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prior-art excl aser use
Is depicted in FIGS. 1, |A and 1B. A cross section of the |aser chanber of
this prior art laser is shown in FIG 1B. As shown in FIG I|A, pulse power

Prior Art Lithography Lasers
KrF excimer lasers are the state of the art light sourcé for integréted'ciréuit lithography.
Such lasers are described in U.S. Patent No. 4,959,840, U..S. Patent No. 5,991,324 and
U.S. Patent No. 6,128,323. The lasers operate at wavelengths of about 248 nm. With
the KrF laser integrated circuits with dimensions as small as 180 nm can be produced.
Finer dimensions can be provided with ArF lasers which operafe at about 193 nm or F»
lasers which opcfate at about 157 nm. These lasers, the KrF laser, the ArF laser and the
F> lasers, are very similar, in fact the same basic equipment used to make a KrF laser
can be used to produce an ArF laser or an F; laser merely by changing the gas
concentration, increasing the discharge voltage and modifying the controls and

instrumentation to accommodate the slightly different wavelength.

A typical prior-art KiF excimer laser used in the production of integrated circuits is

- depicted in FIGS. I, 1A and IB. A cross section of the laser chamber of this prior art
laser is shown in FIG. 1B. As shown in FIG. 1A, pulse power system 2 powered by

_ high voltage power supply 3 provides electrical pulses to electrodes 6 located in a

~ discharge chamber 8. Typical state-of-the art lithography lasers are operated at a pulse -



hi gh vol tage power supply 3 provides electrical pul ses to elect rpde 4_‘ -

| ocat ed in a di scharge'‘chanber 8. Typical state-of-the art Ilthodr }:5 yw“*’
| asers ar ed at a pulser . ,... W 02/082601 PCTH’E?@%/,TQ .
rate of a out f 0 to 2000 Hz with pul se energi es of about per puI se.
The | aser gas (for a KrF |aser, about 0.1%fluorine, 1.3%krypton and the
rest neon which functions as a buffer @gas) at about 3 atnobspheres is

ci r cul at edatelufaibgix 1008 ts 200@ Haevide pulse thgiek of kbadd® ml parahngi. t Tes lﬁfer about
1,000 to 2,00 cm .second. This is done with tangential blower

| ocat ed i rB% éﬁ%’érﬁ&f’ﬁ%oc‘%r&i@mew A% duptop ADdsthgy @Sbé‘%‘l’réd"h‘%‘ th a
heat exchag gﬁ{oné%s abaffel g&ﬁ H{B bl sﬁqxﬁg?ﬁrcu%mqeat g\%hg% ?e(ﬂﬂ{v eSf10Wn)

nmount ed on e outside natura ban e exciner |,
| asers i s thealecoodsd dbweldcities rodiraboui hgoomdmoeoml psnomebndreﬁ‘hnsefseianedmtlo as a

Lo cal | v b ERaR T Bhabiim ooy clscbivee ShDDRe iR HS G i

wi t hout dighiabhdg emeaﬁg@lsu Afso! 188218y $h TR chﬁm)e}caxﬁa& cBRij'ia?es (ﬂd%fshu@ﬁ)
Laser Chanber Mbdul e vol t age power supply nodul e I gh "vol tage

conpr essi anothtéqblomﬂmm?émde Ghtirerghamber. nBhky hﬁurachatplmd(baufphe exdibgulasers is i ne

Nar r owi ng Modul venet er. Modul e, Gas .Contr ol
NVactup o " BN i Y g Bl SRR Bhs OB o MR 0B e B B none
6B. Anode fiBkige SrURWRY. Cothrhéicialéxcimes REer s§btemB HROGIDIRANY chMpRRQTISE &VBRT t
bar 44 which is shown in cross section in FIG 1B Flowis

count er - cleduess éhat pmenibe vepdaged qrickdprwishowndiswrking dbe st ahdbe systpmwor t
bar 44 s A anetoforce air fromblower 10 to fl ow between
el ectrode? §paﬁlgno%g%§ r%%ﬁer guide vanes in this prior art |aser are shown,
at 46, 48 and 50. Perforated : ’

Laser Chamber Medule,

High voltage power supply module,
High voltage compression head module,
Commutator module,
- Output Coupler Module,
Line Narrowing Module,
Wavemeter Module,
Computer Control Module,
.Gas Control Module,
Cooling Watcr. Module

Electrodes 6 consist of cathode 6A and anode 6B. Anode 6B is supported in this prior

art einbodiment by anode support bar 44 which is shown in cross section in FIG. 1B.

- Flow is counter-clockwise in this view. One comer and one edge of anode support bar
" 44 serves as a guide vane to force air from blower 10 to flow between electrodes 6A and
6B. Other guide vanes in this prior art laser are shown at 46, 48 and 50. Perforated
current return plate 52 helps ground anode 6B to the metal structure of chamber 8. The
plate is perforated with large holes (not shown in FIG. 3) located in the laser gas flow
‘path so that the current return plate does not substantially affect the gas flow. A peaking

capacitor bank comprised of an array of individual capacitors 19 is charged prior to each
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Injection Seeding :
A well-known technique for reducing the band-width of gas discharge laser systems

(including excimer laser systems) involves the injection of a narrow band “seed” beam
into a gain medium. In one such system, a laser called the “seed laser” or
“master oscillator” is designed to provide a very narrow laser band beam and
that laser beam is used as a seed beam in a second laser. If the second laser
functions as a power amplifier, the system is typically referred to as a
master oscillator, power amplifier (MOPA) system. If the second laser itself
has a resonance cavity, the system is usually referred to as an injection
seeded oscillator (ISO) and the seed laser is usually called the master
- oscillator and the downstream laser is usually called the power oscillator.
Hitter Problems
In gas discharge lasers of the type referred to above, the duration of the electric discharge
is very short duration, typically about 20 to 50 ns (20 to 50 billions of a second).
Furthermore, the population inversion created by the discharge is very very rapidly
depleted so that the population inversion effectively exists only during the discharge. In
these two laser systems, the population in the downstream laser must be inverted when

the beamn from the upstream laser reaches the second laser. ‘Therefore, the discharges of
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Also for the KrF and ArF lasers, the absolute wavelength of the output beam can be

determined accurately by conipa:ing its spectrum to atomic reference lines during laser
operation. F; lasers typically produce laser beams with most of its energy in two narrow
“lines centered at about 157.63 nm and 157.52 nm. Often, the less intense of these two
lines (i.e., the 157.52 nm line) is suppressed and the laser is forced to operate at the
157.63 nm line. The natural bandwidth of the 157.63 nm line is pressure dependant and
varies from about 0.6 to 1.2 pm. - An F; laser with a bandwidth in this range can be used
with lithography devices utilizing a catadiophic lens design uvtilizing both refractive and
reflective optical elements, but for an all-refractive lens design the laser beam should
have a bandwidth to produce desired results. It is also known that the centerline
wavelength of the output beam will vary somewhat depending on condition in the

~discharge region.

Lasers for lithography equipment are very complicated and expensive. Further reduction
in bandwidth could greatly simplify the lens design for lithography equipment and/or
lead to improved quality of integrated circuits produced by the equipment. Thus, a need
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What is needed are techniques to reduce the bandwidth and control the center
wavelength wavelength of the F2 laser systems. ‘A need also exists for a méthod of

determining precisely the absolute centerline wavelength of F; laser systems. - . .

SUMMARY OF THE INVENTION

The present invention provides a narrow band laser system havmg two laser subsystems.
The first laser subsystem is configured to prov1de a very narrow band pulsed output
~beam which is used to injection seed the second laser subsystermn where the narrow band
pulsed seed beam is amplified to produce a narrow band pulsed output beam A pulse
power supply is provided which is specially configured to precxsely time the d1scharges
in the two laser subsystem so that the discharges are properly synchronized. The laser
gas comprises F at a partial pressure less than about 1% with a buffer gas compriéed of
helium or neon or a combination of helium and neon. Control of center wavelength of

the output beam is provided by adjusting one or more of the foilowing parameters in the
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is adrawing of a prior art commercial excinmer lithography laser. FIG |A
is a block diagram showi ng sone of the principal elenments of a prior art
commerci al. excimer | asers used for integrated circuit |ithography. FIG [|B
is a drawing of the |l aser chanber of the FIG 1 laser. FIG 2 is a block

di agram showi.ng featureg Fm@km i SR ﬁgﬁ is an electrical
circuit draw ng show ng ?g%tures of a p_lﬁeqlgrredﬁei%o |n%§nt of the

FIG. 1 is a drawing of a prior art commercial excimer lithography laser.

