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ABSTRACT:We present a self-synchronized dual-color cross-phase-modulation mode-locked (XPMML) fiber laser with excellent wave-
length tunability and signal-to-noise ratio for coherent anti-Stokes Raman scattering (CARS) detection. Cross-phase-modulation gives
rise to self-synchronization between the two-color lasers, which enables rapid wavelengths scanning as time delay of the master laser
cavity is electrically adjusted. The synchronized cavity without any mode-locking elements helps to improve the mode-locking stability
and resistance to environmental interference. The pump (780 nm, 18.5 ps) and Stokes (881.1–899.4 nm, 1.5 ps) pulses obtained by second
harmonic generation (SHG) are then sent to a focusing lens for CARS detection for scanning Raman shift of 1470–1701 cm−1). As an
example of analyte, rhodium-bisphosphine complex catalyst samples are detected. This highly stable and fast-tunable two-color XPM
synchronized mode-locked laser architecture has the potential for arbitrary waveband extension would greatly improve the possibility of
coherent Raman scattering imaging technology from the laboratory to practical applications in e.g., biomedical detection.

1. INTRODUCTION

Coherent anti-Stokes Raman scattering (CARS), as a label-
free, noninvasive, and chemically selective detection tech-

nique, has been widely used in biomedical imaging, industrial
substance detection, and other fields [1–4]. In CARS detec-
tion, if a pump (ωP ) and Stokes (ωS) field interact with the
vibrational resonance of a Raman active molecule (ωP − ωS),
a resonant anti-Stokes signal (ωAS = 2ωP − ωS) is generated.
This signal enables chemically selective detection of unstained
samples. Additionally, to match the molecular bond vibrational
energy levels of the various compound samples, at least one of
the excitation laser wavelengths should be tuned [5, 6].
The first implementation of CARS imaging was based on a

solid-state optical parametric oscillator (OPO). However, the
system is extremely complex, bulky, sensitive to environmen-
tal interference, and suffers from the time jitter, which limits
its application in clinical translation. In contrast, lasers in the
form of fiber are low-cost and compact systems with strong
anti-interference capabilities [7, 8], which greatly improves the
possibility of CARS technology from the laboratory to practical
applications.
Currently, a direct way to generate tunable dual-color syn-

chronized ultrafast pulses based on fiber lasers involves insert-
ing an optical filter into the cavity. However the main poten-
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tial risk is that this intracavity wavelength tuning loses mode-
locking due to misalignment of the cavity [9]. In addition,
four-wave mixing (FWM) [10–12], soliton self-frequency shift
(SSFS) [13–15], and supercontinuum (SC) filtering [16–19] are
commonly used. However, these methods have certain limi-
tations. FWM mainly relies on the cavity length of the opti-
cal delay control fiber OPO to continuously adjust the signal
wavelength. Its tuning speed is usually limited by the speed
of the mechanical displacement stage, and the conversion effi-
ciency is low. The SSFS must occur in a medium with nega-
tive dispersion, and its wavelength tuning is proportional to the
pump power, greatly limiting the wavelength tuning accuracy.
Although the supercontinuum method can produce broadband
spectra covering multiple wavelength components, the power
density of each spectral component is low. At the same time,
during supercontinuum broadening, various nonlinear effects
compete with each other, affecting the spectral coherence and
hindering coherent detection.
To reduce the risk of losing mode-locking and enhance the

signal-to-noise ratio, we present a novel self-synchronized
dual-color ultrafast fiber laser system for CARS microscopy
through cross-phase-modulation (XPM) mode-locking. The
mode-locking scheme is based on periodic phase modu-
lation induced by XPM [20, 21], which provides passive
self-stabilization. By injecting an external ultrafast seed
into the synchronized laser cavity, continuous wave (CW)
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can be directly transformed into synchronized mode-locked
(ML) pulses. Compared with the solution of synchronizing
two mode-locked cavities [22, 23], any active or passive
mode-locking elements in the cavity are eliminated, and the
wavelength tuning is simply achieved by using an electrically
tunable fiber delay line instead of precise matching of the
filter rotation angle and cavity length. The precise and high-
speed scanning of the time delay facilitates precise and fast
wavelength scanning.
Most CARS detections have focused on Raman spectra in the

