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We have developed a passively mode-locked, all-polarization maintaining, low-repetition-rate thulium-doped
fiber laser (PM TDFL) emitting at 1951 nm and pumped by an erbium-ytterbium-doped all-fiber laser at 1561 nm.
The PM TDFL was developed with a 44.67 m long polarization-maintaining all-fiber resonator Fabry-Perot using
a semiconductor saturable absorber mirror at one end and a highly reflective fiber Bragg grating at the other. In
this way, transform-limited low-repetition-rate light pulses at 2.3 MHz were generated, with each light pulse

having a temporal width of 81 ps, and a spectral width of 50 pm. We have also compared the performance of this
laser with a shortened version of this cavity, 6.25 m long, emitting at 15.6 MHz.

1. Introduction

Nowadays, there is an increasing demand for lasers emitting around
the 2 pm wavelength for a variety of applications [1]. A major advantage
commonly cited is their “eye-safer” nature, in part because vitreous
humor is 99 % water, which in turn has strong absorption lines near 2
pm [2,3]. This has also opened the window for various medical appli-
cations, such as in dermatology [4], tissue ablation [5], and scalpels
development [6]. On the other hand, cutting and welding with 2 pm
laser sources has also been demonstrated on polymers, as these materials
also exhibit strong absorption in this wavelength range [7]. The unique
combination of 2 pm laser sources between their “eye-safer” nature and
atmospheric transparency window (about 80 % transmittance at this
wavelength) also makes them suitable for laser imaging, detection and
ranging (LIDAR) [8,9]. The most popular approach to achieve radiation
at 2 pm is to use thulium-doped fibers (TDF), due to their favorable
absorption in the infrared C-band, which allows direct pumping of fiber
lasers within the core [10].

The above applications would benefit from low-repetition-rate
mode-locking proposals. However, all-fiber modelocked lasers typi-
cally operate above ten megahertz, where the accumulation of nonlinear
effects and chromatic dispersion is easier to deal with because the fiber
cavity is relatively short. Moreover, low-repetition-rate lasers operating
at 2 pm range face an additional problem: the high silica attenuation at
this wavelength (typically > 20 dB/km [11]). Of course, we can use

pulse-pickers, but this leads to energy loss and back-reflection, which
affect the signal-to-noise ratio, and increases the complexity of the
system. For this reason, a true modelocked laser with low-repetition-rate
is the best choice to overcome these difficulties. So far, some low-
repetition-rate  TDF modelocked lasers have been presented
[12,13,14,15,16,17,18,19,20,21], with repetition rates ranging from 67
kHz [19] to 6.7 MHz [18], but mostly at 2-3 MHz.

The lengthening of a fiber cavity leads often to a different emission
regime, since not only power losses but also nonlinearity and chromatic
dispersion increase. Thus, we have found dissipative soliton resonance
light pulses (DSR) [14-18, 20, 21], whose temporal widths (optical
bandwidth) ranges from 780 ps (18.3 nm) [16] to 85 ns (9.4 nm) [21]; i.
e., the pulses are strongly chirped. Noise-like pulses (NLP) were also
observed in Ref. [18] at 300 ps (5.1 nm), and in Ref. [12] at 4.5 ps
(1.56-21 nm) and h-like pulses were also found in Ref. [19] at 180-410
ns (10 nm). Finally, standard solitons have also been reported in
Ref. [13], but they are unusually wide: 617 ps (4.7 nm), which also
contradicts the time-bandwidth limit required for solitons (in this case, a
time bandwidth product of 200).

