METHODS FOR PROCESSING HOLES BY MOVING PRECISELY TIMED LASER PULSES IN
CIRCULAR AND SPIRAL TRAJECTORIES Technical Field [0001] The technical field relates to lasers
and more particularly to methods for employing laser beams to rapidly process holes in various
specimen materials. Background Information [0002] Electronic circuitry continues to grow in
complexity while simultaneously shrinking in size and cost. The resulting circuit density increase has
placed large demands on production throughput of high-density integrated circuits, hybrid circuits,
and ECBs. [0003] Prior workers have employed ganged mechanical drills and punches to process
holes in ECBs, but the diameters of the holes are larger than new hole diameter requirements dictate.
Moreover, mechanical drilling methods have been slow, prone to tool breakage, and limited to drilling
so-called "through" holes. [0004] More recently, laser-based drilling methods have evolved that
enable processing each second hundreds of very small holes (referred to as "microvias"” or "vias")
that often terminate on conductor layers within the ECBs. [0005] For some drilling applications, a
Gaussian distributed laser beam is used to process the material, and this beam has a diameter
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Prior workers have laser-drilled holes with so-called "trepan” and "spiral" motion patterns, which are
commonly referred td eshitaeds Figlepan processing starts at the center of the hole, then moves
rapidly to thiyole PerSelAndshs e Ream (ora Pragrammed imbes o epsilionsiground the
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drilling methods present at least the nine
demands on production throughput of high-density integrated circuits, hybrid circuits,
and ECBs.

[0003] Prior workers have employed ganged mechanical drills and punches to
process holes in ECBs, but the diameters of the holes are larger than new hole
diameter requirements dictate. Moreover, mechanical drilling methods have been
slow, prone to tool breakage, and limited to drilling so-called “through” holes.
[0004] More recently, laser-based drilling methods have evolved that enable
processing each second hundreds of very small holes (referred to as “microvias” or
“vias”) that often terminate on conductor layers within the ECBs.

[0005] For some drilling applications, a Gaussian distributed laser beam is used
to process the material, and this beam has a diameter significantly smaller than the
diameters of the holes being drilled. Therefore, the laser beam must be moved to
either excise the hole or ablate its entire area. The types of motion and constraints
on the motion directly impact the time taken to drill a hole, and hence the laser
system throughput.

[0006] Prior workers have laser-drilled holes with so-called “trepan” and “spiral”
motion patterns, which are commonly referred to as “tools.” Trepan processing
starts at the center of the hole, then moves rapidly to the hole perimeter and spins

the beam for a programmed number of repetitions around the perimeter before



[0008] 1. Prior tool patterns cause undue acceleration limits on positioner systems. Prior art
trepanning entails moving the laser beam in a circular motion around the perimeter of the hole being
processed. Skilled workers know that the radial acceleration of circular motion is equal to v2/R, where
v is the tool velocity, and R is the radius of the circular motion. After positioning the tool to the center

of the holee{eRmgyVagiinPISeRRemeANdRiial provesnsmenioat innskinry BT Shamemsh manner

between the center of the hole and the start of circular motion to limit the tool acceleration and jerk

(rate-of-chEIRYEDf ALY RGN HIBRS S tRERSRING) AL SR BRISIIBATERIIR by the initial move
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motion axis requiring the double acceleration is the same axis execut{r%aI a half-time duration
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acceleration and jerk (rate-of-change of acceleration). With prior art trepanning, the

acceleration required by the initial move segment is 2v*/R, which is twice the

acceleration required for the circular motion. Moreover, the motion axis requiring the

double acceleration is the same axis executing a half-time duration acceleration

pulse, resulting in a jerk profile four-times greater than circular motion requires. The

laser beam positioning system acceleration is limited because twice the motor

current is demanded at twice the servo frequency.

[0009] 2. Prior spiral tool patterns are limited to outward spiraling, which limits

the types of material that can be processed.

[0010] 3. Prior trepan and spiral tools require time-wasting multiple steps for

processing a hole with both spiral and repeated perimeter motions. Executing

multiple steps requires the beam positioner to perform a generic move algorithm that

requires at least two acceleration pulses to move the tool back to the center of the

hole between steps.

[0011] 4. If beam positioner settling time is required for recovering from a high

acceleration, high velocity move from a prior hole, the settling time is implemented

by a constant tool velocity move to the next hole target location, which limits the



the beam moves from the center of the hole to the perimeter, and back again. [0015] 8. Prior spiral
and trepan tools do not synchronize the timing of laser triggering signals with beam positioner motion,
which causes an omission of a first hole processing pulse because typical Q-switched lasers do not
generate a first pulse on command. [0016] 9. Prior trepan tool patterns used for drilling holes with

multiple repesitignie Béne HesimeIer rAvhoinriiadE OTHimReSH PateRsSI8MyARicantwifeRerimeter, and

thereby cause uneven removal of material. [0017] What is still needed, therefore, are lower cost,

higher thr&TGRIENAGRIRELBRIBESSAGHREHTHREHEINRY R00l patterns that produce smaller, high-

quality holpyonzg vargtyrekvpihnicaedoatriiptstaetree/ tduphioaayar B tadaniisgttiogs material,
whether ri%id or flexible, copeer-clad or exposed, fiber reinforced, or homogeneous resin dielectric.

The work aiiqrehal IR SiPRANRIRIG AR RABSHSING HRAUSTICYn WIISRUSES RN as those

employed irpeminanaueiPredpviees wiHnaciafdRedinventiondiea Eeymeabject is, therefore, to
provide a method of starting and ending circular drijll motions with SE_ecifiable beam positioner
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uniform removal of hole E&'&erial. e,léoo 1] Still a?é)ther,ob'ect is to providg method for controlling
laser firing® PEHBARY FHRIAGHE TP B¥ R FrARg Rt RBRIRCH 8 BELA N PRI object is to

provide a megfhipgsfen syashipoizinse|asstidiipa s taretianydoplaesiiensoma Meekpieaada023] The
following embodiments generate tool pattern movement commands for operating a laser beam
positionerrfr’fﬁ3 'rofi‘ﬁﬂng associated laser firing commands. The following aspects are identified by

numbers (@0 143tch thePrightegsaideidifyiitethe anijesaosdingavebiems sal Horhaddoye This
background information. [0024] 1. Preferred toal patterns reduce beam positioner. acceleration and
ok problUR RO EBH G B ESEEA GOS0 LIS S SR B PUREFOTL b i BolR approach
movementhe ieam segue ol eneeddatar o ¢k selgre e iesrian Sleiatior driekl dgaine-half of the
o S B 90, P 7 B rpan 16018 to ot SYRCATON 28 the Bring of [5sar M1eh 1658

triggering signals with beam positioner motion, which causes an omission of a first

hole processing pulse because typical Q-switched lasers do not generate a first

pulse on command.

[0016] 9. Prior trepan tool patterns used for drilling holes with multiple repetitions

at the perimeter, substantially overlap laser pulses around the hole perimeter, and

thereby cause uneven removal of material.

[0017] What is still needed, therefore, are lower cost, higher throughput

workpiece processing machines having tool patterns that produce smaller, high-

quality holes in a variety of workpiece materials, such as virtually any printed wiring

board material, whether rigid or flexible, copper-clad or exposed, fiber reinforced, or

homogeneous resin dielectric. The workpiece materials may also include ceramic

substrates and silicon substrates, such as those employed in semiconductor

devices.

Summary of the Invention

[0018] An object is, therefore, to provide a method of starting and ending circular
drill motions with specifiable beam positioner accelerations.

[0019] Another object is to provide a method for generating various new tool
patterns.

[0020] A further object is to provide a method for adjusting tool pattern

parameters for achieving uniform removal of hole material.
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the tool velocity is constrained by the square root of available acceleration, this hole approaching
method allows tool velocity to be increased by 41 %, unless constrained by other factors. The removal
of high acceleration from the dt/2 segment also allows the maximum circular oscillatory frequency to
be increased while maintaining hole drilling quality. The ratio of the dt/2 segment acceleration to

circular acgsgergfion suhemoiHbnaiscdeines B Adaciomatfsaads barraned ssinilimdrole position
moves toward the center of the hole, with a =2 representing the prior art startup position. For a =0, the

dt/2 segmERLRERS RO A AURING dos RBTRITIHNAY YUERIBERRTOBRIENE: The tool patterns support outward
spiraling, ifoee®] spiraipanaite copjbbies oUsvsvid @adhard riisitthrahienrsiieersitiiguivitning

laser pulsing off between move segments. Inward spiraling is often better for processing glass

reinforced FAEHAI08LRRSILANS AR A HRHKBI R glass reinforced etched-circuit board material. [0026]

3. The too[p@2BTNs Jaitg¥REUWIASRIFFHETIEREEH AarENBEIABEA Aty dimerkibelamiardyithout
turning off laser pulsing. [0027] 4. Positioner settling time is user programmable and is spent by the

beam poditbRBFIAINAF RS el LERAMIAR BPRRE ARHINIID NG ASEOCEIBE H3eUERE, which tracing
does not ligghthtaheaMmrsidnoilie dsgelia2fbSdéhefirbayp tlasede drratiaghnesimprovement

also causes settling.to occur while the beam positioner is oscillating, so transients from sjewing to
oscillatory THERF S SLHEININGE R GAHRRRAAIING RIAREIRS. 58051 B 2R RYG G5 B%‘f?éq ploy an

improved meshedfiohhandling multiple repetitions of the tools. Rather than ending a circular motion

ith ' t up the next repetition, this method majntains the oscillation with a 90
degree pHEUZ HitordncE GG TRLHUGEET 468 SR PRS LR TRGG-Bel ST R e crcular

motion to geobkAsYiaphecaciasegedbtdticaiondmasiiusites thstidciite eotn e tragiioD wfitige next
tool repetition is reached. The prior method required a laser-off time between repetitions equal to
one-quartPRERRSHRIGAIYREGRINg THRYE SEHBHER. BIRY S ERE MK ANBCBIUIBHE quarter the

revolution doratifrikyuzxbrenetiiwinofl thie BieshiRg seguivest AlurnriraprERggartgorevolution time of
the initial repetition, plus_a minimum drill time (drill-Tmin),.plus a ope-quarter revolution time of the
noxt to0! EGERIEA T PR TR AUBE Y S DB SR B SR B
motion employed! Métseny s, cuhetrdireedrisyythogquedrtheodteot aepabincascléravgncasofiess from the
o R I Do SR dte g o

by other factors. The removal of high acceleration from the dt/2 segment also allows

the maximum circular oscillatory frequency to be increased while maintaining hole

drilling quality. The ratio of the dt/2 segment acceleration to circular acceleration

when drilling is defined as a factor a. As a is increased, the initial hole position

moves toward the center of the hole, with a =2 representing the prior art startup

position. For a =0, the dt/2 segment has the preferred zero relative acceleration.

[0025] 2. The tool patterns support outward spiraling, inward spiraling, and

combined outward and inward spiraling, all executed without turning laser pulsing off

between move segments. Inward spiraling is often better for processing glass

reinforced materials, such as nonhomogeneous glass reinforced etched-circuit board

material.

[0026] 3. The tool patterns can execute spiral and repeated perimeter processing

in a single step without turning off laser pulsing.

[0027] 4. Positioner settling time is user programmable and is spent by the beam

positioner tracing the circular path of the initial hole diameter to be processed, which

tracing does not limit the beam positioner field.



[0030] 7. When the tool patterns are used in a circle-at-perimeter-only mode, no laser pulses are
placed inside the perimeter path, which eliminates the prior problems of unevenly distributed laser
energy. [0031] 8. A beam positioner and laser synchronization method schedules laser firing signals
for firing a first laser pulse before the beam positioner reaches the target hole location, so that the

second lageopeise, Whithésdheve ddudapastatinditadelangrovbeietiereeanta/setlrrpto

commanded thereafter are delivered to the. worKPiepe. This method further includes a "fractional laser

delay” parQRRAEMMNS EeRRRAT PRSHRNRAIESRETIRERRSHIENSRIMSIPA RIBIRPHR: laser on in the

middle of ggcarasl§raiRbResBepeledRlify TamirahpatiRaresypRRrt an "incremental bite size”
distribution ofagulses on the hole perimeter t?lat account for how ma%tool revolutions (repetitions)

are execut@2Plhe FerifigdPOr RIS MER ML 3RLE RSO REBAHSR NI RA N HILRIF around the
hole perimeigetifibRdnsraiaantns bikasins maritriimrpdhe-distanastislPnaihe gensreteidheiwesen the

first pulses delivered in the first and second revolutions, (re{)etition of the tool. The incremental bite

size meth® bHOVBE S £eRRBHORARIR BIHOSh T BHRAl ST VafoRRG YA LR MtN AN E Dite size to
equal the fsgychifigfsien ciVidad dontiecboshfieriartscvoltitinns GEnesEppe)sifg33ivglditional

aspects and advantages of this invention will be apparent from the following detailed description of
preferred GARRRALANBIRCHOGH SR SCTUTHE WIS LB 6y § SRR E R R oo AR OB AT
Descriptiofhef éherocantiten ¢ 34é higxilid ds egsanbriepresendiay I Hespaet aiethaddequrgirpsitions
versus time of aﬁn]ﬁame%ositioner for djr.ectiné; a Iz?eser beam alon%g toolgattern._é(l)jgf)f%t ig. L Bisan
XY plot re%égé' Y BePEWG CBrEREHTIIAG EMLEGRE JH_EFH UG ISR RN ADm the first
set of X- aimitidasjsckieen) preitpgeméricindvé tile3pldddrzidaatgrape repseotingne efanad set of
X- and Y-axis positions Vil: us time of a beam positioner for directiné; a Iagﬁ{r beam aloniea tool
pattern. [GP3FTRRFIBIMS JMRVISHGR RIS IO Sha N AURRCL A VAL AR TR  beam
motions reipitidngelseritidre prepadmatnodX-diittiexisriicrminppiiens ohd=igudfer] 0OARLFim 3 is an
XY plot reﬁresen‘tin% an circulﬁr too{. atter .(rilenera?d" a. laser beﬁim é)%sitioning.method. [0039]
Fig. 4 is an'R¥ Bt el el LARHE BRIS b BT S8 b LS e e 1§ 98R€lCdBR¥ e positioning
method. Tmin because of the small motion employed. Moreover, when the entry angle of the

next repetition is 180-degrees offset from the exit angle of the initial repetition, the

required laser-off time is only one-quarter the revolution time of the initial repetition

plus one-quarter the revolution time of the next repetition.

[0030] 7. When the tool patterns are used in a circle-at-perimeter-only mode, no

laser pulses are placed inside the perimeter path, which eliminates the prior

problems of unevenly distributed laser energy.

[0031] 8. A beam positioner and laser synchronization method schedules laser

firing signals for firing a first laser pulse before the beam positioner reaches the

target hole location, so that the second laser pulse, which is the first pulse actually

fired, lands where desired and all pulses commanded thereafter are delivered to the

workpiece. This method further includes a “fractional laser delay” parameter that is

added into the half-sine profiler parameter set for turning the laser on in the middle of

an acceleration segment.

[0032] 9. The tool patterns support an “incremental bite size” distribution of

pulses on the hole perimeter that account for how many tool revolutions (repetitions)

are executed at the perimeter. This optimizes the laser pulse distribution evenly and

finely around the hole perimeter. The incremental bite size is defined as the distance

along the perimeter between the first pulses delivered in the first and second

revolutions (repetitions) of the tool. The incremental bite size method provides for
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[0040] Fig. 5 is an XY plot representing an inward spiral tool pattern generated by a laser beam
positioning method. [0041] Fig. 6 is an XY plot representing an inward and outward spiral tool pattern
generated by a laser beam positioning method. [0042] Fig. 7 is an XY plot representing two repetitions
of an outward spiral tool pattern generated by a laser beam positioning method. [0043] Fig. 8 is a

photograpalﬁbﬁrfauaaw%@qaatﬁwgtﬂﬁ@@b@vvéubbm@ wigt i fesErfontd Bidtinke renegtiantef a prior

a very small incremental bite size. [0044] Fig. 9 is a photograph of a

art trepan tool pattern em in
high-qualitFee&HiE é%é)%{ﬁ‘ag OiatBFoREERR O %I{H%[ﬁﬂ'ﬁ’é‘quét‘fﬁ)?l@@P&%?fCU|al’ tool pattern

employing[e03B¢remesiibiEl sigee60aRA HHAEARIGRBGST id invuHEeH RS @ appRAshITRYAed. [0045]
Fig. 10 is an XY Iot representing a V|a yrocessed by five repetitions of a prior art trepan tool pattern

employing Eepf% WG SRIRIS: eé‘{ﬂ@ BT LRSI e KPRABIMERSsUHtiAY Brogesttedded by five
repetltlonsr@f@eﬁkfgq@m@oé@aﬁﬁrfaﬁmpéowag,mgglculated tool velocity. [0047] Fig. 12 is an XY plot
representing laser pul se unevenly dlstrlbuted around the perimeter of hole by two repetitions of a
prior art trepan tool pFets D BRI RPNIEG 5ot representing laser pulses evenly distributed

around thpopgdmeterigf |11A|¢sba/ @mpwmr@@aﬁmﬁ@ gifesiacios Ratam eadvposshs Ratalize
Perimeter Pulse Overlap" method. £OO4%H%% 1l4is a 5|mpI|f|ed lectrical Iock diagram representing

register stilEEE OSATMAGUCRESHRH IH9PHB56E P ONYFSEPERRIGEA and 158 are

electrical vyog88]rm lmgnsuBil@%amyrpmewbﬁgntwmlmmrmmmd ane@dm@rﬁamﬂg
relationships for f|r Iase ses S;u&1 ortln aboveé? hodé \£0051] Fig. 16 is.an electrical
@iﬁﬁw

waveform Eﬁ |§se Bé?r#ﬁ @tmﬂﬁ)%rﬂ ands,

various syEligm1 ¢elays and the laser beam pulsmg Detailed Description of Preferred Embodiments
[0052] As back round information section, to achieyve hi eed, accurate
posttaning Ol B heer ot A BERN ERIERRTIR A SRR, QMR P BRI e of
acceleratl%réﬂ@rwvél@f amqrmmfmfeﬁdﬂf@auww@genb@@mmtb@ﬁrtbglqjaﬁtmﬁ

interconn s Ho e sudden angular change at each i nterconnectlon produced
nacoeptal e s S MR S RIS b a7 and exi Searmer

laser beam motlons resulting from the second set of X- and Y-axis beam positions of

Fig. 2A.

