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Dissipative nonlinear wave dynamics have been investigated extensively in mode-locked lasers with
single transverse mode, whereas there are few studies related to three-dimensional nonlinear dynamics
within lasers. Recently, spatiotemporal mode locking (STML) was proposed in lasers with small modal
(i.e., transverse-mode) dispersion, which has been considered to be critical for achieving STML in those
cavities because the small dispersion can be easily balanced. Here, we demonstrate that STML can also be
achieved in multimode lasers with much larger modal dispersion, where we find that the intracavity
saturable absorber plays an important role for counteracting the large modal dispersion. Furthermore, we
observe a new STML phenomenon of passive nonlinear autoselection of single-mode mode locking,
resulting from the interaction between spatiotemporal saturable absorption and spatial gain competition.
Our work significantly broadens the design possibilities for useful STML lasers thus making them much
more accessible for applications, and extends the explorable parameter space of the novel dissipative
spatiotemporal nonlinear dynamics that can be achieved in these lasers.
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Mode-locked lasers based on single-mode fibers are
popular platforms for studying the behavior of dissipative
nonlinear wave dynamics [1], because they provide a simple
way to perform nonlinear science research. Additionally,
mode-locked fiber lasers are promising for many applications.
However, single-mode fibers are challenged by the ever-
increasing demand for higher-energy lasers, as well as for
larger data capacities in the field of optical fiber communi-
cations [2,3]. The use of multimode fibers (MMFs) is the most
obvious way to overcome these limitations due to the larger
mode area and additional spatial degree of freedom of MMFs.
In the field of nonlinear science, a multimode optical

system based on MMFs, combining both temporal and
spatial characteristics, can provide a better test bed than a
conventional system composed of single-mode fibers.
There is great significance in studying nonlinear dynamics
in three-dimensional optical systems composed of MMFs,
as these dynamics are related to important issues in physics
in term of spatiotemporal dynamics. The various nonlinear
spatiotemporal dynamics in passive graded-index MMFs
have been investigated extensively recently, including
studies of spatiotemporal instability [4–6], spatial beam
cleaning [7–12], supercontinuum generation [12–17], and
control of nonlinear multimode interactions [18,19]. In
addition, nonlinear pulse propagation in amplifiers com-
posed of active MMFs was studied [20–23]. However, very
little work on MMF cavities with multimode nonlinear
dynamics has been performed.

Recently, Wright et al. proposed spatiotemporal mode
locking (STML), i.e., both the longitudinal and transverse
modes were locked simultaneously, in a cavity composed
of graded-index MMFs [24], and the key factor that makes
the STML possible in those MMF cavities was considered
as the small modal dispersion of the graded-index
MMFs. The small modal (i.e., spatial or transverse-mode)
dispersion of graded-index MMFs is comparable to chro-
matic (i.e., longitudinal-mode) dispersion and these dis-
persions can be compensated for by strong intracavity
spatial and spectral filtering in those cavities [24], allowing
transverse modes to travel together. According to this, large
modal dispersion will pose a challenge for achieving STML
in MMF cavities. It is interesting to know whether and how
STML can be supported in MMF cavities with large modal
dispersion.
The realization of STML inside an MMF cavity relies on

a delicate balance among the intracavity linear and non-
linear effects, including modal and chromatic dispersions,
inter- and intramodal nonlinearities, filtering, gain and loss.
The significant influence of cavity dispersion on the
dissipative nonlinear dynamics has been widely observed
and investigated in single-mode fiber lasers [1]. Similarly,
in MMF cavities, different dispersion parameters will
cause different dynamical process of self-organization
and different nonlinear spatiotemporal phenomena.
Therefore, if STML can be achieved in MMF cavities
with large modal dispersion, a further important question is
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what the dynamical process of the spatiotemporal self-
organization is.
As the counterpart of the graded-index fibers, step-index

fibers usually exhibit much larger (ten times) modal
dispersion (i.e., walk-off among different modes)
(Refs. [25,26] and Secs. S3.1 of the Supplemental
Material [27]). Thus step-index MMFs can serve as an
appropriate medium for our curious investigations. From an
application perspective, the development of useful STML
lasers are greatly limited by the rarity of graded-index
multimode gain fibers, which are not commercially avail-
able, likely due to the complex distribution of the refractive
index compared to that of step-index fibers. Quasi-
single-mode gain fibers have been used in some cavities
(Refs. [34–36] and the first cavity of Ref. [24]). Although
these cavities allow for observing a variety of spatiotem-
poral effects (e.g., soliton molecule reported in our previous
work [34]), they are severely restricted compared to full-
multimode systems in terms of both the range of physics
that can be observed and the potential performance of the
lasers. Contrary to the rarity of active graded-index MMFs,
the active step-index ones are easy to commercially obtain,
despite the much larger modal dispersion.
In this Letter, we show how to realize STML by using

