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Abstract

CrossMark

We investigate the influence of the reabsorption effect on pulse characteristics in an all-
fiberized ultra-fast thulium-doped fibre laser system. Mode-locked operation was enabled by
a semiconductor saturable absorber mirror, and the laser generated stable ultra-short pulses

at a repetition rate of 11.29 MHz. By changing the length of the thulium-doped fibre, and
hence the reabsorption loss, we found that the reabsorption effect had a significant influence
on the optical spectrum and pulse duration of the mode-locked fibre laser. Output durations
from 2.04 ps to 20.8 ps have been achieved, corresponding to operating wavelengths changing
from 1968.9nm to 2054.7 nm. Qualitative explanations of these phenomena have also been

demonstrated.
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1. Introduction

Mode-locked laser systems of the 2 pm region have received
widespread application interest in recent years due to their
capabilities for producing pulses with energy above the nJ
regime and duration down to the fs regime. Among these laser
systems, mode-locked thulium-doped fibre lasers (MLTDFLs)
with an all-fibre configuration offer superior properties com-
pared to other solid-state lasers, including compact con-
struction, high spatial mode quality, and enhanced thermal
management. Therefore, they are considered to be significant
candidates for the generation of ultra-short 2 pm pulses with
practical applications in micromachining [1], surgery [2, 3],
remote environmental sensing [4], and wavelength conversion
to ultra-fast mid-infrared lasers [5-7].

To meet the requirements of different applications, simple
MLTDFL designs, which can produce ultra-fast 2 um lasers
with suitable pulse characteristics, are demanded. Because
of the high peak power in the fibre cavity, the characteristics

1555-6611/19/045104+5$33.00

of output pulses, such as pulse duration, can be significantly
influenced by several cavity parameters of the MLTDFL.
These parameters include the overall cavity dispersion, the
gain and loss of laser cavity, and the spectral filters, which
have been investigated systematically through theoretical
models and experiments [8—11].

The laser reabsorption effect of the thulium-doped fibre
is a well-known phenomenon and has been demonstrated in
several thulium-doped fibre lasers (TDFL) designs [12, 13].
Due to the three-level nature of the thulium ion, reabsorp-
tion loss depends on the lasing wavelength and inversion
level (and hence the length of the thulium-doped fibre). The
output wavelength of the TDFL can be selected in the range
1870-2000 nm by selection of the appropriate thulium-doped
fibre length, which has been reported by Clarkson et al [13].
Moreover, because the intrinsic emission peak of the thulium-
doped fibre is close to 1900nm [14], the reabsorption effect
may have influences on not only the lasing wavelength but also
its bandwidth. Therefore, the output duration of a MLTDFL

© 2019 Astro Ltd Printed in the UK
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Figure 1. The scheme of the all-fiberized mode-locked thulium-doped fibre laser. SESAM, semiconductor saturable absorber mirror; PBS,
polarizing beam splitter; PM, polarization maintaining; QWP, quarter wave plate; SM, single mode.

may be influenced by the reabsorption effect. However, little
attention has been paid to the study of the reabsorption effect
in MLTDFLs.

In this paper, we investigate the influence of the reabsorp-
tion effect in an all-fiberized polarized MLTDFL design. With
mode-locked operation enabled by a semiconductor saturable
absorber mirror (SESAM), the TDFL produces self-starting
ultra-short pulses with linear polarization. By employing the
reabsorption effect and changing the length of thulium-doped
fibre, the duration of the output pulses can be changed from
2.04ps to 20.8 ps, corresponding to operating central wave-
lengths from 1968.9nm to 2054.7 nm.

2. Experimental setup

A schematic of our MLTDFL system is depicted in figure 1;
the experimental setup is similar to that presented in our pre-
vious work [15]. The laser was arranged in an all-fiberized
linear resonator configuration, and its pump source was a
commercial continuous-wave (CW) laser diode operating at
794nm. The pump laser was coupled into the laser cavity
through a fibre combiner whose signal fibre and output fibre
have a double-clad polarization-maintaining (PM) structure
with a core diameter of 10 ym and a cladding diameter of
130 pm (10/130 pm). The pump transmission efficiency of
the combiner was measured to be 92%, and its signal insertion
loss was about 0.05 dB.