FIG. 1A is a block diagram showing some of the principal elements of a prior art

commercial excimer lasers-used for integrated circuit lithography.
FIG. 1B is a drawing of the laser chamber of the FIG. 1 laser.
FIG. 2 is a block diagram shoWing features of the present invention.

FIG. 3 is an electrical circuit drawing showing features of a preferred embodiment of the

- present invention.
| FIG. 3A is a drawing of a_pulSe transformer.
FIG. 3B is a drawing Showing features of FIG. 3A.

FIG. 3C is a modification of the FIG. 3 circuit providing an adjustable delay.




present invention. FIG 3Ais a drawing of a pulse transfornmer. Kl &ABB ks,
a drawi ng showi ng features of FIG 3A FIG 3Cis a nodification of the
FIG 3 cg[‘?%&sz% ovi ding an adj ustabl e delay. WO 02/082601 PCT/ US02/ 09625
7 FIG 3 V8RB H curve. FIG 3D shows an alternate fi FESUSEHOE nent
technique. FIGS. 4 and 5 are black diagrans of F2 |aser systens. FIGS. 6
and 6A show features of a first grating7nonochromator. FIG 7 shows
features of a second grati ng nonochromator. FI'G 8 shows features of an
etalon filter. FIGS. 9 and 10 are di agrans of power gain stages. FIGS. 11,
1 1A, 11BHR«3€! 5@ B @™eat ures of a pul se power system FIG 12 shows a
pul se energy detector in a feedback control system FIG 13 shows a setup
for determ ning the absolute values of centerline wavelength. FIGS. 13A

t hrough 130GaBPb shpws tui altergat filigr adjiisment technigueshows a setup for neasuring
the effect of paranmeter changes on centerline wavel ength and bandw dt h.

FI GS. 14A through 14H are graphs of spectral dat a. DETAI LED DESCRI PTI ON OF
PREFERRED pyvB %[gﬁl,g S In order to understand and
characterize tcﬁgﬁ%%l}é iy ri afjlfgns in vaﬁsous F2 | aser operating
paranmeters on the cent erI i ne vvavel engt h and bandwi dth of F2 | aser systens,

Appl i cant car ef experJ ments descri bed below. 2 3 AUG 2005
WO 02/ 082 %gP%ﬂ"fggfﬁ g 1[%§Eﬁ““ﬁ5’§?ﬂ%‘ EmAfel ength A setup to

nmeasure the F2 | aser absolute wavelength is shown in FIG 13. The out put of
an F2 | aser 100 with 0.5 percent F2 and the bal ance heliumat a total gas
pressure (ﬁIGQ@@hows features ofa second grating monochromator

| FIG. 8 shows feqtures of an étaion ﬁltgr.
.P-‘IGIS. 9 and 10 a_fe dlagrams of power .gainléta.g..e.s. '
FIGS 11, IIA, 11B and 11C show featqfes of a pulse power system.
) FIG. 12 sh_ows é. pplée ene:g& detector m a feedb_ack éoptrol sys;exp.

FIG. .13 shows a sétup for deteimining the absolute values of centerline wavelength. |
FIGS. 13A through 13D are spectral data graphs.

- FIG. 14 shows a setup for measuring the effect of parameter changes on centerline

| . | wavelength and bandwidth.

~ FIGS. 14A through 14H are graphs of spectral data.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
'.Applicants’ Experiments | |
In order to understand and characterize the effect of variations in various F; laser
- . operating parameters on the centerline wavelength and bandwidth of F2 laser systems,

Applicants have conducted careful experiments described below. -
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pul se for the F2 neasurenent, and the D2 neasurenent was taken over a

| onger period of tine |ntervaF§LaﬁrQbS&%m«m§ngme spectral results with
the F2 spectrumplotted in the top space, the nmneasured D2 spectrumin the

second spaﬁ:&e%a) mepsuresthe i dasep absolte wavelensth iashawmin BIG. 0. (The aumit of al
Institute ? %s@fuf@d %h‘ﬁw pgl‘gc%%tppl ythé @hﬁ%ﬁh&{ﬁ%} gl? #ﬁo@ﬁ ag g}c%? e 05’ H0G at

about 157. nmis clea SO afppears

in the D2kPhdg combmeda“htlheths auput ef uelnxemﬁQOnph@zlaas;abwnﬁﬂmemnwhmoI eft
over after the gratin E{or the _F2 neasurenent the NI ST data shown in FIG
13A was oBEdPH laemﬁg With gadag serctrogesiti Of Witk 2 Adsim eesolusipagd A fime-
Appl i cant _ | ST
GoPs S’ Bl EnRRanbIach 66 bl i BLARER: S0ihe LB HARE al k1
the NI ST dignal. V\n'lﬁmetgwxr@mab tused hovnedsnret the doontingd sigaaledwming-h Gerd 3Bort Thi s

dat a shows cl ose of t he spe features with the D2 data
recor ded Wew&f)ﬁ“? r’f‘?etrrﬂ {%’ﬁ }’%?éJP%VTEHP“E’F?@dAB%IQZC@ﬁWWd%ﬁn& at

| east wt@&@m@veﬂzpl&,g@r RRA Ik Rlerbfiportant D2 spectral |ines near the
two major F2 lines. FIG 13Cis an enlarged portion of the spectrum near

the strong F2 line with the NIST D2 data superi.nposed on Applicants' D2
dat a. The HiGtldAsthows thém;xeclnaidesultsh:atltmadﬁ’ztspmnoplottbdhBl the $ép dpassthegas

pressure of 2008#{% wi th heliumhuffer ﬁzcent F2 the strong
| aser |i n&PFaSUER M2SPEUR 1MB9 SReOH¢ SPRLH ﬁBﬁcé‘H“b‘F‘F@?ra‘@%l?blB 1 pm

The weak IpyARe Natisdaltdsaitdiy oﬂSﬁHhﬁ*ﬁ? nd ?eéﬂngl gé%ﬁlw Fiie §tr%ng' T‘?Hselt lﬂges om

conditions™ centered at 157.5218 nmw th t'1 mat e error
These t wo af alyit 187.63 emeﬂlfarlyappareﬁtu@thd&plbb Theelimeeadsd dppeear’s imhpdd] plont s by
NI ST and La a Phy ted in Sams net tics,

Vol . REice 1 sameT 5“?‘&7‘?{ nggia(siﬁo‘?lf’?s“f yas %ﬁféo ?‘Eb@egﬁ?ﬂﬁﬁggﬁv 2601
PCTI USO 2/ W@%ﬁs&em&ﬁt&ﬁ@ NISEhtaGhoWas mglih @k bbsined using techniques

different from those employed by Applicants which record adjacent grating orders not
recorded in the NIST data. In FIG. 13B Applicants have included additional grating
orders on the NIST data with the results shown in the bbttom space on FIG. 13B. This
data shows_close agreement of the spectral features with the D, data recorded by
App.licants confirming the accuracy of the Applicants data at least with respect to the

position of important D, spectral lines near the two major F; lines. -~

FIG. 13C is an enlafged portion of the spectrum near the strong F line with the NIST D,
data superimposed on Applicants’ D, data. The data shows that under the conditions of
the test laser gas pressure of 2000 kPa with helium buffer and 0.5 percent F; the strong

laser line is centered at 157.63070 nm with an estimated error of 0.1 pm.

The weak line is siinilarly displayed in FIG. 13D and it is under these conditions

centered at 157.5218 nm with an estimated error of + 0.1 pm.

