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ABSTRACT Based on the coupled Ginzburg-Landau equations and Jones matrices of the waveplates
considered, a numerical model of an all-normal-dispersion fiber laser mode-locked by nonlinear polarization
rotation has been proposed. The operating characteristics of the fiber laser discussed were studied numer-
ically. It has been found that the proposed all-normal-dispersion mode-locked fiber laser (AND-MLFL)
could deliver dissipative solitons (DSs) with a M-shaped and U-shaped spectrum, the splitting pulse with a
divided spectrum and the amplifier similaritons. The evolution of the intra-cavity pulse and spectrum has
been calculated under different regimes and the effects of group velocity dispersion (GVD) and nonlinearity
are analyzed. When the fiber laser delivers DSs or causes pulse splitting, nonlinear effects dominate the
pulse evolution. With the increase of the accumulated nonlinear phase shift, the operation states change
from DS with a M-shaped spectrum to a U-shaped spectrum, and then to the splitting pulse. In the case of
amplifier similaritons, both the GVD and nonlinearity play important roles in pulse evolution. The effect
of nonlinear polarization rotation and filtering on the pulse reshaping has been analyzed. When the fiber
laser delivers DSs with a M-shaped spectrum, the filter has a very weak effect on the pulse and on spectral
reshaping. However, when the fiber laser operates in the amplifier similariton state, the filter plays a key
role in pulse and spectral reshaping, whereas the nonlinear polarization rotation become less dominant. The
dependence of the operational states on the filter bandwidth, fiber length, small signal gain coefficient and
orientation of waveplates has also been calculated. A Yb-doped doubled-cladding fiber laser, mode-locked
by nonlinear polarization rotation, has also been demonstrated and all of the four pulse regimes are obtained

experimentally.

INDEX TERMS Mode-locked fiber laser, all normal dispersion, amplifier similariton, Yb-doped fiber.

I. INTRODUCTION

The mode-locked fiber laser shows the key features of a
broadband spectrum, high peak power, ultrashort pulse width,
high beam quality and high quantum efficiency [1]-[4].
It is known to be important for a variety of applications
including micromachining, laser surgery, probing of

The associate editor coordinating the review of this manuscript and

approving it for publication was Tianhua Xu

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

micro/nano-materials, high capacity communications and
scientific research involving nonlinearity. A key parameter
in mode-locked fiber lasers is the group velocity dispersion
(GVD), as for fiber lasers operating with anomalous GVD,
soliton-like pulses can be easily obtained, ascribed to the bal-
ance between the GVD and self-phase modulation (SPM) [5].
However, based on the soliton theorem, the pulse energy is
normally restricted to be within 0.1 nJ, using standard fibers.
In order to achieve the higher energy pulses desired, the
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net cavity dispersion is intentionally controlled to allow a
near-zero GVD or a large normal GVD and accordingly the
laser cavity is capable of delivering stretched-pulses [6] and
passive self-similar pulses [7]-[9]. These broadened pulses
are naturally helpful to reduce the peak power to avoid an
unwanted nonlinear phase shift and thus damage to the laser
medium: additionally, this is also advantageous to obtain
more efficient pulse energy amplification inside the laser
cavity. Accordingly, pulses with energy above 10 nJ can be
obtained in a Yb-doped fiber laser, with self-similar pulse
evolution in the passive fiber [8]. From previous literature
reports, Chong et al. have demonstrated a class of high-power
femtosecond fiber lasers without an anomalous GVD element
present in the cavity [10]. The pulse-shaping mechanism was
based on strong spectral filtering of highly chirped, dissipa-
tive solitons. The chirped pulses can be de-chirped to close
to their transform-limited value outside the cavity. Moreover,
a dissipative soliton (DS) of energy of tens of nJ has been
obtained in all-normal-dispersion mode-locked fiber lasers
(AND-MLFL) [11]. Thus, such an AND-MLFL is considered
as a simple and efficient tool for generating high peak power
and high energy ultrashort pulses [12], [13]. Based on previ-
ous reports in the literature, the mode-locked pulses obtained
under various lasing regimes for AND-MLFLs were exper-
imentally and theoretically investigated and the first report
seen was on such pulses with a U-shaped spectrum [10].
By contrast, a DS with a M-shaped spectrum has also been
experimentally and numerically demonstrated [14]. For the
U- and M-shaped spectra, they can both have steep edges,
but with different pulse dynamics. Furthermore, parabolic
amplifier similaritons were achieved in an AND-MLFL [13],
whereas the characteristic steep edges of the DSs were not
found in the corresponding spectra, and the amplifier similari-
ton fiber laser is usually considered as relying on a local non-
linear attraction to stabilize the pulse [15]. Except for the DSs
and amplifier similaritons, various kinds of mode-locking
phenomena, such as pulse splitting with spectrum split-
ting [16], dissipative soliton resonance [17], [18], noise-like
pulses [19], pulses with a bell-shaped spectrum [20] and a
bound-state pulse [21] have also been discussed.

