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Abstract The transient process of dissipative soliton (DS) generation is numerically revealed in normal dispersion
fiber lasers. It is shown that the gain dispersion is critical for the DS generation. The steep spectral edges of DSs are
the consequence of the interaction among the normal dispersion, fiber nonlinearity, gain and loss, and gain dispersion
effect. Narrow gain bandwidth could result in multiple DSs while broad gain bandwidth (up to 100 nm) could support
DS generation provided that enough pump power is available. Consequently, DSs could be generated in fiber lasers
even when the gain bandwidth is broad and there is no requirement for other spectral filtering in cavity.
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1 Introduction ultrafast phenomena using the short pulse width, bio-
Due to the intrinsic features of anultrashort pulse, microscopy using the high peak power, optical coherent
various applications are expected: measurement of tomography using the broad spectrum, and so on. Both
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solid-state lasers and fiber lasers can be the ultrashort
pulse sources. Generally fiber lasers offer ultrashort
pulses with longer pulse width and lower pulse energy
compared with solid-state lasers. However, due to the
advantages of fiber lasers of compact structure, simple
operation, and low cost, fiber lasers are promising to
be an alternative of solid-state lasers. Therefore, fiber
lasers those can generate ultrashort pulses with smaller
pulse width and/or larger pulse energy are continuous
research focus within the past two decades' ™

Ultrashort pulses generated in fiber lasers are
considered as a kind of “soliton” as normally the pulses
can maintain their properties at a fixed position in the
cavity under a steady state. Different from the pulses
propagating in conventional systems, due to the

intrinsic  gain-loss mechanism in lasers, pulses
generated in fiber lasers are generally considered as
dissipative solitons (DSs)"™ 1.

Conventional fiber lasers are operated in the
anomalous dispersion regime where pulse shaping
automatically occurs due to the balanced interaction
between the negative cavity dispersion and the fiber
Kerr nonlinear effect! "*'. Ultrashort pulses with pulse
width of hundreds of femtoseconds and pulse energy of
tens of pico-joules are routinely generated. Due to the
cavity peak power clamping effect'’*’, increasing pump
power cannot unlimitedly decrease the pulse width and
increase the pulse energy, instead multiple DSs are
generated. To increase the pulse energy., a dispersion-
managed cavity scheme is used, where a fiber with
normal dispersion is sandwiched by other fibers with
negative dispersion™’. As the pulse would be stretched
when the pulse propagating in the normal dispersion
fiber, the effective nonlinearity accumulated is lower
than that of a pulse propagates in a comparable uniform
dispersion fiber laser. Thus the energy of the pulse
formed in the dispersion-managed cavity can be much
improved™’'. Recently, DSs are demonstrated in fiber
lasers of normal cavity dispersion'’’. In the normal
dispersion regime the cavity dispersion and the fiber
nonlinear Kerr effect play the same role on the
propagating pulse so that no inherently stable pulse can
be generated if no additional auxiliary mechanism 1is
introduced. The gain dispersion effect can play as a

counterpart against the cavity dispersion and the

nonlinear Kerr effect. Hence so-called “ gain-guided
solitons” can be generated in normal dispersion fiber
lasers™’ . As the generated pulse is heavily chirped, much
energy can be accommodated in the pulse. Therefore, it is
promising to obtain large-energy pulses in the fiber lasers

©71 also achieved

of normal dispersion. Chong & al.
heavily-chirped pulses in the normal dispersive Yb-fiber
lasers with the help of a purposely inserted intracavity
spectral filter as the gain bandwidth of the Yb-fiber is too
broad. Bale et al.™* theoretically analyzed the pulse
dynamics in Yb-fiber lasers with intracavity spectral
filter and claimed that the pulse energy is determined by
the ratio of the filter bandwidth to the gain bandwidth
and the position of the output coupler in the laser
cavity. Without using any physical spectral filter in the
laser cavity, DS generation was demonstrated in Yb-
fiber lasers that are mode-locked by using the nonlinear
polarization rotation technique' !, for which the
spectral filtering is realized with the birefringent filter
caused by the combined effect of the polarizer and the
cavity birefringence. As the doping of the Yb ions in Yb-
fibers could be much larger than that of Er-fibers,
which means that the gain provided by the Yb-fiber
could be much stronger than that of the Er-fiber, Yb-
fiber lasers are the focus for the large energy pulse
source. Apart from the operation wavelength, the main
difference between the Yb-fiber and the Er-fiber is the
gain amplitude and the gain bandwidth, for example,
the gain bandwidth of Yb-fiber is about 40 nm, far
broader than that of the Er-fiber of about 20 nm. Then
an interesting question immediately appears: is it
possible to generate ultrashort pulses with large pulse
energy in Yb-fiber lasers without using any spectral
filter apart from the gain dispersion (gain bandwidth
limitation)? In other words, could the broad gain
bandwidth alone support the generation of the large-
energy ultrashort pulses in Yb-fiber lasers? In this paper
we numerically simulate the transient process of DS
generation in fiber lasers of normal dispersion. We only
consider the role of the spectral filtering caused by the
gain bandwidth and find that it is possible to achieve
pulses under broad gain bandwidth. The numerical
results obtained suggest that it is promising to obtain
large-energy pulse in fiber lasers of normal dispersion

