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ADVANCED LASER WAVELENGTH CONTROL

BACKGROUND

Field ol the invention

(80011  The disclosed subjeet matfer 15 in the field of laser lght control and
more apecifically in the field of controlling the wavelength of a laser hght
source as may be used in semiconductor photolithography processes,

Helated are

{06627  Photolithography is a commonly used process in the semiconduector
industry, Modern photolithography typically uses a laser light souree to
provide very narvow band light pulses which illuminate a mask thus exposing
photo-resistive material on silicon wafers, However, advances in
semiconductor device parameters have put increasing demands on the
performance characteristics of the laser light sources used. lmoprovements in
precision and speed of operation are increasingly nesded.

[8003]  Reforring now to FIG. 1, a block diagvam of a laser system 100 as
ray be used in a modern photolithogyaphy process can be seen. The scurce
of the light in laser system 100 is a master oscillator (M) chamber 120.
[0604]  Asis known, when MO chamber 120 fires the resulting lght enters
Line Narrowing Module (LNJM} 110 where it shines through a prism {actually
several prisms) and onto a grating within LNM 110. This acts as a light

wavelength selector in that changing the position of the prism in LNM 110
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changes the wavelength of the laser ight. This changed wavelength laser
light passes back through MO chamber 120 to an output coupler (OC) 130
and then on to, for example, a stepper-scanner device {not shown) which is
responsible for handling and exposing the semiconductor wafers,
{0003]  Dutput coupler 180 also pasces the laser light output from MO
chamber 120 to a Line-center Analysis Module (LAM) 170. LAM 1701is g
wavelength sampler which measures the wavelength of the light cudput from
MO chamber 120, The laser light output measurement is then passed from
LAJ 170 to control computer 180,
[0006] Contrel computer 160 uses the light oufput measurement to
determine what changes need to be made to reposition the prism in LNM 116
to achieve the desired laser lght output wavelength for the next laser fiving
event, The position of the prism i LNM 110 is contrelled by a voltage
applied to a piezoclectronic transducer (PET) 140 connected to the prism in
LNM 110, Control computer 180 thevefore determines what voltage should
he applied to PZT 140 to achieve the new desived prisim position.
{0007} Control eomputer 180 cutputs to PET drive cloctronics 150 a digital
ignal indicating the desirved voltage change te be made to the prismn in LNM
110, PZT deive electronics comprise a digitalto-analog converter {DAC) that
onverts the control computer 160 digital signal to an analog voltage signal
and an analog low pass filter which reduces hi ah“freqx ency electyical noise

and amplifies the analog DAC voltage signal. This analog voltage signalis
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then passed from PZT drive electronies 1580 to PET 140 which repositions the
priem in LNM 110 which in turn causes a change in the wavelength of the
hight output from MO chamber 120 through sutput coupler 130 at the next
aser Hring event,
{0088 This process continues as the stepper-scanney reguests a furthey
sequence or burst of light pulses from the laser system at a specified pulse
rate, start time and wavelsngth.
88891  Various challenges have arisen as the photolithography process has
advanced over the vears. For example, the reduction in semiconductor
feature size has caused a reduction in the desived wavelength of the Iaser
light source to maintain the desived focus. Reduecing the wavelength requires
ever greater precision in the output laser light.
{6818) A further challenge is created by pulse periods whick vary from 167
to 800 microseconds, At high pulse vates, very little time is available for
LARM 170 to take a measurement, pass it to control computer 160, for control
computer 160 to caloulate a new voltage value for the prism in LNM 110,
pass it to PET drive electronies 150, for PAT drive electronics 1580 to analog
canvert and filter the new voltage value, pass it to PET 140 and for PET 140
to change the priam position in order o change the wavelength of light from
MO chamber 180 befove the next laser light pulse is to seeur.
{00111  BReferring now to FI{L 2, a timing diagram of the above saquence

can be seen. Two laser fiving events from a sequence of such pulses in a burst

W]



