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A B S T R A C T

We demonstrate and compare nanoseconds pulse induced by a Holmium oxide PVA film (HOPF,
50 μm thick) and a Holmium-doped fibre (HDF, 8 cm long) saturable absorber (SA) in a Thulium
doped-fibre laser (TDFL) cavity. The HOPF SA produced a nanoseconds pulse operating at
1960 nm wavelength, with a pulse width of 57 ns. On the other hand, the HDF SA produced a
pulsed laser operating at 1963 nm wavelength, with a pulse width of 53 ns. The HDF SA estab-
lished a slightly better maximum pulse energy of 0.87 nJ as compared to the HOPF SA with only
0.62 nJ.

1. Introduction

In recent years, passive saturable absorbers (SAs) have received tremendous attention particularly in the generation of stable
short-pulsed fibre lasers in the 2-micron region. These pulsed-lasers feature eye-safe, wide tunable bandwidth, and high-water ab-
sorbent. Apart from that, they are also suitable for various laser applications, including medical surgery [1,2], polymer welding [3],
gas sensing, Light detection and ranging (LIDAR), and free-space telecommunication. However, the recent inventions are seemed to
be focusing more on the high peak power mode-locked picoseconds or femtoseconds pulsed fibre lasers [4–6], leaving nanoseconds
pulsed fibre laser slightly left behind.

Typically, nanoseconds pulsed-fibre lasers generate much lower peak power and much greater pulse energy. In an early report, a
nanoseconds pulse was demonstrated by using a nanotube-polymer film SA in a Ytterbium-doped fibre laser (YDFL) cavity [7]. An
additional cavity length was employed in the resonator to increase the pulse energy and the pulse width, causing the peak power to
reduce. Xia et al. demonstrated a nanoseconds pulse in an Erbium-doped fibre laser (EDFL) by incorporating a monolayer graphene
film SA [8]. A supplementary long fibre consisting of normal dispersion and nonlinearity effect was utilized in the set-up. The
employment of this extra fibre caused the pulse to broaden up to 24 ns, while at the same time increasing its pulse energy, and
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decreasing its peak power. In another report, a Molybdenum disulfide (MoS2) SA was employed into a YDFL cavity for nanoseconds
pulse generation [9]. The cavity had a total length of 92m and was believed to be dominated by an additional long single-mode fibre
(SMF) integrated into the cavity. Overall, these pulsed fibre lasers with low peak power and giant-chirped pulse width are suitable for
the pulse amplification application. Preferably, they can be used as an alternative seed pulse to replace the femtoseconds and
picoseconds pulse in the chirped pulse amplification (CPA).

In the early years, several passive SAs have been reported in the literature, including semiconductor saturable absorber mirrors
(SESAMs) and a few class of nanomaterials [10]. SESAMs has been proven able to generate a considerably stable short pulsed-laser at
a high repetition rate and peak power. However, SESAMs suffers from few drawbacks such as narrow operational bandwidth
(< 100 nm), relatively intricate and expensive in fabrication [11], which limits their practical operation. Due to this, alternative SAs
have been explored, including carbon nanotubes (CNT) [12,13] and graphene (2D) [14–16]. Additionally, Topological insulators
(TIs) [17–19], Transition metal dichalcogenides (TMDs) [20,21] and Black phosphorus (BP) [6,22,23] have also been proposed as
alternative SAs. However, these materials are still new, and their performances under real operations have not been fully verified. The
CNTs has an operating wavelength which significantly depends on the nanotube’s diameter [24], and the existence of CNTs various
diameters may lead to extra linear losses. Graphene, for instance, has low optical absorption of 2.3% per layer [25]. The TMD
materials have low impurity and uniformity as well as low modulation depth [26,27]. Additionally, the TI materials involve complex
fabrication due to the existence of two different elements which suffer from structural instability and high chemical activity [28,29].
BP, on the other hand, is a polarization-dependent and is a hydrophilic material [23] (sensitive to water or humid environment).
Thus, integrating BP in the cavity would require an additional protective case. Also, the nanomaterials suffer from low damage
threshold and their optical workability is greatly depended on the synthesized material uniformity and impurity. These restrictions
have encouraged scientists to explore another novel SAs that able to provide simplicity, cost-efficiency, durability and reliability in
both conditions; laser set-up and operation such as metal oxides and fibre SA.

