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We present a detailed numerical study of supercontinuum generation in hexagonal seven-core fibers with single-
core input in the short pulse regime. Important spectral broadening mechanisms are shown to result from or
strongly depend on the frequency dependence of linear coupling between the cores. Namely, soliton supermode
transitions, inter-supermodal four-wave mixing, and inter-supermodal dispersive wave generation are among the
key nonlinear phenomena specific to multi-core fibers, and their relative importance is heavily dependent on core
separation. ©2019Optical Society of America
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1. INTRODUCTION

Supercontinuum generation inside single-mode fibers is a well
understood phenomenon [1]. Since 2012, the nonlinear effects
in graded-index multi-mode fibers have been studied exten-
sively [2–4]. More recently, step-index multi-mode fibers have
been shown to exhibit interesting nonlinear phenomena unob-
servable in graded-index fibers [5,6]. Multi-core fibers have been
considered a promising platform for optical communication
systems due to their ability to suppress detrimental nonlinear
effects and because of the remarkable ability of an N-core fiber
to outperform an equivalent communication link of N single-
mode fibers [7–10]. However, multi-core fibers and other arrays
of coupled waveguides do support nonlinear optical phenomena
such as a discrete analog of self-focusing [11] and nonlinear
pulse combining [12]. The intensity-dependent transmission
characteristics of coupled waveguides can also be utilized for
applications such as nonlinear optical switching [13,14] and
pulse compression [15]. Multi-core fibers are capable of deliv-
ering high-energy pulses by distributing their energy among
several cores through the excitation of the so-called supermodes.

One of the most common types of multi-core fibers is the
hexagonal seven-core fiber. Such fibers have been used for super-
continuum generation [16–23]. However, the fibers in these
previous studies have been photonic crystal fibers where the
nonlinearities are enhanced due to a small mode area, and the
dispersion has been carefully engineered to facilitate the gener-
ation of new frequency components over a broad wavelength
range. Tapering has been used to further amplify nonlinear
effects for broader supercontinuum spectra [21]. In this paper,
we consider a step-index seven-core fiber and numerically show
that supercontinuum generation can take place even in such a
regular multi-core fiber without dispersion engineering. The

emphasis is on the effect of core separation on the width of the
resulting output spectra, and we detail the dependence of the
spectral width on core separation in the short pulse regime using
a 100 fs input pulse. Both center-core and outer-core excitation
are considered. Different regimes of spectral broadening are
identified and shown to be connected to various nonlinear
phenomena, some of which are specific to multi-core fibers [24].

The paper is organized as follows. In the first section, we go
through the linear propagation characteristics of a seven-core
fiber and introduce the full propagation equation including
nonlinear effects and also the numerical method to solve the
equation used in this study. In the next section we consider
supercontinuum generation in a seven-core fiber when the
center core is used as the input, and in the section after that, we
switch to using an outer core as the input core.

2. PULSE PROPAGATION IN A MULTI-CORE
FIBER

The fiber considered here is a hexagonal, seven-core fiber with
one central core and six outer cores arranged in a regular hex-
agonal pattern around the center core. The diameter of the
cores is 6µm and the nearest-neighbor center-to-center spacing
between the cores is varied from 12 µm to 30 µm to modify the
strength of linear coupling. All cores of the fiber support a single
mode near the 1.55µm wavelength.

It is customary and mathematically convenient to consider
only one polarization and to describe the pulse propagation
through the concept of pulse envelope. Namely, we write the
electric field in the vicinity of a single core as

E(r, t)=Re[p̂F (x , y )A(z, t) exp(iβ0z− iω0t)], (1)
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where p̂ is the unit vector in the direction of polarization,
F (x , y ) is the transverse field profile of the single mode of the
core, A(z, t) is the envelope, ω0 is the carrier frequency, and
β0 is the propagation constant at this frequency. It is common
to choose the carrier frequency ω0 to be the central frequency
of the optical pulse to ensure that A(z, t) is a slowly evolving
function of z. This slowly evolving wave approximation makes
it possible to neglect the ∂2 A(z, t)/∂z2 term arising from
Maxwell’s equations when deriving the propagation equation
for the envelope A(z, t). The derivation of the underlying
nonlinear Schrödinger equation (NLSE) for A(z, t) in the case
of a single-core fiber can be found in literature [25–27]. The
multi-core counterpart of the equation includes linear coupling
between the cores and can be written in the following form in
the frequency domain:

∂ Ã p(z, ω)
∂z

= i [β(ω)− β0 − β1(ω−ω0)] Ã p(z, ω)

+ iγ (ω)F
{[

R(t) ∗ |A p(z, t)|2
]

A p(z, t)
}
(ω)

+ i
∑
l 6=p

κpl (ω) Ãl (z, ω), (2)

where A p(z, t) is the temporal envelope of the field in the p th

core, and Ã p(z, ω) is its Fourier transform defined as

Ã p(z, ω)=F{A p(z, t)}(ω)=
∫
∞

−∞

A p(z, t)e iωt dt . (3)

