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An immersed liquid cooling slab laser is demonstrated with deionized water as the coolant and a Nd:YAG slab as the gain
medium. Using waveguides, a highly uniform pump beam distribution is achieved, and the flow velocity distribution is also
optimized in the channels of the gain module (GM). At various flow velocities, the convective heat transfer coefficient (CHTC)
is obtained. Experimentally, a maximum output power of 434 W is obtained with an optical–optical efficiency of 27.1% and a
slope efficiency of 36.6%. To the best of our knowledge, it is the highest output power of an immersed liquid cooling laser
oscillator with a single Nd:YAG slab.

Keywords: liquid cooling; slab; laser oscillator; convective heat transfer coefficient.
DOI: 10.3788/COL202321.081401

1. Introduction

Generally, the solid-state laser (SSL) is developed towards
achieving higher power. However, thermal effects such as ther-
mal stress, thermal birefringence, and thermal lens continue to
be major limiting factors for increasing output power while
retaining good beam quality. Worst of all, as the pump power
continues increasing, the tension on the gain medium may even
cause a fracture. It is believed that thermalmanagement technol-
ogy has played an important role in SSL devices, and in recent
years, the gainmodule (GM) design has receivedmuch attention
in order to provide great cooling performance[1–4].
There aremainly twomethods that are used to obtain effective

thermal management. The first method is to create an optimum
cooling system for heat extraction and transmission, which typ-
ically involves two types. One type is the liquid-conduction-
cooled method, in which the gain medium is welded on the solid
cooler while the surface bending caused by the slab welding
process is inevitable. Furthermore, the medium with the highest
heat flux cannot be cooled immediately at the pump surface,
resulting in a low heat transfer efficiency. The other type is
the fluid-convection-cooled method, in which the fluid circu-
lates throughout the surfaces of the gain medium, including
the pump surface, quickly and easily dissipating the heat.
According to extensive research, the greatest attainable heat
transfer rate for cooling using gas is roughly 5W=cm2[1].
Liquid cooling, on the other hand, is more effective compared
to gas cooling and is more suitable for high power SSL. It can
readily manage heat fluxes of approximately 100W=cm2[1].
The second method involves aligning the axis of a laser beam

with the direction of the heat stream, which greatly reduces
the effects of thermal lensing and constraints in the slab.
Transverse temperature gradients are substantially eliminated
in slab SSL with end pumping because the slab’s waste heat is
removed in a direction parallel to the axis of the laser beam.
Furthermore, the high-aspect-ratio of the slab provides a large
surface area for cooling. As a result, the slab is appropriate
for high-power SSL.
Based on the analysis above, the immersed liquid cooling

Nd:YAG slab laser shows great potential for thermal manage-
ment in producing a high power laser because this kind of laser
features the use of the liquid as coolant and slab as gain medium.
Themedium is immersed fully in a flowing coolant, and the heat
is efficiently carried away by convectionmethod. However, there
is still few research revealing the development of an immersed
liquid cooling Nd:YAG slab laser. A typical one is a 3 kW
immersed liquid cooling Nd:YAG slab laser[5]. However, the
channels’ structure and cooling capacity inside the GM were
not mentioned. The coolant’s uniformity along the flow direc-
tion was not measured experimentally, either.
In this contribution, an immersed liquid cooling slab laser

oscillator is devised, in which the Nd:YAG slab is cooled by
deionized water flowing on the largest surfaces of it. The convec-
tive heat transfer coefficient (CHTC) is measured at various flow
states experimentally. The maximum allowable thermal loads in
the slab are quantitatively investigated. The performance of las-
ing is studied at different flowing velocities. Finally, a 434 W
laser output is obtained with a pump power of 1600 W when
the pump beam’s uniformity is 92% and the flow velocity is
around 4 m/s. The optical–optical efficiency is 27.1%.
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2. Experimental Setup and Results

Figure 1 shows the experimental setup of the immersed liquid
cooling Nd:YAG slab laser oscillator. It is similar to the setup
in Ref. [6]. The setup uses a plano-concave cavity with a high
reflector (HR), an output coupler (OC), and two dichroic mir-
rors (DMs). The DMs are HR coated at 1064 nm and high trans-
mittance (HT) coated at 808 nm for light with a 45° incidence
angle. The cavity mirrors (HR and OC) are positioned close to
the two DMs in order to minimize the length of the cavity.
Finally, the length is fixed at 20 cm. The pump beam of 808 nm
wavelength emitted from the laser diode (LD) stacks is uni-
formed by the coupling system and projected into the GM
[Figs. 1(b) and 1(c)].

