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Spatiotemporal quasisolitons and resonant radiation in arrays
of silicon-on-insulator photonic wires
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We have analyzed the conditions for low-power spatiotemporal soliton formation in arrays of evanescently
coupled silicon-on-insulator photonic wires. We have verified that pronounced soliton effects can be observed
in the presence of realistic loss, two-photon absorption, and higher-order dispersions. A soliton in an N-wire
array can excite N resonant frequencies, but some of these may be suppressed due to the soliton having zero
projection onto the corresponding radiation supermodes. This results in pronounced differences between the
radiation spectra observed from solitons excited at the edge and in the center of arrays.
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I. INTRODUCTION

Ultrafast nonlinear photonics in structured materials is
currently a topic of intense research. Over the past few years,
the well-established technology of silicon-on-insulator (SOI)
has been recognized as being of great value in this field
[1-5]. In particular, nanosized silicon waveguides (or photo-
nic wires) and resonators offer extremely promising ways of
realizing photonic components on a microchip. This is due to
their strong optical confinement and their transparency at the
common telecommunications wavelengths near to 1.5 um.
Their substantial (and ultrafast) Kerr nonlinearity [6,7] and
strong dispersion (which can be tightly controlled by altering
the geometry) [8,9] are important properties in the develop-
ment of all-optical signal processing devices [10,11].

SOI technology also offers an exciting opportunity to
bridge applied and fundamental research, particularly in the
area of soliton physics [12-15]. One of the key features of
SOI waveguides is that strong anomalous group velocity dis-
persion (GVD) can be achieved with nanoscaled transverse
dimensions. The enhanced nonlinear response resulting from
this tight confinement leads to soliton peak powers of only a
few watts [12,13,15] (for 100-fs pulses), which is record-
breakingly small in optics. The nonlinear effects in SOI
wires may be impeded by two-photon absorption (TPA), but
this does not preclude the observation of pronounced soliton
effects [12-14,16].

One of the central concepts in the area of optical solitons
is the spatiotemporal soliton [17,18], whereby light is simul-
taneously self-localized in time and in some or all spatial
dimensions. The main difficulties encountered in this field
[19-21] arise from the need to provide sufficiently strong
anomalous dispersion, sufficient nonlinearity to reduce
power requirements to practical levels, and close matching
between the dispersion and diffraction lengths.

Confining light into waveguides, but still allowing for
coupling between them has a number of advantages for the
observation of spatiotemporal solitons. First, it reduces the
required power, and second, it allows for tight control of
both the diffraction and the dispersion. This idea has been
proposed theoretically in the context of multicore fibers
[22,23], while recent advances in the fabrication of such fi-
bers have shown great promise for experimental realization
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[25]. One-dimensional waveguide arrays have also been tried
in spatiotemporal nonlinear experiments. The most success-
ful of these have reported spatiotemporal X waves in AlGaAs
waveguides [26] and of spatiotemporal focusing in silica
waveguides [27].

In this paper, we examine the suitability of arrays of SOI
photonic wires for the observation of discrete spatiotemporal
solitons. We demonstrate that a suitable design of wires can
provide dispersion lengths (for ~100-fs pulses) in the range
of 1 mm and coupling lengths of a few millimeters. This
appears to be optimal for the creation of solitons with peak
powers of the order of a few watts. Despite the destructive
influence of TPA, we numerically demonstrate that pro-
nounced soliton effects occur under realistic experimental
conditions.

Furthermore, in order to explain peculiar spectral signa-
tures seen in our numerical results, we develop a theory of
radiation emission from the spatiotemporal solitons in SOI
wire arrays. This describes an effect whereby certain radia-
tion peaks are suppressed for symmetry reasons, resulting
from the interplay between spatial and temporal degrees of
freedom. This part of our work overlaps with recent reports
of supercontinuum and Cherenkov radiation in single SOI
wires [14,15] and with the recently published numerical
study of temporal modulational instabilities [28] and super-
continuum generation in waveguide arrays [29]. (The latter
work, however, does not contain analytical predictions of the
frequencies of supercontinuum radiation going beyond the
single-waveguide case.)

