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Abstract: Thermal analysis of the monoclinic solid state laser host 
KLu(WO4)2 is presented. The specific heat was measured by the relaxation 
method in the temperature range from 1.9 to 385 K: its value at room 
temperature is 0.324 J/gK. The Debye temperature and the sound velocity 
amount to 303±3 K and 3734 m/s. The linear thermal expansion tensor was 
measured by X-ray powder diffraction from room temperature up to 773 K. 
The eigenvalues of this tensor are α’

11=8.98×10-6 K-1, α’
22=3.35×10-6 K-1, 

and α’
33=16.72×10-6 K-1, with the maximum value in the a-b 

crystallographic plane, at 31.94° from the Ng principal optical axis. The 
thermal diffusivity and its anisotropy in the temperature range between 300 
and 500 K were measured by the pyroelectric method to determine the 
thermal conductivity tensor. The eigenvalues of the thermal conductivity are 
κ’11=2.95 Wm-1K-1, κ’22=2.36 Wm-1K-1, and κ’33=4.06 Wm-1K-1, with the 
maximum value along a direction again in the a-b crystallographic plane, at 
40.75° from the Ng principal optical axis. Simulation of the temperature 
distribution in a bulk sample of KLu(WO4)2 with dimensions 3×3×3 mm3 
shows that pump and laser beam directions along the Np principal optical 
axis in terms of thermal effects are preferable because the propagation is 
along a quasi-isothermal path. 
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1. Introduction 

KLu(WO4)2 (hereafter KLuW) belongs to a class of compounds known as monoclinic 
potassium double tungstates, KREW, and similar to the other inert compounds of this kind, 
KGdW and KYW, it is well suited as a host for active rare-earth (RE) ion dopants [1]. Starting 
from 1979, this laser host has been demonstrated with Nd3+, Er3+, and Ho3+ doping [1], but 
most impressive results were achieved recently with Yb3+ and Tm3+ doping in the 1 and 2 µm 
spectral regions, respectively. The latter is obviously related to the close ionic radius of Lu to 
that of Yb and Tm (in contrast, the isostructural KGdW is more suitable for Nd-doping).  

The cw output power obtained with diode pumping of the Yb:KLuW laser reached 11 W 
[2] while 4 W were obtained with a diode-pumped Tm:KLuW laser [3]. In both cases thermal 
effects were essential: in the case of Yb-doping they clamped the slope efficiency at higher 
pump levels while for Tm-doping the output power limit was determined by bulk damage. 
The high-doping levels possible in KLuW and the high absorption and emission cross sections 
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make this host attractive also for thin-disc laser designs employing epitaxial layers of doped 
KLuW on undoped KLuW substrate. Diode pumping of such an epitaxial Yb:KLuW/KLuW 
composite has already been demonstrated [4]; first results with Ti:sapphire laser pumping of a 
similar Tm:KLuW/KLuW composite have also been reported [5]. 

The space group of KLuW is C2/c and the cell parameters are a = 10.576(7) Å, b = 
10.214(7) Å, c = 7.487(2) Å, β = 130.68(4) º and Z= 4 [6]. Therefore, it can be expected that 
KLuW exhibits significant anisotropy in the physical properties, and in particular in its 
thermal properties, which are the main subject of the present paper.  

Optical pumping of solid-state laser materials generates heat as a result of the 
thermalization within the multiplets, the nonradiative relaxations and the residual absorption 
(defects, impurities). Therefore, the knowledge of the thermal properties of any active 
material is essential for the design of the laser cavity and evaluation of the laser performance, 
especially in the high-power regime.   

Heat removal engineering is one of the most important tasks in the design of high-power 
laser systems. The active cooling of the crystal is usually realized with a coolant flowing in 
contact with the crystal surface or the crystal metal holder. In the steady state, analytical 
solutions of the heat conduction equation are possible only for simple geometries with radial 
symmetry. In more complex geometries or for non-stationary thermal load, full 3-D finite 
element numerical simulation is necessary to analyze the thermal behavior.  

 The anisotropy of the thermal conductivity affects the strategies for pumping and cooling 
the laser crystal. The knowledge of the temperature distribution inside the crystal for different 
pump conditions is crucial for the design of efficient removal of the heat generated. In this 
work we will analyze the thermal response of the crystal to a steady state  pump.  

