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AnHoTanus

B nammoit pabore mcciieoBaHbI BOJHOBOIHBIE MOJIbI, COOCTBEHHBIE YACTOTHI W 00JIAaCTH
YCTONYMBOCTH pPE30HATOPA, COMEPIKAIIEr0 CJIOW MeTaMaTephuasa C OTPHUIATEIbHBIM TMOKa3a-
TeJeM IPETOMJICHUs. XapaKTEePUCTUKU TAKOTO PE30HATOPa ONPEIeNaiOTCS BeMmduHaMHU 3h-
dexTrBHON MMMPAKIMOHHON W IUCIIEPCHOHHON IWH, KOTOPHIE, B OTJIMYHE OT OOBIYHBIX PE30-
HATOPOB, MOTYT MPUHUMATh KaK MOJIOKUTETbHBIE, TAK OTPUIIATEILHBIE U HY/IEBhIE 3HAUEHMUSI.
Takum 06pa3oM, CTAHOBUTCH BO3MOXKHBIM yIIPaBJIEHUE CBONCTBAMHU Pe30HATOPA IIyTeM BHECE-
HUS CJIOF METaMaTepuasia ¢ COOTBETCTBYIOMIUMHY [TAPAMETPAMMA.

KiroueBble cjioBa: OTKDBITHIN PE30HATOP, MeTaMaTepUaJl, OTPHUIATEIbHBIN [T0KA3ATeIhb
TIPEJIOMJICHNSI, CJIONCTast CTPYKTYpa, AudpaKus, IOnepedHast MOIa, AUCIIEPCHUsT, TPOI0IbHAS
MOJa, YCTOUYIUBOCTD.

BBenenue

Meramarepuasbl ¢ OTPANATETHHBIM MOKA3ATENIEM MPEJTOMIECHHS TPEJACTABIAIOT CO-
60ii MCKYCCTBEHHBIE NMEPHOJUIECKHE CTPYKTYPBI, COCTABIEHHBIE W3 PE3OHAHCHBIX JJ1€-
MEHTOB, Pa3MepPbl KOTOPBIX MEHbIIE JTMHBI BOJHBI. J[aHHbIE PE3OHAHCHBIE 3JIEMEHTHI
UTPAIOT POJIH ATOMOB B OOBIMHBIX CPEIaX, W TIPH TOJO00PAHHBIX CHENuAILHBIM 00pa3oM
napamMeTpax COCTOAMIAs W3 HUX cpema 0ob0JaZaeT OTPHIATEIhHBIMU JIUIJICKTPAIECKOM
W MarHWTHO! mponmaemoctsvu. B pabore B. Becenaro [1] mokazamo, 4To ecau au-
9IEKTPUYECKAS] U MATHATHAS MPOHUIIAEMOCTH CPEJIbI OHOBPEMEHHO OTPHIATENBHBI, TO
nOKa3aTe/b IPeJOMJICHHA CPeJbl 1 = /€[l TaKxKe orpunarened. B rakmx cpejax Ha-
MPABJICHUsT PACTTPOCTPAHEHUST BOJHBI W MOTOKA SHEPTWH MPOTHBOMOJIOKHBI, 4 BEKTOPa
HAMPAYKEHHOCTEH 3JIeKTprYeckoro n marantoro nons E nw H m Boarosoii BexkTop k
COCTABISAIOT HE TPABYIO, a JIEBYI0 TPOIKYy, TTOITOMY YaCTO TAKWE CPEIbl HA3BIBAIOT TaK
JKe «JIEBBIMH» CPEJIAMH.

B macrosimee Bpemsi CO31aHBI METAMATEPUATIBI, 0OIaJAI0IINAE OTPULATETHBHBIMY -
9JIEKTPUYECKON, MATHUTHON TPOHUIAEMOCTSIME W OTPHUIATENbHBIM MPEJTOMJICHHEM B
MWKDPOBOJIHOBOM [2-4], Teparepiiosom [5], nudpakpacuom [6, 7] u onrtnaeckom [8-11]
mmanaszonax 4gactor. IIupokoe mpuMenenne MeTaMaTephualioB CAEPKUBACTCS MPHUCYT-
CTBYIOIMIM B HUX CPABHUTENHLHO OOJBIUM TIOTJIOMIEHWEeM. B HacTosmee BpeMs paspa-
6oTaH cnoco6 KOMIEHCHPOBATH 3TO MOTJIOMIEHAE TPY MOMEINEHNN PE3OHAHCHBIX 3JIEMEH-
TOB METaMaTepUaJia B ClENUabHYI0 aKTUBHYIO cpeiay ¢ Hakaukoii [12, 13]. IIpumenenue
AKTHUBHOMN CPeIBI TO3BOJAET JTOCTHYH He TOJBKO MOJHON KOMIEHCAIIUU TIOTEeph, a TaK-
JKe W yCHJIeHWsI CUTHAJIa. Takmm o0pasoMm, MeTaMaTepuasl MOYKET BBICTYTATh B POJIA
AKTUBHOI Cpeabl pe3oHaTopa.

