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HccnenyroTcs MHOTOCIOWHBIE CHCTEMBI C MeTaMmaTrepuagamu. PaccMoTpeHa cucrtema, cocTosias U3 KOHEYHOTO 4HCia Ta-
paIeNBbHBIX YepeNyIOIUXcs CI0eB MeTaMareprana u Bakyyma. CTaBuTcs 3ajgada moucka ¢yHKimu [puHa U paccMarpu-
BaeMoii cucteMsl B ycioBusix NIM-curyanuu. [Tog NIM-cutyanueil moHUMaloTcs YCIOBUS, ITPU KOTOPBIX AUIIEKTpUUECKAs
U MarHuTHas IIPOHULIAEMOCTH paBHBI —1 B Meramarepuane u +1 B Bakyyme. PaccMoTpens! kinaccuueckue ypaBHeHus Mak-
CBeJUIa JJIsI TOYEYHOTO MCTOYHMKA, HaXOMSIIETOCs B OJHOM M3 CJIOEB MeTaMaTepralla JaHHOH cucteMsl. Ilomydeno nudde-
PCHIIMAILHOE YPAaBHEHUE ISl DJICKTPHUCCKON P-TIOISPU30BAHHONW COCTABISIIONICH CKASIPHON (QYHKIMH [prHA B KaKIOM
cioe. ITocTaBneHsl CTaHAAPTHBIE KpaeBbIe YCIOBUS Ha TPaHHMLAX KaXKAoro cios. Pemienue HaxoauTes yepe3 QyHIamMeHTab-
HYIO CUCTEMY PEIIEHHH ¢ HeH3BECTHBIMU KO3 durmeHTaMu. {7t BEIYMCIEHUs] HeU3BECTHBIX K03(h(UIIMEHTOB BBIOpaH Moa-
XOJI pEKypPEHTHBIX COOTHOLIEHHH. OH O4YEBHJIEH B UCMOIb30BAHUU U YI00€H s aHaidu3a nonydvaromuxcs perennit. C mo-
MOIIBIO METO/Ia MPOU3BOAAIINX (YHKIMI HallIeHBI 00IHe (GOPMYIIBI IS PEIICHUI TaHHBIX COOTHOLIECHUH B ycnoBusx NIM-
curyauun. [lomydensl ¢opmynsl aias uckoMod ¢yHKmmn [puna B KaxkaoMm cioe B ycnoBusax NIM-curyarum.
S-TIOJISIPM30BAHHASL COCTABIIIONIAs MOXKET OBITH HalileHa aHAJOTUYHBIM ITyTeM. VIMes BBIpasKeHHs JUIsl JIEKTPHIECKOH CKa-
nsipHOH yHKIMU ['prHa, HETPYAHO HAWTH ee BEKTOPHYIO (OpMy C IIOMOIIBIO CTAaHIAPTHBIX Npeobpa3oBaHuil. [lomydeHHbIe
Ppe3yJIbTaThl MOTYT OBITH UCIOJIB30BAHBI IIPH MOJCIMPOBAHUU CUCTEM CYNIEPINH3 U MHOTOCIOWHBIX NIM-NOKPBITH.
KnroueBbie ciioBa: Meramarepualbl, OTpULATEIbHBIN KoadduiueHnT npeisomienns, NIM, ypaBHenus MakcBema, pekyp-
pEeHTHbIE cOOTHOMIEeHN, QyHKIMA [ puHa.

POINT SOURCE IN THE LAYERED MEDIUM WITH METAMATERIALS:

METHOD OF RECURRENT RELATIONS'
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* ITMO University, Saint Petersburg, Russia, construeman@gmail.com
Multilayer systems with metamaterials are studied. A system comprising parallel alternated layers filled with metamaterial
and vacuum is considered. The problem of obtaining expressions for electric part of the Green’s function is raised for the
NIM situation. A NIM situation is a case when electric and magnetic permeabilities are equal —1 for metamaterial and +1 for
vacuum. The Maxwell’s equations for a point source of electromagnetic field are considered. A differential equation for
electric p-polarized scalar part of the Green’s function for every layer is obtained with standard boundary conditions. Solution
is obtained with the fundamental system of solutions with unknown coefficients. For the unknown coefficients the recurrence
relations method is chosen as evident in usage and easy in analysis of obtained solutions. The solutions of the recurrence
relations are obtained in general form by the method of generating functions. As a result the formulae for required Green’s
function are obtained for every layer in the condition of NIM situation. S-polarized part is obtained in a similar way. It is easy
to obtain a vector form of the electric Green’s function with its scalar form and the standard alternations. Obtained results can
be used by simulations of superlens systems and multilayer covers with metamaterials.
Keywords: metamaterials, negative refractive index, NIM, Maxwell’s equations, recurrence relations, Green’s function.

