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K11cenea 10.4>., Cano>KHHKOB A.n. Pl3 - 10694 

p 8C'!eT fiOITp8BKH Ha HenHHeliHOCTh Q-MeTpa IT pH H3MepeHHH 
Bb!COKOM nonHpH38UHH MHll!eHH 

B pa6ore npnaeaeH npn6nn>KeHHbrll pacqer nonpasKH Ha HennHeliHOCTh 
Q -Merpa c nocneaoaarenhHb!M Kone6arenbHb!M KOHTypoM npn H3MepeHHH 

Bb!COKOM S!AepHOM ITOnHpH38UHH MHll!eHH. noTepH B K08KCHanhHOM Ka6ene
1 

a TBK>Ke paCCTpOliKa qaCTOTbl reHepaTopa Q -MeTpa OTHOCHTenbHO qaCTOTbl 

HacrpoliKH Ka6enH nonaraiOTCH :-.AanhtMH napaMerpaMn. Pacqer npoBeJleH 

anH cnyqal! BBTOMBTHqeCKOM fiOACTpOliKH pe30H8HCHOM qaCTOTbl KOHTypa fiOJl 

qacTOTy re!Iepa Top a. • )!(ec TKOCTb" 8BTOfiOACTpOMKH npOH3BOnbHa H 38ABeTCS! 

He3aBHCHMbJM napaMeTpoM S. Ha npHMepe nponaHJlnona (sell!ecrao MHllleHn) 

noKa3allo, qro nonpasKa, nonyqeHilaH nyreM npn6nH>KeKHoro pacqera, xopoll!o 
coana)laer c nonpas~~:oll, nonyqellHoll pacqeToM Ha 38M no roqHoll !jJop

Myne. npnaeaeHhl HeKOTOpwe pe3ynhT8Thl Cp8BHeHHS! C SKCnepHMeHTOM. 

Pa6ora BhlfiOnHeHa B na6opaTOpHH HaepHbJX npo6neM 0115111. 

Coo6weHBe 061.eJl)IHeHHOI"O BHCTBTYT& B.llepHWI HCCne.llOB&HBi. ,lly6Ha 1977 

Kiselev Yu.F., Sapozhnikov A.P. 

Calculation of a Correction for 
Pl3 - 10694 

Q -Meter Non-Linearity in the· Measurement 
of Target High Polarization 

An approximate calculation of a correction for non
linearity Q -meter with a series vibrational loop in the 
measurement of target high nuclear polarization is presen 
ted. Co-axial cable attenuation and the detuning of 
Q -meter generator frequency with respect to cable fre
quency tuning are assumed to be small parameters. The cal 
culation has been performed at the automatic adjustment 
of loop resonance frequency to generator frequency. The / 
"rigidity" of automatic adjustment is arbitrary and is se~ 
by an independent paremeter S. By_ using propandiol (target 1 

material) as an example, it has been shown that the cor
rection obtained by approximate evaluation coincides well 
with that computed by an exact formula. Some results of 
calculations are compared with the experiment. 
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© 1977 06~eOUHeHHWU IIHc•u•y• JIOepHWX IICC.IIeOoeaHuu,ay6Ha 

llpueMHhiH .u.aPIHK cneKTpoMeTpa RM P npu HH3KHx 

TeMnepaTypax qame acero npe.u.cTaBn.HeT co6oH: ru6pH.U.HhiH 

KOne6aTenhHhiH KOHTyp, B KOTOpOM 3nCMCHThl C COCpe.u.o

TOl.J:CHHhiMH napaMeTpaMH - KaTyiiiKa HH.U.YKTHBHOCTH H CM

KOCTb HaCTpOHKH - COC,LI,HHHIOTCH MC)K.!J.Y C060H 3nCMCHTOM 

u.enu c pacnpe.u.eneHHbiMH napaMeTpaMu - KOaKcuanbHhiM 

Ka6eneM. 113MCHCHHC MO.U.yn.H HMne.u.auca KOHTypa B nepBOM 

npn6nu)l{eHHH nponopu.uouanbuo nor nomeuu10 x" BbiCOKo

'iaCTOTHOH H.U.CPHOH BOCnpHHM'iHBOCTH X= X '-ix" o6pa3-

u.a, noMemenuoro a KaTywKy HH.LJ.YKTHBHOCTH. O.u.naKo npn 

6onbWHX X" 3Ta CBH3b HenHHCHHa H 3aBHCHT OT X' , X" 2, 

paCCTpOHKH 'iaCTOTbl reuepaTopa Q - MCTpa OTHOCHTCnbHO 

pe30HaHCHOH 'iaCTOThl KOHTypa, napaMeTpOB KOaKCHanbHOro 

Ka6en.H n T . .LJ.. B pe3ynbTaTe npn TO'iHOM onpe.u.enennn non.H

pn3au.nn MHWCHH P- {X "dw no OTHOCHTCnbHOMY H3MCHCHHIO 

MO.LJ,yn.H HMne.u.auca KOHTypa 3a C'iCT X HC06XO.LJ.HMO BBO

.LJ.HTb nonpaBKY Ha HenHHCHHOCTb, KOTOpa.H 06bi'iHO onpe.u.en.H

CTCH paC'iCTOM Ha 3BM. 3TOT paC'iCT HenpOCT, oco6CHHO 

npH aBTOMa THl.J:CCKOH nO.U.CTpOHKC pe 30HaHCHOH 'iaCTOTbl 

KOHTypa no.u. 'iaCTOTY reuepaTopa Q- MCTpa /I i, T .K. Tpe-

6yeTCH nyTeM OnTHMH3aU.HH HMne.u.auca KOHTypa MHOrO pa3 

onpe.u.en.HTb C BhlCOKOH TO'iHOCTbiO 3Hal.J:CHHC CMKOCTH Ha

CTpOHKH. flpH 3TOM BpCMH paCl.J:CTa fibiCTpO B03pacTaCT 

C nOBbiWCHHCM TO'iHOCTH onpe.u.eneHHH CMKOCTH. B .LJ.aHHOH 

pa6oTe npuae.u.en npu6nH)I{CHHhiH auanHTHl.J:CCKHH pac'ieT 

nonpaBKH ua uenuneH:uocTb Q -MeTpa c nocne.u.oaaTenbHhiM 

rufipH.U.HhiM Kone6aTenbHbiM KOHTypoM B npaKTHl.J:CCKH HaH

fionee Ba)I{HOM cnyqae, Kor.u.a nonpaaKa nuueH:uo 3aBHCHT OT 

MaKCHManbHOH BenHl.J:HHhl OTHOCHTCnbHOrO H3MCHCHH.H 

Mo.u.ynH HMne.u.auca. lloTepu a KOaKcuanbHOM Ka6ene, a TaK

)I{C paCCTpOHKa l.J:aCTOThl reuepa Topa Q- MCTpa OTHOCHTCnbHO 
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'laCTOTbl HaCTpOHKH Ka6eJUI IIOnaraiOTCR ManbiMH rrapaMeT

