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(57) ABSTRACT 

Apparatus, systems, methods and devices of an optical sys­
tem for producing a laser beam having pitchfork profile. The 
system includes a laser source providing an input Gaussian 
beam, refractive optical lenses for converting the input Gaus­
sian beam into a super Gaussian beam. A focusing lens 
focuses the super Gaussian beam, where by diffraction effect 
after the focusing lens, the beam profile near a focal spot is a 
pitchfork shaped beam. In an embodiment, the refractive 
optical lenses are plano-aspheric lenses. The pitchfork shaped 
beam is produced by passing the input Gaussian beam 
through plano-aspheric lenses to produce the super Gaussian 
output beam, and passing the super Gaussian output beam 
through a focusing lens to produce the output beam having a 
pitchfork profile. In an embodiment, the pitchfork shaped 
beam is applied to laser microvias drilling in electronic pack­
aging to produce residue free holes at reduced production cost 
with simplified procedures. 

10 Claims, 3 Drawing Sheets 
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Providing an input 
Guassian laser bean1 

Passing the input 
Gaussian beam through a 
first plano-asphcric lens 

~~ 

Passing the input 
Gaussian bean1 through a 
first plano-asphcric lens 
to produce a super 
Gaussian output beam 

~ , 
Passing the super 
Gaussian output bean1 
through a focusing I ens to 
produce the output beam 
having a pitchfork profile 

Fig. 3 
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LASER BEAM SHAPING FOR PITCHFORK 
PROFILE 

FIELD OF THE INVENTION 

2 
in the optical system instead of diffractive optics and non­
linear optics, because they are easy to manufacture and has 
low cost. 

SUMMARY OF THE INVENTION 

This invention relates to the field of optics and, in particu­
lar, to methods, systems, apparatus and devices an optical 
system for laser shaping to produce an output having a pitch­
fork profile that can be integrated in the beam delivery system 10 

for laser drilling of microvias in electronic packaging, 
wherein the pitchfork profile refers to the longitudinal cross­
section of the laser beam at the focal spot. 

A primary objective of the invention is to provide methods, 
systems, apparatus and devices for an optical system for laser 
shaping to produce an output beam having a pitchfork profile. 

A secondary objective of the invention is to provide meth­
ods, systems, apparatus and devices for an optical system for 
laser shaping that can be integrated in the beam delivery 
system for laser drilling of microvias in electronic packaging. 

BACKGROUND AND PRIOR ART 

Typically, the irradiance of the beam coming out from the 
laser resonator has a Gaussian profile. Laser-beam shaping is 
the process of redistributing the irradiance and phase of a 
beam of optical radiation. The irradiance distribution defines 
the beam profile, such as Gaussian, multimode, annular, rect­
angular, elliptical, or circular. For different application of 
laser material processing, different irradiance profile such as 
flat-top beam, Bessel beam or annular beam is needed. 

Known prior art optical systems for laser beam shaping 
include U.S. Pat. No. 6,295,168 issued to John Allen 
Hoffnagle and Carl Michael Jefferson on Sep. 25, 2001 
teaches a three lens refractive optical system that converts a 
laser beam to a collimated flat-top beam. 

15 Thevias can be drilled one at a time and/or a set ofvias can be 
drilled simultaneously. 

A third objective of the invention is to provide methods, 
systems, apparatus and devices for producing a pitchfork 

20 
beam for laser drilling of microvias in electronic packaging 
that produces residue free holes and reduces the production 
cost and simplify the procedures. 

A fourth objective of the invention is to provide methods, 
systems, apparatus and devices for using refractive optics in 

25 the optical system instead of diffractive optics and non-linear 
optics because they are easy to manufacture and have a lower 

30 

cost. 

A first preferred embodiment of the invention provides an 
optical system for producing a laser beam having pitchfork 

Muhammad Arif, Meer M. Hossain, Ahad S. Awwal and 
Muhanmiad N. Islam, Applied Optics, Two-Element Refract­
ing System for Annular Gaussian-to-Bessel Beam Transfor­
mation, vol. 37, No. 19, Jul. 1, 1998, pp. 4206-4209 which 
discloses a refracting system using two lenses to convert an 35 

annular Gaussian laser beam into a circular Bessel beam. 

