P-0358.010 - 1 Radiation Source, Lithographic Apparatus, and Device

Manuf acturing Method. The present invention relates to a radiation source
conprising an anode and a cathode that are configured and arranged to
create a discharge in a substance in a space between said anode and cat hode
and to formp@ssgla®nma so as to generate el kectromagnetic 5 radiation. Further,
the invention relates to a |lithographic projection apparatus having such a
radi ati on source conprising: a radiation systemfor supplying a projection

beam of radiation; a supgort str ctur or s rtin atterning neans, the
patterning means servi nghegiation; O&rﬁe’?ﬂﬁ’oﬁf%ﬂqﬁgﬁpgﬁr%ggrﬁ"éﬁcor ding to a
desired pattern; 10 a substratp, @ﬁﬁh@aﬁlﬁﬁdﬂﬂhg'm&hﬂdsumtrate and a

proj ection systemfor projecting the patterned beamonto a target portion of
the substrate. The term "patterning neans" as here enpl oyed should be
broadly interpreted as referring to means that can be used to endow an

i ncom ng radiation béampre:sﬁntvimmtianpelateetmaadldiatbssomeccbmpl;isiog)an esqieratidng t o

a pattern that is to be created in a target portion of the substrate; the
term "I i ght cethode that ase copbigunsd apd @aarr&thtw@ate@rﬂl@b@rge@ﬁé\l%ﬁtwe in g fRACE 4 d
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The concept of mask 1s well known in lith ograp and 1t includeS nmask
types SUChrﬁBattﬂn%U;C,eCﬂhipellsmgtl ng phase-shift, and attenuat ed phase-shift,
as well as various hybrid mask types. Pl acerrent of such a mask in the

radi ati on beanpé&adiaten %’é‘egbqu§@P1Y1ﬂ&ﬁ§ﬁ@J§@IQ9rb¢€mrPftrF@a%e of a transnmissive

flect f ti th di at
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of a nmsk ‘Iﬂ%ﬁ%%ﬁtﬁﬁwﬁgﬁg’f‘m‘%b gg ?h% I.He a nask table, which

ensures t hat K can position in the incom ng
radi at {@n beam sabxtratdrableifor keldinga subﬂma an&l ative to the beamif so
desired; a progranmable mrror array. An exanple of such a device is a
mat ri x- addr essalpraectionrsysiem feepioirgtiag thespatiemegd theam oot 3 trgat agdionafdha
reflecti ves&usgrg%ce The basic principle

The term “patterning means” as here employed should be broadly
interpreted as referring to means that can be used to endow an incoming radiation beam

15  with a patterned cross-section, corresponding to a pattern that is to be created in a target
portion of the substrate; the term “light valve” can also be used in this context. Generally,
the said pattern will correspond to a particular functional layer in a device being created in

( - the target portion, such as an integrated circuit or other device (see below). Examples of
such patterning means include:

20 a mask. The concept of a mask is well known in lithography, and it includes mask
types such as binary, alternating phase-shift, and attenuated phase-shift, as well as various
hybrid mask types. Placement of such a mask in the radiation beam causes selective
transmission (in the case of a transmissive mask) or reflection (in the case of a reflective
mask) of the radiation impinging on the mask, according to the pattern on the mask. In the

25  case of a mask, the support structure will generally be a mask table, which ensures that the
mask can be held at a desired position in the incoming radiation beam, and that it can be
moved relative to the beam if so desired;

a programmable mirror array. An example of such a device is a matrix-addressable

surface having a viscoelastic control layer and a reflective surface. The basic principle



P- 0358. 010 -2- behind such an apparatus is that (for exanple) addressed
areas of the reflective surface reflect incident light as diffracted |ight,
wher eas unaddressed areas reflect incident light as wundiffracted |ight.
Using an appropriate filter, the said undiffracted |light can be filtered out
of the refpassgdibeam |eaving only the-diffracted |ight behind; in this
manner, the beam 5 becones patterned according to the addressing pattern of
the matri x-addressable surface. The required matrix addressi ng can be
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a programmabl @ m'rror array d support structure may odied as a

frame or 1@nhdiftRicted fght. ©singrmi spprogHiadfiey tHeaaid vtRifractedbighidm RYilteesiibuted;
and a programmable LCD array. An exanple of such a construction is given in
United St of the rdflectadtbea®, Baving o8lizhe diffra¢ted Bghtrbebindoimathisoméamges,i the bgam
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be seen in the broader context of the "~ patterning neans as hereabove set

forth. Litosgy2ae80 qddj® 65528193 pplich tresincaporatedisedin by ceferexeanih the dase éthe 20
manuf acture of integrated circuits (1Cs). In such a case, the patterning
nmeans nmy @Brasraammablg NAITOE afiray, theseid SppoTt sEugiwisdnaigbe embediedhas a/framealr | ayer

of the, |C d.this ttern ca | maged. onto _a.target portion (e.g.
corr%ar i ]sd ngt efO(SFxWBB% gﬁgg)mﬁn%eg?ﬁegb%E’?%ﬁag@(a\ﬁé?aéﬂ“)egt%ﬁ# has been coat ed
with a [ayer o oﬁ@,ﬁ,},hﬂ@L@qp'g"A [d i £84 idfi Alunigqsi nal e
wafer will con%}::\ﬁr a whol e ne?ﬂrvm}}r k%o%ﬁg%jéa%{esﬁ ?gdr)lg%ré%m%%ﬁsgggﬁé{ﬂ%%&gre
successi vebted Patent B8 52290872, svhichds proofpetitedhersindiyasferame. At above, the. | n

current apparatus, enploying patterning by a mask on a mask table, a
di sti nct i osipper sBuctheda this cossanay ioerabadied as framg petabls foreanmple, whithanay t ype

of i thogr&g&%&&:&é&&i{{(&&g@@@r atus, each target portion is irradiated by

exposing t h onto the target portion in one go; such an

appar afgis i's commonl gl Rese ek stil’i’igﬂéit}é‘ L& of $hiS BAE nay! & BRaf (bELIAL! Ve
pparatus 30 commonly referred t0O as a step-and-scan”apparatus - each
target por speoificaldy dir¢cadself ®cexaghples involving a mask and mask table; however, the general
principles discussed in such instances should be seen in the broader context of the
patterning means as hereabove set forth.
Lithographic projection apparatus can be used, for example, in the
( 20  manufacture of integrated circuits (ICs). In such a case, the patterning means may generate
a circuit pattern corresponding to an individual layer of the IC, and this pattern can be
imaged onto a target portion (e.g. comprising one or more dies) on a substrate (wafer) that
has been coated with a layer of radiation-sensitive material (resist). In general, a single
wafer will contain a whole network of adjacent target portions that are successively
25  irradiated via the projection system, one at a time. In current apparatus, employing
patterning by a mask on a mask table, a distinction can be made between two different
types of machine. In one type of lithographic projection apparatus, each target portion is
irradiated by exposing the entire mask pattern onto the target portion in one go; such an
apparatus is commonly referred to as a wafer stepper. In an alternative apparatus —

30 commonly referred to as a step-and-scan apparatus — each target portion is irradiated by

progressively scanning the mask pattern under the projection beam in a given reference



progressively scanning the nmask pattern under the projection beamin a given
reference P-0358.010 -3- direction (the "scanning" direction) while
synchronously scanning the substrate table parallel or anti-parallel to

this direction; since, in general, the projection systemw || have a
magni f i cat P@3s8.etoor M (generally < 1), -Bhe speed V at which the substrate
table is scanned wll be a factor Mtines that at which the nmask table is

scanned. More information with 5 regard to |ithographic devices as here

descri bed can be gl eaned, fqr exa from US 6,046, 792, .incorpgorated
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materi al (meghifitdtionFiattor M (ehérially kg ghegpeetiapat whieh giehsabstadte tabkyis seah@ego 10
various procedures, such as prim E:g resist coating and a soft bake. After
exp?sur e, wﬂbbeba;fkagm(rlgl‘étt;enmgatmélw@ jtb%:tr@ﬁk thabled§ E@Engi-d‘g@@unmagmwﬁhs a
post - exposur e bake , evel opnent, a har ake a

measur énen‘tegﬁrﬁéﬂél&m%@%&f d‘i"l’m%’*siaﬁrg 8616?"6%9%%&" Rﬁf‘%edafqrﬁa‘&?k’ fPBcedures is

used as anﬁgﬁ(%g?é@lﬁ%%ﬁ{??a@@h%}%ib 'rgfé?éncg.ayer of a device, e.g. an IC. Such

a patter en undergo vari ous processes such as etching,
ion-inplantation 15 fdpRhiehetufiBg plokcéstakingmy litREgramiit ProjetdaEpparaRR 2N cal
polishing, etc., all intended to finish off an individual |layer. |If several
| ayers ar epateerjufergedn ankask) is imagddodnto psolsadtertbat iont laast partatly covdred byh layer | |
have to be repeated for each new | ayer. Eventually, an_array of devices wll
be presendf radiatior-senspiiematarial(gsist)) Priqrfedhis amoging stepy Be splsirateapay Brdsagd r om

ong another by a technigue such.as dicing or saw e the individual
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i nformati ogpieganiyie sibRBieRtO6MESHBcERied SuchoR R pkae Hake fromthe
book "M crochip ;Iég%’ri catjléor?: A Pr a@t%iccal S(Euicde tai;i Se% cor?duct g?il?)’,

Pr ocessi ngdevelbpimedt, diatd bake dng nRes@emeatinggaction bE tBedmagid feafdudsl Thisiangy of0. ,

1997, |1SBN 0-07-067250-4, incorporated herein by reference. For the sake of

si npl i ci t yprogadrgsrispeadasdrbasipde patarayn ik widnglfleyar oba dedreeredn 1955y aas t he

