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Abstract: We conducted a numerical study on the excitation of a two-
colored temporal soliton in a segmented quasi-phase-matching (QPM) 
structure. The device has three parts: a periodic QPM grating for second-
harmonic generation, a single domain for phase shift, and a periodic QPM 
grating for soliton evolution. The second harmonic pulse generated in the 
first grating works as a seed in the cascaded up-and-down conversions in the 
second grating. The numerical results showed that the second harmonic 
seeding enables the excitation of soliton pulses with an improved spatio-
temporal intensity profile in a broad bandwidth of the wave-vector 
mismatch. 
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OCIS codes: (190.5530) Pulse propagation and temporal solitons; (190.7110) Ultrafast 
nonlinear optics; (320.5520) Pulse compression 
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1. Introduction 

A large nonlinear phase shift can be induced on a fundamental frequency (FF) wave through 
cascaded χ

(2)
 interactions under phase-mismatched second harmonic generation (SHG) [1]. 

The cascading nonlinear phase shift accumulated on a short pulse induces an effective self-
phase modulation similar to the cubic (Kerr) nonlinearity. Because the sign and the magnitude 
of the cascading nonlinearity are controllable, soliton propagation and pulse compression can 
be achieved in normal and anomalous dispersions [2]. 

The group velocity (GV) mismatch between the FF and second harmonic (SH) pulses 
distorts the temporal profile of the nonlinear phase shift, degrading the pulse compression 
performance. Another approach to suppressing such phase distortion is to exploit the large 
phase-mismatch condition at the expense of nonlinearity. Pulse compression of an FF pulse 
with a centre wavelength of 800 nm has been demonstrated by using the self-defocusing 
cascading nonlinearity under a large phase mismatch condition and material normal dispersion 
[3,4]. The few-cycle pulse compression has also been achieved via cascading nonlinearity in 
the stationary regime, where the effect of a GV mismatch could be considered a perturbation 
[5–7]. The pulse compression by using self-defocusing nonlinearity is advantageous because 
of its scalability to high-energy pulses. 

The optical soliton in quadratic nonlinear media is intrinsically multi-colored [1,8]. 
Cascaded parametric interactions between the FF and SH pulses modulate their amplitude and 
phase in a nonlinear manner, leading to mutual trapping as well as compensation for 
dispersive broadening. Excitation of temporal soliton from a broader pulse is a powerful way 
to obtain compressed multi-colored pulses with excellent pulse quality. A frequently 
encountered issue in exciting a quadratic temporal soliton is the GV mismatch, which disturbs 
the mutual trapping between the FF and SH pulses. Temporal solitons in χ

(2)
 media were first 

observed by utilizing the achromatic phase-matching (APM) technique with birefringence 
phase matching crystal, where the GV mismatch was compensated by the interplay between 
the pulse-front tilting and spatial walk-off [9,10]. 

Engineering the evolution of quadratic soliton toward higher efficiency, higher quality 
factor, shorter temporal durations, etc. is a next step of significant importance. Recent 
developments in the GV matching scheme available with QPM devices [11,12] can open the 
way to the engineerable excitation of quadratic temporal solitons. Unique material dispersion 
of 5 mol% MgO-doped LiNbO3 provides a GV matching condition for the collinear QPM-
SHG configuration via an off-diagonal nonlinear coefficient d32 at the fundamental 
wavelength of 1560 nm [11]. This configuration provides a condition that is preferable for 
temporal soliton engineering: there is no spatial or temporal walk-off, the material GVD is 
moderate at FF and SH frequencies and the spatial distribution of the phase mismatch profile 
along propagation can be arbitrarily designed. 
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By applying this GV matching condition to the cascaded quadratic interactions, the FF and 
SH pulses were compressed to about 35 fs in a 10-mm-long periodically poled MgO-doped 
lithium niobate (PPMgLN) device [13]. However, a large amount of energy dissipated into the 
pedestals because the pulse shaping process was non-adiabatic. As a scheme to avoid such 
pedestals, we demonstrated the adiabatic compression of femtosecond quadratic solitons in a 
chirped QPM grating [14,15]. The two-colored pulses in χ

(2)
 media tend to adapt to being the 

soliton solution, which is determined by the local effective wave-vector mismatch [16]. The 
SH energy increases and the temporal duration of the FF or SH pulses shorten along the 
propagation. The adiabatic process requires that the grating period changes only gradually 
along the propagation. As the interaction lengthens, however, the compressed pulses depend 
on the propagation distance due to diffraction. 

