METHODS FOR PROCESSI NG HOLES BY MOVI NG PRECI SELY Tl MED LASER PULSES I N

Cl RCULAR AND SPI RAL TRAJECTORI ES Technical Field [0001] The technical field
rel ates twolzasarngssand nore particularly to nmethods for eomplusgeosg2isaser
beans to rapidly process holes in various specinen materials. Background

I nformation [0002] Electronic circuitry continues to grow in conplexity
whi | e simultaneously shrinking in size and cost. The resulting circuit
density increase has placed | arge denmands on production throughput of

hi gh-density integrated circuits, hybrid circuits, and ECBs. [0003] Prior
wor kers have enpl oyed ganged nechanical drills and punches to process hol es
in ECBs, but the dianeters of the holes are |arger than new hol e di aneter

requi renents dictate. Mreover, mechanical drilling methods have been sl ow,
prone to tool breakage, and limted to drilling so-called "through” hol es.
[0004] More recently, |aser-based drilling nethods have evol ved that enable

proceSS|ng each second hundreds of ve referred_t
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FOBs. [ 0005] - For sere plidtd 19 ROINIGAR AN SFRRRUPRAJBCHTRIEIDU ed | aser

beamis used to process the materia m has a di anet er
significantly smaller than the dlaneters of the holes being drilled.
Theref ore, the Taslkmichlddeldnust be noved to either excise the hole or ablate

mmact . (REOT] e ThE e IER el 1n 57 1R SR 0B Mok B aadi ol ot
t hr oughpsiplol/P@Q8sertidMhs WOFHR a?t pheoesss! Rsies rrﬂ&éridt%dsd&hﬁén whdt8rigie: cal | ed

"trepan" and "spiral" notion erns, which are commonly referred to as
"tools." Trepan askﬁrsuadﬂlmfoanamn; at the center of the hole, then noves
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i nner dianeter, then spins the beam positioner for a programed nunber of
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Laser b gepenments may be carried out by a wide variety of |aser beam

positioning systens, such as the Mddel 53XX series of workpi ece processing
syst ens,[00@3juf aPrtiar wdrl«tﬂys Bbee enplSgedganded mechtnicabdtilis, anmpunchés feor t | and,
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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 épins

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



systens. Prior art trepanning entails noving the |aser beamin a circular
notion around the perinmeter of the hole being processed. Skilled workers
know t hatwoheoamEdisal accel erati on of circular notion isPequskooso2%584 R,

where v i is the radius of the circul ar notion.
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mat eri al tqrﬁlzzet can be processed. [0010] 3. Prior trepan and spiral tools
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not syndasenbeam tpesitioningsystéml aseleration 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 séttling 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



triggering signals with beam positioner notion, which causes an om ssion of
a first hole processing pul se because typical Qswtched | asers do not
gener at e wof2wo6ati733al se on comrand. [0016] 9. Prior trepaoTiusedospatsser ns
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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 maxi mumcircul ar oscillatory frequency to be increased while
mai ntaining hole drilling quality. The ratio of the dt/2 segnent
accel er atwonodanieisscul ar accel erati on when drilling is @efriuseasasrsas f act or
a. As ais increased, the initial hole position noves toward the center of
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[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.



firing signals for firing a first |aser pulse before the beam positioner
reaches the target hole |ocation, so that the second | aser pulse, which is
the firstwpubeaiasssual |y fired, | ands where desired andpralriuspasaersss
commanded thereafter are delivered to the workpiece. This nmethod further
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per i met 00294 s B0 pkhigiopt patterms| egRioY AN igwrayed meashed & hanehing maHEPlei nel y
d t |

i ot ance el BEhETBLEL RAREIRE el 8 arBLiER riofdh in AR idve kE

first armbtsg)ckhamm@vepeimoanmls( nmrblaamd taimajnsathetdseiliatioh withre 90 tlegexent al

bi t automati cal | y adjusti t he t ool locityto
o6t t o MHASeasrcathetgsen T4 DRSNS it BUALERS Bitase S Bey TSI byt he
nurber  of5<RQ! cilcBMP IS c(drﬁﬂ@é'v&mréﬁﬁb m&@g‘%d};méﬁfiﬂﬁt‘agaﬁlls %J@%%Pl%r?tﬂd

advantages of this invention wll be apparent | ow'ng alled
descri pttherentfy gomeliter @‘dherrlwdtOQme;setltmhns heqrteck etise piiothmetifost reqoietd @ t he
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Fig. 1B is an XY plot representing the entry, circular, and exit segnent
| aser begtiepetiieon. rdyamesthed rewiasnat mestsa oe@tqugﬁexre\@halonfanesa Heam

t t
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| aser betane af d‘mgn@dttooll repatﬂﬁ@‘f NMihiee HrifiTanind8ldss than e générldf giovesent i ng
the entr circul ar, exit segnent |aser beam notions resulti ng fromthe

second sUhibpesAUSgf the §maél 'BeleH gBYIQYeshsMereqvies, when teenisy apglg ofthe s an
XY pl ot rFGS@r tﬁfg'cri\.rlgﬂgg 3d§=]ld'r§|é% aﬁzé%mﬁ@$§g%ng@ﬁ tﬂ%qﬂltlgb’rege{lﬁé‘r?rthgeam

posi tioning i's an representing an dutward
spiral treqUIrpaﬂawr-rmffqéneriaoelgt dne-quaréerdhe reeotufiors titrieoofi thg imealiredetitidiD40]

Fig. 5i5 an XY ntin | nwar,d spj.ral tool pattern generated
by a | ag‘iPS Bgﬁrﬂl‘%&ﬁ [ ihe tﬂ'gﬁ O? %Eﬁ’ft rﬁPg{'t'@ is an XY pl ot

repr eserfppBe] anzi WAEA tl«'f’é‘ﬂ)di’\éb”t@ﬁ% SBIURl lh%od:lrdpéﬁart ﬂn%?é‘reérﬂ% ®ebdy i | aser
beam posi tioning method. [0042] Fig. 7 is an XY p representing two

repet it iloper pflsemamsuplaced Ingide tie perdneter path, WhICh ellmlnates 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 middie 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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pattern generated by a | aser beam positioning nmethod. [0043] Fig. 8 is a
phot ograph of an unacceptable etched-circuit board via processed with

nmul ti pl e wopetd/tirzsas of a prior art trepan tool patternPermiSeyosog7sas4 very
smal | increnmental bite size. [0044] Fig. 9 is a photograph of a
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t ool pattern,enpl oyi.n rior,art tool velocity.[0046] Fig. 11 is_an XY
pl ot Pep%%@?% %et@ﬁ%‘?sgﬁg@@é‘&fwe%rw ?@B@@'ﬁ%’ﬁﬁsw%f?h é’g‘éfiml With t ool
pattern givBlndens tﬁe%@&%béhﬁﬁgﬁﬁ?&bin\é@ ocity. [0047] Fig. 12 is an XY plot

representing |aser pulses unev y di'stributed around the perineter of hole
by two repetiti diefddeseriptionof the Dtavepas t ool pattern. [0048] Fig. 13 is an

XY pl ing, L | | y.distribyted d th i met
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el ectrical block diagram (r&?)r esenting register structur controlling and
support i P35e dtioviB ieamdysplot caBesemtingsthe EBlrvasiiculBB amndesxil sagmental

wavef or. L ' r i ive rnal,_and speci al - case

i ng v oeel PoATHBEs A Pod oS S ey SRR BE X H 0P riR AL P SBBSRE R hodis.

[0051] FFig. 186 is an electrical waveformtimng di agram show ng tim ng

rel ati Onfog)i@ﬁ a‘rg)ng%%aser beam posi tjoni ng commands, various system del ays,

and the bdddn 4l 1SR HEAPTDEAPIeSAHINGeR 8PFHT ot WEX-Fnst ¥raxisdp sition ment s
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control [0&3] whiigH2B s amXYrplokrapresdraimgethefentiye eireulat, iamia. eXitesagnsntor

positioner systens effected. circular notion with a string of short

i nt er configet éaar'ni 'H%@?”WH ingiFRMa jias ,Se?‘i)fﬁ?ﬁtcﬁfe?ﬁr %fﬁgh(’r?’a?'s BermQrositions:eih

i nt er conpigcpjpon produced unacceptably large jerks that linmted speed and

posi tioning accuracy. [0053] Gircular notion is fundanmental in hole

drilli ng[OQgﬁﬂi c &tig.chis, ars XY anpl represgning wsodicallantosi patterargederated dpyvaavef or s

is prefer rticul ar ef erred positioner driving waveforns enpl oy
| reSEr el AR B femd

hal f - si ne- egnents that start and stop at a zero
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shortest non-zero accel eration hal f-sine segnent within the accel eration
capabi | i Ryadrsarheagpepsitioniag MeHoEem and avoi ds positioner resonance

[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.

6



probl ens. [0054] As shown in Figs. 1A and 2A, circular notion is achieved
by driving the orthogonal axes of a positioner with a pair of 90-degree
phase shiwbedosgiimssoi dal wavefornms. For exanple, to formCons2@snpises e
circle starting froma 90-degree entry angle, the X-axis is driven by two

hal f - si nE0C48d el &iiat 1 bis areifepiprepsarerting avdiri yorgssad Refiverienetitiess 9badegr ee
phase shj; 2% t i Sfiller"” segnents, referred
to as enwéfl’ﬁgrn%%ieé?ﬁé@:egrrﬁré%@ fS?IIQ%B%EIr gﬁl E’SB%EYE processi ng from novenent
bet ween [047]! oddd)i this. arf BO5Sbt epresettingdpset puibed bnsvery distriburted sround
therefore, a nmethod_of starting and ending circular tool patterns with
speci fi aﬁ]eep%”ga?ﬁeﬁ(%ﬁﬂecﬁ’ﬁé?w% tdpgs p ﬁ@g@ﬁ aftﬁéeRﬁWtﬁ’og@@ Rts. Producing

cireul ar (qule] on Fg! 5 o IRVEIBE HifledertPyliaddr Allséleal sy AAHGHER o6
si nusoi dal tion"wavefornms for driving the beam positioner X and Y axes.
CGener at i tig péremeier oé holecb\ptvas eeptiitibns eha aircslar iod matiegn ampidingane segnent

into one,of the _axes i ch aone depends on the tool pattern entry angle)

with dt el%q}g]thzgfqgm@tggﬁy%@n@vg@a%fmg deircular notion segments. The

phase- shi 0459?’ S@gg.‘?ﬂlis'ésirﬁﬂﬂﬁi’é@fél’éﬁricélﬁfl@él{@i@g?é?n@épﬁe@@nﬁ'rﬁé?e ggpent. Users
y the

can speci f /2 segnent acceleration fromzero to twice the circular
accel er asiresfuras earipdingf and Repperting de beave pdhedsn vs. accel eration

ool er al9B1Fo g e ol 1pB e MectfaryBbistaf o efa S P spating, ¢ ne
initial hepechashdingdl amg@oﬁaslcnas@utrﬁihgeerah@nmgisrﬁ@tferrnglés,@ri psgar notion

toward the center of the hole to be processed, but the resulting
accel er aByRRPIHNG e Abevenawdhodssr a =2, the prior art startup notion and

accel er atdd?sr‘l]i S FWQ.OFB‘%% lEa%fricfél %veﬁ%ﬁ@ﬁ_&?@@%h@@gﬁirﬁ%gf erred zero

acceleration'relative to ? e circular nd 2

i |1 ust r atedatidnshipssampog ildsereampositonihgrcodirhrdg ntarioalk sgstend dalay$hendral ue
of a can be1 specified differently for the starting and ending dt/2

segment sthg ééé%equé’é‘.ls”igx and 1B show a first set of X-axis positions 10
and Y-axis posi tDagfed Be¥liSith b PRi&ePERGIGiIRRSIL | oner (not shown) for

directing a | asér beamaxis along a tool pattern beam path 14. Beam path 14
starts af0082%t arts mgntiored irvihelltackgramund inforemadion)secting) todhieve kighr y
segnent 18 £ BGO;ge%r ee circ af segrrent 20. .éshown in dast%ed\%hi E.es@, an
exit segerid #5CUEle PARTRAMGY 4 BE&E PEAM2ROYERBWNSYRCYS JHS! CORRPLE™ s al so
a cent er wRkehas tiee FatblofichaggeenbceélerdiohC Wiy peENBHRitidterysteindlbfagicar D,
corresponds to the perineter or periphery of a hole to be processed, and
can havecCisuair metiam WithFsstrigefif sbogdnienconnastedlireanmmayes, Hewevsr, agnent 18

cce or art IR e el & SRR SRR riTisd yhiepkfy B fonhe®

pr ef er r ethat himitet Bpead eceldeyaditiamingbcexraty.segnment 22 is twice the
accel eration_of circul ar segnent 20. [0058} Fi_Ps. 2A. and 2B show a second
set of XO00eBY pédiquiasiaotien Brgngamental 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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positions 32 versus tinme of the beam positioner for directing the |aser
beam axis along a tool pattern beam path 34. Beam path 34 starts at a
starti ng woeatwans3é (shown as a dot), includes an entrpCIagpesn2’384 a

