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Department of Mechanical Engineering, We developed a theoretical model of a novel thermal laser shock method for separation of
The Pearlstone Center for Aeronautical glass and glass-ceramic wafers into chips. The suggested model allowed us to determine
Engineering, the operating parameters of the device for wafer splitting. The investigated method in-
Ben-Gurion University of the Negev, volves two stages: 1) formation of a surface (blind) microcrack (or a grid of surface
P.0. Box 653, Beer-Sheva 84105, microcracks) using a double thermal shock method, and 2) splitting the cracked wafer
Israel into chips along the microcrack contour by applying small bending stresses. The emphasis

was given to splitting of thin wafers with the thickness less than 1 mm. The latter process
is more involved because of the undesirable spontaneous transition of a surface micro-
crack into a through crack[DOI: 10.1115/1.1649245

Introduction 2. Frequently a crack is initiated outside the line of a beam
scanning at a surface of wafer. In the latter case a crack
propagates in some accidental direction and “outstrips” a
laser beam;

Relatively low rate of processing.

High quality separation of nonmetalli¢e.g., glass, glass-
ceramig¢ wafers into chips is of great significance in electronic
industry. Since chips often operate at large thermal loadings, high3
quality of wafers and, especially, the high quality of their edges is ™
required. Indeed, most of the defects, e.g., cracks, dislocations|n recent years a novel method for a high quality separation of
etc., are formed during wafer cutting. When temperature rises thenmetallic materials into chips using a surfdtigind” ) micro-
defects at the edge of a wafer can propagate inside the wafer anack attracted attention in the electronic industry and in process-
cause mechanical failure of an electronic assembly, e.g., brittieg of optical materials. The essence of the method is that it in-
fracture failure(see Suhif1]). The existing methods for cutting volves the following two stages:)l1formation of a surface
materials used in electronic industry can be broadly divided intoicrocrack or a grid of surface microcracks, anaglitting of the
two categories: mechanical and nonmechanical methods. T¢@cked wafer into chips along the microcrack contour by apply-
methods of the first category comprise the widely employed digtg small bending stresses. At the first stage a wafer is positioned
mond cutter and saHnatek[2]). In spite of the simplicity of the on the translated X-Y table and is heated by a power laser beam
mechanical methods and low cost, they do not allow to attaint® t0 & temperature of the order of 300e Fig. 1a)). Then the
high quality of the produced chips. At present the method of digafer is cooled by an air-water sprégouble thermal shogkand
separation using a diamond saw cutting technique is the m@bte to a relaxation of thermal stresses a surfatied) microcrack
widely used in the integrated circuitC) technology due to a (see Fig. 1b)) with the depth of the order of several hundred
higher level of automation and applicability to a broader range 8ficrons is formedKaraev and Kornilo\5], Elperin et al{6—8]).
materials in electronic industry. Among nonmechanical methoddlis microcrack that can be observed under the microscope
the laser cutting methods are the most versatile and they are uBEgPagates inside the subsurface region of a wafer faithfully fol-
in various fields of technology, e.g., processing of substrates fWing the path of the laser beam. Thus application of the latter
electronics and for solar cells production, processing of amdnethod allows to attain a controlled fracture. In order to separate

phous semiconductors. Up to the middle of the 1970s the lagepvafer into chips it is necessary to form a grid of surface micro-

scribing method was one of the leading methods in ICtechnoIo%aCks(see Fig. 1c)) which can be viewed from the top as a

and it was employed for separation of wafers into chips usi stem of two parallel lines intersect_ing ata right_angle._At this
industrial YAG: NdQ-switched laser. Application of laser scribing>'29€ the cracked wafer can be easily separated into chips along

method involves formation of a groove due to evaporation of :%e mlc(;ocra(\jckhc_:ontr?ur bg;] app_lylngl_ljmall dbfnd'n? stresszs,f ar;d
treated material. The laser cutting meth@dimley [3], Powell € produced chips have the mirror-like and free ot macro detects

_ e . dges.