As for the mode-locking mechanism, these proposals are mainly
based on nonlinear polarization rotation (NPR) [13], nonlinear optical
loop mirror (NOLM) [12,15,16,19,20,21], or nonlinear amplifying loop
mirror (NALM) [14,17], with the exception of Ref. [18] which uses
single-walled carbon nanotubes as saturable absorber. NPR, NOLM, and
NALM strongly depend on the polarization evolution and phase
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evolution of the optical pulse in the laser cavity, so it can be easily
overdriven in an ultra-long cavity and affected by the environment. For
this reason, all of these proposals — except Ref. [14] — use polarization
controllers that require multiple adjustments, as well as the fact that self-
starts operation are not guaranteed. Moreover, it is common for the
operating wavelength to change with pump power and polarization of
the resonator, which could be a serious problem in some applications. In
contrast, SESAMs are a mature technology approaching half a century of
success. They are inherently compatible with polarization-maintaining
cavities, while other proposals are not, e.g., those based on polariza-
tion evolution (nonlinear optical loop mirrors and similar solutions).
Moreover, in SESAMs, the physical length of the saturable-absorber re-
gion is small and its contribution to the round-trip time of light in the
laser cavity is negligible, resulting in the shortest possible cavities. As a
result, SESAMs can be operated at extremely high pulse repetition rates.
It is also ideally suited for mode-locking at low repetition-rates, since the
saturable absorption is independent of the resonator length.

In this work, we present a low-repetition-rate self-starting all-fiber
laser operating at two microns; where mode-locking was achieved by
using a SESAM. Thanks to the use of a polarization-maintaining (PM) all-
fiber resonator, robustness and insensitivity to harsh environments are
ensured. The presence within the cavity of a narrow, high-reflective,
fiber Bragg grating also guarantees a narrow spectral bandwidth of the
output light pulses, and a fixed operating wavelength, if required. As
gain medium, we use a TDF pumped by an erbium-ytterbium doped
continuous wave (CW) fiber laser in the infrared C-band. Thus, we ob-
tained a low-repetition-rate transform-limited light pulses at 2.3 MHz,
with each light pulse having a temporal width of 81 ps, and spectral
width of 50 pm at 1951 nm. We have also compared the performance of
this laser with a shortened version of this cavity emitting at 15.6 MHz.

2. Experimental setup

The experimental setup is shown in Fig. 1 and consists of two sepa-
rate blocks: pump unit and oscillator. Let us starts with the former. A
high reflective (99.99%) fiber Bragg grating (FBG, Az = 1561 nm and 3
dB bandwidth of 0.26 nm) was used to generate continuous wave
emission in the infrared C-band. One end of this FBG was fusion-spliced
to a 7.5 m double-clad Er/Yb-doped fiber (ErYb 130 from OFS, core/
cladding numerical apertures 0.17/0.45, and Yb clad absorption > 1.2
dB/m), which in turn was fusion-spliced to the output of a beam
combiner (x6 input fibers, numerical aperture 0.165, core/cladding
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diameters 105 + 3 pm/ 125 + 2.5 pm). The remarkable core diameter
difference between the optical fiber of the beam combiner and the Er/
Yb-doped fiber during fusion splicing is sufficient to create a reflectiv-
ity of a few percent to form the Fabry-Perot cavity that sustains CW
emission at 1561 nm; see the pump block unit [22]. The beam combiner
was again fusion-spliced to the output of an optimized GaAs substrate-
based quantum well high-power laser diode (LD, from Lumics, emis-
sion wavelength at 976 nm and maximum output power of 7700 mW). A
thermoplastic jacket (not shown) was attached to the remaining port of
the FBG to remove residual light at 976 nm. Finally, an optical circulator
(central wavelength 1550 nm) was connected to the output of the beam
combiner to avoid back reflections, and thus improve the temporal
stability of the CW laser. We also show in Fig. 1 the measured optical
spectrum at the output of the pump unit. This pump unit was able to
deliver a continuously variable power up to 820 mW at 1561 nm, with a
measured slope efficiency of 10.57 + 0.08% and laser threshold of 47
mW.

