
MULTI-OUTPUT HARMONIC LASER AND METHODS EMPLOYING SAME
Technical Field [0001] This invention relates to
solid-state lasers and, in particular, to laser
systems or methods that employ at least two harmonic
beams to perform micromachining operations such as via
formation. Background of the Invention [0002]
Conventional solid-state lasers provide only a single
beam of laser output at a given time, and conventional
solid-state harmonic lasers provide only a single
harmonic beam of laser output at a given time. An
exemplary solid-state harmonic laser produces UV laser
pulses of 8-10 W average power in a single beam at a
repetition rate of about 1-100 kHz. To increase laser
system throughput for a given laser micromachining
operation, skilled practitioners have used laser
systems with more than one laser head or a variety of
beam-splitting techniques. These techniques have
several disadvantages. [0003] If two or more lasers
are employed to increase system throughput by
processing identical targets simultaneously with
parallel processing operations, then the extra lasers
require additional space for and multiply the cost of
the laser system. Even when such lasers employ
identical pumping sources, laser media, harmonic
converters, and output coupling mirrors in an
"identical" design, and additionally employ identical
optical-path components and system control
electronics, skilled persons will appreciate that it
is difficult to match the laser output parameters,
such as energy per pulse, beam shape or quality,
and/or divergence angle or focused spot size, of each
of the different laser beams due to variations in the
quality of the components when they are new and due to
variations in age-related deterioration of the
components. [0004] On the other hand, beam-splitting
techniques, such as those employed to increase
throughput in applications such as via drilling,
require a higher-power laserbeam to be generated from
the laser so that the generated beam can be divided
into the number of desired beams. Unfortunately, the
highest practical available harmonic power is
primarily limited by the risk of damage to the
harmonic converter. Higher power capabilities also
tend to decrease the reliability of the laser head,
increase the damage risk to various optical
components, and decrease the laser system lifetime. 



[0005] Solid-state harmonic lasers and methods for
employing such lasers that overcome these
disadvantages are, therefore, desirable. Summary of
the Invention [0006] An object of the present
invention is, therefore, to provide a solid-state
laser for providing multiple laser output beams.
[0007] Another object of the invention is to provide
such a solid-state laser that provides two or more
harmonic laser output beams. [0008] A further object
of the invention is to provide a method for employing
such a solid-state laser to increase the processing
throughput of a laser system. [0009] The present
invention preferably employs a solid-state laser
having a laser resonator with output ports on opposite
sides of a laser medium to provide two separate laser
machining beams. In one embodiment, the output ports
are resonator mirrors that are partly transmissive to
the fundamental wavelength generated by one or more
laser media so that the laser resonator provides two
separate laser machining beams at the fundamental
wavelength. In an alternative embodiment, extracavity
wavelength converters are employed to convert one or
both fundamental wavelength beams to a harmonic
wavelength. In another alternative embodiment,
intracavity wavelength converters are positioned on
one or both sides of the laser medium. The laser
cavity may also include an optional Q-switch and/or
aperture. The output ports employed in connection with
intracavity wavelength converters can be resonator
mirrors that are preferably highly reflective to the
fundamental wavelength generated by one or more laser
media and highly transmissive to the wavelength of the
desired harmonic laser output. Each set of wavelength
converters may comprise one, two, or three nonlinear
crystals suited for specific harmonic generation.
Further embodiments include a wave plate within one or
both sets of nonlinear crystals for adjusting the
power of each harmonic beam. [0010] In an alternative
embodiment, the laser contains at least one fold
mirror to facilitate end-pumping the laser medium. In
another preferred embodiment, anadditional solid-state
laser medium is positioned along an optical path
between the wavelength converters. Further embodiments
include adding a Q-switch and/or an aperture,
preferably between the laser media, and adding a laser
pulse grating device to control concurrent propagation
or nonpropagation of the laser machining beams
independently to respective targets. 



[001 1] An advantage of these embodiments is that a
single laser provides two laser machining beams of
laser output, eliminating many of the components and
electronics that would be needed for two separate
lasers. In addition, the burden of generating desired
harmonic wavelength power is shared by two sets of
harmonic converters, so there is less risk that the
harmonic converters and other optical components will
sustain damage. The laser components may, therefore,
last longer and reduce costs. [0012] Another advantage
of these embodiments is that two laser machining beams
generated by a single laser can have virtually
identical characteristics, especially when the laser
is symmetrically configured. Wave plates can also be
used to compensate for most differences between the
power levels in the two laser machining beams. [0013]
Still another advantage of these embodiments is that
two laser machining beams generated by a single laser
can be manipulated to have different parameters, such
as wavelength or energy per pulse. For example, one
laser machining beam can be employed at the
fundamental laser wavelength, while the second laser
machining beam can be employed at the second, third,
or fourth harmonic of the first beam. A laser system
providing such laser machining beams could process
different materials on one or more targets
sequentially or simultaneously. [0014] Additional
aspects and advantages of this invention will be
apparent from the following detailed description of
preferred embodiments, which proceeds with reference
to the accompanying drawings. Brief Description of the
Drawings [0015] FIG. 1 is a schematic diagram of a
preferred embodiment of a solid-state harmonic laser
for providing two laser machining beams, employing an
output port at each end of the laser resonator and
employing extracavity wavelength converters. [0016]
FIG. 2 is a schematic diagram of a preferred
embodiment of a solid-state harmonic laser for
providing two laser machining beams, employing an
output port ateach end of the laser resonator and
employing both intracavity and extracavity wavelength
converters. [0017] FIG. 3 is a schematic diagram of a
preferred embodiment of a solid-state harmonic laser
for providing two laser machining beams, employing an
intracavity wavelength converter and an output port at
each end of the laser resonator. 



