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We report on experimental studies of a SESAM mode-locked Er-doped fiber laser completely spliced from
polarization-maintaining fiber components. With the fiber mode spot properly aligned to the SESAM, the laser
operates harmonic mode-locking (HML) available in a whole range of pump powers up to ~355mW with the
supermode suppression level (SSL) less than 25 dB. Importantly, the HML laser generates the pulses in a linear
polarization state and enables the pulse repetition rate (PRR) up to ~1145 MHz. In our experiments we show that
an optical injection of an external continuous wave (CW) into the laser cavity improves the stability of the laser
operation in HML regime resulting in an increase of the SSL by 20-30 dB. Besides, the CW injection is able to
expand the range of pump powers available with HML laser providing an increase of the maximal laser PRR up to
~2195 MHz. Importantly, the implemented optical injection does not affect high purity of the laser polarization
state. The presented numerical simulations enable qualitative explanations of the effects observed

experimentally.

1. Introduction

Ultra-fast laser sources delivering pulses with the pulse repetition
rate (PRR) in sub-GHz and GHz ranges are of great interest for many
applications in spectroscopy, microwave photonics, ranging sensing,
telecommunications, etc. [1,2]. Passively mode-locked fiber lasers
combining high beam quality, simplicity of adjustment, reliability, user-
friendly fiber interface and relatively low cost are of great demand for
these applications. Whereas the fundamental PRR in the mode-locked
fiber lasers is limited by tens of MHz, the harmonic mode locking
(HML) techniques providing an equalized distribution of multiple pulses
in the fiber cavity offer the possibility to achieve the PRR of tens of GHz
[3-6]. A major drawback of fiber-based HML lasers are their relatively
high amplitude fluctuations and timing jitter that significantly exceeds
the characteristics of the lasers operating the fundamental PRR [7].
Noise-induced perturbations of pulse train periodicity appear in the
frequency domain as spurious supermodes with non-multiple PRR fre-
quencies. The solutions enabling suppression of the supermode noise in
HML fiber lasers are of great practical importance [8,9]. In particular,
the optical injection from an external laser source could be used to
control the fiber laser outputs. For example, the methods based on the
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heterochromic optical pulse injection have been reported for control of
the mode-locking threshold [10] and pulse repetition rate [11,12] in the
mode-locked fiber lasers.

In our recent experiments with a HML fiber laser based on nonlinear
polarization evolution (NPE), we have demonstrated a new technique
for the supermode noise suppression using aresonant optical injection
from the external narrow-band continuous wave (CW) laser into the
harmonically mode-locked laser cavity [13,14]. Specifically, to imple-
ment the effect the wavelength of the injected CW should be in a
proximity to the long-wavelength spectral Kelly sideband. In this case,
the interaction between the pulses and the injected CW results in their
phase-matching with the formation of a united light structure (pulses +
CW) enabling significant reduction of the supermode noise. In our ex-
periments, the supermode noise suppression by more than 30 dB has
been demonstrated with the NPE harmonically mode-locked fiber laser
operating with the PRR ~1-2 GHz [14].

However, the fiber laser configurations mode-locked by NPE are not
very practical since they too sensitive to the external environment and so
require regular adjustment of the polarization controllers. Besides the
spectrum of soliton fiber laser built on non-polarization maintaining
(PM) components has additional sub-sidebands, and the polarization

E-mail addresses: korobkotam@rambler.ru (D.A. Korobko), Andrei.Fotiadi@oulu.fi (A.A. Fotiadi).

https://doi.org/10.1016/j.optlastec.2023.109284

Received 21 December 2022; Received in revised form 27 January 2023; Accepted 13 February 2023

Available online 21 February 2023

0030-3992/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:korobkotam@rambler.ru
mailto:Andrei.Fotiadi@oulu.fi
www.sciencedirect.com/science/journal/00303992
https://www.elsevier.com/locate/optlastec
https://doi.org/10.1016/j.optlastec.2023.109284
https://doi.org/10.1016/j.optlastec.2023.109284
https://doi.org/10.1016/j.optlastec.2023.109284
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2023.109284&domain=pdf
http://creativecommons.org/licenses/by/4.0/

D.A. Korobko et al.

