WO 01/ 41268 PCTI USOO 32295 HI GH PONER GAS DI SCHARGE LASER W TH HELI UM
PURGED LI NE NARRON NG UNIT This invention relates to lasers and in

parti cul o é11bdsgh power gas discharge lasers wth a grapci@sthpRes | ine
narrow ng unit. This invention is a continuation-in-part of Serial No.

09/ 451, 407, filed Novenber 30, 1999. BACKGROUND OF THE | NVENTI ON Narrow
Band Gas Discharge Lasers Gas discharge ultraviolet |asers used as a |ight
source for integrated circuit |I|ithography typically are line narrowed. A
preferred line narrowing prior art technique is to use a grating based
line narrow ng unit along with an output coupler to formthe |aser

resonance cavi H%GHW@WENCKS%WI?%?&% I;b%%z Qﬁ%ﬁéﬁaﬂ%ﬁlw&%% ’by

el ectrical discharges into a C*Jﬁgﬁ
fluorine and neon (for a KrF Taser); argon, fyuori ne and neon (for an ArF

| aser); or f i . hel i n r.neon (for .an F2 |aser). Prior Art
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FIG 1 whi chwith agthtigcbedd fline Madapaiy ulRat €his iheentidnB9 &, dBEnuatida-isypatem
shown i ncl udes_ out put couPI er f(lor front mrror 4, | aser chanber 3,
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chanber wi nd¥hwerith Nogdy4al 40 A diletyNpvaber 30nE%ar rowi ng unit 7. The line

narromng unit 7 is typically provided on a lithography | aser system as an
easily replaceable unit and is sonetinmes called a "line narrow ng package"

or "LNP" for short. This BRICKGROUWNDSOFYHEERVENPAYNI N9 prisnms 27 and 29
and a grating 16 disposed in a Litrow configuration. Gatings used in

these systens are extrenel y Nasresy BakGapbischdrgebasases and deteriorate
rapidly under ultraviolet radiation in the presence of oxygen in standard
air. For thi@ay ehssbarget hbragiplétc kisers ongsdnamtas light sbinwe feair integratgd unircug f or
| i thography J.asers are typically purged .continuously.during .operation with
ni t rogen. Folrltﬁﬁ%rﬁ{/)h%/etg?lginPydgg‘? é%’gr%a SFed i e WSI?&FSMH"? leérﬁ%”%agléorbéﬁ eved
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t0 form the laser resonance cavity. The gain medium within this cavity is produced

by electrical discharges into a circulating laser gas such as krypton, fluorine and

neon (for a KrF laser); argon, fluorine and neon (for an ArF laser); or fluorine and

helium and/or neon (for an F; laser).
Prior Art Line-Narrowing Technique

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 unit includes two beam expanding prisms 27 and 29 and a
grating 16 disposed in a Litrow configuration. Gratings used in these systems are
extremely sensitive optical devices and deteriorate rapidly under ultraviolet radiation
in the presence of oxygen in standard air. For this reason, the optical components of
line narrowing units for lithography lasers are typically purged continuously during

operation with nitrogen.

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,



WO 01/ 41268 PCT/ USOQO 32295 2 | aser designers in the past have nade speci al
efforts to keep the purge nitrogen from flowing directly on the face of

t he gratiw@or/besser al exanpl es of these efforts are descripegdisobzi2be Japan
Pat ent 2,696,285 referred to above. In the exanple shown in extracted FIG

1, the purge flowis directed fromMN2 gas2bottle 44 toward the back side
of grating 16 through port 46. The Gating Fornula Another prior art

exci ner | aserlasy seepnets id ihzipag aveinfdde 3pédiQrr@r@td Réep B pSRRGLINEL frdhe
selection is shown jn FIG 2. The cavity of the |laser is created by an
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| i ght back to the | ase transm er port

out put of thexirasted FIGr i stis Brgelfloarid dir2cted oo N, pRaBoeXPRANGNard Wi dek
expands the be(?mfbeforebéth{he ts the grating. A mrror 14 is used to steer
the beam as i ol i’)tb%& t RFS the grating, thus controlling the angle
of incidence. The | aser central wavelength is nornmally changed by tuning
that mirror 14. A gain generation i§e¢hgal rhﬁefha”ber 3. Diffraction
grating provides the wavel ength sel ection by re} ecting light with
different wavel engths at different angles. Because of that only those |ight
rays, whi ch Apr@heramiascarbexdimek laser syseend asbringw Hiffromioangrhiidg 6t dpyctrire

| aser gain i i | ] ot ight with different wave] engths will be
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configuration, the incident (diffracted) angle and the wavel ength are
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refractive i ndex of gas, a e period of 't

m crol i t hogr dpty aekpos wxpadenswhishverpyndsemhei bdaue bere i et e gabker akions

of the Iight Sour ce, it ids required that the | aser produce light wth very
mirror 14 is used to steer the beam as it propogates towards the grating, thus
controlling the angle of incidence. The laser central wavelength is normally

changed by tuning that mirror 14. A gain generation is created in chamber 3.

Diffraction grating provides the wavelength selection by reflecting light with
different wavelengths at different angles. Because of that only those light rays,
which are reflected back to the laser, will be amplified by the laser gain media, while

all other light with different wavelengths will be lost.

The diffraction grating in this prior art laser works in a so-called Littrow
configuration, when it reflects light exactly back. For this configuration, the

incident (diffracted) angle and the wavelength are related through the formula:

2dnsina=mAi (1)

where « is the incidence (diffracted) angle on the grating, m is the diffraction order,

n is refractive index of gas, and d is the period of the grating.

