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Abstract Our recent research on designing microstruc-
tured fiber with novel dispersion properties is reported in
this paper. Two kinds of photonic crystal fibers (PCFs) are
introduced first. One is the highly nonlinear PCF with
broadband nearly zero flatten dispersion. With introducing
the germanium-doped (Ge-doped) core into highly non-
linear PCF and optimizing the diameters of the first two
inner rings of air holes, a new structure of highly non-
linear PCF was designed with the nonlinear coefficient
up to 47 W'-km™ at the wavelength 1.55 um and nearly
zero flattened dispersion of +0.5 ps/(km-nm) in telecom-
munication window (1460-1625nm). Another is the
highly negative PCF with a ring of fluorin-doped (F-
doped) rods to form its outer ring core while pure silica
rods to form its inner core. The peak dispersion —1064
ps/(km-nm) in 8 nm full width at half maximum (FWHM)
wavelength range and —365ps/(km-nm) in 20 nm
(FWHM) wavelength range can be reached by adjusting
the structure parameters. Then, our recent research on the
fabrication of PCFs is reported. Effects of draw parameters
such as drawing temperature, feed speed, and furnace
temperature on the geometry of the final photonic crystal
fiber are investigated.

Keywords photonic crystal fiber (PCF), nearly zero
flatten dispersion, high nonlinear, high negative dispersion,
fabrication technique

1 Introduction

Since the first working example was reported of so-called
“endlessly single mode photonic crystal fiber” in 1996 [1],
intensive researches have been promoted to develop
photonic crystal fiber (PCF). PCF exhibits many unusual
properties such as an endlessly single mode, highly tunable
dispersion, highly controllable mode effective areas for
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linear and nonlinear applications, and so on. Index-guiding
PCF, also called holey fiber or microstructured fiber, is
characterized by a periodic arrangement of air holes
around a central high index core along the entire length
of the fiber. Due to its special structure, PCFs offer more
flexibility than conventional fibers do in the design of
optical characteristics. Through changing the hole pitch A,
the relative hole diameter d/A in different rings and the
refractive index in the core, PCFs exhibit different
chromatic dispersion properties such as flatten dispersion,
large negative dispersion, nearly zero dispersion, and so on
[2-4].

Highly nonlinear fiber with flattened dispersion over a
wide wavelength range would be attractive candidates for
application in the future high-capacity all-optical networks
and development of highly nonlinear fiber based devices
such as wavelength converters, parametric amplifiers,
supercontinuum sources, and optical switches. It has
attracted considerable attention in recent years. In order
to get high nonlinearity and low confinement loss,
conventional highly nonlinear PCF is usually designed
with a small pitch of about 1 um and a large ratio d/A of
hole diameter to hole pitch. However, its chromatic
dispersion is not flattened [5]. Several new structures had
been proposed to improve its chromatic dispersion
properties and to achieve nearly zero ultraflattened
chromatic dispersion properties in telecommunication
window wavelength range. However, this structure has
the same diameter air holes in a regular triangular lattice [6]
and small d/A that more than 20 rings of air holes are
required in the cladding region to realize the nearly zero
ultraflattened dispersion properties and significantly
reduce the confinement loss. This increases the complexity
of fabrication. Although a few new structure designs else
were proposed with different air-hole diameters for each
ring [7-9], the structure design of simple highly nonlinear
PCF with nearly zero flattened chromatic dispersion
properties and low confinement losses is still an ongoing
challenge.

