L=

. L . -
View metadata, citation and similar papers at core.ac.uk brought to you by ,i CORE

provided by IntechOpen

We are IntechUpen,

the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4,800 122,000 135M

Open access books available International authors and editors Downloads

Our authors are among the

154 TOP 1% 12.2%

Countries delivered to most cited scientists Contributors from top 500 universities

pTE AN
Q)Q ¢, ;,))

G

“ BOOK
CITATION
INDEX

NDEXE®

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y


https://core.ac.uk/display/322403288?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

3

Mode-Locked Fibre Lasers
with High-Energy Pulses

S.V.Smirnov?!, S.M. Kobtsev?, 5.V Kukarin! and S.K.Turitsyn?
INovosibirsk State University
2Aston University

1Russia
2UK

1. Introduction

The recent explosive development of the physics and technology of fibre lasers as well as a
vast expansion of their application areas greatly stimulate the quest for and the study of
more advanced operational modes of such lasers, including generation of ultra-short and
high-energy pulses. Since the invention of the laser researchers have continuously strived to
generate shorter laser pulses. Simultaneously achieving a short duration and a high pulse
energy is certainly more challenging than improving one of these parameters
independently. However, it is this combination that becomes increasingly important in a
wide range of scientific, technological, medical, and other applications. High energies and
ultra-short pulse durations are both associated with high field intensity that often makes
physical system non-linear. In fibre lasers, there are specific properties relevant to both
shortening of the pulse duration and increasing their energy. The main obstacles on the road
to shorter pulses are a relatively high dispersion and non-linearity of fibre resonators. In
addition, the path to high-energy ultra-short pulses is, typically, further complicated by
relatively low energy damage thresholds of standard fibre components, such as splitters,
isolators, and so forth. While the effects of dispersion can be compensated by different
rather advanced means, the nonlinear effects in fibres are much more difficult to manage.
Thus, nonlinearity plays a critical role in the design of advanced fibre laser systems, but
paradoxically, it is somewhat undesirable to many engineers because of its very limited
controllability. Substantial efforts have been made to reduce the resonator nonlinearity,
e.g. by using large-mode-area fibres, and this direction presents an important modern
trend in laser technology. On the other hand, understanding and mastering nonlinear
physical fibre systems offer the potential to enable a new generation of laser concepts.
Therefore, it is of great importance to study physics and engineering design of laser
systems based on nonlinear photonic technologies. In particular, new nonlinear
approaches and solutions pave a way for development of advanced mode-locked fibre
lasers with ultra-short high-energy pulses.

Presently, passive mode locking is one of the key methods of ultra-short pulse (USP)
generation. As recently as a few years ago, femto- and pico-second pulses extracted directly
from the master oscillator operating in a passive mode-locking regime had relatively low
energies, typically, not exceeding at few dozens of nJ and, in some special cases, hundreds
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40 Laser Systems for Applications

of nJ. In order to radically boost the pulse energy, additional optical amplifiers were used or,
otherwise, a completely different method of short pulse generation, Q-switch was
employed, which allowed considerably higher per-pulse energy, albeit at the expense of
longer duration, typically, over several nanoseconds and more.

The combined Q-switching and mode locking in one cavity has also been successfully
employed for generation of high-energy pulses of laser radiation (Lin et al 2008, Jabczytiski
et al, 2006). Another way to increase per-pulse energy of output radiation is the cavity
dumping technique (Johnson et al, 1976), which can be used in all the mentioned above
types of lasers. In order to increase the intra-cavity pulse energy, the cavity dumping
method uses a closed multi-path resonator, into which a so-called cavity dumper is inserted
that allows picking single high-energy pulses out of the cavity at a frequency lower than the
original pulse repetition rate. More powerful pump sources may also increase per-pulse
energy in passively mode-locked lasers, but this may be achieved with certain combinations
of pulse and cavity parameters only (Akhmediev et al, 2008; Chang et al, 2008). Another
method traditionally utilised in most high-energy laser systems of different types relies on
extra-cavity optical amplification.

A completely different physical approach to achieving higher energy of USP generated in
lasers with passive mode locking is based on elongation of the laser cavity. The pulse
repetition rate of a mode-locked laser is inversely proportional to its resonator length, this is
why using longer cavities leads to lower pulse repetition rate and, consequently, to higher
pulse energy at the same average output power. The following simple relation describes this
design principle:

Ep oc Paye Tr oc Payve nL/c.

Here E, is the pulse energy of a mode-locked laser, and Pay. is the average radiation power,
Tr is the resonator round trip time, n — the refraction index of the cavity medium, ¢ — the
speed of light, L — the resonant cavity length. This method is well suited for fibre lasers
whose resonator length may reach dozens (Ania-Castafién et al, 2006; Ivanenko et al, 2010)
and even hundreds of km (Ania-Castafion, 2009). This allows generation in mode-locked
lasers of the highest-energy pulses possible for this type of lasers. Of course, this high pulse
energy coming out of the master oscillator can be further increased in an optical amplifier.
The first studies of long mode-locked fibre lasers performed by many research groups
around the world showed that the simultaneous solution of the problems of short duration
of pulses and of their relatively high energy is a non-trivial task. In this chapter, we will
discuss the physical conditions required for high-energy pulse generation as well as the
problems and limitations related to cavity lengthening up to several kilometeres or even
dozens of kilometeres. We will consider the physical mechanisms of mode locking including
new types of mode locking that takes place in such lasers. We will overview the recent
publications in this rapidly growing area and will analyse the prospects of long-resonator
mode-locked fibre lasers.

