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Abstract

Efficient confinement of laser radiation in the core of a photonic crystal fiber increases the nonlinear processes resulting in supercon-
tinuum generation. The technique of adaptive pulse shaping using an evolutionary algorithm provides a method to gain control over
such highly nonlinear processes. Adaptive pulse shaping of the driving laser radiation passing through the photonic crystal fiber is
employed to modify the shape and composition of the output supercontinuum. Amplitude and phase shaping are used to optimize
the broadband emission between 500 and 700 nm, as well as a soliton centered at 935 nm. The intensities of the emission and of the sol-
iton driven by a shaped laser pulse increase in comparison to an unshaped pulse by factors of 4 and 3, respectively. The spectral width in
the range of 500–600 nm is increased by approximately 40%. In addition, the suppression of self-steepening effects in supercontinuum
spectra is demonstrated.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The field of photonic crystal fibers [1,2] has provided a
broad range of technological applications including fre-
quency metrology [3], optical coherence tomography [4],
pulse compression [5,6], and nonlinear spectroscopy [7].
One of the most appealing outcomes is the possibility to
use sub-nJ femtosecond pulses in order to generate broad-
band supercontinuum [8]. This phenomenon is facilitated
by efficient confinement of light in the small area of the fiber
core with high peak intensities of up to 1012 W/cm2 sus-
tained along an extended interaction length. The process
of supercontinuum generation consists of several coupled

nonlinear effects including self-phase modulation [9],
Raman scattering, four-wave mixing [10], third harmonic
generation [11,12], soliton formation and fission [13]. These
nonlinear effects are highly sensitive to the incident pulse
amplitude and spectral profile. In this work, the laser pulses
were tailored in spectral phase and amplitude space using a
pulse shaper to control the desired nonlinear process in the
fiber in order to prepare specific supercontinuum spectra.

The pulse shaping technique [14] is an elegant way of
controlling the amplitude and phase of an ultrafast laser
pulse in the real time. The method has been employed in
selective control of chemical processes [15], multiphoton
and Raman transitions [16,17], high harmonic generation
[18], as well as nonlinear processes in microstructure fibers
[19,20]. There are basically two regimes of using the pulse
shaper with evolutionary control algorithms [21]. Either
‘‘initial knowledge’’ of the system is available providing
an estimate of the pulse temporal envelope and phase
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functions or an initial set of random masks can be imposed
on the pulse shaper. However, in both cases, the evolution-
ary algorithm searches a sizable parameter space and uses
measurements evaluated with a fitness function to optimize
the solutions. The adaptive pulse shaping technique has
been shown to be a useful and sensitive tool for altering
the evolution and subsequent output characteristics of
the incident pulse [19]. Instead of using ‘‘phase only’’ pulse
shaping [19], both the phase and amplitude were modu-
lated in this work to achieve optimal control over spectral
composition of supercontinuum. This additional amplitude
shaping allowed us to observe higher optimization factors
than those reported before [19] and to improve the control
of both solitonic and broadband non-solitonic features in
optical spectrum at the output of the microstructure fiber.

2. Experiment

The experimental setup was based on a Ti:Sapphire
oscillator seeding a regenerative amplifier that provided a
40 fs pulse train with a repetition frequency of 1 kHz and
a central wavelength of 800 nm. The output beam was
down-collimated by an all reflective telescope and subse-
quently entered the reflective mode pulse shaper. The pulse
was synthesized using both the amplitude and phase shap-
ing and the resulting beam was focused onto the input facet
of a microstructure fiber using a high numerical aperture
60· objective. The sample was a solid core photonic crystal
fiber having a core diameter of 4.4 lm and air cladding.
The average energy of the femtosecond pulses coupled into
the 6 cm long sample was approximately 50 nJ with a cou-
pling efficiency estimated to be 30%. Frequency-resolved
optical gating was used to characterize the shaped pulses
before entering the fiber.

The supercontinuum spectra produced in the fiber by the
shaped pulse were sampled using a modified fiber coupled
spectrometer. For the control loop, the analog signal out
of the spectrometer was connected to the signal channel of
an oscilloscope. An initial set of 40 random masks was pre-
pared with eight pixels tied together to reduce a size of
search space [22]. The spectral features of interest were iden-
tified and maximized or minimized using the fitness function

F ¼
Z k2

k1

IðkÞdk ð1Þ

where I(k) is the spectral intensity. The fitness function was
calculated for each spectrum corresponding to a specific
mask and the best masks were chosen using proportional
selection for propagation. New masks were generated using
operators including mutation and crossover with 2.5%
mutation rate.

