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Laser Field Distribution in Photonic Crystal Fiber With Triple Zero Dispersion ...

The aim of this work is to study the properties of the photonic crystal
fibers (PCFs) and the laser field distribution at the zero dispersion
wavelengths (ZDWs).

Three PCFs are proposed, all the PCFs have one missing hole and one
ring of holes around the core (6 holes). For PCF1, the hole diameter
d=4.0pm and the pitch size A=2.0um. In PCF2 a 8.1% reduction in both d
and A. While 8.8% reduction in d & A for the PCF3 in order to keep the air
filling fraction (AFF) (d/A =0.2) constant for structures which are operating
in single mode regime.

The real and the imaginary parts of the effective refractive index,
confinement loss, dispersion profile, dispersion slope, group velocity
dispersion B, and cubic dispersion B3 all are investigated.

The results show that the proposed structures gives dispersion profile
with triple zero dispersion wavelength, and the reduction in d and A changes
the positions of the triple ZDWs.

The results of the laser field distribution in the PCFs show that all the
structures are working in the single mode, while for the PCF3, the field are
slightly extended toward the clad region at longer wavelength.

Introduction

Recently, rapid progress has been made in photonic crystal fibers
PCFs. There are two basic types of photonic crystal fibers, namely, hollow
core photonic crystal fiber HC-PCFs and solid core photonic crystal fiber
SC- PCFs. Generally in PCFs, six air holes are arranged on the first ring in
hexagonal symmetry which is known as the hexagonal PCFs (H-PCFs)[1,2].
The cladding structure is formed by a periodic hexagonal pattern of air-holes
around the central core. The air-holes lower the effective refractive index of
the cladding. Hence, light is guided within the PCF Dby total internal
reflection TIR, this type is also called an index guiding PCF. While for HC-
PCFs, because its core index (air) is lower than the effective index of the
cladding (periodic array of air holes), guidance via TIR is impossible, so the
only possible guidance mechanism is photonic band gap (PBG) effect [2].
By this effect the light is guided in a low index region.

PCFs have some unique properties that cannot be achieved from
conventional step index fiber SIF such as endlessly single mode, flattened
dispersion [3], dispersion profile with one zero dispersion wavelengths [4,5]
or double ZDWs [6].

The properties mentioned above can be controlled either by
manipulating the main parameters of the PCFs, such as hole diameter d, inter
hole spacing (or pitch size) A, number of hole rings Nr and number of
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missing holes MNr (which are illustrated in Fig.1), or by varying only the
doping concentration of the silica rods (instead of air rod). The doping
technique used by Gowre et al [7] shifted the ZDW to low loss window. On
the other hand, multiple ZDWs is obtained by Agrawal et al [8] when the
holes arranged in spiral manner in the cladding of the PCFs.

All these properties of the PCFs make them useful candidate for
dense wavelength division multiplexing DWDM, supercontinuum
generation SCG, and dispersion compensation application [9].

The research of PCFs have been subject of many groups; Knight et al
[10] Kuhlmy et al [11] Ferrando et al [12], and have modeled solid core PCF
by different numerical tools [9,11], empirical relations [13], or used CUDOS
MOF software [11] for determining the waveguide parameters for light
propagation in photonic crystal fiber.

In this paper CUDOS software based on Multipole method is used for
controlling the dispersion profile, and obtaining triple ZDWs with less
number of control parameters. The manipulation will be only with the hole
diameter d and inter hole space A while the number of the missing hole,
number of air hole rings and air filling fraction AFF of the proposed
structures all are kept constant.

