K Nithyanandan 
  
Ultra-broadband continuum generation in silica based defective core photonic crystal fiber

We investigate a defective core photonic crystal fiber for broadband continuum generation. Different geometries of fiber design are discussed to emphasize the role of a defect in the fiber characteristics. The idea of incorporating a defect in the core enable an additional degree of design freedom to tailor the fiber parameters. Particularly, we identify that by properly choosing the size of the defect and air hole size one can realize suitable fiber design for various nonlinear applications. Out of several fiber designs, we recognize that designing fiber with minimum positive dispersion along with a large nonlinearity coefficient is a potential candidate for supercontinuum generation. The results of numerical simulation of the broadband continuum at different parameter settings are analyzed and compared with the conventional counterpart. In the similar simulation environment, the continuum realized in the proposed defective core photonic crystal fiber is significantly broader than the fiber without defect. Thus, this hybrid fiber design can be a new class of fibers for the future generation of broadband sources.

Introduction

An elegant control of fiber parameters through robust engineering techniques made the photonic crystal fiber (PCF) as the medium of choice for a wide range of applications [START_REF] Dudley | Ten years of nonlinear optics in photonic crystal fibre[END_REF][START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF][START_REF] Taylor | Introduction and History[END_REF][START_REF] Ranka | Visible continuum generation in air silica microstructure optical fibers with anomalous dispersion at 800 nm[END_REF][START_REF] Travers | Optical pulse compression in dispersion decreasing photonic crystal fiber[END_REF][START_REF] Kaminow | Optical Fiber Telecommunications[END_REF]. Starting from the core research led by Russell's group in the late 1990s, the research in PCF finds different varieties of geometrical structures made out of different materials [START_REF] Kaminow | Optical Fiber Telecommunications[END_REF][START_REF] Knight | Photonic Crystal Fibres[END_REF][START_REF] Cregan | Single-mode photonic band gap guidance of light in air Science[END_REF][START_REF] Knight | Photonic Band Gap Guidance in Optical Fibers[END_REF][START_REF] Ho | Existence of a Photonic Gap in Periodic Dielectric Structures[END_REF][START_REF] Birks | Endlessly Single-Mode Photonic Crystal Fiber[END_REF]. The two major class of photonic crystal fibers are the solid core PCF and hollow core photonic PCF. Even though the hollow core PCF with band gap guidance mechanisms can be used for different applications, filling different novel materials in the central hole, make it useful for many nonlinearity based applications under the principle of index guidance mechanism as in solid core PCF [START_REF] Kaminow | Optical Fiber Telecommunications[END_REF][START_REF] Knight | Photonic Crystal Fibres[END_REF][START_REF] Cregan | Single-mode photonic band gap guidance of light in air Science[END_REF][START_REF] Knight | Photonic Band Gap Guidance in Optical Fibers[END_REF][START_REF] Ho | Existence of a Photonic Gap in Periodic Dielectric Structures[END_REF][START_REF] Birks | Endlessly Single-Mode Photonic Crystal Fiber[END_REF]. Unlike conventional step-index fibers, PCFs are made by using a number of silica-based cylindrical capillaries arranged in a predefined lattice format. The diameter of each capillary and the separation of them from each neighbour, referred to as pitch, defines the fiber properties like dispersion and nonlinearity coefficients, etc. Further enhancement in fiber properties can be made by means hybrid design such as tapering the fiber along the fiber length or altering the fiber materials, to mention a few (refer papers [START_REF] Poli | Tailoring of flattened dispersion in highly nonlinear photonic crystal fibers[END_REF][START_REF] Chen | Design of a New Type High Birefringence Photonic Crystal Fiber[END_REF][START_REF] Saitoh | Chromatic dispersion control in photonic crystal fibers: application to ultra-flattened dispersion[END_REF][START_REF] Bozolan | Supercontinuum generation in a water-core photonic crystal fiber[END_REF][START_REF] Fanjoux | Supercontinuum generation by stimulated RamanKerr scattering in a liquid-core optical fiber[END_REF], and the references therein). In the last two decades, different techniques have been proposed and implemented to enhance the nonlinear property of the fiber for various nonlinear applications. One of such recent techniques to enhance the nonlinearity of the fiber is through defective core PCF (DCPCF) [START_REF] Kim | Elliptical defected core photonic crystal fiber with high birefringence and negative flattened dispersion[END_REF][START_REF] Kibler | Soliton spectral tunnelling in photonic crystal fibre with subwavelength core defect[END_REF][START_REF] Serebryannikov | Nanomanagement of dispersion, nonlinearity, and gain of photonic-crystal fibers: qualitative arguments of the Gaussian-mode theory and nonperturbative numerical analysis[END_REF][START_REF] Sharafali | Self-similar pulse compression by defective core photonic crystal fiber with cubicquintic nonlinearities[END_REF]. In this model, a sub-wavelength defect at the center of the core region reduces the effective area of the fiber and thereby enhances the nonlinearity of the fiber. Such fibers can be used for applications requiring high nonlinearity like supercontinuum generation (SCG).

