, 

26, 421. 

6. KaK noKa3aHO B [43], B OCHOBe CJJa6ocBSl3aHHO,O nose.neHHSI pa3Jlli'lHblX 

THTTOB .l!JIC03ecflconoBCKHX nepexo.noB MO,yT JJellCaTb pa3JIH'lHble MeXaHH3Mbl 

no.naBJJeHHSI TpancnopTHblX CBOHCTB B cBepxnpoBO.l!HHKax. CJJe.nosaTeJJbHO, Ii 

HCTO'lHHKH 1/f-wyMa B pa3JIH'lHblX Tttnax .l!JIC03ecflconoBCKHX nepexo.noB MO,yT 6b1Tb 

pa3Hb1Mli. H3y'leHHe B [43, 44] 3aBHCHMOCTei1 y.neJJbHO,O conpOTHBJJeHHSI 

,eTep03IrnTaKCHaJlbHOH YBaCuO/PrBaCuO/YBaCuO CTpyKTyphl OT TeMnepaTypu Ii 

TOJllllliHbl CJIOSI PrBaCuO noKa3aJIO CJJe.nyKJmee: 
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-cJ1a6ocBS13aHHoe nose.nenHe .l!JIC03ecflcononcKHX nepexo.noa .nan~o,o Tttna 

IlOJIHOCTbll onpe.neJJSleTCSI CJIOeM PrBaCuO; 

-noJJy'leHHhle' 3KCnepHMeHTaJlbHhle KpHBble JJy'lWe BCe,o MO,yT 001,SICHeHU' 

eCJIH reTep03IlHTaKCHaJlbllblH nepexo.n paccMaTpHBaTb KaK SNINS CTPYKTYPY H 

npHHSITb, 'lTO B CJIOe PrBaCuO HMeKJTCSI CHJlbHble uenTpbl MarHHTHO,O pa3pywe~HSI 

KynepoBCKHX nap. 

C HHTepnpeTaUHSIMH Bcex 3THX 3KCnepHMeHTaJlbHhlX .naHHblX MOJICHO 

Il03HaKOMHTbCSI B npttBe.neHHblX 3.necb pa6oTax, a TaKJICe B HMeKJIJlliXCSI B HHX 

CCblJJKax. 

4.9JJeKTpOHHKa 

4.1.CKBH~ B IlOTOK03anttpaKJmeM pellCHMe 

.~JISI Toro' 'lTOObl HCKJIIO_'lHTb' no,pewHOCTb OT HeJIHHeHHOCTH BOJlbT-IlOTOKOBOH' 

xapaKTepttCTHKH CKBH.na Ii o6ecne'lHTb JIHHeHHblH anano,OBbltt OTKJIHK .. na 

B03,nei1CTBHe ~ OT .nonei1 KBal!Ta .no HeCKOJlbKHX .neCSITKOB HJIH COTeH ~ , 
X . 0 

HHTepcflepoMeTp, KaK npaBHJIO, BKJIJO'laeTCSI B CHCTeMy C o6paTHOH. CBSl3bl0 B 

Ka'leCTBe HYJJb-HH,nHKaTopa MarHHTHO,O IlOTOKa (pttc.7a). B 3TOH CHCTeMe 

Hanp.siJKeHHe Ha liHTepqiepoMeTpe, cflYHKUHaHaJlbHO CBSl3aHHOe C ~ , YCHJIHBaeTCSI 
. . X 

npH noMOlllH npe.nycttJJHTeJJSI 2. B TOM cnytJae, ecJJH npe.nycHJJHTeJJb nocTpoen na 

6a3e noneBhlX TpaH3HCTOpOB, Heo6xo.nttMO npe.nyc~oTpeTb, Mepu... 'lTOOl,I 

co6crneHHblH wyM YCHJIHTeJISI, npttae.neHHUH K ern Bxo.ny ! He npeBOCXO.l!li~ wy"!a 

HHTepcflepOMeTpa H He yxy,nwaJJ TeM CaMblM OOlllYJO 'lYBCTBHTeJlbHOCTb 
Lr R0 to ompl. 

~ 
•V J Cr ., 

R: R: 

~.~ 
~L 

PHC.7. a~ 6JJOK-CXeMa CKBli.l!~CHCTeMbl, .neMOHCTPHPYJOllleH pa6oTy HHTepqiepoMeTpa 
B noToKoJanttpa!OllleM pellCttMe; .6 - ueJIB co,naconaHHSI HMne.naHcoa HHTepqiepoMeT
pa H npe.nycHJJHT~JJSI. 

CKBH.ll-CliCTeMbl. C 3TOH ueJJblO, Bo-nepBblX, ycHJIHTeJlbllblH TpaKT CHCTeMU C 

o6paTHOU CBSl3bll CTpOHTCSI no npHHUHnY M-JlM (Mo.ny JISITOp-.neMo.ny JISITOp) 

npeo6pa30BaHHSI. IlpH 3TOM B , Ka'lecrne MO.l!YJISITOpa BhlCTynaeT caM CKBHJl. OH 

nepeMHOJKaeT H3MepsieMUH CH,HaJJ ~x C npSIMOyroJJbHblM 'MO.l!YJIHPYJOlllliM IlOTOKOM 
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~mod' IlO)lalOl!lllMCH OT re11epaTopa MOJlYJJllU1111 6 4epe3 11~YKTl1BIIOCTb Lrb· CneKTp 

4aCTOT </> x rrepeHOCHTCH B OKpecTHOCTb 4aCTOTbl MOJlYJJHUllOIIHOft 11ecymeft w mod, 

3Ha4elllie KOTOpoft Bbl6HpaeTC51 H3 coo6palKeHHll Tpe6yeMoft noJJOCbl rrponycKaHHH 

CKB~-CHCTeMhl B ueJJOM. Bo-BTOphlX, Me~y HHTepcpepoMeTpOM Ii ycttJJHTeJJeM 

rrpeJlyCMaTpHBaeTCH corJJacylOl!laH HX HMne~aHChl uenb-1. Pa3HOB~IIOCTl111a1160JJee 

4aCTO HCITOJ!b3YIOmHXC51 corJJacy10llll1X ueneft npeJlCTaBJJeHhl Ha pHc.76. 

CpaBHHTeJJb!lhlft Teopen14eCKHft a11aJJ113 3Tl1X ueneft C)leJJaH B [ 45] . Cor JJaCHO 

pe3yJJhTaTaM 3Toro a11aJJ113a np11 TeMnepaType lK~Koro a3oTa TaKJKe peaJJbHO 

rro.no6paTb ycJJOBHH, rrpH KOTopux wyM cornacy10l!left uem1 H npe)laapttTeJJbHoro 

ycHJJHTeJJ,51 6y)leT Me!lbWe wyMa HHTepcpepoMeTpa • 

..nanee Ha pHc.7a rroKa3aH c1111xpoHHhlft )leTeKTop 3, Jl8MOJlYJJHPYIOlllHft c11rHaJJ 

Ha BhlXOJle ycHJJ11T8JJ51, HHepUIIOHIIOe 3Beno 4 Ii 

CHCTeMe , HeOOXOJlHMO npttJlaTb aCTaTl14eCK11H 

uenb o6parnoft CBH311 5. EcJJ11 

HHepUHO!IHOro 3BeHa 

5{.BJJl!eTCll JlOCTl1l!CeH11e 

ttcnOJJb3yeTCll 

MaKCHMaJJbHO 

xapaKTep, TO B 

ttHTerpaTop, ecJJtt rJJaBHblM 

B03M0l!CHOH rJJy6ttllbl o6paTHOft 

Ka4eCTBe 

' Kp11TeptteM 

CB513H, TO 

npeM04THTeJJbHeft 11CnOJJb30BaTb CHHTe3ttpOBaHHblH no 60)le lpllJlbTp 11113KHX 4aCTOT 

[46]. 

