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We present a numerical study of second-harm@8id) generation in a one-dimensional, generic, photonic
band-gap material that is doped with a nonling& medium. We show that a 20-period, 12r structure can
generate short SH pulsésimilar in duration to pump pulsgsvhose energy and power levels may be 2—-3
orders of magnitude larger than the energy and power levels produced by an equivalent length of a phase-
matched, bulk medium. This phenomenon comes about as a result of the combination of high electromagnetic
mode density of states, low group velocity, and spatial phase locking of the fields near the photonic band edge.
The structure is designed so that the pump pulse is tuned near the first-order photonic band edge, and the SH
signal is generated near the band edge of the second-order gap. This maximizes the density of available field
modes for both the pump and SH field. Our results show thatReresponse is effectively enhanced by
several orders of magnitude. Therefore, mm- or cm-long, quasi-phase-matched devices could be replaced by
these simple layered structures of only a few micrometers in length. This has important applications to
high-energy lasers, Raman-type sources, and frequency up- and down-conversion schemes.
[S1050-294{@7)09009-4

PACS numbe(s): 42.65.Ky, 42.79.Nv, 41.20.Bt, 78.66w

I. INTRODUCTION vacuum. The PBG material acts like a medium whose index
of refraction is 14. We remark that this is a linear effect that
Recently, one-, two-, and three-dimensional periodic di-s entirely due to interference effects of light near the pho-
electric structures have attracted a great deal of attention itpnic band edge.
the optics community1,2]. In such materials, electromag- Previous investigations of nonlinear optical behavior in
netic field propagation is forbidden for a range of frequen-large-index modulation, one-dimensional PBG structures by
cies, and allowed for others. The nearly complete absence ofther authors have focused art®) processeg8], such as
some frequencies in the transmitted spectrum is referred to aptical switching and gap-soliton propagation. In this paper,
a photonic band gagPBG), in analogy to semiconductor we study the effects of propagation iy active medium.
band gap$3]. This phenomenon is based on the interferenceéAlthough these nonlinear processes are of different order, it
of light; for frequencies inside the band gap, forward- andhas been known for some time that second-order nonlineari-
backward-propagating components can cancel destructiveljes can lead to an effective nonlinegf®) response, and
inside the structure, leading to complete reflection. large phase shifts in the fundamental bef®h Only re-
Two- and three-dimensional structures, in particular, havesently, however, has the nature and extent of the phase shift
been the focus of many studies over the past few years. Herbgen extensively studied theoretically and experimentally
however, we study the dynamics associated with ultrashoftlO]. As a result, novel, lower-intensity approaches to all-
pulses(about 1 ps or legsn one-dimensional systems. One- optical switching that utilize second-order nonlinearities
dimensional structures are simple, and they often providéave been devised 1].
proof-of-principle results that are fundamental and that may In part, this work was originally motivated by a recent
be extended to higher dimensions; they can also be morssue ofPhysics Today12], where several aspects of non-
easily fabricated to satisfy current technology needs. For exinear optical interactions—including second-harmo{8ti)
ample, some potential applications that have been highgeneration, materials, laser tunability, and conversion
lighted recently are the prediction of optical limiting and efficiencies—were all discussed. Recent and extensive litera-
switching of ultrashort pulsef4]; nonlinear optical diode ture that exists on SH generati¢®@—27 is evidence of the
behavior[5]; the photonic band-edge lasgs]; and (more importance of the process; also important are frequency up-
recently the theoretical prediction and the experimental veri-and down-conversion, and the more general issue of obtain-
fication of a tunable, optical true-time delay lifg). In Ref.  ing laser radiation at frequencies generally not accessible
[7] we showed that a ps pulse could propagate undistortedith a more direct process.
through a 30-period GaAs/AlAs PBG crystal onlyu#n in SH generation and enhancement in periodic structures
length, with a tunable delay of 10-11@m, making the was first suggested in the early 197@8]. Because of the
delay-to-device length ratio greater than one order of magniphase mismatch between the fundamental and SH fields, op-
tude. The predicted and measured minimum in the groupimal enhancement was predicted only for the reflected SH
velocity was of orderc/14, wherec is the speed of light in  component. The idea is to introduce a periodic modulation of
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the linear background index in order to induce a phasethe second-harmonic signal, in qualitative agreement with
matching condition for second harmonic generation. Thighe results for SH enhancement in a uniform, shallow fiber
can be accomplished in either a uniform Bragg grating gegrating.
ometry[29], or in a periodic structure with a defect mode In general, several procedures have been developed to
[30,31] sometimes referred to as a Fabryrdtecavity mode; analyze nonlinear wave mixing and harmonic generation in
both approaches are qualitatively similar. Phase matching ahultilayered structurels35,36. In Ref.[35], for example, the
SH waves is also possible in thin-film waveguides if a peri-matrix transfer method is modified in order to take into ac-
odicity, or corrugation, is introduced in the film deposited oncount nonlinear polarization sources in the undepleted pump
a substratd32]. In general, however, cavity-enhancementregime. In Ref[36], a formalism that includes a combination
schemes rely on creating a resonant cavity for either thef Green’s functiong37] and the matrix transfer method is
pump or the second-harmonic field. In the first case, eitheleveloped to handle plane-wave propagation in an arbitrary
field may be tuned near the band edge; in the case of a cavityultilayer geometry. Our interest here is to extend the analy-
with a defect mode, the resonant mode is found inside thsis of SH generation and enhancement to arbitrarily deep
photonic band gap, where a transmission resonance is cr®BG gratings in the pulsed regime by directly integrating
ated thanks to the introduction of a phase slip within theMaxwell's equations in the time domain.
