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Direct generation and amplification of
ultra-broadband noise-like pulse 1n an all-PM
Tm-doped fiber laser system

Desheng Zhao, Xiran Zhu, Zhanxuan Wu, Jiawei Wang, Xiang Li, Long Tian, Lirong Chen, Yaohui
Zheng

Abstract—An ultra-broadband noise-like pulse (NLP) directly
emitted from an all polarization-maintaining (all-PM) fiber laser
is reported, for the first time. The fiber laser is designed as a
figure-of-eight cavity and relies on nonlinear amplifying loop
mirror for mode-locking. A phase shifter is used to ensure the
self-starting capability of the fiber laser. By enhancing the
intracavity positive feedback and nonlinear response, a linearly
polarized ultra-broadband NLP is obtained with spectral
coverage of 1900.2 nm to 2367.3 nm, corresponding to a 30 dB
spectral width of 418.2 nm. The average power and pulse energy
of the achieved NLP are 90.4 mW and 16.86 nJ, respectively. Then,
an all-PM single-stage cladding-pumped amplifier is utilized to
boost the power to 14.4 W and broaden the spectrum to >2400 nm,
the corresponding pulse energy is 2.68 pJ. Such pJ-levels, all-PM,
cost-effective and easy-to-integrate fiber laser system is an
excellent pump source for linearly polarized optical coherence
tomography and supercontinuum generation.

Index Terms—Mode-locking fiber laser, Tm-doped, noise-like
pulse, ultra-broadband.

I. INTRODUCTION

um pulsed fiber lasers have important application prospects

in many high-precision measurements, industrial
processing and medical surgery, due to the characteristics of the
2 um wavelength band and the advantages of fiber laser [1-4].
For example, some water absorption peaks are located in 2 uym
band, allowing 2 pum pulsed fiber lasers to be widely used in
medical surgery [5]. Taking advantage of the 2 um laser’s high
atmospheric transmissivity, long-distance space
communication is available [6, 7]. In particular, 2 pum
broad-spectrum pulse plays a very important role in optical
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coherence tomography (OCT), supercontinuum generation and
wide-spectrum imaging applications. OCT technology based
on 2 pm broadband pulse light source can enhance the probing
depth of low water content and highly scattering materials [8].
Mid-infrared supercontinuum seeded by 2 um broadband
spectrum pulse has significant advantages in broadening the
spectral width and improving the conversion efficiency [9].
Above applications have attracted the interest of many
researchers in the generation of 2 um broadband spectrum pulse
[10].

Direct output of noise-like pulse (NLP) from fiber laser is an
effective scheme to obtain broadband spectral laser. The NLP
with dual-scale configuration bundles a large number of
femtosecond to picosecond soliton pulses in a single envelope,
and has a broad and smooth spectrum feature. However, the
low nonlinearity and gain of the fiber and the high insertion loss
of the fiber components prevent the easy realization of
broadband NLP at 2 pm and longer wavelengths. To obtain
broadband NLP, Sobon et al. used a normal dispersion fiber
with a small core in Tm-doped fiber laser, the 10 dB bandwidth
of the obtained NLP reaches 300 nm [11]. Li et al. employed a
microfiber to obtain an NLP with a 10 dB spectral width of 151
nm in an nonlinear polarization evolution (NPE) Tm-doped
fiber laser [12]. To date, almost all reports focus on obtaining
broadband NLP in non-polarization-maintaining (non-PM)
fiber laser, which usually require the manipulation of
intracavity polarization state. The non-PM configuration
reduces the environmental interference resistance of fiber laser.
From the practical application perspective, a 2 um all-PM fiber
laser is necessary because of its higher stability and ability to
output linearly polarized laser. However, the realization of a
broadband NLP all-PM fiber laser at 2 um is difficult. In the
all-PM configuration, mode-locking is achieved based on
material saturable absorber, nonlinear polarization evolution
(NPR) as well as nonlinear amplifying loop mirror (NALM)
[13]. However, material saturable absorbers have the
disadvantages of low damage threshold and poor long-term
stability. NPR/NPE mode-locking implementation in all-PM
structure mainly relies on splicing of polarization-maintaining
fibers at different angles [14, 15]. This necessitates substantial
empirical substantiation, and the varied angular splicing
exacerbates the intracavity loss, hindering the realization of
mode-locking at 2 um. In contrast, the NALM technique has
become the conventional solution for all-PM fiber laser as it
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relies only on the intensity interference within the coupler to
achieve mode-locking. Despite the NALM cavity
configuration's inherent disadvantage of poor self-starting
capability, this limitation can be mitigated by a phase shifter
that introduces a linear phase shift supplementing NALM
mode-locking. This method has been used extensively in
ultrafast laser generation [16, 17]. Therefore, NALM
mode-locking combined with a phase shifter guarantees the
realization of NLP in all-PM fiber laser. To obtain the
broadband NLP in all-PM fiber laser, the low nonlinearity as
well as the difficulty and costly fabrication of
polarization-maintaining  highly nonlinear fibers and
components at 2 um is the other challenge. Hence, it is
necessary to investigate new access solution for low-cost and
easy integration of linearly polarized broadband NLP laser.
Further, in order to satisfy high power demands, NLP can
realize power enhancement through amplifier.