4.2.MOJlE!Jlb CKBl1)l-Cl1CTeMI,I rro orn6a10l!lei1 

EcJm COOJIIO)laeTCH YCJJOB!le 2mlF»wmod»wm (llF - , ITOJJOCa nponycKa!lttH 

corJJacy10l!left uenH 1 Ha pHc.7a, w - 4aCTOTa MOJlYJJllUHOIIHOft HeCyl!left, w -
, mod m 

MaJJOCllrHaJJbHal! noJJoca nporrycKaHttll CKBl1Jl-Cl1CTeMbl), TO Mbl ttMeeM ,B03MOJICIIOCTb 

npH paCCMOTpeHHll Jltt!laMHKll CKBll)l-CHCTeMbl He Y4HTblBaTb MOJlYJJllUHOHHYIO 

necymy10. 6JJOK-cxeMa CKBHJl-CllCTeMbl no or1-16a10l!left npeJlcTaaJJe11a 11a pttc.8. Ha 

3TOM PHCYHKe Um - pa3Max BOJJbT-nOTOKOBOH xapaKTep11CTl1KH HHTepcpepoMeTpa, 

H3Mepi:ieMblft na BblXO)le npe)lyCHJIHTeJll!, n(t) - cyMMap1rnft wyM llHTepcpepoMeTpa, 

n It I 

Um sin cp K (p) 
Uout 

~b 

K/3 

Pllc.8. 6JJOK-CXeMa CKBH)l-CHCTeMbl no ortt6a10l!left. 

ueneft corJiacoeaHHH H npeJlyc11JJHTeJJl!. o6a napaMeTpa 113Mepl!IOTCH 11a BblX0Jle 

yc11JJHTeJJll. 
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KaK Bll)l!IO, CKBH)l B nOTOK03an11pa10l!leM pel!CttMe npe)lCTaBJJHeT co6oft 

HeJJHHeHHYIO CHCTeMy C Hee)lllHCTBellllblM C0CTOl!lllleM ycT0H4HBoro paBHOBeCHll. 

OTCIO)la COOTHOWe1111e Mel!C)ly 3Ha4eHttl!MH 0CHOBHblX napaMeTpOB CHCT8Mbl, CKOp0CTblO 

li3MeHeHl1ll noJJe3110ro CHrHaJia ¢ , 11 cneKTpaJJbHOH nJJOTHOCThlO wyMa n(t) - N. 
X 0 

ne MOl!CeT 611Tb Bb16paHo npOH3B0JlbflblM. ECJ!ll KaK0ft-JJH6o H3 nepe411CJJeHHblX 

lpaKTOpOB Bblft)leT 3a npe)leJJbl )lOIIYCTl1MblX 3Ha4e1111ft, TO Mbl Heo6XOJlHMO 

CTaJJKHBaeMCH co c60l!MH B pa6oTe, T. e. Hel!CeJJaTeJJb!lblMH nepeCKOKaMtt pa604eft 

T04Kl1 Ha coce)lm1e BeTBll BOJ!bT-nOT0K0BOH xapaKTepttCTHKH CKBH)la, KOTOpble 

npttBOJll!T K noHBJJemm CHCTeMaTtt48CK0H norpeWHOCTll 11Jltt )leJJalOT npoBe)leH!'fe 

113Mepe111111 118B03MOJICHblM. 

• nycTb n(t)=O, a K(p)= _l. 
pT 

I 

Tor)la ypam1e1111e )lBHJIC81ltt51 )lJ151 CHCTeMbl 6y)leT HMeTb BHJl 

r)le 

¢=¢ - w sin<{>, (4. 1) 
X m 

UK 
W = m /3 

m -- (4.2) 

,lleJJal! no)lCTaHOBKY 

P11KKapT11: 

T 
I 

y=tg [ ~ - : ] , nony4aeM 4aCTllblH cny4aH ypaBHeHttH 

r)le 

y +Ky2 

K = _!_ [w +¢ ] , 2 m X 

+I; = 0, 

I;= ~ [Wm-ix]. 
(4.3) 

np11 0<¢ <w • 
X m 

Pewe1me (4. 3) HMeeT CJle)lylOlllllH 811).l: 

r </>o 7{ 1 ~ · ~ tg - - - YK I; - l;th-lK I; t 
<{>=2arctg 

2 4 
</> rr +2rr(n+l/4) (4. 4) 

C-tg r-;-- 4 ]K th;-;-;, t • 

<{>(t) - npe)lcTaBJJl!eT codon l!JYIIKUHIO C MaKCHMYMOM np11 t➔ro </> =arcsin(<{> lw ) 
0 X m 

(pnc. 9, Kp1rna51 1 ) . To 8CTb CHCTeMa l!JYIIKHl10H11pyeT B l!OpMaJJb!IOM pa6048M 

pellCHMe (pel!CllM YJlepl!CaHttl!). Ha cpa30BOli IIJJOCKOCTl1 (p11c. 10, KpttBal! 1) Bl1)lfl0, 

4TO B 3a)laHIIOM )ll11la30He ¢ </> 51BJll!eTCll T04KOH ycTOH4HBoro paanoaecttl! 
X 0 

(T04Ka llpl1Tlll!CeH11l!), K KOTOpoA pa6o4al! T04Ka 6y)leT ycTpeMJ151TbC51 Ha 

Hl!TepeaJJe 

-rr-arcsin(¢ lw )<<{><rr-arcsin(¢ lw ). (4.5) 
· x m x m 

np11 CKOpOCTll 113MeHe!IHll BHe11111ero c11nia11a ¢ >w lpa30Ball TpaeKTOp1151 
X m 

(pHc. 10, KpHBaH 2) He nepeceKaeTCl! C OCblO </>. 113 3TOl"O, a TaKJICe. 113 pewemrn 

( 4. 3) )lJ!ll )la!III0f'O CJ1y4a51 
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f "' ,n l r--' r--' tg ~- - v-,c l; - l;thv-,c f t 2 4 ~ · 
tf,=2arctgtf> 1I +2n(n+l/4), (4.6) 

~-tg [ +- 4 ]K. th~ t 

KOTopoe npe.11.cTaBJUleT eo6oa 6eeK011e•rny10 MOIIOTOHHO B03paeTaK>111y10 <llYHKUlilO 

'I 
,, 

w .. , 
\ ~'f 

-TI-arcsin -- o JT-orcsm - -• ( 1 d 1xJl 'f.. . ( 1 d 9'x) 
WM dt (.dM dt 

Pttc. 9. (eJieBa) BpeMemia51 3aBtteliMOeTb IIOTOKa HeKOMneueautttt tf>. Kpttea51 1 -
~ <w , Kpttea51 2 - .;. >w • w - rpa11wma51 qaeTOTa nonoeu nponyeKautt51. x m · ·.,.x m m 

Ptte.10. (cnpaea) ~a30Ba51 nnoeKoeTb eKBH.n~etteTeMu no ortt6a10111ea. KpttBa51 1 -
~ <w (peJKttM y.nepJKaHH51), tf> - TO'-!Ka yeTOH'lliBOf"O paauoeeett51, Kpttea51 2 -X m 0 

~ >w (peJKHM npocKaJib3UBaHli51 <!Ja3U). 
X m 

(ptte. 9 KpttBa51 2), ene.nyeT, '-!TO etteTeMa BXO)lliT B peJKHM npoeKaJib3UBaHml 

npttae.11.euuoro 3Ha'!eHtt51 Maru~nmro noToKa neKOMneueautttt tf>, To eeTb pa6o'la51 

TO'IKa nepeeKaKtteaeT Ha coce.11.utte eeTBtt•F(tf,)=Umsintf>. 

