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5FI ELD OF THE | NVENTI ON The present invention relates to pul sed, gas
di scharge | asers. The present invention is particularly, but not

excl usively useful as a high power |aser beam having relatively | ow

di vergence al ong one axis. 10BACKGROUND OF THE | NVENTI ON I n many
applications, it is desirable that the shape and / or symetry of pul ses
within a high energy pulse train are stable from pul se-to-pulse. By way of
exanple, but not limtation, one such application is the use of a

hi gh- energy, pul sed |aser beam to mel £ an anor phous silicon filmto induce
crystallization of the film 15 upon re-solidification, for the purpose of
manufacturing thin, filmtransistors (TFT' s). Many | aser materia

processi ng am|mmmmmsmqn AaSHiB@TR#b'ﬁE fileslsany Mag 6. havi ng
a beam shap cro C r
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been deposi haebymcarparbettotreferencg herejhass, represents a promn sing

technol ogy for the production of material filns having relatively high

electron nobilities. Mre spe process, a hi gh-energy,

pul sed I"aser beam nmay be |i seﬁIELE)aWT r]LUTS silicon filmto induce
crystallization ghetgi8sent ienlion rél%te%lelﬂﬂédnghs aibchﬁgeeas&ystmé prent this
material can then be used to manufacture, (If s) and . in one_ 25

particul ar Hygrtiemds particpiarlys tagnotAxsl lﬁmelwéefuh #ct Bl epyer Jsge bergui d

crystal disgl 153419 dow E-hS n@gmdn%agﬂ@% for crystallized silicon filns
may i ncl ude C}E% lr.ﬁ(lc LE% cEV‘C’J_ED)ée System on a Panel (SOP), flexible

el ectroni cs and photovoltaics. In nore quantl tative terns, high volune
productjon systems may be g @IE&& Sﬁ?}{m b‘hﬁzt near future capable
of qui CL y crystallizing, a‘? g aving a thic nessw about 90nm and a
wi dt h of about 700mmamyr apmin@gpns ig is desirable:glat theyshapé land dt o10symmgtrlycof
performed u S !lgg] 0 e beam
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second axes, are, nmut uaII ortho h axes e _appr ma

or U hogonal ESFbeh S 59l ) rARBeTs SR A PrBIre Y RBRan o 45 Fhe
bean f ofs | aggdn Crééé&hdiﬂdaﬁah,l d6r ThY fapesed olﬂemﬁhufddﬁﬁh t thihefifrh| fhedistb@s S

t han about 20 microns, e.g., 3-4 microns, and a beam I ength. of about
700mm or IQF%EF) Wth t hi s arrangenent the filmcan be scanned or stepped

in adirection paialy ®lset qnétbﬁalbﬁaw ARt RppBcatRmY SptbicibeYtheBhde 814 high

subsequently crystalli ze film ng a substantl al_ 10 length, e.g. 900m‘n
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may be a S|Jlé?. tap?&’rgeﬁgeairfﬂa?e &}'get%:l??%%ﬁﬂo%%‘l CS ca h&h ﬁﬁ e usegﬁ%o |nage
t he sli20 onbeent depofkitédron Bosubstnits, &gt @hass. represenks pzabhsng techavlegy for the .
relatlvelyl nC 0 C i id

t he beam stB \H“gﬁ‘?‘%ﬁ% é"r%%?q- eﬁlgﬁ PL%# %’%’gn@#‘g %g"{tr?ln gﬂ’ tg;% tﬁfg
hitting t hesﬂmﬂnaﬁypnsoneapﬁroccssaa hlghemai'g)g pptseﬂllaesbeam mayt@wedﬂugasan _

di scharge Iaser sour oes ap of Wcin h h.p
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particular application, TFT’s suitable for use in relatively large liquid crystal

displays (LCD’s). Other applications for crystaﬂized silicon films may include

Organic LED (OLED), System on a Panel (SOP), flexible electronics and

photovoltaics. 'In more quantitative terms, high volume production systems may be

commercially available in the near future capable of quickly crystallizing a film
30  havinga thickness of about 90nm and 2 width of about 700mm or longe;.



20 successfully in photolithograpy applications. These excinmer |aser
sources are typically Iine narrowed and emit a beam having a cross section
with a short axis of about 3mm and a | ong axis of about 12mm GCenerally,
exci mer | aser sources for |ithography enploy netastable resonators
established by a diffraction grating (in Littrov arrangenent) and fl at

out put coupler a piano - plane resonator). Wth 25. this arrangenent, a
beamwith a relatively high divergence is produced. Wth the above
considerations in mnd, applicant disclibses devices and net hods for
creating a | ow divergence, high power |aser beamfor material processing
applications. 4 SUMVARY OF THE | NVENTI ON In a first aspect of an
enbodi ment of theLdsey pystallizatior mhay tbeap&rfmd asingt pllked daseprlightpthantisis
for selectivel l.tin deposi sub rate, ise. a-
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optical arrangenenf focusing the beamin a first axis and Spati a é
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coupl er .1015/lengihice. gf POMGAN®INdErL he appar at us may I ncl ude a beam m xer and /
or a tenporal pulse stretchzﬁéé .Th osci | | aﬁ? e an exc

ner,.9as
di scharge osci | | af'oP?® FRYEn eaf’hén??o ¢ | Y PE R %s%pggtggtf rom
the piano O%ﬁughwﬂel@aeﬂmn‘@nduﬁt,awmh i, ﬂ!‘ehﬁrzﬁﬂkfﬁt&:&sd gddycbé @rsltwshaised/e a

radi us-of curvature and the ratio, r '/ nmpy be_in,the ran %

5. In a par t3PETINTEr %WBOHPRE%W& gbe “E“"hﬁi/%ﬁ the sliponty: ﬂi’%ﬁﬁ% pr ﬁ“%)m to
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anot her aspect "of. an enbodi nent, a thin beam|aser crystallization

appar at us f o light incident oy the beam gtopstwhish Suppther 3. dmaddison e being wasted,
conpri se an ﬁéﬁ%ﬁ%&&%@ﬁ&&%&%éﬁ%ﬁm@ﬂ%@ﬁ&%&&! ng a pul sed output

beam the sourc .
Excimer gas discharge laser sources are capable of producing the high power

pulses suitable for generating a laser crystallization line beam, as described above.
For example, relatively high power, excimer laser sources have been used
20 successfully in photolithograpy applications. "I‘hese excimer laser sources are
typically line narrowed and emit a beam having a cross section with a short axis of
about 3mm and a Iémg axis of about 12mm. Generally, excimer laser sources for
lithography employ metastable resonators established by a diffraction grating (in
Littrov arrangement) and flat output coupler (i.e., a plano — plano resonator). With