[0038] Fig. 3 is an XY plot representing an circular tool pattern generated by a
laser beam positioning method.

[0039] Fig. 4 is an XY plot representing an outward spiral tool pattern generated
by a laser beam positioning method.

[0040] Fig. 5is an XY plot representing an inward spiral tool pattern generated by
a laser beam positioning method.

[0041] Fig. 6 is an XY plot representing an inward and outward spiral tool pattern
generated by a laser beam positioning method.

[0042] Fig. 7 is an XY plot representing two repetitions of an outward spiral tool
pattern generated by a laser beam positioning method.

[0043] Fig. 8 is a photograph of an unacceptable etched-circuit board via
processed with multiple repetitions of a prior art trepan tool pattern employing a very
small incremental bite size.

[0044] Fig. 9 is a photograph of a high-quality etched-circuit board via processed
with multiple repetitions of a circular tool pattern employing an incremental bite size
chosen in accordance with a pulsed laser emission method.

[0045] Fig. 10 is an XY plot representing a via processed by five repetitions of a

prior art trepan tool pattern employing a prior art tool velocity.
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[0053] Circular motion is fundamental in hole drilling applications, so employing sinusoidal positioner
driving waveforms is preferred. In particular, preferred positioner driving waveforms employ
half-sine-shaped acceleration segments that start and stop at a zero acceleration point. Each
acceleration segment has a period TMIN that is the shortest non-zero acceleration half-sine segment
within the [pog@pratipiycanability Rt PRsHiesenav§tariapcReyssPBitioaeeRIRIACST Rroblems.
[0054] As shown in Figs. 1A and 2A, circular motion is achieved by driving the orthogonal axes of a

positioner A RHIPbPaEsR srarpKin & ARlH IR L8R eIRS R Forms. For example, to form one
complete qoolg7tarting froona K03 gee repies anehe MseXpurse s whdgshiydwaibategiagound
acceleration segments, and the Y- axis is driven by three 90-degree phase shifted half-sine segments.
The X-axid MBS MRLPT SLGNEHRY, MRFPRSHH ASHTiR RIRS Bk ERRANRR BBt € arating hole
processinggoag]movEgers Reaneey priersoaisenting0asdAplirstasnesipbisisibneatnaimdherefore,
a method of starting and endglr%;/:ircular too] patterns with specifiable beam positioner accelerations

on the dt/dSRMIEMRLCHRHHRETY INQISPRSIRIS i TGHEr RRIP A RIR QW phase-shifted

sinusoidalvpgtianeavefpnete (e isyiy drryyearstpeditioner X and Y axes. Generating the 90-degree

phase shiff entails inserting a half-sine segment. info one of the axes (which one depends on the tool
battorn entPATb1e) Gt 0 RS BPIES B Hicel B CRSIR fAIER S RGO Ee phase-shited

segrr;ent istrirgieéereorafemnag %na%tnﬁadb%gqlﬁ@apb\késmééﬁaaffpheci.fy th;abdt/Z segment
acceleration zerq to tyice t ular acceleration to trade off the jnitial beam positign vs.
cccloratN9B0Tiredt Horald NG SOEELP AUGHEVAlaY o Ot ST A 2R IEPIEBRHe circular
perimeter psgeiRtativnofna neisasiatictive imtiajrertiaesitniorditsgiiaseoptaitssthe perimeter
of circular motion toward the center of the hole to be processed, but the resulting acceleration also
increasesﬁ‘—"&rp%{t!’iqz & BHBP’%I‘E“& ‘motion and acceleration is produced. For a =0, the dt/2
segment hggpB1]referigd 7@ anasitealian velatverto tineind cidaramimoviitpbhfigs. 1 and 2 illustrate
the beam olsitioner.motion for ﬁiiffer%nt values.of a. The value (gf a can be s>%$cifie E?ifferentfl?/ for the
starting and @AM (RAUBGAR RS 18687 PRREIGNAE 0T BIANdR YHIQUSVSISILIR PRI 10 and
Y-axis positionssd2beasupiigiagf a beam positioner (not shown) for directing a laser beam axis
along a tool pattern he . 3 at a starting location 16 (shown as a dot),
HHEH e S EgIRERIDERhown in dashed lines), an exit
segment ZD052] an Asdignhtimasio mhddaskgrasiad information section, to achieve high-

speed, accurate positioning of a laser beam, positioner systems must control jerk,

which is the rate of change of acceleration. Many prior positioner systems effected
circular motion with a string of short interconnected linear moves. However, the
sudden angular change at each interconnection produced unacceptably large jerks
that limited speed and positioning accuracy.

[0053] Circular motion is fundamental in hole drilling applications, so employing
sinusoidal positioner driving waveforms is preferred. In particular, preferred
positioner driving waveforms employ half-sine-shaped acceleration segments that
start and stop at a zero acceleration point. Each acceleration segment has a period
Twmin that is the shortest non-zero acceleration half-sine segment within the
acceleration capability of the positioner system and avoids positioner resonance
problems.

[0054] As shown in Figs. 1A and 2A, circular motion is achieved by driving the
orthogonal axes of a positioner with a pair of 90-degree phase shifted sinusoidal
waveforms. For example, to form one complete circle starting from a 90-degree
entry angle, the X-axis is driven by two half-sine acceleration segments, and the Y-
axis is driven by three 90-degree phase shifted half-sine segments. The X-axis has
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dot), which is also a center 25 of circular segment 20. Circular segment 20 has a diameter D,
corresponds to the perimeter or periphery of a hole to be processed, and can have other than a
360-degree extent. In this example, entry segment 18 has a set to zero, and exit segment 22 has a
set to two. Therefore, the acceleration of entry segment 18 is zero (constant velocity), which is

preferred, fithaagerinratintenterdb SROBIRRAL aRdTiicedrecrtseleralignaf it Higtesegment 20.

[0058] Figs. 2A and 2B show a second set of X-axis positions 30 and Y-axis positions 32 versus time

of the beaRT PRI RININRXERLINIRE HL AR IASaHMIR) a tool pattern beam path 34. Beam path
34 starts HosEYtincnfestiaspaet e Reat)isiNGEEEs @) &Rt dvesapth g 369-degree

circular segment 40 8 (shown in dashed lines), an exit segment 42, and an ending location 44 (shown

as a dot). 399 EXEHIBIOOh R Rign At BERREale REURLFHHARGE SegRIErRUP RN et to 0.5.
Therefore dhie ssgrieraiorPeb eI FeoaAAt AbipMermamegentiatingae|eartionoot gigusar segment

20, and the acceleration of exitigs{ggment 22 is one- half the acceleration of circular segment 20. [0059]

The tool pREEHEEHIRESERRG G, MO WRYPIX TSP sagHTn 18 HSAM RASLANK ApRiekit
segments s5u) Gt SRTinest 9E-0b greesriseolesie mineansedigtarRikrirredag Aiegating a laser

beam axis along a pathway that links together the ending location of a previous hole and the starting
(oeation o BAGHENNG K KA Qe LSRR A S SAE B RO GG VK to be
incregsed @@J@rll'#% éf}ﬁélmﬂﬂ% G@W&rwlhmﬁ@timewﬁefﬁgﬁmr% prrprdAsRestsigisnnvention
provides a method. for generati alf- sine parameters, such as X- and Y-axis itions 10, 12, 30,
D 3 of GRS 1S TIBF ARG I SCOTOET baBRTS LM NS SaPrANAT are
described agibleeigiemneoto 2ckaiainissienkepiiestataiioriet e nventas afidiseusitall arsoniated
figures illustrating features of the tool patterns, Matlab is a model-based desi imulation program
that 1 avalOIET ot T BHRUOB RN ANl HEHEC A DRI B9 H enerating the
move segregiiscatsatdelénatioAppenslixirbu [@0pélifgts? sbovlerativiculAstads patretssa,ghoerated by
the method..Circular tool pattern 50 is employed, for excising holes in a material by cutting around a
periphery S PRATOIRISLING BIOVESERMAHES CEABoR Y Thictodh BLrdrarelien RUEE Wb cessed
with referesmetée oielre eslef toiadiprodegyban bivine eedinting adse vlatitnthld dhct¥asés afdrY axes
are orlented,=n%e ectively att 0, 90, 180,.and 270 deeqrees. 0.062|]08|rcul rl._ooorl &)gtée[[ﬂ e5gt|)}cludes an

entry segnieit: %Qxﬂﬂbaa{s?g?fﬁ% motion and acceleration is produced.
segment has a preferred zero acceleration relative to the circular motion.

[0056] Figs. 1 and 2 illustrate the beam positioner motion for different values of a.
The value of a can be specified differently for the starting and ending dt/2 segments.
[0057] Figs. 1A and 1B show a first set of X-axis positions 10 and Y-axis positions
12 versus time of a beam positioner (not shown) for directing a laser beam axis
along a tool pattern beam path 14. Beam path 14 starts at a starting location 16
(shown as a dot), includes an entry segment 18, a 360-degree circular segment 20
(shown in dashed lines), an exit segment 22, and an ending location 24 (shown as a
dot), which is also a center 25 of circular segment 20. Circular segment 20 has a
diameter D, corresponds to the perimeter or periphery of a hole to be processed, and
can have other than a 360-degree extent. In this example, entry segment 18 has a
set to zero, and exit segment 22 has a set to two. Therefore, the acceleration of
entry segment 18 is zero (constant velocity), which is preferred, but the acceleration
of exit segment 22 is twice the acceleration of circular segment 20.

[0058] Figs. 2A and 2B show a second set of X-axis positions 30 and Y-axis
positions 32 versus time of the beam positioner for directing the laser beam axis
along a tool pattern beam path 34. Beam path 34 starts at a starting location 36
(shown as a dot), includes an entry segment 38, a 360-degree circular segment 40
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location 54 at 270-degrees and an entry location 56 at O-degrees, where laser pulses 58 are initiated.
In this example, the hole being processed has a 125 pm diameter, and laser pulses 58 have a 20 pm
effective spot size. A 10.25 pm laser bite size results in 33 of laser pulses 58 being distributed within

periphery 51 during a single 360-degree repetition of tool pattern 50 starting and ending at entry

location SGsHeABR P HESRRBIiR UEICE:XHsRpMnN PALRRA 2R KAGING RILSNSEaaMaBLR 42 an

ending locatign 62 at 90-degrees. 9 [0063] Skilled workers will recognize that the an%ular locations of

entry and 890 sEyE-EX@PRIG B SRUBANIRS I DAS NSNS Bt S88ERh§e 888 may

be offset ahsiubtioesX FREr¥ferEKeRRBEIBERABANS ERlR{VEI9PRINBRAE BHESAREL Sidhseguent holes to
be processed. For example, entry segment 52 maP/ start and end at 0- and 90-degrees and, therefore,

exit segmAHEIPFRNPR AT CHRHIBhESABBN AR AR dagRRASIRIBHAN R XL I SSEERRINEA 218N %ind hole

parametergAsgasiated eilitpobpaiicumrastneledeamtool velocity of 717 mm/sec, a laser pulse
repetition fre((ﬁgeﬁcy ﬁ%}RF") of 70 KHz, a positioner maximum acceleration of 1,000 Gs, a via drilling
c,a

time of 0.4P A4 PRHEIH MBI GRNLFBOMARIS, SEURRGTHY REIMANR VB @b cessing

rate of 85338iagirPeniPRAPEKitGs<hRNENYS, B chIwssispEghieat patteAnsédaeberRE y the method.
Outward spiral tool Eattern 70 is employed for drilling holes in a material by ablating material from

center 25 RIGGG SSEQ-AIRLLTBRIAGS QY SLETNY fEFIF PR XBREISA REYANBKIAREINEPeach hole
being procesrade averd isigakian matterprélidnelndes anenhs\ssatmsg ioalibavng astarting

location 74 at 270-degrees and an entry location 7 0-degrees, where laser pulses 78 are initiated.
it oxalitfo. VHE AOIS ca b SEER T oS AoV LA L 8 have & 20 pr
effective sprirsizseanshad 4ikpoviaserdhitesigeadleenstiaer By tastiqugses 78 distributed during a
single repetitian of tool pattern 70 starting at entry location 76, spirali tward for one 360-degree
Cotation. Al Bkesd AR BLA BE (T {PA RRALD ABDAA SR HegraEC AR pont
laser pulsesnéSpaiaitiened oflich peeXeainavVErBsibshievious|yi praessed 8afidigs. Toblgpritern 70

follows anf it, segment.80 havin astiartin location 82 at 270-degrees to, an ending location 84 at
0 degroes OSEESR RN ORER IR RR I E S g 08 BRIARE EFR aas FREINBHET SRSGRAR exit
segments W rarst&@nepresanviatkielycuerepesspiantiset of tiedaiive atigtesridale veayl be offset about

e X T g O e o R BT G MRS R Rigp s
design simulation program that is available from The MathWorks of Natick,
Massachusetts. The Matlab code for generating the move segments is set forth in
Appendix A.

[0061] Fig. 3 shows a circular tool pattern 50 generated by the method. Circular
tool pattern 50 is employed for excising holes in a material by cutting around a
periphery 51 of the hole being processed. When employing the tool patterns, each
hole is processed with reference to degrees of rotation about an X-Y coordinate axis,
where the +X, +Y, -X, and -Y axes are oriented, respectively at 0, 90, 180, and 270
degrees.

[0062] Circular tool pattern 50 includes an entry segment 52 having a starting
location 54 at 270-degrees and an entry location 56 at 0-degrees, where laser pulses
58 are initiated. In this example, the hole being processed has a 125 um diameter,
and laser pulses 58 have a 20 uym effective spot size. A 10.25 pym laser bite size
results in 33 of laser pulses 58 being distributed within periphery 51 during a single
360-degree repetition of tool pattern 50 starting and ending at entry location 56.
Laser pulses 58 are turned off and tool pattern 50 follows an exit segment 60 to an
ending location 62 at 90-degrees.



and end at 0- and 90-degrees and, therefore, exit segment 80 may start and end at 0- and
90-degrees. [0067] Typical positioner, laser, and hole parameters associated with tool pattern 70
include a tool velocity of 313 mm/sec, a laser PRF of 70 KHz, a positioner maximum acceleration of
1,000 Gs, a via drilling time of 1.27 msec, and a via 10 minimum move time of 0.99 msec, resulting in

a maximuIpUBEprOCESaIed WiRIEh44AViasieRt- d0RBRY e Syshams anihsasi ivbinokrattern 90

generated by the method. Inward spiral tool pattern 90 is employed for drilling holes in a material by

ablating nFEEMENDRARNDRO-ERIeSBRY R IRREFRIP Y EL SV ENAING A B AR MPR%ry 51
toward cemgiofle&tf fasin AREXOaINY PIRes sRbANAEoFPIFY tepitipatiscahielusiesramantry

segment 92 having a startin%lg)cation 94 at 90-degrees and an entry location 96 at 180-degrees,
[

where las§4PSRELEIH BAIEH I RGPTRGRRS &k a Y& HENGSHUN § $I5MLRE MY SBE3H diameter,

and laser puiges 68 ahaveoadd) RIBLHRE! HRBENRIr8iZExiaBEghbAY aUagalthiteapi@enthere@re 273
laser pulses 98 distributed during a single repetition of tool pattern 90 starting at entry location 96,

processind o' 8906 HERSH revolutions (900-degrees) within periphery 51 starting at 180-degrees
and endingomgaegreasicaPpakin v arskin biel 3ol paesarier ks AtRItNEhoiod ghstiegrat

0-degrees,_at.which point laser pulse are turned off. Tool pattern 90 follows an exit ment 100
naving » ST SELACRO T OR B A o 10 S i RS0 i o0 b B (0 ER] Bidled
workers will JgaKHECaPyERithal theantuaniessibeasoel eNinpEO &G & Xt waaimeng Hharnd 4T

represent merely one exemplary set of relative angles that may he offset about the X and Y axes
epening BSF TS GO NG, VST TSR [RSLLRONE BRI B example

entry segnpent&ssmay et 886 enmaiedr0- and Q-degret_—:';, and, therefore, exit segment 100 may
e eRles, e e S R e s S e,
positioner Duaxiandspieteteratianceh 17009 &spryéaidotingditingenoles Imesaraterididyiabmirgium
o L RN e AR T e N
spiral tool teatter ddGosernpliopeddeh didlnodintgprotesseder@lnyatlsianesepattsemizperiphery
o I e A Rl A DS MRS S A TGl R P L ARSIRIAEY Sy vard and

entry location 76 at 0-degrees, where laser pulses 78 are initiated. In this example,

the hole being processed has a 125 ym diameter, and laser pulses 78 have a 20 ym

effective spot size and a 4.47 ym laser bite size. There are 89 laser pulses 78

distributed during a single repetition of tool pattern 70 starting at entry location 76,

spiraling outward for one 360-degree rotation, and processing within periphery 51

from 0-degrees to about 216-degrees, at which point laser pulses 78 are turned off to

prevent overlap with previously processed locations. Tool pattern 70 follows an exit

segment 80 having a starting location 82 at 270-degrees to an ending location 84 at

0-degrees.

