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Self-phase-modulation-enabled spectral selection (SESS) allows generation of widely tunable femtosecond pulses.
We propose pre-chirp managed SESS, in which the excitation pulse is properly pre-chirped to control the fiber-
optic nonlinear spectral broadening and hence generate separated spectral lobes—a feature demanded by SESS.
Besides offering improved efficiency compared with conventional energy-tuned SESS, this new method is able to
reshape an input pulse of unwanted shape into a bell-shaped pulse that is desired for implementing SESS. The excel-
lent energy scalability of pre-chirp managed SESS can produce megawatt-level femtosecond pulses widely tunable
in the wavelength range of 0.86—-1.3 pm. Such a powerful source is well suited to drive multiphoton microscopy to
achieve deep-tissue imaging. © 2020 Optical Society of America
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1. INTRODUCTION

Many applications demand high-energy and wavelength-
tunable femtosecond pulses. Due to the limited bandwidth
of most laser materials, these energetic tunable pulses are
normally derived from an ultrafast laser source via nonlinear
wavelength conversion. The recent advance of ultrafast fiber
lasers has spurred intensive research effort toward achieving
wavelength conversion based on fiber-optic methods, such as
supercontinuum generation [1,2], dispersive wave generation
[3-6], fiber optical parametric oscillators/amplifiers [7-9], and
soliton self-frequency shift [10-13], to name a few. Recently
we proposed and demonstrated a new fiber-optic wavelength
conversion method that features a broad tuning range, excellent
energy scalability, and low timing jitter. Figure 1 illustrates a
typical implementation based on a fiber laser system configured
as master oscillator power amplifier (MOPA). A fiber oscil-
lator emits weak seeding pulses that are amplified by a fiber
amplifier, then compressed by a pair of diffraction gratings, and
finally coupled into a short piece of optical fiber. By minimizing
the effect of group-velocity dispersion (GVD), we can ensure
that self-phase modulation (SPM) dominates the spectrum
broadening such that the broadened spectrum features several
well-separated spectral lobes. At the fiber output, we use suitable
optical filters to select the leftmost/rightmost spectral lobes,
which produces nearly transform-limited femtosecond pulses.
This method is dubbed SPM-enabled spectral selection (SESS).
We have demonstrated that SESS offers >400 nm wavelength
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tuning range [14,15], produces ~100 fs pulses with >100 nJ
energy corresponding to >1 MW peak power, and introduces
relative timing jitter as low as ~0.1fs [16,17]. The resulting
fiber-laser-based SESS sources were applied to multiphoton
microscopy imaging [18,19] and generation of high-power
longwave mid-infrared pulses [20].

In all the current implementations, wavelength tuning was
achieved by varying the coupled pulse energy into the fiber:
more input-pulse energy leads to stronger spectral broadening,
and the leftmost/rightmost spectral lobes shift further away
from the center wavelength. However, this wavelength tuning
method has the following drawbacks:

(1) The full power capacity of the MOPA system is not effi-
ciently used, as we reduce the coupled energy into the SESS
fiber to shift the leftmost/rightmost spectral lobes closer to
the center wavelength.

(2) To achieve a wide wavelength tuning range and high con-
version efficiency, bell-shaped pulses are preferred to drive
SESS. However, in a real fiber MOPA system, the gener-
ated pulses might deviate significantly from a bell-shaped
profile, and thus SPM-dominated spectral broadening is
compromised, leading to inefficient SESS. Variation of the
coupled pulse energy for wavelength tuning imposes no
change to the pulse shape and therefore cannot improve the
poor performance of SESS driven by excitation pulses with
undesired shape.
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Fig.1. Schematic of fiber-laser driven SESS source, which typically
consists of four parts: a fiber oscillator that provides seeding pulses, a
fiber amplifier that boosts the energy of seeding pulses, a diffraction-
grating based compressor that de-chirps the amplified pulses, and a
SESS device that produces wavelength-tunable energetic femtosecond
pulses. Another crucial function of the compressor—as we demon-
strate in this paper—is to flexibly pre-chirp the pulse used for driving
SESS.

In this paper, we propose pre-chirp managed SESS to
overcome these two drawbacks. In this method, we achieve
wavelength tuning by pre-chirping the excitation pulses while
fixing the pulse energy at the maximum value. A detailed
numerical investigation shows that pre-chirping a pulse
modifies its profile such that the performance of SESS can
be significantly improved. A combination of high-power fiber
laser technology and pre-chirp managed SESS allows generation
of widely tunable pulses with ~1 MW peak power.

