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wQ 0@d0761NDt applicable Technical Field [0002]pPdhis2003/032973
invention relates to | aser beam processi ng of
el ectronic circuits and, in particular, to a system
and net hod enploying a | aser beam and substrate
positioni ng system having coarse, internediate, and
fine positioning stages for positioning a workpiece
and a | aser beamrelative to each other. Background of
the I nvention [0003] Lasers have | ong been enpl oyed

for various ablating, drilling, and m cro- nachining
applications, such as etched-circuit board ("ECB") via
drilling, integrated circuit ("IC") fusible link

ablating, circuit elenent trimmng, and
m cro-machining of silicon, piezo-electric, and
ceramc circuit elenents. In each of these electronic
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reI ative to each other. For exanple, ECB via drilling
t ypi caelajed Agulieatipnisong posi tioni ng noves of noderate
ecisipn, whereas IC fusible [Iink ablating requires
[00 ortﬁﬁfg%mucgﬁ[%g noves of high precision.
Accordingly, different positioner architectures are
typically enployed for each application. [0004]
Tradlmmu;ﬁﬂmi oni ng systens are characterized by
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stage positioning systens because the | ower stage
supports the |nert| al mass of the 1 WO 2004/076117
Weluee ‘ y@ntiQy] age whi ch supports the
[00%%5\2\%&?5% s h?&??&‘&dbéérfg@ ghfgg(} (gusc‘%ﬁﬁﬁa;ﬁﬂﬁg@ﬁlﬁng, and micro-

maehlnm a}gallcaﬁdns;mbeasﬁtcﬁed-etrbwo boafd ("EB") Oard!mIHﬂg, integrated
stages increase the time required for the
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per stage Is not su
cnrcwt processmg applications, a posmoner system is employed to position a

workpiece and a laser beam relative to each other. For example, ECB via drilling
typically requires long positioning moves of moderate precision, whereas IC fusible
link ablating requires short positioning moves of high precision. Accordingly,
different positioner architectures are typically employed for each application.

[0004] Traditional positioning systems are characterized by X-Y translation tables
in which the workpiece is secured to an upper stage that moves along a first axis and
is supported by a lower stage that moves along a second axis that is perpendicular
to the first axis. Such systems typically move the workpiece relative to tool, such as
a fixed laser beam position or laser spot and are commonly referred to as stacked

stage positioning systems because the lower stage supports the inertial mass of the
1



noves i ndependently fromthe | ower stage. The
wor kpiece is carried on a first axis or stage while
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1%351 posf?orr}ers are used
for nonlink blowing processes, such as via drilling, because they cannot currently
deliver the beam as accurately as "fixed" laser head positioners.

[0008] The split-axis nature of such positioners may introduce rotational Abbe
errors, and the galvanometers may introduce additional positioning errors. In
addition, because there must be separation between the two galvanometer-

controlled mirrors, the mirrors cannot both be located near the entrance pupil to the



entrance pupil to be displaced farther fromthe
focusing optics, resulting in an increased conplexity
w@na47arit ed numerical aperture of the focusi NnECDP$1003032973
therefore limting the smallest achievabl e spot size.
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electronic circuit |aser-based processing
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to control a laser beam deflection stage, an X-axis translation stage, and a Y-axis
translation stage to direct a laser beam to target locations on a workpiece, such as
an IC or ECB. Although the tertiary positioner system is configured with a single
laser beam deflection stage mounted on the X-axis translation stage and a single
workpiece mounted on the Y-axis translation stage, other configurations of
positioning systems, such as ones in which multiple laser beam deflection stages are
employed in combination with stacked, split, or planar positioners.
[0014] A system control computer processes a tool path database stored in a
database storage subsystem. The database contains the desired processing

parameters for cutting holes or profiles with the laser beam in the workpiece. The



system control conputer conveys |aser control portions
of the stored database to a |aser controller and
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[0019] The galvonometer-deflected mirrors include position sensors, which convey
an actual position of the galvonometer mirrors to an adder that subtracts the actual
position from the mid-pass filtered error data to close the control loop and direct the

galvonometer driven mirrors to the commanded position.
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stage enployed in the tertiary | aser beam positioning

