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l 

1. Bse.aeH11e 

0cHOBH011 np11 pa3pa60T1::e pa3n11YH 

I 
pe30HaTOPOB HBnHeTCH BNYl1CneHl1e 11X cnei::TpanbH~ xa~a1::Tep11cT111::. B 

! 

CBH311 C 3Tl1M B nocne,!:IHHe 10-15 neT B pa3nl1YH~ HayYH~ ueHTpax 

' 
Ml1Pa ai:: Tl1BHO pa3pa6a~a!OTCH ca~e pa3H006Pa3HNe Yl1C:,neHHNe MeTO,aN 

.anH onpe,aeneHHH cnei::Tpa YacToT pe3oHaTOpa 11 

.anH era npoe1::T11posaH11H sen11Yl1HN. jo He,t1aBHero 

11cnonb3osan11cb nonyaHan11T11Yec1::11e MeTO,aN .anH 

! 
,apyr11ej Heo6xo.a11~e 

speMeH~ c ycnexoM 
i 

onpe~eneH11H 3Tl1X 

l 
senl1Yl1H [1-5). 0,aHai::o, B CBH311 C pa3pa60TKOl1 HOB~ pe30HaTOPOB 

co cnOlKH011 reoMeTpHe8 nonepeqHoro ceYeHHH, so3pacTa~mee ·sn11HH11e 

npH~ Y11cneHH~ MeTo,aos!

1 

.anH pacYeTa 

cnei::TPanbH~ xapa1::Tep11cT111:: pe3oHaTopa (6,7), oc~osaHH~ Ha 

I 

npHo6peTaeT 11cnonb30BaH11e 

TIPHMeHeHHH MeTO,aa I:: OHeYHNX 3neMeHTOB ( HK:3) no.axo.a 

3a,aaHHOl1 TOYHOCTb~. 
1, 

06ecneY11saeT nonyqeH11e pemeH11H c no3BOnHeT 

pacCMaTPl1BaTb pe30HaTOPN co cnolKH~l1 3ne1::TPO,llH~l1 11 ~e3neKTPOtlH~l1 

ocsnacTHM11. 
' 
I 

asTOPN ,aaHH011 pa6oTbl 3aH11Man11cb 

pa3pa6ono11 q11cneHH~ MeTO,aos 11 nporpaMMHoro o6~cneYeHl1H Ha 

I I OilltAiii'it'lttihiil RllCTm'yr I 
• illl-!VllW!l acc.»e.110muma 

_ ~Snt,iOTEK~ · 



OCHOBe l1K3 l1Jl51 pemettJ,m cneKTpanbHb!X 3a.cta'-I TeopeTH'-!eCKOH ¢113HKH. 

HcnoJib3Y51 3ru· paooThl, ohln nony'!eH P5lll HOBl::IX pe3YJlbTaTOB ITPH 

pemeHHH ypaBHeHH51 illpe.ctHHrepa l1Jl51 pa3JIH'IHl::IX KB3HTOBO -MexaHH'leCKHX 

CHCTeM [10,11], a TaK~e B TeOPHH 3JleKTPOMarHHTHl::IX pe30H3TOPOB l1Jl51 

ycKOP51IDIIll1X CTPYKTYP JlHHeHHl::IX YCKOPHTeJleH 3JleMeHTaPHl::IX '13CfflU [12). 

lleJib .naHHOH paoOTbl COCTOHT B pa3paoone 'IHCJleHHl::IX MeTO.ctOB H 

COOTBeTCTByromero nporpaMMHoro ooecneqeHHH llJ151 Bbl'IHCJleHHS'i 

cneKTP3JlbHl::IX xapaKTePHCfflK KBapueBblX pe30H3TOPOB. Co3.ctaHHblH 

nporpaMMHbli:t ITPOllYKT OblJI HCilOnb30BaH .rvrn npoeKTHPOBaHHH pe30HaTOpa 

co CJIO~OH reoMeTpHefi nonepeqHoro ceqeHHH. 

2. nocTaHOBKa 3a.cta'IH 

8 ll3HHOl1 paooTe Mbl HCITOJlb3YeM ypaBHeHHe llJIH nepeMemeHHH, 

KOTOPOe BblBe.cteHO B paoOTaX THPCTeHa [1,2]. nepeMemeHHe u(x ,x) H 
1 3 

coocTBeHHaH '13CTOTa f HBJlHIO'l'CH pemeHHeM cneKTPaJlbHOH 3a.cta'IH 

CoyaeM .IlpH~ep~HBaTbCH 0003HaqeHHH paoOT~ [2]) 

