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We demonstrate a high-power continuous-wave Tm:YLF laser with exceptional efficiency, achieved through laser
diode end-pumping of dual Tm:YLF crystals in a thermally insensitive resonator at room temperature. The performance
of the Tm:YLF laser system has been thoroughly investigated, covering output power, efficiency, power stability, and
beam quality. A maximum output power of 45.85 W was achieved with an absorbed pump power of 60.89 W. The slope
efficiency and absorbed-to-optical conversion efficiency were 80.9% and 75.3%, respectively. The laser exhibits excellent
stability, with an RMS power stability of 0.33%. The beam quality (M2) of the Tm:YLF laser in the horizontal and vertical
directions were 1.01 and 1.05, respectively. This high-performance laser source is ideal for pumping holmium-doped
crystals to generate 2-pum laser and mid-infrared laser generation via nonlinear optical processes.

Keywords: Tm:YLF, 2-pum laser, high efficiency
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1. Introduction

Lasers in the 2-um wavelength range have enabled trans-
formative applications across multiple disciplines, including
atmospheric sensing, precision materials processing, and min-
imally invasive medical procedures.!!! The 2-um laser’s eye-
safe operation and strong water absorption make it ideal for
medical applications, enabling precise tissue ablation with en-
hanced hemostasis and minimized collateral damage.®”! Fur-
thermore, the 2-pum laser is an excellent pump source for mid-
infrared (MIR) generation via nonlinear frequency conver-
sion, including optical parametric oscillation (OPO) and op-

1891 Compared to con-

tical parametric amplification (OPA).!
ventional 1-um pump sources, 2-um driven nonlinear pro-
cesses enable broader phase-matching bandwidths, facilitating
tunable mid-infrared generation across wider spectral ranges.
Furthermore, the laser-induced damage threshold of optical
materials exhibits a positive wavelength dependence, signif-
icantly enhancing the feasibility of high-power 2-pum laser
development and their practical deployment in demanding
applications. (1%

Several methods exist for generating 2-um lasers, in-
cluding optical parametric oscillation, optical parametric am-
plification, and other nonlinear optical processes, though

these often suffer from inefficiency and low maximum out-
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put power. ' Direct 2-um laser generation has been success-
fully demonstrated using thulium (Tm3*)-doped, holmium
(Ho**)-doped, and Tm/Ho co-doped gain media, offering a
viable alternative to nonlinear conversion approaches./'%!3]
Notably, pumping Ho-doped gain media with 1.9-um Tm-
lasers to generate 2-um light offers exceptionally high quan-
tum efficiency, as the pump wavelength closely matches the
emission wavelength.['*] Furthermore, Tm and Ho-doped gain
media provide higher efficiency, greater output power, and
more stability compared to nonlinear optical methods. Con-
sequently, advancing Tm> laser technology represents a crit-
ical pathway for developing high-performance 2-pum laser sys-
tems, combining the benefits of direct generation with superior
power scaling potential.

Research on rare earth ions as gain media has rapidly ad-
vanced in recent years, with Tm ions emerging as a key can-
didate for next-generation ultra-intense laser systems in the 2-
pm wavelength range. This is due to Tm’s long upper energy
level lifetime, broad emission spectrum, weak thermal lens-
ing, and lower thermo-optic coefficient.!>2% Tm-based sys-
tems, including Tm:YLF, are typically pumped by commercial
laser diodes (LD) with a central wavelength around 800 nm.
When a Tm ion in the ground state absorbs a pump photon, it
is excited to the *Hy energy level via the *Hg — 3Hj transi-

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

034202-1


https://doi.org/10.1088/1674-1056/adf4ac
https://cstr.cn/32038.14.CPB.adf4ac
mailto:songjiajun@siom.ac.cn
mailto:yjpeng@siom.ac.cn
mailto:lengyuxin@siom.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 034202 (2026)

tion. The ion then decays from the >Hy to the F, energy level
through a photonic self-quenching process, simultaneously re-
leasing a photon that can excite another nearby Tm ion from
the ground state to the upper energy level.['”l This process,
known as cross-relaxation, occurs in highly doped samples.
Notably, the theoretical quantum efficiency of Tm-based sys-
tems is twice that of conventional gain media like Ti:sapphire
and Yb:YAG, due to the one-for-two process. Ultimately, the
Tm ion in the *F4 energy level relaxes to the ground state,
emitting laser light with a central wavelength around 1.9 pm.

