10
EasT EUROPEAN JOURNAL OF PHysics. 1. 10-15 (2022)
DOI:10.26565/2312-4334-2022-1-02 ISSN 2312-4334

SIMULATION OF HEAT TRANSFER IN SINGLE-CRYSTAL LITHIUM NIOBATE
IN INTERACTION WITH CONTINUOUS-WAVE LASER RADIATION'

Denys O. Protektor*, ““’ Denys O. Lisin"
V.N. Karazin Kharkiv National University
4, Svoboda Sq., Kharkiv, 61022, Ukraine
*Corresponding Author: d.protector@karazin.ua; "E-mail: d.lisin@karazin.ua
Received December 18, 2021; revised December 18, 2021; accepted December 18, 2021

The paper presents the simulation results of heat transfer in single-crystal lithium niobate (LiNbO3) in the form of cylinder of diameter
D, =40 mm and height H =60 mm in interaction with continuous-wave laser radiation with the output power of P =50 W and the

wavelength of A =1064 nm. The density of the LiNbO3 crystal is p = 4659 kg/m?; the thermal conductivity along the [001] direction
is k, =4.61 W/(mxK); the thermal conductivity in the (001) plane is &, =4.19 W/(mxK); the specific heat at constant pressure is

¢, =601 J/(kgxK); the absorption coefficient is & ~0.1 %/cm @ 1064 nm. The laser beam propagates along the optical axis of the

crystal. The laser beam intensity profile is represented as a Gaussian function, and the absorption of laser radiation of the single-crystal
lithium niobate is described by Beer-Lambert’s law. The numerical solution of the non-stationary heat conduction problem is obtained
by meshless scheme using anisotropic radial basis functions. The time interval of the non-stationary boundary-value problem is 2 h 30
min. The results of numerical calculations of the temperature distribution inside and on the surface of the single-crystal lithium niobate
at times ¢ =10, 100, 1000, 7000 s are presented. The time required to achieve the steady-state heating mode of the LiNbOs crystal, as
well as its temperature range over the entire time interval, have been determined. The accuracy of the approximate solution of the
boundary-value problem at the n-th iteration is estimated by the value of the norm of relative residual Her . The results of the numerical
solution of the non-stationary heat conduction problem obtained by meshless method show its high efficiency even at a small number
of interpolation nodes.

Keywords: heat transfer, lithium niobate, anisotropic thermal conductivity, laser radiation, non-stationary heat conduction problem,

meshless method.
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INTRODUCTION

Lithium niobate (LiNbOj3) is a rhombohedral ferroelectric crystal. Lithium niobate is a phase of variable
composition, which allows growing single-crystals with different [Li]/[Nb] ratios. Nominally pure LiNbOj; crystals are
usually grown from a congruent melt ([Li]/[Nb] = 48.6/51.4) by Czochralski method [1,2].

As any ferroelectric, LiNbOs crystal displays nonlinear optical effects, the piezoelectric effect, the photoelastic effect
as well as the Pockels effect. The exclusive feature of lithium niobate is that it has excellent physical properties such as high
electro-optic, piezoelectric and nonlinear optical coefficients, which makes it a popular material for various applications.

Due to its high electro-optic coefficients, LiNbOs crystal is used to create Pockels cells [3], electro-optic
amplitude/phase modulators [4,5] and Q-switched lasers [6]. The nonlinear optical properties of lithium niobate make it
possible to use it to create optical parametric oscillators [7,8] and parametric amplifiers for wide wavelength range [9,10],
as well as for second harmonic generation of laser radiation with wavelength of > 1 um [11-13].

It is known that the interaction of laser radiation with crystals in a wide range of luminous-flux densities is well
described by the thermal model, according to which the whole process can be conditionally divided into several stages:
1) light absorption and energy transfer to thermal vibrations of the crystal lattice of a solid; 2) heating the crystal without
destruction; 3) destruction of the crystal; 4) cooling of the crystal after the end of the interaction.

LiNbOs crystals are widely used in lasers, therefore, issues related to the study of the resistance of these crystals to
laser radiation are of considerable interest.

Purpose of this work is simulation of heat transfer in single-crystal lithium niobate in interaction with continuous-
wave (CW) laser radiation by meshless method.

Unlike grid methods, such as the finite element method (FEM) and the finite difference method (FDM), meshless
schemes are devoid of complex and laborious process of constructing an interpolation grid within the considered domain
of the boundary-value problem, which makes them computationally efficient and relatively easy to implement.

PROBLEM FORMULATION
Consider LiNbO; crystal in the form of cylinder of diameter D,, =40 mm and height H =60 mm with the

following physical properties: density is p =4659 kg/m®; the thermal conductivity along the [001] direction is
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k, =4.61 W/ (m>< K ) ; the thermal conductivity in the (001) plane is &k, =4.19 W/(mxK); the specific heat at constant
pressure is ¢, =601 J/(kgxK). The optic axis of the LINBO; crystal is directed along the z-axis.

