1692 J. Opt. Soc. Am. B/Vol. 23, No. 8/ August 2006

Frosz et al.

Nanoengineering of photonic crystal fibers for
supercontinuum spectral shaping

Michael H. Frosz, Thorkild Sgrensen, and Ole Bang

COM-DTU, Department of Communications, Optics and Materials, Technical University of Denmark,
Orsteds Plads 345V, DK-2800 Kongens Lyngby, Denmark

Received October 28, 2005; revised March 26, 2006; accepted April 7, 2006; posted April 19, 2006 (Doc. ID 65657)

Supercontinuum generation using picosecond pulses pumped into cobweb photonic crystal fibers is investi-
gated. Dispersion profiles are calculated for several fiber designs and used to analytically investigate the in-
fluence of the fiber structural parameters (core size and wall thickness) on the location of the Stokes and anti-
Stokes bands and gain bandwidth. An analysis shows that the Raman effect is responsible for reducing the
four-wave mixing gain and a slight reduction in the corresponding frequency shift from the pump, when the
frequency shift is much larger than the Raman shift. Using numerical simulations we find that four-wave mix-
ing is the dominant physical mechanism for the pumping scheme considered, and that there is a trade-off be-
tween the spectral width and the spectral flatness of the supercontinuum. The balance of this trade-off is de-
termined by nanometer-scale design of the fiber structural parameters. It is also shown that the relatively high
loss of the nonlinear fiber does not significantly affect the supercontinuum generation. © 2006 Optical Society

of America
OCIS codes: 060.2280, 190.4370, 190.5650.

1. INTRODUCTION

Pumping short pulses into a photonic crystal fiber (PCF)
can generate an extremely broad, relatively flat optical
spectrum, a so-called supercontinuum (SC). The SC is
formed due to an interplay between several nonlinear op-
tical effects in the PCF.! An SC source has many applica-
tions in, e.g., spectroscopy,” sensors,? and optical coher-
ence tomography.” Two important advantages of using
PCF's are the possibility of producing a small core, thus
increasing the effective nonlinearity, and the possibility to
precisely control the dispersion characteristics through
the design of the PCF structure. The dispersion profile is
essential, e.g., for the efficiency of parametric processes,
such as four-wave mixing (FWM),>® and for determining
the wavelength at which dispersive waves are generated.”
By controlling the dispersion of the PCF it is therefore
also possible to partially shape the SC spectrum. Particu-
larly in optical coherence tomography both the width and
the smoothness of the spectrum are important for obtain-
ing high image resolution.®

Previously, Apolonski et al. experimentally investigated
femtosecond-pumped SC spectral shaping by varying the
chirp, power, and polarization state of the input pulses,
and by varying the core size of the PCF.® The possibility of
optimizing the dispersion profile by choosing a proper
core size was not fully explored, since only three different
core sizes were used in the experiments. SC generation in
fibers tapered to various degrees has been experimentally
performed.’®!! Again, the possibility of optimizing the
dispersion profile for spectral shaping was not explored.
Genty et al. used both experimental and numerical inves-
tigations to study how a femtosecond-pumped SC band-
width can be enhanced by tailoring of the PCF dispersion
proﬁle.12 Recently, we investigated SC generation by fem-
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tosecond pumping in PCFs with two zero-dispersion
wavelengths and different PCF structural parameters
(corresponding to different dispersion proﬁles).7 We have
also investigated femtosecond-pumped SC generation in
tapered fibers, where the dispersion profile varies along
the tapered fiber length.13 In both cases, it was found that
control of the dispersion profile allows some degree of con-
trol over the resulting SC spectrum. For femtosecond
pumping, the control of the SC spectrum is typically
achieved by manipulating the soliton dynamics through
dispersion engineering.”'? On the other hand, for picosec-
ond pumping the SC spectrum can be modified by chang-
ing the phase-matching conditions determined by the dis-
persion profile,® which is also the study of this paper.
Furthermore, since femtosecond pump lasers are typi-
cally complex systems, it is of great interest to study effi-
cient SC generation using longer pulses, such as picosec-
onds or even nanoseconds, which can be produced by
simpler lasers.>!*