360-degree cjrcul ar se(%rrent 40(shown in dashed lines), an exit segnment 42,
and an erflieRgsagmRefits oieTaeq ihaaenty aadiseamentsi 1or sraaiatiag helg ry, segnent

38 has a ?cﬁ;ests@g‘?% n?&%rﬁéﬁ%b%@@?ﬁ%ahe‘ﬁ%ogﬁénﬁ set to 0.5. Therefore, the

accel erapl on of “entry segmen e same as the accel eration of
ci r cul ar [60E5FentA 26t aapdct dfehsdoedreioatis oherdforx id medgnkoitsta@ingsammhehal f t he

acceleratign of cjrcular segne 20...[0059] The -tool patterns enpl entr
oot sendilgrigdlag iRel PateEAL A SPaCiiRRIC AT RS ERDPE S oIS EIOBE RBHNE. “auch

as exi a@ﬂ%gheﬂ?& I’Qmiﬁfc!ir?gscnﬂfulmgﬁorﬁ enffile a?%*fdﬁaﬁm??éﬁﬁgyendi ng

directing a | aser beam axis along a pathway t
| ocat i onpbésexshiftedispussaidal enalith waeefotras fondyiving ttd bearofpasitiomer XhatdY The

d_exi hod al | vent.. vel oci be i d
0p 1o 4 S5y EeREIInC R Rt e ahtRe sATbe ML Howetng e sné SedBeat aspect
of this jiiyBAticPhdaRyd Aesich ofet nagron@tﬁa%@lgéai@rhghf@iahgle?ww ers,

such as X- and Y-axis positions 10, 12, 30, and 32_of Figs.” 1A and 2A, for
execut i ngavalritp ene-halblihepdtal dne sircataemedipa segarantandhenphase-shifteddseamented

assoct at Bt qere Rl fFaf V2R ERt S eR At e le el 1< 2
nodel - baseskletesion frosh Befatd vicpthrotcirulidriiceletatiomtd abdie offrteainitisl déainh\Wor ks
of Natick, Mssachusetts. The Matl a?ﬂ code for_generating the nove segnents

is set fBPEHON MSQREEIRIAHOMreqUitRsh A BRGOr @ issERfiedas theciatigrof tr Bt/gat t ern 50
generate ' RS g@l- I si ng
hol es i ng%émrrgﬂ;%daérérgggg6%?%\5}%9%%'%&%?%%}3%@@ ‘10 Iét)%g;%éoﬁ%@’ el ng

pr ocess ehitidheamemdition npvekdranoolitgidd ther perjmetee lof bintidar motioncewartths t h

reference to d t%r e f rotation aBouE1 an lé—.Y coor di r][ate axi.s, where_the
X, vy, Ssntenatifieviols & bgAEoeesSEH Bk thedendEing AEPSICEAtian algp INcrgBses nGom 70
degr ees. o E906¢] pr@rr éwb%_rrtutporﬂbtimbhé BRcaRratidfl iy ‘i'#éd@cféd? Nt &y 86 %Mt/ D2

having a starting location 54 at 270-degrees and an entry |ocation 56 at
0- degr eesggmart kad apeefepeldszeso B8celerationireladivedo thercir¢lilar mwtiopl e, the hol e

bei ng pr ed has ,a_ 125 .1/ L aneter. and. | aser .pulses..58 have a 20 mm
o foct | VEOBRh: 185 Taid3 bighent PEhSm Rl fio bl BES Rl WA e

pul ses 58hdebhe dficstdn byispecifibt ifferpetly firehe skarfinglahd Redth Sl kegeAtsdegr ee
repetition of tool pattern 50 starting and ending at entry | ocation 56.

Laser pul098Z] 58 Figse Wuaned Boshowaadirstsst opataxds posiions|10cas Yraxiskpesitienmrent
R L N L e e e R AN
r epr esenalongaetoy! patterexsaygmh path $4t Bebnt patat 14vstartsglt @ssthftinly |0@ation 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 «
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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be offset about the X and Y axes depending on the relative |ocations of

prior and subsequent holes to be processed. For exanple, entry segnent 52

may st artwandosnadssat 0- and 90-degrees and, therefore, exirtuss@goerss4 60 may
0064] Typical positioner, |aser, and

start and .end at ,9Q- and 180-degrees. ¢ )

hol e par zﬁt?ﬁ"}é'? & %%‘%Wéﬁéﬁeéd & ?ﬁ'?ﬁ%@l‘“eﬁgﬁeﬁ‘w 80 epdinaugeation dbIshawrnasey of
7 17 mm , i hE - PREY )

posi ti ongfgghégiﬂlpr%%]&gcce ’Zﬂf’?ﬁ?@?hﬁ% %§%l$’,%pgél3[|(‘%’ %ﬁ %f'?%%&&eﬁgz%P gf).a 47
nmsec, andéetntod).a. nihdrefone,tbeaccelepatain o ehtrpsaymeris3 td thg damaagthéd num vi a

processing rate. of 855 vias/sec, .[.006 Fig. .4 shows an outward spiral tool
pattern ?‘80%}8@3\%‘?4&"89'6‘{ ﬁ@g_ﬂﬁnﬁgh: a@ﬂ%@%ﬁ%ﬁﬁ%&ﬂ_q St Seafest K279 Ong-

enpl oyed ha@ihélbbédlbrBioRVrefrcLir 3cgRicpt bl by abl ating material from center
25 along a curvilinear path progréssively away fromcenter 25 toward

peri pher Y09 of Theate! patternseemployrentysssgmertss sunhdas phtnpksegmentspdd tadn 70

i ncl ud 7 ' tarting,l ion 74.at 270-d
and an ofPro SERAEHRE Sarnpli bt el SRebithy 427 A aPled SrBoIsR B i ¥ at ed.
In this examebed in havdrrbiech Pyndrapting esa sk wémaaxis?ﬁl?h@ra ?étﬁ%&%at IMkd | aser

pul ses 78 have a 20 meffective spot size and a 4.47 nmlaser bite size.
Ther e ar agtherdbeendinslesatian af amrevious Holguanchthesstsrting lecatigyeof a next of t ool

pattern st i 8 ' i rali far one
360-degr§§ler' o-ltargét%% gé%%%ro @ﬁ%&ﬁu"&?%.”%‘f’géé‘?ﬁhé\g?}%%“\f@%'%{ﬁ -t?fegr ees to
about 21Bwdespesas) toad 1%hovan el adhidvabds withlpsies nidtheds. turned of f to prevent
overlap wth.,previ ousl rocessed. | ocations. Tool pattern 70 foll ows an
exit segw]SO %é@?ﬁ%ggchroﬁm%"lvﬁ@ﬁ?i‘ Frovidesa meihogddgr gereralinghabndi ng

| ocati ong r Lis | 0L hh! ¢l ' t hat
t he angulsaré ﬁ%@??%ﬁ’sﬁﬁt %%gggﬁgrﬁgggi@g}ggrsmkﬂ’?%béﬁg&]%rbrfﬁ éggn%ﬁdrrer ely
one exenphafoy execultfg variaus toel patigres. Thatparagnebersafrfceetaizbarte ddserilednd Y

be. pr ocodtiacerdioe 0% beBbiate SRarbiicno s Taidorcit ek 0- and

90- degr egsscvidled Fiaarsy Mgty feaflf85BNthSROMBYLEHR! tMaNsh RYInRldeRbaddf
90-degrees. [0067] Typical positioner, laser, and hole paraneters
associ at design sinylatien psegramtiad is avdilable fiomobie Meitidiorks of Natidd nmi sec, a

o5, ek, 7B SRS AP ACARLTERL S SR 1 °

resul ti ndppéndixaxi mum vi a processing rate of 442 vias/sec. [0068] Fig. 5
shows an_inward spiral tool pattern 90 generated by the nethod. |nward

spiral tB901hat Fi-w 9rws agisrinydeclinatiem PP Igengraierdy the methade Giedulasy
abl ati ”?trc%'ﬂnf)gﬁérﬁ' 50 fs UM PIBYER RS kchsitg AbRAIN 2 Fikteld bkl duRE QT essi vel y

i nwar d
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 ym diameter,
and laser pulses 58 have a 20 um effective spot size. A 10.25 um 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.



periphery 5 1 toward center 25 of each hole being processed. |Inward spiral
tool pattern 90 includes an entry segnent 92 having a starting |ocation 94
at 90- degweeasocanassan entry | ocation 96 at 180-degrees, WROEMUS200602T58pUl Ses
98 are initiated. In this exanple, the hole being processed has a 125 mm

di amet er [0C63 |§d@l+eqowp§@gs 9d| Feopgnizedbahinecanauan logatignst ofseniey anchexia 4. 47
mm | asersgg | &nfd 2and %%r %n%?r?’er%@so e&@ glaé\?g%tgéffr%ra]lhocaﬁgle%%bép%a?i

singl e repet Por 2F too tern

pr ocessi bg dffeet amhtahemahd Yr s d!épewmmg(&ﬁ)ﬂw@l@ammcmmﬂmof mésrigeery 5 1
starting at 180- degrees and endi ng at 0O-degrees, spirali g innard for two
360- degPeRse®ieht hPlesre b RiocesRe nﬁomm@lea@n@ya@@m@@@ MaABRERNSbI nt

laser pubsgs: B8aAl SoldY sgs%gg thH?g#o deg%&t%r tféeﬂﬁqu%gﬁpaﬁéehd%%?ggm 100

having a starting Iocat gr ees an en ocati on
90- degr eend 1|809ﬁ9jre&| |l ed workers will again recognl ze that the angul ar

| ocati on and exlt s ment s 2 and 10 resent nmerely one
ool o Q4 Ty PpS ohat TS, RAE MRl PHa P SAS DR M SOFRIeM ax s
dependi ngomlééft?art%l%ld&tx'&%tﬁ PRTsEE, PLEF p@BE répRRRAURE U gsg?ﬁg’gge

processed. For exanpl e, try segment 92 may start and end at
0- degr eesf ahiHz Barositioner neiimuse gaeaieratioo ofdy0( Gst aafaddeiidg Hmeoof0.47d

180-d 0070 | | d_hol
assoct o 0o 40 Ao MiERTEr 1798 bBihy BRREre DR rBRATE W sec, o

| aser PRpragesdin lﬁg@ofzggmﬁgysgaer maxi mum accel eration of 1,000 Gs, a via
dl’l||lngterEO? nsec, andawamnlrmmrmvetlrreof085m3ec

resul tinfPd68la rFe\Wnﬁln@Wis@nmttiwa&rswgalﬁ@@ldoaﬂer@7anneagt/a§ézy thegoethpdri g. 6
h |
method. PSSR i pARG 76 1< Binl e BEULIRG noBS BELRER GV || g

hol es i nmtmlmmbemraﬁleﬂmm@g ovnvikimeanl paithh progressipdlgrawdy flomnsemtet 25) t he
center of each hole beiglgegrocessed and back outward to periphery 5

| nwar d alWasH RREPaCY P gvholefheiag ﬁrq(@siaﬂclq}&quaﬁp'@{tt?@ %%%IZQ 112
havi ng an%ﬁﬁlre%'d?xg%rlltﬁgg% rﬂ@nﬁlﬁfhéglf§8cpstaﬂ I%Eétl@@%%‘?ﬁgt&é@réé’é:éf& %ﬂt ﬁé(s at

270- degrees, wher ses are | trated. I'n this“exa
hol e bei agtryﬂumabelséﬁ a’té)sdegméé whedt aset pmlseaﬁfﬂlaieemntlahekjsda ttu$83xlamgka 20

mm ef f ec ot si ze and ser blte i ze. Ther re 1 | aser
ot e s BRI BB fod "G Bh bR TET R i A TR
st art i ngeféctRBldpot sReHHPA 434376pnﬂ"a§6@1§1¥é §de OMPcpdlard 80 3¢ PulldsOrs
(90-degrees) within periphery 5 1 starting at _270-degrees and endi ng at

0- degr eedistripitechflunirg Arsivgle re@etltmmeof?,eol ridtpre & Orsdedingtdt emtrytlecationg?Gnd
B N kR R T
revol uti pomsi-deticeg t8rtoandil 6dcdfreds Gt dUEESSInt RIREr PURESTS 418 tafRdibREd er
revol uti grrév];rrw’? g\]/elrI%% v?n?r? rp?eevslofls?y %Zc?ce%ggé ?oecsatl\clamnts hl'l'rc]JoPre);tlter?le%(}/ follows an exit

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

O-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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5 1, at which point |aser pulses 118 are turned off. Tool pattern 110
follows an exit segnent 120 having a starting location 122 at 270-degrees
to an endwvogoécoaaisson 124 at O-degrees. [0072] Skilled workseesmweisB4 agai n
recogni ze that the angular locations of entry and exit segnents 112 and 120
r epr esentMREPRTYMBYR U -89 ynses, reguliing igtg exiAgMeyatiegeswng e of f4at
about thgix/ehd Y axes depending on the relative |ocations of prior and
subsequent holes to be processed. [0073] Typical positioner, |aser, and

hol e par 40@68)r s Rigsbshanscamintard splrapabt eatterh D gedratkel by tHeomeeidci ty of

313 mm sec, a, | aser PRF, of .KHz, a positiaqgner I mum accel erati on of
1000 Go alt SPIEH fadl RS 48 ioe bl Betietdriag ol AW RARENG e of
1. 03 nseenateAstdrhHeripRed; HRSIJRYB &bﬁglﬂ%ﬁf&éﬁi dﬁ'rg)&?é;’éaﬁ?vét?& ' %Ard"ft&ﬁ/ Sec.

