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Abstract: Broad expansion of optical frequency comb (OFC) by the self-Raman scattering is
numerically analyzed and experimentally accomplished in a coupled-cavity self-mode-locked
(SML) monolithic Yb:KGW laser. The gain medium is coated to achieve the monolithic SML
operation and a partially reflective mirror is further exploited to form the coupled cavity and
to multiply the repetition rate up to 128.9 GHz. With a coupled reflectivity of 95%, it is
experimentally found that not only the first-order but also second-order stimulated Raman
scattering (SRS) can be efficiently generated. The mode-locked OFC can be consequently
expanded to reach approximately 8.4 THz, leading the pulse width to be as narrow as 53 fs.
At the pump power of 8.7 W, the total output power for the fundamental and the first- and
second-Stokes waves can be maintained at 1.6 W. The present exploration provides a
promising way to generate the ultrahigh-repetition-rate broadband OFC via the simultaneous
SML and SRS processes.
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1. Introduction

Optical frequency combs (OFCs) are optical coherent sources formed by a series of regularly
spaced spectral lines. They are very attractive in a variety of research fields including
fundamental physics, spectroscopy, time-frequency metrology, terahertz (THz) generation,
optical communications, and microwave photonics [1-5]. Up to now, the promising
approaches comprise the four-wave mixing in micro-cavities [6-9] and the mode locking in
laser resonators [10—12]. The former method can generate extremely wide OFCs with high
repetition rates, but requires a cavity with physical size to fix the line spacing and a set-up
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with several stages. On the other hand, although passively mode-locked (ML) lasers or fiber
lasers are often used to generate high quality frequency combs, the high-repetition-rate ML
systems usually involve great complexity of cavity designs. Therefore, it is greatly desirable
to develop compact ML laser systems with the reduction of complexity and the enhancement
of stability. Compact ML lasers with wide frequency spans and high repetition rates would
expand the range of applications even further.

The self-mode-locking (SML) without using active elements or saturable absorbers is a
feasible way to achieve compact ML lasers. The advent of diode-pumped laser technology
and fast real-time detection systems have opened up a number of new developments on the
SML operation [13-20]. In addition to the Kerr lens effect, the mechanism for the SML in
short linear cavities is mainly attributed to the large mode spacing to prevent the mode
competition [14, 20]. The SML pulse train with the repetition rate of several tens of GHz was
successfully demonstrated in the monolithic Yb:KGW crystal laser [14]. With the ML
monolithic laser, a coupled cavity scheme was further used to multiply the repetition rate up
to sub-THz [20].

One noteworthy discovery is that the laser crystals used to achieve the SML operation can
also be exploited to be the Raman gain media due to their intense Raman modes.
Consequently, these laser crystals can be employed to generate the so-called self-Raman
frequency conversion via stimulated Raman scattering (SRS) [21-25]. Figure 1(a) shows the
spontaneous Raman spectrum of KGW crystal (Micro Raman Identify / ProTrusTech Co.,
Ltd), in which two strong Raman modes at 901 and 768 cm™' are often used to obtain the
Stokes wave with large frequency shifts [26-28]. In addition to these two Raman modes, the
self-Raman laser at the lowest frequency mode near 89 cm™' has been successfully
demonstrated in recent years [29-31]. This progress provokes an intriguing prospect whether
the frequency spectra generated by the SML and SRS process can be linked together to
expand the OFC significantly.

In this work we numerically analyze and experimentally accomplish the broad expansion
the OFC by the self-Raman scattering in a coupled-cavity SML monolithic Yb:KGW laser.
We firstly design a coated Yb:KGW crystal to generate the OFC in the SML operation. The
crystal length shorter than 3.00 mm is used to avoid significant re-absorption losses. With a
crystal length of 2.93 mm, the SML repetition rate of 25.78 GHz is obtained. We then employ
a partially reflective mirror to form a coupled cavity that was set to multiply the repetition
rate to reach 128.9 GHz. Furthermore, the critical value of the coupled reflectivity for the
generation of self-Raman scattering is systematically explored and found to be approximately
90%. Experimental results reveal that a coupled reflectivity of 95% can lead to the generation
of the first- and second-order SRS in the gain medium at the lowest frequency mode. As a
result, the OFC can be expanded up to 8.4 THz with the pulse width down to 53 fs. The total
output power for the fundamental and the Stokes waves can achieve 1.6 W at a pump power
of 8.7 W. Previously, several groups demonstrated sub-100 fs Yb:KGW mode-locked lasers
with the action of a semiconductor saturable absorber mirror (SESAM) or Kerr-lens [32-35].
The repetition rates in these earlier works were in the range of 30-80 MHz, whereas the
present method can generate the repetition rate greater than 100 GHz. Our exploration
confirms that the optical spectra generated by the SML and SRS process can be linked
together to obtain an ultrahigh-repetition-rate broadband OFC.

