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Abstract

The maximum peak power of ultrafast mode-locked lasers has been limited by cubic
nonlinearity, which collapses the mode-locked pulses and consequently leads

to noisy operation or satellite pulses. In this paper, we propose a concept to achieve
mode-locked pulses with high peak power beyond the limitation of cubic non-
linearity with the help of dissipative resonance between quintic nonlinear phase
shifts and anomalous group velocity dispersion. We first conducted a numerical
study to investigate the existence of high peak power ultrafast dissipative solitons

in a fiber cavity with anomalous group velocity dispersion (U-DSAD) and found four
unigue characteristics. We then built long cavity ultrafast thulium-doped fiber lasers
and verified that the properties of the generated mode-locked pulses match well
with the U-DSAD characteristics found in the numerical study. The best-performing
laser generated a peak power of 330 kW and a maximum pulse energy of 80 nJ

with a pulse duration of 249 fs at a repetition rate of 428 kHz. Such a high peak power
exceeds that of any previous mode-locked pulses generated from a single-mode
fiber laser without post-treatment. We anticipate that the means to overcome cubic
nonlinearity presented in this paper can give insight in various optical fields dealing
with nonlinearity to find solutions beyond the inherent limitations.

Introduction
Mode-locked fiber lasers have been favored in various fields where ultrashort pulse dura-
tions and high peak powers and intensities are demanded. Ultrashort pulse durations are
useful in applications such as range-finding and lidar systems using the time-of-flight
method to achieve high resolution and high accuracy [1-4], and high peak powers of
mode-locked pulses are advantageous in nonlinear optics, medical surgery, and material
processing [5-9]. For these applications, various approaches to enhancing the properties
of mode-locked lasers have been researched.

One effort is to increase the peak power of mode-locked pulses by shortening the

pulse duration or increasing the pulse energy. Increasing peak power remains a subtle
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and sophisticated challenge due to inherent limitations from nonlinear phase shifts in
the fiber medium that can break a mode-locked pulse into pieces and drive the lasers
to noisy operation [10—13]. Many efforts have been made to reduce the accumulation
of nonlinear phase shifts for pulse amplification in laser cavities or post-amplification;
examples include applying large mode area fibers or chirped pulse amplification [14—22].
These methods reduce the effective nonlinearity by alleviating the mode-locked pulse
intensity through dispersing the pulse field in the time domain or over the transverse
area of the fiber medium. However, laser systems applying these approaches are still
under the limitation of nonlinearity and are complicated by the need for sophisticated
parameter control [23-27].

Another approach to enhance the properties of mode-locked lasers is to optimize the
mode-locking operation regimes for applications, such as soliton, dissipative soliton,
ultrafast dissipative soliton, similariton, stretched pulse, and dispersion-managed mode-
locked lasers, which can be conducted together with the other methods mentioned
above [10, 28-31]. Recently, a new mode-locking solution of dissipative resonance has
been found in anomalous group velocity dispersion (GVD) [32, 33]. Typically, dissipa-
tive solitons can be generated in normal GVD cavities by the help of dissipative reso-
nance between normal GVD and cubic nonlinearity, where both drive the pulse to have
positive chirp [29, 30]. However, in the case of dissipative solitons in anomalous GVD
(DSAD), dissipative resonance derives from anomalous GVD and quintic nonlinearity,
where both drive the pulse to have negative chirp when the quintic nonlinearity is nega-
tive. The solution of DSAD was first presented by Chang et al. in 2009 [32] based on the
cubic-quintic Ginzburg-Landau equation, after which DSAD was experimentally dem-
onstrated by Liu et al. in 2011 with square-shaped pulses in the time domain, where the
pulse duration was extended with constant peak power as the pump power increased
[33]. Following this first realization, DSAD has been further studied [34—37], but to date
demonstrations of DSAD have only shown dissipative soliton pulses with a square-shape
in the time domain. In other words, ultrafast dissipative solitons have yet to be generated
in anomalous GVD.