WNuTepec kK marepuansam € OTPHIATETHHBIM IMOKA3ATETEM MPENIOMJICHHS O0yCIOB-
JIEH BO3MOXKHOCTBIO CO3/IAHUS MPUHIUIHAIBHO HOBBIX MHKPOBOJHOBBIX M ONTHYECKUX
ycrpoiicts. IIpn HAKIOHHOM TIaJ€HUK BOJIHBI U3 BO3/lyXa HA METAMATEPHAN BO3HUKAET
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oTpularebHas pedpakius, BCAEACTBUE Yero MI0CKOMapaIebHast MIACTHHA MOYKET
dokycuposarb pacxougiuiics 1wy 4ok Jydeii nogo6uo sunze [1]. Ix. [lenapu 6bu10 110-
Ka3aHO, 9TO TaKasl IJIACTHHA MOYKET yCHJIMBATH KOMIIOHEHTHI OJIMKHETO MO/ UCTOIHM-
ka [14]. Takum o6pa3oM MOryT OBITH paspereHbl CyOBOIHOBbIE ETAIN N300parkeHus,
YTO W TOCAYKWUJIO TPUYUHON HA3BAHWS TAKOW TJIACTUHBI «CymepanH3oiis. [lo anaso-
IUHU C JTUH30BOI JUHUEH MOYKeT ObITh W3TOTOBJIEHA CJIOWCTAsi CTPYKTYPA, COMEPIKAIIAs
CJI0M MeTaMaTepuasia C OTPUIATETbHBIM [TOKA3aTeseM IPEIOMJIeHNs, B KOTOPOil BO3-
MOZKHO OCYIIECTBUTH BOJIHOBOZHOE pacupocrpanenue nydkos [15]. Takas crpykrypa
AMeeT P, OCOOEHHOCTEH, B 9aCTHOCTH, MYIKH JIOOBIX TPOMUIeil ABIII0TCA €€ MOIaAMI
U PACIpPOCTPAHSIOTC 6e3 audpaKInOHHOTO PACIIIHIBAHUS .

Brepebie pacnpocrpanenne maockux BOJH B pe3onarope ®@abpu—Ilepo, comepxka-
IIeM TLJIOCKOTIAPAJIJIENIBHBII CI0H CPeIbl ¢ OTPUIATETHLHBIM TOKA3ATEIEM TTPEJIOMIICHNUS,
6110 paccmorpeno H. Qurenta [16]. Haber dbasbl, npuobperaemblii 110CKOi BOJIHOI pu
MOJTHOM 00X0JIe TAKOTO PE30HATOPA, OTIpesiedeTcs BhIpaxKeHneM ¢ = koLopy 1 JomKen
OBITH KpaTHBIM 277. B 0OBIYHOM pEe30HATOPE 3TO YCJIOBHUE BBITIOJHEHO, €CIU IJINHA Pe-
30HATOPA KpPaTHA MOJIOBWHE [IJINHBI BOJIHBI, TO €CTh MUHUMAJIbHAS [IJINHA PE30HATOPA
Lyin = A/2. Oranune pe3oHATOpA ¢ METAMATEPUAIIOM COCTOMT B TOM, UTO ONTHYECKAs
JUTMHA, JBYX CJIOEB C MOJIOKHATEIbHBIM 11 > 0 m orpunarensbubiM ng < () mokasaress-
MU HPEJIOMJICHUA MOXKET ObITb paBHA HY/IO: Lope = l1nq + lang = 0. CieroBaresbHo,
yCJIOBHE KPATHOCTHU JJIMHBI PE30HATOPA MOJOBUHE JJINHBI BOJHBI CHUMAETCs, OHA MO-
KeT ObITh TTPOU3BOJILHON, B TOM YHCJIE W MEHBINEH MOJOBUHBI JIIMHBI BOJHBI, TO €CTh
BO3MOXKHO M3rOTOBJIEHNE CyOBOJHOBOrO pe3oHaropa. Hampuwmep, masg gactorsr 2 Ty
JUTMHA PE30HATOPA MOXKET COCTABUTH BCErO 3 CM IIPH JIMHE KaxKaoro cjiod A/10 Bme-
CTO MUHUMAJIbHON IMHBL 7.5 cM, Tpebyemoil B obbraroM ciydae [16]. B pa6ore [17]
OMMCAaH YKCIIEPUMEHT, IPOBEIEHHBIN C PE30HATOPOM, COIEPIKAIIUM AHATIOTA OOBIYHBIX U
«JIEBBIX» CPE/I, TIOATBEPKTAIOIIUI TePEUNCIEHHBIE TEOPETUIECKIE PE3YIHTATHI.