Nikolov et al. showed that a picosecond-pumped SC
could be generated more efficiently using proper disper-
sion design.6 It was found that the spectrum becomes
more flat if the dispersion profile ensures that the Stokes
and anti-Stokes bands generated by partially degenerate
FWM are sufficiently close to the pump, so that they can
broaden themselves and merge with the pump into a flat
continuum before losses and temporal splitting decrease
the peak power to a level where nonlinear effects are no
longer efficient. Furthermore, calculations showed that a
broad FWM gain bandwidth makes the SC generation
more robust against random variations of the PCF struc-
ture along the fiber length.6 These calculations were
based on experimental measurements of the dispersion
profile variation over a 150 m span.'® This means that
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Fig. 1. Examples of three different dispersion curves, calculated
for a cobweb structure (see inset) with wall thickness w
=130 nm, pitch A=8.53 um, and core size d ranging from 1400 to
1475 nm.

fabrication tolerances can be expected to be less stringent
for fibers designed so that the FWM gain bandwidth is
broad.

In this paper, we determine to what degree the disper-
sion profile can be engineered by modifying the fiber
structural parameters and to what extent this influences
the SC spectrum. The investigation by Nikolov et al.’ only
considered dispersion profiles for a few particular PCF de-
signs. In this paper, we make a detailed study of how the
dispersion parameters vary as a function of the cobweb
PCF core size and wall thickness. This includes an analy-
sis showing how and why the maximum FWM bandwidth
is obtained. We investigate how control of the core size
and wall thickness can be used to modify the position of
the Stokes and anti-Stokes bands and the FWM gain
bandwidth, and how these FWM properties are affected
by the Raman effect. It is thereby possible to shape the
SC spectrum, and we examine whether there is an opti-
mum core size and wall thickness. Shifting the Stokes
and anti-Stokes bands away from the pump increases the
width of the spectrum, but can introduce dips in the spec-
trum. We therefore also investigate how far away from
the pump the Stokes and anti-Stokes bands can be moved
before introducing dips in the spectrum. These investiga-
tions are done by numerical simulations of SC generation
using picosecond pulses with 400 W peak power launched
into a cobweb PCF® (see inset of Fig. 1 for an illustration
of the fiber structure).

Our results show that changing the core size as little as
25 nm has a sufficient effect on the dispersion character-
istics of the PCF to profoundly influence the picosecond-
pumped SC generation. This is because even though the
dispersion profile is changed only slightly, the effect on
the phase-matching condition is significant. The simula-
tions show that in the cases investigated here, the SC
generation is mainly due to FWM. The SC is most effi-
ciently generated when the Stokes and anti-Stokes bands
are close enough to the pump for them to merge into a flat
spectrum.6 This occurs when the PCF is pumped in the
anomalous dispersion region, close to the zero-dispersion
wavelength. We show how the SC bandwidth and spectral
flatness varies with (and is critically dependent on) core
size and wall thickness. Finally, it is also found that a loss
as high as 300 dB/km only slightly degrades the SC gen-
eration.
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2. FOUR-WAVE MIXING THEORY

It is well known that SC generation using femtosecond
pulses is typically (see, e.g., Refs. 7, 12, and 14) caused by
self-phase modulation (SPM), fission of higher-order soli-
tons followed by soliton self-frequency shift, and amplifi-
cation of dispersive waves. For picosecond pulse pumping,
SPM is typically less dominant since the SPM spectral
broadening is inversely proportional to the temporal
width of the pulses.'” Instead, it is known that the spec-
tral broadening is mainly caused by FWM and stimulated
Raman scattering.>%'%1° As will be shown in subsection
3.C, FWM is also the dominant SC mechanism in the
cases investigated here.

FWM can be viewed as the process where two photons
with angular frequencies w; and wy are annihilated while
creating two new photons with frequencies w3 and w4.17 If
w1=wy the process is called partially degenerate FWM,
and w;=wg,w3=wg<wy, and ws=w,5>wy are called the
pump, Stokes, and anti-Stokes frequencies, respectively.

