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Time-resolved single-shot revealing pulse evolution 
dynamics in ultrafast lasers 

 

Tianhao Xian, Wenchao Wang, and Li Zhan* 

 

Mode-locked lasers are the ideal source for precise measurements, from frequency combs 
to precise timing, which relies on the accurate control of the intracavity parameters in the 
lasers to stabilize the pulse. However, by the lack of accurate measurements, the interplays 
between intracavity parameters and the mode-locked pulse is still not real-time observable. 
Here, using the dispersive temporal interferometer, we report a method to single-shot probe 
the pulse evolution dynamics in time domain in the mode-locked laser. As a typical example, 
we demonstrate the first single-shot observation on the roundtrip time and phase evolutions 
of intracavity pulse during its buildup and relaxation. Three distinct evolution regimes for 
pulse buildup are unveiled for the first time. Moreover, the physical mechanism of the time-
location and phase changes in these three regimes has also been analyzed, respectively. Our 
researches present a novel method to observe the intracavity-parameters-to-pulse interaction, 
which will improve laser design, ultrafast diagnostics, and nonlinear optics. 
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Ultrafast lasers1 have developed rapidly over the past decades, 
owing to their comprehensive applications in many areas such as 
precise timing2, frequency comb3, photonic switching4, sensor and 
biomedicine5. The efficient mean to generate ultrashort pulses is 
to utilize mode-locking, in which a large number of longitudinal 
modes are locked together in the same phase to form the ultrashort 
pulse, even short down to few optical cycles6,7. In mode-locked 
lasers, the ultrafast pulses arise from the balance of the energy 
exchange between the laser and the environment with the presence 
of nonlinearity and dispersion8. The interplays between the pulse 
and the cavity parameters are of particular interest in mode-locked 
lasers because they unveil a lot of pulse dynamics9. Reciprocally, 
to observe such dynamics is of great importance to improve the 
performance of ultrafast lasers.  

Although the dynamics of mode-locked lasers have been 
extensive investigated theoretically10, 11, experiment has been 
mitigated and the time-resolved measurement is often restricted to 
use fast photodetectors12. Recently, with the introduction of the 
dispersive Fourier transform (DFT) to real-time observe the pulse 
spectrum13, different phenomena in mode-locked lasers have been 
observed, such as the mode-locking buildup14, 15, soliton 
molecules16,17, soliton explosion18,19, and breather soliton20. These 
studies have vastly promoted human’s understanding on optical 
solitons, and unambiguously stimulated the development of 
ultrafast lasers. However, limited by the capability of DFT 
technique, soliton dynamics is observed in the spectral domain 
only. The observation of intracavity factors, which may affect the 
roundtrip time or the soliton phase, are beyond the capability of 
DFT technique. Whereas, to understand the interactions between 
mode-locked pulses and the laser components, the evolutions of 
pulse location (roundtrip time) and phase over roundtrips should 
be single-shot investigated. Furthermore, due to its extensive 
applications in few-cycle pulse generation21, femtosecond pulse 
synthesis22, frequency comb23, and precise timing24, it is of the 
essence for the mode-locked lasers to deliver pulses with high 
stable envelope phase and/or pulse location (roundtrip time or 
repetition frequency). Hence, to time-resolved understand the 
mode-locked lasers is not only of great importance in fundamental 
science, but also attractive for practical applications. 

Here, by means of an emerging ultrafast time-resolving 
technique, the dispersive temporal interferometer (DTI), we 
propose the single-shot resolving of the pulse-to-pulse and pulse-
to-cavity interactions of ultrafast laser. We reveal the evolutions of 
relative pulse location (roundtrip time) and phase during the 
buildup and relaxation process of mode-locking. Experimentally, 
we find that the seed fluctuation sees a rapid acceleration as it 
transforms into mode-locked pulse. Additionally, three-stage 
relaxation, namely soliton breath, relaxation oscillation, and long-
term relaxation, is unveiled for the first time. Theoretically, we 
propose that the gain depletion accelerates the pulses, and analyze 
the influences of gain and the refractive index change to the laser. 
These discoveries can enhance the understanding on the dynamics 
of mode-locked laser, and help to fabricate high stable ultrafast 
lasers for optical frequency comb and precise timing. 

