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Real time revealing relaxation dynamics of ultrafast mode-locked lasers
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Single-shot measurement of ultrashort time with a dispersive temporal interferometer (DTI) paves the way for
exploring intracavity dynamics in ultrafast lasers. Here, we report observations of pulse evolution dynamics after
mode-locking buildup in ultrafast lasers. We observe the roundtrip time and phase evolution of the mode-locked
pulses after buildup, and we unveil that the pulse experiences three different stages before stabilization, i.e.,
the soliton breathing stage, the relaxation oscillation stage, and the long-term relaxation stage. We find that the
gain depletion effect makes the pulse move forward but does not shift its phase, and it can be distinguished
by a DTI from the refractive index change. With this, the dynamics of the three stages is analyzed. Moreover,
it is unveiled that the gain relaxation dynamics can intensively affect a laser’s stability. These results provide
additional perspectives on the intracavity dynamics of mode-locked lasers and of complex nonlinear systems, and
they can help to improve the laser stability, which may impact laser design, ultrafast diagnostics, and nonlinear

optics.

DOLI: 10.1103/PhysRevResearch.4.013202

Mode-locked lasers [1], as important ultrashort pulse
sources, are widely used in industrial applications, medical
applications, and fundamental research [2,3]. Some of the
most precise measurements, from frequency comb metrology
[4] to precise timing [5], are performed with mode-locked
lasers. Such extreme precision is dependent on the stability
of the lasers, which demands a comprehensive understanding
of mode-locking dynamics, especially the roundtrip time and
carrier phase evolution. In addition to their widespread appli-
cations, mode-locked lasers constitute an ideal platform for
the fundamental observation of complex nonlinear dynamics,
including rogue waves [6], soliton molecules [7,8], soliton
explosions [9], and pulsation of soliton bunches [10], making
it essential for such fundamental science observation to study
mode-locking dynamics.

Mode-locking is a complex phenomenon in which quan-
tities of modes are locked into the same phase to generate
ultrashort pulses, even short down to optical cycles [11,12].
The pulse evolution dynamics is determined by the inter-
plays between the pulse and the cavity components, which
have been observed extensively since the 1990s [13,14].
Recently, using the dispersive Fourier transform (DFT) tech-
nique [7,8,15,16], some mode-locking buildup dynamics have
been observed, such as the mode-locking buildup [16-20], the
birth and extinction of solitons [21-23], the transition from Q-
switching to mode-locking [24], and transient mode-locking
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[25]. In these studies, the lasers are considered to be stationary
after the buildup process because the single-shot spectrum is
stable. However, in the buildup process, the dramatic change
in the intracavity photon number changes the gain and loss
substantially [26]. Since the lifetime of the gain medium is
usually much longer than the roundtrip time [27], the inter-
play between the gain medium and the pulse pushes the laser
off the steady state [28], suggesting that the pulses should
experience a relaxation process before stabilization. Although
the spectrum is stable, the relaxation may introduce roundtrip
time and phase jitters to the pulses, which is directly con-
nected to the laser’s stability [29]. However, the observation of
such a stabilization process is mitigated by the lack of accurate
ultrafast measurements.

Keeping in mind this fundamental physical phenomenon,
the salient questions that naturally arise are to guess how the
laser relaxes to the steady state and how the relaxation affects
the pulses. Resolving such questions can help us to understand
the interplay between the soliton and the cavity components,
which may lead to the observation of some nonlinear phenom-
ena such as rogue waves [6], the Fermi-Pasta-Ulam paradox
[30], breathing solitons [15], and turbulence [31]. Moreover,
the mode-locking relaxation is linked to the instability dy-
namics, such as the Q-switching instability [32] and timing
jitter, which is unwanted in high-precision measurements such
as a frequency comb [33] and multiphoton microscopy [3].
Therefore, the observation of mode-locking relaxation can
help to optimize the laser design in order to suppress or avoid
these instabilities, which is attractive in practical applications.

Here, with a single-shot time-measurement technique,
namely the dispersive temporal interferometer (DTI) [34,35],
we monitor the roundtrip time and phase evolutions of mode-
locked pulses during the relaxation process. Based on time
and phase evolution, we reveal three distinct stages during the
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FIG. 1. Capturing the interaction of different pulses with DTL.

relaxation process, i.e., the soliton breath stage, the relaxation
oscillation stage, and the long-term relaxation stage. Theo-
retically, we propose that the gain depletion can accelerate
the pulses, and we analyze the different influence of gain
depletion and the refractive index change on the pulse. These
discoveries can enhance our understanding of the dynamics
of mode-locked lasers, and they can help to fabricate highly
stable ultrafast lasers for precision measurement applications.

