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(57) Abréegée/Abstract:

A laser machining method includes directing, from an F-theta lens having a long focal length of greater than about 250 milimeters,
a laser beam at a non- perpendicular beam tilt angle from an optical axis of the lens having a top-hat profile and a narrow beam
divergence angle of between about 1 degree and about 3 degrees towards a workpiece on a stage movable In at least an X-
direction and a Y-direction, engaging the directed laser beam with the workpiece disposed in the usable field of view, moving the
workpiece and the directed laser beam relative to each other, and removing portions of the workpiece with the directed laser beam
to define a machined surface.
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LASER MACHINING SYSTEMS AND METHODS

ABSTRACT

A laser machining method includes directing, from an F-theta lens having a long
focal length of greater than about 250 millimeters, a laser beam at a non-perpendicular beam
tilt angle from an optical axis of the lens having a top-hat profile and a narrow beam
divergence angle of between about 1 degree and about 3 degrees towards a workpiece on a
stage movable 1n at least an X-direction and a Y-direction, engaging the directed laser beam
with the workpiece disposed in the usable field of view, moving the workpiece and the
directed laser beam relative to each other, and removing portions of the workpiece with the

directed laser beam to define a machined surface.
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LASER MACHINING SYSTEMS AND METHODS

TECHNICAL FIELD

[0001]  The present disclosure relates generally to laser machining, and more particularly,
to laser machining systems and methods using laser beams having uniform beam profile and

narrow beam divergence for torming zero and negative taper machined cuts.

BACKGROUND

[0002] In laser machining, a laser beam generation device is used in conjunction with an
optical system to direct the laser beam onto a workpiece that 1s to be machined. The
impingement of the laser beam on the workpiece locally melts and/or vaporizes the workpiece
material to produce or extend a hole or cut in the workpiece. The location of the laser beam
impingement point on the workpiece may be controlled by moving one or both of the laser
beam and the workpiece relative to one another to thereby control the geometry of the hole

Or cut.

[0003]  Laser machining of workpieces often produce edges along the cut features that
exhibit taper. One approach to avoid tapered edges is to use a special trepanning head to
rotate the laser beam at a spot location with a fixed tilt angle. The part remains stationary.
Such an approach 1s only good for small hole drilling. Another approach 1s to rotate the part
physically while keeping the laser beam at the same incident angle, which need high precision

CNC stage (usually 4-5 axis) and sophisticated control software to achieve a zero taper cut.

[0004]  There 1s a need for laser machining systems and methods using laser beams having
uniform beam profile and narrow beam divergence for forming zero and negative taper

machined cuts.

SUMMARY

[0005]  The present disclosure provides, in a first aspect, a method for laser machining a

workpiece. The method includes directing, from an F-theta lens having a long tocal length
1
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of greater than about 250 millimeters, a laser beam at a non-perpendicular beam tilt angle
from an optical axis of the lens having a top-hat profile and a narrow beam divergence angle
of between about 1 degree and about 3 degrees towards a workpiece disposed on a stage
movable 1n at least an X-direction and a Y-direction, engaging the directed laser beam with
the workpiece disposed in the usable field of view, moving the workpiece and the directed
laser beam relative to each other, and removing portions of the workpiece with the directed

laser beam to define a machined surface.

[0006]  The present disclosure provides, in a second aspect, a laser micromachining system
for laser machining a workpiece. The laser micromachining system includes a laser, a
converter, an F-theta lens a stage, a beam steering device, and a controller. The laser 1s
operable to generate a laser beam having a Gaussian profile. The converter i1s operable to
convert the laser beam having the Gaussian profile into the laser beam having the top-hat
profile. The F-theta lens has a long focal length of greater than about 250 millimeters. The
stage is operable to support and move the workpiece movable in at least an X-direction and a
Y-direction. The beam steering device 1s operable for receiving the laser beam having the
top-hat profile and directing the laser beam through the F-theta lens at an angle from an optical
ax1s of the lens towards the workpiece on the stage. The laser beam is directable over a range
of angles from the optical axis of the lens defining a usable field of view having a perimeter
and having a narrow beam divergence angle of between about 1 degree and about 3 degrees.
The controller 1s operable to control motion of said stage and/or said beam steering device to
orientate the laser beam having the top-hat profile through the F-theta lens and onto the
workpiece removing portions of the workpiece with the directed laser beam to define a

machined surface.

