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Spatiotemporal mode-locking (STML) opens a new avenue for implementing high-energy, high-peak-power mode-
locked fiber oscillators. However, the compromised beam quality poses a critical limitation to their broader applications.
This study presents a method for enhancing the beam quality of STML fiber lasers by employing spatiotemporal dissi-
pation involving the quenching and reabsorption effects of multimode erbium-doped fibers. The proposed technique
introduces spatiotemporal saturable absorption, achieving high beam quality without the stringent conditions required
for Kerr beam self-cleaning (BSC). Integrating spatiotemporal dissipation with Kerr BSC, we demonstrate an all-
anomalous-dispersion Er-doped STML fiber laser, which produces solitons with 6.7 nJ pulse energy (the intracavity
solitons with 25.8 nJ pulse energy and >52.8 kW peak power), sub-500 fs pulse duration, and beam quality with
M2

x /M2
y = 1.23/1.20. To our knowledge, it is a record peak power for 1.5 µm band soliton lasers. Additionally, the

approach enables the generation of noise-like pulses with M2
x /M2

y = 1.04/1.13. This work not only advances our under-
standing of spatiotemporal dissipation dynamics in STML fiber lasers, but also paves the way toward high-performance
STML fiber lasers, rendering them very attractive for applications. © 2024 Optica Publishing Group under the terms of the

Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.536574

1. INTRODUCTION

Spatiotemporal mode-locked (STML) fiber lasers are drawing
increasing interest within the field of mode-locked fiber lasers.
With the expansion of spatial dimension, the cavity has richer
(3+ 1) dimensional nonlinear dynamics [1,2], including multi-
dimensional laser attractors [3,4], multimode dissipative solitons
[5–9], multiple-solitons [10], rogue waves [11], pulsating soli-
tons [12], intracavity beam self-cleaning (BSC) [13–18], optical
frequency combs [19], wavelength and pulse duration tunability
[20–23], and pulse build-up processes [24]. In addition, STML
can expand the degrees of freedom of laser mode-locking control
[25], such as beam profile customization [26,27] and intracavity
mode conversion [28] for applications ranging from imaging to
detection, and many others [29].

In many of these applications, high-energy, high-peak-power
ultrashort pulses are always attractive [30,31], since they can
greatly alleviate the burdens on subsequent pulse amplifiers.
Benefiting from the large effective core area and plenty of spa-
tial mode channels of multimode fibers, STML fiber lasers are
very promising for high-energy ultrashort pulse generation [32].

However, these multimode channels adversely lead to deterio-
rated beam quality for STML fiber lasers, which greatly hampers
efficient coupling for the necessary amplification, and for many
applications that require high beam quality. It has been recognized
that BSC could play a significant role in STML fiber lasers with
high beam quality. BSC exploits the Kerr nonlinearity in graded-
index multimode fiber (GIMF), and it has been demonstrated
in many experiments [14–18]. Furthermore, nonlinear pulse
self-compression could boost high-peak-power intracavity pulse
generation, thus promoting BSC in STML fiber lasers [16]. All of
these mechanisms rely on the Kerr nonlinearity [33–35], a purely
conservative process.

The occurrence of BSC in STML fiber lasers reported so far
depends on reaching a condition of thermal equilibrium for the
mode population in a conservative subsystem (the GIMF) of
the cavity: as a result, BSC requires very high beam intensities
and pulse peak powers [36]. On the other hand, stable (3+ 1)
dimensional solitons are formed from a balance between three-
dimensional (3D) dispersion, nonlinearity, gain, and loss through
the spatiotemporal dissipative dynamics of a multimode dissipative
system [3,37,38]. Counting on the spatiotemporal dissipation of
multimode dissipative systems, a delicate design of nonlinear 3D
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gain and loss may provide a new route to achieve the BSC of STML
fiber lasers. Some reports have verified that Kerr BSC may occur in
both graded-index and step-index multimode gain fiber amplifiers
with gain or loss [39–42].