profile. The system includes a laser source for providing an 
input Gaussian beam, refractive input and output optical 
lenses for converting the input Gaussian beam into an 
expanded super Gaussian beam. A focusing lens focuses the 
expanded super Gaussian beam, where by diffraction effect 
after the focusing lens, the beam profile near a focal spot is a 
pitchfork shaped beam. In an embodiment, the refractive 
optical lenses are plano-aspheric lenses. The input light 
source could be a C02 laser having an approximately 9 .3 µm 

D. Zeng, W. P. Latham and A. Kar, Optical Engineering, 
Shaping of annular laser intensity profiles and their thermal 
effects for optical trepanning, Vol. 45(1), January 2006, pp. 
14301-14301-9 discloses an optical system for transforming 
a Gaussian laser beam into an annular beam of different 
intensity profiles. Such profiles include half Gaussian with 
maximum intensity at the inner or outer radii of the annulus, 
and full Gaussian with maximum intensity within the annu­
lus. 

Jinsong Liu, Martin Thomson, Andrew J. Waddle and 
Mohanmied R. Taghizadeh, Optical Engineering, Design of 
diffractive optical elements for high-power laser applications, 
Vol. 43(11), 2004, pp. 2541-2548 teaches a modified iterac­
tive Fourier transform algorithm for designing diffractive 
optical elements for far-field free-space laser beam shaping. 

Yasser A. Abdelaziez, Partha P. Banerjee, and Dean R. 
Evans, Applied Optics, Beam shaping by use of hybrid 
acousto-opties with feedback, Vol. 44(17), June 2005, pp. 
3473-3481 discloses beam shaping through adaptive feed­
back in an acoustic-optic device with electrical feedback by 
using experimentally determined parameters. 

Using prior art techniques for laser microvias drilling in 
electronic packaging, during blind microvias drilling, smear 
residue is formed along the walls of the hole and at the bottom 
of the embedded copper pad in multilayer copper-polymer 
structures for Gaussian beam, flat-top beam or annular beam. 
To remove the residue, another cleaning process is needed. 

What is needed to sole the problem is a pitchfork beam to 
produce residue free holes, reduce the production cost and 
simplify the procedures. Preferably, refractive optics are used 

40 
wavelength for microvia manufacturing, a Nd: YAG laser hav­
ing an approximately 1.06 µm wavelength or a frequency­
doubled Nd:YAG laser having an approximately 0.532 µm 
wavelength for higher density packaging which requires vias 
having less than an approximately 30 µm diameter. 

45 A second preferred embodiment provides a method for 
shaping a Gaussian beam to produce an output beam having a 
pitchfork profile includes the steps of providing an input 
Gaussian beam, passing the input Gaussian beam through a 
first plano-aspheric lens to produce a first expanded Gaussian 

50 beam, passing the first expanded Gaussian beam through a 
second plano-aspheric lens to produce an expanded super 
Gaussian output beam, and passing the expanded super Gaus­
sian output beam through a focusing lens to produce the 
output beam having a pitchfork profile, wherein by diffrac-

55 ti on effect after the focusing lens, the beam profile near a focal 
spot is a pitchfork shaped beam. 

In an embodiment, the pitchfork shaped beam is applied to 
laser microvias drilling in electronic packaging to produce 
residue free holes at reduced production cost with simplified 

60 procedures. In alternative embodiments, the pitchfork shaped 
beam is applied to drilling a hole having a shape such as 
triangular, square or hexagonal, wherein the shape of the hole 
is selected for drilling microvias based on packaging need; 
applying the pitchfork shaped beam to laser drilling for 

65 ceramic and compound semiconductors such as GaN and 
SiC; and using the ceramic or compound semiconductors for 
solid state lighting, power electronics and fuel cells. 
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Further objects and advantages of this invention will be 
apparent from the following detailed description of preferred 
embodiments which are illustrated schematically in the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 shows a three-lens optical system for producing an 
output pitchfork beam. 

4 
the output of the optical system 100. In the embodiment 
shown in FIG. 1, the refractive optics are plano-aspheric 
lenses. 

Based on the ray tracing techniques in geometrical optics, 
the first two refractive plano-aspheric arrangements are 
developed to transform a Gaussian circular laser beam into an 
expanded super Gaussian beam. As shown in FIG. 1, the ray 
tracing technique is used to design the first two plano-as­
pheric lenses 110 and 120 to convert the input Gaussian beam 

FIG. 2a shows the input Gaussian beam of the optical 
system shown in FIG. 1. 

FIG. 2b shows the output expanded super Gaussian beam at 
the output of the second lens of the optical system shown in 
FIG. 1. 

