29 AUGUST 2006 Magnetic actuator under piezoel ectric control29 kueUsr 2606 he
i nvention The present invention relates to an actuating device for
controlling a nagnetic force as defined in the preanble of claim1. Al so,
the present invention relates to a magnetic 5 actuator for controlling an
adj ustnment force as defined in the preanble of claim3. Mreover, the
present invention relates to a nagnetic actuator for controlling a

rel uctance force as set forth in the prearible of claim8, the present
invention also relates to a support system as defined in the preanble of
clai m 13. Furt hMagnesic amat@r%&npieﬂodﬁcmwl&ﬂral-es to a |lithographic
projection apparatus as defined in the 10 preanble of claim14. Al so, the
present inventign relates to a device manufacturing nethod as defined in
the preanbl e of Flieldf theiigvenfid kgr ound of the invention The present invention
finds a preferrad AoRhAbOicldbs i ldoflifl AvideibNBALARRL & mABHAICSLL ON
appar atus that enconpass a Padiation sys.e%n or supplyi a projectiron beam
15 of radi at i snjefiaedsinplEopreansile ofcflamnd . Adso, theipesant inmentioa rdlaestp agnageetits, whi ch
serves to pattern the j.ection heam.according.tg a desjred pattern, a
Substrat e § abteEs o SR ST T S GRiredip P Greagbleh Ca8 eom f or

proj ecting thMot&h’@b&@ﬁlﬁ@ﬁbs&emﬂmeellatei @rmignetlmjdctdawg f&fcgfnftﬂlixg&st r at ea The
term "patterni ng neaps” as here enpl oy shou e broadly interpreted as
20 referring ECB‘CWE%’Q’ICF%F“E‘&H‘ igdhe predn eo"f}é]‘ﬁ??é'ﬂ%g‘ﬁpfeﬁ@wﬁvﬁ@t‘qn ation beam
with a pattefngsd t6h oSpoft 8Edtdnd il defiféd A SRIEHNME fQ1AmA3L BeihBmidi@lhd S t 0 be
created in a target portion of the substrate; the term"light valve" can
al so be used PrgseRhingerkign fedates to adithpgraghic projechen apprtus 3¢ defingd Wi the cor r espond
to a partigul ﬁrreax’fmblg oF L19MA1 4. A3 he pfeséht ARUAHR reled RS et RE B uthGud target
portion, such as an integrated circuit or other device (see 25 bel ow).
Exanpl es of smeuho@)aweéimdgwqhma%blmfﬂlwéﬁ-- A mask. The concept of a mask
is well known in lithography, and it includes nask types such as binary,

al ternating phaggkstiuhd of @0thvedtfoanuat ed phase-shift, as well as various
hybrid mask types. Placenment of such a mask in the radiati on beam causes

sel ecti ve transThesgesent ifivantibh ndsageefefredeappliatieninghe Hield whkthpgraphic ef | ecti on
(in the case of .a.30 ref|lective mask) of the radiation.inpinging on the
mask,  accor di SISEHOR FREAELE it FRCGRDEN A Ao SYSISM {oh URPLARE DPrOReeEa e
support si3 ucbfagiatién, h s@por fshdtyte i sBppdRilg parddhifg mskisCwhidh seddsldST 2006

pattern the projection beam according to a desired pattern, a substrate table for holding

a substrate; and, a projection system for projecting the patterned beam onto a target
portion of the substrate.

The term “patterning means™ as here employed should be broadly interpreted as

20 referring to means that can be used to endow an incoming radiation beam 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

25  below). Examples of such patterning means include:

- 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 transmission mask) or reflection (in the case of a

30 reflective mask) of the radiation impinging on the mask, according to the pattern on the

mask. In the case of a mask, the support structure will generally be a mask table, which



2 ensures that the mask can be held at a desired position in 2%W&UGosD2O0E
radi ati on beam and that it can be noved relative to the beamif so
desired; - A programmable mrror array. One exanple of such a device is a
matri x- addressabl e surface having a visco-elastic control layer and a
reflective surface. The 5 basic principle behind such an apparatus is that
(for exanple) addressed areas of the reflective surface reflect incident
light as diffracted |ight, whereas unaddredsed areas reflect i nci dent | i ght

as non-dif fragieds thoRt makl@éaﬂg)e%@ld%ppa&ﬁﬁd ﬁ&sﬁloil'n{ €incolnt 3@hiEbnH
diffracted light can be filtered out of refl ected beam | eavi ng only the

