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A several-kilowatt level laser at 946 nm is demonstrated in a cryogenically cooled
diode-pumped Nd:YAG slab system. The oscillator realizes the record of the
output power of 2.85 kW in a compact cavity with the homemade cryogenically
cooled Nd:YAG crystal slab. The pulse repetition rate and pulse width of the laser
are 400 Hz and 200 µs, respectively, and the center wavelength under full power
is 946.2 nm with a bandwidth of about 0.5 nm. The absorption linewidth at
808 nm is a little narrowed and blue shifts at the cryogenic temperature, while
the cooling temperature decreases from 300 to 77 K. The measured thermal
conductivity increases from 10 to 70W/mˑK, and the thermal expansion
coefficient decreases from 7.5*10−6 to 1.5*10−6/K. These results could guide us
in simulating the temperature gradient and thermal-induced stress distributions in
the crystal slab.
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1 Introduction

High-power lasers with special wavelengths offer a wide range of applications in the
fields of medical aesthetics, laser processing, and nonlinear optics [1–5]. As the most widely
used solid-state gain medium, neodymium-doped yttrium aluminum garnet (Nd:YAG)
crystals with different shapes have received widespread attention in the fields of high-power
laser oscillators and short-pulse laser amplifiers [6–8]. The common radiation wavelengths
of Nd:YAG include 946 nm, 1064 nm, and 1319 nm [9, 10]. The 4F3/2→4I9/2 transition of Nd:
YAG is attractive for achieving a high-power radiant source with a wavelength of 946 nm.
Such laser sources are suitable for differential absorption LiDAR systems or for generating
into the blue at 473 nm radiation for various applications, such as medical imaging, data
storage, manufacturing and processing, and remote sensing [11–14]. However, the 946-nm
laser radiation from Nd:YAG with the quasi-three-level transition suffers from some
limitations, including significant reabsorption losses, a small stimulated emission cross
section compared to the 1064-nm transition, and an intense thermal loading of the gain
medium [15]. However, the laser performance could be enhanced for the quasi-three-level
946-nm Nd:YAG laser by cryogenic cooling, which breaks the physical limitation of
thermodynamics at room temperature and is inspired from the demonstration of
cryogenic Yb:YAG lasers [16–18]. In recent years, extensive research has since been
performed toward power scaling of 946-nm Nd:YAG lasers. For example, a 3.8-W
continuous wave 946-nm Nd:YAG laser was demonstrated under cryogenic cooling with
the temperature range of 90 K–290 K [19]. A 30.2-W 946-nm laser was obtained by using an
8-mm Nd:YAG crystal at 130 K [20]. A 60-W cryogenically cooled Nd:YAG laser at 946 nm
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was reported with a high-brightness pumping diode laser array of
869 nm [21]. In addition, G Shayeganrad broke through the 100-W
level Nd:YAG laser at 946 nm with a closed-cycle cryogenically
cooled laser [22]. In our previous reports, a 1.06-kW quasi-
continuous wave surface-pumped cryogenically cooled 946-nm
Nd:YAG slab laser was developed [23]. These demonstrations
suggest that cryogenic cooling is an excellent solution for
achieving high-power 946-nm laser radiation.

In this paper, a cryogenically cooled Nd:YAG crystal slab laser
with quasi-continuous wave operation having an output power of
2.85 kW at 946 nm is demonstrated. We first thoroughly measure
the absorption spectra of the 0.6-at.% Nd:YAG crystal at the
temperatures of 300 K and 77 K. Then, the temperature-
dependent thermal expansion coefficient and thermal
conductivity of the 0.6-at.% Nd:YAG crystal were studied
simultaneously. The results indicate that the peak of absorption
is shift to 808.9 nm when the sample is cooled to 77 K and the
bandwidth of the absorption spectrum is narrowed. The conversion
efficiency can be improved according to the optimization of the
wavelength of the pumped diode laser. To date, this is the highest
power laser at 946 nm, acquired in a single Nd:YAG slab, to the best
of our knowledge. These results can be used in simulating the
temperature gradient and thermal-induced stress distributions in
the crystal slab, which guides in optimizing the cooling system of the
module.

