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Abstract
A polarization-maintaining (PM) fiber-coupled acousto-optic modulator (AOM) was used, in the present work, to tailor the 
stable 3.523 picosecond (ps) mode-locked pulses generated by an all PM fiber oscillator. The pulse clusters with 7.315 MHz, 
731.5 kHz, and 73.15 kHz of repetition rate were obtained. The number of pulses in each pulse cluster could be adjusted from 
1 to 6. Through the harmonic mode-locked (HML) technology, the tunability of the fiber laser was remarkably improved. 
Ultimately, the tunable number of pulses were extended to 8, 10, and 12, and obtained 4, 6 and 8 pulses with equal amplitude 
respectively, providing a greater flexibility than previous methods.

1 Introduction

In metal micro-machining applications, ultra-fast burst mode 
lasers with few picosecond in pulse width, are ideal for pre-
cise machining of metals [1–3] Dausinger et al. proved that a 
pulse duration near 5–10 ps appears to be optimal for micro-
machining of metals, since it minimizes the thermal dam-
age and avoids disturbing nonlinear effects [4, 5]. Joribanks 
et al. first used an ultra-fast burst pulses to remove ablation 
material in 1999 successfully [6]. By applying burst mode 
to ultra-fast lasers, both the repetition rate and the number 
of pulses in each pulse cluster can be modulated [7–9]. Sev-
eral methods can be applied to generate burst pulses. One 
of these methods is the use of a Michelson interferometer 
[10–12], but the configuration is complex. Another method 
is the use of active devices, such as electro-optic modula-
tor (EOM) and AOM, to tailor the pulse trains from master 
oscillator (seed source) [13–16]. However, the burst pulses 

reported in these reports have a common problem, which is 
unequal pulse amplitudes in each pulse cluster.

All-fiber ultra-fast burst mode lasers own better stability 
and more straightforward configuration. In Table 1, we list 
a number of picosecond seed sources which are capable of 
generating burst mode laser. These seed sources operated 
in all-normal dispersion (ANDi) regime, the pulses would 
be affected by the combined effects of the positive group-
velocity dispersion (GVD) and the nonlinearity. Therefore, 
without any pulse compression or dispersion compensation, 
the pulse width obtained were wider than 10 ps.

In this present work, the all PM fiber picosecond laser, 
achieved in our work, not only had a < 5 ps of pulse width 
optimized for micro-machining, but also owned a flex-
ible controllability of the burst mode laser. Apart from the 
burst pulses, we also achieved the ANDi HML based on a 
SESAM. Although many reports about the ANDi HML had 
already reported, these reports focused on using nonlinear 
polarization (NPR) [24–29], nonlinear amplifying mirrors 
(NAML) [30] and graphene oxide saturable absorber (SA) 
[31], and the structures used were complex.

2  Experimental setups

The configuration of picosecond burst mode pulse laser, 
as schematically demonstrated in Fig. 1, consists of two 
parts: an oscillator and a pre-amplifier. The oscillator used 
a 0.5  m single mode PM ytterbium doped (Yb-doped) 
fiber (Nufern PM-YSF-HI-HP, peak core absorption of 
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250 dB/m@975 nm) as a gain medium. A high-reflectivity 
(90%) fiber Bragg grating (FBG) with 0.71 nm bandwidth 
was used as an output coupler. A PM in-line polarizer was 
placed in laser cavity to keep the polarization state. A 
SESAM (Batop Gmbh SAM-1064-30-8 ps) was placed at 
the end of the cavity. The pre-amplifier with a 1.5 m PM 
Yb-doped gain fiber amplified the laser so that it can be 
responded by an auto-correlator. The 976 nm laser diode 
(LD) with 350 mW of available power was used to pump the 
oscillator and the pre-amplifier simultaneously. The length 
of oscillator was around 2 m corresponding to the ~ 0.043 
 ps2 of total GVD, indicating the fiber laser was running in 
ANDi regime. The amplified laser was split by a 10:90 fiber 
coupler and injected into the fiber-coupled AOM and AOM’s 
drive respectively. Signals, detected by the photo detector 
(PD) integrated in the driver, were used as a reference light. 

The driver would synchronize the modulator window with 
the reference light automatically. The signals (delay signal, 
window width signal, and division frequency signal), sent 
to the fiber coupled AOM, would modulate the repetition 
rate of pulse clusters and the number of pulses in each pulse 
cluster.

3  Results and discussions

Stable mode-locked pulse trains are shown in Fig. 2a. The 
13.67 ns of repetition period indicated the laser was running 
at 73.15 MHz of repetition rate (f = 1/T). Figure 2b shows 
that the signal noise ratio (SNR) in frequency spectrum was 
about 55 dB. The pulse width was characterized by an auto-
correlator. The autocorrelation trace is shown in Fig. 3a. 