In this paper, we demonstrate a fiber laser exhibiting ultrafast dissipative solitons in a
fiber cavity with anomalous group velocity dispersion, or U-DSAD, with a negative quin-
tic nonlinearity, along with the finding that the generation of ultrafast dissipative soli-
tons can realize a high peak power beyond the limitation of cubic nonlinearity. We first
investigate and characterize the properties of U-DSAD through a numerical study with
Haus’s master equation, based on which we propose a principle to generate an ultrafast
mode-locked pulse with a high peak power beyond the limitation of cubic nonlinear-
ity. In short, chirps induced by the quintic nonlinearity of the fiber medium compen-
sate the chirps induced by the anomalous dispersion, and this can be exploited to build
U-DSAD. Through the numerical study, four unique properties of U-DSAD are found
that are quite different from those of typical solitons and dissipative solitons. Based on
the numerical study, we then generate U-DSAD with a low repetition rate mode-locked
thulium-doped silica fiber (TDF) laser employing the nonlinear polarization rotation
(NPR) method. To realize U-DSAD, a few hundred meters long fiber ring cavity is neces-
sary to achieve high total nonlinearity and high total dispersion values with the single-
mode fiber used in this work (Thorlabs SM2000). The total length of the fiber cavity is
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485 m, and the repetition rate of the mode-locked laser is 427 kHz with a total GVD
of —43.7 ps? and cubic nonlinearity of 0.22 W1, The constructed laser is confirmed to
exhibit the four unique properties of U-DSAD found in the numerical simulation. The
pulse duration and energy of the mode-locked pulse are 249 fs and 80 nJ, respectively.
Assuming the pulse shape to be Gaussian in the time domain, the peak power of the
pulse is estimated to be 330 kW, a peak power exceeding that of any previous single-
mode fiber lasers. We anticipate that the present demonstration of U-DSAD is useful for
a wide range of high peak power applications, such as nanomachining, drilling, corneal
surgery, and nonlinear optics. Moreover, as this paper presents a method to achieve high
peak power beyond the limitation of cubic nonlinearity, the results can give insight not
only to research fields focused on mode-locked fiber lasers but also to a variety of optical
fields dealing with optical nonlinearity to overcome inherent nonlinearity.

Principles
The self-phase modulation (SPM) of a mode-locked pulse by nonlinear phase shifts is
one of the most important factors to stabilize mode-locked lasers and determine the
mode-locking regime. Up to now, cubic nonlinearity has attracted the most interest to
express mode-locking regimes and to study mode-locking stability. Quintic nonlinearity,
on the other hand, has been mostly negligible in high power applications such as pulse
explosion or soliton collisions. However, dissipative soliton (DS) solutions have been
found in anomalous GVD on account of quintic nonlinearity, and thus quintic nonlin-
earity is indispensable to study high peak power mode-locked lasers [32, 38, 39].

We can write the refractive index with nonlinear phase shifts induced by cubic and
quintic nonlinearity as

n=ng(w) +ny - |E[* + ns - |E|*, (1)

