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Abstract The discovery of a novel phase-locked frequency
comb generated from a monolithic laser with the concurrent
processes of self-mode locking (SML) and stimulated Raman
scattering (SRS) is reported. It is experimentally shown that the
width of the Raman gain can be exploited to considerably ex-
pand the frequency comb of a monolithic SML crystal laser via
the SRS process. At a pump power of 6.5 W, an output power
of 140 mW in the Stokes wave with a pulse width as narrow as
2.9 ps at a pulse repetition rate of 6.615 GHz is obtained. The
present finding not only provides useful insights into the mono-
lithic intracavity SRS process but also paves the way for gen-
erating mode-locked pulses based on monolithic self-Raman
crystals.
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1. Introduction

Development of laser sources with picosecond and fem-
tosecond durations has led to a significant revolution on
molecular spectroscopy, condensed-matter physics, nonlin-
ear optics, frequency metrology, telecommunications, and
biomedical sensing [1–4]. The approaches for generating
such high repetition rate pulses include the four-wave mix-
ing in microresonators [5–8] and the mode locking in solid-
state lasers [9,10] or semiconductor-based systems [11,12].
Thanks to the development of diode-pumping techniques, it
has been found that the mode locking can be self-achieved
in Yb:KY(WO4)2 [13], Yb:KGd(WO4)2 [14], Yb:YVO4
[15], Yb:Y2O3 [16], Yb:YAG [17], Nd:YVO4 [18,19], and
Nd:GdVO4 [20] crystal lasers. This kind of mode lock-
ing without using active or passive mode-locking elements
(such as saturable absorbers) except for the gain medium
is generally called self-mode locking (SML). The origin
of the SML so far is proposed to be associated with the
combined effect of the Kerr lensing and thermal lensing
[13–18].

One intriguing feature is that the laser crystals used
to achieve the SML operation naturally possess several
intense isolated Raman bands in the spontaneous Raman
spectra. This characteristic enables the laser crystal for
achieving the SML to also be excellent Raman gain me-
dia for performing wavelength conversion via stimulated
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Raman scattering (SRS) [21–25]. Similar to the Kerr effect,
the SRS is a nonlinear optical process to be also associated
with the third-order χ (3) nonlinearity. Recently, it has been
discovered that a Raman frequency comb can be generated
with a single-frequency laser to pump a whispering-gallery-
mode cavity due to the width of the Raman gain [26]. This
discovery provokes an interesting issue whether the SML
can be simultaneously achieved in a self-Raman laser to
expand the frequency comb via the SRS process.

In this work we successfully demonstrate that a novel
phase-locked frequency comb can be generated with a
monolithic SML laser concurrent with the SRS process. We
show that the longitudinal modes of the Stokes wave gen-
erated in a monolithic Nd:YVO4 laser can be phase locked,
and actually be mutually coherent. Just below the SRS
threshold, the monolithic laser is found to emit the fun-
damental wave with a frequency comb of 22 longitudi-
nal modes. Above the SRS threshold, we observe that the
monolithic laser predominantly emits the Stokes wave with
a Raman frequency comb of 34 longitudinal modes. In the
meanwhile, we also find the central longitudinal modes
of the fundamental wave to be significantly depleted. At
a pump power of 6.5 W, we obtain an output power of
140 mW in the Stokes wave with a pulse width as nar-
row as 2.9 ps at a pulse repetition rate of 6.615 GHz.
The present result not only evidences the feasibility of
the frequency comb expansion in a monolithic SML laser
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concurrent with SRS but also paves the way for the de-
velopment of a new class of mode-locked lasers based on
monolithic self-Raman crystals.

2. Principles

The linewidth broadening of Raman transitions in crys-
tals is generally homogeneous and can be described with a
Lorentzian profile. The stimulated Raman gain profile for
a Raman crystal pumped by a fundamental wave with a
narrow laser line ωF is then given by [27]

gR(ω) = 8πc2 No
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where ωS = ωF − ωR is the central frequency of the Stokes
wave, ωR is the frequency of the Raman shift, � is the
linewidth of the Raman transition (half-width at half-
maximum), ∂σ/∂� is the integrated scattering cross sec-
tion, No is the number of Raman-active molecules, and ns is
the refractive index of the Raman media for the Stokes fre-
quency. Provided that the lasing modes of the Stokes waves
are phase locked in a high-Q resonator, the frequency dis-
tribution for the Raman comb can be expressed as
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where 
ω is the frequency spacing of the cavity mode
and the effective number of the Raman comb is 2M+1.