The first term in the square brackets on the right side in Eq. (2)
accounts for dispersive effects through β(ω). The subtraction
of β0 = β(ω0) and β1 = [dβ/dω]ω=ω0 from β(ω) implies
that the frame of reference moves at the group velocity of the
input pulse, i.e., the time t is with respect to the temporal loca-
tion of the center of the input pulse in an isolated core in the
absence of nonlinearities. The nonlinear response function is
R(t)= (1− f R)δ(t)+ f R h R(t), and it includes the Kerr and
Raman effects with a Raman fraction of f R = 0.18. The Raman
response function h R(t) is calculated in the frequency domain
using the experimental Raman data for fused silica [28]. The
nonlinear parameter γ (ω)= n2ω/[c Aeff(ω)] is determined
by using n2 = 3.2 · 10−20 m2/W and computing the funda-
mental mode effective area for each frequency in an isolated
core. Inter-core nonlinear interactions have not been included
in Eq. (2), but we have verified that their omission is justified by
performing example simulations with inter-core nonlinearities
taken into account. The inter-core terms are largest for the
smallest core separation (12 µm in this study), but even for this
smallest core separation, the largest inter-core nonlinear terms
are less than 0.7% of the dominant intra-core terms, and thus
they can safely be left out. Contrary to a common misconcep-
tion, A(z, t) does not need to be a slowly varying function of t
if certain other conditions are satisfied [25]. Without going into
the details, we point out that these conditions are satisfied for
silica fibers in the wavelength range from visible to mid-infrared,
and the validity of Eq. (2) will not be compromised even if its
numerical solutions were to contain single-cycle optical pulses.

Equation (2) can be rewritten as a vector equation:

∂Ã(z, ω)
∂z

= iM(ω)Ã(z, ω)

+ iγ (ω)F
{[

R(t) ∗ |A(z, t)|2
]

A(z, t)
}
(ω),

(4)

where A(z, ω) is a vector consisting of the envelopes of the fields
in each core, and the matrix M describes all the linear effects.
The diagonal elements of M are β(ω)− β0 − β1(ω−ω0)

and describe dispersion, whereas the off-diagonal elements are
responsible for coupling between the cores. Generally all the
off-diagonal elements of M are non-zero but the dominant
contribution comes from the coupling between neighboring
cores. When the center-to-center core separation is 12 µm, the
nearest-neighbor coupling terms are larger than the other terms
by a factor of 60 or more in the wavelength range 1–2.5µm.

Before solving Eq. (4) numerically for studying supercontin-
uum generation, we need to know the frequency dependence of
both the propagation constant β(ω) and the coupling coeffi-
cientκpl (ω) appearing in Eq. (2) over the entire spectral range of
the calculated spectra. For this purpose, we use the well-known
Sellmeier equation for the cladding’s refractive index n2(λ) for
fused silica [29]:

n2(λ)=

[
1+

0.6961663λ2

λ2 − 0.06840432

+
0.4079426λ2

λ2 − 0.11624142 +
0.8974794λ2

λ2 − 9.8961612

]1/2

, (5)

where λ is in micrometers. The refractive index of the cores is
taken to be n1(λ)= n2(λ)+ 0.01 across the whole wavelength
range.

Using the known core radius and the refractive indices of
the core and cladding materials, the propagation constant
β(ω) of an isolated core can be computed by assuming an
infinite cladding and matching the tangential fields at the
core–cladding boundary. The field profile of the fundamental
mode in an isolated core was used to calculate the frequency
dependence of the effective mode area Aeff(ω), which was in
turn used to calculate the nonlinear parameter γ (ω) appearing
in Eq. (4). To give a numerical example, the nonlinear parameter
at the center wavelength of 1.55 µm for our multicore fiber is
γ (ω0)= 3.27 (kmW)−1.

The frequency dependence of the coupling coefficient κpl (ω)

can also be calculated by integrating over the mode profile. We
have found it convenient to use the following simple analytic
formula for the coupling between two neighboring cores [30]:

κ(ω)=
π

2an1

√
n2

1 − n2
2 exp[−(c 0 + c 1d̄ + c 2d̄2)], (6)

where a is the core radius, and d̄ ≡ d/a is the normalized
center-to-center spacing between the two cores. The con-
stants c 0, c 1, and c 2 depend on the V parameter defined as
V (ω)= (aω/c )

√
n2

1 − n2
2 as
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c 0 = 5.2789− 3.663V + 0.3841V 2,

c 1 =−0.7769+ 1.2252V − 0.0152V 2,

c 2 =−0.0175− 0.0064V + 0.0009V 2. (7)

This relation is accurate to within 1% for values of V and d̄
in the range 1.5≤ V ≤ 2.5 and 2≤ d̄ ≤ 4.5. While it is cus-
tomary to approximate the fundamental mode field profile
with a Gaussian, the Gaussian approximation becomes very
inaccurate further into the cladding. The derivation of the
approximate formula of Eq. (6) is based on the more accu-
rate Gaussian-exponential-Hankel approximation of the
fundamental mode [31].

