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Using the concept of an effective medium, we derive coupled mode equations for nonlinear quadratic
interactions in photonic band gap structures of finite length. The resulting equations reveal the essential roles
played by the density of modes and effective phase matching conditions necessary for the strong enhancement
of the nonlinear response. Our predictions find confirmation in an experimental demonstration of significant
enhancement of second harmonic generation near the photonic band edge. The measured conversion efficiency
is in good agreement with the conversion efficiency predicted by the effective-medium model.
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[. INTRODUCTION cuss owe their increased efficiency to the simultaneous avail-
ability of: (a) exact phase matching conditiofk7]; and (b)

The past two decades have witnessed an intense investiigh localization of the fields with frequencies tuned to trans-
gation of electromagnetic wave propagation phenomena ahission resonances near the photonic band edge.
optical frequencies in periodic structures. Usually referred to  Although it is generally agreed that phase matching con-
as photonic band gai’BG) crystals[1], the essential prop- ditions and strong field localization are responsible for the
erty of these structures is the existence of allowed and forenhancement of nonlinear interactions near the band edge,
bidden frequency bands and gaps, in analogy with energpere we set out to understand how these effects specifically
bands and gaps of semiconductors. Many applications havgfyence nonlinear field dynamics in structures of finite
been envisioned in one-dimensional systems, which usualliyngiy e, with the introduction of entry and exit interfaces.
consist of multilayer, dielectric stacks, and include: a nonlin—t,o importance of the concept of the finiteness of the struc-
ear optical limiter{2] and a diodd3]; a photonic band edge {,re cannot be understated, and is reflected in the following
laser[4]; a true-time delay line for delaying ultrashort optical ¢ongitions: the spatial extent of incident pulses may exceed
pulses[5]; a high-gain optical parametric amplifier for non- {he spatial extent of a typical structure by several orders of
linear frequency conversidi6]; and more recently, transpar- magnitude, as in Ref6]. The circumstances that arise in this
ent metal-dielectric stacks’] and all-optical switchind8].  ¢ase are not the same as those that are typically considered

Some dem_onst_rations_of the_ potential applications of th_eSPl4,13, where the structure is taken to be much longer com-
structures in higher dimensional systems have been hlgkb-ared to the spatial extent of the pulse.

lighted recently with the realization of photonic crystal fibers’ e paper is organized as follows: in Sec. Il we discuss
[9], and in the microwave regime with the development of aie pasic linear properties of 1D PBG structures of finite
PBG structure for applications to antenna substrgtes length, and we develop the effective-medium model. This
Second harmonic generatiéSBHG) has been experimen- anhr0ach will then be used in Sec. Ill, where we derive
tally observed under different circumstances. As an examplgyoypled mode equations for nonlinear quadratic interactions.
we cite the observation of SHG in a centrosymmetric, CIYSFinally, in Sec. IV we report preliminary experimental re-
talline lattice of dielectric spherdd 1]; in a semiconductor ¢ its where enhanced SHG was observed for a 1D PBG
microcavity [12]; and near the band edge of a ZnS/StFgcture  composed of 37 periods of alternating
multilayer stack[13]. From a theoretical, more analytical Gay Al sAS(135.1 nm/AlAs(106.4 nm layers. The experi-

point of view, the study of nonlinear opti_cal ?nteractions in mental results are in good agreement with conversion effi-
PBG structures has been undertaken mainly in regard to soliiancies predicted by the effective-medium model.

