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ABSTRACT

We have performed numerical simulations to investigfateoptimization of compound glass microstructuredcapt
fibers for mid IR supercontinuum generation beyond tbw loss transmission window of silica, using pump
wavelengths in the range 1.55-2|2%. Large mode area fibers for high powers, and sroadl fiber designs for low
powers, are proposed for a variety of glasses. Modedisglts showed that for Bismuth and lead oxide glassashw
have nonlinearities ~10 x that of silica, matching thgpersion profile to the pump wavelength is essentiabr
chalcogenide glasses, which have much higher noniiiesarthe dispersion profile is less important. Thenp pulses
have duration of <1 ps, and energy <30 nJ. The fidrggths required for generating continuum were <#@ 10 the
losses of the fibers were not a limiting factor. Canal to planar rib-waveguides or fiber-tapers, micocstired fiber
technology has the advantages of greater flexildiitytailoring the dispersion profile over a broad wetngth span, and
a much wider possible range of device lengths.
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1. INTRODUCTION

Since microstructured optical fibers (MOF) first erablisible supercontinuum generation using seed pulsestig
from a Ti:sapphire oscillatd there has been tremendous interest to explainghiarkable spectral broadenifijand
to develop further applications of these fibkra'he use of MOF for supercontinuum generation isqudarly attractive
since small core sizes can be realized, increasingriin@inearity, and because the zero dispersion wagtigZDW)
can be tailored to maximize supercontinuum generdtora given pump wavelength. In the visible andrniéy
applications for these sources include optical fraquemetrology® and optical tomograph$; Other applications for
broadband continuum exist for wavelengths beyonan2 far example LIDAR applications in the 3-12 pum wkangth
range.

Beyond a wavelength of 2 um, limited by the transpayeof silica, it is necessary to consider alternatjlzsses for
generation of broadband radiation. The fundamenttkrial properties of non-silica “compound” glasses e@mance
supercontinuum generation across the mid-IR. The zZspmiion wavelength of the material is strongly depehon
the choice of glass, and one particularly attraotipton is to shift the fiber zero-dispersion to beldywm to offer the
potential to use diode pumped solid state lasersatipgrat 2 pm to generate the supercontinuum. iSged 1.55um
from an Er-fiber pump system is a very attractive mptand seed wavelengths of 2.0 -2/% are also readily
accessible from commercially available optical parameistillator and amplifier (OPO/OPA) systems.

Compound glasses have not yet found widespread ajpqticdie to the difficulty in fabricating low-loss gie mode
fibers. However, microstructured fiber technologyvies a powerful new technique for producing comgbgtass
structures. Recent work at the University of Southamptas led to successful fabrication of the first cooma glass
microstructured fibers. Investigations of the fibergindinear and dispersive properties will help esthbliheir
suitability, or otherwise, as a temporally agile, frency selective sources. For example, a compound glas
microstructured fiber witty =1860 / (W.km) was reported receritly
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For many applications a small fiber core is a desirédd¢ure since it greatly relaxes the source powguirements,
however for others where it is necessary to generigte &verage signal powers this can be a disadvardagé
ultimately limits the pulse energies that can be ugéth a limit on the maximum pulse energy, the onywo produce
high average power is to vastly increase the repetitide of the laser and in order to increase theepehergy
requirement to satisfy average power needs for reakopalse repetition rates it becomes necessary to withkfivers
with a larger core area. In this instance the dispermsidhe fiber is dominated by the material dispersidonsequently
one can envisage a need for two sorts of fiber arwl gorts of pump laser suited for either high or low gow
applications.

In this paper we present the results of numerical sitimis which show the optimum glass-type and fiber-desig
combinations for mid-IR supercontinuum generation wpamped at near-IR wavelengths. To generate tpgresl
nonlinear response, we have considered sub-picosguamgping using a seed wavelength close to the filkeo z
dispersion wavelength (ZDW), which is the usual @unfation for demonstrations of visible supercontimugeneration
using Ti:Sapphiré or rare-earth doped fiber pump lasets

Using numerical simulations to predict the supercontin spectra, we take small core Bi MOF as a referavite the
seed pulse wavelength equal to the fiber ZDW, andstigate the influence of seed pulse energy andidoyand of
dispersion, nonlinearity and loss, by changing eashmeter in isolation. Then to consider an exarople real glass
with much higher intrinsic nonlinearity, we performadditional simulations for a small core GLSO MOF, agaitin
the seed pulse wavelength equal to the fiber ZDW. thga performed simulations for large mode fibers Whiave
drastically changed properties compared to small ftloees because the dispersion of large mode fibetsnsinated by
the material, and is not a variable. We then discussanclusions.

We expect that our mid-IR simulations, although aotexact prediction, should provide a reasonableegtdadthe
spectra that might be possible from future experimentak. Our numerical model is similar to that useddbher
authors for studying visible continuum in silica MOE'. In addition, we have previously published a study o
visible/UV supercontinuum generation from a silica M&Fand a study of visible/NIR supercontinuum from an
extruded SF57 MOE®. Both of these studies combined experimental and ncaheesults, and the simulations and
experiments were in qualitative agreement.

This paper is structured as follows. Section 2 pmssem overview of the multicomponent glass properéied
waveguide fabrication technologies. Section 3gmesfiber designs that use the selected glass typethanachieve a
ZDW close to the chosen pump wavelengths. Sectioregepts modeling predictions for the supercontinuurotepe
Section 5 contains our conclusions and our suggesilomst desirable fiber properties for future invgion.

2. GLASS CHOICE AND FABRICATION TECHNOLOGIES

Supercontinuum generation at mid-IR wavelengths reguhe use of a highly nonlinear optical medium witth mid-
IR transparency. Extending current MOF technologvetoped from silica based work at visible and n&ar-I
wavelength (~ 0.4 - 1.7 um) to mid-IR wavelengths2(gm) necessitates developing a detailed understamditige
relationship between the glass composition and thieadgproperties, such as the position of the multigroabsorption
edge and nonlinear refractive index, etc, in otdeselect a suitable glass for the fibers. In additmmhe material
considerations, we also consider multiple fabricatippreaches in order to tailor the dispersion and neatity of the
fibers.