II. NUMERICAL MODEL AND LINEAR PROPERTIES OF
THE PHOTONIC WIRES

Spatiotemporal evolution of light in a waveguide array
can be described by dimensionless coupled nonlinear
Schrodinger equations (see, e.g., [22,23]) of the form

&En <A . 2 A 2
Py —iDE, = l|En| E,+iC(E,_| +E,p) - 6tpa|En| E, - €E,,

n=1,2,...,N, (1)

where E,, is the scalar amplitude of the waveguide mode of a
single wire (see Fig. 1). We consider below the mode having
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FIG. 1. (Color online) Symmetric (left) and antisymmetric
(right) mode profiles, displayed over a 2.4 um X 1 um cross sec-
tion. Silica is beneath the horizontal line, with the rectangles denot-
ing the silicon. The electric field vector is split into Cartesian com-
ponents, with transverse components parallel to the silica-air
interface shown top, transverse perpendicular components shown
middle, and longitudinal components shown bottom. Color satura-
tion gives the absolute value. The + and — signs (and blue and red
regions where color is provided) denote the relative phase. (For
clarity, the saturation of the middle figure has been doubled.)

the dominant polarization component parallel to the substrate
(TE mode) and neglect possible nonlinear coupling to the
modes having the dominant component perpendicular to the
substrate (TM mode). This is justified since the effective in-
dex of the neglected mode is much smaller and hence the
nonlinear coupling into it can be neglected. Also, TM modes
are less well confined and suffer from higher losses.

The above model describes only the first transmission
band of the waveguide array and disregards the higher-order
ones. This is sufficient for our purposes, since we focus be-
low on solitons in the semi-infinite low-lying band gap only,
which is practically unaffected by the presence of higher-
order bands. The complete band-gap structure and its inter-
play with the dispersion in two-dimensional liquid infiltrated
waveguide arrays have been recently discussed in [24].

Time 7 [see Egs. (2) and (3)] in the frame moving with the
group velocity of light at the pump frequency is measured in
units of Ty=7,/[2 In(1++2)], where 7, is the full width at
half maximum (FWHM) of the input pulse. In this formula-
tion an input condition of the form E,=sech(7) corresponds
to a physical pulse duration of 7,. The propagation distance {
is given in units of the dispersion length Lp= T(Z)/ |85, where
B, is the GVD at the pump frequency.

The amplitudes have been scaled such that P|E,|* gives
physical power. The intrinsic unit of power, P, is given by
Py=1/vyLp, where vy is the nonlinear coefficient. This can be
calculated using y=2mn,/ S\, [30]. For the waveguides stud-
ied below (approximately 500 nm X 200 nm) the effective
area S is of the order 10~"* m2. This method for calculating y
(which is straightforward in optical fibers) is problematic for
SOI photonic wires. One reason for this is that the mode
profiles of nanosized silicon waveguides have sharp varia-
tions at the interfaces (see Fig. 1), which may invalidate the
textbook approach. Furthermore, the values for n, reported in
the literature vary between ~107'% and ~10"'7 m?> W~!
[6,7]. A pump wavelength of \y=1.5 um gives values of y
ranging from 40 to 400 W~! m~!, yielding approximate val-
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ues of P, (for Lp~1 mm) ranging from 2.5 to 25 W. The
comparison of numerical and experimental measurements
[12] has yielded values of P, close to or less than 1 W.
However, the precise value of P, is not particularly impor-
tant for our theoretical studies, as it merely corresponds to a
scaling of the input power.

The dispersion operator D and coupling operator C are
defined as

M 5 m
D=2 dm(i—) : )

M P m
é:Ecm(z’—> : 3)

where d,,= B,Lp/(m))Ty and c,,= §8,Lp/(m!)T}. Here B,
are the dispersion coefficients at the 1.5-um pump wave-
length, which were derived from the mode propagation con-
stants at various frequencies. These were calculated directly
from Maxwell’s equations using the FEMSIM module of the
RSOFT software package [31]. The material dispersion of
both silicon and silica was accounted for, using the Sellmeier

equations given in [32,33]. The operator C accounts for cou-
pling and its dispersion. The coefficients 5,”5%(,8_%— Bam)s
where f3,,, and B, are the propagation constants of the sym-
metric and antisymmetric two-wire supermodes. A polyno-
mial up to M=11 yielded relative fitting errors of the order
1075, Figure 1 shows the symmetric and antisymmetric su-
permodes of the two-wire structure used to calculate J,,.

