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AOM MODULATION TECHNIQUES FOR
IMPROVING LASER SYSTEM PERFORMANCE

Technical Field

[0001] The present invention relates to laser micromachining and, in particular, to

methods and systems employing AOM frequency and/or amplitude modulation to
improve laser machining performance.

Background of the Invention
[0002] FIG. 1 is a schematic diagram of a typical prior art laser 2 employing a
traditional acousto-optic Q-switch 10a. FIGS. 2A and 2B (generically, FIG. 2) are
alternative partly schematic views of a prior art acousto-optic modulator (AOM) 10

having a transducer 12 responsive to a radio frequency (RF) driver 14-that controls
the extent to which the AOM 10 transmits a zero-order beam 16 and/or a first-order
beam 18. FIG. 3 is a schematic view showing the traditional technique for controlling
the RF driver 14. With reference to FIGS. 1-3, AOMs 10 have traditionally been
used as Q-switches 10a within the resonators of lasers 2 to control pulse timing,
repetition rate, and cavity gain. A typical Q-switch 10a (or a typical AOM 10)
includes an RF transducer 12 that is amplitude-modulated by the RF driver 14 at a
specific frequency set by a manufacturer. The Q-switch 10a is typically controlled by
a laser system controller 4 that commands a power supply 14a to provide a

selectable amount of power to the RF transducer 12 to allow laser pulses to either
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exit the laser or to hold the laser energy inside the laser resonator. The power
supply 14a also typically provides power to a laser pumping source 6 to provide
pumping radiation to a laser medium 8 in response to commands from the laser
system controller 4. These components cooperate to produce a pulsed laser beam
20 when desired.
[0003] AOMS 10 have also been used as variable intra-resonator loss modulators
to control laser pulse timing and intensity by variably controlling the amplitude of the
RF signal delivered to the RF transducer(s) 12 on the AOM(s) 10 as described in
U.S. Pat. No. 5,197,074 of Emmons, Jr. et al. AOMs 10 have also been used as
extra-cavity beam attenuators that control the intensity of the laser beam 20 by
diffracting the laser beam 20 with varied diffraction efficiency so that a percentage of
the optical energy travels down a desired beam path and most of the rest of the
optical energy travels to a "beam dump.”
[0004] More recently, Electro Scientific Industries, Inc. of Portland, Oregon has
employed AOMs 10 as gating control devices or “pulse pickers” to allow pulses from
" alaser 2 to propagate through or along various positioning system components to
impinge a workpiece when commanded and to inhibit the laser pulses from
impinging the workpiece when not commanded. This process is described in more
detail in U.S. Pat. No. 6,172,325 of Baird et al.
[0005] With reference again to FIGS. 2 and 3, the transducer 12 converts an RF
input signal from the analog RF driver 14 into a sound wave 19 that sets up in the
AOM 10. As the sound wave 19 transverses through the AOM 10, the sound wave
19 distorts the optical media of the AOM 10, causing increases and decreases in
indexes of refraction in the AOM 10. Thus, an incoming laser beam 20 is diffracted
by the sound wave 19 and follows the laws of diffraction, resulting in the zero-order
beam 16 that is on-axis and in first-order (or higher-order) beams 18 at angles
specified by equations relating to the diffraction process.
[0006] When no RF power 22 is applied to the AOM 10, the incoming laser beam
20 passes through the AOM 10 substantially along its original beam path. When the
RF power 22 is applied to the AOM 10, part of the incoming laser beam’s energy is
diffracted from the beam path of the zero-order beam 16 to a beam path of a first-
order beam 18. The diffraction efficiency is defined as the ratio of the laser energy in
the first-order beam 18 to the laser energy in the incoming laser beam 20.
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[0007]  With reference to FIG. 4, either the first-order beam 18 or the zero-order
beam 16 can be used as a working beam to impinge a workpiece 30, based on
different application considerations. When the first-order beam 18 is used as the
working beam, the energy of the working laser pulses can be dynamically controlled
from 100% of its maximum value down to substantially zero, as the RF power 22
changes from its maximum power to substantially zero, respectively. Because the
practical limited diffraction efficiency of an AOM 10 under an allowed maximum RF
power load is about 75% to 90%, the maximum energy value of the working laser
pulses is about 75% to 90% of the laser pulse energy value from the laser.

[0008] However, when the zero-order beam 16 is used as the working beam, the
energy of the working laser pulses can be dynamically controlled from about 100% -
(minus losses from traveling through the AOM 10, perhaps as much as a few percent
due to thermal and dispersion considerations) of the maximum value of the laser -

- pulse energy from the laser down to about 15% to 20% of the maximum value;as " - .

. the:RF:power 22 changes from substantially zero to its maximum power, « {0 oo 7 e

respectively. For memory link processing, for example, when the working laser <« -

* . pulse is not on demand, no leakage of. system laser pulse energy is desired {i.e., the

* working laser pulse energy should be zero), so, as shown in-FIG. 4, the first-order
beam 18 is used as the working beam and the zero-order beam 16 is directed to a
beam dump, such as an absorber 32.

[0009] An extinction ratio 34 of the AOM 10 defines the difference in transmitted
power of a laser pulse 36 (36a or 36b) between an “unblocked” (or “transmitting”)
state 38 and a “blocked” or “nontransmitting” state 40. FIG. 5 is a simplified generic
graph showing the differences in transmittance of blocked and unblocked laser beam
20 as a function of decibel (dB) level applied to the AOM 10 at a specific frequency.
With reference to FIGS. 3 and 5, conventional AOMs 10 used in pulse-picking laser
systems receive, from a constant frequency generator 24 (typically a PLL or a
crystal), a specific single radio frequency that is set by a manufacturer and cannot be
changed. This frequency determines the output angle and controls the amount of
diffraction by RF amplitude within the limits of the extinction ratio 34.

[0010] The amplitudes of the signals sent to the analog RF drivers 14 of
conventional AOMs 10 can be controlled by either sending a transistor-transistor
logic (TTL) “ON” or “OFF” signal from an on/off digital controller 26, and/or by

sending an analog signal of 0-1 volt in non-integer increments from an analog
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amplitude control board 28, into the RF driver 14. The TTL “OFF” signal directs the
analog RF driver 14 to lower the output to the minimum level, which is the lowest
power output the RF driver 14 will allow. Setting the analog signal into the RF driver
14 at its minimum level will accomplish the same result. Both of these options will,
however, still allow the transmission of a small amount of RF power 22 to transducer
12, creating a low-energy diffracted first-order beam 18 that passes to the workpiece
30 when it is not wanted.

[0011] As laser powers continue to increase for a variety of laser applications
(such as laser DRAM processing, laser trimming and micromachining, and laser
micro-via drilling), many of these laser applications seek the ability to turn completely
off the laser power to the work surface. In these laser operations, the workpiece
may be expensive in terms of materials and/or prior processing. If the laser output
does not turn completely off, there is potential to "leak” or diffract energy to the

workpiece in locations where damage to, change to, or effect.on the material-

- «.properties or characteristics is unacceptable. Inlaser trimming, unwanted energy ' -

could, for example, induce undesirable electro-optical effects in the. material that are:
undesirable. Regardless of the laser operation, leaked laser energy has the -
potential to cause significant irreversible damage to a customer's product, such as.
devices on a wafer, and such damage may not necessarily-be noticeable by visual
inspection. Energy leakage problems in laser systems can occur in a continuous
range of wavelengths, including long-wavelength CO (about 10 ym), infrared and-
near infrared (such as 1.3 pym to 1.0 ym), visible, and UV (less than about 400 pm).
[0012] With the increasing use of AOMs 10 in laser processing applications,
energy leakage problems become increasingly more evident. Unfortunately, even
when the minimum RF level is sent to state-of-the-art AOM controllers, there is still
some RF power 22 that leaks into the AOM 10, causing some amount of laser beam
energy to be diffracted to a potentially unwanted location. Such leakage can also
occur when traditional Q-switches 10a are employed, allowing for some laser energy
to exit the laser 2 during the laser energy buildup time when laser output is
undesirable.

Summary of the Invention

[0013] Certain embodiments and techniques described herein can achieve a
variety of laser processing advantages over conventional laser systems and

conventional laser machining methods. These embodiments and techniques
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include, but are not limited to, one or more of the following: digital control of
frequency and/or amplitude AOM modulation techniques; intracavity and/or
extracavity AOM modulation techniques including, but not limited to, frequency
and/or amplitude modulation that facilitate substantially full extinction of a laser beam
to prevent unwanted laser energy from impinging a workpiece; AOM modulation
techniques of pulse-to-puise laser energy with closed-loop control to facilitate laser
pulse energy stability; and frequency and/or amplitude AOM modulation techniques
for facilitating beam-positioning control including, but not limited to, employing more
than one transducer on an AOM, employing closed-loop control for applications such
as alignment error correction, beam walk rectification, or tertiary positioning.
[0014] An object of the invention is, therefore, to provide improved laser system
performance through one or more selected AOM applications.
[0015] Additional objects 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 : -

-[0016] - FIG. 1 is a schematic diagram of a conventional laser employing a prior art -
AOM device as a Q-switch.

[0017] FIGS. 2A and 2B are alternative schematic diagrams of a prior art AOM
device that transmits proportions of zero-order and first-order beams in response to
the amount of RF power it receives.

[0018] FIG. 3 is a schematic diagram showing a method for controlling a prior art
AOM device.

[0019] FIG. 4 is a schematic diagram of a laser system employing a prior art AOM
device as a pulse gating device.

[0020] FIG. 5 is a simplified graph showing differences in transmittance of
blocked and unblocked laser beams as a function of decibel level applied to an AOM
at a specific frequency.

[0021] FIG. 6 is a schematic diagram of a laser system employing a frequency-
modulated AOM.

[0022] FIG. 7 is a timing diagram showing exemplary high-bandwidth frequency-
shifting waveforms expressed by an AOM transducer to achieve full extinction from
an AOM.
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[0023] FIG. 8 is a timing flow table showing events and consequences in
connection with employing high-bandwidth frequency shifting to achieve full
extinction from an AOM.

[0024] FIG. 9 is a timing flow table showing events in connection with employing
white noise to achieve zero diffraction from an AOM.

[0025] FIG. 10 is a schematic diagram of a laser system employing a frequency-
modulated AOM and a secondary beam dump.

[0026] FIG. 11 is a schematic diagram of an AOM control system employing a DC
power source switch.

[0027] FIG. 12 is a schematic diagram of a laser system employing a frequency-
modulated AOM as a Q-switch in the laser.

[0028] FIG. 13 is a schematic diagram of a laser system employing an extracavity
frequency-controlled AOM and a frequency-modulated AOM as a Q-switch.

[0029]  FIG. 14 is a schematic diagram of a laser system employing two
extracavity frequency-controlled AOMs. .

[0030] FIG. 15 is a graph of amplitude versus time showing typical peak energy
drift between laser pulses.

[0031] - FIG. 16 is a schematic diagram of a laser system having closed-loop beam
energy control that employs an extracavity amplitude and/or frequency-controlled
AOM.

[0032] FIG. 17 is a graph of amplitude versus time showing amplitude stability
achievable through AOM closed-loop energy control.

[0033] FIG. 18 is a schematic diagram of a laser system employing extracavity
AOMs to effect beam positioning.

[0034] FIG. 19 is a schematic diagram showing an exemplary deflection angle
range of an AOM.

[0035] FIG. 20 is a schematic diagram showing an AOM scanning system
employing AOMs in series to effect beam positioning in two axes.

[0036] FIG. 20A provides a graph of scanning angle diffraction efficiency versus
angle change from a particular Bragg angle for exemplary UV and IR wavelengths.
[0037] FIG. 20B is a schematic diagram showing an AOM scanning system
employing AOMs in series to expand beam-positioning range in a given axis.



WO 2005/121889 PCT/US2005/019775
7

[0038] FIG. 20C provides a graph of scanning angle diffraction efficiency versus
angle change resulting from serial same axis-modulating AOMs 60 at exemplary UV
and IR wavelengths.
[0039] FIG. 21 is a schematic diagram of a laser system employing extracavity
AOMs and closed-loop correction control to affect beam positioning.
[0040] FIG. 22 is a schematic diagram of an AOM employing at least two
transducers to divert a beam that is angled to the AOM entrance surface.
[0041] FIG. 22A is a schematic diagram of an AOM employing at least two
transducers to divert a beam that is perpendicular to the AOM entrance surface.
[0042] FIGS. 23A and 23B are schematic diagrams demonstrating effects of at
least two transducers propagating different frequencies on an AOM along the same
axis.
[0043] FIG. 23C is a schematic diagram demonstrating the effects of two
transducers positioned at different angles to each other to expand beam-positioning
range.
[0044] FIG. 23D is a schematic diagram of an alternative embodiment
demonstrating the effects of having two transducers positioned at different angles to
each other to expand beam-positioning range.
[0045] FIG. 23E is a schematic diagram demonstrating the advantages of having
multiple transducers positioned at different angles to each other to expand beam-
positioning range.
[0046] FIG. 23F is a schematic diagram showing an enlargement of a portion of
FIG. 23E.
[0047] FIG. 23G is a schematic diagram of an alternative embodiment
demonstrating the advantages of having multiple transducers positioned at different
angles to each other to expand beam-positioning range.
[0048] FIG. 24 is a schematic diagram showing an AOM scanning system
employing an AOM with at least two transducers.
[0049] FIG. 25 is a schematic diagram showing an AOM scanning system
employing an AOM with at least two transducers and a closed-loop control system.
[0050] FIG. 26 is a schematic diagram of an AOM employing four transducers.
[0051] FIG. 27 is a schematic diagram of a laser system employing an extracavity
AOM to effect laser pulse gating, and an extracavity AOM employing muitiple
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transducers to effect beam positioning and amplitude modulation with closed-loop
control.
[0052] FIG. 28 is a schematic diagram of a laser system employing an extracavity
AOM to effect laser pulse gating and an extracavity AOM employing at least two
transducers to effect tertiary beam positioning in conjunction with a gaivanometer.
[0053] FIG. 29 is a representation of an exemplary scan field of the galvanometer
scan head and an AOM as they may be used in conjunction for a laser trimming
application.
[0054] FIG. 30 is a representation of an exemplary scan field of the galvanometer
scan head and an AOM as they may be used in conjunction for an integrated circuit
(IC) package processing application, such as via drilling.
[0055] FIG. 31 is a representation of an exemplary scan field of the galvanometer
scan head and an AOM as they may be used in conjunction for a laser link severing
application.

Detailed Description of Preferred Embodiments

[0056] FIG. 6 shows an embodiment of a laser system 50 that employs a
modulation-enhanced AOM 60 as a pulse gating device, the AOM 60 having a beam
entrance surface 52 and a beam exit surface 54. With reference to FIG. 6, a laser
system controller 62 provides control signals directly or indirectly to a laser 64 and
an RF driver 66 that directly or indirectly controls the performance of the AOM 60 as
described later in more detail. The laser 64 emits a laser beam that is propagated
along an optical path 72 that may contain a variety of optical components 74, such
as beam-expanding optics, or a variety of turn mirrors (not shown) before the laser
beam enters the AOM 60 that propagates zero- and/or first-order beams 16 and 18.
The laser beam is preferably a Q-switched or pulsed laser beam for most
applications, but may be a continuous-wave (CW) beam for some applications.
[0057]  Typically, one of the zero-order beams 16 or first-order beams 18 is
subsequently directed by one or more turn mirrors 76 and a variety of optional beam-
positioning components (not shown) through a focusing lens 78 to impinge one or
more target positions on a workpiece 80. Either the zero-order beam 16 or the first-
order beam 18 (or higher-order beam) can be used as a working beam 90 that
propagates along a working beam path 72a to impinge the workpiece 80 that may be
supported by a chuck 88 or other type of positioning system platform. The other of
the first- or zero-order beams is a nonworking beam 92 that may be directed along a
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nonworking beam path 72b to a beam dump 94 such as a saturable absorber.
Because it is preferable to use the first-order beam 18 as the working beam 90 for
many embodiments, the figures will generally depict this arrangement.

[0058]  Skilled workers will appreciate, however, that reverse logic and
repositioning the working beam path 72a in connection with any AOM 60 discussed
herein can be implemented without undue experimentation to employ embodiments
with arrangements where the zero-order beam 16 is used as the working beam 90.
In such embodiments, the AOM 60 can be employed to prevent greater than about
15% of the laser pulse energy from propagating along the beam path that impinges
the workpiece 80, and preferably less than or equal to about 10% of the laser pulse
energy is permitted to propagate along the beam path that impinges the workpiece
80 whenever no working beam is desired. Furthermore, such arrangements of AOM
60 permit the AOM to propagate greater than about 75% of the laser pulse energy
along the beam path that impinges the workpiece 80 whenever such laser puise
energy is desired, and in some preferred embodiments greater than about 90% or
even up to about 100% of the laser pulse energy can be propagated along the beam
- path that impinges the workpiece 80 whenever such laser pulse energy is desired. -
[0059] With respect to the modulation-enhanced AOM 60, direct digital synthesis
(or other high-speed signal-modulation technique) of the AOM driver signal allows
the command of the AOM 60 to drive and modulate the radio frequency and
amplitude of the RF drive signal at very high rates (such as up to or greater than 10
MHz serial and 100 MHz parallel) with excellent precision and stability. Such
modulation techniques can be used to obtain full extinction from the AOM 60 in order
to fully prevent laser energy from traveling down the working beam path 72a to the
workpiece 80 to impinge at an undesirable time or location. These techniques can
be employed in addition to traditional AOM modulation such as setting the amplitude
of the AOM RF signal to a low level or “OFF” state.

[0060] FIGS. 7-9 depict timing diagrams showing exemplary techniques for
modulating the radio frequency of the AOM 60 at a bandwidth greater than the
bandwidth at which the AOM 60 can set up a sound wave to interact with light
passing through the AOM 60. FIG. 7 is a timing diagram showing exemplary high-
bandwidth frequency-shifting waveforms expressed by an AOM transducer 70 (FIG.
11) to achieve full extinction from the AOM 60. FIG. 8 is a timing flow table showing



WO 2005/121889 PCT/US2005/019775
10

events and consequences in connection with employing high-bandwidth frequency
shifting to achieve full extinction from the AOM 60.

[0061] With reference to FIGS. 6, 7, and 8, in one exemplary embodiment the
RF signal of the RF energy sent to the AOM 60 is modulated in the “OFF” state at a
higher rate than the bandwidth of the AOM 60. In some embodiments, the
bandwidth of the AOM 60 can be defined by a function of the time a sound wave
takes to travel across the waist of a laser beam traveling along optical path 72. The
bandwidth is, therefore, affected by the diameter of the laser beam and the speed of
sound in the medium of the AOM 60. By dividing the diameter of the laser beam by
the speed of sound in the material of the AOM 60, one can obtain the transit time of
the sound across the laser beam. Converting the transit time into frequency
(1/transit time) can provide the maximum bandwidth of the AOM 60 with respect to
such embodiments.

[0062] Modulating the radio frequency of the RF signal, at a higher bandwidth
than that which the AOM 60 can accommodate, can prevent a sound wave from
setting up in the AOM 60, and thereby prevent diffraction of the laser beam traveling.
along optical path 72. Optical diffraction of the light passing through the AOM 60 can
be prevented for as long as the radio frequency is changing at a rate greater than the:
bandwidth of the AOM 60. In cases where the working beam path is an order
greater than the zero order, the light energy will not be transferred to the higher
orders.

[0063] InFIG. 7, in the “ON” state, the RF signal frequency is set to achieve the
desired diffraction angle for the diffracted beam path 72a going to the workpiece 80,
and the RF signal amplitude is set to achieve the desired energy level at the
workpiece 80 to achieve a processing application such as link blowing or via drilling.
In FIG. 7, in the "OFF” state, the RF signal frequency is changed at a high rate while
also minimizing the RF signal amplitude, i.e., switching it off or switching to a low
bias power level, to ensure no diffracted energy to the workpiece 80. FIG. 8 is a
timing flow table that explains the consequences of the waveforms shown in FIG. 7.
With reference again to the configuration shown in FIG. 6, where the beam path to
the workpiece 80 is the diffracted beam 72a and the beam dump 94 receives a zero-
order transmitted beam 72b, the laser energy will be fully transmitted during such
higher bandwidth frequency modulation, and thus fully extinct (100%) to the
workpiece 80.
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[0064] FIG. 6 also represents a technique of setting the RF signal in the “OFF”
state to a DC or very low-frequency signal level (or minimum amplitude level) as
compared to the RF signal at which desired diffraction occurs. Such low-frequency
signal or DC RF signal will not cause a beam to diffract to the optical path 72a to the
workpiece 80. Modulation of the RF signal to a level that is DC in value or small
enough to create no diffraction angle prevents a wave from setting up inside the
AOM 60. Modulation of the RF signal to a minimum diffraction angle employs such a
small RF signal that the diffracted beam will be virtually collinear with the transmitted
beam to the beam dump 94. In the case of having a setting of zero frequency to the
AOM 60, there will be no diffraction grating in the AOM 60, and 100% of light will be
transmitted to the beam dump 94. In the “ON” state, the RF signal is set to achieve
the desired diffraction angle (F1) for the optical path going to the workpiece 80 and
the RF signal amplitude is set to achieve the desired energy level at the workpiece
80 for processing.