The absorption of a solid in the long wavelengthitliim known as the multiphonon or IR absorption edge arses
from inner molecule or lattice vibrations. A simpi@oke’s law mass on spring model predicts that the phdtion
absorption edge will shift towards longer wavelengtheeavier atoms are introduced into the glass netvaorlkf
chemical bonds are weakened. The multiphonon atisompdges of several glasses are shown in Fig. . (&ote that
due to the strong Si-O bonding, the oxide contair8i@ cannot be transparent at the wavelengths longerSham,
whilst glasses containing any oxide cannot be traesy at the wavelengths longer than ~ 8 um. Wewad data on a
variety of glass compositions, and selected those wtisinission loss due to multiphonon absorption of leas th
2 dB/m at 2 um for further consideration.

In addition to the phonon losses, extrinsic lossestduscattering and impurity absorption affect thesg transmission
below the intrinsic maximum transmission wavelengthxid® glasses readily incorporate OH impurities, whieim

result in losses of more than 1000 dB/m at certainelesngths as shown in Fig. 1. (b). Dehydration tealesgsuch as
addition of fluoride and dry/reactive gas treatmzan decrease the OH loss substantially. Fluoride glassggmaerally



less susceptible to OH impurities, and dehydration san tlecrease the OH loss to as low as 0.001 dB/rm oxide
glasses, the OH bands are very broad ranging over lioéewnid-IR range, whereas the OH band of fluoridd a
chalcogenide glasses is confined to 2.8-3.4 um. THheu@ SH contents of chalcogenide glasses depetiteanelting
conditions and with careful environmental contralridg fabrication, GLS glass can be produced with IOk
absorption of 8 dB/m at 3 um as shown in Fig. 1. @bmmercial AsS; fibers exhibit OH absorption of <2 dB/m at

3 um and SH absorption of 2-10 dB/m at 4 8.
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Fig. 1. (a) Multiphonon edge of different glass@s. Loss spectra of different glasses (used in Etiuns) as

measured using unclad fiber and cutback technicgievell as bulk samples of 1-30 mm thickness and
commercial spectrometers.

The refractive index, and its variation with wavejin (hence dispersion), are also dependent on glasgositian.
According to the empirical Miller rule, the thirde®r nonlinear dielectric susceptibilig/® is proportional to the fourth
power of the linear susceptibilig™. A high nonlinear refractive index is expectedéachieved in glasses composed
of ions with high polarizibility. However, the Milleule is just an empirical relationship and consegjyecan only be
used as a rough indication of those materials with hédhes of a and accurate values of can only be obtained from
experiments, which may also have been performed fidretit wavelengths for different glasses. Fig. 2oveh a
summary of the relation between the linear refradiiekex n and nonlinear refractive indexin various glasse. It
can be seen that introducing heavy atoms (i.e. hestal compounds) or ions with a large ionic radius. (sing

chalcogen elements S, Se and Te to replace oxygéioh both act to increase the polarizibility of themponents in
the glass matrix, also increases the nonlinear ingex n

Although a remarkable degree of dispersion managensnbe achieved using extremely high mode conférd in
MOF structures, for applications such as supercontinuemergtion that depend on the dispersion over broad
wavelength ranges, dispersion management is a delieance between fiber design and material propeatiel an
inherently favourable material dispersion is impdrtaiio predict the refractive indices of the glassewavelengths
above 2 um we have used the measured refractive data'®***fitted to a generalized Sellmeier equation. Weehav
also calculated the material dispersiomaP, for several glasses (Fig. 2. (b) ) from the Sellmeiguation fits. The
linear and nonlinear indices of different glasses iated in Table 1. The ZDW of a glass shifts to longawelength
with increasing linear refractive index. Heavy nhetgide glasses (lead-silicate, bismuth-oxide, te)rhave linear
indices in the range of 1.8-2.0, nonlinear indicex tire ~10 times higher than silica, material ZDW2-&f um, and
multiphonon absorption edge of ~3.5 um. Chalcogegiaeses (GLS, ASs), linear indices of 2.2-2.4, nonlinear indices
significantly greater than those of the oxide glasaed,ZDWs larger than 4 pm.



1074 selenide glasses !
sulfide glasses . /
104 > _
tellurite glasses - [3
. . 1(Te0, based) —_— ﬁ otrl1er heavy-metal %
S 10" oxide (HMO) glasses  E
~ Pt (lead-bismuth based) 2
£ silica . V“\B|smuth glass (Asahi) & 7 [
~ 10™(si0,) g —— LLF1 (n=1.53)
= 3 Schott F & SF a — S8, dn=lrn)
- SF57 (n=1.81)
10 \ glasses (SiO,-PbO) Bi  (n=2.03)
GLSO (n=2.24)
ASS  (n=2.47)
T T T T | 200 |
1.0 1.5 2.0 25 3.0 3.5 14 16 18 20 22 24 26 28 30

n wavelength (um)

Fig. 2. (a) Relation between the linear refractivdex n and nonlinear refractive indexin various glasses. (b)
Material dispersion curves of Schott glasses (LBF6,SF57), chalcogenide glass (GLSO) and bismuitieox
glass (Bi). The numbers in the legend indicatditiear index at 1.06 um.

Based on the above study, it can be seen that heaay amale and chalcogenide based glasses are pronsaitijdates
for developing mid-IR nonlinear MOFs. The chalcoglenglasses possess advantages over the heavy metal laggle g
systems in terms of higheg and longer wavelength multiphonon absorption edgdswever, the toxicity, chemical
durability and thermal stability of the heavy meteide based glasses are typically superior to thoseeoftalcogenide
based glasses. As a brief conclusion for the glass selgete believe that heavy-metal oxide glasses haggumde
properties for achieving mid-IR continuum between£m, and are technologically the best developedidates for
immediate experiments. Chalcogenide glasses are vamiging for a broad range of mid IR applicationshie future.

glass type code main n n, x 10%° ZDW
components (W) (um)
silica Si SiQ 1.45 2.7 1.26%
lead silicate SF57 PbO-SiO 1.81 41 % 2.00
bismuth oxide Bi BiO; 2.02 32 # 2.29
germanate PbGe PbO-GegO 1.80 22 % 1.78%
tellurite ZnTe ZnO-Te@ 2.03 5% # 2.2£2
fluoride ZBLAN ZrF,-BaF, 1.50 3.# 1.62%
chalcogenide AsS AS; 2.44 200 * 4.81
GLS GaSyLaSs 2.41 216 %
GLSO GaSs;-La,0; 2.25 177 # 4.64

#value for NaO-Te(Q; glass b yalue for NaO-GeQ glass

Table 1: Properties of different glasses: lineat monlinear indicesgand B at 1.06 pm (Si, PbSi, PbGe, ZnTe, ZBLAN) and In% p
(Bi, AsS, GLS, GLSO0), and zero dispersion waveler{gDW).