25.  this arrangement, a beam with a relatively high divergence is produced.
"With the above considerations in mind, applicant discloses devices and
methods for creating a low divergence, high pbwer laser beam for material

processing applications.
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25 having an oscillator wwth a | ow di vergence unstabl e resonat or
configuration producing an oscill ator output beam having | ow di vergence in
a selected beam axis; and an optical arrangenent focusing the beamin the
sel ected beam axis and spatially expanding the beamin an axis orthogonal
to the selected beamaxis to produce a line beamfor interaction with the
film In one enbodinent, the oscillator may conprise 30 a convex reflector
and a piano out put coupler, and in a particul ar enbodi nent, the convex
reflector may be cylindrical defining @a cylinder axis, the reflector may be
S positioned with the cylindrical axis parallel to a first beam di nensi on,
the first beamdirection corresponding to the sel ected beam axi s.

For this aspect,” the | aser SUMMARY OPOTHE INVENEION fier, and in one

arrangenent, the | aser source conpr. se .a ns .oper.ati ng,,Qon .an_o ut
beam 5 from the d8#f| f@?p‘?fﬁcg?x? & et o, Hie, AnVEHSiORs i@ fain’ beam ?%%F
anot her as p%}sﬂhﬁb@éﬂﬂéﬂtﬁ?ﬁnse&cﬁ%l? R 6k aaHel degosited ol aibstate may
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comprise a @MW&IWGQH@FQO@‘WQQ@%@%OB%%%_ 'ﬁ’ﬁsﬁf‘%r ®Nh a
sel ect edsbeamigiat dofiffsing R Gofivek 16ACBBP 61 AN1AMGB6pie LBGpIRr; AR Gtical
piano - piano oscillator, "10 and a_neans for focusing the beamin the

sel ected bezmmangérmentriocesing thel beam jipa favtmeis and wetially axeandisg Siedieamviihal
to the sel echod PR oﬁuéeoa%%g%z?ﬁ; 5 ihichfef36 Wl e B er action with the

1 . .
cl ng neans mayconprise & cylindrical

film In onelrrp‘ferrent tron, . I
convex refl ector Fordhis aspbst, #ird carivex efledtonntayte cduplirisal definihg agcylinder

particul ar inplenentdtion, .the.pr.oducin ans. m e gas
15 i schar gd™8aY Ty hewsiinen S e sTfindct Afs Rtanali Bt bodlh Srnsten, U
aspect, johe Wit @e Gital arrampentent Foarsinpoip firstebeim dpphénsiaoinie dirsigads dut put
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an exenpl ar Yparticular embodiment the laser source may further comprise an optic, e.g., lens,

converging an output beam from the oscillator for input into the. amplifier. A
polarizer may be interposed between the reflector and output coupler.

15 In one arrangement, the apparatus may include a beam mixer and / or a
teml:;ural pulse stretcher. The oscillator may be an excimer gas discharge osciliator.
In one setup, the convex reflector may be spaced from the plano output coupler by a
distance, L, the convex reflector may have a radius of curvatuze, r, and the ratior / LL
may iae in the range of 0.5 to 5. In a particular setup, the distance, L may be in the

20 range of 1.0m to 2.0m and the radius of curvature, r may be in the range of 2.0m to
3.0m. .

In another aspect of an embodiment, a thin beam laser crystallization
apparatus for selectively melting a film deposited on a substrate may comprise an
excimer gas discharge laser source producing a pulsed output beam, the source

25 having an oscillator with a low divergence unstable resonator configuration
producing an oscillator output bean; having low divergence in a selected beam axis;
and an optical arrangement focusing the beam in the selected beam axis and spatially
expanding the beam in an axis orthogonal.tb the selected beam axis to prodyce a line
beam for interaction with the film. In one embodiment, the oscillator may comprise

30 a convex reflector and a plano output coupler, and in a particular embodiment, the
convex reflector may be cylindrical defining a cylinder axis, the reflector may be



production systemfor crystallizing an anorphous silicon film Fig. 2 shows
a schematic view of a two chanber |aser source; Fig. 3 shows a schemati c,
sectional view as seen along line 3-3 in Fig. 2; Fig. 4 shows a schemati c,
sectional view as seen along line 4-4 in Fig. 2; 25Figs. 5-11 and 11A show
several unstable resonator configurations; Fig. 12 shows plots of neasured
di vergence as a function of pulse repetition rate for the sanme chanber, but
at two different tines in the chanber's life; Fig. 13 shows neasured

di vergence as a functiozi of pulse repgtition rate for the sanme chanber at
two different chanber operating tenperatures; and 30Fig. 14 which shows the
two plots of Fig. 13 after the frequency axis was corrected according to

L1, S, s e G £ AL D6
. erring Initiglly to Fig. 1, there I's shown
a schemat i c 560G ¢Pregspprdingte fhegelected bramais. conponents of a rfroduction

system desi gnat eghrOBRChspelt, @SSR dhred %aﬁc&h?ﬁféih%ﬂiﬁaz @high ML D a
| aser beam e.g., crystallizing an anmorphous silicon film 12." Al though the
fol | owi ng dasanggmentnthy lasey sewee feey wPmprise Relenn operatingidn go Putnyt heam

crystall Ezatﬂo%ﬁeiéscilﬁatér T xﬁ%tﬁttﬁéiaﬁaﬁﬁﬁ he .principals will be

equal ly applicable to other a-gp I catrons | ich a |aser beamis used to
process a materi &lor another aspect of an embodiment, a thin beam laser crystallization
apparatus for selectjvely melting a flm deposited on a substrate méy comprise a
means for producing a pulsed ocutput beam having divergence in a selected beam
axis lower than a divergence obtained using a comparable plano — plano oscillator;
10 and a means for focusing the beam in the selected beam axis and spatially expanding
the beam in an axis orthogonal to the selected beam axis to produce a line beam for
interaction with the film. In one implementation, the producing means may
comprise a cylindrical convex reflector and a substantially flat output coupler and in
a particular iinplementation, the producing means may comprise an excimer gas
15  discharge laser source having an oscillator and an amplifier. For this aspect, the
laser source may further comprise an optic converging an output beam from the

oscillator for input into the amplifier.