[0074] Fig. 7 shows two repetitions o ool pattern 70 (two
repetiti esipheredt tsavard canter®@5) ofgzanir lanle deng proeessediothwardapirapttol ern 70’

i SogRnph P TS dn ofitse R gl a sleriae losklon 84 SLSCbipdiepea f or

drillingahdlspehtfy RcERGICDE R 18D-dRPESS SthareIRSSH pUISe 4188 &Fé Mitidte@MIA Bfs
center outward to Eerl phery 5 1 of each hol e being processed. CQutwar

spi ral t 658Mpia.itee AoleOPeing Procrssedrasm 195 yeydiameten ardalesenpulses 88t i ng

| ocat i onyZ4. Oz a t | ocation.. 76. at—0-deqr ,,_Where
| aser pulade 40 AR ERROER el ind B4 X7 B Be Bid ol UG B edeca
has a 20pulsesdigadistributecadulinga singhel reestitioR didvs puttkh TRAtingtdt wprrypot si ze
and a 4.47 mm | aser bite size. There are 216 | aser pulses 78" distfibuted

during t IRSAEIRE 90eBEAGEEF NG WP arshenerhel spyplyiens (909-degrees) witkini pariphery

st arti nggatshi I I o ot SR .ag r - degr ee
Forat onopo e gl d8biaegansLhd Bndfig ot tRhEd et o B el [ o kgr ces
t o about degragergveletipnastating Ang@inding as@degrdese at WBichapeint laseeguleés ognd

tool patterp 70, follo tr ition se nt 80’ ving astarting |ocation
5o af - oBrbgrelolradachinle {0 TupnRn cal Feameat 105 Hrvine & aatingn et g

| ocati on 162 at BldeideslRgif ehaintBeaRs P EESIepaf of the ool pattern 70
starts at transition ending | ocation 84", spiraling outward for one

360- degr K069t atSkiledt workens wébagais reapghize thatdlsé agguiar naatipas iopeatry ahd1

from 180 - rees, at ich point |laser, pulses 78 ar

t ur ned o‘fa%?g%@i%%n{asg%g %8%”6@3?6 léqsﬁm?@evr\glglqn&?%xeéﬁplgg ?ets‘gdﬁ%ﬁi’e Q@g'eﬁ'ég%g a
starti ngmagass ofset@boutthe?X AmdegbRes dbPerding i the reRERE GRS cﬁ?rior
O-degrees. [0075] Skilled workers will _again recognize that the angul ar
| ocat i ondN$EURSRGULNA halesiipibeskipeensed. 7Bonexaraple; eping segment O2Imay start

M T e R G R e

pr ocessedt 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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[0076] Typical positioner, |laser, and hole paraneters associated with tool
pattern 70" include a tool velocity of 313 nmsec, a |laser PRF of 70 KHz, a
posi ti onewormod/arzgssaccel erati on of 1,000 Gs, a via dril lpcmgseeose2m84 3. 08
nmsec, and a via mnimmnove tinme of 1.69 nsec, resulting in a maxi numvia
processi mpargutsasf 1 TBawe a0sem. effe@lVe bpét dibe nddasdddtyroflagdribitei sixent i on

I d th dj usti he. | b A t.velogcity t hi eve
B Ui or ATCERE® Re T G Dk FISTEER S8 U goUitEe, o\ iRk PsRse cas ng
vi as usi Rgoashting e ehﬁ?%c';étldh”ﬁ@fproéégsir?égfgﬂgﬁartéf Fé}é‘llﬁfont(@@'-déq%é n 50

(Fig. 3), processing good quality holes s on slightly overlapping the
| aser sputihirpperitgty Dlsfsgingmt 27/@pdegrers and Brdink gt @elegreasy eplraing inwvard

repetiti 0 tition is . determ ned b a ter referred to a

" hor et e eh aeplas bl b Bhd e Sfted AL PP o et bty ng Spfdatt
di st ance réVititidhBomaG-eegradsse 18tcdédrens abbiuf thelineesr thepptd, tdpiangf a
circular tool pattern. [0078] Small| changes in | aser beamvel ocity can

si gni fi ceHWgrddpanpe 36R«dagsperevaldipn startigeand podingats80sdegreap, anst

. . . o : q Py ' he.
| ocat | onE eyoSelTE i GuaiiRievbl R IR B ERE R 2T BeBitss W pickTiohept ar

t ool pat 6ér at whichiptintl laserpulsés ¢$8 dee tirhed off. tThw| patterrs P felldhisngh exit
subsequent reﬁg%% ions and the | aser ener?é7i s nore uniformy spread around

the via pesmg hewired stesling logatior 122 @1 g70rdegspet &30 sgdiisppratian bt
enpl oys L y&ickirdsdll ar repetitions, it is preferred that the |aser pulses
shift for each repetition so that a hypothetical sixth repetition has
pul ses t [RA72xactkijedbworkexp withagéinrretogripe thatitbe apglikedodatioasiof enayremdal

bite size_is approxjnately, ual to,the bite size divided by the nunber of
ci v oul ar ox SeBRBBLTZ BB e Praseht fuscehare Srtalhy wei clasihiie anatsr

t hepul segdtmesl) BaeseLaedititheX ARP Y H&sUbddh@irtPoR the Fbth B catldisSof S
typically caused by inadvertently enploying an’ ncrenental bite size that

i s very Prrang subgequent bolss tagys proceases.y equal to the actual bite size.

[ 0080] Fj 8 : i naccept abl e and hi gh- i i as

br ocesselfTler ovbict PRSP eRagser 4o HPREPARYRIGR Ave el ottt
trepan amdo ¢dliede arodlo@iodiBt dfe31BmaTEe®\ Iager PRFPSTCI0 KelzYa pdshiohef art bite
size and a preferred calculated increnental bite size. [0081] Figs. 10 and
11 show ABWIMWE aGeeleration 8f 18100:Csi 2 ¥iaj drillig breaf 15§ sirgic, apdandas i n | aser
beam vel ggi: | i Dit j r I.ng: hy | ng
five ropthpiim ke tile B tholb! Rlsulih el Reinifin i ldceBiingla Rl 541 17,
t he via dieafeeter is 125 /ym the effective | aser beam spot size is 13 //m
10 shows that the |aser

dth b ity I 377.5 . Fig..
SEI sesef t‘ﬁﬁe"iac%&y%&‘% it‘X'QIrgP%ﬁﬁMSrggégW@ﬁdgg@raéf‘%Qat@%@ §vver | ap,

resul ti ngsddiitign® RAErEH 3 kYY) @e@é}g{éar%;pm%rmar%%wpﬁ&&%%’ iOMSHRESS.
In contrast, Fig. 11 shows the  sane prdcess
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 examplie, the hole being
processed has a 200 ym diameter, and laser pulses 78 have a 10 ym effective spot
size and a 4.47 um 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 O-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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except that the |aser beamvelocity is changed slightly to 379.5 mis. The
smal | 2 mm'sec velocity change causes a uniformdistribution of |aser
pul ses abwotoadma7igda peri phery, resulting in a high-qualpcryseecs/oarsdd or

i nproved process robustness. The circul ar process of Fig. 11 enployed a 2.3
n{ﬁ’ i ncr eﬁgﬁ{ﬁaﬂa atiendi% at 9%6@5@%@&%@6%@@)/ sswammwaf%t@ g8 trasditdRet i cal

! . _ £ idi 0B~ [ 0082
Sixth " eRtid Rafih BXCk! A5 EESPYHESBIbRATEOURH dithelERSkELOD | 0082)

The | aser beam vel ocity neede or properly se I hcrement bite
si ze assetarts sidravgitforaepding ilocdtion &4’ rspilating babkapafor ens mpmgieewmagibah
nunber of repetitions enployed, the via.diameter, t | aser PRE, and the
effectiv&]! g@ﬁeggg%agyﬁrogéﬁng ‘f‘ﬁg'ﬂ %%r&q‘%@ﬂmfm&%%ﬁéﬁ%eﬁF%?Zpam y
chosen sughrddwatt g @&ﬁﬂagéagmleeé 8’ ARCAI&NSH Shalsnd tdo'?}aaﬁgﬁ 70
hypot heti cal |ast plus one tool pattern repetitions substantially overl ap.

[ 0083] Slidimwshan ewit seementi807 baging lrestading loogpticy 82" fabE?Mkalg;m@tﬁoragwl t he
I ncrenment.al,. bi Si 284 p). required for overlapping the |aser pul se
| ocat i Ongﬁgpﬁlhgatﬁr}%l éﬁ@’d)ﬁ’%%‘% etical last plus one tool pattern
repetiti QUG75]S aSKile wopkerelwill Bgaintabegnied tisatrthd ladigul? dbcdtRPEf lent) and
(Cycles):V Definition Bite (Eq. 1) P Definition rep (Nrep )(Bite) -
p( D- Ef f ) exitgegmentsTheé paf silereprepent natabyrene sxersplarpsekofsielativerangles that

[ ' i ' = [ | , F = Laser

Ul so of et B BfisS ittt e KBndy b8 Uepk G Y i el BcaE T Rl
repetiti and sbbsellientdticieetoctie bmddmsec}li\]f = E];\If ﬁgt i vef spot s: ze in rr:n tArep =
| ncrenen ite si.ze in . mm and Cycles - Nunber of circular repetitions
eﬂgl oyedwc{7(§84ﬁ%‘f£ mﬁﬁloeegg%l%erf 8nd Role paremaiesoRRsPCiAted ¥dth teakeatiesn

equat i On?Oﬁﬂcl_uHe;é)to%ﬂvel%citﬁ BF 3 #6nitRiseRIa 4 P ‘Sf“?ﬁtlfﬁz,@ &?iﬁ(%ﬁe? to
achi eve equal 1 zed pul se spaci ng en enploying nmultrple’repetitions of a
ci r cul ar maxghupeacasieration ef AK000@s, & viexdrdlingetimeatef18.08 ussac, ant watias an

"Equal i ze .Perinmeter Puls rl ap" button or other actuator., The nethod
ad et s PHATSBIGE BEPE) MR ereBH g I AHaaKram 314 B Cram G At A |
anount t gjggtaiceve the desired increnental bite size without significantly

changing the |aser pulse energy density. o
[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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[0085] O course, the increnental bite size can be adjusted by changi ng any
conbi nation of the tool velocity, PRF, and effective spot size, which
correspomai® 20@/ahsagi ng the hol e di aneter. Therefore, aPODS200502T84US
mat hemati cal description of increnental bite size is set forth bel ow.
[ 0086] Tipalsesifamticach hepeatitibnangtirge ds thiketamedotationBef This 3 fgpfcally Equsel

