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Abstract.  We have performed a numerical simulation of picosecond 
pulse propagation in a combined stretcher consisting of a segment 
of a telecommunication fibre and diffraction holographic gratings. 
The process of supercontinuum generation in a nonlinear photonic-
crystal fibre pumped by picosecond pulses is simulated by solving 
numerically the generalised nonlinear Schrödinger equation; spec-
tral and temporal pulse parameters are determined. Experimental 
data are in good agreement with simulation results. The obtained 
results are used to design a high-power femtosecond laser system 
with a pulse repetition rate of 1 kHz.

Keywords: femtosecond laser, optical fibre, photonic-crystal fibre, 
supercontinuum, numerical modelling.

1. Introduction

Interest in obtaining high-power laser pulses is determined 
by multiple applications, including the interaction of high-
intensity radiation with matter, acceleration of charged par-
ticles and prospects of controlled thermonuclear fusion. 
Owing to significant progress in the development of high-
power pump diode lasers, chirped-pulse amplification laser 
systems using the media doped with Yb3+ ions, with the 
energy level of several tens of joules [1], have become wide-
spread.

At the Institute of Laser Physics SB RAS (Novosibirsk), a 
diode-pumped femtosecond laser system with a pulse repeti-
tion rate of 1 kHz is developed on the basis of Yb3+-doped 
media [2]. The choice of these active media is stipulated by the 

possibility of using diode pumping with a high efficiency of 
converting current into light and precise matching of the 
wavelength to the medium absorption peak, which signifi-
cantly reduces parasitic and thermal losses. A peculiarity of 
the system is the use of hybrid (parametric and laser) methods 
of chirped-pulse amplification with optical synchronisation 
of channels. The block diagram of the system is shown 
in  Fig.  1.

After pre-amplification, radiation from a master oscilla-
tor is divided into two channels – pump channel and amplifi-
cation channel. The first channel consists of two multipass 
amplifiers and a nonlinear-optical crystal for the second har-
monic generation; the expected output pulse energy is 150 mJ. 
The amplification channel consists of a unit of spectral pulse 
broadening on the basis of a photonic-crystal fibre and a 
BBO-based parametric amplifier. The system is designed to 
produce output pulses with a repetition rate of 1  kHz, an 
energy of 10 mJ, and a duration of 10 fs, which corresponds 
to a power of 1 TW.

An Yb : Y2O3-ceramic diode-pumped master laser oper-
ates at cryogenic temperatures (near 77 K), which improves 
the efficiency of laser operation according to the four-level 
scheme by reducing thermal effects [3]. However, at liquid-
nitrogen temperatures, the gain contour width is considerably 
reduced, which leads to generation of pulses with a spectral 
width (FWHM) of 1.7 nm and a centre wavelength of 1030 nm 
at a pulse duration (FWHM) of 2.5 ps, a repetition rate of 
80 MHz and an average power of 100 mW.

2. Combined fibre-grating stretcher

According to calculations, the master oscillator radiation 
should be amplified in the pump channel of a parametric 
amplifier up to an energy level of 300 mJ to reach a terawatt 
power level at the system output. The calculations show that, 
if the pulse duration before amplification exceeds 1 ns, the 
peak intensity throughout the entire optical path of the ampli-
fier is below the breakdown threshold of optical coatings and 
amplifier elements. Otherwise, the use of crystals with a large 
aperture is required, which is certainly expensive.

Grating, fibre and prism stretchers are commonly used for 
stretching pulses in the time domain. The spectral width of 
stretched pulses determines the grating stretcher dimensions 
(over 3 m in the case of holographic gratings with 1700 
lines mm–1), which provides a desired duration (1 ns). The 
fibre stretcher has a substantially smaller size, but it either 
would produce a large chirp of higher orders (due to a large 
pulse propagation length of ~7 km) or would be costly (in the 
case of specialised fibres). In addition, a large propagation 
distance inevitably leads to undesirable significant losses 
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caused by absorption and scattering in the optical fibre. The 
prism stretchers have a smaller dispersion than the grating 
ones, and thus even greater dimensions.

