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in a DUV gas discharge laser system, such as, an excimer or molecular fluorine laser

system used, such as, in a line narrowed application, such as, as a laser light source
for integrated circuit manufacturing in photolithography.
15 BACKGROUND

Stabilizing bandwidth, such as, Egs for DUV semiconductor integrated circuit
photolithography laser light source design has included passive and active
bandwidth controls. Active controls, can benefit such things as optical perfomiance
correction (“OPC”) and tool-to-tool matching for such light sources. United States

20  Provisional Patent Application Ser. No. 60/923,486, entitled TWO STAGE
EXCIMER LASER WITH SYSTEM FOR BANDWIDTH CONTROL, filed on
April 13, 2006, includes the disclosure of United States Patent Application Ser. No.
11/510,037, entitled ACTIVE SPECTRAL CONTROL OF DUV LIGHT SOURCE,
filed on August 25, 2006, published on August 23, 2007, Pub. No. US-2007-

25  0195836-A1, which claims priority to United States Provisional Application Ser.
No. 60/774,770, entitled ACTIVE SPECTRAL CONTROL OF DUV LIGHT
SOURCES FOR OPE MINIMIZATION, filed on February 17, 2006, the disclosures
of each of which are hereby incorporated by reference. Application Ser. No.
11/510,037, discloses a multistagé bandwidth control system using coarse and fine

30  control actuators.

That application discloses the utilization of grating bending (the position of a
bandwidth control device “BCD” which bends the grating) as an actuator (control

authority) along with other actuators. Various techniques are discussed enabling



30control actuators. That application discloses the utilization of
grating bending (the position of a bandw dth control device "BCD' which
bends the grating) as an actuator (control authority) along with other
actuators. Various techni ques are di scussed enabling bandw dth
stabilization. Active bandw dth control systens can use very accurate

on- board spectrum neasurenent, such as E95, and bandw dth error feedback.
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15  (typically msec to sec in a fine actuation range). High (timescales in seconds) and
lIow (hours) frequency aspects of duty cycle set point and fluorine gas consumption
(hours) changes can induce larger magnitudé effects. Other longer-term parameter
changes, component aging and misalignment (days to weeks or even longer) can
result in the largest magnitude (in a coarse actuation range) changes.

20 Accordingly control action divided into coarse actuation and fine actuation
was disclosed, with each utilizing one or more parameter change actuators. One
could target large magnitude low frequency disturbances (large Eos setpoint changes,
gas aging effects and the long timescale component of duty cycle changes -
resulting, e.g., from slow thermal loading variations, increasing age of laser

25 components and the like). The other could target smaller magnitude higher
frequency disturbances (output pulse energy, and the fast component of duty cycle
changes - resulting, e.g., from faster thermal loading transients and the like). The
coarse actuator can also serve to de-saturate, or re-center, a fine actuator(s) within its
control range.

30 Coarse actuators, such as, (F; gas injection) and fine actuator (Atmopa),

grating bending or other wavefront conforming adjustments, or adjustable aperturing



25 conponents and the like). The other could target smaller nagnitude

hi gher frequency di sturbances (output pulse energy, and the fast conponent
of duty cycle changes - resulting, e.g., fromfaster thermal | oading
transients and the |ike). The coarse actuator can al so serve to
de-saturate, or re-center, a fine actuator(s) wthin its control range.
30Coarse actuators, such as, (F2 gas injection) and fine actuator (AtnoPA),
grating bending or other wavefront conform ng adjustnents, or adjustable
aperturing the beam etc. were shown to regul ate bandw dth, with various
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reference herein. The abstract of Basting describes a tunable laser including an
angular dispersive optical element (grating) and a beam expander including one or
20  two rotatable prisms in a line narrowing module to adjust the bandwidth. The prism
beam expanders, when two are used, are disclosed to be mechanically linked to each
other so that the angle of incidence of the beam on the dispersive element is not
changed when the magnification changes. This arrangement makes it very difficult,
if not impossible, to control center wavelength as well as bandwidth utilizing the
25  rotatable prisms. In addition the bandwidth control system using the two prisms
operating in tandem is quite difficult.
GigaPhoton is believed to advertise a product that performs E95 control
using some sort of optical actuation. Japanese Published Patent Application
2006024855, published on July 9, 2004, discloses a variable magnification LNM

30  also, with two rotatable prisms and the use of a differential discharge firing timing

between a seed laser and amplifier laser for bandwidth control. Such an



G gaPhoton is believed to advertise a product that perfornms E95 contr ol
using sonme sort of optical actuation. Japanese Published Patent Application
2006024855, published on July 9, 2004, discloses a variable magnification
LNM 30 also, with two rotatable prisnms and the use of a differenti al

di scharge firing timng between a seed |aser and anplifier |aser for

bandwi dth control. Such an arrangenment nakes it difficult, if not

i npossi ble, to control center wavel ength and bandw dth using the prisns,
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more than ten seconds.

In addition, especially at low duty cycles, a target change, such as from 300
20  fm to 400 can be too slow, i.e., taking as long as about twenty seconds or from 400
fm down to 290 fm taking as long as about thirty seconds, when the requirement
may be as low as around 10 seconds.
Among other things, errors can result from a filtering of control signals, such
as a holdoff of too many pulses before a controller step signal can be issued to a
25  bandwidth actuator stepper, such that at low duty cycles where bandwidth may be
sampled less frequently, there is a much higher chance that step commands will not
occur during a burst. Since the stepper commands or the stepper itself may be
disabled during an inter-burst interval, burst to burst errors in bandwidth can thus
build upon each other, with no correction signals issued to the bandwidth control

30  actuator(s).



30actuator(s). Prior art bandwi dth stability controls enabled the
setting of a bandwi dth control set point in a set and forget nmanner. More
stringent requirenments call for a tunable bandw dth setting controll able by
the end user of the laser light source. It is also required that the
bandw dt h control system not negatively inpact the control of 5 other |aser
operating or output paraneters, such as output pul se energy and dose
stability and the I|ike. Active bandwi dth control as proposed herein
using a variable aperture external of the |aser resonance cavity and in
conbi nati on wt t her nelwi . r R . advant ages
over the art. Tﬂgﬁ3b %%ﬁ&%¥hgﬁﬁﬂﬁ§@§@%PFg&%%&%@ﬁ%ﬁgﬂéfxgﬁﬂ ?gl and reguced
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15 BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a bandwidth control device Egs sensitivity curve;
FIG. 2 illustrates disturbance types and time scales and magnitudes,
according to aspects of an embodiment of the disclosed subject matter;
FIG. 3 shows schematically and in block diagram form a multi-stage gas
20  discharge laser system having a variable magnification line narrowing module and
differential firing time (dtMOPA) bandwidth control according to aspects of an
embodiment of the disclosed subject matter;
FIG. 4 shows schematically and in block diagram form an embodiment
having four prisms and a grating, wherein at least one prism can be rotated to
25 increase/decrease beam width and thereby alter bandwidth, according to aspects of
ane embodiment of the disclosed subject matter;
FIG. 5 illustrates a laser control system overall architecture useful with
aspects of an embodiment of the disclosed subject matter;
FIG. 6 illustrates schematically and in block diagram form a representative
30 laser system “plant” to be controlled according to aspects of an embodiment of the

disclosed subject matter;



FIG 6 illustrates schematically and in block diagramforma representative
30 laser system"plant" to be controlled according to aspects of an

enbodi ment of the disclosed subject nmatter; FIG 7 illustrates
schematically and i n bl ock diagram foama bandw dth controller according to
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vari ation dependent on the size of an aperture through which the beam
passes. FIG. 12 illustrates an Egs bandwidth control authority using Atmora;

FIG. 13 illustrated schematically a variable magnification LNM according to

15  aspects of an embodiment of the disclosed subject matter;

FIG. 14 illustrate schematically and in block diagram form an adjustable
aperture bandwidth control actuator (control authority) according to aspects of an
embodiment of the disclosed subject matter;

FIG. 15 illustrates schematically and in block diagram form a bandwidth

20  control system according to aspects of an embodiment of the disclosed subject

matter,

FIG. 16 illustrates an example of bandwidth variation dependent on the size of an
aperture through which the beam passes.

DETAILED DESCRIPTION OF THE DISCLOSED SUBJECT MATTER
The active bandwidth control according to aspects of an embodiment of the
disclosed subject matter has as its aim to control the E95 bandwidth of laser light,

25  utiliZing the same or similar input signal(s) as previously used active bandwidth
control systems, however, with signal processing and actuation mechanism(s) which
are different. Accordingly a tunable advanced bandwidth stabilization “ABS” (*“T-
ABS”) is proposed to control bandwidth to some target set point, which may be
selected by a laser end-user or by a laser light utilization tool control system.

30 Control of bandwidth to +50 fm or less (for constant pulse repetition rates or

other selected constant operating parameter) is proposed and with an error in



DETAI LED DESCRI PTI ON OF THE DI SCLOSED SUBJECT MATTER The active
bandwi dt h control according to aspects of an enbodi nent of the discl osed
subject matter has as its aimto control the E95 bandw dth of |aser |ight,
25 utilizing the same or simlar input signal(s) as previously used active
bandw dth control systens, however, w th signal processing and actuation
mechani sm(s) which are different. Accordingly a tunable advanced bandw dth
stabilization "ABS" ("TABS") is proposed to control bandwi dth to sone
target set point, which may be selected by a | aser end-user or by a |aser
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sel ect i@n gfsalt;gsagh@egl,thus i mpact i ng t he bandwi dth of the output of the
| aser light source, are well known in the art. Bandw dth control can be 15
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15 accomplished with the aim of staying on a particular side of a BCD operating curve,
such as, the right hand side or left hand side of the BCD curve, as illustrated in FIG.
1. |
Applicants have noted that disturbances 80 may be categorized by the time
scale and/or magnitude by which they affect such laser operating parameters as Eos
20  bandwidth, as illustrated in the chart of FIG. 2, as explained in more detail in United
States Patent Application Ser. No. 11/510037, entitted ACTIVE SPECTRAL
CONTROL OF DUV LIGHT SOURCE, filed on August 25, 2006, published on
August 23, 2007, Pub. No. US-2007-0195836-A1, incorporated by reference herein.
As explained therein such disturbances 80 in a fine actuation range 82, such as
25  energy change or higher frequency duty cycle effects, or coarse actuation range 84,
such as lower frequency duty cycle effects, gas aging or component
aging/misalignments, may be accounted for by bandwidth control actuators either
coarse or fine or both together.
FIG. 3 shows a multi-stage gas discharge laser 500 having both a variable
30  magnification line narrowing module and differential firing time (dtMOPA)

bandwidth control. The first stage may be either a master oscillator, MO, and a



States Patent Application Ser. No. 11/510037, entitled ACTI VE SPECTRAL
CONTROL OF DWV LI GHT SQURCE, filed on August 25, 2006, published on August
23, 2007, Pub. No. US-2007-0195836-Al1, incorporated by reference herein. As
expl ai ned therein such disturbances 80 in a fine actuation range 82, such
as 25 energy change or higher frequency duty cycle effects, or coarse
actuation range 84, such as |ower frequency duty cycle effects, gas aging
or conponent agi ng/ m salignnents, nay be accounted for by bandw dth control
actuators either coarse or fine or both together. FIG 3 shows a

mul ti-stage i.scharge J aser 500 havin th a riabl e 30 i fication
e nar r o BRtEhSSIRS oS She-Baw siiver pft: » Rl ReRR e Syttt
control . Thevier bsdillstoRgea traveldg veavieh@iplidiefBsdheds 2Q5hidriridgQimplifier, iand a

subsequent stage may. be a one-pass power anplifier, a multi-pass power

anpl i fi er, ehipRgsillasion qorumsdn agesonanqeauity aefingascanamplification sigeh as a power
ring amplifier, AR eqfhsoPsfhd Ak :08oUh Sod i REONANGRREaVI LY acting as
an anplification stage. An exanpl e i T e Y system can i ncl ude sone
or all 6f tchmpbnenspiavaningFIshGywdependink@n tBe cotefpirationy The dolfgpodedi gur at i on.

The conponepts sh in FIG 3 .nclude, ,a vari.able magnificatiagn
| i ne- narroﬁﬂﬂﬁnh’bgiﬁé’@ﬁ FCQVFPP@FI%% éca{:‘ﬂ%:lf‘ﬂé'ﬂ’ag@ Inggmpdyle 5024 afest out put

coupl er 50Giaob WhathB& 00! & Gisst 3R @ot}tguf"&)d %s?&&&ﬂhgagéé@sosa,bégﬁmtstage

chanber 512, "a beam splitter 5I4, pbandw dt h” measur ement no e 516 and a
di schar ge tpwplemS b atseaindrstageicbamber 51Phe bsasdplitterl Hdea baddvidtly be a gas

di scharge exciner or l.e ar , fluorine. .laser, such , XE, KrF,

A Fe B2 or el mEBF ST Ahd o Shere spiE kone ipniie Slh, i seide [

phot ol 6 hotsaPd4 Map e aghddischarp@édiset 6r mbBleuIaLTh6MASdrOsuchiak@Hi ts. The
seed | aser 504 rra%d%efl ne an optical cavity, such as.between the |ine

narrow ng reduKE; ArReFr orethe dike laser: o Lipsise tyrso 6f laserssroliuen for vseitput . The

anplifier . d b r -1 hr el ay

opti co. (m PRAShREGeRY brokpsh GE B4 Wetche B ARG SRRl A0} Buite UMEed 01 Y e
a | aser syhsemitduhpuiefinthe dmicdléatith, sieh aobetgweentieiiire: mtfowiag motue! | known
in the art an asure the bandwi dth, of a | aser_output.,. and provide a
bandwi dt h 1 S5 GR ORI A %én&%%eﬁp%%%néﬁfamhﬁ%wqmléﬁnm& _

whi ch s dieagye fRckeRe 1A ofaR tﬁﬁq‘%%wa%e%@wiﬁolrstﬁs%%%zgﬁy@t e a bandwi dth

error conpared to a target/Setpoi erential timng be adjusted in
response tamplifying the seesi lgsealoutput saiproducd akeer syytetreontputt pilite Haadwehidtlit h.