Because the microlithography exposure lens is very sensitive to chromatic
abberations of the light source, it is required that the laser produce light with very
narrow spectrum line width. For example, state of the art excimer lasers are now

produce spectral linewidth on the order of 0.5 pm as measured at Full Width at half



narrow spectrumline width. For exanple, state of the art exciner |asers
are now produce spectral linewdth on the order of 0.5 pm as neasured at
Ful | W dtwo af/4ihed f WO 01/ 41268 PCT/ US00/ 32295 3 maxi mum Vdiueshoads W t h
95% of the Iight energy concentrated in the range of about 1.5 pm New
generations of mcrolithography exposure gools will require even tighter
spectral requirenents. In addition, it is very inportant that the |aser

central wavelmagtinbeahms ahdiwied 905% ¥ete hilgheRESUEM YRS cdBh the tdhge of
practice, it is required that the central wavelength is nmaintained to

better than (b8t 1-50Pm. pNewsgensrationy of Thisrelithegraplfy exrosaret toolscwdl requirgr aphy
exci ner | asers\gdResnHha\ p er.. which can control, the
| aser wavel enegt h t%o t hsgegfe%&&gg ngecrzl(tzslsjr gfg%a&[gﬁﬁe’ it 6Sr obr RO ,an%tg\?i:@]grlﬁsetrhat

in order for dehatl wpedtngimbt enaih@inedrs, vethaighagetradyish vagl. fd piaBGcDi Ses.
Ther ef ore, when .t%g | aser is a‘(Lgnti nuously exposing the wafers, its

spect romet er CAHTELHEF dhe crErylavackmgin it BeiHuned duibetier Heat8ty 0-Fhem
probl em ari sgsilipherhet fige SXRRSAE i BroRfif5RRach eSLRRRGer 358G A8 aBorngX‘a’ar‘Zler S
repl acenent. The “wafer replacenent nmay take”a mnute or efwo, And"dur ng
that tine thepeelsanetes winth canl ¢amvetitiedader mervplehgiizo tMhequirbd®adcasey. iThe

firing, it produces. a |lot of _heat. Wien the laser is not firing, it cools
down. gThi s EcP&PFlﬁEf Solipvesh t@ﬁ%lwg%rd’?'hgﬂ|t§%tépectm%ﬂewg‘ffﬂrkdH&e lageT Rt b

drifts. One dofriddpulR@ssiThkRfGAUSEEN fg 1&&eisd£dn&ihu&&1§g?¢;tgﬁlg {2 &«!ﬂ%ﬁ its

refractive index n of the gas with tenperature, accor to the above
equat i on. ThisPeeiFumeier Fan moniral| the avavelengtintpethenreljiriréd aveunawel Ehgtprotdémt he

grating, an r r change the l.aser operating central wavel engt h.
Therefore, tﬁderfs S:e’r@{e% tgg\%P%ﬁugeme%Sss 1315{308?3 ’ﬁBg}P asEY Eﬁrfégla?fi‘?‘?‘ﬁgq{kﬂ I
often be at awalkf fepiBinenainal engt i mihtkdvr tRAULIEuridd tHah g8 RUIRESisAff used
to expose Mfajl{?zv’edt he. chromatic aberration wll cause the quality of the

i mage to degra@edtndire phiseur Wheayhecliserds Seinerie pydderes a los ofibeat. Giersibkut i on
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This can be done by cl osifig the nechani ca
first pul ses wisrlangtiudat ©l therne caifise (ieasti thg passiblopankaerahe HAR iTeRARRI cal

shutter t akels %li me,. it w IJ cause t he throughput reduction. The

i t hography |3s®f ngaﬁtévq fadex n of the gas with temperature, according to the above
equation. This change in n will cause change in Littrow wavelength of the grating,
and therefore, change the laser operating central wavelength. Therefore, the first
several pulses after the laser resumes firing will often be at a different wavelength
than required. If these pulses are used to expose wafers, the chromatic aberration
will cause the quality of the image to degrade. That in turn may cause severe yield
issues. One solution to the problem is not to use these first few pulses for wafer
exposure. This can be done by closing the mechanical shutter of the laser during the
first pulses. Unfortunately, because closing and opening of the mechanical shutter
takes time, it will cause the throughput reduction. The lithography laser works in

tandem with a number of very expensive tools in a semiconductor fab. Therefore,

even a 1% reduction in the throughput of the laser will bear a substantial price tag.
Increased Repetition Rates

Line narrowed ultraviolet laser light sources currently in use in the integrated circuit
industry typically produce about 10 mJ per pulse at repetition rates of about 2000 Hz
and duty factors of about 20 percent. Increased integrated circuit production can be

achieved at higher repetition rates and greater duty cycles. Applicants and their



tandem w th a nunber of very expensive tools in a sem conductor fab.
Therefore, even a 1%reduction in the throughput of the laser will bear a
subst ant ivab opsizée tag. Increased Repetition Rates Line nagchanae3zzes
ultraviolet laser light sources currently in use in the integrated circuit
i ndustry typically produce about 10 mJ pet pulse at repetition rates of
about 2000 Hz and duty factors of about 20 percent. Increased integrated

circuit proddeiowwarkers heve dustyned afd adstedi Q400 Hepe! iisiiRned Bthesraphdla&eat er
duty cycl es. Iicants and their WD 01/41268 PCI/ USQ0/ 32295 4 fell ow