We assumed a geometry consisting of a silicon wire with
rectangular cross section, sitting on top of a slab of silica
(and otherwise surrounded by air). We fixed the height of the
silicon layer at 220 nm and also assumed the presence of a
100-nm-high etching mask with a refractive index of 1.35.
Varying the silicon width, we settled upon values of 380 and
420 nm. Both of these geometries were chosen to give very
high (absolute values of) GVD at 1.5 um (-=5400 and
—4700 fs> mm™', respectively). The corresponding values of
Ly are 0.59 and 0.69 mm for 100-fs FWHM pulses. This is
necessary in order to fit a reasonable number of Ly, into a
realistic waveguide length of 0.5—1 cm, so that we can claim
nonlinear suppression of the pulse dispersion. Additionally
(as is shown in Sec. III) the GVD imposes an upper bound
on the temporal duration of the soliton, and so for low values
the necessary input pulses become impractically short. Fig-
ure 2 shows the wavelength dependence of 1/Ly, for the two
geometries. (The dispersion coefficients are given in the cap-
tion to this figure.) An important aspect of the 380-nm wire
is that it has a zero GVD point at 1.628 wm, which is near to
the pump wavelength. Therefore the spectrum of sufficiently
short solitons will significantly overlap with the normal
GVD range, allowing for Cerenkov radiation [34,35]. (This
is studied in detail in Sec. V.) By comparison, the GVD of
the 420-nm wire is much further away at 1.735 um, yielding
negligible Cerenkov effects.

We define the pump-wavelength coupling length to be
Le=1/|Bs— Baol» which is the distance taken for light in a
pair of coupled wires to completely transfer from one wire to
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FIG. 2. (Color online) 1/Lp(N) for the two waveguide widths.
Anomalous (normal) dispersion is represented by solid (dashed)
lines. The vertical bar highlights the 1.5-um pump wavelength. The
leading (scaled) dispersion coefficients are d,=-0.5, d3=-0.00326,
d,;=0.00148, and d5=—6.16X 107> for the 380-nm-wide wire and
d,=—0.5, d;=0.00615, d;=7.00X 107, and ds=—4.06x 10 for
the 420-nm-wide wire.

the other. Coupling is strongly dependent on wavelength, as
is shown in Fig. 3, and can be controlled by altering the
distance between neighboring wires. There are two opposing
constraints imposed on the L. The first is that to study spa-
tial localization we need to have a sufficiently short coupling
length. The second is that the choice of L is bounded from
below by the existence and stability conditions for spa-
tiotemporal solitons, which are discussed in Sec. III. The
wire separation we have chosen is 700 nm, which gives L¢
=2.8 mm for the 380-nm-wide wire and L-=3.2 mm for the
420-nm wire. (The coupling coefficients are given in the cap-
tion to Fig. 3.)

The linear absorption and TPA coefficients are € and €y,
respectively. The former is assumed to have a value of 0.01,
which corresponds to absorption lengths (defined as the dis-
tance taken for intensity to half) of 20 and 24 mm
(~=1.5 dB/cm) in the 380- and 420-nm wires. €, is taken
to be 0.1 [12,13]. This amounts to replacing the nonlinear
index n, with n,(1+i€y,). The comparison of numerical and
experimental results [12] strongly suggests that free-carrier-
induced absorption and refractive index change can be ne-
glected for the relatively low powers considered. It should
also be mentioned that we assume a pulse repetition time

42
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FIG. 3. (Color online) Lc(\) for the two waveguide widths. The
vertical bar highlights the 1.5-um pump wavelength. The leading
(scaled) coupling coefficients are ¢(=0.336, ¢;=-0.106, c,
=0.0187, and ¢3=-0.00213 for the 380-nm-wide wire and c
=0.337, ¢;=-0.0868, ¢,=0.0124, and ¢3=-0.00129 for the
420-nm-wide wire.
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FIG. 4. (Color online) Normalized energy of edge and central
solitons fy=U/ V‘FO, as a function of V=g/c, shown with N=c for
both types of solitons and with N=3 and N=5 for edge and central
solitons, respectively. The unstable (JU/dqg<0) solitons are de-
noted by dashed lines. The energy unit Py7|, is typically in the
vicinity of 100—1000 fJ.

greater than the carrier lifetime (~10 ns [12]), so the carrier
density cannot build up over successive pulses. The influence
of the silicon Raman scattering on the short pulses can also
be safely neglected [36].

