Experimental demonstration of spectral
broadening in an all-silica Bragg fiber
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Abstract: We present the first report on experimental observation of
nonlinear spectral broadening in an all-solid photonic band gap Bragg fiber
of relatively large mode area ~62 pm’. The theoretically designed Bragg
fiber for this specific application was fabricated by the well known MCVD
technique. Nonlinear spectral broadening was observed by launching high
power femtosecond pulses of 1067 nm pump wavelength. These first results
indicate that fabrication of such Bragg fibers, once perfected, should
potentially serve as an alternative route for realization of supercontinuum
light.
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1. Introduction

Bragg fibers are microstructured optical fibers, in which light is guided by the photonic band
gap effect. The concentric cladding layers of alternate high and low refractive indices that
symmetrically surround the low index central core of a Bragg fiber form a one dimensional
radially periodic structure; the core could be of a lower or same refractive index as the lower
of the two periodic layers that surround it. Radiation loss and dispersion of the propagating
mode in them depend on size and refractive index of the core and refractive index contrast as
well as thickness of the cladding layers. Thus, Bragg fibers offer a wide choice of parametric
avenues to tailor their propagation characteristics. Incidentally, Bragg fibers were the very
first variety of photonic band gap (PBG) fibers to be proposed (although the photonic band
gap associated with them was not formally appreciated until 1999 [1]) in the literature and
were theoretically studied as early as the late 1970s or even earlier [2,3]. However, limited
fabrication technology stunted the development of these fibers until recently when the rapid
progress in the field of microstructured fibers has revived interest in Bragg fibers. Besides
silica, various unconventional material systems like chalcogenide glass, polymers and soft
glass have been used to fabricate such fibers [4—7]. Whilst this renewed interest had focused
largely on the design of air-core Bragg fibers, solid-core silica-based Bragg fibers have also
attracted significant attention because of their ease in splicing to conventional fibers and their
robustness to withstand structural degradation with time. Indeed, realization of solid core
Bragg fiber with zero dispersion wavelength (ZDW) at 1060 nm has been the earliest
milestone in this direction [8]. In addition to their widely tunable dispersion characteristics,
solid core Bragg fibers can be designed to exhibit low loss, large mode effective area [9], and
low or high sensitivity to nonlinear propagation effects. The possibility of exploiting nonlinear
optical effects in these fibers along with zero dispersion wave-length around or below 1 pm
wavelength whilst maintaining a large mode size is particularly appealing for potential
applications in e.g. all-fiber pulse compression systems for Yb** doped fiber lasers, short
pulse fiber delivery of femtosecond lasers, optical coherence tomography (OCT), optical bio-
sensing [10], near-infrared spectroscopy [11], and so on. Photonic crystal fibers could also be
designed to shift the ZDW to this wavelength region; however, typically, they would require a
relatively smaller core size to maintain single-mode propagation. Consequently coupling of
light to the fiber could be difficult at times and it could also limit the fiber's power handling
capacity. In this paper we demonstrate nonlinear spectral broadening of femtosecond pulses of
1067 nm wavelength after propagation through a solid-core Bragg fiber, whose design was
tailored for zero dispersion at around 1064 nm. The designed fiber parameters served as initial
input to fiber fabricators for tuning the MCVD deposition process. We have also attempted a
comparison of the estimated spectral broadening based on numerical simulation of nonlinear
pulse propagation with one of the measured broadened spectra as a sample. The agreement
was reasonable despite uncertainties in precise fiber parameters and conditions of the
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experiment. To the best of our knowledge, this is the first experimental demonstration of
nonlinear spectral broadening in a PBG Bragg fiber.
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Fig. 1. (a) Optical microscope image of end facet of the fabricated Bragg fiber. (b) Schematic
of index profile showing fiber geometry and nomenclature.

