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Abstract

:

Featured Application


A numerical analysis method is provided as an efficient design tool for the side-pumping lasers of laser diode (LD) arrays. The temperature distributions and thermo-optic effects of the laser rod in the segmented circular LD array side-pumping configuration are analyzed and contrasted with those of other configurations. The numerical results indicate that this segmented scheme has the potential to be used in compact and miniature laser systems.




Abstract


The configuration designs of the laser diode (LD) side-pumping laser rods focus on how to solve the space conflict between the pump and heat-removal devices because both want to use the larger lateral surface of the laser rod. The conflict is better balanced in the three different side-pumping geometries: the segmented circular LD array side-pumping configuration, the annular liquid-cooling structure, and the compensated semicircular LD array side-pumping arrangement. The temperature distributions and thermo-optic effects of the laser rod in the segmented circular LD array side-pumping configuration are analyzed in contrast with those in the other arrangements. The numerical results indicate that the periodical segment-pumping scheme provides higher beam quality than the compensated semicircular side-pumping scheme, enabling removal of the complex liquid cooling system in medium-power applications, thus showing the potential to be used in compact and miniature laser systems.
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1. Introduction


For the side-pumping geometry of lasers, the liquid cooling systems are often designed to cool the laser rod and pump-source [1,2], decrease the influence of thermo-optic effects [3], and ensure a stable laser output with high beam quality [4]. The laser rod, immersed in the fluid of the transparent coolant jacket, is pumped by the outside circular laser diode (LD) arrays; this arrangement effectively avoids the space conflict. The symmetrical annular pump leads to Gaussian gain distribution in the laser rod and thus to high-power laser output with high beam quality [1,5]. Therefore, the annular liquid-cooling is the most commonly used method in side-pumping geometry, especially in high-power applications [2,6]. However, the complex liquid cooling systems considerably increase the volume of lasers and decrease mobility.



In conduction cooling side-pumped lasers, there are two typical geometries. One is the compensated semicircular LD array side-pumping arrangement, in which the two same semicircular LD structures are configured with each other in a compensated geometry [7]. In the semicircular LD side-pumping structure, the cylindrical half-surface of the laser rod is conductively cooled by a heat sink, and the other half-surface is arranged to absorb pump radiation. The asymmetrical pump geometry induces non-Gaussian gain distribution in the laser rod. However, the laser beam quality is improved to a certain extent by the compensated geometry of the two same semicircular LD structures. The other typical geometry is the segmented circular LD array side-pumping configuration, in which the multi-circular LD array and rod holders alternate periodically along the length of the laser rod [8,9]. The symmetrical side-pumping structure directly induces heat flows to propagate along the axial of the laser rod rather than the radial direction to the surface of the laser rod, thereby avoiding a high radial temperature gradient. Finally, the heat is removed by the segmented holders. This scheme reduces the thermal lensing caused by the radial temperature gradient and has been demonstrated in applications of Q-switched neodymium-doped yttrium aluminum garnet (Nd:YAG) [10] and Raman [11,12] lasers. However, no detailed comparative research has yet been conducted on the temperature distributions and thermo-optic effects in laser rods between this scheme and the other side-pumping schemes under the same cooling boundary conditions.



The current work is an extension of our previous work [8], with our prime motivation being to provide a numerical analysis method as an efficient design tool for compact and miniature side-pumped lasers, especially for segmented circular LD array side pumping lasers. In this paper, the temperature distributions and thermo-optic effects of laser rods in these three different side-pumping schemes are comparatively analyzed under the same cooling boundary conditions. The relative merits are discussed. The numerical results reveal that the segmented side-pumping scheme is an effective method to decrease thermal lensing and to miniaturize laser systems, especially in medium-power applications.




2. Materials and Methods


2.1. Side-Pumping Configurations


Figure 1 shows a segmented circular LD array side-pumping configuration model [8].



In Figure 1, the upper and lower heat sink has a comb shape with four rod holders that are responsible for supporting and cooling the rod. An Nd:YAG rod in the middle of the circular structure is clamped by the holders in the upper and lower heat sink. Each LD array mounted on the upper and lower heat sink has a semicircular structure, and the LD bars are arranged along the axis of the Nd:YAG rod. The face-to-face configuration of the upper and lower semicircular LD arrays forms a circular periodical side-pumping geometry. The heat produced by the LD arrays and Nd:YAG crystal is conducted to the heat sinks cooled by thermoelectric coolers (TEs). Two fans are used to generate airflows that pass over the outside heat exchangers to dissipate the heat into the surrounding air [8].