[0018] FIG. 4 is a schematic diagram of an alternative
preferred embodiment of a solid-state harmonic laser
for providing two laser machining beams, employing two
laser media and multiple fold mirrors between the
output ports. [0019] FIG. 5 is a schematic diagram
showing that two laser machining beams can be employed
to machine separate targets. [0020] FIG. 6 is a
schematic diagram showing that two laser machining
beams can be combined to machine the same target.
[0021] FIG. 7 is a schematic block diagram showing an
embodiment of an exemplary laser system employing two
laser pulse gating devices to provide ondemand,
time-independent targeting for respective laser
machining beams from the same resonator. [0022] FIG. 8
is a schematic block diagram showing a generic
embodiment of an exemplary laser employing at least
one prism as an output port. [0023] FIG. 9 is a
schematic block diagram showing a specific embodiment
of an exemplary laser employing two prisms as the
output ports. Detailed Description of Preferred
Embodiments [0024] FIG. 1 is a schematic diagram of an
embodiment of a laser 10a including a laser resonator
20a having two output ports 22ai and 22b-i
(generically, output ports 22) that are
output-coupling resonator mirrors and are partly
reflective to a fundamental infrared (IR) wavelength
generated by one or more solid-state laser media 24ai
and 24bi (generically, laser media 24 or laser medium
24) that are along an optical path 28a within the
laser resonator 20a. Skilled persons will appreciate
that other techniques of separating the harmonic
wavelength from the fundamental wavelength can be
employed to propagate the harmonic wavelength out of
the resonator 20a, with or without propagating through
output couplers. An exemplary alternative employs
prisms or nonlinear crystals (NLCs) 34 having Brewster
anglecuts, which are techniques well known to skilled
practitioners and some of which are described in
detail in U.S. Pat. No. 5,850,407 of Grossman et
al.[0025] The laser media 24 preferably comprise a
conventional solid-state lasant such as Nd:YAG,
Nd.YLF, Nd:YVO4, or Yb:YAG. In most embodiments, laser
media 24a and 24b will comprise the same lasant, but
skilled persons will appreciate that laser medium 24a
could be different from laser medium 24b in
composition, size, or dopant concentration, for
example. Laser medium 24b is shown in phantom lines 



because it can be omitted. In some embodiments, the
laser media 24 are directly or indirectly pumped from
the side by one or more diodes or diode arrays (not
shown) that generate laser pumping light 30a and 30b
(generically, pumping light 30), but skilled persons
will appreciate that one or more intracavity fold
mirrors or pumping input coupling mirrors 32 (FIG. 4)
and/or other well-known optical components (not shown)
could be added to facilitate end-pumping. Skilled
persons will appreciate that one or more lamps,
lasers, or other pumping means could be employed to
provide pumping light 30. [0026] The laser resonator
20a also preferably, but not necessarily, includes a
Qswitch 38. If two laser media 24 are employed, the
Q-switch 38 is preferably, but not necessarily,
positioned between them along the optical path 28a.
One or more apertures 40a and 40b (generically,
apertures 40) may also be included in the laser
resonator 20a along the optical path 28a. It is
preferable to include one aperture 40 for each laser
medium 24, and it is preferable to position apertures
40 between respective laser media 24 and output ports
22. [0027] If desirable, wavelength converters 26ai
and 26bi (generically, wavelength converters 26) can
be positioned along the optical path 28a outside of
the laser resonator 20a to convert the laser machining
resonator outputs 2Ta1 and 27bi (generically,
resonator outputs 27) to harmonic laser machining
beams 42ai and 42bi (generically, laser machining
beams 42). In embodiments wherein the wavelength
converters 26 are all outside of the laser resonator
20a, the output ports 22a-i and 22 are preferably
about 5%-20% transmissive to the fundamental
wavelength. If only one of the two wavelength
converters 26ai and 26bi is employed, then one of the
laser machining beams 42 will express the fundamental
wavelength while the other laser machining beam 42
will express a harmonic wavelength. [0028] Each
wavelength converter 26 preferably comprises one or
more nonlinear crystals 34a and 34b, such as 34a-i,
34a2, 34b-i, and 34b2 (generically, nonlinear crystals
34) shown in FIG. 1. For convenience, the nonlinear
crystals 34 are alsolabeled with "NLC" in the figures.
In most embodiments, the nonlinear crystals 34a are
preferably generally identical to the respective
nonlinear crystals 34b. With respect to the embodiment
shown in FIG. 1, the nonlinear crystals 34ai and 34b1
preferably convert the resonator outputs 27 to second
harmonic laser machining 



outputs 29a and 29b (generically, second harmonic
wavelength outputs 29), and the nonlinear crystals
34a2 and 34b2 preferably convert second harmonic
wavelength outputs 29 to the laser machining beams 42,
which in this embodiment preferably comprise the third
harmonic wavelength. Skilled persons will appreciate,
however, that the laser machining beams 42 could be
adapted to comprise the fourth harmonic wavelength.
Typical fundamental laser wavelengths include, but are
not limited to, 1,064 nm, which has harmonic
wavelengths at 532 nm (frequency doubled), 355 nm
(frequency tripled), 266 nm (frequency quadrupled),
and 213 nm (frequency quintupled). Skilled persons
will appreciate that different combinations of
wavelength converters 26 on opposite sides of laser
media 24 could be employed to produce different
harmonics of laser machining beam 42 on different
sides of laser media 24. Skilled persons will
appreciate that the wavelength converters 26 can be
omitted from one or both sides of laser media 24 so
that the one or both of the laser machining beams 42
may comprise the fundamental wavelength. [0029] If the
harmonic laser machining beams 42a and 42b are desired
to have substantially identical parameters, such as
energy per pulse, skilled persons will appreciate that
the components inside and outside of the laser
resonator 20a should be arranged substantially
symmetrically. In addition, one or more wave plates
36a and/or 36b (generically, wave plates 36) with or
without polarizers are preferably added between the
nonlinear crystals 34 of one or both sets of
wavelength converters 26 to fine-tune the respective
harmonic laser machining beams 42a and 42b to have one
or more substantially identical parameters such as
energy per pulse. Skilled persons will appreciate that
although it is preferable to position the wave plate
36 between the nonlinear crystals 34 of each
wavelength converter 26, the wave plate 36 could be
positioned between the output port 22 and the
wavelength converter 26. Other well-known energy
control devices including, but not limited to, a
polarizer, an electro-optic device, an acousto-optic
modulator or attenuator, a polarizer and a wave plate,
or a polarizer and an electro-optic device, can
additionally or alternatively be employed to control
the energy of one or both laser machining beams
42.[0030] Skilled persons will appreciate that laser
machining beams 42 are significantly different from
low-energy reference beams, calibration beams, and
dumped beams, some of which are often the result of
inconsequential resonator 



