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Abstract: Hollow-core photonic bandgap fibers (PBG) offer the
opportunity to suppress highly the optical absorption and nonlinearities of
their constituent materials, which makes them viable candidates for
transmitting high-peak power pulses. We report the fabrication and
characterization of polymer-composite PBG fibers in a novel materials
system, polycarbonate and arsenic sulfide glass. Propagation losses for the
60pm-core fibers are less than 2dB/m, a 52x improvement over previous
1D-PBG fibers at this wavelength. Through preferential coupling the fiber is
capable of operating with over 97% the fiber’s power output in the
fundamental (HE,;) mode. The fiber transmitted pulses with peak powers of
11.4 MW before failure.
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1. Introduction

High-peak power laser pulses in the near infrared (NIR) have important medical, industrial
and military applications. In conventional single-mode silica fibers, the damage threshold due
to the core material’s finite optical absorption, and the pulse distortion induced by the core
material’s self-phase modulation limit the transmitted peak power. To reduce the optical
power density in the core, large mode-area silica fibers have been developed, but poor-mode
quality, peak-power limitations and coupling instabilities limit their suitability for many
applications [1]. An alternative approach is to guide the pulse using a mirror or a photonic
crystal, eliminating the core material. Large-core hollow fibers such as polymer-metal
waveguides have been shown to transmit high-peak power pulses, but poor mode quality too
restricts their performance [2]. Air-silica 2D-photonic crystal fibers (PCF) can deliver pulses
without compromising mode-quality, though they can have a somewhat limited damage
threshold, since even commercially optimized designs confine only ~98% of the transmitted
power to the air-core of the fiber [3,4,18,20]. In this paper, we will show that 1D-PCF or
photonic bandgap (PBG) fibers can strongly confine light to a hollow core, suppressing
materials absorption and nonlinearities by over 5 orders of magnitude, while still delivering
mode qualities approaching that of a step-index single mode fiber [5].

Previous investigations have demonstrated some of the unique properties and potential
uses of PBG fibers [6—12]. High-index contrast structures demonstrate omni-directional
reflectivity [7] and can be incorporated into optical fibers by co-drawing a low-index polymer
with a high-index chalcogenide glass [8]. By simply scaling the dimensions of the bi-layer
structures, the co-drawing technique has been used to draw fibers that transmit light from the
less than 1pm out past 10pum, suppressing the relatively high absorption losses of the
constituent materials [9,10]. Cavities can also be introduced into the fibers in order to tailor
dispersion for applications such as dispersion compensation and pulse compression [11].

Earlier investigations into polymer-composite fibers used high temperature thermoplastics,
such as polyeithersulfone (PES) and polyeitherimde (PEI) that have relatively high extinction
coefficients compared to more common optical polymers. In this work, we demonstrate that
optical polymers with lower extinction coefficients can be used to further reduce the
absorption losses of PBG fibers. We chose polycarbonate over other amorphous optical
polymers, such as Cyclic-Ofelin copolymers, due to its commercial availability at
experimentally favorable film thicknesses. Polycarbonate’s extinction coefficient at 1.55um is
over an order of magnitude less than either PES’s or PEI’s coefficient (Fig. 4a), pushing the
absorption loss limit for PBG fibers below 0.05 dB/m for a 60pum core fiber. Polycarbonate
also exhibits low absorption into the visible spectrum, creating the opportunity for low-loss
fibers with bandgaps approaching the UV. For this work, we were able only to source films
extruded from a general use polycarbonate resin (Lexan 104), which contained significant
inclusions (dust, poor molecular weight distribution). We expect an optical grade film to
further improve transmission losses.
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2. Material properties and device fabrication

Polycarbonate has a significantly lower glass transition temperature (Tg = 150 °C) than either
PES (Tg~220 °C) or PEI (Tg~230 °C) making it incompatible to co-draw with commercial
chalcogenide glasses, such as arsenic triselenide and arsenic trisulfide (As,S;). By increasing
the sulfur content in As,S; to AsysS;s, we reduced the Tg of the glass sufficiently to co-draw
with polycarbonate, slightly decreasing the glass’s index of refraction (nags; = 2.4, Nagss7s =
2.27 at 1.55pm). However, polycarbonate (n = 1.53) has a lower refractive index than either
PES (n=1.61) or PEI (n = 1.66) at 1.55um, which maintains a similar index contrast. For this
work, we measured the index of refraction of polycarbonate and As,;S;5 using a spectroscopic
ellipsometer (Sopra).

