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The chloroform-in¯ltrated square lattice photonic crystal ¯bers (PCFs) are designed with the
di®erence of the air hole diameters in the cladding to improve chromatic dispersion and

nonlinear properties. Based on numerical simulation results, two optimal structures with °at

dispersion, high nonlinear coe±cient, and small con¯nement loss are used for supercontinuum

(SC) generation. The ¯rst ¯ber has an all-normal dispersion regime, a nonlinear coe±cient of
486.355W�1.km�1 generating an SC spectrum of 640.3 nm within 30 dB levels at a pump

wavelength of 0.945�m with peak power as low as 1.44 kW. With anomalous dispersion

properties, the second ¯ber gives a very broad SC spectrum of 1471.8 nm within 30 dB levels at a

1.4�m pumping wavelength with a peak power of 20 kW. All-¯ber SC sources operating with
low-power pump lasers can use these ¯bers to e®ectively replace glass-core ¯bers.

Keywords: PCF; CHCl3 in¯ltration; broadband supercontinuum generation; low peak power;
all-normal dispersion; anomalous dispersion.

1. Introduction

In recent years, di®erent approaches to photonic crystal ¯bers (PCFs) in numerical

simulation as well as in experiment have been implemented to obtain high super-

continuum (SC) generation e±ciency and enhance its applicability in practice. Many

new nonlinear materials have been developed, diversifying the non-silica-based ¯ber

technology.1–8 However, silica-based PCFs have always been attractive to research

groups because they are a traditional optical ¯ber material, suitable for practical

¯ber fabrication despite limitations in extending the SC spectrum. Furthermore, the
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advancement of ¯ber fabrication technology has made it possible to fabricate silica

¯bers with many new designs. Therefore, every attempt to enhance the nonlinear

performance of silica ¯bers9–12 and widen the scope of SC applications has been

veri¯ed in many publications.12–17 One of the ways of interest is to ¯ll the hollow core

of the PCF with a highly nonlinear liquid. The advantages o®ered by these PCFs

include controllable dispersion properties, improved nonlinear properties, broad

spectrum SC generation, and experimentally fabricable ¯bers. The diverse dispersion

properties including all-normal (ANDi) and anomalous dispersion regimes are

obtained in the PCFs.18–20 Flat dispersion, small value, even ultra-°at, and near-zero

in a wide wavelength range has been found in some recent studies.21,22 Moreover, the

nonlinearity of PCF is signi¯cantly improved i.e. one achieves a high nonlinear

coe±cient, small e®ective mode region, and low con¯nement loss, which can be

bene¯cial for the SC process.23–25 Unlike silica, nonlinear °uids show high nonline-

arity and hence can generate a broad SC spectrum in a very short length of optical

¯ber with relatively lower input power.26,27 In the experiment, highly nonlinear

liquids were ¯lled into the cores of PCFs by integrating a micro°uidic pumping

system using a thermal fusion splicer or laser writing technique.28 These ¯bers can be

easily fabricated by the conventional stack-and-draw method.20

The way in which nonlinear e®ects occur to govern the SC spectrum expansion

and generate new frequency components as the laser pulse propagates in a highly

nonlinear liquid-in¯ltrated PCF is strongly dependent on its dispersion pro¯le. When

the input pulse is excited in the normal dispersion mode, the soliton dynamics and

related nonlinear e®ects can be avoided, but the spectral bandwidth is not signi¯-

cantly broadened. ANDi PCF with a convex dispersion regime, °attened near the

pump wavelength, can produce a highly coherent, °at-top SC spectrum due to the

dominance of self-phase modulation (SPM) e®ect, followed by optical wave breaking

(OWB) but pump wavelength is higher than that of conventional.20,25,29 The soliton

dynamics30 including soliton ¯ssion (SF), soliton self-frequency shift (SSFS), and

blue-shifted dispersive waves (DWs) are responsible for the SC spectrum expansion

when the input pulse is excited in the anomalous dispersion regime. The spectral

bandwidth is signi¯cantly broadened with lower pump power but the spectrum is

noisy.19,27

So far, there have been only a few publications on the generation of SC using

silica-based PCFs ¯lled with hollow-core by chloroform (CHCl3). The high nonlin-

earity of these ¯bers implies that SC with broadband can be generated with low peak

power pump pulses in a short-length ¯ber. SC spectrum expansion to 1100 nm with a

peak power of 2 kW and within a short propagating distance of only 5mm was

observed in CHCl3-in¯ltrated PCFs into the air core.31 The highly coherent spec-

trum, with a bandwidth of 1020 nm, is testi¯ed in CHCl3-¯lled PCF with appropriate

geometric parameters. Although the nonlinear coe±cient of the PCF is quite small,