To address these shortcomings, we have proposed a 
combined stretcher consisting of fibre and grating stretchers 
arranged sequentially (Fig. 2). This configuration assumes 
the use of a short (50 – 150 m in the case of a standard SMF-
28 telecommunication fibre) fibre section, in which the com-
bined effect of self-phase modulation and second-order dis-
persion leads to the spectrum broadening with an insignifi-
cant distortion of its spectral profile. In a small-size grating 
stretcher (the distance along the normal between the grat-
ings amounts to 1  m), the pulse pre-broadened by spectrum 
is stretched up to 1 ns.

In simulations, we have used the experimentally measured 
parameters of the original pulse: Gaussian pulse duration 
(FWHM) of 2.5 ps, peak power of 8 – 250 W, Gaussian spec-
tral pulse profile with FWHM of 1.7 nm and centre wave-
length of 1030 nm. The second and third orders of dispersion 
in optical fibre have been taken into account; the fibre 
stretcher length was varied in the range from 20 to 200 m. 
Holographic gratings with 1700 lines mm–1 has been selected 
for the grating stretcher, the angle of incidence onto the first 
grating was varied from 50 to 70°. The range of angles for 
these gratings was determined by the condition of the diffrac-
tion efficiency (over 50 %) in the first diffraction order. The 
grating stretcher was modelled in the configuration of a dou-
ble pass of radiation through a pair of parallel gratings [4].

Based on the numerical simulation method that is 
described below, we determined the optimal parameters of a 

combined stretcher: the average power launched into the fibre 
is 50 mW, the fibre length is 150 m, the distance between the 
gratings along the normal is 0.75 m and the angle of incidence 
on the first grating is 55°. At these parameters, the pulse dura-
tion at the combined stretcher output is 1 ns, which satisfies 
the task at hand, the spectral width (FWHM) is 3.1 nm. The 
time profile of the output pulse is shown in Fig. 3. For this 
pulse, the transform-limited pulse duration amounts to 480 fs.

3. Spectral broadening in a highly nonlinear 
photonic-crystal fibre

The spectral width of the pulses obtained after their passage 
through the fibre or hybrid stretcher and amplification in a 
regenerative amplifier does not exceed 6 nm. This allows the 
propagation of pulses with a duration of ~250 fs and greater. 
To achieve a power of 1 TW at the system output with the 
same pulse energy, the spectrum should be broadened up to 
about 150 nm or more in the channel of parametric amplifica-
tion, which corresponds to the duration of less than 10 fs at a 
centre wavelength of 1030 nm.

A highly nonlinear photonic-crystal SC-5.0-1040 fibre 
(HNPCF) (NKT Photonics) has been selected for the spec-
trum broadening. The fibre nonlinearity coefficient (accord-

Parametric amplifier

Multipass
amplifier 1

Master oscillator and preamplifier Amplification channel

 Pump channel

Regenerative
amplifier

Multipass
amplifier 2

Diode
pumping

Diode
pumping

SHG

Spectral
broadening unit Compressor

1 TW

10 mJ

150 mJ
515 nm

5%

95%
Stretcher

Yb3+:Y2O3

master
oscillator

1030 nm

Figure 1.  Layout of a diode-pumped high-intensity femtosecond laser system; the pulse repetition rate is 1 kHz. 

Initial pulse

Stretched
pulse

Angled
reflector

Optical fibre

Parallel
gratings

Figure 2.  Layout of a hybrid stretcher.
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Figure 3.  Temporal profile of the pulse at the hybrid stretcher output. 
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ing to the specification) is g = 11 W–1 km–1; the zero dispersion 
wavelength is 1040 ± 10 nm. The choice of fibre has been stip-
ulated by its high nonlinearity, suitable zero dispersion wave-
length, sufficient radiation resistance and availability. The 
pulses having been pre-stretched in the time domain by means 
of the fibre or grating stretcher are launched from a regenera-
tive amplifier into the HNPCF.

In the first experiment, we used a grating stretcher that 
stretches each pulse up to 50 ps and does not change the pulse 
spectra, and in the second experiment we had a fibre stretcher 
(the SMF-28 fibre with a length of about 2.4 km) that stretches 
the pulses up to 400 ps and broadens their spectra up to 6 nm 
(FWHM). Then, in both experiments, radiation was ampli-
fied in a regenerative amplifier and launched into a 10-m-long 
fibre segment using a precision three-axis table, with a micro-
lens mounted on that table.

