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Abstract.  We report, for the first time, the results of a comparative 
analysis of cavity topologies in mode-locked fibre lasers. It is shown 
that the use of various topologies and advantages of fibre technolo-
gies allows one to realise the specified combinations of dispersion, 
nonlinear, polarisation and other properties of fibre laser cavities, 
difficult to implement or not implementable using the methods of tra-
ditional discrete laser optics. The results of the work make it possible 
to consider the topological engineering of mode-locked fibre lasers as 
a new, rapidly growing field of research and development.
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1. Introduction

Fibre laser technology provides new unique possibilities for 
configuring laser cavities. These possibilities are most 
expressed in short-pulse fibre lasers, the cavities of which are 
configured to provide the specific nonlinear, dispersion, 
polarisation and other properties necessary for reliable lock-
ing of the radiation modes [1 – 5]. The rapidly developing fibre 
technologies for designing cavities of fibre lasers [6 – 10] are 
somewhat similar to modern meccano sets for assembling and 
modelling various objects. Various fibre elements with stan-
dard connectors or without connectors, but capable of being 
connected using special equipment, are assembled in a certain 
sequence, often forming configurations that are difficult to 
implement basing on discrete optics in traditional solid-state 
and other lasers.

The wide possibilities of using the fibre laser meccano are 
largely determined by the relatively high gain of the fibre 
active medium, which compensates for radiation losses in 
both the cavity elements and the splice points of optical fibres. 
Whereas in conventional discrete cavities of short-pulse solid-
state lasers, radiation losses of 20 % – 30 % or higher may be 
unacceptable either because the losses exceed the gain, or 
because the intracavity power is insufficient for passive mode 
locking, for many fibre cavities this level of losses is not criti-
cal for pulsed oscillation. The lower sensitivity of fibre laser 

cavities to radiation losses allows a wider implementation of 
new unique laser resonator configurations and gives rise to a 
new line of research and development of fibre lasers related to 
the topology of their cavities.

As shown by numerous studies in recent years, the topol-
ogy of a cavity of a mode-locked fibre laser (MLFL) can sig-
nificantly affect the lasing properties, and in many cases 
determine them. Thus, the topology of a MLFL cavity is an 
important factor determining the lasing properties. As already 
mentioned above, the sequence of optical elements in a MLFL 
cavity has a noticeable effect on the parameters of the gener-
ated pulses [11]. However, many newer MLFL cavities are 
significantly more complex than traditional linear or ring cav-
ity configurations, and in these more complex cavities, the 
parameters of the generated pulses depend not only on the 
sequence of optical elements, but also on the geometrical and 
topological structure of the cavity. This structure includes 
nontrivial spatial distribution of the nonlinear, dispersion, 
polarisation and other characteristics of the cavity. The anal-
ysis of the key modern geometrical and topological structures 
of the MLFL cavities has not yet been carried out, and the 
present work fills this gap.

2. Modifications of the all-fibre ring topology  
of the cavity

The ring cavity is most often used as the base for the designs 
of various MLFLs. The main advantage of the ring cavity is 
the absence of the need to use cavity mirrors, while the radia-
tion is coupled out from the cavity through a fibre coupler. 
Fibre lasers with linear cavities are also capable of providing 
high quality mode locking [12 – 14], but linear schemes of such 
lasers require the use of end wideband mirrors. The latter are 
still relatively complex and expensive in fibre implementation 
using both Faraday mirrors [15] or chirped Bragg reflectors 
[16] and loop reflectors based on fibre circulators [17] or non-
linear optical loop mirrors (NOLMs) [18]. In this connection, 
ring fibre cavities are most widely used, and most of the cavity 
topologies of modern MLFLs are the modifications of the 
traditional classical ring scheme. Passive mode locking in 
fibre lasers is implemented using either real saturable absorb-
ers [19 – 21] or the so-called artificial saturable absorbers, i.e., 
intensity discriminators based on optical nonlinearity in fibres 
[22 – 24].

Typical ring erbium-doped fibre lasers (l » 1.5 mm) 
based on conventional single-mode fibres, depending on the 
passive mode locking method, the cavity dispersion map, 
and the width of the operational spectral band of intracavity 
elements, generate ultrashort pulses with durations from a 
few picoseconds [25] to less than 100 fs [26]. Under condi-
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tions of predominantly anomalous intracavity dispersion 
in typical erbium lasers, the energy of the generated pulses 
is usually less than 1 nJ. In all-fibre ring ytterbium lasers (l 
» 1.1 mm) mode-locked under conditions of fully normal 
intracavity dispersion and gain filtering, so-called dissipa-
tive solitons are generated [2], which under certain condi-
tions can be compressed with an external compressor to the 
extreme durations smaller than 100  fs [27, 28].

