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The thermal effect and the light output of a laser crystal under different pumping depths were reported., 

Based on the thermal model of a single-ended pumped Tm:YAP crystal, the thermal stress coupled model 

used Comsol to theoretically calculate the effect of changing the pump spot size and pump depth on crystal 

heat distribution and stress distribution. The experimental results showed that the laser output power first 

increased and then decreased with increasing pump spot size. As the depth of focus increased, the laser 

output power first increased and then decreased. The experimental results were consistent with the 

theoretical simulation results. The theory of pump spot radius and depth of focus in this paper provided 

an effective simulation method for mitigating thermal effects, and provided theoretical supports for laser 

crystals to obtain higher laser output power.
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I. INTRODUCTION

The 1.9 µm laser has wide application value in the 

fields of atmospheric environment gas monitoring, lidar, 

medical diagnosis and treatment, material processing and 

photoelectric countermeasures, for the reason that it is 

located in the weak absorption band of the atmosphere and 

is particularly safe for human eyes. In addition, 1.9 µm 

Tm:YAP laser is not only an excellent pumping source 

for a 2 µm Ho laser but also an efficient seed source of 

8~12 µm mid-infrared OPO [10]. That was why the demand 

for high-power 1.9 µm lasers is becoming more and more 

prominent.

The thermal effect of the crystal seriously limits the 

output performance of the laser. It not only directly affects 

the pump speed, but also causes temperature quenching. 

Laser output power and beam quality cannot be improved. 

In addition, excessive crystal temperature can lead to 

internal thermal stress and crystal damage. The thermal 

effect of the laser crystal is one of the most important 

problems [1-3] which -affects the high power transmission 

of the solid laser. The end face of the crystal receives a 

large amount of pump energy when light pumps into the 

end face of the crystal. The temperature of the end face 

of the laser crystal rises, and the overall temperature 

distribution of the laser crystal is trapezoidal, which results 

in uneven temperature distribution [5]. Because of it, 

thermal stress is generated, causing thermal effects such as 

crystal deformation and thermal lens effect to affect the 

maximum pump power and conversion efficiency of the 

laser crystal. Finally it affects the output power and beam 

quality of the laser [9]. The thermal effect of the laser 

crystal is closely associated with the spot radius of the 

pump light and the depth of crystal focus, which not only 

affect the maximum pump power of the laser crystal, but 

also affect the laser gain.

In this paper, the heat distribution model was established 

by Comsol, which is finite element analysis software. By 

using the multi-physics coupling of solid heat transfer and 

solid mechanics modules, the internal temperature changing, 

the stress field of the end-pumped Tm:YAP crystal, the 

stress value at the maximum stress point and the overall 
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FIG. 1. Thermal model of Tm:YAP crystal for single-ended 

pump.

deformation of the crystal under Gaussian pump light 

pumping were simulated, providing a theoretical basis for 

thermal lens effect analysis and crystal fragmentation limit. 

By simulating the temperature distribution of the crystal 

when changing the pump spot size and pump focus depth, 

the best focus spot and depth were obtained to achieve the 

maximum laser output. Through experimental verification 

of the theoretical analysis, at the focused spot was 300 µm, 

the depth of focus was 5 mm, the threshold power was 

10.08 W, we got the maximum output power was 6.32 W. 

The research results provided a theoretical basis of the 

optimization of the high power laser.

II. Analysis of Thermal Field and 

Stress Field in Tm:YAP Crystal

As the end pump power increases, the temperature in 

the center of the laser crystal will be higher than the 

temperature at the edge, which will cause an uneven internal 

temperature and stress distribution, and the end surface 

will be deformed [4]. Finally, the thermal lens effect of the 

oscillating light in the laser crystal took place. A typical 

single-ended pump laser crystal structure is shown in Fig. 1.

The Tm:YAP laser crystal was wrapped in silver foil 

and placed in a copper water-cooled holder. It was cooled 

by a four-sided water-cooled cycle with a room temperature 

of 294 K and a water-cooler constant temperature of 289 K. 

The water cooling would remove some of the heat in the 

crystal, so a heat transfer process existed inside the crystal, 

and its thermal conductivity was constant k. Assuming that 

the pump light was approximated as a Gaussian distribution, 

the relationship between the light intensity distribution and 

the absorption coefficient and the spot radius can be obtained.