Jlannas paboTa MOCBSIEHa UCCIIETOBAHIIO CBOWCTB PE30HATOPA, COMEPIKAIIErO CJIOU
MeTaMaTepuasa: yCJIOBUii CYIIeCTBOBAHUS U TPOduIeil BOJHOBOIHBIX MOJI, CIIEKTPA, COO-
CTBEHHBIX 4aCTOT, YCJIOBUI YCTOMYUBOCTH.

1. CobcTBeHHBIE MOAbI 1 9aCTOTHI pe3oHaTOopa ¢ MeTaMaTepuajJloM

1.1. CobcrBeHHBIE MOJZIBI B BHjie nydkoB Dpmurta— [aycca. Paccmorpum
PEe30HATOD, COIEPIKAIINIT MIOCKOMAPAIEThHbIE CJION MeTaMaTePHAIIa C OTPUIATETHHBIM
MPEJIOMJIEHUEM, TIEPTIEHINKYISPHbIE ONMTUYECKOM ocu pe3oHaTropa. Bymgem cuanrarh, 9TO
BOJIHOBbBIE COPOTUBJIEHUS CPEJL, Z; = \/[4;/€; coryiacoBanbl U (DPEHETEBCKOE OTPAZKEHIE
OT WX I'PAHUIl OTCYTCTBYeT. Byem Tak:ke cauTarTh, 9TO B CPEJAX HET MOIJIOMIEHUS WU
OHO KOMIIEHCUPYETCsl IIPU [OMOIIU onucaHubix B [12; 13] mexanusmos.

s paccMOTpeHusi yCJIOBWiA CYIIECTBOBAHUS, MPOMUIeil U yCTONIUBOCTH BOJIHO-
BOJHBIX MOJ yI00HO BOCIIOJIB30BATHCS TAKOM XapaKTEPUCTUKOM Cpeibl, cogepkamieii N
CITOeB C PA3JUIHBIME MTOKA3ATENIMHU MpeToMIeHus, Kak eé adgdekTuBHas audpakim-
OHHAS [IJINHA!

Jj=N l;
Lait = -,
=1
rae l; — DJIWHBI CIOEB, a n; — WX MOKa3aTenn Tpegomiaennd. [Ipmvedarensro, 910 ec-
JIN BHYTPY ME€Ta-pPE30HATOPA HAXOIATCS CJIOU C OTPHUIATETHHBIM MOKA3ATEIEM MPEeIOM-
JIeHusI, TO BenwmduHa 3HPeKTUBHON MUGPAKITHOHHON MIIUHBI Lgif MOXKET TPHHUMATH
OTpHUIATEeIbHbIE W HyJeBble 3HadYeHns. HanmoMamM, 970 B OOBIYHOM DPE30HATOPE BeJu-
qnHa Lqif CTPOTO TOJIOXKUTENIHHA U O MOPSAIKY COBIAIAET C FeOMETPUIECKON TJIMHOM
pe30HaTopa, Tak Kak n;j ~ 1.
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B pabore [18] paccMOTpeHbI COGCTBEHHBIE MOJIBI PE30HATOPA C METaMaTEePHUATIOM,
MMETOIIHe BUT TAyCCOBBIX UM ODOOIIEHHBIX TAyCCOBBIX My IKOB. [Ipoduin BOMHOBOIHBIX
MO/T ¥ YCJIOBHsI UX CYHIECTBOBAHUS MOTYT OBITH MOJIyY€HbBI [IyTEM pEIleHus napadosiu-
YECKOr0 ypaBHEHUs MuppaKIfum:

DA(x,y, 2)