paMH. Pac'leT BbiiiOnHeH .nnR cny'laR aaToMaTH'lecKo:H rro.n

CTpo:HKH pe 30HaHCHOH 'laCTOTbl KOHTypa 110,!1; 'laCTOTy reHe

paTopa Q -MeTpa. ")l(ecTKOCTb" aBTOIIO,!J;CTpOHKH fiPOH3-

aonbHa H 3a,naeTCR He3aBHCHMbiM rrapaMeTpoM S /I~ Ha 

IIpHMepe rrporraH,nHona IBei..QeCTBO IIOnRpH30BaHHOH MHlliCHHI 

IIOKa3aHO, 'ITO paCC'IHTaHHaR TaKHM o6pa30M IIOIIpaBKa XO

pOlliO coarra,naeT c rrorrpaaKo:H, rrony'leHHOH pac'leToM Ha 

3BM 110 TO'IHOH cPOpMyne. llpOMC)I(YTO'IHbie pe3ynbTaTbl 

pac'leTa MoryT 6biTb ucrronb30BaHbi ,nnR orrpe,neneHHH x' , 
rrapaMeTpoa KOHTypa H aaTorro,ncTpo:HKH. OrrucaHa MeTOJJ;HKa 

orrpe,neneHHR 3THX rrapaMeTpoa. llpuae,neHbi pe3ynbTaTbi 

cpaBHCHHR C 3KCIIepHMCHTOM HCKa)I(CHHH "KpbinbeB" CHrHana 

RMP H 3aBHCHMOCTH aMrrnHTYJJ;bi cHrHana OTero rrono)I(CHHR 

a qacTOTHOH pa3aepTKe. Pe3ynbTaTbi pa6oTbi cyi..QeCTBeHHO 

yrrpoi..QaiOT pacqeT Ha 3BM IIOrrpaBKH Ha HenHHCHHOCTb. 

Pac'lem zu6pucmozo nocAe6oeameAbHozo KoHmypa 

Ha puc. 1 aocrrpoH3Be,neHa 6noK- cxeMa rrpu6opa c aaTo

MaTH'lecKo:H IIO,!l;CTpOHKOH pe30HaHCHOH 'laCTOTbl rrpHeMHOro 

KOHTypa H3 pa60Tbl /I/. TOK OT reHepaTopa BbiCOKOH qac

TOTbi lrBql rrHTaeT qepe3 corrpoTHBneHue Rr »R ru6pu,n

HbiH KOHTyp, COCTORI..QHH H3 KaTylliKH HHJJ;YKTHBHOCTH C o6-

pa3li;OM H KOaKCHanbHbiM Ka6eneM ,nnHHOH ll·Aw'2 H yrrpaa

nRCMOH CMKOCTH Cp laapHKarrl. BapHKarr yrrpaBnRCTCR CXe

Mo:H aaToMaTH'lecKo:H rro.ncTpo:HKH qacTOTbi I Aflql TaKHM 

o6pa3oM, 'IT06bi rrpu H3MeHeHHH qacTOTbi reHepaTopa unu 

H3MeHeHHH HHJJ;YKTHBHOCTH KaTylliKH L .. L
0

(1+4m,x) 3a 

C'ICT IIOMCI..QCHHOrO B Hee o6pa3:u;a C Bq BOCIIpHHM'IHBOCTbiO 

X =x '- i X" rro,ncTpOHTh KOHTYP rro.n qacToTy reHepaTopa. 

MeTOJJ;HKa pac'!eTa Ha 3BM TaKo:H :u;erru ,naHa arrepBhie a 

pa6oTe/l/. 3KCIIepHMCHTanhHO IIpH6op IIPHMCHCH / 2 / B )l;y6-

He ,nr.:R H3MepeHHR BbiCOKo:H rronRpH3a:u;uu MHllleHH. B pa6o

'IeM pe)I(HMe 'laC TOT a HaCTpOHKH IIpHCMHOrO KOHTypa 6nH3-

Ka K '!aCTOTe reHepaTopa, TaK 'ITO JJ;CHCTBHTenhHaR 'laCTb 

KoMrrneKcHoro HMrre,naHca X 6onhllle ero KoMrrneKcHo:H 

4 

rB'-1 

~Blf 

' • II 

I I k b ,• X-=X d X 
Puc. 1. b/lOK- cxeMa Q- Mempa c AIJfl. rBIJ- zeHepamop Bbz
COKOU 'lacmombl, YBIJ - ycuAumeAb BIJ, AIIIJ- aemoMamu
'lecKa.R noOClllpOUKQ t.tQClllOlllbl, ,4 - OellleKlllOp, C - eapuKan. p 

'!aCTH Y H .LJ;nR MOJJ;ynR HMIIC,!l;aHCa KOHTypa rrpu6nH)I(CHHO 

MO)I(HO 3aiiHCaTb: 

2 2 7i y 2 

~ ~I X + y l .:= X+~-~ . Ill 
2X 

B ,nanbHell:llleM 6y,neM rrpe.nrronaraTb, 'ITO aKTHBHoe 

COIIpOTHBneHHC HHJJ;YKTHBHOCTH, 3a HCKniO'ICHHCM BHOCHMOrO 

o6pa3UOM, paBHO 0, a COIIpOTHBneHHC IIOTCpb KOHTypa 

IIpHCOC,!l;HHCHO K BhlXOJJ;HOMY KOHUY KOaKCHanbHOf'O Ka6enR 
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I puc. 11. B 3TOM cnyqae nony'laiOTCll cneAYIOII.lHe npu6nu

