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ABSTRACT

For the first time a method for switching between generation of single- and double-scale pulses has been demonstrated in
a mode-locked figure-eight NALM-based all-PM-fibre Yb master oscillator by adjustment of two pumps power.
Introduction into a F8 configuration of a non-linear amplifying loop mirror with two active media not only ensured
relatively high average output power of the master oscillator (> 0.5 W at 22-MHz repetition rate), but also allowed
switching laser operation from one pulse type (single-scale with duration of < 10 ps) to another - femtosecond clusters
with envelope width of 16 ps and sub-pulse duration < 200 fs.
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1. INTRODUCTION

Mode-locked fibre lasers' became essential and widely used sources of short light pulses due to the inherent advantages
of fibre lasers: relatively high generation efficiency, compact dimensions, maintenance-free operation (no optical
surfaces to clean or align, &c), and long service time. One of the simplest methods of mode locking in fibre lasers relies
on Kerr non-linearity of the optical fibre material itself. It is analogous to the way solid-state lasers use Kerr lensing,
although in fibre lasers, a different aspect of Kerr non-linearity is used, which manifests itself as non-linear polarisation
evolution (NPE)*. NPE mode-locked fibre lasers boast a uniquely wide range of output radiation parameters’”. Duration
of pulses generated in such lasers may vary from tens and hundreds of femtoseconds®"' to several nanoseconds'*"’.
Modification of the cavity length of an NPE mode-locked fibre laser allows corresponding adjustment of the pulse
repetition rate from hundreds of MHz to tens kHz'*'¥, as well as scaling of the output pulse energy in the range from the
nanojoule to microjoule level®™'*'®, Mode-locked fibre lasers with total positive intra-cavity dispersion'’*’ are
especially interesting because they can generate pulses with higher average power'>'* and energy'*'®. Besides, the
presence of a significant chirp in such pulses makes it possible to use chirped-pulse amplification without prior pulse
stretching.

It is pertinent to note that NPE-based fibre lasers exhibit not only a widest range of radiation parameters, but also various
types of laser operation™', including generation of double-scale optical lumps with picosecond envelope and
femtosecond noise-like oscillations™ >, It is remarkable that multiple types of laser generation may be realised in a
single laser device at different non-linear evolution of the radiation polarisation, which is determined by the pump
radiation power and the specific settings of the intra-cavity polarisation controllers. Earlier, it was demonstrated that
generation of single-scale optical pulses and double-scale optical lumps may be achieved at will both in one single
resonator of an NPE mode-locked fibre laser* and in a single figure-of-eight (F8) fibre laser with non-linear amplifying
loop mirror”’.

While the importance of single-scale optical pulses for applications is self-evident, the practical prospects of double-
scale optical lumps until very recently remained uncertain. However, as it was shown™*’, non-linear transformation of
double-scale optical lumps may be more efficient in comparison to single-scale optical pulses, thus suggesting possible
practical opportunities.
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Additionally, double-scale optical lumps are densely filled with femtosecond noise-like oscillations, making them
equivalent to femtosecond pulses with ultra-high repetition frequency. This may be useful in material processing
applications. Therefore, fibre lasers capable of alternatively generating single-scale optical pulses and double-scale
optical lumps offer a better functionality that makes them more attractive. Implementation of such lasers on the basis of
NPE mode locking is not optimal because the cavity birefringence in these lasers is subject to environmental drift, for
example because of changes in the ambient temperature of due to creep in fibre polarisation controller setting (these
controllers rely on compression or torsion of amorphous optical fibre).

F8 fibre lasers mode-locked by non-linear amplifying loop mirrors (NALM)* constitute an attractive alternative to NPE
mode-locked fibre lasers, since F8 fibre lasers do not contain any parameter, whose value could drift significantly due to
fundamental peculiarities of the cavity design or the nature of the mode locking method. Aside from this, NALM-mode-
locked F8 fibre lasers are able to provide relatively high average and peak powers of the output radiation®'.

The objective of the present work was to demonstrate generation of single-scale optical pulses and double-scale optical
lumps in a NALM-mode-locked F8 fibre laser not by mechanically setting polarisation controllers, as it was done’, but
instead via electronic control over the power of two radiation sources pumping two different active media in the NALM.

2. EXPERIMENTAL SETUP

The experimental set-up is schematically presented in Fig. 1. The laser’s F8 cavity consisted of two coupled loops, one
of which was active and the other one, passive.
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Figure 1. Experimental configuration.
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Both the active and the passive cavity loops were made of polarisation-maintaining fibre and they were connected
through a 2x2 polarisation-maintaining fibre-optical coupler. The F8 fibre laser cavity was composed of elements
capable of withstanding average powers exceeding 2 W.

The cavity active loop formed a NALM and consisted of two stretches of active fibre and two combiners needed for
coupling in the pump radiation. In the active part, two pieces (2 and 3 m long) of double-clad ytterbium-doped fibre were
used with absorption of 3.9 dB/m at 978 nm. The presence of two separate active media within the NALM permitted
control of the active loop non-linearity (by adjustment of the relative gain in the two active fibres determined by the
values of the two pump sources) and the non-linear phase incursion of the two waves counter-propagating in the active
loop.

The active fibres were pumped with two corresponding multi-mode laser diodes emitting at 978 nm through fibre-optical
combiners. The top output power of each laser diode was 5.5 W.