[4]) uses a smgle_ thermal effect of laser _radlatlo_n for cutting & '?he surface microcrack is essentially different from a regular
Waﬂ.ar. by a scanning laser power beam with the |nten5|ty that t'ﬁ'rough crackFig. 1(b)) which is formed using a traditional laser
sufficient to separate the treated substrate into chips. In t@g

method the laser radiation is absorbed in a thin subsurface re [lbing method. Formation and propagation of the surface micro-
. . . 994ck inside a subsurface region of a wafer is not accompanied by
of a material, and the relaxation of the induced thermal elasﬁj

) ” AN e removal of the material from a microcrack and, therefore, the
stresses under certain conditions causes initiating of a throu

crack (see Fig. 1b)) from the upper fo the bottom surfaces of a(s ges of the chips are mirror-like, i.e., free of any macro defects

/ X ee[5] for more details Controlled fracture of thin wafer@vith
heated wafer which propagates along the trajectory of a lasekyickness less than 1 miris a more complicated technological
beam scanning. This laser cutting method did not receive a wi

o ; = foblem because of the undesirable competitive one-step process
range of applications because of the following shortcomings: \yhereby a surface microcrack is spontaneously transformed into a
1. It does not allow to produce cracks along the intersectiffrough crack. Such transformation is very undesirable because
directions: after separation of wafer into two segments it is not feasible to
form surface microcracks in the direction normal to a through
Contributed by the Electronic and Photonic Packaging Division for publication iEf:_raCk and to f(.)r.m a gl’ld of surface mlcrocrameee Fig. 1C))
the JDURNAL OF ELECTRONIC PACKAGING. Manuscript received April 2003; final 1 N€ cause of initiation of a through crack rather than a surface
revision, November 2003. Associate Editor: B. Courtois. microcrack is a large compressive thermal stress at the upper ir-
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Fig. 2 Different shapes of the laser beam cross-section:a-
a c elliptic, b—rectangular, c—"splitted” beam

b 3. Cross-section of a laser beam in a plane comprises two iden-
Fig. 1 (a) Scheme of the method for formation of a surface tical rectangles BCKN, AMLD(the “splitted” laser beam
microcrack: 1—laser beam, 2—air-water spray, 3—wafer  (b) with a uniform power distributiong,=1y inside BCKN,
cracks in a wafer obtained by different laser methods: b1-open AMLD (see Fig. £)).

crack, b2-through crack, b3-surface microcrack (c) grid of sur-

face microcracks in a wafer The rate of cooling of a heated surface is described by a superpo-

sition of the Gaussian functions:

Ac=Ic[g(m= pna) = ng(n=pua4)l,
radiated surface of a wafer during the stage of heating of the _ _ 2 v )2 _
irradiated surface of a wafdsee Fig. 1, location A and tensile g=exp{—u[X"+(y=yo) Tl ye=Actut )
stress at the bottom surfa(:lecatlon_ B cause_d by buckling of a Tpe parameterss, u, and 7 are chosen to fit experimental data
wafer. Such stress pattern results in formation of a through cragk ine rate of cooling of a heated wafer by an air-water sfseg,
_(from Ato B). In order to_ prevent from_through crack formation 'te_.g., Liu et al.[9]). Analysis of this data shows that the rate of
is necessary tp determine the operating parqmgter; of the de‘ﬁSSIing q. weakly depends off in the range of temperatures
for wafer splitting(laser beam power, power distribution and congo<T<300°C. Hereafter we assumed tgt does not change

figuration of a laser focal spot, rate of cooling, gthat allow to \yith a temperature. The total heat sou€gat the wafer surface is
reduce thermal stresses at the locations A and B.
Q=0n—dc. (4)

. Applying the Laplace-Fourier integral transform to the heat
Thermal Stress Analysis conduction equation and the boundary conditidn we deter-
In order to determine the operating parameters of the device foined temperature distribution in a translated wafer:
wafer splitting using a double thermal shock we solved a thermal

elasticity problem for a translated wafer heated by a power laser 1t ” ”Q(Xo,Yo,to)
beam incident az=d/2 (d is the thickness of wafg¢in a normal T_T0:4T,)\d Odto ﬂdxﬂ 0 t—t,
direction to the surface and cooled by an air-water spsag Fig.