structure. Our results generally indicate that the enhancement
The first experimental demonstration of reflected SH genmechanism that we predicted—and later demonstrated in
eration enhancement was accomplished with counterprop@BG structures in the linear reginié,38—can lead to fre-
gating beams in a 17-layer, GaAsySla, _,As, quarter- quency up-(or down) conversion rates nearly three orders
wave structure[33]. The quarter-wave condition was of magnitude better than conversion rates achieved with or-
satisfied ath=2 um. In the experiment, a 2im beam was dinary phase matched materials, or in fiber grating geom-
up-converted to J+m radiation. The fundamental beam was etries. The geometrical properties and the periodicity of the
tuned in the middle of the photonic band gap, where maxiphotonic “crystal” can act to significantly modify the den-
mum pump reflectiorfabout 70% occurs. The higher-order sity of electromagnetic field modes near the band edge, thus
gap was centered at approximataly:-0.7 um, and the SH facilitating the emission of the SH signal at a much-enhanced
signal was tuned in the middle of the pass band. rate. More importantly perhaps, this means that current fab-
More recently, experimental observations of an enhancetcation issues that arise in ordinary quasi-phase-matched
SH signal have been reported in a vertical-cavity geometngtructures can be avoided altogether by utilizing current tech-
composed of GaAs/AlAs layers, where 10%/W enhancementology for deposition of semiconductor or dielectric thin
of gain with respect to bulk was observed in the undepletedfilms.
pump (or linean regime[34]. The structure was optimized to In our past work we emphasized pulse propagation and
confine the fundamental field efficiently, and hence providedynamics within the context of a small number of periods
increased SH gain. Also recently, experimental evidence of15—30 in genera) and large index contrast between layers
SH signal enhancement in a PBG structure with a Fabry{dn of order unity. This situation differs significantly from
Paot defect mode has been reported; these results also sugedinary distributed feedback reflectors DFB’s with small
gest order-of-magnitude enhancement of the SH sigg| index modulationthousands of periods angh=<10"3), in
Analytical results for the case of uniform, shallow Bragg that ultrashort pulses can be transmitted through our PBG
gratings (index modulation depth less than 1) with a  crystal with large retardation, and without any significant
resonant, plane-wave SH field indicate order-of-magnitudelegradation, as theory and experiment clearly shdjvIn
enhancement of SH generation near the band edge of a fibeontrast, small-index-modulation DFB'®r shallow fiber
grating[29]. However, significant enhancement is expectedgratings can be highly dispersive, even for long pulses, lead-
only for a narrow-frequency bandwidth because of the smaling to pulse broadening in the linear regime. In general, both
index modulation depth. Also, numerical integrations of PBG’s and DFB’s are geometrically similar. However, sev-
Maxwell’'s equations with boundary conditions that includederal physical characteristics are in fact very different, the
a defect mode have been carried §8@] using the matrix most obvious being their physical lengths. Also, the band-
transfer method. The authors assumed a resonant seconwlidths and features of both transmission resonances and
harmonic field, and only a forward-propagating pump. Theyband gaps are considerably larger for PBG structures than for
did not consider pump reflections because the pump wasrdinary DFB’s.
assumed to be tuned away from any resonance or the band Consideration of nonlinear effects can highlight even
edge. This neglect is not valid in the case of deep-gratingnore dramatic differences. Typical nonlinear index changes
PBG structures, since inside the structure forward- andn GaAs or AlAs layers can be of ordeiny ~10 3. This
backward-propagating components can be very significaritnplies that nonlinear index shifts can be larger than the
even away from the band edge. For example, we have showmear index modulation depth. Consequently, the location of
that for an index modulation of order unity, the Poynting the gap on the frequency axis can shift dramatically to higher
vector inside the structure contains forward- and backwarder lower frequencies, and its bandwidth can increase or de-
propagating components of nearly the same magnitude. Atrease significantly, depending on the sign of the nonlinear-
frequencies near the band edge, where the transmission may. This effect is credited for the onset of pulse narrowing
be unity[7], there are no reflected waves from the structureand solitonlike pulses of 25—-60 ps in duration, which have
multiple reflections inside the periodic structure must theretecently been observed experimentally in a fiber grgtae].
fore be accounted for to all orders. Nevertheless, the authorBhe frequency bandwidth of such pulses can be much wider
of Ref.[30] also found order-of-magnitude enhancement ofthan the gap itself, and tuning the pulse near the band edge
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causes considerable linear dispersion, as was recently showrease by a factor of 5. The only limitations appear tdde
[39]. Such dispersion is necessary for the observation of thithe transmission resonance bandwidth decreasesN& 1/
solitonlike behavior. whereN is the number of periods, so that the pulse duration
In contrast, the frequency bandwidth of a pulse only a fewneeds to be increased in order to ensure large pump enhance-
hundred optical cycles in duration can be smaltlgpending ment inside the structurgtl]; and (b) material breakdown
on the wavelengththan the bandwidth of the PBG's first may occur because of excessive electric-field buildup, or en-
transmission resonance peak, where the group velocity is B@ncement, inside the structure. .
minimum. Here, ultrashort pulse propagation can be nondis- e reason for the enhancement of gain in these structures
persive, as our group has shofi. In addition, the nonlin-  €an be understood if we recall that the density of accessible
ear index change remains orders of magnitude smaller thaff!d modes in the vicinity of dielectric boundaries is modi-
the index modulation depth, which in our case can be ofi€d by the boundary conditions, as first indicated by Purcell
order unity or larger. Thus gap and transmission resonandéZ]: Many experimental and theoretical investigations have
bandwidths, and their locations, are only marginally alteredConfirmed this fact since Purcell’s original predictipf]. -
although changes may be sufficient for the onset of opticaf NS Means that if a linear or nonlinear gain medium is in-

