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Abstract: The dependence of lasing threshold on the output transmission is
numerically analyzed to find the condition for the gain-to-loss balance for
the orthogonal N, and N,, polarizations with a N,-cut Yb:KGW laser crystal.
With the numerical analysis, an orthogonally polarized dual-comb self-
mode-locked operation is experimentally achieved with a coated Yb:KGW
crystal to form a monolithic cavity. At a pump power of 5.2 W, the average
output power, the pulse repetition rate, and the pulse duration are measured
to be 0.24 (0.6) W, 25.8 (25.3) GHz, and 1.06 (1.12) ps for the output along
the N, (N,,) polarization.
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1. Introduction

Various Nd-doped gain media have been widely employed to generate dual-wavelength laser
sources [1-6] for the applications on laser interferometry, precision measurement, medical
instrumentation, holographic microscopy, and differential absorption lidar [7-9]. In recent
years, dual-comb mode-locked lasers with slightly different pulse repetition rates have also
started to attract much attention due to the applications on laser spectroscopy [10-12] and
asynchronous optical sampling for pump-probe measurements without mechanical delay [13].

Comparing with Nd-doped laser crystals, Yb-doped gain media have been confirmed to be
superior materials for generating efficient ultrashort mode-locked lasers due to the small
quantum defect, broad absorption and fluorescence spectra, and elimination of parasitic
effects. Recently, the diode-pumping scheme has been successfully used to achieve efficient
self-mode-locked operations in Yb-doped crystal lasers [14—16]. Here, the meaning of the
self-mode locking (SML) is that no additional active or passive mode-locking elements (such
as saturable absorbers) are used in the laser cavity except for the gain medium. So far, the
origin of the SML is conjectured to come from the combined effects of the Kerr-lensing and
thermal lensing together with gain aperture [14,15]. More recently, a self-mode-locked laser
with a repetition rate up to 22.4 GHz has been successfully demonstrated by using a coated
Yb:KGW crystal to form a monolithic cavity [17]. With the large emission band of the
Yb:KGW crystal, it is highly desirable to develop an orthogonally polarized dual-wavelength
Yb:KGW laser with the SML operation. Even though the Yb:KGW crystal has been utilized
to achieve an orthogonally polarized dual-wavelength Q-switched operation [18], the
development for the dual-comb SML laser has not been demonstrated thus far.

Here we report on the use of a coated N,-cut Yb:KGW crystal as a monolithic cavity to
achieve the orthogonally polarized dual-comb SML operation. We numerically analyze the
dependence of the lasing thresholds on the output transmission T for the orthogonal N, and N,
polarizations to find that the gain-to-loss balance for the orthogonal polarizations can be
feasible with a value of T near 1~2%. Based on the numerical analysis, we design a coated
Yb:KGW crystal to obtain the orthogonally polarized dual-comb SML operation. At a pump
power of 5.2 W, the average output powers along Np and Nm polarizations are 0.6 W and
0.24 W, respectively. The pulse repetition rate is 25.8 GHz and 25.3 GHz for the laser output
along the N, and N,, polarization, respectively. The pulse duration is 1.06 ps and 1.12 ps for
the N, and N,, polarization

2. Numerical analysis

The Kerr-lens mode locking that employs the Kerr nonlinearity of the gain medium itself and
the soft aperture formed by the pumped volume in the gain medium has been identified to be
an extremely simple means of ultrafast optical modulation [19]. A simple formulism derived
by Krausz ef al. to analyze the self-starting threshold of the passive mode locking from mode
beating fluctuations in a free-running solid-state laser is given by [19]

1T
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where « is a characteristic of the Kerr nonlinearity used for passive mode locking, P; is the
circulating average intracavity power in the free running laser, T; is the cavity round-trip time,
and T is effective correlation time between the longitudinal modes in the free-running laser.
Equation (1) reveals that a decrease in 7; can significantly reduce the intensity needed for self-
starting at a fixed x. We experimentally found that combing the high Kerr nonlinearity of the
KGW crystal with the high-Q monolithic short cavity can directly achieve the continuous
wave SML without the phenomenon of Q-switched mode locking.