As a potential alternate to white-light laser, PCF based SCG became an active area of research in optical technologies [START_REF] Dudley | Ten years of nonlinear optics in photonic crystal fibre[END_REF][START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF][START_REF] Taylor | Introduction and History[END_REF][START_REF] Ranka | Visible continuum generation in air silica microstructure optical fibers with anomalous dispersion at 800 nm[END_REF][START_REF] Wadsworth | Supercontinuum generation in photonic crystal fibers and optical fiber tapers: a novel light source[END_REF][START_REF] Genty | Fiber supercontinuum sources (Invited)[END_REF][START_REF]Nonlinear fiber optics: its history and recent progress [Invited][END_REF][START_REF] Alfano | The Supercontinuum Laser Source-Fundamental with Updated References[END_REF][START_REF] Demircan | Analysis of the interplay between soliton fission and modulation instability in supercontinuum generation[END_REF]. It also finds applications in generation of ultra-short pulses, frequency metrology, optical coherence tomography (OCT) systems etc [START_REF] Nisoli | Compression of high-energy laser pulses below 5 fs[END_REF][START_REF] Udem | Optical frequency metrology[END_REF][START_REF] Hartl | Ultrahigh-resolution optical coherence tomography using continuum generation in an airsilica microstructure optical fiber[END_REF]]. An ultra-broad continuum generation by passing an intense light beam through a nonlinear medium is extensively studied by different research groups both theoretically and experimentally [START_REF] Nithyanandan | A colloquium on the influence of versatile class of saturable nonlinear responses in the instability induced supercontinuum generation[END_REF][START_REF] Michael | Soliton collision and Raman gain regimes in continuous-wave pumped supercontinuum generation[END_REF][START_REF] Rvj Raja | Modulational-instabilityinduced supercontinuum generation with saturable nonlinear response[END_REF][START_REF] Nithyanandan | Power play in the supercontinuum spectra of saturable nonlinear media[END_REF][START_REF] Fanjoux | Supercontinuum generation by stimulated RamanKerr scattering in a liquid-core optical fiber[END_REF][START_REF] Huang | Design and analysis of a hexagonal tellurite photonic crystal fiber with broadband ultra-flattened dispersion in mid-IR[END_REF][START_REF] Vyas | Elliptical air holes based photonic crystal fiber for narrow band gap and peak power at 1.55 micrometre wavelength[END_REF][START_REF] Liu | A high-birefringent photonic quasi-crystal fiber with two elliptical air holes[END_REF][START_REF] Sakr | Analysis of photonic crystal fiber with silicon core for efficient supercontinuum generation[END_REF][START_REF] Sumaiya Kabir | Bending resistive improved effective mode area fluorine doped quadrilateral shaped core photonic crystal fiber for high power fiber lasers[END_REF][START_REF] Chauhan | A dispersion engineered silica-based photonic crystal fiber for supercontinuum generation in nearinfrared wavelength region[END_REF][START_REF] Chauhan | Computational modeling of tellurite based photonic crystal fiber for infrared supercontinuum generation[END_REF][START_REF] Sakr | Analysis of photonic crystal fiber with silicon core for efficient supercontinuum generation[END_REF][START_REF] Lamine Ferhat | Supercontinuum generation in silica photonic crystal fiber at 1.3 µm and 1.65 µm wavelengths for optical coherence tomography[END_REF]. The process governing the SCG can be triggered by two mechanisms namely modulation instability and soliton fission [START_REF] Dudley | Ten years of nonlinear optics in photonic crystal fibre[END_REF][START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF][START_REF] Taylor | Introduction and History[END_REF][START_REF] Ranka | Visible continuum generation in air silica microstructure optical fibers with anomalous dispersion at 800 nm[END_REF][START_REF] Wadsworth | Supercontinuum generation in photonic crystal fibers and optical fiber tapers: a novel light source[END_REF][START_REF] Genty | Fiber supercontinuum sources (Invited)[END_REF][START_REF]Nonlinear fiber optics: its history and recent progress [Invited][END_REF][START_REF] Alfano | The Supercontinuum Laser Source-Fundamental with Updated References[END_REF][START_REF] Demircan | Analysis of the interplay between soliton fission and modulation instability in supercontinuum generation[END_REF][START_REF] Nithyanandan | A colloquium on the influence of versatile class of saturable nonlinear responses in the instability induced supercontinuum generation[END_REF][START_REF] Michael | Soliton collision and Raman gain regimes in continuous-wave pumped supercontinuum generation[END_REF][START_REF] Rvj Raja | Modulational-instabilityinduced supercontinuum generation with saturable nonlinear response[END_REF][START_REF] Nithyanandan | Power play in the supercontinuum spectra of saturable nonlinear media[END_REF][START_REF] Fanjoux | Supercontinuum generation by stimulated RamanKerr scattering in a liquid-core optical fiber[END_REF][START_REF] Michael | Soliton collision and Raman gain regimes in continuous-wave pumped supercontinuum generation[END_REF][START_REF]Optical Solitons: Theoretical and Experimental Challenges[END_REF][START_REF]Odyssey of Light in Nonlinear Optical Fibers: Theory and Applications[END_REF][START_REF] Serkin | Optimal control for soliton breathers of the Lakshmanan-Porsezian-Daniel, Hirota, and cmKdV models[END_REF]. It is also very evident that the continuum generated critically depends on the pulse parameters such as input power, width as well as the fiber parameters like nonlinearity, dispersion and loss, etc., Hence designing fiber with appropriate dispersion and nonlinear profile is a crucial part in the broadband generation.

