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AnHoTanus

UccenenoBanbl 3aKOHOMEPHOCTH AaHU30TPOIHOM AUCKPETHON mudPaKIuu CUTHAJIBHOTO rayc-
COBOTO TYyYKa Ha KACKAIHO-WHIYIIMPOBAHHON pEIeTKe, CO3MaBaeMOi IBYMS CKPEIIEeHHBIMU
OIOPHBIMY BOJIHAMM B KBajpaTudHO-HeauHeiHoh cpeae. [Ipocnexen nepexon ot audpakium
CUTI'HAJILHOTO TIy9Ka B CBOOOIHOM TPOCTPAHCTBE K IUCKPETHON nudpakiuu U K 3axBaTy B
BOJIHOBOJ] B WHJIYIIMPOBAHHON pEIIeTKEe M0 Mepe YBeJMYeHNs] MHTEHCUBHOCTU OMOPHOI BOJIHBI.
Obuapyxken pexxum 6e31udpPaKIMOHHOTO PACIPOCTPAHEHUS CUTHAIIA.

KuroueBrbie ciioBa: GhOTOHMKA, KACKAIHOE B3aMMOIEHCTBYE, WHIYTNPOBAHHBIE CTPYKTY-
PBI, ONITUYECKNEe MATPHUIIBI, TUCKPEeTHAS U@ PAKIIAS.