limiting and switching, optical diode behavior, and strongtroduced with in a PBG structure, the stimulated and spon-
pulse reshapingd—7]. taneous emission rates are modified according to Fermi's

The stability of the band structure in the frequency do-90!den rule[38]. In quasi-phase-matched structures, a mini-
main is also important in parametric optical up- and down-Mization of the phase difference between the waves is desir-
conversion, and harmonic generation, which is the subject g#?l€ in order to avoid a phase mismatch in the cw case. This
this paper. In small-index modulation DFE39], linear dis- IS typically achieved by poling the active material—which is
persion due to the grating structure, and shifts of the bangniform in its composition and containeo linear index
gap due to nonlinear index changes, can lead to shifts of thaiscontinuities—in such a way that the nonlinear coefficient
frequency tuning of the pump with respect to the band edge‘?”'y alternates sign in the longitudinal direction, every few
This effective detuning can cause an effective lowering ofi€ns Of micrometergl3—29. Here our approach departs sig-
the cavityQ, a reduction of the pump intensity, and a de_nlﬂcgntly from convention. We rely on the _unusually strong
crease of SH gain. In a companion pafé6], analytical confinement obc_)ththe pump and the SH signal _that occurs
multiple-scale perturbation theory was used in order to ana?€@r the photonic band edges, where the density of electro-
lyze the small index modulation regime typical of fiber grat- Magnetic field modes is large, the group velocity is low, the
ings. In that study, the authors showed that it may be posiiéld amplitude may be enhanced over bulk values by one
sible to achieve 2—3 orders of magnitude SH enhanceme®@der of magnitude or more, and strong pump and SH mode
for plane waves incident on mm-long, 20 000-period fiberoverlap occurs. In this regime, the material is not poled in the
Bragg gratings, whose index modulation is of order gusual manner; it is the geometrical properties of the structure
X 10" 3. The pump frequency is assumed to be resonant Wmﬁhat cause strong mode overlap, copropagation, and larger

the photonic band-edge resonance; the SH signal was tundgferaction times, the combination of which is ultimately re-
in the middle of the pass band. Th’e predicted SH gain ensponsible for the enhanced gain that we observe in our simu-

hancement is therefore solely attributed to pump intensit tions.

enhancement inside the grating. These results, when coupled

with the present study, highlight the fact that a new genera- Il. MODEL

tion of compact and efficient high gain optical amplifiers and

optical parametric oscillators based on photonic band-edge We consider the following simple one-dimensional sys-
effects may soon be realized. tem. The crystal is composed of 40 dielectric laye8 pe-

In general, large index modulation PBG structures are notiods in all, roughly 12um thick for a reference wavelength
as easily susceptible to band-structure shifts due to nonline&f 1 um), and the index of refraction alternates between a
index changesdny, ~10 %) because index variations are a high and a low valuen,=1.42857(we chose this value for
small perturbation on the linear index modulation depth. Ascomputational expediengyand n;=1. We take a rather
we will see below, our calculations show that, for ultrashortsmall value ofy(®~0.1 pm/V (roughly 3x 10~ ° cm/statvolt
pulses tuned near the photonic band edge, a choice of mat Gaussian unijsand assume that the nonlinear material is
rials with suitable indices of refraction, thicknesses, and pedistributed uniformly throughout the PBG structure. Then,
riodicity can lead to low group velocities, enhanced fieldfor a reference wavelengthy, the layers have thicknesses
intensity, and conversion efficiencies nearly three orders oc&d=\q/(4n;) andb=2\y/(2n,), respectively. This forms a
magnitude larger than conventional bulk up-conversion ratesnixed half-quarter-wave stack for wavelength. A range
Conversion efficiencies greater than £Gare not uncommon  of frequencies is reflected, as shown in Fig. 1, where we plot
for structures only a few micrometers in length, with a singlethe transmission coefficient for this structure as a function of
pump pass, and at realistic pump intensities. Plane-wavihe scaled frequency)=w/wg, Where wg=2mc/Ay. The
conversion rates can be approximated by utilizing pulsedigure suggests that this choice of parameters causes the lo-
whose frequency bandwidth is smaller than the transmissionation of the second-order gap to be removed from the first-
resonance bandwidth, in this case only a few ps in durationorder gap by approximately a factor of 2. For an ordinary

