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Abstract: Impact of such terms as third order dispersion, self-steepening and stimulated Raman scattering on evolution of ultrashort pulses
is considered in detail. Under influence of these effects, pulse did not maintain its initial shape. Pulse splits into constituents, its spectrum
also evolving into several bands which are known as optical shock and self-frequency shift phenomena. We concluded that when the input
peak power is large enough, dynamics of pulse splitting will be complicated. Our numerical simulations were in good agreement with

experimental results.
Key words: propagation, ultrashort pulse, Kerr medium

I. INTRODUCTION

As it has been recognized before [14], fundamental and
applied research for the propagation process of ultrashort
laser pulses in a nonlinear medium is nowadays in the
center of interest because of its important application in the
optical telecommunication [2-5]. Important effects in-
volved in this propagation process have been theoretically
and experimentally considered by several authors [7-13]. In
our paper [14] we have presented general theoretical
foundations of this problem and applied these to a
particular case of the Kerr medium. The obtained pulse
propagation equation is the generalized nonlinear Schrodin-
ger (GNLS) equation, where the important higher-order
effects: third-order dispersion (TOD), self-steepening, and

self-frequency shift are included. Generally this equation is
solved only approximately, and we have chosen the
numerical method with the concrete algorithms: Split-Step
and Runge-Kuta [15]. The accuracy of this method has
been recognized for the case of the picosecond pulses
through comparison with well-known analytical results. In
this paper we show the effectiveness of this method for the
case of the femtosecond pulses by comparing our numeri-
cal calculations with the theoretical and experimental
results given in literature [2-13]. Our paper is organized as
follows: In Section II we will consider the self-steepening
effect and the optical shock, Section III contains the study
of the influence of the self-frequency shift effect. Sec-
tion IV analyzes the dynamics of the pulse splitting in the
general case, and Section V contains conclusions.
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II. SELF-STEEPENING EFFECT
AND OPTICAL SHOCK

At first we consider the pulse propagation when the
self-steepening effect dominates (TOD and self-frequency
shift are neglected) [2, 3]. Then the pulse propagation
equation reduces to the following form:
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According to the analytical results, during the propa-
gation the group velocity of the pulse depends on the inten-
sity, the velocity at the top of the envelope function has the
biggest value and it decreases in two pulse edges. When the
propagation distance is larger, the pulse shape becomes
asymmetric and the peak moves to the later times, the pulse
steeply rises. In the end we have a steep front in the trailing
edge of the pulse, resembling the usual shock-wave
formation. This effect is called the optical shock [1, 4, 5].

To simulate this result, we consider the case when the
nonlinear parameter S = 0.2 and the ultrashort input pulse
has the hyperbolic secant shape with the different powers.
The results are displayed in Fig. 1.

In Fig. 1(a) we have chosen the power parameter N = 2
and the propagation distance & =2.57. The numerical
calculations show that after the distance 0.257 the pulse
splits to two parts and their spacing increases further with
distance. In [15] we have considered the solitons as special
solutions for the Eq. (1) where the nonlinear parameter S
vanishes. These solutions change periodically with the
cycle 7z/2, after this distance the shape of the envelope
function resumes the initial form. When N = 2, we have the
second-order soliton that is treated as a superposition of the
two fundamental solitons which have the same charac-

teristic time and the propagation velocity [3]. In the
propagation process these solitons interact with each other
and the envelope function changes in a complicated
manner, but its shape is still symmetric and remains
unchanged after each cycle. If the second nonlinear term in
Eq. (1) is taken into account, the symmetry of the pulse
shape is destroyed. As a result, two fundamental solitons
are separated and move apart with different envelope
functions and propagation velocities. Sometimes this effect
is called the collapse of the soliton [3]. When their spacing
is large, the interaction between them becomes very weak
and the influence of one part on the other can be neglected,
but the envelope function of every part still changes
because of the nonlinear higher-order effects. During
further propagation the envelope functions become more
asymmetric and they move to the later times. The change
of the part with the higher peak is stronger and the process
rapidly goes to the limit, when the pulse edge in the right is
steep and an optical shock occurs. Then the shape is
changed dramatically and can not be described by Eq. (1)
any more.