1.5 µm band soliton mode-locked fiber lasers with all-
anomalous dispersion have a natural ability to generate
transform-limited pulses [32,43]. However, since the soliton
energy is constrained by the soliton area theorem, ultrashort as
well as high-energy solitons have been difficult to generate from
single-mode mode-locked fiber lasers. Leveraging large-mode-area
gain fiber has been considered a method for boosting soliton energy
[44,45]. However, the output highest peak power of 1.5µm region
conventional soliton fiber lasers is still limited to 10 kW [44]. By
using STML fiber lasers to alleviate the constraints of the soliton
area theorem, higher output soliton energies and peak powers are
expected to be generated.

In the present work, we will show that spatiotemporal dissipa-
tion could contribute to BSC together with the better-understood
Kerr nonlinearity-induced BSC, giving rise to high-energy high-
peak-power pulses with high beam quality. This spatiotemporal
dissipation involves the quenching effect and reabsorption in
highly doped multimode erbium-doped fibers, offering spa-
tiotemporal intensity-dependent losses to modal pulses to gain
high beam quality, which does not need the strict conditions
that Kerr BSC requests, such as very high peak powers. Via the
hybrid BSC (HBSC) mechanism, a STML fiber laser operating
at 1.5 µm band is built, showing a high soliton energy of 6.7 nJ
(the intracavity soliton energy and peak power are 25.8 nJ and
>52.8 kW), pulse duration of <489 fs, and high beam quality
of M2

x /M2
y = 1.23/1.20. To the best of our knowledge, this rep-

resents a record peak power for 1.5 µm band soliton fiber lasers.
Besides, high-peak-power noise-like pulses (NLPs) with beam
quality M2

x /M2
y = 1.04/1.13 in the STML fiber laser were also

obtained, which further validates the BSC effect.

2. EXPERIMENTAL SETUP

The experimental setup of the Er-doped STML fiber laser is illus-
trated in Fig. 1. A 2 m long Er-doped fiber (EDF) (FORC, RAS,
MM-EDF-20/125, NA= 0.142, core absorption= 12 dB/m
at 976 nm) with a core diameter of 19 µm and a cladding diam-
eter of 126 µm, supporting six linear polarization (LP) modes,
was core-pumped with a 976 nm single-mode laser diode (LD)
(maximum output power: 1.5 W). The EDF is a single-cladding
step-index multimode fiber with a coiling diameter of 6 cm. The
calculations reveal that the coiling losses for each mode are nearly
negligible, and a loosely coiling case is also experimentally con-
ducted, as detailed in Supplement 1 Section 2.1. The common and
signal ports of the WDM are both 0.5 m step-index germanium
doped fibers (GDF) (Nufern LMA-GDF-20/130-M, NA= 0.08),
supporting three LP modes. Subsequently, an output coupler (OC)
was adopted to extract 18% energy from the cavity for real-time
spectral analysis by dispersive Fourier transform (DFT) and auto-
correlation (AC) trace detection. Two collimators (CLs) are made
from GIMF (OM4, 50/125, NA= 0.2, length= 0.5 m, 0.75 m).
The GIMF length between EDF and OC is 3 m, and the GIMF
length between OC and CL is 1.1 m. A half-wave plate (HWP),
two quarter-wave plates (QWPs), and a polarization beam splitter
(PBS) work as an artificial saturable absorber (SA) based on nonlin-
ear polarization rotation (NPR). The free-space output from PBS
was used for power, spectrum, and beam profile measurements.

Fig. 1. Experimental setup of the Er-doped STML fiber laser. WDM:
wavelength-division-multiplexer; EDF: erbium-doped fibers; GIMF:
graded-index multimode fiber; OC: output coupler; CL: collimator;
HWP: half-wave plate; QWP: quarter-wave plate; PBS: polarization
beam splitter; ISO: isolator; SMF: single-mode fiber; GDF: germanium
doped fibers; BPF: bandpass filter; OSA: optical spectrum analyzer; OSC:
oscilloscope; PM: power meter; IFC: infrared camera.

