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ABSTRACT 

The effect of an external continuous wave (cw) on the operating regime of a passively mode-locked double-clad fiber 
laser, operating in the anomalous dispersion regime, is experimentally investigated. Starting from different soliton 
distributions, we demonstrate that, under specific conditions, the cw signal forces the principal laser to operate in 
harmonic mode-locking regime. 
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1. INTRODUCTION  
Soliton interaction has now a long history since the initial papers in the middle 80’s which concerned conservative 
solitons1,2. With the emergence of fiber lasers, and in particular double-clad fiber lasers, there was a revival on soliton 
interaction in the framework of dissipative soliton3-8. Indeed, in passively mode-locked high power fiber laser, a large 
number of solitons can coexist in the cavity when operating in the anomalous dispersion regime. As a general rule, the 
number of solitons in passively mode-locked fiber lasers increases when the pumping power grows9-11. Many different 
soliton patterns have been reported independently of the exact mode-locking mechanism revealing some universal 
properties12-17. The resulting solitons distribution in fiber laser is a direct consequence of their interactions which can be 
repulsive or attractive or both at different scales. Attractive interaction is responsible of bound states5,18,19 or soliton 
crystals20,21. Repulsive interaction is responsible of the well-known harmonic mode-locking22 (HML). In many HML 
fiber lasers, a continuous wave (cw) component is present in the optical spectrum suggesting that this component could 
play an important role in the HML mechanism23-26. Finally, one can note that although it is possible to easily generate 
different soliton patterns in a fiber laser by adjusting some external control parameter (in general it is a waveplate, a 
fibered polarization controller or merely the pumping power), a total control of the final distribution is not possible. 
Indeed the latter is reached after some evolution starting from noise, and generally depends on it, which is random. This 
differs from the evolution of  pulses in an amplifier, and of several theoretical approaches in which suitable initial data 
are chosen to obtain a desired soliton distribution. It has been recently shown theoretically that a small cw component 
allows to control the nature and the strength of the soliton interaction27. Based on this prediction and on the role of the 
cw component in the HML, we have decided to conduct several series of experiments on a passively mode-locked fiber 
laser injected with an external cw component. 

In this paper we demonstrate experimentally28 and theoretically29,30 for the first time that a passively mode-locked fiber 
laser can be forced to operate in HML regime by means of an external cw component. Starting from bound states, we 
show in section 2 that the external cw component can force the laser to operate in the harmonic mode-locking regime. 
Preliminary theoretical results are presented in section 3. 

2. EXPERIMENT 
2.1 Experimental setup 

The experimental setup26 is schematically represented in Fig. 1. It is an all-fiber unidirectional ring cavity. Mode locking 
is achieved through nonlinear polarization evolution technique. We use a double-clad Er:Yb 10 W fiber amplifier 
operating at λ = 1.55 µm. It is pumped at 980 nm with several laser diodes injected with the v-groove technique. The  
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maximum available pumping power is up to 40 W which ensures a total output power of amplified spontaneous emission 
up to 10 W. The two fiber ends of the double-clad fiber are spliced to pieces of standard single-mode fibers (SMF28). 
The fibers DCF and SMF28 operate in the anomalous dispersion regime. A piece of dispersion-shifted fiber 
( /mps 2DSF 14.02 =β ) is added to control the total cavity dispersion. To favor multiple-pulse mode locking, the total 

dispersion is set in the anomalous regime with 2TOT ps L 16.02 −=β , with a total cavity length of L = 32.5 m 
corresponding to a round trip time of 162.4 ns and to a free spectral range of 6.16 MHz. As usual, the adjustment of the 
polarization controllers allows obtaining a large variety of soliton distributions15. The external continuous wave is 
provided by a homemade cw tunable fiber laser and is launched with a 50/50 coupler to the principal cavity with a signal 
power that can be varied up to 800 mW (400 mW injected in the principal laser cavity). The external laser is tunable 
from 1530 nm to 1560 nm and its linewidth is about 1 nm. For injection experiments, we processed as follows. First, the 
principal laser is switched on and the polarization controllers are adjusted to obtain some soliton pattern. While this 
pattern is stable, we switch on the external laser and then increase its wavelength starting from 1530 nm. Its influence on 
the operating regime of the principal laser is studied. Reversibility of the phenomena is checked in different ways. 
Firstly, the wavelength of the external laser is decreased to retrieve its initial value and secondly, we reduce the injected 
power and switch off the injection laser. 
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Figure 1. Experimental setup. 