Figure 1(b) corresponds to the power parameter N = 4
and the propagation distance &=7z/2. Similarly to the
previous case, the envelope function becomes asymmetric
and splits to several subpulses during the propagation. Here
we obtain four subpulses because the value of the para-
meter N = 4 corresponds to the four-order soliton of Eq. (1)
when § vanishes. All the envelope functions of these pulses
move to the later time. The firstly separated peak is the
highest and therefore the steepening of this pulse is going
rapidly. If the distance is larger than the distance chosen
above, we will have the optical shock for this peak. It
follows that for this case the steepening process is much
quicker.

Fig. 1. Propagation of the hyperbolic secant input pulse with the different powers over the distance £ =2.57. (a) and & = IZ'/ 2
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The numerical simulations show that for the larger
power parameter the formation of the optical shock is more
rapid.

III. SELF-FREQUENCY SHIFT EFFECT

We note in passing [14, 15] that in some fixed
conditions the nonlinear effect induced by the stimulated
Raman scattering dominates in comparison with the TOD
and self-steepening. In this Section we consider the case of
the ultrashort pulse propagation which satisfies these
conditions. After omitting the parameters 6, and S , the
GNLS equation has the following form:
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Under the influence of this higher-order nonlinear effect
the envelope function and the pulse spectrum undergo
many changes. The Raman scattering process induces the
shift down to the low-frequency domain in the larger part
of the spectrum of the initial pulse. The splitting of the
envelope function to the several parts occurs simulta-
neously, so the pulse is compressed into the shorter pulses
[10, 11]. These changes of the ultrashort pulses have been
observed experimentally and they are known as the soliton
self-frequency shift effect [8, 9]. In this case the existence
of the soliton solution is impossible because one of the im-
portant conditions for this is the energy conservation. In the
Raman scattering the pulse energy loses in the energy trans-
fer to the oscillations of the molecules and lattice [1, 7, 14].

We consider now the propagation of the ultrashort pulse
with the initial hyperbolic secant shape with the power
parameter N = 3 over the distance & =7x. The results are
displayed in Fig. 2.
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During the propagation over a short distance, the pulse
already splits to two parts: the main strong peak moves
rapidly to the later time and the much lower peak. During
the further propagation the main peak is strongly com-
pressed and its width is much smaller than the input pulse,
whilst the lower peak splits further to two constituents, one
is moved to the later times, one to earlier times.

There are several similarities and differences in the pro-
pagation of ultrashort pulses in Fig. 1 and Fig. 2(a), caused
by specific mechanisms of the higher-power nonlinear
effects. First, the similarities which are the pulses split into
several parts, the pulses move apart one from another, and
their main parts move to the later times. The first important
difference to be mentioned here is the domination of the
nonlinear effect induced by the Raman scattering over the
pulse self-steepening effect. In Fig. 2(a) we have chosen
the parameter 7, = 0.01 which is much smaller than the
value S = 0.2 in Fig. 1. If we choose S= 0.2 in Fig. 1, after
travelling through the same propagation distance, we shall
not observe any evident pulse splitting. The second
difference is that in Fig. 2(a), apart from the main parts
which move to the later times, we have some small parts
moving to the earlier times, whilst in Fig. 1 all pulses
move to the later times. We can explain this fact by
considering the pulse spectrum displayed in Fig. 2(b). The
spectrum splits into two separated parts in the end of the
propagation distance. The majority of the frequencies is
shifted down to the low-frequency domain, while a small
part of the spectrum is shifted to the high-frequency
domain. They correspond to the Stokes and anti-Stokes
processes respectively [2, 5, 7, 14]. The low-frequency
part carries the majority of the pulse energy involved in
the main peak, while the high-frequency part carries the
rest of this energy. The high-frequency constituents move
with larger velocities, so they move to the earlier times,

1.0
UE )
£=0
1, =0.1
N=3
I
g=m I
N lh TA®
l. 0
1 /\/ \\\ T J T T T T T
04 03 -02 -01 0 0.1 0.2 03 04

Fig. 2. Propagation of the hyperbolic secant input pulse with the power parameter N = 3 over the distance £ =7
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while the low-frequency constituents have lower velocities,
so they move to the later times in comparison with the
initial pulse [3].