With the presence of these mode-locking regimes, it is
interesting to further clarify the issues concerning the coex-
istence of, or the transition between, different regimes. Sub-
sequently, some work has been done and for example, in the
work of Smirnov et al. [19], the DSs, noise-like pulses and
the intermediate regime between them in an AND-MLFL
were distinguished experimentally and numerically. More-
over, the transition between the Gaussian pulses, the similari-
tons and the DSs in a net-normal dispersion fiber laser has
been reported [22] and the pulse behaviors were then further
numerically studied and verified [23]. The spectral filtering
effect on the transition between the amplifier similaritons
and DSs in the AND-MLFL has also been discussed [24].
The pulse dynamics under different mode-locking regimes
may be distinguished from each other clearly, especially for
those in the AND-MLFL, based on the nonlinear polarization
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rotation (NPR) effect. The NPR is usually used to narrow
down the pulse width in the time domain, whereas the
band-pass filter performs pulse reshaping in the frequency
domain, by cutting off the edges of the spectrum. As the pulse
is chirped, the NPR affects the pulse spectrum as it narrows
the pulse width. Also, the spectral filter has cut the edges of
the pulse while reshaping the pulse in the frequency domain.
Clearly, it is a significant issue to realize, in an insightful
way, the influences of the NPR and the filtering effect on
pulse reshaping, as well as the pulse dynamics in the laser
cavity at different mode-locking regimes, to facilitate further
developments. However, the systematic and comprehensive
analyses of the pulse dynamics, namely the evolution of
the AND-MLFL under different mode-locking regimes, has
not yet been done in that more insightful way and that is
required. This is very important to help understand better the
underlying physics, which is needed for the future design for
better, high power, high energy mode-locked fiber lasers.

In contrast to the work reported previously in the literature,
in this research comprehensive investigations are proposed,
this being carried out both numerically and experimentally
on the pulse dynamics with different shaping spectra, at four
different mode-locking regimes for the AND-MLFL, based
on the NPR. The influences of the spectral filter and the NPR
(based on the polarization controller and polarization beam
splitter) on the pulse and spectrum reshaping here are rigor-
ously investigated and analyzed for the first time. Moreover,
the AND-MLFL proposed here can deliver DSs with either
a U-shaped or M-shaped spectrum, the amplifier similaritons
as well as the splitting pulse with the divided spectrum. The
evolutions of the pulse and the spectrum in the cavity are
described, while the effect of GVD and the nonlinearity on
the pulse reshaping, under different mode-locking regimes,
are also analyzed. Consequently, in the case of DSs and the
splitting pulse, nonlinear effects dominate the pulse evolution
whereas when the fiber laser delivers amplifier similaritons,
both GVD and nonlinearity play important roles. On the other
hand, during the delivery by the fiber laser of DSs with a
M-shaped spectrum, the filter becomes less dominant in its
influence on the pulse and spectrum reshaping. In contrast,
when the fiber laser is operating in the amplifier similariton
state, the filter plays a key role. Lastly, the relationships
between the mode-locking regimes and the filter bandwidth,
the fiber length, the small signal gain coefficient and the ori-
entations of waveplates have also been calculated and are dis-
cussed in this work. The results provide a deeper exploration
of the pulse dynamics in AND-MLFLs, which is obviously
not only helpful, but necessary, to construct versatile high
peak power, high pulse energy mode-locked lasers, delivering
the different kinds of solitons required.