BRIEF DESCRIPTION OF THE DRAWINGS
20 Fig. 1 shows a schematic view of the primary componeﬁts of an exemplary
production system for crystallizing an amorphous silicon film;
Fig. 2 shows a schematic view of a two chamber laser source;
Fig. 3 shows a schematic, sectional view as seen along line 3-3 in Fig. 2;
Fig. 4 shows a schematic, sectional viéw as seen along line 4-4 in Fig. 2;
25 Figs. 5-11 and 11A show several unstable resonator configurations;
Fig. 12 shows plots of measured divergence as 2 function of pulse repetition
rate for the same chamber, but at two different times in the chamber’s life;
Fig. 13 shows measured divergence as a function of pulse repetition rate for
the same chamber at two different chamber operating temperatures; and
30 - Fig. 14 which shows the two plots of Fig. 13 after the frequency axis was
corrected according to the square root of the gas temperature.



As shown in Fig. 1, the system 10 may include a | aser source 20 for to
generating a pul sed | aser beam The system 10 may further include a beam
m xer 21 for increasing an intensity symmetry al ong one or nore sel ected
transverse axes of the beam a pul se stretcher 22 for increasing pul se
duration and / or a beamdelivery unit 24 which may have a nechanismto
actively steer the beamand / or an active beam expander. 15Mdre details
regardi ng a beam m xer may be found in co-pending, co-owned U S. Patent
Application Nunber 11/447,380, titled, ¢ DEVICE AND METHOD TO STABI LI ZE BEAM
SHAPE AND SYMVETRY FOR HI GH ENERGY PULSED LASER APPLI CATI ONS" to Hof mann
(attorney docket nunber 2006-0039-01) filed on June 5, 2006, the entire
contents of which are hereby incorporated by 20 reference. Mor e

details regardin Yo ' - owned
Us patent Appl PERRBER DESCHIBTION DR brpiica EMBOTINENTISE, o
LASER W TH PUL SE REFeiihgHhiRially so Hig.rip titere s sHown 4 s¢tematiey notatolseslenvigyef
2006- 0040-01) filed on June

5,,.200 the entirg contents of, whic 25
hereby i ncol¥oPERal FRPPEFBIsSfaPro ?ﬂ‘!”nﬁ}ﬁsﬁﬁﬂs\ﬂ%ﬁ’@ﬁeg gefierally gy s?@t}@rm%%O may
furthgr 5nc?ﬁb@sﬁn@h@ﬂ{téﬁﬂaﬁmmﬁ&bﬁr@m{g.nﬁ%@d/ iﬁuﬁgé@émﬁfpﬂmus_ : 'sﬂuigoglﬁdmor
nmore beam characteristjcs,. e..g.,, wavefroni and/or, beam pointing.an
gener ati ng égntm°¥héhﬁf@%gg§§%”{ﬁmp _ W@%W@SFF%&%EW igon Simy o
active beamcexpalisfion RASIEHR dfpriBied!tsa thopliHDaR Willld &fuafl) apPhbsbee 38 f or

beam honogenizat i or_l,ortbea[n shggl ng and/ or_beam focusi ng, and a noveabl e
stage syst e@tBy applications imwhish@ lasasibepw s needitoqrpeess g ateHli 2 t hat has been

guffegfsi ted on a SURRLEATH By MWhineNsyshin PR ol iRKAIP LClasét SSiice A0 B¥er Of

10  generating a pulsed laser beam. The system 10 may further include a beam mixer 21
for increasing an intensity symmetry along one or more selected transverse axes of
the beam, a pulse stretcher 22 for increasing pulse duration and / or a beam delivery
unit 24 which may have a mechanism to actively steer the beam and / or an active
beam expander.

15 More details regarding a beam mixer may be found in co-pending, co-owned
U.S. Patent Application Number 11/447,380, titled, “DEVICE AND METHOD TO
STABILIZE BEAM SHAPE AND SYMMETRY FOR HIGH ENERGY PULSED
LASER APPLICATIONS” to Hofmann (attorney docket number 2006-0039-01)
filed on June 5, 2006, the entire contents of which are hereby incorporated by

20 reference. . -

More details regarding a pulse stretcher may be found in co-pending, co-
owned U.S. Patent Application Number 60/811,242, titled, “HIGH POWER
EXCIMER LASER WITH PULSE STRETCHER” to Hofiann et al, (attorney
docket number 2006-0040-01) filed on June 5, 2006, the entire contents of which are

25  hereby incorporated by reference. -

Continuing with Fig. 1, the system 10 may further include a stabilization
metrology module 26 for measuring one or more beam characteristics, e.g.,
wavefront and/or beam pointing and generating control signals for use by the active
steering unit and/or the active beam expander. System 10 may also include an optics

30 module 28 for beam homogenization, beam shaping and/or beam focusing, and a
moveable stage systeﬁ: 30 for holding and positioning a silicon film 12 that has been



material (not shown) may be interposed between the glass and the silicon

| ayer. In nore detail, the optics nodule 28 which may include a
honogeni zing unit, a field definition unit having opposed beam stops which
establish a slit-shaped 5 aperture and a short-axis focusing / |ong-axis
expanding optics unit which images the slit-shaped aperture at the film
Al'l of units of the nodule may be arranged al ong a conmon beam pat h. Wen
met the honogeni zing unit nmay include one or nore optics, e.g., lens
arrays, distributed delay devices, etc., for.honbgenizing the beamin the
short-axis and one or nore optics, e.g., lens arrays, distributed delay 10
devi ces, etc., for honopgeni zing the beamin the |ong-axis. Mor e
details regailemm@dapﬂoeasnbm @y whighi tan be afn:rlexmiple;rglt r Al lagyr ob8uffer and
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or more (| ORGN@%i comAGH b DR hoRlriahRic
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crystalli zegeanh fin T tSdte y A t
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edges and neet | led gra boundar rotru
al ong the cent erﬁ)(i)(ﬁ-g dﬁ%lgﬁféﬁgﬂb%%ﬁ%ﬁégﬁ dﬂ&&#ﬁg" 'A"B?E?%I Eq%l i con
and optics module may be found in copendmg, co-owned U.S. Apphcatlon Number
11/138,001, titled “SYSTEMS AND METHODS FOR MLEMENTB‘JG AN
INTERACTION BETWEEN A LASER SHAPED AS A LINE BEAM AND A
15 FILM DEPOSITED ON A SU.BSTRATE” filed on May 26, 2005, the entire

contents of which are incorporated by reference.