AsysS75s was synthesized in a rocking furnace using the melt-quench technique from as
received elemental sulfur (SN5 Alfa Aesar) and elemental arsenic (7N5 UMC Corp.), heated
under vacuum to remove surface oxides. Differential scanning calorimetry (10 C min™', TA
instruments DSC Q1000) shows a single glass transition temperature (Tg~120 C) and no
crystallization peaks, despite some evidence in the literature that As,sS;s can phase separate
[13]. Thermal gravitational analysis (10 C min~', TA Instruments Q50) shows that the glass
thermally decomposes continuously from the melt with a single peak, supporting that the glass
is a single phase. The extinction coefficient of the synthesized glass is significantly higher
than what we would expect from further purification, but is nonetheless negligible compared
to the polymer’s coefficient (Fig. 4a) [16].

Wavelength (um)

Angie (deg.)

Fig. 1. (a) Simulated band diagram for an ideal PBG structure of As,sS;s and polycarbonate
with a fundamental bandgap centered at 1.55um. Regions with propagating modes are shaded
(blue for TM, red for TE and purple for both) (b) Measured transmission (0 = 90) and reflection
(6 = 0) bandgaps for the PBG fiber described in this paper.

Glass/Polymer bilayers were obtained using a custom roll-to-roll thermal evaporator.
During the deposition, a polymer web passes over two sets of evaporator boats, allowing glass
to be deposited independently on either side of the film. In order to minimize the penetration
depth of the HE; mode into the bilayer structure, the glass was deposited at 1/3 of a full glass
layer thickness on the inner surface and 2/3 at the outer layer [16]. Electron microprobe
analysis (JEOL JXA-733) showed that the arsenic content increases during the evaporation
from AsysS7s ( + —0.5 mol %) to AsygS7, ( + —1.0 mol %). This is not surprising, since the
glass decomposes from the melt into an arsenic rich vapor (As;sS75-> AsySy + S, [14]) and
sulfur gas, which can be pulled from the chamber.

The bilayer film and additional polycarbonate cladding films were rolled onto a mandrel
and heated under vacuum to 185 C, fusing the films into a preform. The preform was then
drawn into a fiber between 245 and 265 C, while the fiber’s outer diameter, core-size and
stress were closely monitored. Pressure was applied to the core, in order to keep the core from
collapsing due to surface energy. Any change between the ratio of the outer and inner
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diameter of the preform to the fiber (normalize-shrink down ratio or NS) would chirp the
thickness of the bilayers, decreasing the fiber’s spectral bandwidth. The standard deviation of
the fiber’s outer diameter was monitored using a laser micrometer and was controlled to less
than + —1% ( + —7 pm). A FTIR microscopy (Bruker, Tensor 37) was used to measure radial
reflections off the outer surface of the core. Measurements showed a clear bandgap with
interference side-bands, indicative of a well ordered-periodic structure (Fig. 1b). The fiber’s
axial transmission spectrum was also monitored to ensure the correct position of the fiber’s
transmission bandgap using an infrared spectrometer (Photon control, SPM-002 NIR1700).

3. Measurements and results

Scanning electron microscopy (SEM, JEOL 6060) images show that the preform’s geometry
is maintained through the fiber drawing process (Fig. 2). The 760-micron outer diameter fiber
has a NS of 1 and a 60-micron core (40A at 1.5um). The images show smooth interfaces
between the glass and polymer layers. Fourier analysis on the SEM image of the 22 glass-
polymer bilayers reveals a sharp peak at 521nm, agreeing strongly with our simulations. There
is a tight distribution in the bilayer thickness with a full-width at half-maximum (FHWM) of
27nm, which is below the resolution of the SEM image.

Peuk: 5Z2Inm
FWHM: 27nr
n

Fig. 2. Cross-sectional SEM images of a PBG fiber with a 60um-core, a 760um outer diameter
and Fourier analysis of the glass-polymer bilayers.

Propagation loss measurements were performed using the cutback method. The output of a
single mode fiber coupled to a frequency-swept laser source from 1520nm-1620nm (Ando)
provided a linear polarized Gaussian beam for the measurement. A spherical lens coupled the
beam preferentially into the HE;; mode; the fiber’s lowest order linearly polarized mode. A 2-
meter section of fiber was held straight and cutback five times to 1-meter. Over the 100nm
bandwidth of the laser, the propagation losses are from 2 to 3 dB/m, with a minimum loss of
less than 2dB/m at 1560nm (Fig. 4a). The propagation losses are a significant improvement
over previously published work of 5.5 dB/m for a 160pum-core fiber. Absorption and
scattering losses scale as 1/R’, corresponding to a 52x improvement compared to the fiber in
this work [17].