0087] The .generali,zed uation for increpental bite size js: ( Def L pRF)
Vo B R Rk BineiodRe aRor PGl Bl Sratuatis Vene Bakoiaty h bege!
that is apbprh@hatdNaBq@dl t6 e bt Wite 3@, I epresents the process of rounding
up a fractional nunber. [0088] The condition for achieving an evenly

di vi ded i0R&Uneritigs. HRod Ssshaw r%snac.tivgplrwicqamjablg)ar(d:ﬁigh@falig@qias [00@89}
i . t . oy — cl es
0000 *APKtErd yf BBl AR T bipdist dy MaRIGEbedjiols Pobeish doiui g

equat i onclrd)la ®dl patismetraslogRigy rébertually| 8priBi af ditediz& ard =l prefdrfeétt  9)
Cycl es [0092] Equati on (9%)_ has an infinite solution set in which any
posi ti veCﬁ@Hl?é@d ncremenigl pitasigeonal remmi nder of 1 yields a solution. The

preferre e W ' | US further
constr ai ﬁ%ﬁy %ﬁ\'gé?@)t %@‘fé?ﬁ%ﬁ?%‘@%‘%ﬁ& %@gﬁﬁdrlrg’blgns% eatff;t%?é s?%gmafﬂ t he
quant i t y changes indaselj hesine delopitr ¢Figar1 Cstvawaa riofl biet Lsiteasibe reditiidipy changes
is pref erre(il, . .hou hqﬂ%r actical const Lai nts .on achi evabl e velocity and PRF

may di ct ¥ %Y”géa%"(%[ PBE O Grireprandgpliretirpn Wieote eeer BBRisiddkHzr
B s mEngvitRA B 1196 il Ao B3P BbR SRR 13 Jih, AR RSEPY 7
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, resuiting 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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Cycl es) Cycles [0094] The solution for adjusting x downward the m ni num
anount to solve equation 9 is shown below in equation 11: =floorfx+-L-] -
-L- . (EgvoR2b)6/N78gcl es J Cycles [0095] Once the preferped/usatospmsssd cal
adj ust ment has been deternmined, the incremental bite size can be effecg_ed
altering the velQgt PRF,..di arreter, or effective spot ,siz accordi ng
?g equat i og 8. Sol v[?érflgr;ﬁqdnr i r%lzee"r"rﬁfal bite size by adj usti(ﬁa' ﬁ'ue vel ocity
is shown below in equation 12: new 0096] Solving for increnental bite size
by adj usting the PREfingiashown het 6, iBaquationEF3: f (Eq- 18). 2)0097]
Solving for increnental bit size by adjusting the effective hole dianeter
is shown below in a4 ?éfl on 14; L - B{fegq. 14) p(PRF) [0098] % cgurse, t he
effective dianmeter 'can Be al t%'rpeﬁa;;gleghangi ng a conbinatio _81‘ khe hol e
di aneter and the effective spot size. However, because changing the
ef fecti vevhdiraneter slightly nodifies the | aser via size, and changing the
PRF has undesirabl e i rlpéljtcati ons, for |aser setup and control overhead, the

i ncremental bite siP#8 7 B9 PERLPPEICERITERH RERISBS) BwdMoyi ng equation 12 for

adj usting the bea hdIVRBTityMBIRgidae: [0099] When determining the

injcr errentgal bite g}v?g?b(%lhelpdﬁysﬁ r@@ééc:e?éhg need not be exact to achieve

sui tabl e vi a proce&&iiglLassupulise répstitionanid e, kHxep may be mcr;agase;:l. by up
bout 20 percen My eover, . in SONe specinen processing applications,

tD?eE)1 (r:gy resEIt i nEVéFPgﬁv%@g%%?w&e?&gn%ﬁ%“qgr e 'ﬁﬂnsuch appl i cati ons,

the spaci ng bet weem + 85£Hiapndteem gheul d be no | ess than about 1.0 um

[0100] Figs. 12 and 13 show a conparative relationship between trepan and

circul ar tool patt&fiisEffeetivedsnat ssecivriance with, respectively, the prior

art and this methoq. Ln particular .Fig 12 shows |aser pulses 130 unevenly
di stributed ar oundgﬁf’ 52?&8@&6"1@% ﬂ?eg'ﬁ'iﬂ’ 88y two repetitions of a prior
art trepan tool pat@/@i&ﬁ=Lﬁﬁnbé_ﬁ@ﬂ@fbulémbp@lﬁtotn%ré?nélgﬁetﬁ’.”pl oys a 717 nmi sec
| aser beam velocity, a 70 kHz | aser PRF, a 125 //mhole dianeter, a 20 m

ef fect i vEOORMt SAprendix Beetstiorth a Mattabtadedsietiiodabeseh oa.etﬁlatiyga_; Eiqt _ebs |t zg
136. [01 I 1 9. | aser | ses 130 _even istribute
ar ound pg’rlitﬁhg’r@P%@gﬁég {@e%ﬂéﬁeﬁ{}?% S}Zgﬁgﬂpchee{ﬁse%fa%ge P RaqD|
pat t er n WB8namwloyinggnatipleFapatiliams & CiElIar toBlbaerRY ert@Rmatigy Rod.
Grcular tool pattern 138 enploys a ) _ )
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:

Dy =D-Eff. (Eq. 4)
[0087] The generalized equation for incremental bite size is:
(7D, XPRF))
A, = cell( ” TRF — 7D, (Eq. 5)

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:

15



710.5 mmi sec | aser beamvelocity, a 70 kHz |l aser PRF, a 125 nm hol e
dianeter, a 20 meffective spot size, a 10.1 5//mlaser bite size, and a
5.07 nm iwonremantsB bite size 139. Enploying the "Equal ipze/ulesosmerses Pul se
Overl ap"” nethod changes the | aser beamvelocity from 717 nmmsec to 710.5
mm sec.[01 02] A fourth aspect of this invention provides ZErren%fod for
controlling a Q sw ’e’h‘(aqP§§}(@j;dg§2at enits l'aser beam pul ses=8nPl oyed by the
above-descri bed tool patterns. -The nmethod executes on a | ogic apparatus,
such as 40088} opEquatistr4 6f 6zadilg ¢arhbimiedrtalyigid @geaton 7( " DSP") i ncl udi ng

regi sters for controllipg field progra ble gate array ("FPGA") that
preci sel y schedul es e ygﬁ%ﬁ%aiﬂqf(gﬂm%erlpul se and em ssigns of all

Si
subsequent | aser pLﬁe es relative to half-sipgprofiler co ﬂdg) driving a

| aser beam positioner. Exenplary profiler commands may include comands
requi red(go@g(y]osiAiq@,@ngt))‘asgrdgm@E ggthe tool pattern segnments described
above. [0103] Fig. 14 shows a first” DSP register, which is a "Laser Rep
Rate Register” 140 th D;ﬂr)@m]ﬂ)es 16 read/ wite locations for programm ng
the laser interpul se"perigd. Laser Rep Rate Register 140 cz[ﬁﬂ’r%l s arep
rate generator 142 that provides a signal having a frequency fn ranging
from 305[0@91)z (Belyingteguatiéh (Vnisitbe Gahid-a3 sbiviry Oqiddion(®:egi ster 140 val ue
0x0) with a resolution of about 0.0047 Hz. The signal frequency fn = 1/(
reg. value * 50 ns%ﬂ(x)RgchaLe_gener ator 142 is activated I9(§‘.|Q’) when a DSP
"Pul se Count Register” 144, Cddacri bed bel ow, stores a non-ée o ‘val ue.

[0104] A second DSP register is a "Laser Pulse Control Tinmer Register" 146
that i nclQRRE 24Eqeatipnid) hasepdatinitmsolution sebigruhieh qytrasitiviernurdeerayih
associated wth emtting | aser pul ses. Locations 0-1 O programa gate

del ay, aadrddiioatl emsaid@er2sf ng#amybelds'; asdolytidrs eTitke pasferrb@ cabé 9hsdslthe?2 are
preferably shifted to normali &8che val ue stored therein beforeé applying

t he normalized, val to.the "dl.y" fornula.below, Each delgy is d rm ned
byt he 1 o7 aes: Pdhetie SBiisiRent e NNy et Alingies” MBRRO o
102. 3 /1 aedking theDadjudinidhit! itheRpRNBOK ShAbd Adjirste8 Wi lor Bedinsipl. THé t hat
includes 18 read/wite |ocations for programm ng a nunber of |aser pul ses
that wi | pmadeent theeadhanges impreserred, qjth%@gn.prvama cpagfiraintsrorl aghigabbles range

from Ox3 E..t . . FE ar . hay, i al. meanings. Valid

val ues (Egl%tC t¥%ﬂgﬁ%ﬁbﬁé‘&?@%gf%@%ﬁd@%&Pgs%fg%oﬁﬁ??e‘ﬁ‘%rﬁe nunber of pul ses
em tted [0093]e Ditessolufipre raldjvstinge OpwEfHhecalit@ania®Riht UsBive BYhatiorp!
pul ses until a zero value is witten to Pul se Count Register 144. Speci al

val ue Ox8 18 EBPYNIIROW T pavatiafut&t . [0106] The method for initiating

em ssions of |aser pulses/is desc ibecl bel ow with reference to Figs. 15A
and 15B. Laser pul ¢ G_Qfé\'[%jad lquaj_i_f_i_ed by a watch dog(g(ﬁ_ t hat stops
eni ssion of laser pulses (f theleDpP Galdss. Skilled workers w || understand

how to i naol enent_the | ogic apparatus for carrying out this |aser control
[0094]  The solution for adjusting x downward the minimum amount to solve

equation 9 is shown below in equation 11:

1
Cycles) Cycles

X = ﬂoor(x + (Eqg. 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{D,; XPRF)

new

v

(Eq. 12)

X

new
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met hod. [0107] Figs. 15A and 15B show respective normal and speci al -case
timng relationships for emtting | aser pul ses supporting the above

nmet hods. WOR0&J0173%8¢ norrmal tim ng rel ati onshi ps shown i RCFIU$2005H27584 €
carried out as follows: [0109] Also referring to Fig. 14, the laser PRF is
set by t ROMYP wsolvingdomimcrernenialibie sizerbyoddjliSting thel AREris BapwRatetovRémi st er
140. [01 10],.Pulse Count Register 144 is initialized wth a value of zero.
The Dsp PAH E'?ﬂé "the laser pulsing process with a "DSP_Wite Strobe N’
wite signal 152, which | ggds a nunber of pulses value ( 1 to 200,000) 154
into Laser Pul se Co‘?fhiewﬁeg(iﬁ—ﬁr 144. [01 11] An "FPGA Gate(. 13ser gate

signal 156 goes true afte anount of gate delay (50 ns to 100 ns) 158 as
determn bi 00 to. 10 of L r. Pul se Contrpol Tiner Register 146.
Lou1o ARGRS, R likrernentel BESR AR i e dtetEe itk BlematBER an
amount oghéwh Heldmhrs8aesticty14:50 ns to 100 //s) 162 as determned by bits 12
to 22 of Laser Pul se ntrol Timer Register 146. The default first pul se
delay 162 is zero. éOl 13]»The nunmber of |aser pul ses 154 k% p{ﬁgram'red in
Pul se Count Regi st er?*44 wipggy)the exception of the speci al %seset forth
below with reference to Fig. 15B. Laser gate signal 156 goes false 50 ns
after a [0098]] adet cquuksdhéGffectivs dimgnetel ash beadire bl shangingsi on goes true.

out as 1 SPTOIETONGT e ol BiEernd Lis Fipoibs soohs e ndiaiarabottitng case.
occurs WHIgahJHRE the ieff@ctﬁﬁe@lﬂéheie’?%ligﬂﬂﬁfn&iif@é% lgééﬁﬁg%i.z'emaﬂd%ﬁbﬁging%et

Regi ster_144. This action causes pul se counter 148 to count coftinuously
until a DBP has vedesitphig imgizatipna iy laserssaiup andeontroboverhesd Obent Regi st er

144, whi . ] i,gnail l.ses to st.o er. ,.a _ane

pul se un@gFﬁgﬁ@Eb!&g% V l?ggg\‘gtr%g\geltgrrﬁggé%g(oeﬁﬁﬁ)lpy@ﬁse%qbgﬁtﬁftolr @ﬂﬂﬁsﬁﬂgr of
gate del the Hedinpoditioneselpuitype del ay 162. [01 16] A fifth aspect of this
invention entails a method for coordinating the em ssion of |aser pulses

and t hei F0099¢i ddNben slstesminiag dherdnrsamental bitgsian, e puiseriipagingomeashaot be

| ’ . . . . 4 . .
ol os, _t RS RdSe BUlaBic i pRAEHERELIST Fof, 88mPRl st Bl B RIRERIE 4
nunber oy Upab apaut 20 Perepr! Mdredseritisoms spatinmén bidcestdgedpdiichfishd,i r st

| aser pul se of each repetition at the correct location of the tool pattern.
Ther ef or & MAY se5t RAPYIsP spackgtiass Bwoy dumat indsuchaarnlicatiyns, dhel specingr mance

of the n?%‘#/\%%nqég&] élﬁgeggﬁodlg%%rncg |e@sqgar$rar8|08¥$8 ubrx. the above-descri bed

t ool pat
[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 ym hole diameter, a 20 ym effective spot size, a 10.24 ym 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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[01 17] This nethod supports the new tool patterns by providing a higher
tool velocity for a given | aser beam positioner acceleration limt. For
exanpl e, woty@/aais3gal vanonet er - based beam positi oner haeTaIS200600756+
acceleration limt. The new tool patterns affect |aser pulse em ssion

timng i j0e02] eaktourinayper of kis diventiba provides arméthol foatoetrdllinga start
| aser pulse em s(ﬂ%n in the mddl e of a nove segnent and all ows | aser

pul si ng GIEVHENSG eer Hisdienyis lesenkean %\Jlftwmplé%fmw g.abperdsseriged 5
portion %ol%ﬁe?&gﬁ%@w&élﬂegr pgdga%éaerhﬁfsr 8lch %s%sm‘?"cr&t? gk&ﬁt ed

noti on cont nmo coor | na he system con
conput er of a di@it&ieignai;proqmslsere(“@SiPé}alrmhsi|mmreg1sjemie)debatmilmg® figldcti ons of a

o e PSR Bl B TR L SR S e

accur acy nufid sHd bmfRjorls @ﬂl%u%é’éb@@‘ﬁt 1B3¥Lp@BEY FelativOtd ﬁélﬁ‘ém%%r%ﬁle?' J St
pul se ti m ng resol ution, which inplies an unaccept abl e first pulse

pOSi t i onpagwm@m&jvmmerlwerrbeam positiopeh odxemalasy er@ﬂlem@rpmdsenay m ng of

