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Abstract. Soliton molecules (SMs), bounded and self-assembled of particle-like dissipative solitons, exist with
versatile mutual interactions and manifest substantial potential in soliton communication and optical data
storage. However, controllable manipulation of the bounded molecular patterns remains challenging, as
reaching a specific operation regime in lasers generally involves adjusting multiple control parameters in
connection with a wide range of accessible pulse dynamics. An evolutionary algorithm is implemented
for intelligent control of SMs in a 2 μm ultrafast fiber laser mode locked through nonlinear polarization
rotation. Depending on the specifications of the merit function used for the optimization procedure, various
SM operations are obtained, including spectra shape programming and controllable deterministic switching
of doublet and triplet SMs operating in stationary or pulsation states with reconfigurable temporal separations,
frequency locking of pulsation SMs, doublet and SM complexes with controllable pulsation ratio, etc. Digital
encoding is further demonstrated in this platform by employing the self-assembled characteristics of SMs.
Our work opens up an avenue for active SM control beyond conventional telecom bands and brings useful
insights into nonlinear science and applications.
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1 Introduction
Ultrafast pulses delivered frommode-locked fiber lasers stimulate
extensive applications in industry and ultrafast science.1–7 In ad-
dition, mode-locked fibers constitute an ideal platform for the
fundamental exploration of complex nonlinear wave dynamics.
In particular, such lasers are based on the nonlinear polarization
rotation (NPR) mechanism to drive the mode locking. The high
levels of linear and nonlinear effects accumulated during the in-
tracavity evolution entail a wealth of complex ultrashort pulse
dynamics that can be accessed by tuning the cavity parame-
ters.8–13 More than the elementary pulse entity, termed dissipative
soliton, originating from the interplays between dispersion/
nonlinearity and gain/loss,14,15 these short pulses can also self-

assembled and bounded to form soliton molecules (SMs), en-
dowed by the balanced interaction forces.16–20 Similar to matter
molecules, many unveiled internal motions in SMs emphasize
the light–matter analogy. Such self-organized patterns, including
soliton pair molecules, soliton molecular complexes (SMCs), and
supramolecular structures,21–25 display plentiful internal dynamics
in the presence of energy exchange between each constituent, as
well as being attractive in applications of increasing telecommu-
nication capacity and all-optical information storage.6

Recently, the use of time-stretch dispersion Fourier transform
(TS-DFT) techniques,26 a spectral-to-temporal mapping method
enabling real-time spectra acquisition, has further facilitated
the direct observation of inherent nonlinear evolutionary dy-
namics related to the generation and evolution of SMs. These
long-lasting studies on the transient SM dynamics also raise
the question of how far the “molecular” analogy reaches, that is,
whether diverse dimensions of SMs can be controllably driven
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or manipulated, including intersoliton temporal separation, rel-
ative intensity and phase, and stationary or oscillating operation.
In consideration of the energy exchange within molecular struc-
tures, direct pump modulation can be exploited to achieve SMs
fast switching between discrete bounded states, mainly referring
to the temporal separation or relative phase.27–31 In parallel, on-
demand harnessing of SMs between different temporal separa-
tions can be achieved by varying the group-velocity dispersion
and dispersion loss.32 However, comprehensive and precise
manipulation of the multiple properties of SMs (intersoliton
separation, stationary or pulsation operation, frequency locking,
and tunable pulsation ratio) in a real-time manner remains
a challenge and has been largely unexplored in experiments.
Moreover, reaching a desired operating regime of SMs in lasers
generally depends on precisely adjusting multiple parameters in
a high-dimension space, which often requires a lengthy, trial-
and-error experimental procedure. Due to the lack of analytic
relationship between cavity parameters and specific soliton
operations, the problem of repeatability also hampers the pos-
sibility of obtaining an augmented subspace of desired SM
states through tuning intracavity parameters.

Despite this, the use of machine-learning strategies or evolu-
tionary algorithms can circumvent such difficulties. Utilizing
advanced algorithmic tools, adaptive feedback, and control sys-
tems has recently greatly boosted progress in laser optimization,
and numerous approaches have been reported to automate opti-
mization of one or more parameters of the laser cavity to reach
and maintain a desired soliton operation state.33–41 The ongoing
discovery of internal molecular dynamics using advanced spec-
tral observation (TS-DFT) can further enrich the manipulation
mechanism of SMs. In this work, we implement intelligent
SM control by combining an evolution algorithm (EA) and
electronic polarization controller (EPC) in a 2 μm NPR mode-
locked fiber laser, based on the optimal three-parameter tuning
of the intracavity nonlinear transfer function through electroni-
cally driven polarization control. The Tm-doped fiber (TDF) la-
ser utilized here possesses a highly desirable broad wavelength

