ADVANCED LASER WAVELENGTH CONTROL

BACKGROUND

- Fleld of the invention

(00011 The disclosed subjeet matter is i the feld of laser Ught control and
more specifically inthe field of controlling the wavelength of a laser light
sbures as niay be used in semicanductor photolithography phocesses.

Holnted arg

[0002)  Photelithography is a commondy wsed process in the semiconductor
industry, Modern photolithography typieally usds a laser lght soures to
provide very fdrrow band light }_}xz}sérg which ihuninate a mask thus eXposing
photo-vesistive material on silicon wafers. However, advances in
semiconductor device parameters-have put inereasing demands onthe
performance characteristios of the laser Hght sourcesused. hiipravements in

precisionand speed of opetation dbe increasingly needed.

[0003]  Referring now to FIG. 1; 2 block diagram of a laser system. 100 as
may be used in & modern photolithography process ean be seen. The souree
of the Hgisz.m lager system 100 i a master csciltator (MOY chambeyr 120
[0064]  Asis known, when MO chamber 120 fives the resulting lght enters
Linie Narvowing Medule (LNM) 110 where it shines through & prism (actually
several prisms) and onto a grating within LINM 110. This acts &s a light

waveléngth selector in that changing the position of the prism in TLNM 110



changes the wavelength of the luser lght, This changed wavelsngth laser
light passes back through MO chamber 120 to an outputb coupler (OC) 180
and then o1 to, fob examyple, a stepper-dcansier devies (not shown) which is
vesponsible for handling and exposing the semicondnctor wafers,

[0005]  Output coupler 130 also passes the laser light output from MO
chamber 130 to a Tine-center Analyeis Module (LAMD 170. LAM 17018
wavelength sampler which medsures the wavelength of the lght output frora
MO chamber 120, The lassr light cutput messuvement is then passed fiom
LAM 170 to control computar 160,

{0008} Control compiter 180 uges the light putput Megsuwrément to
determing what changes reed to be made to reposition the prism in LNM 110
to achieve the desired laser Tight output wavelength for the next laser fiving
evant, The position of the prism in LNM 110 is controlled by a véltage
applied to a piezoelectronic transducer (PZT). 140 ¢onndeted to the prism in
LNM 110, Control computer 160 therefore detsrmines what voltage should
b applied to PZT 140 to achieve the new desired prism position,

{@Gﬁ}_‘?} Control computer 160 outputs to PET drive eloctranics 150 a digital
signal indicating the desived voltage changeto be made to the peleam in LNM
convests the control computer 160 digital signal to an analog voltage signal
and an analog low pass filter which réduces high-frequency electitenl nodse

and amplifies the analog DAC voltags signal. This analog voltage eignalis



then passed from PET drvive slpetrenics 150 to PET 140 which repositions the
prismy in LNM 110 which in tura causes a change in the wavelength of the
lght output from MO chamber 120 through output coupler 130 &t the next
laser fiving event.

{9008]  This process continues as the stepper-scanner vequests a fuvther

sequence or buret of light pulses frem the laser system at a specified pulse

rate, start time and wavelength,

{08081  Varlous challenges have arisen as the photolithography process has
advanced over the vears, Fer sxample, the reduction in semicondugtor
foature size has caused a veduction in the desized wivelength of the laser
light sonvie to maintain the desived fosus. Reducing the wavelength requites
ever greater precision in the output laser light.

{e018] A further challenge is ereated by pulse peribde which vary from 167
o 600 microssconds. At high pulse vates, very little time is availdble for
somputer 180 to valiulate a new voltagevalue for the priem in LNM 110,
psssxt fo PET drive elsetronies 150, for PET drive electronics 180 to analog
canvert ami filtér the new veltage value, pass it to PZT 140 and for PET 140
£ change the priam position in oxdes to Qha;:fsgé the wavelengtlt of lght from
MO chamber 136 before the next laser light pulse is fo vecur,