1). The temperature distributioR”(x,y,z,t) in a wafer is governed (X—X%g)? (Y—Yo)?
by a nonstationary heat conduction equation with the appropriate X EXF{ - m (ex;{ - m}

initial and boundary conditions:

aT T T &*T

p[ (y+yo)2H ~ 2(pi+Bi?)
+ex

d
+Q(x,y,t)6<§—z)

CE:A W+ﬁ_)/2+? 4a(t—to) || =4 pi+Bi’+Bi
2
oT . pna(t_to) 3_ E
T=0=Tp, \_=h(T-Ty) at z=-d2. (1) XeXF{ g |%03Pa| 5~ g/ (@Yo ()

It is assumed that the surfaces + o, y=0z are thermally in- Here p, are the roots of the transcendental equatpartan(o,)
sulated. A wafer is heated to a constant temperaliyy an = (hdA)=Bi, and expression for the total heat fiGxis given by
electrical heater built in into the translated X-Y table. Applicatiofiormulas(2)—(4). Integrating Eq(5) over the spatial coordinates

of the heater allows to decrease temperature difference betwden Yo and timet, we arrive at the following expressions for
the surfaceg=d/2 andz= —d/2 and thermal stresses in a wafertemperature distribution in a wafer for two different profiles of the

In this study we considered three different kinds of the las@®ower distributiongy,
power distribution in a laser focal spot: 1. Power distribution is described by the formi#

1. Elliptic symmetric shape with the Gaussian dependence vs. 1
spatial coordinateg, y (see Fig. 2a)). The distribution of T_Tozg)\dﬂlahﬁh_'cﬂc)v (6)
the intensity is described by the superposition of the tw\(/)vhere
Gaussian functions, .
Oh=1nlf(pe=p) = xf(n=pwo)], = f [Vi(1)—Vi(8:(e)) ]S w,2)d 7,
0
f:exp{_M[X2+(1_82)(y_yh)2]}1 yh:Ah+Utl (2)
where parametey is equal to 0 and 1 for the TE) (Gauss- 9= JT[VC( 5,(0)) — YV 85(0))]S(w,z)d 7,
ian) and TEM,), laser modes, respectively: 0
2. Cross-section of a laser beam has a rectangular shape with a o 1 2
uniform power distributiong,=1,, inside ABCD (see Fig. S(w,Z)=E A, exg_pr)coﬁ{ pn(__ _) )
2(b)) = n 2 d
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—To 2(p2+Bi?) PP

w:W' r=4aut, An:m, Ul:WZ' d=U-2GV, (10)
X=x\Vu,y=yvu1, where
Vil éi(e)1=F[ai(e).x,y,yj1-F[di(e).x,~y.yj], 32\If+ P> LM ( 9 . @2 )(azu . &ZU) 0
» ax% " ay? a(1+vMo, | 752 ay?)\ ax® " ay?
Si(e)="—(1-8%), (11)
1 Ha 1 The boundary conditions at=0 read:

P*® 0 7D 0 1
Ty T T T (12

F=
V1+6,(0)(7— 7o) - V1+6(8)(7—70)

T
5{1(8)-1- T— Ty

X

Xexp — —r————|€ex Applying the Laplace-Fourier transform to Eqg&ll) and the
6 (0)+7—1g

boundary condition$12) yields:

x| 1+ er—LHN(EN T 70) TP 26w 13
\/T_ To\/1+6i(s)(7'— 7o) : (Ul)LF_Tyrv LF=YLF LF (13)
2. Laser focal spot has a rectangular cross-section, the power PPV ¢
distribution does not depend on spatial coordindtesform PV — B2V r=a(1+v)(My)r,
power distribution(Fig. 2(b), (c)). Then the temperature dis- y
tribution is described by the following formula: pr: 22U
; rllged-e
o I b2 ” ISR e R o ay? ay? R
—To= er er —er
07 16N d 0 Jr— Ty N~ To Jr— To e )
— — _ o (ny)LFZI,B E =0, (O'yy)u::_ﬁ ® =0 at y=0,
X+ by y—vretl y—vTg y
+erf erf —erfl ——= .
T— 1T T— 1T T— 1T i=y-—1. (15)
y+or, Y+ory—1 - ~ Consider the thermal stress distribution in a wafer heated by the
+erf] - S(w,z)d 7 instantaneous point heat sourgg(x,,Yo,2=d/2). The expres-
T To T—To sions for the temperature distributidhand the integraM are
| obtained from Eq(1) using the Laplace-Fourier transform:
Cc
- —— 7 o
8\du,; °© ) T_quAn ly—yah + expl— (gt
where LFToNd &4 T [exXp(— ¥nlY = Yol) + X = va(Y+Y0))]
(r—1o)b] _ X _y 1 z
0= b,=AD=BC, X—b—y, y—b—y, xco{pn(z— a) ,
_ MN B AB  _ by 4at -
a, ==, =, =v——, T= 7. q A
To2byt T 2by 4a by (Mo)ir=5yg 2, [€X0(=yly= Yo +expt = 7(y+Yo))]
In the case of the cross-section ABGEee Fig. 2b)) the distance nerem
a,=0. Formulag6), (7) are used for determining thermal stresses sinp,, S pﬁ
in a wafer. X o Y= 5+,32+ rel (16)
n

