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Enhancement of sum frequency generation near the photonic band gap edge
under the quasiphase matching conditions
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We analyze theoretically and study experimentally the mechanisms of enhancement of the sum frequency
and second harmonic generation in a finite one-dimensional photonic band gap structure with second order
nonlinearity under Bragg diffraction conditions. It is shown that, near the photonic band gap edge, the effi-
ciency of conversion in sum frequency and second harmonic generation processes can be significantly en-
hanced if two conditions are fulfilled simultaneously: grating assisted phase matching, or quasiphase matching,
and an increase of the electromagnetic field density at the fundamental frequencies near the photonic band
edges. The role of each mechanism is discussed.
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I. INTRODUCTION phase matching conditions. The optimization of the field dis-
tribution inside the nonlinear optical material is not typically
The problem of the development and optimization of fre-used.
quency converters of laser radiation has existed since the This problem may be solved absolutely unexpectedly in
beginning of the laser effd,2]. To have sufficient efficiency the periodically modulated materials that have been under
of conversion of the light wave frequendynultiplication,  intensive study by the optical community during the last de-
mixing, etc), a material(usually the crystalline onemust ~cade. These materials are called photonic crystaiS’s)

satisfy two basic requirements. First, noticeable nonlineak4-5)- Such PC structures present spatially periodic modula-

optical effects can be observed only when the light propai“ons of the_zir dielec_tric functions(_l!near refra_ctive index
nd/or nonlinear optical susceptibilityThe spatial period of

gates through a fairly long crystal and the so-called phaséa odulation has a dimension close to the wavelength of light.

matching conditions” are fulfilled. In this case the generate n the case of low modulation of the refractive index. under
nonlinear optical field propagates through the media in phas '

: . the assumption of linear light-matter interaction, light propa-
with the f'.eld at the fundamental frequen(@F)_ [2]. Second, ation in PC’s is similar to Bragg diffraction of x rays in
the material should be noncentrosymmetric in order to have

d ord i cal sband I h aditional crystald6]. Particular interest is concerned with
second order nonlinear optical respopSgand to allow the g gjes of artificial structures with a high contrast of the re-

source of nonlinear optical polarization. In the optical trans-., ~tive index modulation4n~ 1—2) and/or with a consid-
parency region in isotropic medi@nd also in anisotropic - gration of the nonlinear interaction of light with PC's. This
crystals for waves of identical polarizatiprunder normal |4 tg the discovery of new physical effects such as the ex-
dispersion conditions phase matching can never be fulfilledistence of complete photonic band ga{®BG’s), i.e., fre-
Thus we have to conclude that phase matching conditions a@]ency ranges where the propagation of ||ght in the case of
fulfilled only in anisotropic crystals with differently polar- linear interaction is forbidden inside the structlifg. Fol-

ized waved2,3]. lowing this the possibility of light localizatiofi7] and spon-

In addition to the material requirements to increase the@aneous emission contrf8], as well as the existence of op-
conversion efficiency in the nonlinear optical process, thdical Bragg solitons in the area of complete linear PB[@
density of the field at the FF inside the nonlinear opticalwere studied. Moreover, in nonlinear PC’s the behavior of
material has to be increased. In practice, the amplitudes dhe selective Bragg scattering has its own specific properties
the fields at the FF are set as a constant along the length &r achieving phase matching conditions, as compared with
interaction, and this is true in the bulk of the nonlinear opti-linear PC’s[10,11].
cal crystal in the planar wave approximation. The study of nonlinear optical phenomena in one-

Consequently, in the case of “typical” crystalline mate- dimensional PC’s with periodic modulations of linear and
rials we are quite limited in the choice of measures for thenonlinear susceptibilitiesl 2], has been the focus of attention
optimization of the conversion efficiency. The usual way issince the pioneering publications of Bloembergen and co-
mainly concerned with a search for materials with the largestvorkers[13], where a new mechanism of phase matching
nonlinear coefficients, that rarely can be fitted well with that takes into account the reciprocal lattice vector of peri-