WO 2011/062772 PCT/US2010/055372

are shown, the first indicated as necurring at time & and the second indicated
as ocourring at time £ After the fivst laser firing event at time &y, the
vesulting output wavelength is measuved by LAM 170 {referving again to
FIGQ. 1. The delay in LAM 170 processing to measure the output wavelength
and provide it to contrel cornputer 180 is shown in the {igure as the LAM
delay from time % to time £ The time at which a new contyol signal is then
applied to the prism in LNM 110 is shown as time £z The delay hetween
time £y and fpis the time taken by control computer 160 to calculate a new
voltage and have that new voltage be propagated through PZT deive
electronics 150 to PAT 140 to reposition the prism belpre the laser fives at 3.
o012 The LAM 170 measurement delay is faivly fixed in that it depends
upon LAM 170 procassing time and transmission time from LAM 170 o
control computer 160, However, the laser firing rate {the time hetween to and
ta) is dictated by the steppser-scanner. Ultimatelv, with a faster laser firing
rate, the LAM 170 measuring delay could potentially be long enough such
that a subsequent laser {iring event might cecur before a new control signal is
applied. If that were to oconr then there would be a performance hit because
the new control signal wonld then be based on a measurvement from an
earlier laser firing event rather than oo the most vecent laser fiving event

(i.e., it would be one pulse behind}, What is needed, thervefore, is an improved

laser control which can opervate with ever-increasing laser firing rates,
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A further problem with known approaches o laser control ave vavious
disturbances in laser system 110 which make it more difficult to precisely
determine how to posifion the prism in LNM 110, What iz additionally
needed, therefore, is an improved laser control which can address the various

disturbances that ccowy 1n & laser system,

SUMMARY
[0013] An advanced system and method for controlling the wavelength of a
lazer without deperudency on receiving a laser light measurement before
repositioning the prism is shown and described herein with referensce to a
mumber of specific embodiments.
{0614] in one embodiment s a method of laser wavelength control
comprising making a prediction at first discrete infervals of the position of a
prism in a laser system, veceiving at second discrete intervals a measurement
of an output wavelength of 2 master oscillator chamber 11 the laser system,
the second regular intervals being longer than the first regular intervals,
wherein during sach first discrete intevval if the putput wavelengt
measurement has not been received during the fivst discrete intsrval then
gomputing in a control computer a control voltage for the prism using the
prodicted posaition of the prism, if the output wavelength measurement has
been received during the first discrete interval then updating the predicted

s oo N . ) ;. b A
position of the prism using the osulput wavelength messurement and
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computing in the contrel computer a control voltage for the prism nsing the
updated predicted position of the prism, and cutputting the computed control
voltage from the control computer to electronics for positioning the prism.
{311 58] In another pmbodiment is 8 method of laser wavelength control
comprising making a prediction at fivst discrete intervals of the position of a
prism in & laser system, recetving at second disorete infervals a measurvement
of an output wavelength of a master oscillator chambey in the laser system,
the second regular intervals being longey than the first vegular intervals,
wherein during each first discrete interval if the output wavelength
measurement has not been received during the fivet discrete interval then
computing in a control compuder a contrnl voltage for the prism using the
pradicted position of the prism, if the culput wavelength measurement has
been received during the fivst discrete intevval then, if the laser has fired
again since receiving the output wavelength measurement then updating a
previous prism position prediction using the output wavelength
mgasurement, making a new of 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, and if the laser has not fired again since recsiving the suiput
wavelength measurement then updating the predicted position of the prism
using the output wavelength measurement and computing in the contrel

computer the control voltage for the prism wsing the updated prism position
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prediction, and outputting the computed contrel voltage from the control
computer fo electronics for positioning the prism.

100161 In still ancther embodiment is a prism controller method
comprising predicting at first diserete intervals the position of a prism using
a prism mevement model, veceiving at second discrete intervals a
measuvement of the output wavelength of 8 master oscillator chambey
eontrolled by the prism, the second vegulay infervals being longer than the
fivst regulay intervals, whevein during each first discrete interval if the
putput wavelength measurement has not been veceived duving the first
discrete interval then computing a control voltage for the prism vsing the
predicted position of the prism, if the output wavelength measurement has
been received duving the first discrets interval then updating the predicted
position of the prism using the cutput wavelength measurement and
computing a control voltage for the prism using the updated predicted
position of the priem, and outputting the computed control veltage to

slagtvonics for positioning the prisnm,

BRIEY DESCRIPTION OF THE DRAWING
[0017]  Various embodiments are disclosed in the following detailed
deseviption and the accompanying drawing.
{00187  FIG. 1is a block diagram of an exemplary lasey system which may

ba used in ane embodiment.
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[po1s] FIG. € is a timing diagram Hlustrating the sequence of events of the
prioy art.

(80201 FIG. 3 is a timing diagram lustrating the sequence of events
according fo an exemplary embodiment,

[6628] FIG. 4isa flowchart of one embodiment of the present method.
{8221 FIG B is a timing diagram lustrating the detevmination of
whether a laser will five again before a subsequent voltage update event
accorvding to one embodiment.