If the lateral distribution of the fiber-coupled LD output 

laser was an approximately Gaussian intensity distribution 

[6, 7]
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where Pp was the pump optical power and ξ  was the 

thermal conversion coefficient. We converted it to Cartesian 

form as

)exp(
)(

2
),,(

2
z

z

P
zyxQ

p

p

α
πω

αξ
−= )

)(

)(2
exp(

2

22

z

yx

p
ω

+
−⋅ . (4)

The size of the Tm:YAP laser crystal was 3 × 3 × 15 mm
3
, 

corresponding to the x, y, and z directions, respectively. 

Pumping was from the end z = 0 of the crystal, and the 

pump light direction was the same as the laser direction. 

The thermal conductivity was k when ignoring the anisotropy 

of the laser crystal. Its three-dimensional heat conduction 

equation was
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Keeping the heat sink temperature at Tb, and the air 

temperature at the end face T0 by using water cooling at all 

four sides of the crystal (y = ±b/2, x = ±a/2), the boundary 

conditions considered were [8, 9]
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Next, the temperature stress model was mainly used to 

consider the model of stress, where x was the coefficient 

of thermal expansion. The above deformation cannot occur 

freely due to the external constraints in the elastic crystal 

and the mutual restraint between the various parts of the 
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TABLE 1. Parameters of simulation

Parameter Valve

Thermal conductivity k 11 W/m.K

Poisson’s ratio v 0.3

dn/dT 10.08 × 10
-6

/K

Thermal expansion coefficient 
T

α 9.6 × 10
-6

/K

Absorption coefficient α 4.36/cm

Thermal conversion coefficient ξ 0.22

Crystal size 3 × 3 × 15 mm
3

Crystal refractive index 1.96

Spot radius p
ω 200~400 µm

Quality factor of pumping beam M
2

p 87

(a) Depth of focus 0 mm (b) Depth of focus 2 mm

(c) Depth of focus 4 mm (d) Depth of focus 6 mm

(e) Depth of focus 8 mm (f) Depth of focus 10 mm

FIG. 2. Internal temperature distributions in crystal at 

different depths of focus.

body. Thus a stress change derived from temperature 

gradient was generated. The equilibrium equations coupled 

with the heat conduction equation can be obtained by using 

geometric equations, physical equations and equilibrium 

equations in elastic mechanics.

The equilibrium equation can be written as [10]
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The geometric equation was
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The equation of strain can be uniformly written as
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The physical equation can be written as
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There was no displacement in the initial state, and the 

steady state was considered, so there was ui = 0 (i = x, y, z).

In Comsol 5.3, the static structural analysis in the 

“Structural Mechanics” interface was used to deal with 

thermal expansion, which was coupled by the solid heat 

transfer module-solid mechanics module. The parameters 

that used in the simulation were shown in TABLE 1. 

Considering the release action caused by crystal deformation 

due to thermal stress, the thermal stress coupling model 

described above was solved to obtain the temperature field 

and stress field distribution inside the crystal.

III. INFLUENCES OF DIFFERENT PUMP SPOT 

RADIUS AND DEPTH OF FOCUS ON 

HEAT DISTRIBUTION AND STRESS 

DISTRIBUTION IN THE CRYSTAL

3.1. Influence of Different Pump Spot Radius and Depth 

of Focus on Heat Distribution in the Crystal

One of the reasons for the thermal lens effect of the 
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FIG. 3. Y-axis temperature distribution.

FIG. 4. Z-axis temperature distribution.

FIG. 5. Distributions of pump light in the crystal at different 

depths of focus.

(a) Pump spot radius 200 µm (b) Pump spot radius 300 µm

(c) Pump spot radius 400 µm

FIG. 6. Internal temperature distributions of the crystal at 

different pump spot radius.

crystal was that the temperature distribution inside the 

crystal wasn’t uniform and the temperature gradient was 

too sharp. Therefore, the temperature gradient would be 

reduced if the heat distribution of the pump light in the 

crystal was comparatively uniform, which would alleviate 

the thermal lens effect of the crystal. For this purpose, we 

considered changing the depth of focus of the pump light 

to avoid the waist of the pump light with highest optical 

density directly affecting the end face of the crystal. The 

temperature field distribution of the crystal was obtained 

by simulation. At this time, when the pumping power was 

30 W, the pump spot radius was 300 µm, the temperature 

change in the crystal was simulated at the focal depths of 

0 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm, the results 

are shown in Fig. 2.