where ng is the linear refractive index, and ny, ng are the nonlinear refractive indices
by cubic and quintic nonlinearity, respectively. Figure 1a shows the amount of nonlin-
ear phase shift with respect to optical intensity when the value of n, is negative. At a
low intensity level, the amount of nonlinear phase shift linearly increases as the inten-
sity increases. As the intensity further strengthens, at some point, the nonlinear phase
shift arising from quintic nonlinearity overwhelms that by cubic nonlinearity, and con-
sequently, the amount of nonlinear phase shift decreases. An increment in the nonlin-
ear phase shift drives the mode-locked pulse to have positive chirp in the time domain,
while conversely, a decrement leads to negative chirp. Typically, DS can be generated
from dissipative resonance between two positive chirps induced by normal GVD and
cubic nonlinearity. In a similar way, we expect that dissipative resonance can also be
made at intensities higher than /¢, but in the opposite direction, by two negative chirps
derived from anomalous GVD and negative quintic nonlinearity [32-37]. The intensity
levels for stable solutions of DS and U-DSAD are marked in Fig. 1a. Figure 1b shows the
chirp direction in a typical DS pulse, where the arrows point in the direction of increas-
ing optical field frequency. For example, positive chirp, where the high-frequency optical
components are delayed in the time domain, points in the 4 direction. Chirps induced
by normal GVD and by nonlinearity have the same direction and are quite uniform
throughout the DS pulse. Correspondingly, Fig. 1c shows the chirp direction in U-DSAD
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Fig. 1 a Nonlinear phase shift with respect to optical intensity. b Optical power profile and chirp direction in
a typical dissipative soliton pulse with normal GVD and cubic nonlinearity. ¢ Optical power profile and chirp
direction in an ultrafast dissipative soliton pulse with anomalous GVD and quintic nonlinearity

driven by anomalous GVD and nonlinearity. While the amount and direction of chirp
induced by GVD is almost uniform throughout the pulse, the direction of chirp induced
by nonlinearity is a function of optical intensity for U-DSAD. The pulse center, where the
intensity is higher than I¢c, has negative chirp, as GVD does. Otherwise, the trailing and
leading edges of the pulse, having intensities lower than /¢, have an opposite chirp direc-
tion than that by cubic nonlinearity. We anticipate that this nonuniform chirp structure
of U-DSAD creates unique characteristics, which we explore via numerical calculations
in the next section.

Numerical calculation

To find stable solutions of U-DSAD, we conducted numerical calculations of Haus’s master
equation with cubic-quintic nonlinearity. Haus’s master equation in fundamental form with
cubic-quintic nonlinearity is written as follows [38—42]:

Epii(t) =e b et (VIEPHVER) L | pmif @)L o=a(t)  pG@) | B (4 _ Tp) 2)
w — W -1
G(w,t) = g(wo, 1) - (l—l—i> 3)
Why
go(wo)
g(wo,t) = ————————, 4
1+ [E@®)/Poacg @
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where E,  ;, E, denote the electric field that has completed n+1 and n round trips in the
laser cavity, respectively, /; is the total loss of the cavity including the fibers and com-
ponents in the cavity, y, v are factors of cubic and quintic nonlinearity, respectively, L
is the total length of the fiber cavity, f2(w) is the GVD parameter, g(t) is the saturable
absorption, G(w,t) is the gain that depends on optical frequency and time, gy(w,) is the
small signal gain at the maximum point in the optical frequency domain, g is the small
and P

signal absorption of saturable absorption, and P sat,q

sat,g are the saturation power

of the gain and saturable absorption, respectively. Cubic and quintic nonlinearity are
expressed as y = ny/ko and v = ng/ko, respectively. The spectral gain shape is assumed
to be Gaussian, as shown in Eq. (3), with a spectral gain bandwidth of wp,. As Haus’s
master equation is an integrated form of the nonlinear Schrédinger equation (or Ginz-
burg-Landau equation) for a round trip and the total absolute values per round trip of
GVD, nonlinearity, and loss are too large to merge them into a single value, these have to
be calculated with a split-step Fourier method.

For the calculations, we set the values of the mode-locked laser as shown in Table 1. In
this condition, we found a soliton mode-locking operation with the help of anomalous
GVD and cubic nonlinearity. Figure 2a shows stable mode-locked operation with soliton
pulses in the time domain when Py g = 6 mW,y = 2 x 1073W~Im~1, v = 0. The opti-
cal spectrum of soliton operation with a Kelly sideband and hyperbolic secant spectral
shape is shown in Fig. 2d.

