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Recently, it has been suggested that there may be an 
optimal solution for high-power DPL while combining 
the thin-disk configuration and the cooling method that 
the laser gain medium is directly convection-cooled by 
the liquid. The thin-disk laser has been proven to be an 
effective configuration to reduce thermal effects, because 
of its large cooling surface and short spacing between the 
cooling surface and the heat source [8, 9]. In 2008, Gen-
eral Atomics Corp proposed the “liquid laser” scheme that 
has the coolant liquid directly flowing over the surfaces 
of thin-disk laser material, expecting to realize 150  kW 
continuous-wave (CW) output power [10]. In 2010, by 
employing Nd:YAG ceramic thin slab as laser material 
and using the scheme that coolant liquid directly flows 
over the slab surfaces, Textron Defense Inc presented 
27 kW CW output produced by a single-laser module and 
100 kW CW output produced by six laser modules [11]. 
From the schemes of General Atomics Corp and Tex-
tron Defense Inc, it can be seen that the cooling surface 
coincides with the laser transmission surface, leading to 
a challenge that the liquid flow exerts influence on the 
wavefront aberration of the laser beam that passes through 
the flowing coolant liquid, which may degrade the beam 
quality [12].

Solid-state laser gain medium generates heat when 
being pumped by high-power diode laser. Though the gain 
medium is directly convection-cooled, the heat is trans-
ferred into the water and generates temperature gradient in 
flow field. Turbulent flow brings about a perturbation on the 
temperature field. The refractive index field varies primar-
ily with the temperature field. Since the refractive index 
field is inhomogeneous, the laser beam passing through the 
liquid flow field is distorted. However, there have rarely 
been experiment reports about the laser wavefront aberra-
tion induced from the coolant flow field.

Abstract  A liquid-convection-cooled Nd:YAG disk laser 
oscillator with an output power of 30.7 W and a slope effi-
ciency of 14.1 % is built. By using large-eddy simulation 
model, the wavefront aberration induced by the turbulent 
flow is numerically calculated. In the experiment, a Shack–
Hartmann wavefront sensor is used to measure the wave-
front aberration and the laser intensity distribution. The 
RMS values and PV values of the beam wavefront and 
the phase stability of three feature points have been inves-
tigated. The experimental results prove that the turbulent 
flow with high flow velocity and high turbulent intensity 
can reduce the aberration of the flow field.

1  Introduction

Various application demands of diode-pumped solid-state 
laser (DPL) make the scientific researchers of this field 
devote continuously to the improvement of output power 
and beam quality [1–3]. High-power DPL has recently 
attracted much interest due to its compact structure, high 
efficiency, power scalability, and good operation stability. 
However, solid-state gain medium generates heat when 
being pumped by high-power diode laser. Thermal effects, 
such as thermally induced stress birefringence and thermal 
lens, limit the output power and beam quality of solid-state 
lasers, while extremely high thermally induced stress can 
even cause the fracture of the gain material [4–7].
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In this paper, the wavefront aberration induced by 
the turbulent flow field in liquid-convection-cooled disk 
laser is studied in detail, by ways of both simulation and 
experiment. Firstly, the wavefront aberration induced by 
the flow field is numerically calculated. By using large-
eddy simulation model and integrating the thermal-
induced variations of the refractive index along the laser 
beam path, the two-dimensional wavefront aberration is 
simulated, indicating that enhancing the flow velocity on 
laser material surfaces can reduce the aberration. Then, an 
experimental setup of liquid-convection-cooled disk laser 
oscillator is built, while a Shack–Hartmann wavefront 
sensor is used to measure the wavefront aberration and the 
laser intensity distribution. Wavefront aberration of output 
laser at different coolant flow velocity is experimentally 
studied, which also proves that the turbulent flow with 
high-speed flow velocity and high turbulent intensity can 
reduce the aberration. This study on wavefront aberra-
tion induced by the flow field is of great importance for 
developing high-power liquid-convection-cooled disk 
lasers. However, some aspects of this study can be applied 
in many research fields such as dye lasers, beam propa-
gation through turbulent atmosphere, underwater laser 
communication.