Oz +iD(Z)AJ-A(:anaz) =0, (1)

rae D(z) = Do/n;(z) — xoaddurnuent audpakimuu B j-M ciaoe, Dy = 1/2ky — xoad-
dunment mudpaknEm B BaKyyMe, ¢ y9eTOM HMOBTOPSEMOCTH aMILTUTYAHOTO TPOMUIs
nyuka A(z,y) nocie oaHoro mojHoro o6xona pesonaropa. Cob6CTBEHHBIME BOJIHOBO/I-
HBIMA MOJAMW METApe30HATOPOB ABJIAIOTCA TAYCCOBHI U OGOOIIEHHBIE TAYCCOBBI Ty 9KH,
B YaCTHOCTH, My9YKH JpmuTa—aycca:

2 2 2 2
z®+y° kong(x? +y°)
A(x,y) = Hpn(z,y)exp | — a? —1 2R32' ,

(2)

rae m,n = 0,1,2,... — HHAEKCH TONepedHbIX MO, R; — paauychl KPEHBH3HBI 3epKal,
aj — paJuychl My9IKOB Ha 3epKaTaX, PaBHBIE:

9 2Lqi¢ (1 — Laig/R1)(1 — Lait/ R2)

a? = )
J k0|1 - Ldif/Rj| Ldif/Rl + Ldif/R2 - Lﬁif/]%1]%2

CobGcerBennbie 4acToThl MO (2) MOTYT OBITH PACCYUTAHBI U3 YCJIOBUSA DABEHCTBA
HYJIIO 3JIEKTPUYIECKOTO TOJIA Ha 3epKajax:

2 LopiV, Lg; Lg;
ZZoptTmng _ g 4 (n +m + )7 ! arccos 1 — =dif 1 — =dif , (3)
c Ry Ry
rae uHaeKcbl ¢ = 0,1,2,... COOTBETCTBYIOT PA3JUYHBIM MPOJOJBHBIM MOIAM. Bemnan-
j=N
Ha Lopt = > l;n; mpencrasiser coboil ONTHYIECKYIO IIHHY PE30HATODA.
j=1

1.2. CobcrBeHHBIE MOJIbI MPpOU3BOJIBHOTO mpodumis. Ocobo ciemyer pac-
cMaTpuBaTh PE30HATOP ¢ HyJeBoil addekTuBHol nudpakiuonnoii auunoii. Panee [19]
HaMU OBLIU PACCMOTPEHDBI BOJHOBOHBIE MOJIBI ABYXCJIONHOrO pe3onaropa. B Hacrosiei
pabore mposeaem OOOOINEHHE TONYyYEHHBIX PE3YJIbTATOB HA METapPe30HATOPHI, COCTO-
AIUe U3 TPOU3BOJBHOTO YnCya CJI0eB N € Pa3IuYHBIMU MOKA3ATESIMU TPEJIOMIICHUS
n; , NCCIeyeM COOCTBEHHbIE YACTOThI, COOTBETCTBYIOIIHE STUM MOJIAM U YCIOBUS YCTOMH-
YHUBOCTH.

U3 ypasuenus audpakuuu (1) mus orubawomeit A(x,y,z) MOXKeT GbITh HOJIYYEHO
ypasuenue jig eé Oypoe-komnonenr S(z,y, z):

0S(ks, ky, 2)
0z

peras KOTopoe, MOy TnM:

—iD(2) (k3 + k3)S(ka ky, 2) = 0,

S(ka,ky, 2 = L) = S(ka, ky, 2 = 0) exp(iD(2) (k2 + k7)) z) =
= S(kg, ky,0) exp(iDo(kZ + k7) Laif)-

Taxkum 0Opa3oM, MOCJe MPOXOXKIEHUsT CJIOUCTON CTPYKTYPBI € HYJIEBOH audpakim-
ounoi#t amuHO# Lgif = 0 BOTHOBO# (DPOHT MydKa B TOUYHOCTH COBIAIAET C HAYATHHBIM,
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TO €CTh MPOUCXOINT MOJIHAS KOMTeHcaus audpakinun. /[Jisi BHITOJTHEHUsT YCAOBUS MO-
BTOPSIEMOCTH TIOCJIE TTOJTHOIO 00X0/1a Pe30HATOPA HEOOXOAMMO COTJIACOBAHME PAINyCOB

KPUBU3HBI 3€PKAJT:
ni nn 0

Ry N Ry

Benencreue mommHoM KoMmmencanun gudpaknun (pa3oBble HAOETW M1 MyYKOB pa3-

JINYHBIX TPOoduIell COBMAIAI0T U paBHBI Habery (a3bl, MprOOPETAEMOMY TIJIOCKON BOJI-

HO¥ Tipu 00x0/1e pe3onaropa. CiieoBaTeIbHO, COOCTBEHHBIE YaCTOTHI PE30HATOPA C HY-
JeBoit 3 PeRTUBHON I paKIMOHHON JIIUHON OMpPeIeIAOTC S BHIPAYKEHUEM:

2Lopivq = qc,

coBrazaomum ¢ (3), ecau 10g0KuTh B HeM Lqir = 0.

