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Numerical analysis of photonic crystal fiber with chalcogenide core
tellurite cladding composite microstructure”
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Kinds of photonic crystal fibers with chalcogenide core tellurite cladding composite microstructure are proposed.
The multi-core photonic crystal fiber can reach the higher nonlinearity coefficient and the larger effective mode area.
The small single-core photonic crystal fiber has a very high nonlinearity coefficient. At the wavelength A = 0.8 pum,
the nonlinearity coefficient can reach 31.37053 W—!-m~!, at the wavelength A = 1.55 pm, the nonlinearity coefficient is

11.19686 W—1-m~!.
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1. Introduction

The research based on photonic crystal fiber (PCF) has
attracted great research interest recently. The large-mode-
area and the high nonlinearity are two very important pa-
rameters of the PCF. Xiao et al.!'l reported the polarization-
dependent dispersion and its impact on the optical paramet-
ric process in highly nonlinear microstructure fiber. Wang
et al.'?) numerically demonstrated a high-nonlinearity single-
mode holey fiber with flattened dispersion around the Ti-
Za laser band at 800 nm. The nonlinearity coefficient was
170 W—l.km~! at 800 nm. Ebendorff-Heidepriem et al.’!
reported on the progress of bismuth oxide glass holey fibers
for nonlinear device applications. The use of micron-scale
core diameters had resulted in a very high nonlinearity of
1100 W—.km~! at 1550 nm. Ademgil et al.'¥ designed a
simple index-guiding PCF with a nonlinearity coefficient of
49 W—1.km™! at the wavelength of 1.55 um. Razzak et al."!
proposed the microstructure optical fiber with the nonlinear-
ity coefficient of the order 41 W—!.km~! at the wavelength
of 1.55 um. The wavelength-tunable high-energy ultra-short
laser pulses can be generated from large-mode-area PCF.[6]
Li et al.!l reported on a quasi-three-level large-mode-area
double-clad Yb-doped fiber laser. Limpert et al.!®! reported on
a 2.3-m long air-clad ytterbium-doped large-mode-area PCF
laser generating up to 80-W output power with a slope ef-
ficiency of 78%. Chen et al.'”! proposed a kind of all-solid
large-mode-area microstructure-core optical fibers, numerical
simulations demonstrated the possibility of single-mode guid-
ance with the mode area extending to 11900 um? at the wave-
length of 1.55 um. Vogel et al.!'" investigated a single-mode
evanescently coupled multi-core fiber consisting of 19 hexag-
onally arranged cores, and reported on the fundamental mode
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with an effective area of 465 um?. Chen et al.!''l prepared
the Yb>*-doped double clad PCF with a large core of around
90 um in diameter. The double clad PCF had a mode area of
about 1330 um?. Zhang et al.!'?! demonstrated a dissipative-
soliton mode-locked laser based on Yb-doped single polariza-
tion large-mode-area PCF.

The nonlinearity coefficient is inversely proportional to
the effective mode area. However, the multi-core PCF can
make a balance between the high nonlinearity and the large
mode area: it can have high nonlinearity and large-mode area.
Hence, the multi-core PCF can achieve high power super-
continuum (SC) generation. Husakou et al.!'3! showed that
a frequency comb in the telecommunication region around
1550 nm can be generated by four-wave mixing in a doped
multi-core PCF made from a highly nonlinear glass. Fang
et al." used seven-core multi-core PCF, which can gener-
ate 150-MW 110-fs pulses, to demonstrate the phase-locked
amplification. She also experimentally studied a mode-locked
fiber laser based on Yb-doped large-mode-area PCF operating
in the all-normal dispersion regime.!'>! Manili et al.!'! stud-
ied the process of SC spectrum generation in a birefringence
multi-core PCF. Imamura et al.!'”! successfully fabricated the
multi-core fibers with a large effective area over 100 um? and
low micro bending loss. Zheng et al.!'8] investigated the three-
dimensional thermal properties of 18-core PCF lasers operated
under natural convection.

Some research institutions have been studying the chalco-
genide core tellurite cladding composite microstructure PCF.
Xie et al.!"! proposed a chalcogenide-tellurite composite mi-
crostructure optical fiber, which has a flattened near-zero dis-
persion curve around 2.5 pm and has two dispersion wave-
lengths, and generated a wide SC spectrum covering from
1.8 um to 6.0 um by pumping pulses of energy below 10 pJ
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per pulse. In 2010, Chaudhari et al.?”! simulated the opti-
cal amplification in the composite chalcogenide-tellurite mi-
crostructure fiber by a single wavelength pump or dual wave-
length pumps. In 2012, Chaudhari et al.*!! presented the de-
tailed design of a highly nonlinear chalcogenide core tellu-
rite cladding composite microstructured fiber. It was observed
that an SC spectrum of 20-dB bandwidth covering 0.80 pm—
2.40 pum was generated by this composite microstructure fiber
when 1.85-pum pump was used. The simulation results show
that the bandwidth over which the calculated parametric gain
was more than 10 dB was 1680 nm, ranging from 1.04 um to
2.72 um. Liao et al.** had studied in depth the chalcogenide-
tellurite composite microstructure fiber, and fabricated the
fiber successfully for the first time. The propagation loss at
1.55 um was 18.3 dB/m, and the nonlinearity coefficient at
1.55 um was 9.3 m~!-W~!; they generated an SC spectrum
of 20-dB bandwidth spanning 800 nm to 2400 nm using this
fiber.