BBenenue

Meramarepuains! (negative index materials, NIM) — nckyccTBeHHO co3/1aHHBIE MaTepHabl, IFTABHOW 0CO-
OEHHOCTBIO KOTOPBIX SIBJISIETCS] OTPULATEIbHBINA Koa(duieHT npenomienus. [Ipu nmomomu NIM moryt ObITh
CO3/IaHBI MaTepualibl, MACKUPYIOLIHE O0OBEKT WIIH JICNAIOIINE €T0 MOJIHOCTRIO HEBUANMBIM [ 1, 2], a Takke CKOH-
CTPYMPOBaHBI CYINEPJIMH3BI C pa3peIlaromeil ClloCOOHOCTRIO, BO MHOTO pa3 IMPEBBIIAOMIEH NH()PAKIIMOHHBIA
mpenen [3—5]. B obmem ciaydae NIM xapakTepu3yrOTCcs HATHYIUEM TaKHX 9acTOT (O, IIPH KOTOPBIX AURIICKTpUIC-
ckas €(®) ¥ MarHUTHAs L(®) MPOHUIIAEMOCTH CTAHOBSTCS OTPUIATENBHBIMA. B 3TOM cityuae koadduument mpe-
JIOMJICHUSI UMEET TaKKe OTPHULATEIbHYIO BETHUUHY [6, 7]. OCOOCHHBIM SIBIISICTCS Ciydyail, Ha3piBaeMblii NIM-
CHUTYyaIMeH, KOTJa JUIEKTPUIecKasl 1 MarHUTHAs IPOHULIAEMOCTH paBHbI —1 (B MPOTHUBOIOJIOKHOCTD CIIy4aro B
BaKyyMe, KOria OHH paBHbI +1). YacToTy &, MpU KOTOPOW peanu3yeTcsi 3TOT Ciiydai, Ha3biBaioT NIM-uacToToi.

' PaGora BbImONHEHA P TOCYAApPCTBEHHOW (PMHAHCOBOW MOIJEPKKE BENYLINX YHHBEpPcUTeTOB Poccuiickoit denepannu
(cyocumust 074-U01), Munucrepctsa oOpasoBaHus u Hayku Poccuiickoil denepannu (TOCyTapcTBEHHBIH KOHTPAKT
14.124.13.2045-MK) u rpanra IIpesunenrta Poccuiickoit penepannu (MK-1493.2013.1).
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Cucremsl, cpean 31eMeHTOB KoTophIX ecTh NIM, HazpBatoT NIM-cucremamu. Cpeau NIM-cructeM mMUpoOKo w3-
BecTHBI cioncTtele NIM-cuctemsl. Ilpocreiimmuii ciy4aii cinouctoi cucteMsl (nByxcioitaas NIM-cucrema) Obu1
paccMotpeH B padorax [8, 9]. Tpexcnoitnas NIM-cucrema, SIBISIONIASICS MOJENBIO sl CYIEPINH3bI, H3yJajach
B paborax [3-5, 10, 11]. MccnenoBanuss MHOTOCIONHBIX NIM-crcTeM (T.€. CHCTEM C YHCIOM CJIOEB, OONBITUM
TpexX) MOXKHO HaiiTu B padorax [12-15].

Pan uccnenosanmnit NIM nocBsien HaxoxaeHuio GyHKuuu ['puHa, T.e. GopMyibl Ajsl OnMCaHUs dJieK-
TPOMAarHUTHOTO I10JIs, CO3JaBa€MOT0 TOUEYHBIM MCTOYHUKOM. Mest dopmyny st pynkumu ['puHa, Jerko Bbl-
YHCIIUTh 3HaYE€HHUE HJIEKTPOMArHUTHOTO OIS B JIFOOOM TOYKE CHCTEMBI, a TaKKe IOJMYYUTh ero (hopMyITy aHain-
truuecku. Hanpumep, B [8] mogoOHBIM 00pa3zoM paccMorpeHa aByxcinoiHas NIM-cucrema, cocrosimas U3 OHO-
POAHBIX M30TPOIHBIX IMOJYNPOCTPAHCTB, 3anonHeHHBIX NIM u Bakyymom. B ycnoBusax NIM-curyanun Obuim
MOTy4YeHbI (POPMYIBI AJISI SIACKTPUIECKUX S- M p-TIOJIIPU30BAHHBIX COCTABIIIOIINX CKAIApHOW QyHKuMH 'prHa.
B pabore [11] m3ydena TpexcnoitHas m3orponHas NIM-cuctema. OqHaKo HaM Ha CETONHSIITHUA MOMEHT HE W3-
BECTHBI paboThl i1 MHOTOCIONHBIX NIM-cucrem. Kpome Toro, pesynsrarsl, momydeHnsle st NIM-cuctem ¢
JBYMS U TPEMs CJIOSMH, B OOILEM CIIydae HE MOTYT ObITb IEPEHECCHBI HA MHOTOCJIOMHBIE CUCTEMBI, TaK KaK MpU
J00aBIEHUH KaXKI0TO HOBOTO CJIOSI IIPUXOIUTCS YUUTHIBAaTh KPACBBIC YCIOBHS HA HOBBIX I'PaHMIAX, YTO NPHUBO-
JUT K N3MEHEHHIO CUCTEMBl YpaBHEHUH U, CIIEI0BATENIbHO, PEIICHUI.