A brief review of fabrication technology is providéd order to establish an appropriate fiber geomatryttie design
optimization described in the following section. @bamwaveguide types can provide tight mode confinéneeanable
both dispersion management and high effective noniiyeaver extended interaction lengths: rib-wavetps, tapering
of fibers, and MOFs. For fibers, and, to a lessemgxtapers, the combination of loss and nonlineagfds to scaling
of device length to achieve an optimum nonlineguiié of merit®. Planar waveguides are longer than typical nontinea
crystal devices, but shorter than fiber based noatidevices, therefore the absolute device lengthpsitant, and high
nonlinearity and dispersion tailoring are perhapsemmportant than loss.

The thermo-mechanical properties of the glass are taupiofor fabricating fibers, and compound glasses teixFar
lower processing temperatures than silica, (typicatmaund glass softening temperatures are ~8)s opposed to
~2000°C for silica), which enables the use of extrusiorfitmer preform manufactur€. In addition, the low processing
temperature facilitates the use of ceramic micro-hedte compound glass fiber tapering, in contrast tg &Ser or
flame burners used for silica taper fabricafion



Fiber tapering is an attractive option for non-silglasses since it enables post-processing to fine tendispersion
characteristics without requiring new fibers to bendra Mid-IR continuum generation has been demoredrasing a
Bismuth fiber tapef®. Using a silica MOF, tapering has also been usedi$persion micro-management starting with a
small core fiber and then tapering to shift the ZDWshorter wavelength®. This technique enabled enhancement of
spectral power generation in a variety of wavelengtiges, and should also be applicable to non-d\i€ds in the
future.

The emergence of MOF fabrication technology is paldity enabling for multi-component glasses as it elatés the
need for two thermally, chemically and opticallymgeatible glasses to form the fiber core and claddingasired for
conventional step-index fibers. MOF technology thresvides a simple and convenient route to realizingr§ in high
nonlinearity glasses that otherwise might not be ablgetdrawn into fiber form. Recent progress in exuldismuth-
oxide based glasses has been particularly notewdftrand we have also reported lead-silicate MOFs (@57
glass) using extrusior, and the stacking techniqu8. An As-Se MOF has been reported that generated IR
supercontinuum extending from 2.1-3.2 um using 2.5 pmping*>.

Two main techniques have been used to fabricate campgiass MOF$8. One approach is to manually stack capillary
tubes to produce the structured preform. This is gaach that is routinely used to produce silica nsicttured
fibers, and the resulting fibers typically consistaohexagonal lattice of air holes surrounding therfibore. It is
anticipated that using the flexibility of this appcbafiber geometries could be designed to tailor dipersion
characteristics (for example to achieve lower disperslope), but at present this technique is not welkliped for
compound glasses.

A second fabrication approach that works well for poomd glasses (that in general have lower meltingtpahan
silica) is to use extrusion to produce the structurefopm from bulk glass billets. This technique has nownhesed to
produce a broad range of fiber geometries in a numbeompound glass materials including lead silicAtdismuth
oxide®' and tellurite?® glass. The geometry that has been used for manys# theanonstrations is the so-called “wagon-
wheel” (WW) fiber, which is a micron-scale solid caspended by three long fine glass struts that optirsallsite the
core within a robust solid jacket. A scanning elegzanicroscope (SEM) image of a WW fiber is shown i ithsert to
Fig. 3. In the WW fiber, the size of the core canalgusted during the drawing process by modifyingdbter fiber
diameter. These fibers can readily be made with stoatis and high NA, leading to tight mode confinemant thus
high fiber nonlinearity.

3. SMALL CORE MICROSTRUCTURED FIBER DESIGNS

This section describes work on modeling the opticaperties possible in compound glass microstructutast<iwith
the aim of identifying designs that are particyleslitable for supercontinuum generation. Designs ansidered for
small core fibers, for which the waveguide dispersitarge, and can dominate the material disperslancontrast,
LMA fibers have a rather small waveguide contributionthe dispersion, and therefore we have not coresida
detailed review of LMA fiber designs.

Small core high NA MOF designs in general allow aabroange of dispersive properties to be achievede(atpg on

the detailed choice of the fiber geometry). A numbkemodeling techniques can be used for predictive dffective
mode area and fiber dispersion of MOFs. For this sutiveyorthogonal function technique has been chHdg®rhe

advantages of this choice are that it can accuratadyefficiently scan a broad range of wavelengtltsstructures, the
material dispersion can be included in the calculatiah initio, and it is an experimentally validated rodtHor

predicting the dispersion of real fiber structuresnfreEMs.

The WW geometry has been used for this initial ingesibn because, in addition to offering high nordiriiy, it is a
geometry that has been demonstrated to be practicdiabrication and handling in a range of glassee VWV
geometry also restricts the parameter space thas iedx investigated to a single parameter for eadsgype (i.e. the
core diameter). We model the structure of a reat filsetaken from an SEM image of a typical WW fibee(sesert to
Fig. 3. @) ). For these small core MOFs, two pumpelengths were considered: 1/5% and 2.0um. We performed
preliminary modeling to provide an understandinghef dispersive properties that can be achieved irpoand glass
WW fibers and to identify combinations of glass choieed fiber design that give zero net dispersion
(i.e. Duat + Dwe= 0) for the pump wavelengths of interest. As a stgrtiaint, three core diameters are considered: 2.5,
3.3 and 4.1um. These are “enclosed” core diameters: the diamettreotircle that just fits within the triangular WW
core. (Others have considered smaller core sizes fbtevisontinuum generatidf



Note that all the results given here are for the &mmeihtal mode, and our past experience indicates{Ban2 cores can
be operated in an effectively single mode fashiore Glasses identified in Section 2 have linear refradndices
between 1.5 and 2.4. We begin this design work bgidening the specific cases n= 1.8 and 2.4. For thedininary
calculations, the material is not defined, and sontlagerial dispersion (ft) cannot be included in the calculations.
Although this is not ideal, it provides a reasonabler@xmation to the waveguide dispersion at a fixexv@ength (and
can be confirmed for specific glass selections). Theutatked values of the waveguide dispersiogdPobtained in this
preliminary survey ranged from +55 to +118 ps/nm/kmif@ir ranges of values for{ were achieved at both potential
pump wavelengths. As expected, either decreasingotieedéameter or increasing the refractive index@actecrease the
effective mode area, and the use of designs with sntaltes, leads to largerJ@ values.