Dispersion compensation fiber (DCF) is one of the best



Shuqin LOU et al. Photonic crystal fiber with novel dispersion properties 171

approaches to minimize the penalty of chromatic disper-
sion in the high-speed communication system. However,
because of the limitation of doped concentration, it cannot
realize the very large dispersion value in the commercial
DCF, whose typical dispersion value is about —100-
—300 ps/(km-nm). To minimize losses and nonlinearity,
DCFs should be as short as possible, and thus, the
magnitude of negative dispersion should be as large as
possible. PCF can realize larger refractive index modula-
tion than the conventional DCF. In 2004, Gérome et al.
originally used the PCF technique to realize the equivalent
dual-concentric-core structure that has been usually used in
commercial DCFs [4]. Very high negative chromatic
dispersion (—2200 ps/(km-nm)) is obtained. Subse-
quently, the dual-core PCFs with very large negative
dispersion have been studied comprehensively. The most
widely used method is to adopt some smaller air holes to
form its outer ring core and realize the dual core
asymmetry structure based on pure silica. This structure
can exhibit very high negative chromatic dispersion, but
some submicron air holes has been used and leads to high
fabricating difficulties in controlling the dimension of the
holes accurately. Recently, a new scheme was proposed
and experimentally demonstrated by Yang et al. [10]. The
structure consists of a germanium-doped (Ge-doped) inner
core and pure silica outer core that eliminates the smaller
holes. A peak dispersion of —666.2 ps/(km-nm) and mode
field area of 40 um? were experimentally observed.
Though this scheme is technically feasible and relatively
easy to realize, there are several drawbacks. One major
concern is that the traditional metal chemical vapor
deposition (MCVD) process inevitably brings additional
loss to the inner core when making the Ge-doped inner
core perform. Whereas considering the dispersion slope of
this kind of dual-core photonic crystal fiber (DCPCF), the
operation wavelength always lies in the left side of the
phase matching wavelength (PMW), within which region
the mode field of supermode is concentrated in the inner
core. Thus inner core loss is the dominant power cost and
should be reduced as possible as we can. Therefore, a
better scheme is needed, which can eliminate the above
problem.

PCFs are usually drawn from a macroscopic preform
typically a few centimeters to 125 um in diameter with a
conventional fiber-drawing tower. The general form of
holes deformation is some air holes partially collapsing
during the drawing process of PCF, and then, a
discrepancy between experiment and theory exists as the
practical structure distorts from the ideal structure. There-
fore, the investigation on the fabrication process is very
important for ensuring the dispersion properties of the
practical PCF.

In this paper, we report our recent research on designing
microstructured fiber with novel dispersion properties.
In one hand, two kinds of novel PCFs, which are the
highly nonlinear PCF with broadband nearly zero flatten

dispersion, and the highly negative PCF are proposed. On
the other hand, effects of draw parameters such as drawing
temperature and feed speed on the geometry of the final
PCF are investigated.

2 Highly nonlinear PCF with broadband
nearly zero flatten dispersion

2.1 Structure of highly nonlinear PCF with broadband
nearly zero flatten dispersion

The novel structure of highly nonlinear PCF with broad-
band nearly zero flatten dispersion is shown in Fig. 1. The
transverse section of the PCF proposed consists of a
hexagonal lattice of air holes in pure silica and a Ge-doped
core located at the center of the lattice. The number of rings
of air holes is assumed to be seven. The air-hole diameter
in the first and second inner rings and the other rings are
denoted by d, d», and d, respectively. The diameter of Ge-
doped core is selected as the same with the air-hole pitch A.
Since small air-hole pitch is necessary for highly nonlinear
fiber, a fixed hole pitch A= 1 pum is chosen in view of the
possibility of fabrication process. The Ge-doped concen-
tration of the core is signed by C.
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Fig. 1 Cross section of seven-ring triangular PCF considered

2.2 Effect of structure parameters on dispersion properties
of highly nonlinear PCF

To make the fabrication process easy to control, we focus
on discussing the effect of the first two inner rings of air
hole and the doping concentration C of the core on the
dispersion properties. Generally, the total dispersion
coefficient D should be expressed as the sum of the
waveguide dispersion Dy, and the material dispersion
Dy,,. Material dispersion Dy, can be calculated by applying
the Sellmeier law. Starting from the knowledge of the
effective refractive index n.g versus the wavelength A
obtained by the plane wave expansion method, the
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waveguide dispersion Dy, is derived using simple finite
difference formulas, as shown below [11]:

A dzl’leff
DW<A) - c d Az H (1)
where c¢ is velocity of light in the vacuum.