tonlike pulsegoften referred to as gap-solitoria cubic y®
[14] and quadratig/(®> media[15]. One of the more intrigu-

ing aspects related to thd?) response of PBG crystals that Il. THE PBG STRUCTURE AS AN “OPEN CAVITY":

is of interest for a number of applications is the possibility of - hensiTy OF MODES AND EFFECTIVE DISPERSION
significantly increasing the conversion efficiency of nonlin- RELATION

ear processes. We cite the enhancement of SHG as the sim-

plest and well-known parametric nonlinear process, although Under the monochromatic plane-wave approximation, the
in general our discussion is valid even for more complicatedHelmholtz equation for the evolution of the electric field in a
multiwave mixing processd46]. The processes that we dis- lossless PBG structure is
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FIG. 1. Square modulus of the
field distribution corresponding to
the frequency that identifies the
first transmission resonandéhin
line), and the second transmission
resonancethick line) away from
the band edge. Inset: the two band
edge resonances, labeled as | and
Il, for a 20-period, 12a«m, half/
quarter-wave stack. The indices of
refraction are n,=1 and ny
=1.42857. The layers have thick-
nesses a=M\y/(4n,) and b
=No/(2Np), Ag=1lum, g
=2mc/\g.

Z(um)

d?d, w?e,(2) metastable stat€19a)], and then slowly leaks out through
92 T = 2.70 (1) theinput and output surfaces as shown in Figs. 2. As a resullt,
the problem does not admit true eigenstates intended in the
traditional sense of the word, i.e., a complete basis of expan-
which is subject to the following boundary conditions at thesjon in the space between0 andz=L [20]. Nevertheless,

input (z=0) and output £=L) surfaces: the problem admits metastable, or quasistationary states that
by virtue of their localization properties can be associated
1+r,=d,(0), t,=d,(L), with an effective density of modg®OM). One way to de-

fine a proper DOM for structures of finite length is to resort
to the spatially averaged electromagnetic energy density. For
i(2>(1—r )= do,(0) i(w)t :dq)w(l-) @) the field distribution® ,(z), which is expressed in dimen-

c dz c dz sionless units, we define the DOM &see the Appendix

2

c 2
2
8w(z)|q)w| + (1)2

1
pw_m 0

w

wheree (z) is the spatially dependent, real dielectric per- 7
z

mittivity function. For simplicity, in Eqs(1) and(2) we have
normalized the electric field with respect to the amplitude of
the incident electric field by introducing the following di-
mensionless quantities:d)w(z)zEa,(z)/E'w. Also, t,
=(E! /E! Yexdi(wl)L], r,=E"/E' :® (2) is the linear

dz 3)

In general, the DOM should reflect the localization proper-
ties of the field inside the structure. Integrating E8). by
parts, we note that the second term on the right-hand side is

field distribution inside the stack,, andr, are the coeffi- L L

cients of transmission and reflection, respectively. f |d¢w/d2|2d22(w/0)2f £,(2)|®,|%dz
E! ,E' E! are the incident, reflected, and transmitted fields, 0 0

respectively. These quantities can be numerically calculated —(2wlc)Im(r,).

using the standard matrix transfer technique.

Equation(1) and (2) describe anon-Hermitian problem Consequently, the expression for the DOM in E8). takes
because Eq(1) is supplemented by boundary conditions aton the following, more suggestive form:
the input and output surfaces that give rise to a reflected and
a transmitted wave from the structure. In other words, we are _ -
dealing with anopen cavityproblem[18]. Even if the field Po™T¢ 0
appears to become well localizetsidethe cavity, as shown
in Fig. 1, for example, the field is never really confined in theFrom Eq.(4), it is clear that the DOM is directly linked to
true sense of the word because the field must first enter artie localization properties of the field distribution of the
eventually exit the structure. Thus, while the field distribu-metastable stat® ,(z) inside the PBG structure.
tion in Fig. 1 strongly resembles a bound-state function, a In Fig. (3), we compare our definition of the DOM
time-domain analysis of the problem shows that the wavevith the definition given in Ref[21], namely, p,=(1/
first enters the structure, gives rise to a highly localizedL)(d¢;/dw), wheree,(w) is the phase of the transmission