These two results are compared in FIG. 13D to the results of experiments by NIST and
Lambda Physik as reported in Samsonetti, et al., Applied Optics, Vol. 40, No. 12, pp.
1974-1978 (April, 2001). '




FIG 14 shows a setup used by Applicants to neasure center wavel ength
shifts due to variation of |aser operating paraneters. In thig da&éﬁaZDBS
referenc%ﬁ é% er 100 nmaintained at the sanme conditions utilized in th

D2 experi %’Sg‘ﬂl G 13). The output of this laser is coRpHVER W that
of a paranetrically varied F2 | aser 108 using the sane spectroneter 104
and the output is nonitored by a data agquisition conputer programed wth
a special - Lab View data acquisition program FIG 14A shows sone typical

spectral data in which | asenidQ8rdieds sbaviRagBniiei ned at 200 kPa. The
spectral shift, both in centerline and bandw %th Is clearly apparent.. FIG

14 Shous 02 kS a0k $OT3)°h BRI S5 il IR Bt B 9

‘Wi thin + -vali@fion offasersipetating parahiGterd. 4G thanedsb arrefpaiive I, amee 16 arkatiasd mde
with 13 neasurenments to estimate the standard deviation for both

“centerlnet §}H-'| samegondisionstiised i thelp experimans (Fried 13} aﬂ%fa‘?‘ﬂplﬁé’(f ithis ilasgr

“val ues wer;e f 2 n f

average. bandurdehed, Migr O h RUSHARERTVacd 12 ket (oBCHeind (e i, 1
FIG 14D. sslpemmmaﬂtm leebf axbrther dutpest 46 hdnieged - tfa)urn:tdm sz;un‘suioh pompsar € i n
kPa with both Ne as ﬂgf&er gasses The result is a straight line
variation RXP%‘H’“BFQS?’&' 2 SpeciL{pb Ve fatagrquisitan PRRSEE: for Ne. The two curves
di splay a conmon intercept. The slopes are approximately proportional to
the squar er10 A4 AGhowE 8B $pfiSal Qpeditii® dﬁﬁﬁﬂn%ﬁé?ﬁlseﬂ: 168 prbédars Wa¥maththinedni que
to determne the zero pressure wavel ength. 14D1 and FIG 14D2 are

pl ot's whi it 296 kRa.t Tl Sneh@alphétsbgﬁuns:hnthﬂm@aﬂmmmh fsaleady appardit. i xt ur e
s a si rrple wei ghted sum of the pure gas shlft coefficient so that the

hift i
?OI 81fm x&@%gﬁﬁﬁugﬁeﬁﬁﬁgﬁﬂ C(quhsée \‘/:grC I % n I nﬁ‘)b er r\ﬁvg)%e éng%ﬁ {6\/-\% h F2
partial presswperasos 0Ok, tThé”leerﬁ&OtokdBﬂteH%obsiﬁtEﬂfy wagl wmm%ﬂwm::hargs ng
vol tage. The F2 induced centerline shift is 2 3 AU G 2005 WO 02/082601
PCT/ US02/ 036%8 moFIGypist: anptier copgistenee phackewandpagy with dgnBeaswemnsss & ng
vol tage i zesﬁfn LRCTHROst/Naab ABGLAGh o Bolhlcddriihdshitl GEE Wafiaw?iias PEWRINGY ¢4 he

ener gy

measured standard deviation values were 3.8fm for a 0.2035 average centerline shift and
5.8 fm for an average bandwidth of 0.83 pm (FWHM). These data are plotted in FIG.
14C. -

FIG. 14D shows plots of centerline shift as a function of full pressure in kPa with both
He and Ne as buffer gasses. The result is a straight line variation with pressure
coefficients of 1.84 fm/kPa for Ne. The two curves display a common intercept. The

slopes are approximately proportional to the square root of the masses of the two gasses.
FIG. 14E shows a technique to determine the zero pressure wavelength.

FIG. 14D1 and FIG. 14D2 are plots which show that the pressure shift coefficient for a
He Ne mixture is a simple weighted sum of the pure gas shift coefficient so that the shift

for the mixture is equal to:
Shift (mixture) = (1.84fm/xPa)(%He) + (0.8 1fm/xPa)(%Ne)

FIG. 14E shows the variation in center wavelength with F, partial pressure measured wit
ha 500 kPa He buffer and at 850v charging voltage. The F, induced centerline shift is



FIG 14F conpares the effect of voltage change on centerline SEI 1%1‘6‘ 8 ser
gas__pressures of 300 kPa and 500 kPa. The result is about 0.1%f W9+
cases varied resonator mirror reflectivity with all other

par arretéﬂg cons glnt totry to obtain a variation of cent SV HOPeR pul se
energy. The result is about 2.2 fin/m as shown in FIG 14G The
variations of centerline shift with tenperatures at 500 kPa and 200 kPa are
shown in  dbbls —dakk/F 8, ?ﬁﬁé"ehér ya lceﬂstaﬁt%nar@ngvbﬁa?@%s%ffe%a by tHRHET BRI Y of
all this text data is set forth below in Table | Summary of

Laser Centtbe Fypartinkbprgssurees shownAysbe enezgyalotl engt h (D2 ref erence spectrum
200 kPa He buffer): Strong line: 157.63090 nm Wak line: 167.52418 nm

Pressure f 4.fm k tm kPa ~ Zer

o oostre L4 O8GRI Ofccr P ol bR SR conrbiie R WM ER a8
hel i uni necof 300fkiParand 306 kB5.7ThS B3It 15 dboBA0A fhidy GPbkth +as81 x 10.6 PNe <nm> 7
Paranmetric sensitivities: Expected effect HV: 1fmV 20 fm F2:

- 20f m kPaF fm Te rature: - 6.to -1.3 fmC4 - 8fm Energy: 2.2
frdm 5 f AH¥AH ?Sowrd?}feﬁzeﬂactwerwéb@ QDB ATICIe R FIRFABP 47 tO
sunmmar y CCBHEAJHS& %h:Itfoﬂn&ft &fﬁ%&hfl@%\h lge e Eigydef‘ﬁé sﬂﬁ‘t Qa@ou?tf%ﬁ frd/FT s
pressure” wavel ength and pressure s t coe |C|en or a

uni ver sal shpwoiih F¢Gt 14k of the central wavel engt h. The central wavel engt h
can be inferred to sufficient accuracy that a waveneter is

- The variations of centerline shift with temperatures at 500 kPa and 200 kPa are shown in
FIG. 14H. The results varied from -0.8 to 01.3 fm/°c.

A summary of all this text data is set forth below in Table I.

Table I

Summary of F2 Laser Center Wavelength Data

.m  Absolute wavelength (D2 reference spectrum, 200 kPa He buffer):

¢ Strong line: 157.63090 nm
4+ Weak line: 167.52418 nin
] 'Pressure shift coefficients:
+ He: 1.84 fm/kPa
- 4 Ne: 0.81 fm/kPa
. m  Zero pressure wavelength: : 157.63053 nm
[ ] Central wavelength at arbitrary helium/neon buffer:

A=157.63053 + 1.84 x 10°Py, + 0.81 x 108 Py, <nm>

- m . Parametric sensitivities: Expected effect
¢ HV: 1 fm/V 20 fm |
¢ Fi: -20 fm/ kPa P> 1fm
¢ Temperature: - ~0.6t0-1.3fm/°C 4-8fm

¢ Energy: 2.2 fm/m] 5 fm



not needed. Variability in the central wavel ength of the F2 |as¢r3 siug 55
normal changes in |aser operating paraneters, appears limted to 0.02 pm
tnjectio - F2 Laser System Seed Laser FIGS. 2 through I 1D describe
vari ous B‘é‘?ﬁ%ﬁ%ﬁ"&s for designing and operating injection PCLUSUA RS | aser
systens. A preferred first F2 injection seed |ight source may be a
conventional F2 laser, using either a pliane-parallel optical resonator, or
an unstable resonator configuration. The pul se power supply for both |aser