640W�1 � km�1, it still allows the propagation of the laser pulse in the 1 cm-long ¯ber

with a peak power of 47 kW.32 Meanwhile, the work33 shows that the SC spectrum

can be achieved with broadband 660 nm and 800 nm within two ¯bers with an
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all-normal and anomalous dispersion regime with 2.5 kW peak power. The nonlinear

coe±cients of the ¯bers are 1290W�1 � km�1 and 440W�1 � km�1, respectively.

CHCl3 can become a typical choice for use in highly nonlinear liquid-core PCFs

due to some of its interesting characteristics. Although the nonlinearity of CHCl3
(n2 ¼ 1:64� 10�19 m2 �W�1)34 is lower than that of toluene (C7H8Þ (n2 ¼ 16�
10�19 m2 �W�1) and carbon disul¯de (CS2Þ (n2 ¼ ð4:3� 5:1Þ � 10�18 m2 �W�1),

which might be equivalent to carbon tetrachloride (CCl4) (1:53� 10�19 m2 �W�1)

but it is one order of magnitude higher than fused silica (SiO2Þ (n2 ¼ 2:74�
10�20 m2 �W�1).35 This allows the electromagnetic ¯eld modes to be better con¯ned

in the core of the PCF. In practical applications, the toxicity of liquids in¯ltrating

PCF is a safety concern. The advantage of CHCl3 is its negligible toxicity when

compared with CS2 and C7H8.
36 To design single-mode silica PCFs e±ciently, cou-

pling with the standard silica ¯bers used in the all-¯ber pump laser system is ex-

tremely important. Fortunately, the linear refractive index of CHCl3 is only about

0.012 lower than that of silica. This enables the fabrication of CHCl3-in¯ltrated silica

¯bers in practice to achieve higher coupling e±ciency.37

Some research results on SC generation through hollow-core PCF ¯lled with other

liquids such as tetrachlorethylene (C2Cl4), ethanol (C2H5OH), benzene (C6H6) and

nitrobenzene (C6H5NO2) are presented in Table 1.

In the experiment, square-lattice PCF can be performed with a standard

fabrication process, stack, and draw. It is also useful in the integrated optical devices

Table 1. Overview of SC generation in several liquids-in¯ltrated PCFs.

Structures Liquids

Fiber

length (cm)

Pump

wavelength (�m)

Dispersion

regime

SC

range (nm)

Input

peak power (kW) Refs.

Hexagonal (#F1) C2Cl4 5 1.56 all-normal 1180 16.67 18

Hexagonal (#F2) 10 1.56 anomalous 1000 16.67

Hexagonal (#F3) 10 1.03 anomalous 1700 20.83

Hexagonal (#F1) CCl4 30 1.35 anomalous 1300 2.67 20

Hexagonal (#F2) 30 1.064 all-normal 350 2.67

Hexagonal C2H5OH 20 1.55 anomalous 1000 50 22

Circular (#F1) C7H8 1 1.064 all-normal 800 0.45 23

Circular (#F2) 10 1.55 anomalous 1100 0.56

Hexagonal (#F1) C6H6 1 1.55 all-normal 1300 55 25

Hexagonal (#F2) 1 1.55 anomalous 2000 37

Hexagonal (#F3) 1 1.55 anomalous 2900 37

Hexagonal (#I 0.3) C7H8 10 1.55 all-normal 575 7.14 27

Hexagonal (#I 0.35) 10 1.55 anomalous 750 6.67

Hexagonal (#F1) C6H5NO2 5 1.03 anomalous 1000 0.83 29

Hexagonal (#F2) 5 1.56 all-normal 1300 5.56

Hexagonal (#F3) 5 1.56 anomalous 1000 0.67

Hexagonal CHCl3 0.5 0.8 anomalous 850 2 31

Hexagonal CHCl3 1 1.06 anomalous 1020 47 32

Hexagonal (#F1) CHCl3 10 0.92 all-normal 660 2.5 33

Hexagonal (#F2) 10 1.03 anomalous 800 2.5

Hexagonal CS2 14 1.56 anomalous 640 560 38
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of a rectangular or a square cross-section with pig-tail ¯bers.39 Some publications

show that high birefringence, dispersion compensation, low con¯nement, and large

mode area for data transmission can be achieved by introducing defects into square-

lattice PCFs.40 It can be seen that square-lattice PCF has not yet been extensively

investigated in ¯ber fabrication experiments and other promising applications of SC

generation. The results of our study illustrate the potential of the selected optimal

structures for applications involving low peak power and broadband SC. In this

report, we investigate CHCl3-in¯ltrating PCF-based SC with a square lattice for the