wor kers have g8 S nEOY eSREHMENURD VIt ¢y48 bigkehaerpaitipn t tatgr aphyare aser .
Applicant s argeRping PRt L9 c%t%pwgyﬁ&r%{x QF%E h%?ﬁ&!&:t)g e 3LET 204 are
attenpting to mnin ze | aser center wavele hdri : pl'i'cants have
experi enced difffchltiva imaimsinimegi onsistentgarooon basiveidths narheeshiphardepdidds rads t hese
hi gher repetiti gnt rates and duty cycles. A need exists for reliable Iine
narr ow ng de\?iné YR E Pechni ques for high repetition rate, high duty cycle
gas discharge | asers. SUMVARY OF THE | NVENTI ON The present invention

provi des hel iAlme@liégss o refaltle #nt RgrrBASRAdd ViR MRS fcg'%%ﬁ;?epfeﬁ{i n
mnimzing thermal distortions in line narrowed |asers producrng hi g%

energy | aser '#&amgh dutyHivgle gas gischargotaserat es. Appl i cants have shown
substantial inprovenment in perfornmance with the use of helium purge as

conpared to prior art nitro [ nbodi ments a stream
of heliumgas is directed ac??&%@%@@ﬁ&ﬁ@Nﬁhﬁi ng. In other

enbodi nents the purge gas pressure is reduced to reduce the optical

effects of tHdehpesqasnteayien prBRIGFhORBCRIURT N Olpratilg BRAVINCS arfoGng 1
shows a first Q.ri (r)(I ar.t. l.i.ne parr gﬁﬁd | aser, ?ystem FIG 2 shows a second
prior art |i & K&APHRHRENIZLE ! W?ﬁ) torpps 13 LGk GiRETonEgd dsses Brodueing high

bandw dth of cferd9tiag@Sbdadiéest BiBh (BfetltRheratls. @ Appli€ants have shown substantial

improvement in performance with the use of helium purge as compared to prior art

nitrogen purges.

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

grating. In other embodiments the purge gas pressure is reduced to reduce the

optical effects of the hot gas layer.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a first prior art line narrowed laser system.
FIG. 2 shows a second prior art line narrowed laser system.

FIG. 3 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.



narrow ng grating. FIG 4A and 4B show a preferred enbodi nent of the
present invention. FIG 5A shows bandwi dth traces at various rep rates
with priovoattizesrging. FIG 5B shows bandwi dth traces at p¢afiddys220ep rates
with purging in accordance wth the present invention. WO 01/41268

PCT/ US00/ 32295 5 FIGS. 6A, 6B and 6C showv al ternate enbodi nents of the
present invention. FIGS. 7, 8 and 8A-D show LNP' s equi pped for fast

f eedback contHIGS. 6Kl €3 afd stahewidiermaesdrhbdlifbnd BEtHaGsed-aY @k ednt he grating
surface. FIG 10 shows a technique for reducing the purge gas pressure.

FIG 11 sho pref er odipent of the present invention. FIG 12 is
a graph corr\r,Jv}rlle;r%r7’aiI ?ﬁ‘{g‘gdﬁ%‘m&i@@ WrdPredrier fasinfepdhagle cometAl LED
DESCRI PTI ON OF PREFERRED EMBODI MENTS Laser Performance at Hi gh Average

Power A pri orFlar 9 shdwethReh@ESK KE B2l GrB thl ?1%% QpeL@ting at relatively
| ow average power, typically |less than 5Ww p%o uce a | aser beam
centered at about 248 rim with a bandwi dth of less than 0.6 pm The | aser
can run at hilgR- #@phevat etechipiquafoedicingthapdeegenpekave t hat as | ong as
average power is below 5W A typical [|ithography KrF exciner |aser has a

pul se_ener 9y 146, 10:Bhcs TSRS Gunc lp O U9 8 EED L, average pover |ow

it has to be operat arelativery BN For exanple, it
can be run at 2 kHz in bursts of 200 pul ses with pause between bursts of

about 0.45. $ilchlar ogeplatoopaniig 4 nipogehipeganith\ueicigmn payer of : |1 Om)
200pul ses = 4WO0.5 sec (2) Problens with bandwi dth control start to appear

when t he average powey, . i This happens, for exanple, when the
interburst delay is d@g@;@ﬁfﬁﬁfﬁ@wm g@rER]&EPiWH INERETS00
pul se bursts with 0.1 second interburst delay wll have an average power
of : Laser Performance at High Average Power

A prior art line narrowed KrF excimer laser operating at relatively low average
power, typically less than 5W will produce a laser beam centered at about 248 nm
with a bandwidth of less than 0.6 pm. The laser can run at high rep rate, up to 2000
Hz and even above that as long as average power is below SW. A typical
lithography KrF excimer laser has a pulse energy of 10 mJ. Therefore, in order to
keep the average power low, it has to be operated with a relatively low duty cycle.
For example, it can be run at 2 kHz in bursts of 200 pulses with pause between