range, spanning ∼350 nm around 2 μm. Such unique operation
bandwidth has placed these fiber laser systems at the forefront of
diverse applications, e.g., optical coherence tomography,42 non-
linear microscopy,43 and optical communication.44,45 The larger
gain bandwidth and shorter excited-state relaxation time can
also provide unique opportunities to explore novel pulse solu-
tions that significantly differ from those of Yb/Er lasers. Here,
we define the fitness function of EA relying on the spectral pat-
tern or the features of the radio-frequency (RF) spectrum of the
laser output, which is capable of achieving SM control in differ-
ent dimensions, including spectral shape programming and
controllable deterministic switching of doublet and triplet SMs
operating in stationary or pulsation states with different interso-
liton separation, frequency locking of pulsation SMs, doublet
and SMCs with a controllable pulsation ratio. Exemplary digital
encoding was further demonstrated in this platform. The pro-
posed intelligent control of SMs opens an emerging window
toward longer wavelengths and provides an ideal platform
for both diverse applications in optical information technology
and research on SM-related laser dynamics.

2 Results and Discussion

2.1 Experimental Setups and Principles

The experimental setup of a Tm-doped mode-locked fiber laser,
shown in Fig. 1(a), is meant to generate the SM with different
operations. This ring fiber laser is mode-locked based on the
NPR mechanism. The nonlinear transfer function of the NPR
mode locking is controlled by the EPC and thus is a quasi-
instantaneous saturable absorber. The 12 m long ring cavity
includes 2.8 m of TDF (TSF-9–125) with group velocity
dispersion (GVD) of ∼ − 83 ps2∕km and 9.2 m SM28-e fiber
with a GVD of ∼ − 71 ps2∕km, which is pumped by the laser
source at 1570 nm. The net cavity dispersion is −0.885 ps2 and
corresponds to a fundamental repetition rate of 16.62 MHz.
A bandpass spectral filter was inserted into the cavity to fix
the optical spectrum with a central wavelength of 1970 nm.

Fig. 1 The experimental configuration. (a) The ultrafast fiber laser setup. Controlling the SMs in
the laser can be done in the EPC-based feedback loop. The spectral information is obtained
through the OSA or oscilloscope along with TS-DFT, where the FBG is used as the dispersion
medium. WDM, wavelength division multiplexing; TDF, thulium-doped fiber; PDI, polarization-
dependent isolator; EPC, electronic polarization controller; OC, optical coupler; FBGA, field-
programmable gate array; PC, computer; DAC, digital-to-analog converter; FBG, fiber Bragg
grating; Circ, circulator. (b) The flow chart of the EA.
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A coupler with a 30/70 splitting ratio was used to extract part of
the output power for measurements. The pulse optical spectra
were measured through an optical spectrum analyzer (OPA,
YOKOGAWA, AQ6375), and the undispersed temporal inten-
sity information was detected by a high-speed oscilloscope
(Keysight, DSOV204A) with a photodetector (12.5 GHz band-
width). To investigate the real-time SMs’ spectral evolution,
a chirped fiber Bragg grating (CFBG) was equipped before
another photodetector (12.5 GHz bandwidth) to achieve the
wavelength-to-time conversion via the TS-DFT technique.
The custom-made CFBG from TeraXion has a linear dispersion
of 300 ps/nm and a flat reflection band of 30 nm between 1955
and 1985 nm. The temporal and spectral resolution in this ex-
periment was 80 ps and 0.29 nm, respectively.46

As the primary control element for intracavity polarization,
the EPC consists of three fiber squeezers oriented at 45 deg to
each other, and each fiber squeezer was driven by the digital-to-
analog converters (DACs) with a specific voltage signal. The
EPC, with a response time of milliseconds, can generate all pos-
sible states of polarization over the Poincaré sphere; thereby,
only one EPC is required in the laser cavity to achieve complete
control of the nonlinear transfer function. In the feedback-loop
control, the pulse information acquired by the OSA or oscillo-
scope is transmitted to a computer, which acts as a core for EA
running. The computer then sends commands to the FPGA
based on the optimization algorithm results, setting control volt-
ages to drive the EPC through the DACs.