"l ens"; however,.this termshould be broadly interpreted.as. enc assing
vari ous  CyEgelrayly BBt wnur hRR G vt tha BBt et T 02t ve
opti cs5 andopdk At izAtfon, SXRIBENE chdRb-nfAMAER poliffing, A, alil RenA¥S LEMMBRY
al so include conponents operating according to any of these design types
for directoffign iglivdguaidayer. I€ sevierad ldyerscare teguped)jthert the whdbepiocadure, adiaatatiam, and
such conponents may al so be referred to below_ collectively or )
thereof, will have to be repeated for each new layer. Eventually, an array of devices will be
present on the substrate (wafer). These devices are then separated from one another by a
technique such as dicing or sawing, whence the individual devices can be mounted on a
( 20  carrier, connected to pins, etc. Further information regarding such processes can be
obtained, for example, from the book "Microchip Fabrication: A Practical Guide to
Semiconductor Processing", Third Edition, by Peter van Zant, McGraw Hill Publishing
Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference.
For the sake of simplicity, the projection system may hereinafter be referred
25  to as the "lens"; however, this term should be broadly interpreted as encompassing various
types of projection system, including refractive optics, reflective optics, and catadioptric
systems, for example. The radiation system may also include components operating
according to any of these design types for directing, shaping or controlling the projection
beam of radiation, and such components may also be referred to below, collectively or

30 singularly, as a “lens”. Further, the lithographic apparatus may be of a type having two or

more substrate tables (and/or two or more mask tables). In such “multiple stage” devices



30 singularly, as a "lens". Further, the |ithographic apparatus may be of a
type having two or nore substrate tables (and/or two or nore nmask tables).
In such "multiple stage"” devices P-0358.010 -4 the additional tables may be
used in parallel, or preparatory steps nmay be carried out on one or nore

t abl es whPl@85810@0or nore ot her tables arde being used for exposures. Twi n
stage |ithographic apparatus are described, for exanple, in US 5,969, 441
and WO 98/40791, incorporated herein by reference. 5 In a |lithographic
apparatus th ize of. features that be | ed on S tr i

it ed piPegtiggbRbies e Send MtasfiRT P BreeBaRS Rk Frad pe SHBRYIR Bl at oo
circuits w L dBle@filedRE S brObtheeibRE fre R REAGS dRpSUREs, TNEH Sabd1d
speeds, it Is desirable to be able to image smaller features. WiTlst nost

current | litHesphRhippapng) £€ Hésoribed) o exaniple, B GYI69, 4412and OV X 98/ 4oL ,
generated by nercury | anps or exciner lasers, it has been 10 proposed to use
shorter wincetponagedherathi byt tefatense. ar ound 13 nm Such radiation is terned

extre ultraviolet, al.go referred to as .XUV. or EUV, radjation. The
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5to 20 nm i.e. part of the XUV range. A radration source for XUV radiation
may be a ti scitde geinpigasmallersfdatateasoWhidw orosequrient lithographiciiragotion appgeates at ed

by a discharge in a substance (for instance, a gas or vapor) between an
anode ande@ploytEREOlshlght genginted by margy laRRFT EXGiReT dasstshHge beitasma. may be

creat by Ohm.c heatin I current, [fl ow t hroough.t he plasna.
20" Ful] hebrorg e S8 MRy Pl Bondll iiHor it S¥on G i BarBl 5y
current fLaviniOulralioR{4Isd REerRIdas AR XTAY oPBUNVS 84lidtons TR hlbrayidish XUV
tenperature, high density plasna on a discharge axis (pinch effect). Stored
el ect ri cagerenadlyggferstodhe eavtlgngth aange érane skvieral tdnehspdfasmeo severmpenadbfir e and
hence to short-wavel ength radi ation. A pinch may allow for a plasma having

a consi deRanoMeters.gosbinpg e Wit x-eayAnd reHUMYY sengepwhereachg tgrm BV is
B T R R A R
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generated by the el Actadiatah seurce fntX10V radiatiah menbe gdisdharge plasine radiagoressi on.
source, in which a plasma is generated by a discharge in a substance (for instance, a gas or
vapor) between an anode and a cathode and in which a high temperature discharge plasma
may be created by Ohmic heating by a (pulsed) current flowing through the plasma.
(20  Further, compression of a plasma due to a magnetic field generated by a current flowing
| through the plasma may be used to create a high temperature, high density plasma on a
discharge axis (pinch effect). Stored electrical energy is directly transferred to the plasma
temperature and hence to short-wavelength radiation. A pinch may allow for a plasma
having a considerably higher temperature and density on the discharge axis, offering an
25  extremely large conversion efficiency of stored electrical energy into thermal plasma
energy and thus into XUV radiation. The geometry of devices, such as plasma focus, Z-
pinch, hollow-cathode and capillary discharge sources, may vary, but in each of these types
a magnetic field generated by the electrical current of the discharge drives the compression.
Figures 5A to SE are included to provide background information about the

30  construction and operation of such a discharge plasma radiation source. Figures 5A to 5SE

show schematically a discharge plasma radiation source according to Prior Art comprising



Figures 5A to 5E are included to provide background information about the
30 construction and operation of such a discharge plasma radi ati on source.
Figures 5A to 5E show schematically a di scharge plasna radiation source
according to Prior Art conprising P-0358.010 -5 a single discharge el enent
540 of thePD3pBAEA hol | ow cat hode type. -Phe di scharge el enent 540 has
cylindrical symetry and conpri ses an anode 520 and a cat hode 510 connected
by an electrically insulating cylindrical wall 525. An aperture 530 is

provided in_th 5 ty ' ] [ (o} tic
radi ati on ?Plgﬁfe t Sg:%glleggc %egrrl%ng Ige gﬁeﬂﬁti Q{Eﬁeﬁgﬁoﬁﬁggﬁé?{%gb%ﬁﬁ Oé@g&ﬁ
provi ded WsidhAbyARdktasyRRREY Uhe chpriss QHRfodd B200RAta cathod¥ 530 Bonnedfid Bys
further provided™with a Yarge cavity 512 behind the aperture 511. The cavity
512 al so hasleanicatynmsalaticgoflinguicaltwahSZ. dmregpextenet5S38lis provleB,in drecanple Sl | s
of the cavity are a part of _the cathode 510, A discharge power supply (not
shown) is enAscerttadaxisd faPasyngielespamagngtic @étaﬁ@aérosmetdbscpamielf@%gd

| sed I . de- cat hod i nsi d he 1 i sch
Bl emeneS S48h¢ pellen Erhode i B aTEENER guiiR ording el Afurdsfe SR B ye
terial o] t 1.2 d
cat hodo.  EAT it pho FIAY SN Fiay ERI 12 tRhATHE SRt T PSR s
indium A Rissehanglr eufiduaitionireel cntrhlois Bj dnidahe paRSsUhe chity<ar® aPpah @i )

and high voltage (V < 10 kV) conditions, for which the electron nean free
path is | athgesathede dhpak dischasge pewe supplyi(aet sbownhis cangteddatthoawdgdp0 asd t hat

Townsend ionjzatjon is .ineffective. Thqse conditions are characterized by a
ar e el ectithads 1B powds B g oiied SPUaESY Spsparcdhesidiods BRiTGe RPN Thi s
st age OW§: e e i i L i i

otent [ Gisp Lo oMol PG ARHIeRAL BhbarRk. i) bRTuckEy TR AR, |
initially sgmy@beshowh)ey e bétaih E/ﬁeisaﬁe bhRtwedf thoddoawasdtitasge. Fkamphalof
operates at consi derabl e | ower N, resulting in a smaller nean free path

for the el sutablersgbstihees areorenon, lithm,ttinandobhdiomy. cat hode 510, and derived from

the gas or vapor within the cavity 512, are injected into the angde-cathode
gap, a virtual anode bei r‘ﬂfﬁé“r}@& ayiake Plrg i LAY 1nisial pressuss (P wiochom) andyal

anose b PR S DS IR0 ol MRS QOB ETIERSAD,
figure $B Eymperey@thy dih&isidnufitRe asiididatioad piplso ki gowhkendlibizaliGeisri ¢ fiel d
inside the hollow cavity 512 of the cathode 510 is now significantly
enhanced. ineffedtven€haseghaditions ire chanatterrédby Tlarge aletrical ifiektistrepgthoovar gagi d
or vapor density ratio, E/N. This stage shows rather equally spaced equipotential lines EP
having a fixed potential difference, as is depicted in figure 5A.
The ionization growth is initially dominated by events inside the
( 20  hollow cathode 510 that operates at considerable lower E/N, resulting in a smaller mean
free path for the electrons. Electrons e from the hollow cathode 510, and derived from the
gas or vapor within the cavity 512, are injected into the anode-cathode gap, a virtual anode
being created with ongoing ionization, which virtual anode propagates from the anode 520
towards the hollow cathode 510, bringing the full anode potential close to the cathode, as is
25 shown in figure 5B by unevenly distributed equipotential lines EP. The electric field inside
the hollow cavity 512 of the cathode 510 is now significantly enhanced.
In the next phase, the ionization continues, leading to a rapid
development of a high density plasma region inside the hollow cathode 510, immediately
behind the cathode aperture 511. Finally, injection of an intense beam of electrons e from

