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Polarization-multiplexing of a laser based on a bulk Yb:CALGO crystal

JIN Hao-shu, LIU Hui", XU Si-yuan, LU Bao-le, BAI Jin-tao”
(Institute of Photonics & Photon-technology, Northwest University, Xi’an 710069, China)

* Corresponding author, E-mail: liuhui_gzs@nwu.edu.cn; baijint@nwu.edu.cn

Abstract: The polarization-multiplexing of a laser based on a medium with a large gain bandwidth and a
high thermal conductivity can benefit dual-frequency and dual-comb lasers’ spectral bandwidth and power.
This paper presents a demonstration of the polarization-multiplexing of a laser based on a bulk Yb:CALGO
crystal. The polarization multiplexing is realized by sandwiching the gain crystal with two birefringent crys-
tals which are cut at 45° to their optical axis. This sandwich-configuration creates inside the cavity two ortho-
gonally polarized beams which are spatially separated only in the sandwich-configuration part but collinear in
other part. Meanwhile, a single pump beam is also split into two beams automatically, matching the two cav-
ity modes. This configuration also allows the gain crystal to be located in at the waist of cavity modes, which
benefits the pumping efficiency. The laser outputs watt-level power with a slope efficiency exceeding 30%. A

dual-frequency operation with terahertz frequency separation is realized by inserting an etalon into the cavity.
Key words: polarization-multiplexing; Yb:CALGO crystal; dual-frequency lasers; dual-wavelength lasers;
dual-comb lasers
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1 Introduction

Multiplexing a laser in a single cavity is the
foundation of dual-frequency lasers (DFLs)!'*! and
dual-comb lasers (DCLs)*®. DFLs have been
broadly applied in fields such as high spectral pur-
ity microwave signal generation and distribution®?,
atomic clocks!” and terahertz generation®™. DCLs are
attractive for dual-comb spectroscopy™ and dual-
comb-based ranging”".

Various strategies have been exploited to mul-
tiplex a laser in a single cavity. DFLs have been
used for this purpose by utilizing polarization aniso-
tropy?, spatially dependent losses™ 'l intracavity
spectral filters!'?, and spatial hole burning effects!').
Particularly, by adjusting the intracavity birefrin-
gence, the DFLs created by polarization-multiplex-
ing possess broadband tunability and the capability
of realizing fast active phase stabilization with elec-

14 These properties are also in-

tro-optical crystals!
teresting for DCLs in examples such as those based
on a mode-locked integrated surface-emitting laser
MIXSEL!"™! and a solid-state gain medium” with
polarization-multiplexing. In this kind of polariza-
tion-multiplexed laser, the coupling between the two
lasers is usually detrimental to their mutual coher-
ence. Introducing a spatial separation in the gain
medium can effectively reduce the coupling. The
spatial separation can be subtly created by inserting
a 45°-cut birefringent crystal (BC) when light is re-
flected by a plane mirror at one end of the laser cav-
ity or by using spatial multiplexing"!. However,
that spatial separation also decreases the optical
pumping efficiency due to the mode mismatching
between single-beam pumping and dual-beam las-
ing. Dual-beam pumping can avoid mode mismatch-
ing, but it complicates the pumping system. Addi-
tionally, this way of introducing spatial separation

also constrains the gain medium such that it must be

doi: 10.37188/C0O.EN-2023-0005

located between the plane’s end mirror and the BC.
However, some laser designs need the gain medium
to be placed at the waist of cavity mode!'®).

Another important aspect of the DFLs and
DCLs is the bandwidth of their gain medium, which
affects the beat-frequency tunability of DFLs or the
spectral bandwidth of DCLs. During the past dec-
ade, the diode-pumped passive mode-locked lasers
based on the Yb:CALGO gain crystal has been
demonstrated to be able to generate watt-level sub-
100 fs short pulses!”"".,

This high-performance laser benefits from the
broad and smooth gain profile, and the high thermal
conductivity of the gain crystal. The gain band-
width of Yb:CALGO is evaluated to be about
80 nm, contrasting to that of a Yb:YAG crystal be-
ing 9nm. The thermal conductivity of 2 at.%
Yb:CALGO (6.3 and 6.9 W-m™-K™! along the c-ax-
is and g-axis, respectively) is higher than that of
5at% Yb:YAG crystals (5.7 W-m™"-K™")2. The
high thermal conductivity supports multi-watt aver-
age output power in mode-locked lasers and allows
them to reach tens of watts under continuous wave
operation®. These advantages in spectrum and
thermal conduction are attractive for the DFLs and
DCLs.