and broad gain bandwidth without using any other
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spectral filter in the cavity. Narrow gain bandwidth
results in multiple DS while broad gain bandwidth (up to
100 nm) supports DS formation if enough pump power
is available. The formation of characteristic steep

spectral edges of DS is also numerically elucidated.

2 Numerical simulations

Figure 1 shows a simplified typical fiber laser. All
the fibers including the gain fiber and the single mode
fibers (SMFs) have normal dispersion. We used the
nonlinear polarization rotation technique™ to achieve
mode locking in the fiber laser. Therefore, the mode
locker is physically equalized as a combiner of a
polarization controller, a polarizer, and an isolator in
the fiber laser.

The pulse tracing technique is used to simulate the

191 In summary, we

pulse evolution in the fiber laser
start the simulation with an arbitrary pulse and circulate

it in the laser cavity until a steady pulse evolution state

mode locker

pump

gain fiber

Fig.1 Schematic of the fiber laser

is established. The criterion for stable mode locking is
that the output pulse energy difference between the
neighboring roundtrip is less than 10® pJ. Whenever the
pulse encounters an individual intracavity component
except the fiber segments, we multiply the Jones
matrix of the component to the optical field of the
pulse. The pulse propagation in the fibers is described

by the coupled Ginzburg-Landau equations:
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where % and v are the normalized envelopes of the optical
pulses along the two orthogonal polarization axes of the
fiber, " and v" are the conjugates of w and v. 23 =
2nAn/) is the wave-number difference between the two
polarization modes of the fiber, where An is the difference
between the effective indices of the two modes, A is the
wavelength. 26 = 281/ (2mnc) is the inverse group velocity
difference, where ¢ is the light speed. k" is the second
order dispersion coefficient, k” is the third order
dispersion coefficient and y represents the nonlinearity of
the fiber. g is the saturable gain of the fiber and (2, is the
bandwidth of the laser gain. For SMF, g =0; for the gain

fiber, we considered the gain saturation as
J<\u\2+ wm}
E

where G is the small-signal-gain coefficient and E, is

(2)

g = Gexp {

sat

the normalized saturation energy.
Different from previous research™”''*" % where

only the final steady state is concerned, here we focus

on the transient process of DS generation. The purpose
of the numerical simulations is to reveal the transient
process that how the initial arbitrary pulse evolves into
stable DS under the combined interaction among cavity
dispersion, fiber nonlinearity, laser gain and loss, and
spectral filtering caused by the gain dispersion.
Therefore, the operation parameters are so selected
that the DSs can be fast achieved within tens of
roundtrip calculation. To exclude the influence of the
birefringent filter caused by the polarizer and the cavity

1, we choose L/L, = 2(L, is the beat

birefringence**
length and L is the cavity length) , which makes the width
of the birefringent filter to be larger than 200 nm.