2.2 Spectral Shape Programming of SMs

To achieve the intelligent control of SMs, the design of the EA
is critical; it is illustrated in Fig. 1(b). The genetic algorithm
(GA) is used here and combines user-defined merit function (fit-
ness or objective function) to achieve the SMs’ flexible control.
The transformation among different SM states generally only
requires a minor perturbation of polarization or pump power.
The fitness of intersoliton separation represents the temporal
interval between multiple solitons in SMs, determined by the
optical spectral modulation period. The solitons’ temporal sep-
aration, soliton number, and stationary or pulsation state in SMs
correspond to particular spectral shapes recorded through OSA
or TS-DFT. These features of SMs can also be reflected in the
field autocorrelation traces, e.g., the peak number (main peak
and side peaks), peak intensity oscillation, and temporal loca-
tion of side peaks. Note that the field autocorrelation traces
are calculated based on the measured spectra through a fast
Fourier transform, thereby remaining determined by the specific
spectral shapes of SMs as one of the vital fitness functions.

In this experiment, the OSA or TS-DFT captures the pulses’
spectral information, and different objective spectra correspond
to different SM states. Thus, a set of experimental data (spectral
waveform) corresponding to the objective spectral shape is re-
quired to acquire the standard pulses. The fitness function in
spectral shape programming is the normalized mean square er-
ror (NMSE) between the current and standard spectra. A thresh-
old is set as the upper limit of the NMSE. When the NMSE is
lower than a preset threshold, the objective spectral shape is suc-
cessfully fitted, and the EA will stop the searching procedure.

A doublet SM in the experiment can be generated with an
output power of 6.55 mW when turning the pump power to
420 mW. Figures 2(a) and 2(b) show the spectral shape pro-
gramming results of doublet SMs and compare the acquired

spectra after fitting with the standard spectra, suggesting an
NMSE of only 0.0051 and 0.0010, a nearly perfect fit. For vari-
ous spectral shapes, the NMSE reveals the discrepancy between
the current and standard pulses. According to the experiment,
empirically, an NMSE lower than ∼0.01 usually represents a
good fit. The acquired two spectra [Figs. 2(a) and 2(d)] with
different interference fringe modulation periods indicate the
SMs with distinct temporal separation, which is further verified
by the DFT spectra and field autocorrelation trace of two SM
states, as shown in Figs. 2(b), 2(c), 2(e), and 2(f) [corresponding
to the dashed rectangle in Fig. 2(g)]. One of the SMs represents
a weak pulsation state and a smaller intersoliton temporal sep-
aration [Figs. 2(b) and 2(c)], which is consistent with the spec-
trum feature [Fig. 2(a)]. Another SM signifies a stationary
operation and larger temporal interval [Figs. 2(e) and 2(f)].
After successfully acquiring the desired spectrum with EA op-
timization, the deterministic switching of SMs can be achieved
by simply changing the drive voltage of EPC, as shown in
Figs. 2(g) and 2(h). The doublet SM switches from pulsation
to a stationary state with an increase in the intersoliton temporal
separation.

Similarly, the triplet SM can be generated in the fiber laser
with an output power of 7.6 mW when slightly increasing the
pump power to 440 mW. The spectral shape programming re-
sults of triplet SMs are shown in Figs. 2(i) and 2(l). A compari-
son between the acquired and standard spectra suggests the
NMSE of 0.0005 and 0.0042, demonstrating a good fit. The dif-
ferent spectral modulation periods [Figs. 2(i) and 2(l)] indicate
the distinct intersoliton separation of two triplet SM states
and are further verified by the field autocorrelation traces
[Figs. 2(k) and 2(n)]. The corresponding DFT spectral evolution
[Figs. 2(j) and 2(m)] exhibit the two triplet SM states with
moderate pulsation behavior, further verified by the single-shot
spectral variation in one pulsation period (see Fig. S1 in the
Supplementary Material). Like the doublet SM, the determinis-
tic switching of the triplet SM can be achieved by changing the
optimized drive voltage of EPC [Figs. 2(o) and 2(p)]. The pul-
sation triplet SM switches with different spectral features and a
decrease in the intersoliton temporal separation. The inset in
Figs. 2(h) and 2(p) further reflects the solitons’ temporal distri-
bution in SMs during switching, which is consistent with the
specific spectral characteristics. Moreover, the output power
of pulses with the increased pump power, the internal motion
(the relative phases and temporal separations among solitons)
of doublet and triplet SMs during switching, as well as numeri-
cal simulation of SMs switching, can be found in Figs. S2–S6 in
the Supplementary Material.