The fact that a mode-locked pulse can circulate in the 
cavity under the conditions of completely normal intracav-
ity dispersion, without breaking even when acquiring a large 
nonlinear phase shift (Fnl >> p) [29], opened the possibilities 
for pulse energy scaling. Some work in this direction was 
based on increasing the intracavity power due to the use of 
active double-clad fibres and high-power pumping [28]. 
However, a more interesting approach, which determined a 
new promising direction for the improvement and develop-
ment of MLFL topologies, was the pulse energy scaling by 
increasing the cavity length. This concept is based on the 
fact that increasing the length of the MLFL cavity leads to a 
decrease in the fundamental pulse repetition rate and to a 
proportional increase in pulse energy, the average radiation 
power (or pump power) being unchanged. Impressive results 
of pulse energy scaling to the level of microjoules directly in 
the master fibre oscillator using an ultra-long (2.6  km) cav-
ity were first obtained in an ytterbium fibre laser [30] with a 
hybrid fibre discrete cavity design. Soon, a similar approach 
was successfully applied in an all-fibre erbium laser with a 
kilometre-long cavity [31]. After the first demonstrations of 
an ultra-long MLFL, many theoretical and experimental 
studies of lasers of this type followed, reaching a record-high 
pulse energy of 12 mJ [32] directly at the MLFL output.

The final idea of this approach is to increase the length of 
a fibre laser cavity with normal dispersion to obtain high-
energy strongly chirped pulses, and then compress them and 
obtain high pulse energy combined with relatively short pulse 
duration. Practically, the production of well-compressible 
pulses in an ultra-long fibre cavity is not always ensured, since 
among the possible oscillation regimes [33], the regime of gen-
erating weakly compressible double-scale pulses [34] becomes 
more stable with an increase in the cavity length. The possibil-
ity of highly efficient (by nearly 100 times) compression of 
single-scale coherent pulses [35] has been demonstrated so far 
in a cavity only 1 km long, whereas mode locking is imple-
mented in cavities up to 25 km long [36]. To obtain well-com-
pressible high-energy pulses in ultra-long cavities, the devel-
opment of more advanced cavity topologies is particularly 
required.

Another important problem of the approach based on a 
significant increase in the length of the MLFL cavity is the 
deterioration of the stability of the lasing parameters due to 
its increased sensitivity to environmental factors (vibrations, 
temperature and pressure variations). Firstly, this can cause 
significant polarisation instability of radiation. To solve this 
problem, it is possible to use special polarisation-maintain-
ing fibres. However, this is associated with a number of 
other problems: firstly, such fibres are much more expensive 
than ordinary single-mode fibres, secondly, they have much 
greater optical losses and, thirdly, the choice of commer-
cially available polarisation-maintaining fibres is relatively 
narrow. Respectively, the choice of the dispersion character-
istics of these fibres is limited too, although they are espe-
cially important when fabricating erbium MLFLs. 
Nevertheless, an original modification of the ring topology 

of the cavity for an ultra-long MLFL based on polarisation-
maintaining fibres was recently demonstrated [37]. The pro-
posed Q-shaped configuration of a fibre laser, shown sche-
matically in Fig. 1a, makes it possible to use economically 
the polarisation-maintaining fibre due to the double passage 
of radiation through the upper loop of the cavity in one 
roundtrip cycle.

Another topological solution to the problem of the 
polarisation instability of radiation in ultra-long MLFLs is 
to use a combined linear-ring cavity configuration in which 
a super-long linear arm, terminated by a Faraday mirror, is 
coupled to a relatively short ring cavity (Fig. 1b). The 
Faraday mirror fully compensates for linear birefringence 
(and, hence, its fluctuations) in the linear arm. This 
approach was successfully tested in [31, 38]. An additional 
advantage of such an ultra-long MLFL cavity topology is 
the double passage of radiation through the linear arm of 
the cavity, which is important when special fibres are used in 
the linear arm, for example, fibres with specified dispersion 
characteristics.

The linear-ring cavity topology was further developed in 
Ref. [39], in which the ultra-long MLFL with a g-shaped cav-
ity configuration was first implemented (Fig. 1c). In this laser, 
a combination of various types of fibre refractive index grat-
ings was also used for the first time. An additional linear arm 
with a filter based on a fibre Bragg grating made it possible to 
optimise the mode-locking regime in the g-laser, achieve sta-
ble generation of high-energy pulses having the typical prop-
erties of dissipative solitons, and minimise the contribution of 
spontaneous emission to the output radiation.

The recently implemented original two-ring cavity topol-
ogy (Fig. 1d) for an ultra-long high-energy MLFL with high 
pulse energy [40] deserves special mention. In this laser, a 
hybrid oscillation regime is realised, in which the mode lock-
ing occurs due to an additional (passive) optical feedback 
ring, the delay in which coincides with the repetition period of 
pulses, initially arising due to Q-switching in the main (ampli-
fying) ring of the cavity. The pulses with energy up to 4.5 mJ 
were obtained.