"In overview, the system 10 shown in Fig. 1 and described in greater detail

below can be configured to generate a focused thin beam 34, e.g., line beam, having

a width at the film 12 of about 20 microns or less (short-axis), e.g., 3-4 microns, and

20  a length of 700mm or more (long-axis) and a depth of focus (DOF) of about +/- 30
to 50 microns. Each pulse of the focused thin beam can be used to melt a strip of
amorphous silicon, and after the end of the pulse, the molten strip crystallizes. In
particular, the molten strip crystallizes in a lateral growth process in which grains’
grow in a direction parallel to the short-axis. Grains grow inward (parallel to the

25  short-axis) from both edges and meet, creating a ridge (a so-called grain boundary
protrusion) along the center of the strip which extends out of tﬁe plane of the silicon

film. The stage is then moved, either incrementally or continuously, to expose a
second strip that is paraliel to and overlaps a portion 6f the first strvip. During
exposure, the second strip melts and subsequently crystallizes. An overlap sufficient

30  to re-melt the ridge may be used. By re-melting the ridge, a relatively flat film
surface (e.g., peak-to-peak value of ~15nm) may be maintained. This process,



film The stage is then noved, either increnentally or continuously, to
expose a second strip that is parallel to and overlaps a portion of the
first strip. During exposure, the second strip nelts and subsequently
crystallizes. An overlap sufficient 30 to re-nelt the ridge may be used. By
re-nelting the ridge, a relatively flat filmsurface (e.g., peak-to-peak
val ue of -15nm may be naintained. This process, 8 which is hereinafter
referred to as thin beamdirectional crystallization (TDX) is typically
repeated until the entire filmis crysgnlli7ed. As shown in Fig. 2,
the | aser source 20 may be a two chanber system having an oscill ator 36,
e.g., power oscillator and an anpli-fier 38, e.g., power anplifier, and 5
accor di ngl y whicly i bereriafier aefetred 4o a5 thin dbehinedir®Coaal eryetallization 1DX) isne

i npl ement at | on the .crystallizatian proc scri bed above, a 6 IChz
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grade fused silica coupler with wedge | ess than 5 arc m nute, coated on one
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may be convexohwchsystem frotsbewnhxis, e.g., having a spherical or aspheric
surfacey, - Fig. 2 further shows that the oscillator 36 may include a convex reflector 48
and a plano output coupler 50. For example, the convex reflector may be cylindrical
defining a cylinder axis 52 (see Figs. 3 and 4) such as a UV grade fused silica
reflector having a convex surface radius of curvature of 3.00 +/- 0.03m (e.g., for use
in a cavity having length, L of about 1.5m) and having a excimer grade reflective
25  coating on the surface with reflectivity greater than 99 % at a zero degree.angle of
incidence. For the plano output coupler 50, a UV grade fused silica coupler with
wedge less than 5 arc minute, coated on one side with a UV grade anti-reflective
coating and on the other with a UV grade reflective coating with reflectivity of about
30% +/- 4% at a. zero degree angle of incidence may be used. Altematively, the
30 - reflector 48 may be convex in more than one axis, e.g., having a spherical or

aspheric surface.



9 Wth the arrangenment shown in Fig. 2, the oscillator 36 nmay have a
| ow di vergence unstabl e resonator configuration producing an oscill ator

out put beam having | ow di vergence in one or nore transverse beam axes. In
particular, the oscillator 36 shown may have a divergence in one or nore
sel ected beam axes that is 5 | oWer, in sone cases appreciable | ower, than

t he di vergence obtai ned using a conparable piano - piano oscillator (not
shown) . Figs. 3 and 4 illustrate the beamaxis for an oscillator
having a cylindrical convex reflector 48. As shown, the cylinder may be
aligned with its axis 52 parallel to the direction 54 corresponding to a
path fromone el ectrode 42a to 42b. This 10 structure results in a beam
with | ow di ver gerW¥ishithe amang¢roent shewn 86 Figrnd.sthenscillator 36 mgyokavehe 1gwam
can then be | I ' o r ' ' beam
34 (Fig. 1) Méeﬁ% %%B%%&h@é&gﬁtc%g?g@ﬁgﬁgggﬁ%ﬁﬂé’% @%H%é@f?e e?%éo}?’ 48
may be spachavifigdowt divepgemce inudmeubr cuarpl wandygrsehbeait sixes cla, particlas otheas
seen in Fig. 4, the_convex reflector 15 48 may have a r%d'gs of cuhvature,
. For the BRMIPEF6 AR may g &, Rysrgehoe i Cuk ot fiore RelpRiEd Parg ety kfis,
0.5 to 5 | bwer| iRisohe SaécsPaprirbidalsle sloteethdn ey dbergehct hebtained) ausiig about
1.0mto 2.0mand the radius of curvature, r y be in the range of about
2.0mto 3. 0fFpaapleplagqy plany %‘é‘ylai?é(ii?ﬂ ed between the reflector and

out put coupler 2@5&; 3 an®diRft30 HObSR ¥RTY RAVAT8sdMdtoBRAViNg 8-ddBinafita1at i on
to, anong other things, increase reflectivity at reflective optics such as
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plano output coupler by the distance, L. Also, as seen in Fig. 4, the convex refiector

15 48 may have a radius of curvature, r. For the oscillator 36 and the ratio r / L. may be
in the range of about 0.5 10 5. In a typical setup, the distance, L may be in the range
of about 1.0m to 2.0m and the radius of curvature, r may be in the range of about
2.0m to 3.0m. |

A polérizer- 57 may be interposed between the reflector and output coupler

20 e.g., establishing a beam having primarily s-polarization to, among other things,
increase reflectivity at reflective optics such as turning mirrors 58a,b. For example,
the polarizer may be a flat, CaF;, 40mm OD, 7mm thick, clocked, aligned at the
proper angle and mounted. i

Fig. 2 further shows that the laser source may include an optic 60, e.g., one

25  or more lenses, mirrors, prisms, wedges, etc, converging an output beam 62 from the
oscillator 36 to create a converging input beam 64 directed toward the amplifier. .
For example, the optic 60 may be used to improve laser efficiency. In one
implementation, an f=4.3m spherical lens was positioned between the oscillator 36
and amplifier 38. In some cases, a cylindrical lens, e.g. £=1.65m may be used for the

30  optic 60. The lens to system aperture distance may be about 2.0m and the distance of
lens to center of the amplifier 38 may be about 1.2m. The purpose of the optic 60 is