2 � Experimental setup

The experimental setup of the liquid-convection-cooled 
disk laser oscillator is depicted in Fig.  1. The laser gain 
medium is a 1.0 at.% doped Nd:YAG disk. The dimension 
of the disk is 50 × 30 × 5 mm3 (length × width × thick-
ness), with a large aperture (50 ×  30 mm2) for light pas-
sage. The end surface that the pump light first enters is AR 
coated at both 808 and 1064  nm (relative to water), and 
the other end surface is AR coated at 1064 nm (relative to 
water) and high-reflection (HR) coated at 808 nm (relative 
to water). Thus, the pump light passes the crystal for two 
times, with the absorption efficiency estimated as 95.0 %. 
The Nd:YAG thin disk is supported in a water-filled cham-
ber with two quartz windows. Each quartz window has one 
side AR coated relatively to air for both 808 and 1064 nm, 
and the other side AR coated relatively to water for 808 and 
1064 nm.

The de-ionized water, of which the temperature and 
the flow velocity are adjustable, is used as the cooling 
liquid. The cooling liquid passes through the cham-
ber from the inlet to the outlet, flowing all over the 
surfaces of the gain medium, especially the two large 
50  ×  30  mm2 apertures. With the coolant water flow-
ing over the laser transmission surface directly, there 
is a force convection heat transfer between the coolant 
water and the disk. The distances between the disk large 

surfaces and the windows are b = 2 mm, and the water 
is flowing along the positive direction of the x axis. The 
convective heat transfer coefficient of a turbulent flow is 
higher than that of a laminar flow. In order to conduct 
out the heat generated within the disk more rapidly and 
prevent the fracture of the gain material, the flow is kept 
in the state of turbulence.

The disk is end-pumped from single side by a laser 
diode array (LDA), which is capable of producing an out-
put power of up to 1000 W (at the current of 100 A) at 
808  nm. The LDA, consisting of 10 laser diode bars, is 
collimated in fast axis by microlens but not in slow axis, 
corresponding to the fast-axis divergence angle of 2° and 
the slow-axis divergence angle of 8°. The pump light after 
focusing enters the gain medium, with a square-shaped 
pump spot of 7 × 7 mm2 on the disk end surface. A flat–
flat cavity is used in the laser resonator, with a cavity 
length of 70 mm. The resonator consists of a total-reflec-
tion plane mirror (HR) and an output coupler (OC). The 
plane output coupler of 95 % transmission is positioned at 
a distance of 40  mm from the disk surface. In the reso-
nator, the large-aperture laser beam at a wavelength of 
λ = 1064 nm goes through the Nd:YAG disk, two quartz 
windows and two water layers. The wavefront of laser 
beam is measured by a Shack–Hartmann wavefront sen-
sor, with an aperture size of 6.1 × 4.9 mm2, a pixel size of 
4.65 × 4.65 μm2 and a lenslet array count of 40 × 32. The 
damage threshold of the Shack–Hartmann wavefront sen-
sor is 0.1  mW/cm2. Therefore, a partially reflecting mir-
ror and an optical attenuator are used to weaken the power 
density of the output beam.
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Fig. 1   Experimental setup of the liquid-convection-cooled disk laser 
oscillator
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3 � Experiment results and discussion

3.1 � Numerical simulation

The cooling water under discussion is a typical example 
of Newtonian fluids, and its flow field can be obtained by 
solving Navier–Stokes (NS) equations of Newtonian fluids. 
Assuming the fluid properties are constant and the flow is 
three-dimensional, the hydrodynamic equations governing 
the turbulent flow field and the heat transfer process are 
given in terms of continuity equation (Eq. 1), momentum 
equations (Eq. 2) and energy equations (Eq. 3).

where in this case u is the flow velocity vector, ui is the 
velocity component in x, y or z direction, p is the pres-
sure, and T is the temperature distribution. Assuming the 
water temperature of 20 °C, we have the dynamic viscosity 
coefficient of μ =  0.001003 kg/ms, the heat conductivity 
of k = 0.6 W/m K, and heat capacity of cp = 4182 J/kg K 
[13].

To numerically solve the NS equations in three-dimen-
sional turbulent flow field, large-eddy simulation (LES) 
model is adopted in this paper. In LES model, the instanta-
neous NS equations are low-pass-filtered by subgrid-scale 
(SGS) model [14, 15].