Recently, F. Li et. al reported highly coherent and broad continuum generation in a solid core photonic crystal fiber by passing a self-similarly compressed pulse through a non-zero dispersion shifted fiber (NZ-DSF) [START_REF] Li | Highly coherent supercontinuum generation with picosecond pulses by using self-similar compression[END_REF]. The self-similar pulse compression is achieved in a tapered large mode area fiber exhibiting very high nonlinearity. Using a highly compressed pulse results in increasing the spectral width of the continuum generated along with high coherence. Another model known as suspension core PCF was used to enhance the continuum width through an increase in nonlinearity coefficient by decreasing the effective area. In this model, the first layer of the air hole capillaries is suspended towards the core regime to reduce the effective core area [START_REF] Ghosh | Design and fabrication of microstructured optical fibers With optimized core suspension for enhanced supercontinuum generation[END_REF]. Another method to enhance the spectral width is through non-silica technology by infiltrating nonlinear liquids such as carbon tetrachloride, carbon disulphide etc. in the fiber core regime [START_REF] Van | Supercontinuum generation in photonic crystal fibres with core filled with toluene[END_REF][START_REF] Zhang | Theoretical design of a liquid-core photonic crystal fiber for supercontinuum generation[END_REF][START_REF] Bridges | Broadband infrared generation in liquid-bromine-core optical fibers[END_REF][START_REF] Kedenburg | Towards integration of a liquid-filled fiber capillary for supercontinuum generation in the 1.22.4m range[END_REF]. The high nonlinear refractive index of these nonlinear liquids provides high nonlinearity coefficients than that of silica-based fibers. However, one of the major challenges in those design is the high loss encountered by the PCF after infiltration. Also, the safety limit and toxicity level of those nonlinear liquids become a major constraint for practical application. Besides all, in this paper, we have modeled silica-based defective core PCFs, which when properly designed is capable of simultaneous enhancement of nonlinearity along with minimum positive dispersion coefficient. This combination of dispersion and nonlinear profile is identified to be the suitable candidate for nonlinear applications especially SCG.

The organization of the paper is as follows: After the introduction, Sec. 2 describes the design of the proposed DCPCF and the calculation of fiber parameters. Sec. 3 explains theoretical modeling and simulation results of SCG. Discussion of the results is part of Sec. 4, while Sec. 5 concludes the paper with a brief summary of the results.

