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A B S T R A C T

This study focuses on the thermal characteristic of an end-pumped MgO: PPLN crystal by solving
the transient temperature evolution model in a high power optical parametric oscillator. In this
model, an approach based on contact mechanics theory is proposed to quantitatively calculate
the heat transfer between rough contacting surfaces of crystal and heat sink. Based on the model,
a parametric study has been performed to investigate the influence of the heat sink property,
pump laserand crystal dimension on the thermal characteristic of the laser crystal. Obtained
results reveal a closed correlation between the mentioned parameters and the thermal char-
acteristic of the crystal indicating that a proper selection of the parameters is essential to control
the crystal temperature and improve the performance of the laser.

1. Introduction

The output of mid-infrared (3–5 μm) lasers exhibits good optical transmission through atmosphere, which is widely prospected
used in spectroscopy, environmental monitoring, optical communication and optical coherence tomography [1–4]. Quasi-phase-
matched optical parametric oscillators (OPO) based on MgO-doped periodically poled lithium niobate (MgO: PPLN) crystal is the
particularly attractive solution to obtain the mid-infrared laser output due to the high nonlinear coefficient, wide optical transparency
range and tunable characteristics of MgO: PPLN crystals [5–7]. Heat generation due to absorption of pump laser in crystal will cause
the temperature gradient in the gain medium, which will lead to undesirable phenomena, such as thermal lensing and stress bi-
refringence. These effects will degrade the optical properties of the crystal, reduce the laser beam quality and overall conversion
efficiency [8,9]. Therefore, study on the thermal characteristic of MgO: PPLN crystal is essential to control these adverse phenomena
and their subsequent effects on laser beam quality and conversion efficiency.

Heat generated in laser crystal is a transient process which is related with the laser irradiating time and complicated heat dissipate
boundary conditions, therefore, numerical simulation approach is adopted by some researchers to investigate the temperature dis-
tribution of Nd: YVO4 crystal in diode-pumped solid-state lasers [10–14]. These researches provide a valid method to study the
thermal characteristic of crystal with complicated boundary conditions and variable physics properties. Although the absorption of
laser for MgO: PPLN crystal is much less than Nd: YVO4 crystal, the thermal phenomena, such as thermal dephasing, has also been
experimentally observed in MgO: PPLN crystal for the laser input power ≥10 W [15,16].For crystal temperature is related with
output wavelength of OPO, MgO: PPLN crystal is mounted into heat sink to maintain crystal temperature at a constant value. Crystal
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and heat sink mutually transfer heat and finally reach thermal balance state when OPO operates stable. However, as far as our
knowledge, no research has focused on the numerical approach to simulate the thermal characteristic of crystal and heat sink
synchronously in OPO.

In this paper, a transient heat transfer model is proposed to calculate temperature distribution of MgO: PPLN crystal in high power
OPO. The heat transfer between the crystal and heat sink is quantitatively calculated using contact mechanics theory. Numerical
simulation is employed to investigate the correlation between thermal characteristic of laser crystal and the parameters, such as heat
sink property, pump laser and crystal dimension. The obtained result is essential for determining the appropriate parameters to
optimize the performance of high power OPO.

2. Theoretical model

Fig. 1 shows the configuration of a typical OPO comprising pump laser, optoisolator, telescopic lens, laser resonant and output
mirrors. The pump source is an Yb-fiber laser providing 30W of the average power with TEM00 mode at the wavelength of 1.064 μm.
The collimated output beam from the Yb-fiber pump source passes through a pair of telescopic lenses and is focused into the MgO:
PPLN crystal. The OPO is configured in a double path single resonator cavity composed of two plane reflectors M1 and M2, the
parameters of which are listed in detail in Fig. 1. The dimensions of MgO: PPLN crystal is 50mm×3mm×2mm, which is mounted
in a copper heat sink (the three-dimensional structure of heat sink is shown in Fig. 1).