In parallel with the development of modified topologies, 
research was carried out related to a finer optimisation of 
the proper ring topology of the MLFL cavities, intended for 
the generation of high-energy pulses. An actual problem in 
the implementation of passive mode locking with high intra-
cavity power may be the so-called overdriving of the used 
mode locking mechanism. This means that when the radia-
tion intensity exceeds a certain level, the transmission func-
tion of the artificial saturable absorber is no more mono-
tonically dependent on the instantaneous value of the radia-
tion intensity. This problem can largely manifest itself in 
mode-locked lasers based on the effect of nonlinear polari-
sation rotation (NPR) [22] and can be one of the reasons for 
the formation of so-called double-scale pulses [33, 34]. A 
possible way to optimise the ring topology of a MLFL cav-
ity in order to solve this problem, as well as the problem of 
the parasitic stimulated Raman scattering, is demonstrated 
in Refs [41, 42]. The essence of the approach consists in com-
posing a cavity from a short piece of single-mode fibre (for 
optimal NPR) and a long piece of polarisation-maintaining 
fibre (for scaling the pulse energy). In addition, the possibil-
ity of mode locking based on the NPR effect in a ring cavity, 
completely composed of polarisation-maintaining fibres, 
was recently demonstrated [43]. In such a cavity, the slow 
axes of consecutive segments of spliced birefringent fibres 
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are oriented at certain angles to each other. This allows 
using NPR and compensating for the negative effect of lin-
ear birefringence on the ultrashort pulse. A further develop-
ment of this approach is the topology that combines the 
noncollinear orientation of the slow axes of consecutive seg-
ments of birefringent fibres with the use of a Faraday mirror 
[44, 45].

3. Cavity topologies with the possibility  
to control and stabilise the frequency – time  
characteristics of the MLFL

The ring topology modifications of the cavities considered 
above are mainly aimed at the generation of pulses with 
relatively high energy and low repetition rate. Lasers with 
such parameters can be used for precision processing of 
artificial materials and biological tissues, for lidar mea-
surements and long-distance optical communication 
through the Earth’s atmosphere. However, to solve a num-

ber of other problems, for example, those associated with 
modern methods of time and frequency  metrology [46, 47], 
highly stable sources of ultrashort light pulses are needed, 
the basic requirements for which are not associated exclu-
sively with high pulse energy. For these tasks, femtosecond 
fibre lasers with the possibility of fine tuning and dynamic 
adjustment of the frequency –time characteristics of the 
radiation (for example, pulse repetition rate, centre wave-
length of oscillation) are necessary. Thus, to produce 
highly stable optical frequency combs [5, 48] or optical fre-
quency synthesisers [49], which are the basis of an optical 
clock, femtosecond sources with a high pulse repetition 
rate (no less than 100 MHz) and pulses as short as possible 
(<100 fs) are preferable. The topology of the cavities of 
such lasers should provide the possibility of efficient auto-
matic control of the optical length of the cavity to stabilise 
the intermode frequency spacing (pulse repetition rate), as 
well as the ability to control the intracavity dispersion and, 
thus, the offset frequency of the generated optical fre-
quency comb.
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Figure 1.  Schematics of ultra-long MLFLs with different cavity topologies: (a) Q-cavity [37]; (b) linear-ring cavity [31, 38]; (c) g-cavity [39]; (d) 
coupled two-ring cavity [40]. Notations are as follows: (PMF) polarisation-maintaining fibre, (PBC) polarisation beam combiner, (SA) saturable 
absorber, (OC) optical coupler, (AF) active fibre, (WDM) wavelength division multiplexer, (FBG) fibre Bragg grating, (TFBG) tilted fibre Bragg 
grating, (C) circulator, (PC) polarisation controller, (SM-NDF) single-mode normal dispersion fibre, (FM) Faraday mirror, (PBS) polarisation 
beam splitter, (SMF) single-mode fibre.
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For a long time, when producing highly stable erbium 
MLFLs for metrological purposes, both simple ring cavities 
of adjustable length [50] and s-cavities like those shown in 
Fig. 2a, particularly preferable in commercial systems [51], 
were used. The linear-ring fibre-discrete topology of such a 
cavity is based on the use of a polarisation beam splitter that 
couples the fibre ring part of the cavity to a short linear arm 
consisting of discrete optics. The polarisation splitter also 
plays the role of a polarisation discriminator, which is neces-
sary to maintain the mode-locking regime due to the NPR 
effect. This topology of the cavity retains some advantages 
of the ring topology, provides a high fundamental pulse rep-
etition rate (up to 250 MHz in commercial models) due to 
the small optical length. It also provides a large dynamic 
range and high speed of its adjustment due to the combined 
use of a piezotranslator and an electro-optical modulator in 
the linear part of the cavity. The latter also allows the inte-
gration of adjustable dispersion wedges. The disadvantages 
of this topology include the need for using a number of pre-

cisely aligned discrete optical elements, which complicates 
the design and places high demands on its mechanical stabil-
ity. The similar linear-ring topology of a cavity with adjust-
able length can also be implemented using a fibre circulator 
[52].

