21. Nov 2005 LI NE NARROA'NG UNIT W TH FLEXURAL GRATI NG MoU @T@ﬁfgs@ﬁenti on
relates to lasers and in particular to high power gas di schaFg S wth
a grating based line-narrowing unit. This invention clains priority to
Serial No. 09/451,407, filed Novenber 30, 1999 which was a
continuation-in-part of Serial No. 09/390,579, filed Septenber 3, 1999,
now U.S. Patent No. 6,212,217B1. BACKGROUND OF THE | NVENTI ON Narrow Band
Gas Discharge Lasers Gas discharge ultraviolet |lasers used as |ight sources
for integrated circuit lithography typically are |ine narrowed. A
preferred prior art line narrow ng technique is to use a grating based
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resonance cavity. The gain mediumwi thin this cavity is produced by
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wi ndows 11, and a grating based line narrowing unit 7. The |ine-narrow ng
unit 7.is typically provided on a lithography | aser systemas an easily

repl aceable unit and is .ﬁ%ﬁ]ﬁﬁ! }%ﬁ P@"ﬁg w ng package" or

"LNP" for short. This pér‘gg’%g Unltblﬁﬁ(‘:ﬁl& S TWO (iﬁm expandi ng prisns 27
and 29 and a grating 16 dhepeseBandGas DischowedaBérsgur ati on. Gratings used
in these systens are extrenmely sensiti-ve optical devices. A typical
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gr at i ng resomahcemaaetsof Theradadn i mbdium within this cavity is produced by electrical
discharges into a circulating laser gas such as krypton, fluorine and neon (for a KxF laser);
argon, fluorine and neon (for an ArF laser); or fluorine and helium and/or neon (for an Fa

laser).
Line Narrowing Packages

A sketch of such a prior art system is shown in FIG. 1 which is extracted from Japan
Patent No. 2,696,285. The system shown includes output coupler (or front mirror) 4,
laser chamber 3, chamber windows 11, and a grating based line narrowing unit 7. The
line-narrowing unit 7 is typically provided on a lithography laser system as an easily
replaceable unit and is sometimes called a “line narrowing package” or “LNP” for short.
This prior art unit includes two beam expanding prisms 27 and 29 and a grating 16
disposed in a Litrow configuration. Gratings used in these systems are exiremely
sensitive optical devices. A typical grating surface may have 10,000 grooves per inch
created in an aluminum layer or layers on a thick glass substrate. These gratings and
techniques for fabricating them are described in U.S. Patent No. 5,999,318 which is
incorporated herein by reference. A prior art technique for avoiding distortion of the
grating surface is to mount the grating on a metal grating mount made of a material
having a small co-efficient of thermal expansion closely matched to the thermal
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having a small co-efficient of thernal expansion closely bmmﬁthe
thermal 1 2 NOV 2005 expansion co-efficient of the grating

substrate. The gratings deteriorate rapidly wunder ultraviolet radiation in
the presence of oxygen in standard air. For this reason, the optical
conmponents of line narrow ng units for |ithography |asers are typically
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this systemthe wavel ength of the | aser beam6 is _cgntyrol Ig} inﬁ@ f egdback
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Several exanples of these efforts are described in the Japan, Patent
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grating
example. This device is described m detail in U.S. Patent No. 5,095,492 assigned to

Cymer. Use of this device permits reduction of the bandwidth somewhat, but it still goes

out of specification when the laser is run at high duty cycle.

For many years, designers for line narrowed lasers have believed that distortions of the
laser beam could be caused by gas flow near the face of the grating. Therefore, laser
designers in the past have made special efforts to keep the purge nitrogen from flowing
directly on the face of the grating. Several examples of these efforts are described in the
Japan Patent 2,696,285 referred to above. In fhe example shown in extracted FIG. 1, the
purge flow is directed from N gas bottle 44 toward the back side of grating 16 through
port 46.




2 23NOV2005 Increased Repetition Rates Line narrowed uItrqzho@@ﬁ gmger
| i ght sources currently in use in the integrated circuit d r
typically produce about 10 mJ} per pulse at repetition rates of about 1000
Hz and duty factors of about 20 percent. Increased integrated circuit
production can be achieved at higher repetition rates and greater duty
cycles. Applicants' enployer is currently selling a 2000 Hz gas di scharge

| it hography | aser and Appli cani%rg#gdklgﬁé tidnSbdtQv wor kers  have designed a
y lTaser. %&

4000 Hz gas di scharge lithograp i cants have experienced
di fficulties maintaining consistent narrow bandw dths at these higher
repet it i bimer maresvahdltradinglyt taged Hght fouressdererantlysinfuse nethe abtegratédn eircuit

narrow ng devi ces and techni.ques, f hi repeti.tion,rat ' uty, cycle
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produci ng hi gh energy | aser beans. Techni ques are provided for m nim zing

adver se &f hights regfetibentraesoawic grtatsy dute dyalser Aprlivanissicoplayse it ichgently
narrow n evi flexural gratin nt is.provided L i.rtugll

or' m nat U p 200 617 e St Rareld RO ERAIEH NG i AR o BRI MeBies i on
bet ween hiie @sitrelth 2000 HregdsNHsdRusd Rethogfiphyi Qidet. GApplitasts [Ha®k ekp&itnced
enbodi ment__the grating, whi 0%1 is conprised of a very thin lined alumnpum

surface @ifiguliipy pRinfrining sansistsnh arsPwrbaghwidhsatibesediighar sepstitian matgs aed an

al um nunh&?%?hﬁg structure using a flexural grating nount. At |east one
flexure jorn S provided in the grating nount which permts thernal
expansi on and contraction of the alum num housing w thout producing
undesi r alAl meedexitn feralelishie dasammowing degkasand soldquestfor bightrhpetijoatrateg. | n
some enbﬁ%il nts tlhe unt copprises a nmetal plate and the flexure joint
isaHF qu&rmc%p% SPTHRPRT Med into the netal plate. In another
enbodi ment, two HFlex joints are provided. In other enbodinents, the

flexure joint is a dovetagUN®NARYIOFTHEINVENEIEGNd of the mount to slip
relative to the other.

The present invention provides a grating based line narrowing device for line narrowing
lasers producing high energy laser beams. Techniques are provided for minimizing

adverse effects of heat produced by the laser beam inside the line narrowing device.