H3 anaJitt3a (4.1-4.6) eJie.nyeT: )lJl51 TIOBUWeHH51 Kal.feeTBeHHUX TIOKa3aTeJieli 

etteTeMu 11eo6xO)lliMO 11apa1111rnaTb w • O.nHaKo yeeJitt'leHtte w 11e MOJKeT 611Tb 
m m 

6eeKOHe'lHUM. 4To6u TIOKa3aTb 3TO, Y'lTeM B ypae11e1rntt .llBHJKellli51 (4.1) n(t). 

nptt 3TOM npttMeM, '!TO n(t) - 6enhlH wyM e. uyneBhlM epe.nHHM 3Ha'leHtteM .Ii 

O)lHOeToponuea cneKTpaJibllOH TIJIOTHOeTblO N /2, a tf> =O. Tor.na 
_ K O x 

~+w sintf,= _f3_n(t). 
m '[' (4. 7) 

1 

Onpe.11.eJittM 'ltteJio e6oee e Te'!eHtte 3a.nammro ttHTepeana .t.t KaK 

1'=~. 
t 

a, tf>a 
g 

r.11.e ta=J Jp(,t,,t) dt dtf> -

0 -,t,g 

(4.8) 

(4.9) 

epe)lnee BpeMSI .11.0 nepaoro nepeee'!eHtt51 MapKoBeKoro eny'lau11oro npoueeea tf> 

'1epe3 3a.11.a11uy10 norJioma10111y10 rpanttuy tf>. 
• g 
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{~ '! 
I 
! 

1 

j 
. ,! 

)1 
'i r ;. 

r 
\ 

j 

~YHKUH51 paenpeJ1ene11tt51 p(tf>, tl uaxo)lttTe51 tt3 ypaeneHH51 ~OKKepa-nnaHKa, 

eoeTaBJieHHOro )1JI51 (4.7), 

K
2

N 
Bp(tf,,t) =-8-- [Cw sintf,)p(tf> t)]+~ 
8t 8,f> m ' 4-r

1 

8p(tf,, t) 

a,t,2 
e Ha'laJibHUM Ii HOpMttpy10111HM yeJIOBli51Mli: 

p(tf,,O)=o[tf,-tf,(0)] 

p(tf,, t )=O 

CorJiaeHo [47,481, nptt tf> =n/2 

w [ 2u
29 

) ·,,=~xp __ m_ .t.t. 
1t · N w2 

o m 

nptt ltf>l<tf> • 
g 

nptt ltf>l~tf> 
g 

(4.10) 

(4. 11) 

TaKHM o6pa30M, MaKettMaJibHOe 3Ha'!entte w )lOJIJKHO eu6ttpaTbCSI 
m 

li3 

eoo6paJKeHttli )lonyeTttMciro 'lttena e6oee B pa6oTe nptt6opa 3a BpeM51 li3Mepenm1 

.t,t. 

6oJiee TIOJlpOOHO aonpoeu JimmMHKli eKBH.n-etteTeMU e y'leTOM WYMOBUX 

B03.11.etteTBliH li3JIOJKeHU B [49,50]. 

4.3.Mo)leJib CKBH)l-eliCTeMbl C y'leTOM MOJlYJISIUliOHHOH 11eey111ea 

Cornaeno (4.11), nptt eneKTpaJibHOH TIJIOTHOeTH wyMa 

cs!J 112=(N0 )112111"'10-4
~

0
,ru112 peaJibH<;l o6eene'lttTb ,, Menee 0J111oro pa3a B 

Te'!eHtte. neeKOJ!bKliX eyToK )lJISI etteTeMU c w m/21t .. 25KfU. B naeTOSllllee apeMSI 

oeHOBHUe TPY.11.HOCTli nptt noeTpoeHttli etteTeM 

npeo.11.oneuu. 0.11.naKo· cs!i 1
'

2 
.. 10- 6

~
0
,ru112 

B03MOJKHOeTb IlOeTpOHTb yeTOH'lliBYIO etteTeMy 

e TaKOH IlOJioeoa nponyeKaHHSI 

npe.noe_:raaJISieT 

e rpaHH'IHOH 

IlOTeHUHaJ!bHYIO. 

qaeTOTOH ·w /21I 
m 

ueeKOJ!bKO .11.ee51TKo'B Mru. B .naHHOM enyqae yenoette 2n.t.F»w >>w peaJIH30BaTb 
mod m 

3Ha'lttTeJibHO eJIOJKHee. Ha nepBhlH TIJiaH BUX0.11.HT npo6neMa eornaeoeaHH51 

ttHTep<!JepoMeTpa e npeJ1yettnttTeJieM. c poeTOM wmod eaM npe.nyettnttTeJib Ha'lttHaeT 

pa6oTaTb B 'laeTOTHOM .II.Hana30He, B KOTOpOM ero eo6eTeeHHUH wyM He 

MliHHMaJieH, - a/ BO-BTOpux, Ha'lttHaeT paeTtt ero BXO)lHOH TOK. Bee 3TO B 

KOHe'IHOM HTore yxy)lwaeT WYMOBhle Ii )lliHaMH'!eeKtte napaMeTpbl CliCTeMU. iaJKe'B 

HH3J<OTeMnepaTypttux·: eKBttJlax npo6neMy noeTpoeHtt51 eornaey10111ero yeTpoaeTBa 

HHKaK HeJib3SI e'lttTaTb npeo)lOJieHHOH. Hao6opoT, na.n ee peweHtteM Be)leTeSI 

eea'!ae liHTeHeliBHaSI pa6oTa: noeT051HHO IlOSIBJI51K>TeSI Bee HOBUe Ii HOBUe exeMHUe 

eap»aHTU, aJibTepHaTHBHUe TeM, '!TO IlOKa3aHU Ha ptte.76. 

3.11.eeb CJie)lyeT OTMeTHTb eJie)ly1011llie: 

- npeo6pa30BaHtte BblXO)lHoro ettrnaJia liHTep<!JepoMeTpa B Uli<!Jpoay10 <!JopMy 

nptt IlOMOlllli .11.0ilOJIHHTeJibHOro nr • CKBli)la e rtteTepe3tteHb1Mli JI.Jl(03e<!JCOHOBeKHMli 

nepexo)laMtt [51,521; 
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- HCIIOJib3.0Bam1e C.!I.BOeHHl,IX nr CKBH.!1.0B [53, 54]; 

- pa6oTa C cepHeH IIOCJieJJ.OBaTeJibHO BKJII04eHHl,IX nr CKBH.!1.0B [55]; 

- HCKJII04eHHe cornacy10meA uem1 [56], Kor.n.a Bl,ICOKal! 4YBCTBHTeJibllOCTb 

no MarHHTHOMY IIOJIIO coxpaHl!eTCll 3a C4eT Hapauurnamrn COOCTBeHHOH 

HHJlYKTHBHOCTH HHTepqiepoMeTpa. 

IlpHMeHHMOCTb aJibTepHaTHBHl,IX cornacyIOlllHX ueneA B 61,1cTpo.n.eHCTBYIOlllllX 

HHTerpaJibHl,IX BTCIT CKBH)l-CHCTeMaX eme npeJJ.CTOHT Bl,ll!CHHTb. Bo BCeX 

OTHOWeHHl!X He 6y.n.eT 113JIHWIIIIM 3HaTb, KaK .!I.OJIJKlll,I COOTIIOCHTbCll Mel!Uly co6ott 

t.F,wmod'wm, 4To61,1 o6ecne4HTb a6COJIIOTHYIO ycTOH4HBOCTb CIICTeMl,I II _rrp11eMJIIIMy10 

)lHHaMH4eCKYIO norpewHOCTb. )lJill 3TOro HeOOX0.!1.IIMO npoanaJill311pOBaTb YT04HeH11y10 

MOJJ.eJib CKBH)l-CIICTeMl,I, KOTOpal! .!I.OJIJKHa BKJII04aTb B ce651 1111epUIIOHHOCTb 

cornacy10meii uenH Kl (s), a TaKJKe uem1 MO.!J.YJillUIIH - M H .n.eTeKTHPOBaHllll CD 

(pHC.11). TaKOM aHaJIH3 c.n.enaH B [57]c npHMeHeHHeM MaTeMaTH4eCKOro annapaTa 

;-------------------------------, 
I I 
I 

I 

: FIi') 
I 
I 
I 

! --------------

PHC. 11. 6JIOK-CXeMa CKBH.!1.-CHCTeMl,I c y4eTOM MO.!I.YJillUIIOIIIIOM Hecymett. 

