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We present an Er-doped fiber (Er:fiber)-based femtosecond laser at 780 nm with 256 MHz repetition rate, 191 fs
pulse duration, and over 1 W average power. Apart from the careful third-order dispersion management, we
introduce moderate self-phase modulation to broaden the output spectrum of the Er:fiber amplifier and achieve
193 fs pulse duration and 2.43 W average power. Over 40% frequency doubling efficiency is obtained by a peri-
odically poled lithium niobate crystal. Delivering through a hollow-core photonic bandgap fiber, this robust laser
becomes an ideal and convenient light source for two-photon autofluorescence imaging.
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Femtosecond lasers at 780 nm are vital sources for abun-
dant applications, especially in two-photon fluorescence
microscopy (TPFM)[1]. Some intrinsic molecules can be
excited at 700–800 nm for two-photon autofluorescence
microscopy (TPAM), such as nicotinamide adenine dinu-
cleotide (phosphate) [NAD(P)H], flavin adenine dinucleo-
tide (FAD), and keratin, which can be used to evaluate the
state of metabolism or cell morphology. Therefore, it can
be a potentially noninvasive approach to diagnosis and
therapeutic monitoring[2–4]. Thus, the robust and low-cost
femtosecond laser at 780 nm is an important light source
for TPFM.
High repetition-rate laser pulses have attracted much

attention for the low photobleaching rate[5] with a great
increase of imaging speed and throughput. In our work,
the repetition rate was chosen to be 256 MHz, which is
a little lower than 333 MHz on account of the typical life-
time for most fluorophores (∼3 ns)[6]. The pulse energy
requirement of the femtosecond pulses for a basic-type
TPFM is about 1–2 nJ with the average power around
100 mW, which is mainly decided by two-photon thresh-
old and the power handling of the samples. However,
higher power up to the Watt level is always preferred
for more powerful microscopy combined with other tech-
nologies. For example, the newly developed miniature
TPFM makes it possible to build a miniature TPFM sys-
tem with multi-probes for the study of different targets
simultaneously[7]; moreover, to obtain faster imaging
speed, the Bessel beam could be used to do volumetric
imaging with much higher laser power requirements[8].
Frequency doubling of femtosecond Er-doped fiber

(Er:fiber) lasers[9–11] to obtain 780-800 nm pulses is more
attractive than for Ti:sapphire lasers in terms of cost,

compactness, and portability. There have been a lot of
reports on the generation of femtosecond pulses at the
800 nm wavelength band based on Er:fiber lasers, but
none of them showed high repetition rate (over 100 MHz),
short pulse duration (∼200 fs), and high average power
(over 1W) simultaneously. Reference [9] reported a minia-
ture fiber-optic multi-photon microscopy (MPM) system
with 80 mW pulses at 786 nm. However, strong side lobes
degrade the pulse quality.

In this Letter, by combining fiber chirped pulse
amplification (FCPA)[12] and self-phase modulation, we
demonstrated a fiber laser of 256 MHz repetition rate,
191 fs pulse duration, and 1 W average power at 780 nm.
A hollow-core photonic bandgap fiber (HC-PBF) was used
to deliver the femtosecond pulses into the home-built
two-photon microscope, and the autofluorescence imaging
of rabbit intestine tissue and human skin was presented
with this laser.

The system consists of an Er:fiber femtosecond laser, a
fiber stretcher, a two-stage amplifier, a transmission
grating pair compressor, and a frequency doubling
system, shown in Fig. 1. The laser is a home-made
dispersion-managed Er:fiber laser mode-locked by nonlin-
ear polarization rotation (NPR)[13]. It generates sub-60-fs
Fourier-transform-limited optical pulses with 40 mW
average power and 256 MHz repetition rate. The short
pulses are stretched by a 6.6-m-long dispersion compensat-
ing fiber (DCF) which has positive second-order dispersion
and negative third-order dispersion (TOD) at 1560 nm, and
the splicing loss is 1.46 dB. The stretched pulses are then
pre-amplified up to 0.8 nJ by a 3.1-m-long single-mode
Er:fiber (Er40-4/125, Liekki) and sent to the main ampli-
fier, which is a 3.0-m-long double cladding Er/Yb co-doped
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fiber (DCF-EY-10/128, CorActive), pumped by 16W laser
diodes at 976 nm. The two splice points of the main gain
fiber were specially treated for dust prevention and heat
dissipation[10].
It is important to match the dispersion at least to the

third order to achieve pulses of about 100 fs. The
dispersion at 1560 nm for all system components is listed
in the Table 1. Obviously, the grating with groove density
of 600 l/mm (β3∕β2 ¼ −3.89 fs) matches better with the
DCF (β3∕β2 ¼ −5.78 fs) than the 966 l/mm (β3∕β2 ¼
−9.24 fs). Therefore, we chose 600 l/mm at the expense
of longer grating distance.
The compressed pulses are frequency doubled by a

1-mm-long periodically poled lithium niobate (PPLN)
crystal. The crystal is mounted on a copper holder for
natural cooling. Two waveplates are utilized to rotate the
polarization, ensuring maximum frequency doubling effi-
ciency. A bandpass filter is used to remove the unwanted
pulses from the frequency doubled pulses. Finally, the
pulses at 780 nm are imported into a 1.5-m-long
HC-PBF with negligible bending loss and nonlinearity[14].
No prechirp is needed because the dispersion of the
HC-PBF at 780 nm is 14 ps/(nm⋅km).
The final output power after two-stage amplification is

3.6 W, and the optimized pulses are compressed to 193 fs.
The average power of the compressed pulses is 2.43 W
with the compression efficiency of 67.5%. To achieve this
pulse duration, the DCF length was optimized.