Ienbto qaHHOM PabOTHI ABJISAETCS MCCIICAOBAHHE MHOTOCIONHON NIM-CcHCTEMBI, COCTOsIIEH, B TPUHITH-
e, U3 HeOrpaHUYEHHOTO Yncia cioeB. Ciou 3anmonHeHsl NIM 1 BakyyMOM U pPacloOXKeHB! B TIOPSIKE Yepeio-
Banus. Hac wuHTepecyer ¢ynkuus I[puna B ycmoBusax NIM-cutyamuu. MBI HIIEM 3JIEKTPHUYECKYIO p-
MOJISIPU30BAHHYIO COCTABIISIONIYIO CKISIpHOW (pyHKIMK ['prHA. s-NONsIpU30BaHHAsI COCTABIISIONIAS MOXKET OBITH
HaliZieHa aHaIOTHYHBIM IyTeM. Crenys ¢hopMyam, peACTaBICHHBIM B [8], J1erKo MOJIy4nTh BEIWYNHY 3JIEKTPH-
YECKOTO TOJISI B KaXKJION TOUKe CHCTEMBI. Jlanee Ayt JIAKOHUIHOCTH BMECTO «3JIEKTPUYECKasl p-TIONSPU30BaHHAS
COCTaBIISIONIAst CKasipHON QyHKIuK [ prHa Mbl OyZieM rOBOPHUTH MPOCTO «pyHKIus [ pruHa».

Jlnst yaeTa KpaeBbIX YCJIOBHI Ha I'paHMIAX CIOEB HpH MocTpoeHnH (yHKIMU [prHa MCoiab3yercs moa-
XOJ PEKYPPEHTHBIX COOTHOIIEeHUH. OH JIETOK B HCIOJIb30BaHMUHU Onarozapsi 3aBUCUMOCTHU PEIICHUI B COCEIHUX
CJIOAX JPYT OT JIpyTa, a TAaKXKe yJ0OeH Ul aHaJIN3a U CPABHEHMS 0Ty UarOLIUXCs PEIICHUI.

IlocTanoBKa 3aga4uu

PaccMmoTpuM cuctemy, coctosiyto u3 (n+m+1) napamiensHbIX CIOEB, TAE 1, m > 3 — HaTypaJibHbIe He-
yeTHble uncia. Ock X HampapieHa 0 HOpMaM K rpaHuiiaM cioeB. KoopauHara jieBoil rpaHulbl k-ro ciiosi Ha-
XOIUTCS B TOUKE Xy (xo = 0). CripaBa ot x, (1ipu x > 0) pacnonaraercs (n+1) cioes, ciesa ot x, (1ipu x < 0) jgexar
m cnoeB. Takum obpasoM, k =-m,...0,...n. Bce yeTHbIE cou, BKITIOUas HYJIEBOH cJof (OXHOPOIHBIN U30TPOI-
Helii NIM), nMeroT mupuHy A, Bce HEUETHBIE ¢Iou (BaKyyM) UMeIoT mupuny A,. Kpaitanii 1eBsrii cioit (Homep
—m) ¥ KpalHui PaBbIi cIoi (HOMEp 1) He OrpaHHYCHBI BIOJIb OCH X U MPEACTABIIAIOT COOOH MONTYIPOCTPAHCT-
Ba Bakyyma (x_, =-o, Xx,,, =-+00). TodeuHblii UCTOYHUK IOJS HAXOAUTCA B KOOPAUHATE y B HYJIEBOM CJIOE

(xy<y<x,mm 0<y<A).
W3 ypaBHeHuii MakcBeiuia myTeM CTaHJApTHBIX MPE0Opa3oBaHUN MOXET OBITh MOJYHYEHO CIEAyIollee
muddepeHIraIbHOe YpaBHEHHE 111 HcKkoMoit pyrknmu [pura G(x, y,z) (moapobuee B [8]):

2
zzs(x,z)+axwax G(x,y,2)=0(x—-y), @)
C(x,2)
e z=0+io, oo >0, 3(x—y) — nempra-QyHKIUS,
¢ (x,Z,K)zzzs(x,z)u(x,z)—Kz, 2)

Ie K — KOOpAUHATa BEKTopa K (K = ke, — JByMEpPHBIN BOTHOBOI BEKTOP, JIEKAILUH B MIJIOCKOCTH CJIOEB).