On the other hand, the setup of the oscillator was composed of a
typical Fabry-Perot (FP) cavity which we describe below; see Fig. 1,
Oscillator block. CW light at 1561 nm from the pump unit entered the FP
cavity via a PM FBG with high reflectivity (99%, Az = 1951 nm and — 3
dB bandwidth of 0.14 nm), which in turn was fusion-spliced to a 2 m PM
TDF (PM-TSF 9/125 from Nufern®, numerical aperture 0.15, cutoff
wavelength 1750 nm, and 9 + 2 dB/m at 1180 nm core absorption). The
free end of the PM TDF was fusion-spliced to the common port of a
1550/1950 nm PM wavelength division multiplexer (PM WDM, inser-
tion loss: pass to common < 0.6 dB at 1950 nm and reflect to common <
0.5 dB at 1550 nm). (Strictly speaking a WDM would not be essential in
the FP cavity, but we felt it necessary to protect the SESAM of residual
pump energy at 1561 nm, especially at high pump powers.) The residual
pump power was returned to the cavity by connecting the reflect port of
the PM WDM to a dichroic mirror. The pass port of the PM WDM was in
turn fusion-spliced to a 38.42 m long PM delay line (PM1550-XP from
Nufern®, numerical aperture 0.125, and cut off wavelength 1380 + 60
nm). The other end of the delay line was fusion-spliced to the input port
of a PM optical fiber coupler (PM OFC, 90/10 and with blocked fast
axis). The presence of a blocked fast axis element (in this case the PM
OFC) guarantees a single polarization state in the oscillator resonator;
even when CW pumping provides unpolarized light. Finally, the cavity
FP was closed by connecting the 90% port of the PM OFC to a semi-
conductor saturable absorber mirror (SESAM, from BATOP Optoelec-
tronics, high reflection bandwidth in the 1900-2080 nm range, and

LD
(976 nm)

PUMP

DCEMYbDF  gpg
X6 Beam - (1561 nm)

combiner ~—ﬂ]]]]]]]l|ﬂ]]]]]]ﬂ|

Fusion splicing (back reflection
to the 1561 nm FBG)

OSCILLATOR

Intensity (dB)

@ T1530 1560 1590

Output Optical wavelength (nm)

Fig. 1. The figure shows the experimental setup, with the solid lines enclosing the pump unit and the dashed lines enclosing the oscillator. The acronyms used stand
for (starting from the top-right and following the different connections): Fiber Bragg Grating (FBG), dual-cladding Er/Yb doped fiber (DC Er/Yb DF), laser diode (LD),
optical circulator (OC), polarization-maintaining fiber Bragg grating (PM FBG), polarization-maintaining thulium doped fiber (PM TDF), polarization-maintaining
wavelength division multiplexer (PM WDM), polarization-maintaining delay line (PM DL), polarization-maintaining optical fiber coupler (PM OFC), semi-
conductor saturable absorber mirror (SESAM), and polarization-maintaining isolator (PM I). In addition the spectrum at the output of the CW pump is shown; see the

inset in the pump block.
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relaxation time constant 10 ps). The output signal from this oscillator
was obtained through the 10% port of the PM OFC, which also incor-
porated two PM optical isolators in tandem (PM I, with center wave-
length of 1950 + 20 nm, and combined 56 dB peak isolation with a 1.2
dB insertion loss) to avoid unwanted reflections at the oscillator. These
output light pulses were monitored with a 63 GHz sampling oscillo-
scope, a 13-GHz real-time oscilloscope, fast InGaAs photodetectors (rise
time < 28 ps, fall time < 28 ps, and 0.95 A/W at 2 pm), an optical
spectrum analyzer (optical range from 1200 nm to 2400 nm, resolution
bandwidth 50 pm), radio frequency (RF) spectrum analyzer (resolution
bandwidth 1 Hz, DC to 10 GHz), and a pyroelectric detector for the
measurement of the average output power.

The resulting cavity length is 44.67 m, with an estimated average
anomalous dispersion parameter of 42.1 ps/nm x km, and a group ve-
locity dispersion of — 85 ps®/km at 1950 nm; i.e. a total chromatic
dispersion per round trip of — 7.6 ps? [23]. In the following we compare
the results obtained with this long cavity with those obtained with the
cavity without PM delay line. This much shorter cavity is 6.25 m long,
and has a total chromatic dispersion per round trip of — 1 ps2.