Fig. 4 shows ossi pl e odi of a bandw dth (and,center. wavel engt h)
rctuator mECRANES FRlsns fon BurRbkneyn e ARy Patrsi GrprabtdlEsta °53,

526 and a Igsetioutitht, %A@ préViié Bbardv ity megsuidhaiteshiecabegdeddy@r (not shown)
including a 25 rotational notion nmountin a flexured nounting (not

. ! L €.g., .
shown) so bardwidtheopirelianssoowhish asélspmsag helow, gambeysepataie lwitsalo act uat or
such ag a s ( T. . .
i ncrease/ o%c rg%gegéeb eamh% %ﬁtg °§%§%§?§§%§Y§@Olﬁﬂﬁ%{# %%h%) %‘%‘?nsgmmg)éz may be
| eft st at i mraijystal inragpoabsn thavfopsipadl ad hdjnsd lagep Sy dtemougnit batdrid(mot
shown). Prism 524 r’raﬁ/ al so beb nmount S'd for r%t aéi ,orgnal novenent, as
1g. 4 shows a possible embodiment of a bandwidth (and center wavelength)
actuator mechanism (control authority) having four prisms 520, 522, 524, 526 and a
grating 528. Prism 520 may be mounted on an actuator (not shown) including a
25  rotational motion mounting, e.g., a flexured mounting (not shown) so that the prism
520 may be rotatable via a rotational actuator, such as a stepper motor (not shown)
and/or PZT (not shown) to increase/decrease beam width and thereby alter
bandwidth. Prism 522 may be left stationary or may also have a rotational position
actuator (not shown). Prism 524 may also be mounted for rotational movement, as

30  described for prism 520, for example, to finely adjust center wavelength (e.g., on the



30 described for prism520, for exanple, to finely adjust center wavel ength
(e.g., on the order of femoneter changes). Prism 524 nay al so be so
nounted to coarsely adjust center wavel ength (e.g., on the order of tens of
femoneters). Fig. 11 illustrates schematically a possi bl e enbodi nent
of a bandw dth (and center wavel ength) actuator nmechani sm (control
authority) wherein such an RMAx 5 mrror 540 and its actuator 540a, as is
well known in the art for the | aser system center wavel ength sel ection, may
be utilized to fold the expanded beam com ng out of the beam expansion
prism 526 q ' he. - j rating

i n order to&gé}i cﬁ%@’b}%&e%égﬁ%%dﬁggéﬁﬁgg@ﬁég% ngl%@ug{%ggégg%%%lgg‘gﬁj S%he

m rror 540 center bevelsrgth (@ ghantthd ordecentens offevrbmegid). control by 10

determ ni ng an ahrélgl e of incidence of the beam on the rgrati ng 528. The RmMAX

fol di ng mirrors Reokhillustratss sehematicalhy a poesible smbodippet 94 askandpadthi(ard cent er
wavel engt h K I I.C Lo L0z st.epper
not or (not cgﬁ%\%m‘@vf %ﬁ;;@g)g&@gbgﬁ?% ﬂgglnﬁ%ggl@g uﬂ;{()rét?a’w Eléd}t] Sé g\%ﬁ?{ or fine
and fastt cemitr S48\eeddmgadtuatontddd, asds wadt kabvab oy ¢he am forothei lasdri systewd t h a

center wavel ength 15 control. pris such .as i.sm 520, e RMAX .m rror 540
mmy retar negienauRgngf SeleSiof mabe izl iR ERrHed dFam SopiBB B Dy
utilize onlof thdBedrh RRpARMYN Hisn@ 526 At E LrStAC K2R NTHE QatRIFPS Y mAPbeSkEPPET

motor control. The center wavel ength control prism, such as_prism 520, nmay
be used forlangatedeerating irobrdgndo uk zaﬂmexn@nmcﬁgemnmchmoa AdX edpendese used
for finer er vel eng cont t ol r. V| vVers 20l it | att er

enbodi nment f%g%}h'e Egg%r%gkgirpafln degglqsﬁlgﬁrétﬁea%teg?{dé%nﬁ?rngvéf Ié%ge?onm? obry used

t o positdi odetehrRinRig \n flgtd B indidénze dfotheClosahs @ncibot@ativg\$eRenThé Rapid r ol
while the %en,t er wavel ength control tRri sm can be used for finer center
wavel engt hiddingcmigers kpqver it thgesy  themsglvess cam days jcoaisiopift dinencem@ chai n

of prisms | Sl hani hay: ;Bg[@? [ e and
fine cont r(l\)%{a Vélgﬁ%\é}f‘%ﬁgsggggpée@gﬁo 81? a}p%gxmgg%gg.é%g&zﬁgt men P %n’ggtgg st ack
for fine adhavat)nfontcoase donérot aad SePZAdj stadki (pt phown) fieryfibe andnfastotdnget Wit h a
stepper notor, or. the ||ke nmechani cal adjustnent, and the fine adjustnent
or i os) by RKelpBEh fonRl 5 HBFd A Pol TacPTATBRON Sth tngeniep v EFhER

Si gnal g5 mayodiR] ESAPHRHA Jsrﬁﬂﬁxil mrth?iﬁg,%%/\ﬁﬁﬁmt 40 IBQ* ecthid subE comPSIWrgRENt Of

30 E95 bandwi dth fromrecent |aser ht. A controller, such as shown in
FIG 7, orapgle in tiationftoghe geating5i%8 emutilize aal8theafine ¢nntrop ob dlesBZT Istask

signals thro vari ous ilterin deadbands, hysteresis an nmoot hi ng,
and can prBELES: PR ARy reppt Rilftuedh iRl aPE Sond SlaREETs®, SMteT BB A of (o)
that can pgichQkPrspcsR, witst beonsedddr coifse\evhtiol afk &iERRax fBdinEgnidfor duet or ting

a nechani cal and/or ggti cal conponent(s). The novenent or distortion of
such conpomanthesbesad for finer sentpmyvarelengticoontrol iR 1deG-¥erk2- t o r educe

bandwi gf h errory, e jatter embodiment, the PZT stack may be eliminated and only a

stepper motor used to position the Rmax folding mirror for coarse center wavelength
control, while the center wavelength control prism can be used for finer center
wavelength selection. Alternatively, each of the prism mounts in the chain of prisms
in the beam expansion mechanism may have an Rmax-like coarse and fine control
25  with-a stepper motor for coarse adjustment and a PZT stack for fine adjustment, or
the coarse adjusting prism may be controlled with a stepper motor, or the like
mechanical adjustment, and the fine adjustment prism(s) by a faster and finer control
actuator, such as a PZT stack.
Signals may be accepted from laser hardware to indicate the measurement of
30  E95 bandwidth from recent laser light. A controller, such as shown in FIG. 7, or

portions of element 502 and/or 518 can then process these signals through various



There may be several control nodes, for exanple, but not |limted to, where

there is no magnification control exercised, i.e., the variable
magni fi cation LNM variation systemis not enployed, so that there is no
i npact on bandwi dth control due to variable magnification. "In this node,

there may be two sub-nobdes, one where dt MOPA | aser timng is not used to
directly control bandw dth, and one where dt MOPA is used to directly
control bandw dt h. In a second magni fication driver node vari abl e
magni fication is also not enployed, though the syst emdrives the variable

a5 1t e R R RS oo Biner BT RuthubRu? AU i pa™

timng mdefohh%f@@@ﬁﬂibnd(&?’td hiTh&t@at6 (8} that c@lpgeﬂonhhﬁusﬁimldﬁd\ﬁ?ay nel t her
dt MOPA nor variable magnification (apart. from being driven to a selected

val ue such ofsxample momngspxd:ﬁgmnguacra@@ hapical and(errqpiigakcomnonaeii)diihecont r ol .

R s L e e o s s

magni f i dat ibandwii, rtokedmdbaﬂfhmdﬂfemrpl oyed where magnification controls

bandw dt h based .gn sone bandw dth f gm ]tf gatl on. can. t hen be

sel ected, as not BTQBBY e SEXTALCHHT forfeg Bsn AW et 1Imlt"?"ii 19" eHbde of
magni fi cat 't%qu%rﬁhgﬂjﬁéatﬁmf bérithol detxw&dcs)et R vERARe themem@kigy 1aqe tim ng
control algorithmsets dtMOPA timng for reasons ot her than bandwi dth
control, 2%asatidn systerh aseot @hpiocfﬁérﬂaythaudvsee st birthpacy oprbandwidtheentrol

Magni fi cat |don t| S se %Ct ed .t.0 tachl sel e thgd bandw ﬁ%h i nde ndent of

dt MOPA. acJecEhg tWﬂ EHHYY o emf’ﬂ% Snﬁnf"?'ce?t \/MeNM and

dt I\/DPAmray iRk dOPR este dintifig a6 Mogsed tb atigelly Ranthvi 6mlmw1mu, handnendised as
a coarse bandw dth sel ecti on pmechani sm and the other as a fine selection

mechani sm 30rrediMQPA s neeg tpdirgetly senirpl tbﬁﬁ‘iw%lﬂﬁeadband with hysteresis
arrangenent is i X%%iﬁ b y ns on
when error (absgllIl ut ée&:‘(anqdl 1l€eal\(/)gsa/rl anrlg&eer ?out er %’clia a angll lgry tulrjlt:ls of f
when error employled,s tHooghvthdispstems dravdsethei varmbledsaginfioationAks eoﬂnarstéi/actﬁdh not or

di t hering | oyed such as with | ower  1im Jower Limi. of the
number of M'¢Fo g‘?r %ﬁﬁe&ﬁeam&%% 8% ¢ '&Pbamsr%‘-’&f’{‘ ‘éa"aP%
addi ti @9 Wilddn#icRandWodE for @ﬁgﬁtdm%mlhﬁl?n&iﬁé%@%é@y P& timifQRbh@srr ed to

achieve the newtarget within sone tine imt for a grven duty cycle such
as 10 secosalgorithm 5@18 BBIOPAr andoyeithay M ORAams | variakle hixgnplidation Gapast frbmngt h

whi | e use pf. the, ht sur f.or otoI|t di.sabl. ed.

e 1 e Bk iivep el Crift SBaRhsind PSR Madn AR e ooy
requi r emenbgndwidth conbgn thca §dchbh@ eI dinhids kohBolombaé dandwritld eagdand,

the controller (V)Rn"-t onmand the stepper in only one direction, preventing

jitter asseungd@ORAwhitghe magnificadion is held eéaab‘bﬁ?én%mfu:av%s This control
enabl eg, bandwi d nd

i ssuance if the Oﬁ%ph{é%%’f%g{r@g%g@f(g%g&? 34 gr e ‘ghégfﬁ{éé%%}}gg?er
deadband vednte]s badwidthdakas o sone rbdnd wiitia fiedbadk. tMagﬂnﬁnaivmdta’n then ber
signal) is less than the | ow inner deadband valu %Wi%iglha erwi se the system

does not ceeR: ta%enelgd rahoyec §athdn N Atk ok bap Ne hig rmade 4| ed)

whil e the bandwisitdy 6&{&&@&&9%&0 diNOPA! ebAmsli Ab8e the Ak 24 fimiapd
| ow i nner deadband val ues. In other words, when the bandwdth (error)

signal is ¢antrof migdrishre setsede@BBativhing dont @ascmawthq é)ﬁnehaedwndthyonérgl,on from
a high, val ue ugh th nir eco [ vas en t hen
it stgtb ﬁlﬁgl%dqﬁﬁfl ?éctl?‘fg yzéie gabﬂ hor( ore SI?%%% ?%gcornoéss &‘%

| ow/ i nner aﬂm@bazndeheaiedebaanﬂdn@tﬁmmapbnd‘eﬁuaﬂamvmmeBl di mbﬂueditMS)Rm arly,
comng fromless than the I ow/ i nner deadband v?]i ue where corrgand i sauance

i s di sabl e@ntrohmede thecmagnlicatian ofstha AN apd GV Qs maxhedh Be seleee
si gnal ) CHgS&&ﬁeJeh& taaggp/baﬂa&fdtﬁemaaﬂe R8s alRBarsé 2an@hidiNSetfieaghand can

be sel ect to trade several  performnce
mechanism and the other as a fine selection mechanism
30 The system may be set such that a deadband with hysteresis arrangement is

utilized, whereby, by way of example, control only turns on when error (absolute

10



25val ues, such as reducing jitter, total speed of the controller response
time to disturbances, and the magnitude of the all owed bandw dth error

The systemmay utilize a function generator, which may enploy a rich
feature set in order to, by way of exanple only, comand a bandw dth
control actuator, such as a stepper notor, to arbitrary functions of shot
count. 30Separate hardware and software "gains" may be used in the software
(in order to facilitate hardware upgradeability). A controller

hol dof f may al so be utilized such that, by way of exanple, no bandw dth

steps wthi | ;s [ t . of a
bur g t, suc h‘}}gge) g\ﬁv %%Bé%&@g{rgg é‘%‘%ﬁfl’ s%atralfn%(g)?Lf égﬁ%\ﬁ?xg?}?reﬁlﬁxgs ?’h‘r@i(’atﬁemgaasi c
oper at i ons snfallelimnbrdehdbalid’ A136basdwidlyisineor Witiethtg Mmap delfeaipi@bduacings a

bandw dt h actuator such as a variable magnification LNM Shot processing
may occur OWteYawerdmyt a loweriiseit phihsqumber ebhmidosigps inang dirsstdan beforen dwi dt h

target cha ' 0 : | t .
Unenever ¢ ReatheARENICG TRV bkt anb R BB itk PieyierliRay B

wavel endt h cdafigyred trcéchisvedhe aew baypetbyitlsin gbmb disieslimitifot a piven dayi aygld ogi ¢ nmay
be 10 perforned.. | nput, si be passed in usj a shot data record.
The al gori tSH%}E?ﬁaVJ ifgg?%r%%%b%eg(?%m g{ag 6’2&"%&‘%%3@‘?3?‘83 EWét leagth ts into
the sane skailedt of RARYKE socd R PHbBlith 54 8isiBIed This RAMIhitSitRt us

signal may be utilized to determne if new bandwi dth data, "'such as E95
bandwi dt h~ @ad/ar custoraizg itheabandwidthegontrol to specific customer requirements.