2 Experimental setup

The key for the performance enhancement of Nd:YAG slab
lasers is to increase the overlap region of the Nd:YAG absorption
spectrum and the pump laser emission spectrum. The stimulated
absorption spectra of the Nd:YAG crystal are measured at the
temperatures of 77 K and 300 K. Figure 1A gives the absorption
spectra of 0.6 at % Nd:YAG samples from 4F3/2 to

4I9/2 transition,
which is carried out using a fluorescence spectrometer (Edinburgh
FLSP980) with a 0.02-nm resolution. It can be observed that the
absorption intensity around 809 nm is increased as the temperature

decreases, where the bandwidth of the absorption spectrum is
narrowed from ~1 nm to 0.6 nm, with the temperature
decreasing from 300 K to 77 K. Meanwhile, the peak wavelength
was decreased by 0.1 nm over this range. Traditionally, diode lasers
are used as pump sources for high-power solid-state lasers due to
their merits, including a high conversion efficiency, wavelength
tunability, and compactness. Taking the measured absorption
spectrum of Nd:YAG in a cryogenic environment, we optimized
the pump absorption efficiency at different coolant temperatures of
diode laser arrays. As shown in Figure 1B, the emission spectra of the
pump sources were measured using an Aurora 4000 spectrum
analyzer. The wavelength of a laser diode array (LDA) was
temperature-tuned to reach the maximum absorption when it
passes through the slab that is cryogenically cooled. This can be
realized when the coolant temperature is 303.5 K and the
corresponding center wavelength is 809.0 nm with a bandwidth
of 1.3 nm.

FIGURE 1
(A) Absorption spectrum of Nd:YAG at 77 K and 300 K and (B) output spectrums of the diode laser array at the coolant temperatures of 299 K, 300 K,
301 K, 302 K, 303 K, and 304 K.

FIGURE 2
Thermal expansion coefficient and thermal conductivity of Nd:
YAG as a function of temperature.
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In order to enhance the output performance of the 946-nm laser,
the cryogenic temperature for the cooling slab needs to be reduced to
below 140 K to practically eliminate the reabsorption loss [24].
Moreover, we need to minimize the temperature excursion and
thermal stress across the slab to ensure the reliability of the laser
operation due to the large size of the slab. Therefore, the
temperature-dependent thermal expansion coefficient and
thermal conductivity of the gain medium should be studied.

It was demonstrated that the cooling of the gain medium to
cryogenic temperatures resulted in a significant increase in thermal
and mechanical properties compared to that at the room
temperature [25, 26]. The measurements presented in this paper
were carried out with the φ3 × 9-mm Nd:YAG sample. Thermal
conductivity was measured using PPMS-9 by the steady-state
longitudinal heat-flow method, and thermal expansion was
measured in the temperature range of 77–300 K using a Linseis
L75 thermal dilatometer whose accuracy deviation is estimated to be
within 1%. The measured thermal conductivity and thermal

expansion of Nd:YAG versus the temperature is shown in
Figure 2. It can be seen that the thermal expansion coefficient
tends to get substantially lower when the cryogenic temperature
decreases below 300 K, and the thermal conductivity increases up to
almost an order of magnitude as the temperature decreases to 77 K.

The heat transfer coefficient could be affected by the physical
characteristics of the gain medium, geometry of the slab, and
parameters of the coolant. Slab lasers are well-suited for high-
efficiency cooling systems, thus exhibiting favorable results, further
realizing the high output power with a high beam quality [27],
compared to rod active media. Considering the growth size of the
crystals and the absorption efficiency for a pumping laser, the 0.6 at.%
doping concentration of the Nd:YAG slab is cut into 173.6 mm ×
66mm × 10mm. The two end faces of the crystal slab with the angle
of 40° are polished and anti-reflection-coated at 1061 nm and 946 nm
to reduce the surface reflection. To suppress the parasitic oscillation,
we adopt the non-parallel structure with small angle deviations
between the two opposite side faces along the length of the slab.
At the same time, the two large side faces need to be rough in order to
suppress effectively the ASE along the width direction of the slab [28].

