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In this paper, we demonstrated the ability of a hexagonal photonic crystal ¯ber (PCF) with a
hollow core in¯ltrated with nitrobenzene (C6H5NO2) to generate a broad SC spectrum at low

peak powers. Due to the non-uniformity of the air hole diameters, our new design allows for

simultaneous optimization of features, resulting in near-°at, near-zero dispersion, a small ef-
fective mode area, and low attenuation for e±cient spectral broadening. We selected two

optimal structures from the simulation results to analyze the nonlinear properties and super-

continuum generation. The ¯rst ¯ber, #HF1, with a lattice constant of 1.0�m and a ¯lling

factor of 0.45, operates in all-normal dispersion and produces spectral SC ranging from 0.81�m
to 1.919�m with a pump wavelength of 1.56�m, a pulse duration of 90 fs, and peak power of

0.133 kW propagated in a 1 cm ¯ber length. The #HF2 ¯ber (lattice constant of 2.0�m, ¯lling

factor of 0.3) has an extended SC spectrum from 0.792�m to 3.994�m, a pump wavelength of

1.55�m, a pulse width of 110 fs, a peak power of 0.273 kW propagated in a 15 cm ¯ber length.
The proposed ¯ber may be a new-generation optical ¯ber suitable for low-peak power all-¯ber

optical systems to replace glass-core glass ¯ber.

Keywords: Photonic crystal ¯ber (PCF); nitrobenzene-core (C6H5NO2-core); hexagonal lattice;

supercontinuum generation; all-normal dispersion; anomalous dispersion.

1. Introduction

Supercontinuum generation (SCG) is the process of generating a broadband optical

spectrum by injecting an optical pulse into a nonlinear medium, where the contin-

uous interaction of the laser pulse with the nonlinear optical medium increases the

bandwidth by many times. A broader light spectrum is emitted and larger than

the original pulse. SCG was ¯rst described by Alfano and Shapiro in 1970.1

Some interesting applications of SCG are spectroscopy, optical microscopy,

optical communication, security, military, optical coherent tomography, biomedicine,
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frequency comb generation, and nonlinear optical pulse compression.2–6 SCG derives

from nonlinear processes such as self-phase modulation (SPM), optical wave

breaking (OWB), cross-phase modulation (XPM), Stimulated Raman scattering

(SRS), Raman-Kerr scattering (RKS), modulation instability (MI), soliton ¯ssion

(SF), soliton self-frequency shift (SSFS), and dispersive wave (DW).7–9

The object most e®ectively used for SCG is a photonic crystal ¯ber (PCF). With

high nonlinearity and tunable dispersion characteristics that can produce broad and

smooth SC spectra, a special design of his PCF that achieves °at dispersion and high

nonlinear loading depending on the pump parameters is required. In addition,

properties such as dispersion, e®ective mode area, and attenuation are also factors

that a®ect SCG performance. The °at dispersion, low loss, and small e®ective mode

area of the PCF result in the best-performing SCG. By designing and tuning the

structural parameters of PCFs, such as lattice constant, air hole size, shape, solid or

hollow core, and materials, the optimal properties of PCFs can be obtained.

Several years ago, silica-based solid-core PCFs were suitable for near-infrared

(near-IR) and visible SC generation. However, silica (SiO2) has a low nonlinear

refractive index and high mid-infrared (m-IR) attenuation, so the spectrum cannot

exceed 2.5�m. On the other hand, solid-core PCFs and soft-glass PCFs can over-

come spectral broadening limitations compared to silica PCFs, but are limited in

terms of manufacturing technology, complex pumping systems, and high costs.10–12

Therefore, recently, the investigated liquid-¯lled hollow core has been discussed in

several papers.13–30 PCF using low-energy pump pulses in short-¯ber samples SC

with spectral width from visible to m-IR.13–30 It outperforms silica and many other

soft glasses in enhancing the nonlinearity of PCF. According to this method, liquids

with a high nonlinear refractive index such as carbon disul¯de (CS2),
17,18 carbon