di ffracted |¢ngHhatpicqan e moyed ltemlgemhﬁi@mmfw@ewém becomnes pat t er ned
according to the @ ggj’ 1&%&%&&5 %@eﬁ%{m it sHBH 4 debic@GEd bl e surface.
An al ternative erbodinent a prodranmeb &M or array enploys a matrix

ar rangenent oﬁddtqss&plemurfa@rmvmeawhscqrtl_astwmontmldéa'nf e a milictivelsiafaby The | t ed about
an axis b Y5 apgelsi’@ ?leso"éhﬁﬁ%c% ab%gﬁa!rdtésqg th%l @}Elrteg(hrﬁ le)f ddﬂl'egmd%eapgf tﬁé’rpl oyl ng

pi ezoel ectti coARth f on nea e agai n, e mnors are

mat ri x- addr es&:ﬂbdtm;z smﬁmb réfleett incidolt Bgis @sl diffraveaddighi, Whereasf unaddresaed arsasom ng

radi ati on bea |ffere [ t 0 _unaddr.es in this
rmnher the. rBAr g ik i IR E il et RPSE Pl B 6P e8ing ot t ot n
of the matri xdigfedteddighidag baifilteed sut of iR refleetdibeanl 1eaingionlyatledigssiedg can be

performed using suitabl e el ectraonic ans. In both of  the si uatl ons
Gescri bed her b8t BeRed wﬁ*&ra%ﬁ%m?m@}n ﬁlfse%??ﬂ@ém%g@ﬁ%e

programepi e paRAN ofdhd MXSix-atilieRabl o ERT0@ ACIke@BtiVE dibodiMenByfSa as here referred
to can 20 be gl eaned, for exanple, fromUnited States Patents US 5, 296, 891
and US 5, 523, n@aramns@h I TIETPT AEAYESHIPIONS BIMATRY AEAREC)ID! ORlinyI BRI, fRFh\AD 98/ 33096,
whi ch are i nc@hRREa BindiPRAIYIRY abstk 8K BAESY a ﬂgrylﬁgwsuﬁaﬁ@wa&hsed peqgs amebl e
m nor array, the said support structure nmay nbodi ed as a franme or
tabl e, for exfelpias by wmployingmjezpeleqticasgiation mpgny LBce againtaepirrasgiareand 25 - A
progr ammabl e }ngﬁxaardaéysabmue% AP dRireRed IMFBrs Bviff RRRET MGhdoRiind SddhidEPeab
United States Patent US 5,229,872, which is incorporated herein by
ref er encel5 Asin aacbffarent (hﬂqetloyuppmdﬁre&ed gatrers;en ths mpriner, thesreflgeted beamésrbodi ed as
a frane or table fixed abl e a reqwred
For pur poses Bl areofis R asc B b e il Ao SRIARRAE TR Pt £ oms,
specifically rea&rcdll maok addrsssin’g cambeapmﬁmphwmg\soﬂtabilemjecaomasﬂcamm b kf t abl e;
however, the gw? &) rlfe'@ es, di Stfx in_such instances should be seen
in the broadef®sByARs dessmiae 8ore sheveLiPh P %Iﬁganégans%’lmpflﬁ?’he REL above.
programmable mirror arrays. More information on mirror arrays as here referred to can
20  be gleaned, for example, from United States Patents US 5,296,891 and US 5,523,193,

and PCT patent applications WO 98/38597 and WO 98/33096, which are incorporated

m

herein by reference. In the case of a programmable mirror array, the said support
structure may be embodied as a frame or table, for example, which may be fixed or
movable as required; and
25 - A programmable LCD array. An example of such a construction is given in
United States Patent US 5,229,872, which is incorporated herein by reference. As
above, the support structure in this case may be embodied as a frame or table, for
example, which may be fixed or movable as required.
For purposes of simplicity, the rest of this text may, at certain locations, specifically
30 direct itself to examples 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 set forth here above.



29 AUGUST 2006 3 Lithographic projection apparatus can be us®dAu&osT 2006
exanple, in the manufacture of integrated circuits (ICs). In such a case,
the patterning neans nay generate a circuit pattern corresponding to an

i ndi vidual layer of the IC, and this pattern can be inaged onto a target
portion (e.g. conprising one or nore dies) on a substrate (silicon wafer) 5
that has been coated with a | ayer of radiation-sensitive material (resist).
In general, a single wafer will contain a°whol e network of adjacent target
portions that arfhogipaegsséctidh Yppakdhadarbétksed] Br &HRMpR! B tBChATaciiebem one at
atinme. In current apparatus,. enploying patterning E)y a mask on a mask
table, a di stiyeeratesdcucals Ges)nii dechietaite i Paticiping mrepRs B3 2ongIpte @ Frlitrachi ne. | n
one type of | LiRagEaRMAdRE & SChiiORAuARRRF MHSIC, 8AE thisifAtlRlcaebe RRLEdON IS
irradi ated by exposing the entire mask ‘pattern onto the target portion in
one go; such amfoapyartaEon (&g COMNDIINGonest aoredied) on asubstrola (Bkcontveaiser or