[0066]  Skilled workers will again recognize that the angular locations of entry and

exit segments 72 and 80 represent merely one exemplary set of relative angles that

may be offset about the X and Y axes depending on the relative locations of prior

and subsequent holes to be processed. For example, entry segment 72 may start

and end at 0- and 90-degrees and, therefore, exit segment 80 may start and end at

0- and 90-degrees.

[0067] Typical positioner, laser, and hole parameters associated with tool pattern

70 include a tool velocity of 313 mm/sec, a laser PRF of 70 KHz, a positioner

maximum acceleration of 1,000 Gs, a via drilling time of 1.27 msec, and a via
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pattern 110 includes an entry segment 112 having a starting location 114 at 180- degrees and an entry
location 116 at 270-degrees, where laser pulses 118 are initiated. In this example, the hole being
processed has a 125 pm diameter, and 11 laser pulses 118 have a 20 pm effective spot size and a
4.47 pm laser bite size. There are 132 laser pulses 118 distributed during a single repetition of tool

pattern 11QiRlRTUADMAE P UMNMIEGHIRDY Afsdy AGRRAIMY IR ANEXIRTURVA B IS RROFeRSHf wihin
periphery 51 starting at 270-degrees and ending at 0-degrees, spiraling inward for one 360-degree

revolution ¥@#FRFand ending at 0-degrees, processing one-half revolution from 0-degrees to 180

degrees apgoége ceeoiRBaEalR ipREAINDIRIMYBIHRIPNOFRKseRR 15y ehdliorBiaging and

ending at 180-degrees, and processing one-quarter revolution from 180-degrees to 270-degrees

within periBHEAOSPIR ARERBISH 9845 srelversordilingdolestB s praterahan ABan exit
segment 12 {erdnBonsiRstipaderationdag alcariideaiasstioprbgadinglycatintd Aénat O-degrees.

[0072] Skilled workers will again recognize that the angular locations of entry and exit segments 112

and 120 rdpftERBRDMYRVGHE ERBIRPER s &S YE eé’f‘%l@@%%?%‘ﬂay'%\é{%{ﬁs%?iéﬂé he X and Y

axes depepglirgropohadielesyaipeatignseaimeneoanthsiiisadigntiplesdadreoar ¢ ersed gle s3]
Typical positié?cner, laser, and hole parilénget rs associﬂed with tool gattern 110 include ?tooj velocity

of 313 mnfi8&:2 R RIUEY IORAIBNAPIAL] 80 FEAIRFRMRRIG R RUERS AHATEHR ¢ S s MIDIS drilling
time of 1.88xa1aefte Ahe Avle bBINGTHOTEWReR frae aLPmetantemHingdaaenpdveaoga

processing rate of 434 viag/sec. [0074] Fig. 7 shows tyo repetitions of outward spiral togl pattern 70
(o, rep TR OIS0 7RG SRR A TR D tedin TBETE BlovaT ARRE!
halT-sized Iﬁﬂgé§@8&iﬁ@tm e @lgaﬁiugsacslmmé rIBtiaod iegtbaegmmrml @e{)glmﬁmét@m;al frd SPki]ral
tool pattern 70'.is employed for drilling holes in ateri repeatedly ablating material from the
contor outIPAAI B FHERF 3108 DAL RrBEA] FOCLALRRE GO W BRI A mcludes
andentry %ﬂﬁ@m{?@dﬁa\apgﬂ@@@m o eattiing/ 4t atd’ég}@mi@rgpimhm@ armmb thfdpeatoBe C})6' at
O-degrees, where laser pulses 78’ are initiated. In this example, the hole bei rocesse sa 200
o ahame kP OBE LG RS S PR RS RO e ALoD, Sb AR R B
There are 2d6tiasedmfiiseTod shstsibugifdioing dhekivesgpesiionoyf heolipgizesmiihdgectitiin

0-clogrees DR DL SRS Bt Sl s B OOl L9 Bmout 50-degrecs, at which point

laser puls§@069]  Skilled workers will again recognize that the angular locations of entry and
exit segments 92 and 100 represent merely one exemplary set of relative angles that
may be offset about the X and Y axes depending on the relative locations of prior
and subsequent holes to be processed. For example, entry segment 92 may start
and end at 270- and 0-degrees and, therefore, exit segment 100 may start and end
at 90- and 180-degrees.
[0070] Typical positioner, laser, and hole parameters associated with tool pattern
90 include a tool velocity of 313 mm/sec, a laser PRF of 70 KHz, a positioner
maximum acceleration of 1,000 Gs, a via drilling time of 3.9 msec, and a via
minimum move time of 0.85 msec, resulting in a maximum via processing rate of 211
vias/sec.
[0071] Fig. 6 shows an inward and outward spiral tool pattern 110 generated by
the method. Inward and outward spiral tool pattern 110 is employed for drilling holes
in a material by ablating material from periphery 51 inward to the center of each hole
being processed and back outward to periphery 51. Inward and outward spiral tool
pattern 110 includes an entry segment 112 having a starting location 114 at 180-
degrees and an entry location 116 at 270-degrees, where laser pulses 118 are
initiated. In this example, the hole being processed has a 125 ym diameter, and
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78" are turned off and tool pattern 70" follows a transition segment 80" having a 12 starting location 82'
at 90-degrees and generally spiraling inward to an transition ending location 84" at 180-degrees. The
second repetition of the tool pattern 70' starts at transition ending location 84', spiraling outward for
one 360-degree rotation to 180-degrees, and processing within periphery 51 from 180-degrees to

270- degregseppwBish PriMTdvecs PiseR dRcatr dusped NrbagninAnd OghPRISIINGTIE diellows an exit

segment 80" having a starting location 82" at 270-degrees to an ending location 84" at O-degrees.

[0075] Skilld®Rorkeri3filtsghinU'sesghl SetRHiRHE D YiNRRIBSIRGIR TeP&tHgLRb IQliPatigHEnts 72
and 80 repregehMAEEHt BREEKIBNATY 36! BlseENRPDERY taRfcMBYABRIFS @G BRYRe)X and Y

axes depending on the relative locations of prior and subsequent holes to be processed., [0078]
locity of

Typical poditiBHePSHRBE %R 1RERERS A flrd aeKeRs-A04 Wit SR ARFArSRS isRLAk"S (YT
313 mm/ses; arlaTBRREYRES PlibiztiaPORImG raexiBing acoaierrier Qb Ag, chuimgrilling

time of 3.08 msec, and a via. minimum move time of 1.69 msec, resulting in a maximum via

processind FXPEU PPN AL ALY 685 791 RAURROEER AROUE G RRIMES P LHaC iR aSRERYBY for adjusting

the laser leararacyeBreR6TEY B aeNEVEGhURHRINY|aser sdrdy lisBitreigpewsileingocessing

holes. When processi_n% v_ias using@r%lbié)le riapetitiong f, for exam?le_, circular too| pattern 50 (Fig. 3),

processind RREF IR RSIHEERD RQlgam, 1 B0LRWERS e (LsdPdps SHEULPeIBRE  ent

repetition. 5- heald?)gf@ﬁ_pbwﬁﬁger Bgrﬁerng%t_@r@t_mrﬁ_e@@dtdifpnT@dﬁ%m%memm@:]l@w%@?f@kitefelrred to

as "incremental bite ." The incremental bite size is eq as the distance that the |laser pulse
3 it

locations sHRBERY DéhchS B gm0 eSMifh %ﬂ&ﬁt&’é@qm%ﬁ?%é%

velocity cag 9gietigestly change the repetition-to-repetition pulse overlap, or incremental bite size.

the.ciro AP paSHIES AL P LRES BSOS S SUBRS S eiions
and the lagsditeseygieistsnore andoragyrepresehainene fheneianariphety sd06r Ik sagiple, if a via
each repolE Lot ST AR PSR L JerEm PR ICEL A 6200 6. GRALRRS At repetiion
pulses (therioceamdentbbbiasindisaapiyy ®dpasebsegdal to the bite size divided by the number of
e TS I B RO R TR S R M IS Paramtts R ddsiated with tool pattern

110 include a tool velocity of 313 mm/sec, a laser PRF of 70 KHz, a positioner

maximum acceleration of 1,000 Gs, a via drilling time of 1.88 msec, and a via

minimum move time of 1.03 msec, resulting in a maximum via processing rate of 434

vias/sec.

[0074] Fig. 7 shows two repetitions of outward spiral tool pattern 70 (two

repetitions referred to as 70’) generated by the method. (Tool pattern 70’ is shown

with half-sized laser spots to more clearly show the entry and exit segment

trajectories.) Outward spiral tool pattern 70’ is employed for drilling holes in a

material by repeatedly ablating material from the center outward to periphery 51 of

each hole being processed. Outward spiral tool pattern 70’ includes an entry

segment 72’ having a starting location 74’ at 270-degrees and an entry location 76’

at 0-degrees, where laser pulses 78’ are initiated. In this example, the hole being

processed has a 200 um diameter, and laser pulses 78 have a 10 ym effective spot

size and a 4.47 pym laser bite size. There are 216 laser pulses 78’ distributed during

the two repetition of tool pattern 70’, the first repetition starting at first entry location

76’, spiraling outward for one 360-degree rotation to 0-degrees, and processing

within periphery 51 from 0-degrees to about 90-degrees, at which point laser pulses

78’ are turned off and tool pattern 70’ follows a transition segment 80’ having a
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pulses from each repetition impinge on the same locations. This is typically caused by inadvertently
employing an incremental bite size that is very small relative to or approximately equal to the actual
bite size. [0080] Figs. 8 and 9 show respective unacceptable and high-quality vias processed in
etched-circuit board material by multiple repetitions of trepan and circular tool patterns employing,

respectivelta@iRgabeatibiicceza: Addegretarasl erlpulalRddprEmE HaldrdasiEa tHASHONgs. 10 and

11 show how the incremental bite size Is affected by small changes in laser beam velocity. Fig. 10

shows a pRBFAHY KreAioR Pas@tingdgearesdyinggive sapeakprliina efdpariasbPaigENY ! which the

laser PRF d8a3(3 lgtiTra Hagivin shAImeRIdatictbaam shieafifg BlYRViaREidPeaie SB0t&itRde Istamnand the
laser beam velocity is 377.5 mm/s. Fig, 10 shows that the laser pulses from each of the five trepan

repetitions!QIRISOERERRS: cﬁféQIQﬁo?%ﬁmﬁd"iﬁhé”pB%ﬁ‘%Wnﬁ i ARAI8P-Hs8F eI Beessing

robustnesgidgreestrasiviith poinhris theisemePraceasrexrortdbalitmintssihramrerocity is
changed sllqhtly to 379.,5 mm/s. The small 2 mm/sec veloc% change causes a uniform distribution of

laser pulséd Qllovs Ahexi a?e;%'ﬂﬁﬂtaﬁp BaYHRSAIS 28 1968 aflifof SSRGS fPoRBss
robustnesgnbitgy fisatiahBacesDaiddeedd. employed a 2.3 pm incremental bite size, which causes

laser pulseg from the hypothetical sixth repetition to overlap laser pulses from the first repetiti

10082 Tha 007 e JERAG) El BOaHb R AR ek e R A S SELBE ARG with o
particular @m@gtﬂ@hwuerar@een@@m@m m@r@wbﬂé EBRetpRg gmniﬂvel@lntreeang@@mater, the
laser PRF, and the e laser tég ot SIZ daser beam velqcity is referaz chosen such

that the Iaé‘%?ibggrﬂ BBBHE% ﬁ‘é?ﬁ H?B tRE RIS ﬂ}§’8ﬁ% P PRRER Rpetitions

substantlaan@m@qMQ@wamo@@sewatlons that are employed for calculatlng the
mcrementﬂw?ﬁsa (A,ep) re ujred fo over aﬁ the Iasergqlse locatign ﬁ}e first and

hypothetic plus' $RE R re Rl Lo ALRBIE I BT BT DY I Lo Pl
repetitions7ACyaigsdeld laefmélcmﬁltﬁ 318(kn /e d RAd3efim kMR -HepH Bise)tidRer ) (Eq. 2)

Therefore Amfmu%'wt%élczgle? tlo ?? \6/88 83 a via drilling time of 3.08 msec, and a via
minimum move time of 1.69 msec, resulting in a maximum via processing rate of 209
vias/sec.

[0077] A third aspect of this invention provides a method for adjusting the laser
beam movement velocity to achieve a uniform laser energy distribution while
processing holes. When processing vias using multiple repetitions of, for example,
circular tool pattern 50 (Fig. 3), processing good quality holes depends on slightly
overlapping the laser spots of each subsequent repetition. The degree of overlap
from repetition to repetition is determined by a parameter referred to as “incremental
bite size.” The incremental bite size is defined as the distance that the laser pulse
locations shift between repetitions of a circular tool pattern.