The passive cavity loop was composed of a polarisation-maintaining (PM) optical Faraday isolator used to select the
direction of travel along the passive loop and a PM coupler with coupling ratio 30 / 70 (in order to guide the radiation
out of the resonator).

3. RESULTS

Mode-locked operation was triggered when the total power of the two pump sources exceeded 4 W. Adjustment of the
ratio of the two powers allowed us to achieve various mode-locked generation regimes.

The two most typically observed pulsed regimes were as follows. The first pulsed regime hereafter referred to as SSR
(Single-Scale Regime) generated single-scale optical pulses. The second regime that we will call DSR (Double-Scale
Regime) was characterised by generation of double-scale optical lumps. SSR is observed at the pump power values
Pumpl =2.57 W and Pump2 = 2.17 W, whereas DSR is triggered at Pumpl =2.86 W and Pump2 =2.77 W.

The two above regimes could be switched from one to the other by adjustment of the pump laser diode output. In order
to obtain the chosen regime (SSR or DSR), it was necessary to set the above-mentioned levels of pumping radiation
Pumpl and Pump2 and, as soon as they were reached, the corresponding regime was triggered automatically.

Figure 2 shows the auto-correlation functions (ACF) corresponding to the two identified generation regimes. In SSR, the
width of the pulse ACF amounted to 13.2 ps. In comparison, DSR produced a double-scale ACF with a narrow central
peak of less than 200 fs sitting on top of a 15.6-ps pedestal.
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Fig. 2. Auto-correlation functions of two typical generation regimes. a) SSR (generation of single-scale optical pulses) and
b) DSR (generation of double-scale optical lumps).

The output radiation spectra corresponding to the two typical generation regimes are given in Fig. 3. In SSR, the
spectrum width was 3 nm, whereas in DSR, a broader spectrum was observed with approximately 12-nm width.
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Fig.3. Optical spectrum: a) SSR (generation of single-scale optical pulses) and
b) DSR (generation of double-scale optical lumps).

Figure 4 samples pulse trains corresponding to the the identified typical generation regimes. The pulse repetition rate
matched the fundamental cavity round-trip time and was equal to 22 MHz. It must be noted that pulses generated in SSR
were more stable: the pulse-to-pulse peak power instability did not exceed 2% (see Fig. 4a), whereas in DSR, this
parameter was much higher around 20% (Fig. 4b).

Frep =22 MHz Frep =22 MHz

105 104
9] 94
3 2 3 2
© 73 LIE
2 -l
B B
3 3 2 3
£ 2] £ 2
: A A AL ALL
AR AR AR LR, AL LA R LA LD
0 100 200 300 400 50C 0 100 200 300 400  50C
Time, ns Time, ns
a) b)

Fig.4. Pulse trains of two typical generation regimes: a) SSR (generation of single-scale optical pulses) and
b) DSR (generation of double-scale optical lumps).

Our experiment has demonstrated that employment of two active media with two independent pump sources not only
allows to control the difference in non-linear phase incursion of the two counter-propagating waves within the NALM
and to switch between generation regimes, but also leads to relatively high average power of the output radiation. The
maximal average radiation power at the laser output Port 1 was 500 and 525 mW for SSR and DSR respectively. At the
same time, the average power at the laser output Port 2 amounted to 140 mW (SSR) and 320 mW (DSR). The total
output power from both ports in the regime of single-scale optical pulse generation equalled 0.64 W, and in the double-
scale optical lump regime it was 0.85 W. In Fig. 5, we present typical optical spectra at Ports 1 and 2 for both pulsed
generation regimes SSR and DSR.

The ratio of radiation powers at Port 2 and Port 1 was 0.28 in SSR, which figure matches well the estimates given in’'
for the ratio of radiation powers of single-scale sech®-shaped optical pulses counter-propagating along the passive loop
of the resonator.

In DSR, the ratio of radiation power at Port 2 to the corresponding power at Port 1 amounted to 0.61, the proportion of
the central narrow ACF peak being 18% (Fig. 2). This is also a good match of the estimates given in*' for the relation of
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the magnitude of the narrow central peak of the double-scale ACF to the ratio of the radiation powers of double-scale
optical lumps travelling in the opposite directions along the passive resonator loop.
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Fig.5. Optical spectra of the radiation exiting from Ports 1 and 2 in two typical regimes of pulsed generation:
SSR (a) and DSR (b).

4. CONCLUSION

The present work demonstrates for the first time a method of electronic switching of a fibre laser between generation of
single-scale optical pulses and double-scale optical lumps in any direction. This electronic switching was carried out
through setting specific values of power launched by two independent pumping sources into two separate active media
comprised in NALM. This method was implemented in an all-PM-fibre master oscillator and it allows generation of
powerful pulses in both regimes with the maximal average output power around 0.5 W at the pulse repetition rate of 22
MHz. The single-scale optical pulse generation regime resulted in pulses with duration of less than 10 ps (ACF width of
13 ps), whereas in the regime of double-scale optical lump generation, femtosecond clusters were obtained with the
envelope width of 16 ps and sub-pulse duration <200 fs.

Fibre lasers capable of producing both single-scale optical pulses and double-scale optical lumps are very promising
radiation sources for research, industrial, and other applications.
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