We have considered the propagation process of pulses
with other power parameters. In every case we have
observed the downshift of the frequencies, exactly the same
as in the case which has been observed experimentally.

IV. PULSE SPLITTING

In this part we consider the propagation of ultrashort
pulses when all three higher-order effects are included.
Then the pulse propagation equation is the GNLS equation
[15]:
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Here, the evolution of the pulse becomes more comp-
licated than in the previous cases. For the pulses with the
large power parameter N, both the intensity and spectrum
split into several parts during the propagation. This
phenomenon is generally called the pulse splitting. The
predictions of Eq. (3) are in good agreement with the
experimental results [3].

We illustrate these considerations by means of
numerical simulations for the propagation of the pulse
with the hyperbolic secant input shape in the optical fiber
made by material SiO,. Then the pulse width is
7, =30fs and the center wavelength is A, =1.55pum. It
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follows from [14] that the values of the higher-order pa-
rameters can be calculated: J, =0.03, S =0.05, 7, =0.1.
The propagation distance is chosen as &=37/2, the
power parameter is N = 2. The results of the calculation
are displayed in Fig. 3.

The pulse splitting appears in the distance of approxi-
mately one soliton cycle i.e. £=7/2. The main peak
moves to the later times with the velocity growing with the
propagation distance, whereas the minor part moves to the
earlier times, but more slowly. This effect can be explained
by considering the spectrum change displayed in Fig. 3(b).
The majority of the pulse spectrum shifts to the low
frequency domain. This fact leads to the change of the
propagation velocity in the medium, because the group
velocity depends on the carrier frequency. The spectrum
shift leads to decreasing the carrier frequency, therefore the
main peak propagates with the bigger velocity than the
initial pulse and moves to the later times.

Using the value of the pulse width 7, =30 fs to transfer
the results given in Fig. 3 to the physical units, we obtain
the frequency shift 40 THz, i.e. approximately 20% of the
carrier frequency after travelling through the propagation
distance of 15 cm (because the normalized variable
&=7/2 equals 5 cm in this case [3, 15]). This is a rela-
tively large frequency shift.

In the results obtained above, we may see the impact
that the higher-order dispersive and nonlinear effects have
on the propagation of the ultrashort pulses in its whole
importance. Under the influence of these effects the propa-
gation of the ultrashort pulses is much more complicated
than in case of the short pulses. Among them were the
Raman scattering dominates.
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Fig. 3. Evolution of the intensity and spectrum of the hyperbolic secant pulse over the distance & = 371'/ 2. The parameters of
the propagation equation are 7, =0.1, 8, =0.03, 5 =0.05 and N=2
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V. CONCLUSIONS

We have considered the propagation of the ultrashort
pulses in different cases. The optical shock, self-frequency
shift, and dynamics of the pulse splitting have been ana-
lyzed in detail. Our results are in good agreement with the
results obtained before by several authors and experimental
observations.

The ultrashort pulses are widely used nowadays,
especially in the optical telecommunication, so the results
obtained in the research of these pulses are of great
practical importance.

References

[1] Cao Long Van, Dinh Xuan Khoa and Marek Trippenbach,
Introduction to Nonlinear Optics, Vinh 2003.

[2] G. P. Agrawal, Nonlinear Fiber Optics, Academic, San
Diego, 2003.

Quantum and Nonlinear Optics.

[3] Y. S. Kivshar and G. P. Agrawal, Optical Solitons: From
Fibers to Photonic Crystals, Academic Press, San Diego,
2003.

[4] A. L. Maimistov and A. M. Basharov, Nonlinear optical
waves, Kluwer Academic, 1999.

[5] R. W. Boyd, Nonlinear Optics, Academic Press Inc., 2003.

[6] P.L.Francois, J. Opt. Soc. Am. B8, 276-293 (1991).

[7]1 J. H. B. Nijhof, H. A. Ferwerda and B. J. Hoenders, Pure
Appl. Opt. 4, 199-218 (1994).

