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Through doping high refractive index materials into the core region, we propose a kind of large-mode-area

multi-core photonic crystal fiber (MCPCF) with low confinement loss and dispersion. The fiber is designed

numerically by using full vectorial finite element method (FEM) and the characteristics of the fiber such as

effective mode area, confinement loss and dispersion are investigated. The MCPCF exhibits large effective

mode area, ultralow confinement loss and dispersion in the communication window of 1–1.6 µm. The MCPCF

can be used as matrix fibers in high power fiber lasers with the requirements of high thermal damage threshold

and low nonlinear effects.
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1. Introduction. In recent years, high-power fiber

lasers have attracted much attention because of their

unique properties such as high beam quality, compact-

ness and high pump frequency [1, 2]. With the obviously

intensified power, fiber nonlinearities such as the self-

phase modulation, the stimulated Raman and the Bril-

louin scattering have become the mainly important fac-

tors to limit the power scaling of fiber lasers [3].

It’s well known that fiber nonlinearities are inversely

proportional to the effective mode area and it is an ef-

fective approach to reduce the nonlinear effects by in-

creasing the effective mode area [4, 5]. An efficient way

is to set the refractive index distribution of PCF rea-

sonably [6–8]. Currently, most of the research on large

mode fibers is based on the traditional fiber and single-

core PCF [7–10]. However, it’s difficult for the tradi-

tional fiber to meet the properties such as single-mode

transmission, controllable dispersion and loss, as well as

large mode area. As for single-core PCFs, it is easy to

obtain large mode area by designing flexible structures.

Whereas, the problem is that there exists thermome-

chanical effects for single-core PCFs [11], which implies

that the effective mode area cannot be large enough, see

725µm2 in Ref. [12].

Comparatively, the multi-core photonic crystal fiber

(MCPCF) can provide a flexible structure to realize

large mode area and single mode transmission medium

[13] which can improve the output power and beam

quality [6]. In particular, the thermal stress problems
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[14] of the fiber can be solved because of the internal

distance between the neighbor cores of MCPCF. In this

paper, based on the analysis of different PCF structures,

a doped MCPCF is designed to realize large mode area,

low confinement loss and dispersion with full vectorial

finite element method (FEM) [15, 16].

2. Fiber structure and numerical results. The

single-core PCF, four-core PCF and seven-core PCF

structures are shown in Fig. 1. The air holes that form

the cladding of the fibers have a diameter of d = 4µ, and

a pitch Λ = 10µm, d/Λ = 0.4, which implies that light

is transmitted in single mode condition [17]. The cores

in structures of Figs. 1a, b and d are formed by missing

seven air holes, and the cores in the structure of Fig. 1c

are formed by missing one air hole. The refractive index

of the background is fixed at 1.450 (pure silica).

Effective mode area [18, 19] is one of the most im-

portant factors that affect the output power of the fiber

laser. It can be controlled effectively by tailoring the

core diameter, the number of cores, the cladding air hole

pitch size and the index difference between the core and

the cladding. The effective mode area can be calculated

by the formula [20]:

Aeff =





∫∫

s

|Et|
2dxdy





2

∫∫

s

|Et|
4dxdy

(µm2), (1)

where E is the amplitude of the electric field of the

mode.
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Fig. 1. The cross-section of PCF structure 1 (a), structure

2 (b), structure 3 (c), structure 4 (d)

The wavelength dependence of the effective mode

area for the structures of Fig. 1 with d = 4µm and

Λ = 10µm is shown in Fig. 2. It can be seen clearly

Fig. 2. The effective mode area of PCFs with different

structures as a function of wavelength

that the structure 4 has the largest effective mode area

ranging from 2640 to 2678µm2 while structure 1 has

the smallest effective mode area when the wavelength

varies from 1.0 to 1.6µm, which implies that the effec-

tive mode area of PCF increases with the number and

the area of cores. The variation of the effective mode

Fig. 3. The effective mode area of PCF with structure 4 as

a function of wavelength for different pitch

area with different Λ for structure 4 is shown in Fig. 3.

It’s indicated that the effective mode area of PCF in-

creases with Λ. In what follows, structure 4 will be used

to design large-mode-area MCPCF.

Based on above analysis,a large-mode-area MCPCF

is designed as shown in Fig. 4. Each core consists of three

Fig. 4. The cross-section of designed MCPCF

parts: region a (pure silica), region b (higher-doped re-

fractive index materials) and region c (higher-doped re-

fractive index materials). The diameter and the refrac-

tive index of the regions are (da, db, dc, ) and (na, nb, nc),

respectively.
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Table 1. The peak power of PCFs with different structures at λ = 1.31 and 1.55µm

