HIGH ENERGY PULSE SUPPRESSION METHOD Technical Field [0001]
This invention relates to lasers and, more particularly, to a method and an
apparatus for providing high repetition rate, stable energy aser pulses on
demand with a load controlled acousto-optic modulator ("ACM") to minimize
distortion of the quality or positional accuracy of the laser beam. Back round
of the Invention [0002] Lasers are widely employed in a variety of R & D
operations ncluding spectroscopic and biotech study and industrial
operations ncluding inspecting, processing, and micromachining a variety of
electronic materials and substrates. For example, to repair aégnamlc
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link repairing process, the laser pulses are fired at random pulse intervals. In other
words, the laser pulses are running at a wide variable range of pulse repetition
frequencies ("PRF"s), rather than at a constant PRF. For industrial processes to
achieve greater production throughput, the laser pulse is fired at the target link without
stopping the laser beam scanning mechanism. This production technique is referred to
in the industry as "on-the-fly" ("OTF") link processing. Other common laser
applications employ laser pulses that are fired only when they are needed at random
time moments.

[0003] However, the laser energy per pulse typically decreases with increasing
PRF while laser pulse width increases with increasing PRF, characteristics that are

particularly true for Q-switched, solid-state lasers. While many laser applications



For many practical IC devices, the process window requires that laser pulse
energy vary by less than 5% from a selected pulse energy value. [0004]
Skilled persons have taken various approaches for ensuring operation within
a process window or for expanding the process window. For example. U.S.
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F not over about 25 or 30 KHz. However, production needs are

h'%@rﬁﬁﬁﬂmﬁ ﬁﬁ’iEh%@H@%ﬁ%@éﬁpmeﬁ‘?f%ge@eﬂﬁlﬂc%g%éﬁ@df‘ore stable
pulxeeeaﬁngydb?ﬁEwﬂmmbemdhmbwhbetrZﬁeﬁdnhausuﬂREs BOS6PKiHX O

igher !
5, é“é% %?@%a ( TIRFS I sep 3 W%ﬁﬂﬂ@éﬁ’ BCESSING A

in ner Wavele are ty ess
TR L s HE G € HEAJ BE e kel MULIMATRRIAL
M@LnﬂIRAaeERt@a\hmmqmq@e&eaaéwasygm‘@stﬁﬂﬂte?a@ﬁ@ﬁa@aﬂh%pam
rird .or armonics oflthe IR ser Unfo tun ucf]uet g%%nature of
aPHER ?mom Creneesrélt?(')rrlp t%eOBﬁFse u‘i”s%VS Tfﬁ%yvs B Sucn U QLepLers
("ramné) mmm@t@eﬁmﬁwwamaﬂammpﬁmmgawdeayarmm pitdreanser pulse
E@ had- d\‘@e@s%@@ﬁﬂf&f S ERIR3G ESIINGROWIRR @ONREO L

FO% O'EJ”I'&J Q&Wg’ﬁsl?ﬁgtﬂﬁl}l%w ys:'c(a e%l\a/ltFt)(la'c quuGe %B%%Ehsilsm%e laser
pulse energy by controlling the current of the pumping diodes. The technique works
well in practical applications employing a laser PRF below about 25 KHz or 30 KHz.
[0005] The above-described laser processing applications typically employ
infrared ("IR") lasers having wavelengths from 1,047 nm to 1,342 nm, running at a
PRF not over about 25 or 30 KHz. However, production needs are demanding much
higher throughput, so lasers should be capable of operating at PRFs much higher than
about 25 KHz, such as 50-60 KHz or higher. In addition, many laser processing
applications are improved by employing ultraviolet ("UV") energy wavelengths, which
are typically less than about 400 nm. Such UV wavelengths may be generated by
subjecting an IR laser to a harmonic generation process that



POSITION FEEDBACK, which is also assigned to the assignee of this patent
application, describes a technique of operating the laser at a constant high
repetition rate in conjunction with a position feedback-controlled laser pulse
picking or gating device to provide laser pulse picking on demand, at random
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order beam 20 and zero order beam 16
desrrra le gaH]ng ofapulses ata repetrtron rate of up to a few hundred KHz. One

disadvantage of the AOM is its limited diffraction efficiency of about 75-90%.

[0008] Fig. 1 shows a typical prior art AOM 10 driven by a radio frequency
("RF") driver 12 and employed for a laser pulse picking or gating application, and Figs.
2A to 2D (collectively, Fig. 2) show corresponding prior art timing graphs for incoming
laser pulses 14, AOM RF pulses 15, and AOM output pulses 16 and 20. Fig. 2A shows
constant repetition rate laser pulses 14a-14k that are emitted by a laser (not shown)
and propagated to AOM 10. Fig. 2B demonstrates two exemplary schemes for
applying RF pulses 15 to AOM 10 to select which ones of laser pulses 14a-14Kk,
occurring at corresponding time periods 22a-22k, are propagated toward a target. In a
first scheme, a single RF pulse 15cde (shown in dashed lines) is extended to cover



propagated from ACM 10, as determined by the presence or absence of RF
pulses 15 applied to AOM 10. [0009] Referring to Figs. 1 and 2, AOM 10 is
driven by RF driver 12. When no RF pulses 15 are applied to AOM 10,
incoming laser pulses 14 pass through AOM 10 substantially along their
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laser pulses can be dynamically controlled from 100% of the maximum value
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an/%\% 1100 }J/r?crjlgr an allowed maximum RF power load is about 75% to 90%, the
maximum energy value of the working laser pulses is about 75-90% of the laser pulse
energy value from the laser. However, when the zero order beam 16 is used as the
working beam, the energy of the working laser pulses can be dynamically controlled
from 100% of the maximum value of the laser pulse energy from the laser down to 15-
20% of the maximum value, as the RF power changes from substantially zero to its
maximum power, respectively. For memory link processing, for example, when the
working laser pulse is not on demand, no leakage of system laser pulse energy is
permitted, i.e., the working laser pulse energy should be zero so the first order laser
beam 20 is used as the working beam.