3. SUPERMODES OF A MULTI-CORE FIBER

It is well known that when the cores of a multi-core fiber are so
close that the coupling among them is not negligible, one must
consider the supermodes of the whole structure, which represent
the true modes of such a fiber. It turns out that these supermodes
are required for a proper understanding of the nonlinear effects.
When the coupling is restricted to the two nearest neighbors, the
supermodes are easy to determine analytically, but the same can
also be done when accounting for all coupling terms.

The first part of Fig. 1 shows the scheme used to number
the seven cores of the fiber as well as the letter labels for the
supermodes. We denote the center core as the first core, and the
six outer cores are numbered from 2 to 7 as shown. The matrix
M(ω) for this configuration takes the form

M(ω)= [β(ω)− β0 − β1(ω−ω0)] I7 + κ(ω)K, (8)

where I7 is the 7× 7 identity matrix, κ(ω) is the frequency-
dependent nearest-neighbor coupling, and the constant matrix
K has the form

K=



0 1 1 1 1 1 1
1 0 1 0 0 0 1
1 1 0 1 0 0 0
1 0 1 0 1 0 0
1 0 0 1 0 1 0
1 0 0 0 1 0 1
1 1 0 0 0 1 0


. (9)

Fig. 1. Numbering scheme and supermode field patterns at a wave-
length of 1.55 µm for a seven-core fiber. Core diameter is 6 µm, and
the center-to-center spacing is 15 µm. The colors represent field values
from−1 (blue) to+1 (red).

This matrix reflects the fact that the center core is coupled to all
other cores while the outer cores are coupled to three neighbor-
ing cores with the same spacing.

In the absence of nonlinearities (i.e., for weak fields), Eq. (4)
becomes a linear equation:

∂Ã(z, ω)
∂z

= iM(ω)Ã(z, ω). (10)

This equation can be reduced to the eigenvalue equation
(M− β s I7)Ã(z, ω)= 0 by assuming that Ã(z, ω)=
Ã0(ω)e iβ s (ω)z is a solution of Eq. (10). Here, Ã0(ω) is an
eigenvector of M(ω) corresponding to the eigenvalue β s (ω).
Because Ã0(ω) is constant along z, such solutions of Eq. (10)
describe fields that propagate unchanged except for their
phase that evolves as e iβ s (ω)z. These are the supermodes of the
multi-core fiber, and β s (ω) are the propagation constants of
these supermodes. Since M is a 7× 7 matrix, there are seven
supermodes.

Owing to the specific form of the matrix M in Eq. (8),
we need to find only the eigenvalues and eigenvectors of the
matrix K. As these quantities do not depend on the frequency
ω, the problem is simplified considerably. The seven eigen-
values of the matrix K are found to be, in decreasing order,
1+
√

7, 1, 1,−1,−1, 1−
√

7, and −2. Using them, the
supermode propagation constants are given by

β A(ω)= β(ω)+ (1+
√

7)κ(ω),

β B (ω)= β(ω)+ κ(ω),

βC (ω)= β(ω)+ κ(ω),

βD(ω)= β(ω)− κ(ω),

βE (ω)= β(ω)− κ(ω),

β F (ω)= β(ω)+ (1−
√

7)κ(ω),

βG(ω)= β(ω)− 2κ(ω), (11)

where the superscript letters denote different supermodes, and
the propagation constants have been written in the laboratory
coordinates as opposed to the input pulse’s frame of reference.
The supermodes B and C have the same propagation constants,
as do D and E (two-fold degeneracy).

The eigenvectors corresponding to different supermodes
give the relative field amplitudes in each core, and the super-
mode field patterns can therefore be determined through the
corresponding linear combinations of the fields in the seven
cores. Using the notation F s (x , y )=

∑7
j=1 bs

j F j (x , y ), where
F j (x , y ) is the mode distribution of the j th core and bs

j are the
expansion coefficients for the s th supermode, the coefficients bs

j
can be determined from the eigenvectors of the matrix K. The
eigenvectors are given by the columns of the following matrix
(ordered from A to G from left to right):
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√
7− 1 0 0 0 0

√
7+ 1 0

1 2 0 2 0 −1 1
1 1 1 −1 1 −1 −1
1 −1 1 −1 −1 −1 1
1 −2 0 2 0 −1 −1
1 −1 −1 −1 1 −1 1
1 1 −1 −1 −1 −1 −1


. (12)

As mentioned earlier, these eigenvectors are independent of
wavelength as well as core separation, a feature that simpli-
fies the problem considerably. They can be used to construct
the field patterns of the supermodes, and these patterns are
shown in Fig. 1, with the letters marking different supermodes.
Supermodes A and F are the only ones with six-fold symmetry
and also the only ones where the center core has appreciable
electric field. While hard to see in Fig. 1, the eigenvectors
given in Eq. (12) tell us that supermode F has some optical
power in the outer cores as well, with a field amplitude of
−1/(
√

7+ 1)≈−0.27 relative to the center core. The minus
sign implies that the fields in the center and outer cores are
exactly out of phase with each other.

