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Abstract.  We consider a fibre laser system generating ~10-mJ, 
~500-fs pulses with a peak power of ~10 MW at a repetition rate 
of 100 kHz and emission wavelength of 1.56 mm. The system is 
based on a master oscillator – power amplifier configuration. The 
amplifier ensures chirped-pulse amplification. The pulses are then 
compressed by a dispersive grating compressor. The output ampli-
fier stage is based on a specially designed tapered large mode area 
erbium-doped fibre for suppressing nonlinear effects. The experi-
mental data agree with numerical simulation results for the 
stretcher, amplifier and compressor. The stretcher and amplifier 
have been simulated using a generalised nonlinear Schrödinger 
equation. In addition, numerical simulation results suggest that 
optimising the stretcher and compressor will potentially allow the 
peak power of the system to be scaled up to ~30 MW.

Keywords: high peak power fibre laser systems, chirped-pulse 
amplification, erbium-doped fibre amplifiers, tapered fibre, disper-
sive grating compressor.

1. Introduction

Recent advances in high peak power pulsed fibre laser sys-
tems are in large measure due to the fact that such systems 
are highly demanded in both basic research and practical 
applications, among which it is worth noting materials pro-
cessing, biomedicine, nonlinear spectroscopy etc. At pres-
ent, laser systems operating at wavelengths in the 1.5 mm 
range and utilising erbium-doped active silica fibre and well-
developed telecom fibre-optic components find wide appli-
cation [1]. Fibre laser systems are characterised by high 
diode pump to signal energy conversion efficiency due to 
their guiding geometry, the possibility of effective heat dis-
sipation, the high quality of the spatial beam profile and 
their relatively low cost, in combination with their good 

weight and size parameters. Because of this, a great deal of 
attention is being paid to the development and optimisation 
of fibre laser systems.

The fabrication of high-power fibre laser systems is often 
based on the use of a standard master oscillator – power 
amplifier configuration [1]. Since the energy and peak power 
of pulses in such systems are often limited by not only the 
diode pump power but also the active fibre nonlinearity in the 
output amplifier stage, chirped-pulse amplification is used to 
reach high energies [2] and external dispersive compressors 
based on bulk elements, such as prisms, diffraction gratings 
or their combinations, are used for frequency modulation 
compensation [1, 3]. To suppress nonlinear effects, use is also 
made of large mode area (LMA) fibre, which allows one to 
obtain high-energy, high peak power pulses [4 – 7]. However, 
when using LMA fibres, which are usually multimode, one 
encounters the problem of suppressing higher order modes. 
The problem can be resolved by utilising tapered fibre which 
is sufficiently thin at its input end for single-mode signal 
propagation at the input and expands towards its output end 
[8]. An adiabatic increase in the diameter of a tapered active 
fibre ensures quasi-single-mode signal propagation through-
out its length, making it possible to maintain high beam qual-
ity and reduce the nonlinear phase shift (obtain a relatively 
small B-integral).

In this paper, we consider a fibre laser system based on a 
specially designed tapered large mode area erbium-doped 
fibre for suppressing nonlinear effects, which employs 
chirped-pulse amplification and subsequent pulse compres-
sion by a dispersive grating compressor. The system makes it 
possible to reach a pulse peak power of ~10 MW, which 
exceeds the critical power for self-focusing in glass, as con-
firmed by relevant experimental data. The experimental data 
agree with numerical simulation results for the stretcher, 
amplifier and compressor. In numerical simulations of broad-
band amplifiers, we use a calibrated model based on a gener-
alised nonlinear Schrödinger equation. In addition, numerical 
simulation results demonstrate that optimising only the 
stretcher and compressor allows the peak power of the system 
to be scaled up to ~30 MW.

2. Tapered erbium-doped fibre 

A silica preform for tapered active fibre with an erbium-
doped core was produced by MCVD, an all-gas-phase pro-
cess. To reduce the degree of erbium clustering and ensure a 
small core – cladding refractive index difference, the core was 
additionally doped with phosphorus and aluminium oxides. 
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The erbium oxide concentration in the core was ~0.14 mol %. 
After polishing, the preform had a square cross section for 
better pump absorption and was coated with fluorinated sil-
ica glass. Next, the preform was drawn into tapered fibre. 
Figure 1a shows the refractive index profile of the tapered 
fibre at a point corresponding to a diameter of 110 mm, and 
Fig. 1b shows an optical micrograph of its end face. The 
numerical aperture at the pump wavelength (976 nm) was 
~0.3. The ratio of the core diameter to the inner cladding 
diameter was taken to be 1/3 to ensure better pump absorp-
tion.