PM EDF-80

99/1 Coupler
cw

“wu
Qutput

PM SMF
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state of the output pulses is constantly changing [15]. The all-PM laser
configurations using special saturable absorber, for example, semi-
conductor mirror (SESAM) are free from these drawbacks and are able to
deliver stable and pure linear polarized pulse trains. In this paper, we
demonstrate that the method of supermode noise suppression we have
implemented with NPE harmonically mode-locked fiber lasers is appli-
cable for operation with the PM lasers harmonically mode-locked by
SESAM as well. For this purpose, we present the results of our experi-
ments with the SESAM-based PM laser configuration, including the ef-
fect of an optical injection from an external narrow-band tunable laser
source on the laser performance characteristics. The numerical simula-
tions are also provided to clarify the nature of the effect.

2. Experiment

The experimental laser configuration is shown in Fig. 1. The laser
cavity is completely splices from PM fiber components. It comprises
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~1.2 m long PM erbium doped fiber (Er80-4/125-HD-PM) with
dispersion D = -22 ps/(nm km), a PM fiber isolator, 980/1550 PM
single-mode WDM coupler and 1 % output coupler. The laser is mode-
locked by SESAM (with the relaxation time of 4 ps) attached to the
cavity through PM circulator and translation platform. The laser is
pumped by a 980 nm laser diode with the maximal power of 900 mW.
The total laser cavity length is ~9.2 m sets the fundamental laser PRR fr
= 22.4 MHz. The total cavity dispersion is anomalous, so the laser
generates soliton pulses. The laser operation is monitored by an optical
spectrum analyzer (Yokogawa 6370D) with resolution of 0.02 nm and
RF spectrum analyzer (R&S FSP40) equipped with a 30 GHz
photodetector.

When the pump power is increased up to ~105 mW, the laser starts is
mode-locked at fundamental frequency at the wavelength 1y ~ 1567
nm. In the mode-locking regime the laser operation is not sensitive to the
external disturbances of the cavity fibers.

Moreover, when the laser power is switched-off from this state and
then switched-on the laser self-starts and restores the mode-locking
regime. When the pump power is increased up to 112 mW, the laser
begins to operate multi-pulses. A proper alinement of the fiber mode
spot to the SESAM mirror in this case allows to equalize the pulse dis-
tribution inside the cavity, thus enabling HML laser operation. Again,
once the HML regime is achieved, the laser is able to restore it after each
restarting. Fig. 2 (a) shows the laser output power and PRR as functions
on the pump power. One can see that both of them increase with the
pump power almost linearly, but the PRR changes in stepwise manner
since each step corresponds to the appearance of several (2-4) new
pulses in the cavity. It is worth noting that the PRR steps measured with
decreasing pump power differs from that shown in Fig. 2 due to the
hysteresis effect that is typical for fiber lasers [16]. The range available
for the HML laser operation is limited by the maximum PRR of ~1145
MHz achieved at the critical pump powerP,, ~355 mW. Above this level
the HML laser operation is destroyed and the laser operates chaotic pulse

1250 (b) T

(a) ) 1,0+ (c) ]
300} el 3 =
o L i 3
= — 1000 g 3 AT:WHM=0_65 ps
3 T 2 =
= T = 5 AWM pg
g 200} _ 750 5 zt 2 a
2 : s 8 o5
E 500 = E 245 MHz E
= & E —— 358 MHz 3]
3 100} = 3 —— 492 MHz £
250 2 B —— 671 MHz I
g &l — 872 MHz
@ , 1121 MHz A 0.0 A ‘ .
—T 200 300 a00 ° 1550 1560 1570 1580 ’ 2 1 0 1 2
Pump power (mWV) Wavelength (nm) Time (ps)