active step-index MMFs with large modal dispersion, and
report the observation of novel nonlinear spatiotemporal
dynamics within the cavity. In these MMF cavities with
large modal dispersion, the key to achieve STML is the
effects of the intracavity saturable absorber (SA). By
optimizing the lengths of MMFs, the SA plays two critical
roles. One is the basic function of SA, passively modulating
the cavity loss, which is usually expected, and the other is
balancing the large walk off among transverse modes,

which is an additional effect achieved in this cavity. It is
found that the spatiotemporal evolution of the multimode
pulses is quite different from that inside the graded-index
MMF cavity. Moreover, we observed an interesting non-
linear phenomenon of passive beam autoselection, i.e., the
transition from multimode to single-mode mode-locking
state. We found evidence for this important regime in which
the fast nonlinear effects of SA interact with the spatial gain
competition to lead to the passive nonlinear auto-selection
of single-mode mode locking.
Numerical simulations are first conducted to analyze the

spatiotemporal evolution of pulses in an MMF cavity with
step-index gain fibers (detailed in Secs. S1–S3 of
Ref. [27]). The cavity used in the simulations is shown
in Fig. 1(a). The light is amplified through propagation in
an active step-index MMF and then coupled with a segment
of passive graded-index MMF and transmitted through a
lumped SA. Then a spectral filter is applied, and the light is
injected back into the gain fiber. The spectral filter is
usually used in mode-locking fiber lasers with normal
dispersion to meet the requirement of pulse self-consis-
tency [37]. The step-index MMF is the same as that in
Fig. S1, and the parameters of both MMFs are in accor-
dance with those of the fibers used in the following
experiments [27].
With appropriate cavity parameters, we found that stable

STML could be achieved in the MMF laser cavity with the
active step-index MMF. Typical numerical result for the
STML state is presented in Figs. 1(b)–1(e) (see more in
Secs. S2, S3 and movie S1 of the Supplemental Material
[27] ). The intercavity evolution of the output of two typical
modes, modes 1 and 6, over 80 roundtrips in the cavity is
shown in Fig. 1(b), starting from small pulses. The pulses

FIG. 1. Mode-resolved simulation of STML in an MMF laser with an active step-index MMF. (a) Cavity used in the simulation (L1;2:
lenses, DM: dichroic mirror). (b) Intercavity evolution of the output pulse. For clarity, only modes 1 and 6 are shown. (c) Intracavity
evolution of the walk-off between modes 1 and 6 when stable STML is achieved. The data are calculated by the center of gravity for both
modes relative to a reference frame moving with the linear group velocity of mode 1. Black dashed line: linear walk-off of mode 6
related to mode 1. Insets A-G: Temporal pulse shapes at different cavity positions labeled in (a) [A/B: input/output of the step-index
(STIN) gain fiber, C/D: Input/output of the graded-index (GRIN) fiber, E: after SA, F: after spectral filtering (SF), G: input of the gain
fiber via coupling (CO)]; The lengths of step-index and graded-indexMMFs are 0.6 and 2.4 m, respectively. (d) Mode-resolved temporal
output. (e) The corresponding spatiotemporal intensity of (d). Ipeak: peak intensity of the multimode pulse.
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reach a steady operation state quickly. The intracavity pulse
evolution in the final round-trip is plotted in Fig. 1(c),
where the walk-off between two typical modes, modes 1
and 6, is presented. The walk-off between the two modes
constantly increases in the MMFs. Notably, the dramatic
decrease in walk-off by SA indicates that SA plays an
important role in pulling the modes together to achieve self-
consistency and realizing STML in the cavity. The mode-
resolved temporal output is plotted in Fig. 1(d), and
Fig. 1(e) shows the corresponding spatiotemporal intensity
of the output pulse. Overall, the combination effects of
intracavity spatial filtering, spectral filtering and SA are
strong enough to counteract the large modal dispersion.
Among them, the SA takes a great proportion in balancing
the dispersion, which is the key to let STML work in the
MMF cavities with large modal dispersion.
Note that in the graded-index fiber, the movement speed

