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Abstract: This paper reports the design and the fabrication of an all-solid
photonic bandgap fiber with core diameter larger than 100 um, a record
effective mode area of about 3700 pum?” at 1035 nm and robust single-mode
behavior on propagation length as short as 90 cm. These properties are
obtained by using a pixelated Bragg fiber geometry together with an
heterostructuration of the cladding and the appropriated generalized half
wave stack condition applied to the first three higher order modes. We
detail the numerical study that permitted to select the most efficient
cladding geometry and present the experimental results that validate our
approach.

©2016 Optical Society of America

OCIS codes: (060.2280) Fiber design and fabrication; (060.2430) Fibers, single-mode;
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1. Introduction

The large place occupied today by fiber laser systems on the laser marketplace is well
explained by the advantages of this technology over other approaches based on bulk systems
[1]. Beam quality, good thermal management and compactness are some of the intrinsic
qualities of the fibers that are highly desired for industrial systems, for both generation and
transport of intense laser light. So as to follow the demand of further increased beam power,
Very Large Mode Area (VLMA) - i.e. fibers offering Mode Field Diameter (MFD) typically
larger than 40 um - and single-mode behavior are required. However, these contradictory
properties are a priori impossible to obtain with conventional manufacturing process (i.e.
core/cladding fibers made by CVD-based methods), the lowest Numerical Aperture (NA)
reported up to now by such techniques being about 0.038 (i.e. core diameter of about 35 um
to obtain a single-mode behavior at | um wavelength) [2]. This explains why an intense work
has been focused on the study of various kinds of microstructured fiber geometries. This also
opened up the way to different fibers geometries that are not intrinsically single-mode but
whose core and/or cladding structure is designed so as to reject the undesired Higher Order
Modes (HOM). This is the case for Chirally-Coupled-Core (CCC) fibers [3], Leaky-Channel
Fibers (LCF) [4], Large-Pitch Fibers (LPF) [5], Fully-Aperiodic Large-Pitch-Fibers (FA-LPF)
[6], gain-guiding fibers [7], HOM fibers [8], SHARC fiber [9], Distributed Mode Filtering
fiber (DMF) [10], Solid-Core Photonic BandGap Fiber (SC-PBGF) [11] and Multi-trench
fibers [12]. Figure 1 is an attempt to summarize the reports of record MFD at 1 pm
wavelength as a function of years for two families of solid-core fibers, namely Modified-Total
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Internal Reflexion (MTIR) guiding fibers and SC-PBGF, all reported as single-mode in
practice by their authors.
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Fig. 1. Evolution of the mode field diameter of microstructured single mode fiber (dark
symbols for doped fibers and white symbols for passive fibers). Results extracted from
references [5,11-22].

Even if hardly comparable (some of these fibers being active, passive, polarization-
maintaining or not), this figure demonstrates that only few solutions can propose MFD larger
than 60 pm even in the case of passive fibers that are a priori more easy to realize. As
mentionned above this figure also illustrates the growing performances of SC-PBGFs that
today seem in position to compete with other fiber geometries while offering some added
value like an all-solid structure that greatly facilitates fabrication and splicing or spectral
filtering via photonic bandgap effect, which helps to reject undesired wavelengths (like, for
example, the Raman effect [23]).

Among these fibers, 2D SC-PBGF [21] and Bragg fibers [24] are two possible options
and, in the second case, the classical design has been recently revisited so as to improve the
transmission properties of the fiber. More precisely, it has been proposed by our group to
replace the high-index rings of classical Bragg fibers by discontinuous rings made of high
index rods. This fiber design is known as Pixelated Bragg Fiber (PiBF) [25]. PiBF is good
candidate for the realization of such single-mode fibers because the use of the appropriate
Half Wave Stack (HWS) condition applied to low index ring helps to reject Higher Order
Modes (HOM) and make the fiber single-mode [26]. Moreover, high-index rings were
heterostructured by replacing some high-index rods by pure silica rods so as to enhance HOM
leakage [27]. By combining these two different concepts, we have recently showed that
pixelated Bragg fiber can be designed to obtain single-mode guidance and very low
attenuation (below 25 dB/km between 1200 nm and 1500 nm) with core diameter as large as
48.5 pm [27].