Based on the Lorentzian distribution, the number M can
be approximately determined by the integer closest to the
value of 2�/
ω. In other words, the number of the cavity
modes inside a Raman comb mainly depends on the gain
width � and the mode spacing 
ω. To explicitly present
the frequency distribution, the δ-function in Eq. (2) is re-
placed with an analytical function derived from the damped
harmonic oscillator, i.e.
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where γ is the effective linewidth of the fundamental
wave. Provided that a laser crystal can be used to simul-
taneously achieve SML and SRS, the central Stokes fre-
quency ωS can be expanded to be multiple components of
ωS = ωSo + n
ω with the integer n ranging from –N to
N, where the number of lasing modes in the fundamental
wave is assumed to be 2N+1. Consequently, the frequency
distribution for the Raman comb generated with SML fun-
damental wave can be given by

IS(ω) = 2

π
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m=−M
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× �

(m
ω)2 + �2

γω2

[ω2 − (ωSo + (n + m)
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Figures 1a and b illustrate the example of the
Raman comb generated with a single-frequency and a
mode-locked fundamental wave, respectively. The values of
the parameters are given by: 
ω = 6.6 GHz, � = 20 GHz,

ω ωFo Δω ω ωSo Δω

ω ωSo Δωω ωFo Δω

Figure 1 Illustration for the Ra-
man frequency comb generated
with (a) a single-frequency and
(b) a mode-locked fundamental
wave, respectively.
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γ = 10 kHz, and N = 0 for the single-frequency source
and N = 10 for the mode-locked source.

3. Experimental results and discussion

For realizing the simultaneous SRS and SML, we first ex-
ploited a single gain medium with dielectric coatings to
form a monolithic high-Q Fabry–Perot resonator. Figure 2
shows the experimental setup for the monolithic laser cav-
ity with SML and SRS operation concurrently. The gain
medium was an a-cut 0.3 at.% doped Nd:YVO4 crystal
with a length of 8 mm. The front end of the gain medium
was diffusion bounded with a 2.5-mm undoped YVO4 to
reduce the thermal effects. As a result, the total length of the
laser crystal was approximately 10.5 mm. The front facet
of the laser crystal was coated for superhigh reflection at
the fundamental wavelength of 1064 nm (R > 99.99%) and
the Stokes wavelength of 1176 nm (R > 99.99%) and high
transmission at the pump wavelength of 808 nm (T > 95%)
to serve as the front mirror. The rear facet was coated for
superhigh reflection at 1064 nm (R > 99.99%) and interme-
diately high reflection at 1176 nm (R � 99.95%) to serve
as the output coupler for the first Stokes wave. The laser
crystal was wrapped with indium foil and mounted within
a water-cooled copper heat sink at 10 °C. The pumping
source was a 808-nm fiber-coupled laser diode with a core
diameter of 200 μm and a numerical aperture of 0.2. A lens
with a focal length of 25 mm was used to focus the pump
beam into the laser crystal. The overall coupling efficiency
was nearly 90%. The pump spot radius was approximately
100 μm.

Figure 3a depicts the average output power versus the
incident pump power for the monolithic self-Raman laser.
The lasing thresholds are approximately 1.0 W and 3.3 W
for the fundamental and Stokes waves, respectively. The av-
erage output power of the fundamental wave can be seen to
be kept at a level of 45 mW for the pump power beyond the
SRS threshold. The clamping of the output power agrees
with the theoretical prediction that the intracavity power of
the fundamental wave is almost fixed at its value at the SRS
threshold for higher pump powers [27]. On the other hand,
the average output power of the Stokes wave can be seen

to linearly increase on increasing the pump power beyond
the SRS threshold. At a pump power of 6.5 W, the average
output power of the Stokes wave is approximately 140 mW.
The optical spectrum was measured with a Michelson inter-
ferometer (Advantest Q8347) with a resolution as high as
0.003 nm to directly observe the mode structure. Figure 3b
depicts the optical spectrum for the fundamental wave at
a pump power of 3.2 W, i.e. just below the SRS thresh-
old. The optical spectrum can be seen to exhibit 22 lasing
modes with the central frequency near 1064.45 nm. Above
the SRS threshold, some central longitudinal modes of the
fundamental wave are found to be depleted so as to destroy
the comb structure, as shown in Fig. 3c for the optical spec-
trum measured at a pump power of 6.5 W. Figure 3d shows
the optical spectrum for the Stokes waves obtained at the
same pump power. It can be seen that the optical spectrum
for the Stokes wave displays a coherent self-Raman fre-
quency comb with the number of lasing modes up to 34.
The mode spacing is approximately 0.025 nm, which is ex-
actly consistent with the free spectral range of the optical
cavity length.