tetrachloride (CCl4),
19–21 chloroform (CHCl3),

22 nitrobenzene (C6H5NO2),
13,23,24

benzene (C6H6),
25 tetrachloroethylene (C2Cl4),

26,27 1–2 dibromoethane (C2H4Br2),
28

and toluene (C7H8)
29,30 were used injected into the core of the PCF with a Silica

substrate to obtain a broad and coherent SC spectrum. The results show that by

varying the temperature and pressure of the PCF, the SC spectra can be controlled

and acquired in both perfectly normal and anomalous dispersion regions. However,

PCF in the above analysis has the same air hole size in the photonic cladding, so only

dispersion can be optimized, but not e®ective mode area and loss. So SCG perfor-

mance is still limited.

The authors in Ref. 31 proved that the ¯rst lattice ring directly a®ects the dispersion

properties, including zero-dispersion °atness and wavelength shift, while the remaining

lattice rings a®ect the loss and e®ective mode area. Figure 1(a) shows a cross-section of

the PCF structure in Ref. 31, but in this work, the author only analyzed the charac-

teristic quantities of the solid-core PCF structure and not its application to SCG.

To overcome the above limitations, we developed a new hollow-core PCF ¯lled

with nitrobenzene with a hexagonal lattice. In this paper, we present for the ¯rst time

the possibility of achieving a wide SC spectrum using very low peak power for PCF

with near-zero °at dispersion. The di®erence between the air-hole diameters of the
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¯rst ring and the air-hole diameters of the remaining rings is the highlight of this

work. Structural parameters of PCFs, such as ¯lling factor (d1=�) and lattice con-

stant (�), are controlled to obtain optimal structures that are assumed to have near-

zero °at dispersion, small e®ective mode area, high nonlinear coe±cients, and loss

considered as zero. We perform SC generation with optimized ¯bers and achieve

greater bandwidth than previous works with low peak power.

2. Numerical Modeling of PCF

In this study, the ¯nite element method (FDE), which is widely used for optical ¯ber

analysis, is used to design and optimize the ¯ber structure. Numerical analysis was

performed using the Lumerical Mode Solution software.32 A cross-section of the

proposed PCF is shown in Fig. 1(b). The PCF has a standard hexagonal shape, with

a ring of eight air holes surrounding an empty core ¯lled with nitrobenzene

(C6H5NO2-core) within a fused silica cladding. We emphasize the choice of nitro-

benzene to ¯ll the hollow-core PCF due to its high nonlinear refractive index of

n2 ¼ 671� 10�20 m2W�1 at 1064 nm.33 This value of nitrobenzene is about 240

times higher than that of silica28 and higher than that of other liquids such as

CHCl3,
22 CCl4,

19–21 C2Cl4,
26,27 C7H8.

29,30 C6H5NO2 is a water-insoluble pale yellow

oil with a speci¯c odor of almonds. C6H5NO2 enters the core by integrating micro-

°uidic injection systems using fusion splicers30 or laser scribing techniques.34

Figure 235 shows the visible and near-infrared transmission spectra of a 9.8mm thick

cuvette ¯lled with C6H5NO2. C6H5NO2 has a strong absorption at wavelengths

above 1600 nm, but is transparent over the entire visible range and between 1200 nm

and 1600 nm. The material attenuation of C6H5NO2 in the visible wavelength range

and the near-IR that was experimentally measured by us are shown in Fig. 3.

We designed a PCF structure with di®erent diameters of the air holes in the ¯rst

ring and the rest of the rings. The diameter of the air holes in the ¯rst ring (the inner

ring closer to the core) is d1, which corresponds to a ¯lling factor of d1=�. In contrast,

the diameter of the air holes in the remaining lattice rings is d, corresponding to the

Fig. 1. (Color online) The geometrical structure of PCF: (a) PCF in Ref. 31 and (b) PCF in our work.
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¯lling factor d=�. We control the ¯lling factor d1=� to optimize the dispersion

properties and set the ¯lling factor (d=�) of the remaining lattice rings to 0.95 to

optimize the e®ective mode area and loss. The lattice constant (�) chosen for this

study varies from 1.0�m to 2.5�m with a step size of 0.5�m and the ¯lling factor

d1=� varies from 0.3 to 0.8 with a step size of 0.05. The diameter of the core (Dc)

depends on d1 and the lattice constant (�) and is determined by Dc ¼ 2�� 1:1d1.