[0065] One source of a frequency signal suitable for implementing frequency -
modulation to extinguish a high-frequency RF signal to a low-frequency or DC level .
- is a digital frequency synthesizer driving a digital-to-analog (D/A) converter.  The A/D
converter output and associated signal conditioning circuitry apply the frequency
signal to an RF power driver to drive a controlled-impedance (typically 50 ohms)
transmission line. An example of a commercially available frequency signal source
is a Model AD.9852 ASQ direct digital synthesizer (DDS), which is manufactured by .
Analog Devices, Inc., Norwood, MA. The Model AD 9852 ASQ is coupled with
internal high-speed D/A converters and has an output update speed of

300 megasamples each second. Updates at 100 MHz can be achieved by
controlling the AD 9852 ASQ DDS with a parallel digital interface exhibiting 48-bit
frequency resolution, 14-bit phase offset resolution, and 12-bit amplitude control.
The output of the Model AD 9852 ASQ can be applied to any one of a number of
commercially available integrated RF driver modules, such as those manufactured
by Motorola, Inc., and other integrated-circuit-device manufacturing companies, to
drive the AOM transducer 70.

[0066] Greater flexibility in frequency signal and output control can be achieved
by combining a digital signal processer (DSP), such as a Model TigerSHARC®
manufactured by Analog Devices, Inc., with a field programmable gate array (FPGA),
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such as a Model Virtex-1l manufactured by Xilinx, Inc., San Jose, CA, and matching
the integrated DDS with them.

[0067] Rapid switching from the “ON” state to the “OFF” state can be achieved by
configuring the RF driver 66 to include a high-bandwidth operational amplifier with
gain k receiving the D/A converter output and driving an inductor L. Choosing the
value of L to set the resonance at the operating RF frequency in the “ON” state
provides a large voltage at the input of the AOM transducer 70 without appreciable
power consumption by the operational amplifier. (The resonant circuit includes the
resistive losses of inductor L and the AOM transducer 70 and the capacitance of the
AOM transducer 70.) The resonance causes transient ringing and thereby slows
switching from the “ON” state to the “OFF" state.

[0068] The DDS can be used in conjunction with the DSP and FPGA to measure
the transfer function from the D/A converter to the voltage at the input of the AOM
transducer 70. Determining the transfer function can be accomplished by impulse
response, swept-sine Bode plot, or white noise input/output measurement, using a

- D/A converter for the AOM transducer 70 input voltage and directing it to DSP/FPGA
circuitry. Upon completion of the measurement, a digital biquad filter fit to invert the
measured analog circuit frequency response is configured in an FPGA as a system-
inverting notch filter to give a flat transfer function characterizing the analog drive
circuit.

[0069] In accordance with linear systems theory, the combination of the FPGA
biquad filter, the D/A converter input, and the analog drive circuit exhibits a flat
transfer function, enabling instantaneous switching between zero DC or the RF
“‘OFF” state and the RF “ON” state. To instantaneously turn on the RF requires
delivering a large amount of energy to start it up and extracting a large amount of
energy to stop it. This may saturate the current/voltage/slew-rate capability of the
operational amplifier at the required bandwidth.

[0070] To make the drive circuit useful, a ramp-up or ramp-down of the RF signal
may be desired. These functions could be readily implemented in DSP/FPGA by
multiplying the sine wave with k_ramp*t for the ramp-up, and (1-k_ramp*t) for the
ramp-down. The k_ramp parameter would be devised to the linear operating limits of
the operational amplifier current, voltage, and slew-rate outputs, and would be

chosen on a design-specific basis, not tuned for component variations. While the
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ramp-up/ramp-down requires time, it is expected that this time would be significantly
less than the time required to let the transient naturally decay.

[0071] The output of the DDS board then can be put into an RF power module,
which will then couple in the 50-ohm transmission line to the AOM transducer 70.
[0072] FIG. 9 presents an alternative but similar technique to modulating the
radio frequency at a higher rate than the AOM bandwidth by injecting white noise
into the RF signal. By having multiple frequency components at a wide bandwidth
spectrum in the signal, the AOM 60 will not have a sound wave that can set up a
diffraction grating in the AOM medium. With reference again to FIG. 6, in the “OFF”
state, the white noise is sent to the AOM 60, causing the beam to completely
transmit to the beam dump 94. In the “ON” state, the radio frequency is set to
achieve the desired diffraction angle for the optical path 72a going to the workpiece
80 and the RF signal amplitude is set to achieve the desired energy level at the
workpiece 80 for processing. Introducing white noise with a radio frequency higher
than the setup time for the sound wave inside the AOM device will also give results
as described:

[0073] Skilled persons will appreciate that the techniques discussed with respect
to FIGS. 7-9 can be implemented using frequencies that have low or effectively zero
efficiencies with respect to the Bragg equation. To achieve full extinction, the RF
signal applied to the transducer 70 can simply be set to one of the frequencies that
provides a Bragg efficiency of effectively zero, and the amplitude can optionally be
set to zero or some baseline amount if desired. Alternatively, the frequency hopping
and other techniques can utilize or be limited to frequencies that provide a Bragg
efficiency of effectively zero.

[0074] FIG. 10 presents a configuration of laser system 50a that is similar to laser
system 50 but employs two or more beam dumps 94a and 94b. While the beam
dump 94a is positioned along optical path 72b of the transmitted beam, the beam
dump 94b is positioned along an optical path 72¢ by a radio frequency signal (F2)
that creates a diffraction angle (F2) that does not lead to the workpiece 80. In the
“ON” state, the RF signal is set to achieve the desired diffraction angle (F4) for the
optical path going to the workpiece 80, and the RF signal amplitude is set to achieve
the desired energy level at the workpiece 80 for processing. In the “OFF” state, the
RF signal is set to frequency F» and a minimum amplitude, which will produce a

diffraction angle to cause the beam to diffract to the second beam dump 94b. The
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total laser energy in this “OFF” case will be shared between the transmitted beam
and the F, diffracted beam, leaving the optical path 72a to the workpiece 80 free of
laser energy.

[0075] FIG. 11 presents a simplified schematic diagram of an exemplary
embodiment of an AOM control system 100 that employs the system controller 62 to
control a control switch 102 to isolate power delivered to an RF amplifier 68 or the
AOM transducer 70 and/or a control switch 104 to isolate the frequency signal from
the RF driver 66 to the RF amplifier 68 or the AOM transducer 70. Exemplary
embodiments of the control switches 102 and 104 have a fast switching and settling
time, preferably greater than the repetition rate of the laser 64 to allow for the
bandwidth of laser processing applications. The control switches 102 and 104 can
be mechanical or solid-state relays or another type of device that can block the RF
signal or power to the RF amplifier 68 or the AOM transducer 70. In the “ON" state,
~the DC power and the RF and amplitude signals are allowed to pass to the RF
amplifier-68 and through to the AOM 60. In the “OFF” state, the DC power and/or
the RF and amplitude signals are isolated from the AOM 60 by means of the control .
switches 102 and 104.
. [0076] . FIG. 12 shows an exemplary simplified schematic configuration of a laser
system 50b that utilizes aforementioned AOM modulation techniques to employ an
AOM 60a as a Q-switch inside a laser 64a. Although a common power supply 110
may be employed to power a pumping source 112 and an RF signal driver 66a, the
RF driver signal is generated and sent to the Q-switch AOM 60a in much the same
way that AOM modulation control is previously described. In FIG. 12, however, AOM
60a is shown transmitting laser light along a working beam optical path 72¢
whenever AOM 60a is in an “OFF” state and diffracting light along a nonworking
beam optical path 72d to a beam dump 94c whenever AOM 60a is in an “ON” state.
[0077] Skilled persons will appreciate that the AOM 60a could be adapted and
oriented to work in the reverse configuration by diffracting the laser light to the
working beam path when in the “ON" state. Regardless of configuration, the AOM
modulation techniques previously discussed can be employed to achieve full
extinction whenever laser energy to the workpiece 80 is not wanted, with or without
the use of an external AOM 60.
[0078] FIG. 13 shows an exemplary simplified schematic configuration of a laser

system 50c that utilizes aforementioned AOM modulation techniques for employing
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the AOM 60 external to the laser 64a and the AOM 60a (not shown) internal the
laser 64a to achieve full extinction. Skilled persons will appreciate that the AOMs 60
and 60a may be controlled through the same or separate RF drivers 66b.
[0079] FIG. 14 shows an exemplary simplified schematic configuration of a laser
system 50d that utilizes aforementioned AOM modulation techniques for employing
two or more AOMs 604 and 60 in series external to the laser 64 to achieve full
extinction, preventing even minimal energy from reaching the workpiece 80 and
damaging it when a "blocked" state is wanted. With reference to FIG. 14, in an
exemplary embodiment, AOM 601 may in the “OFF” state transmit the laser light
along an optical path 72b4 to a beam dump 944 and in the “ON" state may diffract the
laser light along an X axis (with respect to optical path 72b4) to a working beam
optical path 72a,. The working beam optical path 72a, intersects the AOM 60,,
which may in the “OFF” state transmit the laser light along an optical path 72b, to a
beam dump 94, and in the “ON” state may diffract the laser light along a Y axis (with
respect to the optical path 72b,) to the working beam optical path 72a, to eventually
reach the workpiece 80. Skilled persons will appreciate that even though AOMs 604
and 60, are shown and described to alter the beam path along perpendicular axes,
AOMs 604 and 60, may be adapted and positioned along the same axis or along
transverse axes that are not perpendicular. Skilled persons will also appreciate that
AOMs 604 and 60, may both be adapted and positioned to have the reverse
“ON"/*OFF” state configurations (such as with the zero order being the working beam
path), or may be adapted and positioned to have different “ON"/“OFF” state
configurations. Additionally, the AOMs 604 and 60, may both be controlled through
the same or separate RF drivers 66b (not shown).
[0080] With reference to FIGS. 13 and 14, a single AOM 60 can be defined to
have an extinction ratio of N, while having two AOMs 604 and 60- in series will have
extinction ratios of N4 and N, that permit an increased total extinction ratio due to
their additive attenuation values. Skilled persons will appreciate that N more AOMs
60 can be used to increase the total extinction ratio even more, as desirable for
particularly sensitive workpieces 80 or particularly sensitive processing applications.
The foregoing embodiments and permutations or combinations thereof can be
employed to fully eliminate or divert laser pulse energy from reaching the workpiece
80 when such pulse energy is undesirable, eliminating the possibility of damaging

sensitive materials.
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[0081]  Skilled persons will appreciate that these techniques can be applied to any
type of laser including, but not limited to, solid-state lasers, such as Nd:YAG or
Nd:YLF lasers, and CO; lasers, having wavelengths ranging from the deep UV
through the far IR, including, but not limited to, wavelengths of about 266 nm, 355
nm, 532 nm, 1064 nm, 1320 nm, and 10 um. These techniques can be utilized on
laser processing systems, including link processing systems, laser trimming and
micromachining systems, and micro-via drilling systems.
[0082] One or more AOMs 60, with or without the above-described frequency
modulation techniques, can also be used for a variety of other new applications. For
example, FIG. 15 is a graph of amplitude versus time showing typical peak energy
drift between laser pulses impinging a laser output detector due to various laser
instabilities or thermal drifting. This pulse-to-pulse energy variation may be as much
as 22% (even though the prolonged average variation may be less than 5%) in
certain types of laser systems, especially UV systems at high repetition rates. Such
variations in laser energy can potentially cause problems at the workpiece 80. For a
given laser operation, the overall "processing window," which can be defined by
variation tolerance in individual or sets of parameters (including laser output energy)
that will not adversely affect the outcome of the product, can be relatively small. So,
keeping the processing window large, or controlling the components that influence
the processing window, and particularly the laser energy, can be very useful.
[0083] FIG. 16 shows an exemplary laser.system 50e employing a beam-splitting
optical element 120 to direct a portion of the laser output propagating along the
beam path 72a to a laser output detector 122 that can be used to determine the
incident amplitude and energy of the laser pulse going to the workpiece 80.
[0084]  Although FIG. 16 shows the optical path 72 impinging the beam entrance
surface 52 of the AOM 60 at an entrance angle 114 that is at or in proximity to a
Bragg angle with respect to the beam entrance surface 52 or a transducer
modulation zone 116 of the transducer 70, skilled persons will appreciate that the
optical path 72 can be aligned to impinge the beam entrance surface 52 of the AOM
60 at a generally perpendicular non-Bragg entrance angle 114. Skilled persons will
also appreciate that an angle cut can be used on the beam entrance surface 52 of
the AOM 60 (particularly for AOMs 60 having high-refractive-index materials) so that
the entrance angle 114 can be aligned perpendicularly to the beam entrance surface
52 and still substantially satisfy the Bragg condition for a given frequency.
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[0085] Skilled persons will further appreciate that Bragg AOM alignment can be
implemented with any embodiment previously or hereinafter described with respect
to any of the figures. In general, satisfactory Bragg efficiency (or diffraction
efficiency through the AOM 60) is achieved when the entrance angle 114 is within
about x 0.5 degree of the Bragg angle with respect to the beam entrance surface 52
and/or the transducer modulation zone 116 that traverses the optical path 72. In
some embodiments wherein the laser beam has a major IR wavelength component,
the entrance angle 114 is preferably within about + 0.4 degree of the Bragg angle,
more preferably within about + 0.1 degree of the Bragg angle, and of course most
preferably at the Bragg angle. In some embodiments wherein the laser beam has a
major UV wavelength component, the entrance angle 114 is preferably within about
+ 0.2 degree of the Bragg angle, more preferably within about * 0.05 degree of the
Bragg angle, and of course most preferably at the Bragg angle.

[0086] With reference again to FIG. 16, the beam-splitting optical element 120,
itself, can be an additional AOM 60. In some embodiments, the amplitude-
controlling AOM 60 may be used as the beam-splitting optical element 120 where a
higher-order-beam or an opposite first-order beam is directed to the laser output
detector 122. Skilled persons will further appreciate that additional laser output
detectors 122 (and beam-splitting optical elements 120, as needed) may be
positioned along beam path 72 upstream of AOM 60 and/or in the zero-order or -
nonworking beam path 72b to provide additional information for amplitude monitoring
and control. In some embodinﬁents, the beam-splitting optical element 120 and the
laser output detector 122 can be placed at other downstream positions along the
beam path so that the amplitude corrections may compensate for amplitude
deviation caused by other components in the beam path 72a. Laser output detectors
122 are known to skilled practitioners and employed in many laser applications. The
laser output detector 122 can, however, be adapted to send a signal 124 directly or
indirectly to the system controller 62, which can send corrective signals 126 to the
RF driver 66 or adjust existing amplitude or frequency control signals delivered to the
RF driver 66.

[0087] One or more AOMs 60 can therefore be used, with or without the
frequency control techniques, in a closed-loop system for increasing the pulse
amplitude stability at high update rates. Such amplitude or frequency adjustments

can be used to control the laser pulse energy for laser drift and/or thermal
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instabilities in the laser output and/or inconsistent RF-induced heating of the AOM
60. The RF signal applied to the AOM 60 can be modulated to affect the amplitude
or energy of any given laser output pulse in response to the information concerning
the amplitude or energy of one or more preceding laser output pulses. The
amplitude or energy of any given consecutive laser output pulses in a continuous
string (such as tens, hundreds, or thousands) of multiple consecutive pulses can be
controlled to vary by less than the typical 7% (or greater) pulse-to-pulse energy
variation of conventional applicable laser micromachining systems. In some
preferred embodiments, the pulse-to-pulse energy variation can be less than about
3% or even less than about 0.5% to 1%. Such pulse-to-pulse energy stability is
particularly useful for embodiments employing solid-state harmonic lasers, especially
those that are used to generate UV wavelengths.

[0088]  With the additional benefit of frequency control, pulse amplitude stability
can be achieved on a wide variety of time scales, limiting the effects of laser
variations in energy caused by various events, such as thermal variations in the laser
64, the AOM 60 itself, or other linear or potentially nonlinear events. A plurality of
transducers can also be employed to modulate the same beam axis to increase
diffraction efficiency as later described.

[0089]  FIG. 17 is a graph of amplitude versus time showing exemplary amplitude
stability achievable through closed-loop energy control using the AOM 60, such as in
the embodiment of laser system 50e shown in FIG. 16. The feedback is used to
change the amplitude of the RF power to the AOM 60, thus changing the transferred
energy propagating along the higher-order optical path 72a traveling to the
workpiece 80.

[0090] In another example of AOM applications, FIG. 18 is a schematic diagram
of a laser system 50f employing two extracavity AOMs 601 and 60, (generically,
AOMs 60) to affect beam positioning on the surface of workpiece 80 in transverse
Cartesian axes. In a preferred embodiment, one of the AOMs 60 would control
movement along the X axis and the other would control movement along the Y axis,
providing a complete range of angular adjustment of the laser beam in X and Y on
the surface of the workpiece 80. In FIG. 18, the first AOM 604 is shown modulating
in the X axis and the second AOM 60, is shown modulating in the Y axis, but skilied

persons will appreciate that the order or positioning could be reversed. Skilled
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persons will also appreciate that the size of either or both AOMs 604 and 60, and
particularly 602, can be increased to permit greater acceptance angles.

[0091] AOMs 604 and 60, are preferably driven by separate respective RF drivers
661 and 66, that have the ability to variably control the amplitude and/or the
frequency of the RF power delivered to the transducers 70 as in any of the
previously described embodiments, so the amplitude and position of the output beam
at the workpiece 80 can be accurately controlled. Because the RF driver frequency
can be adjusted at very high speeds, the AOMs 60 can be used to steer the beam in
real time in an open-loop scanning system with lookup tables of characterized linear
effects to calibrate out unwanted position error effects.

[0092] FIG. 19 is a schematic diagram showing exemplary positioning and
deflection angle range of an exemplary AOM 60 responsive to an RF driver driven up
to 50 MHz at 2 W. When the AOM 60 is positioned at an exemplary height of about
40 mm from the focusing lens 78, which is positioned at an exemplary distance of
about 40 mm above the workpiece 80, and assuming about a 96 mrad or 5.5 degree
total angle of deflection for theta, calculations can be done to show that the effective
~scan dimensions on the workpiece 80 yield at least a 4 mm scan field in X and/or Y.
[0093] With respect to the angular resolution, in one embodiment, the output of a
DDS driver for the RF power can be set in very small increments of 1 Hz, allowing for
a theoretical resolution set by the following equation:

6=-"-f (1)

[0094] For example, using a wavelength of 355 nm and an acoustic velocity of
650 m/s, the angular change relating to a 1 Hz frequency change of the acoustic
wave is 2.73 E-10 degrees. However such resolution might be impractical due to the
mechanical limitations of the system to actually resolve the frequency. So in some
embodiments, a range of values for control can be specified by minimum resolution
of steps of 4.1 E-6 degrees or the equivalent of 0.72 micro radians, which is
equivalent to a 15 KHz step size in frequency. An exemplary AOM optical scanning
system having an angular setting of about 50 milliradians, would provide 69,444
steps of angular resolution.

[0095] The bandwidth of the AOM 60 is primarily affected by three items: the

maximum speed available from the electronic devices to generate a new frequency,
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such as the RF drivers 66; the ability of the AOM transducer 70 to create a vibration
of the new frequency; and the time it takes for the new sound wave to be created in
the AOM 60. Generally, this third item concerning the formation of a new sound
wave takes the most time and thus dominates the scanning bandwidth.

[0096] One equation relating the angle corresponding to a particular frequency

can be expressed as:
.o A .4l A A
f=sin"| — [=sin| L= |~ 2
sin [2 j sin [ZVSJ o, f (2)

where v, is the speed of sound in the medium.

[0097] The bandwidth, B, can then be given as:

B=—= 3)

where D is the width of the laser beam through the AOM 60.
[0098] For a common AOM 60, the parameters might be:
[0099] Material: Fused quartz (n = 1.46, v, = 6 km/s);

[00100] Sound: Frequencyf=100 MHz;

[00101] Light: 1047 nm wavelength; and

[00102] Laser beam diameter: 12 mm.