We point out that these conversion efficiencies can beuarter-wave structure, a factor of 3 separates the first- and
even higher for structures with an increased number of perisecond-order band edges and based on our results, utilizing
ods. For example, we find that increasing the structure lengtthese two edges would be more appropriate for third-
by 50% (from 20 to 30 periods the energy output can in- harmonic generation. The equations of motion can be de-
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PUMP SH ing everywhere else inside the structure, thus making phase
J? an important element that must be included in the integration
¥ of the equations of motion. However, dipole distribution is
1.0 important to the extent that it is modified in the layers where
> the fields happen to be localized. For instance, near the low-
o 08 frequency band edges, the fields are localized in the high-
7] index layers. Modifying the nonlinear medium distribution in
L os the low-index layers will have little effect, although some
c% mode overlap between layers always occurs. Our calcula-
<Z( 04| tions bear this out.
o Since we are considering ultrashort incident pulses propa-
= 02 gating in the presence of large index discontinuities, we must
L J L J _retain all second-order_s_patial derivatives in order to properly
0.0 N L ‘ ) include boundary conditions. However, we assume that pulse
05 06 07 08 09 10 11 12 13 14 15 envelopes have a duration that is always much greater than
Q the optical cycle, thus allowing the application of the slowly

varying envelope approximation in timéSVEAT) only
FIG. 1. Transmission vs normalized, dimensionless frequency4—7]. The equations of motion for the fundamental and the
for a 20-period, half-quarter-wave stack. The indicesrgrel and  second-harmonic fields can be derived as follows. First, sub-
n,=1.429 57, and no dispersion is assumed. Tuning the pump aftituting Eq.(2) into Eq. (1) yields
the low-frequency band edge causes the SH signal to be tuned away

from the second-order, low-frequency band edge. The bandwidth of

2 .
PE, 9E, nZ 9%, 2iwn? 9E,

a picosecond pump pulse is narrower than the bandwidth of the first +2ik —=2_K2g — 2 +
transmission resonance where the pump is tuned. In this case, the  9z° 9z @ c? at? c® gt
second harmonic signal is enhanced only slightly with respect to 2 Al 52 P
i w a
bulk due to the large detuning from the band edge. +? ning? - P,—2iw - P, — w279w ,
rived beginning with Maxwell's equation for the total field, )
in Gaussian units, and can be written as
9 n? g 4m P?E oE n3,, 92&
— E(z,t)—— —5 E(z,t)=—5 —5 Py . 1 20 4 Aik —2°_gK2g, — 20 “20
(922 ( !t) C2 (9t2 ( !t) C2 (9t2 NL ( ) (722 +4ik 9z 4k ng C2 (9t2
Here, Py is the total nonlinear polarization. Without loss of dio , 9&, w? )
generality, the fields can arbitrarily and conveniently be de- + o2 Mo g +4? N20€20
composed as follows:
_ , 47| 3 . 5
E(zt)=&,(z,t)e @ Vtcect+ &, (z,1)e? ke Dicc, =2\ 712 Po— 410 5 Pa, =40 P, | (6)
)
Pu(z,D) =P, (z,t)e KTt cct P, (z,1)ed ke ob e g, We now make the following assumptions: we chodse
(3 =w/c, and make the SVEAT only. This choice of wave

vector is simply an initial condition consistent with a pump
This decomposition highlights the fundamental and secondfield of frequencyw initially propagating in free space, lo-
harmonic angular frequencies. The nonlinear polarizatiortated away from any structure. Any phase modulation effects
can be expanded in powers of the electromagnetic fielthat ensue from propagation, i.e., reflections and nonlinear

strength as follows: interactions, are accounted for in the dynamics of the field
(202 2 k2ot envelopes. The inclusion of all second-order spatial deriva-
Pa(zt) = x'YEA(z,1) =2x"9 &, (2,1) £4(2, 1) €' ¢ tives in the equations of motion means that reflections are

accounted for to all orders, without any approximations. De-
tails on the propagation method can be found in Refs7].