leakage. Skilled persons will also appreciate that the
resonator components could be arranged in a variety of
other combinations. For example, the Q-switch 38 and
the aperture 40 could be positioned on the same side
of the laser medium 24. Skilled persons will also
appreciate that the cavity components can be
configured to be substantially symmetrical in order to
facilitate substantially similar harmonic laser
machining beams 42a and 42b, or the cavity components
can be configured to be intentionally asymmetrical in
order to provide purposefully different harmonic laser
machining beams 42a and 42b. [0031] If the harmonic
laser machining beams 42a and 42b are desired to have
intentionally different parameters, such as
wavelength, spot size, or energy per pulse, skilled
persons can employ a wavelength converter 26a that is
different from the wavelength converter 26b. For
example, the nonlinear crystals 34a can have different
dimensions, properties, or distinct number of crystals
than the nonlinear crystals 34b, or they may be spaced
or configured differently inside or outside of the
laser resonator 20a. Similarly, other resonator
components may be spaced differently on each side of
the laser medium 24 so as to accommodate different
beam powers and divergence angles. The wave plates 36
or other power control devices can also be controlled
to alter the parameters of either or both of the
harmonic laser machining beams 42a and 42b, and the
wave plate 36a may also have different dimensions or
properties than the wave plate 36b in order to
facilitate different respective harmonic laser
machining beams 42a and 42b to suit different
particular applications. [0032] With reference again
to FIG. 1, the embodiment shown employs reflective
mirrors 48ai and 4Sb1 (generically, mirrors 48) to
direct the respective harmonic laser machining beams
42ai and 42bi to beam positioning and focusing system
components (not shown). In a preferred embodiment, the
mirrors 48 are highly reflective to the wavelength of
the harmonic laser machining beams 42, such as the
third harmonic, and are highly transmissive to the
fundamental and other harmonic wavelengths, such as
the second harmonic at a 45-degree angle. [0033] FIG.
2 shows a preferred embodiment of a solid-state laser
10b having both extracavity wavelength converters 26a2
and 26b2 and intracavity wavelengthconverters 26c2 and
26d2 and employing many of the same components of the
solidstate laser 10a in FIG. 1. For convenience,
analogous components of the solid-state 



lasers 10a and 10b (generically, lasers 10) are
generally labeled with analogous reference numerals in
FIGS. 1-8, although the lettering or subscripts may
differ. [0034] With reference to FIG. 2, a laser
resonator 20b includes intracavity wavelength
converters 26c2 and 26d2 that respectively preferably
comprise one or more nonlinear crystals 34ai and 34bi.
Because the laser resonator 20b includes intracavity
wavelength converters 26c2 and 26d2, output ports 22a2
and 22b2 are preferably highly reflective to the
fundamental wavelength generated by the laser medium
24 and are highly transmissive to a desired harmonic
wavelength of the resonator outputs 27a2 and 27b2.
Skilled persons will again appreciate that other
techniques of separating the harmonic wavelength from
the fundamental wavelength can be employed to
propagate the harmonic wavelength out of the resonator
20 with or without propagating through output
couplers, such as techniques employing prisms or
Brewster angle-cut NLCs 34. [0035] In some embodiments
of the solid-state laser 10b, the resonator outputs 27
comprise the second harmonic, and the extracavity
wavelength converters 26a2 and 26b2 that respectively
preferably comprise one or more nonlinear crystals
34a2 and 34b2 preferably convert the resonator outputs
27 into the harmonic laser machining beams 42a2 and
42b2, which preferably comprise the fourth harmonic
wavelength. Accordingly, partly reflective mirrors
48a2 and 48b2 are preferably highly reflective to the
wavelength of the harmonic laser machining beams 42,
such as the fourth harmonic, and are highly
transmissive to the second harmonic wavelengths at a
45-degree angle. Respective second sets of wave plates
36a2 and 36b2, nonlinear crystals 34a2 and 34b2, and
partly reflective mirrors 48a2 and 48b2 can be added
to take advantage of the portions of the resonator
(second harmonic) outputs 27 that propagate through
the first set of partly reflective mirrors 48, so that
four beams of virtually identical or substantially
different harmonic laser machining output can be
provided. [0036] FIG. 3 is a schematic diagram of a
preferred embodiment of a laser 10c including a laser
resonator 20c having two output ports 22a3 and 22b3
(generically, output ports 223) that are highly
reflective to a fundamental wavelength generated by
the laser medium 24b3 and are highly transmissive to a
desired harmonic wavelength.[0037] In some
embodiments, the wavelength converters 26e and 26f are



preferably positioned within the laser resonator 20c
toward the respective output ports 22a3 and 22b3, and
each wavelength converter 26 preferably comprises two
or more nonlinear crystals 34ai and 34a2 and 34b and
34b2. In preferred embodiments, wave plates 36a3 and
36b3, with or without depolarizers, are added between
the nonlinear crystals 34 of both wavelength
converters 26. A Q-switch 38 and/or an aperture 40 may
also be added, preferably between the wavelength
converters 26 and on opposite sides of the laser
medium 24b3. [0038] Skilled persons will also
appreciate that the resonator components could be
arranged in a variety of combinations to provide
substantially similar or different harmonic laser
machining beams 42a3 and 42b3. For example, the
Q-switch 38 and the aperture 40 can be positioned on
the same side of the laser medium 24b3, or the wave
plates 363 can be omitted or be positioned on either
side of both nonlinear crystals 34 of a given
wavelength converter 26. [0039] As with other
embodiments, if harmonic laser machining beams 42a3
and 42b3 are desired to have the same parameters, then
the symmetrical components are preferably identical;
and if the harmonic laser machining beams 42a3 and
42b3 are desired to have intentionally different
parameters, such as different wavelengths, then the
symmetrical components, such as the wavelength
converters 26, may have different characteristics to
provide desired differences in harmonic laser
machining beams 42. [0040] FIG. 4 is a schematic
diagram of a preferred embodiment of an alternative
laser 10d that also includes two sets of intracavity
wavelength converters 26e and 26f, wave plates 36a3
and 36b3, and output ports 22a3 and 22b3. However, the
laser resonator 2Od also includes fold mirrors 32a-i,
32a2, 32b-i, and 32b2 (generically, fold mirrors 32,
or 32a, or 32b) and two distinct laser media 24a and
24b4 separated by the Q-switch 38. The fold mirrors 32
may be highly reflective to a fundamental wavelength
generated by the laser media 24 and highly
transmissive to a wavelength of the laser pumping
light 30ai, 3Oa , 30bi, and 3Ob2 (generically, laser
pumping light 30, or 30a, or 30b). [0041] When
substantially identical parameters are desired for the
harmonic laser machining beams 42a3 and 42b3
(generically laser machining beams 42), skilled
persons will appreciate that the laser media 24 are
preferably substantially identical 



