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Blue Self-Frequency Shift of Slow Solitons and Radiation Locking in a Line-Defect Waveguide
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We investigate experimentally resonant radiation processes driven by slow solitons in a dispersion-
engineered photonic crystal waveguide in a regime virtually free of dissipative nonlinear processes
(two-photon absorption and Raman scattering). Strong (30% energy conversion) Cherenkov-like radiation
accompanied by the blue self-frequency shift of the soliton is observed close to the zero dispersion point,
and is explained in terms of the soliton-radiation locking of the velocity.
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The interest in optical temporal solitons originates
from their nearly ideal behavior as information carriers in
both long-haul fiber transmission [1] and resonators [2].
However, as has emerged in the last decade, solitons are
also crucial to understanding highly dynamical phe-
nomena which involve the strong spectral redistribution
of energy, observed in different settings such as silica
photonic crystal fibers (PCF) [3-9], highly nonlinear nano-
wires [10], or quadratic materials [11]. The most dramatic
of such phenomena, supercontinuum generation in PCF,
is affected by solitons through concurrent mechanisms
such as the Raman induced soliton self-frequency shift
(SSFS) [12,13], fission [4], four-wave mixing [14], and
resonant (Cherenkov-like) radiation [9]. In this case spec-
tral broadening extends across the zero of the group-
velocity dispersion (GVD). In particular, broadening over
red wavelengths where the GVD is anomalous is mainly
affected by the Raman red SSFS [12,13], whereas on the
blueshift side where the GVD becomes normal, spectral
broadening is mediated by the resonant amplification of
linear dispersive waves. Such a radiative mechanism
ideally occurs at frequencies determined by the underlying
mechanism of resonance between the soliton (in the
anomalous GVD region) and linear waves (in the normal
GVD region), driven by higher-order dispersive terms
[15,16]. However, only when interacting with the soliton
beyond this simple resonant mechanism does the radiation
become prominent. In particular, in silica PCF, a mecha-
nism for trapping the radiation has been discovered
(usually observed with meters of PCF and KW power
levels), where an essential role is played by soliton decel-
eration (also a consequence of Raman SSFS [6-9]).

In this Letter we report the observation of resonant
radiation in a different setting, namely a line-defect pho-
tonic crystal waveguide (PhC-WGQG) in a ternary semicon-
ductor (GalnP) slab. Recently such types of waveguides
have been successfully employed to demonstrate temporal
soliton compression [17]. Here, by exploiting a novel
PhC-WG sample with dispersion tailored to work close
to the first zero of a double-zero GVD profile, we are able
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to demonstrate efficient emission of dispersive waves in
resonance with the soliton. Our system exploits the slow-
light enhancement of the Kerr response [17-19], which,
along with the fact that the system exhibits no Raman
scattering and is virtually free of nonlinear absorption,
makes a nearly ideal environment for studying the interac-
tion between the soliton and dispersive waves. Moreover,
due to the dispersive features of our guide the radiation
turns out to be redshifted. This causes the soliton to shift
toward high frequencies owing to a pure recoil phenome-
non [16], which represents a new mechanism compared
with recent observations where the soliton blueshift in PCF
results from the variation of the zero GVD wavelength
along the fiber in tapered solid-core PCF [20], or from
photoionization processes in hollow-core PCF filled with
a Raman-inactive noble gas [21,22]. While the net blueshift
in our arrangement is smaller compared with that achieved
in PCF, our system involves length (mm), power (W), and
temporal (ps) scales which compare favorably with all
other systems studied so far, making the phenomenon
compatible with on-chip applications pumped by compact
semiconductor laser sources.

The measurements have been performed on a 190-nm
thick GalnP membrane which is patterned with a triangular
lattice of air holes with period a = 470 nm and nominal
radius 105 nm (r = 0.22a). A missing line of holes consti-
tutes the PhC-WG@G, whose dispersion is engineered in such a
way as to present two zeros of the GVD [see Fig. 1(a)]. This s
obtained by the weak coupling of the fundamental even and
odd modes by slightly shifting the two innermost lines of
holes in opposite longitudinal directions (part of a more
general strategy to control dispersion properties [23]).

