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We firstly explored lasing properties of a 2.1 pm Ho laser intra-cavity pumped by a diode-pumped Tm:YVO,
laser, which has a large absorption cross-section and broad absorption profile at 800 nm. Maximum output
power of 1.42 W at 1908 nm was obtained before Ho laser with a 2 mm long Tm:YVO, crystal under absorbed
common 808 nm LD power of 9.96 W. High reflection coating the output couplers at Tm laser, Ho laser
oscillation with maximum output power of 954 mW at 2122 nm was achieved with corresponding beam

quality factor M2 of 1.43, which indicates a near-diffraction-limited beam propagation.

1. Introduction

Intra-cavity pumped Ho lasers (ICHL) facilitate the direct use of
common 800 nm AlGaAs diode lasers (LD) for efficient 2.1 pm lasers
in a compact structure, which have a variety of potential applications
including medical treatment [1], countermeasures [2], macromolecule
material processing [3], and nonlinear frequency conversions toward
the molecular fingerprint region of 3~14 pm [4].

Since the first demonstration by Stoneman et al. [5], ICHL had
been considered as an accessible mechanism for room-temperature Ho
lasers with a high conversion efficiency from absorbed diode laser to
Ho laser [6]. Compared with the popular Tm laser in-band pumped
Ho lasers [7-9], separated cavities for Tm laser and Ho laser were
merged together, where the Tm laser was generated and confined
inside the same cavity for in-band pumping the Ho laser. Unlike the
traditional Tm, Ho co-doped lasers [10,11], cooling the gain media
at a temperature of liquid nitrogen is un-necessary for ICHL, because
the up-conversion losses of the intra-cavity Tm-doped and Ho-doped
gain media are less significant than that of the Tm, Ho co-doped
crystals [12].

Due to the high mechanical and thermal properties in YAG crys-
tal [13], ICHL was firstly demonstrated in 1992 from the combination
of Tm:YAG and Ho:YAG crystals with an output power of approximately
140 mW at 2.09 pm [5]. Keep the combination of Tm:YAG and Ho:YAG
crystals, in 2000, Hayward et al. further increased the output power to
7.2 W with beam quality factor (M2) of about 6 due to the significant
thermal lens in YAG crystals [14]. In 2003, YLF crystal with a negative
thermal lens was firstly severed as Tm-doped host of the ICHL for

alleviating the thermal effects, where maximum output power of 1.6 W
at 2.09 pm was obtained [15]. Although the power of the Tm:YLF ICHL
was increased to 8 W with M2 of 2.2 in 2012, conversion efficiency
from LD power to Ho laser was poor, where over 135 W incident LD
power was needed [16]. In 2016, a compromise between the lasing
efficiency and beam quality was made in our previous works, where
maximum output power of 8.03 W at 2122 nm with M2~2.7 was
obtained in the Tm:YAG ICHL using a composite Tm:YAG crystal and
the wavelength-locked LD for reduced the waste heat [17].

Meanwhile, other combinations between the Tm-doped and Ho-
doped gain media, such as Tm:YAG vs Ho:LuAG [18], Tm:KluW vs
Ho:KLuW [19], and Tm:YAG vs Ho:SSO [20] were explored for seeking
efficient LD pumped ICHLs at room temperature with a compact struc-
ture. Besides the above host media, Tm ions in vanadate crystals has
smother and broader absorption band at 800 nm than in the mature
YAG crystal where the peak absorption cross-section (2.5 x 10720 ¢cm?
at 797.5 nm) is 4 times larger than that of Tm:YAG (6 x 10-2! cm?
at 785 nm) [21,22]. Such absorption properties facilitate the choice of
existed AlGaAs LDs and the micromation in Tm-doped gain medium for
a compact ICHL. Moreover, the reduction in length of the Tm-doped
gain medium benefits the alleviation in the thermal lens of the ICHL
under high power pumping, especially for the vanadate hosts, which
have slightly lower thermal conductivity than YAG [23].

In this letter, efficient Ho laser with maximum output power of 954
mW at 2122 nm was obtained via intra-cavity pumped by a Tm:YVO,
laser. Due to the high absorption cross-section of Tm:YVO, crystal at
800 nm, above 70% incident 808 nm LD power was absorbed by the
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2 mm long Tm-doped gain medium, corresponding to a conversion
efficiency of 8.5% from absorbed LD power to Ho laser. It is the first
presentation of a Tm-doped vanadate laser applied for the ICHL, to the
best of our knowledge.