During the laser operation, the pump laser and signal laser irradiate at the ends of the crystal in the resonant. Therefore, a portion
of the pump laser power and signal laser power deposit in the crystal resulting in the temperature distribution T(x, y, z), which
satisfies the partial differential equation:
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Where ρ, Cp and k are, respectively, the density specific heat capacity and heat conductivity of the crystal. Q(x, y, z) represents the
thermal source generation due to the absorption of laser with Gaussian distribution, which can be described as [10,11]:
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Where, p(x, y, z) is normalized laser radiation distribution; Pin is the total incident laser power; L is the length of the crystal; αT is
absorption coefficient; ωp is the radius of laser beam at the incident surface; ωp0 is the waist radius of the incident beam, λp is the
wavelength of incident beam; n0 is refractive index of crystal; M2 is beam quality factor of the incident beam; ηh is the fraction of
incident laser power converted to heat, for MgO: PPLN crystal, the value of ηh is reasonably set to 0.3 [17,18]. It should be noted that
the thermal source Q is sum of the heat generated in MgO: PPLN crystal due to the absorption of pump laser and signal laser.

The heat flux normal to each surface of the laser crystal is proportional to the temperature rise of that surface. The heat trans-
ferred between the crystal and heat sink can be expressed as:

= −Δq h t t( )H H1 (5)

Where tH is the temperature of heat sink, hH is the equivalent heat transfer coefficient, which is related with the thermal and
mechanical properties of crystal and heat sink. According to Cooper-Mikic-Yovavoich model in contact mechanics theory, the
equivalent heat transfer coefficient can be expressed as [19]:

Fig. 1. Configuration of a MgO: PPLN crystal based OPO pumped by Yb-fiber laser.
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Where, ks is the average value of heat conductivity of crystal and heat sink, m is the average slope of contacting surface roughness, σ is
the square root of contacting surface roughness, λ is the function of contacting pressure P and contacting material hardness Hm, which
can be expressed as:
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Where, erfc represents the compensation error function. The laser incidence surfaces and exterior faces of heat sink have natural heat
conversion with surrounding air, the natural heat transfer coefficient is quoted as 3W/(m2∙K) [18].

3. Numerical simulations and discussions

Effects of various parameters, including heat sink property, pump laser characteristics and dimension of crystal have been
analyzed in the following sections. The temperature distribution along optical axis in crystal is a critical parameter to evaluate the
crystal thermal characteristic. Therefore, the analysis is performed by considering the variation of temperature distribution versus the
mentioned parameters.

3.1. Heat sink property

In this section, the influence of heat sink property such as: thermal and mechanical performance of material and contacting
surface topography is analyzed, related parameters are list in Table 1.

The heat sink is heat up to 338 K to obtain the output laser wavelength of 3.8 μm, the pump laser power is 30W provided by a
fiber laser with 1064 nm wavelength. Fig. 2 illustrates the change of crystal temperature distribution with or without heat sink. The
temperature of crystal increases continuously without heat sink. When the crystal is mounted in the heat sink, temperature increases
dramatically at the initial period, then the crystal and heat sink reach the thermal balance state after the laser operates for 10 s. At
this time, the temperature of crystal and heat sink is 338.8 K and 338.4 K respectively, there is nearly 0.55 K difference between
crystal and heat sink is at the thermal balance state.

Heat transfer between crystal and heat sink is related with the thermal and mechanical properties and contacting surface to-
pography, including contacting pressure, heat sink material, square root or surface roughness and slope of surface roughness.
Contacting pressure represents the force applied to heat sink to compact the heat sink onto crystal. Heat sink material has different
thermal and mechanical performance, which will lead to different thermal characteristic of crystal. Square root of surface roughness
and slope of surface roughness are used to describe the contacting surface topography. The influence of mentioned parameters is
numerically analyzed in Fig. 3. Fig. 3(a) illustrates that the crystal temperature will decrease as the contacting pressure increase. The
increased contacting pressure makes crystal tightly contact with the heat sink, hence the temperature difference between crystal and
heat sink become small. However the influence of contacting pressure is weak, the temperature is 0.1 K between the contacting
pressure of 1 kPa and 10 kPa. Fig. 3(b) describes the temperature difference of different heat sink material. We compare the crystal
temperature distribution with two kinds of heat sink made of aluminum and copper respectively. The result indicates that the crystal
temperature with aluminum heat sink is a little higher than that with copper heat sink at thermal balance state, the temperature
difference is nearly 2 K. Fig. 3(c) and (d) illustrate the influence of contacting surface topography on crystal temperature. Square root
of surface roughness describes the surface roughness height, and slope of surface roughness describes the surface roughness pattern.
As shown in Fig. 3(c), crystal temperature rises with the increase of square root of surface roughness increases, there is 1 K difference
between the square root of surface roughness of 1 μm and 10 μm. The temperature distribution at cross section is nearly Gaussian
pattern, there is 0.4 K difference between crystal center and crystal edge. However the influence of slope of surface roughness is much
less than square root of surface roughness, the temperature decreases 0.5 K from the slope of surface roughness of 0.2 to 0.8.