st ep- and-repe : L At i : s ) referred
to as a st gp- g%&h%(%gﬂ{&g%ggrlgg ulzﬂr %a@%@aﬁe}éﬁ?%&gﬁﬁﬁéﬁl?:ﬁf%ﬁgf}gﬁed by
progr essi vel y sisglanvafengvill bentarm g kvholsaretvwerlnof adeheent tanget petipascthatare beam i n a

gi ven referen I 1_Of ’ ingr. 15 di | O ] hr onousl y
scanni ng the g‘ﬁ%gsjslfs ljﬁ’gl? Eé*ﬁ?%é‘%‘%‘”%% Z’f(ﬁ%%blggysggﬁ' Pgéngggﬁeém%ug@h{%?%x@?’r ection;

si nce, in genemploying ipetepting By & mask eysask tatld,la distiuetioa cambinbdectstwesn f actor M
(generally < 1), .the speed_Vat, .which the syhstrate table is scanned will be
L actor Mt PibaHERal ISR R, HE e T e pb pLRHEH SRS Fifor nat i on
Wi th regand t erget pbrkiogisapidistedieyéxposingibe betire mdaseatteiagtoadtabet phrtiamad, for
exanmple, from US 6, 046, 792, 20 incorgor ated her eiF bg refer encg. In a

manuf act ur i ng OB & 84 N 2pPAgAtEs I CORBERIY FHTTECASP 8] R RICHHCRRELASHPIRRd TePeaht t er n
(e.g. in a naglaranksSin sARgedatdriappaatsbsdonhdhly Redrell fo ata stepamid-seaitial |y
covered by a layer of radiation-sensitive material (resist). Prior to this
i magi ng st ep, WMRENSThSesbREEehRAFton if FEadits d\py Presessively swaing fle mskh as
primng, resigiceP@tden@e BfeclosBain BakSven MtbRhicedRreQIAAME " andillg Ssubstrate

may be subjected to other procedures, such as a post-exposure bake (PEB),
devel opnend, dir¢rsion) whilesyaghaonopdy sqaaning theispspate tabdmpastllet praanthparglel tof eat ur es.

This array of . eSd pasi iendi vi | | ayer
of a device, t}{e?s.r &g}?e?g%i{’l%?ig’ %g%@ﬁﬁ%ﬁ%ﬁjg@%ggy#e%g?f lﬁégt nlﬁgﬁl \e[lrfggl%&vari ous
processes sucM esneratychinthe spesd-V atpyhaghtthe substrataiiople mgsrannee wall bé 2 factoon,

oxi dati on, chem.cal . cal 1 shi.ng, C. inge to finish
of f an i ndi vi %qé?)gﬁ tg%?&mb ?%er{l/%gg{%?% 1{%13%%“2&3%@}6 7 g’(ﬁrﬁ%ltkgd{] &ltgéga%&i{%e whol e
procedur e, or lithogaphiad¢vitehes k¢ deswitied chrabeegltaned doreapeple cicbrfi bIS 6,046,792,

20  incorporated herein by reference.

In a manufacturing process using a lithographic projection apparatus, a pattern (e.g.
in a mask) is imaged onto a substrate that is at least partially covered by a layer of
radiation-sensitive material (resist). Prior to this imaging step, the substrate may
undergo various procedures, such as priming, resist coating and a soft bake. After

25  exposure, the substrate may be subjected to other procedures, such as a post-exposure
bake (PEB), development, a hard bake and measurement/inspection of the imaged
features. This array of procedures is used as a basis to pattern an individual layer of a
device, e.g., an IC. Such a patterned layer may then undergo various processes such as
etching, ion-implantation (doping), metallization, oxidation, chemicalmechanical

30  polishing, etc., all intended to finish off an individual layer. If several layers are
required, then the whole procedure, or a variant 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



each new | ayer. Eventually, an array of devices will be presa%Aogushe006
substrate (wafer). These devices are then separated from one another by a

t echni que such as dicing or 29 AUGUST 2006 4 saw ng, whence the individual
devi ces can be nmounted on a carrier, connected to pins, etc. Further

i nformation regardi ng such processes can be obtained, for exanple, from the
book "M crochip Fabrication: A Practical Guide to Sem conductor Processing”,
Third Edition, by Peter van Zant, MG aw H* | Publ i shi ng Co., 1997, 5 I SBN

