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ABSTRACT— The simulation results of a 10-kW 

heat capacity slab laser are presented. Two 

different schemes for optical pumping with high-

power laser diodes are investigated. The 

simulation of optical pumping using ZEMAX 

software demonstrates a uniform pump 

distribution within the laser slabs. Additionally, 

the temperature distribution in the laser slab is 

examined using COMSOL. The findings for two 

distinct laser designs reveal that increasing the 

slab dimensions reduces the temperature 

distribution and thermal issues. Furthermore, 

cooling schemes indicate that the cooling phase 

of a 10-kW HCL falls within the range of 20-40 

seconds. A comparison of water and air cooling 

of the optically pumped slabs during the cooling 

phase demonstrates that water cooling is more 

efficient than air cooling. The simulation results 

confirm that the proposed laser will be an 

efficient device for laser material processing. A 

focused 10-kW HCL laser will melt the steel 

sheet after less than 1 s at 1490 K.  

KEYWORDS: COMSOL, cooling phase, gain, 

Heat Capacity Laser, Nd:YAG ceramic, solid-

state, temperature distribution, 

I. INTRODUCTION 

The subject of this work is the study of solid-

state lasers, especially thermal capacity lasers 

or Heat Capacity Lasers (HCL). In fact, solid-

state lasers are one of the oldest types of lasers. 

However, due to their advantages over other 

types of lasers, research and innovation in these 

lasers continues. Although solid-state high-

power lasers may not be economically viable 

compared to other existing lasers at first glance, 

but due to the wide range of laser activities and 

the existence of areas that need special 

equipment, the importance of solid-state lasers 

has not decreased, but the value of solid-state 

lasers has become more apparent than before. 

It is important to note that solid-state lasers are 

used in specialized applications, such as 

military and medical. Thermal capacity lasers 

are even more specialized and have been 

developed for military applications. In terms of 

research and development, there is a limited 

amount of work done on thermal capacity lasers 

compared to solid-state lasers. In fact, only a 

few research institutions around the world have 

conducted research on this topic, and the results 

have been made available to the public in a 

limited way. One of the humanitarian 

applications of HCL lasers is their use in the 

field of mine clearance. This system can clear 

both surface and buried mines by operating at a 

safe distance from them. In the case of high-risk 

explosive materials, this system can cut them in 

place and prevent the threat of explosion to 

humans. Laser material processing is another 

application of high-average-power solid-state 

lasers [1]. 

There are different methods to produce high-

power solid-state lasers. In 1960, after the 

invention of the first solid-state laser, the 

development and optimization of various types 

of lasers began, and various laser theories were 

proposed. Soild-state disk laser based on 

Nd:YAG active medium, is one of the  

approaches. High power thin disk lasers were 

widely investigated and different aspects was 
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considered [2]-[4]. Also, the multi-slab high 

power solid-state laser was under investigation 

[5]. The rules of power scaling of high-power 

solid-state slab lasers was investigated by few 

research groups [6, 7]. 

Compared with conventional cooling operation, 

the heat capacity operation mode can be divided 

into two periods: lasing period and cooling 

period. In the lasing phase, heat is accumulated 

in the active medium without cooling. At the 

end of the lasing phase, the pump source is 

turned off and the cooling phase begins. In a 

short time, the temperature of the active 

medium returns to its initial value. This 

pumping arrangement is like a single-shot 

pumping arrangement that is repeated 

regularly, with effective cooling designed for 

the active medium between shots [8]. 

In fact, in the 1990s, the Lawrence Livermore 

National Laboratory (LLNL) began to develop 

a new type of compact laser and proposed the 

theory of thermal capacity lasers in this time 

period. So far many groups have investigated 

different aspects of SSHCL [9-13]. The Rotter 

group worked on a SSHCL with a 13cm 

aperture Nd: GGG (Nd doped Gadolinum 

Gallium Garnet) gain medium, they could get 

10 KW output power. Also it was verified that, 

by increasing the active media aperture and 

reducing the slab quantity, it is possible to get 

the same energy per pulse from the laser 

system. Moreover, the results of beam quality 

control in SSHCL was published by different 

groups. The technical challenges for high 

energy lasers was considered and adaptive 

optics control system was installed in the laser 

system to control the laser beam quality [14]. 