In this paper, we study engineerable generation of quadratic temporal soliton, which is 
very important in view of its application in ultra-short pulse control. We show numerically 
that a temporal soliton with a shorter duration is efficiently excited through the seeded SHG 
interaction in a segmented QPM device. A SH seed pulse is generated in the first grating, and 
then the two-colored soliton is formed in the second grating. An appropriate phase shift 
induced between the FF and SH pulses mitigates the oscillating energy exchange, thus 
suppressing energy dissipation into a continuum. Our numerical results confirmed the 
advantages of the SH seeding in exciting a quadratic temporal soliton: (i) it enables the 
excitation of a soliton in a broad bandwidth of the wave-vector mismatch, and (ii) the 
compressed FF and SH pulses have spatio-temporal, high-quality profiles. The demonstrated 
scheme is useful for generating the timing-locked, multi-colored short pulses that have 
applications in optical information processing, pump-probe measurements, and light-matter 
control. 

2. Soliton formation in a segmented QPM device 

A schematic diagram of soliton formation in a segmented QPM device is shown in Fig. 1. The 
device has three parts: (i) a periodic QPM grating for SHG, (ii) a single domain for phase 
shift, and (iii) another periodic QPM grating for soliton evolution. The SH pulse, generated in 
the first grating, works as a seed in the cascaded up-and-down conversions in the second 
grating. Inside the χ

(2)
-grating, the effective wave-vector mismatch between FF and SH waves 

is ∆k(z) = k2-2k1-2π/Λ(z), where Λ(z) is the QPM period and k1 and k2 are the FF and SH wave 
numbers, respectively. 

 

Fig. 1. (color online) A schematic of the two-colored soliton excitation in a segmented QPM 
structure. 

The first grating with a period of Λ0 and an interaction length of La satisfies the QPM 
condition for SHG. Under the QPM condition, the SH wave generated from a nonlinear 
polarization and the propagating SH wave are in-phase. In contrast, the FF wave generated 
from nonlinear polarization and the propagating FF wave are out-of-phase. Therefore, the 
energy flows from the FF to the SH. A single domain with a length of Λ0/4 is sandwiched 
between the segmented QPM gratings. The direction of its spontaneous polarization is 
reversed from that of the adjacent domains. The role of the single domain is to shift the 
relative phase between FF and SH pulses by π/2. Thus the FF and SH seeds are in-phase at the 
entrance of the second grating: The positive or negative peak of the oscillating FF field 
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temporally matches the positive peak of the SH field. This phase relationship suppresses the 
net energy exchange between the FF and SH, leading to the stationary propagation (or the 
excitation of solitary wave). It has been shown that the weak SH seed can control the 
excitation of spatial solitons in KTiOPO4 (KTP) [17] and in periodically poled KTP [18]. 
Carrasco et al. reported that the excitation efficiency of a quadratic soliton depends strongly 
on the phase delay between the FF and SH: Improved excitation efficiency and broadened 
mismatch bandwidth are achieved with in-phase FF and SH waves [19]. In this paper, we take 
advantage of the in-phase SH-seeding in exciting the two-colored temporal soliton. We 
consider that the FF pulse at the center wavelength of 1560 nm is incident into a 10-mm-long 
segmented PPMgLN crystal. Nonlinear interaction via an off-diagonal component d32 (e: o + 
o) satisfies the GV matching condition for SHG. 

The propagation of an ultra-short pulse in a quadratic nonlinear material is expressed by 
the (3 + 1)D (1-temporal and 2-spatial plus 1-propagation axis) model, which takes into 
account quadratic and cubic nonlinearities, dispersion, and diffraction. Under the slowly 
varying envelope approximation, the coupled wave equations governing the propagation of 
the FF and SH waves are generalized as [20]: 
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  (1) 

where Ei (x, y, z, t) is the complex amplitude of the electric field, 
2 2 2

xx yy⊥
∇ = ∂ + ∂  is the transverse 

spatial Laplacian, ρi and σi involve quadratic and cubic nonlinearities, respectively, as ρi(z) = 
ωid32d(z)/cni and σi = 3ωiχ

(3)
/8cni. The subscripts 1 and 2 correspond to the FF and SH pulses. 