¯rst time. The ¯bers' chromatic dispersion and nonlinear properties are investigated

in detail based on numerical simulation results. The ability to generate a broad SC

spectrum with low peak power is also veri¯ed for two optimal ¯bers. With a non-

linear coe±cient as high as 486.355W�1 � km�1, the ¯rst ¯ber emits a broad SC

spectrum of 640.3 nm within 30 dB levels in an all-normal dispersion regime with a

low peak power of 1.44 kW. The cause of the spectral expansion is attributed to the

SPM e®ect. The soliton dynamics enable the SC spectrum to be broadened to

1471.8 nm at 30 dB levels with a peak power of 20 kW using a second ¯ber with an

anomalous dispersion regime. Although this ¯ber has a nonlinear coe±cient about

nine times smaller than the ¯rst ¯ber, the low dispersion of �1.631 ps/nm.km at the

pump wavelength is an advantage for the SC spectrum expansion.

2. Numerical Modeling of the PCFs

At the center of the PCF is a hollow core ¯lled with CHCl3, eight regularly arranged

layers of air holes surrounding the core in a square lattice. Defects are reasonably

introduced to optimize the dispersion and nonlinear properties of the ¯ber. The

geometric cross-sections of the PCFs are described in Fig. 1(a). The work41 demon-

strated the e®ect of dispersion improvement, including zero-dispersion wavelength

(ZDW) shift when modifying the size of the innermost layer. The attenuation of the

fundamental mode and even the higher modes is also a®ected by the size of the

remaining layers. Inspired by this, we designed PCFs with a ¯lling factor d1/�

varying from 0.3 to 0.8 with a step of 0.5 (d1 being the diameter of the air holes of the

¯rst layer near the core) while d2/� is kept 0.95 constant (d2 is the diameter of the

other layer's air holes). The distance from the center of the core to the air holes and

between the air holes is called lattice pitch �, � changes by 1.0, 1.5, 1.8, and 2.0�m.

The core diameter of the PCF is also an essential structural parameter because the

size of the core a®ects its ability to be con¯ned in light modes. It is always important

to keep the core size as consistent as possible because it is small enough to enable

dispersion engineering by designing photonic cladding and large enough to reasonably

match the PCF-mode ¯eld diameters with the telecommunication single mode ¯ber.

Our PCFs with core diameters determined by the formulaDc ¼ 2�� 1:1d1 ensure an

e®ective guide index with reasonably large-mode ¯eld diameters. This improves dis-

persion to match conventional femtosecond laser pumps. The electromagnetic ¯eld

modes are well con¯ned in the PCF core, as shown in Fig. 1(b).

T. N. Thi & L. C. Van
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Figure 1(c) illustrates the real parts of the refractive index n of chloroform and

fused silica versus wavelength. By declaring the coe±cients in the Sellmeier equa-

tions describing the wavelength-dependent refractive index characteristics of SiO2
42

and CHCl3
33 (Eqs. (1) and (2)) in the data system of the LMS software, along with

the selection of appropriate structural parameters, we have successfully designed the

PCF. Furthermore, the full-vector ¯nite-di®erence eigenmode (FDE) method helps

to analyze the propagation characteristics of light pulses in PCF by solving

Maxwell's wave equations. Boundary conditions are perfectly matched layers that

minimize re°ection at the boundary and reduce loss. In our simulation, the

cross-section of the ¯ber is divided into small rectangular sections called \Yee's

mesh" to calculate the propagation constants � with high accuracy using a \FDE

solver".43 The optical properties in each Yee's mesh are approximated as unchanged.