DESIGNING THE DEFECTIVE CORE PHOTONIC CRYSTAL FIBER

The characteristics of PCF are very much dependent on the choice of the fiber as well as on the geometry of the microstructure lattice. Hence designing fiber for specialized application is a very crucial part in PCF enabled photonic technologies. Besides, the fiber parameters like dispersion and nonlinearity coefficients are very much dependent on the diameter of the air hole capillaries and the pitch of the fiber. This enables one to easily maneuver the characteristics of fiber by controlling these parameters. In the present context, we have used the commercial simulation software COMSOL 5.2a to design the fiber geometry and the mode analysis has been performed by finite element method (FEM). A hexagonal lattice of ∧=1.8µm with different air hole diameters and defective core radius are considered as shown in Fig. [START_REF] Dudley | Ten years of nonlinear optics in photonic crystal fibre[END_REF]. In realistic situations, these can be controlled by proper management of drawing speed, furnace temperature, etc. A longitudinal variation in pitch and air hole diameter along the fiber length can also be fulfilled by tapering technique. A circular phase matched layer was used to nullify the backscattered radiation from the boundaries of simulation area [START_REF] Guo | Loss and dispersion analysis of microstructured fibers by finite-difference method[END_REF]. The effective refractive index has been calculated through mode analysis by using the linear refractive index of silica as follows [START_REF] Ghosh | Temperature-dependent Sellmeier coefficients and chromatic dispersions for some optical fiber glasses[END_REF],

n silica = (0.788404+23.5835×10 -6 T )×λ 2 λ 2 -(0.0110199+0.584758×10 -6 T ) + 1.31552 + 6090754 × 10 -6 T + ((0.91316 + 0.548368 × 10 -6 T ) × λ 2 )/λ 2 -100. ( 1 
)
The dispersion and nonlinearity coefficient corresponding to each fiber are evaluated by using the expression,

D(λ) = - λ c d 2 n e f f dλ 2 (2) γ = 2πn 2 λA e f f (3) 
A e f f = ( |E| 2 dxdy) 2 |E| 4 dxdy . ( 4 
)
where γ stands for nonlinearity coefficient, n e f f represents the effective refractive index, λ is the wavelength, A e f f is the effective area and n 2 stands for nonlinear refractive index [START_REF] Ghosh | Temperature-dependent Sellmeier coefficients and chromatic dispersions for some optical fiber glasses[END_REF].

The dispersion variation with wavelength for all the proposed PCF geometries are depicted in Fig. [START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF]. Note, the dispersion here is actually the dispersion parameter represented typically by D in units of ps/nm/km and this should not be confused with the dispersion coefficient β 2 in units of ps 2 /km. One can observe from Fig. (2) that the dispersion (D) shifts from normal to anomalous dispersion regime as the wavelength increases. The recorded zero dispersion wavelength (ZDW) clearly indicates the dependence of ZDW on the size of the air hole and defect. At the operating wavelength λ=1550 nm, the dispersion shifts towards zero dispersion point if d decreases for a fixed r or vice-versa (Refer. Fig. 2 (a) and(b)). The dispersion variation can be better understood while inspecting the variation of second order dispersion coefficient with d and r values at λ=1550 nm. It is evident from Fig. 3(a) and (b) that increasing d for getting high nonlinearity is not an appropriate choice as it also tends to increases the dispersion coefficient. On further examination of Fig. 3(a) and(b) reveals the possibilities for the enhancement of the nonlinearity coefficient by increasing defective air hole radius and the diameter of air hole capillaries. For better understanding, the parameters obtained for the different combinations of fiber design are tabulated in Tab 1. As it can be seen from the evaluated numerical data, the defect in the core regime can lead to an increase in nonlinearity coefficient by reducing the effective area of the fiber for a fixed air hole diameter value. A shift in dispersion coefficient (nonlinearity coefficient) from -0.1982 ps 2 /m (0.0522 W -1 m -1 ) to -0.0577 ps 2 /m (0.0602 W -1 m -1 ) is recorded by incorporating a defective air hole of radius 0.2 µm. This particular property of enhanced nonlinearity coefficient accompanied by minimum positive dispersion in the proximity of zero dispersion is an ideal scenario for efficient phase matching condition for the nonlinear process such as supercontinuum generation.

We have also calculated the confinement loss (α) and confinement factor (in %) (Γ) of all different PCF geometries of choice by using the following formulae [START_REF] Uddin | Dispersion and Confinement Loss of Photonic Crystal Fiber[END_REF][START_REF] Visser | Confinement Factors and Gain in Optical Amplifiers[END_REF],

α = 8.686 2π λ Im(n e f f ) dB/m (5) 
Γ = i | < E(x, y) > | dxdy ∞ -∞ | < E(x, y) > | dxdy × 100. ( 6 
)
The variation of confinement loss and confinement factor are depicted in Fig. [START_REF] Ranka | Visible continuum generation in air silica microstructure optical fibers with anomalous dispersion at 800 nm[END_REF]. From the confinement factor and loss analysis, we can observe that the field is better confined in the core regime for increased air hole diameter values for a fixed defective air hole radius. This is due to the decrease in the effective index of cladding with an increase in the air-filling fraction. Due to this high confinement for large d values, the leakage through cladding will be less and the fiber tends to become multimode. In order to find the mode of operation, we have calculated the V parameters of the PCFs proposed by using the expression [START_REF] Nielsen | Photonic crystal fiber design based on the V-parameter[END_REF],