2. Review of recent progress in mode-locked fibre lasers with high-energy
pulses

First experiments on considerable cavity elongation up to 100 and 400 m in solid-state
(Kolev et al, 2003) and fibre (Kang et al, 1998; Fong et al, 2006; Fong et al, 2007) mode-locked
lasers have shown that in such relatively long resonators, it is possible to achieve stable
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passive mode locking. As a result, the pulse repetition frequency can be reduced by more
than an order of magnitude (down to ~1.7 MHz) and the per-pulse energy can be raised by
the same factor at the same average power of output radiation. Recently, a further increase
of mode-locked laser cavity length by approximately an order of magnitude was
demonstrated (Kobtsev et al, 2008c). As a result, a stable mode-lock regime was achieved in
a fibre laser with optical length of the cavity 3.8 km. In these experiments, a laboratory
sample of a ring Yb fibre laser was used, its diagram being shown in Fig. 1. Pumping of a 7-
m active Yb-doped fibre with a 7-um core was performed (Grudinin et al, 2004) with a 980-
nm laser operating at up to 1.5 W of CW output power. The Yb-doped GTWave fibre used
in the laser is a convenient choice because it allows using inexpensive diode lasers with
multi-mode 100-um output fibres for pumping. Microscope objectives were employed in
order to guide radiation in and out of the free-space laser resonator with discrete elements.
The ring configuration of the free-space portion of the resonator was formed by three broad-
band (AA ~ 100 nm) highly reflective mirrors. Coupling of radiation out of the resonator was
done with a polarisation beam splitter that also ensured linear polarisation of the output
radiation. Laser generated unidirectional radiation pulses despite the fact that no optical
diode was used in the resonant cavity. The propagation direction of the generated pulses
coincided with that of the pumping radiation inside the active fibre.

Mode locking of the laser was achieved by using the effect of non-linear rotation of radiation
polarisation (C.J. Chen et al, 1992; Matsas et al, 1992; Chong et al, 2008). Control over the
polarisation was carried out with the help of three phase plates inserted into the laser cavity.
Upon initial alignment of these plates and start of mode locking, this operation was
henceforth self-activated as soon as pumping was switched on.

In this experiment the laser cavity comprises no elements with negative (anomalous)
dispersion in the spectral range of generation. Mode-locked generation was achieved in an
all-positive-dispersion laser configuration. At the minimal length of the resonator 9.4 m, the
laser generated single chirped pulses with 3.5-ps duration (Fig. 2(a)) and 300-mW average
output power at 1075 nm. The pulse repetition rate was 22 MHz, the spectrum width being 2
nm. Extra-cavity pulse compression by two diffraction gratings (1,200 lines/mm, spaced by
~15 mm from each other) lead to reduction of the output pulse duration to 550 fs (Fig. 2(b)).
The product AvAt~0.33 demonstrates that the compressed pulses were transform-limited.
The highest per-pulse energy reached 14 nJ. It is relevant to note that a stable mode-locked
operation of this laser was achieved without using any additional elements for limitation of
laser radiation spectrum, unlike it was reported by (Chong et al, 2006) and (Chong et al,
2007). In order to elongate the laser cavity a 2.6-km stretch of All-Wave (Lucent) fibre was
used. This physical length of the fibre corresponds to the 3.8 km optical length of the laser
cavity. The laser diagram with elongated cavity is given in Fig. 3. Pumped with the same
amount of power (1.5 W), the laser generated unchanged average output radiation power,
300 mW. However, mode-locked operation of this laser with ultra-long cavity behaved
differently depending on the adjustment of the phase plates (Fig. 4).

It was possible to run the laser stably both in the mode of single nanosecond pulses
(Fig. 4(a)) or in that of nanosecond pulse trains (Fig. 4(b)), as well as in the mode of
nanosecond pulses with noticeable microsecond pedestal (Fig. 4(c)). When generating trains
of nanosecond pulses, the train duration was up to 300 ns and the train contained up to 20
pulses, each about 1 ns long. When generating single nanosecond pulses, their duration was
3 ns, repetition rate 77 kHz, and per-pulse energy 3.9 pJ. To the best of our knowledge, the
energy of pulses we have generated (3.9 pJ) is the highest to-date achieved directly from a
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mode-locked fibre laser without application of Q-switching or/and cavity dumping
techniques.
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Fig. 1. Schematic of the fibre laser: MO — microscope objective, PBS — polarizing beam
splitter, M1-M3 — high-reflectivity mirrors, A\/4 - quarter-wave plate, \/2 - half-wave
plate.
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Fig. 2. (a) Background-free autocorrelation trace of chirped pulses from laser output, inset:
optical spectrum of the laser; (b) Interferometric autocorrelation trace of de-chirped laser
pulses.

