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Numerical study of few-cycle pulses generation from 
supercontinuum in ANDi-PCF
Estudio numérico de la generación de pulsos de algunos ciclos de un supercontinuo 
en una fibra de cristal fotónico con dispersión completamente normal
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ABSTRACT

This paper presents the design of all-normal dispersion photonic-crystal fiber optimized for 
pulse-preserving supercontinuum generation near 800 nm. The supercontinuum generation 
is analyzed numerically addressing the role of pump pulse energy and the pump wavelength 
deviation from the zeroth point of third-order dispersion. We have also shown that supercon-
tinuum generated in designed ANDi-PCF from a few nanojoule 100 fs pulses can be efficiently 
compressed down to a sub-10-fs pulse with a simple quadratic compressor.

RESUMEN

En este trabajo se presenta el diseño de la fibra de cristal fotónico con dispersión completa-
mente normal, optimizada para generar un supercontinuo cerca de 800 nm, preservando los 
pulsos. La generación del supercontinuo se analiza numéricamente considerando el papel de 
la desviación de la energía del pulso de bomba y su longitud de onda desde el punto cero de 
la dispersión de tercer orden. También, se muestra que el supercontinuo generado en la fibra 
diseñada usando los 100 fs pulsos de unos pocos nanojoule, se puede comprimir de manera 
eficiente hacia abajo a un pulso sub-10-fs con un simple compresor cuadrático.
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INTRODUCTION

Generation of Supercontinuum (SC) has been a very active field of research 
for the last decade. A huge interest in this field was inspired by the inven-
tion of microstructured fibers and particularly photonic crystal fibers (PCFs) 
which allowed SC generation in a much wider range of source parameters 
than had been possible with bulk media or conventional fibers. Usually SC 
is generated in the anomalous dispersion region of optical fibers (Alfano, 
2006). The broadening mechanism in this case is dominated by soliton dy-
namics and soliton fission, which is sensitive to input pulse fluctuations 
and pump laser shot noise. However, recently it was shown that all-normal 
dispersion photonic crystal fibers (ANDi PCFs), which exhibit convex dis-
persion profiles flattened near the pump wavelength, can also be used for 
generation of octave-spanning SC (Heidt et al., 2011a). The advantages of 
this approach are preserving of a single pulse in the time domain, perfect 
temporal coherence and spectral properties suitable for efficient external 
recompression. Such compression has recently been demonstrated expe-
rimentally as applied to the supercontinuum generated from initial 15 fs, 
1.7 nJ pulses passing through 1.7 mm long ANDi PCF. As a result, the 
high quality sub-two cycle pulses (5.0 fs) have been obtained (Hooper, 
Mosley, Muir, Wadsworth & Knight, 2011). This demonstration opens an 
alternative approach to the challenging problem of generating few-cycle la-
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ser pulses which are highly important in optics and 
spectroscopy, particularly in time-resolved studies of 
fundamental processes in physics, chemistry and bio-
logy (Kärtner, 2004). However, up to now the generation 
of the pulse-preserving SC had been demonstrated in 
ANDi PCFs with a dispersion flat top at 1060 nm and 
650 nm (Heidt et al., 2011a, 2011b). At the same time 
most fs-sources, at the moment, are based on the Ti: 
Sapphire active medium, and the typical pulse dura-
tion is about 100 fs. Here we present a simple ANDi 
PCF design with a flat top dispersion at 800 nm, and 
we analyze the generation of pulse-preserving SC in 
synthesized fiber applying the generalized nonlinear 
Schrodinger equation. We will also demonstrate that 
the approach of external compression of the pulse-
preserving SC can be successfully expanded to the lon-
ger initial pulses up to 100 fs, which is readily available 
in most modern commercial ultrafast lasers.

ANDI-PCF design 

Due to the complex topology of the cross section, the 
PCFs have to be analyzed using a numerical solution 
of the Helmholtz equation. Probably, the most wides-
pread methods are finite elements and finite differen-
ce methods. However, often one can approximate the 
results of extensive numerical solutions well by using 
analytical expressions, which the framework for the 
right physical interpretation.