[0011] With reference again to Fig. 2, RF pulses 15 are applied to AOM 10 at random
time intervals and only when working laser pulses are demanded, in this

4



thermal oading causes geometric distortion and temperature gradients in
AOM 10, which cause gradients in its refractive index. The consequences of
thermal loading distort a aser beam passing through AOM 10, resulting n
deteriorated laser beam quality and instability in the laser beam path or poor
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perform such pulse picking with” minimal thermal loading variation on‘the
[0NGM to minhizieigliztedien, th¢sisérrbesman apparatus and a method for randomly
picking working laser pulses from a high repetition rate laser pulse train without
causing distortion to the laser beam quality and positioning accuracy due to the
random thermal loading variation on the AOM. What is also needed is an apparatus
and method of generating working laser pulses having constant laser energy per pulse
and constant pulse width on demand and/or on-the-fly at a high PRF and with high
accuracy at vastly different pulse time intervals for a variety of laser applications such
as spectroscopic, bio-tech, or micromachining applications, including laser link

processing on memory chips.

Summary of the Invention

[0014] An object of this invention is, therefore, to provide an apparatus and a
method for picking laser pulses



quality and positioning accuracy. [0016] A further object of this invention s to
provide an apparatus and a method for generating system laser pulses on
demand, having stable pulse energies and stable pulse widths at selected
wavelengths from the UV to near IR and at high PRF's for high-accuracy
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demanded. [0018] In aﬁre erred embodiment, the work |ng laser pulses are
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[0018] In a preferred embodiment, the working laser pulses are picked or gated
from laser pulses generated at a constant high repetition rate or at a constant laser
pulse interval. Such working laser pulses have high stability and consistency in their
energy and pulse width.

[0019] Similarly, the AOM is operated at a substantially constant RF power
loading or constant thermal loading regardless of how randomly the working laser
pulses are demanded. So, there is substantially no adverse effect on the working laser
beam quality and its pointing accuracy due to having a randomly transmissive AOM.
[0020] The RF pulse power can also be controlled to perform working laser
pulse energy control with the same AOM device to suit application needs. To avoid an
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pulse power for performing aser pulse energy control, the RF pulse duration
can be modulated accordingly such that the product of the RF pulse power
and the RF pulse duration remains substantially constant, or an additional
RF pulse can be added such that the total RF energy applied to the AOM
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umping current to the laser prior to the emission of a working pulse.
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en@WlEV@%ﬁ’ﬂﬁeVﬂegfﬂéB%Hﬁ%{Wﬁg aser pulses are randomly shut on and off.
[0024] A fourth preferred way of providing accurate pulse energies entails laser
pumping compensation, which entails reducing the pumping current to the laser prior
to the emission of a working pulse. Selecting a precharacterized pumping current
based on pulse timing requirements reduces the rate of energy buildup in the lasing
medium such that the emitted real pulse has an energy level of the desired amount.
[0025] This invention is advantageous for generating stable pulse-to-pulse
working laser pulse energy for applications that ordinarily require randomly shutting
the laser pulse on or off, including applications like IC chip link severing. This invention
is also advantageous for stabilizing the working laser pulse-to-pulse energy of a Q-
switched solid-state laser that employs a nonlinear harmonic generation process to
produce frequency-doubled, -tripled, or -quadrupled laser pulses, in which the working
laser pulses are randomly shut on and off.



7 [0026] This invention is advantageous for typical AOM materials, such as

fused quartz and tellurium dioxide (Te02) used in the previously mentioned

AOM Model N23080-2-1.06-LTD; that are quite transparent to laser

wavelengths in a broad spectral range, from the UV spectrum to near IR,

such as from 250 nm to 2,000 nn. In a preferred embodiment, the first order
[00R26Im is emipicy/ et astibe iwadiay bemoy shioweyecaloh Sdme zispiidationshifis fused

15-104 leakage of the laser pulse energy does not cause problems, then
queltaerrttdeilstiord ei@fides Zefdprksrdbealimecare bie uslgdrasntienagofkilg Model

beam. [0027] Additional aspects and advantages of this invention will be
N2ZO§&rent f6m- Tthe foRbwiagdétaileashaienplioncseparMe@Nembidimerred

which proceeds with reference to the accompanying drawings. ;grief
SPEsEERitiste of HB the[bL8peiy UMd @ Rty el W &P @ piidioz#1000 nm. In

AOM device and an RF driver, transmitting zero order and/or first order
a pelreqemBP ige B Al 55k UEIPE SSGIREHIRIP APCtiRR NG S YA HE 8198367

pulses, RF pulses, and first and zero order AOM output laser pulses. [0030]

hopR e ACBEORPE BRRESRENMY dxehibrulSalRfy Yrih e irdre @patey Kees not
ulses, and working laser outputs as employed in a preferred embodiment.
ARG RANE S TRAITE eSO g ORI pagEgas the
laser %ut uts, RF pulses, and working laser outputs that demonstrate the use
Woﬁf'{l]?% at for energy control of the working laser outputs. 8 [0032] Figs. 5A

(OGS B B o D R e BNl A e P ETent rom
| - - aff 033] Figs, BA- .
nd IR SE B SLEBR ae AM, PAS R RS i
refg?éﬁ?@é’?d‘ﬂigga%i%%mp%ﬁﬂ%a%@ﬂ fiming graph for showing how working
e rando

aser outputs may y demanded for a link processing application.
[0034] Fig. 7 is a schematic block diagram showing a preferred embodiment
of an exemplary laser system employing a consistently thermally loaded

AO'\E;F%P@é/&ﬁp%@P@r lﬂLﬂéSB'rLQ\ﬂF?Hste UV laser energy on demand to

process unevenly spaced links selected for removal.
[0028] Fig. 1 is a partly schematic view of a prior art AOM device and an RF

driver, transmitting zero order and/or first order beams.

