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Amplification of the generation of the sum-frequency
signal in multilayer periodic structures at the edges
of the Bragg band gap
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A new property of a one-dimensional periodic structure — amplifica-
tion of the sum-frequency signal arising under the simultaneous action
of two laser pulses on this structure with radiation frequencies corre-
sponding to the edges of the fixed Bragg band gap — is experimentally
observed and described. ©1999 American Institute of Physics.
@S0021-3640~99!00323-0#

PACS numbers: 42.70.Qs, 42.65.Ky

1. Investigations of nonlinear-optical phenomena in photonic crystals have
arousing great interest in the last few years.1 A multilayer periodic structure~MPS! is a
particular case of a one-dimensional photonic crystal and is characterized by the
ence of regions of forbidden frequencies where total Bragg reflection occurs.2 In recently
published investigations,3–5 it is shown that a signal at the frequency of the seco
harmonic can be amplified at the edge of the region of selective Bragg reflection
possible mechanism of this amplification, examined in Refs. 3 and 4, is due to the
increase of the energy density of the field at the fundamental frequency.

The subject of the present letter is an investigation of the mechanism of asyn
nous amplification of the signal at the sum frequencyvs f5v11v2 in an MPS. It is
established that the efficiency of the generation of the signal at the sum frequency~SF!
vs f increases substantially if the frequenciesv1 andv2 of the two laser pulses inciden
on the MPS at the same angle are chosen near the opposite edges of a given Brag
gap. We believe that our investigations show that this asynchronous amplificati
largely due to the simultaneous increase of the energy density of the fields in the str
at the frequenciesv1 andv2 . Indeed, under the conditions of our experient the freque
of the sum harmonic lies far from the electronic resonances of the materials use
preparing the MPS and/or Bragg band gaps. This makes it possible to rule out am
cation due to synchronous mechanisms, i.e., amplification arising when additional p
matching conditions are satisfied in the presence of spatial and frequency dispers
7250021-3640/99/70(11)/5/$15.00 © 1999 American Institute of Physics
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2. Let us examine the generation of a signal at the sum frequency in an
consisting of alternating layers with substantially different refractive indices. It is
sumed that the layers with a large refractive index have a large quadratic nonlinea

Since the sum-harmonic signal is weak compared with the intensities of the inc
waves, and taking into account the fact that the duration of the pulses is much longe
the propagation time of light through the sample, we shall seek the spatially ra
varying amplitude of the quasistationary fieldsE(r ,t)5E(r )exp(2ivt) at the fundamen-
tal frequencies, solving the linear wave equation

D2E~r !1~vn~z!/c!2E~r !50.

The exact solution of this equation in an arbitrary layer with numberm has the form of a
sum of the direct and backward~reflected! plane waves

Ejm~z!5Ajm exp~ ik j 0sjmz!1Bjm exp~2 ik j 0sjmz!,

wheresjm5(njm
2 2sin2q)1/2, the indicesj 51,2 correspond to one of the incident wave

njm is the refractive index for thej-th wave in them-th layer,kj 052p/l j , q is the angle
of incidence, andz is the coordinate ‘‘into’’ the structure. To determine the amplitud
Ajm andBjm we used the Parratt’s method of recurrence relations,6 which for the present
problem yields the relations

Aj ,m115AjmQjm

gjm1Rjmgjm
21

11Rj ,m11
, Bjm5RjmAjm , ~1!

Rjm5
Rj ,m111F jm

11Rj ,m11F jm
gjm

2 , F jm5
sjm2sj ,m11Qjm

2

sjm1sj ,m11Qjm
2

,

where gjm5exp(ikj0sjmdm), dm is the thickness of them-th layer, Qjm51 and Qjm

5njm /nj ,m11 , respectively, for thes- and p-polarized waves. The recurrence relatio
~1! are solved for the boundary conditionsAj 05Ej ; the reflection coefficient of theN
11 boundary isRN1150; the vacuum refractive index isn051; g051; Ej are the
amplitudes of the incident waves; and,N is the number of layers. Assuming that th
intensity of the sum-frequency signal in them-th layer is proportional touA1mA2mu2 for
the direct anduB1mB2mu2 for the backward waves, we shall estimate the total intensity
the SF signal as the sum of the corresponding intensities over all layers of the MPS
a large refractive index.