BBenenue

TeneHtyu pa3BUTHSA COBPEMEHHBIX TEJIEKOMMYHUKAIIMOHHBIX CUCTEM MPEbIBIISIOT
BCce Oojiee BBICOKME TPEOOBAHWS K CKOPOCTH MEPEIAYN JTAHHBIX MO0 WH(MOPMAIMOHHBIM
kanajgam. KJIio4ueByo posib Mpyu 3TOM UIPAET BEJIUYINHA CKOPOCTH TepeK/iodenus. B co-
BPEMEHHBIX KAHAJIAX MMEePEIadn JAHHBIX UCTOJIb3YIOTCS 3JEKTPOHHBIE U OMTOIJIEKTPOH-
HbIE CHCTEMbI MepekodeHns. Ho Bce OHU OKAa3bIBAIOTCSA HEIMPUEMJIEMBIMU sl Peasu-
3amuu CBePXObICTPBIX MepekJioUeHuil (¢ yacroroii nopsaaka neckonbkux LT u Bbie).
Takoe GbICTPOIEHCTBIE MOKET OBITH JJOCTUTHYTO [IPU UCIOJIb30BAHUN TOTHOCTHIO ONTH-
geckux cucrtem. Cpean uxX MpemMyInecTB MOYKHO TaKyKe OTMETHTh TepecTpanBaeMOCTh
UX TapaMeTpoB W MUHHUATIOPHOCTH. [IOHOCTHIO ONTHYECKHWE CUCTEMBI MEePEK/TIOUEHNUsT
MOKHO PEATN30BaTh, HAIPUMED, [IPU HOMOIIN CTPYKTYP TYHHEIbHBIX CBA3AHHBIX ONTH-
JeCKUX BOJHOBOMOB. B HHUX MOXKHO HAOI01aTh pa3HooOpa3nbie 3P@PeKThI, OTCYTCTBY-
IOIe B OOBIYHBIX OHOPO/IHBIX HEJTMHEHHBIX cpemax. Hanbosee mHTEpECHBIH U3 HUX -
BO3MOXKHOCTD TIOJTY YeHU S AHU3OTPOIHOMN IupaKknm, XapakTep KOTOPOH 3aBUCUT OT Ha-
MpaBJIEHUs PACTPOCTPAHEHNS MyYKa CBeTa. Takue cucTeMbl CBI3AHHBIX BOJTHOBOIOB WU
MEPUOINIECKUX PENTeTOK MOYXKHO CO3/IaBATh B KPHUCTAJIIAX MPU IMOMOIIN JIMTOTPAMUH,
MozuduKanuu MaTepuaa, BHeApeHus Apyrux semects u T. 1. [1-3]. Ho napamerper uc-
KYCCTBEHHBIX BOJTHOBOJIOB HEM3MEHHBI, 9TO 3aTpy/aHsger pabory ¢ Humu. Bmecro atoro
MOYKHO HCIOJIb30BATh HABEJIEHHBIE B HEJIMHEHHBIX CPEIaxX MepuoJINIecKue CTPYKTYPHI,
[IyOUHY ¥ MEPUOJT MOIY/ISIIIAN KOTOPBIX MOXKHO PEryJINPOBATE, N3MEHSI ST HHTEHCUBHOCTH
U yTOJI CXOXKIEHUST OMOPHBIX BOJTH. TeM caMbIM MOYKHO YIPABJISATH XapaKTEPOM PACIPO-
CTPAHEHUS ONTUYECKUX MYYKOB B TAKUX CTPYKTypax. B KadecTBe HelMHEHHON cpemb
yacro Bbibupaior doropedpakrushbie Kpucrasibl [4-7]. Onnako onu o06sanaoT o-
CTATOYHO DOJIBIIMM BPEMEHEM PEeJAKCAINN, U TIOITOMY JIJI PeATH3ANUN CBEPXOBICTPHIX
MEPEKJTIOYEHH I ONTUIECKUX BOJH HEOOXOIUMBI CPEIBI C 3JIEKTPOHHON HEJIHHEHHOCTHIO,
HAMPUMEDP HEIeHTPOCUMMETPUIHBIE ONTHYeCKne KpucTajibl. C TMOMOIIBI0 KACKAIHOTO
B3aMMO/IEHCTBH TPEX BOJH PA3HBIX 4acTOT (HU3KOYACTOTHON HAKAYKHU, CUTHAJIA U CyM-
MapHO# BOJIHBI) B TAKUX KPUCTAJLIAX MOKHO MMUTHPOBATH KyOUUHYIO HeJMHEeHOCTS [8].
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B nmannoit pabore onumcano GpopMupoBaHre KaCKaTHONH WHIYIINPOBAHHON DEIIETKU W
paccMOTpeHa IUHAMUKA JUCKPETHON AudPAaKIuU, B TOM 9HUCJI€ HAKJIOHHBIX CUTHATIbHBIX
ny4dkoB. UHaynupoBanHas pemieTka 9eTKO MPOsABISETCH [0 MEePe PACIIBIBAHUS CHI-
HAJILHOM BOJIHBI: 9€M IHPE CTAHOBUTCS MU(DPATUPYIOMINiA MyIOK, TeM OOJIBINHIA MOTIe-
peuHbIii pa3mep npuobperaer pererka. [Ipu 60IbION rIyOnHEe KACKAIHON MOIYISIIUT
MMOKA3aTe s TTPEJIOMJIEHHUs] CUTHAJI PACTPOCTPAHSIETCS BOJTHOBOIHBIM 00PA30M, COXPAHSIsI
cBoio popmy. Kak u B perrerkax cBs3aHHBIX BOJTHOBOIOB, B KACKATHO-MH/TY IUPOBAHHON
[IePUONYECKONl CTPYKType CYIIECTBYET PEKUM PacCIPOCTPaHEHUd IIydKa C OIpe/iesIeH-
HBIM HAKJIOHOM, IPU KOTOPOM Au(PAKIMOHHOE pacilibiBanue orcyrcreyer [9].

1. IlocraHoBKa 3aga4n

Paccvorpum miianapHoe HEKOJITMHEAPHOE TPEXYACTHOE B3aMMOIEHCTBHUE BOJTHOBBIX
MyYKOB B OJJHOMEPHOM KBAIPATUYIHO-HEIUHEHHOM Kpuctajie. OmopHas BOJTHA UMEET
qacTOTy Wi, CATHAJIbHAA — YACTOTY Wy M XOJOCTAd — CYMMapPHYIO YacTOTy w3 = Wi +Ww2.
Huzkogacrorayo Hakadky OyaeM CIATATH BBICOKOMHTEHCHBHOM, MOITOMY OOPATHBIM
BIMSIHUEM CJIa0bIX CHTHAJILHOW M XOJIOCTONW BOJH MOYKHO TpeHebpedb. Torma mapa-
METPUYECKOE B3aNMOIEHCTBUE MYUYKOB C ydeToM IudPaKIUOHHBIX I(HMEKTOB MOXKHO
OTICATh TPEMS YPaBHEHWAMMN 718 MeJIEHHO MEHSIONMXCA aMTIInTyI A :