systemof Fig. 2. [0028] Fig. 4Ais sinplified
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[0026] Fig. 2 is a combined pictorial and electrical block diagram of a tertiary laser
beam positioning system of this invention.
[0027] Fig. 3 is a combined pictorial and electrical block diagram of a laser beam
deflection stage employed in the tertiary laser beam positioning system of Fig. 2.
[0028] Fig. 4A is simplified pictorial representation of a working envelope for a
prior art positioner employing linear and galvanometer stages.
[0029] Fig. 4B is a bar graph showing the moving, settling, hole drilling, and total
hole processing times required by the prior art positioner of Fig. 4A.
[0030] Fig. 5Ais simplified pictorial representation of a working envelope for a

tertiary positioner of this invention employing linear, galvanometer, and FSM stages.
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[0030] Fig. S5Ais sinplified pictorial representation
of a working envelope for a tertiary positioner of

W koog/o7aivent i on enpl oyi ng |inear, gal vanonet er PCHOS20p5042973
stages. 5 WD 2004/076117 PCT/ US2003/ 032973 [0031]
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conflgured with a single laser beam deflection stage 84 mounted on X-axis

translation stage 86 and a single workpiece 92 mounted on Y-axis translation stage
88, other configurations of positioning systems are possible, such as ones in which
multiple stages 84 are employed in combination with stacked, split, or planar
positioners. Skilled workers will understand that DSP 82 includes substantially
identical X- and Y-axis portions, although only the X-axis portion is shown and
described herein.

[0035] A system control computer 93 processes a tool path database 94 stored in
a database storage subsystem. Tool path database 94 contains the desired



identical X- and Y-axis portions, although only the

X-axis portion is shown and described herein. [00351
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accelerations within s
104 also cooperate, as descnbec? gef

? move posntloner stages 86 and 88 and
laser beam deflection stage 84 over their position profiles while maintaining their
accelerations within specified limits.

[0039] The position command received by low-pass filter 103 conveys low-pass
filtered position command data through an adder 105 to low-frequency controller
106, which in turn drives X-axis translation stage 86 (shown in both pictorial and
block forms). The low-pass filtered position command data are matched to the
response bandwidth of X- and Y-axis translation stages 86 and 88, which move and
settle more slowly than the higher response bandwidth positioners in laser beam

deflection stage 84. Low-pass filter 103 is preferably a fourth-order low-pass filter



[0039] The position conmand received by | ow pass

filter 103 conveys lowpass filtered position command
walaia/otdirough an adder 105 to | ow frequency coptT/v52083/032973

106, which in turn drives X-axis translation stage 86
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Iowfagtéjs(sele e‘?‘iﬁ&qs uﬂngrn‘Pént@@ i DQFﬂSE'ng,%%%Qﬁ@tﬂ@térorﬁoﬁé 88cond-

ctorial and forms)
ordﬁr ﬂlt@rasmvﬂng cmml dpnmmg ca’uoer Becagseanigrpasediltes @9 produces
he response

* fitared poIBY earda eG4 eonsa B8 FRASLMEERY Rt o the error
sig %uﬂg'cngﬁsqgﬁt tl%QWer%ﬁIﬂ i§ icbhrffenBRid fo? byfﬂélﬁnﬁh?lemem 110. Delay
er
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M ehemelmng)us praterabhyripnpigmeatedin. DBBSR, 138 arpragiamed delay in

fil 1
conJey&n%rtheogrr r c?aqa otn adder 108 to the signal processing elements for

driving laser beam deflection stage 84.