To fully clarify the influence of both the Raman effect
and of higher-order dispersion on FWM, we generalize the
theory presented in Ref. 17, as was also done by Shuang-
Chun et al.? The generalized nonlinear Schriédinger
equation is used in the numerical simulations and shown
in subsection 3.C. For the analysis in this section, we ne-
glect the self-steepening term and losses. We then
havel7:20

A i"Bn A * ,
5”,,,222 — W+zyA(z,T)J_wR(T)|A(z,T—T)| ar",

1)

where A(z,T) is the pulse envelope in a retarded time
frame T'=¢- B,z moving with the group velocity 1/8; of
the pump, along the fiber axis z. y=nqwg/[cA.g] is the
nonlinear parameter, where n,=2.6x10"20m2/W is the
nonlinear index coefficient for silica; ¢ is the speed of light
in vacuum; and A is the effective core area.'” In this pa-
per we approximate the effective area with the core area,
Acr=~Acore- The frequency dependence of A is small and
therefore neglected. P, is the peak power of the pump

pulse, and 3,, are the dispersion parameters defined as'’

2 ) 3
Qs x 10™
Fig. 2. Real (solid curve) and imaginary (dashed curve) part of

h(Q), as given by Eq. (7). The peak of the imaginary part occurs
at Q=0p=27x13.2 THz.
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where B=p(w) is the mode propagation constant. R(¢) is
the Raman response function!”?!

R(t) =(1-fp)d#) +frh(t) = (1 -fr)&(?) +fR—7_2
1T
Xexp(—t/my)sin(t/1)O(t), (3)
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where fR=0.18 is the fractional contribution of the de-
layed Raman response, 71=12.2fs, and 7,=32fs. O(¢) is
the Heaviside step function.

Performing a similar linear stability analysis as in
Refs. 17 and 20 for a perturbation of the form

a(z,T)=a, expli(Kz - QT)] + aq exp[- i(Kz - QT)], (4)

we arrive at the dispersion relation

\/ { > mﬂ%zwo(l fR+th>

©

(2 T (5)

where £ is the Fourier transform of h(t) appearing in Eq. (3), given by

h(Q) =

- (i + 0)%

(6)

We now consider the situation where the Stokes and anti-Stokes frequencies are far away from the peak of the Raman
gain at 13.2 THz: Q= w— wg= w,g— wy>> 27X 13.2 THz. In this case, h(w) =0, as can be seen from Fig. 2, and the paramet-

ric gain g=Im(K) of the perturbation is

g(Q) = \/ {E—mmzmu | >

where Qgr=27x13.2 THz.
From this it is found that the maximum gain occurs for
frequency shifts Qg satisfying

= Bom
S R =Pl fr), Q>0 (8)
o (2m)!
The gain can also be written as
g(Q) =\[YPo(1- R - (k/2)%, Q> Qg, 9)

where « is the phase mismatch given by

Kk=2yPy(1 - fR)+2E —)92"1,
The influence of FWM on the Raman effect is well
known,???® but Eqs. (9) and (10) show the influence of the
Raman effect on FWM. To the best of our knowledge, it
has not previously been directly shown that the (1-f3)
factor appears when Q> Q. We elaborate further on the
consequences of this factor in Subsection 3.D.

Partially degenerate FWM requires that the energy
conservation condition 2wg=wg+w,g is fulfilled, but also
that the three waves are phase matched according to Eq.
(10), where Q=wy—wg=w,5— wy is the angular frequency
shift from the pump in the FWM process. A detailed in-
vestigation of the relation between FWM and higher-
order dispersion has been made by Biancalana et al.?*

From Eq. (9) it is seen that there is a gain for FWM if
|k| <2yPo(1-fg). This means that partially degenerate

Q>0 (10)

0

ﬂQm
o1 (2m)!

sz’ Q > QRa (7)

[
FWM will transfer energy from the pump to all the wave-
lengths for which this condition is fulfilled.

We have calculated the phase mismatch « and the gain
g for three different core sizes in Fig. 3 (the calculation of
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Fig. 3. Top: Phase mismatch « for cobweb PCFs with A
=8.563 um, w=130nm, and d=1400nm (solid curve), 1450 nm
(dashed curve), and 1475 nm (dashed—dotted curve); the pump
wavelength is 647 nm, y=0.15 (Wm)~! (the slight variation of y
with core size is neglected in this figure), and P,=400 W. The up-
per and lower horizontal lines at xk=+2yPy(1-fg)=+98.4m™! in-

dicate the borders of the gain region. For d=1400 nm, B,<0; for

d=1450nm, B,~0; and for d=1475nm, B,>0. Bottom: Corre-
sponding parametric gain given by Eq. (9).
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Fig. 4. Dispersion parameters B, (top) and 3, (bottom) calcu-
lated for a wide range of two of the cobweb-fiber structural pa-
rameters: core size d and wall thickness w are given in the inset.