Il. NUMERICAL MODELING OF THE
ALL-NORMAL-DISPERSION FIBER LASER

Figure 1 shows a schematic of the AND-MLFL approach
proposed in this work. The laser cavity consists of a
segment of fiber with gain and two segments of passive fibers

VOLUME 8, 2020



L. Zhang et al.: Pulse Dynamics of an All-Normal-Dispersion Ring Fiber Laser

IEEE Access

Yb-doped double-clad fiber

k Combiner ( ( )

j I

SMF2
SMF1
QwpP2 Filter PBS QwP1
Collimator Collimator
1SO OQutput HWP

FIGURE 1. Schematic of the proposed AND-MLFL.

(SMF1, SMF2). One half waveplate (HWP), two quarter
waveplates (QWP1, QWP2) and a polarization beam splitter
(PBS) are used to implement the NPR. The PBS also plays
the role of splitting s-polarized and p-polarized light, where
s-polarized light is coupled out of the cavity and p-polarized
light passes through the PBS and circulates in the cavity.
Other elements used include a pump-signal combiner and a
bandpass filter, where the filter is inserted into the cavity to
help pulse reshaping, by cutting off the leading and trailing
edges of the spectrum.

Pulse propagation in the fibers can be described by the
following Ginzbure-Landau equations [25],

du  iAB du iy u g &I} 3%u
ow_mp G0 _trou 8§ 80U
9z 2 aT 2 T2 ' 2 2 9712
2
+w<wﬁ+§Mﬁu+—wwﬁ ()
v iAB 5 v i du g gTF 8’u
o __1ap o _thouw & 550U
0z 2 oT 2 9T?2 2 2 9T?
2 1
+ iy (lvl2 + 3 |u|2> v+ gi)/v*u2 2)

In these equations, # and v are the slowly varying envelopes
of the electric fields polarized along the two principal axes
(denoted as the x- and y-axes) of the birefringent fiber. A =
Box — Boy = 2m/Lp is related to the modal birefringence
of the fiber, and Lp is the beat length. § = (,81x — ,Bly) /2
is the group-velocity mismatch between the two polarization
components. In these simulations, it is assumed that § = 0,
meaning that the two polarization components have equal

.. _ go . .
group velocities. g = is the gain coef-
1S (14 Py 7 )i B

ficient for the fiber. E; and go denote the saturable energy
and the small signal gain coefficient of the fiber, respectively.
For a passive fiber, g = 0. The effects of the waveplates,
the filter, the isolator and the PBS are taken into account
by multiplying their Jones matrices by the light fields. The
angles between the waveplates HWP, QWP1, QWP2 and the
x-axis are denoted as Ogwp, Opowp1 and Opwp2, respectively.
The length of the gain fiber and SMF1 are chosen to be 2 m,
and 0.5 m, respectively. The nonlinear coefficient and the
GVD of the fiber are set to be 3 W~ km™! and 0.0404 ps>/m,
respectively. The gain bandwidth of the gain fiber is 60 nm,
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centered at 1060 nm. Oywp ranges from 0° to 90°, while
Oowp1 and Ogwp, vary between 0° and 180°.