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

10mJ - 200
_ pulses —a
0.5sec (2)

ave

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
_ pulses — 10
0.2sec (3)

ave



P_ 10 200 pul ses =10W u,e 0.2sec (3) WD 01/41268 PCTI USC0/ 32295 6 At
maxi mum the laser is run in continuous node which at 2000 Hz and 10 mJ

pul se emas @ivaigs equi val ent to 20Waverage power. \Wen thediiseds2ed | aser
systemis run with high average power, the bandw dth increases gradually
over a period of about 5 to 20 mnutes frominitial bandw dth of [|ess than
0.6 pm and remains substantially higher than 0.6 pm Such an increase in

bandwi dt h shoeuinthxxauay tiedegtr isTufilis ttitub g WHRIHOA Vb P Jh8 NS mPRERUSE it
will cause inmages to blur due to chromatic alterations of projection

| enses. Anot RBFTEY i§sdi falent tppMi 2¥4t4g6 PoMsT-when the |aser is used to test
thermal properties at high duty cycl es of other lithography corrponents

such as the mrQiregfl ﬁ%rl 5‘1@5121 gét&m is hhﬁh 1 ak/g ?éé %BWexr’, Wﬁ b%ﬁﬁ\kld'tl?

supposed to naintain its ban
speci ficati omouitﬂsemgaﬂtwydweawp@nodbf abmntSetstzo ﬁhﬁtd@aﬁtﬂmﬂtlﬁl Hahawhitleot can

be corrected,so usi n a s eci al gg caontrol device. FIG 2 is
a sketch sho&ﬁsﬁﬁ&@ PB}sa femat %WP&F%“H hhgl Ri thap Hkr PraatSugh BY INgseASE dant s
empl oyer, CymRRdwidfiE shoul® b aR8idbd ¢h nﬁcﬂﬂﬂtkﬁfgr%{hg/ ﬁ{b&ﬁtlgﬁrrﬁgy\%g de{dsé htﬁgfﬁlﬁphy
KrF laser systemincorporating such a devic e unit ‘1nélu three

beans expandlbfiﬂ};Ee igragssnto lurldueatpd ci@matic talteratignsriof rpoojeddoraksa. ghabihey 16.
Not e t hat thfg:m ottle 44 ente e unit on the back

side of the i n%n?%ﬁ%cﬁﬁgﬁ%e‘fvg @8?%8“ Bt ¢ st Gi‘ni‘agé’{q’%?“&ﬁ o Rghgust i ng

face. In thisysysbeoitcheitwayahen@tpoabnithichasahe ptétﬁ@moﬁ s GonEral bgd in a
f eedback arrangenent in which the wavel ength of the beam is neasured by

noni t or 22 afBPGHPL Be lawntis SPPRAsed 40 mepsrtainhiss \hambhéﬁigarkd ofhef pamreteiaon t 0
adjust the a o o] rro o control the wavel ength
L R ) p

to a desired va 20 is used to
mechani cally bend grating 16 to nmake it slightly concave, for exanple. This
devi ce The bandwidth transient can be corrected somewhat using a special bandwidth

control device.

FIG. 2 1s a sketch showing a prior art line narrowing unit fabricated by Applicants’
employer, Cymer, Inc., as a part of a prior art line narrowed lithography KrF laser
system incorporating such a device. The unit includes three beams expanding
prisms 8, 10 and 12, a tuning mirror 14 and a grating 16. Note that the nitrogen
purge from bottle 44 enters the unit on the back side of the tuning mirror 46 to avoid
purge flow directly on the grating face. In this system the wavelength of the laser
beam 6 is controlled in a feedback arrangement in which the wavelength of the beam
is measured by monitor 22 and computer controller 24 uses the wavelength
information to adjust the angular position of tuning mirror 14 to control the
wavelength to a desired value. The bandwidth control device 20 is used to
mechanically bend grating 16 to make it slightly concave, for example. This device
is described in 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.

FIG. 3 shows one of such examples, when the bandwidth goes out of specification in
prior art laser run at 20W average power (10 mJ, 2000 Hz continuous operation).

Also, the bandwidth control device can be optimized for one specific mode of



is described in detail in U S Patent No. 5,095,492 assigned to Cynmer. Use
of this device permts reduction of the bandw dth sonewhat, but it still

goes out Qg oipagi fication when the laser is run at high dgyusénshes FIG 3
shows one of such exanpl es, when the bandw dth goes out of specification in

prior art laser run at 20W average power ¢10 mJ, 2000 Hz conti nuous
operation). Also, the bandw dth control device can be optim zed for one

speci fi c nodeogdratida, Bf H&géﬁpﬁgds%%ﬁﬁg%%e b l%oﬁﬁ]qglids@%ralbdéffe}ein{ MF@phy

| asers nust be able to be run in several different nodes. or exanple, a
typi cal oper af Pirfyambife aninjeal oberatisg foldk ovight telds falldbus:st of 600 pul ses 10 mJ
pul ses at 2000 Hz for 0.3 seconds, (2) idle for 0.3 seconds (3) repeat (1)

and (2) for 85 burgts a ) A f secan t .Pyurge Gas Layer

Appl i cants have de@gr i %ggsg%%?dot uzseﬁggrmgjp%uﬁ?egraﬁ%%e é("rﬁgﬁe&f’n %epetition
rates as shown in(FHl G ide fos OthecomBul t of the devel opnent of a hot |ayer
of nitrogen which 3$ui | ds up.over a period of about 5 mnutes on the face
of the grating 48.CGthi sTRedt (§hand @) fedddwrsiyande grating surface, which in
turn is heated by alsorRjdg, d PRgki on of incident |aser beam Typically,
as nuch as 15 to 20% of incident Tight mght be absorbed by grating
surface. The surface tenperature of the graitng mght rise to 10 to 15C
This tenperature increase i s non-uldt®urge Gds iayehi gher in the mddle of
the grating and | ower at the ends as shown in FIG 9. Therefore, the air in