DRAWINGS

[0007]  The foregoing and other features, aspects and advantages of this disclosure will
become apparent from the following detailed description of the various aspects of the

disclosure taken in conjunction with the accompanying drawings, wherein:
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[0008] FIG. 1 i1s a schematic diagram of a laser machining system in accordance with

aspects ot the present disclosure operable for machining a workpiece;

10009}  FIG. 2 1s a side elevational, cross-sectional view of a plurality of machined cuts
made using the laser machining system of FIG. 1 employing a laser beam having a top-hat

profile;

[0010]  FIG. 3 i1s a side elevational, cross-sectional view of a plurality of machined cuts
made using a conventional prior art laser machining system employing a laser beam having

a Gaussian profile;

[0011]  FIG. 4 is a side elevational, cross-sectional view of a plurality of machined cuts

made using the laser machining system of FIG. 1 employing an F-theta lens with a long focal

length;

[0012] FIG. 5 1s a side elevational, cross-sectional view of a plurality of machined cuts

made using a conventional prior art laser machining system a lens having a short tocal length;

[0013]  FIGS. 6-8 are pictorial illustrations of a laser machining method in accordance with

aspects of the present disclosure; and

[0014]  FIG. 9 1s a flowchart of a method for laser machining a workpiece 1n accordance

with aspects of the present disclosure.
DETAILED DESCRIPTION

[0015] Each embodiment presented below facilitates the explanation of certain aspects ot
the disclosure, and should not be interpreted as limiting the scope of the disclosure.
Moreover, approximating language, as used herein throughout the specification and claims,
may be applied to modify any quantitative representation that could permissibly vary without
resulting in a change in the basic function to which it is related. Accordingly, a value modified
by a term or terms, such as "about," 1s not limited to the precise value specified. In some

instances, the approximating language may correspond to the precision of an instrument for

(I
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measuring the value. When 1ntroducing elements of various embodiments, the articles "a,"

1

an," "the," and "said" are intended to mean that there are one or more of the elements. The
terms "comprising,” "including," and "having" are intended to be inclusive and mean that
there may be additional elements other than the listed elements. As used herein, the terms
"may"” and "may be" indicate a possibility of an occurrence within a set of circumstances; a
possession of a specified property, characteristic or function; and/or qualify another verb by
expressing one or more of an ability, capability, or possibility associated with the qualified
verb. Accordingly, usage of "may" and "may be" indicates that a modified term is apparently
appropriate, capable, or suitable for an indicated capacity, function, or usage, while taking
into account that in some circumstances, the modified term may sometimes not be
appropriate, capable, or suitable. Any examples of operating parameters are not exclusive of
other parameters of the disclosed embodiments.  Components, aspects, features,
configurations, arrangements, uses and the ltke described, 1llustrated or otherwise disclosed

herein with respect to any particular embodiment may similarly be applied to any other

embodiment disclosed herein.

[0016] The present disclosure addresses and enhances, inter alia, laser machining
processes, and more specifically, laser machining systems employing a laser beam having
less divergence and a more uniform profile so that less beam tilt angle 1s required for
achieving zero or negative taper machined cuts. For example, the technique of the present
disclosure may include converting a laser beam having a Gaussian beam profile 1nto a laser
beam having a top-hat beam profile, and passing the top-hat laser beam through an F-theta
lens having a long focal length. As described in greater detail below, the directed top-hat
profile laser beam from the F-theta lens has a generally narrow angle of divergence and high
intensity. In addition, the directed top-hat profile laser beam from the F-theta lens 1s operable
for forming zero taped cuts closer to the optical axis of the F-theta lens and spaced apart from
the perimeter of the usable field of view of the F-theta lens. Line cuts and grooved slots may
be readily implemented in combination with a two-dimensional stage for supporting and
moving the workpiece to be machined. With such a technique for laser machining, systems

employing the same may be less expensive compared to conventional laser machining