Only a few materials have a large enough materialedispn to counteract the waveguide dispersion of drihese
designs for the case of 24 pumping (see Section 2). Of the glasses considdredorie glass that has sufficient
material dispersion to achieve this is GLSO (an oxatéant of Gallium Lanthanum Sulphide glass). Compbglasses
have large normal material dispersion at shorteretegngths, and so using 1.p%Hn pumping expands the range of
potential glasses that could be used for this appicdt include most of the materials considered in 8ec@i Hence
WW fibers can be designed with high nonlinearity ameo dispersion for both 1.%Bn and 2.0pm pumping
arrangements (with a wider range of glasses offeréng net dispersion at 1.56n).

Following this preliminary modeling, fiber designs wéterated to provide zero net dispersion withchesen Bi, and
GLSO glasses (Section 2), and for 118, and 2.Qum pump schemes. The aim of this work is to predicttbpersion
and effective area of these fibers in sufficient déteallow the supercontinuum modeling described innidvet section.

For 1.55um pumping we focus on the example of Asahi bismutheogidss (Bi) for 1.55m pumping. This glass has
been used extensively for the fabrication of highliqy\WW fibers®.. The linear refractive index of Bi~ 2.02 and the
material dispersion of Bs -107 ps/nm/km at 1.58m. Interpolation of the data from the preliminarpaeling survey
suggested that an enclosed WW core size2b um was required to achieve zero net dispersion aténglength. For
this more detailed calculation, the linear refrastimdex for Bi was set using the fitted Sellmeier ¢iguafor this
bismuth glass. Fig. 3 shows the calculated net dispe(Bipand effective mode areadd for this fiber calculated at a
discrete set of wavelengths: 1.0, 1.33, 1.55, 25),20, 3.5, 4.0, 4.5 and 5.0n. Note that this calculation (in which the
extrapolated core size and correct Sellmeier reéfradtdex are used) shows that at 155 the net dispersion is indeed
close to zero, in agreement with the predictionhef preliminary study. The shape of the dispersion catwbe other
wavelengths shown will have an impact on the geiweratf supercontinuum, and this is explored furtheBéction 4.

For 2.0um pumping, as noted above, only GLSO has the mhi@ispersion required to counteract the WW fiber
waveguide dispersion at 2.0n. Again, linear interpolation of the preliminargsults was used to select the most
appropriate enclosed core dimension (in this casg)5or these detailed calculations. Note that suchex fivould be
expected to be multimode. Fig. 3 shows the caladilat dispersion (D) and mode areagAor this fiber. Again, this
more accurate calculation (in which the correct rBeiér refractive index is used) confirms that at 200, the net
dispersion is near zero.
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Fig. 3. a) Dispersion for 248m core Bi and 3.5um core GLSO WW fiber. b) Effective mode areaq)Aor small
core Bi and GLSO WW fiber. The inset shows an SEM typical WW fiber.



The fiber dispersion shows a very strong variation wittvelength due to the strong waveguide contributidmereas

Acr is @ more slowly varying function of wavelengthowever, the GLSO fiber dispersion is lower and flatiten that

of Bi fiber throughout the mid-IR. The A of the GLSO fiber is larger than that of Bi, whitgnds to reduce the
nonlinearity, but since the material nonlinearityGifSO is ~ 6 times larger than Bi, overall the GL3laef has larger

nonlinearity.

4. SUPERCONTINUUM SIMULATIONS

To predict the supercontinuum spectra that would bssipte from each of the fibers considered, we performed
numerical simulations. The heavy-metal-oxide glassemare technologically developed than the highestineatity
sulfide glasses, so we have used the small core Bi M@s$ciithed in section 3) as a base-case for our inetistig
Supercontinuum generation depends on the interpiywden seed pulse (energy, duration, wavelength),fiaed
(length, dispersion, nonlinearity, loss). We studthd changes in the continuum resulting from changesén t
dispersion, nonlinearity, and loss; for example, we @egbthe spectrum from a simulation that used the mexh$nss

of the fibers, to the spectrum from a simulation withiiber loss.

The limits on the range of pulse energy and fibeldinearity were the maximum values that could be satad without
causing numerical instabilities (using an increase isepenergy as a benchmark). In an experiment, goennum

physical value of intrinsic nonlinearity would benlted by the available glasses. The maximum pulseggraEuld be
limited by the available pump laser or the materiinege threshold. Indeed, input facet damage hasrbperted

when launching pulses with similar duration and endogthose considered in this study when using sowak silica
MOF for visible/UV supercontinuum experimeRt&®*° (although the precise damage mechanism was not igeitif
We might therefore expect that in future experiraditier facet damage may occur for multi-componeasgIMOF
unless care is taken to minimize perturbations atitveg faunch, but at present we have no detailed alatdamage
thresholds for the particular glasses considered.

We first describe the numerical model used for theukitions in section 4.1. Simulation results for @as seed pulse
energies, and pulse durations are presented in sécfonSimulation results for different fiber dispersiorofiles are
compared in section 4.3. The spectra from differiéyr nonlinearities and with the other propertieshef reference Bi
WW MOF are shown in section 4.4. That section atswsitlers the spectrum predicted for the GLSO WW MOhke
significance of fiber loss is shown in section 4.5. ti®ec4.6 shows simulations for large mode fibers.

