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Femtosecond laser pulse splitting effect in second harmonic generation under Laue diffraction in
one-dimensional photonic crystals
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The ability to manipulate the frequency of light is a cornerstone of a wide range of applications in photonics
expanding spectral ranges of the light sources. To boost the second harmonic generation efficiency, intense efforts
toward exploiting artificial microstructures for frequency doubling were carried out. The sought-after approach
of utilizing photonic crystals is inspired by their unusual light dispersion. In such structures, the dynamics of
the field of femtosecond laser pulses is of paramount importance for frequency conversion. In this work, we
investigate the phase-matched second harmonic generation under the effect of diffraction-induced femtosecond
laser pulse splitting in one-dimensional photonic crystals at the Bragg diffraction in the Laue geometry. We
demonstrate that the interaction of the two pulses at the fundamental frequency that appears in photonic crystals
through the dynamical light diffraction leads to a nonmonotonic dependence of the frequency up-conversion
efficiency with respect to the laser pulse duration, thus allowing to increase the second harmonic power by
tuning the pulse duration.
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I. INTRODUCTION

Nonlinear optical processes of frequency conversion are
of practical interest in creating new coherent light sources.
It allows one to extend the spectral ranges of available laser
systems, which is important both in a research and indus-
try [1]. Optical second harmonic generation (SHG) that is the
process of the frequency doubling of the laser radiation in a
nonlinear medium is the basic nonlinear optical effect. Recent
decades have witnessed intense efforts toward exploiting arti-
ficial optical microstructures to increase the SHG efficiency.
Judiciously designed, they can benefit in the enhancement of
the SHG due to resonant localization of the electromagnetic
field and fulfillment of the phase-matching conditions [2–4].

In the begining, metal nanostructures marveled for their
plasmonic resonances and electromagnetic field localization
were used to intensify the SHG [5] by excitation of the
localized plasmons in isolated nanoparticles [6], plasmonic
nanoantenna [7], surface plasmon-polaritons in plasmonic
crystals [8], and even hybrid plasmonic-photonic struc-
tures [9]. To overcome the drawback of optical losses in
metals, it was suggested recently to use nonlinear meta-
surfaces, which can boost the frequency conversion due to
the Mie resonances [10–13] and bound states in the con-
tinuum [14]. In spite of the achieved record up-conversion
efficiency of microstructures it remains smaller compared to
the SHG in extended nonlinear crystals. In the latter ones, the
fulfillment of the phase- and quasi-phase-matching conditions
is the main desired effect instead of the field enhancement.

Periodically poled nonlinear crystals with spatial pe-
riodicity of the second-order nonlinear susceptibility and
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homogeneous refractive index allow one to overcome this
roadblock due to the nonlinear diffraction [15–17]. On the
other hand, photonic crystals (PhCs) with spatial periodicity
of the refractive index are considered as a fertile platform for
the SHG. The phase-matched SHG in layered PhC waveg-
uides was achieved when exploiting the form birefringence
of artificial stack of the subwavelength-thick dielectric lay-
ers [18,19]. When the PhC period is comparable to the
wavelength of light, phase- and quasiphase-matching can
be achieved at the photonic band gap (PBG) edge due to
strong lattice-induced light dispersion [20–25]. A promising
approach for the versatile light manipulation based on the
Laue diffraction in diffraction-thick 1D layered PhCs was
proposed very recently [26–36]. For example, the pendu-
lum effect [26–28] was suggested for light switching. Under
the Laue diffraction periodical losses in 1D PhC lead to
the anomalous high transmission of light or the Borrmann
effect [29], which can be intensified by the topological transi-
tion [30] and is useful for spatial beam filtering. The existence
of the Laue soliton was predicted for a PhC containing reso-
nant two-level atoms, which can be considered as a nonlinear
analog of the Borrmann effect [31]. Combination of loss and
gain regions in the parity-time symmetric 1D PhCs leads to
asymmetric pendulum effect and unidirectional pulse-splitting
at the Laue diffraction [32–34]. As well the Laue diffraction
serves for the phase- and quasi-phase-matched second har-
monic generation [35,36].