3. Results and discussion

The dependence of self-steepening on pulse shape [9,19]
was initially examined. Self-steepening is a nonlinear pro-
cess which alters the temporal profile of the pulse. The high

intensity peak is temporally delayed relative to the lower
intensity trailing edge. This process results in the steepening
of the pulse envelope followed by asymmetric shift of the
spectrum caused by the self-phase modulation process.
The self-steepening process is assumed to be effective even
at a distance of only a fraction of the nonlinear length [9]

LNL ¼ 1=cP 0 ð2Þ
where c is the nonlinear parameter of the fiber sample and
P0 is the peak power of incident pulse. The characteristic
self-steepening parameter is defined as

s ¼ T opt=2pT 0 ð3Þ
where Topt is the optical period and T0 is the pulse dura-
tion. In our case the characteristic ratio becomes

sL=LNL � 3 ð4Þ
where L denotes the sample length. In order to estimate the
relevance of self-steepening process a shock distance is de-
fined for Gaussian pulses as

zs ¼ 0:39LNL=s ð5Þ
Eq. (5) is valid for the dispersionless case and loss-free fi-
ber. In order to gain a deeper understanding of fiber disper-
sion characteristics, finite difference beam propagation [23]
simulation was performed. The spectral dependence of dis-
persion parameter was calculated for the three lowest order
modes i.e., fundamental, first-order and second-order
mode as shown in Fig. 1a–c, respectively. Modes higher
than the fundamental mode only had to be considered to
explain the solitonic phenomena observed. Moreover, effi-
cient coupling into the higher-order modes apparently oc-
curred during supercontinuum generation. Based on the
simulation shown in Fig. 1, our fiber sample had the zero
dispersion wavelength close to 910 nm for the fundamental
mode. Under these conditions, self-steepening was domi-
nated by losses in the fiber [9]. Our sample with LNL of
approximately 0.2 mm, zs of 8 mm and the sample length

Fig. 1. Calculated variation of dispersion parameter as a function of
wavelength for the three lowest order fiber modes (a, b, c).
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of 60 mm allowed efficient self-steepening to be observed.
The self-steepening process therefore caused the output
supercontinuum to become strongly asymmetric and undu-
lating. A degree of precompensation was needed to correct
this behavior. Obviously, the correction can be accom-
plished by placing the steepness on the leading edge of
the incident pulse. In order to verify this approach, the
spectra were compared in the cases of pulses being forward
and backward ramped [19]. In the case of forward ramped
pulse, the steepening was placed at the leading temporal
edge of the laser pulse, whereas, in the case of backward
ramped pulse, the steepening was placed at the trailing tem-
poral edge. The temporal pulse shapes for forward and
backward ramped pulses are shown in Fig. 2 along with
the FROG traces shown in the inset. The supercontinuum
spectra obtained by using forward and backward ramped
pulses are shown in Fig. 3. The forward ramped pulse gen-
erated the most symmetric spectrum with suppressed oscil-
lations. The backward ramped pulse generated a larger
blue shift and considerable deep oscillations in the output
spectra. The asymmetry in the output spectrum resulted
from the asymmetry in the temporal shape of the self-steep-
ened pulse. Consequently, enhanced spectral broadening
was observed at the steep trailing edge of the pulse where
blue spectral components were generated through the
self-phase modulation. The observation is consistent with
the previously obtained [19] theoretical and experimental
data.

The adaptive algorithm was used to optimize specific
features in the supercontinuum range between 500 and
700 nm. Optimization of broadband features in the super-
continuum is of interest to achieve a smoother, broader,
and more intense spectra in distinct regions. The original
and optimized spectra are compared in Fig. 4. This optimi-
zation experiment resulted in an increase of spectral inten-
sity in the range of 600–700 nm by a factor of four. The
effective width of the broadband feature in the range of
500–600 nm was also increased by approximately 40%.

Not only the increases of the width and intensity were
observed, but also the two originally isolated features at
approximately 700 nm were merged into a smoother spec-
trum. The broadband features in the 500–700 nm spectral
region are most probably a result of four-wave mixing pro-
cess. Effective coupling to the higher order modes was
observed in this experiment. As shown in Fig. 1, central
wavelength of the pump is in the anomalous dispersion
regime for higher-order modes, creating favorable condi-
tions for the self-phase modulation phase matched four-
wave mixing [9]. Both the temporal shapes and phases were
acquired for the pulse before and after the optimization. As
shown in Fig. 5, the predominant effect of the adaptive
pulse shaping procedure was to change the sign of the tem-
poral phase in such a way as to put it in a favor of self-
phase modulation. The optimal phase effectively mimics
the phase profile produced by self-phase modulation, thus
enhancing its nonlinear influence. After the optimization,
the enhanced nonlinear self-phase modulation term effec-
tively compensates for all the other mismatch terms. As a

Fig. 2. Temporal pulse shapes and FROG traces of forward ramped
(black) and backward ramped (gray) pulses.