Subsyst ey ticie! Sy coRlQbHIEInithLdciEligeone of the techni ques

descri bed ove. sures that the timng of the discharge of each
| aser subsystemis adequately synchronized. In a preferred F2 enbodi nent

‘the seed |ser Tiealstdrmidatiohef @ dzaio presiure’amacdleidie and pdsdudes shif cddfficieasd

‘| aser  preferr alilows\bd 4 ugieasilapecibeeiendr anRcdeaaswaRidngal ., after filtering,
10 - 100 tiJ of narrow band energy is available for seeding the F2 power

gai n stage) An THReARAOWIREMBH Qh bdiihferre® (PHHRS et dcONBEy HalV S ERMRer 1§01 €
spatially coherngphedgam t han a stabl e resonator, which™ nmay be of sone

advantage in coupling energy through the injection spectral filter. For
1 el b 8 e T 8 W RS O
Anot her 'designei%;?)ehé‘?lr |§éjﬁ% op}éggépg Shgnjft%]ﬁsiti@ anght source | aser at
relatively | ow pressure (= 100 200 kPa). This produces a substantially
reduced spectral width 0.3 - 0.6 pm A lower spectral width neans a

greater fraction of the ener @yje&itineSceig FllaspoSistgai n filter will nake it
through the filter. The raw output energy fromthe first F2 |light source
Wi Il be nuch |ower, but_this nmay no®®8d-asepractical di sadvant age because

“the maxi mi38nérthipughdil Dt describg wiriqus techhiques forcdesighingdind opsratingiihjgetion
limited. ' | t.he, fi | j '
bt of or e SRR iy, KR et 35, B wliion) (B0 iy bR BHBER' [ or

oper ati on caaventiostal B edser, IMHHE eiflidr d Pldnetpregichppiicdl agedmict] or W8l dnsiabwn and
there are nore than_1, 000 (;ij these units operati ay in integrated

circuit fdBianakr confipiratien The nulsgmowspsrpdy Farchoty ?ﬂﬂ@;?ugsww is g ferably
o PRy WEGEL MBS AU MECE. PSR BERpe

such as Cyhedjscharge ofi ¢dchofifar cmbsystem is adequately synchronized. In a preferred F»

- . embodiment the seed laser beam is filtered downstream of the seed laser. The seed laser

preferrably will generate enough energy such that, after filtering, 10 - 100 pJ of narrow-

band energy is available for seeding the F, power gain stage. An unstable resonator will

produce a lower divergence, more spatially coherent beam than a stable resonator, which

may be of some advantage in coupling energy through the injection spectral filter. For

instance, if the filter is a simple monochromator, a lower divergence beam will be more

- easily focused down to the input slit of the monochromator. Another design 6ption 1s to

‘operate the first F, light source laser at relatively low pressure (= 100 - 200 kPa). This

- produces a substantially reduced spectral width : 0.3 - 0.6 pm. A lower spectral width

- means a greater fraction of the energy entering the post gain filter will make it through

the filter. The raw output energy from the first F; light source will be much lower, but

~ this may not be a practical disadvantage because the maximum energy that the injection

- filter can handle is similarly limited.

A conventional F, laser for use as the first F, light source in a preferred embodiment a

* standard KrF lithography laser system modified for operation as a F; laser. These KrF




in San Diego, California. These lithography |asers are described in det ail
in many patents such as U S. Patent No. 5,991,324 and U.S, Pate% b A
. 6,128,323 both of which are incorporated herein by reference Jnﬁfbr‘f”""’
nodi fi cations needed for operation as & F2 laser are to change the gas

m xture to about 0.1 percent fluorine and the renai nder heI um (although a

neon or a_ conbi nation of um and, neon coul d be e y t he
upper ranéj‘éh‘{ﬂ'aﬁhﬂfela%fi"%%‘ﬁd’f’éL aybthere qof opoug dhap #6@% "Ig% (@%Baq & ts
to about 0 A YR8ntEZasl BB &lf&ésemruﬁﬂé% fred diedufit t he
first F2 %g)da% th \sﬁgh%%teedaﬁﬂatﬁt ga%%&hgﬁg@?ﬁ stsa g [ g descri bed reI ow in the

section emﬂhdgrmy m2cHinese rTheSy dasers cgrigser ptrlsaa atgetes itp thetr@ss? PHER 1oe
ignifi t h Kr

ro aser - ppb PRIR peraspandhaid aff aRbispls BpinayPblim ERE b e Wil UtHe: 20

grati ng- mMpaChr BIRLOICARFGMRO Wahe A liFhdigtdph§ ! lakdrs Ges clesdpibdd by detait emenm to

FIG 6. This filtér, when used with a free-running F2 | aser. _as th er
oscil | at orp,atqn!cmhaiblwSnﬂstlen‘szcé%hﬁz‘hawd u. %rﬁ%ﬁgm @E]f?-gp}?r?’?t? gf”"r{‘?

free-runnin ectr mast Bﬁ% Tl

pr oduci ng a[r%éanga raf‘ig@eﬁe%?y gef ?&ﬁﬁ%ﬁt@?ﬁ%&%ﬁ?%ﬁ t?%l o ng
anplifier gt@adeser b fo dHahgé tHel dak fiixtuggrogione 01l jseneunn fluorifd Gind theirsmeinder of a
conventional grating nonochromator. Light fromt he mast er | |1 a

first focusismh Gdtheughtaoneen |0h|cmt301§bmﬁn% Otheb‘H’cn PRy Cop %Ws?é?eal? put
slit is col l#g?%ﬁfﬁ-bepﬁp? zﬁ%e%f%(e 815 fie ?g(e 1% c%sed"ﬂbﬁlha%ﬁy 2@@0@voﬁé ”p| e

spheri cal BiF axi' s para e collimated 1ight
directed tg abdug3&00Mgohst. AThsicgsratotyrs Fﬁla@crhwghnﬁ&ssﬁefosbmh the fiest (e . lght an

fechell e grating) chosen to _disperse,| | in the 157 nm wayv Ny nge.
The gratinguee il HifePOVEnhESH STESHPid58F eflol?Plo‘l‘_ﬁlBH{l‘e aSFCtéonsgI‘tﬁi:eg %tz\%?‘%

narrow r angg éﬁ? I%{} %%,, r qﬁ.‘lﬁpgé&% l}%@é&l&g QR stolifficaRERMB Al té $he Sribrmmged

on an exit beam spli tter 56." The various geonetric
and opt i caKriphsensysenstogiroive ark.dagenent (i.e. slit widths, grating

di spersion, curved mrror focal |ength) determ' ne the bandwi dth of the
light leaving the exit slit. One design problemthat nust be overcone is
the high peak intensities that are reached at the input and exits slits
when one attenpts to coupl e the dasiPecrabaiuRilted¥ energy r. .~ “crr AU

LUL 13 4 preferred conventional grating-monochromator pre-power gain filter is described by
reference to FIG. 6. This filter, when used with a free-running F» laser as the master
oscillator, preferably must slice out a 0.1 pm bandwidth portion of the free-runming
spectrum from the master oscillator, and be capable of producing the 10 — 100 pd of
narrow-band energy required by the following amplifier stage. This first filter

( g embodiment shown in FIG. 6 is that of a conventional grating monochromator. Light
' from the master oscillator is first focussed down onto an input slit 50. Light passing
though the input slit is collimated preferably by a curved mirror 52, which may be a

simple spherical mirror, or an off-axis paraboloid, and the collimated light is directed to

a grating 54. The grating is a high dispersion type (e.g. an echelle grating) chosen to

disperse light in the 157 nm wavelength range. The grating is in the Lithrow
configuration. Light at a selected very narrow range which is reflected back along the

beam path 53 is re-imaged on an exit slit 57 with the aid of beam splitter 56. The varipus-

geometric and optical parameters of the arrangement (i.e. slit widths, grating dispersion,

curved mirror focal length) determine the bandwidth of the light leaving the exit slit.