{00231 FI{L 6 is a timing diagram illustrating making a prediction for a
subsaguent voltage update event according to one embodiment,

{1024 FIG. 7 is a timing diagram llustrating making a prediction for a
next lagser firing event according to one embodiment.

00281  FIG. 8is a thning diagram iHlustrating updating a prediction for ¢
next valtage update event with a new laser lght measurement according to
one embodiment,

{3626} FIG. 9 1s a timing disgram illustrating updating a prediction for a
previous laser {iving event and making a new prediction for » next voltage
update event based on the vpdated prediction for the previous laser fiving

event according to one embodiment,

&
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DETAILED DESCRIPTION
00277  What is provided is an advanced system and miethod for controlling
the wavelength of a lazer as may be used in semiconductor photolithography.
Rather than waiting for a laser light measurement before determining how to
reposition a prism in a laser system, this advanced system and method
periodically predicts a next position of a prism in the laser system nsing a
model of the prism’s motion characteristies and known disturbance
hehaviors. The periodicity of these predictions is typically more rapid than
the periadicity of laser firing events such that the intevval betwesn
pradictions is typically shorter than the interval between laser fiving events,
This eliminates the prior art dependency on receiving a laser light
measurement before vepositioning the prism. & measurement of laser cuiput
wavelength is atill obtained when a laser fiving event occurs and is used to
update or improve upon the prism position prediction. Whether updated or
not, the predicted prism position is used to compute a control signal used to
drive a PZT which controls the prism position, In this fashion, predictions
ave paviedically made, control signals ave periodically computed, and the
prism ig perviodically repositioned accordingly.
[0028]  The advanced laser control system and method described hersin
can be thought of as a “fast-discretelslow-discrete filter” Because the

predictions of priem position are made without wailing for output wavelength
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measurements, the predictions can be made more frequently {(the so-called
“fast-discrete”) than the laser firing repetition rate and the resultant sutput
wavelength measurenent {the so-called “slow-discrete”). Resuliantly, the
prism can be vepositioned at disevete poiunts in time which can occur more
frequently than the laser firing events. Furthey, this sepavation of when
predictions are made from when laser firing events occur means that
frequency of updating prism control is no lopger limited by the time it takes
to measure laser outpnt wavelength {the “LAM delay” of FIG. 2), This alse
means reducing pevformance degradation due to being one prise behind a
laser measuvement and the resuliant laser control signal application.

{8025} Referring now to FIGL 3, a timing diagram of the above sequence
can be seen. Periodic laser fiving events are indicated as ocourring at times to
and ts and wavelength measurement data is indicated as bscoming available
at time tz. Additionally, cccurring morve frequently are new prism confrol
signals being apphied as indicated at times ty, ty, t5 and tg with the interval
between prism control signals shown as Tenweter. These prism control signals
are the result of new prism predictions being made during each cyele of
confrol signal application. Further, these prism predictions ave made
without waiting for the wavelength measurement data to become available.
However, as stated above, when new wavelength measurement data is
available, it 1s used to update the prism position prediction. As shown, the

b3

frequency with which new control signals arve applied ocovrs more rapidly
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than the frequency of laser fiving events. The details, variations and
alternatives of these operations ave explained further elsewhere herein.
[0638]  Referring again to FI1G. 1, the block diagram of laser aystem 100
will be used in describing one embodiment of the present apparvatus,
{0831} Control computer 160 makes periodic predictions of the prism
position in LNM 110 using a model of the prism’s movement in laser gystem
100 as explained move fully elsewhere herein. Condrol computer 180 uses the
periodic prism position predictions to peviodically output a digital contral
signal to PZT drive electroniecs 150 indicating the desired voltage to be
applied to the prism in LNM 110, The PZT drive electronics 150 DAC
converts the control computer 180 digital signal to an analog voltage signal
nd the PCT drive electronies 150 analog low pass filter veduces high-
frequency electrical noise and amphifies the analog DAC voltage signal. This
analog voltage aignal is then passed from PZT drive electronies 150 to PET
140 which is the application of the new contral signal. This voltage update
gvent repositions the prism in LNM 110 which subsequently causes a change
in the wavelength of the light output from MO chamber 120 through output
coupler 130 at the next Iaser fiving évent.
{6033} As previously sxplained, the source of the light in laser system 100
18 MO chamber 120. When MO chamber 120 fives, the vesulting Hght enters
Line Narrowing Module {LNM) 110 where it shines through the prism

