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Picosecond lasing in ytterbium fibre laser with nonlinear optical loop
mirror: experiment and numerical simulation

A.A. Borodkin, D.V. Khudyakov, S.K. Vartapetov

Abstract. The operation regimes of a pulsed all-normal-dispersion
polarisation-maintaining fibre laser with a nonlinear optical loop
mirror are studied. The use of polarisation-maintaining fibres
ensures polarisation and temperature stability of output radiation.
The lasing and instability thresholds of the pulsed laser are deter-
mined experimentally. A spectral filter placed in the cavity makes
it possible to change the centre wavelength of laser radiation within
the range 1.02—1.05 um with a spectral full width at half maximum
of 2 nm. The average output power is 7 mW, which corresponds to
a pulse energy of 0.8 nJ. The autocorrelation function width of the
output pulse is 50 ps. The minimum pulse duration achieved after
compression by an external pair of diffraction gratings is 1.8 ps.
The dynamics of the temporal and spectral parameters of laser
pulses is studied using mathematical simulation based on numerical
solution of the nonlinear Schrodinger equation. The simulation
results coincide with experimental data with a high accuracy.

Keywords: fibre laser, ultrashort laser pulses, ytterbium, nonlinear
optical loop mirror, nonlinear Schrodinger equation.

1. Introduction

Each year, the field of application of fibre lasers extends and
the rate of their commercialisation in many branches of sci-
ence, engineering and medicine increases. In particular,
pulsed fibre lasers are used in fine material processing, engrav-
ing and cutting of metals, studying of nonlinear processes,
medicine, etc. Undeniable advantages of fibre lasers are their
compactness, simple fabrication, high output powers and
stable characteristics. One of the promising directions of
development of fibre lasers is generation of ultrashort pulses.
The normal group velocity dispersion in the case of propaga-
tion of a short pulse in a transparent medium leads to tempo-
ral and spectral changes of the initial pulse, namely, the pulse
broadens in the time domain and a chirp appears in the spec-
tral domain. Most pulsed fibre lasers emit at a wavelength of
1.55 um, and the problem of pulse dispersion spreading is
solved by introduction of fibre segments with anomalous dis-
persion, which compensate the effect of segments with normal
dispersion.
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The problem becomes more complicated when the laser
wavelength approaches 1 um. There exist a limited number of
methods for obtaining normal dispersion for radiation at this
wavelength, namely, the use of microstructured and multi-
mode fibres with anomalous dispersion in the region of 1 um
[1], diffraction gratings in the cavity [2] and chirped fibre
Bragg gratings [3]. The use of microstructured fibres is com-
plicated due to considerable problems related to their splicing
to a standard fibre. The use of diffraction gratings implies a
break in the fibre scheme and optical alignment of a complex
compressor scheme. Chirped fibre Bragg gratings are today
too expensive and difficult to fabricate. In any of these cases,
the fibre laser scheme becomes more complicated, because of
which the methods for fabricating pulsed fibre lasers designed
only of elements with normal group velocity dispersion are
now widely discussed.

Pulsed operation of fibre lasers is obtained using the effect
of nonlinear polarisation-ellipse rotation in a single-mode
fibre [4, 5], which is characterised both by a variety of pulsed
lasing regimes and by instability related to the polarisation
state drift due to changes in the external temperature and
internal stresses in single-mode fibre. Semiconductor satura-
ble mirrors [6] are difficult to fabricate and are used mainly in
linear cavities. The schemes of pulsed lasers with a nonlinear
optical loop mirror (NOLM) are designed mainly for non-
polarisation-maintaining single-mode passive and erbium
active fibres operating at 1.55 um [7, 8].

An all-fibre 1.03-um ytterbium pulsed laser based on
polarisation-maintaining (PM) fibres with an NOLM is
described in [9] (this scheme includes two active elements, one
of which is a fibre loop with a gain segment). The presence of
a gain element in the loop, on the one hand, allows one to the
change the loop radiation parameters in a wide range and
thus change the laser operation parameters, but, on the other
hand, considerably complicates the laser design.

In this work, we study the operation regimes of a pulsed
ytterbium fibre laser with an NOLM without a gain segment
in the loop. All elements of the ring fibre laser have normal
group velocity dispersion and are polarisation maintaining to
achieve polarisation and temperature stability of radiation.
The parameters of the fibre mirror as a nonlinear element are
varied by changing the fibre length or the ratio of counter-
propagating waves in the loop.