0A, 0% A -
s + 1Dy 972 0, (1)
0A _0%4 . N
8—22 iDy 8x22 = —iy2 A3A7, (2)
0A 0%As .
8—23 + ZDSW; + ZA]CA3 = 72"}/3142141, (3)

rjie z — OpOJOJbHAS KOOPAWHATA, HODMUPOBAHHAS HA XapaKTepHYO Aauny L; x — no-
nepedHas KOOPJIUHATA, HODMIPOBAHHAA HA XapaKTepHYIO MUpHHY a1; D = L/2kja% -
ko unmentrr gudpaknun; k; — Bonnooe wncao; v; = (jy/IpiL — koadbdurment
KBaJPATUIHON HeIWHENHOCTH, Tae [3; — COOTBETCTBYIOIINE HEHOPMMNPOBAHHLIE KO3(D-
dumnmenter, j = 1,2,3; v1 + 72 = 73; Ak = k1> + k2, — k3, — paccTpoiika BOJHOBBIX
BEKTOPOB BJIOJIb OCH Z .

2. KackagHo-uHIyIIMpOBaHHAs perieTrkKa

DopmMupoBanHne KACKATHON PEIeTKH MPOUCXOIUT B 1Ba rana. CHavama co31aeTcs
o0beMHast pereTka Ha OCHOBHO# acToTe myTeM HHTepdEepeHIni IBYX BOJH, CKPEIIeH-
HBIX O] YIJIOM 2¢:

Ay = 2A;0 cos (k1px) exp (ik1g022/2) . (4)

Kackamgmoe TpexBOIHOBOE B3aMMOIEHCTBHE C OOJBINON PACCTPORKOI BOTHOBBIX BEK-
T0poB Ak > v3A10 Je7aeT cpeay ONTHYeCKH HEOTHOPOIHON /st CHIHAIA ¥ MTPUBO/IUT
K MEePUOANYECKON MOMYAANNN TOKA3aTead MPEJOMIICHNA HA CUTHAJIBHON 9acToTe:

= —Aly2ys/ (k2 Ak)|AZg cos? (ki ). (5)

Orpunarensuas paccrpoiika (Ak < 0) coorBercrByer hoKycHpyIOmeH KacKa Hoit
HenuHeitHocTH (ny; > 0), a nonoxurensaas (Ak > 0) — nedokycupyomeit (1, < 0).
ABanorom oTIEIEHOTO BOTHOBOAA OYEM CIMTATEH OOJTACTH BOMU3M MAKCHMYMA TTOKA3a~
TEJIA TPETOMIICHHS.
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Puc. 1. Ilepexom 0T AUCKpeTHO! AudPAKIN CUTHAILHOTO Ty9Ka, (@) K BOJTHOBOIHOMY PaCIpo-
crpanenmio (6) IpU yBeTMHEHUN WHTEHCUBHOCTHU OMOPHOTO ITy9YKa B YETHIPE pa3a

Iepuox pemerkn A = 7/(ki1p) BbIOMpaercss Tak, 9TOObI B TOMEPEYHOM CEYEHUN
00pa30BBIBAIACH CTOSTIAS BOJIHA, HE TIOJBEpKeHHAs Iu(DPAKIINOHHBIM UCKAYKEHUIM, TO
eCTh MIUPUHA KPUCTAJIA COCTABJsIA OBl MEJI0e YUCI0 MEePUOOB PerieTKu. 3aTeM B
Cpeny BXOAWT y3KHH CUTHAJBHBIM MyYOK, KOTOPBIH BO30Y:KIaeT BMECTE C HAKAYIKOM
CyMMApHYIO BOJIHY, JIOKAJN30BAHHYIO B 00/JIACTH CyIEPIO3UIMU BOJH OCHOBHOI W CHT-
HAJBHOI 9aCTOT.