[0042] Galvonometer-deflected mirrors 64 and 66 include position sensors 113,
one of which conveys to adder 111 an actual position signal of galvonometer driven
mirror 66. Adder 111 subtracts the actual position signal from the mid-pass filtered
error data to close the control loop and direct galvonometer driven mirror 66 to the

commanded position.



filtered position error data having a constant tine
delay Mwith respect to the error signal, the
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I
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the conmanded position. 0044] Re urn| n @ L+M 84.
[0045]1, lagmsbcwamz@f%rr@w Bmh%km@ﬂ rlasef; QFH %ﬁ'stage

oA L FH AR, g i o an

66 HEIRR @R §ignalEdrorh mhigl-frequeEryrcontriodent®.t Thisiingention
comrand from position r of i

sutplaalreiess pagesty aioi- angrm.wrfo Q@Y HHge sgtiifo tmes by
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g PR Lo en BGF 17 T o oph Ao iR R0 B%- 104
prefétfedembpdivhente which is dlﬂactéd)ME(EBF\ng drilingheirguibelement trimming,
referred enbodi n

an mmronga@lmnmggagp g;@ '9'63 Fhl@lg rregggﬁény g{%fglee 'H RURf3%h FSM 120
o BAFORITE St B o, BF1 L 401, il aven
and Y2 axiEhnkrdre 6drdncb®6, through objective lens 78 to a target location 121 on
workpiece 92.

[0046] = FSM 120 is deflected by electrostrictive actuators having a higher
frequency response than galvanometer-driven X- and Y- axis mirrors 64 and 66.
FSM 120 is preferably deflected by lead magnesium niobate ("PMN") actuators 122
that translate voltage into displacement. PMN material is similar to the more
common piezoelectric actuator material but has less than one percent hysteresis.

The preferred PMN actuators 122 have a limited displacement of about 5 microns for
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deﬂé%’ééd’é’ttétﬂﬂjt% +LH{RAY 8AgIESWhivh tearssiatestintd aSﬂ:(ﬁél(l micron deflection
expand, thereby tipping or tilting FSM 120 through
of laseylieam Parveerpprajedgd opto ernlﬁ@ﬁj%m&hm m 9‘3‘?‘19 lens
78. Alternatively, FSM 120 nmay be coupl ed through a
‘flexure to three separate PMN actuators 122 havi ng

[004&8]r StHigRgFeqUadtaheas 1 Aoperates at highler freqaegties lzand apelerations
center aligned wth a center éf f. FSM 120. Th%
thae@@bmomﬁigr- driven- apd \aris minors a”ﬁié@hjﬂup@ﬂwa" MN

oML 2 BB 8B 55UER 8 et 00 o
imgedehes abt yhingdhpeeianed at 5 ldoBledzg(Plé&"&w,fand desdpover three

oot G rerd Tk a3th SE SRS 1 tBe BN SS Ser Ak eegM 20 as o
IarggeC lﬁgéﬂ? c{dllgﬂ%l%eﬁ%\ﬁtpén@?oﬁt Q@(ﬂzs'é‘%i?nélhgfgn'éﬁ%mld@ﬁ@reater

nRad angl e, which
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nasgéﬁé%%f’ape“@vﬁ&@@ ok &5 0i538] PPPORTROGRUA st age 117
[0099F" AVih BferBhES €S tHd SoB\RNGESFibRACIGH FirRlqBEALY 8ffge performance,
the positional error signal developed by adder 114 is conveyed to optional adder
115, the output of which is conveyed to high-frequency controller 116 for driving
PMN actuators 122. An optional FSM position sensor 132 provides to optional adder
115 an FSM actual position signal for correcting any residual FSM 120 positioning
error. Optional FSM position sensor 132 includes a position laser 134 that generates
a laser beam 136 that reflects off FSM 120 and onto a position-sensing detector 138,
such as a quad-sensing diode array. As FSM 120 is deflected, laser beam 136 is
deflected away from the center of position-sensing detector 138 as a function of the

deflection angle. Position-sensing detector 138 responds by providing a signal or
10



t han gal vanoneter-d riven X- and Y- axis mrrors 64

and 66. In particular, PMN actuators 122 have about a
wa@2@4p7anrvFarad characteristic capacitance, 1.BCDH8200¥032973

i npedance, 17 ohns inpedance at 5 kiloHertz ("kHz"),
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requggl.grs ¥I6O¢ FACFElt ect s of f FSM 120 and onto a

si ~ iti i icafi r
O o e e e o 2oy boam 136
tertiasy pdsitioeet sybtamed0.f rom t he center of position-sensing