Since our interest is to discover the solution of U-DSAD at higher power levels, we
checked the intensity profile in the time domain with increasing Pyuso. When Py 4 is 63
mW, the intensity profile becomes noisy without quintic nonlinearity, as shown in Fig. 2b
and e. With some amount of quintic nonlinearity, v = —5.55 x 10~/ W ~2/m, however,
we found that a solution of stable mode-locking indeed exists, as shown in Fig. 2c and f.
Another noteworthy property is that the optical spectrum of a mode-locked pulse with
quintic nonlinearity exhibits a trapezoidal shape with a flat top. A trapezoidal optical
spectrum is not typical of mode-locked lasers, but some dissipative solitons have been
observed to exhibit such a spectrum shape when the total nonlinearity and GVD of the
cavity are high enough [43, 44]. The stable mode-locked pulses in Fig. 2c and f seem

Table 1 Definition of the parameters and their values used in the numerical calculation

Parameter Definition Value

L Total length of cavity 30m

y Cubic nonlinearity (SPM) 2 x 1073W/m

v Quintic nonlinearity (SPM) Variable

do Modulation depth of saturable absorption 5.7 dB

go(wo) Peak small signal gain at wo 10dB

Whyy Spectral gain bandwidth 100 nm

ly Total loss of the cavity 4dB

Bo(w) Group velocity dispersion (GVD) —8 x 1072ps2/m

No Linear refractive index 145
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Fig. 2 Optical power profile in the time domain of a mode-locked laser with anomalous GVD (soliton)
when @) Psgrg = 6 MW,y =2 x 1073W'm™ ", = 0,bPirg = 63mW,y =2 x 1073W~'m~",v =0,
and cPsgrg = 63mW,y =2 x 1073W=Tm=1, v = —555 x WO_7V\/’2/m. Optical spectrum when (d)
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Psatg = 63 mW,y =2 x 1073W~"m~!, v = =555 x 107/W~?/m.The insets in (a-c) show a magnified

view of a pulse in the time domain
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Fig. 3 a Parameter ranges for a stable mode-locking (ML) solution with respect to gain saturation power
(Psar,g) and negative quintic nonlinearity (v). Each colored area shows the condition for stable mode-locking.
b Parameter ranges for stable mode-locking with positive quintic nonlinearity

to be built by dissipative resonance between anomalous GVD and quintic nonlinearity.
Based on the results, we presume that quintic nonlinearity is an important factor for the
solution of stable mode-locking with high peak power and high pulse energy.

To clarify that dissipative resonance is one of the key factors for mode-locking solu-
tions at high peak power, we conducted numerical calculations of Haus’s master equa-
tion over a broad range of parameter values. Figure 3a shows the parameter ranges for
stable mode-locking solutions with respect to gain saturation power (Pg,) and quin-
tic nonlinearity (v) from numerical calculations. Each colored point in the figure indi-
cates a condition where stable mode-locking is observed: red indicates fundamental
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Fig. 4 a Power profile of a soliton pulse in the time domain and its instantaneous frequency with
v =0,Pst,g = IMW. bzPovver profile of U-DSAD in the time domain and its instantaneous frequency with
v =—555x107"W" " /m,Psrg = 63mW

mode-locking, yellow indicates fundamental mode-locking with a flat-top optical spec-
trum as in Fig. 2f, and green, blue, and gray indicate 2nd, 3rd, and 4th harmonic mode-
locking, respectively. The results distinctly show different solution regimes in terms of
gain saturation power. Under 10 mWi, typical soliton solutions are found with hyperbolic
secant-shaped pulses, and the solution regime seems to be independent of the value of
quintic nonlinearity. It is natural that soliton solutions are constructed by cubic nonlin-
earity and anomalous dispersion when the effect of quintic nonlinearity is low. But with
increasing gain saturation power, other solutions are found that exhibit atypical proper-
ties of mode-locking. When v = —2.22 x 10_7W_2/m, solutions are found from 75 to
168 mW, where no stable mode-locking solution has previously been found with cubic
nonlinearity alone. Unlike typical soliton solutions at low Ps,g, the solutions above a
P16 of 25 mW depend on the amount of quintic nonlinearity, where the value of Py, ¢
for a stable solution regime decreases as that of quintic nonlinearity increases. Another
remarkable point is that some of these solutions exhibit a flat-top optical spectrum. The
parameter values of fundamental mode-locking solutions with a flat-top spectrum are
marked on the parameter map in yellow in Fig. 3a.