An index averaging technique is used for the cells across interfaces at points lying on

(a) (b)

(c)

Fig. 1. (Color online) (a) Cross-section view of the circular CHCl3-PCF; (b) the light con¯nement in the

core of PCF with � ¼ 2:0�m, d1/� ¼ 0:65, and (c) the real parts of the refractive index n of CHCl3
and SiO2.
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the surface between two media. The minimum mesh step of 10-6�m and 300 mesh

cells without override regions is set for PCFs. Signi¯cant losses of CHCl3 were also

assumed when performing these simulations. The wavelength region selected for

investigation is 0.6–2.0�m which is compatible with the reliable data in the LMS.

n2
SiO2

ð�Þ ¼ 1þ 0:6961663�2

�2 � ð0:0684043Þ2 þ
0:4079426�2

�2 � ð0:1162414Þ2 þ 0:8974794�2

�2 � ð9:896161Þ2 ; ð1Þ

n2
CHCl3ð�Þ ¼ 1þ 1:04647�2

�2 � 0:01048
þ 0:00345�2

�2 � 0:15207
; ð2Þ

where � is the excitation wavelength in micrometers, nð�Þ is the wavelength-de-

pendent linear refractive index of materials.

CHCl3 has transparency over a wide wavelength range, the relationship between

attenuation A and wavelength is described in Eq. (3).33 The absorption peaks of

CHCl3 are at wavelengths 1.152, 1.410, and 1.691�m, respectively.44 In addition,

another stronger absorption peak close to 2380 nm is also observed.45 The absorption

peak at 1.691�m corresponding to A at this wavelength is equal to 85.6 dB/cm.

Therefore, we also assume that the ¯ber loss is 85.6 dB/cm over the wavelength range

greater than 1.691�m. These strong absorption peaks will probably create a gap in

the SC spectrum when the ¯ber loss is approximately 85.6 dB/cm.45

A ¼ 10 log½eð4�k=�Þ�: ð3Þ

3. Optical Properties of the PCFs

When the input pulse is short enough (� 10 ps), the higher-order modes have a

negligible e®ect on the SC broadening,46 so we analyze only the fundamental mode

dispersion. The material dispersion and waveguide dispersion are characterized by

chromatic dispersion (DÞ and are determined by the following formula47:

D ¼ � �

c

@2Re½neff �
@�2

; ð4Þ

where � and c are the wavelength and the speed of light in a vacuum, respectively,

and Re[neff ] is the real part of the e®ective index of the guided mode.

The nonlinear coe±cient is inversely proportional to the e®ective mode area48 and

the con¯nement loss49 refers to the nonlinear characteristics that govern the SC

e±ciency. They are determined by the following formulas:

�ð�Þ ¼ 2�
n2

�Aeff

; ð5Þ

with n2 as the nonlinear refractive index for fused silica.

Aeff ¼
R 1
�1
R 1
�1jEj2dxdy� �2

R 1
�1

R 1
�1 jEj4dxdy ; ð6Þ

T. N. Thi & L. C. Van
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where E is the amplitude of the transverse electric ¯eld propagating inside the PCF.

Lc ¼ 8:686
2�

�
Im½neffð�Þ�: ð7Þ

The resulting graph of numerical simulation of wavelength-dependent dispersion

curves is consistent with Eq. (4). Furthermore, the dispersion properties of the PCFs

are also strongly in°uenced by the variation of the ¯lling factor d1/� and the lattice

constants � which are observed for these CHCl3-in¯ltrated PCFs. Equation (4) also

shows the relationship between the dispersion coe±cient D and the e®ective re-

fractive index of the PCFs. Therefore, when the d1/� and � vary, the e®ective

refractive index between the core and the shell of the PCF will change, causing the

dispersion properties to change as well. All-normal and anomalous dispersion

properties are observed for PCFs with small lattice pitch � (� ¼ 1:0�m) (Fig. 2(a)).

Anomalous dispersions with one ZDW and two ZDWs are found when d1/� � 0:5

and d1/� � 0:6. In this case, only an all-normal dispersion is obtained with

(a) (b)

(c) (d)

Fig. 2. (Color online) The chromatic dispersion characteristics of CHCl3-PCFs with various values of

d1/� and (a) � ¼ 1:0�m, (b) 1.5�m, (c) 1.8�m, and (d) 2.0�m.
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d1/� ¼ 0:55. Interestingly, this curve is very °at and close to the zero-dispersion line,

which is expected to be bene¯cial for improving SC generation e±ciency. With larger

�, the increase of d1/� causes the dispersion curves to tend to move further away

from the zero-dispersion line, shown in Figs. 2(b)–2(d). This means that the ZDWs

are shifted towards the short wavelength, the ¯bers with smaller d1/� are closer to

the zero-dispersion line. In the case of small core PCFs, the competition between the

matter dispersion and the waveguide dispersion could be the explanation for the

diversity in dispersion characteristics. The material dispersion will exhibit in°uence

for smaller d1/� while the waveguide dispersion will have a stronger e®ect for larger

d1/�. It can be seen that modifying the structural parameters such as d1 and �

appropriately is an advantage for dispersion control.