odic media was suggested. Following the terminology of a
review paper[12], the grating assisted phase matching is
*Email address: mants@genphys.phys.msu.su called “quasiphase matching” if there is a periodic distribu-
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tion of nonlinear susceptibility only; it is called “linear” ficiency of SH and SF generation due to the action of both
guasiphase matching if there is a periodic modulation of th€dPM and nonphase matching simultaneously. The theoreti-
linear refractive index, but the nonlinear susceptibility iscal description is carried out on the basis of recurrence rela-
space independent. In both cases the physical reason for tkiens that allow one to obtain exact and complete solution of
phase matching condition is the same: the reciprocal latticéhis problem for a nonlinear multilayer structure of finite
vector of nonlinear or linear structures is included in phasdength. The recurrence relation method, described in Sec. I,
matching conditions for wave vectors of fields. The structureS8ems to us simpler and more convenient for a simulation of
studied in the present paper has a periodic modulation dhe nonllnear.optlcal conversion in PBG muItllayer_ structurgs
both linear and nonlinear susceptibilities with equal spatiaf®mpPared with the traditionally used propagation matrix
periods. Thus here we shall use the term quasiphase matcifchniquef21]. In Sec. il we theoretically study SF and SH
ing (QPM) in its generalized meaning in order to delineate9€neration in multilayer structure with a deep periodic
that the phase matching is fulfilled due to the reciprocal latModulation of linear An~1) and nonlinear susceptibilities.
tice vector but not due to the dispersive mechanism. PhastiS shown that due to the nonphase matching enhancement,
matching conditions can also be satisfied due to the “traditN€ intensities of SF and SH signals under the condition of
tional” dispersive mechanism near the PBG'’s because of th&PM interaction may be increased more than by one order of
essential changéboth increasing and decreasingf the ef- Magnitude. Note that, in the case of the SH generation pro-
fective refraction index of the composite medlis]. In ad-  C€SS; I addition to thg exact fulfillment of the Q_PM condl—_
dition to these phase matching mechanisms to increase tHio"; the phase matching caused by the dispersive properties
efficiency of the nonlinear optical process, there is a non®f the PBG may also give a contribution to the intensity of
phase matching one, concerned with increasing the enerdé]e signal. This happens because at specific angles of inci-
density of the field inside the structure when the frequency of€NC€ the edges of linear reflection curves at fundamental
the fundamental field is tuned near the PBG edge. Thi@nd SH frequencies are crossed. In Sec. IV we describe our
mechanism was recently described theoreticgl,16 and experimental technlque and the |n\_/est|gated sample. In Sec.
studied experimentallj17] for multilayer structures with ¥ We show and discuss the experimental results on SF and
deep modulations of the refractive index. In REE5] the SH generation in a Z_nS/SjI-?nquIayer structU(e. In experi-
possibility of increasing the intensity of the second harmonid"ents we have obtained a nonphase matching enhancement
(SH) signal in a PBG structure because of a nonphase matctef Poth the SF signal near the QPM condition and the SH
ing enhancement mechanism, and at the same time the satfignal under QPM interaction near dispersive phase match-
faction of the conditions of dispersive phase matching, wad"d conditions. The experimental data demonstrate good
theoretically shown. In Ref18] we described and experi- 2greement with the theoretical predictions.
mentally studied the effect of a nonphase matching enhance-
ment of the intensity of the signal at the sum freque(&l) Il. RECURRENCE RELATION METHOD
in the PBG structure under conditions of simultaneously in- ) ] )
creasing the density fields of both fundamental frequencies Let us consider the generation of a signal at a sum fre-
near the opposite sides of the PBG. quencyws=w;+ w; in a multilayer structuréMS) by two

One of the interesting questions in studies of nonlineaincident planar monochromatic wavés?) at frequencies
optical phenomena in dielectric multilayer PC structures isw; and w, and with the amplitudes; andA,,
the source of nonlinear optical polarization in each dielectric
layer. In this paper we do not pay attention to this particular E(r,)=e"A exdi(kpx+kj,2) —iwt], (1)
guestion. We only suppose that the source of nonlinear po-
larization exists in layers with a high refraction index—
“nonlinear layers.” The existence of this source is due to
several main reasons. First, the origin of the nonlinear polar-
ization comes from the crystalline or ordered nature of the
material[2,3]. Second, in layers made of isotropic materials, o ] ]
the source of the nonlinear optical response may also exist. Here; are the wavelengths of incident fields in vacuum,
For instance, in Ref[11] the nonlinear optical response C is the light velocity in vacuume ™) are the polarization
arose from the chiral property of material. Another possibil-vectors, andd; are the angles of incidence of corresponding
ity to have a nonlinear optical response in the layers of isowaves. The direction of the axis is taken as a positive into
tropic material was proposed in R¢L9], where the authors the MS, and the axis is directed along the structure surface
took into account the distortion of the wave function in in- in the plane of incidencex(z) (Fig. 1). A theoretical de-
homogeneous optical fields that appear naturally irscription is made for the general case, when the frequencies
multilayer periodic structures with a modulation of the re- w; and w, and the anglesh; and ¥, are different. For the
fraction index and/or of the nonlinear susceptibility. It is alsoparticular case of collinear second harmonic generatign
well known that due to a breaking of the symmetry, second=2w;, w;=w,, ¥;=17,, andA;=A,.
order processes may occur at the interface between two me- The multilayer structure consists df plane layergFig.
dia[20]. 1). Each layer is assumed to be homogeneous, and is char-

In the present paper, we demonstrate theoretically anecterized by a layer thickneds,, complex refractive indices
experimentally the possibility of the optimization of the ef- n;,,, dielectric functions;,,= njzm, and a tensor of quadratic

where

ij:kjSinﬁj, ij:ijOS’ﬂj. kj=wj/C=27'r/)\j.
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Es X, ; - i £ FIG. 1. Schematic of a one-
: ) © ; N+1 dimensional multilayer nonlinear
m-1 Em ; structuren,,, d,,, andy,, are the

; refractive index, the thickness,
and the quadratic susceptibility of
mth layer, correspondinglyN is
& ' the total number of layers{ is
8 1 ; z the angle of incidence; ang!"’
: 1 andE{, are the field amplitudes

of the transmitted and reflected

Ef;_1 Ef:) waves in themth layer.
)
0
m=0 1 m=1 m=2 5 m-1 m m+1 : N N+1
susceptibility,y,, where the frequency indgx=1,2, and 3;  HereE{;) andE(,) are the amplitudes of the forward and

m is the layer number. The uppem&0) and lower (n backward waves, the modulus of the wave vectors is given
=N+1) half-infinite layers are vacuums, thug,=1 and by Kim=Kkjnj,, and thex and z components of the wave
n; n+1=1. TheNth layer is the structure substrate. vectors are given by Kjy)x=kjx=kjsind; and Kjy),=
To calculate the intensity of SF signals in areas of regis<Sjm. respectively, where
tration z<0 andz>D, whereD is the MS thickness, one

_ 2 H 1/2
needs to solve the wave equation sim=kj[ &, — sin? 912 (4)

In expression(3) the common factor exp(x—iwjt) is

1 #2D(r,t) 4ar PPy, (1)) omitted. Thus the linear problem is reduced to finding of the
rotrote(r,t) + - —2 == —2 (2)  forward and backward wave amplitudes using the continuity
ct c ot of tangential components of the electric and magnetic fields.

