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Picosecond pulse generation in a passively mode-locked

Bi-doped fibre laser
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Okhotnikov

Abstract. CW passive mode locking is achieved in a bismuth-
doped fibre laser using a semiconductor saturable absorber
mirror optimised for operation in the range 1100—-1200 nm.
The pump source is a cw ytterbium fibre laser (1075 nm,
maximum output power of 2.7 W), and the pulse parameters
can be tuned by varying the intracavity group velocity disper-
sion using a diffraction grating pair. Stable laser pulses are
obtained with a duration down to 7, ~ 1.1 ps.
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1. Introduction

The ever increasing attention paid to the study of bismuth-
doped optical fibres is associated with efforts to extend
the wavelength range of fibre lasers and amplifiers to the
second transmission window of silica (~ 1.3 um). To date,
Bi-doped fibre lasers have been made to operate in continu-
ous regime between 1140 and 1215 nm [1 —4] when pumped
by a cw ytterbium fibre laser and in the range 1.3—1.5 pm
[5—7] when pumped by a cw bismuth fibre laser or a cw
Raman laser.

The IR luminescence spectrum of bismuth centres in
optical fibres may extend from 1.1 to 1.7 um [5, 8]. This gives
grounds to expect passively mode-locked Bi-doped fibre
lasers to be capable of generating ultrashort pulses, down
to the subpicosecond level, which would make them an
alternative to the well-known Cr : forsterite ultrashort-pulse
solid-state laser [9]. In the wavelength range 11501170 nm,
the shortest pulse duration, ~ 0.9 ps, has been achieved
to date with a bismuth-doped aluminosilicate fibre laser
operating in the soliton regime [10].

Previous work has demonstrated passively mode-locked
operation of a Bi-doped fibre laser with an intracavity group
velocity dispersion (GVD) compensator in the form of a
pair of reflection diffraction gratings [11]. Passive mode
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locking was initiated and maintained by a semiconductor
saturable absorber mirror (SESAM). The laser generated
~ 5-ps pulses at ~ 1180 nm. This paper addresses the opera-
tion of a SESAM mode-locked Bi-doped fibre laser with the
intracavity GVD controlled by a diffraction grating pair. By
optimising the GVD, we have achieved stable generation of
picosecond pulses.

2. Experimental

We used isotropic single-mode silica fibre with an alu-
minium/bismuth codoped core (3% AlLOs3;, 97% SiO,,
NA =~ 0.13, cut-off wavelength A, = 1100 nm). The fibre
was drawn out from a preform fabricated by the SPCVD
process [11,12]. At A= 1160 nm, the fibre had a funda-
mental-mode (LPy;) field diameter of 7.5+0.2 pm and a
second-order dispersion f, ~ +1.4 x 1072 ps> m~!. The
bismuth concentration in the fibre core was 3 x 10!® ¢cm™3
as determined by X-ray microanalysis, the absorption
coefficient of the fibre in the range 1060—1080 nm was
~ 12 dB m!, and the on/off saturated gain reached
~0.4dB m! at 1160 nm [12].

The configuration of the pulsed Bi-doped fibre laser with
an intracavity GVD compensator in the form of a diffrac-
tion grating pair is shown in Fig. 1. The laser configuration
is similar to that described previously [11].

One of the mirrors of the Fabry—Perot laser cavity was a
SESAM. The SESAM structure was grown by molecular
beam epitaxy on a GaAs substrate and was optimised for
operation in the range 1100— 1200 nm [13, 14]. The absorber
operated under near-resonance conditions, with a high
saturable-loss contrast. It is in this case that self-starting
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Figure 1. Pulsed Bi-doped fibre laser with an intracavity GVD com-
pensator in the form of a diffraction grating pair: (FM) fibre multiplexer;
(PC) single-mode Flexcore fibre polarisation controller; (DC) 7/93 (1160
nm) directional coupler for extracting radiation from the resonator;
(DG1) and (DG?2) reflection diffraction gratings; (M) multilayer dielect-
ric mirror with ~ 100 % reflectance in the range 1140—1250 nm; (C)
dual-lens collimator.
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mode locking is possible in lasers with both anomalous and
normal intracavity GVDs [13, 14].

