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ABSTRACT — A model that uses a continuous, distributed, and moving heat

source to describe the temperature profile for laser-drilled-holes has been
developed. A new mathematical approach has been systematically performed in
detail. The temperature profile of the laser-formed hole are calculated to
indicate the magnitude of those factors that can influence the processes of
the removal of materials., A modified €0, laser system, based on double-pulse-
discharge technigue [1], has been set up. Using this modified laser system,
the experimental results are found to be in agreement with the mathematical
analysis.

l. Introduction

Heat flow in a material has been treated for the case of electromagnetic
radiation from an intense laser source impinging on and being absorbed by the
surface of the material. Several thermally induced effects are observed 1,
3]. &n understanding of these effects is of great importance for laser-drill-
ed process and industrial applications of lasers.

Solutions to this problem are given as temperature profiles for a three-
dimensional heat-conduction model. To simplify the mathematics, the focused
beam is taken'as a continuous, distributed, and moving source in the direction
of beam axis. Previously, reported workshaveoﬁly treated the problem rough-
ly. The boundary and initial conditions of the partial differential equation
have been dealt intuitively. And the most mathematical works are left for
computer. The results afe only gquantitatively computerized-figures.

' This paper deals with the problem systematically. The Green's function
is applied based on the initial condition and boundary condition of the heat
conduction differential equation. After the strict mathematical derivation,
we believe this is the first explicit mathematical expression for the drilled
-shape that already took into account some parameters such as power density,
pulse duration, pulse waveform, focused beam diameter, material thermal co-

efficients, and initial temperature, etc.
The self-designed co, laser system has raised the laser pulse energy by
a factor of 6.5 compared to our older laser set-up [1]. Using this hew—design—
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194 Huang & Hsu: Laser-Drilling Processes

ed laser, we found that the experimental results are in agreement with the

derived-formula.

Il. Thermal+Analysis of Laser-Induced Vaporization

In order to set up the problem, we shall first consider whether we are
justified in using conventional methods for calculating heat transfer under
conditions which are so far removed from what is usual. Now the guestion is
whether the temperature a meaningful concept in a situation which is far from

equilibrium.

In general, the mean free time between collisions for electrons is of the
otder of 207" £o 10752 gee. Thum for Eimes of the order of 10 2 sec, the
shortest time intervals with which we will be concerned, the electrons will
have made many cecllisions both among themselves and with lattice phonons. Since
these collision processes govern the processes of heat transfer. So the laser
energy is instantaneously converted to heat at the point at which the light
was absorbed. A local equilibrium can be established rapidly enough among
electrons and phonons that temperature should remain a valid concept. Rely-
ing on this justification, we would assume the applicability of the usual equa-
tion for heat flow.

In order tomake the problem manageable, we will make several further assump-
tions referred to references: [2] [3] [4] and [5]

(1) The thermal constants such as thermal conductivity K, specific heat
T, and mass density p, are independent of both the laser beam intensity and
the temperature.

(2) The optical absorption coefficient is large, corresponding to the case
in which the absorption of the incident radiation to make heat generation takes
place in the surface plane of the material.

(3) The gas that is created due to the vaporization of the material is

transparent to the incident laser energy.

(4) The effect of the liguid phase can be ignored. Because the latent
heat of fusion of a typical material is much smaller than either the latent
heat of vaporization or the quantity of heat required to raise to boiling point.

1. Mathematical Model
Under the prescribed assumptions, the laser vaporization problem can be

described by the heat conduction equation.

= kva (1)

ala

where T temperature

t: time
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k=K/pc: thermal diffusivity
p: mass density

C: specific heat

K: thermal conductivity

13

Fig. 1

According to the above diagram, the solid is bounded by the surfaceS. It's
volume is V. The Green's function Gis taken as the temperature at P(r)at time
t due to an instantaneous point source of unit strength generated at P{x') at
time t', where t'<t, together with two following conditions being satisfied.

(1) the solid initially at zero temperature except at P(r').
(2) the surface S being kept at zero temperature.

