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Abstract:  We numerically study supercontinuum generation in photonic
crystal fibers with two zero-dispersion wavelengths, weakly tapered to have
normal dispersion at all wavelengths after a certain distance. We pump
with 15 fs pulses with milliwatt average power and show that two distinct
smooth spectral parts are generated, with improved stability due to the
normal dispersion. We characterize the two spectral parts and show how
the 3 dB bandwidth, the center wavelength, and the power of the two parts
depend on the taper parameters and the pump power.
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1. Introduction

Supercontinuum generation (SCG) in optical fibers has been studied for more than two decades.
In 2000 it was shown that SCG can be made particularly efficient in tapered fibers [1] and pho-
tonic crystal fibers (PCFs) [2], dueto the increased effective nonlinearity and the large degree of
freedom in tailoring the dispersion profile. The first supercontinuum (SC) light sources are now
commercially available and find important applications in areas such as frequency metrology
[3], wavelength division multiplexing [4], and optical coherence tomography (OCT) [5].

Here, our focus is on PCF-based SCG broadband light sources for application in OCT. In
this context fiber based light sources are attractive due to their diversity with respect to center
wavelength, bandwidth and output power. For an excellent review of the advances in broad
bandwidth light sources for OCT we refer to Unterhuber et al. [6]. In OCT the axial resolution
scales with the center wavelength squared and the inverse of the 3 dB bandwidth. PCF-based
SCG light sources with octave-spanning bandwidths have consequently received considerable
interest [6]. However, for OCT applications the spectrum should be smooth and Gaussian, or at
least close-to-Gaussian over the 3 dB bandwidth, in order to avoid multiple image echoes that
may hide weak object structures and reduce image resolution and sensitivity.

Typical ultra-broad SC spectra in PCFs are generated through an interplay between several
nonlinear effects in the anomalous dispersion regime [7, 8, 9, 10]. This results in significant
power fluctuations, spectral modulations, and excess noise [11, 12]. Consequently such SC
spectra have to be filtered to obtain a near-Gaussian shape, which results in a considerable
loss of power. One way to avoid these spectral fluctuations is to pump in the normal disper-
sion regime far from the zero-dispersion wavelength. This eliminates modulational instability
(M1) and soliton effects, such as soliton fission and soliton self-frequency shift (SSFS), and
means that only self-phase modulation (SPM) will be present. This leads to improved stability
properties and a shape that is closer to a Gaussian, but also to a reduced spectral broadening
[13].

In arecent interesting study, SCG in a PCF with two closely spaced zero-dispersion wave-
lengths (ZDWs) at 780 nm and 945 nm was investigated both experimentally and numerically.
It was shown that two smooth spectral parts were generated, which were described as being sta-
ble and compressible, with a high spectral density only weakly dependent on pump parameters
over awide range of pulse parameters [14]. It was argued that the generated SC was a result
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of initial SPM followed by FWM, whereas we have recently shown that it isin fact SPM and
generation of dispersive waves, followed by SSFSif the separation between the ZDWsis large
enough, that are at play [15].

The smooth two-part spectrum observed in [14] could in fact be an attractive light source for
OCT, due to the near Gaussian shape of the two spectral parts. The spectral part with the lowest
power content could be filtered away or both parts could be used in a differential absorption
OCT scheme with improved spectroscopic information [16].

On a different note it was recently demonstrated how a PCF can be tapered to modulate its
dispersion properties for desired applications [17]. Of course the dispersion profile of a PCF
can be designed from the start at the fabrication stage, but tapering is a post manufacturing
technique that provides an attractive way of manipulating the dispersion and, in a cheap and
relatively easy way, obtain PCFs with different properties without drawing a new PCF.

Here we combine the advantageous properties of normal dispersion, tapering, and the PCF
with two ZDWs. Specifically we use the tapering to 1) gradually move the ZDWs and thereby
the center wavelength of the two spectral parts; 2) increase the stability of the SC by tapering
down to a diameter for which the dispersion is normal at all wavelengths, thereby eliminating
M1 and soliton effects. Because the two ZDWs are close from the start we only need to taper
very weakly in order to obtain normal dispersion at all wavelengths. As afirst investigation of
such alight source we present a theoretical investigation of the properties of the generated two
spectral parts. We show how the 3 dB bandwidth, the center wavelength, and the power of the
spectral parts depend on the degree of tapering, the taper length, and the pump power.