For a plane wavé&(r) =Eexp(qg- r—iwt) the electric and
magnetic fields are connected by the expresgidns-[ qE],
_ a2 42712 i
the nonlinear polarization. To simplify the calculation we vv_herek wlc andq=[g;+ ;] Note that t.he modulus is
given by g=kn for the homogeneous solution only. In the

shall solve the stationary problem, neglecting the interactio case ofs polarization, the electric field is normal to the inci-

of waves at different frequencies. This is permissible if thedent lane %,2). i.e.,E,—E,— 0, and the magnetic field is in
duration of the laser pulses is much larger than the propaggr . pFane H;:b)'_ E)ué o ihe [;)rojectioqy=% the tangen-

tion time of light through the sample, and if the SF Wave .| components of the fields are aiven b
intensity is weak compared with the intensities of the inci- P 9 y
dent fundamental waves. Under this assumption, the solution EG == HEH= —(q,/K)EE). (5)
of Eq. (2) within a homogeneous layer is simply a superpo- Y o ‘
sition of plane waves, and at the layer interface one can use For the homogeneous solutian= *+s, where s=k[n?
boundary conditions for tangential components of the elec- sjr?9]"2. For the inhomogeneous solution, the veajdn
tric and magnetic fields. The nonlinear problem of SF genthe medium is determined by the sum of wave vectors at the
eration is solved in the approximation of the given field of fundamental frequencies. That is why the vaiyeat the SF
fundamental waves. is a more complicated function of the valugsands at the
frequenciesw; , [see Eq(21) below].

In the case op polarization, the fielcE is in the plane of
incident; thusE,=0 andH,=H,=0. Taking into account
Let us obtain the extended Parratt recursion formi@®  thatq- E=0 andkH, = q,E,— qE,, one obtains the follow-

to calculate the amplitudes ef andp-polarized fundamental  ing expressions for tangential components of the fields:
fields at the frequencies, , in arbitrary layer of the MS. In

where D(r,t) = e(z) E(r,t) and Py (r,t) =3(: E(r,t)E(r,t) is

A. Linear problem

the case whefy =0, the fieldE;,(x,2) in the mth layer is E)=x(q,/E®), H{D=x(q/E®. (6
a superposition of fundamental solutions of homogeneous )
Eq. (2): For the free waveglhomogeneous solutigng=kn and

(H)=(+) (-)e() g,= *s; therefore, formulag6) are simplified to
Eim(z)=€"E! Jexplisimz)+e E{ Jexp —isinz). i ] )
jm | jm jm | jm jm 3 E§(—)=(s/kn)E(i), Hg/_):inE(_). )
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From the conditions of continuity of tangential compo-  So Egs.(10)—(12) allow us to solve completely the prob-
nents of the electric and magnetic fie[d&ys.(5) and(7)] at  lem of the fundamental-field distribution within the MS , as
the boundary betweemth and -+ 1)th layers, we obtain well as to find the values of reflectig = R;o=E{,/A; and
equations for the field amplitudes: transmissiorl ;= EJ(,-r\l)Jrl/Aj indexes.

- (EM)q. (Vg Y=a (+) (=)
Ajm(Ejm’'Gjm+ Ejm’Gjm) =) m+1(Ej ms1 T Ej mi 1), 84 B. Nonlinear problem of SF generation
. Let us consider the problem of SF generation in a given
Bim(ES ) im— ESm Gjm) = by me 1 (B ) 1= ES ), field, which is the superposition of two fields at fundamental
8b)  frequencies. According to expressig8), the fields at fre-

guenciesw, , within the mth layer are fixed by
where

oxclis ). Toma-lexa—isd). Eim(x,2)=[E{exp(isjmz) + E{,exp —isjn2)]
9im mCm Gjm=Djm e X exp(ikjx—iwjt), (13

ajm=1, bjn=Sjm and aj=Sjm/Njm, bjn=n;y, for s- and

p-polarized waves, respectively. wherek;,=k;sind; (j=1,2), and the coordinate is counted
Expressiong8) are the main equations that allow us to from the upper boundary of thath layer. The field ampli-

find the field amplitudeE}nﬁ) within all layers, as well as to tudesE},ﬁ) in Eqg. (13) are known as a solution of the homo-

calculate the reflective and transmission indexes for the MSgeneous linear probleffiEq. (8)] studied above.

The set of Eq.(8) is solved with the boundary conditions  Substitute Eq(13) into the nonlinear polarization on the

E{¢’=A; andE(}}, ,=0, wherej=1 and 2. The last condi- right-hand part of Eq(2); then the solution of the equation

tion means that the backward input field is absent at thdor a SF field in a layer is the sug3,,+ E,, of inhomoge-

lower boundary. neous(indexs) and homogeneous solutions. It follows from
Formally, the two equation&) for each boundary have the Eg.(2) that an inhomogeneous solution at the &k

four unknown field amplitudes. To strike off these ampli- = w;+ w, is given by

tudes, the homogeneity of the equations can be used. Divid-

ing the first equati_on in Eq8) by the second one, we obt_ain gm(X’Z)=[E§(m+)eXp(i512mZ) + Eg(m—)
the Parratt recursion formu[@2] that connects the reflective . . )
index Rjm=E{,)/E{)) of the mth layer with the reflective X exp( —isiomz) JexplikipX—iwst), (14)

index R; m 1 for the layer with numbem+1, ) )
where S1on=S1m+ Som and k5 =Kk, + Koy i.€., the projec-