In this paper, we have not only achieved the first linearly
polarized ultra-broadband NLP for the first time but also
successfully boost its average power to 14.4 W by employing
an all-PM amplifier. Self-starting mode-locking operation is
achieved using a commercially available
polarization-maintaining phase shifter (PM-PS). The
realization of ultra-broadband NLP is mainly dependent on the
combined effect of intracavity-enhanced positive feedback and
nonlinear response. The linearly polarized ultra-broadband
NLP has a spectral range covering from 1900.2 nm to 2367.3
nm. The 30 dB spectral bandwidth is 418.2 nm and the output
power is 90.4 mW. Relying on an all-PM cladding pumped
amplification structure, the power of the NLP is boosted to 14.4
W, which corresponds to a pulse energy of 2.68 wJ. The
spectrum of the ultra-broadband NLP is further broadened to
over 2400 nm during the amplification process. The power
fluctuation in the tested one-hour period is 0.26%,
demonstrating that the fiber laser system has a good stability.

II. EXPERIMENT STRUCTURE

The structure of the ultra-broadband NLP all-PM fiber laser
and single-stage amplifier is displayed in Fig. 1. As depicted in
Fig. 1(a), the fiber laser is organized in a figure-eight
configuration with NALM ring and unidirectional ring (UR). A
polarization-maintaining optical coupler (PM-OC 1) connects
the two rings to form NALM mode-locking. The pump source
in the NALM ring consists of a 1550 nm seed laser and a
single-stage amplifier. The 1550 nm fiber laser system is
capable of outputting 4.3 W continuous wave laser and pumps a
3.2 m polarization-maintaining Tm-doped fiber (PM-TDF,
given in Table 1) via a 1550 nm/2000 nm fused
polarization-maintaining wavelength division multiplexer
(PM-WDM). For self-starting mode-locking operation, a
PM-PS with a Pi/2 linear phase shift is placed after the
PM-TDF. A section of passive fiber (PM1550/PM1950 fiber)
in the UR is utilized to increase the intracavity nonlinearity and
guarantee the broadband NLP output. A
polarization-maintaining isolator (PM-ISO 1) and a PM-OC 2
are used for the unidirectional transmission of the laser in the
cavity and the output, respectively. To reduce the loss induced

by the broadband NLP spectrum passing through the PM-ISO,
the passive fiber is placed between the PM-ISO and PM-OC 2.
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Figure 1. Schematic of (a) all-PM ultra-broadband NLP fiber laser and (b)
single-stage all-PM amplifier.