IIl. SIMULATION RESULTS AND DISCUSSION

By appropriately setting the filter bandwidth, the small signal
gain coefficient and the orientation of the waveplates, four
different pulses are obtained in the simulations. Fig. 2 shows
the pulse profiles and spectra measured at the output port
of the cavity (s-polarized light). When Ogpwp1, Ogwr2, Ouwe,
the small signal gain coefficient go, the lengths of SMF2,
and the filter bandwidth are set to be angles of 44°, 85°,
75°, 4.5/m, 0.5 m and 20 nm, respectively, a M-shaped
spectrum (Fig. 2(a)) is obtained with the typical character-
istics expected of the steep edges of DSs. The 3-dB band-
width is 19.80 nm. The corresponding pulse profile is shown
in Fig. 2(b) and a Gaussian profile with a pulse duration
of 9.67 ps is obtained. When gy is increased to 8 /m, another
U-shaped DS spectrum (Fig. 2(c)) is obtained, while all the
other parameters are kept unchanged. The 3-dB bandwidth
is 20.80 nm, and the corresponding pulse duration shown
in Fig. 2(d) is 8.79 ps. It is worth noting that both the
M-shaped and U-shaped spectra have been observed in the
experiments carried out in this work. When 6gwp changes
to 110 and g is set to be 7 /m, the spectrum and the pulse
can be seen to split into two parts (Fig. 2(e) and 2(f)). Our
previous studies [16] illustrate that when the NPR has a
strong effect on the pulse reshaping, the central region of the
pulse passed through the PBS losslessly: thus the rejected
pulse consists of only the leading and trailing edges of the
intra-cavity pulse. In this case, the rejected pulse from the
PBS will split into two sub-pulses. As the pulse circulating
in the cavity is highly chirped, the leading and trailing edges
of the pulse contain different frequency components, i.e. the
leading and trailing edges of the pulse correspond to different
central wavelengths, thus the spectrum splits into two parts
simultaneously. It is reported in the work of Kotb et al. [26]
that multi-pulsing operation occurs mainly as a result of the
overdriving the NPR. However, our recent results [27] show
that the splitting pulse presented here does not inevitably
correspond to overdriving of the NPR. Figs. 2(g) and 2(h)
Ougwp = 75°; go = 5/m; and the filter bandwidth is set

Z f@ 2 1f© O] 2 1f1g)
2 E NS &
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A Z Z %
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FIGURE 2. Four different pulses obtained in the simulation.

(a), (b): dissipative soliton with M-shaped spectrum; (c), (d): dissipative
soliton with U-shaped spectrum; (e), (f): splitting pulse; (g), (h) amplifier
similaritons.
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to be 4 nm) depict another soliton solution that is worthy of
note, as the spectrum lacks the characteristic steep edges of a
dissipative soliton and the pulse profile shows a close accor-
dance with a parabolic fitting cure. The parabolic temporal
profile, as well as the spectrum occurring without steep edges,
verifies the operation of the amplifier similaritons [28]. The
3-dB bandwidth of the spectrum and the pulse duration are
29.66 nm and 4.30 ps, respectively. We also have tried to com-
press the four different pulses obtained in the simulation. The
dechirped pulse durations are 260.42 fs, 179.04 fs, 455.73 fs
and 113.93 fs, respectively.

The evolution of the intra-cavity pulse and the spectrum
are calculated for these four different states. Figure 3 shows
the pulses and corresponding spectra at 3 different locations
in the cavity. The blue solid lines, the red dashed lines
and the black dotted lines depict the spectra and pulse pro-
files after SMF2, the PBS (p-polarized light passing through
the PBS) and the filter respectively. The pulse and the spec-
trum broaden in the fibers; thus the pulses after SMF2 have
the widest spectrum and duration. The PBS, together with
HWP and QWP1, narrow the pulse as different parts of the
pulse have different values of transmittance. The peak of the
pulse has a higher transmittance, while the edges of the pulse
experience a lower transmittance value. A filter narrows the
pulse further by cutting off the edges of the spectrum. Both
the NPR and the filter play the role of narrowing the pulse.
The effect can be identified by examining the pulse duration
and the spectral width after SMF2, the PBS and the filter
respectively. In Figs. 3(a) and 3(b), the pulse durations after
SMF2, the PBS and the filter are 9.08 ps, 6.44 ps, and 6.15 ps,
and the 3 dB bandwidths of the spectrum are 19.65 nm,
13.91 nm, and 13.20 nm respectively. Thus, the filter has a
weak effect on the pulse reshaping, compared with the NPR.
In the case of a dissipative soliton with a U-shaped spectrum,
shown in Figs. 3(c) and 3(d), the effect of the filter becomes
stronger. When the laser delivers the amplifier similaritons
depicted in Figs. 3(g) and 3(h), the pulse duration after SMF2,
the PBS and the filter are 4.20 ps, 3.52 ps, and 0.68 ps, and
the 3dB bandwidths of the spectrum are 29.06 nm, 26.01 nm,
and 3.97 nm, respectively. NPR has a weak effect on the
pulse and the spectral reshaping. However, when the pulse

