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Using the finite integral transformation along the spatial Cartesian coordinates, an analytical
expression for calculating the temperature distribution T (x, y, z) due to laser pulses in a solid located
in the half-space z<0 is obtained. The numerical calculations show that a uniform warming of the body
surface takes place only during a part of the pulse duration. Deep inside the solid, the maximum
temperature value compared to the surface takes place with a time delay. This time delay depends on
the heat wave propagation velocity. Along with heat penetration into the solid, a maximum temperature
zone degradation process takes place. Cooling velocity in the upper layers appears to be higher than
that in the deeper layers. However, the cooling period in deeper layers is less than that in upper layers.
The results obtained are qualitatively consistent with published experimental data.

Introduction

Recently, research for any sort of solid surface structures created by means of laser
radiation and/or laser beams interference pattern has essentially been of interest [1-10]. Heating
due to laser ablation can be additionally used for the formation of nanosized particles in solid
electrolytes [11]. Pulse laser ablation of solid targets in the gas phase has been widely used for
the preparation of various nanostructured materials such as nanoparticles, nanotubes and nano-
composites [12—14]. The study of laser-induced heating and melting are of great importance for
achieving high quality materials processing when using lasers [15-19]. However, until recently
there is a question on the features of the spatial and temporal distribution of temperature due to
laser heating of solid surfaces.

In this paper, the distribution of the temperature 7 (x, y, z) on a solid surface occupying
a semi-space of z<0 is studied. A temperature on the surface of the solid is due to streams of
energy taken in from the surface due to heat conductivity. The numerical calculations showed
that in the deeper layers of the solid the maximum value of the temperature is reached with a
delay compared to the surface of the solid. This is due to the heat-wave delay. A rate of cooling
of the top layers of the solid appears to be faster than for the deeper layers. In addition,
numerical calculations showed that the maximal temperature at a certain depth depends slightly
on the form of intensity distribution of the laser beam used.

Statement of the problem

Let us consider the process of heating a solid surface by two-dimensional laser beam
interference pattern represented in Fig. 1. It is assumed that the laser beams are identical, fall
normally to the surface and the interaction between the beams is negligible. It is also assumed
that the thermo-physical characteristics of the medium are independent on the temperature or

THosepxnocmo. 2011. Bun. 3(18). C. 7-12 7



spatial coordinates. In this case, the heat diffusion equation describing the distribution of
temperature 7' in the half-space 0 < z < o0 can be written as:

2 2 2
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where ¢ is the time, x,y,z are the Cartesian coordinates, y =x/ PCy is the thermal

diffusivity, k 1is the heat conductivity, ¢, is the heat capacity, p is the density, & is the

absorption coefficient, and / is the power density of the laser beam.

Fig. 1. Two-dimensional periodic structure formed by laser beams.

We assume that a laser beam is represented by the Gaussian intensity distribution:
1(x,y,2,0) = H(x,)],(1- R)e ™ exp{~(x* + y*) / r*} f (1) , )

where [, is the maximum intensity of laser beam, R is the reflection coefficient, 7 is the

radius of one laser beam, H(x,y)=1 if X%+ y2 <r? ,and H(x,y)=0 otherwise, and f(t) isa
function which describes the distribution of a laser impulse as time function.

The required distribution of temperatures is subjected to the following initial and
boundary conditions:

T(x,y,z,O) =Ty,
o _o, T o T limr-1, 3)
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where 2a,2b are the dimensions of a rectangular pulse period, 7j, is the initial value of the

temperature.

The solution of the problem can be constructed using Green functions as it was done by
some authors [19, 20]. However, the problem of calculating infinite integrals is not a trivial
one, so in the present paper other approach is offered. It may be noticed that the linear equation
(1) contains a constant coefficient, and variables that can be divided in the function of the
source (2). Under such circumstances, for solving equation (1), infinite integral transformation
on coordinates x,y and Fourier transformation on coordinate z can be used. Consecutive

performance of these transformations (independent of execution sequence) leads to system of



non-uniform differential equations of the first order over time. The solution of these equations
is then straightforward. Using reverse transformation, an analytical solution in the form of
converging series and integrals can be then obtained.

Analysis of the general solution and numerical results
Two-dimensional periodic structures are investigated with active sources within the
limits of a circle with radius7, and with Gaussian intensity distribution in space. The cases

analyzed when the time function f(¢) is represented by the Dirac function §(t) or Heaviside
function H (¢). The square cell (b=a) is assumed. Dimensionless time is used 7 ="/ a* (¢

is natural time), also dimensionless temperature 7T or /0, where GzocazJO/x, and

dimensionless space coordinates x=x"/a, y=y'/a, z=z'/a, where X',y z are the
linear ones.

Some numerical calculation results are shown in Figs. 2 and 3. The data make it
possible to get an idea about the temperature distribution in the layers when the time of the
laser activity is long enough (stationary solution) depending on the distance z of the layer
from the surface of the solid and on the beam radius 7. Fig. 2 shows the distribution of a
stationary temperature in the location of a heating spot for different beam radii rand some z
value.
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Fig. 2. The temperature (7 ) in the middle section of a solid (y = 0) versus the layers distance
(z) from its surface and beam radius » forra—z=1;b-z=5;¢c-z=10: 1 —r = 1.0;
2-r=08,3-r=04;,4-r=04,5-r=0.2.
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Fig. 3. Stationary temperature T~ versus the distance z from the solid surface.