,lu ,lu 2 2 
n Tl 

H--- - C -- + -- C U : A. U, 

n iJ x2 :;:; iJ x2 ( 2 h 12 66 
1 3 

2 . 3 3 
r.ne A.=ew , e=2,649x10 [kglm ] - ITJlOTHOCTb KBapua, 

'!acTOTa. PemeHHe u( x , x ) 11meTCH B oonacru n H Ha 
1 3 

YllOBJleTBOpHeT rpaHH'IHOe YCJIOBHe 

U( X , X ) = 0, ( X , X ) E r. 
1 3 1 3 

( 1) 

w - Kpyrosa:;i 

ee rpaHHUe r 

(2) 

YpaBHeHHe (1) KB33HTPeXMePHOe H OCTaeTCH B CHJle, Kor.na 

hi diam n«1. 3.necb <t>YHKUHH 2h( x1, x3) MO.cten11pyeT TOJ111111HY pe30HaTOpa. 

PacCMOTPHMHeKOTOP~e fflITH'IHNe CJIY'faH. l!JIH ITJlOCKoro pe30HaTOpa 

HMeeM 
2 

I 

\ 
! 

;1 
t" 
I 

i ,, 

r 

I 

i1 
11 

.. 
I 

.. 
\ 

2h( x ,x ) = 2h = const. 
1 3 0 

( 3) 

3aecb H BCIDllY B .ctaJlbHei:tmeM yepe3 2h 0603Ha'!eHa TOJ11I111Ha Pe30HaTOpa 
0 

B ueHTPe ( x =O, x =O). ,llanee, nycTb OoJlaCTb O HBJ1HeTC51 
1 3 

KpyroM C 

.ctHaMeTPOM D. 

llnst nnoCKOBhlnyKnoro pe30HaTOpa ( PHC. 1) C paa11yCOM R TOJ11I111Ha 

2h onpe.nen:;ieTCH no <t>OPMYJie [2]: 

2h(x ,x) =2h - [R - (R
2 

- ,/ - x
2

)
1

/
2 

]. 
1 3 0 1 3 

( 4 l 

Hal::oHeU, B CJIY'fae ;tlBallt,llblBblITYKnoro Pe30HaTOpa C OllHHaKOB~ 

P3llHYCOM BbffiYKJIOCffl R HMeeM 

M 
n 

2h(x ,x I = 2h - 2R + 2(R
2 

- x
2 

- x
2

)1/
2 

1 3 0 1 3 

KoHCTaHTbl M H c B ypaBHeHHH C 1) onpe.nenstlO'l'Cst [ 2] 
n 66 

= c
11 

+ (c
12

+ c
66

1a + 4 (ac
66

-c
66

)(ac
22

+c
12

) 

cotg(uml2 l 

~nrrc 
22 

C = C + e
2 I £'. , 

66 66 26 22 
~ = C I c )1/2 

66 22 ' 

a= (c + c ) I (c - c ), 
12 66 66 22 

C ' 66 
(x,x)eO\O, 

1 3 e 
C66 = { 2 2 A 

c
66 

[1-8k
26

l(nrr) -2R ], (x
1
,x

3
) E 0, 

(5) 

, rae 

( 6) 

rae l = 
26 

2 -
e26I( C66£'.22)' n -oonacTb 3JieKTPoaa, 

e 
n = 1, 3, 5, 7 •••• 

3aecb R=2 e 'h' le ho, e ·- nnoTHOCTb MeTaJIJla noKpb!THH 3JleKTPO.cta, a 

2 h' - TOJl!llHHa IlOKpb!THH. 8 '.)fflX Bhlpa~eHHHX K OHCTaHTbl c HBJlHIO'l'CH 
kl 

KOMnOHeHTaMH TeH3opa snacTHqHQCTH, KOTOP~e npH cpe3e KBapua no.ct 

yrnoM e-35°20' pasHstIOTCH 

C : 
11 

86,74xlOP, c = 12 9, 7 7x t OP, 
22 

c =102,84xl0P, 
33 

3 

c = 38,6lxl0P, •• 



c = 68,8lxl0P, C : 29,0lxlOs:>, C = -8,26xlOP, c = 27,15x10P, 
55 66. 12 13 

c = -3,65x10P, c = -7,42x10s:>, C = 5,70xlOP, C = 9, 92:xlOP, 
u 23 24 34 

C = 2,53xlOP, e =-0 095 - Ilbe303neKTPH"!eCKaH nocTOHHHaH, H 
5CS 2CS ' 

-12 
c

22
= 38,82x10 - .nmmeKTPH'lecKaH noCTOHHHaH. 