A laser beam with radiation power P =50 W and radius 7, =5 mm passes through the crystal as shown in Fig. 1.
The wavelength of laser radiation is A =1064 nm and the absorption coefficient of LiNbOs is & ~ 0.1 %/cm @ 1064 nm.
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—

\

laser source LiNbO;

Figure 1. Passage of a laser beam through LiNbO3 crystal.

When CW laser radiation interacts with a LiINbOjs crystal, light is absorbed and the absorbed energy transforms into

thermal energy.
The non-stationary heat conduction equation for an anisotropic solid in a closed domain can be written as follows:

ou .
pcpE:dlv(Kgradu)+g (D)

where u — temperature, K — symmetric positive definite tensor of the second rank, which determines the thermal
conductivity of the crystal, g — internal heat source.

At the initial moment of time, the LiNbOj; crystal is at a temperature u, =25 °C. Heat exchange with the
environment occurs on the surface of the crystal. The boundary conditions for this case can be written as follows:

q=~h(u,~u) )
where ¢ = 2—“ — heat flux in anisotropic medium, / ~10 W/(m?xK) — heat transfer coefficient, u, =25 °C — ambient
v

temperature.
The intensity of the internal heat source at depth z is described by Beer-Lambert’s law:

g(x,y,Z)=f:;02{ exp[_z(x :zy jjexp(—aZ) 3)

0 0

where X, y, z — cartesian coordinates, P — radiation power, 7, —radius of the laser beam, & — absorption coefficient.

Fig. 2 shows a visualization of the intensity of internal heat source at a depth of z=0.03m.
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Figure 2. Visualization of the intensity of internal heat source at a depth of z =0.03 m.
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NUMERICAL RESULTS

The numerical solution of the considered non-stationary heat conduction problem is obtained by meshless method
described in [14]. In this scheme, the dual reciprocity method (DRM) [15] with anisotropic radial basis functions (RBFs)
[16] and the method of fundamental solutions (MFS) [17] are used to solve the heat conduction problem. The DRM with
anisotropic RBFs is used to obtain particular solution, and the MFS is used to obtain a homogeneous solution of boundary-
value problem. The time discretization of equation (1) in this method is obtained by #-scheme [18].

The number of interpolation nodes inside and on the boundary of domain of the heat conduction problem for all
calculations is N, = 7393 and N, = 7808, respectively. The time interval of the non-stationary boundary-value problem
is 2 h 30 min.

Fig. 3 and Fig. 4 show the simulation results of the temperature field on the surface the LiNbOs crystal in interaction
with CW laser radiation at different times.
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Figure 3. Visualization of the temperature field on the surface the LiNbOs crystal at times ¢ =10 s (a), t =100 s (b).
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Figure 4. Visualization of the temperature field on the surface the LiNbO3 crystal at times ¢ =1000 s (@), t =7000 s (b).

Fig. 5 and Fig. 6 show the simulation results of the temperature field inside the LiNbOs crystal in interaction with
CW laser radiation at different times.
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Figure 5. Visualization of the temperature field inside the LiNbOs crystal at times t =10 s (a), t =100 s (b).
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Figure 6. Visualization of the temperature field inside the LiNbOs crystal at times ¢ =1000 s (a), ¢ =7000 s (b).

As one can see in Fig. 5 and Fig. 6, with time of irradiation of the crystal, the heated zone inside of the crystal
expands and its temperature increases. This process continues until a steady-state thermal regime is reached. Fig. 7 shows
the plot of the heating process of the LiNbOj3 crystal in time.

As it was shown Fig. 7, at first the temperature of the crystal increases very fast, and then the rate of increase slows
down, and after about 2 h 30 min it goes into a steady-state. The time 35 min, when the crystal temperature reaches 63.2%
of the steady-state value is the thermal time constant 7.

The thermal time constant is calculated as follows:

pre,
hd

s

T

“4)

where p —crystal density, V" —crystal volume, ¢, —specific heat at constant pressure, /1 — heat transfer coefficient,

A, — crystal surface area.

To estimate the accuracy of the approximate solution at the n-th step, we calculate the norm of relative residual:
r| = .
el = max || 5)

where N = N, + N, —total number of interpolation nodes, 7, —relative residual of the approximate solution at the i-th node.
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Figure 7. Plot of the heating process of the LiNbOs crystal, where u,, — maximum temperature of the crystal, u,, — minimum
temperature of the crystal, 7 — thermal time constant.

Fig. 8 shows plot of the change of the norm of relative residual of the approximate solution of the considered
boundary-value problem.
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Figure 8. Plot of change of the norm of relative residual

The total estimated simulation time for a non-stationary heat conduction problem is 2303 s, which is comparable to
the simulation time when using other numerical methods for solving boundary-value problems.

CONCLUSIONS

This paper presents the simulation results of heat transfer in single-crystal lithium niobate in interaction with CW
laser radiation with the output power of 50 W and the wavelength of 1064 nm. The time interval of the non-stationary
boundary-value problem was 2 h 30 min. It is defined, that after about 47 the temperature of the crystal goes into a
steady-state, and is in the range of 27.74 to 28.24 °C . The results of numerical calculations of the temperature distribution
inside and on the surface of the single-crystal lithium niobate at times ¢ =10, 100, 1000, 7000 s are presented.