Using DTI, two separated pulses (duration in femtosec-
onds) with a separation Ty, and a phase difference ¢,
are assembled into a close-spaced pulse pair, as shown in
Fig. 1. This requires the former pulse to pass a longer dis-
tance than the latter, which introduces a time difference
Tyge for both pulses. After this, their separation is 7 =
E(Tsep — Tair )(several picoseconds or subpicoseconds). Then,
they are stretched with large dispersion into nanosecond pulse,
which is much wider than the initial pulse. The large dis-
persion can map the frequency w of the pulse pair into the
time domain ¢, and the relation is w — wy = t/B, with § the
total dispersion and wy the carrier frequency. Note that the
reference zero time (t = 0) corresponds to the frequency wy.
Therefore, the DTI can encode the time separation t and rela-
tive phase ¢ of the pulse pair into the temporal interferogram,
which reads [36,37]

1(t) = (1/B)E(t/B)P[1 + cos (t1/B + woTasr + ¢12)], (1)

where E(w — wp) represents the Fourier transform of the en-
velope of the pulse, and @ — wy is displaced by ¢/ because
the frequency is mapped into the time domain. One interfero-
gram is displayed in Fig. 1, in which the interferogram phase
¢ = woTyirr + @12, and the fringe period T =27 8/t. For
two different solitons in a multipulse laser, the interferogram
evolution maps the soliton interaction. For two pulses from
adjacent roundtrips in a single-pulse laser, their separation is
the roundtrip time, Ty, = 7. Although the absolute value of
T, is inaccessible as Tgirr > 7, the evolutions of 7, and ¢, are
written into T and ¢ by

8T, = 6, (2a)
S¢ = d¢12, (2b)

where 6x = x—C, x represents T, T, @12, ¢, and C is a con-
stant. Therefore, the DTI technique is an effective method
to real-time monitor the evolution of the roundtrip time and
the phase shift in a mode-locked laser. In the following, we
assume the constant for ¢ is zero, and we use ¢ to express the
phase evolution.

There are three potential evolutions in the time interfer-
ogram: (i) only 7, changes, which makes t and ¢ change
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FIG. 2. Time shift due to gain depletion. (a) Scheme of the gain
depletion across an amplified soliton. (b) Scheme of the gain de-
pletion at different roundtrips. (c) Time separation of signal pulse
and reference pulse as a function of gain depletion. The inset plots
the two pulses. (d) Time interferogram evolution at different gain
depletion.

synchronously; (ii) only ¢ changes; and (iii) T changes but
@ is constant. In the following, we will list several effects
that can impact the pulse in the laser, and we simulate the
interferogram change after commuting with the effect.

First, the Kerr effect can slow down the pulse through
increasing the momentary refractive index [38]. The change
of the Kerr effect will immediately reform ¢ [case (ii)]. Since
the cavity length is fixed, the roundtrip time is mainly affected
by the refractive index and gain depletion [39,40]. The re-
fractive index change will change the effective cavity length,
which varies t and ¢ synchronously, corresponding to case (i).
However, the gain depletion effect can bring the pulse forward
[41,42], which is much more complex.

Because the lifetime of the gain medium 7, is much longer
than the pulse duration, the energy transferred to the pulse
cannot be replenished immediately, inducing gain depletion
during the pulse passing, as shown in Fig. 2(a). Therefore, the
gain is time-variant when the pulse passes, and the tail of the
pulse sees a smaller gain than does the front [the red line in
Fig. 2(a)]. Thus, this effect can reform the pulse envelope and
make the pulse move forward [the blue line in Fig. 2(a)], but
it does not change the phase velocity.