When being pumped by the high-power LDA, disk-
type gain medium generates vast amounts of heat, which is 
expressed as a fraction of the absorbed pump power depos-
ited as heat (30  % for Nd:YAG). With the pump power 
of 265  W, the average pump power density on surfaces 

(1)
∂ρ

∂t
+ div(ρu) = 0,

(2)
∂(ρui)

∂t
+ div(ρuiu) = −

∂p

∂xi
+ div(µgradui),

(3)
∂(ρT)

∂t
+ div(ρTu) = div

(

k

cp
gradT

)

,

of the disk is 541 W/cm2. In the modeling, the inlet cool-
ant temperature is 20  °C, and the outlet coolant pressure 
is 0.1  MPa. The entrance velocity values are assumed as 
u0 = 1, 2 and 5 m/s, and the Reynolds number is calculated 
as

where Dh =  2b is the hydraulic diameter of the channel 
between two parallel plates and ν is the kinematic fluid vis-
cosity coefficient of water, defined as ν = μ/ρ. According 
to Eq. 4, the Reynolds numbers are calculated to be 3980, 
7960 and 19,900, respectively. The Reynolds numbers are 
much higher than the critical Reynolds number as 2300; 
therefore, the flow is in the state of turbulence. In addition, 
Reynolds numbers are the representation of turbulence 
intensity, while high Reynolds number corresponds to high 
turbulent intensity and strong turbulence perturbation on 
the flow field.

According to the calculation results of LES model, the 
instantaneous velocity field and temperature field are calcu-
lated. The wavefront aberration is quantitatively evaluated 
by optical path difference (OPD). The OPD induced by the 
flow field is obtained by integrating the thermal-induced 
variations of the refractive index along the laser beam path 
within the flowing water.

where T0 is the inlet coolant temperature, l is the length of 
beam path, dn/dT = −1.3 × 10−4 K−1 is the temperature 
coefficient of the refractive index for water.

The wavefront aberration of the laser beam with an aper-
ture of 5 mm × 5 mm is calculated after passing through 
two 2-mm-thick fluid layers. Figure  2 demonstrates two-
dimensional wavefront aberrations with the flow velocity of 
u0 = 1, 2 and 5 m/s at time t = 1 s.

(4)Re =
u0Dh

v
,

(5)OPD =
dn

dT

∫

l

(T − T0)dl,

Fig. 2   Simulated two-dimensional wavefront aberrations when flow velocity is a 1 m/s, b 2 m/s, and c 5 m/s
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The peak-to-valley (PV) values and root mean square 
(RMS) values of wavefront aberrations are demonstrated in 
Fig. 3 versus the flow velocity of coolant liquid. For each 
of given PV values and RMS values, ten statistically inde-
pendent simulations are conducted. Each of the scattering 
points in Fig.  3 represents the average value of ten times 
of simulation. The simulation results demonstrate that with 
the increase in flow velocity, the PV value and the RMS 
value decrease, indicating that enhanced flow velocity on 
the laser material surfaces serves to reduce the wavefront 
aberration.

When the flow is turbulent, the instantaneous flow veloc-
ity component ui can be divided into two parts, as given by

where ūi is the mean value of flow velocity and ui′ is the 
actual velocity fluctuating component. The turbulence 
intensity, also often referred to as turbulence level, is 
defined as:

where the numerator is the RMS of the turbulent veloc-
ity fluctuations and the denominator is the absolute value 
of the mean velocity. Turbulent kinetic energy is the mean 
kinetic energy per unit mass associated with eddies in tur-
bulent flow. Physically, the turbulence kinetic energy is 
characterized by measured RMS velocity fluctuations, 
which is written as

Turbulence dissipation rate is the rate at which turbulence 
kinetic energy is converted into thermal internal energy, 
which is used as given by

(6)ui = ūi + u′i

(7)I =

[

(u′i)
2
]1/2

|ui|

(8)κ =
1

2

(

u′i
)2
.

where in this case μ is the dynamic viscosity coefficient 
and ρ is the density of liquid. The Kolmogorov turbulence 
theory introduces a Kolmogorov length scale to describe 
the scales in the spectrum that form the viscous sub-layer 
range. At the Kolmogorov scale, viscosity dominates and 
the turbulent kinetic energy is dissipated into heat. They are 
defined by

where ε is the turbulence dissipation rate, μ is the dynamic 
viscosity coefficient, and ρ is the density. In this paper, the 
Kolmogorov length scale η is used to evaluate the eddy 
scale of turbulence flow [16].