Fig. 2. (a) The output laser power (black squares) and PRR (red line) as functions of the pump power. The range available for HML generation is colored in gray, the
range of the pulse bunch generation is blue colored. (b) Optical HML laser spectra recorded for different PRR. 51 evaluates the 3 dB spectrum width. (c) Auto-
correlation trace of the output laser pulse for PRR = 245 MHz without (red) and with CW injection (blue line). Dashed curve shows sech? fitting.
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Fig. 3. The RF spectra of the HML laser without (red) and with the external CW injection (blue). The spectra are recorded with a 300 kHz resolution for PRR = 245
MHz (a) and PRR = 1121 MHz (b). The RF laser spectrum for PRR = 1121 MHz with a 10 MHz resolution (c).
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Fig. 4. (a) The laser optical spectra recorded for the PRR = 1121 MHz without CW injection (solid) and just after injection (dashed line). The grey line highlights the
band where the CW injection causes a shift of the laser spectrum. (b) The optical spectrum shift caused by the CW injection at the PRR = 1121 MHz. Optical spectrum
without (red) and with (blue) the CW injection at the wavelength enabling the maximal spectrum shift. (¢) The changes of the supermode suppression level /ASSL
recorded with the RF spectrum analyzer with the resolution of 300 kHz (red squares) and maximal optical spectrum shifts A1 (blue circles) caused by the CW injection

as functions of the laser PRR.

bunches.

The laser optical spectra measured for the different PRR are shown in
Fig. 2 (b). One can see that the 3-dB spectrum width is ~6 nm for all
measured spectra, i.e., it is almost independent on the PRR. It means that
the single pulse energy is nearly the same within the HML area. The
linear dependences of the output power and PRR on pump power are
also in agreement with this statement. Note as well that all spectra
exhibit pronounced Kelly sidebands that are features confirming the
soliton nature of the pulses. Fig. 2 (c) (red line) presents the pulse
autocorrelation traces recorded for PRR = 245 MHz One can see that the
pulse shape is well approximated by sech? fitting with the pulse duration
ATTWEM 5 0.65 ps. The time-bandwidth product is of ~0.48 corre-
sponding to the weakly chirped output pulse.

A typical radiofrequency (RF) spectrum of the HML laser comprises
the main peaks and spurious supermode peaks surrounding them. The
frequencies of the main peaks are multiples of the PRR, whereas the
frequencies of supermode peaks are multiples of the fundamental fre-
quency fr The integral intensity accumulated in the supermode peaks
determines the laser pulse jitter, i.e., the fluctuations of pulse amplitudes
and inter-pulse intervals in the HML pulse train [7].

Fig. 3 shows the RF laser spectra recorded for PRRs ~245 MHz and
~1121 MHz with different resolutions. The ratio between the main peak
intensity and the maximal intensity of the surrounding supermodes
evaluates the HML laser stability and is referred to as the supermode
suppression level (SSL). One can see from the Fig. 3 (a) that the SSL for
the PRR = 245 MHz is ~25 dB. It corresponds to moderate stability of
the HML laser, the timing jitter measured directly by oscilloscope in this
case is ~75 ps. Fig. 3 (b) gives similar characteristics for PRR = 1121
MHz: the SSL is ~23 dB, it corresponds to the experimentally measured
timing jitter of ~56 ps.

A narrow-band optical radiation delivered by an external linearly
polarized CW laser source Santec TSL is used for optical injection into
the laser cavity. The CW laser is tunable in the range of 1480-1630 nm
and set to operate with the linewidth of ~100 kHz and output power of
~10 mW. The CW light is injected into the HML laser cavity through the
PM output coupler as it is shown in Fig. 1. The effect of the CW injection
is monitored by the optical and RF spectrum analyzers scanning the CW
laser in the wavelength range Acy 1550-1585 nm. We have found that
the result of CW injection into the HML laser cavity depends on the
position of the CW laser wavelength Acw relatively to the soliton pulse
spectrum. In particular, close approaching the CW laser wavelength to
the soliton spectrum maximum A perturbates the HML laser operation.
The original laser spectrum and HML operation are restored immedi-
ately as the injection wavelength Acw is turned away from4iy. However,
the most curious effects are observed when the CW wavelength is close
to the Kelly sidebands of the HML laser optical spectrum as shown in
Fig. 4.