2. NUMERICAL MODEL FOR SESS

Propagation of femtosecond pulses inside an optical fiber can be
accurately modeled by the generalized nonlinear Schrédinger
equation (GNLSE) [21]:
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where A(z, T) represents the amplitude envelope of the pulse.
B denotes the 7 th-order fiber dispersion. y is the nonlinear
parameter defined as y = wony/(c Aefr), where wy is the center
frequency, 7, is the nonlinear-index coefficient, ¢ the light speed
in a vacuum, and A.g is the mode-field area. For fused silica,
n has a typical value of 2.6 x 1072° m?/ W. R(z) includes
both the instantaneous electronic and delayed molecular
responses (i.e., stimulated Raman scattering) of fused silica, and
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where fz, 71, and 7, take typical values of 0.18, 12.2 fs, and
32 fs, respectively [21]. Selection of the leftmost/rightmost
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spectral lobes by optical filtering is modeled in the spectral
domain.

3. CONCEPT OF PRE-CHIRP MANAGED SESS:
TAKE GAUSSIAN PULSE AS INPUT

To illustrate the general idea, we assume that the MOPA system
is based on Yb-fiber laser technology and can deliver 200 fs (full
width at half maximum, FWHM) transform-limited Gaussian
pulse centered at 1.03 pm. The fiber used in the simulation is
a commercially available fiber (noted as LMAS), which has a
mode-field diameter of 7.3 pm; its dispersion curve is plotted
in Fig. 2(a). In the simulation, the fiber length is set at 2.3 c¢m,
and the maximum pulse energy in the fiber is 150 nJ. Figure 2(b)
shows the spectral broadening as we increase the pulse energy
into the fiber. Due to the use of short fiber, SPM dominates the
spectral broadening, and consequently the broadened spec-
trum comprises separated spectral lobes. As we increase the
input pulse energy from 60 to 150 nJ, the resulting spectrum
becomes much broader, with the leftmost spectral lobe peaking
at 0.89 pum and the rightmost one at 1.2 um. Using proper opti-
cal filters to select the leftmost/rightmost spectral lobes results
in nearly transform-limited pulses. The simulation results in
Fig. 2(b) suggest that the center wavelength of a SESS source can
be tuned by varying the input pulse energy.

We filter the leftmost and rightmost spectral lobes [marked
by dashed white lines in Fig. 2(b)] in the spectrum and calculate
the corresponding pulse energy and duration as a function of
the peak wavelength. The simulation results are summarized in
Fig. 3. As the peak wavelength moves away from 1.03 pm, the
pulse energy increases while the pulse duration decreases. For
the leftmost spectral lobes, the pulse energy drops from 24.7
to 15.1 nJ and the pulse duration increases from 46 to 70 fs as
the peak wavelength of the SESS pulse is tuned from 0.89 to
0.96 pm. For the filtered pulse corresponding to the rightmost
spectral lobe, the pulse energy grows from 17.8 to 31.5 nJ and
the duration decreases from 72 to 60 fs as the peak wavelength
varies from 1.1 to 1.2 um.

To date, this wavelength tuning method (i.e., varying the
input pulse energy) has been used for all the demonstrated SESS

-50
-100 ¢
-150

150

140

130

120

110

100

90

80

70

60

0.75 0.85 0.95 1.05 1.15 1.25
)

Wavelength (um

D (ps/nm/km)

Pulse energy (nJ)

Fig. 2. Propagation of a 200 fs transform-limited Gaussian pulse
through a 2.3 cm LMA-8 fiber. (a) Dispersion curve of the LMA-8
fiber. (b) Simulation results of the spectral broadening for different
input pulse energy tuned from 60 to 150 nJ. Dashed white lines in
(b) mark the leftmost and rightmost spectral lobes that are selected by
suitable optical filters to generate femtosecond pulses.
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Fig. 3. DPulse energy (red curves) and duration (blue curves) versus
corresponding center wavelength for filtering the outermost lobes of
the spectra shown in Fig. 2(b).

sources [14—17]. In the following, we refer to this method as
energy-tuned SESS. However, this method has an obvious
drawback: it does not efficiently use the full energy capacity
(i.e., 150 nJ) provided by the excitation source. For SESS driven
by a fiber laser MOPA system, a pair of diffraction gratings (see
Fig. 1) is normally employed to compress the amplified pulses
before they are coupled into the short fiber to excite SESS. Such
a configuration offers an alternative wavelength tuning method:
adjust the grating separation to pre-chirp the excitation pulse
coupled into the SESS fiber while maintaining the coupled
pulse energy at 150 n]. Varying the pre-chirp directly changes
the duration of the excitation pulse and therefore controls the
amount of nonlinear phase shift (NPS). As a result, the peak
wavelength of the leftmost/rightmost spectral lobes can be
tuned by managing the pre-chirp of the excitation pulse.

