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Abstract. In this paper, we apply liquid infiltration 
approach for supercontinuum generation (SCG) in 
photonic crystal fiber (PCF) in which by selectively 
infiltrating three air holes of PCF, a near zero dispersion 
is obtained that is a key parameter for SCG. Our numerical 
results show that by launching a very short input optical 
pulse of 50 fs in normal dispersion regime with wavelength 
centered about 700 nm, into 50 mm PCF infiltrated by 
ethanol, broadband, coherent and ripple free SC as wide as 
1000 nm will be achieved that covers the visible light and a 
part of near infrared spectra used for ultrahigh-resolution 
optical coherence tomography. 

Keywords 
Photonic crystal fiber (PCF), optical coherence tomo-
graphy (OCT), liquid infiltration, supercontinuum 
generation, normal dispersion 

1. Introduction 
Optical coherence tomography (OCT) is one of the 

medical imaging methods for sensitive tissues such as eye 
and skin [1], [2]. The visible and near infrared light sources 
are used for scanning biological tissues. So, several condi-
tions must be considered when selecting a light source for 
OCT imaging such as center wavelength, bandwidth, pulse 
shape and width, peak and average power [3]. Very high 
axial resolution images, which are provided by OCT, are 
independent of focusing conditions due to the different 
physical mechanisms determined the axial and lateral res-
olution [3]. Therefore, it is possible to enhance axial reso-
lution by using broad bandwidth light sources. The light 
source not only determines axial OCT resolution via its 
bandwidth and central emission wavelength but also de-
termines a penetration depth in the sample [4], [5]. A mini-
mum output power with low amplitude noise is also neces-
sary to enable high sensitivity and high speed with real-
time OCT imaging. It is necessary to choose appropriate 
light sources in OCT structure due to the requiring of 
broadband light sources to increase the imaging resolution 
of spectroscopic OCT applications [6]. Recently, broad-

band Ti:sapphire laser was developed in 5µm axial resolu-
tion spectroscopic OCT application [3]. Ultrahigh resolu-
tions of 3 and 5 µm were obtained at wavelengths of 
800 nm and 1300 nm using continuum generation in 
a 100 cm PCF length with a parabolic dispersion profile 
with two closely spaced zero dispersion wavelengths [7]. 
Efforts have been made to reach a high resolution with 
supercontinuum (SC) source that is a high-intensity light 
that is a consequence of confining the light energy in both 
space and time [8–10]. It is a broadband and coherent light 
that is generated via the interaction of an optical short pulse 
with a nonlinear media [11], [12]. With this light source, 
resolution of images is much more than other light sources 
and even OCT imaging with submicron resolution can be 
obtained. Humbert et al. reported flat and broad SCG using 
100 cm PCF. It provides 1.5 μm axial resolution in free 
space at 809 nm center wavelength [13]. Ghanbari et al. 
demonstrated an ultrahigh resolution OCT system using 
PCF to produce a high axial resolution in biological tissues 
[4]. Povazay et al. experimentally demonstrated that using 
6 mm long PCF pumped by a 50 fs optical pulse, 0.75 and 
0.5 m axial resolution in a free space and biological tissue 
could be achieved, respectively [14]. Champert et al. de-
monstrated the simultaneous excitation of PCF for SCG in 
visible and near-infrared range for OCT application [15]. It 
needs to couple two signals simultaneously into a PCF 
which is relatively hard. Kudlinski et al. experimentally 
demonstrated SCG for OCT with a spectrum covering the 
region from 470 nm to 1750 nm by using a 300 m long 
GeO2-doped-core PCF with decreasing ZDW along its 
length [16]. Some researchers used dispersion engineering 
by means of varying the PCF structural parameters, like air 
holes diameter, the lattice constant, and the number of the 
air-hole rings to achieve flat dispersion in a wide wave-
length range for SCG [17], [18]. This technique depends on 
the technological capability to realize a specific design with 
high precision. Precision in controlling the geometrical 
parameters during the fabrication process is the most criti-
cal constraint in acquiring the desired dispersion [19], [20]. 
Nonetheless, the use of liquid infiltration approach as 
a post-fabrication technique enables one to tailor PCFs 
properties as desired, avoiding the topological limitations. 
both sides of the infiltrated holes are sealed with silica to 
prevent liquid from evaporating [11], [18].  
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This paper is focused on the SC generation through 
PCF with a liquid infiltration approach for white light and 
OCT application. Selective infiltration of air-holes by lin-
ear optical liquids is used to control and tailor the PCFs’ 
dispersion profiles, as desired. This PCF has an important 
role in the OCT setup by increasing the resolution and 
improving the quality of tissue images. On the other hand, 
the average power required in the proposed PCF is less 
than other methods of OCT imaging that solves the thermal 
requirements [21]. Other considerations such as loss, effec-
tive area, and nonlinear coefficient are taken into account. 