In 2001, the first prototype of a thermal 

capacity laser with a flash lamp pumping source 

and Nd:Glass active medium was built with the 

aim of scientifically proving the theoretical 

grounds proposed for thermal capacity lasers. 

This laser device was built by the LLNL with 

an average output power of 13 kW or energy of 

500 to 1000 Joules per pulse at a repetition rate 

of 20 Hz. This output power with a simple 

structure used in the laser design was a 

scientific proof for the thermal capacity 

method. 

It has been proven that transparent ceramic 

Nd:YAG laser materials can operate at 

temperatures up to 200°C without cracking or 

sustaining physical damage. However, the 

operating time is limited to 10 seconds due to 

thermal limitations [1]. Experimental results 

indicate a temperature rise of approximately 

0.05 K per pulse. Therefore, at a pulse 

repetition rate of 200 Hz, the temperature will 

rise by about 100 K. In this study, we will 

consider a HCL system with a pulse repetition 

rate of 200 Hz and a lasing time of 10 seconds 

[1]. Temperature analysis and control in heat 

capacity lasers were carried out theoretically 

and experimentally [15-17]. Also, other types 

of gain mediums based on HCL, was 

considered and studied numerically and 

experimentally [21,22]  

This work investigates the design procedure of 

a Solid-State Heat Capacity Laser (SSHCL) 

with 10 KW output power based on a 

transparent Nd:YAG ceramic active medium. 

The simulation results for energy extraction and 

gain medium parameters for an Nd:YAG gain 

medium are presented. Additionally, the details 

of ray tracing simulations for two pumping 

modules are considered and analyzed. The 

temperature limitations for two high-average-

power SSHCLs are investigated in more details 

using COMSOL simulation software, and the 

best operating conditions for the lasing and 

cooling phases are extracted. Additionally, the 

simulation results for laser-material interaction 

of a HCL output laser with a steel sheet will be 

presented. 

II. THEORETICAL REVIEW 

A. Optical pumping considerations and gain 

medium 

To gain an initial understanding of the subject, 

it is necessary to briefly study the power and 

optical pumping of the gain medium issues in 

solid-state lasers. First, the power extraction 

relationships will be considered, followed by 

the temperature-dependent problems. 
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Solid-state slab structures are well-suited for 

high-power multi-kilowatt laser systems 

because power scaling is easier compared to rod 

geometry due to the modified thermal problems 

associated with zig-zag propagation in the laser. 

Figure 1 shows the optical pumping structure of 

a Nd:YAG solid-state laser. Each pump module 

consists of four two dimensional (2D) stacks 

that provide uniform radiation power in the gain 

medium's absorption band at 808 nm (the 2D 

arrays are lensed for Fast Axis Collimation with 

slow axis divergence of 10 degrees and fast axis 

collimation of 0.5 degrees). The laser diode 

radiation is oriented to create a uniform pump 

distribution throughout the slab volume. This 

pumping structure is then placed inside a laser 

resonator. Optical pumping with suitable two-

dimensional laser diodes excites the laser 

medium and initiates the laser process. 

 

Fig. 1. The schematic diagram of an optically 

pumped laser slab, installed in a laser resonator 

To calculate the amount of optical power 

required to achieve 10 kW, it is necessary to 

first theoretically analyze the governing 

relationships of this process and then predict the 

output power using an engineering design 

process. The basic structure of a HCL is the 

laser gain module, which consists of a slab-

geometry gain medium and two-dimensional 

high-power laser diode arrays on both sides of 

the laser slab.  

Two extended surfaces of the slab are pumped 

at special angles to achieve uniform optical 

pump distribution across the slab face. In this 

work, Nd:YAG slabs are pumped by high-

power diode laser stacks in quasi-continuous 

wave (QCW) mode of operation. The pump 

power distribution results by ZEMAX is shown 

in Figs. 2 and 3. In the all simulations of this 

work, two high power laser diode sources is 

considered: 5 KW and 10 KW. 

