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[0001] The. disclosed aufeject matter is in th® field of laser light control and 

m&m speciffeaily in the lieM of controlling the wavelength of a l&ssr light 

source aa: i>e used ill semicon.djietor ^hotolitbb^ip.% |$Qces§&g, 

Related art 

p)Q©| PhoioHthograpl^ is? a commonly pised process In tlx© ssmimndm^m 

iritfesfay, Modern photelithsgraphs' typically uses a l&sei* light source to 

|)£0\aci0 veiEfr naxs^w hand Tight pulses which illuminate, a mask thtis exposing 

pfeot^-resxMite: material oil silicon wafers. Howler, adv&Ac&s in 

semiconductor device parameters have put increasing demands oa th© 

perfemance; characteristics of tlis laser light sources: nae*! Improwmefttd. in 

pnfecislote^tfd spmi. 6f OpeiMibn increasingly needed. 

fOQOSj Referring now is .FIG. 1}. a Mock diagram; of a lases* system 100' as 

jmgty Bg: used in a modern photolithography process can b& seea. The source, 

of the lighimlaMr &y&WM .1-00' is & ttrastss oscillator (MO) ehainher 120, 

[0004] As if known, when MO chamber 12-Q: fires the resH.lti.tif light enters 

Line Harrowing Modi-dfs (LNM) 11& where it shines. though a priem (actually 

several |>rl:ams) and onto a grating witMn kNM'H0* This; acts as a light 

wavelength selector in. that changing tile position of the prisni inl^M J10 
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changes tlie wavelength of tlie lasei? light, Thi& clanged: \vavel©^h,las©r 

light p asse® b a^k through MO chamber1120 fe a;a©ut$mfc ©outers (00 130 

aM then oh- to, example:, a steppeg-scailae? device (net shown) which i$-

^e'spo&sibl&ffer handling and exposing the sexnxcondiictor wafers;. 

[0005] Output coupler 130 also passes the laser, light output from MO' 

chamber 3,20 to a I/me-den-tei? Analysis Module (LAM) 170. LAM 170 is a 

wavelength sampler-whieh m8asiuTe:s the wstvelexifth of the light ontptii frpisi 

MO chamber ISO- The laser light dixtjmt .me^gurefii&nt is then .passed &om: 

LAM i'TO tp coMteol computer 180, 

[0006] Gonteol computer 180 use®, the light output M'e-amu'emeiit: to 

determine what changes tiaed to he; mads to reposition thaprisBi hi LNM 1ID 

to achieve the desired laser light output 'wavelength for the ne^ct lasse firmg 

event, Tfae-positioxi of the prism m LNM 1 TQ is controlled hy a voltage 

applied to a pie^oeieetrd&ie transduced (PZT) 140 connected to the ptisrn ift 

TjslM HO. Control computer 160' therefore dei£rmirt&s what voltage; should 

he applied to. 140 to acMeve the new desired pri^a position, 

[OGQTj Control computer 16Q outputs to PZT diuv&^electi'enies 150 a: digital 

signal indimSing the desired voltage dxangeto be mad$ to the prisan in LNM 

116, F2T drive eleatrontei eo^rise a digrtalHo-analog converter {jDACS that 

converts the control esmp-uter 160 digital signal to aa. analog voltage signal 

and an analog low pass Eiter which, educes high'&eqtj|iii<^ eleotiical noise 

and amplifies the analof I)AC voltage signs!.. This analof voltage g%rialm 
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fb&HL passed from P2T <Mv& electronics; 150 to PET M0 which repositions the 

p rism in LNM 110 which i» turn ©auses a change. in the^ wavelengt h of the-

light output froxii MO eliamfeer 120 through output c&ttgder 180 at the next 

laser fiidng event. 

f0008] Thi§ process continues as the stepgei^se-anner inquests a ftirther 

sequence or irargt sf light jJidses feom- the laser system at a spieifiedjtalse 

rata,, start time aiic! wawlehgth, 

ff}0GBj Various challenges have arisen as the photoKtliograpliy process has 

ad^an^ed ovei' th© yeays.; For ©sample, the' £e$uetion in-semieQ.pdiietoT 

feature size; has caused a refection in. the desired- wavelength of the laser 

light source to maintain the desiredfooiis. Seducing the wavelength i-espn'res 

ever greater precision in. the output laser light. 

iP01Q| A fui*feft§r challenge is: ©rested hy guise periods which vary &om 167 

to: 800 iniejseecQiKl?, At high pulse rates, very little- time -is. available for 

3uAM 170 to tafc& ft Measurement* pass it- to control computer 180,: for control 

etMguter 160 to calculate a.ns.w wB&gS: value fine the prisms m LNM 110;, 

passifelp P2T chive elsetroiiies 180, fe P2T drive electronics 180 to analog 

convert 9;Hd iliter th# ne# voltage v-alue, jjass it to F2T 140 and for PSST 14Q 

to change the priiijn position in osier: to change the wavelength oflight jftoin 

M0 chamber 120 before the mxk laser light pxilse is. to oeeur. 

P011] Referring now to PI (3. 2, a timing diagmm of the above sequtore 

oaa bo seen. Two' lager filing; events from s sequence of such pulse® in a burst $• 



are shewn,. tfie first indicated a& o.ecuiiiiig at time t& said; the second, indicated 

as 0cs3ivmBg': at time t$> Mkm the first lases firing event at time t%. the 

semilting output wavelength is mMsuisd htf LAM 170 (refarriHg again to 

WWc. 1), The delay fa LAM IfQ pEbBeesing to Measure; the output wavelength 

and provide it to control eomputer ISO fa? shewn ivt the figure as the LAM 

delay from time feto time fy The time at which a new cents'©! signal is tiles, 

apglied fee the prism m LNM 110 is shewn as time fes The delay between 

time U i# IJbe time ta&Mi hj control computer 16Q: to calculate a; new 

voltage and have feat new voltag© be propagated tteough PET drive 

elecfcronies liO t« W&T 140 tn reposition the psism bsfbi& the lasei* fires--at t&. 

