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High-energy ultra-wideband noise-like pulse emitted
from a Tm-doped fiber laser
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We present a high-energy, ultra-wideband noise-like pulse
(NLP) based on nonlinear response and energy enhance-
ments in a 2 pm figure-of-eight fiber laser. The nonlinear
response enhancement is achieved by utilizing low-cost com-
mercially available standard communication fiber (SMF-28)
and optimizing its length in the figure-of-eight cavity. En-
hancing the single-pulse energy of the ultra-wideband NLP
is realized by employing a bidirectional pumping scheme. An
ultra-wideband NLP with a 3 dB spectrum width of 87.6 nm
and a 30 dB spectrum width of 380.1 nm is obtained at an
SMF-28 length of 10 m in the nonlinear amplifying loop mir-
ror ring and 300 m in the unidirectional ring. The highest
power and pulse energy emitted from the ultra-wideband
NLP fiber laser are demonstrated, reaching 429.2 mW and
700.1nJ, respectively. Such a high-energy ultra-wideband
NLP has important application prospects in improving the
performance of optical coherence tomography and the flat-
ness of the supercontinuum. © 2025 Optica Publishing Group. All
rights, including for text and data mining (TDM), Artificial Intelligence
(Al) training, and similar technologies, are reserved.
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Mode-locking fiber lasers have become an emerging platform
for pulse generation due to their flexible and controllable pa-
rameters, maintenance-free, compact size, and other advantages
[1-3]. Relying on the investigation of mode-locking mecha-
nism as well as the design of cavity structure, fiber lasers have
achieved pulsed laser output with different spectral character-
istics, which plays an essential part in industrial processing,
medical surgery, spectral imaging, and other fields [4,5]. In par-
ticular, noise-like pulse (NLP) with ultra-wideband spectrum
has unique applications in the supercontinuum generation and
optical coherence tomography (OCT), attracting rich research
on wideband NLP in the scientific community [6—9]. For exam-
ple, a wide spectrum NLP containing ultrashort soliton pulses
can generate new frequency components more rapidly in ob-
taining a broader spectrum of the supercontinuum and reduce
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the residual pump light component [10]. OCT scanning tech-
nique requires wide spectrum pulse as a detection source to
realize high quality scanning imaging. A wide spectrum pulse
combined with a tunable filter is ideally suited for wavelength-
dependent optical fiber sensing.

Wideband NLPs at different wavebands are realized by us-
ing different fiber components. In 1 pm waveband, Chen et al.
achieved wideband NLP with an energy of 255.7 nJ through a
cladding pumping scheme combined with a dual nonlinear op-
tical loop mirrors (NOLMs) structure [11]. Lin et al. obtained
wideband NLP with spectrum range from 1000 to 1160 nm as
well as a pulse energy of 35.1 nJ by utilizing a 150 m Hi1060
fiber in the fiber laser [12]. For the research of wideband NLP
in 1.5 pm waveband, Sanchez et al. designed a Er-Yb co-doped
fiber laser with a variable bandwidth tunable filter [13]. The
realized NLP has a 3dB spectrum width of 130.2nm and a
pulse energy of 4.44nJ. Zhao et al. used an appropriate sec-
tion of highly nonlinear fiber (HNLF) in cavity to obtain an
ultra-wideband NLP with a pulse energy of 1.71 nJ [14]. Com-
pared to 1 um and 1.5 pm wavebands, optical fibers have lower
nonlinearity and higher loss in 2 um waveband, which limits
the performance of ultra-wideband NLP. Sobon et al. obtained
an 2 pm ultra-wideband NLP with a 10dB spectrum capable
of covering 300 nm by using a segment of ultra-high numeri-
cal aperture fiber (UHNAF) in the cavity, the maximum pulse
energy of NLP is 1.3nJ [15]. Tong et al. acquired a wideband
NLP with a pulse energy of 4nJ and a 10dB spectral width of
151 nm based on a segment of microfiber with high nonlinear-
ity and large normal dispersion [16]. Zhang et al. implemented
an NLP with a 3dB spectrum width of 126 nm and a pulse
energy of 0.18 nJ by using UHNAF in cavity [17]. Although
ultra-wideband NLP is obtained by using HNLF or UHNAF,
the mismatch with the geometrical parameters of the intracavity
gain fiber makes the high intracavity loss, the energy is diffi-
cult to be effectively boosted. The practical applications have
certain requirement on the energy of wide spectrum pulse, such
as 2 um high energy wide spectrum NLP can excite higher fre-
quency conversion efficiency of mid-infrared supercontinuum.
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Fig. 1. Experimental set-up of the ultra-wideband NLP fiber
laser. WDM: wavelength division multiplexer.