[0029] Figs. 2A-2D are corresponding prior art timing graphs of laser pulses, RF
pulses, and first and zero order AOM output laser pulses.

[0030] Figs. 3A-3C are corresponding exemplary timing graphs of laser outputs,
RF pulses, and working laser outputs as employed in a preferred embodiment.

[0031] Figs. 4A-4C are alternative corresponding exemplary timing graphs of
laser outputs, RF pulses, and working laser outputs that demonstrate the use of the

AOM for energy control of the working laser outputs.



[00351 Figs. 8A and 8B are respective timing graphs of a prior art Q-switch
signal and resulting aser pulses emitted at evenly and unevenly spaced time
ntervals. [0036] Figs. 9A and 9B are respective timing graphs of a prior art
0-switch signal and resulting aser pulses emitted in accordance with the
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assignee or this applicat UTStS Of 9ne or more p
Coﬂﬁ'ﬁﬁ@bg%om@mg‘%iﬁ@ from about 10 picoseconds to about 1,000
picoseconds. [0039] Fig. 3P shows a preferred embodiment of an RF pulsing

» 'I_D r%tfe?’?é d3§ Bk ffﬂgﬂtgy RF pulse intervals

at are substantially regular or

[0QRfidrgisto a?ﬁ%e(ﬁPUﬁﬁ%‘fi%JMs %&t@rﬁﬁf?"‘bﬁﬁf@@ﬁm iR RAGERRS Of laser
oufes8itmed o perbticna ol EraeiceuBuch 2dlpracce nmeyyat corresponding time

periods 28a-28k, RF pulses 38a-38k (collectively, RF pulses 38) applied to prior art
AOM 10, and working laser outputs 40a, 40c, 40d, 40e, and 40i (collectively, working
laser outputs 40). In particular, Fig. 3A shows laser outputs 24a-24k that are emitted
by a laser (not shown) at a constant repetition rate and separated by substantially
identical laser output intervals 41. In typical embodiments, the laser output repetition
rate may range from about 1 KHz up to about 500 KHz. Exemplary laser output
repetition rates range from about 25 KHz to greater than about 100 KHz. For link
processing embodiments, each of working laser outputs 40 preferably includes a
single laser pulse having a multiple nanosecond pulse width. However, skilled persons
will recognize that each of working laser outputs 40 may include a burst of one or more
laser pulses each having an ultrashort pulse width, such as disclosed in U.S. Pat. No.
6,574,250 for




be a specific thermal load window, but the preassigned tolerance may also or
alternatively be windows of spot size or beam position accuracy. In one
embodiment. the thermal loading variation is maintained within 5% and/or
the beam pointing accuracy s maintained within 0.005 mrad. In a preferred
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putaaéﬁolem@mmgrmewmhr@dmﬂaﬁwwmw RF pulse
[odyBivals 43\&%9@(}9@\98&9{ %@%‘P'BE %'FHBFSFH&%?&&%H‘W Rﬁ@%’tﬂarget

(such as RF pu se ntervals 43b and 43 than the overall average

Suﬁﬁl@}%’h@ SliipR N PRI Uy S48k 254 FiA 1)) 7 IBhg 1 8sLeh b?s%ﬁla?mée AOM
10inmerviasidSac & 3¢t an da 430dhnian t2e averageaRF ipulse sniétealsd3udd AOM 10

an%?é%};}ﬁ’é@ é%ﬁ{(}? @ggm&&ﬁ& 43C, nonimpingement ntervals 46b and

etween wor aser outputs 40c and 40d and between working laser

[0Qthuts 404" & 46, tRESSBIRER T oe s RESRIn G e 8sah A5t 350,

3gmtandbal. FrbeB(DOﬁW@SWHﬂﬂ%T‘r@BUIﬂt@@&é@@oﬂ@%@ﬁﬁd@ﬁﬁﬁ@%&&%&mts 40a,
las OO%BUtS 4 a Oc and be wee workln ﬁ FOED and 40i
erv

4O?éspeCt|v ety e r ly mtgge\yorrnuntgp 8% f(%H gﬁoﬁe&pand with
IaS@AP‘!M]gklﬁﬁﬂmdﬁé@r@&\ﬁlﬂﬁaﬁpﬁé@dt@tﬁﬁl‘év%Imbgghqm@ldmmgvlﬁ;ter

cofE¥¥8nding ones of laser outputs 24. In Fig. 3B, the noncoincident RF pulses 38
are RF pulses 38b, 38f, 38¢g, 38h, 38j, and 38k. Fig. 3C shows that no working laser
outputs 40 correspond with noncoincident RF pulses 38.