[0011] The: LAM 170 sie-asureijieiift delay te faixiy fixed in that itdepends 

upon LAM' IfQ processing time and transmission. tiaie from LAM 170 to 

Qoptrol eomptxt^i" ISO- JJow^vsr, the laser'firing rati? (the time between to and 

tg) Is dictated, by the steppei-scaTinsr. Uitiiiiately ; with 4 faster laser firing 

Mtej :lilM-.LAM 17$ iMmming delay could: potentially he long ©notifh such 

that $ subsequent ia§ei> firipg event inight eecinr befbm a new control signal is 

applied-. If that w«ra- to .pcciu* then there woukl be- a. performance kit heeause 

th© new eontral sigiial. wottM then be based oa a measureinent fiont an: 

eariiei* laser firing ©vent father than on the: most, recent laser firing ev^ni 

£Le„ it would be one pulse behind:}. What: is needed^ therefore* is! an, improved 

laser control which can. apemte- with •ever-inoreasing: laser firing ra£e£. 
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A feiher problem with known approaches to l&s^r effiiteol a?e various; 

4is:£tisbaiice:s m laser system. 110 which mahe it mom difficult to precisely 

detemihe tew to position the piism in LNM 110, What i& additionally 

Heeded, therefore, is an hap reived laser control which e&a address' the various 

distHrhancss that ocetii? to a laser system, 

SUMMARY 

0)OI3| Ala advanced system and: method Ibr eoirtwlling tb$ wav®fettgth. of a 

laser withoiit dependency on ^aceiving; a laser light measurement before 

mgoaftJeaing. the prism is shown and described herein with reference to a 

iiut&her of Speeife emhodiiii&iitSv 

$014] In cms :&zsbodimeii£ is- a method af laser wavelength control 

comprising; m-akiiig a.pr.edietion. at &st discrete intervals: of the. position of a 

pi-ism hi a laser system, receiving at second discrete intervals^ a 

&£ail mitpit Wavelength of a master^oscillator chamber in the l$s§a? sfatem, 

the sfepond regular intervals feeing, longer iha^ the first regular intervals, 

wherein duMng each first, discrete interval if the mitput: wavelength 

measurement has iiofc heeii received durhig the fest discrete interval then 

eomputrng in a eoutfel eompi^tefc a control voltage fb£ the prism ysskif the: 

predicted positioji of'the pi'iasi, if the output: wavelength measurement has 

been received, during tha first discrete interval then updating thepredicfcetl 

position of the piism the* otjtptvt wavelength Measm^merit; aiad 
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eemgutiag h?" tlie eontrol eaia$u$esr a control voltage for the prism using the 

updated predicted position of the prists, and oufcp.utfcih;g-tihe eonipfcifed contra! 

voltage fernn the. controlemiipiiter to electronics: lor positioning. the prisi®. 

[(Ml IS] In another embodiment- is: & method of lags* wavelength control 

eoniprMi*g. malasf • a pse^iefciGB at first discrete intervale; of t he position of a 

pdsm in :a laser sysfeiit,, receiving at second .discrete intervals, a jiteasuremeiit 

of an output wavelength of a iteStesf •««&i Jlfctoil? ®hM&b®£ ill the: laser system,, 

the second regul&y intei'vals beinf longer than, the first regular intervals, 

wherein., during each first discrete interval if the. output: wavelength, 

xneasurament has not te^n received during the first discrete internal then 

e<3aaputiiig in a control computer a control voltage for. the prism, using the 

pte3i#(re4; gt3sitio$ of the prism., if the output w&wlength measuremenfe has: 

been received daring the first discrete interval then, if the laser has fired 

again since receiving the output wavelength measurement then itpdat-mg a 

previous prisni position prediction using th$ output wavelength 

iHeasiitremeMs making: a new ofprispi. position predfct&n based on the 

updated previoiis. prlsin position, prediction and computing in the control 

computer the control voltage for the prisin using, the new prism position 

prediction, and if the: laser has not fired aggin since receiving the output 

wavelength measurement then updating the predicted position of the prism 

using the output. Waveki^th meaaK^feeJlt. and compnting in, the control 

compute the control voltage; for the prism using/the itpdatecf P^ism position 
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prediction. ami outpiittrngthq computed eoBtyol yoltags from th§ cqafeol 

computer to electronics.-fe positioBing the prism.. 

|O01&| lia still Mother emBo&iM^iit is & prism cdiiteQlifer method 

eoiiiprising predicting &fc first dis<^£e: mtery&te the position o# a prism using 

a prism rawemeni mod§ls receivmg at sewnd discrete intervals a 

Gie aaxti'^meni of tlie. output. wavelength; of a. master oscillator chamber 

eaiitrolled by ths;;pri$iM, the second tegular intervals. being loiigei' than the 

.fifst- regular ijiiervaliS, whsyisiri dariftg each fh'st sUscre^e interval if the 

output wayelsiig.th: measurement lias not hee.u received chuijig the. first 

discrete i&tferval fcjh&& -M-tontvol Srdlfca^ fertile ttsxng. the. 

predMed position, pf theprisiiij if the outptiiw^velfiiiigth mesmiremfeEt. has 

been yeoelyed'duying1 the fcst discrete1 interval then tipclating the predicted 

position of the prism using the output, wavelength m.easiii'a merit and: 

e:D3ii|)ii.tiHg acontrol yoiiage for the prism using-the. uj> elated predicted 

positto of the prism* and out^utting th& eomput&d control yol'fcag# to 

electrorhes. foi' positioning' prism, 

.BRIEF DESCRIPTION OP THE DRAWING 

[0.017] y$$iim$ ©inhq.diffiejita- ®te disclosed ha the following detailed 

description and the. aoeGxapaaying dmm-ng* 

[O0I8J l?lCr, 1 i$ a bloolt diagram of a n exemplary laser sygteiii which m$y 

be; used in one embodiment. 
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[001.9] FI& 2 is a timing diagram i'llnstmtlpg the sequence of events sftha 

prior art. 

[0$2$] FIG, $• t& a timing diagram the ss^ueneg gf events 

according t& an exemplary embodiment, 

$021] FMi. 4 k a tlowchart of on© embodiment of the present method. 

P822J FIG1. &{&• a timing diagram iliustmtmf the d^termmatisn of 

whether a lasfer will fxm agaitt beihr© a atlbaefuent voltage update, event 

according to one embodiment 

|O023 | FiQ-:, 6 is a timing diagram ilkistiuting makings a prediction for a 

Mfess'quenl Voltage ujjstate eveM aoeordiag to &m embodiment,. 