2. Experimental design and setup

Fig. 1 depicts the polarized emission spectra and absorption spec-
trum of a 3 at. % Tm:YVO, and a 0.8 at. % Ho:YAG crystals, re-
spectively. The a-cut Tm:YVO, and Ho:YAG samples were cut with
identical shape of 4 mm X 4 mm X 1 mm for the measurement of
absorption spectrum by a UV-VIS-NIR spectrophotometer (Lambda950,
Perkin Elmer INC.) with a scanning interval of 0.1 nm. Polarized
emission spectra of the Tm:YVO, crystal were then calculated from
the measured polarized absorption spectra according to the McCumber
equation [24], where divergency in the spectral area away from the
emission peaks was denoted [6]. As shown in Fig. 1, the main emission
peaks of the Tm:YVO, crystal in z-polarization and o-polarization are at
approximately 1804 nm, which are away from the resonant absorption
band of Ho:YAG crystal. However, the reported lasing wavelengths for
Tm:YVO, laser with output coupling below 1% were 1.92 pm [25]
and 1.94 pm [26] respectively, which were both within the absorption
band of Ho:YAG with corresponding absorption cross-sections of 0.43
x 10720 ¢m? and 0.28 x 10720 cm2. Hence, it is of interest for the
following experiments to evaluate the true laser properties.

The schematic of the ICHL is shown in Fig. 2. The pump source
was a fiber-coupled 808 nm LD with a core diameter of 400 pm and a
numerical aperture of 0.22. F1 and F2 were two identical plano-convex
lenses with a focal length of 35 mm, which collimated and focused
the LD pump light with a waist of approximately 200 pm inside the
Tm:YVO, crystal. The a-cut Tm:YVO, crystal had dimensions of 3 mm
X 3 mm X 2 mm and a doped concentration of 3 at.%, which was
anti-reflection (AR) coated at 808 nm and 1.9~2.2 pm at both end
surfaces. A 6 mm long Ho:YAG crystal rod with a diameter of 4 mm
and doping concentration of 0.8 at.% was inserted after the Tm:YVO,
crystal, which was AR-coated at 1.9~2.2 pm at each end surface. Both
crystals were wrapped with the indium foil before being mounted on a
copper heat-sink that was cooled by the water of 16 °C. The accuracy
of the water cooler is 0.1 °C.

The resonator was a concave-plano cavity with a physical length
of 32 mm. M1 was the concave input mirror with a 100 mm radius
of curvature, which was high reflection-coated (HR) at 1.8~2.2 pm
and AR at the pump wavelength. M2 denoted the flat output couplers
(OCs), which were classified as the common OCs and the narrow-
band coated OCs. The common OCs were coated with transmittances
of 3% and 5% at 1.9~2.2 pm respectively. The narrow-band coated
OCs HR-coated at Tm laser (1.9~2.02 pm) had transmittances of 2%,
10%, and 20% respectively at Ho laser (2.09~2.1 pm). The laser power
was measured by a power meter (OPHIR, 30 (150) A-LP1-18), and the
lasing wavelength was recorded by a mid-infrared spectrometer (771A-
IR, Bristol Instruments, Inc. USA.) with a spectral resolution of 4 GHz.
Beam profile of Ho laser was analyzed by a beam quality analyzer
(Nanomodescan, Ophir Optronics Ltd.).

3. Experimental results and discussion

Before the ICHL, lasing property of the Tm:YVO, laser was analyzed
as shown in Fig. 3. Maximum output powers of 1.42 W and 1.28 W
were obtained at maximum absorbed LD power of 9.96 W and 10.6
W with the 3% and 5% common OCs respectively, corresponding to
slope efficiencies of 27.06% and 26.26%. Evolutions in peak lasing
wavelengths of the Tm laser during the power scaling processes are
depicted in Fig. 3(b). Unlike the stabilized wavelength at 1917.9 nm =+
0.3 nm. With the 3% output coupler, the lasing wavelength shifted from
1915.3 nm + 0.2 nm to 1909.5 nm + 0.2 nm at output power around
862 mW. Using a polarizer at 1.9 pm, the switching from z-polarization
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Fig. 1. The polarized emission spectra and absorption spectrum of a 3 at.% Tm:YVO,
and a 0.8 at.% Ho:YAG crystals.

Fig. 2. Experimental setup of the ICHL.

to o-polarization following with the obvious shift in lasing wavelength
was indicated, which was attributed to the gain competition between
different polarization states with the 3% output coupler. However, this
phenomenon would not seriously influence the efficiency of ICHL, as
both lasing wavelengths of 1909 nm and 1915 nm are within the main
absorption band of the isotropous Ho:YAG gain medium (Fig. 1).