Results 

Monitoring pulse-to-pulse interaction using DTI. The concept 
of DTI comes from the temporal analogy of the spatial double-slit 
interference25, in which the light is split by two parallel slits off 
two coherent parts, and the interference fringes arise on the screen 
far from the slits. As its temporal projection, the DTI splits the 
ultrashort pulse into two paths and then reassemble them into a 
pulse pair with time separation  . The pulse pair serves as the 
temporal double-slit and   is their distance. The analogy to 
diffraction propagation is implemented by large dispersion in DTI, 
after which the interference arises in time-domain and the 

interferogram can be captured by oscilloscope. This method was 
firstly proposed to monitor the time signal imposed on the paths, 
which can probe the time difference from attosecond to picosecond 
with sub-20as resolution26. Here, we introduce the DTI technique 
to mode-locked laser and employ it to capture the pulse-to-pulse 
and pulse-to-cavity-parameters interactions in ultrafast lasers. 

 

Fig. 1. Concept of capturing the interaction of different pulses with DTI.  

The concept of using the DTI to capture the relation of different 
pulses is sketched in Fig. 1: two separated pulses is firstly 
assembled into close-spaced pulse pair, and then stretched with 
large dispersion to encode their time separation   and relative 
phase 12   into the temporal interferogram. This requires the 
former pulse undergoes a long distance than the latter in the 
separate paths, which induces a time difference diffT  that fulfills 

( )sep diffT T =  −  , where sepT   is the separation of two pulses. 
After the DTI, the interferogram writes as:  

( ) ( )2

0 12( ) 1 ( ) 1 cos diffI t E t T       + + +         (1) 

where    is the total dispersion, 0   refers to the carrier 
frequency, and ( )E    represents the Fourier transform of the 
envelop of the pulse. Here, we should point out that the two pulses 
are treated as identical solitons for simplicity.  

 

Fig. 2. Time shift of mode-locked pulses due to time-dependent gain (left panel) 
and refractive index change (right panel). a(d) pulse relative location. The 
upper is the reference pulse that has a fix location, and the lower is the signal 
pulse. b(e) relative time separation of the pulses in a(d). c(f) time interferogram 
evolution of the pulses in a(d).  

Since the characterization of soliton-soliton interplays is based 
on the interference of the two solitons, it is instructive to present 
the correspondence between the origin of pulse temporal shift and 
the interferogram. In mode-locked lasers, the parameters that 
affect the pulse location are mainly refractive index and gain 
depletion27, 28. The change of the former mainly comes from Kerr 



 

 

effect13, 15, the Kramers-Krönig (KK) relation29. The Kerr effect 
can slow down the pulse through increasing the momentary 
refractive index of the fiber30. According to the KK relation, the 
change of population inversion of gain medium will reform its 
refractive index, and then change its relative location. 

The gain depletion theory was firstly introduced to model the 
slow saturable absorber mode-locked laser in 197531, and has been 
employed to explain the pulse-to-pulse interaction in the lasers32. 
As the lifetime of gain medium is much larger than the pulse 
duration, the energy that transferred to the pulse cannot be 
replenished immediately, which introduces a gain depletion during 
the pulse passing. Therefore, the tail of the pulse sees smaller gain 
than the front, and the net gain of the pulse in a roundtrip is27: 