[0011]  Befewring now to FIEL 2, a thoing dlagram of the above sequince

can be seen. Two lager fiving svents from a sequences of such pulses in a burst



arve shown, the flest indicated as oeeurring at time & and the seeond indicated
g8 oooureing-at time £ Aftex the fivst laser fixing event at time ty, the
vesulting output wavelength is measured by LAM 170 (referrhig again to
FIG. 1. The delay in LAM 170 processing to mgasuie the outpul wavelength
and provids it $0 conteal cormputer 180 fv shown in the figure as the LAM
delay fom time frto ime £ The time at which a new contve! signal is then
applied to the prism in LNM 110 is shown as time fz The delay hetwhen
time £z and g8 the Hme taken by gontrsl coraputer 16U to caleulate a new
voltage and have that new veltage be propagated through PZT drive
electronics 150 to PZT 140 to reposition the prism before the lasex fives at ta.
[0012]  The LAM 170 mensuréient delsy is fably fixed in that it depends
upon LAM 170 procassing tlme and transmission time from LAM 178 to
control cornputer 180. However, the laser firing rate (the time hetween ts and

ta) is dietated by the steppevscanney. Ulthhately; with a fastes laser fiving
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that 4 subsequent lager fiving event might cccur before a new condrol signal is
applied. If that were to pceur then there would be a performance hit because
tha new control stgnal would then be based on a measurement from ax
géﬂier lagey _ﬁﬁixag avent vather thayg on the most vecont laser firing event
G.e, it would be ane pulse behind). What is needed, thevefors, is an improved

laser sondrol which can epervate with ever-inereasing laser fring vates,
2 & 2



A further problein with known approaches to laser contrel ave varvious
disturhanices in Inser system. 110 which make it more difficult to precisely
deterrmine hiow to position the prism in LNM 110, What fe additionally

disturhances that ccewr in a laser systom,

SUMMARY
{f}ﬁfsi A&n advanced system and. wsthod fGJS controlling the W"ﬁ-‘?’*ﬁ?ﬁze:ﬁfgﬁh. ofa
laser without dependency on receiving & laser light measurement before
repositioning the prism i§ shown and desceibed hersin with refevends t6 &
number of specifie embodinients,
[0014]  In oneembodiment isa method of laser wavelength control
comprising making a predietion at firet diserete intervalsof the position ofa
prism in a laser systém, veceiving at sscond diseréte intsrvaly a méssurément
of an outpitt wavelength of a masterioscillator chamber in the lasex system,
thie sepond pegular intervaly being longer than the first regular inteyvals,
"*’!"h?‘f‘.l-'?fﬁ duing each first discrete interval if the vutput wavélength
mé&sﬂi@n&i&i‘. has not been received during the fivst disorete interval then
semputing in a control computer & control veltage for the prism using the

predieted position ofthe prism, if the output wavelength measurement has

heen received during the firgt diseiete interval then dpdating theprédicted

pasition of the prigm using the output wavelength steasurement and

R



computing ini the control computer a control voltage for the prism using the
updated predicted posttion of the prism, and outputting the coniputed contiol
voltage front the dontrol.coniputer to electronics for positioning the prist.
[0G15]  In another entbodiment is & method of lager wavelength control

iebion at fivst disorete infervalsiof the posttion of a

comprising making a pred
priem ina laser system, veceiving at second disarste futervals o measurement
of ai putput wavelength of a master oscillator chambey in the laser system,
the second regulay ntervals being longer than the first vegular intervals,
wherein during each first discrete interval i the au.t?ut:warvelmigth
measuremient has not bedn teceived during the fivet diserete interval then
eomputing in a contrel cenputer & control voltage for the prism using the
predicted position of the prisny, if the output wavelength meagurement has
baen recoived during the fivst disevste interval thén, ifthe laser has fired
again since receiving the cutput wavalength msastiement thén updating a
prévicus prism i}DS-‘;ﬁSﬁ 13&”9{11{’,%,1(}11 Usmg the ‘Qut}?nﬁ wavelength

rgwrenient, making a new of prism position predictinn based on the

upﬁ%t.e& previous prism position prediction and computing in the continl
ms.z‘:-zpu,tef thi control vol tage for the pristt using the new prism position
prediction, and if the laser has not fived again sines receiving the putput
wavelength measurement then updating the predicted position of the prism

using the output wavelength measursient and computing in the contral



prediction, and outputting the computed contrel voltags from the contrel
computer to electronies for pesitioning the prism.

