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Abstract: We report the generation of parabolic pulses with broadband spectrum from a core-
pumped Yb-doped fiber amplifier seeded by a dispersion managed fiber oscillator. The net cavity
dispersion of Yb-doped oscillator was continuously changed from 0.074 to -0.170 ps2, which
enabled us to achieve dissipative soliton, stretched pulse and soliton mode-locking operations.
Spectral evolution processes in the core-pumped nonlinear fiber amplifier seeded by various
input solitons were investigated experimentally and theoretically. Our finding indicates that
cavity dispersion of oscillator can be used to engineer the input pulse parameter for amplifier,
thus forming a pre-chirper free fiber amplification structure. In the experiment, we obtained
410-mW parabolic pulses with spectral bandwidth up to 56 nm. In combination with a passively
synchronized frequency-doubled Er-doped fiber laser, we have demonstrated coherent anti-Stokes
Raman imaging. The compact dual-color fiber laser source may facilitate practical applications
of nonlinear biomedical imaging beyond the laboratory environment.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Coherent Raman scattering microscopy (CRS), including coherent anti-Stokes Raman scattering
(CARS) and stimulate Raman scattering (SRS) has become a fundamental and indispensable tool
for label-free biomedical researches [1–4]. Particularly, the single-frequency CRS microscopy
utilizing dual-color narrowband picosecond laser favors fast acquisition speed, which is widely
used in brain tumor analysis [5], multimodal nonlinear endomicroscopic [6] and fast cell sorting
[7]. Practically, one Raman band is not enough to discriminate different molecules. Therefore,
multi-color CRS imaging excited by a wavelength tunable laser source is often required for better
selectivity [8,9]. To further apply this nonlinear imaging method to medical field such as clinical
diagnosis or intraoperative pathology, one major obstacle is the strict operation conditions for
heavy and bulky lasers [10]. To overcome this limitation, robust fiber lasers with compact size,
economic cost and stable performance become promising candidates in this field. Recently,
various fiber design architectures such as four-wave mixing [11–13], soliton self-frequency shift
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and supercontinuum [14,15] are proposed to generate tunable narrowband picosecond pulses and
show their availability in nonlinear biomedical imaging.

In order to obtain tunable picosecond pulses, one can tune the wavelength in the beginning
(cavity tuning), at the terminal (after main amplifier) or in the middle (before main amplifier)
of a fiber laser system utilizing master oscillator power amplifier (MOPA) scheme. Cavity
tuning method using tunable fiber Bragg gratings or filters inside laser oscillator is the most
straightforward way but increases the risk of losing mode-locking. Due to the high peak power
of amplified ultrashort optical pulse, tuning at the terminal often requires free-space filters with
high damage threshold, which hampers all-fiber integration. Therefore, a practical way is to
broaden the spectrum first and then use narrowband optical filter to select the wanted spectral
component as seed pulse for further amplification. Owing to the small core size of fiber and
high peak power of ultrashort pulse, spectral broadening can be easily implemented by coupling
ultrashort pulse into a passive or active fiber [16]. Passive fibers such as photonic crystal fiber
(PCF) [17,18], high nonlinear fiber or single mode fiber (SMF) [19] have been widely used for
spectral broadening. The generated spectrum can cover an octave spectral range. However, the
interplay of various nonlinear effects will be detrimental to the noise performance, which is
harmful for the noise sensitive applications [20].

In contrast to use passive fiber, there exist techniques based on nonlinear pulse evolution
in active gain fiber to achieve broadband spectrum and low intensity noise [21,22]. These
methods include direct amplification, parabolic pre-shaping amplification, and pre-chirp managed
amplification (PCMA) [23], as well as recently presented amplification with gain-managed
nonlinearity (GMN) [16]. Direct amplification of femtosecond seed with double-clad gain fiber
produces MW-level peak power ultrashort pulses with spectral bandwidth of 50-60 nm, but its
free-space coupling and gain related pulse re-compressibility complicate the design [24,25]. As
for the parabolic pre-shaping method, it utilizes passive fiber to reshape seed pulse into parabolic
pulse so as to accumulate linear chirp in the amplifying process, thus achieving higher energy
and transform-limited de-chirped pulse. In 2017, the limits of pre-shaping for femtosecond pulse
amplification were explored [26]. They introduced a simplified analytical model and generated
275-fs, 4.3-µJ pulses. Their results indicated that large compression ratio and transform-limited
pulse can be obtained with narrowband seed pulses by parabolic pre-shaping. To manipulate
spectral broadening process by tailing chirp of the seed, a grating based pre-chirper is often
added before amplifier in PCMA. Using this scheme, amplified pulses with spectral bandwidth of
41-nm and average power of ∼100 W can be obtained [27]. Amplification with GMN can produce
pulses with spectral bandwidth beyond the gain (∼150 nm) by using a dynamically evolving gain
spectrum [16,28]. In this scheme, the nonlinear spectral broadening is balanced by gain-shaping
when amplified pulse propagates in long, highly doped fibers. Although its evolution starts
from similariton, the management of nonlinearity by the gain shows a distinguished feature with
broadband spectrum and compressible transform limited pulse width.