On the other hand, the attenuation at each round trip of the light
pulses is expected to be significant at the operating wavelength of this
laser, since the cavity is mainly composed of PM1550-XP, which has an
attenuation of 1.0 dB/km at 1550 nm, but of 20 dB/km at 1950 nm.
Starting from the SESAM — see the oscillator block in Fig. 1 — the
discrete power losses inside the cavity are: —0.4 dB (insertion loss of
SESAM), —1.49 dB (90% power of the PM OFC), —0.89 dB (insertion loss
of the PM WDM), and since the PM FBG has a high reflectivity, its
insertion loss can be neglected. That is 5.6 dB of discrete power loss at
each round-trip. To this total discrete power loss must be added the
distributed power losses due to the different pigtails of the components
(PM 1550), PM DL (PM1550-XP) as well as the active fiber PM TDF (all
with a core attenuation of ~ 20 dB/km at 1950 nm). Therefore, the
combined discrete-distributed power losses within a full round-trip are
7.4 dB for the long cavity and 5.8 dB for the shorter cavity; i.e., with and
without PM delay line.

3. Experimental results and discussion

The long-cavity laser exhibits self-starting stable mode-locking when
the LD power is set to 1.6 W. Fig. 2a shows the light pulse train at a
frequency of 2.3 MHz obtained at the output, which corresponds to the
expected round-trip time for a FP cavity of 44.67 m. We found that the
pump power setting is very important at this high anomalous intracavity
dispersion, because changing the LD pump power in + 20 mW turns off
the mode-locking regime. This low repetition rate may be the cause of
the narrow pumping range, since any change in pump power has a major
impact on pulse energy as the repetition rate is low. The quality of this
mode-locking regime was tested, by measuring the RF spectrum. As can
be seen in Fig. 2(b), the fundamental frequency was 2.3 MHz with a high
extinction ratio of up to 65 dB (measured with a resolution bandwidth of
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10 Hz). Fig. 2(c) is a wide-span measurement that extends to the 42nd
harmonic of the fundamental frequency (measured with a resolution
bandwidth of 100 kHz). From the RF spectrum, it is easy to see that the
laser was in a stable mode-locking mode. Once mode-locking was star-
ted, the stable mode-locking mode could continue as long as the
pumping unit was on. This robustness is typical of an all-fiber design that
fully retains polarization. In contrast, for the short-cavity setup, the laser
was able to start stable mode-locking when the power LD was set to 2.5
W. In this case the output light train is at a consequently higher repe-
tition rate of 15.6 MHz. We have found that adjusting the pump power at
this higher frequency is less critical than in the case of the long cavity
laser, since any increase in pump power only causes the typical ampli-
tude modulation of the output light train, but without destroying the
mode-locking.

The temporal waveform of a single light pulse is shown in detail in
Fig. 3(a), as recorded by the digital sampling oscilloscope. The pulse has
a full width at half maximum (FWHM) of 81 ps and can be fitted quite
well with a secant hyperbolic profile (not shown). Moreover, the sinu-
soidal ripple after the trailing edge is the consequence of the pole fre-
quency at 14 GHz in the photodetector transfer function. We also
measured the output of this laser for the short resonator; i.e., without PM
delay line. This waveform can also be seen in Fig. 3(a). The temporal
waveform of each light pulse shows no significant change compared to
the long cavity resonator; the superposition between the two temporal
waveforms (once normalized in intensity) is remarkable; of course, the
pulse also has a FWHM of 81 ps. As an experimental precedent, we can
mention that in Ref. [24], we obtained similar soliton-like pulses when
the length of the resonator was reduced by a factor of two; i.e., from 213
m to 106 m. On the other hand, it has been shown theoretically for
soliton mode-locking that the pulse width increases monotonically with
the (anomalous) dispersion within the resonator; see for example Fig. 1
(a) in Martinez et al. [25]. It should be emphasized, that these kinds of
curves were obtained assuming a small and fixed self-phase modulation
(SPM). However, when the cavity is greatly enlarged, this assumption is
no longer plausible, since the nonlinear SPM parameter also increases
linearly with length. In this case; i.e., with moderate self-phase modu-
lation, the dependence of the pulse width on the (anomalous) dispersion
in the cavity is strongly attenuated; see Fig. 2 also in Ref. [25]. Another
example is provided by Haus in Fig. 8(a) of Ref. [26], which shows the
pulse width as a function of the intracavity dispersion for different
values of the SPM parameter. In the present case, when the cavity is
shortened from ~ 45 m to ~ 6 m, it means not only lower intracavity
dispersion, but also a shift to a curve with a lower SPM parameter. This
trend can be clearly seen in Fig. 8(a) of Ref. [26]. Consequently, the
pulse width is not expected to change appreciably.