Fimmi1TRimi1 tions of the wave vectors of plane wajds. (14)] equal to
Rjm= 1H0 i me 1R mag oM (10 the sum of the corresponding projections of wave vectors at
. I the fundamental frequencies. The amplitudes of these waves
where are proportional to the products of field amplitudes at the
, fundamental frequencies
Sim— Sin0;
rjm,n:anjzmMu (11) o ATXm iy .
S+ SinTin B =T EGEG), (19
m

p=1, Ojmn=1 and p=—-1, Ojnn=Njm/n;, for s and
p-polarized waves, respectively. Herg, , is the reflective where
index (Fresnel formulaof radiation at the frequency; at
the boundary between two half-infinite media with refractive A= (s§2m+ k§2x— kgngm)/k2, szes)”(melez_ (16)
indexesn;,, andnjp, .
The recursion probleni10) is solved with the boundary  The valueA,, is fixed by the dispersion of refractive in-
conditionsgjo=1 andR; ., =0, beginning from the lower dexesn;, (j=1,2,3) and by the spatial orientation of wave
layer with numbem=N+1. The total amplitude reflective yectors of the incident radiation at fundamental frequencies,
index of the MS isR;o. _ i.e., by the angles of incidence, ,.
From Eq.(8) we obtain a recursion formula to calculate  pye to the condition of continuity of the tangential com-
the field amplitudefj(a) in the arbitrary Iayer of the MS: ponents of the wave vectors at |ayer boundaries,x‘[bﬁ)_
_ jections of the wave vectors of free wavésomogeneous
E(H) gimt PRimJjm E(H) 12 solution and stimulated wavéEg. (14)] (inhomogeneous
pm+1= Ijmm+17y PR m+1 im- (12) solution are equalks,=k;,+ Ky, . Since the modulus of the

wave vector at the SF in vacuumks= w3/c=k;+k,, the

After the finding of all reflective indeR;, (10), Eq.(12)  angle of output of the SF radiation in vacuum is fixed by the
is solved beginning from the upper layer with the boundaryequation
conditionE{j’=A; . The amplitudes of backward waves are
found from the formuleE(,)=R;,E{) . kasin93=k,sin 9, +kysin 9. 17)
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It follows from this equation that in the case of collinear  To solve Eqs(20) we shall use the following well-known
rays (9;=19,) at fundamental frequencies, the angletheorem. The root of a set &f linear inhomogeneous equa-
¥3=1,, and formula(16) for SH (w;=w,) is simplified  tions =;a;;x;=b; can be taken in the form of a sum bf
to itemsx;= XX, . Each item is a solution of the set of equa-

5 5 tions 2;a;;Xjx= dikb;, in which one equation is inhomoge-
Ap=N1n—N5y. neous while the other equations are homogeneéysg the
Kroneker symbgl Therefore, at the beginning we need to

PWE Oseﬁk th(ej_st(_)lutio?fof the homo_ggs_net?]us ?ﬁllja@n f|nd the field amplitudes at the SF in VaCULE‘éIO)(m) and
(Py =0) for radiation at frequencys within the mth layer N+1(m) under the condition that nonlinear susceptibility

in the form takes place only in one layer with number In this case the
SF wave propagates above and belowrttik layer as a free

Eam(X,2) =[ESexplisgmz) + ES e s
an(x.2)=[ XP(iSam2) + Egm €XP(~iSan) wave obeying Eqs(8), wherej=3. The final result is ob-

XexpikzXx—iwst), (18)  tained by a summation over all nonlineath layers of the
valuesE (m) and E3N+1(m) The correctness of this pro-
wheress, is fixed by the expression cedure also follows from the principle of superposition for
_ 5 . 1o SF waves.
S3m=Ka(N3y—SiM93) 2 (19 Let us consider three neighboring layers with numbers

m—1, m, and m+1; the mth layer hasy,,#0. Strike off
the amplltudesE( ) from Egs. (20) that are written for
boundaries between them(-1)/mth and m/(m+1)th
layers. As a result, we obtain the following connection be-
tween amplitude€!”); andE{"); in upper and lower linear

The nonlinear problem for SF generation is formulated adayers:
follows: taking into account the boundary conditions for

Using Eq.(19), the expression for the parameter of phase,
matchingA,, [Eq. (16)] takes the form

An=[(Sim* SZm)Z_ ng]/kg .

both the forward SF waveEéf)— 0 if z<0) and the back- H1E )y~ HisBl 1= Qm, (229
ward wave E3N+1 0 if z>D), one needs to find the am- +) -)
plitudes of homogeneous solutiof ¢ and ESY), ; in the HaiEm 1= H2oEm 1= P, (220

areas of registration in vacuum.
The conditions of continuity for tangential components of Where
electric and magnetic fields at eabht 1 layer boundaries

lead to the necessity to of solving the set oN2(1) inho- H1i(M) =gm(1+mm+ 1Rm+ )/ tmme 1,
mogeneous linear equations for the SF field amplitudes .

ES,). Taking into account expressior§) and (6), these Hiom)=(rmm-19m-17 Tm-19m-1)/tmm-1,
equations at the boundary betwemath and (n+ 1)th layers (23
take the following forms(we omit below the SF index Hoi(M) =gm(rmm+1+t Rm+ )/ tmm+ 1,

=3 for ES.), gam, Sam, andngy):

Hoo(M) = (G 1+ e g Tor )t me1-
a F(l)+ams(l)_am+1': +1+am+15m+1' (209 2M)=(Gm-1FMmm-1Tm-19m-1)/tmm-1
5 5 The right hand parts of Eq$22) have the forms

brF @+ B8P =b ., F +Bm 1S,  (20b B -
where Qm: 7'Er?—)(fmgm_:I-)Ersn(-'—)_’_TSn_)(fmgm_ 1)E|§rg_), (24)

FOP=ESOn* EG om,  FRY=EG+EL), Pr=75%"(FaGm~ DER 4+ 707 (Frngm— DER

SE2A—ESIf L ESIF SBOZE S,

2
Here ap=as,, bmn=bsn, and gn=expis.dw, [EQ. tmn=2Sm@mn/ (Sm+ Snnn)
9 fm=091mlzm: @m=1, and Bp=Sin+Sm; and ay (+)
=(Sim+Som)/n and B, —nﬁ) for s and p-polarized
radiation, respectively. The “refractive index” for the stimu-
lated wave isnS=k{)/ks, where the modulus of the wave
vector is

