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Abstract: We report on a passively mode-locked thulium-doped fiber laser (TDFL) with
dual operation regimes and applications in cascaded Raman light and supercontinuum
generation. The mode-locking is initiated by using a semiconductor saturable absorber
mirror (SESAM) and can operate at both fundamental mode-locking and noise-like twin-
pulse regimes. Output power can be scaled up through two-stage amplifications, and then
was further fed into a segment of ultrahigh numerical aperture (NA) single-mode fiber with
a length of ~30 m. At the fundamental mode-locking regime, two orders of stokes lights can
be generated, centered at 2.13 and 2.35 um, respectively, with a maximum total power of
3.75 W. At the noise-like twin-pulse regime, a near-infrared supercontinuum from 1.93 to
2.46 um was generated with a maximum average output power of 2.5 W. It is, to the best of
our knowledge, the first demonstration of both cascaded Raman light and supercontinuum
generation with the same system.

Index Terms: Thulium-doped fiber lasers, supercontinuum generation, Raman, laser am-
plifiers.

1. Introduction

Mode-locked lasers have attracted significant attentions in the past decades, which have been
proved to be very useful in many fields such as spectroscopy [1], [2], medical applications [3], [4],
material processing [5], [6], nonlinear optics [7], [8], and so on. Active and passive methods are
two common ways to obtain mode-locked pulses in a laser. For passive mode-locking, different
kinds of saturable absorbers (SAs), such as graphene [9]-[11], carbon nanotubes (CNTs) [12]-
[14], topological insulators (TIs) [15]-[18], semiconductor saturable absorber mirrors (SESAMSs)
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[19]-[21], and even artificial saturable absorbers such as nonlinear polarization rotation (NPR)
[22]-[24] can be candidates.

Under the interaction of nonlinearity and dispersion, passively mode-locked fiber lasers might
lead to different evolution phenomena. Passively mode-locked fiber lasers with various operating
states have been widely investigated both theoretically and experimentally. In 2000, Komarov et al.
theoretically analyzed the multi-stable operation of laser passive mode-locking by complex
Ginzburg-Landau equation (CGLE), and found that nonlinear refractive index plays an important
role in multi-stable operation [25]. Later, in 2007, Schreiber et al. showed the pulse evolution in
mode-locked fiber laser by solving the nonlinear Schrodinger equation (NLSE) and revealed that
different solutions can be obtained in the transient region between mode-locking regimes [26].
Experimentally, Wang et al. demonstrated a nonlinear polarization evolution (NPE) based all-fiber
mode-locked thulium-doped fiber laser (TDFL) ring oscillator [27]. The oscillator could operate at
both solitary and noise-like pulse regimes, which can be switched by changing the pump power.
In 2014, Li et al. reported an all-fiber mode-locked double-clad TDFL with a nonlinear optical loop
mirror (NOLM) structure and large net anomalous dispersion for the first time [28]. Stable soli-
tary and noise-like mode-locked pulses were both observed at all-anomalous-dispersion regime by
carefully adjusting the pump power and polarization state. Later, in 2016, Sobon et al. obtained
ultra-broadband dissipative soliton and noise-like pulse from a normal dispersion NPE based mode-
locked TDFL [29]. Very recently, Kwon et al. theoretically studied the multi-pulse dynamics in an
anomalous dispersion fiber ring oscillator [30], where they showed that the cavity could operate
in as many as five different mode-locked regimes, depending on the saturation power of the SA
and characteristic of the cavity such as nonlinearity and dispersion. All the previous works were
focus on the characteristics of the mode-locked oscillator. However, to our best knowledge, optical
amplification characteristics of the TDFL which could operate in multi-operation regime have not
been explored.

In this work, we report on a SESAM based mode-locked TDFL system, which can operate at both
fundamental mode-locking and noise-like twin-pulse regimes. A typical two-stage power amplifier
is utilized to boost the output power to pump a segment of highly Ge-doped ultra-high numerical
aperture (UHNA) fiber. Cascaded Raman light up to 2.35 um and supercontinuum covered from
1.93 to 2.46 um can be finally generated with two operation regimes, respectively.