For comparative research of the temperature distributions and thermo-optic effects in laser rods, we considered the annular liquid cooling and the compensated semicircular LD array side-pumping configuration models, as shown in Figure 2.



In the annular liquid cooling scheme as shown in Figure 2a, a laser rod is immersed into the fluid of the transparent coolant jacket. The laser rod is surrounded by the six outside semicircular LD arrays and has circular pump geometry. The LD arrays are placed along the length of the laser rod, and the pump light at wavelength 808 nm is transverse to the direction of the 1064 nm laser beam. In addition, the liquid passages in heat sinks are designed to cool LD arrays.



In the compensated semicircular LD array side-pumping scheme as shown in Figure 2b, three semicircular LD arrays are mounted on a heat sink with one holder. The pump and holders have a face-to-face arrangement. On the left side of Figure 2b, the Nd:YAG rod is pumped from the upper semicircular LD arrays and bonded to the lower holder on the heat sink. Conversely, the Nd:YAG rod is pumped from the lower semicircular LD arrays and bonded to the upper holder in the right of Figure 2b. Therefore, the two same semicircular LD pump and holder structures form a compensated side-pumping scheme. The temperature of heat sinks is controlled by both the TEs and outside fans.




2.2. Theory Models


A ray-tracing method was used to build an inner heat-sources model of the laser rod. A linear LD array has an effective emitting area of about 1.0 μm by 4 mm. In the direction of the LD bar’s fast axis, the pump beam has an approximately Gaussian shape and a larger beam divergence angle of 40°. The laser diodes are considered as point light sources because of the small emitting width of 1.0 μm. In our simulation, the pump beam parallel to a profile of the laser rod was discretized to be rays carrying energy along the beam divergence angle. In contrast, the pump beam in the direction of the LD bar’s slow axis had an approximate flat-top shape and a smaller beam divergence angle of 10°. The pump power distribution along the direction of the laser rod axis (the LD’s slow axis) was deemed to be uniform within a pump segment because of the longer-width (10 mm) LD bars. Therefore, the inner heat-sources distribution was determined by tracing all pump rays in the laser rod cross-section.



Figure 3 illustrates the ray-tracing in a laser rod cross-section from any ray in the LD beam divergence angle. The x,y-coordinate system is established with the origin at the center of the laser rod, and the angles between rays and x-axis are defined as positive angles in the condition of counterclockwise rotation from x-direction to the direction of ray propagation. The point O1 indicates a laser diode emitter. Any ray of O1I is refracted into the laser rod at the incidence point I, and the coordinates (xI, yI) are obtained by:


   {       x 2  +  y 2  =  r 2        y = t g ( θ )  [  x +  (  r + d  )   ]        ,  



(1)




where  θ  is the angle of the ray from a laser diode and the x-direction, r is the radius of the laser rod, and d is the distance between O1 and the surface of the laser rod.



With some geometry and the law of refraction, the angle of  α  between the ray IR1 and the x-direction is solved by:


   {        s i n  ( θ )   r  =   s i n  ( ϕ )    d + r         sin  ( ∅ )  = n s i n  (   θ ′   )        α = θ −  (  ϕ −  θ ′   )        ,  



(2)




where  ∅  and    θ ′    are the incidence and refraction angles at the incident point I, respectively.



With the coordinates (xI, yI) and the angle  α , the refraction ray of IR1 is expressed as:


   y 0   ( θ )  = t g  ( α )   (  x −  x I   )  +  y I  .  



(3)







The refraction ray    y 0   ( θ )    is reflected first at point R1, second at R2, and nth at RN. With the same method, the coordinates of R1(x1, y1), R2(x2, y2), RN(xN, yN), and the angles between the corresponding reflection ray and the x-direction are determined. Using the method of induction, the general expression of the reflected rays is written as:


   y n   ( θ )  = t g  (  α + 2 n  θ ′   )   (  x −  x N   )  +  y N  ,  



(4)




where n is the number of rays reflected in the inner surface of the laser rod.