The time-dependent gain g can be described by the rate
equation:

dg g —g glv®P

dt T, E, '’

3

where gg is the small signal gain, E, is the gain saturation
energy, and v (¢) is the pulse envelope. Since the energy of
the pulse E; = f |1//(t)|2dt is much smaller than E, and the
pulse duration is much smaller than the roundtrip time, the
gain depletion can be measured as Ag = g;E;/E,, where g;
corresponds to the gain just before the pulse arrives. The value
of Agis determined by E; and g;. Figure 2(b) shows the gain
depletion under different pulse energy. Then, we consider the
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FIG. 3. Experimental setup. The left part is the fiber laser, while
the right part is the real-time detection system. WDM: wavelength
division multiplexer; OC, optical coupler; EF, extra fibers. The total
length of EFs is equal to the cavity length, so the DTI captures the
interference of two pulses from adjacent roundtrips. A detailed setup
of DTI in shown in Fig. S3.

loss of the laser. Under stable operation, the total gain is equal
to the total cavity loss. Considering the gain depletion effect,
the net gain of the cavity is time-dependent. We assume that
the loss is a constant, and then the net gain can be expressed
as [39]

t

8net(1) = Ag<1 - 3[ Iw(t’)lzdt'). ©)
E, J_

Therefore, the pulse envelope /' (¢) after the gain-dependent

effectis ¥'() = ¥ (t) explgnet ()].

To illustrate the map of gain depletion on the time inter-
ferogram of DTI, we simulate the time interference of two
pulses, with the former pulse suffering from the gain depletion
effect (the signal pulse) and the latter pulse not (the refer-
ence). We assume that the initial solitons have hyperbolic
secant envelope ¥ (1) = sech(10¢) and their time separation
7 = 1. Due to the forward motion of the former pulse, the
separation of the two pulses increases with an increase in the
gain depletion parameter Ag, as displayed in Fig. 2(c). Their
time interferogram [Fig. 2(d)] indicates that the fringe period
decreases with separation, but the interferogram phase has not
changed. We would like to point out that when we add chirp to
the initial soliton, positive or negative, a similar phenomenon
arises. This is because the gain-depletion effect can deform
the pulse to make the center of the pulse move forward, but
it does not introduce a phase shift [39]. In other words, it
can change the group location rather than the phase. Thus,
the jitter of gain depletion will change 7, but ¢ will remain
constant, which is just case (iii). In comparison, the time shift
due to refractive index change will make ¢ change with t
synchronously [43]. The change of interferogram may come
from one of the three cases, or their superposition, and the
roundtrip time change and/or the phase shift can be recognized
from the interferogram.

The experimental setup is shown in Fig. 3. The laser cav-
ity is 4.82 m long, which consists of 1.36 m erbium-doped
fiber (EDF) and 3.46 m standard single mode fiber (SMF).
The dispersion is 65ps>km~! for EDF and —22ps®>km™!
for SMF at 1550 nm, and the total dispersion is +0.012 ps®.
The laser is mode-locked by nonlinear polarization rotation
through a polarization-dependent isolator (PDI) and two po-
larization controllers (PCs) [44]. The output laser is split
into three portions: the first portion records the instantaneous
pulse intensity, the second portion connects a DTI to detect
the roundtrip time and phase evolution [43], and the third

portion carries out the spectral measurement [16]. The DTI
is fabricated by two 1:1 optical coupler (OCs), dispersion
compensation fiber (DCF) and SMF as extra fibers (EFs), and
12 km SMF. The total length of EFs is equal to the cavity
length and their total dispersion |Bggs| < 0.0005 ps>. Com-
pared with another DTI which contains a delay line in one
arm, it can be inferred that the time separation T = Tgist — 7T,
The time-stretching is provided by the dispersion via a 12 km
SMF. The signals are detected by a 10 GHz and a 40 GHz
photodetector (PD), and captured by a 10 GHz oscilloscope.

The extreme precision of many precise measurements with
a mode-locked laser relies on the complexity of the mode-
locking dynamics [5,16]. The buildup and the relaxation of
the mode-locked state is an ideal platform to study such dy-
namics because this transition is singular and nonrepetitive
and contains various complex dynamics [18,22]. Moreover,
the transition among different stages is spontaneous and easily
captured. Therefore, we observe the evolution of the roundtrip
time and the phase evolution during the buildup and relaxation
process of mode-locking. The laser is a typical dispersion-
managed mode-locked laser [45] at 1570 nm (optical cycle
T, = 5.27 fs) with a duration of ~80 fs and a repetition rate of
42.8 MHz (Fig. S4 in [43]). The mode-locking operation self-
starts at 380 mW pump power. Upon the appearance of a pulse
signal, it can be triggered and recorded by the oscilloscope.