the dispersion parameters is explained in Subection 3.A).
For the three selected fiber designs we have By<0,ps

~0, and ZS‘2> 0 for the d=1400,1450, and 1475 nm fibers,
respectively. For the d=1400 nm fiber, the Stokes gain
bandwidth in Fig. 3 is \yj—\,, and the anti-Stokes gain
bandwidth is N, -\, (see Fig. 3). The Stokes gain region is
thus directly connected to the anti-Stokes gain region at

A,. When Bs is increased to almost zero, as for the d
=1450 nm core fiber, the Stokes and anti-Stokes peaks
(the wavelengths for which the gain g is maximum, at «
=0) shift away from the pump and their gain bandwidths
increase. However, as soon as By becomes positive, as for
the d=1475nm core fiber, the Stokes and anti-Stokes
bands separate and their gain bandwidths decrease. In
Fig. 3 the anti-Stokes gain bandwidth in this case is \,
-\, and there is no energy transfer to wavelengths be-
tween A, and \, from partially degenerate FWM. Simi-
larly, the Stokes band will be separated from the pump by
a region without gain. From Fig. 3 we therefore expect

that PCFs where B, is positive will lead to a broad spec-
trum, but possibly with a discontinuity between the pump
and the Stokes and anti-Stokes spectral bands. As shown
in Subsection 3.C this can occur if the fiber is too short.

On the other hand, for fibers with a small but negative S35,
there is a FWM gain for a broad continuous range of
wavelengths from the pump to the immediately adjacent
Stokes and anti-Stokes gain regions. This should there-
fore result in a smoother spectrum.

It is usually recommended to pump in the anomalous
dispersion regime, close to the zero-dispersion wave-

length (corresponding to a small, negative B5), to obtain
phase matching for FWM.' In our case, we note that

since B, < 0 (shown in Section 3), phase matching can also
occur when pumping in the normal dispersion regime.
However, we still expect an advantage of anomalous
pumping, because we know from Fig. 3 that this should
result in a smoother spectrum.
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3. NUMERICAL RESULTS

A. Dispersion Curves
We have calculated several dispersion curves for varying
core size d and wall thickness w in the cobweb PCF struc-
ture using a semivectorial finite-difference method.?>%
The calculation time for each fiber structure was approxi-
mately 12-24h on a PC with a 2.9 GHz processor and
4.5 Gbytes RAM. Examples of three different dispersion
profiles are given in Fig. 1, for fixed pitch A=8.53 um and
wall thickness w=130 nm.

By fitting the calculated By dispersion profile [By(w)=
—-2mcD/ w?, where D is the dispersion parameter'' and c is
the speed of light in vacuum] to a polynomial of the form

_ 1_ 1_
Ba(w) = By + B3l — wy] + 534[‘0 - wol* + gﬂs[w —wol+ ...

(11)

"N‘b2+b3[(1)— (1)0]+ bM[w— wo]M, (12)

g
(M -2)!

we extract the parameters b, ...,b,,. This is because it is
difficult to accurately calculate the higher-order deriva-
tives necessary in Eq. (2) from the numerical data. We
found that using M =14 ensured a good polynomial fit to
the dispersion curves over the entire wavelength range of
interest. Note that since each b,, coefficient is obtained
from a least-squares polynomial fit, they do not necessar-

ily correspond to the B,, coefficients as defined in Eq. (2).
This distinction is often neglected in the literature, where
polynomial fits to dispersion curves are widely used (see,
e.g., Refs. 5 and 14).

It can easily be shown that if

T 4 ~100 nm
= A/ -%-110 nm
£ 100 iy § -©-130 nm| 1
2 ; 150 nm
£ 75kt

) N

o . HulID

$ 50 o iyt

X .l L

=i = iy

(] LAY

— O v i
g —-—100 nm
= -¥-110 nm
B 100 -©-130 nm| 1
2 ++150 nm
[=

®

o

w

£ 50

2 -8

& o

A

IS

<

1%00

Core size [nm]
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thicknesses.
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is a good fit to B(w), then Eq. (10) is still valid when re-
placing the B coefficients with the b coefficients. To avoid

confusion, we will therefore in the following write B,
even though we, strictly speaking, mean the least-
squares-fitted b,, coefficient.

