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of cut to near the tool natural frequency at higher depths of cut
the effective lead angle orients the thrust force more orthogona
a vibration mode, the mode’s contribution to the vibration of t
system is reduced. In the limiting case, it will reduce the t
degree of freedom system to a one degree of freedom system
such a system at low spindle speeds~relative to modal natura
frequencies!, it is well known that the chatter frequency will b
near the natural frequency of the single mode. For the given
degree of freedom system, at low depths of cut the effective l
angle orients the thrust force more along the transverse direc
of the workpiece~perpendicular to feed direction!. At higher
depths of cut, the effective lead angle approaches the side cu
edge angle of the tool, which, in this case, orients the force m
along the transverse direction of the cutting tool~feed direction!.
In these two cases, the system may be modeled as a one deg
freedom in the X direction~at low depths of cut! and a one degree
of freedom system in the Z direction~at higher depths of cut!.
Therefore, it is expected that the chatter frequency would be
the workpiece natural frequency at low depths of cut and near
tool natural frequency at high depths of cut.

The effect of the nose radius on the lower limit of stability
clearly seen by comparing case 1 to case 2 and by comparing
3 to case 4 in Fig. 1. The upper limit of stability is unaffected
the change in nose radius but the lower limit changes. As the n
radius increases, the lower limit of stability increases. This f
lows directly from the fact that the influence of the nose radius
the effective lead angle continues to a larger depth of cut fo
larger value of the nose radius.

5 Improved Stability Chart
This nonlinear influence of the effective lead angle changes

look of the stability charts for many processes involving cutti
with a corner radiused tool. An example stability chart genera
with the approach explained in this paper is presented in Fig
The unstable regions of the cutting process are represented i
figure with the shading and the stable regions are white. Two
features of this modified stability chart can be seen. First, th
exists an envelope in which the process is stable as opposed t
an upper limit on the depth of cut for a stable process. Seco
since the important structural frequency is different at low dep
of cut than at higher depths of cut, the peaks on the lobes at
depth of cut are located at different spindle speeds than the lo
limit of the low depth of cut limit. For example, there is a peak
the upper limit at 5700 rpm while the valley of the lower limit ha
its minimum near 6100 rpm.

6 Conclusion
From this work, the following conclusions can be made

Fig. 3 Stability chart with multiple regions of instability
Journal of Manufacturing Science and Engineering
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• By linearizing the characteristic equation at every depth
cut, multiple regions of stability can be predicted.

• The multiple regions of stability are caused by the chang
effective lead angle aligning the thrust force in different d
rections as the depth of cut is increased.

• By reducing the nose radius of the insert, the lower limit
the envelope of stability seen for turning systems of lon
slender bars can be reduced.
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1 Introduction
Laser beam quality plays an important role in quality a

efficiency of laser materials processing applications. High
beam quality typically means nearly fundamental-mode osci
tion. Many efforts have thus been made to change high-or
modes into the fundamental modes including simple methods s
as using an aperture but often at the cost of excessive po
attenuation. The fundamental-mode Gaussian beam~i.e.,

Fig. 1 Schematic of resonator configuration „with a half phase
plate attached on the rear mirror inside laser cavity … to realize
the low diffraction beam

Fig. 2 Beam radius of the measured low diffraction beam and
theoretical TEM 00 mode vs. axial distance between the output
coupler to the measurement location
476 Õ Vol. 124, MAY 2002
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TEM00-Transverse Electromagnetic Mode! has long been re-
garded as an ideal beam, or diffraction-limited beam. The be
quality can be described quantitatively in term ofM2 as defined
by Siegman@1#. A product of the standard deviation of the bea
size and that of the divergence is formed.M2 is the ratio of the
product for a non-diffraction-limited, multi-transverse-mod
beam, to that of a Gaussian beam. TheM2 for the fundamental-
mode Gaussian beam is thus unity. An interesting question
whether or not it is possible for a practical beam to have anM2

value smaller than that of the fundamental-mode Gaussian be
The concept of a low-diffraction beam havingM2,1 has been
proposed@2,3#. The low diffraction beam is based on the boun
ary diffraction principle. An advantage of the beam is that it c
be obtained by altering the existing resonator of a CO2 laser
through a special phase plate implemented at the resonator
mirror ~Fig. 1!. Additional details can be founded in@2,3#.

The next question is whether the low-diffraction beam, who
M2 value is smaller than that of a Gaussian beam, will trans
into better quality and efficiency in laser materials processing
plications, such as laser machining. Although it is genera
agreed that the laser beam quality has a direct effect on machi
quality, no consensus has been reached that a smallerM2 is al-
ways beneficial to a machining process because the machi
process is a complicated thermal process that could also inv
fluid flow and melt rejection. A beam with a smallerM2 value is
likely to result in smaller hole sizes or narrower slots, which is n
in favor of melt rejection. However, in an ablation-dominated
ser machining process, most of the material is vaporized alm
instantly and is mainly removed by vapor pressure. The low d
fraction laser beam with a smallerM2 value is thus expected to
have beneficial effects on the ablative machining process.