The laser pump wavelength matches the wavelength at which the PCFs exhibit a

normal or anomalous dispersion regime which determines the characteristics of the

SC spectrum. The generation of SC light is done with a very broad spectrum even

though the spectral time coherence is not high due to the intense laser pulses laun-

ched in an anomalous dispersion regime near ZDW. On the other hand, if the ¯ber is

pumped in an all-normal dispersion regime, the SC spectrum spans with light pulses

of high-time coherence and a preserved temporal pro¯le. To diversify the applica-

bility of generating SC suitable for the dispersion regime, we propose two PCFs with

all-normal and anomalous °at dispersion, labeled as #F1 and #F2. #F1 ¯ber with

d1/� = 0.55 has the °attest dispersion among dispersion curves when lattice pitch

� ¼ 1:0�m and core diameter Dc ¼ 1:395�m. This ¯ber has all-normal dispersion,

and is expected to emit a broad and high coherence SC spectrum at a pump wave-

length of 0.945�m. #F2 has °at anomalous dispersion with � ¼ 2:0�m, d1=� ¼ 0:3,

with core diameter and Dc ¼ 3:34�m larger than #F1 (Fig. 3(a)). The pump

wavelength 1.4�m corresponds to the normal dispersion region chosen close to ZDW

(1.414�m). Thanks to the skillful adjustment of the diameter of the air holes in the

innermost layer and the in¯ltration into the hollow core of PCF a liquid with high

nonlinearity, the dispersion values at the pump wavelength of the two ¯bers #F1 and

# F2 are �21:154 and �1:631 ps/nm.km, respectively, these values are smaller than

some previous works.29,32,33 The nonlinear coe±cient of #F1 ¯ber is

486.355W�1 � km�1, about nine times greater than that of #F2 ¯ber 50.669

W�1 � km�1 at pump wavelengths. Since the e®ective mode area is inversely pro-

portional to the nonlinear coe±cient (Eq. (4)), the e®ective mode area of #F2 ¯ber

(14.534�m2Þ is larger than that of #F1 (2.243�m
2Þ (Figs. 3(b) and 3(c)). Typically,

smaller core PCFs will exhibit better light con¯nement in the core, i.e. higher non-

linear coe±cients and smaller con¯nement losses. Our obtained e®ective mode area

values are much smaller than some previous publications on CHCl3 in¯ltrated PCF

and other nonlinear liquids.18,20,27,29,31,33 #F2 ¯ber has higher con¯nement loss than

#F1 (Fig. 3(d)). With a larger core, leakage of modes out of the core into the

cladding and between the air holes could be the cause of this phenomenon. Although

#F2 ¯ber has a higher con¯nement loss and lower nonlinear coe±cient, the broad SC

spectrum with soliton dynamics is still expected due to the °at dispersion and small

T. N. Thi & L. C. Van
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value at the pump wavelength. The structure parameters and the characteristic

quantities of #F1 and #F2 at the pump wavelength are manifested in Table 2.

4. Supercontinuum Generation in Proposed Fiber

When dealing with very broad spectra, one sometimes has to take into consideration

the high-order dispersion, even up to the sixth order. For light propagating in a

waveguide such as PCF, the phase constant � is considered instead of the

Table 2. The structure parameters and the characteristic quantities of proposed PCFs at the pump

wavelength in comparison with some previous work on liquid-¯lled PCFs.

# Dc (�m) � (�m) d1/�

Pump

wavelength (�m) Aeff (�m
2)

�

(W�1 � km�1)

D

(ps/nm � km)

Lc

(dB/m)

#F1 1.395 1.0 0.55 0.945 2.243 486.355 �21.154 4.657
#F2 3.34 2.0 0.3 1.4 14.534 50.669 �1.631 55.43

(a) The chromatic dispersion (b) The nonlinear coe±cient

(c) The e®ective mode area (d) The con¯nement loss

Fig. 3. (Color online) The optical characteristics of the fundamental mode for #F1 and #F2 ¯bers.