30 this region into the anode-cathode gap, also shown in figure 5B, forms the final breakdown

channel. The configuration provides for a uniform pre-ionization and breakdown in the



devel opment of a high density plasma region inside the holl ow cat hode 510,

i medi ately behind the cathode aperture 511. Finally, injection of an

i ntense beam of electrons e from30 this region into the anode-cat hode gap,
al so shown in figure 513, fornms the final breakdown channel. The

confi gur ag’;_agsé)éﬂyi des for a uniformpregionization and breakdown in the
P-0358. 010 -6~ 'di scharge volune. Figure 5C shows that a di scharge has been
initiated and a low tenperature plasma 535 of the gas or vapor has been
created in the anode-cathode gap. An electrical current will be flow ng
wi t hi n t hadigdhasgeevoluroen cat hode 510 to anode 520, which 5 current will induce
an azi nut hal magnetic field, having nmagnetic field strength H_ wthin the
di scharge el enent 540. ThEigsss Yushers thelqdischarge;has feeninitiated ad plodsna 535 to

detach fromthe cylindrd,cal wall 525 and to _conpres as is gschematigcally
depi ot ed 1'RPPATFERERaSIR B ke o el o b AR dhs ARk oo RRAR R e s
further — Qaghlduirthvifliedowing Qb AHE pldlfalidi Eath6d0S 1 BnBal 520 hilich
magnetic field 1s nuch |arger %0 t han lphe thermal plasma pressure: H2/8n >>
nkT, i whiuelennwilkipdesest siphhammagticifield; hdeing niagnetic fibld sBohgth iy withdonst ant
and T the absolute tenperature of the plasma. Electrical energy stored in a
capaci t or thadiscligrge element $49. dhe atimughal pgesticsiigld cyusesieqhiasma Fibttosletagh)

connected to the anqde 52 d cathode 510 wil| npst efficiently be
Comvert od e gcspgycalgral S5 Aeda EPapien P SHOBRMANY HETUN TR S of 1 he

pl asma conpression. A ho . i I.cL ] pi nch)

550 with a high spati al Q?g%ﬁ%ﬂé?/ rsesgg?réérglgiq%ﬁ%ﬁgfﬁa%gﬁg%gagge of plasma
conpr essi QRpicteddin fiPudSHB, Bdcagkeahd presufe of the agigitithalmagdkticifisianaffieh 1agds B,

t he kinetic energy of the plasma I S fully converted into thermal energy of
t he pll@is mehamthefthemaal plasma pressuret HE8myn ek T cinreldtianirepre &86 flasmagartcleer y

| arge contribution jin the XU and ranges (as depicted in figure 5E). 20
It P gendleapify, kibe Reliraariernstat argt%{m?@@golme(tmﬁwé&éﬁeﬁ% pé%S@agﬁkeﬁtﬂca d

before EUV d { Qn ' c ' [ e
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sources typically display a conversion 25 efficiency (ratio of power-out at

required vadvhd kingtichimpdoporvdurngithe ¢l eperod thenplaghy c@npi¥tsion. efs hbmbgaedbwsly he

majority of the input power bei n% converted into heat; .
15" filled constriction (plasma pinch) 350 with a high spatial stability is created.

At the final stage of plasma compression, i.e. plasma stagnation on
the central, or discharge, axis B, the kinetic energy of the plasma is fully converted into
thermal energy of the plasma and finally into electromagnetic radiation 560 having a very
large contribution in the XUV and EUYV ranges (as depicted in figure SE).

( 20 It is generally acknowledged that a number of improvements are
[ required before EUV production by gas discharge plasma can be considered suitable
(production-worthy) for large scale production of devices, for instance integrated circuits.
These include:
higher conversion efficiency. Current sources typically display a conversion
25 efficiency (ratio of power-out at required wavelength to power-in) of approximately 0.5%,
resulting in the majority of the input power being converted into heat;
efficient heat removal (cooling). Two components may be distinguished — peak heat
load from plasma jets during discharge and average heat load due to repeated discharge.
The area over which the heat can be spread is typically limited, and heat removal becomes
30 critical as power levels and repetition rates are increased to achieve a production-worthy

source. Overheating of one or more electrode surfaces may occur, affecting pinch size and



efficient heat renoval (cooling). Two conponents may be distinguished - peak
heat |oad from plasma jets during di scharge and average heat | oad due to
repeat ed di scharge. The area over which the heat can be spread is typically
limted, and heat renoval beconmes 30 critical as power |evels and repetition
rates are ﬂaéﬁﬁlﬁfd to achieve a producti,on-worthy source. Overheating of
one or nore ode surfaces may occur, affecting pinch size and
P-0358.010 -7- position if the geonetry of the el ectrodes changes
(deformation); and stable pulse timng and energy. For use with a projection
| i t hogr aphposiliowiif the gebmetrg ofithee]lsiodéschangadeforamatiomlyl amdout put  duri ng
projection. This can be negatively influenced by, for instance, variations
in EW pul se tstahlepulss timirg 3nd epgrgyaFpioss With ppregdstipn thogmphydavise.dhee, and

s RS AS Bl b e eFoh 5,y B PR AL O

repetitio i t.h 11 vgs{] ol LS L: t he
i nventi onr‘p}c’)%prﬁgsﬂ}%%d’lg’ g&%aél&hiﬁ% OE{egﬁgmeéﬂ,gaha%ﬁg%gﬁcﬁ 1'?1 ??ﬁan(g and
vel | - def i neg enevayatidhs EPEVEBSE dietges (shots) of XUV radiation. 10 It is
yet another object of the invention to provide an inproved radi ati on source

t hat provi des an enHaiscadbyerhebiheiinvensbh it@pronsle aghdietien sourceathaepreviglgs i nt o
radiation. |n one aspect there is provided a radiation source conprising an
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said cathode to forma plasm C

radi ati on,yMNEEMidd tiRing ahd Well dePihed CHEER of SRR ESul s RN dF U Phadisticie har ge
el ements. The substance, for instance, a gas or vapor, nmay conprise xenon,

indi urtd 1ithium tinrt Bryeamotindrlodjecs of thalimvention &rpralide ko improved eadistivin
di ssi pation, each discharge elenment may be only used for short intervals,
af ter whi deuisgdhasprovidesqnsahancgd senygrsjan efficiangy of elsctzisplemergy intpgadiatiamot her

athode that are conteytrumeLRie pRRGEH Y BOAOTRE AluRaRge fipcdand

subst ance dufhoRe i ARNBAARURBARE atSAYRID cRAlcch ANMRARAR B andrR 1OF M

a plasma so as to generale electromagnetic radiation, whereln-sal

radi ati on isasobgameipaispas etwaenggel dnode ded/said cdthode toforim aplasmasaiad to

di scharge by irradiating a surface proxinate said di scharge space with an 25

ener gdfi c gsBenaie clertomagpetiqradiation, Bhereingald radintiomiquacd mpsiseda plusplitief

suitable . . :
discharge elements. The substance, for instance, a gas or vapor, may comprise xenon,
indium, lithium, tin or any other suitable material. To improve heat dissipation, each
discharge element may be only used for short intervals, after which one of the other
discharge elements is selected.

( 20 In another aspect, there is provided a radiation source comprising an anode
and a cathode that are configured and arranged to create a discharge in a substance in a
discharge space between said anode and said cathode to form a plasma so as to generate
electromagnetic radiation, wherein said radiation source comprises a triggering device for
initiating said discharge by irradiating a surface proximate said discharge space with an

25  energetic beam. This precipitates plasma pinch formation by one or more suitable
mechanisms such as disturbing the electrical field inside the cavity, changing the
conductivity of a material between the electrodes, supplying material by ablation and/or
creating photoionization. Irradiating a surface, for instance, on the cathode improves the
timing of the plasma pinch formation and thus the timing of the XUV pulse.

30 In yet another aspect, there is provided a radiation source constructed to

have a low inductance, and comprising an anode and a cathode that are configured and



mechani snms such as disturbing the electrical field inside the cavity,
changing the conductivity of a material between the el ectrodes, supplying
mat erial by ablation and/or creating photoionization. Irradiating a
surface, for instance, on the cathode inproves the timng of the plasma

pi nch fornggﬂpoﬂpd thus the timng of the XUV pulse. 30 In yet another
aspect, there 1's provided a radiation source constructed to have a | ow

i nduct ance, and conprising an anode and a cat hode that are configured and
P-0358.010 -8 arranged to create a discharge in a substance in a discharge
space bet vemngshiotreatoddisahatge na shbstantroiien dischargerspacegictsenm sl awde end
generate electronagnetic radi ati on, mhereiq said nethod conprises %Fnerally

an i ni ti alsai caghpsde de 19181 2 BlAgHa B9 adi9agereralss lectiomagagicdpf iBHoR ovhesen S8 as t o

al | ow successi ye dischar cCeur,. tant i-al |y J-regul ated 5
oscil 1 ati dnegpd Frfib S 3B & Bif gef?@% et bRy Beelk ot %g‘_i‘é‘ﬁ‘é{‘ i
super i Mposiytas @hadw sideklsiv Gs@af®o Béd&i;ﬁ@étooi@u%sﬁntﬁ)ﬁryrgéﬂer,@gulgﬂeac harge al | ow
the inductive energy to be divided over nultiple plasna pihches, inproving
t he cogvergtidlatied Hvithiresadd disdeegy wurgg. The smillidintesioas patthe tshpsrimpesitioroofi ded a
| i thographic projection apparatus conprising: 10 a radiation systemfor
provi di ng raulpiplsj Masmapingkesonts a peraianentshischarge adpw the indpetivepnergyde bsupporti ng
patterning.neans, the .patterning . means serving to .pattern the projection
beam accor%&ﬁ@?@rylﬁgg\%rpaﬁnﬁaﬁl ey, mpravipg the BV?‘%{BP 8¥fm‘e°c5‘°rncpiol ding a
substrate; and a proj \: Ny i i ﬂR@& f . onto a
target portion of t hlié&ggﬁggﬁﬁ%t rag}eéﬁ\%ﬂgpﬁi?@g?ge@ ggll a |%ﬁ“£€%ﬂée%§18{?ormri ses
a radi ati cppsatiseempsismgscri bed above. According to a further aspect of the
i nvention tﬁere is provided a device manufacturing nmethod conprising the

st eéps 16f: pr o\a diliatjom systee forgrevidingta prejeation beest ofyadietian;l y covered by a

| ayer of radiation-sensitive 20 naterial; provi dt'bns argr oj ection pbeam of
radi ati on usi fg RPPASFURNSHOLSHPPErINg PAHETIE HENS 5 Patering MgAns ez iPng

A LT T LR A R e e
| ayer of a substrate table for holding a substrate; and
a projection system for projecting the patterned beam onto a target portion of the
15  substrate,
wherein said radiation system comprises a radiation source as described above.
According to a further aspect of the invention there is provided a device
manufacturing method comprising the steps of:
providing a substrate that is at least partially covered by a layer of radiation-sensitive
( 20 material,;
providing a projection beam of radiation using a radiation system as described above;
using patterning means to endow the projection beam with a pattern in its cross-
section;
projecting the patterned beam of radiation onto a target portion of the layer of
25 radiation-sensitive material.