4. NUMERICAL SCHEME

Equation (2) can be solved numerically using the well-known
split-step Fourier method [27], where the nonlinear step and
linear step are performed in succession. The nonlinear step must
be done in the time domain, with convolutions handled conven-
iently in the frequency domain. In the context of single-mode
fibers, the linear step is usually referred to as the dispersive step,
as dispersion is the only linear effect in that case. In the present
situation, the linear step includes both dispersion and coupling
terms. The linear step is essentially finding Ã(z+ h, ω) from
Ã(z, ω) in the absence of nonlinearities. The linear equation is
given in Eq. (10), and its solution Ã(z+ h, ω) is given by

Ã(z+ h, ω)= e ih M(ω)Ã(z, ω). (13)

Although the linear step is quite simple, mathematically, prob-
lems arise when it is implemented numerically. To accurately
describe the field Ã(z, ω), it has to be represented by a matrix
with tens of thousands of columns, each column corresponding
to a specific frequency (216

= 65536 columns were used in
this study). Because of the frequency dependence of the matrix
M, taking the linear step requires multiplying a seven-element
vector with a 7× 7 matrix 216 times. The step size h also needs
to be relatively small (100 µm in this study), and the total num-
ber of steps taken is quite large for a few-meter-long fiber. Due
to numerous matrix multiplications, the linear step becomes
extremely time consuming when performed this way, and
accurate numerical simulations become impractical.

A better way to perform the linear step numerically is to first
exploit the specific structure of the matrix M(ω) in Eq. (8).
Using it, we can write Eq. (13) as

Ã(z+ h, ω)= e ihκ(ω)Ke ih[β(ω)−β0−β1(ω−ω0)]I7 Ã(z, ω). (14)

The dispersive part in the second exponential now reduces to
multiplication of each column of Ã by a frequency-dependent
scalar because the matrix I7 is the diagonal identity matrix. This

reflects the fact that all cores are identical. In the simulations,
the dispersive part of each linear step reduces to multiplying
each row of the 7× 216 matrix by a 216 element vector. Even
if the cores were not identical, this step would still remain an
element-wise multiplication of two 7× 216 matrices.

To carry out the coupling part of the linear step, we need to
compute e ihκ(ω)KÃ(z, ω) numerically. We can utilize the fact
that each element of the matrix K is either zero or 1 and write it
as

e ihκ(ω)K
= (e ihK)κ(ω) =Q3κ(ω)QT , (15)

where we use e ihK
=Q3QT , and where3 is a diagonal matrix.

Using this decomposition, the only matrix that has frequency
dependence is a diagonal matrix. Thus, the multiplication of
the 7× 216 envelope matrix by a frequency-dependent 7× 7
diagonal matrix can be numerically performed as an element-
wise multiplication of two 7× 216 matrices. This significantly
reduces the computational time of the linear step and makes it
feasible to include the frequency dependence of linear coupling
in the numerical simulations presented here. Note that the
full linear step has to be performed in two stages (dispersion
and coupling) because of different frequency dependencies of
the dispersion β(ω) and coupling κ(ω) parameters. Also note
that if coupling between non-neighboring cores were to be
included, the matrix M(ω)would have three different coupling
terms (in the hexagonal seven-core fiber case) and could still be
decomposed as

M(ω)= [β(ω)− β0 − β1(ω−ω0)]I7

+ κ1(ω)K1 + κ2(ω)K2 + κ3(ω)K3, (16)

where κ1, κ2, and κ3 denote different coupling terms between
cores at various distances from one another. The same decom-
position method could be applied to account for each kind of
coupling. This method can also be generalized to other struc-
tures, such as linear arrays of coupled waveguides or multi-core
fibers with different core arrangements.

5. RESULTS FOR CENTER-CORE EXCITATION

In this section, we study the evolution of an input pulse
launched into the central core of the seven-core fiber. This pulse
has a width of 100 fs (full width at half maximum, FWHM)
with a sech-shape and its central wavelength is taken to be
1.55 µm. Owing to the hexagonal symmetry of the seven-core
fiber, the center-core excitation is the simplest to analyze. It can
be seen intuitively in Fig. 1 and rigorously from the eigenvectors
in (12) that when the center core is used as the input core, only
supermodes A and F are excited with different amplitudes.
Furthermore, because of the six-fold symmetry of the input
field, the fields in outer cores will be identical to one another
under ideal conditions. In practice, small variations that would
break the symmetry could have some effect, but we focus here
on a near-perfect fiber. It then suffices to study the evolution
of the field in the center core and one outer core. Note that this
fact can also be utilized to speed up the simulations with simple
mathematical manipulations.

To get an idea of the pulse evolution dynamics, we fist con-
sider a fiber in which the seven cores are separated by 12 µm.
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Fig. 2. Evolution of a 100 fs input pulse launched with 15 kW
peak power into the center core of a seven-core fiber with 12 µm
core separation. Top row represents the center core, and the bottom
row corresponds to one of the outer cores. The logarithmic color
scale ranges from −80 dB to 0. See Visualization 1 for an animated
spectrogram of this simulation.