10 
115 into the expanded super Gaussian beam 125. When the 
powers of the input and output laser beams are equal, the 
energy balance is written as follows in polar coordinates for 
rotationally symmetric systems 

FIG. 2c shows the output pitchfork beam produced by the 
15 

optical system shown in FIG. 1. 
FIG. 3 is a flow diagram showing the steps for converting 

an input Gaussian beam to an output beam having a pitchfork 
profile. 

("' ('O r2rr (RO 
Jo Jo l;(r)rdirdie =Jo Jo l 0 u1(R)R d!R die 

(1) 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Before explaining the disclosed embodiments of the 
present invention in detail it is to be understood that the 
invention is not limited in its application to the details of the 
particular arrangements shown since the invention is capable 
of other embodiments. Also, the terminology used herein is 
for the purpose of description and not of limitation. 

20 
where I, and lout are the irradiances of the input Gaussian and 
output super Gaussian laser beams respectively, r0 is the dis­
tance between the point of maximum intensity 10 to the point 
where the intensity I,(r) of the input Gaussian laser beam is 
l0 /e2 and R0 is the radius of the output laser beam. I,(r) and 

25 
I

0
u,(R) are given by the following expressions: 

(2) 

(3) 

The following is a list of the reference numbers used in the 
drawings and the detailed specification to identify compo­
nents: 

30 where 

beam shaping optical system 
input Gaussian lens 
input Gaussian beam 
output Gaussian lens 
output Gaussian beam 
focusing lens 

35 

2P 
lo= 2• 

1rr0 

Pis the total laser power, and I'0 is the central intensity of the 
output laser beam. Substituting Eqs. (2) and (3) into the 
energy balance equation, the following following expression 

100 
110 
115 
120 
125 
130 
135 output pitchfork beam 40 for I'0 is obtained: 

It would be useful to discuss the meaning of "pitchfork 
shaped beam" and "pitchfork profile" as used herein before 
discussing the invention. Pitchfork shaped beam and pitch­
fork profile refers to the beam shape or beam profile near the 45 

focal spot which has a two-pronged pitchfork shaped beam or 
profile as shown in FIG. 2c. 

The method, system, apparatus and device of the present 
invention provides an optical system for laser shaping to 
produce an output beam having pitchfork profile that can be 50 
integrated in the beam delivery system for laser drilling of 
microvias in electronic packaging. The prior art system used 
for laser microvias drilling in electronic packaging, smear 
residue can not be avoided. The method, system, apparatus 
and device of the present invention greatly reduce the volume 

55 
of the residue thus produce residue-free microvias. 

, l-exp(-2) 
Io = Io. R 2 fo 0 exp[-2(R!Ro) ]R· d!R 

(4) 

Eq. (1) is an energy balance over the entire laser beam cross­
section (i.e., over the radii r0 and R0 ). Similarly an energy 
balance equation can be written over two arbitrary radii r and 
R (as showninFIG.1). FromEqs. (1) and( 4), the relationship 
between rand R is found as: 

,2 { /' (R [ R 10] } 
r=-f"ln 1-fo·Jo exp-2(Ro) Rd!R 

(5) 

Based on FIG. 1, the optical path length of the central ray is 

Laser beam shaping is the process of redistributing the 
irradiance and phase of a beam of optical radiation. To pro­
duce residue-free microvias, a pitchfork beam is shaped in 
this invention. The optical system to convert a Gaussian beam 
into a pitchfork beam is composed of three lenses. According 60 

written as 

to a preferred embodiment of the present invention, FIG. 1 
shows a three-lens optical system for producing an output 
pitchfork beam. The optical system includes an input lens 
110, and output lens 120 and a focusing lens 130. The input 
and output lenses 110 and 120 are refractive optics and along 65 

with the focusing lens 130, the optical system transforms an 
input Gaussian laser beam 105 into a Pitchfork beam 135 at 

(6) 

where Fis a positive constant, t1 and t2 are thicknesses of the 
input and output lenses at the respective optical axis, D is the 
distance between the input and output lenses along their opti­
cal axis, and n and n0 are the refractive indices of the lens and 
the surrounding medium, respectively. 