0035 tARhciabRRPTERadag: ootk Walisr 1D GhSARYR B Br positoner

SR 30100180 T\ PRS B0 ngnaion oo

beath B8rinamalkcireis poesailationseridvs beamypayament digtributes the energy
ossi bl e i.ncl udin itV ' -

of | istﬁa(m Qbé%lﬁg grlg%e[cf%gé%]ahhi gﬁch\%‘ygﬁés | élq% %@t?@rs@gtsagﬁg the tool

patﬁ0 TP b&XNEoVeraBnf s166eprsatissthadesdrlenergpovenadarger area, which
el ectronic circuit processing throughput decr easi n%

cart ielptdomiyol theuproeess wmdmwanﬂemé%tw,g%gwf eo'&%ﬁ‘i g%ﬁ@”' aged

S Jf18 and by decreasing the processing tinme at each

PQlocation. "It al so enabl es new processes that were not

[00831EVi BeshyS&tamg! HSM vaidtareectd fgtrebidealpasitiosinggerars including
as a third positioning stage provi ges e urate .
galpametsniengraaraics @llgwsigal\eRRIM iRt EeR K- ﬁ@%tcf'r@x's mirrors 64
[ i de .
an 565 SRS A ARG o IRAAIEN oA imove tmes
Thigfals®mBprades positishingeavsiiradebe sk thatsystesn corrects for

tertiary positioner syst eH1 80. [0052] Artificial SPot .
galzanemglet dnagesisagy, ofresPo N dolefgyires Ss gly@pgm er-driven X-

and %ia&isorﬂﬁfors 64 and 66 with + 5-10 micron high-speed accuracy can be
substantially corrected by FSM 120.
[0054] ECB Via Drilling: As the power of laser 102 is increased, a corresponding

speed increase is required for trepaning and spiral drilling. Galvanometers are
limited by their operating bandwidth, which is typically about 1-1.5 kHz. Because
FSM 120 has at least a 5 kHz operating bandwidth, and a range of motion at least as
large as the hole diameter being drilled, fast trepaning and spiral drilling positioning
commands can be directed through position profiler 100 while the commanded beam

position is kept constant.
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1584 rTHi% f)ﬂor éﬁ%txah'i;ﬂé%gé@&eémﬁaﬁﬁbfgﬁlvaﬂdrhétbﬂ gtage executes a 500

~positioning conmands can be directed through position
micporofriolverin 10D milliséeonchémsohas @e@@é@rﬂneﬁﬁ§isﬁ#l¥§9 flg\e, and a hole

. kept constant. 2004/.07 P o
ol L3 s BRI B A S HRRRL G v 1541 20 m
to 30 RRSi tioner stage is often referred to as its

“wor ki ng envelope.” If FSM 120 has a suff%ci ent

. I "

[005Ar gdn cavirkBhdi@rRA repsesertsibe perfermaaee P Bé%fﬁ*?@}ép‘a-‘f't"aner of

. new target .| ocaf ] 4 it .
e R B4 BB Bl AT oA sl workin
enVeR§iRS 152 diRnan PSOA wvdpkihglemveiipeot 80. aigs 5Bt 8 total processing
~ ful'ly repositioned. Galvo stages 64 and r{Dve ' {o
time Hé2rrequined ipaivei B BECTORS TREVCYIER ?fgegi%&q A 186 to new target

bei n r d t n [ :
oot Fof R Ao i LErg g PaTE s R e s assumes
thafﬁi@@lﬁ@hcirﬁét?rfsltaye ei(ét;;iﬁée} a BOOunibeors meows inHeO ms, has a 0.0 ms
roughput advantage of tertjary positioper.system 8
to1/ gis seAling ime @nda Pale dilingimgria-Gms, By thiy eXarible, the FsM
: . . ¢ P

ey PERTQIORRNETH afh FEOLITICOBIRGYFeRE2 pfhdes the
following components as shown in Fig. 5B. A 125 micron FSM move 164 starts
concurrently with a 500 micron galvo move 166. FSM move 164 reaches the extent
of FSM working window 160 in 0.2 ms while galvo move 166 continues. FSM move
164 plus galvo move 166 causes new target location 158 to be reached in 0.6 ms, at
which time a 1.0 ms drilling time 168 begins while galvo move 166 completes and
settles and the FSM corrects for the positioning errors generated by the completion
and settling of galvo move 166. Therefore total move and hole processing time 162
is 1.6 ms, which represents a 16 percent throughput improvement over the prior art

positioner system. The improvement is 47% if the settling time is 1.0 ms.
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[0061] Of course, other vendors or other types of mirror or actuator designs are
suitable for use with this invention.