Although specific reference may be made in this text to the use of the
apparatus according to the invention in the manufacture of ICs, it should be explicitly
understood that such an apparatus has many other possible applications. For example, it
may be employed in the manufacture of integrated optical systems, guidance and detection

30 patterns for magnetic domain memories, liquid-crystal display panels, thin-film magnetic

heads, etc. The skilled artisan will appreciate that, in the context of such alternative



25 radi ation-sensitive material. Al though specific reference may be nmade in
this text to the use of the apparatus according to the invention in the
manuf acture of 1Cs, it should be explicitly wunderstood that such an
apparatus has many ot her possible applications. For exanple, it my be
enpl oyed iposdeommmnuf acture of integrated-optical systens, guidance and
detection 30 patterns for nmagnetic domain nenories, |iquid-crystal display
panels, thin-filmnagnetic heads, etc. The skilled artisan will appreciate

t hat n the context of halt na Wi P- Q35 - a ons, an
uoe of 1 nPplFRgS i ies 6 HeGEieGrotel Ry o gl rubias R BbRs po '
cons! der eq asibel agb&sg egagfc%dt%y chd ok AFRERE b B RS ang '-wg Gtrate

and "targe on518% |on resent tocunen er s
"radiation, ?re used to 5 enconpass all types of eI ectronmagneti c
radi ation, i1ncl ud| ng ulfraviolet (UV) radiation (e.g. wth a wavel ength of
365, 248, 193, 157 dnthfresemy demdncmxttheteﬂnmlltad'mtioh’bhr&t“t(eEnﬁMe mszditati on
(e.g. having a wavelength in the range 5-20 nm i ment s of

i nvent don wompm\nlltsma&ékm@@agwcmatw &@B’rﬁiﬁllgelﬂtféwpyﬁt (Vo ﬁaql@f(@r(éfgee to

Symbal o 1 R APESERSRGhafaiHE L a a7 ob kb W) ik e Dl aeg B < 5"

i thogr aphi,§iaRéPie f‘g?thhﬁﬂ aRPA% gﬁlﬁ%@fahgemo% adiation source aC.CO.fd' ng
to the invention; |gur§s 2A and 2C depi ct aralatlon source conprising a

plurality of di scharmﬁbocﬁﬂnemts@f&leaﬁcmrdnrvgnmwtﬂwdsamt bpway dbbetdngplee 3
depi cts anot her enbodi nent of a radi ation source according to the invention;
figures 4A>nﬂ3o “4@ rgfepense t@theaaﬁp@npmwwhe@amrpwmsw whithserrespondjger i ng

uni ccor to t vent| on; ures 5A to SE depict a discharge of the
hol | o¥c at™AisERE ?§/3BBb°j %‘%W@P%&ijé’g g BArts: gpsipigl. 20 f | gures 6A to 6E

anot her type. QE'H aHAVGa WRGEAIN. PR oD P ORI 4 R e
neasur ed cleadrapig@s kisdineentioh; t he di scharge el ement enploying auto-triggering
according to the invention;
figures 2A and 2C deplct a radiation source comprising a plurality of discharge
elements according to the invention;
15 figure 3 depicts another embodiment of a radiation source according to the invention;
figures 4A to 4B depict a radiation source comprising a laser triggering unit
according to the invention;
figures SA to SE depict a discharge of the hollow-cathode type at various stages of
discharge;
( 20 figures 6A to 6E depict a discharge element according to the invention at various
stages of another type of discharge according to the invention;
figure 7 depicts the measured characteristics of the discharge element employing
auto-triggering according to the invention;
figures 8A to 8D depict a discharge element according to the invention at various
25  stages of yet another type of discharge according to the invention;
figures 9A to 9E depict different ramifications for discharge triggering according to
the invention according to the invention;
figure 10 depicts a target structure for discharge triggering comprising a wicking
structure according to the invention;

30 figures 11A to 11C depict possible cross-sections through a wicking structure

according to the invention;



figures 8A to 8D depict a discharge el enent according to the invention at
various 25 stages of yet another type of discharge according to the
invention; figures 9A to 9E depict different ramfications for discharge
triggering according to the invention according to the invention; figure 10
depicts a target structure for di scharg(_a1 riggering conprising a w cking
structure according to the invention; 30 figures 11Ato | |IC depict possible
cross-sections through a wicking structure according to the invention; -10-
figures 12A to 12C depict cross-sections through a w cking structure at

vari ous st agesfigfirefilgahar Q€ depicggessi-ngtianciraishg wiokingstricvendtivanous i gure 13
depicts a target structure for discharge triggering conprising a w cking
structure stegordfidisghexgettiggering aptdrding tg thejigyendion4 shows a possi bl e
cross-sections through a w cking structure according to the invention;

T qure. 15 deps BESred arpgat » Gred Srurmareriy AoiREdir Guithe Gauing LY ng a
w cking structur r.ding e invention; figure 16 depicts a radiation
source co@W°§F§§§%&§ﬁ‘§rt§|“%?‘§’{’%}&° i scharge el enents 10 passing through a

l'i quid qccordi pguﬁeq_z]tam%wsa- BlibReRrosdRectidng WirBn gt AwhckidederdRipt Gcotliihf g ent
ram fications t10or discharge triggering according to the invention. The

skil | ed arthesavension| appreciate that the elenents in the figures are
illustrated for sinplicity and clarity and have not necessarily been drawn
to scale. For figuiensxdapicss a tamget girpethes fondisehargeomgering eoampsistigehvicking t he

figures may be exaggerated relative to other elenents to help inprove the
understandgw%waﬁg‘%%WB%Gr@m@O& the present invention. Enbodinents 20
Figure 1 schenmgijcal ‘f‘c‘?@&%d?a Iy aTo! Lo BHRirs6d P R RRR: ccording
to a particul g?&{el{r\?gloddclyeﬁent 0 ttﬁ’gsi nven%’?lgﬁ.klﬁ‘rhgmég%groaths C I’I’gl%{lﬁ?g%l a

radi at i@n sysigthiohghllliquidiccsrdipg 1 the itvepti®y;agdi on beam PB of radi ati on,

for instance, EUV having a wavel ength in the range 5-20 rim In this
particul ar caséiguehidA to Ig7E depict different ramifications for discharge triggeting according to
the invention.
The skilled artisan will appreciate that the elements in the figures are
illustrated for simplicity and clarity and have not necessarily been drawn to scale, For
13 instance, the dimensions of some of the elements in the figures may be exaggerated relative

to other elements to help improve the understanding of the embodiments of the present

invention.

Embodiments
(20 Figure 1 Sc11en1atica11y depicts a lithographic projection apparatus according
to a particular embodiment of the invention. The apparatus comprise-s:

a radiation system LA, IL, for supplying a projection beam PB of radiation, for
instance, EUV having a wavelength in the range 5-20 nm. In this particular case, the
radiation system also comprises a radiation source LA;

25 a first object table (mask table) MT provided with a mask holder for holding a mask
MA (e.g. a reticle), and connected to first positioning means PM for accurately positioning
the mask with respect to item PL;

a second object table (substrate table) WT provided with a substrate holder for
holding a substrate W (e.g. a resist-coated silicon wafer), and connected to second

30  positioning means PW for accurately positioning the substrate with respect to item PL;

a projection system (“lens”) PL for imaging an irradiated portion of the mask MA



radi ati on system al so conprises a radiation source LA; 25 a first object
table (mask table) MI provided with a nmask holder for holding a mask MA
(e.g. areticle), and connected to first positioning neans PM for accurately
positioning the mask with respect to itemPL; a second object table
(substrat eP0ap8.6)0 W provided with a subktrate holder for holding a
substrate W(e.g. a resist-coated silicon wafer), and connected to second 30
positioning neans PWfor accurately positioning the substrate with respect
toitemPL;  a projection system (= lens") PL for.i i k7 radi at ed
portion ofdr{t?lét#ﬁ% IPOWIb&(Sﬁ%BC.O&W{S}ng.LOPC %r{?cgeéi?etsg?gtg? S‘bn%F |eowr’C (e.qg.