A4
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requiring special trepanning heads or expensive precision CNC machines. Such a technique
may also be operable with less power loss compared to conventional laser machining
processes. Further, such a technique may be suitable for ceramic matrix composite tensile

bar cutting and may be applied to other features such as seal slot as well.

[0017]  FIG. 1 is a schematic diagram of a laser machining system 10, in accordance with
aspects of the present disclosure, operable for machining a workpiece having a zero taper or
a controlled or angled taper. For example, laser micromachining system 10 may generally
include a laser 20, a laser beam converter 30, a beam steering device 40, beam shaping optics

50, a movable stage 60 on which is supportable a workpiece 12, and a controller 70.

[0018]  The laser source may be any type of laser system that is capable of producing a
laser beam of sufficient power, coherency, pulse width, pulse repetition time, and wavelength
to be compatible with the performing the desired machining operations upon the selected
workpiece. For example, the laser source may be a solid state, CO2, or fiber laser having a
power of about 0.1 Watts to about 20,000 Watts. As those skilled in the art will appreciate,
the optical components used in the laser system are operably compatible with the laser source
so as to avold damaging those components during operation. Laser 20 may emit a laser beam
22 or pulses having a Gaussian profile distribution or spatial properties over a cross section
that are converted or reshaped in converter 30 to a laser beam 24 or laser pulses having a top
hat profile distribution or spatial properties over a cross-section. In such an intensity profile
of the top hat profile, the intensity of the beam 1s relatively constant across the cross section
such as diameter of the laser beam, unlike the intensity profile of the Gaussian beam.
Accordingly, the edges of the shaped beam have approximately the same intensity as the
center of the beam, providing reduced intensity drop off at the beam's edge. The Gaussian to
top-hat converters may be an optical device to convert one or two-dimensional single-mode
Gaussian las.er beam profiles to a flat top profile, while minimizing transmission loss. The

converter may employ refractive elements, diffractive elements, optical fibers, other operable

components, and combinations thereof.
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[0019]  Beam steering device 40 may include a movable mirror 42 for receiving laser beam
24 having a top hat profile distribution and redirecting laser beam 24 towards beam shaping
optics 50. For example, an x-y tilt mirror may be used to position or scan a laser spot on the
workpiece for machining. The mirror in the beam steering device may be dynamically and
reciprocally tiltable around a first axis which is perpendicular to the optical axis A of beam
shaping optics 50. The mirror in the beam steering device may also be dynamically and
reciprocally tiltable around a second axis which is perpendicular to the first axis. For
example, the beam steering device may include two galvanometer-based scanners, arranged
one each on the x- and y-axes, and include a galvanometer, a minor (or mirrors) and a servo

driver board that controls the beam steering device.

[0020]  Beam shaping optics 50 may include an F-theta lens having a long focal length
such as a focal length greater than about 250 millimeters, greater than 250 millimeters,
between about 250 millimeters and about 420 millimeters, greater than about 420 millimeters,
or greater than 420 millimeters. The combination of the beam steering device 40 and beam
shaping device 50 results in a controllable directed laser beam 28 having a top hat profile
towards workpiece 12 disposed on stage 60. The F-theta lenses is designed both to form an
1mage on a flat plane and to provide a linear relationship between the scan length x and the
scan or inclination angle 8, in accordance with the following so-called F-Theta condition:
x =1+0.

Scan length x is simply equal to the incident scan angle 6 multiplied by the focal length f, i.e.
the position of the spot on the image plane is directly proportional to the scan angle. This
eliminates the need for complicated electronic correction required with standard scanning

lenses.