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

11
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a grating within LNM 110 which acts as a light wavelength selector, The
altered wavelength laser light passes back through MO chamber 120 to
output coupler 130 which passes the lager light oulput from MO chamber 120
to Line-center Analysis Module (LAMY 170, LAM 170 measures the
wavelength of the laser light and passes the measurement to control
computer 160, When control computer 160 receives the laser light output
measurement from LAM 170 control computer 160 uses the measiyement to
update the predicted prism position as explained move fully elsewhere hervein.
{6033} This process is peviodically repeated for subsequent prism control
signal apphcationfvoltage signal update cycles as was shown, for example, in
FIG. 3. Additionally, should 4 new wavelength measuvement becomes
available, as ccours at time t2 in FIG, 3, control computer 180 will update the
predicted prism position using this newly received measured data,

{0034} As stated above, control computer 160 makes peviodic predictions of
the prism position 1o LNM 110 using 2 modsl of the prism’s movement in
laser system 100, The model of the prism’s movement is based on knowledge
of various characteristics of the prisns physical movement in laser system
100 and taking into account oscillatory actions of the prism and distuybances
within laser system 100, In a preferved smbodiment, the model used, In its
integral form, is?

(A)  x{e+T0 = A Txltd + fT oV BulP - o) o

12
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Whare x(t+7is the predicted state Trseconds-ahead of the initial state x(¢),
24" 45 the standard aiate-transition mateix for a linear system, and B is the
tandard inpub matrix,
[0033]  Formula {A) above thus makes a prediction for a future event based
on the shate or prediction of & past event. For example, veferving again to
FIG. 3, formula {A) can be used to make a prism position prediction for time
e based on a previously made prediction for time ts, 1n which case T=t5 - 3
inn formula (A}, Note that initial conditions ave assumed for initial
nredictions {e.g., at laser bootup, initial condition is a predefined constant
and at the beginning of » sequence of laser pulses the initial condition is the
last state from the end of the previous laser pulse segusncé plus any
mterburst operations such as setpoint changes.)
[0036]  Ii iz also to be understood that the sbove formula takes info account
disturbances of the wavelength in laser system 100, For example, burst
transients and steady-atate disturbances canse unwarnded laser lght
wavelength variations. Beginning-of-burst fransients arve typically seenin
the measured wavelength, which ave helieved fo be caused hy shockwaves
which are a function of laser chamber acousties and are known to changs
with laser fiving rate which further comuplicates matters. These beginning-of

burst transients are modeled as random walk processes. Steady-state

"
o

disturbances appesar as sinusoids in the wavelength signal and ave modelad

as such. These sinusoidal steady-state disturbances are believed to be caused

13
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by a fan, among other vibration sources, in laser systern 100, These
disturbances, and any othevs identified in laser system 100, can all be taken
into account in the model used for prism position prediction.

{60371 As previously stated and explained more fully elsewhere herein, a
prism position prediction is then updated when a new laser light
measurement is veceived., Updating the prism position prediction is done via

e

the following formulal

(B} (k| =~ L0 0kl -1+ L y(k)

N

In the above sguation,

- Findexes the laser {iving events.

- Fis the identity mateix of appropriate size {n rows by 2 columns,
where 22 ia the number of slements in the state vector x)

~ Lris o gain mateix that captures the tradeoff between “trusting
new data and helieving the previous prediction”.

= (his the standard mapping from predicted state to predicted
output, e.g. ¥ = Cx,

- xCkiklis the updated prediction, given the latest data at index &

~ xk /-1 is the “ald” prediction of the stafe at laser fiving index &
given data from the previous laser fiving event, £-1.

0638]  Formula (B) above thus updates a previously made prediction as

explained more fully slsewhere herein.
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00397  Referring now to FIG. 4, a flowchart of one embodiment of the
present method can be seen. In the figurve the method can be seen to be
logically divided iuto three sections although it is to be understood that the
functionality deseribed can be implemented in alternative configurations.
Measurement update section 401 iz divected to the update operations which
ceenr when receiving a new laser lght measurement. Compute control
section 402 is directed to the aperations which oceur in computing new
eontvol signals using 3 prism position prediction. Time update section 408 is
primarily divected to the operations which occur to make a prediction for
subseguent voltage update event. Fach of these, in the context of one
embodiment, will now be explained in greater detail