Fig. 1: Schematic drawing of a PCF, represents air hole diameter d
and the inter hole spacing A, Nr = 3, MNr=1

2. Descriptions of The PCFs Geometry and Used Software

The structures consisting of a pure silica with refractive index
1.4632264867 at A = 0.5um are considered. For The PCF1 the air holes of
diameter (d= 0.4 pm) are arranged on a hexagonal form with inter hole
spacing (A=2.0um ). In the center of all the proposed structures are one air
hole is missed (MNr=1) creating a central high index defect serving as the
core of the fiber. The number of the hole rings is (Nr=1) the first air holes
ring around the core is consist of 6 holes, means the number of the air holes
in this structure is (NH=6) only. For PCF2 and PCF3 same values of MNr,
Nr, NH, and AFF as in PCF1 but d and 4 are reduced 8.1% for PCF2 (i.e
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d= 0.367 um and A= 1.838 um) and 8.8% for PCF3 (i.e d= 0.334 pum and
A=1.676 pm)

Accordingly, the core radius R, of the PCFs mentioned above are not
the same and calculated by the following relation:
Re=NrxA-d/21

The schematic illustration of the proposed PCFs structure is shown in
Fig.2. Depending on the dimension of the proposed structures, Air Filling
Fraction AFF = (z/2¥3) (d/A)? [14] for the triangular lattice PCFs or the
relative air hole size is d/4 < 0.4 for the proposed PCFs, that means the
parameters of the structures, at the beginning, are located in endlessly single
mode region as shown in Fig .3.

To calculate the real part of the effective refractive index R(n.¢) and
the imaginary part of the effective refractive index Im(ng ) the software
CUDOS is used [15]. The CUDOS (Center for Ultra Bandwidth Devices for
Optics Systems) program is an implementation of the multipole method
which is written by Kuhlmey[16]. The precision of the calculated mode
indices have been found by an amount 1x10™ for the real part and for an
imaginary part of the index is found by 1x10 *° [16]. The properties of the
PCFs presented in this paper are calculated by programs written by the
author of this paper.

Fig.2. Schematic illustration of the cross section of the proposed structures with core
radius R; = Nr x A - d/2, The top three structures show the geometric
parameters of the structures. The bottom three structures show the calculated
core area of the structures.
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3. Some Concepts and Theoretical Relations Used in This Study
3.1 Material Dispersion
Material dispersion occurs in optical fiber because the refractive index
n()) of silica is a function of the wavelength A[18]. The origin of material
dispersion is related to the characteristic resonance frequencies at which the
medium absorbs the electromagnetic radiation through oscillations of bound
electrons. The refractive index dependence on wavelength is approximated
by Sellmeier equation[19]:
= A; A3
()= 1+=1 © M
where Aju12,3 and i 2,3 are coefficients related to material oscillator strength
and oscillator wavelengths respectively. The values of these coefficients, for
bulk silica, are obtained empirically by Sellmeier equation, and these values
are [19]:
A;=0.9691663, A, = 0.4079426, and A3 =0.8974794
21=0.0680430, 1,=0.1162414, and /3= 9.8961610

2

3.2 Quadratic Dispersion B, and Cubic Dispersion f3

The effects of fiber dispersion can be understood by expanding the
mode propagation constant B(w) in a Taylor series about the frequency wy at
which the pulse spectrum is centered [20,21]:

P(w) = P(wo) + (w- wo) p1 +(%) (- wo)? P +(%) (@- wo)® Bat .. ... 3

Where S, = (iﬁ), m=0, 1, 2,
ow
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p2 . is a parameter which is called quadratic dispersion or group velocity
dispersion GVD, and it is responsible for pulse broadening and is expressed
in unit of (ps® /km). A, in terms of the effective refractive index can be given
by the following relation [21]:
1( dan+_ d:an)

fa=—-12 i
c dw diw?

4

The dispersion parameter D(ps/km/nm) is used to describe the total
dispersion of a single mode fiber and is related with the second derivative of
the (nes ) with respect to the wavelength and the quadratic dispersion B, as

the following equations:

D{/'I} .-;'ﬂ' HE_."_."
T ¢ das 5

27C
D(4) = —7,32 6

The value of the group velocity dispersion B, is either positive or
negative. Which means in the normal dispersion region (p,>0), longer
wavelength pulse travels faster, while in the anomalous dispersion region (j,
<0), shorter wavelength pulse travels faster [20,21].

