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Abstract.  We have demonstrated a femtosecond erbium-doped 
fibre laser system built in the master oscillator/power amplifier 
(MOPA) approach. The final amplifier stage utilises a specially 
designed large mode area active fibre cladding-pumped by multi-
mode laser diodes. The system is capable of generating submicro-
joule pulses at a wavelength near 1.6 mm. We have obtained 530-fs 
pulses with an energy of 400 nJ. The output of the system can be 
converted to wavelengths shorter than 1 mm through the generation 
of dispersive waves in passive nonlinear fibre. We have obtained 
ultra-short 7-nJ pulses with a spectral width of ~100 nm and a cen-
tre wavelength of 0.9 mm, which can be used as a seed signal in 
parametric amplifiers in designing petawatt laser systems.

Keywords:  high peak power fibre laser systems, erbium-doped fibre 
amplifiers, large mode area fibres, ultra-short pulses, dispersive 
waves.

1. Introduction

Advances in the development of near-IR fibre laser systems 
for the generation of high peak power ultra-short pulses are 

driven largely by the necessity of addressing practical issues in 
two-photon  spectroscopy,  biomedicine,  precision  materials 
processing, etc. At present, wide use is made of laser systems 
that  employ  erbium-doped active  fibres  and mature optical 
fibre communication technologies [1]. Inferior in energy per-
formance  to  solid-state  systems,  fibre  lasers  and  nonlinear 
optical fibre devices offer the advantages of high pump con-
version  efficiency  (due  to  the  particular  guiding  geometry), 
efficient  heat  dissipation,  high  quality  of  the  spatial  laser 
beam profile, low cost, compactness and requiring no align-
ment during operation.

The most widespread laser configurations take advan-
tage  of  the  master  oscillator/power  amplifier  (MOPA) 
approach  [1].  Since  the  energy  of  the  forming  signal  is 
often  limited  by  the  nonlinear  properties  of  the  active 
fibres  in  the  final  stage  of  the  amplifier,  chirped-pulse 
amplification  (CPA)  is utilised  to  reach high pulse ener-
gies,  and  external  dispersive  compressors  that  include 
bulk elements – prisms, gratings or their combinations – 
are  used  for  frequency modulation  compensation  [1,  2]. 
One  common approach  for  reducing nonlinear  effects  is 
to  employ  large mode  area  (LMA)  fibres,  which  allows 
pulses  with  high  energies  and  high  peak  powers  to  be 
obtained [3 – 5]. Note that, in the case of cladding-pumped 
erbium-doped fibres, increasing the core diameter is nec-
essary not only for reducing nonlinear effects but also for 
creating an acceptable inversion [6].

In  this work, we examine  two high peak power erbium-
doped  fibre MOPA  laser  configurations, which  employ  the 
same master oscillator and a specially designed LMA active 
fibre in the final amplifier stage. The system is capable of las-
ing in two modes, generating submicrojoule ~500-fs pulses in 
CPA mode (with the use of a grating compressor) and ~10-nJ 
~100-fs pulses in an all-fibre configuration, with no external 
compressor.  In addition  to other potential applications,  the 
system can be effectively used to produce ultra-short pulses at 
submicron wavelengths through the generation of dispersive 
waves, which have been the subject of extensive studies (see 
e.g. Refs [7 – 12]).

A fibre source of broadband femtosecond optical pulses 
with a centre wavelength near 0.9 mm can be used as a master 
oscillator  in  optical  parametric  chirped-pulse  amplifiers 
(OPCPAs) based on  large-aperture DKDP crystals  [13]. To 
date,  a  peak  power  of  0.56  PW  has  been  reached  in  such 
amplifiers [14]. In this work, a signal with a centre wavelength 
of 0.9 mm and a bandwidth of 100 nm has been experimentally 
demonstrated, which may have important practical implica-
tions  for  the development of OPCPAs with peak powers of 
several petawatts.
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2. Erbium-doped LMA fibre design optimisation

The  concept  of  building  a  high-power MOPA  laser  system 
relies on the use of a fibre seed  laser, a three-stage chirped-
pulse amplifier having an LMA fibre final stage and a disper-
sive grating compressor.