2. Tapered PCF model

We consider a highly nonlinear triangular PCF with pitch A = Ag = 1.0 um, hole diameter
d = 0.57 um, and core diameter 1.4 um. We taper the PCF as shown in Fig. 1(a), assuming that
the relative hole size, d /A, is constant, while the pitch, A(z), varies as

N5 — N2 (z—zr)? 12
Nz) =Nt (1+ 2 2 > . 1)

We define the taper as the region of the PCF in which the diameter decreases from its max-
imum to its minimum value. Here zt is the length of the taper and A+ is the final pitch at the
end of the taper. It was recently demonstrated that it is indeed possible to taper a PCF in this
way and observe SCG [17]. We calculate the dispersion and effective area using the MIT Pho-
tonics Bands package [18]. Fig. 1(b) shows the dispersion profiles along the taper. The distance
between the ZDWSs narrows along the taper, i.e. for decreasing pitch, until the fiber has normal
dispersion for all wavelengths for A < 0.96 um. The effective area increases with wavelength
from Ags = 1 um? at 400 nm to Aggr = 2 um? at 1500 nm for A = 1.0 um. The variation of At
along the taper is modest and we neglect it.

We simulate pulse propagation using the split-step Fourier method to solve the generalized
nonlinear Schrodinger equation [19]. The dispersion parameters 3,15 are extracted from fits
to 11 dispersion profiles with A varying from 1.0 um to 0.9 um. We then fit the A-variation of
each 3-parameter [see Fig. 1(c)] with a2nd order polynomial to obtain an analytical formulafor
Bz2-15(N\). Inour simulationswe use 100 values of the pitch inthetaper fromz=0toz=zr. The
wavelength dependence of the effective area is incorporated through the nonlinear parameter
y. A wavelength independent loss of 50 dB/km is also included. The model accounts for SPM,
FWM, stimulated Raman Scattering (SRS), and self-steepening. We simplify the investigation
by assuming a polarization maintaining fiber pumped along one polarization axis. To focus on
the SCG effects in the taper region of the PCF we consider a pulse launched at z= 0 [see
Fig. 1(a)]. The simulation is stopped a z= zy. We pump at 808 nm with a pulse width of 15
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Fig. 2. Color coded power spectrum plot of the spectral evolution in a zr = 15 mm long

taper with final pitch () At = 0.98 um and (b) At = 0.93 um. The white line represents

the ZDWs with the dispersion being anomalous inside this curve.

fs, intensity FWHM. The repetition rate is 75 MHz. The peak power is 5 kW, unless otherwise
noted, corresponding to an average power of 6 MW and a pulse energy of 80 pJ. Thisis easily
achieved with commercialy available Ti:Sapphire lasers. Average power is used here for the
importance in exposure considerations of biological tissue.

3. Supercontinuum generation and spectral properties

In Fig. 2 we show how the SC spectrum evolves during propagation in a 15 mm long taper for
two different values of the degree of tapering At. For weak tapering, At > 0.96 um [Fig. 2(a)],
SPM broadensthe spectrum of the pump into the near infrared regime (NIR) and phase-matched
dispersive waves are generated in the normal dispersion regime on the visual wavelength (VIS)
side, asdetailed in [15].

For strong tapering [Fig. 2(b)] the dispersion becomes normal at all wavelengths after 7 mm
of propagation. The normal dispersion eliminates soliton effects, which stabilizes the spectrum
in the sense that spectral variations with fiber length are reduced, as compared to the case
without tapering. Thus tapering allows to control the center wavelength of the two spectra
parts and relaxes the requirement for accurate cutting of the fiber at a specific length, because
the spectrum is more fixed during propagation in the normal dispersion regime. Because M|
is absent in the normal dispersion regime, we know that the spectrum will aso be more stable
towards intensity and phase fluctuations of the pump [13, 19].
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Fig. 3. (a, i) Power spectrum for an untapered PCF with At = 1.0 um at z= 0 mm (dotted,
red), 8 mm (dashed, green), and 15 mm (solid, blue). (b, i) Power spectrum at taper end
z=zr = 15 mm for At = 0.9 um (dotted, red), 0.95 um (dashed, green), and 1.0 um
(solid, blue). (c, i) Power spectrum for At = 0.9 um at taper end z= zr = 15 mm (dotted,
red), 25 mm (dashed, green), and 50 mm (solid, blue). (d, i) Power spectrum at taper end
z=12zr =15 mm for At = 0.9 um and average pump power 6 uW (dotted, red), 6 mW
(dashed, green), and 12 mW (solid, blue). (a-d,ii) center wavelength, (a-d, iii) FWHM, and
(a-d, iv) average power within the FWHM versus respective parameters, NIR (o) and VIS
spectral parts ().