[0021]  The laser beam does not pass directly though the center of the focusing lens.

Instead, the laser beam enters the lens at an angle 6 relative to optical axis A of the lens. The
lens bends the laser beam, causing the beam to reach the workpiece at a beam tilt angle
relative to the center axis of the lens. Beam tilt angle o depends on the lens geometry and the
distance between the laser beam and the center axis of the lens. Varying the distance between

the laser beam and the central axis will change beam tilt angle a. In one aspect, during laser
6
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machining the laser beam may remain at a constant distance from the optical axis of the lens,
resulting 1n a constant beam tilt angle a. Directed laser beam 28 is directable on beam tilt
angle o relative to central optical axis A of beam shaping optics 50 over a field of view FOV

having a perimeter P.

[0022]  Stage 60 may include motion control devices (not shown) for holding workpiece
12 and moving the workpiece 1in relation to the laser beam axis along an X-direction and a Y-
direction. For example, the stage may include an X-axis linear motor and a Y-axis linear
motor. It will be appreciated that a suitable stage may be movable with up to six axes which

include translation in three orthogonal axes (X, Y and Z) and rotation about the three axes.

[0023]  Controller 70 may be an operable computing unit including a processer or
mICroprocessor, one or more input and output devices, and one or more memories. Controller
70 1s operably connected to laser 20, beam steering device 40, beam shaping optics 50, and
stage 60. Controller 70 1s operable to direct the laser to emit the laser beam or pulses along
the laser beam path and coordinate the beam steering optics and the stage to position the
workpiece relative to the directed laser beam to cause the directed laser beam to engage the
workpiece to effect the laser machining. The command signals from the controller are
generally output based on programming instructions stored in memory, and the functions of
each of the programming 1nstructions are performed by the logic of the computing unit. The
various components such as the beam steering device may include their own controllers that
transmit data to and from the controller. Moreover, the controller could be incorporated into

a computer, such as a personal computer.

10024]  FIG. 2 illustrates laser machining employing the system of FIG. 1 in accordance

with aspects of the present disclosure and 1n which a laser beam or pulses have a top hat
intensity profile distribution for obtaining three cuts at different beam tilt angles o 1n
workpiece 12 relative to vertical optical axis A of the beam shaping optics. FIG. 3 illustrates
a prior art approach for laser machining employing a laser beam or pulses having a Gaussian
intensity profile distribution for obtaining three cuts at different beam tilt angles o 1n

workpiece 12 relative to vertical optical axis A of the beam shaping optics. As illustrated 1n

7



CA 02917563 2016-01-14

274170

the comparison between FIGS. 2 and 3, use of a top-hat beam profile reduces the taper angle
bl (e.g., between about 3 degrees and about than 5 degrees) of a machined cut or surface
compared to a taper angle P2 of a cut or machined surface made using a laser beam having a
Gaussian profile. In addition, less of a beam tilt angle al (e.g., between about 4 degrees and
about 7 degrees) 1s needed to achieve zero taper cut using a laser beam having top hat profile
compared to the beam tilt angle a2 when employing a laser beam having a Gaussian intensity
distribution profile. Further, less beam tilt angle o and taper angle § allows machining a zero
taper cut, e.g., at a smaller distance X1 from the optical axis A of the beam shaping optics
within a larger region inside the perimeter P (FIG. 1) of the scan head field of view FOV
(FIG. 1) compared to a distance X2 using a laser beam having a Gaussian intensity

distribution profile.