To look inside these mode-locking solutions, the instantaneous frequency of a mode-
locked pulse at low Py o is compared to one at high Ps; . Figure 4a shows the instan-
taneous frequency of a pulse with typical soliton mode-locking. The pulse chirp, which
is defined as the slope of the instantaneous frequency in the time domain, is the lowest
at the center of the pulse due to counteractions between cubic nonlinearity and anoma-
lous GVD. The leading and trailing edges of a soliton pulse have stronger chirp in the
direction of GVD due to decrements in the chirp induced by cubic nonlinearity at low
power. One solution at high Py, , shows different properties in terms of chirp, as shown
in Fig. 4b. Here, the pulse center has the strongest chirp, while the leading and trailing
edges have lower chirp. The strongest chirp at the center of the pulse is —583.3 THz/ns.
At the pulse center, strong chirp can be made by the coaction of quintic nonlinearity and
anomalous GVD that induces chirp in the same direction. At each edge with low power,
cubic nonlinearity is dominant, and consequently, the amount of chirp decreases. This
characteristic matches well with our expectation about U-DSAD shown in Fig. 1c.

Page 7 of 18
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Fig. 5 a Optical spectrum of fundamental mode-locking with v = —5.55 x 10‘7V\/_2/m,P5mg =78 mW.
b Optical spectra of 2nd harmonic mode-locking withv = —5.55 x WO’7V\/72/m, Psatg = 141 mW, and ¢
that with Psgr,g = 165 mW.The inset in b shows the optical power profile in the laser cavity evolving to 2nd
harmonic mode-locking

Based on these properties, we can say that the solutions found at higher Py g are
U-DSAD built by dissipative resonance between anomalous dispersion and quintic
nonlinearity. Due to the fact that the solutions are built by nonlinearity, optical spec-
tra in the solution region have various shapes with respect to Ps,q. Figure 5a shows
an optical spectrum with a shape totally different from that in Fig. 2f. Another atypical
characteristic of the U-DSAD solutions is the feasibility of harmonic mode-locking
with any shape of the optical spectra. Generally, harmonic mode-locking with a pas-
sive mode-locker can be realized in soliton operation with a hyperbolic secant optical
spectrum; harmonic mode-locking is not typical for DSs. Some studies show that har-
monic mode-locking of DSs in normal dispersion can be made by strong spectral fil-
tering to saturate the pulse energy. However, in our calculations, no spectral filtering
effect is made in the cavity. Harmonic mode-locking of U-DSAD is made naturally by
the coaction of nonlinear phase shifts and GVD with various optical spectra shapes,
as shown in Fig. 5b and c. The reason why the spectra in Fig. 5b and c look noisy is
that the longitudinal modes corresponding to mode orders having odd numbers are
suppressed for 2nd harmonic mode-locking.

Based on the numerical study, we found mode-locking solutions of U-DSAD and

characterize four unique properties as below.
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I. The pulse energy of U-DSAD is much higher than typical soliton pulse energy. At
most, it is about 18 times higher in the current work.
II. Some of the solutions exhibit a flat-top spectrum, which has not previously been
found in soliton solutions with anomalous dispersion.
III. The optical spectra of U-DSAD vary with respect to Psy,g.
IV. Harmonic mode-locking with dissipative resonance without spectral filtering is
feasible.

We believe that these characteristics distinguish DS and U-DSAD and can provide evi-
dence of U-DSAD generation in fiber lasers.