(Sm+312mV M 2S0Vms

. )_p(sm SlZan)IZSme
HereT,=1/R,,, andt,,, is the Fresnel transmission in-
(5) =[(Sym+ Szm)2+k sirt95]Y2. (21) dex for the boundary between two media with refractive in-
dexesn,, andn,; the reflective indexes,,, are fixed by Eq.
In the special case of collinear SH generation, the formulg11) wherej=3; p=1, v,=1 andp=—1, vp=np/n{ for
simplifies ton{d=n,,,. s- and p-polarized SF radiation, respectively.
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Let us take advantage of recursion formulas that connect N 2
the field amplitudeE(,”) in the mth layer with the amplitude 1P =|ESP|2= Z §(m)
E(), in the lower layer with a numbem+ 1, as well as the
amplitudeE{,) with the amplitudeE!,”; in the upper layer N 2
with @ numberm—1. From expression§l2) and (10) we D=1eP12=| > E(Dy(m) (32)
obtain general recurrence relations for the nonlinear prob- m=1
lem:
+) +) -) I1l. SECOND HARMONIC AND SUM-FREQUENCY
EL)=AEL),  EL)=BREL L, (25 GENERATION UNDER QUASIPHASE MATCHING
where CONDITIONS. ROLE OF THE NONPHASE MATCHING
ENHANCEMENT OF NONLINEAR OPTICAL
SIGNALS
1+ pRm+1
= — Om+1m> . . ) .
Imt+ PRnIm The recurrence relation method described in this paper

(26) allows us to take into account correctly the contributions of
all mechanisms of enhancement of the nonlinear optical re-
sponsgphase matching, quasiphase matching, and nonphase
matching in SH and SF generation processes for transmitted

The coefficientsR,, for A, are found by solving problem and reflected fields, as well for different polarizations of in-

Im-1+PTm-19m-1

Bm= 1+pT,

Om—1m-

(10) (where j=3) with the boundary conditiorRy, =0,
beginning from the lower layer with the number=N+1.

coming and generated waves. For a multilayer structure, de-
scribed in Sec. IV of this paper, that consists of “linear”

The valuesT,, for B, are obtained by using the following (SrR) and “nonlinear” (ZnS) layers, we discuss the optimi-

recursion formula:

Fmm-1T Tm-10m-1
To=r 5 (27
1+rm,m—le—1gm—l

This formula follows from Eq.(10), where j=3, and is
0 beginning from

solved with the boundary conditiony=
the upper layer.

Successively using formuld®5), it is not hard to obtain
the following expressions for the SF field amplitudes that

come into Eq(22):

E() =AMESY,, EL,=BMES’, (29

whereA(m) andB(m) are products of coefficient26):

AM)=Ani1Ams2, - An-1AN,

(29

B(M)=By_1Bm_2, . . . BsB;.

Substituting Eq(28) into Eq. (22) and solving the equa-

zation conditions for SF and SH generation in the reflection
geometry.

In Fig. 2@ we show the angular dependencies of the
reflection coefficientR(+}) (dashed curveand the angular
tuning curve for the distribution of the field energy at the
fundamental frequency in “nonlinear” layersl ()
=3 ,/E{,;)|? (solid curve, calculated according to Eqel0)
and(12). The maxima of the energy of the field are localized
near the edges of the Bragg forbidden zone. However, if we
assume that the value of the refraction index of the nonlinear
layer at the SH frequency as sy=2.75, the maximum of
the SH intensity reflected from the structwgq;,) [Eq.(3D)]is
situated outside of the area of the maximal energy concen-
tration at the fundamental frequenidyig. 2(b)]. The position
of the SH maximum is determined by the sixth order QPM.
Let us show this, estimating the phase mismatching param-
eterA for a z projection of the effective wave vectos;$f of
the fields in the structure:

A(9)=[2s"(9)+sS(9) - Gld,

tions, we obtain final expressions for the amplitudes of SkwvhereG=2/d is the absolute value of the reciprocal lattice

fields in the areas of registration due to one nonlinaén
layer:

ES(m) = (H21Qm—H11Prm)/D B(m),

(H2Qm—H

whereD,=H;H»,—H,H 1, is the determinant of s€p2);
the valuesH;; are fixed by Eq(23), andA(m) andB(m) by
Eq. (29.

(30

EG7u(m)= 12Pm)/DA(m),

The total amplitudes of reflected and transmitted waves _ 1/ 0j128)1
generated by the MS are calculated as a sum over the non- 2
linear layers of the partial amplitud¢30). The intensities of

vector,d=d; +d, is the period of the structure, atds the
order of QPM. The value:sff is determined by Eq(4),
where, instead of the refraction indexes of separate layers of
the multilayer structure;,,, we used the effectivecommon

for whole structurgrefractive mdexn (19) calculated from

the dispersion equatidr23], modified for an arbitrary angle

of incidenced,

COE(SjEfd) =cogs;j1d;)cogsj,d,)

sin(s;;d,)sin(s;»d
Sj2 011251) n(sjzd1)sin(sjzdz).

reflected and transmitted SF signals are fixed by the expresvheres;; , are z projections of the field wave vectors at

sions

frequenciesy; in even and odd layers with refractive indexes
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FIG. 2. (a) Linear reflection coefficienR (dashed ling and the 30 40 50 609 (deg) (d)
sum of the fundamental field energy inside the nonlinear layers of £ w
the structurel; (solid line) versus the angle of incidence of the ‘:: - aao
radiation with the wavelength, =720 nm. The refractive index of % 2k
the nonlinear layers is;=2.327, that of the linear layers is, s 0.2 4L
=1.435, and the number of periods of the structur&ls20. (b) 5, | ) L
and (o) Intensities of the reflected second-harmonic sidial for % 20 40 60 g (deg
the following values of the refractive indexes of the layers at the 0E [— [ Vg

second harmonic frequencyb) n;gy=2.75, nysy=1.45; () 20 30 40 50 609 (deg)

n, sy=2.55, andn, sy=1.45. In the insets we show the phase mis- . . .