OrMe111M cneayiomee saJKHoe oocTOHTenbcTao npH pemeHHH 3aaa"!H 

(1)-(2). B nHTepa,ype IlPHHHTO KnaccH¢HUHPOBaTb "!aCTOTI:1 TpeMH 

·HHaeKcaMH n, m, p, rae qepe3 m 0603Ha"leHO "!Hcno Hynefi 

COOTBeTCTBYJOmefi BOnHOBOH ¢YHI<UHH Ha OCH xi, p - "!Hcno Hynefi Ha 

OCH x • npeanonolKl1M, "!TO 06nac111 0 H O CHMMeTPH"!Hbl OTHOC~!TenbHO 
3 e 

KoopaHHaTHblX ocefi. Toraa 3aaaqy C1) Mo~eM pemaTb s 06nac111 Cl= 

{ ( xi , x3 ) E n, xi~ 0, x3 ~ 0 } • npH 3TOM rpaHH"!Hble ycnOBHH Ha OCHX B 

3aBHCv!MOCTI1 OT HCKO_MOfl MO.rtb! CTaBHTCH, I<aK noKa3aHO B Ta6nHue 1. 

TaKv!M o6pa3oM,HMeeM B03MOlKHOCTb CY3v!Tb HCXOaHYJO o6naCTb B "!eTblPe 

pa3a, a 3TO HaM Il03BOnHT cymecTBeHHO CHH3HTb Bbl"!HCnv!TenbHble_ 

pecypcbl npH "!HcnettHOM pemeHHH 3aaa"!H. 

HapHaY C onpeaeneHHeM "!aCTOTI:1 f = 2 IT w, W = (~ / el
1

/
2 

H 

BOnHOBOH ¢YHKUHH u( \, x3) Heo6xoaHMO Bbl"!v!Cnv!Tb v!Hay1<TI1BHOCTb L vi 

aviHaMH"!eCKYJO eMI<OCTb c pe30Haropa. 3111 Bem1,rnHbl onpeaenmoTCH 

no ¢0PMYnaM [2,3], I<OTOPble HMeJOT BHa 

L = 
e 
2 

e 
2 cs 

2 f uh dx dx 
(l 1 3 

I (f u I h dx dx J2 , C = 
(l 1 3 

1 / (LW) 
2 

( 7} 

e 

4 

I 

~ 

~ 

,... 

... 

rpaHv!"!Hble ycnoBHH Ha OCHX B 3aBHCHMOCTI1 OT m H p. Taonm~a 1 

m p u(x ,x) 
1 3 

a u "!eTHoe "!eTHoe 
-, -o 
a x x =O 

1 1 

a u 
"leTHOe He"!eTHoe -, -o 

0 X X =0 
3 3 

He"!eTHoe "!eTHOe u(O,x
3

) = 0 

YeTHoe He"!eTHoe u(O,x
3

) = 0 

a u 1 

-, -o 
· 0 X X :0 

3, 3 

I 
u(x

11
o) 

! 

a u 

ax11x1=0 

I 

= 0 

= 0 

u(x ~ 0) = 0 
1• 

I 

i 
TaKHM 06Pa3oM,C¢0PMYnHPOBaHa cneKTPanbHaH 3aaa"!a, vl3 pemeHv!H 

I I<OTOPOH MOlKHO nony"!HTb Heo6xoaHMble xapa1<TePHCTI1I<H pe3oHaTOpa. 

I 

3. MeToa "!HcneHHoro pemeHHH ! 
I 

I KaK 6blnO OTMe'leHo BO Bae,neHHH,anH "lv!CneHHoro 

(1),(2) socnonb3yeMCH MeTOaOM KOHe"!HblX 3neMeHTOB 

PefeHHH 3aaa"IH 

i 
[ 8 ,' 9 J • CHa"!ana 

I 
C¢0PMYnHpyeM ¢YHKUHOHan PsneH-Pv!TUa 3TOH 

BHa 

3aaa"!H, KbTopblfl HMeeT 

a v a v 
R( v) = f [ M ( -0 J2 + c ( -

0 
)2 + q /] dx dx / f 

0 n x
1 

55 x
3 

1 3 
0 

q = 

2 2 
n IT 

4 h
2 

C 
66 

, I 
v dx dx[, 

1 3 

CTaUHOHaPHble TO"!I<H u(x
1 
,x

3
) 

5 

¢YHKUHOHana It:. v) 

(8) 

HBnHIOTCH 



CO6CTBeHHblMH ¢YHKUHHMH 3aaaq11 (1)-(2), a 3HaqeHHe R(u) cosnaaaeT 

c C00TBeTCTBYIDmHM C00CTBeHHblM 3HaqeHHeM [8]. ,llJ.iCKPeTHYIO 3aaaqy 

non~HM, annpoKCHMHPYH. ¢YHKUHOHan C8) no HK3. B pa6oTe 

HCilOnb3YJOTCH BOCbMHY3nOBble CHPeHaHilOBble 113onapaMeTp11qecK11e 

KOHeqHble 3neMeHTbl Ha KPHBOnHHeHHblX qeTl,lpexyronbHHKax [8,9). 