3aMeTuM, 4TO B KaXIOM CJIO€ pacCMaTpUBAcMOil CHCTeMBbI oOliee peiieHue ypaBHenuit (1) ussectao. B
CBSI3M C 3TUM nocTpoeHue (yHKuuK ['puHa cBoguTCs K NOMCKy koddduuuentos G,, G, B IpencTaBieHUH 00-
mIero pemieHus ypasHeHus (1) gepes3 GpyHIaMEHTaNbHYIO CHCTEMY PEIICHHUI:

G(x,,2) =G~ +G,e™.

Ot k03P OUIMEHTHI YIOBIETBOPSIOT CHCTEME ypaBHEHHH, MOJy4yaeMbIX M3 KPAaeBbIX YCIIOBHUH Ha BCeX
TpaHUIax pas3zgena ciioeB. PopManbHO PEHICHHE TaKOW CHCTEMBI BBIICHIBAECTCA B 00IIeM BUae (XOTS ObI 1O
(dopmyinam Kpamepa). OnHako Takoe npeicTaBieHUe pelieH s He M03BoJsieT ero 3((GeKTHBHO aHAIN3UpOBaTh. B
9TOM OTHOIIICHUH ropas3io 0ojiee yIo0eH APYyroi MOAX0/, CBSI3aHHBINA ¢ TOCTPOCHUEM PEKYPPEHTHBIX COOTHOIIIC-
HUHA MeX1y KOd(pQHUIUEHTaMHU MPH NEepexo/e OT CJIOs K CiIoi0 ((PU3MYECKH ITO O3HAYaeT Y4eT MOCIIe[0BaTellb-
HBIX TiepeoTpaxkeHnii). OH OYEBUICH B UCIIOJNB30BaHHU Ollarojaps 3aBHCHMOCTH PEIICHHUHA B COCETHHX CIOSIX
JIPYT OT JpyTa, a TAKKe YIOOCH MPHU CPABHCHUM MOTYYAONIUXCS pelieHui. IMEHHO 3TOT IMOIXO0J] ¥ HCIIOIb3yeT-
csl B TaHHOH paboTte. YUeT KpaeBbIX YCIOBUH MPUBOANT K PACIICIUICHUIO KO3 dunneHToB B QpyHKIMU [ puna:
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G (x, ¥, z) =
—iC_p,x
+D_m€ X € (_Ooa -X_(m_]))
G (myX —iC_(m-1)X
Bf(mfl)e +(Cf(m71) + Df(mfl) )e o X e (xf(mfl) > xf(mfZ) )
i (m-2)¥ —iC_(m-2)X
(A—<m—z> +B (0 )e ( +(C—<m—2> +D ) )e "xe (x—<m—2>’ X_(m-3) )
(A, +B,)e~" +HC, +D_)e ™ xe(x,,0)
(4, +B,)e™" +HCy+ Dy +E_)e ™ xe(0,y) ’
(4, + B, +E, )™ +(C, +D0)e'i§°" xe(y,x)
ic -i¢
(4, +B,)e™" +C +D,)e™ xe(x,x,)
iG, 0% =i, pX
(Aan +Bn72)e ’ +(C/172 +Dn72)e : X € (‘xn72’ xnfl)
iG,x il
(A/rl +anl)e I +Cnfle ' X € (‘xnfl’ ‘xn)
A4,e xe(x,,+o)
tne Ay, By, Cy, Dy, E., — k03hdunments! pyukiun [puHa, Benmuanaa (2) B k-0M cJioe ompezeneHa Kak
2 2 2
¢, (x,K,z):z €, (x,z)uk (x,z)—K , 3)
TUDJICKTPUYECKas M MarHATHAS IPOHUIIAEMOCTH IIPEICTABICHBI B BIIE OXHOTO TepMa JlopeHta:
QZ