in size, composition, and orientation to the optical
path 28d, and the fold mirrors 32aand 32b are
preferably substantially identical in size, shape, and
angle of orientation to the optical path 28d. The
distances between these resonator components on either
side of the laser media 24 are also preferably
symmetrical. However, as with other embodiments in
which intentionally different parameters are desired
for the harmonic laser machining beams 42, skilled
persons will appreciate that resonator components
and/or wavelength converters 26 on each side of the
Q-switch 38 may have different properties, different
sequential or axial arrangement along the optical path
28d, and/or different distances between them.
Furthermore, the wave plates 36 or other energy
control devices can be controlled so that the pulse
energy of pulses of the first laser machining beam 42a
is different from the pulse energy of pulses of the
second laser machining beam 42b. [0042] With respect
to the lasers 10a-IOd (generically, lasers 10), the
harmonic laser machining beams 42 can be manipulated
in a variety of well-known beamcombining,
beam-splitting, or beam-multiplexing techniques to
perform well-known laser operations such as
micromachining applications including, but not limited
to, via drilling; semiconductor wafer slicing, dicing,
or rounding; or other laser etching or scribing
techniques. [0043] FIG. 5 demonstrates embodiments of
a laser system 50a wherein the laser machining beams
42a and 42b from a solid-state laser 10 are directed
by mirrors 48a and 48b along respective separate beam
paths 52a and 52b and are directed by scan heads 56a
and 56b at separate target locations on workpieces 54a
and 54b supported by the same or different platforms
58. [0044] Scan heads 56a and 56b are preferably part
of a conventional beam positioning system (FIG. 7),
such as those described in detail, along with
improvements, in U.S. Pat. No. 5,751,585 of Cutler et
al., U.S. Pat. No. 6,430,465 of Cutler, or U.S. Pat.
No. 4,532,402 of Overbeck, which are assigned to the
assignee of this application and which are herein
incorporated by reference. Other fixed-head or fast
positioner-head systems, such as galvanometer-,
piezoelectrically-, or voicecoil- controlled mirrors,
or linear motor-driven conventional positioning
systems or those employed in the 5300 model series
manufactured by Electro Scientific Industries, Inc.
(ESI) of Portland, Oregon, could additionally or
alternatively be employed. 



[0045] In preferred applications, the workpieces 54a
and 54b are substantially identical patterns, such as
cell phone boards, and are preferably formed in
similaralignments on a single printed circuit board
(PCB) that is supported by the platform 58, such as an
X-Y table. Each workpiece 54a and 54b may require
substantially identical processing operations at the
same or different locations. For example, the
workpieces 54a and 54b may require several vias to be
drilled at identical locations. [0046] A laser 10,
which provides two laser machining beams 42a and 42b
for performing substantially identical processing
operations on substantially identical workpieces 54a
and 54b, offers several advantages over conventional
laser systems that employ two distinct lasers or
conventional systems that split a single beam from a
single output laser. Many of the components and
electronics that would be needed for two separate
lasers are eliminated, so complexity and cost are
reduced. The laser 10 also takes up less physical
space and is more power-efficient than two separate
lasers. [0047] Another advantage is that the burden of
generating desired harmonic wavelengths is shared by
two sets of wavelength converters 26 so there is less
risk that the wavelength converters 26 and other
optical components will sustain damage. For practical
reasons, the harmonic power available from a
conventional solid-state harmonic laser is limited
mainly by the damage risk to the wavelength converters
26. By employing two sets of wavelength converters 26,
skilled persons can employ a more powerful fundamental
lasing engine and thereby derive more harmonic output
power from a single resonator. Thus, each of the beams
generated from the laser 10 may have the same
practical maximum output power as that of a single
beam generated by a conventional laser, or, for
example, the sum of the output powers from the first
and second beams can be greater than the practical
maximum output power of the traditional single-output
beam. [0048] With respect again to performing
substantially identical processing operations on
substantially identical workpieces 54a and 54b, the
two laser machining beams 42a and 42b generated by the
laser 10 are more likely to have identical pulse
characteristics, especially when the resonator
components are identical and are symmetrically
positioned. Employing a laser 10 to provide the two
laser machining beams 42a and 42b minimizes variations
in age-related deterioration that would occur between
different resonators, so the laser machining 