A flexural grating mount is provided which virtually eliminates stress on the grating
caused by differential thermal expansion between the grating and the LNP housing
structure. In a preferred embodiment the grating which is comprised of a very thin lined
aluminum surface on a thick ultra low expansion glass substrate is attached to am
aluminum housing structure using a flexural grating mount. At least one flexure joint is
provided in the grating mount which permits thermal expansion and contraction of the
aluminum housing without producing undesirable mechanical stresses in the glass
substrate of the grating. In some embodiments the mount comprises a metal plate and the
flexure joint is a H-Flex joint which is machined into the metal plate. In another
embodiment, two H-Flex joints are provided. In other embodiments, the flexure joint is a
dovetail joint permitting one end of the mount to slip relative to the other.

In another preferred embodiments a stream of gas is directed across the face of the

grating. In other embodiments the effect of a hot gas layer on the face of the grating is
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I n anot her preferred enbodi nents a streamof gas is directed_across the
.face of the grating. In other enbodi ments the effect of a hdtd §8Y RBlker on
the face of the grating is 3 2 3 NOV 2005 reduced with the use of helium as
a purge gas and in other enbodiments the purge gas pressure is reduced to
reduce the optical effects of the hot gas |ayer. BRI EF DESCRI PTI ON OF THE
DRAW N@&duded Gvith tlm:msolahéiimtasprpmgezgas anilne mbarr@nmﬂimaaerms petgengasFl G 2
shows a second |or art e narr d.laser FI GS. 2A1 and 2A2
show a P38 *af*? ugFdeq Wé‘“ﬁ%ﬂ’r‘?ﬁpﬁ'ﬁaﬂ\gg aﬁ‘@ hﬁr eléy‘érhows adverse effects
on bandw dth of a hot gas layer on the face of a line narrow ng grating.
FIG 4A and 4B show a preferred enbodi nent of the present invention. FIG
5A shows bandwi dth trace BRIEFOESCRIPARONOISTHE PRAWINGSE t purging. FIG
5B shows bandw dth traces at various rep rates with purging in accordance
Wwtht resent inventio FIGS 6B and 6C show al ternate enbodi ments
of theh["g{pegesﬁf’wisﬂ\férﬁttl?rb?{ S¥ YHSW-a LNP equi pped for fast

f eedback control. FIG 9 shoms the heati ng of the gas |layer on the grating
sur f acer1G. Blshow @ ssbemBpriod RChid fateowed 1asediieieny t he purge gas pressure.

FIGS. Il A B, C D and E show features of a preferred enbodi ment of the
pr esent |nvent| on GS. 12A, B and C show features of another preferred
enbodi ngtS- gt -’ﬁ shay 2 Prigy arirafing moeRting EANigueC p and E show

features of anot her preferred enbodi nent of the present invention. 4
2001- 00ff63.23 shows adverse effects on bandwidth of a hot gas layer on the face of a line

. narrowing grating.
FIG. 4A and 4B show a preferred embodiment of the present invention.
FIG. 5A shows bandwidth traces at various rep rates with prior art purging.

FIG. 5B shows bandwidth traces at various rep rates with purging in accordance with the

present invention.

FIGS. 6A, 6B and 6C show alternate embodiments of the present invention.
FIGS. 7 and 8 show a LNP equipped for fast feedback control.

FIG. 9 shows the heating of the gas layer on the grating surface.

FIG. 10 shows a technique for reducing the purge gas pressure.

FIGS. 11A, B, C, D, and E show features of a preferred embodiment of the present

invention.

FIGS. 12A, B and C show features of another preferred embodiment of the present

invention.

FIGS. 13A, B, C, D, and E show features of another preferred embodiment of the present

invention.
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2 5 NOV 2005 DETAI LED DESCRI PTI ON OF PREFERRED ENMBCDI IVENTf Preferred

enbodi nents of the present invention can be described by éfﬁﬁgnzﬂ%to t he
figures. Laser Performance at Hi gh Average Power A prior art |ine narrowed
KrF excimer |aser operating at relatively | ow average power, typically

| ess than 5Ww || produce a | aser beam centered at about 248 nmw th a
bandwi dth of less than 0.6 pm The |aser can run w thout problens at high
rep rate, up to 20ETAHLERDESCRIBFION OFEREEERRED EMBODEENISer i s
bel ow 5W A typical [lithography KrF exciner |aser has a pulse energy of 10

' blhﬁggfffﬁr B4 o RiSEs &, B St ML b URERBE I bt B8P

run at MRESin bursts of 200 pul ses with pause between bursts of about
0. 45 second. Such an operation w Il produce an average power of : P P _
IOntJd 200 pul ses = 4w ( Myaser Berkumange sl High AlerageB9M&hi dt h control start to
appear when the average power is increased. This happens, for exanple,

when the,i r_yy- ' : : [ he
o 200 SRS pARGA KGF FREERATEr (pRla B AR AP IR o RABERIRL TS e
power oftypRallF lbssOthad 5WORiIpyreRre =d 03kt DpamQenferél acabdat s inmumitht he
laser is run_.in continuous node which, at 2000 Hz and 10 ul se ner gy,

i s equi veandnidthet espthapd}-6 ge- phgctesenpa sug H%‘gﬁ‘ﬂti%?ﬁﬁ?lﬁ 3 H’{égr@%@?’é’ﬂﬁe’[ s run
Wi th hi % r dyy [ 8 AL | savovey tiniedr i od
of about tgfzgg?dm!%%i’t?ggoﬁwglr#?% H%It 9%52 ve\ln”’%fpﬁ%g% g% ess t hﬁoo. Gt?%rr_] and
renai ns Kthbstaphy KaF lexciniey aser hirom polsé epergy $fdA mah Therefoas dn jondds 4o dvipidt h

should, be avorded T.h TLELO 08" ARY W2 QUMRL O LR B TBYS) byt
; For example, it can be run at 2 kHz in bursts of 200 pulses with pause between bursts of

about 0.45 second. Such an operation will produce an average power of :

_10mJ - 200 pulses
0.5sec

P

ave

=47 @D

Problems with bandwidth control start to appear when the average power is increased.
This happens, for example, when the interburst delay is decreased. For example, laser
running the same 200 pulse bursts with 0.1 second interburst delay will have an average

power of :

_ 10mJ - 200 puises

=10 (2
e 0.2sec @

At maximum, the laser is run in continuous mode which, at 2000 Hz and 10 mJ pulse

energy, is equivalent to 20W average power.