Then the problem can be expressed mathematically as follows:

HLEE L) _kva(y,r tot) bt (2)
G(xr,x',0)=0, r is S; rfc!

G(r at s, r', t-t')=0

Let function T(r, t) denote the temperature at time t due to the initial
temperature TO(E'O) and surface temperature Ts{l_:_,t) b

aT (r, t) 2
e — = kV T(Ert) 1] t>0 (3)

T(r,t=0)=T_(r,t), r in 8

T{r at §; t]=TS{£,t}
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By changing the variables r+r', xr'+r, we then obtain the important results.
T(r,t)=///G(x" ,x,t)T(x",0)a%"
v

3G{£'r£r E=tt)
an

a%rraer (6)

t L]
“kJg IéTs(E"t )

If heat source is produced at the rate A(r',t') continuously when t'>0,
The complete solution is

T(Z, 6)=IC SIS G(E',r,t-t')A(r', £ a At +//] G(r',x,t) T’ ,0)a
v \'
—k!EIéTS{E',t'}gg(g',g,t—t'}dzr'dt' ’ (7)

2. The Selection of Green's Function for Laser-Vaporization

Step 1. The Green's function Gy for a unit instantaneous source at t'=0 at po-
sition X' in infinite line would be expressed as

q; 2
G exp [-(x-x')“/4kt] (8)
L (rke)

Step 2. Unit instantaneous source at t'=0 at t'=0 at position X' in semi-
infinite line X>0, and no heat flow at X=0 are assumed,
The solution of the problem can be obtained by the linear superposition

of two Green's functions.

G=G1+G2

where G, also satisfies the equation of heat conduction.

2
a G, - 3G2 L%
axz k 3¢

Taking the Laplace transformation,

L{G, (t) }=s"e™5% — 1 ___ exp[-(x-x')%/akt]at
1 ° 2 (wke) ®

h B
= exp (- [%=x"]) (9)
2vks /qg
L]
T o E L {GZ}.'O
L(G,)=C exp[- /E x] (10)

where C is constant which will be determined. To substitute into the boundary
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condition.
115%-}_-0 at x=0,
Thus, . L(G)= = exp(-/g |x=x' | )+ Zv‘lﬁ [exp —/g (x+x')]
G = {exp [_(x-x;)2].+ exp[_(x+x;}é]} o

2V/TkEt

Step 3. To extend to three-dimensional problem,

By taking an unit instantaneous source at (x',y',z') at time t' for semi-
infinite solid x>0, together with the boundary condition g%o at x=0.

1
8[nk(t-t") ]

(x-—x')2 ]

377 texel- mreme—

G(_{' ’Ert‘t')‘

(x+x']2 :
vexp - qre—ey— ) !

2 2
. o fy=y') “+(g-z")
exp [ - Ldqprery— |
; ; 3G ol : :
Substituting in equation (7); and noting that T x=070. While the initial
solid temperature is applicably assumed constant, i.e., T(E"0’=Tq
The equation (7) then reduces to
T(r, &)= +s5 frr6(ztx -t )AL £ At (13)
\'4
For spatial-uniform disc laser beam (In fact, it's the Gaussian spatial

distribution for TEFEO mode) .

Refer the following diagram, the laser heat source can be expressed as:
¢ pryRLE) 8 (x1)
A(r',t') 5C

=0 , for r'>a

¢ for r'<a

where P(t') is laser power density at t', 2a is beam spot size.

Y

Laser I
beam _—= 24 Z

Hﬁh‘““mhh

Fig. 2
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Taking the polar coordinates, and let t-t'=T.

(z=2") 24 (y=y") 2=x 2421222 ' cos (6-6")

2 2
5 I e SEkrt
T(E;t] _T0+ ﬁ—a JroP (t ]IO m exp ( _Tk'(_)

i
-[exp(—ifiﬁ;l—J+exp(—

2
(x+x")
91

= Ig'ﬂ exp[_er'C]tz?c(ﬂ-e') ]dB‘dr'dT

“ 2
1 t a o (x=-x")
=T + — ["P(t") [exp (-
o pe o o 4r—“(kﬂ3/’2’ 4kt
vy 2 2 2 "
155%?L"]]' exp.(- = Ii; ]In(iiﬁ )dr‘dz (14)

+axp (=

Here IQ is the modified zero-order Bessel function of the first kind.