Table 1  Some representative 
experimental results of mode-
locked picosecond fiber lasers

Years Cavity length (m) Repetition 
rate (MHz)

Pulse width (ps) Dispersion compensa-
tion/pulse compress

References

2004 158 cm 95 1.5 Yes [17]
2008 3 50 3.8 Yes [18]
2009 500 191 kHz 2 No [19]
2011 5 30 15 Yes [20]
2012 ~ 20 cm 843 21 No [21]
2012 4.26 35.2 11 No [22]
2012 19.5 7.7 48.8 No [22]
2012 4.28 35 26 No [22]
2012 – – 0.76 Yes [22]
2012 3.75 40 457 fs Yes [23]
2019 2 73.15 3.523 – This work

Fig. 1  Configuration of the 
experimental setups: PM-
WDM polarization-maintaining 
wavelength-division-multiplexer 
coupler, PM-FBG polariza-
tion-maintaining fiber Bragg 
grating, PM-YDF polarization-
maintaining ytterbium doped 
fiber, PM-isolator polarization-
maintaining isolator
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The auto-correlator fit (ACF) was 6.826 ps. A Lorentzian 
pulse profile was assumed because Lorentzian fit was better 
than Gaussian fit as shown as Fig. 3a, the pulse width was 
~ 3.523 ps. In Fig. 3b, a 0.32 nm spectrum width was meas-
ured by an optical spectral analyzer (ANDO AQ-6315A). 
According to the value of pulse width and spectrum width, 
the time-bandwidth-product calculated was about 0.299 
which was large than 0.221 of the transform-limited time-
bandwidth product for Lorentzian profile, indicating the 
pulses had some chirp. The noise of ACF can be attributed 
to the environmental noise. The laser exhibited 19.7 dB of 
polarization extinction ratio. 

Figure 4 illustrates the evolution of the output power. 
As the pump power increased, the fiber laser oper-
ated from a Q-switched mode-locked (QML) state to a 

continuous wave mode-locked (CWML) state. When the 
pump power was between 112.4 and 150.4 mW, the laser 
worked in the QML regime. While, as the pump power 
exceeded 150.4 mW, the laser was the CWML state and 
stable for dozens of hours. In ANDi regime, due to the 
pulse broadening effect resulted from the large positive 
GVD and nonlinearity, mode-locking process may be 
unstable and difficult to self-start [32, 33]. In order to 
balance this effect, the filter with a narrow bandwidth 
plays an important role [34, 35]. Due to the accumu-
lated nonlinear phase ΦNL ∝ PinL [36], reducing the fiber 
length favors stable CWML in ANDi regime against mul-
tiple pulses breakdown. However, reducing cavity length 
blindly not only fails to maintain a certain nonlinear phase 
shift, but also cannot keep the enough intracavity energy 

Fig. 2  a Mode-locked pulse trains and b frequency spectrum of mode- locked pulse trains

Fig. 3  a Autocorrelation trace of the mode-locked laser at 73.15 MHz repetition rate, b optical spectrum of the stable mode-locked pulse trains
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to reach the threshold for stable CWML against Q-switch-
ing instabilities [37]. Utilizing the FBG with a narrow 
bandwidth to broaden the pulses in time domain is a pos-
sible way due to the intracavity peak power Pin ∝ Ein∕� . 
Therefore, the length of the oscillator we designed was 
2 m, and we selected the FBG with a narrow bandwidth 
(0.71 nm) and a high reflectivity (90%) as the output cou-
pler. The threshold for the intracavity pulse energy EP , 
above which CWML laser is achieved, can be expressed 
as follow [38]:

 
where the saturation fluence of the gain medium is 

given as Fsat,L = h�∕2� , � is the emission cross section of 
the gain medium (~ 0.3 × 10–24  m2), A is the laser mode 
area on the gain medium or SESAM, Fsat,A is the sat-
uration fluence of the SESAM (97 μJ/cm2), ΔR is the 
modulation depth of the SESAM (~ 0.13). FTPA is the two-
photon absorption of the SESAM (~ 27 mJ/cm2). Accord-
ing (1), the Ep,in estimated was 0.07 nJ lower than the 
experimentally measured ~ 0.14 nJ intracavity threshold 
energy. Once the pump power increased over 310 mW, 
the mode-locked pulse trains started to split and finally 
reached the second order HML state, and maintained sta-
bly between 310 and 353 mW of the pump power. The 
Nonlinear growth of output power may be attributed to 
the fact that the oscillator and the pre-amplifier shared 
one pump. With the increase of the pump power, the seed 

(1)E
2
p,in

=
Fsat,AAAΔR

1

Fsat,LAL

+
1

FTPAAA

,

source, injected into the pre-amplifier, was variable. 
The slope efficiency of the whole fiber laser system was 
around 12.28%.