front of the i ddl orti of t ating is hotter than the. air in front
of the edges.m)l%ﬁ Ceastes%rv 8,d%Pv%IngefiHEatﬁég@PO‘EB%%?%HF%EW RightrsreBrittmeralis 48 ng
surface 86 itslgoasin FIW. quBhhé hésaltRAuRdAevelbphiit % hBAGAYSE liftbSendivhichas
the same pressure, the hotter the air, the less its density is. So, the
air near the Rilisap oyer 2 periqgrefiabagt I minwesontbdadece of tiragratimed®i r near the
edges. Because of that, the |aser beam 80 will have different phase shifts

when it goes fg; thB?ga{g igﬂtzﬁedpgﬁf tt}ileoﬁaf?rtlg ELH'?acg,r @chﬂ% ?lﬂg i€ Hcga?esd byS a so%br}rei‘g a

portion of incident laser beam. Typically, as much as 15 to 20% of incident light
might be absorbed by grating surface. The surface temperature of the graitng might
rise to 10 to 15°C. This temperature increase is non-uniform, it is higher in the
middle of the grating and lower at the ends as shown in FIG. 9. Therefore, the air in
front of the middle portion of the grating is hotter than the air in front of the edges.
Therefore, when the laser beam 80 incidents on the grating surface 86 it goes
through this boundary layer 82. Because this air has the same pressure, the hotter
the air, the less its density is. So, the air near the center of the grating is less dense,
than the air near the edges. Because of that, the laser beam 80 will have different
phase shifts when it goes to the middle portion of the grating and edges. So, the
incoming beam with parallel wavefront 88 will have a curved wavefront 90,

corresponding to divergent beam. This happens even if grating 16 is perfectly flat.

Applicants have developed preferred modifications to the line narrowing unit to

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
approximately 1 mm diameter holes spaced at Y 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



incomng beamw th parallel wavefront 88 will have a curved wavefront 90,
correspondi ng to divergent beam This happens even if grating 16 is

perfect! wwébphires APpl i cants have devel oped preferred nodi fjGatdegAset0 t he
line narrow ng unit to substantially elimnate this hot nitrogen |ayer.

Fl ow Across Grating Face A first preferregl enbodi nent of the present
invention is shown in FIGS. 4A and 4B. 1In this case the nitrogen purge of

about 2 |itersospeif the Aitiogeh Hufdeon®rl it PN@ATedHINOME NN %Pﬁ%%o%ﬁﬁ'MGlm
di anmeter holes spaced at |1/4 inch in a 10 inch long 3/8 inch ID tube

functioni ng dSuisarnegaegblasiapdycst gxcaBgnt ieanltyysshews Oy ahelchzar ini 6. Sovder 62
f WO 01/ 44. /4 : f th it fl i.n th
it ecti on shas s e eioesa i qufpltihrBt eer Robh Q00 R b8t e

excel | ent r esatiaSomswishiowd by 0.5 hpen.chds intérdstidgGo rote hat ait TV 298¢ pafier,

i ncrease in the out th,averalage power from MNVto 20Wresulted in variations
within 0.4 td ?)b@wt 11§ a¢tealiyslighty smaler thamat @1 What at | ON aver age power,
the bandwidth is actually slightly smaller than at 0.1 W It is inportant

that the purge i |iﬂ¥}’oﬁ§1{t0§1§t the phaeenol 4dh6ssofiat g o?gtgtsggjﬁ@xgr ¥ ca??fflg&lo' I ed

to avoid flow related distortions. Applicants have i ous
rates and hawvendellast i aeddtfhat rdricd sisturiohk ovAgEitants hme ecdtalr mridBnlgood.

For exanpl S m nut e prod ery poor

fl rate of. 2 iters per ced

results. Recoﬁf‘rgﬂ(ggav? ﬁ%‘iﬂ‘?’é’?gg‘a&reé‘c?sﬁpvteh%ow gﬁ@godporgt}m %?’5 gPPe-efOr per
mnute to abeubmpR, 4ifl&S rRETofMIOULigers | perl $niRhts OplddRQLH &Rty LR0R0FRuItd hat
this purge does not substantially reduce the tenperature of the grating.
The grating rasamaended flowyatesareimthe genggodsibpet §.5 literapiremimentd ashooti$0y

di spl ace air lit&sb'élol%mﬂé the grating, so it does not have tinme to heat up
by the grating. Very snall flow rate and, correspondingly, gas velocity
prevents any air distortions caused by the flowitself fromaffecting | aser

operation. @ heralduirgporamt angesrentimt Thisr purgt edde@ Mot PalbeRhiidaly asduepgasent s
to provide gas fl ow acr.oss thefalge of the . )
temperature of the grating. The grating remains hot. What the purge does is to
rather continuously displace air in front of the grating, so it does not have time to
heat up by the grating. Very small flow rate and, correspondingly, gas velocity

prevents any air distortions caused by the flow itself from affecting laser operation.