When the prior art laser system is run with high average power, the bandwidth increases
gradually over a period of about 5 to 20 minutes from initial bandwidth of less than 0.6
pm, and remains substantially higher than 0.6 pm. Such an increase in bandwidth should
be avoided in microlithography production runs, because it will cause images to blur due

to chromatic alterations of projection lenses. Another important application is when the

-

2




" to chromatic alterations of projection | enses. Another i nﬂogtpﬁw zﬂ%
application is when the 5 2 3 NOV 2005 laser is used to test the

. properties at high duty cycles of other |ithography conponents, such as
the projection lens itself. In this application, the |laser is supposed to
maintain its bandw dth and other paraneters within the specification during
the durafak@nis Qked N8 R lthedlOpldpehiias Cit mgﬂﬂsamhamgmeka&eroﬂ&ysn@@mphy
currently being tested for use 1n production include |asers _designed to
oper at e eAmMEA@BOtsHsuchtsithe proiesipndess itwslf. |Tadhis appheatipnathe dgsenis uppesed to

I ncreased _.r. Itiqn.rates s a chall . roal. . ef.f . are | .eased
subst ant’ gﬂt%ﬁgzss %%@g&#tg&ntﬁoc’tﬁ?rﬁ@r% ﬁ%&@gﬁlﬁa&)g%ﬁﬁgs %P]?'i%o SRl
2A is a sfletast.ew showing a prior art nmethod of nmounting grating 16 to the
floor of the LNP enclosure. In this case, the thick glass substrate of the
grating is attached to nounting plate 16A at each of three spots with very
short epoxy pillars. FIG 2B shoms40991gzz{1§‘|§¢’bxi mate pillar horizontal
positions at 17A, 17B and 17C. The nmounting plate is screwed securely to
the floof; ' e i rior
bt deoi pibenplfy KIS SPSLES Kurelly blpP IoRE di8 WP BiRdGton UL RselTl O
t her mal desxpredso opemataatet006 Hee ridaimtadning desiatd lasertbeemgruatitynag theésegncreasedt r at e
which ultra.l.ow expansign gl ass a I.s.also close to zerq. However,..the
ehanber eSS 8 A bafitndhy TiRnReh oS uR SuctefP o By afly b EpTageten
expansi ohe00O8 FR sty di fferent fromboth invar and the grating glass
substrate. As a consequence, tenperature excursions in the LNP produces
bendi ng stresses on the nmounting plate which is screwed tightly to the

. bottom of the LNP enclosure and (S’Wémﬁl]%lﬁt@ﬂicmturn produces bendi ng
stresses on the grating through the short epoxy pillars. As long as the

_ tenperatg{@ ff? UL $1d8N 3 s oﬁgﬁj_ d %ﬁ&earpiﬂe&%[d fﬁgﬁur}tfedgg%%@ﬁgelé HRMISR of

prevent significant distorti ©however Ition rates 1 n the
range of {200NP Hnclasuk00h s @ask, thathicduglass avbsimass of Her gratingliis avadhiedrioi n

the grat 1'11%%1:1&1?5 plate 16A at each of three spots with very short epoxy pillars.- FIG. 2B shows
the approximate pillai horizontal positions at 17A, 17B and 17C. The mounting plate is
screwed securely to the floor of the LNP enclosure with two screws 16B and 16C. In this
~ prior art design, the mounting plate is made of invar which has a co-efficient of thermal
expansion close to zero and to that of the grating glass substrate which ultra low
expansion glass and is also close to zero. However, the chamber enclosure is aluminum
which has a co-efficient of thermal expansion substantially different from both invar and
the grating glass substrate. As a consequence, temperature excursions in the LNP
preduces bending stresses on the mounting plate which is screwed tightly to the bottom of
the LNP enclosure and the plate in turn produces bending stresses on the grating through
the short epoxy pillars. As long as the temperature excursions are small the pillars are
flexible enough to prevent significant distortion; however, at high repetition rates in the
range of 2000 Hz to 4000 Hz and high duty factors, thermal distortion in the grating has
been so great as to substantially adversely affect the quality of the laser beam both in
terms of bandwidth and wavelength centerline stability.




been so great as to substantially adversely affect the qua?iéat npgfsze

| aser, beam both in terns of bandw dth and wavel-ength center e

~ stability. 6 2 3 NOV 2005 Finding The Source O The Probl em Wen Applicants
first began seeing beamquality deterioration with increasing beam energy,

t he cause was not apparent and many potential causes were investigated

surface heating of the purge gas on the face of the grating was one cause

and it was largely corrected. by digecti I of purge gas directly on

the grating.face as descri%’é’g’Q%née é‘?‘ﬁ?‘f@%—[ﬁﬁfpé t%on. However, this did

not conpletely elimnate the problem Finally, one of the Applicants

| cosenedywhel eAppliesntaStishe Bedth@Sbedd) Gty RtPRAMondWahI inéroating Beath

substantial ly.” "Applicants then recogni zed that differentjal thernal

expansi omevgys theatasiss gvas mot sppakntaridenpe gpiegtia cauprs wenst inMestigated surfaee

causi ng it h d rigration in beam Lity,. resul pl i ve
dos: gnedieain PRI BB eloh e BRT ¢t B, detbind Wi "k G0 MR lE 7,
Desi gn Qrgreset byl difectiag tahBowr cfiphese bss Sy dmthkl &dtingd faoB, asBlesé@ibed iand E.
FIGS. I |A and 11B are bottomviews of a grating munt for mnimzing
ther mal Silpwing ssetiomtgwayemBus didinot completely slimiinty theguoblem: wo main parts
100 and 102. Part 102 slips into a dovetail slot 104 in part 100. Part 102
i's bolt t A9 ; d 6 and.Refk hekhBP s
bol ted tamtHe T s e e TRt rRY blehalRa hareadg 11y 2 gREbE b0 |2
dovet ai | qulitt improyadt subS@ntally. Fl Applickitsi ieanreeoghizddethadf differential0 thegmalvi ng
how it is designed for a tight.sljding.fit_.in the.slot. . FIG 11E shows
part 102E% SRSCA R SgrsiabllbTiing pf o s iRk RIS G CARGIS A