In Fig. 1 we report the measured dispersion, i.e., the
dependence of the group index [Fig. 1(b)] and GVD
[Fig. 1(a)] on wavelength. As shown, the GVD vanishes
at Ap = 1551.3 nm, separating the anomalous (A < A)
from the normal GVD (A > Aj) regimes. Unless stated
otherwise, the input wavelength A will be henceforth re-
ferred to A by introducing the detuning A = A — A,. The
waveguide is L = 1.5 mm long and the use of mode
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FIG. 1 (color online). PhC-WG dispersion: (a) GVD vs wave-
length; (b) group index ng(/\). Inset (c): transmission spectrum.
Ay indicates the first zero of the GVD.

matching tapers [24] reduces the input-output coupling
losses to about 2 dB/facet which, along with losses
due to coupling objectives (4 dB), results in an overall
transmission of about 2% at A,. The effective length
1/a = 4.34/a [dB/mm] associated with linear losses in
the PhC-WG ranges from 4 to 0.8 mm (at Ay), and, being
much longer than the nonlinear length, enables adiabatic
pulse evolution as long as we operate in the vicinity of the
first zero of the GVD. Here the redshifted radiation is
efficiently observed in spite of the higher losses in the
long wavelength region [see Fig. 1(c)]. Conversely, close
to the second zero of the GVD, the PhC-WG becomes too
lossy to detect any dynamics. Importantly, the nonlinear
losses have also been minimized since GalnP does not
present, thanks to its large gap of 1.9 eV, any two-photon
absorption (TPA) around 1.55 um (i.e., hw = 0.8 eV) at
variance with, e.g., GaAs and silicon. The purpose of using
a TPA-free material is (i) to increase the nonlinear absorp-
tion threshold to achieve larger powers in the waveguide
and (ii) to avoid the strong generation of free carriers which
can screen the fast electronic nonlinearities through the
absorption and dispersion of free carriers. The residual
three-photon absorption affects only slightly the dynamics
since we operate below its threshold (input power = 10 W).
Stimulated Raman scattering is also absent because its
estimated peak (~ 14 THz) is well above the PhC-WG
bandwidth (~ 10 THz).

In our experiment we launch along the sample laser
pulses of 1.8 ps (FWHM) with tunable wavelength and
adjustable power, and record the output spectra for increas-
ing input peak powers. Figure 2(a) shows the typical output
spectra (log scale), which are recorded for an input detun-
ing 6A = —4.8 nm. As shown, at low power the spectrum
exhibits a monotonic decay across the zero GVD point,
closely following the reference (input) pulse spectrum
which turns out to be slightly broadened due to a residual
chirp. At higher powers, this tail in the normal GVD
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FIG. 2 (color online). (a) Output spectra (log scale) for
different input peak powers, when the input pulse is detuned
by 6A = —4.8 nm (a SSFS of —1 nm is indicated). (b) Output
spectra observed for different input detunings o A (the spectra are
recorded after tuning the laser and hence correspond to slightly
different powers, as indicated). The arrows locate the input
wavelengths.

regime acts as a seed to be amplified (at the expense of
soliton energy), according to the mechanism of resonant
enhancement of linear waves, owing to phase matching
with the soliton [see also Eq. (2) below], first predicted for
standard telecom fibers by Wai et al. [15]. Here, however,
the situation is opposite with respect to both standard fibers
and PCF, with the radiation being expected at longer (red)
wavelengths where the GVD is normal [see Fig. 1(a)].
Such a redshifted radiation peak clearly emerges in the
experiment [see Fig. 2(a)], when the peak power is raised
above P.=1 W, and becomes even stronger at larger
powers (see curve for P, = 2.7 W). Importantly, we
clearly observe that the radiation has a backaction on the
soliton inducing a blue SSFS of nearly 1 nm. This is due to
a pure recoil mechanism [16] since, in the absence of
the radiation, no shift is detected [17]. We point out that
the dispersive wave is efficiently generated when the
power is such that we operate with soliton numbers
N = m > 1. In the PhC-WG the effective Kerr co-
efficient y depends on the group index which determines
the enhancement factor (see Ref. [25] for a detailed
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discussion, and the Supplemental Material [17]). For the
relatively large detuning of Fig. 2(a), we estimate, using a
material Kerr index n,, = 0.57 X 1077 m?/W, a coeffi-
cient y ~ 1010 (Wm)~!, which gives a nonlinear length
L, = (yP.) ' =360 um at power P, = 2.7 W. Given
the dispersion length L, =~ 0.58 mm, this corresponds to
a soliton number N ~ 1.3.