B. Four-Wave Mixing Parameters

As seen in Fig. 4, we found that By can be significantly
modified by varying the core size d and/or the wall thick-
ness w. We also found that the fourth-order dispersion pa-
rameter B, is almost constant at around -4
X 107° ps*/km when varying d and w within the param-
eter space investigated here. As seen from Eq. (10), a non-

zero B, is therefore expected to limit the FWM gain band-
width when B,=0.

The important thing to note from Fig. 4 is that, al-
though one cannot obtain a dispersion profile with zero

curvature (8,~0, note that the slope of the dispersion
profile, Bs, is unimportant for the phase-matching condi-
tion) within the parameter range investigated here, it is
still possible to tune B, in the range -5 to 15 ps2/km
through selection of core size and/or wall thickness. This
means that we can significantly change the phase mis-
match plot, as indicated in Fig. 3, and thereby control the
wavelength range at which new frequencies are gener-
ated. The Stokes and anti-Stokes gain bandwidths are
plotted for various fiber designs in Fig. 5, and defined in
Fig. 3 as the regions where |«| <2yPy(1-fg). The anti-
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Stokes gain bandwidth in Fig. 3, e.g., is \,—\; for the d
=1475 nm fiber, and A, -\ for the d=1400 nm fiber.

It is seen from Fig. 5 how the Stokes and anti-Stokes
gain bandwidths increase as the core size is increased,
until dropping rapidly after the core size where B,=0 (in-
dicated by the vertical lines). This is understood graphi-
cally from Fig. 3 by noting the behavior of the phase mis-
match plot when B, goes from below to above zero.

The Stokes and anti-Stokes wavelengths for several fi-
ber designs are plotted in Fig. 6. The Stokes and anti-
Stokes wavelengths are the wavelengths at which =0
and there is therefore maximum gain at these wave-
lengths, see Eq. (9). It is seen that the more the core size
and/or the wall thickness is increased, the further away
the Stokes and anti-Stokes lines shift from the pump.
However, we know from Fig. 5 that the gain bandwidth
becomes narrow when the core size and wall thickness is
large enough for B, to become positive. As seen in Subsec-
tion 3.C, a small gain bandwidth leads to spectral dips in
the SC. Furthermore, the SC generation is less robust to
PCF structural variations (e.g., core size and wall thick-
ness) along the fiber length if the gain bandwidth is
small.® Therefore there is a trade-off between the flatness
and the width of the SC spectrum.

C. Calculated Spectra

To evaluate the usefulness of the various fiber designs in
SC generation, we have simulated pulse propagation in
the fibers using the generalized nonlinear Schroédinger
equation”:

— =1 — ——A+iy| 1+ ——
9z =g m! 9T 2 wy dT

A "B d"A a { i&}

x[A(z,T)f “ R(T’)|A(z,T—T’)|2dT’] (14)

a is the attenuation coefficient, which we assume to be

S(A) [dBm/nm]
g
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Fig. 7. Calculated spectra for d=1425nm core (top), 1475 nm
core (bottom) and w=130nm, at z=0.6 m (solid, lowest curve), z
=0.9m (dotted curve), and z=1.2m (solid, highest curve). The
parametric gain g is included (dashed curves) in arbitrary units
to show how well the locations of the Stokes and anti-Stokes
bands are predicted.
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wavelength independent; the loss is set to 300 dB/km,
which is realistic for a cobweb fiber with the core sizes
modeled here.?” For simplification, we also assume that
the fiber is polarization maintaining and pumped along
one polarization axis.

Again, as in Subsection 3.A, we note that even though

Eq. (14) contains the B, coefficients, we can use the least-
squares-fitted b,, coefficients instead if the number of fit-
ting coefficients M is large enough.

The propagation equation is solved using the well-
known split-step Fourier method,17 implemented using
the adaptive step-size method outlined by Sinkin et al.,?
since it reduces the total number of Fourier transforms
and thus increases computation speed. We have used N
=2'" points and a temporal resolution of 1.8 fs, giving a
time window of 236 ps. The local goal error used in the
adaptive step-size method was set to 53=10"". This re-
sulted in a step size of typically 1-4 um. We first per-
formed the calculations without loss. The relative change
in the total photon number P, a measure of the numerical
error that is ideally zero in the absence of loss,?! was less
than 2.5%. The photon number P is calculated as®!