As shown in Fig. 2, as the depth of focus increased, the 

heated portion of the crystal also gradually increased. 

Specifically, in the Z-axis direction, the heated region 

became larger, the temperature gradient decreased, and the 

heat released portion was also spread. It is not only 

limited to the lower part of the crystal end face, but also 

is beneficial to the heat dissipation of the crystal and 

alleviation of the thermal lens effect caused by the 

temperature gradient.

It can be seen from Figs. 3 and 4 that when the depth 

of focus changed, the temperature field distribution in the 

crystal changed significantly. From the temperature 

distribution of the Y-axis at the end face of the crystal it 

was obviously visible that with the increased depth of 

focus, the maximum temperature in the crystal gradually 

decreased from 367.52 K to 350.62 K, which corresponds 

to a decrease of 16.9 K. When the part of the crystal 

along the Z-axis was gradually heated, the temperature 

distribution was extended. Although the depth of focus 

gradually increased, the maximum temperature distribution 

in the crystal was mainly concentrated in the end portion, 

because the pump light focused into the crystal and most 

of it was absorbed. The processes are shown in Fig. 5.

As shown in Fig. 5, whether the depth of focus was 

deep or shallow, it was required to pass through the end 
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FIG. 7. The variation of the maximum temperature in the 

crystal as the depth of focus increasing under different spot 

radiuses.

face of the crystal. The temperature near the end face was 

still the highest, but the overall heating area was increased 

which was advantageous for heat conducting and relieved 

the thermal lens effect of the crystal. The spot radius of 

the pump light was changed by changing the coupling 

ratio of the focus coupling mirror, and the pump spot radii 

were 200 µm, 300 µm and 400 µm , the focus position 

was 5 mm, and the internal temperature distributions of 

the crystal are shown in Fig. 6.

It can be seen from Fig. 6 that as the focus coupling 

ratio increased, the internal temperature distribution region 

of the crystal and the area under pump power in the crystal 

both increased, thereby the internal maximum temperature 

of the crystal was reduced. The coupling ratios were 1 : 1, 

1 : 1.5 and 1 : 2, the focus position was 5 mm, the 

maximum temperatures in the crystal were 362.83 K, 

361.75 K, and 355.14 K, respectively.

Figure 7 shows variation of the maximum temperature 

at the end face of the crystal with the depth of focus 

changing when the pumping power was 30 W and the 

pump spot radius was 200 µm, 300 µm, and 400 µm. The 

maximum temperature in the crystal gradually decreased 

when the depth of focus increased. As the radius of the 

pump light spot increased, the maximum temperature in 

the crystal increased first and then decreased. Because of 

the increasing depth of focus, the pump light with a larger 

spot radius irradiated into the crystal, which resulted in a 

partial loss of energy. Therefore, the maximum temperature 

would be lower at the beginning, but as the depth of focus 

increased and the pump light diverged, the temperature 

inside the crystal gradually became stable. When the radius 

of the pump spot was small, the highest temperature in the 

crystal would decrease as the depth of focus increased. 

Eventually the highest temperature would be lower than 

for larger pump spot radius. when the pump light power 

was constant, as the pump spot radius grew larger, the 

energy density became smaller, and the center maximum 

temperature became lower. This was the reason why the 

heat distribution was as shown in Fig. 7 when the depth of 

focus was zero. However, as the depth of focus increased, 

the beam of the pump light near the end face gradually 

increased, which made the temperature distribution more 

uniform and the distribution area larger, so that the heat 

dissipation volume was reduced, and the maximum 

temperature reduction rate of the crystal center was slowed 

down. But the increase of the size of the pump beam was 

beneficial to the reduction of the thermal stress of the 

crystal. Therefore, it was especially important to balance 

the pump spot radius and the depth of focus to alleviate 

the thermal effect. Because of the divergence of the pump 

light, the loss was large, the pump depth increased and 

the crystal may not produce gain. In the end the laser 

output phenomenon would not appear and the analysis we 

mentioned here needed a further experimental verification.