2.3 Evolutionary Algorithm Optimization of Pulsation
SMs

In addition to the extensively explored stationary SMs, pulsation
SMs with pronounced spectral variation in one pulsation period
can also be generated in the laser depending on adjusting the
intracavity polarization precisely, which can be efficiently
searched through the EA. Here, we introduced an approach
based on the EA to search and control an SM pulsation state
in the fiber laser. The fitness functions rely on detecting and
controlling the crucial parameters of pulsation operation and
pulsation frequency to tune the pulsation ratio and achieve pul-
sation frequency locking of SMs. During the search process, the
operation state of SMs is characterized in real time via the
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oscilloscope and TS-DFT technique, which is linked to a com-
puter running the EA and cpntro;s the intracavity polarization
through the EPC via a driver to lock the SMs to the desired
pulsation regime [Figs. 1(a) and 1(b)]. Here, we develop an
approach simply to achieve the pulsation frequency locking of

SMs so that EA tunes the SMs to these desired states. The de-
fined merit function is modified compared to Ref. 40, and con-
sidering the trait of the frequency-locking operation,47,48 namely,
maximizes the SNR of the pulsation frequency [Fig. 3(a)].
The modified merit function is given in the Methods section.

Fig. 2 Spectral shape programming of SMs. (a)–(h) Spectrum programming results of doublet SM.
(a), (d) Acquired and standard doublet SM spectrum with NMSE of 0.0051 and 0.0010, respec-
tively. (b), (e) DFT spectra and (c), (f) field autocorrelation trace evolution over consecutive RTs
corresponding to (a) and (d), respectively. (g) DFT spectra and (h) field autocorrelation trace evo-
lution of doublet SM deterministic switching (a)–(d). (i)–(p) Spectrum programming results of triplet
SM. (i), (l) Acquired and standard triplet SM spectrum with NMSE of 0.0005 and 0.0042, respec-
tively. (j), (m) DFT spectra and (k), (n) field autocorrelation trace evolution over consecutive RTs
corresponding to (i) and (l), respectively. (o) DFT spectra and (p) field autocorrelation trace evo-
lution of triplet SM deterministic switching (i)–(l).
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Here, the fitness in the tuning stage is the pulsation frequency
manifests as a sideband in the RF spectrum, as illustrated in
Fig. 3(a), where jf�1 − frj represents the pulsation frequency,
and fr and f�1 are the cavity repetition rate and sideband fre-
quency, respectively.

Figure 3(b) depicts the evolution of the maximum merit
scores of the population over successive generations. The fitness
value grows rapidly and converges to a maximum value after
nine generations, thus indicating the generation of pulsation
SMs along with the frequency-locked operation mode.
Figures 3(e) and 3(f) show the corresponding DFT spectra-
and field-autocorrelated trace evolution with EA optimization.
In contrast to the stationary SM, the DFT spectra of the pulsa-
tion SM show periodic variation in spectral shape and ampli-
tude, which is a salient feature of pulsation SM. In contrast,
another pulsation SM can be generated in the laser by tuning
intracavity polarization without EA optimization [Figs. 3(g)
and 3(h)]. The DFT spectra and field autocorrelation trace evo-
lution indicate that the quality of the periodic behavior is clearly
degraded in comparison to Figs. 3(e) and 3(f). Further, the RF
spectra, obtained by the Fourier transform, and the DFT signal
from the photodiode reveal the major difference between the
two types of pulsation SMs. The pulsation frequency of the un-
stable SM state [Fig. 3(g)] shown in Fig. 3(d) signifies a noisy
and broad structure, while the stable pulsation SM [Fig. 3(e)]
in Fig. 3(c) suggests a neat pulsation frequency with narrow

linewidth and high SNR, demonstrating the different stability
properties of the pulsation frequency for the two SM states.
The RF spectrum of SMs with stationary operation and pulsa-
tion frequency locking measured through the radio spectrum
analyzer can be found in Fig. S7 in the Supplementary Material.

In addition to the high stability and periodicity of pulsation
SMs, it is also able to achieve intelligent control of other param-
eters of pulsation SMs in the laser, e.g., the pulsation ratio. Here,
the pulsation ratio is defined as the ratio of the largest to the
lowest amplitude of the pulse spectrum in a pulsation period.
The pulsation ratio is proportional to the strength of the side-
band in the RF spectrum; thereby, we can optimize the desired
pulsation ratio by considering the strength of the RF sideband in
the defined merit function. By utilizing the GA and slightly
modifying the fitness function (see Appendix), the SM with tun-
able pulsation ratio can be generated. Figure 4 shows the DFT
spectra and field autocorrelation trace of three examples of dou-
blet SMs with different pulsation ratios that were generated in
the laser at a pump power of 420 mW. Figures 4(a) and 4(b)
exhibit the weakest pulsation regime of SMs, and the moderate
and strongest pulsation operations of SMs are shown in
Figs. 4(d), 4(e), 4(g), and 4(h), respectively. The single-shot
spectra of the maximal and minimal spectrum extents within
a pulsation period [Figs. 4(c), 4(f), and 4(i)] reveal the major
difference in the pulsation ratio among three types of doublet
SMs. The significant peak-to-dip flip in the spectrum [Fig. 4(i)]