)l(eHHhie Bhipa)l(eHHll AJIB X H Y I eM. IlpuAoJKeHue 11: 

X ::::R 11 ~ 

2 2 
x"+{-31 1Zn+Rzx'' +Rz(Q+x') ] 
--------------1, 
lt2R x"f1 -277n R (Q+x')o 

Z I Z 

l2al 

y" 
2 2 Q ~ X ' +77 n r z II - R z ( Q + X , ) -R z X " I 

R 1---- -----1. 
lt2Rzx"{11 -277nRz(Q+x')() c<JCrR 

1261 

3.IJ.ecb Z n =Z 0 /R ; Rz 'C R/Z
0 

; n - lJHcno nonyBonu, 

YKJia.IJ.biBaiOU(HXCfl Ha .li.JIHHe Ka6enfl; {3 H a - llOCTOflHHble 

3aTyXaHHll H pacnpOCTpaHeHHfl 3JieKTpOMarHHTHbiX BOJIH 

B Ka6ene COOTBeTCTBeHHo; f - .li.JIHHa KOaKCHaJibHOrO Ka-

6enl!, Bhi6HpaeTCfl Kpa THOH .li.JIHHe llOJIYBOJIHhl B Ka6ene 

w- cd Ha UCHTpanbHOH 'laCTOTe pa3BepTKH; o = 0 - OT-

cd 
o cu L o 

HOCHTCJibHafl paCCTpOHKa 'laCTOTbl reuepa Topa; Q = ~ 

.IJ.06pOTHOCTh KOHTypa 6e3 Ka6enfl; 7] - K03cPcPHUHeHT 3anon

HeHHll npueMHOH KaTyWKH o6pa3UOM; Z
0 

- BonuoBoe conpo

THBneuue Ka6en11; X"=477T/QX" , X '=477TJQX' , {3
1 

={3 f 
llpe.IJ.nono)I(HM, 'ITO AII4 TO'IHO no.IJ.cTpauBaeT pe3ouauc

HYIO lJaCTOTy KOHTypa llO.IJ. 'laCTOTy reHepaTopa w HI "'W 

B 3TOM cnyqae pe3oHaHcHoe 3HalJeHue C P(w) MO)I(HO uaiiTu, 

peWafl OTHOCHTeJihHO C p (lJ>) ypaBHeHHe a!- (X2 + y2 )Y. ,.,() 

npu nocTOBHHhiX x' H x ". PeweHue o6pall.(aeT llO'ITH B HYnh 

3Ha'JeHHe Y, ll03TOMy B He paBHhiX HYJIIO lJJieHaX COXpaHHM 

JIHWh JIHHeHHhle flO X' , X" , {3x" , {3X' H {3 lJJieHhi. llpe

He6pera11 MaJihJMH .IJ.06aBKaMH C oX", MO)I(HO llOJIY'IHTh: 

6 

.. 

rAe 

pa: 

2 2 
Q + x' +rrn[ ZR -Rz(Q+x ') -Rzx" ] 1 

= wC (w)R 
p 1+2Rzx"f\ -2rrnRz(Q+x')o 

t 77 nRzx"Q/Q
77 

t2RZQ(l-+x")(1- 2 ~, ){1
1 + 

zo wL o 1 1 R z 
+ [77n(- +- (1 +- ))t- ---l-_:{3x' 

L Z r 21' I' ' w 0 0 

+ 

131 

Q., - .IJ.06pOTHOCTh rH6pH.IJ.HOrO KOne6aTeJihHOrO KOHTy-

77 z o (j)o L o 
1+ --n( ---- + ---) 

2 co 
0 

L 
0 

Z n 
wo L 

Q =---caQ Zo ~~-) 
Tf 2:\(j) _/2 1 t /11Q (--L- + z 

v w
0 

() 0 

141 

2 • t\ w y'2 - wupuua pe 30HaHCHOH KPHBOH KOHTypa ua ypoBHe 

y2 OT 3HalJeHHfl HMlle.IJ.aHCa B MHHHMyMe. l onpe.IJ.eJifleTCfl 

no $opMyne 

n Zo woLo r =1+ 77- <-- +--- ). lSI 
2 w

0
L 0 Z 0 

llonarall B 131 0 =X ~X,~ 0, MO)I(HO HaHTH 3HalJeHHe C p KOH

Typa Ha UeHTpanbHOH qacTOTe W O : 

1 1 ----- = Q fl +2Rc {1 (I --- )] :: Q ( 1 +2Rc {J ). 
RC ( ) o Z I 2 I' o Z I 

~ p~ I~ 
Pe 30HaHcHaB qacToTa BhiHY)I(.IJ.eHHhiX Kone6aHHH nocne

.IJ.OBaTenhHoro Kone6aTenhuoro KOHTypa 6e3 Ka6.en11 He 

3aBHCHT OT COllpOTHBneHHfl llOTeph B KOHType w; = 1/L
0

C
0

• 

B cnyqae ru6pH.IJ.HOro KOHTypa TaKaB 3aBHCHMOCTh noBB

nfleTcll u3-3a noTeph B Ka6ene. llpe.IJ.nono)I(HM .IJ.anee, 'ITO 

3Ha'JeHHe eMKOCTH C p H3 161, Bhi'IHCJieHHOe .!1.1111 UeHTpanh-
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HOB qacTOThi wo , tPHKCHpoBaHo. Onpe.n;eJIHM BeJIH"'HHY pac

CTpOHKH KOHTypa 3a C"'eT BhlCOKO"'aCTOTHOH s.n;epHOH BOC

npHH~"'HBOCTH o6pa3Ua. llpHfiJIH~eHHOe peWeHHe ypaBHe

HHH -(X
2

+Y
2

) Y,,.Q OTHOCHTeJibHO (w -w
0

)/w .n;aeT: 
~ HI 0 

wHI -w0 x' 770 Rzx" Rz , -----=-- ---·---+-x f3 + 
w 0 201 2 Q

71 
1 21 2 1 

Rz 
+ -- [ 1.5 + 77 n R Q] f3 x '. 