Figure 4 shows the broadened spectrum as we pre-chirp
the input pulse by varying the group-delay dispersion (GDD)
added to the optical spectrum of the initial unchirped Gaussian
pulse. The pre-chirping GDD varies between —20,000 fs?
and 20,000 fs? with the excitation pulse energy fixed at 150 n].
The broadened spectrum has the largest bandwidth corre-
sponding to the unchirped excitation pulse; introducing
pre-chirp, whether negative or positive, leads to a narrower
spectrum as expected. Fortunately, during variation of the pre-
chirping GDD, the spectrum maintains the feature of separated
spectral lobes, which ensures the convenient selection of the
leftmost/rightmost ones with high conversion efficiency.

Compared with wavelength tuning by adjusting excita-
tion pulse energy, pre-chirp managed SESS generates more
energetic wavelength-tunable femtosecond pulses. Figure 5
plots the energy (red curve) and duration (blue curve) of the
SESS pulse by filtering the outermost spectral lobes. For the
leftmost spectral lobes, the pulse energy rises from 24.7 to
32.7 n], and the pulse duration increases rapidly from 46 to
103 fs as the peak wavelength shifts from 0.89 to 0.96 pum.
For the pulse corresponding to filtering the rightmost spectral
lobe, the pulse energy drops from 39 to 31.5 nJ, and the pulse
duration decreases from 106 to 60 fs as the peak wavelength
shifts from 1.1 to 1.2 pm. A comparison between Fig. 3 and
Fig. 5 shows that, as the peak wavelength shifts closer to the
center wavelength of the excitation pulse, the SESS pulse energy
decreases for energy-tuned SESS and increases for pre-chirp
managed SESS while the SESS pulse duration increases for
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Fig. 4.  Spectral broadening for pre-chirped Gaussian pulse
propagating through 2.3 cm LMA-8 fiber. In the simulation, the
pre-chirping GDD varies from —20,000 fs* to 20,000 fs?> while the
pulse energy is fixed at 150 n].
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Fig. 5. Pulse energy (red curves) and duration (blue curves) versus

center wavelength for filtering the outermost spectral lobes.

both methods. Especially for filtered pulses at the wavelength of
0.96 and 1.1 pm, the corresponding pulse energy achieved by
pre-chirp managed SESS is more than doubled compared with
thatobtained by energy-tuned SESS.

Another intriguing feature in Fig. 4 is that the spectral
broadening seems symmetric with respect to the sign of the
pre-chirping GDD; that s, for the pre-chirping GDD (whether
positive or negative) of the same magnitude, the resulting spec-
trum (especially for the outermost spectral lobes) appears nearly
the same. To understand the mechanism, we plot in Fig. 6 the
temporal and spectral evolution along the fiber length for the
input excitation pulse with opposite pre-chirping GDDs of
20,000 fs* and —20,000 fs*>. A comparison between Fig. 6(a)
and Fig. 6(c) shows nearly identical evolution of the pulse in
the time domain. Such a behavior arises from the fact that
the fiber GVD plays a minimal role in the pulse propagation
because nonlinearity (i.e., SPM and self-steepening) overtakes
dispersion in such a short fiber. At the fiber input, the excitation
pulses with opposite pre-chirping GDD have the same profile
of | A(T)| and opposite initial temporal phase. While SPM itself
does not change the pulse profile, self-steepening reshapes the
pulse such that the trailing edge of the pulse becomes steeper
with the increased propagation distance. Interestingly, pulse
reshaping due to self-steepening only depends on the ini-
tial pulse profile [21]. This explains why the two pulses with
opposite initial phases develop nearly identical pulse profiles



Research Article

a
= ()
RS2
£ 15
o
(=4
K}

805
i

0
23
€ 2
2
£ 15
o
=
o
o
2 0.5
w

-600-400 200 0 200 400 6000.9 0.95 1 1 05 1.1 1.15
Time (fs) Wavelength (um)

Fig.6. [(a), (c)] Temporal and [(b), (d)] spectral evolution of 150 n]
chirped Gaussian pulses in 2.3 cm long LMAS8 fiber. The Gaussian
pulse at the fiber input of (a) and (b) is positively chirped by adding pre-
chirping GDD of 20,000 fs?, and the one for (c) and (d) is negatively
chirped by adding pre-chirping GDD of —20,000 fs*.