L

d |2dz— ! | 4
8w(z)| w| z I m(rw)- ( )
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FIG. 2. (8 2-ps incident and transmitted
12 . Gaussian pulses with unit incident amplitude,
with carrier frequency tuned at the first transmis-
sion resonance of the PBG structure. The spectral
bandwidth of the pulse is much narrower with
8 1000 respect to the bandwidth of the transmission reso-
Z nance. Note that spatial extent of the pulse with
@ respect to structure length is to scale). Internal
5 field profile when the peak of the pulse reaches
= the structure. Inset: the pulse is shown in its en-
- tirely. The large spike visible in the inset corre-
sponds to the field profile of the figure. Note that
most of the pulse is located outside the structure.
o A Y (c) Metastable states for 2-g€ig. 2(b)] (thin
0 3 6 line) and for the 200-fs pulseghick line). The
(b) longer pulse is much more localized than the
shorter pulse due to its narrower frequency band-
12 width.
8
>
~d
‘A
=
[-*3
=
fl= 4
0 4 8 12
(©) z (Lm)

function, defined as,=|t |exfdi¢(w)]. These two very dif- between the localization properties of the metastable states
ferent formulations of the DOM vyield the same results in theand the concept of DOM. Once the DOp, has been de-
passband, and show only modest quantitative departures ifined in Eq.(3), it is then possible to find aeffective disper-
side the band gafsee inset of Fig. 8 Although quantitative sion relationfor a generic, finite structure, not necessarily
differences are slight, our definition given in E§) is more  multilayered, in arunambiguous waj22]. The real part of
appealing from a physical and a conceptual point of viewthe effective dispersion relatidk (w) is the solution of the
because, contrary to the definition given in RefL] in terms  following first-order linear  differential  equation:

of the transmission function, it establishes a clear direct linlkdk,(w)/dw=p,, supplemented by the initial condition
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FIG. 3. Density of modes for the PBG structure described in the 1 . 0121

caption of Fig. 1 calculated using E() (solid line) and using the ¢ 5
phase of the transmission functi¢dotted ling. Inset: inside of the r

gap is magnified. The difference is about 10% at center gap.
0.08~

k,(0)=0. The imaginary part of the dispersion relation is
calculated by invoking the causality principle through the
Kramers-Kronig relations: 0.04-

k(w)= —(ZIW)PJ:[ri(Q)/(QZ—wz)]dQ.

From the effective dispersion relatiork(w)=k,(w) 0.5

+ik,(w), we can also introduce an effective index[28]:

k(@)= (/c)Agy(w)=(w/c)[Niy(w)+inky(w)]. Both real and  (b) L0}

imaginary parts of the effective index of refraction are plot- o

ted in Figs. 4a)—4(b) for a 2- and a 20-period structure, and dFIG' 4. (g);eall_ dpart of the effective d'.ndex for a(leg dafhe)sh
mpared with the dispersion relation of the infinite struc-on 20-perio (solid curve structure; dispersion relation for the

comp infinite structure(short dashes In the inset the band edge is mag-

ture. nified. (b) Imaginary part of the effective index, same as Fi@) 4
without the 2-period curve. The real part of the index displays
. x‘® INTERACTIONS AND THE EFFECTIVE MEDIUM anomalous dispersion inside the gap and between resonances. The
APPROACH imaginary component is identically zero at each transmission reso-
nance.

In addition to the full numerical integration of Maxwell’'s
equations to solve for the nonlinear dynamics in a F)BG'[he interaction were taking place a bulk material of the
structure] 6], other approaches also exist in the form of more_. o lenath.. but with anger;fective dispersion relation as
approximate solutions: a Green'’s function approgz®a)], _engtit-, P .

. described in Sec. Il. In the case of two monochromatic waves
and a coupled mode theofg23(b)], in the case of shallow