conpri sing one or noxehdasickl, the ?Pﬁéé‘aﬁﬁ'isa&fea ¥lede If'ﬁ'ee(i.g.qn%ig %r@ﬂectﬁlge

apparatus is of a reflective type as a reflective However, in
general , ithas®yHeke&@rpia geheral, itrmaansatseise viea frympenissiver type doqdxamplé (Witlaa

transm ssive mask). Alternatively, the apparatus may enpl oy anot her kind of
pat t er ni ngrarSmassivesnaskhohlteamaty ehy; tiprapparablsanay eroploy apeiherddindiof pasierning
referred to above, Referrin o figure 1, .the |as r-%odgced or di scharge

pl asmar adpﬁftqsoWChé‘BﬁPE%gTErﬂ\g‘f’blﬁirﬁ $IRY BHR BES aéreg%% 8PP ation as a

trai f I t hat . : ' | | .
I r? Ih(r)]g?apE:Jcsgfoj e?tli{%{ﬁﬁg] )ég(fl ?%g’%%]dlflsséﬁg}égdnqclggO?glg&%}réegﬁlgﬁﬂa H& l?r%nnat I on

system (i ldoufen & gipicallly pr&iucbes bekini €tabitation adh tain drpuised tHak anai@donized
conditioning 10 neans, for instance a spectral filter. The illum nator IL

may conpriwith tetjapstatiog ofrderighégyaphis prajéatigntapparaus eFhisbehnois fied meo anadi al
extent (commonly referred to as a-outer and a-inner, . respectively) of the
i nt ensi ty HPERatiep syBemi(HlunyrateR 4k etthgr digethy; s aftey havipg qravgéwércamhilon@snpr i se

var(i o ot her c onen . | [ r_an ondenser. In this
vay, tRe gk BEURAECH SoRS a0, el VR ALY n?0teRp iR R Bl mel kot
intensity (ditflpthOBhitePahd/ét indd? rhdifl &t Scodibhgefetrbd B RAG-BuRe afPbSHndM t h
regard to Figure 1 that the source LA nay be within the housing of the

| i t hogr aphespeptigilpadfitbaninggnsiy distrshutiontin thedteaint Imadditadrs @ vidl geeematle from t he
| i t hographic projection apparatus, the radjation beam which it produces

bei ng | ed SOMRBISE NarousEher LomPonsnts stietbasAngingeraten and condenser dn this wapbat s,

encompase aryF hipnedd APl S g el SRl R EARR O bR 0 e

mask NK, vhiGhsisscdigl.d on a mask table MI. Having been sel ectively
reflected by the mask MA, the beam PB passes
It should be noted with regard to Figure 1 that the source LA may be within

the housing of the lithographic projection apparatus, but that it may also be remote from the

lithographic projection apparatus, the radiation beam which it produces being led into the

apparatus with the aid of suitable optical components, for instance, directing mirrors. The
(20  current invention and claims encompass both of these scenarios.

The beam PB subsequently intercepts the mask MA, which is held on a
mask table MT. Having been selectively reflected by the mask MA, the beam PB passes
through the lens PL, which focuses the beam PB onto a target portion C of the substrate W.
With the aid of the second positioning means PW (and interferometric measuring means

25 IF), the substrate table WT can be moved accurately, e.g. so as to position different target
portions C in the path of the beam PB. Similarly, the first positioning means PM can be
used to accurately position the mask MA with respect to the path of the beam PB, e.g. after
mechanical retrieval of the mask MA from a mask library, or during a scan. In general,
movement of the object tables MT, WT will be realized with the aid of a long-stroke

30 module (coarse positioning) and a short-stroke module (fine positioning), which are not

explicitly depicted in Figure 1. However, in the case of a wafer stepper (as opposed to a



through the I ens PL, which focuses the beam PB onto a target portion C of
the substrate W Wth the aid of the second positioning neans PW (and
interferonetric neasuring nmeans 25 |IF), the substrate table WI' can be noved
accurately, e.g. so as to position different target portions Cin the path
of the beaP0BBR.O®nilarly, the first posl2ioning neans PM can. be used to
accurately position the mask MA with respect to the path of the beam PB,
e.g. after nechanical retrieval of the mask MA froma mask library, or

during a S\fci?ﬁ’-, a{ncL S a%ﬁ!u% us) h@?}{a‘%ﬁmlﬁﬁghﬂ%\%}%%m&@&h?&a Mlort it 1 | be

realized e al ong stro coarse p05|t|on|ng) and a
short - st r okeudtBdel ma§ bk Fike@Osi tioning), which are not explicitly depicted
in Figure 1. However, in the case of a wafer stepper (as opposed to a
P-0358. 010 -12- stepTlamdleps@ahampaiusad;amsbe wsbeimmldiffetehembfesray j ust be
connected to a short stroke _actuator, or may he fixed. The depicted

appar atus ban Beteps@gde.ihe maskdfabledVE s k%gggnthgly saiopap apd AR entite @3tk s k

t abl t {. fat ) d t

proj ected MHPEETRPOR R b ong ba Tt msmiapy i) s i ZPulR o e e
substrate b abkg WhenShifltQn 8 aﬂ%ﬁoﬂ }ndﬁélﬁo?fs s%f‘t@lé@a[ diffe Ik %P%et%&@cc that a
different target portion C can be irradiated by the beam . I'n scan

node, essepd iraldlayed tiethe deEmPBenari o appl i es, except that a given target
portion Cis not exposed in a single "flash" I nstead, the nmask table MI is
nmovabl e i n2.a gimssan MEdg, qsmlalbhtl(etsmesi@er@ap|aep|lleSs@mpdﬁha@¢gnvemarg@ pgttianhe y

direction vmthas edv hat e ti am P s caused to scan
over a ma)s 13 ﬂ%fd’épo H'&ﬁrsf“@ Fgf" ﬁ gaélb&elxéqsg t?@%P@FIWY bleing g¥eheous| y
nmovied t d b M
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to conmprom se on 15 resolution. Figure 2A shows a radiation source LA
accordi ng W& mrsgnulmmmsly)movadwm the saine ot eppositeidicection at e spreds\es Mvpinuvkith t y

210" The. oMo S aRitsBn e s RE{wBka b ral/s fa@gméﬁéaﬁ‘aa%?%féf’ﬁe et
cubst ant | 4F Fﬁ‘vgﬁqé}&@‘ﬁ%ﬂ%ﬁ% G DERAREL SRR En A B orBBOREY (e anode
pl at e 1320 ppslutibe cat hode plate 210 such that the cathode of each discharge
el ement 240 is electrically connected to the
Figure 2A shows a radiation source LA according to the invention. The
radiation source LA comprises a plurality of plasma discharge elements 240, an anode plate
220, and a cathode plate 210. The anode plate 220 and the cathode plate 210 are electrically
isolated from each other. The discharge elements 240 are disposed, substantially
(20 symmetrical about an axis of rotation A, between the anode plate 220 and the cathode plate
| 210 such that the cathode of each discharge element 240 is electrically connected to the
cathode plate 210, and such that the anode of each discharge element 240 is electrically
connected to the anode plate 220. The source LA is mounted to a suitable support frame
(not shown) so that it can rotate about axis A in a predetermined direction. Radiation 60 is
25 emitted along an axis B through a corresponding emission aperture 230 in the anode plate
220 when one of the discharge elements 240 is in a predetermined firing position 255.
Alternatively, the radiation source LA may be constructed such that radiation is emitted
through an emission aperture in the cathode plate 210. Each discharge element 240 may be
rotated into the firing position 255 — said firing position 255 is substantially fixed with

30 respect to the lithographic projection apparatus. A discharge power supply (not shown) is

connected to the anode plate 220 and cathode plate 210 to provide for a pulsed voltage V



cat hode plate 210, and such that the anode of each discharge elenent 240 is
electrically connected to the anode plate 220. The source LA is nounted to
a suitable support frame (not shown) so that it can rotate about axis Ain
a predetermned direction. Radiation 60 is 25 emtted along an axis B

t hrough a R-OB5%8Hbndi ng eni ssion apert w230 in the anode plate 220 when
one of the discharge elenents 240 is in a predetermned firing position 255.
Al ternatively, the radiation source LA nay be constructed such that

radi ation js it r . e SSh: i t pl ate 210.
Each i scrress t e chBbR b ARIEALURhaARHIGHER 24, Mitheh M iREAeR! O °
sai d firingppasdetih @k 2@ dfs gas b Vagdr] idptovidddish HYSéHArg%Qnﬁt@ﬁﬂ%bgl‘anéthe _

| i t hographi ¢ projection apparatus.” A di schargée power supply (not shown) is
connect ed ghownha: acendin @inetmr2idd batwkepanbdedendpdagiode 2B anplepofosuitdele f or a

pul sed voltage V P-0358.010 -13- across the anode-cathode gap inside each

di schar ge wb&arges agepenoplithivay, tinandipdiymk e substance in the formof a gas

certary concent rat dieRb AR NS od R e A TR w A o QU 151 o
subst anc eslitﬂ('i%’flglﬁ@ g}fb ‘eétfohr&;';/)PéPa\A%lg.i zglx}ﬁ%l%gicﬂ%l'df%mﬁsﬁhﬁ ERurdB25 %egﬁ%dan ode

plate 220 1 n w as I'i t hographi ¢ projection appaf at us.

Al t hough cinyGebmetrgoasbé asedafor instunes palygom ISéméledy, cil®ough ke vingdqsteter2g0can be
used, for instance polygon. Similarly, although the anode plate 220 and the
cat hode plandéh@gath late 3il 0 arerdepecteshasiumiformoicireulan diseli, 9uy shape pr sorspuctgon

t ti b | d that, ' th { sch ts 240 to b
¢ epeat odl yiil COGHBES R EEHRATUS % AT 240 PP A EARBOSEAR tnape
Comst rdet e ek Z5%; BAFCafl Bt stk MEEUE FrodlTREo jABHnRlcoblH By il ©

apertures m@aQ, rdd/drigipidleadab@bf dostriicidaPALtembtivdly I aRiThit hefbé asddatitdnt 60.
Qperation of the radiation source LAis simlar to the operation of a

Gatling gimissid'm@ediuw%ﬂgétmlml igtmnsaar_enht@_ th¢ emnittpdgedintiom60.255 i s
2l at fon 60, At or GRAFaE (b8 TRSOR RS Fivis A0 Ui pektinag LRz
ot et o0 Ui APl QB RNAR SRS R el hasphiBe Ry e
oper at1gd, pfdh, whith 6 XEinro@Reak pulsEaE hdditida 6! JereLERI¥Edh of Mk fagiaBbh Yuld§ed
once per revolution, giving it tinme to recover. Typically, recovery wll
conpri se dbobdunce lbAds ratatedsuahghatfa differedi dis¢trarggeclerdents#0ds positiened in the

firing position 255. The discharge element 240 at the firing position 255 is operated, and

the cycle repeats. Each discharge element 240 is only used once per revolution, giving it

time to recover. Typically, recovery will comprise cooling and restoring of the discharge

( 20  conditions.
Alternatively, each discharge element 240 may be operated in the firing

position 255 for a plurality of plasma pinches before rotation. The number of plasma

pinches is related to factors including the heat load, and the time needed to restore the

discharge conditions in a discharge element 240.