Such a relatively small separation causes the cores to be strongly
coupled. Figure 2 shows the temporal and spectral evolutions
of a 100 fs pulse launched with 15 kW peak power. Because of
relatively strong linear coupling, the two excited supermodes A
and F have vastly different propagation constants in accordance
with Eq. (11). The two supermodes thus quickly separate in
time, causing the input pulse to split into two daughter pulses.
Both daughter pulses form solitons whose spectra undergo a
continuous red shift with distance [32]. Moreover, as the trailing
soliton in supermode F is more intense, it is much narrower and
thus red shifts at a faster rate compared to the leading soliton in
supermode A. The differences in the amplitudes of the two soli-
tons can be estimated by noting that (7−

√
7)/14≈ 31% of

the energy is initially in supermode A and (7+
√

7)/14≈ 69%
in F . Figure 1 helps us understand the uneven energy distri-
bution between the supermodes. It shows that supermode F is
more concentrated in the center than supermode A, so more of
F will be needed for a linear combination of A and F to yield
the total field that has no energy in the outer ones.

While the initial temporal splitting of the input pulse into
two daughter pulses in Fig. 2 is due to the frequency depend-
ence of the coupling parameter κ(ω), the further evolution
of each daughter pulse is similar to the nonlinear evolution in
single-mode fibers [1]. The spectrum broadens due to dispersive
wave (DW) emission and soliton self-frequency shift, creating
a supercontinuum whose width covers a range from 1.3 µm
to 1.8 µm with some internal structure. For example, the two
peaks at 1.6 µm and 1.68 µm have roughly the same amount of
energy in the outer cores, but the 1.68 µm peak is visibly much
stronger in the central core. This is a manifestation of the peak at
1.68µm belonging to the trailing soliton in supermode F .

The spectral peaks of the DWs in Fig. 2 are at 1.288 µm and
1.313µm, and the DWs can also be seen as faint lines next to the
solitons’ trajectories in the temporal trace. Note that the strong
lines between the two solitons in the temporal trace are not DWs
emitted by solitons but simply pump remnants in supermode
F , which is evident in the spectrogram (see Visualization 1).
It is not required that the DWs emitted by the solitons are in
the same supermodes as the solitons. Indeed, it was observed
that the fields in the outer cores are in phase with the field in the
center core for both DWs, which means that they are both in
supermode A. By looking at the spectrogram at various propaga-
tion distances (Visualization 1), we can identify the first DW at
a propagation distance of 20 cm as being emitted by the trailing
soliton and the DW at 1 m as belonging to the leading soliton.

The observed wavelengths of the DWs are close to the pre-
dictions of the DW phase-matching condition for solitons. The
condition is given by [27]

β(ω)− β0 − (ω−ω0)/vg − γ0 P0 = 0, (17)

where β0 is the propagation constant of the soliton,
γ0 = 3.2831/(Wkm) is the nonlinear parameter at the cen-
tral wavelength of the soliton, and vg is the group velocity of the
soliton. To find the wavelength of the DW associated with the
trailing soliton using Eq. (17), β0 and vg must be taken from
the dispersion curve for supermode F , as that is the supermode
of the trailing soliton. Using these values for the parameters in
Eq. (17) and keeping in mind that the DWs are in supermode
A gives the DW wavelength as 1.314 µm when P0 is taken to
be the peak power of the trailing soliton in the center core after
20 cm of propagation (14.8 kW). This is close to the observed
value of 1.313µm. The slight discrepancy is likely due to the fact
that P0 is understood to be the peak power in the center core,
whereas DW emission also takes place in the outer cores, even if
most of the optical power is in the center core. The peak power
of the trailing soliton in the outer cores is 1200 W at a propaga-
tion distance of 20 cm, which would predict a DW wavelength
of 1.305 µm. The observed DW wavelength thus falls between
these two predictions but is closer to the center core prediction.
The other DW in Fig. 2 is emitted by the leading soliton in
supermode A after approximately 1 m of propagation, at which
point the peak power of the leading soliton in the center core is
1560 W, predicting a DW at 1.288 µm and again matching the
observations.

One of the defining characteristics of a supercontinuum is its
spectral width. To assign a measure to the spectral extent of the
structured supercontinuum generated in a seven-core fiber, it is
reasonable to use the standard deviation of the total spectrum.
Its use allows us to compare spectral widths of different super-
continua with considerable internal structure with peaks and
gaps as well as different spatial profiles. The standard deviation
σ is defined as

σ =

√∫
∞

0
(ν − ν̄)2S(ν)dν, (18)

where S(ν) is the spectrum in linear units, ν is the optical
frequency, and ν̄ is the spectral center of mass defined as

ν̄ =

∫
∞

0
νS(ν)dν. (19)

https://doi.org/10.6084/m9.figshare.9730574
https://doi.org/10.6084/m9.figshare.9730574
https://doi.org/10.6084/m9.figshare.9730574
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Fig. 3. Spectral widths of the supercontinua at the output of the
10-m-long seven-core fiber as a function of core separation. Different
curves correspond to different input peak powers of the 100 fs input
pulse.

Using this definition, we can compare how the spectral width
changes when the input peak power and core separation in the
fiber are varied.