λ Structure 1 Structure 2 Structure 3 Structure 4 designed MCPCF

1.31 µm 5.206 · 1015 2.471 · 1015 4.291 · 1015 1.336 · 1015 9.225 · 1014

W/m2 W/m2 W/m2 W/m2 W/m2

1.55 µm 5.198 · 1015 2.455 · 1015 4.37 · 1015 1.33 · 1015 9.407 · 1014

W/m2 W/m2 W/m2 W/m2 W/m2

The mode field distribution of the designed MCPCF

with na = 1.450, d = 4µm, Λ = 10µm, da = 8µm,

nb = 1.451, db = 22µm, nc = 1.452, and dc = 30µm

at λ = 1.31 and 1.55µm is shown in Figs. 5a and b. We

Fig. 5. The properties of designed MCPCF. (a) – The

mode field distribution at λ = 1.3µm. (b) – The mode

field distribution at λ = 1.55µm. (c) – The effective mode

area as a function of wavelength. (d) – The energy power

distribution at λ = 1.31µm. (e) – The energy power dis-

tribution at λ = 1.55 µm

can see that the mode field diffuses into region b and

region c. The effective mode area of designed MCPCF

as a function of wavelength is shown in Fig. 5c. It can

be observed that the effective mode area of the designed

MCPCF ranges from 3513 to 3733µm2 when the wave-

length varies from 1.0 to 1.6µm. The effective mode area

can be up to 3732µm2 at λ = 1.31µm and 3641µm2 at

λ = 1.55µm. Figs. 5d and e show the peak power of

the PCF at λ = 1.31 and 1.55µm are 9.225 · 1014 and

9.407 · 1014 W/m2, respectively. In order to illustrate

that the designed MCPCF has low peak power, we com-

pare the peak power of the designed MCPCF with other

structures shown in Fig. 1 at λ = 1.31 and 1.55µm in

Table 1. It can be seen that the peak power of MCPCF

is the lowest, which means that the designed MCPCF

can withstand the highest thermal damage threshold

and the lowest nonlinear effects.

It’s important to investigate the confinement loss

[21] of the designed MCPCF. The confinement loss

can be calculated by using the perfectly matched layer

(PML) [22] with the formula [21]:

L =
2π · 8.686Im(neff)

λ
(dB/m), (2)

where Im(neff) is the imaginary part of the effective re-

fractive index neff and λ is the wavelength of light.

The confinement losses of the designed MCPCF with

na = 1.450, d = 4µm, Λ = 10µm, da = 8µm,

nb = 1.451, db = 22µm, nc = 1.452, and dc = 30µm as

a function of wavelength is shown in Fig. 6. We can see

that the confinement losses are smaller than 10−7 dB/m

over the wavelength ranging from 1.0 to 1.6µm and the

confinement loss are 5.66 · 10−9 and 4.27 · 10−8 dB/m

at λ = 1.31 and 1.55µm, respectively, which implies

very low confinement loss at two common communica-

tion wavelengths.

We also analyze the dispersion characteristics of the

designed MCPCF, which can be calculated by the for-

mula [23]:

D(λ) = −
λ

c

d2Re(neff)

dλ2
(ps/(nm.km)), (3)

where Re(neff) is the real part of the effective refractive

index neff, λ is the wavelength of light, and c is the speed

of light in a vacuum.
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Table 2. The comparison of our designed MCPCF with other reports

Reference The effective mode The confinement The dispersion,

design area, µm2 loss, dB/m ps/nm/km

Ref. [8] 2000 ∼ ∼

Ref. [24] 1655 ∼ ∼

Ref. [25] 1070 0.06 1.2

Our MCPCF 3732 5.66 · 10
−9

−0.502

Fig. 6. The confinement loss of designed MCPCF as a func-

tion of wavelength

Fig. 7 shows the dispersion of the designed MCPCF

with na = 1.450, d = 4µm, Λ = 10µm, da = 8µm,

Fig. 7. The dispersion of designed MCPCF as a function

of wavelength

nb = 1.451, db = 22µm, nc = 1.452, and dc = 30µm.

We can see that the low dispersion can be achieved and

the dispersion parameters at λ = 1.31 and 1.55µm are

−0.502 and 2.769 ps/nm/km, respectively, which means

the designed MCPCF can achieve anomalous dispersion

based on the single mode transmission in the common

communication window. It makes it possible to support

the transmission of ultrashort optical pulses, such as

optical solitons, which is very important for high power

fiber lasers. Meanwhile, no dispersion compensation is

needed for our designed MCPCF due to the low disper-

sion.

In order to illustrate the excellent properties of

our designed MCPCF, we compare with other reports

[8, 24, 25] from the points of effective mode area, disper-

sion and confinement loss listed in Table 2. It’s easy to

find that our designed MCPCF has large effective mode

area of 3732µm2, very low confinement loss of 5.66 ×

× 10−9 dB/m and low dispersion of −0.502 ps/nm/km

at wavelength λ = 1.31µm.

3. Conclusion. We have designed a large effec-

tive mode area seven-core PCF by doping the cores

with high refractive index materials. It also exhibits

ultralow confinement loss and dispersion. The results

show that the effective mode area can be up to 3732

and 3641µm2, with the confinement loss of 5.66 · 10−9

and 4.27 · 10−8 dB/m, and the dispersion of −0.502 and

2.769 ps/nm/km at λ = 1.31 and 1.55µm, respectively.

Our fiber can find potential applications in designing

high power fiber laser with good performance.
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