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A B S T R A C T   

We explore, for the first time, mode-locking capabilities and frontiers of a quasi-synchronous pumping technique 
implemented in an all-polarization-maintaining (all-PM) kilometer-long Yb-fiber laser. This technically simple 
approach to synchronous pumping relies on sine-wave modulation of pump power at a frequency slightly 
detuned from the laser cavity inter-mode frequency or its multiple. In combination with the scaled-up all-PM- 
fiber cavity, it has provided stable generation of linearly polarized (scalar) high-energy (up to 130 nJ) pulses with 
tunable nanosecond duration at the fundamental and harmonic repetition rates ranging from 0.23 to 0.69 MHz. 
The obtained combination of such a low repetition rate, such a high energy level, and polarization stability is 
unique for actively mode-locked all-fiber stimulated-emission-based master oscillators. We reveal that detuning 
of the pump modulation frequency is the key parameter for the pulse shaping control in such mode-locked laser, 
and further intracavity pulse shortening towards sub-nanosecond duration is theoretically possible with mea
sures preventing pulses from accumulation of excessive nonlinear phase. The demonstrated approach opens up 
new prospects for pump-modulation-based mode locking in diode-pumped lasers with such inertial active media 
as rare-earth-doped fibers.   

1. Introduction 

The unique design flexibility of mode-locked fiber lasers and their 
compliance with various applications drive continued research interest 
in novel configurations and mode locking techniques [1]. In particular, a 
prominent research has been dedicated to development of reliable all- 
fiber configurations with versatile electronic control over pulse lasing. 
Endeavors to implement such control in passively mode-locked all-fiber 
lasers have resulted in rather sophisticated inventions, such as 
electrically-tunable in-line saturable absorbers [2], multivariate artifi
cial saturable absorbers [3] and machine-learning-based selection of 
lasing regimes [4]. In this context, active mode locking techniques 
should be of particular research interest because of their inherent 
capability for reliable electronic control of pulse lasing, as granted by 
the nature of active mode locking [5]. 

Techniques of active mode locking in fiber lasers have been 
advanced over the past years mainly by extensive improvement of 
conventional modulator-based approaches [6,7] and by novel modu
lating devices [8,9]. However, practically, all modulator-based tech
niques are more or less associated with relatively high complexity and 

cost, excessive intracavity losses, reduced power handling capability, 
and low energy efficiency. The only known modulator-free approach to 
active mode locking relies on synchronous pumping. It is usually applied 
in Raman fiber lasers [10,11] and hybrid fiber lasers with semiconductor 
active medium [12,13]. However, the diode-pumped fiber lasers based 
on the stimulated emission (such as Yb- or Er-fiber lasers) could not 
directly adopt this technique due to their inertial response to pumping 
radiation pulses (i.e., much slower laser gain recovery as compared to 
semiconductor-based lasers, for example). Moreover, straight imple
mentation of this technique might require fast and deep modulation of 
high-power pumping laser diodes which is technically difficult. There
fore, synchronous pumping has been implemented so far only in the Tm- 
doped fiber lasers with the complicated pumping sources consisting of a 
pulsed (or modulated) master oscillator and a separate power amplifier 
[14,15]. Nevertheless, recently we have revealed the possibility to 
simplify pump-modulation-induced pulse-shaping in the stimulated- 
emission fiber lasers with direct diode pumping. It relies on inducing a 
small mismatch between the pump modulation period and the inherent 
group delay of laser pulses in the cavity [16]. 

Herein, we study, for the first time, active-mode-locking capabilities 
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and frontiers of the proposed method in an all-PM ultra-long modulator- 
free Yb-doped fiber laser. It has provided stable generation of linearly- 
polarized (scalar) high-energy (up to 130 nJ) nanosecond pulses with 
tunable (down to 95 ns) duration at the fundamental and harmonic 
repetition rates ranging from 0.23 to 0.69 MHz upon very simple quasi- 
synchronous modulation of the pump power. The obtained combination 
of such pulse characteristics and polarization stability is unique among 
ever reported actively mode-locked all-fiber stimulated-emission lasers. 
We show also that much shorter (sub-nanosecond) pulses are theoreti
cally obtainable. 