[0062] - In addition to all the other above-described advantages, this invention
permits a relaxation on the requirements for the linear motors and galvanometer-
driven mirrors (jerk time, settling time) using the secondary or tertiary system to
correct for errors. This can substantially reduce the cost of the linear and
galvanometer positioners and also reduces the dependency of the system
throughput on the acceleration limit of the linear and galvanometer stages.
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coil actuators, piezoelectric actuators that rely upon
def ormation of piezoelectric, electrostrictive, or

w@kN4aTdivat ors material s, and piezoel ectric orPCT/US2003/032973
el ectrostrictive actuators to deformthe surface of a
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fre ﬁcpfpoatndmoimpsrm)sr jtiemscoram@nto Atee,rtheiDSRE raay ke dualanagnted in
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iR d riing jUrtibys, but are
For%?gah%% oye{? 6({1 gudgno fn”f@gr 202dl gﬁtddn?nms?lﬁgl eﬁ ga;(ul S Iaﬂzl -
prefemably inpfdreentedrascendedgurogramss to nai ntain accuracy

[ooﬁd ﬁﬁwplbt&gg ﬁaﬁltéﬁhc{qestgqgi : skg rl)nizlf@.latt tg&f r#'l?ﬁgitcggﬁges may be
ma{)‘%/ fd HHi d%@ﬂé of Bfe alsoR-Qy¥SslibeRiesbodignatits bf ¢His inviendon wnthout

pI ca ndw dths. [00611 OF course, other vendors
depairtireg fro;rp’d;@ widariyingopringiplas theneef. A@gq;rgiﬁ'gglbrlgwnl be appreClated

e.for use w t
o R0 o 85 g LS il B Al B pertar
thokd' T&Jdd“%eé]ébt%hlc REAPdnenfpratiedsinbl dfhepscdpeeof this invention should,
requirenents for the |inear notors, and gal vanoneter-

therfores berdetetminedanty by the follewing glgint$.ne) using t he
secondary or tertiary systemto correct for errors.
This can substantially reduce the cost of the |inear
and gal vanoneter positioners and al so reduces the
dependency of the system throughput on the
acceleration limt of the linear and gal vanoneter
stages. 13 WD 2004/ 076117 PCT/ US2003/ 032973 [ 0063]
Skilled workers will appreciate that the FSM systens
of this invention can be adapted for use in

etched-circuit board via drilling, mcro-nmchining,
and laser trinmng applications. 1 [00641 Skilled
workers will recognize that portions of this invention
may be
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i npl enented differently fromthe inplenentations

descri bed above for preferred enbodinents. For
wex@apral7 the invention is not limted to | ow PCHUS2003/032973

and hi gh- frequency stage enbodi nents, but may include

addi ti onal stages, such as a very- high-frequency

posi Werkdpingt age that is responsive to a

very-hi gh-frequency frequency portion of the position

command. Al'so, the IDSP may be inplenented in whole

or i nl.pAntappatdtudiferdirating@niaseeheam towaed aftarget decation on a

bei ng anal og conponents. For exanple, .t he adders may

workpiechn saEinse e BORIHORY CATMAN Y ORIt ¥hs, but are
pr ef ez[)@\/\g%?%\g@ltl?g@%ﬁ@ﬂe?ﬁta@;@%@cﬁwl@f Rt oh8Qf e Workpiece

W || ose having s In the art that )
andheyashanesn relyivé o onadeothertihcesiinsiel to aolow-frequency portion of
above-descri bed enbodi nents of this invention w thout

the@@ﬁﬁiongqqgmmﬁa_ 1 the underlying principles thereof.
Acco r% hﬁ@-‘b\énd(gfdtw dositiopief gférg%tccg)iﬂ%dﬁﬂg dt Ned st tdhlesof the workpiece

invention I's so applicabl € aser beam ai m ng )