Q1 2 z 1 
/7/ 

MLI npeHe6perJIH, KaK H B/3 ~ "'JieHaMH {3I x' /1 3 ,~ x'/1 4 • 

CpaBHHM 3Ha"'eHHe (wHI-w0 )/w
0 

H3 /7/ c peJyJILTaTaMH 
pac"'eTa Ha 3BM BeJIH"'HHhi 

(w -w )/277,..[(w -w )-(w -w )]/277, w c;w 
r HI r 0 HI 0 r 

H3 pa6oThl/l/. B noB: pa6oTe {3
1 

-{3 f = 0,0162; Rz= 0,2; 

Q = 10; Ti = 0,3; E = ±400 /eM. HH~e/; 1 = 4,8; wo = 
= 2rr•8.107 c·l pao. llpH6JIH3HTeJihHhle 3Ha"'eHHH x' HX" 
B3HThl H3 rpaqJHKa tPOPMhi JIHHHH JIMP, npHBe.D;eHHOro B /1/. 
PeJyJILTaTLI pac"'eToB .n;ns 3KCTpeMaJihHhiX TO"'eK x' H 

X" CBe.n;eHbi B ma6AUIIY. HeCMOTpg Ha 60JihWYID BeJIH"'HHy 

X" H X: COBna.n;eHHe CJie.n;yeT C"'HTaTb XOpOWHM npH w p-/. w O . 

B cnyqae wr ~0 pacxo~.n;eHHe CBs3aHo ei.Qe H c .n;onyi.Qe

HHeM x' .. 0, "'TO, no-BH.D;HMOMy, HeBepHO .D;JIH HeCHMMeT

pH"'HOH tPOPMhl JIHHHH LMN. MHTepecHo oTMeTHTh, "'TO 

pa3JIH"'He B HCXO.D;HhiX tPOpMyJiaX .D;JIH HMne.n;aHca ill- ll2 no 
cpaBHeHHlO C aHaJIOrH"'HhlMH B pa6oTe /I/ He HBJIHeTCJI cy

I.QeCTBeHHhiM npu Bhi"'HCJieHHH paccTpOHKH /7 I. Mo~Ho no

Ka3a Th TaK~e, 'ITO Bblpa~eHHe .D;JIJI OTHOCliTeJihHOro H3Me

HeHHJI HMne.n;aHCa 3a C"'eT X B CJiyqae Y = 0 B HaWeM npli-

6JIH~eHHH coxpaHseTcs npu nepecTaHOBKe R oT BepxHero 

K HH:>KHeMy I puc. 1/ KOHUY KoaKcuaJILHoro Ka6ens. )J,JIJI 
peaJILHOH Anq wH 1- -/.w, KaK 3TO npe.n;nonaranoch npH Bhl

Be.n;eHHH /3/. liy.n;eM C"'HTaTb aHaJIOrH"'HO /1/ "'TO .n;eHCTBli
TeJihHaJI paCCTpOHKa yMeHhWaeTcg B S pa3, no OTHOWeHHIQ 

8 

.. 

.. 

Ta6AU!Ia 

(Vr- \\,) · 
·103 [ ruJ E x' x" (''Jr- 'VH t )· 

. 103 
K~r -~H,)· 
·1Q3[1J 

0 ~DO 0 0,68 100 150 

0 -~DO 0 0,68 -100 -120 

-40 ~DO OA~ 0,23 35D 360 

40 400 -038 I 
0,14 -250 -220 

-40 -400 -0,4~ -0,23 -430 -~60 

40 -400 +0,38 -0.14 330 300 

llpHMe"'aHHe: llpH6JIH3HTeJibHhie 3Ha"'eHHJI X' H X" noJiy"'eHbl 
H3 rpa$uKa B pa6oTe /I/. 

K /7 I. )J,eH:cTBHTeJILHYID qacTOTY HacTpOHKH eMKOCTH w H2 
MO~HO JanHCaTb B BH.D;e 

w-w HI 
(S ~1 ). /8/ w zw-

H2 S 

3Ta $opMyJia OTJIH"'aeTCH OT aHaJIOrH"'HOH B pa6oTe/l/ 3Ha

KOM nepe.n; (w-wH 
1
)/ S . TaK KaK wH 2 MaJIO OTJIH"'aeTCJI OT 

w - TeKyi.QeH: "'aCTOThl, TO 3Ha"'eHHe 1/ w RC P (wH2 ), Heo6-

xo.n;HMOe .D;JIJI Bhi"'HCJieHHH Y, MO~Ho nony"'HTh pa3Jio~eHHeM 
/3/ B pH.D; no MaJIOMY _OTKJIOHeHHlO 0, r.n;e 0 onpe.n;eJIJieTCH 

Bhlpa~eHHeM wH
2

"' w (1-e) c y"'eToM /7/, /8/. B "'JieHax 
C X" H {3 I H3 /6/ orpaHH"'HMCJI HyJieBhiM npH6JIH~eHHeM 
DO 0, "'TO BMeCTe CO c.n;eJiaHHhiMH paHee npe.n;nOJIO~eHHJIMH 

npH BhiBO.D;e /6/ COXpaHHT B Y JIHHeHHhle no X' H X" "'JieHhi 

u, cne.n;oBaTeJihHO, KBa.n;paTH"'Hhle no E "'JieHhl B Y2 H3 /1/. 
3To 03Ha"'aeT orpaHHlfeHHe Hau6onee Ba~HhiM npaKTH"'ec-

9 



KH cnyqaeM - nnHeiiHoii no E norpewHOCTLIO*. IlpeHe6pe
raR ManLIM qneHOM C {3x ', MO)KHO nony'IHTL: 

1 Q +X'+ rrn[ZR-Rz(Q+x')
2 

-Rzx"
2
] 

------= -------- + 
w RC (w ) 

p H2 1+2Rzx"(3 1 -2rrnRz (Q+x')o 

1 X' 
+ rrnR (1- -)x"Q/Q -- + z s TJ s /9/ 

+2 f\QO+x ")(1- ~) {3 + _QR:f ,{3 _ 2Qf' 
. 2 I I r. s I -s--o. 