high-frequency region (2800–3200 cm−1), including the lipid-
related CH2 stretching at 2845 cm−1 and the resonance associ-
ated with cellular proteins at 2920 cm−1. These have proven ef-
fective for various biomedical applications, such as high-speed
imaging of living cells and tissues [20, 23, 24]. In comparison,
the low-wavenumber Raman spectral fingerprint region, partic-
ularly the high-frequency part (1500–1700 cm−1), has received
less attention. However, many crucial chemical bond vibra-
tions of organic molecules are located in this region, such as C
= C (alkenes, aromatic compounds), C = N (amine compounds,
imine structures), and C = O (ketones, aldehydes) double bonds
stretching (at 1500–1700 cm−1, 1600–1680 cm−1, and 1500–
1800 cm−1, respectively). These specific positions provide in-
formation about different types of functional groups in com-
pounds. For biomolecules, this region also contains common
spectral features associatedwith the vibrational modes of lipids,
proteins, and nucleic acids. It includes the lipid-related C = C
stretching vibration at 1650 cm−1, the protein-related Amide
I mode at 1650–1690 cm−1 (primarily C = O stretching), and
the Raman bands of each nucleotide base in DNA (Adenine at
1510 cm−1 and 1578 cm−1, Guanine at 1578 cm−1 and 1659–
1671 cm−1, Thymine and Cytosine at 1659–1671 cm−1) [25–
30]. Therefore, focusing on this region is expected to meet
the growing demand for high-accuracy detection in biology and
medicine. Additionally, these chemical bonds are prevalent in
various organic molecules and polymers, making them signif-
icant for ultrafast capture and quantitative analysis in drug de-
velopment, chemical products, polymers, environmental mon-
itoring and food safety testing [4, 31–35].
In this paper, we demonstrate a novel self-synchronized dual-

color XPMML fiber laser system with high signal-to-noise ra-
tio and excellent capability of wavelength scanning for CARS
detection. The system consists of an all-fiber Er-doped oscil-
lator mode-locked by SESAM and an all-fiber Tm-doped self-
synchronizedML oscillator without any external mode-locking
elements and polarization controllers (PCs). The output is di-
vided in two branches: the Er-doped ML laser with a repetition
rate of∼ 24MHz and a pulse width of 18.5 ps is amplified and
frequency doubled to 780 nm as pump branch; the other branch
is Tm-doped 1.7µm all-fiberized ML laser with a widely tun-
able central wavelength range from 1761.2 nm to 1790.2 nm,
adjusted by the time delay of the Er-doped ML cavity through
the electrically tunable fiber delay line. After amplification and
frequency doubling, as Stokes pulse, it combines with the pump
pulse to enable CARS detection with the Raman spectroscopy
from 1470 to 1701 cm−1. The two beams are then sent to a de-
tector for CARS detection of rhodium-bisphosphine complex

catalyst samples. CARS spectroscopy is obtained through scan-
ning the delayed time of the tunable delay line.

2. EXPERIMENT SETUP
The laser system is based on a key realization that the differ-
ence wavelength of the two major fiber gain media, erbium and
thulium, corresponds to a wide wavenumber region of Raman
spectra, where most CARS imaging is performed. Different
from the prior methods of synchronized pulses generation typ-
ically seeded by noise [10–20], here, the synchronization be-
tween the dual-color picosecond (ps) laser is based on XPM
with a passive self-stabilization scheme. The detailed experi-
mental schematic of our tunable synchronization two-color ps
laser is shown in Figure 1. The whole laser system includes
four parts: Er-doped ultrafast laser, Tm-doped ultrafast laser,
frequency doubling and CARS detection.
The Er-doped ultrafast laser, named the master laser, is

mode-locked with a SESAM (Batop, SA-1550-25-2 ps) at a
repetition rate of ∼ 24MHz. A piece of ∼ 50 cm commercial
single-cladding Er-doped fiber (LIEKKI Er110-4-125) is used
as the gain medium. The corresponding pump source adopted a
980 nm laser diode with a maximum output power of 600mW
is coupled into the master laser cavity through a 980/1550 nm
wavelength divisionmultiplexer (WDM). The intra-cavity laser
is extracted by a 20/80 output coupler (OC). To control the laser
cavity length precisely, an electrically tunable delay line (Gen-
eral Photonics, MDL-002) with a tuning resolution of 0.001 ps
and a total 560 ps tuning range is plugged into the cavity. The
the walk-off effect between the master laser and the synchro-
nized laser (Tm-doped laser) cannot be ignored. It arises from
the difference in the group velocities (vg) of Er-doped laser
and Tm-doped laser. To guarantee the two-colour laser beams
maintain overlap in the time domain as they co-propagate in
the synchronized laser cavity, we need a wide pulse duration
(t0) of the master laser corresponding long walk-off distance
(Lwalkoff = t0/(1/vg1 − 1/vg2)). Thus, we add a bandpass
filter (∼ 0.42 nm) to complete the Er-doped ultrafast laser,
which will lead to a wide ps-scale pulse duration generation.
Then, the ps pulse laser at ∼ 1.56µm is amplified by cascade
fiber amplifiers (EDFA1 and EDFA2). The polarization state
of the 1.56µm pulsed laser is controlled by an external PC,
so that the injected 1.56µm laser and the synchronized laser
have the same polarization state. Subsequently, the amplified
1.56µm ultrafast laser is injected into the synchronized ML
oscillator through the WDM2 and almost completely exported
by the WDM3 (1550/1780 nm). This exported 1.56µm ultra-
fast laser with power of ∼ 560mW is frequency doubled by a
periodically poled lithium niobate (PPLN1) crystal (Covesion,
MSHG1550 1.0-10). With a conversion efficiency of 32% at
∼ 99◦, we obtain 780 nm pump laser for CARS with up to
180mW average power.
The Tm-doped laser cavity, named the synchronized laser,