The Tm:YLF crystal also possesses several advantageous
properties, such as natural birefringence, a low and nega-
tive thermo-optic coefficient, a small refractive index, and a
long upper-state lifetime. These properties make Tm:YLF
an excellent gain medium for high-power, high-energy laser
systems. (%1% However, the relatively low thermal conductiv-
ity of Tm:YLF crystals poses a critical challenge for heat
dissipation in high-power operation. This thermal limita-
tion necessitates maintaining relatively low Tm-ion doping
concentrations. Furthermore, low doping concentrations re-
duce pump absorption efficiency, leading to significant pump
power losses. In recent decades, significant research efforts
have been devoted to developing 1.9-um Tm:YLF lasers, as
evidenced by numerous experimental studies.>'~>3! In 2000,
Budni et al. achieved a 22-W continuous-wave Tm:YLF laser
output pumped by 60-W diode-laser, with an optical to op-
tical conversion efficiency of 37%.121 Tn 2008, Duan et al.
demonstrated a 9.8-W Tm:YLF laser output with an input
pump power of 24 W, corresponding to optical conversion ef-
ficiency of 40.9% and slope efficiency of 51.4%.[°1 And in
2015, Ding et al. reported a diode-end-pumped dual crystal
Tm:YLF laser with an output power of 50.3 W, correspond-
ing to the optical-to-optical efficiency of 32.1% and slope
efficiency of 41.6%.18] The same year, Shen ef al. demon-
strated a continuous-wave Tm:YLF laser using two slab crys-
tals pumped by four fiber-coupled laser diodes, achieving a
maximum output power of 108 W, corresponding to a slope
efficiency of 39.0% and an optical-to-optical conversion effi-
ciency of 35.5 % with respect to the incident pump power. ?’!
Recently, Wei et al. demonstrated a 202-W Tm:YLF slab laser
using a reflecting volume Bragg grating as the output cou-
pler, the corresponding slope efficiency and optical-to-optical
conversion efficiency were 39.7% and 36.5%, respectively. >8]
While this advancement pushes the maximum output power
of Tm:YLF slab lasers beyond the 100-W threshold, chal-
lenges remain, such as high costs (due to multiple pump
sources), complex structures, and relatively low efficiency.
Additionally, Tm: YLF crystals are sensitive to cooling temper-
atures and are somewhat influenced by the pump source,2°-3!1
prompting research into cryogenic cooling for Tm:YLF lasers
[10

and the use of Ti:sapphire lasers as pump sources.!'"! For in-

stance, Adrian Alles et al. demonstrated a cryogenic Tm:YLF
laser in 2023, achieving a maximum output power of 6.5 W
at 80 K, corresponding to a slope efficiency of 66.0% with
respect to the absorbed power.!”! Moreover, in 2022, Umit
Demirbas et al. conducted a detailed study on the continuous-
wave lasing performance of Tm:YLF crystals with doping
concentrations ranging from 2% to 6%, pumped by diode and
Ti:sapphire lasers at 792 nm and 780 nm, respectively. The
study achieved a peak slope efficiency of about 70% with re-
spect to absorbed pump power when using a Ti:sapphire laser
to pump a 6% Tm-doped YLF crystal.l'>! This is the high-
est efficiency of the Tm:YLF laser to date.
Ti:sapphire lasers are expensive and provide lower power out-

Nevertheless,

put. To improve both optical-to-optical conversion efficiency
and output power, we propose a high-efficiency Tm:YLF bulk
crystal laser, which maintains a simple structure and low
cost.[32:33]

This work demonstrates a high-power, continuous-wave
Tm:YLF laser operating at room temperature with excep-
tional efficiency. Our innovative design combines dual
Tm:YLF crystals in a thermally compensated cavity, single
105-pum core diameter fiber-coupled diode pumping and op-
timized power extraction, achieving high power and high ef-
ficiency output while maintaining excellent stability (0.33%
RMS). This architecture provides significant advantages in
system simplicity, cost-effectiveness, and operational robust-
ness compared to conventional approaches. The polarization-
independent absorption characteristics of Tm:YLF enable si-
multaneous pumping of dual crystals using a single laser diode
(LD), thereby significantly improving pump source utilization
efficiency. A thermally stable cavity design was employed
to offset Tm:YLF’s thermal lensing effects on power output
and beam quality. To optimize laser output power, we imple-
mented an efficient output coupling control scheme using a
quarter-wave plate (QWP) and thin-film polarizer (TFP) com-
bination. Under an incident pump power of 130 W and an
absorbed pump power of approximately 61 W, the maximum
continuous-wave output power of 45.85 W at 1880 nm was
achieved, corresponding to a slope efficiency and absorbed-to-
optical conversion efficiency were 80.9% and 75.3%, respec-
tively. The beam quality (M?) factors were 1.01 and 1.05 in
horizontal and vertical directions, respectively.

