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In addition to stable pulse generation, passively mode-locked fiber lasers can easily run into an

unstable regime of multipulse mode-locking. The birth and dynamic behaviors of multipulse mode-

locking so far have rarely been experimentally explored, particularly in the spectral domain. In this

letter, several kinds of multipulse spectral-temporal dynamics of a passively mode-locked fiber

laser are observed in a single-shot manner, e.g., energy quantization, self-phase modulation spectral

broadening, wavelength shifting, spectral interfering, and ultraweak pulse interaction. This study is

enabled by the high temporal resolution of spectral-temporal technology, i.e., 50 ps in the time

domain and tens of nanoseconds in the spectral domain. Moreover, a wide observing time span of

our spectral-temporal analyzing system, i.e.,>6 ms—equivalent to 100 000 round trips, enables

evolutionary characterization of individual pulses. The results will have a significant impact on

optimizing the performance of mode-locked fiber lasers and understanding the nonlinear physics in

a dissipative system. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983718]

Fiber lasers have played an increasingly important role in

various areas, including biological imaging,1–3 optical com-

munication,4 and optical spectroscopy,5 due to their advan-

tages such as small footprints, high energy, and extensive

wavelength ranges.6–8 With many longitudinal modes con-

fined in a small core (few microns), fiber lasers can also gen-

erate extraordinary laser dynamics that differs from their

normal operations, for example, pulse burst,9 Q-switching,10

optical rogue waves,11,12 and so on. In passively mode-locked

lasers, in addition, a more complex system can arise from the

interplay of gain, loss, dispersion, and nonlinearity.13

Consequently, passive mode-locking, no matter what underly-

ing mechanism behind is, can easily run into the multipulse

state, which has been widely observed in various platforms,

e.g., saturable absorber mode-locked Ti: sapphire lasers,14

Kerr-lens mode-locked Ti: sapphire lasers,15 and nonlinear

polarization rotation (NPR) mode-locked fiber lasers.16 In the

anomalous-dispersion regime, particularly, hundreds of mode-

locked pulses can be generated and coexisted in the same

round trip.17 Although the crowded pulse cluster can produce

fruitful optical interactions, e.g., soliton molecules and soliton

rain,18,19 it is historically a detrimental phenomenon to the sta-

bility of mode-locking, i.e., undermining the fundamental

mode-locking. It even introduces intensity fluctuations during

the sample illumination and detection in applications of bio-

imaging, which can be a safety concern.

A further understanding of multipulse mode-locking is

required to push its optimal operation. Several theoretical

attempts have been made to interpret the mechanism behind

multipulse mode-locking, e.g., peak power clamping,20 gain

bandwidth limited pulse splitting,21 and nonlinear cavity

feedback.22 In terms of experimental investigations, how-

ever, it is seriously limited by the poor temporal resolution

of conventional spectroscopic techniques, which thus hinders

the spectral-temporal study of individual pulses. Therefore,

tracking the behavior of a single pulse within the multipulse

cluster has been mostly conducted by numerical simulations

and temporal observation.20,23,24

In order to experimentally observe multipulse dynamics,

an ultrafast analyzing technique is necessary because the

spectral as well as temporal information of the multipulse

cluster can rapidly change, e.g., in the order of nanosec-

onds—the round-trip time (Trt). Dispersive Fourier transform

(DFT) is a single-shot spectrum analyzing technology that

enables a frame rate of up to tens of MHz.25–27 As the core of

the DFT technique, the group-velocity dispersion (GVD)

from dispersive media is used to perform wavelength-to-time

mapping for a single pulse. It is thus able to capture a single-

shot spectrum at a temporal resolution of a few nanoseconds

as well as a spectral resolution of tens of picometers.28 As it

has been well adopted to study laser dynamics and supercon-

tinuum generation,28–32 it should also be an effective tool for

understanding the multipulse mode-locking behavior, which,

however, is yet to be exploited.

In this letter, we utilize DFT as a part of a single-shot

spectral-temporal analyzer to investigate the single-pulse

behaviors of the multipulse cluster in a standard passively

mode-locked fiber laser. The temporal and spectral charac-

teristics of individual pulses are carefully studied at high

temporal and spectral resolutions. Consequently, interesting

dynamic phenomena of multipulse mode-locking are

observed. The results can broaden the horizon of multipulse

mode-locking in addition to previous theoretical and numeri-

cal investigations.