evidenced by the results in Figs. 6(a) and 6(c). SPM and self-
steepening exert NPS to the pulses as well. Compared with
SPM, self-steepening plays a secondary role in the spectral
broadening, and therefore the NPS acquired by the pulse mainly
originates from SPM. Since SPM-caused NPS depends on the
pulse profile rather than its initial phase, the two pulses shown in
Figs. 6(a) and 6(c) obtain similar NPS. It is the combination of
the initial phase and acquired NPS that determines the spectral
evolution. For short fiber length (e.g., z < 0.5cm), NPS is
small and the initial opposite phases of the two pulses result
in different spectra: the spectrum corresponding to positive
pre-chirping GDD is broadened [Fig. 6(b)], while the one
corresponding negative pre-chirping GDD experiences narrow-
ing first and then starts broadening afterwards [Fig. 6(d)]. For
long fiber length (e.g., z > 1.5 cm), NPS dominates the total
phase and the two spectra become more similar to each other.
Especially after propagation of 2.3 cm, the two spectra exhibit
similar structure and bandwidth.

4. RESHAPING OF AIRY PULSE IN PRE-CHIRP
MANAGED SESS

In a real fiber MOPA system, the generated pulses might deviate
significantly from the bell-shaped profile due to uncompensated
positive third-order dispersion (TOD), which leads to com-
pressed pulses with a long oscillatory tail. In many numerical
analyses, such a pulse shape is normally represented by an Airy
pulse obtained by imposing a pure cubic phase on a Gaussian
spectrum. In this section, we investigate the performance of
SESS excited by an Airy pulse. In Section 3, the broadest spec-
trum is excited by the 150 nJ, 200 fs transform-limited Gaussian
pulse corresponding to ~700 kW peak power (blue curve in
Fig. 7). To have a fair comparison, we numerically generate the
input Airy pulse by adding 2.5 x 10° fs> TOD (i.e., pure cubic
phase) to the spectrum of a 165 nJ, 140 fs transform-limited
Gaussian pulse (red curve in Fig. 7). In this scenario, the result-
ing Airy pulse (black curve in Fig. 7) has a duration (FWHM)
of 200 fs with 700 kW peak power. The resulting Airy pulse
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Fig. 7.  Blue curve: 150 nJ, 200 fs unchirped Gaussian pulse used
in Section 3. Black curve: Airy pulses that are obtained by adding
2.5 x 10° s> TOD to a 165 nJ, 140 fs transform-limited Gaussian
pulse shown as the red curve.

features an asymmetric main lobe followed by an oscillatory tail
consisting of numerous temporal lobes, which—as shown in
Fig. 7—are termed the first sidelobe, the second sidelobe, and
so on.

We then propagate the Airy pulse in 2.8 cm LMA fiber
and plot the simulation results in Figs. 8(a), 8(d), and 8(g).
Figure 8(d) shows the spectral broadening along the fiber length.
As the fiber length is below 1.5 c¢m, the spectrum broadens
and forms separated spectral lobes. The spectral lobes on the
short-wavelength side starts to wash out due to increased pos-
itive GVD at the short-wavelength side [15]. Surprisingly,
further propagation results in a clear powerful spectral lobe that
gradually emerges at the short-wavelength side. The broadened
spectrum at the 2.8 cm fiber length and the corresponding pulse
are shown in Fig. 8(g) and Fig. 8(a), respectively. The output
pulse [red curve in Fig. 8(a)] develops rapid oscillations at the
trailing edge. A comparison between the output pulse and the
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Fig. 8.  Spectral broadening in 2.8 cm LMA-8 fiber with different
input pulses: Airy pulse [black curve in (a)], the main lobe of the Airy
pulse [black curve in (b)], and the main lobe together with the first
sidelobe of the Airy pulse [black curve in (c)]. (d)—(f) The spectral evo-
lution corresponding to the input pulses shown in (a)—(c), respectively.
The spectra after 2.8 cm propagation are shown in (g)—(i), and their
corresponding pulses are plotted as the red curves in (a)—(c).
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input pulse [black curve in Fig. 8(a)] shows that the oscillation
region overlaps with the entire first sidelobe and part of the
second sidelobe.