Besides, an isolator guarantees counterclockwise propagation
of the laser. After the second CL, a 6.6 m long single-mode fiber
(SMF-28e) was carefully spliced, despite the large difference in the
mode fields. Note that this SMF is necessary here, both to provide
enough nonlinearity for NPR operation and to serve as a spatial
filter for STML stabilization [46]. Despite the addition of the SMF,
the fiber mismatch in the cavity leads to highly multimode excita-
tion, resulting in an output laser with poor beam quality when the
laser is operating in a linear regime. The total length of the cavity
is 14.8 m, and all fibers have anomalous dispersion at 1.55 µm.
For the measurement part, two ports, including the output port of
the OC and the output port of the PBS, are used for characterizing
pulses. For the DFT spectrum measurement, we used a 40 km long
G.652D fiber with a DFT spectral resolution of 0.28 nm.

3. RESULTS

A. Spatiotemporal Saturable-Absorber Characteristics
of Multimode EDF

In highly doped EDFs, erbium ions can easily cluster together to
form ion pairs, leading to ion-pair-induced quenching (PIQ). The
physical process of PIQ is that when an ion pair is excited onto
the upper level [4 I13/2 level, as shown in Fig. 3(a)], one ion will
render energy to the other ion, so that the first ion drops down to
the ground level (4 I15/2), and the second one ion is excited onto a
higher level (4 I9/2), acting as the donor and the acceptor, respec-
tively. Because of the short lifetime of 4 I9/2 level, the acceptor will
quickly drop down onto a lower energy level (the upper level for
lasing) via nonradiative transition. Therefore, PIQ causes a part
of erbium ions to remain unpumped, so that the EDF behaves
as a SA [47–52]. The mechanism involves saturable absorption
by ground-level ions. At low signal intensities, this absorption is
pronounced due to more ions on the ground level. However, with
rising intensity, these ions are excited to the upper level, depleting
the ground-state population; consequently, the absorption effect
decreases and the transmission of the light through the active fiber
increases. To numerically model this process, the EDF can be con-
sidered as a three-level laser system and a two-level absorber system,
as shown in Fig. 2(a). This assumption is valid and equivalent to the
role of PIQ. According to Ref. [47], the corresponding model can
be written as follows:

https://doi.org/10.6084/m9.figshare.27180285
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Fig. 2. Investigation of the beam self-cleaning effect induced by the
saturable-absorber characteristic of multimode EDF. (a) The simplified
energy levels of EDF. (b) Photon density evolution versus time when
a laser is amplified in an EDF. (c) The schematic graph of BSC in a
multimode EDF outside of the cavity. (d) Beam profiles of output CW
and pulses from the EDF in the case of few-mode or highly multimode
excitation, respectively.
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N0 = n0 + n1 + n2, (5)

Na0 = na0 + na1, (6)

where S is the photon density. n0, n1, n2 are the population den-
sity on levels 0, 1, 2 of the laser system, and na0 and na1 are the
population density on levels 0 and 1 of the absorber system. A and
Aa are the stimulated emission factors of the laser and absorber,
respectively. N0, Na0 are the total population density of the laser
state and absorber state, respectively. P is the pump factor. τa , τloss,
τsp, τ12, and τp are the decay time of level 1 of the absorber, photon
decay time, spontaneous decay time of level 1, decay time of level
2 to level 1, and transit time for pumped ions, respectively. γ is the
spontaneous emission capture ratio. The parameters that we used
in our simulation are given in Supplement 1 Section 1.1.

Based on our model, the simulation result is shown in Fig. 2(b),
which shows the variation of photon density with time when a
laser is amplified in the EDF. As can be seen, a stable pulsation
state is established after the system experiences an unstable period
of about 20 µs. This pulsation state arising from PIQ means that
EDF can work as a SA. The pulsation period can be tuned by the
pump factor. The corresponding evolutions of ion population on
each energy level are presented in Supplement 1 Section 1.1. From
these results, one verifies that laser absorption is photon-density
dependent, thus acting as a SA, eventually forming a pulse train.
It is worth mentioning that PIQ-induced SA in EDF stems from

every position along the EDF, and therefore, the modulation depth
and saturation intensity will increase with the EDF length [52].