In this paper, we demonstrate a high-power po-
larization-multiplexed laser with a bulk Yb:CALGO
crystal as the gain medium. The bulk Yb:CALGO
crystal is sandwiched by two intracavity BCs which
are cut at 45° to its optical axis. The pump and in-
tracavity lasers are divided into two beams with
simultaneously crossed polarization. With this laser
multiplexing configuration, a spatial separation is
created and only happens at the sandwiched section,
allowing the gain medium to be located at the waist
of the cavity mode to achieve an effective mode
matching. The properties of the polarization iso-
tropy in the lasing, the output power, and the spec-

tra are investigated in detail. By inserting an etalon
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into the cavity, stable dual-wavelength operation is

achieved.

2 Experiment

The laser cavity is a Z shape as shown in Fig. 1.
The gain medium is a bulk (3 mmx3 mmx3 mm)
c-cut Yb:CALGO crystal (Castech) with a 3 at.%
doping level. A multimode fiber-coupled semicon-
ductor laser with a central wavelength of 976 nm is
used for pumping and the maximum available pump
power is 50 W. The diameter of the fiber core is

105 um and the value of the numerical aperture is

L1 L2! DCMI

976 nm

OC T=2% ‘

0.22. All the crystals are coated with an anti-reflec-
tion (AR) coating at 980—1 100 nm to reduce the in-
tracavity losses. The Yb:CALGO crystal is wrapped
in a layer of indium foil and held by a copper hold-
er to efficiently remove the heat in a water cooling
system. During the experiment, the water temperat-
ure was stabilized at 15 °C. Under a non-lasing con-
dition, the absorption rate of a single pass-through is
about 34%. This absorption rate can be improved by
using a gain medium with a longer absorption
length, or by using pump lasers with a central
wavelength closer to the absorption peak, namely
979.5 nm.

HR

Eta}lon

DCM2 Beam dump

Pump %

Fig. 1 Schematic of the laser polarization-multiplexed by sandwiching a Yb:CALGO crystal with two birefringent crystals.
LD: fiber-coupled laser diode; DCM1, DCM2: dichroic mirrors; G: Yb:CALGO cryatal; BC1, BC2: birefringent crys-

tals made of YVO,; HR: high reflection concave mirror with a curvature radius of 150 mm; OC: output coupler with a

curvature radius of 150 mm; L1, L2: lenses; HWP: half-wave plate; PBS: polarization beam splitter

The pump light is focused into the gain crystal
through a pair of lenses with focal lengths of 50 mm
and 100 mm, respectively, and the resulting pump-
ing spot diameter is about 210 um. The DCM1 and
DCM2 are dichroic mirrors coated with AR of
900—980 nm on the back side and 1030—1050 nm
on the front side to achieve higher reflection. The
DCM2 is used to allow the pump light to emit from
the cavity, thereby preventing the returning light
from damaging the pump light source. HR refers to

a concave mirror with a curvature radius of 150 mm

and a highly reflective coating of 1000—1100 nm
(R>99.9%). The curvature radius of the OC is

150 mm, and the transmittance is 2%.