2. Laser configuration and design principles

Figure 1(b) shows the laser configuration that consists of a monolithic crystal to generate the
self-mode-locked pulse train and an external reflective mirror to multiply the repetition rate.
To manifest the optical spectrum realistically, the frequency distribution of the self-mode-
locked emission is expressed by an analytical form based on the damped harmonic oscillator
as
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Lw=Y 4,7y (1)

D=, v, YT ()

where 4, is the weighting coefficient, y is the effective linewidth of the lasing mode, v, is the
central frequency, v,, =c/ ZLZW is the mode spacing of the monolithic cavity, c is the speed

of light in vacuum, Liyy =n.L,, , n,is the refractive index of the gain medium, and L, is the

recry 2
geometric length of the gain medium. From Eq. (1), the effective bandwidth of the mode-
locked comb can be found to be (2N +1)v,, . The spectrum [, (v) in Eq. (1) is used to

express the overall profile in the gain medium.
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Fig. 1. (a) Spontaneous Raman spectrum of KGd(WOy), for the N, polarization scattering
geometry. (b) Experimental setup for a diode-pumped Yb:KGW couple-cavity laser with
harmonically SML and SRS concurrently.

The spectral transmission function of an external FP filter with the length of L, is given
by [21]

(1-R,)(-R,)

(1-yRR) +4JRR, {sin [’”LH |

TFP (V) = (2)

VML cry

where R is the reflectivity of the output surface of the laser crystal and R, is the reflectivity

of the external FP mirror. The frequency spectrum for the self-mode-locked pulses passing
through the external FP cavity can be expressed as

(1-R)(1-R) N A, v

2 .| v L ’ ";N v -, +nvML)2]2 +(7V)2 )
(1-yRR,) +4JRR, {sm(ﬁﬂ

VML cry

I.(v)=

The numerical calculation with Eq. (3) can reveal that when the cavity ratio L

ot | Lzry is set to
a rational number g/ p, the mode spacing in the coupled cavity spectrum /,.(v) turns into
the pth order harmonics of the mode spacing of the monolithic cavity, i.e. pv,, . The

frequency multiplication with the coupled FP cavity has been experimentally confirmed.
The Yb:KGW crystal is possible to simultaneously act as a Raman gain medium to attain
the self-Raman laser action, as long as the intracavity power of the fundamental wave exceeds



Research Article Vol. 25, No. 7 | 3 Apr 2017 | OPTICS EXPRESS 7631

Optics EXPRESS

the threshold of the SRS process. The diode pump power required to reach the Raman
threshold is given by [36]

_ A A T +75) T +75)
gRLry 2’P 2

(¢

» ; “

where A is the spot area of the Stokes field, g, is the stimulated Raman gain coefficient,
A, is the wavelength of the pump radiation, A, is the wavelength of the fundamental wave,
T., 7. and T, y, are the output coupling transmissions and round-trip losses for the

fundamental and Stokes fields, respectively. The stimulated Raman gain coefficient for a
Raman crystal pumped by a fundamental wave with a narrow laser line v,. is given by [27]

®)

8r

_ 87N, (a_aj
hnlviT\0Q)

where v, =v, —v, is the frequency of the Stokes wave, v, is the frequency of the Raman
shift, " is the linewidth of the Raman transition (half-width at half-maximum), do /dQ is the
integrated scattering cross section, N, is the number of Raman-active molecules, and 7, is the

refractive index of the Raman media for the Stokes frequency. For the present coupled cavity,
the output transmission for the fundamental wave with the minimum transmission is given by

T.=(-R)1-R)). Note that the fundamental wave with the minimum transmission can
lead to the lowest threshold for lasing. If the lasing bandwidth of the mode-locked
fundamental wave [, (v) can be wider than the frequency shift of the Raman mode, the

frequency combs of the fundamental and Stokes waves are possible to be closely linked
together with any gap. In this work, the lowest Raman frequency shift involving the 89 cm™
mode is considered to explore the linkage of OFCs generated by the SML and SRS processes
in the Yb:KGW crystal. Since the optical bandwidths of the resonator coatings can be
designed to be wider than the frequency shift by the 89 cm™ Ramon mode, the output
transmissions for the fundamental and Stokes waves are regarded to be nearly the same, i.e.
T, = T,. From Eq. (4), the SRS threshold for the 89 cm™' Raman mode is estimated to be

down to 2.5 W as long as the coupled laser cavity with L, =3 mm is maintained at the
quality of 7. =T, =0.1% and ¥, = ¥, =0.05% . Note that the orders of 7, =7, =0.1% and

Ve =7¥s =0.05% are the values that can be realistically achieved in experiment.