3KBHBaJieHTJmX rrepe.n.aT04ImX MaTpHU. cornac1m pac4eTaM, npH OTCYTCTBHH 

rrapa3HTHl,IX HHepUHOIIHOCTett B neTJJe CHCTeMa a6COJJIOTIIO ycTOH4HBa rrpH 

w mod2::(1, 2-1, 3)w m. OTHOWeHHe t.F/w m OKa31,1aaeT cymecTBeHHO MeHbWee BJIHl!IIHe na 

·4aCTOTHl,le xapaKTepHCTHKH, 4eM wmod/wm. O.n.HaKO npH wmod/wm=(l,5-2) 

HeBl,IIlOJJHe1rne ycJJOBJ,151 2nt.F»w 
mod 

npHB0.!1.HT K IIOl!BJieHHIO nepHO.!J.114eCKOro 

HMIIYJJbCHOro CHrHaJJa B rreTJJe CHCTeMl,I Ha qacTOTe 2w npo.n.yKTOM 
mod 

nepeMHOJKeHHll 3TOro CHrHaJia C M0.!1.YJJllUHOIIHOH 11ecymeii l!BJJl!IOTCll IIH3K04aCTOTHl,le 

¢JJYKTyaUHH na Bl,IXOJJ.e. ECJJII CB513ammll C HIIMH .n.onycTHMal! norpew110CTb He 

.!I.OJIJKHa npea1,1waTb o~0,01~, HeOOX0.!1.IIMO o6ecne4l!Tb t.F2::(4,5/2n)w 
O mod 

B 3aKJJI04eHHe 3TOH r JJaBl,I OTMeTHM eme 0.!I.HH HeMaJJOBaJKHl,IM ¢aKTOp. ECJJJ,f 

H36l,IT04Hl,IM wyM B nT-CKBHJJ.e .n.ettCTBHTeJJbllO Bl,13BaH ¢JJYKTyaUHl!MH KpHTH4eCKOro 

TOKa, TO OH MOJKeT 61,1Tb cymecTBeHIJO no.n.aBJJeH, peaepcHBHO nepeKJJI04a51 TOK 

CMemeHHll 1B CHHXpOHIIO c M0.!1.YJJHPYIOlllllM MarHHTHl,IM noTOKOM (58]. B (59, 60], 
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HCI10Jlb3Yll 3TOT Il0.!1.XOJl., .!1.00HJIIICb CJll!lKellllll 1/f wyMa B BTCn nr 
CKBH)l-MarHHTOMeTpe na 4aCTOTe 10 ru 6onee 4eM B 3 pa3a. 3TO Il03BOJJ51eT eme 

6onee bnrnMHCTll4HO CMOTpeTb Ha 6yJJ.ymee BTCn CKBH.!1.0B. 

5. npHMeHeHlle BTCO-CKBH.!1.0B 

KaK Ml,I BIIJJ.eJJH, CKBH.!J.1,1 npe.n.cTaBJJl!IOT co6ott . 4YBCTBl!TeJJblll,le 3JJeMellTl,I, 

pear11py10m11e Ha ll3MeHeHH51 MarHIITIIOro IlOTOKa. O.n.HaKO B C04eTaHHH C 

nepB114lll,IMJ,f rrpeo6pa30BaTeJJ51MII C!J113H4eCKIIX BeJJH4l1H B ManrnTHl,IH IIOTOK OHH 

CTaHOBl!TCll YJJ.IIBl!TeJJbllO pa3JIOCTOp0111lHMII [9]. Enaro.n.apll HCKJII0411TeJibHO 

Bl,ICOKOMY pa3peweHIIIO no 311epnrn ace nocTpoe1rn1,1e Ha cero.n.Hll CKBIIJ].-CHCTeMl,I 

xapaKTepH3YIOT~ cnoco611ocTbIO 11e TOJlbKO per·11cTp11poaaTb caepxMan1,1e cun1an1,1,, 

110 H OKa31,1BaTb caMoe Mlll!HMaJll,IIOe B03JlettCTBlle 11a ofrbeKT 113Mepe111151, TO eCTb, 

ecJJH J,f HCKaJKaTb, TO MIIIIIIMaJJbllO IIIIC!JOpMa[lHIO, KOTopy10 neceT B ce6e 

HCCJJe.n.yeMl,IH HCT04HHK. 003TOMY cei14aC TPYJIIIO npe)lCTaBHTb ce6e 6e3 CKBH.!1.0B 

COBpeMe11Hoe COCT0511Ule Me;ummm, TeXIIIIKII C!J113114eCKOro 3KCnepHMeHTa; 

MeTpOJJOI'HH, reQ¢H3HKH II JlpyrHX 06JlaCTett 11ayK11 II TeXHHKII. 

HyJKHO CKa3aTb, 4TO C T04KH 3pe111151 nocTpOeHHll 4YBCTBIITeJlblll,IX 3JleMeHTOB 

Ha OCHOBe CKBH)la, yny4111e11He 311epreTll4eCKOrO pa3pewell1151 He l!BJil!eTCll 

caMOUeJlbIO. li3BeCTHO, • 4TO, ycTpeMIIB Ls ➔o. MOJKIIO ~OCTHl'HYTb c, 

KBaHTOBO-MexaHH4eCKOMY npe)leJJy h, yJKe C l!MeIOllll!MllCll 3Ha4ellll51Mll 

6JJH3KOe K 

V . OJIHaKO 
C 

np11 nepe.n.aqe 113Mep51eMoro· CllrJiaJla 11a CKBl!Jl C 3KCTpeMaJJbHO Hll3KOH Ls (TO 

eCTb MaJll,IM .n.11aMeTpOM KOHTypa KBaHTOBaJlllll) noTepH MoryT 61,1Tb CTOJ!b BeJJIIKII, 

4TO JlOCTHrHyTl,IH B1,11,trpwu no c B ueJJOM · o6ep11eTCll npm1rp1,1weM no 

4YBCTBHTeJJbHOCTH K H3Mep51eMOMY CHrHaJIY. 04ellb noKa3aTeJibHOH B 3TOM llJiane 

l!BJil!eTCll UHTHpOBaBWal!Cll yJKe pa6o-ra (56]. YBeJlll4HB JJ.HaMeTp· KOHTypa 

KBaHTOBanm1 csepx o6u1enp1111l!Toro II cepbe3110 npo11rpas B pa3pemeHHH no 

311epn111, aBTOp!,1, ynpOCTHB CIICTeMy, YJJY4IIIHB ee )lllllaMll4eCKHe xapaKTepHCTIIKH, 

coxpal!HJIH 4YBCTBHTeJlbHOCTb no Mal'IIHTIIOMY flOJIKl Ila ypos11e caMl,IX JIY4lllHX 

cKBHJJ.-MarHHTOMeTpoB 3a C4eT yaeJm4ellHH Ko,qxJmu11e11Ta nepe.n.a4H nepa11411oro 

npeo6pa30BaTeJI51 ManIHTIIOro HOJIH B MarJIHTlll,lft IIOTOK. 

HeOOX0.!1.HMl,IM 3Be!IOM npaKTH4eCKH scex nepB1141ll,IX npeo6pa30BaTeneA 

C!JH3WleCKIIX BeJIH41111 B MarHIITlll,IH llOTOK ~x l!BJll!eTCll BXO)llla51 KaTymKa, 

Hll.!1.YKTHBIIO CB513aHHa51 C HIITepqiepoMeTpOM II 11epe.n.a10111aH ~x 11a IIIITepipepoMeTp 

qepe3 3TY HH.!1.YKTIIBIIYIO CB513b. B HIITerpaJlblll,IX JiaT4HKaX BX0Jllla51 KaTymKa 

npe)lcTaBJilleT co6oii llJJallap11y10 crmpa111,, BLIIIOJIHe1111y10 113 TOIIKOil · IIJlellKII 

csepxnpoBO.!J.IIIIKa. (61]. C11a4aJia 11a IIO)lJIOJKKY llcUILIJllH!TCH TOIIKaH BTCII- l!Jlel!Ka II 

qiopMHpyeTCl! noJJOCKa (1 11a pm:.126), KOTOpaH 6y)leT CJIYlKIITb OJlllllM 113 
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(100) 