We also measured the optical spectrum of the long-cavity laser,
which is shown in Fig. 3b. The spectrum has a double peak, with a — 3
dB bandwidth of 50 pm each. This measurement is below — or very close
— to the resolution limit of our OSA (50 pm). We also performed optical
spectral measurements for the short cavity; the result is also shown in
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Fig. 2. (a) Oscilloscope trace showing the output train. (b) RF spectrum showing the fundamental frequency. (c) RF spectrum showing from the fundamental
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Fig. 3. (a) Oscilloscope traces showing the output light pulses (black solid and red open dots for the long and short cavities, respectively). (b) Optical spectra
measured at the output for the long and short cavities (black and red curves, respectively).

Fig. 3b. The spectra are essentially identical at the longer wavelength
peak, and overlap with our previous measurement of the long cavity.
There is also a small wavelength shift of 0.5 nm between the two spectra,
which could be explained by the combined effect between the thermal
coefficient for a FBG at this wavelength (~15 pm/°C), plus the wave-
length accuracy of our OSA (0.5 nm at 2 pm). On the other hand, the
measured average output powers were 354 pW and 230 pW, for the long
and short-cavity setups, respectively; in both cases the measurement
were performed after the PM isolator, see Fig. 1. It should be noted that
these average output powers include both CW and modelocked pulse
emission. However, we can roughly estimate, by fitting each peak
individually to a linear scale and calculating the relative areas in the
spectrum, that the CW component comprises the 30 % of the measured
average power and the pulsed emission the remaining 70 % for the long
cavity. For the short cavity, these ratios are 47 % for the CW and 53 %
for the pulsed emission. Therefore, the peak powers for the pulsed
emission are in the order of 1300 mW and 100 mW for the long and short
cavity, respectively. Since this spectral profile has two peaks, we decided
to investigate this fact further, keeping in mind a possible CW contri-
bution to the emission of the laser. For this purpose, we use a two mi-
crons PM all-fiber pre-amplifier designed by us, capable of delivering up
to 1.1 W average power, to study the nonlinear propagation of the
amplified emission along a fiber coil. As an example, the nonlinear
length of SMF-28 fiber Ly, = 1/(y Po) > 4 m, for peak power pulses of
500 W, assuming y = 0.498 W km™! (calculated at 1950 nm).
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Therefore, strong nonlinear effects are expected when this preamplified
output light train is propagated in a 656 m SMF-28 optical fiber, since
656 m > Ly;. As an example, Fig. 4a shows for the short cavity, the
normalized spectrum immediately after and before this nonlinear
propagation when the pump power of the preamplification stage is
increased to the maximum. It is also worth highlighting that the shape of
the spectrum does not change after the preamplification stage. From this
result, it is clear that the spectral peak at the shorter wavelength shows
not significant change, while the peak at the longer wavelength shows
the spectral changes normally associated with the various nonlinear
processes. Thus, we conclude that the peak at the short-wavelength
corresponds to a trace of CW emission, while the peak at the longer
wavelength is in fact the spectrum associated with the pulse train.
Moreover, we are working on a passive and simple method to easily
block the CW emission while preserving the pulsed emission [27]. On
the other hand, if we assume a secant hyperbolic profile for the output
light pulses, and considering that a bandwidth of 50 pm corresponds to
3.94 GHz at 1950 nm, the time-bandwidth product TBP = 81 x 10125
x 3.94 x 10° Hz = 0.32; i.e., practically equal to a transform-limited