{03401  The process, running for example on control computer 180 of FIG.
1, begins in measurement update section 401 when the process is periodically

tarted by, for exampls, 8 timey in condrol computer 160,

3

(0041]  If a new wavelength measurement is not available in decision block
405, the process leaves measuvement update section 401 and enters compute
control section 402, In compute control section 402 a next prism position
prediction, which was previcusly made, is used in step 430 to computs a
value for a coavse wavelength prism in LNM 110, Asis known, a typical
configuration of LNM 110 comprises more than one prism, one being the
coavse wavelength prizsm which is used to keep the PZT near its mud-range

voltage, and another being the prism genevally referved tn hersin which is

15
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used for fine wavelength control. Although not shown in FIG. 4, the new
value for the coavse wavelength control prizm is sutput from control
computey 1680 to appropriate drive electronics.
30424 In atep 435, the next prism position predictinn, which was
previously made, is used to compute g delfa PET voltage. The delta or change
in PZT voltage is computed according to the llowing formula’

O Auvlmre) = ~Kxforg)

~ o1 indexes the contral eventa (e, voliage update events)

- reis the controller sample peviod, thus making x{mre/ the state at

the time of the {upcoming) voltage update
~ Kis a state feedback matrix, computed to minimive a weighted
sum of control energy and wavelength performance.

{6043] This delta PZT voltage is then used in step 440 to compute a new
PZT control signal. The new PZT control signal is computed aceovding to the
following formulal

I WVarel= Win-Prel+ Aulmre)

~ V¥ ~rc)is the PZT control aignal from the previous update

- Aufmrelis the output of equation ()

- Vimrelis the new PET control signal

Note that when the context is clear, signals such as Wmre/ will be

denoted as Vi for brevity.
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{6844 Although not shown in FIG, 4, the PZT control signal is then
output to, for example, PZT drive electronics 150 of FIG, 1, to be applied to
the prism,

jai45) The process continues by leaving compute control section 408 and
entering time update section 403 whare it is determined in step 445 whethey
the laser will fire again before a subsequent voltage update event (the
subseguent application of & new control signal to the prism) as explained by
reference to FIG. &

[0046]  As can be seen in FIG, §, new control signals denoted in the figure
as Vg1, ¥ and Ve will be applied peviodically. The current process,
however, is indicated as being at time Cy and there ave two possible
seenarios to be considered in which the laser will fire before a subsequent
voltage update event.

[0047]  Before describing these two scenavios, it is to be understood that at
this point in time in the process, namely Oy, the subsequent voltags update
event is the spplication of a new control signal Ve rather than the next
voltage update avent which is the application of a new contyvol signal Vi,
This distinction between a next voltags nprdate event and a subsequent
voltage update event is simply o fanetion of whers the periodic processis in
its cyele. Likewise, a subssguent voltage update event becomes the next

voltage update event of the next eyele.
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[0048] As already stated, at point in time Cp, there are two seenarioy
where the laser will five befove a subsequent voliags update event, The frst
scenario is when the laser system hag alveady received a trigger signal from
the stepper-scanner system, such as depicted at point in time Ty in the
figure, for MO chamber 120 to five again, This received trigger signal can
then be used in corjunction with a known laser brigger delay {ie., a known
lag between scanner trigger signal and subsequent light generation) to
satimate the timing of the vesulting laser firing event, shown as LF w1 in the
figure, to deternine whether the lager fiving event will cccur before the
subseguent voltage update event Ve (which it would in this exampls).

0049]  The second scenario is when the laser system has not yet veceived a
triggey signal from the stepper-scanner system, as depicted by the teiggey
heing received at a later point in time Teer in the fignee which is after the
current time Cn. Not vet having received a trigger signal, the process instead
extimates g laser firing event, shown as LE 4+ in the figure, based on one op
more previously received periodic trigger signals and the known trigger
delay. The process then determines whether this estimated laser firing svend
LF o1 will vocur befors the subsequent voltage update event V gsy (which it
would in this examplel.

[0056]  The process has now determined whether, under the two possible

scenarios, the laser will five before the subsequent voltage update event V.
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38511  Referving back to FIG. 4, if the outcome of decision block 445 is that
the Iaser will not fire before a subsequent voltage update event then, in step
455, a prism position prediction is made for the subsequent voltage update
event.

{0652]  Making a prism position prediction for the subsequent voltage
update event, as done in step 455, will now be explained with reference fo
FIG. 6. As before, the process is presently at time U, The prediction being
made is for the subsequent voltage update event denoted Vo and, as
indicated by the arvow in the figure, this prediction is based on a previeusly
made prediction for the next voltage update event denoted Vy. In the
preferved embodiment, the prediction for the subsequent voltage update
event is made ueing formula {A) described elsewhere herein.