As it has turned out, the topology of ANDi PCF can 
be quite simple, which allows successful parametri-
zation within classical fiber optics theory. Here, to 
achieve the desired properties for the synthesis of an 
ANDi PCF, we use the approximate method developed 
in (Saitoh & Koshiba, 2005). The method departs from 
the idea of extending the classical concept of the nor-
malized propagation constant V to the case of PCFs. 
Then, it is used for the calculation of the effective in-
dex of refraction neff and the spectral dependence of 
dispersion. Using this method we have synthesized 
the ANDi PCF with solid core and hexagonal lattice, 
which possess characteristics presented in figure 1.

The dispersion parameter D and MFD of the de-
signed PCF with Λ = 1 µm and d/Λ = 0.5 are shown 
in figure 1(a). Figure 1(b) shows the dependencies of 
2-nd order and 3-rd order dispersion coefficients on 
the wavelength. We have found that the zero third or-
der dispersion (ZTOD) wavelength plays an important 
role during the generation of SC in ANDi PCF, as shown 
in the figure. The feature of the fiber designed is that 
it provides a flat top dispersion curve in the vicinity of 
800 nm with MFD = 1.59 µm and D = -40 ps/(nmkm) 
at this wavelength. It provides a nearly symmetrical 

broadening of the pulse spectra that allows us toob-
tain SC with good properties both in spectral and time 
domains, as we describe in next section.

Figure 1. a) Calculated dispersion profile and MFD of ANDi PCF. b) Corres-
ponding spectral dependencies of  2-nd order and 3-rd order disper-
sion coefficients.

Source: Authors own elaboration.

Supercontinuum generation and pulse 
compression

We simulate here pulse propagation in ANDi PCF by 
solving the generalized nonlinear Schrödinger equa-
tion (GNLSE) for the electric field envelope A = (z,T) 
(Agrawal, 2001). 

      (1)

where a is the attenuation constant, g  is the nonlinear 
coefficient, bn are the dispersion coefficients obtained 
using a Taylor series expansion of the propagation 
constant b(w) around the center frequency w0, and

=f 0.18R  represents the fractional contribution of the 
delayed Raman response to nonlinear polarization. For 
the Raman response function of the silica fibe th ( )R  the 
approximate analytical expression is used (Agrawal, 
2001). GNLSE (2) is solved using the Runge–Kutta in 
the interaction picture method (Hult, 2007). During 
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simulations we neglect the fiber’s loss because only 
short pieces of fiber are considered. Dispersion para-
meters of the designed ANDi PCF are taken up to the 
8-th order, which for 800 nm are:

2= 1.363 101 ps2/km,×

3= 8.65 10-3 ps3/km,×  

4= 1.674 10-4  ps4/km,×

5=-5.48 10-7  ps5/km,×

6=1.59 10-9  ps6/km,×

7= -3.801 10-12 ps7/km,×

8=4.0 10-15 ps8/km× .

The nonlinear coefficient at 800 nm is:

g = ⋅113.3  1/(W km).

For the simulation of SC generation we have cho-
sen initial transform-limited Gaussian pulses with  
FWHM=100 fs at 800 nm and with different initial 
pulse energies. Figure 2 shows the results of simu-
lations of SC generation carried out for various pump 
wavelength l .p  First of all, we are interested in the SC 
generation at the target pump wavelength 800 nm. From 
figure 2 we can see that the SC spectrum is quite flat for 
5 nJ pump with the exception of a small dip at the pump 
wavelength, which becomes stronger at the 10 nJ pump 
The development of this dip can be attributed to the in-
creasing steepening of the temporal trailing pulse edge 
in combination with the optical wave braking-induced 
four wave mixing processes (Heidt, 2010). However, 
the most important thing is the appearance of an op-
tical shock-type phenomenon at 16 nJ involving the 
development of oscillatory structure in the pulse tem-
poral profile and in the spectrum. One can see that 
oscillations arise only at the trailing edge of the pul-
se and at the short wavelength side of the spectrum. 
We assume that one of following two reasons or their 
combined action can lead to the appearance of such 
an optical shock. At first, it is widely accepted that 
self-steepening can create an optical shock (Agrawal, 
2001). Secondly, a similar asymmetrical optical shock 
can also arise due to the action of third order disper-
sion (TOD) (Iakushev, Shulika & Sukhoivanov, 2012). 
In any case, the most important thing is that this opti-
cal shock actually restricts the maximal energy laun-
ched to the fiber and hence the maximal width of the 
SC spectrum and its spectral power density.