25 Additionally, it may be advantageous to operate the discharge elements 240

non-sequentially such that each discharge element 240 is not operated each time it is

rotated into the firing position 255. In other words, discharge elements 240 may be skipped

— for example when an odd number of discharge elements 240 is used and the radiation

source turns through two pitches between discharge operation, each discharge element will

30 only be operated once every two revolutions.

Although a radiation source LA with eight discharge elements 240 is



Al ternatively, each discharge elenent 240 may be operated in the firing
position 255 for a plurality of plasma pinches before rotation. The nunber
of plasma pinches is related to factors including the heat | oad, and the
time needed to restore the discharge conditions in a discharge el enent 240.
25 Additi dh8318010t may be advant ageous Y% operate the discharge el ements
240 non-sequentially such that each discharge el enment 240 is not operated
each time it is rotated into the firing position 255. In other words,

di schar ge ghifEie GARaRisASnlbpRefte tal Bl rREPbEdWIARIeRdSls DUTBR!  of
di scharge efenents 240 is used and the radi ation source turns through two

pi t ches befewsed Féir susinaicgsif egbrdischarge ebeawint 246 sHfred ened axdenulse fréquaficyosfl y be
operated once every two revolutions, Although a radiation source LA with

ei ght di sc¥idizge requaredrappraxamately aegBogand dischargeilpments maythgaisek mithaed arti san
wi || appreciate that nunber discharge el enments 240 can be used. For

instangg, Ipfati %ﬂ!ﬁp?fids(?nrépﬁ)é‘"@?tglr}gﬁevﬁﬁ Opsy is?%)(fi‘ggnce and a pul se frequency
f bSkkz i i i I ' : b

0 Bz 1's requi re%dcﬁf?@%a;ﬂéldﬂgr*ﬁb%aﬁ@ﬁxt%?gfgﬂgexﬁlfg? iSGhaf)IERL s 228y be

used with a rotationa appr oxi evol utions per second. 5

Addi t i onalduyrently inBY fibiag PaVitioh 288 estcoh@oll Madridiagnbiir lirpssearme AAURIBANF 2240
currently in the firing position 255 for control and/or diagnostic purposes.

The addi t imgasafment devaccuwewtd ehatle teadischarge ¢leameaitd 240 todbedptddanpehe figinent s
240 to be rotated_into the firin position 255 in any order, and/or to
avoi d one ROPItiR2aS iR dNSHdge 2BIEHOAVOIDNS Qrimare ﬁh%vﬂ%rse cloBtepts; 240 iat may be

i nadequat €| ruction of the radiation source LA can be
sinplifi ed)eagn‘élgléﬁgfdgggélg "figure 2C. Here the discharge el enents 240 are
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anode plate 220 positjon and a cat hode plate 210 position., The discharge in
the firingopsondng pesitiony nbsuitablyformef #ipds plate 2 an cathodspiate 218 Jd8 as

| aser triggerin i J i . odi.nents of th
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source LA éﬂ?? 2D@ pbdifibgid &efhddeqslate 20 Pbﬂﬁén.olmeﬂi&% eQh te i sftfon’ Ot at es,
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or that erent parts rotate at different speeds. For exanple, when the
anode 16s tnay eaniggered by ahhednvenientumadrs, sucbtasiasagtrigherimnotichpd ddseriB&Dinonl y or -
rotating tttrllee ot%grogrgbgdli%%gts% (t)hefig\%n%ronr[ Irt] ?Nri]ll be obvious to one skilled in the art that the
radiation source LA can be further modified such that only part of the source rotates, or that
different parts rotate at different speeds. For example, when the anode is the component
that overheats, rotating the anode plate 220 only or rotating the anode plate 220 faster than
(20  the cathode plate 210 may be advantageous. In such a case, the discharge element 240 at
t the firing position 255 is then a particular combination of an anode plate 220 position and a
cathode plate 210 position.
The embodiments described rotate in a plane perpendicular to the axis of
emission B. Alternatively, as shown in figure 3, the construction of the source LA may be
25  modified so that the discharge elements 240 rotate about axis A in substantially the same
plane as the axis of emission B. The discharge elements 240 are disposed in a substantially
symmetrical arrangement between a modified anode plate 320 and a modified cathode plate
310, such that the cathode of each discharge element 240 is electrically connected to the
modified cathode plate 310, and the anode of each discharge element 240 is connected

30 electrically to the modified anode plate 320.

The embodiments shown describe the use of discharge elements 240 that are



20 the cathode plate 210 may be advantageous. In such a case, the discharge
el enment 240 at the firing position 255 is then a particular conbination of
an anode plate 220 position and a cathode plate 210 position. The

enbodi ments described rotate in a plane perpendicular to the axis of
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forcing air at a praddtienaliynteb 2leempatives oray boeplayed te raduae s pvey dintr:
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and/ or a separate discharge
increasing the electrical current and/or the supply rate of discharge material by

separating the discharge elements 240 into a plurality of groups, each group of one or more
discharge elements 240 having its own discharge power supply and/or a separate discharge
material supply.

( 20 The embodiments of the radiation source LA may be modified to employ
discharge elements 240 of any suitable type, such as Z-pinch, capillary discharge, plasma
focus, hollow-cathode or laser produced plasma devices. It may be particularly
advantageous to employ a discharge element 240 featuring one or more aspects described
in European Application No. 02256907.3, and incorporated herein by reference. These

25  aspects already provide increased pulse timing stability, reduced electrode erosion and
increased conversion efficiency.
Additionally, some discharge elements 240, such as described in European
Application No. 02256907.3, transport a liquid such as xenon, indium, iridium, tin, lithium
to an area proximate the discharge space for either fuelling the discharge and/or protecting
30 an electrode during discharge. The arrangement shown in figure 16 may be used to reduce

the recovery time of the source LA employing a plurality of discharge elements 240, by



material supply. 20 The enbodi nents of the radiation source LA may be

nodi fied to enploy discharge elenents 240 of any suitable type, such as
Z-pinch, capillary discharge, plasma focus, hollow cathode or |aser
produced plasma devices. It may be particularly advantageous to enploy a
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t hat discharge ele 40. If required, th ath ma | so contain a
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partial |y repledigidd.y subnerged in the bath 80 |ong enough for the liquid 82

in!t he area proximate to the discharge space to be replenished. f 10 A
furthd® aspect of tHefyrter aspeenofdbe rasiation spercel i istdepicted inifigureedAMA laset aser

tri ' unit 15.1s di d h that it f] . f ol | i ght
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further away fromthggpath of the gfrfa?t tcgfj Jr@adi at ipgﬁi 60. This vvou?d be

possi bl e, thay be advantagequs\d tlirectitlee lasarbeam(380 detpithe radiation fspgnee &.24donga gathes 6A
to 6E I%r © flljnsﬂ?gr atw%y%)‘(opnll ?ﬂenpatthhgf tﬂg gr%rit?eld rgcrhjaggxil 86(31'18; w%{ﬂracbhe possible, for
example, with the source LA depicted in figure 2C.

Figures 6A to 6E are used to explain the general principle of pinch
triggering using a beam of laser light 380. The figures show a cross-section through a
discharge element 240, comprising an anode 20 and a cathode 10 that are electrically

(20 isolated. The assembly is substantially sealed, and supplied with a gas or vapor at low
pressure, for instance xenon or lithium, from a discharge material supply (not shown). The
anode 20 and cathode 10 are connected to a discharge power supply (not shown).
Discharge field lines 45 are also shown. Pinch formation is triggered using a suitable beam
of laser light 380, for instance wavelength: 254-1060 nm, power: 10-100 mJ in 1-20 ns,

25  diameter: 0.3-1 mm.

As depicted in figure 6A, the discharge element 240 is brought into a state
where a pinch is about to form, using the discharge power supply (not shown) and the
discharge material supply (not shown). For instance, the anode 20 is connected to ground,
the cathode 10 is connected to an a.c. voltage of 11 kV at 100 Hz, and xenon is supplied at

30 arate of 4 sccm (standard cubic centimeters per minute). At a predetermined moment in

the cycling of the discharge power supply (not shown), the beam of laser light 380 is fired



triggering using a beam of laser |light 380. The figures show a cross-section
through a discharge el enent 240, conprising an anode 20 and a cat hode 10
that are electrically 20 isolated. The assenbly is substantially seal ed, and
supplied with a gas or vapor at |low pressure, for instance xenon or
lithium fpegx@oflhscharge material supplyy(not shown). The anode 20 and

cat hode 10 are connected to a discharge power supply (not shown). D scharge
field lines 45 are also shown. Pinch formation is triggered using a suitable

beam of |aser |ight 380, for instance wavel ength: 254-1060 nm Fower:
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contai ning hot plasnma (see figure 6E). This plasra has a high resistance due
to its small cross-Fegderimg,in drisiway Ehmirnauwslupcdrtamssson e tirmgendcpatiat al
energy of the discharge into thermal energy of the plasma, and finally into
enmi'tt @ r apfisitiongH thodischange eaused by, forripgiangepelectderosiom slegode defajmatiangt ur n
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variations in the supply rate of discharge matérial and/or variations Tn the

power suppdlymentPi40wf eheMoltbeptathsdeatype, @vmpsisiag iananddy 20gld @hdllov behode 10
enbodi ment, a di sch'ar?e. el enent 240 of the hol| ow cat hode type, conprising
an anode 2bataselelgctishllyigotatadn daeaperuretHa s prowided ée thei cathiody 10saideaned. An
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with a gas or vapor at low pressure, for instance xenon or lithium, from a discharge
material supply (not shown). The anode 20 and cathode 10 are connected to a discharge
power supply (not shown). The discharge element 240 is brought into a state where a pinch
( 20  is about to form, using the discharge power supply (not shown) and the discharge material
l supply (not shown). At a predetermined moment in the cycling of the discharge power
supply (not shown), a beam of laser light 380 is fired at a region close to the emission
aperture 230 on the anode 20. Pinch formation and subsequent radiation emission occur in
a similar way as depicted in figures 6C to 6E.
25 The expected method of triggering the pinch is to fire the beam of laser light
380 at a predetermined target on the cathode 10 as depicted in figures 9B to 9E:
the rear wall of the hollow cathode 10 (as depicted in figure 9B);
the cathode aperture 911 (as depicted in figure 9C);
a point on the cathode 10 close to the cathode aperture 911 between the cathode 10