In addition to PIQ, reabsorption can also make EDF behave
as a SA. In contrast to PIQ, reabsorption occurs solely under con-
ditions where the pump power is significantly lower than that of
the signal light, and the active fiber length is relatively long: this
leads to self-pulsation of the signal light, an effect that has been
widely observed in fiber lasers [53,54]. This saturable absorption
behavior due to the signal light reabsorption can be attributed to
the non-uniform population inversion depending on the relative
intensity of the pump and the signal [54]. In our setup, the 2 m
long EDF is unidirectionally pumped with a calculated absorption
of 24 dB at 976 nm, leading to a large power ratio of signal laser and
residual pump (larger than 30 times measured experimentally).
This is to say that the end of the gain fiber is weakly pumped but
with high signal power, contributing to reabsorption-induced SA
for the signal light. The model of reabsorption of EDF is given by
Eq. (S1) in Supplement 1 Section 1.1.

Therefore, a mechanism of nonlinear dissipation is formed: the
multimode EDF not only works as a gain medium offering energy,
but it also works as a SA, which cuts a portion of the pulse energy.
In a (3+ 1) dimensional system, this dissipation is dependent
on both space and time dimensions, namely, a spatiotemporal
dissipation is achieved. In our simulation, to reduce complexity, we
estimated the PIQ-induced and reabsorption-induced SA based on
a uniform expression (which we call EDFSA). The spatiotemporal
amplitude transmission of the SA can be represented as

T(x , y , z, T)=

√
(1− ans)−

M

1+ P (x ,y ,z,T)
Psat

. (7)

Here x , y , z, and T are the space and time coordinates. ans is
the non-saturable loss, M is the modulation depth, Psat is the
saturation power, and P is the laser power.

An experiment of investigation of the BSC effect induced by
the spatiotemporal SA characteristic of EDF was conducted. The
schematic is shown in Fig. 2(c). In the experiment, single-mode
CW and femtosecond pulses with the same average power were
separately injected into a 1 m long EDF (MM-EDF-20/125)
without pumping. The initial modal excitation in the EDF can
be tuned by altering the laser-coupling position on the input end
face of the EDF. In the cases of few-mode or highly multimode
excitation, the output beam profiles of the CW and pulses through
EDF were measured, respectively, as shown in Fig. 2(d). As can
be seen, in both cases the beam quality of output pulses is always
improved when compared with that of a CW. A dynamic obser-
vation experiment was also conducted. The EDF was squeezed
at its output end while the jitter of the output beam profile was
observed. It is known that the fundamental mode is more robust
to fiber squeezing than higher-order modes (HOMs) [16,34]. The
experimental results show that during fiber squeezing, the beam
profile in the pulsed state is more robust when compared with the
CW state (Visualization 1, Visualization 2), which indicates that
the fundamental-mode component in the pulsed state is higher
and demonstrates the occurrence of BSC in the multimode EDF
when pulses propagate in it.

B. Simulation of the STML Fiber Laser

Let us explain how the spatiotemporal dissipation arising from PIQ
and reabsorption in EDF improves the beam quality of STML fiber
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lasers. The principle is illustrated in Fig. 3(a). The BSC originates
from a combination of EDFSA-BSC and Kerr-BSC. To simplify
the simulation, we assume that amplification and saturable absorp-
tion come into play in two adjacent segments of the EDF (denoted
as EDFA and EDFSA, respectively). Due to modal excitation
caused by the fiber mismatching splice, six modal pulses are trav-
eling in the EDF. In the EDFA segment, the intermodal walk-off
gradually increases during amplification, and modal pulses sep-
arate in the spatiotemporal domain at the end of the amplifying
segment. Subsequently, the pulses enter into the EDFSA. Because
of the saturable absorption of the EDFSA, the transmission of the
fundamental-mode pulse with a higher peak power in the EDFSA
is higher than that of the HOMs pulse. Therefore, a beam qual-
ity improvement can be expected from these two cascaded EDF
segments due to spatiotemporal dissipation. In the GIMF, Kerr
BSC occurs owing to the nonlinear pulse self-compression, during
which the intermodal interaction would transfer energy from the
HOMs to the fundamental mode, and consequently it can improve
the beam quality further [16,34].