2.1. Pumping system

The GM is pumped by four LD stacks, two per side, each of
which consists of 30 LD bars with 54mm × 10mm emission
areas. Figure 2(a) shows the emission beam at the exit plane
by one of the stacks. Several bars have been destroyed because
of long-term use, and some locations are no longer illuminated.
The pump beam’s central wavelength is 808 nm by controlling
the temperature of the coolant. The microlens individually col-
limates the LD bar and the light projects on the central region of
45mm × 18mm in the slab by the following coupling system.
Two coupling lenses (cylindrical lenses), a rectangular wave-

guide, and an imaging system (IS) comprise the coupling system.
The collimated pumping beams are focused into a rectangular

waveguide using two coupling lenses with focal lengths of
170 mm in the fast-axis (x-axis) and 80 mm in the slow-axis
(y-axis). A 100-mm-length (z-axis) planar rectangle waveguide
with a width (x-axis) of 3 mm and a height (y-axis) of 7.5 mm is
used to achieve excellent uniformity of pump intensity distribu-
tion. A uniform pumping region of 45mm × 18mm is produced
in the center of the GM by developing an IS with amagnification

Fig. 1. (a) Immersed liquid cooling Nd:YAG slab laser oscillator, (b) the GM, and (c) the GM’s internal structure.

Fig. 2. Emission beam from the LD stack. (a) At the exit plane by one of the
stacks, (b) using a waveguide with the uniformity of 92%, and (c) without using
a waveguide with the uniformity of just 70%.
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of 6. Figure 2(b) is the final pump beam asmeasured by a charge-
coupled device (CCD). The pump uniformity is calculated using
the root mean square (RMS)[7], which is 92% in our experiment.
The pump uniformity has a great influence on an oscillator’s
output power[5]. The temperature gradient in the slab is minimal
with the increased pump uniformity, which limits thermally
induced stress and beam aberration[5]. As shown in Fig. 2(c),
the uniformity of the pump beam is just 70% when the rectan-
gular waveguide is removed from the coupling system. (The IS
also changes to couple the pump beam.) The efficiency of the
coupling system is about 85%.

2.2. Design scheme for cooling channels

The schematics of the GM and its internal structure are depicted
in Figs. 1(b) and 1(c), respectively. The GM contains two cooling
channels, one Nd:YAG slab, and two windows (made of fused
silica). The main reason for using deionized water as a coolant
is that it is relatively cheap compared to other laser coolants. The
coolant at 22°C circulates through the channels from the inlet to
the outlet. The coolant runs across the slab’s two large surfaces,
removing the deposited heat through a convection cooling
method. The slab and the windows are spaced by 0.5 mm.
The dimensions of the slab are 48mm �y� × 18mm �x�, and the
real aperture of the laser beam is 45mm × 18mm (Both the top
and bottom 1.5 mm edges of the slab are not pumped). The
thickness is 2 mm. The slab is HT coated (relative to water)
for 808 nm and 1064 nm while each window has one side that
is (to the air side) HT coated (relative to air), and the other side
(to the liquid side) is HT coated (relative to water) for 808 nm
and 1064 nm.
The flow direction is along the y-axis from top to bottom,

therefore the influence of the coolant gravity on the flow state
can be ignored. The channel structure is identical to the exper-
imental setup described in Ref. [6]. A flow homogenizer is
used to break up bigger eddies and principally act to minimize
the coolant’s nonuniformities and fluctuations, as shown in
Fig. 1(c). It consists of one honeycomb and three different
mesh-sized screens. A three to one contraction ratio nozzle
(also known as a contraction region) follows the last homogen-
izer screen, and its contour is determined by a fifth-order
polynomial:
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where l and D are the length and height of the nozzle, respec-
tively;D1 = 1.5mm andD2 = 0.5mm are the heights of the noz-
zle at the inlet plane (where l = 0mm) and the outlet plane
(where l = 50mm), respectively; and L = 50 is the total length
of the nozzle, as shown in Figs. 1(b) and 1(c).
The contraction ratio is a key factor that influences the flow