Due to the vaporization of material, the heat source is moving actually.
So equation (14) must be modified. Now, the source position is the function of
time. We simply change the variable x'sx'(t'). Further more, conservation of
energy at the moving interface requires that the energy given to the vaporized
materials is equal to the energy conducted from the solid.

: O -
vax (t')=K T (x at material interface) (15)

where L, is latent heat of vaporization.
Then, the complete theoretical derivation comes the result:

2
N s ¥
T(L,8) =T +/orl B(t) [exp(- LRLLE],
S
vexp (-1XXLED T ) 1p(r, v)arar (16)

where notation F(x,T) is

a : =l r2+r' 2rr!

2
Blreni= o i en 72 exp(~—qpr ) I, (Ix7 ) &r"

= 1 a_, .» = 2 ]
m Ior Ioexp( kth )Jo(kr}JOEAr')dldr_

Which is Weber's second exponential integral [9].

1

= 2
— [ exp(-kti")J_(Ax)T, (Xa)di (17)
W, o lo} ;5

Flr,t)=

where Ja and Jl are the Bessel functions of the first kind of zero and first
order respectively.

The asymptotic estimation of F(r,)) would be obtained under the /lifferent
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Cases.

It is reasonable to simplify the laser waveform as the equivalent rectan-
gular shape. In mathematical words, we assumed
P(t')=P_, 0<t'<t
BP(t')=0 , otherwise
When the laser-beam possesses sufficient power, the vaporization may occur.
Then the temperature profile should be solved by iterative method except on

the plane x=0.

Case 1. x=0, '.I{1:32=12
ZP "
TT;)=T + (—-k—i (l—exp{—m—--l H——E erfe( )
< ./Ik_E
2 2

r as. ymk a

= [E exp (- )+ — erfel )11

g/ 2r3 € o VIKE
where erfc(x)= = [° exp(-£2)aE Formula (I)
ﬁ' x

Case 2. x=0, kt< -

(r,t)=T + Fo S SR (__(r-a)2 e (r—a]z) (r-a)2]
TE A=Y T | Pe v i R i > S
where -Ey (-x) = I: %I- exp (-u) du Formula (II)

a2 2
Case 3. Tf_ktf_Za v
2P

2
pc {{-—E-) exp( T] [1 exP( ZE'—]]

/ - s S| T e -
C4a’ /x +rsa [x“+r+a
2k erfc( )+ % erfc( —e— )

o t}-T+ X

t
+1,-2 [—1 erfeo (_”-'2“‘2)
4k /T2+x2 v 4Kt

oy i A
1 r:+1-:~l-a}1

YAkt

erfc(
4k/r +x +a

r?a® 1 [exp(_a2+r2+x2} 1
gx3/25%  alip2,2 T 4kt Jt

LR
" } .k esteinl 28 o 11 Formula (III)
az+x2+r: J/akt
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Case 4. r=0

R 45 2
= "o z At . a
R e e C

x-x" (mAt) (x+x'{mﬁt)]2 11 Formula (IV)

2
-lexp - maey—1 + expl 4k (t-mAt)

Case 5. =x#0, r#0

P n
o 5 (x-x"* (mAtH ]

MEAISTGP o5 mep - TIE S mbt)fep e oy —

+x'(mﬁt})2

(x
+ exP[‘——z;TE:EKET— i Formula (V)

where x'(MAt) merely represents the vaporization interface position at ‘time

t=mAt.
I1l. Experiments

GAS Mixer
1 A -
My K — e ', O D—?sc
' M L
Vacuum O_—):_o
Discharge pump N

circuit Thermopile energy meter

Pressure
gauge

Fig. 3. Block diagram of the experimental equipments.