To validate the above explanation and numerically show the
BSC in EDFSA, we use two cases, i.e., a STML case and a con-
tinuous wave (CW) state. Only the first six LP modes in GIMF
are considered to save the simulation time. Figure 3(b) shows the
simulated intracavity pulse evolution for the STML case. After
pulse amplification, the beam profile of the pulses at the end of
the EDFA is shown in Fig. 3(c), exhibiting a beam quality M2 of
1.36. Once the pulses pass after the EDFSA, EDFSA-induced
BSC comes into play: the beam quality M2 is improved to 1.15
[Fig. 3(d)], and then degraded slightly to 1.17 [Fig. 3(e)] owing
to mode mismatch between the EDF and the GIMF. However,
the situation is different for the CW case. This case is achieved by

Fig. 3. Simulation of beam self-cleaning in the STML fiber laser.
(a) The principle graph of hybrid beam self-cleaning in the STML fiber
laser. In EDFSA, the higher the peak power P , the higher transmission
T a modal pulse has. In GIMF, the Kerr beam self-cleaning occurs.
(b) Modal pulses evolution in the cavity, when mode-locking is realized.
(c)–(e) Beam profiles of mode-locking pulses at positions A, B, and C of
the cavity, respectively. Position A: at the end of EDF; position B: after
EDFSA; position C: at the beginning of GIMF. (f )–(h) Beam profiles of
the continuous wave at positions A, B, and C of the cavity, respectively.

setting the modulation depth of NPR-SA to zero and injecting an
initial direct current amplitude. The simulated beam profiles at
the end of the EDFA, after the EDFSA, and at the beginning of
the GIMF are shown in Figs. 3(f )–3(h), respectively. These results
show that in the CW case the EDFSA cannot enhance the beam
quality in the cavity. This is because in the CW case, all modal pulse
intensities are too low to saturate the EDFSA; hence, losses for
all modal pulses are high and nearly the same, and thus the beam
quality remains nearly unchanged.

Then soliton dynamics involved are studied. One should
mention that the solitons are not multimode solitons, as mul-
timode solitons do not change pulse shape and do not spread
apart in a GIMF [55]. The spectral evolution of the solitons in the
cavity is shown in Fig. 4(a). As can be seen, the solitons present
obvious spectral breathing because of the competition between
dispersion-induced negative chirp and nonlinearity-induced posi-
tive chirp in the high-energy case [56]. Figure 4(b) displays output
mode-resolved soliton spectra from the end of GIMF, where the
spectrum of LP01 mode presents a symmetric multi-peak feature.
The spectral peaks stem from Kelly sidebands of the LP01 mode
soliton, as discussed in Supplement 1 Section 1.3. Because of the
large intermodal dispersion in the EDF, the modal pulses disperse
quickly, as shown in Fig. 4(c). Subsequently, the modal excitation
between the EDF and GIMF alters the walk-off condition. The
excited pulses then travel in the GIMF with small intermodal
dispersion, so they disperse slowly. However, after they enter into
the SMF, intermodal walk-off is completely compensated for via
the large spatial filter stemming from the fusion between the GIMF
and the SMF. Figure 4(d) shows the dramatic evolution of the
pulse duration and the spectral bandwidth in the cavity. Thanks to
nonlinear pulse amplification in the EDF and the opposite signs of
the nonlinearity-induced chirp and of dispersion-induced chirp,
nonlinear pulse self-compression occurs in the EDF and the GIMF.
In Fig. 4(e), we can see the modal pulses in the time domain before
[the left half of Fig. 4(e)] and after [the right half of Fig. 4(e)] the
EDFSA. The result indicates that due to the EDFSA, the loss of the