V PCF = 2πΛ λ n F M (λ) 2 -n FS M (λ) 2 (7) 
Where n F M (λ) and n FS M (λ) are the effective index of the fundamental mode and fundamental space filling mode. The threshold for the single mode operation is given by V PCF =π. This has been theoretically formulated by M. D. Nielsen et. al. and later verified experimentally [START_REF] Folkenberg | Experimental investigation of cut-off phenomena in non-linear photonic crystal fibers[END_REF]. The V PCF parameters of the designed PCFs with different d and r values is shown in Fig. [START_REF] Travers | Optical pulse compression in dispersion decreasing photonic crystal fiber[END_REF]. It can be noticed that V PCF is increasing with air hole diameter whereas it goes down while increasing the defective air hole size. An effective single mode operation can be made possible by choosing DCPCF with small d and large r parameters. Conventional means of decreasing the air hole size to reduce the V parameter to achieve the single mode operation with a fixed pitch is rather limited because it tends to decrease nonlinearity. Thus the incorporation of the defective core in PCF enables additional degrees of freedom to tailor the system characteristics best suitable for nonlinear applications, (i,e), enhanced nonlinearity with minimum positive dispersion within the single mode operation. For this, we have identified a DCPCF with d=1.2µm and r=0.2µm as the best candidate which gives V PCF =2.122 and thus ensures a single mode operation at λ p =1550 nm. The dispersion and nonlinearity coefficients variation of PCF designed under this parametric condition are tabulated in Tab II.

Supercontinuum generation

The equation governing the propagation of an ultrashort optical pulse in PCF is given by the generalized nonlinear Schrödinger equation (GNLSE) of the form as follows [START_REF] Dudley | Ten years of nonlinear optics in photonic crystal fibre[END_REF][START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF] 

β n i n-1 n! ∂ n U ∂t n + α 2 U = iγ 1 + iτ shock ∂ ∂t × U(z, t) ∞ -∞ R(t )|U(z, t -t )| 2 dt (8) 
where U(z, t) represents the electric field amplitude, z and t are the longitudinal coordinate and time in the moving reference frame, respectively. The dispersion coefficient β n attributes to the Taylor expansion of the propagation constant around the center frequency ω 0 and n being the order of dispersion. γ and α respectively amounts to the fiber nonlinearity and losses. The time derivative term on the right-hand side of Eq. ( 8) takes into account the dispersion of the nonlinearity, which is usually associated with the optical shock formation. The typical characteristic timescale of the shock is given by t shock = 1/ω 0 . R(t) is the response function which takes into account both the instantaneous electronic response and the delayed Raman response. The functional form of R(t) can be written as [START_REF]Nonlinear Fiber Optics[END_REF][START_REF] Stolen | Raman response function of silica-core fibers[END_REF][START_REF] Blow | Theoretical Description of Transient Stimulated Raman Scattering in Optical Fibers[END_REF][START_REF] Afanasyev | Decay and interaction of femtosecond optical solitons induced by the Raman self-scattering effect[END_REF][START_REF] Dianov | Non-linear transformation of laser radiation and generation of Raman solitons in optical fibers[END_REF]]

R(t) = (1 -f R )δ(t) + f R h R (t) (9) 
where h R is the retarded response function and f R amounts to fractional contribution to the delayed Raman response. δ(t) is the Dirac delta function. The functional form of the retarded function (h R ) can be given as

h R = τ 2 1 + τ 2 2 τ 1 τ 2 2 sin t τ 1 e -t τ 2 Θ(t) (10) 
with f R =0.18, τ 1 = 0.012 ps, and τ 2 = 0.032 ps [START_REF]Nonlinear Fiber Optics[END_REF][START_REF] Stolen | Raman response function of silica-core fibers[END_REF][START_REF] Blow | Theoretical Description of Transient Stimulated Raman Scattering in Optical Fibers[END_REF][START_REF] Afanasyev | Decay and interaction of femtosecond optical solitons induced by the Raman self-scattering effect[END_REF][START_REF] Dianov | Non-linear transformation of laser radiation and generation of Raman solitons in optical fibers[END_REF]. Θ(t) is the heavyside step function.