When the filtered bandwidth is outside the deadband, the controller may

10 command the stepper in only one direction, preventing jitter associated with
operation near the deadband boundaries. This control enables bandwidth control
actuator feedback position/initiation command issuance if the bandwidth (error
signal) is greater than the high/outer deadband value, and disables command
issuance if the bandwidth (error signal) is less than the low/inner deadband value.

15  Otherwise the system does not change the current command issuance state (enabled
or disabled) while the bandwidth (error signal) is intermediate the high/outer and
low/inner deadband values. In other words, when the bandwidth (error) signal is
intermediate the deadband limits, having entered this region from a high value, such
that upon entry the command issuance was enabled, then it stays enabled until the

20  bandwidth (error signal) crosses the low/inner deadband value and command
issuance becomes disabled. Similarly, coming from less than the low/inner
deadband value where command issuance is disabled, this function remains disabled
until the bandwidth (error signal) crosses the high/outer deadband value.

~ The size of the deadband can be selected to trade off several performance
25  values, such as reducing jitter, total speed of the controller response time to
disturbances, and the magnitude of the allowed bandwidth error.

The system may utilize a function generator, which may employ a rich
feature set in order to, by way of example only, command a bandwidth control
actuator, such as a stepper motor, to arbitrary functions of shot count.

30 Separate hardware and software “gains” may be used in the software (in

order to facilitate hardware upgradeability).
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system can then attenpt to filter out bad or otherw se invalid bandw dth
data. 15The bandw dth control system such as one enpl oyi ng a bandw dth
control actuator, such as a variable magnification |ine narrow ng nodul e
("VMLNM'), may be required to (1) achieve bandwi dth stability to within
sonme sel ected bandwi dth, such as, about 50 fin; (2) correct an error in
bandwi dth froma sel ected target or setpoint at a selected rate, such as,
about 0.0003 fnishot; (3) ensure wavelength 20 stability is naintained,
such as, when using bandw dth control with the bandw dth actuator allow ng

no nore than a sgl ect al .u sugh as { qul'! ' - shot
novi ng aver age \A&/e;\‘}%rﬁéoﬁ%f ﬁOngﬁgP?y @ﬁ%%ﬁgﬁf%éraesu?}ﬁgﬂr?t’a se%gégf‘%lc?ng’g?’una such
as, about Gahdwidddsteps Witkin Serahthuribatiofguktomndatldwde i tkiseirt dfha baegl engt h

error; (4) include a deadband with hysteresis, that can be used to change
per f or manc&uck @) wilin 30shatsiafier sigfef alSr dither so that the stepper nust

t ake at | east aﬁ%lt@ﬁgggsa?ﬁg%*?{iOHSS&’f%?%f}(dgﬁma%ﬁé‘&%%%fﬂa w_ne di rection

bef ore steps in another Ion are provi de for bandw dth
t ar get shampgdermddaingabarievidthivcanatel such hs @ variabd¢ papedichtiore]l NMicBhats, about

10 ds, given, b f le, i.nir h f 2Q0
oul ses/ sec BTN 0B 9P SyareRior Ghatr Prigh dipaied b LAM plgufy:
30Accor di N@a¥dwritt {drd Chafe f26cdsbink mfStbcel WhontHRARHMyIHID tApdh88ges! N

bet ween bandw dt h updates, other functions may occur (e.g. Step snoot hing),
but nmost ot her Whenevérche lidegsater (wavelensth) analysisanedulo(LASW) witems and | f
this is not changi ot her caontroll e tate il _also remain,constant.
The  syst omAa) Cait dhtes el 55 SRRt Ry aBatste Sl BraceftEictE M BE Usi ng. woea
ti m ng1er0dgerdorehed\M ﬁ]%&@i@blsﬁﬁ@eb@ﬁﬁkséd Biousitid 4 it dataBY G e The al gobitiah

functi on generator/playback, and provide "reset” of 5 BWstepper to

basel i ne nEgHiPerfess ity gomputation: npdate thergatlts dnte thesamgshot datar o change
within so e ) ” stability
ey ot - bereaii e e nBinyc 0K Y BB ARAE ma B BB B = 2 o o
change i nplétersnihé ftnebnieandivégithetatayaychesdtd 5t iandovidth @htal isavhdshlesTheat e. The

al gorithm may co nd the st er to ve in.the 10 corre di rection at
the fastests %a”fg'gg%ﬁ%?r@?t t&ﬁﬁpef REHD ‘_Hpjﬂ?wl%etlé ’é]rb%ﬁg’ﬁfﬁk‘ﬁlétaneasur ed
bandw gf h i s neghe b dhABhiro bysRmMaidhvohe ehipfoyh R bhddWidfPYontrol

use- know edge of the bandw dth-versus-steps curve and position sensing of
absol ut e saatsor, sudiemad vagieklsrmagnificasiondine natnobing wodsled ¥ MINMERanto

achi eve t Se rte%lru gcf to%?géﬂig\}e%angiéridth stability to within some selected bandwidth,

such as, about +50 fm; (2) correct an error in bandwidth from a selected target or

setpoint at a selected rate, such as, about 0.0003 fm/shot; (3) ensure wavelength

20  stability is maintained, such as, when using bandwidth control with the bandwidth
actuator allowing no more than a selected value, such as about 5 fm additional 55-
shot moving average wavelength error, and no more than a selected value, such as,
about 6 fm additional 55-shot moving standard deviation in wavelength error; (4)
include a deadband with hysteresis, that can be used to change performance; (5)

25  prevent stepper motor dither so that the stepper must take at least a selected number,
such as, about 16 steps in one direction before steps in another direction are taken,
and (6) provide for bandwidth target changes, that can be achieved within a selected
time, such as, about 10 seconds, given, by way of example, a minimum shot rate of
200 pulses/second ( for a 4 kHz pulse repetition rate laser system).

30 Accordingly, a filter may be utilized only on bandwidth updates. In between

bandwidth updates, other functions may occur (e.g. step smoothing), but most other

12



I f the nunber of shots fired in the current burst is less than or equal to
a stored value indicating the nunber of shots to prevent bandw dth stepping
at the beginning of a burst, and if the state of the target change node is
enabled ("1"), then the system may set the nunber of steps to take for this
shot based on feedback 20 control to =0. The total nunber.of bandw dth
steps to take on this shot may be conputed to be the nunber of m crosteps
to command a bandwi dth control mechani sm actuation stepper, such as a

vari abl e magnification prismrotational stepper to equal t he nunber of

steps co Nl O T, be
updat ed, Tﬁﬁﬂ&g?gﬁﬁﬁ%dﬁ% té%?ﬁ#?ﬁe?le%n&gl E’é %Perf%ﬁlg@g r%&%&#‘ rgjcr os%/eps to
command t he:oﬁﬁﬁllefrcsltatmuladflgf Lensail@bomsartt h&hy aystah heayndgnidei adaind indth t epper ,

is greater t an zero or if the current arget ate is n t the sane
as the pri &Pnfr %&?HW’EF%‘@“&W Haigg E&BF@ﬁWFﬁ?@P%‘HQ pa&et to 1
and ot her wg&, ififze B nﬁ@gr BB ala%orimaybaa( aana'pg&é}{i 4‘1‘39&%?' ng

whet her new st epper S nee sent to“the control
act uati Aag ﬂhwmmehtoaﬁsdhmng@nﬁcatmaiuce the error signal, such as to

S O o e R R R B b Bl e 2t

stepper nayg %oﬁpro SecyAds. Wh%l@i@%?ﬂbﬁcabﬁﬁ& iy dobibl Ffuirell A@bO M Pt dU¥iag a
t ar get change i s detected, the orithmcan determ ne a new tracking error

based on t fhendwidiletarget phmpédAémfg@t chasge ymplies thatrihesigppermayesed tand new
>pandwl dth L RJeqPls rdstet ratd. "Phd dipSrthfif 8 b8nfint $hd HEpiY: B hQVE id gt M NUS

the new targ
10 correct direction at the fastest rate possible, and then stop the stepper when the

measured bandwidth is near the target. Alternatively, the algorithm may use-
knowledge of the bandwidth-versus-steps curve and position sensing of absolute
steps to dead reckon the correct number of steps to take to achieve the target
bandwidth.

15

If the number of shots fired in the current burst is less than or equal to a

stored value indicating the number of shots to prevent bandwidth stepping at the
beginning of a burst, and if the state of the target change mode is enabled (“1°), then
the system may set the number of steps to take for this shot based on feedback

20 control to = 0. The total number of bandwidth steps to take on this shot may be
computed to be the number of microsteps to command a bandwidth control
mechanism actuation stepper, such as a variable magnification prism rotational
stepper to equal the number of steps commanded based on feedback control.

~ The algorithm output may be updated, such as, if the absolute value of the

25  number of microsteps to command the control actuator, such as the variable
magnification stepper, is greater than zero or if the current target change state is not
the same as the prior target change state, then the algorithm output may be set to 1
and otherwise set to 0. The algorithm output may be a signal indicating whether
new stepper commands need to be sent to the controller for actuating bandwidth

30 change to reduce the error signal, such as, to enable or not enable a BWCM,

discussed in more detail below, to generate a signal to update a bandwidth control
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This can provide the correct direction for the stepper to nove in. The
algorithmmay also then reset the filter such that the filtered error
equal s the new tracking error. The system may comrand t he stepper to nove
at the maximumrate (called "slewing”) in the required direction until the
filtered bandwidth error is within sone selected 10 range of the target
enabling cessation of slew ng wthout overshoot. The al gorithmcan al so
check if the filtered error changes sign during the slew. Once either of
these conditions is satisfied, the controller can revert to nornal control.

e o R S e Tt BB B e B2

coupl i ng 15oating pesandw dth stepping to wavel ength. Wile the wavel ength
controller can conpensate for these changes, it cannot do so during
i nterburst i nt erWVAP&a taygetichangg isidetected, healgosithm sap delgEgined revew,

vavel engt £ 8inG AP Baseldnthe gmeﬂtﬁlfefmaﬁ&b#&%ﬁhxﬁgnqmﬁ, 8 D,

controll er can have o react to a new an atirve arge engt
error. TFhi dandwidtletangdt, e, tﬁe ffi datpradem;dphartgepmhmmearget mm\aeltlﬁﬂgivhtargmen with

the 20 abil.ity essent.i al | ha m a ver nd. fi ne
wavel engt h LEIRRFOREE i focrFPL FiePide 15 5 peBber IR Mo edh M e oG i
posi ti oni ngigliReERketGhANGE Gich Meat IO Rerfl ekl e ﬁéwttﬁ%kag%%s) nrpde
grating, acting as a primary wavel ength control source. .Changes in

wavel engt h sgierh mepyecaBiihnhthe gteppenio mevd adhememxisaum este é¢alled “215wlu;g”t) he BAM
as an |ncrea e iLn.ban er t he ster.th mavele changes,
the | arger n% r%%lg{et 'éechlégnﬁqﬁtﬁﬁiﬂﬁﬁ?ée@ﬁggﬁéﬁfgm i SORG &f gﬁt iih change
i s fastoenea@e of the @ﬁg@@eﬁmmg ce@saﬂbﬂl ot slewitigORithdif bkershsdn Tihe alge:@mﬁxhed by

the BAM Duri ng a target change, such spikes can cause the controller to
ni si nt er pr 620 #lpechgskiibthedil IT(PféihatlgF‘é stgrdimingtthe §1P§W(Pf$°e@6ﬁm@ﬁ ed, and

revert backekPodifhels 130 RERAIAL chORAIDELPESEH S nbATAhIRAS Doon reached.