Broadband supercontinuum generation in hollow-core photonic crystal ¯bers
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wavenumber k. The propagation constant's expansion is calculated through the

development coe±cients of the Taylor series around the central angular frequency

!0.
48

�ð!Þ ¼ �ð!0Þ þ �1ð!0Þð!� !0Þ þ
1

2!
�2ð!0Þð!� !0Þ2 þ � ð8Þ

The order dispersion term is related to the derivative of � with respect to the

angular frequency !, which is determined by the following equation:50

�n ¼ dn�

d!n

����
!¼!0

: ð9Þ

Table 3 presents the higher-order dispersion at pump wavelength in our numerical

model.

When the laser pulse propagates in a nonlinear medium, the spectrum is gener-

ated through the in°uence of dispersion and nonlinear processes. We numerically

solve the generalized nonlinear Schr€odinger equation (GNLSE), based on the split-

step Fourier method.48 The values of the higher-order dispersion are quite small, so

the analysis results are only for the fundamental mode.

@z
~A � i~�ð!Þ ~A � ~�ð!Þ

2
~A ¼ i� 1þ !� !0

!0

� �
~AF

Z 1

�1
RðT 0ÞjAj2ðT � T 0ÞdT 0

� �
; ð10Þ

where ~Aðz; !Þ is the Fourier transform of a pulse amplitude Aðz;T Þ and the nonlinear

response function RðT 0Þ is a sum of all contributing mechanisms listed by Zhao

et al.51 is the Raman response function. The left side of Eq. (9) depicts the linear

propagation e®ects of the ¯ber, ~� and ~� are attenuation and dispersion in the fre-

quency domain, respectively. The right-hand side of Eq. (9) describes the nonlinear

e®ects which depend on the nonlinear optical response of CHCl3 determined by the

combination of the bound-electronic and nuclear contribution. Nonlinear parameters

are used in simulations.51 The subscripts el, d, l, c indicate the following mechanisms:

the bound-electronic, molecular reorientation, molecular interaction, and collision

Table 3. The coe±cient of higher-order

dispersion at the pump wavelength.

Coe±cients #F1 #F2

�2(ps
2/m) 1.01� 10�2 1.49� 10�3

�3(ps
3/m) 2.47� 10�5 1.11� 10�4

�4(ps
4/m) 9.31� 10�8 �1.73� 10�7

�5(ps
5/m) 7.7� 10�10 1.04� 10�9

�6(ps
6/m) 2.69� 10�12 �9.04� 10�12

�7(ps
7/m) �2.95� 10�13 1.63� 10�14

�8(ps
8/m) �6.11� 10�16 9.28� 10�16

�9(ps
9/m) 7.86� 10�17 �2.87� 10�18

�10(ps
10/m) 4.53� 10�20 �2.00� 10�19

�11(ps
11/m) �1.88� 10�20 5.85� 10�22

T. N. Thi & L. C. Van
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induced, respectively, where n2;el ¼ 0:41� 10�19 m2W�1, n2;d ¼ 0:75� 10�19 m2W�1,

�r;d ¼ 0:25 ps, �f;d ¼ 0:18 ps, n2;l ¼ 0:4� 10�19 m2W�1, n2;c ¼ 0:08� 10�19 m2W�1,

�r;c ¼ 0:1 ps, and �f;c ¼ 0:1 ps.

As the excitation pulse propagates along the #F1 and #F2 ¯ber lengths, the

generated SC spectrum has signi¯cantly di®erent characteristics depending on the

behavior of the nonlinear e®ects. This is governed by the two proposed ¯bers' all-

normal and anomalous dispersion properties. Despite having a larger dispersion

value than #F2 ¯ber at the pump wavelength, with a much higher nonlinear coef-

¯cient and lower con¯nement loss, #F1 ¯ber has shown its advantage in SC spec-

trum generation with low power. The #F2 ¯ber, with a dispersion value as small as

�1.631 ps/nm.km, generated a very broad SC spectrum despite the noise with higher

peak power. SPM, followed by OWB, denotes the main nonlinear e®ects causing SC

spectral broadening with the °at top because #F1 ¯ber has all-normal dispersion.

Meanwhile, the appearance of solitons and dispersion e®ects will play a major role in

broadening the SC spectrum for #F2 ¯bers with anomalous dispersion.