B O6nacTI1 n (0 ) nOCTPOHM KoHeqHo3neMeHTHYID ceTKy w, 
e 

cornacosaHHYIO c rpaHHUaMH r 11 r 
e 

H yaosneTBOPHIOlllYIO ycn0BHJ!M 

cornacoBaHHR [ 8 J • Bc10ay B aanbHeHmeM ceTK11 CTPOHTCH np11 noMOl!lH 

reHepaTOpa ceTOK naKeTa nporpaMM MULTIMODE [13). nycTb w coaeplKl-!T 

N y3nos H N 3neMeHTOB. PaCCMOTPHM HeKOTOPblH 3neMeHT 
e 

e e w H 

o6O3Haq11M qepe3 .Pe=( xe. ,xe. ) , i=l, 2, .•• , 8, KOOPaJ1HaTb1 ero y3nos. 
L 1 L 3L 

B y3nax KaHoH11qecKoro 3neMeHTa G={-1 ~ r,s ~1} onpeaen11M ¢YHKUHH 

¢0PMbl HT=[h (r,s), ••• ,h (r,s)). 8Ha 3TI1X ¢YHKUHH aaH B 
1 8 

£ 14 I. 

11HTerpan1,1 B C8) npeacTaBHM B s11ae cyMMbl OT HHTerpanos 

3neMeHTaM. nycTb qepe3 [ueJT=(ue, ••• ,ue) o6O3HaqeHbl HeH3BeCTHble 
1 8 

no BCeM 

3HaqeHl1H ¢YHKUH11 u B y3nax 3neMeHTa. 

PaccMOTPHM oaHO3HaqHo-O6paTI1MOe OT06pa~eH11e X 3neMeHTa 

KsaapaTe G: 

X xe(r,s) 
1· 

8 

= E xe_h.(r,s), 
h L 

i=i 

B 

xe (r,s) = E xe_h,(r,s) 
3 i:i 3L J. 

11 HHTepnonHHT ¢YHKUHH u B 3neMeHTe e: 
B 

ue(r,s) = E ue h.(r,s). 
, L L 
i= 

e B 

(9) 

(10 l 

noacTaBnHH C9) 11 C10) s C8), non~aeM, qTQ Ha 3neMeHTe e 

yaosneTBOPHeTCH COOTHOll!eHHe 
h 

Ke[ue] = A eMe[ue). ( 11) 

8 3TOM COOTHOllleHHH Ke 11 Me npeacTaBnHIOT CO6OH noKanbHble MaTPHUbl 

6 

:. 

,. 

.A 

~ 

:K0CTKOCTII H Maccbl, KOTOPble onpeaenHIOTCH Kai: 

1 1 

Ke=f f ( 
-1-1 

BT D 
e e 

B 
e 

1 1 

+ q H HT) jJejdrds, ~e=f f H HTIJeldrds, 
-1-1 

rae J - HKO6HaH rrpeoopa30BaHHR (9), D =diagl M , c ) , a MaTP11Ua 
e e n :5:5 

B 
e 

HMeeT BHa 

[ ~. iJ h 

]· 
...... __ B 

B 
- 1 a r a r = J 

iJ h iJ h e e 
_1 ...... __ B 

a s a s 

JloKanbHble MaTPHUbl · Ke H Me HMeIOT pa3MePHOCTb NxN, HO 

TOnbKO 64 3neMeHTa, COOTB0TCTBYIOIIU1e HOMepaM y3nos, BXOaHIIU1X B 

KOHeqHblH 3neMeHT e, OTnHqHhJ OT HynH. llanee, CYMMHPYfl see 

noKanbHble MaTP11Ubl, 

CO6CTBeHHblX 3HaqeHHH 
h 

K u = X eM u, 

N 
rae K= E e Ke, M 

e= 1 

nonyqaeM anre6pa11qecKYIO 

N 
E e Me. 31'11 

e= 1 

MaTPHUbl 

npo6neMy 

I 12) 

C11MMeTPHqHbl, 

nono~HTenbHo onpeaeneHbl 11 HMeIOT neHTOqHy10 CTPYKTYPY. llnH nl06oro 
h 

COOCTBeHHOro 3HaqeHl1H A. e 3aaaq11 C12)H C00TBeTCTBYIDmero eMy coo
' 

CTBeHHoro 3HaqeHHR X. 3aaaq11 C1)-C2) cnpase~n11sa oueHKa [8] 
h 

A. ~ X. e~ X. + 2 c5 h
4 ;>-..3, C 13) 

' ' e ' 
rae o < 6 = canst, h -

e xapaK TePHblil war ceTKH w. ToqHOCTb 

np116n11~eHHblX CO6CTBeHHblX ¢YHKU11H oueHl1BaeTCH ¢aKTOPOM 0( h3 ). 
e 

PemeHHe qacTHqHOil O6O61JleHHOH anreopa11qecKott npo6neMbl 

C06CTBeHHblX 3HaqeHIIH nposoaHTCH MeToaoM HTePaUHH noanpocTpaHCTB, 

pa3BHTblM B MOHorpa¢1111 [9]. 