This can cause the target ¢ & ich |'onger t he sel ected
ti me, such as, Banéwidn}af‘spllfbs§amyrmurdue to Iarge'ﬁhwdengﬂlrdhhh@s Mayririggp| ement

sever al filter these band The spi may be caused
by a | argeg%%g'@fié‘ﬁ@ﬁgﬁ t ehange slewy, the ‘é(a ?Eﬁ‘r?éso beyiapactsgh g EM%/ ng

Measur eTeng Shgehawiae, ¥eyshe BkEvaast hangRAND WatBlkRathit8Rra&GRahal N amount
during a BAMintegration w hdow acts as a filter |gnor| ng a 5 bandw dth

measur enmentonppensate Her fho$ea¢hang@l, itdeunRaloge (Kllﬁns)ntglbe\ﬂWBmagi Buqlﬂhg!rléat er

t han sone esedete |t nedt v? ue, g hysi Id%t tﬁn'thg a L{ andwi dt h
(pl us noi s&f SERRE| CEUPPTY IS YK B arﬂ)golen dithe Ph%é“ fXPger than
sonme pr edefhe WiveRegthaon€roller dhn hd¥e tdy@admy iaiem abﬂiﬁ‘él/ﬂtldélb)larg\é\mekn@ﬁﬂ dwi dt h
reading is filtered/i gnored the I ast good (i.e. not i gnoredé measur enent

can be usedTqrn Thiscangegyl b rapigpanddparag shaegs thjWF epethyByeravitb kel wavel ength
11 = 300 e gl 0 0 ) O T
r epeat abl emectmnsimenich,as |arPZij$tbclma:ymh BR@k orginanepest iphingl dlemeat/cHag pigigh
the angle of incidence of the beam on the grating, acting as a primary wavelength
control source.
'_Changes in wavelength during a BAM integration period may be perceived
25 by the BAM as an increase in bandwidth. Generally, the faster the wavelength
changes, the larger the positive bias in BAM measurements. If the wavelength
change is fast enough, in some cases, a wildly large “spike” can be reported by the
BAM. During a target change, such spikes can cause the controller to misinterpret
the spike to mean that the bandwidth slew is completed, and revert back to normal
30  control long before the target has been reached. This can cause the target change to

take much longer than the selected time, such as, more than 10 seconds.
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control algorithmcan contain |logic that can prevent over-reaction to these
burst 15 transients. Wavel ength is, however, nore sensitive to disturbances
during this initial period. Bandwi dth steps (which nay cause wavel ength to
change) can be prevented for the first selected nunber of shots of a burst,
referred to in the present application as a burst holdoff. The nunber of
shots to hold off is a controller operating paraneter, and may be around 3
shots. 20According to anot her possible enbodi nent, illustrated
schematically in FIG 13, an LNMw th four prisnms 520, 522, 524 and 526 to
control bandw d and velength is shown, Two .0 e .prisns. 524 and 526
can be rotated eé’(?flﬁé\ﬁgrn%ay(ﬁbqqe@ﬁ'&m)’erﬂ Wle%fl? gf’ ﬁ@ert %sei)gpﬁxg{ s for the
prisne 524 spfkds Mikm%&béuﬁdMQ 15rge%efe%gtmﬁan ové&taaheft tie.a St epper
not or actuator (not shown) and the other 25 524 may be rotated by a PZT

st ack (not Ignfsing)bandwikile megwirpmestiyavisndhewava oupth hapeangedby megg thea aised

for coarse fi [ .ust | itliening may be in
response tgé&gé]ﬁﬁgﬂggn@({%%a@en gteégé\;gl{’ gﬁ’g@ﬂ" %%%%r%ﬁﬁ%rslgslérg ?n respondi ng
to center bawblidthghbasafsnight idicnahe Tatabhicluled Rangé 6rIRY tof svaregagthris cent er
wavel ength drift. At |east, one, of the her g,ri sms, may, be rét atable for 30
bandwi dt h EERIer dran semerpredeteppingd, va: AR lrpaif opdheatinal papdyidthg o

stepper noyfs fl&gél)ce%_ﬁﬂ%hlteﬁn% ignorin% Eﬁﬁbarﬁlv@zihih%&&iﬂ%f%lr%e? Qo Air2gr am

forman overal | Itecture T0r a raser systemco er 200 1 ncluding
bandwi dt h detdmuaeed valng(hg.crthe ohaximemebandivdthh eWhanme basdwideh rradingdk | er

di scussed [.n Uni.ted States Patent . 6690704, incorporated hetein by
et of once, THPERiEtEed i BRArouts: AL IRPHDPESHePoRL HOUH Sl 5 220
and a yariphte TRUedvahirs hiipht beaRANEWRE Mavereaikth TR ANV hn@R%ax A firing
control platform ("FCP") processor 202 may control the firing of the

di schar gesalipvegaspontgdebandpidthaabe00 ch as in a single chanber |aser

system |ike Cy ' j r . el ectrodes
in each of a pl Eﬂgﬁfsif/‘gvggg qtgggéggﬁgﬁﬁgrogé ?{%Egﬂgrgg{ﬁn %s%fﬁg%%% ier

ar r angemendonsatinliesaspeayibid transidnts, 3@ bothswalelchgtiiidenesse rTieywawiangthi XLR
series of ring power anplifier | aser systens. The F 202 may utilize

MOP
control al YOl RgPEENm (A} cOntARJOBE HAt a1 BIENEAVEETGHEPIA 1§e% Jursti ng cont r ol
commniscatﬁns{éthC%v&%m {J&gg)%ggeorg%rmsﬁi% ROARnEBarfcLlTRAL BigAM froma

| aser control processor and communi cate wth the LCP 206. The
FCC 204 neperib8. Bandvidth stmpe(velnigh mayrwhusawdwilehgth toxflenge) danrbefprevantedoeam

| ysi dyl "BAM' ), 21 iml to.th tral | ysi
modul o (» SRR PPl R RSBl p BB STemEt S PUER RIS no
center analssthirstHMHE Thd MAvhberdkZhots %6 h6RVELs AdnBoRAd Jeratiipd My
interrupt the FCP 202 to run a wavel ength or bandw dth control al gorithm or

both. The m@%aﬂ@waa!bgww Figis.202 20 commands to a bandwi dth control
modul e BWOM) » 220u;n 0l R 8N BSitt Lhbastheh A OMRAG AL, AGhNAR TR, used to
o thor vel ength, such as may’be present i1 n a variable

contr bandwi

magni fi catidpmnl LN®M pdthr @nirngistid 82@, §22/MMMind 328€ .to Woatrsl Banbvidth ¥MLNM 222

and its act ua}ors ma)(l be com‘rul}i cated back to t%e F%P 202 vLa t he FCC 204.
wavelength 1s shown. Two of the prisms 524 and 526 can be rotated by actuators

(not shown) similarly to the actuators for the prisms 524, 526 show in FIG.’s 4 and
5. One 526 may be rotated by a stepper motor actuator (not shown) and the other
25 524 may be rotated by a PZT stack (not shown). These two prisms 526 and 524
respectively may be used for coarse and fine adjustment of wavelength. Their
positioning may be in response to signals from a center wavelength controller
system responding to center wavelength being not on target due to target change or
center wavelength drift.A At least one of the other prisms may be rotatable for
30  bandwidth control, such as, prism 520. Rotation may be achieved using a stepper

motor (not shown).
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25FIG 6 illustrates in block diagramforma representative | aser system
"pl ant nodel " wherein a bandwi dth (or possibly wavel ength) stepper notor
steps command 232 nmay be input to a sunmer 234 and summed with an out put of
a one sanple delay 236 to provide an input to a steps-to-BWI ookup which
produces an expected bandwi dth value that is input to a sunmer 242 and
summed with a representation of 30 di sturbances from di sturbances bl ock
240. Foll owed by a one sanple delay bl ock 244, the output of the sumrer 242
is summed in sumer 246 with a constant from constant bl ock 248 and noi se

{rom nol se bl ockeRAL g RhaH Fod dRLSYSRAIN 9 art R DR ToaRY

bandw dt h ought to be ows ‘an | rative

exanpl e of gsteancbutdlier 200 intkRidingbadd@idth asd oantlengtheon26l) gemeyalhathe | nput s
of bandw dt h (ortggrhaps maveIeQ%%h target 252, 5 neasured bandw dth
(wavel engt Fpmess theepnigaller disepssedrin mﬁﬂslasc,taﬁeﬁganeatNe&éﬂ%%ﬂnme@e&r e
inputs to " " i qdf: j I 1 ’ ty of
good” bandiy ag oY R it [RGB AARERERA con S ALHIWEREY, it

i nput 252 t220pmdwaivaieiable mapmification dina aasewirig hedul2 §OV MILANNHE229a ndl iriligh

or TR 1< eoptpLplagym {RET§ Reocltion a0ty Gpturighe Ho8s S Bt ovi ously.
neasur ed " gREgeentBOANMERds, fieH aghh@mg&%bﬂmme&wwﬁgnﬂ«m?m&%obe _
passed through bl ock 257. The output of the noise filter 260 provides
an i nput t gedesslasgssysemsranbetpigehthezleninodesial aagh opaphiralify of laseew st eps pat h.
The steps c -path i_nch.ude d i st si.s.'on/of f' box
262, an exacﬁp egrg b ?eélh g ad g’ﬁ%%r?%an%%ﬁlggﬁggg%w Slﬁgg S§Seﬁ$pt he out put

of the 1deadiORA labdr Bydstas or XEiRSserigs bfrihd powercahplificr MOPaL asdt sgstaimk.ed/ on
node (e.g., afafthen the _output of the nmultiplier 270 is the output of the

noi se filtdhed6d dFgmpy utiize gontroliajgorithmp spfiviare apd aravade condrabsignalstd node 0
then the o 4.BlL 86 Qg 0. The output of the rmultiplier
9t e B B 79 0 : ;

270 is anpl gai n tact control gain anplifier 274 and
passes through &h2@FCR202amdy sapomdito anmrbhratdigidd from alas¢rapatrehoot her 276 an

exanpl e of which i, X in nore detail.in FE h nd saturation
bl ock nay BEOCGTSPFKM%B??WPOWHQFPM%% fs&&ﬁ?aﬁ&ef‘ﬁg%? " center
wavel engt hréeevevedvelefigthl AHdtbafBWIdIR irfoiARl InSiRGH astda antalystdtBod@i Num st eps
per show (e.g., 0.1 tinmes the shots per BAM bandw dt h nmeasur enment update

(nomi nal | y (oM Wl & lsomewbatotimilar ipthe specisabanalysis module (“SAM”) discusse
in the ‘704 patent, for bandwidth, and a line center analysis module (“LAM”) 212,
for center wavelength, and may interrupt the FCP 202 to run a wavelength or
bandwidth control algorithm or both. The FCC 204 may also pass FCP 202

20  commands to a bandwidth control module (“BWCM?”) 220, which can be utilized to
command all actuators used to control bandwidth or wavelength, such as may be
present in a variable magnification line narrowing module (“VMLNM”) 222, The
status of VMLLINM 222 and its actuators may be communicated back to the FCP 202
via the FCC 204.

25  FIG. 6 illustrates in block diagram form a representative laser system “plant
model” wherein a bandwidth (or possibly wavelength) stepper motor steps command
232 may be input to a summer 234 and summed with an output of a one sample
delay 236 to provide an input to a steps-to-BW lookup which produces an expected
bandwidth value that is input to a summer 242 and summed with a representation of

30 disturbances from disturbances block 240. Followed by a one sample delay block

244, the output of the summer 242 is summed in summer 246 with a constant from
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25 woul d be 3 steps. The node sel ection path may include a contro
node sel ector 264, an exanple of which is shown in nore detail in FIG 10.
The node sel ector 264 receives as an input the output of the noise filter
260 on a BWerror input and the output of a target change detector 268,

whi ch has as an input to bandwi dth target 30 frominput 252. The output of
the target change detector 268 forns an input to the target change input of
t he node sel ector 264. The slew steps path may include a sign box 266
receiving the output of the noise filter 260, which is anplified by a
factor N i nodsth@ K163k 343U PO R IBRS HIBX 247 6 prédife a re reseL?zﬁ QI[UI?] futs of
each of these paths provide inputs to respectlvg ternlna? ree pole
switch 280 Whaﬁélmcqsmeddfandmmhoughtaobeapompmﬁ&% 284. 5FIG 9 illustrates

have a5 an | npult 1960 "PAES Gull FRPEYS SHETIOPLE BRNaHh FaBoler 790 1t at cd |1