beams 42a and 42b are affected by substantially the
same amount of cavity loss and/or performance drifting
of the optical components or aging of the single or
respective pumping source(s). Skilled persons will
appreciate that resonator lossdifferences or aging of
the pumping sources in traditional separate resonators
due to variable deterioration cause significant
differences in certain characteristics of the laser
beams, such as energy per pulse and beam quality, and
the variable resonator loss differences require
constant recalibration of the two traditional
resonators to each other. [0049] Differences in beam
characteristics from different resonators could result
in one laser beam performing within acceptable
tolerance while the other laser beam performs
defective operations. For example, some vias may be
drilled to a desirable depth or quality while other
vias may be drilled in a manner that unacceptably
damages the via bottom layer or surrounding layers.
The acceptable range of laser pulse energies is often
referred to as a "process window." For many laser
processing applications, the process window requires
that laser pulse energy vary by less than 5% from a
selected pulse energy value. [0050] The laser
machining beams 42a and 42b are, therefore, more
likely to be performing substantially identical
processing operations with substantially identical
output parameters (varying by less than 5% of pulse
energy, for example), especially at high repetition
rates such as greater than 5 or 10 kHz at harmonic
wavelengths, on substantially identical via patterns
on the workpieces 54a and 54b, so that both of the
laser machining beams 42a and 42b produce high-quality
results, for example, making high-quality vias in
PCBs. [0051] FlG. 6 demonstrates embodiments of a
laser system 50b wherein the laser machining beams 42a
and 42b from the laser 10 are combined through a beam
combiner 60 to provide a single laser system output
42e from the scan head 56 along the beam path 52c. The
beam combiner 60 may include a fold mirror 48c, a
beam-combining mirror 62, and an additional wave plate
36c. If the beam paths 52a and 52b are substantially
equal before they reach the beam combiner 60, the
laser system output 42e has the combined energy per
pulse of the laser machining beams 42a and 42b without
affecting the shape of the laser pulse. Skilled
persons will appreciate that the combined energy of
the laser machining beams 42a and 42b may be as much
as about twice the energy per pulse as that available
from a 



conventional solid-state laser. Skilled persons will
particularly appreciate these advantages when harmonic
wavelengths are desired. [0052] Alternatively, an
optional optical delay path (not shown) can be
employed along one of the beam paths 52a or 52b
upstream of the beam combiner 60 totemporally separate
the laser machining beams 42a and 42b in order to
effectively elongate the pulse width experienced by a
target or to provide immediately sequential pulses
along the same beam path 52c. The delay between the
laser machining beams 42a and 42b would preferably be
from zero to about one pulse width, and the preferred
combined adjustable pulse width would be from one to
about two pulse widths of a given laser machining beam
42. Alternatively, the delay could be used to
effectively double the repetition rate over the
capabilities of a conventional single-output
resonator. Skilled persons will appreciate that a
small delay between the laser machining beams 42a and
42b can also be accomplished by moving the beam
combiner 60 to be at respectively smaller and larger
distances from the final fold mirrors 48a and 48b in
order to provide a slightly adjustable combined pulse
width. [0053] Skilled persons will appreciate that the
laser machining beams 42a and 42b can be delivered
sequentially or substantially simultaneously with a
predetermined angular or lateral offset, such that the
resulting laser spots are substantially adjacent to or
substantially overlap one another. Skilled persons
will also appreciate that these laser machining beams
42a and 42b can have the same parameters or have
different wavelengths, pulse energies, or other beam
characteristics. [0054] FlG. 7 shows, as an example, a
via-drilling system 110 that employs laser pulse
gating devices 112a and 112b, positioned along beam
paths 52a and 52b between the laser 10 and the
respective scan heads 56a and 56b. In some preferred
embodiments, such as those in which the laser pulses
of the laser machining beams 42a and 42b are generated
by the Q-switch 38 substantially continuously at a
substantially constant repetition rate, a system
controller or system computer 114 controls the scan
head 56a to be aligned to a target location and then
the directly or indirectly sends a "gating ON" gating
control signal 116a to the laser gating device 112a,
thereby prompting laser gating device 112a to assume
an output transmitting state. The output transmitting
state permits laser pulses of the laser 



machining beam 42a to propagate through the first
gating device 112a and to be directed by the scan head
56a in order to reach the target location and perform
the desired laser processing operation. [0055] After a
desired number of laser pulses of laser machining beam
42a impinge the target location, the system computer
114 directly or indirectly shuts offthe gating signal
116a so that the gating device 112a assumes a
nontransmitting state and the laser machining beam 42a
is blocked from reaching the target location such as
by being diverted to an absorber 118a. Then the system
computer 114 commands the first scan head 56a to move
and direct its aim at another target location before
the system computer 114 sends another "gating ON"
gating signal 116a to the laser pulse gating device
112a. The system computer 114 concurrently commands
the second scan head 56b and second gating device 112b
in the same manner, performing laser processing only
when desired at the target locations swept by the
second scan head 56b. [0056] One advantage of such
embodiments is that the laser 10 can remain running at
a predetermined repetition rate, so there is no
thermal loading variation on the wavelength
converter(s) 26, and the thermally induced harmonic
pulse energy drifting is thus eliminated. Another
advantage of such embodiments is that the laser
machining beams 42a and 42b can be gated completely
independently of each other. Thus, scan heads 56a and
56b can perform completely independent laser
processing tasks at different locations on different
materials concurrently as well as sequentially.
Another advantage of such embodiments is that the
laser pulse gating devices 112a and 112b can perform
laser energy control functions as well, thereby
enhancing the system's performance and reducing its
cost. [0057] Exemplary laser pulse gating devices
include high speed electro-optic (EO) devices or
acousto-optic (A-O) devices, such as Model N30085-05
made by NEOS Technologies, Melbourne, FL. or modified
versions of it. Further details concerning on-demand
triggering of a laser pulse gating device 112 can be
found in U.S. Pat. No. 6,172,325 of Baird et al. and
U.S. Pat. Appl. No. 10/61 1,798 of Sun et al., which
are herein incorporated by reference. [0058]
Radio-frequency (RF) loading control techniques
described in U.S. Pat. Appl. No. 10/61 1,798 of Sun et
al. can additionally be employed to provide nearly
constant thermal loading on an A-O laser pulse gating
device 112 by applying an RF 