PacmpocTpanenne curHaabHOM BOMHBI MPW KACKAIHOM MeXaHWU3ME CaMOBO3EH-
CTBUS MOYKHO OIHUCKHIBATH TOJBKO OJHUM YDABHEHWEM [1jisi OTMOAOIIell CUrHAIbLHOMN
BOJIHBI C y4eTOM MH/IYIIUPOBAHHON MOJY/IAINN TOKa3aTes s IPeIOMICHNAL:

0Ay 0%Ay
—+ZD2W

OcobBeHHoCTh KacKa HO-UHIYIMPOBAHHON DENeTKN 3aK/II09aeTcss B TOM, 4TO OHa
[POSABIISAETCS B HEJIUHEHOM cpejie TOIbKO HPU HAJMYAK CHTHAIBHOM BOJTHBL JTO 00b-
SICHAETCS TEM, ITO MEPBOE 3BEHO B KACKAJE CBA3AHO C TEHEPANUEil CyMMapPHON BOJHBI
¢ ammurynoil Az = (v3/Ak)Ai(x)As. U Tonbko 3arem cymMapHas BOJHA BMECTE C
HAKAYKOW M3MEHseT TToKa3aTeslb MPeJOMJIEHNsT HAa CHIHAIBHON dacrore (cM. (4), (6)).

CurHambHBIH TTyYOK MUPUHON a2 TIOIABAJICS B IEHTPATIBHBIE BOJTHOBOIBI CTPYKTY-
pBIL:

= ikgnnl(ﬂ?)Ag. (6)

Ay(x) = Ago exp(—a?/a3). (7)

IIpu cpenneit rnybune MOIYIAINNN KACKAIHO-UHIYIIMPOBAHHONW PENTETKH HAOII0Ia-
erca muckperHasa audpakiys Mmydka Ha CUrHAIbHON wacrore (puc. 1, a). IIpu ysemu-
YEeHUU WHTEHCUBHOCTU OTMOPHOTO TYYKa TJIyOWHA MOIYJIAINNA PEIIEeTKH BO3PACTAET, U
My90K HA CUTHAJBHONW YacTOTEe PACIPOCTPAHSIETCS TO MEHTPAJTBHOMY BOJHOBOIY 06€3
pPacxoMMoCTH, coxpanss cBoii npodunb (puc. 1, 6). Janublii ciyydail MOKHO HA3BATh
BOJIHOBO/IHBIM PACIIPOCTPAHEHUEM CUTHAJIBHOrO mydka. PaccMorpum 3ot ciygait 6osiee
TOAPOOHO.

3. BOJ'IHOBO,I[HO(—) pacnipocTpaHeHue CUTHAaJbHOI'O ITyYKa

Paccmorpum B3amMoeiicTBHE MTAHADHBIX MydYKOB ¢ aMmauryramu A; (z,z). Io-
CKOJIBKY IIPM BOJTHOBOJHOM PACIPOCTPAHEHUH IIyYOK CUTHAJIA TOKAJIU30BAH B IIEHTPA/Ib-



62 0.B. BOPOBKOBA 11 [IP.

HOM BOJTHOBO/IE, /7151 OMMMCAHNS TTPOCTPAHCTBEHHON MOJIBI IOCTATOYHO yUIeCTh JIBA OTIOP-
HBIX MMy4Ka. BrroepeM /1jist IPOCTOTHI aHAIN3A, Ty IKU IPAMOYTOIBHOTO MPOQUIIs:

A—a A
—1<|I|<ﬁ,
2
A—aq A+ aq
— o k>

Ay (z) = Ayo = const,

(8)

A1($):0, 0<|I|<

rae ) — IMAPUHA KAXKIOro M3 MyYKOB Hakadkh. OCHOBHAA BOJTHOBOMHAS MOJA CHUTHA-

J1a, JIOKaJIn30BaHHAad MEK/Iy JIByMd 3J€MeHTaMU WHYIUPOBAHHONW HAKAYKOH pelleTKH,
UMEEeT aMILUIUTYIHBIN TpOodhUIh

Ay = Agg cos (\/DIQ:C) , (9)

r7le BeJINYWHA ¢, PaBHAsA J00AaBKE K BOJHOBOMY YHCIIy CHTHAJA, ONPEIEIIeTC IUCIIep-

CHOHHBIM ypaBHEHHEM
727314%0 2 q A—ay
_ g A-a] 10
q Ak WD, 2 (10)

