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Abstract We demonstrate passive mode-locking and single pulse generation in a fibre laser 
with a record-setting cavity length of 25 km. Substantial increase in the pulse round trip dura-
tion leads to ultra-low repetition rate of 8.097 kHz and the pulse energy of 3.7 µJ.  

 
     PACS numbers:  42.55.Wd, 42.60.Fc, 42.60.Da, 42.60.By 

 
 

Nowadays, lasers have become ubiquitous devices 
equally important in fundamental science, engineering 
technologies and in a range of practical applications. In 
the last decade there has been a revolutionary progress in 
laser science fuelled by advances in high-power systems, 
ultra-short pulse lasers and oscillators with high pulse 
energy. The progress was driven by a variety of new im-
portant applications that these advanced laser systems can 
open-up. This expansion has been facilitated by continu-
ous advances in material science, achievements in tech-
nology and by the improvement in our understanding of 
the fundamental laser principles and physical effects un-
derlying the operation and performance of new types of 
lasers.  In particular, laser designs based on new physical 
concepts offer opportunities for creating systems with 
non-incremental changes of performance characteristics 
leading to disruptive progress. In this work we outline a 
new direction in development of pulsed lasers, by demon-
strating a dramatic increase of the cavity length for mode-
locking fibre lasers to a record 25 km which corresponds 
to the cavity optical length of 37.05 km. Our result pro-
vides insight in design possibilities which may allow for 
non-incremental progress in laser technology by pulse 
energy up-scaling using very long cavities. 

The length of the resonator is, indeed, an important 
design parameter in mode-locked laser being responsible 
for repetition rate of generated pulses and their per-pulse 

energy. Higher per-pulse energy pE of the output in 

mode-locked lasers (at the same average power aveP of 

radiation) may be achieved by direct extension of the la-

ser cavity, since cnLPTPE aveRavep /  (c is the 

speed of light, n-refractive index) - pulse energy is di-
rectly proportional to cavity length L  and round trip 

time RT , while the repetition rate is inversely proportional 

to the resonator length. For a range of laser applications in 
material processing a high pulse energy or respectively 
high peak intensity is required. Different techniques such 
as Q-switching, cavity dumping and optical amplification 
are currently used to generate high energy pulses. One of 
the important physical and technical challenges in laser 
science is to achieve high pulse energy in mode-locked 
lasers to provide tools for a variety of applications rang-
ing from material processing to advanced bio-medical 
imaging. Compared to Q-switching and cavity dumping 

techniques, mode-locked lasers allow a post-compression 
of output pulses, making possible generation of ultra-
short optical pulses with high energy.  

Drastic increase of the laser cavity can be imple-
mented using a fibre waveguide. In the case of CW fibre 
lasers, it has been recently demonstrated that resolvable 
resonator modes can be observed in a cavity as long as 
impressive 270 km [1]. However, the underlying physics 
of operation of mode-locked fibre lasers is very different 
from stable operation of CW fibre lasers. The extension 
of the cavity length and corresponding increase of per-
pulse energy in long mode-locked lasers is a challenging 
physical and engineering problem. First experiments 
demonstrated stable passive mode locking in relatively 
long resonators with lengths up to 100 m and 400 m were 
carried out with solid-state [2] and with fibre [3, 4] lasers. 
The reduction of the pulse repetition rate by the order of 
magnitude down to a few MHz scale and the correspond-
ing increase of per-pulse energy by the same factor (at the 
fixed average output power) have been demonstrated. The 
next level was achieved in the breakthrough works [5, 6] 
in mode-lock fibre lasers with a several km cavities. Oth-
er examples of passive mode locking in fibre lasers with > 
1 km resonators have been demonstrated in the subse-
quent works [7-12]. Such a dramatic elongation of the 
laser resonator led to more than two orders of magnitude 
increase in the output pulse energy at the same pump 
power. At ultra-low (for mode-locked lasers) pulse repeti-
tion rate (37 kHz) and pulse duration of 10 ns, the energy 
per pulse reached 4 μJ in 8 km (optical length) fibre laser 
cavity [6].  

Generation of stable high-intensity pulses in fibre las-
ers is achieved through non-trivial nonlinear equilibrium 
between effects of nonlinearity and dispersion and dissip-
ative mechanisms. In the case of anomalous cavity disper-
sion the soliton mechanism of balancing dispersion and 
nonlinearity can be used. However, intensity is limited by 
the soliton conditions and too high intensity of radiation 
leads to the generation of multiple solitons and their non-
regular interactions in the presence of noise. Recently it 
was revealed that the mode locking of fibre lasers can also 
be achieved in the normal dispersion regime [13-20].  The 
recently discovered all normal dispersion generation re-
gime is based on the interplay of the cavity dispersion, the 
Kerr nonlinearity and the gain. The importance of spectral 
filtering for stability of single pulse generation was 