Other Purge Arrangements
There are many potential arrangements to provide gas flow across the face of the
grating to prevent the buildup of the thermal layer which causes the problem shown
in FIG. 3. For example, a narrow slit of about 0.5 mm running the length of the
manifold could be used instead of the small holes. Also smoother flow could be
provided with a slit type nozzle such as shown in cross section in FIG. 6A or slit
nozzles could be provided both at the top and bottom of the grating as shown in FIG.
6B. Also, flow across the grating face could be provided with a very small fan in a
semi-closed system as shown in FIG. 6C. In this case. the regular nitrogen purge
could be provided as in the prior art as shown in FIG. 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.



grating to prevent the buildup of the thermal |ayer which causes the
probl em shown in FIG 3. For exanple, a narrow slit of about 0.5 mm

runni ng tweohanggh of the manifold could be used instead gdr/ g 898! |
hol es. Al so snoother flow could be provided with a slit type nozzle such

as shown in cross section in FIG 6A or sHit nozzles could be provided
both at the top and bottomof the grating as shown in FIG 6B. Also, flow
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sem -cl osed systemas shown in FIG 6C |In this case. the regular nitrogen
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t he hottest a?%sagé)nry% g{rl%% ?Tgogdtu T%%S% 8%?%&%% ﬁ’é}ﬁ%’%@oﬁ}%ﬁﬁﬁl THOREFILLY® Gas
Pressure A setisiriu@l of ilenrefiactieindek, gakhl @ayars 1R8O pRAdSHER dveHbGs. t he

gas pressure .jn the . |line naryow ng package. Gas convection nodul ates the
gas density spithagtifide ol gay ggemsiqnriyseshRn esudensity dueiugtionsomhish arpelue

refractive ingdaxe oG ebdbid HbE {ogﬁlg%eﬁf?:dp%% {1{5%?{;, igggg{o%rhgtgl'yv\%rgégﬁy ar e

magni t ude of any aberration cause y gas uct ons,

due to the gksembnyerticomntihasealtcoof the sheapwtdligratthagigutiiam@ex bsd thus
approximately,line rli¥ dependant on the nom nal value of the
susceptibili t%?e 67 tM&"Y-ef ractive index and thus the gas density.
Convective cooling of the surface of the grating and other optical

conponents i SCcStﬁzfect_i‘&Uéb‘E)liﬁ?bf #ld durfaedueald SRidoRd AferldpBcARBMpbhEaRs Raldy of
the gas nolecules is not ess than distances between the " hgt " and "col d"

surfaces in tWestpNmllyedyged sedomeas theeneandiret path f thar gasabolgtulgOisomt fidsen as
a rule of thugh, we: at, th as_pressure shouyld n be reduced
beyond the pressur ea% e?eetaft%%%tt%ea}ﬁ&f %gg 591 ﬁugﬁﬁ?ﬁn I?Sqﬂg%u;ﬁfﬁ S Fhat
pressure is itheschbstammegareofbaaipd0tend tHed abQ: Aild bi PambSWe tWvald tdiethat the gas
pressure should not be reduced beyond the pressure where the mean free path length
is about 10 cm. That pressure is in the range of about 1 to 10 millibar so that the

density of the gas in the LNP is about 0.1 to 1.0 percent the density at atmospheric

conditions.

FIG. 10 is a sketch showing a system for maintaining a controlled pressure in the
LNP at about 1 to 10 millibar. The nitrogen enters sealed LNP 7 through orifice 90.
Vacuum pump 92 is used to create the vacuum in the LNP and the desired vacuum is
maintained by controller 94 using a feedback signal from pressure sensor 96 to
control needle valve 98. Since LNP is a sealed system and the pressure is

approximately at equilibrium, sensor 96 may be thermocoupled.

Purge With Helium
Another solution to reduce the hot layer effect is to purge the LNP with helium.
Helium has a smaller differential refractive index so that a hot layer will cause less
distortion.  In addition, helium has much better heat transfer properties than
nitrogen. Argon may also be used with the same advantages. Helium, however, is

much more expensive than nitrogen.



density of the gas in the LNP is about 0.1 to 1.0 percent the density at
at nospheric conditions. FIG 10 is a sketch show ng a systemfor

mai nt ai nimgoe4eet rol l ed pressure in the LNP at about 1 tpeThBooBi2bs bar.
The nitrogen enters sealed LNP 7 through orifice 90. Vacuum punp 92 is
used to create the vacuumin the LNP and l0he desired vacuumis nmi ntained
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same advant ages.. Hel i.u however, is,, nmuch nore_.expensive than nitrogen. WO
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whi ch can change with tenperature d period of the grating) and n (the

refractive i néesmaexpansion (S{IE) of dfis materiat ts veny small.|typiaaly epptiy oedariofgp”

| asers usual | y,~b. e ell.e . diffraction grating.,Th ubstrate of. that
grating is usg/gl ’ﬁ%/{grrergog% (%u e \(}eafcilvﬁr%vsvmtaﬁ'e%tﬁle9[}%§B%(girﬁgacgﬁ%{ ¥8°T such
as ULE zero eggpdiashdopgliass ddepbytce whidhds ddReibe® el ko oivimefcqubtias: mal
expansion (CTE) of this material is very small, typically on the order of
10-8 1/C, therefore, changes in d are very small. On the other hand,
refractive index n of gas has,a (depgpggnce on tenpar)ature which is

= (

described by the follow ng equation: n =1 + kT/300 (4) where T is the

tenperature in Co, k is the proportionally coefficient. For nitrogen and
for 248 rimlight k.=.3.10-4. Therefqre, for nitrogen V\%havem = 1.10-6
for a AT - 1R EHF ﬁmePfBratt“ﬁeemegu 1SoiRe PIgportppally§oeiiiqignty &9g nitEPasR =

0.25 pm (per £ for 248 nm light k = 3.10™*. Therefore, for nitrogen we have An = 1.10° for a
AT —1C°. According to the equation (1), this An will lead to AA = 0.25 pm (per °C)
for 193 nm light. This is a very strong temperature dependence and it means that the
temperature of the gas in the LNP should be maintained to better than 0.2 degrees C
if we want the drift to be less than 0.05 pm. This is a very technically difficult task.

