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~, 6 MA's 2004 10 Rel ated Application This application derives priority
~fromU. S Provisional Patent Application No. 60/175,993, filed Janga4p 2804
. 2000. Technical Field Léijhis invention rel ates @gjhystens or nethods for
positioning one or nultig¥e "tools, " such as |aser beans or other

radi ati on beans, relative to target |ocations on one or nultiple workpieces
and, in particular, to a systemthat accurately conpensates for Abbe errors
associated wth the novenent of one or nore stages of such a beam
positioning system 20 Background of the Invention A variety of

..technol ogies enploy tools to micro-machine, or deposit patterns or
materials on target |ocations on a workpi ece. For exanple, a

m cr o- di mensi oned punch nay be used to punch holes in a thin nmetal plate; a
| aser may be used to precisely machine or selectively erode netallic,
crystalline) or anorphous specinens; 25 and ion beans may be used to
selectively inplant charged particles into an integrated circuit: Al of

t he above-nenti oned processes share a common requirenent for accurately and
rapidly pgsitioning a pertinent tool to target |ocations on the workpiece.
The foll ow ng background is presented herein only by way of exanple to

| aser 30 beam positioning systens; but skilled persons will appreciate that
the description is r' ~) 26 MAY 2004 , . 2 applicable to tool
positioning systens in general. Conventional tool positioning systens, and
particularly beam positioning systens, typically provide novenent within a
t hr ee- di nensi onal coordi nate system and can be characterized in_severa
ways. 5 Traditional posiABREERRGR SQGRREGTION HafSIEMrANBIMEIHOP
translation tables in which the workpiece is secured to an upper stage that
i s supporfed by a | ower stage. Such systens typically nove the workpiece
relative to a fixeng AW RYstidtigR and are commonly referred to as stacked
stage positioning sysg%ns—g@tagse the | ower stage supports the inertial
mass of the upper siTagespplidationedetivek priexisy: frdindsS. Posvisionali Pejent(Appjlicaton No.
have rel atively good positioning accuracy because interferoneters are

typi cal |y usedb6&/1gad%aéitedalanaaryd 1d@P@-ni ne the absol ute position of each
stage. Tn U. S. Pat. .4 402 of Overbeck, a high-speed short-novenent
positioner ("fast pégaﬁﬁgﬂ§i5¥, such as a gal vanoneter, is supported by the
upper stage of an: XThid ingaslcatreRiesttalsy gers ot wthods ifér pusitidhningonk oheulpier
stage and the workpi ece 15 are supported by the | ower stagg The, conbi ned

novement of thétoole" pachi s lases bearam onpther fadiationhgpmggrelative S%F/gﬁblé’icf“il%é?n to

a known | ocation near a target. | ocation e r.knl I w
posi tioner, mo?Ph{r pﬁ)énglggfog%%\gcfelsiag et R%ﬁ?“ﬂ%’ é%c%%rglﬁg%ttéf:%%?%%@&ﬁ%
st oppi ng the f?ﬁﬁAH@ééﬁrbﬁ%iociMitﬁ@hé Rvéaekt dfoneRe hedre siges bEsuchr gbdam

| ocation, and then repeating the process for the next target |ocation. 20

However, the cootitioridgsysteram of Overbeck is also a stacked stage
positioning systemand suffers fromnmany of the same serious drawbacks as
t he af or éfenti oned %%@%Mhe staxting, stopping, and change of
direction delays asspgl £\ bBRs eRPIdy RblsTBIRicRA-malans ! GHoRposiR Pakerdk
posi tioner unduly irfg?%géstg%t he&??ng ?eg%i r}Jed for the tool to procesg t he

~wor kpi ece. Ovelgbegdtérials ys tarpetdbsmionspn aesorkpi2be.s Foi exmnple asmzicto-dipansigned

conput er - based machi ne tool control file or, "database" that typical,l
commands t he t ®gnch Bapdeased toapwEhiholesdp 3&’%‘@?@??*&%& laser é‘&yy‘?%‘&%f’fii % ns

precisely machine or selectively erode metallic, crystalline, or amorphous specimens;
25 and ion beams may be used to selectively implant charged particles into an integrafed
circuit. All of the above-mentioned processes share a common requirement for
accufately and rapidly positioning a pertiner;t tool to target locations on the
workpiece.
The following background is presented herein only by way of example to laser

30 beam positioning systems, but skilled persons will apprecigte that the description is




across 'the workpiece. The dat abase positioning the tool across the

wor kpi ece nmust be "panelized" into abutting segnents that each fit wihrn

circuit patterns exceeds$ this novenent 30 range. | 6 MAY 2004 3
Nos. 5,751,585 and S, 847,

the |imted novenent raggj}of the fast positi oner when the size of &gg@!t 2004

60 of G-tler et al. deseribe split-axis

Jositioning systens; in which the upper stage is not supported by, and

noves i ndependently from the | ower stage ang in which the workpieee is
carried on one axis or stage while the tool is carried on the other axis or
stage. These positioning 5 systens have one or nore upper stages, which

Sl tancous! y SPTRRAR [ooPRBofRp sfAdnLOERRR D Rondknilhel L BryRalECr oo

stages each carsygtehgsand particulatly ivess-mriliondiy GeRglseipicily feealier mbeement
change direction nore quickly than can those of a stacked stage system

Thus, because tWehigesiresr-digasiena] geordinae syssein ané gaw he charagtetizad intseyeral t he
resonance 10 freguencies for a given load are increased. Furthernore, the
sl ow and fast positioners are adapted to nove, w thout necessarily
stopping, $n responsEradfioRaBpdseiisy syRRos dr RhitdceASPHA X0t Aandflibg tables in
coordinating their individually noving positions to produce tenporarily
stationary tool WhigBithe waskpiseeris sesntask tol apomppenstageithiat 1setipportedney d dowdrastage.

e o S AR o o8 P

+

15 novenent ran
stgn flcantly |GeiRER0defeel 1p a0 SRARG WhdeHoRiiBhiRI!sy 40hs HePatP e RN stage
panel i zed or unpanelized dat abases. Such split-aXi %’ positioning syst emg are
becom ng even nwpporsitherinertjelomassay théepperestage|and itheewarkgievei dresepositiening
wor kpi ecefoi ncrease, .utili zi r.]eg)bl oncﬁer .and hence re massive stages. At the
same timelV f eat WFETSIA%E relprvely, BpOhRPSHiPNIRE accurasy hecause intgrfeiometans @l eed

or di nensi onal ypree ﬁgéarm{;r% e SRS de@@hﬁggg%g@’@bﬁgf se,g"rh\iﬁiqg'{iear e

likely to exhibit rotational” errors that

errors indicative ofIntliss. Hay.sNead,532482 af iOvervek e &ight speed sirehiovempasi t i on
of a stage and the indicated position of the stage. Abbe errors are

typi cal |y causeRPSHIPnERhdast @esienss "o Suethas #Elvenamesen énspparted by seapRRjStage

upon which the st < ' -ﬂﬂﬁ rendli : ' I i on .

i nperfections o @hg%%ﬁa{\}%&rrec {éﬁi(sﬁlé“&ﬁgﬁ‘%%?‘gﬁfﬁdzm%g“ﬁﬁﬁ%‘?ﬁ% %qgg%?rgaéegg :
FIG 1 shbws t hiresuppsiried!blyythe &ventigeu! Bie donfbisddarnb Putadnt 58 theOfv AP Ssitiorieds h
as X axis 10, Y axis 12, and Z axis 14 that define a three-dinensional

coor di nat e systBtAilEdirsERaving theslawtpesitiopeper pkrat location neaata targat lopatipnon
axes (hereafter . roll.axis 18. a pifch axis 20, .and a
yaw axi s 22). éﬁ% ﬁ{o@é&%&r tﬁ{ép @ﬁ’ﬁ%‘i‘?'%&m RPSJUYOSE, Thoying ,ﬂ?e tt_a.St Rosé‘%ﬁ‘(@%ﬁ?x??t ~
~ C_.~. ~ 4 rol ltagst ROaegWophidgoha fas Bodhenkr, dnAitizSthd thol B btraRSord ar
rotati on about %Ij%g.xi s 12, ao%glfg?v as g(r)l angul ar rgt ati (g)n abigut&l Z- a%eia%}}
Al t hough | aser lpeationf andthen gepesiing eresproegss ber the aext targenthicatiere and

te, f t ai,n_Abb h . t| d h S
because (Rby typi calToVE el PR isrcy SRRt ip eTbeed i 3P 2shd Srees Poditioning
as the conbi ne%ﬁ&é&%d' QPR FrOnUady6F theREhE s&io&rd@ii(@ﬁacikf acheaa"‘fox[Eﬁ‘féhtigﬁ%d Wo

times the travel distance. Such mrrors are difficult; not 1 NPossI
to procure for fided Heamgysteny eThelstaeingi stopping, hmt genge afjdsectionalelays assdchated
30-36. i nches), ed to accommodat e

| engt hwi se di nensi gn .of .76 to 92 cm nee ]
| ar ger wor kpi ec"é@? aﬁdp?rﬁ‘éf%%‘,’f B Stapesandsfagh nositiopernduly negrase hefime

required for the tool to process the workpiece. Overbeck’s system also imposes a

25 serious drawback upon a computer-based machine tool control file or "database" that
typically commands the too! to move to a series of predetermined target Jocations
across the workpiece. The database positioning the tool across the workpiecé must be
"panelized" into abutting segments that each fit within the limited movement range of
the fast positioner when the size of large circuit patterns exceeds this movement

30 range.




10 least two interferoneters for each stage and/or a very conplex systemof
optics to indicate angle and position, and the additive wei ght of t&g
“interferometers would igC' ase the inertial Ioad/on%;he stages at t 6 MAY 2004
expense of frequency re pgﬁse time to changes inimopentum U.S. Pat: No. 5;
699, 621 of Trunper et al. discloses the use of small range 15 di spl acenent
‘transducers to indicate pitch, yaw, and rob£ angle errors. Trunper et al
correct angular errors by controlling the aring gap with el ectromagnets
that require the use of a highly conpliant nmagnetic or air bearing system
_..The correction speed of the Trunper et al. systemis limted to the
(_'bandwi dth of the |iUdarPastNge 5Y5L.880 amdi5 81he/960@f Lutles esalrideseribaesplit-28 sus

bandwi dth limtations as stacked. stage posijtioning 20 tens., A less
expensi ve and/ROPIHOBYE YRS, & ‘gﬁﬁi\}ﬂgﬁpéééiﬁgSﬂseml{%HBp%r?‘%agt?y’ca&pr%‘ﬁson _
system or met g eﬁdéx{argrf%&ﬁ[ fhedBRief ag%eeandsﬁ&rwrﬁw tRf whikpidcB1€BArkied ofifbriRRkaCt
of the present 1nvention Is to provi a nethod or apparatus that 25

enpl oys non- cantseagle ik the dosipk azreies oh theather sxis snstagas Thagauaisttionéngensor s,
to deternine Abbe errors due to nechani cal st pitch, yaw and roll that

age y
are not ihdi calEgmsPaxs oBsORRI0Ee B&qrtSPaéﬁs’in%g%@rs,uPE%H fast pesitioRel, and €3 e

encoder o | 2550cl.04GE PLAFRE n @3 JIRAR-AB ARERTAACIRS oM Becile

such sensors tie driepemicntly 8asborRt stgks dpheapfyrnedssinettal inasd drdasan deeelerany
variability or distortions associated with accel eration or tenperature
gradi ents. Thedegelersntoriohangs disestion srare ayicklychar can theose pla sipskedsstage system.

det erm ne and compensat.e for |i It i oni rs
deter ne and BuGoURROSAlE Lk oK oleae LGS AORL SOB DS keI My B0

i ndi cat edoby afr@ehéib®fori Neiverdicall a5 Haraased® Feritidrmore, gh@sidwsarl fasencoder or
| aser interferoneter due to pitch, yaw, or roll of the linear stage and the

resul ti ng physpasiiondissiraadeptittomere.twithaut heesssardy ploppPInEoin wEpPnsAdo a stream

i ndi cated positjon.of .a stage.. To m.nin ze.cost,. t.he t i s .calibr d
agai nst 10 pr e%ﬂgqsgwn;ggaqunr%a%gs}tg iwéﬂe 198?@1@%35 t‘é?émi@‘ﬁ‘éﬁg’]om{’wﬁ P o?m%h? -
corrections degendseR! ¥mPBratB sthaficha2y Bdl pEHAGKES el arkBiEloSARNS defifdby @ and
not on absol ute "accuracy of t’he sensor readings. Al though the present
invention is piadbese.e@hésersplis-exisnmasirate-pagitionipg sy stemsiredyce ylst faskpoditionsan be
enpl oyed_ i n stacked stage systens to reduce thejr manufacturing,COStS.