3 Results and discussion

Before performing the polarization-multiplex-
ing operation, it is necessary to examine the polariz-
ation isotropy of the gain crystal. To this end, we
put only one BC into the cavity, allowing only the
ordinary light (o-light) to lase. Extraordinary light
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(e-light) was non-lasing due to the large losses caus-
ed by the beam’s walk-off being transverse. The po-
larization of the o-light is linear, and its direction
can be continuously adjusted in the transverse plane
by rotating the BC. Figure 2(a) shows the output
power when the light polarization was rotated. This

measurement suggests that the gain medium is ap-
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proximately isotropic to light polarization. This po-
larization isotropy results from the symmetry of the
c-cut Yb:CALGO crystal. We then removed the BC
and measured the output power against the ab-
sorbed pump power, showing a slope efficiency of
59% as shown in Fig. 2(b).
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Fig. 2 Measurement results of the output power when the laser was operated in single mode. (a) Output power versus the dir-

ection of linearized laser polarization. (b) Output power versus absorbed pump power

To multiplex the laser cavity, two BCs made of
YVO, were inserted into it with an arrangement
where the gain crystal is sandwiched by the two
BCs. The BCs were cut at 45° to their optical axis.
The thicknesses of the BCs was 0.5 mm. Thanks to
the BCs, the laser is multiplexed into two cross-po-
larized states. The cross-polarized beams are colin-
ear in the cavity except in the part containing the
BCs and the gain crystal. The spatial separation in
the gain medium can reduce the unwanted coupling
between the two laser states. Meanwhile, the single
pump beam outside the cavity is also divided into
two cross-polarized beams in the cavity, forming
two pump spots and automatically matching the spa-
tial separation of the laser mode in the gain medium,
as shown in the zoomed-in part of Fig.1. This design
makes the pumping as simple as that of single mode
lasers and allows the bulk gain medium to be loc-
ated at the laser mode waist to achieve mode match-
ing for the pumping.

We measured the separation between the two

pump spots by observing the maximum power pass-

ing through a pinhole held by a three-axis transla-
tion stage. As the thickness of BC was 0.5 mm, the
distance between the spots of e-light and o-light was
measured to be about 50 um. According to this
measurement, we can also know the direction of the
transverse walk-off.

The two BCs were inserted into the cavity with
identical orientation, and the transverse-walk of the
e-light was chosen to be vertical. By slightly mov-
ing the position of the pump light vertically, we also
found the light emitted from the two output facets of
the PBS. Only one polarization state was observed
when we moved the pump light further down or up
so that only one polarization state was pumped.
These operations confirm the coexistence of the two
polarization states of the laser in the cavity. Note
that to balance the pump power for each polariza-
tion, the weight for o-light and e-light was meas-
ured by using a PBS in which the direction was well
aligned with the birefringent crystal. The weight
was controlled by rotating the fiber used for deliver-

ing the pump’s power. Since the pump power is
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evenly weighted for the o-light and e-light, we use
half of the total absorbed pump power to calibrate
the abscissa axis for the following measurements of
output power versus pump power. The output power
of the coexisting polarization states was measured
as shown in Fig. 3(a). It shows that the slope effi-

ciency of each polarization state was about 30.7%

and 38.5%, respectively. However, when only one
polarization state was pumped, the slope efficiency
was somehow close to or even higher than that
when no BC was added. This can be the cause of the
two pump spots partially overlapping because the
diameter of each pump spot was about 210 um while

the distance to their centers was only about 50 pum.
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Fig. 3 Output power of the laser when the birefringent crystals were inserted into the cavity. (a) Two polarization states exist

at the same time; (b) only the ordinary light is pumped; (c) only the extraordinary light is pumped

Figure 4 shows the spectra when the laser was
operating in different states. When the o-light and e-
light coexisted, there were two groups of peaks dis-
played in the spectrum as shown in Fig. 4(a). Those
peaks result from the weak etalon effect of the in-
tracavity BCs. When only one polarization state was
pumped, there was only one group of peaks dis-
played as shown in Fig. 4(b) and Fig. 4 (c). Note
that these spectra were recorded by using the max-
imum holding function. This phenomenon proves
again that there are two polarized beams in the cav-
ity at the same time. When an etalon was inserted
into the cavity, stable dual-wavelength operation
was achieved, as shown in Fig. 4(d) —(f). Due to