To further broaden the spectrum and boost the power of
broadband NLP, an all-PM single-stage amplifier is connected
after the fiber laser. A PM-OC 3 is utilized to monitor the
output state of the fiber laser. A PM-ISO 2 with a power
handling of 10 W is inserted between the PM-OC 3 and the
amplifier to protect the fiber laser. The single-stage amplifier
employs a forward cladding pumping scheme in which a 50 W
multimode 793 nm laser diode (LD) pumps a 3 m length
polarization-maintaining  double-clad  Tm-doped  fiber
(PM-DC-TDF, given in Table 1) via a polarization-maintaining
combiner. A section of matched passive fiber is fused after the
PM-DC-TDF and a home-made cladding pump stripper (CPS)
dumps the residual pump laser. The end of the passive fiber is
cut at an angle of 8° to reduce the effect of the backward light
on the amplifier and fiber laser. The output characteristics of
the fiber laser and amplifier are evaluated by an optical
spectrum analyzer (OSA) with a measurement range of 1200
nm-2400 nm, a real-time oscilloscope with a bandwidth of 4
GHz, an autocorrelator with a sweep range of 50 ps, a power
meter with a power handling of 60 W and a radio frequency (RF)
spectrum analyzer with a detection range of 2 Hz-8 GHz.

Table 1. Parameters of polarization-maintaining gain fibers

PM-TDF PM-DC-TDF
Core/Cladding
Diameters 9/125 pm 10/130 um
Core NA 0.15 0.14
Cladding NA / =0.46
Birefringence 2.5%10* 2.5%10*
Cladding / 3.2 dB/m at
Absorption 793 nm
. 9.0 dB/m at
Core Absorption 1180 nm /
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III. RESULTS AND DISCUSSION

A. Initial pulse characteristics of the fiber laser

In the initial configuration of the fiber laser, 55 m PM1550
fiber is utilized, along with 30:70 PM-OC 1 and 20:80 PM-OC
2 with 20% port as the output. Due to the incorporation of
intra-cavity polarization-maintaining fibers and components,
the polarization state within the cavity becomes fixed,
rendering adjustment through a polarization controller
impractical. Consequently, mode-locking in this setup is
achieved solely through the tuning of the pump power.
Experimentally increasing the pump power to 2 W, a stable
pulse train can be achieved. It is worth noting that fiber laser
only outputs continuous wave in the absence of PM-PS. The
evolutions of the output spectra and pulse waveforms are
exhibited in Fig. 2. The spectral width of the mode-locking
pulse gradually broadens with the continuous increase of the
pump power, the corresponding 30 dB spectral width increases
to 148.9 nm. The center wavelength of the mode-locking pulse
at the maximum pump power is 1977.4 nm. In the time domain,
the pulse waveform broadens to 3.04 ns without a significant
increase in amplitude intensity.

—4.3W
(a) —3.6W
20 — 31w
= ——2.5W|

2W

(b)

=
=)
Normalized Intensity
(a.u.)

Neo
Se
r

-50

Intensity (dBm)
y 1
=

N
S

e, ow £

1920 1980 2040 2100 2160 73 36 00 36 72
Wavelength (nm) Time (ns)

N
S

Figure 2. The characteristics of the mode-locking pulse. (a) Spectral curve. (b)
Time-domain waveform.
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Figure 3. At maximum pump power, (a) pulse trains in different time ranges; (b)

AC traces in the 15 ps range and 50 ps range.
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Figure 4. RF spectra in (a) 2.3 MHz and (b) 500 MHz at pump power of 4.3 W.