The linear properties of the PCF, including dispersion, e®ective mode area, and

attenuation, are computed based on the \Full Vector Finite Di®erence Mode

Solver".36 In this solver, the ¯ber cross-section is divided into small rectangular

sections called \Yee's mesh". The optical properties of each Yee mesh are approxi-

mated as unchanged. For points lying on the surface between two media, an index

averaging technique is used for cells across the interface. Optimization algorithms

may lead to better optical properties, but we do not use optimization algorithms. The

structural parameters of the PCF are very small consistent with the \stack-and-draw"

manufacturing process of about 50nm37 (e.g. the ¯ll factor changes by 0.05 and the

lattice constant changes around 0.5 microns). Moreover, using optimization

Fig. 3. (Color online) The imaginary part of the refractive index k of C6H5NO2.

Fig. 2. (Color online) The transmission curves of a 9.8mm thick cuvette of C6H5NO2.
29
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algorithms during simulation takes a lot of time. Therefore, a simpler method based on

the optimization of dispersion properties was applied.

The real part of the linear refractive index n of C6H5NO2
38 and SiO2

39 is calculated

as a function of wavelength using the Sellmeier formula in the following equation:

nð�Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ A1�

2

�2 �B1

þ A2�
2

�2 �B2

þ A3�
2

�2 �B3

s
: ð1Þ

Values of the Sellmeier's coe±cientsA1; . . . ;A3, andB1; . . . ;B3 are listed in Table 1

and � is the wavelength of light in �m.

Figure 4 shows the real part characteristic of the wavelength refractive index of

C6H5NO2 compared with that of fused silica. It can be seen that the refractive index

of C6H5NO2 and SiO2 varies linearly with each other, and the refractive index of

C6H5NO2 is always greater than that of SiO2. Light transmitted in silica-based PCFs

with a C6H5NO2-core follows the same total internal re°ection mechanism as that of

conventional optical ¯bers.

3. Optimization of the Characteristic Quantities of PCF

We present the fundamental mode dispersion. Chromatic dispersion (D) of a PCF

includes both the material dispersion and the waveguide dispersion and can be de-

¯ned by using the following equation40:

D ¼ � �

c

@2Re½neff �
@�2

; ð2Þ

Table 1. Sellmeier's coe±cients of the material used.

Sellmeier's coe±cients

Material A1 A2 A3 B1 [�m2] B2 [�m2] B3 [�m2]

SiO2 0.6694226 0.4345839 0.8716947 4:4801� 10�3 1:3285� 10�2 95.341482

C6H5NO2 1.30628 0.00502 ��� 0.02268 0.18487 ���

Fig. 4. (Color online) Real parts of the refractive index of C6H5NO2 and SiO2.
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where Re½neff � is the real part of neff which is the e®ective index of the guided mode

calculated using the FDE method and c is the speed of light in a vacuum.

The nonlinear coe±cient of PCF has the unit of (W�1 � km�1) determined by the

formula in the following equation40:

� ¼ !

c

n2

Aeff

� �
¼ 2�

�

n2

Aeff

� �
; ð3Þ

where ! is the angular frequency, and Aeff is the e®ective mode area (an important

characteristic of PCF). It is inversely proportional to the nonlinear coe±cient and is

de¯ned as in the following equation40:

Aeff ¼
ðR 1

�1
R 1
�1jEðx; yÞj2dxdyÞ2R 1

�1
R 1
�1 jEðx; yÞj4dxdy ; ð4Þ

where E is the electric ¯eld amplitude.

Figure 5 shows the e®ect of varying the ¯lling factor (d1=�) and lattice constant

(�) on the dispersion (D). Looking at the diagram, we can see that the dispersion of

Fig. 5. (Color online) Characteristics of chromatic dispersion of the fundamental mode for PCFs in¯ltrated

nitrobenzene with hexagonal lattice with (a) 1.0�m, (b) 1.5�m, (c) 2.0�m, and (d) 2.5�m. d1=� varies from

0.3 to 0.8.
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the hexagonal lattice structure varies with wavelength. The resulting dispersion

curves contain perfectly normal and anomalous dispersions with one or two ZDWs.