[00103] Using these parameters, one exemplary AOM 60 in a scanning system
would have bandwidth of up to about 500 kHz at an acceptable angle. In
contradistinction, a typical galvanometer bandwidth is about 4 kHz and with a fast
steering mirror can be upwards of about 12 kHz. The primary limitations of a
galvanometer scanner is the inertia created by moving a mass and the resonance of
the movement. An AOM 60 does not incur such mass-related effects, so its
bandwidth can be up to 100 times greater.

[00104] FIG. 20 is a schematic diagram showing an embodiment of AOMs 604 and
60, of FIG. 18 in greater detail, with the AOMs 60 aligned along different axes to
provide a dual-axis scanning system. The AOM 604 is set in position with the axis A
perpendicular to the axis A of the AOM 60,. Therefore, changing the frequency of
the drive signal to AOM 604 will change the output angle of the AOM 604 in the X
axis, with the relationship that varying frequency will vary the exit angle theta X.
Changing the frequency of the drive signal to AOM 60, will change the exit angle of
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the AOM 60. in the Y axis, with the relationship that varying frequency will vary the
theta Y. AOMs 604 and 60, can be close together and modulated independently,
with the same or different frequencies and amplitudes. Thus, the output beam can
change in amplitude and can move in the X and Y axis directions. The size and
shape of the beam dumps 944 and 94, can be adapted to accommodate the desired
scan field and prevent the propagation of unwanted light to the workpiece 80.
[00105] FIG. 20A provides a graph of scanning angle diffraction efficiency versus
angle change from a particular Bragg angle at exemplary UV and IR wavelengths.
An equation for finding the diffraction efficiency of an AOM may be expressed as:

AD?

IO H 2
— =7sin + 4
7 =Tsme =y (4)
where the material properties can be described by
z* L
=—M-=—P 5
n=oTM— | | (5)

where A is the light wavelength, M is the figure of merit of the material, L is the length
of the transducer interaction zone, H is the height of the transducer 70, and P is the .
RF power applied. The change due to frequency modulation of the signal can be
described by A® as expressed as:

_mAA L

AD=———— 6
v 2 A, ©

[00106] where v is the acoustic velocity sound in the material, Af is the frequency
change for modulation, L is the interaction length, and A, is the wavelength of the

sound in the material. Substituting equations (5) and (6) into equation (4) will result
in the diffraction efficiency for a particular Bragg Angle for a change in frequency.
The diffraction efficiency is shown for an example in which an initial frequency of 75
MHz that produces a Bragg angle of 1.2 degrees at a UV wavelength of 355 nm is
changed by * 14 MHz (about a + 0.175 degree scanning angle change for the UV
wavelength). So, for example, to keep above 80% diffraction efficiency, one might
employ an available scan angle change of £ 0.1 deg;‘ee.

[00107] The diffraction efficiency at 1064 nm is also shown, indicating that as the

wavelength decreases, the allowable scan angle decreases. The usable “scan
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angle” area can be defined by the minimum diffraction efficiency that the system can
withstand in terms of the laser power processing window. If there is a large process
window, then the system has more of a laser overhead power budget to allow larger
scan angles.

[00108] With reference again to FIGS. 18-20, if one or more additional AOMs 60
(or other movable devices such as FSMs) are placed in front of the scanning AOMs
604 and/or AOM 60, for the respective axes, the incoming Bragg angle condition can
be moved to provide a secondary Bragg angle or plurality of Bragg angles that can
be selected to increase the scanning range of the scanning AOM 60.

[00109] FIG. 20B is a schematic diagram showing an AOM scanning system
employing AOMs 60x4 and 60x; in series to expand beam-positioning range within a
given Cartesian or workpiece axis. With reference to FIG. 20B, the upstream AOM
60x4 can be positioned (preferably at its Bragg angle) along beam path 72 such that
its zero-order output achieves the Bragg Angle for the downstream AOM 60x,. The
first-order output of the upstream AOM 60x4 can then be set for a second Bragg
éngle on the downstream AOM 60x,. This expansion of beam-positioning range can
also be accomplished with an AOM 603 having multiple transdu:cers as shown and
described later with respect to FIG. 23C instead of using separate AOMs 60x4 and
60x2.

[00110] In one example, the upstream AOM 60x4 shifts the first-order beam by 1.2
degrees and the downstream AOM 60x; shifts that incoming beam by an additional
0.2 degree without great loss in efficiency. FIG. 20C provides a graph of scanning
angle diffraction efficiency versus angle change resulting from serial same axis-
modulating AOMs 60 at exemplary UV and IR wavelengths. With reference to FIGS.
18-20C, employing serial AOMs 60 for modulating the same axis can extend the
scan angle of the downstream AOM 60x; as determined by the extent of scan angle
of the upstream AOM 60x, or other device. An AOM 60x, as the upstream Bragg
adjustment device can provide a larger scan angle than using a single AOM 60 alone
and can be accomplished at a bandwidth higher than most laser repetition rates, i.e.,
greater than 100 kHz. Skilled persons will appreciate that even small AOM scanning
range improvements will be particularly beneficial at UV wavelengths where the
Bragg efficiency factors can be somewhat limiting.

[00111] A slower device, such as an FSM or galvanometer system, as the

upstream Bragg adjustment device can e;xtend the scan angle of the downstream
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AOM 60x, even more greatly, but the overall speed performance is limited by the
bandwidth of such upstream positioner. Such slower upstream Bragg adjustment
devices would nevertheless be useful, especially for making angle shifts to
compensate for slow offsets in laser beam positioning that cause the Bragg
efficiency to drop. For example, if a downstream AOM 60x; is used to correct for
instabilities in the laser optics system which are causing the laser beam slope
through the focusing lens 78 to be slightly off, causing an accuracy problem on
exemplary link cutting systems. Such small correction can be very fast with the
AOM 60x,, almost eliminating pointing drift from small thermal and other effects.
However, after a few days, or potentially weeks, the offset from the beginning
calibration can be significant in terms of angle of incidence on the entrance surface
of the AOM 60x», causing a loss in efficiency through the AOM 60x,. One solution to
this problem would to include a slower upstream Bragg adjustment device (where a
larger but adjustment angle might be warranted or slower adjustment time might be -
sufficient) to be able to adjust (or calibfate) the incoming beam to adjust for the exact
Bragg condition  of the AOM 60xz, allowing for maximization of efficiency through it.
Without such AOM 60x4 slower upstream Bragg adjustment device before the AOM
60x2, then calibration might necessitate fine positioning the device by hand (or
potentially with a mechanical stage under the AOM 60x; that is movable by hand or
electronic means).

[00112] Skilled persons will appreciate that the upstream Bragg adjustment device
can be variably controlled over a large range or can just be used as a switch
between two or more specific angles that satisfy sufficiently efficient Bragg angles of
the downstream AOM 60x.. A third serial AOM 60 (or other beam adjustment
device, not shown) may also be employed to correct for movement of the pupil when
shifting between two Bragg conditions. Skilled persons will also appreciate that
serial same-axis AOMs 60 (or other upstream Bragg adjustment devices) can be
employed to improve the scan range along either axis or both axes of an AOM
scanning system. Skilled persons will further appreciate that, as later described, the
amplitude of the RF signal applied to the transducer(s) 70 can be adjusted to
compensate for deviation from Bragg efficiency resulting from a shift of the exit angle
in either of the AOMs 60x4 or 60x».

[00113] FIG. 21 is a schematic diagram of a laser system 50g employing
extracavity AOMs 604 and 60,, two beam-splitting optical elements 120a and 120b,
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an energy and amplitude detector 122, and a position-sensing detector 130 to
provide closed-loop control of pulse energy, amplitude, and laser beam position at
the surface of the workpiece 80. Beam alignment can be critical to the outcome of
many processing operations, especially when submicron accuracy is desired. Beam
alignment can be affected by a variety of factors such as mechanical motion,
vibration or thermal variations in any of the optical media, and/or other beam walk
contributors. Closed-loop AOM beam-positioning control can reduce beam
misalignments and product loss caused by such factors.

[00114] In implementing angular corrections using frequency control of the AOM
RF power, diffraction efficiency of the first-order beam will be less as the angle is
higher or lower than the angle accepting of the Bragg condition. The angle defined
by the Bragg condition is stated as:

A
Sin@, = -2 . 7
indy = ¢

where 6, is the angle of incidence of the incoming light, 4 is the wavelength of light,

and A is the wavelength of sound in the AOM medium.

[00115] If the frequency of the transducer 70 is modified, the wavelength of the
sound wave will be modified, causing the Bragg angle that satisfies the Bragg
equation to change. In this case, the reflectance or the efficiency of the diffraction

will drop off with a relationship equivalent to:
R, =sin c[(sin 0 —-sinb, )Z%J (8)

where L is the length of interaction of the sound and light (or the diameter of the light
beam).

[00116] This sin ¢ function can limit the angle usable in a laser machining
operation, as high efficiencies are typically required for processing. However, a laser
power or energy overbudget can be implemented to account for the efficiency drop
during angle control, as well as for harmonizing energy or amplitude of the system.
[00117] For example, employing TeO, AOM crystal, operating at 60-80 MHz with

greater than 2 W RF power and acoustic velocity of 650 m/s on a 1064 nm laser with
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a 2 mm beam diameter, provides a maximum allowable angle of approximately 50
milliradians before zero efficiency is diffracted to the first-order beam.
[00118] In a laser beam correcting application to correct for transients in the optical
system, for example, an angle range of at least + 0.5 milliradian is desirable. If the
efficiency of the AOM 60 at the Bragg condition is 80%, then a deviation from the
Bragg condition will result in an efficiency loss on the first-order beam of
approximately 0.8%, or a new first-order diffraction efficiency of 79.2%.
[00119] In such case, the laser power budget to allow for some additional laser
energy can be implemented to allow for this extra loss due to angular correction as
well as for amplitude correction for laser transients, thermal effects, or other
disturbances in the optics train. Accordingly, the RF power to the AOM 60 can be
set to a lower level at the Bragg condition to have the maximum laser energy output
of Emax; @ possible number is the equivalent energy of 75% efficiency for this
example. Thus, a total control budget of 5% efficiency can be available to use for
amplitude adjustments and angular corrections. As the angle is adjusted to + 0.5
milliradian from the Bragg condition, the efficiency will drop to 79.2%, but the RF
amplitude can be increased by 0.8% to offset the reduced efficiency due to the
angular correction. In this example, 4.4% more overhead room would still be
available for other amplitude corrections that may be desirable.
[00120] Thus, the amplitude of the RF signal applied to the transducer 70 can be
adjusted to compensate for deviation from Bragg efficiency resulting from a shift of
the exit angle, from a beam path 72 at the Bragg éngle that would impinge a nominal
beam position to a positioned angle that directs the beam path 72 to impinge a
desired beam position that is offset from the nominal beam position. The Bragg -
efficiency amplitude compensation information may be mathematically and/or
experimentally determined for each AOM 60 of specified characteristics. The
compensation data may be placed into a lookup table or be provided by an
algorithm, such as an algorithm based on a sin ¢ function. The Bragg efficiency
amplitude compensation information may be implemented at the RF driver 66 from
the laser system controller 62 or from an intermediate controller or separate
controller.
[00121] Bragg efficiency compensation can be implemented for either or both of
the AOMs 604 and 60, to affect amplitude correction on the respective X and Y axes

on the surface of the workpiece 80. Similarly, Bragg efficiency compensation can be
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implemented for either or both of the transversely or orthogonally positioned
transducers 70x and 70y (FIG. 24), as later described.

[00122] With reference again to FIG. 21, signals from the amplitude detector 122
and the position-sensing detector 130 can be fed to the laser system controller 62
and/or directly or indirectly to the X and Y RF drivers 664 and 66, In some
alternative embodiments, beam-splitting elements 120 and position-sensing
detectors 130 can be employed after each AOM 60. Beam-splitting elements 120
may even be attached directly to the output surfaces of one or both of the AOMs 60.
[00123] The methods of feedback for these feedback control systems vary from
capacitance detection of mechanical rotation to position-sensing electronics for
detecting laser spots. The electronics of the position-sensing detector(s) 130 might
be the limiting factor for AOM performance in terms of being able to accurately
detect the angular position of the AOMs 60. Therefore, alternative closed-loop
system components and techniques known to skilled practitioners can be employed.:
[00124] The bandwidth of the position-sensing detector(s) 130 in the closed-loop
control systems may preferably employ filtering techniques to enhance position
accuracy by reducing the noise from the electronics. If the desired accuracy is
extremely high, very high noise reduction can be employed, but the bandwidth of the
position-sensing detector(s) 130 may be limited due to filtering.

[00125] The coefficients of the control system can be updated at a rate that is
greater than the overall system bandwidth desired, but not on every cycle of the
AOM update. This update parameter can be set depending on the desired accuracy
and the desired bandwidth of the system. An exemplary system may have the
following parameters:

[00126] AOM bandwidth = 250 kHz;

[00127] Desired system bandwidth = 25 kHz; and

[00128] Position-sensing bandwidth (after filtering) = 250 Hz.

[00129] The AOM control parameters would be then updated every 100 cycles of
the system, allowing for detection of transients of up to 250 Hz to be controlled and
also giving an overall system performance of 25 kHz. Thus, in cooperation with the
very fast frequency updating and adjustment speeds of the AOMs 604 and 60, by
any of the techniques previously described, the closed-loop control system is able to
make slight adjustments in alignment on-the-fly in real time.
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[00130] FIG. 22 is a schematic diagram of an AOM 603 employing at least two
transducers 70A and 70B (generically transducers 70) having overlapping transducer
modulation zones 116 to allow for selection of the direction of the propagating sound
wave through the medium of the AOM 60. Transducer 70A will produce a frequency
downshifted reflection of light along path 72B, and transducer 70B will produce a
frequency upshifted reflection of light along path 72B as well. When used at the
same frequency, and preferably phase locked, the addition of these transducer
signals can produce small magnitude gains in efficiency of the diffracted light. -
Estimated efficiency gains may range from about 1% to greater than or equal to
about 15%, depending on wavelengths and other typical laser parameters.

[00131] Only one of the transducers 70A and 70B may be activated at a given
time, or both the transducers 70A and 70B may be activated at a given time. Skilled
persons will appreciate that each transducer 70 can be driven by the same or
different RF drivers 66 (not shown) at the same or different frequencies in
accordance with any of the previously described AOM modulation techniques or
embodiments. If transducers 70A and 70B are operated at different frequencies,
there is the potential to cause multiple diffractions in the device, allowing for. the
formation of two separate beams, separated by the angle defined by the difference in
frequency. Transducers 70A and 70B may also be operated concurrently at slightly
different phases to increase scan angle resolution beyond that available to a single
transducer 70 alone. At least two or more transducers 70A and 70B can also or
alternatively be positioned on the same surface of AOM 603 to achieve similar
advantages. These embodiments can be applied to AOMs 60 oriented for either
axis.

[00132] If transducers 70A and 70B have different sizes, they can potentially allow
for different frequency drivers that would permit one of the transducers 70 to produce
a higher frequency than the other. With reference again to equation (7), the Bragg
angle can be increased by increasing the acoustic frequency of either of the
transducers 70A and 70B. Traditional transducers 70 are in the range of 50 MHz to
250 MHz for Bragg angles of 0.7 degrees to 4 degrees. Frequencies greater than
250 MHz typically require smaller transducers and RF power generators with the
capability to drive them at higher frequencies. Using the smaller of the two
transducers 70A or 70B when desirable would allow for formation of a larger Bragg

angle for the incoming beam (and, therefore, allows for a larger first-order exit
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angle), potentially making the separation from the zero order larger (and placement
of beam dump 94 easier) and thus making propagation of the first-order beam to the
workpiece 80 easier. Using the larger of the two transducers 70A or 70B when
desirable would allow for greater diffraction efficiency whenever the larger Bragg
angle is not desired. Similarly, two smaller frequency and phase-locked transducers
70A and 70B could be employed to expand the diffraction efficiency over a single
smaller transducer 70 where applications or system constraints require the larger
Bragg angle. Such embodiments would add greater versatility to the AOM scanning
system.

[00133] FIG. 22A is a schematic diagram of an AOM 60; employing at least two
transducers 70A and 70B to allow for selection of the direction of the propagating
sound wave through the medium of the AOM 60 to divert a beam that is
perpendicular to the AOM entrance surface. As discussed in connection with FIG.
22, this embodiment may be employed to increase diffraction efficiency, increase
diffraction angle range by providing a higher combined frequency, or increase
versatility by employing transducers 70 of different sizes. Skilled persons may also
note that when the input beam 72 is closer to either of the transducers 70, the
response time of the AOM 60; may be slightly increased.

[00134] FIGS. 23A and 23B are schematic diagrams demonstrating effects of at
least two transducers 70A and 70B propagating different frequencies on the AOM 60
within overlapping transducer modulation zones 116. FIG. 23A shows exemplary
different frequencies propagating through the AOM 60 when the transducers 70A
and 70B are “ON” contemporaneously, and FIG. 23B shows the potential to create
diffraction inside the AOM 60 that is the combination of the two sources.

[00135] In certain exemplary cases, such as when both of the transducers 70 are
*ON” and the first transducer 70A provides twice the frequency of the second
transducer 70B, the diffractive combination of the two frequencies in the medium of
the AOM 60 can be beyond the frequency limitations of the independent AOM RF
drivers 66 to create on their own and beyond the frequency limitations of either of the
transducers 70 to create on their own (due to mechanical limitations of the
transducer and elecitrical limitations of the RF power amplifier). Such frequency
combinations can lead to achieving higher angular beam-positioning resolution or
higher Bragg angles than are available to embodiments employing single RF drivers

66 that drive single transducers 70. Skilled persons will also appreciate that for
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some embodiments, the transducers 70 may be positioned so that the transducer
modulation zones 116 are parallel instead of overlapping. In such embodiments, the
transducers 70 may be placed so that they are both on the same surface or on
opposite surfaces.

[00136] At least two or more transducers 70A and 70B can also be used to diffract
multiple wavelengths from the same beam. With reference again to FIG. 22, the
incoming laser beam 72 may contain multiple wavelengths, such as when harmonics
are generated by the laser 64. For example, if the laser beam 72 has a wavelength
of 355 nm generated from 1064 nm using third harmonic generation techniques, the
laser beam 72 can contain energy from 710 nm as well as 355 nm. In such case,
the AOM 603 may act as a wavelength selector, only allowing the specific
wavelength satisfying the Bragg equation (7). Therefore, if the selected frequency
on the first transducer 70A is set to a frequency resulting in the Bragg diffraction of
355 nm wavelength, the 710 nm portion of the beam will not diffract and will travel
the zero-order path 72A. Skilled persons will appreciate that the use of a laser
.output having multiple selected wavelengths is beneficial to some laser applications,
so a method of having both wavelengths travel to the work surface may be desirable.
So in addition to setting the first transducer 70A to satisfy the Bragg equation for the
first wavelength, a skilled person can set the second transducer 70B to satisfy the
Bragg equation for the second wavelength, propagating both wavelengths in the first-
order path 72B.
[00137] FIG. 23C is a schematic diagram demonstrating the effects of at least two
transducers 70 positioned at different angles with respect to each other to expand
beam-positioning range in a single Cartesian axis. With reference to FIGS. 20-20C
and 23A-23C, the second transducer 70B is positioned at a tilt angle 132 with
respect to the first transducer 70A such that their respective transducer modulation
zones 116b and 116a are nonparallel with each other but traverse the beam path 72
in the same plane such that they modulate the exit or deflection angle in the same
Cartesian axis. The transducers 70A and 70B are preferably positioned such that
their respective transducer modulation zones 116a and 116b are non-overlapping,
but overlap is permissible and may be desirable in some circumstances.
[00138] Skilled persons will appreciate that the second transducer 70B may
alternatively be positioned on the opposite transducer surface 138 if provided with

the appropriate tilt angle 132. However, the tilt angle 132 of the second transducer
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70B can be selected so the diffracted order of the second transducer 70B is offset
from the diffracted order of the first transducer 70A to allow the placement of the
transducers in close proximity along the same side of the AOM 603.