Ecnu H3BeCTHa 3aBHCHMOCTL C (~,r~e u - uanpR)Ke-
P HHe ynpaaneuug aapuKana, TO /9/ MO)KHO ucnonL30BaTL ~ng 

pacqeTa uanpJI)KeHHR ua BLIXo~e AIIq u, cne~oaaTenLHO, ~nR 
TO'IHoro H3MepeHHR curuana X: MeTo~ HaXO)K~eHHR cp (w H2) 

cy~eCTBeHHO OTllH'IaeTCR OT npe~nO)KeHHOrO B pa6oTe /1/ , 
r~e 3Ta aenH'IHHa nonyqaeTcR MHHHMH3au~eii HMnef-aHca 
KaK I}JyHKUHR Cp , a Hew, T.e. H3 ycnOBHR aC (X 2 +Y) Y, .. O, 

p 
a ue H3 ycnoaug £;-(X2 +¥2)= 0, KaK a HaweM cnyqae. Mo)K-
Ho llOKa3aTb, 'ITO llpH 6onbWHX S MeTO~HKa/l/ 3aHH)KaeT 
~eHCTBHTenbHYIO norpeWHOCTL npu H3MeHeHHH ll0llRPH3a
UHH. Curuan Ha BLIXo~e nHHeiiuoro ~eTeKTopa /JJ./Q -MeT
pa I puc. 1/ nponopuuouaneu V: 

ZK (x ',x ",o )-ZK(x ~x '~0, o) 
v = -------------

~ (x ~x "= o = 0) 
X(x ',x ",o)-X(x ~x '~O.o) 

- ---------+ 
X(x ~x "= o = 0) 

y
2 

(x ',x ",o)-Y 
2 

(x ~x '~,o) 
+ -. 
. 2X 2 (x ~x "=o = 0) 

/10/ 

"' BLipa)KeHue ~ng norpewHOCTH npu H3MepeHHH nonRpn-
3auuu 6y~eT aae~eHo HH)Ke. 

10 

j 

' 

) 

J 

/J.nR nepaoro qneHa CYMMLI /10/ MO)KHO nony'IHTL H3 /2a/: 

X (x ',x ",o )- X(x ~x '~0. o) 

X (x ~x "= o = 0) 

X '+2rrnR zQx "(1+X '/Q)o+2QR zX '(3, +~(x ' 2
-x "

2 )(-3, 

Zo 
Q( - + 

1+(31 (uOLO 

(uoLo) 

0 

JJ.ng Y/R H3 /26/ c yqeToM /9/ nonyqaeTcR: 

/11/ 

!_=~-(1-J..)rrnR x"Q/Q -2R Q(1+x")(l--!__)f~-
R S S Z TJ Z 21' I 

QR, X, 2('1)' 
- __z_ {-3 + ..::;c_ fj . 

I'S S /12/ 

Ilpu s .. 1 u S-oo aenn'IHHa Y/R H3 /12/ nepexo~HT a co
OTBeTCTBYIO~He aCHMllTOTH'IeCKHe 3Ha'leHHR Y/R, KOTOpLie 
nerKO Bbi'IHCllRIOTCR, MHHYR onpe~eneHHe Cp (w 

112 
). 

Pacc'IHTaeM nonpaaKy K Ko3$$nuueHTY ycuneHHR nons-
pn3auuu 

~ w2 

EH3 M"" I VE dw/ I V1 dw -E(1+0+ ), 
WI WI -

/13/ 

r~e w I H w 2 - HH)KHBR H BepXHJIR 'laCTOTLI ~Hana30Ha pa3-
aepTKH, E - H3MepeHHOe 3Ha'leHHe K03$1}1uuneHTa 

H3M v 

ycuneHHR nonspn3auuu; E - ~eHCTBHTenLHoe 3Ha'leuue ycu-
neuug nonRpn3auuu. 11H~eKCLI "E" u "I" o6o3HaqaroT 
V H3 /10/ ~ns ycuneHHoro H HeycuneHHoro cnrHanoa co
OTBeTcTaeuuo. 

Ilpe~nono)KHM ~anee l}lopMy nnHHH ycuneHHoro u Heycu-
neuuoro curHanoa RMP CHMMeTpH'IHOH, Tor~a fx'dw = 
.. Jx "x 'dw,. Jx "o dw .. J(x ' 2- x'' 2 )d·(JJ.{) H ~nB nonpaBKH o ± MO)K
HO nony'IHTL H3 /10/ cne~yro~ee BLipa)KeHne: 

11 



r,D;e 

12 

(() 2 1 ° 2 2 °2 2 
o =I+ ( V"dw+-- ( V'<b+c ( V" dw-

+ - E 2S 2 · E 0 · E + 
0 

I 
0 

I 0 I 

0 2 0 . 
+ f --- V i~dw l IV 

0 
- 1 , 

WJ Oy2 

o_;- = 1'1 w - I w = (2 Q )-I 
v 2 y2 0 TJ ' 

/14/ 

/15/ 

y 1 1 1 1 
c =--(1- -)ly (1- -)+4"R Q[1- --. (1- -)]{$ l, 

o 2 s s z 2r s 1 

2L2 
0

0 0 
770 (--- + 1) 

11nRz z2 
y """ n R Q/Q = ---- + ___ :..JL_ ___ 1$ 

z TJ r r 1 

Vi 

V' 
E 

XE 
1+,SIQ(-~L+ woLo) 

cvOL z 0 0 

1
. Q - z o w OL 
+ tJ IQ( --- + ___ o_) 

w
0

L Z 
0 0 

0
2 °2 0 v = 3 I J I E IV '-'dw - ( - I E IV 'dw l 

0 _ I w 0 _ I 
WI I y2 

/16/ 

' /17/ 

/18/ 

/19/ 

J 

' 

XE H X ,E - 3Ha1.feHHB X, H X, YCHJieHHLIX JIMP CHrHaJIOB. 