2. Physical Structure of PCF 
Figure 1 shows the perspective and cross-sectional 

views of solid core PCF consisting of circular air-holes 
(gray circles) with diameter of d = 0.9 Λ in background of 
silica (blue circle). Red circles in the innermost ring repre-
sent the selectively infiltrated air-holes, by the appropri-
ately chosen optical liquid in which the refractive indices 
of Silica, Water, Ethanol, Chloroform, and Carbon tetra-
chloride as a function of wavelength are given by Sellmeier 
equation as  

       0.51 12 2 2 2
1 1 2 21n B C B C    

 
      (1) 

where Bi and Ci (μm2) (i = 1, 2), in Sellmeier equation for 
different used materials are presented in Tab. 1. The air 
holes are arranged in a triangular lattice in eight hexagonal 
rings with pitch size of Λ = 1.1 μm and core diameter 
dC = 2 – d = 1.2 m. In the next section, we will show 
that this infiltration results in a low loss, flat and low dis-
persion, and highly nonlinear PCF suitable for generating 
the supercontinuum spectra. Moreover, experimental tech-
niques for filling one or more specific air-holes in a PCF 
have already been developed [22]. 
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Fig. 1. Left: a cross-sectional view of PCF. Right: Perspective 

view of PCF. 

 

Material 
Sellmeier coefficients 

B1 C1 (μm2) B2 C2 (μm2) 

Silica 0.68 0.004 0.42 0.013 
Water 0.75 0.01 0.085 8.91 

Ethanol 0.83 0.009 –0.15 –49.45 
Chloroform 1.04 0.01 0.003 0.15 

Carbon tetrachloride 1.09 0.011 - - 

Tab. 1.  Constants Bi and Ci (μm2) (i = 1, 2), in Sellmeier 
equation for different used materials. 

3. Theory and Calculations  

3.1 Mathematical Background 

In this paper, to demonstrate the propagation of opti-
cal pulse inside the PCF shown in Fig. 1, we have consid-
ered nonlinear Schrödinger equation (NLSE). Other re-
searchers demonstrated that the numerical results calcu-
lated by this model are close to the experimental results 
[12], [23–25]. Evolution of an optical pulse, having 
a slowly varying electric field amplitude represented by 
envelope function A(z, t) defined by GNLSE [24]: 
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where z and t are the spatial coordinates along the fiber and 
the time variable,  is total fiber loss, n is the nth disper-
sion order that in our calculations, second to eighth orders 
of dispersion are considered,  is the nonlinear coefficient 
where  = n20/cAeff(0) in which Aeff is the effective area 
of the fundamental mode, 0 is the pulse radial frequency, 
c is speed of light and n2 is the nonlinear Kerr index which 
is 2.7  10–20 m2/W for silica as a background material of 
the fiber. R(t) is the response function including the Raman 
and Kerr nonlinearities. Assuming that the electronic con-
tribution is nearly instantaneous, the functional form of R(t) 
can be written as: 

 R R R( ) (1 ) ( ) ( )R t f t f h t     (3) 

where (t) is the Dirac delta function, fR represents the 
fractional contribution of the delayed Raman response 
function hR

 (t), which in turn takes an approximate analytic 
form of  
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with fR = 0.18, τ1 = 12.2 fs and τ2 = 32 fs, for silica. 

3.2 PCF Engineering 

Since we intend to generate SC in the range from visi-
ble to near infrared, we have to engineer zero dispersion 
wavelength (ZDW) of the PCF. One of these approaches is 
changing the core diameters. Reducing the core diameter 
has some limitations: first, PCF fabrication is hard to do, 
second, while propagating in fibers, short wavelengths can 
pass through small core cross section area but long wave-
lengths that require larger effective cross-sectional area 
cannot be confined in the core and they might enter the 
cladding [24]. This will be considered as a leakage loss 
because it is not accessible anymore. We used the liquid 
infiltration technique to resolve this challenge. To 
demonstrate the role of liquid infiltration, we compare the 
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Fig. 2. Comparison of the (a) real part, (b) imaginary part of 
the liquid refractive indices, (c) total loss, (d) effective 
mode area, (e) dispersion profiles and (f) nonlinear 
parameter of the un-infiltrated PCF with those 
selectively infiltrated with optical liquids of various 
indices, and (g) transmission profiles [24]. 

dispersion, D(λ), effective area, Aeff(λ), total loss, Lt(λ), and 
nonlinear coefficient, γ(λ), of un-infiltrated and infiltrated 
fibers in Fig. 2. We have set our goal in this section to in-
vestigate the possibility of engineering these profiles, as 
desired, via selective liquid infiltration. It is already 
demonstrated that by infiltrating three air holes of the 
PCF’s innermost ring with an appropriate liquid, depicted 
by the red circles in Fig. 1, the dispersion profile can be 
engineered as desired. 