 

2.2 Experimental results 

With a suitable adjustment of the polarization controllers we obtain the soliton pattern represented in Fig. 2(a). It consists 
in a set of well separated soliton packets which do not move from one round-trip to the other. Each packet contains a 
different number of solitons and repeat from round-trip to round-trip. The optical spectrum (not reported here) exhibits a 
modulation which is characteristic of a constant phase relation between the solitons, thus suggesting that the trains of 
solitons contain bound states19, or soliton crystals20 depending on the number of solitons involved in a given sequence. 
The spectral period is 0.2 nm which correspond to a temporal separation of 41 ps confirmed by autocorrelation 
measurements. The total number N of solitons is estimated to be 1500≅N . 
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Figure 2. (a) Initial soliton distribution. (b) Final soliton distribution. 

 

We then switched on the external laser with a start wavelength nm  ext 1530=λ  and with an injected power of 110 mW 
into the main laser cavity. The wavelength is then tuned towards longer values. While extλ  enters the spectrum of the 
principal laser, the spectral modulation decreases, revealing that the cw component significantly modifies soliton 
interactions until it breaks the strong coupling of the solitons in a bound state31. In the temporal domain, the soliton 
packets become unstable: they move and collide to form larger condensed phases without evident internal order. While 

extλ  falls in the spectrum of the principal laser, pulses get loose from the condensed phases and span over the whole 
cavity. Solitons move like in a soliton gas and when extλ  moves toward the centre of the optical spectrum of the principal 
laser, the relative motion of the solitons decreases. When nm  ext 1552=λ , solitons stay at rest in the moving frame, 
nearly identical and equidistant as shown in Fig. 2(b). The optical spectrum given in Fig. 3(a) shows that there is no 
spectral modulation and, in addition to the cw component due to the injected laser ( extλ ), there is an additional cw 
component generated by the principal laser ( ownλ ) and characteristic of many passively HML fiber lasers24-26. The pulse 
duration, deduced from autocorrelation measurements, remains about 1 ps. HML is also pointed out through the radio-
frequency spectrum of the recorded optical intensity, given in Fig. 3(b). The repetition rate of the laser is precisely 5.82 
GHz, which corresponds to the 945th harmonics. The supermode suppression ratio is 12 dB. 
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Figure 3. (a) Initial soliton distribution. (b) Final soliton distribution. 
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If extλ  is further increased, the same HML regime persists until nm  ext 1553=λ . For longer values of extλ , the HML 
regime is lost and we obtain a regime where all solitons are in perpetual movement and fill the whole cavity: it is a 
soliton gas. If extλ  is now decreased, we observe the reverse scenario without any hysteresis phenomena: first the regime 
becomes HML and finally the initial soliton crystals and bound states are restored (same temporal trace, same optical 
spectrum and same autocorrelation trace). Hence, the effect of the external cw component is fully reversible. We have 
also verified that for nm  ext 1552=λ , if the injected power is reduced, the HML regime persists in a wide range of 
injected powers. Indeed, HML occurs until the injected power reaches the lower value 50 mW. Below this power, the 
initial soliton distribution is retrieved. If the injected power is increased again, the HML regime is restored. We are 
convinced that the cw component takes a key role in the self-organization of the pulses. Indeed, the initial bound state is 
formed thanks to the equilibrium between attraction and short distance repulsion. While the cw external field is tuned 
within the optical spectrum of the principal laser, this equilibrium is broken through the emergence of a repulsive 
interaction. When the condensed phases are destroyed, the pulses move under the effect of a long-range repulsion 
leading to the final soliton distribution (HML regime). 

3. THEORY 
Our theoretical approach considers the fiber laser represented in Fig. 4 in which the mode-locking is achieved through 
nonlinear polarization evolution. In addition to the Er-doped fiber amplifier, the laser resonator contains a polarization 
control system including the following sequentially arranged components: a half-wave phase plate with orientation angle 

2α  with respect to the x -axis, a quarter-wave plate (orientation angle 1α , a polarizing isolator (the passing axis is 
parallel to the x -axis), and a second quarter-wave plate (orientation angle 3α )10. The polarization control system 
produces nonlinear losses that form ultrashort pulses in the laser resonator. 

 

 
Figure 4. Schematic representation of a passive mode-locked erbium-doped fiber laser with a nonlinear polarization rotation 
technique and an external cw injection. 