[0042] The noncoincident RF pulses 38 are preferably offset from the initiations
of respective laser outputs 24 by time offsets 44 that are longer than about 0.5
microsecond. Skilled persons will appreciate that while time offsets 44 are shown to
follow laser outputs 24, time offsets 44 could alternatively precede laser outputs 24 by
a sufficient time to prevent targeting of laser working outputs 40. Thus, RF pulse
intervals 43 surrounding one of noncoincident RF pulses 38 may be shorter (such as
RF pulse intervals 43b and 43h) than the overall average RF pulse interval 43 (such
as 43c, 43d, 431, 439, and 43j) or longer (such as RF pulse intervals 43a, 43e, and
43i) than the average RF pulse intervals 43.
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40 is preferably the first order beam 20 for most applications, such as link
processing, the working laser output 40 may be the zero order beam 16
where leakage is tolerable and higher working laser output power is
desirable. [00451 In a preferred embodiment, the coincident and

coincid RF pulses 38 not,only employ about the same RI= ener
g o T e s AR A RE N SR EL AT ana 46
bearesioyABEROHRS samERISHHfe VA fiechAdchbel eie wWami R Iasfiratigiits 40d
anIEP%é] F‘fgﬁfég\ié ,Flﬁpél%ﬁsbfgﬂghEigﬁtbfaﬁvgaq%@p@un@ug{(ﬁf@mmgrﬂp’thﬁé:f
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O T B AR N e S HBTID A SCle T s g gid 40c
anthbej_wtmlm pmvleingfla:serl@u@m&eﬁﬁetputﬂ; 40, FigpéAtigatjeatieaiotoghiy.iBeger
mAde %??H@l&%?%ﬁﬂﬁﬂf&h plyq Figg. 4B)and 4C show RF pulses 38' and

working laser outputs 40', with the corrésponding RF pulses 38 and working
[0G44d\ outpuBFAGSIGRTPESPETIAPBEREBA R YR U M iNEs warking laser output
40demrefiencls. thbeienergicyaloes cfoMorkingdaspplitipuis40Ldraatieyatatbssing,

' R ' than for RI=_oul

the B e B b MR B Yo 2Rt B e S BB ¥ Sgrerabe

angRigDpatsR- D gkﬁﬁlb?é@fﬂrmW@rulééi?%&@%aintain a substantially

[omns:an:_ Fl’lfﬁ@ﬁféféﬁ*ﬁdo@m?ﬁ%ﬁ”ﬁéi%m%@?rﬁh&hmm {867 igent RI; pulses
supstantia onstan ermal o on . ermits on-ae

38 e A AR T Py e A DG e RGP BN LG g wer

valole4ddvithddt stilbystémtiabub eaceri | theapal obdirng e ADNQ0e Skilled and about

thdPeksppRilapprssiate that the RF power values and RF durations 42 of the
noncoincident RF&uIses 38 can be kept as original or can be altered to be

[0QG®in a spédiedHorataidBFNE kA T9ading K &REH P eRe Qiidiisheraehs of
laspuloesd®: 2047 RAseIEBcapptiod URAObTeierably seledter drsm abiputone that
degﬂj&ﬁgﬁ%ﬁ%‘&%‘%‘%ﬂﬂu{ é)E?H“BE 8&@%858@\2?%‘@@@' t%lcdﬂﬂrﬁﬂe ﬁl{féfSﬁnge power of

orter than 30 percent of laser output in or examp th

WOrSHitRTEF AR S KA datAderdangam deintend 20 %kioehaivibEiceprisenience
onfpFhytsel Buationcigheantie pivabar® heiwesRingednicroseaardiandvieithe

co S TR ARG e S s o asre ot s ASHPHDT T etas o
thamiiitizas tedréspd hairep ovesionter phkes 38 el Bessuirruiidiggaser midouts 40'
aré’ﬁ%‘ﬁ@éﬂé@%ﬁéﬁ%‘ﬁﬁ@%é&(ﬁwi%ﬁ@rﬂ@mmé fer RF BH|§8§ 38 and38r RF
pufsoese38; however, RF pulse durations 42" are increased for RF pulses 38' over the
RF durations 42 employed for RF pulses 38 to maintain a substantially constant
product of RF power value and RF duration to maintain a substantially constant
thermal loading on AOM 10. This permits on-demand selection for a continuum of
output powers between working laser outputs 40 or 40" without substantial variance in
thermal loading on AOM 10. Skilled persons will appreciate that the RF power values
and RF durations 42 of the noncoincident RF pulses 38 can be kept as original or can
be altered to be within a specified tolerance of the RF loading variation of the
coincident RF pulses 38'.

[0047] RF pulse duration 42' is preferably selected from about one microsecond
to about one-half of laser output interval 41, more preferably shorter than 30 percent of
laser output interval 41. For example, if the laser repetition rate is 50 KHz and laser
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delayed or offset about one-half of the minimum RF pulse duration from the
initiation of corresponding laser outputs 24. [0048] Figs. 5A and 5R
(collectively, Fig. 5) show alternative corresponding timing graphs for RF
pulses 38 and working laser outputs 40 that demonstrate a large dynamic

ontro workl laser, o t ener 049 ith r ference to
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energ ing for RF pulses 38al and 38a2 substantially equals that of
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[op83es 38akigpds3BaRcamledtientizerp Big Evemicresecontise Skitkeshonding

PRI T P 0 08 SO 158
dygamisieealr oS karae s iy aill At RappratRite BRI R pulse 38a2 may

[ooygFede Rﬁlmtﬂ%@éhdﬁ@adgg fplloxn it SSkdlleshpeigoasamll appnesigiadbabutput
due toFE)he therm tla of AOM 1%)):5;%%33;}? ren es in RF interval 4
|