EcJIH $opMa JIHHHH JIMP He H3MeHBeTcB npH YCHJieHHH no

JIBPH3aUHH, TO BCe HHTerpaJILI B /14/,/19/ BLI'IHCJIBIOTCB OT 

V" , V' , V "2 , V' 2, npe,D;cTaBJieHHLIX B MacwTa6e rny6HHLI 

MO)l;YJIBIJ;HH, KaK :no llOKa3aHo, HallpHMep, Ha puc. 2 ,D;JI.Ii 

(AZ/Z >max= 0,25. B 3TOM CJiyl.fae IEIVj"=Vt£'. llpH H3MeHeHHH 

$opMLI JIHHHH JIMP B npou;ecce HaKal.fKH llOJI.IIPH3aiJ;HH MaK

CHMaJILHLie BeJIH'IHHLI CHrHaJIOB lEI Vf'HIE!Vi,H3o6pa)l(aeMLIX 

B MaCWTa6e rJiy6HHLI MO,D;YJIBIJ;HH YCHJieHHOrO CHrHaJia, 

H3MeHBIOTCB B gi (w O )/ g E ( wO ) paJa flO cpaBHeHHIO C 

(!'1Z/Z0 )max • 3,D;eCL gE(w 0 ) H gi (w
0

) - 3Ha1.feHHB HOPMH

poBaHHLIX $yHKIJ;HH $opMLI Ha IJ;eHTpaJILHOH 'laC TOTe COOTBeT

CTBeHHO ,Ll;JIB YCHJieHHOrO H HeyCHJieHHOro CHrHaJIOB JIMP. 
llpH HeCHMMeTpHl.fHOH $OpMe JIHHHH BLipa)l(eHHe ,Ll;JIB 

0+ JierKO MO)I(eT fiLITL llOJiyl.feHo H3 /10/, /11/, /12/ 
no aHaJIOrHH c I 14/. 

0,25 . tJZ 

0,20' Zo 

0,15 

0,1 

0.05 

I ,.......,-~ ~<(~ I o,, 

-0.05f- .c103 c5V' _ 

-0.1 

c5·10 3 

-1,78 -1.43 -1.07 -0,714-0,357 0 Q357 0,714 1,07 1,43 1.78 

Puc. 2. f/>opMa KpuebrxV",V' ,V"2 ,V'2 ,oV' ecAy-
'-lae 1,2 - nponaHouoAa. 

13 



EcnH JJ.06pOTHOCTh KOHTypa Q HeBenHKa, T .e. 0 <<0 y2" , 

TO Bblpa)l(eHHe JJ.nJI OIIIH6KH 0± MO)I(eT 6LITh ynpo~eHO. 
IlpeJJ.nonaraJI TaK)I(e cllopMy nHHHH JIM P ycuneHHoro H Heycu
neHHoro CHrHanoB HeH3MeHHOH, MO)I(HO nony'IHTh H3 /14/: 

(i ~- + 
+ 

1 (JJ2 2 ({)2 

2S2 I v": d(u I ( V"dw + 
(L) I ' (J) I E -

w2 w2 

c (V" 2 dw'{V"-l 
0 - E I •·' U(U ' W ~ W r, 

I I /20/ 

r.11.e 3HaKH "+" H "-" OTHOCJITCJI K nonO)I(HTenLHOH H OTpH
U:aTenbHOH nonJipH3aU:HH MHilleHH COOTBeTCTBeHHO. 

KoHKpeTHLiii pacqeT npoBe.D.eM npH MaKCHManLHOH rny-
6uHe MOJJ.YnJIU:HH, paBHOH 0,25 H 0,1. <l>opMa nHHHH JIMP 
npoTOHOB B 1,2- nponaHJJ.HOne/Be~eCTBO MHilleHH, B KOTOpOM 
B HaCTOJill{ee BpeMJI nonyqeHa MaKCHManLHaJI H nO'ITH 
100o/o-HaJI nonJipH3aU:HJI JIJJ.epHhlx cnHHOB / B MaCIIITa6e 
rny6HHLI MOJJ.ynJIU:HH H3o6pa)t(eHa Ha puc. 2. IlapaMeTpLI 
pacctiHTbiBaeMoii cxeMbi cneJJ.yiOmue: w

0
L

0
= 100; w 0 = 

= 2rr·ll2.106c-l pao; (3 1 ={3 f = 0,0226; n = 2; f 
= 0,012 H n/M;Z 0 = 50 0M;y:0,71·Rz +0,08 ;~ 1!(Q=10)= 
= 8,84.1o-3 . v 

BenH'lHHa HHTerpanoB B /14/ nerKo MO)I(eT 6LITb nony
w2 

qeHa rpacilutieCKH u cocTaBnJieT B e.LJ.HHHU:ax I V ',' d(-> 
w l<, 

w2 w2 2 w2 I -

r v: dw ::0,15 , r v ~ dw=0,17 , r ov": dw =o.%. 10 
3 

w E w w ' I I I 
Ilpu Q = 10 u S = 3 pactieT no cllopMyne /17 I JJ.aeT (i+ 

= 1 ,20o/o, o_ = -1 ,20o/o; pactieT * no TO'IHOH cPOpMyne /2/ 
Ha 3BM- COOTBeTCTBeHHO +1,1o/o; -1,2o/o. Ilpu (l'lZ/Z0 ) = max 
= 0,1 H S = 1 cPOpMyna /14/ ,LI.aeT 0+ = 3,6o/o, o_= -3,6o/o; 
COOTBeTCTBYlOll{HH pac'leT Ha 3BM - o+ = 3,7o/o, 0- = -3,90/o. 
IlpH rny6HHe MOJJ.ynJIU:HH (l'lZ/Zo) max= 0,25 H S = 1 cymecT
ByeT pacXO)f(JJ.eHHe c pactieTaMH Ha 3BM. PactieT no 

* Pac'leT npoBeJJ.eH coBMeCTHO c li.A.Xa'laTypoBhiM. 

14 

i 
f 

J 

/14/ JJ.aeT: 0+ = 8,1o/o, o_ = -8,4o/o; pacqeT Ha 3BM - COOT
BeTCTBeHHO 0+ = 8,8o/o, o_ = -10o/o. TaKHM o6pa30M, llOJJ.
TBep)f(JJ.aeTCJI H3BeCTHhiH cPaKT nHHeHHOCTH norpelliHOCTH 
npH S = 1 .11.0 (1\,.Z/Z) = /0,1-:-0,15/ H cymecTBeHHO 6onL-max 
IIIHH JJ.Hana3oH nHHeiiHOCTH norpelliHOCTH B 3aBHCHMOCTH OT 
rny6HHLI MOJJ.ynJIU:HH B Q-MeTpe c AIIq. Ha puc. 3npHBe
JJ.eH rpacPHK 3aBHCHMOCTH 0 OT S, pac_C'lHTaHHbiH no cPop
Myne I 14/. <l>opMa rpaclluKa npu6nu)l(eHHO coBna.D.aeT c 3a-

111 BHCHMOCThlO o (S) H3 pa60Tbl 1 ', OJJ.HaKO HMeeTCJI H cy-
ll{eCTBeHHOe pa3nHtiHe. CTpenKoii Ha rpaciluKe OTMe'leH 
cna6o Bblpa)l(eHHbiH 3KCTpeMyM npu6nH3HTenLHO npH S = 6. 