2. Experimental Setup and Results
2.1 Experimental Setup

The schematic setup of the system is shown in Fig. 1, which is constructed with a MOPA structure
and an additional segment of UHNA fiber. The oscillator is constructed with a typical linear con-
figuration which contains a semiconductor saturable absorber mirror (SESAM), a segment of gain
fiber and a fiber Bragg grating (FBG). The SESAM has a modulation depth of 20% and a relaxation
time of 10 ps. The transmittance at 1.95 um and 3 dB bandwidth of the FBG are 15% and 0.9 nm,
respectively. The inset of Fig. 1 gives the actual SESAM sandwiched between a fiber connector
and a passive heat sink. An Er/Yb co-doped fiber amplifier (EYDFA) is used as the pump source
and connected with a wavelength division multiplexing (WDM). A segment of highly thulium-doped
single-mode single-clad fiber (TSF) is used as the gain medium. The TSF is 9 cm long with a high
core absorption coefficient of 340 dB/m at 1.56 um. The core/cladding diameter and the corre-
sponding core NA of the TSF are 5/125 um and 0.24, respectively. An optical isolator (ISO) is used
to prevent unwanted reverse transmission light into the oscillator that may induce parasitic lasing.
The fiber preamplifier contains a (2 + 1) x 1 pump combiner, a segment of thulium-doped single-
mode double-clad fiber (TDF), a home-made cladding power stripper (CPS) and an ISO. The
(24 1) x 1 pump combiner is used to launch the pump light into the TDF from a 16 W, 793 nm,
fiber-pigtailed multi-mode laser diode (LD). The TDF is 3 m long with cladding absorption of 3 dB/m
at 793 nm, core/cladding diameter of 10/130 um, and core NA of 0.15, respectively. The home-
made CPS is used to remove the residual pump power from the cladding, which is a necessary
protection for the following ISO. In the fiber amplifier, an effective CPS is usually used to strip the
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Fig. 1. Schematically experimental setup. SESAM: semiconductor saturable absorber mirror; TSF:
thulium-doped single-mode single-clad fiber; FBG: fiber Bragg grating; WDM: wavelength division
multiplexing; 1SO: isolator; TDF: thulium-doped single-mode double-clad fiber; CPS: cladding power
stripper. Inset: SESAM sandwiched between a fiber connector and a passive heat sink.

unabsorbed pump light for protecting the rear optical fiber devices. During our experiment, the CPS
is fabricated with a segment of SMF-28. Firstly, we remove about 3 cm long protective polymer in
the middle of the passive fiber and clean the striped-fiber. Secondly, we fix the striped-fiber onto a
5 cm long sapphire with high-refractive-index UV glue which is cured by a handheld UV lamp. The
final power amplifier has a similar structure as the preamplifier except that it has a 4 m long TDF
and two 16 W, 793 nm LDs.

Following the thulium-doped fiber amplifier (TDFA) is a 30 m long UHNA single-mode fiber
(UHNA 7), which is a highly Ge-doped step-index fiber. The core/cladding diameter and core NA of
the UHNA 7 fiber are 2.4/125 um and 0.41, respectively. The UHNA 7 fiber is directly fusion spliced
to the output port of the ISO. The fusion splicing loss is about 0.7 dB, which is mainly caused by
the large MFD mismatch.

In the experiment, the pulse train of the oscillator is measured via a high-speed InGaAs pho-
todetector (EOT, ET-5000) combined with a 1-GHz bandwidth digital oscilloscope (Tektronix, DPO
7104C). An autocorrelator (APE, pulseCheck USB) is used to measure the autocorrelation (AC)
trace of the pulse. The optical spectrum of the oscillator is measured by an optical spectrum analyzer
(YOKOGAWA, AQ6375B). The generated Raman and supercontinuum spectra are characterized
by using a Fourier transform IR spectroscopy (Bruker, Tensor 27).

2.2 Fundamental Mode-Locking Regime and Cascaded Raman Light

The emission characteristics of the oscillator are shown in Fig. 2. Self-starting mode-locked pulses
were achieved when the launched pump power was increased to 744 mW. The high core absorption
gain fiber of the oscillator is responsible for the relative high threshold power. Fig. 2(a) shows the
pulse train of the fundamentally mode-locked fiber laser. The repetition rate is 35.06 MHz, defined
by the total cavity length. Fig. 2(b) plots the RF spectrum at the fundamental repetition rate by
using a 100-Hz resolution bandwidth, which gives a signal-to-noise ratio (SNR) of ~65 dB. Fig. 2(c)
shows the RF distribution with 1 GHz span. We have also measured the AC trace of the pulse.
Due to the low power of the oscillator and the low sensitivity of our autocorrelator, the AC trace
is measured at the output port of the fiber preamplifier. Fig. 2(d) gives the AC trace of the pulse.
The measured FWHM of the AC trace is 34.3 ps. Assuming a sech2 profile, the pulse duration is
22.2 ps. Fig. 2(e) shows the spectrum of the fiber laser, with a central wavelength of 1950.4 nm and
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Fig. 2. Oscillator under fundamental mode-locked operation: (a) pulse train; (b) RF spectrum at the
fundamental repetition rate; (c) RF spectrum with 1 GHz span; (d) AC trace of the pulse; (e) output
spectrum; (f) power stability.