The pulse sequences and AC traces at maximum pump
power of 43 W are displayed in Figs. 3(a) and 3(b),
respectively. The adjacency interval of the pulses is 356 ns,
which corresponds to the time that the pulse propagates once in
the cavity. The absence of disorganized pulses between

adjacent pulse demonstrates that the obtained pulse is operating
in a single-pulse state. A larger range of pulse sequence is
exhibited in the inset of Fig. 3(a), where the mode-locking
pulse train has a low intensity fluctuation. An interference spike
is present in the AC trace when the sub-pulses are existing
inside the pulse envelope, as depicted in Fig. 3(b). The AC trace
of the pulse has a width of 2.14 ps, indicating that a large
number of soliton pulses with an average full width at half
height of 2.14 ps in the envelope. This confirms that the built
laser is operating in the NLP regime [18, 19]. As displayed in
Fig. 4, the measured repetition frequency is 2.812 MHz
consistent with the pulse propagation time within the cavity and
the signal-to-noise ratio (SNR) of the NLP is 67.2 dB. The wide
range of RF spectrum indicates good stabilization of the NLP.

B. Optimization of NLP spectral width

To enable the direct output of ultra-broadband NLP from the
fiber laser, we experimentally optimize the multidimensional
parameters of the cavity that enhance the intracavity positive
feedback and nonlinear response. The coupling ratio of
intracavity PM-OC 2 is firstly optimized, as illustrated in Fig.
5(a). By increasing the coupling ratio of the PM-OC 2 (i.e.,
lower output proportion), the peak power of the pulses injected
into the NALM ring is improved and the higher peak power is
able to excite more spectral broadening due to the enhanced
nonlinear response [20]. As a result, we obtain an NLP with a
30 dB spectral width of 287.1 nm at 10:90 PM-OC 2.
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Figure 5. The 30 dB spectrum widths of different coupling ratios of (a) PM-OC
2 and (b) PM-OC 1. Inset: NLP spectra.

We then investigate the effect of the coupling ratio of the
PM-OC 1 connecting the two rings on the output spectrum.
Increasing the coupling ratio of PM-OC 1 improves the peak
power for NLP formation. In this case, the intracavity positive
feedback is enhanced and the critical saturation power value of
the NALM is raised. The peak power of the soliton amplified
by the TDF can experience a more rapidly growth, together
with a narrower pulse width, and the corresponding spectral
width broadens further. Then, pulse collapse occurs, resulting
in the formation of an NLP with a broader spectrum. Thus, the
30 dB spectral width of the NLP increases to 309.2 nm with an
increase in the coupling ratio to 0.5 (i.e,, 50:50). The
corresponding spectral range of the NLP is able to cover from
1899.6 nm to 2240.7 nm, as displayed in the inset of Fig. 5(b).
With the replacement of PM-OC 1 with a larger coupling ratio,
the fiber laser is only able to output a continuous wave due to
the fact that the mode-locking threshold power is higher than
the pump power.

Authorized licensed use limited to: Shanxi University. Downloaded on April 17,2025 at 07:42:57 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2025.3555830

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

m
[y
b
S

w
S
S

30 dB spectrum width (nm)
30 dB spectrum width (nm)

70
1920 1980 2040 21002160 2220 2280 2340 2400

1920 198020402100 21602120 2280 340 2400
100 Wavelength (nm) Wavelength (nm)

4 8 120 160 200
PM1550 length (m)

Figure 6. The 30 dB spectral widths at different passive fiber lengths, (a)

PM1550 and (b) PM1950 fibers. Inset: Spectra at the maximum 30 dB spectral

width.