A  factor  that plays  a key  role  in  limiting  the maximum 
pulse energy is the threshold for nonlinear effects in the final 
amplifier stage. For this reason, it is the optimisation of the 
final amplifier stage that has been the subject of considerable 
effort  in  this  investigation.  In  a  recent  study  [15],  a  novel 
design was proposed for a double-clad erbium-doped LMA 
fibre  having  a  35-mm-diameter  core  and  codoped with  alu-
minium and fluorine. The fibre composition made it possible, 
on the one hand, to sufficiently suppress erbium ion cluster-
ing (owing to the relatively high aluminium oxide concentra-
tion)  [16]  and,  on  the  other,  to  reduce  the  core – cladding 
refractive  index  difference  to Dn » 0.0012  (due  to  fluorine 
doping),  which  ensured  single-mode  operation  of  the  fibre 
even at relatively large bend radii.

The  dashed  line  in  Fig.  1  shows  a  calculated  pump 
(980 nm) to signal (1585 nm) conversion efficiency as a func-
tion of erbium ion concentration for an aluminosilicate fibre 
amplifier having the design in question. It is seen that efficien-
cies up to 40 % are possible, but only at relatively low erbium 
concentrations, which makes it necessary to use a 40 to 50 m 
length of active fibre [15]. Even though this length is not criti-
cal for cw lasers and amplifiers, it is unacceptable for short-
pulse amplification because of the low threshold for nonlinear 
effects  in  this  case.  The  length  of  the  active  fibre  can  be 
reduced by increasing the erbium concentration in the core, 
but  this  is  accompanied  by  a  substantial  drop  in  efficiency 
(Fig.  1), which  is  caused  by  stronger  erbium  ion  clustering 
[15]. As shown by Likhachev et al. [17], the use of a phospho-
aluminosilicate glass host in the fibre core allows the degree of 
clustering to be reduced. Note also that, when the aluminium 
and phosphorus concentrations differ little, fibres with arbi-
trary small Dn can be produced, which allows one to fabricate 
large core diameter single-mode fibres. The solid line in Fig. 1 
represents  calculation  results  for  phosphoaluminosilicate 
fibres with  core  and  cladding diameters  of  35  and  125 mm, 
respectively. It is seen that, even though the maximum obtain-
able efficiency changes little, the efficiency decreases consid-
erably  more  gradually  with  increasing  doping  level  than  it 

does  in  the  case  of  the  aluminosilicate  glass  core.  Thus, 
erbium-doped fibres with an Al2O3 – P2O5 – SiO2 core are bet-
ter suited for producing high nonlinear threshold amplifiers 
than are standard aluminosilicate fibres.

3. Characteristics of the fibre and amplifier

An erbium-doped fibre preform was fabricated by the MCVD 
process. Its core contained ~7 mol % Al2O3, ~8 mol % P2O5 
and  ~0.1  mol %  Er2O3.  The  preform  was  then  drawn  into 
fibre in polymer coating, which ensured a numerical aperture 
of ~0.46 for pump radiation. To improve pump absorption, 
the cladding had a square cross section with a side length of 
115 mm. Its area is roughly equal to the cross-sectional area of 
a 125-mm-diameter round fibre, which allows the active fibre 
to be fusion-spliced to standard pump/signal combiners with 
negligible pump loss. The small-signal pump absorption was 
3 dB m–1 at a wavelength of 980 nm. The measured refractive 
index  profile  and  fundamental  mode  field  distribution  at 
1550 nm are presented in Fig. 2. The mode field diameter was 
determined to be 24.7 mm and the group velocity dispersion at 
a wavelength of 1.56 mm was estimated at 27 ps nm–1 km–1.