[010)_j 

-2 

Puc. 12. cxeMaTl{l{eCKoe H3o6paJKem1e CKBl•!Jla (a) H BXOJUIOH cm1paJ1eBH,llHOH 
KaTyWKH HH.llYKTHBHOCTH (6)' KOTopaSI 11aKJ1a,llb1BaeTCSI csepxy Ha CKBl1.ll '1epe3 
TOHKHH H30JJHPYIOl!UiH CJIOH. o 

3JleKTPO.ll0B. 3aTeM caepxy m,1pam11saeTCH 3nl1TaKCHaJJbHO CJIOH ,llH3JleKTpHKa. B 

3TOM . CJJOe. npoTpaBJJHBaeTCH OKHO, '!epe3 KOTOpoe ocymecTBJJHeTcH 

csepxnpOBO,ll.HUla.H CBH3b ccpopM11ponaHHOH Ha BUpamenHOM_ ,llH3JleKTpH'leCKOM CJ!Oe 

cnHpaJJH 2 C 3JieKTpO.llOM 1 . )IJJSI . TOrO 'ITOOU, o6ecne'IHTb MaKCHMaJJbHhlH 

K03cpcpmuienT CBH3H_ a, . MeJK.llY BXO.llHOH KaTyWKOH H KOHTypoM KBaHTOBaliH,H

HHTepcpepoMeTpa (p11c. 126), neo6xo)ll1MO no 803MOJKHOCTH TO'IHO COBMeCTl1Tb 11X 

reoMeTpH'leCKl1e uenTpbl 11 o6ecne'll1Tb Ml1HHMaJlbHOe paCCTOHHHe MeJK.llY 1111Ml1. 
' ' . ' ,,,. 

IT03TOMY KaTyWKa MeXaHH'leCKH np11JK11MaeTCSI K HHTepcpepoMeTpy 

MaHJJapa [62), eCJll1 OHa H3rOTOBJ1e11a 11a OT,lleJlbHOH 
'!epe3 TOHKl111 CJIOH 

nO,llJIOJKKe, JJH6o 

cpopMupyeTC,H 'lepe3 cy6M11KpOIU!blH CJIOH .lll13JleKTp11Ka Hi1 O.llHOM '!Hne C 

11HTepcpepoMeTpOM. [31]. _ 

OTM~THM, '!TO yMeHbWellHe paccTOSIIIHSI, pa3.lleJJSIIOUlero KaTyWKy H 

1111TepcpepoMeTp, npHBO,llHT K yseJJl1'1el!l1IO eMKOCTIIOH CBSl3H MelK.lly Hl1MH. 3Ta 

eMKlJt.:Tlla.H CBH3b llp11BO,llHT K nepepacnpe,nene111110 BUCOKO'!aCTOTHUX onpaw11aa10m11x 

TOKOD B HHTep~epoMeTpe, o6pa3yeT napa311THble pe3011aHCllble KOHTypbl, '!TO 

Cl1JlbHO MO,n11cpwu11pyeT BOJlbT-nOTOKODYIO xapaKTep11CTl1KY ITT •CKBl1,lla H MOJKeT B 

ueJJOM YXYJlWHTb era c11r11aJ1bHUe 11 WYMOBUe napaMeTphl. B CBH3H C 3THM Bonpocbl 

corJiacosaimSI ITT - CKBl1Jta C BXO,llllOH KaTyWKOH COCTaBJJHIOT cepbe3HYIO npo6JJeMy, 

KOTopa.H ,llaJKe BblJll1JJaCb D caMOCTOSITeJlbl!Oe uanpaBJJeHwe HCCJle,llOBaHHH. B HTCIT

CKBl{)laX npe,llJJaraJIHCb CJle.lly10Ull1e nO)lXO)lbl np11 ee peweHHH: 

- WYHT11POBaH111e nepexo,nos eMKOCTblO [63, 64], pe311CTOpaMH [65]_, 

1111.llYKTHBHOCTblO [66]; 

- MHOrOKOHTypHble CKB11.llbl [67]; 

- M11orocTyne11'1aTbll' TpaucqiopMaTOpbl )lJISI BXO.llHOro CHrHaJJa. [68] H .llp. 

)IJJ,H BTCIT 1111TerpaJJblJl,IX CTPYKTYP npopa6oTKa 3aTponyToro BOnpoca - ,lleJJO 

6y.llymero, TaK KaK 11a AaHHOM ,nine (10-20) 811TK0Bble KaTyWKl1 11MeX>T 11eBblCOKl1e 

3Ha'le1111.H BXO,llllOH Hll.llYKTHBli(Y-~Tl1 (50-75) HfH, a K03cpcp11u11e11T CBSl311 a npw 3TOM 
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11e npesblWaeT o, 3-0, 5. EoJJee Hacym11a cel1'1ac oTpa6oTKa Tex110J1orww 

H3rOTOBJlelll1,H KaTyWKH, r,lle 11MeIOTC,H cneuwcp11'!eCKHe TPY.llllOCTH, BblTeKa10m11e H3 

3KCTpeMaJJbl!O HH3_KOH .llJIHl!bl KorepeHTHOCTH. Heo6XO,llHMO w36eJKaTb o6pa30BaHHSI 

CJ1a61,1x CBH3el1 npH nepeXO,lle OT IIHJKHero 3JleKTpO,lla K cnupaJIH H npH 

nepece'!eHHH BHTKaMH cnwpaJJH Topues OKHa H HHJKHero 3JJeKTpo,lla. B 

[31, 42, 69, 70, 71], no-BH.lll1MOMY, He ,llOOHJIHCb noJJHOro OTCYTCTBHH CJJa6ux 

CBSl3el1, TaK KaK ycpe,llHennaH nJJOTHOCTb KpHTH'leCKOro TOKa B KaTYWKax· 

coCTaBHJJa 104-105A/cM
2

. 

5.1. MarnHTHLie H3MepeHHSI c BTCIT-CKBH)laMH 

ITpocTel1wwl1 MarHHTOMeTp Ha OCHOBe MaCCHBHoro BTCil•CKBl{,lla anepBble 6uJJ 

onwcan B [72]. KaK yJKe OTMe'!aJIOCb, B o6JJaCTH 6eJJoro wyMa MaCCHBl!blH CKBl{,ll 

cnoco6eH IlOKa3aTb pa3peweHHe no MarHHTHOMY IlOJIIO JJY'!We qeM 10-
13

TJI/ru1/ 2 , 

TaK KaK npH•,llHaMeTpe KOHTypa KBaHTOBaHHSI 1MM JJerKo nOJJY'IHTb WYMOBOH IlOTOK 

sto-4~ /ru1/ 2 H cp0Kyc11py10U1HH cJlaKTOp ~>10. 0,llHaKO H3-3a OTCYTCTBHSI peaJibl!Ott-
0 . 

nepcneKTHBhl CHH3HTb H36UTO'IHUH 11113KO'laCTOTl!blH wyM B MaCCHBHblX 

rpaHyJJHpOBaHHhlX csepxnpoBO.llllHKax C 60JJbWOH BepOSITHOCTblO MOJKIIO YTBeplK,llaTb, 

'!TO 8 no)laBJISIIOUleM 60JlbWHHCTBe npaKTH'!eCKHX npHMeHeHHH MarHHTOMeTphl 6y.llyT 

CTpOHTCSI 8 HHTerpaJJbHOM HCnOJJHeHHH.' B HHTerpaJJbllhlX BTCil•MarHHTOMeTpax, C 

ueJiblO nosuweHHSI HX 'IYBCTBHTeJibl!OCTH, npe,nno'ITHTeJJbHO HCnOJib30BaTb 

csepxnpOBO.llSllllHH TpaHccpopMaTop MarHHTHoro IlOTOKa. )IJJSI era IlOCTpOellH,H K 

3JleKTpO,llaM BXO,llHOH KaTyWKH npwcoe,llHHSleTCSI CBepxnpOBO.llSIUlaSI neTJJSI L, 
p 

KOTOpaSI, KaK npaBHJIO, HanUJJSleTCSI 0,llHOBpeMeHHO C BXO,llHOH KaTyWKOH Li. 

cornacHo [73], 

TpaHccpopMaTOpa 

K03cpcp11u11eHT YCHJJel!HH no MarHHTHOMY IlOJIIO TaKoro 

A a(L L ) 1/2 
G = 1-L l 5 

~A L. +L 
S 1 p 

(5. 1) 

r,ne A - IlJIOUla,llb 
p 

nptteMHOH neTJIH, ~As - 3cpcpeKTHBHaSI TTJIOUla,llb KOHTypa 

KBaHTOBaHHSI CKBl{)la, a 'IYBCTBHTeJJbHOCTb MarHHTOMeTpa no MarHHTHOMY IlOJIIO 
I: 

I: \,,(w) T 
S (w) = -=x-rc;i +S (w), (5.2) 

· B ~n
5

1u1 B 

r,lle ST (w) · - cneKTpaJJbHaSI niIOTHOCTb Mar1111THOrO wyMa, C03,llasaeMoro 
B . . 