[0078] Small changes in laser beam velocity can significantly change the
repetition-to-repetition pulse overlap, or incremental bite size. Good via processing
depends on shifting the locations of the laser pulses slightly for each repetition of the
circular tool pattern so that laser pulses do not hit the same spot during subsequent
repetitions and the laser energy is more uniformly spread around the via periphery.
[0079] For example, if a via processing application employs five circular
repetitions, it is preferred that the laser pulses shift for each repetition so that a
hypothetical sixth repetition has pulses that exactly overlap the first repetition pulses
(the incremental bite size is approximately equal to the bite size divided by the
number of circular repetitions). In contrast, poor via processing results when the
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Bite = Bite size (not incremental bite size) in pm; v = Tool velocity in mm/sec; PRF = Laser pulse
repetition rate in kHz; N,ep = Number of pulses in one circular repetition; D = Via diameter in pm; Eff=
Effective spot size in pm; A,ep = Incremental bite size in pm; and Cycles = Number of circular
repetitions employed. [0084] Appendix B sets forth a Matlab coded method, based on equations Eq. 1

to Eq. 3, f%@é@éﬁiaﬁwt@ﬁdﬁ(@j@ﬁﬂ&i Pﬁﬁiﬁ&@éﬂ ﬂﬁé‘i%ﬁlé%@éiﬁéﬁswﬁﬁssl%ﬂ?ﬁi@awléﬁlﬁ@@'oying
multiple repetitions of a circular tool pattern. The method is, executed when a user actuates an

"Equalize PEIMAESNGTENEY RIS ARIASEBRURRYGRHE Hhal S tRBUSIDRISIE A 8@ QElocity and,

therefore, HypRiterfize|euinyascResardllamipeie. achieve the desired incremental bite size without
significantl changing,the laser pulse energy density. [0085] Of course, the incremental bite size can
eé) j
[

be adjustel? B UnanFieg-4h# ComBROLEFSOEHY fobPNISRIMAIRRAN A APBHEEINY Y5t size, which

correspongﬁd@egéwmrméh@dl@m:diamﬂn-rﬁa@rﬁ&pm mmﬁmrwﬁumﬁwmqmgﬁ%ﬁ@scription of
incremental bite size is set forth below. 0086! The effective hole diameter is defined ?é/r:erf:D-Eff'

(Eq.4) [0087UrAGIGeHRALIFOS EMPIAYN S FRESRHNANY BiRVISLATLIR SLABIIFRERT 8® | (Eq. 5) Iff
rep = ceit ¢ &R Fardieledeeftmelioejife) returns the smallest integer that is greater than or equal to

2 evenly WORLY indrolafBRe 30 HONBRMPREROYIGLs X8 7 56681 B aHBls 4 o 6
can be comirsbtnyielseepeatinndiocty 2B, ) (BRRbAR & GRI)art bie wiry RslrmEsy ) [0090] A
Aty et bR T RS el H SR ETSoBAR I Mg o
the via diameter is 125 um, the effective laser beam spot size is 13 ym, and the laser
beam velocity is 377.5 mm/s. Fig. 10 shows that the laser pulses from each of the
five trepan repetitions almost exactly overlap, resulting in a poor-quality via and/or
poor trepan processing robustness. In contrast, Fig. 11 shows the same process
except that the laser beam velocity is changed slightly to 379.5 mm/s. The small
2 mm/sec velocity change causes a uniform distribution of laser pulses about the via
periphery, resulting in a high-quality via and/or improved process robustness. The
circular process of Fig. 11 employed a 2.3 ym incremental bite size, which causes
laser pulses from the hypothetical sixth repetition to overlap laser pulses from the
first repetition.
[0082] The laser beam velocity needed for properly setting the incremental bite
size associated with a particular circular tool pattern depends on the number of
repetitions employed, the via diameter, the laser PRF, and the effective laser beam
spot size. The laser beam velocity is preferably chosen such that the laser beam
pulse locations of the first and hypothetical last plus one tool pattern repetitions
substantially overlap.
[0083] Shown below are equations that are employed for calculating the incremental
bite size (A.,) required for overlapping the laser pulse locations of the first and
hypothetical last plus one tool pattern repetitions as a function of the number of
circular tool repetitions (Cycles):
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ceil(x)-x= "1 (Eq.9) Cycles [0092] Equation (9) has an infinite solution set in which any positive number
with a fractional remainder of 1- 1 yields a solution. The preferred case yields the Cycles smallest
possible adjustment, further constrained by the rotational direction. When making the adjustment, the
guantity x can be adjusted upward or downward. The smaller of the changes is preferred, although
practical constraints on achievable velocity and PRF may dictate a certain direction of adjustment.
[0093] The solution for dRIEHRN up\ﬁéi@’t?lp;\r{ﬁnimum amount to solve equatiBA- 3)is shown below in
equation 10: x = ceix+ 1 1 (Eq. 10) Cycles Cycles [0094] The solution for adjusting x downward the
minimum amount to soh@efatjtiation 94s, skol), i ir eqieatidiff11: x = floorikEe.12) 1 (Eq. 11)
Cycles Cycles [0095] Once the preferred mathematical adjustment has been determined, the
incremental bite size caf b, gffected by alterifigf¢he velocity, PRF, diameter, OfEﬁf.f%?tive spot size,
according to equation 8. Solving for incrfémeataidite size by adjusting the velocity is'shown below in
equation 12: x(D, XPRF) vn~ _ (Eq. 12) xaew 16 [0096] Solving for incremental bite size by adjusting
the PRF i¥M&n below in equation 13: PRFneW = vxaeW (Eq. 13) ZDf . [0097] Solving for

incremental bit size by agljustimitthsigsfeatvinbaimeinaiaire isizawpmelow in equation 14: w z(PRF').
(Eq. 14) [0098] Of course, ane ffective diameter can be altered by changing a combination of the

hole diameter and the et&ct99'SHRILSIDE THHWESEE because changing the effective diameter slightly
modifies the laser via sizgg @rd ekengingéhe pgdRiohaatendadtaple implications for laser setup and

coptroll overhead, the in]{:,rern nltJ<';r1TI1 (i::[?os'ze Iis preferred detelrmined by employing equation 12 for
adjusting rep = pulses in one circular repetition;
D = Via diameter in ym;
Eff = Effective spot size in ym;
A, = Incremental bite size in ym; and
Cycles = Number of circular repetitions employed.
[0084] Appendix B sets forth a Matlab coded method, based on equations Eq. 1
to Eq. 3, for adjusting the incremental bite size to achieve equalized pulse spacing
when employing multiple repetitions of a circular tool pattern. The method is
executed when a user actuates an “Equalize Perimeter Pulse Overlap” button or
other actuator. The method adjusts the tool velocity and, therefore, the bite size
downward a small amount to achieve the desired incremental bite size without
significantly changing the laser pulse energy density.
[0085] Of course, the incremental bite size can be adjusted by changing any
combination of the tool velocity, PRF, and effective spot size, which corresponds to
changing the hole diameter. Therefore, a more rigorous mathematical description of
incremental bite size is set forth below.
[0086] The effective hole diameter is defined by:
D, =D-Eff. (Eq. 4)

[0087] The generalized equation for incremental bite size is:

A,, = ceil(”(D .+ \PRF )j v

(Ea. 5)

— TTl ,
v PRF xd

where the function ceil(w) returns the smallest integer that is greater than or equal to
w, and represents the process of rounding up a fractional number.
[0088] The condition for achieving an evenly divided incremental bite size is:
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the beam positioner velocity. [0099] When determining the incremental bite size, the pulse spacing
need not be exact to achieve suitable via processing results. For example, A,ep may be increased by
up to about 20 percent. Moreover, in some specimen processing applications, A,ep may resultin a
pulse spacing less than 5 um. In such applications, the spacing between laser pulses should be no
less than about 1.0 um. [0100] Figs.,12 and 13 show a comparative relationship between trepan and
circular tool patterns forrfteg ﬁrgﬁganﬁwith, respectively, the prior art and &1&- Bhethod. In
particular, Fig. 12 shows Iaserﬁou S f§(§st)nevenly distributed around a periphery 132 of a hole by
two repetitj0089) a pEguatibtre @t 16 dapaltie tohdzined epaietda qadtéon T34 employs a 717 mm/sec
laser beam velocity, a 70 kHz tasei PRF, a 125 ?m hqle diameter, a 20 pm effective spot size, a 10.24
pm laser bite size, and g&E.’I Bffé‘%j}z_e@ﬁ. ft 1In dontrast, Fig. 13 s _ ﬂser pulses 130
evenly distributed around periphery 132 ¢of the hole by twoydpetitions of a circular tool pattern 138
employing an "Equalize Perimeter Pulse Overlap" method. Circular tool pattern 138 employs a 710.5
mm/sec 1al9¥lam Hesantity 70 iggatited PREMR 825 pm hole diameter, a 20 pm effective spot
size, a 10.15 pm laser bite sjzg, a gﬁ@.m pm incremental bite size 139. Employing the "Equalize
Perimeter Pulse Overlapt ﬁéﬁé@&lﬁaﬁges the laser beam velocity from 717 r{leys8¢ to 710.5
mm/sec. 17 [0102] A fourth aspect of this invention provides a method for controlling a Q-switched
laser that ¢gus lase ARy B dsesiGMFIPILthB s HifcRBe \WilRRS Baedtitipbpatterns. The method
executes on a logic apparatus, such as a microprocessor of a digital signal processor ("DSP")
including registers for cq@tilj@(l)ngxa:ﬁﬂd_prpgrammable gate array ("FPGA") thﬁ@.rgyisely schedules
emission of a first laser pulse and efigsions of all subsequent laser pulses relative to half-sine profiler

commands gyving a laser.beam. positioner . Exemplary profiler commands may include commands
roquiredt d S0%alon & RSN o A T DI ot e e s B PR 14
shows a first DSP register, which is a "Laser Rep Rate Register”_140 that includes 16 read/write
entions (B RCUR A ARG oo b SO e SRR SR e 0 rep
rate generator 142 that provides a signal having a frequency fn ranging from 305.18 Hz (register 140
value OxFSRE)lestposhible gdigisterendOiveher OxGyraited kysblatiotatibaBbdiredion7 Méhame signal

feauency fugihl 150 YRl N FRCVERRJAI AR IR ABL LA B AGHYATSH AUbAIED FHRSP "Pulse

Count Register ow, stores a non-zero value.
smaller of the changes is preferred, although practical constraints on achievable

velocity and PRF may dictate a certain direction of adjustment.
[0093] The solution for adjusting x upward the minimum amount to solve equation
9 is shown below in equation 10:

x = ceil x4 —|-—1 (Eq. 10)
Cycles ) Cycles

[0094] The solution for adjusting x downward the minimum amount to solve

equation 9 is shown below in equation 11:

1
Cyclesj Cycles

Xy = ﬂoor(x + (Eq. 11)

[0095] Once the preferred mathematical adjustment has been determined, the
incremental bite size can be effected by altering the velocity, PRF, diameter, or
effective spot size, according to equation 8. Solving for incremental bite size by
adjusting the velocity is shown below in equation 12:
_ z(p,, XPRF)

new

(Eq. 12)

X

new
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[0104] A second DSP register is a "Laser Pulse Control Timer Register" 146 that includes 24
read/write locations for programming two time delays associated with emitting laser pulses. Locations
0-10 program a gate delay, and locations 12-22 program a first pulse delay. Locations 12-22 are
preferably shifted to normalize the value stored therein before applying the normalized value to the
"dly" formylsobelpw. S gebirisdaiermineldyisedpuBilatisly tRdPOiFt dHswrbgdbhnsec) and
ranges from 0 to 102.3 psec. [0105] A third DSP register is Pulse Count Register 144 that includes 18
read/write RIS 8¢ programming a number of laser pulses that will be emitted in a burst of pulses.
Valid register 144 values range fropp Ox3FFFF to 0. Values Ox3FFFF and OxQO have special
meanings. Valid values @ﬁﬁr@u@%%fFFE, 262142D) correspond to the nuffiser’sPpulses emitted
in the burst. Special value Ox3F €auses a continuous burst of pulses until a zero value is written
to Pulse GogoyRegSivikd¥oP RSN SIS oRSIhR SEPHOBRECINENRD & ke amrifegdsfor
initiating emissions of laser pulses is described below with reference to Figs. 15A and 15B. Laser
pulse comPRNYE ROV IRiBBHFPY Whtch- dog timer that stops emission of laser pulses if the DSP
fails. Skilled workers will 18 understand how to implement the logic apparatus for carrying out this
laser control method. [0P07}.Fg ( A-and 15B show respective normal and s(ﬁébid ase timing
relationships for emitting laser pulses supporting the above methods. [0108] The normal timing
relationshifgo98dwn Of feigu dszA thke efésttrdeodibase totl oars KO Bl &dsoyrefemnigimgoalig. 14, the laser
PRF is set by the DSP writing an_interpylse period 150 to Laser Rep Rate Register 140. [0110] Pulse
Count ReQiOBP A RIS LR ALE VAR B ALF YRGS BoRhaieEs [TRNRLEF HIRSAUES ocess with
a "DSP_WahenginglibeNfetcitiesidinahdiz? shighith tnadiiesrthe kesevfyialsize vahtdiaogil 16@0) 154
into Laser Count, Register 144. [0111].An "FPGA,  Gate N" laser gate signal,156 goes true after
an amount 51 G345 HEHS P o TPl N FIES S s RSB 6 L) LhSer pulse Contro
Timer Registeeh461d0bit2]sizbrig pireferke IMErMinasaryeSyithingew diithgie fotraejatngn
amount of fi %ulse del?_ 50 nﬁét)o.;loo ps) 162 as determined by bits 12 to 22 of Laser Pulse
Control Ti eag%%?si The dETalit first pulse delay 162 is zero. [0113] The number of laser
pulses 1540099pgrakivimen defeusimiGguht Regsteental bite size, the pulse spacing need not be

exact to achieve suitable via processing results. For example, A, may be increased

S
er

by up to about 20 percent. Moreover, in some specimen processing applications,
A, may result in a pulse spacing less than 5 um. In such applications, the spacing
between laser pulses should be no less than about 1.0 um.

[0100] Figs. 12 and 13 show a comparative relationship between trepan and
circular tool patterns formed in accordance with, respectively, the prior art and this
method. In particular, Fig. 12 shows laser pulses 130 unevenly distributed around a
periphery 132 of a hole by two repetitions of a prior art trepan tool pattern 134.
Trepan tool pattern 134 employs a 717 mm/sec laser beam velocity, a 70 kHz laser
PRF, a 125 pm hole diameter, a 20 um effective spot size, a 10.24 um laser bite
size, and an 8.15 ym bite size 136.

[0101] In contrast, Fig. 13 shows laser pulses 130 evenly distributed around
periphery 132 of the hole by two repetitions of a circular tool pattern 138 employing
an "Equalize Perimeter Pulse Overlap" method. Circular tool pattern 138 employs a
710.5 mm/sec laser beam velocity, a 70 kHz laser PRF, a 125 ym hole diameter, a
20 um effective spot size, a 10.15 ym laser bite size, and a 5.07 ym incremental bite
size 139. Employing the "Equalize Perimeter Pulse Overlap" method changes the

laser beam velocity from 717 mm/sec to 710.5 mm/sec.
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144 with the exception of the special case set forth below with reference to Fig. 15B. Laser gate signal
156 goes false 50 ns after a last laser pulse 164 causing a last laser pulse emission goes true. [0114]
The special-case timing relationships shown in Fig. 15B are carried out as follows: [0115] Referring

also to Fig. 14, the special timing case occurs when DSP write signal 152 loads a value Ox3FFFF into

Pulse Cougfgeyisten ¥4drth S REdiont s fReAtRIHSH SAdREeh HStHbaaunteaniomRyaly until a DSP
write signal 152" loads a zero value into Pulse Count Register 144, which causes laser Q-switch

signal 1605aV4ieherstaRenaRLaHES Janst RRaBMAMERPaaTP RN HIg ARYEARREREDIUS the
remaindertgboptatdeiay The anstifice eubeeidelan R d1dsdAdiits asrarhefdhisdrysiiassorails a

method for coordinating the emission of laser pulses and their incidence on predetermined laser beam

positionindE8rALALSSER HFACeTRaR HpToyi T iHEnh fRYISIEL i HcerbP a8 E!br processing
holes, the groijtachias® @ glersa1aP[FURGIAPasi prediseiine Rt desdietsslon ke 0l isigbaktern

repetitions and, in particular, to emit the first laser pulse of each repetition at the correct location of the

tool patterRUiTeRI0 RMARCOARB G FHERGAHEHAST BmaaS e lalbG 4R\ naha e REAfi§hce of the
motion profiennadsbiaseiigiadamplsyach by SiwabevEdespiagdoesnieptemsdfdd mdjis method

ocblerat NP PO BEMBESG ERLP BENARb A S HHSERAAoRY B IR RS
acce!erati(u@gmib@gbw@_tool patterns affect Igsgr pu_lse emi;sion timing in at least two ways. First,
e el TR e R R LA BR R
positioner systenat inbticshtomrcadenitinetedionstion rograahmastyted abE Mibrparsgipstriwith the
coament SESEH o B AR ol AEHAAUA AT GO G i1 bl BBR A ACHRRPL O
m/sec redudrdnyeryrbigietasefmotdagitigitgnGaa® H2reediser timngasystorFRFReoaRout a 50
(0118] Tho T oRIR ThaOA AR R R BRE HoR P B HLIB4L Hom BB aRirol o the
much fastérdepefepyriransfesyy dheecobEniseo] HREPI R egistetsmnice|gtadtivatieg calyirol to
C S b S0 HSa e B e BBt s TSt eibs ™

[0104] A second DSP register is a “Laser Pulse Control Timer Register” 146 that

includes 24 read/write locations for programming two time delays associated with

emitting laser pulses. Locations 0-10 program a gate delay, and locations 12-22

program a first pulse delay. Locations 12-22 are preferably shifted to normalize the

value stored therein before applying the normalized value to the “dly” formula below.

Each delay is determined by the formula, dly = (register 146 value * 50 nsec) and

ranges from 0 to 102.3 psec.

[0105] A third DSP register is Pulse Count Register 144 that includes 18

read/write locations for programming a number of laser pulses that will be emitted in

a burst of pulses. Valid register 144 values range from Ox3FFFF to 0. Values

0x3FFFF and 0x0 have special meanings. Valid values (1 through Ox3FFFE,

262142D) correspond to the number of pulses emitted in the burst. Special value

O0x3FFFF causes a continuous burst of pulses until a zero value is written to Pulse

Count Register 144. Special value 0x0 stops the current burst.