Seeding with ~200 fs pulses close to the fiber's ZOWe mechanism for supercontinuum generation is by golito
fission®. Over a typical propagation distance of only a faw, the initial pulse undergoes nonlinear compression,
soliton fission, and then rapid spectral broadenifide high dispersion values experienced by the negelyerated
wavelengths result in temporal broadening, and retipeak power. The supercontinuum width therefoneratgs after
this threshold length, as has been previously repdftetive have consistently compared fully evolved spelbayond
this threshold length, and the differences betwdeseiwed spectra were thus attributed to dispersiorineanity, and
loss. In contrast to the results presented here,lavither duration seed pulses e.g. >50 ps, the dominectianisms for
spectral broadening are self-phase-modulation (SPM)faur-wave-mixing (FWMJ®*L  Therefore a separate study
would be required to predict the spectra and pdatityuthe appropriate fiber lengths with much longeed pulses.

The predicted spectra in all graphs that follow &@as using a dBm/nm scale, assuming a pulse repetéterof 1 Hz.
This scale would show an average power of 0 dBm/mmi fmJ pulses with 1 nm spectral widths. Scaling theepo
spectra to different pulse repetition rates can bedts follows: e.g. starting with -70 dBm/nm at 1 HZj aanverting
to 1 MHz (16 Hz) gives (-70+60)= -10 dBm/nm.

4.1 Numerical model

As with silica, we have assumed that the amorphous mmifionent glasses are centro-symmetric, and therefoee hav
no second order nonlinear susceptib{ipy ), and have a homogeneous third order nonlinear siisitigp{ y®). The
third order nonlinear susceptibility is assumed torhalscompared to the linear susceptibility, and soassumed to be
wavelength independent over the wavelength rangesidered in this paper. The total refractive indegrefore
includes a small intensity dependent nonlinear doution: (n =N + Nyl ) Effects such as two photon absorption have
not been included. Furthermore, since single modeatipa is often observed in MOF, we have considerelg on
processes occurring within the fundamental fiber maael not mode-mixing to possible higher order modeges&
simplifications enable modeling of the pulse-propagatising the modified nonlinear Schrédinger equafidbhSE)

with loss?®, as shown below:
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wherey = (nzab/c,%ﬁ), A(zt) is the electric field envelopg, are the dispersion coefficients at the centreueegy,
o, and a(w) is the frequency dependent fiber loss. The fal@length dependent loss of the fibers was included
shown in section 2. We also used the full wavetedgpendent dispersion data from Fig. 3 (smak ¢iers) and from
Fig. 2 (large mode fibers). We used the data from section 3 as calculated at the see@ pudselength. To solve the
propagation equation, we used a standard splitistepier algorithm treating dispersion in the freqoy domain and
the nonlinearity in the time domain, apart from tieenporal derivative for the self-steepening effeghich was
evaluated using Fourier transforms.

The model includes both the instantaneous electn@sponse (responsible for the Kerr effect), dreddelayed ionic
response (responsible for Raman and Brillouin edat}) in the nonlinear component of the refractivdex, n,. As is
usual when modeling silica fibers, the nonlineaspmnse to the applied fieldy(zt) , has been written as
Rt)=(1- f _R)a(t)+ f _Rh(t) , where thed -function represents the instantaneous electroespanse and(t)
represents the delayed Raman response of the idh& modified NLSE has been used by other autharshie
numerical study of supercontinuum generatfoh

We note that there are further refinements thattmamade to the above NLSE to include effects sscholarisation
coupling, and the wavelength dependenceAaf, but the simulations should provide a reasonabtenate of the
expected spectra. Our simulation results shovelpected fine structurimy and we have applied a rolling average to
smooth the spectra. These smoothed spectra sheulihproximately comparable to the time average eeeeral
pulses that would be measured in experiments itwtiie seed pulses have small energy fluctuatidiee simulated
seed pulse was taken to be a transform limited Sauprofile at the relevant centre wavelength.

4.2 Simulations for various seed pulses with differerénergy and duration
For the reference example of small core Bi WW M@Batibed in section 3, we performed simulation$ fifier length
of 40 mm, and pulses havinQea=155um(= fiber ZDW), T0=0.2 ps (FWHM), and pulse energies of

E0=0.1,0.25,0.5,1, 2,4 nd. The loss wagseero for these simulations, so the broadeningpigrolled only by
dispersion and nonlinearity. The spectra in Fi(a)/dshows that there was only limited spectrabdening for 0.1 nJ
pulses, but for all pulse energies > 0.5 nJ themgntinuum generation extendedAe 25um. Increasing the energy to

4.0 nJ led to further broadening of the spectrum to3.0 um..
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Fig. 4. Variation of supercontinuum spectra wittedepulse energy and duration for small core Bi MOF.
(Aseea= 1.55um, and fiber length=40 mm, loss = 0 dB/m). (a) é&sing seed pulse energy (T0=0.2 ps). (b)
Increasing pulse duration: T8 0.2 ps (EO=1 nJ). (c) Increasing pulse duratiof: 310.2 ps, and with EO
increased to maintain a constant peak power (EO/TO)

Simulations were then performed for initial pulsgations of TO = 0.05, 0.1, 0.2, 0.5, 1 ps, withfixed at 1.0 nJ. The
fiber loss was again set to zero for these simanati The results for pulse durationd.2 ps are shown in Fig. 4 (b)
The shorter pulses produced a spectrum with apmately 200 nm additional broadening compared toOTDps



pulses. For seed pulses with TO > 0.2 ps, narregectra resulted (not shown) unless the seed puksgy was scaled
up in proportion to TO to maintain constant iniiedak power, in which case the spectrum broadepeahkadditional
~ 400 nm at a level 20 dB below the peak as shovkig 4 (c).

We concluded that for this reference fiber, usingses with seed wavelength af= 155um, EO=1 nJ, and TO = 0.2 ps
would be suitable for testing the importance opdision, nonlinearity, and loss, and these seeskdrameters were
used as the reference case for the simulation$dahaty.

4.3 Simulations demonstrating the significance of filvedispersion

The fiber dispersion can have a strong influenceéhenshape of the supercontinuum spectrum. Considéhe pulse
evolution in the time-domain, normal dispersiond®o broaden the pulse duration, which decredsepeak power
and gradually reduces the rate of nonlinear phasergtion. In contrast, anomalous dispersion coetbiwith
nonlinearity can lead to soliton formation, andhigher order solitons are generated, soliton fissien leads to rapid
spectral broadening.