TpaHccpopMaTopoM. 

TmaTeJibHUe HCCJle)lOBal!H,H TpanccpopMaTopos npw IlOMOUlH IIH3KOTeMnepaTypHblX 

CKBH,l{OB IlOKa3aJIH [73], '!TO s'o6JJaCTl1 Hl13Kl1X '!aCTOT ST(w) COCT011T 113 .llBYX 
B 

KOMilOHeHT: 
0 

a) "IlpSIMOH BKJ!a.ll" OT CKa'IKOB MarnHTHhlX 811Xpel1; 
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6) "Henpl!Mall"• KOMnoHeHTa OT 3Kpam1py10IIUIX TOKOB, B036ylf(JlaeMhlX B 

3aMKHYTOH CBepxnpoBOJlllllleH neTJie )lBl1JKeH11eM B11XpeH. 

"Henpl!MaSI" KOMnOHeHTa )lOMl1H11pyeT B wyMe TpaHcctJopMaTopa . 

CorJiaCHO [73], Ha )laHHOM 3Tane o6maSI '-IYBCTBl1TeJibHOCTb 11HTerpaRbHhlX 

MarHHTOMeTpOB, pa6oTaJOmHX np11 T=77K, onpeJleJil!eTCll WYMOM CKBl1)la. Ry'-lwee Ha 

cero)ll!SI 3Ha'-!eHHe S:E(lKf[l)=O, 09pTJI/f[ll/Z np11 T=77K coo6meHO B [42]. B 3TOH 
B 

pa6oTe nnoma)lb np11eMHOH neTJil1 A =81MM
2

, K03ctictJ11!ll1eHT CBll311 a"'0,5, a 
p 

ycm1eH11e G0<83. Tpa11c(1JopMaTop 11 CKBM 6h1Jm c(1JopM11poBaHh1 Ha pa3HhlX no)lJIOJKKax. 

6oJiee BhlCOKl1H K03ctictJ11!ll1eHT yc11JieHl1ll G<><127 )lOCTHrHyT B MarHl1TOMeTpax, B 

KOTOphlX CKBl1)l 11 Tpa11c(1JopMaTop· c(1JopM11poBal!h1 Ha OJlllOM '-111ne [31]. TaKOH '-111n 

npe)lCTaBJilleT co6ow JI1160 B0CbMl1-, n1160 nllTHa)l[laTl1CROHHhle reTepo3n11TaKc11anb

Hhle CTPYKTYPhl ( ! ! ! ) . XOTll wyMOBhle napaMeTphl noKa He coo6me1lhl, TeM He Mettee 

YCTOH'-111Ball pa6oTa C03)laHHOro MOIIORl1Tl!Oro 1111TerpaRbHOro MarHl1TOMeTpa np11 

TeMnepaType JKl,(nKoro a3oTa no3BORlleT 0T11ecn1 . ero K pa3pllJlY Kpym1eww11x 

. ,!J:OCTl1JKeHl1H B o6JiaCTl1 CBepxnpoBO)lHl1KOBOH 3ReKTpOHl1Kl1. 

0)lHl1M 113 TpaJlH!lHOHHhlX npHMeHeHHH CKBH)l-CHCTeM llBRlleTCll 

Marn11T0Kap)l11orpa(1J11l!. PerncTpa!ll1ll Mar111-1n1oro non51 cep;rna 61,1na ocymecTBneHa 

yJKe HeO)lHOKpaTHO KaK c nOMOlllblO MaCCHBl!Oro (74], TaK 11 TOHKOnneHO'-IHOro 

CKBH)la [75]. )lOCTHrHyTo )lOCTaTO'-IHO xopowee OTHOWeHHe CHrHaR/lllYM "' 10: 1 

(pHC. 13). TeM He MeHee TPYJlHO npe)lCKa3aTb cett'-!ac 6yJlymee BTCIT-

~ 
.,, 
.; 
ii: 

0 

.!! -10 
;; 
C 

"' 0 
:le 

1.0 2.0 3.0 4.0 5.0 
Time. sec 

PHC. 13. MarHHTOKap)lHOrpaMMa, H3MepeH!Ja5l npH nOMOlllH BTCfl • CKBH)la, . B 
anJOMmmeBOM 3Kpane. 

CKBM-MarHHTOKapJlHOrpa(1JHH. )lalKe ecn11 npHeMHYJO neTRIO TpaHCctJOpMaTopa nOTOKa 

CctJOpMHpOBaTb KaK· nnaHapm,ri1 rpa)lHeHTOMeTp nepBoro nopll)lKa, Bp5!Jl RH yJlaCTCll 

nORHOCTblO OTCTpaHHTbCll OT BHe1111mx MewaJOlllHX ctJaKTOpOB H npoBOJlHTb H3MepeHl1SI 

·BJJe 3Kpam-1poBaH11oro o61>eMa. µ-MeTaRRl-l'leCKHe 3Kpa1mpy101llHe KOMl!aThl rpOM03)lKH 

H O'-lellb JlOpor11. B 3TOM OTHOl1Jelll1H renHeBhle ManmTOKap)lHOMeTphl, npeKpaCHO 

pa60TaJ011111e B OTKphlTOM npocTpallCTBe, HMeJOT HeocnopHMOe npe1-1MymecTBO. 6onee 
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OIJTHMl1CTH'-IHOH BhlrJill)ll1T nepcneKTHBa C03)laHHll MHOroKaHaRbHhlX cynepc11CTeM C 

a)laIJTl1BHOH KOMneHcaUHeH BHeWlll1X IJOMeX. 3)leCb, ecn11 yJlaCTCll yMeHbWHTb 1/f

WYM )lO np11eMRHMoro . ypoBHll, 3aMel!a lKH)lKOro renl1ll na JICMKl1H a30T 6yJleT 

cepbe3llhlM )lOCTOHHCTBOM. 

B [76] MaCCl1BHhlH CKBM 61,1n npHMeHeH )lRll 113MepeHHll penaKCallHl1 

MarJIHTl!Oro MOMeHTa B BTCIT - MOIIOKpHCTannax, TO ecTb BhlCTyn11JI B pOJil1 

npocTewwero 113Mep11TeRl1 BOCnpHHM'-IHBOCTH. MmmaTIOpHhlH TOHKOnJieHO'-IHhlH BTCIT

CKBl1)l-113Mep11TeJib MarHHTIIOH BOCnpHHM'-IHB6CTl1 MOr 61,1 HaHTl1 )lOBORbHO WHpOKOe 

np11Me11e1me BO M11or11x o6naCTllX 11ayK11 11 TeXHl1KH, r)le eCTb noTpe6HOCTb B-

11CCJie)lOBaHHH CBOHCTB MaTepHaROB. OnhlT C03)laHHll TaKoro 113Mep11TeJIS1, 

pa60TaJ0111ero np11 TeMnepaType JICH)lKOro reRHll, HMeeTCll [77]. B [78] OH 61,1n 

HCnOJib30Ball, 11anp11Mep, )lRll H3y'-lemrn ManmTllhlX cneKTpOB nonynpoBOJlllHKOB C 

nl1KOCeKyHJlllhlM pa3perne1meM. 

ony6JIHKOBaHO 6oJibWOe KORH'-leCTBO pa60T. nOCBlllllellllhlX HCCRe)lOBaHHIO BTCIT-

3KpaHOB np11 noMOllll1 BTCfl-CKBHJlOB. 