[00139] In some preferred embodiments, the first transducer modulation zone
116a is parallel to the beam entrance surface 52, and the second transducer
modulation zone 116b is parallel to the beam exit surface 54, such that the beam
entrance surface 52 and the beam exit surface 54 are nonparaliel. In other preferred
embodiments, one of the transducer modulation zones 116 is parallel to the beam
entrance surface 52 and the beam exit surface 54 such that the beam entrance
surface 52 and the beam exit surface 54 are parallel. In yet other preferred
embodiments, one of the transducer modulation zones 116 is parallel to the beam
entrance surface 52, and the beam exit surface 54 may be at an angle that is an
average of 90 degrees and 90 degrees # the tilt angle 132 or may be at some other
angle between 90 degrees and 90 degrees + the tilt angle 132. Alternatively, the
beam entrance surface 52 may be angled with respect to the first transducer
modulation zone 116a, and the beam exit surface 54 may be parallel to the second
transducer modulation zone 116b.

[00140] The AOM 603 may be angle cut to provide the tilt angle 132 for the second
transducer 70B by broaching or milling the transducer surface 136b or neighboring
surface 136a to the desired angle, depending on the AOM material. These
techniques are known in the optical material/device industry along with other
techniques to achieve precision surfaces. Although the transducer surface 136b is
shown to extend outwardly from the transducer surface 136a, skilled persons will
appreciate that the transducer surface 136b would function properly if it extended
inwardly by the same tilt angle 132.

[00141] In most embodiments, the tilt angle 132 is a small angle typically no
greater than 5 degrees, and preferably less than about 2.5-3 degrees. In most
embodiments, the tilt angle 132 is typically greater than about 0.1 degree, and
preferably greater than 0.3 degree or 0.5 degree. Fig. 23C depicts an exemplary tilt
angle 132 of about 1 degree.

[00142] The AOM 60; is preferably positioned on the beam path 72 such that the
beam path 72 impinges the AOM 603 at an entrance angle 114 or 114a that is at or
in proximity to a Bragg angle with respect to the beam entrance surface 52 or the

first transducer modulation zone 116a. Skilled persons will appreciate that the
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frequency of the RF signal applied to the first transducer 70A can be adjusted or
calibrated to compensate for slight unintentional deviation in alignment.

[00143] Whenever scanning is desired along the beam path 72a, or its associated
scan range 134a4 (down to a minimum desirable Bragg efficiency), the first .
transducer 70A is activated by an RF signal at a frequency that satisfies or
approximately satisfies the Bragg condition such that the beam path 72 is deflected
to a desired exit angle 118a4 within the scan range 134a4 such that the beam path
72a4 impinges the workpiece 80 at a desired beam position 142 (FIG. 27) that is
shifted from its nominal or original beam position. The frequency of the RF signal
applied to the first transducer 70A would be adjusted to determine the desired exit
angle 118a4 within the scan range 134a4, and the amplitude of the RF signal applied
to the first transducer 70A could also be adjusted to a desired amplitude to control
beam power or energy. Furthermore, whenever scanning is desired along the beam
path 72a4 or its associated scan range 134a,, preferably, no RF signal is applied to
the second transducer 70B so that the second transducer modulation zone 116b
generally does not affect the exit angle 118a4 of the beam path 72a4. In some"
embodiments, however, it may be desirable to set the tilt angle 132 so that the first-
order or higher-order beam path created by the second transducer 70B is aligned
with the beam path 72a4, in which case the second transducer 70B would be driven
at full amplitude and at an RF frequency to match the Bragg condition.

[00144] Whenever scanning is desired beyond the scan range 134a4 and within a
scan range 134a; that results from the cooperative contemporaneous operation of
the transducers 70A and 70B, the transducers 70A and 70B are activated by
respective RF signals at respective frequencies that satisfy or approximately satisfy
their Bragg conditions such that the beam path 72 is deflected to a desired exit angle
118a, within the scan range 134a, such that the beam path 72a, propagates at a
cooperative deflection angle (or cooperative deflection propagation direction) 128a,
to impinge the workpiece 80 at a desired beam position 142 that is beyond the scan
range 134a4. The frequency of the RF signal applied to the second transducer 70B
would be adjusted to determine the desired exit angle 118a, within the scan range
134a,. In some preferred embodiments, the second transducer 70B would be driven
at full amplitude, and the amplitude of the RF signal applied to the first transducer
70A could be adjusted to a desired amplitude to control beam power or energy.
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[00145] Although in some preferred embodiments the transducers 70A and 70B
may be identical and driven by identical variably controllable RF drivers 66 as
previously discussed, in some preferred embodiments the transducers 70A and 70B
and their associated RF drivers 66 may have different operating characteristics or
parameters. In particular, in some preferred embodiments, the first transducer 70A
may have a smaller size and operate at a higher frequency than the second
transducer 70B such that the first transducer modulation zone 116a could provide a
larger Bragg angle range than the second transducer modulation zone 116b.
[00146] Although the scan angle ranges 134a4 and 134a, may range down to 0%
Bragg efficiency, exemplary scan ranges 134 are used only down to 20% Bragg
efficiency, or down to 50% Bragg efficiency, or down to 80% Bragg efficiency (as
roughly depicted in FIG. 23C). In one example, as depicted in FIG. 23C, the
incoming Bragg condition is 1.2 degrees for the first transducer 70A, and the
incoming Bragg condition is 0.2 degree for the second transducer 70B, as depicted
by respective beam paths 72a4 and 72a,. |
[00147] FIG. 23D is a schematic diagram of an alternative embodiment
demonstrating the effects of having two transducers 70A and 70B positioned at a ilt
angle 132 angle with respect to each other to expand beam-positioning range. With
reference to FIG. 23D, in some preferred embodiments, the transducers 70A and
70B can be positioned so that their respective tilt angle(s) 132 and transducer
modulation zones 116 are aligned to provide a common zero-order beam path 72b.
[00148] The tilt angle 132b and the frequency of the RF signal applied to the
transducer 70B are adapted to provide a first-order beam path 72a, from the
transducer modulation zone 116b with a scanning range 134a; that is adjacent to or
overlaps the scanning range 134a, of the first-order beam path 72a, provided by the
transducer modulation zone 116b. In such example, whenever an exit angle 118a4
within scan range 134a, is desired, the transducer 70A is modulated at the desired
frequency and amplitude while the transducer 70B is effectively turned “OFF” as
previously discussed with respect to any of the full extinction techniques, such as
simply changing the frequency to provide zero effective Bragg efficiency. Whenever
an exit angle 118a. within scan range 134a; is desired, the transducer 70B is
modulated at the desired frequency and amplitude while the transducer 70A is
effectively turned “OFF.” In some embodiments, the zero-order beam path through

the AOM 603 can be used as the working beam path to provide a scan range similar
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to that of scan range 134a, about the zero-order beam path, and the tilt angle 132
and frequency applied to the transducer 70B could be adjusted to provide a scan
range 134a; that is adjacent to or overlaps the scan range134a,.
[00149] The second transducer 70B with the tilt angle 132 can also be employed to
produce a second beam wherein the frequencies applied to the transducers 70A and
70B are configured to provide two resolvable beam spots simultaneously. The
amplitude of the RF signal applied to the transducer 70A (with the transducer 70B
receiving a full amplitude signal) can be used to control the power content of both
beams. Alternatively, the amplitudes applied to both of the transducers 70A and 70B
can be controlled.
[00150] Employing the second transducer 70B at a tilt angle 132 can, therefore, be
used to extend the overall scanning range while limiting loss due to Bragg efficiency
constraints and to provide other advantages similar to those described with respect
to FIGS. 20A-20C. Skilled persons will appreciate that such second transducer 70B
and the tilt angle 132 can be employed to control the deflection angle on either or
both Cartesian axes.
[00151] FIG. 23E is a schematic diagram demonstrating the advantages of having
multiple transducers 70 positioned at different angles to an AOM side (with respect
to the plane of the transducer surface 136a of the transducer 70A) in order to expand
beam-positioning range, and FIG. 23F shows an enlargement of a portion of FIG.
23E. With reference to FIGS. 23C-23F, the concept of the tilt angle 132 can be
extended to the use of multiple tilted transducers 70A-70F in series to further extend
the scanning range of the AOM 603 along a single Cartesian axis.
[00152] As previously discussed with respect to FIG. 23C, the input beam path 72
to the AOM 603 is set to achieve a desired Bragg angle to allow for a desirable
distance between the zero-order beam path 72b and the first-order beam path 72a;
of the first transducer 70A. Frequency modulating the first transducer 70A slightly in
either direction will give the allowable scan angle range 134a, for the first-order
beam diffracted from the sound wave generated by the transducer 70A in the first
transducer modulation zone 116a. FIG. 23E depicts an example employing a 355
nm wavelength beam and an acoustic velocity of 650 m/s with approximately + 0.2
degree as a desirable maximum scan angle range 134a;. An exemplary scan angle

range 134a, of + 0.1 degree could, however, have alternatively been used and would
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provide a higher diffraction efficiency, corresponding to only a 20% loss in efficiency
at the maximum of 0.1 degree away from the Bragg condition.

[00153] To extend the range, the second transducer 70B can be tilted at a tilt angle
132b (with respect to the plane of the transducer surface of the first transducer 70A)
that is equivalent to:

tilt = Incoming Bragg Angle - Separation Angle 9)
where the Incoming Bragg Angle is the Bragg angle of the first transducer 70A and
the Separation Angle defines the amount of overlap desired between the scan angle
134 of the second transducer 70B with that of the first transducer 70A. This can be
seen in terms of diffraction efficiency in FIG. 23E.
[00154] In the case of FIG. 23E, the incoming Bragg angle is set to 1.4 degrees,
which is obtained by using an AOM material with an acoustic velocity of 650 m/s,
355 nm wavelength of light, and an RF frequency of 90 MHz applied to the first
transducer 70A. if a separation of 0.2 degree is desired for overlap of the diffraction
beam resulting from the second transducer 70B, then a tilt angle 132 of 1.2 degrees
is employed. The frequency of the RF signal applied to the second transducer 70B
would then be set to approximately 12.8 MHz to produce the Bragg angle of 0.2
degree. This frequency can be calibrated by finding the maximum diffraction
efficiency to alleviate any manufacturing tolerances in precision manufacturing of any
of the transducers 70 or any of their respective tilt angles 132 on AOM 603. Since
the first transducer 70A is set to have an outgoing beam at an exit angle 118a4 of 1.4
degrees impinging on the second transducer modulation zone 116b caused by the
1.2-degree tiit angle 132b of the second transducer 70B, the Bragg condition of 0.2
degree is matched for the second transducer 70B. In this case, if range beyond the
scan angle range 134a, of the first transducer 70A is desired, then the first
transducer 70A is used to cause diffraction at a desired amplitude and RF frequency
satisfying the Bragg equation for the transducer 70A. The resulting beam path 72a
will then be diffracted by the second transducer 70B, which is run at full amplitude
and a frequency at which the desired exit angle 118a, and cooperative deflection
angle 128a; are achieved for positioning the beam spot on the workpiece 80.
[00155] This concept can then be extended for the additional transducers 70C-
70F, lining up the tilt angles 132¢-132f and the transducer modulation zones 116¢-

116f so that the respective scanning angle ranges 134a3-134as have the desired
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diffraction efficiencies. In this example, a diffraction angle of £ 0.1 degree is desired,
so a tilt angle 132 of 1.0 degree is required to satisfy equation (9) using an incoming
Bragg angle of 1.4 degrees for the first transducer 70A and a separation of 0.4
degree. In this example, a 0.4-degree separation is used for the transducer 70C
because the second transducer 70B scan angle range 134a; of £ 0.1 degree is taken
into account in the separation angle. If an angle in scanning is desired that falls
within the scan angle range 134a; of the transducer 70C, then RF power is applied
to the first transducer 70A to control the amplitude desired at the workpiece 80 and
at a frequency satisfying the Bragg equation, and full RF power is applied to the
transducer 70C at a frequency between 19.1 MHz and 32 MHz to achieve the
desired exit angle 118a; and desired cooperative deflection angle 128a3 for
positioning the beam on the workpiece 80. The transducer 70C would be most
efficient at its Bragg angle of 0.4 degree at a frequency of approximately 25.6 MHz.
[00156] This same logic used to find the tilt angle 132c¢ of the transducer 70C can
be applied to determining tilt angles 132 for the additional transducers 70 in the
series. In this example, the transducer 70D is set to a tilt angle 132d of 0.8 degree,
making a Bragg condition of 0.6 degree; the transducer 70E is set to a tilt angle 132e
of 0.6 degree, making a Bragg condition of 0.8 degrees; and the transducer 70F is
set to tilt angle 132f of 0.4 degree, making a Bragg condition of 1.0 degree. If any of
these extended scan angle ranges 134 are needed, then the RF power is applied to
the first transducer 70A at the desired amplitude and frequency satisfying the Bragg
condition, and the respective transducer 70 that is needed is given full RF power at
the frequency for the scan range of the particular transducer 70. As noted earlier,
the angle cuts for the placements of the transducers 70 on the AOM 603 may not be
perfect, so slight frequency adjustments from the frequencies meeting the theoretical
Bragg conditions may be desirable.
[00157] In addition to determining scan ranges based on minimum desirabie
diffraction efficiency, skilled persons can implement a power budget and employ
amplitude compensation, preferably on the first fransducer 70A, for Bragg angle
efficiency deviation as previously described.
[00158] Although the example employs decreasing respective tilt angles 132 and
respective frequencies as the respective distances of the transducer modulation
zones 116 increase from the beam entrance surface 52, skilled persons will
appreciate that the transducers 70B-70F and their respective tilt angles 132,
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transducer modulation zones 116, and frequencies can be placed in any order with
respect to the beam entrance surface 52. For example, the transducers 70F and
70C, with their accompanying tilt angles 132 and frequencies, could be positionally
exchanged.
[00159] Also as previously discussed, the tiit angles 132 may extend inwardly or
outwardly, and the transducers 70 may be displaced and positioned on the generally
opposed transducer sides of the AOM 603. One advantageous embodiment could
alternately position the transducers 70A-70F on the generally opposed sides such
that transducers 70A, 70C, and 70E are generally on one side of the AOM 603, and
the transducers 70B, 70D, and 70F are generally on the other side of the AOM 603.
[00160] Also as previously discussed, the transducer modulation zone 116a may
be parallel to the beam entrance surface 52, and the last serial transducer
modulation zone 116f may be parallel to the beam exit surface 54, such that the
beam entrance surface 52 and the beam exit surface 54 are nonparallel. In other
preferred embodiments, one of the transducer modulation zones 116 is parallel to
the beam entrance surface 52 and the beam exit surface 54 such that the beam
entrance surface 52 and the beam exit surface 54 are parallel. In yet other preferred
embodiments, one of the transducer modulation zones 116 is parallel to the beam
entrance surface 52, and the beam exit surface 54 may be at an angle that is an -
average of 90 degrees and 90 degrees # the tilt angle 132f, may be at an angle that
is parallel to the transducer modulation zone 116 that represents the mean, or may
be at some other angle between 90 degrees and 90 degrees = the tilt angle 132b.
Alternatively, the beam entrance surface 52 may be angled with respect to the first
transducer modulation zone 116a, and the beam exit surface 54 may be parallel fo
the last transducer modulation zone 116f.
[00161] Skilled persons will appreciate that large numbers of serial tilted
transducers 70 can be employed depending on the overall desirable scan range, the
tilt angles 132, the relative positioning arrangements and order, the size of the
transducers 70, the properties of the AOM material, any size limitations of the AOM
603 with respect to manufacture or system alignment, or any other variables known
to skilled practitioners. In some exemplary embodiments, two to five'or fwo to ten
tilted transducers 70 are employed. In other exemplary embodiments, at least three

tilted transducers 70 or more than 15 transducers 70 are employed. In these
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exemplary embodiments, the AOM 605 can still be less than a few inches long or
less than 10 cm long, but can be longer if desirable.

[00162] Although in some preferred embodiments the transducers 70A-70F may
be identical and driven by identical variably controllable RF drivers 66 as previously
discussed, in some preferred embodiments the transducers 70A-70F and their
associate RF drivers 66 may have different operating characteristics or parameters.
In particular, in some preferred embodiments, the transducers 70 with respectively
greater tilt angles 132 (with respect to the plane of the transducer surface of
transducer 70A) may have respectively larger sizes and operate at respectively
lower frequencies than correspondingly smaller transducers 70.

[00163] FIG. 23G depicts an alternative embodiment employing multiple tilted
transducers 70A-70F demonstrating the advantages of having multiple transducers
70 positioned at different angles to an AOM surface to extend the scanning range of
an AOM 603 in a single Cartesian axis. With reference to FIGS. 23C-23G, the tilt
angles 132a-132f and frequencies of the respective transducers 70B-70F can be
‘organized such that zero-order beams are commonly aligned to the zero-order beam
path 72b so that their first-order beam paths 72a4-72as scan ranges 134a,-134a; are
adjacent or slightly overlapping. Skilled persons will recognize that transducers 70B-
70F are arranged for convenience in reverse positions with respect to their
arrangement in FIG. 23E; however, any arrangement would be suitable as previously
discussed.

[00164] Whenever an exit angle 118a4 within scan range 134a, is desired, the
transducer 70A is modulated at the desired frequency and amplitude while the
remaining transducers 70B-70F are effectively turned “OFF.” Whenever an exit
angle 118a, within a respective scan range 134a; is desired, the transducer 70B is
modulated at the desired frequency and amplitude while the transducers 70A and
70C-70F are effectively turned “OFF.” Similarly, whenever an exit angle 118as-
118as within a respective scan range 134a3-134a; is desired, the respective
transducer 70C-70F is modulated at the desired frequency and amplitude while all
the other transducers 70 are effectively turned “OFF.” One advantage of this
embodiment is that only one transducer 70 would need to be activated to achieve
any of the scan ranges. Another advantage of this embodiment is that little or no
loss is occurring when the zero-order beam path 72b is used as the base beam path

for the other transducers 70 to deflect from.
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[00165] Skilled persor.lvsmv\}illhappreciate that AOM 603 with a plurality of serial tilted
transducers 70 can be employed for pulse-picking (with or without the full extinction
techniques) and amplitude control in one or both Cartesian axes as previously and
hereinafter discussed.

[00166] The combination of two AOMs 604 and 60, close together as shown in
FIGS. 18, 20, and 21 can produce a very good scanning system as already
described; however, the entrance aperture of the second AOM 60, can limit the
angle achievable from the first AOM 604. Another inconvenience that is typical of
most scanning systems is that the focusing lens 78 will typically be adapted to have
a focal length or pupil that is between the two galvanometer positioning devices,
which can be replaced by AOMs 604 and 60, as described in the previous
embodiments. Additional AOMs 60 (or other beam adjustment device, not shown)
may also be employed in series to correct for movement of the pupil when the AOM
scanning system is positioned somewhere other than in a condition meeting the back
pupil of the focusing lens 78.

[00167] FIG. 24 is a schematic diagram showing an AOM 604 employing -
transducers 70x and 70y positioned on transverse, and preferably orthogonal,
surfaces to modulate different transducer modulation axes (transverse and -
preferably orthogonal) in a single medium to provide for scanning control of both X
and Y axes or directions on the surface of the workpiece 80. With reference to FIG.
24, RF driver(s) 66xy apply signals to transducer 70x to control beam position in the
X axis and to transducer 70y to control beam position in the Y axis. Skilled persons
will appreciate that each transducer 70 can be driven by the same or different RF
drivers 66xy at the same or different frequencies in accordance with any of the
previously described AOM modulation techniques or embodiments. One advantage
of employing a single AOM 60, is that the focusing lens 78 can be reduced in
complexity because the focal length can be placed at the output of the single AOM
604, and the angle of scanning could then be increased due to not having an
entrance aperture limitatioh for a second AOM 60. Nevertheless, one or more
additional single-axis or dual-axis AOMs 60 (or other beam adjustment device, not
shown) may also be employed to correct for movement of the pupil when the AOM
scanning system is positioned somewhere other than in a condition meeting the back

pupil of the focusing lens 78.
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[00168] FIG. 25 shows an exemplary embodiment of AOM 60, employed in a
laser system 50h that utilizes a closed-loop beam detection and positioning system
using a beam-splitting element 120 on the output surface of the AOM 60, and a
position-sensing detector 130 to detect the angle of the optical path 72 at the exit
surface of the AOM 604, such as in a combination of the embodiments discussed in
connection with FIGS. 21 and 24.