(9)ε =
µ

ρ

(

∂u′i

∂xk

)2

(10)η =

[

(µ/ρ)3

ε

]1/4

Fig. 3   PV value and RMS value of wavefront aberration versus tur-
bulent flow velocity

Fig. 4   Turbulent intensity and eddy scales of the flow field versus 
turbulent flow velocity

Fig. 5   Turbulent kinetic energy of the flow field versus turbulent 
flow velocity



375Effects of turbulent flow field on wavefront aberration

1 3

According to the calculation results of simulation model, 
the turbulent intensity, eddy scales and turbulent kinetic 
energy of the flow field are calculated. The turbulent inten-
sity and eddy scales of the flow field versus turbulent flow 
velocity are illustrated in Fig. 4. The turbulent intensity is 
29 % when the flow velocity is 1 m/s. The turbulent inten-
sity gets stronger as the turbulent flow velocity increases, 
and reaches 96  % at the flow velocity of 5  m/s with the 
absolute value enhanced more than two times. This dis-
closes that the turbulence level turns form weak to violent 
with the flow velocity increases. In addition, the calculation 
of eddy scales indicates that with the increase in turbulent 
intensity, the eddies with large-scale break up and the eddy 
scales decrease. The turbulent kinetic energy versus the 
flow velocity of coolant liquid is demonstrated in Fig.  5, 
indicating that with the increase in flow velocity the turbu-
lent kinetic energy enhances. Each of the scattering points 
in Figs. 4 and 5 represents the average value of ten times of 
statistically independent simulation.

The beam scattering effect induced by turbulent eddies 
can be explained by the random lens model [17]. The tur-
bulent eddies are considered as random negative lens, 
which are randomly distributed in the flow field. By exam-
ining the behavior of a single lens, then accounting for the 
large number of random lenses, we can develop a physi-
cal understanding of the beam scattering effect induced by 
turbulent eddies. Assume that the eddy scale is η and the 
refractive index difference is Δn, the focal length of the 
random lens is estimated as

When the flow velocity are 1 and 5 m/s, the eddy scale 
η is 0.0244 and 0.0106 mm, while the temperature differ-
ence of the flow field are 65 and 20  °C, which result in 
that the refractive index difference Δn of the flow field 
is 8.45  ×  10−3 and 2.60  ×  10−3. Therefore, when the 
flow velocity increases from 1 to 5  m/s, the focal length 
enhances as well from 2.89 to 4.08  mm. Longer focal 
length of the negative lens corresponds to weaker scattering 
effect of turbulent eddies. Therefore, the beam scattering 
effect decreases because the temperature gradient at ther-
mal boundary layer weakens and the temperature differ-
ence decreases at high turbulent flow rate.

3.2 � Experiment result and discussion

We suppose that there are two effects of flow velocity on 
wavefront aberration. The first is that high flow veloc-
ity brings about a great perturbation on the temperature 
field, which tends to increase the wavefront aberration. 
The second is that high flow velocity enhances the heat 
transfer on disk surfaces, leading to a small temperature 

(11)f =
η

�n
.

gradient at thermal boundary layer, which tends to reduce 
the wavefront aberration. Therefore, the two effects exert 
opposite influence in terms of changing the wavefront 
aberration. The simulation results indicate that the second 
effect plays a major role and the fast turbulent flow veloc-
ity with high turbulent intensity can reduce the aberration. 
However, it is essential for the result to be proved in the 
experiments.

Laser outputs are successfully obtained in the experi-
ment of the liquid-convection-cooled disk laser oscillator. 
With a pump spot of 7 × 7 mm2 at the disk center, an inlet 
coolant temperature of 20 °C and a cooling flow velocity of 
5 m/s, 30.7 W of CW output power is achieved at the maxi-
mum pump power of 265  W, corresponding to the opti-
cal–optical efficiency of 11.6 % and the slope efficiency of 
14.1 %.

The optical–optical efficiency is quite low, because 
there are two layers of the coolant liquid in the laser cavity, 
which introduce an extra absorption loss and a scattering 
loss of the laser and reduce the optical–optical efficiency. 
The single-pass loss σ of the cavity can be calculated as

where α is the absorption coefficient of de-ionized water 
at 1064 nm which is measured as 1.43 ×  10−1 cm−1 [9], 
s = 1.05 × 10−6 cm−1 is the scattering coefficient of de-
ionized water at 1064 nm [18], and l = 4 mm is the total 
thickness of the coolant liquid layers. It is clear that the 
absorption coefficient is 5 orders greater in magnitude than 
the scattering coefficient. Therefore, the single-pass cavity 
loss is mainly caused by the absorption loss, which is cal-
culated as 5.56 % using Eq. 12.

Through the experiment, it is found that the single-pass 
cavity loss has almost no correlation with the turbulent 
intensity when the coolant flow velocity varies in the range 
of 1–5 m/s. This confirms that the scattering loss induced 
by the turbulence is negligible in comparison with the 
absorption loss. The single-pass cavity loss is measured as 
5.53 % in this experiment, which is in good agreement with 
the calculation result 5.56 %.