For many years, Holmium, a lanthanide rare-earth element has been widely used as a dopant ion in the fabrication of a Holmium-
doped fibre (HDF). The HDF SA had been reported to have a maximal modulation depth of 56% at 1950 nm, and around 37% at both
1930 nm and 1970 nm wavelengths, while the saturation power was measured to be 20mW at the corresponding wavelengths [30].
In addition to that, the Holmium also is easily found as Holmium oxide (Ho2O3) and this material can be dissolved into Polyvinyl
alcohol (PVA) solution to fabricate a composite film SA. In earlier works, we demonstrated a Holmium based microseconds pulse,
using Holmium oxide PVA film (HOPF) and a segment of HDF as a passive Q-switcher in a Thulium-doped fibre laser (TDFL). The
HOPF SA generated a minimum pulse width of 2.57 μs at a central wavelength of 1953 nm. On the other hand, the HDF SA operating
at 1972 nm wavelength, produced a minimum pulse width of 2.27 μs. In the aspect of reliability, these Holmium based SAs showed
comparable laser performances as the other nanomaterial SAs. However, in terms of durability, the HDF SA offers better thermal
damage threshold as compared to the film SAs (including the HOPF SA) since it has a considerably high melting point of silicate glass.

In this paper, we revealed that by integrating an additional length of 10m long Scandium-doped (Sc-DF) fibre with the Holmium
based SAs in the TDFL cavity, nanoseconds pulsed fibre laser operating in the 2-micron regime could be stably generated.
Experimentally we obtained a stable nanoseconds pulses train with a pulse width of 57 ns, via the HOPF SA and 53 ns via the HDF SA.
We believed that this is the first demonstration thus far, reporting the use of Holmium based SAs in promoting a stable nanoseconds
pulse in the TDFL ring cavity.

2. Fabrication and characterization of the holmium based SA

The HOPF SA was fabricated via a drop-casting technique, consisting of a 1:4 (Ho2O3: PVA) element ratio, and has a film thickness
of ˜50 μm. The detailed of the film SA’s fabrication process was explained in our previous work [31]. On the other hand, the HDF SA
was obtained from a nano-engineered Holmium doped yttria-alumina-silica glass-based optical preform. The preform was fabricated
via the Modified chemical vapour deposition (MCVD) process along with the solution doping technique. The detailed of the HDF
synthesis could be found in a previous report [32].

Fig. 1 provides the linear absorption profile of the HDF SA and the HOPF SA measured at the corresponding nanoseconds pulsed
laser operating wavelength. As depicted, the HDF SA shows a slightly higher optical absorption of 5.04 dB at 1963 nm wavelength as

Fig. 1. Linear absorption of the HDF SA and HOPF SA at the respective pulsed laser operating wavelength.
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opposed to the HOPF SA with only 2.08 dB at 1960 nm. The inset of Fig. 1 depicts the linear absorption set-up, comprising a
broadband white light source (WLS), the Holmium based SAs and an Optical spectrum analyzer (OSA). Through experiments, the
linear absorption from both Holmium SAs was investigated sufficiently of inducing a stable nanoseconds pulse at the 2-micron region.

3. Nanoseconds pulsed fibre laser configuration

The proposed TDFL mode-locked configuration is illustrated in Fig. 2. The ring cavity consists of 1552 nm erbium-ytterbium co-
doped fibre laser (EYDFL), 1550/2000 wavelength division multiplexer (WDM), 5m long Thulium-doped fibre (TDF, Nufern SM-TSF-
9/125), 10-dB optical coupler and 10m Sc-DF. (GVD, β2 of 60 ps2/km at 2000 nm). The Sc-DF has a group velocity dispersion (GVD,
β2 of 60 ps2/km at 2000 nm). The integration of the Sc-DF was to include favourable optical nonlinearity and dispersion in the cavity.
The gain medium (TDF) has a numerical aperture (NA) of 0.15, a core/cladding diameter of 9 μm/125 μm and a GVD of 86.8 ps2/km.
The TDF peak core absorptions are at 1180 nm (9.3 dB) and 793 nm (27 dB/m), respectively. The rest of the cavity length was
occupied by a normal single-mode fibre (SM-28). The total cavity length was measured to be ˜23.5m. The 10-dB coupler used in the
set-up retained 90% of the laser output to be oscillating inside the TDFL cavity. The rest, 10% of the output was diverted out for
various real-time measurements. To promote a self-starting TDFL nanoseconds pulses train, the Holmium based SAs, (either the HDF
SA or the HOPF SA) was integrated into the TDFL cavity. The HOPF SA was cut into 1mm x 1mm size and sandwiched between two
clean fibre ferrules with the aid of index matching gel. The joint was then tightened using a fibre adapter. Meanwhile, the HDF SA
was prepared by integrating a segment of 8 cm long HDF in the cavity through a fusion splicing method.

