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Abstract: An all-solid LMA Bragg fibre (mode area exceedih0Ouni) is presented for mid-
infrared applications, based on a new design glyateat induces large differential loss between
fundamental and higher order modes for effectinglsimode operation.
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1. Introduction

The mid-infrared (IR) wavelengths (2-25um) haveergly become increasingly important due to emerging
applications in areas such as mid-IR spectroscopyatronomy, optical coherence tomography, andnitz
sensing. This has spawned wide interest in theldewent of optical fibres that can efficiently geidight and
enable high power laser delivery at these wavefmndBesides the choice of optimum material syst&major
challenge in this field is the design of opticdirés that enable efficient distortion-free transiois at high power
levels and supplement the design of efficient nitdfibre sources. Single-mode large-mode area (Lfil#gs are
crucial in this regard because they mitigate théegimable nonlinear processes (e.g. stimulatedbBil scattering,
stimulated Raman scattering, four-wave mixinghia fibre that deteriorate their power handling ¢élfig.
Single-mode LMA fibres based on step index profiege limited in functionality due to their high beluds
sensitivity and tight tolerances in fabricationgraeters. Thus, more recently, alternative routee baen explored,
which have relied on the use of multimode LMA fibie which effective guidance of the fundamentam@-M)
is achieved by inducing a large differential lossifs higher order modes (HOMs). The necessafgrdifitial losses
can be engineered through fibre design by a numbeeans including controlling the inherent modahfinement
loss and/or relative bend loss. Techniques thaimia& the coupling efficiency into the FM are atgitical. Most
of these fibre designs are based on microstructapgital fibres (MOFs) that provide unprecedentedcsural
design freedom for controlling their propagatiommatteristics. In this context, all-solid Braggréib are extremely
promising as they enable better control over théctral parameters during fibre drawing therebsueing good
repeatability with minimal transverse deformati@msl allowing for accurate targeting of the opticizracteristics
in the final fibre [1,2]. Bragg fibres can also pide considerably lower bending losses as comptar&tOFs (with
air holes) with the same size of the mode field [3]

The highly nonlinear non-silica based glasses apenjsing candidates for fabricating the mid-IR &browing to
their good transparency across the mid-IR wavelesgectrum [4]. Due to their lower toxicity, highirermal
stability, and mature fabrication process, the dgifidate glasses are attractive for fabricatiorfilofes and fibre-
based devices operating in the wavelength ranga5fm [5]. In this paper, we report a new desigatsgy to
realize a soft glass (lead silicate) based altsBtagg fibre with effective mode area exceedin@Qiint across the
operating wavelength range of 2-4um. The propossifyd route enables us to realize differentialdesss large as
three orders of magnitude between the FM and H@®Msining that fibre lengths of just few tens of oaetres are
sufficient to provide an effective single-mode auttwith a large mode area.

2. Fibredesign

It is well known that a Bragg fibre with a finitéadding is a leaky optical structure [6]. Througdpeopriate design,
this feature has been gainfully exploited to lowes loss of the FM while allowing the HOMSs to exhilarger
losses [7]. The loss of the first higher ordenfode usually determines the length of fibre reqliee make it
effectively single-moded. The losses of the ottmeguided HOMs are typically orders of magnitudghbr and
hence, they are lost from the core within a shemgth of the fibre. In the case of a LMA fibre aagle core diameter
is a pre-requisite. However, large cores inevitaapport more unwanted HOMs, which ordinarily ledmgoor
mode quality of the output beam. Here, we proposmwel design strategy wherein rather than follgnvthe
commonly used low-loss criterion (for the FM) faesigning the cladding layers [6]; we choose thersyso that
they are anti-resonant for the ls®node while simultaneously reflecting the FM baoktructively into the core.
The HOMs extend more into the cladding as comptoréde FM and hence, the effect of the anti-resboladding
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on the HOMs is much stronger. In addition to trelding, we design our fibre core so that it is-eegonant for the
first higher order LI mode. This increases its confinement loss althooaVing a negligible impact on the
confinement of the FM. Table 1 shows the phasaraatated by the Lf? and the LI, modes in the core and the
cladding, and demonstrates how the choice of the and cladding widths preferentially leaks away HHOMs. In
the wave-vector space, the choice of the core kuitling dimensions ensures that the transverse wenter of the
FM still lies well within the photonic bandgap whihe wave vector of the LPmode and other HOMs lie close to
the band edge. The material system chosen is basevo thermally compatible lead-silicate glassiesF1
(refractive indexn; = 1.5232) and SF6 (refractive index= 1.7577) (at the wavelength of 2um). The stattef
art extrusion-based fibre fabrication techniquetfi@se glasses is mature enough to realize thdgteemined set of
structural parameters to obtain the desired optitatacteristics [5].

Tablel. Phase accumulated by the;ldhd LR; modes in the designed Bragg fibre

LPq; LPy;
(in units ofr) (in units ofr)
KeTe 0.670 1.000
k,d; 0.530 0.795
k.d, 0.965 0.965

wherek is defined as k” = ky” (0Ner’), j = 1,2 and k= ky; negis the effective index of the lgPor the LR, mode.

3. Reaultsand discussions

Fig.1 shows the refractive index profile of the idasd fibre, which comprises of two cladding biday. The
outermost layer is assumed to be a high-index ldyigr 2 shows the calculated confinement loss of.fAg and
the next higher order LLPmode. It clearly demonstrates that a differeriias spanning more than three orders of
magnitude across the entire operating wavelengifperaf 2-4um can be achieved.
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Fig. 2. Differential confinement loss between thé¢ F
and LR: mode of the proposed fibre.
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Fig. 1. Refractive index profile of the proposed AM
Bragg fibre.