4055 GO RFIRE A0 ABPLAR Y Bl AerIong U QLR power
suffisrarthto prsinndfteigetetidetepryation of therlasgriaseamudpaliOandsombinglse

du?ﬁ%ﬁa@a{b@&W&HMYWﬁﬁ BEéPEﬁﬂfﬂlt‘@?a% %é%@b%%ﬁqathﬁﬂm#fé Wariations

RF intervals 43 to maintain variations in thermal loading on AOM_10 within a

N Bfe RYSHBFORIFfionaN b RISRIETPHR PGHRNAMETERTR R pURESeBH8a2
haamg egmea ritdi reohat jtb iri BwmbRAE@UIBE qulatarudimantPRE, pawedrevapmied to

A e e R S B a0 g ﬁ%ﬁﬁ%%@%ﬁ%‘@%
aiaet AR e oRuss Sinfie peSRERETOT I mAn diesoftset tme
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S L) L €0 e BA G o B el T DariPes i odsy o 2
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he tioning system s controlled to target ra ly positioned
insg ﬁé)g Qg cr)]Po it. %?( II cr'pe sons w mII appreciate that due to ﬂ1 'ﬂé’r% ?lnertla of
AOM 10, small differences in RF interval 43a; and RF intervals 43 will not cause any
meaningful thermal loading variation from the point of view of deterioration of the laser
beam quality and pointing accuracy. Accordingly, the RF interval 43a can be kept
sufficiently similar to RF intervals 43 to maintain variations in thermal loading on AOM
10 within a preassigned operational tolerance. The original noncoincident RF pulse
38b can be maintained at its original RF pulse duration 42b and RF power value or it
can be modulated in the same manner as the set of RF pulses 38a; and 38a..
[0050] Figs. 6A-6C (collectively, Fig. 6) show timing graphs of the target
alignment position 70 (also scanning position 70) (Fig.7) and the working laser outputs
40 during an exemplary laser micromachining process, such as laser processing of
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that must be severed to repair an IC device or other workpiece 120 (Fig. 7)
while the remaining nks 60 remain intact. For example, the scan speed of
the beam positioning system can be set to be constant or can be controlled
and variable such that the target alignment position 70 crosses over each
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random integer multiple intervals of laser output interval 41.

[0051] Fig. 7 shows, as an example, a IC chip link severing system 110
employing RF loading control on AOM 10 to provide stable pulse-to-pulse UV laser
energy on demand for processing unevenly spaced links with undistorted working
laser output 40. In system 110, a system control computer 112 and an embedded
control computer 114 co-act to control a beam position controller 116 that receives
position information from an X-Y positioner 118 that positions a workpiece 120 relative
to a target alignment position 70 of a working laser output 40. Working laser output 40
may propagate through various optical elements (not shown) in addition to the fold
mirror that is shown. X-Y positioner 118 may also include a Z positioner 123 that
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assignee of this patent application. [0052] In one embodiment. a UV laser
subsystem 124, preferably ncludes a 0- switched solid state IR laser 126,
such as a diode-pumped, acousto-optically a- switched Nd:YVO4 laser; an
AOM 10 for picking or gating and amplitude modulating the laser output of IR
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predetermined rate across a bus 138 to registers 140 in beam position

de RHrbIRY 1B N RIF G hABously oads control data across a bus 142 to
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. _beam position controller 116 indjcate to .
mtermedPate }ocaﬁon coord%lates that are spaced apart to trigger IR laser 126 at

nearly equal intervals 41 (Fig. 4A). Embedded control computer 114 conveys the
target and intermediate position coordinates one at a time at a predetermined rate
across a bus 138 to registers 140 in beam position controller 116 and simultaneously
loads control data across a bus 142 to registers 144 in laser controller 134. The
predetermined rate controls the movement velocity of X-Y positioner 118, and the
control data indicate whether the coordinate location is a target location to be
processed and may further include output mode, timing, and amplitude information.
[0054] Laser controller 134 operates timers 146 in either an autopulse mode or
a pulse-on-target mode. In autopulse mode, timers 146 start in response to the control
data in registers 144; and, in the pulse-on-target mode, timers 146 start in response
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comparator 150 the current position of X-Y positioner 118, and when the
current position matches the position coordinates stored in registers 140,
position coincidence signal 148 is generated indicating that workpiece 120 s
properly positioned over a target position or an intermediate position.
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Further details concern@% on demand triggering of AOM 10 can be found n

Worki IpasehiIPUE A 5 §5583 IIREER PROCESSING POWER OUTPUT
[0CSBABILIZATIQN AP RARATEIS ANELMETHODIBNRLRY ING RROEESSING

co %%ﬁé@?%ﬁﬁﬁ%%ﬁelw&@ LF‘I%%Q(%?B%‘?W&%Q% B?rq% B Eﬂgﬁgl ets and

chnigues provide ermal oadin
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intgrMeoiata oS iphah G &R TiEplIsER e IRem éosweghwtﬁdéﬁéeamw%@eonstant
repsuiinoh 48twhen thenpasdionerdbl 8Hs Wr@tﬂ&ﬁﬁﬂ@meﬂmth@fmﬂdd%dﬁbﬁfhtlally
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will appreciate that with s
conversion due to the varlatlon of the laser output interval 41. Further details
concerning on demand triggering of AOM 10 can be found in U.S. Patent No.
6,172,325 for LASER PROCESSING POWER OUTPUT STABILIZATION
APPARATUS AND METHOD EMPLOYING PROCESSING POSITION FEEDBACK,
which is herein incorporated by reference.
[0056] The RF loading control techniques provide nearly constant thermal
loading on AOM 10 by applying an RF pulse 38 to AOM 10 in coincidence with laser
output 40 when the positioner 118 is over a target or, in another words, when a
working laser output 40 is demanded, and by applying an RF pulse 38 with the same
RF energy to AOM 10 but in non-coincidence with the laser output 24 when the
positioner 118 is over an intermediate position or, in another words, when a working
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substantially constant thermal loading on AOM 10, there are minimal adverse
effects by AOM 10 on the quality and positioning accuracy of working laser
output 40. [0057] It will be further appreciated that the RF power of the RF
pulse 38 on AOM 10 can be adjusted to control the energy of working Iaser