When the CW wavelength Acyw is critically approaching to the long-
wavelength Kelly sideband (Fig. 4 (a)), the soliton spectrum is shifted
as a whole towards the CW line such that the Kelly sideband and CW line
are merged. Fig. 4 (b) compares the optical spectra recorded for the PRR
= 1121 MHz observed without and with the CW injection. The corre-
sponding RF spectra are shown in Fig. 3 (b). One can see that the optical
injection induces the spectrum shift A1 = 0.8 nm and simultaneously
reduces the supermode noise by tens of dB. Fig. 3 (a) shows similar SSL
increasing for the PRR ~245 MHz. One can see that the measured in-
creases of the SSL due to resonant CW injection are A SSL = 29 dB for the
PRR ~245 MHz and A SSL = 25.5 dB for the PRR = 1121 MHz. The
recording of RF spectra with a 10 MHz resolution in a wide spectrum
range gives A SSL = 18 dB for the PRR = 1121 MHz (Fig. 3 (c)). It is
worth noting that these data are in agreement with the direct oscillo-
scope measurements of the timing jitter. The CW injection into the laser
cavity causes reduction of the timing jitter down to the 8.5 ps for the
PRR ~245 MHz and down to ~10.2 ps for the PRR ~1121 MHz. The
autocorrelation trace for PRR = 245 MHz presented in Fig. 2 (c) (blue
line) demonstrates that the CW injection affects neither the pulse shape
nor the pulse duration. Also, one can see that CW injection leads to an
increase of the radiation background compared to the case without CW
injection. Similar experiments have been repeated for all PRRs available
with the HML laser operation. Fig. 4 (c) shows the changes of the
supermode noise suppression and maximum spectral shifts A4 recorded
for different PRRs. One can see that the values of A SSL and A/ are in
positive correlation and decrease together with the PRR increase.

One more effect of the resonant CW injection on the HML laser
operation has been revealed. Without the CW injection the HML laser
operation is limited by the maximum PRR = 1145 MHz achieved at the
critical pump power level P, ~ 355 mW. Above this powerP > P, the
laser generates chaotic pulse bunch (blue area in Fig. 2(a)). We have
found that at P > P, the resonant CW injection close to the long-
wavelength Kelly sideband could stabilize the laser operation trig-
gering its transition to the HML generation regime. The PRR in this case
is determined by the pump power level that could be gradually adjusted
to control the laser PRR available up to ~2 195 MHz with the pump
power of ~630 mW. It is worth noting that an additional alinement of
the fiber mode spot to the SESAM could be sometimes required to keep
the HML generation.

We have also observed that the CW injection close to the short-
wavelength Kelly sideband does not improve the HML laser perfor-
mance. The effect of such injection is available in a whole HML laser
operation range and is similar to that reported with the laser harmoni-
cally mode-locked by NPE [13]. As in the case of long-wavelength Kelly
sideband, with the CW laser wavelength approaching to the short-
wavelength Kelly sideband the optical spectrum shifts towards the CW
such that the CW line and Kelly sideband merge. However, in contrast to
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Fig. 5. Temporal evolution of the degree of polarization recorded with the
HML laser delivered the pulses with the PRR = 1121 MHz without (red) and
with (blue) the resonant CW injection into the long-wavelength Kelly sideband.

that case this process destroys the HML laser operation transforming it
into generation of the chaotic pulse bunch.

Finally, we have used a polarimeter Keysight N7781B to evaluate the
polarization state of the HML laser. Fig. 5 shows the degree of polari-
zation measured for the laser operating in the HML regime with the PRR
= 1121 MHz. One can see that without CW injection the degree of po-
larization is at the level of 90.3 % with 0.3 % variation over 50 s mea-
surement time. When the CW is injected closely to the long-wavelength
Kelly sideband the degree of polarization increases to the level of
~91.25 % but the variation also grows to the value of ~0.4 %. So, we
can conclude that the laser demonstrates satisfactory polarization sta-
bility and CW injection improves the linear polarization state of the
laser.