In Fig. 5, the radiation spectra of ultra-long mode-locked laser generating single pulses and
multiple pulse trains are shown. It can be seen that the width of the spectra differs
significantly. The spectrum width of laser radiation in the case of single pulses (Fig. 5(left))
amounted to 0.35 nm, suggesting that the obtained pulses can be subsequently compressed
into picosecond range, which possibility, however, was not experimentally verified in this
study. Spectrum width of the multiple pulse train radiation (Fig. 5(right)) was almost 20 nm
and this indicates that these pulses have different radiation wavelengths. Radiation spectra
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of these pulses overlap and form relatively wide resulting spectrum. Note an approximately
11-nm shift of laser spectrum into the long-wavelength range in the case of multiple pulse
train generation. Laser spectra of single pulse radiation both in short and in ultra-long cavity
are quite smooth-shaped and they exhibit no steep wings with peaks at the edges, which are
typical for all-normal dispersion fibre lasers with strong spectral filtering.
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Fig. 3. Schematic of extra-long mode-locked fibre laser: F2 — All-wave fibre, length of 2,6 km.
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Fig. 4. Temporal distribution of laser radiation intensity in different types of mode-locked
operation: a — generation of single 3-ns pulses, b — generation of multiple nanosecond
pulse trains, c - generation of single nanosecond pulses with noticeable microsecond-long
pedestal. For all types of operation the pulse period (or period of pulse trains in case b) was
~ 13 ps.
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Fig. 5. Optical spectra of the ultra-long mode-locked Yb-doped fibre laser. On the left:
spectrum in the case of single 3-ns pulses generation, inset: real-time oscilloscope trace of
single pulse train; on the right: spectrum in the case of multiple nanosecond pulse train
generation.

New results obtained in the experiments (Kobtsev et al, 2008c) with relatively high energy of
pulses directly in a passively mode-locked laser stimulated further investigations in this
area (Tian et al, 2009; Zhang et al, 2009; Lin et al, 2011; Song et al, 2011; Ai et al, 2011; Tian et
al, 2009; Kobtsev et al, 2009; Senoo et al, 2010; Kelleher et al, 2009; L. Chen et al, 2009; Wang et
al, 2011; Nyushkov et al, 2010; Kobtsev et al, 2010a; Ivanenko et al, 2010). In particular,
demonstrated experimentally in (Kelleher et al, 2009) were 1.7-ns-long pulses with a giant
chirp generated in 1,2-km-long fibre laser mode-locked due to nanotube-based saturable
absorber. The time-bandwidth product was about 236, which was ~750 times the transform
limit, assuming a sech? profile. In (Senoo et al, 2010), passive mode-lock regime was also
used in a full-PM fibre cavity of novel 6-configuration with the use of saturable absorber
(single-wall carbon nanotubes). Generation in an ultra-long cavity with anomalous
dispersion was reported in (Li ef al 2010). In (L. Chen et al, 2009; Tian et al, 2009), a mode-
lock regime was obtained in an ultra-long laser with semiconductor saturable absorber
mirrors. In (Kobtsev et al, 2009), a numerical and analytical study of different generation
regimes and mechanisms of switching between them was reported for lasers passively
mode-locked due to nonlinear polarisation evolution (NPE).

3. Applications of high-energy pulses

Despite the fact that studies of long-cavity mode-locked fibre lasers with high-energy pulses
have started only recently, these lasers have already found interesting practical applications.
The first applications of such lasers were demonstrated in high-energy super-continuum
(SC) generation (Kobtsev et al, 2010c).

One of the most obvious approaches to the generation of high-energy super-continuum
pulses is based on an increase in the peak power of the pumping pulses (e.g., using
several amplification stages). Note that the spectral broadening grows as the pumping
power increases, since the super-continuum generation results from the simultaneous
action of several non-linear optical effects. However, the corresponding energy losses due
to the stimulated Raman scattering and the linear loss related to the propagation in optical
fibre also become larger. Thus, the output super-continuum power is saturated at higher
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pumping powers, so that a further increase in the pumping power does not lead to a
corresponding increase in the super-continuum power (J.H. Lee, 2006). Therefore,
alternative methods are required for a further increase in the SC pulse energy. It is highly
desirable to supply longer pump pulse duration rather than higher peak power and this
can be very naturally implemented with the novel long cavity all-fibre all-positive-
dispersion lasers.

Figure 6 demonstrates the diagram of the discussed long-cavity all-fibre ring laser. The Yb
fibre that is free of linear birefringence and that is cladding-pumped by means of a
multimode coreless fibre serves as the active medium (Grudinin et al, 2004). The length of
the Yb-doped active fibre is 10 m, and the core diameter is 7 pm. The active fibre is pumped
by a multimode diode laser with an output power of up to 1.5 W at the wavelength of 980
nm. The mode locking results from nonlinear polarisation evolution (NPE). An increase in
the cavity length using an SMF-28 fibre leads to a decrease in the pulse repetition rate and
hence, to a respective increase in the pulse energy at the same mean power.