We use the dispersion parameters of the Yb-fiber laser
in Ref.[ 7], the definition of the parameters could be found
in Ref.[10]. The parameters are summarized in Table 1.
L=3m (SMF) + 0.6 m (gain fiber) + 1 m (SMF) =
4.6 m. The output position is in the middle of the last

segment of SMF and 10% output is taken into account.
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Table 1 Parameters used in the simulations

Parameter Value
y/(W 'tekm ") 3
k"sme / (ps® /km) 23

L/Lb 2
$ /rad 0.652x
k" in.iver / (pS* /km) 13
k” /(ps®/km) -0.13
0 /rad 0.152x
Pg./n] 2

Figures 2 (a) and (b) show the temporal
profiles and the optical spectra of the generated
DSs. To obtain the states, all the parameters are
fixed except the gain bandwidth. We started from a
same small arbitrary pulse. The cavity linear phase
delay bias (CLPDB)™" is set at 1.7x and the small

!, Similar to the results

[4]
’

signal gain is G = 5000 km~
Er-fiber

bandwidth can support the DS. However, it is found

obtained in lasers narrow  gain
that DS can be achieved even when the gain
bandwidth is chosen to be 100 nm, which is far
larger than the real gain bandwidth of Yb-fiber.
Figures 2(¢) and (d) show the pulse profile and the
chirp for two cases: gain bandwidth is 20 nm and

100 nm, respectively. The linear chirp over the
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pulse profile suggests that it is compressible. The
pulse obtained when the gain bandwidth is 100 nm is
broader than the pulse observed when the gain
bandwidth is 20 nm. It is out of our expectation that
such a broad gain bandwidth (100 nm) alone can
still support the DS generation. From the
performance of the generated DS when the gain
bandwidth is changed from 10 nm to 50 nm, we can
find that the pulse width

increasing gain bandwidth while the

increases with the
spectral
bandwidth reduces. Therefore, a gain medium with
broader gain bandwidth is better for large energy
pulse generation as wider pulse can lower the peak
power, consequently reduce nonlinearity, and
hence accommodate more energy in the chirped
pulses. Figure 3 shows, for example, the pulse
energy of stable pulse at the 10% output versus
different gain bandwidth when the CLPDB is fixed
at 1. 7z and the small signal gain is G = 3. 2 X
10° km~'. It is obvious that broader gain bandwidth
can support larger pulse energy. We note that the
pulse energy under gain bandwidth of 100 nm could

be further increased with larger small-signal-gain
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Fig.2 (a) Pulse profiles and (b) spectra of dissipative solitons with different gain bandwidths (CLPDB is 1.7z and G =

5000 km ™!

, central wavelength is 1064 nm) ; stable pulse profile and chirp when gain bandwidth is (¢) 20nm and (d)

100 nm, respectively
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Fig.3 Pulse energy versus gain bandwidth when the
CLPDB is fixed at 1.7z and the small-signal-gain is
G=3.2x10° km!
(stronger pump power) until the appearance of
multiple pulsing or period doubling. It is desired to
know how the broad gain bandwidth (100 nm)
support the DS generation.

Figure 4 shows the optical spectra of the
transient pulse at two positions, one is before and
the other is after the gain fiber. in the first
roundtrip and the 50th roundtrip, respectively. The

[15] show the transient process

corresponding videos
that how a DS is generated from a small arbitrary
pulse. Typical result is shown in Video A~ for the
case that the gain bandwidth is 20 nm. It is clear
that due to the narrow gain bandwidth the transient
pulse is amplified and simultaneously spectrally
shaped until the stable DS is generated. We note
that the video shows the lumped change of the
transient pulse every roundtrip. At the first stage
(roundtrip, 1 ~ 6), the small arbitrary pulse is
amplified. As the pulse is so weak, its spectrum is
so narrow that the gain dispersion effect is not
significant and the pulse as a whole is amplified.
Figure 5(a) shows the pulse spectrum at roundtrip
6. Then from the 7th roundtrip, as the spectral
peak of the transient pulse is so high that the
nonlinear phase shift is so large that the cavity
transmission for this spectral component is
reduced, consequently the dynamic loss is larger
than the dynamic gain for this spectral component.
In other words, the spectral peak of the transient
pulse cannot be unlimitedly amplified. Hence, a
spectral dip (roundtrip 7) appears at the position of

the original spectral peak (roundtrip 6), as shown

in Figure 5(b). The dip further develops as shown
in Figure 5 (¢) (roundtrip 8) while the whole
spectrum is broadened. If the spectral intensity of a
certain spectral component is so low that the
nonlinear phase shift is reduced that the cavity
again, the spectral

transmission  increases

component can be amplified again, which is
elucidated by the change from roundtrip 8 to
roundtrip 9 where the dip spectral center is
transformed into peak spectral center again, as
shown in Figure 5(d). Therefore, there exists a
peak clamping effect in the spectral domain that is
determined by the cavity transmission curve, which
is determined by the CLPDB and the -cavity