& (x’z) =My (x,z)=1— 2t

0
rne mis NIM-uactothl & =+jo; +Q° / 2 cmpaBemmBo g, (x,t®) =, (x,£®)=1, ecimu k HedeTHO, U
g, (x,%0) =, (x,£0) = -1, eciu k uetHo wu pasHo 0.
B pa6ote [11] Obua paccmoTpena ciouctast NIM-cuctema o01iero Buia 1 moiiy4eHbl peKyppeHTHBIE CO-
oTHowUIeHHs s kodhduimento Gynkuuu [puna. [lpu &k =1,.. (n —1)

d h h,_
Ak :BkAn’ Bk :_kYkArz’ Ck :_kBkHAn’ Dk :yk+1An b Cnfl :LIAH b Dn—] = 0 (4)
G 8 8
st k=—(m—1),...0
d, hy
A, =p4,+&,, B, :C_(VkAn ‘H'lk)’ o :_(BkHAn +(t3k+l) s Dy =04, M > 6]
k k
hy
Co :_ﬁlAn > Do =74,, A—(m—l) =0, D—m = Y-(m-l)An TNy - (6)

8o
Koadpummentsr £, monydeHbl U3 YCIOBHH HENpephIBHOCTH (GyHKIMK [prHA M CKayka ee IPOU3BOJHON

B TOUKE ):
E =1e™ E =1, 7
Bemuuunst B, , v, , §,, M, SABIAIOTCA pELIEHUAMH PEKYPPEHTHBIX COOTHOIIEHMH [11]
ad f adeh
Br =By _K_j Viers Boot =J0s i :_k[l_( j ]v (®)
be ), e befg),
a,( h ah
Yi = _A(_ABkﬂ +Yk+lj > Yoo = (_j ) )
b\ & bg aml
ad —iCyy ad i,
& =J &= —— | N> G =1o| —€ e el R P (10)
be ), be ),
a,( h Ay ity
M :_k(_k&m*'nm]’ N, =1, (11)
b\ & by
rae
a, = 2e‘iC/<«"A , bk — G;,kile’igkflxk , G = ZeiCAxk , dk — szk,leiiCA;le ,

— 7,k _ ~t iChi1 X — 9 o kX o~ i1 Xpsn
e =2e s Ji =0iine 1,8 =2e s by =05 ,.e >
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&
" iz’
+
Gi,l = M (12)
&G,

ad a,d

¥ BBEIEHO O0O3HAYCHHE (—j =% Bee koadduuments (4)—(6) Boipaxkatorcs yepe3 koaduument A4, .

c c
k k= k

Jlyis Hero ObUIa TIOJTyYeHA CIeayroas 3aBUCUMOCTh [11]:
A =— E . (13)
B—(m—l)

Takum obOpa3oM, 3amada mowcka (YHKIWH [puHA IS paccMaTpuBaeMoil cucTeMbl B ycinoBmsax NIM-
CHUTYaIlM1 CBOIUTCS K 3ajiaue pelleHus] peKyppeHTHbIX cooTHomeHuil (8)—(11) u BeraucieHuo kodpduipeHTa
A4, (13).

PeKyppeHTH])le COOTHOIICHMSA

3amernm, uro ypaBHeHUs (8) m (10) UMEIOT OAMHAKOBYIO CTPYKTYpY, HO Pa3HbIC HadalbHBIC YCIIOBHS,
aHaMOTU4HO — 1 ypaBHeHwi (9) u (11). Mcxons u3 3TOr0, TOCTaTOYHO HAWTH OOIIee peuieHre sl ypaBHeHHH
(8), (9) u ganee ucnoab30BaTh COOTBETCTBYIOINE HaualbHbIe ycinoBus. U3 ypaBHenuii (8), (9) Bopasum f,

Br = KiBrio = LiByos> (14)
rae
an4 = })1174Bn72 - Qn74’Yan s Bn{i = RI*}BH*I - anS'Ynfl s
ad
Bz =B _{_j Vors> Bus =0
be )
Taroxe u3 (8), (9) BbIpa3uM BEIUUHUHY Y, :
Ve =MVia = NiYigas (15)
rae
Yn74 = R,,,4B,,,2 + Sn74’Yan s ’YnfS = R,,,}B,,,l + SR*}'YVI*] s
an72 hn72 a h
= + s Yo = T— .
'Yan b'kz (gﬂz anl ’YnlJ y 1 [bg]nl
MplI BBEJH clieytolye 0003HaueHusI:
ad) (ah ad ad) (a
nean(5e) (55 o) (52 5. 1o
¢ k g k+1 ¢ k+1 ¢ k k+1
h
bg k b k bg ke+1 b k b k+1 bg k bC k+1
S P, S
Kk:Bc+Qk S Lk:QkRku"’M’ (18)
Qk+2 Qk+2
R.P, P RS
Mk:SkJrM’ Nk:RkaJer,_M. (19)
k+2 k+2
3aMeTHM, YTO BCE CJIOH C OAHOW YETHOCTHIO OJMHAKOBBI M OXHOPOAHBL. B cBsizu ¢ atuMm C, (x,z) =, (2),
Cia(2)=C,(2)  mma wmemsix -m<k<(n-2), W O, =0, 4> O =Cr,y Ml LeIbIX