has the same length as the master laser cavity, and uses a
piece of ∼ 18 cm commercial Tm-doped fiber (TDF) (OFS,
TmDF200) as the gain medium. Generally, Tm-doped fiber has
a wide emission spectrum from 1.6µm to 2µm and has a typ-
ical emission at ∼ 2µm. In order to shift this gain peak to the
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FIGURE 1. Configuration of the introduced dual-color self-synchronized cross-phase-modulation mode-locked fiber laser system. WDM: wavelength
division multiplexer; EDF: Er-doped fiber; OC: optical coupler; SA: saturable absorber; ISO: polarization-insensitive isolator; DCF: dispersion
compensated fiber; TDF: Tm-doped fiber; SMF: single mode fiber; WP: wave plate; PPLN: periodically poled lithium niobate; L1 and L2: lens;
DM: dichroic mirror; BPF: bandpass filter.

1.7µm waveband, a short length of TDF is necessary, which
can also reduce the reabsorption at this waveband. To com-
pensate the lower gain of short TDF, we adopt a home-built
1.6µm laser as the pump source because of the higher absorp-
tion of TDF at this waveband than 1.5µm waveband [36, 37].
The polarization-insensitive isolator (ISO) guarantees unidirec-
tional propagation of the intra-cavity beams. Approximately
10% of the intra-cavity laser is extracted by a 10/90 OC. Based
on theLwalkoff, a section of single-mode fiber (SMF) with length
of ∼ 2.34m is used as the modulation area to realize XPM.
The injected master ultrafast laser imposes a phase change

φ(t) on the synchronized laser which corresponds to the in-
jected pulse profile [38]. Only if the φ(t) reaches maximum,
the synchronized laser suffers the least frequency shift (dφ(t)).
During the circulation of the modulated synchronized laser in-
side cavity, only the optical component in the immediate vicin-
ity of the zero frequency shift is retained, and ultimately form
the ML pulses synchronized with the injected master laser.
Therefore, the XPM-induced ML can be regarded as frequency
modulation (FM) ML, which can also force the synchronized
ML pulses to be stably self-synchronized with the injected mas-
ter laser. When the synchronization state is disrupted by slow-
ing the synchronized pulse train or increasing period of the in-
jected pulse train, the center wavelength of the synchronized
ML pulse train is blue-shifted, thus increasing its group velocity
in the anomalous dispersion regime as well as its period. Con-
versely, a red-shifted center wavelength will decrease the group
velocity and period of the synchronized pulse train and force the
pulse train to synchronize with the injected pulse train, which
provides a reliable solution for wavelength tuning [39, 40].
We splice a piece of ∼ 3.6m ultrahigh numerical aperture

fiber (Nefuren, UHNA4) as dispersion-compensation medium
to manage the dispersion of intra cavity. The group veloc-
ity dispersion (GVD) of the UHNA4, the TDF and the SMF
are ∼ 0.085 ps2/m, −0.013 ps2/m and −0.052 ps2/m respec-

tively [41]. The total cavity length is ∼ 8.5m, corresponding
to the ∼ 0.059 ps2 net cavity dispersion, showing that the laser
operates in the net-normal dispersion region. The synchronized
1.7µm ML laser is then amplified to approximately 1W by
a two-stage fiber amplifier (TDFA1 and TDFA2) and focused
into PPLN2 (CTL Photonics; 10mm period 24.74–26.22µm)
crystal at room temperature to achieve SHG as Stokes light for
CARS. A bandpass filter with a center wavelength of 890 nm
and a bandwidth of 30 nm is then used to remove the resid-
ual laser and high-order harmonics generation from the PPLN2
crystal. The other set of wave plates is used to adjust the polar-
ization of the Stokes light on the sample.