To optimise the fibre length in the amplifier, we measured 
the pump-to-signal conversion efficiency as a function of sig-
nal wavelength at  active  fibre  lengths of  6 and 3.5 m using 
cladding pumping in a copropagating pump scheme. As seed 
sources,  we  used  fibre  lasers  with  an  emission  bandwidth 
under 1 nm and an output power of ~100 mW, which corre-
sponded  to  power  amplification.  The  results  obtained  are 
presented in Fig. 3, where one can see that, as the fibre length 
decreases from 6 to 3.5 m, the wavelength corresponding to 
the  maximum  narrow-band  signal  amplification  efficiency 
shifts from 1575 to 1560 nm. It is worth noting that the over-
all  decrease  in  efficiency  is  caused  by  the  increase  in  the 
percentage of unabsorbed pump  light with decreasing  fibre 
length.  Moreover,  in  the  case  of  ultra-short  pulse  ampli-
fication,  the emission  spectrum  is  rather broad and may be 
distorted  because  the  gain  coefficient  is  wavelength-depen-
dent.

To examine the feasibility of using the proposed amplifier 
as a final stage of a CPA scheme, gain spectra were also inves-
tigated. As a signal, we used the output of a cw superlumines-
cent  erbium-doped  fibre  source  operating  in  the  range 
1520 – 1600 nm. Figure 4  shows measured gain  spectra of a 
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Figure 1. Calculated pump (980 nm) to signal (1585 nm) conversion ef-
ficiency  for  erbium-doped  LMA  aluminosilicate  (dashed  line)  and 
phosphoaluminosilicate (solid line) fibres.
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Figure 2. Refractive  index  difference  (experiment)  and  fundamental 
mode field distribution (calculation) for erbium-doped LMA fibre.
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6-m length of the erbium-doped fibre at input signal powers 
of 1, 7 and 50 mW and an output power of ~1 W and the gain 

spectrum  of  a  3.5-m  length  of  the  fibre  at  a  10-mW  input 
power and 2-W output. It is seen that reducing the input sig-
nal  power  increases  the  gain  coefficient  at  the  short-wave-
length edge of the spectrum because of the increase in popula-
tion inversion. At the same time, it has been shown previously 
[15] that, when a narrow-band signal is amplified, an increase 
in population inversion with decreasing wavelength increases 
the adverse effect of clustering and, as a consequence, reduces 
the  efficiency  of  double-clad  erbium-doped  fibres.  This 
accounts  for  the  fact  that  the  peak  broadband  gain  wave-
length  (1563  nm)  (Fig.  4)  differs  from  the  wavelength 
(1575 nm) corresponding to the highest efficiency (Fig. 3). It 
also follows from Fig. 4 that the peak gain wavelength can be 
reduced substantially by reducing the active fibre length. At 
both  erbium-doped  fibre  lengths,  the  3-dB  gain  bandwidth 
was determined to be ~15 nm. Despite its lower efficiency, the 
3.5-m  erbium-doped  fibre  amplifier  had  a  higher  threshold 
for nonlinear effects, so it was this amplifier which was used 
to construct a CPA scheme.

4. Development of a femtosecond submicrojoule 
laser system (CPA scheme)

A  schematic  of  the  experimental  setup  is  shown  in  Fig.  5. 
Basic to this configuration is a previously developed femto-
second ring-cavity erbium-doped fibre laser diode-pumped at 
975 nm. The laser is passively mode-locked using a nonlinear 
rotation of the polarisation ellipse of a femtosecond pulse due 
to  the  optical  Kerr  effect.  The  seed  laser  generates  230-fs, 
1.56-mm pulses at a repetition rate of 50 MHz [10]. After it, 
the scheme contains a Faraday isolator and a fibre stretcher 
consisting of two series-connected germanosilicate fibre seg-
ments  40  and  55 m  in  length, with  1.56 mm group  velocity 
dispersions  of  –54  and  –37 ps  nm–1  km–1,  respectively. The 
stretcher slightly broadens the spectrum due to the self-phase 
modulation in the initial portion of propagation. The chirped 
pulses are amplified in the first erbium-doped fibre preampli-
fier to 50 mW of average power, and then the pulse repetition 
rate  is  reduced  to  1  MHz  by  an  acousto-optic  modulator 