A laser of the preferred embodiment is shown in FIG. 11. In this laser, the beam
expander prisms 8, 10 and 12; mirror 14; and grating 16 are piaced in a tightly
sealed housing 34. The housing has one gas input and one gas output. This
enclosure is filled with helium. A window 30 is placed to seal the housing in the
path of the beam 20. An aperture 36 is placed near the window 30. The exit port is

a long thin tube to prevent back diffusion of air molecules.

For helium, the k coefficient is about k = 3.8:107 or about 8§ times smaller than that
of nitrogen. Therefore, for helium we have An = 1.25-107 for a AT = 1°C.
According to the equation (1), this An will lead to AL = 0.03 pm (per °C) for 248 nm
light and to approximately 0.025 pm (per °C) for 193 nm light. Now one has to
maintain the temperature inside the LNP to within about 2 degrees, which is much
more manageable problem. In fact, the thermal mass of the LNP, which in the

preferred embodiment weighs about 5 — 10 pounds is sufficient to hold the
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that the tenperature of the gas in the LNP should be maintained to better
than 0.2 wegiaessC if we want the drift to be |ess than Op@puBipz23d3i s is a
very technically difficult task. A laser of the preferred enbodi nent is
shown in FIG 11. In this |aser, the beam] expander prisnms 8, 10 and 12;
mrror 14; and grating 16 are placed in a tightly sealed housing 34. The
housi ng has omepgesurknpiiinathat @Nge Jas seidtd Uhinutbhl SBec@lsd REHME hh$ sb ichh@d
with helium A w ndow 30.is placed to seal the housing in the path of the
beam 20. An aPLieteRf Bropgrtics thinguageeand theairvibadOW Boisinprboeldite soaed viy  a
long thin tu I t i i ir nolecul es.. For heli t he
k coeffici en'?@, ieli%gﬁgﬁ@(ﬁﬁg hgbgggé %g{réﬁ%réégﬂ%&t&éi e s e T EPOFhER I}eﬁg of
ni trogen. Thepwior dhe fesit poel shomdwevhavienOpigraill tubb atbchédftohit @& Bpreveht e
According to th% Fguation ). thi will lead to OX = 0.03 pm (per C
for 248 nm | PERETSHA of Sutsislsidsintny E@QPO.OZS pm (per C) for 193 nm i ght.
Now one has to maintain the tenperature inside the LNP to within about 2
degrees, which is nuch nore manageable problem In fact, the thermal nass
of the LNP, whiGH2ishowheomparefoarof gt knrberaiarelnitts weiagisd &dratitrogen-andhefiomnds
is sufficient &rgech% the WO 01/41268 PCT/ US00/ 32295 11 tenperature within
t hat range fof'§EVeral mnutes. Because helium has so nmuch different
properties than nitrogen and the air, the LNP housing should be seal ed very
wel | and shoul d have one entrance--gas--port_..and.one.or nore exit ports for
hel i um purge. The exit port should have a long pigtail tube attached to it
as to preventPt he tiﬁa]gk stream of outside air into the LNP. FIG 12 shows
conpari son of PEHES| $kALed ahtle g Vil echenien b inorddiian syéie abryerdssiribed
purged LNPs. cific-embodi % 0T the DHFeQETT B oSt - Per ihled in..the art
w Il recogni nget hat i?}ddgi%lg?tf ioggh?t 8rets %né lg %1\5189’(13156% ?rggﬁarg}s(éﬁttl}algri %lntl%Odlmems
enbodi nent's opossibe for desbmiithi disteritone wauseidyahahet gariyyat Aasthentrorhiqen fe
Pgiﬁ:,]:) l:]ﬁet ?O?c?e%imf\é“ V\Elﬁl H‘x‘esﬁo?rggé ?a@%r ?sat%spergvilag aE:tri]vee Qagltdw%]c?t% clo?l rglr to éA(\)rll’?etcp ?orr

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 and in a United States
patent application filed October 31, 2000, Serial No. 09/703,317 which are
incorporated by reference herein. These techniques include fast feedback control of
the position of the beam expanding 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.
8A and 8B are drawings of the LNP with the added feedback control features. In the
FIG. 8 embodiment, the curvature of the grating is controlled by grating curvature
stepper motor 30 to compensate for the distortion caused by the hot gas layer on the
face of the grating. In the FIGS. 8A-D embodiment, the curvature of grating 82 is
controlled with seven piezoelectric devices 86 acting through seven invar rods 84
against backing block 88 and compression spring 90. This embodiment provides

very fast adjustment of the curvature of the grating face.

The scope of the present invention should be determined by the appended claims

and their legal equivalents.



dealing with the hot gas layer is to provide active bandwi dth control to
correct for the adverse effects of the hot gas |layer. Techni ques for
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described in a United States patent application filed Septenber 3, 1999,
Serial No. 09/390,579 and in a United Std2es patent application filed

Cct ober 31, 2000, Serial No. 09/703,317 which are incorporated by
reference herein. These techni ques i ncCLAdMSast feedback control of the
position of the beam expandi ng prisns, grating curvature and tuning mrror
posi tion. CoRiEQh the position of the |laser chanber is also provided.
FIG 7 is a conbination block diagramschematic drawing of the entire

| aser systemand FIG 8A and 8B are drawi ngs of the LNP with the added

f eedback control fleat urdgrating bakel lifel farro8/iendodiaientine hiveowimpwahser e of the

grating is controlled rating curvature  stepper notor 30 to conpensate
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wi th seven piezoelectric devices 86 ac ough seven invar rods 84
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scope of the present invent o SALIUECLET BEAEHRS A Gy PiteE Bblg‘érﬁ’ﬂ’&fa@i ai s
and their legal equival ents.chiW@ned/ 41268 PCT/ US00/ 32295 12 CLAIMS WE
CLAIM 1. A grating based |ine narrow ng device for |line narrom ng a | aser
produci ng hi gh energy |@Ser alesamsexpsading desane foreapanding mbean( Apmesagh at i ng

defining a grating face, (B) or. housing at |east said grating,
(© a heliumsource for pr O\/lla |%€8{§a§£e %nuérﬁpﬁrﬁcf?eéfebegglr’ purgi ng said chanber,

