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Abstract

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.

1. Introduction

An elegant control of fiber parameters through robust engi-
neering techniques made the photonic crystal fiber (PCF) as
the medium of choice for a wide range of applications [1, 2,
3,4, 5, 6]. 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 ma-
terials [6, 7, 8, 9, 10, 11]. 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 differ-
ent 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 [6, 7, 8, 9, 10, 11].
Unlike conventional step-index fibers, PCFs are made by us-
ing 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 nonlin-
earity coefficients, etc. Further enhancement in fiber proper-
ties 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 [12, 13, 14, 15, 33], and the ref-
erences 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) [17, 18, 19, 20]. In this
model, a sub-wavelength defect at the center of the core region
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reduces the effective area of the fiber and thereby enhances the
nonlinearity of the fiber. Such fibers can be used for applica-
tions requiring high nonlinearity like supercontinuum genera-
tion (SCG).

As a potential alternate to white-light laser, PCF based
SCG became an active area of research in optical technolo-
gies [1, 2, 3, 4, 21, 22, 23, 24, 25]. It also finds applications
in generation of ultra-short pulses, frequency metrology, op-
tical coherence tomography (OCT) systems etc [26, 27, 28].
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 experimen-
tally [29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42].
The process governing the SCG can be triggered by two mech-
anisms namely modulation instability and soliton fission[1, 2,
3,4, 21, 22, 23, 24, 25, 29, 30, 31, 32, 33, 30, 43, 44, 45].
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) [46]. 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 [47]. Another method to enhance the
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Figure 1: (Color online) (a) Longitudinal and (b) cross sectional view of the defective core PCF

spectral width is through non-silica technology by infiltrating
nonlinear liquids such as carbon tetrachloride, carbon disul-
phide etc. in the fiber core regime [48, 49, 50, 51]. 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 intro-
duction, Sec. 2 describes the design of the proposed DCPCF
and the calculation of fiber parameters. Sec. 3 explains theoret-
ical 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.

2. 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 micro-
structure lattice. Hence designing fiber for specialized applica-
tion is a very crucial part in PCF enabled photonic technolo-
gies. Besides, the fiber parameters like dispersion and nonlin-
earity 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 control-
ling 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 A=1.8um
with different air hole diameters and defective core radius are
considered as shown in Fig. (1). 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 [52]. The effective refractive index has been calculated
through mode analysis by using the linear refractive index of
silica as follows [53],

__(0.788404+23.5835x10-°T)x 2
Msilica = J2-0.0110199+0.584758x10-o77 + 1-31552 + 6090754

x 1077 + ((0.91316 + 0.548368 X 107°T") x 4%)/ 1> — 100. (1)

The dispersion and nonlinearity coefficient corresponding to
each fiber are evaluated by using the expression,

Ad’n,
D =--— @
_ 2rtny
Y=7 Aor, (€)]
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eff = —FT————. )
fflEI“dxdy

where y stands for nonlinearity coefficient, n.ss represents
the effective refractive index, A is the wavelength, A,sy is the
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Figure 2: (Color online) Variation of dispersion with wavelength for (a) different air hole diameter at r=0.2um (b) and defect radius
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Figure 3: (Color online) Variation of dispersion and nonlinearity coefficient with (a) different air hole diameter at r=0.2um (b) and

defect radius at d=1.6um at A=1550 nm.

effective area and n, stands for nonlinear refractive index [53].

The dispersion variation with wavelength for all the proposed
PCF geometries are depicted in Fig. (2). 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 3, in units of ps>’/km. One can ob-
serve 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 indi-
cates the dependence of ZDW on the size of the air hole and
defect. At the operating wavelength A=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 A=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 psz/m (0.0522 W'm™) to -0.0577 psz/m
(0.0602 W~'m™") is recorded by incorporating a defective air
hole of radius 0.2 um. This particular property of enhanced



nonlinearity coefficient accompanied by minimum positive dis-
persion 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 (@) and con-
finement factor (in %) (I') of all different PCF geometries of
choice by using the following formulae [56, 55],

2
@= 8.6867ﬂlm(neff) dB/m (5)

