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We report the generation of 207-fs pulses with 1.2mW average power at 1036 nm directly from a passively mode-

locked Yb-doped fibre laser with a nonlinear optical loop mirror for mode-locking and pairs of diffraction gratings for

intracavity dispersion compensation. These results imply a 4-fold reduction in pulse duration over previously reported

figure-of-eight cavity passively mode-locked Yb-doped fibre lasers. Stable pulse trains are produced at the fundamental

repetition rate of the resonator, 24.0 MHz. On the other hand, this laser offers a cleaner spectrum and greater stability

and is completely self-starting.
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1. Introduction

Fibre lasers have been the subject of intensive
investigation!~'® because of their excellent stabil-
ity, free from misalignment, compact size, and low
cost. They have the potential to supplant solid-state
lasers in some applications. The primary limitations
of fibre lasers is insufficient environmental stability
for use outside basic research laboratories. This en-
vironmental stability arises from uncontrolled bire-
fringence. The best performance in fibre lasers is
currently provided by stretched-pulse lasers(”:8! with
nonlinear polarization evolution (NPE) for amplitude
modulation, which reduce the effective nonlinearity of
the system by stretching and compressing the pulses
within the cavity. The buildup of pulses from noise
and subsequent stabilization requires the use of a
fast saturable absorber, such as a nonlinear opti-
cal loop mirror (NOLM),} a nonlinear amplifying
loop mirror (NALM),!'% and nonlinear polarization
evolution.!"] For the maximum environmental stabil-
ity, fibre lasers can be constructed from polarization-
maintaining (PM) fibre. However, this approach pre-
cludes the use of NPE, which is based on elliptical
polarization rotation. NOLM is capable of fast and
deep modulation in a simple scheme and can be con-
structed from PM fibres. In the past years, several

advances on the performance of Yb-doped fibre lasers
have been reported in both fibre ring lasers and figure-
of-eight fibre lasers. In Yb-doped fibre ring lasers,
52-fs-long and 2.2-nJ pulses were achieved by Lim et
al using gratings as delay dispersion line (DDL) in-
side the laser cavity,'? soon thereafter 36-fs pulses
have been made by Ilday et al'®! using the same laser
cavity, and it is the shortest pulses from Yb-doped fi-
bre lasers. Compared with Yb-doped ring fibre lasers,
there is much less work on Yb-doped figure-of-eight fi-
bre lasers. Thus far, only 850 fs mode-locked pulses at
1065 nm have been generated by a Yb-doped figure-of-
eight fibre laser,* which incorporates the DDL sys-
tem based on the holey fibre. However, it is difficult to
adjust the dispersion of the fibre laser system because
of the technological challenges of interfacing holey fi-
bres with low loss.

In this paper we demonstrate a passively mode-
locked Yb-doped fibre laser by using a NOLM for
the mode-locking and pairs of diffraction gratings for
intracavity dispersion compensation. The laser pro-
duces 207-fs, 1036 nm pulses with an average power
of 1.2mW, which represents a 4-fold reduction in
pulse duration compared with that of the previously
reported passively mode-locked Yb-doped figure-of-

(14]

eight fibre laser, offers a cleaner spectrum and

greater stability, and is completely self-starting. Sta-
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ble pulse trains are produced at the fundamental rep-
etition rate of the resonator, 24.0 MHz.

2. Experimental setup and re-

sults

The experimental system is shown in Fig.1. It is
a figure-of-eight fibre laser, which consists of a NOLM
and a linear loop. The NOLM consists of a polar-
ization controller (PC1) and a 4.8 m long lucent 980
fibre. The PC1 sets the linear bias in the NOLM. A
fibre coupler 1 (coupling ratio is 47:53) is used in the
NOLM, which permits fine adjustment of the peak
switching intensity. In point of fact, the NOLM is
a Sagnac interferometer, and its operation is based
on interference between two counter-propagating laser
beams, which acquire different amounts of phase shift
upon rotating in the nonlinear loop. A PC2, a grating-
based DDL (1200 gr/mm), a wavelength division mul-
tiplexer (WDM) coupler (980nm/1053 nm), a section
of Yb-doped fibre of about 1800ppm Yb3*-ion concen-
tration, a polarization insensitive isolator, and a fibre
coupler 2 (coupling ratio is 3:97) are used in the linear
loop. The PC2 sets the linear bias in the linear loop.
The Yb-doped fibre is 1.5 m long, which is pumped at
976 nm by a laser diode that is capable of supplying as
much as 250 mW of power into the single-mode fibre.
The polarization insensitive isolator provides unidirec-
tional operation in the linear fibre loop. Evidently, we
have made compensation for intracavity dispersion by
using pairs of diffraction gratings, and the dispersion
delay line has not been in the Sagnac interferometer.
Our laser differs from the figure-of-eight fibre laser in
Ref.[14], of which intracavity dispersion is compen-
sated by using the holey fibre and the dispersion de-
lay line is in the Sagnac interferometer. In this case,
the only means of adjusted dispersion is either that
the holey fibre is truncated or that the holey fibre is
added, and the holey fibre is spliced with difficulty.
For the dispersion delay line based on pairs of diffrac-
tion gratings, it is very easy to change and match the
dispersion. In our experiment, we adjust the grating
spacing by employing the precision displacement plat-
form, which does not mangle gratings.