2

net

2
( ) 1 ( ') '

t

s

g t G a t dt
E −

 
= − 

 
              (2) 

where G measures the magnitude of the depletion that occurs 
during pulse interaction, 

sE refers to the pulse energy and ( )a t

is the pulse envelop. Fig. 2a presents the pulse location when 
exerted different gain depletion and Fig. 2b is the time separation 
of signal pulse and the reference pulse. As the increase of G, the 
time separation increases, exhibiting that the pulse moves forward. 
Here, we simulate the time interferogram of these two pulses using 
DTI (Fig. 2c). The fringe period decreases with the increase of 
time separation, but the central fringe location is unchanged. As a 
comparison, the time shift due to refractive index change, which 
influence the effective cavity length of the laser, is presented in 
Fig. 2d-2f, displaying that the change of fringe period is 
accompanied by fringe location movement by 0  = , a typical 
feature of DTI-based time sensor26. The central fringe location 
reflects the relative phase 12  in Eq. (1), and the fringe period 
corresponds to the time separation. Therefore, from the relation of 
retrieved   and 12  , we can recognize whether the refractive 
index and the gain depletion have changed. 

Employing the proposed method, the time-separation and 
relative phase between two long-distance pulses is single-shot 
revealable, together with the corresponding physical mechanism. 
Therefore, a quantity of pulse-to-pulse interactions can be single-
shot further investigated, like periodic soliton collisions33, 
Casimir-like interactions28, lattice vibration of soliton crystal34. 
Moreover, if the two pulses are the same pulse but from adjacent 
roundtrips, there separation sepT thereby represents the roundtrip 
time rT  of the pulse. In this way, we can obtain the change of 
roundtrip time from the interferogram, which has help us to catch 
the subharmonic entrainment breather soliton35. Additionally, the 
change of roundtrip time and relative phase can reflect somewhat 
the pulse-to-cavity-parameters interaction, which will help to 
understand the pulse evolution dynamics of mode-locked laser. In 
the following, we focus on the pulse buildup and relaxation 
process to observe the pulse evolution dynamics in a fiber laser. 

 

Experiments. The experimental setup is shown in Fig. 3. The laser 
cavity incorporates 1.36m erbium-doped fiber (EDF) and 3.46m 
single mode fiber, so that the total cavity length is 4.82m. The 
dispersion is 65 ps2km-1 for EDF and -22 ps2km-1 for SMF at 
1550nm, indicating a total dispersion of +0.012 ps2. The laser is 
mode-locked by nonlinear polarization rotation (NPR) technique36, 
facilitated through two polarization controllers (PCs) and a 
polarization dependent isolator (PDI). The output laser is split into 
three portions: the first portion (without dispersion) is used to 
record the instantaneous pulse intensity and serves as the trigger 
of other two portions, the second portion connects a DTI to detect 
the relative time and phase of the pulses from adjacent roundtrips, 
and the third portion is fed into 12km standard single mode fiber 

(SMF) to carry out the DFT spectral measurement13. The DTI is 
fabricated by two 1:1 optical coupler (OCs), dispersion 
compensation fiber (DCF) and SMF as extra fibers (EFs), and 
12km SMF providing dispersion to time-stretch the pulse pair. The 
total length of EFs equals to the cavity length and their total 
dispersion EFs < 0.0005 ps2. Compared with another DTI which 
contains a delay line in one arm, it can be inferred that the time 
separation diff rT T = − . The signals are detected by a 10GHz (the 
first portion) photodetector (PD) and a 40 GHz (the other two 
portions) PD respectively, and captured by a 10GHz oscilloscope. 

  

Fig. 3. Experimental setup. The left part is the fiber laser mode-locked by 
nonlinear polarization rotation, while the right part is the real-time detection 
system, realizing synchronous measurements of the temporal intensity, spectra, 
and relative time and phase of adjacent pulses. WDM, wavelength division 
multiplexer; PDI polarization-dependent isolator; PC, polarization controller; 
OC, optical coupler; EFs, extra fibers. 