[0016] It still another smbodimertt is 4 prism contioller methoed
comprising predicting at first diserete intervals the position of & prism using
a prism mevement modsl, vecelving at secand discrete intervals a
sieasuvement of the otitput wavelength of a master ascillator chamber
eontyolled by theprism, the gecond regulad intervals being longey than the
fyat regulay intervals, whevein during each fivst discrete interval if the
putput wavelength measurement hag not been veceived during the first
distrete interval then coniputing # control viltdge for the prism using the
predicted position of the prismy, ifthe output wavelength measwement has
been vegeived duving the fret discrete interval then updating the predicted
pesition of the prism nsing the cutput wavelength meéasurement and
computing & sontrol voltags for the prism using the updated predicted
position of the prism; ainﬁé outputting the computed contvel voltage to

slactrenics for positioning the prism,

BRIEF DESCRIPTION OF THE DRAWIN G
[0017]  Vavions embodiments are disclosed in the following detailed
deseription and the avcompanying drawing.
[0018]  FIG 118 a block diagram of an éxemplary laser systein which may

bs nsed in one smbodinment.



00191 FIG. &is a timing diagram illustrating the sequence of events of the
prioy art.

[6020]  FIB, 815 timing diagram illdstvating the seqnienes of events
secording fo an exsmplary embodinment.

[6621]  FIG. 4 is a flowshart of one embodiment of the present mathod.
0023 FIG. 51 & timing diagran ilhistrating the determination of
whether a lager will five sgain before a subsequent voliage update event
aceoeding to ene embodiment,

{00131 IO, 0 is a timing dlagram Hustrating makinga prediction for a
subseguent voltage update event aceording to one entbodiment,

(02 FIG. 715 & thoing diagram illustrating nraling a prediction for a
next lager fiving event according fo one smbodiment.

00251 FIG. 8isa timing diagram illustiating updatinig a prediction for a
néxt voltags update event with a new laser Heht meéasurement aceording to
gne sinhodintent:

1{1026) FIG, 9 1s & timing disgram iHustrating updating a predistion fora
previous laser fiving evest and wmaking & new prediction for » next voltage
update event based on the updated prediction for the previcus laser firing

event seoording te one embodiment,



DETAILED DESCRIPTION
0027} What i provided is an advanced systent and method for controllinig
the wavelength of g laser 88 may be used in semticonduetor phetolithography.
Rathsfr» than waiting for a laser lght measurement before determining how to
reposition a prism in a laser system, this advanced system and methed
periodically pradicts a next position of a peism in the ldser systém using a
modeal of the prisnts motion characteristios and kiown disturbanee
hehaviors, The pericdicity of these predictions is {ypically more rapid than
the periodicity of laser firing events such that the interval bebween
predictions is typically shorter than the interval between laser fiving events.
This eliminates the prior dvt dependsncy on receiving a laser light
mgasurament before repositioning the prism. 4 measwrement of laser oulpuat
wavelength fs still obtained when a laser fiving event cccurs snd is vsed to
updste primprove npen the prism position prediction, Whether updated ov
not, the predicted prist position is used to compute: a control signal vsed to
drive a PZT which controls the prism. poesition, In this fashion, predictions
are. pm‘ioﬁiaaﬁy made, contyol signals ave pevindically ¢omputed, and the
prisnt iy periodically repositioned accordingly.
[0028]  The advanced laser eontrol system and method deseribed hevein
can be thought of as a “fast-discrete/slow-discrete filter” Because the

predictions of prism position ave made withont waiting for sutput wavelength



seasurements, the predictions can be made move frequently {the svcalled
“fast-disorete”) than the laser fiving repetition rate and the resultant output
wavelengih measurement (the so-called “slovi-diserete”. Resultantly, the
pirisn can be vepositioped at discrate politks dnt Hme which can cecur move
frequently than the laser fiving events. Further; this sepavation of when
predictions are made frony when laser fiving events occur meand that
frequericy of updating prism contrdl is no longer linvited by the time it takes
to mbasiye lagey pulput wavelength {(the “LAM delay” of FI(h 2), This alsos
means reducing pevformance degradation due to being one pudse behind a
laser measurement and the resultant lasey control signal applcation.
10029  Referring iow to FIG. 8 & timing didgram of the above sequence
can be sepn, Periodie laser fini ing evenfs are indicated ag oceurving at times to
and ts and wavelsngth measurement data is indicated as becoming available
at time ta. Additionally, cecurring move fvequmtb' are nedv prism cortbrel

sing applied as fndicated ag times £, te, ts and to with the interval

betwasn prism contyol signals shown a8 Tentrollen. Thme prism control signals
ave the result of new prism predictions being made during each eycle of
conttrol sighal application. Further, these prism pradictions ave made
without waiting for the wavelength measurement data to beenme available,
available, it is used to update the prism position prediction. As shown, the