2. Experimental setup and principle of operation 

Our experimental setup is shown in Fig. 1. The laser has the all-PM 
ring cavity with counter-propagation of pumping and lasing waves. It 
consists of 0.55-m-long PM core-pumped Yb-doped fiber (LIEKKI Yb700- 
6/125-PM) and the following PM elements: 980/1064-nm wavelength- 
division multiplexor (WDM), a 30% output coupler, a 2-nm passband 
spectral filter centered at ~1064 nm, and an optical isolator with the fast 
axis blocked. Such a configuration sustains the single polarization mode 
and ensures scalar character of the output pulse radiation. The cavity is 
extended by 0.9-km-long PM fiber (Fujikura, 980 nm band PANDA fiber, 
PM 98-U25D-H). Incorporation of the bandpass filter was initially 
intended not only for rough selection of the lasing wavelength, but also 
for preventive suppression of supposed parasitic contributions (such as 
spontaneous emission and Raman scattering) to the laser output. 

Pumping system consists of two PM-fiber-coupled continuous-wave 
laser diodes (LD) at 980 nm whose outputs are combined by using a 
fiber-optic polarization beam combiner (PBC). The pump radiation was 
sent to the laser via a pump laser protector (PLP) with a 1% tap output. 
The latter was used to monitor the pump power modulation. The total 
pump power injected into the Yb-fiber (though the intracavity WDM) 
reached 1.05 W at most. 

Pump power was manipulated through modulation inputs of the LD 
current drivers. Their modulation bandwidth is limited to ~0.7 MHz (as 
determined at − 3 dB level). The sine-wave modulating signal was syn
thesized by a radiofrequency arbitrary waveform generator (RF AWG). 
Nanosecond pulsed lasing was expected to be possible even with such 
slow pump modulation system, since we relied on the pulse-shortening 
effect revealed in our preceding work [16]. 

The proposed pulse shaping is based on gain discrimination of tem
poral laser pulse profile. It can be induced by introducing small (≤0.1%) 
mismatch between the pump modulation frequency fmod and the 
fundamental pulse repetition rate f0 (or its m-th harmonic) determined 
by the inherent group delay in the laser cavity. The output pulse repe
tition rate anyway remains equal to the pump modulation frequency 
(frep = fmod) since driven oscillations always occur at the driving force 
frequency. However, in the case of slightly overrated modulation fre
quency, the laser pulse completing round trip comes to the active fiber a 
little bit later than if this pulse were constantly propagating with its 
average velocity determined by the effective round-trip time TRT = m/f 
mod. Then, in the active fiber, the leading edge of the pulse experiences 

Fig. 1. Experimental setup: PD1-PD3 – photodiodes; OSA – optical spectrum analyzer; WDM – wavelength-division multiplexor; PLP – pump laser protector; PBC – 
polarization beam combiner; LD1, LD2 – pumping laser diodes; RF AWG – radiofrequency arbitrary waveform generator. 
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stronger amplification than the trailing edge (its amplification becomes 
lower than inverse loss) as the leading edge takes away a portion of 
slowly accumulated pump energy. With such pulse reshaping, the 
amplifier slightly “accelerates” the “retarded” pulse and thus allow 
stationary lasing under slightly mistimed, “quasi-synchronous”, 
modulation. 

3. Results and discussion 

3.1. Experimental study 

First, we have examined quasi-synchronous sine-wave pump modu
lation at a frequency approaching the fundamental pulse repetition rate 
f0 (which is found to be 230.5 kHz). 

In our experiment, the modulated pump power was always kept 
above the lasing threshold (90 mW) in spite of relatively high (~83%) 
modulation depth. The pump power was oscillating between 0.1 and 
1.05 W. Fig. 2 illustrates measured evolution of spectral and time 
characteristics of lasing governed by tuning the modulation frequency in 
the vicinity of the fundamental pulse repetition rate. Downward 
approaching to this rate leads to gradual evolution of weakly and slowly 
(Tmod ≈ 4.35 μs) modulated continuous-wave (CW) laser radiation into a 
regular train of narrow (nanosecond) pulses as confirmed by measured 

time traces in Fig. 2 (b, e, f). With downward frequency tuning, the 
pulses gradually shortened, thereby raising their peak power at constant 
average output power of ~37 mW. Their optical spectrum broadened 
simultaneously, as shown in Fig. 2(a). They finally ended up with the 
duration of ~205 ns (which is 21 times shorter than the modulation 
period) when the modulation frequency was lowered to FL = 230.69 
kHz. Further frequency lowering led to breaking of single-pulse lasing, 
due to the excessive nonlinear phase incursion caused by peak power 
rise. Thus, lasing turned to multi-pulse patterns [Fig. 2 (g)] when the 
modulation frequency was lowered to be between 230.69 kHz and 
230.5 kHz. Below 230.5 kHz, the laser switches to weakly and slowly 
modulated CW lasing [Fig. 2 (h)], since the above pulse shaping is 
possible only with the positively detuned modulation frequencies. 

