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The miniaturized femtosecond laser in near infrared-II region is the core equipment of three-
photon microscopy. In this paper, we design a compact and robust illumination source that emits
dual-color linearly polarized light for three-photon microscopy. Based on an all-polarization-
maintaining passive mode-locked ¯ber laser, we shift the center wavelength of the pulses to the
1.7�m band utilizing cascade Raman e®ect, thereby generate dual-wavelength pulses. To
enhance clarity, the two wavelengths are separated through the graded-index multimode ¯ber.
Then we obtain the dual-pulse sequences with 1639.4 nm and 1683.7 nm wavelengths, 920 fs pulse
duration, and 23.75MHz pulse repetition rate. The average power of the signal is 53.64mW,
corresponding to a single pulse energy of 2.25 nJ. This illumination source can be further am-
pli¯ed and compressed for three-photon °uorescence imaging, especially dual-color three-photon
°uorescence imaging, making it an ideal option for biomedical applications.

Keywords: Three-photon °uorescence imaging; illumination source; dual-wavelength femtosec-
ond pulse; cascaded Raman e®ect; graded-index multimode ¯ber.

1. Introduction

Fluorescence microscopy has greatly promoted the
development of biological science and medicine. By
labeling structures with °uorescent dyes, °uores-
cence microscopy allows for high-resolution imaging
of cellular and subcellular structures.1–7 To achieve
high-resolution three-dimensional functional imag-
ing of living deep tissues, dye molecules are excited

to emit °uorescence by absorbing multiple near-
infrared photons, enabling three-dimensional imag-
ing of deep tissues. In 1990, Denk et al. introduced
the multiphoton absorption e®ect into laser scan-
ning microscopy and invented the two-photon laser
scanning microscope, which has rapidly accelerated
the development of the multiphoton °uorescence
imaging technology in living biological structures.1
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Two-photon and three-photon microscopies are
currently the most commonly used methods in
biological imaging, in which the illumination source
plays a crucial role. Three-photon °uorescence im-
aging typically uses a 1.7�m wavelength femtosec-
ond laser as the illumination source, which has
higher transmittance and smaller scattering e®ects
and therefore can image biological tissues at a dee-
per level.3,4 Additionally, the illumination source
with dual-wavelength enables the dual-color imag-
ing of biological tissues, which provides a more
comprehensive and detailed visualization of their
information, such as the spatial distribution7,9 or
the blood °ow speed distribution.8 For example,
through a home-designed dual-wavelength femto-
second laser, Guesmi et al. performed the two-color
three-photon images of ¯xed mouse brains and in
live developing spinal cord explants, and obtained
simultaneous three-photon °uorescence imaging of
various combinations of GFPs and RFPs with
superior contrast at large depths.7 Besides, based on
multiphoton microscopy with dual-wavelength sig-
nals, the measurement of the blood °ow velocity of
venules and arterioles in mouse brain in vivo has
been reported.8 Based on the dual-wavelength line-
scan third harmonic generation (THG) imaging
technology with optical pulses of 1680 nm and
1780 nm wavelengths, the researchers ¯nd that the
blood °ow speed has a distribution of rapid °ow in
the middle and slow °ow on both sides, and the
instantaneous blood °ow velocity is not symmetric
under general conditions. These results prove the
dual-wavelength lasers are crucial for applicability
in speci¯c biological applications.