The principal aim of this work is to extend the MFD of PiBF to more than 60 um, such
fiber entering into the category of Very Large Mode Area fibers (VLMA). Other aims are to
simplify the PiBF manufacturing by reducing the number of high index rings from 3 to 2 and
to take fully advantage of the filtering effect of the Photonic Bandgap (PBG) guidance by
operating in a high order photonic bandgap window.

#255875 Received 17 Dec 2015; revised 7 Feb 2016; accepted 8 Feb 2016; published 25 Feb 2016
(C) 2016 OSA 7 Mar 2016 | Vol. 24, No. 5 | DOI:10.1364/0E.24.004761 | OPTICS EXPRESS 4763



2. Numerical study

So as to reach a VLMA fiber design, two-rings PiBF with core diameter larger than 100 pm
have been simulated. As in our previous work, the rings are composed of high index circular
resonators with parabolic refractive index profile and a maximum refractive index difference
of 30x10™ as compared to silica (identical to that of a conventional multimode graded-index
fiber). The resonators diameter, d, is 12 pm in order to work in the 5th bandgap at Yb
operating wavelengths (900-1100 nm). The ratio between this diameter and the distance
between two adjacent inclusions (A) is 0.53. This d/4 value has been dictated mainly by
manufacturing constraints: smaller values (as 0.36 in reference [27]) would lead to fewer
resonators and thinner tubes for the low index ring while larger values (as 0.79 in reference
[21]) would lead to a very large number of resonators to be stacked into a very small gap.
Parametric study of the geometry of the heterostructuration of the two rings was done, starting
from the study of a one-ring PiBF (diameter of the first high index ring about 116 pum, so this
ring is composed of 16 rods) and then moving to a two-ring PiBF (diameter of second high
index ring about 216.6 um, so the second high-index ring is made of 30 rods) in order to
insure robust single-mode behavior. Numerical results have been obtained through a vectorial
Finite Element Method with anisotropic perfectly matched layer for confinement losses
calculation

2.1 One-ring PiBF

Different symmetries of heterostructurations (without heterostructuration, =, /2, quasi 2n/3,
quasi 2n/5) are reported on Fig. 2 in the case of a PiBF comporting only one ring. The quasi
2m/5 heterostructuration symmetry presents the highest Confinement Losses (CL) for the
Fundamental Mode (FM) and the lowest CL contrast between FM and HOM so this symmetry
of heterostructuration will not be retained for the following. Non-heterostructured, wt, /2,
quasi 2m/3 symmetries of heterostructuration show approximatively the same CL for FM
(respectively 3 dB/m, 2.84 dB/m, 1.29 dB/m and 2.4 dB/m at 1030 nm). Non-heterostructured
and © symmetry of heterostructuration present the two lowest CL for the first HOM
(respectively 13.91 dB/m and 13.85 dB/m at 1030 nm) so they will not be chosen for the
following. Situation is different for quasi 27/3 and 7n/2 heterostructuration symmetries that
present the lowest CL for FM and highest CL for the HOM so they are kept for the following.

It can be pointed out that without any heterostructuration of the ring [Fig. 2(a)] we note
quite similar CL for all modes, together with a superposition of the curves for spatially
degenerated modes. For 7 heterostructuration symmetry [Fig. 2(b)], different behaviors are
observed for the spatially degenerated modes (namely LPjj,¢, and LP,j,8p), due to the fact
that one modal orientation is less confined in the core than the other. It is, for example, the
case for LP;,;, that goes out from the core due to the field repartition of this mode that escapes
through the voids made by the heterostructuration while the field distribution of mode LP,y,
impede the leakage. For quasi 27/3 heterostructuration symmetry [Fig. 2(c)] quasi equal CL
are observed for the two spatial degeneracies of the LP;; modes and LP,; modes, respectively.
7/2 heterostructuration symmetry [Fig. 2(d)] offers a larger difference of CL between the
Fundamental Mode (FM) and first HOM, even if the LP,;, mode is still well confined due to
the ring symmetry.
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Fig. 2. Confinement losses for different geometries of pixelated Bragg fiber with only one
index ring: (a) non-heterostructured, (b) = heterostructuration, (c) quasi 2m /3
heterostructuration, (d) n/2 heterostructuration, (e) quasi 27/5 heterostructuration.