The upward frequency tuning from below 230.5 kHz revealed hys
teresis in the backward evolution of lasing. It returned to single-pulse 
operation at a higher frequency FL* = 230.84 kHz with a longer pulse 
duration of 350 ns. Thus, the downward frequency tuning is preferable, 
since it enables shorter single-pulse duration. 

Fig. 3 demonstrates measured characteristics of a regular train of 
205 ns laser pulses obtained with the downward tuning of modulation 
frequency to the nearly fundamental pulse repetition rate (to 230.69 
kHz). Oscillograms of this pulse train testify to its high contrast (~99%) 
and amplitude stability (peak power fluctuations < 2%). The 

Fig. 2. Measured evolution of lasing gov
erned by tuning the modulation frequency 
near the fundamental pulse repetition rate; 
(a–c) – spectral and temporal distributions 
of the laser power with respect to the fre
quency tuning; (d) – pulse width at half 
maximum versus modulation frequency; 
(e–h) – oscillograms of modulated pump 
power [blue traces] and resulting laser pul
ses [red traces] at the selected modulation 
frequencies. (For interpretation of the ref
erences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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radiofrequency (RF) spectra manifest high signal-to-noise ratio (~65 dB 
at the actual pulse repetition frequency), and monotonic decrease of 
discrete spectral intensities with frequency (being consistent with 
Gaussian-like pulse profile). The laser pulses feature sufficient degree of 
integrity: relative amplitude of the coherence spike in their nonlinear 
autocorrelation trace was only 15%. The net pulse energy was 130 nJ at 
the given pulse contrast. 

The obtained pulse train also features high stability in terms of po
larization and average power as indicated in Fig. 3 (g). According to 
long-term polarimetry (performed during 2 h), the mean degree of linear 
polarization was as high as ~99% (standard deviation: 0.2%), the mean 
ellipticity was as small as 2.5◦ (standard deviation: 0.7◦), while the 

standard deviation of the average power was only 0.14 mW at the mean 
value of 36.97 mW. Long-term stability of the pulse repetition rate was 
determined by the stability of the used RF AWG. 

The performed wide-range spectral scan of the laser output [Fig. 3 
(h)] testifies to its spectral purity and lack of noticeable contribution 
from Raman scattering and spontaneous emission. 

Feasibility of harmonic mode locking was also examined. Fig. 4 
presents characteristics of such lasing regimes obtained with the 
downward tuning of modulation frequency to the nearly second and 
nearly third harmonics of the fundamental pulse repetition rate (to 
461.12 kHz and 691.61 kHz, respectively). Oscillograms of laser pulse 
trains obtained at harmonic repetition rates testify to the good contrast 

Fig. 3. Pulsed lasing at the effectively 
fundamental pulse repetition rate [at 
230.69 kHz]; (a, b, c) – oscillograms of 
modulated pump power [blue trace] and 
resulting laser pulses [red traces]; (d) – op
tical spectra of laser pulses; (e, f) – radio
frequency spectra of laser pulse train; (g) – 
average laser power [red trace] and degree 
of linear polarization [DOLP, green trace] 
versus time; (h) – wide-range spectral scan 
of laser output for verification of its spectral 
purity (noise floor is indicated by the red 
line). (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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(nearly 98%) and acceptable amplitude stability (peak power fluctua
tions < 5%) of those pulses. The average laser power was unaffected by 
switching to the harmonic mode locking and thus multiplication of pulse 
repetition rate led to nearly proportional reduction in the net pulse 
energy. It reduced to 62 nJ and 41 nJ at the 2nd and 3rd harmonics, 
respectively. This could also lead to the proportional reduction in peak 
power unless it was partially compensated by stronger pulse shortening. 
The pulse width (at half maximum) decreased to 117 ns and 95 ns at the 
2nd and 3rd harmonics, respectively. These durations were 18.6 and 
15.2 times shorter than the respective modulation periods. The decrease 
of the pulse shortening factor upon switching to the higher harmonics is 
mainly due to the parasitic reduction of the pump modulation depth. 
This reduction was caused by approaching to the cut-off frequency of a 

modulation transfer function in our pumping system. Nevertheless, the 
measured time traces and RF spectra validate proper quality of the ob
tained harmonic regimes. The RF spectra features good signal-to-noise 
ratio (~60 dB at the actual pulse repetition frequency) and relatively 
strong suppression of supermode noise. The supermode suppression 
ratio amounts to ~40 dB (around the actual pulse repetition frequency) 
which is comparable with other types of harmonically mode-locked fiber 
lasers [17]. Obviously, use of faster LD current drivers will allow 
exploring of much higher orders of harmonic mode locking and conse
quently obtaining of much shorter pulses. 