s BUkAR SR mesh target progessing aasds, whils S BE Airafion gfihe R
ulse g'can 'Be controlied” accor mgly 0 Maintaina subs %ntla y constan

su W%ﬁ@@mﬁmﬁ@%m%@@mﬁ@ AN aWethgia e RIMduatistyasefeffects
bythl@BIH l%?ﬁﬁ@eﬁ%ﬁ%m@!t@&é%?f %‘iﬁ'&@ﬂﬁﬂh@%ﬂ @éér BQY&YQIO

ble for o tin ith a substantl Il laser P g

e backl BB SRR e AT e T SEak e A TeE s on
AO&hcﬂﬁ rointiveezbjasée P idsecenidsiomsn dzjgtooﬁuwatkmgvmr mnt@urtmy) timetget
tarGeEw fae) 'ﬁ%?&erv}l%ﬁeqﬂé‘ﬁlfam E?d??é%ﬁlhl@ Flﬁsﬁ]ﬁ@él% YE<ontrolled

ecause the amount Of pu Seé energy I1s epen dent on e el apse time
acqsigl il 8 dHBIBILR UikelaDiE Y] 208]1ABIHHE R LRARIY BIssigssgduct of the
RHAaseneawityl m@@mmauoammm&mﬁw&em& power source, commonly

[ogggjred to Rof r‘i fal BN e 8IS (Pesf\gl"tgiﬂeratlng
dean e cavity

signal occurs, t e ener cav Yy IS tharge

Witheypioeiamials qywﬁamﬂasahl?ﬁﬁ o‘ﬁ%ﬁéﬁfylaéﬁ\/@r&ﬁﬂ%ﬂ%@f%ﬂtm@he
|ndéﬁﬁ6@l¢b@n@rﬂeﬁsﬁ¢%rwnadl@ﬁéqw@h@ camMiy sl ﬁé@m@m@,@hgm@e Bnty¥aions.

R B oy P LELP BTl e SHan el o) CBSh A g o
remiatdaews@ra)waganarg@p@a@awhél‘@f@mwmhonpsisaeefterg)olfspdmndent on
theeg%{,gge%omqgl wﬁ’t’éﬁ%ﬁ@ﬁf@’tﬁ@ﬂ% RE10 to 20% are possible, which is

well outside the 'gplcal y allowable 5% process window variation. [0060]
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varlatpcl)rr]lsthcﬁ‘ q S‘[Icr)e Ot%(?élrraenggss?b% S’vc\J/ ultéﬂr}st?/vte |So|5tg|)dlé %e typlcally allowable 5%
process window variation.

[0060] Accordingly, this invention further provides pulse energy compensation
techniques that automatically determine correction factors required for providing
predetermined laser pulse energy levels at random pulse timing intervals.

[0061] Referring again to Fig. 7, a randomly timed laser system of this invention
may be based on IC chip link severing system 110, which includes Q-switched solid
state IR laser 126 and AOM 10 to selectively block or unblock the laser beam from
reaching workpiece 120. If, however, the workpiece 120 processing application
requires laser pulses to be delivered at time intervals that are not integer multiples of a
uniform Q-switch signal period, some action needs to be taken to ensure that the
energy per pulse is within the desired tolerance. One solution to this is to use one or
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16 more 'dummy pulses' preceding a 'working pulse. A 'dummy pulse' is
referred to herein as a laser pulse emitted with AOM 10 blocked, and a
‘working pulse' is referred to herein as a aser pulse emitted with AOM 10
unblocked. [0062] Figs. 8A and 8B show respective timing graphs of
conventional Ol-switch signal 160 and resul}inegj er pulses 1?2 emitt

: b
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prevented from reaching workpiece 120 (Fig. While suitable for
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pu@@é@,taﬁlgggéwge energy is prevented from reaching workpiece 120 (Fig. 7).
[0064] While suitable for some workpiece processing applications, experiments

have shown that there are secondary effects in IR laser 126 that contribute to pulse
energy errors in real pulse 168. For example, as a time period Td between a constant
energy pulse 164 and dummy pulse 184 decreases, energy level 186 of real pulse 168
increases. This effect seems to occur because the energy stored in the laser cavity is
not efficiently discharged when time period Td becomes smaller. Energy built up in the
cavity during time Td is only partly discharged by dummy pulse 184. As the cavity then
charges up in the interval between dummy pulse 184 and real pulse 168, the amount
of energy stored in the cavity is greater than desired and energy level 186 of real pulse
168 is greater than expected.
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17 [006 s] Figs. 1 OA and 10B show respective timing graphs of a 0-switch
signal 190 and resulting substantially constant energy level laser pulses 192
of this invention by employing a dummy pulse 194 having dummy pulse
timing considerations of this invention. [0066] A first preferred solution to the
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va ue. [0068] A third preferred solution to the incomplete caV|ty discharge
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[06 g] A third preferred solution to the incomplete cavity discharge phenomena
employs RF window compensation, which entails providing an extended time period
200 to dummy pulse 194 to allow additional energy to be emitted from the laser cavity
whenever dummy pulse 194 is initiated. The additional energy is also blocked by AOM
10. Thereby, dummy pulse 194 includes extended time period 200 for discharging
extra energy from the cavity such that a charging time period Tc, the time period
between dummy pulse 194 and real pulse 198 results in an energy level 196 of the
desired amount, which is preferably substantially the same as energy levels 172.
[0069] A fourth preferred solution to the incomplete cavity discharge
phenomena employs laser pumping compensation, which entails reducing the
pumping current to
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pumping current to 18 aser 126 (Fig. 7) prior to the emission of real pulse 168
(Figs. 86 or 96) or real pulse 198 (Fig. 106) . Selecting a precharacterized
pumping current based on pulse timing requirements reduces the rate of
energy buildup in the lasing medium such that the emitted real pulse has an