In order to determine thermal stresses in a wafer we used the
plane stress approa¢hloda et al.[10]). In this model the tem- sybstituting Eq(16) into Eq.(14) we arrive at the solution for the
perature distributio® and the stress component= oy, (the com-  functions W andU
ponentso,, =o,,=0 because the edge of a wafer is free from the

external loag are represented in the following approximate form: Qpa(1+v) A, sin(py) (1
LF= d 2 7 2 —[exp(— ynly—Yol)
z z 2N =198 P (7
T—T0=MO+12EM1, O'XX=0'1+260'2, (8)
1
where +eXF[_7n(y+yo)]]—WGXF[—W(V—yo)H],

di2 di2 .
Mqy=— T-Ty)dz, M,;=— T—-Ty)zdz 9
0 df_dlz( o =@ |, T Tozdz ) Uie= 3, (Br+Coy)exi—[Bly). 17)

Expressions foil are given by Eqs(6) and(7), o, is a stress at . . .
thepmiddle planazog,] oy isé sct1ress caused t;y buckling of al N€ integration constant,, C, are determined from the bound-
wafer. We determined the stress componept at the edge of a &Y conditiong15). Substituting expressior{7) into Eq.(13) we

wafer x=y=0 (segment AB, Fig. Lbecause this stress compo-d€termine the thermal stress,(, ¢ atx=y=0:
nent is of paramount significance for initiation of a surface micro-

crack. All the rest components of a thermal stress tensor at this(ol)LF:4qpa(1+V)G D ZAn ; P | 5l expl 1 8lyo)
segmentr,, =o,,=0 because the edge of a wafer is free from the Ad n=1 Yn=B° Pn

external load. The thermal stresg is expressed by the Airy 82

function U and the thermal elastic displacement potenttabs — exp— VnYO)} —2a(1+1)G(Mg) ¢ . (18)
follows (for details see Noda et d110]): Yn
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Table 1 Operating parameters for splitting of glass wafers us- 300
ing TEM oo and TEM, laser modes 3
I (W/mz) v (M9 uy (miz) M2 (miz) M3 (miz) Ma (miz) & n 250«2 ~~~~~~~~~~~~ e Femeeeeee
10° 25010° 3.7510° 2.7010° 4.50 10° TN
0.05 0.8 0.3 200K S N e N
— N\
e / N
= ~
150+ / S N : ]
The latter expression is the Laplace—Fourier transform of the / Co L4
stresso; caused by the instantaneous point heat sourge / ’ ‘
Using the tables of Laplace—Fourier integral transforms and the 10077~
convolution theorem allows us to determine the inverse transform : :
of the expressioli18): 50 @ ; ;
1Ga s _ 2, 5 10 15 20
8q,a(l+v)Ga sinp, appto
a1(X0,Yo,to) = — nd nz:l An o ex;{ a2 y.mm

Fig. 3 Temperature T on the line of scanning of a laser beam
o (Gaussian power distribution ) vs. longitudinal coordinate  y for
X f B cog BXp)| expl— BYo) different values of time ¢ (curve 1—t=0.02s, curve 2 —t
0

=0.1s, curves 3,4 —t=0.2s)
a (.l Yo o )
\/;ﬂf \/Tle)( *Ktl*aﬁ 11 dt]_ dﬁ

0 with x=1. These stresses are responsible for formation of a sur-

—2a(1+ v)GM,. (19) face microcrack and, also, for the undesirable initiation of a
“through” crack caused by a high magnitude of a tensile stress at
the location B. Calculations show that during the initial time in-
terval (t<0.15s), i.e., before cooling of a heated surface, the
thermal stresses at locations A and B are compressive and tensile,
respectively. In the case when the initial distance between a laser
m and the edge of a wafa;,=0, the tensile stress at the
tion B attains large value@p to 30 MPa and can cause
mation of an undesirable through crack. When the distadngce

Substituting the total heat sour@(xo,Yo.to) instead ofqy, into
Eqg. (19) and integratingo,(Xq,Yo,t —ty) over the spatial vari-
ablesxg, y, and timet, we determine the stressaty=2z=0.