The nonlinear origin of the SHG process requires the usage
of femto- or picosecond pulsed fundamental radiation with
high peak field amplitude. This requirement makes the field
dynamics imperative for the effective SHG in extended struc-
tures with the length considerably exceeding the pulse width.
It has found a tremendous success in PhCs with unusually
strong dispersion and inspired the slow light effect in PhC
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waveguides for brilliant frequency conversion [37]. Recently,
the approach of the intermodal nonlinear interaction in multi-
mode waveguides and photonic crystals fibers have attracted
much attention in four-wave-mixing [38–40], biphoton gener-
ation [41], stimulated Raman scattering [42]. The involvement
of several different guided modes of the pump radiation af-
fords new degrees of freedom for the phase-matching that was
exploited for highly tunable frequency conversion [39,40].
Promising approach of intermode interaction requires to treat
the group-velocity mismatch when femtosecond laser pulses
are applied [43]. Interaction of ultrashort laser pulses with
PhCs could be accompanied by pronounced pulse dynamics.
The dynamical Bragg diffraction of light in 1D PhC in the
Laue geometry leads to the pulse-splitting effect consisting of
splitting of a single incident femtosecond pulse in a PhC to the
pair of pulses with different group velocities [28,44]. We as-
sert that this effect should influence the second harmonic (SH)
response of PhCs. To the best of our knowledge, this effect has
not been considered in the nonlinear optics of the PhCs. We
suppose that provided here insight and experimental results
could be extended to intermode nonlinear optical interaction
in waveguides and photonic crystal fibers and could be useful
for understanding of other nonlinear effects like intermodal
four-wave-mixing when ultrashort laser pulses are involved.

In this work, we study the phase-matched SHG in 1D
PhC under the Bragg diffraction in the Laue geometry in
the presence of the laser pulse-splitting effect. By meticulous
constructing of the PhC, we achieve the phase-matched SHG
induced by the interaction of the two laser pulses appearing
due to the pulse splitting effect. We prove experimentally the
decisive role of the femtosecond laser pulse splitting in a PhC
in the SHG process, and further elucidate the fundamental
aspects of SHG by numerical simulations. The paper is orga-
nized as follows. In Sec. II, we give the details of the sample
preparation and carried out experiments. Then in Sec. III,
we present and discuss the choice of the PhC’ parameters
for the phase-matched SHG, splitting of the fundamental ra-
diation pulse and results of numerical simulation of SHG,
followed by Conclusion.

II. EXPERIMENT DETAILS

The 1D PhC was obtained by electrochemical etch-
ing [45,46] of the silicon wafer followed by full thermal
annealing that results in the composition of lossless porous
silica PhC. Briefly, in this procedure electrochemical cell with
a tungsten spiral wire cathode and a crystalline silicon wafer
anode was used. We etched p + + boron-doped silicon wafer
with (001) orientation and resistance of ρ = 0.005 � cm.
The application of dc current with alternating in time densities
of j1 = 200 mA/cm2 and j2 = 40 mA/cm2 formed the PhC
with a two-layered unit cell in the direction along the normal
to the wafer. Each nanoporous PhC layer with the pores’ diam-
eter of about several tens of nanometers can be characterized
by effective refractive index. The porosity (p) as well as the
refractive index (n) of the layers alternated and took the values
of p1 = 0.73, n1(800 nm) = 1.50 + i0.8 × 10−3 for the first
layer and p2 = 0.57, n2(800 nm) = 2.00 + i2.2 × 10−3 for
the second layer in the unit cell. Then thermal annealing of
the structure was performed at 650 ◦C at ambient atmosphere
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FIG. 1. Scheme of the experimental setup. Elements: C: autocor-
relator, BS: beam splitter, L1, L2, L3: lenses, I: ITO film, F1: filter
RG-695, F2: filter BG-39, D: photomultiplier tube, S: slit aperture,
and PhC: photonic crystal. Diffraction orders m of the fundamental
and SH light are shown by red and violet, correspondingly.