It is worth noting also that the obtained pulsed radiation is relatively 
narrowband in comparison with the much wider pass band of the 
intracavity filter. This ensures that the studied time-domain gain- 

Fig. 4. Pulsed lasing at the effectively second and third harmonics of the fundamental pulse repetition rate [at 461.12 kHz and 691.61 kHz respectively]; (a) – 
oscillograms of modulated pump power [blue traces] and resulting laser pulse train [red traces]; (b) – optical spectra of laser pulse train; (c, d) – radiofrequency 
spectra of laser pulse train. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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governed pulse shaping is not noticeably affected by spectral filtering. 
The laser pulses feature relatively narrow optical spectrum due to 
moderate nonlinear phase incursion which is considered in the following 
section. 

3.2. Theoretical analysis 

To determine inherent theoretical limits of the above pulse shaping 
mechanism in terms of pulse shortening, we studied it also numerically. 
To that end, a transport equation with gain and loss terms describing 
lasing with neglectable optical nonlinearity and dispersion was solved in 
order to consider the gain-governed pulse shaping: 

n
c

∂Ps

∂t
+

∂Ps

∂z
+αPs +αcPsδ(z − zc) − gPsδ(z − za) = 0, (1)  

where t and z denote time and space coordinates along the fiber, Ps is 
intracavity signal power, c is the velocity of light in vacuum, n = 1.45 is 
effective refractive index of optical fiber, α = 1.47 km− 1 denotes effec
tive (distributed) intracavity optical losses, while αc = 0.70 stands for 
lumped losses at the 30% output coupler (its coordinate is zc), g is optical 
amplification coefficient. Amplification was assumed to be lumped, 
since the active fiber is much shorter than total cavity length: 
g(z)∝δ(z − za); za is the coordinate of the optical amplifier. 

The procedure of numerical integration of Eq. (1) was similar to that 
described in [16] numerically: we used a uniform mesh with N = 211 =

2 048 points and step size h ~ 0.49 m for integration over space, and a 

temporal mesh with the step hn/c ~ 2.4 ns for integration over time. The 
results were reproduced on meshes with different number of points 
ranging from 211 up to 213 for validation. 

Optical amplification in the Yb-doped fiber was simulated by solving 
numerically Eq. (5) from Ref. [18] which allows modeling such an active 
fiber as an effectively two-level laser medium. For the simulation, we 
used the following values of the active fiber cross-section (provided by 
the fiber supplier): σ(p)

12 = 1.51 × 10–20 cm2, σ(p)
21 = 1.80 × 10–20 cm2, 

σ(s)
12 = 4.48 × 10–23 cm2, σ(s)

21 = 2.36 × 10–21 cm2, as well as the 
following values of normalized pump and signal power distributions at 
the fiber core center: ρp(0) = ρs(0) = 3.6 × 106 cm− 2. 

The calculated evolution of pulse lasing governed by tuning the 
modulation frequency is shown in Fig. 5. It is in a very good agreement 
with the measured evolution over the major part of the frequency tuning 
range, except the immediate vicinity of the fundamental pulse repetition 
rate f0 (at a residual relative detuning δf/f0 < 10− 3). In this vicinity, the 
experimental narrowing of laser pulse finished up with pulse breaking 
and switching to multi-pulse lasing, while the theoretical evolution 
turned to be nearly pulse-breaking-free. It predicts further pulse nar
rowing upon closer approach to the fundamental repetition rate pro
vided that the frequency tuning step is small enough (0.3 Hz herein), 
optical nonlinearity and dispersion are negligible. Thus, theoretically it 
might be possible to make pulse as short as ~10− 3 of the modulation 
period as suggested by Fig. 5 (d). 