The non-uniform temperature distribution inside the laser crystal results in a distortion of 
the laser beam due to temperature and stress-dependent variation of the index of refraction. 
These changes produce thermal lensing and thermal stress induced birefringence, which 
depends on the thermo-optic coefficient, dn/dT, and the thermal conductivity of the material. 
Additionally, thermal expansion stress produces also a distortion of the flatness of the crystal 
faces, generating a thick-lens that also perturbs the propagation of the laser beam. In the 
steady state and with isotropic thermal conductivity, these effects can be compensated with a 
negative lens, because as a result of the parabolic radial temperature profile, the crystal 
behaves like a lens-like medium with positive focal length [7]. In more complicated situations 
(non-uniform heating, anisotropic thermal conductivity, etc), the radial temperature 
dependence is not parabolic and the focal length at the center of the active element is not the 
same as near the edges. In such cases, precise knowledge of the temperature distribution 
inside the crystal is needed in order to reduce the thermally induced optical distortions. 

In the present work, a detailed thermal characterisation of the KLuW host will be given, 
with special emphasis on the anisotropy of the different parameters. 

2. Crystal growth of bulk KLuW and sample preparation 

KLuW exhibits polymorphic transformations. The crystallographic phase interesting for laser 
applications is the monoclinic one, and this phase is not the high temperature phase. As a 
consequence, KLuW cannot be grown directly from the melt and must be grown from high 
temperature solutions. The solvent used by us was K2W2O7 and the growth method was the 
Top Seeded Solution Growth by Slow Cooling (TSSG-SC). The crystal growth experiments 
were carried out in a cylindrical vertical furnace with a Kanthal heater. An Eurotherm 903P 
programmable temperature controller was employed, connected to a thyristor. The single 
crystals of KLuW were grown using 125 cm3 cylindrical platinum crucibles. The reagents 
were K2CO3 (Fluka, 99.0%), WO3 (Fluka, 99.9%) and Lu2O3 (Aldrich, 99.9%). The solution 
composition was 12 mol % KLuW – 88 mol % K2W2O7 with a weight of about 200 g. The 
axial temperature gradient in the solution was about 1.5 K/cm, with hot bottom. A KLuW 
seed with orientation along the crystallographic b-axis was located at the center of the solution 
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surface. The saturation temperature was determined by repeatedly measuring the 
dissolution/growth of the seed, with a precision of 0.01 mm. During the growth, the 
temperature of the solution was decreased slowly at a rate of 0.1-0.2 K/h for 20 K, depending 
on the crystal size required. The rotation of the crystals was maintained constant at 40 rpm for 
homogenisation of the solution. Finally, the crystals were removed slowly from the solution 
and located slightly above the solution surface, and the furnace was cooled at a rate of 25 K/h.  

For thermal diffusivity measurements, plates were cut from the bulk crystals with an area 
of 3×3 mm2 and thickness of ≈500 μm. The plates were cut with normal along four different 
crystallographic directions: a, b, c and c*. Each sample was first lapped and then polished to 
optical grade quality using Al2O3 powder with 1 μm and 0.3 μm particle size. Finally, the 
samples were inspected by confocal microscopy: their average roughness was 8 nm. 

3. Specific heat capacity  

The specific heat investigations were performed using the Specific Heat option of the 
Quantum Design Physical Property Measurement System, developed recently at the Institute 
of Physics of the Polish Academy of Sciences. In this system, a relaxation method is applied 
to determine the heat capacity over the temperature range from 1.9 to 385 K. The mass of the 
sample can range from 2 to 500 mg. 
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Fig. 1. Molar heat capacity of a single crystal of KLuW versus temperature 

 

Figure 1 presents the results of the specific heat capacity measurement of KLuW. Only the 
phonon contribution is responsible for this dependence, because in the insulating KLuW 
compound no electron contribution is present and the non-magnetic Lu3+ ions, which are in 
the 1S0 ground state, bring no magnetic and Schottky contributions. The specific heat capacity 
of KLuW increases with temperature. Some saturation tendency is observed above room 
temperature but no anomaly can be seen over the whole temperature range studied. The value 
of the specific heat capacity at 300 K is Cp=0.324 J/g K (molar heat capacity ≈230 J/mol K). 
This value agrees well with previous results reported in the literature on some isostructural 
KREW (RE=Gd, Y, Yb) compounds, see Table 1.  

Table 1. Specific heat capacity Cp and molar heat capacity of monoclinic KREW (RE=Gd, Y, Yb and Lu) 

 
 Molar weight 

[g/mol] 
T  

[K] 
Cp  

[J/g K] 
Molar heat capacity 

[J/mol K] 
Ref. 