pulse to the A-O gating device 112 in coincidence with
pulses of the laser machining beam 42 when the scan
head 56 is over a target location (in other words,
when a working laser machining beam 42 is demanded)
and by applying an RF pulse with the same RF energy to
the A-O gating device 112 but in noncoincidence with
the pulses of the laser machining beam 42 when the
scan head 56 is over an intermediate location (in
other words, when a working laser machining beam 42
isnot demanded). Skilled persons will appreciate that
with such substantially constant thermal loading on an
A-O gating device 112, there are minimal adverse
effects by an A-O gating device 112 on the quality and
positioning accuracy of the working laser machining
beam 42. [0059] It will be further appreciated that
the RF power of the RF pulse on an A-O gating device
112 can be adjusted to control the energy of the
working laser machining beam 42 to meet target
processing needs, while the RF duration of the RF
pulse can be controlled accordingly to maintain a
substantially constant RF energy or arithmetic product
of the RF power and the RF duration of the RF pulse.
[0060] FIG. 8 shows an embodiment of an exemplary
laser 1Od with components similar to those of the
other lasers 10, but specifically employing at least
one prism 22a8 as at least one of its output ports 22
and employing a nontransmissive resonator mirror 32a8
at one end of resonator 2Od. Prism 22b8 is shown in
phantom because it may be included to serve as an
output port 22 or may be omitted, or prism 22b8 may be
employed as an output port 22 for one selected
wavelength while output port 22b7 may be transmissive
to the same or different wavelength in order to
produce laser machining beams 42b8 and 42b7. Skilled
persons are again reminded that other techniques of
separating the harmonic wavelength from the
fundamental wavelength can be employed to propagate
the harmonic wavelength out of the resonator 20 with
or without propagating through output couplers, such
as techniques employing Brewster angle-cut NLCs 34.
[0061] The wavelength converters 26a and 26b are shown
in phantom and in alternative positions to emphasize
variations described with respect to other
embodiments. Their inclusion and positions may be
varied. Similarly, laser medium 24b is shown in
phantom. [0062] FIG. 9 shows a specific embodiment of
an exemplary laser 1Oe employing two prisms 22a8 and
22b8 as the output ports 22. Laser 10e also includes
endpumped 



laser media 24; resonator end mirrors 32a8 and 32b8;
and NLCs 34a and 34b, which are positioned between the
resonator end mirrors 32a8 and 32b8 and the prisms
22a8 and 22b8, respectively. [0063] It will be obvious
to those having skill in the art that many changes may
be made to the details of the above-described
embodiments without departing from the underlying
principles of the invention. The scope of the present
invention should, therefore, be determined only by the
following claims.Claims 1. A solid-state laser
comprising: a solid-state laser medium positioned
along an optical path to receive laser pumping light
from a laser pumping source, the laser medium adapted
to facilitate generation of laser output having a
first wavelength; a Q-switch positioned along the
optical path between the first and second output ports
to transform the laser output into a pulsed laser
output; first and second output ports positioned along
the optical path and on different sides of the laser
medium for propagating respective first and second
laser machining beams of pulsed laser output; and
first and second wavelength converters positioned
along the optical path and respectively on different
sides of the laser medium, the first and second
wavelength converters being adapted for converting the
wavelength of the pulsed laser output to a harmonic of
the first wavelength such that the first and second
laser machining beams have a harmonic wavelength. 2.
The laser of claim 1 in which the first and second
wavelength converters are positioned between the first
and second output ports. 3. The laser of claim 1 in
which the first wavelength converter comprises first
and second nonlinear crystals positioned on different
sides of the first output port such that the first
nonlinear crystal converts the first wavelength to the
harmonic wavelength and the second nonlinear crystal
converts the harmonic wavelength to another harmonic
wavelength. 4. The laser of claim 1 in which the first
and second wavelength converters have different
properties such that the first and second laser
machining beams have different harmonic wavelengths.
5. The laser of claim 1 in which the first output port
comprises a first 



resonator mirror that is at least partly transmissive
to the harmonic wavelength, a first prism that
deflects the optical path, or an angle cut on the
first wavelength converter that deflects the optical
path, and in which the second output port comprises a
second resonator mirror that is at least partly
transmissive to the harmonic wavelength, a second
prism that deflects the optical path, or an angle cut
on the second wavelength converter that deflects the
optical path. 6. The laser of claim 1, further
comprising:first and second energy control devices
positioned along the optical path on opposite sides of
the laser medium. 7. The laser of claim 6 in which the
first and second energy control devices comprise wave
plates. 8. The laser of claim 6 in which the first and
second energy control devices are controllable to make
respective laser pulse energies of the first and
second laser machining beams substantially the same.
9. The laser of claim 6 in which the first and second
energy control devices are controllable to make laser
pulse energy of the first beam significantly different
from laser pulse energy of the second beam. 10. The
laser of claim 1 in which the respective first and
second wavelength converters and output ports are
substantially identical such that first
characteristics of the first laser machining beam
propagating through the first output port are
substantially identical to second characteristics of
the second laser machining beam propagating through
the second output port, wherein the first and second
beam characteristics comprise one or more of beam
propagation quality, laser pulse width, or laser pulse
energy. 11. The laser of claim 10 in which the pulsed
laser output has a repetition rate of greater than 5
kHz. 12. The laser of claim 1, further comprising: a
second solid-state laser medium positioned along the
optical path between the first and second output
ports, wherein the Q-switch is positioned between the
laser media. 13. The laser of claim 12 in which the
laser medium comprises Nd:YAG, Nd:YLF, NdIYVO4, or
Yb:YAG and in which the second laser medium comprises
Nd.YAG, Nd-.YLF, Nd:YVO4, or Yb:YAG. 



14. The laser of claim 1 in which the laser medium
comprises Nd.YAG, Nd:YLF, Nd:YVO4, or Yb:YAG. 15. The
laser of claim 1 in which the first laser machining
beam comprises at least one of the second, third,
fourth, or fifth harmonics of the first wavelength and
the second laser machining beam comprises at least one
of the second, third, fourth, or fifth harmonics of
the first wavelength. 16. The laser of claim 1 in
which an input coupling mirror is employed to
facilitate end-pumping the laser medium.17. The laser
of claim 1 in which the laser pumping source comprises
at least one of a laser diode, a diode array, or
another laser. 18. The laser of claim 1 in which the
first and second laser machining beams comprise the
same harmonic wavelength, the laser output at the
harmonic wavelength has a practical maximum output
power for a traditional single-output harmonic beam
largely determined by a damage risk to the wavelength
converters, and the laser is capable of providing,
without damage to the first and second wavelength
converters, a total output power of the first and
second laser machining beams that is significantly
greater than the practical maximum output power of the
traditional single-output harmonic beam. 19. The laser
of claim 1 in which the first laser machining beam
propagating through the first output port and the
second laser machining beam propagating through the
second output port have output characteristics that
are substantially equally affected by age-related
deterioration of resonator components between the
first and second output ports. 20. The laser of claim
1 in which the first and second laser machining beams
are directed at spaced-apart respective first and
second substantially identical targets to perform
substantially identical operations substantially
simultaneously. 2 1. A laser system comprising: a
solid-state laser medium positioned along an optical
path to receive laser pumping light from a laser
pumping source, the laser medium adapted to facilitate
generation of laser output having a first wavelength;
a Q-switch positioned along the optical path between
the first and second output ports to transform the
laser output into pulsed laser output; 