[0025]  FIG. 4 illustrates laser machining employing the system of FIG. 1 in accordance
with aspects of the present disclosure employing beam shaping optics 50 such as an F-theta
lens having a long effective focal length EFL1 (e.g., greater than about 250 millimeters) for
obtaining four cuts at different angles a relative to a vertical optical axis A of the beam
shaping optics. FIG. 5 illustrates a prior art approach for laser machining employing a laser
beam or pulses employing a beam shaping optics having a short effective focal length EFL2
for obtaining three cuts at different angles o relative to a vertical optical axis A of the beam
shaping optics. As illustrated in the comparison between FIGS. 4 and 5, using an F-theta lens
with a long focal length has a less beam divergence angle ¥1 (e.g., between about 1 degree
and about 3 degrees) compared to a beam divergence angle @2 of a lens having a short focal
length. In addition, use of an F-theta lens with a long focal length has a smaller taper angle
B3 (e.g., between about 3 degrees to less than 5 degrees) of a machined cut or surface
compared to a taper angle 4 of a machined cut or surface made using a lens having a short
focal length. Further, less of a beam tilt angle u3 (e.g., between about 4 degrees and about 7
degrees) 1s needed to achieve zero taper cut using an F-theta lens with a long focal length
compared to the beam tilt angle a4 when employing a lens having a short focal length. Also,
less beam tilt angle allows machining a zero taper cut, e.g., at a distance X3 from the optical

axis A of the beam shaping optics within a larger region inside the perimeter P (FIG. 1) of the

S
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scan head field of view FOV (FIG. 1). Further, less beam tilt angle o and taper angle f3 allows
machining a zero taper cut, e.g., at a smaller distance X3 from the optical axis A of the beam
‘shaping optics within a larger region inside the perimeter P (FIG. 1) of the scan head field of
view FOV (FIG. 1) compared to a distance X4 using a lens having a short focal length. In
other words, less beam tilt angle (¢3< 04) is needed with smaller beam divergence angle .
A smaller beam tilt for zero taper allows machining within a larger region inside the perimeter

of the scan head field of view.

10026]  Further embodiments of the laser machining system of FIG. 1 in accordance with
aspects of the present disclosure may include use of a laser beam or pulses have a top hat
intenstity profile distribution in combination with beam shaping optics such as an F-theta lens
having a long effective focal length EFL1 (e.g., between about 250 millimeters and about 420
millimeters). Such a configuration may result in even less of a beam tilt angle a (e.g., between
about 3 degrees and about 6 degrees) needed to achieve a zero taper cut compared to the beam
tilt when employing a laser beam having a Gaussian intensity distribution profile and a lens
having a short focal length. In addition, such a configuration results in a smaller beam tilt for
zero taper allowing machining within a larger region inside the perimeter (e.g., between about

15 mm to about 30 mm from the perimeter) of the scan head field of view.

[0027] It will be appreciated that the technique of the present disclosure generally allows
reducing and/or controlling the taper of a cut or machined surface during laser machining.
Specitic laser beam 1ncident or tilt angle can be selected to machine features with zero or
even negative taper cut angle. For example, by using an X-Y motion stage, one can shift a
desired laser machining feature of a workpiece to a calibrated distance from the optical center
or axis of the beam shaping optics and direct the laser beam with a desired beam tilt angle so
that that a zero or even negative taper cut through the sample thickness i1s performed
corresponding to the desired laser machining feature. By controlling the laser processing
parameters and shift distance, different degree of taper (from positive to negative) can be

achieved.
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[0028]  FIGS. 6-8 diagrammatically illustrates a process in accordance with aspects of the
present disclosure for achieving generally the same machined taper angle for different
orientations or feature edges of a workpiece. For example, as shown in FIG. 6, a workpiece
112 may be positioned on stage 60. System 10 (FIG. 1) may be operably programmed to shift
each cut edge to certain direction away from the center axis A of the stage. Initially, the
process may 1nclude, calibrating the whole laser scan field using a grid pattern (FIG. 6),
determining the shift distance and direction for a zero or a specific taper value cut required
based on laser machining settings and feature edge orientation for a first cut, moving the
machining edge to the predetermined distance and direction from the center axis A as shown
in FIG. 7. Laser machining may be performed for an edge 113 with part at stationary state
(scanning or moving the laser) or by moving the stage and workpiece thereon. Thereafter,
the workpiece may be moved back to center, determining the shift distance and direction for
a zero or a specific taper value cut required based on laser machining settings and feature
edge orientation for a second cut, and moving the machining edge to the predetermined
distance and direction from the center axis A as shown in FIG. 8. Laser machining may be
performed for an edge 114 with part at stationary state (scanning or moving the laser) or by
moving the stage and workpiece thereon. The process may be repeated for machining further

edges or teatures such as edges 115 and 116.