To show the effect of these two sidelobes, we simulate the
spectral evolution in 2.8 cm LMAS excited by (i) the main lobe
of the Airy pulse [black curve in Fig. 8(b)] and (ii) the main
lobe together with the first sidelobe [black curve in Fig. 8(c)].
As Fig. 8(e) shows, for the propagation distance below 1.5 cm,
the spectral evolution excited by the main lobe is similar to
that excited by the Airy pulse. However, substantial difference
occurs for further propagation: the short-wavelength side of
the spectrum in Fig. 8(e) becomes spectrally flat and the sepa-
rated spectral lobes developed at earlier stage disappear. This is
evidently manifested by the spectrum after 2.8 cm propagation
[Fig. 8(h)]. The red curve in Fig. 8(b) shows the corresponding
pulse, which has an elongated trailing edge extending up to
~400 fs away from the peak of the input main lobe. The trail-
ing edge monotonically drops as it moves away from the peak
withoutany rapid oscillations.

As we use the main lobe together with the first sidelobe as the
input, the spectral evolution [Fig. 8(f)] is almost identical with
that [Fig. 8(d)] corresponding to the Airy pulse. The spectrum
after 2.8 cm propagation [Fig. 8(i)] develops an isolated spectral
lobe peaking at 0.9 pum; accordingly, the corresponding pulse
[red curve in Fig. 8(c)] forms rapid oscillations at its trailing
edge.

Above simulations demonstrate that the first sidelobe of
the Airy pulse plays an important role in the development of
fine spectral structures. The sidelobe causes temporal rapid
oscillation when the main lobe develops an elongated trailing
edge, which thus renders formation of spectral lobes at the short-
wavelength side of the broadened spectrum. The spectral lobe at
0.9 pum can be filtered out producing 26.6 nJ, 64 fs pulses with a
Strehl ratio of 74%.

We next investigate the performance of energy-tuned SESS
excited by the Airy pulse. As Fig. 9(a) shows, decreasing the
coupled pulse energy from 165 to 65 nJ substantially narrows
the spectrum, and the rightmost spectral lobe shifts from 1.2 to
1.1 pm. However, different from the results in Fig. 2(b) corre-
sponding to Gaussian pulse as input, the leftmost spectral lobe
gradually disappears with reduced pulse energy. This is clearly
shown by the spectrum [red curve in Fig. 9(b)], as the input Airy
pulse has an energy of 65 nJ. The red curve in Fig. 9(c) plots
the corresponding pulse. We also plot in Figs. 9(b) and 9(c) the
results when we use the main lobe (black curves) and the main
lobe together with the first sidelobe (blue dashed curves) of the
65 nJ Airy pulse as the excitation pulses. Clearly, as the pulse
energy is reduced from 165 to 65 nJ, the main lobe has a less
extended trailing edge, which results in oscillation at only the
leading edge of the first sidelobe. Such oscillation leads to fine
structures in the wavelength range of 0.96-1.05 Lm; the plateau
below 0.96 pm is generated from the main lobe and nearly
unaffected by the oscillation.

The results in Fig. 9 suggest that energy-tuned SESS excited
by the Airy pulse fails to generate femtosecond pulses tunable
at the short-wavelength side. This is mainly caused by the com-
plicated interplay between the main lobe and the sidelobes
during the nonlinear propagation of the Airy pulse. Fortunately,
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+18,000 fs? (blue curve) and £36,000 fs? (red curve).

pre-chirping the Airy pulse can stretch it, mitigate its oscil-
latory tail structures, and eventually eliminate the sidelobes.
Figure 10(a) shows the variation of the pulse profile as we add
different amount of pre-chirping GDD to the Airy pulse. As we
increase the magnitude of pre-chirping GDD, the peak of the
Airy pulse shifts towards the leading edge. Figure 10(b) shows
two chirped pulses corresponding to a pre-chirping GDD of
+18,000 fs*> (blue curve) and 36,000 fs> (red curve); for a
better comparison, the Airy pulse without pre-chirping is shown
as the black curve. Clearly, with increased pre-chirping GDD,
the sidelobes in the initial Airy pulse gradually disappear and
evolve into a slowly decaying tail.

Figure 11 shows the broadened spectra in the 2.8 cm LMAS8
fiber using the pre-chirped Airy pulses shown in Fig. 10(a). As
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the magnitude of the pre-chirping GDD increases from 0 to
36,000 fs?, the broadened spectra maintain the well-separated
spectral lobes at both wavelength sides. Figure 12 presents the
pulse energy and duration of the SESS pulses corresponding
to the pre-chirping GDD varying from 0 to —36,000 fs2. The
leftmost spectral lobes result in ultrashort pulses with the energy
(duration) increasing from 26.6 nJ (64 fs) to 51 nJ (112 fs)
as the peak wavelength shifts from 0.9 to 1 pm. As the peak
wavelength of the rightmost spectral lobe shifts from 1.1 to
1.2 pum, the pulse energy increases from 22.8 to 34.7 nJ, while
the duration decreases from 84 to 66 fs.