30 optic 60. The lens to system aperture di stance may be about 2.0m and the
di stance of lens to center of the anplifier 38 may be about 1.2m The

pur pose of the optic 60 is 10 to funnel nore of the oscillator 36 energy
through the anplifier 38 and thereby increase total |aser energy. The focal
| engt h was chosen such that the | ong-axis beam wai st divergence * focal

|l ength remains simlar to the open aperture (el ectrode gap) of the
oscillator 36 and anplifier 38 chanbers. This neans, the lens is not 5
actually focusing the beam but rather contains it. The optic 60 can al so
serve to reduce the short axis wavefronht curvature and nmakes the out put
more collimated. Use of the optic is particularly useful when the
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to 3-4 microns, in the first axis. It nmay also be desirable for the |aser

out put Weanls® of avsyster ayhers the Majw £ aér#gméié'lqr i 8ahayecthn samgi gectrode

or t hogonal E"ﬁ& r ree
times diff r%{%ﬁmﬁ#ﬁo@ﬁ)ﬁ?or t egseam S e?rg%glgaaﬁg a val%ggsgﬂﬁﬁnmgi S
(wher e f ocusming and/control lof thedgsersedice 6. r educe t he 25 beam s coherence and

associ ated speckle. In exaner |asers and sone other |aser types, a nearly
stable cavity, e.qg., forned by a flat output coupler and oppose mrror or

grating, may be used sW@RWSﬂMEESDMTOMMG@:Em red in an
exci mer_ | aser cayit nerally snall t he. ot her, stabl vities
tend towork bet PXIP gﬁﬁ%ﬁﬂﬁ’,z%% O}f‘g’h %Btl"r“ﬁa? dﬁ‘l’ﬁ% i tlu'%%’t abl e
resonat or haualdevidiH bhdbberl0 edcRAS I IEssY. £ 354 mibiins, and a relatively long

beam length of about 700mm, or larger, e.g., 900mm, it may be desirable to produce

& laser output beam having a relatively low divergence in a first axis, e.g., a
divergence less than about three times diffraction limited for the beam’s dimension
20 along the first axis. This may allow the beam to be focused tightly, e.g. to 34
microns, in the first axis. It may also be desirable for the laser output beam to have
a l:elatively high d-ivergence in a second axis, orthogonal to the first axis, e.g., a
divergence greatei- than about three times diffraction limited for the beam’s
dimension along the second axis (where focusing may not be required) to reduce the

25  beam’s coherence and associated speckle.
In excimer lasers and some other laser types, a nearly stable cavity, e.g.,
- formed by a flat output coupler and oppose mirror or grating, may be used since the
number of light round-trips required in an excimer laser cavity is generally small.
On the other hand, stable cavities tend to work better in low-gain, long duration
30 lasers. Thus, an unstable resonator having cylindrical components which simulate a

nearly stable flat / flat cavity in a first axis and an unstable resonator in a second axis



nearly stable flat / flat cavity in a first axis and an unstabl e resonator
In a second axis 11 orthogonal to the first axis, nay be used with exciner
gain nedia to produce an out put beam having a relatively high divergence
and | ow coherence in one axis and relatively |ow divergence in the other.
Figs. 24 (previously described), 5-11 and 11A illustrate unstabl e resonator
5 cavities which may be enployed to produce a beam having relatively | ow
divergence in a first axis and relatively high divergence in a second axis,
orthogonal to the first axis. Each cavjty shown includes a reflective
mrror and an opposed out put coupl er. general , unstabl e resonator
cavities are described in the textbook "Lasers" (published by University
Sci ence Bookgtholbndl tb/athéeﬁtst &3dk,i fnay HEOGGE) Wwith Ecinheargrain make t@ pgoducehapt er s
22 and 23. For the e mher s..coupl ed of .,the | aser cavit
around the OYfBt VHL&?)EE aI&‘EFg%ﬁ’lﬁh Wqugmeﬁfrt@ﬂ o FliereRpe B OFg 3F a’}/d
edge- couplengﬁﬁgemhgdhﬁﬁ Gh thdMhehe ot her hand, the output beanrnay be

coupl ed through a_parti al refl ectiye_ output coupl These ai I errent S
are often referrdigs (?'ﬂls(PEFWQ}EM Aegsaibedy 5 ﬁuﬁm‘%aldn’ilﬁ’étﬂté "F’é'ég OII n

some casgs, chighl \bﬁrcﬁoﬂf ugtb Spr5@ade ragmeSﬁarlegleqéﬁoe YoWAT | es
vmth position across the dut oup Ier wni ch is soneti nes referred to as

a "vari abl e divsrgenceiin Btﬁtsmmp and mlatwrly high divergence incdsecprshaxisnerthapogal
resonators %@Oq}aeb gﬁch pas el ﬁ%@%ﬁbﬁvﬁcﬁdﬁﬁt} OhGrb LR ah Y Pb&edt he

ray positio rengi Ns on a sane si the resonator ray axis
or a negat i \watgt aoepiernBt géreeal; essiskie oesonfitor hewna!yamws@‘mhﬂd igrthe texitbgds s

oscillates hack 20.,a h E0SS. i [es r a.

As used her e?’ﬁserf hep"{i’gﬁsﬁf"i tbgnﬁcgﬁ ﬁmtd'ngflegf gr%is‘%n% Yﬁﬁﬁ?ﬂ é%ilfedfe%@gg‘ﬁsves
means that tShegrhat sesie pedhapters@2Saddp3ui Flg-thbeaseewhemﬂ@t reupledi qut ofite SO

that their focal points f ral i nci. dent t the sane or nt.

Referring nd%® f8a\E}ygarognd3£%g$gq %@ﬁﬂ‘@%&ﬂﬁ?lﬁl g@ﬂﬂ?%“?éé%ﬁitag

confi gur at i @Bupled iksiaBle PesGARYEX O tel biakt haﬂcﬂftheeﬁztpw besiinpinby dﬁuqid@&ecBGa

and opposed, substantially flat fullﬁ refleciive mrror 66b i shogn
Fig. 6 showdhroush amertiaibkreflecive puautretpie € SHARETOTWH Te SRS

having a Colige/%g,a‘%ﬁﬁh%dsl‘y&%ﬂl@@hhytﬁbﬁ%ﬁﬁauﬁﬁuHb%m@%%s@d‘ﬁgﬁpﬁo&ﬁﬂﬂ

convex fully reflective mrror 68b i g. shows ‘a
conti nudis| Jlresgh kawating nhesa refieativiy ‘@mes’eﬂhpesm%ﬁrrpgﬁﬁbétquunm ng a

COnvex, par %ﬁ&ﬂ&éy&{)éuﬁﬁés r%f’en%ttﬂ% G‘%HH%;] ErJfPé%n@fg oﬁ@ﬂ?ﬁﬁﬂ rCGORNE Tl Y

reflective mrror ows an ed oupled, confocal
unst abl e r esdditiooy uwaﬁlegasmmtmcmbé clessifing as positive brarfch| ungtablsf fesonstoe

out put. couplgfe 122 8GR RR%AEH pafOREANR dd 4 Lo 8lik 3¢ tl'RsHltdrYay 22R or 2

negative branch unstable resonator if the ray position on each pass oscillates back

20  and forth across the resonator ray axis on each pass. :

As used herein, the term “confocal unstable resonator” and its derivatives
means that the two curved mitrors forming the resonator are positioned so that their
focal points for parallel incident light are at the same point.