Clearly the output spectra are also sensitive to the input
wavelength, due to the dispersive features illustrated in
Fig. 1. Spectra taken at higher powers for different input
detunings &6 are compared in Fig. 2(b). As shown, the
dispersive wave peak is clearly visible at all detunings and
grows as the input wavelength is tuned closer to Ay. In
order to show that we observe, indeed, an even stronger
soliton recoil at smaller detunings, we show in Fig. 3 the
spectra (linear scale) recorded for 6A = —1.8 nm, and
increasing powers. As shown, in this case, a blue SSFS
of ~2.5 nm is observed at a power level P. =56 W
(Ly =120 pm, L; =2 mm, N = 4). When the detuning
is reduced even further up to a few tenths of a nanometer,
the output spectrum turns out to be strongly broadened
without a distinguishable radiation peak.

The data reported in Figs. 2 and 3 show, importantly, that
the dispersive wave turns out to be quite strong, weighting
up to 30% of the soliton energy after only 1.5 mm of
propagation. This cannot be explained solely in terms of
the soliton-radiation resonance mechanism which, while
being able to correctly capture the frequency of the split-
ting wave (see below), predicts a dispersive wave that
remains exponentially small (at all orders of asymptotic
expansions, as shown in Ref. [15]). In order to explore
why it is not so in our setting, we have performed
a careful simulation of the propagation complemented
by the analysis of the resonance condition. We model
the propagation by means of the following generalized
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FIG. 3 (color online). Output spectrum (linear scale) for an
input detuning 6A = —1.8 nm, showing strong soliton recoil
with increasing power.

nonlinear Schrédinger equation for the temporal envelope
E(z,1)

OE
i~ + D(id,)E + y|EPE= —i%E —ias|EFE, (1)
Z

where a(w) and a;(w) are the linear and nonlinear
loss coefficients, respectively. We find that the latter
(a3 =10 W2m™! at Ay) has a minor impact for the
values of powers considered here. The dispersion operator
D(id,) = 3,=,0" k(id,)" /n! accounts for dispersion at all
orders, with ¢ being the retarded time in the moving frame
at velocity ¢/n ¢ (calculated at the input wavelength). Here
we use a polynomial interpolation of the data shown in
Fig. 1(a). The outcome of a typical simulation (extended up
to z = 3 mm), obtained for an input detuning 6A = —3.4
and an unchirped sech-shaped input (P, = 2.8 W, FWHM
1.8 ps), is displayed in Fig. 4. In Fig. 4(a) the initial spectral
broadening that stems from temporal compression (here
N = 1.5) turns into an emission of radiation at the activa-
tion length where the maximum peak power is reached
(z ~ 1 mm). As the radiation grows, the momentum con-
servation, which we verified to be approximately satisfied
due to the modest impact of losses, is responsible for the
observed soliton blueshift (soliton recoil). Then no signifi-
cant further changes are detected beyond the PhC-WG
length. Temporally the dispersive wave is ahead of the
soliton being emitted along the leading edge of the pulse
(data not shown). However, the radiation is slower at the
frequency where it builds up, owing to a higher n, (see also
Fig. 5). Furthermore, the soliton frequency is blueshifted
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FIG. 4 (color online). (a) Color map of spectrum evolution
from Eq. (1) with P, = 2.8 W, 61 = —3.4, over 3 mm (twice
the PhC-WG length). Here detuning is referred to the input
wavelength. The gray curve gives the peak power vs z.
(b) Simulated spectrogram (time-wavelength map) at PhC-WG
output (z = 1.5 mm). A Blackman sliding window is used to
avoid spurious oscillations in the spectrum. (c) Comparison
between experimental and simulated (at z = 1.5 mm) spectra.
The blue curve is the numerical input.
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FIG. 5 (color online). Radiation-soliton detuning vs soliton
wavelength. The linear resonance curve (k, = 0, thick red
curve and dots calculated using the interpolated dispersion,
and the measured values, respectively) is compared with the
limit arising from GVD + TOD (dot-dashed line), and with the
nonlinear resonance curve (k,; # 0) correspondingto P. = 6 W.
For completeness linear mismatch curves corresponding to 27
over L are also reported (dashed). The squares (cyan) are the
detunings measured at the waveguide output vs output soliton
wavelength. The blue dashed line indicates group velocity
matching.