The demonstrated laser makes it possible to generate pulses with duration of 10 ns and
energy of 4 pJ at the repetition rate of 37 kHz. The mean output power (150 mW) is
limited by the working range of the fibre polarisation splitter that provides the out-
coupling of radiation. The FWHM of the pulse spectrum is 0.5 nm, and the corresponding
duration of the bandwidth-limited pulse is 2 ps. This indicates the gigantic chirp of the
generated 10-ns pulses. Note that single-pass dispersion broadening of 2-ps bandwidth-
limited pulses resulting in 10-ns pulses is possible in the SMF-28 fibre with a length of
about 500 km. In the laser, the significant pulse broadening is reached at a substantially
smaller cavity length (8 km).

For a further increase in the pump-pulse energy, we employ an additional amplification
stage based on a cladding-pumped Yb-doped fibre (Grudinin et al, 2004). The energy of the
amplified pulses is 80 pJ, and the mean power of the amplified radiation is 3 W, the 10-ns
pulse duration remaining unchanged. The amplified pulses are fed to a 30-m segment of
SC-5.0-1040 micro-structured fibre, where the SC radiation is generated in the spectral range
500-1750 nm. (Note that the measurements are limited by the optical spectrum analyser at
the long-wavelength boundary.) The spectrum of the SC radiation at the exit of the fibre
exhibits a high-intensity peak in the vicinity of the pumping wavelength, which is also
typical of the SC in the case of the CW pumping (Kobtsev & Smirnov, 2005). The presence of
such a peak is related to an extremely high probability of low-energy soliton generation
upon the decay of the continuous wave or the long pumping pulse owing to modulation
instability (note the L-shaped distribution of solitons with respect to energy (Dudley et al,
2008). No self-frequency shift is observed for low-energy solitons with a relatively low peak
power. Therefore, a significant fraction of the input energy remains unconverted and the
spectral peak emerges in the vicinity of the pumping wavelength. Another feature of the SC
spectrum (Fig. 7) that is important for several practical applications is the presence of a wide
plateau in the spectral interval of 1125-1550 nm. Within this interval, the SC power spectral
density is varied by no more than 1 dB.

In the above mode of SC generation using nanosecond pumping pulses, the temporal
structure of the output pulses is retained on the pulse time scale in contrast to the generation
mode using femtosecond and picosecond pumping. Indeed, the SC generation under
femtosecond pumping in the range of the anomalous dispersion is initiated by the decay of
input pulses into a series of solitons whose duration also falls into the femtosecond
range(Kobtsev & Smirnov, 2008b). During the subsequent spectral broadening, the solitons
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Fig. 6. Schematic layout of the all-fibre SC generator: LD1, LD2 —pumping laser diodes,
PC1, PC2 — fibre polarisation controllers, ISO1, ISO2 — polarisation-insensitive optical
isolators, and PBS — fibre polarisation beam splitter.

are spread in time and give rise to a wave packet with a complicated temporal structure,
such that the duration of the wave packet can be greater than the duration of the
femtosecond pumping pulses by a factor of tens. In the case of picosecond pumping pulses,
the initial stage of SC generation is characterised by the development of modulation
instability, so that the picosecond pumping pulses decay into a stochastic series of sub-
pulses (solitons) (Kobtsev & Smirnov, 2008b), whose duration (10-100 fs) depends on the
pumping power and the dispersion of the fibre. As in the case of femtosecond pumping, the
propagation of soliton sub-pulses along the fibre is accompanied by a temporal spread
owing to the group-velocity dispersion. The duration of the resulting wave packet of SC
radiation can be several times greater than the duration of the picosecond pumping pulses.

Spectral power, arb. units
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Fig. 7. Spectrum of high-energy SC.

Similar processes induced by the modulation instability and the decay of the excitation pulses
into soliton sub-pulses correspond to SC generation in the presence of nanosecond pumping,.
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In contrast to the femtosecond and picosecond scenarios, the pulse duration at the entrance of
the fibre is significantly greater than the characteristic spread of the SC soliton components, so
that the duration of SC wave packets at the exit of the fibre is almost the same as the pumping
pulse duration. Figure 8 illustrates this effect by presenting the results of numerical modelling
of the solution to the generalized nonlinear Schrodinger equation for the pumping pulse with
duration of 1 ns and energy of 50 pJ in a 30-cm long SC-5.0-1040 micro-structured fibre. To
reduce the computation time, we set the pump-pulse duration and the fibre length to values
that are smaller than the corresponding experimental parameters. It can be seen that the SC
radiation at the exit of the fibre represents a complicated wave packet containing a large
number of sub-pulses (optical solitons) (see inset to Fig. 8). The duration of such solitons is 10
fs, their peak power being higher than the peak power of the pumping pulses by no less than
an order of magnitude. In the course of propagation, the positions of solitons inside the wave
packet evolve owing to the fibre dispersion, but the characteristic scale of such variations does
not exceed few dozens of picoseconds and the duration of the nanosecond wave packet is
generally maintained. In the experimental measurements of the intensity time distribution,
single solitons are not resolved and we observe the output power averaged over a large
number of them. Note that averaging soliton spectra (Kobtsev & Smirnov, 2005) yields a wide
smooth SC spectrum in experiments. Numerical simulations show that the time-averaged
power is only weakly varied in the process of spectral broadening, so that the shape of the
nanosecond pulse remains almost unchanged during the SC generation.