After the mode-locking buildup, three distinct stages are
observed. The first stage, referred to as the soliton breath-
ing stage, is exhibited in Fig. 4: in the first 1000 roundtrips
after buildup, the pulse intensity oscillates periodically like
breathing [15,34]. The breathing period is ~5.5 roundtrips
and the breathing depth is higher than 12% at the beginning.
Figure 4(a) illustrates the time interferogram evolution dur-
ing this stage: both the fringe period and the phase change
synchronously with the pulse intensity, a peculiar property of
breathing soliton [34]. 87, and ¢ oscillate with the pulse inten-
sity synchronously, as shown in Fig. 4(b). In 900 roundtrips,
breathing attenuates and vanishes gradually. The maximum
jitter of ¢ is 0.45m, much smaller than one cycle. However,
the roundtrip time jitter is 73 fs, much larger than the value
calculated from phase jitter of 1.1 fs (r = T,¢/2m). This can
be explained via the gain depletion theory: the pulse advance-
ment is proportional to the magnitude of gain depletion, and
the latter in each roundtrip is dominated by the pulse intensity
[29]. Hence, when the intensity jitters violently, the advance-
ment oscillates synchronously, leading to the roundtrip time
change. Since such a change does not tune the pulse phase, §7;
and ¢ display an evident mismatch. Therefore, the breathing
stage highlights that the gain depletion can affect the timing
jitter of the mode-locked laser [46].

Figures 4(c) and 4(d) show the pulse dynamics in the
soliton breathing stage. The trajectory in Fig. 4(c) shows that
the soliton traces first the outer cycle; as the breathing atten-
uates, the trajectory moves in; when the breathing vanishes,
the trajectory reaches a fixed point. This may be because
of the gain change: with the mode-locking buildup, the gain
decreases sharply [16]. The gain cannot support the stable
pulse output, leading to soliton breathing [15]. However, with
the attenuation of other fluctuations and the adjustment of the
laser, the gain restores gradually, which stabilizes the laser to
a fixed point.
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FIG. 4. Soliton breathing stage of mode-locked laser. (a) Time interferogram evolution measured through DTI. (b) Pulse intensity (upper),
roundtrip time (middle), and relative phase (lower) evolutions. (c) Relation of 47, and ¢ in 1000 roundtrips after mode-locking buildup. The
radius (angle) corresponds to 67, (¢). R = §T, — C, with C a constant. (d) ¢ as a function of intensity for 300-340 roundtrips. Their relation

over 900 roundtrips is displayed in Fig. S5 [43].

The linear relation of the relative phase to the pulse inten-
sity [Figs. 4(d) and S2] suggests their direct link to the Kerr
effect: the momentary refractive index of the fiber depends on
the peak power of the pulse. However, the pulse periodically
traces a closed orbit, in which the falling edge is higher than
the riding edge while both are linear. This is because the pulse
has a different duration at both edges: the pulse is amplified
in the rising edge and compressed due to the enhancement
of self-phase modulation. In the falling edge, the pulse is
attenuated. Due to the drop-off of the self-phase modulation,
the pulse is stretched by dispersion.

As illustrated in Fig. 5, the relaxation oscillation stage lasts
~7 ms. Figure 5(a) displays the evolution of the interfero-
gram, which shows that the phase oscillates in a period of
~320 us. The pulse intensity in Fig. 5(b) exhibits analogous
oscillation. Shown in Fig. 5(b), the oscillations of the phase
and intensity phase are synchronous, indicating their internal
link. The relation of §7, and ¢ is shown in Fig. 5(c). The
maximum jitter of ¢ is 0.45 rad, corresponding to 0.38 fs,
much smaller than the resolution of §7, (~5 fs). Therefore,
the roundtrip time may change with the phase, but it cannot
be recognized.

In addition to the oscillation, the phase performs a linear-
increase tendency, which is the long-term relaxation stage that
will be discussed later. Subtracting such a linear increase by
¢ = ¢—aT (a is a coefficient), the relation of the phase to
the intensity is shown in Fig. 5(d). ¢ increases with intensity
linearly, indicating that the phase jitter originates from inten-
sity jitter, which is attributed to the Kerr effect. The error in
Fig. 5(d) comes mainly from the measurement error of the
intensity. Different from the soliton breathing stage, there is
no obvious difference in the rising and falling edges, which
highlights that the pulse envelope has no change in this stage.
This oscillation may come from the relaxation oscillation of
the gain medium [47]: the dramatic change of the intracavity
photon number as the pulse builds up breaks the balance of
photon number and gain; because the lifetime of the gain

level in EDF (~10 ms) [48] is much longer than the roundtrip
time, the gain oscillates with the pulse intensity in a long time
before reaching the equilibrium state.