T : S : t fundamental frequendfFF) w and second harmonic fre-
ratings; a Bloch mode expansion for periodic gratings of X
grbitr;ry deeff24]. In this wpork we prop%se a sig\ple gnd quency(SH) 2w, each tuned at a peak of transmittance where

elegant approach based on our effective-medium model thﬁ%'r?ﬁg'réiﬁ/ lpeaét r?]];t(?: gﬁﬁg:\éisd'ivfﬁtt;]o?orrelﬁgogfézcztﬁ/rg
gives a direct estimate of the conversion efficiency whe ’ P q

strong localization effects and the appearance of metastable
states of the kind discussed above come into plBlye

edium are

method that we propose can be applied to any generic linear dA, _._ v * :

index profile provided spectral band shifts do not ock25. dz 'ni(w)c deitfouAy eXHiAkerZ], (53
The effective index approach can simplify the problem of

calculating the conversion efficiency gf?) interactions in dA, ©

PBG structures because in this picture the fields “see” an =i— defrAf, exf —iAKgz], (5b)
effective bulk material with a well-defined dispersion rela- dz Neit(2w)C
tion.

We write the coupled mode equations for nonlinear quawhere Ak 4=k (2w)—2k,(w) is the effective phase mismatch

dratic interactions in a finite PBG structure of lendttas if ~ calculated using the real part of the effective dispersion re-
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‘z {pup

lation; ng is the real part of the effective index; angy is o —
the effective nonlinear coupling coefficiedefined as o8
06
(., 5 04
dumi [ dP@I0 @ 0s2l0z @) Al

r Alpm)

whered(®)(z) is the quadratic coupling function. It is over- . 025
lapped with the square modulus of the linear FF field and theg i
modulus of linear field at the SH frequency, both calculatedg ]
using Egs.(1) and (2). For second harmonic generation in ¢ 45t L
the undepleted pump approximation, we obtain the expres:a i L
sion for the conversion efficiency in analogy with the con-
version efficiency calculated for bulk materials, 0.05-

.8

on €
\

convel
\
.

8m2dZ, Lsz

o Akl
- sin
7 [Nt @) 1°N5e(20) gCN2

2

), (7) 0 20 40 60
I, (GW | cm®)

wherel ,=(3)eocniy(w)|A, is the scaled input pump inten-

sity. From Eq. (4), at the peak of transmittance,, FIG. 5. Second harmonic conversion efficiency vs the input

:(1/LC)f|68w(Z)|(Dw|2dZ. As a consequencedy is en- pump inrt]ensity in ;he undepleltec_i pump approl_ximaﬁdotted Iir}é

hanced by a factor proportional to the DOM when the FFanf]I In the case of pump dep etlo_u:ontlnuous m@z_ A conversion

fi . . . . 2) efficiency of approximately 15% is reached for input pump inten-

leld is localized inside the nonlinear layetypodajer  sity of 40 GWic. Inset: Transmittance for a 30-period 6,

where dgy)er is the actual second-order susceptibility of the sjo,/AIN, quarter-wave/half-wave stack. The reference wave-

nonlinear layer. Therefore, we expect an enhancement of thength is 0.53um. The FF(800 nm and SH(400 nn) fields are

conversion efficiency approximately proportionalpti). tuned to the first transmission resonance near the first-order band
In order to draw meaningful comparisons with an appro-gap and to the second resonance near the second-order gap, respec-

priate bulk material we can define, from E), a figure of  tively.

merit F™e as: _ _ _ o _
as discussed in Reff6]. The conversion efficiency obtained

L ) numerically is approximately equal to what the effective-
2L,

, der |2
merit_ Lz(d(; ) sin@ 8 medium model predicts.

layer,

whereL .= 1/Ak.y is either one coherence length in the case IV. EXPERIMENTAL RESULTS

of IbltJ”ZJ m.at?r?al or |th$f ef:gctlyedcohe?retr;]ce Iengttﬁffb CSEG We now demonstrate SH enhancement due to an increase
culated via the real effective indexy in the case of a of the density of modes and to the effective phase match-
structure. ing conditions discussed above. We designed and fabricated