Change of roundtrip time during pulse buildup. Our laser is a 
typical dispersion-managed mode-locked laser37. The output 
pulses exhibit a duration of ~80fs at 1570nm with a repetition rate 
of 42.8 MHz (Fig. S2). Mode-locking is initiated via tuning on the 
pump power. The laser can self-start mode-locking operation at 
380 mW pump power. Upon the appearance of a pulse signal, it 
can be triggered and recorded by the oscilloscope. Each data set is 
recorded over a duration of 2ms and contains about 86000 
consecutive pulses. We segment the data into intervals of rT  to 
obtain a two-dimensional representation of the pulse with one 
dimension the pulse information within a single roundtrip and the 
other the pulse evolution over consecutive roundtrips. 

 

Fig. 4. The buildup of mode-locking. a Mode-locking transition detected by the 
oscilloscope. The recorded time series is segmented with respect to the 
roundtrip time of the seed fluctuation. b Pulse intensity, c pulse location and d 
roundtrip time transition during the mode-locking buildup. e Spectrum 
evolution during the transition. f A closeup of e in 100 roundtrips. g Pulse 
intensity evolution corresponding to f.  

The timing of the output pulses is precisely defined, which 
allow to measure the relative roundtrip time change during pulse 
buildup. The data from undispersed events (Figs. 4a and 4b) show 
that the mode-locking evolves from seed fluctuation that arises 



 

 

thousands of roundtrips before the buildup, which has been 
reported in ref. 13. But here, we focus on the pulse location rather 
than the pulse spectrum. As shown in Fig. 4a, a clear corner is 
observed when the pulse buildup. We extract the pulse location in 
Fig. 4a and obtain the pulse location evolution as shown in Fig. 4c, 
from which it can be inferred that the roundtrip time of the mode-
locked pulse is shorter than that of the seed fluctuation. We have 
calculated the relative roundtrip time evolution in Fig. 4d, and 
discovery that a 112-fs reduction of roundtrip time occurs 
synchronously with the increase of the pulse energy (Fig. 4b). 
Additionally, other fluctuations exhibit no time drift, indicating 
their roundtrip time is identical to the seed fluctuation. These 
phenomena emphasize that the mode-locked pulse has different 
roundtrip time from the fluctuations. 

The DFT technique allows to monitor the evolution of pulse 
spectrum, in which the interference can reveal the relative of 
mode-locked pulse and the beside fluctuation13. Figure 4e displays 
unambiguous interference fringes within 60 roundtrips after pulse 
buildup (the corresponding pulse intensity evolution is displayed 
in Fig. 4g). Together with the roundtrip time reduction shown in 
Fig. 4d, it can be inferred that the pulse propagates faster than the 
beside fluctuation. The Kerr effect is eliminated from the reasons 
for such difference because it slows down the pulse13 rather than 
accelerates. Therefore, the pulse acceleration may result from the 
gain depletion, as illuminated in Fig. 2. Since the intensity of seed 
fluctuation is much smaller than the pulse, the latter induces much 
larger gain depletion than the former, which makes the pulse faster 

than the fluctuations and exhibits as the roundtrip time reduction 
shown in Fig. 4d. These results reveal that the gain depletion 
directly influences the roundtrip time of mode-locked laser, and 
the gain depletion cannot be overlooked for the observation of 
pulse dynamics.  

 

Relaxation after mode-locking buildup. Employing the DTI 
technique, the roundtrip time change together with the pulse 
relative phase evolution can be single-shot monitored after the 
mode-locking buildup. With this method, three distinct stages, 
which represent three different physical processes, are observed. 
The first stage is exhibited in Fig. 5: at the time of pulse buildup, 
its amplitude oscillates or breathes periodically like breather 
soliton20, 35. The breather period is ~5.5 roundtrips and the ratio of 
breather amplitude (maximal minus minimal energy) to the 
average energy is larger than 12% at the beginning. Figures 5a and 
5e illustrate the time interferogram evolution during this stage. In 
the interferograms, both the fringe period and the fringe location 
change synchronously with the pulse intensity (Figs. 5b and 5f), a 
peculiar property of breather soliton35. We retrieve the time 
separation  and relative phase   using the same method as ref. 
27 (Figs. 5c, 5d, 5g, and 5h) and find that both perform like 
breather soliton: oscillate in a period synchronously with the pulse 
intensity. The breath attenuates and vanishes over about 1000 
roundtrips. The maximum jitter of   is 0.45   , much smaller 
than one optical cycle. 