frequésicy with which new contrel sighals ave applisd ocovas more vapidly
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than the fregueney of lager Srving events, The details, variations and
alternatives of thess opervations ave explained further slsewhere hervein.
0630]  Refervivig again to FIG. 1, the Block diagram of lager system 100
will be nsed in describingone exbiodiment of the present apparatus,
[0031]  Clontrol computer 160 makes periodic predictions of the prism

position in LNM 118 using a model of the prisw’s movement % laser gystem

periodic prism position predictions to peviodieslly vutpub & digital control
signal to PZT drive electronics 150 indicating the desired voltage to be
applied to the prism in LNM 110. The PZT drive electinnics 150 DAC
consverts the confrol computer 160 digital signal to an avslog voltage gignal

and the PCT drive electronips. 160 anglow low pass flter veduces high:

1R

frequency electrical noise and amplifies the analeg DAC voltage signal. This
analog veltage signal is theén passed from PZT diive eléctrohics 16D to PET
140 which is the applicatian of the new contrel signal, This voltage updats
event repositions the prisw in LNM 110 which subsequently canses a change
in the wavelength of the lght output fom MO chanber 120 through output
coupler EQG af the rext laser fiving gvent,

{3y As previously explained, the source of the Hght in laser gystem 100
is MO chamber 120. When MO chamber 130 fives, the vesulting light enters
Lisie Nartowing Metluls ¢ .‘LN M) 110 wheve it shines through the prism

{actually, multiple prisms as explained move fully elsewhere herein) and onto

11



a grating within LNM 110 which acts as a light wavelength selector, The
altered wavelength laser light passes back through MO chambse 120 to
outpub coupler 130 which passes the laser light cutput from MO chamber 120
t Ling-center Analysis Module (LAM) 176: LAM 170 measuves the
wavelength of the luser light and passes the measurement to control
comaputer 160, When conitrol comptiter 160 recetves the laser light cutput
meastuvement o TAM 170 control compitter 180 uses the measiwement to
updais the predicted prism position as explained more fully elsewheve herein.

[0033]  'This process is periodically repeated for subsequent prisim control

sigiial applicationivoltags signal update eycles ag was shown, v exatple, in
FIG. 3. Additionally, should & new wayelength meagurernent becoms
available; agoccurs ab thoe t in FIG: 3, control computer 180 will update the
predicted prism position nsing this newly received nieasuved data,

[0034]  As stated shove, contrel computer 160 makes periodic predictions of
ths prism position 1o LNM 110 using 2 model of the prism's movement in
lagersystem 100, The model of the prism's movement is based onkaowledge
of varions charactesistics of the prism’s phiysical movement in laser system
100 and é,zﬂ;i:z:g’ into account is:aciﬁ'a;téry actions of the prism and disturbances
within laser system I00. In o preforved smbodiment; the model used, in its
integral form, is?

W) xer 7= e xl®) + [T e Bull- o) dr
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Wheve &1+ s the predicted state Taecondeahead of the initial state x2)
47 15 the standard state-transition mateis for a lineay system, and B fs the
standard ibpub matrix
[(4038]  Forimula (4) above thus makes a prediction for & fultrs event hased
ot the state or prediction of & past event, For example, veferring again to
FIG. 3, formula (A) can be used to make a prism position prediction for tine
ts based on & praviously made prediction for tima t5, in which case T= tg— t5
in formula (A). Note that initial conditions are assumed for initial
predictions {e.g, at laser bootup, initial condition is a predefined constant
and at: the beginning of a sequence of lases pulsés the initinl condition is the
last state fom the end of the previous laser pulse saquence plus any
interburet eperations such as setpoind changes.)
[0036] It ix also te be understood that the above formuls takes ints desount
 distutbaness of the wavelerigth i lasey system 100, For example, burset
transients and stesdy state disturbances canse nnwanted Tager Heht
wavelength variations, Beginning-of burst transients are typically seen in
tha .%;neﬂasmre&: wavelength, which ave believed to bis caused by shockwaves
which are 4 fungtion of laser chambet acoustics dnd are known to chaungs
with laser fiving vate which farther complicates matters. These beginning-of
burst fransients are modeled as random walk processes; Steady-state