3.2. Influences of Different Pump Spot Radius and 

Focusing Depth on Thermal Stress Distribution in 

Crystals

The stress distributions (a) (b) (c) (d) and the deformation 

displacements (e) (f) (g) (h) of the crystal at different 

focusing depths were analyzed when the pump power was 

30 W and the radius of the pump spot was 300 µm. The 

results were shown in Fig. 8.

With the increase of the focusing depth, the maximum 

stress of the crystal decreased from 32.18 MPa to 28.08 

MPa. Although the deformation in Z-axis direction 

decreased slightly, the reduction was not a larger order of 

magnitude. Therefore, changing the focusing depth can 

reduce the thermal distribution, thermal stress and thermal 

lens effect in the crystal, but the gain of laser crystal was 

different from different focusing depth, which will affect 

the laser output power. The numerical simulation provided 

the theoretical basis for the experiment. In order to obtain 

a larger laser output, the necessary condition was to slow 

down the thermal effect, so that the laser crystal can 

withstand a larger pump power, have a larger conversion 

efficiency and obtain a higher laser output power.

The stress distributions in the crystal under different 

pump spot radiuses (i.e. pump spot radius were 200 µm, 

300 µm, 400 µm respectively) were analyzed when the 

pump power was 30 W and the focusing depth was 5 mm. 

The stress distributions in the crystal are shown in Fig. 9.

With the increased of the focusing coupling ratio, the 

maximum stress of 30.68 MPa decreased to 27.99 MPa, 

and the crystal deformation also decreased slightly. 

According to the alleviation of thermal effect by focusing 

depth and focusing coupling ratio, changing the focusing 

coupling ratio and increasing the pump depth can reduce 

the thermal distribution, thermal stress and thermal lens 

effect in crystals. Therefore, the thermal lens effect can be 

mitigated as much as possible to increase the laser output 

power when the focus depth and the pump depth were 

reasonably weighed to make the pump depth ratio larger.
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(a) Depth of focus 0 mm (b) Depth of focus 3 mm (c) Depth of focus 5 mm (d) Depth of focus 8 mm

(e) Depth of focus 0 mm (f) Depth of focus 3 mm (g) Depth of focus 5 mm (h) Depth of focus 8 mm

FIG. 8. The stress and deformation in the crystal at different focusing depths when the pumping power was 30 W and the radius of 

the pumping spot was 300 µm

(a) Pump spot radius 200 µm (b) Pump spot radius 300 µm (c) Pump spot radius 400 µm

(d) Pump spot radius 200 µm (e) Pump spot radius 300 µm (f) Pump spot radius 400 µm

FIG. 9. The stress and deformation in the crystal were changed with the radius of the pump spot when the pump power was 30 W and 

the focusing depth was 5 mm

IV. ANALYSIS OF THE INFLUENCES OF 

DIFFERENT PUMP SPOT RADIUS AND 

FOCUSING DEPTH ON OUTPUT POWER

Based on the theoretical analysis, the experimental 

platform was built to verify the efficiency of the proposed 

method. By changing the parameters of the focusing 

coupling mirror and the position of the focusing coupling 

mirror group from the end of the crystal, the factors such 

as the output power, slope efficiency and so on were 

measured and compared to the factors such as the coupling 

ratio and the focusing depth of optimal power. Figure 10 

was a diagram of the experimental device of a single-end- 

pumped Tm:YAP crystal.
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FIG. 10. Diagram of experimental device of LD end-pumped 

Tm:YAP laser.

FIG. 11. Output power under different focusing coupling 

ratios.

FIG. 12. Output power at different focusing depths.

The pumping source utilized a semiconductor laser with 

795 nm center wavelength, and the maximum output 

power was 60 W, NA was 0.22. The focusing coupling 

system was composed of two convex lenses with variable 

focal length. The surfaces of the lenses were coated with 

an anti-reflection film of 795 nm. The transmittance of the 

actual coupled system at 795 nm was more than 95%. The 

totally reflecting mirror was coated with a film, which had 

high transmittance (R < 0.5%) at 795 nm and high reflectivity 

(R > 99.5%) at 1.99 µm; the output mirror was plated with 

a high transmittance of 10% at 1.99 µm. The Tm:YAP 

crystal was a domestic crystal with a size of 3 × 3 × 15 

mm
3
, and both ends of the crystal were plated with a high 

anti-reflecting film of 795 nm and 1.99 µm (R < 0.5%). 