[0029]  FIG. 9 illustrates a flowchart of a method 200 for laser machining a workpiece in
accordance with aspects of the present disclosure. Method 200 includes at 210, directing,
from an F-theta lens having a long focal length of greater than about 250 millimeters, a laser
beam at a non-perpendicular beam tilt angle from an optical axis of the lens having a top-hat
protile and a narrow beam divergence angle of between about 1 degree and less than 3 degrees
towards a workpiece disposed on a stage movable 1n at least an X-direction and a Y-direction.
At 220, the directed laser beam 1s engaged with the workpiece. At 230, the workpiece and/or
the directed laser beam 1s moved relative to each other, and at 240, portions of the workpiece

are removed with the directed laser beam to define a machined surface.

[0030]  In one configuration, the laser beam is directed and maintained in a fixed position,

and the stage 1s moved. In other configurations, the motion control stage, the beam steering

10



CA 02917563 2016-01-14

274170

optics, or both may be used to position the laser beam path in relation to the workpiece to

laser machine the workpiece.

[0031]  The present laser machining processes of the present disclosure may be used with
almost any kind of workpiece material, e.g., ceramics, metals, glass, gemstones, rubber,
polymers, and composite materials. As described above, the present disclosure provides a

method operable to control the taper for 2D feature cutting or slot grooving in laser machining

with a scan head. A zero or even negative taper can be achieved for one or more, or all, edges

of the part.

[0032]  The present disclosure may allow for better tolerance control between the top and
bottom of part such as for many applications such as CMC tensile bar cutting compared to
current laser machining employing a larger beam divergence, shorter depth of focus, and

larger power spatial distribution.

[0033]  Accordingly, benefits of the present techniques may include allowing laser
machining with zero or a desired taper such as laser machining CMC or other materials to
meet part size tolerance requirements without physical part tilt or special trepanning optics.
The present technique may also provide a less expensive and simpler taper control using only
standard scan head and 2-axis planary motion hardware. Also the processing speed may be
faster with less power loss through the F-theta lens having a long focal length than, for
example, using a special trepanning head. The present technique may be applicable to various

features on CMC components such as seal slot machining.

[0034] It 1s to be understood that the above description 1s intended to be illustrative, and
not restrictive. Numerous changes and modifications may be made herein by one of ordinary
skill in the art without departing from the general scope of the disclosure as defined by the
following claims and the equivalents thereof.  For example, the above-described
embodiments (and/or aspects thereof) may be used 1n combination with each other. In
addition, many modifications may be made to adapt a particular situation or material to the
teachings of the various embodiments without departing from their scope. While the

dimensions and types of materials described herein are intended to define the parameters ot
11
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the various embodiments, they are by no means limiting and are merely exemplary. Many
other embodiments will be apparent to those of skill in the art upon reviewing the above

description. The scope of the various embodiments should, therefore, be determined with

reference to the appended claims, along with the full scope of equivalents to which such
claims are entitled. In the appended claims, the terms "including" and "in which" are used as
the plain-English equivalents of the respective terms "comprising” and "wherein." Moreover,
1n the following claims, the terms "first," "second," and "third," etc. are used merely as labels,
and are not intended to impose numerical requirements on their objects. Also, the term
"operably" 1n conjunction with terms such as coupled, connected, joined, sealed or the like 1s
used herein to refer to both connections resulting from separate, distinct components being
directly or indirectly coupled and components being integrally formed (1.e., one-piece,
integral or monolithic). It is to be understood that not necessarily all such objects or
adVantages described above may be achieved 1n accordance with any particular embodiment.
Thus, tor example, those skilled 1n the art will recognize that the systems and techniques
described herein may be embodied or carried out in a manner that achieves or optimizes one
advantage or group of advantages as taught herein without necessarily achieving other objects

or advantages as may be taught or suggested herein.