; - . it . Therefore, assuming that pulses never become so short as to
While we can assume an initial left- or right prc)pa(‘:]"’mngviolate SVEAT (usually this means a few tens of optical

pump pulse, the SH signal is initially zero everywhere. The . , .
direction of propagation of the spontaneously generated SIQP.’Cles i propagation distances are on the order of pullse
field, and the exact nature of the quasistanding wave insid 'd.th)’ neglecting aII.but the lO\.NGSt order Femporal c.ontr.|-
the structure, are dynamically determined by the nature o utlons_to the dynamics, and using the nonlinear polarization
the initial and boundary conditions, pump-frequency tuningeXpanSIons of Eqd4), Egs.(5) and(6) become

with respect to the band edge, and the distribution of nonlin-

ear dipoles inside the structure. This nonlinear dipole distri- 2 - i FPeq deg
bution can significantly affect the results. SH generation is a nﬂsﬂ(g’T)_th_Q 98 g
phase-sensitive process; the field and its phase at any point

inside the structure are a superposition of all fields originat- +i8m?Qx Pefiern,

+e.ctx @& (z,1)e? ke, (4)

+im(nd—1)Qeq

@)
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+i87TZQ)((2)86. (8)

Here é=z/\y, and r=ct/\y. The spatial coordinate has
been conveniently scaled in units af); the time is then
expressed in units of the corresponding optical period. As we
will see below, forward and backward SH generation can
occur. If we assume that the medium is dispersionless, an
the pump is tuned at the low-frequency band-edge transmis
sion resonance, then the SH frequency is found well away
from the second-order band edge. It is tuned in the middle o
the pass band, as indicated in Fig. 1. In order to properly tunt Q
the SH signal frequency near the band edge, we introduce
material dispersion. This causes changes in the band struc- FIG. 2. Group index vs normalized, dimensionless frequency.
ture. Specifically, all higher-order gaps tend to move down inThis function also represents the electromagnetic density of modes,
frequency, causing the SH signal to be tuned closer to th& units ofc. There is just enough dispersion in the system to cause
low-frequency, second-order band edge, where the electrébe SH signal to be tuned at the second resonance peak near the
magnetic density of states is largest. b.and gdge, as indicgted in the figure. The effef:t of normal disper-
From a calculational standpoint, varying the amount ofSion: i-€., the index increases with frequency, is to shift the band
dispersion is simplest to undertake. From a fabrication stancBirUcture to lower frequencies.
point, obtaining the same conditions is clearly more difficult. i _ i
However, we find that the band structure and its features argoth ends to avoid cavity effects for the pump field, and
strongly influenced bya) the number of periodsb) layer compute conversion efﬁmenqes for th_e penodlq structure.
thickness, andc) material dispersion. For example, increas- W point out that the group-index maxima are directly cor-
ing (decreasing the number of layers sharpens the bandyelated to .the transm|SS|on.maX|ma, a fact that was exploned
edges, and increasésecreasasthe number of transmission N the design of the photonic band-edge delay lifgand is
resonances between gaps, causing an effective shift of eae}parly_mportant for the onset of dramatically higher nonlin-
resonance[41]. Changing layer thickness away from the €ar gain.
guarter- or half-wave conditionén units of \y) can also
cause frequency shifts in the location of the band gaps and . DISCUSSION AND RESULTS
transmission resonances. When these frequency shifts are
coupled with material dispersion, a structure with the right
properties may be realized. Later we will show that the con- We choose the carrier frequency of an incident pump
ditions and results that we discuss below can be repeated fpulse at the low-frequency band edge, where the transmis-
a 20-period GaAs/AlAs structure. sion resonance is approximately unity and the group index is
In order to find the optimal parameters for SH generationa maximum(2=0.591 in Fig. 2. A high pump index implies
i.e., tuning with respect to the band edge, we vary the indexhat a dramatic increase in the field intensities inside the
of refraction of the high-index layer fromn,(2(}) structure occurs at that frequency. This is important, since
=1.428 57 ton,(2Q)) =1.65. The higher-index value corre- SH gain is nonlinear in the field, as E@) suggests. When
sponds to SH generation just inside the second-order gagye choose the index of refraction such tha(2())
where we expect its suppression. For intermediate values of 1.519, the SH frequency coincides with the second density
the index, SH generation also occurs at frequencies whergf modes maximum on the low-frequency side of the second-
the density of modes is a maximum. The degree of dispererder band gagsee Fig.(2)]. Here, we find that for this
sion that we assume is typical of the degree of dispersiostructure the total-energy output from the PBG device with
found in both dielectric or semiconductor materials, 5—10%respect to the index-matched bulk, which includes forward
in this case. and backward SH generation, varies from one order of mag-
Figure 2 shows the group index, defined &% nitude for pump pulses only 60 optical cycles in duration
=cdkdw, for our sampld41]. (We note that the maximum (1/e width of the intensity envelope is about 200 fshif
group index is also a sensitive function éh, the index =1 um), to approximately 500 times for pulses roughly 1 ps
modulation depth, and the number of periods. The maximuniong. For subpicosecond pulses, the enhancement is reduced
value of the group index for this mixed half-quarter-wave due to the broad frequency content of the pulse.
structure is similar in magnitude to that of a quarter-wave, We note that SH generation is not at a maximum when
20-period structure with the same index modulation depth.the SH signal is tuned at the density of the mode maximum,
In this case,n,(Q2)=1.428 57, andn,(22)=1.519. Note probably because the fields do not have the right phase for
that the magnitude of this function is largest near the highthis to occur. As an example of the complexity of the system,
and low-frequency band edges. We thus compare the SHsing the matrix transfer method we find that the phase of the
generation from this device with a uniform index-matchedtransmitted, plane-wave field undergoesmaphase shift
(same index of refraction for pump and signlalilk medium  across the gap, and a phase shift efl#tween consecutive
of similar dimensions, coated with antireflection layers atresonances on the same side of any gap. Therefore, the num-
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FIG. 3. Maximum energy output vs index of refraction. This
plot is also representative of the dependence of SH energy on me
terial dispersion. The maximum out occurs when the SH signal is
tuned to the second resonance peak, as indicated on Fig. 2. Tt 4.0
shoulder ain,~1.54 corresponds to the first band-edge resonance ‘2
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For n,>1.55, the SH signal is suppressed by the band gap. J 20