Now that we have developed all the major components of, “1y semjiconductor structure, grown by metallorganic
the model, we mention its fundamental limitations. Coupled

mode equation$5) cannot give detailed information about
the actual nonlinear dynamics of the fields inside the struc-
ture. This is evident if we recall that our approach to the
problem consists in substituting the finite PBG structure with
an equivalent length of bulk material and an effective disper-
sion relation. As a result, we cannot expect that this model
will yield both a reflected and a transmitted component.
However, the solutions of Eqé5) yield remarkably accurate SH Energy

energy conversion efficiencies when compared to the conver- e

sion efficiencies calculated by numerically integrating the 00 1000 2000

nonlinear coupled Maxwell's equation§]. In Fig. (5) we

calculate the SH conversion efficiency for a multilayer stack P

[see caption of Fig(5)]. The structure was designed to sat- fime (in units of 2,/c)

isfy the perfect phase matching conditions in the sense of the i 6. Energy converted from the pump to the SH field as
effective index:Ake;=0, with the pump incident at an angle fynction of the time) f corresponds to a wavelength ofun. We

of 30° with respect to the surface of the structure. We find gyump with a 2-ps pulse incident from the left, with 40 GW/cai
conversion efficiency of approximately 15% in a single passeak input intensity. The conversion efficiency, given by the
through the device, with input power levels of 40 GWfcm amount of energy converted to SH divided the total amount of
To test the validity of the effective-medium model, in Fig. initial energy in the FF, is approximately (4/38)13%, in good
(6) we plot the results of a numerical integration carried outagreement with that predicted by the effective-medium model.

Pump Energy

[
~
1

[N
IS
T

Energy (arb.units)
£

-]
T
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FIG. 8. Top view calculateddotted line$ and measured@solid
lines) transmission spectra around the fundamental and the second
harmonic wavelengtkindicated by vertical arrows Bottom view:
inferred DOM (full line) and effective refraction indexdashed

FIG. 7. Schematic view of the experimental, semiconductoriin€s.

sample. The incidenc@) and azimuthal¢) angles are also repre- ) o
sented together with the crystal axis. lower curve depicts the calculated DOdolid lineg, nor-

) malized to the DOM corresponding to one coherence length
vapor-phase epitaxy on a GaAs substrate, composed of 3 Ga,,Al, ,As, for a TM-polarized FF. The expected DOM
periods of GgAlg2AS(135.1nm)/AIAs(106.4nm). The enhancement is 7.1 for FF and 4.5 for the SH. Note that, as
Ga 7Alg AAs and AlAs refractive indices ane,=3.231 and  gjready stressed, these values are close to those expected for
2.902 at FF wavelength, ant,,=3.4662 and 3.0149 at the 3 TE polarized FF6.8 and 4.3, respectivelyThe dispersion
SH wavelength, respectively. The details of the experimengf the effective refractive index is represented as well for a

will be reported elsewher26]. Here we give a brief over- TM polarizedF (dashed lines The effective refractive indi-

view of the results. The structure was grown on the usuages aren’;IM=3.1539 andn([5=3.1584 for the FF, and

[QOl] direction, and deS|gneq_1‘0r operation at an obll.que |n-n;,fngnH: 32362 andn;'ﬁTEH= 3.2355 for the SH. It becomes
cidence angle. Indeed, the higBs symmetry of lll-V zinc-  clear that under the present experimental conditions, material
blende semiconductors leaves only one nonlinear coefficiedispersion is too high to be fully compensated with geometri-
(dyy) for the second-order susceptibility. Though this coeffi-cal dispersion alone. Nevertheless, an appreciable chagge
cient is extremely large120 pm/V for GaAs, one important  aimost a factor of Bon the effective coherence lengtf is
consequence of the symmetry rules is that second-order premtained with respect to the original one. Moreover, this
cesses are forbidden along the three crystal axes of widelyhange is different for a TM- or a TE-polarized FF wave-
used substrate orientations for mature epitaxy technology opngth: LT e"—2 8q _ andL]5°"=3.03_.. This gives a di-
GaAs(that is,[100], [010], and[001]). A solution consists of o wayc, without the need of any external calibration, of
sending the laser beam on the structures at an oblique angll%sting the effective parameter theory.