[00169] FIG. 26 is a schematic diagram of an AOM 605 employing four transducers
70Ax, 70Bx, 70Ay, and 70By (generically transducer 70). This embodiment
combines the advantages described with respect to the AOM 603 of FIGS. 22 and 23
with those described with respect to the AOM 604 of FIGS. 24 and 25 to facilitate
larger scan angles and more versatility. Skilled persons will appreciate that each
transducer 70 can be driven by the same or different RF drivers 66 or 66xy at the
same or different frequencies in accordance with any of the previously described
AOM modulation techniques or embodiments. Skilled persons will appreciate that
AOMSs 604 and 605 can be used to replace any AOM 60 previously discussed or any
pair of AOMs 60 previously discussed. :

[00170] = Some alternative preferred embodiments of AOMs 604 and 605 employ a
plurality of transducers 70 at tilt angles 132 to extend scanning range as previously
discussed. Skilled persons will appreciate that the transducer modulation zones 116
in the transverse Cartesian axes can be non-intersecting, but intersecting
transverse-axis transducer modulation zones 116 are preferred. For convenience in
manufacture and control, some preferred embodiments employ identical tilt angles
132 for the transducers 70 of intersecting transducer modulation zones 116, but such
relationships are not required. In some embodiments employing tilt-angled
transducers 70, where the scan ranges are arranged about the zero-order beam
path 72b, only a single transducer 70 would need to be activated for each Cartesian
axis to provide full extended range scanning control in both axes. Tilt-angled
transducers 70 can also be employed in two axes to provide a matrix of beams, with
each of the beams having a selectable portion of the energy of the beam entering
the AOM 60.

[00171] FIG. 27 is a schematic diagram of an exemplary laser system 50i
employing an extracavity AOM 60 to effect laser pulse gating; an extracavity AOM
604 employing multiple transducers 70, a beam-splitting element 1203, and a

position-sensing detector 130 to effect beam positioning with closed-loop control;
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and beam-splitting elements 1204 and 121, and amplitude detectors 122a and 122b
to effect closed-loop amplitude control. With reference to FIG. 27, the amplitude
feedback signals 124a and/or 124b may be directed to the system controller 62
and/or the RF driver(s) 66xy. Similarly, tHe position feedback signal 126 may be
directed to the system controller 62 and/or the RF driver(s) 66xy. Skilled persons will
appreciate that each transducer 70 can be driven by the same or different RF
driver(s) 66xy at the same or different frequencies in accordance with any of the
previously described AOM modulation techniques or embodiments.

[00172] This embodiment employs a separate AOM 60 as a laser shutter or gate
for pulse gating (“pulse picking”) to allow pulses to travel through the scanning
system only when wanted. In certain embodiments, different angular placement of

* the pulse picking AOM 60 could be used to eliminate need for the beam dump 94.
One advantage of employing a separate pulse-picking AOM 60 is that the AOM 604
can be positioned to provide its full angular displacement capabilities. Such a
separate pulse-picking AOM 60 can be employed in conjunction with any of the
previously described embodiments or AOM modulation techniques. Skilled persons
will appreciate, however, that the pulse picking AOM 60 is not required. The AOM
604 can be angularly displaced with respect to the optical path 72 such that AOM 60,
can perform both pulse selection and beam positioning. Such configuration could
limit the total scanning angle to the workpiece 80. Skilled persons will appreciate
that AOMs 60 employed in any previously described embodiments for beam
positioning and/or amplitude modulation can also be employed for pulse picking by
selectively positioning the AOM 60 with respect to the optical path 72.

[00173] Skilled persons will appreciate that current beam-positioning or scanning
systems in laser processing equipment are generally mechanical in nature, being
either a galvanometer-based system or a fast-steering-mirror- (FSM) or other type of
movable-mirror-based system. Both the galvanometer and FSM techniques have
mechanical masses that limit the overall scanning speed of the system. In general,
the trade-off between scan angle and scanning speed can be seen in both of these
systems: where galvanometer systems have a larger scanning angle and slower
speed, whereas FSMs have a smaller scanning angle but higher speed.

[00174] FIG. 28 is a schematic diagram of an exemplary laser system 50j having a
beam-positioning AOM 604 or 605 that works in conjunction with a typical fast
positioner, such as an FSM or a galvanometer scan head 140 including a pair of
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galvanometer mirrors, to improve overall throughput of a laser system 50 by having a
multiple compound or tertiary beam-positioning system supported by a conventional
slow positioner (such as a single axis or split-axis X-Y table). The AOM 604 or 605 or
a pair of AOMs 60 or 603 can be upstream or downstream of the galvanometer scan
head 140. The motion between the AOM and galvanometer scanning systems can
be coordinated directly or indirectly by the system controller 62, with or without the
aid of the RF driver(s) 66xy and/or a galvanometer controller 144 that receives
galvanometer feedback signals 146 from the galvanometer scan head 140.

[00175] Skilled persons will appreciate that a separate AOM 60 for pulse picking is
shown and may be used to simplify motion-control coordination; however, the AOM
60 can be omitted and the AOM 604 or 605 can be used for pulse picking as well as
for beam positioning. Skilled persons will also appreciate that although an open-loop
system is shown for simplicity, alternative embodiments of laser system 50j can
easily be implemented to include position and or amplitude feedback for closed-ioop
control. Skilled persons will also appreciate that the AOM 60,4 or 605 can be
modulated as discussed with respect to any previous embodiment and that laser
system 50j can be adapted to incorporate the variations of any previously discussed
embodiment.

[00176] FIGS. 29, 30, and 31 are representations of exemplary scan fields of the
galvanometer scan head 140 and AOM 60, or 605 as they may be used in
conjunction for different laser processing applications, such as trimming, via drilling,
and link processing, respectively. With reference to FIGS. 28-31 and conventional
beam-positioning technology, although an X-Y table may be employed to move the
chuck 88 and its supported workpiece 80, the galvanometer scan head 140 may
have a fixed position or may be positioned in a split-axis arrangement so that it can
be directed along one or more geometrical axes. The relative movement between
the galvanometer scan head 140 and the workpiece 80 can be used to position a
main galvanometer scan field 150 (and its square galvanometer subfield 152) within
a main AOM scan field 160 (and its square AOM subfield 162) with respect to targets
on the surface of the workpiece 80. Because the galvanometer bandwidth is much
smaller than the AOM bandwidth, the galvanometer (and the workpiece 80) can be
kept in continuous motion while the AOM 604 or 605 processes targets within its main
AOM scan field 160. This is in addition to the coordinated motion of the linear motor

and the galvanometer.
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[00177] Such an adaptation would be very beneficial for laser applications having
very high-density processing sites. The smaller and much faster AOM scan field 160
would be able to process multiple resistors 164, multiple links 166, and multiple IC
packages very quickly in one single galvanometer move, instead of numerous
conventional galvanometer moves.

[00178] In addition to use as a beam-positioning system, as a substitution for an
FSM and/or a galvanometer scan head, or as an additional beam-positioning system
component, an AOM scanning system could be used for simulated spot enlargement
or abbe error correction and can be positioned along the beam path before or after .
the “fast” positioning components. Furthermore, skilled persons will appreciate that
one or more AOMs 60 with or without modulation enhancement may be substituted
for (or added to) any of the “fast” positioning system components described in U.S. .
Patent Nos. 4,532,402, 5,751,585, 5,847,960, 6,430,465, and 6,706,999 and U.S.
Patent Publication No. US 2002/0117481, which are herein incorporated by
reference.

[00179] 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 this invention. The scope of the present invention should,
therefore, be determined only by the following claims.
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Claims

1. A method for modulating an AOM in a laser system to inhibit laser
beam propagation along a beam path that impinges a workpiece, comprising:

generating a laser beam;

propagating the laser beam along an optical path into an AOM; and

modulating a frequency of an RF signal applied to the AOM to prevent
propagation of the laser beam along the beam path that impinges the workpiece.

2. The method of claim 1, further comprising:

selecting a frequency in which the laser beam propagates along the beam
path to impinge the workpiece.

3. The method of claim 2, further comprising:

modulating the amplitude of the signal to affect the intensity of the laser beam
that impinges the workpiece.

4. The method of claim 1 in which the AOM comprises a wave set-up time
to establish a sound wave in the AOM to propagate the laser beam along the beam
path to impinge the workpiece and in which the frequency of the applied RF signal is
continually changed within a time interval shorter than the wave set-up time
whenever laser beam propagation along the beam path is to be prevented.

5. The method of claim 4 in which the frequency of the applied RF signal
is alternately changed between two selected frequencies within the time interval.

6. The method of claim 1 in which the frequency of the applied RF signal
is alternately changed between two selected frequencies.

7. The method of claim 1 in which the frequency of the applied RF signal
is changed between numerous frequencies.

8. The method of claim 4 in which the frequency of the applied RF signal
is changed between numerous frequencies within the time interval.

9. The method of claim 1 in which the frequency is modulated to create
white noise.

10.  The method of claim 1 in which the amplitude of the RF signal is
reduced whenever beam propagation is to be prevented.

11.  The method of claim 1 in which the AOM is a first AOM and a second
AOM is employed along the beam path to enhance beam extinction capabilities

whenever laser beam propagation along the beam path is to be prevented.
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12.  The method of claim 11 in which different frequencies are employed in
the first and second AOMs.

13.  The method of claim 1 in which a beam-splitting element is positioned
in the beam path downstream of the AOM to divert a portion of the laser beam to a
detector that conveys information directly or indirectly to a laser controller that
directly or indirectly adjusts modulation of the RF signal applied to the AOM.

14.  The method of claim 13 in which the modulation adjustment enhances
pulse-to-pulse output amplitude stability of the laser beam.

15.  The method of claim 1 in which the AOM employs at least two
transducers.

16.  The method of claim 15 in which the at least two transducers modulate
a common transducer modulation zone that traverses the beam path to affect a
deflection angle of the beam path along a common Cartesian axis.

17.  The method of claim 15 in which the at least two transducers modulate
respective first and second transducer modulation zones that traverse the beam path
to affect a deflection angle of the beam path along a respective different Cartesian
axes.

18.  The method of claim 15 in which the at least two transducers modulate
at different frequencies.

19.  The method of claim 1 in which the AOM is employed as a Q-switch.

20. The method of claim 1 in which the AOM has a beam entrance surface,
the RF signal is applied to a transducer to create a transducer modulation zone -
within the AOM, and in which the beam path impinges the AOM at an entrance angle
that is at or in proximity to a Bragg angle with respect to the beam entrance surface
or the first transducer modulation zone.

21.  The method of claim 20 in which the RF signal is applied at one or
more frequencies that have Bragg efficiencies of effectively zero.

22. The method of claim 1 in which the RF signal is applied at one or more
frequencies that have Bragg efficiencies of effectively zero.

23.  Alaser system for processing a workpiece sensitive to stray laser
radiation, comprising:

a laser medium for facilitating generation of a laser beam along an optical
path;
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an AOM positioned along the optical path;

a transducer associated with the AOM; and

a variable frequency controller for modulating frequency applied to the AOM
through the transducer to cause a major portion of the laser beam to propagate
toward a beam dump whenever impingement of the laser beam on the workpiece is
undesirable and to cause a major portion of the laser beam to propagate toward the
workpiece whenever impingement of the laser beam on the workpiece is desirable.

24.  The laser system of claim 23 in which amplitude of the frequency is
adjusted to affect the intensity of the laser beam that impinges the workpiece.

25.  The laser system of claim 23 in which the AOM comprises a wave set-
up time to establish a sound wave in the AOM to propagate the laser beam along the
beam path to impinge the workpiece and in which the frequency of the applied RF
signal is continually changed within a time interval shorter than the wave set-up time
whenever laser beam propagation along the beam path is to be prevented.

26.  The laser system of claim 25 in which the frequency of the applied RF
signal is alternately changed between two selected frequencies within the time
interval.

27. The laser system of claim 23 in which the frequency of the applied RF
signal is alternately changed between two selected frequencies.

28. The laser system of claim 23 in which the frequency of the applied RF
signal is changed between numerous frequencies.

29. The laser system of claim 25 in which the frequency of the applied RF
signal is changed between numerous frequencies within the time interval.

30.  The laser system of claim 23 in which the frequency is modulated to
create white noise.

31.  The laser system of claim 23 in which a first transducer is connected to
the AOM and is employed whenever laser beam propagation along the beam path is
to be prevented, and in which the AOM has a second transducer that is employed at
a selected frequency whenever laser beam propagation along the beam path to
impinge the workpiece is selected.

32.  The laser system of claim 23 in which the AOM is a first AOM and a
second AOM is employed along the beam path to enhance beam extinction
capabilities whenever laser beam propagation along the beam path is to be

prevented.
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33.  The laser system of claim 31 in which different frequencies are
employed in the first and second AOMs.

34.  The laser system of claim 23 in which a beam splitting element is
positioned in the beam path downstream of the AOM to divert a portion of the laser
beam to a detector that conveys information directly or indirectly to a laser controll'er
that directly or indirectly adjusts modulation of the RF signal applied to the AOM.

35.  The laser system of claim 34 in which the modulation adjustment

- enhances pulse-to-pulse output amplitude stability of the laser beam.

36. The laser system of claim 23 in which the AOM employs at least two
transducers.

37. The laser system of claim 36 in which the at least two transducers
modulate a common transducer modulation zone that traverses the beam path to
affect a deflection angle of the. beam path along a common Cartesian axis.

38. The laser system of claim 36 in which the at least two transducers
modulate respective first and second transducer modulation zones that traverse the -
beam path to affect a deflection angle of the beam path along a respective different
Cartesian axes.

39. The laser system of claim 37 in which the at least two transducers
modulate at different frequencies.

40. The laser system of claim 36 in which the AOM is employed as a Q-
switch.

41.  The laser system of claim 36 in which the AOM is employed as an
extra-cavity pulse picker. |

42.  The laser system of claim 23 in which the AOM has a beam entrance
surface, the RF signal is applied to a transducer to create a transducer modulation
zone within the AOM, and in which the beam path impinges the AOM at an entrance
angle that is at or in proximity to a Bragg angle with respect to the beam entrance
surface or the first transducer modulation zone.

43. The laser system of claim 42 in which the RF signal is applied at one or
more frequencies that have Bragg efficiencies of effectively zero.

44.  The laser system of claim 42 in which the RF signal is applied at one or

more frequencies that have Bragg efficiencies of effectively zero.
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45 A method for inhibiting laser beam propagation along a beam path that
impinges a workpiece, comprising:

generating a laser beam;

propagating the laser beam along an optical path into a first AOM having a
first transducer;

modulating the first transducer to inhibit propagation of the laser beam along
the beam path that impinges the workpiece such that a major portion of the beam
propagates to a first beam dump and a minor portion of the beam continues
propagation along the beam path, the beam path having a second AOM between the
first AOM and the workpiece, the second AOM having a second transducer; and

modulating the second transducer to inhibit propagation of the minor portion
of the laser beam along the beam path that impinges the workpiece such that most
of the minor portion of the beam propagates to a second beam dump, thereby
inhibiting propagation of the laser beam along the beam path that impinges the
workpiece.

46. The method of claim 44 in which the beam path that impinges the

workpiece comprises a zero order beam path.

47. A method for modulating an AOM in a laser system fo inhibit laser
. beam propagation along a beam path that impinges a workpiece, comprising:
generating a laser beam;

propagating the laser beam along an optical path into an AOM; and

applying an RF signal to a transducer on the AOM at a frequency having a
Bragg efficiency of effectively zero to prevent propagation of the laser beam along
the beam path that impinges the workpiece.

48. The method of claim 47 in which the AOM has a beam entrance
surface, the RF signal is applied to a transducer to create a transducer modulation
zone within the AOM, and in which the beam path impinges the AOM at an entrance
angle that is at or in proximity to a Bragg angle with respect to the beam entrance

surface or the first transducer modulation zone.

49. A method for harmonizing amplitude or energy of a plurality of

consecutive laser output pulses directed at a workpiece, comprising:
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generating a plurality of consecutive laser pulses along a beam path that
impinges a workpiece at a beam position, the plurality of consecutive laser pulses
having amplitudes or energies that vary significantly;

propagating the plurality of consecutive laser pulses through an AOM
positioned along the beam path to provide a plurality of consecutive laser output
pulses;

diverting a portion of each of the plurality of consecutive laser output pulses to
an amplitude or energy detector;

conveying information concerning the amplitude or energy of each of the
plurality of consecutive laser output pulses directly or indirectly to an AOM controller;
and

modulating an RF signal applied to the AOM to affect the amplitude or energy
of a given one of the plurality of consecutive laser output pulses in response to the
information concerning the amplitude or energy of one or more of the plurality of
consecutive laser output pulses preceding the given one of the plurality of
consecutive laser output pulses.

50.  The method of claim 49 further comprising:

propagating the plurality of consecutive laser output pulses through a beam
splitting element positioned along the beam path downstream of the AOM to divert a
portion of each of the plurality of consecutive laser output pulses to an amplitude or
energy detector.

51.  The method of claim 49 in which the amplitude or energy of
consecutive laser output pulses varies by less than 5%.

52.  The method of claim 51 in which the plurality of consecutive laser
pulses are generated by a solid-state UV harmonic laser.

53. The method of claim 49 in which the amplitude or energy of
consecutive laser output pulses varies by less than 1%. |

54.  The method of claim 49 in which the amplitudes or energies of the
plurality of consecutive laser pulses vary due to laser instabilities or thermal drifting.

55.  The method of claim 49 in which the amplitudes or energies of the
plurality of consecutive laser pulses vary due to thermal heating of the AOM from
inconsistently applied RF energy.

56. The method of claim 49 in which the plurality of consecutive laser

pulses are generated by a solid-state harmonic laser.
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57. The method of claim 49 in which the beam path impinges the AOM at
an angle that is at or in proximity to a Bragg angle with respect to a beam entrance
surface of the AOM, the RF signal applied to the AOM is frequency modulated to
affect an exit angle of the given one of the plurality of consecutive laser output
pulses that propagates along the beam path to the workpiece, and the RF signal is
modulated to affect the amplitude or energy of the given one of the plurality of
consecutive laser output pulses to compensate for deviations from Bragg efficiency
resulting from a shift of exit angle of the beam path from the Bragg angle.

58. The method of claim 49 in which the beam path that impinges the
workpiece comprises a first order beam path propagated from the AOM.

59. The method of claim 49 in which the beam path that impinges the
workpiece comprises a zero order beam path propagated from the AOM.

60. The method of claim 59 in which the AOM directs the portions of the
plurality of consecutive laser output pulses toward the amplitude or energy detector.

61. The method of claim 59 in which the laser beam has a laser pulse
energy and the AOM is employed to prevent greater than 10% of the laser pulse
energy from propagating along the beam path that impinges the workpiece.

62. The method of claim 61 in which the AOM is employed to propagate
greater than 75% of the laser pulse energy along the beam path that impinges the
workpiece.

63. The method of claim 62 in which the AOM is employed to propagate
greater than 90% of the laser pulse energy along the beam path that impinges the
workpiece.

64. The method of claim 49 in which the AOM employs at least first and
second transducers.

65. The method of claim 64 in which the AOM comprises two generally
orthogonal axes and the first and second transducers modulate a common

transducer zone and are phase locked.

66. A laser system for harmonizing amplitude or energy of a plurality of
consecutive laser output pulses directed at a workpiece, comprising:

a laser medium for facilitating generation of the plurality of consecutive laser
pulses along an optical path;
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an AOM positioned along the optical path for propagating a plurality of
consecutive laser output pulses along a beam path toward the workpiece;

a transducer associated with the AOM;

a beam splitting element for diverting a portion of each of the plurality of
consecutive laser output pulses away from the beam path;

an amplitude or energy detector for receiving portions of the plurality of
consecutive laser output pulses and for conveying information concerning the
amplitude or energy of each of the plurality of consecutive laser output pulses; and

an AOM RF driver for modulating an RF signal applied to the transducer to
affect the amplitude or energy of a given one of the plurality of consecutive laser
output pulses directly or indirectly in response to the information concerning the
amplitude or energy of one or more the plurality of consecutive laser output pulses
preceding the given one of the plurality of consecutive laser output puises.

67. The laser system of claim 66 in which the amplitude or energy of
consecutive laser output pulses varies by less than 5%.

68. The laser system of claim 67 in which the plurality of consecutive laser
pulses are generated by a solid-state UV harmonic laser.

69. The laser system of claim 66 in which the amplitude or energy of
consecutive laser output pulses varies by less than 1%.

70.  The laser system of claim 66 in which the amplitudes or energies of the
plurality of consecutive laser pulses vary due to laser instabilities or thermal drifting.

71.  The laser system of claim 66 in which the plurality of consecutive laser
pulses are generated by a solid-state harmonic laser.

72.  The laser system of claim 66 in which the AOM constitutes the beam
splitting element and directs the portions of the plurality of consecutive laser output
pulses toward the amplitude or energy detector.

73.  The laser system of claim 66 in which the AOM comprises at least two

transducers responsive to the AOM RF driver to modulate a single modulation axis.