 

Fig. 5.  Breath of mode-locked pulses. a Time interferogram evolution measured through DTI. The pulses from adjacent roundtrips are reassembled into soliton 
pair and stretched into nanosecond, after which their time interferogram arises on oscilloscope. b Pulse intensity corresponding to the time interferogram in A. c 
Time separation and d relative phase retrieved from a. e-h Closeup of a-d, respectively. i Dynamics of the soliton breath mapped into the interaction plane from 
0 to 1200 roundtrips. 

In principle, the change of refractive index n   introduces 
linear roundtrip time change rT (exhibits as the change of   in 
Fig. 5c), which bring the relative phase change of pulses from 
adjacent roundtrips by 2 r oT T = , where oT  is the optical 
cycle. From Fig. 5d, we can figure out that the maximum roundtrip 
time jitter is 1.1 fs, while the jitter of retrieved   is 73fs. Such 
significant difference can be explained via the gain depletion 
theory as shown in Fig. 2. Since the pulse advancement is 
proportion to the degree of gain depletion and the latter is 
dominated by the pulse intensity38, the pulse advancement in each 
roundtrip depends on the pulse intensity. Hence, when the pulse 
intensity jitters violently, such as breather soliton, the pulse 
advancement due to gain depletion will vary synchronously, 

leading to the roundtrip time change. Since such change does not 
tune the pulse phase as shown in Fig. 2,    and    exhibit 
asynchronous evolution. Hence, the soliton breath stage highlights 
that the gain depletion can forward the ultrashort pulse, by which 
the it can affect the timing jitter of the mode-locked lasers24.  

Figure 5i shows the dynamics of the soliton breath mapped into 
the interaction plane from 10 to 1200 roundtrips, in which the 
radius represents the time separation    and the angle is the 
relative phase  . The trajectory illustrates the evolution of the 
laser in the soliton breath stage. The soliton is firstly localized in 
the outer cycle; with attenuation of the breath, the trajectory moves 
in, and finally, the system reaches a fixed point, which means the 
soliton breath vanishes. This can be explained by the change of 
gain: with the mode-locking buildup, the gain decreases sharply, 



 

 

as evidenced by the attenuation of other fluctuations in about 100 
roundtrips. The gain of the laser cannot support the output of stable 
soliton, leading to the soliton breath. However, with the 
attenuation of other fluctuations and the adjustment of the laser, 
the gain restores gradually, which steady the laser to a fixed point. 

To lucubrate the long-term roundtrip time change after mode-
locking buildup, we seized the interferograms with different time 
ranges. The second stage lasts several milliseconds, which requires 
us to use the ultra-segmentation method with 1us holdoff-time 
after each shot to monitor the second stage. Figure 6a displays the 
evolution of time interferogram over 7ms, which contains 7000 
shots with 1us interval of adjacent shots. Apparent oscillation of 
fringe location in a period of ~320 μs can be observed. Like in the 
soliton breath stage, the corresponding pulse intensity (Fig. 6b) 
exhibits similar oscillation. Distinguished from the soliton breath 
stage, the retrieved   , as depicted in Fig. 6c, presents no 
oscillation, implying that the roundtrip time change is smaller than 
the resolution of   (~5fs). Meanwhile, Fig. 6d shows the relative 
phase oscillates in the identical period with the pulse intensity, 
which reveals their interrelation. This synchronization may result 
from the Kerr effect and/or the refractive index change in the gain 
medium. Like the breath stage, the oscillation attenuates over time 
synchronously in intensity and relative phase, implying that the 
oscillation can be explained by the relaxation oscillation of gain 
medium, which is ubiquitous in lasers15.  