In this paper, three kinds of PCFs with chalcogenide
core tellurite cladding composite microstructure are proposed.

Comparing with the large single core PCF, the multi-core PCF
has higher nonlinearity and a larger effective mode area. The
small single core PCF has very high nonlinearity. We use the
finite element method (FEM) to numerically simulate the char-
acteristics of the PCFs.

2. Principle of operation

The new chalcogenide core tellurite cladding composite
microstructure PCF structure is illustrated in Fig. 1. All the
holes are arrayed in a regular octagon. The gray-hole diameter
on the first and second rings are d; and dy, respectively. The
distance from the origin to the center of the gray-hole on the
first ring is Ay, the distance from the origin to the center of
the air-hole on the second ring is A;, the pitch of the air-holes
on the outer rings is Az. Figure 1(a) shows the cross section

of the multi-core PCEF, figure 1(b) shows the cross section of
the PCF1, the gray-hole diameter is d; = 5.2 pum, figure 1(c)
shows the cross section of the PCF2, the gray-hole diameter
d; =0.625 um.

Fig. 1. Cross sections of the (a) multi-core PCF, (b) PCF1, and (c) PCF2.

The composition of the tellurite glass was 76.5TeO,—
6Bi;03-11.5Li,O-6Zn0O (mol%). The refractive index can be
obtained by the Sellmeier equation as follows:

AM2 BA? CA?
”W:\/szDUzEUZF’ )

where A = 1.67189, B = 1.34862, C = 0.62186, D =
0.0004665 um?, E = 0.0574608 um?, F = 46.72542736 pum?,
and the wavelength A is expressed in microns. The gray-holes
are replaced with As,S3 chalcogenide glass and its refractive
index can be obtained by the Sellmeier equation as follows:

n(4)
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where B; = 1.8983678, B, = 1.9222979, B3 = 0.8765134,
By = 0.1188704, Bs = 0.9569903, C? = 0.0225 um?, C3 =
0.0625 pm?, C3 = 0.1225 pm?, Cj = 0.2025 pm?, C2 =

750 um?, and the wavelength A is expressed in microns. Fig-
ure 2 shows the refractive index value by varying the wave-
length of the tellurite glass and the As,S3; chalcogenide glass.
In the numerical simulation process, the refractive index with
the variation of wavelength, so the material dispersion has
been considered in our simulations.

The effective mode area A¢gr(A) of the PCF can be calcu-

lated as , )
_ (J/F(x,y)"dxdy)
Atl) = ST (xy)drdy

where F(x,y) is the transverse electric field. The nonlinear-

3

ity coefficient y(A) of the chalcogenide core tellurite cladding
composite microstructure PCF can be defined as?3!
}/()y) _ 2l ffnZ(xay)F(x>y)4dXdy
2 (IFey) dxdy)?
where 75 is the nonlinearity index coefficient, ny of the As;S3
chalcogenide glass is 3.0 x 10718 m?*/W, 4 n, of the tellurite
glass is 5.9 x 1071 m2/W, n, of the air is 2.9 x 10~ m2/W.

“
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The dispersion D(A) can be defined as*!

27c A d%neg( A
D) =~ T = o),

where neg(A) represents the effective index of the guided

®)

mode and can be calculated by using FEM.
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Fig. 2. The refractive index as a function of the wavelength.

3. Simulation results
3.1. Mode selection

As we all know the effective mode area of the single-core
PCF is very small, and is easily broken by the high-power
light. In order to support the high-power light, we design the
multi-core PCF to enlarge the effective mode area. In this pa-
per, we propose multi-core PCF with chalcogenide core tellu-
rite cladding composite microstructure. When the light trans-
mits in the multi-core PCF, the modes in these eight chalco-
genide glass cores are coupled resulting in supermodes. The
distribution of the electric field of each core!°!

Epn(x,y) exp(ifnz)- (6)
The supermode E(x,y,z) of the multi-core PCF can be approx-
imated as a weighted superposition of the individual modes

E(x,y,2) = Y An(2)En(x,y)exp(iBnz), m=1,2,..8. (7)

The mode of each core will be coupled. The coupling model
equation can be expressed as
dE(z)

dz
where C is the coupling coefficient matrix, which is

— CE(2), ®)

iSl ik]z ik13 ik14 ik15 ik16 ik17 ik[g
ik21 iS2 ik23 ik24 ik25 ik26 ik27 ikzg
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ikay ikap ikaz iS4 ikas ikae ika7 ikag
ik51 ik52 ik53 ik54 iS5 ik56 ik57 ik53
ik61 ik62 ik63 ik64 ik65 iS6 ik67 ik6g
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(@}
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©))

where s, is the propagation constant of the m-th individual
cores, and k,,, is the coupling coefficient between the m-th
and n-th cores. We define a propagating supermode as a field
vector

E(z) = E(0)exp(iB2), (10)

where f3 is the propagation constant of the supermode. Hence,
we can obtain eight eigenvalues of supermodes.