3. Numerical simulations

In the previous section we have demonstrated experimentally that
the CW injection at the wavelength close to the long-wavelength Kelly
sideband improves the quality of the HML in the PM fiber laser operation
leading to the significant reduction of the supermode noise. In this
section we present numerical simulations that help to clarify the nature
of the effect. It is well known that the equalized pulse distribution in
HML ring fiber laser cavity is a result of the mutual repulsion [17,18].
Weak pulse repulsion leads to the pulse train disordering as it is not able
to restrain the pulse disturbances induced by the laser noise or
competitive attraction forces. A typical example of such competing in-
teractions is the repulsion forces induced by gain depletion and recovery
mechanism [17] and attraction forces induced by the pulse interaction
through the dispersion waves [19]. We believe that the stabilization of
the HML observed in the experiment with PM fiber laser occurs due to
the fact that the resonant CW injection is able to reinforce the pulse
repulsion in the laser cavity. To demonstrate this idea, we have per-
formed numerical simulations to compare the process of the HML pulse
equalization in a PM fiber cavity with and without the resonant CW
injection. The key challenge of these simulations is to determine the
factors affecting the strength of the interpulse interaction in the fiber
cavity without exact replication of the experimental conditions avoiding
too complicated and time-consuming calculations. Therefore, we
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consider only two pulses propagating in the ring cavity and apply a few
simplifications. The principal laser configuration used for the simulation
is shown in Fig. 6.

The light propagation through the segments of PM fibers of lengths
Igpr (EDF) and Igyr (SMF) is described by equation of the NLS type:
B PA o gA Py 0PA
—71——713/\A\A—7+7¥, @
where A(z,t) is the light amplitude. The fiber group velocity dispersion
f, and the Kerr nonlinearity y are assumed to be equal in the EDF and
SMF for simplicity (in the SMF the gain and filtration are set to g = fiy; =
0). All the linear losses are accounted by the output coupler described by
the coefficientp < 1. Fast saturable absorber is described by the transfer
function using the instantaneous relaxation model.

Fsy =1—a %
* M aP/p,

where ays— is the non-saturated loss, ap— is the saturable absorber

modulation depth and P; - is the saturation power.

In the HML fiber lasers operating with PRR ranging in 10% — 10* MHz
the pulse repulsion is governed mainly by the gain depletion and re-
covery [18]. In order to simplify the simulation it is convenient to
represent the fiber gain isolating its time-dependent partg(z,t) = g(z) +

&(t,2), g>g. In this case, the steady-state gain g is the gain factor
averaged over the simulation window
1 [ ) -1
0@ =go( 144 [ W ofar) @
ES’ 0

Here gy — is the small signal gain, E; — is the saturation energy deter-
mined by the pump power. In spectral domain the g; is assumed to has a
parabolic profile centered at the wavelength 4 = 1560 nm and with the
filter band f5r = g; /Q; determined by the gain spectrum widthQ,.

The repulsion between the pulses in the HML laser cavity is governed
by the time-dependent gain g;(t, z) obeying the saturation and relaxation
described as

dg: _go—8 &lAGOI
dt T, E,

3

where the parameter g << g denotes the non-saturated limit of the
time-dependent gaing;(t, z), 7, is the gain relaxation time. Considering
the gain decrease caused by passing a single pulse Ag; one can check that
the time-dependent gain provides a pulse group-velocity drift propor-
tional toAg;. For the pulses non-uniformly distributed in the cavity, the
differences in the pulse velocity drifts lead to the mutual repulsion
resulting in equalization of the interpulse intervals characterizing the
HML pulse arrangement [17].