1550
0

5

10

15

20

25

30

1560 1570 1580
Wavelength/nm

E
ff

ic
ie

n
cy

 (
%

)

1590

6 m

3.5 m

Figure 3. Pump-to-signal conversion efficiency as a function of wave-
length for 3.5- and 6-m lengths of erbium-doped LMA fibre.
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(AOM) in order to reduce the required average pump power 
in  the  final  amplifier  stage, where  submicrojoule  pulses  are 
formed. The decimated pulse sequence is amplified in the sec-
ond  preamplifier  to  an  average  power  of  5  mW.  Figure  6 
shows  the  spectra of  the  signal  after  the  stretcher and  each 
preamplifier. The gain band of  the active fibres  is narrower 

than the spectrum of the input signal, so both amplifier stages 
reduce the width of the spectrum in CPA mode.

After the second preamplifier, the pulses pass through a 
Faraday isolator and arrive at the final stage, made from the 
specially designed erbium-doped LMA fibre. At the output of 
the  3.5-m-long  fibre,  we  obtained  a  signal with  an  average 
power of 1 W, which corresponded to a pulse energy of ~1 mJ 
at an estimated pulse duration of ~50 ps. The output signal 
power was limited by the pump power. The frequency modu-
lation of  the amplified pulses was compensated using a dis-
persive  compressor  consisting of  600  lines mm–1 diffraction 
grating  pair  (Spectrogon).  After  the  compressor,  the  pulse 
duration was 530 fs. Because of the low efficiency of the com-
pressor  in  the 1.55-mm range,  the maximum average power 
after  compression was  400 mW, which  corresponded  to  an 
energy of ~400 nJ. To diagnose the nature of the pulses, we 
used  frequency-resolved  optical  gating  (FROG)  [18].  From 
an experimental set of spectra of the sum harmonic from two 
replicas of the pulses measured with different time delays rela-
tive to each other, we reconstructed the temporal and spatial 
pulse  intensity  and  phase  profiles  using  an  iteration  algo-
rithm.

Figure  7  shows  experimentally  determined  and  FROG-
retrieved spectra of the signal after the dispersive compressor 
and the temporal pulse intensity profile. The pulse time – band-
width product is TBP = 0.5. An order of magnitude estimate 
of the pulse peak power as the pulse energy to duration ratio 
gives 750 kW.

5. Conversion of submicrojoule pulses in nonlin-
ear silica fibre in an ultra-broad spectral range

The  submicrojoule  pulses  obtained  in  the  CPA mode were 
used in our experiments aimed at converting radiation in an 
ultra-broad  spectral  range,  spanning more  than  an  octave. 
After the dispersive compressor, the beam was launched into 
a 1.5-m segment of Flexcore 1060 nonlinear fibre using a lens 
(Fig. 5). The average output signal power was 100 mW. The 
spectrum in Fig. 8 clearly shows a peak at a centre wavelength 
of 0.9 mm, whose 3-dB width is 100 nm. The average signal 
power as measured with a Thorlabs S120C silicon photodi-
ode, which detects light in the range 400 – 1100 nm, is 7.5 mW, 
which corresponds  to a pulse  energy of ~7 nJ at  the centre 
wavelength  0.9 mm.  In  addition,  the  spectrum of  the  signal 
contains  long-wavelength  components.  The  width  of  the 
supercontinuum is 1400 nm (from 0.8 to 2.2 mm).

The most efficient mechanism of short-wavelength radia-
tion formation is the generation of linear dispersive waves in 
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Figure 7. (a) Spectra of the signal after the dispersive compressor: mea-
sured  with  a  spectrometer  (dashed  line)  and  FROG-retrieved  (solid 
line); (b) FROG-retrieved temporal pulse profile.
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the normal dispersion region of optical fibre upon compres-
sion  during  the  propagation  of  a  high-order  soliton  in  the 
anomalous dispersion  region  [7]. Note  that  fibre-optic  con-
verters rely on this mechanism to produce high-quality coher-
ent radiation in an ultra-broad spectral range, inaccessible to 
lasers [9]. The experimental result of femtosecond pulse con-
version  from  the  1.5-mm  range  to wavelengths  between  0.8 
and 1 mm is quite consistent with theoretical assessment of its 
feasibility  [12].  Previous  experimental  studies  also  demon-
strated the generation of dispersive wave packets at a wave-
length near 1 mm at an initial 1.5-mm signal energy of ~2 nJ 
[10,  11].  In  this  study,  the  formation of  shorter wavelength 
radiation was possible owing to the increase in signal energy 
by two orders of magnitude.