To achieve the purpose of mode shaping, the propaga-
tion constant and coupling coefficient of PCF are changed by
adjusting the PCF structure. By simulating with FEM, we
can obtain the equal intensity eight Gauss beams from the
multi-core PCF with proper parameters: d; = 0.625 um, d, =
1.25 um, Ay =2 pm, Ay =4.375 um, and Az = 3.125 pum.
Figure 3 shows the supermode in multi-core PCF. The elec-
tric field distribution of the supermodes is indicated by the red
arrow. Each supermode has its own distinctive intensity dis-
tribution and diffraction property, but only the in-phase super-
mode has a Gaussian-shaped far-field intensity distribution. >}
Figure 4 shows the far-field distribution of the in-phase super-
mode. Therefore, in this paper, we only consider the in-phase

supermode.

Fig. 3. Distributions of eight supermodes in multi-core PCF at the wavelength of 1.55 um.
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Fig. 4. Far-field distribution of the in-phase supermode.

3.2. Large effective mode area and highly nonlinear multi-
core PCF

Figure 5 shows the effective mode area value by varying
wavelengths of the multi-core PCF and the PCF1. It shows
that the effective mode area increases with the wavelength.
At the wavelengths of 0.8 um and 1.55 pum, the multi-core
PCF has large effective mode area. The effective mode ar-
eas of the multi-core PCF are 5.98443 um? at the wavelength
A =0.8 um and 9.19733 um? at the wavelength A = 1.55 pum.

Figure 6 shows the nonlinearity coefficient values with
different wavelengths. It shows that the nonlinearity coeffi-
cient decreases with the increase of wavelength. At the wave-
lengths of 0.8 um and 1.55 pwm, the multi-core PCF has larger
nonlinearity coefficients than that of PCF1. The nonlinear-
ity coefficients of the multi-core PCF are 3.93593 W—!.m~!
at the wavelength A = 0.8 pum and 1.30134 W~ !-m~! at the
wavelength A = 1.55 pum.

The above discussions indicate that the multi-core PCF
with chalcogenide core tellurite cladding composite mi-
crostructure can have large effective mode areas and high
nonlinearity coefficients at the wavelengths of 0.8 pm and
1.55 pm. Compared with the single-core PCF, the advantages
of multi-core PCF are the higher nonlinearity coefficient and
larger effective mode area. In our proposed design, each small
chalcogenide glass core can have high nonlinearity. When
they combine together, we can obtain a large effective mode.
Therefore, we proposed that the multi-core PCF can support
high-power light transmission and achieve high nonlinearity
requirement.

Figure 7 shows the chromatic dispersion values by vary-
ing of the multi-core PCF, PCF1 and PCF2. The PCFs with
chalcogenide core tellurite cladding composite microstructure
have large negative dispersions in wavelengths ranging from
0.8 um to 1.55 pm. The zero dispersion wavelengths (ZDWs)
of the multi-core PCF is 2.57 um.
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Fig. 5. The effective mode area A.¢ as a function of the wavelength.
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Fig. 6. The nonlinearity coefficient y as a function of the wavelength.
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Fig. 7. The total chromatic dispersion versus the wavelength.

3.3. Highly nonlinear PCF

In this paper, we present that the PCF with chalcogenide
core tellurite cladding composite microstructure has a high
nonlinearity refractive index. Figure 8 shows the effective
mode area and the nonlinearity coefficient value versus the
wavelength in PCF2. From Fig. 8, we can see that the PCF2
has a very small effective mode area. The effective mode
areas of the PCF2 are 0.75086 pum? at the wavelength A =
0.8 um and 1.0764 pum? at the wavelength A = 1.55 pm.
The nonlinearity coefficient is inversely proportional to the
effective mode area. Hence, the PCF2 can have very high

nonlinearity coefficients. At the wavelength A = 0.8 pm,
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the nonlinearity coefficient can reach 31.37053 W—!-m~!, at
the wavelength A = 1.55 pum, the nonlinearity coefficient is
11.19686 W~!-m~!. Therefore, the PCF2 with high nonlin-
earity can be used in optical soliton communication, high-
power pulse compression, optical device fabrication, as well
as the frequency changes.
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12.0
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Fig. 8. The nonlinearity coefficient y and the effective mode area
Aecfr as functions of the wavelength in PCF2.

4. Conclusion

This paper presents kinds of PCFs with chalcogenide core
tellurite cladding composite microstructures. Compared with
the large single-core PCF, the advantages of multi-core PCF
are the higher nonlinearity coefficient and the larger effective
mode area. We proposed that the multi-core PCF can sup-
port high-power light transmission and achieve high nonlin-
earity requirement. The small single-core PCF has a very high
nonlinearity coefficient. At the wavelength A = 0.8 um, the
nonlinearity coefficient can reach 31.37053 W~!-m~!, and at
the wavelength A = 1.55 um, the nonlinearity coefficient is
11.19686 W~ 1.m~1.
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