Fig. 3 Pulsation SM with and without EA optimization. (a) Sketch of the RF signal under pulsation
SM operation, where f r is the cavity repetition rate and the sideband frequency f�1 is a manifes-
tation of SMs with pulsation frequency jf�1 − f r j. (b) Evolution of the best merit score over
successive generations. RF spectra of SM in (c) with pulsation frequency locking correspond
to a single-mode oscillation and in (d) without pulsation frequency locking correspond to unstable
multimode oscillation. (e) DFT spectra and (f) field autocorrelation trace evolution of frequency-
locked pulsation SM showing a well-defined periodicity. (g) DFT spectra and (h) field autocorre-
lation trace evolution of frequency-unlocked pulsation SM showing a degraded periodicity.

Zhou et al.: Intelligent soliton molecules control in an ultrafast thulium fiber laser

Advanced Photonics Nexus 016012-5 Jan∕Feb 2025 • Vol. 4(1)

https://doi.org/10.1117/1.APN.4.1.016012.s01


demonstrates the stronger pulsation ratio, resembling the spec-
tral variation in period-doubling bifurcation.49 In contrast, the
amplitude of the spectral interference fringe in Fig. 4(c) has
a smaller change, verifying the weak pulsation operation. In ad-
dition, a good agreement between the spectra measured by OSA
and the single-shot DFT spectrum of large and small pulsation
ratios can be found in Fig. S8 in the Supplementary Material.

Further, the (2þ 2) SMCs, bounded by two soliton pair mol-
ecules with nanosecond intermolecular temporal separation, can
be generated in the fiber laser by slightly increasing the pump
power to 460 mW. Similarly, using EA and modified fitness
function, a (2þ 2) SMC with a tunable pulsation ratio can
be achieved. The DFT spectra and field autocorrelation trace
evolution in Fig. 5 exhibit the three examples of (2þ 2)

Fig. 4 Evolutionary algorithm optimization results for doublet SMs with a tunable pulsation ratio.
Dynamics of doublet SMs with (a)–(c) small, (d)–(f) moderate, and (g)–(i) large pulsation ratios. (a),
(d), and (g) DFT spectral evolution over consecutive cavity RTs. (b), (e), and (h) Field autocorre-
lation trace evolution over consecutive cavity RTs. (c), (f), and (i) Single-shot spectra of maximal
and minimal spectrum extents within a pulsation period.

Fig. 5 Evolutionary algorithm optimization results for (2þ 2) SMCs with a tunable pulsation ratio.
Dynamics of (2þ 2) SMC with (a)–(e) small, (f)–(j) moderate, and (k)–(o) large pulsation ratio. (a),
(f), (k) DFT spectral evolution over consecutive cavity RTs. (b), (c), (g), (h), (l), and (m) Field au-
tocorrelation trace evolution over consecutive cavity RTs. (d), (e), (i), (j), (n), and (o) Single-shot
spectra of maximal and minimal spectrum extents within a pulsation period.
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SMCs with different pulsation ratios. The weakest pulsation op-
eration of an SMC is shown in Figs. 5(a)–5(e), and the moderate
and strongest pulsation ratios of an SMC are shown in
Figs. 5(f)–5(o), respectively. The discrepancy in the pulsation
ratio of the three types of SMCs can be further resolved in
the single-shot spectra of maximal and minimal spectrum ex-
tents within a pulsation period. The peak-to-dip flip in spectra
can also be observed in SMC with the strongest pulsation ratio
[Figs. 5(n) and 5(o)]. The different spectral modulation periods
indicate the different intersoliton temporal separations of the
leading and trailing soliton pair molecule, which is consistent
with the field autocorrelation trace evolution [Figs. 5(l) and
5(m)]. Similarly, the central amplitude of the spectra in the
SMC also exhibits significant variation in Figs. 5(i) and 5(j),
verifying the moderate pulsation ratio. The leading soliton pair
molecule has a different spectral shape and larger intersoliton
temporal interval compared to the trailing part [Figs. 5(g)
and 5(h)]. In contrast, the spectral variation of the SMC in a
pulsation period is small in Figs. 5(d) and 5(e), demonstrating
the weakest pulsation operation. For this case, the leading and
trailing soliton pair molecules have the same spectral shape and
intersoliton separation [Figs. 5(b) and 5(c)]. Notably, the leading
and trailing soliton pair molecules in the SMC have the same
pulsation period in the three examples, while the leading SM
has a lag synchronization of ∼1 RT compared to the trailing part
in the weakest and moderate pulsation ratio [Figs. 5(d), 5(e),
5(i), and 5(j)]. And the good synchronization of the leading
and trailing SMs can be resolved in the SMC with the strongest
pulsation ratio [Figs. 5(n) and 5(o)].