AT ARRANT
L HIHI - L H{|H + H
20
ber of periods chosen may have an impact on the overal W
0

phase of the SH field inside the structure. For short pulses
the circumstances are much more complicated, because ¢
their broadband frequency make-up. 0.0
In Fig. 3 we show the calculated SH energy output for a

ps pulse, as a function ok, (2(2), i.e., dispersion. The maxi-  (b) §
mum energy output occurs when(2Q2)=1.519, which cor-

responds to the second transmission or group index maxi-
? uIrEnV. idTehr?cga(;‘dtsgUCCJ?\:gtL?gzc;‘1tlhseilsla)rl;1$nlcljlL;St:La(;[ti C:emnlégr' thtiuéret,h(:;u the instant that the peak. of the pulse r_eaches_, the_ struc?ure.

: . pulse slows down dramatically, the maximum field intensity

band edge is rather weak away from the second transmissiq

A - d i he dipole distributi Qamplified by more than one order of magnitude by linear inter-
resonance. AS we mentioned earlier, the dipole distri Ut'on Ference effects of backward- and forward-traveling components.
an important factor that cannot be overstated, and certalnlpsump pulse depletion is negligible, and more than 90% transmis-

needs further investigation. In this case, we point out that thgjo., occurs in this case. In view of the magnitude of the field

SH field is generated inside the structure from a continuou%tensity’ the SH eigenmode overlaps extremely well with the pump
distribution of nonlinear dipoles; the nonlinearity is in both eigenmode.(b) Second-harmonic eigenmode for the case(@f
the high and low index layers. This dipole distribution deter-The fact that two envelopes can be identified inside the structure is
mines the form of the propagating eigenmode, and the mantue to the fact that the SH signal is tuned to the second resonance
ner in which the generated signal leaves the structure. Ther@way from the band edge. The fact that there are two maxima inside
fore, it may be possible to find a nonlinear dipole distributioneach high index layer, in contrast to the pump single peak, is due to
that will maximize or further improve SH conversion effi- the fact that the wavelength of the SH signal is half that of the
ciency, although that is beyond the scope of this work. pump.

In our calculations, we also highlight the importance of
pulse width. Pulses whose spectral widths are larger than thaverlap to a large extent inside the high index layers, and the
band-edge transmission resonance tend to couple poorly witfields propagate in this configuration for the entire duration
the structure. This situation leads to dispersive propagatiorgf the pump pulse. This mode overlap, combined with the
and to only slightly enhanced field intensities inside the PBQ&ramatic group velocity reduction for both fields, allows ef-
structure. On the other hand, a pulse whose frequency banéleient energy exchange between the pump and the SH sig-
width is smaller than the band-edge resonance bandwidth hasl.
fewer frequency components, experiences little or no disper- In Fig. 5 we plot the total-energy outpyforward and
sion, and allows the field to build up inside the structure bybackward includedas a function of incident pulse width,
about one order of magnitude or more with respect to its fre@xpressed in optical cycles, for a 20-period, dr2-thick de-
space or bulk values, where the field amplitude is in generafice (solid line), and a 12um bulk sample coated with anti-
proportional toE;../n. In Fig. 4@ we plot the pump-field reflection layers at both ends to minimize pump reflections
intensity inside the structure, at the instant the peak of thédotted ling. We consider low input field intensities that
1-ps pulse reaches the structure. This intensity is enhancedeld conversion efficiencies on the order of 8, although
by more than one order of magnitude compared to its peathis trend persists as long as pump depletion is not signifi-
value outside the structure. Figuréb¥i on the other hand, cant. For clarity, the abscissa is plotted on a logarithmic
represents the SH field intensity quasistanding-wave patterscale. The figure shows that the total-energy outfaund
at the same instant in time as Fig.ay Both eigenmodes therefore power outpubecomes about 500 times greater for