The quality and profile of laser made holes, grooves and c
are obviously of importance especially in the growing microele
tronic and precision medical device industry@4–6#. The quality is
generally gauged by wall definition, extent of heat-affected zo
and ability to produce features with higher aspect ratio. La
ablation of polymeric materials using laser beams is a w
established process and examples are found in@7,8#. Factors of
laser beams likely to affect drilling and grooving have been st
ied in many reports@9,10#. This paper presents the application
a low diffraction beam to ablation-dominated drilling and groo
ing processes involving a polymer material. Its beneficial effe
on process quality are investigated in comparison with a Gaus
beam.
Fig. 3 Intensity distributions „calculations are based on Eqs. „2… and „3…, with W0Ä1.49 mm „experimentally measured …

and Me
2Ä0.3 „using Eq. „1………
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2 Characterization of the Low Diffraction Beam
Experiments were carried out using a continuous-wave C2

laser with maximum average power of 12 W. The original re
nator of the laser system generates a fundamental mode Gau
beam~i.e., TEM00!. According to the principle described in@2,3#,
an identical resonator is modified with its structure as schem
cally shown in Fig. 1 to generator a low diffraction beam. T
intensity profile and divergence of beams from both resona
were measured. Because the output of the low diffraction bea
not a Gaussian distribution, it is more practical to use the defi
tion of 86.5 percent power content to measure the beam size
order to compare the beam quality of this new mode with
Gaussian mode, the equivalent beam quality factorMe

2 is defined
as follows:

Me
25W86.5u86.5

p

l
(1)

whereW86.5 is the equivalent beam waist size with 86.5 perce
power content,u86.5 is the divergence angle corresponding to t
86.5 percent power content, andl is the beam wavelength.

The intensity distribution of Gaussian beamI 0
G(r ), and the low

diffraction beam,I 0
L(r ) at the beam waist can be written as

Fig. 4 Acrylic imprints with Gaussian „left … and the low diffrac-
tion beam „right … „9W, 1 sec, both unfocused …
Journal of Manufacturing Science and Engineering
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I 0
G~r !5I 0 expS 2

2r 2

W0
2 D

(2)

I 0
L~r !5I 0 expS 2

2r 2

W08
2D 5I 0 expS 2

2r 2

Me
2W0

2D
whereW0 is the Gaussian beam waist radius andI 0 is the peak
intensity. The intensity distribution at the far field can be obtain
by using the beam propagation law, i.e.,ABCD law @11#:

I z
G~r ,z!5I 1 expF 22r 2

W0
2~11z2/zr

2!G
(3)

I z
L~r ,z!5I 2 expF 22r 2

W08
2~11z2/zr

2!G
5I 2 expF 22r 2

Me
2W0

2~11z2/zr
2!G

wherez is the axial distance from the waist, andzr5pW0
2/l is the

Rayleigh range.
The focal point radius for a Gaussian beam,Wf

G , is well known
@12#:

Wf
G5

l

pWz
(4)

wherel is wavelength,f is lens focal length, andWz is original
unfocused beam radius. The depth of focus for a Gaussian b
hG , is briefly derived below.

According to Gaussian beam properties, its beam radius, at
distance along the beam path,z, from the waist is given from the
basic propagation equation:

W~z!5W0F11S z

zr
D 2G1/2

(5)

The depth of focus is normally defined as the distance betw
two points slightly away from the beam waist and the beam rad
at these points is about 5 percent above the beam waist radius
substitutingW(z)51.05 W0 into Eq. ~5!, the depth of focus is
obtained as:

h 5
0.64l S f D 2

(6)
Fig. 5 Theoretical „dotted line … and experimental results „solid line … of hole profiles „power Ä9 W, duration Ä1 sec, unfo-
cused, acrylic …
MAY 2002, Vol. 124 Õ 477
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According to theMe
2 definition~Eq. 1!, the focal point radius of

a low diffraction beam ofMe
2 can be written as follows.

Wf
L5

Me
2l f

pWz
(7)

For the low diffraction beam, its Rayleigh rangezr

5pW0
2/Me

2l. Then the focal depth of the low diffraction beam
can be approximately represented as:

hL5
0.64l

pMe
2 S f

Wz
D 2

(8)

Compared to the focal point radius and the focal depth o
Gaussian Beam, i.e., Eq.~4! and Eq.~6!, the focal point radius for
the low diffraction beam is smaller than that of the Gauss
beam, while the focal depth for the low diffraction beam is larg
than that of the Gaussian beam, since theMe

2 value for the low
diffraction beam is less than unity.