rol lers dR&idraHoy 68S eaht qhdftyagaigista %si@? 1APpREants | Rivel Qdsioddie sgtaki ng
(not shown) is pref erab}lh% mounted on top of part 100 using three short
epoxy pimpdifisatiansun the bNPitp seivadeis @robdgrd. 4 m s high. This design pernmits
the LNP floor to expand and contract w thout putting nechanical stress on

the grating. 7 Dove Tail Design

One solution to the problem is shbwn in FIGS. 11A, B, C, D and E. FIGS. 11A and 11B

| are bottom views of a grating mount for minimizing thermal stress on the grating. This
mount is comprised of two main parts 100 and 102. Part 102 slips into a dovetail slot 104
in part 100. Part 102 is bolted to the floor of the LNP with threaded hole 106 and part
100 is bolted to the floor of the LNP with threaded hole 104. FIG. 11C shows the
dovetail slot in part 100 and FIG. 11D is an end view of part 102 showing how it is
designed for a tight sliding fit in the slot. FIG. 11E shows part 102 positioned inside slot
104 in part 100. Two spring tensioned rollers 108 compress part 102 against side 110 of
slot 104. The grating (not shown) is preferably mounted on top of part 100 using three
short epoxy pillars about 1 cm in diameter and 4 mils high. This design permits the LNP
floor to expand and contract without putting mechanical stress on the grating.
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"2 3 NOV 2005 HFlex Joint A second embodi nent of the_presepg NUV?ﬁngn can
be described by reference to FIGS. 12A, B and C which are top, s and
bottom vi ews respectively of a grating nount with a single HFlex joint.
This nmount is conprised of invar which, as stated above has a very snall
thermal co-efficient of expansion about the sane as the fused silicon
grating glass substrate. The nount is about 1/2 inch thick and has a

| engt h approxi mately equal to the ﬂ_fi;ilg,g_;%tass substrate of the grating to
be nounted on it. Holes 120 are cut into the mount primarily to reduce its
weight. An HFlex joint 121 is machined into the nount as shown in FIG
12A. TwoAdeghwhnembdtimedt hb tespidntaneention ¢ant e tibeerived by 1sferdusi tegFI&s. " H'

shape fl joint sq.as to |leaye four flex legs 126 ea about 0. 060.. nch
thik. i GohitSaistep cdE ol hitnm St ars e e AeteRns mOLE b

epoxy pi éﬂglea{-ﬂexl jeEAl MORSmbaRt RRYhprised B lidvativilicRNE statédabivedhREVRY as
shown in FIG 12A"° The nount is scréwed securely to the bottom of the LNP

encl| osur gnalkthegnalmoeeifietent of expansim shwhithe saue & theofgsedraidicen Brasing jeasat

permts the | ~expansi on_.an nt tion.of the enclosu 4 1 hout
Pranom (TRFCRE 156 PRUGH RIS 1 L Peb3Biek 3R s g e apr bRl E (0.
very |itihidk g18sisabangeof theSifalihg tObE€ afouhitdidact! Plalesdi20eat icQnNinds thehfount
grating. The_ expansion co-efficient is about 0.001 inch per pound, in this

long di r Mgy to meduce éts vesighte dn y1-Elaxgaint A3l iy markined inte ghe HeuwesishowRy

ther di iqp, T ' ' ' Sesehd b
?ef 2; enl:%lelflgj" aP& Tg,ggo@é%%%ﬂgg%%@%%% %ﬁ@%ﬁ? tsm{g]tﬁgp#} g(ii ew, % ?iﬁd13>é
s a si dehape G joilt 9ol 4. to 18G el Bounflsrlegsri2gicarh aBoutD. 06 imth tisick SThe atingo t he
L Fl o) BTRE G DR 5 e me ROk IS S STt Shoos Eilars Pt s K Sbouf g

- respect i ¥akYioh A8 1 (R HiahSdredensbmah wikhipa as is the LNP enclosure. The
nount is m)ungt ed to the enclosure as described in the previous enbodi nent.

The grating is attached to the mount with three short epoxy pillars_as
descr i be@habwuat istscravedpesimel tns thedtboiton 8P thealy P 13 losuresusing tireaded ks,

13A, 13D g gw%v%lEi'n IEI_II@a 2¢ f P4E Iﬂf"legqr}%in%léprﬁjtsalt.he}llqgl gx%%giog Ul loBfSction of
the enclosure bottom without transmittal of any significant stress to the grating. The joint
provides very little resistance to small forces in the long direction of the grating. The
expansion co-efficient is about 0.001 inch per pound, in this long direction, but is

extremely strong and resistant to forces in any other direction.
Two H-Flex Joints

A third embodiment can be described by reference to FIGS. 13A, B, C, D, Eand F. FIG
13A. is a top view, FIG. 13B is a side view and FIG. 13C is a bottom view. This mount is
similar to the one described above and éhown in FIG. 12A. However, this mount has two
H-Flex joints 134 and 133 as shown enlarged in FIGS. 13D and 13E respectively. The
mount is made of aluminum as is the LNP enclosure. The mount is mounted to the
enclosure as described in the previous embodiment. The grating is attached to the mount
with three short epoxy pillars as described above at the positions 132A, 132B and 132C
as shown in FIGS. 134, 13D and 13E. The surface of the mount at the epoxy positions
(in this as well as the other embodiments) is preferably abraded with #40 grit dry blast
alumina to produce a good epoxy surface. The legs of H-Flex 134 and H-Flex 133 are
about 0.030 inch wide. Flex 133 permits expansion of the mount relative to the grating in
8




(in this as well as the other enbodinents) is preferably %éaded w th #40
grit dry blast alumna to produce a good epoxy gurface. NEY2085 + FI ex
134 and H Flex 133 are about 0.030 inch wide. Flex 133 pernmts expansion
of the mount relative to the grating in 8 ,- 2 3 NOY 2005 the |ong
direction of the grating and Flex 134 permts expansion in a short
direction of the grating as indicated by the drawi ngs. The second H Fl ex

j oi nt pthertbngdirdntionof thef grating and Fexak34 pesmits axpansiondn aahomﬁ#equsofltb@s