One design problem thét must be overcome is the high peak intensities that are reached

at the input and exits slits when one attempts to couple the desired amount of energy




- through the nonochromator. One nethod to handle these high intensities is
to use refractive slits, i.e. knife edge wedges that refract thﬁ&#&%ntﬁg&@g
.light into another direction, w thout absorbing the energy. Such a slit
arrangenent is shown in FIG 6A. In addPtion to its function as a filter,
the arrangenment of FIG 6 includes an additional beansplitter 58 and a

| i near detector array 60 placed_at an exit i e, plane, This.. addition
sol ves antbrgygsyr the MoReEhERRRAY &%F@Fho‘ih&/vhﬁ‘gmgﬁ-h?ﬁegﬁght REFNBIIGR, A% (1R )1se

| nj ectionggebbks eLRt i.*:.hin%sédrggq?r&%égltﬁ&g}é&ia& fth Rveedd 'ﬁghtaﬁ% €arlothelr N
error by nore than a Tew 10's~ o cro-radians, the seed beamw || mss
the exit &idctionawithdthabsorbinkthdenengy. nGuchovslivandngament gy showvt odlG: B4

fol | owi or anpl i fier. st 1f th le | lightly i t
he. anpl VI ST it PR Sad k> e AT Bament Gt Jan e T e FERAl ofy.
the monog Lo 583Rd 4 MnEASENEGer HREY %@Ejplh&&ﬁh{ al Nt FRGR flandredHy the

grating an urved mrror is the dispersed spectrumof the i %ht. entering
t he nonochdditiei solvesEneimmeteoinemagsng problen:drovp tothatdain tthe (tepdir)i laigrtiothages
(spectra),. one at .the exit sljt, .and ne at, the |linear det r . The
| i near de_ﬁgﬁ‘i ﬁrtﬁ%p?sé’;‘?dé’@ﬁ@f?g{lhew?@ %Fﬁﬁ{}%ﬁg}gl_ﬁﬁ%ﬁ’dm%rgbgcﬂpﬂeﬁ %rﬁeﬁl{eoay
free-runnipg; IBShBhnO B deb@bOAm N SO MRk dlit, dnditBerd WilldROnShGFBY-band
representative of the spectral intensity at each igl nt on the array, Since
the free- emergy rig lovkavld dolbwing spasrestireplifint stege. - khowe, angle s rvegys sHghtly
calibration st ard f.ar.the. nongchr, . 68, hE R t he
| i near defrlézé)fr(%?ﬂg? F‘Q?Ilﬁﬁqﬁf’eﬁmvgf?%%%&)%tqér%igrggng{v%h%n%&%sﬁ? 0 p?ez%’gﬁ% he
imge of hiosReaiatdeGEH edsefbeaimanitde sisel€dTROimhgeoforided byatheagratingand t he
{center for exanple. In this way the nonochromator is _sel f-sqﬁ?g()bi | i zeg to
the free- curvsd mairopds theudisnsrsedtrperiam of thys light entering Seqpenqyerraglpt dPft and
| inear array arne _basi ] y t [ it LaP@gdtion
corres pon&g%tng béa a%laﬁ%t%ﬁkg%dug%ggé%(f%ﬁfl&%ﬁgﬁﬁ%@%%@épgﬁgIktﬁe ?)%11 t klltg | i near
array. Themefidthe Whédd debetdrrazeyt Ut tigearsqeeetoruardy sanseh ehenmatioelyobiad | at or

tral f .. the w | th of the light  |I. i t it slit
can' be. pr GERYEIY T AFerTiRELIR THSIRICRBIor i BRET I aHP e SR EtRne | s
to place %@?%ﬂv‘et&f%{e Sctl ih{éﬁsiggﬁtrba% poin? ®nREAE8) | Sih&ht Hte-running

nonochr omat to noni'tor the béamenergy with energy detector 64. Such
a det ect orwiveletigt imbtabld mndmyelbkeown, $i nowes e emaligyation staedard; kgt then -

seed needsmgr?oc eomr’rg[glj-t (X ggritro%le? G%Ur%a sogét % l?nze/aP %%ég%r Pa??a'y?%%’ agﬁl%?sSthe

grating angle so as to place the image of the spectrum centered at a desired point on the

array, near the center for example. In this way the monochromator is self-stabilized to
the free-running spectrum of the master oscillator. Since the exit slit and linear array are
basically duplicate image planes, the exit slit position corresponds to a particular
position, and hence wavelength, on the linear array. Therefor, with the free-running
spectrum from the master oscillator as a spectral reference, the wavelength of the light

leaving the exit slit can be precisely determined.

One method for calibrating this arrangement is to place a beamsplitter 62 in the path of
the beam -exiting the monochromator and to monitor the beam energy with energy
detector 64. Such a detector is desirable in any event, since the energy of the injection

seed needs to be monitored.




14 Calibration A calibration sequence woul d proceed as fol lows: 13 A3 rpggﬁ
the grating at a starting angle, the laser is fired and the output energy
from thevsoindbét is nonitored, along wth the spectral plyRagHabsi Ng on .
the linear array. The peak of the spectrumis determned in terns of the
position, in pixels, on the array. (2) The grating angle is increnented
and the neasurenents are repeated. (3) Wfter the grating angle is scanned

t hough a range, the resulting data iGal#xationned. The position of the

spect rum oy cilitgatic seguefide wpulepesthas €olidves: QU With €Re EEiinEBat | dYbiaing
corresponds to_ the equivalent position of the slit. Once this calibrated
posi ti on PBglacthetaesdyliradandchsnauigns prarsy &iemyther exdt mbihdcmosiiereds aleign be
used to rej; t at | : r S.EO0r _1 RS e 0 t he
nonochr orrg%lt)h:]ﬂlgi gst%g?éll %)drll sfag.“%t g%‘%‘?@e{ﬁ%?‘egﬁ‘ f u?l{':%epé%u%g@%esge%gg RO

cal i br at edeteaained dn terads dtheheepoisition| id pixelspioxahe 30Qy. I(P) The geeiigr &gle is

wavel ength of the output is 157.6299 nm (157,629.9 pm, .the center of_ the

f r.ee- r unniffgeraged CLTREATUSHRETY AE PR AteAg | @) Adter iy grating angle {sseanpeds
center of &hidBRsf Ak - Phaxel; : t s vel.ength i +0. 2
pm away frt%&r%%%l he cgﬁ’t@3 ﬁ]%%n%g%t%r%ﬁ)%qgrtnhdgﬁ t?@e g?%{tlétggf%u%fgggﬁln%ﬁl}f SO
that the aept(er pofels) hehérrathe ontpiitcererdy meikimizzelco8ePonds fathd equivalchnenment
is to include th pressure of the nmaster oscillator -in the calibration and
subsequentpOEI‘%‘B“B?tbteﬁ Y nonochromator, since the center of the free-running
spectrumis pressure dependent. This pressure dependence nust be included

in the calibrat.ion, especi.ally if the pressure .of the master oscillator is
al L owed t &MY Skl egsifiey Is drtemnest e Grm WaPYTHaR of e mengrhmatc:
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' the center of the image would fall at pixel 302. A further refinement is to include the

pressure of the master oscillator in the calibration and subsequent use of the
monochromator, since the center of the free-running spectrum is pressure dependent.
This pressure dependence must be included in the calibration, especially if the pressure
of the master oscillator is allowed to vary significantly. We have determined that the
center wavelength of the free-running laser has a pressure shift coefficient in the range of
- about 1 to 2 fim/kPa, when helivm is used as a buffer. For any given pressure, a good
estimate of the wavelength is therefor 157.6309 + 0.60000192* P nm, where P =
pressure in kPa. Other pressure shift coefficients can be used if other buffer gasses are

used (neon for instance, or mixtures of helium and neon).