" anchibe! lasert bears relative to bae anotierdn respanseriod aid-freqigncy portion of
conmponent progessing. The scope of this invention

the Qs |°(5‘,C°rf"’ﬁ@|r’éf6? , be determ ned only by the

f ol | oy ph-SarithviiBith pdsih Q448 dfrdatindsTleEERRNS bP BRAWBrkpiece

W d al 1. An apparatus for directing a | aser beam .
and thedadenbeamgelative tapneransiher inviesraiisedte a highdsgpipney portion of
to % posi tion conmand, conprising: a | ow bandw dth

the ROSTHANSRIPMENge directing at | east one of the

wor kpi ece and the | aser beamrelative to one anot her
in response to a | owfrequency portion

n of th .

posi t2.omhe@pparatus &f glaimph i w mtn@o@ghmﬁw@w@fhmltlonef stage
. dijrectin . . ne of the workpiece and the |aser
mcnggﬁqarflglsgﬁ%éghg?Igﬁgg anot her in response to a

m d- frequency portion of the position command; and a

hi gh- bandwi dt h positioner_ stage directjing at |east.one..

of "t 1d. bEIaRRGERIUS 2 @laTNC2 B Yot s fesk Pbering Mg ok o Positioned
. anot her, i | gh- i iti
in (BRBbE d RIRRIERR RSt Bial BOHRAEHoRRG b e bositon
comhiztld driteadtughpdsitiotvé df &t Ipast the dover ad atjd-bandwlidiigzositioner

fast steering mrror. 3. The apparatus of claim2, in

stagh$ch the fast steering mirror is positioned in

response to differences between the target |ocation
defined by the position .
4. The apparatus of claim 2, further including a sensor for measuring an

actual position of the low-bandwidth positioner stage and in which the fast steering |
mirror is positioned in response to a difference between the actual position of the
low-bandwidth positioner stage and the target location defined by the position

command.
5. The apparatus of claim 1, in which the mid-bandwidth positioner stage

includes at least one galvanometer-driven mirror and a sensor for measuring an

actual position of the mid-bandwidth positioner stage.
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command and actual positions of at |east the | ow and

m d- bandwi dt h positioner stages. 4. The apparatus of
w@b@isired17 furt her including a sensor for nmeasuPCHySEN3/032973

actual position of the | ow bandw dth positioner stage

and in which the fast steering. mjrror is positioned ..
i n r & pbeapparaiusipt ¢laingpe B WEW\!&E% f@ﬂegt%@{f%mlrror%posmoned

: sitian of: | ' hagDanadidth
in r§5}Rrsg g s Rce oKy8RH Y SE P pELAbR AN g banT
‘posfionéh Sta?mcﬁth@taﬁgetdb@atmmdeﬁnede thie pdeition command.
m d- bandwi dt h positioner stage includes at |east one
gal vanoneter-d riven mrror and a sensor for neasuring
an t A irh Ae fuR ndtdve9shiyhgrejuenc
crage. Hoe ARPREYT B Beh R R IR0 A g b Rency
positioper stage difeatingi ahl&st onei ofithe Weorkpiste sndehehgseri baasn relative to

is positioned ip respons o .a difference . oy
onesndlaeT BoeropEe B & VB - TCa- BRI o pocy Fea S fositon
conﬁ'ﬂgn&.he target | ocation defined by the position

co

nmand. 7. The apparatus of claiml1, further
including a very-high-frequency positioner stage

directi at |l east one.of, th rkpi ;

beamé- of Be Bpearaus gheai e i t{ﬁggg\&ﬁ%@%agﬁp&&ﬁ@ﬁer stage
inclti8&Y tilbaNsthhes ue e fanemigeady apnatkedcarifiguratigrms splitaxis

conmand. 8. “The apparatus of claim1, in which the
conffiguratimnd o atflaparsianfigheatiost age i ncl udes |inear stages

that are arranged in a stacked configuration, a

split-axis configuration, or a planar configuration.