The dispersion properties were governed by changing the ¯lling factor d1=� and the

lattice constant (�). Moreover, changing these two parameters shifts the ZDW to

longer wavelengths. When the lattice constant is small (� ¼ 1:0�m, Fig. 5(a), the

PCF exhibits both anomalous and all-normal dispersion properties. A PCF with two

ZDW values can be obtained for 0:5 � d1=� � 0:8, whereas a PCF with only one

ZDW is obtained with a smaller d1=� (0.3–0.4) in the examined wavelength range. In

this case, the all-normal dispersion regime occurs only when d1=� ¼ 0:45. This ¯ber

has °at dispersion and a near-zero dispersion curve in the long wavelength range,

which should be useful for SC generation. On the other hand, all PCFs with larger

cores (� ¼ 1:5�m, � ¼ 2:0�m, � ¼ 2:5�m) are in the anomalous dispersion region

with one ZDW. Moreover, for a given value of � (� > 1:0�m), the ZDW shifts to

longer wavelengths as the ¯lling factor d1=� decreases. In contrast, for some values of

¯ll factor d1=�, the ZDW shifts to shorter wavelengths as � decreases. The above

analysis and simulation results show that by carefully tuning the air hole diameter d1
of the ¯rst ring of the PCF structure, it seems that the desired dispersion properties

of the structure can be easily obtained.

To obtain an SCG with a broad and °at spectrum, we need to ¯nd a PCF

structure with near-zero °at dispersion and ZDW compatibility with the pump

wavelength. By controlling structural parameters to achieve optimal dispersion, we

propose two optimal PCFs, namely #HF1 and #HF2 that are bene¯cial for SC

generation. Both introduced PCF structures have reasonably °at dispersion and

near-zero dispersion curves in the investigated wavelength range, as shown in Fig. 6(a).

Structural parameters of the ¯bers are shown in Table 2.

The ¯rst ¯ber #HF1 was used for SG in the all-normal dispersion regime with a

pump wavelength of 1.56�m to obtain the broadest SC spectrum, because the pump

wavelength is close to the maximum dispersion value. The second #HF2 ¯ber has an

anomalous dispersion regime, but is expected to produce a broad-spectrum SC at a

pump wavelength of 1.55�m, as its ZDW is closest to the pump wavelength at

1.502�m. The dispersions of #HF1 and #HF2 ¯bers at the pump wavelength are

�3.18 ps � nm�1 � km�1 and 6.215 ps � nm�1 � km�1, respectively.

Figure 6(b) shows the fundamental mode attenuation characteristics of #HF1

and #HF2 ¯bers. The attenuation of #HF1 and #HF2 ¯bers tended to be similar in

the investigated wavelength range. The attenuation value at 1.56 pump wavelength

for #HF1 ¯ber is 6.25 dB/cm, which corresponds to 4.92 dB/cm for #HF2 at

1.55�m. Low attenuation is an advantage of our model compared to previous

studies. The reason for the low value of attenuation for the fundamental mode of our

design is that the mode is well con¯ned in the core; the majority of the electro-

magnetic ¯eld is located there and the losses introduced by toluene are not mostly

a®ected. The e®ective mode area of the proposed PCF is shown in Fig. 6(c). The

results in the ¯gure show that the e®ective mode area for both ¯bers increases

linearly with increasing wavelength. As the wavelength increases, the light is no

SCG in C6H5NO2-core PCFs
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longer con¯ned strongly inside the core because the modes get leaked through the

holes, in between them increasing the e®ective mode area. Due to the larger core

diameter, the e®ective mode area for #HF2 is always larger than that of #HF1 ¯ber.

At the pump wavelength, the e®ective mode area values for ¯bers #HF1 and #HF2

are 2.059 (�m2) and 6.538 (�m2), respectively. The nonlinear coe±cient is inversely

proportional to the e®ective mode area according to Eq. (3), so the nonlinear coef-

¯cient of the ¯bers rises along with the decrease of the e®ective mode area, Fig. 6(d).