Referring now to Fig. 5, a continuously-coupled, unstable resonator
25  configuration 66 having a convex, partially reflective output coupler 66a and
opposed, substantially flat fully reflective mirror 66b is shown.

Fig. 6 shows a continuously-coupled unstable resonator configuration 68
having a convex, partially reflective output coupler 68a and opposed, convex fully

. reflective mirror 68b.



Fig 9 shows an edge coupled, off-axis confocal unstable resonator
configuration 74 having an off-axis convex, filly reflective output coupler
74a and opposed, off-axis concave fully reflective mrror 74b. 10Fig. 10
illustrates that for each of the unstable resonator cavities previously
described (i.e., Figs. 2-4 and 5-11), an equivalent cavity (designated 76)
may be constructed using an intra-cavity |l ens 76c- di sposed between an

out put coupler 76a and fully reflective mrror 76b. Fig. 11 illustrates
that for each of the unstable resonatpr cavities previously 15 descri bed
(i.e., Figs. 2-4 and 5-11), a cavity (designated 78) producing a collinmated
out put may be constructed using an output coupler 78a having a curved
backsi de and ful [Fyg.r &f | slxiws eanicontinudigly-coupled, déinfocal 1 Amsthbles resonatige

coupl ed, unstabl e resanator. configuration 80 havi cave, fuykly
reflective § W%%gpe%?“ggaao rEgi & Ya??%‘%ﬁg%g"e@, mcoonu ae\}'ey% 1y
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THEREBY DECREASE DI VERGENCE Applicant has found that when two | aser
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between the two efanbekBoWsYastédde Voupleddnshi-adfs LoRRRGPGURRGR rebidhator
chanmbers may produce differing acoustic reflections_ 30 during sulse
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10 ~ Fig. 10 illustrates that for each of the unstable resonator cavities previously
described (i.e., Figs. 2-4 and 5-11), an equivalent cavity (designated 76) may be
constructed using an intra-cavity lens 76¢ disposed between an output coupler 76a
and fully reflective mirror 76b. '

Fig. 11 illustrates that for each of the unstable resonator cavities previously

15  described (i.e., Figs. 2-4 and 5-11), a cavity (designated 78) producing a collimated

_ output may be constructed using an output coupler 78a having a curved backside and

fully reflective mirror 78b.
Fig. 11 A shows an edge coupled, unstable resonator configuration 80 having
a concave, fully reflective output coupler. 80a of radius R, and opposed, concave
20 fully reflective mirror 80b of radius R,. This arrangement may be constructed as
confocal, concentric, off-axis, etc. and may be unstable for g;g; < 0 or g1g2 > 1
where g; = 1-(L/ R;) and gz = 1-(L/ Ry). '

OPERATION OF CHAMBERS AT DIFFERENT TEMPERATURES TO
25 ALIGN THEIR RESONANCE SPECTRA AND THEREBY DECREASE
' DIVERGENCE _
Applicant has found that when two laser chambers and designed and
manufactured to be identical, small variations between the two chambers may still

exist and, as a consequence, the chambers may produce differing acoustic reflections
30 during pulse discharge. This difference may arise due to manufacturing defects/

imregularities and, for example may arise when one chamber has been operated



significantly | onger than the other. For exanple, Fig. 12 shows plots of
nmeasured divergence as a f-unction of pulse repetition rate for the sane
chanber, but at two different tines in the chanber's life (plot 100 shows
the relationship after a billion pulses and plot 102 shows the relationship
after about six billion pulses). The result 5 of this is that for any two
chanbers in a nulti-stage | aser, the variation of an output beam property
(such as di Vergence) with pulse repetition rate (rep. rate) nay be
different for the two chanbers. Thus, gglecting a pulse repetition rate
whi ch m nim zes di vergence I n one chanber may not necessarily mnimze
di vergence in another. "identical" chanber, e.g. in a nulti-stage | aser,
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set poi nt s, ﬁv&dxfféi!éﬁt chﬁﬂi%f a;séfaﬁngtyﬂiﬁeeémﬁ@tvﬂm Plos 104 m&nﬂgmx faz{tafhlsﬁi) nmay
be made, for exa b a conputer processing an_algorithm us
%rg eI

mat hematd cafortbe Reratingat a;ﬁemysmm@ wdaboyt d#&?é%@#évs sed §iﬂff1106t 0
the square gt of B drifElg) pt A OG0t 0
the plots sIEﬁ gthg%lart@ ge prow degéllS ooku tabl e" accessible
by a degrees Celsms H can be seen that plot 104 has a shape 51m11ar to plot 106 but is
shifted along the absolute rep rate axis by about 100 Hz. This is further clarified in

Fig. 14 which shows the two plots 104, 106 aftet the frequency axis was corrected

20 according to the square root of the gas temperature,

With the above in mind, the following steps / acts may be performed to
produce a beam having a selected divergence, e.g., a minimum divergence, in at
least one beam axis using a pulsed, multi-stage laser, e.g., a chamber having two or
more chambers. First, a relationship between divergence and laser pulse repetition

25  rate over a desired range of pulse repetition rates may be measure for each chamber.
Next, the measured relationships may be compared to determine suitable operating
temperatures for each stage, e.g., controi setpoints, e.g., gas temperaturé control
setpoints. This determination may be made, for example by a computer prooéssing
an algorithm, using a matheﬁaatical formula, e.g., the proportionality of frequency

30  shift to the square root of gas temperature. Alternatively, data corresponding to the
plots shown in Fig. 13 may be provided in a “lookup table” accessible by a