[0106] The method for initiating emissions of laser pulses is described below with

reference to Figs. 15A and 15B. Laser pulse commands are qualified by a watch-

dog timer that stops emission of laser pulses if the DSP fails. Skilled workers will
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move segment data structure for coordinating CMCM motion commands and laser pulse emission
timing. The FractionalLaserDelay parameter defines a time delay between the start of a move
segment and the first laser pulse emission, as a fraction of the total segment time AT. The
FractionalLaserDelay parameter has an 8-bit value, with values from 0 to 255. If the value is zero,

laser pUBQJHH&PﬁMﬁWtW%H@ﬂWéMtﬂ@IE@@ dplsarER® fhecialing aumene segneshirothe first
laser pulse is: Delay = AT FractionalLaserDelay/256. [0119] Fig. 16 shows the laser beam pulsing and

beam posiW@P?'BP") timing relationships. Ideally, emission of a first laser pulse 170 would occur a

Fractionalfgsgvpelayigd. ima 34d akier sheweaspeosidonsipiarina ipeldpatieise eintigegment, such

as entry segment 52 (Fig. 3). However, a number of system 20 delays require a coordinated timing

(
method fof &AHSSRMRT BT SENMING R85 RURASS UPRO IS B erRBSHRRIERMS timing method first
accounts fiyrogjoortinaiesitedehiieiPelayohsbiatinsidps ARroingrilies seipstelgy and a

galvanometer delay. The profiling filter group delay has a fixed value of 50-80 msec, depending on the
filter frequgﬂay."@oordinated mode beam positioning and the associated group filter delay is described

in U.S. Pajoigp. 754168 verrhitig b BIGERD thH G ATHIRACat MUhE I BTAGHING b
POSITIONING SYSTEM, wh‘igh IS assigned tﬁék{% ssi%nee of this application. The GalvoDelay is the

time requirBE R F5RSERA haSitRhasebmAR '8 88am deflecting galvanometers.
GalvoDelgoisiBjed Fabe @A MegistédHAY Bhpiaanrdmairn Hrolgaengthe fulthergpounts for a

LaserEventBufferDelay 178 that includes the elapsed ti etween a profjled. drill. segment, such as
ntry soqrTNESS B 5oL AU F R S Ao 1S e s TP P SIS B forDelay
178 can bevarjhsteditoaanies@otion milt8swatte (9132100a06DeiBAlb (BigeseecTdih and 15B)

is stored in_a first (ﬁl&m of FPGA Pulse Control Timer Register 146' and determines the FPGA delay
between 88?%‘?8 he'Pulse Count write signal 152 and activating laser gate signal 156 (also see

Figs. 14A poth13B). Gat¢Pedy Criiday adsengatereigplalions[§aaslfisthdsaPelmplfdalso see

(otormine G SEAY BTk 100 Ul 8 LR SIS AP o RSe) LA R GREE THFRor requesting

emission afgrerbrMianiuMdanstepulse. FirstPulseDelay 162 is determined by 1/PRF + RuntDelay,

where RUNRSBY 's & hrer AR ulF NP BRI G S AREA D480 Toe gy Ja BHer 3R Pulse:
amount of first pulse delay (50 ns to 100 us) 162 as determined by bits 12 to 22 of
Laser Pulse Control Timer Register 146. The default first pulse delay 162 is zero.
[0113] The number of laser pulses 154 is programmed in Pulse Count Register
144 with the exception of the special case set forth below with reference to Fig. 15B.
Laser gate signal 156 goes false 50 ns after a last laser pulse 164 causing a last
laser pulse emission goes true.
[0114] The special-case timing relationships shown in Fig. 15B are carried out as
follows:
[0115] Referring also to Fig. 14, the special timing case occurs when DSP write
signal 152 loads a value Ox3FFFF into Pulse Count Register 144. This action
causes a pulse counter 148 to count continuously until a DSP write signal 152’ loads
a zero value into Pulse Count Register 144, which causes laser Q-switch signal 160
pulses to stop after a one pulse uncertainty delay 166 to avoid race conditions plus
the remainder of gate delay 158 and first pulse delay 162.
[0116] A fifth aspect of this invention entails a method for coordinating the
emission of laser pulses and their incidence on predetermined laser beam
positioning command locations. When employing the above-described tool patterns
for processing holes, the emitted laser pulses are precisely positioned during a
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[0124] Each time the DSP loads a new move segment, it computes LaserEventBufferDelay 178 and
GateDelay 158 values as follows: The value of CoordinatedModeFilterDelay+GalvoDelay is stored as
a parameter named BPDelay. Delayl = BPDelay + AT* Fractional LaserDelay - FirstPulseDelay. This
is the delay required between LaserEventBufferDelay 178 and GateDelay 158. GateDelay 158 =

(Delayl mosssits SAURSSE) dfWe%iéﬁ&'iﬁb@@ﬁ%&ﬁﬁ@ér@@!ﬂ?ﬂ&éﬂrﬁﬁﬂ%‘ﬂw ff¥igh to avoid
FPGA boundary conditions. 21 LaserEventBufferDelay 178 = Delayl - GateDelay 158. This is an even

multiple of 0SS 9EE30 S8PAHIGTA Y ee! (QRAHARE! BS 9t REIESE isTReRArgs Bifield in a
LaserOn paetRbafitherbass theesBriffeatiand aciinadpodnt theriaekah de et medtiotprabiles

LaserEventBufferDelay, [0126] When the beam positioner servo calls a LaserOn packet, it loads the

GateDelay? 1583360 & THHIFPRRAOY SSMHe 2 RARFHPPHTRPRIQSRAIEIBES then interrogates FPGA
Pulse CougRayisteT AgArietaietesupne tkesie sisad tBenptrhdasepririag[Q Hdh&kied workers will

recognize tl%jﬂ yortions of this invention may be implemented differently from the jmplementations
8

described YPOGEYdPHAAYRIASHLBBATERES HANAFABIE ARYBEe SREAHARRR BRI ALy include

virtually argalpanteterding beasenatpbaiivhettels gt oodlexiiectorprndladtiomeasedidiier
reinforced, or hom:agi nequs resin dielectri¢c, and may, also include ceramic subség\stes ald silicon
substratesP3ligMg ﬁ%@é%ﬁﬁbﬁﬂéa RSO EHTURGHIE 2GSt MEoMAYR1oF kil CES U pendix A

ge_nelrate tttﬁ)rrpatﬁeﬁ_e@mesta{ﬁqggé@zpmﬁﬁimmlﬁegﬂmggﬁ(amfé%@gmr?ﬁm?t_dsize,
spiral-revs, proc_action, spira ,.velocity, repetitions, revs_at diam, settle_revs, prf_period,
it entry, 200N BseRB gLt ng xastiona erTRre A P RPEHERy TSRS mirimizes

the complgxinien sviied akse mens peisitibherteyetaninetondiienasw wevrlinziedetetivimed by the

settling revs and revs at hole diameter if the spiral action is inward. entry-angle = init_entry _angle; %

degrees f&opé@l&}g%ﬁg&ﬁ&@), coordinates wit tRe system controYconqputer tocause”
laser pulse emissions during predetermined fractions of a move segment. Second,
the new mid-segment laser timing coupled with tool velocities approaching 1.0 m/sec
requires very high laser pulse timing accuracy. Prior laser timing systems have
about a £50 psec pulse first pulse timing resolution, which implies an unacceptable
+50 um first pulse positioning.
[0118] Therefore, this method transfers the precise timing of laser pulses from
DSP control to the much faster FPGA by transferring the contents of the DSP
registers and related timing control to counterpart registers 140’, 144’, and 146’ in
the FPGA. Additionally, a new FractionalLaserDelay parameter is added to the
move segment data structure for coordinating CMCM motion commands and laser
pulse emission timing. The FractionalLaserDelay parameter defines a time delay
between the start of a move segment and the first laser pulse emission, as a fraction
of the total segment time AT. The FractionalLaserDelay parameter has an 8-bit
value, with values from 0 to 255. If the value is zero, laser pulse timing behaves like
the prior art. The delay from the start of a move segment to the first laser pulse is:

Delay = AT*FractionalLaserDelay/256.

[0119] Fig. 16 shows the laser beam pulsing and beam positioner (“BP”) timing
relationships. Ideally, emission of a first laser pulse 170 would occur a
FractionalLaserDelay*AT time 172 after the beam positioner starts a tool pattern

entry segment, such as entry segment 52 (Fig. 3). However, a number of system
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% Compute the dt for the initial revolution if (proc_action==2) % spiral outward dt_init =
pi*spiral_id/2/velocity; else % starts at outer diameter dt_init =
pi*(hole_diameter-e_spot_size)/2/velocity; end dt = dt_init; % Compute how far off of the entry angle
to start. pre_entry_angle_bp_revs = 0; if ((proc_action==3) | (proc_action==4)) % spiral inward or

spiral inW?déléV@'ﬁé&W@ﬁjdéf@mWéﬁéoaﬁ}ﬁiﬂghﬂefﬁﬁa Foreainigdichash areaeilaprigelse¥opuiae initial
reponly if (rep_ctr==1)pre_entry_angle bp revs=pre_entry_ angle bp revs+ settle-revs;
end % figll Ehe entry angle for starting the definition of by motion pre_entry_angle_bp revs_mod4 =

ceil(pre_engy20naleThe_d6yrihAde ceiiriiihRRBEN G i RTEBCANEHS fBregentry-angle-bp-revs-mcd4*360;
entry_angle bp = mod[ﬁntry angle bp, 360%' Yo Now start adding move segments. Note that the move

segment foRASIRAGAMBIGH IR FRYet £&C hﬂé’%@'%ﬁeﬁ QPHINENReIIMYP S80aRe Fhove
segments ga/aABhafEHeldafiguraptdnBrREORee Jiririe @ales WSS fotddR a198 @ 50v80Mmsec,

ot e APRERIRD LI S LERUETEN, bpwi e O Roar Posh UFRRBLLS ot ot
0; vx = -velpeitsiatygrelasitifter delay is described in U.S. Pat. No. 5,751,585 for HIGH

SPEED, HIGH ACCURACY MULTI-STAGE TOOL POSITIONING SYSTEM, which
is assigned to the assignee of this application. The GalvoDelay is the time required
for the beam positioner command to reach the beam deflecting galvanometers.
GalvoDelay is fixed at about 200 msec.
[0121] The coordinated timing method further accounts for a
LaserEventBufferDelay 178 that includes the elapsed time between a profiled drill
segment, such as entry segment 52 (Fig. 3), and the time commanded to start laser
emission. LaserEventBufferDelay 178 can be adjusted to a resolution of 50 msec.
[0122] GateDelay 158 (also see Figs. 15A and 15B) is stored in a first portion of
FPGA Pulse Control Timer Register 146’ and determines the FPGA delay between
receiving the Pulse Count write signal 152 and activating laser gate signal 156 (also
see Figs. 14A and 14B). GateDelay 158 has a 50 nsec resolution.
[0123] FirstPulseDelay 162 (also see Figs. 14A and 14B) is stored in a second
portion of FPGA Pulse Control Timer Register 146’ and determines the delay
between laser gate signal 156 and first laser Q-switch signal 160 for requesting
emission of the first actual laser pulse. FirstPulseDelay 162 is determined by 1/PRF
+ RuntDelay, where RuntDelay is a fixed delay required to avoid an abnormally low
energy (runt) laser pulse.
[0124] Each time the DSP loads a new move segment, it computes
LaserEventBufferDelay 178 and GateDelay 158 values as follows:

The value of CoordinatedModeFilterDelay+GalvoDelay is stored as a
parameter named BPDelay.

Delay1 = BPDelay + AT*FractionalLaserDelay — FirstPulseDelay. This is
the delay required between LaserEventBufferDelay 178 and GateDelay 158.

GateDelay 158 = (Delay1 modulus 50 msec) + 50 msec. This delay
ensures that GateDelay 158 is long enough to avoid FPGA boundary conditions.
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case 90, y_segs = [0 -2*velocity dt 0 0]; % leader is y axis y_ref time = -dt/2; % x starts at time -dt/2
23y total_dt=dt/2; x_segs=[0000 0]; x_re_time = 0; % y starts at time zero x_total_dt=0; vx =
-velocity; vy = -velocity; case 180, x_segs = [0 2*velocity dt 0 0]; % leader is x axis x_re_time = -dt/2;
% X starts at time -dt/2 x_total dt=dt/2;y segs=[000 0 0]; y_ref time =0; % y starts at time zero

y_total_dt = 0; vx = VelagiiFventBulielosiivy aee-2D8Iay seasatdDavesgy this0d 4 easler is y axis
y_ref_time = -dt/2; % x starts at time -dt/2 y_total_dt =dt/2; x segs=[00000]; x_re_time=0; %y
starts at tif&BBI6 & 30:A1SEC= 0; vx = velocity; vy = velocity; end % Now round and round for the

rounded bpo1ess. EaxticsaBmonludeiinecompinstl@AtBspyPhBR i yRRM 88 field in a
pre_entry_angle_bp revs_mod4*4 if (y_total dt > x_total dt) x_segs = [x_se%s; 0-2*vxdt00]; vx =
vx- x totaraserQngagketaf dre LagerEventBufter, and atime tag for the packet is the current

time plus LaserEventBufferDelay.

[0126] When the beam positioner servo calls a LaserOn packet, it loads the
GateDelay 158 value into FPGA Laser Pulse Control Timer Register 146’, then
interrogates FPGA Pulse Count Register 144’ to determine the desired number of
laser pulses.

[0127]  Skilled workers will recognize that portions of this invention may be
implemented differently from the implementations described above for preferred
embodiments. For example, workpiece specimen materials may include virtually any
printed wiring board material, whether rigid or flexible, copper-clad or exposed, fiber
reinforced, or homogeneous resin dielectric, and may also include ceramic
substrates and silicon substrates, such as those employed in micro-electronic and

semiconductor devices.
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y_segs =[y_segs; 0-2*vy dt 0 O]; vy =-vy; y _total dt=y total_dt+ dt; end end % Motion is now
defined up to the entry angle. Where to move next depends on the processing action. if
((proc_action==3) | (proc_action==4)) % spiral inward diam_inc = (spiral_id - (hole_diameter-
e_spot_size))/spiral_revs; dt_inc_seg = pi*diam_inc / (8*velocity); for seg_ctr=l:spiral_revs*4 dt = dt +
dt_inc_seg; if (y_total_dt > x_total_dt) x_segs =pypsaas A -2*vx dt 0 0]; vx = -vx; x_total_dt =
x_total_dt + dt; elsey_segs =[y_segs; 0-2*vy dt 0 0]; vy =-vy; y_total_dt =y total dt+ dt; end end
end % inward/outward includes extra 1/2 rev which will be at ID 24 if (proc_action==4) for
seg_ctr=12 d{yetatal dis xotetalegtpxt segs = [x_segs; 0 -2*vx dt 0 0]; vx = -vx; x_total_dt =
x_total_dt + dt; :else y.segs sdy. segsi s2*vy 1.0 Ol vy 51 vy vfotal dizy dotal dt£ dt; end
spiral_revs, proc_action, spiral_id, velocity, repetitions,
revs_at_diam, settle_revs, prf_period, init_entry_angle)

% The preferred rotation direction is CCW. This is allowed by apps and
minimizes the complexity of switch statements, etc. The true
entry conditions, however, are determined by the settling revs and
revs at hole diameter if the spiral action is inward.

entry_angle = init_entry_angle; % degrees for
rep_ctr=1l:repetitions

% Compute the dt for the initial revolution

if (proc_action==2) % spiral outward
dt_init = pi*spiral_id/2/velocity;
else % starts at outer diameter
dt_init = pi*(hole_diameter—eff_spot_size)/2/velocity;
end

dt = dt_init;

% Compute how far off of the entry angle to start.

pre_entry_angle_bp_revs = 0;
if ((proc_action==3) | (proc_action==4)) % spiral inward or
spiral inward, then outward
pre_entry_angle_bp_revs = revs_at_diam;
end
% settle rev on the initial rep only
if (rep_ctr == 1)
pre_entry_angle_bp_revs = pre_entry_angle_bp_revs +
settle_revs;
end

% figure the entry angle for starting the definition of bp motion
pre_entry_angle_bp_revs_mod4 = ceil (pre_entry_angle_bp_revs*4)/4;
entry_angle_bp = entry_angle - pre_entry_angle_bp_revs_mod4*360;
entry_angle_bp = mod(entry_angle_bp, 360);

% Now start adding move segments. Note that the move segment
format is:
% [dp_um dv_umpersec dt_sec pulse_cnt pulse_frac_dly]

% add the move segments pre entry angle
% figure out the segment reference times for BP motion
switch entry_angle_bp,

case O,
x_segs = [0 -2*velocity dt 0 0]; % leader is x axis
x_ref time = -dt/2; % x starts at time -dt/2
x_total_dt = dt/2;
y_segs = [0 0 O O 0O];
y_ref_time = 0; % y starts at time zero
y_total_dt = 0;
vx = -velocity;
vy = velocity;

case 90,
y_segs = [0 -2*velocity dt 0 0]; % leader is y axis
y_ref_time = -dt/2; % x starts at time -dt/2
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end end if ((proc_action==2) | (proc_action=

=4)) % spiral outward diam_inc =

((hole_diameter-e_spot_size) - spiral_id)/spiral_revs; dt_inc_seg = pi*diam_inc / (8*velocity); for
seg_ctr=l:spiral_revs*4 dt = dt + dt_inc_segq; if (y_total_dt > x_total_dt) x_segs = [x_segs; 0 -2*vx dt 0

0]; vx =-vx; x_total_dt =

X_total_dt + dt; elsey _segs =[y_segs; 0-2*vy dt 0 0]; vy =
y_total_dt + dt; end endyenetifi((proe aetion==1) | (proc_action==

2) | (proc_action==

-vy; y_total dt=
4)) % do circular

revs ncircle_segs = ceil(revsdat did*y foseg_ctr=I:ncircle_segs if (y_total_dt > x_total_dt) x_segs
= [x_segs; 0 -2*vx dt 0 OL‘ Wf-t%&ex t taI _dt = x_tofalY dt*eHtS Sl5ey§eg8 =L [y_segs; 0 -2*vy dt 0 O];

i i e

vy =-vy;y total dt=vy

(:i end end % That defines the EP motion, besides the

entry/exit which will be h@ndl&;d,@t@@ﬁ?gxt thing to do is compute the number of laser pulses and
schedule the laser-oreveritdn the move segments.