S us oBPHEE SRt B ORISR i, o Bieitni b B ﬂgs["om

the muﬁl‘imhﬂurﬁ%§ HeEmbhRimateAalewhich iPlds @}Epelnﬁvé hd 644dre6 machine kinasiavdr -
hei ght). WMatchi ng@'ﬂl:hernal Co-efficient of pansi on The reader shoul d note

that pr Breferebly, adeirgnidl $mgs asechip thivandsths Iﬁ'ﬂl?l‘ ambaﬁ@mﬁﬁ whereffrehg the i on
the mat “ Bl ég(glﬁpqaé&t 1 BELIPHAE me B@Sﬁgg setheh g{;{@s (1%1,@%@3@2? In

FI GS. 1 I nvar 1's use

co-effici ent of thermal expansion simlar to the th| ck ULE glass grating
substrate. Therefore, tMeatchingtThtgmal Coaffidedted Baptdsidthe t hree short epoxy
pillars at two far apart Iocations to the Iong part of the mount with no

attachme to.th unt t hese two exa one end
of ¢ he BBl M mord absto BiReTed A aih et BEERCENBORP B e T hor (
portiong ﬁﬁm&%:{@@%@ﬁﬁk@a%ﬁﬁ{e ﬁeén@fF&Qeanﬁplén!n i Fesanaheh unatih ached
to the chanber. The flexure joint in both exanples permt the npunt and

t he chalb@s. [ G nxprsplgs nvemist ised for tieomennt whichfdsi « themmal eg-cligipanofon) to

expand nd cpontract at different .r S adsDrdie 1 -1 he
ong poltrnt Sreepnan Ml i SCich 816 et Bt b EneeBia TR ERnt 12

housi ngjs dibtiched HAUUBE TrrB® sidry BpditiE pilfarssdt It SwSapaitiioeativnt ho tieclonp patt oﬁnd

t he housing are al um num The atl substrate which has a co- efflm ent of

expansi #¢ meuiswidlhpp aftpchragatte o of gt o hepabHR BXATPI8HCRC of t he
th f o
ree sepal ?r 3 g%tp%nﬁin &hﬁm :HB&EE a&ﬁd% $EAbd Iftg L t%&ﬁwr ¢

joints are Tove relative to e ot her
11A- D anitt frloGht afl 24 &hexarx@lcﬁ'sthehﬁomtsepmtelymﬂm}mﬂ 'toaherdhawbet hdhei n

each Ca%ee}(ltﬂréej Olntr}.g bo%h exa%pfe? Ej\)ernrggcnéle %I;lcl) t ang '%he cl?a%nl%rt C\I;Il%(gj S} Ch eﬂy

different co-efficients of expansion) to expand and contract at different rates.

Pt

In the FIG. 13A-E examples, the long portion of the mount is securely attached at two
locations to the housing. This produces no significant siresses since both the mount and
the housing are aluminum. The grating substrate which has a co-efficient of expansion
substantially different from aluminum is attached to each of the three separate parts of the
mount which by reason of the two flexure joints are free to move relative to each other.
Thus, if in the FIGS. 11A-D and FIGS. 12A-C examples the mount were made of
aluminum then in each case the long part of the mount only should be aftached to the
chamber floor and the grating should be attached to both parts. Also if in FIGS. 13A-E
example, invar were used for the mount, the grating should be attached to the long solid
part and the mount should be attached to the chamber at points 1324, 132B and 132C.

Hot Nitrogen Layer

Applicants have determined that the poor performance at higher repetition rates as shown
in FIG. 3 is partly the result of the development of a hot layer of nitrogen which builds up
over a period of about 5 minutes on the face of the grating 48.
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chanber floor and the grating should be attached to both g;ﬁ@]ﬁhﬁo i f in
FIGS. 13A-E exanple, invar were used for the nount; the% oul d be
attached to the long solid part and the nount should be attached to the
chanmber at points 132A, 132B and 132C. Hot Nitrogen Layer Applicants have
determ ned that the poor performance at higher repetition rates as shown
in FIG 3 is partly the result of the devel gpnment of_ a hot |ayer of

ni t r ogenThisihet 288iif dsatad byother sratips siefaces rwhish de tenpisphpated By, absrbingce of

t he grat] 48¢.9.. 5 k 0 ' : :

sur f ace, P%P%ﬁ)fiugm%eﬁrlg%b%%gt g}%bcjallgbs o&%?%éé é‘k’]%%tgkﬁ “l%mtcc}]ﬁpﬁ%@%ﬂelﬁ% aser
beam Typé albdolhed Ioss grmial sasfadd The 20fac tempetatiera tof Itheg ptating ghight bee 2bdor bed
by grati n5CL surface. The surface tenpergture of .the grati n(gqurn' ggﬁ rise 10 to
15C. Thi 45 Cenplis deapeatifr fsacee isnarsHotier.dh i higheriid thy grddieiof tegrafpaql e
of the 96l ol afthd chOVAY siitburl AFIENYS 1hRrctbiRIhelall iflifant 8 ENRIARIOSGHioh e
air in front oF the mddl e portion of tf’ue grating is hotter than the air

i n front obthetghatingrigdotiterThan dfioaie in fivah of the ddgsser Thwefore, 8thdnntbe desat beasm t he

ratin rface 86 it goes thr t.hi s boundary. l,ayer, 82. Beg e thi
o hag Mande o dhe BRbhe oEHOR0 of edarnibinieh M S8l Tyt HRh  PErsd °
the air pgagi- hieiheGoRkb ?r?']%sf[?sﬁret hee 1Rt il $hd BESitE8ASRY id. NS#) thOIgir Aekr thear

the edges. Because of , the laser beam 80 wi Il have different phase
shi fts wbenteraf thogsating is fess idedstl, hayotheiainnest therrslggs.aBeeapse af dhatghedaseso,

t he i ncom n eam,wi t h. paral l.el ef rant. 88 w L.l ha r front

00° corr BB AR ke Biehat Gniboe MRS WeRfde fits 1o e ARKRe Poreitof Pt HBNEL

perfect| ¥nd ledbes, ARY, i tB@Nhsorhigebetey ek qardlet feive8dnir8di wilt diavens ciuvetihe

“kine narrowng unit to substantjally elimnate this hot nitrogen |ayer.