14 processor, e.g., conputer processor, to determ ne the suitable operating
tenperatures. Tenperature differences between stages nay exceeds 5 degrees
C. may exceeds 1 degrees C. and in sonme cases may exceed 15 degrees C. The
above-descri bed process may be repeated at various tinmes over the
multi-stage laser's 5 |ifetime, or if a chanber is swapped out or serviced,
to reset the multi-stage |aser to produce a sel ected divergence. In a
typi cal excinmer |aser chanber, gas tenperature control may be established
and mai ntai ned using one or nore heat ekthangers and one or nore heaters.
For exanpl e, the heat exchangers may include a finned nenber having 10
cool i ng channel s through which a heat exchange fluid is passed. The finned
menber is tipescedic®poegd idoniputerl guecesyas ftdb odeteAmirel vibe rsaiipolesioperdtmga
processor control. signal be. brovided to control the rate whi heat
exchange 1 (FOPAVEES LRSS AL AITS FeRTECToES TR SS0otoh CFBICeE aber
t enper at ur e may R84 1 G8red COamBirécRvd €iR8s mRy @xcéed NEaégredtoCC Tashabovelur i ng
peri ods of |aser- downtinme. 15 For exanple,.a'ﬁ [

eating rqod, responsive 1o a
processor cOESSIEdSRIgREss may bepEeneaEt (- ctatioys Himes ORE g}?a%'iﬁl-%aslm.s :

Wil e the pagldbeldiif 3 Thsmber gfmﬁgbe@bmmc&g&s&éde%@mﬂ- tasadd in
this patent application in the defail required to satisfy 35 US. C 112 is

fully capablpee aselgetediveragnegbove- descri bed purposes for, problens to be
sol ved by or 20 gpy,o r QE%’%HTG Rbndeh8uRSREARST Hadbe
enbodi nment ( s) abg:\@ead cri bed, ?f_l?gs&to e q’n%%sto by t hose 'ski I)ﬁed I n
the art thatesteblishedtdnd mabyained yusitigsond bednors et sxelfangnrs afuk en¢ [§¢ gnore
enbodi nent ( f t resent t] ? &r nﬁlléé ' ive
and represen At \'/eilglf Q’t‘cﬁeﬁgug}egié%%r#é‘t% e e\s%%%élugégaa y ‘%lglrﬂdeﬂr?gﬁltg?%g by
the present coolimgichamels teronghpwhivh $ Heap reackangeyfldds is phesad.andhe Shuredi med
aspects of GIDAUTEMeh disposkaSHIRIDAZIES ALRC" A VIR LLRORS I §'prbBYsor
control signal, may be provided to control the rate at which heat exchange fluid
passes through the finned member to thereby control chamber temperature. A heater

may also be provided, e.g. to heat the chamber during periods of laser downtime.

15 For example, a heating rod, responsive to a processor control signal, may be
included to heat the chamber housing. _

While the particular aspects of embodiment(s) described and illustrated in

this patent application in the detail required to satisfy 35 U.S.C. §112 is fully

capable of attaining any above-described purposes for, problems to be solved by or

20  any other reasons for or objects of the aspects of an embodiment(s) above described,

 itis to be understood by those skilled in the art that it is the presently described

aspects ' of the described embodiment(s) of the present invention are merely

exemplary, illustrative and representative of the subject matter which is broadly

contemplated by the present invention. The scope of the preséﬁtly described and

25  claimed aspects of embodiments fully encompasses other embodiments which may

now be or may become obvious to those skilled in the art based on the teachings of

the Specification. The scope of the present invention is solely and éompletely

limited by only tﬁe appended Claims and nothing beyond the recitations of the

appended Claims. Reference to an element in such Claims in the singular is not

30 .intended to mean nor shall it mean in interpreting such Claim element "one and only

one" unless explicitly so stated, but rather "one or more". All structural and



now be or may becone obvious to those skilled in the art based on the
teachi ngs of the Specification. The scope of the present invention is
solely and conpletely limted by only the appended C ai ns and not hi ng
beyond the recitations of the appended C ains. Reference to an elenent in
such Clainms in the singular is not 30 intended to nean nor shall it mean in
I nterpreting such Claimelenent "one and only one" unless explicitly so
stated, but rather "one or nore". Al ®%ructural and 15 finetional

equi valents to any of the elenments of the above-descri bed aspects of an
enbodi nent (s) that are known or |ater conme to be known to those of ordinnry
skill in the art are expressly incorporated herein by reference and are

i ntended t 0 faRctRASOERAFAES hy ahP &Ithe hitherfel OF Be aWVE-deREMbASSGel dfNB
Specification_and/or in 5 the and expressly given a neaning in_the
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those skilled in the art that the aspects_of enbodinments qf the present

i nventi on dPEFEtRPREEERL femethad  #eR notheePispat (fisdestanils drtsrded todey and

not to |im fedibRedits the pubBe gariiesd b Sdidiher Qg@@ién?a{t,%daﬁom #Omepgand

particularly not to a_ specific preferred enbodi nent al one. Many changes and

nodi fi cat i oFfcR ahepplicileecited imtheClaime s Mo claiprelement incthp appended Llaims ise

di scl osed i pyv Wl TS i) o t ' e
Sk 1T ed in RhES omflold uhE otk ilfonll WSSO S, 816D, 3 SeteBHEA, BlBR®
t 0o covels notlementistexpresslyoiecitestusing thet phrase "imdsad iford wr singthe chse qff emethiod

changes  t nad g oAb e S MApE BRI BRI 10 p 7 07 2

It will be understood by those skilled in the art that the aspects of

embodiments of the present invention disclosed above are intended to be preferred
emb_odiménts only and not fo limit the disclosure of the. present invention(s) in any

20 way and particularly not to a specific preferred embodiment alone. Many changes
and modification can be made to the disclosed aspects of embodiments of the
disclosed invention(s) that will be understood and appreciated by those skilled in the
art. The appended Claims are intended in scope and meaning to cover not only the
disclosed aspects of embodiments of the present invention(s) but also such

25 equivalents and other modifications and changes that would be apparent to those
skilled in the art.



16 CLAIMS What is clained is: 1. Athin beamlaser crystallization
apparatus for selectively nelting a filmdeposited on a substrate, the
apparatus conpri sing: a |l aser source producing a pul sed | aser out put
beam the source having an oscillator conprising a convex reflector and a
pi ano out put coupler, and an optical arrangenment focusing the beamin
a first axis and spatially expanding the beamin a second axis to produce a
| ine beamfor interaction with the film 2. An apparatus as recited
in claiml wherein the convex reflector is cylindrical defining a cylinder
axis, the reflector is positioned with'®he axis parallel to a first beam

di nensi on, the first beam di nension corresgonding to the first axis.

