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Abstract
We present the laser characteristics of a 5 at.% Tm:YLF crystal using a modular setup at cryogenic temperatures emitting 
around 2 µm. Continuous-wave laser operation was achieved by pumping the laser crystal using a Volume Bragg Grating-
stabilized laser diode emitting at 793 nm. A maximum output power of 6.5 W was achieved at 80 K corresponding to a slope 
efficiency of 66.0% with respect to the absorbed power with excellent beam quality.

1 Introduction

Lasers operating around 2 microns in the spectral range emit 
in the so-called eye-safe region having real and commercial 
application in materials processing (laser welding of trans-
parent plastics), laser radar and atmospheric monitoring, 
chemical and physical research (nonlinear optics and spec-
troscopy), as well the favorable absorption in water makes 
such lasers also very useful for medical applications (surgery 
and therapy) and in defense [1–4]. All these 2-micron laser 
applications are relatively young and constantly improving, 
and some of them need to benefit from better efficiency, 
shorter pulses (meaning higher peak-power), more ener-
getic pulses, and designs that are more compact. All such 
novel results represent a challenge in the field of research of 
diode-pumped solid-state lasers with industrial and scientific 
applications.

The 2 μm lasers can be achieved by doping the laser 
host materials with thulium  Tm3+ ions (Tm). The “Tm” 
ion absorbs efficiently around 793 nm and can be directly 
excited using commercial available AlGaAS laser diodes. 

Moreover, the Tm ion experiences the two for one cross 
relaxation mechanism, which results in higher slope effi-
ciency than that of the quantum defect [5]. Nevertheless, 
due to the quasi-three level nature of the Tm ion, it suffers 
from reabsorption losses. In addition, the Tm ion will suf-
fer from other parasitic processes such as energy transfer 
up-conversion (ETU) and excited state absorption (ESA). 
All these effects will limit the overall laser performance and 
suffer from poor beam quality.

To suppress the above-mentioned issues, the active 
medium has to be cooled down to cryogenic temperatures. 
The cryogenic cooling will significantly improve the key 
thermo-optic properties of the active medium, such as 
increased thermal conductivity, decreasing the variation of 
the refractive index with temperature, dn/dT and decreas-
ing the thermal expansion coefficient, thus minimizing the 
thermo-optic effects [6, 7], it will also significantly increase 
the spectroscopic properties such as absorption and emission 
cross-sections and lifetime of the emitting electronic level. 
This will allow greater energy accumulation capacity during 
the Q-switched technique [8] for pulse generation. To date, 
cryogenic lasers were reported mainly on single-doped Yb, 
Nd, Ho and codoped (Ho, Tm) laser hosts [9–16]. However, 
only few results based on single-doped Tm-doped hosts can 
be seen [17–19].

Bearing in mind all the above-mentioned facts, in this 
work, we paid attention to the Yttrium Lithium Fluoride 
crystal,  LiYF4 (in short YLF), which belongs to the broad 
fluoride family exhibiting low-phonon energy, broad emis-
sion bands and long radiative lifetime, which make these 
materials very good candidates for high-power laser devel-
opment in the 2 μm region [20, 21]. Many works based on 
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Tm:YLF have been reported mainly at room temperature 
[22–25]. The first cryogenic laser operation of Tm:YLF was 
reported at liquid nitrogen temperature where their main 
focus is on near infrared region. The authors reported the 
operating wavelengths of 816 nm and 1876 nm, with respec-
tive slope efficiencies of 46 and 4% [26]. A preliminary cry-
ogenic laser based on Tm:YLF has been demonstrated using 
broadband pumping in one of our previous works [27] using 
a long L-shaped asymmetric cavity. At 100 K, a maximum 
output power of 2.55 W with a slope efficiency of 22.8% 
was achieved around 1877 nm using 15% output coupling 
transmission. From that study of absorption spectroscopy 
and results published in [27], we deduced that a broadband 
pump source is not suitable for efficient cryogenic laser 
operation. Stabilized laser diodes should be used to achieve 
greater efficiency.