3 dB bandwidth of ~0.1997 nm. In order to test the long-term stability of the oscillator, we have also
further measured the output power pumped at 1 W for 4 hours, as shown in Fig. 2(f). The mean
value and root-mean-square error (RMSE) of the power was calculated to be 17.44 and 0.10 mW,
respectively. The corresponding relative variation is only 0.57%, which can be useful to quantify the
power stability of the oscillator.

With the help of the following two-stage amplifiers, the output power can be boosted up to ten-
watt-level, while no obvious spectral broadening is observed. After propagating through the UHNA
7 fiber, as shown in Fig. 3, cascaded Raman spectra gradually appeared with the increase of the
incident pump power. The measured cascaded Raman peaks are centered at 2.13 and 2.35 um,
corresponding to the 1st and the 2nd order Stokes light, respectively. With the maximum incident
pump power at 1.95 pum, the output power is 3.75 W, which is much higher than the previous
reports [31], [32]. It can be observed that with the increase of output power, more and more energy
is transferred into the Raman wavelength. However, due to the very high loss of the UHNA 7 fiber
at the wavelength >2.5 um, it is difficult to obtain the 3rd Stokes Raman light. For achieving higher
Stokes generation, higher peak power pump laser is required [32]. A Raman spectrometer (Horiba,
LabRAM HR evolution) is also used to measure the Raman shift of the UHNA 7 fiber. The measured
Raman shift constant Aw is about 430 cm~", as shown in the inset of Fig. 3. In the Raman laser,
the amplified Stokes light can generate the next order Stokes light in succession [31]. According to

the formula ;—p — Als = Aw, we can calculate the center wavelength of the cascaded Raman light,

where 1, is the pump wavelength and s is the corresponding Stokes wavelength, respectively.
When the pump wavelength is set at 1.95 um, the calculated 1st and 2nd order Stokes Raman
wavelengths are 2.128 and 2.346 um, respectively. The measured Stokes Raman wavelengths
agree well with that the calculations.

Fig. 4 depicts the different output power from the TDFA and the UHNA 7 fiber. The output power of
the TDFA was measured after the ISO. We can see that the TDFA output increases almost linearly
with the rise of incident pump power. The corresponding slope efficiency is 33%. The maximum
output power of the TDFA is 9.16 W at the incident pump power of 28.7 W, limited by the available
pump power. The corresponding peak power is estimated to 11.7 kW. However, with the growth
of pump power, the slope efficiency of the output power of UHNA 7 fiber dramatically decreases
from 18% to 8%. More and more energy is dissipated into heat due to the fiber attenuation at
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Fig. 3. Output spectra from the UHNA 7 fiber at different output power. Inset: Measured Raman shift of
the UHNA 7 fiber.
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Fig. 4. Output power of the TDFA and the UHNA 7 fiber versus the incident pump power.

the long-wavelength region. The conversion efficiency can be optimized by changing the length of
the nonlinear fiber. And one can utilize a longer wavelength laser pump source to obtain longer
cascaded Raman light [32].

2.3 Noise-Like Twin-Pulse Regime and Supercontinuum Generation

We can also obtain the noise-like twin-pulse regime through careful adjustment of the SESAM and
fiber connector. During the adjustment, the intra-cavity polarization states and the energy density
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Fig. 5. Oscillator under noise-like twin-pulse operation: (a) pulse train; (b) RF spectrum at the funda-
mental repetition rate; (c) RF spectrum with 1 GHz span; (d) AC trace of the pulse; (e) output spectrum;
(f) power stability.