Experiments

Based on the numerical calculations, both anomalous dispersion and high nonlinearity
with sufficient quintic nonlinear effects are necessary to realize U-DSAD in fiber lasers.
Most experimental cases of DSAD have been demonstrated with TDF lasers in many
previous studies [32—-37]. This is assumed to be because silica fiber has a negative value
of quintic nonlinearity and properly matches the anomalous dispersion for dissipative
resonance at a wavelength of 2 um with the average power of typical single-mode fiber
lasers (under few hundreds of mW). Accordingly, we presume that low repetition rate
mode-locked TDF lasers are the best choice for U-DSAD [32, 33, 40, 44]. A laser with
a low repetition rate can achieve a high pulse energy by elongating the fiber cavity to a
few hundred meters [45—47]. Furthermore, the amount of dissipative resonance is pro-
portional to the length of the fiber cavity. Numerous factors determine the solution of
mode-locked pulses, including spectral shape, recovery dynamics of gain and saturable
absorption, amount of gain and loss at each component, etc. To maximize dissipative
resonance, a long fiber cavity is essential.

Following this idea, we built low repetition rate mode-locked TDF lasers for U-DSAD.
The host material of the fiber is silica. Figure 6 shows a schematic of the low repeti-
tion rate mode-locked TDF laser for U-DSAD. For effective allocation of gain into the
long fiber cavity, two TDF amplifiers were made. Each TDF amplifier is made of 4 m
long TDF (Nufern SM-TDF10/130) and pumped by a laser diode (LD) at a wavelength of
793 nm through a beam combiner (BC). The rest of the passive fiber is single-mode silica
fiber (Thorlabs SM2000). Mode-locking of the laser is realized by the NPR technique
since the long fiber cavity has a quite large amount of loss by silica glass absorption at
2 um wavelength, and thus strong saturable absorption is essential [40—42].

We tested four different lengths of TDF lasers to find a sufficient fiber cavity length for
U-DSAD. The total lengths of the fiber cavities were 159 m, 262 m, 314 m, and 485 m
with all-single-mode fibers. Since the material dispersion of silica glass at a wavelength
of 2 um is known as anomalous and since waveguide dispersion is not dominant in sin-
gle-mode fibers with a core diameter of 8-10 um, the total GVD of the silica fiber cavity
is anomalous. The total GVD and cubic nonlinearity of the laser cavity with a 485 m long
fiber cavity are —43.7 ps* and 0.22 W™, respectively.

Output characteristics of the mode-locked pulses generated by the low repetition
rate mode-locked TDF laser with a cavity length of 159 m are shown in Fig. 7. Figure 7a
shows the mode-locked pulse power profile in the time domain with a repetition rate
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Fig. 6 Schematic of the low repetition rate mode-locked TDF laser for U-DSAD. LD: laser diode, BC: beam
combiner, TDF: thulium-doped fiber, SMF: single-mode fiber, PC: polarization controller, OC: output coupler

of 1.3 MHz at 9 W pump power. As shown in Fig. 7b, the laser operation exhibits 2nd
harmonic mode-locking when the pump power increases to 13 W. In U-DSAD opera-
tion, the fundamentally mode-locked pulse of the fiber laser is split into multiple pulses,
and the laser operation evolves to stable harmonic mode-locking in a few seconds by the
pump power increment. Figure 7c displays an intensity autocorrelation of mode-locked
pulses with a 280 fs pulse duration for fundamental, 2nd harmonic, and 3rd harmonic
mode-locking. Based on these results, up to now, the laser operation seems to be typical
soliton mode-locking operation. But as shown in Fig. 7d, the pulse energy is significantly
higher than soliton solutions. The maximum pulse energy was 20 nJ at a pump power
of 11 W, where the pulse energy is evaluated directly from the average output power
and repetition rate of the mode-locked pulses. To check the validity of this pulse energy
evaluation, we confirmed that no continuous wave power was observed between mode-
locked pulses compared to the noise signal of the detector when the input optical power
was zero. The noise signal and mode-locked pulse signal are shown in the inset of Fig. 7a.