The figure-of-eight cavity passively mode-locked
Yb-doped fibre laser output is taken from the 3% out-
put port of the fibre coupler 2, and its spectral and
temporal characteristics are measured with an optical
spectrum analyser (Ocean-Optics SD2000), an auto-

correlator (APE Pulse-Check), and a high-speed opto-
electric lightwave converter whose electrical output is
connected to an oscilloscope (Tektronics 485).

LD Pump Source

\ coupler 1

coupler 2 (47:53)
(3:97) \

out

Fig.1. Experimental setup: PC, polarization controller;
DDL, dispersive delay line; WDM, wavelength division
multiplexer.

In the figure-of-eight cavity passively mode-locked
Yb-doped fibre laser with the experimental setup of
Fig.1, we obtain mode-locked operation by adjusting
the coupling ratio of fibre coupler 1, varying the group-
velocity dispersion (GVD) of the cavity (by adjusting
the grating spacing in the DDL), and setting the linear
phase bias with PC1 and PC2. Mode-locked operation
is uninterrupted over three days of continuous oper-
ation. The laser is stable against environmental ef-
fects (mechanical perturbations and temperature vari-
ations). The stability is presumably due to the fact
that NOLM operation does not depend on polariza-
tion directly but is affected indirectly as changes in
birefringence of the fibre shift the linear bias.['%]

In order to obtain the shortest pulses with maxi-
mum stability, we changed the length of NOLM, caus-
ing the mode-locking to become very difficult in the
figure-of-eight cavity, the stability of the mode-locked
operation to be insufficient, and the phenomenon of
@-switched mode-locking to be observed in the exper-
iment. To increase the nonlinear effects, we used the
highest available pumping power (250mW) to pump
the fibre laser, resulting in a multiple-pulsing oper-
ation. The reason for this may be that the pumping
power is very high and the pulse duration is very short,
thus the pulse peak power is very high in the cav-
ity. In this case, the artificial saturable absorber (e.g.,
NOLM) is overdriven, which leads to multiple-pulsing
operation. Moreover, the length of the NOLM cannot
be further shortened; otherwise, the laser becomes un-
stable with a tendency of Q-switched mode-locking at
a higher repetition rate.'? On the other hand, we
optimize the cavity dispersion map and the polariza-
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tion state. In our experiment, the grating spacing was
gradually changed, and the width of pulse was simul-
taneously measured. The optimized cavity dispersion
map is that the negative dispersion introduced by ad-
justing the grating spacing compensates intracavity
positive dispersion. The DDL efficiency is then en-
hanced, making a reduction of the inserted loss of the
DDL system. The diffraction efficiency of the grating
pairs is very great for the polarization light (~85%).
However, when the light passes through the diffraction
grating pairs many times, the inserted loss of the DDL
becomes big. To enhance the efficiency of the DDL
system, we set the incidence angle of light approx-
imately to the Littrow angle and adopt collimators
with big optical aperture for reducing coupling loss.
When the length of the NOLM is 4.8 m, the grating
spacing is 3.1 cm, and the length of the fibre coupler 2
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output port is 1 m, a shortest pulse duration of 207-fs
(a Gaussian profile is assumed throughout this work)
supported by a 20 nm spectrum bandwidth can be ob-
tained (see Figs.2 and 3). The repetition rate of the
mode-locked pulses is 24.0 MHz. The mode-locking is
initiated by a perturbation in the NOLM. Figure 2
shows an oscilloscope trace of the pulse train and an
autocorrelation at 1.2mW output signal power. The
full width at half maximum (FWHM) of the autocor-
relation is 305-fs, corresponding to a 207-fs pulse as-
suming a Gaussian profile. This represents a fourfold
reduction in pulse duration compared with that previ-
ously reported for the figure-of-eight cavity passively
mode-locked Yb-doped fibre lasers.'¥ A long range
scan of over 80ps has been performed to verify the
presence of a single pulse within the 80 ps resolution

limit of the sampling oscilloscope.

Fig.2. (a) Autocorrelation (dotted curve) and (b) pulse train in single pulse regime. Solid curve is for Gauss fit.

0.8F

0.6F

Power/arb. units

1030 1040 1050

Wavelength /nm

Fig.3. Spectra produced by the passively mode-locked Yb-
doped figure-of-eight fibre laser.

The spectrum of the compressed pulses is pre-
sented in Fig.3. It shows a broadband envelope with
FWHM of about 20nm. This broadband optical

spectrum indicates that the transform limited pulse
width can be as short as ~81.5 fs, that is to say,
~81.5 fs pulses can be potentially generated from the
passively mode-locked Yb-doped figure-of-eight fibre
laser. However, the pulse width achieved in our ex-
periment exceeds the transform limit by a factor of
~2.5. We may obtain the shortest pulses from the
passively mode-locked Yb-doped figure-of-eight fibre
laser by varying the length of NOLM, by optimizing
the cavity dispersion map and the polarization state,
and by enhancing the DDL efficiency.

3. Conclusions

In conclusion, we have demonstrated a Yb-doped
fibre passively mode-locked laser by using a NOLM for
the mode-locking and pairs of diffraction gratings for
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intracavity dispersion compensation.

The laser can

produce 207-fs pulses with 1.2mW average power at

1036 nm. This represents a fourfold reduction in pulse

duration compared with that of previously reported

figure-of-eight cavity passively mode-locked ytterbium

fibre lasers.
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