So far, there are various approaches to generate
1.7�m pulses for °uorescence imaging, including
directly generation,10–12 Raman self-frequency
shift,13–17 supercontinuum generation,18,19 and ¯ber
parametric ampli¯cation.20,21 The generation of
signals around 1.7�m from Bismuth-doped ¯ber
and Thulium/Holmium co-doped ¯ber has been
proposed, and signals with less than 1 ps pulse
widths and over 1 nJ pulse energies have been
obtained.10,11 However, most of the components
require customization, which makes this technique
less commonly adopted. The intra-pulse stimulated
Raman scattering (SRS) is the most commonly used
method to generate soliton pulses at 1.7�m,13–17

but the energy of the Raman solitons is limited by
the small e®ective mode area of the single mode
¯ber, which can be overcome with the use of

very-large-mode-area (VLMA) ¯bers for high
energy.16 Additionally, a Raman ¯ber laser that
combines the SRS gain and the thulium-¯ber-based
active gain has been demonstrated, reducing the
lasing threshold, and improving the optical e±-
ciency.17 Supercontinuum generation can also pro-
duce spectra covering the 1.7�m wavelength band,
but its low-conversion e±ciency makes it a rarely-
used method.18,19 In addition to the aforementioned
methods, ¯ber optical parametric chirped pulse
ampli¯er (FOPCPA) has been applied to generate
1.7�m pulses.20–22 FOPCPA-based all-¯ber high-
power lasers have the advantage of increasing the
pulse energy to the mJ-level, however, its complex
design, expensive components and high technical
di±culty limit its widespread application.22

Despite the widespread coverage of researches on
1.7�m lasers for three-photon microscopy, there are
several issues that hinder its promotion. The high
cost of commercial high-energy femtosecond lasers
remains a signi¯cant challenge, which limits the
accessibility of three-photon microscope for
researchers. Additionally, although high-energy
¯ber lasers have been developed, they only output
pulses with single wavelength, hampering the con-
duct of two-color three-photon microscopy resear-
ches, while dual-wavelength femtosecond pulses can
achieve dual-color bioimaging.

Compared to the previously mentioned technol-
ogies, we have overcome the shortcomings of
system complexity and high cost, and built a dual-
wavelength dual-pulse illumination source with
commonly used commercial components. This
source has a compact, robust, and e±cient structure
with the dimensions of 24 cm� 12 cm� 45 cm, which
makes it highly portable and more convenient for
applications. Our source generates linearly polar-
ized multiple pulses with multiple wavelengths
based on cascaded Raman e®ects. We utilize the
weak nonlinear e®ects of graded-index multimode
¯bers (GRIN MMFs) to achieve spectral separation
of the multiple pulses. This allows the laser to
produce dual-pulse sequences at 1639.4 nm and
1683.7 nm with 920 fs pulse width, and 23.75MHz
pulse repetition rate. The average power of the
pulses is 53.64mW, corresponding to a single pulse
energy of 2.25 nJ, which can be further increased for
°uorescence excitation. This illumination source
enables researchers to conduct more detailed and
advanced imaging of biological tissues. Additionally,
this source is also suitable for label-free measurement
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of blood °ow velocity with dual-wavelength line-scan
THG imaging technology. Overall, the illumination
source presented here represents a new opportunity
for biological imaging, and has high practical value
and widespread implications for the ¯eld of biomed-
ical optics.

2. Materials and Methods

The experimental setup is schematically presented
in Fig. 1(a). The illumination source consists of a
SESAM-based passively mode-locked ¯ber laser,
which generates soliton pulses. The soliton pulses
are initially directed into a pre-ampli¯er, utilizing
an 80 cm EDF (Er80-8/125-PM, nLight Inc. USA)
as the gain media. The PMWDM1combines the
976 nm pump light with the soliton pulses into the
EDF. After pre-ampli¯cation, the pulses pass
through a PM isolator to eliminate the in°uence of
unabsorbed pump light. Then, the pulses are
injected into the main ampli¯er, consisting of a 3m
DCEY (DCF-EY-10/128-PM, CorActive High-
Tech Inc. Canada), a PMMPC, a PMWDM2, and a
9W multimode pump. The pulses are coupled into