It is pertinent to note that various types of generation in high-energy mode-locked lasers
may substantially differ from each other in their efficiency of spectral broadening and in the
shape of their super-continuum spectra (Wang et al, 2011). This circumstance makes the
lasers in question particularly interesting from the viewpoint of development of controllable
super-continuum generation whose parameters could be changed dynamically in the
process of operation.
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Fig. 8. Numerically simulated plot of the SC radiation intensity vs time. The inset shows a
fragment of the time distribution on a smaller scale.
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4. Underlying physics of high-energy pulse generation

In addition to having record parameters for mode-locked lasers (ultra-low pulse repetition
rate, high pulse energy), fibre lasers with greatly extended cavity represent very interesting
objects for fundamental physical science. Notwithstanding their relative simplicity of design
and of the mathematical models describing them, the lasers with mode-locking achieved
due to the effect of non-linear polarisation rotation exhibit an exceptional variety of
generation modes and leave unanswered a plethora of questions, which will be the subject
of future investigations.

The general principle of mode locking in the considered lasers is rather simple (Hofer et al,
1991; Matsas et al, 1992; Fermann et al, 1993). When travelling along a span of optical fibre,
laser pulses with sufficiently high power level will rotate their polarisation ellipse due to the
Kerr effect (dependence of the refraction index on the radiation intensity). The rotation angle
of the polarisation ellipse determines the radiation losses in the polarisation splitter, the
component that couples one of the linearly polarised radiation components out of the cavity.
Thus, the optical losses related to the rotation angle of the polarisation ellipse are tied to the
radiation intensity. In other words, the optical fibre together with the polarisation splitter
form a system that works like a saturable absorber: the losses of the generated pulse inside
the polarisation splitter are minimal, but the existing fluctuations are suppressed because of
their higher level of losses. In addition to the polarisation splitter and the optical fibre, the
laser optical train includes polarisation controllers or phase plates serving for adjustment of
the laser (independently of the intensity transformations of the polarisation ellipse).

Two approaches are usually employed for mathematical description of the lasers that make
the subject of this study. One of them is based on the solution of a system of coupled non-
linear Schrodinger equations for the two orthogonal radiation polarisations. The other one is
more heuristic and is based on the solution of the Ginsburg-Landau equation (Haus, 2000).
Both experiment and the numerical modelling demonstrate a great variety of generation
modes differing in the number of pulses inside the cavity, in their duration, energy level, in
the character of their auto-correlation functions (ACF), as well as in the shape and width of
their pulse spectra. The transition of the laser from one generation mode to another may
occur both when the pumping power is changed and when the tuning of the intra-cavity
polarisation components, — phase plates or polarisation controllers, — is adjusted. The
large diversity of possible laser operation modes has not yet been properly catalogued in the
literature. A number of attempts to describe different generation regimes have been
undertaken (see, for instance (Wang et al, 2011)), however the proposed classifications are
incomplete. One of the possible systematic descriptions of generation regimes can be done
on the basis of their classification according to the pulse-to-pulse stability.

Taking this as a starting point, a vast variety of results produced in experiments and in
numerical modelling may be divided into two main types of generation regimes. The first
type presents a well-known generation of isolated single pulses (Fig. 9 b, d) with bell-shaped
auto-correlation function and steep spectral edges (see Fig. 9 a, c). As the numerical
modelling has shown, the pulse parameters obtained in this generation regime are stable
and do not change with round trips after approaching those asymptotic values after the
initial evolution stage. Since the cavity has all-positive dispersion, the generated laser pulses
exhibit a large amount of chirp (Matsas et al, 1992; Chong et al, 2008; Wise et al, 2008) and
may be efficiently compressed with an external diffraction-grating compressor, which is
confirmed by both the numerical results and the experiment.
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Fig. 9. Stable single-pulse generation: a, b - experimental results; c, d - simulations; a, ¢ -
spectra; b, d - ACFs.