To investigate the propagation dynamics and SCG, we numerically solved Eq. ( 8) using split-step Fourier method (SSFM) with the input profile of the form U(0, t) = N sech(t/τ 0 ), where N is the soliton order determined by the system parameters that includes both the pulse as well as the fiber parameters [START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF][START_REF]Nonlinear Fiber Optics[END_REF]. Numerical simulations are carried out using a 0.1 ps duration soliton-like pulse with a peak power of 1 kW at pump wavelength λ p =1550 nm. The fiber parameters used for simulations are listed in Tab. II.

In the anomalous dispersion regime pumping, the spectral broadening leading to supercontinuum is typically governed by the soliton-driven dynamics. In the parametric space of our choice, the so-called soliton fission (SF) being the most important stage in the spectral broadening process, such that, the initial pulse profile set by the system parameters constitute a higher-order soliton which on perturbation breaks up into N soliton-like pulses. Depending on the combination of system parameters, the initial input profile changes, which substantially influence the spectral and temporal evolution which can be obvious from the subsequent discussion. To highlight the effect of 6) the spectral and the temporal evolution of pulse propagation in two representative cases of PCF with and without defect. The fiber parameters are given in the caption, and the corresponding system parameters can be inferred from Tab. II.

In similar lines to the earlier discussion on SCG, the initial stage of propagation is governed by a symmetrical spectral broadening, resulting from the temporal compression of the propagating higher-order soliton. Further propagation down the fiber, when subjected to perturbation brings the soliton fission into the picture. The distance of the onset of the soliton fission is characteristic of the system which is set by its parameters. In principle, the injected higher-order soliton tends to split when its bandwidth reaches a maximum. In the present parametric space, both the higher order dispersion and Raman scattering accounts to perturbation and thereby contribute to fission of solitons. The constituent soltion resulting from the fission experiences a continuous shift due to soliton self-frequency resulting from Raman scattering [START_REF] Dianov | Stimulated-Raman conversion of multisoliton pulses in quartz optical fibers[END_REF][START_REF] Mitschke | Discovery of the soliton self-frequency shift[END_REF][START_REF] Serkin | Soliton spectral tunnelling effect[END_REF]. Owing to the difference in the initial profile (or soliton order) of the higher-order soliton as a result of reduced dispersion and increased nonlinearity in the case of DCPCF, the corresponding spectral evolution significantly differs from the case of fiber without defect as it is shown in Fig. [START_REF] Kaminow | Optical Fiber Telecommunications[END_REF]. In both cases, an obvious continuous redshift of the long wavelength components is apparent, confirming the strong influence of the soliton self-frequency shift. In addition to the spectral extension on the long wavelength side, a narrow band resonance on the normal group velocity dispersion regime can be noticed, which is identified as the dispersive wave generation (DWG). The higher-order dispersion accounts for the DWG, whose position is determined by the phase matching condition. It is apparent from the Fig. ( 6) the bandwidth of the continuum generated by DCPCF is broader, which is attributed to the increase in soliton-order resulting from the reduced dispersion and the increased nonlinearity.

Results and Discussion

For a comprehensive understanding on the role of the defect in the spectral evolution, we show respectively in Fig. ( 7) and ( 8), the spectral and the temporal evolution in 1 m long DCPCF with different defect size in step of 0.05 µm. It is obvious that an increase in the defect size invariably broadens the spectrum as shown in Fig. [START_REF] Knight | Photonic Crystal Fibres[END_REF]. This is attributed to the increase in the soliton order as a result of the reduced dispersion and increased nonlinearity. As the relation connecting the soliton order (N) with dispersion length (L D ) and nonlinear length (L NL ) is apparent N = √ L D /L NL , one can straightforwardly understand that the incorporation of defect naturally tends to increase the soliton order. As the soliton order and fission length are connected through the dispersion length given by L f is = L D /N, the fiber design that supports increased nonlinearity with minimum positive dispersion is the appropriate condition to increase the soliton order for fixed pulse parameters. Thus, 1m long DCPCF when pumped by a 0.1 ps soliton at a constant pump power of 1 kW evolves as a higher-order soliton of order N depending on the size of the defect. As the soliton order depends on both the pulse and fiber parameters, when the size of the defect increases the dispersion decreases while the nonlinearity increases as shown in the Fig. ( 2) and (3), respectively. This variation of dispersion and nonlinearity increase the soliton order and thereby assist the spectral broadening.