After the oscillation, the laser experiences a long-term re-
laxation stage in several seconds, as shown in Fig. 6. During
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FIG. 5. Relaxation oscillation in 7 ms after mode-locking
buildup. (a) Single-shot time interferogram evolution, which is cap-
tured using the ultrasegmentation method with 1 us holdoff time.
Therefore, the adjacent interferograms have an interval of 1 us. A
total of 7000 interferograms are presented in (a), which lasts 7 ms.
(b) Pulse intensity, time separation, and relative phase. (c) Relation
of 8T, and ¢. The scatters are the experimental data, and the black
line is a theoretical line of Eq. (3). (d) ¢ as a function of intensity.
The black line is the fitting of the scatters.
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FIG. 6. Relaxation in 7 s after mode-locking buildup. (a) Time
interferogram evolution over 7 s. The time interval of adjacent inter-
ferograms is 1 ms. (b) Spectrum evolution. (c) Pulse intensity, time
separation, and relative phase evolutions. The olive line in the middle
is calculated by the blue line (¢) in the lower part through Eq. (2).
The red dashed line in the lower part is the exponential fitting. (d)
Relation of §7, and ¢. The black line is the fitting of scatters with
Eq. (2).

this stage, the pulse intensity and the spectrum are stationary,
but the interferogram illustrates an exponential evolution in
the time domain [Figs. 6(a)-6(c)], which is beyond the ability
of the DFT technique. The middle of Fig. 6(c) displays that the
roundtrip time increases by 30 fs. Meanwhile, ¢ increases syn-
chronously with 7, [Fig. 6(c)]. Also, we calculate 67, using
0T, = T, /2w + C [the olive line in the middle of Fig. 6(c)],
which fits well with §7,. Figure 6(d) shows the relation of 67,
and ¢: the pulse traces a trajectory (R = T,¢ /27 + C) from
the outer cycle to the inner one, and it finally reaches a fixed
point with a constant roundtrip time and phase. Unambigu-
ously, the roundtrip time change is attributed to the refractive
index change. In view of the constant pulse intensity, it can be
inferred that the refractive index change may originate from
the relaxation of the gain medium or the thermal effect. Ac-
cording to the Kramers-Kronig (KK) relation [49], the change
of population inversion in EDF modifies its refractive index.
In addition, the thermal effect induced by the mode-locking
can also change the temperature of the fiber and influence the
refractive index. The exponential fitting in Fig. 6(c) highlights

the relaxation process in this laser. Then, the roundtrip time
evolution during this stage is

T, =To— T eXP(_t/Tr), (5)

where T, is the roundtrip time after relaxation, 7;. is the
relaxation coefficient, and 7, is the relaxation time. In our
experiment, Ty, is 30 fs, and 7, &~ 400 ms. The relaxation time
is longer than the lifetime of the upper level in EDF [48],
which is caused by the feedback mechanism of the laser.
In a longer timescale, timing jitter is observed although the
intensity is stable (Fig. S7), indicating that the laser suffers
from timing jitter [50].

In some precise measurements with mode-locked lasers,
the precision relies on the mode-locking dynamics. The
roundtrip time and pulse phase should be accurately con-
trolled to maintain the stability for the most precise measure-
ments. The three stages after mode-locking buildup mirror
that the gain relaxation dynamics [51] can intensively affect
the laser’s time and/or phase stability, and the relaxation takes
longer than the gain medium’s lifetime. Moreover, in some
other types of mode-locked lasers, such as Kerr lens mode-
locked lasers, such relaxation can also be observed. But it
takes much less time for the pulse to pass the gain crystal
there than pass the EDF, so the relaxation effect may be much
weaker. These observations may impact the laser design and
help to improve the laser performance.

In conclusion, we have demonstrated the application of
DTI for tracing the pulse evolution in mode-locked lasers.
With this method, we have resolved the evolutions of a pulse’s
roundtrip time and the relative phase after the buildup of
mode-locking, and we have unveiled the stages of soliton
breath, relaxation oscillation, and long-term relaxation. We
have analyzed the influence of gain depletion and the refrac-
tive index change on the roundtrip time and phase of a pulse
in a fiber laser, and we have mapped the model of soliton
evolution dynamics in three stages. 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.
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