J1 < EGey) > | dxdy
[T < E(x,y) > dxdy

The variation of confinement loss and confinement factor are
depicted in Fig. (4). From the confinement factor and loss anal-
ysis, we can observe that the field is better confined in the core
regime for increased air hole diameter values for a fixed defec-
tive air hole radius. This is due to the decrease in the effec-
tive index of cladding with an increase in the air-filling frac-
tion. Due to this high confinement for large d values, the leak-
age 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 [57],

(©)
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Where ngp (1) and ngpgpy(A) are the effective index of the
fundamental mode and fundamental space filling mode. The
threshold for the single mode operation is given by Vpcp=n.
This has been theoretically formulated by M. D. Nielsen et. al.
and later verified experimentally [58]. The Vpcp parameters
of the designed PCFs with different d and r values is shown
in Fig. (5). It can be noticed that Vpcp is increasing with air
hole diameter whereas it goes down while increasing the de-
fective 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 op-
eration 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=1.2um and r=0.2um as the best candidate
which gives Vpcp=2.122 and thus ensures a single mode op-
eration at 4, =1550 nm. The dispersion and nonlinearity coef-
ficients variation of PCF designed under this parametric condi-
tion are tabulated in Tab II.

3. Supercontinuum generation

The equation governing the propagation of an ultrashort
optical pulse in PCF is given by the generalized nonlinear
Schrodinger equation (GNLSE) of the form as follows [1, 2]
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Figure 4: (Color online) Confinement loss and confinement
factor variation of DCPCFs with different air hole diameter at
r=0.2um considered.
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Figure 5: (Color online) Vpcr parameter variation of DCPCFs
having different d and r values.



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

Air hole diameter d=1.6um

Parameters r=0 yum r=0.1 yum r=0.2 um
Bo (ps®/m) -0.1982 -0.1701 -0.0577
Bs (ps° /m) 4.433x107° 4.324x107° 2.473x107°
Ba (ps*/m) -9.317x107° -8.442x107° -3.577x107°
y (W=TmT) 0.0522 0.0555 0.0602

Defective core radius r=0.2 ym

Parameters d=1.4 ym d=1.5 ym d=1.6 ym
Ba (ps®/m) -0.0371 -0.0482 -0.05772
B3 (ps’/m) 9.871x107° 1.807x107° 2.473%x107°
Ba (ps*/m) -8.166x1077 -5.017x107° -3.577x107°
y (W-Tm=h 0.0479 0.0535 0.0602

Air hole diameter d=1.2um
Parameters r=0 ym r=0.05 ym r=0.1 yum r=0.15 ym r=0.2 yum
Bo (ps?/m) -0.1172 -0.1079 -0.08681 -0.0542 -0.0029
B3 (ps’/m) 1.5228x107> 1.305x107° 1.045x107 7.6711x107° | 4.3736x107°
Ba (ps*/m) -1.061x107° -1.803x107° 2.442x107° -2.933x107° -3.319x107°
y (W Tm™T) 0.0345 0.0351 0.0363 0.0375 0.0383
Vecr 2.681 2.631 2.5064 2.337 2.122

Table 2: Variation of fiber parameters for different size of defect in DCPCF with d=1.2um.
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where U(z, t) represents the electric field amplitude, z and ¢ are
the longitudinal coordinate and time in the moving reference
frame, respectively. The dispersion coefficient g, attributes to
the Taylor expansion of the propagation constant around the
center frequency wy and n being the order of dispersion. y and
a 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 as-
sociated with the optical shock formation. The typical charac-
teristic timescale of the shock is given by tgocxr = 1/wp. R(2) is
the response function which takes into account both the instan-
taneous electronic response and the delayed Raman response.
The functional form of R(¢) can be written as [59, 60, 61, 62, 63]

R(1) = (1 = fr)é(1) + frhg(D) C))

where hy is the retarded response function and fz amounts to
fractional contribution to the delayed Raman response. 4(¢) is
the Dirac delta function. The functional form of the retarded

function () can be given as

‘1'%-}-7% ot .
hg = S-sin| —|e ™ (0163) (10)
TIT, T1

with fz=0.18, 7; = 0.012 ps, and 7, = 0.032 ps [59, 60, 61, 62,
63]. O(7) is the heavyside step function.