A(z,0)[?
P@) = f T2 do, (15)

and the requirement of photon number conservation can

be stated as dP/dz=0. A(z, w) is the Fourier transform of
A(z,t). We then repeated the calculations, but included
the 300 dB/km wavelength-independent loss. The simula-
tion time for propagation in 1.2 m of fiber varied between
11 days (d=1425nm, w=130nm) and 31 days (d
=1475nm, w=130nm) on a 2.2 GHz standard PC. The
simulation time depends on the structural parameters be-
cause modulation instability accompanied by the FWM
leads to temporal fluctuations in the time domain of the
pulse. The further away the Stokes and anti-Stokes bands
are located from the pump, the faster the temporal
fluctuations.'” The faster the pulse fluctuates in the time
domain, the shorter the step size has to be so as to keep
the numerical error of each step below the local goal error.
This is done automatically by the adaptive step-size
method.

The pump pulse parameters are center wavelength A,
=647 nm, pulse intensity full width at half-maximum
Trwam=30ps, and peak power Py=400W. The power
spectral densities S(\),

c 4 ~
S(\) = FS(V) = Ffrep|A(V)|2’ (16)

where v=w/(27), presented here are normalized so that
JS(N)dN=P,,, where PaV=P0\ﬁ'7—TT0frep is the average pulse
power of the Gaussian-shaped input pulse. T
=Trwum/1.665 and the repetition rate fi.,=590kHz.
Similar pump parameters were used in the theoretical in-
vestigation by Nikolov et al.% and in the experiments by
Coen et al.,’ so these are physically realistic parameters.

The spectra presented in this paper have been
smoothed over 128 points, resulting in a frequency reso-
lution of Av=128/(AT)=~0.5 THz, corresponding to ap-
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proximately 0.8 nm in the vicinity of the pump wave-
length 647 nm. AT'=236 ps is the temporal width of the
calculation domain.

Figure 7 shows the evolution of the calculated spectra
along the fiber length for two different core sizes. It is
clearly seen how a larger core size results in Stokes and
anti-Stokes bands further away from the pump. Further-
more, the location of the Stokes and anti-Stokes bands is
seen to agree excellently with Fig. 6 and the gain bands
shown in Fig. 7 We also note that for a core size of d
=1425 nm, the Stokes and anti-Stokes bands are already
merged with the pump at z=0.9m, and a smooth broad
continuum is formed. For a core size of d=1475 nm, the
merging is first observed at z=1.2m. Even at this fiber
length, the merging has not been as efficient as for the
smaller core, and therefore spectral dips occur between
the pump and the Stokes and anti-Stokes bands. It is pos-
sible that further propagation in a longer fiber would lead
to further merging and a decrease of the spectral dips, but
this was not investigated since the simulations are quite
time-consuming. Furthermore, the bandwidth of the spec-
trum continuously increases along the fiber, and the
propagation Eq. (14) is valid only for forward-traveling
waves with a bandwidth less than ~1/3 of wy=2mc/\g.2!
We are already within this limit after 1.2 m of propaga-
tion.

Figure 8 compares the calculated spectra after 1.2 m of
propagation in three different fiber designs, all with a

wall thickness of w =130 nm. From Fig. 4 we know that 3,
changes sign at a core size of approximately 1450 nm. As
is also seen from Fig. 5, we therefore expect spectral dips
to appear between the pump and the Stokes and anti-
Stokes bands in the SC when the core size exceeds
1450 nm (for a fiber with w=130 nm). This is also what
we observe in Fig. 8: Increasing the core size from 1450 to
1475 nm widens the spectrum, but introduces a spectral
dip between the pump and the Stokes and anti-Stokes
lines. This demonstrates the important role of accurate fi-
ber design to optimize the dispersion profile to obtain a
flat SC.

Finally, in Fig. 9 we have compared two simulations
with and without the wavelength-independent loss of
300 dB/km. For a fiber length of 1.2 m, the linear loss is
only 0.36 dB. Nevertheless, the nonlinear effects could be
highly sensitive to even a small loss, which is therefore

10 T y
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2
se -20
B
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$D 40
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o
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Fig. 8. Calculated output spectra after 1.2 m of propagation in
three different fibers. The wall thickness w =130 nm.