—(m—l) <klI< (n—l) . Hlupuny k-ro cmos Mbl 00O3HauUMIM A,, HpH 3ToM A, ,=A, #AI1 LENbIX
—-m <k <(n-2). Jlnst paccmarpuBaeMoii cuctemsl A, = A; 1pu 4eTHoM k 1 A, = A, npu HeueTHOM k. Bbipa-

sxkerns (16) u (17) mpuoOpeTaroT CleayroImnii BUI;:

+ + - -
I)k — Gk,k+146k+l,k + Gk,k+]46k+l,k (ekaZAk _,r_efQMZAkn _ekaZAk”CkHZAkH) ei(gk*an)Am ,

Qk —_ Gk,k+1 (1 _ eka 24 )e_i(§k+gk+l ) X1 ,

14 Hay4HOo-TexHN4YecKknii BECTHUK MHCPOPMALMOHHbBIX TEXHOMOTMIA, MEXaHUKM U OMTUKM
Scientific and Technical Journal of Information Technologies, Mechanics and Optics
2014, Ne 3 (91)



K.B. MNpasguH, N.1O. MNMonos

c, . . .
k+1,k iCr 20, PGy (o +2A +A4 ) 4G4 (X —Apyy)
Rk—__(l_ekl kl)ekk k TRk k+1 (X kl’

Sk — ef(C;ﬁCM)Ak .

OueBHIHO, YTO
_ _ _ G480 (A +A) — P oG (A +AL)
})k—l_})k’ Sk—Z_Sk’ Qk—Z_le F AT > Rk—Z_Rke Fre - .

Temeps 3amumem Boipaxerus (18), (19):

+ + - - T
K, = St k10ki1k (1+eigk2Ak+i§k+]2Ak+l )+ O k1Cks1k (eicszk + ok 200 ) PCERL

>

L =e[Ck2(Ak+Ak+l)
'k
G, ,..C; G,,..C; ]
_ ko k+12 k+1,k 0G4 20, +iCy 4 200, kk+12 k+Lk (iC, 20, i 20, i Ay =Gy (Ap +2A4,1)
Mk——(1+€‘ LT | kl)+—(eA A+exxm)ekk 1 (Bk k)

4

Nk — e—isz(Ak‘*‘Am) .
Ouesunro, uto K, , =K, , L, =L, M,,,=M,, N,,, =N, npu —-m<k <(n—-2). Takum o6pasom,
s senvaud K, , L, M, , N,, , uMeercs TONbKO ABa 3HAYEHUs B 3aBUCHMOCTH OT 4eTHOCTH HoMmepa k. To

JKe CTIPaBeIUBO AJIST BETUIHHEI G; .1 - CnenoBarenbHo, ypaBHeHus (14), (15) paccMarpuBaroTcs Ui YETHBIX U

HEUYETHLIX Kk B OTACJIIBHOCTH KaK PEKYPPCHTHLIC COOTHOILICHUS C MOCTOAHHBIMH KOS(l)(I)I/IHI/ICHTaMI/I. Pemenns
3THX COOTHOIICHHI MOTyT OBITH Haﬁ,ﬂeHH B 06H16M BUAC IIPpH MMOMOIIKU METOAa MPOU3BOAAIINX (byHKHHﬁ.

NIM-curyauus

Hac wunrepecyer NIM-cutyamus, mostomy, NPeXIe YEM BOCHONb30BATHCS METOIOM IPOU3BOASILUX
(byHKIMH, paccMOTpuM Benmuuuny (3) pu z — @ . O603HaYNM
12
2
Q2

— |2 2

p((x))— o | 1= 2 7| ~K
o -,

CormracHO UCCIIeIOBaHUIO, IPECTABICHHOMY B [8], IMEeTCsI 1Ba CIIyJas:
1. &>« — «radiative regime». B atom ciyuae C, (x®) = Fp(®), ecnmu k getHo, u €, (£0) = £p(®) , ecu k He-
9eTHO, a Benmm4uHa G,,(z) = 0 mpu z —> 6.
2. ®<x — «evanescent regime». B atom ciyuae (, (+0)=ip(®d) ans moboro Homepa k u G, ,(z) =0 npu
z—>10.
BBezem 0003HaueHNE O(csj1 ) MOJI KOTOPBIM [TOHUMAETCS HEKOTOPasi BENMYMHA OJIHOTO MOPSIIKA Malo-
+ + + + +
ctu ¢ ,(2) . Kak Obu10 3aMeueHo paHee, 1 BeNUUUHbI (12) BEpHO, 4TO G, ,,; =G, » Oy 4y = Oy, TIPH
—(m—1)<k,I<(n—-1). Hcxons u3 31010, O, PaBHICICS G,, WIH O,, B 3aBHCHMOCTH OT 4eTHOCTH k. IIpn
YCIOBHH z —> +( BEJIMYHMHBI G,,, G, CTPEMATCS K HyIIO OJHOBPEMEHHO U SBISIOTCS BEITMYMHAMH OIHOTO
NOpsZKA MAalOCTH, T.€. G;, = 0(031). Takum oOpa3zom, obuue pemenus ypaBHenuid (14), (15) B ycioBusIx
NIM-cHuTyaluy BHIPaKAKOTCS YePE3 ACUMITOTHIECKHE IPUOIMsKEHHs IpH G, (z) — 0.