Figure 2 shows experimental results of beam radius of the
diffraction beam at various distances. It is seen that the diverge
angle of the low diffraction beam is smaller than that of theor

Fig. 6 The hole taper vs. ablation power „ablation duration
Ä0.8 sec, focused, acrylic …

Fig. 7 Drilling depth comparison between the Gaussian beam
and the low diffraction beam vs. ablation duration „focused,
acrylic …
478 Õ Vol. 124, MAY 2002
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ical TEM00 mode. Based on experimentally measuredW86.5 and
u86.5, and l510.6mm for the CO2 laser, the equivalent beam
quality factorMe

2>0.3 is obtained.
The intensity profile of the low diffraction beam in the far fiel

is experimentally measured and superposed in Fig. 3~a! with the
calculated intensity profiles of both the low diffraction and Gaus
ian beam according to Eq.~3!. As seen, there is a good agreeme
between the experimental and calculated profiles, and the
diffraction beam has a much higher central intensity and sma
divergence than that of the Gaussian beam. Using Eq.~2!, the
near-field intensity profiles of both beams are plotted in Fig. 3~b!.
It can be seen that the low diffraction beam in the near field a
has higher central intensity and smaller diameter than the Ga
ian beam.

3 Comparison of Theoretical and Experimental Re-
sults

Figure 4 shows imprints made on acrylic by the Gaussian be
~best achievable on the laser used! and low diffraction beam~both
unfocused! when the average power is 9 W. Acrylic is chose
primarily because of its low ablation threshold that the laser u
can reach. It is also because its removal is primarily due to ab
tion such that the imprint better reflects the beam shape. Altho
the power level is the same, the low-diffraction beam has a hig
energy intensity and a smaller beam size. Not surprisingly,
hole profiles closely follow that of beams in the ablative mach
ing process. Cross-sections of the profiles are also shown in s
lines in Fig. 5 to compare with a theoretically calculated ablati
profiles shown in dotted lines.

The theoretically calculated ablation profiles are obtained ba
on the model by Andrews and Atthey@13#. The energy density and
the beam size for both the low diffraction beam and Gauss
beam are experimentally obtained and used in the theore
model to predict the hole profile as shown in Fig. 5 in dotted lin
The waist radius for the resonator generating the Gaussian bea
measured asW051.49 mm, while for the resonator generating th
low diffraction beam the beam radius is measured asW08
50.75 mm. As a result, the intensity is 129 W/cm2 at the waist for
the Gaussian beam, and 509 W/cm2 at the waist for the low dif-
fraction beam. The theoretical predication agrees with experim
tal results.

There is some discrepancy at the top part of the hole profi
under the condition of the low diffraction beam~Fig. 5~b!!. The
reason is that beam intensity in the theoretical model is based

Fig. 8 Drilled hole diameter comparison between the Gauss-
ian beam and the low diffraction beam vs. ablation time „fo-
cused, acrylic …
Transactions of the ASME
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Fig. 9 „a… Hole diameter and „b… depth vs. the distance from focus lens to workpiece top surface „focal length
Ä4 cm, power Ä7 W, duration Ä0.5 sec …
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a deformed Gaussian beam of optical beam quality factorMe
2,

while the actual beam is obtained based on the boundary diff
tion principle.

The beams are then focused using a lens with a focal lengt
40 mm. The CO2 laser varies at two average power levels, 7
and 9.2 W. For the Gaussian beam, the resultant average p
intensity is 5.223104 W/cm2 for 7 W, and 6.713104 W/cm2 for
9.2 W. For the low diffraction beam, the resultant average po
intensity is 2.013105 W/cm2 for 7 W, and 2.683105 W/cm2 for
9.2 W.

Figure 6 shows the variation of hole taper against ablat
power for both the low diffraction beam and Gaussian bea
Taper is defined as the ratio of hole diameter to hole depth~there-
fore is the inverse of aspect ratio! and is one of the quality factor
for hole profile. It is seen from Fig. 6 that the hole drilled with th
low diffraction beam has significantly smaller taper values th
the hole drilled with Gaussian beam. The predicted values fr
the theoretical model are also shown in the figure and are ge
ally in agreement with the measured values. The taper value
creases with the increasing power level for both low diffracti
beam and Gaussian beam. This is because the diameter of the
increases much slower than the hole depth when the power
increases, as seen from Figs. 7 and 8.
nal of Manufacturing Science and Engineering
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4 Parametric Studies and Grooving Experiments
Figure 7 shows the measured drilling depth vs. ablation time

two power levels. The hole depth drilled with the low diffractio
beam is much larger than that with the Gaussian beam becau
the higher central energy intensity at the same average po
level. The depth with the low diffraction beam is about 40 perc
higher than that with the Gaussian beam under the condition u

Figure 8 shows the measured diameter of the drilled hole
ablation time at two power levels. It is seen that the hole diame
drilled with low diffraction beam is about 25 percent smaller th
that with Gaussian beam. In addition, with the ablation time
creasing, the drilled hole diameter with the low diffraction bea
increases slower than that with the Gaussian beam especia
longer ablation times clearly because the low diffraction beam
smaller divergence and longer focal depth. The parametric stu
confirm that the low diffraction beam consistently provides bet
results under different laser power and ablation time. Power le
of 7 W and 9.2 W were used to avoid to be too close to
maximal power of the laser used~12 W! but be high enough to
remove the material.