2 4 6 8 10 12 14

FIG. 4. (a) Pump field eigenmode distribution inside the struc-
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FIG. 5. Comparison between the SH energy output from the

FIG. 6. S t | ted SH pul . Th litude h
PBG (solid line) and a phase-matched bulk matef@btted ling, as ponaneousl generate puises © ampliude nas

. ; o . ' *>  been normalized to unity without loss of generality. The structure is
a function of pulse V\."dth'.Th? axis IS represented ina logarithmic about 12um in length, and is located near the origin. The width of
scale._ The_ pulse width is given in units of the optical cycle, Sihe scattered pulses is roughly the same as the width of the incident
described in the text. The output from the PBG structure is abouEump pulse. However, the maximum amplitude of each pulse in-

500 tlm(_as greater than the bulk_matenal output when the inciden reases with the incident pulse width, until the quasimonochromatic
pulse width approaches 300 optical cycles, or about 1 ps. limit is reached(about 1 ps in this case

the PBG sample than for index-matched bulk when pulse

width approaches 300 optical cycles, or about 1 ps. Our reNg that our structure is only a few micrometers in length,

sults indicate that at these length scales the energy output f8|n|y asingle purrz;zj) pass occurs, and .that_ WE are using a very
the bulk sample increases linearly with incident pulse width.nodest value of*~0.1 pm/V. Considering the extremely

In contrast, an early exponential increase characterizes ef@MPact nature of our device, and that the pump traverses
ergy growth in the PBG case, giving way to linear growth the sample only once, the ga_m—to—dewce length ratio under-
only when pulse width approaches 1 ps. This implies that th§©€S several order; of magnitude improvement over current
pump field eigenmode intensit@and hence SH gajnin-  State of the art devices.

creases rapidly with pulse width, saturating when a quasimo- W& now provide a simple physical argument that will
help us understand the reason for such large enhancements

nochromatic limit is reached, in this case, when pulse fre-™ . )
quency bandwidth is somewhat less than band-edg@"th respect to phase-matched up-conversion. According to

resonance bandwidth. We also point out that both the amplif €Mi’s golden rule, the power radiaging from an oscillating
tude and the width of the generated SH pulses increase wiffiPole is given byp(“’)zp("z))!E(“’)| , Wherep(w) is the
increasing incident pulse width. Figure 6 shows the SH fieldensity of modes an¢E(w)|* is the eigenmode intensity.
propagating away from the structure; While the pump was! € average energy output can be obtained by multiplying
incident from the left, note that the structure radiates signifif® Power output byr, the interaction time. As we have
cantly in both directions, and that the SH pulses generate@lréady pointed out, all these quantities increase by nearly
have the same width as incident pump pulses; it would b&"€ orzder of magnitude for our structure. In fact, since
difficult to predict this overall behavia priori, especially in  |E(@)|* and 7 are both proportional tg(w), then the total
the absence of analytical results in this regime. We also point
out that tuning the pump away from the band edge, tuning to -, 0.008
the high-frequency band edge, or modifying the nonlinear
dipole distribution can significantly alter the pattern of
Fig. 6.

Figure 7 is a plot of the conversion efficiency vs peak

Conversion Efficiency

field intensity in Gaussian units, for a pulse of ps duration 0.004

(IE|? of 10° in these units corresponds to roughly 10

GWicn? in free space. The free-space value of the energy

flow is to be distinguished from energy flow inside the struc-

ture. As we pointed out in previous publicatiofs44], the

notions of energy, energy density, and Poynting vector are ~ %99% 05 | . ‘ ) o108

significantly modified inside the structyreWVe define effi-
ciency as the ratio between the final total SH energy and the

total initial pump energy. This ratio is also representative of riG 7. SH conversion efficiency vs incident pulse peak field
the ratio between the corresponding peak field intensitiesyyrength. As we noted in the text, an intensity of $@orresponds
respectively. The figure suggests that for this simple structg a free-space energy flow of about 10 GW#cr@ur calculations

ture only 12um in length, a conversion efficiency of order indicate that the energy output, and hence conversion efficiency, is
10 2 could be achieved with pump intensity of 10 GW/m  proportional to the number of pump passes inside the structure. We
yielding a SH signal intensity of approximately 100 emphasize that the results we have discussed represent a single pass
MW/cm?. This is quite dramatic and remarkable, consider-inside a PBG structure.