mode selection being from the etalon, the lasing at

two polarizations were at different wavelengths but
they were not at similar wavelength ranges without
the etalon. The etalon was made of YAG with a
thickness of 250 pm, giving transmission peaks at
around 1044.6 nm and 1050.5 nm. Fig. 4(d) shows
the spectrum when the two polarized states were
pumped simultaneously. By slightly moving the
pump light vertically, the o-light and e-light oscil-
lated with equal intensity. When only one polariza-
tion state was pumped, only one peak was observed
as shown in Fig. 4(e) and Fig. 4(f). The wavelength
separation in this dual-wavelength operation was
about 6 nm, corresponding to a beat-note frequency
of about 1.6 THz.
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Fig. 4 Spectra in different conditions. (a)—(c) show the spectra when no etalon was used, and (d)—(f) show the spectra when

an etalon was used; (a) and (d) show the spectra when the o- and e-light coexisted, while (b), (c), (e), (f) show the spec-

tra when only one polarization state was excited

4  Conclusion

In this work, we have demonstrated a single-
cavity polarization-multiplexed laser based on the
Yb:CALGO gain crystal. The bulk gain medium is
sandwiched by two identical intracavity BCs which
are cut at 45° to their optical axis. The o-light and e-
light beams are spatially separated in the BCs and
gain medium, but they propagate collinearly in the
rest of the cavity. The polarizations of the two laser
beams are orthogonal to each other. With this

design, the sandwiched gain medium can be located

References:

at the mode waist, which is conducive for highly
mode-matched pumping. Meanwhile, the pumping
scheme is simple, as the pump laser is divided into
two polarized beams with the same spatial separa-
tion as the lasing beams in the gain medium. Since
the Yb:CALGO crystal is c-cut, the gain shows iso-
tropy for the laser polarization. The slope efficiency
of the output power exceeds 30% when the laser is
polarization-multiplexed. Stable dual-frequency op-
eration with THz separation is realized when an et-
alon is inserted into the cavity. This work has refer-
encial value for high-power and broadband spectra

dual-comb mode-locked lasers.

[1]

BAILI G, MORVAN L, ALOUINI M, et al.. Experimental demonstration of a tunable dual-frequency semiconductor
laser free of relaxation oscillations [J]. Optics Letters, 2009, 34(21): 3421-3423.

[2]  PILLET G, MORVAN L, BRUNEL M, ef al.. Dual-frequency laser at 1.5 um for optical distribution and generation of
high-purity microwave signals[J]. Journal of Lightwave Technology, 2008, 26(15): 2764-2773.

(3] PAQUET R, BLIN S, MYARA M, et al. Coherent continuous-wave dual-frequency high-Q external-cavity
semiconductor laser for GHz-THz applications [J]. Optics Letters, 2016, 41(16): 3751-3754.

(4] PUPEIKIS J, WILLENBERG B, CAMENZIND S L, et al.. Spatially multiplexed single-cavity dual-comb laser[J].
Optica, 2022, 9(7): 713-716.

[5] WILLENBERG B, PUPEIKIS J, KRUGER L M, et al.. Femtosecond dual-comb Yb: CaF, laser from a single free-
running polarization-multiplexed cavity for optical sampling applications[J]. Optics Express, 2020, 28(20) : 30275-
30288.

[6] LIAORY, TIAN H C, LIU W, et al.. Dual-comb generation from a single laser source: principles and spectroscopic
applications towards mid-IR—A review [J]. Journal of Physics:Photonics, 2020, 2(4): 042006.

[7] DUMONT P, CAMARGO F, DANET J M, et al.. Low-noise dual-frequency laser for compact cs atomic clocks[J].
Journal of Lightwave Technology, 2014, 32(20): 3817-3823.

[8] SCHELLER M, YARBOROUGH J M, MOLONEY J V, et al.. Room temperature continuous wave milliwatt terahertz
source[J]. Optics Express, 2010, 18(26): 27112-27117.

(9]

CODDINGTON I, NEWBURY N, SWANN W. Dual-comb spectroscopy [J]. Optica, 2016, 3(4),doi: 10.1364/optica.


https://doi.org/10.1364/OL.34.003421
https://doi.org/10.1109/JLT.2008.927209
https://doi.org/10.1364/OL.41.003751
https://doi.org/10.1364/OPTICA.457787
https://doi.org/10.1364/OE.403072
https://doi.org/10.1109/JLT.2014.2318179
https://doi.org/10.1364/OE.18.027112

56 1 JIN Hao-shu, et al. : Polarization-multiplexing of a laser based on a bulk ...... 1481

3.000414.