secant hyperbolic profile whose TBP > 0.315. This calculation also
give us confidence that we can measure an optical bandwidth of 50 pm;
since an optical bandwidth of <50 pm is excluded by the TBP [28]. In a
few words, the output light pulses of our long and short cavities are
transform-limited secant hyperbolic pulses with 81 ps FWHM temporal
width and 50 pm optical bandwidth.
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Fig. 4. (a) Spectra at the output of a 656 m SMF-28 coil, using the preamplified short cavity train of pulses as input at different pump powers of the preamplifier stage
(3D-waterfall plot). (b) Left ordinate: Measured instantaneous angular frequency and theoretical chirp calculated with Eq. (1) (solid red dots and solid blue line,
respectively) for the long cavity train; Right ordinate: Oscilloscope trace showing the light pulse whose instantaneous frequency was retrieved (open dots).
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Finally, we measured the instantaneous angular frequency profile of
the emitted light pulses using a simple technique that we previously
developed [29] and have since successfully applied [30,31]. The tech-
nique requires only the measurement of the temporal intensity wave-
forms at the input and output of the dispersive line together with the
knowledge of the GVD of the optical fiber; then the instantaneous
angular frequency profile is obtained only by using a single equation in a
non-iterative, one-step numerical calculation. As a dispersive line for
this technique, we used a 656 m SMF-28 whose GVD at 1950 nm is — 83
ps2/km [32]. The obtained profile of the instantaneous angular fre-
quency is shown in Fig. 4b, where we have used as an example the long
cavity train. It shows a moderately low, but definitely non-zero, slope of
— 0.174 rad x GHz/ps. However, the time-bandwidth product suggests a
transform limited pulse, which may be at odds with this measurement.
For this reason, we decided to investigate the possibility that this chirp is
acquired outside the cavity, in the 6 m optical fiber up to the detectors. It
is known, that an originally unchirped pulse (i.e., without phase mod-
ulation) is chirped after propagating through a fiber with a non-zero
GVD. Assuming a Gaussian profile, the chirp degree achieved is given
by [33]:

()= 900 _senp)2z/Ly 1
o 1+ (/L) T

where L = Ty?/|f2|the dispersion length, Ty is the half-width at the
1/e-intensity point of the temporal waveform — related to the FWHM for
a Gaussian pulse by Trwry = 1.665 To—, and fs is the GVD. The result
can also be seen in Fig. 4b, since both instantaneous angular frequency
profiles have the same slope in the central part of the pulse. We conclude
that our light pulses are chirp-free immediately after the cavity. This
behavior was also replicated by the short cavity pulses with no appre-
ciable differences. In summary, long and short cavities produce virtually
identical light pulses, except for the repetition rate and average power of
course.

@

4. Conclusions

We have developed a low-repetition-rate passively mode-locked PM-
TDFL, pumped by a C-band CW erbium-ytterbium doped all-fiber laser.
A low-repetition-rate train of transform-limited light pulses was gener-
ated at 2.3 MHz was obtained, with each light pulse having a temporal
width of 81 ps and a spectral width of 50 pm. We also compare the
performance of this laser with a shortened version of this cavity, 6.25 m
long, emitting at 15.6 MHz, with no appreciable differences in the
output light pulses. This laser differs from previously presented lasers in
its unique combination of transform-limited clean pulses with a low-
repetition-rate and narrow spectral linewidth. We can envision several
applications where this combination could be useful, from LIDAR to
material-selective processing where the target material has significantly
higher absorption at a given wavelength than adjacent materials.
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