Figure 3 shows the experimental setup of the LDA-pumped
double face-cooled Nd:YAG slab laser. It is quite important for
obtaining a good performance of the slab laser by controlling the
intensity distribution and irradiation size of the pump beam [29].
Here, the spot of the LDA-adopted micro-lens array and cylindrical
lens is shaped into a well for the overlapping and uniformity
pumping intensity. The cooling liquid flows along the two large
side faces, entraining the heat when the 946-nm beam passes
through the slab in a zigzag path. For improving the cooling
efficiency, liquid nitrogen usually flows in a turbulent manner
along the large side faces of the slab within the 1.2-mm gap
between the shaping element and the slab. A large flow rate is
beneficial for improving the heat transfer coefficient; however, a
large flow rate also can break down the sealing structure. In addition,
a strong turbulent flow may generate vortices that will affect the
pump laser transmission, suggesting that the heat transfer coefficient

FIGURE 3
Schematic diagram of the experimental setup of the Nd:YAG slab
laser.

FIGURE 4
(A) Output power of the 946-nm Nd:YAG cryogenic slab laser as a function of diode pump power with 7%, 10%, and 15% optical couplers. (B)
Oscillator trace of output pulses. (C) Emission spectrum for Nd:YAG under full power.
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is about 15 kW/K-m2 between the crystal and the liquid nitrogen
coolant at a flow rate of 60 kg/min.

According to the measured result of the absorption spectrum
(α = 0.9 cm-1), with a low doping concentration, the absorption ratio
for the pumping laser is around 60%. In the simulation, we adopt the
curves of thermal conductivity and thermal expansion of the Nd:
YAG crystal versus temperature. When the pumping power reaches
up to 20 kW, the simulated temperature gradient in the slab is about
39 K and the highest value of thermal stress is about 45 MPa, which
is quite smaller than the limit of the fracture [30]. The simulated
results indicate that the cooling structure we designed can effectively
remove the extra heat in the slab under the high power pumped.
Thus, the meticulous design of thermal management for the gain
medium can play a role in developing the high-power quasi-three-
level lasers.

3 Experimental results

In order to evaluate the laser performance of the cryogenic Nd:
YAG slab module operating at 946 nm, we adopted the short cavity
structure. A plano-concave mirror with a radius of 750 mm was
chosen for its high reflectivity at 946 nm and high transmission at
1061 nm to suppress parasitic lasing. Moreover, we use different
plane–plane output coupler transmissions of Toc = 7%, 10%, and
15% to examine the laser performance, considering it as the low-
stimulated emission cross section.

The output power of the Nd:YAG slab laser at 946 nm is measured
using the Ophir Nova II power meter. Figure 4A shows the results of
output power by comparing it with threeOCs as a function of the pump
power. The maximum optical efficiency was obtained with the output
coupling of 7%. We can see that the average output power at 946 nm
approximately increases linearly in accordance with the incident pump
power. At the pumping power of 18.9 kW, themaximumoutput power
is 2.85 kW, with a corresponding optical-to-optical efficiency of 15.1%.
In order to achieve high output power, the profile of the laser beam is in
multiple transverse modes, owing to the short cavity setup [31]. The
pulse profile of 946-nm laser is measured using a Thorlabs
DET200 photodetector whose increase in time is less than 25 ns.
The oscillator trace of laser pulses is shown in Figure 4B. The
output-pulse temporal characteristics of the 946-nm laser are
measured under the maximum output power, and it indicated that
the pulse repetition rate of the laser is 400 Hz; the pulse width is about
200 µs. Emission wavelengths of the Nd:YAG slab laser are measured
using an Ocean Optics NIRQuest256-2.5 optical spectrum analyzer, as
shown in Figure 4C. It can be seen that the center peak of the laser
spectrum is 946.2 nmwith a bandwidth of 0.5 nm under the full output
laser and no evident peak at 1 μm.

4 Discussion and conclusion

We have undertaken a thorough examination of the variations of
adsorption, thermal expansion coefficients, and thermal conductivity of
the Nd:YAG crystal with temperature. Employing this measured data
source, a model temperature gradient and thermal stress distribution in
laser slabs can be simulated and calculated to optimize the cooling

system design during the development of a high-power laser module.
Based on the design parameters, such as the characteristics of the
coolant flow, wavelength of the pumping laser, and gain medium
geometry, the cryogenic cooling of the multi-kilowatt QCW double
face-pumped 946-nm Nd:YAG slab is realized. The laser oscillator
delivers a record high average power of 2.85 kW at 946.2 nm, with the
conversion efficiency of 15%. The oscillator operates at a repetition
frequency of 400 Hz with a pulse width of 200 µs.
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