quality[8,9]. Following the contraction region, the flow accesses
the 0.5mmheight × 18mmwidth × 68mm length test section,
which is divided into three zones: the development, the laser
slab, and the relaxation zones. Before the coolant crosses the

laser slab zone, the development zone provides a fully developed
laminar flow. The relaxation zone intends to eliminate the
downstream effect and influences the coolant flowing over the
slab[8–10]. As illustrated in Figs. 1(b) and 1(c), a 25-mm-long dif-
fuser offers some pressure recovery at the test section’s exit[8,11].
It has a circular curve with a half angle of 1.5°. The flow channel
is primarily based on known wind tunnel designs[8–13].
The structure of the channels is intended to provide laminar

flow and sufficient heat transfer capacity, allowing for a high
laser output power. The flowing state is measured using particle
image velocimetry (PIV) technique, as shown in Fig. 3(a), and
the heat transfer capacity is obtained by a single-channel exper-
imental setup, as shown in Figs. 3(b) and 3(c). Both issues will be
discussed in detail below.

2.3. Flowing state in channels

Figure 3(a) shows the PIV apparatus. It mainly consists of a dou-
ble-pulse laser, a CCD camera, the seeding particles, and the
fluid being investigated. The image processing device and the
synchronizer are not depicted here. The fluid is seeded with trace
particles, allowing the CCD camera to detect the flowing state. In
the process of measurement, the double-pulse laser emits the
sheet light to illuminate the entire measurement area. Two
frames are quickly captured using the CCD camera. To ensure
the accuracy of the cross-correlation analysis, each exposure is
separated on its own frame. Both the CCD and the laser are

Fig. 3. (a) Setup to measure the flowing state, (b) the setup to measure the
temperature distribution, and (c) the temperature distribution measured on
the resistor’s surface.
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triggered by the synchronizer, which is computer-controlled.
The synchronizer can match each frame of the CCD sequence
in combination with the laser firing. As a result, the duration
between each laser pulse and the positioning of the laser shot
in relation to the camera’s timing can be precisely controlled.
The time is crucial since it is used to calculate the fluid velocity
distribution in the PIV analysis. References [14–16] provide a
more full and complete overview of the PIV technique. The
arrows represent the coolant’s flowing direction, as shown
in Fig. 4.
The Reynolds number (Re) is frequently employed to specify

a fluid’s state in fluid mechanics. Turbulent flow, transition flow,
and laminar flow are represented by Re of greater than 4000,
2300–4000, and less than 2300 (theoretical threshold values).
The Re is denoted by

Re =
uL
v
, (2)

where u is the flow velocity, L is the hydraulic channel diameter,
and υ = 1 × 10−6 m2=s is the water’s viscosity coefficient. The
flow velocity can reach a maximum of 5 m/s. For a cuboidal
channel,

L =
4 S
χ
, (3)

where the channel’s wetted perimeter is χ = 37mm and the open
area is S = 9mm2. Equations (2) and (3) predict that the Re will
be less than 2300 when the channel height is 0.5 mm and the
flow velocity is less than 2.4 m/s. When the Re is minimal,
the velocity distribution in the experiment is highly uniform
[Figs. 4(a) and 4(b)]. With the increased flow velocity, the uni-
formity deteriorates [Figs. 4(c) and 4(d)]. Meanwhile, the fluid
state first reaches the laminar state and then the turbulent state.
Furthermore, instead of 2.4 m/s, the threshold flow velocity is
approximately between 3 and 4 m/s. This is primarily due to
the fact that the threshold Re refers to a range of numbers rather
than a specific value. Overall, the flow state is uniform at low
velocities (2 m/s, 3 m/s, and 4 m/s), and the flow channel design
fits the requirements of laminar flow.

