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We study nonlinear spectral broadening and supercontinuum generation mechanisms in two-dimensional solid-
core photonic bandgap fibers. Using rigorous frequency-domain numerical simulations, we determine how the spec-
tral characteristics are influenced by the strong frequency dependence of the effective area, dispersion, and
confinement losses. We also investigate soliton stabilization and the conditions under which efficient nonlinear
spectral energy transfer is possible across high attenuation between adjacent bandgaps. Our results provide insight

into recent experiments.

Two-dimensional solid-core photonic bandgap (PBG) fi-
bers are a class of photonic crystal fibers (PCFs) in which
light propagates in a solid core as aresult of PBG guidance
[1,2]. In contrast to index-guiding fibers, PBG fibers can
support propagation across several distinct spectral win-
dows corresponding to bandgaps (BGs) of a different or-
der [3]. The frequency dependence of the BG guidance
characteristics is very strong near the PBG edges and,
thus, is expected to significantly influence broadband
nonlinear propagation [4]. However, although there have
been several recent experimental and numerical studies
of nonlinear broadening in a solid-core structure over
moderate wavelength spans [5-7], there have been no de-
tailed studies of precisely how the different PBG charac-
teristics impact on broadband spectral generation over a
significant fraction of the PBG window. In this Letter, we
use a full frequency-domain approach to simulate femto-
second pulse supercontinuum (SC) generation and con-
sider in detail for the first time (to our knowledge) how
the strong frequency dependence of the effective area, dis-
persion, and losses all significantly influence the output
characteristics. Our simulations successfully reproduce
two recently observed experimental effects of soliton sta-
bilization and nonlinear spectral energy transfer across
adjacent PBGs.

We consider a structure, such as in [2], with a low-index
silica core surrounded by four high-index inclusion rings
(Cargille oil, 7 = 1.6 at A = 589.3 nm), with pitch 3.10 ym
and diameter 1.23 ym. We use the well-established multi-
pole method (fully described in [8]) to calculate the (non)
linear guidance properties (assumed single mode). For
both the silica and inclusion rods, we include material dis-
persion but neglect material loss [9]. Figure 1 plots the re-
sults as a function of the normalized frequency (V
parameter) of an isolated high-index rod [10]. The top pa-
nel shows the linear properties: confinement loss (left
axis) and group-velocity dispersion [(GVD) right axis].
The bottom panel plots the effective area A (left axis)
and the nonlinear parameter y (right axis) [11]. We show
results for the first four PBGs whose transmission
windows and zero-dispersion wavelengths (ZDWs) are,

respectively: ~2600-1090 nm and 1287 nm (PBG1),
1090 - 680 nm and 790 nm (PBG2), 680 — 480 nm and
570 nm (PBG3), and 480 — 400 nm and 458 nm (PBG4).
The lowest-order mode cut-off frequencies of an isolated
inclusion (vertical dashed lines) delimit approximately
the different PBGs [10]. Note that the guidance properties
are predominantly determined by the PBG structure and
are typical of those to be found in the literature and used in
recent experiments [5-7]. To illustrate the challenges
posed by modeling propagation in solid-core PBG fibers,
Fig. 1 also plots A.¢ and y (dashed curves) for an index-
guiding PCF with a silica core surrounded by air holes (di-
mensions as above). The major difference compared to
index-guiding PCF's is that the PBG fiber effective area,
loss, and GVD undergo dramatic variations near the
PBG edges, where the guided mode couples energy to
the cladding modes.

The strong frequency dependence of guidance proper-
ties significantly influences nonlinear propagation as
spectral broadening develops toward the PBG edges.
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Fig. 1. (Color online) Top axes: loss (red, left) and GVD
(black, right) as a function of normalized frequency V. Bottom
axes: effective area (blue, left) and nonlinear parameter y
(green, right). The dashed curves show results for an index-
guiding PCF.



Thus, although approximate models may be suitable to
study spectral evolution near the BG center [5], more
rigorous simulations require full frequency-domain
modeling. To study this in detail, we use the Laegsgaard
approach (Eq. 33 of [11]) and with Raman parametriza-
tion, as in [12]. This approach has been verified by
experiments and independent simulations [11], and al-
lows an approximation-free treatment of the frequency-
dependent loss, dispersion, and nonlinearity within each
PBG and across adjacent BGs. Note that related approx-
imate methods are unsatisfactory [4,13].

We first simulate SC generation where spectral content
is confined within only PBG1. Figure 2(a) plots the gui-
dance properties and shows how the wavelengths of zero
GVD, minimum loss, and A, can be different in PBG
fibers. In Figs. 2(b) and 2(c), we plot simulated spectra
after 50 cm propagation for 100 kW, 50 fs Gaussian input
pulses at two pump wavelengths. We see significant dif-
ferences in spectral characteristics, depending on which
particular frequency-dependent parameters are modeled,
and we plot results for three different cases: (i) the rea-
listic case including full frequency dependence of both
A (w) and loss a(w) (red solid curve); (ii) an approxima-
tion including full frequency dependence of A ;(w) but
neglecting loss, i.e., a(w) = 0 (green short-dashed curve);
and (iii) an approximation where A.4(wg) is constant
evaluated only at the pump but frequency-dependent loss
a(w) is still included (blue long-dashed curve).

These three approaches to modeling yield very signif-
icant differences that vary depending on the pump posi-
tion relative to the ZDW. We highlight two specific cases:
[Fig. 2(b)] pumping at 1290 nm, where soliton fission and
dispersive wave (DW) generation yield a broad SC over
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Fig. 2. (Color online) (a) PBG1 characteristics compared with
SC simulations pumping at (b) 1290 nm and (c) 1550 nm. Re-
sults show (i) fully realistic modeling of frequency-dependent
effective area A.q(w) and loss a(w) (red solid curve, seven
rings); (ii) approximation with frequency-dependent A.q(®)
but no loss, ie., a(w) =0 (green short-dashed curve); and
(iii) approximation with constant Agy(wy) and frequency-
dependent loss a(w) (blue long-dashed curve).