It is more interesting, however, that in addition to this standard generation regime, the
considered laser scheme also exhibits a different type of operation. In this second mode, an
unusual double-structured ACF (femto- and pico-second) can be observed, see Fig. 10 b, e
and (Horowitz & Silberberg, 1998). Experimentally measured laser generation spectra of this
type usually have a rather smooth bell-shaped appearance (see Fig. 10 a and (Zhao et al,
2007)). However, as the numerical simulation demonstrates, such smooth spectra are a
result of averaging over a very large number of shorter pulses, whereas the spectrum of an
individual pulse contains an irregular set of noise-like peaks (see the un-averaged spectrum
in Fig. 10 d shown with a grey line). In the temporal representation this type of generation
corresponds to pico-second wave packets consisting of an irregular train of femtosecond
sub-pulses (see Fig. 10 f). The peak power and width of such sub-pulses stochastically
change from one round trip along the cavity to another, also leading to fluctuations in the
wave packet parameters easily noticeable when observing the output pulse train in real time
on the oscilloscope screen during experiments (see Fig. 10 c). In other words, such irregular
short-scale structures are “breathing” being embedded into a more stable longer-scale pulse
envelope. No systematic change in generation parameters such as power or wave-packet
duration is observed even after several hours of operation. The absence of systematic drift of
pulse parameters is typical for numerical simulations as well (in the latter case, however,
much shorter pulse train of about only 5x10* is examined.) The discussed regime presents
an interesting symbiotic co-existence of stable solitary wave dynamics and stochastic
oscillations. Note that similar structures have been studied in different context numerically
in the complex cubic-quintic Ginzburg-Landau model in (Akhmediev et al, 2001; Komarov et
al, 2005). Generation of short-scale irregular structures could be attributed to wave collapse
regimes triggered within certain parameter ranges (Kramer et al, 1995; Chernykh & Turitsyn,
1995). The co-existence of stable steady-state pulses and pulsing periodic, quasi-periodic, or
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stochastic localised structures is a general feature of multi-parametric dissipative non-linear
system (see e.g. (Akhmediev et al, 2001; Kramer et al, 1995) and references therein). Each
particular non-linear dynamic regime exists in a specific region of parameter space.
Therefore, in systems that possess a capability to switch operation from one region of
parameters to another, one can observe very different lasing regimes. The parameter regions
where pulsing (periodic, quasi-periodic or stochastic) localized structures do exist might be
comparable to or even larger than the regions of existence of conventional steady-state
solitons. Note that in the multi-dimensional parameter space of the considered laser scheme,
it is almost impossible to explore all the possible operational regimes via direct modelling.
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Fig. 10. Quasi-stochastic generation regime: a-c — experimental results; d-f — simulations;
a, d — spectra; b, e — ACFs; ¢ — pulse train from oscilloscope; f — non-averaged intensity
distribution.

Both experiments and simulations show that wave-packets generated in the double-scale
femto-pico-second regime can be compressed only slightly and pulses after compression
remain far from spectrally limited. As our experiments have demonstrated, after extra-
cavity compression of these complex wave packets with the help of two diffraction gratings,
ACEF of the resulting pulses has qualitatively the same double-feature shape. We would like
to stress, however, that a possibility of compression is not an ultimate condition that should
be imposed on any generated pulses with chirp or having more complex structure. Some
applications might even be more appropriate for such double scale pulses with an efficient
short scale modulation (irregular) of the longer scale pulse envelope.

Switching between different modes of laser generation can be triggered by changing the
parameters of polarisation controllers. In order to clarify the physical mechanisms leading to
quasi-stochastic oscillations and mode switching we have carried out massive numerical
simulations of laser operation in the vicinity of the boundary of the stable single-pulse
generation. While performing numerical modelling, we introduced into the cavity fixed-
duration pulses with varying energies and analysed the resulting gain coefficient for the
pulse over one complete round trip over the resonator (see black line in Fig 11). At the input
power P= 1 (in arbitrary units) the one-trip gain coefficient equals unity, which on the
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negative curve slope corresponds to stable generation. Starting with P ~ 1.75 a.u., single-
pulse generation becomes unstable (corresponding to positive slope of the black curve in
Fig. 11). In this region, an exponential growth of small intensity fluctuations can be observed
and, over only several round trips of the cavity, an isolated picosecond pulse is decomposed
into a stochastic sequence of femtosecond pulses. Because in this process, a substantial
change in the pulse form takes place the gain curves in Fig. 11 no longer correspond to the
real situation. Exponential power growth is quickly quenched and over a number of trips
along the cavity (as a rule, from dozens to hundreds) an isolated picosecond pulse with
stable parameters is formed in the cavity again. So, in our numerical results there was no bi-
stability, which could be expected on the basis of the curve shapes in Fig. 11: at any fixed set
of cavity parameters only one of the two generation types could be stable irrespective of the
initial field distribution within the resonator.

For reliable switching of the generation type it is necessary to adjust polarisation controllers
or to change other cavity parameters. For instance, curves 1-3 in Fig. 11 correspond to
different resonator length (12.0, 12.3, and 12.6 m accordingly). It can be seen that as the
resonator parameters are shifted towards the boundary of single-pulse generation, the
width of the stable domain is reduced. Indeed, for curve 3 in Fig. 11 the unity-gain point
almost coincides with the extremum, so that even small intensity fluctuations may bring the
system into the unstable region and lead to decay of the pulse. If the resonator length is
further increased the stable single-pulse generation becomes impossible and the laser starts
generating quasi-stochastic wave packets.

N
N
T

energy

Net gain at first roundtrip
z 2

1 2 3
Input Power, a.u.

Fig. 11. Net gain per round trip vs initial pulse power. Curves 1-3 correspond to slightly
different cavity parameters close to boundary of the single-pulse generation regime area.

Conclusions that we drew on the basis of the above analysis are also valid for the effect of
generation type switching observed in experiments when changing parameters of
polarisation controllers. It should also be noted that the set of curves presented in Fig. 11 for
dependence of gain per round-trip on the pulse power is qualitatively very well reproduced
in analytical treatment of laser generation, in which every optical element of the laser
corresponds to a 2x2 unitary matrix.