III. SPATIOTEMPORAL SOLITONS

Ideal spatiotemporal solitons are assumed to take the form
E,(Z,7)=F,(7)e'%. To find the real functions F, we ne-
glected linear loss, TPA, higher-order dispersion (d,,~,=0),
and coupling dispersion (c,,~;=0). This gives a set of N
ordinary differential equations:

1d°F,
2 d7

:an_ |Fn|2Fn_CO(Fn—1 +Fn+1)’

n=1,2,...,N. (4)

Spatiotemporal soliton solutions were then found using a
finite-difference Newton-Raphson method. Solitons in Eqs.
(4) have been previously reported in the case where edge
effects are not important in, e.g., [23]. Edge solitons (i.e.,
those with a peak amplitude in the n=1 wire) have attracted
significant recent attention (see, e.g., [37,38]). In what fol-
lows we will also consider solitons in the geometries with a
small number of wires when edge effects on both ends are
important.

In Fig. 4 we plot the soliton energy U, defined as U
=3 JZ.|F,’d7 as a function of the scaled wave number
g/ co. Transforming Eqs. (4) using F/(7)=\2¢F,(v2q7) we
obtain

d’F), 1

e E AR SEL L), 6)
where the parameter V is given by V=g¢/c,. This is useful,
as the numerical solution of Egs. (5) needs only one free
parameter (namely, V). One can show analytically that the
solitons, stable or unstable, exist within the interval V
€ (Vex,®), where V=2 cos[7/(N+1)]. [See Eq. (13) in
Sec. V.] The soliton energy is then U=1cqfy(V), where fy is
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FIG. 5. Effect of the array edges on the minimum soliton energy.
To compare the cases of the central and edge solitons, the quantities
are plotted against the number of wires separating the pump channel
from each edge of the array for the central soliton case and from the
far edge of the array for the edge soliton case. The energy unit PyT|
is typically in the vicinity of 100—1000 fJ.

derived from the solution to Eq. (5) as fy(V)
=\2VEN_ [* |F!|?dr. The function fy differs between cen-
tral and edge solitons, with the values being smaller for the
latter. In the central and edge cases, the energy U(V) has a
minimum at V=V, U=U(V,). This energy threshold is
slightly lower for an edge soliton. Solitons become unstable
for dU/dqg<0 (the Vakhitov-Kolokolov criterion [39,40]),
and so for stable soliton propagation it is required that V
= Vvk'

In Fig. 5 we show how the edge effects affect the lower
bound of the soliton energy (at given ¢,). The minimum soli-
ton energy is reduced for a restricted number of wires, as the
light cannot diffract beyond the edge of the system. In order
to meaningfully compare central and edge solitons, we define
AN as the number of wires separating the maximum intensity
wire from the edge. This is given by N—1 for an edge soliton
and (N—1)/2 for a central soliton (in a system with odd N).
The edge effects rapidly diminish as AN is increased, with
the quasi-infinite regime being effectively reached at AN=5
or 6. In the case of AN=1 (corresponding to N=2 for the
edge soliton and N=3 for the central soliton) it is difficult to
determine the locations of the V=V, points. This is because
the computations have to be performed near to the funda-
mental cutoff points at V=V, leading to numerical instabil-
ity. Therefore the AN=1 cases in Figs. 5 and 6 are shown
with crosses.

The FWHM duration of a soliton, T, decreases monotoni-
cally with increasing V. An upper bound of T can be derived
by measuring the soliton duration at V=V,,. Scaling back to
physical units we find

Ts < a’max\2|:32|LCa (6)

where (3, is the GVD and L is the coupling length at the
pump wavelength. This is approximately 80 fs for our cho-
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FIG. 6. Parameter a,,,, (defining maximum soliton duration) as
a function of the number of wires between the maximum intensity
wire and the array boundary as in Fig. 5.
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FIG. 7. Evolution of a sech-like pulse (with power 3.5P;) sent
into a single wire. Center (a) and edge (b) wire excitation results in
soliton formation. When nonlinearity is turned off (c) and (d), the
pulses disperse and diffract. Power axis is in units of P,. Propaga-
tion distance is 2.7 mm. The model does not include linear loss or
TPA.

sen geometries. The numerically derived dimensionless num-
ber a,,, depends on the number of wires and the soliton
type. Restricting the number of wires causes a slight upwards
correction to ay,,y., as is shown in Fig. 6. Again, this is due to
diffraction being constrained by the boundaries.