(D) a beam expandi ng ne@&ps fotunimgpacss igr drdogagsdid expamaidibeam onto the
grating face in order to select from said expanded beam a

desired range of wavelengths.

2. A device as in Claim 1 wherein said expanded beam heats said
grating face producing a temperature increase in said grating face which in turn
heats purge gas in a hot purge gas layer adjacent to said grating face, and a heat
removal means for removing heat from said purge gas layer to reduce optical

distortion caused by said hot purge gas layer.

3. A device as in Claim 2 wherein said heat removal means comprises a

purge gas manifold having a plurality of small ports for directing purge gas across

the grating face.

4. A device as in Claim 3 wherein said heat removal means comprises a
grating purge gas flow control means for controlling purge gas flow across the

grating face.

5. A device as in Claim 4 wherein said purge gas flow control means
comprises structures defining a flow path across said grating face and then away

from said grating face.



| aser to produce an expanded beam (E) a tuning neans for directing said
expanded beamonto the grating face in order to select fromsaid expanded
beam a &asoradeg ange of wavel engths. 2. A device as in Clpairfosbosdes ei n

sai d expanded beam heats said grating face producing a tenperature
increase in said grating face which in tutn heats purge gas in a hot purge
gas |l ayer adjacent to said grating face, and a heat renoval neans for
renovi ng heat from sai @M@&sgfaﬂdiiaybwh‘e&iﬂ sfldia€at ogrhb e lmeadé &dapridesn
caused by said hot purge gas.|ay . A device as in Claim2 wherein said
heat renpval PHEg$ES BHH&?]id ng atgf@ﬁb@eda%g MEiTREPY $fvi ng a plurality of
smal | ports for directi ng purge gas across the grating face. 4. A device
as in Caim3 wherein said heat renoval neans conprises a grating purge
gas flow control &eansAf%?“‘ieoar‘?'tm@l‘l‘lph@“ﬁ’ﬁﬁg‘ésag%bf isowthectorsofeheng grati ng
face. 5. A demige u?a%sh@e@nékﬂé‘l wherein said purge gas flow control neans
conprises structures defining a flow path across said grating face and then
away fromsaid grating face. WO 01/41268 PCT/USOQ 32295 13 6. A device as

in Glaim2 whereig sai dh BEAL. LQHPYAL TRARRICOMRELAES pfrechdl 88, A%, ORN fof

having at | east one | ong very narrow

wher ei n sai dsalaotanifeld 13 I¢shehdndtOntitefs per hdmge. rect angul ar shaped nozzle. 8. A
device as in Caim3 wherein said heliumpurge gas flow through said
manifold is less than 20 liters per mnute. 9. A device as in Caiml

wherein said hel i @m purigéeviasasfih @ains 1 ahetdin aid hélheh gu@@rgagmawtl@ab&ﬁz A

device as in,Claim1 and further conprising a vacuum pu fo
liters per minute. P g purp

10. A device as in Claim 1 and further comprising a vacuum pump for

creating a vacuum in said chamber.

11. A device as in Claim 10 wherein said vacuum is a pressure of about 1

to 10 millibars.

12. A device as in Claim 10 wherein said vacuum is chosen so that gas

molecules inside said chamber have a mean free path of between 5 ¢cm and 30 cm.

13. A device as in Claim 1 and further comprising a feedback grating
curvature control mechanism for providing active control of curvature of said

grating face.

14. A device as in Claim 1 and further comprising a fan and at least one

manifold configured to force a flow of helium gas across the grating face.

15. A method of bandwidth control of a narrow band gas discharge laser
having a grating based line narrowing unit with a grating defining a grating face

comprising the step of forcing a flow of gas across said grating face.

16. The method as in Claim 1 wherein said gas flow is less than 20 liters

per minute.



creating a vacuumin said chanber. 11. A device as in Caim1l0 wherein said
vacuumis a pressure of about 1 to 10 mllibars. 12. A device as in Caim
10 wher eiwovamtbegacuum i s chosen so that gas nol ecul es i naddesedar®s chamber
have a nean free path of between 5 cmand 30 cm 13. A device as in Caim
1 and further conprising a feedback gratildg curvature control nmechanism for
provi ding active control of curvature of said grating face. 14. A device
as in daim1 and ¥urt hBre methpd asim@laan fléwiendn atidlgaa gbwdnvetwrami hod 8

confi gured tﬂ.force a flow of heliumgas across the grating face. 15. A
met hod of bant@idEh™¥BHtrol of a narrow band gas discharge |aser having a
grating based line narromng unit with a grating defining a grating face
conprising the step of forcing a flow of gas across said grating face. 16.
The nethod as in Caim1l wherein said gas flowis less than 20 liters per
m nute. WO 01/41268 PCT/ US00/ 32295 14 17. The nethod as in O aim 16
wherein said gas flowis between 1 and 8 liters per mnute.