Lots of previous works have been focused on building high power nonlinear amplifiers by using
of double-clad gain fiber. For biomedical imaging applications, the power of ultrashort laser
pulse on the sample should be well controlled below the damage threshold [29]. Considering the
optimal parameters presented in previous publications [30], a typical average power of tens of
milliwatts at the sample is required to conduct nonlinear imaging. In this case, core-pumped
fiber laser systems providing average power of several hundreds of milliwatts are enough to
meet these requirements. Chirp of the seed pulse was one of the important parameters for
manipulating temporal and spectral characteristics of amplified pulse. Research has found that a
well-designed negative pre-chirp can exhibit less steep wings in amplified spectrum and thus
generating transform-limited pulse with minimal pedestals. Using this method, they have obtained
∼500 mW, 134 fs laser pulses with ∼20 nm spectral bandwidth [31]. Recently, core-pumped
Yb-doped fiber amplifier utilizing PCMA structure was reported [32], generating laser pulses
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with spectral bandwidth of ∼30 nm and average power of >300 mW [33]. In contrast to PCMA, a
Yb-doped core-pumped fiber amplifier was presented without pre-chirper, producing spectral
broadened laser pulses with 44-nm bandwidth and 200-mW average power [34]. Their results
show that pre-chirper free design seems to output wider spectral bandwidth. However, there are
few works reported about broadband parabolic pulse generation in such fiber amplifiers. The
pulse evolution in pre-chirper free core-pumped nonlinear fiber amplifier for different initial
pulse still remain unclear.

Here, we systematically investigate pulse evolution in a pre-chirper free core-pumped fiber
amplifier seeded by dispersion managed fiber oscillator. After optimizing the net cavity dispersion
of the oscillator, the amplified pulses with spectral bandwidth of 56 nm and average power of
410 mW were obtained, which is to the best of our knowledge the broadest spectrum obtained from
a core-pumped single-clad fiber amplifier. We then injected one portion of the amplified pulses
around 1030 nm into an Er-doped fiber oscillator for implementing a passive synchronization.
Using this tunable synchronized laser pulses, CARS and second harmonic generation (SHG)
imaging of mouse ear sample were demonstrated.

2. Experimental setup

The experimental setup of tunable synchronized fiber lasers for CARS imaging is shown in
Fig. 1. It included the Stokes light, the Pump light and the microscope. The Stokes branch
was comprised of a dispersion managed Yb-doped fiber oscillator (DM-YbFO), a core-pumped
single-clad nonlinear fiber amplifier, an optical filter and cascade fiber amplifiers. The DM-YbFO
had figure-of-nine arrangements and could be passively mode-locked by nonlinear amplifying
loop mirror (NALM). A pair of transmission gratings of 1250 lines/mm were inserted in the
linear segment of the oscillator to continuously tune the net cavity dispersion. A reflect mirror
was placed on a stage for precisely control of cavity length. An optical coupler with coupling
ratio of 5:5 was used to connect the linear and circular segments. The 976-nm pump light with
a maximum average power of 500 mW was coupled into the cavity via a wavelength division
multiplexer. The gain fiber was a piece of 1.5-m Yb-doped fiber (PM-YSF-HI-HP, Nufern). A
phase shifter and a 1:9 coupler were used to start mode-locking and provide output.