US 7,630,147 Bl 
5 

For an arbitrary ray, the optical path length is 

nz+n0 ~(R-r)2+(Z-z)2+n(t 1 +t2+ D-Z) (7) 

which is written as follows since the optical path length is the 5 

same for all the rays, 

n0~(R-r)2+(Z-z)2~n(Z-z)-D(n-n0) (8) 

Letting y=r\/n and F'=(y-l)D, Eq. (7) yields the following 10 

relationship between Z and z 

-F' + ~ p2 - (1 -y2)[F'2 -y2(R - r)2] 
Z-z = l -y2 

(9) 

Considering the input and output rays as parallel to the 
optical axis, 

d/z d!Z 
- = - = tanBu = tan822 
dir d!R 

(10) 

tan(8 11-8 uJ~tan(821-822)~(R-r)/(Z-z) (11) 

15 

20 

25 

6 
circular laser beam into a super Gaussian beam. Geometric 
optics, or ray optics, describe light propagation in terms of 
rays which fails to account for many important optical effects 
such as diffraction and polarization. Then light propagation is 
based on the scalar diffraction theory, the diffractive effect of 
lenses system is studied. 

After the super Gaussian beam is obtained from the previ­
ous beam shaping system, Fresnel diffraction is applied to 
calculate the propagation of the super Gaussian beam through 
the focusing lens. For the focusing lens, a plano-aspheric lens 
corrected for spherical aberration can be used with f=5 .08 cm 
(focusing lens 130). 

The output super Gaussian electric field illuminates the 
surface of the focusing lens. The amplitude of the super 
Gaussian electric field, U 0 , is written as follows: 

[ (
x2 + y2)'] Uo(x, y) = Aexp - ~ 

(15) 

As a ray travels to the focusing lens 130 in FIG. 3, the 
optical phase delay cp(x,y) introduced by the focusing lens and 
the air is 

(16) 

Combining Eqs. (8), (9) and (10) with Snell's law, the 
slopes of the input and output lens surfaces are determined 
using the following expression: 30 where t3 is the thickness of the focusing lens along its optical 

axis and f is the focal length of the focusing lens. 

d/z d!Z (R-r)y (12) 

dir d!R {F'2 - (R- r)2y2 + (R- r)2) 

35 

For the input Gaussian beam, the incident laser irradiance is 
I,=I0 ·exp(-2r2/r0 

2
), where r0 =0.2 cm is the radius of incident 

laser beam. I0 is the laser irradiance at the center of the beam. 40 
For the output super Gaussian beam, the laser irradicance is 
I

0
u,=I'0 ·exp(-2(R/R0 )

10
). The radius of output laser beam 

R0 =2 cm. 

IS 

Then the transmittance function t(x,y) of the focusing lens 

{ 

exp(i¢3(x, y)) for x2 + y2 <PT 
t(x, y) = 

0 forx2 +y2;o.pf 

(17) 

Neglecting the constant phase factor exp(iknt3 ), the dif­
fraction field U (a,~' L) at a distance L from the focusing lens 
along the optical axis can be written as follows by the Fresnel 
diffraction integral 

_ kexp(ikL)f r {'k[(x-ai+cy-,8)
2
]} (-ik(x

2 +y2)) 
U(a, ,B, L) - -,-L- J

4 
U0 (x, y)exp 

2
L exp 

21 
d!A 

(18) 

In this example, the distance between the two lenses D=5 
cm. 

The input Gaussian lens 110 surface is: 

4.091·r2 (13) 
z= -1.158·r2 +3.242·r4 

1 +~l-(l -2.492)-4.091 2 ·r2 

The variables r and z also have the unit of cm. 

The output Gaussian lens 120 surface is: 
z~0.070·R2+0.019·R4 

The variable rand z used here have the unit of cm. 

(14) 

Previously, based on geometrical optics, two refractive 
arrangements have been developed that transform a Gaussian 

50 

55 

60 

The integral is regarded as a Fourier transform at frequen­
cies (fx =ak/2itL, fY =~k/2itL) which is calculated numerical 
by two dimensional fast Fourier transform, which is written 
as: 

kexp(ikL) [ ik(a
2 + ,82

) l 
U(a, ,B, L) = -,-L- ·exp 

2
L · 

(19) 

[ {
ik(x

2 +y2)} (-ik(x
2 +y2)] 

FFT2 U0(x, y)exp --
2
-L- exp 

21 

When Lis approximately equal to f (L,.,1.002 f), the output 

65 beam has the pitchfork profile. 

FIG. 2a shows the input Gaussian beam 105 at the input of 
the optical system shown in FIG. 1. The input and output 
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plano-aspheric lenses 110 and 120 produce the output 
expanded super Gaussian beam 125 shown in FIG. 2b. The 
focusing lens 130 shapes the super Gaussian beam 125 into 
the output pitchfork beam shown in FIG. 2c. 