[0035] While the disclosure has been described in detail 1n connection with only a limited
number of embodiments, it should be readily understood that the disclosure 1s not limited to
such disclosed embodiments. Rather, the disclosure can be modified to incorporate any
number of variations, alterations, substitutions or equivalent arrangements not heretofore
described, but which are commensurate with the scope of the disclosure. Additionally, while
various embodiments of the disclosure have been described, it 1s to be understood that aspects
of the disclosure may include only some of the described embodiments. Accordingly, the
disclosure is not to be seen as limited by the foregoing description, but is only limited by the

scope of the appended claims.

[0036]  This written description uses examples, including the best mode, and also to enable
any person skilled in the art to practice the disclosure, including making and using any devices

or systems and performing any incorporated methods. The patentable scope of the disclosure
12
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may 1nclude other examples that occur to those skilled in the art in view of the description.

Such other examples are intended to be within the scope of the invention.
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WHAT IS CLAIMED I5:

1. A method for laser machining a workpiece, the method comprising:

converting a laser beam having a Gaussian profile into a laser beam having a top-
hat profile;

directing, from an F-theta lens having a long focal length of greater than about 250
millimeters, the laser beam having the top-hat profile and a narrow beam divergence angle of
between about 1 degree and less than 3 degrees, at a beam tilt angle between about 3 degrees‘
and about 6 degrees from an optical axis of the F-theta lens towards a workpiece disposed on
a stage movable 1n at least an X-direction and a Y-direction;

engaging the directed laser beam with the workpiece;

moving the workpiece and the directed laser beam relative to each other; and

removing portions of the workpiece with the directed laser beam to define a
machined surface, wherein the directing comprises directing the laser beam over a range of
beam tilt angles from the optical axis defining a usable field of view having a perimeter, and
the engaging comprises engaging the directed laser beam with the workpiece disposed in the
usable field of view with an axis of the directed laser beam spaced apart from the perimeter
of the usable field of view between about 15 millimeters to about 30 millimeters, and the
removing comprises removing portions of the workpiece with the directed laser beam so that

the machined surface has generally a zero taper relative to a Z-direction.

2. The method of claim 1 wherein the directing comprises directing from the

F-theta lens having the long focal length of greater than about 420 millimeters.

3. A method for laser machining a workpiece, the method comprising:

converting a laser beam having a Gaussian profile into a laser beam having a top?
hat profile;

directing, from an F-theta lens having a long focal length of greater than about 250
millimeters, the laser beam having the top-hat profile and a narrow beam divergence angle of

between about 1 degree and less than 3 degrees, at a beam tilt angle between about 3 degrees

14
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and about 6 degrees from an optical axis of the F-theta lens towards a workpiece disposed on
a stage movable in at least an X-direction and a Y-direction;

engaging the directed laser beam with the workpiece;

moving the workpiece and the directed laser beam relative to each other; and

removing portions of the workpiece with the directed laser beam to define a
machined surface, wherein the directing comprnises directing the laser beam over a range of
beam tilt angles from the optical axis defining a usable field of view having a perimeter, and
the engaging comprises engaging the directed laser beam with the workpiece disposed in the
usable field of view with an axis of the directed laser beam spaced within a range of about 15
millimeters from the perimeter of the usable field of view, and the removing comprises
removing portions of the workpiece with the directed laser beam so that the machined surface

has a negative taper relative to a Z-direction.

4. The method of claim 1 wherein the directing comprises directing the laser
beam at a fixed angle, and wherein the moving comprises moving the stage in one of the X

direction and the Y direction.