stressed in [18, 19]. Long-cavity passively mode locked 
fibre lasers offer advantages in high per-pulse energy, 
while relative simplicity and reliability. However, in-
crease of the fibre cavity length and corresponding 
growth of peak power of radiation gives rise to the en-
hancement of nonlinear effects in the laser resonator. This 
leads to the aggravation of nonlinear distortions, such as 
e.g. pulse breaking, multi-pulse generation regimes, ran-
dom pulsations and other detrimental effects. Long reso-
nator length makes generation in the mode-locked regime 
much more sensitive to environmental perturbations and 
nonlinear instabilities in comparison with CW generation. 
Another critical issue is that this revolutionary raising of 
energy of short pulses in very long cavity imposes very 
demanding requirements on resistance to radiation dam-
age of cavity elements. Therefore, substantial increase of 
the cavity length in fibre mode-locked laser is a signifi-
cant fundamental and experimental challenge. A number 
of technical and physical problems should be resolved to 
create a road map for high pulse energy ultra-low mode-
locked laser systems. The first important step is to study 
how long a cavity of mode-locked fibre laser can be ex-
tended in the regime of single pulse generation. 

Here we report on a substantial advance in lengthen-
ing cavity of mode-locked fibre lasers by demonstrating a 
single pulse operation in a fibre laser with a record reso-
nator optical length of 37.05 km. To the best of our 
knowledge this is the longest cavity of a mode-locked 
laser functioning in a single pulse regime. This endeavor 
opens new prospects for potential up-scaling pulse energy 
characteristics of mode-locked fibre lasers operating 
without using optical amplifiers, Q-switched technique or 
cavity dumping. Exploration of the physical mechanisms 
underlying operations and performance of such novel type 
of mode-locked lasers with tens of km length scale pre-
sents an exciting new area of research in laser science. 

 
The experimental setup based on an all-fibre ring cavi-

ty configuration is schematically illustrated in Fig. 1. The 
cavity consists of 1.5 meter of active erbium-doped fibre 
with the absorption coefficient of ~ 80 ± 4 dB / m @ 1530 
nm), a fibre multiplexer, two polarization controllers, two 
couplers 90/10 and 1/99, 25 km of dispersion compensat-
ing fibre with normal dispersion  -10 < D [ps/nm/km] <-1 
in the wavelength range from 1530 to 1605 nm and fibre-
coupled polarization-sensitive isolator acting as a polariz-
er as well as an isolator, and ensuring unidirectional las-
ing in the ring. Pump light from a 980-nm laser diode 
with a maximum output power of 250 mW was launched 
through a wavelength-division-multiplexed coupler in the 
opposite direction to the circulation of light generated 
around 1554 nm. This configuration ensures that non-
absorbed pump radiation does not get into the output 
coupler. The output power was taken out through a 90/10 
fibre coupler placed before 25-km fibre. A stable genera-
tion in 25-km long resonator was achieved only with 
such rather strong out-coupling introducing non-
adiabatic evolution of the energy along the cavity. Us-
ing only 10% of the radiation power in the feedback 
we reduced the nonlinear effects (including the nonli-

near polarization rotation) in the fibre span and 
achieved a more sustained mode-locking with simulta-
neous increase the energy of the out-coupled pulse.  

Mode locking of the laser with net normal dispersion 
was achieved by using the effect of non-linear rotation of 
radiation polarisation. The start of mode-locking and the 
control over the polarisation was implemented by adjust-
ment of two polarization controllers. The first controller 
was installed at the input of the isolator. The second con-
troller was placed between multiplexer and 90/10 coupler. 

 

 
FIG 1. Schematic depiction of the 25-km long ring  

fibre laser design.  
 
The second output from the coupler with the split ratio 

1/99 was used for monitoring the mode-locked regime 
with a photodetector–sampling oscilloscope combination 
with a bandwidth of 1 GHz. Figures 2 and 3 show the 
train of the pulses with repetition rate characteristic for 
the mode-locked regime ( cnLTR / ) and a temporal 

profile of a single pulse with FWHM of 2,5 ns, respec-
tively. The train of pulses has a period of 123.5 µs which 
corresponds to a 8.097 kHz repetition rate. Fluctuations 
of pulse intensity in the monitored pulse train did not 
exceed 10%.   
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FIG 2. Measured comb of pulses with a mode-locking 

repetition rate scnLTR 5.123/  . 

 



The central wavelength of lasing is 1554.3 nm with 
the width of the optical spectrum in the mode locking 
regime of 0.5 nm (Fig. 4). The temporal duration of 
bandwidth limited pulse corresponding to the spectrum of 
0.5 nm shown in Fig. 4 is around 5 ps assuming sech2 
pulse shape, therefore, we believe laser operates with 
highly stretched pulses with large chirp.  
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FIG 3. Temporal profile of the generated pulse  

measured at the output 1.  
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FIG 4. Spectrum of the generated pulse.  