disturbances appear as sinustids in the wavelength signal and are medeled

as such. These sinusoidal steady-stabe disturbances are belleved fo he caused
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by a fan, amang other vibvation sougess, In laser systern 100, These
disturbances; and any others identified in laser system 100, can all he taken
{nto accouiit in the modal vsed for prism position prediction.
[0037]  As previously stated and explained more fully elsewhere heveiy, a
piism position prediction i then updated when a new laser Hght
measurement is received. Updating the prism position prediction is done via
the following formaulas
(BY x| B=(~ Lk k-1 + L3080
Tivthe above squation,
- Eindexes the laser fiving avents.
< Tis the identity mateix of appropriate size {n vows by 2 eolumns,
wheie 2 is the munber of elements in the staté vestor x
- Lpis a gain matidx that captures the tradeoff betivean “trusting
new data and heliaving the previeus prediction”.
< Chis the standard mapping from predicted siate to predicted
outpuf, e.g. ¥y = Cx%
- = xlle/klis the npdated predistion, given the latest data at index &
< xle) k1) is the “old” prediction of the state at laser fiving index &
given data from the previous laser fiving evént, k-1,
{0038]  Fonmula (B) abave thus updates a previously made prediction as

explained more fully slsewhers herein.



[0038]  Referring now to FIG. 4, a flowchart of one embodiment of the
present method can be seen, In the figuve the method can be seen to be
logleally divided inta three secticns although it is to be nnderstovd that the
functionality-deseribad can be implemented in alternative configurations,
Measorement update section 401 ia diveoted o the update opsrations which
scenr when receiving a new laser Hght measuréement. Cempute control
goction 402 is dhveeted toths operations whish oceus in gorapting riew
primarily divected to the opervations which oceur to make a prediction fora
subsequent voltags update svent. Fach of these, it the context of dne
exabodiment, will now be sxplained ih gréater detail,

[0046]  The process, running for example on control computer 160 of FIG.

r

1; begins in measuremant update section 401 when the process is periodically

stavted by, for example, a tiner i1 control computer 160,

ot

0641] o new wavelength msasuwrement is not available in degision block
405, the process legves measuvement update section 401 and enters compute
wn&olsecﬁan 402, In compute control section 4D0% a next prism position
prediction, which was previcusly made, ig tsed in step 430 to compiife &
valus for 4 contee wavelength prisni in LM 110, As s known, a typieal
configuration of LNM 110 comprises move than one prism; one being the
coavse wavelength prism which is used to keep the PZT sear s mid-range

voltage, and another being the prism genevally referved to herein which is
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used for fine wavelength control. Although not shown in FIG. 4; the new
value for the coarse wavelength contrel prism is output from control
conipiiter 160 to apprapriate drive slectromics.
[8042]  Inatep 435, the next prism position prediction, which was
previously mads, is used to compute & delta PET voltage. The delta or change
in PET voltage is computed according to the fbllowing fornmulas
0 aulurg = ~Kiloreg)
- st indexes the condrol events (e, voltage update events)
- rpis the controller sample period, thus making xfmre) the state at
the time of the {(upconying) voltage vpdate |
- Kis a state feedback matriz, compated o minimize: a weighted
susti of contiol ensrgy and wavslength performance.
[6043]  This delta PET voltage is then used in step 440 to compute a new
PZT contrel signal. The new FZT control signal is computed according tb the
following formulat

O Wmssd= Viorel+ Aulmre)

- Vlm-2lre)is the PET control signal from the previous update
- Wimrgtis the new PZT control signal

Note that when the contextis elear, signals such as Mmee/ will be

denoted as Vie for brevity.
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{0044) Although ot shown in FIG, 4, the PET control signal is then
output to, for example, PET deive electronics 150 of FIG. 1, to be applied to
the prism.

048]  The process continues by leaving compute eoutrol section 408 and
entering time update section 403 where it is determined in step 445 whethey
the laser will five again hefore a subssquent voltage update event (the

ition of 4 new control signal to the prism) as explained by

subssguent applic

referencs to FIG, &

[0046]  As can be seen in FIG, 8, new control signals dencted in the figure
78 Vit Vi and Vier will be applied peviodically. The curient procsss,
howevey, is indicated as belng at time Cn and there ave two possible

svenarios to be considered in which the laser will five before a.subssguent

voltage update event.