2. Experimental setup

The layout of the proof-of-principle experimental setup is
shown in Fig. 1(a). A commercial multi-mode fiber-coupled
LD is used as the pump source, with a central wavelength and
spectral bandwidth (full width at half maximum, FWHM) of
793 nm and 2.6 nm, respectively. The laser diode features a
105-pum core diameter and 0.22 numerical aperture, yielding
an M? value of 45.8. The laser diode achieves a maximum
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output power of 130 W. A spherical lens (L1) with a focal
length of 20 mm is employed to collimate the pump beam. A
dichroic mirror (DM1), which is high-reflection (HR) coated
at 1880 nm and anti-reflection (AR) coated at 793 nm, is used
to protect the LD from devastation by the back laser. The
polarizing beam splitter (PBS) splits the unpolarized pump
beam into two orthogonally polarized beams with equal power.
A half-wave plate (HWP) rotates the p-polarized beam to s-
polarization. Both resulting pump beams are then focused
onto the crystals using 100-mm focal length spherical lenses
(L2 and L3). The total depletion of both two polarized beams
is about 3% and the input powers incident on both crystals are
almost equal. The pump spot diameters within both crystals
were measured to be approximately 500 wm, with correspond-
ing Rayleigh ranges of ~ 11 mm, as determined from char-
acterization of the focused spots produced by lenses L2 and
L3.

Both crystals are a-cut and optimized for lasing in E || ¢
configuration of Tm:YLEF, with a doping concentration of 3%.
Both crystal end faces feature anti-reflection (AR) coatings op-
timized for 793 nm and 1880 nm. The crystal orientation is
illustrated in the inset of Fig. 1(a). The crystals are thermally
mounted between two water-cooled copper heat sinks using

0.05-mm indium foils, with the coolant maintained at 18 °C.
The output power and efficiency increased as temperature de-
creased. However, we cannot lower the temperature indefi-
nitely, as the frost will form on the surface of the crystals at
low cooling water temperatures. Therefore, we set the water
chiller temperature at 18 °C as a consideration of safety and
stability. The crystal length is 10 mm, which aligns well with
the Rayleigh length of the pump source. To improve thermal
management, the crystal end faces are designed with a com-
pact 2 mmx2 mm cross-section. All 2 mmx 10 mm planar
surfaces of both crystals and copper heat sinks are polished
and gold-coated (Au) to optimize thermal contact uniformity
and efficiency. However, Tm:YLF exhibits a relatively low
pump saturation intensity (~ 3.27 kW/cm?) compared to gain
media like Yb:YAG, a consequence of its long upper-state life-
time. Additionally, the crystal’s absorption rate decreases with
increasing pump power. On the one hand, this effect primarily
stems from Tm:YLF’s low pump saturation intensity, which
fundamentally limits achievable absorption of the pump radi-
ation. On the other hand, the pump wavelength shift with in-
creasing power may contribute, as the absorption cross-section
varies significantly across the pump spectrum.
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Fig. 1. (a) Layout of the experimental setup. TFP1-TFP2: thin-film polarizer; QWP: quarter wave plate; HWP: half wave plate; L1-L3: lenses;
PBS: polarizing beam splitter cube; LD: laser diode; M1 and M4: plane mirrors; M2 and M3: concave mirrors with a radius of curvature of
400 mm; DM1 to DM3: dichroic mirrors; C1-C2: Tm:YLF crystals. Insets, orientation of Tm:YLF crystals used in this experiment. (b) Cavity
mode distribution of the dual-crystal Tm:YLF resonant cavity. (c) Beam radius variation with different focal lengths of thermal lens. (d) Focal

length of thermal lens with different incident pump powers.