The numerical solution of the non-stationary heat conduction problem is obtained by meshless scheme using
anisotropic radial basis functions. The accuracy of the approximate solution of the boundary-value problem at a specified
time interval is estimated by the value of the norm of relative residual, and in the worst case is 1.74348x10~. The lower
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values of the norm of relative residual are in the range from 2.05119x10™"* to 1.25433x10™° . The numerical simulation
results obtained using the meshless method are in good agreement with the results obtained using the FEM, which
indicates the high efficiency of the meshless scheme even at a small number of interpolation nodes.
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MOJIEJTIOBAHHS TEIVIOOBMIHY B MOHOKPUCTAJITYHOMY HIOBATI JIITIIO ITPH B3AEMOIIT
BE3NNEPEBHUM JIASEPHUM BUITPOMIHEHHSIM
Henuc O. IIporekrop, denuc O. Jlicin
Xapxiscokuti nayionanohuu ynieepcumem imeni B. H. Kapaszina
m. Ce0600u, 4, Xapkis, Yrpaina
V crarTi npeacTaBieHi pe3yabTaTd MOJCIIOBAHHS TEIJIOBOTO IPOLECY, SKUi MpOoTikae B MOHOKpHCTati Hiobary mitio (LiNbO3) y
dopmi muninapa giamerpom D, =40 mm Ta Bucotoro H =60 MM npu B3aeMmouii 3 Ge3nepepBHAM JIA3€PHUM BHIIPOMIHIOBAHHSIM

norysxnictio P =50 Br ta nosxunoro xsuni A =1064 um. llineuicts kpuctana LINbO3 p = 4659 kr/m?; TennonpoBianicTs B310BxK
nanpsmky [001] K =4.61Bt/(MxK), Ttennonposianicts y miaoumui (001) k, =4.19 Br/(MxK); nuroma TemjnoemHicTb mpu

nocriitHomy THcky ¢, = 601 ii/(krxK); koedirient normunanns o ~ 0.1 %/cm @ 1064 um. Jlasepruif mydqoK NPOXOAUTh B3NOBHK

ontu4yHOi oci KpucTana. I[Ipodisap iHTEHCHBHOCTI JIa3epHOro IMy4Ka MpEeACTaBIsiEThess y BULAl ¢yHkuii [ayca, a moriuHaHHS
JIa3€pHOTO BUIPOMIHIOBAHHS KpPHUCTAIOM HIOOATy JITiI0O OMHCYeTbcs 3akoHOM byrepa-JlamOepra. YucenbHuit pO3B’sI30K
HECTaIliOHApHOI 3aJadi TeIIONPOBITHOCTI 3AIHCHIOEThCA 32 OE3CITKOBOIO CXEMOIO 3 BHKOPHUCTAHHSIM aHI30TPOIHUX pajialbHUX
6asucHux (yHKiH. YacoBuii iHTEpBaJI, HAa SKOMY PO3B’I3y€ThCsl HECTAI[IOHAPHA 3a/iada TEIUIONPOBIIHOCTI, CTAHOBHUTH 2 Tox 30 XB.
HaBezneHo pe3ysbTaTé YHCIOBHX PO3PaXyHKIB PO3IOIITY TEMIIEPATypHOTO MOJISI BCEPEANHI Ta HA IIOBEPXHI KPHUCTaNa HiobaTy JiTiio
B MomenTu vacy t=10,100,1000, 7000 c. BuzHadeHo dYac, OpOTITOM SIKOTO JOCATAETHCS CTAIMH PEKMM HArpiBaHHS KpUCTaia
LiNbO3, a Takosx HOro temmnepaTypHHii Aiana3oH Ha BCbOMY 4aCOBOMY iHTepBai. TOUHICTh HAOIMKEHOTO PO3B’A3KY KpaitoBoi 3a1aui
Ha 71-My KPOIli OL[IHIOETHCS 32 BEIMYMHOIO HOPMH BiZTHOCHOT HEB’A3KH Her . PesynbraTi uncenbHOro po3B’a3Ky HeCTallioOHapHOT 3a1a4i
TEIUIONPOBITHOCTI, OTPUMAaHi 3 BUKOPHCTAHHIM OE3CITKOBOrO METOAY, CBIAYATh MPO HOr0 BHCOKY e(eKTHBHICTh BXKE Ha HEBEIHKIH
KUTBKOCTI 1HTEPITOJIALIHUX BY3IIiB.

Kuro4oBi cjioBa: TeroBuii mpoiec, HiodaT JiTiro, aHI30TPOIHA TETIONPOBITHICTE, Ia3epHEe BUMPOMIHIOBaHHS, HECTAIllOHApHA 3a/1a9a
TEIUTONPOBITHOCTI, OE3CITKOBHI METO/I.