The  long-wavelength wing of the spectrum is formed by 
sequentially  produced  solitons,  whose  centre  wavelength 
gradually shifts during propagation along the fibre as a result 
of SRS [19].

Thus,  the  erbium-doped  fibre  laser  configuration  under 
consideration can be successfully used both to produce broad-
band  radiation  at  a  wavelength  under  1  mm  and  generate 
supercontinuum spanning more than an octave.

6. Generation of 100-fs pulses of 100-kW peak 
power in an all-fibre configuration with no exter-
nal compressor

We  also  examined  the  possibility  of  generating  high  peak 
power  femtosecond pulses merely by optimising parameters 
of a normal dispersion stretcher, with no external compres-
sor. In this case, the system is all-fibre, which makes it quite 
convenient  for  applications. Figure  9  shows  a  schematic  of 
the experimental setup. After the Faraday isolator, the pulses 
were amplified  in an erbium-doped  fibre preamplifier  to an 
average power of 150 mW, chirped in a 3.5-m length of fibre 
with a dispersion of –37 ps nm–1 km–1 at 1.56 mm and ampli-
fied in an erbium-doped LMA fibre, also 3.5 m in length, to 
an average power of ~700 mW. The pump-to-signal energy 
conversion efficiency was 10 %.

While propagating along the anomalous dispersion ampli-
fier, the signal was compressed as a result of chirp compensa-
tion. Moreover,  compression  at  high  peak  powers  may  be 
caused as well by high-order soliton effects [19, 20]. At a large 
length  of  normal  dispersion  fibre,  chirp  compensation  is 
incomplete,  and  the output pulse  remains  frequency-modu-
lated. At small stretcher lengths, several scenarios are possi-
ble, as a result of which the pulse may be amplified as a whole 
or sequentially break up into two or more pulses [20]. We are 
interested here in single-pulse amplification mode.

Figure  10  shows  spectra  of  pulses  at  the  erbium-doped 
LMA fibre output and the FROG-retrieved temporal inten-
sity profile. The pulse duration is 100 fs and the peak power is 
estimated  at  12  nJ.  Note  that,  in  this  experiment,  a  peak 
power of 100 kW was reached, which was close to the record 
high  value  for  femtosecond  systems with  no  external  com-
pressor [5]. It should be emphasised that, in this case, the peak 
power  was  estimated  with  allowance  for  the  actual  pulse 
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Figure 9. All-fibre configuration with no external compressor.
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Figure 10. (a) Optical spectra of the signal at the output of an all-fibre 
configuration with no external compressor: measured with a spectrom-
eter  (solid  line)  and  assessed  by  numerical  simulation  using  Eqn  (1) 
(dashed  line);  (b)  pulse  intensity  profile  retrieved  from  the measured 
FROG trace in the inset (solid line) and obtained by numerical simula-
tion (dashed line).
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shape (rather than by merely dividing the energy by duration, 
like in CPA mode).

Further  increasing  the  pump power  brought  the  system 
away from single-pulse operation and the signal broke up into 
two or more pulses as a result of the combined effect of self-
phase modulation, anomalous dispersion in the amplifier and 
SRS [20]. Note that, in anomalous dispersion amplifiers, the 
formation of two synchronised pulses at different wavelengths 
is possible: upon sequential breakup, the first soliton formed 
leaves the gain band as a result of the Raman self-frequency 
shift, and the signal remaining in the gain band is again ampli-
fied [21].