I l s h f sf h
e o b5 EsP00 8L Rab 0 BRI p e o ABSh SR
regi st er geddbed d¥sve. and 146' in the FPGA. Additionally, a new

Fractional LaserDel ay paraneter is added to the nove seg%r?nt data structure
for coor @HBi ndi m\)c/i/ﬁh@ws@ﬁlrébaﬁé’n@glséﬁ@wm@ms pliaser KapsBasnRegisiaty. The

Fracti ona4baﬁ§tr lﬁapﬁéés Rﬁrré Nﬁfte ﬂ%&hl s & n[igljogparﬂﬁ" rﬁt%ﬁ%&%ﬁ@térﬁﬁls@t@fodm a

nove segnent an I aser se e € total
segnent taser Rép REte H&gasiér @mbbatselsaen‘e@yramgana’raw teRsthait pfovidés & aigmel

w th val esfro O to 255. If the value |s zero, er pul i.m ng behaves
like the avl.nsra ﬁ]?ﬂuenmefndanaygffm ﬁe1%ﬁér('feg(b?rtea1fi§\¥’€|u§é§?s\%rf{[:)tthgq)]e first
laser puhge, [rRgist! @0 valtl Mg@fmtﬂ%aﬂe%eﬁ%%{%agé 004 H2] Tﬁé%; nep shows

the | aser be m pul si ng and beam positi oner timng relati onshl ps.
| deal |y, frequiestyin ®fl/(aefi value I&ensem)l Replrate generdtacti isactivated only

Fractional Lase atter the. b 0Si t| oner starts tool
pattern YHEAA @g?nﬁﬁ'se éﬁ §9{§$ﬁ 94§eﬁm'tb é%’eﬂ&" AOREAFE? VaXenunber
of syst e[oifdzqys Aeawﬁcﬁmm@wém@d_éslem&er@ém@t Tlﬁfermgﬁabpmmthaﬂ
actual first | aser pul se [0120] The coordinated timng nmethod first

account sirfchides %tﬂaﬁ/watedam fior erawrnEyMing dwoltime datalyadssoaiatadowithi ng

del ay. noertitpd et Eies” e CE Chrouila ario i and PRt P2 oncy.

Coor di nabﬁsgraﬁdafutse@msmmy ohbegtichzt 2-De 26 pesterd ﬂsam@unofndrmarzéimeay i's
described in U S. Pat. . 5,751,585 for H GH SPEED, GH_ ACCURACY

MULTI - STX@ierteredrberein @Rﬁ%asvmmhwr@mlﬁz@d azagﬁgﬁ@etaet“dlyf’ frrmida bgleve of
this appELERYRLY is Haferfhd@ B tAY forin i8Sl S FediERY 148 alue * 50 nsec) and
ranges from 0 to 102.3 usec.
[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
Ox3FFFF and 0x0 have special meanings. Valid values (1 through 0x3FFFE,
262142D) correspond to the number of pulses emitted in the burst. Special value
Ox3FFFF 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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for the beam positioner command to reach the beam defl ecting gal vanoneters.
Gal voDel ay is fixed at about 200 nmsec. [0121] The coordi nated tim ng net hod
further awoauewm7§88r a Laser Event Buf ferDel ay 178 that i mciraseasobmssel apsed
time between a profiled drill segnent, such as entry segnent 52 (Fig. 3),
and t he tundergantrhnvele implenant thiedegic appiasatiefor dzapndroenthBulater Behtayl 178
can be aih ggd to a resolution of 50 nsec. [0122] GateDel ay 158 (al so see
Fi gs. 15B) is stored in a first portion of FPGA Pul se Control Tiner

Regi st er [0467] anﬂlg@leﬂs}\rﬁn@eﬁiB BROWRESpslahandrelanasd sbééi@! &awn#mg Pul se
Count wrlte SI%@% 152 and activating | aser gate signal 156 (al so see Figs.

14A and 1@lgfion fn epittireplagas Pulsse sHepertingsbe abova metbeds]

por i on 00 Ehca A7 oPeaRRER ABroRES BB A o’ B BRI S Get ay

bet ween lalkavs: gate Si gnal 156 and first laser Qswtch signal 160 for
requesti the fi rst actual | aser pulse. FirstPul seDelay 162 is

det er m nE@ QJ%F grg aing ke figy 14wkne laseRURRDAR $pt by the BSRwritieg @ r equi r ed
to avoi d”ﬁarmﬁo dy5b93v|_ggglr|g¥8(§%§t%e§ %gpq ul se. [0124] Each tine the

DSP | oads a new nove segnent, it aser Event Buf f er Del ay 178 and
Gat eDel aj0 1By valPulss Gt Rdgister 1Z4hés wndtlalizedvith a value of zero. The DSP

Coor di nat edN\bd t er De] ay+Gal voDel t d

PDol oy " GyEhe A5BDEH Sy CLOBPoR A AP CalRex dgbe H WOFGUaarady . Thi s
the d T 158.

Gat oo aa’“?i%“s’f"@zf'[‘s‘re?g??@" s U tE sy 2o e it P R P EREN YL

Gat eDel ajReghder $44.ong enough to avoi d FPGA boundary

dit f 178 = Gat eDel 158. Thi n
cven mut TR oAt aEH, CHETIapsRf Bafe Thad 56 eSS el ar cmoui dbpol ay
158 is Igaﬂaedlelay (sohsecbdoorpsa156%@&5teﬂamléatbw6nstdi@td¢wfEﬁgélrtfBulfsEer and a

time tag for the packet is the current tine plus LaserEvent BufferDel ay.
[0126] V\ﬁé’ﬁtrph@nﬂ)@dﬁ@@@@t ?6ner servo calls a LaserOn packet, it |oads the

o oP A Lk i R B SE s RS A BT RGSTSIBLRALS s
of | aser apwunésf fn[s@ﬂ)ﬂl%b o@my (Eﬂins\m kem ss)V 62 asefetgiined byalitspir td 2nsf of
th|S|nv nt| nted djfferently fromthe inplenentations
descr | ber? v‘@s?éorg'?oéﬁ[g??'géegﬁﬁfﬂ%n-f@e de 'tébf%ﬁﬁ}llée desyKiiZdsgespeci men
matg eri al py Ln@wﬁ\?msgf StiasbypaRYs H§gg%sf§q9%ﬁfn% PoBide EY i Rilgistap et her

144 with the exceptlon 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 puise 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

19



rei nforced, or honobgeneous resin dielectric, and may al so include ceramc
substrates and silicon substrates, such as those enployed in

m cr o- el eworoe/aa7mad sem conduct or devi ces. Appendi X A YPgeErniseesm21ske nove
segnents function [x_segs, y_segs] = gen_segs (hole_dianeter, o

ef f _spot ddshed raphised ofiteyipatiehe ee@stitions andipin partitdiar,16lfit the firsER&kkt i ons,
revs_at _di ?m settle revs, %'{_pe” od, init_entry angle) % The preferred
rot at i on RHI3@Et PN Fepetition arisscorsediiogation ByhansS pafer hheieters, }t]me

conpl exi t ] t ete. tion owever,
ar gp det err?{nefrplifggsiwy}%ﬁgtcﬁ%@é%%@s&%? éééa‘g’te ?fﬁ%én%gg ee&O?Pntpﬁ(\éﬁg'bi ral
acti on i sndiasedtimentempygt dythe mbovetasyribagtasl pHitergy, ees for rep_ctr=l

: titi 0/ te the dt for the initial revolution if

(proc. acUBSREL) ThBSpeinas sipbast dheinopioe! pters byinrayiding  highar esl y: eise
% starts t : Nt nBE X et er - pat...s:

/02/ vel ociv'?{/o;dp[}a}r]:g'r%thJ i@@%ﬁ%rﬂ%m%oég%gt gcé}é’o%a?}gﬁ I@ﬂ? %’ér ?%aeéaﬁf %f@%é’?e to
start . @Eedvanomsteahgsed bpamepasitior@r haisfa {00008 aacélematiord)mit. The new tool

i an== %spiral inward or.spirgl i d _th d
br o ont 1 PRI 1408 e o on iR bl lopRdphiaSed %, WREHAT al rep
only if (6&imatlen can btart Ris8r BsEYrABSIoR iRfhd RISdIE 0P 28nB0E %)ég@%?x!t GaffP_revs +

settle_revs,- end %figure the entry angle for starting the I nition of
bp not i odlipwe lasardplsing dering fiestienalotiansef 4 tqqrepatitiony Eregbforepar evs* 4)

e v P 58 3 L B0 oo Bt e Sl iRl

segment s confiot motibiat ("CRECNMYY eosrafiizred with the system control computer to cause
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 puise 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*FractionallLaserDelay/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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format is : % [dp_utn dv_unpersec dt_sec pulse_cnt pulse f rac_dly] % add

the nove segnents pre entry angle % figure out the segnent reference tines
for BP nowoDanoesarissh ent ry ang le bp , case 0 , Xx_segsPeET[U32003/0yBBOCI ty dt
0 0]; %leader is x axis x_ref _tinme = -dt/2; %x starts at tine -dt/2

X_total _gélays eddudie éfgéﬁﬂﬁnéfeﬁ ‘ﬁrrﬁn@ nitAbd foryernRidn ofearFaéiual Hsylaskaptiseat
tlne zero y total _dt =0 ; vx = -velocity; vy = velocity; case 90, y_ eegs

[0 -2*V&tocity dt 0 0] ; %leader isy axis y ref time = -dt/2; % x
1
t

starts grbj“; T @b ahi n&rﬂ%ﬂédfnéﬁﬁ@&%n‘fs [P 000 ; x_ref tinme =

; at tinme zero X = -velocity; vy = -velocity;
Casg }SOCOGrCSWSdMo[d@FBfévIBéIGVI1t7§6 ttiat houdes; a %dfﬁagéltter groupadelsy andef ti rae
= -dt/2; %Xx starts at tine t/2 t ot al 000 o] ;
y ref  tigANangmalarsTay. aPRE P Ing ISk GraOslay BES & etk of SO Bty - vy

, 7o cradndiy By ] CsnAg) o dulbocteh gt e ) e
0 0 0 O]associated group filter 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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x_ref time =0 ; %y starts at tinme zero x_total_dt = 0; vx = velocity; vy
= velocity; end % Now round and round for the rounded bp revs . Each
segrment debi2n@w1tr3se next 1/4 of a revolution for seg_ct PE/US2005/027584
c.pre_entry _angle bp revs_ tnod4*4 if (y_total _dt > x total _dt) x_segs =

[x_segs; O - 2*VXL@§erEvéﬂ1tBuYférBelayX178X- Detzal1 ﬂGa’EeBelb?ﬁ@'S_thléléjén ePbsge

y segs = [y 0 -2*vy dt 0 0] ; vy = -vy;, y total dt y total dt +
dt; end Q?fﬂrp)(?l%tf’iodﬁsﬁg now defined up to the entry angl e. Wiere to nove
next dep Aﬁ?@r)ﬂ é\%c%%btg G%téé@é?qég% Io% BQsJaﬂeld ina
(proc_acti on——4) ospira nwar d

(hol e_di haseedrepbckatmithes LasgrEveatBufter, amy o;tingd t_agﬂfbﬁi@pagkét’i@lti@tl!mﬁ@nt/
(8*vel oc H%Q \9 r=I | raI revs*4 dt = dt + dt_inc_seg; if
(y_total @u§Lta§pg§ea’ttéu§(er = [x_segs,- 0 -2*vx dt 0 Q; vX = -vx ;
x_total f512%]x tWh%'r‘n-tﬁé béaﬁ% poﬁil ryse?W§an's éla%@ﬂ?n panetZIthyao%tthg 0] vy
= -vy; y_total _dt =y tota
GateDelay 158 value intoF PGA 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 fiexible, copper-clad or exposed, fiber
reinforced, or homogeneous resin dielectric, and may also include ceramicl
substrates and silicon substrates, such as those employed in micro-electronic and

semiconductor devices.
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end % i nwar d/ out ward
(proc_action==4) for
[ Xx_segs, -wO 20@70a%58dt
y_segs [y_segs; O

end end end if ((proc_action==
((hol e_di aneter-eff_spot _si ze)
inc_seg = pi*diara_inc / (8*velocity)

di am.i nc
dt

-2*vy dt 0 Q;

i ncludes extra 1/2 rev which wll
_dt > x_total

1201
-VX;
vy

seg ctr=
0 0] VX

2) ]

f(y_
X _total

t ot al
_dt

-vy, y_t

APpBRAIRGA | ON==

spir

be

at 1D f
_dt) x_segs

= X_t otralr/usoos/onitsg4 el se

ot al _dt
4) ) %s

al _i-d) /s

for seg ctr=

= dt + d;_ée@lgpg,_eegthé fmo(,—X_ée%hQIL dt > x_total _dt) x_segs

= -VX,;
ﬁnctl

dt 0 g,; vx X
-2*vy dt O

((proc_action==

[x s
?ffa

revs ncircle_segs -—ce1

= X total

setfii 3@ FP
revs

dt + dt

SF%TJ = gen=egs t

?io

el se y
egg
Jff"_tx

lnlt
seg_ ct rﬂ

segs

y total _dt + dt;
piral outward
plral revs ;

spiral _revs*4 dt
[x segs; 0 -2*vx

= [y_segs; O
&° “end if

eg/l"qiémﬁi rcul ar
—heiTrel e _segs if

(y_t ot al _dt ?I%ﬁtﬂeégnﬁgd) rotation dlrectlon is CCW. This is allowed by apps and

minimizes the complexity of switch statements,
are determined by the settling revs and

entry

conditions, however,

etc.