For a FF external angle of 10° with respect to the stack axis, From these considerations. and using ), we expect
the Ga -AlgAs effective x@ is of the order of 13 pm/V,  enhancement factors of ’ '

and almost zero in the AlAs layers. This external angle cor-

responds to a very small internal angte3°) for which the ey TM—TM metity TE-TM
PBG’s FF resonances are almost identical for incident TM —merit =10.8 and et =68.4
and TE polarized fields. As we will see in the following, this Lc Le

allows us to directly test the influence of the effective phase . . .
matching conditions by comparing the performance of themg:}ri{e_spect tc_> one cohere_nce length of nonlinear material.
PBG operated for a TM- or a TE-polarized FF wavelength. /1, IS the figure of merit for one coherence length of
Figure (7) depicts the geometry of the air/PBG/air sus- G& 7AlgsAs. While the TM-polarized FF wavelength DOM
pended sample as well as the FF angle incidence with respeiét comparable to that for the TE polarization, the figure of
to the crystallographic axis. We recall that for an azimuthalmerit is significantlygreater for a TE polarized FF wave-
angle ¢= /4 (azimuth corresponding to the angle betweenlength than for the TM. The TETM process owes its in-
[100] crystal axis and the projection of the wave vector oncreased efficiency with respect to the TN'M process pri-
the (001) plang only TM—TM and TE—=TM interactions marily to the smaller mismatch in the effective index
are allowed by the symmetry of thg?’GaAl,_,As tensor.  (Ang=0.0778 for TE-TM to be compared toAng
Figure (8) (upper tracesdepicts the expecte@olid line) =0.0823 for the TM=TM cass.
and measuretotted ling transmissions for TM polarization In the experiments we used 8-ps pulses generated by a
around the FF and SH wavelength. Stop bands are clearijpode-locked fiber-laser, with 20-MHz repetition rate. The
visible near 1.52 and 0.78m. The arrows indicate the op- laser source is tunable between 1.53 and b6 Figure 9
erating FF(1.55 um) and SH(0.775um) wavelengths. The represents the second harmonic intensity as a function of the
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w 70 effective nonlinear gain are strongly attenuafédl as dis-
= 60 A cussed in earlier sections and in FigbR In addition, ex-
> 50 /\ periments performed under a different azimuthal angle dem-
£ / \\ onstrate clearly that surface and interface second harmonic
© 40 . .. . .
< s : generation are negligible, and constitute additional proof that
B 30 / \_ the observed enhancemégg6] of second harmonic genera-
S 20 /./- , tion is primarily due to the simultaneous availability of high
€ 10 N mode density and change of coherence length near the band
T  of=" = edge.
O 546 1548 1550 1552 1554 1556