Assuming the wavelength conversion to be generally homogeneous for each lasing mode,
the frequency spectrum for the mode-locked oscillation with the multiorder Stokes emissions
can be given by

M M

IT(V)=(1—Z M ]IF(V)+Z My Lp(vEmvy), (6)
=1 m=1

where 77, is the conversion efficiency for the mth order Stokes emission. Specifically, if

2N+ v, >v,, the whole frequency comb in Eq. (6) can be widely spread without any

gap. Figure 2 illustrates the example of the mode-locked frequency comb in the Yb:KGW
laser expanded by the first and second orders SRS process on the 89 cm™ line with the

parameters of v, =2578GHz , L, /L, =1/5, 4, =" | g=25, N=75,
y=10kHz, v, =2.67THz, 1, =033, and 77, =0.33 . The parameter values used in the
calculation are associated with the following experiment.
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3. Experimental results and discussion

The gain medium was a 5.0-at.% doped Yb:KGW crystal and cut along the n,-axis. To avoid
significant re-absorption losses, the crystal length was chosen to be shorter than 3.00 mm.
Here the precise length is 2.93 mm. The laser crystal was coated to be the monolithic cavity
that could achieve the self-mode-locked operation [14]. The first facet of the crystal was
coated for high reflection (R>99.8%) in the range of 1030 nm and 1130 nm and high-
transmission (T>95%) at 980 nm to serve as the front mirror. The second facet was coated for
high reflection (R>99%) at 980 nm to increase the absorption efficiency of the pump power
and was coated for partial reflection (R=98%) in the range of 1030 nm and 1130 nm to form
the output coupler. The Yb:KGW crystal was wrapped with indium foil and mounted within a
water-cooled copper heat sink. The water temperature was set at 8°C to prevent the laser
crystal from condensation. The pumping source was a 10-W 980-nm fiber-coupled laser
diode with a core diameter of 200 um 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 pump spot
radius was approximately 110 um.

0.4
E o3
5
~— 02 -
)
R7)
z
) | ||
0.0 ..|I|||| ||||I|..
-300 -200 -100 0 100
(v-v,) vy

Fig. 2. Numerical example of the mode-locked frequency comb in the Yb:KGW laser
expanded by the first and second orders SRS process on the 89 cm™ line.
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Fig. 3. (a) The average output power versus the coupled reflectivity for several incident pump
powers in the scheme of the coupled cavity.

A flat wedged mirror with partial reflection covering the lasing bandwidth was closely
behind the monolithic laser to constitute the external FP cavity. Several different reflection
values for the flat mirror were used to explore the influence of the coupled cavity on the
output power and lasing spectrum. Figure 3 shows the average output power versus the
reflectivity of the flat mirror for several incident pump powers in the scheme of the coupled
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cavity. Since the average output power is nearly the same for the ratio L, / Lzry in the range

of 0.0-1.0, hereafter all experimental results for the case of L, /L, ., =1/5 are shown for
convenience, unless otherwise specified. Note that the roundtrip cavity excess losses
increases with increasing the coupled cavity length. On the other hand, the higher order the
harmonic mode locking, the more sensitive the coupled cavity length. By making a
compromise with these two factors, the coupled cavity length of L, / Lzry =1/5 was adopted.

ext
It can be seen that there is an optimal reflectivity R, for the coupled mirror to achieve the
maximal output power for a given pump power. In general, the output power decreases
considerably for the coupled mirror with R >290% for far above the lasing threshold.
Nevertheless, as shown in the following the lasing optical spectrum was found to reveal the
generation of the SRS on the 89 cm™ line for R, >90% .

The lasing optical spectrum was measured by using a Michelson interferometer
(Advantest Q8347) with Fourier transform to reach the resolution as high as 0.003nm. Figure
4(a) shows the lasing spectrum for the SML operation without the coupled cavity and Figs.
4(b)-4(e) show the lasing spectra with the coupled cavity with R, = 50%, 60%, 70%, and
80%, respectively, at the pump power of 8.7 W. As shown in Fig. 4(a), the lasing bandwidth
Av, is approximately 30v,, for the operation without the coupled cavity, where v,,, =25.78
GHz. It can be seen that the coupled cavity not only increases the lasing bandwidth up to the
range of 100v,, but also changes the mode spacing to be approximately 5v,, =128.9 GHz

which is consistent with the theoretical analysis for L, / Lzry =1/5.