2. VYcToiuMBOCTH pe3oHaTOpa ¢ MeTaMaTepHuajJoM

VciioBust yCTORYHUBOCTH META-PE30HATOPA MOTYT OBITH MOJIYYEHBI MPU MOMOIIN KaK

reOMETPOOTITHIECKOTO, TAK W BOJTHOBOTO TIOIX0/a. B mepBoM cirydae MOXKeT ObITh BBIUHC-
—~ 1 —~

JIEeH WHBAPUAHT JIy4IeBON MaTpuilbl M onTtudeckoit cucteMbl [ = 3 trace M, KOTOpbIit

JIOJIZKEH yIOBIETBOPATH yeaoBuio —1 < [ < 1 B yCcTOWYMBOM pe30HATOPE.
B caywae, Korma BHYTpPHM pe30HATOpPA HAXOMIATCS IMJIOCKOTAPAJIENIbHBIE CJION CPes,
TOMIIAHON [; ¢ TMOKa3aTenaMd MPeTOMJIEHNS N;, YCIOBHE YCTOHIHBOCTH PE30HATOPA

nMeeT BUI. L L
dif dif
0< (11— 1-— | <1 4
< Ry ) ( Ry ) ’ @

COBTAIAIOINIHIT C YCIOBHEM YCTOWUMBOCTH MYCTOTO PE30HATOPA, B KOTOPOE BMECTO 3h-
dexTuBHON AN PAKIMOHHON BXOINT reoMerpuyeckas anuHa. OTMeTnM, 9TO JTaHHbIE
YCJIOBHUSI B TOYHOCTH COBIAJAIOT C YCJIOBUSIMHE CYTIECTBOBAHUS OOOOIIEHHBIX TayCCOBBIX

MO/I, TO eCTh C YCJIOBHSIMHU, TPU KOTOPBIX YACTOTHI UMEIOT IeHCTBUTEIHLHYIO BETUYH-
Hy B Bbipazkenuu (3). Baxno, uro B (4) BxoauT He reomerpudeckas, a 3pdekTuBHas
nupakIuoOHHas JJINHA, KOTOPAs MOYXKET TPUHUMATEH MPAKTUYIECKY JIFOObIE 3HAYEHUS B
3aBUCUMOCTH OT TOJIIINHBI ¥ MTOKA3ATEeH TTPEJIOMJIEHUS CJIOEB.

Taxkum 06pa30M, P BHECEHUU METACIOs] BHYTPh PE30HATOPA M3MEHSIeTCsS 00/IaCTh
€ro yCTOWYHUBOCTH, 9TO MOXKET OBbIThb HCIOJIB30BAHO [ TOrO, YTOOBI HEYCTONUMBBI
mycToii pesonarop cran ycroiumsbiM. Koudokanbubiii pesonatop ¢ Ry = Ry = L
siBsisiercst HeycroiunsbiM. ITpn BHECeHNN cyiost MeTaMaTepraia ¢ n = —1 ToJmuHON §/2
yCJI0BHE YCTOHUnBOCTH (4) OKa3bIBACTCS BBINOJTHEHHBIM, U META-PE30HATOD CTAHOBUTCS
ycroitunsbiM. HeycToiuuBbiil pe3oHaTop ¢ IByMsl BBITYKJIBIMU 3epKajaMu (Hampumep,
L = —Ry = —Ry) MOXker ObITh C/IeJIaH YCTOWYMBBIM IPU BHECEHUU METACJIOS TOIIUHON
(L+0)/2. Pezonarop ®abpu —Ilepo ocraercs HeycTORYMBBIM JazKe IIPU BHECEHUH B HETO
METACTOs 38 CUET TLIOCKUX 3ePKal.

3. CnekTp mpoaOJIBHBIX MOJ,
P HAJIAYUAU OTPAKEHUS OT I'PAHUI] METacJiosd

Amnurygaeit koadUIMEHT oTpayKeHus OT IPAHUILI IBYX CPEI B CIydae HOP-
MaJbHOTO MaleHus, cornacuo ¢popmynam @penesns, paBeH:
22 — 21
Y
21+ 22

rae z; = \/fi;/€; — BOJHOBbIE COMPOTHUBIIEHNsT (MMITEIAHCHI) CPEZ, KOTOPhIE MOJOKNI-
TEeJIbHBI KaK i OObIYHBIX cpej (uHaeke 1), Tak u jjig MeramMarepuaJioB (UHIEKC 2).