It is also worth noting that, besides the two above-mentioned basic regimes, intermediate
(transient) modes possessing intermediate parameters of their pulse-to-pulse stability can be
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observed both in experiment and in numerical modelling. Such modes distinguish
themselves in experiment by the height of the peak of their auto-correlation function (the
better the stability, the smaller the ratio of the heights of the peak and the pedestal) and by
the attainable pulse compression coefficients.

5. Prospects and limitations

The mode-locked fibre lasers with high-energy pulses considered in this Chapter are
potentially very interesting for a range of practical applications such as e.g. super-continuum
generation, material processing, and others. Notwithstanding, the practical development of
these lasers may be complicated by a number of obstacles that we are going to consider in
the following discussion.

As it can be seen from the results of the experimental work and numeric modelling that we
have conducted, the advantages and demerits of mode-locked fibre lasers are noticeably
sensitive to the cavity length. Therefore, we will consider separately short lasers (with cavity
length of several meters), long-cavity fibre lasers (one kilometre and more), and lasers with
‘intermediate” resonator lengths.

One of the most important problems of mode-locked fibre lasers with high-energy pulses is
related to the stability of generation regimes. The stability of mode locking must be
considered at different time scales. First, we consider the time interval between pulses (the
round-trip time of the cavity, which is about 1 ns for short lasers) and the laboratory time
scale, which corresponds to the period of the laser’s continuous operation (one to several
hours). The stability of laser pulses over the time scale of the inter-pulse interval is used to
identify the above regimes (stable and stochastic). In each case, we will consider the stability
over the longer time scale and analyse the time drift of parameters and the spontaneous
breakdown of the regime.

The experiments show that relatively short lasers (with cavity lengths of several meters)
exhibit stable mode locking on both time scales and provide good pulse-to-pulse stability
over several hours. The tuning of the polarisation elements leads to the stochastic regime of
lasing, which surprisingly is even more stable than the single-pulse mode locking over long
time intervals in spite of the pulse-to-pulse fluctuations. This feature means that the
parameters of laser pulses exhibit fluctuations at the pulse repetition rate whereas there is
no drift of the mean parameters of such fluctuations in the laser. Evidently, the stability is an
important advantage of short lasers with regard to practical applications. The disadvantage
of short cavities is relatively low pulse energy, which is insufficient for some applications.
An obvious method to increase the pulse energy involves extra-cavity amplification.
However, such an approach necessitates significant complications of the laser setup related
to the installation of an additional amplification stage with its optical pumping unit. Note
also that a pulse stretcher must be used to avoid the decay of the femtosecond and
picosecond pulses during amplification. Such comparative complication of the optical trains
for the generation of high-energy pulses justifies the interest in the intra-cavity methods for
increasing the pulse energy without any additional amplification stages. A method based on
an increase in the cavity length was successfully employed in (Kobtsev et al, 2008a,c; Kong et
al, 2010; Nyushkov et al, 2010; Kobtsev et al, 2010a, b, c). However, the experiments show
that the stability of ultra-long lasers with nonlinear polarisation evolution (NPE) mode
locking is lower compared to the stability of short lasers on the time scale of the round trip
of the cavity and on longer time scales (about one hour). As a matter of fact, we obtain bell-
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shaped laser spectra using long cavities (see, for example, (Kobtsev et al, 2008c)), which
indicate the stochastic regime of wave packet generation. In contrast to the operation of
short lasers, tuning polarisation elements does not allow the transition of ultra-long lasers
into the regime of stable lasing, which is characterised by spectra with steep edges. The
experimental data are in agreement with the results of the numerical simulation performed
using the method from (Kobtsev et al, 2010a, Kobtsev et al, 2009). In the experiments with
cavity lengths greater than 100 m, we failed to observe stable single-pulse lasing, which is
characterised by a bell-shaped ACF and a spectrum with steep edges.

Another aspect of the ultra-long laser instability is the spontaneous lasing suppression
(stability over long time scales). In comparison to short lasers, ultra-long lasers exhibit more
complicated tuning of the polarisation elements required for the realisation of the regime. A
typical scenario is a subsequent spontaneous suppression of lasing over a relatively short
time interval (no greater than a few hours). The evident physical effects that lead to the
above instability are temperature and the polarisation property drifts typical of long fibres
along with inelastic deformations of amorphous optical fibre in polarisation controllers.
Thus, both short- (with lengths of several meters) and long-cavity (with lengths greater than
1 km) mode-locked NPE lasers suffer from significant performance disadvantages from the
viewpoint of practical applications: short lasers generate only low-energy pulses and the too
long-cavity mode-locking lasers fail to provide stable enough single-pulse lasing. This
prompted us to look for a possibility of some optimum that could exist in mode-locked
lasers featuring intermediate cavity lengths ranging from several dozens to several
hundreds of meters.

The experiments demonstrate gradual rather than steep variations in the parameters of
lasers at intermediate cavity lengths. In particular, the pulse mean energy increases almost
linearly with the cavity length for both the stable single-pulse lasing and the stochastic
regime (Kobtsev & Smirnov, 2011). For almost all of the fixed cavity lengths, the mean pulse
energy in the stable regime is less than the mean pulse energy in the stochastic regime in
qualitative agreement between the experimental data and modelling.