Bee MeTOabl 11 anrop11TMbI peaJIH3oBaHbl B BHae nporpaMMHoro 

7 



npoaYJ(Ta anH PC AT, B KOTOPOM npeaycMOTPeHO aBTOMaTH3HPOBaHHOe 

3aaaHHe aaHHl:lX, reHepauHH ceTJ<H, nocT06pa6oTJ<a 

pe3ynbTaTOB H -r.a. B cneayvl.lll1X naparpa¢ax npeacTaBHM 

naKeTa npH MOaenHposaHHH KOHKPeTHl:lX pe3oHaTOPOB. 

4. '11-icneHH~ 3KCnePHMeHTbl H pe3ynbTaTbl 

llJIH nposepKH TOYHOCTH C03aaHHl:lX. nporpaMM 6b1JlH 

nonyYeHHl:lX 

pe3yJ1bTaTbl 

nposeaeHbl 
1 

KOHTPOnbHble pacYeTbl HeKOTOPblX H3BeCTHblX B JlHTePaTYPe pe30HaTOPOB. 1 ! 

PaCCMOTPHM pe30HaTOp, pacc•mTaHHhlfi B pa60Te [ 2, CTP. 1458], 

noKa3aHHbll1 Ha PHC. 1. HcnOJlb3YIOTCH npHseaeHHble B 3TOH pa6oTe 

3HaYeHHH napaMeTPOB. ~JlH onpeaeneHHH ¢YHKUHH 2h(x ,x) HCnOJlb3YeT-
1 3 

CH ¢,OpMYna C 4). 

IlnOCKOBblnyKJ!b!H pe30HaTOp TaoJIH~a 2 

n=l, D=13,959mm, D =9,3974mm, h =0,343925mm, R=0,001864, R=106mm 
e o 

N 
e 

20 

N 

77 . 

m P 

0 0 
0 2 
2 0 

0 0 
45 160 0 2 

2 0 

0 0 
125 416 0 2 

2 0 

0 0 
193 620 0 2 

2 0 

I 

f [kHz] 

2508,05 
2684,42 
2729,11 

2508,02 
2684,02 
2728,79 

2508,017 
2683,928 
2728, 718 

2508,0168 
2683,919 
2728, 711 

£ [mHJ C [pF] 

286,09 14,07 
760,49 4,62 
934,73 3,62 

285,81 14,09 
756,95 4,64 
932,34 3,65 

285,76 14,0922 
756,37 4,649 
932,27 3,649 

285,75 14,0925 
756,31 4, 6494 
932,13 3,6496 

8 Ta6nHue 2 npHBeaeHbl Pe3yJlbTaTbl cqeTa npH HCilOJlh3QBaHHH qe-

T~pex BJlO~eHHl:lX ceTOK anH BblHCHeHHH TOYHOCTH pa3pa60TaHHl:lX cxeM. 

8 

I /, 

I 

I 

2ho L x, 

PHC.1 

d2 -
d1 

I 

2h.'I 1(i2h" ' 
L 

1 ~ X1 

R' 

d -

1R 
PHc.2 

9 



H3 :)1'011 TalSmU..tbl B11.llHO, "ITC TO"IHOCTb Bbl'i11CJleHl111 COOTBeTCTBYeT 

oueHKeC13), HalSmoaaeTCH MOHOTOHHaH CXO.lll1MOCTb ceepxy K 

COISCTBeHHOMY 3Ha"!eHl1IO. KPOMe :)TQrO B11.llHO, '"!TO Heooxo,nHMaH TO"IHOCTb 

Bbl'-111CJleHl1H aocTI1raeTCH y~e Ha nepBbIX .llBYX ceTKaX, TO eCTb 

pa3paiSOTaHHble nporpaMMbl TT03B0Jll'IIOT Ha KPYTTHbIX CeTKax 

tta,neJKm,ie pe3yJ1bTaTbl. 