e level 170, 186, or 196 of the desired amount, which s preferably
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therefore, be determined only by the following claims. 19 Claims 1. A method
Coﬁﬁﬁimrﬂa%ﬁn ’Iﬁ%”%l?%%ﬁ@r&t’@ﬂw ayoiemittRuRd A BaRfyPalse energy
m&ERNRSsite stream of nonuniformly tune-displaced laser pulses that nclude

working laser output pulses having working pulse energy values and dummy
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energy values; and some of the dummy laser output pulses causing, for

th%(@é@’@atl%ld@éféﬁﬂ@d&@@smétbﬂé@mmm laser output pulses,
variations of their working pulse energy values from the substantially constant
working pulse energy values, comprising: determining effects of incomplete
cavity energy discharge resulting from
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interaction of certain ones of the working aser output pulses and associated

ones of the dummy laser output pulses on the variations from the working

pulse energy values of the associated nearest successive ones of the

working laser output pulses; introducing laser output pulse compensation to

limit within a preassigned operational tolerance laser working output pulse
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pumﬂg@mm%&ﬁp&%aﬁr pulses, individually selectively setting the

workin? pulse ener)%y values of some of the associated nearest successive
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M
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the QRS Pactott B sl g s STaa e
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amounts sufficient to offset the effects of incomplete cavity energy discharge
contributed by the dummy laser output pulses to limit within a preassigned operational
tolerance the variations from the substantially constant working pulse energy values;
and

selectively gating the composite stream of nonuniformly time-displaced laser
pulses to exclude the dummy laser output pulses and thereby provide a stream of
nonuniformly time-displaced working laser output pulses having working pulse energy
values with variations that are limited within the preassigned operational tolerance.

2. The method of claim 1, in which each of the dummy and its associated
nearest successive working laser output pulses has a start time, and in which the
dummy laser output pulse compensation includes introducing between the start times
of given dummy laser output pulses and their nearest neighboring working laser output
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output pulses are triggered at predetermined times to cause the associated
nearest successive ones of the working laser output pulses to have first
energy levels, and in which the associated ones of the dummy aser output
pulses have second energy evels, the method further including determining

P LT e AU AN P M e (o AT S L rount th
esﬂbl@temwnhmtthepmtgeaélapermmpaiattHaan@é pTﬂmmem@y ohtlaisior the

RARRQr ARl Q.08 ‘8&‘%@%{?&% QUi fligduggered

asé? é‘éc Hé% gt
pre etermlned times to cause the assomate nearest successive ones of

the Workingl 2@ éneinpuoh Gisés tb, iavefirstieacrgeiavdRbpidse engretsation
|nd‘l?&@&'%?%BQF‘a%BEtBPtHHrE%c?%V&HHtF&Lﬂ%’%m é?é%ﬂ%&ﬂ%%%onumformly

evels, and in which the selectively atlngi rther includes attenuating the

timghlig 26661 A PIhRLRAD At bedyivetEnes s weribekrigagseray
vaRidip et @blﬁ@sdwh@ra@é@@aeé@héae&yt sheduethrddHeb ey ﬂﬁ‘éuﬂ'@%ng laser output

determini are%lonshl dat set assQ atl g sets of lnd|V|du variable
p“@éo%’d" Gy e0efar eﬁﬁé Gh%% é%%?é&ﬂﬁgd’ﬁ alioggytoserance.
seleatlng frafhfetheentetadmm@lmmdatarswmﬂeaﬁ noamfltbmﬂyetdewdmpmed working

| res a d atenu tion fafctotrs that c%usre th secon fnergy t(Ieves it
S SA N i V' &gta ﬁ%%anrs% ehe ?g%f‘ﬁe\?e?s“ss TR etRcd B tiam he
duthmsé@aw@mﬁtm@wﬂmBanngdaeeergmeelrsus H!yrwpaoblesmabmidifferent

frofﬂc’[ﬂglﬂ@,f aR glg&}g&gﬂ %1H||é‘t0r 9. The method of claim 1. n which
t

e laser output'pulse compensation includes reducing pumping current

delivered to” flﬂa reediattRealrigel ciavitisfortte ashiveion dereuassciaged output
pURGRRSL BUGFRS SIS Pl W RiiiB G IBRRILUtPUL pulses. 10. The method

of claim 1. n which the 0-switched laser cavity is part of a Q-switched solid

stat@laser. 1€ MRINALRbAIBITE A 1HGIHES W RIREGR 19 das ey laser

Ouﬁ?jﬂﬁgﬁ& é@ﬂf‘i‘gg@@g@rzfﬂéﬁﬁﬂ rﬂﬁj@@?'@éﬁ%@ﬁftﬁgﬁo@%ied nearest
electro-optic modulator e method of cjaim 1. n which the wor %%E?ser

SUGERSEISUNRESING %é"%f fikLPY 5P ﬁ8§ﬁ8t B}ﬂeo SRS (KRS and in
whibe geteativetyagatinghaxhides openatindaser output pulses have second energy

levels, the method further including:

determining a relationship data set associating sets of individually variable first
energy levels, second energy levels, and predetermined times; and

selecting the predetermined times from the relationship data set.

