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Abstract: Formation of transverse modes in a dual-polarization self-mode-
locked monolithic Yb: KGW laser under high-power pumping is thoroughly
explored. It is experimentally observed that the polarization-resolved
transverse patterns are considerably affected by the pump location in the
transverse plane of the gain medium. In contrast, the longitudinal self-
mode-locking is nearly undisturbed by the pump position, even under the
high-power pumping. Under central pumping, a vortex beam of the
Laguerre-Gaussian LG,; mode with p = 1 and / = 1 can be efficiently
generated through the process of the gain competition with a sub-
picosecond pulse train at 25.3 GHz and the output power can be up to 1.45
W at a pump power of 10.0 W. Under off-center pumping, the symmetry
breaking causes the transverse patterns to be dominated by the high-order
Hermite-Gaussian modes. Numerical analyses are further performed to
manifest the symmetry breaking induced by the off-center pumping.
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1. Introduction

Monolithic or bonded resonators offer the advantage of mechanical stability, compact, and
alignment-free manufacturing as compared to conventional laser cavities which typically
require many precisely aligned parts. Monolithic cavity configurations have been used to
achieve the continuous-wave [1-5], Q-switched [6-10], and self-mode-locked operations
[11-14]. Zayhowski and Mooradian [15, 16] and Dixon et al. [17] almost simultaneously
found that the thermally induced lens in the gain medium plays a decisive role in bringing the
flat—flat cavity into geometrical stability. This finding indicates that the formation of
transverse modes in high-power monolithic crystal lasers is mainly determined by the thermal
lensing effect.

Recently, a dual-polarization self-mode-locked Yb:KGd(WO,), (Yb:KGW) laser has been
realized in a monolithic configuration [14] with the cutting angle along the N, direction and
the polarized states along the N, and N, directions. It has also been confirmed that the N, -cut
Yb:KGW crystal can offer positive thermal lensing with weak astigmatism [18]. In addition
to the thermal lensing effect, the gain competition between two orthogonal polarization states
is expected to lead to a rich variety of transverse pattern formation under the high-power
pumping. Although formation of transverse modes in laser systems has been extensively
studied due to practical applications and academic interests [19-21], the mode variations in a
dual-polarization self-mode-locked monolithic laser under high-power pumping have not
been explored.

In this work, the polarization-resolved transverse modes are experimentally explored in a
high-power dual-polarization self-mode-locked Yb:KGW laser under the impacts of gain
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competition and thermal lensing effect. Based on thoroughly experimental observations, the
polarization-resolved output powers and transverse patterns are confirmed to be significantly
dependent on the pump location in the transverse plane of the gain medium. When the pump
beam is in the central region with a radius of approximately 0.4 mm, both transverse modes of
two orthogonally polarized states are found to exhibit nearly circular characteristics. In
contrast, when the pump beam is outside the central region of the gain medium, the transverse
patterns display the feature of high-order HG modes for high-power pumping. In the time
domain, it is confirmed that longitudinal self-mode-locking always remains unchanged for all
the pump powers. The most interesting observation is that under central pumping a vortex
beam of the Laguerre-Gaussian LG, ; mode with p =1 and / = 1 can be generated with pulse
duration of 0.98 ps and pulse repetition rate of 25.3 GHz, where p and / are the radial and
azimuthal indices. The maximum output power for the LG, ; mode can be up to 1.45 W under
a pump power of 10.0 W. Since the LG, ; mode possesses well-defined angular momentum,
the present finding may be practically useful in the optomechanical applications [22-26].
Finally, we numerically analyze the influence of the pump location on the temperature
distribution of the laser crystal to disclose the symmetry breaking induced by the off-center
pumping.

2. Experimental setup

Optical spectrum analyzer/
Autocorrelator

, CCD Camera
Laser diode )
R 4

Beam Splitter i 4

Beam Splitter
(u)|7=20|] pm) P
. Yb:KGW

Coupling lens (1:1)

Fig. 1. Experimental setup for the polarization-resolved measurement of the high-power dual-
polarization self-mode-locked Yb:KGW laser.

