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Abstract.  This paper presents the concept of fibre laser system 
design for generating optically synchronised femtosecond pulses at 
two, greatly differing wavelengths and reports experimental and 
numerical simulation studies of nonlinear conversion of femtosec-
ond pulses at 1.5 mm wavelength in a dispersion-shifted fibre, with 
the generation of synchronised pulses in the ranges 1.6 – 2 and 
1 – 1.1 mm. We describe a three-stage high-power fibre amplifier of 
femtosecond pulses at 1 mm and a hybrid Er/Yb fibre laser system 
that has enabled the generation of 12 fs pulses with a centre wave-
length of 1.7 mm, synchronised with high-power (microjoule level) 
250 fs pulses at 1.03 mm.

Keywords: few-cycle optical pulses, optical synchronisation of fem-
tosecond pulses, nonlinear fibre optics, femtosecond fibre lasers and 
amplifiers.

1. Introduction

One important issue in modern laser physics is the develop-
ment  of  ultrashort  (femtosecond  and  subpicosecond)  pulse 
laser sources with high pulse energy, peak intensity and aver-
age power.  Such  sources  are  needed primarily  for  scientific 
applications.  In  addition,  recent  years  have  seen  increasing 
interest  in  such  sources  for  laser  machining  of  materials 
(including micro- and nanostructured materials) and biomed-
ical applications. In this context, fibre laser sources – which 
take  full  advantage  of  the well-established  fibre-optic  solu-
tions employed in telecom systems – hold considerable prom-
ise. Moreover, fibre laser systems can outperform solid-state 
lasers  in average power due to optimal amplification condi-
tions in the active fibres, which enable efficient pumping by 
high-power laser diodes and efficient heat removal.

Fibre systems are also of great interest for generating opti-
cally  synchronised  coherent  femtosecond  pulses  differing 
greatly  in wavelength. Such pulses are needed primarily  for 
parametric amplifiers of ultrashort pulses (USPs), where the 
pump and signal waves should be exactly synchronised. The 
many  high-power  femtosecond  parametric  systems  demon-
strated  to  date  employ  electronic  synchronisation  [1 – 5], 
which requires careful adjustment and is a potential instabil-

ity source. In recent years, there has been considerable inter-
est  in  optical  synchronisation  systems  [6].  In  particular, 
Andriukaitis et al. [7] and Teisset et al. [8] obtained pump and 
signal pulses using different spectral components of a super-
continuum generated in a bulk element and photonic crystal 
fibres.

In  this  paper,  we  report  the  generation  of  femtosecond 
pulses by  an  erbium-doped  fibre  laser  in  the  1.5 mm range, 
followed  by  nonlinear  optical  conversion  in  a  dispersion-
shifted  silica  fibre  for  obtaining  synchronised  pulses  in  the 
ranges 1.6 – 2 and 1.0 – 1.1 mm [9] and further increase in the 
energy  of  the  shorter  wavelength  pulse  in  a multistage  all-
fibre ytterbium-doped amplifier. Such a system allows one to 
obtain, on the one hand, high-power pulses near 1 mm and, on 
the  other,  optically  synchronised  pulses  differing  greatly  in 
wavelength, with the possibility of minimising the duration of 
the pulse in the range 1.6 – 2 mm [10].

It should be noted that the generation of USPs at wave-
lengths  near  1 mm by  fibre  lasers  is  a  challenging problem. 
Conventional  USP  generation  in  such  lasers  in  the  mode-
locking regime is impeded by the lack of fibres with anoma-
lous dispersion  in the 1 mm range. One known approach to 
pulse generation in fibre lasers is based on the use of a semi-
conductor saturable absorber mirror (SESAM), which should 
be matched to the fibre cavity in a special way [11]. The neces-
sity to match this component to the fibre scheme and its lim-
ited  service  time  are  drawbacks  to  this  approach.  Another 
approach to pulse generation in fibre lasers is based on mode 
locking in a laser with a normal net dispersion [12]. This con-
figuration, however, is not all-fibre either: it contains  fibre to 
free couplers and intracavity bulk optical components, which 
impair the stability of the system to external influences.