to obtain the PhC transparent in visible spectral range. Second
order nonlinear susceptibility was introduced by the PhC’s
pore infiltration by the water solution of a ferroelectric salt
(sodium nitrite) followed by slow evaporation as described
in Ref. [35]. Incorporation of the ferroelectric increased re-
fractive indices of porous silica layers by approximately
10−3. The final PhC consisted of 870 layers with the re-
fractive indexes of n1(800 nm) = 1.105, n1(400 nm) = 1.11
and n2(800 nm) = 1.21, n2(400 nm) = 1.22 and the thick-
nesses of d1 = 590 nm, d2 = 315 nm. These parameters of
the PhC corresponded to the SHG phase-matching condition
as described below in Sec. III. The PhC was wedge-shaped
in the (YOZ)-plane allowing us to vary its length L in the
range of 250–500 μm (Fig. 1). The experimental SHG setup
is sketched in Fig. 1. It involves a femtosecond Ti:sapphire
laser with the pulse repetition rate of 70 MHz pumped by the
second harmonic of another femtosecond Yb3+ laser (TEMA-
Duo, Avesta Project). The duration (τ ) of Ti:sapphire laser
pulses could be varied in the range of 50–140 fs by changing
the negative dispersion introduced by a prism compressor
situated in the Ti:sapphire laser resonator and controlled by
the autocorrelator (MINI, APE Angewandte Physik und Elek-
tronik GmbH). The latter was based on the measurements of
the SH intensity generated in the BBO crystal as a function of
the time delay between the pulses in the two arms of the au-
tocorrelator. To simultaneously compare the SHG in PhC and
in a thin nonlinear film, the reference SH channel was used
with a 30-nm-thick ITO film on a glass substrate, the SHG
intensity being detected by a photomultiplier tube (R4220P,
Hamamatsu) operating in the photon counting regime. In
the signal channel, the fundamental beam with the central
wavelength of 800 nm was focused by a lens with the focal
distance of f = 5 cm on the PhC’s facet at the Bragg angle of
θ = 26◦. The SH signal generated in the PhC was extracted
by appropriate color filters and measured by a photomultiplier
as well.

At the Bragg diffraction, the incident fundamental beam
refracted inside the PhC in such a way that light propagated
along the PhC’s layers (Fig. 1). In free space after the PhC,
we observed the two fundamental diffraction beams of the
zero (m = 0) and the first (m = 1) orders corresponding to the
scattering angles of ϕ = 0◦ and 52◦ counted from the incident
beam direction as illustrated by red lines in Fig. 1. They
originate from the Bragg diffraction of the laser beam in the
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FIG. 2. (a) Measured indicatrix of the SH intensity; angle ϕ = 0◦

corresponds to the direction of transmission. (b) Calculated depen-
dencies of the spatial Fourier components of the electric field of
the two Bloch modes γ = 2, 3 of the SH radiation on the relative
thickness of layers with n1. Dashed curves: Fourier components for
kx = ±h, solid curves: the same for kx = 0. Vertical line indicates the
relative layer thickness of the experimental PhC.

PhC. At the same time we disclosed that the SH signal forms
three well directed outgoing beams as demonstrated by the
SH indicatrix [Fig. 2(a)] measured by the photomultiplier tube
mounted on the rotation stage and supplied by a slit aperture
allowing the angular resolution of 0.5◦. The two side maxima
of the SH indicatrix (at ϕ = 0◦ and 52◦) are codirectional to
the zero- and first order diffraction maxima of the fundamental
radiation, while the central one is the first order-diffraction
maxima for the nonlinear signal (Fig. 1). We observed that the
angular divergence of the SH maxima of 0.9◦ is more than four
times smaller than 4◦ divergence of the fundamental beams.
High directivity of the SHG response and its disappearance
at angular and spectral detuning of the fundamental incident
beam confirm the phase-matched SHG in analogy with results
of our foregoing work [35].