The efficiency will be further improved if a specific liq-
uid with little absorption at 1064 nm is used as the cooling 
liquid instead of the de-ionized water. The absorption coef-
ficients at 1064 nm of the heavy water (D2O) with differ-
ent deuteration degree are measured using a spectrometer, 
while the results are depicted in Fig.  6, together with the 
calculated single-pass cavity loss. The heavy water with the 
deuteration degree of 99.8 % that has an extremely small 
absorption coefficient of 2.3 ×  10−2 cm−1 at 1064  nm is 
an ideal cooling liquid. According to the calculation, the 
single-pass cavity loss will reduce to 0.916 % if the heavy 
water with the deuteration degree of 99.8 % is used as the 
cooling liquid.

(12)σ = 1− exp [−(α + s)l]
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The spot size of the near-field laser pattern is around 
5 × 5 mm2. The near-field patterns of the output laser when 
flow velocity u0 = 1, 2 and 5 m/s are shown in Fig. 7. The 
laser pattern deteriorates on the direction orthogonal to the 
coolant flow direction. With the increase in turbulent flow 

velocity, the beam profile is improved to an approximate 
circle shape.

Figure 8 demonstrates the wavefront aberration of out-
put laser in the experiment measured by the Shack–Hart-
mann wavefront sensor, in different coolant flow velocity 
condition that u0 = 1, 2 and 5 m/s.

It should be noted that wavefront distortion due to 
first-order to sixth-order polynomials is not included and 
displayed in the analysis of wavefront distortion. The 
wavefront distortion due to turbulent flow is described by 
high-order Zernike polynomials. The piston and tilt com-
ponents (first-order to third-order polynomials) can be 
easily eliminated. The defocus component (fourth-order 
polynomials) is nothing but a curvature on the wavefront 
analogous to an ideal lens. The astigmatism components 
(fifth-order to sixth-order polynomials) are mainly caused 
by different divergence angles of the pump laser in fast 
axis and low axis. As a consequence, the acquisition and 
diagnostics of high-order distortions is of great impor-
tance. It is demonstrated in Figs.  7 and 8 that the influ-
ence of flow velocity on wavefront aberration is very obvi-
ous. The experiment results indicate that the fast turbulent 

Fig. 6   Absorption coefficient at 1064 nm and the single-pass cavity 
loss versus the deuteration degree of the heavy water

Fig. 7   Measured two-dimensional laser intensity distributions when flow velocity is a 1 m/s, b 2 m/s, and c 5 m/s

Fig. 8   Measured two-dimensional wavefront aberrations when flow velocity is a 1 m/s, b 2 m/s, and c 5 m/s
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flow velocity with high turbulent intensity can reduce the 
aberration.

More detailed information of the optical aberration can 
be found by studying the coefficients of the Zernike poly-
nomial expansion, as summarized in Table 1. The Zernike 
polynomial is expanded up to the 36th order. With the 
increase of turbulent flow velocity, the Zernike polynomial 
coefficients reduce generally. For the case with a flow veloc-
ity of 1 m/s, the coefficients of seventh-order to 15th-order 
Zernike polynomials take the leading role in the wavefront 
aberrations, while for the case of flow velocity of 5 m/s, the 
coefficients of seventh-order to 15th-order Zernike polyno-
mials no longer have a dominant position. It is observed that 
with the increase in flow velocity, the dominant coefficients 
of wavefront aberrations transfer from low-order Zernike 
polynomials to more other Zernike polynomials. Moreover, 
the low-order Zernike polynomial corresponds to the aber-
ration with low spatial frequency and large spatial scale. 
This may imply that the eddies with large-scale break up 
and eddy size decreases at high flow velocity.

The root mean square (RMS) values and the peak-
to-valley (PV) values of the beam wavefront are used to 
evaluate the distortion degree of the beam. The sampling 
of RMS values and the PV values of the beam wavefronts 
has been conducted for 180  s. The RMS values and PV 
values versus time when flow velocity u0 = 1, 2 and 5 m/s 
are shown in Figs. 9 and 10, respectively. The time-average 
values of RMS and PV decrease with the increasing flow 
velocity, showing a weakening of statistical average distor-
tion degree. The specific time-average values and time-var-
iance values of RMS and PV are demonstrated in Table 2. 
The time-variance values of RMS and PV decrease with 

increased flow velocity, which indicates that the irregular 
degree of distortion becomes weakened.