Fermann et al.  [13] proposed a scheme  in which 1.5 mm 
pulses  generated  by  an  erbium-doped  fibre  laser  were  con-
verted to the 1 mm range. In this scheme, the shorter wave-
length  pulses  result  from  Raman  conversion  of  the  input 
wavelength (1.5 mm) to the 2 mm range in a nonlinear fibre, 
followed  by  frequency  doubling  through  second  harmonic 
generation in a periodically poled lithium niobate crystal. The 
necessity to use such a crystal, a bulk optical component, is a 
drawback to this scheme: it cannot be made all-fibre.

Kieu et al.  [14] demonstrated partial optical energy con-
version from 1.5 to 1 mm wavelength in a fibre-optic system in 
an optical supercontinuum generation process. The erbium-
doped  fibre  laser oscillator used  (1.5 mm) was mode-locked 
using carbon nanotubes. The  signal was converted  to 1 mm 
wavelength  in  a  highly  nonlinear  fibre  and  then  chirped, 
amplified in an ytterbium-doped fibre and compressed with a 
grating  compressor. The  system has  the drawback of  using 
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supercontinuum generation, which  leads  to a  low degree of 
conversion from 1.5 to 1 mm wavelength.

2. Concept and design of a synchronised 
two-frequency source

The concept of the proposed laser system is based on the use 
of a scheme comprising an all-fibre femtosecond seed source, 
1.57 mm preamplifier, nonlinear fibre-optic wavelength con-
verter to the 1 mm range and diode-pumped three-stage fibre-
optic amplifier. The configuration of the laser system is shown 
in  Fig.  1.  The  master  oscillator  used  (l  =  1.57  mm)  was  a 
diode-pumped all-fibre erbium-doped femtosecond ring laser. 
The laser was passively mode-locked using nonlinear rotation 
of the polarisation ellipse of a femtosecond pulse due to the 
optical Kerr effect. The seed laser generated 230 fs pulses at a 
repetition rate of 49 MHz. The pulses were amplified by an 
erbium-doped fibre amplifier and compressed to ~70 fs dura-
tion in a nonlinear optical fibre compressor.

One distinctive feature of the laser system was the use of a 
nonlinear  fibre-optic  femtosecond-pulse  wavelength  con-
verter from the 1.5 mm range to 1 mm. This conversion allowed 
us to obtain femtosecond pulses at wavelengths in the range 
1 – 1.1 mm, which were then amplified with high efficiency by 
ytterbium-doped fibres. The nonlinear optical converter used 
was a short piece (shorter  than 10 cm) of dispersion-shifted 
fibre  (DSF) with  a  zero-dispersion  point  at  1.4 mm. At  the 
input  pulse wavelength,  the  second-order  dispersion  in  this 
fibre  was  b2  =  – 8  ps2  km–1.  A  portion  of  the  initial  pulse 
energy was converted to an about 1 mm wavelength through 
spectral  broadening  upon  soliton  compression  in  the  low 
anomalous dispersion  region and  linear wave generation  in 
the  normal  dispersion  region  under  phase-matching  condi-
tions.

The pulses  (l »  1 mm) were  further amplified  in an all-
fibre  three-stage  amplifier.  To  obtain  a  high  output  pulse 
energy  and  minimise  nonlinear  effects  in  the  active  fibres, 
stretched chirped pulses were amplified and the pulse repeti-
tion rate was reduced with the aim of lowering the required 
average pump power. Because of this, after the nonlinear con-
verter the 1 mm pulses were stretched to ~100 ps duration in a 
stretcher fibre. Next, the chirped pulses were amplified in the 
first stage of the ytterbium-doped fibre amplifier in order to 
compensate for the energy loss due to the nonlinear conver-
sion.

The next component of the system was an acousto-optic 
modulator (AOM) for reducing the pulse repetition rate. The 
control circuit of the AOM was such that it transmitted every 
Nth pulse (N was set electronically in the range 1 to 64). The 

decimated sequence was amplified in the second stage of the 
ytterbium-doped fibre amplifier. The pulse energy and aver-
age  power  were  raised  further  in  the  final  amplifier  stage, 
made of a double-clad specialty active fibre with a large core 
size (25 mm).  This fibre was pumped by 6-W multimode laser 
diodes, which allowed us to reach an output pulse power of 
1.2 W at a 1 MHz pulse repetition rate and significant nonlin-
ear distortions of the spectrum, and 0.9 W at weaker nonlin-
ear  distortions.  The  pulses were  then  compressed  to  250  fs 
duration using a reflective diffraction grating.