Al t houghld | i TBgYeraer ke ixBiitons , PG SYviATey Bale BTQVFFgP%a{gB“i%aﬂXénq{Bﬁf‘Fﬂa|
on-axi s stage tBBP%rto'c%ir{thfcﬁ@lal?& AThS Woik tf‘g"f‘f) Pax?eli&@&@fu ;%_@ﬁiéardaiﬁagés. can

be used when a greater [eve accuracy an [

resolution i s desired.

Addi ti onal objects Suuh spliv-aris pgeitionihg tshstams arechecommgeven rheresgdpantageousasm
the followi ng detail ed descriptjon of preferred enbodimments there whi ch

proceeds with theragieHsize and KeghiQIdhs HUkRieres InFRFasgsutilzngsionger ﬁ%‘g{}‘?qcﬁt i on

of the Draw n I S ' 1 AC .0Q: I
per pendi cul ar %P%nrgfi %heoﬂgﬁ.&%ﬁ@%gb@g&@wglnziapix‘,%ecggbc,ﬁ?iﬁ# é% dﬁ%rteﬁsael’ |y
per pendi gal ar ¢REAp it Atedfor idOfericdal predision tpiitictBaseamell splivaxis sgitenRArand 2B

provide a pictorial block diagramof a nulti-stage | aser 25 beam
posi ti oni ng sy®eeniksly thexhipinyetationsh errors that introduce Abbe errors, which are errors

indicative of the physical separation between the effective position of a stage and the

indicated position of the stage. Abbe errors are typically caused by imperfections or
thermal variations in the bearings upon which the stages slide and/or alignment or
25 acceleration imperfections of the drive mechanisms that provide rnovement'to the
stages.
FIG. 1 shows three mutually perpendicular translational motion axes, such as
X axis 10, Y axis 12, and Z axis 14 that define a three-dimensional coordinate systém
16, and three mutually perpendicular rotational motion axes (hereafter refe;red toasa

30 roll axis 18, a pitch axis 20, and a yaw axis 22). Skilled workers typically refer to




9

FIG 3 is a fragnentary pictorial side view showng a prior art

gal vanoneter driven mrror positioner of a type suitable for use with this

“invention. FIG 4 is a Klaj] vi ew showi ng preferred -positions of YZsh ¢y 2004
ed

Abbe error sensors noun on a Y-axis stage (V\oﬁ\kpi ece stage) relative to
a reference urface. " 71 FiIG 5 is an end view showi ng preferred

-positions of 'the sensors anused axi the Y-axis stage of FIG 4. FIG 6 is

s side elevation view showi ng preferred posf"ti ons of X-stage Abbe error
sensors nounted on an X-aycis stage (tool stage) relative to a reference
surface. S FIG 7 is an end view show ng preferred positions of the sensors

'nount ed on t heroX-axdnsangtikag eotafiorFhltaut X-axis 10Fpi@A asBan angslayiratatioh @hosthByaxig

preYerrcd positjons of the sensors nounted _on t X-axis stage of FIG 6.
FIG 9is ¥ Iyla&’ﬁaﬁ’i%’thEiréPtaUP%ﬁP%&%Pﬁ@q “mul ti-head | aser

machining a,. 10 sy ] r [ Lon. 0.
sinplified electri Céftﬁg%%gfg%(e?gfptggggom%é 52%%?{&%512;6@[5&% %cgg)l ‘“S?’g?eas“sjﬁ Crgﬂe?g%t(eam
i ncl udi ng nul tfoplcertdin A btrteames,ssugh ayst@no arsoetlys and hpdvyyedaiss thdyetypidally- head
| aser machining systemof FIG 9. FIG 11 is a sinplified electrical block
di agram o¥ onereguire refeeneeBrrretshe arsnearhas lopg @ diesenmbineghstagelength plye the

digital signal C I g _SVS f_ F ] i.l.ed,. rigtion.
Preferred Errbo1 ﬁéﬁgl n({%_%?a&ﬁl?@‘-sé./' %iﬁ%c%oa Sztg%(tég%%rﬁlg g}él&?lydlg_?%%' 2?&3%1%\1/5?%3 are.
nul ti-stage togiffiResiit h@NBipoSSIE £18 Hecita oNtheRosg travdlidnEieIGRST 18rpRCdedN
capabilities in accordance with this invention. Positioner system?50 is
descri bed her esush@swithhy lengthwase dimenpipr of76Ho 92 2o (36F24 inghes)t beesled to

si ngl e-head) |aser-b hol e cut.ting temthat.. | o a digital siagnal
ot ocessor (DB mEB e lat pordeRe, PYERGERiepuF s &Y e dotld Bputiedt
(scanner 19r "fRadt t&baBR fefbrleterd 8 &40h%taB¥% lafid ok %W%?abdnﬁ?leitﬁﬁ&n%ﬁ cgp"tﬁk Gl
stage 56")) and a slow Y-axis translation stage 58 ("slow Stage 58") to
direct a | aserindizate dnglet andt posigion, land Htei aslditiverweight ofghe imerfenoimeters 6@uld uch
as an etched cjrcuit board. 25 Wth reference to Fig.. 2, in a preferred

SPl i t-axi s embiaTeRES TReUALOR) PR 15 SRR & F5 P oP RGP THEdenSL o ey 0
bearings on ra&ﬂaﬁgéﬁnﬂﬁ&ngﬂﬁﬂ ally noves along an X-2 plane, and the Y-axis
transl ation stage 58 is supported by bearings on rails 48 , and generally
noves al ong an X-Y Pl&neat. Nei 5699, Gdrcfchrampet bt &pdiselosest the ukmof fmalh ratgages

56 and 58 could alternatively be adapted, w nove in &?r allel plapes and b
30 inertilal |y iEpiareRRGay IGRSAERRE AR dnticaly Riteh, yiaws apd aol! aREIE TTEht [ THBRFN Gt Gher
system SO 0 fall [ hesci J :
cross-roller béeogﬁcw%@%t%ﬁ%s f‘B @éﬁ%ﬁ%‘? % gl%n?iéalcri]?] F%?? %glﬁ{;el%\%ééﬂ”%@ }e't%?xafs){e%gg
56 and 58. A sghetuesrofamighly cerapiatit @fiaghstiponsie dbemringsyisenl. [Fat bodatidngeed
stored in a database storage subsystem 64. The dat abase contains the

fjesi r eg pr ocesel thg TsupRereiel eFystefbis linited ieghe brrdwidiuelothe hinggy stege system and
o0 . . . o
uorng a roor PRt SERID et dSrflE bR S P RATIE A sRed Mot QR Gilne

provi ded2by Sttt al Dynami cs Research Corporation located in MIford,
Chio. Systemcontrol conputer 63 conveys parsed portions of the stored.
database to a | aser Adessexpensive 8l/amlgsoessivieomdctsny aeturge Alibgresragfecorigstion
dat abase 10 as a_ data siﬁoﬁamtp dgl taw rocess 70. Delta process 70

resol ves t he dSSIEILPT BEHOAHE eqeigrrdssira Brponents for delta position ("dp"),
delta velocity ("dviym ofigletiBvdrdiag ("dt") for each intended change in
the path of |aser beam across wor kpi ece 62. Consequently, each novenent
of laser beam 60 i sAdeaftijevedf the ptpsendinvestinh idtto poompde e meshadhert appacathsithaher
processed_by a position profil erlo(ziz i nto nove rSrofi l es 15.l.ncludin

|
accel er atbon afiPlys BEREPHAst SRAllLisRlgcemanh eSS0 1t 35 PRI ga_nsors? to

determine Abbe errors due to mechanical stage pitch, yaw and roll that are not

indicated by an on-axis position indicator, such as a linear scale encoder or laser

interferometer, and a means to compensate for such Abbe errors.




Delta process 70 preferably generates the dp, dv, and dt conponents in

accordance with a preferred BASI C | anguage signal processing procedure
~described in U S. Pat. Nos, 5,7S1;585 and 5,847,960 of Cutler et a*iiNWﬁiqu
are assigned to the assi(gnee of this application.! 20 Referring agarn to

FIG 2, the dp, dv, and dt” conponents generated by—delta process 70 are
.further processed by position profiler 72 into the nove profile positioning
signals required to nove fast stage 54 and sl ow stages 56 and 58 as
commanded by the database. ldeally, positioner acceleration is proportional
to notive force, and notive force is proportional to electrical current

g lied t 25 L1 . drier. such | t
C oy gal vanonet or " carhEnRiedios B infHimbges 8 bR Guch riept s Pt g '
posi tion profiddgfect Abbs eBofsdiieas 1kar Eﬁd&l"i_h% yeagbilitdr didboftionsA6sdelaeéd WhH

accel eration-inducing and constant vel ocity-inducing positioning steps that
cause syst em raseelgratios or Terapdrature gradientsum bandwi dt h need only be about 250

Hertz, a bandwidth sufficient to drive,a typjical .galvano r 30 driven
mrror uositioner afht? P@S‘?Pg%?vr?ﬂﬁ?? Pé"db‘éﬁﬁaﬁé’sﬁ c_ef?e:ctlg_e eé“i/ﬁ%%‘&&“‘i?“‘i

I nst ant angous yahpeRsard for (iRaf babe g&%rr Vath WbBReRBroihd e s GEMET at ed
by DSP 52 at a rate of about 10,000 points per second by enploying the dp,
dv, and dt comgffactm¢ pogivoreohthedyktgmadbbtt ae pooindicatedbyaspasitiomindeatdrouctaasane
val ue generation programrunning in DSP 52. Alternatively, the dp, dy, and
dt conponents ’F?‘EB?P% Sﬁeﬁ?ﬁ‘eﬁéﬂgqrd’réﬁaf B‘é%rf%ﬁ@e@égﬁﬁt%B’é‘ébi%i‘Wed’@P‘ﬂnﬁ%é‘i“’dal
wavef orm val u i L S d :

W thin DoP 52, s TR e R rEplind Bl ARKHE. bl Ik Ureklve BRHGR LAl BF
accel erati on aindicptediposition of aystagentTo mirdni @xe@st, ehesysestn Bycalibpated againg
filter ﬁg havi ng .a cqnstant signal propagation delay and a del aé el enment 79
that conp@nsatRIECISIANESEIGY positionfeferencs siandards sqithmearressiopngenend Pnhedhy of

profiling filt 18, r : t

T bier . ooy ShS7R SR SPBIAETA B SELT XU 0o SR DB B e
del ayed noveneghsorabadingd Alth@ehShe prede iaversioagepredéradfdr 28e iPesftidxisng
filter 78 and del ay el enent 79 al so cooperate, as described bel ow, to nove

sl ow st ages 56PQsHIPNBR syiisorshitycan\berempheyegiia stagkedogage systenpriofredusetheir e

limting their_acceleration tqQ,= 1 5 and .cooperate to limt . fast, stage
54 pos! L ont ng RN EHEHRS o1 AiGodes Pl Brad SHREREL b7 amblEsh b i e
recei ved1®y prigfrhihbinéh-htib b@Ee pSsifioh B RetELcdsts! fufth&d aN8sr GnteffeoA BB ¢hndRt a
for driving slow stages 56 and 58. Profiling filter 78 is preferably a
fourth-order |wedpdes af greater leveleafzageuragy aid/or regolutibn ¢y depegyr oduces fil tered

it d daja.having.a 20 canstant time delay wifh t.to th
Pal Sine posi 1 oni AEPEHADIDISSH AHEaRRS G GHE IMEREOR L OR APPRERLTOR 5 1

conpensat ed f of|bwirdedeiMical RSEPtiohdf ﬁ\dgﬁxd @h%ﬂ&%en?@th&éopﬁ@icﬁgﬁ?ké’eds with

i npl emented in DSP 52 as a prodranme lay i n conveying t -si ne

posi tioni ng simgfeatncade ¢heeacebmpanydngl dpavangs. on conponents from position
profiler_ 72 to fast_stage 54 igpal pr ogessi ng el enents, the first of which
are addet$ 25 80 anB 2CStHE DI the rawdnase positioning signals directed to
fast stage 54 axe ty roni.zed: W ik fl SpnaTete s
directed to slow stglg@ésp%wa}n%pg%es’ lﬂ\%&dgh c@%eer%lﬁuggfggﬁgg%%%@pgggm position
profiler 72 ismeficafds| 3y ¥daly Zpand tHresgutually @erpé8dicolap retaiicteal andtidnt axesd
accel eration command to adder 80 and a feed forward process 94. Adder 80
functions as aoH» gHclhAPd YaW.t er by subtracting the

FIGS. 2A and 2B provide a pictorial block diagram of a multi-stage laser

25 beam positioning system of this invention.
FIG. 3 is a fragmentary pictorial side view showing a prior art galvanometer-
driven mirror positioner of a type suitable for use with this invention. |
FIG. 4 is a plan view showing preferred positions of Y-stage Abbe error

sensors mounted on a Y-axis stage (workpiece stage) relative to a reference surface.