Turning to the dynamics of the light pulses in the PhC,
first we assert that the considered PhC structure sustains the
effect of the femtosecond pulse splitting, which appears as a
couple of consecutive pulses in each diffraction maxima, as
exemplified in Fig. 1. We revealed this by measuring the inten-
sity autocorrelation function of the outgoing pump radiation
for a PhC with the length of L = 500 μm and incident pulse
width of 60 fs [Fig. 3(a)]. Assuming the Gaussian envelope
of the pulses, we reconstruct the temporal dependence of the
intensity of the transmitted beam, which shows that it consists

FIG. 3. (a) Measured autocorrelation function in zero-order
diffraction beam. Dots: experiment, red curve: fit. (b) Reconstructed
temporal dependence of the intensity of the fundamental radiation
(gray curve). Red and blue curves - Gaussian fit of the two pulses.
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FIG. 4. (a) Experimental dependencies of the normalized SH
power η in transmitted beam on the duration of the incident pulse
duration for PhCs with the length L = 250 μm (blue dots) and
300 μm (red dots). Green dots: SH power from ITO film. (b) The
same dependence calculated in the scope of slow varying envelope
approximation (solid curves). Result of the nonlinear FDTD simula-
tion for L = 250 μm (dots).

of the two outgoing pulses with the interpulse delay of about
135 fs [Fig. 3(b)].

We harnessed the dependence of the SH power on the dura-
tion of the incident femtosecond pulses in order to investigate
the effect of the pulse-splitting of the fundamental radiation
on the frequency up-conversion. For this we used the SH
power (P2ω ) in the zero-order beam normalized to the incident
pump power squared, (Pω ), i.e., the value η = P2ω/P2

ω. The
measured dependence of η on the pulse duration τ (FWHM)
and normalized to its maximum is shown in Fig. 4(a) and is
not trivial. It demonstrates nonmonotonic dependence with
the growth for the short pulses and a decrease for the long
ones, and possesses the maximum at τ = 55 ± 3 fs for the
PhC’ length L = 250 μm and τ = 62 ± 3 fs for L = 300 μm,
i.e., the maximum shifts toward larger pulse widths when
the PhC length is increased. At the same time, for thin ITO
film, η decreases monotonically (inversely proportional to τ ).
We assert that the revealed peculiarities of SHG in the PhC
are the results of the pulse-splitting effect at the fundamental
frequency, as will be demonstrated in the next section.

III. THEORY AND DISCUSSION

Lattice-induced light dispersion in a PhC is a powerful
platform for the elimination of the SHG phase mismatch.
In order to achieve the phase-matched SHG, we applied the
method proposed in Ref. [35] based on tuning of the thick-
ness of the PhC layers. Periodical structure of the 1D PhC
offers plethora of eigenmodes of light inside the PhC with
different propagation constants q(γ )

z . The related calculated
isofrequency curves for the p-polarized fundamental and SH
radiations are shown in Fig. 5(b). Eigenmodes are enumerated
by the index γ in descending order on qz. The isofrequency
curves of eigenmodes valuable for the phase-matched SHG
are colored in Figure 5(b). The fundamental eigenmodes high-
lighted in Fig. 5(b) are chosen as possessing high amplitudes,
and second harmonic ones that can participate in the phase-
matched SHG process. When the fundamental radiation is
incident at the Bragg angle, a couple of eigenmodes with γ =
1, 2 propagates in the PhC with similar amplitudes shown by
blue and red curves in Fig. 5(b) and also known as the anti-
Borrmann and Borrmann ones [44]. Self- or cross-interactions
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FIG. 5. (a) Propagation constants of the SH modes (solids) and
nonlinear polarization waves (dashed) versus the relative thickness of
the low refractive index layers. Notation “γ1 + γ2” means interaction
of γ1th and γ2th fundamental modes. (b) Isofrequency curves for the
p-polarized light with the wavelengths of 800 nm (solid) and 400 nm
(dashed). The inset is the wave-vector diagram of the phase-matching
condition denoted by letter E on the left panel.