As shown in figure 1, the laser cavity consisted of two
fiberized modules, which acted as the mode-locking element
and the output coupler (OC), respectively. A fibre collima-
tor, a polarizing beam splitter (PBS), a focusing lens, and a
4 x 4mm?* SESAM (BATOP GmbH) were embedded in the
fiberized mode-locking module, which was spliced to the sig-
nal port of the combiner. The SESAM has a high reflection
band from 1900nm to 2080 nm, with a relaxation time con-
stant of 10ps and modulation depth of 18%. Moreover, the
spot size on the SESAM was designed to be 100 pm diameter
to ensure sufficient saturation fluence and avoid optical dam-
age. The fiberized OC module consisted of a fibre collimator,

a PBS, a quarter wave plate, and a monochrome mirror. It was
constructed with a special double-fibre-pigtail configuration,
and it has a reflectivity of 90% at laser wavelength (1900—
2080nm). The transmission port of the OC module was
spliced to a coated 8-degree-cleaved output pigtail with high
transmittance (T > 99.9%) at laser wavelength. The insertion
losses of the mode-locking module and the OC module were
measured to be 1 dB and 1.2 dB, respectively. In addition,
PBSs used in both modules introduced high loss for the light
with its polarization in the fast-axis direction of the PM fibre,
and ensured the single polarization operation of the laser.

A segment of PM thulium-doped fibre (Nufern Inc.), with
the same structure as the output fibre of the combiner (10/130
pm), was utilized as the gain medium. To investigate the out-
put laser characteristics with the reabsorption filter effect, the
length of thulium-doped fibre was reduced stepwise from 2.1
mto 1.1 min our experiments. A segment of single-mode (SM)
PM passive fibre was spliced to the thulium-doped fibre; its
length was adjusted according to the length of thulium-doped
fibre to ensure that the total cavity length was close to 8.85 m
at each step. Moreover, part of this single-clad fibre acted as
a residual cladding pump striper for the purpose of achieving
stable mode-locked pulses. Except for the fibre pigtails of the
combiner, all the passive fibres mentioned above have an SM
PM 9/125 pum (core/cladding) structure. In addition, anoma-
lous dispersions of the thulium-doped fibre and the passive
fibre used in the TDFL system were estimated to be —76 ps?
km~! and —67ps®> km~! at laser wavelength, respectively.
Neglecting the small amount of dispersion introduced by the
free-space components, the net dispersion of the cavity was
calculated to be between —0.5851ps? and —0.5761 ps” with
different lengths of thulium-doped fibre. Without any active
cooling condition, the whole laser cavity was mounted on an
aluminium heat sink at room temperature.

3. Results and discussion

The performance of the laser system was achieved using a
power meter (Newport, 1917-R), a 2 GHz digital phosphor
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Figure 2. The average output power with varying pump power when the active fibre length was (a) 2.1 m and (b) 1.1 m. CW, continuous-
wave; QSML, Q-switched mode-locking; CWML, continuous-wave mode-locking.
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Figure 3. (a) The pulse trace, and (b) the RF spectrum of the laser when the active fibre length was 1.1 m. Inset of (b) the wide span RF

spectrum. STD, standard deviation.

oscilloscope (Tektronix, DPO5204B) coupled with an InGaAs
photodetector (Thorlabs, DET10D/M), a radio frequency
(RF) spectrum analyser (Tektronix, RSA306B) coupled with
the same InGaAs photodetector, an optical spectrum analy-
ser (HORIBA, iHR550), a home-made autocorrelator, and a
home-made polarization analyser.

Figure 2 illustrates the average output power of the laser
versus the input pump power, corresponding to the active
fibre lengths of 2.1 m and 1.1 m. For the length of thulium-
doped fibre between 2.1 m and 1.1 m, the lasing thresholds
of the laser were different due to the variation in gain and
reabsorption loss in the laser cavity. For example, as shown
in figure 2, the threshold of the laser was 583.6 mW when the
active fibre length was 2.1 m, and it was slightly lower (521.0
mW) when the active fibre length was 1.1 m. However, the
laser with different lengths of thulium-doped fibre had simi-
lar pulse train performance. At first, the laser operated in the
CW regime when its threshold was reached. After the pump
power was increased slightly, the laser then began to operate
in the Q-switched mode-locking regime, whereas at slightly
higher pump power it entered a self-starting single-pulse oper-
ation called the CW mode-locking (CWML) regime. When
the pump power reached a higher level, the laser exhibited

a complex multiple-pulse operation dynamic. Figure 3 illus-
trates a typical pulse train, and the RF spectrum of the laser
when the active fibre length was 1.1 m. As shown in figure 3(a),
in the CWML regime (which we focus on in this paper), the
MLTDFL produced a stable pulse train with a small pulse-to-
pulse intensity fluctuation less than 1.2% (standard deviation)
in the 500 ns per division timescale. Figure 3(b) shows the RF
spectrum recorded in the CWML regime, centred at the fre-
quency of 11.30 MHz; it indicates that the laser emitted pulse
trains with a repetition rate of 11.30 MHz, corresponding to
the cavity length of 8.85 m. The RF spectrum in a wide-scan
measurement is depicted in the inset of figure 3(b), which fur-
ther confirms stable single-pulse operation of the laser because
no signals from multi-pulsing or harmonic mode-locking can
be found in the spectrum [16]. The signal to noise ratio of the
RF spectrum seems to be low (32.7 dB), since only weak scat-
tering power was used for detecting and the photodetector had
a long rise time of about 10 ns.