2. Fiber design, fabrication and measurements

The solid-core Bragg fiber used in our experiments was designed analogous to the structure
reported in [12,13] albeit with no taper. It was fabricated through the well-established
technology of modified chemical vapor deposition (MCVD) technique, which enables a high
degree of control on the structural parameters of the preform, and hence the fiber. Use of the
MCVD technique also alleviates any issues regarding repeatable fabrication of identical fiber
structures, which is sometimes a major concern while fabricating microstructured (holey)
fibers. An optical micrograph of the (cleaved) end face of the drawn fiber is shown in Fig. 1
(a) along with the characteristic dimensions. Figure 1 (b) shows the corresponding refractive
index profile and the nomenclature. The fabricated fiber had 12 periodic bilayers surrounding
the low-index (primarily silica) core. Various dopants as refractive index modifiers of silica
were used to realize the synthesized cladding layers and the average refractive indices of the
periodic cladding layers were ~1.470 and 1.458. The average thicknesses of the high and low
index cladding rings (d, and d;) were measured to be 1.4 ym and 1.6 um, respectively. The
drawn fiber was very robust and could be easily cleaved using a commercial fiber cleaver.
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Fig. 2. Near field mode images shown for the white light coupled to (a) cladding and (b) core;
(c) core-localized and (d) a higher order mode at 1064 nm; (e) Calibrated fundamental mode
profiles in the horizontal x-axis and the vertical y-axis.

A 48 cm section of the fiber was used to measure and record the mode profile of the fiber.
As a first step, white light from a tungsten bulb was coupled into a standard silica fiber (SMF)
(Corning SMF-28) and butt-coupled with index matching gel to the Bragg fiber. Comparison
between Figs. 2(a) and (b) clearly shows that light is tightly confined within the core when the
exit end of the illuminated SMF-28 fiber is aligned with the core of the Bragg fiber as
opposed to when it is aligned with the cladding rings. Subsequently, light from a CW laser
source emitting at 1064 nm was launched into the fiber using a 0.2 NA microscope objective.
Figures 2 (c) and (e) show the near field output and transverse intensity profile of the
fundamental mode (FM) of the fiber, respectively. The mode field diameter was measured to
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be 7.9 ym at 1064 nm. Figure 2(d) shows a higher order mode structure of the fiber with
increased throughput light in the cladding layers that could be ascribed to a lossy higher order
mode as was observed by deliberately inducing a small misalignment between the test fibre
and the SMF-28 fiber. The tungsten source was then used to record the insertion loss spectrum
of a 5 cm length of the fiber (Fig. 3(a)). Transmission loss measurements were performed at
1064 nm using the cutback method on the 48 cm long sample of the fiber. The propagation
loss was measured to be ~11 dB/m at this wavelength with a coupling loss of ~5.5 dB.
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Fig. 3. (a) Insertion loss spectrum of a 5 cm length of the fiber and (b) Results of cutback
measurement performed at 1064 nm.

The nonlinear propagation properties of the Bragg fiber were studied by using a frequency
doubled idler output from a 1 kHz femtosecond optical parametric amplifier (OPA) system.
The OPA was tuned to 1067 nm and the pulses had a FWHM of 120 fs. Three different
incident peak powers were used 290 kW, 208 kW and 67 kW. This corresponded to launched
peak powers of 82 kW, 59 kW and 19 kW taking into account the launch loss of 5.5 dB. The
pulses were launched into different length sections of the Bragg fiber using a (x10) 0.2 NA
microscope objective. The output was collected with a 600 #m core diameter silica fiber and
the spectrum was recorded using near infrared (Ocean Optics NIR512) and visible (Ocean
Optics HR2000) spectrometers. Spectral broadening is evident in the transmitted spectrum
shown in Fig. 4(a) with just 3 cm of Bragg fiber. Spectra for the three different launched peak
powers are also shown. Five other lengths of the fiber were also examined at these peak
powers and the spectra for the 59 kW case for 20 cm, 30 cm, 50 cm, 100 cm and 350 cm are
shown in Fig. 4(b). As expected, the peaks near the central wavelength of the input pulse are
dominated by self-phase modulation whereas the peak at ~950 nm is due to the influence of
dispersive waves whose proximity to the center of the input }z)ulse could be attributed to the
relatively large value of the dispersion slope (0.385 ps/(km.nm”) at 1067 nm) [18].
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Fig. 4. (a) Spectral broadening in a 3 cm section of Bragg fiber showing (from bottom to top
curve) the input pulse spectrum, 19 kW, 59 kW and 82 kW launched peak power and (b)
evolution of the spectral broadening for selected lengths of Bragg fiber.