FIG 7. Theohigltér 238 Gndyhaveen tpamafavﬁah Br FRBAIsUI & el thidBC33on bl ock
292, the out put of whi ch r‘r,aylgf provi ded t 2 ﬁ&réeﬂlsay el og%k}9 &% whi'ch may

conpri sé, aacagyredhandidth Gvaygleneth) |2§4§mﬁ1M@Melﬂngth THRYS56r thsilstierdworadvi de an

o out put ot st Mg KRR SR gfotts R sy VPR AT bl &

rreasur ed vvi“gdmd”hﬁndwaiﬂlh)ﬁnmsmwm msﬁmwzﬂl hqthftﬁeeiaf e@baﬁl@ﬁﬂﬁm Lo
bandw dt h 35 greater than lt'{he qut er / hi deadband val ue and "of f'
("0") when é °V@§§ﬂt% te g&oisgAeter 2o% Hatha Ui Rhan%?éurqy@qnﬁgs tohedwi dt h

error is Sﬁﬁ@ﬂeﬂ/éﬁﬁcﬁb@(e n%obécgﬂ%egérgﬁh ﬂlquéé\sﬁ*ényent st"l" 2?.82)0 h}léhgth@ val ue

of the error are I gh or |ow dead Swi tch
294 may0 pr odpueofzocko?d7 will ria pwiveoushyheedsansifgobd” barrdmdths ahdbthesnisé he

hi gh/ out er deadban and, t he | r and value, if the prior

out put was 1% %ﬂggﬁﬁhﬁﬂg ‘g&{xﬂéﬁ’ lﬂé(%lfpor out put was a " 0"/" of f".
This is the WE&TD‘h@Gutgﬁt&ytﬁé A6R8 ifittet D6 Plovided Bh Sput 1?4 pd LoHiah in FIG
8, a steps snoother 276 may have as an input a steps comand, h as that

comng fr ofmr@éﬁﬁdﬁfa path @ndaat slow skips prthp 712he| s|t¢n§§pnmaeu niath mlaﬁmciudél'dne st eps

smoot her di VI d eps command of
steps to t %dmwgﬁhy‘ﬂgre%ﬁ wogtgfbo\gk?o |€f§’r%§w$’w?)’\}g%‘h ’é'ﬁmf)%a take c
nunberisof dtaipm. FI’G19 afithpwiatmit of e dbadbaiﬁrwﬁlﬂﬁy@ér@wsﬁbﬁﬁtﬂélféeﬂl%&( to a

sumer 342 .
actuation enabled/on mode (e.g., a 1) then the output of the multiplier 270 is the

output of the noise filter 260 and if it is in the feedback actuation disabled/off mode
0 then the output of the multiplier 270 is 0. The output of the multiplier 270 is
amplified by a gain factor K in control gain amplifier 274 and passes through a
20 command saturation block 274 to a steps smoother 276 an example of which is
shown in more detail in FIG. 8. The command saturation block may be utilized to
limit the bandwidth step rate impact on center wavelength control. A limit may be
established equal to the maximum steps per show (e.g., 0.1 times the shots per
BAM/bandwidth measurement update (nominally 30), which in such a typical case
25  would be 3 steps.
The mode selection path may include a control mode selector 264, an
example of which is shown in more detail in FIG. 10. The mode selector 264
receives as an input the output of the noise filter 260 on a BW error input and the
output of a target change detector 268, which has as an input to bandwidth target
30  from input 252. The output of the target change detector 268 forms an input to the

target change input of the mode selector 264. The slew steps path may include a
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25 and a truncation bl ock 360. The output of the sumrer 342 is
provided to multiplier block 346, the output of which, X steps, is rounded
off to the nearest integer in rounding block 350. The out put of block 350
forms an output command of s steps, provided to the switch 280 illustrated
in FIG 7. The output of the nultiplier block 346 is also subtracted in a
30 summer 348 fromthe output of the rounding block 350 to provide an input
to a sanple delay 344, the output of which provides an input to a the
sumrer 342. There is a need to insure that there is alimt on bandw dth

trol tuat 20 Limt th yelqt trol,
Cuch as on SRR RS RE thheh T AEYEEME LT IR COT O
order to mghdibENNn Wiargeicdhanphiélew stdpsahiplifiet 2P& an average val ue. The BW

control |oop being run once every 30 shots (which may 5 porres_Bond to the
BAM updat e r at e)Thegyipptspkeach of I‘i‘@SEBﬁ@‘PGFO"Il‘ifo‘ﬁpﬂﬁéP FESBegtive PN & st eps

during the eg%%%rl']g S-t%glzl\g@{tﬁgowﬁltgf@mqgﬁS&BI%@MQO shots. However,

if the B co ree"at once other systemrequirenments could be
vi ol at ed. The ndd@. 8xilstrates dn blockdithgrire ferns & dpadband hysterekiy cdotroligod0 shot s,

which is t he .st ep, snoot her 27 es.. 10T, i npu C e cO nded,
is also p%éd@v&"q}b‘nﬁygﬁ‘fﬁ?éranéﬁﬂuﬂéggge P‘(‘tpf“s‘)tgiﬁﬁﬂﬁ e\k’/ihfﬁzﬁﬁﬁﬁélg‘ﬁgggof

summi ng i N j$ BIGET. ﬁﬂ&inpammafsé pRIviddaaoaauBsiine lhrtknaRh KBek 2951 ngl e
sanpl e del ay of that output delayed in block 368, with the output of the

sunmer 364 thy epetef velrich mey be providedsioragrelaydhlpgh 2944 svhish mAp 6RMBAEE. aThe

out put of c 64 provides an.in te. ’Rh@ﬁ 54 after
a one 15 s%n%f‘%nglgt %qu“ﬁe%cosc &ééﬁ%#%%grggg E[)O l%gic}éb %@"ﬁ I l((:2()9§i)ar ed in
bl ock 362 The sp@nietrid dwitch Zp4aahe furlctian t@prodhicean’ ¥on” ouput If“ 180 mdienakes from
t-he truncation block 360, where the result of t ion in black 340 is

he, di vis
truncated Bgndvadihgiroardppnahansthe hardwidih measres wish %herfif@d‘”é@é PEIngdRd i s
sumed in j L a0t inabi,ed in
mul tiplier %%: OCE@%I%%Ep@Sg?SQ? sucdﬂggﬁ%?gﬁsgx%%@%?%g%ée%ﬂgﬁ@ghi nput, r, to
conpar er bdexibatdRaludhed BOENEDT swhén it heless than sionérdlowzddeidtbivdbieof t he

dashed lings.insure, steppi.ng.stops .after the required nunber .of. steps
commanded, %}lss{%%ané‘.’m@ ﬁ’ggwsgg?pliyfeaf‘ﬁ%{oe‘ ‘Flﬂeq{igglf%?ybémﬁggﬁ\ﬁ%%’% e at the
next tidre {fhe af BAM P IBhE contpfrd RRIPEEL 60wl d&ddbrhy viae TR watchmung t he
bandw dt h control nechanism even if a deadb and | ower/upper Iimt were

crossed. 2Bmyi@radee aol‘bet otse when thabendwiddr eronia batvea the igbouteral ues can
e 2oL oot g e ULG P IHEATTLDISaUE HOR B AR AT B o)
deadband i sievicéRers@Wheh thd pridrSoutput was a “0”/’off”. This is the meaning of
hysteresis in this context.
20 As illustrated in FIG. 8, a steps smoother 276 may have as an input a steps
command, such as that coming from command saturation block 274 illustrated in
FIG. 7. The steps smoother 276 may include a divider which divides the input steps
command of steps to take, ¢, by the number of shots (or time) T over which to take ¢
number of steps. The output of the divider 340 provides an input to a summer 342
25  and a truncation block 360.
The output of the summer 342 is provided to multiplier block 346, the output
of which, X steps, is rounded off to the nearest integer in rounding block 350. The
output of block 350 forms an output command of s steps, provided to the switch 280
illustrated in FIG. 7. The output of the multiplier block 346 is also subtracted in a
30  summer 348 from the output of the rounding block 350 to provide an input to a
sample delay 344, the output of which provides an input to a the summer 342. There
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di (1.0 fm and do (9.5 fin) respectively, command saturation limt, L (2
steps per BAM update period), target-change-conplete error limt, M (15
fin), maxi num 30 al |l owed wavel ength TIR (300-400 frn), and maxi num al | owed
reported bandw dth 600-1000 fm. G ven such factors as sensor

noi se, performance requirenents, and robustness, these paraneters may
conbine in a highly nonlinear way in determ ning the overall performance in
cl osed | oop. Therefore, applicants have chosen to sel ect paraneters that
are nore | oosely coupled first. Maxinumallowed TIR was sel ected 5 based on
exper i ment gt b aeihAGe that MBSl aclfilﬁﬂ%ﬁ Xéhﬂ%d@%d%%%@m&%r%gétd’%t case
sust ai ned operation. For an exenpla aser system und nor nal

oper ati ng dbhagdversereffectston wmelengthmﬁmltsheh baom wiad¢lhngth l@uk;wlmk:lﬂﬁay 500 fin,

therefore ti ives th elected limt xa e .of nArFIaser
system M wé’grgﬁpg%?@a B, Of5 IR X rwﬂ%’pr{\é{ﬂa& &gﬁ ]'t?r‘l’écf ARAAR have
signifi Cantav@ﬁa%@iﬁalﬂ@t PREBW REnEALG baRE niESice BvBRA BshotL@Mimap early

st oppi ng of arget change slew to prevent excessive overshoot.  For L,

since the Isarrdspioddto Mmmm)swmmfmo@mbmpmm theh, so that

(bandwi ot n RG> SR ARG e RER FhRoBodPagbeoah) SLppp Sl eor

desat ur at i ¢lowkvet, nfﬂxb@va/@mb@:ﬂgiahd@ﬂm}fr@d At®nce dther @imgeequ}emm@ engt h due
to bandw dth steps can be cancelled by wavel ength steps. For K wth

bandwi dt h §?@6ﬂ’§r‘”‘? ated- [Thamesdhgxists %S@@%ﬁﬁhﬁq Sepsiyd e‘é%‘%léﬁtli‘&g BY shotfmi t e
gai n mar gi Qp: 600 }ﬁltﬂﬂ:%'téb dSocifidrPbeRes0 commands are effectively always

saturated, providing the fastest response tinme. Wth the bandw dth stepper
provi diteg - 0. OOEIhéumptm,erstspsa]@mmandedplsalsegxmaded;oaBﬁhmﬂnet 364 @Ber@.i0B033 fm

per shot neets r.s m_r equi.rement s. = 9.5,..4alon i th tuning
the i nner §YaHS Hﬂgﬂhi‘# jof s n%\’é‘?%‘i‘m%r ﬂ?ouﬁﬁﬁ(ﬁfnﬂbﬂ?ug &HBr ol needs,
and w th hggyy 36b bﬁ@ﬁ'sﬁ'@ld m&ip{é aaa;« BetHat bﬁtﬁﬁﬂfklély%ldliﬁblo%ktﬁﬁ with g

i nst ant aneous bandw dt h " (except under rapid changes in bandw dt h such as
steps), dooetant qfrtbvsuamr B\mmidea\aen@put tmsmsbrmﬂﬁdfelmebbz@kﬁéﬁ The

bandw dt h a asurenent n 5 L ite
Gaussi an (g?tgﬁ{;o%&o%hﬁﬁmg 39 n}pu %’S?R]l?e \?agﬁéagﬁoﬁégang\% d?ﬁi:lhl ess than
(2*9. 515 1Earhple Hela§ ifi Bmp 380! ghé @uiplufrmt blaek 854 is@dnfarddia Wo&BFY to skaner
deadband Iimt di = 1.0 can naxinm ze the deadband hyster ﬁl S,. M nimzing

jitter in iisgmataiben 2 vlye %ﬂ&%%%%’éﬂﬁ?&%‘l’mé@ traRsatiandlogk 390, or ot her

actuator f t t at about
21 Fin + o3bpR fERAEE Atdtibichiin e Ba0tt ilinafiolty Bl ERARIERTRY 20 2

| ess t han decimal pdron & ﬂmhﬁre’smit;raadssashrmhednﬂ summenib§ with ercopstamesitchon from
the noise f | i earndcrgu t1a11 marggltgﬁeral\)/locl?gﬁe ﬁ)(r: g%ﬁiue such as 0.5, to provide an

20  input, r, to comparer block 352. The elements of the step smoother 256 outside of

the dashed lines insure stepping stops after the required number of steps
commanded, i.e., ¢. Otherwise, if there were not to be a BAM update at the next
time for a BAM update, the stepper could simply keep on stepping the bandwidth
control mechanism, even if a deadband lower/upper limit were crossed.