One effective way to enhance the signal-to-noise ratio (SNR) of
an OCT system is to increase the energy of the wide spectrum
pulse. The pulse energy of wide spectrum pulse is able to be
enhanced by the combination of seed and amplification system,
but such a solution complicates the system structure. Most of
the applications require more compact and simpler wide spec-
trum pulsed laser generation scheme. An approach is to take
advantage of model-locking to output high energy wide spec-
trum NLPs directly from the fiber laser. However, the energies
of the realized ultra-wideband NLPs are still in the lower order
of magnitude, there is an absence of technical solution for the
direct generation of high-energy, wide spectrum NLP in fiber
laser.

Here, it is demonstrated for the first time that ultra-wideband
NLP with pulse energy exceeding 0.7 pJ is generated in a 2 pm
fiber laser. Using a bidirectional pumping scheme combined
with a piece of single-mode fiber (SMF, SMF-28), the fiber laser
achieves an ultra-wideband NLP with pulse energy of up to
700.1 nJ and 30 dB bandwidth of 380.1 nm.

Figure 1 illustrates the design scheme of the ultra-wideband
NLP fiber laser, consisting of two rings, the nonlinear amplify-
ing loop mirror (NALM) ring and the unidirectional ring (UR).
Two home-built Er-Yb co-doped fiber lasers with power of 4.5 W
and 4.9 W are served as the pump sources (Pump 1 and Pump 2,
centered at 1570.1 nm and 1570.16 nm, respectively). The gain
medium is chosen to be a piece of 3.5 m Tm-doped fiber (TDF)
with a core diameter of 8§ pm and a numerical aperture of 0.15.
The UR configuration is ensured for unidirectional propagation
of the laser, which is achieved by using an isolator (ISO) in the
ring. A 20% port of a 20:80 OC 2 is utilized for output and the
other port is employed for intracavity power feedback. In order
to provide sufficient nonlinearity in the cavity, two segments of
passive fibers (SMF-28, SMF 1 and SMF 2) are inserted into
the NALM ring and UR, respectively [18]. Common passive
fibers used in 2 pm waveband include SMF, SM 1950, SM2000,
and so on. Compared to other passive fibers, SMF offers lower
cost, minimizes splice loss due to its core diameter and numer-
ical aperture matching with the used gain fiber, and provides
universal applicability. Two polarization controllers (PCs, PC 1,
and PC 2) are used to realize the regulation of the polarization
state in the cavity. The whole fiber laser operates at a laboratory
temperature of 25°C.

Stable ultra-wideband NLP is obtained by changing the
Pump 1 power and PCs, the typical spectrum (measured by the
optical spectrum analyzer, AQ6375E) and waveform (charac-
terized by the oscilloscope, RTO64) are depicted in Figs. 2(a)
and 2(b). In this case, the SMF 1 length and SMF 2 length
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Fig. 2. (a) Pulse spectrum. (b) Pulse waveform. (c) RF spectra of

mode-locking pulse. (d) Measured autocorrelation traces.

are 20m and 195 m, respectively. The spectrum of the mode-
locking pulse can cover from 1833.7 nm to 2199.0 nm, with the
corresponding spectral covering a range of 365.3 nm. The pulse
waveform is exhibited as a Gaussian-like profile with a full width
at half maximum (FWHM) of 5.2 ns.