5. RESHAPING OF A FLAT-TOP PULSE IN
PRE-CHIRP MANAGED SESS

As we have shown, SPM dominates the spectral broadening
in SESS. SPM-caused NPS is proportional to | A(7)|?, which
introduces nonlinear chirp 8w (7) o< 3| A(T)|?/d T and broad-
ens the optical spectrum. The amount of spectral broadening is
highly dependent on the pulse shape | A(7)|?. The simulations
in Section 3 suggest that Gaussian pulses are efficient in imple-
menting SESS. Indeed, any bell-shaped pulses (e.g., hyperbolic

secant, Lorentzian, etc.) are suitable candidates. Bell-shaped
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Fig. 13. Propagation of a 150 nJ, 340 fs unchirped super-Gaussian
pulse (m = 3) through a 2.3 cm LMA-8 fiber. (a) Optical spectrum at

the output of 2.3 cm fiber. (b) Spectral evolution with respect to fiber
length.

pulses feature a rapid power drop as they move away from the
pulse peak, which renders a large nonlinear chirp and facilitates
SPM-dominated spectral broadening. Consequently, a consid-
erable portion of pulse energy is transferred to the outermost
spectral lobes. In contrast, the worst scenario occurs if the pulse
has a flat top; that is, the central part of the pulse intensity profile
varies slowly or, even worse, stays constant in time. This part
contains a large portion of pulse energy but contributes little to
the SPM-induced spectral broadening, which prevents efficient
SESS.

Indeed, flat-top pulses are desired in certain applications
including optical communication, frequency conversion, and
optical switching. Since an ultrafast laser might not naturally
deliver flat-top pulses, these pulses are normally obtained via
pulse shaping techniques [22-24]. In numerical modeling of
their propagation in an optical fiber, flat-top pulses are usually
represented by super-Gaussian pulses [25-27]. In this section,
we take super-Gaussian pulses as an example to show how the
pulse shape affects SESS. An unchirped super-Gaussian pulse is
written as A(7) = /Py exp[—(T/ T5)*" /2], where m denotes
the order of the super-Gaussian pulse. In the following simula-
tion, we assume that the input is a third-order super-Gaussian
pulse (i.e., 2 = 3) and 7y = 181 fs (corresponding to FWHM
of 340 fs) such that this pulse has the same initial spectral width
as the Gaussian pulse in Section 3. Figure 13 shows the spectral
broadening for the unchirped super-Gaussian pulse with 150 nJ
pulse energy propagating in fiber LMAS. Distinctly different
from Gaussian-pulse-driven spectral broadening as shown in
Fig. 2(b), the central part of the input spectrum experiences
much less broadening but contains a large portion of energy.
The broadened spectrum develops long shallow leading and
trailing edges without forming separated spectral lobes, making
itunsuitable for implementing efficient SESS.

To solve this issue caused by the undesired pulse shape, the
pulse should be transformed into a bell shape before being
coupled into the fiber. Fortunately, such a transformation can
be achieved in pre-chirp managed SESS. Figure 14(a) shows
the variation of the resulting pulse profile as we add different
amounts of pre-chirping GDD to the optical spectrum of the
third-order unchirped super-Gaussian pulse. As we increase the
magnitude of pre-chirping GDD, the pulse becomes shorter
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Fig. 14. Pulse evolution as a function of added pre-chirping GDD
to the spectrum of different unchirped pulses: (a) super-Gaussian pulse
(m=3) and (b) Gaussian pulse. (c) Transformation of unchirped
super-Gaussian pulse (dotted black curve) into bell-shaped pulses by
adding pre-chirping GDD. Solid blue curve and black curve represent
the chirped pulses corresponding to pre-chirping GDD of £8500 fs?
and 428,000 fs?, respectively. The transform-limited pulse given by
the optical spectrum is shown as the red curve. (d) Optical spectrum
of the unchirped super-Gaussian pulse (black curve) and the spec-
tral phase (red curve). In (a), the pulse reaches the shortest duration
(FWHM) of 169 fs for the pre-chirping GDD at 8500 fs* or —8500 fs*
marked by the dashed white lines.

first and then stretches to longer duration. The pulse reaches
the shortest duration of 169 fs for the pre-chirping GDD at
8500 s> or —8500 fs2, marked by the dashed white lines in
Fig. 14(a). Such a variation clearly differs from the case corre-
sponding to a Gaussian pulse. As Fig. 14(b) shows, adding GDD
to the optical spectrum of a transform-limited Gaussian pulse
always elongates the unchirped pulse, and the resulting chirped
pulse maintains a Gaussian profile. In contrast, pre-chirping an
unchirped super-Gaussian pulse leads to a chirped pulse that
substantially deviates from super-Gaussian profile.