162 J1.0. CATIAPMHA, A.Tl. CYXOPYKOB

==-0.1Re{n) >, ---g.:(:?)e[n)
—R. L —
._”R::?mm] 08 e - -Refz, ) |

—Re(z,) 0. \ S, —Re(z) |

08 2 03|

/

103 1035 104 1045 105 1055 106 1065 107 10.75 1038 a2 a4 46 43 52 54 56 58 [
f,GHz f,GHz

Puc. 1. 3aBucumocts aMmuryaHoro kosddunuenra orpazkenus oT 4acToTsl 7(w) (CruiomHas
uepHas JMHUs) [/l PPAHUIBI MeTaMaTepuaia U AudaekTpuka ¢ € = 2, u = 1. ITapamerpsr
MeTaMaTepuasa COOTBETCTBYIOT paGoraM [3] st ieBoro rpaduka u [2] 171s IpaBoro, 3aBUCHMO-
CTH TOKa3aTe s npeaoMieans N(w) U BOJTHOBOTO CONPOTUBIEHUSA Zmm (W) MeTamMaTepuasa oT
YACTOTH M300PaZKEeHbl MyHKTHPHON 1 IMTPUX-IIyHKTUPHON TMHAEH COOTBETCTBEHHO. BomHoBOE
COIIPOTHBJICHIE ANJIEKTPUKA Zq M300PAXKEHO CEPBIM IIBETOM

Takum obpazom, mjig peanu3anun JOMYIIEeHNAH, CASTAHHBIX B MPEIbIIAYIINX MyHKTAX,
KOTOPBIE KACAIOTCA OTCYTCTBHUs (DPEHETEBCKOTO OTParKeHusl, HEOOXOIMMO BBLITTOJTHEHNE
yCIOBHUA 21 = Z2. BbIHOIIHeHI/Ie 9TOro TOYHOI'O paBE€HCTBa JJid IIPOU3BOJIbHBIX MaTepu-
aJIoB, BOOOIIE TOBOPs, 3aTPYAHUTEIHHO, TOITOMY PACCMOTPUM Oojiee o0Iuil ciyJaii, B
KOTOPOM BOJIHOBBIE COTIPOTHBJICHWSI CPEJl HE COTJIACOBAHBI, AHAJOTMYHO TOMY, KaK 3TO
OBIJIO CIIeTIAHO JIJIsT pE30HATOpA CO CI0eM amdnekTpuka [20, 21].

TI/IHI/I‘{HI)IG MHUKPOBOJTHOBbIE M€TaMaTEPHAJIbI COCTOAT U3 METAJTTHIECCKUX CTep)KHeﬁ,
CO3IAIONINX OTPUTATENBHYIO AUITEKTPUIECKYIO0 MPOHUIIAEMOCTh, W PA3PE3HBIX KOJEIl,
CO3/TAIONINX OTPHUIATEILHYIO MATHUTHYIO TTPOHUIIAEMOCTh. JI719 MUKPOBOJTHOBBIX MeTa-
MaTEepHuaJa0B 3aBUCHUMOCTH ,I[I/ISJIQKTpI/I‘IQCKOI'/JI M MarHUTHOI HpOHHHaeMOCTeﬁ OT Y9acCTO-
ThI [2-4] 006BIYHO MMeeT BU:

2 2
w Fw
P
ew)=1- pule) =1—
() w?’ (€) w2 — w2’
rae wz = inSbars/Stot — TJIa3MeHHas YacToTa CTEpIKHeH, Ompenesdionasacs Maas-

MEHHO# 9aCcTOTOW MeTasljla wpy W OTHOIIEHWEM ILJIOIIAIN CeYeHUs CTepyKHel K ob1eit
mwiomaan; F — KOHCTaHTa, 3aBUCAINAA OT F€OMETPUHU KOJell, Wy, — PE30HAHCHAS Ya-
CTOTA YKBUBAJIEHTHOTO pa3zpe3nomy kouibily LC-kouTypa. s pacuera aMminTyIHOTO
k03 durnmenta oTpaxKeHus OT TPAHUIBI TUIJIEKTPUKA ¢ € = 2, i = 1 u meramare-
praja HaM¥ ObLIN B3sTHI SKCIEpUMEHTANbHbIE TaHHble W3 pador [2, 3]. BaBucumocthb
aMTIInTyIHOTO Kodddnimenta orpaykenust r(w) OT TPAHWI] CI0EB yKA3aHHOTO MeTa-
pe3onaropa mpejcraBieHa Ha puc. 1