CaM no ce6e BTCIT- 3Kpa11 llBJl5leTCll BaJK11eCttUHM 3JieMeHTOM CBepXBhlCOKO'-lyB

CTBHTeJibllhlX 113MepelmH. oue11Ka, ypoBl!H 111yMa BIIYTPH 3Kpa111-1posa11110ro o61>eMa, 

ocymecTBRlleMall npH noMOllll-1 BTCfl-CKBHJlOB. cnoco6CTBOBana pa6oTaM no CHHTe3y 

MaTepHaJIOB c·- nOBhlWe!IHOH 311epr11eCt nmmmira. 3KpaHhl 113 YBaCuO C )lOOaBKaMl1 

nopowKa cnnaBa . Ag-Sn, oxnalKJlellllhle B KBa3m1yneBoM none, He c03JlaJOT 

H36hlTO'-IHOro MarJIHTl!OrO wyMa 11a ypoBHe '-IYBCTBHTeRbHOCTH MaCCHBHOro CKBMa 

[79]. Ko3ctictJ11HHeHT ocna6ne1111ll m1e11111ero nonH TaKoro 3Kpa11a K"'10
7

. none 

npoHHKHOBeHl1ll COCTaBJilleT 6onee 10 oe. TaKHM o6pa30M, OH MOJKeT 6h1Tb c 

ycneXOM 11cnORb30BaH )lRll 3Kpa1mp0Bal!HH '-IYBCTBHTeRbllhlX H3Mep11TeRbllhlX ueneCt 

OT Bap11au1-1w MarHHTHOro llORll 3eMRH 1-1 npOMhllllRellllhlX Maf'HHTllhlX noMeX. 

HapllJlY C 3THM CKBH)l, n0Met1LellllhlH BIIYTPb CBepxnpoBOJlHllleH Tpy61,1, 

fl03BOJISleT C BhlCOKHMl1 TO'-IIIOCTblO 1-1 '-IYBCTBHTeJ!bllOCTblO HCCRe)lOBaTb )ll-!llaMHKY 

npmmK11one1111ll BJ1e11111ero Marmrflloro nonll 1-1 n0Be)le111-1e BhlCOKOTeMnepaTyp11oro 

CBepxnpOBOJlllHKa B cnepxcna6ope3HCTHBIIOM COCTOlllll111. B '-laCTIIOCTH, ynenl1'-111Ball 

BJ1ew11ee MarJIHTIIOe none. MOlKIIO B HBIIOM BH)le 11a6RJO}laTb nepeXOJl 

cBepxnpoBOJlHHKa nocJie}loBaTeJibl!O '-!epe3: 

-p_eJKHM TepMOaKTHBHpoBallllhlX CKa'-IKOB CJJa60B3aHMO)leHCTBYJOIUHX 811Xpew; 

-pelKHM TepMoaK,:HBHpOBalll[Oro Kp1-1na; KORReKTHB!lhle CphlBhl MarllllTl!hlX 

BHXpeH; 

-peJKl1M Te'-!eHHll Marmrflloro noToKa. 

)lOCTHrHyTall B BTCII • CKBH)l-Maf'IHITOMeTpax '-IYBCTBl!TeRbllOCTb B110m1e 

)lOCTaTO'-!Ha JlRll HX np1-1Me11e11m1 B r·eoqll1311'-leCKHX Cl1CTeMax (80] H CllCTeMax 
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Hepa3pywaximero KOHT~OJHI [81). npaB)la, .. B HaCTOSIUllil~ MOMeHT eme He 

npoBe)leHO B 3THX o6RaCTSIX cepbe3HUX pacqeTOB, KOTOpue noKa3aRH 6u, KaKyX> 

HOBYX> HH~OpMaUHX> MOJICHO noRyqHTb, 3aMeHHB TpaJIHUHOHHUe np116opu Ha 

CBepxnpOBOJIHHKOBUe. 

S.2.3ReKTpttqeCKHe 113MepeHHSI C BTcn-cKBH)laMH 

ITOSIBReHHe HHTerpaRbHOro BTCn-cKBH)la CTaRo B03MOJICHUM 6RaroJ1ap51 TOMY, 

qTo COBepweH HOBW1 KaqeCTBeHHUH CKaqoK B pa3B11Tl111 TOHKOnReHoquott 

·TeXHOROrHH. 0TCX>)la opraHH3aUHSI cep1111uoro npOH3B0JlCTBa 3THX )laTqJ1KOB MOJICeT 

C)lepllCHBaTbCSI H3-3a ee BUCOKOH CTOHMOCTH, KOTOpaSI B CRyqae · OTCYTCTBHSI 

Maccoeoro pUHKa c6uTa c.n:eRaRa 6u caM11 JiaTqHKH .n:oporHMH H TeM caMuM eme 

60Ree coKpaTHRa 6hl qucRo eepos1Tm,1x noTpe6uTeRett. B [41 eucKa3aHa 

3aCRYllCHBaximaSI BHHMaHHe MUCRb O TOM, qTo HaRHqHe )lalKe e)lHHCTBeHHOH o6RaCTH 

WHpoKoro npHMeHeHHSI C)leRaRO 6u CTOHMOCTb CKBHJ{OB nplileMneMOH Ji. OTKpURO 6u 
B03MOJICHOCTb ){RSI HX np11MeHemrn B TOM qucRe Ii B Tex OORaCTSIX, B KOTOpux 

OllCH)laeMUH pUHOK c6uTa HeBeRHK. 

KaK yJ1Ce OTMeqaROCb BO BBe)leHHH, MaCCOBUM noTpe6HTeReM BTCn-cKBH)lOB 

MOJICeT CTaTb o6RaCTb 3ReKTpHqecKHX H3MepeHHH. 

CorRaCHO o6mett ~HROC~HH H3MepHT€RbllOH TeXHHKH, B03MOlKHO nocTpOHTb 

Toquyxi 6UCTpo.n:ettcTBYX>lllYX> H BUCOKoqyeCTBHT€RbHYX> CHCTeMy TORbKO a· TOM 

cRyqae, eCRH MU HMeeM Toquuii, XOTSI H ue6ucTpo.n:eiicTeyxim11ii 

CRa6oqyBCTBHT€RbHUH 3ReMeHT, 6~CTPOAeHCTBYIOUllilH, XOTSI Ii HeToquuii 

CRa6oqyacTBHTeRbHUH 3ReMeHT Ii, HaKOHeu, BUCOKoqyBCTBHTeRbHhitt, XOTSI Ii_ 

He)lOCTaTQqHo 6UCTpO)lettCTBYX>lllHH HeToq1mtt 3ReMeHT. TaKHM o6pa30M, eCRH 

nOCTaBHTb 3a.n:aqy llOJlHSITHSI o6mero YPOBHSI qyBCTBHTeRbHOCTH napKa 

113MepHTeRbHUX npu6opoB Ii CHCTeM 6e3 ymep6a HX npoq11M noKa3aTeRSIM KaqecTBa, 

BTCIT •CKBH)l MOJICeT BUCTynHTb B KaqecTBe Toro ~yu.n:aMeHTaRbHOro COCTaBHoro 

3Rer.ieHTa, KOTopuii 11 o6ecneq11T pewem,e 3TOH 3a.n:aq11_ 

Ha pHC.14 npeJICTaBReHa ~YHKUHOHaRbHaSI CXeMa YCHRHT€RSI (HRH 

nHKOBORbTMeTpa) Ha OCHOBe sq-CKBH)la 113 MaCCHBHOH KepaMHKH [82). Ha pHC.15 

npe.n:cTaBReua 3Kcnep11MeHTaRbHO H3Mepe1maS1 cneKTpaRbHaSI nRoTHOCTb wyMa no 

HanpSlllCeHHX> 3TOH CHCT€MU - SL. BHJIHO, qTQ B o6RaCTH 6eROro wyMa SL 
1/2 V V 

COCTaBRSleT 40nB/ru . Cpae11e1me C Ryqw11MJ1 noRynpOBO)lHHKOBUMH YCHRHTeRSIMH 

llOKa3UBaeT [83), qTo yJKe 3TOT BTCIT • CKBHJl- ycHRHTeRb HMeeT cepb€3Hoe 

npeHMYlll€CTBO no ypOBHX> wyMa np11 conpOTHBReHHH·HCTOqHJ1Ka·cHrHaRa Rs<lS OM 

Cp11c. 16 J. 