30 filtered accel eration command fromthe accel erati on conponent of the

full-spectrum r . 1 b MAY 2004 .J J 9 positioning signal to forma galvo
acceleration feed forward signal, which is conveyed to a feed forvvard
process 86. Likew se, the filtered position command from pr oi é}
78 and the del ayed position conmponent of the half-si osi t M}g Sl gna
" are conveyed respectively to adders 90 and 82 for I‘é&f pi Q 45
di stribution, 5 respectively, to slow stages 56 and 58“an -tas 9 s
galvo filter 97 and a servo filter 98 are CO”VMS q%| on';
filters that function to keep fast stage g4 and sl ow stages 56 an
‘sfable. Profiling filter 78 is inplenmented by cascading two or nore
second-order filters having critical damping ratios. As the nunber of
cascaded filters i rﬁﬁeéaeméxﬁl\bey@uuﬂvmgl\ﬁefehb@bésxﬁdﬂs‘bﬂhcfs&&%}% | dgCr ease

by about the s he nunber of filters (e. g. , two Iters have
cutoffs that a@lgaf&:%gggtc%@é ?he cutoff for a single filter) Preferably -

two filters are caski®déds amdaEEthidﬁvMo&m@ @&M&iﬂoﬁs 5192 Qg Bﬂ?

overal | f||terc11rr;p ntat s%? . For profiling filter 78, " ﬁ

preferred 38 ra ggsrm% %ﬂ‘d‘ BYP SPp% ﬁ‘é&”!@“‘%‘&d@@t‘e | -?c“zfaéq‘tz))

a very | oW f(rjequendi’chlmmt)arﬁﬂ Vi §Howi rktel?rcdgésﬁ,&% of\hk f i Rat es’

posi tioni ng s| ow ges 56 an profiling. fi ter runs at
P X Sed e TS

the 10 kHz sl ‘equency, the di screte f||ter coeff|C| ents

becone sensiti ve t(FIGOﬂmbﬁlﬁnere{vcsww %&!&&d F?
filter nove cI tothelfl é ircle. roflllngfllter 78aso recelvestheri?
accel eration ﬁ) ition 20 profiler 72 and generat es.:the. i
filtered accel er at mm quﬁéﬁhohﬂ VEANMRWASE 4 BuREHAS 148 A di

~process an 80, The desired nove profile comma
*wdreferablsié ca?sggtg ?g%?"at %Wﬁf ’tﬂ?ﬁatl ng rate, and t,'

accel eration and atﬁﬂalo snoimpliftdRROERA WK didgPdin bfa 8ighhl
adders 80 and 2 \S&&é}e@p{ ectl Exlgai/ t he fast. stage
and position conmang & BRpEesars empk ?-4'

processed thrd&ﬁghmddmngSﬁtmdfﬂaed forward process 86,

stage position co d al .i.s.proce d.throu h .adder-
filter 97. The pr ggztgslel; s%rl'g?plgfcg k“%t‘éﬁ’zt% ;
conveyed1fo ascﬂwaancﬂssneemplbyad\mltheaﬁgml signﬂprchﬁm%yﬂ&QGﬂH@ 10] 10 .
Li kewi se, the sl owpg}age U.tered ._ el e -at L on command is- pr ocessed through"-'
af eed forward procé& & =$4 | t ered position command i's -

pr oceissedt hrough a&e@s. mm@ @geéinaﬂydma) Q&w Jhﬁl@iﬁgé&ﬁ&%sﬁbﬂf’ st-age

1 var "on, oo A28 bRl A Hing KopRita RSN ol i Brepriance s BB 1o 4
pair of mi rromnllthmgx@aisyammrﬂﬁtmdscmmf&f&n Gﬂlﬁgﬁuﬁﬂoféiﬂap‘i@m not or -
.—driver 960 pr O;féig.‘%ﬁ Brl”m% %mh&e%&@grvo ?;%Pﬁgﬁ ggaritrol t he
_positioning o oW Stoa

gal vanonet er - dtgn&lmomsvr()'ﬂ)iﬁd};ﬁz tomm&olleﬂﬁst v&ndmeﬁ&%ihaﬁﬂr%mpé’ﬁ use as fast
curTent fon coNSAELE" ebiake 5 s ol T 2 bishatiof Sud, Sh Plele™ Sage 569, 30

hi gh- speedr es pom\eYtaxiseraanrsagws (sl &Bife S8Pio diferd Rseiibalh 50 10krged

bearings 108 f iLoof m rs 110 and 112 that defl ect
| aser beam 60 1?%1% %%%ct E“Tlalf ap S e‘g‘f"é%‘é‘t ned target
| ocat i on2dn wor kpi %@ réferohce erlhgtl.\mbpxefmmpheﬁﬁs Efbothb® P 0Sddd oner ,

such as a pie Iy |ce coil. a tor, or other I|mted
angl e hi gh- spégﬁékg%él ka%og ?gnglgéq ﬁ?rdlgbgﬁ?é{i #ﬁ”%ﬂ%éalyfm"” along an
gal vanonet er - dﬁ*zmemnﬂanwsmmdm siAR8 SBEB MpportadByeasiyslontaidha | kew se

with referenc te rotary. or | nearpositioner,
mechani sns magmt)% aggﬁgctv utéé‘% t\hglml‘?e °dsp§f"§983 PLECHAS ﬁﬁ’
sl owst ages 565@rY 5§8mdIﬂ&weulétattemmmtyszetanapmwswteewp&@uellplmmamet ors that

f |l l, t
e e A L o R e S S E

commands toreduce positional errors betmeen the comanded position and the
actual position ofl aser beam 60 on workpi ece 62. The del ayed fast stage
position command at adder 82and th%?gﬁqu &¢kgif oW st age position command at
adder 90 represent the ideal signal es required to cause proper
positioning of stages 54) 56, and 58. However, practical factors such as
gravity; friction, mass; and inaccuracies in the ful |l -spectrunpositioning
signal generated by position profiler 72 are not contenplated in

t heunnodi fi ed position commands. The practical factors are accounted for by
sen5|ng t he actual p05|t|ons of305tages 54 56, and 58 mnth p05|t|on

o o e A NN o A NN 2 ) a A




Coordi nated positioning is particularly beneficial for applications such as

.l aser beam hole cutting that requires rapid novenent between target

| ocati ons al ong a tool ZQHath conbined with pausgs\at each target ol Mé‘ﬁtm%
to fire the laser to cut\a‘hole but, of course, is t limted to that
application. Other features and preferred processing paraneters of a
‘conventional laser drilling systemare di scl7osed in U S Pat. No.
5,841,099 of Onen et al. FIGS. 4 and 5 are r'espective plan and end vi ews
showi ng preferred positions 25 of Y-stage Abbe sensors |24 nounted on
Y-axis transl ation stage 58 relative to yaw reference surface 126 in

(_ accordance wit BTRIPYS stiffess Fa-eirquiatingt Araossainlerpeasing Gy gems ¢o suppostarnd/e
side el evationg: I e howi.gg preferred positions of X stage
Abbe sensors 1?3,8&%%%%%‘?’?3‘2%%%5%%& on X-axis translation stage 56
relative to yaw and A §fstent ebrtfciremphier 63 pescelsed 22061 Pith ahkabsb&EdRBE &y gUr f ace
136 in 30 . accordance with an aspect of 'this invention. " REPLAC1~MENT

SHEET 2 3 SEP dambasg3tozag: subyystan$4\WEhe datgbasecantaino theAleSire@frogessing 8, Abbe
sensors 124, 128, 130, .131,.a | 32 are ferab on-contact, snall and
i ght wei gRt  di SpPRETR AT %‘E‘Hé@gg es OYrﬂgﬁFearvﬂgb{a%’% eapnbIsWaERiGHEH2. The

capaci tance as } s ~hins t R\ a
o Borr od_ enboqr iRt baefiofly BRHAeH HAHE BbL5h BRI HoRM A T2
sensor ai d ref AR Gesemfive Machihirgprovitded by StacturaliDgnadfics Researih Gorporation
resol ution of |ess . than_ 50, ~n .an referably |l ess than or equal to 10 nm
Ski | | ggl per sopLDC\?sﬁePPﬂ Z‘E‘b’?’é%i Gria s Fﬂméa@%ﬁehéﬁ CPaYR;’énggﬁeé pstiansisifdhe
including a W dgfedatdifatd ?)V‘@[as&acrbnﬁr%ﬂgre6§‘%?da€(f§itﬁér%or{tﬁﬁ gl)H}Oln?g]f me@%is&%e

t echnol ogy becones cost effective. Non co sensors are p err

because tlfey ehs ailaatseremaao atdeith proaghs 70.e Ddlth proc@ss TR eUIVaS HRSdatLsed2n ires
At ~be sensors include Mbdel PX405H series probes avail able fromLion

Preci si on of Sk.and pRempogentsdaiodelta postion (sdn") adslia velgrityi (('dnoe and dblsastime

sensors are avaig. o h [ Vst woo Mass and
M cr oEpsi | on o? d@ B ‘gﬁg%o{hg@la’é@%@&;@%&%@ﬁ@ lgfﬁ’rﬁ)ﬁ@s& 458SS ‘ﬁ%‘%,pleﬁﬁgzl%
may be formed Qon&pREMNY, icaitemdivelaentf 1dder Beas 60Gs adfined i@ipaad, 4&1 as shown
in FIG 2B or nay be otherw se positioned near but separated from

transl ations stXBRANesH thafcpre guraker Presgasedrbyr msition profifary2HnESmoye rofilesir
Y-stage hearin : three X-stage hearings 140 are depicted instead
of rail 3936 ang@i%i%?g #ﬁgﬂ Faéggraglﬂ%gé,cog%ﬂtafggoglt&%ggrﬁ?ngpé)ﬁiiﬁp);P same | ength
as the base.for thepgltagesesy 7@prek@asty pferaRd thefdp, IS aHBUEEBRboAARORS al ong
bearing rails 46 and 48. The 20 reference surfaces are preferably stable
but dot n?}] neegpcpl:dalbee W@tﬁfaepi?feyreﬁﬂi@s%tanm?@ai pmce&s:tu;gcprscaiueed dg‘iciribledtt ed
agai ns e enti n 0 ur orrecti ons depen nly on
sensi ng smal | %gﬁgéfat?ﬁohéﬁgsgipné g%&?n‘%@ qRS’“ﬁ"Blet B ‘XB’§§I36? S%%rteﬁrtaék»e
of the sensor ;QAdLNFEHRS afYiRYGoPOSI tions. Al though stages 56' ~ and 58

could be adapted to nove in parallel planes and be 25 inertially separated
or dependént, the fBefeonggzaiesocFIGht2,athe idp, d¥,candodirvoaiporente genprated mlyadtlta

herein. only by v~ay of ex le to dressing X_and_ .Y ax|js positi errors
in~split- axiys %@gﬁs%@rﬁrﬁ3&1@@@@%@5@%@0@1@3@@% 9&“4159 ‘L‘? 5@%1’6@8{@0 10, 000

(i | (PUsE R . . " . : . . 62
<oarri eq on LR SRl (uTRRT, BYeifac 4B o ofa Sl IR MY L e
56. J' ~ /. . commanded-by-thé dufalas20CdeMly, posicibrsretcelergion is p@pbitidmal A, 2B,

4 and 5, the nomi nal on-axis position of Y stage 58 is indicated by sensor
122a, which i sMeHES Ead| pdamelivestores is peopartianal fe elecisicaloetisreny supplieddaa

2l s CROTRERE UFer R A BP0 S, 6 bR ke bR e E Bl "
significant X @neteforé\ole positiohing siEhal prRvh&IArsf pdsitidnstotitdrd i serieé of afllly a

pair of Y-stage Abbe sensors 124a and 124b (generically sensors 124) that
are pref er abl yspesimme dialfssinesprofifegl acceleragon-dndiicingaangrepnytaniyelocity-mduciag near
to the top of the.side of t age 5 or a chuck.t 1t may.support ;. a
pract i cal - Rer BRTIRNAE s haCS9RE rip BloxPmbnly” Tech-spha Rl pSARRE pedt),
the base of thgnly vetdg6t ZSTSHERLYa bdhd¥idMNAIcidiI3d dile AaPpitdISalvindteddrabl e
an indication of "the stage yaw as possible as a function of other effects

i ncl udi ng0bear driven mjreen pusitidney at temprimuny frequensyl. st age accel eration. The
capaci tances indicating the X conponents of the distance fromthe reference

surface of the Abbe error detected by sensors 124 due to yaw are preferably
converted by a Y-stage yaw probe driver 145 into a DC voltage suitable for

I5 processing TNt Abbe—erTor OrTECtTOmT ST gnats——Tthese—stgats—ray—be
directed to separate X-Abbe and Y- Abbe error adders 142 and 144 before
being routed to adder 82 and incorporated into scanner position comands.