Time t is measured in a frame of reference moving at the GV of the FF or SH pulses. The 

group velocity dispersion (GVD) kiω″ = d
2
kiω /d

2
ω and the material wave-vector mismatch ∆k0 

= k2ω - 2kω are derived from Sellmeier’s equation for MgO: LN [21]. Here we use d32 to be 3.4 

pm/V [22] and χ
(3)

 to be 17.2 × 10
−22

m
2
/V

2
 [23]. d(z) =  ± 1 is the normalized distribution 

function of the nonlinear susceptibility along the device. 

3. Numerical results and discussions 

We performed numerical simulations with the (1 + 1)-dimensional (1-temporal and 1-
propagation axis) symmetric split-step beam-propagation method (BPM), neglecting the 
spatial diffraction effects. An input FF pulse is transform-limited with a full width at half-
maximum (FWHM) duration of 100 fs (peak intensity: 20 GW/cm

2
). The grating length and 

the effective wave-vector mismatch for each QPM grating are taken as La = 0.7 mm, ∆k1 = 0 

mm
−1

 and Lb = 9.3 mm, ∆k2 = 0 mm
−1

, respectively. The QPM period satisfying ∆k = 0 mm
−1

 
is Λ0 = 20.40 µm. 
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Fig. 2. (color online) (a) Normalized energy ratio and (b) pulse duration of FF (red solid and 
dash lines) and SH (blue solid and dash lines) pulses along propagation. The segmented QPM 
grating: La = 0.7 mm (∆k1 = 0) and Lb = 9.3 mm (∆k2 = 0); periodic QPM grating L = 10 mm 

(∆k2 = 0.35 mm−1); Input FF: transform-limited pulse of 100 fs duration and 20 GW/cm2 peak 
intensity with the center wavelength of 1560 nm. 
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The energy ratio and pulse duration of the FF and SH pulses along propagation are shown 
in Figs. 2(a) and (b), respectively. For comparison, the results for the single periodic QPM 

grating with ∆k = 0.35 mm
−1

 and L = 10 mm are also shown. This value of ∆k = 0.35 

mm
−1

was chosen because it gives the maximum compression factor for the interaction length 
of 10 mm at the input peak intensity of 20 GW/cm

2
 [14]. The impact of the SH seeding in the 

soliton formation is more clearly visualized in Figs. 3 (a-d), which display the evolution of the 
temporal intensity profiles of (a, c) FF and (b, d) SH pulses for (a, b) the periodic QPM and (c, 
d) the segmented QPM gratings, respectively. In the figures, it is clear that strong oscillation 
in the energy exchange and in the FF and the SH pulse durations are greatly alleviated for the 
segmented QPM grating. The durations of the FF and SH pulses in the segmented grating 
shorten as propagating in an adiabatic way. 

 

Fig. 3. (color online) Evolutions of the temporal intensity profiles of FF and SH pulses in (a) 
periodic and (b) segmented QPM gratings. 

Figures 4(a) and (b) show the intensity profiles of the input FF, output FF, and SH pulses 
for each device. The FF and SH pulses are compressed to about 35 fs in both cases. The major 
difference is the pulse qualities of the SH pulse: The pedestal is much less for the segmented 
grating. In this way, the two-colored temporal soliton can be excited with less radiation into 
the continuum by using the segmented QPM device. 
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Fig. 5. (color online) (a) Quality factors for the segmented (green filled markers) and periodic 
(black open markers) QPM gratings, (b) normalized energy ratio and (c) pulse duration of FF 
(red filled) and SH (blue open) as a function of ∆k2 for the segmented QPM grating (or ∆k for 
the periodic QPM grating). 