74. A method for employing an AOM to harmonize amplitude or energy of
a plurality of consecutive laser output pulses directed at a workpiece, the AOM being
suited for positioning along a beam path between a laser and a workpiece, the AOM
having a beam entrance surface, a beam exit surface, and a first transducer that is

positioned on a first transducer surface of the AOM and that modulates within a first
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transducer modulation zone, the first transducer surface being in a first plane that is
transverse to the beam entrance surface, comprising:

generating a laser beam along a beam path that impinges a workpiece;

propagating the laser beam through the AOM positioned along the beam path,
the beam path impinging the AOM at an entrance angle that is at or in proximity to a
Bragg angle with respect to the beam entrance surface or the first transducer
modulation zone, and the beam path exiting the AOM at a first exit angle;

controlling a first frequency of a first RF signal applied to the first transducer
that modulates within the first transducer modulation zone that traverses the beam
path to affect the first exit angle of the beam path along a first workpiece axis with
respect to a surface of the workpiece; and

controlling a first amplitude of the first RF signal applied to the first transducer
to compensate for deviation from Bragg efficiency resulting from a first shift of the
first exit angle of the beam path from the Bragg angle.

75.  The method of claim 74 further comprising:

controlling a second frequency of a second RF signal applied to a second
transducer positioned on a second transducer surface of the AOM, the second
transducer surface being in a second plane that is transverse to the beam entrance
surface and the first plane, the second transducer modulating within a second
transducer modulation zone that traverses the beam path to affect a second exit
angle of the beam path along a second workpiece axis that is transverse to the first
workpiece axis with respect to a surface of the workpiece, the second transducer
modulation zone being transverse to the first transducer modulation zone;

coordinating the first and second frequencies to deflect the beam path in both
the first and second workpiece axes at a cooperative deflection angle resulting from
the first and second exit angles imparted by the first and second transducers in
response to the first and second RF signals; and

controlling a second amplitude of the second RF signal applied to the second
transducer to compensate for deviation from Bragg efficiency resulting from a
second shift of the second exit angle of the beam path from the Bragg angle.

76.  The method of claim 75 in which the first and second transducer
surfaces are generally orthogonal.

77. The method of claim 75 in which the first and second frequencies are

different.
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78.  The method of claim 74 in which the beam path initially impinges the
workpiece at a nominal beam position and in which the first exit angle deflects with
the AOM the beam path from the nominal beam position to impinge the workpiece at
a desired beam position.

79. The method of claim 74 further comprising:

controlling a second frequency of a second RF signal applied to a second
transducer positioned on a second transducer surface of the AOM, the second
transducer surface being in a second plane that is transverse to the beam entrance
surface, the second transducer modulating within a second transducer modulation
zone that traverses the beam path to affect a second exit angle of the beam path
along the first workpiece axis, the second transducer being spaced-apart and
oriented at a small angle with respect to the first transducer such that the first and
second transducer modulation zones are nonparallel;

coordinating the first and second frequencies to deflect the beam path at a
cooperative deflection angle resulting from the first and second exit angles imparted
by the first and second transducers in response to the first and second RF signals;
and

controlling a second amplitude of the second RF signal applied to the second
transducer to compensate for deviation from Bragg efficiency resulting from a
second shift of the second exit angle of the beam path from the Bragg angle.

80.  The method of claim 79 in which the first and second transducer
modulation zones are non-overlapping.

81. The method of claim 79 in which the first and second planes are
transverse, in which the beam entrance surface and the beam exit surface have
planes that are nonparallel, in which the first transducer modulation zone is generally
parallel to the beam entrance surface, and in which the second transducer
modulation zone is generally parallel to the beam exit surface.

82.  The method of claim 79 in which the small angle is from about 0.1 to
about 3 degrees.

83.  The method of claim 82 in which the small angle is from about 0.5 to
about 2.5 degrees.

84. The method of claim 79 in which the first and second frequencies are
different.
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85.  The method of claim 79 in which the cooperative deflection angle has a
range that comprises up to at least 100 milliradians with respect to the Bragg angle.

86. The method of claim 79 in which the first fransducer is responsive to a
high frequency driver for larger Bragg angle range and the second transducer is
responsive to a lower frequency driver for smaller Bragg angle range.

87. The method of claim 74, further comprising:

providing slow and fast movement-controlling signals from a positioning signal
processor;

controlling with a slow positioner driver a large range of relative beam-
directing movement of a translation stage, generally along a translation axis in
response to the slow movement-controlling signal;

controlling with the first and/or second transducers a small range of relative
beam-directing movement of the AOM in response to the fast movement-controlling
signal; and

effecting the large range of relative beam-directing movement between the
beam path and the workpiece on the translation stage; and

effecting with the AOM the small range of relative beam-directing movement
between the beam path and the workpiece to impinge the workpiece at a desired
beam position.

88. The method of claim 74 in which the laser beam includes pulses having
a maximum peak power and/or energy, further comprising:

employing a laser overhead power budget such that a reduced peak power
and/or energy is permitted to propagate through the AOM and along the beam path
whenever a working pulse is desired to impinge the workpiece and the first exit angle
is at or in proximity to the Bragg angle, the reduced peak power and/or energy being
less than the maximum peak power and/or energy; and

employing a higher compensated peak power and/or energy to propagate
through the AOM and along the beam path whenever a working pulse is desired to
impinge the workpiece and the first exit angle is shifted from the Bragg angle, the
higher compensated peak power and/or energy being greater than the reduced peak
power and/or energy and less than the maximum peak power and/or energy.

89. An AOM control system for controlling an AOM suited to be positioned

along a beam path between a laser and a workpiece; the AOM having a beam
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entrance surface, a beam exit surface, and a first transducer that is positioned on a
first transducer surface of the AOM and that modulates within a first transducer
modulation zone; the first transducer surface being in a first plane that is transverse
to the beam entrance surface; the AOM also providing a Bragg angle with respect to
the beam entrance surface, first transducer modulation zone, and/or the beam exit
surface, comprising:

a first RF driver including or in communication with a variable frequency controller
adapted to apply a first frequency of a first RF signal to the first transducer to shift
the beam path away from the Bragg angle at the first transducer modulation zone to
affect a deflection angle of the beam path along a first Cartesian axis, the first RF
driver also being adapted to adjust a first amplitude of the first RF signal applied to
the first transducer; and

a controller for delivering information concerning Bragg efficiency
compensation data to the first RF driver to adjust the first amplitude to compensate
for deviation from Bragg efficiency resulting from a shift of the beam path from the
Bragg angle.

90. The AOM control system of claim 89 in which the Bragg efficiency
compensation data comprises a look up table.

91. The AOM control system of claim 89 in which the Bragg efficiency
compensation data comprises an algorithm based on a sin ¢ function.

92. The AOM control system of claim 89 in which the laser beam includes
pulses having a maximum peak power and/or energy, a laser overhead power
budget is employed such that a reduced peak power and/or energy is permitted to
propagate through the AOM and along the beam path whenever a working pulse is
desired to impinge the workpiece and the deflection angle is at or in proximity to the
Bragg angle, wherein the reduced peak power and/or energy is less than the
maximum peak power and/or energy; and in which a higher compensated peak
power and/or energy is permitted to propagate through the AOM and along the beam
path whenever a working pulse is desired to impinge the workpiece and the
deflection angle is shifted from the Bragg angle, wherein the higher compensated
peak power and/or energy is greater than the reduced peak power and/or energy

and less than the maximum peak power and/or energy.
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93. A method for enhahcing performance of an AOM suited for positioning
along a beam path between a laser and a workpiece, the AOM having a beam
entrance surface, a beam exit surface, and a first transducer that is positioned on a
first transducer surface of the AOM, the first transducer surface being in a first plane
that is transverse to the beam entrance surface, comprising:

generating a laser beam along a beam path that impinges a workpiece at a
nominal beam position;

propagating the laser beam through the AOM positioned along the beam path;

controlling a first frequency of a first RF signal applied to the first transducer
that modulates within a first transducer modulation zone that traverses the beam
path to affect a deflection angle of the beam path along a first workpiece axis with
respect to a surface of the workpiece;

controlling a second frequency of a second RF signal applied to a second
transducer positioned on a second transducer surface of the AOM, the second
transducer surface being in a second plane that is transverse to the beam entrance
surface and that is generally parallel or copianar with the first transducer surface,
. and the second fransducer modulating in a second transducer modulation zone that
traverses the beam path to affect the deflection angle of the beam path along the
first workpiece axis; and

coordinating the first and second RF signals to deflect the laser beam from
the nominal beam position on the workpiece to impinge the workpiece at a desired
beam position resulting from a cooperative deflection angle of the beam path
imparted by the first and second RF signals.

94. The method of claim 93 in which the first and second frequencies are
different.

95. The method of claim 93 in which the first and second frequencies are
harmonically related.

96. The method of claim 93 in which the first and second frequencies are
the same and are generally in phase.

97. The method of claim 93 in which the first and second frequencies are
the same and are out of phase.

98. The method of claim 93 in which the first and second transducer
surfaces are coplanar and in which the first and second transducer modulation zones

are non-overlapping.
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99. The method of claim 98 in which the laser beam comprises at least
different first and second wavelengths and the first frequency modulates the first
wavelength and the second frequency modulates the second wavelength.

100. The method of claim 93 in which the first and second transducer
surfaces are parallel and in which the first and second transducer modulation zones
are non-overlapping.

101. The method of claim 93 in which the first and second transducer
surfaces are parallel and in which the first and second transducer modulation zones
are substantitéllly overlapping.

102. The method of claim 93 in which the cooperative deflection angle has a
range that comprises up to at least 100 milliradians with respect to a plane of the first

transducer modulation zone.
| 103. The method of claim 93 in which the beam path that impinges the
workpiece comprises a first order beam path propagated from the AOM.

104. The method of claim 93 in which the beam path that impinges the
workpiece comprises a zero order beam path propagated from the AOM.

105. The method of claim 93 in which the beam path impinges the AOM at
an angle that is generally perpendicular to the beam entrance surface.

106. The method of claim 93 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone.

107. The method of claim 106 in which the cooperative deflection angle has
a range that comprises up to at least 50 milliradians with respect to the Bragg angle.

108. The method of claim 93 in which the first transducer is responsive to a
high frequency driver for larger Bragg angle range and the second transducer is
responsive to a lower frequency driver for smaller Bragg angle range.

109. The method of claim 93, further comprising:

providing slow and fast movement-controlling signals from a positioning signal
processor;

controlling with a slow positioner driver a large range of relative beam-
directing movement of a translation stage, generally along a translation axis in

response to the slow movement-controlling signal;
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controlling with the .fil;st"arvi;j/or second transducers a small range of relative
beam-directing movement of the AOM in response to the fast movement-controlling
signal;

effecting the large range of relative beam-directing movement between the
beam path and the workpiece on the translation stage; and

effecting with the AOM the small range of relative beam-directing movement
between the beam path and the workpiece to impinge the workpiece at a desired
beam position.

' 110. The method of claim 109, further comprising:

acquiring error information concerning differences between the beam path
and the desired beam position; and

conveying the error information directly or indirectly to the first and/or second
transducers to compensate for the differences between the beam path and the
desired beam position.

111. The method of claim 109, further comprising:

acquiring off-axis information concerning differences between the beam path
along a scan line and desired beam positions that are off-axis but parallel to the scan
line; and

conveying the off-axis information to the first and/or second transducers to
deflect the laser beam to impinge the desired beam positions parallel to the scan line
over the workpiece.

112. The method of claim 93 in which the cooperative deflection angle is
unobtainable by either of the first or second transducers independently.

113. The method of claim 93 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone, in which the first and
second transducer surfaces are parallel, in which the first and second transducer
modulation zones are substantially overlapping, and in which the first and second
frequencies are generally harmonically related.

114. The method of claim 93 in which the first transducer is responsive to a
first RF driver that has a first frequency limitation that corresponds to a first deflection
angle range limitation, the second transducer is responsive to a second RF driver
that has a second frequency limitation that corresponds to a second deflection angie

range limitation, the second frequency is different from the first frequency, and the
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cooperative deflection angle is greater than the first and second deflection angle
range limitations.

115. The method of claim 114 in which the first and second frequencies are
harmonically related.

116. The method of claim 93 in which the first transducer is responsive to a
first RF driver and has a first frequency response limitation that corresponds to a first
deflection angle resolution limitation that limits a first resolution of a first virtual
deflection angle produced by application of the first RF signal on the first transducer,
the second transducer is responsive to a second RF driver and has a second
frequency response limitation that corresponds to a second deflection angle
resolution limitation that limits a second resolution of a second virtual deflection
angle produced by application of the second RF signal on the second transducer, the
first or second frequencies are different or have different phases, and the
cooperative deflection angle provides more precise cooperative resolution than
either of the first or second resolutions.

117. The method of claim 116 in which the first and second transducer
surfaces are parallel, in which the first and second transducer modulation zones are
substantially overlapping, and in which the phases of the first and second RF signals
are adjusted to fine-tune the cooperative deflection angle.

- 118. The method of claim 116 in which the first and second transducer
surfaces are coplanar, in which the first and second transducer modulation zones
are non-overlapping, and in which the first and second frequencies are adjusted to
fine tune the cooperative deflection angle.

119. The method of claim 93 in which the laser beam comprises at least
different first and second wavelengths and the first frequency modulates the first
wavelength and the second frequency modulates the second wavelength.

120. The method of claim 119 in which the first and second frequencies are
adjusted to diffract the first and second wavelengths to propagate generally along a
common beam path.

121. The method of claim 120 in which the first and second wavelengths are
diffracted at or in proximity to angles that satisfy a Bragg condition.

122. The method of claim 93 in which the first and second frequencies are

generated by separate RF drivers.
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123. An AOM control system, comprising:

an AOM suited to be positioned along a beam path between a laser and a
workpiece, the AOM having a beam entrance surface, a beam exit surface, and a
first transducer that is positioned on a first transducer surface, the first transducer
surface being in a first plane that is transverse to the beam entrance surface, the first
transducer being adapted to modulate within a first transducer modulation zone that
traverses the beam path;

a second transducer attached to a second transducer surface that is in a
second plane that is transverse to the beam entrance surface, the second transducer
being adapted to modulate within a second transducer modulation zone that
traverses the beam path;

a first RF driver including or in communication with a variable frequency
controller adapted to apply a first frequency of a first RF signal to the first transducer
to modulate within the first transducer modulation zone to affect a deflection angle of
the beam path along a first Cartesian axis; and

a second RF driver including or in communication with a variable frequency
controller to apply a second frequency of a second RF signal to the second
transducer to modulate the second transducer modulation zone to affect the
deflection angle of the beam path along the first Cartesian axis such that the
deflection angle results from application of the first and second RF signals
contemporaneously.

124. The AOM control system of claim 123, further comprising:

a beam position controller to coordinate the first and second frequencies to
deflect with the AOM the beam path to impinge the workpiece at a desired beam
position resulting from the deflection angle.

125. The AOM control system of claim 123 in which the first and second RF
drivers constitute a single RF driver.

126. The AOM control system of claim 123 in which the first and second RF
drivers constitute separate RF drivers.

127. The AOM control system of claim 123 in which the first and second RF
drivers comprise different frequency ranges.

128. The AOM control system of claim 123 in which the first and second
frequencies are different.
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129. The AOM control system of claim 123 in which the first and second
frequencies are harmonically related.

130. The AOM control system of claim 123 in which the first and second
frequencies are generally in phase.

131. The AOM control system of claim 123 in which the first and second
frequencies are out of phase.

132. The AOM control system of claim 123 in which the first and second
transducer surfaces are coplanar and in which the first and second transducer
modulation zones are non-overlapping.

133. The AOM control system of claim 123 in which the first and second
transducer surfaces are parallel and in which the first and second transducer
modulation zones are non-overlapping.

134. The AOM control system of claim 123 in which the deflection angle has
a range that comprises up to at least 100 milliradians with respect to a plane of the
first transducer modulation zone.

135. The AOM control system of claim 123 in which the AOM is suited for
propagating a first order beam path as a working beam path.

136. The AOM control system of claim 123 in which the AOM is suited for
impingement by the beam path at an entrance angle that is at.or in proximity to a
Bragg angle with respect to the beam entrance surface or the first transducer
modulation zone.

137. The AOM control system of claim 123 in which the deflection angle has
a range that comprises up to at least 50 milliradians with respect to the Bragg angle.

~138. The AOM control system of claim 123 in which the first transducer is
responsive to a high frequency driver for larger Bragg angle range and the second
transducer is responsive to a lower frequency driver for smaller Bragg angle range.

139. The AOM control system of claim 123 in which the AOM control system
forms a portion of a laser system.

140. The AOM control system of claim 139 in which the AOM is adapted for
effecting small ranges of relative beam-directing movement between the beam path
and the workpiece, and the first and second transducers control the small ranges of
relative beam-directing movement of the AOM in response to a fast movement-

controlling signal, further comprising:
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a slow positioner for effecting a large range of relative movement between the
beam path and the workpiece, the slow positioner including a translation stage
capable of movement generally along a translation axis;

a positioning signal processor for deriving from the positioning command slow
and fast movement-controlling signals;

a slow positioner driver for controlling the large range of relative beam-
directing movement of the transiation stage in response to the slow movement-
controlling signal such that coordination of the AOM with the slow positioner deflects
the beam path to impinge the workpiece at a desired beam position.

141. The AOM control system of claim 139 in which the laser beam
comprises at least different first and second wavelengths and the AOM is adapted
such that first frequency modulates the first wavelength and the second frequency
modulates the second wavelength.

142. The AOM control system of claim 141 in which the first and second RF
drivers are adapted to adjust the first and second frequencies to diffract the first and
second wavelengths to propagate generally along a common beam path.

143. The AOM control system of claim 142 in which the first and second
wavelengths are diffracted at or in proximity to angles that satisfy a Bragg condition.

144. The AOM control system of claim 123 in which the beam path impinges
the AOM at an angle that is at or in proximity to a Bragg angle with respect to a
beam entrance surface or the first transducer modulation zone, the RF signal applied
to the AOM is frequency modulated to affect an exit angle of the given one of the
plurality of consecutive laser output pulses that propagates along the beam path to
the workpiece, and the RF signal is modulated to affect the amplitude or energy of
the given one of the plurality of consecutive laser output pulses to compensate for
deviations from Bragg efficiency resulting from a shift of exit angle of the beam path
from the Bragg angle.

145. The AOM control system of claim 123 in which the first transducer is
responsive to a first RF driver that has a first frequency limitation that corresponds to
a first deflection angle range limitation, the second transducer is responsive to a
second RF driver that has a second frequency limitation that corresponds to a
second deflection angle range limitation, the second frequency is different from the
first frequency, and the deflection angle is greater than the first and second

deflection angle range limitations.
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146. The AOM control syétem of claim 145 in which the first and second
frequencies are harmonically related.

147. The AOM control system of claim 123 in which the first transducer is
responsive to a first RF driver and has a first frequency response limitation that
corresponds to a first deflection angle resolution limitation that limits a first resolution
of a first deflection angle produced by application of the first RF signal on the first
transducer, the second transducer is responsive to a second RF driver and has a
second frequency response limitation that corresponds to a second deflection angle
resolution limitation that limits a second resolution of a second deflection angle
produced by application of the second RF signal on the second transducer, the first
or second frequencies are different or have different phases, and the deflection
angle provides more precise cooperative resolution than either of the first or second
resolutions.

148. The AOM control system of claim 147 in which the first and second
transducer surfaces are parallel, in which the first and second transducer modulation
zones are substantially overlapping, and in which the phases of the first and second
RF signals are adjusted to fine-tune the deflection angle.

149. The AOM control system of claim 147 in which the first and second
transducer surfaces are coplanar, in which the first and second transducer
modulation zones are non-overlapping, and in which the first and second frequencies
are adjusted to fine-tune the deflection angle.

150. The AOM control system of claim 147 in which the first and second
transducer surfaces are parallel, in which the first and second transducer modulation
zones are substantially overlapping, and in which the first and second RF signals

have the same frequencies and are phase locked to increase diffraction efficiency.

151. A method for enhancing beam deflection angle range in an AOM
having positioned on a first surface a first transducer responsive to a first RF driver
that has a first frequency limitation that corresponds to a first deflection angle range
limitation, comprising:

generating a laser beam along a beam path that impinges a workpiece at a
first beam position;

propagating the laser beam through the AOM positioned along the beam path;
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controlling a first frequency of a first RF signal applied to the first transducer
on the AOM;

controlling a second frequency of a second RF signal applied to a second
transducer positioned on a second surface of the AOM, the second surface being
generally parallel or coplanar with the first surface, the second transducer responsive
to a second RF driver that has a second frequency limitation that corresponds to a
secbnd deflection angle range limitation, and the second frequency being different
from the first frequency; and

coordinating the first and second frequencies to divert with the AOM the laser
beam from the beam path and the first beam position on the workpiece to impinge
the workpiece at a desired beam position resulting from a cooperative deflection

angle beyond the first and second deflection angle range limitations.