Wth reference again to FIGS. 2A, 2B, and 6-8, pitch, yaw, and roll of X

Sstage 56 can al so cause significant X and Y position errors. The preferred
split-axis 20 confi gurat KO\ , as shown in the figures, has X stage 566 MAY 2004
oriented on edge; such t gg the planes defined by the stages 56 and 58 are
transverse and such that stages 56 and 58 are inertially separated. In a

nost preferred enbodi nent, X stage 56 is origlnted vertically while Y stage

58 is oriented horizontally. Thus, pitch, ya, and roll in this context are
defined with respect to the actual plane of novenent of X stage 56 and 25
-not with respect to nore typical horizontal orientation. The nom nal
.on-axis position of f@S@P@@%"‘éé’aﬁéﬁs ioh dhectullegpetyurs @ositionihg 2tgnairaiectenesated by

preferably a gl r I e der or a |laser interferoneter
dependi ng on de%??esg art)ggﬁ t?iogﬁa?)%t %@Q@@B%‘f}tsspﬁéé?cﬂnaj’tyi egpploying theddn dyeandidie
sensors 128, 13®mphddntsaseerada 1ta/pkodags 7085 §ﬁ’%éés¥§§% s%g é/%élre:jéég%f IRt

types from Y-stage sensors 30 124. Sensors 128a an
sensors 128) arRFOBTET BIaKIginnRSN62d Alerhatively, the dp,RERI2ACEL VompMechtShaF be 2

3 SAP 2002 2 6 rt a ssibl.e along X axis 10. Simlarly,
sensors |§50 andégipjﬁ%gi?té agggefs?eFrécf)f@ahﬁﬁﬁ?ﬁl%‘ﬂgé@ug%gald’ﬁﬁ’ﬂforab%é@@sﬁt@ﬂeé%aIacmgp X
axi s 10. Sensorvah@oblurpizpleahab indWRbitsRE Wit pgy gar wi th and as far

apart as possible along Z axis 14 from sensor ecause X stage 56' is
preferably ki nemati cHiel igsulting fulbtspeetruhr mesitioaiig sigsal h49 adzeRSatiHOMa pithddSS.
6-8, ch~nges iQ g@ibgchfrom r ef e({gnce surfaces 134 and 136 detected by
X-stage Abbe ~en 1S §1at gegyrecaryad by g prafiling filter Tckaying peenstanit signal y i n

t of i i f. ' i f X
St age 56. - ot AP RIAge a0ug sl oty JeribRY0 i BpbehBlesih Y b3 HS e agtant
yaw r ef erkhce signabpmpigtimnatethyi ofdirofilieg filtheTg)eFof Bxélﬁ;ge,éd’él‘b}aagﬁﬁnm@ WbGys

pl ane of X stagﬁ PG. X 10 .stage Abbe sensors 131 an 132 detéct distances
from X-stage rof¥ 'FEFIEHRS RUlpssLeaerateddy positionprpfiler 92 ge coincileywith itk

i ndi cate chang i he . pl ane_of st.age B6.  X-stage Abbe
sensors 128 detzigél Qc(ljlhg)t% gllrillglléﬂg o? r@ %Jtmgttagées%iag% ﬁlloyveﬁeiﬁgeér??@“gta?%f a’g’é’ﬁi@g thﬁi 78 and
i ndi cat e changeislay-eldnhent f0taldo @optte)fas YeSHBEE bS '
indicating the X a (il Y conponentg otd_?ta?le dilstancgwf' -r{_é(;%o'?ﬁg%%gtrag%gﬁeﬁ%dess
surface 134a oﬁmgﬁg‘ WYY tBe Avsragrepesitiandprofileswhide limithgpthaincicdddradon to o ygw
are prefersably H -sta aw. ptobe driver 146 into a DC

S e B2 P Rl R R oernehis o 1 pikmeters

vol tage 'suitable for processin ‘
Sinilarly, the capadiie®ogi&snicBsi6adr: MreBived 8 %1&&'%{% {

di stances fromthe reference sﬁ?f aces 134;1, anggi%h ot ?@&?E%@%&ﬁgltemd
detected by seR88HAN ¢@nmand dawXorideving stoob btaPd 56 endoSf Prafliing RiestvEs fsed
b, ~y an X-stag prebe.driver 147 into a DC voltage suitable for,
processi ng int Ereéf?xjraéliy %%Htgéqrfl%rnog"i'%élf Ier.Similarly, the capacitances

i ndi cating the X an®e¥as@ pRAR Mitedl78tfI8aHes | f &

surface 136 of the Abbe e?r or?get ected b | eselztgge??Ofg@m&tagﬁ?%ﬁpﬁt%ﬁg‘glpéa
pref er abl? congeistany time detayxwith gesppétito thephalBeine posicionihg Yignal gosiid¥- vol t age
suitabl e for processi pq‘gl nto err.or (%F? correction signals. Skilled persons

wi |l note that “SERASEM133 CORMARL U5 4713901k compsRsatadi t9& by tlaky plemens| 19. pPelag
driver 147. Su bl%ﬂ{éhﬁ@fs%}@feg%ﬂrl&’ fth leﬂ{eﬁtepg}é Pﬁ?\%sy i glro?éz'arlg%rxgg idgﬁ&ﬁi?l?czhveymg

however, |the Conpact Probe 1 ver manu

preferred. Thethe helfwsinopositiaring sigharacédibration aad pEMiGIECIThhehtsAGSpd¥Rbnb e
directed to sega&ﬁlt e7z,l>< ~e and Y- Abbe adders 142 and 144 before being
routed to 30 abParee2 Qndst SRgsfotignad arocessing gementante fisstsoft which coeraddeds .

i ~~LAC. E ~) ~! S 2 . J . 2004 The X d.y ition .

Icorrponentug t?lat8 d_g%% rgé'sg(?lﬁ%% bh%lfffglsné pigl@g’érsg?@sa(ﬁée%@ﬂe&%g%éi ﬁoa:]rgépnqi me

as positioner syshemiZzd widyée fHededposesScomnkmisatifcha t@@%@&ﬁ%&fﬁ@%)g&or
0 e e

superi nposed on theggéanner t§$5i tion ctOémands. to cd?rngfnsate f

position errors. Th agaelAIRRAN eamapN et fipw nositionpeolf f 72 is dlso filterest by of 5
the optics (in -inq“)ggt' n.of t beam pat or beam paths) relative to
the stage and di's agclel Cof tth%r% ef(ﬁ"‘ztg’ée%farcﬁtﬁﬂa Q?@ﬁ@)‘g]tt‘gaé 180,2nd a feed
associ ated chafgegrd SiocessSY. | AdeTSChihMA R S8 MRS t . mEast
response i s achi evedp{ay addi ng the Abbe error c%}f éeéé??tgggytsg&tr#g@ctggner
posi tion38t adfiered acesieratien command firdm theraccdleratien temporsina g tHedfuilSspectrum
significantly higher than the bandwi dth of the |linear stages 56 and 58. 10

However, the Abbe error corrections resulting fromthe system of sensors
could be added to the |linear stage position servo |oop directly at adder

90, Thi s T nptrementatTom wout o—be—appr oprate when—fast—stage—54—+s—r+eptaced
by a fixed beam positioner. A fixed beam positioner would typically provide
nore preci se beam positioning than is provided by fast stage 54 and woul d

o ~ - e



FIG 9 shows a rnulti-head positioner 150 enbodi ment of this inventiaon in

which nultiple workpieces 152A, 152B, 152C, ... 152N are si nul taneousl ¥1
processed. (Hereafter nulktiple elenments are referred to coll ecti veIIS/b AY 2004
w thout the letter 25 suffi)x, e. g. , "workpieces\152"). Milti-head

positioner 150 enploys one each of slow stages 56 and 58 configured such

t hat wor kpi eces 152 are fixtured and carriedqon Yaxis slow stage 58 and

mul tiple fast stages 154A, 154B, 154C, ... 154N are carried on X-axis sl ow

stage 56. O course, the roles of slow stages 56 and 58 may be reversed, or

~two or nore fast sfages .1% rr? be carried by one or nore X-axis slow 30

stages 56 whil PN URRAN %&baselvea?ﬁ(fql%@ 1en Eged fpevand isigmab cehiel2 is conveyal

6 MAY 2004 16 ied.on sl ow stage 56. .
Ap 4 faed OLRed 8H;rcrzg§5§g§ébe§fk@%?s% aRFIEALS B%}tl?ﬂ ???’Hﬁ{"a tf;fogn profiling

i ncreases, their accunul ate onmes i ncreasin

accel erat e. Thefiléedréi8eandt the delrayed)msitﬂ\bméoriﬁ;ﬁmbmsdﬂﬁ@%aﬁ%ﬁue%’sftio%%&oﬂ 41906
stage 56 is preferably limted to fou al though N may vary wt p%leoner

’
types and appl i CRVE¥sATespsCivRly, thpddgsy R prd 82 fargeropessing sad clisstibationi,t h it one

or nore proces . S fer ser .156A 6B, 156 . ... 156N
that di recst)s prsﬂggggé}?ﬁ ' tgn%é‘gfgggpv\gqg%aégﬁ'&é gﬁsgatageaé% ?‘(5%]?—5%%1@&2\,7 ang Aservo
154C, ..: 154N filjer\S8yare comnenaonalesh Eorstnsatibatititerd BEBfunkabirto keep 1Plapd 35t
stages 154 defl ect the procesmgg energy to target locations in -

substantial |y sHdaiow segehSmandP8 Bableo ni | | i neter processing fields 162A,
10 162B, 162C, ... L ocat ed, on. associ at ed wor kpi eces 152: Vi deo caneras
160A, 160B, 160C, . ﬁ%‘%ﬁ&%&%&ﬂﬂﬁ%‘ﬂgﬁ%ﬁy §P§9ﬁ¢‘§géﬂe OF GNGTE SCRANERIAGT
associ ated proquest Rfyihg elifisal YeRpinseaabag | s
rotations, and dinensi ognall. vari aPi1 ons of ag%p%%es@%?cagg%hgt?;ﬁi1%863?135

f ocusi ng 1Qser deyomi tws their thefpirefuencieslinerdassibyrabiut théequaeaBrop b BRSHIMBer

pattern is duplj ed on workpi eces 152 by each_ of |asers 156 and fast
stages 154. Hov%\%ﬂ{ﬁrs {85 R ﬁeﬁscléaé’gicﬁ@fgﬁb?tiaé%lﬂiﬂﬁs‘}m?frtbéékl&fﬁ@rrﬁaﬂn&lﬁn

variations may fiery, CAHERB RO RIS VA AL QNS AT oo
wor kpi ece georretri):as, scal & ?’gct or s?}erc};ﬁf%g%&sgﬁgﬁlgqei%ﬁg,as@% lgg{\{z&gﬂggeepmg
Al ternatively, the overgll ffidted mplembhmtibwsibgple one or nore | asers 156 20

si mul t aneously processing.different, but preferably nomnally identical or

repetitive (slave td©&PSpiHietiNerstd, by preferpad; 3§ radiagrper Isecond rrutaf6 Freghercsy

152. It npy al & ¢ f e, nopli-pearities. and
nmounti ng i ncongigoso'?gg%@ﬁ@%ﬁu@é@gé‘g%e&%%%g&%#sa?‘%qa%nm?&ﬁikgfﬁ @ﬁ%ataWEWE
wor kpi eces 152 DRRISZ epdaes pdsitivniigadiea - slddnlsialees 6 bd S8UTE proFitind Hieer 78 runs
drilling machi nes, nufti-head positioner 150 can 25 conpensate Tor the

above- descri bed! thgri0kHa slownsiagayndatp fieusneyy therdistrete Gloerevefficients hetamss,

descri bed with 11 riving, each of  fast
stages 154. Si r%g rfsgtﬁlfe;t Bcrﬁ H‘[é&ﬁj%rg ! rbrj'egal’uggg?er%ql%.s\gﬁtﬁ&%fsﬁ’éetﬁggfﬂé’émf’% clise do the
commanded t ool uppgircie0NPAFging Tier TBaER réccRRITRL ad@ledfion &Eﬂnhﬁf‘froﬁ??og?ﬁon
conpensated for in a manner simlar with that described wth respect to

Figs. 2A;202B, &efilar B2 and gengrates thefilferedvivelpfatioa 4ottifnand that is conveyed to servo
feed forward process 94 and to adder 80.

The desired move profile commands are preferably calculated at the 10 kHz
updating rate, and the slow stage acceleration and actual (not commanded) position is
subtracted therefrom at adders 80 and 82 to produce, respectively, the fast stage

25 acceleration and position command signals.

The fast stage acceleration command signal is processed through adder 80 and
feed forward process 86, while the fast stage position command signal is processed
through adder 82 and galvo filter 97. The processed fast stage signals are combined

in an adder 84 and conveyed to a galvanometer driver 88.