 

Fig. 6.  Long-term relaxation. The left panel is the relaxation oscillation over 
7ms, while the right panel refers to the relaxation over 7s. a(e) Time 
interferogram evolution over 7ms (7s) after mode-locking buildup. b(f) pulse 
intensity, c(g) time separation, and d(h) relative phase at the corresponding 
time of a(e). We captured one shot per microsecond (millisecond) and 7000 
shots was seized. 

To further investigate the pulse dynamics, we caught the third 
stage of the mode-locked laser, the relaxation stage, as presented 
in Figs. 6e-6h. During this stage, the pulse intensity is changeless, 
but the time interferogram illustrates an exponentially evolution 
(Figs. 6e and 6f). Figure 6g displays a total reduction of ~24 fs, 
meaning the roundtrip time increases by 24 fs. Meanwhile, 
increases synchronously with rT (Fig. 6h). Also, we calculated
using 0 0( ) 2

o
T    = − − ( 0  and 0  are the corresponding 

 and  at the time 0) as the olive line in Fig. 6g, which fits well 
with the retrieved  . Hence, it is unambiguous that the roundtrip 
time change owes to the change of refractive index. Whereas, the 
pulse intensity holds constant from Fig. 6f. Therefore, it can be 
inferred that the refractive index change originates from the 
relaxation of gain medium. After the mode-locking buildup, it 

takes a much longer time than the buildup process for the gain 
medium to relax to its equilibrium state, during which the change 
of population inversion reforms the refractive index according to 
the KK relation. The exponential fitting in Fig. 6h highlights the 
relaxation process in this laser. Thus, we can give the expression 
of roundtrip time during the relaxation stage as: 

0 exp( )
r r rc r

T T T t = − −  , where 0rT  is the roundtrip time after 
relaxation, 

rcT   is the relaxation coefficient, and 
r  is the 

relaxation time. In our experiment, the total increment of roundtrip 
time, namely 

rcT , is 38fs, and 
r  400ms. The relaxation time is 

much longer than the upper-level lifetime (10ms) of EDF39, which 
can be explained by the feedback mechanism of the laser.  

Discussion 

We have time-resolved demonstrated the pulse evolutions and 
single-shot revealed the pulse-to-cavity-parameters interaction in 
an ultrafast laser. Using the DTI technique, we have presented the 
first direct temporal characterization of the pulse relaxation 
process in mode-locked lasers, on both intensity and roundtrip 
time. From the relation of retrieved time separation and phase, it 
is feasible to determine the roles of the refractive index change and 
the gain depletion change in the change of roundtrip time. With the 
help of pulse intensity, it is also determinable whether the Kerr 
effect works. As a typical example, we have revealed that in the 
pulse breath stage, the main roundtrip time change originates from 
the gain depletion, and in the relaxation stage, the refractive index 
change is the source of roundtrip time change. Moreover, the 
relaxation oscillation and the long-term relaxation demonstrate 
that the jitter of population reversion level in gain medium can 
change the roundtrip time in the laser, which should be noticed to 
reduce the timing jitter in precise timing and frequency comb 
generation. These may spur new methods to stabilize cavity 
frequency of mode-locked laser. These results highlight that the 
DTI can single-shot probe the pulse-to-cavity-parameters 
interaction, which will tremendously promote the investigation of 
pulse evolution dynamics in ultrafast lasers, provide new ways to 
improve the stability of mode-locked lasers, and facilitate the 
development of ultrafast lasers.  