As expected, the alteration of the ¯lling factor and the lattice constant signi¯cantly

improves the nonlinearity coe±cient of ¯bers. The nonlinearity of ¯ber #HF1 is

always larger than that of #HF2, the nonlinearity value of the former is 1497 (W�1�
km�1) at the pump wavelength, while the nonlinearity of #HF2 is 471 (W�1 � km�1).

Table 2. The structure parameters of

proposed PCFs.

Parameter #HF1 #HF2

Lattice pitch � [�m] 1.0 2.0

Filling factor d1=� 0.45 0.3

Core diameter Dc [�m] 1.505 3.34

Fig. 6. (Color online) The characteristics of the fundamental mode for #HF1 and HF2. (a) dispersion, (b)

attenuation, (c) e®ective mode area, and (d) nonlinear coe±cient.

T. Dang Van & L. Chu Van

2350063-8



Table 3 shows a comparison between the proposed ¯ber properties and previously

published values.

4. Supercontinuum Generation in Selected Fibers

We performed numerical simulations of SC generation for the two proposed ¯bers

#HF1 and #HF2. In our simulations, the laser pulses used in the simulation were

modeled by Gaussian pulses centered at the pump wavelength with P0 as peak

power, t0 as pulse duration, and displayed in the following equation41:

AðT Þ ¼
ffiffiffiffiffiffi
P0

p
exp

�T 2

2t20

� �
: ð5Þ

The nonlinear propagation process of the pump pulse in the PCF can be expressed

in terms of the Schr€odinger equation (GNLSE) using the symmetric split-step

Fourier transform method,37 which is given by the following formula:

@z
~A � i~�ð!Þ ~A � ~�ð!Þ

2
~A ¼ i� 1þ !� !0

!0

� �
~AF

Z 1

�1
RðT 0ÞjAj2ðT � T 0ÞdT 0

� �
; ð6Þ

where ~Aðz; !Þ is Fourier transform of the amplitude of a pulse AðtÞ, and RðT 0Þ is the
Raman response function. The nonlinear material response function RðT Þ is de-

scribed by a function representing two decaying harmonic oscillators with the main

contributions from the electronic-bound and the nuclear parts, assuming that the

electronic factor is the mechanism described by37

RðT Þ ¼ ð1� fRÞ�ðT Þ þ fRhRðT Þ; ð7Þ
where �ðT Þ is the Dirac delta function and hRðT Þ is the delayed response. fR is a part

of the delayed contribution, which is a fraction of the nuclear contribution to the

nonlinear optical response of nitrobenzene. The delay characteristics of the nonlinear

response are comparable to Raman-induced frequency shifts. Energy moves to longer

wavelengths with redshift. Therefore, we can ¯nd the partial contribution of delayed

Table 3. The characteristic quantities values of the proposed PCFs in comparison with previous

publications.

#

Pump wavelength

(�m)

D

(ps=nm � km)

Aeff

(�m2) � (km�1 �W�1)

Attenuation

(dB/cm) Regime

#HF1 1.56 �3.18 2.059 1496 6.25 All-normal

#HF2 1.55 6.215 6.538 471 4.92 Anomalous

CCl4
21 1.03 �85 42.2 22.1 ��� All-normal

C2Cl4, #F1
26 1.56 �15.0 433.2 156.9 0.04 All-normal

C2Cl4, #F2
26 1.56 3.20 16.67 40.79 0.042 Anomalous

C2Cl4, #F3
26 1.03 �4.85 359.1 189.3 0.053 Anomalous

C7H8, #I 0.329 1.55 �7.784 7.79 1200 0.4 All-normal

C7H8, #I 0.3529 1.55 �1.19 78.9 ��� 1.2 Anomalous
C7H8

30 1.03 �150��5 73.2 130 ��� All-normal

SCG in C6H5NO2-core PCFs
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Raman to the total nonlinear response after normaliza hRðT Þ.37

hRðT Þ ¼
	 2
1 þ 	 2

2

	 2
1	

2
2

exp
�T

	1

� �
sin

T

	2

� �
�ðT Þ; ð8Þ

where �ðT Þ is the Heaviside step function, 	1 and 	2 correspond, respectively, to the

inverse of the phonon oscillation frequency and the bandwidth of the Raman gain spectrum.