of these modes in a second-order nonlinear process gener-
ate three waves of the nonlinear polarization with 2q(1,2)

z ,
q(1)

z + q(2)
z , respectively. Solid curves in Fig. 5(a) show the de-

pendence of the propagation constants of these waves, which
are normalized to the SH vacuum wavenumber, on the relative
thickness of the low refractive index layers. The normalized
qz for the SH eigenmodes are shown by dashed curves. The
eight crossing points labeled by the letters (A-H) indicate the
possible phase-matching conditions for the SHG.

Ultimately fabricated PhC structure described in Sec II cor-
responds to the E point, the wave-vector diagram of which is
sketched in the inset of Fig. 5(b). In this case, two fundamental
eigenmodes with the numbers γ = 1 and γ = 2 lead to the
phase-matched excitation of the SH eigenmode with γ = 2.
The cross-interaction of the fundamental eigenmodes has a
primarily importance for the observed temporal dependence
of the SH power as shown below.

To lift the veil on the nature of the nonmonotonic depen-
dence of η in considered phase-matched process, here we
provide an intuitive physical picture and then supplement it
by the numerical proof. When the p-polarized fundamen-
tal femtosecond pulse is incident at the Bragg angle, two
pulses formed by the Borrmann and anti-Borrmann eigen-
modes propagate along the z direction with different group
velocities v(1)

gz and v(2)
gz in accordance with the pulse-splitting

effect [red pulses in Fig. 6(b)]. We should note that instead

FIG. 6. (a) Spectral dependencies of the group velocities of
eigenmodes of the PhC at the angle of incidence θ = 26.2◦, which
is the Bragg angle for λ = 800 nm. Dots indicate group velocities
modes in the E-nonlinear process. (b) Sketch of the SHG in the PhC
at the pulse splitting effect.

of the ordinary refraction, the fundamental light moves along
the PhC’s layers [Fig. 6(b)] that stems from the fact that
the Poynting vector of a Bloch mode is orthogonal to its
isofrequency curve and thus it is oriented along z axis un-
der the Bragg diffraction, when kx = h/2 [Fig. 5(b)]. The
calculated spectral dependencies of v

(γ )
gz for the p-polarized

eigenmodes are shown in Fig. 6(a). Valuable group velocities
for λ = 800 and 400 nm are indicated by dots. Temporal delay
between two fundamental pulses measured in the experiment
for L = 500 μm [Fig. 3(b)] is in good agreement with the pre-
dicted value of L|1/v(1)

gz − 1/v(2)
gz | = 133 fs. In the considered

phase-matched nonlinear process, cross-interaction of the two
fundamental eigenmodes produces the source of the SH field
in the region of spatial overlap of the fundamental pulses.
This overlap decreases with the pulses propagation time thus
resulting in the decrease of the nonlinear polarization. Non-
monotonic dependence of η observed in the experiment is the
result of the competition of the decrease of the fundamental
pulse amplitude and increase of the overlap at the pulse widen-
ing.

To obtain the dependence η(τ ) more formally, we solve the
wave equation in slowly varying envelope approximation for
the SH pulse envelope A(2)

2ω (z, t ):

∂A(2)
2ω (z, t )

∂z
+ 1

v
(2)
gz,2ω

∂A(2)
2ω (z, t )

∂t

= 2π i(2ω)2

k2ωc2
PNL(z, t )exp(ikz), (1)

where k2ω = 2ω/c, k = q(1)
z (ω) + q(2)

z (ω) − q(2)
z (2ω) is the

phase-mismatch, v
(2)
gz,2ω is the group velocity of eigenmode

γ = 2 at SH frequency.