B orcyrcreue ocnoroid BoHbI (A9 = 0) umeem ¢ = 0, 9TO O3HAYAET EPEXO/T K OJI-
HOPOJHOIT cpese u aesokau3anuio Moant (9). C yBequuenueM aMIiuTy/ bl HAKQYKA Pac-
TeT rayOuHa MOYJIAIUKA WHLY IMPOBAHHON pemierku (5), U 100aBKa K BOJHOBOMY YHCJLY

T 2 4D2
CTPEMHUTCS K CBOEMY TIPEIENY (lim = (5) n )2 . Hampuwmep, B pemerke, dpopmn-
—a
: Y273 A7
pyemoii myukamu Do = 0.25, A = 1, a; = 0.5 B cpejie ¢ HETUHEHHOCTHIO Tlo > 20,

IIpeie/IbHOe U3MEHEHHe HOPMEPOBAHHOIO BOJIHOBOTO YHCIA Qlim = 2 = 9.87. IIpu s1ux
JIAHHBIX OBLTIO MPOBEIEHO YHUCJIEHHOE MOJETMPOBAHNE 3aXBATA CUTHAJIA B HEJUHEHHBIN
BOJTHOBOJ, (puic. 1, 6).

4, HaxknouHoe paciIpocTpaHeHne CUIHaJIbHOIO IIy4YKa

Paccmorpum citygaii, KOrga CUIHAIBHBIN MyY0K TMOJAETCST Ha BXOJ MO HEKOTOPHIM
MaJbIM yraoMm 6:

As(z) = Agygexp (— (z/az)? + ikgolﬂ) . (11)

[To anamorum ¢ XOpOIO N3y IeHHBIMA CHCTEMAMHA CBA3AHHBIX BOJTHOBOJIOB MOYKHO TI0-
Ka3aTh, 9TO WHIYIIMPOBAHHAS PEITeTKa 00J1aJaeT aHn30TPONuel — 3aBUCUMOCTBIO TIPO-
JIOBHOM COCTABJSIONIEH BOJTHOBOTO BEKTOpa k., OT MOMEPEYHOil cocTaBadomei ki, a
umenno k. ~ cos (k;A) [6]. Eciiu curnasnbubiii my4ok Bxoaut noj yriom 0, 1o k, = kaf.
B sTom cayuae koaddunmenT muckpeTHoil mudpaknnm ONpeaeaseTcs CIeAyOmnIM Co-
OTHOIIIEHUEM:

D = Dy cos (k207) , (12)

rae Dy — ko3 duiment tucKpeTHoit audpakiui Tpu HOPMATLHOM MaIeHUN CHTHATb-
Horo nyuka B cpeay. Kak cuemyer us (12), nuckpernas nudpaxius ucuesaer (D = 0)
JIJIsT TIy9IKOB C YIJIOM HAKJIOHA

0 = +7/(2k2A). (13)

910 coorBercTByeT Ge3aupPAKIIMOHHOMY PACIPOCTPAHEHUIO0 HAKIOHHOTO CHTHAID-
HOI'O Iy YKa, IPU KOTOPOM €0 IONEPEeUHbIi pa3Mep He MEHsETCs ¢ paccTosuueM (puc. 2).
Bamerum, 9TO HANpaBIEHHE PACIPOCTPAHEHUs IMyYKA HE COOTBETCTBYET HAKJIOHY €ro
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Puc. 3. BaBucumocTh BeMUuHB AU(PAKITMOHHOTO PACTIIBIBAHUS CUTHAIBHOTO TTYYKa, OT yIJ/Ia
HAKJIOHA BOJTHOBOTO (DPOHTA HA BXOZE B CPEIy

BOJTHOBOTO (PPOHTA HA BXOJE B CPEIY, & 3aBHCUT OT IIIyOWMHBI MOIY/ISAINNA MOKA3ATE s
MPEJIOMJICHUS.

Ha puc. 3 mokazan rpaduk 3aBUCUMOCTH BEJIMYUHBI TU(MPAKITHOHHOTO PACIIIHIBAHUS
CUTHAJILHOTO MYYKa OT YIJIa HAKJIOHA BOJTHOBOTO (DPOHTA HA BXOE B cpemy. Bumno, aTo
MHUHUMYM JUCKDPETHOMN nudpaKiuu J0CTUTAETCs IPU BbINoJHeHuu yciaoBus (13).