g
h ]
2
-

Intensity (a. u.)
=
-

passes through the filter, most of the edges of the pulse and
the spectrum are cut off. The filter has a much stronger effect
than does NPR. This agrees with the fact that the amplifier
similaritons are characterized by a strong spectral breathing
ratio, while the spectral breathing ratio of the dissipative
solitons is small [31]. In the case of the splitting pulse (shown
in Fig. 3(e) and 3(f)), the pulse duration after SMF2, the PBS
and the filter are 10.94 ps, 7.62 ps, and 6.35 ps, and the 3dB
bandwidths of the spectrum are 29.88 nm, 20.70 nm, and
16.99 nm respectively. NPR plays an important role in not
only narrowing but also reshaping the spectrum and the pulse.

In order to obtain a greater insight into the differences in the
pulse dynamics under different regimes, we have calculated
the evolution of the spectra in the fiber segments of the
cavity and the results are shown in Fig. 4. As can be seen
from Fig. 4, the spectrum has broadened in the fibers, under
all these four regimes. The evolution of the spectra, shown
in Figs. (al) ~ (a9), (b1) ~ (b9) and (c1) ~ (c9), are all quite
similar, except thatin (c1) ~ (c9), the spectrum after SMF2 is
more structured at the edges. The evolution of the spectra,
illustrated in (d1) ~ (d9) shows them to be quite different,
where the bandwidth of the spectrum increases dramatically
as the pulse evolves toward the amplifier similaritons in the
gain fiber.

The evolution of pulse spectrum in the fiber segment arises
from the interaction of GVD and nonlinearity. Depending on
the initial width and the peak power of the incident pulse,
either the dispersion or nonlinearity may dominate along the
fiber. The dispersion length Lp and the nonlinear length Lyz,
are usually introduced to estimate their effect, which are given
by [30],

=2 L ! 3)

BT

In these equations, Ty and P( are the initial pulse width
and peak power of the incident light. Lp and Ly provide
the length scales over which dispersion or nonlinear effects
becomes important for pulse evolution. To evaluate the effect
of dispersion and nonlinearity under these four regimes,
the values of Lp and Ly; were calculated with parameters
of the pulse being injected into SMF1 and SMF2. The results
of this are shown in Table 1.

TABLE 1. Dispersion length and nonlinear length of SMF1 (Lp;, Ly;1)
and SMF2 (LDZ’ LNLZ)'

1030 1060 1090 fomo 1060 oo 1020 1060 1100 1020 1060 1100 Ly, Ly, L.JL Ly, Ly, L JL
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm) (m) (m) DIFENLL (m) (m) DN
) =i @ =l ) M 939.2 3.52 267.1 543.9 0.124 4404.5

I g i R A =, i ue 542.1 0.51 1069.3 966.9 0.049 19484
[ f:“-’ 5 i '!, oy ke ; Se 994.9 0.09 1096.9 24559 0.043 57498
!\ 2 A 1] ' 2 i I Al 114 0.85 13.5 198.5 0.046 4342.8
10 0 10 =~ [ 10 0 10— -10 0 10 an - B .
Time (ps) Time (ps) Time (ps) Time (ps) M: DS with M-shaped spectrum

FIGURE 3. Spectra and pulse at different locations of the cavity under
different regimes. (a), (b): dissipative soliton with M-shaped spectrum;
(), (d): dissipative soliton with U-shaped spectrum; (e), (f): splitting
pulse; (g), (h) amplifier similariton. = : spectra and pulse profile after
SMF2; — =—: spectra and pulse profile after PBS; = - : spectra and pulse
profile after filter.
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U: DS with U-shaped spectrum
¢S: Splitting pulse
9A: Amplifier similariton

Depending on the relative magnitudes of Lp and Ly,
pulses evolve differently [30]. In the case of DS and the
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FIGURE 4. Pulses and spectra at different locations of the cavity under different regimes. (a1) ~ (a9): dissipative soliton with M-shaped spectrum;
(b1) ~ (b9): dissipative soliton with U-shaped spectrum; (c1) ~ (c9): splitting pulse; (d1) ~ (d9): amplifier similaritons.