The calculations were realized using a formula given by:
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where G, =4[e 2 cosh,xdx [ e 2 cosp,,ydy, K, (x,y)=cos(L,x)cos(p,y),
0 0

N, =mm/a, w,=mn/b, n,m= 0,1,...,00, 2a and 2b — the dimensions of an elementary
rectangular cell with periodical structure on the solid surface (Fig. 1), ¢, =1if n#0, m=0;
eum=1/21n=0,0rm=0;¢,,=1/41fn=0,m=0.

Every function K,,, (x, y) meets the boundary conditions (3). It is held down as much

as 49 members in the two-fold series. An attenuation coefficient in the Gaussian beam of about
0.15 1/m is accepted. All the calculations are realized in dimensionless coordinates.

As would be expected, it follows from the results presented that while retreating from
the solid surface the temperature in the layers decreases because of diminishing the beam
radiation intensity. Along with it, a temperature distribution with respect to the coordinates
retains its form (conformity). The temperature value depends substantially on the beam radius,
and this dependence is not a linear one. Herewith, for instance, at z = 1, that is near the surface,

the temperature T~ in the beam centre changes from 0.371 to 0.0556 for the biggest (r =1.0)
and the smallest (7 = 0.2) beam radii, respectively.

Graphic representation of a heat penetration in the solid is illustrated by curve of the
type shown in Fig. 3. It must be emphasized that the dependence differs from purely
exponential character in the beam. The results represented give evidence of high effectiveness
of the approach elaborated. With its help, the depth of heating can be evaluated in connection
to the laser radiation source parameters.

Conclusion

The results presented show a high effectiveness of the elaborated approach. With its
use, the depth of heating can be evaluated in connection to the laser radiation source The results
obtained are qualitatively consistent with the published experimental data, e.g. those in [21].
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3a Oonomoeor Kinyeo2o iHMeESPATLHOO NEPEeMEOPEeHHs N0 OeKAPMOBUX KOOPOUHAMAX 6
NJIOWUHT NOBEPXHI OMPUMAHO AHANIMUYHULL 6Upa3 075 po3nodiny memnepamypu T(x,y,z) 6 3paszky, wo
sauimae nanienpocmip z<0. Ilposedeni wucenrvhi po3paxyHKu NOKA3AIU, WO 8 OLIbUL 2TUOOKUX WAPAX
SHAYEHHS memMnepamypu 00CA2AEMbCs Ni3HIUle, HIJC HA NOBEPXHI, OCKIIbKU HUICHIX WApié menniosd
xeuinsi docseae nisHiwe. [IsuodKicms 0X0M00JCEeHHS HUICHIX wapie meHwa, Hidic éepxHix. Kpim moeo,
YucenbHi PO3PAXYHKU HNOKA3AMU, WO MAKCUMAIbHA MemMnepamypa Ha 3a0aHii 2nubuHi ciabko
3anexcums 6i0 opmu po3nooiLy IHMEHCUSHOCMI 8 NA3ePHOMY nyuKy. Ompumani pe3yromamu sKiCHO
CniBnadaioms 3 eKCNEPUMEHMATbHUMU OAHUMU.

TEIIJIOBAS UCTOPUS 11PU JIASEPHOM HAI'PEBE
ITOBEPXHOCTH TBEPAOTI'O TEJIA

A.JO. Cemuyk', JIB. Jlepman', M. Buaangep’, O. Hyp®

" Hnemumym xumuu nosepxnocmu um. A.A. Qyiiko Hayuonansnoti akademuu Hayk Vkpauol
va. I'enepana Haymosa, 17, Kues, 03164, Yxkpauna, aleksandri1950@meta.ua
Omoenenue Hayku u mexuonrocuu JIUHYONUHCKO20 yHUBepcumema
SE 601704, Hopuonune, Llleeyus

C nomowbo KOHEUHO20 UHMEZPAIbHO20 NPeodpa306anus o O0eKaApmosbiM KOOPOUHAMAM 6
NJIOCKOCTU NOBEPXHOCTU NOJYHEHO AHAAUMUYECKOE 8bIpadiceHue OJil PACpedeseHuss memMnepamypol
T(x,y,z) 6 obpasye, 3anumaiouem nonynpocmparncmeo z<0. [Iposedennvie uucienuvie pacuemol
noKazanu, umo 6 6onee 2AyOOKUx Closx MAKCUMATbHOE 3HAYCHUE MEeMNepamypbl 00CMU2Aencst NO3Xice,
yeM Ha NOBEPXHOCMU, NOCKONbKY 6 HUJICHUE CIOU MEenio8ds 601Ha ooxooum nozoice. Ckopocmb
OXJIAANCOEHUSL BEPXHUX CILOE8 OKA3bIBAemCs DObuULe, YeM HUNICHUX, OOHAKO 8DEMS OXIANCOCHUST HUINCHUX
cnoes memnvute, Hem eepxHux. Kpome moeo, uucienHvle pacuemvl NOKA3AMU, YIMO MAKCUMALbHAS
memnepamypa Ha 3a0aHHOU 2iybune ciabo 3asucum om Gopmvl pacnpeoeieHUsi UHIMEHCUBHOCMU 8
nazepuom nyuxe. Ilomyuennvie pezyrbmamvl KauyecmeeHHO COGNAOAIOM C IKCHEPUMEHMATbHBIMU
OaHHBIMU.

12




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