2. Scheme of a pulsed laser with a nonlinear
optical loop mirror
The scheme of a fibre laser with a nonlinear mirror consisting

of elements with normal group velocity dispersion is shown in
Fig. 1. The ring laser is made of PM fibres with a core diam-
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eter of 6 um and a cladding diameter of 125 um. The total ring
cavity dispersion is 0.6 ps®. As an active medium, we used an
ytterbium-doped PM fibre with a core diameter of 6 um and
absorption of 250 dB m™' at a wavelength of 975 nm. The
active fibre was pumped by a single mode laser diode with
a maximum average power of 460 mW at a wavelength of
976 nm. The diode radiation was coupled into the cavity using
a PM WDM 980/1030 fibre multiplexor based on a PM fibre.
Two output channels (through 20% and 10% couplers) were
used to couple out radiation from the cavity and to diagnose
the laser radiation, respectively. The linear polarisation in the
cavity was oriented along the slow axis of the PM fibre using a
fibre isolator—polariser. At the free space part of the laser [seg-
ment between collimators (6)], the radiation was coupled out
into air and coupled into the fibre again with the use of collima-
tors. In the air region, a film spectral filter with a transmission
full width at half maximum (FWHM) of 10 nm was placed.
Changing the filter inclination angle, it is possible to change the
centre wavelength within the range 1.02—1.05 pm. As a mode-
locking element, we used an NOLM made of a ring PM fibre
segment 13.3 m long. Stable generation of pulses was achieved
when using a 90/10 coupler (3) in the NOLM loop.

10%

Figure 1. Scheme of the picosecond fibre laser with an NOLM: (/) PM
WDM 980/1030 multiplexor; (2); 20/80 output coupler; (3) 10/90 cou-
pler; (4) fibre loop 13.3 m long; (5) isolator—polariser; (6) collimator;
(7) film spectral filter; (8) 10/90 output coupler; (9) active fibre.

Since the resonator scheme consisted only of PM fibre ele-
ments, pulsed lasing was stable and did not depend on varia-
tions in temperature and on bends of optical fibres.

3. Experiment and discussion of results

The upper threshold of stable pulsed operation of the laser
was reached at a pump power near 350 mW. After initiation
of pulsed lasing, it was possible to decrease the pump diode
power to a lower threshold of 200 mW retaining stable pulsed
operation. The pulse repetition rate at the chosen cavity
length was 8.5 MHz. As the pump power exceeded 350 mW,
the laser began to operate in a regime of stochastic pulses.
The average laser output power was 7 mW, which corre-
sponds to a pulse energy of 0.8 nJ. The optical output spec-
trum in the regime of pulsed operation was measured with
a Yokogawa AQ6370C spectrometer with a resolution of
0.5 nm (see Fig. 2). The spectrum of the output pulsed radia-
tion has sharp edges, which indicates that the laser operates in
the normal dispersion regime. The centre wavelength and the
FWHM of the spectrum were 1048 and 2 nm, respectively.
The pulse duration was measured by the method of noncol-
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Figure 2. Spectrum of the picosecond fibre laser with an NOLM re-
corded with a resolution of 0.5 nm.

linear second harmonic generation in a nonlinear crystal,
which was used to determine the pulse autocorrelation func-
tion (Fig. 3). The FWHM of the autocorrelation function was
50 ps, and the function shape was close to triangular, which
testifies that the pulse shape deviated from Gaussian to rect-
angular.
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Figure 3. Experimental and calculated autocorrelation functions of un-
compressed pulses of the fibre laser with an NOLM.

The output laser pulse was compressed by two diffraction
gratings with a line density of 1200 mm~'. The distance
between the gratins for optimal compression was 74 cm,
which corresponds to an anomalous dispersion of —7.38 ps>.
The compressed pulsed duration was 1.8 ps, which means that
the compression coefficient was ~30. The pulses before and
after compression are presented for comparison in Figs 3 and
4. The pulse after compression has almost no pedestal, which
points to the chirp linearity, as well as to an insignificant con-
tribution of higher dispersion orders and nonlinear self-phase
modulation upon pulse propagation through the fibre laser
cavity.