Hdnst cmydas & > K TpH HOMOLIM METOIa MPOU3BOASAIINX (YHKIMHA MBI MONYYHIN aCUMITOTHYECKUE
NPpUOIKEHHS HCKOMBIX penteHui. OHU He coziep)kaT 0COOSHHOCTEH U ISl YeTHBIX & MPECTaBISIOTCS B BUIE

. 2
B, = et PUrAkL) +0(0iz) Y= 0(65’1), (20)
g =1, 4 0(c,, ), m =1, +0(oy, ). (21)
a JUTSl HEYETHBIX k — B BHIIE
o 2 -
B, = et _,_0(61’2) Y, = 0(60’1) , (22)
g, =—1,eCEn O(c(’u) , M, =1, PR O(Ga)l) , (23)
p(®) .
e [, =+ i Bripaxenue (13) B 3TOM ciIydae TakoBO:
i
4, = LD 40 (o ). (24)
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TOYEYHbLIN MICTOYHUK B CITIOUCTON CPEAE C METAMATEPUANIAMM...

Junst ciydast @ < K MBI IIOJYYMIIH aCHMITOTHYECKHE IPUOIIDKEHHS peIlIeHHH, KOTOPBIe COAEepIKaT MOMIOC
HIEPBOTo MOPsIIKA CIEAYIOLIETO BUA:

wo L r(p(0)Q ! (25)
(z—co

Oy, 2K )(z+®)
Jl1st ueTHbBIX k:

B, = —2(W _ l)e*p(nﬂ—k)m + O(Gg,l ) , (26)
1 = (2 =1)e N 4 0(ay ), 27)

—(2W _ 1) eP(kAry)

_ _ —pZA.) —p(k-2)A, _( _ —pZAz) -p(k-2)A, ( + )
g =1, +(1 e e l—e e Dorsa) g +0(oy,), (28)
( —P2A _ P24, )
e e
(1 _epzAZ )(e—pkAl _ e—pkAz )
n, :]0 2We’p(kA2+,\7) + e—pz(A,mz)epy +0(63)1)’ (29)

(e*PZAl _ e*PZAz )

TSI HEYETHBIX k:
(efp(n+27k)A1 _efp(IH»Z*k)Az )_epr(AIJrAZ) (efp(nfk)Al _efp(nfk)Az)

B. = R +0(a},) - (30)
(1 _ eprAl )(efp(nfk)Al _ e*p(nfk)Az )
(efp2A| _e—pZAZ)

1- e-pzA2 )(e-p(k-l)A1 _ e—p(k—l)Az )

( e P _ g )

¥, =— o P +Ay) | O(GSJ ) , 3D

&, =—1,| 2We" e +(

eP(kfl)(AlJrAz)e*Py + 0(031) , (32)

_ —p(k+DA; py
(2W 1) e e

n, = ]0 (1 —e P )e—p(k+])A] _(1 —e P )e—p(k+1)A2 .
—py
+ ( —p24, *PQAz) €
e —e

+0(a3,). (33)

®
rae [, =— pz(A 2) . Benmuuna (13) B 3TOM Citydae BBIpa)xaeTcs CIASIYIOIAM 00pa3oM:
Q)
A, ==1,e" " 4 0(a;,). (34)

PesyabTarnl

[Moncrasnsst Beipakenus (20)—(34) B dopmynsr (4)—(6) u yuutbiBas (7), MbI OJTYYWIN BBIPAKEHHS JJIS
(dyukuuu [puna B kaxaom cioe. J{ns cinydas @ > k yHkums [puHa B cl1oe ¢ HOMEPOM A MPENCTABIACTCS Kak

G, (x,y, +®) = imeiip)((x’qu)

A2 )
JUISL cIydasi @ < K — Kak

o P(D) v
Gk('xayaiw): A2 e e s (35)
20
rae

X(x,y,k)= |k|A2 —|x—y| npu k = —(m—l),...—2,0,2,...(n—l),

X(x,y,k)= —|k|A1 +|x—A1 +y| opu k =-m,...—3,-1,1,3,...n.