The TDFL nanoseconds pulse optical characteristic was measured via an OSA (Yokogawa AQ6735), while the corresponding
pulses train and the frequency domain were examined via a 500MHz oscilloscope (OSC, LeCroy Wavejet 352A) and a radio frequency
spectrum analyzer (RFSA, Anritsu, MS2683A), respectively. Both the oscilloscope and the RFSA were pre-connected with a 7 GHz
photodetector (EOT ET-5010 F InGaAs) to allow optical signal interpretations. A combination of a power meter and a thermal sensor
was employed to measure the laser output power.

4. Nanoseconds pulsed fibre laser performances

Without any SA in the resonator, a continuous wave (CW) laser centring at 1972 nm was first established at the CW threshold
pump power of 235mW. No pulses train could be detected even with further rises of the pump power. Next, we integrated the 8 cm
HDF SA in the resonator, and gradually elevated the pump power. A self-starting 8.51MHz pulsed laser began to emerge steadily as
the pump power rose to 491mW and remained stable up to the maximum pump power of 656mW. Beyond this value, the pulsed
laser started to diminish into a CW laser.

The temporal performance of the TDFL nanoseconds pulses taken at 491mW as depicted in Fig. 3(a) has a repetition rate of
8.51MHz with a corresponding pulse period of 118 ns. The pulse width measured at the full-wave at half maximum (FWHM) is
around 53 ns. As seen in the inset of Fig. 3(a), the pulses trace in a wider span shows a considerably stable nanoseconds pulse
formation, and without any noticeable pulse instability or interference. The RF spectrum as given in Fig. 3(b) has a fundamental
frequency (FF) of 8.51MHz and a relatively high signal to noise ratio (SNR) of 62 dB, and generally confirms the stability of the
generated pulses. Fig. 3(c) shows the optical spectrum of the pulsed laser centring at 1963 nm wavelength with a 3 dB spectral
bandwidth (3 dB SB) of 1.3 nm. The durability of the HDF SA was then examined by leaving the fibre SA operated in the cavity at the
maximum pump power of 656mW for nearly 2 h, as depicted in Fig. 3(d). As shown in the figure, the output spectrums taken at
different durations, show no significant wavelength shift nor intensity change, suggesting that the pulsed laser operated stably within
the test period. This also indicated that the HDF SA was in good condition and operated below the thermal damage threshold
temperature. Fig. 3(e) shows the TDFL nanoseconds pulsed laser performances, in relation to the pump power. As illustrated, the
output power increases almost linearly from 3.03mW to 7.41mW with the rise of pump power from 491mW to 656mW. The slope
efficiency is calculated as 2.69%. On the other hand, the pulse energy is seen ascending from 0.36 nJ to a maximum of 0.87 nJ.

The HOPF SA was then employed in the TDFL cavity instead of HDF SA, and the pump power was gradually increased. A stable

Fig. 2. Schematic diagram of the TDFL ring-cavity configuration.
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nanoseconds pulse with a repetition rate of 8.53MHz could be stably observed as the pump power hit the threshold of 418mW. The
pulsed laser remained steadily until the pump power reached a maximum of 637mW. After surpassing the maximum pump power,
the pulses collapsed into the CW. The oscilloscope trace of the developed pulse as shown in Fig. 4(a), has a pulse width of 57 ns. The
pulse frequency is obtained as 8.53MHz which is corresponding to a pulse period of 117 ns. The inset of Fig. 4(a) shows the pulses
train observed in a broader span, where the generated pulse is seen in a symmetrical shape with its neighbours, suggesting that the
nanoseconds pulse is stable. The frequency-domain of the pulsed laser as shown in Fig. 4(b), has an FF of 8.53MHz and is coherence
with the pulse frequency obtained in the time domain (Fig. 4(a)). The SNR of the FF, measured from the peak to the noise floor level is
obtained as 51 dB. The pulsed laser has an optical spectrum that peaks at 1960 nm and a 3 dB spectral bandwidth of 2 nm, as
illustrated in Fig. 4(c). Fig. 4(d) shows the output spectra stability, observed at a duration of 30min with a spectrum sampling rate of
5min. As demonstrated no significant change could be detected on the output spectra central wavelength and output power intensity,
indicating that the pulsed laser is stable within the tested duration. Additionally, Fig. 4(e) depicts the output power and pulse energy
in relation to the pump power. As shown, the output power ascends from 2.93mW to 5.29mW, as the pump power elevated from
418mW to a maximum of 637mW. The slope efficiency corresponds to the pump power inclination line is obtained as 1.1%. The
pulse energy is seen increasing against the pump power, giving the maximum pulse energy of 0.62 nJ which is obtained at the
maximum pump of 637mW. To inspect the durability of the film SA under a continuous usage, the HOPF SA was left operating in the