PNL(z, t ) = χ
(2)
eff A(1)

ω (z, t )A(2)
ω (z, t ) (2)

is the nonlinear polarization resulted from the overlap of two
fundamental pulses with Gaussian envelopes

A(γ )
ω (z, t ) = 1√

τ
exp

(
−(z/v(γ )

gz,ω − t )2

(τ/2)2

ln2

2

)
, γ = 1, 2. (3)

The effective nonlinear susceptibility χ
(2)
eff depends on the

spatial overlap of the SH eigenmode γ = 2 and the product
of the fundamental eigenmodes γ = 1, 2 in the PhC’s unit
cell [47]. We applied Eq. (1) to describe the evolution of the
SH pulse formed by the single SH eigenmode γ = 2 excited
in the phase-matched process, i.e., for k = 0. We emphasize
that two nonlinear polarization terms in Eq. (1) responsible
for the self-interaction of the fundamental eigenmodes and
proportional to A(1)

ω and A(2)
ω squared are omitted. It is justified

by a large phase mismatch leading to the coherence length
only of about Lc ≈ 9 μm for the SHG driven by these terms.
We also note that the effect of the dispersive broadening of
the fundamental pulses does not affect the SHG inside the
PhC and it was neglected in the calculations. It stems from
small length of the PhC (L) compared to the dispersion length
Ld calculated from dispersion law of light in the PhC. For
60 fs laser pulses, it was estimated as L(1)

d ≈ 7.5 mm and
L(2)

d ≈ 3 mm for fundamental eigenmodes with γ = 1 and
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γ = 2, respectively, that is many times smaller L and thus
pulse spreading could be neglected.

The energy of the SH pulse is given by

E2ω =
∫ ∣∣A(2)

2ω (L, t )
∣∣2

dt . (4)

Then η is determined as the ratio of the SH pulse energy
to the squared fundamental pulse energy: η = E2ω/Eω

2, that
is equivalent to η used in the experiment. Calculated depen-
dencies η(τ ) shown by solid curves in Fig. 4(b) for different
values of the PhC length L agree qualitatively with the ex-
perimental ones demonstrating the growth for short incident
pulses, the decrease for stretched pulses and shift of the
maximum to higher τ with the increase of L. The obtained
dependencies reveal a linear growth originating from the in-
crease of the PhC region where fundamental pulses are well
spatially overlapped and then a decrease, which is inversely
proportional to τ , caused by reducing of the peak intensity of
the pump pulses [Fig. 4(b)].

To reveal accurately the effects of finite spatial spectrum of
pulses, angular dependence of propagation constants, group
velocity dispersion in the dependence of the SHG in the PhC
on the pulse duration, we applied the finite-difference time-
domain (FDTD) method. For FDTD simulation, we developed
the nonlinear FDTD code by modification of the open-source
MEEP package [48]. Calculations were performed in the un-
depleted pump approximation, running in parallel the two
simulations for the fundamental and the SH radiation. The
light source in the SH simulation was the vectorial nonlinear
polarization updated at every time step of the modeling on
the basis of (i) the fundamental field determined in the pre-
vious time step, and (ii) specified spatial distribution of the
second-order nonlinear susceptibility tensor. Similar approach
was used successfully for the prediction of SHG in photonic
crystal waveguides [49,50].

In numerical investigations, we considered 1D PhC similar
to the experimental one with the length of L = 250 μm and
the layer thicknesses of d1 and d2. We took into account the
dispersion of the refractive indices of the PhC layers by setting
different values of the refractive index of PhC’s materials in
simulation for the fundamental and SH wavelengths, i.e., we
neglected the intrapulse dispersion. Assigned values of the re-
fractive indices of PhC layers equal to n1 and n2 corresponded
to the experimental ones described in Sec. II.