Equations~6! and~8! show that the low diffraction beam has
longer depth of focus than that of a Gaussian beam becauseMe

2

Fig. 10 Typical groove profiles with Gaussian beam and the low diffraction beam „power
Ä9 W, speedÄ14 mm Õsec, both focused, acrylic …
MAY 2002, Vol. 124 Õ 479
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,1 for the low diffraction beam. As seen in Fig. 9~a!, the hole
diameter drilled with the low diffraction beam and the Gauss
beam change from about 0.3 to 0.7 mm and 0.4 to 1.0 mm,
spectively, when the distanceL between the focus lens to to
surface of the workpiece are changed from 3.4 to 4.4 cm~the focal
length of the lens is 4 cm!. This verifies that the low diffraction
beam has a longer depth of focus. Obviously, whenL is around 4
cm, the focal point which has the minimal beam diameter is ri
on the top surface of the workpiece. As a result, the hole diam
is the smallest whenLi is around 4 cm. From Fig. 9~b!, it is seen
that the hole depth varies slower for the low diffraction beam th
for the Gaussian beam whenL is around 4 cm. The longer dept
of focus of the low diffraction beam is desirable especially wh
thick section machining is concerned.

The focused low diffraction beam and Gaussian beam are
plied to grooving the same material. Figure 10 compares the c
sections of groove profiles ablated by both beams. It is seen th
the same power level~9 W! and the grooving speed~14 mm/s!,
the cross sectional profile with the low diffraction beam has
lower taper or higher aspect ratio than that with the Gauss
beam. It is seen that the beneficial effects of the low diffract
beam in drilling extend to applications such as grooving and lik
cutting as well. These beneficial effects include a higher asp
ratio and lower sensitivity to focal point location. They are e
pected to be more significant at higher power levels. While t
paper only covers acrylic, other materials are expected to h
similar beneficial effects when ablated by the low diffracti
beam because during ablative laser machining, machined pro
chiefly rely on the optical beam quality. When the power intens
is below the ablation threshold of a material, other factors a
play a significant role.

5 Conclusion

A low diffraction beam, which has aM2 factor smaller than
unity, is implemented with a low power CO2 laser and applied to
ablation-dominated drilling and grooving of acrylic. The expe
mental results show that the low diffraction beam produced lar
depth, smaller taper and smaller hole diameter, as compared
a Gaussian beam at the same average power level. This holds
for both the unfocused and focused cases. The depth of focu
the focused low diffraction beam is also longer than the Gaus
beam, indicating its suitability for processing thick sections
material. Similar results are obtained when the beam is applie
grooving applications. If the implementation of the low diffractio
beam is extended to a higher power level laser system, the a
mentioned beneficial effects will be more significant. For oth
materials, as long as ablation is the dominant mechanism of
terial removal, similar beneficial effects can be expected. In ca
where ablation is not dominant, the low diffraction beam is like
to offer at least some of the advantages but further studies
needed.
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In this paper, we present a systematic methodology for design
Reconfigurable Machine Tools (RMTs). The synthesis metho
ogy takes as input a set of functional requirements—a set of
cess plans and generates a set of kinematically viable recon
urable machine tools that meet the given design specifications
present a mathematical framework for synthesis of machine t
using a library of building blocks. The framework is rooted in (
graph theoretic methods of enumeration of alternate structu
configurations and (b) screw theory that enables us to manipu
matrix representations of motions to identify appropriate kin
matic building blocks. @DOI: 10.1115/1.1452748#

Introduction
A Reconfigurable Machine Tool~RMT! is designed to process

given family of machining features and is constructed from a
of standard modules. An RMT provides a cost-effective solut
to mass customization and high-speed capability. There is
known systematic method or a scientific basis for designing RM
@1#. This paper presents a mathematical framework for design
RMTs starting from process requirements. The key feature of
methodology is the use of screw-theory based mathematical
resentation to transform a given description of machining task
be performed~process planning data! into a machine tool that is
capable of performing the prescribed machining tasks. Star
from machining operations data, a set of feasible structural c
figurations of the machine is determined using graph theory. V
ous machine functions are then mapped to individual entities
each structural configuration. Using a precompiled parameter
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