The amplitude Acy of the CW wave injected into the system through
the output coupler reads as
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Table 1
Parameter Value Parameter Value Parameter Value
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Fig. 7. The result of numerical simulations describing evolution of two pulses
propagating in the PM fiber laser cavity. The pulses interact through the gain
depletion and recovery mechanism without (a) and with (b) the CW injection.
On the right, the final pulse arrangement and the time-dependent gain g(t)
are shown.

A(t,k) = pA(t,k — 1) ++/1 — p2Acw(t,k) (4a)

where p is the coupling coefficient, k is the cavity roundtrip number (k =
1..). The resonant cavity conditions are satisfied by using the
following relation.

Acw(t,k) = /pewexp(i(wewt + B0y (lsur + L) (k= 1)/2) ) (4b)

where pcy is the CW injection power and wcy is the CW frequency offset
from the peak gain frequency. The values of the system parameters used
for calculations are shown in Table 1.

In our simulations the ring fiber cavity containing two soliton pulses
that interact through the gain depletion and recovery is considered as a
time window with periodic boundary conditions. The size of the simu-
lation window is equal to the fundamental cavity periodryn = Tr =
1/fr. Although in real fiber laser systems Tr ~ 100 ns and Er-doped
fibers are characterized by the relaxation time 7y~ 0.1 ms, i.
e.,Tr << 17g, we have accelerated the calculations using the scaled time
parameters (Tr ~ 1071%, 7, ~ 1077s). So, all real processes in fiber la-
sers are ~10%-10° times slower than that obtained in simulations.

Fig. 7 compares the system evolution governed by the time-
dependent gain alone (a) and in combination with the resonant CW
injection (b). In both cases there are two soliton pulses travelling in the
cavity. Their mutual position is described by the intervals between them
T1 andT, = Tg —T:1. We suppose that at the initial moment of time (t =
0) two soliton pulses are not nonequally spaced in the cavity setting
T10 = 156 psand To9 = Tg —T10 = 90 ps. The time-dependent gain alone
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pulses interact through the gain depletion and recovery without (dashed line)
and with (solid line) the CW injection. (b) Zoom-in image of the Fig. 8 (a)
marked area.

operates to arrange the pulses equidistantly, whenT, = T, but one can
see that in this case, the time intervals between the pulses change pretty
slowly. Fig. 8(a, b) highlight details of this evolution: the difference
|T2 — T1| changes for 5000 cavity roundtrips by less than 1 ps. In this
case, the pulse repulsion is relatively weak to significantly suppress the
laser noise disturbing the pulse periodicity and determining timing jitter
in the HML laser.

For the simulations performed with the CW injection, the frequency
wcw ~—6.7-10'2s71 has been set close to the position of the long-
wavelength  Kelly sideband of the soliton  spectrum
(wg ~—6.65-10'%s71). Fig. 7(b) demonstrates a much more intensive
evolution of two pulses arrangement resulting in fast equalization of
interpulse intervals in the cavity. The difference |T> — T;| shown in
Fig. 8(a) (solid lines) changes smoothly but rapidly approaches zero for
less than 2000 cavity roundtrips. This system evolution testifies to the
strong repulsion between the pulses in the HML laser cavity enabling
much more significant suppression of the laser noise than in the first
case.

To explore the details of the effect on the resonant CW injection
operating in combination with the time-dependent gain on the repulsion
or attraction between pulses in the ring laser cavity, we have analyzed
the interaction between the pulses and background originated from
injected radiation. Without the time-dependent gain and CW injection
both pulses in the cavity experience equal gains on their mutual posi-
tion. As it has been mentioned above the implementation of the gain
depletion and recovery into the system makes the local gain applying to
a pulse dependent on the position of the previous pulse thus resulting in
equalization of the interpulse intervals [17].