FIG 10 shows how nulti-rate positioner DSP 52 (FIG 2) nmay be adapted tao

coordi nate the positioning of nultiple fast stages 154 and sl ow stzzap%s,vﬁ?

and 58; resulting in a nufty-held DSP 170. In |ike manner to DSP 5Z; 2004
nufti-head DSP 170 receimﬁg fromsystemcpntrol cenputer 63 dp, dv, and dt
conponents that are further 5 processed by position ~irofiler 72 into half
sine profiled positioning signals. DSP 170 Ioso i ncl udes sone of the sane
signal processing el enents as DSP 52, nanel 31 profiling filter 78, del ay

el ement 79, feed forward process 94, servo driver 96, slow stage 56, and

posi tion sensor 122a¥gecaus FIG 10 is sinplified, only X-axis slow stage
56 processing el ement’SCHISE: BiFURY Siage filterediaseelenationicommandés ptomasset hiaougR a

computor 63 s ol evErPRRES O Suliffhl Sy CheltiflrRd B GpdtRmmied Tepragessed
154. Ml tiple fthstughtadder 30 gRbderps ARESSRT Thd pfesshd %félw %té%%ﬂilgnals g.%J @c}}'ﬁﬁigg@ .

receive fast stage correction data fromsystem contro er
way, fast stagePosiddein?? arheenvaredaior bugar eenvo shater dtiegredGosi ti on data 15

are recei vgd by eac st age osi gnal essors 172 such that each of
fast stages 154 is Eﬁ} %&%{og%ét?ro&ré 5§MHV1Q%{)‘E%%C?% geRtql SuEeniiR Painef agor
further positi aieflettngoyalvetiofeters il Bist &8 £E tan t firi AN

X-axis stage 56 is enployed to carri é‘{rrfsj)%ti pl eﬁ;&gxg\? ‘g?té’éél?%f‘g% gﬁoﬁjl‘ge%sﬁoﬁg%
Y-axi s stage SEFUIENEiPplinsasserye muorsythaseentol thmipbsifibringf klvive sasesl$@ and bgn

t he Abbe error det ect 'CP;é sr%)stem shown and descrjbed 20 in connection with
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unmodified position commands.
The practical factors are accounted for by sensing the actual positions of

30 stages 54, 56, and 58 with position sensors 120 and 122 to provide predictive position




differences between the directed and actual target point |ocations sensed

by associ ated video caneras 160 are calibrated and conpensated for.—Show
-stage linearity and scale 20 factor errors are also relatively constant and
do not, therefore, requingfrequent correction daya\ hanges. On the omgtrnmq
hand, wor kpi ece-rel ated ors are relatively vari e and dependznés on
.wor kpi ece placenent, offset, rotation, and di nensional variations anong
wor kpi eces 152. Therefore, geonetry correct&gn processor 180 requires
relatively 25 large correction data changes every tinme workpi eces 152 are
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conveyed to and stored in geonetry correction processor 180. 15 Two
_calibration targets provide sufficient difference data to system control
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further allows for correction of trapezoidal 20 distortion in
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% 13-mllimeter ( t 0.005 inch) laser depth of field. Processing blind via
~boles presents a difficult challenge for any hole processing tool because
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processi ng tabyeluth sicataes of ke sensortreadihgy gedtageomaitionss are substantially
identical for all 150, the different processing tinmes are accaounted for by
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25 inertially separated or dependent, the following description is, for convenience,

presented herein only by way of example to addressing X and Y axis position errors
in-split-axis positioning system 50 where substantially flat (100 to 10,000 times larger
in the X and Y dimensions than in Z dimension) workpiece 62 is carried on Y stage

58 and the tool (laser 76) iE directed by X-stage 56.
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Some applications ~~equire cutting relatively Targée hole dianeters of—about
200 m croneters or |ess. Because WV | asers 156A and 156C have a beam

di aneter of ~~ only abouf’ O microneter, nufti-topl ‘positioner 150 nust
cause the UV beamto fol a spiral or circular ~ to cut suchl GAYAS 2004
.a conductor layer. Therefore, 5 cutting these relatively |anme holes takes a
proportionally l|onger time. However, IR |asg¢gs 156B and 156N have a beam

di anmeter of about 400 mcroneters, which is about 20 tines the UV | as~r

beam di aneter. Therefore; when cutting these relatively |arge di aneter
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bandw dt h and @plétudes, acri\d filter characteri st& cs described . herein may
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Sve
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conprising: a slow positroner Tor eftectin arge range of

nmovenment bet weere ihéreiallp aépazated.t e waidsp paterred drabsdiment) 08 bthg®BE s ofiehtadli ng a
transl ation stage capable_of novement generally along an axis: a fast
posi tioner for Veiticalbt while Insirge &isguientsd hasizantally. Fduenpitah, yawwesd relhin this|

and t he workpi

E6iltext are defined with respect to the actual plane of movement of X stage 56 and
25 not with respect to a more typical horizontal orientation.

A_ The nominal on-axis position of X stage 56 is indicated by sensor 122b, which
is preferably a glass or metal scale encoder or a laser interferometer depending on
desired positioning accuracy specifications. The X-stage Abbe sensors 128, 130,

131, and 132 may all be the same types as or different types from Y-stage sensors

30 124. Sensors 128a and 128b (generically sensors 128) are preferably mounted as far




a positioning signal processor for deriving fromthe positioning comand
slow and fast novenent-controlling signals; a slow positioner driver for
“control i ng the |l arge range of relatuve novenent of t; EA@MN e
i n-response to the slow novenment-controlling signal; a fast positi onerﬁ‘P
dirver for controlling the small ranges of relatuve novenent 0Q3 m%
positioner in response to the fast novenent-controlling signal; f
space-apart displacenment sensors in conmunication with the f ast ZpgsﬁAY ol
driver and coupled to nove with the trandMati on stage along the axis; and
) %reference surface positioned in proximty to the translation stage and
“parallel to the axis, the translation stage being capable of noving al ong
the referen aﬁta&fpags%larm)ﬂgm ax;ilﬁplsnﬁﬁ F»t SESHSARO aBRI13Y afEPprRAdrabI9f
acquiring information concerning their ative-distances fromthe
reference suneunsed amidr epary e§/ possible elomg%amﬂﬂo |Sen39r tiA2 i§ peeferpllyinountest

driver to ¢ f 'th f t at |
Toverent of e Hanah it deb el BBl St Laigs 1 o R 1al i s
in which the rot agdanal X FRIEEHBNE pke‘feﬂéﬁw klﬁemé'ff&ﬁlli’Hﬁuhieﬁ@nﬁﬂre%%%&ﬁﬁ%soﬁ(?' aim

1 in which: the translation stage is a’first trauslatiou stage t
supports a vasrshpwode FlG8e6-8, o s i distasee fromtreference sprincesd 34 asdddad

m the 117 ot SHede SR AP dBhy D3] SRp et predoubedt

transl at xou xﬁBg&ﬁﬁnt%f a an@%smal&d RthRgsH égégﬁcf’{lotcﬁ&h@ ortidn WF Qa%é rst

acid second trans atIO stages| carry resp ctlve Irst an secon rtial

. masses X~sﬂge9§b%nmrs‘llf30&ﬁd ng1 ﬂy&ttahstmicee Iﬂ@nnXI—Sstagt yaio eferehee f ast
positioner is a first fast positiouer. and is which the second transl ation

st age suppor%"é fage 4342 indicat g55dR the yaw englerﬁfethswl ¥ 5geL Y&+t &n of
I
claim i“g' ”The %e 6@% %r&]lgchrg 1‘3@ 35 '1§§%§te@{ &st'a}? t%géerofll' xfe?&e& R¥hdlst on

st age. al m he se
transl ati on s3sga@dAsab) tespsitide gaﬁxlld]dmwcmﬁg@nﬂmﬂmﬂpaafgue @htﬁeba@emm—

sensors in Csotg;eu 5n6I Cfa(t—sltggrt]a zm)lgehsén?(is 128 detect distances from the pitch reference surface
136 and indicate changes in the pitch angle of X stage 56.
The capacitances ir%dicating the X_and Y components of the distance from the
15 reference surface 134a of #he Abbe error detected by sensors 130 and 131 due to yaw
are preferably converted b#' an X-stage yaw probe driver 146 into a DC voltage
suitable for processing intT Abbe error correction signals. Similarly, the

X and Y components of the distances from the reference

capacitances indicating th
surfaces 134a and 134b 0;

the Abbe error detected by sensors 131 and 132 due to roll

20 are preferably converted b& an X-stage roll probe driver 147 into a DC voltage
suitable for processing mt? error correction signals. Similarly, the capacitances
indicating the X and Y components of the distances from the reference surface 136 of
the Abbe error detected bT sensors 128 due to pitch are preferably converted by an X-
stage pitch probe driver 148 into a DC voltage suitable for processing into error

25 correction signals. Sklllec? persons will note that sensor 131 feeds both yaw probe
driver 146 and roll probe brxver 147. Suitable probe drivers are well known to
skilled persons; however, the Compact Probe Driver manufactured by Lion Precision
is preferred. These yaw, Loll, and pitch Abbe error correction signals may be

directed to separate X—Ab{pe and Y-Abbe adders 142 and 144 before being routed to

. . .
30 adder 82 and mcorporatew into scanner position commands.




fast positioner driver and coupled to nove with the second uausl ati on stage
~along the | second axis, anti in which a second reference surface is
“positioned ua proximty to the second trauslati oa stage and parallel tao the
second axis) the ~socond translation stage bei ng cagaBEPLAC ’ '

t he second reference surfacx and the seco~ad di spl acenent sensm-gﬁgr@ ,
capabl e of acquiring second information concerning their relati t rq%es
fromthe second reference stuface and conveying the second infqr ﬁaMA‘anUﬂb

i be fast positia~ driver to correct for & second Abbe error associated with
second off-axis or rntatiortal suovenmem of the second translation stage. 8.
',f?.;]'}'ue positioning systemof clairia ? in which the second rotational novenent
is pitch or yaw. The Xasd qudsﬁti@mdmgmﬁm&w cOfresponil 16 thek® Abbé efrots@esecond
translation stage conprises a third pair of spaced-apart displacenent .
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stage being capable of noving along the third reference surface and. the

third di spl dbeoptics (inshslingslopationgofahe herdne path (e paths)tielative it fherstagei on
ing their relatiyve dist h ¢ hird ref f d

ot | vey ng (P8 disHie oF oY RPIEGR o e aesk © iptiep e asirbrted Hraess Gridt: ot

for a third pbfectferRhmAsosffndtde Wdrk. mgtrlrgsﬁa%e RdcRiePa ws&ﬁhgﬂﬁi Abb

novenent of the second txanslation stage. . e positioning systemo
claim9 i n wihroeclvotrketidnsito ther sshamdr gositionat atden 82 becauis¢ die tndwaith of fhe fagthe

positioning systctn of claim9._ in which the second translation stage
conprises a PAHS aigeﬁfcae ek bya the l?a@dwmﬁﬂtedmeahsquwé]wé f’faggtst

posi tifqgner driver I t ; : | i tage is
a pl anfemi ncl udi _ngH he eﬁ,%%#ﬁ%g;&@%ﬁe@ﬁf%ﬂﬁﬁfﬁﬁgﬁé éﬁs@f Gig&g 2p@B~
26 ~. 6 MAC cdilddbesatded o wiei lnteansthgaipdsitianedeevoctoop diractlyaateadder @sThisoned i n
proximty tao the second translation stage, parallel to_ the second axis, and

P
in a second PPHARENGEIOB MUY bE IBPIORTIAL ike fadt stage St ds Espdaced by drftxsddeame
second tran j Sh i i - r ef erence
ur face and HopLopé; ARG FEAPRRAR Follt TG0 08l 8 rie el ot °1 he
second di splpsrivailg thanBrevided by fasapapd 84 aild would be eigplbyed inrappliéaiomnst i on
concerning their relative distances fromthe respective fourth and second .
ref erehte suviheae SECAEARCEHARTMENY bE HesiFably sush jph ihsGYSTING FIETONOE Submigron

er ehze s ¥ Oeidesire nosevbEgEon
o1 1 - o or PRIk FARTERchE it apenls i 4P el BERREICH bl oY1

posi tioni ng thysfaqapk 54 MaybOinterchidiigedblé Wathfadfinelbeamil fisitivneal, oraareakisi S
roll 13. The positioning systemof claim1l in which the displacenent

sensors conpi3gseSonpnsirpritdati: fashstage 4 andmy Bxeshlsam positiepes yiniangousty.ai m 1

in which th i n | | } jye

di st ances a?gﬁhﬂéﬁ%}ﬁ@xﬁ&?é\%ﬁq@@xﬁf éaf éﬁﬁgg}g I gglle;%d gdy%g%%@%% éefmg\}e% S\{i n which
the di 3pl aceymietsasie @ﬁf%u@earaﬁd Fapaldae090 tmasver Agixedbedn posidosdrances as

| arge as 50 ~cm 16. The positioning systemof claiml in which the tool is
a |l aser beargmplgyedThe positioning systemof claimi1 in which the