The crystal was wrapped with indium foil, which was 

placed in a copper heat sink, and the entire crystal was 

cooled by cooling water whose temperature was 289 K. 

When the pump spot radius corresponding to the focusing 

coupling ratio of 1 : 1, 1 : 2 and 1 : 3 were 200 µm, 300 

µm and 400 µm, the focal lengths of the selected focusing 

lens group were 50 mm : 50 mm, 50 mm : 75 mm, 25 mm

: 50 mm, the focusing depth was 6 mm, we got the 

output powers shown in Fig. 11.

From Fig. 11, when the focusing coupling ratios were 

1 : 1, 1 : 1.5 and 1 : 2, the threshold powers were 11.26 W, 

10.08 W and 8.92 W, the maximum output powers were 

4.3 W, 6.32 W and 5.66 W, the slope efficiency were 

17.98%, 27.44% and 26.18%, respectively. When the 

coupling ratio is 1 : 1.5 and 1 : 2, the slope efficiency is 

not much different, but the threshold power of 1 : 2 was 

lower. The output power of coupling ratio 1 : 1.5 is larger 

and the output is smoother and more moderate. An 

experimental study to change the depth of focus coupling 

with a coupling ratio of 1 : 1.5. is absolutely significant.

By changing the focusing depth of the pump light, the 

experimental measurement was carried out with the focusing 

depth of 3 mm, 5 mm, 6 mm and 8 mm, on the premise 

of ensuring that the laser crystal did not burst and had 

laser output. The test data are shown in Fig. 12.

When the focusing coupling ratio is 1 : 1.5, the focusing 

depth are 3 mm, 5 mm, 6 mm and 8 mm, Fig. 12 shows 

that the threshold powers were 12.46 W, 11.26 W, 10.08 

W and 11.26 W, the maximum output powers were 4.51 

W, 5.53 W, 6.32 W and 4.46 W, the slope efficiencies 

were 17.54%, 22.32%, 27.44% and 21.58%, respectively. 

From the output power, it was easily seen that with the 

increase of the focusing depth, the power first increased 

and then decreased, and the slope efficiency also first 

increased and then decreased. The optimal laser output can 

be obtained when the focusing coupling ratio of pump 

light was 1 : 1.5 and the focusing depth was 6 mm. At 

low power under different focusing depths, the growth 

trends were much more consistent. With the increase of 

pump power, the growth trend slowed down. The reason 

was that with the increase of pump power, the crystal 

produced a thermal lens effect, while serious thermal lens 

effect would inhibit laser output. Although laser output can 

be obtained by pumping laser crystal with pump source, 

laser output of crystal achieved could be better when the 

crystal pumped in a specific position. At this time, the 

thermal effect of pumping light on the crystal was the 

lowest, which provided theoretical support for obtaining 

higher laser output power.
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V. CONCLUSION

High gain of laser crystal was needed when high power 

laser generated, while the emission cross section of Tm:YAP 

was small (4.7 × 10
-21

 cm
2
), energy extraction efficiency was 

low, most of the energy of pump light was concentrated in 

the crystal and transformed into the heat of the crystal. It 

was the thermal effect of the crystal that made the crystal 

unable to withstand large pump light so that it could not 

produce large gain to obtain high power output. In this 

paper, COMSOL finite element analysis software was used 

to simulate the thermal stress of Tm:YAP crystal under 

different pump focusing depth by coupling solid heat transfer 

modules and solid mechanics modules. With the increase 

of pump spot radius, the maximum temperature in the 

crystal first decreased and then tended to be stable. With 

the increase of pump focusing depth, the thermal stress 

decreased in all directions of the crystal. The threshold 

power was 10.08 W and the maximum output power was 

6.32 W when the focus spot radius was 300 µm and the 

focusing depth was 5 mm. The experimental results were 

in agreement with the theoretical simulation results. The 

theory of pump spot radius and focusing depth provided 

an effective simulation method for alleviating thermal lens 

effect, which provided theoretical support for the optimization 

of higher laser output power.
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