3.2. Pump laser characteristic

The laser power deposition in crystal is the key factor to raise crystal temperature. The pump laser characteristics, including laser
power and beam spot size are directly related to the power deposition in crystal.

Table 1
Thermal and mechanical performance of material and contacting surface topography.

Thermal conductivity
W/(m∙K)

Material Density
Kg/m3

Heat capacity
J/(kg∙K)

Contacting Hardness
kgf/mm2

Surface roughness
μm

Surface roughness slope
/

MgO: PPLN crystal 4.4 4650 640 630
Copper heat sink 400 8960 385 1 0.4
Aluminum heat sink 201 2700 900 1 0.4
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Fig. 4(a) illustrates the crystal temperature variation versus pump laser power. The temperature of crystal increases linearly with
the pump power. For the condition of copper heat sink, the temperature is 340.75 K at 100W pump power, which is 1.85 K higher
than the condition of 30W pump power. Crystal temperature variation with aluminum heat sink has the same trend with that with
copper heat sink, however, the crystal temperature with aluminum heat sink is higher than that with copper heat sink at the same

Fig. 2. Temporal evolution of crystal temperature versus heat sink.

Fig. 3. Influence of thermal and mechanical properties and contacting surface topography: (a) Contacting pressure, (b) Heat sink material, (c)
Square root of surface roughness and (d) Slope of surface roughness.
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pump power. Fig. 4(b) illustrates the crystal temperature variation versus spot radius at 30W pump laser power and 100W pump
laser power respectively. It is obvious that this temperature decreases by enlarging the spot radius from 0.1mm up to 1mm, the
difference of temperature is nearly 0.8 K at 30W pump power condition, the value reaches 2.7 K at 100W pump power condition.

Fig. 4. Crystal temperature variation versus pump laser characteristic: (a) pump laser power and (b) beam spot radius.
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3.3. Crystal dimension

Crystal dimension is essential to affect the performance and cost of the laser. The crystal length is determined for certain OPO
resonance structure, it is practical significance to study the influence of crystal sectional area on laser thermal characteristic.

Fig. 5 shows the temperature evolution of crystal for five different kinds of crystal sectional area typically stimulated for a
pumping with 30W power and 0.35mm radius.The sectional areas of heat sink have fixed proportion with crystal sectional areas to
avoid the influence of heat sink. It can be seen from Fig. 5 that the temperature raises with the enlargement of crystal sectional area,
the temperature increment between sectional are of 2mm2 and 12mm2 is nearly 0.25 K. Therefore, under the premise of OPO normal
function, it is optimized to adopt the crystal with small sectional area.

4. Conclusions

Thermal characteristic of MgO: PPLN crystal in a high power OPO is theoretically and numerically studied. A contact mechanical
theory is introduced in this paper to quantitatively calculate the heat transfer between the crystal and heat sink. Temperature
distribution can be numerically obtained by solving the transient heat transfer model modified according to the OPO structure.
Correlation between thermal characteristic of laser crystal and various laser parameters has been investigated, the results of which
are briefly explained in the following summary:

1 Heat sink conspicuously affects the crystal temperature. Crystal temperature will reach a thermal balance state with heat sink after
the laser operation for a certain time. The influence of heat sink material and contacting surface topography has been numerically
analyzed, the square root of surface roughness and heat sink material have obvious effect on crystal temperature.

2 Study on the influence of pump laser characteristic indicates that crystal temperature will rise with the increase of pump laser
power or decrease of beam spot radius.

3 Crystal temperature will increase with the enlargement of crystal sectional area, which indicates that it is optimized to adopt a
crystal with small sectional area to reduce the thermal effect.

In conclusion, although the laser power deposition on MgO: PPLN crystal is little, temperature variation is obvious. Crystal
temperature distribution is closely related with the parameters mentioned above. An appropriate design of the laser parameters seems
essential to optimize the laser thermal condition and improve the output laser quality.

Fig. 5. Crystal temperature variation versus crystal dimension.
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