To assess the sensitivity of the supercontinuunadeoing to modest changes in the dispersion prafidkeperformed
simulations with all fiber parameters held consextept for the dispersion profile. We calculatiee dispersion of a
circular core Bi MOF with variable core radii andriable index contrast between core and claddirigiasvell known
that varying these parameters for a silica MOF lean to a wide variety of dispersion profi€s The fiber designs
maintained a fixed lower ZDW at 1.58n, and have a second ZDW at longer wavelengthb@srsin Fig. 5. (a). The
choice of dispersion was in order to maintain &dixelation between the pump wavelength and lovi@Wz While
other choices of flattened dispersion profile avsgible, the fiber designs chosen provided indigbtthe importance of
the overall shape of the dispersion profile, ratthem variations in the relation of the pump andWZD For these
simulations the fiber length was 40 mm, and therflbss was again set to zero. For a similar safdhe influence of
dispersion variation in silica MOF for visible canium generation, see Frosizal *2.

The resulting spectra are shown in Fig. 5 (b).sWarter wavelengths, there is minimal variationahhis probably due
to the steep dispersion profiles, which are inhieteithe waveguide dispersion of small-core, higkith MOF designs
required to move the bulk material ZDW of p&h to the Er-pump wavelength of ~1.6B1. For the dispersion profiles
that have maxima significantly lower than the WVgpdirsion maximum and two closely spaced ZDWSs, fpleetsum
broadens to 3.0-3j8m by phase-matching to wavelengths above the seZbWd where the dispersion is normal. A
more detailed study of the effects of varying thigpdrsion profile might also consider dispersicaitéined designs
which, over longer fiber lengths, may broaden thé-iR spectrum by the soliton-self-frequency shifi/e concluded
that the dispersion profile of the small core Bi WMDF was limiting the supercontinuum broadening-22um, and
that a fiber with more a complex cladding structumbich was designed to accommodate a smalleiillafrection,
could provide a dispersion profile that would l¢éad broader mid-IR continuum.

200

Bi WW._fiber < e
100 L@ /\,47\9\ g AH a'(ZDWz)-A'(ZDWJ) — WW fiber
g o P _ 8 il MH < . r=1.4178um; n,, ~1.4381
: . = ‘ { i
£ -100 - \\\‘ & | ﬂj- i /| r=1.2663um; n,=1.5668
@ 5 [
S 200 Comparison "\ E ]'\v A '\"\. gm — . — r=1.1529um; n, =1.6206
= 00 | Dispersion €= |\ g il e ~1.0814um; dadfl 6344
Profiles AN 2 H;"‘l}q}\j%{‘r* — - = HI D=1
Y ! ; Yichel —— 1=0.9628um; n_, ~1.6649
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 o
A (nm) A (o)
Fig. 5. (a) Dispersion profile of Bi WW fiber and Bi glass circular rods (fiber cores) with variabldius and
surrounding average refractive index shown in traply caption. (b) Spectra for Bi MOF using thepdision
profiles shown in (a) Nseeq= 1.55um, EO =1 nJ, TO = 0.2 ps, fiber length = 40 mrssle 0 dB/m.)
4.4 Simulations for increased intrinsic nonlinearity d the glass

Compound glasses have a wide range of intrinsidimearity values as shown in Table 1 of sectionThis section
investigates the effects of changing the nonlimegponse of the glass. Starting again with Bi Whérfas a reference,



simulations were performed with increasedvalues to demonstrate the extent the nonlineaxdy influence the
continuum. This section also shows additional &ton results for GLSO small core MOF, an exangdla glass with
very high intrinsic nonlinearity (Table 1) which svdesigned for pumping at 2uén as described in section 3.

We are not aware of previous measurements of tleyetk Raman responses of these multi-componensegasFor
silica, the Raman temporal resportg¢) has been previously determined from the shape efRhman gain in the

frequency domaiff®, and f_R=0.18 was determined from measurementiseofibsolute value of the Raman gain. We
calculated the shape of the delayed temporal regsoaf the multi-component glasses studied hera frocalibrated
spontaneous Raman spectra measured by the authdrthen following the procedure used by Stateal* for silica.
We have assumed that f R=0.2, based on the knastidn of 0.18 for silica.

Fig. 6 (a) shows the spectra from simulations peréml for Bi WW fiber for the same seed pulse patarseand with:
(i) SPM term only, (i) SPM and self-steepeningrer and (iii) including the Raman response. Therfloss was set to
zero for all simulations shown in this section. eTéverall shape of the continuum is similar incalées, and there is a
small decrease in the extent of the continuum i self-steepening term and with the Raman regpovien
compared to pure SPM nonlinearity. We concluded tire continuum generation is not highly dependarthe Raman
response in this fiber, and therefore whilst thacewalue of f_R is uncertain for these glasseslistifferences from
the assumed value of 0.2 should perhaps lead yosomll changes to our predicted spectra.

To show the influence of the magnitude of the mialteronlinearity, simulations were performed usihg r, of Bi,

2X n, 4xn, and 6 x B and the spectra are shown in Fig. 6. (b). Forng the continuum extends to ~ 31B. As a
reference to a physical glass with this nonlingat x n, of Bi = n, of GLSO. We concluded that increasing the
material nonlinearity has a similar influence tergmasing the pulse energy, and leads to modediiaddibroadening.
However, the influence of the nonlinearity appeatcele less significant than that of the dispergimofile.