Here in this work, we studied the cryogenic laser perfor-
mance of a 5 at. % Tm:YLF using a Volume Bragg Grat-
ing (BVG)-stabilized laser diode as pump source emitting 
around 793 nm. The novelty of this work lies in using a mod-
ular cryogenic compact cavity. This work is the preliminary 
work prior to the development of high average power lasers 
based on cryogenic Tm:YLF in the 2 µm spectral region.

2  Experimental

2.1  Cryogenic continuous‑wave (CW) laser setup

Figure 1a illustrates the schematic diagram of the cryogenic 
continuous-wave (CW) laser setup. The compact cryogenic 
cavity includes a plane-plane pump mirror with high-
reflective (HR) coating at 1.8–2.1 µm and high transmis-
sion (HT) around 800 nm. A set of plane output couplers 
(OC) with different partial transmission (Toc) of 9, 15, and 
30% at 1.8–2.1 µm were used. As active medium a commer-
cial a-cut 5 at. % Tm:YLF crystal with 2 mm thickness and 
5×5  mm2 aperture was mounted in a copper holder at normal 
incidence and was placed in between the two plane mir-
rors to form a compact plane–plane cavity inside the modu-
lar chamber (see Fig. 1b). The advantage of this modular 
chamber is that one can replace any of the optical elements, 

such as the pump mirror, active medium or output coupler as 
desired. To conductively cool the active medium, the copper 
holder along with the sample were fixed to the cold finger of 
the closed cycle helium cryostat (CH-204, JANIS), that can 
provide a cooling power of 13.5 W at 100 K. A Lake Shore 
temperature controller (DT 670) was used to monitor and 
maintain the sample temperature, which includes 2 silicon 
diode sensors and a 50 Ω heater. The modular chamber has 
the provision to tilt and move the distance of both pump 
and output coupler mirrors using piezo actuators and were 
controlled by a computer externally. The whole chamber was 
maintained at a vacuum pressure of  10–5 mbar to avoid water 
vapor condensation on the sample surface. A diode laser 
emitting around 793 nm was used as pump source, with a 
bandwidth of 0.5 nm stabilized by a Volume Bragg Grating. 
The fiber-coupled diode had a core diameter of 105 µm and 
N.A. = 0.22 delivering a maximum output power of 25 W. 
The radiation from the pump source was imaged to the active 
medium in a 1:1.5 ratio by two AR-coated achromatic lenses 
(focal lengths of 100 and 150 mm). The pump spot size was 
estimated to be ~ 158 µm in the active medium. The total 
cavity length was around 6 mm that includes sample thick-
ness of 2 mm and pump, and output coupler mirrors were 
placed 2 mm away from the surface of the sample.

3  Results and discussion

3.1  Cryogenic continuous‑wave laser operation 
of Tm:YLF

The cryogenic continuous-wave (CW) laser was realized and 
were characterized in two ways. First, by varying the OC 
transmissions at a fixed temperature and second, by vary-
ing the temperature of the sample at a fixed OC transmis-
sion. Figure 2a shows the input–output characteristics of the 
cryogenic Tm:YLF laser at 80 K by varying the transmis-
sion of OC. From the figure, one can infer that Toc = 15% 
performed better when compared with the others studied 
transmissions of the OC, and a maximum output power 
of 6.5 W corresponding to a slope efficiency of 38% was 
achieved. The laser emitted at 1876 nm for output coupler 

Fig. 1  a Cryogenic compact 
laser setup; LD laser diode 
imaging optics—achromatic 
lenses (f1 = 100 mm and 
f2 = 150 mm). b Modular cham-
ber used for the experiment
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transmissions 15 and 30% as shown in Fig. 2b. However 
or Toc = 9%, we observed polarization switching between 
both polarizations π (E//c) and σ(E ⟂ c) . This polariza-
tion switching might be due high intracavity power result-
ing in anisotropic thermal lensing effect on the spot sizes 
of π and � cavity modes of Tm:YLF. Figure 2c shows the 
measured output wavelengths for different incident pump 
levels. At low pump levels (< 5 W), the π polarization was 
dominant and emitted at 1876 nm and at high pump power 
levels (> 13 W), the � polarization was dominant emitting 
at 1901 and 1912 nm. Intermediate pump power levels pro-
vided laser emission with the two polarization coexisting. 
The observed laser emission wavelengths are in line with the 
reported gain cross-section curves for π and � polarizations 