X_segs =
Xx_ref_time =
%x_total_dt = dt/2;
y_segs =
y_ref_time = 0;
y_total_dt = 0;
velocity;
-velocity;

VX =
vy =

case 270,
y_segs =
y_ref_time =
y_total_dt =
X_segs =
Xx_ref_time = 0;
x_total_dt = 0;
vx = velocity;
vy = velocity;

end

dt/2;

% Now round and round for the rounded bp_revs.

[0 2*velocity dt
-dt/2;

[0 2*velocity dt O
-dt/2;

0 0]; % leader is x axis
% x starts at time -dt/2

[0 00O O01];

y starts at time zero

o\

0]; % leader is y axis
x starts at time -dt/2

oe

[0 00O O0O0];

o

y starts at time zero

defines the next 1/4 of a revolution
for seg_ctr=l:pre_entry_angle_bp_revs_mod4*4
if (y_total_dt > x_total_dt)

X_segs =
VX = —-VX;
x_total_dt =

else
y_segs =
vy = -Vy;
y_total_dt =
end
end

% Motion is now defined up to the entry angle.

[x_segs;

[v_segs;

0 -2*vx dt 0 07];

x_total_dt + dt;

0 -2*vy dt 0 0];

y_total_dt + dt;

depends on the processing action.

if ((proc_action==3) |
diam_inc =
eff_spot_size)
dt_inc_seg =

(spiral__
) /spiral_revs;
pi*diam_inc /

)) %
(hole_diameter—

(proc_action==
id -

(8*velocity);

for seg_ctr=l:spiral_revs*4

dt + dt_inc_seg;

if (y_total_dt > x_total_ dt)

dt =
X_segs =
VX = —-VX;
x_total_dt
else
y_segs =
vy = -vy;
y_total_dt
end

end
end

[x_segs;

[y_segs;

0 -2*vx dt 0 07];
= x_total_dt + dt;
0 -2*vy dt 0 0];

= y_total_dt + dt;

spiral inward

Each segment

Where to move next

% inward/outward includes extra 1/2 rev which will be at ID
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laser-delay-revs = pre_entry_angle_bp_revs_mod4; % basic delay % if spiral inward is first process
action, back off the delay by the revs at diameter if ((proc_action==3) (proc_action==4))
laser-delay-revs = laser-delay-revs - revs_at_diam; end laser-delay-time = laser_delay_revs*dt_init*2;
25 % laser on time is equal to the minimum of the two total segment times, then adjusted by the laser
delay time and the differenee_hetweenr the rounded up final revs and desired final revs laser-on-time =
min([x_total_dty_total dfpr laser<en=time = laser-on-time - laser_delay_time; if ((proc_action==1)
(proc_action==2) (proc_action== %tﬁllaié’t‘foﬁaf‘fé\%ﬁtéﬁd bp-finish-up-time =
(ceil(revs_at_diam*4)/4- revs_at__ P@S@%@Qﬁ}f&ggﬁ%’n-@ﬁirﬁe YfaSer-on-ime - bp_finish_up_time; end
pulse-count = ceil(laser_on_time kpthpearied),-%: The lasek-on gvent goes into the X segment stream
t tracker = x_re_time; seg_idxis€l; dtseg = x_segs(1,3); while (t_tracker+dtseg <= laser_delay_time)
t_tracker = t_tracker + dtseg; seq Yidie=sseg Lidherl titseg=2"Y¥sé€gs(seq /idx, 3); end frac =
(laser_delay_time - t_tracker)/dts%é;c?@”l(?’%@ Tresolution jyst ike cmem frac = round(rac*256); % Now
stick it into the move segments 4x_segs(seg_idx;4) = pulSe_count: x_segs(seg_idx,5) = frac; % Need

to pad the move segmenisawith the entry. % The first rep always enters with a generic move.
end

if ((proc_action==2) | (proc_action==4)) % spiral outward
diam_inc = ((hole_diameter-eff_spot_size)
spiral_id) /spiral_revs;
dt_inc_seg = pi*diam_inc / (8*velocity);
for seg_ctr=l:spiral_revs*4
dt = dt + dt_inc_seg;
if (y_total_dt > x_total_dt)

X_segs = [x_segs; 0 -2*vx dt 0 0];
VX = -VX;
x_total_dt = x_total_dt + dt;
else
y_segs = [y_segs; 0 -2*vy dt 0 0];
vy = -vy;
y_total_dt = y_total_dt + dt;
end
end
end
if ((proc_action==1) | (proc_action==2) | (proc_action==4)) % do
circular revs
ncircle_segs = ceil (revs_at_diam*4);

for seg_ctr=l:ncircle_segs
if (y_total_dt > x_total_dt)

X_segs = [x_segs; 0 -2*vx dt 0 0];
VX = -VX;
x_total_dt = x_total_dt + dt;

else
y_segs = [y_segs; 0 -2*vy dt 0 0];
vy = -Vy;
y_total_dt = y_total_dt + dt;

end
end
end

% That defines the BP motion, besides the entry/exit which will be
handled later. Next thing to do is compute the number of laser
pulses and schedule the laser-on event in the move segments.

[

laser_delay_revs = pre_entry_angle_bp_revs_mod4; % basic delay

% if spiral inward is first process action, back off the delay by
the revs at diameter

if ((proc_action==3) | (proc_action==4))
laser_delay_revs = laser_delay_revs - revs_at_diam;

end

laser_delay_time = laser_delay_revs*dt_init*2;
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if (rep_ctr==1) switch entry-angle-Op, case 0, y_segs = [-x_re_time*velocity 0 -x_ref_time 0 O;
y_segs]; xO =0; yO = x_re_time*velocity; vx0 = velocity; vy0 = velocity; case 90, x_segs =

[y_ref time*velocity 0 -y _ref time 0 0; x_segs]; xO =-y_ref_time*velocity; yO = 0; vx0 = -velocity; vy0
= velocity; case 180, y_segs = [x_ref_time*velocity O -x_ref _time 0 0; y_segs]; xO =0; yO =
-X_re_time*velocity; svx0ssrVeloeityevy0 =quelocity;tcase 270X segas f-yo refttime’mplosity 0
-y_ref_time 0 0; x_segsksxCeeyp pefi tirhedvelodihy y@s=10,0¢x6 = velecityd we =afdlecityseend 26 %
generic move from hla?é“teeerﬂe‘i'??:r]é‘&tédgélnéﬁcfﬁf&}e %%g?n%?ﬁsdﬁﬁﬁ%ﬁéﬁfbdﬁﬁén to initial

. .laser on_time, = n([x_tota t total dt ;
conditions for the weﬂgg}%ﬁggevpﬁag é;h— S}/Xéﬁ_o,l%@i;_ i[gm@,_yj ARk, VpK] = gm_new(y0, 0,
vy0); % Take max affmoye simesdostwo cases rgmtzimax{igmt | Xj et v YeReund up toomodulus
of 50 user rup = 50e6 aanod{sumey segsErs))+sum(gmt),50e-6); % x, y same dt
bp_finish_up_time = (ceil(revs_at_diam*4)/4-
revs_at_diam) *dt*2;
laser_on_time = laser_on_time - bp_finish_up_time;
end
pulse_count = ceil(laser_on_time / prf_period);
% The laser-on event goes into the X segment stream
t_tracker = x_ref_ time;
seg_idx = 1;
dtseg = x_segs(1l,3);
while (t_tracker+dtseg <= laser_delay_time)

t_tracker = t_tracker + dtseg;
seg_idx = seg_idx+1;
dtseg = x_segs(seg_idx, 3);
end
frac = (laser_delay_time - t_tracker)/dtseg;
% 1/256 resolution just like cmcm
frac = round(frac*256);

% Now stick it into the move segments
X_segs (seg_1idx,4) = pulse_count;
X_segs (seg_1idx,5) = frac;

% Need to pad the move segments with the entry.
% The first rep always enters with a generic move.
if (rep_ctr==1)

switch entry_angle_bp,

case O,
y_segs = [-x_ref_time*velocity 0 -x_ref_time 0 0; y_segs];
x0 = 0;
y0 = x_ref time*velocity;
vx0 = velocity;
vy0 = velocity;
case 90,
x_segs = [y_ref_time*velocity 0 -y_ref_time 0 0; x_segs];
x0 = —-y_ref_time*velocity;
y0 = 0;
vx0 = -velocity;

vy0 = velocity;
case 180,

y_segs [x_ref_time*velocity 0 -x_ref _time 0 0; y_segs];
x0 = 0;
y0 = —-x_ref_time*velocity;
vx0 = -velocity;
vy0 = -velocity;
case 270,
X_segs [-y_ref_time*velocity 0 -y_ref_time 0 0; x_segs];
x0 = y_ref_time*velocity;
y0 = 0;
vx0 = velocity;
vy0 = —-velocity;

end
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rup = mod(rup, 50e-6); gmt(2) = gmt(2) + rup; % compute generic move dvs and dps init_x = x0; x =
0; init_y =y0; y =0; vx_start = 0; vy_start = 0; init_vx = vx0; init_vy = vy0;
denom=(gmt(1)+2*gmt(2)+gmt(3)); dvxl = (2*(init_x-x)-vx_start*(2*gmt(1)+2*gmt(2)+gmt(3))-
init_vx*gmt(3))/denom; dvyl = (2*(init_y-y)-vy_start*(2*gmt(1)+2*gmt(2)+gmt(3))-
init_vy*gmt(3))/denom; dvx@s<-24(iRitvX-from hole center. Create generic move segments
x)+vx_start*gmt(1)+iﬁhg&xéegﬁﬂér)%g@mt%y@gimt(@?ﬂigemy iduy3of-24(nit iy
y)+vy_start*gmt(1)+init_ W‘(?Fﬁt(l ®2xg )F2% 3 & enony;* dpxl = gmt(1)*(vx_start+dvx|/2); dpyl
= gmt(l)*(vy_start+dvyl/éﬁmdpg(Z %Démt@ vx_$ %ﬁ) ?) %byﬁyg dgmt(2)*(vy_start+dvyl); dpx3 =
init_x-x-dpxI-dpx2; dpy3 & irik &/-y=6pyEdpy2s % pee-penrddhe gepesic move segments x_segs = [ dpxl
dvxl gmt(1) 0 O0; dpx2 O gmi(2)@=0; dpx3 evx3gmt(3) 0 0; x_segs ]; y_segs = [ dpyl dvyl gmt(1) O O;
dpy2 0 gmt(2) 0 O; dpyBi(EIll\zﬁ‘@yz@B@)te G‘,O?J@@gﬁ; 6Ho?sfécs<)ags = X_Segs; prg?(_y?sggsy: y_Segs;

- modTsunm(x_segs(T,3)) Fsum(gmt);, 50e-6);
same dt
rup = mod(rup, 50e-6);
gmt (2) = gmt(2) + rup;

Q

% compute generic move dvs and dps
init_x = x0;

x = 0;

init_y = yO0;

y = 0;

vx_start = 0;

vy_start = 0;

init_vx = vxO0;

init_vy = vy0;

denom= (gmt (1) +2*gmt (2) +gmt (3)) ;

dvxl = (2* (init_x-x)-vx_start* (2*gmt (1) +2*gmt (2)+gmt (3) ) —
init_vx*gmt (3))/denom;

dvyl = (2* (init_y-y)-vy_start* (2*gmt (1) +2*gmt (2)+gmt (3) ) —
init_vy*gmt (3))/denom;

dvx3 = (-2* (init_x-
x)+vx_start*gmt (1) +init_vx* (gmt (1) +2*gmt (2)+2*gmt (3) ) ) /denom;

dvy3 = (-2* (init_y-

y)+vy_start*gmt (1)+init_vy* (gmt (1) +2*gmt (2)+2*gmt (3)) ) /denom;

dpxl = gmt(1l)* (vx_start+dvx1l/2);
dpyl = gmt (1)* (vy_start+dvyl/2);
dpx2 = gmt (2) * (vx_start+dvxl) ;
dpy2 = gmt (2) * (vy_start+dvyl) ;

dpx3 = init_x-x-dpxl-dpx2;
dpy3 = init_y-y-dpyl-dpy2;

% pre-pend the generic move segments

x_segs = [ dpxl dvxl gmt(l) 0 O;
dpx2 0 gmt(2) 0 0;
dpx3 dvx3 gmt(3) 0 0;
X_segs 1;

y_segs = [ dpyl dvyl gmt(l) O O;
dpy2 0 gmt(2) 0 O;
dpy3 dvy3 gmt(3) 0 0;
y_segs 1;

prior_x_segs = X_segs;
prior_y_segs = y_segs;
else
% subsequent reps will adjust from the prior dt to the new dt
prior_exit_angle = mod(round((atan2(prior_vy, prior_vx)-
3*pi/4)/(pi/2))*90,360);
ea_advance_segs = mod((entry_angle_bp -

prior_exit_angle)/90,4);
if (ea_advance_segs < 2)
ea_advance_segs = ea_advance_segs + 4;
end
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else % subsequent reps will adjust from the prior dt to the new dt prior_exit_angle =
mod(round((atan2(prior_vy, prior_vx)- 3*pi/4)/(pi/2))*90,360); ea_advance_segs =
mod((entry_angle_bp - prior-exit-angle)/90,4); if (ea_advance_segs < 2) ea_advance_segs =
ea_advance_segs + 4; end 27 % If more than 2 segs are required, do them at the min possible time
for maximum speed advantageotminntransitiens= de<4 % ;0ilrasecdb (i ttansiiom <
pi*velocity/(1000*9.8e®)} 1min tﬂaasﬁ%n%pi%oaﬁyﬁ@_@@@’e@lm % limit 1000G end % insert extra
segments if more than 1/2°6f-& fé% i< et wedefrﬁrn transnrorq 1‘5‘%’ % %) Imsec if (tmin_ tranS|t|0n <
pi*velocity/(1000*9.8e6)) %mlgmin tr @i\itl@ velcgqty@i@@@té/%é ,0/9 Ilg@l iOOOG end ;fori=1
ea_advance_segs-2iif (gtior_total dt _y > prior_total_dt x dt =tmin transmon if (dt <=
prior_total_dt y - prior_tetal_dt x + tmin transmon/Z) dt = prior_total_dt_y - prior_total_dt x +
tmin_transition/2; end prior_x segs— prlor x_segs; 0 -2*prior_vx dt 0 0]; prior_vx = -prior_vx;

p
prior_total_dt_x = prior_ tbtéF (itr @on eo”{ﬁntfmﬁ ﬂ%l?ﬁlﬁgﬁmlfl@?lg &|6F"t0¥5l IRred

ransi
pnor total dt y'+ if (tmin_transition < pi*velocity/(1000*9.8e6))
tmin_transition = pi*velocity/(1000*9.8e6); $ limit
1000G
end

for i=l:ea_advance_segs-2
if ( prior_total_dt_y > prior_total_dt_x )
dt = tmin_transition;
if (dt <= prior_total_dt_y - prior_total dt_x +
tmin_transition/2)
dt = prior_total_dt_y - prior_total dt_x +
tmin_transition/2;

end
prior_x_segs = [prior_x_segs; 0 —2*prior_vx dt 0 0];
prior_vx = —-prior_vx;
prior_total_dt_x = prior_total_dt_x + dt;
else
dt = tmin_transition;

if (dt <= prior_total_dt_x - prior_total dt_y +
tmin_transition/2)

dt = prior_total_dt_x - prior_total dt_y +
tmin_transition/2;

end

prior_y_segs = [prior_y_segs; 0 -2*prior_vy dt 0 0];
prior_vy = -prior_vy;

prior_total_dt_y = prior_total_dt_y + dt;

end
end
% now fix things up !
if (prior_total_dt_y > prior_total_dt_x)
dt = prior_total_dt_y - prior_total dt_x - y_ref_time;

prior_x_segs = [prior_x_segs; 0 —-2*prior_vx dt 0 0];
else

dt = prior_total_dt_x - prior_total dt_y - x_ref time;

prior_y_segs = [prior_y_segs; 0 —-2*prior_vy dt 0 0];

end

Q

% conglomerate things!