In addition to the parameter of pulsation ratio, pulsation
period is another important parameter of the SM that can be con-
trolled in the laser. In this experiment, the pulsation period of the
SM mainly concentrated on 5 or 6 RT, which obviously re-
stricted the search regime of the EA. This also demonstrates that
net cavity dispersion plays a crucial role in the variation range of
SM pulsation periods, except for the gain/loss and nonlinearity
that can be altered through EPC. The DFT spectra and field au-
tocorrelation trace evolution of triplet pulsation SM and (2þ 1)
SMC with tunable pulsation ratio can be found in Figs. S9 and
S10 in the Supplementary Material.

2.4 Controllable SM Switching and Encoding

Benefiting from the reliable and efficient EA-based optimiza-
tion approach, we further explored the controllable multi-
switching of SMs with different states in the laser by
changing the optimized driving voltage of the EPC. The
SM properties (pulsation or stationary operation, different in-
tersoliton temporal separations) are mostly determined by
spectra features. Here, we first search two stationary SM states
with different intersoliton separations through an EA and rec-
ord the optimized drive voltage of the EPC. The desired spec-
tral pattern and NMSE serve as the fitness function. Then the
controllable continuous switching of two stationary SMs can
be achieved by simply altering the drive voltage of the EPC.
The corresponding DFT spectra and field autocorrelation trace
are shown in Figs. 6(a) and 6(d), exhibiting the different spec-
tral modulation periods and distinct intersoliton separation.
The high fidelity can be resolved during this continuous
switching, verifying the repeatability and reliability of the
EA. Similarly, the controllable continuous switching between
pulsation and stationary SMs can also be achieved by changing

the optimized drive voltage of each state. The DFT spectra and
field autocorrelation trace evolution are shown in Figs. 6(c)
and 6(d). The stationary SM has obviously different spectral
characteristics and larger intersoliton separation compared
to the pulsation state.

In addition to the continuous switching between two states,
the multistate switching of SMs can also be realized by alter-
nating the drive voltage of the EPC. The controllable continuous
switching of SMs among three different states can be observed.
The corresponding DFT spectra- and field-autocorrelated trace
evolution are shown in Figs. 6(e) and 6(f). During one switching
period, the pulsation SM first transitions to a stationary state
with a larger soliton temporal interval, subsequently switching
to another stationary state with a larger spectral modulation
period and a decrease in intersoliton temporal separation.
Similarly, continuous switching of SMs among four different
states can be achieved by varying four optimized drive voltages,
as shown in Figs. 6(g) and 6(h). Four different SM states can be
clearly identified in one switching period with different spectral
features, including two pulsation states with different pulsation
ratios and two stationary states with distinct intersoliton sepa-
ration.

Akin to the doublet SM, the controllable continuous switch-
ing of a triplet SM can be realized by changing the drive voltage
of the EPC at the pump power of 440 mW. Figures 6(i)–6(l)
depict the DFT spectra and field autocorrelation trace evolution,
indicating two types of continuous switching of stationary trip-
let SMs between two states with different intersoliton temporal
separations. The optical spectrum and internal motions of each
doublet and triplet SM state during continuous switching can be
found in Figs. S11 and S12 in the Supplementary Material.
Apart from this, the reproducibility and stability of SMs with
the application of the EPC can be found in Figs. S13 and
S14 in the Supplementary Material.