[28] calculated for different temperatures and inversion rates. 
Further investigation on this polarization switching behavior 
along with cryogenic spectroscopy is under study.

Figure 3a shows the input–output characteristics of the 
cryogenic Tm:YLF laser by varying the temperature and by 
fixing the OC to 15%. Here, we chose the best performing 
OC transmission for this study and the temperature of the 
sample was varied from 80 to 160 K in step size of 20 K. 
Laser operation with crystal temperature above 160 K was 
not considered to avoid the damage of the sample.

In Fig. 3a, it is evidenced, that the output power and 
slope efficiency increase with decrease of temperature. This 
increase of the output power and slope efficiency is mainly 
due to the significant reduction of reabsorption at the laser 

Fig. 2  a Output power vs. input 
power characteristics of the 
cryogenic compact Tm:YLF 
laser for different transmissions 
of output coupling. b Laser 
output wavelengths for different 
Tocs of 15 and 30%. c Laser 
output wavelength for Toc = 9% 
with polarization switching

Fig. 3  a Output power vs. input 
power characteristics of the 
cryogenic compact Tm:YLF 
laser for various crystal temper-
atures. b Corresponding output 
laser wavelengths for different 
temperatures
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wavelength and improvement of thermo-optic, thermo-
mechanical and spectroscopic properties of Tm:YLF. Out of 
all the temperatures, 80 K performed better compared to the 
other temperatures. We also measured the output laser wave-
length for different temperatures and are shown in Fig. 3b. 
Figure 3b shows the measured laser spectrum from 80 to 
160 K for an incident power of 10.98 W. The laser emission 
was close to 1876 nm corresponding to π (E//c crystallo-
graphic axis) polarization in all cases. A short blue shift of 
the laser wavelength at 160 K was observed (3 nm shorter), 
indicating that at 160 K, part of the electronic population 
of the ground state constituted a quasi-three level laser. For 
lower temperatures, the Tm laser acts as a four-level laser 
without reabsorption losses. We also measured the absorp-
tion in the crystal at 80 K under non-lasing condition being 
57% by taking into consideration the Fresnel losses on the 
surface crystal as well as a second pass of the pump due 
to the partial reflection of the non-absorbed pump on the 
output coupler. Using this absorption value, we estimated 
the slope efficiency with respect to the absorbed power (see 
Fig. 4a). A maximum output power of 6.5 W was achieved 
at an absorbed pump power of 9.97 W. The slope efficiency 
with respect to the absorbed power amounts to 66.0%. We 
also measured a very high quality far field Gaussian beam 
profile obtained at maximum output power (6.5 W at 80 K), 
shown in Fig. 4b.

4  Conclusions

We presented cryogenic laser operation of Tm:YLF using 
a modular setup pumped by a VBG-stabilized laser diode 
emitting around 793 nm. A maximum output power of 6.5 
W corresponding to a slope efficiency of 66% with respect to 
absorbed power was achieved at 80 K with very good beam 
quality. Further power scaling is anticipated when we use 
powerful pump diode, longer crystals and higher heat load 
cryostats. Future work will focus on pulsed laser operation 

implementing Cr:ZnS and Cr:ZnSe as saturable absorbers 
in the compact cavity to generate high-energy laser pulses.
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Fig. 4  a Laser performance of 
the compact cryogenic Tm:YLF 
laser pumped by the VBG diode 
at 80 K with Toc = 15%. Output 
power versus incident (green) 
and absorbed (red) pump power. 
b Far-field Gaussian beam 
profile
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