{0083] Referring back to FIG. 4, the process then finishes one ¢ycle of
operation in fime update section 403

(00541 It is to be understand that now having made a prediction for a
subssquent voltage update event, the sequence of decision block 405
determining that no new measurement is available followed by computiog
new control signals in steps 430, 485 and 440, and with decision block 445
determining that the laser will not five before a further subsequent voltage
update event, all vesult in periodic prediction and repositioning of the prism

at discrete points in time as was depicted in the timing diagram of FIG, 3.
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6655]  Returning again to decision block 445, if instead it was defermined
that the lazer will five before a subsequent voltage update event then, in step
450, a prism position prediction is nmade for the next lager fire svent,

[8656]  Making a prism position prediction for the next laser five event, as
done in step 450, will now be deseribed with reference to FIG. 7. As before,
the process is presently at time Cn. Further, in this examples and as was
explained with reference to FIG, 5, it is now known that the laser will five at
L¥ys1 which is after the next voliage control update Vi and before the
subsequent voltage control update Ve, The process now makes a prism
position prediction for the laser firing event at LFx+, based on a previcusly
made prediction for voltage update svent Vi, as indicated by the prediction
syrow in the figure. In the preferred embodiment, this prediction for the
laser firing event at LFw is made using formula (4} described elsewhere
herein,

{80871 Referring back to FIG. 4, the process then proceeds to step 455
where a prism position prediction is made for the subsequent voltage update
svent as already described. And, as before, the process then finishes one
eyele of operation in Hime update section 403,

{0058} Referring again to deddsion block 405 and the beginning of the
periodically started process in measurement update section 401, if instead a
new laser output measwrement had been veceived and is therefore available

then the process continues within measurement update section 401 by
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performing one or move updates to previous predictions and/or new predictina
using the new measurement as will be explained further.

a089]  Ifit is determined in decision block 410 that the laser has not fived
again singe the last time a new laser outpub measurement was received then
the process continues to step 420 whers the prediction for the next voltage
update event is updated with the new measuremant,

[0060]  Updating the prediction for the next voltage update svent with the
new measurement, as done in step 420, will now be described with reference
to FIGL 8, As before, the process is presently at time Cy and now the laser
output measurement for laser firing event LFy has become available befove a
prediciion to a subsequent voltage control avent Vst (niot shown} has been
made. The process uses the vemaining time befove the next control signal Vi
15 to be applied to update a previously made prediction fov that voltage
update event using the newly available laser output measurvement, In this
way, the newly available laser output measuvement from lasey fiving event
L.Fx is used to update the prediction that was previcusly made for new control
signal application Va. In the preferved embodiment, updating the prediction
for the next voltage update event is made using formula (B} described
elsewhere herein.

00611 Referring back to FIG, 4, having now updated the previeusly made
prisin prediction for the next voltage update evens, the process contines, as

previously deseribed, by leaving measurement update section 401 and
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entering compute control section 408 starting with compute coarse
wavelength prism signal 430, ete. However, now the computation steps 430,
435 and 440 use the updated prediction for the next voliage update event
thus benefitting from the newly received laser output wavelength
measurement data,

10062]  Alternatively, referring back to devision block 410 of measwrement
update section 401, if it was determined that the laser had fired again since
the last time a new lasey output measurement was veceived then the process
continues to step 415 wheve the prediction for the previous laser fiving event
is updated with the new measurement and to step 425 whers a new
prediction for the next voltage update event will be made based on the
updated prediction for the previous laser firing event, each as will be
explained further,

[0063]  Updating the prediction for the previous laser fiving event with the
new measuremant, as done in step 415, will now be explained with reference
to FIG. 9. As befors, the process is presently at time Cw and now the lassy
output measuvement from laser fiving event LFx has become available. The
process updates the previously made prediction for laser firing event L¥
{as made in step 450, as explained elsewhere hevein, in a provious process

velel using the new laser output measuvement from laser fiving event L,

3

In the preferred embodiment, updating the prediction for the previous laser
, 3 jt :

fiving event is made using formula (B} deseribed elsewhere herein,
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(80641 Making a new prediction {or the next voltage update event based on
the updated prediction for the previous laser fiving event, as done in step 420,
will now also be explained with reference to FIG. 8. As before, the process is
presently at time Cun. The updated prediction for the previous lasey firing
event LFs: from step 415 15 used to make a prediction for the next voltage
update event shown in the figure as new control signal Vi being applied and
as indicated by the prediction arvow. In the preferred embodiment, making
the new prediction for the next voltage update event based on the updated
prediction for the previous lasey firing event is made using formula {4)
described slsewhere hevein,

{3065]  Heferring back to FIG, 4, having noew made a new prediction for the
next voltage update svent, the provess continues, as described elsewhere, by
leaving measurement update section 401 and enfering compute contrel
section 408 starting with compute coarse wavelength prism signal 430, ste.
However, now the computation steps 430, 435 and 440 use the newly created
prediction for the next voltage update event thus benefitting from the newly
receivéd Iager outpul wavelength measurvement data and the known timing of
the new laser fiving event.