Figure 3 shows the widths of the total (all cores combined)
output supercontinua as a function of core separation for
various input peak powers. Based on the shape of the curves,
three distinct regimes can be identified: strong coupling,
intermediate coupling, and weak coupling. The strong-
coupling region corresponds to core separations d < 15 µm,
while the weak-coupling region occurs for d > 20 µm. The
intermediate-coupling regime lies between these two regions.
The strong-coupling region is characterized by relatively small
spectral width and an approximately linear dependence on the
input power. The broadest spectra occur in the weak-coupling
region because the center core then behaves as a nearly isolated
core of a single-mode fiber with most of the pulse energy con-
centrated in the center core alone. Higher optical powers lead
to more pronounced nonlinearities, and this enhances spectral
broadening, but only if the input power is high enough to start
the spectral broadening process to begin with. No appreciable
spectral broadening occurs for low input peak powers for any
core separation.

As a specific example of the weak-coupling region, Figs. 4
and 5 show the temporal and spectral evolution of the same
15 kW input pulse in a fiber whose cores are separated by 25µm.
Figure 5 shows the first meter of evolution under the same input
conditions as Fig. 4 for a better understanding of the effects
happening over short length scales during the very initial stages
of propagation. The evolution is first similar to that of a pulse in
a single-mode fiber, and the forming soliton red shifts rapidly
over a short distance. However, the coupling becomes stronger
as the spectrum red shifts (owing to the frequency dependence of
κ), and pulse energy starts to spread more and more to the outer
cores. Once the coupling has sufficiently increased, energy of
the soliton redistributes among the cores, and this together with
the fact that γ (ω) decreases with increasing wavelength brings
the red shift to a complete halt [24,33]. The resulting spectrum
consists of two widely separated soliton peaks as well as DWs far
away and hence the spectral width is large. The initial soliton red
shift increases with increasing peak power and core separation.

Fig. 4. Evolution of a 100 fs sech pulse launched with 15 kW
peak power into the center core of a seven-core fiber with 25 µm core
separation. See Visualization 2 for an animated spectrogram of this
simulation.

Fig. 5. First meter of pulse evolution shown in Fig. 4.

Figure 5 gives a better understanding of the early evolution
dynamics when the core separation is large. The first 10 cm
are characterized by rapid spectral broadening, and there is a
point around 8 cm where the spectrum spans an octave. The
spectral broadening is due to the temporal compression of the
forming soliton that emerges from the input pulse. Notably,
little power is coupled to the outer cores during the initial stages
of evolution, and the pulse essentially sees an isolated core.
This is also corroborated by the emergence of DWs at much
shorter wavelengths (around 958 nm) and only in the center
core compared to the cases where the core separation is smaller.

https://doi.org/10.6084/m9.figshare.9730571
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Fig. 6. (a) Left side of the phase-matching equation, and (b) spec-
trum of the 15 kW input pulse after 8 cm of propagation in a fiber
where the core separation is 25µm.

At a propagation distance of 8 cm, the pulse is still heavily con-
fined in the center core, with the outer cores containing only
0.67% of the total energy. The peak power of the temporally
compressed pulse is 80 kW, and this value can be used for the
phase-matching condition of Eq. (17), the left side of which
is shown in Fig. 6(a). For such large core separations, linear
coupling is very small, especially for short wavelengths, and all
supermodes have essentially the same dispersion, which is that
of an isolated core. Isolated core dispersion was thus used for
the dispersion in the condition of Eq. (17), and the condition
is satisfied at a wavelength of 950 nm, which is indicated by the
vertical dashed line. This wavelength is in good agreement with
the observed wavelength of the DW, as can be seen in Fig. 6(b),
which shows the total spectrum as well as the outer-cores-only
spectrum at a propagation distance of 8 cm.

After the emission of the DW in Figs. 4 and 5, the DW con-
tinues to propagate in the center core only, and it is completely
absent from the outer cores. This is because the DW is at a short
wavelength where the coupling between the cores is negligible,
especially given that the core separation is as large as 25 µm.
The coupling length of this fiber, defined here as π/[2κ(λ)],
is shown in Fig. 7 together with the (separation-independent)
nonlinear parameter γ (λ). The coupling length gives the length
scale over which coupling effects take place, and it can be seen
to be orders of magnitude larger than the fiber length for wave-
lengths less than 1.3µm, which is why these wavelengths do not
appreciably couple to the outer cores.

The intermediate-coupling regime breaks the general trend
of the spectral width increasing with core separation. As can be
seen in Fig. 3, there are clear peaks and valleys when core spac-
ing is between 15 µm and 20 µm for peak powers larger than
10 kW. The peak at 15.5µm can be explained in terms of soliton
supermode transitions [24]. The group velocities of supermodes
depend on both the core separation and wavelength through
their dependence on the coupling paremeterκ(ω). It is therefore
possible for two pulses at different wavelengths to copropagate
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Fig. 7. Coupling length (left scale, logarithmic) and nonlinear
parameter (right scale, linear) of the fiber, where the core separation is
25µm. The nonlinear parameter is independent of core separation.

