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Fig. 1. Diagram of experimental setup. SESAM, saturable
absorber; SG, signal generator; LD, semiconductor light
source, WDM, wavelength division multiplexer; EDF, erbi-
um-doped fiber; PC, polarization controller; OC, 90:10
coupler; DCF, dispersion compensation fiber; OSA, optical

spectrum analyzer; OSC, oscilloscope.
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Fig. 2. (a) Input pump pulse waveform (solid line) and carrier signal waveform (dashed line); (b) modulation level and pump power

relationship diagram.
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Fig. 3. Output characteristics of bound solitons at 1 kHz pump modulation frequency: (a) Evolution of DFT spectra with the num-

ber of cycles in operation; (b) corresponding first-order autocorrelation evolution; (c¢) pulse energy evolution; (d) pulsation evolution

of spectral center wavelength; (¢) DFT spectrum of lap 15970 and the single DFT spectrum of lap 22220.
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Fig. 4. Output characteristics of bound solitons at 5 kHz pump modulation frequency: (a) Evolution of DFT spectra with the num-

ber of cycles in operation; (b) corresponding first-order autocorrelation evolution; (c) pulse energy evolution; (d) pulsation evolution
of spectral center wavelength; (e) relative phase evolution diagram; (f) pulse spacing; (g) 10290 cycles and 10910 cycles of single

spectrum.
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Fig. 5. Output characteristics of bound solitons at 20 kHz pump modulation frequency: (a) Evolution of DFT spectra with the num-
ber of running cycles; (b) corresponding first-order autocorrelation evolution; (¢) pulse energy evolution; (d) pulsation evolution of

spectral center wavelength; (e) relative phase evolution diagram; (f) pulse spacing; (g) 2850 cycles and 3076 cycles of single spec-

trum.
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Abstract

This study employs real-time Fourier transform spectroscopy to investigate the pulsation dynamics of
soliton molecules in a mode-locked erbium-doped fiber laser, by modulating pump intensity. By controlling the
driving voltage of the pump source, we systematically observe and characterize the influence of external
modulation signals on the amplitude, period, pulsation frequency, and the relative phase evolution among the
pulsating soliton molecules in their spectra.

The results demonstrate that under specific conditions of pump intensity modulation, the pulsation period
of soliton molecule spectra can be precisely regulated by the pump modulation frequency. At the same time, the
amplitude of soliton molecule pulsations and the evolution of relative phase among the solitons are intricately
tied to the pump modulation frequency. At lower modulation frequencies, such as 1 kHz, the relative phase
among the pulses in the soliton molecule exhibits a sliding-type dynamics as a function of propagation time.

As the modulation frequency gradually increases to 5 kHz, a scenario emerges where three soliton molecules
are generated. Notably, both the soliton spacing and relative phase undergo synchronous adjustments influenced
by the pump modulation. With the modulation frequency further increasing, say, to 20 kHz, the relative phase
evolution among the pulses within the soliton molecule gradually descends into chaos. This observation suggests
the plausible existence of an inherent resonant frequency associated with pulsating soliton molecules, which has
direct implications for their stability.

The findings of this research are of significance in advancing our comprehension of soliton molecule
generation and enhancing their stability. In addition, they provide valuable insights into the broader domain of
all-optical manipulation and applications of soliton molecules, and their application in pulse encoding in mode-

locked laser systems.
Keywords: soliton molecule, pump intensity modulation, spectral fluctuation, dispersive Fourier transform
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