The results of mathematical modelling of pulse amplifica-
tion  in  erbium-doped  LMA  fibre  are  in  good  quantitative 
agreement with experimental data (Fig. 10). The spectral and 
temporal  evolution  of  pulses  in  erbium-doped  active  fibres 
was  described  using  a  generalised  nonlinear  Schrödinger 
equation, which took into account – in addition to Kerr and 
Raman  nonlinearities  and  dispersion  –  a  homogeneously 
broadened gain band corresponding to the 4I13/2 ® 4I15/2 laser 
transition near 1.5 mm [20, 22]:
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where Au (z, w) =  Ft [A(z, t)];  Ft   is the Fourier transformation 
operator; A(z, t) is the complex electric field envelope; z is a 
coordinate along the  fibre; w  is  the circular  frequency mea-
sured from the centre frequency w0; t is the time in the accom-
panying frame; b2 and b3 are the second- and third-order dis-
persion  coefficients; g  is  the nonlinearity  coefficient; R(t)  is 
the Raman response function [19]; a is the unsaturated pump 
absorption coefficient;  the constant G  is  the maximum gain 
coefficient; and T2 is a phenomenological polarization relax-
ation time. Equation (1) does not take into account gain satu-
ration and, in a more general case, modelling should use the 
Maxwell – Bloch  system  of  equations  [20,  22].  At  the  same 
time,  the  saturation  energy  estimated  by  us  for  an  erbium-
doped LMA  fibre  is  of  the  order  of  100 mJ.  In  the  case  of 
typical  pulse  energies,  near  10  nJ,  gain  saturation  can  be 
neglected. The population inversion at each point of the fibre 
remains  almost  unchanged  during  a  pulse,  and  the 
Maxwell – Bloch system of equations reduces to Eqn (1) [20]. 
Numerical modelling was carried out by the SSFM method 
using fast Fourier transformation [19].

The nonlinear gain calculated for  femtosecond pulses at 
different stretcher lengths is presented in Fig. 11 as a semilog 
plot of the pulse duration and a plot of peak power against 
the distance along the length of active fibre. The calculation 
results  suggest  that,  indeed,  there  is  an  optimal  stretcher 
length, Loptim.  At  stretcher  lengths  shorter  than Loptim,  the 
maximum compression point lies within the active fibre, and 
the pulse has time enough to expand at the amplifier output 
owing  to  dispersion  effects.  The  pulse  energy  at  the  active 
fibre output is essentially independent of stretcher length, so 
the peak power  is  lower  than  the optimal one. At  stretcher 
lengths above Loptim, the pulse does not reach the maximum 

compression point,  and  the peak power  again proves  to be 
lower than the optimal one at the amplifier and input pulse 
parameters under consideration.

7. Conclusions

We  have  demonstrated  a  femtosecond  erbium-doped  fibre 
laser system built in the MOPA approach. The final amplifier 
stage utilises a specially designed erbium-doped LMA fibre. 
We examined a chirped pulse amplification scheme with the 
use of a dispersive grating pair  compressor and an all-fibre 
configuration with no external compressor.

In the CPA scheme, we obtained 530-fs pulses at 1.6 mm 
with  an  energy  of  400  nJ.  Their  peak  power  is  estimated 
roughly at 750 kW. Such pulses can be effectively converted 
in nonlinear silica fibre to wavelengths shorter than 1 mm. We 
obtained  ultra-short  7-nJ  pulses  with  a  spectral  width  of 
~100 nm and a centre wavelength of 0.9 mm, which can be 
used  as  a  seed  signal  in  parametric  amplifiers  of  stretched 
pulses  in  designing  petawatt  laser  systems.  In  addition,  we 
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obtained a spectral supercontinuum in the range 0.8 – 2.2 mm, 
spanning more than an octave.

In an all-fibre configuration with no external compressor, 
we obtained 100-fs pulses with an energy of 12 nJ and peak 
power  of  ~100  kW.  Experimental  data  are  supported  by 
mathematic  modelling  of  nonlinear  signal  amplification  in 
erbium-doped LMA fibre.
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