KGdW 691.950 300 0.363 251.2 [8] 
KYW 623.650 300 0.397 247.6 [8] 

KYbW 707.740 300 0.329 232.8 [9] 
KLuW 709.667 300 0.324 229.9 This work 
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Yb:KLuW - 363 0.365 - [10] 
 

The values in the table confirm the expected tendency of decreasing specific heat capacity 
with the molecular weight of the compound. Hence, the doping of KLuW with Tm and Yb, 
will increase the molar heat capacity which means that doping could only improve the damage 
resistivity of the compound when subjected to laser radiation (the temperature variation in the 
crystal is related with the molar heat capacity).  

From the low temperature part of the data in Fig. 1, the Debye temperature was 
determined and its value is θD=303±3 K, see Fig. 2. The Debye temperature is related to the 
cut-off frequency for vibrations propagating along the ionic chains established in the 
crystalline structure, ωD = 2πkBθD/h, where kB and h are the Boltzmann and Planck constants, 
respectively. This frequency in combination with the average inter-atomic spacing, a0, 
determines the sound velocity in the crystal, v = a0ωD/π, considering an isotropic medium. We 
have evaluated these two parameters for KLuW and obtained ωD =1324 cm-1 and v = 
3734 m/s. Both values obtained are lower in comparison to YAG [11]. In insulator materials, 
it can be assumed that only the acoustic phonon modes participate in the heat conduction 
process and consequently the thermal conductivity, κ, can be expressed as κ =ρ v 4/ TωD γ 2 , 
where ρ is the material density and γ  is the Grüneisen parameter related to the covalence 
degree of the compound.  
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Fig. 2. Lattice component Cp/T and Debye temperature θD of KLuW. 

 

The Debye temperature is also associated with the phenomena of temperature-dependent 
line broadening in radiative transitions, due to electron-phonon coupling [12]. For a laser line, 
the thermal line broadening and thermal shift are related to the gain cross section, output 
frequency stability, and thermal tunability of the laser [13]. Narrower spectral lines are 
expected for weaker impurity–phonon coupling and for host crystals with higher Debye 
temperature [12]. KLuW has a lower Debye temperature than YAG (303±3 K against 760 K 
[8]) and as known for several dopants, the spectral linewidths in KLuW are broader, which is 
advantageous for tunable or short pulse laser operation.  

4. Linear thermal expansion tensor   

The unit cell parameters of KLuW were measured as a function of temperature by X-ray 
powder diffraction analysis using a Siemens D-5000 diffractometer (Bragg-Brentano 
parafocusing geometry and vertical θ-θ goniometer) equipped with a high temperature 
chamber (Anton-Paar HTK10). The X-ray powder diffraction patterns were recorded at 
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2θ=10-70°, size step=0.03°, step time=5 s, and temperatures of 298, 323, 373, 473, 573, 673 
and 773 K. The Fullprof software was applied to the structural model obtained for KLuW by 
single crystal X-ray diffraction. The powder samples were placed on a platinum holder. The 
linear thermal expansion coefficients in a given crystallographic direction are α=(ΔL/ΔT)/LRT, 
where LRT is the initial parameter  at 298 K (room temperature). 

The components of the linear thermal expansion tensor, αij, can be evaluated from the 
slopes of the linear relationship between (ΔL/LRT) and temperature (ΔT) in the different 
crystallographic directions [14] (see Fig. 3(a)). For KLuW this procedure has already been 
reported elsewhere [6] and for the other KREW compounds in [15]. For the sake of 
completeness, the results are briefly summarized here.  

Linear thermal expansion of a crystal is represented by a symmetrical second-rank tensor 
and if the crystal is monoclinic it has four nonzero components in the crystallo-physical frame 
X1α//a., X2α//b, X3α//c*, where c* is a vector from the reciprocal crystallographic system. The 
values of the diagonal elements are α11=α100, α22=α010, and α33=αc* and from the equation 
α001=aiajαij, where ai and aj are the direction cosines, one can deduce α13 as the unique 
unknown quantity of the equation if α001 is measured. 
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Fig. 3. Unit cell parameters evolution with temperature (a) and linear thermal expansion (b) of 
KLuW. 