According to the Fresnel formulae, the reflectivity  R  of a laser rod’s inner surface is solved by:


   {       R s  =   s i  n 2   (   θ ′  − ϕ  )    s i  n 2   (   θ ′  + ϕ  )           R p  =   t  g 2   (   θ ′  − ϕ  )    t  g 2   (   θ ′  + ϕ  )          R =  R s  s i  n 2   ( β )  +  R p  c o  s 2   ( β )        ,  



(5)




where   θ ′   and  ϕ  are the incidence and refraction angles in the plane of incidence, respectively;    R s    and    R p    are the reflectivity of s and p waves, respectively; and  β  is the angle of the E vector of the incident wave with the plane of incidence.



Then, the power carried by the nth reflective wave at the reflective point of RN is expressed as:


  P  [   y n   ( θ )   ]  =  ρ n  P  [   y  n − 1    ( θ )   ]  ,  



(6)




where   P  [   y  n − 1    ( θ )   ]    indicates the power of the incident wave at the reflective point RN.



Line O1I in Figure 3 indicates any incident ray from a laser diode whose light power   P  ( θ )    is:


  P  ( θ )  = A exp ( −    θ 2     θ  1 / 2  2    ) ,  



(7)




where  θ  is the angle of the ray and the x-axis,    θ  1 / 2     is half of the beam divergence angle in the direction of the fast axis, and A is a normalized coefficient:


  A =    P 0    ∫ exp  (  −    θ 2     θ  1 / 2  2     )    ,  



(8)




where    P 0    is the power produced by a laser diode.



Based on gridding the profiles of the laser rod, the absorbed power of the grids was calculated by tracing all rays emitted from around laser diodes within the beam divergence angle of −   θ  1 / 2     to    θ  1 / 2    . Figure 4a shows a gridding profile of the laser rod and Figure 4b depicts the absorbed power of a grid from any ray of    y n   ( θ )   .



In Figure 4a, the laser rod cross-section is discretized as the grids of 2N × 2N, and the length  δ  of a grid is:


  δ =  r N  ,  



(9)







In Figure 4b, the length    d  m n    ( θ )    of the ray    y n   ( θ )    through any grid Gmn is calculated using the geometry method. The absorbed power of grid Gmn from the ray of    y n   ( θ )    is written in the form:


   P   G  m n      [   y n   ( θ )   ]  =  P  I  G  m n      [   y n   ( θ )   ]   [  1 − exp ( − α  d  m n    ( θ )   )  ] ,  



(10)




where    P  I  G  m n      [   y n   ( θ )   ]    is the power carried by the ray of    y n   ( θ )    before inputting the grid Gmn, and  α  is the absorption coefficient of the laser rod.



Then, the absorbed power of grid Gmn from a laser diode is obtained using the integral in the beam divergence angle:


   P   G  m n      ( i )    =   ∫   −  θ  1 / 2      θ  1 / 2      P   G  m n      [   y n   ( θ )   ]  d θ ,  



(11)




where i is the mark number of a laser diode around the profile of the laser rod.



The x,y-coordinate system rotation around origin O is used to trace the rays from laser diodes not on the x-axis, and the rotation equations are written as:


   {       x φ  = − y s i n  ( φ )  + x c o s  ( φ )         y φ  = y c o s  ( φ )  + x s i n  ( φ )        ,  



(12)




where  φ  is the rotation angle of the x,y-coordinate system.



There are  j  laser diodes around the profile of the laser rod. Thus, the inner heat source density profile Z0 along the length (z-direction) of the laser rod is expressed as:


   Q   G  m n       ⌋   z =  Z 0    =  (  1 − η  )  τ   ∑   i = 1  j   P   G  m n      ( i )    ,  



(13)




where  η  is the quantum efficiency and  τ  is the pump time.



The temperature distributions of   T  (  x , y , z  )    in an isotropic Nd:YAG rod is solved using the finite element analysis (FEA) method [13] from the heat equation:


  ρ c   ∂ T   ∂ t   = ∇ ·  (  Κ  ( T )  ∇ T  )  +  Q   G  m n     ,  



(14)




where  ρ  is the density,  c  is the specific heat,   Κ  ( T )    is the thermal conductivity,    Q   G  m n       is the inner-sources density, and  ∇  denotes the gradient operator.