First, let us discuss the effect of air hole’s diameter in the
first inner ring on dispersion properties of the highly
nonlinear PCF. Figure 2 shows the dispersion curves
calculated for wavelength range from 1460 to 1625 nm for
d,/A=0.9, d/A=0.9, and the doped concentration C=0,
i.e., pure silica core. The normalized air-hole diameter
d,/A varies from 0.4 to 0.9. With a decrease in d;/A from
0.9 to 0.4, the dispersion curve shift upwards, correspond-
ing to an increase in the dispersion and a decrease in the
dispersion slope in the wavelengths range from 1460 to
1625 nm, i.e., over the S, C, and L. wavelength band. The
shift is larger at longer wavelength than at shorter
wavelength. Notice the case for the PCF with d;/A= 0.4,
the dispersion and dispersion slope becomes positive. With
dy/A decreasing, the dispersion slope varies from large
negative value to positive value. This means that the
diameter of air holes in the first inner ring have a strong
influence on the dispersion properties of the highly
nonlinear PCF. It is clearly seen that the dispersion
becomes wavelength flattened at d;/A=0.42.
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Fig. 2 Dispersion of PCF with d,/A=d/A=0.9 and A=1 pm at
different d;/A

Then, let us discussed the effect of the air hole’s
diameter in the second inner ring on dispersion behavior of
the highly nonlinear PCF with d>,/A=0.9, 0.87, 0.86, 0.85,
and 0.8, respectively, for a fixed d1/A=0.42 and A=1 pm
in Fig. 3. As d»/A decrease from 0.9 to 0.86, the dispersion
slope decreases, and the dispersion curve becomes more
flat. As d>/A decreases continuously from 0.86 to 0.8, the
dispersion slope increases slightly. As d;/A=0.42 and
d»/A=0.86, the dispersion curve becomes more flattened
although the dispersion level is still not nearly zero.
Although d»/A also dominantly influences on the level of
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Fig. 3 Dispersion of PCF with d\/A=0.42, d/A=0.9, and A=
1 um at different dp/A

dispersion and dispersion slope, the variation of dispersion
is smaller than in that case of changing d,/A. This means
that the chromatic dispersion properties are not affected
significantly by the outer rings. Therefore, we choose a
larger value of d/A=0.9 for the outer ring in order to make
good field confinement in the proposed structure.

Finally, let us discuss the effect of the Ge-doped
concentration in the core on dispersion properties of the
highly nonlinear PCF. When the core is doped with Ge
instead of pure silica, the refractive index of doped core is
calculated from doping concentration, and the dispersion
of Ge-doped silica are taken into account by using the
Sellmeier’s formula [12]. According to Ref. [13], the core
with suitable Ge-doped concentration is able to adjust
slightly the dispersion curve. Furthermore, it can moder-
ately increase the nonlinear index and thereby increase the
nonlinear coefficient. The effect of the Ge-doped concen-
tration C of the core on the dispersion curve is shown in
Fig. 4 of the proposed highly nonlinear PCF with d;/A=
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Fig. 4 Dispersion curves with various Ge doping concentration
C from 10 mol% to 14 mol% for highly nonlinear microstructured
fiber with A =1 pum, d/A=0.42, d>/A=0.86, and d/A=0.9



Shuqin LOU et al. Photonic crystal fiber with novel dispersion properties 173

0.42, d,/A=0.86, d/A=0.9, and A=1 um. An increase in
the Ge-doped concentration C of the core causes the
dispersion curves shift downward, corresponding to a
decrease in dispersion. The reduction is more at longer
wavelength than at shorter wavelength. As the doping
concentration C increases to 12 mol%, the dispersion
curves start to slightly shift upward at the short wavelength
of 1.46 um. With a further increase in the doping
concentration C up to 14 mol%, a nearly zero flattened
dispersion curve can be achieved, and the fluctuation
in the amplitude of dispersion is found to be less than
£0.5 ps/(km-nm) within the telecommunication wave-
length window wavelength range from 1460 to 1625 nm.