prior_x_segs = [prior_x_segs; XxX_segs];
prior_y_segs = [prior_y_segs; y_segs];
end
prior_total dt_x = x_total_dt; % don't accumulate
prior_total dt_y = y_total_ dt;
prior_vx = VvXx;
prior_vy = vy;

Q

% compute the entry angle for the next rev switch entry_angle,
case 0,

switch init_entry_angle,

case O,
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tmin_transition/2) dt = prior_total_dt x - prior_total_dt_y + tmin_transition/2; end prior_y segs =
[prior_y segs; 0 -2*prior_vy dt 0 O]; prior_vy = -prior_vy; prior_total_dt_y = prior_total_dt_y + dt; end
end % now fix things up if (prior_total_dt y > prior_total dt_x) dt = prior_total_dty - prior_total dt x -
y_ref _time; prior_x_segs = [prior_x_segs; 0 -2*prior_vx dt 0 0]; else dt = prior_total_dt _x -
prior_total_dt y - x_ref_time;npfiofay=segs = [prior_y_segs; 0 -2*prior_vy dt 0 0]; end %
conglomerate things! priorsge_S€gs = [prior_Xx_segs; X_segs]; prior_y_segs = [prior_y_segs; y_segs];
end prior_total_dt x =X total“_1 =98 dort accumulate prior_total_dt_y =y_total_dt; prior_vx = vx;
prior_vy = vy; % comput_ga’[i;'f?’-:-ng!;;%@/aarzl%e7 for the next rev switch entry-angle, case 0, switch

init_entry_angle, case 0.28 new,ea = 180; case 90, new_ea = 90; case 180, new_ea = 270; case

270, new_ea = 180; new_ea = 180;
end
case 90,
switch init_entry_angle,
case O,
new_ea = 270;
case 90,
new_ea = 270;
case 180,
new_ea = 180;
case 270,
new_ea = 0;
end

case 180,
switch init_entry_angle,

case O,

new_ea = 90;
case 90,

new_ea = 0;
case 180,

new_ea = 0;
case 270,

new_ea = 270;
end

case 270,
switch init_entry_angle,

case 0,
new_ea = 0;
case 90,
new_ea = 180;
case 180,
new_ea = 90;
case 270,
new_ea = 90;
end
end
entry_angle = new_ea;
end
X_segs = prior_x_segs; % get the conglomerate
y_segs = prior_y_segs;

% Finish up the last rep, just coast to even up the dt
if (y_total_dt > x_total_dt)
fixup = y_total_dt - x_total_dt;

X_segs = [x_segs; vx*fixup 0 fixup 0 0];
else

fixup = x_total_dt - y_total_dt;

y_segs = [y_segs; vy*fixup 0 fixup 0 0];

end
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end case 90, switch init_entry_angle, case 0, new_ea = 270; case 90, new_ea = 270; case 180,
new_ea = 180; case 270, new_ea = 0; end case 180, switch init_entry_angle, case 0, new_ea = 90;
case 90, new_ea = 0; case 180, new_ea = 0; case 270, new_ea = 270; end case 270, switch
init_entry_angle, case 0, new_ea = 0; case 90, new_ea = 180; case 180, new_ea = 90; case 270,
new_ea = 90; end end entry-angle = new-ea; ghslendix B

% ——— Executes incremental bite size upon button press in eq pulse_overlap.
function eq pulse_overlap_Callback (hObject, eventdata, handles)

hObject handle to eqg_pulse_overlap

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data

hole_diameter = str2double(get (handles.hole_diameter, 'String'));
eff_spot_size = str2double(get (handles.eff_spot_size, 'String'));

% Convert to velocity to number in um/sec

velocity = str2double(get (handles.velocity, 'String'))*1000;

revs = ceil (str2double(get (handles.revs_at_diam, 'String')));
prf_period = 1/ (str2double (get (handles.prf, 'String'))*1000); % to sec

o\

% Want to set incremental bite size to bite size / ceil(revs_at_diam)
Trev = pi*(hole_diameter—-eff_spot_size)/velocity;

x = Trev/prf_period;
% Adjust
X = cell(x+1l/revs) - 1l/revs;

% back out the new velocity

Trev = x*prf_period;
velocity = pi*(hole_diameter-eff_spot_size)/Trev;
set (handles.velocity, 'String', num2str (velocity/1000)); % to mm/sec

% Print the bite size, microns. Also the "incremental" bite size, which is
the advance of the first pulse of the 2nd revolution relative to the 1lst

revolution set (handles.bite_size, 'String', num2str (velocity*prf_period));
imag_bite_size = mod(prf_period-mod(Trev,prf_period),prf_period)*velocity;
set (handles.imag_bite_size, 'String', num2str(imag_bite_size));

[0128] It will be obvious to those having skill in the art that many changes may be
made to the details of the above-described embodiments without departing from the
underlying principles of the invention. The scope of the present invention should,

therefore, be determined only by the following claims.
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X_segs = prior_x_segs; % get the conglomerate y_segs = prior_y_segs; % Finish up the last rep, just
coast to even up the dt if (y_total dt > x_total_dt) fixup =y_total dt - x_total dt; x_segs = [x_segs;
vx*fixup O fixup 0 01; else fixup = x_total _dt -y total dt;y segs = [y_segs; vy*fixup O fixup 0 01; end
29 Appendix B % --- Executes incremental site size upon button press in eq_pulse_overlap. function
eq_pulse_overlagye@ibaak(hObject, eventdata, handles) % hObject handle to eq_pulse_overlap %
eventdata reserved - to be defined in a future version of MATLAS % handles structure with handles

and user data holb-daeteed &SiReing fiderrRRk RBISVal Shataie &g a Lasget Goirn

Str2d0Ub'%ﬂ@t@b’éﬁNﬁérﬁﬁ?§fp§rﬁ%ﬁ oPHIMEEbr tHo Caiy edkdeiRIgity hanHe BeJubstamsas velocity =
str2double(get(handles.velocity, 'String’))*1000; revs = ceil(str2double(get(handles. revs_at diam,
'String))); %rﬁﬂ(l?ériééﬂ@tlF?&rﬂ@&B%‘P@{g&é?ﬁwQM&é@?ﬁﬁ} ARG FOBRY WAL I, NAHARD set

incrementakesitersizadoHritRasEie d SR EmYIRgeh ISkIM akie blio fd (eieh dizaretasearipot_size)/velocity; x
= Trev/prf_period; % Adjust x = ceil(x+l/revs) - 1/revs; % back out the new velocity Trev =
x*prf_periGtioPaRRIEs R (RSRY Rratetisiinngat the dyrarivediafariies SR ARV shéhg'

num2str(velaeiy{d PR idstadmen/sem %h B taldeedimeates, coripnsingiso the "incremental” site size,
which is the advance of the first pulse of the 2nd revolution relative to the 1st revolution

set(handles.bite SHERIRGIVRIMONR SRR IR PNE HRaTha SHd iy target region to
mod(pr_pefiestimies Jaarnpikip esied)dpted aindidvielacilye setbarsiesivegebiitesicRafidneg’,

numzsn(inr%%‘r’%%‘ishiztﬁ)g;target region to enable a process of material removal from the target
region;

directing the beam axis at an entry segment acceleration and along an entry
trajectory to an entry position within the target region, the entry position
corresponding to a location where emission of the laser beam is initiated on the
target region;

moving the beam axis at a circular perimeter acceleration within the target
region to position the laser spot and thereby remove material along a circular
segment of the target perimeter; and

setting the entry segment acceleration and circular perimeter acceleration to
values such that the entry segment acceleration value is less than twice the circular
perimeter acceleration value.

2. The method of claim 1, in which the entry position is such that the beam
spot is located on the circular segment of the target perimeter, and in which the
beam axis exits the target region from a location proximal to the circular segment of
the target perimeter.

3. The method of claim 1, in which the entry position is located in general
proximity to the target center and the laser spot removes material along a curvilinear
path progressively away from the target center to the circular segment of the target
perimeter.

4. The method of claim 3, in which the entry position constitutes a first entry
position and the curvilinear path constitutes a first curvilinear path, and further
comprising:

directing the beam axis to a second entry position in general proximity to the
target center; and
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[0128] It will be obvious to those having skill in the art that many changes may be made to the details
of the above-described embodiments without departing from the underlying principles of the invention.
The scope of the present invention should, therefore, be determined only by the following claims. 30
We Claim: 1. A method of effecting high speed removal of material from a target region of a specimen

by operation of adpegtiiRpthb e oshoetoreArRBthmiataminly sEeuRd eaireripgiar defined
by a target diameter extending through a target center, and the [aser tool defining a beam axis along

which a [aBEPYESH G FAYaYLOmdNadar ?ﬁ’@f@ﬁﬁ%ﬁ‘ﬁttﬁﬁg%ﬂfé{%%n a laser spot having a

diameter that is spiaitgethittibe Hreglmiamatamepmprising: causing relative movement between the
beam axis and the target region to direct the beam axis to selected locations in the target region or

selected locationd"®EYFHIAT REETBA! A HAGSANG IHGBIPEIRSISEIISRALIRIY BROE £ the

target regitighieciiradhamaantaziscalpoabiyErementascaleatiosrinnetéloaadn entry trajectory
to an entry position within the target region, the entry position corresponding to a location where

emission of the 13861 BRGNP ROIIERIBUESTRREC TRl JBIFLHBNE FRYGIHYRAS BRAHT dsiai9etircular

perimeter peepirialicmy ihéidhardaraaiorg onde pastiongredanerapospirg ihetieywaraqre material
along a circular, segment of the target perimeter; and setting the entry segment acceleration and

circular peﬁ%@? &ieration to values such that the entry segment acceleration value is less than
twice the circulargpeTimesiestaeertsraton BaliwewRichhgengteethfrclatudenanmiyien shegidsy position is

such that the heam spot is.lpcated on the circular segment of the target perimeter, and in which the
boam aui e B YA PR Dk A5 GrETSr Siintas, tir e bard
perimeter. daldramgthiosk obritiradd br Wbitl de@ €Oty eesitioie isoprARmiBdRaig bpemgmity to the

(aroet con(BPIB FL SITAT b GHEALF A L AyEl B e P O D LS Bhich the
entry positinatefinsiioiesie fisshentayipasifionegtitimnenriibnades Pprb csystigiteRaidirst curvilinear
path, and furtherfOWeriﬁjl%%od of claim 1, in which:

the entry position is such that the laser spot is located on the circular segment
of the target perimeter; and

the laser spot removes material along a first generally spiral path toward the
target center, removes material along a second generally spiral path away from the
target center, and returns to the circular segment of the target perimeter.

8. The method of claim 7, in which the entry position constitutes a first entry
position, and further comprising:

directing the beam axis to a second entry position in the target region, the first
and second entry positions being offset from each other;

directing the laser spot to remove material along a third generally spiral path
toward the target center, remove material along a fourth generally spiral path away
from the target center, and return to the target perimeter; and

directing the beam axis to exit the target region.

9. The method of claim 1, in which the specimen includes etched-circuit
board material and the removal of material from the target region of the specimen
includes processing a hole in the etched-circuit board material.

10. A method of effecting removal of material from a target region of a
specimen by operation of a laser tool, the target region having a substantially circular
target perimeter defined by a target diameter extending through a target center, and
the laser tool defining a beam axis along which a laser beam propagates, the laser
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directing the beam axis to a second entry position in general proximity to the target center; and 31
directing the laser spot to remove material along a second curvilinear path progressively away from
the target center to the target perimeter. 5. The method of claim 1, in which: the circular segment
includes the target perimeter in its entirety and the entry position is such that the laser spot is located

on the targpipArdBRIGHGAACINREIIAGET RRAbIEARRY BpYeRaling - HiBlnseMolvEPRSsAvanEtheaiarget

perimeter and thereafter removes material along a generally spiral path toward the target center. 6.
The methd8%IIgRH BRI icRAIMPLBEGmen includes any of a rigid or flexible printed wiring board

material, a coppes=ilathgrerRResh BUEHeshBEId 8ot chrigkch @ ied trintarged eghmmegeneous

resin dielectric printed wiring board material, a ceramic substrate, and a silicon substrate, and in

which the FRERELEIOPGRTIEHIS O PIRERH REFGILH B S ARIARIOR AL GELCHIBELashIPAThole. 7.

The methasbaf elaémnline whi@: sty amnailion isreuebdtingdaarranelis ipeaieRomigetcircular
segment of the target perimeter; and the laser spot removes material along a first generally spiral path

toward the @Yt center, removes material along a second generally spiral path away from the target

center, and returggréeting eHe WahAeERIS Bl dhentaras) najsorRIer 18- ahhentmeibesticlatatédin which
the entry posi&%z constitutes a first entrﬁt &?sition, and further omprisirl . directing the beam axis to a

second entty PsIREISHRRETSEE 1A RAFLPAAERRBA OBNNG GHset from each

other; diregtiniggiom lasgicsRYdppeamVe inatesal ciane satiged geienangpiral path toward the target
center, remove material abon a fourth generally spiral path away from the target center, and return to
AR RTINS fAiget s

the target perimefBﬂVé{?ﬂjt it ‘f’iﬂ@‘%% A trl’?@'t%rﬂgt t?@@\gﬂ%h HetRBLY Ei&im 1,in

which the gpeeinwitineledes aiohad ciiatdrididarch mattsiabasidtibagemovatind mejeripiiamaide target
region of thegﬁgcim n includes processing a hole in the etched-cirCﬁJit board material. 10. A method
54 BRETAIge B

of effecting PERIRRAISh L RY FrOIR G 131 P PR R USHES SRR BIVoriFatiBR BraWaLd S, the
target regigirdetvbegi@isubstantially circular target perimeter defined by a target diameter extending

through a target Gepter, and. ihe [a5er ool (5Ting & RSAD B3 land s & Jases P am prgpagates.

flexible printed wiring board material, a copper-clad or exposed printed wiring board
material, a fiber reinforced or homogeneous resin dielectric printed wiring board
material, a ceramic substrate, and a silicon substrate, and in which the removal of
material from the target region of the specimen includes processing a via hole in the
specimen.

12. The method of claim 11, in which the via hole includes a blind via hole.

13. A method of effecting removal of material from a target region of a
specimen by operation of a laser tool, the target region having a substantially circular
target perimeter defined by a target diameter extending through a target center, and
the laser tool defining a beam axis along which a laser beam propagates, the laser
beam defining at the target region a laser spot having a diameter that is smaller than
the target diameter, comprising:

causing relative movement between the beam axis and the target region to
direct the beam axis to selected locations in the target region or selected locations
near and in the target region to enable a process of material removal from the target
region;

directing the beam axis along an entry trajectory to an entry position located
on the target perimeter, the entry position corresponding to a location where

emission of the laser beam is initiated on the target region; and
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32 beam defining at the target region a laser spot having a diameter that is smaller than the target
diameter, comprising: causing relative movement between the beam axis and the target region to
direct the beam axis to selected locations in the target region or selected locations near and in the
target region to enable a process of material removal from the target region; directing the beam axis

along an entry traiesinty tREBEIHNARRSHIBRAOFRISE G FagitRT 36 HRRiBAtEe thRaNgHROgtion

corresponding to a location where emission of the laser beam is initiated on the target region; and

moving thE5BaKE MR RIBN9 @St RABRUBYSeRRST Y PRl R8P JAWREd thg & sSimeter to
remove mataital indmdieleneaualitions gRosssbadasatinesinaiehaalReiealieitreaieye froaterial

along a continuous generally spiral path toward the target center. 11. The method of claim 10, in

which the RG] fRHRIe 3R VP HEiIA G CHEXIBSSHREN AP 188 RIENSIeL copper-clad or

exposed printed wiingheaidtioaterialardipg! ieinfaceethochdppasRrAVSIRSIMAEIectistPrinted
wiring board material, a ceramic substrate, and a silicon substrate, and in which the removal of

material frSHMHBSHIRA 850 oA PBRIFEWincludes processing a via hole in the specimen. 12.
The method of clairedtindrtvéisdntheaxia feole doebiatesatiylipdsiim hatethd 3arysnedipehotiedieiesng

removal of material from atarge,t_regig%r?fa ecimen by operation of a laser tool, the target region

having a sBBESREANG GRUHHOBNGED REHT%ER ‘g&éffﬁé’ﬁ BF5H QIRRY diameter extending through a target
center, and the lagexctor) definisgraspeatd rxisclengandtich aoases beirncarapagateydhertaser beam

defining at the target region a laser spot having a diameter that is smaller than the target diameter,
Compriging PR AT RS THEVErIat oIS TR BUBRICHAL SR A OB BB Rirect the
beam axisgersgigigianiedgiisthsandpdriargeidegigeiaaacteddoediiond traraagetipdhimeaeget region

to enable a process of material removal from the target region; directing the beam axis along an entry
trajectory % entry position located on the target perimeter, the entry position corresponding to a

location where edfitesiyahihbdaseraniaid sxinitietearget thyianget region; and 33 moving the beam
Bl v o gl S g SR R e

rate to remove material from a target region of a specimen, the target region having
a target perimeter defined by a target diameter and each pulsed laser emission of
the beam defining at the target region a laser spot having a diameter that is smaller
than the target diameter, comprising:

moving the beam of pulsed laser emissions and target region relative to each
other at a tool velocity multiple times around the target perimeter to cause the beam
of pulsed laser emissions to remove material in multiple repetitions of a tool pattern,
each laser spot being incident on a location of the target region during each of the
multiple repetitions of the tool pattern; and

controlling the tool velocity and the pulse repetition rate to substantially
uniformly spread laser emission energy around the target perimeter by positioning
the locations of the laser spots for a repetition of the tool pattern so that the laser
spots are not coincident with locations on which the laser spots of a previous
repetition were incident.