Figure 1 shows the overview of the experimental setup

for the spectral-temporal study of multipulse mode-locking in

a single-shot manner. A passively mode-locked fiber laser

using the NPR mode-locking mechanism was employed, as

illustrated on the left hand side. A 980-nm laser diode (II-VI

LC96AA74P-20) served as a pump source, which was cou-

pled into the cavity via a four-port optical integrated module
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(OIM). The OIM integrated three components into a single

unit: (1) wavelength-division multiplexer (WDM) used to

couple the 980-nm pump into the cavity; (2) polarization-

sensitive isolator used for unidirectional operation and polari-

zation selection, which was a key device to ensure NPR

mode-locking by cooperating with a polarization controller

(PC); (3) coupler, which was used to extract 10% of the reso-

nating power out of the cavity for spectral-temporal analysis.

The gain medium was a 0.6-m erbium-doped fiber (EDF,

Thorlabs ER80–8/125). Other parts of the cavity were made

of single-mode fibers (SMFs) and a short section of the free-

space path. The total cavity length was about 7 m, corre-

sponding to a repetition rate of 29.2 MHz. A 4-nm band pass

filter (BPF) centered at 1540 nm was used to control the las-

ing wavelength and facilitate mode-locking. To control the

onset of mode-locking, a fast optical chopper system

(Thorlabs MC2000-EC) was placed in the free-space section

of the fiber cavity. After extracting from the cavity, the laser

signal was split into two branches via a 50/50 fiber coupler

for spectral and temporal analyses, respectively. To obtain

temporal information, the optical signal was directly received

by a high-speed photodetector (PD, 32-GHz, HP 83440D)

and digitized by a multichannel real-time oscilloscope

(Lecroy SDA 820Zi-B, 20 GHz) at a sampling rate of 40 GS/

s, yielding a temporal resolution of about 50 ps. The real-

time oscilloscope provided a memory depth of up to 256

Mpts for each channel, i.e., corresponding to a continuous

viewing span of 6.4 ms at a sampling rate of 40 GS/s. For

interpreting single-shot spectral information, the second

branch mapped the optical spectrum of each optical pulse

into the time domain through the DFT unit, which actually

was a spool of dispersion-compensating fibers (DCF, 10.7 km

in length). The DCF provided a GVD of up to �0.87 ns/nm,

yielding a spectral resolution of 0.14 nm.33 After converting

into electrical signals via another PD (15 GHz, HP 11982A),

the single-shot spectral information was finally digitized by

another channel of the same real-time oscilloscope. It is noted

that the signal digitization of both the channels was synchro-

nized by a trigger signal, while the time delay between them

(about 52.07 ls) was compensated by data post-processing.

Basically, the single-pulse mode-locking operation of

the fiber laser was self-started by simply increasing the

pump power beyond 80 mW at a proper PC setting. To

observe the birth of multipulse mode-locking, the pump

power was appropriately increased. Rather than rebooting

the pump, which typically takes seconds, the mode-locking

was initiated by blocking (OFF) and subsequently unblock-

ing (ON) the cavity through the fast chopping wheel (254 lm

in thickness). To maximize the opening speed of the laser

beam, it can be focused onto the rotating wheel. In this way,

the opening time of the laser beam can be reduced down to

tens of nanoseconds, comparable to the round-trip time of

the fiber cavity. In every transition from the OFF to ON state,

the fiber laser can onset a mode-locking process. In the

meantime, the chopper also generated a trigger which can

synchronize the data acquisition. A 6.4-ms data stream (256

Mpts) in both the time and spectral domains was captured

for each birth of multipulse mode-locking. It can thus cover

the entire birth evolution of mode-locking, i.e., from noise to

continuous mode-locking, which typically takes hundreds of

ls. To analyze the spatio-temporal behavior of multipulse

mode-locking, the acquired data from the temporal channel

were segmented according to the round-trip time of the fiber

cavity, i.e., 34.2 ns in this case, and lined up according to the

round-trip number (Nrt). Similar data processing was per-

formed for the spectral channel, except that it was lined up

according to the extracting time (Nrt � Trt), given a wave-

length coordinate according to the DFT dispersion amount.

Figure 2 shows the spatio-temporal map (i.e., time-

domain evolution) of a multipulse mode-locking. It is clear

that six pulses were born at the very beginning, while the

leftmost one (denoted as “i” in Fig. 2) vanished after 575 ls.

This actually confirms the energy quantization theory20 that

a given pump power can only support a specific number (i.e.,

5 in this case) of coexisting mode-locked pulses in a dynamic

manner, and it is further confirmed by other births of mode-

locking in a series of experiments. It is also noted that a

strong intensity fluctuation, i.e., Q-switching, was present at

the early birth stage of each arising pulse, as shown in the

bottom right inset of Fig. 2, i.e., the close-up of the birth of

the second pulse. After this short period of the Q-switched

fluctuation, it turned into mode-locking, as shown in the left

inset of Fig. 2. Interestingly, the propagation speed

[vg ¼ c=ngðkÞ� of optical pulses at the beginning was differ-

ent from that of stable mode-locking, i.e., manifested by a

bending trajectory, as shown in the bottom right inset of Fig. 2.