An RF spectrum analyzer (Agilent) with a bandwidth
of 26.5 GHz was exploited to analyze the temporal behav-
ior of the laser output. The mode-locked pulse was also
detected by a high-speed InGaAs photo-detector (Electro-
optics Technology, Inc. ET-3500 with rise time of 35 ps)
whose output signal was connected to the RF spectrum
analyzer. Figure 4 shows the RF spectrum for the Stokes
wave with a span of 26.5 GHz and a resolution bandwidth
of 100 kHz. The fundamental frequency peak can be seen
to be 6.615 GHz, which corresponds exactly to the free
spectral range of the optical cavity length. Furthermore,
the amplitudes of the signal to noise for the fundamental
and second-harmonic peaks are nearly up to 50 dB which
is comparable to or better than other SML results [16, 17].
Note that the amplitude of the third harmonic peak is under-
estimated because of the limit of the photodetector band-
width.

A commercial autocorrelator (APE pulse check, Ange-
wandte Physik & Elektronik GmbH) was used to measure
the characteristics of laser pulses. Figure 5a shows the ex-
perimental result of the second-order autocorrelation trace
for the Stokes wave at the maximum output power. It can be

Figure 2 Experimental setup
for the monolithic laser cavity
with self-mode locking and stim-
ulated Raman scattering concur-
rently.
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Figure 3 (a) Average output power versus the incident pump power for the monolithic self-Raman laser. (b) Optical spectrum
for the fundamental wave at a pump power of 3.2 W (just below the SRS threshold). (c) Optical spectrum for the fundamental
wave at a pump power of 6.5 W (far above the SRS threshold). (d) Optical spectrum for the Stokes wave at a pump power of
6.5 W.

Figure 4 Experimental RF spectrum for the Stokes wave with a
span of 26.5 GHz and a resolution bandwidth of 100 kHz.

seen that the second-order autocorrelation trace displays a
pulse train with a period of 150 ps. The nearly perfect pulse
train implies the mode-locked operation to be significantly
stable. The experimental result for the single pulse of the
second-order autocorrelation trace is shown in Fig. 5b. As-
suming the sech2-shaped temporal profile, the pulse dura-
tion was estimated to be 2.9 ps. From Fig. 3d, the full width
at half-maximum (FWHM) of the lasing spectrum for the
Stokes wave can be found to be approximately 0.42 nm.
With the measured data, the time–bandwidth product of the
mode-locked pulse can be calculated to be 0.34, which is
quite close to the Fourier-limited value of 0.32.

4. Conclusion

In summary, we have experimentally fulfilled the genera-
tion of a Raman frequency comb from a monolithic crystal
laser with the combined process of SML and SRS. At a
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Figure 5 (a) Experimental result of the second-order autocorrelation trace for the Stokes wave at the maximum output power. (b)
Experimental result for the single pulse of the second-order autocorrelation trace.

pump power of 6.5 W, we obtained an output power of
140 mW for the Stokes wave with a pulse width as narrow
as 2.9 ps at a pulse repetition rate of 6.615 GHz. We have
observed that below the SRS threshold the frequency comb
could be formed in the fundamental wave with the SML
process. Above the SRS threshold, the monolithic SML
laser was found to emit the Stokes wave with a Raman fre-
quency comb that was effectively expanded by the width
of the Raman gain. It is believed that the present discovery
can provide a novel method for generating mode-locked
self-Raman lasers and useful insights into the monolithic
intracavity SRS process.
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[10] S. Pekarek, T. Südmeyer, S. Lecomte, S. Kundermann, J. M.
Dudley, and U. Keller, Opt. Exp. 19, 16491–16497 (2011).

[11] P. Klopp, U. Griebner, M. Zorn, and M. Weyers, Appl. Phys.
Lett. 98, 071103 (2011).

[12] M. Hoffmann, O. D. Sieber, V. J. Wittwer, I. L. Krestnikov,
D. A. Livshits, Y. Barbarin, T. Südmeyer, and U. Keller, Opt.
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