Fl ow Acr ggxeimnit 9t comssponsling te idivraent, hesg e iy PARRRNS GVeRHE BHREZRAP 1S

inventioEelerscﬂs,l}Pa\en in FIGS. 4A and 4B. In this case the nitrogen purge of

about 2 Frtérs per mnute is flowed upward through approximtely 1 mm

di anmeter holes spaced at '/<inch in a 10 inch long 3/8 inch |ID tube
Applicants have developed preferred modifications to the line namrowing unit fo

substantially eliminate this hot nitrogen layer.

Flow Across Grating Face

A first preferred embodiment of the present invention is shown in FIGS. 4A and 4B. In
this case the nitrogen purge of about 2 liters per minute is flowed upward through
approkimately 1 mm diameter holes spaced at % inch in a 10 inch long 3/8 inch ID tube
functioning as a purge gas manifold. Barrier plate 60 and barrier cover 62 force most of
the nitrogen purge flow in the direction shown by the arrows in FIG., 4B. This
arrangement has produced excellent results as shown by the chart in FIG. 5. In this case,
an increase in the output average power from 0.1W to 20W resulted in variations within
0.4 to 0.5 pm. It is interesting to note that at 10W average power, the bandwidth is
actually slightly smaller than at 0.1W.

It is important that the purge flow across the face of the grating be carefully controlled to
avoid flow related distortions. Applicants have tested various flow rates and have
determined that excessive flow can do more harm than good. For example, a flow rate of
20 liters per minute produced very poor results. Recommended flow rates are in the

range of about 0.5 liters per minute to about 10 liters per minute.
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functioning as a purge gas nmanifold. Barrier plate 60 angriwv' Bﬁover 62
force nbost of the nitrogen purge flowin the direction b?q e arrows
in FIG 4B. This arrangenent has produced excellent results as shown by
the chart in FIG 5. In this case, an increase in the output average power
fromO0.1 Wto 20Wresulted in variations within 0.4 to 0.5 pm It is

I nteresting to note that at

| O\, h i dph L | |
S11 ght |yt Brelsd BRDATTRE 0%, B3 POreE HornaPt e RRelly CRpv ol kipeBfht, L,
the face qf, %ngr afleNGathSy FRhAh4hbY TORL BRl e Bes BuOirgthet contirmbadied
p

di stortions. icants have tested various flow rates and haye deternined
that exaligdiceeaif iofontof the gmetinghsy ih dasamoybave timsrtodeghpp &y Wergaifg at e of

20 liters per mnute produced very .poor res g . fhowdakes are
in the Y%g%m%u %%Eé%e , ’ICP{TS‘T‘%%Sg’rg%Fﬁ %%tgélécgtyag%ﬁlgﬁ%ﬁﬁ?t ers per m nute.
10 2 3 '\Q{se%%f’thbfﬂobﬁits@lfﬁfbrh'iﬁ@éﬁﬁgliasérmfpﬂﬁtien. that this purge does not
substantially ‘reduce the tenperature of the grating. The grating remins

hot. What the purge does is to rather continuously displace air in front

of the grating, so it does nob&ﬁ@r"ﬁu&%ahge up by the grating. Very
smal|l flow rate and, correspondingly? gas Velocity prevents any air

di st or t | PRise afPma@fphyntiderihgntits e providergaaffocadrogs thadare dishe gratios.

O her Purge Arrangenents There are nany p tentiah}?arrﬁ]ggjg%nts.tgé)r%vi de
gas fl ovicawees thbuildipeototheth AER g IER, SRR B PP I Bt Fie
ther mal. {aygr Wl GM.GANSAR diiBol 013 M AARNE teldhb oihe dhanifux avtllite a

narrow si? .5 mmrunning the length of "the manifold could be
used i nsigddnséad bfths medall halbesAlA sooatheofldw cofilddw providedprithaslit &8¢ wi t h

‘a slit type. nozzle such as shown i SS section in el '

nozzl es BRAASSUSE 2p PRI LIATY Fyclen “ln?@‘ga)oraﬁ n @?Socr%“gi%ﬂ%%&r%gﬁ%hmg&as

shown | nﬂ@t&ﬁs aﬁcﬁ?l otflrS Of tHe! PAERCAOHD WA FIGAEB N Eow pudsthberating facted
ma

S with a very fan in a sem -cl osed systemas shown in FIC%WGC Lﬂ’[ this
“case, t heoulébalpeovidsidwityevepustaall Suving: sEisiesed gt gs showh i BiG-GC- as

ZESW? hianﬂ]g% %}S@Ttﬁﬁ gégr;:%a{r rﬁlecroF‘glt:g‘pu?éé SR HL %dedtalggn ﬁ@ﬂrfo\f aPElsWRERN SR EIEr at i ng
2. In the FIG. 6C embodiment, the cavity between the grating and the barrier is not
sealed and purge gas in permitted to circulate into and out of the cavity as shown at 64
and 66. The tubes 68 leading to and from fan 70 connect near the center of slitted tubes
72 and 74 which is just above and below the hottest area on grating 16.

Reduced Gas Pressure

A second solution to the hot gas layers problem is to reduce the gas pressure in the line

narrowing package.

Gas convection modulates the gas density spatially, causing an inhomogeneous
distribution of the refractive index, which in turn leads to phase front aberration. The
magnitude of any aberration caused by gas density fluctuations, which are due to the gas
convection close to the heated grating surface, is appr(')ximately linearly dependant on the

nominal value of the susceptibility or the refractive index and thus the gas density.

Convective cooling of the surface of the grating and other optical components is not

substantially reduced so long as the mean free path of the gas molecules is not less than

distances between the “hot” and “cold” surfaces in the LNP. If we assume these distances

are about 10 cm then as a rule of thumb we would say that the gas pressure should not be
11




seal ed and purge gas in permtted to circulate into and o t of t% cavity
as shown at 64 and 66. The tubes 68 leading to and'Tronl é%N@@ nect
near the center of slitted tubes 72 and 74 which is just above and bel ow
the hottest area on grating 16. Reduced Gas Pressure A second solution to
the hot gas layers problemis to reduce the gas pressure in the line
narromﬁng package Gas convection nodul ates the gas denS|ty spati al

causi ng &4 ﬁﬂg@n@@@essur%whe%ﬁlreoﬁw% fraseratie fongdh iy 809Hd °%|Tc'1,3ﬁ1| n
turn | ea Pesg‘ﬂeg);;nm ?g&%ﬁtof% rdd ﬂf‘ ﬁr sd' E‘dgﬁsn? of Y stﬁ‘fth@tlﬂ\ﬁ?