3. An apparatus as recited in claim in the | aser source further

conprises an applifier.,.. 4. An apparatus as recited in claim3
wherein th%%kséﬁlmg’c‘fﬁrlﬁ'e further conprises an optic converging an out put
beam fromthe oscillator for input into the anplifier. 5. An

SO 25 15, M S o R St .
A appar al hehdfed 65 b sRkstidle, thetbpatatis cbmprisiagnpr i sing a tenporal pul se
streteher. a laser source producing a pulsed laser output beam, the source havmg an -
oscillator comprising a convex reflector and 2 plano output coupler; and
an optical arrangement focusing the beam in a first axis and spatially

expanding the beam in a second axis to produce a line beam for interaction with the

film.

2. An apparatus as recited in claim 1 wherein the convex reflector is |
cylindrical defining a cylinder axis, the reflector is positioned with the axis parallel
to a first beam dimension, the first beam dimension corresponding to the first axis.

3. An apparatus as recited in claim 1 wherein the laser source further

comprises an amplifier.

4, An apparatus as recited in claim 3 wherein the laser source further

comprises an optic converging an output beam from the oscillator for input into the

amplifier.

3. . An apparatus as recited in claim 4 wherein the optic is & lens.

6. An appéraxus as recited in claim 1 further comprising a beam mixer.

7. An apparatus as recited in claim 1 further comprising a temporal
pulse stretcher. '

8. An apparatus as recited in claim 1 wherein the oscillator is an

excimer gas discharge oscillator.



9. An apparatus as recited in claim1 wherein the convex reflector is
spaced fromthe piano output coupler by a distance, L, the convex reflector
has a radius of curvature, r, and the ratior / Lis in the range of 0.5 to

5. 10. An apparatus as recited in claim1l wherein the distance, L
isin the range of 1.0mto 2.0mand the radius of curvature, r is in the
range of 2.0mto 3.0m 11. An apparatus as recited in claim1l
further conprising a polarizer interposed between the reflector and out put
coupl er. 12. A thin beam | aser crystallization apparatus for
selectively nelting a filmdeposited a substrate, the apparatus

conpri si ng: a | aser source producing a pul sed | aser output beam the

source having an oscillator conprising an unstabl e resonat or cavity and

produci ng an oscillator output havi,n e vwﬁ in the cBnvex! fefiebtofis s and
a divergence |eSs thém Gmaé%?“w?raﬁﬁgc‘tﬁ%f'l”rg o) ed for the width, w in

the first a}c%d]ﬁ% lano &Eblﬁmo\lpﬁ} b3 aimven[. é:qoeqmngeﬂqﬁféolbg%ﬁﬁr n the
first axis cu5|n beamin a sec nd aX|% @gqg patlally to produce
a line beamdiusrofaurmaactl,@ndﬁhﬁu%élﬂr‘?l“r’n e range of i apparat us as

recited in claim12 wherein the oscillator output has a beamw dth W in
the second axis and a divergence greater than ree L n&ﬂﬁgéffr
limted for thelmdtmmmusherste@én@ ?E apparatus as

recited in claim12 wherein Enﬁ@rmg P& rangeai\20m teBl0st or and
a pi ano oufdnge ofd Lt%? E &&%r&ﬁﬁé%@&%\n apparatus as recited in claim 12

wherein the | aser source further conprises an anplifier. 17. An

apparatus as reci ted in claiml16 whesai P3RAhSOhpriding ahpoladeerpri ses
a | ens operatingdlon a‘?ﬁn&?Pﬁ@f"sbgsaﬁcf{regm %Eﬁgscrl llator prior to input into

the anplifiar,ced betweed the AfiBEONas bupupewples ng a beam having a sel ected
divergence 1 nat |east one axis using a pulsed, nmulti-stage |aser, said

nmet hod conprising the acts of: measuring a relationship for. a first

| aser stage between divgfdBase laks ch&smizqndnsqamm farj glecE¥ely BELPEA [ ange
of pul se repetition rates;
film deposited on a substrate, the apparatus comprising;

a laser source producing a pulsed laser output beam, the source havmg an

oscillator comprising an unstable resonator cavity and producing an oscillator output

-4$U

having a beam width, w, in a first axis and a divergence less than three times

diffraction limited for the width, w, in the first axis; and

an optical arrangement expandmg the beam in the
a hnc beam for interaction with the

first axis and focusing the

beam in a second axis and spatially to produce
film.

13.  An apparatus as recited in claim 12 wherein the 6eci11ator output.has
2 beam width, W, in the second axis and a divergence greater than three times

diffraction limited for the width, W, m the second axis.

14.  An epparatus as recited in claim 12 wherein the oscillator comprises a

convex reflector and a plano output coupler.

15 An apparatus as recited in claim 14 wherein the convex reflector is

cylindrical.



measuring a relationship for a second bier stage between di vergence and

| aser pul se repetition rate over the range of pulse repetition rates; and
conparing said relationship for the first |aser stage with the relationship
for a second | aser stage to determine a tenperature delta and pul se
repetition rate to produce the sel ected divergence, the tenperature delta
being a difference between an operating tenperature setpoint of the first

| aser stage and an operating tenperature setpoint of the second | aser

st age. 19. A method as recited i claim 18 wherein the conparing act
determ nes a tenperature delta and pulse repetition rate to produce a
m ni nrum di vergence within the of pulse repetition rate range. 20.. A

method as recitdad.in Ahappadsisdsaecited ithcdlainil@rwhersim theilasasspurcg furthe ¢ a

exceeds 5 gg]%iaggess a% amplifier.

17.  An apparatus as recited in claim 16 wherein the laser source farther
comprises a lens operating on an output beam from the oscillator prior to input into

the amplifier.

18. A method for producing a beam having a selected divergence in at
least one axis using a pulsed, multi-stage laser, said method comprising the acts of:

measuring a relationship for a first laser stage between divergence and laser
pulse repetition rate over a range of pulse repetition rates;

measuring a relationship for a second laser stage between divergence and
laser pulse repetition rate over the range of pulse repetition rates; and

comparing said relationship for the first laser stage with the relationship for a
secorid laser stage to determine a temperature delta and pulse repetition rate to
produce the selected divergence, the temperature delta being a difference between an
operating temperature setpoint of the first laser stage and an operating temperature
setpoint of the second laser stage.

19. A method as recited in claim 18 wherein the comparing act
determines a temperature delta and pulse repetition rate to produce a minimum

divergence within the of pulse repetition rate range.

20. A method as recited in claim 18 wherein the determined a
temperature delta exceeds 5 degrees C.