The evolution of the electric field components in the doped fiber is modeled with the vector model described by the 
following normalized equations10,29: 
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where xE  and yE  are two orthogonal components of the electric field expressed in unites ( ) 1−
Lγ  (here ( )m L  is the 

dimensional cavity length and ( )11 −− mW γ  is the dimensional nonlinear  refractive coefficient related to the nonlinear 
refractive index coefficient10), ζ  is the propagation distance (the number of passes of the radiation through the laser 

cavity), τ  is the time coordinate in units 22 Lt βδ =  (here 2β  is the second-order group-velocity dispersion for the 
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intracavity medium), rD  is the frequency dispersion of the gain and the linear losses, iD  is the frequency dispersion of 

the refractive index, q  is the normalized nonlinearity of the refractive index, and 
22

yx EEI += . The term g  describes 

the amplification ( )∫+= τIdbag 1 , where the integration is carried out over the whole round-trip period, a  is the 

pumping parameter, and b  is the saturation parameter. The last term in Eq. (1) describes the electric-dipole polarization 
of the intracavity medium that produces the monochromatic radiation inside the laser cavity. By this means, we model 
the injected radiation inside the laser cavity29. The parameters δω  and δκ  are determined by the frequency and wave 
vector of the external injected monochromatic radiation. Here δω  is the detuning of the carrier frequency of the external 
radiation from the center of the spectral gain band. The parameters δω  and δκ  are chosen so that the injected radiation 
coincides with the radiation of one of the longitudinal modes of the laser resonator. This implies that δκ  and δω  satisfy 
the dispersion relation ( )2δωδκ iD= , which is obtained from Eq. (1). In addition, for this purpose in our numerical 
simulation we choose the frequency detuning in the form lKπδω 2= , where the frequency parameter K  is an integer 
and l  is the length of the temporal computation box. The direction of a polarization of the linearly polarized injected cw 
coincides with the direction of a x -axis. Varying the parameters P  and K , we can change the intensity cwI  of the 
intracavity injected cw and its frequency detuning δω . 

Let us first consider the movement of a soliton submitted to a cw external wave. Figure 5 shows the dependence of the 
soliton velocity ςτδυ dd /=  on the detuning parameter K  of the injected cw. For the principle inverse peak in the 
vicinity 40=K , the change of the phase difference of the soliton and the cw over one round-trip period is equal zero. 
Here the condition of the phase locking is fulfilled and the value δυ  is large. Outside the phase-locking region, the 

phase difference for the soliton and the cw oscillates and the value δυ  becomes small. For other peaks in Fig. 5 the 
change of the phase difference for the soliton and the cw over one round-trip period is a multiple of π2 . Figure 6 shows 
the dependence of the soliton velocity on the intensity cwI  of the injected cw. Phase locking of the soliton and the 
injected cw occurs in the intensity interval between points 1 and 3. To the left of the point 1, phase locking is absent. To 
the right of the point 3, the injected cw destroys the single soliton operation. Between points 1 and 2 as well as between 
points 2 and 3 the dependence of δυ  on cwI  is monotonic. 
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Figure 5. Soliton velocity δυ  vs the frequency 
parameter K  of the injected cw. 
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Figure 6. Soliton velocity δυ  vs the intensity cwI  
of the injected cw. 40=K . 

Figure 7(a) shows a repulsion of laser solitons. After each pulse, the injected cw is attenuated because of its destructive 
interference with the right-wing dispersive waves. As a consequence, the resultant cw increases monotonically from left 
to right along the pulse train. The changing intensity of the resultant cw is between points 1 and 2 in Fig. 20, where the 
velocity of motion of pulses in the right direction increases monotonically with increasing intensity cwI . As a result, the 
velocity of the solitons motion in the right direction increases monotonically along the soliton train from left to right. 
This distribution of soliton velocities in the train results in an increase of inter-soliton spacing, that is, to repulsion of the 
solitons. In this case, after a transient process the harmonic passive mode locking (multi-pulse operation with equidistant 
pulses) is realized (see Fig. 7(b)). Figure 8 demonstrates a formation of a soliton crystal through the light-induced drift of 
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solitons in a laser cavity. The initial field is chosen in the form of a pair of strongly bound solitons and several individual 
solitons. The light-induced velocities of the soliton pair and an individual soliton are different. As a result, individual 
solitons drift toward the soliton pair, collide with it, stop and create a condensed soliton phase in the form of a soliton 
crystal. 
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Figure 7. Dependence of the intensity distribution ( )τI  on the 
number of round trips ζ  in a passive mode-locked laser with 
an injected cw. Regime of a soliton repulsion. (a) Transient 
process. (b) Steady state (the scale is enlarged). 40=K , 

1.0=P , 164≈l . 
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Figure 8. Dependence of the intensity distribution ( )τI  on the 
number of round trips ζ  in a passive mode-locked laser with 
an injected cw. Regime of a soliton crystal. (a) Transient 
process. (b) Steady state (the scale is enlarged). The two-
soliton molecule is marked by the grey circle. 76=K , 

09.0=P , 328≈l . 
 

4. CONCLUSION 
In this paper, we have investigated both experimentally and theoretically the effect of an external cw signal on the soliton 
distribution in a passively mode-locked fiber laser operating in the soliton regime. The main result is that harmonic 
mode-locking operation can be forced by the external injected wave. 
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