The intracavity passive fiber has an important influence on
the spectral width, which includes two parameters of fiber type
and length. We optimize the lengths and types of the intracavity
passive fiber under the coupling ratios of PM-OC 1 and PM-OC
2 of 50:50 and 10:90, respectively. As displayed in Fig. 6(a),
increasing the length of the PM1550 fiber enhances the
nonlinear response in the cavity, which excites more nonlinear
effect induced spectral broadening and enables spectral
extension to longer wavelengths. As a result, the 30 dB spectral
width of the NLP increases from 130.4 nm to 341.7 nm when
the length of the PM1550 fiber is increased from 20 m to 45 m.
The NLP spectrum can cover from 1918.2 nm to 2259.9 nm at
the maximum 30 dB spectral width. However, when further
increasing the length of the PM 1550 fiber, the percentage of the
long-wavelength component of the NLP spectrum decreases
and the corresponding 30 dB spectral width reduces to 282.4
nm. This is caused by the larger propagation loss associated
with longer PM 1550 fiber. Compared to PM 1550 fiber (8.5/125
pm), PM1950 fiber (7/125 pm) has a larger nonlinear
coefficient, favoring more spectral broadening induced by
nonlinear effects at short fiber length. On the other hand, the
transmission loss of laser in PM 1950 fiber is lower than that in
PM1550 fiber, especially for the long-wavelength component
of NLP transmitted in fiber [21]. Figure 6(b) exhibits the
evolution of the 30 dB spectral width of the NLP with PM1950
fiber length. Similar to the evolution of the spectral width with
PM1550 fiber length, the broadest NLP is obtained at a
PM1950 fiber length of 20 m and the NLP spectrum is able to
cover from 1900.2 nm to 2367.3 nm. Compared to the use of
the optimized PM 1550 fiber, the 30 dB spectral width increases
from 341.7 nm to 418.2 nm.

40
PM1950 length (m)

C. Pulse features of optimized ultra-broadband NLP

By optimizing the intra-cavity multi-dimensional parameters,
an ultra-broadband NLP with a 30 dB spectral width of 418.2
nm is experimentally obtained under an PM-OC 1 coupling
ratio of 50:50, an PM-OC 2 coupling ratio of 10:90, a PM1950
fiber length of 20 m. The pulse characteristics of the optimized
NLP are exhibited in Fig. 7. Figure 7(a) exhibits the spectral
evolution versus pump power. As the pump power rises, the
proportion of long-wave components in the NLP spectrum
gradually increases, the 30 dB spectral width increases from
302.7 nm to 418.2 nm, and there is no continuous wave and
other components appearing on the spectrum. The trend of NLP
average power versus pump power is plotted in Fig. 7(b). The
average power increases linearly to 90.1 mW and the slope

efficiency of the fiber laser is 2.2%. The waveforms and RF
spectra at maximum pump power are displayed in Figs. 7(c)
and 7(d), respectively. The pulse width is 626 ps. The pulse
interval is 187 ns which is inversely proportional to the
repetition frequency of the pulse. The RF spectrum of the
ultra-broadband NLP shows a SNR of 62.2 dB and a repetition
frequency of 5.36 MHz. The large-range RF spectrum is
illustrated in the inset of Fig. 7(d), demonstrating that the NLP
has good stability.
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Figure 7. The variations of (a) spectra and (b) power with pump power. (c)
Pulse train and (d) RF spectra in different measuring range.

To further characterize the stability of the fiber laser, the
power fluctuation over an hour is tested, as depicted in Fig. 8.
The average power is 90.9 mW and the power fluctuation is
0.11%, confirming the good power stability of the fiber laser.
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Figure 8. Power stability in 1 hour. Inset: Enlarged detail.

D. The amplified characterization of ultra-broadband NLP

Restricted by the power handling of the fiber components in
the fiber laser, it is difficult to achieve high power and spectrum
expansion of the NLP. In this case, an external amplifier is
needed to improve the performance of the NLP laser. In the
experiment, an NLP with an average power of 144 W is
realized by a single-stage all-PM fiber amplifier. The evolution
of the output power is plotted in Fig. 9(a). The average power
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linearly scales as the injected 793 nm pump power increases,
with a slope efficiency of 29.8%. The spectra at different output
powers are presented in Fig. 9(b). Due to the employment of
PM-ISO 3 between the fiber laser and the amplifier as well as
the high propagation loss of long-wavelength laser in the fiber,
the spectral coverage is only from 1933.2 nm to 2211.0 nm at
output power of 1.1 W. By further increasing the output power
to 14.4 W, the spectrum is able to broaden to over 2400 nm. The
practical spectral coverage of the amplified NLP is difficult to

observe due to the limitation of the measuring range of the OSA.