A narrow laser pulse with energy (E) varying from 0.01 nJ to 0.13 nJ and duration

of 90 fs corresponding to peak power (PÞ 0.11–1.4 kW is injected into the #F1 ¯ber at

wavelength of 0.945�m, propagating for 10 cm in length, generating the SC spec-

trum with di®erent widths is exposed in Fig. 4(a). When the input energy is as small

as 0.01 nJ (P ¼ 0:11 kW), the SC spectrum is still extended even though the width is

negligible. Obviously, the spectral width increases as the input energy increases

further. When the peak power reaches 0.78 kW (corresponding to 0.07 nJ pulse en-

ergy) the spectrum is quite broad and the top is °at. The maximum spectral width of

640.3 nm at relative intensity levels within 30 dB is achieved with a peak power of

about 1.44 kW, corresponding to a pulse input energy of 0.13 nJ (Fig. 4(b)).

The temporal pro¯le versus propagation length at various input pulse energies,

and the pulse evolution of the SC along with ¯ber are indicated in Figs. 4(c) and 4(d).

In the case of small peak power of 0.11 kW, only the SPM e®ect appears, making the

SC spectrum broad and symmetric around the central wavelength. The symmetry of

the SC spectrum will disappear with further increase of the peak power

(P � 0:194 kW), the spectrum is broadened at the wings. SPM nonlinear e®ect fol-

lowed by OWB and the in°uence of dispersion are the main reasons to explain this

asymmetrical spectral broadening.48,51 When the pulse with a peak power of 1.44 kW

(E ¼ 0:13 nJ) propagates in the #F1 ¯ber, the spectrum only broadens symmetri-

cally at the ¯rst few centimeters of the propagation length due to the in°uence of

SPM. As the pulse propagates further, the OWB appears due to a four-wave mixing

e®ect, begins to show its impact at 2 cm of propagation length towards the

blueshifted (trailing) edge of the pulse, and then that is 6 cm towards the redshifted

(leading) edge of the pulse. As a result, new wavelength components are created and

the SC spectrum is greatly expanded in both directions,21 the group delay trace of the

pulse is stretched out and the pulse spectrum becomes °atter on the wings (Fig. 4

(c)). Unfortunately, the large dispersion and high dispersion slope at the short-

wavelengths causes the spectrum not to broaden any further, spanning only to

Broadband supercontinuum generation in hollow-core photonic crystal ¯bers
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695.3 nm on the blue-side. On the red-side, the spectrum extends further to

1391.3 nm and is also limited by the low nonlinear coe±cient.25 We achieved a broad

spectrum of 640.3 nm and °at-top with a low peak power of 1.44 kW. Even broader

spectra can be obtained but the higher peak power and thermal evaporation of

CHCl3 must be taken into account.

In the following section, we will discuss how anomalous dispersion a®ects the SC

spectrum expansion when #F2 ¯ber is pumped at 1.4�m. The input pulse with

energy of 0.01– 0.9 nJ with a duration of 45 fs (corresponding to a peak power of

0.22–20 kW) is pumped into the #F2 ¯ber with a length of 12 cm causing an ex-

tension of the output pulse, which is manifested in Figs. 5(a) and 5(b). The temporal

pro¯le versus propagation length at various input pulse energies and the pulse

evolution of the SC along with ¯ber are denoted in Figs. 5(c) and 5(d). The spectrum

(a) (b)

(c) (d)

Fig. 4. (Color online) For #F1 ¯ber: (a) The output spectrum for various input pulse energies when using
pump pulses with 0.945�m pump wavelength and 90 fs duration, (b) the output spectrum with the input

pulse energy of 0.13 nJ, (c) the temporal pro¯le versus propagation length at various input pulse energies,

and (d) the pulse evolution of the SC along with the ¯ber.
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is very broad, much more than #F1, and the noise peak is a fundamental feature of

the spectrum when generating SC with anomalous dispersion PCF. The 1.4�m

pump wavelength of #F2 ¯ber is in the normal dispersion region but is very close to

ZDW ¼ 1:414�m so the soliton dynamics, e.g., SF, SSFS, and DW30 are the main

mechanisms responsible for the spectrum expansion. However, the spectrum

broadens signi¯cantly towards the red-side, which is attributed to the low-frequency

shift of the soliton components due to the e®ect of the Raman SSFS e®ect.

The soliton does not appear when the input energy is not large enough. So the

spectrum is very narrow and symmetric around the central wavelength thanks to the

SPM when a narrow pulse of low peak power of 0.22 kW (E ¼ 0:01 nJ) is injected

into #F2 ¯ber (Figs. 5(a) and 5(c)). With E ¼ 0:075 nJ (P ¼ 1:67 kW), the soliton

a®ects the spectral broadening and loses the symmetry of the spectrum as the input

pulse moves at a longer propagation distance. As the peak power increases, the

(a) (b)

(c) (d)

Fig. 5. (Color online) For #F2 ¯ber: (a) The output spectrum for various input pulse energies when using

pump pulses with 1.4�m pump wavelength and 45 fs duration, (b) the output spectrum with the input

pulse energy of 0.9 nJ, (c) the temporal pro¯le versus propagation length at various input pulse energies,

and (d) the pulse evolution of the SC along with ¯ber.