This arises from the center wavelength shifting during the

transition into mode-locking, which will be further verified

by the single-pulse spatio-spectral evolution and demon-

strated later. Among those survived pulses, the slow intensity

FIG. 1. Experimental setup of the spectral-temporal study of multipulse

mode-locking. OIM, optical integrated module; EDF, erbium-doped fiber;

BPF, band pass filter; PC, polarization controller; PD, photodetector.

FIG. 2. The spatio-temporal evolution of multipulse mode-locking. The left

inset shows the close-up of the beginning of mode-locking. The bottom right

inset shows the close-up of the Q-switched fluctuation. The top right inset

shows the intensity histograms of individual survived pulses.
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variation existed over the entire spatio-temporal evolution.

In order to qualitatively explore the intensity evolution, the

statistical intensity histograms of each evolving pulse over

80 000 round-trips were calculated and are shown in the top

right inset of Fig. 2. They exhibit similar histogram shapes

for each pulse, i.e., a double-peak distribution. This implies

that each pulse has two main intensity levels over the entire

evolution, which can be attributed to the gain competition

between them.

Thanks to the high temporal resolution of single-shot

DFT spectroscopy, the spatio-spectral evolution of individual

pulses among the pulse cluster can be investigated. Figure

3(a) illustrates the spatio-spectral map of the second pulse

(ii). It is clear that the optical spectrum of mode-locked pulse

(ii) was evolved from a narrow one centered at around

1540.8 nm. Then, it was followed by a spectral broadening

process as shown in the inset of Fig. 3(a). There were also

strong fluctuations right before broadband mode-locking, as

indicated by the yellow and white dashed circles in the inset

of Fig. 3(a). More interestingly, spectral oscillation was also

present in the last two strong shocks, as indicated by white

and red dashed circles. This is a signature of the self-phase

modulation (SPM) effect, which plays a dominant role in

NPR mode-locking34 as well as supercontinuum generation35

for initial spectrum broadening. Particularly, the “M” shape

spectral broadening is a result of the 1.5-p maximum nonlin-

ear phase shift induced by SPM.36 After this initial SPM

spectral broadening, it was rapidly evolved into a smooth

broad spectrum, which might be attributed to other nonlinear

effects, e.g., cross-phase modulation (XPM), stimulated

Raman scattering (SRS), and four-wave mixing (FWM). It is

also noticed that the center wavelengths are different in the

regimes before and after mode-locking, as shown in the

close-up of Fig. 3(a), which can be attributed to the asymmet-

rical spectral broadening and agrees with the finding of Ref.

28. It is also the origin of the bending trajectory as shown in

Fig. 2.

In the stable mode-locking regime, i.e., after 2.4 ms as

shown in Fig. 3(a), the 2D spectral intensity correlation

(SIC)37 map of these survived pulses can be calculated,

which benefits from the high temporal and spectral resolu-

tion of DFT technology. The SIC function ranges from �1 to

1: a synchronous intensity variation of two wavelengths cor-

responds to a positive SIC, which otherwise yields a negative

one. Figure 3(b) shows the 2D SIC map of pulse (ii), while

the other four survived pulses show a consistent pattern (not

shown here). The SIC difference between pulse (ii) and

others was calculated, e.g., Fig. 3(c) shows the SIC differ-

ence between pulses (ii) and (iii). The maximum absolute

differences over the whole 2D SIC map were measured to be

0.0202, 0.0248, 0.0238, and 0.0254 for pulses (iii-vi), respec-

tively. The results suggest that both the temporal and spectral

evolutions of individual pulses in the multipulse mode-

locking exhibit similar characteristics.

Among different births of multipulse mode-locking, it is

noticed that the pulse distribution, mainly the spacing between

pulses, varied from case to case, even under the same experi-

mental setting. However, for a given pump power, the total

number of survived pulses remains the same for every birth of

the pulse cluster, which agrees with the numerical finding.20

More interestingly, pulse interference in the spectral domain

was observed in certain building-up journey of multipulse

mode-locking, as shown in Fig. 4. In the spatio-temporal evo-

lution shown in Fig. 4(a), four pulses are well separated. In the

spectral domain, pulse (iii) actually delivers spectral dynamics

that differs from others, as shown in Fig. 4(b). Strong shocks

associated with SPM spectral broadening also appear before

stable mode-locking. However, unlike the case shown in Fig.