The pump laser diode is divided into two 

distinct sources at each face of the slabs (for 

example, the 5 kW source consists of two 2500 

W stacks at each face of the slabs). 

 
Fig. 2. The pump intensity distribution (W/cm2) vs. 

slab thickness for design#1 slabs with 2500W optical 

pumping from each side (inset: the pump distribution 

in the slab faces)   …  

 

Fig. 3. The pump intensity distribution (W/cm2) vs. 

slab thickness for design#2 slabs with 5000W optical 

pumping from each side (inset: the pump distribution 

in the slab faces). 

As mentioned before, the temperature behavior 

of the slab, plays an important role in HCL laser 

systems. One important consideration is the 

gain medium's ability to withstand the high 

temperature gradients during pumping and 

lasing conditions. Nd:YAG crystals are 

common laser materials for high-power laser 

systems, but beam quality considerations limit 

their use. Other laser gain mediums, such as 

Nd:GGG, are widely used in SSHCL laser 

systems. New laser materials with optical and 

front 

mirror 

R2 

Back 

mirror 

R1 
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laser characteristics similar to Nd:YAG are 

currently under development. 

Polycrystalline Nd:YAG ceramic laser 

materials have been investigated for HCL lasers 

since 2006. Konoshima Company has 

developed these gain media, and LLNL has 

installed them in the 67 kW high-power HCL 

laser system [18]. 

Transparent Nd:YAG laser ceramics have the 

same optical parameters as crystals, but 

modified mechanical parameters. Table 1 

compares two types of laser active media with 

crystal and ceramic production methods. The 

thermal fracture limit of laser crystals increases 

with the active ion doping level, but in laser 

ceramics it is possible to increase the doping 

concentration to 0.5-4% without sacrificing 

fracture strength. An important parameter that 

is similar for YAG crystals and ceramics is 

thermal conductivity. Ueda experimentally 

show that this parameter is the same for both 

materials: Kcrystal = 10.5 ± 0.5, 𝐾𝑐𝑒𝑟𝑎𝑚𝑖𝑐 =

10.7 ± 0.5 (W mK⁄ )  [19]. 

Table 1. Comparison of two laser materials [19] 
material Nd:YAG Crystal Nd:YAG Ceramics 

σ (cm2) 3×10-20 3×10-20 

τ (μs) 260 260 

στ product (cm2s) 7.8×10-23 7.8×10-23 

Fracture limit (MPa) 1.8 5.2 

Mass production No Easy 

Possible cost High Medium 

α (1/K) 7.8×10-6 7.8×10-6 

 

B. Gain considerations 

Each HCL consists of n slabs with the same 

dimensions, confined between two laser 

resonator mirrors. The laser resonator has a 

total length of L and back and front mirror 

reflectivity of R1 and R2, respectively. The total 

efficiency of the laser system, 𝜂𝑠𝑦𝑠, which is the 

product of different efficiencies, can be 

calculated by using Eq. 1 [20]: 

𝜂𝑠𝑦𝑠 = 𝜂𝑎𝑏𝑠𝜂𝑡𝜂𝑄𝜂𝑠𝜂𝐵 (1) 

where  𝜂𝑎𝑏𝑠 , 𝜂𝑡 , 𝜂𝑄 ,  𝜂𝑠 ,  𝜂𝐵 , and 𝜂𝑐  are: 

absorbtion, transfer, quantum, stocks, beam 

overlap, and coupling efficiencies, respectively. 

Another important parameters that need to be 

calculated for the laser output energy per pulse 

are well known as the small signal gain, g0, and 

the threshold power, Pth that are given by the 

Eqs. (2) and (3) [20]: 

𝑔0 = 𝜎𝜏𝑓𝜂𝑠𝑦𝑠𝑝𝑖𝑛/ℎ𝜐𝑙𝑉 (2) 

𝑃𝑡ℎ = (
𝛿−𝑙𝑛𝑅

2
)

𝐴ℎ𝜐𝑙

𝜂𝑠𝑦𝑠𝜎𝜏𝑓
 (3) 

where  𝜎  is the stimulated emission cross 

section, 𝜏𝑓  is the fluorescence life time, 𝑃𝑖𝑛  is 

the laser diode optical power,  ℎ𝜐𝑙  is the 

1064nm photon energy, V is the gain medium 

volume, 𝛿 is the total resonator loss, R is the 

output coupler reflectivity, A is the gain 

medium cross section and  𝜂𝑠𝑦𝑠  is the total 

system efficiency. 