To make a straightforward comparison, we plot in Fig. 14(c)
the unchirped super-Gaussian pulse (dotted black curve), and
two chirped pulses corresponding to a pre-chirping GDD of
48500 fs? (blue curve) and £28,000 fs?> (solid black curve).
These two chirped pulses exhibit a bell-shaped profile, and the
former is shorter than the initial unchirped super-Gaussian
pulse. The transform-limited pulse given by the optical spec-
trum of the unchirped super-Gaussian pulse is plotted in
Fig. 14(c) as the red curve. Apparently, unlike an unchirped
Gaussian pulse—which is also a transform-limited pulse,
unchirped super-Gaussian pulse is 7oz transform limited. This
is because, as shown in Fig. 14(d), the optical spectrum (black
curve) of the unchirped super-Gaussian pulse has a discon-
tinuous phase that jumps between 0 and 7 (red curve). When
the pre-chirp is introduced, the spectral components in phase
(i.e., without relative phase differences) tend to lose their con-
structive interferences and stretch the pulse; the out-of-phase
(i.e., with 7w phase difference) spectral components tend to lose
their destructive interferences and shorten the pulse. As the
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Fig. 15.  Pre-chirp managed spectral broadening in 2.3 cm LMA-8
fiber. The input pulses are obtained by adding pre-chirping GDD to
the optical spectrum of the unchirped super-Gaussian pulse (72 = 3)
with 150 n] pulse energy. Simulation results of the spectral broadening
for introduced GDD tuned from —28,000 to 28,000 fs>. Dashed
white lines mark the pre-chirping GDD of 10,000 fs.

magnitude of pre-chirping GDD is less than 8500 fs?, the short-
ening effect is dominant, and consequently the super-Gaussian
pulse becomes compressed and reshaped. As we further increase
the magnitude from 8500 fs* to 28,000 fs?, the stretching over-
takes the shortening and the chirped pulse becomes longer while
maintaining the bell-shaped profile.

The results in Fig. 14 immediately suggest that pre-chirping
an unchirped super-Gaussian pulse into a bell-shaped pulse
can facilitate SPM-dominated spectral broadening to form
separated spectral lobes—a feature desired by SESS. To confirm
this speculation, we carry out simulation in which those pulses
shown in Fig. 14(a) are taken as input to propagate in 2.3 cm
fiber LMAS. During the simulation, the pulse energy is fixed
at 150 n]J. Figure 15 shows the broadened spectra at the fiber
output. As the magnitude of the pre-chirping GDD exceeds
10,000 fs* (marked by a dashed white line), the broadened spec-
trum develops well-separated spectral lobes with a considerable
portion of energy contained by the leftmost/rightmost lobes.

To show that pre-chirping a flat-top pulse can enable SESS,
we filter the leftmost/rightmost spectral lobes of the spectra
that correspond to pre-chirping GDD varying from 10,000
to 28,000 fs*. As Fig. 16 shows, selection of the leftmost spec-
tral lobes results in ultrashort pulses whose energy (duration)
increases from 27.2 nJ (66 fs) to 34.4 n] (130 fs) as the peak
wavelength shifts from 0.92 to 0.98 pm. For the selection of
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Fig.16. Dulse energy (red curves) and duration (blue curves) versus
wavelength resulting from selection of the outermost spectral lobes in
Fig. 15 with the pre-chirping GDD varying from 10,000 to 28,000 fs*.
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the rightmost spectral lobes, the pulse energy (duration) drops
from 38.9 nJ (132 fs) to 28.3 n] (55 fs) as the peak wavelength
shifts from 1.08 to 1.18 um. A comparison between Fig. 16 and
Fig. 5 shows that the results corresponding to the pre-chirping
the super-Gaussian pulses are similar (in terms of pulse energy
and duration) to those obtained by pre-chirping the Gaussian
pulse.

6. PRE-CHIRP MANAGED SESS FOR
ACHIEVING TUNABLE PULSES AT
MEGAWATT-LEVEL PEAK POWER

Yb-fiber lasers exhibit excellent power/energy scalability.
Construction of an Yb-fiber MOPA based on chirped-pulse
amplification with ~1 pJ pulse energy is relatively straightfor-
ward. Such a laser capability allows us to investigate the energy
scalability of pre-chirp managed SESS. We carry out another set
of simulations, in which the input pulses are obtained by adding
pre-chirping GDD to the optical spectrum of an unchirped
200 fs Gaussian pulse.