The computed dependences of the linear reflection coefficient of the MPS desc
below are presented in Figs. 1a, b for the two wavelengthsl15812 nm andl2

5733 nm of the incident linearlyp-polarized~i.e., polarized in the plane of incidence!
radiation. The values chosen forl1 andl2 correspond to two edges of the Bragg ba
gap with angle of incidence of the radiation on the medium~MPS! q525°. According to
Eq. ~1!, near this value of the angleq the amplitudes of the waves diffracted in th
medium grow substantially, and the maximum localization of the energy of the inc
radiation in the medium occurs at both wavelengths. This is clearly seen from the
retical angular dependences of the total energy density of the corresponding bac
wavesuB1mu2 anduB2mu2 in layers with a large refractive index~Fig. 1a and 1b!. For this
reason, the efficiency of generation of the reflected SF signal depends on the anq,
and its intensityI s f has a maximum atq525° ~Fig. 1c!, solid line!. If l1 and l2 are
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chosen so that the edges of the reflection curves do not intersect, for exampl1

5812 nm andl25706 nm, the intensity of the SF signal is low, and amplification d
not occur~Fig. 1c, dashed line!. The second maximum of the SF signal atq540° ~Fig.
1c! corresponds to the position of the edge of the reflection curve forl5706 nm.

In summary, for the optimal choice of wavelengthsl1 andl2 amplification of the
generation efficiency of the SF frequency, which does not depend on the satisfact
phase-matching conditions, can be expected.

3. To observe the asynchronous amplification of the SF signal experimentally
used a sample consisting of eight layers of ZnS (n152.316) and seven layers of SrF2

(n251.52), deposited in the form of an MPS on a glass substrate.4 The thickness of each
layer wasdi53l/4ni for wavelengthl5790 nm. In all experimentsl1 was fixed and
equal to 812 nm~first channel,v1), and l2 could vary from 650 to 740 nm~second
channel,v2); the duration of the pulses was less than 200 fs, the pulse repetition
quency was 200 kHz, and the energy could vary from 0 to 20 nJ/pulse. The synchr
detection technique was used to detect the SF signal. Both radiations at the funda
frequencies (v1 andv2) and at the SF were linearlyp-polarized.

The efficiency of generation of radiation at the SF as a function of the angleq of
incidence on the MPS was measured in the experiments.

FIG. 1. a, b. Computed dependences of the reflection coefficientR versus the angle of incidenceq of the
radiation on the MPS for two wavelengthsl15812 nm ~a! and l25733 nm ~solid lines! and the angular
dependences of the total energy density of the corresponding backward wavesSuB1mu2 andSuB2mu2 in non-
linear layers~dot-dashed curves!; c! computed angular dependences of the intensityI s f of the reflected SF signa
with simultaneous incidence of two waves withl15812 nm andl25733 nm ~solid line! on the MPS at an
angleq and for the case wherel15812 nm andl25706 nm~dashed line!.
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The experimental dependences of the SF signal intensity on the angle of inci
on the MPS are shown in Fig. 2a for two values of the wavelengths of the second ch
l2

(1) andl2
(2) . The wavelengthsl2

(1)5736 nm andl2
(2)5703 nm were chosen so that th

edges of the reflection curves corresponding to them andl15812 nm would intersect in
one case (l2

(1)) and not in the other (l2
(2)). For the wavelengthl2

(1) , an at least ten-fold
amplification of the SF signal compared with the casel2

(2) was observed experimentally
this agrees well with the theoretical results~Fig. 1c!. The dependence of the SF sign
amplitude on the angle of incidence on the MPS is presented in Fig. 2b for various v
of the power of the incident radiation. It is evident from the figure that the maximum
q540°, corresponding to an increase in the energy density of the field near the ed
the reflection curve for radiation at the wavelengthl2

(2)5703 nm, increases with the
power of the radiation at the fundamental frequency in the second channel.

4. The good agreement between the theoretical and experimental results show
we have observed experimentally the asynchronous amplification of the generation
SF signal in an MPS. The mechanism of such amplification is an increase in the e
density of the localized fields at two frequencies (v1 , v2) near the opposite edges of
fixed Bragg band gap.

In closing, this work was partially supported by the Russian Fund for Fundam
Research~Project No. 98-02-17544!, the program ‘‘Universities of Russia’’ and th
Learning-Science Center for Fundamental Optics and Spectroscopy. Laborato
PhysicoChimie de l’Atmosphe`re is a member of Center d’Etude et de Recherche La
et Applications, which is supported by Ministe`re de la Recherche, the Re´gion Nord/Pas

FIG. 2. a! Experimental dependences of the SF signal intensityI s f versus the angle of incidenceq on the MPS
for two different wavelengthsl2

(1) and l2
(2) in the second channel; b! Angular dependence of the SF sign

intensityI s f for two different values of the average radiation power (P1 andP2) in the channels. The plots ar
normalized to the signal maximum forq524°.
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632 ~1999!#.

6L. G. Parratt, Phys. Rev.95, 359 ~1954!.

Translated by M. E. Alferieff