IV. FORMATION AND DYNAMICS OF SPATIOTEMPORAL
QUASISOLITONS

In a real system, losses and higher-order dispersions pre-
vent the formation of idealized unchanging soliton solutions.
Therefore, it is more meaningful to speak about the forma-
tion of quasisolitons. In order to study quasisoliton formation
and evolution, we performed direct numerical modeling of
Egs. (1) using a split-step Fourier method.

As a first step, we will consider the undamped system.
This is because the effect of damping is inherently destruc-
tive, and so by removing it we can examine quasisoliton
evolution more effectively. The central-soliton and edge-
soliton solutions described in Sec. III propagate robustly
through this system, indicating that long-lasting quasisolitons
can exist. [Furthermore, this demonstrates that the assump-
tion of second-order dispersion and fixed coupling in Eq. (4)
is appropriate. ]

Firing a preformed soliton into an array of wires is im-
practical in a real-life experiment. Therefore, any realistic
modeling must be based upon the injection of a single pulse
[in this case, of the form Ecsech(7)] into a single wire.
Central and edge quasisolitons can indeed be created like
this, as is shown in Fig. 7. (Pulses with a 100-fs duration and
a peak power of 3.5P, were used, and damping is still ab-
sent.)

We should also note that the chosen 100-fs pulse duration
is longer than the =~80-fs upper bound to soliton duration
given by Eq. (6). However, soliton formation still occurs due
to the so-called soliton compression effect (see, e.g.,
[30,41]), which occurs during the initial stages of pulse evo-
lution. This process is demonstrated in Fig. 8, where linear
losses and TPA have been reintroduced to the model. This
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FIG. 8. 100-fs pulse evolution in a 420-nm-wide wire over one
dispersion length (0.69 mm). At very low power (a) the pulse
broadens. At 1.5P (b) a quasisoliton (with an approximate duration
of 100 fs) is formed. At 3.5P (c), the pulse is compressed to 34 fs.
Increasing the power to 7P, (d) results in pulse splitting (soliton
fission). Power axis is in units of P,. The model includes linear loss
and TPA.

shows that a 100-fs pulse (with power 3.5P) is compressed
to 34 fs after only 0.7-mm propagation. This propagation
distance is much less then the coupling length (~3 mm), and
so the coupling into neighboring wires is not important. It
can also be seen that the 3.5P, power is roughly optimal, as
increasing it further causes multisoliton fission.

Figures 9 and 10 demonstrate quasisoliton formation
when all absorption terms are present. Localization in both
space and time is established over a distance of the order of
the coupling length. Although the localization becomes less
pronounced with further propagation, it is clear that the cor-
rect choice of wire length (for the given input power and
coupling) leads to pronounced nonlinear switching, which is
accompanied by the formation of a spatiotemporal quasisoli-
ton.

V. RESONANT RADIATION OF SPATIOTEMPORAL
SOLITONS

As has been mentioned above, the overlap of the soliton
spectrum with the normal GVD region should lead to the

(a)
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l/ - e
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FIG. 9. Result of a 100-fs pulse with peak power 3.5P, being
fired into the central wire (n=8) of a 15-wire array (of 220 nm
X420 nm wires placed 700 nm apart). Propagation distance is
2.7 mm. With nonlinearity (a) the light is localized in the input
wire, and broadening in time and space is suppressed, indicating
quasisoliton formation. When nonlinerity is turned off (b) diffrac-
tion has transferred nearly all the light from the pump wire into
nearest and next-nearest neighbors. Power axis is in units of Pj. The
model includes linear losses and TPA.