152. A method for enhancing beam deflection angle direction control in an
-AOM having positioned on a first transducer surface a first transducer responsive to
a first RF driver, the first transducer having a first frequency limitation that
corresponds fo a first deflection angle control limitation, comprising:
generating a laser beam along a beam path that impinges a workpiece at a
first beam position;
propagating the laser beam through the AOM positioned along the beam path;
controlling a first frequency of a first RF signal applied to the first transducer
on the AOM;
controlling a second frequency of a second RF signal applied to a second
transducer positioned on a second transducer surface of the AOM, the second
transducer surface being generally parallel or coplanar with the first surface, the
second transducer responsive to a second RF driver, the second transducer having
a second frequency limitation that corresponds to a second deflection angle control
limitation, and the first or second frequencies being different or having different
phases; and
coordinating the first and second frequencies to divert with the AOM the laser
beam from the beam path and the first beam position on the workpiece to impinge
the workpiece at a desired beam position resulting from a cooperative deflection

angle unavailable to either the first or second transducers independently.
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153. A method for enhancing beam positioning control from an AOM suited
for positioning along a beam path between a laser and a workpiece having first and
second transverse surface axes, the AOM having a beam entrance surface, a beam
exit surface, and a first transddcer that is positioned on a first transducer surface of
the AOM, the first transducer surface being in a first plane that is transverse to the
beam entrance surface, comprising:

generating a laser beam along a beam path that impinges a workpiece;

propagating the laser beam through the AOM positioned along the beam path;

controlling a first frequency of a first RF signal applied to the first transducer
that modulates within a first transducer modulation zone that traverses the beam
path to affect a first exit angle of the beam path along the first surface axis;

controlling a second frequency of a second RF signal applied to a second
transducer positioned on a second transducer surface of the AOM, the second
transducer surface being in a second plane that is transverse to the beam entrance
surface and the first plane, the second transducer modulating in a second transducer
modulation zone that is transverse to the first transducer modulation zone and
traverses the beam path to affect a second exit angle of the beam path along the
second surface axis; and

coordinating the first and second frequencies to deflect the beam path along
the first and second surface axes to impinge the workpiece at a desired beam
position at a cooperative deflection angle resulting from the first and second exit
angles imparted by the first and second transducers in response to the first and
second frequencies of the first and second RF signals.

154. The method of claim 153 in which the first and second transducer
modulation zones are generally orthogonal.

155. The method of claim 153 in which the first and second transducer
modulation zones intersect.

156. The method of claim 153 in which the first and second frequencies are
different.

157. The method of claim 153 in which the beam path that impinges the
workpiece comprises a first order beam path propagated from the AOM.

158. The method of claim 153 in which the beam path that impinges the
workpiece comprises a zero order beam path propagated from the AOM.
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159. The method of claim 153 in which the beam path impinges the AOM at
an angle that is generally perpendicular to the beam entrance surface.

160. The method of claim 153 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone.

161. The method of claim 160 in which the first and second RF signals have
respective first and second amplitudes, and the first and/or second amplitude is
adjusted to compensate for deviations from Bragg efficiency resulting from shifts in
the first and/or second exit angles of the beam path from the Bragg angle.

162. The method of claim 153 in which a third frequency of a third RF signal
is applied to a third transducer positioned on a third transducer surface of the AOM,
the third transducer surface is generally transverse to the beam entrance surface,
and the third transducer modulates in a third transducer modulation zone that
traverses the beam path and affects the first exit angle such that the first and third
RF signals cooperate to control the first exit angle.

163. The method of claim 162 in which the first and third transducer
modulation zones are generally parallel.

164. The method of claim 162 in which the first and third transducer
surfaces are coplanar.

165. The method of claim 162 in which the third transducer is spaced-apart
and oriented at a small angle with respect to the first transducer such that the first
and third transducer modulation zones are nonparallel and non-overlapping.

166. The method of claim 162 in which the first and third frequencies are
different.

167. The method of claim 162 in which the first and third frequencies are the
same.

168. The method of claim 163 in which the first and third frequencies are
generally harmonically related.

169. The method of claim 162 in which the first and third frequencies have
different phases.

170. The method of claim 163 in which the first and second frequencies are

generally in phase.
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171. The method of claim 162 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone.

172. The method of claim 162 in which the first and third RF signals
cooperate to control the first exit angle at a resolution beyond which either of the first
or third transducers can provide independently.

173. The method of claim 162 in which the first and third RF signals
cooperate to control the first exit angle to include a cooperative deflection angle
range beyond deflection angle ranges that either of the first or third tfransducers can
provide independently.

174. The method of claim 153, further comprising:

providing slow and fast movement-controlling signals from a positioning signal
processor;

controlling with a slow positioner driver a large range of relative beam-
directing movement of a translation stage, generally along a translation axis in
response to the slow movement-controlling signal;

controlling with the first and/or second transducers a small range of relative
beam-directing movement of the AOM in response to the fast movement-controlling
signal; and

effecting the large range of relative beam-directing movement between the
beam path and the workpiece on the translation stage; and

effecting with the AOM the small range of relative beam-directing movement
between the beam path and the workpiece to impinge the workpiece at a desired
beam position.

175. The method of claim 174, further comprising:

acquiring error information concerning differences between the beam path
and the desired beam position; and

conveying the error information to the first and/or second transducers to
compensate for the differences between the beam path and the desired beam
position.

176. The method of claim 174, further comprising:

acquiring off-axis information concerning differences between the beam path
along a scan line and desired beam positions off-axis but paraliel to the scan line;

and
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conveying the off-axis information to the first and/or second transducers to
deflect the laser beam to impinge the desired beam positions parallel to the scan line

over the workpiece.

177. An AOM control system for controlling an AOM suited to be positioned
along a beam path between a laser and a workpiece, the AOM having a beam
entrance surface, a beam exit surface, and a first transducer that is positioned on a
first transducer surface, the first transducer surface being in a first plane that is
transverse to the beam entrance surface, the first transducer being adapted to
modulate within a first transducer modulation zone that traverses the beam path,
comprising:

a second transducer attached to a second transducer surface that is in a
second plane that is transverse to the beam entrance surface, the second transducer
being adapted to modulate within a second transducer modulation zone that
traverses the beam path;

a first RF driver including or in communication with a first variable frequency
controller adapted to apply a first frequency of a first RF signal to the first transducer
to modulate within the first transducer modulation zone to affect a first exit angle of
the beam path along a first Cartesian axis; and

a second RF driver including or in communication with a second variable
frequency controller to apply a second frequency of a second RF signal to the
second transducer to modulate a second transducer modulation zone that is
transverse to the first transducer modulation zone to affect a second exit angle of the
beam path along a second Cartesian axis that is transverse to the first Cartesian axis
such that a cooperative deflection angle results from application of the first and
second RF signals contemporaneously.

178. The AOM control system of claim 177 in which the first and second
transducer modulation zones are generally orthogonal.

179. The AOM control system of claim 177 in which the first and second
transducer modulation zones intersect.

180. The AOM control system of claim 177 in which the first and second RF
drivers are adapted to provide independent first and second frequencies.

181. The AOM control system of claim 177 further comprising a beam
position controller to coordinate the first and second frequencies to deflect with the
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AOM the laser beam from the beam path to impinge the workpiece at a desired
beam position resulting from the cooperative deflection angle.

182. The AOM control system of claim 177 in which the AOM is adapted to
be positioned such that a first order beam is propagated along the beam path.

183. The AOM control system of claim 177 in which the AOM is adapted to
be positioned such that a zero order beam is propagated along the beam path.

184. The AOM control system of claim 177 in which the AOM is adapted to
be positioned such that the beam path impinges the AOM at an angle that is
generally perpendicular to the beam entrance surface.

185. The AOM control system of claim 177 in which the AOM is suited for
impingement by the beam path at an entrance angle that is at or in proximity to a
Bragg angle with respect to the beam entrance surface or the first transducer
modulation zone.

186. The AOM control system of claim 185 in which the first and second RF
drivers are adapted to adjust a first amplitude of the first RF signal and a second
amplitude of the second RF signal to compensate for deviations from Bragg
efficiency resulting from shifts in the first and/or second exit angles of the beam path
from the Bragg angle.

187. The AOM control system of claim 177 further comprising:

a third transducer, positioned on a third transducer surface that is in a third
plane that is generally transverse to the beam entrance surface, for modulating
within a third transducer modulation zone; and

a third RF driver to modulate a third frequency of a third RF signal applied to
the third transducer o modulate within the third transducer modulation zone that
traverses the beam path and affects the first exit angle such that the first and third
RF signals cooperate to control the first exit angle.

188. The AOM control system of claim 187 in which the first and third
transducer modulation zones are generally parallel.

189. The AOM control system of claim 187 in which the first and third
transducer surfaces are coplanar.

190. The AOM control system of claim 187 in which the third transducer is
spaced-apart and oriented at a small angle with respect to the first transducer such
that the first and third transducer modulation zones are nonparallel and non-

overlapping.
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191. The AOM control system of claim 187 in which the first and third RF
drivers are adapted to provide different first and third frequencies.

192. The AOM control system of claim 187 in which the first and third
frequencies are the same.

193. The AOM control system of claim 188 in which the first and third RF
drivers are adapted to provide first and third frequencies that are generally
harmonically related.

194. The AOM control system of claim 187 in which the first and third RF
drivers are adapted to provide first and third frequencies that have different phases.

195. The AOM control system of claim 188 in which the first and third RF
drivers are adapted to provide first and second frequencies that are generally in
phase.

196. The AOM control system of claim 187 in which the AOM is suited for
impingement by the beam path at an entrance angle that is at or in proximity to a
Bragg angle with respect to the beam entrance surface or the first transducer
modulation zone.

197. The AOM control system of claim 187 in which the first and third RF
signals are adapted to cooperate to control the first exit angle to include a
cooperative deflection angle at a resolution beyond which either of the first or third
transducers can provide independently.

198. The AOM control system of claim 187 in which the first and third RF
signals are adapted to cooperate to control the first exit angle to include a
cooperative deflection angle range beyond deflection angle ranges that either of the

first or third transducers can provide independently.

199. A method for enhancing beam positioning control and from an AOM
suited for positioning along a beam path between a laser and a workpiece, the AOM
having a beam entrance surface, a beam exit surface, and a first transducer
modulation zone that traverses the beam path and affects deflection of the beam
path along a first workpiece axis with respect to a surface of the workpiece,
comprising:

generating a laser beam along a beam path that impinges a workpiece at a

nominal beam position;
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propagating the laser beam through the entrance surface of the AOM
positioned along the beam path, the beam path impinging the AOM at an entrance
angle that is at or in proximity to a Bragg angle with respect to the beam entrance
surface of the AOM and the beam path exiting the AOM at an exit angle with respect
to the beam exit surface, wherein diverting the beam path from the Bragg angle
reduces Bragg efficiency to a lower Bragg efficiency as a function of the degree of
shift in the exit angle from the Bragg angle and wherein a large angle shift results in
an undesirable low Bragg efficiency;

controlling a first frequency of a first RF signal applied to a first transducer
positioned on a first transducer surface of the AOM, the first transducer surface
being transverse to the beam entrance surface, and the first transducer modulating
within the first transducer modulation zone to shift with the AOM the beam path from
the Bragg angle;

controlling a Bragg adjustment device upstream of the AOM to shift the
entrance angle at the beam entrance surface of the AOM to reduce loss of Bragg
efficiency resulting from the shift of the exit angle; and

coordinating the shift of the entrance angle and the first frequency of the first
RF signal to divert the beam path from a nominal beam position on the workpiece to
impinge the workpiece at a desired beam position resulting from a cooperative
deflection angle imparted by the Bragg adjustment device and the AOM with an
overall Bragg efficiency that is greater than the undesirable low Bragg efficiency.

200. The method of claim 199 in which the AOM is a first AOM and the
upstream Bragg adjustment device comprises a second AOM, further comprising:

controlling a second frequency of a second RF signal applied to a second
transducer positioned on a second transducer surface of the second AOM, and the
second transducer modulating within a second transducer moduiation zone and
affects deflection of the beam path along the first workpiece éxis; and

coordinating the first and second RF signals to divert the laser beam from the
nominal beam position on the workpiece to impinge the workpiece at a desired beam
position resulting from the cooperative deflection angle imparted by the first and
second RF signals.

201. The method of claim 199 in which the upstream Bragg adjustment
device comprises one or more galvanometers or an FSM.
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202. The method of claim 199 in which the upstream Bragg adjustment
device is employed to compensate for effects related to a shift in a back focus of an
exit pupil.

203. The method of claim 199 in which the upstream Bragg adjustment
device is employed to compensate for positioning of the AOM somewhere other than
meeting criteria for a back focus of an exit pupil on the AOM.

204. The method of claim 199 in which the upstream Bragg adjustment
device is employed to compensate for chronic drift or calibration concerning beam
positioning.

205. The method of claim 199 in which the laser beam comprises a UV
wavelength.

206. The method of claim 200 in which the laser beam comprises a UV
wavelength.

207. The method of claim 200 in which the second AOM is employed to
compensate for effects related to a shift in a back focus of an exit pupil on the first
AOM.

208. The method of claim 200 in which the upstream Bragg second AOM is
employed to compensate for positioning of the first AOM somewhere other than
meeting criteria for a back focus of an exit pupil on the first AOM.

209. The method of claim 200 in which the first and second frequencies are
different.

210. The method of claim 199 in which the cooperative deflection angle has
a range that is greater than 100 milliradians.

211. The method of claim 200 in which the beam path that impinges the
workpiece comprises a first order beam path propagated from the first and second
AOMs.

212. The method of claim 200 in which the beam path impinges the second
AOM at an angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface of the second AOM.

213. The method of claim 200 in which the first and second transducers
have different sizes.

214. The method of claim 200 in which the second transducer is responsive
to a high frequency driver for larger beam range and the first transducer is

responsive to a lower frequency driver for smaller fine funing range.
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215. The method of claim 200 in which the second transducer is responsive
to a frequency driver with higher amplitude and the first transducer is responsive to
frequency driver with lower amplitude.

216. The method of claim 199, further comprising:

providing slow and fast movement-controlling signals from a positioning signal
processor; |

controlling with a slow positioner driver a large range of relative beam-
directing movement of a translation stage, generally along a translation axis in
response to the slow movement-controlling signal;

controlling with the first and/or second transducers a small range of relative
beam-directing movement of the AOM in response to the fast movement-controlling
signal; and

effecting the large range of relative beam-directing movement between the
beam path and the workpiece on the translation stage; and

effecting with the AOM the small range of relative beam-directing movement
between the beam path and the workpiece to impinge the workpiece at a desired
beam position.

217. The method of claim 216, further comprising:

acquiring error information concerning differences between the beam path
and the desired beam position; and

conveying the error information directly or indirectly to the first and or second
transducers to compensate for the differences between the beam path and the
desired beam position.

218. The method of claim 216, further comprising:

acquiring off-axis information concerning differences between the beam path
along a scan line and desired beam positions that are off-axis but parallel the scan
line; and

conveying the off-axis information to the first and or second transducers to
deflect the laser beam to impinge the desired beam positions parallel to the scan line
over the workpiece.

219. The method of claim 200 in which the cooperative deflection angle is

unobtainable by either of the first or second transducers independently.
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220. The method of claim 200 in which the laser beam comprises at least
different first and second wavelengths and the second frequency modulates the first
wavelength and the first frequency modulates the second wavelength.

221. The method of claim 220 in which the first and second frequencies are
adjusted to diffract the first and second wavelengths to propagate generally along
the same beam path.

222. The method of claim 220 in which the first and second wavelengths are
diffracted at or in proximity to angles that satisfy a Bragg condition.

223. An AOM control system, comprising:

a first AOM suited to be positioned along a beam path between a laser and a
workpiece, the first AOM having a first beam entrance surface, a first beam exit
surface, and a first transducer modulation zone that is adapted to traverse the beam
path;

a first transducer attached to a first transducer surface that is transverse to
the first beam entrance surface;

a first RF driver including or in communication with a first variable frequency
controller to apply a first frequency of a first RF signal to the first transducer to
modulate within the first transducer modulation zone, wherein the first frequency
would affect a first deflection angle of the beam path emerging from the first beam
exit surface;

a second AOM suited to be positioned along the beam path between the first
AOM and the workpiece, the second AOM having a second beam entrance surface,
a second beam exit surface, and a second transducer modulation zone that is
adapted to traverse the beam path;

a second transducer attached to a second transducer surface that is
transverse to the second beam entrance surface;

a second RF driver including or in communication with a second variable
frequency controller to apply a second frequency of a second RF signal to the
second transducer to modulate within the second transducer modulation zone,
wherein the second frequency would affect a second deflection angle of the beam
path emerging from the second beam exit surface, wherein the first and second
AOMs are positioned along the beam path such that the first and second transducer

modulation axes affect deflection of the beam path along a common workpiece axis
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with respect to a surface of thé Q;brkpiece such that the first and second deflection
angles cooperate to provide a cooperative deflection angle for the beam path.

224. The AOM control system of claim 223, further comprising a controller for
applying the first and second RF signals contemporaneously to create the
cooperative deflection angle.

225. The AOM control system of claim 223 in which the first AOM is suited for
shifting a second entrance angle of the beam path at the second beam entrance
surface of the second AOM to reduce loss of Bragg efficiency resulting from the shift
of the second deflection angle.

226. The AOM control system of claim 225 in which the first and second
entrance angles of the beam path are calibrated to be at or in proximity to a Bragg
angle with respect to the beam entrance surfaces and beam exit surfaces of the
AOMs, wherein diverting the beam path from the Bragg angle reduces Bragg
efficiency to a lower Bragg efficiency as a function of the degree of shift in the
respective exit angles from the Bragg angle, and wherein a large angle shift results
in an undesirable low Bragg efficiency, and in which the control system is suited for
coordinating the shift of the second entrance angle and the second frequency of the
second RF signal to divert the beam path from a nominal beam position on the
workpiece in order to impinge the workpiece at a desired beam position resulting
from a cooperative deflection angle imparted by the first and second AOMs with an
overall Bragg efficiency that is greater than the undesirable low Bragg efficiency.

227. The AOM control system of claim 223 in which the first and second RF
drivers are different.

228. The AOM control system of claim 29 in which the first and second
frequencies are different.

229. The AOM control system of claim 223 in which the cooperative
deflection angle has a range that is greater than 100 milliradians.

230. The AOM control system of claim 223 in which the AOM control system
forms a portion of a laser system.

231. The AOM control system of claim 230 in which the beam path that
impinges the workpiece comprises a first-order beam path propagated from the first
and second AOMs.

232. The AOM control system of claim 223 in which the AOM is adapted for

effecting small ranges of relative beam-directing movement between the beam path
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and the workpiece, and the first and second transducers control the small ranges of
relative beam-directing movement of the AOM in response to a fast movement-
controlling signal, further comprising:

a slow positioner for effecting a large range of relative movement between the
beam path and the workpiece, the slow positioner including a translation stage
capable of movement generally along a translation axis;

a positioning signal processor for deriving from the positioning command slow
and fast movement-controlling signals; and

a slow positioner driver for controlling the large range of relative beam-
directing movement of the translation stage in response to the slow movement-
controlling signal such that coordination of the AOM with the slow positioner deflects
the beam path to impinge the workpiece at a desired beam position.

233. The AOM control system of claim 223 in which the laser beam
comprises at least different first and second wavelengths, and in which the first
frequency modulates the first wavelength and the second frequency modulates the
second wavelength.

234, The AOM control system of claim 233 in which the first and second
frequencies are adjusted to diffract the first and second wavelengths to propagate
generally along the same beam path.

235. The AOM control system of claim 234 in which the first and second

wavelengths are diffracted at or in proximity to angles that satisfy a Bragg condition.