[10] SUHM G, VAHALA K J. Soliton microcomb range measurement[J]. Science, 2018, 359(6378): 884-887.

[11] ZHANG P, MAO L, ZHANG X J, et al.. Compact dual-wavelength vertical-external-cavity surface-emitting laser with
simple elements [J]. Optics Express, 2021, 29(11): 16572-16583.

[12] MANJOORAN S, LOIKO P, MAJOR A. A discretely tunable dual-wavelength multi-watt Yb: CALGO laser[J].
Applied Physics B, 2018, 124(1): 13.

[13] SCHELLER M, BAKER C W, KOCH S W, et al.. High power dual-wavelength VECSEL based on a multiple folded
cavity[J]. IEEE Photonics Technology Letters, 2017, 29(10): 790-793.

[14] GREDAT G, LIU H, COTXET J, et al.. Optimization of laser dynamics for active stabilization of DF-VECSELs
dedicated to cesium CPT clocks[J]. Journal of the Optical Society of America B, 2020, 37(4): 1196-1207.

[15] LINK S M, MAAS D J H C, WALDBURGER D, et al.. Dual-comb spectroscopy of water vapor with a free-running
semiconductor disk laser [J]. Science, 2017, 356(6343): 1164-1168.

[16] KOWALCZYK M, STERCZEWSKI L., ZHANG X ZH, et al.. Dual-comb femtosecond solid-state laser with inherent
polarization-multiplexing[J]. Laser & Photonics Reviews, 2021, 15(8): 2000441,

[17] MANJOORAN S, MAJOR A. Diode-pumped 45 fs Yb: CALGO laser oscillator with 1.7 MW of peak power[J]. Optics
Letters, 2018, 43(10): 2324-2327.

[18] HAKOBYAN S, WITTWER V J, BROCHARD P, et al.. Full stabilization and characterization of an optical frequency
comb from a diode-pumped solid-state laser with GHz repetition rate [J]. Optics Express, 2017,25(17): 20437-20453.

[19] KLENNER A, GOLLING M, KELLER U. High peak power gigahertz Yb: CALGO laser[J]. Optics Express, 2014,
22(10): 11884-11891.

[20] PETIT J, GOLDNER P, VIANA B. Laser emission with low quantum defect in Yb: CaGdA1O4[J]. Optics Letters, 2005,
30(11): 1345-1347.

[21] MODSCHING N, PARADIS C, LABAYE F, et al.. Kerr lens mode-locked Yb: CALGO thin-disk laser[J]. Optics
Letters, 2018, 43(4): 879-882.

Author Biographics:

JIN Hao-shu (1996—), male, from Zhang-
jiakou, Hebei Province, master's degree
candidate, obtained a bachelor's degree
from Shanxi University in 2019, mainly
engaged in the research of all-solid-state
laser technology. E-mail: 202032252@

stumail.nwu.edu.cn

LIU Hui (1986—), male, from Chenzhou,
Hunan Province, associate professor, mas-
ter supervisor, obtained Ph.D from Chin-
ese Academy of Sciences (National Time
Service Center) in 2016, mainly engaged
in the research of laser physics and tech-

nology. E-mail: liuhui_gzs@nwu.edu.cn


https://doi.org/10.1126/science.aao1968
https://doi.org/10.1364/OE.423074
https://doi.org/10.1007/s00340-017-6873-x
https://doi.org/10.1109/LPT.2017.2685595
https://doi.org/10.1364/JOSAB.389310
https://doi.org/10.1126/science.aam7424
https://doi.org/10.1364/OL.43.002324
https://doi.org/10.1364/OL.43.002324
https://doi.org/10.1364/OE.25.020437
https://doi.org/10.1364/OE.22.011884
https://doi.org/10.1364/OL.30.001345
https://doi.org/10.1364/OL.43.000879
https://doi.org/10.1364/OL.43.000879

	1 Introduction
	2 Experiment
	3 Results and discussion
	4 Conclusion
	参考文献