Fig. 3. The performance of the TDFL nanosecond pulses via HDF SA (a) Pulses train with the inset depicting the pulsed-laser in a wider span of
2000 ns, (b) RF spectrum, (c) Output spectrum (d) Output spectra stability (e) Output power and pulse energy as the function of pump power.
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TDFL cavity at the maximum pump power (Fig. 4(d)). The result indicated that the pulses train stably sustained only within 30min,
before losing its pulsed shape. This suggested that the film SA may have melted during the operation.

In these experiments, an additional length of 10m long Sc-DF was integrated into the experiment to assist the Holmium based SAs
in inducing stable self-starting nanoseconds pulsed laser by providing enough dispersion and nonlinearity in the cavity. As to obtain
considerably narrow pulse-width, (particularly in the ultra-short pulse regime) both two parameters; dispersion and nonlinearity
need to be perfectly balanced. Furthermore, the additional length of the Sc-DF would also improve the pulse energy by slightly
broadening the pulse width. The improved pulse energy would be enough to saturate the Holmium SAs at a moderate pump power.

Table 1 compares the TDFL nanoseconds pulse laser performances generated by the HDF SA and the HOPF SA. As shown, the HDF
SA generated a longer peak wavelength of 1963 nm, a higher maximum output power of 7.41mW, greater maximum pulse energy of
0.87 nJ, and a better slope efficiency of 2.69%. However, much higher threshold pump power was needed to induce the HDF based
nanoseconds pulsed laser as the light need to be propagated through a longer cavity length as compared to the thin film SA, (HOPF,
˜50 μm thickness). As summarized in the table, both SAs generates about the same pulse repetition rate and pulse width, attributed to
the same element used as the SA. In overall, the fibre-based SAs was examined capable of handling much longer laser operation at the
maximum pump power as they have a considerably higher thermal damage threshold. Apart from that, they also hold the advantage

Fig. 4. The performance of the TDFL nanosecond pulses via HOPF SA (a) Pulses train with the inset depicting the pulsed-laser in a wider span of
2000 ns, (b) RF spectrum, (c) Output spectrum (d) Output spectra stability (e) Output power and pulse energy as the function of pump power.
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of all fibre structure that easily provides robustness, compactness, maintenance-free and simplicity in the laser set-up [33].

5. Conclusion

We have demonstrated and compared nanoseconds pulsed laser based on Holmium SAs by incorporating 8 cm HDF and ˜50 μm
HOPF SA in the TDFL. Both SAs were fabricated in-house and showed a sufficient linear absorption in the TDF (gain medium) 2-
micron transmission region. The HDF SA with the assistance of 10m long Sc-DF promoted a nanoseconds pulsed laser, centered at the
1963 nm within a pump power of 491–656mW. The pulse repetition rate and the pulse width were 8.51MHz and 53 ns, separately,
while the maximum output power and the maximum pulse energy were obtained as 7.41mW and 0.87 nJ, respectively. On the other
hand, the HOPF SA with the help of 10m long Sc-DF induced a stable nanoseconds pulsed laser operating at 1960 nm wavelength
within a pump power of 418–637mW. The pulsed laser had a repetition rate of 8.53MHz and a pulse width of 57 ns. The generated
maximum output power was 5.29mW, while the maximum pulse energy was calculated to be 0.62 nJ. These nanoseconds pulsed
fibre laser based on the Holmium SAs would offer simplicity, compactness and reliability towards the development of a portable laser
source system.
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