Broadband supercontinuum generation in hollow-core photonic crystal ¯bers
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spectral width increases markedly because the soliton dynamics give rise to new

wavelength components. The maximum spectral width of 1471.8 nm within 30 dB

(Fig. 5(b)) was obtained with a peak power of 20 kW (E ¼ 0:9 nJ). Flat anomalous

dispersion and small value �1:631 ps/nm � km at pump wavelength is one of the

advantages of #F2 ¯ber, which positively a®ects spectral expansion despite the large

e®ective mode area and high con¯nement loss.

In the case of input energy of 0.9 nJ, Figs. 5(c) and 5(d) show that the narrow

pulse undergoes SPM which is compressed and symmetrically broadened only in the

¯rst few millimeters of the ¯ber length. Then, SF occurs at a propagation length of

1 cm as the input pulse approaches ZDW. Now, the ¯rst fundamental soliton with

the shortest duration and highest energy among the fundamental solitons separated

from the higher- order solitons and Raman scattering30 undergoes SSFS shift to-

wards the red-side due to stimulated Raman scattering.52 This causes the spectrum

to be shifted towards the red-side, extending to 3100 nm, and the longer wavelengths

propagate more slowly in the anomalous dispersion region.53 Meanwhile, the high

dispersion slope in the short-wavelength region reduces the speed of the blue-shifted

DWs as they catch up with the ¯rst ejected soliton. New wavelength components

created through the FWM e®ect help the spectrum to be broadened to the blue-side

up to 749.5 nm. In this case, we obtain a broad SC spectrum of 1471.8 nm corre-

sponding to 30 dB range of relative intensity.

5. Conclusion

The high nonlinearity of CHCl3 compared with silica and reasonable structural

modi¯cation are important factors in optimizing dispersion and other nonlinear

properties of optical ¯bers. That strongly a®ects the characteristics of the obtained

SC spectrum. By in¯ltrating CHCl3 into the hollow-core of the PCF in combination

with the di®erence in air hole diameters in the structure, we have achieved °at all-

normal and anomalous dispersion. Two proposed structures with small dispersion

values at the pump wavelength, nonlinear coe±cient, e®ective mode area, and

con¯nement loss are suitable for SC generation. With the °at all-normal dispersion,

nonlinear coe±cients of 486.355W�1 � km�1, and con¯nement losses as low as

4.657 dB/m, #F1 ¯ber with � ¼ 1:0�m, d1/� ¼ 0:55 generates SC with a spectral

width of 640.3 nm at a relative intensity of 30 dB when a laser pulse with a small peak

power of 1.44 kW is excited at a central wavelength of 0.945�m. As the pulse pro-

pagates within 10 cm of the ¯ber length, the SPM, followed by the OWB, denotes the

nonlinear e®ects that govern the spectral expansion for this ¯ber. Soliton dynamics

cause the SC spectrum to broaden when the laser pulse is injected into the #F2 ¯ber

(� ¼ 2:0�m, d1/� ¼ 0:3) at 1.4�m. The °at anomalous dispersion, as small as

�1.631 ps/nm.km, is also an important contributor to the spectral expansion of this

¯ber. We achieve a spectral width of up to 1471.8 nm within 30 levels dB when the

pulse propagates at 12 cm of ¯ber length with a peak power of 20 kW.
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Although CHCl3 has a lower nonlinearity than other liquids such as C2Cl4, CS2,

C7H8, C6H6, C6H5NO2, . . . we have achieved a broader SC spectrum with lower peak

power than in some previous works. We obtain a larger SC spectrum for #F1 ¯ber

with all-normal dispersion than some publications.20,27 Moreover, #F2 ¯ber with

anomalous dispersion produces a much broader SC spectral than some

works.18,20,22,23,27,29,38 Even when compared with some previous publications on

hollow core PCF ¯lled with CHCl3, our #F2 ¯ber still gives a much broader spec-

trum, the width is about 1.7 times that of Ref. 31, 1.4 times that of Ref. 32, and 1.85

times that of Ref. 33.
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