Fig. 4. Simulation of the characteristics of STML solitons. (a) Spectral
evolution of the soliton in the cavity. (b) Output mode-resolved spectra.
(c) Evolution of walk-off among modal pulses in the cavity. (d) Evolution
of the pulse duration and spectral bandwidth in the cavity. (e) The left and
right half figures show the modal pulses before and after EDFSA, respec-
tively. (f ) Beam quality of modal pulses at the beginning of the GIMF ver-
sus modulation depth of the EDFSA.

https://doi.org/10.6084/m9.figshare.27180285
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HOM pulses is higher than the fundamental-mode pulse, which
leads to BSC. A longer EDF has a higher modulation depth for the
EDFSA. The effect of modulation depth on the BSC effect is inves-
tigated [Fig. 4(f )]. Notably, the BSC effect is enhanced whenever
the modulation depth is larger, indicating a relatively long EDF is
more favorable for the observation of BSC.

C. Experimental Results

After the experimental setup is built, by increasing the pump
power to 400 mW and adjusting the wave plates, a stable mode-
locking state is obtained. The single-pulse state can be maintained
until the pump power reaches 900 mW. When the pump power
reaches 900 mW, the highest single-pulse energy is 6.7 nJ, with
an average power of 93 mW [Fig. 5(g)]. The pulse spectra and
pulse trains sampled at three spots on the beam profile are shown
in Figs. 5(a) and 5(b), respectively. Spot 1 is on the center of the
beam profile, while the other two spots (S2, S3) are on either side
of the center. The distinct spectral component and synchronous
pulse train at these spots validate the achievement of STML. The
clearly discernible presence of Gordon-Kelly sidebands verifies
the occurrence of soliton STML [57,58]. Once the pump power
and wave plates are fixed, the pulse train is very stable, presenting
a repetition rate of 13.97 MHz, which corresponds to the cavity
length of 14.8 m, and a high signal-to-noise ratio of 51 dB in
its radio-frequency spectrum [Fig. 5(c)]. The AC trace shows a
pulse duration of 489 fs [Fig. 5(d)]. The signal power out from
the intracavity OC is 65 mW, so that the intracavity signal power
is 361 mW according to the output ratio of the OC. Hence, the

intracavity energy can be calculated to be as high as 25.8 nJ, with
a peak power of 52.8 kW. Considering the pulse broadening in
the output fiber of the OC, the peak power is even higher than
52.8 kW. Such high peak power favors the occurrence of HBSC
effects. As observed, some small dispersed satellite pulses appear in
the AC trace. These satellite pulses are HOMs pulses, which still
remain after the function of BSC. And because of modal disper-
sion, they are dispersed in the time domain. The M2 measurement
result of the output solitons is displayed in Fig. 5(e), showing a
good beam quality with M2

x = 1.23 and M2
y = 1.20. The inset in

Fig. 5(e) is the beam profile of the STML pulses, which shows a
perfect Gaussian-shape intensity distribution (also can be seen in
Visualization 3). However, if we adjust the wave plates to destroy
the STML state and then obtain a CW state, the beam quality
deteriorates quickly [Fig. 5(f )]. The corresponding beam quality
is poor, with M2

x = 2.12 and M2
y = 1.90. In this case the beam

profile exhibits a speckled intensity distribution, which confirms
the poor beam quality. As the coiling of the EDF is released to
12 cm, the beam quality of STML pulses still remains as good as
in this case (Supplement 1 Section 2.1), while the beam quality of
CW still remains poor. This indicates that the BSC effect observed
in our experiment cannot be attributed to the coiling of EDF, but
to spatiotemporal dissipative BSC and Kerr-induced BSC. Besides,
the poor beam quality of the CW suggests that inserting a SMF
in the cavity does not mean that a high-beam-quality laser out-
put is obtained, due to the highly multimode excitation between
different intracavity fibers. The experimental results are in good
agreement with our simulations. Because of the requirement of
high laser intensity, BSC only occurs in the STML state but not in