B mpenebperxkennn audpakirnoOHHBIME MOTPaBKaMu K (Pa3oBOMY HAOery s coo-
CTBEHHBIX YACTOT MMEET MECTO CJIEeIYIOIIee YPaBHEHUE:

r(w) sin [%(nlll — ng(w)lg)} = sin {%(nlll + na(w)la)| . (5)

Kak yzke ObLIO OTMEYEHO BBIIIE, B OTCYTCTBUE OTpaxKeHuit r = 0 mpaBas u JieBas 4aCTh
(5) obpamaoorcs B Hy/b, U B 0e3UCIEPCUOHHOM TIPUOJIMKEHUU CIEKTD YaCTOT CTAHO-
BUTCs CIUIOMIHBIM B CJIy4Yae HYJEBOW ONTHYECKON JIJIMHBI PE30HATOpPA U ONPEeIsieTcs
BBIpasKeHHEM w Loy (w)/c = mm, rie m — 1esoe TucsIo st BCeX IPYTHUX BeIUTIHH ONTH-
9eCKOil IyHBL. B ciiydae Hy1eBO# ONTHYECKOiT JIJTUHBI DY HAJIMYUN JaKe CPABHUTETHHO
HEOOJIBIITOTO PACCOTIACOBAHMS BOJIHOBBIX COMPOTUBJIEHUN MPOUCXOIUT TUCKPETH3AIUS
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i i}
108 10.85

Puc. 2. Tlepeceuenne cruomHoii (neBast 9acTh ypasHenus (5)) u MyHKTUPHOH (IpaBast 9acTh)
JIMHAN COOTBETCTBYET PE30HAHCHBIM 9acTOTaM. [[aHHBIE PACCANTAHBI /I PE30HATOPOB C Me-
rTamarepuasgoM (mapaMerpsl cM. [3] mis jesoro rpadwuka u [2] Asst mpaBOro) M IMIIEKTPUKA

(e =2) ¢ nomnoit caoes [} =1l = 1.5 cm

0.
0.
i
8 52 54 56 58 [

04
° 42 a4 46 x
£.GHz

%3 104 105 10.6 107
f,GHz

Puc. 3. OTHOmMEHNE MHTEHCUBHOCTEN B C/I0AX MeTamaTepuasa (mapamerpst cM. [3] s mpasoro

rpaduka u [2] qst geBoro) u gusnektpuka (& = 2)

CIIEKTPA 9aCTOT, KOTOPbIE PACCYUTHIBAIOTCH 110 (hOpMyJIIe

w
= (n1ly — n2(w)la) = mm.

i mpOM3BOJIBHOTO 3HAYEHUS ONTUYECKOHN JINHBI PE30HAHCHBIE YACTOTHI MOLYT
ObITh Haiigenbl u3 ypasHenus (5) rpaduuecku Kak TOUKH MEPECEUEHUs KPUBBIX (CM.
puc. 2), n300paskaroIux MPaByo U JIEBYIO 9aCTH JAHHOrO ypaBHeHus. IIpu 3roM 601b-
Imoe BANSHNWE HA BU/JI KPUBBIX UTPAET JIUCIEPCHS MeTaMaTepHaIOB.

Haubosnee 3HaunMbiM W3MEeHEHHEM IO CPABHEHWIO CO CIEKTPOM PE30HATOPA, B KO-
TOPOM HWMIIETAHCHI COTTIACOBAHBI, SABJIAETCS HEIKBUIUCTAHTHOCTDH €r0 CHEKTPa YacTOT.
Crymienue crekTpa B obiactu 60ee HU3KUX 9aCTOT 0OYCJIOBICHO THIUIHBIM s Me-
TaMATEPHUAJIOB PE3KUM POCTOM aOCOIOTHON BEJIMYMHBI TOKA3ATENIs TPEJIOMICHNST U HE
HAOJII0AETCS B CJIyYae TOJIBKO AUIJIEKTPUUECKUX CJI0EB BHYTPH PE30HATOPA.