3. Experimental study and numerical simulation 
of two-frequency signal generation in DSF

The proposed method for generating few-cycle pulses in the 
range  1.6 – 2  mm  with  optically  synchronised  pulses  in  the 
range 1–1.1 mm builds on the concept of dispersive wave emis-
sion during high-order soliton compression of an input pulse 
propagating through a DSF. It should be noted that, in for-
eign  publications,  dispersive  waves  are  often  referred  to  as 
Cherenkov radiation, which reflects the fact that an emitted 
high-frequency pulse is synchronous with the soliton that has 
emitted it [15, 16]. Earlier, we demonstrated the possibility of 
obtaining  few-cycle  pulses  through high-order  soliton  com-
pression  [10]  and  the  generation  of  dispersive waves  [9].  In 
this  study,  major  attention  is  focused  on  the  possibility  of 
simultaneous,  synchronised  generation  of  a  few-cycle  pulse 
and a high-frequency dispersive wave pulse.

In our experiments, pulses from the output of the erbium-
doped  fibre amplifier  (~70  fs duration, 2 nJ energy) propa-
gated through a piece of DSF. The fibre length was adjusted 
experimentally  by  gradually  reducing  it.  In  addition,  the 
diode  pump power  coupled  into  the  amplifier  and,  accord-
ingly, the pulse energy at the DSF input were varied in a nar-
row range (±10 %). The broadband signal at the DSF output 
was analysed using a scanning monochromator spectrometer. 
The pulse shape was evaluated using frequency-resolved opti-
cal gating (FROG) [17].

Parameters  of  the  system  were  optimised  by  numerical 
simulation  using  realistic  input-pulse  and DSF  parameters. 
The  spectral  and  temporal  evolution of  femtosecond pulses 
was analysed theoretically in terms of a one-way wave equa-
tion  [10,  18]  using  the  pseudospectral,  split-step  Fourier 
method (SSFM) [19]. This approach allows one to take into 
account the combined effect of an arbitrary dispersion profile 
and Kerr  nonlinearity  due  to  both  the  essentially  instanta-
neous electronic response and delayed molecular response of 
the medium. Figure 2 presents numerical  simulation  results 
illustrating the evolution of the spectrum and temporal pro-
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Figure 1. Configuration of the fibre laser system.
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file of a pulse propagating through the DSF. Also shown in 
Fig. 2 are the second-order dispersion coefficient of the fibre 
and the propagation constant in the fibre in the frame of ref-
erence where the input pulse is at rest.

The numerical simulation results demonstrate that, in the 
first  step  of  propagation  through  the  nonlinear  fibre,  the 
pulse  experiences  compression  and  the  corresponding  spec-
tral  broadening, which  is  attributable  to  high-order  soliton 
compression  in  the  initial  stage of  continuum generation  in 
the anomalous dispersion  regime. Before  the onset of high-
order soliton fission [18], the spectrum broadens to the extent 
that an appreciable part of its high-frequency wing falls in the 
normal  dispersion  region  and  can  act  as  a  source  of  linear 
dispersive waves. The emission of linear dispersive waves by a 
soliton pulse to the normal dispersion region in optical fibres 
was  studied  both  theoretically  and  experimentally  [15,  16] 
with application to fundamental and higher order solitons in 
silica  and  photonic-crystal  fibres  [20,  21]  and  to  few-cycle 
pulses [22]. The dynamics of the high-frequency wing of the 
spectrum, which extends to the normal dispersion region, are 
dominated by those of a soliton pulse that forms in the anom-
alous dispersion region, so that the variations in the phases of 
all the high-frequency spectral components are coordinated, 
and  their wavenumber  is  determined  by  that  of  the  soliton 
[23].  When  the  phase  matching  condition  is  satisfied 
[15,  16,  21],  dispersive  waves  are  emitted  most  efficiently, 
resulting  in a smooth spectral peak  in  the short-wavelength 
region.  Efficient light transfer to the short-wavelength region 
takes  place  only within  a  small  portion  of  the  propagation 
path, where the soliton is most compressed and the spectrum 
has the largest width. Subsequently, the short-wavelength and 
soliton  pulses  diverge  because  of  the  difference  in  group 

velocity, which is well illustrated by the evolution of the inten-
sity distribution in Fig. 2.