3(a), spectral fringes are presented right after spectral broaden-

ing, which implies that pulse (iii) is actually two interfering

pulses. The distinguished spectral fringe indicates a good

coherence between the interfering pulses, as shown in the top

inset of Fig. 4(b). After mode-locking, the stability of interfer-

ing pulses might be a concern since the SIC map of the inter-

fering pulses, as shown in Fig. 4(c), exhibits a very different

pattern compared to the case of Fig. 3(b).

To give more details, the temporal separation evolution

between the interfering pulses was retrieved from the spectral

fringes and is shown in Fig. 4(d). It is clear that the interfer-

ing pulses weakly repel each other, resulting in a weak drift-

ing of less than 10 ps over 2 ms, which is equivalent to a

change of about 2 mm over a traveling distance of 400 km.

This indicates that there is only an ultraweak interaction

between the interfering pulses, i.e., weak repulsive optical

force in this case. The mechanism behind can be mainly

attributed to the electrostriction, an effect that the electric

field of a short pulse (e.g., the leading pulse in this interfering

case) can deform the optical fiber and emit an acoustic wave,

which is back-and-forth reflected between the fiber cladding

boundaries in a period of about 20 ns for a 125-lm fiber38,39

and results in a small time-varying change of the refractive

index. Thus, the following pulse can experience a small cen-

ter wavelength shifting. As the velocity of the optical pulse is

wavelength-dependent due to the nature of dispersion, the fol-

lowing pulse can either accelerate or decelerate (i.e., this

case). Indeed, some other origins of pulse interactions have

also been discussed for mode-locked fiber cavities, such as

FIG. 3. (a) The spatio-spectral evolution of pulse (ii). The top inset shows

the average spectrum. (b) The SIC map of pulse (ii). (c) The SIC difference

between pulses (ii) and (iii).
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global soliton interactions through an additional unstable

continuous-wave (CW) background,40,41 local soliton interac-

tions via dispersive wave emission,42 and direct soliton inter-

actions.43 However, they are not involved in the current case,

and the reasons include: (1) there is no additional CW com-

ponent shown in the mode-locked spectrum, which has also

been verified by standard spectroscopic tools; (2) the operat-

ing bandwidth of the current laser cavity is confined by a 4-

nm filter, and the zero-dispersion wavelengths (ZDWs) of

single-mode fibers constructed the cavity are far away from

the operating wavelength, i.e., 1.3 lm and 1.5 lm. Thus,

phase matching for dispersive wave generation is very diffi-

cult;44 (3) the direct soliton interaction can only occur for

close pulses, typical separated by a few picoseconds (i.e., sev-

eral times wider than their pulse width).

It should be pointed out that stable pulsing is not guaran-

teed in each onset of mode-locking. In some cases, no stable

pulse can be observed, as exemplified in Fig. 5, which indeed

exhibits the complex nature of this nonlinear dissipative sys-

tem. Similar to the previous cases, right after turning into the

ON stage, the arising pulses exhibit strong fluctuations in the

time domain. Instead of generating stable broadband pulses

as that of previous cases, i.e., Figs. 2 and 4(a), the narrow-

band pulses last for a relatively long time, and strong interac-

tions occur among them. As can be observed in Fig. 5, there

are several kinds of interactions, which are indicated by the

dashed square boxes and the close-up. For example, pulse

splitting occurred in (i) and (iv). Particularly in (iv), the orig-

inal pulse splits into several low-intensity unstable pulses

over the evolution from 9� 104 to 12� 104 roundtrips, while

most of them vanish soon after generation. In (ii), two pulses

first attract each other until the spacing between them

becomes tens of picoseconds, and then, they start to repel

each other. In (iii), the temporal separation of two pulses

keeps reducing along the propagation, which is similar to the

first phase of case (ii), and eventually they merge into a sin-

gle pulse.

In summary, multipulse dynamics in a standard pas-

sively mode-locked fiber laser has been investigated in both

the time and spectral domains at high temporal resolutions.

The entire birth process of a single pulse in the multipulse

mode-locking, including Q-switched fluctuations, transient

SPM spectral broadening, wavelength shifting, and ultra-

weak pulse interactions through electrostriction, has been

observed. The pulse intensity consistency and spectral inten-

sity correlation of a single pulse, as well as the spectral inter-

fering, have particularly been studied. These are enabled by

the high resolution and long time span (i.e., memory depth)

of our spectral-temporal single-shot analyzer. The fruitful

findings in this work are believed to broaden the horizon of

passive multipulse mode-locking. A better experimental

understanding of spectral-temporal fluctuations in passive

mode-locking can not only be complementary to the theoreti-

cal and numerical predictions but also be very important in

optimizing the operations of passive mode-locking for

safety-sensitive applications, particularly in the biological

areas.
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