25 - The controller 250 may have several parameters whose values can be
selected, and for which representative values are noted in parentheses) such as noise
filter coefficient, C (0.9735), controller gain, K (1), deadband inner and outer limits,
d; (1.0 fm) and d, (9.5 fm) respectively, command saturation limit, L (2 steps per
BAM update period), target-change-complete error limit, M (15 fm), maximum

30  allowed wavelength TIR (300-400 fm), and maximum allowed reported bandwidth
600-1000 fm .
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amount of which is undesirable. Conmand saturation can be selected fromthe
rati o of wavel ength changes from wavel ength and bandw dth controller
actuation steps and the desire to conpensated for a bandw dth actuation
step by a single wavel ength step, and rounding down for integer steps,
since if rounded up the wavel ength 5 stepper could | ag bandw dth steppi ng.
For a BAMintegration period of 30 shots, the wavel ength controller may
allow 1 wavel ength step every 30 shots. Therefore L =2 which is about

0. 00033 fm per shot, neeting systen1requirenents If the size of the steps
were to increas f ' educe gain
mar gi n. 10The sﬁgggég%%?%éggﬁ%%%ﬁﬁﬂzgﬂgga¥$ ce&ﬁﬁ%@ﬁ&ﬂ%@gg(l ck) +yo +vk

where u i s robestraisg,ghat pafmaéremayrqmmbmqmdlsnghllymomhnearaﬁayoutdetmmuﬁngs t he
coefficient, v is_ filtered poise,, and 0*(sh nmber Wth the

control | er %@Vqrﬂépﬁféowc?ig‘agﬁ%ﬁi@%eﬁh%w "eﬁpﬂlil%qn ReBossadaselectont r ol
action may fphn3d@kat %h%trinl)rg FJ)&W eshptethi {?9 rMa.?fﬁ'hﬁﬁ%ﬁéw@@?ﬂ@ \a%sel‘%v\%a tine

required beirng an initi ay due'to the filter. Solving f eny
cr osses5t hdashdadbapedrimentatio® dyongg Itargdozhakgmslw, badieved/to e axworstehsere it i s

known t hat m%taﬁn%d of)A‘eSi'gtlilorpl. nlgorta?l%xggla ba%F laser gy@te%\l/er 395 ormafog r%tul%ge fore

conditions, the maximum possible bandwidth is around 300-500 fm, therefore times

2 gives the selected limit.
In an example of an ArF laser system M was selected because a heavily

10  filtered test signal could have significant delay between the actual and test signals,
leading to early stopping of a target change slew to prevent excessive overshoot.
For L, since the bandwidth and wavelength steppers can affect bandwidth, so that
wavelength stepper can move to compensate for a bandwidth stepper movement
(bandwidth control actuation of a control authority), e.g., through PZT desaturation

15  inthe wavelength controller. The change in wavelength due to bandwidth steps can
be cancelled by wavelength steps. For K, with bandwidth stepper rate limiting, the
controller has essentially infinite gain margih. Control gain is selected so commands
are effectively always saturated, providing the fastest response time. With the
bandwidth stepper providing ~0.005 fm per step, at two steps every 30 shots,

20  0.00033 fm per shot meets other system requirements. For d, = 9.5, along with
tuning the inner deadband limit d;, such as for customer bandwidth control needs,
and with heavy filtering implying the filtered value is the actual instantaneous
bandwidth (except under rapid changes in bandwidth such as steps), d, can provide a
nominal overall deadband for the actual bandwidth.. Bandwidth measurement noise

25  being approximately white Gaussian (standard deviation ~20 fm, a total range of
bandwidth less than (2*9.5 = 19 fi) is reasonable to limit actuation of the stepper.
Inner deadband limit d; = 1.0 can maximize the deadband hysteresis, minimizing
jitter in the commands to a bandwidth control actuation stepper or other actuator for
a control authority. Also, with bandwidth measurement at about a 1 fm resolution,

30 the inner deadband could be ineffectual if set at less than 1 fim. For C the increased

stability and jitter prevention from the noise filter can also add delay, an excessive
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20 the actual filtered bandw dth reaches the deadband (due to noise and

I gnori ng noise "spikes"), wth dO0O> yo, and avoiding u + yo < do, inplying u
+ yo - dO> 0, k can be maxim zed when uis large and u + yo - do is small.
Even so there could be a conbination of disturbance and initial conditions
for which it takes nearly infinite time for the filtered error to pass
above do, regardless of C. Wth bandwi dth 25 neasured with 1 fin resolution
(mnimumof u + yo - do =1 is reasonable) and with do = 9.5 (largest val ue
of uthat will mnimze u+yo - dois u=2*d0 + 1 = 20), then an initial
condi tion M&youReoflvhidiSs uh@ishrbie. ContfihiGag can%@:dsefkcﬁ:td?)oxﬂ;ﬁe{féﬁgance
may be enough to | eave the "top"” of the deadband. First order filter
response (md vmwelesgﬂmh)mwrfmmmvehagﬂhcamgémmwdﬂemmrdlheadea&hmwbs Wth 30

shots per sanple an the mnj ot a t|on rate.of. 200 shots/sec,
he. max: muPRHEAGSgre GUBP Il Sk BB A EoD SR i A el AV nge 1
¢ 1 - ¢ 11%epQakProvmbig@ownt for I&Q&rmﬁg %uﬁt,@ 1f§)uhb&:l SERWaveRingfh St andard

devi ation, by way of exanple, equal to 20 his 'may define an absol ute

wor st cése Stepner ¢ouldblagdamdwidgh s@m?gsﬁmBAMpmé&ﬂatld@Pw@ off 30 she¢ss than 0.5
seconds, Wivédl rf%l% @%ngol]g%" %g@lﬁ@?ﬁvélgﬁﬁ gl%Ble%e&e_a] Oes% nl’he%e%rr% f, hat a

filter coefticien reason
= 2 which is about 0.00033 fm per shot, meeting system requirements. If the size of

the steps were to increase (or their effect on bandwidth), this could reduce gain
margin.
10 The step response of the noise filter can be:
Ye = u(l—ck)+y0 Vi
where u is the size of the step input, yp is the initial output, C is the coefficient, v is
filtered noise, and k = 30*(shot number). With the controller 250 inside the
deabdand when a step disturbance occurs, control action may not start until filtered
15  error increases above d,, with time required being an initial delay due to the filter.

Solving for k when y crosses the deadband:

u(l—c“)+yO +v, >d, =
ok < u+y,—d, +v,

u
1n(u+yo—d +vk) ln()

In(c)

where it is known that C < 1. Assuming the deadband is, on average, 1 sigma before

k>

20  the actual filtered bandwidth reaches the deadband (due to noise and ignoring noise
“spikes"’), with d, > yo, and avoiding u + yp < d,, implying u + yp — d, > 0, k can be
maximized when u is large and u + yy - d, is small. Even so there could be a
combination of disturbance and initial conditions for which it takes nearly infinite
time for the filtered error to pass above d,, regardless of C. With bandwidth

25 measured with 1 fm resolution (minimum of u + yp — d, = 1 is reasonable) and with
d, = 9.5 (largest value of u that will minimize u+ yo— dg is u = 2*d, + 1 = 20), then

an initial condition may be at the “bottom™ of the deadband, and a step disturbance
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10A conbi nation of a stepper notor and a BWCM can act as an accunul at or
(integrator) with rate limt (4000 m crosteps/second), which nay al so be
very noise free. BWis a nonlinear function of absolute stepper position,
and there may al so be negligible coupling fromW to BW which can all ow
for closing the BWcontrol |oop separately and i ndependently from ot her

| oops. However, coupling fromBWto 15 W, along with a requirenent to
induce <5 fin W error can require special consideration. Although the

pl ant being controlled can act as a natural integrator, wth good noise
rejection | |1 anal of | ' : p prevent
jitter in 2{1 ppe%dogghn}g%g{l’%]gg %Fe dg&{(?gé%&%ﬁﬁg%gﬁ ogcgéf Eﬁot\%gfe%éﬂ%&ggﬁ%w dth
control neokearshsot) sirefake thetlongesP dxitstht demlbpndi Witn30 shathpasampbaand i ne
magni fi cation or, a baseline gerturefoﬂg)%n' ng,or the |ljke. This ma‘%é be done
by using | ith minigurL ol ac o0 rafe ofi D0 ShRRS/se HRamar I ts 0 IFa¥ege nunber
of steps, hCoeaRBand QuIPBe GRGFhihEFBYI On and awai ting an interrupt signal
froma respective limt swtch, whith causes the BWCM to stop comandi ng
stepper actuation due tqg the g gnhal fromthe limt switch. The 25 sane can
be applied in regard t étfmr]/:foaﬂ win{6) control actuators, such as an

adj ust abl e aperture. sdhe | i m* & tch | ocation should be set to known
bandw dth setting, such as a hx(e)/m magni fi cati on or a known aperture size
and | ocati on. V\V’r’e@=t‘m‘§'fwzfo‘loo—nal‘l‘ty_Ts bei ng exercised, one may al so
measure and update a BWvssteps curve. Applicants have simulated such
a bandwi dt ivhefnd riothessgficd Moise dtahdbuel devingidnf byowag of bxSnpie) eajuble 20fi. syst em

response m%% be doni nated by the al gorithm BW )
is may define an absolute worst case, and a Monte Carlo study showed typical

delays are less than 0.5 seconds, making a delay of 10 seconds a reasonable
selection, such that a filter coefficient of C = 0.9735 is reasonable.

10 A combination of a stepper motor and a BWCM can act as an accumulator
(integrator) with rate limit (4000 microsteps/second), which may also be very noise
free. BW is a nonlinear function of absolute stepper position, and there may also be
negligible coupling from WL to BW, which can allow for closing the BW control
loop separately and independently from other loops. However, coupling from BW to

15 WL, along with a requirement to induce < 5 fm WL error can require special
consideration. Although the plant being controlled can act as a natural integrator,
with good noise rejection properties, additional filtering may be necessary to help
prevent jitter in stepper commanding.

The system may seek to move the bandwidth control mechanism stepper to a

20  baseline position, such as a baseline magnification or a baseline aperture opening or
the like. This may be done by using limit switches, such as in the LNM,
comma:nding a very large number of steps, such as, to max magnification and
awaiting an interrupt signal from a respective limit switch, which causes the BWCM '
to stop commanding stepper actuation due to the signal from the limit switch. The

25 same can be applied in regard to other bandwidth control actuators, such as an
adjustable aperture. The limit switch location should be set to known bandwidth

setting, such as a known magnification or a known aperture size and location. When
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S5stepper rate limt, for exanple, -0.0005 fin/shot. Filtering can
effectively inprove noise response to tighten the deadband. Controller gain
may be set high enough so the stepper command is always either saturated or
"of f'. The system can achieve error = (inner deadband) + (-3a filtered

noi se), which may then "creep" |ower as noi se spikes trigger occasional
steps (assum ng no di sturbances). The creep can be 10 m nim zed by

i ncreasing the size of the hysteresis. Deadband plus the noise filter can
effectively elimnate jitter. The system can be highly robust, with a gain
mar gi n ess [ Liad1 Qi : t Sedsufd hndupdde W BIW

deadband cglﬁgpfra}éé\%g?l%ol?sﬂgﬁﬁ %kn‘?flﬁ%lgéﬁ@%gg%gg’?aﬁfl i zing rrgti on i ntlggfhe
system A ctpseurveavel engt h sel ecti on nechani sm may i ncl ude a di spersive

optical 15 el enent .and the center, wayel.engt h, sel ect.i 0 ri ndtor. ot her
center wavel engtﬁ?p%‘@?lﬁﬁi’?‘éﬁf‘@ﬂ’h?%%?uc Iaetf?BﬁYVldrﬁﬁo% tSV%F‘P‘aat?ﬁyrHegﬂq{ﬁ%etd an
angl e of i ERaRGKIRAaliHEHIE S5t4REspbAK Hhy BE dsinitatedty thahlg@ketimmBW The

differential tim ng. system nay cor‘rgrl se a coarse bandwidth control

adj ust nent steppervatedinvibrfonexample.or0@nin/shati Sitering cap sHeeivehginpprage

bandw dt h / tec. wav t n ti SR d. 20
Accor di ng ? gggg%sp ﬁlgs?: tg%‘%ﬁ?é Bﬁiégg%t()@aﬁ? (?reér%{)ﬁjrqlf’e?gg@ rrg%;%gg%%tl cgﬁ %g in FIG
13, an LNMh stéppepeominand salbads eifi? sathi2dedoord‘ofZ6 The sgstenroah abbiedev dt h and

wavel ength is shown. Two of the prisns 524 and 526 can_be rotated by
actuat ors EWet=énaeideadband) dr(~yotBteredbneise) whishangydhen hareen’i loper 894, 526

show in FIG. . I _ not or
actuat or ( %%&se s%gﬁt?‘gﬁ%%octc%el&fg St)e?’ %&%E%J;&Btﬁa%t&%?egxg% %f) %%[1)' Sét ack
(not  sh®wnjniniktigsEbyt oreasing ke H2606thd hyRdresss pradband plusithy nbise ddied f or
coarse and fine adjustnment of wavel ength. Thej.r. posjtioni may be.in
response t EASIIReHVElyelighnate JHRE o [ heS¥siam FRjt bF yrr8t"ll‘°1§7w’§€g ‘rﬁllpﬁ%%ndi ng
to center Qb inipe! 35@9Hmif HBnk VithAhe GbadbRAN 8% Plevemnt er
wavel engt h%gﬁiaﬁf} At Qﬁa?%ggzs%?pétrhg ot hler B%I sns rraya be rota ae‘bll e for 30
bandwi dt h paist from, inpatig destalplizisginttdn iRotthe systernmy be achi eved using a

st epper notor (not shown . A nethod may .b sed..f 0 t he
spect rum profi | g f%%ﬁdﬁ%!%?elﬁ“&oé’eﬁl%ﬁn I Peliug? %I %{épeerr ggﬁ)gﬁéaelnent ,
such ag a NERAnCindRRehas Slavelniti el ¥dtionprishy a®oibther senttabkeelbagtha MOPO
| aser because it may reduce the energy._input to the second. (anplifier)

stage 512. sclistion eptipal ¢leragntmaay eantiplighly dbust pvapglesfiingidenceaf the fpam
utilization of ich Y. o de. ef re
ot her | as e‘?bosny%1 e#’%%rﬁg}%a%?%éle%g@g}ﬂn@?@% &lgfg}c tlgjstfﬂﬁle e g%hls{ﬁg%:apﬁlp Qi':se fgﬁough
dt MOPA t i ngdagsedsantiwitdth sentrdladitistthemeor vioe aagae Varibhecaphpiaatiinsofaodrseet hod
descri bed here. The azqtl)arat us and rreﬁho maygoge used to provi @e oth
symmet ri caAndfee baadnadih and/gr cenieh Wayelgrsty coriEql actyghion may be & ©d10The

out put,sspect r urmeéoraﬂag th 3f6thet gagsnﬂé ESbBdidnd MR schehdii ey in'rIer, and

grating-based spectral® narrow hg nethod can have a spatial non-uniformty
of wavel entt,lan bijMawittoffowexprphe 5200 52he524 and 526 foroninal beedwidéh @adv t oot h

structure of the grating. ElIG illustrate ex | e .of , bandw, dt h
variation W& {s %’r‘?“&’he%g"ioz‘gjtg? PRY™S gr%taﬁl?e%“raguagﬂnom tF% Hyt%g’\%oer m
passes. BY(fnStEHQﬁH) RémAarpid thefachlabork diethe boishe B | s2otidveinBEG.e5 4 @s6i | | at or
by nmeans of, by way of exanple, an adjustable aperture, such as 158 in FIG