2.2 Two rings PiBF': heterostructuration of the first high index ring

The introduction of a second ring of high index resonators is necessary to reduce the CL of
FM as well as to increase further the differential losses between FM and the HOMs by a
judicious choice of the distance between the two high index rings. Indeed, this distance is
chosen so as to permit the phase-matching condition between LPy;, LP,;, LPy, core modes
with LP;;, LPs;, LPs leaky modes of the low index ring (generalized half wave stack
condition, see reference [28]). In the present case, this leads to a low index ring thickness of
38.3 um. The benefit of this new structure can be clearly seen by comparing Fig. 2(c) and 2(d)
with Fig. 3. Indeed, the CL of FM decrease by more than two orders of magnitude while the
HOMs CL are reduced by only one order magnitude.
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The structure with quasi 2a/3 heterostructuration symmetry is the most favorable: a
difference of three orders of magnitude is observed between FM and first HOM CL [Fig. 3(a)]
whereas only two orders of magnitude are predicted for the n/2 symmetry that is less adapted
to reject the LP,j;, mode [Fig. 3(b)]. The low confinement of HOM for the quasi 2m/3
symmetry is illustrated in Fig. 4: the first ring heterostructuration permits couplings between
core modes and low-index ring modes that are not allowed without heterostructuration due to
symmetry consideration.

Fig. 4. Electric field distribution of LP;(a), LP,;(b), LPyp(c) modes at 1050 nm for x-axis
polarization. Strong couplings between LP;; core mode and LP,; claddding mode (a), LP,; core

mode and LPs; cladding mode (b), LPyp, core mode and LPs, cladding mode (c) are put in
evidence.
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2.3 Two rings PiBF': heterostructuration of the second high index ring
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(a) quasi n/4 heterostructuration, (b) quasi @/2 heterostructuration, (c) 2n/3 heterostructuration,
(d) m heterostructuration.

So as to improve even further the single-mode behavior, some high index resonators of the
second ring were removed. On Fig. 5, the CL curves of four fibers with different symmetries
of the second ring are reported for the quasi 27/3 symmetry selected in the previous section. It
can be observed that the geometry of the second ring has a minor impact on CL of FM and a
reduced effect on CL difference between FM and HOM, even if the number of voids is
changed from 2 to 8. The CL of HOM are, however, maximized for the quasi n/4 symmetry
[Fig. 5(a)] (As an example, at 1030 nm CL for LP;, are more than 12 dB/m and more than 30
dB/m for LP,, and LPy, modes) that will hence be chosen for the experimental realization.

3. Fabrication and experimental caracterisation

Based on the conclusions of the parametric approach detailed in the previous section, a fiber
has been realized by the stack and draw technique. The core and the low index ring are made
of pure silica elements (Suprasil F300, from Heraeus). High index inclusions are obtained
from Germanium-doped preforms with parabolic index profile and core-to-cladding ratio of
0.53. The heterostructuration is obtained by replacing some high index inclusions with pure
silica rods also made of Suprasil F300. The radius of the first and the second high index ring
are respectively about 55.7 um and 101.6 pm, those values are in good accordance with the
theoretical design studied in the previous section (respectively 58 um for the first index ring
and 108.3 um for the second high index ring). The analysis of SEM picture puts in evidence
the deformation of the high index inclusions during the drawing process, these inclusions
having a trapezoidal shape as shown in Fig. 6. The average measured dimension of high index
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rod is 11.83 pm and center-to-center distance for two high index rods (pitch) is 21.5 pum,
despite the deformation of the high index inclusions those values are also very closed to the
simulated values (respectively 12 um and 22.64 pm). Finally, the outside fiber diameter is
very large (1.15 mm, like rod-type fibers) so that this fiber is not flexible.