The continuum produced by the GLSO WW MOF pumpe2.@fm is shown in Fig. 8 (a). The spectrum signifitant
broader than for the Bi WW MOF and extends tqurd The GLSO fiber has both an increased intrinsiglinearity,
and a lower, flatter dispersion profile through thiel-IR.
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Fig. 6. Spectra for small core Bi MOF. (a) Variatidue to Raman response component of total nomiipea
compared to pure SPM, and SPM combined with sefgning effect. (b) Variation due to increasingemal
nonlinearity. Nonlinear index = 1 x, 2 x, and 6 xaf Bi. (The Raman response is included in thesaksitions
with f_R=0.2.) (For both (a) and (b), fiber lengtt0 mm, loss = 0 dB/MAgeeq= 1.55um, EO= 1 nJ, TO= 0.2 ps).
4.5 Simulations demonstrating the significance of fibdoss

The simulations above demonstrated that the fibegths required for supercontinuum generation hoetsbeing
< 40 mm, and that even without including loss, shectrum from Bi WW MOF did not extend beyond ~33 due to
the dominant influence of the dispersion profilEherefore, only once a suitable combination of gmade, dispersion
profile, and effective nonlinearity are selectedidathe spectrum be limited by loss. Fig. 7. shtlvesreference case Bi
WW MOF spectrum with and without the measured aligmr loss, and there is negligible difference thuéoss. The
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OH loss peak is shown for reference, calculatedaking the difference in loss of normal and dehtettaBi samples
shown in Fig. 1 (b). In order to see any signifiicdifference on the spectrum, Fig. 7 (b). shovesdfiects of loss when
using seed pulse energy increased to 4 nJ. T&ei5i dB reduction in power at ~3ugh due to the loss peak.
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Fig. 7. (a) Variation of continuum due to loss Bi'WW MOF, EO= 1 nJ. (b) Variation of continuumedto loss
for Bi WW MOF, EO = 4 nJ. (For (a) and (B)eeq= 1.55um, TO= 0.2 ps, length = 40 mm).

Small core MOFs of the type considered in this papeically show waveguide losses of ~2 dB/m (irdi&idn to the

material loss), due to scattering from core surfemgghness and contaminants accumulated duringcédion. In

addition, all modes of a MOF have an associatedircement loss (due to the finite extent of the diad region}, but

these losses can be reduced to low values by egsarsufficiently large microstructured claddingiom. Therefore,
the total fiber losses would be dominated by thieerahigh material losses and with the short lemgttfiber considered
in this paper, the waveguide related losses cambsidered to be negligible.

As shown in section 2, for all of the non-silicagges considered, the intrinsic (phonon) loss Edgleove the maximum
wavelength of the predicted supercontinuum spestitavn above. Oxide based glasses including S&#i7 (lead
oxide) and tellurite glasses can have strong Oldratisn losses in the wavelength range 3.0i8t6 but these extrinsic
losses can be reduced to < 100 dB/m by dehydratiocesses. Since oxide glasses have similar inhaomlinearity
characteristics, we suggest that dehydration pseseshould be applied to reduce the OH absorptak for these
glasses, but that the trends for the supercontinbrwadening shown for Bi above, when changing EX,dispersion,
and nonlinearity would again apply when losses wectuded. (The simulations in the previous suttisaes were
performed without including any losses.) If a difnt pump wavelength and dispersion profile emhlitee
supercontinuum to extend to the phonon absorptige ethen the effect of loss on the spectrum shibalceconsidered.
If dehydrated samples are not available, then iter length should be minimized, and tapers, wtdoh typically
>100 mm long, could be less favourable. For sul§ittesses, the OH absorption peak can be as lowW d8/n, so it
would have a minor impact on the spectra.

4.6 High power mid-IR continuum using large mode fibes

In order to increase the pulse energy it becomesssary to work with fibers with a larger core arearder to avoid
material damage. In selecting an appropriate navda for simulations, we observed that for silic@M the largest
single mode fiber available has.#A1000um ? (Crystal Fibre A/S DC-170-40-Yb). Non-silica gt@s have larger
refractive indices compared to silica, and are nobidlenging to fabricate, so achieving the precisiecessary for such
a large mode area (LMA) would probably be very mjing for current technology. Therefore as anaice case, we
simulated the supercontinuum for agAL00pm? Bi fiber. (This A« does not correspond to a particular design, but is
representative of what might be suitable for a Mivfiber that has approximately single mode opera)i The 10Qum?
mode area is ~30 times greater than for the sroed! Bi fiber considered above, and the LMA fibes karrespondingly
reduced effective nonlinearity. We used the sapeel pulse duration of 0.2 ps as for the small sorailations and we
maintained approximately the same initial peakrisity by scaling the pulse energy by the ratiohsf mode areas:
(100pm?2/ 3.05um?) x 1 nJ=30 nJ.

Since the LMA fiber dispersion is almost equalhie taterial dispersion, changing dispersion proéiuires the use of
a different glass, which would also have differanitinsic nonlinearity. For this survey, we themef considered Bi,
SF57 and GLSO to demonstrate the range of speotralfMA fibers. The seed pulse wavelength shoglgimbe close
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to the fiber ZDW to obtain efficient continuum geagon. We chose a seed wavelength of 2u25 for which the
dispersion of SF57, Bi and GLSO is respectivelyw &md anomalous=0, and high and normal, as shown in Fig. 2 (b).

The spectra in Fig. 8 (b) were generated with idahteed pulses and therefore show possible spfeta fixed pump
system, and the spectra extend to +8rbfor both Bi and SF57, and to ~318 for GLSO. Although the dispersion
profile and seed wavelength are more favourabl&f@and SF57, the much higher nonlinearity of GL§&ss resulted
in a similar broadening of the continuum at longralangths for all the fibers. In comparison witle small core MOF
spectra a significant difference in the LMA spedsahe extension to longer wavelengths. The tpadiA fiber
spectra are due mainly to the dispersion profileictvis dominated by the gently sloping materiagpeirsion, whereas
for the small core MOFs considered earlier, thepstgaveguide dispersion dominates. Since it shibelldossible to use
dehydrated glasses in experiments and becausé#rddngths are short, the spectra are not likelipe significantly
affected by loss.

dBm/nm
P
-80

g -80
E i HE
g -100 q00f
B
2 -120 o
a}
S -140 -140
& \

—160 L 1 Illl.ﬂ J\.ﬂ A an, L. -160

1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
A (e A ()

Fig. 8. (a) Supercontinuum spectra predicted forlsmore Bi and GLSO MOF. (Fiber length =40 mm,
loss=0dB/m, T0=0.2ps. Bi MORgeeq=1.55um, EO0=1.0nJ. GLSO MORgeeq= 2.0um, EO=0.5nJ.)
(b) Supercontinuum spectra predicted for Bi, SEBiti GLSO LMA fibers. (Fiber length = 40 mm, lossdB/m,
T0=0.2 ps, EO= 30 ndgeeq= 2.25um.)