The simulation results under shifting the pump 
wavelength l = ±800 nm 10 nmp  are shown in figure 
2. We can see a rather different behavior of SC spectra. 

Figure 2. Supercontinuum spectra and corresponding broadened pulses at the 
output of the designed ANDi PCF for different pump wavelengths and 
initial pulse energies.

Source: Authors own elaboration.

At 810 nm, the dynamics of SC generation is very 
similar to that of the 800 nm pump, but the optical 
shock appears faster here already at 12 nJ.

At 790 nm we can see stable SC generation at least 
up to 35 nJ and only at 65 nJ very weak oscillations 
in temporal and spectral pulse profiles arise. Becau-
se the difference between the pumping wavelengths is 
small to induce sufficient changes of self-stepping, we 
assume that this different behavior resulted initially 
due to the influence of TOD. Indeed, the amount of 
TOD sufficiently changes within the 20 nm waveleng-
th range for the designed ANDi PCF:

3(790 nm) = 3.9 10-3 ps3/km,×

3(800 nm) = 8.65 10-3 ps3/km,×

3(810 nm) = 13.8 10-3 ps3/km.×

-4 -2 0 2 4 6
0

1

2

3

Time, ps

400 600 800 1000 1200
0

0.5

1

1.5

2

2.5

Wavelength, nm

-10 0 10 20 30

Time, ps

In
te

n
si

ty
, 
kW

In
te

n
si

ty
, 
kW

400 600 800 1000 1200 1400
0

4S
p
e
ct

ru
m

, 
m

W
/n

m
S

p
e
ct

ru
m

, 
m

W
/n

m
S

p
e
ct

ru
m

, 
m

W
/n

m

8

12

16

20

Wavelength, nm

-4 -2 0 2 4
0

1

2

3

Time, ps

In
te

n
si

ty
, 
k
W

400 600 800 1000 1200
0

0.5

1

1.5

2

2.5

Wavelength, nm

0

1

2

3

4

pλ  =810 nm
12 nJ

8 nJ

5 nJ

pλ  =810 nm

pλ  =800 nm

16 nJ

10 nJ

5 nJ

pλ  =800 nm16 nJ

10 nJ

5 nJ

pλ  =790 nm

65 nJ

35 nJ

15 nJ

pλ  =790 nm

65 nJ

35 nJ

15 nJ

-4 -2 0 2 4 6
0

1

2

3

Time, ps

400 600 800 1000 1200
0

0.5

1

1.5

2

2.5

Wavelength, nm

-10 0 10 20 30

Time, ps

In
te

n
si

ty
, 
kW

In
te

n
si

ty
, 
kW

400 600 800 1000 1200 1400
0

4S
p
e
ct

ru
m

, 
m

W
/n

m
S

p
e
ct

ru
m

, 
m

W
/n

m
S

p
e
ct

ru
m

, 
m

W
/n

m

8

12

16

20

Wavelength, nm

-4 -2 0 2 4
0

1

2

3

Time, ps

In
te

n
si

ty
, 
kW

400 600 800 1000 1200
0

0.5

1

1.5

2

2.5

Wavelength, nm

0

1

2

3

4

pλ  =810 nm
12 nJ

8 nJ

5 nJ

pλ  =810 nm

pλ  =800 nm

16 nJ

10 nJ

5 nJ

pλ  =800 nm16 nJ

10 nJ

5 nJ

pλ  =790 nm

65 nJ

35 nJ

15 nJ

pλ  =790 nm

65 nJ

35 nJ

15 nJ

-4 -2 0 2 4 6
0

1

2

3

Time, ps

400 600 800 1000 1200
0

0.5

1

1.5

2

2.5

Wavelength, nm

-10 0 10 20 30

Time, ps

In
te

n
si

ty
, 
kW

In
te

n
si

ty
, 
kW

400 600 800 1000 1200 1400
0

4S
p
e
ct

ru
m

, 
m

W
/n

m
S

p
e
ct

ru
m

, 
m

W
/n

m
S

p
e
ct

ru
m

, 
m

W
/n

m

8

12

16

20

Wavelength, nm

-4 -2 0 2 4
0

1

2

3

Time, ps

In
te

n
s
ity

, 
kW

400 600 800 1000 1200
0

0.5

1

1.5

2

2.5

Wavelength, nm

0

1

2

3

4

pλ  =810 nm
12 nJ

8 nJ

5 nJ

pλ  =810 nm

pλ  =800 nm

16 nJ

10 nJ

5 nJ

pλ  =800 nm16 nJ

10 nJ

5 nJ

pλ  =790 nm

65 nJ

35 nJ

15 nJ

pλ  =790 nm

65 nJ

35 nJ

15 nJ



U n i v e r s i d a d  d e  G u a n a j u a t o

Vol. 23 (NE-2) Cálculo fraccionario Noviembre  2013   43 Numerical study of few-cycle pulses generation from supercontinuum in ANDI-PCF | O. V. Shulika, I. A. 
Sukhoivanov, S. O. Iakushev, I. V. Guryev, J. A. Andrade-Lucio, O. Ibarra-Manzano, A. Barrientos-
García, G. Ramos-Ortiz | pp. 40 - 44

-200 -100 0 100 200
0

50

100

150

200

8.5 fs

8.9 fs

8.4 fs

8.3 fs

8.2 fs

7.9 fs

250

300
790 nm 800 nm 810 nm

Time, fs

In
te

n
si

ty
, 
kW

10 nJ  
15 nJ