[0047]  Before desaribing thess fiwo seenitios, it is to be understoad that at
this point.in tme in the provess, namely C, the subsequent voltage npdate
event is the application of a new control signal ¥iss rather than the next
vai’téga update svent which is thé dpplication of a nsiv control signal Vi
This distinetion between a next voltage update event and a subsequent
voltage update evant is shmply a fanetion of where the peviodic processis in

its oyele. Likewise, a subseguent voltage update evert béconies the next

voltage update avent of the neit gyele.



[0648]  Asalready stated, at point in tims O theie are two scenarics

scenarip is when the laser system has alvsady receiVed a t¥igger signal from
the stopper-scanriey systein, such as depicted af peint in thme Tey in the
figure, for MQ chamber 120 to fire again,  This received trigger signal can
then be nsed in conjunchion with a known laser bdgger delay {i.e., & known
lag between scanner trigger signal and subsequent Hght generation) to
estimate the tming of the vesulting laser fixing event, shiown aa LF 1y in the
figure, o deternyine whethey the laser firing event will oenur befove the
subseguent voltage update event Vst dwhich it would in this exdmpla).

{00497 The second seénario is when the lader aystem has ot yet veceived &
triggér signal froin the stepper-scanner systen, g depleted by the trigger
heing received ab a later point in time Tk in the fignre which is afferthe
current time O, Not yvet having received a trigger signal, the proeess instear
more proviously received periodie trigger signals and the known trigger
delay. The procesy then determsines whether this sstimated laser ﬁffiﬂg averd
LF 541 will seeur befors the subsegquent voltage update event V e (which it
would in this example).

[00S6]  Theprocsss has now determined whether, under the two possible

seenarios, the lager will five bafore the subseguent voltage update event Vs,

o
[ecs}



[8853]  Reforiing back to FIQ. 4, if the outcome of decision block 445 is that
the Iaser will not five before a subsequent-voltage update event then, in step
455; a prism position prediction is made for the subsequent voltage Update
evé‘n‘c.,.

{0082]  Making a prism position prediction for the subsequent voltage
update svent, as done in step 4885, will now be explained with reference to
FIG. 6. As before, the process i presently at tine Gy, The prediction being
niadd ig for the subsequent-voltags update event denoted Viwi and, as
fndicated by the arvow in the figuve, this prediction is based on a previeusly
made prediction for the next voltage update evens denoted V. In the
prefévved enibodiment, the predittinn for the subsequent voltags tpdite
event is made using fornala (A) described elsewhere hevein.

[0053] Referring back to FIG. 4, the process then finishes one gycle of
opergtion in time update section 403.

[0054] It is to be understand that now having made a prediction for &
subsetuent volbags update event, the sequenge of decision block 408
determining that ng new measurement is available followed by computing
e cantireif sighalsin steps 480, 485 and 440, and with decision block 448
determining that the lager will not five befors a further suliseqitent voltage
update avent, all resnlt in periedic prediction and repositioning of the prism
af disarete peints in time as was depicted in the timing diagrearm of FIG; 8.
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[0655]  Returning again to decision block 445, if instead it was determined
that the laser will five befove o subsequent voltage update event then, in step
480, a prism position prediction is made for the next laser five event.

[0036]  Making a pridgm position prediction for the next laser fife event, as
dons ini stey 480, will now be deseribed with reference to FIG: 7. Ag befove,
the process is presently at tine G Further, in this example and as was
sxplained with reference to FIG. 5, it is now known that the laser will five at
L¥yer which i after the néxt-voltage contrel update Viy and beftwe the
subseiuent veltage control update Vs, The process now makey a prism
position prediction for the laser fiving event at LFkw, based on a previcusly
made prediction for valtage update eveat Vi, asindidated by the pradiction
sxvew in the figure, In the preferied embodiment; this prediction for the
lager fiving event st LFxq is mads using formula {4) described els ewhere
harein,

[6857]  Referving back to FIG: 4, the process then proceeds to step 455

.

where & piism position prediction is made for the subssguent voltage update
svent ag alesady deseribed, And, as before, the process then finishes one
eyele of 'Qg.e;mi;imx in time wp date section 4038,

[0058]  Referring again to decision block 405 and the beginning of the
periodically stavted process in measurement npdate section 401, if instead &

new laser oubput measurement had been received and is therefors available

then the process contines within measurement update ssetion 401 by
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perforniing one oy move updates to previous predictions and/or new prediction
ging the new measurement as will be explained furthe