the DCEY ¯ber through the PMMPC along with
high-power 976 nm pump light. Due to the high
pump power and long DCEY length, the ampli¯ed
pulses have a high peak power, making the PM
isolator unsuitable for preventing the excess pump
light. Therefore, PMWDM2 is adopted to separate
the pump light from the ampli¯ed pulses. During
the high power ampli¯cation, the high power pulses
experience Raman frequency shift, resulting in the
cascaded Raman solitons. A GRIN MMF is utilized
to clearly separate the Raman peaks, and
PMWDM3 is used to select the Raman solitons with
longer wavelength. The pictures of the laser are
depicted in Fig. 1(b), which has a compact and ro-
bust packaged footprint of 24 cm� 12 cm� 45 cm.
The miniaturized structure of the laser increases its
portability and makes it more convenient in bioi-
maging experiments. Finally, the dual-wavelength
pulses are analyzed using an optical spectrum ana-
lyzer (AQ6375, Yokogawa Inc. Japan), an auto-
correlator (PulseCheck 50, APE GmbH Germany),
and a signal & spectrum analyzer (FSW26, Rohde
& Schwarz Germany).

3. Results

Although the optical pulses with 1.7�m wavelength
are a good choice for three-photon °uorescence im-
aging as illumination source, it is not easy to
directly generate due to the lack of traditional high-
gain media for this wavelength band. The com-
monly used approach is to generate 1.55�m
femtosecond pulses based on the passively mode-
locking techniques, and then shift the wavelength to
the 1.7�m band through the intrapulse Raman
shift. The intrapulse Raman shift refers to the
low-frequency components that are continuously
ampli¯ed by the high-frequency components within
the pulse through the Raman ampli¯cation, thereby
the wavelength shift of the pulses towards a longer
wavelength is realized, which is currently the sim-
plest and most e®ective technique for frequency
shift. In this work, we ¯rst output the 1.55�m seed
pulses through a self-made passively mode-locked
¯ber laser, and then pre-amplify them to increase
the ampli¯cation e±ciency of the main ampli¯er.
When the pre-ampli¯ed pulses propagate in the
main ampli¯er, the pulse energies are signi¯cantly
increased, accompanied by the Raman frequency
shift. As the pulse energy increases, cascaded
Raman solitons with di®erent wavelengths appear.

Fig. 1. (a) The schematic illustration of the experimental
setup. PMWDM1, PMWDM2, PMWDM3: Polarization-
maintaining wavelength division multiplexers, PMMPC: PM
Pump & Signal Combiner, EDF: Er-doped ¯ber, DCEY: Dual-
cladding Er:Yb co-doped ¯ber, GRIN MMF: Graded-index
multimode ¯ber. (b) The pictures of the dual-color linearly
polarized illumination source.
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At this time, the wavelength separation of the cas-
caded Raman solitons is not very clear, then a piece
of GRIN MMF is used to increase the wavelength
separation due to its weak nonlinear e®ect. Finally,
the residual 1.55�m pulses are eliminated by the
PMWDM3 to obtain the dual-wavelength pulses at
1.7�m band.

As the fundamental module, the parameters of
passively mode-locked ¯ber laser determine the de-
sign scheme of the dual-wavelength laser, therefore
we make comprehensive measurements of these
parameters. At ¯rst, we show the optical spectrum
of the mode-locked ¯ber laser in Fig. 2(a), measured
at a pump power of 125mW with an output power
of 5mW. The central wavelength is 1561 nm with a
3 dB spectral bandwidth of 7.4 nm. The Kelly side-
bands on the edges of spectrum indicate that the
laser is operating in a soliton mode-locking state.
The autocorrelation trace in Fig. 2(b) has a full

width at half maximum (FWHM) width of 710 fs,
corresponding to a temporal width of 502.4 fs as-
suming a Gaussian pulse shape. The pulse width is
slightly longer than the 483.8 fs transform-limited
duration, indicating that the pulses are slightly
chirped. The RF spectrum in Fig. 2(c) shows a
23.75MHz fundamental pulse repetition rate and a
72.45 dB signal-to-noise ratio (SNR), which sug-
gests the laser has excellent stability.