Fig. 5. Characteristics of STML solitons. (a) STML spectra are sampled at three different spots on the beam profile. Spot 1 (S1) is on the center of the
beam profile, while the other two spots (S2, S3) are on either side of the center. (b) The corresponding pulse trains for these spots. (c) Radio-frequency spec-
trum of the STML pulses. The inset is a radio-frequency spectrum with a large span. (d) Autocorrelation trace of the soliton pulse with sech2 fitting. (e) M2

measurement result of STML pulses. The inset is the corresponding beam profile. (f ) Beam profile of a CW state. The inset is the corresponding beam pro-
file. (g) Output signal power versus pump power. (h) Shot-to-shot DFT spectral evolution of the STML soliton. (i) A single-shot DFT spectrum at round-
trip 544 and the corresponding spectrum measured by OSA.
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https://doi.org/10.6084/m9.figshare.27180285


Research Article Vol. 11, No. 11 / November 2024 / Optica 1508

the CW state. In addition, shot-to-shot spectra by using the DFT
technique are measured [Fig. 5(h)]. The single-shot spectrum at
roundtrip 544 is depicted in Fig. 5(i), where the measured OSA
spectrum is also shown. Note that the DFT spectrum matches the
OSA spectrum very well. The spectra are different from that out of
the PBS port because of the spatial filter between the GMIF and the
G.652D fiber.

As we delicately adjust the wave plates, the STML pulse starts
to split and a multiple-pulse state is generated [Fig. 6(a)]. The
M2 measurement result shows that its beam quality M2

x /M2
y is

1.25/1.21 [Fig. 6(b)]. The corresponding beam profile exhibits a
condensed intensity distribution, but the beam quality is a little
lower when compared to the single-pulse state. This is because
multiple pulses have a comparatively lower peak power; thus the
effect of HBSC is reduced. If the wave plates are continuously
rotated to a state, chaotic pulses are obtained [Fig. 6(c)]. This
chaotic state is characterized by random high peak pulses, which
strengthens the HBSC effect. Its M2 measurement result manifests
a better beam quality with M2

x /M2
y = 1.07/1.05 [Fig. 6(d)].

The influence of the EDF length on the EDFSA-induced BSC
is experimentally demonstrated. Two other lengths of EDF were
investigated in the STML fiber laser: a 1.5 m, and a 1 m EDF. By
regulating the pump power and the angles of wave plates, STML is
achieved for both cases. Figures 6(e)–6(g) are the STML pulse spec-
trum, pulse train, and M2 measurement result for the STML fiber
laser with a 1.5 m EDF, respectively, while Figs. 6(h)–6(j) show the
results for the laser with a 1 m EDF. The output pulse energy of the
two STML lasers is nearly the same as that of the STML fiber laser
with a 2 m EDF. The pulse trains present that the generation of
stable single-pulse STML states is achieved. In the 1.5 m EDF case,
the beam quality M2

x /M2
y of the STML pulses is 1.34/1.20, while

in the 1 m EDF case, the M2
x /M2

y is 1.42/1.42. Also, as can be
seen, with decreasing the EDF length, the beam profile of STML
pulses deviates from a Gaussian beam [Figs. 6(g) and 6(j)]. The
beam quality results show the same tendency as in our simulations:

using longer EDFs improves the BSC effect, which in turn brings a
better beam quality. This can be clearly seen in Fig. 6(k), where the
M2 for the three STML fiber lasers with different EDF lengths are
compared.

The characteristics of the STML fiber laser with a long cavity
were also investigated. The total cavity length was increased up
to 35.7 m by using a longer SMF. After the experimental setup
was established, by tuning the angles of the wave plates and the
pump power, nanosecond pulses were obtained (more details are
shown in Supplement 1 Section 2.2). Then, by manipulating the
wave plates further, NLPs were also generated. In recent years,
NLPs have been studied in STML fiber lasers: they exhibit a broad
spectrum and high output powers [17,18,59]. It was demonstrated
that NLPs consist of many high-peak-power random-distributed
ultrashort pulses [60,61]. When the pump power is 1.5 W, the
highest output power of the NLPs is 316 mW, corresponding to
the highest energy of 54.5 nJ. The spectrum and pulse train of the
NLPs are depicted in Figs. 7(a) and 7(b). The AC trace of a NLP
is well-known, consisting of a narrow spike and a broad pedestal
(see Supplement 1 Section 2.2). The beam quality factor M2

x /M2
y

of the NLPs is 1.04/1.13 [Fig. 7(c)], which is better than STML
solitons. Noise-like mode-locking is prone to generate high-peak-
power pulses; in turn, these pulses are more often likely to induce
nonlinear beam cleaning inside the cavity [11]. If we adjust the
wave plates to get CW states, the beam quality quickly deteriorates,
with a poor beam quality of M2

x /M2
y = 1.62/1.88 [Fig. 7(d)].