Fig. 8. Normalized Raman gain (color coded) at the group-velocity-
matched wavelength in supermode A when the pump is in supermode
F . The horizontal axis corresponds to the wavelength of the pump in F
and the vertical axis to the core separation.

at the same group velocity, if they are in different supermodes. If
the frequency separation required for group velocity matching
happens to coincide with the peak of the Raman gain of silica
at 13.2 THz and the two participating supermodes overlap
spatially, Raman-induced power transfer can occur between
them [24]. Figure 8 shows the normalized Raman gain experi-
enced by a signal in supermode A that is group-velocity matched
to a pump propagating in supermode F as a function of core
separation and the wavelength of the pump in F . It can be seen
that there is a narrow range of core separations around 16 µm,
where a signal in supermode A can be amplified by a pump pulse
in F centered at 1.55 µm. Furthermore, for core separations in
this range, the Raman gain is fairly insensitive to variations in the
wavelength of the pump pulse. This means that a pump pulse
in F can keep transferring energy to a group-velocity-matched
pulse in A even if the pump pulse changes its wavelength, e.g.,
due to soliton self-frequency shift.

The power transfer phenomenon between two supermodes
is the multi-core equivalent of soliton self-mode conversion in
step-index multi-mode fibers [5,6]. If the fiber is long enough,
the supermode transition will be complete, and all of the energy
from one soliton would transfer to the Stokes soliton at a longer
wavelength in a different supermode. However, if the fiber ends
before the process can complete, the output will include both
the pump soliton and the Stokes soliton. It turns out that for a
core separation of approximately 15.5 µm, the midpoint of the
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Fig. 9. Evolution of a 100 fs input pulse launched with 15 kW peak
power into the center core of a seven-core fiber with 15.5 µm core
separation. The pump, solitons, and dispersive waves are labeled in the
center-core spectrum. See Visualization 3 for an animated spectrogram
of this simulation.

supermode transition for a 15 kW input power is at a propaga-
tion distance of 10 m, which is the fiber length used here. This
can be seen in Fig. 9, which shows the evolution of the 15 kW
pulse in a fiber where the core separation is 15.5µm.

It can be seen in Fig. 9 that the output spectrum consists
of three peaks of roughly equal power. The peak at 1.55 µm
(labeled P) is the remnants of the pump, the next one at
1.625 µm (labeled SF) is the soliton in supermode F , and
the peak at 1.81 µm is the forming Stokes soliton in super-
mode A (labeled SA). The DWs are labeled DW1, DW2, and
DW3. Because of the presence of multiple spectral peaks with
roughly equal amplitudes, the spectral width as defined by the
standard deviation is larger than for other core separations close
to the 15.5 µm value. For smaller core separations, the group
velocity matching between supermodes A and F occurs for a
frequency separation larger than the Raman gain bandwidth
(see Fig. 8), and the power transfer between the participating
solitons becomes inefficient. Consequently, the soliton in F has
more energy than the Stokes soliton forming in A at the output
of the fiber. Energy is therefore more concentrated in one part
of the spectrum, and the width is smaller. For core separations
slightly larger than 15.5 µm, the Raman-induced energy trans-
fer process becomes too efficient, and the soliton supermode
transition will be nearly complete by the fiber output. Most of
the energy will therefore be in the Stokes soliton in supermode
A, and again the energy is concentrated in a smaller wavelength
range, and the spectral width is decreased.

Although the solitons contain the majority of the total optical
power in the simulation in Fig. 9, the DWs are clearly visible as
well. DW2 at 1.425µm and DW3 at 1.93µm are in supermode
A, and they are emitted by the soliton in supermode F . Again,
their observed wavelengths match the predictions of the DW
condition of Eq. (17). DW1 on the blue side is centered around

1.325 µm, but does not fulfill the DW condition, and there-
fore its origins lie somewhere else. It can be seen in Fig. 9, and
especially in the spectrogram animation (Visualization 3), that
DW1 and DW2 are always generated at the same time and their
spectra follow similar trajectories in the sense that both DWs
gain more energy on their red sides as the soliton responsible
for the generation of DW2 red shifts upon propagation. This
indicates that the generation of DW1 is likely due to a four-wave
mixing (FWM) process involving DW2 and one or both of the
solitons SA and SF. The phase-matching condition for FWM is
different from that of DW generation, and it is simply given by

β(ω1)+ β(ω2)= β(ω3)+ β(ω4), (20)

where photons at ω1 and ω2 are destroyed, and photons at ω3

and ω4 are created. Energy has to be conserved as well, which
yields the condition ω1 +ω2 =ω3 +ω4. Note that not all of
the involved frequencies have to be different. The two FWM
processes that are likely candidates for the origin of DW1 are
the process where DW2 loses two photons, and one in DW1

and one in SF are created, and the process where one photon
from DW2 and one from SF interact to produce one photon in
DW1 and one in SA. Figure 10 shows the observed peak wave-
length of DW1 together with the wavelengths where the FWM
phase-matching conditions would be fulfilled. The agreement is
reasonable, such that an alternative explanation for the origin of
DW1 seems unlikely.