first and second output ports positioned along the
optical path and on different sides of the laser
medium for propagating respective first and second
laser machining beams of the pulsed laser output; a
first wavelength converter positioned along the
optical path and adapted for converting the wavelength
of the first laser machining beam to a harmonic of the
first wavelength such that the first laser machining
beam has a harmonic wavelength; first and second
energy control devices, positioned along the optical
path on different sides of the laser medium, for
controlling respective first and second energies of
the respective first and second laser machining beams;
anda beam positioning system adapted for directing the
first and second laser machining beams along
respective first and second beam paths to respective
first and second target locations to perform one or
more micromachining operations. 22. The laser system
of claim 2 1, further comprising: a second wavelength
converter positioned along the optical path on a
different side of the laser medium from that of the
first wavelength converter, the second wavelength
converter adapted for converting the wavelength of the
second laser machining beam to a harmonic of the first
wavelength such that the second laser machining beam
has a harmonic wavelength, the respective first and
second wavelength converters and output ports being
substantially identical so that first characteristics
of the first laser machining beam propagating through
the first output port are substantially identical to
second characteristics of the second laser machining
beam propagating through the second output port,
wherein the first and second beam characteristics
comprise one or more of beam propagation quality,
laser pulse width, and laser pulse energy. 23. The
laser system of claim 22 in which the pulsed laser
output has a repetition rate of greater than 5 KHz.
24. The laser system of claim 2 1 in which the first
laser machining beam comprises at least one of the
second, third, fourth, or fifth harmonics of the first
wavelength and the second laser machining beam
comprises at least one of the first, second, third,
fourth, or fifth harmonics of the first wavelength.
25. The laser system of claim 2 1, further comprising:
a second wavelength converter positioned along the
optical path on a different side of the laser medium
from that of the first wavelength converter, the
second 



wavelength converter adapted for converting the
wavelength of the second laser machining beam to a
harmonic of the first wavelength such that the second
laser machining beam has a harmonic wavelength, the
first and second wavelength converters having
different properties such that the first and second
beams have different harmonic wavelengths. 26. The
laser system of claim 2 1, further comprising: a
second wavelength converter positioned along the
optical path on a different side of the laser medium
from that of the first wavelength converter, the
second wavelength converter being adapted for
converting the wavelength of the second laser
machining beam to a harmonic of the first wavelength
such that the secondlaser machining beam has a
harmonic wavelength, the first and second wavelength
converters being respectively positioned between the
laser medium and the respective first and second
output ports. 27. The laser system of claim 2 1 in
which the first and second laser machining beams
comprise at least one substantially different laser
processing parameter, wherein the laser processing
parameter comprises beam wavelength, laser pulse
width, laser pulse energy, or number of laser pulses.
28. The laser system of claim 2 1 in which the first
energy control device comprises at least one of a wave
plate, a polarizer, an electro-optic device, a
polarizer and a wave plate, or a polarizer and an
electro-optic device, and in which the second energy
control device comprises at least one of a wave plate,
a polarizer, an electro-optic device, a polarizer and
a wave plate, or a polarizer and an electrooptic
device. 29. The laser system of claim 28 in which the
first and second energy control devices control the
respective first and second laser machining beams so
that their energies are substantially identical. 30.
The laser system of claim 28 in which the first and
second energy control devices control the respective
first and second laser machining beams so that their
energies are significantly different. 3 1. The laser
system of claim 30 in which the first and second laser
machining beams perform different operations
simultaneously at respectively different target
locations. 32. The laser system of claim 2 1 in which
the first output port comprises a 



first resonator mirror that is at least partly
transmissive to the harmonic wavelength, a first prism
that deflects the optical path, or an angle cut on the
first wavelength converter that deflects the optical
path, and in which the second output port comprises a
second resonator mirror that is at least partly
transmissive to the harmonic wavelength, or a second
prism that deflects the optical path. 33. The laser
system of claim 2 1 in which the beam positioning
system comprises first and second scanning heads to
direct the respective first and second laser machining
beams at spaced-apart respective first and second
substantially identical targets to perform
substantially identical operations substantially
simultaneously.34. The laser system of claim 2 1 in
which the first and second beam paths are combined to
propagate coaxially and are directed by a scanning
head to jointly perform a laser processing operation.
35. The laser system of claim 34 in which the second
beam path has characteristics different from those of
the first beam path such that the second laser
machining beam initiates impingement after the first
laser machining beam initiates impingement to create
an effective pulsewidth of longer duration than the
duration of pulsewidths from the first or second laser
machining beams. 36. The laser system of claim 2 1 in
which the first and second beam paths are combined
with a predetermined angular offset and are directed
by a scanning head to jointly perform a laser
processing operation. 37. The laser system of claim 2
1 in which the first and second beam paths are
combined with a predetermined lateral offset and are
directed by a scanning head to jointly perform a laser
processing operation. 38. The laser system of claim 2
1 in which the first and second beam paths are
combined to jointly perform a laser processing
operation and the first and second laser machining
beams have at least one intentionally substantially
different beam characteristic, wherein the beam
characteristic comprises beam wavelength, laser pulse
width, or laser pulse energy. 39. The laser system of
claim 2 1 in which the first and second beams
cooperate to drill a via. 40. The laser system of
claim 21, further comprising: first and second laser
pulse gating devices respectively positioned along the