To make a high-power fibre laser system, we used a 3.2-m 
length of tapered fibre with an initial cladding diameter of 
88 mm and a final diameter of 300 mm. The longitudinal fibre 
diameter profile is shown in Fig. 2. The core diameter varied 
from 22 mm at the input end to 75 mm at the output end. The 
maximum experimentally measured small-signal cladding 
pump absorption at a wavelength of 976 nm was 4 dB m–1 
(Fig. 3). The relatively weak pump absorption significantly 
limits the efficiency of short tapered erbium-doped fibres and 
raises requirements for the pump power needed to reach a 
particular output power. This, however, is not an obstacle to 
obtaining high-energy, high peak power pulses in amplifiers 
having such tapered fibre in their output stage.

3. Experimental implementation  
of the laser system

Figure 4 shows a schematic of the experimental setup. Its 
key component is a previously designed ring-cavity erbium-

doped fibre laser diode-pumped at a wavelength of 976 nm. 
The laser is passively mode-locked via nonlinear rotation of 
the polarisation ellipse of a femtosecond pulse due to the 
optical Kerr effect. The master oscillator generates 230-fs 
pulses at a repetition rate of 50 MHz and a wavelength of 
1.56 mm [9 – 11]. After it, the scheme contains a Faraday iso-
lator and a fibre stretcher. The fibre stretcher has a double-
pass configuration and is based on a 160-m length of ger-
manosilicate fibre with a group velocity dispersion of –54 ps 
nm–1 km–1 at a wavelength of 1.56 mm. The double-pass con-
figuration is ensured by a Faraday mirror placed at the end 
of the stretcher, and a fibre polarisation splitter is used to 
separate the input and output beams. Owing to the double-
pass configuration, the effective stretcher length is 320 m. 
This design allows undesirable birefringence to be avoided 
as well.

The next component of the scheme is an erbium-doped 
fibre preamplifier diode-pumped in a copropagating configu-
ration. It increases the average power to 100 mW, which cor-
responds to a pulse energy of 2 nJ. The pulse train is then 
decimated by an acousto-optic modulator to a repetition rate 
of 100 kHz and again amplified in the second preamplifier, 
also diode-pumped by a copropagating beam, to an average 
power of ~1 mW, which corresponds to a pulse energy of 
~10 nJ. After it, the scheme contains a tapered fibre-based 
output amplifier stage. Since the tapered fibre is few-mode in 
its thin part, its initial portion is coiled at a diameter of 
~10  cm. This allows for quasi-single-mode signal propaga-
tion in this part of the fibre. An adiabatic increase in fibre 
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Figure 1.  (a) Refractive index profile of the 110-mm-diameter tapered 
erbium-doped fibre and (b) micrograph of its cross section.
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Figure 2.  Tapered fibre diameter as a function of the longitudinal coor-
dinate z.
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Figure 3.  Small-signal cladding pump absorption in the tapered erbi-
um-doped fibre.
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diameter allows quasi-single-mode signal propagation to be 
retained throughout the length of the tapered fibre.

The tapered fibre is cladding-pumped in a counterpropa-
gating pump and signal configuration. To this end, we use a 
60-W multimode laser diode (IPG Photonics, PLD-70) with a 
stabilised emission wavelength of 976 nm. The signal is out-
coupled using a dichroic dielectric mirror. The tapered fibre is 
protected against back-reflections by a bulk Faraday isolator 
placed after the amplifier. The maximum average power of 
the signal at the output of the final amplifier stage is 1.3 W. 
Figure 5 shows the spectrum of pulses at the output of the 
tapered fibre.

For frequency modulation compensation and amplified 
pulse compression, we use a compressor based on a pair of 
polarisation-insensitive transmissive diffraction gratings 

(LightSmyth, T-940CL, 940 lines mm–1). The grating separa-
tion is ~48 cm, and the angle of incidence (between the nor-
mal to the grating and the beam propagation direction) is 
47.5°. The pulse duration at the compressor output is ~500 fs, 
but part of the signal lies in the pulse pedestal because of the 
uncompensated higher order dispersion. The intensity distri-
bution of amplified and compressed signals was measured 
using a previously designed computer-controlled frequency-
resolved optical gating (FROG) system [12, 13]. Figure 6 
shows a signal intensity profile reconstructed using an itera-
tion algorithm and the inset in Fig. 6 shows an experimentally 
measured FROG trace, which has the form of a set of spectra 
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Figure 4.  Schematic of the erbium-doped fibre laser system.
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Figure 5.  Experimentally measured spectrum of the signal at the output 
of the tapered erbium-doped fibre.
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Figure 6.  Pulse intensity profile at the output of the fibre laser system, 
retrieved by the frequency-resolved optical gating technique from the 
experimentally measured FROG trace shown in the inset.
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of the sum harmonic at different time delays between replicas 
of the signal being measured.