When the DCF length was 13.4 m, the spectrum band-
width of the pulses was reduced from 52.6 nm of the seed
pulses to 12.9 nm after two-stage amplification, so the
compressed pulses were over 200 fs accordingly. To cope
with the spectrum narrowing, we introduced a certain
amount of nonlinear phase shift by a shorter stretched
pulse in the DCF. The nonlinear phase shift is defined by

B ¼ 2π
λ

Z
L

0
n2I ðzÞdz; (1)

where λ is the central wavelength of the input pulses, I is
the peak power of the input pulses, and n2 is the nonlinear
index of the material.

The nonlinear phase shift and the residual TOD as func-
tions of the DCF length are shown in Fig. 2(a).
Figure 2(b) shows the pulse spectra and the pulse duration
as the DCF length is cut short from 13.4 to 4.5 m with
16 W pump power at 976 nm. Indeed, the pulse spectrum
is broadened from 12.9 to 23.8 nm. However, side lobes
appear with the shortest DCF, which can be reckoned
as the contribution of excessive nonlinear phase shift.
There should be a compromise between the spectrum
width and the pulse profile.

By investigating the DCF length, we found that when
the DCF length was 6.6 m, the pulse spectrum was about
20 nm, and the pulse duration was 193 fs with small side
lobes, which is about 1.2 times the Fourier-transform-
limited pulse duration.

Using the above optimized output pulses, we continued
the frequency doubling and show the results in Fig. 3.
Figure 3(a) shows the RF spectrum of the oscillator.
Figure 3(b) shows the output average power of pulses
at 780 nm as a function of the pump power. The maximum
average power was 1.01 W, giving a frequency doubling
efficiency of 41.6%. Figures 3(c) and 3(d) indicate the
spectrum bandwidth of 5.9 nm and the pulse duration of
191 fs. Figure 4 shows the optical spectra of the frequency
doubling under different DCF lengths with 16 W pump

Fig. 1. Schematic diagram of the laser system. PBS, polarization
beam splitter; SM LD, single-mode laser diode; MM LD, multi-
mode laser diode; WDM, wavelength division multiplexer; ISO,
isolator.

Table 1. Dispersion of the FCPA System

Component

Other
Fibers

Fiber
Stretcher

Grating
Compressor

Type SMF-28 DCF 966 l/mm 600 l/mm

β2 (fs2∕mm) −22 170 −14871 −3107

β3 (fs3∕mm) 127 −983 137369 12085

β3∕β2 (fs) −5.77 −5.78 −9.24 −3.89

Fig. 2. Results of the Er:fiber laser. (a) Calculated nonlinear
phase shift and residual TOD in the FCPA system, (b) spectra
and intensity autocorrelation traces under different DCF lengths.
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power for the Er:fiber laser. The shorter the DCF is, the
deeper the gap in the spectrum would be. The asymmetry
of the pulse spectrum profile at 780 nm is caused by the
accumulated nonlinear phase shift in fundamental pulses
at 1560 nm.
The output pulses from the HC-PBF were launched into

a home-built two-photon microscope to image the rabbit
intestine tissue and human skin. The average powers of
the samples were 85 and 40 mW, respectively. Figure 5(a)
displays the TPAM image of the rabbit intestinal epi-
thelium ex vivo with a bandpass filter (40 nm at 460 nm)
for autofluorescence signals collection. There are strong
fluorescence signals from the NAD(P)H in the mitochon-
dria and cytosol. Figure 5(b) displays the TPAM images
of the human skin in vivo at depths from 0 to 30 μm below
the surface. A 450 nm longpass filter was used to collect
autofluorescence signals from NAD(P)H, FAD, keratin,
and so on. The morphology features at different depths
could be clearly seen.

We have demonstrated an FCPA laser at 780 nm, which
generates 256 MHz, 191 fs, and 1.01 W average power
pulses. The pulse energy is 3.95 nJ with 20.68 kW peak
power. Through careful TOD and nonlinearity manage-
ment, high power and good quality pulses at 780 nm
are obtained. Two-photon autofluorescence imaging of
the rabbit intestine tissue and human skin with this laser
was performed, and the result confirms the great potential
of the laser to be used for diagnosis and therapeutic mon-
itoring without the use of extrinsic labels. The integrated
fiber laser source with a miniature TPFM system will be
investigated in our future study.

This work was supported in part by the National
Natural Science Foundation of China (Nos. 61475008
and 31327901).
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Fig. 3. Experimental results of the frequency doubling. (a) RF
spectrum of the oscillator, (b) output average power, (c) optical
spectrum, (d) intensity autocorrelation trace of the frequency
doubled pulse.

Fig. 4. Optical spectra of frequency doubling under different
DCF lengths.

Fig. 5. (a) Experimental result of TPAM imaging of the rabbit
intestine tissue ex vivo. Image size: 248 μm. Scale bar: 20 μm.
(b) Experimental result of TPAM imaging of the human skin
in vivo at different depths. Image size: 130 μm. Scale bar: 20 μm.
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