Fig. 3 shows the effective area variation of the Bbtoss this wavelength range, with an average afea
1100und. Note that the variation is almost negligible asr@ broad wavelength range. Thus, the proposes dib
length ~ 25cm should be suitable for effectivehygée-mode high power delivery at wavelengths betwe@-4um.
The higher nonlinearity of the chosen lead siliggiesses implies that the effective nonlinearityttedf proposed
LMA fibre is ~ 0.5(W.Km)"; which is comparable to a standard silica fibréhve much smaller geometric mode
area. Figure 4 shows the dispersion spectrum ofilthe. The zero dispersion wavelength (ZDW) is-a2.04um
and the dispersion slope at the centre of the tpgravavelength window (at 3um) is ~ 0.07ps/(kmfm
Interestingly, these dispersion properties arel iftegpumping the fibre with Thulium/ holmium dopébre lasers.
Thus, in conjunction with the large effective afteat exhibits negligible variation with wavelenptnd the high
nonlinearity inherent of the soft glasses, theefibould also be used for high power supercontin(£@) generation
across the 2-4pm wavelength range. High power S@rggon is difficult to achieve with small corédirs due to
the limitations imposed by the damage thresholthefiber material.

It is important to note that currently the matehiss of the silicate glasses is limited by thedtgwf the glasses and
stands at ~ 2dB/m across the 2-4um wavelength rammges, in practice, this material loss would dceaténthe total
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Fig. 3. Variation of effective area of the FM witavelength. Inset Fig. 4. Dispersion spectrum of the FM

shows the intensity profile of the FM in one-quartef the fibre
structure at 2.1um wavelength. The grey lines midicthe fiber
geometry. Arrows indicate the polarization stat¢hef electric fielc

loss of the FM and any other HOMs in the fibre thahibit confinement loss less than the materiaslorhe
proposed fibre does support such low loss modeddtatied investigations show that none of thesden@re core-
guided modes. Rather they are the modes suppoyteee thigh-index rings and hence, a selective lawan easily
prevent them from being excited. We would also likgpoint out that the core of the designed fihupports the
LPy,; mode which exhibits an average confinement loss &fiB/m across the operating wavelength rangeeSin
this mode has the same symmetry as the FM, it wabefiditely be excited when we launch the FM, thgrmaking
the fibre dual-moded. However, interestingly, theslof this mode is still two orders of magnitudtghler than that
of the FM. Hence, with improvements in glass puaityl the bulk loss of the silicate glasses expdotem down to
~ 0.1dB/m in the near future, the differential Ibstween the FM and the higher orderléhd LR, modes is still
sufficient to enable modal discrimination of greatean 20dB in less than a meter length of theefilallowing
effectively single-mode guidance. The discriminategmuld be further improved by exploiting the higkensitivity
of the HOMs through bending. We also investigates tblerance performance of the proposed fibregdesith
respect to variations in the cladding layer thidges. It is observed that variations of up to +iB%he cladding
layer thickness do not significantly alter the pagation characteristics of the relevant modes.

4, Conclusions

In conclusion, we have presented a novel desigte touenable large modal discrimination betweerHieand the
HOMs in a soft glass-based photonic bandgap LMAefitWe have shown that few tens of centimeterstieafithe
proposed fibre would be sufficient for achievingeefive single-mode guidance across the 2-4um wagéh range
with an effective area of the FM exceeding 1108u@ombined with the zero dispersion wavelength .a42m
which is ideal for SC-pumping with high-power Thuhi-doped lasers, the proposed fibre is a promisamglidate
for both high power SC generation and high powévely applications at mid-infrared wavelengths.

Acknowledgements

This work is supported by the ongoing UK-India Eatitn and Research Initiative (UKIERI) collaboratiproject.
SG gratefully acknowledges his Pre-doctoral graelsatdent level exchange visit to the ORC undergsject.

5. References

1. X. Feng, F. Poletti, A. Camerlingo, F. Parmigia®i,Horak, P. Petropoulos, W.H. Loh, D.J. Richard$ispersion-shifted all-solid high
index-contrast microstructured optical fibre fomtinear applications at 1.5&,” Opt. Expresd7, 20249 (2009).

2. S. Dasgupta, B.P. Pal, and M.R. Shenoy, "Nonlirfgaectral Broadening in Solid-Core Bragg Fibres,Lightwave Technol.25, 2475
(2007).

3. M.E. Likhachev, S.L. Semjonov, M.M. Bubnov, E.M.dbov, V.F. Khopin, M.Yu. Salganskii, M.A. Gurjano&,N. Gurjanov, R.Jamier,
P.Viale, S.Fevrier, J.M. Blondy, “Development anddy of Bragg fibres with a large mode field and loptical losses” Quan. Electron.,
36, 581 (2006).

4. X. Feng, A.K. Mairaj, D.W. Hewak, and T.M. Monrd\tnsilica Glasses for Holey Fibres”, J. of Lightwealechnol.23, 6, (2005).

5. X. Feng, T.M. Monro, P. Petropoulos, V. Finazzidab.J. Richardson, “Extruded single mode high-indexe one-dimensional

microstructured optical fibre with high index caast for highly nonlinear optical deivces”, App. Bhyett.,87, 081110 (2005).

P.Yeh, A. Yariv, and E. Marom, “Theory of Bragdfé”, J. Opt. Soc. A68, 1196 (1978).

7.  S. Février, R. Jamier, J.M. Blondy, S.L. Semjond\&. Likhachev, M.M. Bubnov, E.M. Dianov, V.F. Khiop M.Y. Salganskii and A.N.
Guryanov, “Low-loss singlemode large area all-silphotonic bandgap fibre”, Opt. Expre#4, 2 (2006).

o