The GLSO LMA continuum was smooth because the dispe is normal at wavelengths below R, so the
continuum is due to SPM, and the continuum wouldehgood temporal coherence for applications incgdoulse
compression and metrology. The SPM generated rgpdrbadening in the GLSO LMA fiber would be exjetto
increase steadily with the initial pulse peak pgwerich is different to our findings for anomaloyslispersive fibers
for which the soliton-fission mechanism causesdhetinuum broadening to saturate above a given peksgé energy.
Pumping GLSO at longer wavelengths, hence closéte@DW, should produce broader continuum, andetbee for
high power continuum beyond 34 this is the preferred glass.

Non-silica LMA fibers are therefore shown to bemising for high power mid-IR sources, with the leghnonlinearity
sulfide glasses likely to produce the broadesttspersing pump wavelengths ~ 218. The pump requirements are for
higher energy pulses compared to small core MOFRstduhe larger mode. The dominance of the mateisaersion
over the much smaller waveguide contribution alguires pumping at longer wavelengths comparednall core
MOFs, for which the ZDW can be tailored to the pusoprce.

5. SUMMARY AND CONCLUSIONS

In this paper we have performed numerical simutetito study mid-IR supercontinuum generation in M@tade from
multi-component glasses when pumped with 0.2 psgsuat wavelengths below 22%. We considered two broad
categories of multicomponent glass, the first oficlhincludes heavy metal oxide, gallate and tdkuglasses, with
nonlinearities ~10 x that of silica. The seconagaty includes sulfide glasses, which have evehdrigonlinearities.

Using a Bi WW MOF as an example, we performed satioms in which the dispersion, nonlinearity andslavere
separately varied in order to demonstrate desirablabinations of fiber characteristics for broagengontinuum
generation. The fiber lengths required for midehtinuum were ~40 mm for all the glasses, sodbeds of the fibers
were not a limiting factor. (We note that for fideased transmission of supercontinuum after génaranuch longer
fibers would be used, and therefore the mater&d lwould perhaps dominate other considerationghigitssue has not
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been considered in this paper.) In addition, @suilts showed that over the range of parameteesalansidered, the
nonlinearity due to the Raman response was noy ddator in controlling the continuum. The contima extended to
~3.0um, but further broadening was prevented by thepstigpersion profile. The initial simulations prded insight
about which parameters of the fibers strongly mficed the mid-IR supercontinuum. The most impbgarameter was
the overall dispersion profile across the mid-IRae simulation results using fiber designs with tdoWs (produced
using more complex structures than the WW desiggysst that most multi-component glasses couldym®@-3um
supercontinuum with 1.53m pumping when using appropriately designed fibé&fsing a glass with shorter wavelength
material ZDW than Bi, it should be possible to teea MOF with flatter dispersion profile to extettte mid-IR
broadening possible from a 1.fE source e.g. SF57 has a shorter wavelength gl than Bi (and also a higher
material nonlinearity). Considering the much highenlinearity sulfide category of glasses, theariat ZDW is at
>3 um so it is less likely that sulfide glasses wouddduitable for pumping at this wavelength. LMAdib fabricated
from the glasses considered would have very higimabdispersion at 1.55m (Fig. 2 () ) and would not produce
continuum efficiently with this seed wavelength.

Pumping small core fibers at wavelengths in thegeah.55-1.Qum, similar considerations would apply compared to
1.55pum pumping, and the most promising fibers are sow# MOFs made of oxide glasses. However, sinceuhg
wavelength is closer to the ZDW of the materiagpeision flattened fibers should be possible, aadnight expect
significantly more broadening using optimised dispgen design algorithms previously developed fticaibased MOF
fabrication® to develop suitable fiber structures for compogtasses. Since the material damage thresholdseof t
glasses are not yet well understood, reducinghteshold peak intensity required for continuum gatien could be an
important practical consideration.

Pump wavelengths of 2.0-2.8n are close to the material ZDW of the oxide glass&herefore because small core
MOF designs tend to result in a shift of the ZDWshwrter wavelengths, which are further from thenpwavelength,
small core fibers made from the oxide glasses avkably not well suited to these pump wavelengtfise ZDW of the
high nonlinearity glasses is still above this wawegfth range, but small core MOFs could move theadiviber ZDW
close to the pump wavelength, and the resultsaimse4.4 suggest that such fibers should produeaccontinuum.

We then extended the survey to large mode fibeishwihave dispersion properties close to those efhillk glasses.
For pumping in the 1.55-1}9m wavelength range LMA fibers appear to have unfaable dispersion properties. For
pump wavelengths of 2.0-2iBn, LMA fibers made from oxide glasses should predoontinuum extending beyond
3.5um due to the favourable match to the material d&pe profile. Although the ZDW of the high nordiarity
sulfide glasses is less well matched to these pwanelengths, simulations showed that such fibeoslyee similar
continuum broadening and the continuum from highlinearity sulfide LMA fibers would have high tenmad
coherence as it is generated in the normal digpenrsigion. Pumping above 24, most oxide glasses are hard to
optimize in LMA fiber designs because they wouldidhnahorter wavelength ZDWs. The high nonlineasityfide
glasses would be promising in both small core digpe flattened designs for low pulse energy sajread in LMA
fibers for high power applications. However, givilre present lack of data about material propedtesuch long
wavelengths, the shape of the supercontinuum peatisbould perhaps be considered in a future stndg more data
becomes available.

Based on the results of this study, which used fii@ameters available from demonstrated fiberrteldyy, and with
readily obtainable seed pulse energies, we sugdlgasefficient mid-IR supercontinuum sources shduddpossible in
the near future based on non-silica MOF technolodiighly efficient low power sources could be based sub-
picosecond pulsed sources with energies ~1 nXkid Bb-2.Qum wavelength range, coupled into fibers fabricdtech

a range of high-nonlinearity oxide or sulfide gessand using small core MOF designs with tailorespetsion.
Efficient high-power sources using LMA MOFs coulé lbreated using sub-picoseconrd30 nJ pump sources at
wavelengths above 2in for which Aseed = ZDWpaeriae Compared to planar rib-waveguides or fiber-taper
microstructured fiber technology has the advantadegeater flexibility for tailoring the dispersigrofile over broad a
wavelength range, and a much wider possible rahdewice lengths.
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