FIG. 3 is a flow diagram showing the steps for converting 
an input Gaussian beam to an output beam having a pitchfork 
profile. As shown, in the first step a lasing device provides an 
input Gaussian beam. In the second and third steps, the input 
Gaussian beam is passed through at least two refractive lenses 
to produce a first expanded Gaussian beam. The super Gaus-

10 
sian beam is passed through a focusing lens to produce the 
output beam having a pitchfork profile. 

The devices, systems, method and apparatus of the present 
invention can be applied to the laser microvias drilling in 
electronic packaging. During blind microvias drilling, smear 
residue is formed along the walls of the hole and atthe bottom 15 

of the embedded copper pad in multilayer copper-polymer 
structures for Gaussian beam, flat-top beam or annular beam. 
To remove the residue, another cleaning process is required. 

The pitchfork beam produced using the system shown in 
FIG. 1 produces residue free holes and will reduce the pro- 20 

duction cost and simplify the procedures. Refractive optics is 
used in the optical system instead of diffractive optics and 
non-linear optics, because it is easy to manufacture and has 
low cost. 

While the invention has been described, disclosed, illus- 25 
trated and shown in various terms of certain embodiments or 
modifications which it has presumed in practice, the scope of 
the invention is not intended to be, nor should it be deemed to 
be, limited thereby and such other modifications or embodi­
ments as may be suggested by the teachings herein are par-

30 ticularly reserved especially as they fall within the breadth 
and scope of the claims here appended. 

We claim: 
1. An optical system for producing a laser beam having a 

two prong pitchfork profile comprising: 
a lasing device for providing an input Gaussian beam; 
an input and an output Gaussian lens for converting the 

input Gaussian beam into an expanded super Gaussian 
beam, the input Gaussian lens having a lens surface 
defined by the condition 

4.091·r2 
z= -1.158·r2 +3.242·r4 

1 +~l-(l -2.492)-4.0912 ·r2 

and the output Gaussian lens having a lens surface defined by 
the condition Z=0.070·R2 +0.019·R4 where rand Rare two 
arbitrary radii in which the relationship between r and R is 
defined by 

rf. { /' (R [ R 10] } 
r=-f·ln 1-i;·Jo exp-2(Ro) RdR; 

35 

40 

45 

50 

8 
a focusing lens for focusing the expanded super Gaussian 
beam, wherein by diffraction effect after the focusing lens, 
the beam profile near a focal spot is a two prong pitchfork 
shaped beam, the two prong pitchfork profile refers to the 
longitudinal cross-section of the laser beam at the focal spot. 

2. The system of claim 1, wherein the focusing lens com­
prises: 

a plano-aspheric focusing lens corrected for spherical aber­
ration. 

3. The system of claim 1, further comprising: 
a laser microvias drilling apparatus incorporating the opti­

cal system for producing a laser beam having the two­
prong pitchfork profile. 

4. The system of claim 1, wherein the lasing device com­
prises: 

a C02 laser having an approximately 9.3 µm wavelength 
for microvia manufacturing. 

5. The system of claim 1, wherein the lasing device com­
prises: 

a Nd:YAG laser having an approximately 1.06 µm wave­
length. 

6. The system of claim 3, wherein the lasing device com­
prises: 

a frequency-doubled Nd:YAG laser having an approxi­
mately 0.532 µm wavelength for higher density packag­
ing which requires vias having less than an approxi­
mately 30 µm diameter. 

7. A method for shaping a light beam comprising the steps 
of: 

providing an input Gaussian beam; and 

passing the input beam through a refractive optics system 
to shape the input beam using light propagation based on 
a diffractive effect in the lens system, the refractive 
optics system consisting essentially of the steps of: 

shaping the input beam into an expanded super Gaussian 
beam by an input refractive optical lens and an output 
refractive optical lens; and 

focusing the expanded super Gaussian beam with a 
focusing lens to shape the expanded super Gaussian 
beam to an output beam having a longitudinal cross­
section of a two-pronged pitchfork shaped beam. 

8. The system of claim 7, wherein each of the input and 
output refractive optical lens comprises: 

a plano-aspheric lens. 

9. The system of claim 7, wherein the focusing lens com­
prises: 

a plano-aspheric focusing lens corrected for spherical aber­
ration. 

10. The system of claim 7, wherein each of the input and 
output refractive optical lenses are Gaussian lenses. 

* * * * * 
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