of mode 6 is much larger than the linear velocity calculated
from modal dispersion, which is indicated by the black
dashed line in Fig. 1(c). This larger walk-off is induced
by nonlinear multimode interactions, which is greatly
affected by the large modal dispersion in step-index fiber
(see details in Sec. S3.3 of Ref. [27]). Comparing Fig. 1(c)
to the evolution in a similar cavity but with small
modal dispersion shown in Fig. S3 [27], it shows that
the large modal dispersion results in quite different
evolutions.
Based on the simulations, we established an MMF laser

cavity with a step-index gain fiber accordingly (see Fig. S5
in Ref. [27]). Nonlinear polarization rotation was used to
establish an artificial and ultrafast SA [38]. Figure 2 records
the gradual transition to STML in the MMF cavity with
increasing pump power (recorded every 0.1 W). Once the
pump power reaches 2.5 W, STML can be easily self-
started by adjusting the pump power only. The spectra and
corresponding beam profiles at different pump powers
are depicted in Figs. 2(d)–2(k). As the pump power
increases through the thresholds (around 2.5=3.7 W),
sudden changes take place in the beam profile, as well
as the temporal and spectral outputs, as the operation state
transits between multimode continuous-wave lasing and
mode locking, indicating that STML occurs. More proofs
of STML are given in Sec. S5 of the Supplemental
Material [27].
To determine which cavity can support STML, we

experimentally tested many cavities with various lengths
of the MMFs (see section Sec. S5.3 of Ref. [27]). In
general, a long step-index fiber induces large walk-off
among the transverse modes, which is difficult to com-
pensate for. Additionally, a long passive graded-index fiber
induces a strong SA effect through the accumulation of
nonlinear polarization rotation, which aids in the formation
of STML. Therefore, a cavity configuration with a short
step-index gain fiber plus a relatively long graded-index
fiber is preferred for achieving STML.

Furthermore, we experimentally observed a nonlinear
phenomenon of beam autoselection mode locking, i.e., a
multimode STML state transiting to a mode-locking state
with a single transverse mode by adjusting the orientation
of the intracavity wave plate only. A typical transition is
given in Fig. 3. With appropriate optical coupling state,
wave plate sets, pump power, etc., in the cavity, stable
multimode STML is achieved. The beam profile of the
output shown in Fig. 3(a) indicates that it is multimode.
Then, by rotating the wave plate carefully, the multimode
STML state transitions to another mode-locking state, as
shown in Figs. 3(d)–3(g). Compared to the old state, the
beam profile and spectrum of the new state change, while
the repetition rate remains the same.
The output beam profile of the new state, measured in the

near field [Fig. 3(d)], contains two symmetric lobes. By the
assumption of the LP11 profile, one can conduct that the
field can be described by a Laguerre Gauss distribution
[11]. According to the mathematical properties of the
Fourier transform of the Laguerre Gauss function, the
far field of the LP11 mode is a Laguerre Gauss distribution
as well. The far-field beam profile is recorded in Fig. 3(e),
with a double peak, indicating that it is associated with an
LP11 mode-locking state. To further verify the LP11 mode
locking, the upper and lower lobes shown in Fig. 3(d) are
measured separately, and the corresponding pulse trains
and spectra are compared in Figs. 3(f)–3(g). The pulse
trains and spectra recorded from the two lobes are almost

FIG. 2. Evolution of output with increasing pump power in the
cavity. The evolutions of (a) the beam profile integrated over one
dimension (the intensity is normalized for each step), (b) temporal
output over a 200-ns span, and (c) spectrum. As the pump power
increases, the field transitions from amplified spontaneous
emission (ASE) [(d)–(e)] to multimode continuous-wave lasing
(MM CW) [(f)–(g)] and then to STML [(h)–(i)] and eventually to
MM CW [(j)–(k)]. The values of corresponding pump powers are
labeled.
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the same. The spectrum of the entire beam is slightly
different from those of the two lobes, likely due to the
existence of a few high-order modes. We note that the
occurrence of beam autoselection mode locking depends on
the coupling condition from the free space to the step-index
MMF. Only in a certain coupling state can the transition be
achieved. Occasionally, we further observed a bistable
state, i.e., the state frequently transitions between multi-
mode and single-mode mode locking in a certain fixed
cavity setup.
In an MMF cavity, both the nonlinear gain of active fiber

and the nonlinear loss of SA induce nonlinear energy
exchange among transverse modes. The former comes from
spatial gain competition, and the latter is illustrated in
Fig. S4 [27]. The SA originates from nonlinear polarization
rotation in our cavity, and its parameters are adjusted by the
rotation of wave plates. Therefore, the observed transition
of mode-locking states can be directly attributed to the
adjustment of the parameters of the SA. Subsequently, the
effect of SA interacts with other effects in the cavity,
especially with the spatial gain competition, determining
the output mode components.
We demonstrate it by simulating the STML states in an