[0(124] FIG', 7 is a timing diagi^am illustrating making a pre.diction.fe a 

ii&'st. lasei* firing event aceordrng to 0n@ sinbodim#Bt, 

[9625] EICT, S ia a timing diagram iliiisttktmg updathig a prediction for a 

ft&st voltage .update event with a life# I&se# light' mea.s«:r£ment. according to 

one embodiment, 

FIG> 0 fe % timiiig: diagram: illustrating updating a.prediction for a 

previous laser firing event and making a pr&dictiKn fea1 a next voltage, 

update event based on the updated prediction &r tlie previeus laser firing' 

eye&t according t0 om emlaodixnent. 
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DETAIIJEJB DESCRIPTION 

[0027] What: is provided is, an advanced system aiidi method for eoaitrollirig 

t&e wavelMgtli of a laser as may fee it Bed in semiamducte phetolittop^aphyi 

Rather tliaji wafting- Ibr a laser light, mMs^repmni h#>re d&femiiiiiig' how to 

reposition a prism ia a Laser system* this advanced system and method 

periedifeaily prMiets a next position of a prism in the. laser gystixn ivsiijg a 

model of the-plasm's iwtiori oharastfedaties and known disturbaxiee 

The pesiadfcity1 of theses predietkms; is typically xmm, rapid than 

the periodicity ©flaser thing.events- smb. thai the. intMval betweea 

predictions is t^icslly shorter than the interval between laser firitig events^ 

Thi'& ptior art: depisoidisncy on mmivmg a laser. light 

mea&arecent bsfee seposijaQning -th® prism A m©.aswemeixt of las:er output 

wavelength is still ohlaised wisest a laser irmg event occurs and is used to: 

update or improve itfjoii the prism position p:redieti6ft, Wlfetfefis'tipdated or 

ilat, tlie predicted pri§i& position is used te compute a control. signal used to. 

dr» which ooptrola the FTOm^ position* In this fashkn,. predictiaa® 

am periodically made, control siffta.te tsr« periodically' competed, tod fee. 

pjisrit is ftol2©d$c$Ily 

[0028] The: advanced laser: eoritrol syptem and method described hereix* 

ea:n be thought of as a. •w&«|-di3sa,afeB/&l.ow":d:ises«t© filter:'5 Because the 

predifetioris of prisjiipoBitldtt. are raade without wfcitSfl® output w&veteg'th 
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measurements, fee jjredietiona can. Be; made more fteqmently (the ss-called 

"fesi-diserete") than the laser felng. repetition rate and thf-resulfcaaafc output 

wavelength measurement (the tier edited "slow^dis&r&ie''), Eesultantfy, th& 

psisM can be xr©pQSitiossfeci at discrete poiiits ui time which. earl occur mere 

frequently than the la,•sex" femg events*. Ftirthei'j this separation qf when 

predictions are made faom when laaev-SMug events occur Mu® that 

&eqmxicy o£updating prism mntml Is iso longer limited Bjr the time it tates 

to measure laser outpiit: wavelength, (ifee "LAM delaj?": of FIG, 2), This also 

mesjp: redwing performance degradation dne to bejag one pid.se behind a 

laser measurement and the resuitaiit laser control signal application, 

$.02$-J Helemng now to FlCf- Si a timing dfegiiaixi of tlie. aboy# sequexie-e 

Ma Be seeii, Periodic lasep firing Events m& iftdie&ted as oceumRg' at ttsie# ts 

and ii and wav^@ngt^.4iietai:«reineiit data is indicated as becoming: available 

at time ts- Additionally, oecxtrriiig more irefmiitly am new-prism control 

signals- being applied as indicated at times, fci,. h> h and ta with' tli© interval 

'between prism control signals shown a® Te^anee, These prism control signals 

are the1 resmlt: of new prism predictions being, made during each cycle of 

control signal application. Further, dhese: prima ^Mictions are made 

without waiting for tile wawsleiigtli measuremerit. data t$ feecSffier available; 

However, a§; stated above.-, when new wavelength m&asm'ement data is-

available, it is Ksed to update the: prism position prediction;. As shown, the 

ff&.que&cy with which new control sigiuxls &m applied comtrs more rapidly 
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than the freqtienay &i laser firing agents, The details, variation £»d 

alternatives. ©fthess opezatima sm explained fiirtl^r elsewhere h^reia, 

f 8 030 J RelerrMg again to Fid.. 1, the Block diagram oflaser systSitv 100 

will be. used in describing cms embodiment of the present apparatus 

1:0031] Control computer 1BD pj&kes peri.odie predictions of the pulsar 

position in L£iM 11Q. using a model of the p-tlto's, movement m laser system 

1,00 as esiptein^drnta-e eis#A4ie.te herein,. Control ftompateE i©0 iws the 

periodic prism position pi'edielkw to periodically otrtpuia digital eoiifcrol 
<< 

signal to PgT drive electronics ISO indicating the desired voltage to fee 

applied to the prism. in LNM 110. Tlie FIT drive eldctresics 156 BA:€ 

converts tlie control eonipiiter .180 digital signal to m s&alog voltage signal 

and thf P€T drive el^ctronies-. 150 asi#lofkn» pass fi|te» reduces high* 

frequency electrical noise and asnplifies.-th® analog DAO'Toltaga signal, This 

analog voltage signal is theii passed from PZT driw. 150 W P2T 

14Q whteft is: the application of the new Control signal This voltage iif date 

eveii.fc repositions th# prism in 11.0 which subsequently causes: a change 

in the w.awtegtfe of the light output Mm MO ch&mter 126 through, output 

coupler ISO &$ the next laser firing 

|8632J As previously expiaifaedj the source of the Eghfc i:» lassr system 100 

ig MX) chamber. 120. When MO cha-m-ber 120 fees, the resixitkig light enters 

Line; Narrowing Module (I/MM) 110' where, it shines; through the pjim 

(actually, inuiiiple: prisms. as explained more folly elsewhere herein) and onto 
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$ grating within EMM 1J0 which steig as a light wavelength selector. Hie 

altered wavelength laser light passes back through MO chasAer 12Q. to: 