Typically, the maximum pulse energy of soliton solutions is under 10 n] with single-
mode all-fiber lasers [48—50]. In addition to this considerable difference, as shown in
Fig. 8a, the obtained optical spectrum of mode-locking differs from a soliton spec-
trum. The shape of the spectrum is close to Gaussian rather than the hyperbolic
secant function, and no Kelly sideband peak is observed. Accordingly, we presumed
that the mode-locked pulses were built by dissipative resonance between anoma-
lous dispersion and quintic nonlinearity, and we tested this conjecture with the other
low repetition rate mode-locked TDF lasers with longer fiber cavity lengths. Fig-
ure 8b—d plot the optical spectra of mode-locked pulses with fiber cavity lengths of
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Fig. 7 Output characteristics of mode-locked pulses generated from a low repetition rate mode-locked
TDF laser with a cavity length of 159 m. a Optical power profile of fundamental mode-locked pulses in the
time domain (inset: mode-locked pulse signal compared to the noise level of the detector). b 2nd harmonic
mode-locked pulses in the time domain. ¢ Intensity autocorrelation signals for fundamental, 2nd harmonic,
and 3rd harmonic mode-locked pulses. d Pulse energy with respect to pump power

262 m, 314 m, and 485 m, respectively. Longer fiber cavities drive the optical spec-
trum to have a flat-top shape. As shown in Fig. 8d, the 485 m long fiber cavity exhib-
its a totally flat-top spectrum with a trapezoidal shape. This kind of spectrum can
typically be found in DSs in a fiber cavity with high dispersion and nonlinearity [43,
44]. It is worth noting that the flat-top spectrum cannot be achieved with fiber cavity
lengths of 159 m, 262 m, or 314 m even if the pump power is increased to realize suf-
ficient nonlinearity. We believe that a high total dispersion value of the long-length
fiber cavity is crucial for the flat-top spectrum to achieve sufficient dissipative reso-
nance without being disturbed by gain or any other components that can affect the
soliton solutions. Figure 9 shows the mode-locked pulse energy with respect to pump
power for the four different fiber cavity lengths. With the 159 m long fiber cavity, the
maximum pulse energy was 36.1 nJ at 10 W pump power. The maximum pulse energy
increased to 64 nJ with the 314 m long fiber cavity, and further increased to 80 nJ with
the 485 m long fiber cavity. All of the maximum pulse energies were observed in fun-
damental mode-locking operation.

Figure 10 shows the characteristics of the mode-locked laser output generated from
the 485 m long fiber cavity. Figure 10a and b plot the time domain intensity profile
and RF spectrum, respectively, that show stable mode-locking operation at a 427 kHz
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1950

repetition rate. The duration of the mode-locked pulse was 249 fs assuming a Gauss-
ian pulse shape, evaluated from the autocorrelation signal shown in Fig. 10c. At 14 W
pump power, the laser operation switched to 2nd harmonic mode-locking; Fig. 10d
shows the optical power profile of 2nd harmonic mode-locking in the time domain.
With this mode-locked thulium-doped fiber laser, we found that the shape of the
optical spectrum depends on the pump power. Figure 10e plots the optical spectra
with respect to various pump powers. The shape of the optical spectrum is mostly
Gaussian at a pump power of 9 W, while at a pump power of 11 W, the spectrum
shape changes to have steep edges at short wavelengths and rounded edges at long
wavelengths. When the pump power is further increased to 13 W, the optical spec-
trum exhibits a flat-top shape. This trapezoidal shape of the optical spectrum seems
to be almost identical with Fig. 2f showing the U-DSAD solution found via numeri-
cal simulation. It should be noted that the polarization states of output lasers differ
by the setup for each generated result since the output laser polarization strongly
depends on the birefringence of the fiber cavity and the manipulation of the polariza-
tion controller (PC) in the cavity. Nevertheless, fundamentally mode-locked pulses
and harmonic mode-locked pulses generated from a laser setup are expected to have
almost identical polarization states due to the fact that the PC and birefringence of