The output power of a HCL system, 𝑃𝑜𝑢𝑡 ,with 

the temperature of the active medium T, 

assuming that the pump has an uniform 

distribution, can be calculated analytically by 

using Eq. (4) [8]: 

𝑃𝑜𝑢𝑡 =
𝑃ℎ𝑒𝑎𝑡𝜂𝑒𝑥𝑡𝑟

𝜒
− 𝑉𝑃𝑡ℎ𝐷𝑡𝜂𝑒𝑥𝑡𝑟 = 

[
𝑃ℎ𝑒𝑎𝑡𝜂𝑒𝑥𝑡𝑟

𝜒
−

𝑉ℎ𝜐𝑛𝑜𝑒𝑥𝑝(−𝐸𝑙𝑙 𝑘𝑇⁄ )

𝜏𝑙𝑖𝑓𝑒
] (4) 

where 𝑃ℎ𝑒𝑎𝑡  is the heat power,  𝜂𝑒𝑥𝑡𝑟  is the 

extraction efficiency that is generally about 

0.5. 𝜏𝑙𝑖𝑓𝑒 is the upper laser level lifetime and the 

parameter 𝐸𝑙𝑙 𝑘𝑇⁄  is the population of the lower 

laser level,  𝐷𝑡 is duty cycle and 𝜒 is the heating 

parameter. The heat deposited during the 

optical pumping and lasing process is 

calculated by [8]: 

𝑃ℎ𝑒𝑎𝑡 =
2𝑃𝑝𝑢𝑚𝑝

𝑤
𝜂𝑎𝑏𝑠𝑉

𝜒

1+𝜒
 (5) 

where 𝑤  is the slab width, 𝜂𝑎𝑏𝑠  is the 

absorbtion efficiency and 𝑃𝑝𝑢𝑚𝑝  is the optical 

laser diode pumping power at 808nm. 

Moreover, the temperature increase during 

lasing phase is given by [8]: 

∆𝑇 =
𝑃ℎ𝑒𝑎𝑡𝑡

𝑚.𝐶𝑝(𝑇)
 (6) 
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where t is time of heat deposition and m is the 

slab mass under optical pumping. 

C. Temperature Distribution in a HCL Slab 

Heat transfer in solid-state lasers poses a 

significant challenge in laser system design. In 

the slab geometry of the SSHCL gain medium, 

various methods exist for removing heat from 

the gain medium during the cooling phase. 

Typically, SSHCL systems operate in QCW 

mode with high repetition rates and long pulse 

durations (e.g., 200 Hz and 500 microseconds) 

for approximately 10 seconds. Subsequently, 

optical pumping ceases, and the cooling phase 

of the hot slab commences, which may require 

several seconds to cool down to the initial 

temperature. An intriguing scheme for slab 

cooling involves forced convection of water 

flowing in a narrow channel to dissipate heat 

from the high-temperature slab's surface. 

Utilizing COMSOL software, this study 

investigates the temperature distribution in an 

HCL laser system under various conditions. We 

examine two slab laser geometries: design#1 

and design#2, with dimensions of 

40mm×40mm×10 mm and 65mm×65mm×15 

mm, respectively. The optical pumping and slab 

parameters are presented in Table 2. 

Table 2. The COMSOL simulation parameters 

Psrsmeter Design#1 Design#2 

Slab dimensions (mm3) 404010 656515 

Ppump for each slab (W) 5000 10000 

Duty cycle (%) 10 10 

Lasing time (s) 10 10 

Cooling time (s) 1-60 1-60 

Cooling  scheme water water 

Cooling temperature variable variable 

 

D. Simulations 

The implemented model for the 10-kW HCL 

laser under investigation is depicted in Fig. 4. 

The laser medium comprises N slabs, each with 

a thickness of t, positioned between two laser 

resonator mirrors. The total gain medium 

thickness is given by Lslab=Nt. Each slab face is 

subjected to laser diode pumping with sufficient 

power intensity. 