The wavefront phases at three feature points have been 
investigated. The three feature points consist of a location 
that has the highest power density (A) and two locations that 
have half of the power density (B and C), which are demon-
strated in Fig. 11. The sampling of phase values of the three 
feature points has been conducted for 60 s. The phase val-
ues versus time when flow velocity u0 = 1, 2 and 5 m/s are 
shown in Fig.  12. The specific measurement results of the 
time-variance phase values at three feature points are dem-
onstrated in Table 3. The time-variance phase values of three 
feature points all decrease with increased flow velocity, indi-
cating the phase values of beam wavefront tend to be stable.

The beam quality M2 of the laser output versus the tur-
bulent flow velocity is illustrated in Fig. 13. The beam qual-
ity M2 is 8.8 and 14.3 in the x and z direction when the flow 
velocity is 1 m/s. The beam quality gets better as the turbu-
lent flow velocity increases, and reduces to 7.9 and 12.7 in 
the x and z direction at the flow velocity of 5 m/s. The beam 
quality improves slightly with the increasing flow velocity. 
The multimode beam profile is due to the characteristic of 
stable cavity with large Fresnel number and the liquid aber-
rations in the cavity. A better beam quality of the laser out-
put would be produced from an unstable cavity that has a 
strong ability of mode selection.

4 � Conclusion

In conclusion, by using large-eddy simulation model and 
integrating the thermal-induced variations of refractive 

Table 1   Zernike polynomial 
coefficients of measured 
wavefront aberrations

Flow velocity Zernike polynomial coefficients

1.00 m/s

2.00 m/s

5.00 m/s
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index, we have numerically calculated the wavefront aber-
ration induced by the turbulent flow, indicating that the 
fast turbulent flow velocity with high Reynolds numbers 

can reduce the aberration. We demonstrate a liquid-con-
vection-cooled Nd:YAG disk laser oscillator. A output 
power of 30.7 W is produced at the pump power of 265 W, 

Fig. 9   Sampled RMS values of the beam wavefronts versus time when flow velocity is a 1 m/s, b 2 m/s, and c 5 m/s

Fig. 10   Sampled PV values of the beam wavefronts versus time when flow velocity is a 1 m/s, b 2 m/s, and c 5 m/s

Table 2   Measured time-
average values and time-
variance values of the sampled 
RMS and PV

Flow 
velocity (m/s)

Time-average 
value of RMS (λ)

Time-variance 
value of RMS (λ)

Time-average 
value of PV (λ)

Time-variance 
value of PV (λ)

1.00 0.0320 0.0094 0.1728 0.0529

2.00 0.0283 0.0057 0.1358 0.0284

5.00 0.0231 0.0034 0.1140 0.0189
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corresponding to a optical–optical efficiency of 11.6 % and 
a slope efficiency of 14.1 %. The limitation of the output 
power is mainly due to the absorption loss in liquid layer 
and the thermal effect of the laser material. A higher out-
put power can be obtained by reducing the thickness of the 
coolant liquid layer and enhancing the flow velocity of the 
flow field. A Shack–Hartmann wavefront sensor is used to 
measure the wavefront aberration and laser intensity distri-
bution. Wavefront aberrations of the laser output at differ-
ent coolant flow velocity are experimentally studied, and 
the RMS values as well as the PV values of the beam wave-
front have been sampled. The experimental results reveal 
that, on the condition of turbulence cooling, enhancing the 
flow velocity and the turbulent intensity of coolant liquid 
can reduce the wavefront aberration of a laser oscillator.

The liquid-convection-cooled disk laser device with tur-
bulence cooling can reduce thermal effects and withstand Fig. 11   Three feature points that consist of a highest power density 

point (A) and two half power density points (B and C)

Fig. 12   Sampled phase values of the three feature points versus time when flow velocity is a 1 m/s, b 2 m/s, and c 5 m/s

Table 3   Measured time-
variance phase values of the 
three feature points

Flow  
velocity (m/s)

Time-variance phase  
value of point A (rad)

Time-variance phase  
value of point B (rad)

Time-variance phase 
value of point C (rad)

1.00 0.01297 0.01601 0.01029

2.00 0.00846 0.01180 0.00771

5.00 0.00563 0.00570 0.00500



380 P. Li et al.

1 3

much higher pump power, since the convective heat trans-
fer coefficient of the turbulent flow is much higher than that 
of the laminar flow. The experimental results presented in 
this paper verify that the method of high-speed turbulence 
cooling with excellent heat dissipation and weak wavefront 
aberration is suitable for high-power liquid-convection-
cooled disk laser.
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