Next, polarization dependent absorption and emission spectra were measured with an
optical spectrum analyzer with a resolution of 0.5 nm. The gain medium was a Yb:KGW
crystal with Yb*" doping concentration of 5 at.% and its length was approximately 3 mm. The
Yb:KGW crystal shows anisotropic properties along its three orthogonal refractive index axes
which are labeled as N,, N,, and N, resulting in polarization dependent absorption and
emission spectra. The present Yb:KGW crystal was cut along the N,-axis to obtain the higher
absorption and emission cross sections along the N,, or N, principal axes. The measured data
were calibrated by comparing with the results in ref [20]. Figures 1(a) and 1(b) depict the
experimental results for the absorption and emission cross sections, respectively. The
absorption and emission cross sections along the N,, axis are obviously larger than those along
the N, axis for the wavelength in the range of 970-1030 nm. On the other hand, the
absorption and emission spectra reveal that the Yb:KGW crystal has the capacity for

simultaneously dual-comb emission with orthogonal polarizations for the wavelength near
1050 nm.
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Fig. 1. Experimental results for the (a) absorption and (b) emission cross sections of the N,-cut
Yb:KGW crystal along the N,, and N, principal axes. The inset is the energy levels.

Without polarization controlling elements, the emission wavelength of material is mainly
determined by the gain-to-loss ratio which is governed by the pump condition, re-absorption
loss, and useful output coupling [21]. Considering the absorption effect, the laser threshold
power can be estimated from the equation [22]:

- why, (@ +a)
" Ao, +0)f +[))

where w, and w, are the pump and cavity mode radii, /v, is the pump photon energy, 7 is the
emission life time, o, and o, are the absorption and emission cross sections at the laser
wavelength, respectively, f; and f; are the fractional population in the upper and lower energy
levels, T is the output coupling of the output coupler, L stands for the double-pass passive
loss, N is the population of the lower laser level at threshold, and /. represents the length of
the laser crystal. With the absorption and emission cross sections shown in Fig. 1(a) and (b)
and using the parameter values of w, = 0.2 mm and w. = 0.2 mm, v = 250 ps [23], f; = 0.75
and f, = 0.04, N, = 1.7 x 10%° ¢cm™ for the lower level at 385 cm_l, N, = 0.8 x 10°° ¢cm™ for
the lower level at 535 cm™, L = 0.5%, the threshold pump power given by Eq. (1) was
calculated as a function of the wavelength. Note that the value of L was estimated from the
experimental data. Figures 2(a) and 2(b) show the calculated results for the output couplers of

[T+L+2@—aﬂw)] )
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T=5% and T = 1.5%, respectively. For the case of 7= 5% shown in Fig. 2(a), the minimum
lasing threshold can be seen to be near the wavelength of 1035 nm with the polarization along
the N,, axis. For the case of 7= 1.5% shown in Fig. 2(b), it can be seen that the N,, and N,
polarized states almost possess the same minimum lasing threshold near the wavelength of
1048 nm. In other words, the dual-comb laser emission with two orthogonal polarizations is
possible to be obtained with an output coupler of T around 1.5%. In the following, we
demonstrated an orthogonally polarized dual-comb monolithic Yb:KGW laser to confirm this
analysis.
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Fig. 2. Calculated results for the dependence of the threshold pump power on the laser
wavelength of the Yb:KGW crystal for output coupling of (a) T = 5% and (b) T = 1.5%.

3. Experimental results and discussion

Figure 3(a) depicts the scheme of exploiting a coated Yb:KGW crystal as a monolithic cavity.
One of the end facet of the laser crystal was coated for high reflection (HR, R > 99.8%)
centered at 1065 nm with total spectral bandwidth of 70 nm (1030-1100 nm) and high
transmission (HT, T > 95%) at 980 nm to serve as a front mirror. The rear facet was coated
for high reflection (HR, R > 99%) at 980 nm to increase the absorption efficiency of the pump
power and was coated for partial reflection (PR, R =98.5%) centered at 1050 nm with total
spectral bandwidth of 40 nm (1030-1070 nm) to serve as an output coupler. Note that the
output coupling 7 of the cavity was designed to be 1.5% as discussed above to achieve dual-
comb operation. The Yb:KGW crystal was wrapped with indium foil and mounted within a
water-cooled copper heat sink maintained at 8°C to ensure stable laser output. The pumping
source was a 980 nm fiber-coupled laser diode with a core diameter of 200 pm 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%.