TaKoe noBe,LI.eHHe 3aBHCHMOCTH o(S) CBJ13aHo c TeM, 
'ITO aBTOnO,LI.CTpOHKa 'laCTOTbl, yMeHblllaJI norpeiiiHOCTb 
/eM. /14/ I 3a ctieT x '- H ox· -tineHoa, yBenHtiHBaeT npu 
S--."" norpelliHOCTh 3a C'leT paccTpOHKH KOHTypa CHrHanOM 
X" PactieT cp (ul 112 ) no MeTO,LI.HKe' H3nO)I(eHHOH B /I/ ' 

He ,LI.aeT TaKoro 3KCTpeMyMa. JlerKo npoBepHTb, nonb3YJICb 
cPOpMynoii /14/, 'ITO norpelliHOCTb 0+ BeCbMa cna6o 3aBHCHT 
OT Q npu (AZ/Z 0 ) max"" const.TaK, npu napaMeTpax KOHTypa, 
yKa3aHHbiX Ha puc. 2, o+ (Q = 10) = 8,4o/o; 8+ (Q=2) = 7,7o/o, 

'41 3TO OTMetiaeTCJI B pa6oTe · ' . "flpu S > 3 yMeHbiiieHHe .11.06-
pOTHOCTH Q npHBOJJ.HT K yBenH'leHHlO norpelliHOCTH, 'ITO 
TaK)I(e cornacyeTCJI c pactieToM Ha 3BM. CneJJ.yeT oTMe
THTb, 'ITO tineH B /14/ C nVf.: XOTJI H BJIHJieT Ha ¢opMy 
JIHHHH JJ.a)l(e HeycuneHHoro curHana JIM P u JJ.aeT BKnaJJ. 
B HHTerpanbHYlO HHTeHCHBHOCTb CHrHana, npH onpe,LI.eJieHHH 
E WJM cymecTBeHHoro 3HatieHHJI He HMeeT. 

MemooUT<a U3MepeHuR napaMempoe 1.1enu 

HcxoJJ.HbiMH napaMeTpaMH JJ.nJI pactieTa JIBnJIIOTCJI pa-
6oqaJI tiacToTa w 0 , HHJJ.YKTHBHOCTb Ka TYIIIKH L 

0 
. ,lJ;nHHa 

KoaKcHanLHoro Ka6enJI pacctiHTbiBaeTCJI no cllopMyne: 

f,rrn.c 

wo..J£ 
/21/ 
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8 
r,ll.e w 0 = 2rr v

0 
, c = 3.10 M/c- cKopocn. cBeTa Baa-

KyyMe, F = 1 ,42 H F = 1,52 cooTBeTCTBeHHO .lJ.IIH Ka-

6eJIH C Te$JIOHOBbiM H nOJIH3THJieHOBblM ,ll.H3JieKTpHKOM. 

)J;JIH onpe,ll.eJieHHH (3 B dJopMyJJaX /ill- ll2/ nOJIO)f(HM X '~x~O, 

cp"""" ,R: 0, nonaraH TaK)f(e L =0 HJIH L= 00 COOTBeT

CTBeHHO ,ll.JIH KOpOTK03aMKHYTOrO HJIH pa30MKHYTOrO Ha 

KOHIJe Ka6enH. llonyy:aeM: 

JZk (ul) J = ;..Q l k2 k 2 ~~ 
k K3 I t 2 , 

/22/ 

I Z (rd) 1 c, _2~~3 
. k p 2. 2 ~ , /23/ 

l k I ~k 2 I 

r,ll.e I z,-(w)l k H IZ lw) I p - MO)J.YJib HMne,ll.aHCa KOpOTKo-

3aMKHyToro H pa30MKHYTOrO Ha KOHIJe Ka6eJIH COOTBeT

CTBeHHO. 113 /25/ II /26/ MO:>KHO noJiyY:HTb: 

Z 0 = vi I z k <(I)) ! k • I zk (w) I P , /24/ 

{3f,, v JZk(cd)lk 'JZk(ul)JP. /25/ 

TaKaH MeTO.lJ.UKa onpe,ll.eJieHnH napaMeTpoB npe,ll.JIO)I{eHa B 

pa6oTe /3/. Eonee Y.ll.06HbiM, ua uarn B3rJIH.ll., HBJIHeTcH H3-

Mepeune (3 no rnupuue pe3onaucuoii KPHBOH (2/'lv) y12 
pa30MKHYTOrO UJIU 3aMKHYTOrO Ha KOHIJe KOaKCHaJibHOrO 

Ka6eJIH npH H3MCHeHUU MO.ll.YJIH UMne)J,aHCa B 1/ y2 HJIH ii 
pa3a COOTBeTCTBeHHO OT ero 3HaY:eHUH Ha IJeHTpaJibHOH 

Y:aCTOTe: 

Tr\/f 
/1 .. ---- (2 L\ ~~ ) - , 

c v2 

[f1]- 6 Hn 1 .'lt,[c ]- 6 M;c, [L\v]-6 r'«. 

)J;JIH Ka6eJIH C Te$JIOHOBOH H noJI~3TUJieHOBOH 

noJiyY:_aeTCH COOTBeTCTBeHHO (3 = 0,0148 (2/'l V )y2" 
= 0,0159(2/'lv \;2 , r,ll.e ( l'lv] B MF1.1. 

16 

/26/ 

H30JIHIJUeH 

H (3 = 

I13Mepeu·ue ,8 He06XO,!I,HMO npOU3BO,!I,HTb Henocpe,!I,CTBeH

HO Ha Y:aCTOTe w
0 

. B pa60Y:HX yCJIOBHHX KOaKCUaJibHbiH 

Ka6eJib 06b1Y:HO OXJia)f()J,eH HeO,ll.HOpO,ll.HO no .ll.JIHHe II, KaK 

noKa3biBaeT 3KCnepnMeHT, OCHOBHOH BKJia,ll. B (3 npn renne

BbiX TeMnepaTypax )J,aeT Y:aCTb Ka6eJIH, HaXO.ll.HmaHCH npn 

KOMHaTHOH TeMnepaType, H TenJIOBOH MOCT - yY:aCTOK 

Ka6eJIH c 6oJibillHM Tenno- H 3JieKTpoconpoTnaneuneM. 