In steady-state conditions, Equation (14) can be rewritten as:


  ∇ ·  (  Κ  ( T )  ∇ T  )  +  Q   G  m n     = 0 .  



(15)







For Nd:YAG crystal,   Κ  ( T )    is normally assumed to be constant with moderate temperature increases. Under higher heat load conditions,   Κ  ( T )    is given in the first approximation [14] by:


  Κ  ( T )  =  Κ 0     T s     T s  + Δ T   ,  



(16)




where    T s    is the reference temperature of the cooling heat sinks,    Κ 0    is the heat conductivity at    T s   , and   Δ T   is the difference in    T s   .



With the help of Equations (13) and (14), we used ANSYS software (ANSYS, Canonsburg, PA, USA) to calculate the radial temperature distribution of the laser rod with liquid cooling as previously described [1] ch.7, and the result is illustrated in Figure 5a,b. Figure 5a shows the radial temperature profile of the laser rod corresponding to the radial temperature curve shown in Figure 5b. Comparing Figure 5b with the Figure 7.1 in [1], the results agree well, which validates the accuracy and validity of the numerical models.



The temperature-dependent variation of the refractive index provides the main contribution to the thermal lens. The variation in the refractive index caused by that of temperature is:


  Δ n   ( x , y , z )  T  =  [  T  (  x , y , z  )  −  T 0   ]    d n   d T   ,  



(17)




where    T 0    is the ambient temperature and     d n   d T     is the change in the refractive index with temperature.



From Equation (17), the refractive index distribution in the laser rod is written in the form:


  n   ( x , y , z )  T  =  n 0  + Δ n   ( x , y , z )  T  ,  



(18)




where    n 0    is the refractive index of the laser rod in ambient temperature, and   Δ n   ( x , y , z )  T    is the variation in the refractive index in the laser rod.



The average refractive index profile of the laser rod is obtained by the integral along the length  l  of the laser rod:


  N   ( x , y )  T  =     ∫  0 l  n    (  x , y , z  )   T  d z  l  .  



(19)







Then, the complex amplitude equivalent transfer function of the laser rod is expressed as:


  t  (  x , y  )  =  e  j k N   ( x , y )  T  l   ,  



(20)







Where  k  is the wave vector and  l  is the length of the laser rod.



The laser rod is considered as a phase plate with refractive index distribution   N   ( x , y )  T    and Fresnel diffraction propagation distance  l . For the thermal-lensing of the laser rod, the phase plate was illuminated using a coherent planar wave at 1064 nm in the simulation, and the wave-front distortion   U  (   x ′  ,  y ′   )    after a planar wave passing through the laser rod of length  l  was evaluated by:


  U  (   x ′  ,  y ′   )  =   exp  (   i κ l   )    i κ l   u   ∬   − ∞   + ∞   t  (  x , y  )  e x p  {    i κ   2 l    [     (   x ′  − x  )   2  +    (   y ′  − y  )   2   ]   }  d x d y ,  



(21)




where  u  is the amplitude of the planar wave, the x–y plane is the incident plane z of   − l / 2   in the laser rod, the x’–y’ plane is the output plane z of   l / 2   in the laser rod.



Finally, the optical distortions influenced by thermo-optic effects were evaluated using Equation (21).




2.3. Simulation Methods and Boundary Conditions


The details of the simulation methods and processes are described in the following. Firstly, we used MATLAB software (MathWorks, Natick, MA, USA) to calculate the inner heat source density    Q   G  m n       of the laser rods in three different side-pumping schemes according to the same boundary conditions with the help of the derived Equation (13). Secondly, the temperature distributions of   T  (  x , y , z  )    in the laser rods were analyzed and discussed by deriving Equation (14) considering heat conduction using FEA in ANSYS software (ANSYS, Canonsburg, PA, USA), because the major contribution to the thermal lens was from the temperature-dependent variation of the refractive index. Thirdly, MATLAB software (MathWorks, Natick, MA, USA) was used again to obtain the change   Δ n   ( x , y , z )  T    in the refractive index in the laser rod using Equation (17) and the complex amplitude equivalent transfer function   t  (  x , y  )    of laser rod by deriving Equation (20). Next, a planar wave was employed to measure the thermal lensing in the laser rod. The wave-front distortion   U  (   x ′  ,  y ′   )    after a planar wave passing through the laser rods was determined using Equation (21) in MATLAB (MathWorks, Natick, MA, USA). Finally, the thermo-optic effects in the laser rods were further evaluated in three different side-pumping schemes.