Figure 1 depicts the experimental setup for the polarization-resolved measurement of the
high-power dual-polarization self-mode-locked Yb:KGW laser. The pump source was a 980-
nm fiber-coupled laser diode with a core diameter of 200 wm and a numerical aperture of 0.2.
A set of lenses with 1.0 magnification was used to re-image the pump beam into the laser
crystal. The gain medium was an Yb-doped (5.0 at. %) N,-cut KGW crystal with dimension
approximately 3 x 3 x 3 mm’. The crystal was wrapped with indium foil and was placed
within a water-cooled copper heat sink. The water temperature was precisely maintained at
8.0 = 0.2 °C to ensure stable output. The Yb:KGW crystal was coated to form a monolithic
flat-flat cavity. The input surface of the laser crystal has a coating for high reflection (R >
99.8%) from 1040 nm to 1070 nm and high transmission (T > 95%) at 980 nm to serve as a
front mirror. The other facet has a coating for partial reflection (R =98.5%) within 1040-1070
nm to serve as an output mirror and has a coating for high reflection (R > 99%) at 980 nm to
obtain the double-passing absorption.
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The polarization-resolved transverse patterns were measured with charge-coupled device
cameras (MODEL C2741-03, HAMAMATSU PHOTONICS). The polarization-resolved
first-order autocorrelation traces were measured with a Michelson optical interferometer
(Advantest Q8347). The polarization-resolved wavelength spectra were acquired with a
resolution of 0.003 nm by performing Fourier transform for the experimental first-order
autocorrelation traces. The temporal behavior of the laser output was analyzed by exploiting a
commercial autocorrelator (APE GmbH, PulseCheck) to obtain the second-order
autocorrelation. In the following, experimental results obtained with the pump beam within
and outside the central region are presented, respectively, to reveal the dependence of the
transverse patterns on the pump location.

3. Output characteristics under central pumping
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Fig. 2. Polarization-resolved and total output powers versus incident pump power for the pump
beam in the central region.

The laser can be working and stable in the mode-locked regime for the whole range of given
pump. The measurements limited to 10 W of pump power are mainly subject to the thermally
induced fracture in the gain medium. It is observed that the laser crystal will exhibit the
phenomenon of the fracture in the long time operation when the pump power exceeds 11 W.
Figure 2 shows the polarization-resolved and the total output powers versus the incident
pump power for the gain medium to be pumped in the central region. The total output power
could be up to 3.4 W at a pump power of 10.0 W, corresponding to a slope efficiency of
45.3% and an optical-to-optical efficiency of 34.0%. The threshold pump powers were
approximately 2.5 W and 3.0 W for the polarization states parallel to the N, and N,
directions, respectively. It can be seen that the output powers of two orthogonal polarization
components are nearly equal to 0.24 W and 1.4 W at the incident pump powers of 4.3 W and
8.7 W, respectively. Note that the output reflectivity must be as high as 98.5% for obtaining
the dual-polarization operation [14]. It was found that the output was a single polarization
state for the output reflectivity to be 95% at the lasing wavelength [11]. Figure 3 shows
experimental results for the polarization-resolved transverse patterns and lasing wavelength
spectra for different pump powers. Experimental results revealed that the transverse pattern in
the N, polarized state was mainly dominated by the TEM,, fundamental mode for the
incident pump power P;, from the threshold power 2.5 W to 10.0 W, as seen in Fig. 3. On the
other hand, the transverse pattern in the N,, polarized state was observed to change from the
TEMy, mode for the pump power in the range 3.0-5.2 W to the LG, mode for the pump
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power in the range 5.4-8.2 W. More intriguingly, the transverse pattern in the N,, polarized
state was nearly governed by the LG, ; mode for the pump power in the range 8.4—10.0 W.
Some typical transverse patterns are shown in Fig. 3.

The causes of the mode change in the N,, polarized state comprise the thermal lensing and
the gain competition. The thermal lensing effect results in the shrinkage of the cavity mode
size and leads to the excitation of the higher order modes because the pump size becomes
larger than the cavity mode size. Since the gain of the N, polarized state is slightly higher than
that of the NV,, polarized state, the central part of the pump distribution is mainly utilized by
the N, polarized state with the fundamental mode. Therefore, the feasible method to obtain
the dual-polarization TEM, operation for high power regime is to reduce the thermal lensing
effect by decreasing the dopant concentration and slightly increasing the crystal length. On
the other hand, the possible way to obtain LGy; doughnut mode is to finely tune the pump
size.
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Fig. 3. Polarization-resolved transverse patterns and lasing spectral combs at three pump
powers for manifesting the variation of transverse modes on the pump power.