It should be noted that the short wavelength edge of the spectrum set by the DWG does not see much of changes from case to case, while the major spectral broadening is attributed to the long wavelength extension as a result of the soliton selffrequency shift. Temporal evolution perhaps gives a clear signature of the soliton fission and the evolution of the ejected lower amplitude soliton pulses. Fig. [START_REF] Knight | Photonic Crystal Fibres[END_REF] implies in-common that it is only the Raman soliton self-frequency shift is responsible for the long wavelength extension and thus crucial in determining the overall bandwidth of the spectrum. It is apparent that the defect increases the bandwidth of the continuum, however, the role of the defect in the spectral broadening is only obvious on careful examination of the temporal evolution of Raman soliton as shown in Fig. [START_REF] Cregan | Single-mode photonic band gap guidance of light in air Science[END_REF]. The evolution of the Raman soliton and the associated spectral broadening can be best explained by the theory of soliton fission. The higher order soliton undergoing fission ejects soliton in an orderly fashion such that the soliton with highest peak power undergoes maximum drift due to relatively higher group velocity difference with that of the pump wavelength. In other words, the soliton with the highest amplitude exhibits the shortest width and travel faster during propagation. As it is evident from the theory of soliton fission, the width of the ejected soliton exhibit an inverse relation with soliton order, such that, an increase in the soliton order results in the emission of Raman soliton with high peak power and reduced width, which can be evident on the careful examination of temporal evolution of Raman soliton for different core size. This has been a crucial point in the whole discussion. For better insight, we show in Fig. [START_REF] Knight | Photonic Band Gap Guidance in Optical Fibers[END_REF], the recorded temporal intensity profile at the output of 1 m length of DCPCF for some representative values of defect size. It is straightforward to notice from Fig. [START_REF] Knight | Photonic Band Gap Guidance in Optical Fibers[END_REF], the downshift of the Raman soliton increases with increase in the size of the defect (refer Tab.III). This preponderance is attributed to the fact that the higher amplitude soliton (or short soliton) experience relatively greater self-frequency shifts and rapidly walk-off from the pump wavelength as it is obvious from Fig. [START_REF] Knight | Photonic Band Gap Guidance in Optical Fibers[END_REF]. Additional insight on the effect of defect size on the Raman soliton can be evident from the expanded view of the Raman soliton shown in Fig. [START_REF] Ho | Existence of a Photonic Gap in Periodic Dielectric Structures[END_REF]. It is apparent that when the size of the defect increases, the width (amplitude) of the ejected soliton reduces (increases) as a consequence of the increase in soliton order. We use the sech 2 fit to evaluate the width of the Raman soliton and the estimated width shows a monotonous decrease with increase in the defect size (refer Tab.III). This decrease in the soliton width tends to broaden the spectrum as a result of the increased overlap of the soliton bandwidth with the Raman gain (refer Fig. 7 and corresponding time-domain representation in Fig. 8). For a comprehensive picture, we show in Fig. [START_REF] Birks | Endlessly Single-Mode Photonic Crystal Fiber[END_REF], the supercontinuum spectrum in the 1 m long DCPCF for different defect size. It is evident that the spectral width of continuum produced by the DCPCF is much broader than that of conventional solid core PCF and further broadening can be achieved by proper choice of the defect size. For numerical appreciation, we demonstrate a broadband spectrum spanning more than an octave in 1 m of DCPCF with a defect size of r=0.2µm (refer Fig. 11).

Conclusion

In summary, we demonstrate a broadband continuum in a photonic crystal fiber with a sub-wavelength defect. The incorporation of a defect in the core enables an additional degree of design freedom to tailor the characteristic of fiber parameters such as dispersion, nonlinearity, zero dispersion wavelength, single mode threshold, etc., The optical characteristics such as dispersion, nonlinearity has been studied for defect core PCF and compared with conventional silica counterpart. Different geometries of PCF with a wide range of air hole and defect size are considered, and the role of defect size in the fiber characteristics was highlighted. To ensure single mode operation, we also evaluated the V PCF of the designed fibers, which implies that V PCF decrease with defective air hole radius. Through rigorous numerical analysis, we identified that it is possible to design fiber with a simultaneous increase in nonlinearity along with a minimum positive in the proximity of zero dispersion point. This combination of dispersion and nonlinear profile is identified to be a suitable candidate for nonlinear applications especially SCG.