3. RESULT
Figure 2 shows the optical spectra performance of the dual-
color ultrafast fiber laser. The center wavelength and the spec-
tral width measured directly from the master laser, as shown
in Figure 2(a), are 1559.9 nm and 0.48 nm, respectively. The
narrow spectral width of the output is derived from the sieving
of 0.42 nm bandpass filter inserted in the cavity, which con-
tributes to the improved spectral resolution. After the cascaded
Er-doped fiber amplifier, 24.4 ps laser pulses with a maximum
average power of ∼ 600mW are obtained, which help to en-
hance the XPM and improve the tolerance of cavity detuning.
Due to the self-phase modulation, the optical spectral broadens
and splits into two peaks. The blue line depicted in Figure 2(b)
illustrates that the synchronized oscillator operates at CW state
with a center wavelength of 1773.3 nm, which coincides with
the gain peak of the 18 cm TDF. When the electrically tunable
delay line is adjusted so that the cavity length of the two oscil-
lators is approximately the same, the 1.773µm CW laser auto-
matically transforms into ML laser as soon as the ∼ 600mW
master ultrafast laser is injected into the modulation area of the
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FIGURE 2. (a) Optical spectrum of the master laser (green line) and the amplified master laser (bule line). (b) Optical spectrum of the synchronized
laser in CW state (bule line) and ML state (purple line). (c) Real-time pulse trains of the master and synchronized lasers at 1560 and 1773 nm,
respectively. (d) RF spectra of the dual-color ultrafast lasers. (e) Tuned wavelength as the delayed time of the tunable delay line varies.

synchronized oscillator located betweenWDM-2 andWDM-3.
As shown in Figure 2(b), the purple line depicts the ML spec-
trum with steep rising and falling edges, which is the sign of
dissipative soliton ML laser. It can overcome the problem of
limited pulse energy of solitons in anomalous dispersion laser
cavities and achieve higher energy pulse output. The corre-
sponding spectral width is ∼ 24.3 nm.
As mentioned above, dual-color ultrafast laser with a close

repetition rate co-propagating in one piece of fiber can be syn-
chronized passively in the time domain due to the periodic
phase modulation induced by XPM. When the period of the
injected master laser is changed, the synchronized ML laser
will keep synchronization state by adaptively adjusting the laser
wavelength as shown in Figure 2(e). Apparently, the ML spec-
trum has a symmetric profile at the zero point of the cavity
detuning. As adjusting the electrically tunable delay line in-
side the master laser cavity in two directions, the center wave-
length will be blue-shifted or red-shifted, and the curve profile
will gradually become asymmetric. TheML state will maintain
during the adjustment until the CW laser component appears
illustrating that the tolerance of cavity detuning is exceeded
(±1 ps). Ultimately, the central wavelength can be tuned con-
tinuously from 1761.2 nm to 1790.2 nm, and the tuning range
and tuning accuracy are∼ 29 nm and∼ 1.5 nm (0.1 ps), respec-
tively. Compared with the soliton self-frequency shift induced
by pump power adjusting, this scheme exhibits a more powerful
ability to accurately tune the laser wavelength.
Figure 2(c) depicts the real-time pulse trains of dual-color

ultrafast laser, as measured by a 1GHz bandwidth oscilloscope
connected with a 10GHz bandwidth photodetector (PD, EOT
ET-5000F). the repetition period and the fundamental repetition
rate are ∼ 41.6 ns and ∼ 24 MHz, respectively. Figure 2(d) is
the narrow radio frequency spectrum of the dual-color pulses
with a resolution of 10Hz. The more accurate measured fun-
damental frequency are 24.070259MHz and 24.070281MHz

with a high signal-to-noise ratio (SNR) of up to∼ 75 dB. Devi-
ations in the resolution level of the peak position may originate
from detection jitter. These results illustrate that the stable and
self-synchronized dual-color ultrafast lasers we achieve.
Tomatch the optimal wavelength window of the high-quality