5. The method of claim 1 wherein the converting comprises passing the laser

beam having the Gaussian protfile through an optical fiber device.

6. The method of claim 1 wherein the engaging the directed laser beam with
the workpiece comprises determining a shift distance and a direction from a center of the

usable field of view based on the angle of the machined surface, and moving the stage to
locate a portion of the workpiece to be machined a predetermined distance and direction from

the center of the usable field of view.

7. The method of claim 1 wherein the providing comprises disposing a

ceramic matrix composite workpiece disposed on the stage.

8. The method of claim 1 wherein the removing comprises forming at least

one of: a line cut and forming a slot.
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9. A laser machining system for laser machining a workpiece, said laser
machining system comprising;:

a laser operable to generate a laser beam having a Gaussian profile;

a converter to convert the laser beam having the Gaussian profile into a laser beam
having a top-hat profile;

an F-theta lens having a long focal length of greater than about 250 millimeters;

a stage operable to support and move the workpicce movable in at least an X-
direction and a Y-direction;

a beam steering device to receive the laser beam having the top-hat profile and
directing the laser beam through the F-theta lens at a beam tilt angle between about 3 degrees
and about 6 degrees from an optical axis of the F-theta lens towards the workpiece on the
stage, the laser beam being directable over a range of beam tilt angles from the optical axis
of the F-theta lens defining a usable field of view having a perimeter and having a narrow
beam divergence angle of about 1 degree and less than 3 degrees; and

a controller operable to control motion of at least one of: said stage and said beam
steering device to orient the laser beam having the top-hat profile through the F-theta lens and
onto the workpiece, thereby removing portions of the workpiece with the directed laser beam
to define a machined surface, wherein said laser machining system is operable with an axis
of the directed laser beam spaced apart between 15 millimeters to about 30 millimeters from
the perimeter of the usable field of view so that the machined surface on the workpiece has a

zero taper relative to a Z-direction.

10.  The laser machining system of claim 9 wherein said focal length of said F-

theta lens comprises greater than about 420 millimeters.

11. A laser machining system for laser machining a workpiece, said laser
machining system comprising:
a laser operable to generate a laser beam having a Gaussian profile;
a converter to convert the laser beam having the Gaussian profile into a laser beam
having a top-hat profile;
an F-theta lens having a long focal length of greater than about 250 millimeters;
16
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a stage operable to support and move the workpiece movable in at least an X-
direction and a Y-direction;

a beam steering device to receive the laser beam having the top-hat profile and
directing the laser beam through the F-theta lens at a beam tilt angle between about 3 degrees
and about 6 degrees from an optical axis of the F-theta lens towards the workpiece on the
stage, the laser beam being directable over a range of beam tilt angles from the optical axis
of the F-theta lens defining a usable field of view having a perimeter and having a narrow
beam divergence angle of about 1 degree and less than 3 degrees; and

a controller operable to control motion of at least one of: said stage and said beam
steering device to orientate the laser beam having the top-hat profile through the F-theta lens
and onto the workpiece, thereby removing portions of the workpiece with the directed laser
beam to define a machined surface, wherein said laser machining system is operable with an
axi1s of the directed laser beam being within a range of about 15 millimeters from the perimeter
of the usable field of view so that the machined surface has a generally negative taper relative

to a Z-direction.

12.  The laser machining system of claim 9 wherein the converter comprises an

optical fiber device.

13.  The laser machining system of claim 9 wherein said controller is operable
to determine a shift distance and a direction from a center of the usable field of view based

on the angle of the cut, and control moving said stage to locate a portion of the workpiece to

be machined a predetermined distance and direction from the center of the usable field of

VIEW.

14.  The laser machining system of claim 9 wherein said laser machining system

1s operable to remove portions of the workpiece, wherein the workpiece comprises a ceramic.

15.  The laser machining system of claim 9 wherein said laser machining system
1s operable to remove portions of the workpiece, wherein said portions comprise at least one

of: a line cut and a slot.
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