Modified .Grati.ng Monochromator
An alternate method for producing the narrow-band light is with a modified grating

- monochromator as shown in FIG. 7. This filter filters the output beam of a master
oscillator which produces a well-collimated, nearty diffraction limited coherent beam,

and in this case we eliminate the entrance slit of the monochromator.



and in this case we elininate the entrance slit of the nonochromator. 2 3
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( diffracti fyelengtiyconstant o y lightly and finely ground optical flats. The
“light then passes through the etalon at near normal incidence. The

etal on' s bandpass characteristics are determned by its free spectral range
(FSR) and finesse. For. instance, af@emidrwith an FSR of 2 pmand a

fi nesse ofAmefalgn| T8 ean, ase bepwad 95 abanipws filipmarshpwn ThFIGt 81 ofs Wiith thehen
transmt 14 R 6] f..t:he t r [ 1 i sg er
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order to Limt theh power Io;ﬁdi ng gn the etalon. In addition, a narrower
. beam from the master oscillator s first expanded with beam expander 70, both to lower

~ its divergence and to reduce the power density on the etalon. Afier expansion, the beam
- passes through a special “partial diffuser” 74, an optical element which transmits most
of the light unaltered, but scatters a small faction into a range of angles. Examples of
this are diffractive optics with low diffraction strength, or very lightly and finely ground
optical flats. The light then passes through the etalon at near normal incidence. The
-etalon’s bandpass characteristics are determined by its free spectral range (FSR) and
finesse. For instance, an eialon with an FSR of 2 pm and a finesse of 20 will have a
bandpass of 0.1 pm FWHM. The etalon will then transmit a 0.1 pm slice of the
spectrum from the free-running master oscillator. ' As with the monochromator, it may
" be advantageous to operate the master oscillator at low pressure, and hence reduced
bandwidth, in order to limit the power loading on the etalon, ‘In addition, a narrower
 starting spectrum will reduce the amount of energy in the'édjaccnt transmission orders
~ of the etalon (+ 1 FSR from the central wavelength). - After passing through the etalon, a
~ lens 76 (or curved mirror) focuses the light to a point, where an aperture is placed. A
" “portion of the beam is split off by beam splitter 80 and monitored by a photodiode array

- 82 which provides center wavelength and bandwidth signals to controller 66 which uses
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anount of tuni reguired is, ver I about , 0.2 to 0.5 pm, the
pressure &@Hﬁg&?ﬂﬂgﬁe platey sanybyv edzggfiﬂﬁf'%ﬂg tgﬁﬁ?‘fs,“yz%&ﬁgass to 8 torr with
nitrogen as the gas. This can be achieved either by changi ng the vol une of
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t he t uni nghefpresswrecafahegas svithin shenbonsing (ah cbusiint gemgeniature) sherehpt pressure
el ement s tuning the etalon. Since the amount of tuning required is very small (about + 0.2 to +

0.5 pm), the pressure change that is needed is also very small, about =3 to + 8 torr with
nitrogen as the gas. This can be achieved either by changing the volume of the (sealed)
‘housing, or by actively introducing or withdrawing gas from a suitable supply. As the
~ etalon is pressure tuned, the output intensity will alternately increase and extinguish as
~ the bandpass wavelength sweeps through the spectrum from the free-running master

. oscillator.

Control over the tuning of the etalon is attained by including additional optical elements
_that turn the etalon into its own etalon spectrometer. An additional beamsplitter is

- located prior to the exit aperture, and forms a second focal plane of the lens. In this
focal plane (as in the first), the intensity distribution consists of an intense spot at the
center of focus plus a much weaker conventional etalon ring pattern. The intense spot is
formed by the non-diffused portion of the beam passing through the etalon, whereas

. __th_e etalon ring pattern is formed by the diffused portion of the beam. The intense

central spot is not used here and is blocked with a beam stop 81. A linear detector array
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into a "wavel ength” by enploying the sane non-1linear etal on equations used

in the Ilosmﬂgtpawhlwmmmém;ndﬂfm s allows the bandpass function to be
detuned fromthe peak of the master oscillator spectrumby a known ampunt.
A further refinenent is to

" Once this calibrated diameter is determined, the wavelength of the etalon bandpass filter

" can be stabilized by varying the pressure in the etalon so as to maintain this diameter.
As a further refinement, the etalon ring pattern can be converted directly into a
“wavelength” by employing the same non-linear etalon equations used in the
lithographic wavemeters. This allows the bandpass function to be detuned from the
peak of the master oscillator spectrum by a known amount. A further refinement is to
include the pressure of the master oscillator in the calibration and subsequent use of the

- etalon, as has been previously described.

Tuning -
_ Normaliy the narrow spectral band (of about 0.1 pm or less} chosen for operatxon of the

laser system will be the narrow band meeting desired bandwidth specifications with the
‘maximum output pulse energy. Howeirer, a limited amount of wa\}clength tuhing is
possible with the pregain filters described above. Applicants expect that a tuning range
of at least about 1.2 pm can fairly easily be achieved. Additional tuning is feasible with |

~ some significant compromise of output pulse energy. The tuning range is a function of




- include the pressure of the master oscillator in the calibration and
subsequent use of the etalon, as has been previously described; 3@“@”?“{}?"
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est abl i sl"ti“r@ggpnt:.@ﬁaté@hﬁﬁ@f@g all heshgveincRrg. vy field (the Fresnel core in this
{case is the volunme formed between 50% R nminor 93A and 100% R nmirror 94A).

‘After propagating with anplification to the front optic, the beamis
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hi rd pasabic H Gh e RO WE REFRS DERGPISD (A5 B SErP PREOUTORI Cotlgl or
i's anti-rghd el hiteh.Catketjected beam fills the Fresnel core of the resonator, establishing
control over the intercavity field (the Fresnel core in this case is the volume formed
between 50% R mirror 93A and 100% R mirror 94A). After propagating with
ampliﬁcatibn to the front optic, the beam is reflected from the 100 % reflective, convex
surface. The beam expands and is amplified as it travels to the rear optic, where a
portion reflects off of the 100% reflective, concave surface 93B and a portion reflects off
surface 93A. This re-collimates the beam , which is further amplified by a third pass

o~

through the gain. The lower portion 94B of the output couplér is anti-reflective coated,
allowing the beam to exit with minimal loss. As with the rear optic, the front optic is a
ZEero-power meniscus tjfpe, to preserve the collimation of the output beam. This type ofa
resonator forms a power oscillator because the 50% and 100% reflective surfaces provide
feedback into the Fresnel core of the resonator. The advantage of this type of resonator
is (1) there is no central obscuration or hole in the beam, and (2) it requires very little

seed energy to lock the power oscillator to the seed.

Power Amplifier
A power gain stage in the form of a powef amplifier is shown in FIG. 10. In this case the

resonator is similar to the one shown in FIG. 9 except the feedback has been




-allowing the beamto exit with mnimal |loss. As with the rear optic, the
front optic is a zero-power neniscus type, to preserve the col?l nmtd onnof

~the output beam This type of a
the 50% and 100% reflective surfaces pri@vi de
core of the resonator. The advantage of this type of resonator is (1)
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except the feedback has been 19 elimnated by changing the 50% reflective
surface 93A to an anti-refl ectibgl.suor SpstemIRBigns Thi s configurati on produces
an off-axis, nultipass. power anplifier.
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above, th%lggﬁé.&eé g%’o‘?{isi %ﬁﬁc %itB(iHirﬁm9pSt reamof the transfornmer is a single

circuit an

circuit.

downstream of the transforner is a divided
In this pulse transfornmer the

In these prototype units, for both the first F, light source and the power gain stage, a

-modified pulse power system is used and a circuit diagram for the system is shown in

FIG. 11 and in FIGS. 2 and 3. The major difference between the pulse power system for
these embodiments and corresponding systems for prior art KiF lasers is the pulse
transformer 56 which for the F; laser provides hjgher output voltage and, as described
above, the portion of the circuit upstream of the transformer is a single circuit and the
portion downestream of the transformer is a divided circuit. In this pulse transformer the
single four-section stainless steel rod (described in U.S. Patent No. 6,128,323 referred to
above) which functions as a secondary winding is replaced by a transformer secondary
‘conductor consisting of an inner cylindrical rod and two coaxial tubes all connected in
series and insulated from each other as shown in FIGS. 11A, 11B and 11C. The
secondary conductor consists of two coaxial assemblies (the cross-section of which are
depicted in FIGS. 11B and 11C) connected with bus bar as shown at 302 and HV cable
as shown at 304. FIG. 11D shows the same cross-sections as 11B and 11C and also the
layers 306 of Metglas™ and mylar film which is wrapped around the cylinder portion