on SESAM could be changed. Fig. 5 plots the output characteristics of the noise-like twin-pulse
regime. From the pulse train plotted in the Fig. 5(a), it can be seen that the pulse is less stable than
that of the previously mode-locked operation. The RF spectrum of output pulses at the fundamental
repetition rate with a SNR of ~60 dB is shown in Fig. 5(b), which also verifies the noise-like twin-
pulse regime is less stable than the fundamental mode-locking regime. The repetition rate for the
output pulse train is 35.06 MHz, which is still well matched with the total cavity length. Fig. 5(c)
gives the RF spectrum for a 1 GHz span. It also indicates that the laser is not operating in the
second-order harmonic mode-locking, even though the pulse number is doubled. Fig. 5(d) shows
the AC trace of the noise-like pulse. The AC trace is also measured at the output port of the fiber
preamplifier. As the inset of the Fig. 5(d) shows, the AC trace has a fs-level narrow peak located in
a ps-level wide pedestal, which is a key signature of a noise-like pulse. The fluctuations of the wide
span RF spectrum confirm that the noise-like pulse is temporally fluctuant [32]. The FWHM of the
peak and pedestal are measured to be 240 fs and 24 ps. Assuming a Gaussian profile, the narrow
peak and pedestal has duration of 170 fs and 17 ps, respectively. Fig. 5(e) gives the spectrum of
the oscillator, with a central wavelength of 1950.6 nm. Due to the narrow bandwidth of the FBG, the
3 dB bandwidth of the spectrum is only 0.2813 nm, little wider than the fundamental mode-locking
regime. We have also measured the long-term stability of the oscillator at 1 W pump power for
4 hours, as shown in Fig. 5(f). The calculated mean output power and RMSE was 16.53 and
0.12 mW, with a relative variation of 0.73%.

The noise-like pulse is further amplified in the same system. In the process of amplification, the
fs-level narrow peak will induce spectrum broadening and reduce the slope efficiency. When the
incident pump power is 16.9 W, the corresponding output power of TDFA after the ISO is only 4 W.
Because the noise-like pulse consists of stochastic fs-level pulses, the corresponding peak power
is also stochastic. Further increase the incident pump power, the output power of the TDFA grows
more and more slowly. As Fig. 6 shows, due to the high peak power, the output spectrum of the
TDFA is obviously broadening up to 2.17 um, while at fundamental mode-locking regime no obvious
spectral broadening is observed.

Fig. 7 gives the output spectra of the UNHA 7 fiber at an average output power of 0.84, 1.40, 1.83,
2.20 and 2.50 W, respectively. It can be clearly seen that as the increasing of the output power, the
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spectrum at the maximum output power.

long-wavelength edge is extended up to 2.46 um. The spectrum at the maximum output power is
shown in the inset of Fig. 7, which has a maximum range from 1.93 to 2.46 um and 5 dB bandwidth
of 430 nm, ranging from 1950 to 2380 nm. The power proportion beyond 2.2 um is about 48%,
which is calculated by spectral integration.

The UHNA 7 fiber has a ZDW of 2.6 um, one can note that it is pumped in the normal dispersion
region, where the four-wave mixing (FWM), modulation instability (Ml) and stimulated Raman scat-
tering (SRS) are mainly responsible for the spectral broadening [33]. For supercontinuum generated
by picosecond pump pulses, the spontaneous growth of new frequency components from FMW or
MI that play a central role in the initial spectral broadening process.

Fig. 8 depicts the different output powers from the TDFA and the UHNA 7 fiber. Due to the obvious
spectral broadening and very high loss in the long wavelength region, both the slope efficiencies
of the TDFA and UHNA 7 fiber decrease dramatically. Though longer nonlinear fiber may lead to
a flatter spectrum, it can also reduce the output power of the supercontinuum. For higher output
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power and conversion efficiency, the length of the nonlinear fiber should be optimized in the future
work.

Compared with the fundamental mode-locking pulse, noise-like pulse is rather than an integrated
single pulse, which is actually a pulse envelope formed with fs-level inner pulses [34]. And the
fs-level inner pulse of the noise-like pulse will lead to strong self-phase modulation (SPM) and SRS
in the nonlinear fiber [35], [36]. The supercontinuum generation also benefits from the SPM and
SRS effects.

3. Conclusion

In conclusion, we have demonstrated a SESAM based passively mode-locked TDFL with dual-
operation regime, including fundamental mode-locking and noise-like twin-pulse regimes. Optical
amplification characteristics of the TDFL which could operate in dual-operation regime have been
demonstrated for the first time. The amplified optical signal was fed into a segment of highly Ge-
doped UHNA fiber, cascaded Raman light and Supercontinuum generation were realized, respec-
tively. The achieved total average power of two orders of Stokes Raman light is 3.75 W, centered
at2.13 and 2.35 um, respectively. The generated supercontinuum can reach 2.5 W average power
with a flat spectrum spanning from 1.93 to 2.46 um. In our future work, we will optimize the am-
plification characteristics of the TDFL and focus on the interaction between ultrafast pulses and
nonlinear fibers.
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