1.1 -1.6 ym, and [Fig. 2(c)] pumping further from the
ZDW at 1550 nm , where the dynamics predominately in-
volve the Raman self-frequency shift of a single soliton
pulse. As might be expected, neglecting the frequency-de-
pendent loss [curve (ii)] predicts an overestimated spec-
tral width in both cases [Figs. 2(b) and 2(c)], and the
degree of overestimate increases as the spectrum ex-
tends closer to the band edges in Fig. 2(c).

The effect of the frequency-dependent effective area
on nonlinear propagation in PBG fibers can be very dif-
ferent to the case of index-guiding PCFs. For the 1550 nm
pump in Fig. 2(c), the effective area (minimal at 1570 nm)
increases toward the longer wavelength edge of the SC, a
situation identical to that of standard fibers [13]. In this
case, the realistic simulations in curve (i) accurately
model the decrease in nonlinearity and frequency shift
experienced by the solitons that shift to longer wave-
lengths relative to the case of constant A in (iii). In con-
trast, pumping at 1290 nm closer to the ZDW in Fig. 2(b)
yields a propagation scenario not seen at all in standard
fibers with the effective area decreasing with increasing
wavelength across the SC bandwidth. Here, the realistic
simulations that include this variation in (i) predict an
increased soliton self-frequency shift (SSF'S) when com-
pared to simulations in (iii) assuming a constant (and
higher) value for A..

These results show that failure to include the fre-
quency dependence of the PBG characteristics will lead
to severe inaccuracies when modeling experiments. They
also provide insight into particular effects introduced by
the frequency dependence of the nonlinearity and loss.
One important consequence is that interpreting nonlinear
spectral broadening mechanisms in PBG fibers depends
critically on how the spectral span varies relative to re-
gions of increasing or decreasing nonlinearity and disper-
sion. This is a major result of this Letter and places
fundamentally different constraints on modeling when
compared to standard fibers.

Our approach also allows us to interpret the novel
physics associated with recent experimental results.
We first consider the challenging case of modeling pro-
pagation in multiple PBGs simultaneously, as reported in
[7]. Note that our modeling allows direct approximation-
free simulation without coupled mode decomposition.
Specifically, we simulate 100 kW, 50 fs pulses injected
into the anomalous regime of PBG2 (ZDW at 790 nm),
with full A.(w) and a(w). Figure 3(a) plots the
spectra after 50 cm propagation for pump wavelengths
of 830 nm and 880 nm, as well as fiber transmission
(dashed curve) across PBG2 and PBG3. These results re-
produce very well the features seen in experiments and,
moreover, provide significant insight into the physics of
PBG fibers propagation in this regime. For example,
Fig. 3(a) reveals a strong dependence of the short wave-
length DW amplitude on pump wavelength, because long-
er pump wavelengths phase match to shorter wavelength
DWs, which see more band-edge attenuation. Moreover,
although the energy transfer across the interband attenu-
ation region may seem surprising, we can understand this
physically by inspecting the initial propagation dynamics
in detail as shown in Fig. 3(b) (right) for the 830 nm
pump. This shows how the DW transfer occurs only over
the first few millimeters of propagation, and because the
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Fig. 3. (Color online) (a) Output spectra after 50 cm propaga-
tion for pump wavelengths as shown. (b) SC evolution in PBG2
over fiber length of 1 m with « = 0 (left) and simulated SC evo-
lution in PBG2 and PBG3 over a propagation distance of 5 mm
(Apump = 830 nm, P;, = 100 kW) (right). (c¢) Output spectro-
gram correlating DW (A) and solitons (B) and (C).

loss integrated along the nonlinear length of the input
pulse (Lyg, ~ 0.8 mm) is relatively low at ~2.6 dB, it is
easy to see how the initial spectral broadening phase
can still transfer significant energy into the adjacent
PBG to seed DW generation. Of course, once generated
in low-loss regions of PBG3, the short-wavelength com-
ponents see much lower attenuation.

Figure 3(c) yields further insight by plotting the output
spectrogram, correlating the DW (A) and solitons (B) and
(C) components with the spectrum. This reveals how
long wavelength band edge loss can play a role in attenu-
ating the amplitude of soliton C. We also note large tem-
poral separation between the pump and DW spectral
components arising from the very different dispersion
properties of the two PBGs. Indeed the group velocity
walk-off between the 500 nm DW and the 830 nm pump
is ~80 ps/m, 3—4 times larger than walk-off seen in in-

dex-guiding PCFs. This is a particular feature of propaga-
tion in PBG fibers that would need to be accurately taken
into account for applications requiring temporal synchro-
nization. In addition to multiple PBG propagation, our si-
mulations [Fig. 3(b) (left)] also reproduce the recently
observed SSFS cancellation of the first ejected soliton
close to the red edge of a single PBG [14]. Significantly,
we note that these results were obtained including only
frequency-dependent nonlinearity and dispersion, pro-
viding insight into the minor role played by spectral fil-
tering for this regime.

The main conclusion of our results is that the strong
frequency dependence of the nonlinearity, dispersion,
and loss must all be included to accurately model experi-
ments in solid-core PBG fibers. Moreover, we have
shown how the frequency dependence of the effective
area can act to modify the spectrum in a way that is
not seen in standard fiber. Our modeling has also been
used to provide insight into recent experiments.
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