Recently, an alternative topology of a MLFL cavity has 
been proposed, which, like the s-cavity, may have a small 
optical length and allows it to be tuned dynamically. In this 
case, the cavity comprises only one discrete optical element, 
which requires precise alignment. The proposed drop-shaped 
topology of the cavity [53], schematically presented in Fig. 2b, 
is based on the integral dual-fibre collimator (DFC) of radia-
tion. Its design allows extracting radiation from both fibre 
ports in the form of beams intersecting near the focal point of 
the collimating lens. Accordingly, with the help of a mirror 
installed near this point, the radiation from one DFC fibre 
port can be redirected to another. Thus, using DFC, the all-
fibre ring topology of the cavity can be transformed into the 
drop-like topology, which allows dynamic tuning of the opti-
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Figure 2.  MLFL schemes with various cavity topologies that provide the possibility of controlling and stabilising the frequency – time characteris-
tics of the radiation: (a) s-cavity [51]; (b) drop-shaped cavity [53]; (c) ‘figure-9’ cavity [54, 56]; (d) ‘figure-8’ cavity with additional passive rings to 
increase the pulse repetition rate [57]. Notations are as follows: (DCF) dispersion compensating fibre, (PBS) polarisation beam splitter, (EOM) 
electro-optical modulator, ( l/2) and ( l/4) phase plates, (HRM) highly reflecting mirror, (DFC) dual-fibre collimator, (PSI) polarisation-sensitive 
isolator, (Dj0) initial phase shift, (DL) delay line (other notations are the same as in Fig. 1).
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cal length of the cavity by a small displacement of the mirror 
near the DFC focal point. In addition, the proposed configu-
ration allows the installation of a compact electro-optical 
modulator between the DFC and the mirror to increase the 
tuning speed.

Recently, in metrological femtosecond fibre-laser systems 
they began to use MLFLs, in which the topology of the cavi-
ties is called ‘figure-9’ [54 – 56]. This type of cavity is an 
improved modification of the previously widespread ‘fig-
ure-8’ topology [57 – 59]. The mode locking in both types of 
cavities is carried out by an artificial saturable absorber, 
which is formed by a nonlinear amplifying loop mirror 
(NALM). An important advantage of using NALMs over 
mode locking due to the NPR is the possibility of implement-
ing MLFL completely based on polarisation-maintaining 
fibres without the use of adjustable phase plates or polarisa-
tion controllers [54, 56]. Thus, it is possible to realise a femto-
second oscillator that is resistant to external influences and 
does not require periodic adjustment to initiate mode locking. 
In comparison with ‘figure-8’ cavities, the lasers with a ‘fig-
ure-9’ type cavity have a smaller optical length, which allows 
a higher fundamental repetition rate of femtosecond pulses, 
up to 250 MHz [56]. The linear part of the ‘figure-9’ cavities in 
metrological MLFLs is implemented using discrete optical 
elements to minimise the optical length and to provide the 
possibility of its tuning [54, 56]. Despite the presence of dis-
crete elements, their adjustment does not have such a critical 
effect on the mode-locking operation, as in the case of classi-
cal s-cavities with mode locking due to the effect of NPR. 
Figure 2c schematically shows the MLFL with the ‘figure-9’ 
topology [54], and Fig. 2d shows the one with the extended 
‘figure-8’ topology, supplemented by passive rings to increase 
the pulse repetition rate [57]. It is also necessary to mention 
the recently demonstrated improvement in the configuration 
of the NALM for the MLFLs with the ‘figure-8’ topology 
based on polarisation-maintaining fibres [60, 61]. In the new 
configuration of the NALM, two separately controlled fibre-
optical gain sections are used. This extends the possibilities of 
regulating and optimising the parameters of pulsed genera-
tion, in particular, allows the peak power of pulses to vary 
over a wide range.

4. Conclusions

Modern topological structures of MLFL cavities are very 
diverse, allowing the use of unique combinations of proper-
ties of different types of fibre cavities. The rapid development 
of fibre technologies makes it possible to design fundamen-
tally new fibre cavity configurations that are capable of 
achieving record-breaking parameters and higher quality of 
oscillation in the mode-locking regime, as well as provide 
enhanced control and management capabilities for the MLFL 
characteristics. The results of this work allow us to consider 
topological engineering of fibre lasers with mode-locked radi-
ation as a new, rapidly grwoing, promising area of research 
and development.
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