due to the recoil mechanism and hence accelerated
(n, decreases), until eventually the soliton catches up and
travels locked with the dispersive wave, which might ex-
plain why the radiative process is so efficient. In order to
show that the radiation remains indeed locked to the pulse
in the anomalous GVD regime we have also reported
in Fig. 4(b) the numerical time-frequency map or spectro-
gram (see, e.g., Ref. [9]) corresponding to the output
(z = 1.5). Finally, in Fig. 4(c), we compare the simulated
and the measured spectra. The satisfactory agreement
proves the validity of the dispersion law employed in the
simulations. At higher powers (N > 2), the simulations
also show spectral branching of the dispersive wave arising
from a second compression cycle of the soliton [8], which,
however, could not be probed experimentally in our sample
since it occurs for z > 1.5 mm.

In order to get further insight into the radiative mecha-
nism, we have analyzed the resonance condition between
the soliton and the radiation (at frequencies w, and w,,
respectively) [4,9,16]:

— n

S ankl, ey @)

= n!
which can be obtained from the phase-matching constraint
k(wr) - k(ws) - (wr - ws)/Vs = knl’by expanding k(wr)
around w . Here k(w) is the dispersion law, V is the soliton
velocity, and k,; = yP,/2 is the nonlinear phase shift. The
detunings A, — A, which fulfill Eq. (2), calculated by
employing the dispersion law used in Eq. (1), are displayed
in Fig. 5 as a function of the soliton wavelength. First, we
notice that the nonlinear correction k,; has a small impact,
as one can clearly see by comparing the linear (k, = 0)

and nonlinear (k,; # 0, P, =6 W) resonance curves,
which remain very close, except for A, in close proximity
to Ay. Conversely, higher-order dispersion is important
since the linear resonance condition deviates significantly
from the condition dw = 3|d%k|/93 k characteristic of
truncation to third-order dispersion (TOD) [15]. Much
more importantly, however, by reporting (see cyan squares)
the measured detuning of the radiation (referred to the
output soliton frequency) taken from different spectra
recorded at high powers (P, = 2.5-5 W), we can clearly
see that the data significantly deviate from the resonance
curves based on Eq. (2). Rather, they closely match the
curve characteristic of soliton-radiation group-velocity
matching (dashed blue curve in Fig. 5). This gives an
additional indication of the fact that the radiation tends to
travel locked in time to the soliton, contributing to making
the net energy transfer particularly efficient.

In conclusion, we have observed efficient emission from
ps pulses of redshifted resonant radiation in a millimeter-
long dispersion-engineered PhC-WG, working in the mod-
erate slow-light regime and in the absence of nonlinear
scattering and absorption. Large broadening (~ 2 THz, ten
times the input bandwidth) along with the blueshift of the
soliton is observed, constituting a significant step forward
towards the management of on-chip broadband sources
compatible with compact semiconductor pump lasers.
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