[8089)  Ifitis determined in decision block 410 that the laser has net fived
agaiit sitwe the last time a sew laser output measuvement was regeived then
the process cohbinues to step 420 whers the 1}1"355&@1@11 for the next voltage
update event iz updated with the new measuremant,

[0060]  Updating the prediction for the next voltags update event with the
fiew measurerent, as dons in step 420, will now be'deseribed with reference
to FIG. 8, As before, the process is presently at time Cu and now the laser
sutput meagurement for laser firing event LFy has become available befove a

prediction to a subisequent veltage control event Viest (tiot shown) has beert

way, the tewly available Iaser output measurermeint from lager fbing event
L¥Fyx Is used to update the prediction that wis previowsly made foy new control
signal application V. Tn the preferred embodiment, updating the prediction

for the next voltage update event is made using fornitla (B} described

elsewhers hevein.

[0061]  BReferving back fo FIG, 4, having now updated the previously made
prisn prediction for the next voltage update event, the process continues, as

previously deseribed, by leaving measurement update section 401 and.
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antéving eonipute control section 402 starting with computs coarse
wavelength prism signal 430, sto. However, now the computation steps 430,
435 and 440 use the updated prediction for the next voltage update event
thus benefitting from thie newly received ldsey output wavelength
mesgurenent data,

[0062]  Alternatively, reforring back to devision block 410 of measurement

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

continues to steyy 418 where the predictien for the previvus laser fiving gvent
ig updated with the new measursment and to step 425 wheve & new
prediction for the next voltage wpdate event will he tunde hased on the
updated predietion fur the previous laser fiving event, eneli as will be
explained fisther,

[0063]  Updating the prediction for the previcus laser fiving avent with the

2

taed with reference

netW measurernant, s donsd in step 415, will now be axpl
to FIG. 9. As bofors, the process iy presently a6 time Ow and now the lasey
ouiput measurement from laser fiving event L¥Fy has become available. The
process 'izx@:&ates the previously made predietion for laser fiving evant L
{as made ia step 450, as explained elsewhere hevein, in a previous procoss
eycle] using the new lasey output measurement from laser fiving event LTk
In the preforred embodiment, updating the prediction for the previous lager

fiving svent is made using fornruls (B) deseribed eleewhere hevein,



B064]  Making a new prediction for the next voltage update event based on
the updated predietion for the previcus laser fiving event, as done in step 420,
will now also be explained with reference to FIG. 8. As befors, the process is
p&zeseaﬁiy at time Cn. The updated prediction for the previous lasey firing
event LI feam ghep 415 s used to make a prediction fov the next veltage
update svent shown in the fgure as new control signal Vu heing spplied and
as indicated by the prediction arvow. In the p:l.‘e:fém‘ed embodiment; niaking
the new prediction for the next voltage update event based on the updated
prediction for the previous lager fiving event is made wsing formula (4)
degeribed slsewhere hevein,

063]  Reborring back to FIG. 4, héviﬁg; uéw made a few prediction for the
next voltage update svent, the provess sontindes, as described elsewhere, by
leaving measuvement ipdate section 401 and entering computs contrel
section 402 starting with eompute coarse wavelength prism sigrial 430, st
However, now the computation steps 430, 435 and 440 usé the nevwly created

by

soceived laser outpu} wavelength measurement data and the known timing of
the new ia,s.exﬁ firing event.

[0066]  Finally, the process eycle eoncludes by perforniing the appropriate
operations in time update ssetion 403 to make 4 prediction for a subsequent

voltage update event ag desoribed elsewhere herein.



o

[B067]  To aid in undesstanding, various different sequsnces of processing
steps veflecting the varidus scenarios which oéear will now be reviewsd,

[6068] [n a fivat possible ssqusnee, the sontrol signals are computed and
sutpul and a prediction for a subsequent voltage event s created. This
seenavio osours when there as been 116 new lager output wivelength
medsurement and the laser will not fire befors the next voltags update event,
This sequence comprises processing steps 450, 435, 440 and 465,

0068  In a second possible seguends; the contrel signals are computed and
outpit, a predivtion is made for a fext laser five event and a prediction for a
subsequent voltage event is exeated, This scenario ocourswhen there has
beert na new laser oubput wavelength measwrement and the laser will five.
before the next voltage update event. This seguences eomprises processing
steps 430, 435, 440, 450 and 465.