7. The method of claim 1, in which associated ones of the dummy laser
output pulses are triggered at predetermined times to cause the associated nearest
successive ones of the working laser output pulses to have first energy levels, and in
which the associated ones of the dummy laser output pulses have second energy
levels, and in which the selectively gating further includes attenuating the energy
levels of the associated nearest successive ones of the working laser output pulses by
an attenuation factor, the method further including:

determining a relationship data set associating sets of individually variable
second energy levels, attenuation factors, and predetermined times; and
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a gating device in noncoincidence with, and temporal proximity to, the
dummy laser output pulses to reduce adverse effects associated with
thermal load variation on the gating device. 14. A method of forming from
laser pulses generated by a Q-switched laser cavity a stream of selectively

nonunifor ime-displaced warking laser oytput pulses having substantially ..
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cafR) S AERE R ectively nonuniformly time-displaced working laser output pulses
having substantially constant pulse energies, wherein the working laser output pulses
are laser pulses whose propagation to a workpiece is permitted by a gating device in
an unblocking state, comprising:

inserting dummy laser output pulses in a stream of selectively nonuniformly
time-displaced working laser output pulses to form a composite stream of selectively
nonuniformly time-displaced laser pulses emitted by the laser cavity, wherein the
dummy laser output pulses are laser pulses whose propagation to the workpiece is
prevented by a gating device in a blocking state, the dummy laser output pulses
having characteristics that determine their energy versus time profiles;

introducing individualized dummy laser output pulse compensation to limit

within a preassigned operational tolerance laser working output pulse energy variation
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15. The method of claim 14, n which each of the dummy and its
corresponding nearest neighboring working laser output pulses has a start
time, and in which the dummy laser output pulse compensation includes
introducing between the start times of a given dummy laser output pulse and
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have a first energy level; in which a second working laser output pulse is
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start times of a given dummy laser output pulse and its corresponding nearest
neighboring working laser output pulse an individually variable delay that diminishes
the interaction to an amount that establishes within the preassigned operational
tolerance a pulse energy for a working laser output pulse occurring after the given
dummy laser output pulse.

16.  The method of claim 14, in which at least two of the dummy laser output
pulses have different energy versus time profiles.

17.  The method of claim 14, in which a preceding dummy laser output pulse
is triggered at a predetermined time to cause the next succeeding working laser output
pulse to have a first energy level, and in which the preceding dummy laser output
pulse has a second energy level, the method further including:

determining a relationship data set associating sets of individually variable first
energy levels, second energy levels, and predetermined times; and
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twice the first time period. 22. The method of claim 1. in which first working
laser output pulses included n a set of first working laser output pulses are
separated by a first time period and have a first energy evel; in which a

second working laser output pulse s separated from the set of first working
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dummy laser output pulse compensation including setting at least one of the
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haderarislaseroutlmvebulsegich a second working laser output pulse is separated
from the set of first working laser output pulses by a second time period that is greater
than, and is not an integer multiple of, the first time period; and in which a dummy
laser output pulse is triggered at a predetermined time that causes the second working
laser output pulse to have a second energy level that is substantially the same as the
first energy level.

23. The method of claim 22, in which the second time period is less than
twice the first time period.

24. A method of forming from laser pulses generated by a Q-switched laser
cavity a stream of selectively nonuniformly time-displaced working laser output pulses
having substantially constant pulse energies, wherein the working laser output pulses
are laser pulses whose propagation to a workpiece is permitted by a gating device in

an unblocking state, comprising:
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the composite stream of selectively nonuni9ormly time-displaced laser pulses
have different selectable values; and selectively gating the composite stream
of selectively nonuniformly time- displaced laser pulses to prevent inclusion
of the dummy laser output pulses in the stream of selectively nonu7iformly

time: d ace work| laser ut pulses an there ov ide a stream_of
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having characteristics that determine their energy versus time profiles;

introducing individualized dummy laser output pulse compensation to limit
within a preassigned operational tolerance laser working output pulse energy variation
error caused by cavity energy discharge anomalies stemming from interaction of the
dummy laser output pulses and their corresponding nearest neighboring working laser
output pulses in the stream of selectively nonuniformly time-displaced working laser
output pulses, the dummy laser output pulse compensation including setting at least
one of the characteristics of at least one of the dummy laser output pulses to a
selectable value that causes cavity energy discharge sufficient to provide a desired
pulse energy for a next succeeding working laser output pulse occurring after the
dummy laser output pulse, such that at least two of the dummy laser output pulses in
the composite stream of selectively nonuniformly time-displaced laser pulses have
different selectable values; and

selectively gating the composite stream of selectively nonuniformly time-
displaced laser pulses to prevent inclusion of the dummy laser output pulses in the
stream of selectively nonuniformly time-displaced working laser output pulses and
thereby provide a stream of selectively nonuniformly time-displaced working laser
output pulses having substantially constant energies.

25.  The method of claim 24, in which the selectively gating the composite
stream is carried out by an acousto-optic modulator or an electro-optic modulator.

26. The method of claim 14, in which the selectively gating the composite
stream is carried out by an acousto-optic modulator or an electro-optic modulator.
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