2.3 Nonlinearity of highly nonlinear PCF proposed

Nonlinear coefficient is an important parameter for highly
nonlinear fiber and defined by [14]

_ 2n ny
A Aeff

y (@)
for fiber, where 7, is the fiber nonlinear refractive index,
and 4. is the effective mode area.

It is clearly seen from Eq. (2) that nonlinear coefficient is
determined by two factors. The first one is the nonlinear
refractive index n,, which depends on the fiber material.
For the Ge-doped silica, the nonlinear refractive index n,
can be calculated by empirical relationships:
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where vp=(np— 1)/(ng—nc), and ng, np, and nc denote the
refractive index at 0.48613, 0.58756, and 0.65627 um,
respectively [15]. The second factor is the effective mode
area A.gr , which can be calculated with

(I |E|2dxdy)2

Aeff = W . (4)

Figure 5 shows the effective mode area and the nonlinear
coefficient as function of the wavelength for the proposed
highly nonlinear PCF with pure silica core and Ge-doped
core, respectively, where d,/A=0.42, d,/A=0.86, d/A=
0.9, A=1 um, and C= 14 mol%. It is obviously shown in
Fig. 5 that Ge-doped core in highly nonlinear PCF
efficiently decreases the effective mode area and thereby
increase the nonlinear coefficient. On the other hand, Ge-
doped core can moderately increase the nonlinear index
and thereby increase the nonlinear coefficient. Nonlinear
coefficient of 47 W'-km™' is obtained at the wavelength
1.55 pm for the highly nonlinear PCF with Ge-doped core,
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Fig. 5 Effective mode area (a) and nonlinear coefficient (b) of
highly nonlinear PCF with d\/A=0.42, d,/A=0.86, d/A=0.9,
A=1 um, and Ge-doped concentration C =14 mol%

whereas nonlinear coefficient only reaches a value of 34
W'-km™' for the same structure with pure silica core. As
Ge-doped core raises the refractive index of core, it makes
the field tight confinement, and thus, the effective mode
area decreases. This results in an improvement in the large
magnitude for its nonlinear coefficient. By considering
seven air-hole rings in the cross section of highly nonlinear
PCF, the leakage losses at 1.55 pm is under the Rayleigh
scattering limit and can be neglected [16].

3 Novel Structure of highly negative PCF
3.1 Structure of highly negative PCF

Novel structure of highly negative PCF proposed is shown
in Fig. 6. The cladding is formed by a triangular lattice of

air holes with a diameter of d and pitch of A. To form an

pure silica cladding

pure-silica central core

ring core with
F-doped rods

air holes

Fig. 6 Cross section of proposed structure of DCPCF adopting
18 F-rods to form its outer ring core



174 Front. Optoelectron. China 2009, 2(2): 170-177

outer ring core with lower index than that of inner core, the
air holes within the third ring are replaced by 18 fluorin-
doped (F-doped) rods. Moreover, we assume that these F-
doped rods have the same diameter as other air holes.