Two  important  features of  the  above process  are worth 
noting:  first,  dispersive wave  emission  and maximum pulse 
compression  occur  synchronously  and,  second,  dispersive 
wave radiation is coherent with the main soliton pulse. Thus, 
optically synchronised femtosecond pulses differing greatly in 
wavelength can be obtained in an all-fibre scheme based on a 
piece of DSF.

It is worth noting that, even though the maximum soliton 
compression  occurs  at  a  certain  fibre  length,  dependent  on 
input pulse parameters, the pulse duration remains short in a 
rather broad range of fibre lengths. In particular, in Fig. 2 the 
pulse  has  the  shortest  duration,  11  fs,  at  z  =  9  cm,  and  its 
duration is less than 15 fs at z between 7 and 15 cm. For the 
purpose of this study, the optimal fibre length is that at which 
a pulse passes the largest compression point but experiences 
no excessive broadening, and the interaction with the short-
wavelength radiation almost ceases.

In our experiments, the fibre length and input pulse energy 
were such that the observed spectral shape was most similar 
to  the  optimal  shape  inferred  from  numerical  simulation 
results.  In  addition,  the  pulse  shape  was  evaluated  by  the 
FROG technique. Figure 3 shows the simulated signal spec-
trum  at  the DSF  output,  and Fig.  4  presents  the  temporal 
intensity  profiles  retrieved  from  a  measured  FROG  trace 
(Fig. 4, inset) and obtained by numerical simulation. The esti-
mated FWHM pulse duration is 12 fs, i.e. two optical cycles. 
The  trailing  edge  of  the  pulse  has well-defined  oscillations, 
attributable  to  the  interference  of  the  compressed  higher 
order soliton with dispersive waves. The dotted line in Fig. 3 
represents the spectrum of the high-frequency signal after fil-
tration, and the solid curve above the shaded area represents 
the  spectrum  of  the  remaining,  few-cycle  pulse.  Figure  4 
shows the time-domain position of the corresponding pulses 
after filtration. The salient feature of the temporal  intensity 
profile of the long-wavelength pulse in Fig. 4 is a sharp, strong 
peak over a broad pedestal, characteristic of high-order soli-
ton compression. The duration of the short-wavelength pulse 
after filtration is 45 fs. It is worth noting that the simulation 
results  agree  very  well  with  experimental  data.  The  above 

0 0.05 0.10 0.15

F
re

q
u

en
cy

/T
H

z

b2/ps2 km–1

k/m–1Distance/m

–100

–50

0

50

100

1.5

2.5

3.5

4.5

5.5

–0.1

0

0.1

a

b c

0.2

0.3

–800 0 800

–100

–50

0

50

100

150
– 40 0 40

T
im

e /
p

s

In
te

n
si

ty
/d

B

F
re

q
u

en
cy

/T
H

z

0.20

Figure 2. Numerical simulation of pulse propagation in a DSF: (a) evo-
lution of the intensity distribution, (b) evolution of the spectrum. The 
solid and dotted lines represent, respectively, the propagation constant 
k and second-order dispersion coefficient b2 in the fibre. The solid and 
dashed lines in panel (c) represent the positions of the soliton and short-
wavelength pulse of dispersive waves, respectively.

0

2

4

6

In
te

n
si

ty
 (

ar
b

. u
n

it
s)

Frequency/THz
–40 0 40 80

Figure 3. Measured and simulated spectra of the signal at the DSF out-
put (dashed and solid lines, respectively) and low- and high-frequency 
pulse  components  filtered  off  in  numerical  simulation  (solid  curve 
above the shaded area and dotted line, respectively). Zero on the fre-
quency axis corresponds to a wavelength of 1.5 mm.



259Hybrid Er/Yb fibre laser system for generating few-cycle 1.6 to 2.0 mm pulses

numerical  simulation  and  experimental  study  demonstrate 
that two pulses differing greatly in centre wavelength can be 
optically synchronised in a DSF.