Fig. 3. Supercontinuum spectra obtained with forward ramped (black)
and backward ramped (gray) pulses.

Fig. 4. Supercontinuum spectra before (gray) and after (black) the
optimization of the spectral features in the range from 500 to 700 nm.
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result, frequency shifted spectral sidebands [9] Xs are gener-
ated. Indeed, approximate calculations of the frequency
shift Xs provided values of 1–3 · 1014 Hz being in reason-
able agreement with the 500–700 nm spectral region.

The optimization curve shown in Fig. 6 was obtained
and its fluctuation is most probably due to fluctuations in
laser power and phase as a result of thermal drifts. The cor-
responding power fluctuation of the laser system is shown
in the lower part of Fig. 6. Comparing the two curves, there
is no clear correspondence between fluctuations in optimi-
zation curve and laser system output power. There are sev-
eral sources of fluctuation, one of them could be the
variation of temperature coincident to the air-conditioning
loop operation. Since the processes leading to supercontin-
uum generation are of highly nonlinear nature, there was a
strong coupling between the supercontinuum spectra and
variations, both in the phase and amplitude of the incident
pulse. Moreover, since the duration of a typical optimiza-
tion run was rather long, both the long term and short term
stabilities of the laser source were crucial. Nevertheless, a
clear improvement of the optimized value with the increase

in the spectral intensity by a factor of four was observed
after approximately 50 generations.

The selective control of the amplitude of a soliton at
approximately 935 nm was investigated. Soliton self-fre-
quency shift [24] was also observed due to Raman self-
pumping of the soliton which continuously transfers energy
from shorter to longer wavelengths. The transfer causes a
red shift of the pulse center wavelength. To explain
solitonic behavior, higher order modes have to be consid-
ered. Indeed, higher order modes were observed at the out-
put of the sample during supercontinuum generation. Note
that the 800 nm central wavelength of incident pulse was
near the zero dispersion wavelength for the first- and
second-order modes in the anomalous dispersion region
of the sample as shown in Fig. 1. Therefore, the soliton for-
mation, soliton self-frequency shift and soliton fission are
assumed to play important roles in supercontinuum gener-
ation [14]. Both the initial and optimized spectra are shown
in Fig. 7. The soliton at 935 nm was optimized and the

Fig. 5. Temporal pulse shapes (gray) and phases (black) for the
optimization of 500–700 nm spectral region: the initial pulse (a) and the
optimized pulse (b).

Fig. 6. Optimization of supercontinuum spectrum in the 500–700 nm
range (data points). The thick curve is the exponential fit to experimental
data. Below, fluctuations of laser power during the optimization run are
shown (black line).

Fig. 7. Supercontinuum spectra before (gray) and after (black) the
optimization with the focus on the soliton centered at 935 nm.
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corresponding optimization curve is shown in Fig. 8. The
improvement of integrated intensity was measured to be
a factor of three. FROG traces of the initial and optimized
driving pulses for soliton formation are shown in the inset
of Fig. 8. Considering the importance of solitons for pres-
ent and future photonics applications, the ability to control
their properties is important.

4. Conclusions

The pulse shaping method was demonstrated to be a
useful tool to achieve specific tasks in supercontinuum gen-
eration inside of the microstructure fiber. Ramping of inci-
dent pulse allowed compensation for the asymmetry in the
supercontiuum spectrum caused by self-steepening process.
Optimization of broad spectral region in the supercontin-
uum ranging from 500 to 700 nm was performed with a
40% increase of the spectral width in the range of
500–600 nm and improvement of spectral intensity by a
factor of four in the range of 600–700 nm. The two origi-
nally separated spectral regions at approximately 700 nm
eventually merged into the smoother, broader, and more
intense supercontinuum. The spectral intensity of the soli-
ton at 935 nm was improved by a factor of three. The
use of evolutionary algorithm and adaptive pulse shaping
provides the possibility to either enhance or to suppress
specific features in the spectrum of supercontinuum and
thereby to enhance the control over spectral composition
in a straightforward way.
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