To investigate the propagation dynamics and SCG, we numer-
ically solved Eq. (8) using split-step Fourier method (SSFM)
with the input profile of the form U(0, t) = Nsech(t/7y), where
N is the soliton order determined by the system parameters that
includes both the pulse as well as the fiber parameters [2, 59].
Numerical simulations are carried out using a 0.1 ps duration
soliton-like pulse with a peak power of 1 kW at pump wave-
length 4,=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 im-
portant 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 ob-
vious from the subsequent discussion. To highlight the effect of
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Figure 6: (Color online) Spectral and temporal evolution of
in PCF with and without defect. Top panel is PCF d=1.2um,
r=0um, while bottom panel corresponds to DCPCF with
d=1.2um, r=0.2um.

a defect in the SCG, we show in the Fig. (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 ini-
tial stage of propagation is governed by a symmetrical spec-
tral 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 expe-
riences a continuous shift due to soliton self-frequency resulting

from Raman scattering [64, 65, 66]. 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 DCPCEF, the corresponding spectral evolution sig-
nificantly differs from the case of fiber without defect as it is
shown in Fig. (6). In both cases, an obvious continuous red-
shift of the long wavelength components is apparent, confirm-
ing 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 disper-
sion regime can be noticed, which is identified as the disper-
sive wave generation (DWG). The higher-order dispersion ac-
counts for the DWG, whose position is determined by the phase
matching condition. It is apparent from the Fig. (6) the band-
width 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.

4. 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 ym. It is obvious that
an increase in the defect size invariably broadens the spectrum
as shown in Fig. (7). 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 (Lp) and nonlinear length (Ly;) is ap-
parent N = +/Lp/Ly., one can straightforwardly understand
that the incorporation of defect naturally tends to increase the
soliton order. As the soliton order and fission length are con-
nected through the dispersion length given by Ls;; = Lp/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 depend-
ing on the size of the defect. As the soliton order depends on
both the pulse and fiber parameters, when the size of the de-
fect 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 or-
der and thereby assist the spectral broadening.

It should be noted that the short wavelength edge of the spec-
trum 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 self-
frequency shift. Temporal evolution perhaps gives a clear signa-
ture of the soliton fission and the evolution of the ejected lower
amplitude soliton pulses. Fig. (7) 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
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the bottom panel is the density plot representation of the spectral evolution as a function of distance.
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Characteristics of Raman self-frequency shift
Parameters r=0pm | r=0.05um | r=0.1ym | r=0.15ym
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

Table 3: Characteristics of Raman soliton self-frequency shift for DCPCF with d=1.2um for different defect radius.
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Figure 9: (Color online) Time domain representation of output
intensity after a propagation of 1m in DCPCEF for different size
of defect.
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Figure 10: (Color online) Expanded view of the Raman soliton
corresponding to different defect size.

50 I
—_—r=
—r=0.05
40 ——r=0.10[]
3 r=0.15
830 —r=0.20
>
‘®
S 20 -
£
10 =
0 | |
1.5 2 2.5

Wavelength (zm)

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

careful examination of the temporal evolution of Raman soli-
ton as shown in Fig. (8). 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 under-
going 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 re-
duced 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 bet-
ter insight, we show in Fig. (9), the recorded temporal intensity
profile at the output of 1 m length of DCPCF for some rep-
resentative values of defect size. It is straightforward to notice
from Fig. (9), the downshift of the Raman soliton increases with
increase in the size of the defect (refer Tab.III). This preponder-
ance 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. (9).

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. (10). 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? 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 Ra-
man gain (refer Fig. 7 and corresponding time-domain repre-
sentation in Fig. 8). For a comprehensive picture, we show in
Fig. (11), 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=0.2um (refer Fig. 11).

5. Conclusion

In summary, we demonstrate a broadband continuum in a
photonic crystal fiber with a sub-wavelength defect. The incor-
poration 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 charac-
teristics was highlighted. To ensure single mode operation, we
also evaluated the Vpcp of the designed fibers, which implies
that Vpcp 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 ex-
plained the impact of defect size and highlighted the key role of
the Raman soliton self-frequency shift in the spectral broaden-
ing process. An octave-spanning continuum has been demon-
strated in 1 m of defective core PCF with an air hole diam-
eter of d=1.2um and defect size of r=0.2um. To conclude,
we successfully explained a new means to enhance the PCF
based broadband supercontinuum sources, which could poten-
tially find practical applications in the ever-growing photonic
technologies.
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