PHYSICAL REVIEW A 78, 033818 (2008)

(a) (b)
0.3
5 30.12
%0.15 g 0.6
o o
1008 1008
6 6

FIG. 10. The same as Fig. 9, but with the pulse fired into the
edge wire (n=1) of a 15-wire array. (a) shows the quasisoliton
formation for 3.5P input power, and (b) shows linear diffraction.
The model includes linear losses and TPA. Wires 8—15 (which con-
tain almost no light) are omitted for clarity.

emission of resonant Cerenkov radiation. In this section, we
extend the theoretical analysis for a single waveguide [34,42]
to an array of waveguides. Defining €,({,7) to be a linear
perturbation which propagates on the soliton background, we
substitute

E,(L7) =[F,(7) + €,({,D]e'"* (7)
into Egs. (1) to give

Je, A A
iqe, + (?_51 =(2¢,+ e:)Fi +iDe€, +iC(€,.1 + €,_1)

+i|:DA_ é[;iq_z:|Fn+ i[é_co](FIHl +Fn—1),
(8)

where the terms containing €> and € have been discounted.
The resonances of the above system with the linear unbound
waves

€,= E;leikzg_iwf (9)

can be found when the driving terms (i.e., those containing
F, but not €,) are removed. We also neglect the (2g,
+e::)Fi term (which describes the local refractive index
change induced by the soliton field). While this term is of
importance when calculating the radiation amplitude [42], it
can be neglected when we merely wish to determine the
frequency of the resonance. The resonance condition is k,
=0, which corresponds to the wave numbers of a soliton and
a linear wave being matched. The resulting system of equa-
tions is

(q—D(w)

() >6;=6;+1+e,’1_1, n=12,....,N. (10)

The above system can be interpreted as an eigenvalue prob-
lem with the coefficient on the left-hand side being an eigen-
value. It is relatively straightforward to demonstrate that
nontrivial solutions for €, exist providing that

JT .
q=D(wj)+2C(wj)cos(N ), j=12,...,N, (11)

+1
where the index j labels the different modes and their reso-
nant frequencies. The cosine function on the right-hand side
has unique values for all j, as its argument does not go out-
side of the (0, ) interval. This implies that N distinct reso-
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FIG. 11. (Color online) Normalized eigenvectors for Eq. (10).
Shown for (top to bottom) N=3, 4, 5, and 7. The eigenvectors are
arranged by order of their corresponding eigenvalue, which in-
creases from left to right. Modes with negative eigenvalues are
shown in red (dark gray), while modes with positive eigenvalues
are shown in blue (light gray).

nant frequencies will exist. It follows from the identity
cos(0) =—cos(m—0), that the values of the cosine function
occur in pairs having opposite signs.

The corresponding (normalized) eigenvectors are

> .
€.=1/ sin( T ) (12)
7 N+1 N+1

The eigenvectors for a selection of N values are shown in
Fig. 11. If N is odd, then j=(N+1)/2 implies the resonance
condition g—D(w;) =0, which is identical to the one found in
an isolated waveguide. The corresponding eigenvector is
such that the waveguides with the nonzero radiation intensi-
ties are separated by the ones where radiation is completely
absent. Applying the transformation €, —(—1)"€,, to any ei-
genvector will yield the eigenvector with oppositely signed
eigenvalue. Therefore, the modes exist in matched pairs hav-
ing the same power distribution between the wires, but op-
posing interwire phase relationships.

Furthermore, the eigenvectors can be divided into sym-
metric and antisymmetric types (with respect to reversing the
ordering of the wires). By antisymmetric we mean that the
fields in the wires equidistant from the center of an array
have the same magnitudes, but are 7 out of phase. There are
always [N/2] symmetric modes and |N/2| antisymmetric
modes (where [x] means round x up to the nearest integer and
[x] means round down).

The absence of a resonance at w=0 [where D(0)=0 and
C(0)=c,] defines the fundamental soliton existence condi-
tion

T
V> 2 cos N =V (13)

+1
where (as before) V=g/c,. The lower bound of V=V, in-
creases with N and tends towards 2 as N goes to infinity.
Graphical solutions of the resonance conditions given by
Eq. (11) are shown in Fig. 12. The straight horizontal lines
correspond to the left-hand side of (11) and the curved lines
to its right-hand side. One can see that the number of reso-
nances coincides with the number of wires, N, and that as N
increases the resonance frequencies start to form a continu-
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FIG. 12. (Color online) Resonance conditions for 220 nm

X 380 nm wires placed 700 nm apart for systems with (top, left) 3,
(top, right) 5, (bottom, left) 7, and (bottom, right) % wires. The
soliton wave number g=1.1 is given by the horizontal dotted line.
Antisymmetric modes are shown as dashed and symmetric modes
as solid lines. Modes with negative eigenvalues are shown in red
(dark gray) and those with positive eigenvalues in blue (light gray).

ous band. In the limit of a soliton in an infinite array, the
radiation spectrum becomes a continuum, which is bounded
on both sides. In this limit, the solutions in Eq. (9) can be
replaced with €,=ee*:¢7“*i<" where k is a continuously
varying quasimomentum. The corresponding resonance con-
dition is

g =D(w) +2C(w)cos(k). (14)

An interesting observation is that in the case when the
pump pulse is sent into a central waveguide of an array with
a small number of wires, we do not observe the spectral
peaks corresponding to antisymmetric radiation modes.