Ascribed to the reabsorption effect and no additional spec-
tral filter in the cavity, the spectrum of the laser was significantly
influenced by the length of thulium-doped fibre. Figures 4(a)
and (b) illustrate two spectra of ultra-short pulses generated by
MLTDEFLs, corresponding to the active fibre lengths of 2.1 m
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and 1.1 m. For the length of thulium-doped fibre reduced step-
wise from 2.1 m to 1.1 m, the development of the laser spectra
is shown in figure 4(c); all these spectra were obtained when
the laser operated in the stable single-pulse regime. As shown
in figure 4, there is a noticeable shift of the spectrum centre
towards shorter wavelengths (from 2054.7nm to 1968.9 nm)
with the decrease in the active fibre length. This phenomenon
indicates that longer thulium-doped fibre introduces more
reabsorption losses at shorter wavelengths in our laser cav-
ity, and it is in good agreement with the physical mechanism
of the reabsorption effect mentioned above and presented in
[12, 13]. Moreover, as the active fibre length decreased (and
hence the operating spectrum centre shifted towards a shorter
wavelength), the spectrum bandwidth (full width at half maxi-
mum, FWHM) of the laser was considerably broadened at an
order of magnitude from 0.28 nm to 2.17 nm. The broadening
bandwidth was probably caused by the fact that the intrinsic
emission peak of the thulium-doped fibre used in our laser is
close to 1900 nm, and thus more adjacent modes were able to
lase at shorter wavelengths in our case.

Figures 5(a) and (b) illustrate two autocorrelation traces of
ultra-short pulses generated by the laser, corresponding to the
spectra mentioned above with the active fibre lengths of 2.1
m and 1.1 m. By assuming a hyperbolic-secant pulse shape,
which is typical for optical solitons, the measured autocorrela-
tion widths of 32.1 ps and 3.15 ps correspond to pulse durations
of 20.8 ps and 2.04 ps, respectively. Since the relaxation time
constant of the SESAM is 10 ps, the pulse duration suggested
that the SESAM could act as either a fast saturable absorber
or a slow saturable absorber in our laser system. In addition,
with the spectrum bandwidths of 0.28 nm and 2.17nm, the

time-bandwidth products were calculated to be 0.414 and
0.343, respectively. Both output pulses were slightly chirped
compared to the transform-limit value of 0.315 for the hyper-
bolic-secant pulse. The output pulse duration of the laser with
varying active fibre length is depicted in figure 5(c): pulse
durations of the MLTDFLs became longer as the active fibre
length increased. As mentioned above, the reabsorption effect
has influences on the lasing spectrum. Therefore, the phenom-
enon shown in figure 5(c) can be qualitatively explained by
the relationship between the spectrum and duration of a mode-
locked laser when it operates in the soliton regime [17]. These
results indicate that the reabsorption effect can have signifi-
cant influences on the output duration of the MLTDFL.

The output polarization extinction ratios (PERs) of the
laser with different lengths of thulium-doped fibre were also
measured. When the laser operated in the stable single-pulse
regime, PERs of >27 dB were recorded, indicating that the
output beams were more than 99.8% linearly polarized in all
situations. The mild depolarization was probably caused by
the misalignments of the fiberized modules in the fabrica-
tion process or thermal effects introduced by high intracavity
power.

4. Conclusions

In summary, we have investigated the influence of the reab-
sorption effect in an all-fiberized MLTDFL system. Mode-
locked by a SESAM, the laser system was self-starting and
generated stable CWML pulses at a repetition rate of 11.30
MHz. By changing the length of thulium-doped fibre, and
hence the reabsorption loss, we found that the reabsorption
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had significant influences on the pulse characteristics of the
MLTDFL, including the output spectrum, bandwidth, and
duration. An output pulse duration from 2.04ps to 20.8ps
was achieved, corresponding to central wavelengths from
1968.9nm to 2054.7 nm. However, based on the reabsorption
effect, the pulse duration and the spectrum of the MLTDFL
will be changed simultaneously, which may be a limitation
in some applications. Future work will focus on the numer-
ical model of the reabsorption effect in the MLTDFL sys-
tem to provide additional insight into the physics of those
phenomena.
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