The other mirror of the cavity had a multilayer dielectric
coating with ~ 100 % reflectance in the range 1140— 1250 nm.
A gold-plated diffraction grating pair mounted between the
mirror and fibre end was used to control the intracavity
GVD. The polarisation state of the beam in the cavity was
varied using a 0.5-m single-mode Flexcore fibre polarisation
controller. All the passive components of the resonator were
made of single-mode Flexcore fibre having a fundamental-
mode (LPy;) field diameter of 7.3 £0.1 um and a normal
GVD f, =~ +1.7 x 1072 ps> m~!' at 1160 nm. The splice
losses between the active and passive fibres were within
0.2 dB.

The diffraction grating period was d = 1 pm (1000 lines
per 1 mm). The beam was incident on the grating at 58°, and
the first-order diffraction angle was 0’ = 17.5° (the incident
and diffracted beams were on the same side of the normal
to the grating surface). The grating diffraction efficiency at
1160 nm was 92 % for the s-polarisation and 20 % for the
p-polarisation. For the s-polarisation, the total loss in the
GVD compensator, with allowance for the recoupling of
light back into the fibre, was 1.7 dB, which is considerably
less than the loss in the GVD compensator used previously
[11]. This enabled a substantial reduction in the length of the
Bi-doped fibre, down to 7 m.

The anomalous GVD due to the grating pair was evalu-
ated as B,AL = —3(ps®> m )AL, where AL is the separation
between the gratings along the beam direction [15]. The
marked increase (by a factor of 3) in the magnitude of GVD
compared to previous results [11] is due to the reduction in
grating period and the increase in diffraction angle, 0’ [15].
Therefore, the optimal grating separation, needed to com-
pensate the normal GVD in the fibres, is ~ 10 cm, which is
five times less than that obtained previously [11].

A portion of the laser output was extracted from the
cavity by a directional coupler (DC) with a 7/93 power
coupling ratio at 1160 nm and a 0.1-dB loss. Both of its
output ports were used to measure laser parameters. The
emission spectrum and average output power were meas-
ured at output A, and the intensity autocorrelation function
was also analysed using output B. The position of the DC in
the cavity was varied to optimise the quality of the laser
pulses (in terms of duration and stability): the DC was
located next to the GVD compensator (solid lines in Fig. 1)
or at the SESAM (dashed lines).

The Bi-doped fibre laser was pumped by a purpose-
designed cw ytterbium fibre laser with a maximum output
power of 2.7 W at 1075 nm [11]. The pump beam was
coupled into the Bi-doped fibre core through a fibre multi-
plexer, which effectively combined the 1075- and 1160-nm
beams.

The temporal characteristics of laser pulses were meas-
ured using a Tektronix 7104 5-GHz analogue oscilloscope, a
germanium photodetector with an intrinsic response time of
700 ps and an Inrad 5-14-LDA noncollinear phase matching
intensity autocorrelator utilising a lithium niobate crystal
(measurement range up to 7., = 170 ps). The autocorre-
lator output was fed to a LeCroy WaveSurfer 452 digital
oscilloscope, which was used as a data logger. Spectral
measurements were made with an Ando AQ6317B optical
spectrum analyser, offering a resolution of down to 0.01 nm.
The average beam power was measured by a Coherent
FieldMaxII system equipped with a semiconductor sensor.

3. Results and discussion

We achieved cw passively mode-locked operation of the
laser, with the pulse parameters significantly dependent on
the magnitude and sign of the intracavity GVD and on the
pump power. The generated ultrashort pulses were more
stable when the DC was placed next to the SESAM, which
was probably due to the more uniform loss distribution
over the cavity in this configuration. The other parameters
(the shapes of the autocorrelation trace and spectrum and
the output power) remained essentially unchanged.