[IpuBesem omeHKN MapaMeTpoB ONTHYECKUX MYUKOB, TPEOYEMBIX s SKCIEPUMEH-
TambHOM MPOBEPKH ONMMCAHHBIX BbIe 3¢ dekToB. B KauecTBe HEMUHENRHOI Cpeabl MOXKHO
B3aTh Kpucraan unobar gutns LiINbO 3 nnwmoit mopsiaka 4 ¢M, a B KauecTBe HAKAYKN
UCTIOJIB30BATH JIA3ePHBIH MyYOK MUPUHON a1 = 30 MKM Ha AjuHe BOJHBI A1 = 1.06 MKM
[P COOTHOIIEHNN APYTHUX YACTOT: Wo = 2w1, w3 = 3wy . Torga nudpaknuonHas IIHHA,
coctaBuT Ly = 2 CM; IPH IJIOTHOCTH MOIIHOCTH HaKa4IKH HA ocu Iy, = 680 MBr-cm 2,
HenuHeiHas anuHa paBHa Ly = y1 A0l = 2 M.
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3akJiroueHue

Kackagno-unaymmpoBannas perrerka 00/1a1aeT BCEMU CBOWCTBAMY OOBIYHBIX ONTH-
YECKUX MEPUOINYIECKUX CTPYKTYp. Kak MOKa3bIBAIOT TEOPETWYECKHE WCCJICIOBAHUS U
Pe3yabTATHI YUCIEHHOTO MOIETNPOBAHNS, B HEHl MOXKHO Pean30BaTh JUCKPETHYIO JIH-
dpaxmmio, 6e3andpaKInOHHOE PACIPOCTPAHEHNE U 3aXBAT MyJKa B CIAO0OKOHTPACTHDIH
BostHOBO/I. IIpenmytnecTBoO MHAYIIMPOBAHHOM PEIIETKH COCTOUT B TOM, 9TO €€ MapaMer-
PbI MOYKHO [EPECTPAUBATH, MEHsIS AMILTUTYIY W YIOJI CXOXKAeHus onopHbix BoaH. C mno-
MOIIBIO TUCKPETHOM A paKIuu HA WHIYIIHPOBAHHBIX BOJHOBOIHBIX CTPYKTYPAX MOXK-
HO MYJIBTHUIIJIEKCUPOBATH CUTHAJI B CHUCTEMAX ONTHUYECKOH 0OpabOTKH M Tepesavyu WH-
dopmanuu. B manpHeiiem mpeacraBiasgeT WHTEPEC PACCMOTPETh CBOMCTBA IBYMEPHOI
perteTku u neperectu 3ddeKTo ynpasasgeMoil 1udpakind Ha UX BPEMEHHbIE aHAJIOIU
[IPU B3AMMOEHCTBAN BOJTHOBBIX [TAKETOB, TO €CTh HA CJIydYail yIpaBasgeMOll IUCIEePCUH.

PaGora BbInoiHeHa mpu nojaepKke rpantamu «Bemymue nayuanbie mkossry (HITI-
671.2008.2), PO®®U (mpoextnr Ne 06-02-1680, 08-02-00717). B.E. Jlo6anos u O.B. Bo-
POBKOBa Takzxke Oaromapar 3a (pUHAHCOBYO MOAAEPKKY POHI HEKOMMEDPUECKHUX TTPO-
rpamm «/Iumactuss.

Summary

0.V. Borovkova, V.E. Lobanov, A.K. Sukhorukova, A.P. Sukhorukov. Discrete Diffraction
and Waveguiding in Optical Cascade-Induced Lattices.

Features of anisotropic discrete diffraction of the signal Gaussian beam in cascade-
induced lattice created by two crossed pump waves in the quadratically nonlinear medium
are investigated. The transitions from diffraction of a signal beam in free space to discrete
diffraction and then to waveguiding in induced lattice are traced with increasing pump intensity.
The diffractionless propagation of a tilted beam is obtained.

Key words: photonics, cascade interaction, induced structures, optical arrays, discrete
diffraction.
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