B Ta1Sn11ue 3 npeacTaBJieHbl nony"!eHHble B 

pe3yJ1bTaTbl, 1(0T0Pble cpaBHl1BaIOTCH C aaHHblMl1 113 [2]. 

aaHHOH 

TTOJlY"!aTb 

palSOTe 

Pe3yJlbTaTbl 113 TaiSJI. 3 IlO,tlTBepJK,IlalOT TO"IHOCTJ:> pa3palSOTaHHblX 

Bbl'il1CJll1TeJlbHblX cxeM 11 1mmocTpHpYJOT 11X YHl1BepcaJlbHOCTb. 3TO 

CpaeHeH11e c pac"!eTaMl1 paiSoTbl f2J Taonm.ia 3 

Pe3YJlbTaTbl paoOTbl [ 2] LlaHHaH palSOTa 
--

n m p f f C C f C 
pac"!. :)I( en. pac"!. :)l(CTT. pac'-1. pac"!. 

1 0 0 2508,2 2505,5 14,24 13,61 2508,02 14,09 
1 0 2 2684,0 2683,4 5,85 6,25 2683,92 4,65 
1 2 0 2728,6 2727,7 4,64 2, 16 2728,71 3,65 
1 2 2 2891,0 2843,2 - - 2892, 80 0,15 
3 0 0 7325,8 7325,8 0,5 0,52 7325,82 0,506 
3 0 2 7510,9 7514,1 - - 7511, 10. 
3 2 0 7520,0 7520,1 7521,40 
3 2 2 7700,5 7693,4 7701,9 
5 0 0 12152,6 12154,l 12152,2 
5 0 2 12339,6 12343,0 12339,4 
5 2 0 12366,3 12367,7 12366,5 
5 2 2 12550,1 12532,0 12550,2 

OISCTOHTeJlbCTBO TT03B0JlHeT HaM npHcTynHTb K MO.lleJll1POBaHl1!0 oaHoro 

pe30HaTOpa,,nnH KoToporo onpe,neneHHe cneKTpanbHblX xapaKTep11cT11K Ha 

OCHOBe nonyattanHTH~eCKHX MeTOaoB npeacTaBJIHeT, Ha Ham B3rJlH.ll, 

aecbMa 11 BeCbMa TPY.llHYIO 3aaa"!y. 

IO 

PaCCMOTPl11 pe30HaTOP, noKa3aHHbll1 Ha p11c. 2 cns-n-LIB 

pe3oHaTOP). CrpyKTYPa nonepe"!Horo ce"!eHl1H cneayiomaH: 

ens 3QHa): 0 !, r !, r. HMeeM nnocKOBb!IlYKJlbllt 
3oHa I 1 

pe30HaTOP c paa11ycoM RI= 50mm. 

3oHa II c n 30Ha): r !, r !, r. Ce"!eH11e aeaeT celSH 

KaK nnoc,K?H nnacTHHa. 

' 3oHa· r IIC LIB 30Ha) 

1 

r < z -

2 

r !, D/2 TOJJlll11Ha hlx ,x) 
1- 3 

cooTBeTCIBYeT ,t1BaJK):tb]BblnyKnOMY pe30HaTOPY C paa11ycoM R = 30mm, III 

3aaa"!a cocTOHT B onpeaeneH1111 pa3Mepoa pe30HaTOpa TaKl1M 

OISPa3oM, 'iTOISbl "!aCTOTa f = 4865,6kHz. 
300 

ns-n-LIB pe3oHaTOPa H3BeCTHO, "!TO 

\
1 

I r
2

) = h
1 

( r 2 1, hIII( rz) = hII( r21. 

np11 1(0HCTPYl1POBaHHH 

1141 

3aec b "!ePe3 hi, \1, \u Ol503Ha"leHbl 3Ha"leHl1l'l TOJlllll1Hbl h .llJll'l I , I I 

11 I I I 30Hbl cooTBeTCTBeHHO. He aaaaaHC b B no,npooHOCTH, oTMeTl1M, 

"!TO anH r , r , D H h1 nony"IIIJlHCb c:neayrowue 3Ha"leH1m: r = 5, 2mm, 
1 Z O 1 

r = 6,35mm, D = 14,9mm, i = 0,52196mm. 113 ¢0PMYJ1 (3), (4), (5) 
Z 0 

H COOTHOWeHl111 (14) cneayeT, "ITC hII :: o, 31953mm 11 hII~ 0, 99927mm. 
0 0 

L111aMeTP :)JleKTP0.llHOi1 OISJ13CTI1 D = 8mm, a sem1"!11Ha R, xapaKTePH3YIQ
e 

maH TOJJWHHY cepeopHHOrO noKpblTHH :)JleKTPO.llOB, nocne HeCKOJlbKl1X 

"IHCJJeHHblX :)l(CnepHM8HTOB noJJy'-111JlaCb paBHOl1 0, 0045981mm. Ha OCHOBa-

HHl1 noJJy"!eHHblX 3Ha"leHl111 napaMeTPOB 61:.IJl nocTPOeH :)TOT pe30HaTOP 11 

15b!Jll1 H3MepeHbl ero xapaKTepHCTHKl1. 8 Ta6Jll!J..te 4 noKa3j!Hb! pe3YJlbTaTbl 
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Ta6nm.\a 4 
CpasHeHHe BN'iHCJleHHblX H H3MepeHHblX 'iaCTOT ns-n-~s Pe3oHaropa 