We evaluated the quality of compressed pulses by using the quality factor, which is 
defined as the fractional amount of energy carried by the central spike of the FF and SH 
pulses, normalized by the launched FF energy [14]. Figure 5(a) shows the quality factor as a 
function of ∆k for the periodic QPM grating and ∆k2 for the segmented QPM device. About 
85% of the launched FF energy is contained in the central spike in a broad range of ∆k2 for the 
segmented QPM grating. On the other hand, the quality factor achieved in the periodic QPM 
grating becomes deteriorated as ∆k approaches negative values. In general, we observed pulse 
broadening rather than compression at negative ∆k in the periodic grating. As shown in Figs. 
5 (b) and (c), the energy ratio and pulse durations of the output FF and SH calculated for the 
segmented device varies with ∆k2. These behaviors are consistent with the dependence of a 
quadratic soliton on the wave-vector mismatch. Pulse narrowing occurs both at positive and 
negative signs of ∆k2 because the self-defocusing nonlinearity is induced [15]. In the presence 
of both FF and SH waves, the nonlinear phase shift can be either positive or negative even at 
negative ∆k2, depending on the phase relationship between FF and SH waves. 
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Fig. 6. (color online) Dependence of the output pulse durations (FF: red and SH: blue) on the 
input FF intensity for the segmented (filled) and periodic (open) gratings under the condition of 

(a) ∆k (∆k2) = 0 mm−1 and (b) 0.35 mm−1; the quality factor for the segmented (green markers) 

and periodic (black markers) gratings as a function of input intensity for ∆k (∆k2) = 0 mm−1 and 

0.35 mm−1. 

Figures 6 (a) and (b) show the dependence of the output pulse durations on the input FF 

intensity for the segmented and periodic gratings under the conditions of ∆k (∆k2) = 0 mm
−1

 

and 0.35 mm
−1

, respectively. In the case of the segmented grating, the FF and SH pulse 
durations decrease with intensity, without oscillatory behavior. In the case of the periodic 
grating, however, oscillatory behavior is clearly observed, even for input intensities higher 
than 10 GW/cm

2
. Figures 6 (c) and (d) show the quality factor as a function of input intensity 

for ∆k (∆k2) = 0 mm
−1

 and 0.35 mm
−1

. The filled green markers are for the segmented grating 
and the black open markers are for periodic grating. Here, the increase in the input intensity 
does not significantly improve the quality factor. Thus, the quality factor for the segmented 
grating is much larger at higher intensity levels, whereas the pulse durations become more 
similar between the segmented and periodic gratings at higher intensities. 

Finally, we investigated the spatio-temporal dynamics of pulse propagation by numerically 
solving the (3D + 1) coupled-wave equations with 3D symmetric split-step Fourier BPM. The 
input Gaussian wave packet of FF is a transform-limited pulse with peak intensity of 20 
GW/cm

2
, pulse duration of 100 fs and the center wavelength of 1560 nm. The FF pulse is 

collimated to have a FWHM spatial width of 300 µm. 
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Fig. 7. (color online) 3D slices of the compressed wave packets of (a) FF and (b) SH pulses in 
periodic QPM grating and (c) FF and (d) SH pulses in segmented QPM grating. 

Figures 7 (a-d) show the 3D slice of the spatio-temporal intensity profiles of the 
compressed FF and SH pulses for the periodic and segmented QPM gratings. The FF and SH 
pulses are compressed to around 40 fs in the segmented and periodic QPM gratings. The 
intensity pattern of the compressed SH in the periodic QPM grating clearly splits up into a 
central hump and a pedestal in the spatial and temporal domains. In contrast, only a single 
central hump is observed in the spatio-temporal intensity profile of the FF or SH pulses for the 
segment QPM grating. The improved spatio-temporal profile (i.e., less radiation into the 
continuum) results from the suppressed oscillation during the energy exchange, which is 
brought about by the in-phase SH-seeding. 

4. Conclusions 

We have numerically investigated the excitation of a two-colored temporal soliton in a 
segmented QPM device. The SH seed generated in the first QPM grating can be used to 
control the cascaded second-order nonlinear interactions in the second grating: A quadratic 
temporal soliton was adiabatically shaped in the second grating by the in-phase SH seeding. 
Numerical results show that the segmented QPM device, taking advantage of the in-phase SH-
seeding, enables the excitation of a two-colored soliton with a higher quality factor in a 
broader wave-vector range, compared with the periodic QPM grating of the same device 
length. 
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