% sot ; ! Y T O SRt e e e anal
pr o6essor 1 ox ad) LSt RO BRG- rod eorbRTg 0 gaRirpRR e e B o i s
movenent - conghieh nhiiGpie eRpieLAISIAO D51 5201, OF. NBYNOse 3RMMEanEshsBY t he

di spl acement sensors, to thereby achieve real tine conpensation for the
abbe error. p®cestedooHdreaster mypltipls tetamengy arp oefenred tn enjlegtively svithoutithedettert i ve

bomori 2500t SuiEye e rdrehitee, S2hr bllizhced PoaRGRtr L AbYS SR 6 AShrrent
bet ween the Aﬁg%grss%a@s%ﬂﬁgngﬁgﬁg‘;ma@%kp{e@@s {37 sk WB@@E&rfeﬂ‘iJanﬂI ng a

first transl ation stage cap supporting the workpiece in a plane and
nmovi ng generadis ylowl stapg 58 dodrmltiplei fast staghs X84 ,0kdB; 464G ad 15418 laraicargied fi xed
optical path directed at, and transverse to, .the plane of the workpiece; a
second posi t PHXeAXILHPWSAEEP0a PHFQESSs élﬁ'gfé’l%f‘)fls]ﬂ“égt?% Mn@rﬂ‘% Bween the

| aser reversed, or two or more fast stages 154 may be carried by one or more X-axis slow

30 stages 56 while Y-axis slow stage 58 carries a single workpiece 62.
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derivuag fromthe positioning command xnoveneut cont

beam and t he wor kpi ece, the second positioner including a second

transl ation stage capabl e " | PGTl|l~~r~ Pl ~~OF~~ d~ ~ ~' U~ 0 2 APRZ0O<

of supporting the fixed gptycal bead and noving geperally along a second

axis that is transvcTSe I\Othe fITS( aXiS; a posit@??ing signal pro ﬁﬁﬁfr y
ol I'ing signaﬂs, émﬂ

anti second positiotux drivers controlling the |large range of rclatlvc

novenment of the respective first and secondl®ranslation stages in response

to the mavetaent-controlling Si a pair of spaced-apart fast displacenent

~seasons in co~mcation wth the positioner driver and coupled to nove with
~t'he fast u~xlation Ztsabe naibemof fast s‘tigestISQ)&mied&)nféldiﬁtsta'géfSGriﬁé}‘éﬁsé,ufhfeﬁ'CG
I

lo the first Ratrsiarion stage sand parallel to the

positioned in proxi 'tcy . ¢ i
first aids, th Cﬁlggﬂat‘? 5Kss becomss dncagasingdy diffiewlptacselerte. niheregorel teg t he

first referencg ' i acemem.sensors heing cle of
acquiring iaf n~%§? éﬁﬁ%ﬁcfgﬁgteagﬁf%d é%elle& Oﬁglc’é‘f F%%enéééﬁ%rﬁ%égﬁy H’é‘%fet‘int@ fopgst
reference surf aktloughdN aayvweyy ﬁgmtﬂb@idoﬂélofypa@maﬁﬁcgﬁ&mposi tioner driver co
correct fgr an Abbe_error assoeiared with of Y axi's or rotatioiual novexuent

of the fast transl aFrRehokwagwiecen152rhas gsseniated mithojt sys bemons pricessingl fols)
whi ch the rotalj i W, . T sit,ioning systemof claim
18 Tn whiche cpiTeRb EPET oA JRE IS, 5 LN Bt raes Bbcetsippeneray foward
supports a wor kRbeiaRd fidlStaBbPY5420S1 4RO fiut ' ;

P EOAPTS) LY 1B TR hPER0faRR M re o oo

transl ati on stage capable of noving alAO1lg a se
| O the 1i111. $§J81P5;1 158€, f asl58NosKast stages 154 defiieot thel poscesding sssergndo target

transl ation sipge. 21. Th oSitionin ystem of claim 20 in which first
and secot xi tr%%%ﬁ“g{si18ﬁu25§%{7§1éﬁy(§g‘f%f9» &égﬁéégit\yezgfmﬂgfneﬁﬁd’f@@éﬂwﬁelﬁbrkﬁ?él,
masses. 38. Thegamsigicor!.i f [ ' ' t he fast
gositiouer is a first fasth?)(l)\z?bﬁtgﬂgg,%%E%E%@n&%}l#)cl}ﬁg\{] g?second transl ation
stage supports a sed¥&ied dameraspiddidxil6fBr 1603, .. TheON asd positivried onysid® R=RE 56

claim2U in which.nmatlriple rkpl ace e unted on the fast translation
stage. 2d. The Oﬁd’é‘?‘}”in%ﬁﬁﬁ’ lage\sﬁgqrgﬁqsgpgg‘}eg{snll 0 S¢n§ingnthe @ligpraentaceffispts,
traitslatina s 0 i : [T Spaced- I i spl.acenent
sensors in coi i&n%&n?b% %ﬁmt@ ﬂﬁsﬁggﬁ%rgfdfg\%@h) %g%eﬁﬁd%ﬁgéﬁmggaag‘dg@ﬁﬁl% to
nove with the kemreib6transl ation stage along the ~'' .~ r~ GL3 ~t~~f 2%
| second_axis) and in which a second reference surface is positioned in

pr oxi ni t$5t o the sebbihg Prefaried smbadiment Jhe saae pracassing patigrn kedupdicated oaxi s)

th dt | ' f ' | t he. d
ot er ence. sur { AoLBide 174 BERadFoMALERRaT R B R340 R ePY I ST cond
I nformation copoesssingGpblicitions ehratdsviag Patea~acatons BEy bbeeGfeand mateupnce

su~Ce and conveying the second information to the fast pogiboner drlva to
correct for a RBUEHhEP YHREORS pHPNE FoBdIienecasomietriess seabacions,-offsetss rotations,

rotational ri-~gya=rent pf_ thc second. translati stage. 25. The i tioning
system of chi n‘%{g@gﬁﬁ}gh @ﬁgrg%\rteﬁré ‘E@é&ﬁ?&%ﬂf%ﬁ? g);&éa}v_er?g\?é’zﬁ?wg-[_ r%?f h or
yaw. t ,20-...siméfancobfl9 f26&siih® Qiffderty ShepTeRiatl) AbMirdilly iBenMeLdr fedeitive
second trattslatioti stage. conprises a third pair of spaced-apart

di spl acentrn selwyerts asinghd ¥cbtage) rpasternsianithe kame woekpiect Ifnsltanaoalssbage
along rite seco~ad axjs alai .i r} cai catiou w.th the..fast &gsi tioning - ,
and in which aliSATSPEY 1OcF0steshiar Tagh Stage dopldnespties pry BQURLINE INGQRSISIERFEE o ¢ he
second transl ai, ] : 8o SEHRLLY i 0

t he second ref i:éllrtI(ea'@lclz&rsc}u o'ﬁier%lséedggln q’uaglﬁg? at | o%&sYggéﬁ%’S??gz g‘g’ggﬁdg‘;’g?&
movi ng al ong t $teget 58.r Wnliké prienomits-spihdieardimg trachines, moultitepd aostivner E¥hear s
bei ng capable of acquiring third, informaxjort concerning their relative

di st ancedd r oatPTIES R if?laf%FéB%Y%ﬁ%SénE‘iff‘?a&taé‘O%gy ewi@w&ar%rpénmﬁg d
information m{fie.. Sjitd s [ e ' :

error associ at %@%tlgﬁ%%%%dhégf ﬂﬂ@d;%tg rkfé%l\gé?r%ﬁ@ %’f f(? ﬁ&ed)gle’g‘gfrxl%{ {iﬁgﬁgltéa 1381;1
stage. 27. ThefaosthgdsdisunPBisIatie] the Kbbelertors, dhdichtingvhieclegtdaao tWhickla

rotational novenrent is ,,e pitch or yaw. 28. The positioning system of
clai m 26 i n whfunmapdedsteeloprsitianadess apt Batchtasgasaddarget ksatien feanbercompensated

ol anc. | neni i ngahe Sahh Sl B fat e bR Eeipaly GMed A6 R e

positioner driver, and is which a fotuth reference surface is positioned in
proximty to the second translation stage, parallel to the second axis) and
in a second plane ge~aarally including the second reference surface) the
second transl ati on stage being capable of noving along the fotu~th

one of the second di%placenent sensors 'bei ng capabl e of acquiring fourth
infortnarion concerning their relative distances froxu the respective

rr . Y Y - rr

; o]
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danformation to the fast positioner driver wcorrect for a fotxrElt Abbe
error associated with fourth off axXl S | nOYCynCnl 9‘ he second transl ation
stage. 29. The positioni @system of claim28 in whigch. the fourthy? § MAY 704
rotational nmovenent is rou. 30. The positioning systcui of claimi18 in

‘whi ch the displac~ut sensors c~prise capacitive sensors. 31. The
positioning systctn of claim18 is which th&7displacenent sensors discern
relative dist&ees as .sutall as 10 nm 32. xhe positioning system O claim
-18 in which the disptacenem sensors neastur ...... ,~ relative distances as
large as SO Ecm . FIG. TOeh@oshdw eiildGa®)pokigiohér DSP 32FIG. 2ymwibehdafied to

di spl acenent sensors are in conmuui catioa with tbc positioning signa
processor for &eQidinate datpositioning of saultiple fasigtageyh ans-slewrstages 56 anfl 58t
novenent - contr ' .signal. . basd t he,.j uf or rauo ired.

di spl acenent Sg%fgg&g,lﬁta%nﬁﬁléqeéaj) éa%ﬁoavgn %%Flaf‘? 03%%31’4@%?%%%55%70
abbe error. 34recfivelFoadsystim BOStdlicBRIpAt: !69%%[ dQUARHd: ¢ ?x#p%hefft@ theft Ae hRHET!
| ocation oa a workpi ece, conprising: providing slow apg ast

nover nenccont prsicessad by ipgsitios piofilen72 ipo hialfisimei profiled gositioping sigrady. ; DSP 170
controlling w %ﬂ; a ?‘!Jﬁjw ﬁosi oner dr,il}\gr a large range of relative
novenent of a PrAMEHHSSSAMEE 31? SAREUBTR! PIPCs R clameniRiag DS b ravpely
reference surf iy @RS Helh® et Hb |yt i S n
parallel to thgﬁgli?lg?m%érr\qr@égggisee to't?%’e%gé g%%%é@gfs-%oﬁg‘?’& r?“%g 9§f glr?é{"l;
control l'ing w stagea56,.catd ppaiioni sensor 12) \Beeawse HIGL 10 iasigplified | 6hlgtX \wis slow
novenent of a fastﬁéosi tioner. in respaonse to the fast noveatent-controlling

si gnal ; ef f ccdM@8t He PTOSeRfing Slpmgents arg shoxa, cSkiled werkerpwilhunderstard thater

out put agg thecgigégggﬁl‘gggnyg%gg @I%n{eﬁ?srh%%% [y stage; acgnirixsg) wth a pair

of spaced-apart sensors coupled to nove with the translation

stage aMhg the axi sOniyn eingk! systerrceurtrel bomputthes is fehiddd dedriVeSiGRCeaget sem
the reference surface; conveyi ng_t he information fromthe displacenent
sensors co t he2Aha¥ apd by fapistages dp sy dMultiplesastagarsignal-progessors-t 724 v 428, T 2

6 MAY 20U4Q ~' 759~ A~ 2iCX =, ef f.ect] wth a.fast. positioner the, small
range of relat H/iec’t'hb\l/gznlgﬁ%c%rgf %%éhasp %ggq %%‘é‘?"“SBt%Bﬁt&?%‘deftﬁE %B%F%rgguter
including a cog3.eth OO wha9| fa3NstAfHSos&IonUonBB SIS Al @drr%tt%@fsfag@?%iti%h data

rotational novetncnt of the translation stage; and generating laser output
to inpindé theatedeepsved biceachod fast stage signalqupesssors 352 sittethateasti offfast| stages 34

is which the rotatipna vement is yaw. 3. ~ he_netho f claim i S
whi ch: “tne tr antd inRBRlea RSP RBop foe bR firest dneaions S eruyulerBes itk 0L o
wor kpi ece; theys RESESH rt bk S€.Sxi L abl e
of nlovutg al onghgé,\geglcs)%(gkéaegibg dtaﬁﬁatﬂ?gl}i?gﬁé%zgzéﬁt%&? %g 11%&?@? lo}r)%ﬁgﬁ Cgﬁg t he
fast positi onemuitiplerfashstagbsdif4tand assingie d -axisnstige 58 is erhpigged @7carffhengret ho$

of 36 in which_frost and.sec ransl ation stages carry respective fast
and sct;and i o’é‘Ph}pi VREIESS ?523%‘3“ HRY ec&‘P%iS}ﬁt%'G shawiand dleseribedast

poxi aouchqgi S ajufd : otk t r Gy | Vi : . on
st age su%?)or t smadoglgg%{?gg%gg '? ’Qgéb%?f ?ghg?(w%&aﬂﬁ?e&lr@?#gg‘g lot?&gﬁlg?%hg%@h?‘%
whi ch nul ti pl ethackbibeieemecomeetiomdarh ¢80 om béfedf toradtiert oS Figt i10or fhstGeaged U.