output coupler ISO sVhiehi passed the las£i' light output from MQ diaiiiber ISO 

to Lili0-"asnt)&? MocMfc (LAM} ITQi LAM 170 .measures the?-

wavelength of the laser light and. passes the laeasiu'emeiifeto control 

computer 100. Whm coxitml compute? 140 receive® the laser light output 

measurement from LAM 170 control computer ISO uses: the measureffiejit to 

update the predicted pilam p&sitisn as explained. mom fullf elsewhere-here-iii, 

[09331 'Phis: process is periodically repeated, for subsequent prism G.oiitrol 

signal sppifcatlo^voifej^ &ig£ial. update ejfcles as was shown, fqi? Sample-, in 

FIB. S>. Additionally,.: &houh! & fiew wweiettgfch. aieasure.ttieiit become 

ayailable.,- -occurs at time ts in FXGv. 8> sprsfcrol computes 1^0 will update the 

predicted pidsia position using; this itewijf mceivM measured data, 

|p834| As stitad abov.e, dottrel computer 189 rftakas periodic predieticiiis of 

the prism j)ositiap in 1<NM 110 using a model of the prists movement m 

laser sys tem 100,: The model of the prism'# m&veirxenfc is based: an.kmml&.dg& 

of varidiiSr eharacfceristics 6f the prism's physical uiovexiient in lks$£ system; 

100 and taldag into, account oBcillatory actions &t the prism and ^tterfe«mee:S 

withiu laser, system 1DCL In a preferred e.mfeodiiftentj the model lisedj is its 

integral fem, is' 

Ud x(pt7?- * jfc*# BU(T ' z) d% 
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the predicted state. 3*$e^%-$}^ad <$tJat i&iiiiaist^es x/$, 

sAT is, t%e- standard state-transition: matrix fos a, linear. system, and B is. tlx© 

standard mpiifc- maMx. 

|{|035j ForMula (A) abow> ifcua makes a predtetioit for. & ±iiinr$ &v®m Hased 

0tt the -state or prediction of s past event; Ei>$ ©sample,: referring again to 

W1Q, 3, faimui'a C&3 ean be. used to mak& a prism position prediction,ibs? time 

te based on a prnviouajy made p^dietlcw for Wijsa te> ia w.hi&h. ease T = te-— ts 

m formula (AX- H<ste; ib&t, ij^itial conditions gi*e assumed for initial 

pmcMetxoias (e,g;,? at iasei? bo^tup, initial, condition is- a predefined eemstant 

and at the beginning of a ss<iwenee; of las&r"pnlsesUhe initial condition is tlie 

last sfcaM. ffosm.tk© end of tlie previous laser ptslse seqisetic^ plus any 

ffiteslrassfe operations such m. aetpqirst simples.,). 

10036] It is also t£ be lindei'stood. that the abovs formula talses into account 

disturbances of tM wavelength in lasei' system 1Q0< For- example., burst 

transients arid steady-state disturbances cmm i^#a#e-d lager UgM 

wavelength. .BeginnMg-ofbtU'sf. teansients are typically seen in. 

the measta-ed wamlengthj wbleti are believed to:- be caused b$r- slaxsekwasre® 

wiiicfe. ar& a fonefcicra of laser chamber acoustics and. are known to change 

with laser SMng.; rate wMcb further complteatM mattes^ Thes§ beginning*of-

burst transients are modeled as random walk processes; Steadjrstate 

diste.baneevs appear as sinusoids in t&g wavelength signal and ate modeled 

as. such,. These sinusoidal steady ••state disturbances1 are believed to b.@ caused 

13 



If a fan, among ©the:? ^iferation to. fesei? system 100. These 

disfe'ibaaces, micl any others id@xit.iSe4 ra laaei1 system 100;. can all be taken 

into, aceouht in tfa/S model used £oi> piism position gredictlon, 

[0037] As piwieusly st-at&d.and explained moire: fully elsewhere herein, a 

P-tiam position prediction: k tliexi updated whcm & iiew laser light 

measurement ia received. Opdatmg: the prism, position prediction is. done via. 

Ill© Mlowmg formula: 

(B) x(k j k) = (/ - L^C^ik f k -1} + Lky(k) 

111 the above equation, 

- li mdsxeg the firing events* 

* /is tlm identity matrix &f appyappate size in wm% by n eoiiimas, 

whefie a is the. mmher of elemehfe in the state, vector 3 

- LM W a gam iiiatrax thai; captures the tradeoff between "trasting 

nw data aftd feglteyiagthe piwiougpi'gdieticJB^ 

Gkia the sfcaiiclai-d niapping feom predicted si-ate to predicted 

output, e.g. y - Cx, 

- xthf j&is the1 updated pi'edietiott, given the,latest data at index k 

- ' x&tjlrl) is ik& "old? prediction of the state: at laser firing index k 

given data froai the: previous laser firing'event,: k°L 

(QOMj FoiMala (B) above £hu& updates a px-evfeusly iilade prediction M 

explained more fully else where herein. 
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|G039:| Rslsmag ho.w to MO, 4,= a flowchart of on© eniho.dim.&nt ef the 

present; method e&xi be seen., In #if-figwe: the- method caa. 'be seen to be 

tegie&Hy- divided ixxto three? sections' although.it Is to bo. nudei'stood that the 

functioiialit^desciJiBed can be implemented in alternative c£mfiguratiOK.s, 

.M63sxxxe.11te.nt update section 4Q1 is directed to the:update opei'stions which 

occur when i^eeivlng a new laser light measurements CfeMput® control 

sectifca 402 is: directed to til# operations which occur in computing xiew: 

contecil.signals using a prism. position predictioni Time update section 403 is 

primarily directed. to the opex*#ions which seem* to make a prediction for a 

subsequent voltage- update event. Each- of these* in. the context clone 

will' a<3W;&& exp.laiiiei iii greater detail. 

[•9(140] The process, running for example on control eaiMputer 18(5 of FIG. 