Spectral broadening can be realized by the core-pumped single-clad nonlinear fiber amplifier.
The gain fiber was a piece of 1.5-m Yb-doped fiber with the same type of the oscillator, which
was dual-pumped by two laser diodes with the maximum total average power of 1.4 W. The
amplified pulses were divided into two parts by an optical coupler with coupling ratio of 1:9.
The 90% port of the coupler was connected to a tunable optical filter and cascade fiber amplifier
for spectral selection and power scaling. The residual pulses from the 10% port was used for
injection synchronization.

The Pump branch was comprised of an all-fiber Er-doped fiber oscillator (ErFO), fiber
amplifiers and frequency doubling module. The Er-doped oscillator had the same structure as the
YbFO except for the transmission gratings were replaced by a fiber Bragg grating with 1580-nm
central wavelength and 0.2-nm bandwidth. Output pulses from ErFO were amplified by a two
stage Er-doped fiber amplifier. The lengths of gain fiber (Er 80, OFS) in both oscillator and
amplifiers were 1.5 m. A periodically poled lithium niobate (PPLN) crystal with period of 20.2
µm and length of 20 mm was used for frequency doubling of amplified pulses around 1580 nm.
Detailed parameters of elements used in this branch could be found in our previous publication
[19].

Passive synchronization between Stokes and Pump light was achieved by injecting master laser
pulses from DM-YbFO into slave laser of ErFO via a 1580/1030 wavelength division multiplexer.
We used laser pulses from 10% port of the first stage Yb-doped amplifier as injecting pulses to
provide enough laser power. Once the 1030-nm pulses were injected, they initiated a pulsed
modulation on the quasi-CW laser beam at ErFO. This modulation-induced pulses evolved into
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Fig. 1. Experimental setup. WDM: wavelength division multiplexer; PS: phase shifter; OC:
optical coupler; HWP: half wave plate; G: grating; TF: tunable filter; ISO: isolator; SP: short
pass filter; DM: dichroic mirror; BP: bandpass filter; PMT: photomultiplier tube.

stable pulses through mode-locking mechanism of the slave laser, which was NALM in our case.
With continuous injection, the subsequent injected 1030-nm pulses encountered with 1580-nm
pulses in the ErFO, their interaction gave rise to additional timing-dependent phase shift due to
cross-phase modulation. This phase shift then forced the pulse train at 1580-nm to synchronize
with the 1030-nm pulse train [35,36].

3. Experimental results and discussion

3.1. Output characteristic of the dispersion managed Yb-doped oscillator

In the following, we will discuss output characteristics with a focus on spectra in different net
cavity dispersion. Stable passive mode-locking operation could be self-started, as the temporal
oscilloscope trace shown in Fig. 2(a). The repetition rate of the laser oscillator was measured to
be 20 MHz with a RF signal to noise ratio of >50 dB, as shown in Fig. 2(b). Laser operation for
different values of net cavity dispersion can be realized by tuning the grating separation distance
in the linear segment. As a result, the repetition rate changed accordingly. As shown in Fig. 2(c),
when the grating separation distance of the YbFO was set to be 11, 16, 20 and 29 mm, the net
cavity dispersion was 0.074, 0.006, -0.048 and -0.170 ps2, respectively. For different values
of net cavity dispersion, pump thresholds for mode-locking and output powers are different, as
shown in Fig. 2(d). The mode-locking pump thresholds for above four cases are 405, 95, 100 and
106 mW, corresponding to the output power of 5.0, 1.4, 2.3 and 2.4 mW, respectively. The pump
power for the normal dispersion (0.074 ps2) regime is obvious higher than other cases.

Figures 3(a)-(d) show the four typical output spectra directly from the oscillator. The 0.17-nm
narrow spectral bandwidth as well as high pump, high output power is the typical characteristic
for dissipative soliton mode-locking in the normal dispersion regime, which was also observed
in a dispersion managed Er-doped fiber laser with NALM scheme [37]. Successive increase of
the grating separation led to a shift into near-zero net dispersion. In this regime, laser pulse
experienced periodic stretch and compress while traversing the cavity [38]. As one of the distinct
characteristics in the stretched pulse regime, its spectrum exhibits the widest bandwidth of
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Fig. 2. (a) Output pulse trains measured by oscilloscope; (b) RF spectrum of output pulses
with a resolution bandwidth of 3.3 kHz; (c) Net cavity dispersion and repetition rate as a
function of the grating separation; (d) Pump power and output power as a function of the
grating separation.