If the peak power launched into the fibre exceeds a certain 
threshold (~5 kW), super-broadening of the spectrum (super-
continuum generation) is observed [5]. The radiation spec-
trum wings are significantly raised with increasing input 
power. After reaching a peak power of about 40 kW, there 
occurs an optical breakdown at the HNPCF input. Figure 4 
shows the spectra obtained for two different types of stretch-
ers at the same (~30 kW) input peak power. It is seen that the 
use of the fibre stretcher provides a spectral shape being closer 
to the Gaussian profile, which is desirable for further amplifi-
cation. This can be explained by the fact that the broadened 
spectrum is several times wider compared to the initial spec-
trum (6 nm versus 1.7 nm) leads to an increase in the number 
of frequencies involved at the early stages of the transforma-
tion processes.

Based on the data presented, for example, in [6, 7], we may 
conclude that in this case the real zero dispersion wavelength 
for the SC-5.0-1040 fibre is slightly less than 1030 nm; there-
fore, the main mechanism of the HNPCF spectrum broaden-
ing is phase-matched power-dependent four-wave mixing.

The supercontinuum generation process was modelled by 
means of a numerical solution of the nonlinear Schrödinger 
equation (NSE) using a fourth-order Runge – Kutta in the 
interaction picture method and taking into account the inter-
nal fibre noises together with 12 first terms of the dispersion 
curve expansion. The line losses were not taken into account, 
i.e. they could be neglected because the fibre length in use was 

10 m, so that the losses had no significant effect on the devel-
opment of the processes.

The experimentally derived pulse parameters at the output 
of the regenerative amplifier were used in the calculations of 
supercontinuum generation: peak power of 30 kW, centre 
wavelength of 1029 nm, envelope width (FWHM) of 6 nm and 
pulse duration (FWHM) of 400 ps. The duration of pulses and 
their spectrum width correspond to the fibre stretcher con-
figuration.

According to the simulation results, the spectrum of a 
single pulse at the HNPCF output is noisy. This is due to the 
fact that the parametric processes start from a seed which, in 
this case, represents the internal fibre noises. In the experi-
ment, spectrometer measures a spectrum averaged by 40 
pulses, while in the process of modelling the pulses with the 
same parameters, but with the noises different in phase, by 
averaging them over iterations, it is possible to obtain a 
smooth spectrum. The calculated and experimental spectra 
are shown in Fig. 5. The discrepancy between the experimen-
tal and calculated spectra can be explained by the following 
factors: the fibre dispersion curve provided by the manufac-
turer may have a qualitatively different view for a specific 
fibre; the accuracy of calculating the dispersion coefficients of 
higher orders for a curve given by the manufacturer in the 
form of a graph is not sufficient; the spectrometer calibration 
for a wide measuring range is not ideal. Nevertheless, despite 
some differences, the two curves have approximately the same 
shape, which suggests the correctness of the simulations and 
relevant conclusions.

4. Numerical modelling of light pulse 
propagation in an optical fibre

The full description of the light pulse propagation in an opti-
cal fibre requires numerical solution of the nonlinear 
Schrödinger equation:
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Figure 4.  Experimental results obtained for two types of stretchers. 
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Figure 5.  Spectrum at the fibre output after averaging over 40 separate 
pulses, and the simulation results.
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where А(z, T ) is the complex amplitude of the field (W1/2); z is 
the spatial coordinate (m); T is the retarded time (s); a is the 
fibre loss (dB km–1); bn is the group-velocity dispersion in a 
medium (sn  km–1); g is the fibre nonlinearity (W–1 km–1); w0 is 
the centre frequency of the envelope (rad s–1); and the func-
tion  R(t' ) is responsible for the stimulated Raman scattering 
associated with the instantaneous (electronic) and delayed 
(molecular) medium responses.

Equation (1) is a nonlinear partial differential equation 
which has no exact analytical solution in an arbitrary case; 
therefore, it is to be solved numerically. It should be noted 
that, for the pulses with a wide spectrum profile, the solution 
of the equation in frequency representation is preferable [8]:
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where F is the Fourier transform operator; F   –1 is the inverse 
Fourier transform operator; and tilde denotes the Fourier 
transforms of respective functions.