Another parameter that determines the working characteristics of a passively mode-locked
NPE laser is the probability of mode-lock regime triggering at random parameters of the
polarisation controllers. Figure 12 shows the results of simulation and demonstrates the
number of sets of the polarisation parameters that correspond to the stable single-pulse
lasing versus the cavity length. The simulation shows that the probability of activation of
stable single-pulse mode-locked lasing monotonically decreases with increasing cavity
length. For the cavity length of 100 m, only three points that correspond to the stable
pulsed lasing are found in the space of the polarisation element parameters. Numerical
simulation shows no stable single-pulse regimes for cavity lengths of greater than 100 m.
Note that a decrease in the probability of the mode-locking in numerical simulation agrees
with a decrease in the stability of the corresponding regime on long time scales in
experiment. In fact, a relatively low probability of the stable regime corresponds to a
relatively small region in the parameter space associated with a stable lasing. Even minor
temperature fluctuations or fluctuations of the parameters of polarisation elements due to
fibre deformation are sufficient to break down the corresponding lasing mode in
agreement with the experimental data.

Restrictions on the laser pulse length, apart from the generation (in)stability, can limit
specific applications of mode-locked fibre lasers with high-energy pulses. Indeed, for
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generation of pulses with relatively high energy, lengthening of the resonator is
necessary, which, however, leads to increase in the width of generated pulses. In ultra-
long lasers with the resonator length about 10 km and more, the duration of the output
pulses may be as long as several or even dozens of nanoseconds, thus, being comparable
with the pulse duration of Q-switched lasers. This may substantially limit the range of
possible applications.
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Fig. 12. Plot of the number of points in the parameter space of the polarisation elements that
correspond to stable single-pulse lasing in the numerical simulation vs the cavity length.

An obvious approach to this problem could be extra-cavity compression of long pulses. In
fact, since the resonators of the discussed lasers feature, as a rule, fully normal dispersion,
their output pulses may exhibit a considerable amount of chirp, which can be compensated
with the help of a compressor. In reality however, such a solution runs into two
fundamental difficulties. The first of them comes from the fact that in ultra-long lasers, the
pulse chirp may be so high that its compensation becomes technically very difficult or even
impossible. The first reason is the absence of standard low-cost fibre-based compressors
with anomalous dispersion near 1080 nm, and the second is a more fundamental problem of
pulse decomposition in such a fibre due to modulation instability.

Another problem related to pulse compression is the absence of linear chirp in a number of
generation modes. For instance, although (Kelleher et al, 2009) reports experimentally
observed 1.7-ns-long pulses with giant chirp generated in 1.2-km-long fibre laser mode-
locked due to nanotube-based saturable absorber, compression of pulses generated in NPE
lasers is far from being possible in all the generation regimes. Our experiments and
numerical modelling indicate that efficient pulse compression is only possible in a stable
generation mode, whereas pulses observed in quasi-stochastic modes of wave packet
generation are not easily compressible. In the intermediate (transient) regimes, it may be
possible to compress the output pulses by a factor of several units. The shapes of the pulse
spectra and of their auto-correlation functions can be used to assess the compressibility of
pulses in one or another mode of generation. Efficient compression is only possible, as a
rule, in generation regimes characterised by sharp spectrum edges and a bell-shaped auto-
correlation function without a narrow peak in the centre.

Thus, the results discussed above indicate a gradual decrease in the stability of lasing
associated with a corresponding increase in the cavity length. Stable single-pulse mode-
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locked lasing can hardly be achieved in an NPE laser with a cavity length exceeding 100 m.
However, the experiments reported by (Kelleher et al, 2009) show single-pulse lasing in a
cavity longer than 1 km when a saturable absorber is used for mode locking. But even in this
case, the question of compressibility of pulses characterised by a giant chirp remains open.

6. Conclusions

We have overviewed recent results in a fast developing research area of long-cavity pulsed
fibre lasers. Recent research has clearly demonstrated that cavity elongation of mode-locked
fibre lasers leads to higher pulse energy directly at the output of the oscillator — up to the
level of several pJ. However, the duration of such pulses lies in the nanosecond range and
the temporal compressibility of such pulses is yet to be proven. The crux of the problem lies
in the fact that, typically, output radiation generated in long resonators has a double-scale
form of pulse trains containing sets of sub-pulses rather than that of isolated single pulses. It
is this particular feature that distinguishes the output of long mode-locked fibre lasers from
that of Q-switched lasers at comparable energies and pulse repetition rates. High-energy
nanosecond optical pulse trains filled with stochastic sequences of femtosecond pulses are a
hallmark of mode-locked fibre-lasers with ultra-long cavities. We would like to stress that
such a very specific temporal characteristic of laser radiation can be used in a variety of
applications, including those of Raman amplifier pumping, generation of high-energy
super-continuum, material processing, and that this type of output even has advantages
over conventional single-pulse radiation in some applications that require temporal
modulation of radiation.
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