Now looking back at the spectral widths shown in Fig. 3, the
second peak in the intermediate-coupling region observed for
higher peak powers is also explained by a double peak structure
in the resulting output spectrum together with a slightly more
intense DW emission. The difference between the supermode-
transition peak and this peak is that the latter is observed only
for high input powers, for which rapid spectral broadening
occurs within the first tens of centimeters of propagation. The
output spectrum is almost solely defined by the early stages of
propagation for high input powers, and if the generated super-
continuum happens to have a double peak structure, where the
two peaks have approximately equal energies, the spectrum will
be wide. Between the second peak of the intermediate-coupling
regime and the weak-coupling regime, the supercontinuum
also forms within a short propagation distance, but the more
red-shifted peak dominates and causes the spectral width to
decrease before the weak-coupling regime. The supercontin-
uum is also formed within a short distance in the weak-coupling
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regime (large core separations) but with the difference that the
optical power is initially strongly confined in the center core.
This causes the forming soliton to red shift rapidly, and it dis-
tances itself from the pump remnants in the spectral domain.
Considerable energy is left in the pump remnants at 1.55 µm as
well, and the further the red shifting soliton is from the pump in
the spectral domain, the larger becomes the standard deviation.
This explains the monotonic increase in the spectral width with
core separation in the weak-coupling region.

6. RESULTS FOR OUTER-CORE EXCITATION

We briefly discuss the case in which the input pulse is launched
into one of the outer cores. Using an outer core as the input
core excites at least five out of the seven supermodes shown in
Fig. 1. Note that while every outer core is identical, we have
fixed the orientation of supermodes B , C , D, and E in Fig. 1,
which makes the number of excited supermodes dependent on
which outer core is used as the input core. To keep the analysis as
simple as possible, it is convenient to consider the core number
2 as the input core. In this case, supermodes A, B , D, F , and
G are excited with relative energies of 11.5%, 33.3%, 33.3%,
5.2%, and 16.7%, respectively. Supermodes C and E are not
symmetric with respect to the horizontal axis, and therefore they
contain no optical power when the second core is the input core.
In a perfect fiber, the fields in cores 3 and 7 would be identical
at every stage of propagation, as would be the fields in cores 4
and 6.

Figure 11 shows the spectral widths of the supercontinua
generated in fibers with various core separations when an outer
core is used as the input core. It is similar to Fig. 3 with the only
difference that the input pulse is launched in outer core 2 rather
than the central core. However, there are two key differences.
First, outer-core excitation leads to smaller spectral widths
for small core separations. The reason for the smaller spectral
width for small core separation (strong-coupling regime) is that
the power is distributed among five supermodes, and hence
the pulse splits into multiple daughter pulses that separate in
time, which decreases the peak power of the pulse and hinders
nonlinearities. This is clearly visible in Fig. 12, which shows
the evolution of a 15 kW pulse in a fiber where the cores are
separated by 12 µm. Three different daughter pulse trajectories
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Fig. 11. Spectral widths of the supercontinua under conditions in
Fig. 3 except that the input pulse is launched into the outer core 2.

Fig. 12. Evolution of a 100 fs input pulse launched with 15 kW
peak power into an outer core (core no. 2, see Fig. 1) of a seven-core
fiber with 12µm core separation (strong-coupling regime).

can be identified, and none of the pulses is even strong enough to
red shift.

Second, spectral widths are larger in Fig. 11 compared to
Fig. 3 for large core separations. The explanation for this behav-
ior lies in the fact that the center core is coupled to all outer cores,
whereas any outer core has only three nearest neighbors. For
large core separations, the coupling is initially weak but increases
upon red shifting of the solitons. In the case of center-core
excitation, the increasing coupling rapidly redistributes the
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energy among all cores. In contrast, for outer-core excitation,
the redistribution occurs over longer distances because the core
is coupled to only three other cores. As a result, the pulse can red
shift further, which increases the spectral width.

7. CONCLUSION

We studied supercontinuum generation in a hexagonal seven-
core fiber and found that the output spectra were sensitive to
the spacing among the seven cores. In addition to the depend-
ence of supercontinuum generation on the parameters of the
input pulse, such as its width and peak power, the results also
depend on whether the pulse is launched into the central core
or an outer core. The dynamics of supercontinuum generation
were found to be heavily affected by the core separation, with
larger core separations generally creating the broadest spectra.
In all coupling regimes, the spectral broadening was found
to be dominated by soliton formation and the associated red
shift. For small core separations, the energy redistributes among
different supermodes that separate in time, which results in
decreased peak power and suppressed nonlinear effects. For
large core separations, the coupling is weak, and the input pulse
first behaves like a pulse in an isolated single-mode fiber and
red shifts rapidly. As coupling between the cores increases with
wavelength, the pulse eventually couples to the other cores, and
the red shift stops as a result of the energy redistribution. In the
intermediate-coupling regime, soliton supermode transitions
were observed when the group velocity of two supermodes was
matched for frequency separations near the Raman peak of
silica (near 13.2 THz). The transitions are characterized by an
abrupt spectral jump to longer wavelengths, which increases
the spectral width of the resulting supercontinuum. Outer-
core excitation was shown to result in narrower spectra in the
strong-coupling regime but wider spectra in the weak-coupling
regime, compared to using the center core as the input core.
These differences were attributed to different group velocities of
supermodes that split the pulse in time and to the faster energy
redistribution for center-core excitation, as the center core is
coupled to every other core of the fiber.

Funding. National Science Foundation (ECCS-1505636,
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