A wide range of pulse train is depicted in Fig. 9(c), the absence
of strong pulse fluctuation indicates that the amplified NLP still
has high stability.
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Figure 10. Power stability of the amplifier in 1 hour. Inset: Enlarged detail.

The measured SNR is obtained as illustrated in Fig. 9(d),
showing a slight degradation of 60.5 dB due to the introduction
of noise in the amplification process. The stability of the
amplifier at 14.4 W output power is further monitored as
displayed in Fig. 10. The power fluctuation is 0.26%,
demonstrating the good power stability of the amplifier.

E. Discussion

In order to achieve ultra-broadband NLP generation, it is
necessary to use fibers with high nonlinearity or special
components within the Tm-doped fiber laser, which are
significantly different from NLP generation at other
wavelengths. The utilization of highly nonlinear polarization
maintaining fibers or specialized components is constrained by
the challenges of their difficult fabrication processes and high
costs. Especially at long wavelengths, the spectral broadening
induced by nonlinear effects requires higher nonlinearity. This
is because the nonlinearity coefficient is wavelength dependent
and is calculated as [22]:

_2rn,

ﬂ'Af’/f'

where, 7, is the fiber nonlinear-index coefficient. A is the

operating wavelength, and Aeﬁr is the effective mode area.

Longer wavelength leads to lower nonlinearity, further
increasing the difficulty of fabricating fibers with high
nonlinearity and special components at 2 um. Combined with
high intracavity loss and low gain at 2 um, making it more
challenging to generate ultra-broadband NLP in 2 pm all-PM
fiber laser.

To overcome such limitation, we propose a simple, novel
structural scheme. First, in 2 um all-PM fiber laser, the NALM
technique is selected to achieve mode-locking and a PM-PS
placed in the NALM ring is utilized to ensure the self-starting
of the NLP. Although mode-locking can be established by
using passive fiber in the NALM ring, the broadening of the
NLP's spectrum is limited by the transmission loss of the
passive fiber when the ultra-broadband NLP propagates
cyclically in the NALM ring. In our experiments, we use a 20 m
PM1550 fiber to replace the PM-PS, the spectral width of the
output NLP is much narrower than that of the NLP obtained
based on the PM-PS. Moreover, the longer the passive fiber
used in the NALM ring, the narrower the spectrum output from
PM-OC 2. Therefore, the utilization of a PM-PS is necessary in
realizing linearly polarized ultra-broadband NLP.

Second, we enhance the effect of intracavitary positive
feedback on NLP formation. In an anomalous dispersion cavity,
NLP formation is associated with soliton collapse and positive
feedback [23]. Under the effect of positive feedback, the peak
power of the soliton increases rapidly. Influenced by intracavity
gain, nonlinearity, and dispersion, the soliton pulse collapses
before its peak power reaches critical saturation power [24]. In
this case, intracavity solitons are continuously destroyed and
generated. Under the strong pumping force, such a process
occurs repeatedly and reaches a balance to form the NLP. This
means that the fiber laser working regime evolves from the
fundamental soliton mode-locking regime to the NLP regime
through the parameter design of the fiber laser. In contrast to
non-PM NLP fiber laser, the polarization state of all-PM fiber
laser cannot be adjusted by polarization controller. For this
reason, we use a segment of PM1550 fiber and a high power
1570 nm pump laser to ensure the formation of NLP.
Meanwhile, we enhance the positive feedback effect by
changing the coupling ratio of PM-OC 1 to further increase the
peak power of the soliton pulses, thereby enabling the NLP to
have a wider spectrum. Then, we improve the intracavity
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nonlinear response. The broadband NLP generation requires
sufficient nonlinear response in the cavity to excite more new
spectral components. Therefore, we optimize the coupling ratio
of the PM-OC 2 and the length of the passive fiber to enhance
intracavity nonlinear response for obtaining a linearly polarized
ultra-broadband NLP with a 30 dB spectral width of 418.2 nm.
Table 1 summarizes the recent advances of broadband NLP. As
can be seen from the Table 1, we report the first scheme for
generating ultra-broadband NLP from an all-PM fiber laser.
Table 2. Summary of broadband NLP emitted from fiber laser