The simulation study encompasses two distinct 

phases: lasing and cooling. During the lasing 

phase, the slab is pumped by high-power 2D 

laser diode stacks for 10 seconds. Subsequently, 

the pump is turned off, and the cooling phase 

commences. The cooling phase persists until 

the slab attains ambient temperature, 

employing two distinct cooling schemes 

discussed earlier. 

 
Fig. 4. the implemented model for high average 

power Nd:YAG (R1 and R2 are the back and output 

mirror   reflectivities) 

E. Lasing phase  

In this section, the output power of the high-

power HCL laser is calculated using Eqs. (1-6). 

Table 3 presents the initial and calculated 

parameters utilized for output power 

simulations. The HCL under investigation is a 

high average power 10-kW slab laser system. 

Simulations were carried out for the two 

aforementioned slabs, design#1 and design#2, 

with two different optical pumping powers: 

5000 W and 10000 W, respectively. The output 

power simulation results for the two designs are 

displayed in Table 4. 

Table 3. The simulation parameters for 10-kW HCL 

Parameter Value 

Optical to optical efficiency [7] ~ 20% 

𝜼𝒆𝒙𝒕𝒓 0.5 

YAG density (gr/cm3) 4.6 

CP (J/gr K)  0.58 

𝜼𝒂𝒃𝒔 0.75 

𝜼𝒕 0.85 

𝜼𝑩 0.80 

𝝌 0.3 

Output mirror reflectivity 30% 

 

To investigate the impact of symmetric optical 

pumping from opposite sides of the slabs, a line 

graph was extracted using COMSOL. The 

simulation results for design#2 under 10000 W 

optical pumping power are presented in Fig. 5. 
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We think that the design#1 also will exhibit 

similar behavior. 

During the lasing phase, evaluating the temperature 

behavior of the slab under high-intensity optical pumping 

is informative. For two slabs, design #1 and design 

#2 with 10000 W optical pump power, the 

temperature distribution is shown in Figs. 6 and 

7 for 10 s lasing periods. The maximum 

temperatures of slabs at design #1 and design 

#2 are 375 K and 395 K, respectively. These 

simulation results align closely with those 

reported by Hou [16].  

Table 4. The HCL output power for two designs 

Gain medium design#1 design#2 

Total optical pump power (W) 50000 50000 

Threshold  power (W) 1570 4200 

N  (number of slabs) 10 5 

Output power  (W) 12400 11500 

 

 
Fig. 5. The line graph of pumped design#2 under 

symmetric optical pumping.  

  
Fig. 6. Temperature distribution in the 5000 W 

pumped laser design#1(the maximum temperature is 

about 375 K) 

F. Cooling phase 

This section delves into the cooling phase of the 

HCL system. Cooling commences abruptly 

following the onset of laser operation. Two 

distinct cooling methods were considered in 

this investigation: water cooling and forced air 

cooling. 

 
Fig. 7. Temperature distribution in the 10000 W 

pumped laser design#2. (The maximum temperature 

is about 395 K) 

In the case of water cooling, the optical 

pumping is abruptly terminated after a 10-

second lasing phase, and the cooling phase 

commences by directing the coolant onto the 

slab surfaces. The heat removal from the slab 

surface leads to a reduction in the temperature 

of the pumped slabs. The cooled slab 

temperature at different time intervals is 

presented in Fig. 8 for design#2. 

 
Fig. 8. Time depended temperature reduction of the 

slab at cooling phase (design #2). 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ai
l.i

jo
p.

ir
 o

n 
20

25
-0

6-
12

 ]
 

                             6 / 10

https://mail.ijop.ir/article-1-547-en.html


International Journal of Optics and Photonics (IJOP) Vol. 17, No. 1, Winter-Spring, 2023 

53 

The next step of the simulations explored the 

effect of cooling temperature on the cooling 

phase recovery time. Three coolant 

temperatures were chosen: 273, 283, and 293 K 

with the flow velocity of 66 mm/s. The 

simulation results for both design #1 and #2 are 

shown in Figs. 9 and 10. 

 
Fig. 9. The effect of various temperature cooling on 

slab temperature recovery in cooling phase for 

design#1. 

G. Air cooling scheme 

Investigating alternative cooling schemes, such 

as air cooling, which is widely employed in 

various high-energy lasers, is of paramount 

importance. Cryogenic cooling, for instance, is 

a suitable method for cooling hot laser active 

materials. 

 
Fig. 10. The effect of various temperature cooling on 

slab temperature recovery in cooling phase for 

design#2. 

In this study, we examined the air cooling of 

pumped slabs (design #1) during the cooling 

phase of the HCL. The cooling agent is a cold 

air (nitrogen) stream at 100 K. The initial 

temperature of the pumped slab after 10 s was 

approximately 379 K. The simulation results at 

time steps of 10 seconds are shown in Fig. 11. 

It is evident that the slab in the cooling phase 

could not return to its initial temperature after 

50 s. The temperature drops by only 15 K after 

30 s of cooling time. The lower heat transfer 

rate of air cooling compared to water cooling 

can be attributed to the lower convection heat 

transfer coefficient of air. The temperature 

distribution of the slab under cooling phase for 

cooling times of 10 and 50 s is shown in Figs. 

12(a) and 12(b). 

 
Fig. 11. The simulation results of air-cooled slab in 

the cooling phase for design#1. 

 
(a) 
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(b) 

Fig. 12. Cooling phase of the slab by cold air after 

(a) 20s and (b) 50s. 

H. Laser material interaction 

In this section, to evaluate the ability of the 

HCL system for some applications, we 

explored the impact of focused HCL spot on a 

1 mm thick steel sheet. The thermal properties 

of the steel and the focused laser parameters are 

presented in Table 5. The simulation results 

indicate that the metal will begin to melt due to 

the high laser power input and reaching its 

melting point (Fig. 13). Consequently, the 

10-kW laser system is expected to be an 

efficient device for laser material processing 

under specific conditions. 

 
Fig. 13. The simulation results of laser interaction 

with a steel sheet. The temperature in the focus is 

about 1490 K 

From Fig. 13 it can be understood that the high 

temperature at the focused point of the laser, is 

capable to melt various metals like Al, Brass, 

copper, cast iron and so on. Moreover, the 

further simulation show that, after about 0.7 s, 

the melting conditions is meet and the 

temperature is approximately constant for next 

times (Fig. 14). 

 
Fig. 14. The focus spot temperature change Vs time 

evolution 

Table 5. Physical Properties of Steel 

Specific Heat Capacity(J/g-°C) 0.5  

Thermal Conductivity (W/m-K) 16.2  

Melting Point (°C) 1200  

Liquidus (V) 1455  

Laser power(W) 10000 

Laser  spot size (mm) 5 

III. CONCLUSION 

In conclusion, this work investigated and 

simulated the design parameters of a high 

average power SSHCL with a 10 kW output 

power. The simulation encompasses both the 

power and temperature behavior of such 

systems, which are intrinsically linked and 

temperature-dependent. Simulations reveal that 

extracting 10 kW power from an HCL system 

necessitates careful consideration of the slab 

dimensions and temperature removal during the 

two successive phases (lasing and cooling). 

Two different slabs with dimensions of 6 cm × 

6 cm×1.5 cm and 4 cm×4 cm×1 cm were 

considered and pumped with high-power 2D 

laser diode stacks. The system is optically 

pumped for 10 s, followed by a cooling phase. 

It was concluded that increasing the slab 

dimensions and optical pumping power does 

not lead to a significant increase in the slab 

temperature. Moreover, the simulations 

demonstrate that for the same output energy, the 

number of 4 cm×4cm slabs is twice that of 6 cm 

× 6 cm slabs. The simulations reveal that the 

cooling phase is approximately three to four 

times longer than the lasing phase. This will 

limit the firing rate of the system. Under such 

conditions, it is proposed to replace the hot 
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slabs with low-temperature slabs and cool them 

in a rotating slab manner. Furthermore, the 

laser-material interaction simulation for a steel 

sheet and high-power HCL laser indicates that 

the investigated laser will be efficient for steel 

cutting and metal welding applications. 
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