14 or 610 iln Pneprigs, 526rmay barefated hxia siFpRg Meiot #rsuer (ohdhar)prddhe
appl i cat i %&},léﬁ%%%lg% bt }ééﬁge%?)@ﬁﬁ gg@?}ﬂayﬁ g aRhtE %&@%T%@M%EOR A

TUNED TAS porated herein reference, from
whi ch Fl G 52trespestivelkangy berdsédnforcbirsg anth dine pajustraent g avavietength. ndheio power

anplifier or,power oscjllator, such as ifier 512 illustrate

e hemnt | catey ey ke i esaySt dfh, Senfbra e prARe piaxE g beitiotiss

cont r ol | edsystEhereBMling2 B dntdr&yavelerRyBEinS %6t bh airét direab t@getdhanpsiof | G 3,
that is uséd as t'he second stagg (anplifier) can require_a certal n_input

beam si ze center chpvskamgthe driftov Addeasiyone ebflisi ater orises Mo beeivtatehle foxi | ar
means 3%“C*La%8w‘i"dd% %glrlrt]roeﬁ( Qgc%dgsr, pg'ﬂﬁl' glgo.pﬂomnfn%y be achieved using a stepper

motor (not shown).
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25 exanpl e) or another adjustable aperture to size and shape the beam such
as, expand and collimte the beam after it is apertured to select a
desired portion for purposes of adjusting or selecting bandwi dth. As an
exanpl e an adj ust abl e beam expander collimtor 600 illustrated
schematically in FIG 15 could be used. A bandwi dt h nonitor such
as in a bandwi dth analysis nodule ("BAM'), 516 30 in FIG 3, can provide a
feedback signal to a bandwi dth controller such as 620 in FIG 15, that may
utilize the bandw dth signal to adjust the portion of the beamthat is

passed through tAen@fbdiiiadBk tis@PR dorirel Hé Apectrisahprafilo(bandwidie dreaied

sel ecting aperture size and beam shaﬁi ng are both controlled to select both

bandwi dt h alaserismlifiet lageriamtapgethentasushias R MOPArerVEFE leserisiistemasdiichsy st em

shape (bandiUPRyr LR RHITg, = 873R0TRe BRYIRED s g SRTE MG eRhad B T
beam expanderthe sdcbhdrgdngilifed)Ostadet 51, I Thidmethod @it randely lvatthbandoPdt h of t he

seed | aser beam such as the MO beam before the adj u,a;a | e aperture should
f}é%’tl?ﬂ B

be | arge enduig Bl yiligation of aduchomay havsangnds RERANRNS OFf t er

dj ust abl I . i i d bj ect
adj ust abl e ARl §asel gysgeﬁﬁa gﬁﬁrgrl?@%ggﬁg{eﬂgu&?ﬁ, Qﬁex%&%%ﬂlﬁ%:dégﬁlﬁ sed subjec

matter, dtMOPA timng 10 one to allowthe ser to
oper at e at dtMORMtimingrattMDRAytHenitiliged foaugnieat Berppatatusfandtrhethod aser

operating paraneters art from bandw dfh, such as pul.se,eper dose
Stability AR Here ot grpritiagd dpthe oy Be el VRS sORCHMRRERRY or m o
active ban%%M@ﬁ{cﬁp&mmmQ%wédt%&%geéﬁr&onbi nation with one or nore
ot her bandw dth control actuators, either as the coarse or fine adjuster or

15 wi t HOr el at i velhg cadpidispentaatiobthe daseuthnimses 2 paismeandirdaldingymisereandi on
t uat I it I t i . R t he dt MOPA
bandvi dr b ofuner s Seelrhd dbrobitng Fichla GRBGUL ShPiofhoRuBRbE 8 103 LG

not be requiavelngih, b waflof egdrgplef inahe Birsction awraal torthersaai Mot sthucue@f her
operational standpoints such as pul se energy stability, dose stability or
the |ike. trprabee. oKt d¢ 1Husdrtesianexample ofhspdwidtl vadagan depgpdqni eathes ych as
a MOPA or cff r | 1 PA/ PO,
it my be 3@?&%%&9’23\%{’5 pa)rﬁecl:tﬁ eticl %@‘f"tﬁgﬁ%g%%@ %%&?%ragyl\% g‘ﬁ'ﬁ& P&ﬁlbo to
adj ust 15and beamn tfront theasterrogyillatot pytmdansiof) by deayt ofafixamiple, anpljukfable porti on,

such as the PA/PO. An j u e apertu cul d be rectangul ar ,so as to
adj ust in FPELLEHSHER é&@ @?Ig;?lgﬁéegéﬁhfm%cﬂr ?‘Wﬁéﬁg’iﬁtéﬁ w theSOgnee’ s
l'aser syst gaRiing pabntappiih Ser.NeOT 1I9E73,983, ehtittdd A CTIVEIBANDWHSTHaser
systens, is ordinarily an ad! ust nent of "size in the horizontal direction,

in the casCONTROLFQR AaF LASER, filedsors Fungrd 0f 8005 tagapperated beran by4. As
illustrated n Fl 15, . beam ¢ he n f | ust abl e
aperture tf)ef?rre'r% eo%“b%%&“ﬁ@ﬁ?a@?ﬁ"ﬁ@‘ elslu%%%)%g chmgg H‘Qigp %élglms %}%})ﬁ)ﬁ%é&% 612, a 30
prism gy aphedahplifier of ﬁ@wélscs&iuawr, sucheRanpiliflee A$2 InpthedistitmatRaly t he

like. After a part of the beamis selected by the adjustable aperture, it
coul d, as HJilEd 3athes¥stemmeoutput spectrum bandwidth can be controlled. The power
amplifier or power oscillator such as 512 in FIG. 3, that is used as the second stage
(amplifier) can require a certain input beam size, which can be provided by a
combination of two lens or similar means such as a beam expander (using prisms for
25  example) or another adjustable aperture to size and shape the beam, such as, expand
and collimate the beam, after it is apertured to select a desired portion for purposes
of adjusting or selecting bandwidth. As an example an adjustable beam expander
collimator 600 illustrated schematically in FIG. 15 could be used.
A bandwidth monitor such as in a bandwidth analysis module (“BAM”), 516
30 in FIG. 3, can provide a feedback signal to a bandwidth controller such as 620 in

FIG. 15, that may utilize the bandwidth signal to adjust the portion of the beam that
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expanded/ contracted and collimted to neet the beam size requirenent of PA
or PO such as in the adjustable beam expander collimtor, which could be,
by way of exanple an tel escope or an adjustable tel escope with a separate
collimating | ens. Beam expansi on may not be needed for a MOPO arrangenent
where beamsixe in 5 the region of the anplifier electrodes during electric
di scharge between the el ectrodes may not be as inportant as in a fixed
pass(es) anplifier. The beam shapi ng optics could al so be, by way of
exanpl e, a conbination of cylindrical |enses that can have the distance
bet ween t ' [ r r of an
adjustabl2q%g%##ﬁ%§qggﬁﬁém§g a %Shéghfgm?ﬁiﬁggiﬁggkggé?ﬁ%bgggﬁ?i or 10
asymret ri capersye sizeam bearh sbaping e totncantrodlied saifalent dothcbandwidthragdcoul d be
noved in one axis, such as.hn I he hori Qﬁ;al directioq t oward, one edge or
R 8¥84 c

the other GFAPRECHRRH gmPlticationsiaseor Yiiery SO 1P PIQAIEROM Y dt .
For sone disghbicBRAC 88 4s9ninétAeAcofREI I spttral sHABé andWidih R SvHieh afayng to

beam quality, such as bandw dth, the variation maée?e nore pronounced in
T

t
the 15 §er bedane by wag of oxanapleim themdistablnbeam expapder(qollamater §00.ektaviHl e f or
titi ] - . | t
st rat odende GBE AT Bin St S0 SR b B 208 o 1R MO, BRE 1 e
i |l ustrat etheatflustablleagerre/ shioulC'bd laygeosrioagh erprooideiaatesivéd tdnge b€am f or beam

qual ity paraneter selec iagn, |.i ke bandwi dth sel ection. this nmay al so be
done in taﬁEFéFFﬁlml?%dH’l_ [aEer aGpstable APEIFKe-as in FIG 14 and another 20such
aperture as J usfr JRed 'BEGding to th Bilers A1MB1RRPkILTRE hRRS:y, dhIOPARTHARY ©
magni fi cation |ine-narrow ng no uﬁ e 502 may be responsive to signals
gener at®d maytbedefbalodeiaslbowrsMOR e lasento dptmtesatdis ophmummdiMOPA

magni ficatj.on |i.ne:narrqw nmodul e 502. may be used far cparse . handw dth
control wi tlﬁm&ﬁ’léorc}Pe gﬁ?q%m(?? gfhr‘?éfiaﬁﬁrn?ﬂﬁf 10§ RREHSIEE apgq%ogbﬁaenc%pfl 520, 25
522, 524 agghQk pake eAlgy Ak RRbilin addiidiikes ARilE e AljistailOtperfite B1@,S
differential firing tinme (dt MOPA), or grating bending, such as with a

bandwi dt h ewetherdiord of petive bapdwidth gpairelngay be aitikeed inddostrinatiosewidb gl | y at
630 in FI 0 i rture.  WwW.ihi i vity, may be
used for fG? rnngmo ead%%s\?vib\é?ﬁ%? ?I(;ﬁ?cﬁ R =15 m%yt[l%e&{s}etﬂ %%%Sﬁiﬁ%%% dor ny Y

actuat o s &ith rélatived g dqual sgedivfadusoneny dsh mdoidth aeleSfomanteatof (cohizolot her s
as one or the other of a coarse control_ actu d fine control

act uat or . aythorify) fo ﬂ?l@ch?ﬂi’é‘!”‘éf@o dMEFQn%tWG_b’e ﬁgﬂﬁ&f@%ﬁ%ﬁw@t’aﬁle@% aspect s
of enbodi ERlFor Ry bOENISHREE R Otsaltd stridérit Gh@ HRH RRBY SefiRdirblERERd tO

satisfy the requirenent “of disc g at l'east one enabling enbodi nent of

t he subj ecdignificantly fodm eatimun MIMOBAJrom ofeer operationalstaadpeiots sugkapl ary
enbodi nents.only and .to nqot to lLimt the scope of 5 any of the clains in
any way arRPISS fgé'lﬁt%hlﬁ?" ﬁ%%e ﬁ?@l}a\tysodé%? ﬁ]fec di scl osed enbodi ment al one. Many
changeg and nodgihb&aldrNstabilitP6f 45kd 1hfer hidplifleslasersach &SPMOBAWT

enbodi nents of the disclosed subject matter of the clains that will be

under st oodMER eqsphassitongbaifsetedsde MO anereyiinpytie PAYPO, Baray eal arly in
regard to de@ﬁﬁgrhggggﬁﬁgfgpgg%‘s&dg?ﬂgm& R0 RHE BRTES 18 hdfularfiCffntione ©f

equi val ent’s.
MO energy output independent of the amplifier portion, such as the PA/PO.