308 of the spools forming the primary winding. Also identified in FIG. 1 1D are the
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in this prﬁﬁﬁ@iﬁ’fvﬁ[{@s odi nent produces an output rise

K-

LN = about 12.1 pF
¢ = about 12.4 uF
Copz = about 8.82 nF
Co1 =  about8.4nF
Co = about 10 nF

The modified pulse power system in this prototype embodiment produces an output rise
“time of about 80 ns into the peaking capacitor bank. The step-up ratio of the pulse
~ transformer is 36X (as compared to the 24X in the embodiment described in detail
above). This permits the laser to operate at substantially higher voltages with
correspondingly lower F, concentrations as compared to the unmodified pulse
~transforms. Applicant has determined that the higher voltage operation improves
discharge stability, and permits higher repetition rates. As explained above, in this
embodiment two separate transfo_rmers are provided each of which are supplied by a
‘primary current from a common source as shown in FIG. 3B but each of the

' transformers are configured a shown in FIGS. 11A, B, C and D to provide a 36X step up
instead of the 24X as shown in FIG. 3B. ' '
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further llnﬁi nﬂvowth ut ut beam .in the UV range. However, when used as
. a post outh tapge Britsed af arpast owtpht Bler, disdcqmapasentcafitheed t o

‘handl e a @n@hnéydqa%deﬂgﬁéaxo aBHlcR i T LAG POBLE! T ed embodi ents of the

present invention util se power Byste igured to control the
timng of the discharge of the two | aser systens to. produce desired out put
pul se lIaser beans. These enbodi nent naﬁguuse of a fractional turn pul se

transforner design simlar to fra 136 B&rn pul se transformer described

in US P#goired\ombodiméA of @b prefent HRRBLSTRL B PEIRe b@@e{p@rsttehp&lﬂfgu}éae

pul se power circuits for the tmo | aser
o control the tlmmg of the dlschargc of the two laser systems to produce desired output

pulse laser beams. These embodiments make use of a fractional tumn pulse transformer
design similar to fractional tumn pulse transformer described in U.S. Patent No.
3,142,166. In these embediments the portion of the pulse power circuits for the two laser
systems are separate downstream of the pulse transformer system and portions of the

- pulse power circuits upstream of the pulse transformer system is common for both laser

systems,

_FIG. 3 .shows an electrical outline of the principal elements of a preferred pulse power
system. The portion of the system upstream of the pulse transformer system is very
similar to the circuit shown in FIG. 11 which is described in detail U.S. in U.S. Patent
No. 6,151,346 (hereby incorporated by reférence). A single bank of capacitofs define a

- charging Co capacitor bank 42. Electrical pulses are generated by the clo.sing of switch Si
46 which consists of two IGBT switches mounted in parallel Lo inductor 48. holds off
current flow through S, so it can close without any deterioration to charge up C,
capacitor bank 52. L, saturable inductor holds off substantial current flow through pulse
transformer system 56 until capacitoi' L, saturates at which time the primary turns of

fractional turn pulse transformer system 56 is pulsed with a short about 0.5 microsecond




systens are .separate downstream of the pulse transforner system and WE 2005
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The secondary of each transformer is a single OD stainless steel rod mounted within a
tight fitting insulating tube of Teflon® (PTFE). The transformer units are in four sections

as shown in FIG. 3A. The low voltage end of stainless steel secondary shown as 56D in
FIG. 3A is tied to the primary HV lead on printed circuit board 56B at 56E, the high
voltage terminal is shown at S56F. As a result, the transformer assumes an auto-

' transformer configuration and the step-up ratio becomes 1:24 instead of 1:23. Thus, an
approximately -1400 volt pulse between the + and - terminals of the induction units will
produce an approximately -35,000 volt pulse at terminal 56F on the Secondary side. A
1000 volt primary pulse produces a pulse on the secondary sides of both transformers of
* < about 24,000 V. This single turn secondary winding design provides very low leakage

inductance permitting extremely fast output rise time.

The general configuration of the pulse transformer system is shown in FIG. 3B. As

indicated in this figure, the primary high voltage pulse of about 1000V produced by the
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In preferred embodiments of this invention, the output coupler of the first laser is located
-about one foot downstream of the input window of the second laser. Therefore, for this
reason or for other reasons, it may be desirable to delay the discharge of the second laser
- as compared to the first laser. Since the electrical pulse travels through 2 good conductor
at a rate of about ins/20 cm, this can easily be accomplished by making a conductor
carrying the pulse of the second laser longer (for example, by 20 to 40 c¢cm) than é |
corresponding conductor for the first laser. '
Adjustable Delays
Another approach to control the timing of the discharge in one laser relative to the other
~ is to insert a saturable inductor in the circuit shown in FIG. 3 in one of the branches
downstream of transformer 56 such as at location 63 shown in FIG. 3C. This saturable
- inductor is fitted with an adjustable forward bias. The forward bias which is applied is
chosen so that the time to complete the forward saturation of the inductor is
- approximately equal to the desired delay time. The delay time is a function of the
number of turns in the saturable inductor, the cross-section of its magnetic core and

magnetic flux swing AB of the inductor. Since the required delay is very small the




-that pul se energy reflected fromthe el ectrodes can be recovered as
explained in detail in US Patent No. 5,6729,562. In preferred egﬁg |ne§%s
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time tg after the main compressed current pulse propagates to capacitors C4 and C4’. 14 can

be about 10 us. The secondary pulsed current serves to provide a saturation for inductor L.

By changing this current, a saturation point on BH curve of inductor L4 can be changed,

causing the delay to change as well. The corresponding inductor in the amplified circuit, Ly

is baised with a non-adjustable bias current Iy, Other embodiments of this technique are

~

also possible, such as providing two pulsed current sources for inductors Ly and Ly’.

Other Pulse Transformer Configurations
Many variations of the pulse transformers configuration shown in FIG. 3B are possible.
The preferred output voltage for the two laser systems may not be the same. If different
voltages are needed this can be easily accomplished by providing a smaller or larger number
of induction units for one of the transformers relative to the other one. Also, switches could
be included in one of the transformers to cut out some of the induction units to reduce the

discharge voltage output of that transformer relative to the other one.




with a fast drive such as a stepper notor or a piezoelectric drjver,, .Stjl.l
anot her way of providing an adjustable delay is shown in FIG 3 ﬁ'Utﬁhﬁ
techni qu d current source 86 is used to provide a ry pul se
current ?g?oﬁﬁgﬁgtor L. This current source 86 is trigge?éﬁ%ggﬁgaérigger
circuit 86, which also closes the swtches. As shown in FIG 3F current
pulse IS starts at about the sanme tinme s swtch S closes and lasts a tine
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C4'. td can be about” 10 us. The secondary pul sed current serves to provide
a sat ur at {ransfererito thlie ofrthe sccongyryoiolings atgeduted levelsr ent, a saturati on poi nt
on BH curve of inductor L4 can be changed, -causing the delay to change as
well. The corresponding inductor in the anplified circuit, L4 is baised
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wi dth of  phesgeesiftipafficia®d SoWnndove kil thekgelcky the center wavel ength and

band wi dth of the output beam Applicants have al so neasured precisely the
effects on center wavel ength and band w dth of |aser gas pressure, buffer

gas m X, ﬁ%pﬂ@:ﬁﬁé YeliV LRt the hAP qﬁsggaﬁhstﬁﬂg?s%;ea%ﬂhebe the more easily used

parameter to control centerline wavelength, but the other parameters could be used or a

combination of more than one parameter could be used.
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Although the present invention has been described in terms of specific embodiments, the
reader should understand that the scope of the invention is to be delimited by the

. appended claims and their legal equivalents.