On the left side of Eq. (6), the linear parameters � and � represent propagation

loss and dispersion in the frequency domain of the optical ¯ber, respectively. The

higher-order dispersion shows its important in°uence as the input pulse's center

wavelength approaches ZDW and is computed through the development coe±cients

of the Taylor series around the center wavelength !0, the expansion of the propa-

gation constant ð�Þ can be obtained by42

�kð!Þ ¼
dk�ð!Þ
d!k

����
!¼!0

; ð9Þ

where k ¼ 2; 3; 4; . . . is the dispersion coe±cient. The high-order dispersions at the

pumping pulse frequency in our numerical modeling are displayed in Table 4.

In this section, we study in detail how dispersion and nonlinear properties can

a®ect the generation of quality SC spectra for the proposed ¯ber #HF1 and #HF2.

For #HF1 ¯ber, the SC generation in the all-normal dispersion regime is pumped at

1.56�m, the pulse duration is 90 fs, and the peak power varies from 0.022 kW to

0.133 kW (corresponding to input pulse energy from 0.002 nJ to 0.012 nJ). The pulse

propagation length for the #HF1 ¯ber is 1 cm. While #HF2 ¯ber has anomalous

dispersion properties with one ZDW at 1.502�m wavelength and the SC generation

was analyzed with peak power ranging from 0.009 kW to 0.273 kW (corresponding to

pulse energies from 0.001 nJ to 0.03 nJ, respectively) at a propagation length of

15 cm, a pump wavelength of 1.55�m, and a pulse duration of 110 fs.

Figure 7(a) depicts the spectral broadening according to various peak power in

the 1 cm #HF1 ¯ber sample. The SC generation process is very fast and occurs in the

Table 4. The coe±cient of high-order dispersion at

the pump wavelength.

Coe±cient #HF1 #HF2

�2 (ps2/m) 3:99� 10�3 �7:44� 10�3

�3 (ps3/m) �2:11� 10�5 2:40� 10�4

�4 (ps4/m) 2:34� 10�7 �2:92� 10�7

�5 (ps5/m) 7:01� 10�10 �9:37� 10�9

�6 (ps6/m) 3:25� 10�11 �2:44� 10�11

�7 (ps7/m) �6:61� 10�13 3:59� 10�12

�8 (ps8/m) 2:68� 10�15 �1:33� 10�16

�9 (ps9/m) �1:75� 10�17 �1:21� 10�15

�10 (ps10/m) 6:48� 10�19 6:60� 10�18

�11 (ps11/m) 3:93� 10�20 2:99� 10�19
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¯rst millimeter of the ¯ber due to the high nonlinearity of C6H5NO2. Dispersion,

SPM, and OWB e®ects are mainly responsible for the process of the SC generation

process because the pump pulse works in the normal dispersion region of the #HF1

¯ber. It can be seen that the spectral width increases as the peak power increases, and

the spectrum width also increases. For pump ¯bers with powers below less than

0.089 kW, SPM makes the greatest contribution to spectral broadening. This limits

the spectrum to contain many peaks, with the outermost peaks having the strongest

intensity. When the peak power is greater than 0.089 kW, the SC spectrum is de-

termined by the SPM early stage of propagation and the resulting spectrum becomes

asymmetric for short wavelengths due to the in°uence of the nonlinear dispersion

e®ect of dispersion. Subsequently, the emergence of the OWB generated by the four-

wave mixing (FWM) was the dominant e®ect in the spectral broadening in these

cases. The OWB starts appearing at 0.089 kW peak power at 0.98�m and helps the

spectrum broaden rapidly as the peak power continues to increase, OWB appears at

shorter wavelengths. At a peak power of 0.133 kW (input pulse energy of 12 pJ), the

spectrum extends from 0.81�m to 1.919�m with a relative power range of 5 dB.