caused by gas uctu i'ons, ue to the ga convection
cl ose toigdbeuheatted Oggmctanngnﬂiunkmet aﬁxmmimncmnndlﬁbm y linearly dependant on
the nominal value of the susceptibility or the refractive index and thus

t he gas ective coolln of the surface t he qgratj.n d. ot her
boci o0 Bl b Sl it Sitem e mel s ata cuangolied pissale i e a8hG: oL
pat h of hbhsut%es f@lnﬁﬁi-ﬂaﬁs",[‘hé d?@égéne&ﬁefs%%ﬁled@'l\@ @%%ﬁg@%ﬁﬁ%@@ot heacthel " and
"cold" surfaces Iin the LNP. |If we assune these di stantes are about 10 cm

then as pumpl¥ mfustch torereole thmra@inmaym theal NP hiod gaesdgsined yaews ivulaintaised be

11 2 5 200 uced b d t he ssure where t mean ength
"5 about PY6oIG ok i RRAPRek Sl 38 HrSnlfR ook B PP hpbl S6 R e o
that the 9deB§ide)LNJP iddRalasystBmiae thibreshife tPpoxBndtelyoat bqRildeas Bénsbhe
density at atmpspheric condltlons FI 10 is a sketch showing a system for
mai nt ai nPAgay '@%fglﬁﬁmqoéﬂe #ressure in the LNP at about 1 to 10 milli bar.

The nitrogen enters sealed LNP 7 through orifice 90. Vacuum punp 92 is

used to create the vacuumin theéjuyg W}ﬁd}‘ Hendesired vacuumis naintai ned
by controller 94 using a feedbac na rom pressure sensor 96 to control
needl e vaélm&er%&lutlshm@aedhbptheshca lmleﬁéctsgsﬁb gnrgaribe Lh@ \wrthéshum i Belium

appr oxi ely a liQriu sensqr 96 na t her,nocou e. Wt
el i AJY RSFALE! e E e e Sh e Fgb Ve WOLEAS T et FR. L
wi th hel iyS¥iohlhd 1M has much better heat transfer properties than nitrogen. Argon may also

be used with the same advantages. Helium, however, is much more expensive than

nifrogen.

Persons skilled in the art will recognize that in addition to the above-described specific
" embodiments of the present invention, there are many other embodiments possible to deal
with distortions. For example, materials other than invar or aluminum can be used for the
mount, but for reasons explained above the material should have é co-cfficient of thermal
expansion matching either the rigid grating substrate or the chamber housing. Another
technigue for dealing with the hot gas layer is to provide active bandwidth control to
correct for the adverse effects of the hot gas layer. Techniques for substantially real time
control of several wavelength parameters are described in a United States patent
application filed September 3, 1999, Serial No. 09/390,579 which is incorporated by
- reference herein. These techniques include fast feedback control of the position of the
‘beam expandjng prisms, grating curvature and tuning mirror position. Control of the
- position of the laser chamber is also provided. FIG. 7 is a combination block diagram
schematic drawing of the entire laser system and FIG. 8 is a drawing of the LNP with the
added feedback control features. In this embodiment, the curvature of the grating is
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has a smaller differential refractive index so that a hot 2%z§r\%¢d cause
| ess distortion. In addition, heliumhas nmuch better heat*t ﬁyf 5
properties than nitrogen. Argon may al so be used, with the sane

advant ages. Helium however, is nuch nore expensive than nitrogen. Persons
skilled in the art wll recognize that in addition to the above-described

specific enbodinments of the present invention, there_ar ny .ot her
enbodi mﬁ?@%gwbgrém&)c%awe HERRETdPeEPPite ﬁgmpmﬁatee%ﬁ% distition Prised

other th i ] shor t ns
expl ai neg{ﬂa g‘?/&g{t elﬁjae??ﬁ a@ %ﬁ%tﬁqgmﬁgg\%gmg@cg@g% ?Ilgioé%rﬁ 8%%t ?life?iﬁa?&ééﬁ
expansi oinvestiorhshogldbe deermiihed by tiedappendédhgaimszatitbeielegal echévadénisier

housi ng. Another technique for dealing with the hot gas layer is to
provi de active bandwi dth control to correct for the adverse effects of the
hot gas | ayer. Techni ques for substantially real tine control of several
wavel ength paraneters are described in a United States patent application
filed Septenber 3, 1999, Serial No. 09/390,579 which is incorporated by
reference herein. These techniques include fast feedback control of the
position of the beam expanding prisns, grating curvature and tuning mrror
position. Control of the position of the |aser chanber is also provided.
FIG 7 is a conbination block diagram schematic drawing of the entire

| aser systemand FIG 8 is a drawing of the LNP with the added feedback
control features. In this enbodi nent, the curvature of the grating is 12 2
3 NOV 2005 controlled by grating curvature stepper notor 30 to conpensate
for the distortion caused by the hot gas |layer on the face of the grating.
- “Therefore, the scope of the present invention should be determ ned by the
appended clains and their |egal equivalents. 13 2 3 NOV 2005 CLAI M5 WE
CLAIM 1. A grating based line narrowi ng device for line narrow ng a | aser
produci ng




hi gh energy | aser beans, said device conprising: (A) _a grasi § a
grooved surface layer or layers fixed on arigid grating ZL%MWEWSm d

grating defining a long direction, (B) a chanber for housing at |east said
grating, (C) a purge neans for providing a purge gas for purging said
chanmber, (D) a beam expandi ng neans for expandi ng a beam from said | aser
to produce an expanded beam (E) a nmeans for directing said
expanded beam onto the grating face iIn or%er to select fromsaid expanded
beam a desired range of wavelengths, and (F) a flexural grating nount
conprisi WE CLiAIM:a first part and a second part, said first part and said
second part each being securely attached to said chanber, and said

grating bei ng,securg ached to s fa rt anl e
j oi nt connectl hg sé\A %Pnéb?seggﬂe RICRCER: de{” ﬁ((%e} grntan(’%%ng((a%iaf%%g m {ig sai d
second phigh ehergiduser beiras, |sgialdev&&sddmpﬁgmg sal d long direction relative to