Fig. 4(a) shows the power curves of the ICHL. In the ICHL ex-
periment, three different narrow-band coated OCs were applied to
optimize lasing efficiency of the Ho laser. With the optimal output
coupling of 10%, the maximum output power of 954 mW at 2122.1 nm
was obtained corresponding to the highest slope efficiency of 17.3%.
Effectiveness of the Tm:YVO, laser pumped ICHL was verified as the
maximum Ho laser power was 67% of the maximum Tm laser power
of 1.42 W. Slightly decrement in Ho laser efficiency was obtained with
the 20% OC, where maximum output power of 706 mW at 2090.8 nm
was achieved corresponding to a slope efficiency of 14.6% owing to
the good confinement in Tm laser with the narrow-band coated output
coupler. Poor lasing efficiency with the 2% output coupler was 5.8%,
which attributed to the fact that transmittance of the output coupler
was away from the optimal value for Ho:YAG and its isostructural gain
medium [27-29]. As is shown in Fig. 4(b), beam quality at each max-
imum output powers with the 2%, 10%, and 20% OCs were measured
to be with M2 of 1.10, 1.43, and 1.25 respectively, which indicate a
near-diffraction-limited beam propagation. For intra-cavity pumped Ho
lasers, the beam quality is mainly influenced by the thermal lens of the
gain media, especially the Tm:YVO, crystal with a significant higher
quantum defect and higher absorption coefficient to the pump light.
However, the thermal lens effect was associated with the incident LD
pump power. As the incident LD pump power of 10% OC is higher
than other OCs at each maximum output power, a thermal diopter on
the Tm:YVO, decreased, which resulted in the increase of thermal lens
effect and the slightly poor beam quality. Alleviating the thermal lens
effect by bonding the Tm:YVO, crystal with another un-doped YVO,
crystal, which could further improve the beam quality and output
power.
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Fig. 3. (a) Output power of the Tm laser versus absorbed pump power and the corresponding slope efficiencies (#,) with different common OCs; (b) Wavelengths of the Tm laser
versus the output powers with different common OCs (Insert: lasing spectrum of the Tm:YVO, laser at maximum output powers with the 3% and 5% OCs, respectively).

Fig. 4. (a) Output power of the Ho laser versus absorbed pump power of the Tm:YVO, laser and the corresponding slope efficiencies (#,) at different narrow-band coated OCs,
where stability at the maximum power of 954 mW was 0.5% within 30 min; (b) Beam quality of the intra-cavity pumped Ho:YAG laser at the maximum output power with

different narrow-band coated OCs (Insert: 2D beam Profiles of T = 10%.).

Fig. 5 shows the evolutions in the laser spectrum with different
narrow-band coated OCs, where each ten measured lasing spectra were
averaged in every data point for presenting the real-time undated
spectrum on the software interface. Peak lasing wavelengths during
power scaling processes of ICHL were stabilized at 2122.2 nm + 0.2 nm,
2122.2 nm + 0.1 nm, and 2090.7 nm + 0.1 nm with the 2%, 10%,
and 20% OCs, respectively. Due to the higher cavity loss, shorter
wavelength at approximately 2090 nm was obtained with the 20%
output coupler (Fig. 5(c)). As shown in Fig. 5(b), slight leakage in
Tm laser at the threshold of the ICHL was observed, where the Tm
laser wavelength was at around 1955 nm. We attributed this to the
higher gain for both Tm laser and Ho laser with the 10% output coupler
compared with other output couplings.

4. Conclusion

In conclusion, ICHL at 2.1 pm has been demonstrated via intra-
cavity pumped by a common 808 nm LD pumped Tm:YVO, laser.
Due to the high absorption and emission cross-sections of Tm ion in
vanadate gain medium, maximum output power of 1.42 W at 1908 nm
could be obtained with a 2 mm long disk-shape Tm:YVO, gain medium
before exploring the ICHL. High reflection coating the output coupler
at the lasing band of the Tm:YVO, laser, ICHL with maximum output
power of 954 mW at 2122 nm was obtained, which was 67% of the
maximum Tm laser power. It is the first presentation of a Tm-doped
vanadate laser applied for achieving the ICHL, which benefits the direct
use of the existed AlGaAs LDs for a compact, accessible Ho laser due to
the broad absorption band and high absorption cross-section of such

Fig. 5. Dependences of wavelength on output power and different narrow-band coated
OCs for the Ho laser.

type of gain media. Further improvement in the performance of Ho
laser is expected via optimizing the dopant concentration of Tm and
Ho ions and direct producing a more efficient Tm:YVO, gain module
by bonding the Tm:YVO, crystal with another un-doped YVO, crystal,

opening up a range of potential 2.1 pm high power applications.
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