[0G66]  Finally, the process eyele concludes by performing the appropriate
operations in tims update section 403 to make a prediction for a subsequent

voltage update event as describad elsewhere herein.
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{0067]  To aid in undevstanding, vavious different sequences of processing
steps reflecting the various scenarios which ocour will now be reviewed.
{0068] In a fivat possible seguence, the control signals are computed and
rittpitt and a prediction for a subsequent voltage event is created. This
scenavio oscurs when there has been no new lager output wavelength
measwrement and the laser will not fire befors the next voltage update event.
This seqguence comprises processing steps 430, 438, 440 and 465,

[0068]  In a second possible sequencs, the control signals are computed and
putput, a prediction s made for a next laser fire event and a prediction for a
subsequent voliage event 1s created. This scenario occcurs when thers has
been no new lasey owtput wavelength measurement and the laser will five
before the next voltage updats event. This sequence comprises provessing
steps 430, 438, 440, 450 and 4585,

00701 In a thivd possible sequence, the prediction for the next voltage
update event is updated, the control signals are computed based on that
updated next voltage update event, and a prediction for a subsequent voltage
update event is made. This scenario accurs when a new laser output
wavelength measuvement has become available, the laser has not fived again
since last receiving a new measurement and the laser will not fire before the

next voltage update event. This seguence comprises processing steps 420,

430, 485, 440 and 455,
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{0071} In a fourth possible sequence, the pradiction for the next voltag
update event is updated, the control signals ave computed based on that
updated next voltage update event, a prediction for a next laser fiving event
is made and a prediction for a subseguent voltage update event 18 made, This
acpnario ocours when a new laser outpud wavelength measurement has
become available, the laser has not fived again since lag) veceiving a new
measurement and the laser will five before the next voltage update event.
This sequence comprises processing steps 420, 430, 435, 440, 450 and 455,
{00721 In a fifth possible sequence, the prediction for the previous laser
fiving event is updated, a prediction for the next voltage update svent is made
baged on the updated previous laser fiving evend, the control signals are
computed based on that pradiction for the next voltage update event and a
prediction for a subsequent voltage update event is made, This scenario
accurs when a new laser output wavelength measuvement has become
available, the laser has fived again since last veceiving a new measurement
and the laser will not five before the next voltage update event, This
sequence comprises procassing steps 415, 425, 430, 435, 440 and 4586,

08731  In a sixth possible sequence, the prediction for the previous lasey
firing event is updated, a prediction for the next voltage update event is made
based on the updated previous laser fiving event, the contyol aignals ax

computed based on that prediction for the next voltage update event, a

prediction for a next laser firving event is made and a prediction for a
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subsequent voltage update event is made. This scenarip occurs when & new
laser ouiput wavelength measurement has become available, the laser has
fived again since last receiving a new measurement and the laser will five
before the next voltage npdate event. This sequence comprises processing
steps 415, 425, 430, 485, 440, 450 and 455,

{0074}  The smbodiments discussad herein ave llustrative of the prese
invention. As these embodiments of the pressnt Invention ave described with
reference to illustrations, various modifications or adaptations of the methods
and or specific struchires described may become apparvent to those skilled in
the avt., All such modifications, adapiations, or variations that rely upon the
teachings of the present invention, and theough which these teachings have
advanced the art, are considerad to be within the spirit and scope of the
present invention. Henes, the description and the drawing should not be
considered in a Hmiting sense, as it is understood that the present invention
ig in no way limited to only the embodiments illustrated.

(0078]  As one possible alternative, it is to be underatood that the advanced
laser control method and apparatus described hevein counld be used for control
of the bandwidth of the laser light in a stimilar fashion as deseribed havein for
control of the wavelength of the Iaser lght.

00761 It is also to be understood that alternative sequences and
nrathematical fovmulas could be used within the spirit and meaning of the

present invention as deseribed hervein.

Yol
&2
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10677 Likewise, 1t 18 {0 be understood that control computer 180 can be

any computing system comprising a processor and memeory, including a

o

personal computer, seyver, or other processing systen, that runs software
instructions for performing the described epsrations which instructions may
themselves have come from ov reside on a computer readable medium,
Alternatively, control computer 160 can be any dedicated hardware such as
an application speeific integrated civenit {ABIC) or other havdwired device,
with or without fivmmware, that is specifically configured to perform the

deseribed operations.