Figure 2(c) exhibits the radio frequency (RF) spectrum (mea-
sured by the signal & spectrum analyzer, FSW 8) at differ-
ent scanning ranges. The repetition frequency of the pulse is
0.895 MHz, which matches the time of one recycle of the pulse
in the cavity. The SNR of the pulse is 59.1dB (SNR=1,,,,; -
Liwp—peaks> Ipear 18 the intensity of the signal peak, /y;,_peqx 18
the intensity of the sub-peak), combining with a large range of
RF spectrum shows that the NLP has good stability. The operat-
ing regime of the fiber laser is distinguishable by measuring the
autocorrelation traces (tested by the autocorrelator, APE 50), as
presented in Fig. 2(d). The pulse displays a coherent spike on
the autocorrelation trace with a FWHM of 1.39 ps. As indicated
in the inset of Fig. 2(d), no other interfering signature appears
in the wide-range autocorrelation trace and the intensity ratio of
the signal to the pedestal is 1.39, signifying that the obtained
pulse is an NLP [19].

The variation of the spectral characteristics of the NLP can be
manipulated by changing the parameters of the cavity structure.
In particular, the introduction of passive fiber has an important
effect on the spectrum of NLP by altering the nonlinear response
in the cavity [20]. Thus, the performance of SMF lengths in the
NALM ring and UR on the manipulation of the NLP spectrum
is comprehensively investigated. Figure 3 exhibits the evolution
of the 3dB and 30dB spectral widths of the NLP under dif-
ferent SMF lengths. The fiber laser outputs a continuous wave
when the length of the SMF 1 is 10 m. The 30 dB spectral band-
width of the NLP has a maximum of 373.5 nm and a minimum
of 45.83 nm, the 3 dB spectral width increases from 15.5 nm to
129.1 nm. It can be seen that enhancing the intracavity nonlinear
response to obtain an ultra-wideband NLP requires a reduction
of the SMF 1 length as well as an increase of the SMF 2 length.
In the NALM ring, increasing the SMF 1 length introduces more
nonlinearity and reduces the critical saturation power in the cav-
ity, which allows the NLP to experience pulse broadening effects
at lower switching power [21-23]. This results in a lower peak
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Fig. 3. Effect of different SMF lengths in NALM ring and UR on
the (a) 3dB spectrum width and (b) 30 dB spectrum width of the
NLP.

power of the NLP in the cavity and fails to prime more nonlin-
ear effect-induced spectral broadening. The increase of the SMF
2 length induces more nonlinearity while essentially keeps the
peak power of the NLP in the NALM ring unchanged, resulting
in more nonlinear effect-induced spectral broadening. There-
fore, the 30 dB spectral coverage of the NLP decreases as the
SMF 1 length increases, and the spectrum of the NLP broadens
with the increase of the SMF 2 length.

Following the clarification of the ultra-wideband NLP gen-
eration, pulse energy enhancement is investigated, which is
achieved by increasing the output power of the fiber laser and
decreasing the repetition frequency. Increasing the intracavity
passive fiber length reduces the pulse repetition frequency. How-
ever, the introduction of higher intracavity losses unavoidably
decreases the output power. To this end, the pulse energy of the
ultra-wideband NLP with respect to the SMF 1 length in the
NALM ring (0-20 m) and SMF 2 length in the UR (100-540 m)
is investigated, as shown in Fig. 4(a). It is worth noting that af-
ter altering the passive fiber length, self-starting NLP operation
cannot be entirely achieved by adjusting the pump power alone.
Specifically, longer SMF 2 requires re-adjusting the PCs to
achieve NLP mode-locking. Once mode-locking is established
through the adjustment of the PCs, turning the pump source on
and off again allows stable mode-locking to be achieved with-
out the need to re-establish mode-locking by tapping the fiber or
other methods. At a fixed SMF 2 length of 100 m and maximum
Pump 1 power, the pulse energy of the NLP increases from 148.7
to 194.4nJ as the SMF 1 length increases from 0 to 10 m. The
nonlinear phase shift difference in the NALM ring determines
the formation characteristic of the NLP. The increase in the SMF
1 length decreases the threshold power of the NLP formation,
allowing the NLP to have a higher output power at high pump
power. This is favorable for the rapid improvement of the pulse
energy. However, further increasing the SMF length affects the
power loss in the NALM ring. In particular, the establishment
of the NLP state requires multiple round-trips of the laser in the
cavity. The pulse energy tends to decrease when the effect of
power reduction exceeds the effect of increased SMF 1 length on
the cavity length. Thus, NLP with peak pulse energy is obtain-
able at 10 m SMF 1. The pulse energy of the NLP boosts as the
length of SMF 2 is changed from 100 to 300 m and the length of
SMF 1 remains unchanged. Because the effect of the decrease in
repetition frequency exceeds the influence of the power reduc-
tion on the pulse energy. For example, the pulse energy of the
NLP increases from 221.7 to 378.2nJ at 10 m SMF 1. Further
reduction of the pulse repetition frequency requires longer SMF,
which results in the increase of intracavity loss. When the power
reduction due to loss is more than the effect of repetition fre-
quency reduction on pulse energy, the pulse energy of the NLP
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details.