236. A method for enhancing performance of an AOM suited for positioning
along a beam path between a laser and a workpiece, the AOM having a beam
entrance surface, a beam exit surface, and a first transducer that is positioned on a
first transducer surface of the AOM, the first transducer surface being in a first plane
that is transverse to the beam entrance surface, comprising:

generating a laser beam along a beam path that impinges a workpiece;

propagating the laser beam through the AOM positioned along the beam path;

controlling application of a first frequency of a first RF signal applied to the
first transducer that modulates within a first transducer modulation zone that
traverses the beam path to affect a first deflection angle of the beam path along a

first workpiece axis with respect to a surface of the workpiece;
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controlling application of a second frequehcy of a second RF signal applied to
a second transducer positioned on a second transducer surface of the AOM, the
second transducer surface being in a second plane that is transverse to the beam
entrance surface, and the second transducer modulating within a second transducer
modulation zone that traverses the beam path to affect a second deflection angle of
the beam path along the first workpiece axis, the second transducer being spaced-
apart and oriented at a small angle with respect to the first transducer such that the
first and second transducer modulation zones are nonparallel; and

coordinating the application of the first and/or second RF signals to deflect the
laser beam to impinge the workpiece at a desired beam position resulting from
application of one or both of the first and second frequencies in order to provide a
deflection propagation direction resulting from the application of the first and/or
second RF signals.

237. The method of claim 236 in which the first and second transducer
modulation zones are non-overlapping.

238. The method of claim 236 in which the first and second planes are
transverse, in which the beam entrance surface and the beam exit surface have
planes that are nonparallel, in which the first transducer modulation zone is generally
parallef to the beam entrance surface, and in which the second transducer
modulation zone is generally pal;allel to the beam exit surface.

239. The method of claim 236 in which the small angle is from about 0.1
degree to about 3 degrees.

240. The method of claim 239 in which the small angle is from about 0.5
degree to about 2.5 degrees.

241. The method of claim 236 in which the first and second frequencies are
different.

242. The method of claim 236 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone.

243. The method of claim 242 in which the deflection propagation direction
has a range that comprises up to at least 100 milliradians with respect to the Bragg

angle.



WO 2005/121889 PCT/US2005/019775
77

244. The method of claim 236 in which the first transducer is responsive to a
high-frequency driver for larger Bragg angle range and the second transducer is
responsive to a lower-frequency driver for smaller Bragg angle range.

245. The method of claim 236, further comprising:

providing slow and fast movement-controlling signals from a positioning signal
processor;

controlling with a slow positioner driver a large range of relative beam-
directing movement of a translation stage, generally along a transiation axis in
response to the slow movement-controlling signal;

controlling with the first and/or second transducers a small range of relative
beam-directing movement of the AOM in response to the fast movement-controlling
signal;

effecting the large range of relative beam-directing movement between the
beam path and the workpiece on the translation stage; and

effecting with the AOM the small range of relative beam-directing movement
between the beam path and the workpiece in order to impinge the workpiece at a
desired beam position.

246. The method of claim 245, further comprising:

acquiring error information concerning differences between the beam path
and the desired beam position; and

conveying the error information directly or indirectly to the first and/or second
transducers to compensate for the differences between the beam path and the
desired beam position.

247. The method of claim 245, further comprising:

acquiring off-axis information concerning differences between the beam path
along a scan line and desired beam positions that are off-axis but parallel to the scan
line; and

conveying the off-axis information to the first and/or second transducers to
deflect the laser beam to impinge the desired beam positions paraliel to the scan line
over the workpiece.

248. The method of claim 236 in which the deflection propagation direction
is unobtainable at high diffraction efficiency by either of the first or second

transducers independently.
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249. The method of claim 236 in which the laser beam comprises at least
different first and second wavelengths, and in which the first frequency modulates
the first wavelength and the second frequency modulates the second wavelength.

250. The method of claim 249 in which the first and second frequencies are
adjusted to diffract the first and second wavelengths to propagate generally along a
common beam path.

251. The method of claim 250 in which the first and second wavelengths are
diffracted at or in proximity to angles that satisfy a Bragg condition.

252. The method of claim 236 in which the second transducer comprises
one of multiple respective transducers such that each of the respective transducers
is responsive to a respective frequency of a respective RF signal applied to the
respective transducer that is positioned on a respective transducer surface of the
AOM, the respective transducer surface being in a respecfive plane that is
transverse to the beam entrance surface, the respective transducers being
positioned at respective distances that increase from the beam entrance surface,
and the respective transducer modulating within a respective transducer modulation
zone that traverses the beam path to affect a respective deflection angle of the beam
path along the first workpiece axis, the respective transducer being spaced-apart
and oriented at a respective small angle with respect to the first transducer such that
the first and respective transducer modulation zones are nonparallel.

253. The method of claim 252 in which the respective small angles
decrease as the respective distances increase.

254. The method of claim 253 in which the respective frequencies decrease
as the respective distances increase.

255. The method of claim 252, further comprising:

selecting one of the respective transducers to be the second transducer to
achieve a desirable deflection propagation direction.

256. The method of claim 252 in which at least two of the respective small
angles are different.

257. The method of claim 256 in which the respective transducers aligned at
different small angles are driven by RF drivers having different frequency ranges.

258. The method of claim 252 in which one of the respective transducer
modulation zones is a second transducer modulation zone, in which one of the

respective transducer modulation zones is a third transducer modulation zone that
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results from a third small angle of a third transducer, in which the second transducer
modulation zone is positioned between the first and third transducer modulation
zones, and in which the third small angle is larger than the small angle of the second
transducer.

259. The method of claim 252 in which the beam entrance surface and the
beam exit surface have planes that are parallel.

260. The method of claim 252 in which the beam exit surface is in a back
plane that is at an end-face angle to a front plane of the beam entrance surface, the
end-face angle being an average of 90 degrees and respective sums of 90 degrees
+ the small angles of the respective transducers.

261. The method of claim 252 in which one of the respective small angles
comprises a largest tilt angle, in which the beam exit surface is in a back plane that
is at an end-face angle to a front plane of the beam entrance surface, and in which
the end-face angle is smaller than of 90 degrees * the largest tilt angle.

262. The method of claim 236, further comprising:

controlling a third frequency of a third RF signal applied to a third transducer
positioned on a third transducer surface of the AOM, the third transducer surface
being in a third plane that is transverse to the beam entrance surface and transverse
to the first plane, and the third transducer modulating within a third transducer
modulation zone that traverses the beam path and intersects the first transducer
modulation zone to affect a third deflection angle of the beam path along a second
workpiece axis; and

controlling a fourth frequency of a fourth RF signal applied to a fourth
transducer positioned on a fourth transducer surface of the AOM, the fourth
transducer surface being in a fourth plane that is transverse to the beam entrance
surface and transverse to the second plane, and the fourth transducer modulating
within a fourth transducer modulation zone that traverses the beam path and
intersects the second transducer modulation zone to affect a fourth deflection angle
of the beam path along the second workpiece axis, the fourth transducer being
spaced-apart and oriented at a small tilt angle with respect to the third transducer
such that the third and fourth transducer modulation zones are nonparallel; and

coordinating the third and fourth RF signals to deflect the laser beam to

impinge the workpiece at the desired beam position resulting from the deflection
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propagation direction resulting from the first, second, third, and fourth deflection
angles imparted by the first, second, third, and fourth RF signals, respectively.

263. The method of claim 262 in which the small angle and the tilt angle are
different.

264. The method of claim 262 in which the small angle and the tilt angle are
about the same.

265. The method of claim 262 in which the third and fourth planes are
transverse, in which the third transducer modulation zone is generally parallel to the
beam entrance surface, and in which the fourth transducer modulation zone is
generally parallel to the beam exit surface.

266. The method of claim 236, further comprising:

applying the first frequency to effect the first deflection angle;

applying the second frequency to effect the second deflection angle; and

coordinating the frequencies of first and second RF signals to deflect the laser
beam at a cooperative deflection angle resulting from the first and second deflection
angles imparted by the first and second RF signals.

267. The method of claim 266 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone, and in which the first and
second frequencies provide respective first and second deflection angles that are at
or in proximity to respective first- or higher-order beam paths that satisfy a Bragg
condition.

268. The method of claim 252, further comprising:

applying the first frequency to effect the first deflection angle;

applying the second frequency to effect the second deflection angle; and

coordinating the frequencies of the first and second RF signals to deflect the
laser beam at a cooperative deflection angle resulting from the first and second
deflection angles imparted by the first and second RF signals.

269. The method of claim 262, further comprising:

applying the first frequency to effect the first deflection angle;

applying the second frequency to effect the second deflection angle; and

coordinating the frequencies of the first and second RF signals to deflect the
laser beam at a cooperative deflection angle resulting from the first and second

deflection angles imparted by the first and second RF signals.
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270. The methbd of claim 1, further comprising:

applying the first RF signal while preventing application of the second RF
signal in order to achieve deflection propagation direction, or applying the second RF
signal while preventing application of the first RF signal in order to achieve deflection
propagation direction.

271. The method of claim 270 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone, in which the first and
second transducer modulation zones share a common zero-order beam path, in
which the first frequency controls the first deflection angle to be in proximity to a first-
order beam path from the first transducer modulation zone, and in which the second
frequency controls the second deflection angle to be at or in proximity to a first-order
beam path from the second transducer modulation zone.

272. The method of claim 252, further comprising:

applying the first RF signal while preventing application of the second RF
signal in order to-achieve deflection propagation direction, or applying the second RF
signal while preventing application of the first RF signal in order to achieve deflection
propagation direction.

273. The method of claim 272 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone, in which the first and
second transducer modulation zones share a common zero-order beam path, in
which the first frequency controls the first deflection angle to be in proximity to a first-
order beam path from the first transducer modulation zone, and in which the second
frequency controls the second deflection angle to be at or in proximity to a first-order
beam path from the second transducer modulation zone.

274. The method of claim 262, further comprising:

applying the first RF signal while preventing application of the second RF
signal in order to achieve deflection propagation direction, or applying the second RF
signal while preventing application of the first RF signal in order to achieve deflection
propagation direction.

275. The method of claim 274 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam

entrance surface or the first transducer modulation zone, in which the first and
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second transducer moaﬁléﬁoh zones share a common zero-order beam path, in
which the first frequency controls the first deflection angle to be in proximity to a first-
order beam path from the first transducer modulation zone, and in which the second
frequency controls the second deflection angle to be at or in proximity to a first-order
beam path from the second transducer modulation zone.

276. The method of claim 236, further comprising:

applying the first frequency to effect the first deflection angle while applying
the second frequency at one or more frequencies that have Bragg efficiencies of
effectively zero; or

applying the second frequency to effect the second deflection angle while
applying the first frequency at one or more frequencies that have Bragg efficiencies
of effectively zero.

277. The method of claim 252, further comprising:

applying the first frequency to effect the first deflection angle while applying
the second frequency at one or more frequencies that have Bragg efficiencies of
effectively zero; or

applying the second frequency to effect the second deflection angle while
applying the first frequency at one or more frequencies that have Bragg efficiencies
of effectively zero.

278. The method of claim 262, further comprising:

applying the first frequency to effect the first deflection angle while applying
the second frequency at one or more frequencies that have Bragg efficiencies of
effectively zero; or

applying the second frequency to effect the second deflection angle while
applying the first frequency at one or more frequencies that have Bragg efficiencies
of effectively zero.

279. The method of claim 276 in which the first and second transducer
modulation zones are non-overlapping.

280. The method of claim 276 in which the first and second planes are
transverse, in which the beam entrance surface and the beam exit surface have
planes that are nonparallel, in which the first transducer modulation zone is generally
parallel to the beam entrance surface, and in which the second transducer

modulation zone is generally parallel to the beam exit surface.
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281. The method of claim 276 in which the small angle is from about 0.1
degree to about 3 degrees.

282. The method of claim 281 in which the small angle is from about 0.5
degree to about 2.5 degrees.

283. The method of claim 276 in which the beam path impinges the AOM at
an entrance angle that is at or in proximity to a Bragg angle with respect to the beam
entrance surface or the first transducer modulation zone.

284. The method of claim 283 in which the deflection propagation direction
has a range that comprises up to at least 100 milliradians with respect to the Bragg
angle.

285. The method of claim 276 in which the first and second transducers are

responsive to frequency drivers having different ranges.

286. An AOM suited for positioning along a beam path between a laser and
a workpiece, the AOM having a beam entrance surface, a beam exit surface, and a
first transducer that is positioned on a first transducer surface of the AOM, the first
transducer surface being in a first plane that is transverse to the beam entrance
surface, and the first transducer being adapted for modulating within a first
transducer modulation zone that traverses the beam path to affect a first deflection
angle of the beam path along a first Cartesian axis, comprising:

a second transducer positioned on a second transducer surface of the AOM,
the second transducer surface being in a second plane that is transverse to the
beam entrance surface, the second transducer being adapted for modulating within a
second transducer modulation zone that traverses the beam path to affect a second
deflection angle of the beam path along the first Cartesian axis, the second
transducer being spaced-apart and oriented at a small angle with respect to the first
transducer such that the first and second transducer modulation zones are
nonparallel.

287. The AOM of claim 286 in which the first and second transducer
modulation zones are non-overlapping.

288. The AOM of claim 286 in which the first and second planes are
transverse, in which the beam entrance surface and the beam exit surface have

planes that are nonparallel, in which the first transducer modulation zone is generally
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parallel to the beam entrance surface, and in which the second transducer
modulation zone is generally parallel to the beam exit surface.

289. The AOM of claim 286 in which the smali angle is from about 0.1
degree to about 3 degrees.

290. The AOM of claim 289 in which the small angle is from about 0.5
degree to about 2.5 degrees.

291. The AOM of claim 286 in which the AOM forms a portion of an AOM
control system, further comprising:

a first RF driver including or in communication with a variable frequency
controller to apply a first frequency of a first RF signal to the first transducer to
modulate the first transducer modulation zone, wherein the first frequency would
affect a deflection propagation direction of the beam path emerging from the beam
exit surface; and

a second RF driver including or in communication with a variable frequency
controller to apply a second frequency of a second RF signal to the second
transducer to modulate the second transducer modulation axis, wherein the second
frequency would affect the cooperative deflection angle of the laser beam emerging
from the beam exit surface, the deflection propagation direction resulting from
contemporaneous application of the first and second RF signals.

292. The AOM of claim 291 in which the AOM is in communication with a
beam position controller to coordinate the first and second frequencies to deflect with
the AOM the beam path to impinge the workpiece at the desired beam position
resulting from the deflection propagation direction.

293. The AOM of claim 291 in which the first and second RF drivers
constitute separate RF drivers.

294. The AOM of claim 291 in which the first and second RF drivers
comprise different frequency ranges.

295. The AOM of claim 291 in which the first and second frequencies are
different.

296. The AOM of claim 291 in which the AOM forms a portion of a laser
system.

297. The AOM of claim 296 in which the AOM is suited for propagating a

first-order beam path as a working beam path.
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298. The AOM of claim 296 in which the AOM is suited for impingement by
the beam path at an entrance angle that is at or in proximity to a Bragg angle with
respect to the beam entrance surface or the first transducer modulation zone.

299. The AOM of claim 298 in which the deflection angle has a range that
comprises up to at least 100 milliradians with respect to the Bragg angle.

300. The AOM of claim286 in which the first transducer is responsive to a
high frequency driver for a larger Bragg angle range and the second transducer is
responsive to a lower frequency driver for a smaller Bragg angle range.

301. The AOM of claim 296 in which the AOM is adapted for effecting small
ranges of relative beam-directing movement between the beam path and the
workpiece, and the first and second transducers control the small ranges of relative
beam-directing movement of the AOM in response to a fast movement-controlling
signal, further comprising:

a slow positioner for effecting a large range of relative movement between the
beam path and the workpiece, the slow positioner including a translation stage
capable of movement generally along a translation axis;

a positioning signal processor for deriving from the positioning command slow
and fast movement-controlling signals;

a slow positioner driver for controlling the large range of relative beam-
directing movement of the translation stage in response to the siow movement-
controlling signal such that coordination of the AOM with the slow positioner deflects
the beam path to impinge the workpiece at a desired beam position.

302. The AOM of claim 301 in which the laser beam comprises at least
different first and second wavelengths, and in which the first frequency modulates
the first wavelength and the second frequency modulates the second wavelength.

303. The AOM of claim 302 in which the first and second frequencies are
adjusted to diffract the first and second wavelengths, respectively, to propagate
generally along the same beam path.

304. The AOM of claim 303 in which the first and second wavelengths are
diffracted at or in proximity to angles that satisfy a Bragg condition.

305. The AOM of claim 286 in which the second transducer is one of
multiple respective transducers such that each of the respective transducers is
responsive to a respective frequency of a respective RF signal applied to the

respective transducer positioned on a respective transducer surface of the AOM, the
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respective transducer surface being in a respective plane that is transverse to the
beam entrance surface, the respective transducers being positioned at respective
distances that increase from the beam entrance surface, and the respective
transducer modulating within a respective transducer modulation zone that traverses
the beam path to affect a respective deflection angle of the beam path along the first
workpiece axis, the respective transducer being spaced-apart and oriented at a
respective small angie with respect to the first transducer such that the first and
respective transducer modulation zones are nonparallel.

306. The AOM of claim 305 in which the respective small angles decrease
as the respective distances increase.

307. The AOM of claim 306 in which the respective frequencies decrease as
the respective distances increase.

308. The AOM of claim 305 in which at least two of the respective small
angles are different.

309. The AOM of claim 308 in which the respective transducers aligned at
different small angles are driven by RF drivers having different frequency ranges.

310. The AOM of claim 305 in which one of the respective transducer
modulation zones is a second transducer modulation zone, in which one of the
respective transducer modulation zones is a third transducer modulation zone that
results from a third small angle of a third transducer, in which the second transducer
modulation Zone is positioned between the first and third transducer modulation
zones, and in which the third small angle is larger than the small angle of the second
transducer.

311. The AOM of claim 305 in which the beam entrance surface and the -
beam exit surface have planes that are parallel.

312. The AOM of claim 305 in which the beam exit surface is in a back
plane that is at an end-face angle to a front plane of the beam entrance surface, the
end-face angle being an average of 90 degrees and respective sums of 90 degrees
+ the small angles of the respective transducers.

313. The AOM of claim 305 in which one of the respective small angles
comprises a largest tilt angle, in which the beam exit surface is in a back plane that
is at an end-face angle to a front plane of the beam entrance surface, and in which
the end-face angle is smaller than of 90 degrees # the largest tilt angle.

314. The AOM of claim 286, further comprising:
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a third transducer positioned on a third transducer surface of the AOM, the
third transducer surface being in a third plane that is transverse to the beam
entrance surface, the third transducer being adapted for modulating within a third
transducer modulation zone that traverses the beam path and intersects the first
transducer modulation zone to affect a third deflection angle of the beam path along
a second Cartesian axis; and

a fourth transducer positioned on a fourth transducer surface of the AOM, the
fourth transducer surface being in a fourth plane that is transverse to the beam
entrance surface, the fourth transducer being adapted for modulating within a fourth
transducer modulation zone that traverses the beam path and intersects the second
transducer modulation zone to affect a fourth deflection angle of the beam path
along the second Cartesian axis, the fourth transducer being spaced-apart and
oriented at a small tilt angle with respect to the third transducer such that the third
and fourth transducer modulation zones are nonparailel.

315. The AOM of claim 314 in which the small angle and the tilt angle are
different.

316. The AOM of claim 314 in which the small angle and the tilt angle are
about the same. '

317. The AOM of claim 314 in which the third and fourth planes are
transverse, in which the third transducer modulation zone is generally paralle! to the
beam entrance surface, and in which the fourth transducer modulation zone is

generally parallel to the beam exit surface.

318. A method for enhancing performance of an AOM suited for positioning
along a beam path between a laser and a workpiece, the AOM having a beam
entrance surface, a beam exit surface, and a first transducer that is positioned on a
first transducer surface of the AOM, the first transducer surface being in a first plane
that is transverse to the beam entrance surface, comprising:

generating a laser beam along a beam path that impinges a workpiece;

propagating the laser beam through the AOM positioned along the beam path;

controlling a first frequency of a first RF signal applied to the first transducer
that modulates within a first transducer modulation zone that traverses the beam
path to affect a first deflection angle of the beam path along a first workpiece axis

with respect to a surface of the workpiece;
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controlling a second frequency of a second RF signal applied to a second
transducer positioned on a second transducer surface of the AOM, the second
transducer surface being in a second plane that is transverse to the beam entrance
surface, and the second transducer modulating within a second transducer
modulation zone that traverses the beam path to affect a second deflection angle of
the beam path along the first workpiece axis, the second transducer being spaced-
apart and oriented at a small angle with respect to the first transducer such that the
first and second transducer modulation zones are nonparallel; and

coordinating the frequencies of the first and second RF signals to deflect the
laser beam to impinge the workpiece at a desired beam position resulting from a
cooperative deflection angle resulting from the first and second deflection angles
imparted by the first and second RF signals.
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