Figure 7(b) shows the temporal pro¯le at di®erent positions of the propagation

length, respectively, with the spectrum growing along the #HF1 ¯ber. In general, the

time delay between di®erent frequencies occurs earlier at shorter propagation when

the input peak power is higher. Considered in each case, these values become larger

with longer distances due to the di®erence in their group velocity components.

For the #HF2 ¯ber, SC generation was analyzed with a pump wavelength of

1.55�m, a pulse width of 110 fs and a ¯ber propagation length of 15 cm. #HF2 ¯bers

have pump wavelengths within the anomalous dispersion range, so soliton dynamics,

e.g. SF, SSFS, play an important role in spectral broadening. As the process pro-

pagates further, the solitons continue to shift to longer wavelengths, resulting in a

very large extension of the received spectrum towards the red-light region. Moreover,

the DW component is generated by FWM and propagates without frequency shift.

Fig. 7. (Color online) For #HF1 ¯ber: (a) the output spectrum for various peak power pulses when using

pump pulses with 1.56�m pump wavelength and 90 fs duration and (b) the temporal pro¯le at di®erent

positions of the propagation length, respectively, with the spectrum growing along the ¯ber.

SCG in C6H5NO2-core PCFs
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Figure 8 shows the spectral evolution at di®erent peak powers. At a peak power of

0.009 kW (input pulse energy of 1 pJ), the spectrum is smaller in this case because the

SPM plays a major role in spectral broadening. Beyond a peak power of 0.009 kW, SF

begins to appear, broadening the spectrum. As peak power increases, spectral width

increases. However, for a peak power of 0.273 kW (input pulse energy of 30 pJ), the

spectral width changes little compared to a peak power of 0.182 kW. This is

explained by factors such as high dispersion slope in the short wavelength range, low

nonlinear coe±cient, and high loss in the long wavelength range. If the peak power

equals 0.273 kW, the spectral bandwidth expands from 0.792�m to 3.994�m with a

dynamic range of 5 dB.

We ¯nd that the SCG performance of our project is more optimal than that of the

other tasks shown in Table 5. In particular, for anomalous dispersion regions, SC

spectra in our work are the widest with the lowest peak power. In the all-normal

dispersion mode, the proposed ¯ber can achieve the same bandwidth as the com-

parative claim, but with much lower peak power. In particular, the #HF1 ¯ber has

an extended spectrum from 0.81�m to 1.919�m with a peak power of 0.133 kW.

Reference 28 has an extended spectrum from 0.64�m to 1.7�m, but consumes 93

times the peak power than our work. In Ref. 25 the author used a peak power of

55 kW and 413 times power in our study, but the spectral bands obtained are almost

identical to the #HF1 spectral bands. Moreover, the spectral range of our PCFs in

the completely normal dispersion state is larger than that of the C7H8-¯lled PCFs in

the previous study,29,30 but the peak power used is lower. The all-normal dispersion

optical ¯ber in Ref. 43 has a structure that varies with the air-hole diameter, as in our

study, we obtain a spectral band approximately equal to the #HF1 spectral band in

this study, but using 3 times lower peak power. Besides, a nitrobenzene liquid-core

PCF with eight elliptical air-holes in the innermost ring of the cladding is proposed in

Ref. 13 with a peak power 7 times greater than that of #HF1 ¯ber, but the obtained

spectrum is approximate #HF1 ¯ber from 1.3�m to 2.8�m. The above results

Fig. 8. (Color online) For #HF2 ¯ber: (a) the output spectrum for various peak power pulses when using

pump pulses with 1.55�m pump wavelength and 110 fs duration and (b) the temporal pro¯le at di®erent

positions of the propagation length, respectively, with the spectrum growing along the ¯ber.
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demonstrate the high potential of his proposed PCF for integrated and extensive SC

generation systems.

5. Conclusion

In this paper, we designed a novel fused silica PCF with a C6H5NO2-core. Hexagonal

lattice PCFs are designed with a variable ¯rst ring air-holes diameter and a constant

air-holes diameter of the remaining rings, the generated PCFs have minimal atten-

uation and the ability to control structural parameters to obtain optimal dispersion.