Figure 3(b) shows experimental results for the average output power of the dual-comb
Yb:KGW laser with orthogonal polarizations versus the incident pump power. The total
output power is found to reach 0.82 W under the pump power of 5.2 W, corresponding to a
slope efficiency of 28.3% and an optical-to-optical efficiency of 16.0%. Experimental results
revealed that both transverse modes of two orthogonally polarized states are the near TEM,,
mode with the beam quality better than 1.3 for the pump power less than 5.2 W. It can be seen
that the lasing with polarization along the N, axis is prior to the lasing along the N,, axis. The
threshold pump power is found to be 2.2 W for polarization parallel to the N, axis and 2.5 W
for N,, direction, rather consistent with the calculated result shown in Fig. 2(b). The output
power with polarization along the N, axis initially increases linearly with the pump power,
and tends to get saturated at 0.24 W with the pump power higher than 3.9 W. On the other
hand, the output power with polarization parallel to the N, axis rises as the pump power
increases with higher slope efficiency in comparison with the lasing along the N, axis, up to
0.58 W at a pump power of 5.2 W. The outputs for two orthogonal polarizations have an
equal power of 0.24 W at a pump power of 4.3 W. It is worthwhile to mention that the N,
polarized state turns out to be the high order mode for the pump power greater than 5.2 W.
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Nevertheless, it is confirmed that the dual-comb laser operation displays good temporal
stability without power competition between the two polarization states for the pump power
less than 5.2 W.
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Fig. 3. (a) Schematic of the experimental cavity setup for the dual-comb self-mode-locked
monolithic Yb:KGW laser. (b) Dependence of the average output power on the incident pump
power with different polarizations.

The optical spectrum of the laser output was measured with a Michelson optical
interferometer (Advantest, Q8347) with a resolution of 0.003 nm that is able to perform first-
order autocorrelations by Fourier transforming the optical spectrum. Figure 4 depicts the
experimental result for the lasing spectrum at the pump power of 4.3 W where the two
polarization states have the same output power. It can be seen that there are dual lasing bands
with central wavelengths at 1047.32 nm (N, axis) and 1048.48 nm (¥, axis). The values of
the full width at half maximum (FWHM) of the spectral bands at 1047.32 nm (¥, axis) and
1048.48 nm (N,, axis) are 1.6 nm and 1.5 nm, respectively. The longitudinal mode spacings
within each spectral band are found to be 25.8 GHz (1047.32 nm, N, axis) and 25.3 GHz
(1048.48 nm, N,, axis). This mode spacing exactly corresponds to the free spectral range of
the Yb:KGW crystal.
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Fig. 4. Experimental optical spectrum of the dual-comb orthogonally polarized Yb:KGW laser.

The temporal behavior of the laser output was analyzed by exploiting the schemes of first-
and second-order autocorrelations. The second-order autocorrelation trace was performed
with a commercial autocorrelator (APE GmbH, PulseCheck). Figure 5 shows experimental
results for the first-order autocorrelation trace at the pump power of 4.3 W. The pulse
repetition rates are consistent with the mode spacings shown in Fig. 4. With the group indexes
of 1.986 for the N, axis and 2.023 for the N,, axis, the precise length of the Yb:KGW crystal
was deduced to be 2.93 mm. Figures 6(a) and 6(b) show the FWHM widths of the single
pulses in the second-order autocorrelation traces for two orthogonal polarizations. Assuming
the Gaussian-shaped temporal profile, the pulse durations were estimated to be 1.06 ps for the
N, axis and 1.12 ps for the N,, axis. As a result, the time-bandwidth products of the SML
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pulses were evaluated to be 0.463 and 0.458 for the N, and N,, axes, respectively; both values
are slightly greater than the Fourier-limited value of 0.441. The chirped pulses for two
orthogonal polarizations mainly come from the group velocity dispersion induced by the gain
medium. In comparison with other dual-band mode-locked laser with orthogonal polarization
by utilizing the Nd:GdVOy crystal [24] which the output pulse duration is 7 ps, the significant
reduction of the pulse duration shows the advantage of the Yb-doped materials with wider
emission bandwidths.
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Fig. 5. Experimental traces of the temporal behavior of first-order autocorrelation for
polarization direction along (a) N, axis and (b) N,, axis.
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Fig. 6. FWHM width of a single pulse of the second-order autocorrelations for polarization
direction along (a) N, axis and (b) N,, axis.

4. Conclusion

In conclusion, we have analyzed the condition of gain-to-loss balance via tuning the output
coupling in a Yb:KGW laser to achieve the orthogonally polarized dual-wavelength
operation. Based on the numerical analysis, we have designed a monolithic Yb:KGW crystal
laser to generate an orthogonally polarized dual-comb SML laser. At a pump power of 5.2 W,
the average output powers along N, and N,, polarizations are 0.6 W and 0.24 W, respectively.
The pulse repetition rate and the pulse duration are found to be 25.8 (25.3) GHz and 1.06
(1.12) ps for the laser output along the N, (V,,) polarization. We believe that the orthogonally
polarized dual-comb monolithic SML laser is a promising light source for many applications.
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