The pulse peak power at the output of the erbium-doped 
fibre laser system, Ppeak, estimated with allowance for the 
pedestal of the reconstructed signal, is ~10 MW, exceeding 
the critical power for self-focusing, Pcr, in glass (Ppeak » 
1.3Pcr). To experimentally confirm this, pulses from the out-
put of the laser system were focused by a long-focus lens into 
a 7-cm-long BK7 glass rod. In addition, the light exhibited 
self-focusing, accompanied by severe broadening of the spec-
trum and supercontinuum generation in the visible spectral 
region (Fig. 7). Moreover, the power of the system was suffi-
cient for estimating peak power and pulse duration fluctua-
tions in single-shot mode [14].

4. Numerical simulation and optimisation  
of the laser system

Signal propagation in three amplifier stages was simulated 
using real parameters of the laser system schematised in 
Fig. 4.

Let E(z, t) be the complex pulse field amplitude, z be a 
coordinate along the fibre, t be the time in a moving frame 
of reference, and ( , )E z wu  be the Fourier transform of the 
function E(z, t), defined through the Fourier transform 
operator Ft :

( , ) [ ( , )]E z F E z tw =u t ,	 (1)

where w = 2pc/l is the angular frequency; l is the wave-
length; and c is the speed of light in vacuum. The mathemat-
ical model of the amplifiers relies on a generalised nonlinear 
Schrödinger equation for the complex field amplitude of 
pulses propagating in the LP01 fundamental mode of the 
fibre [15]. A model of broadband amplifiers based on rare-
earth-doped fibre was constructed, investigated and cali-
brated using experimental data in previous work. It was 

described in detail elsewhere [16 – 21]. To find a solution to 
the Schrödinger equation, other numerical schemes can be 
used [22]. The nonlinear Schrödinger equation can be writ-
ten in the frequency domain as follows:

¶
¶ ( , )

( , ) ( ) | ( , )|i d
z

E z
F E z t R t E z 2w

g t t t- -
u

t ; Ey

	 ( , )
( )

( , )i E z
g

E z
2

b w
w

w+ =u u ,	 (2)

where b is the propagation constant; g is the Kerr nonlinearity 
coefficient; R(t – t) is the Raman response function [15]; and 
g(w) is the gain function calculated with allowance for the 
measured emission and absorption cross sections of silica 
fibre [23]. The nonlinearity coefficient is given by [15]
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where n2 is the nonlinear refractive index (n2 = 2.5 ´ 
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is the effective mode area calculated for axisymmetric refrac-
tive index profiles of fibre; r is a radial coordinate; and F(r, w) 
is the electric field of the LP01 mode [15].

We calculated fundamental mode fields at different core 
diameters of the tapered fibre. To this end, we solved the 
problem of the eigenvalues and eigenfunctions of the 
Helmholtz equation [24] and then, using relation (3), esti-
mated nonlinearity coefficients, which were used in nonlinear 
pulse amplification simulation. Since the fibre core has a 
rather large diameter, the waveguide contribution to the dis-
persion is small, and the dispersion of the tapered fibre is 
essentially determined by that of the fibre material. In our 
simulations, the dispersion of the fibre was taken to be equal 
to that of silica glass at any fibre diameter [15].

In modelling Eqn (1), we used the split-step Fourier 
method (SSFM) [15], fast Fourier transformation (FFT) and 
inverse FFT. The step along the fibre axis, dz, was taken to be 
100 mm. We ascertained that a factor of 2 reduction in step 
had no effect on simulation results.

In simulating the compressor, we used a standard method 
based on ray tracing at various wavelengths and neglected 
diffraction-limited beam divergence [25].

Figure 8 presents the numerical simulation results 
obtained for the stretcher – three-stage amplifier – compres-
sor system with allowance for its real parameters. The calcu-
lated signals at the output of the final stage were 130 ps in 
duration, with a spectral width corresponding to 360 fs, and 
their energy was 15 mJ. Compression was assumed to reduce 
the pulse energy to 10 mJ, which corresponded to our exper-
imental data (due to the finite grating efficiency and the loss 
in the bulk Faraday isolator represented in the schematic in 
Fig. 4 at the output of the tapered fibre). The B-integral was 
determined to be 4. Figure 8a shows the calculated signal 
peak power as a function of the separation L between the 
gratings of the compressor, and Fig. 8b shows the pulse 

Figure 7.  Photograph of supercontinuum light resulting from self-
focusing of the output beam of the erbium system in glass.
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intensity profile at the optimal grating separation L = 
50.6  cm. The numerical simulation results are seen to be, on 
the whole, in rather good agreement with the present experi-
mental data, but in the case optimal for the compressor, the 
signal pedestal is smaller and the peak power is slightly 
higher than those in the case of the FROG-retrieved pulses 
shown in Fig. 6.