3. Numerical simulation

The experimental results presented above were compared against numerical simulations of
linear propagation characteristics and nonlinear pulse evolution in the fiber. The refractive
index contrast amongst the various layers in the fabricated Bragg fiber was < 0.6% thereby
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making it a weakly guiding structure. Consequently, the LPy mode would constitute the
fundamental mode (FM) of the fiber. The dispersion and loss characteristics of the FM were
studied by using the Finite Element Method (FEM), which was implemented via the
commercial FEM package Comsol Multiphysics. The fiber was assumed to have a core radius
of 6 um and core refractive index of 1.454 at 1060 nm. Figure 5 (a) shows the dispersion and
radiation loss spectrum of the modeled fiber. Interestingly the dispersion spectrum has
resemblance to that of an air core Bragg fiber [14]. The zero dispersion wavelength of the
fiber was calculated at around 1050 nm while the effective area and nonlinearity coefficient
[15] of the fiber at the pump wavelength of 1067 nm were ~62 um” and 2.1 (km.W)™
respectively. Clearly the theoretically predicted loss of the fiber at this wavelength is much
lower than the experimentally measured value, affirming the loss sensitivity of these fibers to
the uniformity of the cladding layers. However, it should be possible to reduce the losses
considerably so as to make them comparable to the material loss of silica by further
optimization of the fiber design and MCVD process [16,17]. We also theoretically studied the
dispersion sensitivity of the fiber to the number of cladding layers, which showed that the
ZDW is relatively unaffected by a change in the number of cladding layers. This is somewhat
expected because of the tight confinement of the FM within the fiber core (cf. Figure 2(c)).
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Fig. 5. (a) Simulated dispersion and radiation loss of the Bragg fiber under study and (b)
Simulation result (black) and corresponding experimental curve (blue) show spectra in a fiber
of length 3.5 m for an input peak power of 59 kW.

Nonlinear pulse propagation was modeled through the generalized nonlinear Schrodinger
equation (GNLSE) [15]

2 3
a_A+g +ﬂ1 aA &a_A_éa -
oz 2 at 2 o 6 o

, i 0 [ N
17[1+505} {A(z,t)J;R(t )|A(z.t =) dt

where A(z, ?) is assumed to be the slowly varying amplitude of the propagating mode in a co-
moving frame, a is the propagation loss, f, are different order dispersion terms, y is the
effective nonlinear coefficient of the fiber and R(#’) is the Raman response function, which
includes both electronic and vibrational Raman contributions. We solved Eq. (1) by
employing the symmetrized split-step Fourier scheme with dispersion terms up to sixth order
[15]. The input pulse is assumed to be secant hyperbolic in shape with full width at half
maximum (FWHM) pulsewidth of 120 fs. We also assumed that the peak power of the pulse
was 59kW, which incorporates the power lost due to the coupling loss of 5.5 dB (cf. Figure
3(b)). The width and resolution of the time window and the longitudinal step-size were
optimized through a convergence study. Figure 5(b) shows the comparison between
experimental and simulated output spectrum of the input pulse centered at 1067 nm at the end
of a 3.5 m long Bragg fiber of similar characteristics as the fabricated one. The characteristic
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spectral features of the spectrum are in reasonable agreement with the experimentally
observed spectrum considering the fabricated fiber parameters and the experimental
conditions are not precisely known.

4. Conclusion

Starting from designing and fabricating a solid-core low index contrast silica-based Bragg
fiber, we have experimentally characterized it and demonstrated nonlinear spectral broadening
in it at a wavelength of ~1 um. This is the first such demonstration in this class of fiber. The
dimensions and mode size of the drawn fiber from this preform were compatible with
standard commercial fibers and hence, offer ease of integration with existing devices (such as
fiber lasers). The high losses of the fiber may be reduced through a more rigorous control of
the preform deposition to reduce bilayer imperfections. In addition, dispersion
micromanagement by tapering [19] should allow further optimization of the nonlinear spectral
broadening in such specialty fibers. Up-tapering of the fiber (during drawing), which would
induce a decrease in dispersion with length, could broaden the spectral bandwidth further [12].
Experimental investigation into this aspect would be the subject of a future publication. The
present study shows that solid core silica-based Bragg fibers open up new possibilities in the
realm of nonlinear optics as yet another microstructured fiber platform.
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