Ml: 100% Reflector, Radius of curvature=10m
Mzz 50% Reflector, Radius of currature=10m
: 10.6W laser focusihg lens

: Cathode '

: Anode

: Bellow

: Photon-Drag Detector

- - -

The block diagramof the experimental set-up is shown in Fig.3. The laser
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tube is a 190 em-long, 35 mm-bore pyrex tube. The discharge cavity has the
length of 120 ecm. A gold coated mirror with 2 mm-hole at the center and 10m
radius of curvature was used as 100% reflector. The 2mm-hole was used to ali-
gn the optical cavity with a He-Ne laser. The output mirror isa Ge 50%-trans-
mission reflector. The laser beam energy was measured by a HADRON/energy/
power mether. The laser pulse waveformwas detected by a CO2 photondrag detec-
tor [8]. The displaywas stored by Technics 7623 Oscilloscope. The discharge
circuit is shown as Fig. 4, which is two-stage double-pluse-discharge excita-
tion technique [1].

The new discharge technique consists in producing two consecutive dischar-
ges: The first one:'is obtained from a very small of energy (capacitorC_) and
serves to preionize the gas. While the more abundant uniform plasma well dis-
tributed along the cavity, the second or main discharge, much more energetic,
(Capacitor Ca} then takes place. Since the low energy preliminary discharge
can be produced from a very small capacitor, the time constant can be kept
short and it is easier to excite electrode without causing arcing.

:

l

Fig. 4. Schematic of two-stage double-pulse-discharge

-

Cs )

L]
i

Trigger 55 Gy §

B

Anode}

Cathode |

excitation circuit.
Cg -Energy storage capacitor, 0.02uF
cp—Preionization capacitor, 500PF

SGz,SG SG,~Controlled spark gaps

o 3156,

The summary of laser energy data is shown in Table 1.

Table 1
Excitation system Storage capacitor 0.02uF
Characteristics Preionization capacitor 500PF
Voltage supply Vl 32KV

Voltage supply V2 12.5KRV
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Input energy 20.48J/pulse
Discharge Active length 120em
Characteristics Tube bore 3.3cm

Excited volume 1027cm’

Input energy density 20mJ/cm3

Total pressure 30torr

C02:N2:He 10:7:15
Output Enercy 1.8J/pulse
Characteristics Over-all efficiency 8.8%

E/P 8.9V/cm-torr

IV. The Laser-Drilled Experiments

Now, we are taking four material as sample drilled corresponding to each
different laser source condition. The following table and figdre show us that
the Formuladerived is considerable in agreement with the experimental data.

Table 2
Material Silicon Acrylic | Paper A£203
K cm’/sec 0.53 0.0044 | 0.0045 0.06
pC joule/em® | 1.6 0.5 5.0 1.14
Laser Kind C02 CO2 co2 Ruby
Pulse duration | 100us 75us 100us 1.38 ms
Spot
Size ¢ M 0.006 0.07 0.01 0.012
Power ,watt, | 2.8x10’ 5.6x10% | 107 3.2x107
density emz
Formula- Formula Formula Formula Formula
used (I11) (II) (II) (IV) (V)
hole radius
oalcolatad 0.01llcm 0.073 0.013 0.044
experimetal
hole radias cm | 0.010cm 0.069 0.012 0.041
hole depth
calculated cm 0.029 0.075
experimental
hole depth cm 0.025 0.071
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Mag. 200x Mag. 80x
Fig. 5. MAppearance of the Vaporization surfaces of Silicon (left)
and Acrelic (right).

I 0.44mm I

0.75mm

Fig. 6. Predicted Shape (left), Experimental shapedrilled (right)
which diameter-0.41mm, depth-0.71lmm Mag. 50x, [3].