Figure 17(a) illustrates the spectral evolution of the 500 nJ
chirped Gaussian pulses propagating in 2.3 cm LMAS fiber as
the magnitude of the added pre-chirping GDD varies between
0 and 40,000 fs?. For pre-chirping GDD at 0, the resulting
spectrum from 500 nJ unchirped Gaussian pulse is substantially
broader than the spectrum obtained from 150 n] unchirped
Gaussian pulse. Due to much stronger nonlinearity, optical
wave breaking associated with positive GVD appears mani-
festing as the spectral pedestal at the short-wavelength side.
Fortunately, adding more GDD strongly pre-chirps the input
pulse, which mitigates the effect of GVD, suppresses optical
wave breaking, and thus ensures SPM-dominated spectral
broadening. For example, as we increase the pre-chirping GDD
to 16,000 fs* [marked by the dashed white line in Fig. 17(a)],
the resulting spectrum recovers the structure of separated spec-
tral lobes. For further increasing the pre-chirping GDD, such a
desired spectral structure maintains and the outermost spectral
lobes shift towards the center wavelength of the input pulse.
Another benefit brought by pre-chirping the input pulse is that
the pulse peak power is reduced to mitigate the possible surface
damage to the fiber ends. In experiments, endcaps can be spliced
to both the inputand output ends to further ensure damage-free
operation.

Figure 17(b) shows the energy (red curve) and duration (blue
curve) of the SESS pulse by filtering the outermost spectral
lobes. Compared with the results in Fig. 5 corresponding to
150 nJ excitation pulses, increasing the pulse energy of the
chirped Gaussian pulse from 150 to 500 nJ improves the SESS
pulse energy by a factor of about 3. More importantly, the
wavelength tuning range increases from 0.89—1.2 pum to 0.86—
1.3 pm. It is worth noting that 1.3 pm corresponds to one of
the biological transmission windows [28]. Femtosecond pulses
at this wavelength are identified as the best choice for driving
multiphoton microscopy to achieve deep-tissue imaging [29].
The results in Fig. 17(b) show that our pre-chirp managed SESS
source can deliver 80 fs pulses with 91.4 n] energy at 1.3 pm;
the peak power is as high as 1.14 MW. Such SESS pulses of
megawatt (MW) peak power constitute a desirable driving
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Fig. 17.  Pre-chirp managed SESS in 2.3 cm LMA-8 fiber excited
by chirped Gaussian pulses with 500 nJ energy. (a) Pre-chirp managed
spectral broadening; (b) energy (red curve) and duration (blue curve)
of the SESS pulse by filtering the outermost spectral lobes.

source for three-photon excited microscopy for biomedical

imaging [30].

7. CONCLUSION

To conclude, we propose pre-chirp managed SESS, which
outperforms current energy-tuned SESS. It is noteworthy that
pre-chirping the input pulse into an optical fiber to control
its nonlinear propagation is a powerful technique, which has
been applied to nonlinear fiber amplifiers [31,32], femtosec-
ond pulse delivery [33-35], nonlinear pulse compression
[36-38], and control of dispersive wave generation [3] and
soliton self-frequency shift [39]. Our work here—to the best
of our knowledge—demonstrates for the first time that this
technique can be employed to control SPM-dominated spectral
broadening to facilitate SESS and achieve energetic tunable
pulses. Besides more efficient use of laser pulse energy, pre-chirp
managed SESS can modify input pulses of unwanted shapes
(e.g., Airy pulse and flat-top pulse) into a bell-shaped pulse
and therefore substantially improve the SESS performance.
In other words, to efficiently excite energy-tuned SESS, the
MOPA system has to deliver high-quality bell-shaped pulses.
In contrast, pre-chirp managed SESS removes this requirement
on the pulse shape, making it easier to construct the MOPA
system. The required pre-chirping GDD is at the order of tens of
thousands of fs?, which corresponds to variation of the grating-
pair separation by about 1 cm. Such a small tuning can be easily
implemented in the MOPA system without adding complexity
or compromising compactness. We also show that pre-chirp
managed SESS exhibits excellent energy scalability. Using 1 pJ
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level Yb-fiber laser as the excitation source, pre-chirp managed
SESS can generate MW-level femtosecond pulses widely tun-
able between 0.86-1.3 pum. Such an energetic ultrafast source
is of particular interest for multiphoton microscopy aiming for
deep-tissue imaging.
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