1* begins iii measvpensent update section 401 whets the process is: periodically 

started: b^s for example, a. tiiner in control computer l'S'0. 

|9(Nif If & new wavelehgtfi measurement. is. not available in decision blaek 

40l>i the proa:0s.iS leaves meaatiremeni; update section 401 $nd enters compute 

control section 402,. In compute control section 402: a next prism position 

prediction, whieh Was previously made., is used in. step 430 to compute a 

valu&fer a. coarse w&yeian-gth pnsm in LNM 110, As Is'known, a .typical 

coxifigui'ation. .of LMM 1.1& comprises xnore than one. prism,- one being the 

•©earns wavelength jaa?ism which is used to keep tlie BZT near xt& mid'range 

voltage, and another being; the prism generally referred to herein which if 
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used lor &ia wavelettgfch control, Although not showji in• IflSL 4,. the. new 

value far the coarse wavel©»#fe control prism is output fro:m tiontMl 

cairnpixiet 160 to appropriate- drive electronics. 

[6&4$f in st8]3 433, the next pirisra. position psecHetion.,. srhiei* was 

previously aaa4ft is used to: compute, a del# P^T volfegei. The: delta, or change-. 

ia ?'2KT fcdlfcaige is. computed according to the foU&wings formula? 

(C) l\u{mroJ ~ -Kx(nitc) 

• m indexes the control events (i,C;. voltage update, events] 

• the ̂ pnteoEej; saaiple geriody thus BiaMng sta^e at 

the time pf the? (upcoxniiig) wl-fcage update 

- JTis a state feedback Mfeix, coinpixted to minimise; a: weighted 

susi of control mmgf and wavelength pei^rniaric©. 

IW0] This delta P^T voifcagsa is then used In 440 to oqsa.ft«i^ a new 

FZT control signal. The new P2ST eontoi sigHal ie computed aceoi'ding t© the 

following formula: 

Cl0 V(tiijc/=z 

• * ¥((m~l)w)is the FZT control signal from thepxmnmm update 

* AttfawJis the output of equation (0 

- V$am$iB the new PZT control signal 

Mote that, when th.s contextis ©lea?, signals such as F&aWwIil be 

denoted as Vx& £©r brevity.. 

16 



£0{M4'j Although not shown 1B FIG, 4 P^T wniml signal is then 

output to, ibr example*. PZT drive elMtromca 150 of FIG, 1, to be applied to 

the prism. 

IO04S] Tlie pxQSon® eontinttss by la&ying compute eentml sfctioix 402 and 

entering time: update: seotieii 403 where it is determined in step 445 whether 

the Jasei? Mil fee again before a Subsecjxieftt voltage update e^eiit Ithe 

subsequent appfe&liqi). of a new control signal to the g'psmjl as explained'bv 

i^leratioe to M£?>. 6. 

|Q046] As can be seen in FIG., Sj. new -centro-l signals demoted in the figiii'e 

•mYitf-i* V& and ¥avn will be applied p&modie&lljL The mrr&ht pmceM? 

however is indicated a# being at time Om and: there a:i(s two possible 

scenarios; tpbe emshtereti in which th% lasp will fee. before ?t; subsequent 

voltage update event.. 

$047J Before describing. feh&ss two. seoh&Mos, It is to; he uiiderstood. that at 

ihig point iii time in th^ptooem, ijaxn$ly dm* the gufesoqpent voltage update 

event is the: application of a new control signal YxUfi sathei? than: the next 

voltage- update event -\vhieh. is the ap.plx&atfeii of a new signal ¥;».-

This dtetinqtiox} between a nest voltage Relate event and a subsequent 

voltage -update event Is- siiaply a function of whe?e the periodic pr©ces8: is in 

its eyele, Likewise, a .subsequent voltage: update event becomes the nesit 

volt&ge tip d ate; evarit of the nest cycle. 
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f0048j As- already stated, at point ift tims Cm,: there are two seefiai'iQg 

wliea?e the laser will fee hsfere & snbseQnenfc voltage nf date event* Th© first, 

stvenaaio if when the laser system- lias already received a trigger signal. froia. 

tile stepper-seamier system, such as depicted at point in time Tjt+:i in the 

figiii4e..;:for MQ. chamber 120 to fee again., This received trigger signal can 

then be use# in eonjuncfeion wii-h a known. igse* trigger delay Ci,e-.t; a known 

lag between maxmrn trigger sigftai and sisl^e<|ti€>ht light generation) to 

estimate tlx© timing of the resulting laser firing event, shown as; LF k*i in. the 

figure, tp determine whether the laser firmg- event, will pcqur before the 

subsequent voltage update event V^x {which it•would iiL-thik-eM&iple). 

[0043] The seeorid soehario is when the laser system, has not ysfc received a 

fcrifg#® slgnial feoM'the stepp^rseanner system^ as depicted,by the trigger 

being received at a later point m fcim&TW in the figure which is after the 

current time. Cm. Not yet having received & trigger signal,: the.p.roeess instead; 

estimates a laser firing event, shown as LF ten in the figure,, based on one or 

more: previously received periodic feri-ggsi* signals and the known trigger 

delay, Th© process then determines whether this estimated, laser ikiag av-e&t 

LF'x+j. will occur before the subsequent voltage update event V M.*I (which it 

would: in this example), 

[0.05.6] The process has new- determined whether*, micte the two possible 

scenarios, the laser will fee. before the subsequent voltage update event1 Vav+i. 
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(Ol)SI:| Referring hack to FIG. 4, if tIie oKt.com© of decision, block 44S is feliafe 

the,laser will not fire before a ^bseguea^^olteg© update event In step: 

455, a prism g:osi.idoa.predietxb.n is mad© for tie aihsexpenfc voltage. tipdate 

event.. 

fO0S2j Making a pi'isiii position prediction fat the subsequent voltage. 

up.dat@ event, as: don# ia step 46#., will HOW be explained with ̂ reference to 

FIS, & As befei^ the process is presently at iiaae &m.. Tlie prediction being 

iS&d# isi- fe£ the mibseque&tvolfcage update event denotM V«i+i and, as 

indicated fey the arrow m the lig-ara,. this p^clietion is based: on a ip'evio^sly 

made prediction ier the aext voltage. update event denoted VA. In the 

preferred embodiment, the predietiM lor the subseqtteiit voltage update 

event m made tising ferMla (A) described elsewhere herein, 

10053] KefeiTpig; back tgf FKtv 4f the process then, finishes one: cycle of 

operation in time update section.: 403-, 

[0034] It &: IS be understand that d&w having made a. prediction fbir a 

'update eventj the ae^uenp of decision block 405. 

detennining thai np new me.asiu'e.nient i§ available followed by computing 

UBVf. control, signals in steps 480, 48S and 440t and with decision Block 44B 

determining that the laser will not fee before a further &iibge<|i|ent voltage 

update ©vent, all result in periodic prediction and repositioning of the: prism 

$£••discrete po&ts in time as was depicted in the tihimg. diagram of Fid-; 3.. 
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£$G1§] Eetumfag ag&lh to: #eislon block 4$S, if fast ead it was detern^ned 

that the^ laser will fire before H ettbg$q»eftfc voltage, updifttf event then^m step-. 