Prior to entering the main ampli¯er, the soliton
pulses are pre-ampli¯ed from 5mW to 110mW,
resulting in a pulse energy of 4.6 nJ. The spectrum
and intensity autocorrelation curve are presented in
Fig. 3. Figure 3(a) shows the 3 dB spectral band-
width of 7.5 nm centered at 1570.8 nm, corre-
sponding to a transform-limited FWHM width of
483.9 fs, and the 10 dB bandwidth is also given as
68.7 nm. It should be noted that the spike appearing
at the center of the spectrum makes the 3 dB

(a) (b) (c)

Fig. 2. The parameters of pulses directly from the mode-locked ¯ber laser. (a) Optical spectrum. (b) Intensity autocorrelation
curve. (c) RF spectrum with 50MHz span.

(a) (b)

Fig. 3. The parameters of pulses from the pre-ampli¯er. (a) Optical spectrum and (b) Intensity autocorrelation curve.
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bandwidth inaccurate in describing the spectral
characteristics. Figure 3(b) displays the measured
intensity autocorrelation trace of the compressed
pulses, showing an FWHM width of 136 fs, corre-
sponding to a pulse width of 96.2 fs, assuming a
Gaussian pulse shape. The deviation between the
calculated transform limited FWHM pulse width of
483.9 fs and the measured pulse width of 96.2 fs
results from the irregular spectral pro¯le owing to
the strong self-phase modulation (SPM) e®ect.23,24

Moreover, the asymmetric spectral shape proves the
existence of the intrapulse Raman scattering, which
means the frequency shift to 1.7�m has occurred.

To achieve a large Raman frequency shift, we
increase the pulse energy to tens of nJs through a
main ampli¯er, utilizing a 3 meter dual-cladding Er:
Yb co-doped active ¯ber to provide high gain. Since
a single mode 976 nm pump typically produces
limited power of up to 1W, a multimode pump is
adopted to supply up to 9W pump power. For
balancing the central wavelengths and peak powers
of the Raman peaks, we set the pump power to
6.5W. At this power, the average power of the
output pulses is 330mW, converting to a single
pulse energy of 14 nJ.

Next, the ampli¯ed pulses are directed to a 2.4m
GRIN MMF to enhance separation of the Raman
peaks. Due to the weak SPM e®ect in GRIN MMF,
the propagation of the pulses is mainly in°uenced
by ¯ber dispersion, resulting in the distinct sepa-
ration of Raman pulses in both time and frequency
domains. The measured spectrum is shown in Fig. 4,
indicating two Raman peaks located at 1641.04 nm
and 1689.7 nm, respectively. The peak locations are

linked to pulse energies, which can be adjusted by
the pump power of the main ampli¯er. Nonetheless,
the original signal at 1560 nm still dominates most
energy, posing a signi¯cant negative e®ect on dual-
wavelength pulses. Particularly for bioimaging
applications, high pulse energy at 1560 nm would
accumulate substantial heat, eventually damaging
biological tissue samples.

In our laser, we employ a fast-axis blocked
PMWDM3 to eliminate residual 1560 nm signals.
This e±cient device allows signals polarizing along
the slow-axis in the range of 1640–1740 nm passing
through with a designed transmittance of over 50%,
while it causes an attenuation of over 20 dB for
signals below 1640 nm. After passing through
PMWDM3, the spectra are shown both in loga-
rithmic and linear coordinates in Fig. 5. In com-
parison with Fig. 4, the central wavelengths of the
Raman peaks in Fig. 5(a) remain almost constant

Fig. 4. The optical spectrum of pulses from the GRIN MMF.