18 nm, as shown in Fig. 3(b). Further increase of grating separation moved the mode-locking
state from stretched pulse regime to anomalous dispersion soliton regime. As a result, the
spectral bandwidth reduced to 9.2 and 3.5 nm with net cavity dispersion of -0.048 and -0.170 ps2,
respectively.

Fig. 3. Four typical output spectra of oscillator at different grating separations. (a) Normal
dispersion regime; (b) Near-zero dispersion regime; (c) Negative dispersion of -0.048 ps2;
(d) Negative dispersion of -0.170 ps2.
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The output power directly from the oscillator was only several milliwatts, which was not enough
for conducting autocorrelation measurement in our lab. However, we could roughly estimate
the pulse width by their spectral bandwidth. The Fourier-transform limited pulse durations for
Gaussian shape pulse were calculated to be 9180, 86, 170 and 446 fs considering the measured
spectral bandwidth of 0.17, 18, 9.2, and 3.5 nm.

3.2. Spectral broadening of the nonlinear fiber amplifier seeded by various solitons

Once stable mode-locking operation was obtained, we investigated the output spectra from the
core-pumped single-clad nonlinear fiber amplifier for different values of net cavity dispersion
from positive to negative values. We used optical spectrometer (AQ6370C, Yokogawa) to record
the spectral evolution of amplified pulses with increased output power from 50 to 410 mW in
logarithmic coordinates.

The spectral evolution for various input spectra are quite different. As shown in Fig. 4(a),
output spectrum of dissipative soliton at the maximum power level of 410 mW almost had the
same bandwidth as the seed. This is because nonlinear effects such as self-phase modulation
(SPM) are balanced by the gain narrowing effect. We can also see that the spectral range of
amplified spontaneous emission (ASE) was enlarged with the increased pump. However, their
intensity was 25 dB smaller than that in the central wavelength, which indicates enough noise
suppression in the amplifier. For the dissipative soliton with narrow spectral bandwidth and large
pulse duration, the nonlinear accumulation was weak. In this case, the core-pumped single-clad
amplifier worked in the linear regime.

Fig. 4. Spectral evolution with increased output power for various input spectra: (a) Normal
dispersion regime; (b) Near-zero dispersion regime; (c) Negative dispersion of -0.048 ps2;
(d) Negative dispersion of -0.170 ps2.

For stretched input pulses with broad spectral bandwidth, nonlinear effect are quite obvious
in the core-pumped fiber amplifier. As shown in Fig. 4(b), SPM is the predominant effect for
spectral broadening. As a result, the spectral bandwidth was enlarged from 18 to 30 nm. It should
be noticed that a stimulated Raman spectral peak at 1080 nm is appeared and increased quickly
with the pump power. Further increase the pump power might induce strong stimulated Raman



Research Article Vol. 30, No. 5 / 28 Feb 2022 / Optics Express 7642

amplification and transfer the energy from original 1030 nm to Raman induced spectral band at
1080 nm.

As for the traditional soliton with moderate net cavity dispersion of -0.048 ps2, optical pulses
experienced gradual spectral broadening due to SPM in the fiber amplifier, as shown in Fig. 4(c).
The spectrum with symmetrical shape and steep edge is the typical characteristic of SPM enabled
pulse spectral evolution. In this case, the spectral bandwidth was broadened from 9.2 to 44 nm.

When the net cavity dispersion was set to -0.170 ps2, obvious parabolic pulse evolution in
the fiber amplifier was observed. The spectrum broadened rapidly due to the interplay between
SPM and group-velocity dispersion. As shown in Fig. 4(d), a wide spectrum from 1012 to
1068 nm with 3-dB bandwidth of 56 nm was achieved, which is to our best of knowledge the
widest spectrum generated from core-pumped single-clad fiber amplifier.