The polarization-resolved optical spectra for several pump powers are also plotted in Fig.
3. The structures of frequency combs for two orthogonally polarized states can be clearly
seen. For the pump power increasing from 4.3 W to 9.6 W, the central frequency of the N,
polarized state is gradually red-shifted from 1047.3 nm to 1048.2 nm and that of the N,
polarized state red-shifted from 1048.5 nm to 1049.5 nm. The bandwidths of the lasing
spectra in the full width at half maximum (FWHM) are generally in the range of 1.6—1.8 nm
for both orthogonal polarization states. Using the experimental spectra, the longitudinal mode
intervals for the N, and N,, polarized states are calculated to be 25.8 GHz and 25.3 GHz,
respectively. The obtained mode intervals agree very well with the free spectral ranges of the
Yb:KGW crystal for the N, and N,, polarizations. More importantly, the comb structure nearly
remained unchanged even when the lasing mode of the N,, polarized state became LG, or
LG, mode. In other words, the high-power pumping only leads two orthogonally polarized
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states to emit different transverse modes but does not considerably affect the longitudinal
mode-locking.

The first- and second-order autocorrelations were measured to evaluate the characteristics
of the time domain. It is found that experimental data for the first- and second-order
autocorrelations of two orthogonally polarized states are nearly independent of the pump
power in the whole investigated range. These observations once again verify the operation of
longitudinal self-mode-locking. The mechanism of the stability in the present self-mode-
locking is conjectured to come from the large mode spacing that avoids the interaction of the
mode coupling. Furthermore, the phase locking between the multi-longitudinal modes is
convinced by the maximum-emission principle [27]. From the viewpoint of the time domain,
the shorter roundtrip time is beneficial to the achievement of the self-mode-locking [28].
Unlike the conventional Kerr-lens mode-locking, the stability is strongly dependent on the
intensity of the self-focusing within gain medium. This is also the reason why the appearance
of higher transverse modes does not affect the self-mode-locking operation. Experimental
results for the polarization-resolved first-order autocorrelation trace at the maximum pump
power of 10.0 W are shown in Figs. 4(a) and 4(b). The pulse repetition rates can be confirmed
by using the crystal length of 2.93 mm and the group indexes of 1.986 for the N, polarization
and 2.023 for the N,, polarization. Figures 4(c) and 4(d) depict the FWHM widths of the
polarization-resolved single pulses in the second-order autocorrelation traces at the maximum
pump power of 10.0 W. The pulse widths are evaluated by assuming the Gaussian-shaped
temporal profile and are found to be approximately 0.96 ps and 0.98 ps for the N, and N,
polarizations, respectively. Using the measured spectral bandwidths, the time-bandwidth
products can be calculated to be approximately 0.46 for both orthogonally polarized states.
This result is a little larger than the Fourier- transform limit of 0.441. The frequency chirping
mainly arises from the group velocity dispersion of the gain medium. To the best of our
knowledge, this is the first time that a vortex beam of the LG, ; mode with a 25.3-GHz sub-
picosecond pulse train is generated through the gain competition between two orthogonal
polarization states in the self-mode-locked operation. Furthermore, the maximum output
power for the LG, ; mode can be up to 1.45 W at a pump power of 10.0 W. The helical phase
front of the LG;; mode can be measured by using a configuration of Mach—Zehnder
interferometer. The result is shown in Fig. 5.
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Fig. 4. Polarization-resolved first-order autocorrelation traces at the maximum pump power of
10.0 W for the N, polarized state (a) and N,, polarized state (b); FWHM widths of the
polarization-resolved single pulses in the second-order autocorrelation traces at the maximum
pump power of 10.0 W for the N, polarized state (c) and N,, polarized state (d).
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Fig. 5. Helical phase front of the LG;; mode.

4. Output characteristics under off-center pumping

2.0 — T T T
3
N
5 15} L
2 v Total
= v
=" v
« 1.0+ v e
a v ..E//Nm
S .
=] 0.5 v . -
v 05F .
%n '.v.g....oE//Np
ot .' L]
5] o?
> L
< 0.0¢t 1 ?° | =8 1 1 I
0 2 4 6 8 10 12
Incident pump power (W)

Fig. 6. Polarization-resolved and total output powers versus incident pump power for the pump
beam outside the central region with d, = 1.0 mm and d, = 0.5 mm.