Onpe,ll.eneune dJaKTopa aaTono,ll.cTpoiiKn S Y.ll.06Hee 

Bcero ocymecTBHTb no no,!l,aBJieHniO orn6aiOmeii pe3ouauc

uoii KpHBOH KOHTypa ".ll.YrH" C BbiKJIIOY:eHHOH II BKJIIOY:eHHOH 

Alll.J npn x ' "' x "- 0. 

s- vk: /27/ 

r )J,e k - K03$<bHIJHeHT no)J,aBJieHHH ".ll.YrH". )J;IIH onpe,!l,eJie

HHH conpOTHBJieHHH R ueo6XO.ll.HMO noJih30BaTbCH dJopMynoii 

/4/. 3HaY:CHHe QTJ H3 :noii dJopMyJibi onpe,ll.eJIHeTCH 3KCnepu

MeHTaJibHO no rnupuue pe3oHaucuoii Kpnaoii ru6pH,!I,Horo Kou

Typa Ha ypOBHe yl OT ero 3HaY:eHHH B MHHHMyMe. 

3KcnepuMeHma/lbHble pe3y/lb11lQTilbl 

~:rcnepHMeHTaJibHbie pe3yJibTaTbl llOJiyY:eHbl C Q -MeT

pOM 1 1. B npouecce H3Mepeuuii ycuneuuoro cnruana JIMP 
6biJia 06Hapy)f(eHa 3aBHCHMOCTb aMnJIHTY.ll.bl CHrHaJia OT ero 

llOJIO)f(eHHH OTHOCHTeJibHO HaY:aJia pa3BepTKH. 0THOilleHne 

aMllJIHTY.ll.bl CHrHaJia Ha KpaiO pa3BepTKH K aMnJIHTy,!l,e CHr

HaJia B IJeHTpe pa3BepTKH OllHCbiBaeTCH dJopMyJIOH /11/ 

llpH X~ 0 H COCTaBJIHeT 

2rrno RzQ-100% 
max , 

npH R z= 0,2; Q = 10; 0 max = 1,78.10
3

; Vo - 112 MFt~; 
n = 2, T.e.- 4,5o/o, Y:TO xoporno cornacyeTCH c 3KcnepuMeu

TOM. 3KcnepnMeHTaJibHO y)J,aeTCH 06bHCHHTb TaK)f(e pa3-

JIHY:Ue B nOJIO)f(eHHH ,ll.aJieKHX "KpbiJibeB" CHrHaJia. 3TH 

HCKa)f(eHHH 06H3aHbl ,ll.HCnepCHH B Y:JieHe /14/ 2 QRzx '(3 H 

npu paCCMOTpeHHbiX BbiWe napaMeTpax KOHTypa COCTaBH

JIH - 2o/o OT aMnJIHTY.ll.bl X", Y:TO TaK)f(e COrJiacyeTCH C 3K-

17 



8.0/o 

9 Q =10, Zo =50 

8 fie =0.0226 

7 11Z/Z = 0,25 

6 wL= 100 

5 w = 2 n ·112 ·10 6 cek- 1 

4 
3 

2 
1 
I I I I 

1 2 3 4 5 6 7 8 9 10 11 12 13 s 
Puc. 3. 3aeucwwocmb nonpaeKu Ha He,1UHeiiHocmb om napa
Mempa S aamonoocmpouKu. 

cnepHMeHTOM. Bbi.o;enHTb )l{e BnHHHHe .o;pyrux qneHoB Ha 
$opMy llHHHH He y.o;aeTCH BBH.D;Y HX ManOCTH no CpaBHeHHIO 
c cHrHanoM x ". flpu Ha6niO.o;eHHH cHrHana x' 6bina o6na
py)l{eHa aCHMMeTpHH .D;HCllepCHH, 06H3aHHaR, no-BH.D;HMO
MY, YneHaM x" B /9/. 

llpu.lloJICeHue 

AHanorHYHo / L' TO'lHbie Bbipa)l{eHHR .o;nR X H y 
cnyqae R P >>R .o;nR KOHTypa puc. 1 6y.o;yT: 

B 

Zo R 2 2 
X = ---- [ --( M + N ) +AM+ BN], 

M~N 2 Z
0 

/III/ 

18 

Zo M2+N2 
Y = -- [(BM-AN)- ----), 

M2 +N 2 uJ CpZO 

r.o;e Cp - eMKOCTb KOnefiaTenhHOrO KOHTypa. 

k 
A=2Z 0 +4rrwL 0 r1x".=:: Z

0
(:3

1 
+Rx", 

3 

/II2/ 

/ll3/ 

k 
B = k 2 Z 

0 
+w L

0 
+4rrw L

0 
TJX '=77TJZ 0o + QR(1+x '/Q), 

3 /II4/ 

k k 
M=-

1 
4rrwL

0
TJx"--2 ((iJL +477wL TJx')+Z = 

k3 k3 0 0 0 

= Rx "{:3 
1 

- 77 n ~ R (1 +X '/Q)o + Z 
0

, /ITS/ 

kl k2 
N = -k (w L +477w L TJX ')+-k 4 77w L 

0 
TJX 

0 0 ., 
3 ·' 

:::: 

= QR (1 + x '/ Q) ~i 1 + 77 n Rx "o , /II6/ 

kl 
th {:3 I tg a P 

----:: (3 , k ~. ------:::77fi•O, 
cos2ae 1 2 cosh2 w 

I 

(1
1 
~(H. 

2 2 
k

3 
-= 1 + tg (a f)· th ~1 :::1. 

. I 
/II7/ 

Ilpu6nH)I{eHHhle Bhlpa)l{eHHR B /fl3- I17 I nonyYeHhi c . TOY
HOCThlO .!1;0 nHHeHHhiX no {:3 1 H o qneHOB. Ilocne llO.D;CTaHOB
KH /I13-I17/ B /Ill-Il2/ H nonyYaiOTCR $opMynhl /2a-26/. 
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