mziching parametiA and the effective refractive indexes at the . FIG. 3. (3 and_ (b) Linear reflection C(.)eff'CIer.‘Rl.*z (dashed .

fundamental frequencyS’ and at the second harmonic frequencies"ne) and the density 9f the electromagne.tlc .ﬂeld inside the nonlin-

ngf vs the angle of incidence of the radiation. ear layers of the mul_tlla}yer sFructurgs,z (solid line) vs the angle of
incidence of the radiation with wavelengths=813 nm(a) and
N1=736 nm (b). Refractive indexes of the nonlinear layers

n;; andn;,, consequentlyj(=1,2,3);d, , are the thicknesses n;(\,)=2.311 andh,(A;)=2.33; for linear layersn,(\,) =1.434,

of these Iayerssjefz kj[(n?f)Z_sinZﬁ]lfz; oj12=1 andoy;, andn,(\ ) =1.435; the number of the periodé=20. (c) and (d)
=n;,/nj, for s and p polarizations of the fields, conse- Intensity of thg reflected SF S|gnbg’,:) for the following values of
quently. In the inset of Fig. ®) the angular dependence of the refractive indexes of the layers at the %6): n1VSF=_2.3 and
the A(®9) function for the sixth order QPMIE6) is pre-  N2sr=1.445 and(d) ny sp=2.5 andn, s¢=1.445. In the insets we
sented. The value of the angle of incidence when the QPN"OW the phase mismatching parametbgg vs the angle of inci-
condition are fulfilledA =0 [12] is the same as the angular dence of the radiation.

position of the maximum of the SH intensity.

A considerable increase of the SH generation efficiencypution of the QPM mechanism to the efficiency of the SH
may be achieved in the case of a shift of the QPM conditiorgeneration process is much greater than the contribution of
into the area of angles closer to the edge of the Bragg forthe dispersive one. This is due to the fact that the intensity of
bidden zone. Near the PBG edge there is a maximal locakhe reflected SH is in six times more than the intensity of the
ization of the field energy at a fundamental frequency, andransmitted signal.
due to this a nonphase matching mechanism of enhancement Let us consider the enhancement of SF generation near
takes place. Actually, when we decrease the valug,, we  the photonic band gap edges under QPM condition. The in-
shift of the QPM maximum into a smaller angular area, anctident angles of two laser pulses at frequencigsand w,
we observe an increase of 30 times the SH intensity at thare assumed to be identical. The frequencies are chosen near
right edge of the PBGFig. 2(c); n;s4(ZnS)=2.55. We  the opposite edges of a given Bragg band gap. In this case,
also note, and demonstrate in the right inset to the Fig), 2 the edges of two linear reflection curvBs(d) and R,(9)
that at the right side of the PBG the value mﬁf—nif be-  will be located in the same angular ranfféigs. 3a) and
comes minimal. Due to this the dispersive phase matching(b)]. This leads to a simultaneous increase of the energies of
conditions are closer to being fulfilled. However, the contri-both fieldsl,(9) =3 ,|E{.)|? and | ,(9)=3,|ES)|? at the
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fundamental frequenciaes; andw,, inside the structure. That T
is, the optimum for nonphase matching enhancement is real :

ized. In Fig. 3c) and 3d) the angular dependencies of the &
intensity of the signals at the sum frequensy= w;+ w,,
calculated according to Eg&0) and(31), are shown. Figure
3(c) demonstrates the situation when both conditions for g
QPM, As=0 and nonphase matching enhancement, are ful-
filled completely, where

Age( ) =[s2"(9) +s5(9)+s5(9)—Glld,

and I=6. In contrast, in Fig. @) the QPM condition is
achieved at a larger angle, and, as a result, the SF intensit
decreases to more then two orders of magnitude.

We would like to note here that there is an additional way
to achieve the QPM for the SF generation in the case of

noncollinear wave interaction, when the QPM paramatgr A,=813 nm o [ E
has the form W,= 1ud e M2 _
o o o 1=270fs g
Asp(91,02)=[s1 (91) +5; (95) +55(F3) —Gl]d, g ock-n
A, =500-750 nm é
where ¢, and 9, are the angles of incidence of two funda- | Wy=45nJ o1 i M1
mental Wavessff(ﬁj) are fixed by expression@) and(19) =250 fs :

for the effective refractive indexe\ff(ﬁj); and the angley,

is calculated from Eq(17). For the wide range of angle$, FIG. 4. Experimental setuiC is the mechanical choppe 1

we may find the angles}, to satisfy the QPM condition  an4m2 are the dichroic mirrors; 1 andL2 are the lensesSis the

Asr=0 for the chosen pair of wavelengths of the fundamen-ample; GFS is the set of glass filters: GP is the Glan-Taylor polar-

tal beams. izer; PMT is the photomultiplier tube; and Lock-In is the lock-in
amplifier.