The true

revs at hole diameter if the spiral action is inward.

entry angle

init_entry angle;

rep_ctr=1l:repetitions

[)
°

)
5

Compute the dt for 'the initial revolution

starts at outer diameter

degrees for

if (proc_action==2) % spiral outward
dt_init = pi*spiral_id/2/velocity;
else %
dt_init = pi*(hole diameter-eff_ spot_size)/2/velocity;
end
dt = dt_init;

%

pre _entry angle bp revs = 0;

if

( (proc_action==

3) |

spiral inward, then outward

pre_entry angle bp revs

end

%

if (rep_ctr == 1)

pre_entry angle bp revs

settle_revs;

end

[
o

pre_entry angle bp revs_mod4
entry angle - pre_entry angle bp revs mod4+*360;
mod (entry angle bp,360);

entry
entry

o
<

angle bp
angle_ bp

Now start adding move segments.

format is:

°.
°

Q

)

Q

)

switch entry_angle_bp,

case 0,
x segs = [0 -2*velocity dt
x ref time = -dt/2; %
x_total dt = dt/2;
y_segs = [0 0 0 O O];
v_ref_time = 0; %
y_total_dt = 0;
vx = -velocity;
vy = velocity;

case 90,
y_segs = [0 -2*velocity dt
y_ref time = -dt/2; %

23

(proc_action==4))

Compute how far off of the entry angle to start.

o)
°

revs_at_diam;

settle rev on the initial rep only

spiral inward or

= pre_entry angle bp revs +

figure the entry angle for starting the definition of bp motion

ceil (pre_entry_angle bp revs*4)/4;

add the move segments pre entry angle
figure out the segment reference times for BP motion

0] ;
X starts

starts

0];
x starts

)
T

Note that the move segment

[dp_um dv_umpersec dt_sec pulse_cnt pulse frac_dly]

leader is x axis

at time -dt/2

at time zero

[
)

leader is y axis

at time -dt/2



X_segs = [x_segs; 0 -2*vx dt 0 O] ; vx = -vx; x_total _dt = x_total _dt +
dt; else y segs = [y_segs; 0 -2*vy dt 0 J; vy = -vy; y total _dt =
y total dworoato17s83d end end % That defi nes the BP noti eql/usesaisodersst he
entry/exit which will be handled later. Next thing to do is conpute the
nunber of |aser pulwsestaindcschedzi e the | aser-on event in the nove
segnents. | aser_delayegevs (& prederitiry angl e bp revs nod4 ; % basic delay %
if spiral inward isX_ﬁfiEf_sttimErf)@ess act i orf, Y biektofat tee detay by the revs at
di aneter if ((proc *aéPF®nsE3=)/'| (proc_action==4) ) |aser_delay revs =
| aser _del ay_revs - fevs_* °Giam end laser_delay_tinme =
| aser _del ay_r evg;gégisgifv Y% dSer on time i s equal t o the mininumof the
two total segment tjQES. then.-adidistedidby §hesl asardel @y, tisme and the
di fference between {herriaurdedaup:final eeystapes desiiRd-ddmal revs
| aser_on_time = m i fofax_tetalatdt; y_total _dt] ) ; laser_on_tinme =
| aser _on_tinme - | asepegel=ayotd neg ol;f ( (proc_action==l) | (proc_action==2)
| (proc_action==4) y) re6ftriaett dnal revs at erdabps ftimitehzeny ti tne = (ceil
(revs_at _dianmt4) /4-teedsdat=diram) *dt*2; laser _on_time = |laser_on_tine -
bp_finish_up_tine; “&nd BuPsEcount = ceil (laser _on time / prf_jperiod) ; %
The | aser-on evggée‘gggzs“’ier]if’%ﬁyhe X segnment streamt_tracker = x_ref_tine;
seg_idx = 1 diSeq 5ed $€98(endlocithidieo(dyt LarkaL+diS6a,535
laser_delay_tinme) 3 ref time = -dt/2; % x starts at time -dt/2

y_total_dt = dt/2;

x segs = [0 0 0 0 O];
x_ref time 0; % y starts at time zero
X_total _dt = 0;

vx = velocity;
vy = velocity;

end

% Now round and round for the rounded bp revs. Each segment
defines the next 1/4 of a revolution
for seg ctr=1:pre entry angle bp revs_mod4*4
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¥i
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-
eff_spot_size))/spiral_revs;
dt_inc_seg = pi*diam_inc / (8*velocity);
for seg ctr=1: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;i
y_total dt = y total_dt + dt;
end ‘
end

end

% inward/outward includes extra 1/2 rev which will be at ID
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t tracker = t_tracker + dtseg; seg_idx = seg_ idx+l; dtseg = x_segs
(seg_idx, 3 ) ; end frac = (laser_delay tinme - t_tracker) /dtseg; % 1/256
resol ut i omoj2oet017iske cntm frac = round (frac*256) ; % NeaTdatSe@s/021584 nt o t he
nove segnments x_segs (seg idx, 4 ) = pulse_count; x_segs (seg_idx,5) =
frac; % Need tolpaq)rbbead{@&eﬁiegrrents with the entry. % The first rep

al ways enters wth@rgeergebt;e_mve if (rep_ctr==l) switch entry_angl e_bp,
case 0 , y_segs [ - x_tef(yt toreivéd ockiypt@l-de)ref _tinme O O ; y_segs] ; Xq
0; y O= x_ref ti me*vel ogitags vx@_seyssl @c‘rét*yx Yty O & vel ocity; case 90,
x_segs = [y_ref time*vel o€kty -y ref time 0 0 ; x_segs] ; x g =

-y ref _time*velocity; % x_ppral FO==-5PErbeit ¥;: 9%yO = vel ocity; case 180,
y segs = [x_ref tima*vjtt?m 0 B<refs_t| *0 0d egs] ; x 0 =0 ; yoO
-x_ref _time*vel ocity; vx 8'Ff°'y9 —vyveﬁ om{9 case 270, x_segs
[-y_ref tirrie*velocity Oy &’o:%@ dgl_r@ &tgl & _segs] xq_ =

y ref _tinme*velocity, - g =

end

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 = -Vyi
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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vxO = velocity; vyO = -velocity; end%generic nove fromhole center. Create
generic nove segnents fromcurrent positiont o initial conditions for the
via [gnt wo 20@k1738pk] = gmnew (xq , 0, vxO ; [gnt _y, ARplrusSHpkjo27s8gm new
(yq , 0, vyO ; 9% ake max of nove times for two cases gnt = max( [gnt X, -
gnt _y] ) ; %Roufdlagertown tivdulsusqefl 56 wisesiditpm 5568 Gwo ol (Sd4Fex: Segs (
D, 3) ) +sun( gritiyes. Sher 63diused byychsabesedt delyy timepdnd rthp, diF@er&jce; gnt
(2) gnt (2) +58eGpect dheompated geneimicé roveanl deakbddpsnalnievex = x q ; X =
O init y = e D fme gymigd -ttOtahdtv _tsrattdtd) 9 o init vx = vxO ;

init_v =vO%aéne 5 Siﬁi‘o %:ﬁﬁl_ ? = (2 (|n|txx)
- VX st;rt* {Z*Qrgra Oé lgg(i é;ﬁ%o YR ﬁ)a\}giogcﬁfcfjﬁn yHdenom?® dvyl
= (2% (init_y-y) \b¥>_§lrﬁrs§1*u1(% ggt (éélfz%eagﬂat(&)a%gm/z;@) )- init_vy*gm
(3) )/ denom  dvx@vs 4t AT4hRaErxXx ) +vx_start*gnt ( +init_vx (grrt
(1)+2*gnt (2) +2* giiaséB Jon) } I AOTE s eBVY3 tEmé —2’E>£>Iﬂ1|nﬁslyylp)f!‘i:ﬁ)é start*gnt (1)
Hinit_vy* (gm €49 +2*gmt (2) +2*gnt (3) ))/denom .dpxl gnt (1) *
(vx_start +dvxl /21)115*e é@}qt = Qﬁﬁl((3.1.5)er*0r(wmst/arptf§m@fh¢®), ; dpx2 = gnt (2)
(vx_start+dvxl) nt (vy_start +dvyl) dpx3 =
init _X-X- de| dp aser n even goesg 1nto the X segment stream
tracker = X ref time;
seg_ldx 1;
dtseg = x_segs(1,3);
while (t_tracker+dtseg <= laser_delay time)
t_tracker = t_tracker + dtseg;
seg_idx = seg i1dx+1;
dtseg = x_segs (seg_idx, 3);
end
frac = (laser delay time - t_tracker)/dtseg;
% 1/256 resolution just like cmem
frac = round(frac*256) ;

% Now stick it into the move segments
X_segs (seg_idx,4) = pulse_count;
X_segs (seg_idx,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 0,
y_segs = [-x_ref time*velocity 0 -x _ref time 0 0; y_segs];
x0 = 0;
y0 = x ref_ time*velocity;
vx0 = velocity;

oe

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 segsl;
X0 = 0;
y0 = -x ref time*velocity;
vx0 = —veloc1ty,
vy0 = -velocity;
case 270,
x_segs = [-y_ref time*velocity 0 -y ref time 0 0; x_segsl;
x0 = y_ref time*velocity;
y0 = 0;
vx0 = velocity;
vy0 = -velocity;
end
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dpy3 = init_y-y-dpyl-dpy2; % pre-pend the generic nove segnents x_segs = |
dpxl dvxl gnt(l) 0 O ; dpx2 O gnt (2) O O; dpx3 dvx3 gm (3) 0 O; x_segs ];
y_segs = wodpgdoidssgl gmt (1) 0 O ; dpy2 0 gmt (2) 0 0 ; apy/B2asp375gnt (3) O
O; y_segs ]; prior_x_segs = X_Segs,- prior_y segs =Yy _segs; else %
subsequent reps W % cadptist mbreomrdhecps i@htét. toeddregsiewidimove segments
prior_exit_angl efromrodrrenpundit{at an2inipialoronditipns dorvete vi8*pi/4)/ (pil 2)
)*90, 360) ; ea_advalwé_sedek= Vmbd { Gentew(xandl.evdpi- prior_exit_angl e)
190,4) ; if (ea_advEiteYségs IrEl)= g8 2qKEAcE s&YS i= ea_advance _segs + 4 ;
end% f nore than 2 segs are (;\n;g\giert(e:gl1 ,do themat the mn possible time for
maxi mum speed advanfade .- ik_xr_ n |§ O ="1%e"27°% 0. 1msec i f
(tmn_transition < pigtvel Qei Ty i6d: 6019 o B€6) ) tmin_transition =

pi *vel ocity/ (1000*Qp. = %s;—%E(Q&n(kq@@(ﬁ@d)%Jwﬂ§ﬁi)’f,5@élé)a} sggnepts if

nore than 1/2 ofsamer@y is required tmn_transition = 1le-4; %0. 1lnsec if
(tm n_transition < pip*v¥elcdcity,/ 50d-00*9. 8e6) ) tmn_transition =
pi *vel ocity/ (1000*#nt (8e6) amt &&)| i-miup; | OOOG end for i=l :ea_advance_segs-2

if ( prior_total _dt y > prior_total _dt_x ) dt = tmn_transition;
% compute generic move dvs and dps
init_x = x0;
X = 0;
init_y = yo0;
y = 0;
vx_start
vy_start 0;
init vx = vx0;
init vy = vyo0;
denom= (gmt (1) +2*gmt (2) +gmt (3) ) ;

0;