splitting pulse, Lp/Lyz >> 1 for both SMF1 and SMF2; thus,
the nonlinear effect dominates the pulse evolution along the
fiber. For the situation of amplifier similaritons, Lp;/Lyr1 =
13.5 in SMF1, thus, both the GVD and the nonlinearity
play important roles during the pulse evolution. However,
in SMF2, Lpy /L2 = 4342.8 > 1, which indicates that the
pulse evolution is governed by the nonlinearity. This can be
explained as follows. The pulse at the end of SMF1 is ampli-
fied when passing through the gain fiber, so the peak power
increases. At the same time, the pulse width increases too, due
to the normal dispersion of the fiber. In turn, the nonlinearity
effect enhances while the effect of the GVD decreases. At the
end of the gain fiber, the nonlinear effect is strong enough and
the GVD plays a relatively minor role.

The effect of nonlinearity is reflected by self-phase mod-
ulation (SPM), which induces a nonlinear phase shift given
by [31],

NL o [*
(L) = — / n2l (2)dz @
c Jo

where ] is the peak electric field intensity, w is the field central
angular frequency, c is the speed of light, and L and n; are
the fiber length and nonlinear refractive index, respectively.
The accumulated nonlinear phase shift during the evolution
in the fiber segments, under the DS regimes and the splitting
pulse regime, is shown in Fig. 5. While the pulse is prop-
agating in the fiber, the accumulated nonlinear phase shift
increases. Comparing with Fig. 4, it can be concluded that
with the increase of the nonlinear phase shift, the edges of the
spectra develop sharp peaks. The evolution trend seen agrees
with the numerical and experimental results reported in the
work of Chong et al. [12].

As shown in Fig. 5, the splitting pulse accumulates the
largest nonlinear phase shift while the DS with the M-shaped
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FIGURE 5. The accumulated nonlinear phase shift along the fiber.

spectrum experiences the smallest one. The accumulated non-
linear phase shift depends on the peak power of the pulse,
which is related to the small signal gain coefficient gg. With
the increase of go, the nonlinear phase shift increases [12].
As mentioned above, while g increases from 4.5 /m to 8 /m,
the operational regimes transit from the DS with a M-shaped
spectrum to the DS with a U-shaped spectrum. Pulse splitting
can also be obtained by solely increasing of gg, while the laser
delivers DS with a U-shaped spectrum at special waveplate
orientations [16]. Thus, with the increase of the accumulated
nonlinear phase shift, the operational states change from the
DS with a M-shaped spectrum to the DS with a U-shaped
spectrum, and then to pulse splitting. We note that, the evolu-
tion of the spectrum in AND-MLFL is analyzed in Ref. [32],
and the transition from M-shaped spectrum to U-shaped
spectrum is achieved. However, the splitting pulse was not
included, and the amplifier similaritons was not identified.
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The operational states change with the filter bandwidth,
the fiber length, the small signal gain coefficient and the
orientations of the waveplates. The dependence of the oper-
ational states on these parameters has been calculated and
the results are shown in Fig. 6. The length of SMFI1 and
SMEF?2 have been chosen to be 0.5 m and 1.5 m, respectively.
Considering the total cavity length, the cavity GVD was
calculated to be 0.1616 ps2. Figs. 6(a) and 6(b) then show the
dependences of the operational states on the filter bandwidth
and the small signal gain coefficient. In Fig. 6(a), the angles
between the HWP, QWP1 and QWP2 and the x-axis are 70°,
50° and 89° respectively and in Fig. 6(b), these angles are
70°, 50°, and 84° respectively.
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FIGURE 6. The dependence of the operational states on small signal gain
coefficient, filter bandwidth and the length of SMF1. A: dissipative
solitons; #: amplifier similaritons; ll: splitting pulse; ¢: unstable states.