IV. EXPERIMENTAL SETUP AND SAMPLE . L .
PREPARATION overlapw; andw, pulses in time, a delay line is inserted into

the w, beam path. We used two pairs of Glan-Taylor polar-

In our experiments we considered SF and SH generatioizers in both beams; and w, in order to vary the average
from one-dimensional PBG material prepared in the form ofpower of radiation coming to the MS sample. The average
a multilayer structure described in ReL7]. The structure is  power in each beam during the measurements was adjusted
composed of 15 alternate layers deposited on a glas® 1 mW. The polarization of the, incident beam was set
substrate—eight layers have highinS, n,=2.3) refractive  to be either parallel{ polarization or perpendicular g po-
indexes and seven have low (Srf,=1.43) refractive in- larization to the plane of incidence with a double Fresnel
dexes. Then, for the chosen wavelenaty=785 nm, the rhombus. The polarization of the; beam was fixed in the
layers have a thickness=3\,/(4n;) and the total structure plane of incidence [{ polarization. The beams are over-
thickness isL=4.9um. This periodic structure forms the lapped to be collinear, and are focused into a sample with a
PBG in a wavelength range of 780—-810 nm at normal inci-76-mm lens [ 1). The samplg€S) is mounted on the rotation

dence of the light beam. stage DMT 65(OWIS) in order to vary and align incident
The sample was studied using a set&m. 4) based on angles.
laser sources that are produced by Coherent[24]. The The receiving partFig. 4) of the experimental setup con-

output pulses of a femtosecond mode-locked Ti:sapphire lagists of a collimating lensl(2), a Glan Taylor prism GP to
ser Mira 900 are regeneratively amplified with RegA 9000select thep-polarized component of the sum frequency sig-
up toW,=4 wJ/pulse at a 200-kHz repetition rate. Part of nal, and a set of glass filtefSGP to reject scattering light
the RegA laser radiation is seeded into optical parametrigoming from w, and w, beams. The signal registration is
amplifier OPA 9400 to produce tunable light, which is usedrealized with Hamamatsu R-4220P photomultiplier tube
as aw; beam in the sum frequency processsE= w, (PMT) connected with lock-in-amplifier EEG-5118G&G)

+ w;). The range of the OPA tunability is 500—-750 nm, thefor synchronous detection. The radiation in both beams was
minimal pulse duration is 250 fs, and the average power isnodulated by means of a choppe)( It chopsw; and w,

10 mW (after a special filtration by means of a spatial specbheams with frequencie$;~628 Hz andf,~383 Hz, re-

tral filter) [25]. The rest of the RegA output forms a secondspectively. The frequency of the detection was chosen as
beamw,, necessary for the sum frequency signal generationf, +f,=1011 Hz. The receiving part is held on another arm
The minimal pulse duration for the, radiation is 270 fs, of the rotation stage. In our experiments we used two
and the central wavelength of the pulse spectrum is in thgchemes for the signal registration: “in transmission” geom-
range of 810—820 nm with a 10-mW average power. Toetry and “in reflection” geometry.
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FIG. 5. (a) Experimental measurements of the linear reflection FIG. 6. (a) Experimental measurements of the linear reflection

of light with wavelengths \;=736 nm (solid line and X\,

of light at wavelengths.; =703 nm(solid line) andA,=813 nm

=813 nm(dashed ling vs the angle of incidence on the structure. (dashed ling vs the angle of incidence on the structut®. Experi-
(b) Experimental measurements of the sum-frequency transmittethental measurements of the sum-frequency transmifgl (x)

1K0 (x) and reflected$? (O) signals.(c) Calculated intensities of
the transmitted S (dashed lingand reflected ) (solid line) SF
signals. The refractive indexes of the ZnS layers agéh\,)
=2.311,n;(\1) =2.33, n;(SF) =2.5; these of the SgHayers are
Ny(N\,)=1.434,n,(N\1)=1.435, andn,(SF)=1.442. In the insets

and reflecteed(s}) (O) signals.(c) Calculated intensities of the
transmitted § (dashed lingand reflected? (solid line) SF sig-
nals vs the angle of incidence of the radiation.

with a clarification of the action of the QPM together with

to (b) and(c) we show the culculated effective refractive indexes atipe nonphase matching enhancement. For this we performed

the fundamental frequenci«eﬁf2 and at the SMEE, and the phase
mismatching parameteage of the sixth-order QPM for the re-
flected signal vs the angle of incidence of the radiation.

The wavelengths ob; andw, beams andvg signal are
controlled by us of a spectrogragg@hromex 5001§ with a
liquid nitrogen cooled back-illuminated CCD detectérin-
ceton Instruments Inc.This equipment is not depicted in the
scheme.

V. EXPERIMENTAL RESULTS AND DISCUSSION

two series of measurements.

We first studied the properties of both reflected and trans-
mitted signals at SF versus the angle of incidence on the
PBG structure. These measurements were performed for two
sets of wavelengths of the; beam,A ;=736 and 703 nm;
the wavelengthh, of the w, beam was fixed at\,
=813 nm. The polarization directions of both FF beams
was set to be p.”

Figures %a) and 5b) and Ga) and 6b) show the experi-
mental measurements of the angular behavior of the FF pulse
reflection (a), as well as the transmitted and reflected SF
signals(b). In Figs. 5a) and Ga), the solid lines represent

The possibility of a nonphase matching enhancement ofeflection in the linear regime for the; =736 and 703 nm,
the nonlinear optical signal concerned with field localizationcorrespondingly; the linear reflection curve for the

at a fundamental frequency was predicted in R&€], and
demonstrated experimentally in Refd.7,18. The purpose

=813 nm is the same for both figures, and is represented by
the dashed lines. All linear reflection curves are normalized

of the experiments presented in this paper was concerneat their maximum values. The intensity of the SF signal is
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given in arbitrary units, and the units in Figs. 5 and 6 arethe 1
same. Thus we may compare the efficiency of transmitted

(@

(x) and reflected ©) SF signals for the two pairs of wave- E
lengths. S5
We find that the resulting relative shift of angular posi- :E)

tions of band edges for two chosen different wavelengths of &

A1;=736 and 703 nm leads to dramatic changes in the inten-
sities of the SF signal. First of all, the ratio between the 10
intensity of the transmitted and reflected SF signals change

(b)

tn

ts)

1

the reflected SF intensity, higher with;=736 nm, be- 5
comes lower than the transmitted one in the case\pf § 3
=703 nm. Moreover, the angular profiles of the signals ;?