The controllable deterministic switching of SMs with dif-
ferent operation states in a single fiber laser is beneficial for
extended applications in optical computing, information en-
coding, and soliton communication.29 As a proof of concept,
we conduct the quaternary digital encoding using four doublet
SM states with different spectral features: the SMs with weak
(“3”) and moderate pulsation ratio (“1”) and stationary SMs
with small (“0”) and large (“2”) intersoliton temporal separa-
tion [Fig. 6(g)]. The conversion of multiple SM states can be
achieved by altering the drive voltage of the EPC. As a result,
the optical quaternary codes of HKU (1020|1023|1111, an ab-
breviation of the University of Hong Kong) and ABIC (1001|
1002|1021|1003, an abbreviation of the Advanced Biomedical
Instrumentation Centre) can be obtained by programming the
drive voltage, as shown in Fig. 7. Each letter can be encoded
by 4 bits with a total of 120 consecutive cavity RTs. In this
experiment, the maximum switching frequency that can be
achieved is ∼10 Hz, which is mainly restricted by the refresh
rate of the EPC. Analysis with DFT spectral evolution of the
doublet SM in Fig. 2(g) shows the time interval between the
two states’ switching is ∼70 μs. Thereby, it can be expected
that the SMs multistate switching frequency can be scaled
to kilohertz by introducing a faster polarization adjustment
device. This multiletter test further verifies the availability of
SM-based digital encoding in this platform beyond the conven-
tional telecom band and offers new prospects in ultrafast laser
applications.
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3 Conclusion
We have demonstrated, for the first time to our knowledge, the
intelligent control of SMs in an NPR-based 2 μm ultrafast fiber
laser enabled by a dedicated design EA, simultaneously opening
an emerging window toward longer wavelengths. With the high-
precision feedback loop, the spectral shape programming of
SMs corresponding to versatile operation states can be achieved,
involving stationary or pulsation states in doublet and triplet
SMs and different intersoliton temporal separations character-
ized by a specific spectral modulation period. Benefiting from
the reliable and efficient EA-based optimization approach, the
controllable continuous switching of SMs with different states
can be realized by altering the optimized drive voltage of the
EPC. With a modified merit function that is derived from
the features of the RF spectrum, the high-stability pulsation
SM along with frequency locking can be achieved, which is

attractive for high-resolution spectroscopy applications. The
doublet and SMCs with controllable pulsation ratios can also
be accessed under a user-defined fitness function to tailor
the parameters of pulsation SMs. Further, digital quaternary
encoding was demonstrated in this platform by employing
the self-assembled characteristics of SMs, which may stimulate
advanced applications of coherent optical communications, all-
optical storage, and optical computations.

Compared to the automatic generation of SMs during the
transient or nonequilibrium evolution, our work concentrated
on exploring SMs with high stability and reproducibility with
the application of an EPC. The SM generally experiences
pulse shaping in the laser, which is mainly influenced by the
balance between dispersion/nonlinearity and gain/loss. The con-
trol over the number of solitons and fine variation of soliton en-
ergy and duration within the specified mode-locked regime can
be achieved by tuning the pump power.50 Meanwhile, the broad

Fig. 6 Controllable continuous switching of doublet and triplet SMs. (a)–(h) Controllable switching
of doublet SM. (a), (b) Continuous switching of stationary SM with different temporal separations.
(c), (d) Continuous switching of SM between pulsation and stationary states. (e), (f) Continuous
switching of SM among three states. (g), (h) Continuous switching of SM among four states.
(i)–(j) Controllable switching of triplet SM. (k)–(l) Continuous switching of SM between two states
with different temporal separations. (a), (c), (e), (g), (i), and (k) DFT spectral evolution over con-
secutive cavity RTs. (b), (d), (f), (h), (j), and (l) Field autocorrelation trace evolution over consecu-
tive cavity RTs.
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variation of SM parameters can also be observed in the NPR-
based mode-locked laser by varying intracavity polarization,
corresponding to altering the nonlinear transfer function in the
laser that exits plentiful parameter space. Further, the evolutionary
algorithm can significantly facilitate the search for the optimized
state of SMs. For instance, the drive voltage range of pulsation
frequency locking of SMs in this work is quite narrow, at∼0.2 V,
compared to the whole tuning range of 100 V of the EPC.

Combining the EPC and EAs can quickly converge the SM to
the desired state, thus generating an SM with the desired proper-
ties of more efficiency and high reproducibility. Although the
EA presented here is used for the 2 μm mode-locked fiber laser,
the tailored merit function may also inspire the exploration of
plentiful dissipative soliton dynamics on other nonlinear
systems, such as ultrafast fiber lasers operated in visible or mid-
infrared wavelengths, microresonators, and fiber Kerr resonators.