The smooth two-part spectral structure isinteresting for applications aslight sourcesin, e.g.,
OCT systems. In order to investigate the spectral properties and how they depend on the taper
parameters and the pump power, we have performed a comprehensive series of numerical sim-
ulations. In each case we have determined whether the spectrum has a single-peak or two-peak
structure, where a peak is defined as an isolated spectral part that has its own well-defined full
width at half maximum (FWHM). For each peak we have then recorded the center wavel engths,
FWHM, and average power within the FWHM. The subfigures (ii), (iii), and (iv) in Fig. 3(a-d)
show how these parameters vary.

In Fig. 3(a) we look at the spectral evolution during propagation in an untapered PCF, i.e.,
with At = Ag = 1.0 um. We see that after 7 mm of propagation the spectrum is split into two
separate peaks. The center wavelength and FWHM of the VIS peak stabilizes after 10 mm of
propagation, while the NIR peak continues to red-shift due to SSFS. The average power in the
two peaks settles at around 2 mW.

In Fig 3(b) we fix the length of the fiber to 15 mm and vary the pitch at the end of the taper,
At, from 0.9 um (long propagation length in the all-normal dispersion regime) to 1.0 um, where
the fiber is untapered. The center wavelength of the NIR peak has an almost linear dependence
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with At. Thus tapering allows to move the NIR peak while the VIS peak is fixed, both peaks
with a power around 2 mW. The variation in the dispersion profile due to the tapering makes
the phase matching of dispersive waveswork for abroader VIS range, resulting in an increased
FWHM of the VIS part. For a strong tapering, At < 0.91 um, the dispersion changes so fast
that the two spectral parts do not have time to separate. Thus, if atwo-peak structure is desired,
one cannot taper this particular PCF, with this Iength, too strongly.

In Fig. 3(c) we now consider a fixed strong degree of tapering, At = 0.9 um while varying
thelength of the taper from zr = 5 mm to 50 mm. Again we see that a certain propagation length
in the anomal ous dispersion regime is needed to split the spectrum, with the two-peak structure
first appearing for zr > 20 mm. The most important effect is the increased power levels and
FWHM of both spectral parts, which can be achieved with along and strong tapering.

It is important to stress, that the spectral splitting is a nonlinear process, initiated by SPM
and a red-shift of the pump. Considering a tapered PCF with zr = 15 mm and At = 0.9 mm,
we observe the following: for low pump powers (average power below 7 mW) the red-shift is
not strong enough to obtain splitting, as clearly seen in Fig. 3(d). For average pump powers
above 7 mW splitting is observed with aimost equal power in the two parts. In contrast to the
observed variation of the VIS part with the other control parameters, we see that increasing the
pump power alowsto move the VIS part further into the blue.

4, Conclusion

We have numerically investigated femtosecond SCG in aweakly tapered PCF with two closely
spaced ZDWs, where the dispersion becomes normal for all wavelengths after a certain dis-
tance, provided the tapering is strong enough.

We have shown that above a certain pump power (7 mW for a 10% tapering over a length
of 15 mm) the red-shift of the pump is strong and leads to a splitting of the spectrum into
a blue and a red part. The initial red-shift is thus a nonlinear process due to SPM, followed
by SSFS, which requires a sufficient power level. We have shown that the splitting further
requires a certain propagation length in the anomal ous dispersion regime, where soliton effects
are present.

We have also shown how the normal dispersion spectrally stabilizes the resulting SC spec-
trum, in the sense that it stops the red-shift due to soliton effects and thereby tends to fix the
wavelength of the two spectral parts. Because we know that Ml is not present in the normal
dispersion regime it is to be anticipated that the resulting spectrum is also more stable towards
fluctuations of the pump, as was shown recently for SCG in a planar waveguide [13].

An important point of our study has been to investigate how tapering can be used to control
the power, FWHM, and center wavelength of the two spectral parts. Our results show how the
weak tapering allows to manipulate both the center wavelength and width of the two parts by
up to 150 nm while the average power content remains nearly constant (about 2 mW for 6 mwW
average pump power). The combination of pulse propagation length and degree of tapering can
result in more Gaussian shaped spectraand higher bandwidth. The spectra still broadens during
propagation in the all-normal dispersion regime, limiting the required length with anomalous
dispersion and nonlinear effects contributing to noise and instability.
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