The real and imaginary parts of the refractive indices 
of water, ethanol, chloroform and carbon tetrachloride used 
in this paper versus wavelength are shown in Fig. 2(a), (b). 
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As can be observed in Fig. 2(a), the refractive index 
of silica is more than all mentioned liquids. Therefore, the 
guiding mechanism is provided by the total internal 
reflection along the solid core fiber.  

Dispersion is calculated as a function of wavelength 
in the range of 0.55–1.35 µm. It is shown in Fig. 2(c) for 
the PCF infiltrated with four mentioned liquids having 
well-known losses.  

The ZDW for un-infiltrated PCF equals to 0.63 µm 
and the dispersion gradient near the ZDW is about 
10 ps/(nm2.km). Figure 2(c) illustrates when the air holes 
are infiltrated by liquids, ZDW is shifted toward longer 
wavelengths, and the dispersion slope is decreased. The 
most and the least significant ZDW shifts are observed for 
chloroform and water about 0.85 and 0.75 µm, respec-
tively. By shifting ZDW using the liquid infiltration ap-
proach as desired, we can use available lasers with femto-
second optical pulses as input sources. 

Dispersion is the key profile for SC generation but 
there are some other linear and nonlinear parameters for the 
occurrence of nonlinear phenomena such as the small ef-
fective area of the PCF. PCF infiltration results in increas-
ing the effective area that implies nonlinearity reduction.  

Figure 2(d) shows our calculations of the effective 
area as a function of wavelength in the range of 0.45 µm to 
1.3 µm for the PCF filled with the liquids mentioned 
before. As can be observed in this figure, the effective area 
is 0.858 µm2 at 0.7 µm for the un-infiltrated case.  

When the PCF is infiltrated with any liquid, the 
effective area increases. The smallest increase is detected 
for water (1.01 µm2), and the largest one is for carbon tetra-
chloride (2.322 µm2). It is clear that the increase of the 
effective area is relatively small that can be ignored for 
nonlinear applications. 

Liquid infiltration introduces significant loss in 
transmission, despite the fact that the core is all solid and 
we only consider the fundamental mode. The imaginary 
part of the refractive index represented in Fig. 2(b) may 
have more effect than the real part of the guiding 
properties.  

The attenuation caused by the liquid infiltration re-
stricts the benefits resulting from the improvement of the 
dispersion. It is calculated as a function of wavelength for 
the PCF infiltrated with the liquids. The results are plotted 
in Fig. 2(e) that shows the loss increases with increasing of 
wavelength.  

The maximum loss is observed for the PCF infiltrated 
with water, for instance, it is 0.026 dB/m for 0.7 µm. The 
minimum loss is observed for carbon tetrachloride that is 
0.002 dB/m for 0.7 µm. The loss at this level does not limit 
the SG because SG is achieved at a few cm long.  

Figure 2(f) depicts nonlinear coefficient versus 
wavelength in the range of 0.45 to 1.3 µm. The maximum 
and minimum nonlinear coefficients are for un-infiltrated 
and carbon tetrachloride respectively. Because in these two 

cases, the effective area is lower and higher than the others, 
respectively. 

Figure 2(g) shows the transmittance curves as a func-
tion of wavelength for 5 cm thickness in 20°C for used 
liquids in this paper. It demonstrates that carbon tetrachlo-
ride has the maximum transmission window. However, 
water has the minimum one.  

4. Results and Discussions 
So far, we have learned how to engineer and control 

the linear and nonlinear properties of a PCF over a wide 
wavelength range via selective liquid infiltration. 

In this section, using the computed parameters and 
other necessary detailed information, we investigate how to 
generate SC using the liquid infiltration approach over a 
piece of PCF. By solving NLSE in both time and frequency 
domains, we show the propagation of optical pulse along 
the engineered PCF. In this numerical study, we assumed 
optical pulse of peak power P0 = 50 kW with a width of 
T0 = 50 fs and wavelength of 0 = 700 nm, are launched 
into 50 mm length of PCF shown in Fig. 1. Due to this 
short length, the total loss reported in [26] for silica PCF is 
ignored. Our simulations reveal that the leakage power 
inside infiltrated holes is insignificant and can be neglected 
in the rest of the paper.  