- di scharge vol tage and pul se energy. Applicants then use these results to

control the center wavel ength by varying one or nore of the abové &5 i,
~paraneters. The degree of paraneter charge necessary to nmake the
centerline wavel ength is indicated by tdde pressure shift coefficients
shown above and in the figures. Applicants believe that the total |aser gas
pressure will be the nore easily used paraneter to control centerline
wavel engt h, but the other paraneter sSCEadMS be used or a conbination of

nor e thanv%gé Rm@rret er could be used. Although the present invention has
been descMibeb MM terms of speci fic enbodi nents, the reader should

under st ang t hahptife.$GORBAAT ndrfy bRNEDAT dAScHafzelfdiddadte bystéh edmyisinze
appended clainms and their |egal equivalents. "is 26 CLAIMS WVE CLAIM 4. An
i nj ecti on seedet) afirstoischange lapgs sulisgsthmrepmpnisinge | aser system conpri sing:

A) a first discharge Laser subsystem conprising: 1) f 4 | L oaagrber
containing a | aseﬁ?gaabe%iar?ar gha[n%{tFegtco @P‘n& ag?sgc Fa%é%lg a%%?lger%ioﬁgsge?; i fé{?
di scharge region in qingdy 2lfRatdischatieSeBmdasvith dleticadisgairgesnmddune a n
~said |aser gas for producing a first |aser beam havin 3 b%gdwihdt h, and 2)
a line narrow ng devgaie nfedium dénsaiddeser ig8s FUIofenine s ATSARPT PP NAVYRe?
beam to produce a nalér (aw.(%gnd &‘ irst |laser subsystem output beam B) a
second di scharge | as Fragh y%‘% em conprising: a second | aser chanber
contai ning a circgad iing daaeeNingdevieadorraremgihe dandeidtelofchidofles lakef i ni ng’
a second di scharge region in which electriﬁ i schar ges grod e a gain
medi um for anpl i fyi neasnioprofyuesa payrqyy band Hest asehs EP?%]E B@YhPeeNd ©) a
centerline wav P Hidihng the centerline
swavel engt h of %f%%%&ﬁn(eagdr]égho ge?ﬁ?eé‘%}lg gr‘g’ﬁgystlgjim1 %) a pul se power system
conprising: 1) a pul sgetordriatardmmbsy streanognprirsilatipg laser gas and a second
set of electrodes defining a second discharge region in which electric
discharges produce a gain medium for ‘amplifying sajd first laser
subsystem output beam; and
C) a centerline wavelength control means for controlling the centerline
wavelength of output beams of said laser system.
D) a pulse power system comprising:
1) apulse transformer system comprising:
a) a first pulse transformer comprising:
1) a first plurality of transformer cores defining a number of
cores N, each core having a primary winding,
ii) at least one first secondary conductor, passing through all of
said first plurality of cores,
b) a second pulse transformer comprising:
i) a second plurality of cores defining a number of cores M,
each core having a primary winding;
ii) at least one second secondary conductor, passing through all
of said second plurality of cores,
2) a high voltage pulse power source for producing high voltage electric
pulses of relatively long duration,
3) an upstream electrical pulse compression circuit for compressing said

high voltage electrical pulses to produce compressed high voltage




-a) a first pulse transfornmer conprising: i) a first plurality of

transformer cores defining a nunber of cores N, each core havingZ & pLicnmaidd
.winding, ii) at least one first secondary conductor, passing through all of
said first plurality of cores, b) a secdnd pul se transfornmer conprising: i)
a second plurality of cores defining a nunber of cores M each core having
a primary winding; ii) at |east one second secondary conductor, passing
through all of saidpylsesnti rglptivedy ishqrt durationesaid ppstecany efrcuiiodnpdyiog saids e

power source for producing hjah,voltage.el ectr .pul ses of relatively |ong
duration, 3) an upst r%%%regf%dc@gpg§4ta%e&fuéséesé%%?@%1si on circuit for
conpressing said high tyedii ggienel @Ghding af efih SRGid RrsPpREAIRE of aRdBERGd hi gh

voltage 2 3 AUG 2005 27 pul ses of relatively short duration, said upstream
circuit applying said ©#Rtdssed hi gh voltage pulses in parallel: a) to

said primary w ndi ng fe-n@ i d-fhrst gl | i of _trans R ores
and b) to said pri maP t(\)/\,1' %‘?d‘? %ﬁeg\g&&ég %ﬂ;ieg&gedcﬁ)%adgpf%ra g@i@% a(rl;rl?y of”
transforner cores, to pradfsemeresrys,hi gh voltage first pul ses at an out put

on said first secondary conductor _and to produce very high voltage. second
pul ses at an out put PoRIOSHFE VEBC S yekiagedrsy Russel At tasy outpyt gnf said first

downstream el ectric i i loyi i i I ge
pul ses to said fi rs?éescgftﬂo Cge)?&el%'ltiorro gstxtpgg%ur%ggggj%‘iggzzvﬁ}a{%é/ess&?ﬁ@ggil\égg El?i rst
di scharge regi on, anah étpat eesaddhsecdndwsbnéamcehdictori cal circuit for

appl i g sard secqud VeLy o Mgl Noltate Ul oGo el ¢ secont 1oL o bt on
voltage pulses to said first set of electrodes to create discharges in said
v first discharge region, and
5) a second downstream electrical circuit for applying said second very
high voltage pulses said second set of electrodes to pulse to create
discharges in said second discharge region,
wherein said first discharge laser subsystem output beam is amplified in said

second discharge region to produce an amplified laser beam at an output of said

second discharge laser subsystem.

5. A laser system as in Claim 4 wherein N is equal to M.

(,, 6. A laser system as in Claim 4 wherein N is not equal to M.
7. A laser system as in Claim 4 wherein N and M are each approximately equal to
23.

8. A laser system as in Claim 4 wherein said at least one first secondary conductor is a

single conductor and said at least one second secondary conductor is a single conductor.

9. is a plurality of coaxial conductors and said at least one secondary conductor is
a A laser system as in Claim 4 wherein said at least one first secondary conductor

plurality of coaxial conductors.




“wherein said first discharge | aser subsystem output beamis anplified in
said second discharge region to produce an anplified |aser bea ‘ o
. output of said second discharge |aser 2gubsystem 5. A laser syrs?ggm'&?é% "?HGG
Caim4 wherein Nis equal to M 6. A l%dser systemas in Caim4 wherein N
IS not equal to M 7. Alaser systemas in Claim4 wherein N and M are each
appr oxi ma I wherei n.sai d at
| east one | rs qg'gégosﬁ{%gﬁ%cgﬁgl@ E%SB fﬁlX{ﬁém ng %ELP%? élelia*?’d A dfgt
| east oneddsdnnonsef Gmdl aeyy kighdobthgy ﬁtss palsed g eerg dHighiebldge ReordSpwlses
plurality gté coaxi aI ﬂduct ors and said at | east one secondary conduct or
is aA I‘é( respotie ea&t ¢t Claim 4 wherein said at |east one first
secondary conductor plurality of coaxial conductors. 2 3 AUG 2005 28 10. A
| aser systemas in Claim4 and further conprising a pul se delay neans for
del ayi ng bhe oA lksdrdsyseeny ahiigiClaial @ @gehdreinsdaid plise detuydmeatsy cdrmphises alnt age
second pul.ses . with respect tqQ the other. 11. A laser systemas in Caim1l0
wherei n sAPEBHHOPOL 24QNIRFUBARY. conpri ses an el ongati on of a conduction
path. 12. A laser systemas in Caim10 wherein said delay means conprises
an adjustable bias on a saturable indicator. 13. A laser as in Caim4 and
further cbihpr i éiln@ray&tanms a Claiinnduehereirf said éeleg meabhcamprised jan stjplstable
forward b s in Caim4 and further conprising neans for

det ecti ng’ ]]af’ P’E&Pa"mﬁ’ eam(a Cla?clrer control feedback | oop.

13. Alaserasin Claim 4 and further comprising a saturable inductor filtered with an

adjustable forward bias.

14. A laser as in Claim 4 and further compriéing means for detecting jitter and a

jitter control feedback loop:




