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 ABSTRACT:- The finite element method has been used successfully to determine the 

temperature distribution throughout Nd:YAG laser rod subjected to one end power pumping 

cooled by water from the longitudinal side. Displacement, strain and stress are obtained 

numerically depending on the temperature distribution using Hook’s law. The influence of 

two types of pumping methods on temperature, displacement, strain and stress is obtained. 

The optical path difference is obtained  and compared with a previously published 

experimental data and a good agreement has been found. Some conclusions are drawn; 

Gaussian beam pumping causes higher temperature distribution more than Top hat beam 

pumping at and near the center of the rod, which may cause higher optical path difference 

there. Even Top hat beam pumping causes some high tensile hoop stress, it may be a better 

choice while designing laser system since it results in low optical path difference.  
Keywords:- Thermal lensing, Gaussian pumping method, Top hat pumping method, Optical 

path difference, Thermal stress, Nd:YAG laser rod. 

 

1- INTRODUCTION  
           One of the main problems in a high solid state laser system is the heat that could be 

generated through the process of laser generation, which must dissipate efficiently, if high 

laser power output is required. Advance Nd:YAG laser applications which require 

increasingly higher average output power necessitate operating near the stress-fracture limit, 

i.e., a regime in which output power is limited by the possibility of material fracture arising 

from thermally induced stresses in the laser . At average powers below the 

stress-fracture limit, heating also leads to thermo-optic aberrations, lensing, and birefringence 

that reduce the efficiency of laser operation, decrease the output beam quality, and change the 
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resonator stability with pump power (3). The fractional thermal load is defined as the fraction 

of the absorbed pump power that is converted into heat, which contributes to the 

aforementioned determinate effects. Thermal lensing effects and aberrations are particularly 

strong at the pump face of end pumped solid- state lasers.  Inhomogeneous local heating and 

non uniform temperature distribution in the laser crystal lead to a degradation of the beam 

quality owing to the highly abberrated nature of the thermal lens. With the availability of 

high-power diode lasers, end pumping, or longitudinal pumping, of laser crystals has become 

a very important technology. 

            In this work finite element method has been used to determine temperature 

distribution, strain and stress associated with different end pumping methods at various 

pumping radii from which optical path difference (OPD) is obtained, which stand for the 

variation in the optical path length of different rays in an optical system. In theory, perfect 

systems show no optical path difference; in practice all systems exhibit small differences: 

these may cause phase variations and decreases the output beam quality, so efficient laser 

system must work with minimum optical path difference to enhance beam quality. 

          The following section discuss the theory on which the analysis of temperature 

distribution where the axis- symmetry based on Fourier’s equation is used with two types of 

the end pumping  and different types of thermal boundary conditions. In Section III, the finite 

element analysis to determine temperature, thermal strain and stress is discussed, which is 

used to determine the optical path difference. In Section IV, the results of the computer 

program that is used in this work are verified by experimental data to ensure its accuracy. The 

results obtained from this program are discussed in Section V where finally, a Top hat beam 

seems to cause less optical path difference than Gaussian beam even if it may result in some 

higher tensile hoop stresses. 

 

2- THEORY  
2.1 Partial differential equation and boundary conditions 

            The partial differential equation that covers the axis-symmetric domain of laser rod 

can be written : 

                          (1) 

where  is the temperature distribution in ,  is the heat source density that is function 

of the pump power density,  and  are the radial and longitudinal coordinates,  is the 
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thermal conductivity of Nd:YAG laser rod that’s assumed to be temperature dependent and 

can be determined : 

TTxk /33100])33.5[ln(109.1 14.78                        (2) 

          Tested laser rod has outside diameter   of 9.5 mm, the length of the laser rod  is 

20mm, also convection heat transfer coefficient  at the surface ends is assumed to be 50 

(W ) . The rod outer boundary is held at a constant temperature of 25 C and the rod is 

assumed to freely expand in all directions. The rod mount, described , is consistent with 

these boundary conditions. Also for special diode protection and cooling to each diode, it 

operates at a temperature which yields the highest absorption of the pump light. Under these 

conditions, 96% of the incident pump power can be absorbed in the active medium. 

 

2.2 Source density heat 

              Two types of possible pumping method can be tested; Gaussian and Top hat beam 

distribution, they will cause heat generation through the laser medium. For Gaussian beam 

distribution, the heat generation through the laser medium ( ),( zrQ in W/m 3 ) can be 

written : 
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            where PQ  ,   is thermal factor,  absorption power(W),  waist radius (m),  

absorption coefficient (3.50 ), L is length of laser rod (m).For uniform power distribution 

through the beam (Top hat), the heat generation through the laser medium can be written 

: 
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          where heat generation is zero elsewhere (i.e. the heat generation vanishes when the 

radius is greater than the pumping beam radius a ). 

 

3- FINITE ELEMENT FORMULATION  
3.1 Thermal analysis 

            Equation (1) is discredited in axis-symmetry spatial dimensions and solved using the 

weak formulation and Galerkin . Figure 1 shows half of the studied region it 

shows 886 triangular axis-symmetry elements that contain 491 nodes, which is used in the 
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analysis where z refers to axial direction and r to radial dimensions. A computer program is 

created using VB6 coding to follow the procedure of predicting the temperature distribution 

through the domain and the subsequent nodal displacement, strain and thermal stress in the 

region of interest. The same mesh which has been used to predict temperature distribution is 

used in mechanical analysis even if different mythologies are implemented. 

 

3.2 Thermal stress analysis  

            The inhomogeneous heat source produced by the two types of side end pumping 

causes a non-uniform temperature distribution, resulting in the thermal stress in the laser rod. 

            The finite element method is adopted to calculate the thermal stress distribution. From 

Hooke’s law, the equation for calculating the stress and strain components in the rod is used 

where the displacement is obtained first from which thermal strain can be calculated and 

finally thermal stress is predicted, the procedure is clearly followed by reference 9 and the 

reader is advised to read the extensive discussion of thermal stress determination followed by 

the above reference for further information. It is generally admitted that fracture occurs when 

the maximum hoop (tangential) stress anywhere in the rod exceeds its yielding tensile stress 

which is found to be in the range of 124 to 255 . The latter depends on both the 

fracture toughness of the material and its surface flatness. These aspects have been studied in 

detail . The fracture tensile strength for   Nd:YAG material is known to be equal to 

137.88 , which is used in this work. 

           Note that the thermal expansion coefficient of Nd:YAG laser rod,  , which is used to 

determine thermal strain, is treated as temperature-dependent and can be expressed as 

:  

TxxT 86 103.31078.1)(                                    (5) 

The present study uses a mean or weighted-average value of α, such that: 
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where 
refT is the temperature at which cooled laser rod surface is hold on, which is assumed to 

be 25 C. 
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3.3 Optical path difference 

               A valuable means to quantify the optical properties of thermally loaded laser 

material is the optical path difference (OPD) which  denotes the optical path differences 

between the propagation in air and the path differences between undisturbed and the 

disturbed rod (heated rod). For a paraxial coherent beam propagating in the z direction over 

an infinitesimal distance dz , the differential OPD is given , where it is assumed the 

unpumped surface is coated to be highly reflective, i.e. being used as a mirror. Neglecting the 

contribution from thermal stress induced birefringence which is small for most , the 

OPD can be expressed as 

)),((2)( dzndzzrT
T
nrOPD zz

LL

 



                    (7) 

where  is the refractive index of the rod and  ZZ  is the longitudinal strain.  

           Even if the optical path difference(OPD) is well known in the optical science, it can 

verify the thermal and mechanical analysis used in this work since its terms depend on 

temperature distribution, variation in refractive index with temperature and strain distribution.  

 

4- VALIDATION  
             A program has been tested with a previously published experimental data. The value 

of center to edge OPD has been obtained numerically using this program. The result from the 

created program is in order of 2.13 m  which is very near to a value of 2.15 m  as obtained 

experimentally  (i.e. 0.9% allowance). 

 

5- RESULTS AND DISCUSSION 
            The numerical simulation has been used to obtained temperature distribution , 

displacement , strain and stress across continuous pumped  Nd:YAG laser rod  of 1064 nm 

(in the 4th  system level) ,its rod was  end pumped from one side  and it has been tested with 

absorption power ranging from 20 to 100 W for radius pumping ratio of 1/2, 1/3, and 1/4,  for 

both Top hat and  Gaussian beam pumping . 

             As an example, the temperature distribution at 100W absorption power and radius 

pumping ratio of 1/2 is shown in Fig 2.  It shows that Gaussian beam pumping will increase 

the temperature distribution more than that for Top hat beam especially, at the central portion 

of the rod. This will cause more intense compressive hoop stress there, this compressive hoop 

tensile stress is not the one that may cause fracture since compressive failure stress is 5~6 
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times larger than tensile failure stress for crystal material so the fracture caused by the tensile 

hoop stress is more probably to happen at the outside portion of the rod especially at facet of 

the rod. It may reach 114.5MPa for Top hat beam and about 113 MPa for Gaussian beam.  

           The entire distribution of hoop stress through laser rod is shown in Fig3. It shows that 

the compressive hoop stress in the central portion of the rod is much higher than that of Top 

hat beam pumping and this is not the case for the outer portion of the rod where Top hat 

pumping will cause some increase in the tensile hoop stress seen there. This is also shown in 

Fig4 for various pumping power levels. Fig5 shows the strain through the laser rod at 

pumping ratio of ½ and pumping power of 100W. An intense strain, which results from high 

temperature is shown, which may explain the increase in OPD for Gaussian beam is more 

than that of Top hat pumping beam.  

           A basic definition of OPD is that it stands for the variation in the optical path length of 

different rays in an optical system. The aim is to reduce the value of OPD, Top hat beam 

stands for this advantage rather than Gaussian beam. By testing the terms of OPD equation 

which consist of temperature term that stands for variation in the refraction index and the 

second term that stands for influence of strain, it shown that both aforementioned factors 

have highest value in Gaussian pumping beam compared with that of Top hat beam, so one 

expects high OPD for Gaussian beam as shown in Fig 6. As pumping power increases, OPD 

will increase, since the temperature and the strain may increase also.  

          If a choice has to be made while designing laser system a Top hat beam is a better 

choice from the site of optics even if it may reach failure stress before Gaussian beam at high 

power level absorption.  

  

 6- CONCLUSIONS 

            The finite element analysis has been used successfully to predict the temperature 

distribution, strain and stress through laser rod. The results of the created program were 

compared with the values of previously published experimental data for OPD, a good 

agreement has been found.  

Some conclusions have been obtained: 

1. Gaussian beam pumping causes higher temperature distribution than a Top hat beam at 

and near the center of the rod which may cause higher OPD since the two important 

parameters that that effect OPD depend mainly on temperature distribution and its 

effects. 
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2. Even Top hat beam pumping causes some high tensile hoop stress as shown in fig 4, it 

may be a better choice  in designing laser system as a pumping beam style since it 

results in low OPD which indicated in fig 6. 
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Fig.( 1):Mesh and laser rod dimensions in finite element solution. 
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Fig.(2): Temperature distribution in laser rod at absorption power of 100W and radius 

pumping ratio of 1/2, solid line for Gaussian beam pumping ,  dashed line for Top hat beam 
pumping. 
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Fig.( 3): Hoop stress distribution in laser rod in MPa at absorption power of 100W and radius 
pumping ratio of 1/2, solid line for Gaussian beam pumping ,  and the dashed line for Top hat 

beam pumping. 
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Fig.( 4): Variation in maximum hoop stress with absorption power at different levels of 

pumping radius, and different pumping beam profiles, solid line for pumping radius=1/2,dot 
line for pumping radius=1/3, dashed line for pumping radius=1/4. 
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Fig.( 5): Longitudinal strain distribution in laser rod in m at absorption power of 100W and 
radius pumping ratio of 1/2, solid line for Gaussian beam pumping, and the dashed line for 

Top hat beam pumping. 
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Fig.( 6): Variation in OPD with absorption power at different pumping radius, and different 
pumping beam profile, solid line for pumping radius=1/2,dot line for pumping radius=1/3, 

dashed line for pumping radius=1/4. 
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  Nd:YAGري في قضیب لیزر تأثیر طرق الضخ على فرق المسار البص
  

  زهراء محمد علي كامل
  مدرس مساعد 

  الجامعة التكنولوجیة_قسم هندسة اللیزر والبصریات الالكترونیة
  

  الخلاصة
 ـفـي هــذا البحــث تــم اســتعمال طریقـة العناصــر المحــددة لتحدیــد توزیــع درجـات الحــرارة فــي قــضیب لیــزر الــ                 

Nd:YAG والازاحةالقطریــة الانفعــال  الازاحــة الطولیــة.  بواســطة المــاءًد اطرفــه  والمبــرد طولیــا المعــرض للــضخ مــن احــ
تأثیر طریقتـا الـضخ الكاوسـیة . والاجهاد الحراریین تم حسابها  معتمدا على توزیع درجات الحرارة بالاستناد الى قانون هوك

من هذه الدراسة تم . حة والجهد تمت استنباطها ایضاالازا، والمنتظمة التوزیع خلال قطر الحزمة على توزیع درجات الحرارة
نستنتج من هذا البحث ان طریقة . الحصول على قیم لفرق المسار البصري وتم مقارنتها مع النتائج العملیة المنشورة سابقا 

 خـــلال ضـــخ الكاوســـیة  تـــسبب درجـــة حـــرارة فـــي وســـط ونهایـــة القـــضیب اعلـــى منهـــا فـــي  طریقـــة الـــضخ المنتظمـــة التوزیـــع
كــذلك فعلـى الـرغم مـن ان طریقـة الـضخ المنتظمـة تـسبب  قیمــة . قطرالحزمـة وبالتـالي قیمـة اعلـى  بفـرق االمـسار  البـصري

اعلى فى الأجهاد المحیطى الا انها تسبب قیمة اقل فى  فرق المسار البصرى مقارنة بطریقة الضخ الكاوسـیة وعلیـة فهـى 
بین الاثنین وذلك للتاثیر  البصرى الضار على عمل الجهاز بزیادة فرق المسار الطریقة الافضل عندما یكون هناك اختیار 

 .البصرى
 

 

 

 

 

 

 

 

 

 

  