4:6Gi a prism position psedictioa is made, for the next laser fib© e-veiit, 

[0056] Making a -piisai position: prediction. hf Ihe ftejst laser Bfe. event,. as 

done ill step 4:SQ, will now be described with reference to FI6;. % As. befe#*. 

the process is presently at t-mie Further-, in this example and as was 

explained with reference to Fltr. 5,. it is «#vv kn6wh that tlie laser will, firs at 

LFk+i which is after the next.voltage control update V®. and before the: 

gubBBtiuBiit; voltsga control update ¥Ja^l- The proses®. KO\V makes a prism 

position prediction for the laser firing event at LFk+i> based on a-grevious-iy 

aiftcte- ^edictioa i&t valfege update event Via, as-ind&atekihy the prediction 

arrow in. the figure, Is the preferred embodiment, this prediction fof the 

las&r firing evenfe at LFi-ki is made «sing femttk. (A) described elsewhere 

herein... 

[0O57| MferiBg back to; FXQ. 4, the process: then,proeeedi to step 455-

where a prisni position prediction Is made for the $%Tbse%ueiit voltage tspdate 

e:wn.t as. alseady described* And,, as before the; process- then finishes one 

eyele of operation: in time mp date seetioa 403. 

[0.058:] liefering again tfr decision- Mock 405 arid the begiamttg of.the 

periodically started' proe&sg in me&sisrennetit ttpdate section 461,- il instead a 

sew laser output measm-emeBt had. been received and is therefore available 

then the process sontirmes witMii ̂ eastiremeii-t: update section 401 bj-
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performing ©foe of moM updates to previous ptsdictiojxs and/or iaesv prediction 

Ming: tjb.e ivew measurement m will be explained, further 

|MS9J If it is determined in decision block 410 that the lMsr has not fired 

agaiii sihee tile last, time a new lasex4 output measurement was received tib&n 

the process eontinaea to step 420 where the prediction for the: iiesct voltage 

update ©venfeia updated. with the new measurement, 

[00:60] Updating the prediction- for the nest voltages update event, with the 

new measurement, as done in step 420, will, ncsw be deserihad: with reference 

to 3? Id. 8, As before, the process m pf eseatly at time 0© and now the lager 

output measu.remerit:for la.sgr firing event J^B^k has become available before a 

predicfeiors to a subsequent voltage control event VWi- (hot shown) has been 

made-. The pmeeM the t^nxatnmg:l3nie bef©^the next Mntrol signal Tw 

is:to he applied to «p.dat& aprevioxisdy made prediction fer'that voltages 

update event- using the newly availahle laser output measurement. In this 

way, the newly available, lasej onfeput i5ie:asuiement.&Qiii laser firiiig event 

Liic ia -used tq iipdate the prediction chat was jsrevid^Iy made fOi< new canted] 

signal application Ynv In. tha preferred §mhGd|me®|> updating the prediction 

far the next voltage: up date event is made using; form-ula(B) described 

elsewhere herein, 

[0.0.01] |?.e£eiTiiig back to. FI£r, 4., having- now updated the: previously made 

prism prediction for the. next voltage update event,, the process continue^ as 

previoiisi^ described,. by leaving mesaurement update section 401. and. 
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ente^isg ecmlpufce control section 402 starting with eonlpixta eoarse 

Wayeie^gtfcpKiBin signal 430,. $tov Hgw^v^ »§w th& pempxitafci&rt #3ps 480^ 

431 and 440 use the updated prediction f©3? the next voltage update: e-ve&t 

thus benefitting &©& the newly seeqgi^ed lasei? o:ut|mt wavelength, 

meMu^emeat: data. 

$062] ^Itemaiivelyv mfemRg fe&efc' to decision hloefc 410 afmeasi^emattt 

update section,401^ if it was determined that the laser had fired again, since 

th& last tins® a new lasej? ou$|mt measurement wm received then the process 

continues t.& $g&p. 4X5 whete til® pssdifilit?:!* foi* the p^visHa# laser firhag event-

§p. npdated with the>new meas-aremextt and to- step 416 where a new 

pi&dfeMoa &r the: mkt voltage update eve&t will, be «xad£ teased on the 

updated $a&42eti#&.ffe« the priviotis laser fiMnf event,. each &a will he 

explained ixixther, 

f£)0®3| Updating the prediction for the previous laser faring event with the 

new measurements as &ms> I'M. step 411, v/xll. be explained With reference 

to :FIf3; 0, As before,, the prams® is pres&iiily'at. tiifte- G» and now the laser 

output measurement: from laser firing eveiii LFji- has become available. The 

process updates the. previously mad© j&edktiba ihr laser firiHgeveiit LFam 

(as made M step. 4§0, M explained elsewhere. m a pre-vlexts process 

cycle) using the new laser output nieasuremeai- from laser firing: event LFk> 

In the prefeiTed exiihodimeBt, updating the prediction fe the previous: laser 

firing event- iamMe using formula (B) described elsewhere herein. 
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[0M4| Making a new gjediotion. te the »ext voltage, update event based Ott 

the updated prediction £<Ji« tlie #tgw$m firmer svenfc, m #ne m step 420, 

will n&w also fe.e explained with reference to M.6. 9, As befoi-e, tlie pi'dcess is 

presently at feime Cm. Tlie iipdafeed prediction for the- pt&mm lasetf fMttg 

e:Vent U'bi feom ftfeep 418 mused tie tnafce a prediction for the next voltage 

\ipdate event shown; in the figure m n©w mntmi signal ¥« being; applied and 

as indicated by the prediction amiw* In the preferred ©mhodiineht, raaiiiiig 

the JMW predi-cfcibii ior the>nexfc voltage Update e^enthas^d on the updated 

predte&ri fi>r the pr^kus lager firing event i& made t*sifcg fcrapla (A) 

d^spsifeed elsewhere. herein, 

[M65) Referring- back to FIG. 4f having no# made a jfieVr- pMdictiaxi &r the 

next -VDliage update event;,. the: process. 6$ai&Tie8> as described elsewhere, Jay 

leaving iHeas^ement. -updato section; 40 i and axitering" eptnpnte control 

section 402 starting with compute WBxm -wavelength prism signal 430* -etc. 