The modal content of the fiber’s output was analyzed using a mode decomposition
algorithm described in our previous work (Fig. 3) [15]. Reducing the fiber’s core-size limits
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modal coupling, since the spacing between modes scale as 1/R? [5]. Unlike previously
demonstrated NIR fibers with larger cores, the modal content at the output of these fibers is
over 97% HE,;. Since the HE,; mode overlaps strongly with a Gaussian beam, the fiber’s
output can be highly focused for applications where power density is critical. Another
consequence of the increased mode spacing is that no additional bending losses were observed
down to radii sufficient to damage the fiber mechanically (~2cm), when careful attention is
paid to maintain the input coupling.
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Fig. 3. Far-Field intensity distribution at the output of the PBG fiber after 1-meter, excited at
1.55um and the proportional modal content of the first 12 modes as determined by the modal-
decomposition algorithm.

Despite these improvements, the fiber still exhibits propagation losses for the HE; mode
two orders of magnitude greater than simulations that account for materials’ absorption and
the finite number of layers in the photonic crystal. An integrating sphere and detector were
used to measure the power radiating from the fiber as the sphere was moved along the fiber.
The radiation losses matched the propagation losses measured using the cutback technique.
Therefore, scattering mechanisms such as interface roughness (air/core, bilayer) and
inclusions (dust, phase separation) are likely limiting fiber performance and will be subject to
further investigation. Each of these scattering mechanisms can potentially couple light from
the HE|, to either higher-order or cladding modes. Nonetheless, the high modal purity is
maintained at the fiber’s output due to a modal filtering mechanism, where higher-order
modes will have a higher differential loss than the fundamental mode [5].

Power handling measurements were performed using a laser source delivering 1-ps, 50
pulses at 100kHz centered at 1.552pum (USP, Raydiance Inc.). The output of the laser was
coupled to the fiber using a spherical lens. No additional beam shaping or end-facet
protection, such as a ferrule or pinhole, was used. The input coupling efficiency was about
90% at low powers. The output of the PBG fiber was measured using an optical spectrum
analyzer, an autocorrelator and power meter. A half-wave plate and polarizing beam-splitter
were used to slowly increase the power coupled to the fiber until failure. Failure occurred at
the end-facet at 12.7uj corresponding to a peak power of 11.4 MW and an average power of
1.14W. The peak power was calculated by dividing the product of the coupling efficiency and
the average power by the product of the pulse’s temporal width (FWHM) and the repletion
rate of the source. The HE;; mode of a 60um core fiber has a mode field diameter of 35um,
corresponding to a power density of 1.2 TW/cm® in the fiber core. As the input power
increased, there was no observable change in the pulse width or spectrum at the output of the
fiber, suggesting non-linearities are not significant (Fig. 4b-c). The fiber’s dispersion was
measured to be 9.6 ps-nm/km (OVA-Luna), which may account for the slight temporal
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broadening of the fiber’s output with respect to the USP laser and appears to be independent
of the input power.

To our knowledge, the highest reported peak-power for air-silica PCF fiber around 1.5pm
is 2.4 MW at atmosphere, using 110-fs pulses and a 12.7um core fiber [18]. We have not been
able to find any studies that have determined the bulk damage threshold for silica at 1.55um
for comparison. However, the bulk damage threshold for silica at 1.064pum has recently been
established to be in the 1.4 TW/cm” range for 14-ps pulses [19]. The damage threshold at the
air-silica interface in solid-core silica fibers is considerably lower unless careful steps have
been taken to completely eliminate surface roughness [19]. Simple 100um glass capillaries
can transmit pulse with peak-powers over 10TW, although their functionality is limited to
transmission lengths of about 1cm due to their relatively high propagation losses [21].
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Fig. 4. (A) Extinction coefficients for materials and resultant fiber; all measurements were
performed using the cutback method, (B) Autocorrelation traces of the USP laser and the fiber
output, (C) OSA spectrum for the USP laser and the fiber output.

4. Conclusions

We have fabricated PBG fibers in a new materials system, which has enabled the realization
of fibers with 60um-cores and propagation losses below 2dB/m. Through preferential
coupling, these fibers can be used to transmit pulses with modal profiles approaching a single
mode and peak-pulses up to 11.4 MW. Further investigations are required to study and to
minimize scattering losses, which currently set the radiation-limited propagation losses for
PBG fibers. Improving the input coupling should also increase the coupling efficiency and
power-handling limit of the fibers. We believe that this work supports the viability of using
polymer-composite PBG fibers to deliver high peak power pulses in the NIR.
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