Figure 3 compares the spectral distributions of the 
optical pulses evolving along the un-infiltrated PCF with 
those obtained from selectively infiltrated PCFs. Results 
show spectrum in the un-infiltrated case has severe ripples, 
which are not desirable. On the other hand, considering the 
noise, the ripple will be more intense. Figure 3 illustrates 
the potential of the liquid infiltration technique for SC 
generation with flat bandwidth, simply by choosing an 
appropriate liquid and the input signal wavelength. As can 
be observed in this figure, the maximum spectral broaden-
ing occurs for water and ethanol respectively. In the case of 
water, SC is wider than other liquids because it has the 
least value of refractive index among presented liquids in 
this study that leads to PCF having the ZDW closer to the 
wavelength of the input pulse. As you see, the archived 
spectrum by water infiltration does not have enough inten-
sity in some wavelengths with several ripples. But ethanol 
has enough bandwidth and intensity and also too much 
coherence because according to [27], n wavelength of 
700 nm, the forth order of dispersion, β4, is positive with 
a value more than other used liquids in this paper at the 
same wavelength. Therefore, we will use ethanol as our 
desired infiltrating liquid for OCT applications in the fol-
lowing. It is clear that by increasing the optical pulse peak 
power, broader SC is achieved. Various linear and nonlin-
ear phenomena are accountable for the generation of the 
supercontinua observed in Fig. 3. In the case of ethanol 
shown in Fig. 3(c), when pumping 50 fs pulses in the nor-
mal dispersion regime at 700 nm, the pulses initially un-
dergo strong self-phase modulation (SPM), possibly lead-
ing to optical wave breaking (OWB) due to self-steepening 
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(SS) and third-order dispersion (TOD), which causes 
a significant part of the light to be blue-shifted. The red-
shifting part will eventually cross the ZDW, at which point 
soliton dynamics, in particular Raman induced soliton self-
frequency shifting (SSFS), will dominate further spectral 
broadening. As expected, we observed distinct SPM broad-
ening close to the 700nm pump, and soliton dynamics 
when crossing the ZDW. These dynamics were remarkably 
well reproduced by simulating propagation of only the 
fundamental mode [25]. These phenomena can be done for 
other cases of liquids. Figure 3(a) shows launching input 
optical pulse inside un-infiltrated case in anomalous disper-
sion regime not only doesn’t generate SC but also reduces 
the imaging resolution caused by many ripples in the out-
put spectrum. 

As can be seen in Figs. 3(b)–4(e), depending on the 
refractive index of the infiltrated liquid, SC with desired 
intensity and bandwidth is achieved. With this technique, we 

 
Fig. 3. Evolution of the spectral distribution of optical pulses 

of 50-fs widths P0 = 50 kW peak power, along 50 mm 
long un-infiltrated PCFs, compared with those 
obtained from selectively infiltrated PCFs with optical 
liquids of various refractive indices. 

don’t need to change the physical parameters of the PCF 
such as air hole diameter, core diameter and lattice constant 
by too complex fabrication processes. The optical liquids 
used for this purpose must be available and transparent to 
the wavelengths of interest. However ethanol as a suitable 
liquid used in this paper is flammable that the infiltration 
process should be done carefully. So, available liquids help 
us implement OCT setup so easier, faster and cheaper and 
also changing the infiltrated liquids leads to adjust the 
ZDW in the range of available laser sources. Consequently, 
by the appropriate choice of the infiltrated liquid, input 
optical pulse and PCF properties, a broad and coherent 
spectrum at the fiber output is achieved. Figure 3(c) 
demonstrates that a coherence SC as wide as 1040 nm is 
generated at 50 mm length of the PCF infiltrated with etha-
nol in which the imaging resolution via this fiber is about 
0.2 µm. It is very small and ideal compared to values ob-
tained from recent articles and can highly increase the 
resolution of medical images. With this technique, axial 
resolution increases largely, and more detailed information 
of the tissue is considerable. It means that the detection of 
the disease is so easier and faster. 

5. Conclusion 
We have studied the generation of supercontinua in 

visible and near-infrared frequency ranges, utilizing silica-
based solid core PCF with the liquid infiltration approach. 
Simulations demonstrated when a 50 fs input optical pulse 
of peak power 50 kW and center wavelength 700 nm are 
launched into a 50 mm long PCF infiltrated by ethanol, 
spectral broadening as wide as 1040 nm in both visible and 
near-infrared regions can be obtained. The broad band-
width of the light source permits high imaging resolution in 
which this PCF as a source of OCT system can generate 
tissues images with a longitudinal resolution of 0.2 µm. 
This fact can significantly help faster and more accurate 
detection of tissue diseases.  
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