 

The unit cell parameters a, b and c of KLuW increase with temperature and β remains 
constant (Fig. 3(a)). The measured linear thermal expansion tensor components are included 
in Table 2. The derived value for α13 is -3.15×10-6 K-1. Considering the linear thermal 
expansion of the volume, aV, and taking into account the relations between thermal expansion 
and covalence as well as thermal expansion and density of weak bonds [16], one can conclude 
that the degree of covalence in the chemical bonds of the KREW family follows 
KGdW<KLuW<KYW<KYbW. 
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Table 2. Linear thermal expansion coefficients of KREW compounds (RE=Gd, Y, Yb, Lu), in units 10-6 K-1, and 
some of their ratios [6,15]. 

 KGdW KYW KYbW KLuW 
α100 13.6 11.0 10.5 10.6 
α010 2.8 1.9 2.6 3.35 
α001 22.8 17.8 16.3 16.3 
αc* 20.5 15.3 14.8 15.1 
αV 37.1 28.3 26.9 29.2 
α’11 10.6 8.3 8.7 8.98 
α’22 2.8 1.9 2.6 3.35 
α’33 23.4 18.0 16.6 16.72 
α’g 19.54 15.99 14.47 14.55 
α’m 14.56 10.31 9.07 11.19 
α’p 2.8 1.9 2.6 3.35 
α’g /α’m 1.34 1.55 1.59 1.30 
α’g /α’p 6.98 8.41 5.56 4.34 
α’m/α’p 5.2 5.43 3.49 3.34 
α’k1 - - - 9.16 
α’k2 - - - 3.35 
α’k3 - - - 16.54 

 

As every symmetrical tensor the linear thermal expansion satisfies an eigenvalue equation. 
From det(α’ij-λδij)=0 one can obtain the eigenvalues α’

ii, shown for KLuW in the same Table 
2, which are the diagonal values of the tensor expressed in the eigenframe (principal axes of 
the property)  X’1α , X’2α//b, and X’3α. The orientation of the X’1α and X’3α.axes in the Ng - Nm 
principal optical plane (Np//b, Nm, and Ng are the three principal optical axes defined from the 
relation between the three refractive indices, np<nm<ng) can be determined from the tensor 
equation α’ij=aikajlαkl, where a represents the tranfer matrix from the crystallo-physical frame 
to the principal frame of the physical property, and the known orientation of the optical 
ellipsoid. As can be seen from Fig. 3(b) the ellipsoid of the linear thermal expansion is rotated 
by 31.94° relative to the optical ellipsoid (all frames shown are right-handed).  

The values of the linear thermal expansion coefficients along the principal optical axis, 
calculated and included in the same Table 1, are more important in practice because normally 
the laser elements are cut along one of these axes. If the ratios α’g/α’m, α’g/α’p and α’m/α’p are 
taken as a measure for the linear thermal expansion anisotropy, one can see from the table that 
this anisotropy decreases along the KREW series. Thus, KLuW is the passive host in the 
KREW family with the lowest thermal expansion anisotropy. This lowest anisotropy means 
smallest distorting contribution from the crystal faces to the thermal lens and lowest 
probability of cracking for thermal reasons during the lasing process. 

5. Thermal conductivity tensor   

The components of the thermal diffusivity tensor (Dij) have been measured using 
photopyroelectric calorimetry [17]. In this method the front surface of the sample is 
illuminated by a modulated light beam, while its rear surface is in contact with a pyroelectric 
detector which measures the resulting temperature oscillations. With this method, high-
resolution measurements are obtained since small temperature gradients in the sample produce 
a good signal-to-noise ratio. In our experimental setup a 5 mW He-Ne laser modulated by an 
acousto-optic modulator has been used as heating source. The pyroelectric transducer was a 
350 μm thick LiTaO3 crystal with Ni-Cr electrodes plated on both surfaces. Samples were 
attached to the pyroelectric transducer by using an extremely thin layer of highly heat-
conductive silicone grease (Dow Corning, 340 Heat Sink Compound). The photopyroelectric 
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current was processed by a two-phase lock-in amplifier yielding a vector signal output 
comprising the amplitude and phase of the signal with respect to the reference. Both sample 
and detector were placed inside a nitrogen bath cryostat that allows measurements in the 
temperature range from 77 to 500 K.  