change. FoiA;=703 nm[Fig. 6(b)] two peaks in the SF

generation angular dependence, of around 24° and 32°, ar

observed. _ L
These experimental results agree with the theoretical pre 3 40 \z/\

diction [Figs. 5c) and Gc)]. For the first set of two wave-

lengths\ ;=736 nm and\,=813 nm, the conditions for

the nonphase matching enhancement are optimal at the PB*

edges around theéd=22° [Fig. 5c)]. Moreover, at the SF ~ 0

A3=386 nm, the QPM condition are approximately ful- 20 30 20 0

filled. From the inset to Fig. 6) it is seen that the exact

QPM s fulfilled at an angle of incidence of 26°, and the FIG. 7. (a) Experimental measurements of the linear reflection

inset of Fig. %b) demonstrates that this is truly QPM, and of radiation at the fundamental wavelength=736 nm (solid

not dispersive phase matching. However, the maximum ofine) and at the SH wavelengtt, =368 nm(dashed ling and the

the reflected SF signal is localized at 22°. We may concludéntensity of the reflected second-harmonig) signal (©O) vs the

that under experimental conditions for the wavelengths gngle of inmgence of'the radiation on the sam.pjlﬁ.CaIcuIated

—736 nm anch,=813 nm the angular position of SF peak linear refl_ectlon coefficienR at the FF(dotte_d ling and at SH

is determined by the conditions of nonphase matching enldashed lingfrequency, as well as the density of the electromag-

hancement, while the values of reflected and transmitted SEEUC field at the FF inside the nonlinear layers of multilayer struc-

. . . ure |, (solid line) vs the angle of incidence on the structute).
signals are determined both by the nonphase matching en: lculated intensity of the reflected SH sigl) . The refractive
hancement and QPM interaction. Actually, the simulation. aleuiated intensty gng -

. . indexes of the layers at the SH frequency anmg;=2.55 and
shows that in the studied PBG _structure at ba_nd edg_es 1 2sH=1.45. In the insets we show the phase mi'smatching param-
energy of the forward-propagating FF waves in nonllneareterA, as well as the effective refractive index at the RE', and
layers glways exceed the energy of the_ backwardz; ihe sH frequencynS’, vs the angle of incidence.
propagating waves ,|E{ 12> |E{) |2 Thus, if the en-
hancement of the SF signal is caused mainly by the nonphasggher energy of the forward propagating FF in nonlinear
matching mechanism, the intensity of the transmitted SHayers.
wave exceeds the intensity of the reflected one. The opposite Second, we measured the efficiency of the second har-
correlation of intensities of transmitted and reflected SFmonic generation process, as a particular case of sum fre-
waves[Figs. §b) and §c)] testifies that nonphase matching quency generation, versus the angle of incidence on the PBG
enhancement and QPM interaction take place simultaneoushtructure. Figure (&) shows the results of the SH generation
in our experiment. measurementgpen circlg, where we used only one beam

Figure Gc) shows the theoretical angular dependencies ofv; with a wavelengthh;=736 nm. In Fig. 7a) the solid
intensities of reflectedsolid curvg and transmitteddashed line corresponds to the angular dependence of the linear re-
curve SF signals for the wavelength combinations  flection coefficient for a beam at a fundamental wavelength,
=703 nm and\,=813 nm. We see a rather good agree-and the dashed line corresponds to the SH wavelength
ment with experimental datgFig. 6(b)]. The edges of the (Agy=368 nm). Both curves are normalized to them maxi-
reflection curves do not cross in the range of 20°—@&g.  mum values. To record the linear reflection curve for the SH
6(a)], and, for this reason, the conditions for the nonphasavavelength, we generate the second harmonic signal before
matching enhancement are not satisfied simultaneously fahe PBG samplgust before the focusing lensl ; see Fig. 4
both wavelength. The QPM condition is fulfilled at an angleusing the thin LBO crystal. In linear reflection experiments
of incidenced=35°, but at these angles the density of theincoming beams at both fundamental and SH frequencies
FF field atw, is low enough, and the role of the non-phase-were p polarized.
matching enhancement is weak. As a result, there is only a The SH intensity reaches a maximum at angles where the
weak enhancement of the reflected SF signal. The intensitgdges of Bragg reflected curves at both FF and SH frequency
of the transmitted SF radiation is higher compared with theare crossed together. In this angular region the effective re-
reflected ondFigs. @b) and Gc)], and concerned with the fractive index at the FI-T=1‘§f increases, and the effective re-

0.0

=
E
S

£
&

S

20

SH

| )
60 9 (deg)
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fractive index at the SH frequencnygf decreases, which may of a quasiphase matching nonlinear signal greater than one
lead to the achievement of phase matching conditions irder of magnitude. The intensity of the nonlinear signal is
spite of the high material dispersion of the sample. The calweak even if the quasiphase matching condition is fulfilled,
culations showFig. 7(b) and 7c)] that in our experiment at but nonphase matching enhancement is absent, if the field
the PBG edge the conditions of QPM and nonphase matcHrequencies are turned far enough from the PBG edges. We
ing enhancement are fulfilled simultaneously. Moreover, thdiave experimentally demonstrated the nonphase matching
phase matching parameter for the fundamental and Sk@nhancement of a SF signal near the condition of quasiphase
waves (5'—n¢" reaches a minimum. Note that the intensity matching interaction, as well as simultancous SH generation
of the SH signal in the PBG structure under study, with aunder conditions of nonphase matching enhancement, qua-
number of perioddN=7 [Fig. 7(c)] is much less then in the siphas_e matching interaction, and near dispersive phase
“ideal” case with N=20[Fig. 2(c)]. This is concerned with ~matching.
the strong absorption of the SH wave in ZnS layers of the

real structure, as well as with the different structure thick-

nesses.
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