The second phase of the investigation is dedicated to SCG, where we emphasize the role of defect size in the continuum generation. The incorporation of defect in the core significantly broaden the spectrum as a result of the increase in the soliton order. Through soliton fission theory we comprehensively explained the impact of defect size and highlighted the key role of the Raman soliton self-frequency shift in the spectral broadening process. An octave-spanning continuum has been demonstrated in 1 m of defective core PCF with an air hole diameter of d=1.2µm and defect size of r=0.2µm. To conclude, we successfully explained a new means to enhance the PCF based broadband supercontinuum sources, which could potentially find practical applications in the ever-growing photonic technologies.
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 1 Figure 1: (Color online) (a) Longitudinal and (b) cross sectional view of the defective core PCF
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 23 Figure 2: (Color online) Variation of dispersion with wavelength for (a) different air hole diameter at r=0.2µm (b) and defect radius at d=1.6µm.
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 4 Figure 4: (Color online) Confinement loss and confinement factor variation of DCPCFs with different air hole diameter at r=0.2µm considered.

Figure 5 :

 5 Figure 5: (Color online) V PCF parameter variation of DCPCFs having different d and r values.

Figure 6 :

 6 Figure 6: (Color online) Spectral and temporal evolution of in PCF with and without defect. Top panel is PCF d=1.2µm, r=0µm, while bottom panel corresponds to DCPCF with d=1.2µm, r=0.2µm.

  (a) r=0 (b) r=0.05 (c) r=0.10 (d) r=0.15

Figure 7 :

 7 Figure 7: (Color online) Spectral evolution in DCPCF for different defect size. The top panel represents the output spectrum, while the bottom panel is the density plot representation of the spectral evolution as a function of distance.

Figure 8 :

 8 Figure 8: (Color online) Temporal evolution in DCPCF for different defect size. The top panel represents the output field intensity, while the bottom panel is the time-domain density representation of the field intensity as a function of distance.

Figure 9 :

 9 Figure 9: (Color online) Time domain representation of output intensity after a propagation of 1m in DCPCF for different size of defect.

Figure 10 :

 10 Figure 10: (Color online) Expanded view of the Raman soliton corresponding to different defect size.

Figure 11 :

 11 Figure 11: (Color online) Supercontinumm spectrum in 1m of DCPCF for different size of defect.

Table 1 :

 1 Variation of dispersion and nonlinearity coefficients with d and r for the different PCF geometries.

			Air hole diameter d=1.6µm		
		Parameters	r=0 µm	r=0.1 µm	r=0.2 µm	
		β 2 (ps 2 /m)	-0.1982	-0.1701	-0.0577	
		β 3 (ps 3 /m)	4.433×10 -5	4.324×10 -5	2.473×10 -5	
		β 4 (ps 4 /m)	-9.317×10 -9	-8.442×10 -9	-3.577×10 -9	
		γ (W -1 m -1 )	0.0522	0.0555	0.0602	
		Defective core radius r=0.2 µm		
		Parameters	d=1.4 µm	d=1.5 µm	d=1.6 µm	
		β 2 (ps 2 /m)	-0.0371	-0.0482	-0.05772	
		β 3 (ps 3 /m)	9.871×10 -6	1.807×10 -5	2.473×10 -5	
		β 4 (ps 4 /m)	-8.166×10 -9	-5.017×10 -9	-3.577×10 -9	
		γ (W -1 m -1 )	0.0479	0.0535	0.0602	
			Air hole diameter d=1.2µm		
	Parameters	r=0 µm	r=0.05 µm	r=0.1 µm	r=0.15 µm	r=0.2 µm
	β 2 (ps 2 /m)	-0.1172	-0.1079	-0.08681	-0.0542	-0.0029
	β 3 (ps 3 /m)	1.5228×10 -5	1.305×10 -5	1.045×10 -5	7.6711×10 -6	4.3736×10 -6
	β 4 (ps 4 /m)	-1.061×10 -9	-1.803×10 -9	-2.442×10 -9	-2.933×10 -9	-3.319×10 -9
	γ (W -1 m -1 )	0.0345	0.0351	0.0363	0.0375	0.0383
	V PCF	2.681	2.631	2.5064	2.337	2.122

Table 2 :

 2 Variation of fiber parameters for different size of defect in DCPCF with d=1.2µm.

	∂U ∂z	+	4 n=2

Table 3 :

 3 Characteristics of Raman soliton self-frequency shift for DCPCF with d=1.2µm for different defect radius.

	Characteristics of Raman self-frequency shift	
	Parameters	r=0 µm	r=0.05 µm	r=0.1 µm	r=0.15 µm
	Shift (ps)	2.761	3.233	5.188	6.035
	Width (fs)	71.72	68.67	56.46	47.30
	Intensity (a.u)	2.01	2.059	2.229	2.302
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