The  wavelength  of  both  the  high-  and  low-frequency 
pulses can be tuned in a narrow range by varying the  input 
pulse power (l = 1.5 mm) and in a considerably wider range by 
using  DSFs  with  different  zero-dispersion  wavelengths. 
Figure 5 illustrates the tuning of the centre wavelength of the 
low-frequency  pulse  and  that  of  the  high-frequency  pulse 
after filtration in our experiments.

In our experimental setup, a WDM fibre coupler, intended 
to separate the short- and long-wavelength spectral regions, 
was  fusion-spliced  directly  to  the DSF output. Clearly,  the 
dispersion of the fibres in the coupler will broaden pulses, but 
the controlled phase shift can be subsequently compensated 
in an appropriate compressor.

4. Amplification of 1-mm USPs: numerical
simulation and experiment

In accordance with  the general concept of high-power  laser 
system design, the 1-mm signal energy was increased through 
chirped  pulse  amplification  (CPA).  A  stretcher  made  of  a 
polarisation-maintaining  (PM)  fibre  was  fusion-spliced 
behind  the WDM  coupler  and  polarisation  controller.  The 
first stage of the ytterbium-doped PM fibre amplifier, pumped 
by a single-mode laser diode, increased the pulse power from 
1.5 to 220 mW (with an increase in pulse energy to 4 nJ). The 
measured  bandwidth  of  the  signal  centred  at  1030  nm was 
21 nm.

The next  component of  the  system was a PM fibre pig-
tailed AOM, intended to reduce the pulse repetition rate. In 
addition, owing to its short switch-on time (~10 ns) the AOM 
suppressed the amplified spontaneous emission from the first 
amplifier, thereby improving the contrast. The energy loss of 
the pulses in the AOM was ~50 %, and the average power at 
the AOM output was 2 to 9 mW at pulse repetition rates from 
1 to 4.5 MHz. The second amplifier stage was identical to the 
first and allowed the average pulse power to be increased to 
90 – 150 mW. At a single-mode diode pump power of 250 mW, 
the signal power at the output of the second amplifier stage 
was 90 mW, which corresponded to a pulse energy of 90 nJ at 
a pulse repetition rate of 1 MHz. The pulse bandwidth was 
20  nm. Further raising the pump power led to severe nonlin-
ear distortions in the preamplifier. After the second stage, the 
signal  arrived  (through  a  Faraday  isolator)  at  the  output 
amplifier stage, made from a large mode area fibre. The pulse 
power at the amplifier output ranged up to 1.2 W.  Nonlinear 
distortions of the spectrum were significant starting at a mul-
timode pump power of 6 W. The nonlinear distortions can be 
minimised by reducing the output power to 0.9 W and opti-
mising the stretcher fibre length.

To find the optimal stretcher length, we performed numer-
ical simulation of the amplification process in the three-stage 
amplifier. The transform-limited 70 fs input signal was taken 
to  have  a  Gaussian  spectrum  with  a  centre  wavelength  of 
1.03 mm. The pulse  energy was 50 – 100 nJ after  the  second 
amplifier stage and ~1 mJ after  the output stage. The ytter-
bium-doped active fibre in the final stage was 3 m long and 
had a core diameter of 25 mm and numerical aperture of 0.06. 
The  signal was assumed  to be amplified  in  the  single-mode 
regime.  By  fitting  the  fundamental  mode  field  distribution 
with a Gaussian, the nonlinearity coefficient was determined 
to be g = 0.5 W–1 km–1. The shape of the gain band was calcu-
lated using previous data [24]. The model took into account 
the  Kerr  and  Raman  nonlinearities  and  dispersion  in  the 
fibre.
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Figure 4. Signal intensity profile at the DSF output: numerical simula-
tion  (solid  line),  FROG-retrieved  profile  (dashed  line)  and  low-  and 
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(solid curve above the shaded area and dotted line, respectively).  Inset: 
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To  minimise  the  distortions  induced  by  the  Kerr  and 
Raman nonlinearities, the pulse to be amplified was assumed 
to be stretched (chirped). The stretcher used was Nufern PM 
980 normal dispersion fibre, with second- and third-order dis-
persion coefficients b2 = 50 ps2 km–1 and b3 = 0.05 ps3 km–1. 
After  amplification  in  the  ytterbium-doped  fibre  amplifier, 
the pulses were  compressed  in  a  grating  compressor with  a 
negative second-order dispersion and positive third-order dis-
persion [25]. The physical picture of the amplification process 
suggests  that  a  long  stretcher  is  undesirable  because,  after 
compression  in  the  grating  compressor,  there  remains  an 