(a)

(b)

Fig. 5. The optical spectra of pulses from the PMWDM3 in
(a) logarithmic and (b) linear coordinates.
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at 1639.4 nm and 1683.7 nm, while the 3 dB band-
widths are 17.1 nm and 8.8 nm, respectively. The
peak values of the Raman peaks are 5 dB lower
than those in Fig. 4, corresponding to a transmit-
tance of 31.6%. However, the pulses at 1560 nm are
e®ectively attenuated by more than 20 dB, which is
bene¯cial for bioimaging. The spectral curve plot-
ted on the linear coordinate scale in Fig. 5(b) pro-
vides a clearer view of the PMWDM3-¯ltered
pulses.

Figure 6 displays the autocorrelation curve of our
dual-wavelength pulse laser. The curve exhibits
three distinct peaks, indicating that our laser out-
puts two pulses per period in the time domain,
corresponding exactly to the two wavelengths
depicted in Fig. 5(a). The 3.8 ps interval between
the secondary peak and the primary peak is mainly
determined by ¯ber dispersions and represents the
time separation between the two pulses. The
FWHM width of the primary peak is 1.3 ps, corre-
sponding to a pulse width of 920 fs assuming a
Gaussian pulse shape. The 3 dB bandwidths in
Fig. 5(a) correspond to the Fourier transform limit
pulse widths of 220 fs and 470 fs, indicating that the
dual-pulses are chirped.

4. Discussion

For three-photon °uorescence imaging, the pulse
energy and the pulse width are important para-
meters related to °uorescence excitation e±ciency.
From the result in Fig. 5, we can see that although
the PMWDM3 has good performance in suppressing
the signals at 1560 nm, it also leads to a signi¯cant
attenuation of the Raman peaks. The tail ¯ber of
the adopted PMWDM3 is a single mode PM ¯ber
with a core diameter of 9.5�m, which promises the
output pulses of the fundamental mode. However,
while the core diameter of the GRIN MMF is
62.5�m, the core diameter mismatch is responsible
for the low transmittance of the PMWDM3, which
will be improved by replacing a multimode one. The
average power of the ¯ltered pulses is 53.64mW,
corresponding to a 2.25 nJ single pulse energy. For
three-photon microscope, the pulse energy of the
illumination source usually needs to reach over
10 nJ, which means we should further optimize the
energy in the future. The pulse energy can be in-
creased by dispersion management or a thulium-
doped-¯ber-based ampli¯er.25,26

To improve the excitation e±ciency of the dye
molecules in biological tissues, the pulse width
usually requires to be less than 100 fs. However, a
slightly extended pulse width can reduce the pho-
tobleaching. Therefore, the pulse width control is
important in bioimaging. Since the dual-pulses
presented in Fig. 6 are chirped, the users are able to
tune pulse width conveniently by adjusting the
output ¯ber length.

5. Conclusions

In this paper, we introduce an innovative illumi-
nation source for dual-color three-photon °uores-
cence imaging which adopts a self-made all-PM
passive mode-locked laser as the seed oscillator. The
seed pulses undergo a two-stage ampli¯cation sys-
tem, the pulse energy is increased to 14 nJ, and
cascaded Raman pulses are generated. We then use
GRIN MMF to adjust the Raman pulses in both the
time and frequency domains, producing dual-
wavelength pulses with pulse width of 920 fs and
wavelength near 1.7�m. Additionally, an all-¯ber
polarization-maintaining structure is utilized to
ensure the output pulses are linearly polarized,
meanwhile, this structure promises the environ-
mental stability of the laser. Finally, we obtain the
linearly polarized dual-color pulse sequence in a
fundamental spatial mode. The dimensions of the
illumination source are 24 cm� 12 cm� 45 cm, and
the compact and robust structure increases its
portability. Commercial components are adopted
for cost reduction, which makes it easier to gain

Fig. 6. The intensity autocorrelation curve of pulses from the
PMWDM3.
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widespread acceptance from researchers. This illu-
mination source has tremendous potential in bioi-
maging research, especially in dual-color three-
photon imaging and blood °ow velocity measuring,
which will facilitate the development of more ad-
vanced bioimaging technologies.
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