An analog Z-type resonator is used for laser experiments,
as shown in Fig. 1(a). The laser cavity consisted of two
plane mirrors (M1, M4), two thin-film polarizers (TFPs), two
concave mirrors (M2, M3), and two dichroic mirrors (DM2,
DM3), both of which are identical to DM1. The total length of
the resonator cavity is 1640 mm, resulting in a spot diameter of
~ 400 pm at the central of the crystal, slightly smaller than the
pump beam size. A home-made output coupler, comprising
a quarter-wave plate (QWP) and a thin-film polarizer (TFP),

adjusts the resonator cavity’s output coupling rate. The cou-

pling output rate is adjusted by rotating the QWP, with each
angle corresponding to a distinct rate, as calibrated using a
commercial laser. The cavity mode distribution is presented
in Fig. 1(b). Figure 1(c) illustrates the variation of the cav-
ity mode in the crystal as a function of the thermal lens. It is
evident that the cavity mode remains nearly unchanged when
the focal length of thermal lens exceeds 500 mm. Especially,
the beam radius only changes from 237.0 um to 236.6 um
when the thermal lens focal length increased from 1000 mm
to 1500 mm, as shown in the inset of Fig. 1(c). Therefore, this
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resonant cavity can handle higher pump power while avoiding
mode mismatch for better output beam quality. To measure the
thermal lens focal length in the Tm: YLF laser, we constructed
a plano-plano resonator and determined the thermal lens by
imaging the output coupler’s beam spot size using a 4 f optical
system. The experimentally measured focal length of thermal
lens in the Tm:YLF crystal at different incident pump power
were depicted in Fig. 2(d). The focal length of thermal lens
(black line) of Tm:YLF crystal remain over 1000 mm, even at
the highest incident pump power, which further illustrated the
thermal stability of the resonator cavity.

3. Results and discussion

To begin with, the pump absorption properties of the
Tm:YLF crystals in our experiments were characterized due to
the relatively low doping concentration, as shown in Fig. 2(a).
The blue line depicted that the absorption rate dropped from
0.59 to 0.4 as the incident pump power increased from 10 W
to 130 W, which suggest that the absorption rate of the 3%
doping Tm:YLF is relatively low and decrease gradually with
the increasing of the incident pump power due to pump satu-
ration. The red line indicates the absorption properties under
laser operating conditions. Owing to stimulated emission, the
intracavity laser light balances the pump saturation, the ab-
sorption rate is a little higher than the no laser condition at
the same incident pump power, which dropped from 0.59 to
0.47 as the incident pump power increases, but it remains at a
relatively low level.

We then conducted Tm: YLF lasing experiments using LD
pumping with a 10-mm long, 3% Tm-doped YLF crystal. Fig-
ure 2(b) depicts the measured CW lasing performance of the
diode pumped Tm:YLF laser as a function of absorbed pump
power, under different output coupling values ranging from
5% to 40%. The output power was characterized by a commer-
cial power meter (Gentec-UP5S5N-100H-H9-DO0), which were
set at 793 nm and 1880 nm, respectively, when measuring the
pump power and output power. The maximum output power
of 45.85 W was obtained under an absorbed pump power of
60.89 W with a 13% output coupler, corresponding to a slope
efficiency of 80.9% and an absorbed-to-optical conversion ef-
ficiency of 75.3%, which approaching the quantum efficiency
of Tm3* ions. Furthermore, there is no result shows that the
slope efficiency would decrease at higher pump power, which
means the output power could be further increased by raising
pump power. Besides, as shown in Fig. 2(b), the 5% transmit-
ting output coupler has higher output power at low absorbed
pump power, but has poor performance at high absorbed pump
power. The performance of different output coupler work at
different absorbed pump power condition might not only de-
pend on the ratio between the intracavity laser light and the
output laser, but also the absolute value of the intracavity laser

light. This helps explain why the low-transmitting output cou-
pler performs better at lower incident pump power.
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2
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Fig. 2. (a) The absorption rate of Tm:YLF crystal, laser off (blue line)
and laser on (red line). (b) Measured CW efficiency curved for the LD
pumped Tm:YLF laser under different output coupling rates.