[16J . As the spectral component in the

birefringence
center of the spectrum is amplified and clamped
firstly, the spectral components near the spectral
center of the transient pulse will then be amplified
until they are clamped as well. This process
gradually extends to the both sides of the spectrum,
as shown in Figure 5. At the same time, due to the
gain dispersion or the gain bandwidth limitation,
the spectral components of the transient pulse
located out of the 3 dB gain bandwidth range
experience a much larger dynamic loss during the
transient amplification process. Then., once the
balance between the dynamic gain and dynamic loss
under the gain bandwidth limitation is achieved, a
DS is generated as shown in Video A"*!. Hence,
the characteristically steep spectral edges of the
generated DS are indeed caused by the gain
dispersion. And the top structure of the spectrum of
the DS is determined by the detailed gain profile
and the cavity transmission. Seeing from another
side, the fiber nonlinearity expands the spectrum of
the propagating pulse while it is amplified during
propagation, meanwhile the normal cavity
dispersion introduces the positive chirp. Due to the
gain dispersion effect, the gain imposed on the
propagating pulse is wavelength dependent. Only
when the dynamic gain affecting on a certain
spectral component is larger than the dynamic loss,
the spectral

component will be amplified.

Independent of the detailed gain profile, the gain
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Fig.4 Optical spectra of the transient pulse at different intracavity positions during evolution when gain
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Fig.6 Optical spectra of the transient pulse at different roundtrips when gain bandwidth is 100 nm,

central wavelength is 1064 nm
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profile always declines away from its center. In
other words, there always exist two watersheds
away from the gain center where the dynamic loss
dominates the dynamic gain. Therefore., steep
spectral edges are ultimately formed under the
combined interaction among the normal dispersion,
fiber nonlinearity, gain and loss, and gain
dispersion effects.

Video B"*! shows the pulse evolution when the
gain bandwidth is 100 nm. We can see that there
are two main developing stages: the first one is
similar to Video A, where a transient pulse with
steep spectral edges is generated from a same small
arbitrary pulse; the second one is the shifting of the
whole spectrum accompanying with tiny spectrum
shaping. Figure 6 shows the first stage of the
spectrum evolution when gain bandwidth is 100 nm.
There is similar spectrum clamp effect as shown in
Figure 5. Different from the narrow gain bandwidth
case of Video A®), the spectrum of the transient
pulse continuously shifts until it reaches and
stabilizes at one wing within the gain bandwidth
regime as shown in Figure 2(b), which is caused by
the wavelength offset between the gain profile and
the birefringence filter resulting from the nonlinear
polarization rotation technique™*’.

From the two videos, we know that the gain
dispersion effect plays its role from the beginning of
the pulse evolution. It always trims off the spectral
component far away from the center of the gain
profile. During the pulse amplification, the
dynamic balance between the effective gain and
effective loss within the gain bandwidth will
ultimately determine the finally generated DS.

Numerically we confirmed that when the gain
bandwidth is narrow and the pump power is strong
enough, multiple DS would be generated, which
has been demonstrated in Er-fiber lasers''”’ and Yb-
fiber lasers''® .  Practically each individual
component in the fiber laser such as the
wavelength-division-multiplexing  coupler, the
output coupler. or the polarizer, has its own
bandwidth, which will help to change the effective
bandwidth of filter in the

spectral cavity.

Therefore, the detailed spectral filtering in the
fiber laser is dynamically determined by each
component’s bandwidth and the gain bandwidth. As
we can numerically obtain DS in fiber lasers those
only the broad gain bandwidth limitation (up to
100 nm) is considered, it is no doubt that DS can be
achieved in Yh-fiber lasers whose gain bandwidth is
normally around 40 nm, and no discrete spectral

filter is required in these fiber lasers.

3 Conclusion
In conclusion, the transient process of DS

generation in normal dispersion fiber lasers is

numerically explored. The physical mechanism of the
formation of the steep spectral edges of DS is explained.
DS are numerically demonstrated in normal dispersive
fiber lasers with gain bandwidth as broad as 100 nm and
without considering any other spectral filtering effect in
the fiber lasers. The numerical results suggest that it is
promising to generate large energy pulse in normal
dispersion fiber lasers with broad gain bandwidth and
without using any discrete spectral filter in the laser

cavity.
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