In addition, we theoretically examined the feasibility of 
optimising the stretcher – compressor system via precompen-
sation for higher order dispersion parameters in the stretcher. 
In experiments, this can be achieved, for example, using a 
stretcher based on a specially designed fibre with desired 
parameters or chirped Bragg gratings with required disper-
sion coefficients. Note that, with modern technologies, both 
approaches can, in principle, be implemented. Signal com-
pression is assumed to be ensured by available gratings. On 
the one hand, the larger the signal chirp, the lower the peak 
power in the amplifier, the smaller nonlinear phase shift 
(B-integral), and the stronger pulse compression in the com-
pressor. On the other hand, there is a limitation on the maxi-
mum separation between the gratings, related to their size and 
the spectral width of the amplified signal: starting at some 
grating separation, the wings of the spectrum are ‘cut off’, 
which leads to a decrease in energy and compressed signal 
quality degradation.

We examined the feasibility of increasing the grating 
separation by a factor of ~2 in comparison with the exper-
imental value. Figure 9 presents simulation results for two 
cases. In one of them, dispersion parameters of up to the 
fourth order are precompensated, i.e. the coefficients b2, b3 
and b4 are optimised for the stretcher. In the other (consid-

ered for comparison), only the coefficient b2 is optimised, 
and we take b3 = 0 and b4 = 0. Figures 9a and 9b show cal-
culated spectra of the signal before the stretcher, after the 
first and second preamplifiers and after the output amplifier 
stage. In addition, Figs 9a and 9b show calculated spectral 
phases at the tapered fibre output. The observed narrowing 
of the spectrum after each stage is due to the finite gain 
bandwidth. Figures 9c and 9d show pulse intensity profiles 
after the output stage. In the case of dispersion precompen-
sation up to the fourth order, we find b2 = 33.8 ps2, b3 = 
– 0.2606 ps3 and b4 = – 0.0196 ps4. In addition, the duration 
of the amplified chirped signal after the output stage is 
183.7 ps, and the spectral width corresponds to 361 fs. The 
B-integral is 2.833. If only the second-order dispersion is 
precompensated, with b2 = 34  ps2, b3 = 0 and b4 = 0, the 
duration of the amplified chirped signal after the output 
stage is 185.2 ps, at the same spectral width. The B-integral 
is 2.807. Figures 9e and 9f show the peak power as a func-
tion of the separation between the gratings of the compres-
sor, L, and Figs 9g and 9h show pulse intensity profiles at 
the optimal grating separation L = 93.1 cm. It is seen that 
the precompensation of dispersion parameters up to the 
fourth order makes it possible to obtain shorter, near trans-
form-limited pulses with a smaller pedestal and, hence, 
higher peak power – up to ~30 MW.

5. Conclusions

We have considered a fibre laser system generating ~10-mJ 
ultrashort pulses at a repetition rate of 100 kHz and emission 
wavelength of 1.56 mm. The system is based on a master oscil-
lator – power amplifier configuration. The master oscillator is 
passively mode-locked via polarisation ellipse rotation due to 
the optical Kerr effect and generates 230-fs pulses. The signal 
is chirped before the amplifier to an ~100 ps duration in nor-
mal-dispersion fibre. The three-stage amplifier ensures 
chirped-pulse amplification. The pulses are then compressed 
by a dispersive compressor in the form of a grating pair. The 
output amplifier stage is based on a specially designed tapered 
large mode area erbium-doped fibre for suppressing nonlin-
ear effects. Even though the tapered fibre is multimode at its 
output (the core diameter varies from 22 mm at the fibre input 
to 75 mm at the output), quasi-single-mode amplification can 
be achieved. The output pulse duration (~500 fs) has been 
determined by the frequency-resolved optical gating tech-
nique. The peak power has been estimated at ~10 MW, which 
exceeds the critical power for self-focusing in glass and is con-
firmed by relevant experimental data. 

The present experimental data agree with numerical 
simulation results for a fibre stretcher, three-stage ampli-
fier and compressor. The stretcher and amplifier have been 
simulated using a generalised nonlinear Schrödinger equa-
tion. In addition, numerical simulation results suggest that 
optimising the stretcher and compressor will potentially 
allow the peak power of the system to be scaled up to 
~30 MW.
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Figure 8.  (a) Pulse peak power at the output of the laser system cal-
culated using its real parameters as a function of the separation L 
between the gratings of the dispersive compressor and (b) calculated 
pulse intensity profile at the optimal grating separation L = 50.6 cm.
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