L x120 500 um

L x800 100 um

Fig. 6. SEM pictures for the fabricated fiber.

First the fiber transmission properties have been checked by injecting a supercontinuum
source into a 90 cm-long piece of fiber maintained as straight as possible. The
supercontinuum beam was injected via a HI1060 fiber, but-coupled to the PiBF and a second
HI1060 was used to collect the output light into an optical spectrum analyser. Besides the
above-mentionned deformation of the resonators, a photonic bandgap guidance is still
possible and multiple transmission windows are observed, shown in Fig. 7. The wavelength of
interest (A = 1035 nm) is located in a transmission window limited to about 970 nm on the
short wavenlength side and about 1070 nm on the long wavelength side. Due to the
deformation of high index rods, couplings between core mode and high index inclusion
modes are noticed inside each transmission window, as an example at 1010 nm, 1167 nm
1319 nm 1538 nm. An example of such couplings can be seen on Fig. 9 for the centered
injection condition at 1010 nm. So these couplings reduce the previous transmission window
of interest that now is limited to about 1010 nm on the short wavelength and 1070 nm on the
long wavelength.
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Fig. 7. Center: Transmission spectrum of a 90 cm-long piece of PiBF. Inset: Zoom-in figure of
the transmission spectrum near 1035 nm.

The near field image was then studied in the same configuration (90 cm of straight fiber
injected by coupling with a HI1060 fiber). Figure 8 shows the near-field image obtained at
1035 nm: the mode profile is very close to a Gaussian shape (for any cross section) with a
MFD of 69 um, corresponding to the largest MFD obtained in an all-solid photonic bandgap
fiber shown in Fig. 1. Note that this high quality beam profile has been obtained despite the
strong mismatch between the PiBF and HI1060 MFDs and the relatively short piece of
straight fiber.
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Fig. 8. Inset: Near field pattern of the core guided mode taken at 1035 nm for centered
injection. Center: Beam profiles for vertical and horizontal cross-sections.

Single mode behavior is analyzed by off-centering the HI1060 fiber. An offset of
respectively 20 um and 36 pum is successively applied. Note that, in the last case, this value
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represents more than 64% of the core radius (56 um). So as to ensure that no bending effect
can affect HOM propagation, fiber is kept as straight as possible. Near-field image are
recorded by imaging the output facet on an InGaAs camera. Tested wavelengths have been
chosen by using a narrow band filter inserted before the injection in the HI1060 fiber. No
HOM can be identified for the different conditions of injection and for the different
wavelengths even for a fiber shorter than one meter maintained as straight as possible see Fig.
9. The fiber can hence be considered as single-mode for this short length with stringent testing
conditions for wavelength between 1010 nm and 1035 nm. If required, this spectral window
may be increased by reducing the deformations of the high index inclusions during the
fabrication.

Centered Shift =20 ym  Shift = 36 ym

1010 nm

1020 nm

1030 nm

1035 nm

Fig. 9. Near field pattern of the core guided mode taken with narrow-band filters for a 90 cm-
long straight fiber. From left to right: images obtained for centered injection, off-set of 20 pm
and off-set of 36 um. Each line corresponds to a wavelength.

Conclusion

It is shown that pixelated Bragg fiber geometry can be simplified to obtain a single-mode
behavior with a cladding composed of only two rings of high index inclusions. Combining
this simplified approach to an adapted symmetry of heterostructuration of the rings, single
mode behavior has been observed even for a fiber shorter than one meter. This behavior is
observed for a transmission bandwidth of several tens of nanometers. At 1035 nm
wavelength, a MFD value of 69 pm is recorded, which represents a record in the case of all
solid photonic bandgap fibers. We believe that this design represents excellent basis for the
realization of VLMA fibers.
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