Special attention was paid to create Yee’s mesh for ac-
curate SHG modeling. We chose the spatial step x,z of the
Yee’s mesh to be sufficiently small to alleviate numerical
dispersion inherent to the FDTD method [51]. Discretization
of the Maxwell’s equations in the FDTD algorithm leads to
deviation of propagation constants of light in simulation from
exact ones intrinsic to optical materials. We assert that in our
two-step FDTD modeling of SHG, numerical dispersion leads
to finite coherence length Lc = π/k even when the phase-
matched SHG is simulated, which may introduce a dramatic
error in the SHG conversion efficiency for long structures
as we consider. To cure this issue, we chose x,z = 4 nm in
such a way to give the coherence length Lc = 4L that assures
3% simulation error in the nonlinear field amplitude. Calcu-
lations were performed on the supercomputer of Lomonosov
Moscow State University.
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FIG. 7. (a) SH indicatrix calculated by nonlinear FDTD. (b) Cal-
culated spatial distribution of light intensity of fundamental (red
color) and SH (blue color) radiation. Shaded region is the PhC, the
inset is enlarged view. Light propagates from left to right.

To simulate the pulse-splitting effect in SHG for p-
polarization of light, we restrict ourselves by consideration
of particular second-order nonlinear susceptibility tensor χ̂ (2)

with nonzero components of χ
(2)
i jk = 1 for i �= y and attributed

to the whole PhC. We note that the usage of actual values of
χ̂ (2) components of the experimental structure are not needed
to simulate this effect as just the nonlinear polarization is
required to excite the SH Bloch mode. Indeed, the choice of
specific χ̂ (2) just effects the effective nonlinear susceptibility
χ̂

(2)
eff determined by spatial overlap of the particular Bloch

eigenmodes participating in the phase-matched SHG [47],
remaining the underlying physics the same. So applied sim-
plified tensor χ̂ (2) is enough to simulate the effect. The latter
condition i �= y guarantees the consideration of the phase-
matched generation for the p-polarized SH light.

In simulation of the SHG in the PhC, the femtosecond
p-polarized fundamental pulse with the waist size of 40 μm,
central wavelength of 800 nm was incident at the Bragg angle
of θ = 26.2◦ onto the PhC’s facet. The duration of the laser
pulse τ was varied in the range of 30–150 fs.

Figure 7(b) shows the calculated spatial distributions of the
intensity of the fundamental (red) and generated SH (blue)
pulses propagating along the Oz axis from left to the right for
the incident pump pulse duration of τ = 40 fs. As seen, the
propagation of the fundamental pulse causes it to split into
a pair of pulses distanced by 12 μm after passing 200 μm
in the PhC, thus demonstrating the pulse-splitting effect. In
turn, the SH radiation is grouped in a single pulse, which
propagates almost together with the fastest pump pulse. It is in
agreement with the calculated values of the group velocities of
eigenmodes at the pump and SH wavelengths shown by dots
in Fig. 6(a). Curiously, the SH radiation has a wider lateral
spatial distribution (along Ox direction) than the fundamental
ones [Fig. 7(b)]. We address this effect to a strong divergence
of the SH beam resulted from the interplay of (i) finite width
of the lateral spatial spectrum of the nonlinear polarization
and (ii) a strong dependence of the direction of the Poynting
vector for the eigenmode γ = 2 at the SH frequency on kx.
The latter takes place due to the presence of the degeneracy
point with the linear dispersion in the photonic band structure
in the vicinity of the SH frequency. Indeed, in the considered
case of the phase-matching condition E, at the SH frequency,
the propagation constants q(2)

z and q(3)
z are almost the same

[see red and green dashed curves in Fig. 5(a)] and the SH
isofrequency curves γ = 2, 3 are approaching each other [see
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red and greed dashed curves in Fig. 5(b)]. This results in a
crucial change of the Poynting vector direction of the eigen-
mode γ = 2, which is orthogonal to the isofrequency curve, at
detuning of kx from h. This explains that diffraction spreading
of the SH pulse is much stronger than for the fundamental
ones.