In order to determine the thermal stresscaused by buckling
of a middle planez=0 of a wafer we used the Duhamel—be
Neumann relationships between the elastic stresses, strains Il
temperaturgsee Noda et a[.10]). Using the boundary condition for

aty=0 for a free supported wafer we arrive at the followingg ', he range 2 mmr A, <3 mm, thermal stresses decrease at the

expression for the thermal stress (for details see Elperin et al. beginning of a stage of cooling. The tensile stress at location B

[6)): becomes compressive while the compressive stress at location A
0y=—12a(1+v)GM,, (20) becomes tensile that favors the propagation of a surface microc-

L . . rack. In a case of the Gaussian distributi@) with y=0 the
whereM, is given by Eq.(9). The final expression for the stressgnsile stress at location B is high and can cause the initiation of a

0xx IS obtained from Eq(8) using Eqs(19) and (20). through crack. Therefore, application of a laser beam with the
. . Gaussian power distribution for formation of a surface microcrack
Results and Discussion in a thin wafer ¢l<1 mm) is questionable.

We solved thermal elasticity problem for a glass or glass- We considered temperature and stress distributions in a wafer
ceramic wafer subjected to a scanning laser radiation beam. Wigh a rectangular cross-section of a laser b&gig. 2(b),(c). The
determined temperature and stress distributions in a wafer for t@perating parameters of a laser beam are as follows:
different kinds of the power distributioqy, in a laser focal spot,
elliptic and rectangular distributions, respectivésee Fig. 2
Thermal and mechanical characteristics of glass used in the cal-

culations are as followst =1.2(W/m°K), a=2-10"7"(m%/s), G 40
=26(GPa),»=0.3, «=8.8-10 °(°K™1). Consider some results

obtained for a glass wafer with a thickneds- 1(mm) and the 301
initial temperaturel ;= 150(°C). The operating parameters of the

laser splitting method with an elliptic power distribution of laser 20+
radiation in a focal spa) are as follows!,=4.3(MW/n?), Biot %“3

number Bi= 1, radius of a zone cooled by a water-air spRy :
=2.5mm, all the rest operating parameters are presented in Table®
1. Figure 3 shows the dependence of the temperatugy. (6)) 0-
on the line of scanningz=d/2) of a laser beam vs. coordinate

(the initial distance between the axis of a laser beam and the edge
of a waferA,,=2 mm) for different values of time, The curves

1-3 have two maxima because the power of a laser beam de- 20 : ! ; . ;
creases towards the beam center=(1, Eq.(2)), curve 4(dashed B ' ' ) ‘ '

line) is obtained for the Gaussian power distributign=0). The 0 0.05 04 015 0.2 0.25 0.3
maximum temperature in the case of the Gaussian power distribu- s

tion is lower than in the case of the power distributi@ with Fig. 4 Thermal stress o at the edge of a wafer (location

X= 1 A-solid lines and location B—dashed lines ) vs. time t for differ-

Figure 4 shows the dependence of thermal stiess=o at  ent values of the initial distance A, between a laser beam and
locations A(a microcrack is originated in this locatipand B(see the edge of a wafer: A,=3 mm (curves 1, 4), A,=2 mm (curves
Fig. 1) vs. timet determined for the case of power distributi@ 2, 5) and A,=0 (curves 3, 6)

10f
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case of a “splitted” beam the locations A and B are practically
free from the thermal stressésurves 3, 4 before the stage of
cooling (t<0.1s). When an air-water spray is applied at the sur-
: \ : face z=d/2 the stress becomes compressive at the location B
A S N\ N (curve 9 and tensile at the location A which is lower than in a
: ' ' : case of rectangular cross-section ABCD. The moderate tensile
stress at the location A favors formation of a surface microcrack at
the edge of a wafery(=0), and a compressive stress at the loca-
tion B prevents from transformation of a surface microcrack into a
through crack. Thus, using the “splitted” laser beam one can ob-
: tain the optimal thermal stress distribution at the edge of a wafer
PN which favors formation of a surface microcrack.