Single-shot probing the time separation and relative phase of the 
pulse from adjacent roundtrips suggests the applications for DTI 
on frequency comb, femtosecond pulse synchronization, precise 
timing, and few-cycle pulse generation. In these areas, the popular 
method on the feedback control is based on the measurement of 
repetition frequency and/or the f-to-2f method40, both of which can 
only access time-averaged signals. The DTI makes it possible to 
single-shot monitor the repetition frequency and the phase jitter of 
mode-locked pulse. Based upon this, it is feasible to carry out all-
optical feedback control, which will tremendously promote the 
development of frequency comb et. al. Furthermore, the linear 
relation between the roundtrip time change and relative phase jitter 
suggest that when tuning the repetition frequency, the pulse phase 
will be modulated synchronously. We hope these aspects should 
attract researchers’ attention in the feedback control of frequency 
comb and precise timing2,3.  

In conclusion, we have demonstrated the application of DTI for 
tracing the evolution of mode-locked laser. This method provides 
the first observation of the interplay between pulse and cavity 
parameters. With this method, we have resolved the evolutions of 
roundtrip time and pulse relative phase during the buildup process 
of mode-locking and unveiled the stages of soliton breath, 
relaxation oscillation, and long-term relaxation after the pulse 
formation. With the analyzation of roundtrip time change in each 
stage, we have phenomenologically proved that the gain depletion 
and the refractive index change are the main origin of the roundtrip 
time change in fiber laser, and have analyzed their effects on pulse 



 

 

phases. Moreover, the single-shot measurement of roundtrip time 
and relative pulse phase is extremely valuable for pulse synthesis, 
frequency comb and precise timing, and we expect that our method 
can find further applications in these areas. Furthermore, the DTI 
technique may have an impact on a wide variety of phenomena of 
optical soliton, like Casimir-like interaction28, soliton explosion18, 
and soliton molecular breathing16, and provide new insights into 
soliton physics.  
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Figures

Figure 1

Concept of capturing the interaction of different pulses with DTI.



Figure 2

Time shift of mode-locked pulses due to time-dependent gain (left panel) and refractive index change
(right panel). a(d) pulse relative location. The upper is the reference pulse that has a �x location, and the
lower is the signal pulse. b(e) relative time separation of the pulses in a(d). c(f) time interferogram
evolution of the pulses in a(d).



Figure 3

Experimental setup. The left part is the �ber laser mode-locked by nonlinear polarization rotation, while
the right part is the real-time detection system, realizing synchronous measurements of the temporal
intensity, spectra, and relative time and phase of adjacent pulses. WDM, wavelength division multiplexer;
PDI polarization-dependent isolator; PC, polarization controller; OC, optical coupler; EFs, extra �bers.

Figure 4

The buildup of mode-locking. a Mode-locking transition detected by the oscilloscope. The recorded time
series is segmented with respect to the roundtrip time of the seed �uctuation. b Pulse intensity, c pulse
location and d roundtrip time transition during the mode-locking buildup. e Spectrum evolution during the
transition. f A closeup of e in 100 roundtrips. g Pulse intensity evolution corresponding to f.



Figure 5

Breath of mode-locked pulses. a Time interferogram evolution measured through DTI. The pulses from
adjacent roundtrips are reassembled into soliton pair and stretched into nanosecond, after which their
time interferogram arises on oscilloscope. b Pulse intensity corresponding to the time interferogram in A.
c Time separation and d relative phase retrieved from a. e-h Closeup of a-d, respectively. i Dynamics of
the soliton breath mapped into the interaction plane from 0 to 1200 roundtrips.



Figure 6

Long-term relaxation. The left panel is the relaxation oscillation over 7ms, while the right panel refers to
the relaxation over 7s. a(e) Time interferogram evolution over 7ms (7s) after mode-locking buildup. b(f)
pulse intensity, c(g) time separation, and d(h) relative phase at the corresponding time of a(e). We
captured one shot per microsecond (millisecond) and 7000 shots was seized.
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