The CW injection into the laser cavity may accelerate or annihilate
this pulse equalization process [13] providing additional modulation to
the time-dependent gain that, in turn, controls the group velocity of each
pulse. The reason for this extra modulation is the specific shape of the
pulse pedestal that the resonant CW injection forms due to its interfer-
ence with the original dispersive wave produced by the pulse. It is
known that the soliton pedestal is the dispersive wave generated due to
periodic amplification and decay of the pulse propagating through the
lumped cavity elements. The dispersive waves are observed as the Kelly
sidebands in the spectral domain [20]. In the fiber cavity with an
anomalous dispersion the long- and short- wavelength Kelly sidebands
are associated with the dispersive waves forming the left and right wings
of the pulse pedestal, respectively. So, when the injection wavelength
Acw is close to one of the Kelly sidebands a stable asymmetric interfer-
ence pattern is generated. With the CW component close to the long-
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Fig. 9. Pedestals of the pulse pair interacting through the time dependent gain g; alone and with the CW injection into the long-wavelength Kelly sideband. (a) Early
stage of the interaction. (b) The stage close to the equilibrium point. The optical laser spectrum is shown in the inset.

wavelength sideband (Fig. 9) the destructive interference reduces the
pedestal intensity at the left soliton wing [21], resulting in the less
depleted time-dependent gain spurring the pulse and an additional in-
crease of the pulse group velocity. The higher reduction of the pedestal
level preceding the pulse, the more considerable income the pulse group
velocity gets. The longer spacing between pulses enables a more sig-
nificant decrease of the pedestal level. Therefore, the pulse following the
longer interpulse spacing gets the more considerable income to the pulse
group velocity, i.e. the cooperative action of the CW injection and time-
dependent gain provides the velocity drifts enabling the reinforcement
of the repulsion and resulting in the final pattern with repeatability of
the pedestal profile. When the resonant CW is injected close to the short-
wavelength Kelly sideband its destructive interference with the disper-
sive wave reduces the pedestal intensity at the soliton right pedestal
wing [21], resulting in an increase of the group velocity for the next
pulse. This mechanism enables attraction between pulses thus operating
against the repulsion provided by the gain depletion and recovery
mechanism. Their cooperative action destroys the HML operation
leading to the formation of pulse bunch observed in the experiment.

4. Conclusion

The technique of supermode noise suppression we have proposed
recently and implemented with fiber lasers harmonically mode-locked
by NPE [13,14] is extended now for operation with the SESAM-based
fiber laser configuration completely spliced from polarization-
maintaining fiber components. With the mode spot area properly
aligned with the SESAM the laser exhibits the HML operation available
in a whole range of the pump powers up toP, ~355mW. Importantly,
the laser generates the pulses in a linear polarization state and enables
the pulse repetition rate (PRR) up to ~1145 MHz. The HML laser
operation is characterized by a moderate SSL value ~25 dB that slightly
decreases with the PRR increase. When the pump power exceeds the
critical levelP > P, the laser switches to generate a bunch of pulses.

We have experimentally demonstrated that the CW injection close to
the long-wavelength Kelly sideband improves the stability of the laser
operation in HML regime resulting in an increase of the SSL by 20-30 dB.
Moreover, the CW injection expands the range of the pump powers
available for HML laser operation and increases the maximum laser PRR
up to ~2195 MHz. Importantly, the implemented procedure does not
affect high purity of the laser linear polarization state. It has been as well
demonstrated that the similar CW injection into the short-wavelength
Kelly sideband leads to destruction of the HML laser operation.

The performed numerical simulations support ideas for qualitative
explanations of the observed effects induced by the resonant CW injec-
tion. We have demonstrated that the CW injection triggers additional
mechanisms affecting the strength of interaction forces between the

pulses inside the fiber cavity. The resonant CW injection to the long-
wavelength Kelly sideband leads to the appearance of additional
repulsive force increasing the stability of the HML laser operation. In
contrast, the resonant CW injection to the short-wavelength Kelly side-
band causes pulse attraction forces that annihilate the pulse repulsion
provided by the gain depletion and recovery mechanism. It destroys the
HML laser operation leading to the formation of pulse bunch. We believe
that our new findings will facilitate the design of self-stabilized inter-
nally PM fiber lasers operating with an extended diversity of the laser
performance characteristics [22-24] and demanded for many practical
laser applications.
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