 
For single pulse operation, the average power (output 

1) was limited to a maximum of approximately 30 mW 
corresponding to energy per pulse of 3.7 µJ and peak 
pulse power of 387 W. The previous maximum value of 
the pulse energy of a mode-locked Er fibre master oscilla-
tor was 0.28 µJ [12] with total laser resonator length 
shorter by factor of 20 (1.25 km). 

 
3. DISCUSSION  

 
A substantial increase of the cavity length in mode-

locked fibre laser leads to the re-scaling of accumulated 
nonlinear effects and their interplay with dispersion. A 
systematic investigation and understanding of the under-
lying physics of such new types of ultra-long mode-
locked lasers is still lacking. The presented record cavity 
length experiment provides new evidence that stable sin-
gle pulse operation is feasible even with such a sharp in-
crease of the resonator length. We have studied several 
fibre arrangements for the long mode-locked laser, 
however, it turned out that single pulse generation 
regime at such very long cavity lengths is possible only 
at a right balance between the total normal accumu-
lated dispersion and nonlinear effects.  
 

The dimensionless chirp parameter of the generated 
pulses can be roughly (assuming Gaussian shape) esti-
mated as a product of the pulse width by the pulse spec-

tral width: 985
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the generated pulse is highly-chirped in agreement with 
the all-normal-dispersion nonlinear dynamics studied re-
cently for mode-locked fibre lasers with standard cavity 
lengths [13-21]. Note that no special narrow band filter 
limiting laser radiation spectrum was used in a stable 
mode-locked operation, unlike the regimes reported in 
[16, 19]. The pulse is never close to transform-limited 
inside the strictly-normal dispersion fibre cavity and ac-
cumulates both large chirp and high energy during propa-
gation down the ultra-long resonator. Evidently, post-
compression using an appropriate optical layout or disper-
sive medium is possible to produce shorter pulses. The 
accumulation of the chirp in a cavity is compensated by 
the dissipative laser elements, in our case, by the saturable 
action of the nonlinear polarisation evolution elements. 
We anticipate that our work also stimulates investigations 
and development of new methods for compensation of 
giant optical chirp that is an inherent feature of the pulses 
generated in ultra-long mode-locked lasers. The solution 
of the problem of compression of pulses with giant optical 
chirp might lead to drastically different architecture of 
laser systems with high pulse energy and ultra-short 
pulses.  

 
The energy up-scaling through the increase of the cav-

ity length imposes conditions on the laser system ele-
ments. We have observed in a similar class of experi-
ments with slightly shorter cavity length, but higher 
pumping power, that the important limitation to output 
power for ultra-long cavity mode-locked fibre lasers is 
imposed by the optical damage to the end facet of the 
fibre outputs. The operational mechanism and the physi-
cal effects underlying the build-up of radiation and mode-
locking in such an unusually long resonator require fur-
ther investigations. However, our results demonstrate that 
mode-locking is possible even in the case of very long 
cavity with length on the scale of tens of km. 

 
 

4. CONCLUSIONS  
 

We have demonstrated single pulse generation regime 
in all-fibre erbium mode-locking laser based on nonlinear 
polarization evolution with a record cavity length of 25 
km. Mode-locked lasers with such a long cavity have 
never been studied before. Our result shows a feasibility 
of stable mode-locked operation even for an ultra-long 
cavity length.  

Simplicity of the examined laser configuration sug-
gests that the proposed scheme has a substantial potential 
for further improvements. Such a long resonator length 
opens a possibility to scale up output pulse energy at the 
same average power of the radiation without use of Q-
switching, cavity dumping techniques, or additional opti-



cal amplifiers. However, increased peak power and re-
spectively, nonlinear fibre effects make pulse dynamics in 
such long cavity rather different from standard fibre 
mode-locked lasers. A possible switching of mode-lock 
regimes between conventional and rather complex and 
non-trivial ones with increase of laser cavity length is 
already demonstrated and discussed in [22]. Therefore, 
we believe that our results might open a new research area 
of ultra-long mode-locked lasers. Our results indicate that 
the physical mechanisms underlying the operation of such 
lasers involve non-trivial nonlinear interactions of the 
resonator modes and are quite different from those in 
other types of lasers. In addition, ultra-long mode-locked 
fibre lasers might find new applications in recently pro-
posed concept of fully classical reliable key distribution 
systems [23, 24].  Extension of the boundaries of opera-
tion of mode-locked lasers might also lead to new appli-
cations in measurements and sensing.  Another interesting 
direction of research that can be stimulated by our results 
is investigation of dispersion-managed dissipative soliton 
regimes [25-27] in such ultra-long mode-locked lasers. 
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