uncompensated cubic phase, which leads to pulse stretching 
and pedestal formation. In view of this, the stretcher length 
was  optimised  using  numerical  simulation.  Since  the  gain 
band of the ytterbium-doped fibre is narrower than the spec-
trum of the input signal, amplification in the active fibre will 
be  accompanied  by  spectral  narrowing.  Basically,  the  final 
spectrum is determined by the shape of the gain band, as was 
demonstrated  by  numerical  simulation. At  a  low  degree  of 
pulse stretching, pulse propagation in the active fibre is sub-
stantially nonlinear.
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Figure 6 presents numerical simulation results for stretcher 
lengths of 50, 150 and 100 m. At a stretcher length of 50 m 
(Fig. 6a), the maximum peak power in the amplifier reaches 
the level where the effect of self-phase modulation is signifi-
cant  and  the  pulse  acquires  a  large  nonlinear  phase, which 
leads to severe distortions of its spectrum. The central peak of 
the pulse can be compressed to ~180 fs in the compressor, but 
the  large  pedestal  with  a  complex  structure  is  undesirable. 
The  calculated  spectrum  and  spectral  phase  after  compres-
sion are shown in Fig. 6b. At a stretcher length of 150 m, the 
nonlinear phase shift is rather small, but the large third-order 
dispersion in both the fibre and grating compressor makes it 
impossible to compress the pulse to near the transform limit 
(120 fs in the case under consideration) and leads to oscilla-
tions on the trailing edge of the pulse (Fig. 6c). The calculated 
spectrum and spectral phase after compression are shown in 
Fig. 6d.

According  to  numerical  simulation  results,  the  optimal 
stretcher length is ~100 m. In this case, the nonlinear phase 
shift in the amplifier is less significant than that at a stretcher 
length  of  50  m  and  the  effect  of  third-order  dispersion  is 
weaker than that with the 150-m stretcher.  In addition, the 
pulse duration after compression is ~220 fs, and the pedestal 
accounts for the smallest fraction of the energy (Fig. 6e). The 
spectrum and spectral phase after compression for the opti-
mal parameters are presented in Fig. 6f.

Figure 7 shows the experimental spectrum obtained when 
the maximum power of the output amplifier was 0.9 W. The 
pulses were compressed using one gold-coated reflective dif-
fraction grating  (1200  lines mm–1). The  signal power at  the 
compressor output was 0.6 W. Thus, the efficiency was about 
70 %. The compressor was adjusted to the minimum autocor-
relation pulse width.

Figure  8  presents  pulse  intensity  and  phase  profiles 
retrieved  from  FROG  measurements.  The  FWHM  pulse 
duration  is  250  fs,  in  agreement with  autocorrelation mea-
surements. It is seen that the phase shift is incompletely com-
pensated by  the compressor, as also evidenced by  the pulse 
time – bandwidth  product  of  0.7.  The  distinction  from  the 
transform limit  is caused by the uncompensated third-order 
dispersion and nonlinear phase distortions.

5. Conclusions

We have developed a compact fibre laser system that gener-
ates optically synchronised few-cycle pulses at wavelengths of 
1.0 – 1.1 and 1.6 – 2 mm.  The minimum duration of the longer 
wavelength  pulses  is  12  fs,  i.e.  two  optical  cycles. We  have 
demonstrated  amplification  of  few-cycle  pulses  in  a  high-
power fibre amplifier to microjoule energies and compression 
of the pulses in a grating compressor to 250 fs duration. The 
laser system can be used as a source of synchronised pulses for 
further amplification by parametric and laser amplifiers and 
also  in  biomedical  studies,  micromodification  of  materials, 
terahertz generation and pump–probe experiments.
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