However, in practice, laser pulse shortening leads to a corresponding 
rise in the laser peak power and consequently causes an adequate in

Fig. 5. Calculated evolution of pulse lasing 
governed by tuning the modulation fre
quency near the fundamental pulse repeti
tion rate; (a) – accumulated nonlinear phase 
[in radians] versus relative detuning of the 
modulation frequency [δf / f0]; (b, c) – 
temporal distributions of the laser power 
with respect to the downward and upward 
frequency tuning; (d) – pulse width versus 
relative frequency detuning; (e–h) – time 
traces of pump power oscillations [blue] 
and resulting laser pulses [red] at the 
selected frequency tuning stages. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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crease of the nonlinear phase φNL which is accumulated by the laser 
pulse upon propagation through the ultra-long fiber cavity: 

φNL =

∫ L

0
γPs(z)dz, (2)  

where L denotes the fiber cavity length, γ is the nonlinear coefficient of 
the fiber used to produce the cavity. Fig. 5 (a) shows calculated evolu
tion of the nonlinear phase which would accompany continuous pulse 
shortening governed by downward frequency tuning. In the experiment, 
the minimal frequency detuning (which allows single-pulse lasing with 
the shortest pulse duration) was about 0.82 × 10− 3. According to cal
culations, such short pulses have to accumulate the nonlinear phase of 
about 4π. Further pulse shortening would lead to much higher values. In 
principle, all-normal-dispersion (ANDi) mode-locked fiber lasers can 
tolerate accumulation of higher nonlinear phase [19]. However, our 
laser configuration does not fall into the conventional concept of ANDi 
mode-locked lasers due to the lack of intracavity saturable absorber or 
intensity modulator. Nevertheless, we believe that the introduced laser 
configuration can be further optimized by management of the intra
cavity peak power, similarly to the power management proposed earlier 
in [20]. The primary approach relies on adjustment of the output 
coupling ratio in order to reduce residual radiation power at the input of 
the ultra-long intracavity fiber span. It will reduce accumulation of the 
nonlinear phase and consequently allow stronger pulse shortening as 
suggested by the theoretical model. 

It is worth noting that there is also another kind of limit to power 
(and energy) scaling in long fiber lasers. This limit is imposed by Raman 
scattering [21,22]. Therefore, it is important to consider also such a 
possible frontier of the studied mode-locked operation. Taking into ac
count relatively long duration of the generated laser pulses, we used a 
classical formula (derived differently by R.G. Smith [23] and by L. de la 
Cruz-May et al [24]) for estimation of the critical power PCr

0 for stimu
lated Raman scattering (SRS) in the ultra-long passive fiber span used in 
our laser: 

PCr
0 ≈ 16

Aeff

gRLeff
, (3)  

where Aeff is the effective mode area of the fiber, gR is the Raman gain 
coefficient, and Leff is the effective fiber length. According to Eq. (3), the 
critical power for the used ultra-long intracavity fiber span is about 8 W, 
which is much higher than the actual intracavity peak power (about 1.4 
W at the input of ultra-long passive fiber span, as determined from the 
measurements). Thus, the actual laser performance is quite far from the 
critical power. Possible approaching to this power upon further pulse 
shortening (and corresponding rise in the laser peak power) may become 
an issue, but it can be avoided with the help of the above mentioned 
intracavity peak power management. 

4. Conclusion 

To summarize, we have explored capabilities of a very simple and 
efficient modulator-free approach to active mode locking in all-PM 
ultra-long Yb-fiber lasers. Quasi-synchronous pump modulation, along 
with polarization-maintaining cavity elongation, has allowed stable 
generation of linearly-polarized (scalar) high-energy (up to 130 nJ) 
pulses with adjustable nanosecond duration at sub-MHz repetition rates. 
Such characteristics in combination with the long-term polarization 
stability make the laser unique among ever reported actively mode- 
locked all-fiber stimulated-emission lasers. Despite significant progress 
in the development of ultra-long fiber lasers with passive mode locking 
[20,25,26], the proposed active mode-locking method can be a profit
able alternative in many cases due to a very simple, reliable and cheap 
laser design that does not employ any saturable absorbers or optical 
modulators. Due to these features, such a high-quality master oscillator 
being assisted by an amplifier may find application in lidar 

measurements (remote sensing) [27], material micro-processing [28] or 
other tasks in which high-energy pulsed radiation with stable strictly- 
determined parameters (along with tunability of pulse duration and 
peak power) is required. It is also worth noting that the spectral band
width of the demonstrated pulse lasing is rather small (of the order of 
0.1 nm) which may be advantageous to some other applications of stable 
nanosecond laser sources [29]. 

Moreover, the developed approach breaks restrictions and obstacles 
which are supposed to be on the way to synchronous pumping in diode- 
pumped lasers with such inertial active media as rare-earth-doped fi
bers. The method greatly relaxes requirements to modulation speed of 
pumping diodes, and provides nanosecond pulse shaping regardless of 
the millisecond lifetime of the upper laser level. We have also considered 
possibility of further intracavity pulse shortening towards sub- 
nanosecond duration, relying on higher-order harmonic mode locking 
and peak power management. 
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