1698 J. Opt. Soc. Am. B/Vol. 23, No. 8/ August 2006

10
—No loss

o 0 -~ 300 dB/km loss
:“%‘

5=

T E

o=

55

23

<3

()

o

O

o

500 600 700 800 900
Wavelength A [nm]

Fig. 9. Calculated output spectra after 1.2 m of propagation in
the d=1450 nm, w=130 nm fiber, without loss in the simulation
(solid curve) and including a wavelength-independent loss of
300 dB/km (dotted curve).

investigated. It is seen in Fig. 9 that including the loss
does not significantly affect the central part of the SC
spectrum, and only slightly reduces the width of the spec-
trum. In the cases investigated here, it is therefore seen
that the relatively high losses of the nonlinear PCF do not
have a significant effect on the SC generation.

D. Discussion of Physical Mechanisms
As mentioned above, there is an excellent agreement be-
tween the location of the Stokes and anti-Stokes bands
calculated in Fig. 6 and the location of the Stokes and
anti-Stokes peaks in the simulated spectra in Fig. 7. The
peaks merge due to cross-phase modulation (XPM), and
the degree of merging with the pump is determined by the
distance between the pump wavelength and the Stokes
and anti-Stokes bands. The resulting spectra can thus be
explained physically solely on the basis of FWM and
XPM.

The influence of the Raman effect is clearly seen from
the equations in Section 2. From Eq. (9), the maximum
gain obtained for k=0 is

gmax=2yp0(1_fR)y Q>>QR’ (17)

which means that the Raman effect is responsible for re-
ducing the FWM gain by a factor of (1-fg). We have con-
firmed this by making simulations where fg was set to
zero, and observed a more rapid growth of the Stokes and
anti-Stokes peaks than with fg=0.18.

The Raman effect is also responsible for shifting the lo-
cation of the Stokes and anti-Stokes peaks. From Eq. (8),
we find for the case where all higher-order dispersion
terms are negligible:

. ~2P(1-fy)

Q> Qp. 18
5 R (18)

In this case, O« is reduced by a factor of \/(1-fr), corre-
sponding to a shift of =10%. For the case where 35 is neg-
ligible (close to the zero-dispersion wavelength) and dis-
persion terms higher than B, are neglected, we obtain

Frosz et al.

.~ 20P(1-fo)
f - T 00y, (19)

max >

Bs

which means that in this case the Raman effect only re-
sults in a peak shift of 1—(1-fg)*~5%.

At the beginning of the fiber, the Raman effect is there-
fore responsible for reducing the growth rate of the FWM
peaks, and slightly shifting the location of the peaks. For
longer fibers we expect that the pulse will eventually
break up into femtosecond solitons due to the modulation
instability (see, e.g., Ref. 29). The Raman effect then
caluses1 . the solitons to redshift (soliton self-frequency
shift).

4. CONCLUSIONS

It has been demonstrated how the design of a cobweb pho-
tonic crystal fiber affects supercontinuum generation us-
ing picosecond pulses. It was found that there is an inher-
ent trade-off between the width of the spectrum
(determined by the location of the Stokes and anti-Stokes
bands) and the flatness of the spectrum. The spectrum is
relatively flat when there is a continuous gain region be-
tween the pump and the Stokes and anti-Stokes lines.

This occurs for fibers where B,<0 (pumping in the
anomalous dispersion region), and can be achieved by ap-
propriate fiber design. Calculations of pulse propagation
in the fibers demonstrated how an increase in core size of
only 25 nm significantly affects the resulting spectrum, by
widening the spectrum but at the same time degrading
the flatness of the spectrum.

For comparison, random variations of the core size
along the fiber length arising during fabrication are typi-
cally less than 1% over hundreds of meters of fiber.>® Mea-
surements show that the outer diameter of a 125 um fiber
varies less than +0.5 um over such long fiber lengths. As-
suming that the core size scales with the outer diameter,
this corresponds to a variation in core size of less than
+5.6 nm for a 1400 nm core size. For shorter fiber lengths,
such as the ones modeled here, the variation in core size
can be expected to be significantly less.?® An increase in
core size of 25 nm can therefore not be expected to occur
due to random variations along the fiber length, and the
supercontinuum generation should therefore be robust
against such fiber irregularities.

A generalization of the standard four-wave mixing
theory'” showed that the Raman effect is responsible for
reducing the four-wave mixing gain, and for slightly shift-
ing the Stokes and anti-Stokes peaks closer to the pump,
in the case where the peaks are much further away from
the pump than the Raman shift of 13.2 THz in silica.

It was also shown that the relatively high loss of the
cobweb photonic crystal fiber does not significantly affect
the supercontinuum generation.
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