(1) The vaporized-threshold power density Pt' energy wt. From Formula (I),
it is easily proved that

St Ty t % az a a =1
P = [(—“-E—) [1-exp (- qEp)]+ 75 erfe ( = )] (18)
where equivalent vaporization temperature T,,.
Ty T

We= P, mal. t
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It's the function of spot size, pulse duration strongly.
(2) Effect of power density on shape-drilled.

a
/IkE

Let A=($‘E}%[l-exp(— Eék"E)]"' ;—k erfc ( )

2 5k

BW[/% exp (- 3%:')+Terfc (/4;_1:)]
From Formula (I), drilled-size can be derived a:

s = i[a - DC(T—%"—)]} & (19)
From Formula (II)

S=a+ v -4ktin[va pC(Tv-To)/POT] (20)

TvpC.
In general, A >>T
o

So the drilled-size is almost independent of power density.

The penetration depth canbe seen from Formula (IV). The temperature func-
tion is dominated by exponential term exp [-(X-X' (mﬁt))z/alk(t—mat)] , not domi-
nated by PO term. Therefore, the drilled-depth is almost independent of power

density when Po doesn't vary beyond several orders.

Fig, 7. CO2 laser pulse 1 (left) duration=50us energy=
0.7 joules pulse 2 (right) duration=50us,

energy=1.57 joules.

The above figures show that two laser pulses have different pulse energy.
The experimental table shows that the drilled-shape due to two different power).

density have identical shape.
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Table 3
Experimental 4 w
data Pulse 1 Pulse 2 Pulse 1,2
Material a Po a Po drilled |drilled
y size depth
glass 0.15 | 1.4x (0.15 | 3.2x |0.16mm
mm mm
10’ 107
’ m&mz w/cm2
paper il i o 3,35 00T T2 0.11lmm 0.15mm
mm
x107 jom | x10”7
2 2|

The tangential stress of these laser pulse is beyond the maximum tangen-
tial stress tolerence of the glass. The crack of the glass made the meast>e-

ment of drilled depth impossible.
(3) Effect of pulse duration on shape-drilled.

Equations (19), (20). Formula (1v) , show that the drilled-shape is the strong
function of pulse duration. The experimental verification is shown in Table
4 and 5.

Fig. 8. Laser pulse 3, duration=25us, Fig. 9 pulse 4,

duration=50us.

(4) Effect of initial temperature on shape-drilled.

The Formulie (IV), Equation (19), (20) also show the influence of initial tem—
perature would be neglected. The initial temperature of material thus have no

effect on the shape-drilled.
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Fig., 9. Laser pulse 5, duration=75us.

Table 4. Experimental parameter

Experimental Pulse Pulse
arameter number a duration

Material

3 0.5 mm 25us
Acrylic 4 0.5 mm 50us

5 0.5 mm 75us

3 0.1 mm 25us
Paper 4 0.1 mm S50us

5 0.1 mm 75us

Table 5. The calculated and experimental results.

Pulse Calculated Experiment
number (hole size fhole depth [hole size [hole depth
3 0.518 mm| 0.04 mm | 0.519 mm| 0.042 mm
Arcylic B 0.53 mm 0.11 mm 0.528 mm :FEl mm
5 0.537 mm 0.18 mm 0.535 mm 0.16 mm
3 - 0.118 mm 0.05 mm 0.115 mm 0.045 mm
Paper i 0.13 mm 0.13 mm 0.12 mm 0.12 mm
5 0:.137 mm | 0.20mm | 0.13 mm| 0.13 mm

V. Discussion and Conclusion

Through the study of the thermal analysis of laser vaporization, the ex-

plicit mathematical expression of shape-drilled is derived. The Formula-deriv-
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ved shows the drilled-shape how to take into account some parameters such as
power density, pulse duration, pulse waveform, focused beam size, material
thermal parameters initial temperature, etc. Meanwhile, the moﬁified laser
system is set up to verify the truth of the Formula. We understand the func-
tion between shapedrilled and power density is weak, but the strong relation
exists between shape-drilled and pulse duration. Then it is expected that the
optimal laser pulse for drilling has two characteristics. Firstly, the pulse
power density is just higher than the vaporization threshold pulse power den-
sity. Secondly, the longer the pulse duration is,the deeper the material will
be penetrated. The laser pulse having these two characteristics would va-
porize the material effectively, and the laser energy for the removal of materi-
als would be more effectively used.
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