corRaCHO [82) B .n:auuott KOHKpeTHOH CHCTeMe CKBHJl HMeR pa3peweHHe no 3HeprHH 
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PHC. 16. •3aBHCHMOCTh WYMOBOH TeMnepaTypu OT BUXOJlHOro conpoTHBReHHSI 
HCTOqH11Ka CH,HaRa. KpHBaSI 1 - eq-CKBH)l • ycHRHT€Rb (3KCnepiiMeHTaRbHaSI 
KpHBaSI); KpHBaSI 2 - noRynpOBO)lllHKOBUH ycHRHTeRb [83], KpHBaSI 3 - ITT-CKBHA
ycHRHTeRb (pacqeTHaSI KpHBaSI). 

npoeo.n:a, qTo .n:eRaeT ee HCToqHHKOM 3HaquTeRbHoro wyMa. PacqeTu noKa3ueaxiT: 
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-30 . HCITOJlh30BaHHe HHTerpaJJhHOro CKBH.lla C c~10 }lJK/fU H CBep~npoBO.llHmett 

BXO.llHOH KaTyWKOH IT03BOJIHJIO 61,1 CHl1311Th COOCTBeHHblH TeTTfl~BOH wyM 

rrpaKTHqecKoro ycttJIHTeJJH .110 cy6rrHKOBOJlhTOBOro ypoBHH 11, KPOMe Toro, 

o6ecrreqttTh: 

-BXO.llHOe corrpOTHBJJeHHe >105 OM; 

-rronocy qacToT o-1Mru; 

-~HaMttqecKHH .11Harra30H 120-140)l6. 

0.llHOBpeMeHHOe coqeTairne TaKHX xapaKTepHCTHK MOJKeT 6b1Th .llOCTHrHYTO TOJlhKO B 

ycHJIHTeJJHX Ha HTCn-cKB11AaX. 

B03MOJKHO,BHe.11peHHe BTCIT-CKBH.11-YCHJIHTenefl cne.11oeano 61,1 Ha4aTh: 

1) C H~rrocpe.11crneHHOro C03.llaHH51 ITHKOBOJlhTMeTpOB' .llJl51 o6ecne4el!HH 

BblCOKOqyacTBHTeJlhHblX 4eTblpeXT04e4HblX 113Mepel!HH B c!)H311<leCKHX 11 

MeTponortt4eCKHX na6opaTop11Hx; 

2) a TaK>Ke pa3pa60TKOH 6blCTpo.11eHCTBYKlU1ero MaJIOWYMlllUero HIITerpanbHOro 

cmepauttoHHoro cyrrepyc~nttTenH,nonHocTbKl pa6oTaKlmero rrptt TeMnepaType JKH.llKOro 

a30Ta, B KOTOpOM CKBH.ll•YCHJIHTeJlb Bblnomrnn 6hr ponb pecpepeHTHOro KaJJaJJa. 

OrrepaUHOIIHblH YCHJIHTeJlb 51BJl5leTC51 HeOOXO.llHMblM COCTaBHblM 3JleMeHl'OM Bcex 

6e3 HCKJIKl4eHH51 rrp116op0B, HH!pOpMaUHOHIIO- H3Mep11TeJ1bHblX CHCTeM, HCOOJlb3YKl

mttxc51 H B Me.llHUHHe, H B TeXHHKe cp113114ecKoro 3Kcnep11MeHTa, H B TeXHHKe 

CB513H H .llp., H HMeHHO ero rrapaMeTpbl BO MHOrOM onpe.11eJ151KlT HX no1m3aTeJJH 

KaqecTBa. TaKHM o6pa30M, qepe3 onepau11omrne ycHJIHTeJIH .llJIH BTCn -CKBH.110B 

MOJKeT 6b1Th C03.llaH 3Haq11TeJ1bHblH pblHOK c6uTa. 

6.3aKn10qeH11e 

B .11aHHOM o63ope Mbl He 3aTpOHYJll1 eute p51.ll D03MOJKHblX rrpaKTH4eCKHX 

rrpttMeHeHHH BTCIT-CKBH.110B. C H11MH MOJKHO IT03HaKOMl1TbCH B [9]. AB 3aKJJKl4eHHe 

XOTeJIOCb 61,1 OTMeTHTb cJ1e.llyKlmee. C T04Kl1 3pe111151 3JleKTp01111Kl1 WHpoKoro 

np11MeHe1rnH, pa6oTaTb B JKH.llKOM a30Te, KOHe4110, 3Ha411TeJlbHO JJY4UJe, 4eM B 

lKH.l\KOM renHH, HO B TOJKe BpeM51 3Ha411TeJlblIO xyJKe, 4eM B HOpMaJlbHblX YCJJOD1151X. 

B HaCTOHUiee BpeMH BTCIT•CKBl1.ll-Cl1CTeMbl 3aH11MaKlT TOII4aHWl1H npoMeJKYTO<ll!blH CJIOH 

Meuy HH3KOTeMnepaTypllb1Ml1 CKBl1.ll-Cl1CTeMaM11 11 nonynpODO.llHl1KOBl,IMl1 Cl-lCTeMaMH. 

CTaHOBJJeHHe BTCIT-CKBJ.1.110B H.lleT B OCTpeflweH KOHKypel!THOH 6opb6e C .llf.!HaMl14HO 

pa3DHBaKlUIHMHC51 coce.11HMH. )lJJH Toro 4TOObl Bb1JKl1Tb 11 ynp04J.!Tb ceoe ITOJJOJKeHHe, 

HOBble .llaT4J.IKH .llOJIJKHbl npe.11cTaBHTh BeCKHe apryMeHTl,I B CBOKl fl0Jlh3Y. KaK Mbl 

BH.lleJIH npe.11noCblJIKH .llJIH TaKHX apryMeHTOB HMeKlTCH. ECJIH y.11acTC.H Clll-l'.3HTh 1/f

WYM, TO K BTCIT - CKBH.llaM cpa3y nepefl.lleT 6oJlbWHHCTBO npm4e11e1mH OT 

HJ.13KOTeMnepaTypHblX CKBH.llOB, a TaKJKe Te npHMellellH51 OT nonynpoBO.lll!l-lKOB, B 
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KOTOpux ITOBl,IWeHHaH 4YBCTDHTeJlblIOCTb H ToqHOCTb o6ecne4J1BalOTC.H n1160 3a cqeT 

CJIOJKHblX,CXeMHUX peweHl1H, ntt6o o6pa6oTKOH 60JlbWHX MaCCHBOB 11Hc!)OpMaUHH. Ho, 

TIODTOpHM, qTo BTCIT-CKDH.ll MOJKeT CTaTb OCHOBOH TeXHHKH CJJe.llyKlmero ITOKOJleHH51, 

eCJIH pa3pa6oTaTh ITOJIHblH Ha6op a11anoroe1,1x H UH!ppOBblX 3JleMeHTOB a30THOro 

ypoDHH oxnaJKJleHH51, KOTOpblH IT03BOJIHJI 61,1 peaJll130BaTb Ha OCHOBe HOBOH 

cxeMoTeXIIHKJ.I JIOOYIO H3MepttTeJlhHYIO CHCTeMy. TaKHe CHCTeMbl He 6blJJH 61,1 

rpoM03.llKHMH, TaK KaK npo6neMa C03.llaHHH KOMnaKTHblX 3aMKHYTUX CHCTeM 

OXJlaJK.lleHHH yJKe pewena (84 ] . 
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