It has been demonstrated that the phase of the photopyroelectric current depends linearly 
on f , where f is the modulation frequency. Moreover, the slope m of this linear dependence 

is related to the thermal diffusivity D of the sample in the direction normal to the surface 
through the equation [17], 

 

                                                                 
2

2

m
D

�π= ,                                                          (1) 

 
where �  is the sample thickness. This equation is valid for opaque and thermally thick 
samples (i.e. �  larger than the thermal diffusion length fD πμ /= ). Once the thermal 

diffusivity has been measured (Dref) at a certain reference temperature (Tref), the temperature is 
continuously varied while recording the phase of the photopyroelectric signal, at a fixed 
frequency. Indeed, changes in the phase are directly related to changes in the thermal 
diffusivity of the sample. In this way, the temperature dependence of D is given by the 
following expression [18]: 
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where )T()T()T( refΨΨΔ −=  is the phase change for a given change in temperature.  

As mentioned above, four single crystal plates of KLuW, whose surfaces are perpendicular 
to the a, b, c, and c* crystallographic directions, were studied. For a better comparison, all of 
them had similar thickness: between 514 and 517 μm. Since KLuW is transparent at the He-
Ne laser wavelength, the front surface was coated with a thin metallic layer. Several heating 
runs from 300 to 500 K at a rate of 0.1 K/min were performed. A modulation frequency of 
8.0 Hz, high enough to ensure that the sample is thermally thick but low enough to provide a 
good signal-to-noise ratio, was applied.  

The thermal conductivity, κij, in crystals is also a symmetrical second-rank tensor which 
satisfies κij= DijρCp, where Dij are the tensor components of the thermal diffusivity (m2/s). As 
KLuW is monoclinic, this tensor has four nonzero components when expressed in the 
crystallo-physical frame X1κ//a., X2κ//b, X3κ//c*. Accordingly, in order to evaluate the thermal 
diffusivity tensor as a function of temperature, it was measured in these four crystallographic 
directions. The results are plotted in Fig. 4 (a).  
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Fig. 4. Thermal diffusivity (a) and conductivity (b) of KLuW measured along the 
crystallographic directions a, b, c and c*.  

 

Using the bulk density reported in [6] and the Cp values from Fig. 1, the evolution of 
thermal conductivity along these four directions in the temperature range 300-500 K can be 
observed in Fig. 4(b). As can be seen, the thermal conductivity decreases with temperature. 
The transfer of heat in dielectric solids is related to a flow of phonons from hot to cold. The 
thermal conductivity is proportional to the lattice heat capacity, the phonon velocity, and the 
phonon mean free path. As shown before, the molar capacity increases with temperature, 
however, the phonon velocity depends only weakly on temperature. The decrease of the 
thermal conductivity with temperature must be related to the change of phonon mean free 
path, which decreases significantly with temperature [19]. 

From the measured value of the thermal conductivity at 300 K, in particular the diagonal 
elements κ11=κ100,  κ22=κ010, κ33=κc*, (see Table 3), and the equation κ001=aiajκij, where ai and 
aj are the direction cosines, one can deduce κ13 as the unique unknown quantity. The result is 
κ13=-0.33 Wm-1K-1. The eigenvalues in the principal frame of the conductivity are obtained 
then by diagonalization; they are also included in Table 3 and denoted by primed symbols κ’ii. 

At 300 K, the principal axis with maximum thermal conductivity, X’3κ, was found at 
φ=22.25º from the c axis (see Fig. 5). The principal axis X’1κ with the medium thermal 
conductivity coefficient is then at γ=(β-90º)-φ=18.45º from the a axis. In addition, once 
knowing the orientation of the ellipsoid (Fig. 5), it was possible to extend Table 2 with values 
of the linear thermal expansion along the principal thermal conductivity directions at 300 K. 

 
 

 
Fig. 5. Thermal conductivity ellipsoid of KLuW. 

 
 

Using the measured thermal conductivity values at 400 and 500 K, similar calculations 
gave the values κ’11=2.56, κ’22=1.98 and κ’33=3.32 Wm-1K-1, and κ’11=2.35, κ’22=1.77 and 

Temperature [K] φ[º] γ[º] 

300 22.25 18.45 

400 22.10 18.60 

500 18.65 22.05 
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κ’33=2.97 Wm-1K-1, at these two elevated temperatures, respectively. The rotation of the 
thermal conductivity tensor with temperature is summarized in Fig. 5. When the temperature 
increases from room temperature to 500 K, the thermal conductivity eigenvalues along κ11’, 
κ22’ and κ33’, decrease by 20%, 24.6% and 26.8%, respectively. 