T
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Fig. 4. Lasing spectra for the SML operation (a) without the coupled cavity; (b) with R, = 50%;
(c) 60% ; (d) 70%; and (e) 80% at the pump power of 8.7 W.

From Figs. 3 and 4, it can be found that the intensity levels of the output pulse trains with
R, = 50-70% are higher than those with R, = 80-95%. Even so, the intracavity intensity level
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generally increases with increasing the value of R,. In the intracavity SRS process, the higher
the intracavity intensity level, the lower the SRS threshold. Experimental results clearly
reveal that the SRS process can be generated for the coupled cavity mirror with R,>90%. By
making a compromise with the output efficiency, the optimal performance for expanding the
OFC can be obtained with R, = 95%. Figure 5 shows the lasing optical spectrum versus the
pump power for the coupled cavity with R, = 95%. It can be seen that the first-order Stokes
wave starts to appear at the pump power of 2.6 W. Increasing the pump power to 6.0 W, not
only the first-order but also the second-order Stokes waves are simultaneously generated. As
seen in Fig. 5, the uniformity of the frequency peaks is better at the pump power of 6.0-6.9 W
than that at higher pump power. Even so, the lasing bandwidth of the optical spectrum can
reach the maximum value of approximately 8.4 THz at the pump power around 8.7 W. In
other words, the optimal pump power for the best uniformity is slightly lower than that for the
widest bandwidth. It is worth noting that the second-order Stokes wave will dominate the
output emission for the pump power higher than 9.5 W. In other words, there is an optimal
pump power for achieving the output balance between the fundamental and first- and second-
order Stokes waves. In the present case, the optimal pump power is approximately 8.7 W, at
which the total output power can be maintained at 1.6 W.
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Fig. 5. The lasing optical spectrum versus the pump power for the coupled cavity with R, =
95%.

Figure 6 show a comparison between the numerical analysis and experimental spectrum
for the case at the pump power of 8.7W. The experimental and numerical results are
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displayed as mirror images. The parameters used in the calculation are v,, =25.78 GHz,
L,/L, =1/5 4,=¢""" 0=25, N=75, y=10kHz, v, =2.67 THz, 7, =0.26,, and

1, =0.39 . It can be seen that the experimental spectrum agrees very well with the numerical

analysis. Since the pulse repetition rate was beyond the sampling rate of the contemporary
oscilloscope, the methods of first- and second-order autocorrelations were used to acquire the
temporal behavior of the laser output. The first-order autocorrelation trace was measured with
a Michelson interferometer (Advantest Q8347). The second-order autocorrelation trace was
measured with a commercial autocorrelator (APE pulse check, Angewandte Physik &
Elektronik GmbH). Figure 7(a) shows the experimental result of the first-order
autocorrelation obtained at the average output power of 1.6 W for the coupled cavity with R,
= 95%. The characteristic of the temporal trace can be clearly seen to be equivalent to the
harmonically mode-locked oscillation with the fifth order harmonics of the mode spacing of
the monolithic cavity, i.e. 5v,, =128.9 GHz. The full width at half maximum of the single
pulse of the second-order autocorrelation trace is shown in Fig. 7(b). Assuming the Gaussian
shaped temporal profile, the pulse duration is estimated to be 53 fs. Consequently, the time
bandwidth product of the mode-locked pulse is found to be 0.445, which is rather close to the
Fourier-limited value of 0.441.
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Fig. 6. A comparison between the numerical analysis and experimental spectrum for the case at
the pump power of 8.7W. The experimental and numerical results are displayed as mirror

images.
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Fig. 7. (a) Experimental result of the first-order autocorrelation obtained at the average output
power of 1.6 W for the coupled cavity with R, = 95%. (b) The full width at half maximum of
the single pulse of the second-order autocorrelation trace.
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1. Conclusion

In summary, we have developed a promising approach to broadly expand the OFC by the
self-Raman scattering at the lowest frequency mode in a coupled-cavity SML monolithic
Yb:KGW laser. The experiment was accomplished by using a coated Yb:KGW crystal to
achieve the monolithic SML operation and using a partially reflective mirror to enhance the
intracavity power for generating the self-Raman process. The length of the coupled cavity
was set to multiply the repetition rate up to 128.9 GHz. Experimental results reveal that a
coupled reflectivity of 95% can lead to the generation of the first- and second-order SRS in
the gain medium at the lowest frequency mode. The OFC was consequently expanded to
reach approximately 8.4 THz with the pulse width down to 53 fs. At a pump power of 8.7 W,
the total output power for the fundamental and the Stokes waves can achieve 1.6 W. The
present result is believed to offer a useful method for generating the ultrahigh-repetition-rate
broadband OFC via the simultaneous SML and SRS processes.
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