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+dvxl/2);
dpyl = gmt(1l)* (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(1l) 0 0;
dpx2 0 gmt(2) 0 0;
dpx3 dvx3 gmt(3) 0 0O;
X_segs ];

y_segs = [ dpyl dvyl gmt(l) 0 O;
dpy2 0 gmt(2) 0 0;
+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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if (dt <= prior_total _dt_y - prior_total _dt_x + tmn_transition/2 ) dt =

prior _total _dt_ y - prior_total dt x + tmn_transition/2 ; end prior_x_segs
[ prior woe@#17383- 2*prior_vx dt 0 O ] ; prior_vx = -pPCOMUS2005/027584

prior_total _dt _x = prior_total _dt_x + dt; else dt = tmn_transition; if (dt

<= prior_total _dt_» IfpedrertHantalsedt_aretrtadimetir alosthdnont Zxhe din =

pr| or _total dt mwst{hheglmmtfar Wl%unaSPm%aﬂYmBh on/2 ; end prior_y segs
[prlor _y_segs; 0tmprgmagpitiends 1G-€; pridr 0 XJ‘;P

prior total dt_y = rl“a‘ilnt—BJE%“H}G%}/ “d*tvei‘é‘ﬁq 2 i %og\fvsgrx t hi ngs up ! if

(prior_total _dt_y > pr?W—FEﬁnﬁF T 7P O‘ﬁT f 8t a1°<4

prior_total dt X - e)lzldref time;, prior_x_segs [prlor_x_segs ;0 -2*prior_vx

dt 0 Q ; else dt = prior_total dt_x - prlor_total_dt_y - x_ref _tine,-

prior_y_segs = [prisOhnyerse@sralsegticptd GF_ Myredtndh @2 €nd S6.COROQUEF €

things ! prior_x_sef$n=xtrapgitGnX= S@gs; X_SE@Sh.imsgeri Or _y_segs =

[prior_y_segs; y_segs|tninenchnsitom kapigivetiocixy#(300002 dleétlk ; % don' t

accunul ate pri or_ tot al tipn_yransytiast gl pidvelemiityl (AWPRO2948g8) pri or Wyiwmityy;

end
for i=1:ea advance_segs-2
if ( prior_total dt_y > prior_ total dt_x )
dt = tmin tran31t10n,
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_wvx 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

% conglomerate things!

prior_x_segs = [prior_x_segs; x_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 = vx;

prior vy = vy;

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

switch init_ entry_ angle,

case 0,
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% conpute the entry angle for the next rev switch entry_angle, case O ,
swtch init_entry _angle, case 0 ,new ea = 180; case 90 , new ea = 90; case
180 , neweaosw/@733 case 270, new ea = 180; end case 90PCIWS2@E/027584
init_entry angle , case 0, new ea = 270 ; case 90 , new ea = 270; case 180,
new _ea = 180; case 270pewmew €ass; 0; end case 180, switch init_entry_angle ,
case 0, new ea = 9(Casecad&e 90 , new ea = 0; case 180, new ea = 0; case 270,
new ea = 270; end case®27G2 3W%ch init_entry angle , case 0,

case 180,
new_ea = 270;
case 270,
new_ea = 180;
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 O,
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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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 ;

Yget the wongéauressate y_segs = prior_y_segs ; %ini sh upcrhms2é0asr7ssep , |

ust coast t o even up the dt i f (y_total _dt > x _total _dt) f ixup =

y_total _dt - x_total _dt ; x_segs = Aypseggp Vvx*fixup O fixup 0 QJ ; else

fixup = x_total _dt - y total _dt ; y e egs = [y_segs ; vy*fixup O fixup 0 O]

, endAppendi xg,B Yebxequt &t ncherental poheniiczg HMROD DULL QR PE &RS L.

eq_pul seqgverdaRq . pf1d8CEJe@Nad GaPth3R (h@eEE ARvEat dRackbhidhyect’, eventdat a,

handl es)s %ob{hjrect Haantd eot 65 egipallesernerl ap % eventdata reserved - to b e

defi ned % rvanfaatar ecegersdidon wof bMAHIABedbihandivesrstveustan ef wirthathandl es and

user dat% Heofesdi armstrerturestit2dbasiles (get u¢traddtes . hol e_di aneter,

' String' Jole_efqmespior sizsioubly (poddubites(-jete (Handiees Bringpot_si ze,

'String'§ f'—s%t@éh\"/%FESPE?d\?é]PJc?c‘EFg(}t‘?‘Bd@ﬁéF—ﬁpﬁtuﬁ‘l@ec'%Féﬂﬁ:'i)t}3’/ = str2doubl e

(get (ha@ecﬁog‘é‘?rt\ié?dv | ?S{lty' %?rz;lﬁﬁ r%ln),u £600; revs = ceil  (str2double (get
oClty = str2dodble get (hadd .veloc ;. 'SEring 0

(handl es; o 26V St 3 et o1, %égwe% SDlgyal 2 L] P80 2doubl e (get

(handl esyrdbniocasSt Ml/MGerdaokpiek 00 hand @< GrSEC s¥e-Mant ) 1Qo8e! kNEY gaent al

bite size fo bite size / ceil (revs_at_diam Trev = pi*

(hol e_di amahercoekét Spoterein?z€) bivelwBeetyy bxce sicev/ peil pets od; dfamdd] ust

Trev = pi* (hole_diameter-eff spot_ size) /velocity;

x = Trev/prf period;
% Adjust
x = ceil (x+1/revs) - 1/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, micromns. Also the "incremental' bite size, which is
the advance of the first pulse of the 2nd revolution relative to the 1st
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 = ceil (x+l/revs) - I/revs; % back out the new velocity Trev =

x*prf _jperiod; velocity = pi* (hole_dianeter-ef f_spot_size) /Trev; set
(handl es woebawriitss3 ' String', nun2str (vel ocity/1000) ) pcTAést@msnpissec %
Print the bite size, mcrons. Also the "increnental” bite size, which is
t he advance oVfe Chainf:irst pul se of the 2nd revolution relative to the 1st
revolution set (handles .bite _size, 'Strin nutr str

1
(vel oci ty*prf Ipet Mmsdog of effﬁ%fg’lgo'ﬂigbf@fs@é r%%%al’ efgratesiat frepn adaroetrragion pr
.  od . . =01 . . . , el
Runst O EnBeofiin B bpek R o fpsEPod Bipfet reqBl UG & bifaniilly 10

ski |l i ncirb@lantargéteerimatey defined by antaygdieliameéertexteingl &traugls adbrddte

above- descrj bed odi ment it hout departi fragm the underlying

o1 1ol pi B8NSt AL S 125 IEHHED ScRssth gros, AlEnGEbEh A SR dRADN Shoul d,

t heref or %roﬁéﬁna_@@é,%éﬂéh%q bRBhY deiinihG &t i {m t%g@naé fB%eV‘éP@t' ﬁ"é\ﬂh%é- A met hod
of effecting high speed renoval of "material froma target region of a

speci nendigmelpethat iamaflenthandbe target diantaiet,aaogeprisirg)i on havi ng a

substantially circul ar .target perineter defined by a target dianete
extending thr Sﬁ%ﬂn%r%ﬂ'&%ﬁg%v@ﬁ‘%é}t,b%iﬁﬁe?ﬂ'éet’ﬁ@@ra%%apdaé‘gfaﬁgﬁ CP'YBL%n axi s
al ong whigrBctethb dseim BRIBMb ReiadiRatiohdIh ’Jh@?téfgéi@é?bﬁ@fr's@lé&edibdaﬂéné ar get
region a | aser spot having a dianmeter that is smalTer than the target

di anet er neaoa insthegargetusgiog tpengble/a prenasseitmaleriabemavsd froanthetargetand
t he targes -&qz.gi on to direct the beamaxi-s to selected |locations in the
e

target r 'Y or selected I ocations near and in the target region to enable

a process of dinbetirigaiherisar aixisf atem éftey segment acgiiomtiodianecilomg ahlehttyeam
axis at an, entr&?segmsnt acceleration and along an entry trajectory to an

entry poSPIECHIY P BRISNTBHROSERHMININGGP dArgef FROIBR: ne 58RI RAPTL or r espondi ng
to al OC%FrQé‘pdﬂ?ﬁﬁGéeEc?H‘l&%t% Wﬁer%@ni's@%ﬁroftiﬁérl‘%ée? be3hi ls%ﬁgté%fbﬁ Rt target

region; noving t eamaxi s at a circular perineter acceleration wthin
t he tar gé&trgeegigam;t o position the | aser spot and thereby renove materi al

I i I . t of the t t i ter; .setti, th t
Segnant accel EEMITCRCHRATS AHAALA CaitrBt UREkE SoPe AN AP oo uch
that thergib Yo pESIBAtha el §baﬂérmﬁth\é@éwrérﬁo¢@ﬁﬁatém%m@ £@jrkingrcireul ar

@ir
perimeter acceleration value. 2. The nmet’hod of claim I'm which the entry
posi t i onsegmentef thedargeipepsmwiespod is | ocated on the circul ar segment of

the target peé&'ﬁﬁé fhe eﬁprgj/ sierg]ngHt %Bcélgteation 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
pbsition 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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beam axis exits the target region froma |location proximal to the circul ar
segnent of the target perineter. 3. The nethod of claim11, in which the
entry poswoi2oes/disssBocated in general proximty to the tacgas2esnemss and t he
| aser spot renpves material along a curvilinear path progressively away

from the targefireefig g’fe Eaﬁetﬁﬁotq'brrémo@é nﬁ%?@%'ﬁé d Sedrief b Res Fﬁﬂr g'[ -t

The met hod of claim 3, Ich the entry position constitutes a
entry pogiregressiaaly awry tramvihiei taeget cpaten te thmestaryet psriraefarr st curvi | i near

path, and furth conprisipg;.directing the beamaxis to a second entry

position in g ng—mﬁ "@6@5?9?39'@3’%@hpgrget _center; anddirecting the |aser

spot to Fe”DVQhéf@IrﬁIlaﬁée@h@ﬁgin@lu@@‘éQMté?géwt)éﬁirﬂégerr i@ﬁeé@nﬂféi%ﬁ@?h&%‘ni’%a?’ay
e nme :

fromthe target center to the target perinmeter. 5.  met hod of clail
i n whi ch:Posiiends sueh Hatdbg laser spatisudesied ina thartgeget perimatercantn its

tiret d [ L] ' [ he,l.aser_.s IS | ocated on
The target peielE8 ShoReholnuferd Bink Ble tABIHBRE A0k ing o o) &
revol uti eesinaenand theréaftgaenitics Thaterapaeng RegarsraRy spiRATHERS oW Rr thal
al ong a generally spiral path toward the target center. 6. The net hod of

cl ai m 5, QHSHESHR"t he specimen includes any of a rigid or flexible printed

w ring boar d gRUd Methdt GPARM 5CiARnEh tAXBRSErIH HhERWHI 1% RaRTd .
material, a fiber reinforced or honbgeneous reésin drel ectrPc prinited wiring
boar d nafiexibld prirted evidng boarbstateriad, a sopper-clatiior @xpesds priatee, wising boargvhi ch
t he renoval, of erial _fromthe target region, of the specinen includes
processi Hbatﬁ”ﬂogg'. ef _relrﬁ%c%cgbﬁgamggeg@%qsfﬁe%m BW?%T'% ﬁ!"”%‘i‘é”'@ﬁgrqp%@si tion
is such whRbrialhg depsifilc SRRtrats drRCatREoRubSeatel éﬁb‘lir?ﬁ/hﬁﬁﬁgl‘ﬁ%%nfgvai B¢
target perineter; and ' the |aser spot renoves material along a first

gener al | ynaigiialfrom shertargabragiarmef therspecinemirelydaseprocessingtadidlal al ong a

second gener all | ral away. fram the target center, and returns to
the circular zeé‘ﬁ]}ﬁ#eﬁ}ofﬁta?m e’ %@E“mter. 8. The nethod of claim?7, in
whi ch the ent the @igy bbSiflof MISlidH tHa®Shediabbf §hota8idoat8®dhtth@Rirc AR ségﬁqtehter
conpri si ngt directing the beamaxis to a second entry position in The

target ré Wﬁ"gﬂé’eﬁ"m@?r?aﬁﬂ@ second entry positions being of f ;et' from each
CLreL ot oy UROeABEshas e Rein 0o PABLE T ik et STl e
gener al | Jargei cealten atimoavayndtedan dibeg bavegehd genbedlly spvadl pathuaway Grobiihet ar get
perimet e{eirggtngenter, and returns to the circular segment of the target perimeter.