2.4. Channel’s cooling capacity

Aside from achieving a generally uniform flow, the cooling abil-
ity is critical in determining temperature distribution and maxi-
mumpermitted thermal load. It is mainly represented by CHTC.
Obviously, a higher CHTC guarantees the gain medium with a
higher thermal load capacity. An apparatus is built to test the
CHTC at various flow velocities. The procedure is the same
as that described in Ref. [6]. A platinum thin-film resistor is
coated on the surfaces of a copper-block with a 1-μm-thickness
and a 7.2 Ω resistance value, which is employed as a simulated
heat resource. A thin insulating layer is used to isolate the resis-
tor from the copper. The temperature distribution on the simu-
lated heat resource is obtained using a thermal camera, as shown
in Figs. 3(b) and 3(c), and the results of the temperature distri-
butions with varying flow velocities are depicted in Fig. 5.
According to the measured results, the temperature distribu-
tions are very consistent, which is mostly owing to the high ther-
mal conductivity of copper and the uniformity of the heat
resource. Figure 5 compares the average temperature with flow
velocities ranging from 2 m/s to 4 m/s. With the increase of flow
velocity, the temperature decreases apparently. Thus, a larger
flow velocity ensures an excellent cooling capacity, which is
suited for the high power immersed liquid cooling laser in con-
sideration of achieving a high CHTC.
Because the resistor is thin enough, the temperature differ-

ence between the film resistor and the front surface would be
ignored. Furthermore, we assume that all of the heat produced
by the resistor is transferred by convective transfer through the
copper’s surface (the water side). Therefore, the Newton’s law of
cooling and the one-dimensional heat conduction equation can
be utilized to obtain the CHTC to determine the cooling
capacity:

h =
q

T − q:d
λ0
− Tf

, (4)

where q = 5.7 × 104 W=m2 is the heat flux density, which is
obtained by controlling the resistor’s current; d = 10mm and

Fig. 4. Experimental results of velocity distributions for the Reynolds numbers
of 1946 (u = 2 m/s), 2919 (u = 3 m/s), 3892 (u = 4 m/s), and 4865 (u = 5 m/s) in
the laser slab zone.

Fig. 5. Thin-film resistor’s surface temperature is measured at a flow velocity
of (a) 2 m/s, (b) 3 m/s, and (c) 4 m/s.
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λ0 = 387W=�m · K� are the copper’s thickness and thermal con-
ductivity, respectively; and Tf and T are the liquid and resistor
temperatures. In the experiment, Tf was kept at 22°C.
Consider the 2m/s flow rate as an example. Figure 6 shows the

average temperature changes on the resistor’s surface during the
first 120 s. The temperature increases rapidly at the beginning
30 s and then gradually stabilizes to 34.1°C. The heat generated
by the thin-film resistor and transformed to the liquid is bal-
anced at this moment. Substituting T = 34.1°C into Eq. (4),
the CHTC can be obtained at the flow velocity of 2 m/s.
Table 1 shows the relationship between the CHTC and the flow
velocity. The CHTC reaches 11,937.2 W·m−2·K−1 with a flow
velocity of 4 m/s, which is roughly twice as high as the case with
a velocity of 2 m/s. The following section demonstrates how the
measured CHTC is used to compute the temperature distribu-
tion of the slab. Flow velocities of more than 4 m/s is not tested
due to the GM’s air tightness. At a flow velocity of 5 m/s, the
device is prone to water leakage. When the flow rate reaches
6 m/s, the device is already leaking seriously and cannot be used,
so the maximum flow rate in our experiment is designed to be
4 m/s.

2.5. Maximum permissible thermal load

It has been shown that the slab laser is a useful arrangement for
achieving high output power[17,18]. Experimentally, the two big

surfaces of the slab are polished, while the other four sides of the
slab should not be polished so as to limit the amplified sponta-
neous emission (ASE). The slab’s doping level is 2% (atomic
fraction). The absorption efficiency reaches 94%.
By taking into account that the greatest thermal stress that the