"the nethod of claim36 in V\:hi5h the secogd tratrslation stage conprises a
seeoncl pair oforEsHeR@resssses 180 obiFig dieastshe®Rsors in communi cation with the

fast positioner driygs ANthGAUPKGTLALSelr ! SEEANGLLARN 71 On
stage al ong the second axis..” and in I'ch a’'secon@ rafere~nce surface i s
positioned in prexingfay dnd sldve sage podtictans Hakiffonh DEPAUR aidcdipdcaibhlatd Rofhe
secorui axis, the second translation stage bei ng capabl e of noving al ong

the secoRd ref Bistemneentel computesd. tThe cosrcetien data nchudesiewstage and rorkpicoe)

capabl e of ac, =pi.ri seco i af ormation ncexni their. relative

i St ances. 1 romeriiel CERER Mo Par R Robi 1S ROTRaR bopPerion psOissigitpo and

i nformation tofdh@adeAisicafiBShid QAR faftot ¥Siredtidn @Aty BIGH ark @bnveye@ €@ Atadlbae
error associated with second off axis or rotational novenent of the second

transl ati on steaesctian praveesond8Rodkiiedgieasoms 011 iapprebiatehthahid fast stagds 154 are
rotational novenent .is pitch or yaw 4§ TH,e rre%hoag of claim a0 in-which
the second tr aNOPEEd Of SPAIAE Xawis azes 56 WRIChTsiaraPlyopave, saReHORigsH movement
di spl aceagnt s i iGAat i : i i :
Counl 04" By OSKEP by AnSARHARIAR, 8 oMl ok Aeaiig Shagl 8 AN cothiriBacd i
whi ch a '




C

c.?:~";:.~ ~tl=-T 2 6 Near tul4 6~~ ~~~A~~"Z(hUt-~ 31 third reference

.Su~ace is positioned in proximty to the second translation stage, ~rallel

to the second axis, the ond transl ation stage bei-ng capabl e of ngv%rMAY 2004
@ p}} r ei ng

along the thud reference\surface and the third di ceraetu senso

capabl e of acquiring third ion concerning their relative distances fromthe

‘Third reference surface and conveying the third information to the fast

positioner driver to correct for a third AbB® error associated with third
off-axis or rotational trrovcuirwt of the socond translation stage. 43. The

mmethod of claim42 in which the third rotational nove is pinch or yaw 44.
The urcthod of o®ingdroceston 170t subptdeessere c Barthérimons,| eich suclsétagess wapld ses a

fob ~1~sensor in gﬁg{i on wi.th the fast posjitioner driver add catipled to
move with the SESERRY: o equipRedsyityds PADPOsitign senseel A2mnegfivenX-sageohbberxi s:

and in, whu“h " i r [ i i si.tjoned i roximt
to the second "??dasgfssl t?;b;élﬁ]@%ﬁssat&e:gog,aﬁgg@)ﬂ%:@{&gﬁ?héagécvgh'ﬁh‘gkp )Vldﬁlﬁgﬁi"‘%f*sa g
second pl ane gener alThy conettitti dga xg tear@htich-oefeaehREkle Hasi@ Hodeber, second

transl aa~%ri st age being capabl e of noving along the fourth referenc
suri ~ce arid . SpHeFtiom dnemplopedbrseraelry setesioniproeasegrdBatandrfastistageone of

the second dis &% 0 i capabl e of .acqturing fonrr

i nf or mati on cogéc):lg?m m? TP %%lgcr%r d;repgetfgég& g“ﬂé‘?@%b@ﬁﬁ&ﬂﬁﬁ’és PF%@%&P E‘hsaﬁat-
sec: ot ~ ref er entwe 45941,08226f PAHhGIY QVi (Mhe' 082 AL, | Bieh IPLdRRed & fHae fast
positioacr driver to correct for a fourth Abbe error associated with fourth
of f-axis or rofisnsaal thipapplisationsnd fsenewporated hereindiyaefavencst age. . 4S. The

nme~Cd of claim42 i ich.the.fourth rqtational novenent is roil: _ 46. The
met hod of claim 34 %ﬁ%ggﬁmteﬂréty oarngﬁlc%lg%?“%re‘?fé?ﬁs A EPESeconstiat ard depend

sensors. 147. ThRstPbAqRe fidivi@ thadctt [ | a S are
capabl o of di scersglyng rcl a#i vlgdldi %‘tﬁ%tﬁg%t‘ig@gg@%&ngﬁgégagﬂm?ﬁé’niq%fbi& E’%E%E%et hod
of cl ai m 34 i ncein¢ationtprecessarpl8dcequrds rekatisely smatl eand dpfrduenporfesionrdacg

relative distances as, ] arge as.50 fcm 49, The thod of claim34 in which
the conveying gl?anﬁﬁ% pﬁf’%&ﬂﬁg ﬁBﬁCQTF%‘PP ﬁétaﬁné%isgggmpi%ﬁér@%n& achref fslst
posi tioner drivapes 15 108 SeasCLEERbrRfon! f¥fints BB%@!&dc?ﬂeoa%alfb?ﬁio%otﬁf(éeltg?' ng

si gnal processor-and adj ust ment at the ‘pasiuoni ng sfgnal processdt 61 the

fast raovcnr nt desoribedid thed082 patent. haseflectsd dreepy @sedtyesenkesf D rdtfeBhced O
t her eby %ghi evg real time conpensation for the abbe error. i~Pr;; D
~2-~ T.. 15 - gOffiEeen ghy directed and.actyal tanget paint lggagospandipreyides diffrancesgata ¢on

for positionin i i C LA onse.to .
bosi L oni ng. cosislem 88udICoiml® sFofpEsiil CFfe Il RAARE I oda areyr | on
stage capabl e cinveyed enaml stored éii ahdhyfast s4d¢ cdFredtidrSprodedsas 18N0ALdd, angr i 71

opQapVe aSSQClatiOn wilh the tool for e~eCon~ Iti Ov/eo>CQx of the noi
relative to th&ifizeeness between theadirecisd-asdactiabtarght ipeint locgtionnseastd by gssoniated

Fof e ence. surf aeo 8R4 186'ar CuBERREREFcobbor Bl i RI08 Sk eR00! Endivete m
pXi 7ri 129 to fdariegfops RRCRscStldFE, conbiant HAVER1! tHRtefbRe riqARSkEGlean Stage
causing the pair of sews to iaave ~loug the iefsurface) the displaceuaent

sensors bei ng eefpesbion dgfa ¢changssi ug. the’ uc respetKive . . .. dis~n~s firmthe
reference surface, and.the fast posjtioner driver being.responsive ig :the
, df spl acennenc sea@B&ECB eég?‘lqlé’fqr B‘e?qiéel?fﬁ‘i[s‘irpfﬂﬁrﬁfag‘i%ﬁ?}( ggrpa &8¢ dgpend,
the workpi ece hag®foRWdrkied NhANERS, TRRE G dRln! éﬁhfea' ari

t o~~er eby corrpengtg}?g forialgﬁ apgt ~e error éssgcig’tgglwt El%??-\téilr%gagér)mmg
rotational noveoskpices b2 (Tharefdrat pemnatyagerectidn prdcessopd80 requifes gekayiselgm of

claim SO,Lts ich the tool includes a |laser beam 52. The posirjoning -
sysce>zt 28f cl Si%f IFection dafaghanges everyfiae éﬁoiflfﬂie%eﬁééé afescrzllyngi:ql.sf}eneraung
transl ation st : t ' " b G

further cotnpr ?lgsg%&rge% tggg gg%%n&%ﬁé Fbgte:%%?\lb %It’ ggECténgp%Qfesagg Wg@\%ﬁ #\38 gp%%éeagt
second axi s t hato, ahdtprefesabdy fotir Opretibrerrhiasd calibratioraagzeidien bt ashirghted oner i s
supported on the second translation stage fax novenent therewith. 53. The
posi ti oni ng sy¥PEiese 152ai Mienativelxinen embedireent where theptisien syséernde svorking -

et ecting movenbnteibfeis rBuPac; Bl SRRy sBnthsm el sfasBad¥ e "
support egpas t Biedted foward HElidEdtion tedge@e. THede callbr@tidiogtdet by Be S Ysit em of
claimb52 further conprising: a second reference surface; and a second pair

of spaced-apart displacenent sensors positioned is proairniry to the second
ref erence surface, the novenent of the second transl ation stags causing the

SECONMd pair T of—Sensors—to TOVe] atong—tire—secomd K efer emCE S face—the
second di spl acenent "' 1.~~~ ~~ ~ " '~EL~
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the Disclosure S The present invention preferably enploys non-contact,

smal | - di spl acenent, capacgityve sensors (124, 128, 130, 131, 132) to

det erni ne Abbe errors duzf%o the pitch (20), yaM/(rj}, or roll (1B3)b ttAYa 2004
near |inear nechanical stage (56,58) that are not i+dicated by an on-axis
‘position indicator, such as a |linear scale encoder or |aser interferoneter.
The systemis calibrated against a precise t2f erence standard so the 10
corrections depend only on sensing small changes in the sensor readi ngs and
. not on absol ute accuracy of the sensor readings. Al though the present
i'nvention i s pesimpleccorhers, tooding hokes| bt plotoatclpsgdts oham§CBY SEautE¢ie) cimth

Lypi cal spl i - d0DSet QieRnets SRR Ly emsit A ebiaL GLioRgion WeE esstions e
. 12017
iC ]O$ }\/ISI L 7MEY] ]7%63\11 f%{%%%%%l%ﬂw ef %]fZP/BchZMJgM "Hx/g)]resu ting
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Processing blind via holes presents a difficult challenge for any hole

processing tool because of the tight depth, diameter, and positioning tolerances
25 involved. This is because blind via holes are typically processed through a first
| conductor layer (e.g., copper, aluminum, gold, nickel, silver, palladium, tin, and
lead), through one or more dielectric layers (e.g., polyimide, FR-4 resin, _
benzocyclobutene, bismaleimide triazine, cyanate ester-based resin, ceramic), and up
to, but not through a second conductor layer. The resulting hole is plated with a

30 conductive material to electrically connect the first and second conductor layers.
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Blind via processing windows are presented in detail U.S. Patent No. 5,841,099 of
Owen et al.
Referring again to FIG. 9, multi-head positioner 150 is configured as an ECB
bhnd via cutting apparatus in which N equals an even number, such as 2, 4, or 6, but
5  preferably 4. Lasers 156A and 156C are UV lasers (wavelength is less than about
400 nanometers and preferably about 355 or 266 nm), and lasers 156B and 156N are
IR lasers (wavelength is in a range from about 1,000 nanometers to about 10,000
hanometers, preferably about 9,000 nanometers). Because the UV and IR lasers have
substantially different wavelengths, mirrors 158 and optics for fast stages 154 are
10 configured for compatibility with each associated laser’s wavelength.

UV lasers 156A and 156C are capable of cutting both the first conductor layer
and the dielectric layer in a suitable manner. However, the laser power levels and
pulse repetition rates are carefully controlled to prevent unacceptable damage to the
second conductor layer. This results in a narrow “process window.” Therefore, UV

15 lasers 156A and 156C are preferably employed to cut through only the first conductor
layer and a portion of the dielectric layer, a process that has a wide process window.
Once the first conductor layer is removed by the UV lasers 156A and 156C, IR lasers
156B and 156N, which have a wide process window for cutting through the
remaining dielectric layer without cutting through or damaging the second conductor

20 layer, are employed to remove the last portion of the dielectric layer. Thus, the ECB
blind via cutting apparatus employs UV lasers 156A and 156C to cut through the first
conductor layers of workpiecés 152A and 152C and IR lasers 156B and 156N to cut
through the dielectric layers on workpieces 152B and 152N.

The time required for UV lasers 156A and 156C to cut through the conductor

25 layers is typically longer than the time required by IR lasers 156B and 156N to cut
through the dielectric layer. Therefore, the longer processing time dictates the _
processing throughput. Because the target locations are substantially identical for all
tools on.multi-tool positioner 150, the different processing times are accounted for by
providing appropriately different laser power levels and pulse repetition rates for the

30 UV and IR lasers.
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Some apphcat]ons kequlre cutting relatively large hole diameters of about 200
micrometers or less. Because UV lasers 156A and 156C have a beam dlarneter of
only about 20 mlcrometers multi-tool positioner 150 must cause the UV beam to
follow a spiral or circular path to cut such holes in a conductor layer. Therefore,
cutting these relatively larée holes takes a proportlonally longer time. However, IR
lasers 156B and 156N havé a beam diameter of about 400 micrometers, which is
about 20 times the UV lasefr beam diameter. Therefore, when cutting these relatively
large diameter holes through the dielectric layers, at least some portion of the IR laser
beam will cover the entire *mle while the UV beam follows the spiral or circular path
10 tocutaholeina conductoﬁ layer. Under these circumstances, the IR laser beams are
on the target locations for q relatively longer time and the dlfferent effective
processing times are again %ccounted for by providing appropriately different laser
power levels and pulse rep_ditition rates for the UV and IR lasers.