Mode-
. Dopant  Structure Spef:trum Reference
locking width
300 nm
NPR Tm non-PM (10 dB) [11]
294 nm (3
NPR Er non-PM dB) [25]
151 nm
NPE Tm non-PM (10 dB) [12]
290 nm (3
NPR Yb non-PM dB) [26]
400 nm
NPE Yb non-PM (30 dB) [27]
126 nm (3
NPR Tm non-PM dB) [28]
418.2 nm
(30dB)
NALM Tm all-PM >475nm  This work
(30 dB,
amplified)

The experimental results also show that lowering the
coupling ratio of the output coupler results in a broader
spectrum of NLP. However, a smaller proportion of the power
is extracted outside the cavity, resulting in a reduction of the
output power of the ultra-broadband NLP, as depicted in Fig.
11(a). The output power of NLP decreases from 322 mW to 135
mW as the coupling ratio of PM-OC 2 decreases to 0.1. As the
key component of mode-locking, PM-OC 1, the variation of the
coupling ratio affects the mode-locking threshold power and
output power. Increasing the coupling ratio of PM-OC 1
broadens the spectral range of the NLP. Unfortunately, the
corresponding output power is decreased from 174 mW to 113
mW, as plotted in Fig. 11(b). This is because the higher peak
power of the NLP mode-locking requires more pump power to
be injected into the cavity, which makes the mode-locking
threshold rise. Also, NLP with wider spectral output from the
fiber laser have lower slope efficiency. To obtain broadband
NLP, the use of passive fiber within the UR is especially
necessary. Considering the transmission loss of NLP in the
passive fiber, optimization of the length of the passive fiber
results in the broadest spectrum of NLP. The use of PM1950
fiber with higher nonlinearity and lower transmission loss
obviously extends the spectral range of the NLP. However, the
fusion splice loss between PM1950 fiber and PM1550 fiber is
large. Further expansion of the spectral range of the NLP is

possible by replacing the pigtail of the optical components with
PM1950 fiber.
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Figure 11. The variations of (a) output power and (b) amplified spectra with
793 nm pump power.

An all-PM amplifier is employed to achieve a power increase
together with a spectral broadening to >2400 nm, which also
exceeds the current reported spectral range of all-PM NLP
amplifier. Due to the high propagation loss of laser with
wavelength over 2.4 um in silica fiber, it is difficult to further
increase the spectral coverage of the NLP by constructing an
all-PM multi-stage amplifier [29]. Thus, a fluoride fiber-based
polarization-maintaining amplification system is necessary to
achieve the spectral expansion into the mid-infrared range.

IV. CONCLUSIONS

In conclusion, we have reported an ultra-broadband NLP
emitted from an all-PM fiber laser and amplified in an all-PM
amplifier. In the all-PM fiber laser, the direct generation of
ultra-broadband NLP is achieved by enhancing the intracavity
positive feedback and nonlinear response, which is mainly
carried out by changing the intracavity passive fiber lengths and
the coupling ratio of the PM-OCs. This avoids the complexity
and costly nature of polarization-maintaining special fibers and
components. The obtained ultra-broadband NLP has a spectral
coverage from 1900.2 nm to 2367.3 nm and a 30 dB spectral
width of 418.2 nm. The output power of the all-PM fiber laser is
90.4 mW, which corresponds to a pulse energy of 16.86 nJ. The
power and pulse energy are boosted by an all-PM single-stage
amplifier to 14.4 W and 2.68 pJ, respectively. The spectral
coverage of the amplified NLP extends to over 2400 nm, the
widest spectral range of all-PM NLP amplifier. The designed
system is capable of generating important applications in the
fields of optical coherence tomography, industrial processing,
and so on.
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