It is interesting that the broadest spectrum from the parabolic pulse evolution was obtained when
the net cavity dispersion set to -0.170 ps2, corresponding to the narrowest input spectral bandwidth
of 3.5 nm. We attribute this to the pulse width broadening caused by the fiber dispersion. Due to
the accumulated normal dispersion of transmission fiber from output port of the oscillator to gain
fiber (about 1.0 m in our case), the pulse width would inevitably broadened when propagating in
optical fibers, which will greatly affect their spectral evolution in fiber amplifiers. Figure 5(a)
shows the simulation results of pulse width evolution in a piece of SMF with length of 1.0 m using
LaserFOAM software [39]. The input pulse was set to Fourier-transform limited Gaussian-shape
pulse with spectral bandwidth of 18, 9.2, and 3.5 nm, respectively. The pulse chirp was set to
zero for simplicity and fiber dispersion was set to 26 ps2/km. It is quite clear that laser pulse
with wider spectrum is temporally broadened to a much larger pulse duration. As a result, the
smallest pulse width after propagating a piece of 1.0-m SMF is obtained with the narrowest
spectral bandwidth of 3.5 nm. Figure 5(b) shows the simulation results of spectral bandwidth
evolution of temporally broadened pulses mentioned above in a piece of gain fiber with 1.5-m
length. In the simulation, fiber gain was set to 18 dB/m and nonlinear coefficiency was set to 5
W−1km−1. The simulated spectral bandwidths after amplification for input pulse with spectral
bandwidths of 18, 9.2, and 3.5 nm are 32, 45 and 57 nm, which are in good agreement with the
experimental results of 30, 44 and 56 nm, respectively.

The logarithmic spectral broadening evolution for input pulse with 3.5-nm spectral bandwidth
is shown in Fig. 5(c). With increased gain, the spectral shape gradually changed from rectangle
to parabolic. The simulated result agreed well with the experimentally measured parabolic
spectrum at maximum average power, as shown in Fig. 5(d). To verify the pulse re-compressibility
of the broadest spectrum, we used a pair of gratings (1250 lines/mm) to build a compressor.
Compressed pulses with an average power of 258 mW can be obtained, corresponding to the
maximum compression efficiency of 63%. The measured autocorrelation trace was shown in the
insert of Fig. 5(d), suggesting a de-convolved pulse width of 80 fs, which was larger than twice
of the transform-limited pulse width due to uncompensated high-order dispersion and excessive
nonlinearity caused by fiber sections before and after gain fiber. Although a low-intensity pedestal
is observed, over 83% of the energy still lies within the main peak. Besides the dispersion of
transimission fiber, we believe initial chirp value of the pulse also has an inevitable effect on the
spectral evolution. According to the previous research, a chirp free pulse would experience faster
spectral broadening than pulse with positive chip in normal dispersive fiber amplifier [22].

Compared to the existing spectral broadening methods such as direct amplification, parabolic
pre-shaping and pre-chirp managed amplification. Our proposed pre-chirper free method can
be regarded as a balanced spectral broadening method with a simple structure and controllable
parameters. Although direct amplification has the simplest structure which only contains an
oscillator and an amplifier, the parameters of seed pulse and gain fiber should be well designed to
achieve efficient parabolic amplification, let alone its high power femtosecond seed (<200 fs,
∼200 mW) and free space coupling [24,25]. Pre-shaping or pre-chirp managed amplification
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Fig. 5. (a) Simulated pulse width evolution in 1.0-m single mode fiber for transform limited
Gaussian pulse; (b) Simulated spectral bandwidth change in 1.5-m gain fiber for temporally
broadened pulse; (c) Simulated spectral evolution for input pulse of 3.5-nm bandwidth with
increased average power; (d) Simulated and measured spectra of amplified parabolic pulse at
410 mW. The insert shows corresponding compressed pulse width of 80 fs.

adopts a more complex structure with an add-on module consisting of passive fiber or grating pairs
before amplifier to lower the requirement of laser oscillator and improve the re-compressed pulse
quality [26,31]. Our pre-chirper free method controls pulse spectral evolution by manipulating
the dispersion of laser oscillator. The structure is as simple as direct amplification, but the
freedom to manipulate parameters of seed pulse is to some extend similar to pre-shaping or
pre-chirp managed amplification. The remaining drawback of our method is that the adjustable
range and accuracy of oscillator’s parameter is still limited by its mode-locking operation range.
As for the newly developed amplification with gain-managed nonlinearity, it can obtain amplified
pulse with spectrum beyond gain-narrowing limit and compressible pulse width less than 50 fs
[16,28]. However, the input seed wavelength should be well-chosen to match the dynamically
evolving gain spectrum and gain fiber should be long, highly doped fiber to allow continuous pulse
evolution from similarity to gain-managed nonlinearity, which adding additional requirement for
designing of an amplifier.