Nd:YAG can withstand should be less than 130 MPa[19] and the
maximum temperature on the crystal’s surface must not exceed
100°C (the boiling point), we are able to determine the allowed
pump power in the laser crystal. The slab’s temperature and
thermal stress are calculated using the finite element method.
The pump power density is taken to be constant, which means
that the heat power density is the same in all parts of the slab
within the clear aperture. At the two large surfaces of the slab,
a forced convection boundary condition is applied with themea-
sured CHTC from the previous section and the coolant fixed
temperature of 22°C. It is assumed that the slab’s four side sur-
faces are adiabatic. Due to the flexibility of the slab and in a con-
dition of free expansion, the external constraint surrounding it is
ignored. In the analysis, the ratio of heat produced by the
absorption of the pump light is fixed at 0.3, and the ratio of
the total absorbed pump power is set to 94%. As indicated in
Table 1, the maximum allowed absorbed pump power for a flow
rate of 4 m/s is 1800W, which is 1.86 times greater than the case
of 2 m/s. It should be mentioned that the maximum pump
power is governed by the highest temperature on the slab’s sur-
face rather than the maximum principal stress. Therefore, the
boiling point should be considered while selecting a coolant.
As a result, increasing the flow velocity may greatly improve
the upper limit of the pump power. Nevertheless, a higher need
for channel sealing should be offered with increased flow veloc-
ity, especially when a high-viscosity liquid is utilized.

2.6. Laser output

The experiments of the immersed liquid cooling Nd:YAG slab
laser were carried out with the structures shown in Fig. 1.
The flow velocity was roughly 4 m/s at the laser slab zone.
Because of the stable cavity with a high Fresnel number, the laser
operated in multimodes. The highest continuous-wave power of
434 W was achieved using 4-array stacks with a total pump
power of 1600W, corresponding to an optical–optical efficiency
of 21.5% and a slope efficiency of 30.8%. Figure 7(a) shows the
output power versus pump power curve. A higher output power
can be achieved when the pump power exceeds 1600 W,

Table 1. List of the Maximum Pump Power that the Gain Medium can Sustain with Different Flow Velocities.

Flow Velocity
(m/s)

Convective Heat Transfer
Coefficient (W·m−2·K−1)

Maximum Absorbed
Pump Power (W)

Maximum Temperature on
the Surface of the Disk (°C)

Maximum Principal
Stress (MPa)

2 5339.6 970 100 7.3

3 8941.2 1460 100 9.6

4 11,937.2 1800 100 11.0

Fig. 6. Temperature changes on the resistor’s surface during the first 120 s.
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however, the output power is no longer linear. This is mostly
due to the extraordinarily high coolant temperature, which is
approaching the boiling point. We set the pump power at
1600 W. The near-field beam distribution of the maximum out-
put power laser is depicted in Fig. 7(a) (top left corner). The size
of the laser output was measured as 44mm × 16mm in the ver-
tical and horizontal directions, respectively. The output laser can
hardly be focused by a long focal lens (for instance 250 mm
in the experiment), illustrating the multimode operation of
the laser.
For assessing the laser performance, three different flow

velocities are measured, as shown in Fig. 7(b). With the cases
of 3 m/s and 4 m/s, the output powers are almost identical,
and the curves have remarkable linearity and it is demonstrated
that the liquid cooling removes sufficient heat. When the veloc-
ity drops to 2 m/s, the maximum output power reduces to
400 W, indicating a cooling capacity deficiency. These can be
attributed to a poorer heat exchange between the coolant liquid
layers and the slab.When the oscillating laser passes through the
GM, it suffers from severe wavefront aberration, causing the out-
put power to decrease continually. To avoid potential risks,
operation at 1 m/s flow velocity is not tested.

3. Conclusions

We present an immersed liquid cooling Nd:YAG laser oscillator.
The GM is designed to contain a Nd:YAG slab and two channels
filled with the deionized water flowing across the big surfaces of
the slab. A uniform flow field and pump beam distributions are
obtained by the appropriate design of the flow channel and
the coupling system, respectively. A method to measure the
CHTC is proposed, and the maximum CHTC reaches
11,937.2 W·m−2·K−1 with a flow velocity of 4 m/s in the experi-
ment. At a pump power of 1600 W, a multimode laser output of
434 W is achieved, with a slope efficiency of 36.6% and an opti-
cal–optical efficiency of 27.1%.

According to the experimental results, the immersed liquid
cooling Nd:YAG slab laser oscillators have the potential to be
compact and effective sources with good thermal management.
With more slabs or GMs, the proposed design has the ability to
increase power scaling due to the advantages of very uniform
distribution of the flowing velocity and the pump beam. In order
to enhance beam quality, future studies will also concentrate on
the design of the unstable cavity.
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