30 and the anode 20 (as depicted in figure 9D); and

a protruding structure (trigger pin) 355 on a surface adjacent to the discharge area



with a gas or vapor at |ow pressure, for instance xenon or lithium froma
di scharge material supply (not shown). The anode 20 and cat hode 10 are
connected to a discharge power supply (not shown). The di scharge el enent
240 is brought into a state where a pinch 20 is about to form using the

di schar ge pO8&3.0suppl y (not shown) and th&-di scharge material supply (not
shown). At a predeterm ned nonent in the cycling of the di scharge power
supply (not shown), a beamof laser light 380 is fired at a region close to

the em ssipon_ _apertu 2 t [ ' - ent
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light 380 at predeterm ned target on the cathode 10 as depicted in
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figure 9B); the cathode aperture 911 (as depicted in figure 9C); a point on
t he cat hodEorinstancessenap, tindithiarh defbumsad didismonay bewstden t he cat hode 10 30

dth de 20 depicted in fi 9D) ; t rudi t
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and/ or the solthd pbsitith of tHelpendhiamd PhusvBe emittddsadiation fsGtabld REativeas i ceatigll or a
different material chosen for its evaporation properties. For instance,

xenon, ti naxi$ Bt tesultingiimdistableaadiation plilsmenengy dnd timimg; argl However, the
enbodi nent (as_ shown in _figure 9A) where the_beam of | aser i ght 380

.i gl
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t he ce1 tracflecug’%ég“%?%gg&vti ng in a stable radiation pul se energy and
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production of debris caused by 10 electrode erosion is |ow. ]gt may be
advant ageosimilaotoehp bog slowr intfigut Pig, it on atsurfece( afrthggrexde 20radj&@8at tosheri | ar to
t he one shown in feifggr% 9E, but on a surface of the anode 20 adjacent to the
em ssi on agyBistion aperbiye 230.¢A, further aligrpaliveds fQ eonfiguresthe pasifion ard encseyelsthei on
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i n t heyssoungRrikArorhta sHRYbIR sePadedn AERNERAFOUBmaP aRBME Alvantageous to employ
another radiation or particle source instead of a laser beam 380, for instance an electron-
beam.
When triggering the discharge using a laser impinging on a first electrode,
for example the cathode, the plasma near the other (second) electrode, for example the
(20 anode, has alow density and may have a high anomalous resistance. Experiments have
shown that approximately 25% of the energy from the discharge power supply is used to
overcome this resistance before the discharge can start, and this can reduce the efficiency of
the discharge element. A possible solution for this is to employ an external switch to delay
the current from the discharge power supply until the material ablated from the first
25 electrode has been allowed to increase the plasma density in the region of the second
electrode. Unfortunately, the use of an external switch increases the inductance of the
external circuit which typically reduces the efficiency of the source. A particularly
advantageous alternative is shown in figure 17A. The figure shows a cross-section through
the central part of a discharge element 240, in which the cathode 10 comprises a protruding
30 trigger pin 355 which is electrically isolated from the cathode 10. When the laser beam 380

impinges upon the triggering pin 355, material is ablated and allowed to spread towards the



anot her radiation or particle source instead of a | aser beam 380, for

i nstance an el ectron- beam Wen triggering the discharge using a | aser
inmpinging on a first electrode, for exanple the cathode, the plasma near
the other (second) electrode, for exanple the 20 anode, has a | ow density
and may haR-0358.01¢h anomal ous resi stancel9 Experiments have shown that
approxi mately 25% of the energy fromthe discharge power supply is used to
overconme this resistance before the discharge can start, and this can reduce
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cat hode, sgapthetweenrihe tiggaypinr3ditand thesgathnde i2Afis besweerd0.8yto Oibanmyi thg profeusidnze of
the trigger in 355, the distance between the _trigger pin 355 and e
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for a discharge elenment 240 with a gap of 3.5mmto 6.5mm between the
cat hode 1Chapohfigueatzme o€ tie@athode 10 gag abmtevide Mhesh ey atiatiqnyanclpdani@baligd t he
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the trigger pin 355 as shown in figure 17B; directing the | aser beam al ong
a pat h ot Heggeripam3$himohg kenterofdhe disclrigeaglementr 240aghephsing 4 morf-5yyometricIC,
keeping t hceathode 10 / anode 20 configuration as depicted in figure 17E.
In a similar way to the embodiments described previously, the isolated
trigger pin 355 may comprise part of the anode instead of the cathode, or the trigger pin
{ 20 355 may be a separate structure within the source LA that forms no part of the electrodes. It
will further be obvious to the skilled artisan that a plurality of known and new triggering
methods may be combined for a further improvement in the characteristics of the radiation
source LA.
It may also be advantageous to employ a trigger structure 355 which further
25  comprises a suitable liquid surface. Within a discharge source, a convenient method of
transporting liquids is to use a wicking structure such as that described in European
Application No. 02256907.3. Figure 10 depicts an improved wicking structure 70, with a
first end immersed in a bath 80 of liquid 82 and a second end disposed proximate the
discharge area which can be irradiated by a radiation or particle beam 380. The liquid 82

30  may be the liquid form of the material used to make the cathode and/or anode, and/or the

liquid form of the gas or vapor used to form the plasma, and/or a different liquid chosen for



15 trigger pin level wth the cathode 10 surface as shown in figure 17D and
di sposing the trigger pin 355 in the center of the discharge el enent 240
when using a non-symetrical cathode 10 / anode 20 configuration as
depicted in figure 17E. In a simlar way to the enbodi nents descri bed
previousl %ﬂf (folated trigger pin 355 may conprise part of the anode

i nst ead of %athode or the trigger pin 20 355 may be a separate
structure within the source LA that forns no part of the el ectrodes. It
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substantially the same due to the substantially equal volume and shape of the channels 95.

As shown in figures 12B and 12C, the beam 380 causes a region of the second end of the
wicking structure 70 to be heated. This regions comprises a plurality of channels 95, within
(20  which the liquid 82 will be heated, creating a vapor 335 above the surface. The vapor 335
enters the discharge region, and triggers a pinch effect. The liquid evaporated 335 will be
replenished from the bath 80 under influence of the capillary effect.
The amount of vapor 335 created by each pulse of the beam 380 can be

varied by changing critical parameters such as the liquid 82 used, spot size of the beam

25 380, the size of the channels 95, the distance between the channels 95 and energy of the
beam 380. The size of the channels 95 can be varied by, for instance, changing the relative
arrangement of the cylindrical structures 90, as shown in figure 11B; by changing the
diameter of the cylindrical structures 90, for example a smaller cross-section as shown in
figure 11C; by changing the cross-sectional shape of the structures 90; or by combining

30 cylindrical structures 90 of different diameters into the same wicking structure 70.

Similarly, the timing between the pulse of the beam 380 and the discharge can be varied by



to the second end of the w cking structure 70. As shown in figure 12A, the
liquid 82 will be 15 evenly distributed throughout the w cking structure 70
due to the regular arrangenent of the cylindrical structures 90. In
addition, the flow rate through each channel 95 will be substantially the
sane due tpo3Is0iubstantially equal vol-fte and shape of the channels 95. As
shown in figures 12B and 12C, the beam 380 causes a region of the second end
of the wicking structure 70 to be heated. This regions conprises a
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It will be obvious to the skilled artisan that other shapes may be used to
create a regular network of channels for the liquid. An alternative wicking structure 170,
similar in construction to the structure 70 illustrated in figure 10, is illustrated in figure 13.
(20  Here the wicking structure 170 comprises closely-packed substantially-identical spheres
190, for example 0.1mm in diameter. Such a structure can be created by, for example,
compressing the spheres together under high pressure at high temperature. A cross-section
XIV-XIV through the wicking structure 170 is shown in figure 14 — the spheres 190 form a
channel network 195 similar to that of a sponge that is both symmetric and regular.
25  Operation is similar to the wicking structures already described, where the capillary effect

is used to transport the liquid 82 from the first end of the structure 170 to the second end.