MMF cavity with a different SA parameter, saturation
power Psat. Under Psat ¼ 12 kW (case 1), the stable STML
outputs are presented in Figs. 4(a), 4(b). In this state, mode
1 dominates, and there are mainly two modes, modes 1 and
6, with large walk-off that propagate in the MMFs. In this
case, the intracavity evolution of the walk-off between
these two modes is similar to that in Fig. 1(c). For case 2

with a Psat value of 36 kW, the corresponding intracavity
evolution and stable output are given in Figs. 4(c)–4(e) (See
movie S2 [27] for a comparison of the intercavity evolu-
tions of these two cases with the same initial input). With
increasing Psat, mode 2 (LP11) emerges, although other
conditions are fixed. In this case, there is only one trans-
verse-mode (LP11) that propagates in both the step-index
and graded-index MMFs, as shown in Fig. 4(e), which is
significantly different from case 1. Note that after propa-
gation through the SA, mode 2 splits into mode 2 plus a
small part of mode 10, as shown in Figs. 4(d)–4(e), likely
because the profile of mode 10 resembles that of mode 2.
The corresponding spatiotemporal intensity in Fig. 4(c) is
dominated by the shape of the LP11 mode. We note that, a
similar STML state transition has been predicted in a paper
published after the submission of this work [39].
In conclusion, the spatiotemporal self-organization of the

multimode solitons is demonstrated in MMF lasers with
large modal dispersion, the nonlinear dynamical process of
which is quite different from that inside the graded-index
MMF cavity. Moreover, a new spatiotemporal nonlinear

FIG. 4. Simulation of STML in anMMF laser with different SA
saturation powers (Psat), demonstrating the dependence of STML
state on the SA parameter. (a), (c) Spatiotemporal intensity of
and (b), (d) mode-resolved stable output pulses for (a)–(b) Psat ¼
12 kW (case 1) and (c)–(d) Psat ¼ 36 kW (case 2). (e) Intracavity
evolution of the walk-off of mode 2 (and mode 10 after the SA)
relative to a reference frame moving with the linear group
velocity of fundamental mode when stable STML is achieved
in case 2. Insets B, D-E: mode-resolved temporal pulse shape at
the different cavity positions labelled in Fig. 1(a) [B/D: output of
the step-index gain fiber/graded-index (GRIN) fiber, E: after
the SA].

FIG. 3. Transition from multimode STML to single transverse-
mode (LP11) mode locking in the same MMF cavity by adjusting
the intracavity waveplate only. (a) Beam profile, (b) pulse train,
and (c) spectrum of the output pulse train of the multimode
STML state. (d)–(g) LP11 mode locking. Output beam profiles in
the near field (d) and far field (e). (f) Pulse trains of the upper and
lower parts of the beam profile in (d). (g) Spectra of the entire
beam profile and the upper and lower parts of the beam
profile in (d).
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dynamic, passive auto-selection of single-mode mode
locking, is reported and analyzed. SA plays critical roles
in achieving STML, as well as in these spatiotemporal
dynamics. From another perspective, for a multimode
cavity with large modal dispersion, two mode-locking
states are expected. One is multimode, assisted by the
SA balancing the walk-off among different transverse
modes, and the other is single mode (without suffering
from the modal walk-off), which is achieved through the
interactions between the SA and mode competition.
The introduction of active step-index MMFs into STML

cavities provides new opportunities for research at both the
scientific and technological levels. From a fundamental
perspective, although the nonlinear dynamic process has
been extensively studied in mode-locked single-mode
lasers, it is still poorly understood in multimode cavities
with immense spatiotemporal complexity. Our results
expand the understanding of complex nonlinear spatiotem-
poral dynamics. In addition, the passive nonlinear auto-
selection of mode appears to allow for a compromise
between the benefits of multimode and single-mode sys-
tems. Furthermore, the STML lasers with large modal
dispersion extend the explorable parameter space of the
new spatiotemporal dynamics that can be achieved within
them. In terms of technology, our work greatly broadens the
design possibilities and provides convenient architectures
for STML cavities because the active step-index MMFs are
easy to fabricate and are commercially available. STML
lasers with step-index multimode gain fibers are promising
to be exploited as convenient platforms for the investigation
of high-dimensional nonlinear science and as high-power,
ultrashort optical pulse sources.
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