FF Wavelength (nm) V. CONCLUSIONS

FIG. 9. Second harmonic intensity as a function of the funda- In summary, we have analyzed the properties of nonlinear
mental wavelength. Fundamental is polarized TM #@sd10°. guadratic interactions near the photonic band edge by study-
ing the linear properties of finite PBG structures and by us-
FF wavelength. The FF wavelength is TM polarized, with aing the concept of an effective medium. We arrive at nonlin-
mean power of 30 mW. The external and the azimuthakar coupled mode equations that are formally similar to the
angles ared=10° and ¢ = 7/4, respectively. The spectral equations for quadratic interactions in bulk materials, scaled
width of the generated SH is comparable to the bandwidth oby the appropriate coupling coefficients that define the
the SH resonance, clearly demonstrating the effect of PB®ultilayer stack. These equations predict energy conversion
double resonance. Figure 10 represents, in a semilogarithmfétes that are in agreement with those predicted by an inte-
scale, the SH signal generated in transmission with a TMration of the coupled wave equations in the time domain,
(filled circles and a TE(filled squares polarized FF wave- and with the experimental results. Both theory and experi-
length, as a function of the fundamental power. Both curvegnent suggest that enhancement effects near the band edge
follow the expected quadratic behavior. Also represented igre entirely due to the simultaneous availability of field lo-
the SH signal generated by one coherence length otalization(high density of modgsand the engineering of the
Ga, Al As under identical geometrical conditiofEM is ~ phase matching conditions. In our view, these unusual cir-
in open circles, and TE in open squateBhe FF azimuthal cumstances make PBG structures the best candidates for
angle is¢p= /4. The measured enhancement is ten tild@s ~ Micron-sized nonlinear frequency converters based on qua-
times for TM (TE) incident FF wavelength, in good agree- dratic nonlinearities.
ment with the theoretical prediction.
The good agreement obtain_eo_l between the_ experimental ACKNOWLEDGMENTS
results and the theoretical predictions, for an azimuthal angle
of ¢=m/4, clearly shows that the higher DOM and the ef- Two of us(G.D. and M.C) are grateful to the U.S. Army
fective coherence length are responsible for the observed efuropean Research Office for financial support. This work
hancement of SH in the PBG. The role that the DOM playswas also supported by the OPEN Esprit project ANLM.
was furthermore emphasized by a comparison of present re-
sults and experiments performed on the same sample using
100-fs incident pulses. In contrast to the 8-ps long pulses, the
shorter pulses have bandwidths much larger than the PBG The definition of DOM given in our Eq3) can be justi-
resonance bandwidth and effects due to field localization anfled in analogy with the quantum mechanical properties of
massive particles. The probability that a quantum particle

APPENDIX

m can be found with a momentum betwefek andz (k+dk) is
= -t iven b
5 T aven by
g0 dP(k) = (k) 7* (K)dk, (A1)
3 [ e
‘0 1 Vs " . whereW (k) is the wave function of the quantum particle in
k5 Dl B = Al the momentum representation. Mapping E41) into the
c 1 O AIGaAS one coherent length TM b frequency domain can be accomplished with knowledge of
% ”‘A'GaAS°”e|°°“ere"“e”9|‘“TE the dispersion relation. That is, K=k(w), the mapping
10 15 2'0 2'5 30 P(k)—p(w), ¥(k)— () leads to

Fundamental mean Power (mW) dp(w)=(w)y* (w)p,do, (A2)

FIG. 10. Second harmonic intensity as a function of fundamen-
tal power. Filled circlegsquares correspond to a TMTE) polar-  Where p,,=(dk/dw) is the DOM. From Eq.(A2) we for-
ized fundamental. Also indicated are the values for 84 As  mally obtain the expression for the DOM in the following
coherence length. form:
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dp(w) ations in mind, we express the DOM for the finite 1-D PBG
do structure as the spatially averaged electromagnetic energy
Po=T3. (A3) density, which in our case plays a role analogdpéw)/dw,
| ()] as in Eg.(A3). The normalization factor found in E¢A3),
|y(w)|?, is then replaced by the energy density of the inci-
dent fieldc|E! |2. We therefore write the DOM as

Note thatdp(w) is only proportional, and not equal, to the
probability that a quantum particle can be found with an
energy betweerkw and%(w+dw) because in general the 5
mapping of the functions fronk space into the frequency il £,(2)|E |2+ —5 |—2
domain via the dispersion relatide=k(w) does not corre- 2L Jo| ¢ ¢ %] dz
spond to a unitary transformation. Pu= CET? . (A4
Following Bohm[19b], in the case of classical electro- ©
magnetic fields, i.e., when many quanta of light are excite
in a coherent state and the classical limit is approa¢B&}
we may resort to thelectromagnetic energy densityat in
this case plays a role analogous to the role played by the
probability density in the case of massive, quantum particles. Po==—
In fact, in the classical limit, the electromagnetic energy den- ¢ 2Lc Jo
sity U, is proportional to the mean number of photons in the
range fromw to (w+dw) [19b]. Keeping these consider- that is, the definition of DOM we give in E@3) in the text.

L 2

dz

qntroducing the dimensionless field distribution inside the
PBG structure a® ,(z)=E,(z)/E!,, we obtain,

2

2
, ¢
([P, + —

w

dz

dz, (A5)
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