The mathematical simulation of the dynamics of temporal
and spectral parameters pulses of a fibre laser with an NOLM
was performed using the nonlinear Schrodinger equation

— 2 3
6A=g QA_iﬂzaA ﬂ36A+1]/|A|2A, (1)

EZA) 20 "6

where A(z,7) is the slowly varying pulse envelope amplitude,
which depends on the coordinate z of wave propagation in the
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Figure 4. Experimental and calculated autocorrelation functions of
compressed pulses.

fibre and on time 7 measured in a reference frame moving
with the pulse group velocity; g is the gain in the fibre (non-
zero only in the active fibre); & corresponds to losses in the
fibre; B, and f; are the group velocity dispersion coeffi-
cients of the second and third orders, respectively; and y =
n,wo/(cA.) 1s the nonlinear self-phase modulation coefficient
(n, is the nonlinear refractive index, w, is the central angular
frequency, ¢ is the speed of light in vacuum and Ay is the
effective beam cross section). The gain saturation effect was
not taken into account since the intracavity radiation power
was low. The ytterbium gain spectrum was approximated by
a Gaussian function with a FWHM of 40 nm and the gain
maximum at a wavelength of 1030 nm [10]. The FWHM of
the filter transmission spectrum was 10 nm. Deflecting the
spectral filter from the normal by a small angle, it was possi-
ble to change the centre wavelength from 1.05 to 1.02 um with
a slight decrease in the transmission coefficient in the short-
wavelength region. The equation was solved by the standard
split-step Fourier method [11].

The calculations were performed for the following fibre
parameters: 8, =2.5 X 1020s>m™!, ;=245 X 104 3m,y
=4.7 x 103 Wm™. As a fast modulator, we used an NOLM
consisting of a coupler with two output channels fused with
each other to form a loop (Fig. 5).
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Figure 5. Scheme of a nonlinear loop mirror with the coupler ratio «,.

The fields characterising an NOLM with a coupler ratio
ay were found from the expressions [12]

Ey=alPE, +i(1 - ) "E,. @)

E4 = 1(1 - a0)1/2E1 + Ofélez . (3)

We calculated the parameters of two counterpropagating
waves in the loop (fields E5 and E;) and then summed the

fields returned to the coupler taking into account formulas (2)
and (3). In simulation, we at first intentionally chose a longer
pulse than in the experiment with a zero chirp. The calcula-
tions were continued until the radiation parameters became
unchanged during a number of cavity round-trips. The total
normal group velocity dispersion in the fibre cavity was
0.6 ps2. After several round trips, the combined action of the
amplifying medium, self-phase modulation, dispersion, spec-
tral filter and NOLM led to the formation of a stable output
pulse (Fig. 6) and a spectrum (Fig. 7) typical for pulsed laser
radiation in the case of normal cavity dispersion [13]. The
calculated duration of the output chirped pulse was 46 ps
(Fig. 6). The pulse autocorrelation function obtained as a
result of simulation well agrees with the autocorrelation func-
tion measured by the method of noncollinear second har-
monic generation (Fig. 3). The pulse shape is close to rectan-
gular, which agrees with the results of other work on pulsed
fibre lasers with NOLM [14].
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Figure 6. Numerically simulated output pulse of the laser with an NOLM.
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Figure 7. Experimental and calculated spectra of the fibre laser based
on an NOLM.

This shape can be easily explained using the dependence
of the NOLM loop transmission coefficient on the peak
intensity of propagating radiation (Fig. 8) plotted based on
the expression [12]
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where K is the loop transmission coefficient, L is the fibre
loop length and 4 is the radiation wavelength. The peak pulse
intensity at the loop input was 0.22 GW cm™ (marked by a
dashed line in Fig. 8). The pulse fronts lay in region 1, where
the loop worked as a saturable absorber, because of which the
fronts became steeper. The pulse top entered region 2, where
losses increased with increasing peak intensity, which led to
the formation of a flat top of the pulse.
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Figure 8. Dependence of the NOLM loop transmission coefficient on
the peak intensity of input radiation.

The experimental and calculated spectra of the output
pulsed radiation shown in Fig. 7 coincide with each other
with a rather high accuracy and have identical FWHMs
(2 nm). The minimum pulse duration determined by simula-
tion was 1.5 ps and was achieved at an external anomalous
dispersion of —7.3 ps?, which is rather close to —7.38 ps” cor-
responding to the dispersion of the external compressor in the
case of optimal pulse compression. The experimental and cal-
culated autocorrelation functions of the compressed pulse are
shown in Fig. 4.

4. Conclusions

A passively mode-locked ytterbium picosecond fibre laser
based on a nonlinear optical loop mirror is presented. The
cavity scheme is based on fibre with normal group velocity
dispersion. The experimental autocorrelation function of the
output radiation corresponds to rectangular pulses with a
duration of 46 ns. The pulses are linearly chirped and can be
compressed by an external compressor to a duration of ~1.8
ps. The pulse repetition rate is 8.5 MHz. The average output
power is 7mW, and the spectral width is 2 nm. The ring cavity
is designed using only PM fibres, which ensures a lower sensi-
tivity of the laser to the environmental conditions and a stable
polarisation at the exit. Numerical simulation of the pulsed
fibre laser shows good coincidence of experimental and theo-
retical output characteristics.
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