Figure 2a shows the intensity autocorrelation traces of
laser pulses at different separations between the diffraction
gratings for a Bi-doped fibre of length Lg; = 10 m at a pump
power Py, = 550 mW. The corresponding emission spectra
are displayed in Fig. 2b. Note that the passive fibre length in
the cavity was 3.5 m, so the total GVD in the fibres of the
laser was D, = +0.2 ps?. To fully compensate the GVD,
the separation between the diffraction gratings, AL, should
be 6.7 cm.

It follows from Fig. 2a that reducing the grating separa-
tion and, accordingly, the magnitude of anomalous GVD,
markedly lowers the autocorrelation pedestal [curves ( /), (2)]
and gives rise to a few side peaks. This is accompanied by
broadening of the emission spectrum, but it remains bell-
shaped and featureless [Fig. 2b, spectra (1), (2)]. Further
reduction in grating separation, accompanied by a transition
to normal intracavity GVD, leads to considerable pulse
broadening and a marked distortion of the laser emission
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Figure 2. (a) Intensity autocorrelation traces and (b) emission spectra of
the Bi-doped fibre laser at different separations between the diffraction
gratings of the GVD compensator, AL. Ly = 10 m; Py, = 550 mW;
average output power Py, = (/1) 1.28,(2) 1.23,(3) 1.2and (4) 1.3 mW.
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spectrum [Figs 2a, b, curves (3), (4)]. Spectrum (4) is
nearly rectangular in shape (which is better seen when the
data is replotted on a logarithmic scale), characteristic of
considerable normal intracavity GVD [16, 17]. The duration
of laser pulses, which have a Gaussian envelope, is 171 ps.
Curves (3) in Figs 2a and b seem to correspond to a nearly
zero intracavity GVD. Therefore, the influence of self-phase
modulation (SPM) and higher order dispersion on the pulse
formation process contributes to considerable broadening of
the spectrum and gives rise to a number of features and
asymmetry [18]. Laser pulses are then unstable and have
considerable (almost 100 %) amplitude modulation.

Lowering the pump power, Ppyyp, to 230 mW produces
significant changes in the shape of the intensity autocorre-
lation function (Fig. 3a), whereas the shape of the emission
spectrum remains almost unchanged (Fig. 3b). Indeed, the
level of the pedestal and the area of its ‘wings’ decrease
markedly, and the decrease depends on the intracavity GVD.
These changes indicate that SPM has a significant effect on
the pulse formation process. Like in a previous study [11],
the pedestal seems to result from the fact that the contribu-
tion of SPM exceeds that of GVD, leading to a considerable
nonlinear frequency modulation of the pulse, which is com-
pensated only in its central part. As a consequence, pulse
compression is incomplete, and a pedestal emerges. The
development of several side peaks in the intensity auto-
correlation function [Fig. 2a, curve (2)] with an increase in
pulse power attests to complex phase modulation within the
pulse, due to the influence of SPM.

Figure 4 shows oscilloscope traces of pulses at different
intracavity GVD values and average output powers. In the
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Figure 3. (a) Intensity autocorrelation traces and (b) emission spectra of
the Bi-doped fibre laser at different separations between the diffraction
gratings of the GVD compensator, AL. Ly = 10 m; Py, = 230 mW;

average output power Py, = (7)0.32,(2)0.31,(3)0.33and (4) 0.3 mW.
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Figure 4. Oscilloscope traces of pulses generated by the Bi-doped fibre
laser (Lg; = 10 m): (a) AL =3.1 cm (normal GVD), Py, = 1.3 mW;
(b) AL = 6.6 cm (anomalous GVD), P, = 0.31 mW.

case of a considerable normal intracavity GVD [Fig. 2,
curve (4)], the pulse train has a period T, ~ 136 ns and
insignificant amplitude modulation at frequencies above
500 Hz (Fig. 4a), which points to high stability of the cw
mode locking. Similar behaviour is observed in the case
of anomalous intracavity GVD [Fig. 2, curves (/), (2)] at
a pump power of 550 mW. Lowering the pump power
to 230 mW [Fig. 3, curves (1)—(3)] slightly increases the
pulse intensity modulation (Fig. 4b), but to a lesser extent.
As mentioned above, nearly zero GVD [Fig. 2, curve (3);
Fig. 3, curve (4)] is accompanied by an almost 100 % pulse
intensity modulation. The higher pulse stability in compar-
ison with previous results [11] is due to the substantial
reduction in the lengths of the active and passive fibres
and in passive intracavity losses. The latter factor seems to
have a stronger effect on the amplitude stability of pulse
trains.