We also investigated the wavelength variations of the
Tm:YLF laser by measuring its CW laser performance with
different output couplers. An NIR-25s spectrum analyzer with
a resolution of 3 nm was used to measure the spectrum of
the output laser. The Tm:YLF crystal has two main emis-
sion peaks, which are at 1880 nm in the 7 direction and
1908 nm in the o direction if no wavelength control is adopted,
respectively.>*! Furthermore, the absorption cross-section and
the emission cross-section in the 7 direction are larger than
in the o direction, which could enhance the efficiency of the
Tm:YLF laser to some degree. As shown in Fig. 3, the free
running laser wavelength for each output coupler is depicted.
The output laser peak shifts from 1886.4 nm to 1880.0 nm with
the increasing of output coupling ratio, which is universal for
quasi-three-level lasers due to the higher inversion levels re-
quired to reach threshold.!'>! With the increasing of the output
coupler’s transmission, a higher upper-state population is re-
quired to overcome the increased transmission loss. Addition-
ally, the effective emission cross section is higher at shorter
wavelength, meaning that shorter wavelength gain will hold a
dominant position once population inversion is reached. Con-
sequently, the laser output peak shifts toward shorter wave-
lengths as the output coupling ratio increases. The center
wavelength is located at 1883.1 nm and the full width at half-
maximum (FWHM) is measured to be approximately 9.2 nm
at the maximum output power, which corresponding to an out-
put coupling ratio of 13%.
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Fig. 3. Spectrum of the Tm:YLF laser at different output coupling rates.

The power stability of the output power of the Tm:YLF
laser is characterized by a commercial power meter (Gentec-
UP55N-100H-H9-DO0). During this experiment, we observed
that whether the laser system was isolated by a home-made
box had a notable impact on the stability of its output power.
The results showed that with the box isolation, the output
power of the laser become more stable, likely due to the
cover’s effectiveness in reducing air fluctuations and external
vibrations that could interfere with the laser’s performance.
When the laser system is not isolated by a cover, the RMS
value is just 1.23%. As a comparison, the stability is improved
to 0.33% when the system is isolated by a cover. The results
are shown in Figs. 4(a) and 4(b).

_ 50p(a) RMS = 1.23%
= A5 pbaii
T 40
s
a 35
- 501 (b)
=
£ 4 RMS|=0.33%
g 40 SRE S0
35
0 10 20 30
Time (min)
1800
(©) Near field
g 1500
2 Far field
[}
N 1200
1}
g
3
2 900F o X
M2=1.01 oY
MZ=1.05 Fit of X
600 —Fit of Y
—400 —200 0 200 400

Z location (mm)
Fig. 4. (a) Power stability of the Tm:YLF laser when the laser system is
not isolated by a cover. (b) Power stability of the Tm:YLF laser when
the laser system is isolated by a cover. (c) Beam quality of the Tm:YLF
laser. Inset, the beam profile of the Tm:YLF laser.

Profiting from the thermal insensitive cavity design and
natural negative thermo-optic coefficient of the Tm:YLF. The
M? values of the Tm:YLF laser are measured by using a pyro-
electric array cameras (Pyrocam IV) with a plano-convex lens
of 400-mm focal length and a manual slide at the maximum
output power of 45.85 W. The laser radiated from cavity ex-
hibits near diffraction limit beam quality, with M? values of
merely 1.01 and 1.05 in the horizontal and vertical directions,

respectively, as shown in Fig. 4(c). Both the near field and
far field spatial profiles of the laser beam are well enough, as
shown in the inset of Fig. 4(c).

4. Conclusion

In conclusion, a high power continuous-wave Tm:YLF
laser with high efficiency is experimentally achieved by em-
ploying double Tm:YLF crystals in a thermally insensitive res-
onant cavity. Under the absorbed pump power of 60.89 W,
the maximum CW output power of 45.85 W is achieved,
and the slope efficiency and the absorbed-to-optical conver-
sion efficiency are 80.9% and 75.3%, respectively. In addi-
tion, the Tm:YLF laser system demonstrates an excellent per-
formance in power stability (0.33% RMS) and beam quality
(1.01x1.05). Our experiment demonstrated that the combi-
nation of employing double Tm:YLF crystals and thermally
insensitive resonant cavity could improve the output power
and the conversion efficiency effectively. Moreover, it is
anticipated that the efficiency and output power can be en-
hanced further by some means, such as optimizing the res-
onator parameters, increasing the pump power and improving
the doping concentration of Tm>* ion gently. Such a high-
power Tm:YLF laser is an ideal pump source for Ho:YLF and
Ho:YAG crystals to obtain high-power or high-energy 2-um
laser.
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