Hawever* now the smnpu&atibn steps 430, 485': and 440 u&fe tlie newly :cmatsd 

prediction fe the next voltes update even! thus Benefitting ffam the npercsfjy 

received laser output wavelength ?neaettr®ment data and the known timing; of 

the new ias.er firing ev«ni. 

(006.8} Finally:, the ja-eeess cycle eandiides by perfeirang:. the- appropriate 

opex'&ticms in time update section 4QS to niahe a prsdieiaon for a sidss.eqnent 

voltage update went as; dumbed. elsewhere herein, 
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[0^3 ;To aid 1B uadeESfeaiidibgi vaxidtts. diSerent sequences of proeeaatag 

steps mfieethig tlig vaMtftig. smn&nog BMqhncenr will now be reviewed:, 

100681 In a first possible gequeneey the control signals are computed and 

output and a piBdieiion Ibr a subsequent voltage event j& cheated* This 

see&axk «eiws when there; lias been too xmW l*i&*-4)ujf$ttb wav^Ienglh 

nieas(ti;eij3:e;i3t and the laser will notfere b&hmtim m%i voliage tspdate event. 

This seqtieiies eompii^ preceding; steps 4S% 4S% 440 a»4 465* 

|M6$j In $ second, possible seqii&oesj the control signals Me GOSipiitecl and. 

oufcjptif, a prediction is mad&fbi' a.iiest la^e* fire event slid a prediction fo? a 

s&bseqttmt voltage event is cheated,: This ectasia oestirs when tHem has 

beep. n®. new laser wa^sfeiigth measin'enteiifc and the laser will fee. 

feelers the nesek voltage update, event. This sequence-, comprises processing: 

steps 430, 4SI, 4.40.,- 4,60 and 455, 

[f|070J Ih $ third; possible;. gequeneSi the pr&dietion fox the next voltage 

update event is undated, coats©! sigaafe are computed based «aa that 

updated next voltage update event, and a predie&bn fer a eiifesgguent voltage 

update'event is mado. This scenario occurs when $ mw laser output 

has become available, the laser has net feed again 

since last Eee.%iving:a. new measujeejaaent and the laser will not Mm before the 

h-exfc yoltags update m&Mb. 'This se§uene© gompimes pmmssitig steps 420. 

4$0:J! 43O;? 440 and 455, 
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[01)71] I:n a possible sequence, the zjtedfetiotf for' the nex t voltage 

Up:fefe is npd&ted, tlie control si|-nals are computed based cni that 

updated next voltage update a prediction. lor a nest l&ses feing event-

is mad© and a pre diction Jor a subsequent voltage, update event is made., fbls 

m&nario oeeiirs when a new laser output.wgvetenph. mm$liX'&Meitib has. 

become available, the• laser has not fired again: since last^receiving, a; new 

mewse^enl and the laser will lire before.the next voltage update event. 

This sequence' eamprises-p-reeessing steps-420, 43d, 48S, 440, 4fQ atid,4S6> 

la a li'f!:fc,|j0.8s.iM:e seqtt&nc^ tlie prediction fort.be previaiia' laser: 

firing e^ent is- updated* $, prediction -fyt the next voltage update event, is matte 

based en tlie updated previews laser firing event, the conti-ol eignals. are 

c©rap»£@.d based on that prediction for the next voltage update event and a 

pjfediefcion. fois & Mihaaqueiit: voltage, rap date event is made* This scenario 

o;eenx^ when a new laser a«tput:wwelQngt]j.mea&urement has be^e&ne 

available, the laser lias feed again since-last.receiving a new iSeasnrenient 

and the laser will not. fee before ̂ fee next voltage update event. This 

sequencie comprises processing: steps; 4XS, 425, 4'00, 4&(% 44® and 46©. 

[00731 la a sixth possible: sequence:, the: prediction for- fee previous, laser 

firing event- is updated., -a prediction for the next voltage update-event is. niade 

based oil the updated previous laser firing event, the control signgl^ are 

computed feased cm that prediction for the next voltage np.date evexat, a 

prediction for a ne^t laser firing event- is mad© and a predietion for a. 
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tufessqueiit: tfoitajgs Update event is Made, This.: scenario oecpts; wlieii a new 

iager output wavelength ms^suremeafc has b©cQBie; a^ailaMes the lasep has 

fetd again since last receiving a ..new measurement and the laser will fire, 

befee the voltage npdat© event. TMa B&fymru3& eohjpmes processing 

steps 416, 425, 430, 440,45D and 0& 

[0074] The. eBjhodini^Hfcg diseussect herein are illus trative of'the present 

mveatekm. As-these. eBibddi.riien.ts of the present invention ar© described with 

reference: to illustrations* various modifications; or adaptations of the ineih'sds 

and. or speeife sinxatees: described 3fi^ be.eam©: apparent ts those skilled in 

the: art. All. saeh: modifications,; adaptations;, or variations that rely upon the 

fee&cMaga dffcM pseMent invention,: and thmigti which these teachings have 

advanced the art, are considered to. Be within the spirit, and scope §£the 

i&v&pMQ#..,; Bene©* the descjaption and: the dmwhig should ,^pt fef 

eoxisidered m a limiting senee,. as it is understood that the pressnt irwentioa 

ia la ti6 wSf Hniit&t.- to only the emhMiro&frfes ilfostmtfed. 

fOO^S] . AgyOii© possible alternative:, it is to he \mde£$topd that fch& advanced, 

laser eoiiteol method and app arat^s described herein co«M he used Sm control 

of the bandwidth, of the lasei; light ia a similar fashion as described herein for 

control ai'tke wavelength of ftelaseir light, 

[0076] It is also to be understood, that alternative; sequences and 

mathematical fomiulas COMM be tiaed within, the spirit and meaning Of tile 

present iiiwention m deseriho.d herein, 
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[QjOffJ Iiks^lsa, It is f& be. undersfQ^d that control computer' ISO e^tt be 

any computing system cssiitprisiiig. a proessspr and. memory.. in-eluding a 

personal computer, served, ae otiier pMfe&asmg- system, that, runs a$ftwf&@s 

iftstri^kma foe performing the described operations which, iMt amotions: fi&ay 

themselves have corns from o£ reside «n a compute!' msdablf m^dkini. 