2]
~f
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CLAIMS

What is claimed 1

1. A method of lazer wavelength control comprising’

making a prediction at first diserete intervals of the position of a prism in
a laser system;

recpiving at second discrete intervals a messurement of an output
wavelength of a master oscillator chambey in the laser aystem, the second
regulay intervals being longer than the first vegular infervals

wherein during each frst discrete interval:

if the cutput wavelength measurement has not been received
during the first discrete interval then computing in a contral
computer a control voltage for the prism using the predicted
postbion of the prism,

if the output wavelength messurement has been veceived during
the fivst discrete interval then updating the predicted position of
the prism using the output wavslength measurement and
eemgm’tmrf in the control computer a control voltage for the prism
wsing the updated predicted position of the prism,

and

outputting the computed control voltage from the control computer
to electronics for positioning the prism.

Tha methad of claim 1 wherein making the prediction at fivst discrete
intervals of the pusition of the prism uses a model of the prism’s movemesnt.

. The method of claim 2 wherein the model of the prism’s movement is
baqod on the prigm’s physical movement and disturbances within the lager
system.
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4. The method of claim 2 wherein the model in its integral form st

x0T = eATx () + 47 o' BulT - v} dr.

The method of claim 1 whervein updating the predicted position of the
prism using the cutput wavelength measurement uses the formulal

a2

)Ry = (P~ L0 k| k- D+ Loylk)

6. A method of laser wavelength control comprising!

making a prediction at fivst discrete intervals of the position of & prism in
a laser system:

recelving at second discvets intervals a measurement of an output
wavelength of & master oscillator chamber in the laser system, the second
regular intervals being longer than the first regular intervals:

wherein during sach first discrete infervall

if the output wavelength measurement has not been veceived
during the first diserete ingerval then computing in a control
computer a control voltage for the prism using the predicted

position of the prism,

the firset discrete interval then

if the laser has fived again since receiving the oufput
wavelength measurement then updating a previous prism
position pradiction using the pufput wavelength
measurement, making a new of prism position prediction
based on the updated provious prism position prediction and
computing in the control computer the contral voltage for the
prism using the new prism position prediction

and

28
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if the laser has not fived again since receiving the output
wavelength measurement then updating the predicted
position of the prism using the oufput wavelength
measurement and computing in the control computer the
corttral voltage for the prism using the updated prism
position prediction

and

outputting the computed control voltage from the control computer
to electronics for posifioning the prism.

7. The method of claim 8 wherein the first discrete intervals are shovter than
the second discrete intervals.

8. The method of claim & wherein making the prediction at fivst discrete
intervals af the position of the prism uzes a model of the prism’s movement.

5. The method of claim 8 wherein the model of the prisi’s movement is
based on the peisin’s physical movement and disturbances within the laser
system,

10.A prism controlley method comprising:

predicting at first discrete intervals the position of a prism using a prism
movement reodel

receiving at second discrete intevvals a measurement of the output
wavelength of a2 master oscillator chamber controlled by the prism, the
second regulay intoervals being longer than the first regular infervals

whervein during sach first discrete intervalt

if the output wavelength measurement has not besn received
during the first discrete interval then computing a control voltage
for the prism using the predicted position of the prism,

30
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if the cutput wavelength measurement has been recsived during

the first discrete interval then updating the predicted position of
the prism using the output wavelength measwrement and
gomputing a control veltage for the prism using the updated
predicted posttion of the prism,

and

puputting the computed control voliage to electronics for
positioning the prism.

11.The method of claim 10 wherein the first discrete intervals ave shovter
than the second diserete intervals.

12.The method of claim 10 wherein making the prediction at fivst discrele
intervals of the position of the prism uses a model of the prism’s movement,

13.The method of claim 12 wherein the model of the prism’s movement is
based on the prism’s physical movement and disturbances within the laser
syatem,.

1 38 MeLiod OF gig1um WiIerel 13 [elats "‘ ‘11 TeEYS > ‘11@
14.T% thod of elaim 12 wherein the mod its integyal forn

KT = pd3Txt) + 5T o8 Bull - o) do.

15. The methed of claim 10 whevein updafing the predicted po*:zitior} of the
prism using the output wavelength measurement nses the formuls

<
ey
e,

(k1 ky= (7 ~ LC)a(k & =1+ Ly(k)