0870} Ina thivd possible sequene, the prediction for the next voltege
update event is updatad, the contrel signals ave computed based on that
updated next voltage update evént, and a prediction fov' a stbsequent voltage
update event is made. This scenario eccurs when a new laser ondput
?,vaveiéngﬁi. measnrement has hecome available, the laser has not fired again
since Inst receiving R new measuwrement and the laser will not fire before the

next voltage update event. This seqgustice somprises processing stéps 420,



1071 o a fourth possible ssguence, the prediction foy the nekt valtage
updated next voltage update event, a predutmn for a next laser fiving event
is made and o prediction for a subsequent voltage update event is mwade, This
scbnavio ooours when a new laser ontpub waveleigth measurement has
become available, the laser has not fived again since last receiving a8 new
measarement and the lager will fire before the next voltage update event.
This sequence comprises processing steps 1420, 480, 4385, 4-10, 450 and. 455,
[0072]  In a fifth posethle séquancs, the prediction for the previous laser
fiving event is updated, a prediction for the nuxt voltage update event is made
based en the npdated previous laser fiving event, the control signale ave
camputed based on that prediction for the next voltags update svent and a
prediction for a subseguent voltage update evenit ts made, This scenario

put wavelength measurement has begome

senrs when a new laser ¢
avaitable, the laser has fired again since last recelving a fiew mcasnvement
and the laser will not five befote the next voltags update everd. This
sequence compivises processing steps 415, 425, 480, 435, 440 and 486,

[0073} 1’:’1 7 sixth possible ssquence, the prediction for the previcus laser
fiving event is updated, a prediction for the néxt voltage update-svent is made
based ont the updated previcis lnses fiving event, the control signals ave
éiﬁ'm}mte{i based on that prediction for the next voltage update event, a

prodiction for a yext laser fiving event is made and a prediction fora
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subseiuent voltage update event is made. This scenarip occurs when a new
lager output wavelength measurement has become availabls, the laser has
fived again since las receiving a new measurenient and the laser will five
befors the next voltags npdats evant. This sequencs coruprises processiig
stepa 415, 425, 430, 4385, 440, 450 and 458,

[0074]  The embodiments discussed herein ave iHustrative of the prosent
invention. Asthese embodinents of the present invention ave déscribed with
veferénte ta Hlustrations, variows modifications or adaptations of the methods
the art, All such modifications, adaptations, or variations that rely upon the
teachings of the present invention, and through which theése tedchings have

d to be within the spivit and scope of the

advariced the avt, aré congidere
pussentt invention, Hencs, the description and the drawing should not be
sonsidered in a Hmitig sense, as it is undeystood that the present invention
iz in nd way liniitéd to only the émbodiménts ilustrated.

[0075] . Ag.ons possible altexiiative, it i to be undesstood thay the advanced
lager control method and apparatus described herein could be used for contral
of the bandwidth of the laser lght in a similar fashion as deseiibed hevein for
dontrol of the wavelength of the Jaser lght.

[6076] It is alse to be understood that alternative sequences and
mathematical formulas could be used within the spirit and meaning of the

presént itivention as deseribed hevein,



0677 Likewiss, it is fo bs understood that control computer 180 can be

any computing system compeising & processor and memory, including a

sersonal computer, server, or other protessing syeteny, that rits software
% } k -

{nstenctions for performing the desceihed operativns which {

able medivm,

thaoniselves Hava come from op reside on 8 computer veg
Alternatively, contvol computer 160 can be any dedicated hardware such as
an appHeation speeific integrated éivonit (A8I0) o other hardwirved device,
with or Without fivmware, that is speeifically configured to perform the

deacribed 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)=eTx(t)+/p e Bu(T-1)dx,

wherein

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

e 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

T 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(kik)=(I-LikCo) X(k|k-1)+ Liy(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;
Ly is a gain matrix that captures a tradeoff between trusting new data and believing a previous
prediction;
Cy is a mapping from a predicted state to a predicted output;
x(klk) is an updated prediction given most recent data at index k; and
x(kk-1) 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)=e"Tx(t)+/p e Bu(T-1)dr
wherein
x(t+T) is the predicted state T-seconds before an initial state x(t);
¢ is a state-transition matrix for a linear system;
B is an input matrix;
u is a value of a transducer signal; and

T 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)=(-LyCp)X(k|k-1)+ Lyy(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;
Ly is a gain matrix that captures a tradeoff between trusting new data and believing a previous
prediction;
Cy 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(kk~1) 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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