If suitable laser powér is available, a single laser may be shared amohg
15 multiple workpieces by employing suitable power splittihg devices. It is also

envisioned that switchable-wavelength lasers may be employed in this invention.
This invention provides an improved combination of positioning accuracy,
positioning speed, minimized or eliminated stopping time, nonpanelized tool path
databases, and minimized fast stage movement range that dramatically improves
20 processing throughput while reducing workpiece rejects caused by dimensional and
orientation variations.

Skilled workers will recognize that portions of this invention may be
implemented differently from the laser beam micro-machining implementation
described above. For example, a wide variety of tools, in single or multi-headed

25

30

configurations, may be move

drills, punches, lasers, laser

devices, microscopes, lenses,

d by the fast positioner stage, such as micro-dimensioned

optical instruments, and cameras. Also, many different

positioning devices may be employed in different combinations drawn from among

galvanometers, voice coils, p

iezoelectric transducers, stepper motors, and lead screw

positioners. The DSPs need

not be completely digital and may, for example, include

beams, radiation beams, particle beams, beam producing ..
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) any suitable combination of analog and digital subcircuits. Of course, the positioning
signal profiles, spectral bandwidth and amplitudes, and filter characteristics described
. herein may all be modified to suit the requirements of other positioning applications.

It will be obvious to skilled workers that many other changes may be made to
5 the details of the above-described embodiments of this invention without departing

from the underlying principles thereof. The scope of the present invention should,

therefore, be determined only by the following claims.
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‘ L L. A positioning system forposiﬁomng a 100} relative 10 a target location on a

‘workpiece in response to a positioning command, comprising:

~ a slow positioner for effecting a large range of relative movement between the tool

nd the workpiecc, the slow positioner inclnding a translarion stage capable of movement

oSt ner for effmng small ranges of relative movement between the 100}

< apart displacement sensors i communication with the fast
: dnvcr and eoupled 10 move with the wanslation stage along the axis; and .
arefereucc mfaceposxtioucd in proximity 10 the translation stage and parallel to the
!he:translation stage bemg capable of movmg along the reference surface and the
cement: sénsors bemg capablc of acqumng information concerning their relarive
dxstances from the reference surface and conveying the information to the fast positioner

driver 10.correct for an Abbe error associated wirth off-axis or rotational movement of the
translarion stage.

- 2. The positioning system of claim 1 in which the rotarional movement is yaw.

3. The positioning system of claim 1 in which:

the wanslation stage is a first translation stage that supports a workpiece;

the slow positioner further comprises a second iranslation stage capable of moving
along a second axis that is transverse to the first axis; and-

the fast positioner is mounted on the second wranslarion stage.

4. The positioning system of claim 3 in which first and second translation stages
carry respective first and second inertial masses.

_AMENDED eHEgT
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5. The positioning system of claim 3 in which the fast positioner is a first fast
positioner, and in which the second iranslation stage supports a second fast positioner.

6. The positioning system of claim 3 in which muluple workpieces are mounted on
the first ranslation stage.

7. The positioning system of claim 3 in which the second translation stage
comprises a second pair of spaced-apart displacement sensors in communication with the
fast positioner driver and coupled 1o move with the second translation stage along the
second axis, and in which a second reference surface is positioned in proximity.to the
second translavion stage and paralle] to the second axis, the second translation stage being
capable of moving along the second reference surface and the second displacement sensors
being capable of acquiring second information concerning their relative distances from the

second reference surface and conveying the second informarion to the fast positioner driver

to correct for a second Abbe error associated with second off-axis or rorational movement
of the second translation stage. | :

8. The positioning system of claim 7 in which the second rotarional movement is
pitch or yaw.

9. The positioning system of claim 7 in which the second translation stage
comprises a third pair of spaced-apart displacement sensors in communication with the fast
positioner driver and coupled to move with the second ranslation stage along the second -
axis, and in which a third reference surface is positioned in proximity to the second
translation stage, parallel 1o the second axis, the second translation stage being capable of
moving along the third reference surface and the third displacement sensors being capable
of acquiring third information concerning their refarive distances from the third reference
surface and conveying the third information to the fast positioner driver 1o correct for a
third Abbe error associated with third off-axis or rotational movement of the second
wanslarion stage.

10. The positioning system of claim 9 in which the third rotational movement is
piich or yaw.

11. The positioning system of claim 9 in which the second translation stage
comprises a fourth displacement sensor in communicarion with the fast positioner driver
and coupled 10 move with the second translation stage in a plane including the second axis,

AMZNDED SHEET.
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displacement sensors being capable of acquiring fourth information concerning their relative
distances from the respective fourth and second reference surfaces and conveying the fourth
information to the fast positioner driver to correct for a fourth Abbe error associated with

fourth off-axis or rotational movement of the second translation stage.

12. The positioning system of claim 9 in which the fourth rotational movement is

- rolls

13. The positioning system of claim 1 in which the displacement sensors comprise
capacitive sensors.

14. The positioning system of claim 1 in which the displacement sensors are
capable of discerning relative distances as small as 10 nm.

| 15. The positioning system of claim 1 in which the displacement sensors are
capable of measuring relative distances as large as 50 ym. |
~16. The positioning system of claim 1 in which the tool is a laser beam.

17. The positioning system of claim 1 in which the displacement sensors are in
communication with the positioning signal processor for adjustment at the positioning signal
processor of the fast movement-controlling signal based on the information acquired by the

displacement sensors, to thereby achieve real time compensation for the abbe error.

18. A positioning system for positioning a laser beam relative to a target location
on a workpiece in response to a positioning command, comprising:

a first positioner effecting a large range of relative movement between the laser
beam and the workpiece, the first positioner including a first translation stage capable of
supporting the workpiece in a plane and moving generally along a first axis;

a fixed optical head including a fixed optical path directed at, and transverse to, the

= plane of the workpiece; = . e
~ asecond positioner effecting a large range of relative movement between the laser

beam and the workpiece, the second positioner including a second translation stage capable
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a positioning signal processor deriving from the positioning command movement-
controlling signals;
first and second positioner drivers conrrolling the large range of relative movement
of the respective first and second translation stages in response to the movement-controlling
signals; .
a pair of spaccd-apart first displacement sensors in communication with the
positioner driver and coupled to move with the first ranslation stage along the firsy axis;

. . and

g a first reference surface positioned in proximity 1o the first iranslation stage and
 parallel to the first axis, the first wanslation stage being capable of moving along the first
reference surface and the first displacement sensors being capable of acquiring information
conccrmng_thexr relative distances from the first reference surface and conveyingvme
information 1o the positioner driver to correct for an Abbe error associated with off-axis or
rotational movement of the first translation stage,
19. The positioning system of claim 18 in which the rotational movement is yaw,
20. The positioning system of claim 18 in which: _
the anslation srage is a first translation stage thar supports a workpiece;
the slow positioner further comprises a second rranslation stage capable of moving
. along a second axis that is transverse 1o the first axis; and
the fast positioner is mounted on the second wanslation stage.
21. The positioning system of claim 20 in which first and second translation stages
carry respective first and second inertial masses.
22. The positioning system of claim 20 in which the fast positioner is 3 first fast
positioner, and in which the second translation stage supports a second fast positioner.
23. The positioning system of claim 20 in which mulriple workpieces are mounted
on the first trénslmion stage.
24. The positioning system of claim 20 in which the second translation stage
comprises a second pair of spaced-apart displacement sensors in communication with the
fast positioner driver and coupled to move with the second translation stage along the
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- driver, andeh:chatbxrdrcfcrencesurfacezspositionedinproxmmymthe secoud
wanslation stage, parallel to the second axis, and transverse 1o the second reference surface,
the second translation stage being capable of moving along the third reference surface and -
the third displacement sensors being capable of acquiring third information concerning their
relative distances from the third reference surface and conveying the third information to
the fast positioner driver to correct for a third Abbe error associated with third off-axis .
movement of the second translation stage. -

- 27. The positioning system of claim 26 in which the third rotational movement is

D piich or yaw.

28. The positioning system of claim 26 in which the second ranslation stage

comprises a fourth displacement sensor coupled 10 move with the second translation stage in
a plane including the second axis and in communication with the fast posttioner driver, and
in which a fourth reference surface is positioned in proximity to the second translation
stage, paralle] to the second axis, and in a second plane generally including the second
reference surface, the second translation stage being capable of moving along the fourth
reference surface and the fourth displacement sensor in cooperation with one of the second
displacement sensors being capable of acquiring fourth information concerning their relative
distances from the respective fouﬁh and second reference surfaces and conveying the fourth
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-axis movement 0! the seco translarion stagc _
29. The positioning system of claim 28 in which the fourth rotational movement is

roll.

30. The positioning systun of claim 18 in which the d:splacanm sensors comprise
capacitive sensors.

31. The positioning system of claim 18 in which the displacement sensors discern
relative distances as small as 10 nm. , _

32. The posirioning system of claim 18 in which the displacement sensors measure

— relative distances as large as 50 pm.

33. The positioning system of claim 18 in which the displacement sensors arc in
communicarion with the positioning signal processor for adjustment at the positioning signal
processor of the fast movement-controlling signal based on the information acquired by the .
displacement sensors, 10 thereby achiove real time compensation for the abbe error.

34. A method for positioning laser output relative o a target location on a
workpiece, comprising: , :

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

controlling with a slow positioner driver a large range of relative movement of a
ranslation stage, generally along an axis and along a reference surface positioned in

\/ proximity 10 the translation stage and paralle] to the axis, in response to the slow

movement-controlling signal;

controlling with a fast positioner driver a small range of relarive movement of a fast
positioner in response to the fast movement-controlling signal;

effecting the large range of relative movement between the laser output and the
workpiece on the translation Stége; |

acquiring, with a pair of spaced-apart displacement sensors coupled 10 move with
the translation stage along the axis, information concerning their relative distances from the
reference surface;

convéying the information from the displacement sensors 1o the fast positioner
driver;
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axis or rotational movement of the translation stage; and o

generating laser output to impinge the warger location on the workpiece.

35. The method of claim 34 in which the rotational movement is yaw.

36. The method of claim 35 in which:

the translation stage is a first translation stage that supports a workpiece;

the slow positioner further comprises a second translation stage capable ofmovmg
along a second axis that is transverse 1o the first axis; and }

: thefastposmonetismoumedontheseoondtmzslaﬁonmge.' o
37, Themcmmofclaim36inwhichﬁrstandsccondtranslaﬁonsmgcscarry
- respective first and second inertial masses. ” RIS
- 38. The method of claim 36 in which the fast positioner is a first fast posirioner,
and in which the second translation stage supports a second fast positioner.

39. The method of claim 36 in which multiple workpieces are mounted on the first
translation stage.

40. The method of claim 36 in which the second translation stage comprises a
second pair of spaced-apart displacement sensors in communication with the fast positioner
driver and coupled t0 move with the second translation stage along the second axis, andin
which a second reference surface is positioned in proximity to the second transiation stage
and parallel 1o the second axis, the second wanslation stage being capable of moving along
the second reference surface and the second displacement sensors being capable of
acquiring second informarion concerning their relative distances from the second reference
surface and conveying the second informarion to the fast positioner driver to correct for a
second Abbe error associated with second off-axis or rotational movement of the second

translarion stage.

41. The method of claim 40 in which the second rorational movement is pitch or
yaw., ,
42. The method of claim 40 in which the second translation stage comprises a third
pair of spaced-apart displacement sensors in communication with the fast positioner driver
and coupled to move with the second translation stage along the second axis, and in which a
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. The mcthod of claim 34 in which the conveying ofthe information from the

displacement sensors to the fast posirioner driver includes receipt of rhe information at the
positioning signal processor and adjustment at the positioning signal processor of the fast
movement-controlling signal based on the received information, to thereby achieve real
time compensation for the abbe error.
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q #$%& () *+, - . 3 pnir of spaced-apart displacement sensors positioned in proximity to the reference
surface, themovcmcntofthetranslauonsxagecausmgthcpairofsensorsmmovealongthc
- reference surface, the displacement sensors being capable of sensing their respective
- distances from the reference surface, and the fastpomonerdrivcrbemgresponswetothc
displacement sensors by adjusting the position of the tool relative 1o the workpiece based on
the distances sensed by the displacement sensors, toghereby compensate for an abbé érror -
associared with off-axis or rotational movement of the translarion stage.
51. The positioning system of claim 50 in which the to0) includes a laser beam.
52. The positioning system of claim 50 in which:
the translation stage is a first translation stage that supports the workpiece;
the slow positioner further comprises a second translation stage capable of moving

BEEN
oS along a second axis that is transverse of the first axis; and
the fast positioner is supported on the second translation stage for movement
therewith, ‘

53. The positioning system of claim 52 in which the fast positioner includes
nmltiple fast positioners in operative associarion with multiple tools for effecting movement
of the tools relative to one or more workpicces supported on the first translation stage.

54. The positioning system of claim 52 further comprising:

a second reference surface; and

a second pair of spaced-apart displacement sensors positioned in proximiry 1o the
second reference surface, the movement of the second translarion stage causing the second
pair of sensors to move along the second reference surface, the second displacement
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