Thermal conductivity values obtained for KLuW in the present work and previously 
reported values for other members of the KREW family are summarized in Table 3. 

Table 3. Thermal conductivity values (in units W/m-1K-1) of KLuW and related compounds at 300K. 

 

κ KLuW Yb:KLuW KGdW KGdW KYW 
κ100  3.06 3.11 - 2.6 - 
κ010  2.36 2.55 2.6 3.8 2.7 
κ001  3.90 3.98 - 3.4 - 
κc*  3.95 - - - - 
κ’11  2.95 3.09 - - - 
κ’22  2.36 2.55 - - - 
κ’33  4.06 4.40 - - - 
κ’g  3.59 - - - - 
κ’m  3.41 - - - - 
κ’p  2.36 - - - - 
κ’g/κ’m 1.05 - - - - 
κ’g/κ’p 1.52 - - - - 
κ’m/κ’p 1.44 - - - - 
κ’α1  2.975 - - - - 
κ’α2  2.36 - - - - 
κ’α3 4.03 - - - - 
Ref. This work [10] [8] [20] [8] 

 

Comparing with the other KREW compounds, the thermal conductivity of KLuW is 
slightly lower, which could be expected taking into account the higher molar mass and the 
lower melting point of KLuW in comparison to the other members of the KREW family (in 
spite of the more compact crystal structure [21]). For 5% Yb-doped KLuW [10], slightly 
higher values were reported, this could mean an increase of thermal conductivity when doping 
with ytterbium. 

6. Temperature evolution simulations   

Finally, we used a finite element 3D model (Comsol Multiphysics 3.2, Comsol AB, Sweden) 
to compute the temperature distribution inside a KLuW laser crystal pumped in the steady 
state. The numerical experiment reproduces the lasing experiment carried out in a diode 
pumped set-up reported by Mateos et al. [3]. The thermal simulation was performed for a 
cube sample (3 x 3 x 3 mm3) with edges parallel to the dielectric frame of the crystal. The 
origin of the frame was set at the center of the cube. The model solves the 3D Fourier heat 
transfer equation with an anisotropic thermal conductivity tensor. We used the thermal 
conductivity values at room temperature, because the overheating of the whole crystal is 
assumed to be relatively weak. 

Figure 6 shows a geometrical sketch together with the projection of the ellipsoid of the 
thermal conductivity on the faces of the crystal. In this figure x, y and z axes correspond to 
Nm, Np and Ng directions, respectively. The crystal was divided into more than 73000 nodes 
using an automatic meshing. It was assumed that the crystal was pumped in a hot cylindrical 
volume of radius 55 μm and length 3 mm. Two different pumping strategies were considered: 
pumping along Ng axis (i.e. the hot area is a cylinder along z direction) and pumping along Np 
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(hot area along y direction). Pumping along Nm was not considered because Nm is usually the 
direction of polarization preferred for pumping doped KLuW crystals [2,3]. 

 A significant part of the pump energy is converted into heat inside the laser material. The 
continuous heat production was supposed to be 1 W, with homogeneous distribution over the 
pumped zone.  

 
 

 

 
Fig.6. Geometrical sketch of the laser crystal modelled. Units are mm. 

 

We modelled free convection (heat-transfer coefficient h=10 Wm-2K-1) at the two pump 
faces of the crystal (z=±1.5 mm for pump along Ng and y=±1.5 mm for pump along Np). The 
other four lateral faces were cooled. High-power laser crystals are normally actively cooled 
with coolant flowing through a metal holder in contact with the lateral surfaces. We assume 
that the cooling liquid, as well as the air surrounding the two pump faces, were maintained at 
room temperature. The forced convection coefficient varies according to the efficiency of the 
cooling. We considered different heat-transfer coefficients, ranging from h=10 (free 
convection, i.e. poor cooling) to 10000 Wm-2K-1 (very efficient cooling). Continuity was 
imposed among all internal boundaries. 
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     Fig.7. Overheating  for pump along Ng and Np for the faces y=1.5 mm (upper part) and 
z=1.5 mm (lower part). 