3.1  HML operation

HML is a novel method to increase the repetition rate of 
laser. Conventionally, HML was conducted in anomalous 
dispersion regime [39, 40]. The oversaturation of the satu-
rable absorber is the main mechanism resulting in multiple 
pulses or HML [24, 41]. Therefore, the long fiber length is 
conducive to achieve HML due to the higher pulse energy 
resulted from a low repetition rate. However, general fiber 
has a positive GVD near 1 μm, if without any dispersion 
compensation, pulse will propagate in ANDi regime and 
tolerate larger nonlinear phase shit, which is hard to achieve 
HML. To overcome this problem, the narrow bandwidth 
spectral filter is needed to assist formation of multiple pulses 
or HML [29, 42]. There are many reports about second order 
HML in ANDi regime [25, 26], and the higher order ANDi 
HML based on the narrow bandwidth cascade long period 
fiber grating (C-LPFG) [27, 28]. By using the FBG with a 
narrow bandwidth (0.71 nm), in the 2 m laser cavity, we 
achieved the second order HML based on SESAM. Figure 5a 
shows the typical HML pulse trains. The 6.835 ns of repeti-
tion period (146.3 MHz of repetition rate) was achieved. The 
standard deviation of pulse-to-pulse amplitude fluctuation 
was around 0.073%, indicating a good pulse stability. As 
shown as Fig. 5b, there is no obvious difference between 
HML AC trace and CWML AC trace, guarantying the pulse 
width in the HML state was still optimal for micro-machin-
ing of metals. Figure 5c is the RF spectrum of the second 
order harmonic pulses. The peak-to-pedestal was ~ 52 dB.

3.2  The repetition rate of pulse clusters

The repetition rate of pulse clusters depends on the division 
frequency signal of the AOM drive. By controlling the divi-
sion frequency signal, the pulse clusters with tunable repeti-
tion rate were achieved. Figure 6 shows the pulse clusters 
with different repetition rate. In the CWML state, the repeti-
tion rate of pulse clusters was 7.315 MHz, 731.5 kHz and 
73.15 kHz adjustable. Once the HML occurs, the repetition 
rate of pulse clusters become 1.463 MHz. The wider tuning 
range of repetition rate (7.315 MHz, 731.5 kHz, 73.15 kHz, 
1.463 MHz) can provide a flexible machining speed that is 
positively correlated with the repetition rate.

Fig. 4  Output power versus pump power



3.5 ps burst mode pulses based on all-normal dispersion harmonic mode-locked  

1 3

Page 5 of 9 127

Fig. 5  a The typical harmonic mode-locked (HML) pulse trains, b autocorrelation trace, c frequency spectrum of the second order HML pulses

Fig. 6  Pulse clusters with differ-
ent repetition rate a 1.463 MHz, 
b 7.315 MHz, c 731.5 kHz, d 
73.15 kHz
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3.3  The number of pulses selection

The number of pulses in each pulse cluster can be controlled 
by the signal of window width and delay. A step unit of the 
windows width is 5 ns, which means that picking up single 
pulse from the pulse trains with a 13.67 ns of repetition 
period requires 3 step units. If 2, 3, 4, 5 and 6 pulses need 
to be picked, the step units should be 6, 9, 12, 15 and 18.In 
the HML state, the repetition period of pulses will become 
6.835 ns. Therefore, 6, 9, 12, 15 and 18 step units can pick 
twice as many pulses as the CWML state. Figure 7 shows 
the schematic diagram of setting step units.

Figure 8 shows the different number of pulses picked 
from the pulse clusters with a 136.7 ns of repetition period. 
As shown as Fig. 9, in comparison to the previous result in 
the CWML state, the number of pulses was 6, 8, 10 and 12 
tunable, indicating the tunability of the burst mode laser 
was improved. 

Figure 9 also indicates that the pulse-to-pulse amplitude 
fluctuation in the HML state was smaller than that in the 
CWML state, the 4, 6, 8 pulses with nearly equal amplitude 
were obtained. This result was better than previous reports 
[10–16]. The same energy (same pulse amplitude) between 

Fig. 7  The schematic diagram of setting step units

Fig. 8  Number of pulses of burst mode based on the CWML state
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pulses in per pulse cluster is very important for the stable 
micro-machining, since the energy of each pulse should 
be ensured to reach the ablation threshold of the metallic 
material. In addition, the amplitude of pulses at the edge of 
each pulse cluster are relatively low, which is caused by the 
mismatch between the rise time of the modulator and the 
repetition period of pulses. As shown in Fig. 10, the 20 ns 
rise time of modulator was longer than the 13.67 ns repeti-
tion period of pulses, the modulation window would cut off 
a part of pulse energy before it fully raised. And, the smaller 
the pulse repetition period was, the more pulse energy at 
the edge of pulse clusters would be excluded. Therefore, 

for a same pre-set modulation window of 30 ns, a worse 
result was observed when the system was the HML state 
(Fig. 10b, c).

4  Conclusions

In summary, we successfully demonstrated the setup of a 
3.5 ps burst mode laser. By achieving the HML in ANDi 
regime, the tunability of the burst mode laser has been 
improved. The burst mode fiber laser is ideal for a flexible 
source due to its wide tuning range. When combined with 
amplification technology, the laser will exhibit good perfor-
mance in metal micro-machining applications.

Fig. 9  Number of pulses of burst mode based on the HML state
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