8. The method of claim 7, in which the entry posftion 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 beamaxis to exit the target region. 9. The nethod of claim
1, in which the specinen includes etched-circuit board material and the
renoval oWorradeanvas fromthe target region of the speci rem/uspaswesss
processing a hole in the etched-circuit board material. 10. A nethod of

ffect | of
st oLl LB el P B AR R £ o BORS, BFE B
ci r cul ar theatagedt dieneteet @mpesinged by a target dianeter extendi ng through a

target center, and the.laser tool fini a beam aX| al ong which a | aser
beam pr opagat €& S'@%Eeq?fé‘éeemé(ﬁmeﬂ‘épﬁgﬂ ﬁ%qqﬁé“taéfsg%@ feiebdetdeniRBdP spot

havi ng agehangd %éaFnhﬁ)Eis 't<§ %l%{éoelbcém% |¥1btﬁettér’g%@f*e&bﬁ'b"?%@l‘écté‘oqge{aﬁ&dé"g

causing relative novenment between the beam axi's and target region to

di rect thearmrahindke $anget segdienteenbblest pmesss wf miéetlarrgmovab@om'thertamlt ected
| ocations near and in the target region to enable a process of materi al
removal 56t he target region; directing the beamaxis along an entry

tr al ectory t Odl?ébtlﬂgttﬁ¥ bR Iakn@fbch\é Bh %n&rb@raﬁ@étgﬁltorﬁgbﬁ[@% pbBlﬁOﬁWan the
p05| tion correspon to a |l ocati on where ém ssSi on of | aser beami s

i nitiat el@rest rteg@nt ﬁ]eg@mtry QQSIBﬂﬂ cafrespeVding to Adoeatinn wherse enission efHbet ar get

regi on tI%FBfﬁéeérb%‘urﬁ{b‘?eb%%% Pgtfﬁf&gﬂﬁ'ﬁéfﬁ‘#“ ng material along a circular

segnent ar get- peri meter ter renoving material along a

general Iy spimabingahb beannagistvithit #igeirgsteeigiin toldositidretheeibbeodspat ied ai m 10,
in which the circular segnent includes the target perineter in its entirety

and t he ©MOYNGBWtena)plong g wikulan seomest pfaﬂf@rta%tpqrgn%&aﬂ@amﬁaﬁ% t ar get
peri met efgm, Hb‘?erllé}%%nig éwefﬂg/\r’ arfarg%ﬁﬂoWarH Bhdt gép(ls tggvol utions

about the target perinet renoves natéri a along a
general l'y spithl Tpathethodenf dictitmel G, am gﬁkﬁcm’metcérrculaft%egﬁhmwtmlm vie tatgatm 10,

in which; the, entr si,tion,s ch that .the ocated on the
' cul arPRERtn & eRfiEty aRf S sBHY Rebtn s Ao Rittad Hees shot Bdaed on

mat er i a'th@'t@@t?eﬁhfe‘iér Qﬁﬂ%é'lééér%@bf AImARE MR th Frﬂf?tldlé‘?él%lutﬁﬁﬁt er,
renmoves material along a second generally spiral path away fromthe tar get
center, abritiee targst peﬂmﬁ@r@ndctbemf@egﬂnnve@matarealtamr@a geeeratiytapiral 13.

The mathoc‘;p(%f cl m12 N \{\/mch the entry position constitutes a first
entry po% gwar tfa[gre( f‘f’gp %rorrprl sing: directing the beamaxis to a second

entry positi ofp.i Thé heethed @etldi®oi®@m whith:fi rst and second entry positions
being of fset fromeach other; directing the |laser spot to renove materi al

along a thirdh g@rﬁ@waqsgtl@bﬁrsalchﬁaahthedmrcanﬁés logatast o the ercularssagneent
mat eri al ofa[h8@9rg%t Bth%{brggﬂgr ally spiral path away

‘ 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.

13. The method of claim 12, 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.

14. The method of claim 10, in which the specimen includes any of a rigid or
flexible printed wiring board material, a copper-clad or exposed printed wiring board

material, a fiber reinforced or homogeneous resin dielectric printed wiring board
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fromthe target center, and return to the target perineter; and directing
the beamaxis to exit the target region. 14. The nethod of claim 10, in

whi ch t hewepewiaress3i ncl udes any of a rigid or flexible pcrnseesweTssng board
material, a copper-clad or exposed printed wiring board material, a fi ber

rei nfor c%ter.a|har&9§ﬂ§0%@oss;t@%,o%nﬁs Eme&ﬁ 'sﬁbé’c'?é gt 8Ad m}wm @e%mgﬁ a

ceranmi ¢ substrate strate, ch the rem)va

mat er i al Materaltfremttbe trpet m@imobﬁnetémecswmmﬁ.nﬁesnp;ﬂondesngraonaﬁsim@ taew a
hole in the specinmen. 15. The nethod of claim 14, in which the via hole

i ncl udes “B°BMSY via hole. 16. A method of usi ng a beam of pul sed | aser

em ssions at 35putheemeaRRe bitdIQimh 148 Wiich SEPVia HBM Md@ed 4 BM@ viaige!
regi on of a specinmen, the target regi on having a substantially circul ar

target perimeflér Ad@feffhfe,fﬂoblySlag Plvesn oﬁpaﬁedéas&rrmn@amsmjlasmdw sapatition

I
G oot or "o 4P rBTRTEHATAR Flarb e RN e heRk R Hie st Sond HUAS  he
beam of puWubsthritiafetireuths &irgisp@iteter defhed BYiOArdst Raiktertapdeasdh Qiibed at
a tool velocity nultiple tines around the circular target perineter to

cause th&segmisTopaf firnbeaelelivindalitbadarst ragien e laseresnaiinavingrl tiple
repet it aRinder e RLmBAL! RER the Uillel ABR@P RoNRAR | N1 dent on @ Tocation
0 e murtip re

of the targe%%regl on aar ng eac titions of the tool
pattern; and ouwvirdj ihatberm o puisedl laserl emistipnaramhd theggiubgionrrepeive tth eachat e

to substa tially unifor ead | aser em ssion energy around the circular
tar get pQII}Ieﬁ@tté‘r OB&/V%W'&’%‘/’HE%E% P8 GRRYNshi et irqUiRY tﬁégﬁgrpeé‘ﬁ%ﬁtgr fogause

repetiti gy Béarhhs puRRld IQé‘éF&h%s%sttB%mbbg AR5l FRALRIDA epe[p'éﬂfloﬁé)bpgi dent

with locations on which the |aser spots of a previous tron were
i nci dent tooipatteme eaeh teserspot baeing inddentomailetatidmeofdbe itaigeatégion dadhgdes

adj ustin e to Ci th ul se repetition rate, the
Iajser spg?aaptl R|pgen Hehgo?%Pg%'te tBPg‘?@[%P' IoThe met Eod of claim 16,
in which the §d5kbrf:|¥rld’ﬂ|ﬁ Qhe ths Jemyléh@&h@fpuﬂ#réﬁlﬁén $RRUD éuB@ia‘Hﬁﬁﬁy

determning fromthe fgollovmn expression a distance, Drep, by which the
| ocati ongn rmlhépre@sﬂéasgmmssm energy avounshthe eiesidardeyget nmm@envby: t he t ool

vl Y e el SR DR S5 P Fepdibr YR BT B e
shi fti nglaskr Bb@tslavéa]bt Oﬁmcmfent éthllesetions on which the laser spots of a previous
repetition were incident.
17. The method of claim 16, in which the coordinating includes adjusting at
least one of the tool velocity, the pulse repetition rate, the laser spot diameter, and
the target diameter.
~ 18. The method of claim 16, in which the shifting of the locations of the laser
spots includes determining from the following expression a distance, 4rep, by which
the locations of the laser spots shift:

v
Arep = ’
(PRF)(Cycles)

where
v = the tool velocity;
PRF = the pulse repetition rate; and
Cycles = the number of repetitions of the tool pattern.
19. The method of claim 16, in which the shifting of the locations of the laser

spots includes determining the tool velocity v from the following expression:
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spots includes determ ning the tool velocity viromthe foll ow ng
expression: x where Deff = the target dianeter; PRF = the pul se repetition
rate; anowp 2e06anyssposi tive nunber with a fractional renecmamseoosin2isss Cycl es
where Cycles = a nunber of repetitions of the tool pattern. 20. The nethod
of claim 16, in whi chﬂ@e@iggti ng of the locations of the |aser spots
i ncl udes determ ni mg 2 ,repetition rate PRF fromthe follow ng
expression: PRF =- - | wh&re Deff = the target dianmeter; v = the tool
velocity; and x = ap¥.positive number with a fractional renainder of 1,
Cycl es where Cycles = a nunber of repetitions of the tool pattern. 2 1. The
met hod of cl ai m 16D.4 n thdtarbet tiensdtef,t i ng of the | ocations of the | aser
spots includes det ining the target dianeter Deff fromthe foll ow ng
expression: VX Def?kz'nbfwlse\m%@'qp r—at?’t?é‘qeool vel ocity; PRF = the pul se
repetition rate; and x = any positive nunber with a fractional ;renai nder of
1-- Cycl es where Cyelany positiveinbrabeovitheplsadtiarah serofindee of be tern. 22.
The nmethod of claim 16, in which the shifting of the | ocati of&<6f the | aser
spots includes det 1 N} dj ' t ' of the |aser
spots shift, and i\&hgﬁl]gﬂglﬁge %?\gjﬁgb;egé)%%ds&gﬁggIoz(raqaénf:bfab?%&g@per cent or
| ess. 23. The 2@t Mhd méthodaifridim 16,Mn whichtHehshifinigfdfithg Iafatibhe of tiealbsens of
t he | aser spoté i ncl udes. det erm nij ng a dj stance t?:y whi ch the | ocati ons of
the | asefPRSHRIULEH feterining e Rris reprtitignseim c&h komrthedaliawingout 1. 0
m cr onet @i’(pregéionA met hod for coordinating em ssion of |aser pulses for
i nci dence 'on predeterm ned | aser beam positioning conmand | ocations of a
target specinen, c%‘rég; i simg: providing a beam positioning command to start
a beam positioner e ‘;(’5;)

where

D¢s = 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.
21. The method of claim 16, in which the shifting of the locations of the laser
spots includes determining the target diameter Dg# from the following expression:
VX
)
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.
22. The method of claim 16, in which the shifting of the locations of the laser
spots includes determining a distance by which the locations of the laser spots shift,

and in which the distance has a tolerance of 20 percent or less.
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segnent relative to trie target specinen, the beam positioner nove segnent
I ncl udi ng a beam positioning command | ocati on; causing em ssion of a set of
| aser pulwe=podihessset including a first |aser pul se; an@crrusc@doeissg a
fractional |aser beam del ay between the start of the beam positioner nove

segnment and emzssTInethddef bl 16! mS@hichWhé Shiftihd bfthel IbcatforissTitHE Tsen t he
beam posi tionj ng conmand | ocation during the beam positioner nove segnment.

25. The mPokochdes dgierining sdistanse hehichdbe ilesaiions ££ éhe lasanspelsahitt,

i ncl udes l.1i pl. Ve 1] , ' i.ch the em ssion of a set
of | aser a%'@é@'@“aﬂgs&%@@ ?%ﬁ%%g%ﬁé@ 1@@(;@151 rr‘gate signal that occurs
bef ore expi r at24or afetabd fefcddreinatihg eplissicie bilaskr palsesfpoineiticfice 2p. The
met hod of claim25, in which the delay time conponents include a first

pul se delPA§IRiEHPHREBSETHRRAM RORRICB G tRMBRNd derTions of astergeirspesyeenpul ses

t akes pl %%Fﬁ,fsq . expiration of the first pul se delay conponent, the first
pul se delay conponent being of sufficient duration to prevent enission of
an abnor nal | y providieger hgamazsitignihg eommanugofstat ta bemmpogitioner nidke The

met hod of cl aim 25,. i%o%:;fh the | aser }?abe si&?a. occurs in response to
the beamSFE8IFY SRR AEPELSPEFMST e PPBR BPSTHOHIMPYRABIMEET ay

resul tingnhdi@RY T hdh pRRfioR MARiand9h&stige! ay time conponents. 28. The
met hod of claim 24, in which the emssion of a set of |aser pul ses takes

pl ace in respeavsingenissianaf ayzatofdaspigpulsesntha sehvinclodingrefitsstiased poisey of a
fractional | aser beamdelay results in delay of the beam positioning
conmmand ragfjative to the | aser gate signal by an anpbunt that causes

i nci dence of tdteoducirg a fiasgonaubssr eanh deldyartwRen ithée rrnef e BEmg
| ocat] On'posi’tioner 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.

25. The method of claim 24, in which the fractional laser beam delay includes
multiple delay time components, and in which the emission of a set of laser pulses
takes place in response to a laser gate signal that occurs before expiration of all of
the multiple delay time components.

26. The method of claim 25, in which the delay time components include a
first pulse delay component, and in which the emission of a set of laser pulses takes
place after expiration of the first pulse delay component, the first pulse delay
component being of sufficient duration to prevent emission of an abnormally low
energy laser pulse as the first laser pulse.

27. The mefhod of claim 25, in which the laser gate signal occurs in response
to the beam positioning command after expiration of a positioner delay resulting from
filter and beam positioner delay time components.

28. The method of claim 24, in which the emission of a set of laser pulses
takes place in response to a laser gate signal, and in which the introducing of a
fractional laser beam delay results in delay of the beam positioning command
relative to the laser gate signal by an amount that causes incidence of the first laser

pulse on the beam positioning command location.
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