[8] R. H. Stolen and W. J. Tomlinson, J. Opt. Soc. Am. B6,
565-573 (1992).

[9] R. H. Stolen, J. P. Gordon, W. J. Tomlinson and H. A. Haus,
J. Opt. Soc. Am. B6, 1159-1166 (1989).

[10] C. Headley III and G. P. Agrawal, J. Opt. Soc. Am. B13,
2170-2177 (1996).

[11] G.P. Agrawal, Opt. Lett. 15, 224-226 (1990).

[12] G. P. Agrawal, Opt. Lett. 16, 226-228 (1991).

[13] G. P. Agrawal, IEEE Photon. Technol. Lett. 2, 875-877
(1990).

[14] Cao Long Van, Nguyen Viet Hung, Marek Trippenbach
and Dinh Xuan Khoa, Propagation technique for ultrashort
pulses I.

[15] Cao Long Van, Nguyen Viet Hung, Marek Trippenbach
and Dinh Xuan Khoa, Propagation technique for ultrashort
pulses I1.

CA0 LONG VAN was born in 1952 in Hanoi, Vietnam. He graduated from Warsaw University in 1976 with
an MSc degree in theoretical physics. His master thesis was entitled “Callan-Symanzik Equation and
Transition Probabilities” and was written under the supervision of Prof. Iwo Biatynicki-Birula. In 1979, he
defended his PhD dissertation entitled “Phase Representation in Quantum Optics”, also supervised by Prof.
1. Biatynicki-Birula. He habilitated in 1987 in Center of Theoretical Physics, Polish Academy of Sciences in
Warsaw with a thesis entitled “Noises in Quantum Optics”. His research interests concern several topics in

NGUYEN VIET HUNG received his BSc degree from Physics department of Vinh University in 2003 by
defending a thesis entitled “Fundamental effects of the interaction between Electromagnetic Field and
Atoms”, supervised by Prof. Dinh Xuan Khoa. He continued his education at the postgraduate department of
Vinh University and, in 2005, completed his Master thesis: “Propagation of light pulses in dispersive
nonlinear media” which was supervised by Prof. Cao Long Van. In 2007, he started his PhD dissertation
under the supervision of Prof. Marek Trippenbach at the Soltan Institute for Nuclear Studies, Warsaw. His
recent research is connected with Nonlinear Optics and Bose-Einstein condensation.

MAREK TRIPPENBACH, PHD, DSC, is a graduate of Warsaw University. His field of interests covers various
topics of Quantum and Nonlinear Optics. His recent research is focused on solitons in such nonlinear
systems as Optical Nonlinear Media and Bose-Einstein condensates. He was a co-author of the well-known
experiment which was carried out by the group led by a Nobel Prize laureate from 1997: William Phillips. In
this experiment, the Four-Wave Mixing of Condensates was observed. This phenomenon is considered to be
the first observable effect of Nonlinear Atom Optics. During his stay in JILA (Boulder, Colorado), Marek
Trippenbach worked with yet another laureate of the Nobel Prize (from 2001): Carl Wieman who was among
the first to experimentally discover the Bose-Einstein Condensate. Nowadays, he is working at the Institute
of Theoretical Physics, Warsaw University. He is a fellow in the British Institute of Physics.



26 Van Cao Long, Hung Nguyen Viet, Marek Trippenbach and Khoa Dinh Xuan

DINH XUAN KHOA graduated from Vinh University, Vietnam, with a major in physics in 1981. He
completed a PhD course in Quantum Optics in 1996. His doctoral thesis entitled “Generative Kinetics of Dye
Lasers” was supervised by Prof. Cao Long Van and Prof. Dao Xuan Hoi. His field of interests covers a large
variety of topics in Quantum and Nonlinear Optics. He is exceptionally interested in Soliton Theory and
research concerning long-distance optical communication systems. Recently, Prof. Dinh Xuan Khoa has
been a deputy rector of Vinh University.

COMPUTATIONAL METHODS IN SCIENCE AND TECHNOLOGY 14(1), 21-26 (2008)