16. A method of using a beam of pulsed laser emissions at a pulse repetition
rate to remove material from a target region of a specimen, the target region having
a substantially circular target perimeter defined by a target diameter and each pulsed
laser emission of the beam defining at the target region a laser spot having a

diameter that is smaller than the target diameter, comprising:
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center, remove material along a second continuous generally spiral path away from the target center,
and return to the circular segment of the target perimeter. 14. The method of claim 13, in which the
entry position constitutes a first entry position, and further comprising: directing the beam axis to a
second entry position in the target region, the first and second entry positions being offset from each

other; directing the daaey BROLFANPKEIBERICESE AEATE SidhishABIN! eegrieralbtividtcrbagH toward
the target center, remove material along a fourth continuous, generally spiral path away from the target

center, and'RALA IR YEIGEH) RIS TGS AreLhAJRRCHEEAR 319% RIITIRIAAIg & on. 15. A

method Ofthéimarh%ﬂl@méwl%%@ﬂ@ﬁfs@@i@i@\%ﬁi@@%éﬁﬁpmiﬁmIffl@ fepempe meterial from a
target region of a specimen, the target region having a target perimeter defined by a target diameter

and each RILARIEIEr ERAERFPEERAE BT BERIGALR T eaRT RigRMaeRkiediaR KLVIRG a

diameter taakis sMirdendhipnetiedatioehgdismatetosPpdtestndamaoving the beam of pulsed laser
emissions and target region relative to each other at a tool velocity multiple times ar_()llmd the target

perimeter to causPHEPBENSABRINEACh ABA IS HLSS FeRTo MRS fYRRIRITIE e petitions of a
tool patterpnifsefyassicspobbengniissienicnn g josatituahtheiteitst tagionsédimeteash of the
multiple repetitions of the tool Patter?; aniqcontrolling the tool velocity and the pulse repetition rate to
ubstantialy SRR g RER PRSP LR ST SRy F LRI O LA R IRRL RS B OSiHBAIng. the

locations ahthalsessnetar®hatrepieidideneiiig [0cARetE BhspHival the laser sppvisoRie not coincident
with locations on which the laser spotsl,glof a previous repetition were incident. 16. A method of using a

beam of pﬁfﬂéqﬁgé?gﬁﬁﬁggfbﬂ@ﬁ 5‘8 %@trepetition rate to remove material from a target region of a
specimen, the target rEigiom bGamfaRubsIE)tialyiEaules tygebNiegmeiriddelingidding target

di t d h pylsed | SSi fthe b defini the t t regj I t havi
2 diameto G, R EALIGF 000 PR\t SCRUHLIRLE. 6 R GG HEATRST L lacor

emissiongta@ctaaggetjrggigterelative to each other at a .too.l velocity multiple timgs .arounoll the circular
repeiions of & (06 LB AL M AEBARd S ER aReL OURH 1% B aHGEP EbiDR during
each of th¢agurigpletsapelititts ddttireninii pattiisna@es by which the locations of the laser spots
are to be positioned, and in which the distance has a tolerance of 20 percent or less.
19. The method of claim 16, in which the positioning of the locations of the
laser spots includes determining a distance by which the locations of the laser spots
are to be positioned, and in which the distance is at least about 1.0 micrometer.
20. A method of using a beam of pulsed laser emissions at a pulse repetition
rate to remove material from a target region of a specimen, the target region having
a target perimeter defined by a target diameter and each pulsed laser emission of
the beam defining at the target region a laser spot having a diameter that is smaller
than the target diameter, comprising:
moving the beam of pulsed laser emissions and target region relative to each
other at a tool velocity multiple times around the circular target perimeter to cause
the beam of pulsed laser emissions to remove material in multiple repetitions of a
tool pattern, each laser spot being incident on a location of the target region during
each of the multiple repetitions of the tool pattern; and
controlling the tool velocity and the pulse repetition rate to spread laser
emission energy around the circular target perimeter by positioning the locations of
the laser spots for a repetition of the tool pattern so that the laser spots are not
coincident with locations on which the laser spots of a previous repetition were
incident, the positioning of the locations of the laser spots including determining from
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controlling the tool velocity and the pulse repetition rate to substantially uniformly spread laser
emission energy around the circular target perimeter by positioning the locations of the laser spots for
a repetition of the tool pattern so that the laser spots are not coincident with locations on which the
laser spots of a previous repetition were incident. 17. The method of claim 16, in which the controlling

includes agsiing win{Fash RN BEARRA NG CiRe gNey RNISEH BREUBR RGNS, Shthresengistiameter,

and the target diameter. 18. The method of claim 16, in which the positioning of the locations of the
laser spot$ ¢ludes determining a distance by which the locations of the laser spots are to be
positioned, and in which the distance has a tolerance of 20 percent or less. 19. The method of claim

16, in which the pdsjtisni (r gﬁ o tions of the laser spots includes determining a distance by
0

which the locations of the las are to be positioned, and in which the distance is at least about
1.0 micrometer. 28" ®nethod of using a beam of pulsed laser emissions at a pulse repetition rate to
remove material framraetasgpveaing; of a specimen, the target region having a target perimeter
defined by a targr?;d%j:arr;ﬁ%r and each lr;itt,Jlsed laser emission of the beam defining at the target region
a laser spot havi d fé‘f'ﬁ%ﬁg§ MR target diameter, comprising: moving the beam

of pulsed laser ergigsiess: ang iiaderagieapeliaibys iof eashootipeitiara tool velocity multiple times
around the circular tar etg&rime er tp caugﬁ the bea c% ulsed laser emissions to remoye material
in muliple repetitohs SfBE 00 SL MRS DR RR G SIUR B IAS ok SIS BRI SR SRETIRRb region
during eaghtofithemoliipiadrntiitions of theytnobpaliett; aspeummisollingthedeotygiosihaaithe
pulse repetition rate tq s%reaaglﬁser mission er%jer around the?g]ircu rget perimeter b

positionind Y 5L RS HEGPAEIRES Lp BrlefGiel LB A1t 52 o%,gf%r BIAAHRERASEr spots are

not coincigenbwdtin ldeditipnsarthehighytite dgsen spakseokpdtraviig egeiiiercweigt incaeilitithe
positioning of th Iocationa.of the Iase%lsfgrots including determining from 35 the following expression a
distance, ﬁ?\kﬁﬁ%ﬂtt RIBE S0 IR R s er spots shift: A =v ' (PRF)(Cycles) ' where v = the

tool velocity; PRRrdbia@titrebeartitopukied #skr emissions and target region relative to each
other at a tool velocity multiple times around the circular target perimeter to cause
the beam of pulsed laser emissions to remove material in multiple repetitions of a
tool pattern, each laser spot being incident on a location of the target region during
each of the multiple repetitions of the tool pattern; and

controlling the tool velocity and the pulse repetition rate to spread laser
emission energy around the circular target perimeter by positioning the locations of
the laser spots for a repetition of the tool pattern so that the laser spots are not
coincident with locations on which the laser spots of a previous repetition were
incident, the positioning of the locations of the laser spots including determining the
tool velocity v from the following expression:
7D, \PRE)

X
where

Deff = the target diameter;

PRF = the pulse repetition rate; and

X = any positive number with a fractional remainder of 1- :
Cycles

where Cycles = a number of repetitions of the tool pattern.
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Cycles = the number of repetitions of the tool pattern. 21. A method of using a beam of pulsed laser
emissions at a pulse repetition rate to remove material from a target region of a specimen, the target
region having a target perimeter defined by a target diameter and each pulsed laser emission of the
beam defining at the target region a laser spot having a diameter that is smaller than the target
diameter, comprigipng:AnAuing &6f ey aftudredizesamissiormassidaat Eginse piatiem each
other at a tool velocity multiple times around the circular target perimeter to cause the beam of pulsed
laser emisEidRASGRIAG ERGEALIRTHUIRFEe EBeIRbAL BPRCtIRIG B s Bh REIONSpRYIBEing
incident oy adegatioarpheierlaedipiceaiph thdey crackiel thedwidbnlpureetivees ehileitpbpattern;
and controllin%té%e tool velocity and the pulse repetition rate to spread laser emission energy around

the circula &R PeIRIBIBR S BMsibarid SaIbELRSRS SRAHRAYNS 1 ARG ReA Rafd BRI e tool

pattern sottha the ksgesarimaternebrepiitgnt with locations on which the laser spots of a previous
repetition were incident, the positioning of the locations of the laser spots including determining the

tool velocity virorNENBIIERRGHERHERUSROJRES FERBFRIONSANALagRl LeBIOR LR Y& e AR neter:

PRF= the ptHee a¢peidiidV st RtUXiIBlanyResENRI N MREEVthar faagiopalirasiaindesaise 1 Cycles
etitions of the tool pattern. 36 22, A method of using a beam of pulsed

here Cycles = a number of
lacor ool REA o RS el BTSSR e Rd6E A IRA A IR Pl BR DS S dmen the

target regiggohputiernd éAretRRiBete iy attlieattargat drmetesfand eageprdgshlaseingmission of
the beam defi ini t the target re%on a laser spot havirgg a diameter that is smaller than the target
diameter, ggﬁ“ﬁ)ﬂ iﬁ& e q&trﬁé’ LIoRSP m@@&%@&t ms%ﬁs and target region relative to each

other at a tool velgsifiyghivigptestiowsis/alosingddhe s paktarepbneomelrs (o sprsel thegream of pulsed

laser emissions to remove material jn multiple repetitions of a tool pattern, each laser spot being
incident orP I ISRRLA 6 Ble R0 55 ST CHIAR (R S SR IE ok R 1S SIS R IAFRR Bhteern:
and the laser spots for a repetition of the tool pattern so that the laser spots are not

coincident with locations on which the laser spots of a previous repetition were
incident, the positioning of the locations of the laser spots including determining the
pulse repetition rate PRF from the following expression:
VX
PRF = ,
ﬂiDeﬁ )
where

Deff = the target diameter;

v = the tool velocity; and

X = any positive number with a fractional remainder of 1—

Cycles ’

where Cycles = a number of repetitions of the tool pattern.

23. A method of using a beam of pulsed laser emissions at a pulse repetition
rate to remove material from a target region of a specimen, the target region having
a target perimeter defined by a target diameter and each pulsed laser emission of
the beam defining at the target region a laser spot having a diameter that is smaller
than the target diameter, comprising:

moving the beam of pulsed laser emissions and target region relative to each
other at a tool velocity multiple times around the circular target perimeter to cause

the beam of pulsed laser emissions to remove material in multiple repetitions of a
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controlling the tool velocity and the pulse repetition rate to spread laser emission energy around the
circular target perimeter by positioning the locations of the laser spots for a repetition of the tool
pattern so that the laser spots are not coincident with locations on which the laser spots of a previous
repetition were incident, the positioning of the locations of the laser spots including determining the

pulse repeigpatien RizEaTaEe JWenERRERRSIPBNVY IEEiton GF R tarpereddmbhditiiraet

diameter; v = the tool velocity; and x = any positive number with a fractional remainder of 1- 1 Cycles

where Cy&8sh & e B iR FisRRIBIN S hE e A3t 878 method of using a beam of pulsed

laser emissions aighprdisAdenetitenvExRit) BeNe fater i dewiva ataabregieadiasgpecimen, the
target region having a target perimeter defined by a target diameter and eac ﬁ&%lsed laser emission of

the beam G8HARG B HREIA B HAGIBIP L1ER S REPRAORIYAEMRA RERP FHIANGHRA P CHIAN . target

diameter, gesnpEsiNgH GBS Yit thepBEaOH Of PhéSasblaseamissinng anslitaaes seeiodrsatative to each
other at a togl velocity multiple times around the circular targetgerimeter to cause the beam of pulsed

laser emisSRIRSHSREMEBOLQRALARS A0 WOHEHIE 1R [RRRIGHROLT 8T 3PIEN BAtEFREENRR Y& spot being

incident onrilgsatianOHBBHERY 62 gy dedinsh Sackhef [t rygipidieRelitig tRRirthmieglthattern;
and controlling the tool veﬁcity and tE% ﬁg,se r?g%etition rate to spread laser emission energy around
}aﬁ% i

the circula tef'ﬁé’?ﬂ%ﬁ afy it MG R 8P the laser spots for a repetition of the tool

pattern so that the laser s ots are not coincident with locations on which the laser spots of a previous
repetition were inDie?eﬂ ; sitioning of the locations of the laser spots including determining the
target diameter Deftfronf h& llowing expression: vx Df _ z(PRP) where v = the tool velocity;

where
v = the tool velocity;
PRF = the pulse repetition rate; and

X = any positive number with a fractional remainder of 1-

Cycles’

where Cycles = a number of repetitions of the tool pattern.

24. A method for coordinating emission of laser pulses for incidence on
predetermined laser beam positioning command locations of a target specimen,
comprising:

providing a beam positioning command to start a beam positioner move
segment relative to the target specimen, the beam positioner move segment
including a beam positioning command location;

causing emission of a set of laser pulses in response to a laser gate signal,
the set including a first laser pulse; and

introducing a fractional laser beam delay that includes multiple delay time
components between the start of the beam positioner move segment and emission
of the first laser pulse so that it is incident on the beam positioning command location
during the beam positioner move segment, the laser gate signal and multiple delay
time components being in time relationship such that the laser gate signal occurs
before expiration of all of the multiple delay time components.

38



PRF= the pulse repetition rate; and x = any positive number with a fractional remainder of 1- 1 Cycles
where Cycles = a number of repetitions of the tool pattern. 24. A method for coordinating emission of
laser pulses for incidence on predetermined laser beam positioning command locations of a target
specimen, comprising: providing a beam positioning command to start a beam positioner move

segment relative 25IWH@@@tﬁ@G@F@BHﬁE@WWM@I&WK@%I‘BGM@ﬁg%ﬂﬁﬁffaﬁ%‘r‘@ﬂﬁs”epeam
positioning}command location; causing emission of a set of laser pulses in response to a laser gate

signal, th®SBMRRNNG SHSINTLRLAY Qb REIBASHEIRY A% cRIBRAN AL IHYE AP dBR{ARRL includes

multiple dejayetisigh ABYRANEATS RRHEE R ADS SRR dhed BRI P AR PR POILR VR emission
of the first laser pulse so that it js incident on the beam positioning command location during the beam
positioner RASVEOSIRGRIT AN AL53J19R: signal and multiple delay time components being in time

relationship suchzBatthe ineehaai6f danal 2eCk sviieforeecditstion otarpiohentaulipieadeiay time
components. 38 25. The method of claim 24, in which the introducing of a fractional laser heam delay

results in dERLPHISH BN RUBRRBAHgEEHMYRFRInf RS RIRN et SRR\ ARRLIRKISES 4akGEnt that

causes ingiigfsa et piraties ) BresErendhR Heany Restisnea conympsidgeatigslayt. The method
of claim 24, in which the dela glrgg components include a first pulse d?lésl compoanéTQt and in which
f

the emissi6ABPAERIAGR IR AUTROR torRrEVENt SIS TP AT RE: FRNS BRI Mmponent,

the first pulseeglasiseppuiesey thrinysifigsdligenigluration to prevent emission of an abnormally low
energy laser puls s_ltﬁ]gefirst Iaseré)tjls_e. 7. The m%ﬂg{%ff claim 24, in which the laser gate signal
to ft

occurs in respon rB@H?ﬂCbB GHih ‘bo'MQW i%ﬁ‘F&ﬁ%abE}%ﬁwﬁéP & ﬂesﬁjlting
from filterianeédeaamppdisivioairdtctaimenecaneerapisaiidn of a positioner delay resulting from

filter and beam positioner delay time components.
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