4. DISCUSSION AND CONCLUSION

Spatiotemporal dissipative BSC may occur in other rare-earth-
doped STML fiber lasers, such as thulium-doped fibers, which
are capable of operating as gain-fiber-based saturable absorbers
(GFSAs), owing to their quenching and reabsorption character-
istics. For other quenching-free rare-earth-doped fibers such as
ytterbium-doped fiber, the reabsorption-induced SA effect may be

Fig. 6. Beam quality of multiple pulses and chaotic pulses, and the influence of EDF length on the beam quality of STML solitons. (a) Multiple-pulses
pulse train. (b) M2 measurement result of the multiple pulses. (c) Chaotic pulse train and (d) the corresponding M2 measurement result. (e)–(g) STML
spectrum, pulse train, and M2 measurement result, respectively, for the STML fiber laser with a 1.5 m EDF. (h)–(j) Results for a 1 m EDF. (k) M2 versus
EDF length.
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Fig. 7. Characteristics of NLPs. (a) NLP spectrum. (b) The corre-
sponding pulse train. (c), (d) M2 measurement results of NLPs and CW,
respectively.

facilitated for BSC. The spatiotemporal dissipative BSC effect of
the GFSA is conditional. The prerequisite for the spatiotemporal
dissipative BSC is that the gain fiber should be multimode. A rela-
tively long length of gain fiber needs to be used, in order to improve
the modulation depth and saturation intensity of the GFSA, and
leave a segment of weakly pumped gain fiber in order to produce
reabsorption. Moreover, achieving a superior beam quality in
STML fiber lasers hinges on optimal initial modal excitations.
Previous studies have demonstrated that a fundamental-mode-
dominated initial excitation enhances the Kerr BSC effect [36,62],
a principle that extends to the spatiotemporal dissipative BSC
as well. Especially for the spatiotemporal dissipative BSC, the
intensity of the fundamental mode in the gain fiber needs to be
the highest; otherwise, the beam quality may deteriorate. A beam
with a better beam quality will get more improvement in beam
quality after the GFSA, as discussed in Supplement 1 Section 1.2.
Consequently, the cavity architecture must be meticulously engi-
neered to prevent speckled excitation due to a high NA mismatch
between different fibers or poor spatial coupling, as this could
result in a weak or ineffective BSC. Last but not least, although
BSC is improved by increasing the fiber length, the fiber should not
be too long, in order to avoid excessive loss.

In summary, a spatiotemporal dissipation method utilizing
the quenching and reabsorption effects of multimode erbium-
doped fiber is proposed for enhancing the beam quality of STML
fiber lasers. The spatiotemporal dissipation acts as an equiva-
lent SA, offering spatiotemporal intensity-dependent losses to
modal pulses, which leads to improved beam quality. This mode-
selective SA mechanism does not need the strict conditions that
Kerr beam self-cleaning (BSC) requests. In concert with the Kerr
BSC, our HBSC method was used to demonstrate near-single-
mode high-energy high-peak-power STML emission from an
all-anomalous-dispersion fiber laser. Soliton pulses, nanosecond
pulses, and NLPs were obtained in the cavity, exhibiting different
properties. Assisted by the spatiotemporal dissipation, higher pulse
energies, higher beam qualities, and other interesting properties
can be expected for normal-dispersion and mid-infrared STML
fiber lasers. Our STML fiber laser architecture will advance our
understanding of spatiotemporal dissipation dynamics in STML
fiber lasers, and pave the way toward high-performance STML
fiber lasers, rendering them very attractive for applications.
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