Currently, we used subsequent optical filter and two additional core-pumped fiber amplifiers
after spectral broadening for multi-color CARS. This filtered-in-the-middle, all core-pumped
fiber laser system has three advantages in biomedical imaging requiring tunable picosecond laser
compared to filtered-at-the-terminal double-clad fiber amplifier. First, the output power from the
core-pumped laser (typically <1 W) is enough for exciting most of biomedical samples, thus
lower power consumption can be achieved [29]. Second, high-speed wavelength tuning can be
easily achieved in filtered-in-the-middle, core-pumped fiber laser system due to the low damage
threshold of commercially-available fast tunable filters [7]. Third, core-pumped fiber amplifier is
generally easier for all-fiber integration than double-clad fiber amplifier.
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3.3. Coherent anti-Stokes Raman imaging

Next, we will turn to CARS imaging by using the synchronized tunable pulses. For simplicity,
we denoted laser pulses around 1 µm as the Stokes light and pulses centered at 790 nm as the
Pump light. The spectral broadened pulses from the nonlinear parabolic amplifier were used as
the seed for tuning the wavelength of Stokes light. Synchronization between Stokes and Pump
light was achieved by injecting 30-mW 1030-nm pulses into Er-doped laser oscillator, resulting a
cavity mismatch distance of 150 µm, which was long enough to maintain stable synchronization
status for CARS imaging. Wavelength tunable range of 60 nm with bandwidth of 0.8 nm was
achieved by a commercial optical filter. After further amplification, output power at 1030 nm
reached to around 200 mW with spectral bandwidth of 1.44 nm. The corresponding pulse width
was measured to be 3.2 ps. For other wavelengths, output power of >100 mW can be obtained.
The Pump pulses had an average power of 68 mW. They had a spectral bandwidth of 0.22 nm and
pulse duration of 24 ps.

Precise temporal and spatial overlap of synchronized dual-color pulses were achieved by
a free-space optical delay line and a dichroic mirror. Then the laser pulses were sent to a
commercial inverted laser scanning microscope (Olympus, FV1200) for nonlinear biomedical
imaging of mouse ear. The image acquisition rate was 2 µs/pixel and the imaging size was
512×512. Due to the redundant time in the experiment, the time required to obtain an image
was 1.08 s. We used objective with numerical aperture of 1.2 for focusing. The average power
for Pump and Stokes laser on the sample was approximately 20 and 10 mW, respectively. For
detection, a short pass filter (700 nm) and a bandpass filter (640± 20 nm) were used to eliminate
the background light. After that, CARS signal was collected by a photo multiplier tube (PMT).
Figures 6(a) and 6(b) show the CARS images of lipid and protein distribution measured at Raman
bands of 2850 and 2930 cm−1. By replacing the bandpass filter before the PMT, the microscope

Fig. 6. CARS images of fresh mouse ear tissue at (a) 2850 cm−1 and (b) 2930 cm−1; (c)
SHG image of fresh mouse ear tissue; (d) Combined image of CARS and SHG.
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can be switched to SHG mode. As shown in Fig. 6(c), the collagen distribution can be clearly
seen. By combining both CARS and SHG images, a composite multi-mode nonlinear image can
be obtained, as shown in Fig. 6(d).

4. Conclusion

In conclusion, we have realized tunable dual-color pulses from passively synchronized Er- and
Yb-doped fiber lasers. The involved spectral evolution in a core-pumped single-mode fiber
amplifier has been systematically investigated with the seeds of dissipative soliton, stretched
pulse and soliton. It has been found that the net cavity dispersion in the oscillator would impose
a significant impact on the spectro-temporal characteristic for the amplified pulses. In the
experiment, a broadband parabolic spectrum with 56-nm bandwidth was optimized at a net cavity
dispersion about -0.170 ps2. By using the input pulse with a narrow spectral bandwidth, parabolic
pulse evolution occurred in the nonlinear fiber amplifier. These findings may be useful to design
a fiber amplifier for generating broadband spectrum without the need of a pre-chirper. Based on
the achieved broadband spectrum, the wavelength of Yb-doped fiber laser can be continuously
tuned to match Raman bands of 2850 and 2930 cm−1 in combining with the frequency doubled
Er-doped laser at 790 nm. The implemented tunable synchronized dual-color pulses with an
all-polarization-maintaining fiber design would promote the nonlinear biomedical imaging into
subsequent clinical applications.
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