microscope objective lenses (Olympus) used here for focus-
ing and highest sensitivity of the detector (typically < 1µm),
the wavelengths of the amplified dual-color ultrafast lasers are
frequency-doubled. The spectrum after frequency-doubling is
shown in Figure 3(a), the red line depicts the pump beam with
a central wavelength of 780.1 nm and a 3 dB band width of
∼ 0.8 nm, which ensures the high spectral resolution of the
CARS system. The maximum output power of ∼ 180mW
is finally achieved by precisely matching the operating tem-
perature of the PPLN (372.15K). The lines turned from green
to blue represent the Stokes beam with wavelengths scanning
from ∼ 881.1 nm to ∼ 899.4 nm, corresponding to the spectral
bandwidths at different wavelengths varied from 1 nm to 2 nm.
Notably, large length of PPLN has a narrow effective band-
width, which causes the spectral narrowing phenomenon and
improves the spectral resolution. The maximum average output
power of ∼ 90mW can be achieved at room temperature. Fig-
ure 3(b) gives the autocorrelation traces of both the pump and
Stokes beams. Assuming a Gaussian profile, the pulse widths
are ∼ 18.5 ps and ∼ 1.5 ps, respectively, providing a reason-
able compromise between signal strength and molecular sen-
sitivity. To determine the timing jitter between the pump and
Stokes pulses, the collinear beams are focused into a beta bar-
ium borate (BBO) crystal to obtain the intensity fluctuation of
the sum-frequency generation (SFG) signal. As shown in inset
of Figure 3(b), by precisely adjusting the delay between the two
beams, a strong blue-purple SFG signal was obtained.
The pump and Stokes beams are spatially and temporally

overlapped by a dichroic mirror and a free-space optical delay
line. Then, the combined dual-color ultrafast lasers are coupled
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FIGURE 3. (a) Optical spectrum of the Pump (red line) and the Stokes (green-blue line) beams, the red curve corresponds to the upper wavelength
axis. (b) Autocorrelation traces for the pulse widths of the pump and Stokes beams. Inset: SFG signal of the Pump and Stokes beams.

into a home-made microscope (consisted of two identical mi-
croscope objectives with numerical aperture and magnification
of 0.40 and 20) for focusing into the chemical sample to be an-
alyzed. After removing the residual pump and Stokes beams
by a short pass filter (Thorlabs, FESH0750), the CARS signal
(scanning in the wavelength range of 881–889 nm; correspond-
ing to Raman shift of 1470–1701 cm−1) can be recorded by a
detector. To verify the precise spectra of the Raman signal, a
Raman spectrometer with resolution of 10 cm−1 is used.
To demonstrate the unique capabilities of dual-color ultrafast

fiber lasers, we perform CARS spectroscopy of the rhodium-
bisphosphine complex (C46H44O8P2) catalyst sample, which is
commonly used to catalyze the hydroformylation of olefins and
is an important method for the industrial synthesis of aldehydes.
Here, we select ethyl acetate as the solvent with no overlap with
the Raman spectrum of the catalyst. The average powers for the
pump beam and Stokes beam at the mixed solution sample were
40 and 20mW, respectively. As shown in Figure 4, the CARS
signal of the bisphosphine ligand at Raman shift of 1637 cm−1

is clearly observed in the C = C double bond region, which is
consistent with the measured spontaneous Raman (SR) spec-
trum. The spectral resolution of the CARS light is ∼ 16 cm−1,
which is consistent with∼ 0.8 nm spectral width of the pump.

FIGURE 4. The Raman spectra fingerprint of bisphosphine measured
with the present CARS system and that with spontaneous Raman (SR)
detection.

4. CONCLUSION
In summary, we have demonstrated a self-synchronized dual-
color XPM ML fiber laser with sufficient power and excel-
lent wavelength tunability in the low-wavenumber region from
1470 cm−1–1701 cm−1, corresponding to the Stokes laser from

881.2 nm to 899.4 nm, commonly used for CARS. The fiber
laser source is then used to excite the CARS signal of rhodium-
bisphosphine complex catalyst samples for spectroscopic anal-
ysis. The consistency with the spontaneous Raman spectrum
illustrates the reliability of this CARS detection and its appli-
cability in material identification. Compared with several tra-
ditional synchronous tuning schemes, such as FWM, SSFS,
SC, the XPM ML scheme, without the use of bandpass fil-
ters andmode-locking elements, can achieve high-accuracy and
wide-range continuous tuning of the operating wavelength by
simply adjusting the electrically tunable fiber delay line in-
side the master laser cavity. Since stable self-starting and self-
synchronizing ML can be achieved without any polarization
controllers inside the laser cavity, our laser source system is
resistant to the environmental interference. Additionally, the
scheme can be extended to a wider wavelength window (TDF:
1700 nm–2000 nm), corresponding to larger range of Raman
spectroscopy, by adjusting the length of the TDF inside the cav-
ity and using the same XPM ML method. Besides CARS de-
tection, this stable, fast, tunable two-color fiber laser can be
easily integrated with various optical imaging systems, such
as any confocal microscopes with suitable detectors, to enable
compact and user-friendly CARS imaging using for biomedi-
cal disease diagnosis, material analysis, and ultrafast chemical
reaction kinetics.
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