0
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energy emitted is generally proportionalgfw). Hence the  stack since the new structure is still about 4 in length,
significant increase in the total energy output that we reporéven though the output energy can increase by a factor of 2.
in Fig. 5. However, we will not dwell on this point here, and simply
We point out that higher conversion efficiencies can easpoint out that our calculations suggest that higher conversion
ily be achieved by increasing pump power, or, as we menefficiencies could be obtained by judiciously choosing the
tioned earlier, by increasing the length of the structure byappropriate parameters.
only modest amounts. For example, our calculations show
that by increasing the total number of periods to 30, thus B. GaAs/AlAs half-quarter-wave stack
increasing the length of the device by 50%, the SH output , i
energy(and power levelincreases by a factor of 5 for a ps _We tested our numerical model with the parameters of a
pulse, enhancing the conversion efficiency by the same fadlixed half-quarter-wave structure composed of 20 periods of
tor. This occurs because the maximum group index increaséa@As/AlAs material. In this case, we assuméé~1 pm/V
approximately a2 [41], whereN is the number of periods. for both materials, and the index of refraction alternates be-
The field eigenmode intensity is also proportionahtg thus ~ tweenn,({)=2.868 andn,({2)=3.31, andn,;(2Q2)=2.9
enhancing energy output in a nonlinear fashion with respecandn,(2(2) =3.35[45]. This occurs at frequencies well be-
to device length. low the electronic band gaps of both materials, where ab-
Our calculations also indicate that in the linear, sorption can be ignored. These indices correspond to a pump
undepleted-pump regime, the conversion efficiency is prowavelength of 3um, and a second-harmonic signal at 1.5
portional to the free-space peak field value, as Fig. 7 showsum. The results are in essence the same as to what we find in
We point out that any small deviation in the actyd?  the generic model. This is because the parameters that we
value, tuning with respect to the band edge, and input puls@se combine to give approximately the same dynamic, non-
width could significantly affect comparison with experimen- jinear SH gain, which from Eq(6) we define as the product

tal results. For this reason, the generic model is of greaj(2)z2: the order-of-magnitude increase jf2, and the

value in order to determine the overall behavior of the Systqer_of-magnitude decrease in the field eigenmode intensity

could produce a very efficient SH generator, provided ab'lO*Z—lcre’ for this 20-period structure at a pump intensity

sorption can be kept at bay. L . o
Our discussion so far has been directed toward undergIeics)ir%V\r/]ﬁ:fbe\rN; SZﬁggtsa significant increase with in

standing pulse dynamics when the pump is tuned at the low= N .
gp y pump We note that while it would be ideal to up-convert at

frequency band edge. However, we expect the same qualita- ) .
tive results to hold when the same analysis is applied to thE'gher frequencies, we could not find a set of parameters that

high-frequency band edge. Generally, however, the half@llowed for that to occur ?n the GgAs/AIAs struc'tL(mostIy
quarter-wave structure discussed above does not lend itself (€ 0 the large dispersion at higher frequenciaghough
this task because tuning the pump at the high-frequency barRH" efforts were very limited in this regard; different materi-
edge results in a second harmonic frequency tuned well awa§ts, such as 1I-VI based semiconductors, may be necessary in
from the band edge. We therefore consider a structure whog#der to achieve the enhancements that we have discussed.
indices of refraction are as in Sec. II, i.8,(,20)=1 and  However, the fact that simple semiconductor structures ap-
n,(Q,20)=1.428 57. For added simplicity, we assumed thatoear to be useful for efficient SH generation, or frequency
the material is not dispersive. If layer thicknesses are chosemalving, where the dynamics and the role of pump and signal
such that the width of the low index layer &=0.65\y/n;  are reversed, is an encouraging development, since semicon-
(the low index layer is now the active layer because of theductors periodic structures are simple to grow with well-
shift in localization of the fiel) and the width of the high established techniques.
index layer is such thab=0.08%,/n,, then, tuning the
pump at the first resonance of the first-order, high-frequency IV. CONCLUSIONS
band edge causes the SH signal to be tuned at the second
resonance of the second-order high-frequency band edge, in In summary, we discussed a novel SH generator based on
analogy to what was accomplished for the low-frequencya PBG, mixed half-quarter-wave, periodic structure. Both en-
band edge. Our simulations suggest that the results are quatirgy output and conversion efficiencies are nearly three or-
tatively similar to those of Sec. Il; we find, however, that theders of magnitude greater than for bulk, phase-matched de-
conversion efficiency can increase up to about a factor of ices of comparable lengths. We find similar results for a
for ps pulses, compared to the low-frequency band-edge corGaAs/AlAs semiconductor periodic structure. These results
version efficiency. This increase can be understood with th@ave immediate applications in frequency up- and downcon-
following argument. Tuning the pump at the high-frequencyversion lasers, higher and lower harmonic generation, and
band edge causes a shift of the pump field localization in th&aman-type lasers, where either Stokes or anti-Stokes reso-
low index layer. This shift increases the field eigenmode in-nances can be enhanced or suppressed near the band edge. In
tensity in that layer. Also, the width of the active layer in- general, the underlying mechanism requires the fields to be
creases by about 30%, from @5to 0.65.y. This combina-  strongly confined, allowing for longer interaction times, in-
tion can account for the increase in overall nonlinear gain. creased effective gain lengths, and enhanced conversion ef-
Clearly, then, there may be circumstances where the neficiencies, although strong pump confinement alone can also
geometry is to be preferred over that of the half-quarter-waveesult in significantly enhanced SH generation.
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