In many materials, a frequency exists at which the quadratic
dispersion 3, become zero, the corresponding wavelength (known as Azp) is
the wavelength at which the dispersion D(4) is zero. Under this condition
cubic dispersion Bs (ps*/km) will be important and can be expressed in terms
of the dispersion D(A) and its first derivative which is known as dispersion
slope dD(})/dA (ps /nm?/km) as the following [20]:

A2 c . AGD
s =gz (P2 +§ﬁ)’

7

It is worth to say that the dispersion slope dD(4)/dA is used as a
measure of the flatness of the dispersion profile and can be calculated by the
following expression [20].

dD -1 dzneff dgneff
—_— = + A
di ¢ | dA? dA®

4. Results and Discussions

The relation between the real part of effective refractive index R(nesr)
which is obtained from CUDOS MOF software for the proposed PCFs and
the refractive index for silica, which is obtained from Sellmeier equation
Eq.(2), both are plotted aginst wavelength are illustrated in Fig.(4).
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It is evident from the figure that there is a significant difference in the
real part of the effective refractive index for the structures, such difference
due to the change in the hole diameter and pitch size. The figure shows that
the reduction in both the hole diameter d and the pitch size A4 cause a
reduction in the effective refractive index for PCF2 and PCF3 in all the
considered wavelength range. On the other hand the reduction in both d & A
cause also more increase in the difference between the refractive index of
the silica and the refractive index of the PCF3 for the fundamental mode
comparing to the refractive index of both PCF2 and PCF1 respectively.

Fig.4 shows also that the real part of the effective refractive index at
shorter wavelength is approaching the core refractive index, while for long
wavelength is significantly below the core refractive index for the structures
under study.

Fig.5 shows the relation between the imaginary part of the refractive
index Im(ne ) of the proposed structures as a function of wavelength. We
found, for all the PCFs, the imaginary part of the refractive index is
increased exponentially with increasing the wavelength. On other hand
PCF1 of A=2.0um and d=0.4um has lower imaginary part, in all the
considered wavelength range, comparing with PCF2 &PCF3.

As known, confinement loss is a form of losses that occurs in single
mode fiber. The properties of the fiber are determined by the geometry of
the structures, this structure affects the value of the Im(nes). Figure 5 shows
the Im(ngs), which is obtained from for different structures, we can say that
the value of Im(nes ) gives a good indication for the level of confinement
losses (dB/m) by using the following equation [11].

40w
—_ ANk
ct In10 Alum :.‘rm{nr'ff Jx10 9

By using Eq.(9) and according to Fig.5 the results of CL in unit of
dB/m are reported in Table (1). When d & A are reduced 8.1% and 8.8% for
PCF2 & PCF3 respectively, means the core radius of the proposed fiber is
reduced also. The reduction in both d & A cause an increase in the light
leakage to the clad, that means an increase in the confinement losses for
PCF2 & PCF3 along the scale of the wavelength under study. This result
agrees well with published work [13,14]. The calculated confinement loss
for the proposed PCFs are: with d/4=0.2 the CL changes from 18x10° dB/m
(‘at 1.55um) for PCF1 to 24 x 10° dB/m for PCF2 and to 33x10° dB/m for
PCF3 at the same window. CL for the proposed PCFs are listed in Table (1).
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5. Dispersion D(A) of The Triple ZDWs

The dispersion as a function of wavelength is plotted in Fig.6 using
Eq. (5). In Fig.6 A, B and C the dispersion profile is for the structures of
same AFF (i.e d/A = 0.2) but the hole diameter d and the pitch size A4 of
PCF2 are reduced 8.1% of PCFland for PCF3 8.8% of PCF2, as shown in
Fig B and C respectively. The results show that for a fixed AFF there are an
optimum values of d and A for achieving triple ZDWs. Otherwise single or
double ZDW may exist. Table (1) shows the parameters of the triple ZDWs
PCFs under study, such parameters are triple ZDWSs, ZDWs separation,
dispersion parameter, dispersion slope at communication windows and cubic
dispersion. This table shows (according to Fig.(6)) ZDW3 at range (1.7um —
1.9um) is red shifted toward the longer wavelength with reduction of the d
and A4 , ZDW1 is also red shifted at range (1.07um-1.15um) of wavelength.
While ZDW?2 is (blue shifted). On the other hand the first two ZDWs
separation are reduced and the closest ZDWs are 200nm for PCF3.While the
second two ZDWs separation are increased and the maximum separation are
510nm again for PCF3. Furthermore, the table shows also the proposal
structures have negative dispersion ~100ps/nm/km at window 0.8um, (the
wave length of laser emission of Ti-Za laser) which is important for Dense
WDM and dispersion compensation application [22] as mentioned by Saitoh
et al (2006). Table (1) shows also that the dispersion slope of triple ZDW
PCF can be changed by reduction of d and 4. The dispersion slope of PCF1
& PCF2 at the windows 1.3pm &1.55um are 0.07 ~ 0.1ps/nm? /km (where
the typical value is 0.091ps/nm? /km for the traditional fiber[20]).