Next, the calculated radiation pattern of the outgoing SH
light exhibits three pronounced diffraction maxima [Fig. 7(a)]
that are in agreement with the experimental indicatrix
[Fig. 2(a)]. The appearance of the strong central maximum
at ϕ = 26.2◦ is a peculiar feature that is opposite to previous
observations of SHG in similar PhCs in the Laue geometry of
diffraction [35] and speculations based on self-action of light
in Ref. [36]. We assert that in considered case it stems from the
phase-matched excitation of the SH eigenmode γ = 2, which
possesses symmetric spatial field distribution in a PhC’s unit
cell with respect to center one of the layers. The amplitudes of
spatial Fourier components of Ex field of this eigenmode are
shown in Fig. 2(b) by red curves. As seen, this eigenmode has
nonzero Fourier component corresponding to kx = 0, result-
ing in the appearance of discussed SH diffraction maximum
along Oz axis when this eigenmode approaches the output
PhC’s facet.

Finally, the calculated dependence of η(τ ) shown by dots
in Fig. 4(b) is in a good agreement with the results of the
experiment for the PhC with L = 250 μm exhibiting the max-
imum of normalized SH power at incident laser pulse duration
of τ = 60 fs. The FDTD results agree well with the slowly
varying envelope approach indicating that the group velocity
dispersion, diffraction spreading are not crucial in the effect of
SHG under the pump pulse splitting in the PhC and simplified
model of slow varying envelope is adequate to describe the
considered dynamical nonlinear phenomenon.

IV. CONCLUSION

Summing up, in this work we studied experimentally and
numerically the phase-matched SHG in 1D PhCs in the Laue
scheme of diffraction supporting the effect of the diffraction-
induced splitting of the fundamental femtosecond laser pulse,
i.e., splitting of a single incident pulse to pair pulses in a
PhC. We experimentally showed the phase-matched SHG in-
volving two fundamental eigenmodes and a single one at the
SH frequency that was achieved by tuning the thicknesses
of the PhC’ layers. We demonstrated that in this particular
case the SHG is strongly affected by the pulse-splitting effect

and dynamics of fundamental field inside the PhC is primary
important. We revealed experimentally and numerically that
dependence of the second harmonic power on the duration
of the incident femtosecond laser pulse is significantly non-
monotonic. The increase of the laser pulse duration while
maintaining the incident pulse energy leads to an increase
of the nonlinear signal for short laser pulses and a decrease
for long pulses. It allows one to maximize the SH conversion
efficiency by tuning the laser pulse duration. We provided a
theoretical insight into the physical mechanisms of the ob-
served phenomenon, asserting a competition of the two factors
at the pulse stretching and the presence of the pulse-splitting
effect: (i) increase of the spatial overlap of the fundamental
pulses and (ii) decrease of their pick intensity. Using the two
different approaches of 1D slow-varying envelope method and
the exact 2D nonlinear FDTD simulation, we confirmed the
experimental results.

We believe that the revealed dynamical effect in the fre-
quency light conversion can be useful in the nonlinear optics
of multimode PhC fibers as well [39,40]. In this case, the
nonlinear interaction of the laser pulses associated with dif-
ferent guided eigenmodes could be affected by the discussed
effects. Our findings open a way to maximize the nonlinear
signal yield in these systems. Moreover, PhC fibers have
wide capabilities in tuning the group velocities and support
the zero-dispersion regime giving a possibility to treat even
shorter optical pulses. We suppose that the observed phe-
nomena can be extended to the high harmonic generation in
high-power laser applications. Recently, plasma PhCs formed
by periodically modulated in space electron density were
proposed, offering a versatile control of the high-intensity
femtosecond laser pulses with the overcome of the dam-
age threshold of solid-state structures [52,53]. We believe
that obtained results of the harmonic generation in the Laue
diffraction scheme in 1D PhCs can be applied to these physi-
cal systems opening a way for harmonic generation in plasma
PhCs.
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