n m p f [kHz l fH3M. [kHz] n m p f [ kHz l fH3M. [ kHz] B~. BN'i. 
1 0 0 1708,9 1700.0 3 0 0 4865,74 4865,7 1 0 2 1936,9 - 3 0 2 5091,03 5091,2 1 2 0 2002,1 - 3 2 0 5102,45 5100,1 1 0 4 2179,1 - 3 0 4 5318,57 
1 2 2 2233,5 - 3 2 2 5325,99 
1 4 0 2324,7 - 3 4 0 5342,40 5332,3 

5 0 0 8039,2 8041,8 7 0 0 11203, 7 11207,5 5 0 2 8265,2 8269,1 7 0 2 11430, 7 11440, 7 5 2 0 8297,7 8299,6 7 0 4 11667,8 11640, 8 5 0 4 8495,6 8494,3 7 0 6 - 11885,5 

9 0 0 14374,7 14378,0 11 0 0 17540,1 17544,1 9 0 2 14603,7 14606,5 11 0 2 17772,2 17773,9 

I 
9 2 0 14633,4 14624,8 11 2 0 17791,3 -9 0 4 14852,3 14835,1 11 0 4 18025,2 -

... '"' !.·tf,'i!~~':•~·-i~•~;·,'.: ~. ' t'; . -~ ( ,,..,,..,,.....,.ff,¥t'.l· ... , , ~ 
,,. - '• · · · \~.~~~f: , ;, •·\J}._:r : .l' ,.", • ~,,,',<:,.: ~. • ":i,~J'-°"°;.~ \'11/J ._, : ,' .:~, 

B~HCJJeHHl1 H 3Ha'ieHHH H3MepeHHblX BeJIH'iHH. KoHeqHo~neMeHTHaff 
-

cen:a w coaePX<HT 192 -aneMeHTa C 625 y3noB). 

H3 Ta6JJHUN BHllHO, 'iTO M81<CHMaJJbH8H OTHOCHTeJJbH8H 

norpeurHOCTb pe3yJJbTaTOB COCT8BJJHeT 0,18¾. 3TO CHOBa IlO,[ITBepJK,I:CaeT 

BNCOI<YJO TO'iHOCTb pa3pa60TaHHNX BN'iHCJJHTeJJbHb~ cxeM H 803MO~HOCTb 
1J\ 

ITPH HX ITOMOilll1 MOlleJJHPOBaTb Pe30H8TOPN co CJl0lKH011 reoMeTpHe8. 

Ha PHC.3 noI<a3aHN cfiOTOrpa¢HH 3I<cnePHMeHTaJlbHblX H3MepeHH11, a 

Ha PHC.4-JJHHHH YPOBHe8 llJlH COOTBeTCTBYJOlllHX C06CTBeHHblX ¢YHKUH11. I PTTc.3 

5. 3aI<JJJO'ieHHe 

B pa6oTe npeano~eHa B~HCJJHTeJJbHaH cxeMa Ha octtose Meroaa 

I<OHe'iHblX 3JJeMeHTOB llJlH 'iHCJJeHHoro MOlleJJHPOBaHHH 1<sapuesblX 

12 

pe30HaTOPOB CJJO~HOl1 CTPYI<TYPbl. Pa3pa60TaHHNe anropHTMH 

peanH30BaHN B BHlle nporpaMMHOro ITPOllYI<Ta llJJH IBM PC •. i3<W>eI<TIIBHOCTb 

i 
ITPOllYl<Ta t:teMOHCTPHpyeTCH npoBe,neHHb!MH pacqeTaMH H cpasHeHHHMH C 

I 

paHee nonyqeHHNMH B nu Te pa Type pe3yJJbTaTaMH. ITposeaeHo 

MQt:teJJHPOBaHHe pe30Haropa HOBOl1 CTPYI<TYPbl. 

13 



3 0 2 1=5091.03 kHz P-DC resonator, mode ' .3 0 0 fa4B65.74 kHz 

PC- ·.3 4 5 6 
mode ' 

-6-5-4-.3-2-1 0 1 2 ~ 

C-P-0C resonator, . 