^Ifeepnative^ control comprntfr ISO can he any dedicated, hardware such as 

an. application specific integrated eimuri CASIO) at cither hardwired device 

with or WMsoui- &mwa?e> thai is. spsfiifically configured to perform fhe; 

described operations; 
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CLAIMS 

What is claimed is: 

1. A method of laser wavelength control comprising: 

making a prediction at first regular discrete intervals of a position of a prism position in a laser 

system; 

receiving at second regular discrete intervals a measurement of an output wavelength of a 

master oscillator chamber in the laser system, the second regular discrete intervals being 

longer than the first regular discrete intervals; 

wherein during each first regular discrete interval: 
if the output wavelength measurement has not been received during the first regular 

discrete interval then computing in a control computer a control voltage for the prism using the 

predicted position of the prism, 
if the output wavelength measurement has been received during the first regular 

discrete interval then updating the predicted position of the prism using the output wavelength 

measurement and computing in the control computer a control voltage for the prism using the 

updated predicted position of the prism, 

and 

outputting the computed control voltage from the control computer to electronics for 

positioning the prism. 

2. The method of claim 1 wherein making the prediction at first regular discrete intervals of 

the position of the prism uses a model of the prism's movement. 

3. The method of claim 2 wherein the model of the prism's movement is based on the prism's 

physical movement and disturbances within the laser system. 

4. The method of claim 2 wherein the model in its integral form is: 

x(t+T) =eATx(t) \ f()re/hBu(T-r)dr, 

wherein 

x(t+T) is the predicted state T-seconds before an initial state x(t); 

eAT is a state-transition matrix for a linear system; 
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B is an input matrix; 

u is a value of a transducer signal; and 

x is a dummy variable. 

5. The method of claim 1 wherein updating the predicted position of the prism using the output 

wavelength measurement uses the formula: 

x(k\k)=(I-LkCk)X(k\k-l)+Llty(k) 

wherein 

k indexes laser firing events; 

I is an identity matrix of n rows by n columns wherein n is a number of elements in a state 

vector x; 

Lk is a gain matrix that captures a tradeoff between trusting new data and believing a previous 

prediction; 

Ck is a mapping from a predicted state to a predicted output; 

x(k|k) is an updated prediction given most recent data at index k; and 

x(k|k-l) is a non-updated prediction of the predicted state at laser firing index k given data 

from a previous laser firing event k-1. 

6. A method of laser wavelength control comprising: 

making a prediction at first regular discrete intervals of a position of a prism in a laser system; 

receiving at second regular discrete intervals a measurement of an output wavelength of a 

master oscillator chamber in the laser system, the second regular discrete intervals being 

longer than the first regular discrete intervals; 

wherein during each first regular discrete interval: 

if the output wavelength measurement has not been received during the first regular 

discrete interval then computing in a control computer a control voltage for the prism using the 

predicted position of the prism, 

if the output wavelength measurement has been received during the first regular 

discrete interval then 

if the laser has fired again since receiving the output wavelength measurement 

then updating a previous prism position prediction using the output wavelength measurement, 

making a new prism position prediction based on the updated previous prism position 

prediction and computing in the control computer the control voltage for the prism using the 

new prism position prediction 
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and 
if the laser has not fired again since receiving the output wavelength measurement then 

updating the predicted position of the prism using the output wavelength measurement and 

computing in the control computer the control voltage for the prism using the updated prism 

position prediction 

and 

outputting the computed control voltage from the control computer to electronics for 

positioning the prism. 

7. The method of claim 6 wherein making the prediction at first regular discrete intervals of 

the position of the prism uses a model of the prism's movement. 

8. The method of claim 7 wherein the model of the prism's movement is based on the prism's 

physical movement and disturbances within the laser system. 

9. A prism controller method comprising: 

predicting at first regular discrete intervals a position of a prism using a prism movement 

model; 

receiving at second regular discrete intervals a measurement of the output wavelength of a 

master oscillator chamber controlled by the prism, the second regular discrete intervals being 

longer than the first regular discrete intervals; 

wherein during each first regular discrete interval: 

if the output wavelength measurement has not been received during the first regular 

discrete interval then computing a control voltage for the prism using the predicted position of 

the prism, 

if the output wavelength measurement has been received during the first regular 

discrete interval then updating the predicted position of the prism using the output wavelength 

measurement and computing a control voltage for the prism using the updated predicted 

position of the prism, 

and 
outputting the computed control voltage to electronics for positioning the prism. 

10. The method of claim 9 wherein making the prediction at first regular discrete intervals of 

the position of the prism uses a model of the prism's movement. 
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11. The method of claim 10 wherein the model of the prism's movement is based on the 

prism's physical movement and disturbances within the laser system. 

12. The method of claim 10 wherein the model in its integral form is: 

x(t+T) =eATx(t) +f0TeATBu(T-r)dz 

wherein 

x(t+T) is the predicted state T-seconds before an initial state x(t); 

eAT is a state-transition matrix for a linear system; 

B is an input matrix; 

u is a value of a transducer signal; and 

x is a dummy variable. 

13. The method of claim 9 wherein updating the predicted position of the prism using the 

output wavelength measurement uses the formula: 

x(k\k)=(I-LkCk)X(k\k-1) l Lky(k) 

wherein 

k indexes laser firing events; 

I is an identity matrix of n rows by n columns wherein n is a number of elements in a state 

vector x; 

Lk is a gain matrix that captures a tradeoff between trusting new data and believing a previous 

prediction; 

Ck is a mapping from a predicted state to a predicted output; 
x(k|k) is an updated prediction, given most recent data at index k; and 

x(k|k-l) is a non-updated prediction of the predicted state at laser firing index k given data 

from a previous laser firing event k-1. 
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