The effect of cubic dispersion (when the quadratic dispersion is zero)
is important, so that the large value of 3 make the propagated pulse
asymmetric. If the PCFs has negative B3 the oscillation occur on the pulse
leading edge, while for positive B3, the oscillation occur on the pulse tail.
The values of Bz are listed in Table (1) for the PCFs under study.

6. Laser Field Distribution of The Fundamental Mode in PCFs With
Triple ZDWs

The laser field distribution of the guided mode in Triple ZDW PCF is
shown in Fig.7. The field distribution is illustrated at three communication
wavelengths 0.8 um, 1.3 pum and 1.55 um. It is clear that the light can be
guided in the core with small different profiles depends mainly on the fiber
structure and the communication windows.

For PCF1 of d/A= 0.2, we can see the strong confinement of the laser
light in the core of PCF1. The field avoids the holes at Ti-Za laser of 0.8um
compared with the same structure but at longer wavelength 1.55um, i.e the
field is slightly extended toward the first ring due to the confinement loss.
Furthermore, Fig.7 shows also that the field distribution in proposed
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structures of PCF with triple ZDWs is similar to the fundamental guided
mode [23], which means the triple ZDWs PCF is still operated in single
mode regime.
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Table (1): The parameters of triple zero dispersion wavelength photonic

crystal fiber
Parameters Photonic Crystal Fiber with
Triple ZDWs
PCF1 |PCF2 |PCF3
ZDW1(um) 1.08 1.09 1.14
ZDW2(um) 1.50 1.42 1.34
ZDW3(nm) 1.72 1.78 1.85
ZDWs Separation
(nm)
ZDW1-ZDW2 420 330 200
ZDW2-ZDW3 220 360 510
D(ps/nm/km)
@: 0.80pum -105.47 | -104.23 | -103.90
1.3um +017.05 | +010.42 | -000.47
1.55um -005.34 | -012.29 | -028.11
dp(r)/dA
(ps/inm? /km)
@: 0.80pum +0.516 +0.515 +0.496
1.3um -0.075 -0.100 -0.124
1.55um -0.086 -0.110 -0.140
B’ (ps’ /km)
@: ZDW1 +0.089 +0.023 +0.052
ZDW?2 +0.142 -0.150 -0.860
ZDW3 +0.390 +0.850 +0.990
B’ (ps’/km)
@: 0.80pum -30.39 -30.06 -29.16
1.3um +23.58 +14.37 -00.76
1.55um -02.95 -25.97 -59.29
Confinement loss
X10° dB/m 06.0 06.8 10.0
@: 0.80pum 12.0 16.0 25.0
1.3um 17.0 24.0 33.0
1.55um

Conclusions

To summarize this paper, we have reported results for controlling the
dispersion profile of triple ZDWs PCFs. The results show that the position
of the ZDWs are sensitive to the micro tuning of d and A. Our proposed
PCFs are significantly simpler (from the design point of view) in comparison
to other structures which have multi ZDWs, because these structures contain
less number of design parameter. On the other hand triple ZDWs are the
wavelengths at which PCFs has its maximum information carrying capacity,
and suitable for application as WDM.
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Fig.7 Laser field distribution of the fundamental mode at communication
wavelengths 0.8, 1.3 & 1.55um.
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