 

As the coefficient of convection increases, the heat removal becomes more efficient and 
the temperature of the crystal decreases. We define (ΔT)cold as the overheating of the coldest 
point of the laser crystal (relative to room temperature). This point is usually located on the 
edges of the crystal parallel to the pump beam, because they are the most distant from the 
pumping volume. For h=10 Wm-2K-1, the coldest point of the crystal is about 1800 K above 
room temperature. This value decreases drastically as the efficiency of the heat removal 
increases. For h=100 Wm-2K-1, (ΔT)cold is 276 K and for h=1000 Wm-2K-1, the coldest point of 
the crystal is only 41 K above room temperature. We found that for h>1000 Wm-2K-1 there is 
no substantial decrease of (ΔT)cold. Figure 7 shows the overheating of the frontal (z=1.5 mm) 
and the upper side (y=1.5 mm) of the crystal for pump along Ng and Np. Two intermediate 
cooling efficiencies (h=100 and h=1000 Wm-2K-1) are displayed. (ΔT)cold must be added to the 
overheating data to obtain the temperature in each point (relative to room temperature). The 
dots and lines indicate the entrance point and the path of the pump, respectively.  

Figure 7 indicates that the overheating patterns are similar for both convection conditions 
analyzed, even though the mean temperature of the crystal decreases when convection 
increases.  It is interesting to note that the asymmetry in the thermal conductivity tensor 
produces changes in the overheating of the crystal depending on the pumping strategy. For 
pump along Ng, the temperature distribution in the cooling faces (y=1.5 mm in Fig. 7) is 
distorted in accordance with the anisotropy of the tensor. The pumping faces (z=1.5 mm in 
Fig. 7) show a somewhat oval but smooth temperature distribution. For pump along Np, the 
isotherms in the cooling faces are quasi parallels to the faces of the crystal, but the maximum 
temperature in these faces is displaced towards x>0 in the y=1.5 mm plane and x<0 in the y=-
1.5 mm plane (not presented in Fig. 7). For these pump conditions, the pump propagates in the 
hottest area of the crystal, favoring the efficient removal of the generated heat. This does not 
happen for Ng pumping. Another advantage of Np pumping is that both the pump and the laser 
beams will propagate along an isothermal zone (i.e., with low optical distortion). The non-
zero value of the Nm-Ng (xz) component of the thermal conductivity tensor produces a 
significant tilt of the maximum temperature line, especially for weak heat removal and Ng 
pumping. Serious distortions can be expected then as a result of the thermo-optic effect, 
dn/dT≠0. Also note that for similar convection conditions, Np pumping produces a temperature 
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distribution in the cooling planes slightly higher than Ng pumping, thus favoring the heat 
removal and reducing the thermal gradients inside the crystal.  

7. Conclusions 

The specific heat capacity of KLuW at 300 K is 0.324 J/gK (molar heat capacity 
≈230 J/molK) and the Debye temperature is θD=303±3 K. Up to the maximum temperature of 
385 K studied, the specific heat capacity of KLuW shows no saturation. 

 The anisotropy of the linear thermal expansion and thermal conductivity of monoclinic 
KLuW has been evaluated. The volume linear thermal expansion of KLuW is αV=29.2 10-6 K-

1 and the average anisotropy of this property is lower in KLuW than in the other members of 
the KREW family of monoclinic laser hosts.  

The maximum thermal conductivity of KLuW at 300 K amounts to 4.06 Wm-1K-1, along 
the X’3κ direction, which is located at 22.25º from the c crystallographic direction and at 
40.75º from the Ng principal optical direction. The thermal conductivity of KLuW decreases 
with temperature, by an average of 24% for a temperature increase of 200 K above room 
temperature. 

A Finite Element 3D model was applied to analyze the heat transfer in the anisotropic 
KLuW crystal in two different crystal geometries. Depending on the pump direction, the 
anisotropy of the thermal conductivity tensor produces different thermal field distributions. 
One can conclude that pumping in the Np direction is preferable in terms of thermal effects 
because the pump power is distributed along a quasi-isothermal path.   

Acknowledgements 

This work was supported by the EU Project DT-CRYS (NMP3-CT-2003-505580). We also 
acknowledge financial support from the Spanish Government by the Projects MAT2005-
06354-C03-02, MAT2004-20471-E and CIT-020400-2005-14, and from the Catalan 
Government by the Project 2005SGR658. This work has been partially supported by the 
University of the Basque Country through research grant No. EHU06/24. 
 

#90387 - $15.00 USD Received 30 Nov 2007; revised 15 Feb 2008; accepted 18 Feb 2008; published 27 Mar 2008

(C) 2008 OSA 31 March 2008 / Vol. 16,  No. 7 / OPTICS EXPRESS  5034