Figure 5a presents the intensity autocorrelation traces
with the lowest pedestal and smallest compressed pulse
width at different lengths of the Bi-doped fibre. The corre-
sponding emission spectra are displayed in Fig. 5b. As seen,
reducing the length of the Bi-doped fibre considerably
decreases the area of the uncompressed pedestal wings,
with little effect on the average output power [Fig. Sa,
curves (7), (3)]. This may be due to the reduction in the
influence of SPM because of the decrease in nonlinear phase
change and, as a consequence, in nonlinear pulse chirp with
decreasing fibre length [18].

The narrow peaks near the centre of spectra (3) and (4)
seem to be due to cw lasing in the cavity, but they are not
Kelly sidebands, which emerge in spectra of soliton lasers
[19,20]. Note that, in all the cases represented in Fig. 5,
further reducing the pump power leads to the degradation of
mode locking.

To evaluate the minimum pulse duration, only the
central, compressed portion of the autocorrelation is pre-
sented in Fig. 6. As seen, curves (2) and (3), corresponding
to 10- and 8-m lengths of the Bi-doped fibre, coincide rather
well, whereas curve ( /), corresponding to a 15-m length of
the fibre, is slightly broader. Curves (2) and (3) are well
represented by a Gaussian fit [curve (4)] at negative time
delays. The asymmetry of all the autocorrelations obtained
is only due to the specific features of the autocorrelator
used. In view of this, the pulse duration was evaluated from
the best fit to the autocorrelation at negative time delays.

The minimum full width at half maximum (FWHM) of
the intensity autocorrelation trace, t,, was determined to be
1.6 ps [Fig. 6, curves (2), (3)], which corresponds to a
Gaussian pulse duration 7, = 1.1 ps (when an autocorre-
lation is fitted by a Gaussian, the FWHM Gaussian pulse
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Figure 5. (a) Intensity autocorrelation traces and (b) emission spectra of
the Bi-doped fibre laser at different Bi-doped fibre lengths (Lg;) and
pump powers (Ppymp): (1) AL =10.25 cm, Py, = 0.2 mW, full width
at half maximum of the spectrum Adpwpy =~ 2.9 nm, L =15 m,
Ppump = 190 mW; (2) AL=6.6 cm, Py, =031 mW, Alpwpy ~
3.5nm, Ly =10 m, Ppyyp, =230 mW; (3) AL=63 cm, Py, =
0.24 mW, Adpwpm ~ 3.8 nm, Ly =8 m, Pyymp = 370 mW; (4) AL =
6.05 cm, P, =0.37 mW, Alpwpm = 3.5 nm, Lg; =7 m, P

1140 mW.

pump =

duration is a factor of /2 smaller than the autocorrelation
duration [15]). The minimum pulse duration in the case of
curve (/) was ~ 1.4 ps. Note that, with increasing pump
power, the autocorrelation duration and, accordingly, the
pulse duration vary little, rising by less than 5 %.

The minimum time—bandwidth product, C;, = T, Avpwiwm,
is 0.87 [Fig. 5, curve (2)], which is twice that for transform-
limited Gaussian pulses (0.441) [15]. It is quite natural

Autocorrelation signal (arb. units)

Time delay/ps

Figure 6. Autocorrelation of the compressed portion of pulses: (/) AL =
10.25 cm, Py = 0.2 mW, 7, = 1.4 ps, Lg; =15 m; (2) AL =6.6 cm,
Py =031 mW, 7, =1.1 ps, Lg; =10 m; (3) AL=6.3 cm, Py, =
0.24 mW, 7, = 1.1 ps, Lg; = 8 m; (4) Gaussian fit.