'An adjustable aperture could be rectangular so as to adjust in the short axis

25  of the beam, which in applicants’ assignee’s laser systems, such as Cymer’s 7XXX
series or XLA or LXLR series laser systems, is ordinarily an adjustment of size in

the horizontal direction, in the case of a line-narrowed laser, as shown for example

in FIG. 14. As illustrated in FIG. 15. The beam can be expanded before the
adjustable aperture to improve controllability, such as with a beam expander 612, a

30  prism or a plurality of prisms, or a lens of lens combination, and the like. After a

part of the beam is selected by the adjustable aperture, it could, as noted above, be
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10 intended in scope and neaning to cover not only the disclosed aspects of
enbodi nents of the clained subject matter but al so such equival ents and
ot her nodifications and changes that woul d be apparent to those skilled in
the art. hl additions to changes and nodifications to the disclosed and
cl ai med aspects of the subject matter disclosed of the present invention(s)
not ed above, others could be 15 inplenmented. CLAIMS I/VWE CLAIM 1. An
apparatus conprising: a seed |laser defining an optical cavity producing an
output; an anplifier |aser receiving and anplifying the output of the seed

laser and pe@¥indbdiBorftrdcRAUNd THRIRATLP 1Y RUét; thebdiai Sivk dcuirBRiehOHOY oFPaY| €

nmeasuri ng | aser output bandw dth and providing a bandw dt h neasurenent; a

cent er wavebeshgash inrther adjosggbledgame exppaden colljmatpse whinht puitld denbgrwapwél engt h

and providing a,center wavel ength ne renent; ifferential t.imng system
responsi ve f”g‘”&%{? c?nbtﬁ{?ﬁ?/ﬁpﬁt% ﬂgﬁglﬁrc’tgﬁ%z?ﬁf%c’pg e‘i@%% Ve f?eaﬁﬁ:’@g{athﬁg lf“%' _

di fferenti aBedrhréxpghsiddmap eboBemeédtd foeadMOPERAr@p@nRAD Whbiecheantsidte SRer si ve
optical element; a first prismresponsive to said bandw dth neasurenent to

rotate rdl atheveegion ifethsi gpwlifipy elenstodesn| dusgnelsetrigndisskaree t bapurpsn dheer the
laser out puélem\é\”rgéw 'nofagg as important as in a fixed pass(es) amplifier. The beam

shaping optics could also be, by way of example, a combination of cylindrical lenses
that can have the distance between two adjusted. For symmetrical spectrum control,
the center of an adjustable aperture could be aligned to the center of the beam. For
10 asymmetrical spectrum control, the center of adjustable aperture could be moved in
one axis, such as in the horizontal direction toward one edge or the other of the beam
to, for example, increase or decrease bandwidth.
For some disturbances to a laser operating parameter such as relating to
beam quality, such as bandwidth, the variation may be more pronounced in the
15  vertical direction of the beam. This can be true as an example for repetition rate
dependent disturbances. Therefore, the variable aperture illustrated in FIG. 14 may
be rotated 90° in the plane of the page as illustrated and select a vertically oriented
portion of the beam for beam quality parameter selection, like bandwidth selection.
this may also be done in tandem with a selection aperture as in FIG. 14 and another
20  such aperture as just described.
For some applications, the variable magnification line-narrowing module 502
may be responsive to signals generated by the bandwidth measurement module 516.
The variable magnification line-narrowing module 502 may be used for coarse
bandwidth control with one or both of the bandwidth control rotatable prisms 520,
25 522,524 and/or 526 and another bandwidth control actuator, such as differential
firing time (dtMOPA), or grating bending, such as with a bandwidth control device
(“BCD”) grating deformer, shown schematically at 630 in FIG. 7, or a variable
aperture, within or outside the cavity, may be used for fine bandwidth control. Each
of these bandwidth selection actuators can be used in combination with anyone or

30  more of the others as one or the other of a coarse control actuator and a fine control

actuator.
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second and third prisns responsive to said center wavel ength neasurenent to
rotate relative to the dispersive optical elenent and selectively alter
center wavel ength. 2. The apparatus of claim1l wherein: the differential
timng systemadjusts the differential firing tinme to nmaintain bandw dth
within a selected range of bandw dths. 3. The apparatus of claim 1l wherein:
the second and third prisns conprises a coarse center wavel ength sel ection
prismand a fine center wavel ength selection prism 4. The apparatus of
claim2 wherein: the second and third prisns conprises a coarse center
wavel engt h sel ecltivdll benindsistod by thbRekilRAlif thewdVBheaPbits SLLMABbAIRTEnR | SM

5. The apparatus of claim1 further conprising: the second and third prisns
adj ust an a®fghe s@eqt matige diselosed ahpve gessintanderhio satistyi the egagirementoef cal

el enent. 6. ;: . 1 ai r ot and
third pri sn%llggﬁllg?ﬁ%% gﬁ%?%abg# gieglﬂé)?) 8%%%%3%6@@5%%'#%p05ﬁ Q?’hé‘%ﬁ?%%r sive
oplt i cal e: em&xdetonebr m‘ﬂiealmhgﬁffﬁtp\lm'y GﬁlblOﬂi];&idﬂiIS]OIfljd aﬁm&rnmwﬂnﬁsihegc?gd‘xﬁ“ system
selectively adjusting the differentia jring time conprising a fine

bandwi dth e RPN ey e Haﬁguhr‘rysrtotgq ?%qé%%ﬁgﬁ‘iﬁ&m@%@ieat

bandwi dt h rm@,%ﬂm?wéha&lgegmsdmm}ﬂ m%%&d&q?%émeélégeaedsgpak gal el ement

conprising a coarseé bandw dth control adjustnent.
embodiments of the disclosed subject matter of the claims that will be understood

and appreciated by those skilled in the art, particularly in regard to interpretation of
the claims for purposes of the doctrine of equivalents. The appended claims are

10 intended in scope and meaning to cover not only the disclosed aspects of
embodiments of the claimed subject matter but also such equivalents and other
modifications and changes that would be apparent to those skilled in the art. In
additions to changes and modifications to the disclosed and claimed aspects of the
subject matter disclosed of the present invention(s) noted above, others could be

15  implemented.
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8. The apparatus of claimb5 further conprising: the systemselectively
adjusting the differential firing tinme conprising a fine bandw dth control
adjustnment; and the first prismresponsive to said bandw dth neasurenent to
rotate relative to the dispersive qpjix el ement conprising a coarse

bandw dth control adjustment. 9. The apparatus of claim6 further
conprising: the systemselectively adjusting the differential firing tine
conprising a fine bandwi dth control adjustnent; and the first prism

r esponsi i 4 bandwi dt h measurenent to rotate relative to the
dispersiygn%g%§@§E el ement conprising a coarse bandw dth contr ol

adj ust nent . %ﬁ. An @%paratus conprising: a seed |aser defining an optical
cavity produclRGPRHAUSEBBPISBH anplifier |aser receiving and anplifying the
out put of the seed | aser and providing a | aser systemoutput; a bandw dth
met rol ogy rfoged Bserededinimgg qpaisdcayity Blodugias anelt st i ght and providing a
bandwi dt h neasurenent; a center wavel ength netrol ogy nodul e nmeasuring | aser
out put centagranvifiet Bisertraceavidg pndeinglifygngthe entpat olide sbashlgsds and asuidingat ; a

di fferenti ahset kybtddgostpat, em responsi ve to said bandw dth neasurenent to
selectively adjust a differential firing time between the seed |aser and

anplifier; a.di I i : i i : NSA-VE; sai d
bandui dt h %?&?‘Eﬁtéﬁlif‘&?‘égg%ﬁi‘?dglf R B b Yot
and sel ect i0pB¢Yyidth mgpsuiseentaser out put bandwi dth; and a second prism and

mrror responsive to said center wavel ength neasurenent to rotate
a center wavelength metrology module measuring laser output center wavelength and
providing a center wavelength measurement;

a differential timing system responsive to said bandwidth measurement to selectively
adjust a differential firing time between the seed laser and amplifier;

a dispersive optical element;

a first prism responsive to said bandwidth measurement to rotate relative to the
dispersive optical element and selectively alter the laser output bandwidth; and

second and third prisms responsive to said center wavelength measurement to rotate
relative to the dispersive optical element and selectively alter center wavelength.

2. The apparatus of claim 1 wherein:

the differential timing system adjusts the differential firing time to maintain bandwidth
within a selected range of bandwidths.

3. The apparatus of claim 1 wherein:

the second and third prisms comprises a coarse center wavelength selection prism and
a fine center wavelength selection prism.

4. The apparatus of claim 2 wherein:

the second and third prisms comprises a coarse center wavelength selection prism and
a fine center wavelength selection prism.
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relative to the dispersive optical elenent and selectively alter center
wavel ength. 11. The apparatus of claim 10 wherein: the differential timng
system adj usts the differential firing tine to maintain bandwidth within a

sel ect ed range, of ba The ar.at us of claim 10 wherein: the

second pri ?rqh gﬁﬁa%ﬁiaﬁ%gs OPCI lmr}suértsheléco egcent er wavel ength selector and a
fine center wavel ength selector. 13. Th ratuys of ¢laim 11 wherein: the
second pri <R§ SREPOS; ?‘?‘ th E‘i)tﬁ’f)‘?‘irlée@élﬂé?t %a?@g@ AngifeREgy FF‘I’%e‘fpé’Etg’F and a

fi ne cent erdiyevsiveeopgichl dehedt or. 14. The apparat us of cI aim10 further
conprising: a third prismoperating in conjunction with the second prismto
sel ect center wavel ength. 15. The apparatus of claim 11 further conprising:
athird prismoperating in conjunction with the second prismto sel ect

center wave eqgt Qgﬁar&% of@‘&n@?ﬁﬁ‘ﬁé} yoqrﬂfmgé aim 10 further conprising: the

second prism and rror a ]USt an an i nci dence of the beam upon the

gl()rsrg(rar 2: xg P tslego%ld an(fa AHE prl:SLIZlS a-lc_ijhuest %%pang‘"i{ 104 1nc1denc%I 0t %}?e Ega{n% \fHon the
dispersive optical element.

7. The apparatus of claim 1 further comprising:

the system selectively adjusting the differential firing time comprising a fine
bandwidth control adjustment; and

the first prism responsive to said bandwidth measurement to rotate relative to the
dispersive optical element comprising a coarse bandwidth control adjustment.

8. The apparatus of claim 5 further comprising:

the system selectively adjusting the differential firing time comprising a fine
bandwidth control adjustment; and

the first prism responsive to said bandwidth measurement to rotate relative to the
dispersive optical element comprising a coarse bandwidth control adjustment.

9. The apparatus of claim 6 further comprising:

the system selectively adjusting the differential firing time comprising a fine
bandwidth control adjustment; and

the first prism responsive to said bandwidth measurement to rotate relative to the
dispersive optical element comprising a coarse bandwidth control adjustment.

10. An apparatus comprising:
a seed laser defining an optical cavity producing an output;

an amplifier laser receiving and amplifying the output of the seed laser and providing a

laser system output;
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the second prismand mrror adjusts an angle of incidence of the beam upon
the di spersive optical elenent. 18. The apparatus of claim 10 further
conprising: the systemselectively adjusting the differential firing tine

conpri sing fi,n ndwi dt h_cont r ' X g J:
Feaponst ve 4urd B BRI S RRLE isu HSHESREy: sAACE Rl gRIERE o
di sper si ve tepdvidsh mepsigsAentconpri si ng a coarse bandwi dth contr ol

adj ustnment. 19. The apparatus of claim 17 further conprising: the system

sel ecti vel ya adjarstavagngthemetirdlbgy swtlilal médsniimg lasémmitpgmenies wayelangth mad

bandwi dth cpaifil aadhtds (WABEEneRAaBEMEAY St Prism responsive to said
bandw dt h asurenent to rot a% e relative to the dispersive optical elenent

conpri sing a,. r i gt tr i f
clarm 16 7 G AERRES ARG ERULRl B LBRlun gt i APB ARl
di ff er ent i adiust # fikigrantigblidegdmebetvpen thy seed apomdAldsHt r ol adj ust nent ;
and the first prismresponsive to said bandw dth neasurenent to rotate
rel ative ta difreruvesqercsl alemept i cal el enent conprising a coarse bandw dth
control adjustnent.

a first prism responsive to said bandwidth measurement to rotate relative to the

dispersive optical element and selectively alter the laser output bandwidth; and

a second prism and mirror responsive to said center wavelength measurement to rotate
relative to the dispersive optical element and selectively alter center wavelength.

11. The apparatus of claim 10 wherein:

the differential timing system adjusts the differential firing time to maintain bandwidth
within a selected range of bandwidths.

12. The apparatus of claim 10 wherein:

the second prism and mirror comprises a coarse center wavelength selector and a fine

center wavelength selector.

13. The apparatus of claim 11 wherein:

the second prism and mirror comprises a coarse center wavelength selector and a fine
center wavelength selector.

14. The apparatus of claim 10 further comprising:

a third prism operating in conjunction with the second prism to select center

wavelength.

15. The apparatus of claim 11 further comprising:

a third prism operating in conjunction with the second prism to select center

wavelength.
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16. The apparatus of claim 10 further comprising:

the second prism and mirror adjust an angle of incidence of the beam upon the

dispersive optical element.

17. The apparatus of claim 12 further comprising:

the second prism and mirror adjusts an angle of incidence of the beam upon the

dispersive optical element.

18. The apparatus of claim 10 further comprising:

the system selectively adjusting the differential firing time comprising a fine
bandwidth control adjustment; and

the first prism responsive to said bandwidth measurement to rotate relative to the
dispersive optical element comprising a coarse bandwidth control adjustment.

19. The apparatus of claim 17 further comprising:

the system selectively adjusting the differential firing time comprising a fine
bandwidth control adjustment; and

the first prism responsive to said bandwidth measurement to rotate relative to the
dispersive optical element comprising a coarse bandwidth control adjustment.

20. The apparatus of claim 16 further comprising:

the system selectively adjusting the differential firing time comprising a fine
bandwidth control adjustment; and

the first prism responsive to said bandwidth measurement to rotate relative to the
dispersive optical element comprising a coarse bandwidth control adjustment.
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