In this situation, it follows that F,,=F; and €,=—¢€5, where
the reversed-order wire index 7 is defined as n=N+1-n.
Substituting these into Eq. (8) gives

80

60 Central 1
- 40 Soliton 2 3
g /\ /
— 0
2 80
& 6o Edge

40 Soliton

20 /\

_\O

Wavelength pm)

FIG. 13. Power spectrum summed over all wires (after 2.4-mm
propagation, {=4) for N=3 array of 220 nm X 380 nm wires with
700 nm separation. Shown for center-wire input (top) and edge-
wire input (bottom). As predicted, all three Cerenkov peaks are
present for the edge soliton, but one of these is suppressed for the
central soliton. The input pulse is taken as V3.5Pgsech(7).
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80
60 Central 1
40 Soliton

20

o AN

80

60 Edge

40 Soliton

" /VV\A
0,

1.4 . . 1.9
Wavelength (pm

Power (dB)

FIG. 14. The same as Fig. 13, but for N=5. All five Cerenkov
peaks are present for the edge soliton, but two of them are sup-
pressed for the central soliton.

. Jeq 2 LA LA
ige; + ﬂ_§ =26+ € )F;+iDe; +iC(€5 + €;-1)

1A 1 .
—-i|D- 297 Fi=i[C = co)(Fizy1 + Fir).-
(15)
Dropping the 72 notation in Egs. (15) and adding them to Egs.
(8) gives

Je ; A A
ige, + — = (2€, + e::)Fﬁ +iDe, +iC(€,_; + €,,1). (16)

4
This lacks any form of driving term, and so for an initial
condition of €,=0, the solution will remain at €,=0. There-
fore, a symmetrical soliton will not radiate into the antisym-
metric modes. As |N/2] antisymmetric modes are present, we
can therefore predict that |[N/2] spectral peaks will be “for-
bidden.” For an edge soliton, however, the above argument
will no longer hold (due to the F,=F; predicate being no
longer true). Therefore, all of the modes are permitted for
edge solitons.

Figures 13—15 show numerical prediction for the results
of a real experiment, in which solitons and edge solitons are
excited in small waveguide arrays (for N=3, 5, and 7) and
the Cerenkov radiation observed. Our model includes linear
absorption, TPA, higher-order dispersion, and dispersion of
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/w
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20
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FIG. 15. The same as Figs. 13 and 14, but for N=7. All seven
Cerenkov peaks are present for the edge soliton, but three of them
are suppressed for the central soliton. Peaks 1 and 2 cannot be
resolved here, but by observing the modal profiles it can be shown
that two resonances are indeed present.

coupling. We have assumed a laser setup capable of firing
100-fs transform-limited sech-like pulses into a single wire.
In order to demonstrate that forbidden modes are not excited
in any of the wires, we have plotted the spectra of the com-
bined output from all the wires. (Experimentally, this corre-
sponds to the output from the entire array being collected
and fed into an optical spectrum analyzer.) The resulting
spectrum can then be used to gauge the formation of qua-
sisolitons within the array.

VI. CONCLUSIONS

We have proposed and theoretically studied an experi-
mental setup based upon silicon-on-insulator wire arrays,
which is capable of demonstrating the formation of spa-
tiotemporal quasisolitons. We have shown analytically and
numerically that a soliton in an N-wire system, with a zero
GVD point close to the pump wavelength, is capable of ex-
citing N resonant frequencies. However, some of these may
be suppressed due to the soliton having zero projection onto
the multiwire supermode into which the radiation would be
emitted. This is of particular interest in a system with a small
number of wires, as the spectral lines can be resolved and
thus counted. We have numerically predicted the spectral
output of potential experiments with central and edge spa-
tiotemporal solitons and have demonstrated their agreement
with our analytical predictions.
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