In our simulations, the variations in the refractive index caused by thermal stress were not considered due to the minimal influence in low- and medium-power applications. In addition, the end effects were ignored because their influence is rather limited in the side-pumping configuration.



To facilitate comparison, it was necessary to set the same boundary conditions in the three different side-pumping configurations.



In the side-pumping configurations models, the same Nd:YAG rods with a diameter of 5 mm and length of 65 mm were employed. The properties of the Nd:YAG used in the simulation are listed in Table 1.



The same semicircular LD array modules were used in the three different side-pumping schemes. A three-dimensional (3D) geometrical model of semicircular LD arrays is shown in Figure 6.



Ten bars 10 mm in length and 1.4 mm in width were fixed on the surface with a 5 mm radius of curvature. A bar of peak power of 100 W contained 10–20 independent laser emitters and the laser output produced by an emitter was emitted from a 200 × 1.0 μm area with a 40° fast axis × 10° slow axis beam divergence. The peak power output of a semicircular LD array is about 1000 W and six semicircular LD arrays were employed in the three different side-pumping schemes, corresponding to a total peak power of 6000 W. The LD arrays with a center wavelength of 808 nm worked at a pumping rate of 10 Hz with a pump pulse duration of 230 μs, and the wavelength changed with the temperature at 0.3 nm/°C. The copper base on which the semicircular LD arrays were mounted was a cuboid with a length of 20 mm, a width of 10 mm, and a height of 15 mm, with screws on the heat sink. The properties and parameters of the semicircular LD array modules used in the simulation are listed in Table 2.



In the model of the segmented scheme shown in Figure 1, the length of the circular holder was about 8 mm and that of the circular pump was 10 mm. The cooled cylindrical surfaces of the laser rod, on which the boundary conditions of heat conduction were a constant reference temperature of 25 °C under Dirichlet conditions, were controlled at 25 °C by the temperature controllers. In contrast, the boundary conditions of the thermal simulation were assumed to be a convective heat transfer of zero to the surrounding air (Neumann condition) on the pumped cylindrical surfaces of the laser rod.



In the model of the liquid-cooling scheme shown in Figure 2a, the boundary conditions for the heat equation were assumed to be a constant reference temperature of 25 °C under Dirichlet conditions on the cooled cylindrical surface of the laser rod.



In the model of the compensated scheme shown in Figure 2b, the length of the pump region containing three semicircular LD modules was about 30 mm and that of the cooling region was 32 mm. The boundary conditions of heat were also assumed to be a constant reference temperature of 25 °C under Dirichlet conditions on the cooled cylindrical half-surfaces of the laser rod, and the boundary conditions of the thermal simulation included a convective heat transfer of zero to the surrounding air (Neumann condition) on the pumped cylindrical half-surfaces of the laser rod.



In the three different side-pumping schemes, the initial temperature conditions were set to an ambient temperature of 25 °C. A thermal conductivity   Κ  ( T )    of 14 Wm−1K−1 at 300 K (27 °C) in the laser rod was used in our simulation because of moderate temperature increases in a lower heat load application.



Any traced ray of    y n   ( θ )    was multi-reflected at the inner surface of the laser rod, which has the same reflectivity  R  due to having the same incident angles. To minimize calculation, the number n of reflections needed to be determined in the simulation. At the maximum laser diode beam divergence angle of 40° corresponding to 20° of  θ , the reflectivity  R  of 5.6% was obtained according to the Fresnel formulae in Equation (5). The power carried by the second reflective wave can be ignored according to Equation (6). So, the number of reflections was set to be 1 in our simulation.



The boundary conditions and parameters in the thermal simulation are summarized in Table 3.





3. Results and Discussion


3.1. Temperature Distributions


The temperature distributions and values indicate the change in the refractive index, through which the thermo-optic effects are further investigated, and the gain distribution in the laser rod, which influences the laser beam quality [1].



Figure 7 shows the temperature distribution of the laser rod in the segmented scheme.