Without loss of generality, experimental results obtained with the pump position at d, = 1.0
mm and d, = 0.5 mm are given to manifest the influence of the pump position, where d, and
d, are the distances away from the transverse center of the gain medium in the horizontal and
vertical directions, respectively. Figure 6 shows the polarization-resolved and the total output
powers versus the incident pump power. In comparison with the results shown in Fig. 2 for
the central pumping, the overall efficiency has decreased by nearly 50%. Besides, although
the pump threshold for the N, polarized state is almost unchanged, the threshold power for the
N,, polarized state has significantly increased up to 6.5 W. Namely, the output emission is
linearly polarized in the N, direction for the pump power less than 6.5 W. Under this
circumstance, the transverse mode is mainly dominated by TEM,, mode, as shown in Fig.
7(a). When the N,, polarized state starts to get lasing for the pump power higher than 6.5 W,
the transverse patterns for the N, and N,, polarized states are found to be HGy,; and HG,
modes, respectively, as shown in Figs. 7(b) and 7(c). Even though the circular symmetry of
the transverse structures is breaking due to the off-center pumping, the feature of frequency
combs still maintains for two orthogonally polarized states, as seen in Fig. 7. The first- and
second-order autocorrelations were also measured to confirm that the operation of
longitudinal self-mode-locking could be achieved in the whole investigated range of the pump
power. To sum up, the off-center pumping only affects the transverse patterns for two
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orthogonally polarized states but does not destroy the operation of the longitudinal self-mode-
locking.

We further compute the temperature distribution 7'(x,y,z) arising from the absorbed
pump power to explore the symmetry breaking induced by the off-center pumping. In the
steady-state case, the heat conduction equation for 7'(x, y,z) is given by

V(K VT)=-0(x,y,2), (1)

where I?c is the thermal conductivity tensor and Q(x, y,z) is the heat source density in the

laser crystal. Using the Gaussian distribution to model the pump beam, the heat source
density can be generalized as

26P, «o e d ik —2ted a2
Q(x,y,z):%me az 20 10 20, ] @

P

where P, is the absorbed pump power, & is the thermal loading factor, « is the absorption

abs

coefficient, @, is the radius of the pump beam, and / is the crystal length. The thermal

conductivity tensor IZC is diagonal in the frame of optical indicatrix axes N,, N,,, and N,. The

thermal conductivity coefficients are 2.5, 3.0, and 3.5 W/m-K in the directions of N,, N,,, and
N,, respectively [29]. For conventional edge cooling, the boundary conditions of the end
surfaces can be approximated as adiabatic due to the fact that the cooling-surface convection
coefficient is three orders of magnitude larger than the natural convection coefficient on the
end surfaces [30, 31]. Under this approximation and using the expansion method, the
temperature distribution were numerically calculated with the parameters of £ = 0.05, w, =

200 pm, o= 1.2 mm™, and /=3 mm.
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Fig. 7. Polarization-resolved transverse patterns and lasing spectral combs at three pump

powers for manifesting the variation of transverse modes on the pump power for the case of
off-center pumping.
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Figure 8 shows the calculated results for temperature profiles at the input face of the laser
crystal at an absorption power of 6 W for three different pump positions with d, = 0.0, 0.5,
and 1.0 mm and 4, = 0.0 mm for all cases. The symmetry breaking of the temperature profile
caused by the off-center pumping can be clearly seen. Using the numerical calculation, it is
found that for the case shown in Fig. 6, the center of the thermal lensing is outside the pump
location with distances of approximately 100 um and 170 um along the x and y directions,
respectively. This mismatch causes the appearance of the high order transverse modes not
only in the N, but also in the N, polarized states.

< 3 mm
d,=0mm d.=0.5mm d,=1.0mm i

Fig. 8. calculated results for temperature profiles at the input face of the laser crystal at an
absorption power of 6 W for three different pump positions with d, = 0.0, 0.5, and 1.0 mm and
d, = 0.0 mm for all cases.

A

3mm

5. Conclusion

We have experimentally explored the impacts of the gain competition and the thermal lensing
on the transverse pattern formation in a dual-polarization self-mode-locked monolithic
Yb:KGW laser. It is observed that not only the polarization-resolved transverse patterns but
also the output powers notably depend on the pump location in the transverse plane of the
gain medium. The transverse patterns of two orthogonally polarized states generally display
nearly circular features for the pump beam in the central region with a radius of
approximately 0.4 mm, whereas these symmetries are broken to be the high-order HG modes
for the pump beam outside the central region. We also find that the longitudinal self-mode-
locking is almost not affected by the high-power pumping and the pump position.
Consequently, a vortex beam of the LG;; mode with a sub-picosecond pulse train at 25.3
GHz can be stably generated through the process of the gain competition between two
orthogonal polarization states. Under a pump power of 10.0 W, the output power of the LGy ;
mode can achieve 1.45 W. This finding is probably beneficial to the optomechanical
applications because of the well-defined angular momentum of the LG, ; beam.
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