9. The FReapphkstusbf elahm, In whichdhedtigh-bandwidth positioner stage
hi gh- bandwi dt h positioner st a%ﬁﬁ i ncl udes f ast

inclutles i fagt steeriag mirar thesdedects tha daserheamn alanc e §so
axes. 10. The apparatus of claim9, in which the fast
steering mrror is positioned by at |east one of a
Vvoi cej@oTheappuritas of alaire, drelubidr fhe fast steedng rairror is positioned
el ectrostrictive actuator, or a Gz?d naﬁnfsi UM e ctrostricti
by ai leBst eneef axpise calhlactydior. 4 pkraelestis afgiar, an efgptrostrictive
i ch ' ' rther includes a
act@%fgfﬁ%%ﬁi@%ﬁ%%?“d@tg (te)rmr%r %‘?H%{Og'n actual position of
,the fast steering mrror and in which the fast
steering_mrror is

pesjtiaoned in.response ta a .
di 11 ¢ bndBe appaRRls of Em A dahiELITEaRT Seerind rpigey further
inc@ﬁ%grd Qgﬁiﬂbﬁ 5QhsSH8r HBR rnfHifG binl REFI HRBItRRI dRE fasbsteering
€ position command. . ]
mirror and in which the fast steering mirror is positioned in response to a difference
between the actual position of the fast steering mirror and the target location defined

by the position command.

12. The apparatus of claim 1, further including a low-pass filter and a mid-
pass filter that receive the position command and, respectively, pass the low-

frequency and mid-frequency portions of the position command.

13. The apparatus of claim 12, in which the low-pass and mid-pass filters
have associated first and second filter delays and the apparatus further includes first

and second delay elements that compensate for the first and second filter delays.
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12. The apparatus of claim1, further including a
| ow-pass filter and a md- pass filter that receive
W0 b@4podit i on conmmand and, respectively, pass PCEUS08/032973

frequency and m d-frequency portions of the position
command. 13. The apparatus of claim 12, in which teg{ﬁ "
| ow phs & methad for siresting pdaser baa dorarogessing @ iprgedocation on
and. seco ' d further

a witRRieG e NpaRceE 1 sSedian EOf i ZeRRIaIS, | T NeT
conpapséirg adeastend of $ie wordkpispecard frd laser bedrayrslatiye to one

WO 2004/ 076117 PCT/ US2003/ 032973 4. A.{iTEt hod for"d_

anothier ét taspNEe 1A §dPWHERGHENSY &W’B%%%Ef}?gp%?‘ 4 gaymand.
I i . i i Ca )
Cgmkg&w@?@eﬁ@f&ﬁ’é Bfthe \K)Qlf ke iHe BsBPBéAMmaRlative to one

rirsing: direct east one of the
anotest P reaponss do heid-frequermapontioh af thee position soninandicand

comanaeing sbeerrapr fEnsTarsAnd il opkpFaRibldil8to one
anoéﬂb%i%??sﬁ%:&%@%‘ar 15 rﬁ{flf ehey Poftiorrbthgositibon’ esmatsel. t o

ency p oh of "t he position command; and
directing at | east one of the workpiece and the | aser

beam rel ative to, o anqther in.r

hi gh 1By NRRENab Pt Siailn ¢ whishdfis PEoCSs Mcludps at least one
of dﬁﬁiﬁp"@'ﬁﬁe%gﬁﬁhiﬁin@, mtﬁér'in%, Rpivai GMlihd ergparcesiihggand correcting a

I ncPudes at least one of drilling, mcro machining,
rousdridssrofregholepi ral drilling, trepan drilling, and

correcting a roundness of a hole. 16. The nethod of

claim 14, in which the workpiece includes an

el ecty@nfKe nfdthédiot ciaid 14hm whishethsiwgkpieck ideadesianreectronic
a circuit elenent on the el ectronic circui

ent | ) t. 1T. The . it
circoitenddhe retedsingLincludesiinion a siEcuiibp!Rekt on;the SRl circult.
el ectronic circuit substrate and the processing
i ncludes naking a hole in the electronic circuit

subst{7atehe #ethod of claim 14, in which the workpiece includes an electronic
circuit substrate and the processing includes making a hole in the electronic circuit

substrate.
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