The distribution was axisymmetric about the center of the laser rod, whose maximum temperature was 30.11 °C and the minimum temperature was 25 °C at the cooled cylindrical surfaces of the laser rod. The radial temperature gradient as a function of the length of the rod is illustrated in Figure 8.



There were six peaks at the joints of the pump and holder segment as a result of the heat flow propagating along the length of the rod. Notably, the thermal resistance between the holders and the surface of the rod was not considered. As a result, some peaks are steep. The averaging temperature profile of the laser rod, obtained by averaging the temperatures of points along the length of the rod, showed a rather small radial temperature gradient of 0.35 °C/2.5 mm as shown in Figure 9. Figure 9 shows that the gain had a good Gaussian distribution due to the symmetrical pump arrangement.



The segmented symmetrical side-pumping configuration induces heat flows to propagate along the z-axis of the laser rod rather than directly in the radial direction to the surface of the laser rod in the pumped segments because the boundary conditions on the pumped cylindrical surfaces of the laser rod are in an adiabatic condition (Neumann condition). The heat flows into the cooled segments and is removed by the segmented holders. So, the structure setup avoids higher temperature gradients in the radial direction.



Figure 10 illustrates the averaging temperature profile of the laser rod in the annular liquid-cooling scheme. The distribution is symmetrically axial, with a maximum temperature of 25.314 °C, and the radial temperature gradient of 0.314 °C/2.5 mm is rather small. The radial temperature distribution revealed that the gain has a good Gaussian shape.



The compensated semicircular LD array side-pumping scheme has two identical pumps and heat-removal structures. The temperature profile of the laser rod in each pump and heat-removal structure has a circular asymmetrical distribution, as shown in Figure 11, but is symmetrical about the y-axis. A maximum temperature of 26.136 °C was recorded at the surface of the laser rod along the y-axis incident pump. The diametrical temperature gradient of 1.136 °C/5 mm in the y-direction was higher than that in the annular liquid-cooling and segmented side-pumping schemes.



The average temperature profile of the laser rod after compensation by the two same structures, which was obtained by averaging the temperatures of the points along the length of the laser rod, is shown in Figure 12. The profile showed an almost saddle shape with a maximum radial temperature gradient of 0.38/2.5 mm in the x-axis direction. The minimum radial temperature gradient of 0.1/2.5 mm, which was the result of compensation in the y-axis direction, is rather small. The numerical results implied that the difference in the gradients will be reduced and a better Gaussian gain distribution can be obtained if the compensation in the x-axis direction can be employed.




3.2. Thermo-Optic Effects


Based on the temperature-dependent variation in the refractive index, we investigated the optical distortions caused by the thermal effects of laser rods in the three different side-pumping schemes. The wave-fronts, after a planar wave passed through the laser rods, are illustrated in Figure 13.



The optical distortion in the segmented side-pumping scheme shown in Figure 13a is close to that in the annular liquid-cooling scheme as shown in Figure 13b; both are a near-spherical wave, from which the influence of heat is interpreted as the behavior of a thick lens. The optical distortion in the compensated scheme shown in Figure 13c has an asymmetrical wave-front that is regarded as formed by the two spherical waves of different curve radii in the x and y directions. The curve radius in the x-direction is close to that in Figure 13a,b but that in the y-direction is rather long, which implied that the thermal lens of the laser rod is a bifocal lens with different focal lengths in the x and y directions.



According to the numerical results above, the performance of the laser rods in the three side-pumping schemes is summarized in Table 4.





4. Conclusions


In summary, the thermo-optic numerical research on LD arrays side-pumping an Nd:YAG laser rod was demonstrated for three different side-pumping schemes and a numerical analysis method as an efficient analysis design tool is provided for compact and miniature side-pumping lasers. The temperature distributions and thermo-optic analyses of laser rods in the segmented circular LD array side-pumping configuration were examined in contrast with those in the annular liquid-cooling and compensated semicircular LD array side-pumping configurations The numerical results revealed that the segmented side-pumping scheme has a higher beam quality and provides an effective method to remove the complex liquid cooling system in medium power applications. The mobility and portability were enhanced due to the small volume of the laser system. We predict that this scheme has the potential to be used in compact and miniature laser systems.
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Figure 1. Segmented circular laser diode (LD) array side-pumping configuration. 
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Figure 2. (a) The annular liquid-cooling configuration; (b) compensated semicircular LD arrays side-pumping arrangement. 
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Figure 3. Schematic of ray-tracing. 
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Figure 4. (a) Gridding profile of laser rod; (b) absorbed power of a grid from any ray of    y n   ( θ )   . 