Hecmotpst Ha TO, 4TO B ciiydae O < K acumnroTudeckue npudmmkenus (26)—(29), (32), (33) comepxar
ocobeHHOCTh BHJA (25), kOoHeUHOE BhIpaxkeHue aiist ¢yHKimu ['puna (35) ocobenHocTeit He umeet. B xoze pe-
IIEHNS BCE aCHMIITOTHYECKHE MPUOIMKEHHST UMEH TOYHOCTh 0(031) OITHOTO MOPSIZIKa MAJIOCTH ¢ G, (z) > 0
npu z — £@®. Takum 00pazoM, Mbl MOXKeM OBITh YBEPEHBI B TOUHOCTH MOIYyYEHHOU (OPMYIIbI M HCIONB30BATH
3HaK PaBEHCTBA BMECTO 3HAKa aCUMIITOTHYECKOW SKBUBAJICHTHOCTH NIPU Z —> @ .
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3akauenne

B Hacrosimieit pabore Oblia peleHa 3a/1ada MOKMCKa 3JIEKTPUUYECKON p-TIONSIPU30BAHHON COCTaBIISIOIIEH
ckamapHoi ¢yHkuuu I'puHa B ycnoBusx NIM-cutyauuu ams cnouctoir NIM-cucTeMsl. s-OJSIpU30BaHHAS CO-
CTaBILIIONIAsT MOXET OBITh HalZieHa aHaJOTH4YHBIM ITyTeM. Cremys ¢opMmyliaMm, TIpeACTaBICHHBIM B [8], Jerko
MOTYYNTh BEIMUIHHY SJIEKTPHUUECKOTO IO B KaKAOM ToUKe chcTeMbl. [lomydeHHbIE (GOpMysIsl CHMMETPHYHBI
OTHOCHUTEJIBHO MOJIOKEHHUSI HCTOYHHKA, YTO COOTBETCTBYET (PM3NYECKUM IIPEICTABICHHUSAM O PAaCIpOCTPAaHEHUH
3JIEKTPOMArHUTHBIX BOJIH B CUCTEME, COCTOAIIEH U3 OMHOPOIHBIX H30TPOIHBIX CIIOEB.

Paccmotpennast NIM-cuctema COCTOUT U3 YeperyroluXcsl CI0eB MeTamarepuana u Bakyyma. Ha cucre-
My OBUIH HAJIOXKCHBI CJICTYIONIHUE OTPAHUYCHUS: YHCIIO CJIOEB CUCTEMBI HEUSTHO M MOXKET OBITh paBHo 7, 11, 151
T.J.; TOYEUHBIM UCTOYHMK JIEKTPOMATHUTHOIO MO HaXonuTcs B ciaoe ¢ NIM; uncio cioes cipasa U cieBa OT
HCTOYHHUKA HEYETHO U 0OJIblIe TpeX (BKIIOYUTENIBHO). 3aMETHUM, YTO MOXKHO CHATH HEKOTOPBIE U3 3TUX OrpaHH-
YEeHUH, TOBTOPHB BBIUMCIICHUS, IIPEICTABICHHBIE B JaHHOW paborte. Hampumep, MOXXHO TTOMECTHTh MCTOYHHUK
3JIEKTPOMAarHUTHOTO TIOJISI B CJIOH C BaKyyMOM WJIM BBIOPATh YETHBIM UHCIIO CIIOEB CIIpaBa WM CJIEBA OT UCTOY-
HuKa. CHCTeMa MOXXET COCTOSITh, B TIPHHITHIE, M3 HEOTPAHMYEHHOTO YHCIIA CJIOEB, YTO MO3BOJISIET IIUPOKO MPH-
MEHSTh IaHHYIO MOJIENIb TIPH CO3/IaHUN PEaTbHBIX OOBEKTOB — OT CHCTEMBI CYNEPIIMH3 10 MHOTOCIOHHBIX NIM-
MOKPBITHH. AHAJIOTHYHBIMI MOZIEISIMH, HHTEPECHBIMH JUISl NCCIIEIOBaHU, MOTYT OBITh, HallpHMeEp, epHOIIUe-
ckue NIM-cucTeMsbl, COCTOSIIIME W3 PAa3IMYHBIX YepeAyIomuXcs cinoeB. PaccMoTpeHue Gonee obuiero ciydas,
T.€. NIM-cucteM co ciaosMu pa3nUYHOMN TOJNIIMHBL, 3alI0JTHEHHBIMHU Pa3IMYHBIMU MaTepualaMy, IPeACTaBIAeTCS
3a/1a4ei BBICOKOM CIIOKHOCTH B CHILY OTCYTCTBHSI 3aBUCUMOCTEN MEXKAY CIOSIMHU.
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