35 nJ

5 nJ

8 nJ

5 nJ

So, one can see that the stable SC generation 
even a for high amount of pump energies is maintai-
ned when TOD is small. Actually,the best scenario 
is pumping near the ZTOD wavelength shown in the 
figure 1. In this case it is possible to realize a full po-
tential of spectral broadening for the given ANDi PCF 
by reaching the maximal width of the SC spectrum 
and maximal spectral power density.

Finally, we investigated the compression of pulses 
at the output of ANDi PCF applying a simple quadra-
tic compressor for compression of only a linear chirp. 
Figure 3 shows the results of simulations for different 
pump wavelengths and initial pulse energies. We con-
sidered only pulses with small and regular pulse ener-
gies in order to avoid the appearance of optical shock. 
The amount of group delay dispersion of compressor 
in each case was chosen to obtain the highest peak 
power of the compressed pulse, which usually corres-
ponds to the shortest pulse duration as well.

From figure 3 we can see that maximal peak pulse 
powers are achieved at 790 nm where we can launch 
more pump energy to the fiber, whereas at 810 nm 
peak pulse powers are minimal. In contrast, the du-
rations of compressed pulses at 810 nm are slightly 
smaller compared to those of the 790 nm and 800 nm 
pumps. This might be due to the stronger nonlinear 
chirp developed for pulses with higher initial pul-
se energies. Indeed, we can see that at 790 nm the 
uncompressed low-level pedestal in the pulse shape is 
stronger compared to those of the 800 nm and 810 nm 
pumps. Therefore, we believe that the application of 
more sophisticated compression techniques for elimi-
nation of nonlinear chirp is also desired in order to 
exploit the huge spectral bandwidth of SC spectra ge-
nerated at high pump energies fully. We think that the 
application of, for instance, dispersive mirrors (Per-
vak, Ahmad, Fulop, Trubetskov & Tikhonravov, 2009) 
will allow obtaining even shorter pulses available for a 
given spectral bandwidth.  

CONCLUSIONS

To conclude, we have proposed an all-normal disper-
sion photonic-crystal fiber optimized for pumping at 
800 nm. We have shown numerically that octave-span-
ning supercontinuum generation is readily reachable 
applying 10 cm of this fiber and a few nJ 100 fs pulses 
at 800 nm. However, we have found that optical shock 
appears at higher pump pulse energies and it actually 
restricts the maximal width of SC spectrum. The main 
reason for the development of this optical shock is the 

influence of third order dispersion. The strength of this 
shock sufficiently depends on the pump wavelength.  
We found that the best scenario is pumping near the 
ZTOD wavelength. In this case it is possible to realize 
a full potential of spectral broadening for a given ANDi 
PCF by reaching the maximal width of SC spectrum 
and the maximal spectral power density. We have 
also shown that SC generated in the designed ANDi 
PCF can be efficiently compressed down to 8-fs pulse 
applying a simple quadratic compressor. The maximal 
peak power of compressed pulses can be achieved also 
near the ZTOD. However, for higher initial pump pulse 
energies the uncompressed low level pedestal in the 
pulse shape becomes stronger, and hence the applica-
tion of more sophisticated compression techniques is 
desired in order to achieve the shortest pulses availa-
ble for generated SC spectra.
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