This form of the equation follows from applying the 
Fourier transform to both sides of the equation [9]. In this 
form, the equation can be solved, for example, using the well-
known split-step Fourier method. In order to improve the 
algorithm performance by expressing the field complex ampli-
tude in the form
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and substituting it into (2), we obtain the final expression in 
the form:
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Equation (3) can be integrated in one step, thereby increasing 
the performance. For example, the widely spread and well-
studied fourth-order Runge – Kutta algorithm is applicable 
for integration [8]. In addition to an increase in the computa-
tion speed, the use of this algorithm allows evaluating the cal-
culation error and automatic changing the integration step, 
which increases the method accuracy. The algorithm for solv-
ing the generalised nonlinear Schrödinger equation in form 
(4) using the fourth-order Runge – Kutta algorithm is called 
the interaction picture method (RK4IP) [10].

Noises play an important role in parametric processes. 
This is primarily due to the fact that, in the case of spectrum 
superbroadening, there occurs a parametric amplification of 
single photons, which are always present in a medium. In this 
work, the noises have been taken into account in the follow-
ing way: the noise corresponding to one photon in the mode, 
with an arbitrary uniformly distributed phase, was added to 
the initial pulse:
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where s is a random value uniformly distributed in the range  
0 < s < 2p. The repetition rate f rep in this case is equal to the 
grid frequency interval of the Fourier transform.

Then, with allowance for the noises, equation (4) can be 
rewritten in the form:
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where, according to (3),
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To verify the RK4IP algorithm implementation, a series 
of experiments was carried out, the results of which have been 
compared with simulation data. Experimental data were 
obtained for the pulses at the output of the ‘master oscilla-
tor – fibre stretcher’ system.

A fibre stretcher was simulated and experimentally tested 
for the SMF-28 telecommunication fibre; nominal specifica-
tions, with the fibre length equal to 2.4 km, were used in this 
simulation. In this calculation, the initial pulse parameters 
corresponding to those experimentally measured were used: 
Gaussian pulse duration (FWHM) of 2.5 ps, peak power of 
8 – 250 W, Gaussian spectral profile of the pulse with a centre 
wavelength of 1030 nm and FWHM of 1.7 nm. The second 
and third orders of the mode-propagation constant in fibres 
were taken into account. The simulation results and experi-
mental data are shown in Figs 6 and 7.

The powers launched into the fibre are determined by 
the discrete step of the diffractive power attenuator which 
does not change temporal and spectral characteristics of 
the pulse. It is seen that both calculated and experimental 
curves are in good agreement, which leads to a conclusion 
about the correctness of the RK4IP algorithm implementa-
tion and indicates the opportunity of numerical evaluation 
of the output radiation parameters depending on the 
known input parameters and material parameters of the 
optical fibre.
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5. Conclusions

On the basis of the implemented and experimentally verified 
RK4IP algorithm, we have solved numerically the NSE by a 
fourth-order Runge – Kutta in the interaction picture method, 
and then simulated the hybrid fibre-grating stretcher and the 
process of supercontinuum generation in the HNPCF.

In accordance with the simulation results, optimal param-
eters of a combined stretcher have been determined. It is 
shown that, in the fibre part of the combined stretcher, owing 
to simultaneous action of the self-phase modulation and sec-
ond-order dispersion, the spectrum broadening with a nearly-
Gaussian profile is observed. In turn, the grating part of the 
combined stretcher introduces dispersion effects, which, with 
allowance for the initial spectrum broadening, allows us to 
achieve the required output pulse duration.

A unit for the spectrum broadening, based on the SC-5.0-
1040 HNPCF, has been designed and developed. A supercon-
tinuum has been experimentally obtained and the process of 
its generation in a highly nonlinear photonic-crystal fibre has 
been numerically simulated. The obtained and experimental 
data are in agreement. In accordance with the results of simu-
lation, it is shown that the duration of transform-limited 
pulse, calculated by the pulse spectra at the fibre output, does 
not exceed 5 fs. The radiation can be used for further amplifi-
cation in the parametric amplification channel of the femto-
second terawatt laser system.
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