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Abstract: Direct and temporal magnified real-time observations of the breathing soliton dynamics 

in a strong-coupled high-Q microcavity are reported. Temporal oscillating soliton pulse train with 

tunable amplitude modulation depth and relative breathing phase is observed.     
OCIS codes: (140.3945) Microcavities; (190.3270) Kerr effect; (190.7110) ultrafast nonlinear optics 

 

1. Introduction  

Temporal dissipative Kerr soliton (DKS) emitted from microresonators operates as a chip-scale ultrafast light source 

or low noise octave-spanning frequency comb coverage with GHz to THz repetition rate [1-2]. Due to their unique 

phase coherence and large optical power of the single mode, tremendous impacts have been introduced to time-

frequency metrology, optical communication, distance metrology, astrophysical spectrograph, and microwave 

photonic [3]. Dynamical temporal oscillatory ones as a variant can be excited by properly controlling the pump power 

and pump-resonance phase detuning known as breathing Kerr soliton [4]. Temporal recording the ultrafast dynamics 

in high-Q Kerr microcavity is essential for unveiling the cavity ultrafast dynamics for exploring the breathing soliton 

temporal oscillation, soliton state switching/transition, cavity rouge wave and chaos. Various real-time technology [5] 
has been proposed and experimentally demonstrated to record ultrafast dynamics. Here, we use time lens system and 

high-speed optical probe associated with large bandwidth oscilloscopes to completely characterize the temporal 

evolution of oscillating dissipative soliton and oscillating soliton molecules in terms of tunable amplitude modulation 

depth and asynchronous between oscillating profile and soliton.  

2.  Results and Discussion 

Generally, the DKS is generated by 

fast-sweeping pump frequency or 

using power kicking techniques to 

alleviate the strong thermally 

induced resonance shift [6]. To 

effectively expand the DKS 
existence range, thermal heating is 

carried out by using an auxiliary 

laser [7-8]. The TE-polarized cavity 

breathing soliton is excited by TM-

polarized pump laser under strong 

polarization-coupling condition. 

Figure1a shows the schematic 

illustration of the breathing soliton 

generation in an adiabatic 

dispersion-managed microcavity 

which is tapered from 1 µm to 2.5 

µm and features cavity dispersion of 
TE mode of -2.22 fs2/mm and TM 

mode of 44 fs2/mm. The scanning 

electron micrograph of the microcavity is shown in the setup which features an 8.1 mm circumference corresponding 

to a FSR of 20 GHz. The generated breathing soliton is characterized by a 76× parametric time magnifier (time lens). 

The optical spectrum analyzer (OSA) and electrical spectral analyzer (ESA) are also using for characterizing the 

 
Fig. 1: Breathing soliton generation and real-time characterization. (a) The experimental setup 

of the breathing soliton generation and the real-time observation via parametric time magnifier. 

(b) Breathing single soliton spectral evolution depending on the pump-resonance phase 

detuning, (c) The corresponding breathing frequency measurement at the RF domain.   
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optical and RF spectral evolutions with the change of the pump-resonance detuning. Figure1b shows the optical 

spectral evolution depending on 

the pump-resonance detuning 

where shows the optical spectrum 

evolves from single soliton state to 
breathing single soliton state and 

finally evolve to the high-noise 

state by forward tuning pump 

wavelength. Figure1c shows the 

RF spectra evolution where 

indicating the breathing frequency 

initiation and the breathing 

frequency tuning with negative and 

positive slope. Figure 2a shows the 

direct real-time measurement of 

the breathing Kerr soliton with a 

high-speed optical probe (HS-OP) 
and a large-bandwidth 

oscilloscope. A 1-GHz low-speed 

photodetector is using for 

monitoring the breathing 

frequency. Figure 2b and 2c shows the temporal evolution of the breathing soliton with the different amplitude 

modulation depth of 81 % and 53% which is determined by the pump-resonance detuning. Due to the limited 

bandwidth of the HS-OP and the oscilloscope, we develop the parametric time magnifier (time lens) system based on 

four-wave mixing to introduce pre-chirp for the pulse under test and then a matched dispersion element is used to get 

the transform-limited pulse. After 76 times temporal magnification, we can clearly record the temporal evolution of 

the breathing soliton and breathing soliton molecules. Figure 3a1 and a2 show the breathing frequency of the soliton 

and soliton molecule associated with noise background of the photodetector and ESA. Figure 3b1 and b2 show the 
intensity autocorrelation traces for the soliton and soliton molecule where soliton molecule shows the smaller intensity 

for the two sides. Figure 3c1 and c2 show the temporal traces of the breathing soliton and breathing soliton molecules 

after passing the temporal magnifier. The temporal response of the breathing modulation profile and the response of 

the time lens will convolve to get the modified response as shown in figure 3c2. Figure 4d1 and d2 show the temporal 

evolution of the breathing single soliton where including aliasing from the breathing profile and time lens response 

profile. Moreover, relative breathing phase is also observed as shown in figure 3c2 and d2.          

3.  Conclusion 

In conclusion, direct 

and temporal 

magnified real-time 

observations of 

breathing soliton 
dynamics in the strong 

coupled microcavity 

are characterized. 

Breathing amplitude 

modulation depth and 

relative phase are 

unveiled for the first 

time with high 

temporal resolution 

tools.     
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Fig. 3: Breathing single-soliton and soliton molecules real-time characterization. (a1 and a2) Breathing frequency 

measurements of the single soliton and soliton molecules; (b1 and b2) Autocorrelation traces of the breathing 

single soliton and breathing soliton molecules; (c1 and c2) Real-time sampling the breathing soliton dynamics 

with the parametric time magnifier (time lens); (d1 and d2) Converted breathing soliton temporal evolution.  
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Fig. 2: Real-time measurement of the breathing soliton dynamics. (a) The experimental setup 

which including the high-speed optical probe and a large bandwidth oscilloscope, TM: 

transverse magnetic, OBF: optical bandpass filter, EDFA: erbium-doped fiber amplifier, HS-

OP: high-speed optical probe, OSC: oscilloscope, PD: photodetector, ESA: electrical spectrum 

analyzer, OSA: optical spectrum analyzer; (b) and (c) Breathing single soliton temporal 

evolution with amplitude modulation depth of ≈ 81% and 53% respectively.  
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