decreases as the SMF 2 length increases from 300 to 540 m. Be-
sides the passive fiber length, the coupling ratio of the output
coupler significantly affects the spectral width and energy of the
NLP. A detailed discussion is provided in Supplement 1.

After Pump 1 reaches the rated maximum power and the
power of Pump 2 gradually raises, the power and pulse energy
of the ultra-wideband NLP obtains further enhancement. The
fiber laser still maintains the single-pulse operation character-
istic. Figure 4(b) demonstrates the comparison of NLP energy
with different pumping schemes without changing the SMF 2
length. One can see that a higher pulse energy is realized by us-
ing a bidirectional pumping scheme, and the maximum pulse
energy can reach 0.7 pJ.

The spectrum of the ultra-wideband NLP at the maximum
pulse energy is shown in Fig. 5(a). The spectrum expands fur-
ther into the long wavelengths and the 30dB spectral width
reaches 380.1 nm. The power fluctuation of the NLP over an
hour is tested as presented in Fig. 5(b). The fluctuation of the
output power is 0.39%, which indicates the good stability of
the fiber laser. In general, power stability is dependent on the
stability of the mode-locking as well as external environmen-
tal disturbance on the fiber laser. When excessive nonlinear
effects such as stimulated Raman scattering or modulation in-
stability are present, the stability of the NLP is reduced. In
our experiment, a significant increase in intracavity nonlinear-
ity (e.g., SMF-28 length exceeding 540 m) will result in a red
shift of the NLP spectral components and generate new sub-
pulses in the time domain, which affects the stability of the
ultra-wideband NLP. The designed cavity structure employs a
long-cavity configuration. By implementing wind shielding, vi-
bration isolation, and active temperature control, power stability
can be further enhanced. Besides, the use of non-polarization-
maintaining fiber inevitably reduces the fiber laser’s immunity to
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Table 1. Summary of Typical Ultra-Wideband NLP Fiber Lasers
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. Key Spectrum Pulse Energy
Waveband Mode-Locking Component Width (nm) @) References
1 pm NPR Hi1060 fiber 160 (Spectrum 35.1 [12]
range)
Photonic
1 pm NPR crystal fiber 290 (3-dB) 3 [24]
1.5 um NPR Filter 130.2 (3-dB) 4.44 [13]
1.5 um NPR HNLF 203 (3-dB) 1.71 [14]
2 um NALM PM1950 418.2 (30-dB) 16.86 [25]
2 um NALM SMF 380.1 (30-dB) 700.1 This work

external environmental disturbance. Therefore, adopting an all-
polarization-maintaining configuration is useful for improving
power stability.

Table 1 exhibits the current typical research on ultra-
wideband NLP. With the implementation of SMF-28 for in-
tracavity nonlinear management and bidirectional pumping
scheme for energy boosting, the highest-energy ultra-wideband
NLP is obtained, and a 41 times energy enhancement is realized
compared to the pulse energy of the current 2 pm ultra-wideband
NLP.

In summary, we have reported an ultra-wideband NLP with
pulse energy exceeding 700 nJ in a 2 pm Tm-doped fiber laser.
The highest energy ultra-wideband NLP is achieved through in-
tracavity nonlinear response enhancement and energy boosting.
The intracavity nonlinearity management demonstrates that the
ultra-wideband NLP fiber laser is favored by using a short pas-
sive fiber in the NALM ring as well as a long passive fiber
in the UR. The obtained pulse spectrum is able to cover from
1855.8 to 2300.3 nm, corresponding to a 30 dB spectral width
of 380.1 nm. The designed fiber laser can play an important role
in supercontinuum, OCT, and so on.
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