Fig. 7 Exemplary multiletter encoding based on the doublet SM of four assembled forms. (a),
(d) Successive recording of the encoded DFT streams. The pump power is set at 420 mW, and
the EPC is modulated by four different drive voltages. (b), (e) Field autocorrelation trace evolution.
(c), (f) ASCII quaternary format codes for each letter, which contain four bits. (g) Visualization of each
letter. Each frame is composed of four time slots and represents a single letter.
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We believe the elegant and intelligent control of SMs presented in
this work can find novel applications in laser optics and can hold
potential for new possibilities in optical information domains.

4 Appendix: Methods

4.1 Evolution Algorithm

The search algorithm in this experiment is based on the modi-
fied GA, which focuses on regulating the polarization state in
the laser by optimizing the drive voltage of the EPC. First, for
the spectral shape programming to determine the different SM
states, the fitness is the NMSE between the current and standard
spectral shapes. The objective spectra can be successfully ac-
quired when the NMSE between the current pulse and standard
pulse is lower than a preset threshold.

Subsequently, for the pulsation SM generation with high sta-
bility and pulsation frequency locking, we defined the following
merit function for the autosetting of an optimized pulsation
regime:

Fmerit ¼ α × Cml þ β × Cp: (1)

Among them, the weights of α and β are defined empirically.
Cml corresponds to the merit function associated with the mode-
locking state of the laser,

Cml ¼
Xi¼N

i¼1

Ii∕N; Ii ¼
�
Ii; ðIi ≥ IthÞ
0; ðIi < IthÞ ; (2)

where N is the number of laser output intensity points recorded
by the oscilloscope, Ii is the intensity at point i, and Ith is the
intensity threshold higher than the noise. Therefore, Cml is the
average intensity of pulses to exclude laser instability regimes,
such as relaxation oscillation. The second term Cp in the merit
function is utilized to differentiate between stationary and pul-
sation regimes and simultaneously maintain a pulsation fre-
quency-locked mode,

Cp ¼ ðmax I1ðfþÞþmax I−1ðf−ÞÞ∕γ;
fþ ∈ ½f1 −Δ; f1 þΔ�
f− ∈ ½f−1 −Δ; f−1 þΔ� ;

Δ < fr∕2: (3)

The feature of the pulsation frequency emerges as two sym-
metrical sidebands f�1 around the cavity repetition frequency
fr. There are no sidebands when the SMs operate at a stationary
state, and the intensity of the sideband (f�1) is related to the
pulsation ratio of the SMs. The maximum sideband intensity
(f�1) plays a vital role in distinguishing the general pulsation
SM and the high-stability SM along with the pulsation fre-
quency-locked mode.

Further, the key to tuning the pulsation ratio of SMs is to
control the sideband frequency intensity of the laser output;
the defined merit function is shown as

Fpr ¼ α × Cml þ β × ðCconst − jCp − CsetjÞ: (4)

Cconst represents a constant and the higher Cp value corresponds
to a larger pulsation ratio. jCp − Csetj is proportional to the dif-
ference between the measured pulsation ratio and the target

value (Cset). Therefore, the merit score increases as the pulsation
ratio of the SM approaches the target value. During optimiza-
tion, the RF spectrum is calculated through a fast Fourier trans-
form of the laser intensity recorded by the oscilloscope.

4.2 Numerical Simulation

To confirm and elucidate the mechanism of the SMs switching
between different states, numerical simulations are executed in a
lumped propagation model. The propagation of solitons within
the fiber section is modeled with a nonlinear Schrödinger equa-
tion, which takes the following form:

∂uðz; tÞ
∂z ¼ −i β2

2

∂2uðz; tÞ
∂t2 þ g

2Ω2
g

∂2uðz; tÞ
∂t2

þ iγjuðz; tÞj2uðz; tÞ þ g
2
uðz; tÞ; (5)

where u is the slowly varying envelope moving at the group
velocity along the propagation coordinate z, β2 and γ are the
second-order dispersion coefficients and Kerr nonlinearity, re-
spectively, and Ωg is the gain bandwidth. The gain is described
by g ¼ g0 expð−Ep∕EsÞ, where g0 is the small signal gain,
which is nonzero only in the gain fiber, Ep is the pulse energy,
and Es is the gain saturation energy determined by pump power.

The nonlinear transfer function of the saturable absorber is
modeled by

T ¼ R0 þ ΔR½1 − 1∕ð1þ P∕P0Þ�; (6)

where R0 is the unsaturated reflectance, ΔR is the saturable re-
flectance, P is the pulse instantaneous power, and P0 is the sat-
uration power. The numerical model is solved with a standard
symmetric split-step propagation algorithm, and the parameters
used in the simulation follow typical experimental values.
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