because the pedestal is due to specific spectral components,
whose phases are rather intricate, nonlinear functions of
frequency. It might therefore be expected that the pedestal
can be eliminated by narrowing the emission spectrum, e. g.
by placing a conventional slit near the cavity end mirror M.
Our experiments show, however, that narrowing the spec-
trum raises intracavity losses and, hence, reduces the laser
output power. In addition, this reduces the area of the
uncompressed pedestal wings, which is equivalent to a
decrease in pump power, but the wings persist to the point
of mode locking disappearance.

Since curve (3) in Fig. 5 shows the entire autocorrela-
tion pedestal, we can estimate the energy in the compressed
(central) part of the pulse from the ratio of the area under its
Gaussian fit to the entire autocorrelation area. This ratio is
~ 0.1, meaning that the energy in the compressed part of the
pulse is one-tenth of the total output pulse energy, E, ~
28 pJ. Therefore, the energy and peak power of the com-
pressed pulse in the cavity are E;, ~ 40 pJ and P;, ~ 34 W.
This pulse power corresponds to a nonlinear length
Ly = 7.6 m (nonlinearity coefficient of the fibre y=
39x 10 w! m’l) [11, 18], which leads to a round-trip
nonlinear phase shift ¢y ~ 2L./Ln. = 7. At a pulse
duration 7, = 1.1 ps, the dispersion length is Lp =32 m
[11, 18], that is, the nonlinear and dispersion lengths, charac-
terising the contributions of SPM and GVD, respectively,
are related by N =/Lp/Lny ~ 2.1 [18]. This estimate
demonstrates that both SPM and GVD play an important
role in intracavity pulse compression.

It is also of interest to compare the measured output
energy in the compressed peak with the maximum output
soliton energy in a soliton laser with similar cavity param-
eters: Eg = = 3.53|D,|/(ytpLys) [20], where D, is the total
intracavity GVD. Substitution of the experimental values
|D,| =~ 3.76 x 1072 ps?> and L. =11.5m, corresponding
to curve (3) in Fig. 5, yields E; =2.6 pJ, in reasonable
agreement with the experimental estimate £, ~ 2.8 pJ. It
also follows from the above that, to raise the compressed
pulse energy and eliminate the pedestal, one must reduce the
fibre length in the cavity, maintaining the influence of SPM
(the value of ¢y ) at the same level. The soliton period
estimated as Zy = (1/81n2)t, Lyes/|Dy| [20] is 216 m. There-
fore, 8Zy/L..s > 1, which means that the first-order Kelly
sidebands are offset from the centre of the spectrum by more
than ten times its width [20].

It is also worth noting that varying the diameter of the
beam spot on the SESAM had little effect on the laser
operation. Optimal lasing conditions were achieved when
the fibre end (polished) was butted against the SESAM
surface. This indicates that the SESAM ensured mode-locked
laser operation and had little or no effect on the temporal
and spectral characteristics of generated pulses, which were
governed by the mutual influence of GVD and Kerr-type
nonlinear effects in the fibre.

4. Conclusions

Pulse compression in a bismuth-doped fibre laser was
studied by controlling the intracavity GVD. CW passively
mode-locked laser operation, initiated and maintained by a
SESAM, was achieved using an intracavity GVD compen-
sator in the form of a pair of reflection diffraction gratings.

The parameters of ultrashort pulses were shown to
significantly depend on the magnitude and sign of the
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intracavity GVD and the pump power. The laser parameters
were optimised by adjusting the intracavity GVD to give
stable ultrashort pulses with a duration down to 7, ~ 1.1 ps
and a centre wavelength in the range 11581168 nm.

Further reduction in pulse duration and improvement in
pulse quality via pedestal elimination are hindered by the
significant influence of nonlinear effects in the long fibre
cavity and the fairly high level of passive (nonsaturable)
losses in the GVD compensator, which can only be reduced
by using a rather long length of Bi-doped active fibre.
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