The properties of the hexagonal lattice PCF are controlled by varying the structural

parameters including the air-hole diameter in the ¯rst rings (d1) and the lattice

constant (�). Therefore, the PCFs in our work have °at dispersion, small e®ective

mode area, high nonlinearity, and low attenuation for application for highly e±cient

SCG with much lower peak power than previously published. From the preliminary

¯ber design, we selected two ¯bers with optimized dispersion characteristics and

analyzed SC generation in each.

The ¯ber #HF1 operates in an all-normal dispersion regime with a lattice

constant of 1.0�m and a ¯lling factor of 0.45. #HF1 has °at dispersion, a small

dispersion value of �3.18 ps � nm�1 � km�1, and a high nonlinear coe±cient of

1497W�1 � km�1 obtained at pump wavelength 1.56�m. The main e®ect that

dominates the SC spectrum broadening for #HF1 ¯ber is SPM followed by OWB.

The obtained SC spectrum extends from 0.81�m to 1.919�m and has a low peak

Table 5. The SC bandwidth of proposed PCFs in comparison with other silica-based PCF in¯ltration

with liquid.

Liquid-core

Peak

power (kW)

Pump

wavelength (�m)

Fiber

length (cm)

SC spectral

range (�m) Regime

#HF1 0.133 1.56 1 0.81–1.919 All-normal

#HF2 0.273 1.55 15 0.792–3.994 Anomalous
CCl4

21 62.5 1.03 20 0.85–1.25 All-normal

CHCl3, #F1
22 2.5 1.03 10 0.6–1.26 All-normal

CHCl3, #F2
22 2 1.03 10 0.6–1.4 Anomalous

C6H5NO2, #F2
23 5.55 1.56 5.0 0.8–2.1 All-normal

C6H5NO2, #F3
23 0.66 1.56 5.0 1.3–2.3 Anomalous

C6H6, #F1
25 55 1.56 1.0 0.7–2.0 All-normal

C6H6, #F3
25 37 1.56 1.0 0.6–3.5 Anomalous

C2Cl4, #F1
26 16.67 1.56 5.0 0.8–2.0 All-normal

C2Cl4, #F2
26 16.67 1.56 10 1.0–2.0 Anomalous

C2Cl4, #F3
26 20.83 1.03 10 0.7–2.4 Anomalous

C2H4Br2, #F1
28 12.5 1.03 10 0.64–1.7 All-normal

C2H4Br2, #F2
28 0.75 1.03 15 0.7–2.4 Anomalous

C7H8, #I 0.329 7.14 1.55 10 1.1–1.75 All-normal

C7H8, #I 0.3529 6.67 1.55 10 1.0–1.75 Anomalous
C7H8

30 25 1.03 10 0.95–1.1 All-normal

C7H8, #F1
43 0.45 1.064 1 0.642–1.592 All-normal

C7H8, #F2
43 0.55 1.55 10 0.911–2.496 Anomalous

C6H5NO2
13 1 1.81 5 1.3–2.8 All-normal
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power of 0.133 kW for ultra-short pulses spread within a 1 cm propagation-long

pass ¯ber.

On the other hand, the #HF2 ¯ber exhibits anomalous dispersion with d1=� ¼ 0:3

and � ¼ 2:5�m. The #HF2 ¯ber has a low dispersion of 6.215 ps � nm�1 � km�1, a low

loss of 4.919 dB/cm, and a high nonlinear factor of 471W�1 � km�1 at 1.55�m pump

wavelength. Soliton dynamics including SF, SSFS, and DW are the main e®ects that

make the SC spectrum of #HF2 much broader than that of #HF1 ¯ber. With a low

peak power of 0.273 kW and a pulse duration of 110 fs, the obtained HF2 SC spec-

trum extends from 0.792�m to 3.994�m and propagates through a 15 cm long ¯ber.

With such good advantages, our proposed ¯ber may become a new type of optical

¯ber suitable for low-peak power all-¯ber laser systems in optical communication

systems.
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