Jpyrum u3MeHeHHeM, TPOUCXOAAIIAM TPU HAJIUYUA OTPAYKEHWI OT IPAHUIL CJIOEB,
ABJISAETCS W3MEeHeHWe OTHOIIEHWsS WHTEHCHUBHOCTH B CJIOAX MeTaMaTephaia U JIHIJIeK-

TpHUKA:
Ineta 1 —27r(w) cos(wnily/c) + r?(w)
N 1—72(w) '

Lgiel
Ha puc. 3 uzobpazkena 9acToTHas 3aBUCUMOCTH OTHOIIEHUSI HHTEHCUBHOCTEH B CJI0€

MeTamMaTrepuasa U Iu3JIeKTPUKA.
[Ipu ydere moTeph WM yCHJIEHWUSA, KOTOPBIE MOTYT MMETh MECTO KaK B CJIOAX JIH-

9JIEKTPUKA, Tak W Meramartepuana (cM. [12, 13]), pacrpesenenne aMIInTyIbl BHYTPH

pe3oHaTOpa OKA3bIBAETCS CYIIECTBEHHBIM.
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3akJiroueHue

CroiicTBa pe3oHaTopa, BHYTPU KOTOPOTO HAXOIUTCS OJIWH UJIH HECKOJIBKO CJIOEB C OT-
PUIIATETHEHBIM MOKA3aTeIeM TTPETOMIEHN, CYIIECTBEHHO OTIMIAIOTCS OT CBOMCTB Pe30-
HATOpA C AUIJIEKTPUYIECKUM 3anoHenneM. OCHOBHBIMU XapaKTEPUCTUKAME OTKPBITHIX
PE30HATOPOB, COMEPKAIINAX CIAOUCTBIA MATEPHUAJ, sIBIAIOTCA BEIUIUHBI d(PPHEKTUBHBIX
nupakIMOHHON W ONTHYECKOH aiuH. B ciydae pe3onaropa ¢ MeraMarepuaioMm obOe
JUTMHBI MOTYT TPUHUMATH HE TOJIBKO MOJIO2KUTETbHDBIE, HO OTPUIATEIbHbBIE UJIN PABHBIE
HYJII0 3HAYEHUS, YTO OKA3bIBAET CYIECTBEHHOE BJIUAHUE HA CBOHCTBA pe30HATOPA.

Hamu BbIBEEHDBI YCIOBUS CYIIECTBOBAHUS BOJHOBOIHBIX MOJ B BUIE TMYYKOB IJP-
muta —laycca u paccanran cruekTp cOOCTBEHHBIX 9acTOT 3TuX MO [losryuensr ycmoBus
YCTOWYHUBOCTH METa-Pe30HATOPA, TO3BOJIAIONINE TIPU TOMOIIHU CJI0s METAMATEPUAA CIe-
JIATh YCTOMYIMBBIM HEYCTOWYHBBIN MycTOil pe3onarop. BuLn mpoanamu3mpoBaH Ciydai
HyseBoil 3 dexTurHOM MUMPAKIINOHHON JIJIWHBI PE30HATOPA, MOKA3AHO, YTO BOJIHO-
BOJHBIE MOJIBI MOTYT UMETH MPOU3BOJIBHBIN MPOQUIb, a CIeKTP COOCTBEHHBIX YACTOT
CTAHOBUTCS CIJIONTHBIM M HE 3aBUCUT OT TIOTIEPEYHOTO PACTPEICTEHUST aMIITUTYIBI MO,

[Ipu mHanwawum oTparkeHuii OT TPAHUIL CJIOEB MPOUCXOIAT CYIIECTBEHHbIE U3MEHEHUS
CIEeKTPA COOCTBEHHBIX YACTOT META-PE30HATOPA, & TAKKe PACIIPEe/IeI€HNs] WHTEHCUBHO-
CTH BHYTPH HETO.

Pa6ora Bemmonnena npu (GuHAHCOBOIN mOmmep:kke rpantamu «Bemyiue naydHbIe
mikosbl» (HI-671.2008.2), PODIT (Ne 08-02-00717, 06-02-16801). 1.0. Canapuna Gia-
romaputT 3a (PUHAHCOBYIO MOAAEP:KKY Takke POHI HEKOMMEPUIECKHX mporpaMm «/In-
HACTHUST».

Summary

D.O. Saparina, A.P. Sukhorukov. Open Cavity Properties Management by Introduction of
Metamaterial Layer.

The paper presents an investigation of waveguide eigenmodes, eigenfrequencies and stability
domain of cavity containing metamaterial layers with negative refractive index. Its properties
depend on the values of effective diffraction and optical lengths, which can be not only positive,
but also negative and zero, in contrast to ordinary cavities. Thus, cavity mode management is
possible by introduction of corresponding metamaterial layer.

Key words: open resonator, metamaterial, negative refractive index, layered structure,
diffraction, transverse mode, dispersion, longitudinal mode, stability.
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