As mentioned above, pulse reshaping involves the com-
bined effects of the filter, NPR, GVD and the nonlinearity.
With the increase of the filter bandwidth, the effects of the
filter decrease. The operational states change from the ampli-
fier similariton to DSs with a U-shaped spectrum and then to
DSs with a M-shaped spectrum (Fig. 6(a), go = 4/m). It is
worth noting that the transition from amplifier similaritons
to DSs, achieved by solely altering the filter bandwidth, has
been demonstrated numerically and experimentally in the
work of Peng [23]. The agreement between the simulation
results and the reported results verifies the reliability of the
simulation results obtained from this work. Furthermore,
we note that Abdelalim et al. [33] present the variation of
the pulse characteristics with the Yb-fiber gain bandwidth.
Decreasing the gain bandwidth has produced a similar evo-
lution trend to the decrease of filter bandwidth seen here.
However, amplifier similaritons have not been included in
that work [33]. When the filter bandwidth is set to be 20 nm
(Fig. 6(b)), the operational states change from the M-shaped
spectrum to the U-shaped spectrum, and then to pulse split-
ting with the increase of go. This is consistent with the fact
that with the increase of gg, the accumulated nonlinear phase
shift increases. The evolution trend seen is in agreement
with the results presented in [33]. However, the transmission

115268

characteristic, corresponding to NPR, is described by the
sinusoidal function there, which is fitted to the NPR
only when the laser intensities are below the over-driving
point, so the splitting pulse is excluded. Comparing
Figs. 6(a) with 6(b), it can be seen that the splitting pulse state
is related to the orientations of the waveplates. In fact, when
rotating the waveplates, the NPR effect will then be enhanced
or weakened [16]. Thus the operational state changes with
the change of the orientations of waveplates. Furthermore,
as shown in Figs. 6(a) and 6(b), in order to obtain the amplifier
similaritons, a narrow band filter should be used. In the
simulations reported, the amplifier similaritons were obtained
only when the fiber bandwidth was narrower than 8 nm.
This result agrees with the earlier reports in the literature by
Renninger et al, where a narrow filter not only was crucial
for the formation of similaritons, in general, but it can also
stabilize the amplifier similaritons with feedback [30].

The dependence of the operational states on the length of
SMF1 has been determined, and the results of this investiga-
tion are shown in Figs. 6(c) and 6(d). In Fig. 6(c), the angles
between the waveplates and the x-axis are 70°, 50° and 89°,
and in Fig. 6(d), these angles are 70°, 50°, and 84° respec-
tively. With the increase of the length of SMF1, the total
cavity GVD increases, and the operational state changes from
the DS with a U-shaped spectrum to the M-shaped spectrum
as shown in Figs. 6(c) and 6(d). Increasing the GVD produces
a trend that is similar to those obtained by decreasing the
nonlinearity, as reported by Chong et al. [12]. In a way
that is similar to the results shown in Figs. 6(a) and 6(b),
pulse splitting has been obtained where the angle between the
QWP2 and x-axis was set to be 84. The filter bandwidth was
set to be 12 nm and no amplifier similariton was obtained.

As a key parameter for evaluating the laser perfor-
mance, the chirp, inferred from the dispersion required to
de-chirp the pulse to the transform limit, has also been calcu-
lated. The compressed pulses are selected in Fig. 6(b), with
a filter bandwidth of 20 nm and gy = 8/m. The results are
shown in Table 2 and Table 3.

In Table 2, the filter bandwidth is set to be 20 nm, and
the small signal gain coefficient g( increases from 4 /m to
12 /m. With the increase of gg, the DS pulse chirp decreases.
In Table 3, g¢ is set to be 8 /m, and the fiber bandwidth
increases from 4 nm to 25 nm. The pulse chirp increases with
the increase of the filter bandwidth. When the laser deliv-
ers amplifier similaritons with a filter bandwidth of 4 nm,
6 nm and 8 nm, the pulse chirp is less than the cavity
GVD (0.1616 psz). This is consistent with the fact that the
chirp of the DSs is comparable to, or much greater than the
cavity GVD, while the amplifier similaritons chirp is less than
the GVD of the cavity [30]. The chirp of DS with a M-shaped
spectrum is larger than the U-shaped spectrum.

IV. EXPERIMENTAL RESULTS

A mode-locked Yb-doped fiber laser with the similar setup
to that used for the simulation has been designed. A segment
of Yb-doped single-mode double-clad fiber, with a length
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TABLE 2. Pulse chirp data with a filter bandwidth of 20 nm.

g, (fm) 4 6 8 10 12
Chirp (ps®) 0.339 0.272 0.260 0.243 0.193

TABLE 3. Pulse chirp data with a small signal coefficient of 8 /m.