the fiber are not manipulated when the pump power is increased.
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Based on the results of Figs. 9c and 10c, we evaluated the peak power of the mode-
locked pulse to be 330 kW with the assumption that the pulse shape is Gaussian. Such a
high peak power has to date not been observed in former studies on single mode-fiber
lasers. We believe that dissipative resonance in anomalous dispersion led to this high
peak power based on the fact that the experimental results exhibited the same four prop-
erties that were found in the numerical simulations, as follows. Matching the first prop-
erty stated at the end of “Numerical calculation” section, the mode-locked pulse energy
of 80 nJ found here is higher than any previously reported pulse energy of mode-locked
single-mode fiber lasers. Second, as shown in Fig. 8d, the low repetition rate mode-
locked thulium-doped fiber laser exhibits a flat-top optical spectrum, and moreover, the
trapezoidal spectrum appears highly analogous with the optical spectrum of U-DSAD in
Fig. 2f. Third, the optical spectra of the mode-locked pulses depend on the pump power.
Such optical spectrum changes in anomalous dispersion are atypical, although some dis-
persion-managed mode-locked pulses have been shown to exhibit pump power depend-
ence. Fourth, the present ultrafast mode-locked laser shows harmonic mode-locking.
While harmonic mode-locking in anomalous dispersion is not atypical, harmonic mode-

locking with a flat-top shaped spectrum is quite unusual. We also note that typical DSs
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Fig. 11 a Pulse energy and pulse duration, and b roughly estimated peak power from the current study and
previous studies related with high peak power or high pulse energy single-mode fiber lasers

do not exhibit harmonic mode-locking without artificial treatment, such as strong spec-
tral filtering [51-54].

For a clear comparison of the current work with previous studies, Fig. 11a plots the
pulse energy and duration referring to references related to high peak power or high
pulse energy [30, 45, 47, 49, 55-71]. Based on the data in Fig. 11a, the peak power is
roughly estimated and organized as in Fig. 11b. The highest peak power of mode-locked
pulses among the references is about 17 kW; by comparison, our TDF laser exhibits
about an 18 times higher peak power. We believe that this phenomenon is only possible
by the new laser dynamics called U-DSAD.

Conclusion

We discovered and characterized the properties of U-DSAD—ultrafast dissipative solitons
in a fiber cavity with anomalous group velocity dispersion—based on simulations of laser
dynamics including quintic nonlinearity. Four properties of U-DSAD found in this study are
distinct from typical solitons or dissipative solitons. Furthermore, the solution of U-DSAD
exhibits a high peak power beyond the cubic nonlinearity limitation of typical solitons.
Based on the simulation results and previous studies on DSAD in TDF lasers, we built a TDF
laser that can generate mode-locked pulses having atypical properties. Their characteristics
are not included in any other laser solutions but fit well into the four unique properties of
U-DSAD found via simulation. The highest peak power of the laser was about 330 kW, an
unprecedently high value compared to former studies on mode-locked fiber lasers with sin-
gle-mode fibers. We anticipate that this first demonstration of U-DSAD will be beneficial to
applications related with high peak power, such as surgical laser scalpels or nonlinear optics.

Abbreviations

GVD Group velocity dispersion

DSAD Dissipative solitons in anomalous GVD

TDF Thulium-doped silica fiber

NPR Nonlinear polarization rotation

SPM Self-phase modulation

DS Dissipative soliton

U-DSAD  Ultrafast dissipative solitons in a fiber cavity with anomalous group velocity dispersion
LD Laser diode

BC Beam combiner
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