said first part. 2. A device as in aiml wherein said flexure joipt is an
HFlex joint. 3. Aldevi eeraling ha\@aar&rqowﬁénafm lgmr@rﬁamsjﬁ%ﬂqfe%ﬂads a

dovet ail sliding joint. 0%%&&(&&@ %?F&n% mﬂ#lgt her &i%hd nount is

conprised of a materi al ng a co-e expan5|on cl osely
mat ched to said ri QBgi graathampes fordiouasing .at feastsaitbgrifigg.as in Caim 1 wherein

sai d heat renoval ns co r| ses pur gas mani fold havin lurality
of small ports for re@tﬂ %£°§&%@¥%gﬁrfgfp?@m&%g%&%$ NOV
2005 6. A device agpyn Q&'a{ﬂe%c rﬁeaﬁglfgrggﬁ{,dlhg%g%ﬁ@ﬁ@&dq%p{d ses a
grating purge gas flow control rrean for controllihg purge gas flow across

the grating produce an expanded beam,

. (E) atuning means for directing said expanded beam onto the grating
face in order to select from said expanded beam a desired range of
wavelengths, and |

(F)  a flexural grating mount comprising :

(1) a first part and a second part, said first part and said second
‘part each being securely attached to said chamber, and said
grating being securely attached to said first part only;

(2) a flexure joint connecting said first part to said second part
S0 as to permit said second part to move relatively easily in

said long direction relative to said first part.

2. A device as in Claim 1 wherein said flexure joint is an H-Flex joint.
3. A device as in Claim 1 wherein said flexure joint is a dovetail sliding joint.
4. A device as in Claim 1 wherein said mount is comprised of a material

having a co-efficient of thermal expansion closely matched to said rigid grating substrate.

5. A device as in Claim 1 wherein said heat removal means comprises a purge
gas manifold having a plurality of small ports for directing purge gas across the grating

face.
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face. 7. A device as in Caim3 wherein said purgg gas flow control means
conprises structures defining a flow path across’said gra@@@;ﬂ\,&a@&ﬂ&nd t hen
away fromsaid grating face. 8. A grating based |ine narrow ng device for
line narrowi ng a | aser producing high energy |aser beans, said device
conprising: (A) a grating having a grooved surface |ayer or |layers fixed on
arigid grating substrate, said grating defining a long direction, (B) a
chanber for Igousi mydeticd aviatClaim d voreatinmgid t(e@remopalng@nmempﬁﬁ@ra provi di ng

a purge gas for pur sal cha a beam andl n

expandi BFIRETEESR $§531ﬂ ntf)(?f COBFé@{?@é’u’éﬁg@ﬁ 8 Oaézaosggé FE% a tining
means f@[.directing sai d expanded beamonto the grating face in order to
sel ect ro‘m sai d expanded beam a desired range of wavelengths, and (F) a
flexural grating nount conprising (1) a fi rst part and a second part, said
- first part amrd sai 1 hrdnd 0 said rigid
grating sub??rat e‘g gﬁgggsgllﬂdagngr%ber e| ng se %ﬂﬁaﬁﬁg?ﬁed to said first
part onkympfigds sirubtueesudefininy mflowqniteatrosspashgretiig fast anphihen awag diogn s8¢ ond
part so as Cfer)ermt said second part to nove relatively easily in said

| ong di PEERIASG el ative to said first part. 9. A device as in daim8
wherein said flexure joint is an H Fl ex joint 10. A device as in Claim8

wherein said flexure joint is.a dovetail, s] | j oi 1. VLce as in
daim8 wheré&n sat&HBS %55?@1%%?9%@8 Y“’S F‘F’ﬁ?wn}g’aaxll]fiﬁeé péio
co-ef fig eﬁéﬁggéyﬁgg%sm%&hﬁqﬂg mat ched to said rigid gratin-,

substr at

(A) a2 grating having a grooved surface layer or layers fixed on arigid
grating substrate, said grating defining a long direction,

(B) achamber for housing at least said grating,

(C)  apurge means for providing a purge gas for purging said chamber,

(D) abeam expanding means for expanding a beam from said laser to
produce an expanded beam,

l(E) a tuning means for directing said expanded beam onto the grating
face in order to select from said expanded beam a desired range of
wavelengths, and

(F)  a flexural grating mount comprising :

(1)  a first part and a second part, said first part and said second
part each being securely attached to said rigid grating
substrate, and said chamber being securely attached to said
first part only;

) a flexure joint connecting said first part to said second part
so as to permit said second part to move relatively easily in

said long direction relative to said first part.
9. A device as in Claim 8 wherein said flexure joint is an H-Flex joint.
10. A device as in Claim 8 wherein said flexure joint is a dovetail sliding joint.

11. A device as in Claim 8 wherein said mount is comprised of a material

having a co-efficient of thermal expansion closely matched to said rigid grating substrate.

15




2 3 NOV 2005 V J VI/WJJJ s 12. A device as in Caim8 andgfdr,
conprising a heat renoval nmeans for renoving heat froma Zd’fwggﬂ&gas
| ayer adjacent to said grooved surface layer. 13. A device as in Caim12
wher ei n sa&f t'fveat renoval neans conprises a purge gas nanifold having a
plurality of small ports for directing purge gas across the grating face.

14. A device inﬂg:l aim 12 wherein saj d heat renoval mnmeans conprises a
grating purgea@as 14 GGVice At Il Sands ERmsIsimerhestireoghmernoRracr oss

the gratirBgiovihgGeat fiom a%oépyéggegaeﬁ 'epa@a@énm&sﬂaiep’g@fo@%d;ﬁﬂgg 1B4r.0¢_gas flow

control neans “conprises s tures defining a w S said
grating face and then away fromsaid grating face. 16. A device as in
C ai m| wher eild- said dgvigaes inClaheri2cdmpeinsell imabeomved médmoomprises ot . 17. A

ot o utdl U ARAEE Ry TR AEL DS asROARE DGR o 355 T X
grating face.

14. A device as in Claim 12 wherein said heat removal means comprises a

grating purge gas flow control means for controlling purge gas flow across the grating

face.
15. A device as in Claim 14 wherein said purge gas flow control means
comprises structures defining a flow path across said grating face and then away from said

grating face.

16. A device as in Claim 1 wherein said mount further comprises a second

~ flexure joint.

17. A device as in Claim 8 wherein said mount further comprises a second

flexure joint.
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