first and second beam paths for selectively gating the
pulsed laser output of the respective first and second
laser machining beams such that the first laser pulse
gating device provides a first output transmitting
state to permit transmission of pulsed laser output of
the first laser machining beam through a first
scanning head along the first beam path to a first
target location, and such that the second laser pulse
gating device provides a second output transmitting
state to permit transmission of the pulsed laser
output of the second laser machining beam through a
second scanning head along the second beam path to a
second target location, the first and second laser
pulse gating devices providing respective first and
second relatively nontransmitting states that inhibit
the pulsed laser output of the respective first and
second laser machining beams from propagating along
the respective firstand second beam paths such that
the respective first and second laser pulse gating
devices can simultaneously permit the pulsed laser
output of one of the first or second laser machining
beams to propagate to its respective target and
inhibit the pulsed laser output of the other of the
first or second laser machining beams from propagating
along its beam path, and such that the pulsed laser
output is adapted to be generated substantially
continuously at a substantially constant repetition
rate. 4 1. The laser system of claim 40 in which the
first and/or second laser pulse gating devices provide
output transmitting states at substantially regular
intervals and in temporal proximity to laser pulses of
the pulsed laser output such that respective first or
second output transmitting states coincident with the
laser pulses of the pulsed laser output propagate
laser pulses of the respective laser machining beam
and such that the output transmitting states
noncoincident with the laser pulses of the pulsed
laser output inhibit propagation of laser pulses of
the respective laser machining beam. 42. The laser
system of claim 40 in which the first and/or second
laser pulse gating device comprises an acousto-optic
modulator. 43. The laser system of claim 40 in which
the first and second laser pulse gating devices
function as the respective first and second energy
control devices and are adapted to control percentage
of laser energy transmission of the respective first
and second laser machining beams whenever the
respective laser pulse gating device is in the output
transmitting state. 44. The laser system of claim 40
in which the first and second laser 



machining beams comprise at least one substantially
different laser processing parameter, wherein the
laser processing parameter comprises beam wavelength,
laser pulse width, laser pulse energy, or number of
laser pulses. 45. A method for generating two laser
machining beams, comprising: supplying pumping light
to a laser medium positioned along an optical path;
employing a Q-switch to provide a pulsed laser output,
the Q-switch being positioned along the optical path
between first and second output ports that are
respectively positioned along the optical path on
opposite sides of the laser medium; propagating the
pulsed laser output through the first and second
output ports to provide respective first and second
laser machining beams; anddirecting the first laser
machining beam at a first target location and
directing the second laser machining beam at a second
target location to perform one or more micromachining
operations. 46. The method of claim 45 in which the
first laser machining beam comprises at least one of a
first, second, third, fourth, or fifth harmonic
wavelength and the second laser machining beam
comprises at least one of a first, second, third,
fourth, or fifth harmonic wavelength. 47. The method
of claim 45, further comprising employing first and
second wavelength converters positioned along the
optical path on different sides of the laser medium to
convert the respective first and second laser
machining beams of pulsed laser output to harmonic
laser output, such that the respective first and
second wavelength converters and output ports are
substantially identical and such that first
characteristics of the first laser machining beam
propagating through the first output port are
substantially identical to second characteristics of
the second laser machining beam propagating through
the second output port, wherein the beam
characteristics comprise one or more of beam
propagation quality, laser pulse width, and laser
pulse energy. 48. The method of claim 47 in which the
laser output has a repetition rate of greater than 5
kHz. 49. The method of claim 45, further comprising
employing first and second wavelength converters
positioned along the optical path on different sides
of the laser medium to convert the respective first
and second laser machining beams of pulsed laser
output to harmonic laser output, such that the first
and second 



wavelength converters have different properties and
such that the first and second laser machining beams
have different harmonic wavelengths. 50. The method of
claim 45, further comprising: employing first and
second energy control devices, positioned along the
optical path on different sides of the laser medium,
for controlling respective first and second energies
of the respective first and second laser machining
beams, in which the first energy control device
comprises at least one of a wave plate, a polarizer,
an electro-optic device, a polarizer and a wave plate,
or a polarizer and an electro-optic device, and in
which the second energy control device comprises at
least one of a wave plate, a polarizer, an
electro-optic device, a polarizer and a wave plate, or
a polarizer and an electro-optic device.51. The method
of claim 45 in which first and second laser pulse
gating devices are respectively positioned along the
first and second beam paths for selectively gating the
pulsed laser output of the respective first and second
laser machining beams, such that the first laser pulse
gating device provides a first output transmitting
state to permit transmission of pulsed laser output of
the first laser machining beam through a first
scanning head along the first beam path to a first
target location and such that the second laser pulse
gating device provides a second output transmitting
state to permit transmission of the pulsed laser
output of the second laser machining beam through a
second scanning head along the second beam path to a
second target location, the first and second laser
pulse gating devices providing respective first and
second relatively nontransmitting states that inhibit
the pulsed laser output of the respective first and
second laser machining beams from propagating along
the respective first and second beam paths such that
the respective first and second laser pulse gating
devices can simultaneously permit the pulsed laser
output of one of the first or second laser machining
beams to propagate to its respective target and
inhibit the pulsed laser output of the other of the
first or second laser machining beams from propagating
along its beam path, and such that the pulsed laser
output is adapted to be generated substantially
continuously at a substantially constant repetition
rate. 53. The method of claim 52 in which the first
and second laser pulse gating devices function as the
respective first and second energy control devices and
are adapted to control percentage of laser energy
transmission of the respective first and 



second laser machining beams whenever the respective
pulse gating device is in the output transmitting
state. 54. The method of claim 45 in which the first
and second laser machining beams comprise the same
harmonic wavelength and the laser output at the
harmonic wavelength has a practical maximum output
power for a traditional singleoutput harmonic beam
largely determined by a damage risk to the wavelength
converters, and in which the laser is capable of
providing, without damaging the wavelength converters,
a total output power of the first and second laser
machining beams that is significantly greater than the
practical maximum output power of the traditional
single-output harmonic beam. 55. The method of claim
45 in which first and second scanning heads direct the
respective first and second laser machining beams at
spaced-apartrespective first and second substantially
identical targets to perform substantially identical
operations substantially simultaneously. 56. The
method of claim 45 in which the first and second laser
machining beams are combined to propagate through a
common scan head to jointly perform a laser processing
operation. 