Figure 4. (a) Gridding profile of laser rod; (b) absorbed power of a grid from any ray of    y n   ( θ )   .



[image: Applsci 10 07316 g004]







[image: Applsci 10 07316 g005 550] 





Figure 5. Validation of temperature models: (a) The radial temperature profile, (b) calculated temperature curve. 
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Figure 6. A three-dimensional (3D) view of the LD module (10 × 20 × 15 mm). 
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Figure 7. The temperature distribution of the laser rod with the segmented scheme. 
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Figure 8. The radial temperature gradient as a function of the length of the rod. 
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Figure 9. The averaging temperature profile of the laser rod in the segmented side-pumping scheme. 
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Figure 10. The average temperature profile of the laser rod in the annular liquid-cooling scheme. 
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Figure 11. The temperature profile of the laser rod in each pump and heat-removal structure. 
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Figure 12. The average temperature profile of the laser rod in the compensated side-pumping scheme. 
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Figure 13. The wave-fronts after a planar wave passed through the laser rods in the (a) segmented, (b) liquid-cooling, and (c) compensated schemes. 
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Table 1. The properties of the Nd:YAG used in the simulation.
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	Properties/Parameters
	Neodymium Doped Yttrium Aluminum Garnet (Nd:YAG)





	Diameter (mm)
	5



	Length (mm)
	65



	Dopant concentration (atm %)
	1.0



	Absorption coefficient  α  (m−1)
	400



	Density  ρ  (gcm−1)
	4.56



	Specific heat  c  (Wsg−1K−1)
	0.59



	Refractive index    n 0   
	1.86



	Change in refractive index with temperature     d n   d T     (K−1)
	7.3 × 10−6



	Heat conductivity    Κ 0    (Wm−1K−1)
	14
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Table 2. The properties and parameters of semicircular LD arrays modules used in the simulation.
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	Properties/Parameters
	Semicircular LD Modules





	Peak power (W)
	1000



	Center wavelength (nm)
	808



	Wavelength changes with temperature (nm/°C)
	0.3



	Beam divergence

fast axis/slow axis
	40°/10°



	Pump pulse duration (μs)
	230



	Pumping rate (Hz)
	10



	Length of pump (mm)
	10



	Radius of curvature (mm)
	5
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Table 3. The boundary conditions and parameters in the thermal simulation.
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	Boundary Conditions /Parameters
	Segmented Model
	Liquid-Cooling Model
	Compensated Model





	Number of semicircular LD modules
	6
	6
	6



	Total peak power of pump (W)
	6000
	6000
	6000



	Length of circular cool
	3 × 8 mm
	65 mm
	—



	Length of semicircular cool
	—
	—
	2 × 32 mm



	Length of circular pump
	3 × 10 mm
	3 × 10 mm
	—



	Length of semicircular pump
	—
	—
	2 × 30 mm



	Initial temperature conditions (°C)
	25
	25
	25



	Boundary conditions on cooled (°C)

surfaces of crystal
	25

(Dirichlet condition)
	25

(Dirichlet condition)
	25

(Dirichlet condition)



	Boundary conditions on pumped surfaces of crystal
	Adiabatic condition

(Neumann condition)
	Adiabatic condition

(Neumann condition)
	Adiabatic condition

(Neumann condition)



	Thermal conductivity Κ(T) of crystal

(Wm−1K−1)
	14
	14
	14



	Number n of reflections in crystal
	1
	1
	1
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Table 4. The performance of the laser rods in three side-pumping schemes.
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	Scheme
	Annular Liquid-Cooling
	Segmented Configuration
	Compensated Configuration





	Average temperature profile
	Parabolic
	Parabolic
	Saddle shape



	Radial temperature gradient
	Small
	Small
	Varying



	Optical distortion
	Minimal

(spherical)
	Minimal

(spherical)
	More

(bifocal)



	Gain distribution
	good
	good
	Bad
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