s & 12 1 Conclusions
y, mm We developed a physical model for separation of thin nonme-
tallic wafers into chips using double thermal shock method. The
Fig. 5 Temperature T on the line of scanning of a laser beam considered separation technique comprises the stage of heating of
(uniform power distribution-solid lines, “splitted” laser beam- a wafer by a scanning laser beam and the stage of a high rate

dashed lines ) vs. longitudinal coordinate  y for different values cooling by an air-water spray. The combined effect of high rate
gf_t'?fotzgc)“r"e 1—1=0.02s, curves 2, 4 —t=0.1s, curves 3, paqting and cooling results in the initiation of a surface microc-

: rack. This microcrack propagates in a subsurface region of a wafer
and follows the beam path without removal material from the
microcrack. We obtained a solution of an unsteady three-

Ih=1 MW/m?, v=0.05 m/s,A,=5 mm, and we considered thedimensional thermal elasticity problem and determined the tem-

following dimensions of a laser spot: perature and thermal stress distributions in a wafer for the Gauss-

ian (TEMyo mode, non Gaussiartsimilar to TEM,; mode and

uniform distributions of a laser beam power in a focal spot. We

found that using the “splitted” laser beam with a uniform distri-

2. MN/2=a,=15 mm, ,,AB/Z: by=4.0 mm, AD=by  ption of power one can obtain the optimal conditions for initia-
=4.0 mm for a “splitted” beam(AMLD and BCKN). tion and propagation of a surface microcrack. In this case the

In both cases the cross-sections areas of a laser beam aret@Reperature of a wafer in a region adjacent to a surface microc-
same. Figure 5 shows the temperature distribution as a function®¢k remains close to the initial temperattfg, i.e., it does not
coordinatey (Eq. (7)) obtained for the cross-section ABQBolid ~change during propagation of a microcrack along the line of scan-
line) and the “splitted” beam(dashed ling Calculations show Ning of a laser beam=0. The maximum value of temperature is
that in the case of the “splitted” beam the maximum values dittained at the distance=2—-3 mm from the line of scanning
temperature T,~300°C are attained at a distancex =0. This temperature distribution results in tensile thermal stress
=2.5-3.0 mm from the line of scanning of a laser beam. Ter the subsurface region of a wafer heated by a laser beam, and
perature in a zone adjacent to a line of scannirgO does not Ccauses formation and propagation of a surface microcrack. Nota-
exceed the initial temperatufig,= 150°C, and it decreases due tPly. the thermal stress at the opposite side of a wafer is compres-
cooling of a surface=d/2 (curves 4, 5. In a case of the rectan- Sive preventing from the formation of a through crack. Thus, a
gular cross-section ABCD the maximum value of temperatuape of the laser beam power distribution and a geometrical
(Fig. 5 is attained at the line of scanning=0 of a laser beam. shape of a laser focal spot are of the paramount importance for
When a laser beam with the cross-section ABCD is used, tFemation and propagation of a surface microcrack.

thermal stresses at the locations A and B are ter(ilg. 6),  The developed theoretical model can also be applied to moder-
during the stage of cooling the stress increases up to 28 MPa apgly brittle semiconductor materials with a relatively low thermal

can cause propagation of a through crack. In contrast to this, is@nductivity. In a case of materials with a high thermal conduc-
tivity and very brittle materialgfor example, GaAsit is difficult

(if possible at all to obtain a stable surface microcrack.

1. AB/2=b,=2.5mm, AD=b,=4.0mm for a rectangular
cross-section ABCD;

Nomenclature

a = thermal diffusivity
Bi = Biot number
c = specific heat
d = wafer thickness
G
h

o, MPa

= shear modulus
= coefficient of heat transfer between a wafer and a
X-Y table
H(é) = Heaviside step function
I, = maximum value of power of a laser beam absorbed
by a wafer
: I. = maximum value of cooling rate by a spray applied at
0 0.05 01 0.15 0.2 a heated wafer
Ls g. = rate of a spray cooling
’ g, = power of a laser beam
g, = power of the instantaneous point heat source

Fig. 6 Thermal stress o at the edge of a wafer (location

A-solid lines and location B-dashed lines ) vs. time t for a uni- Q = total heat source

form power distribution  (curves 1, 2) and a “splitted” laser R = radius of a cooled zone

beam (curves 3, 4) s = Laplace transform variable conjugate to tiine
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