Filter (nm) 7! 6 8 12 15 20 25
Chirp (ps?) | 0.077 | 0.090 | 0.106 | 0.155 | 0.205 | 0.260 | 0.290

of 2 m, has been used as the gain medium. The fiber
core/inner-cladding diameters are 10/125 um and the
cladding absorption at 976 nm was approximately 6.5 dB/m
and a fiber coupled 975 nm diode laser with a maximum
power of 9 W was used as the pump laser. A birefringent
quartz plate with a thickness of 4.09 nm was inserted in the
cavity, serving as a filter combining with the PBS and the
ISO. The corresponding 3 dB bandwidth around 1060 nm is ~
15 nm. All the fibers have normal GVD, around 1060 nm, and
the total fiber length of the cavity was approximately 3.4 m.
The output was taken directly from the PBS rejection port,
and a 1 GHz digital oscilloscope, together with a 1.5 GHz
photodetector, were used to monitor the mode-locked pulse
train. An Optical Spectrum Analyzer (OSA) was used to
analyze the spectrum of the pulse obtained.

Independent control of the parameters of the laser is gener-
ally challenging [12]. For example, the bandwidth of the filter
can be changed by inserting birefringent quartz plates with
different thicknesses. However, insertion of a new component
into the cavity may introduce perturbations in the efficiency.
Changing the length of SMF1, by cutting or splicing a desired
length of single mode fiber, is usually accompanied by adjust-
ment of the waveplates to restore the laser to stable mode-
locking state. With the given experimental setup, the key
parameter that can be altered continuously without seriously
affecting other parameters is the pump power, which affects
the accumulated nonlinear phase shift. The operation states
can also be investigated by rotating the waveplates.

The threshold for mode-locking was 2.24 W, and DSs with
a M-shaped spectrum (Fig. 7(a)) was first obtained. The laser
produces a pulse train with a repetition rate of 58.7 MHz
(Fig. 7(b)). When the pump power was increased to 3.26 W,
DSs with a U-shaped spectrum (Fig. 7(c)) were obtained with
the adjustment of the waveplates. The transition from the
DS with a M-shaped spectrum to the U-shaped spectrum by
solely increasing the pump power has been not succeeded.
However, once the fiber laser delivers DSs, the pulse splitting
(Fig. 7(d)) can easily be obtained by solely increasing the
pump power or rotating the waveplates, which agrees with
the results of the simulation. An amplifier similariton was
obtained when the pump power was increased to 4.48 W and
Fig. 7(e) depicts that spectrum. The bandwidth of the filter
used in the experiment is wide, thus the amplifier similariton
was obtained only with a high pump power. We note that
in the work of Peng [23], it has been shown that amplifier
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FIGURE 7. Four different lasing regimes obtained in the experiments as
observed on the OSA.

similaritons and DSs may be switched on in a net-normal dis-
persion fiber laser by adjusting the pump power. Furthermore,
in the work of Liu [25], the transition between the amplifier
similaritons and DSs was realized by solely increasing the
spectral filter bandwidth. Both of these experimental results
provide evidence for the reliability of our simulation results
presented.

V. CONCLUSION

Pulse shaping regimes in an all-normal-dispersion fiber laser,
mode-locked by using NPR, have been investigated and dis-
cussed. Numerical and experimental results show that the
fiber laser proposed in this work could operate under four
different pulse regimes. The spectrum and the pulse profiles
at different locations of the cavity, under different states were
given and the effects of GVD, nonlinearity, NPR and the filter
on the pulse evolution and reshaping are compared. In the
case of DSs with a M-shaped spectrum, nonlinear effects
dominate the pulse evolution and the filter shows a very weak
effect on the pulse and the spectral reshaping. When the fiber
laser operates in the amplifier similariton state, both GVD
and nonlinearity play important roles on pulse evolution and
the filter has a much stronger effect on pulse reshaping. The
dependence of the operational states on the cavity parameters
has been calculated. Different kinds of pulse can be emitted
from a single laser, which makes this laser very flexible
and attractive for a wide range of applications. Furthermore,
the work has presented the relationship between the different
pulse regimes and thus gives a better understanding of the
pulse shaping dynamics in AND-MLFL.
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