Yet another embodiment of a discharge element 240 1s schematically
depicted in cross-section in figures 8A to 8E. The discharge element 240 comprises an
30 anode 20 and a cathode 10 that are electrically isolated. The assembly is substantially

sealed, and supplied with a gas or vapor at low pressure, for instance xenon or lithium,



pressure as illustrated in figure 15. The flow of liquid 82 through the
channels 95 can thus be varied by changing the pressure of the liquid in
the bath 280, either substantially 15 constant or pul sed. The pressure in
the bath 280 can be increased by, for exanple, nechanical neans, liquid
i nj ection,P-638.0k) ecti on or a conbinati-é2-of these. It will be obvious to
the skilled artisan that other shapes nay be used to create a regular
network of channels for the liquid. An alternative w cking structure 170,
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schemat i cahillymétefst cted in cross-section in fi gures 8A to 8E. The discharge
el ement 240 conprises an 30 anode 20 and a cathode 10 that are electrically
i sol ated. The rmisismlblilyleilsiomsmfslmdimmgwelem@aIZéﬂ,, fonmstapoppdiameteniafiess gas or
vapor at | ow pressure { i nstance xenon or lithium P-0358.010 -22 from a
di ?‘charge thaft apprQyime esq%'ﬁaﬁ The anode 20 and cat hode 10 are
conneghed to
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predetermined interval of time, for instance 10 microseconds. The quick rise in current is

made possible by the low inductance of the system.
As depicted in figure 8 A, the discharge element 240 is brought into a state
where there is diffuse discharge from a cathode spot 15 to an anode 20. Cathode spots are
{ 20 hot spots that form on the surface on a cathode. They provide the discharge with electrons
due to their higher than ambient temperature, and at a high enough temperature, they may
supply the discharge with cathode material by evaporation. The current flowing from the
cathode 10 to the anode 20 is limited by the discharge power supply (not shown). As shown
in figure 8B, two physical effects occur as the current flows through the system — supply of
25  cathode material from the cathode spot 15 in the form of low temperature plasma 35 into
the discharge gap, and compression of the plasma column due to the pinch effect. As
shown in figure 8C, the pinch effect results in a constriction (pinch) 50 containing hot
plasma. This plasma has a high resistance due to its small cross-section, and effectively
transforms the electrical energy of the discharge into thermal energy of the plasma, and
30 finally into emitted radiation 60 along axis B. The high resistance of the constriction 50

causes a current decrease, and the plasma again expands to the walls of the anode as shown



At a predeterm ned nonent in the cycling of the di scharge power supply, an
electrical trigger is created by allowing the current fromthe discharge
power supply to rise 15 quickly (for instance in |less than 100
nanoseconds), and by maintaining the current for a predeterm ned interval of
time, for po3s@ODE 10 m croseconds. The-2Rick rise in current is nmade

possi ble by the | ow i nductance of the system As depicted in figure 8A the
di scharge el enment 240 is brought into a state where there is diffuse
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discharge. The inductive energy is thus divided over multiple plasma pinches, creating a
conversion efficiency of at least 2 %.

Alternatively, some of discharge material may be supplied by ablating

( 20 material from a suitable surface inside the discharge element 240. This can be done using
any suitable energetic beam, for instance a laser or an electron-beam.

In another alternative, the formation of the cathode spot 15 at a
predetermined position may be encouraged by firing any suitable energetic beam, for
instance a laser or an electron-beam at the predetermined position.

25 This embodiment uses an electrical trigger to precipitate the initial pinch
formation, and it uses a cathode spot 15 to provide discharge material 35. It may be
advantageous to trigger the initial pinch formation using a laser triggering unit as described
in earlier embodiments. In this case, initial pinch formation within the discharge element
240 would occur in a substantially similar way to that shown in figures 6A to 6E, where

30 discharge material 35 is supplied by irradiating a predetermined position on a suitable

surface inside the discharge element 240. By repeated irradiation of the suitable surface



The reduced size of the plasma region neans that only a small part of the
energy input into the systemis used to heat the plasma in the final stage
of the pinch. The rest of the energy is either stored as induction or used
for plasma creation. This 15 conbination of a | owinductance construction
W th a corppssgam® supply of discharge .mat-erial results in the
superinposition of nmultiple plasma pinches onto a permanent discharge. The
i nductive energy is thus divided over nultiple plasna pinches, creating a

conversion efficienc f at I st % Alternative|ly, sonme of discharge
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It may be advantageous to trigger the initial pinch formation using a |aser
triggering unit as described in earlier enbodinents. In this case, initial
pinch formation within the discharge el enent 240 would occur in a
substantially simlar way to that shown in figures 6A to 6E, where 30

di scharge material 35 is supplied by irradiating a predeterm ned position on
a suitable surface inside the discharge el enent 240. By repeated
irradiation of the suitable surface P-0358.010 -24 such that the heated
region 337 supplies material continuously, an auto-triggering regine can be
mai nt ai ned. The variations in the position of the irradiated surface
described in the earlier enbodinents are also applicable to this

enbodi ment. Accordingly, the scope of the invention should be determ ned not
by the 5 enbodinent(s) illustrated, but by the appended clains and their
equi val ents. -25- CLAIM5S 1. A radiation source conprising an anode and a
cat hode that are configured and arranged to create a discharge in a
substance in a discharge space between said anode and said cathode to form
a plasma so as to generate el ectronagnetic radiation, wherein said



radi ati on source conprises a triggering device for initiating said discharge
by irradiating a surface proxinmte said discharge space with an energetic
beam 2. A radiation source according to claiml1l, wherein said energetic
beamis a beam of electromagnetic radiation. 3. A radiation source
according to claim2, wherein said ene2fetic beamis a |laser beam 4. A
radi ati on source according to any claim1, wherein said energetic beamis a
beam of charged particles. 5. A radifpgg source according to any one of
claims 1 to 4, wherein said energetiT Dbeamirradiates an area on the
surface of an anode. 6. A radiation source according to any one of clains |

to 4. wherein spig GAeidCldfce BAMsY AbAIESAMY, BiRédotal bR siibace Al he

anode adj acent to an em sSSion aperture. 7. radiation source accordi ng to
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the surfacgPlathodP{NRAER: a %lasﬁ\ars%di@ioi Behefudd! EREr G SEetl REHiktn2 Whefdhe s
clains 1 to 4, wherein sai ene_rgetl c i rradi at@sda t ar get. strHcture
€

4. be .
adj acent t BdiaHpRy seHre RAPRfESES AdES @“gﬂe?’%?@t Indfiptiog GRiddisghatge inirBtRg & m 8,
wher ei n sagifat@pORImAé 5did Histargesppce wiels ardnergekieearh. sel ected from the group
consisting of: xenon (Xe), tin (Sri), lithium(Li), indium(in) and iridium
(I'r). 10. Aradiation source according to claim8 or 9, wherein said target
structure forns2. peadiatioh seaicel acatding. cldifn, 1,Avireagin adid @nergetin beamaisadreding t o

claim8 or 9. wherein .d target structure forns part of said anode. -26-
12. A radi ‘élf‘ftﬁor'?’a Bgt%ccréafggg%r ding to claim10 or It, wherein the target

structure is electrically isolated fromthe cathode. 13. A radiation source

according to clindfan éokmem%ﬁﬁr{agt {o"Gaih5 I8 hersi’ Ufd MdediR beahehld las@! | Y

i sol ated from the anode. 14. A radiation source accordi ng to any one of the
clains 1 tBeaB, wherein the surface irradiated by said energy beam
conprises a wicking structure for transporting a liquid towards said
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of charged particles.

5. A radiation source according to any one of claims 1 to 4, wherein said energetic

beam irradiates an area on the surface of an anode.

6. A radiation source according to any one of claims 1 to 4, wherein said energetic

beam irradiates an area on the surface of the anode adjacent to an emission aperture.

7. A radiation source according to any one of claims 1 to 4, wherein said energy beam

irradiates an area on the surface of a cathode.

8. A radiation source according to any one of claims 1 to 4, wherein said energetic

beam irradiates a target structure adjacent to said discharge area.

9. A radiation source according to claim 8, wherein said target structure comprises an
element selected from the group consisting of: xenon (Xe), tin (Sn), lithium (Li), indium (In)

and iridium (Ir).

10. A radiation source according to claim 8 or 9, wherein said target structure forms

part of said cathode.

11. A radiation source according to claim 8 or 9, wherein said target structure forms

part of said anode.



15. A radiation source according to claim 14, wherein the w cking structure
conprises structures | eaving spaces therebetween so as to transport said
liquid by capillary forces. 16. A radiation source according to claim 15,
wherein said wicking structure conprises a regular arrangenent of
substantially cylindrical structures.-2¢- A radiation source according to
claim15, wherein said w cking structure conprises a regular arrangenent of

substantial l'y spherlcal 18. A radiation so rce ccardi.n any. on

claims 14 to 17.2- AhEadiationispurce agearding 4o, Clsa(‘ﬂ} ﬁ]r e’ﬁg Bress sty et
DFESSUFIZeﬂed@@ﬂ@1Mmm&hﬁ@mehdanmmmressure upon t he quU|d within the

wi cking structure. 19. A radiation source according to claim 18, wherein the
pressurizer is adapted to exert the pressure in a pulsed fashion. 20. A
radi ati on sour cB. @ caliationgotiwe angording tofclaimel Ocoral hrsvitedein shel Grgaftstrpeting isai d

liquid co 1 glgcted fromthe group consisting of. xenon
(Xe), tinm?é%§$ﬁwﬁgﬁﬁ%ﬁn1iﬁP§ (ﬂndlun1(ln) and iridium (lr).
14. A radiation source according to any one of the claims 1 to 13, wherein the surface
irradiated by said energy beam comprises a wicking structure for transporting a liquid

towards said discharge space from a liquid reservoir in contact with said wicking structure.

15. A radiation source according to claim 14, wherein the wicking structure
comprises structures leaving spaces therebetween so as to transport said liquid by capillary

forces.

16. A radiation source according to claim 15, wherein said wicking structure

comprises a regular arrangement of substantially cylindrical structures.

17. A radiation source according to claim 15, wherein said wicking structure

comprises a regular arrangement of substantially spherical.

18. A radiation source according to any one of the claims 14 to 17, wherein the
radiation source further comprises a pressurizer means which exerts a pressure upon the

liquid within the wicking structure.

19. A radiation source according to claim 18, wherein the pressurizer is adapted to

exert the pressure in a pulsed fashion.

20. A radiation source according to any one of the claims 14 to 19, wherein said
liquid comprises an element selected from the group consisting of: xenon (Xe), tin (Sn),
lithium (Li), indium (In) and iridium (Ir).