3.2 Dispersion of highly negative PCF proposed

First, a reference configuration is chosen in which the pitch
is A= 6 pum, the relative diameter of air holes, and F-doped
rods is d/A= 0.5, and relative index difference between the
F-doped rods (refractive index of ng) and pure silica
(refractive index of ngica) 18 Ang=(1g — Hgilica) Psitica =
—0.674%. The mode coupling process and the dispersion
curve versus the wavelength is shown in Fig. 7, in which
the brightness represents the mode field intensity in the
region with different radius (left y-axis) versus wavelength
(x-axis). The white curve shows dispersion parameter
(right y-axis) versus wavelength (x-axis). In this structure,
the radius of inner core is about 4.5 pm, while the inner and
outer radius of outer ring core is about 13.5 and 22.5 um,
respectively. The power of the mode is only concentrated
in the inner core when the wavelength is relative low, when
the wavelength approaches 1.55 pm, some power appears
in the outer ring core. When further increasing the
wavelength, the power is depressed in the inner core,
while it is gradually enhanced in the outer ring core, which
means that the mode field is coupling from the inner core
into the outer ring core. In addition, the phase-matching
wavelength (PMW) is just 1.55 pm. The peak dispersion of
— 1064 ps/(km-nm) is obtained at wavelength A=1.55 pum,
and the full width at half maximum (FWHM) is about
8 nm.
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Fig. 7 Mode coupling process and dispersion curve of proposed
DCPCF

Also, we can change the structure parameter such as hole
pitch, the relative hole diameter, and the doped concentra-
tion of F-doped rod to tailor the dispersion and the full
width at half maximum. For example, we change the
structural parameter d/A from 0.5 to 0.45 and Anp from
—0.673% to —0.83% while keeping the other parameters
unchanged. Decreasing d/A is intended for a wider

dispersion compensation bandwidth while it has the
side-effect of shifting the dispersion peak toward shorter
wavelength. Therefore, increasing the index difference is
used as a counteraction to guarantee the dispersion peak at
the expected wavelength. Its corresponding dispersion
curve is shown in Fig. 8 compared with the reference
configuration. The FWHM of this fiber is widened to
20 nm, but the cost is that the peak dispersion is decreased
to —365 ps/(km-nm).
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Fig. 8 Dispersion curves of proposed DCPCF with same pitch
A=6 pm

4 Fabrication of PCF
4.1 Modeling fabrication of PCF

PCFs are manufactured by heating a macroscopic
structured preform (a few centimeters in diameter) and
drawing it down to the required dimension (typically 125
micrometers in diameter). The geometry of the final fiber
can be modified significantly by controlling the parameters
used in the drawing process, i.e., the temperature of the
furnace, the speed at which the preform is fed into this
furnace, and the draw speed. However, it is difficult to keep
air holes free of collapse. In order to avoid the closure of
holes, inert gas pressurization is introduced in the preform
during the fiber drawing process to finely control the
geometry of PCF that good uniform in transversal and
longitudinal of the final PCF is realized.

For the optical fiber drawing process shown in Fig. 9, the
inner and outer radii of the initial capillary 4 and that of
final air hole in PCF are defined as R}, and R;, Ri(z) and
R,(2), respectively, during the fabrication process of PCF;
the inert pressure is denoted by p, and the flow speed of the
wall is given by v = ue, + we,, where u, w are axial
velocity and radial velocity, respectively. Assuming that
the heating and the flow are axisymmetric. Momentum and
energy equations can be written for both the glass perform
and fiber in cylindrical coordinates, which is assumed to be
incompressible at the typical low flow rates employed in
practice [17-20]:
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where p is the density of silica, ¢ is the time, and pis
dynamic viscosity. According to the initial condition and
boundary conditions, the Ry(z) and the R,(z) can be
obtained. For describing the relative changes of 4 in the
drawing process, S is defined as

0.5r

_ Ri(L)/R,(L)
5= Ry/R; ®

The viscosity coefficient can be represented by the

following equation:

515400 ¢
831457 + 2271.10567 )P’

w=5.8x 108exp(
1400°C < T<2500°C. (9)

4.2 Effect of structure parameter on fabrication of PCF

Assuming that the capillary with the initial inner radius is
Ry;=03mm and outer radius is R=0.45mm for the
triangular lattice perform of PCF, and the length of furnace
is L=161.6mm. Effects of draw parameters such as
furnace temperature, feed speed, and drawing speed on the
geometry of the final PCF are investigated. The curves
between S and p are depicted in Fig. 10.

Numerical results demonstrate that the variation of draw
parameters would affect the final ratio of inner radius and
outer radius of air hole in PCEF, i.e., the final geometry of
PCF. When the furnace temperature 7 and drawing speed
Uj, are fixed, the variation of feed speed Uy would affect the
slope of the curve of S versus p. The smaller the feed speed
is, the larger the curve slope is. This means that the final
geometry of PCF is more sensitive to pressure p at the
small feed speed than at the large feed speed. When the
furnace temperature 7 and feed speed Uy are fixed, the
variation of drawing speed Uy would also affect the slope
of the curve of S versus p. However, the effect of drawing
speed on the final geometry of PCF is less than the feed
speed does. Furthermore, the furnace temperature T also
has a large effect on the final geometry of PCF. With the
increase from 1800°C to 1900°C in the furnace tempera-
ture, the curve slope of S versus p increase rapidly. When
the furnace temperature reaches to 1900°C, the geometry
of the final PCF is very sensitive to the inert pressure p. A
little change in the pressure p would result in a large
magnitude of variation in the value of S.

When §'=1, air holes in the final geometry of PCF will
keep the ratio of the inner diameter to outer diameter of the
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Fig. 10 Curves of S versus p. (a) T=1850°C, Ug= 15 m/min; (b) 7=1800°C, U= 2 mm/min; (¢) U= 2 mm/min, Usz=40 m/min
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initial capillary. When S <1, the air holes have some
degree of collapse. When S > 1, the air holes have some
degree expansion. In fact, inert pressure introduced into the
fabrication process of PCF can improve the flexibility of
fabricating PCF. With the same preform of PCF, the
different geometry of PCF can be drawn by using different
parameter assignment. For example, the different draw
parameters can be chosen from Fig. 10 if we want to
fabricate the PCF with d/A < 0.45, i.e., $<0.675 or with
d/A>0.8, ie., S>1.2. Figure 11 shows two kinds of
different geometry of PCF drawn from the same preform
of PCF.

Fig. 11 Two kinds of final geometry of PCF drawn from same
preform with initial ratio of inner radius to outer radius 2/3.
(a) d/A=0.45; (b) d/A=0.8

Furnace temperature and inert pressure should be
controlled reasonably during the fabrication process of
PCF. However, when the temperature is too low or Uy is
too high to make the silica melt fully, it will results in the
gap appearing between the holes, and the properties of the
final PCF has a large distort from the initial design. The
strength of PCF will be lowered. Based on the above
analysis, although lowering temperature and increasing Uy
can make the tunable range of pressure broad, the
temperature should not be too low, and feed speed should
not be too high so that the design structure of PCF can be
kept, and the strength of PCF can satisfy the need for
application. The recommending temperature should not be
less than 1800°C.

5 Conclusion

In this paper, we propose the highly nonlinear PCF
with broadband nearly zero flatten dispersion and the
highly negative PCF. While introducing the Ge-doped
core into highly nonlinear PCF and optimizing the
diameters of the first two inner rings of air-holes, a new
structure of highly nonlinear PCF was invented with the
nonlinear coefficient up to 47 W' -km™ at the wavelength
1.55 pm and nearly zero flattened dispersion of +0.5 ps/
(km-nm) in telecommunication window (14601625 nm).
While introducing a ring of F-doped rods into the third

ring of air holes in PCF to form its outer ring core, a
new structure of highly negative PCF has been proposed.
The peak dispersion — 1064 ps/(km-nm) in 8 nm (FWHM)
wavelength range, and —365ps/(km-nm) in 20 nm
(FWHM) wavelength range can be reached by adjusting
the structure parameters. We also set up the theoretical
model to investigate the effects of draw parameters
such as drawing temperature and feed speed on the
geometry of the final photonic crystal fiber. Through
choosing the different drawing parameter, the final PCFs
with different geometry have been drawn from the same
preform.
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