2 .3 4 5 6 
6 

-6-5-4-3-2-1 0 1 6 

5 
6 5 
5 

4 4 4 

3 • 2 

3 3 

1 

2 

3 

2 

(Ccc_@>») 0 

1 

2 

• 
1 

-1 

a 
1 

a 

• -2 
-1 -1 

-3 
-2 -2 
-3 -3 -3 

-4 -4 -4 -4 

-5 -5 -5 -5 

-6 
-6-6-5-4-3-2-1 0 1 2 3 4 5 6 

-6 
-6-6-5-4-3-2-1 0 1 2 3 4 5 6 

C-P-DC resonator, mode 3 2 0, 1=5102.45 kHz PC-P-DC resonator, mode 3 0 4, 1=5318.57 kHz 

-s-C>-4-3-2-1 a 1 2 3 4 5 6 -6-5-4-3-2-1 a 1 2 3 4 5 6 

w 
I I I I I I I I I 

't w 
I I I I I I I I I 

T GIi ·• ~ ~ 

0 0 0 CJ;£ o-=~ w 0 
-1 -1 -1 

-
-1 

-2 -2 -2 -2 
-3 -3 -.3 -3 
-4 -4 -4 -4 
-5 -5 -5 -5 
-6 -6 -6 -6 

-6-5-4-3-2-1 a 1 2 3 4 5 6 -6-5-4-3-2-1 0 1 2 .3 4 5 6 

C-P-DC resonator, mode 3 2 2, f=5325.99 kHz PC-P-DC resonator, mode· 3 4 0, fa5342.40 kHz 

-6-5-4-3-2-10 1 2 3 4 5 6 -6-5-4~3-2-1 a 1 2 3 4 5 e 
6 6 6 6 
5 5 5 5 
4 4 4 4 

3 

·~~ 
3 3 3 

2 2 2 

GOtDD 
2 

1 1 1 1 
0 ~D~ a 0 0 

-1 

(QV~ 
-1 -1 -1 

-2 -2 -2 -2 
-3 -3 -3 -3 
-4 -4 -4 -4 
-5 -5 -5 -5 

-
6
-s-5-4-3-2-1 o 1 2 3 • s 6 -e Pile. 4 -

6
-6-5-4-3-2-1 o 1 2 3 • s s -6 
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KacqneB M.C., CnaBoB Cn. 
MoAennpoBaHHe KBap~eBblX pesoHaToPOB 
MeTOAOM KOHeqHb!X 3neMeHTOB 

Pl 1-91-372 

Paspa6oTaH qucneHHblH MeTOA An5I~MOAenupoBaHHH KBap~e

BblX pesoHaToPoB. 3ToT MeTOA rrosiion.HeT BbJqucnHTb crreKT

panbHbie xapaKTepHCTHKH TaKHX pesoHaTopoB, HMelOII~HX rrpons

BOnbHYJO <POPMY rrorrepeqHoro: ceqeHHH. IlpHBeAeHbl . pacqeTbl, 

AeMOHCTPHPYIOIIUie ToqHOCTb pa3pa60TaHHblX cxeM, Ha pcHoBa-

. HHH cosAaHHoro rraKeTa 6b1.rr. crrpoeKTHPoBaH pesoirnTop 
CO cnO)KHOH q)OpMOH ceqeHHH.' IJonyqeHHbie qucnoBbie 3HaqeHHH 
rrapaMeTpOB pe30HaTopa" HCIIOnb3OBaHbl AnH ero H3rOTOBneHHH • 

IlonyqeHHbie 3KcrrepHMeHTanbHbie AaHHbie rronHoCTbJO .. coBIIaAaJOT 
C TeopeTnqeCKHMH~ 

Pa6oTa BhlrronHeHa B n~6opaTOPHH BhlqHcnuTenbHOtt TeXHHKH 
u anToMaTnsa~HH OIDII1. · · · 

Coo6U-leme 061oe.u~em1,oro HHCTHTyTa H,o;epHbIX ucCJie.a;oealiuii 7 lly6Ha 1991 

IlepeBOA aBTOPOB 

Kaschiev M. S. ~• Slavo.v S. 
Simulatio~ of ·th~"Quartz.Resonators: 
by the Finite Element Method 

,· 

Pli'-91-372 

A numerical method1or simulation of AT-cut quartz re
sonators is worked out. This.method allow:s to calculate 

· the spectral characteristics for the resonators, __ which 
have random shape of the cross section •. Niµnerical sche
mes are presented. These schemes are used for the reso
~ator with a complex cross section shape. The.obtained 
numerical values of the resonator parameters.are· used 

-for its development. The. experimental data f~lly agree 
with tqe theoretical assumptions. 

The investigation: hJs. been performed at ,the· Laboratory 
of Computing Techniques and Automation, JINR. 
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