0-07-067250- 4sa\ﬁxﬁg9WhBﬁUeQﬁeeﬂdlbﬁihﬁ'dgv1@¥s @R beRBRAE orf é)Earxtlé}ecoiﬁ&?edQB pﬁfs”pl icity,
the projection systemmay hereinafter be referred to as the "lens";

however, thi setf %hgmmat&@ TRgaEpg §ich AtospssRserR be altaigerh: SmsaaERR gAYl | ous
types of proj &e%bm"ﬁaeﬁécﬁprabﬂ&kl&@wﬁraaﬁfar@&laé egesesmédnﬁéomrrﬁ&éess@ﬁf"ve opti cs,

and catadioptric systens, for exanp iation system may al so
i ncl ude corrpoﬁblndEdlmm@[ﬁé’ﬁaﬂaﬁgzaabé@cmmgllll Bulélﬁlsmg)ﬁ% h¥e design types for

directing, s Sh?dﬁl\f‘@-o‘?r%‘?ﬁbti hdol dlﬁ?ellp e?é}échn beam of radiation, and

such components mmay al'so bé referr col l ectively or S|ngularly,
as a "lens". FuFdrhke sake h‘ésmplndmyguhapmecmapqyacmm h@mynalfter lm‘re&rredym havi ng
two or nore s bs. £ [ S n such

"mul tiple st ag1 " eagvﬁ%e%vg{ Ehels {gﬁ.ﬁgﬁagdn%ﬁv‘&?%a n%mﬁ%tgygeenﬁs 5 l)ﬁg‘f)azilrogfl el, or
preparatory 1@ps§ﬁn303mnbystemrmdh&hhgcmfraonm opiies, oeﬂdmveao;mai)lam whi | e one or
nor e ot her tab are bei n% used ,gﬁ eﬁlgosur es. cﬁ | it ho%r aphi c
appar at us ar e“¥RARTGIFems Jpr eXempls Lhe 5 I%§y§e’§6’§ay4? 8791, both

i ncor por at@d Bsur&ing abdordiff &F BN thesd dekip typed fof Hue@ﬁﬁgt;lah@u@(mc&afdu@{g appar at us
supports are reqU| red ghat@i)r Vi de ermanent force to gg& ravity. For
i nst ance quasfhePfoigstion I# a“a‘}“ea‘%eséi sompopeits may Asphedeterrad g kelivgt og
reference frapsiettivelCst stgRREY S at RAsSPFOKIRE ttmeqnhcsgtaqﬂ@“apaﬁdmyafay ol Sfﬁensor
devices) and isolate it fromexternal vibrations. b‘gorts are, for

i nstance, reqtyPe BRVIRHIE S FTe SubsErpiables faflé(R”et“f?dH@P%e F’é?k tablg-ﬂ tSEet e or

patterning meaggiipRitade! @Rttt Qi@tdMMHAbIE: mhylbSted iy RAIY, Gr MB&%BS a static
force conponent is provided to support the weight o the s ort st’r oke

modul e andS a sigpramaycbefaarried oRBoCeNePS FOFR tables Yhilsvding etmpts affer (ables jaee being

short-stroke pn ?‘f{% Cexpbalirdd Ehlvitfagé #t}}é@% d%,g are%i!{%ﬁ%& Yor' e&aﬂg@e | ypor t ant

t hat the suppor as very ow st _ revent ssi on of
vi brations. PU8SWAI$Q=HY and W%&&M%"éé,rbommmetetﬂ berpncbylrtfefeapcsupportl ng force

by means of mgﬁ%ﬁbalhtﬁt { LSh c %%%ct%ﬁ%/pggrat[lse &B}l)osr{s%rr]e r%ampedfﬁdt plc'andelanSt ance,

di scl osed in EP
permanent force to oppose gravity. For instance quasi-static supports are required to

20  support an isolated reference frame (which supports the projection system and various
sensor devices) and isolate it from external vibrations. Dynamic supports are, for
instance, required to support a short-stroke module for a substrate or patterning means
on a long-stroke module. In such dynamic supports a static force component is
provided to support the weight of the short-stroke module and a dynamic force

25  component is provided to drive the short-stroke module. In both static and dynamic
supports it is important that the support has very low stiffness to prevent the
transmission of vibrations.

Previously, it has been proposed to provide a supporting force by means of magnetic
attraction and/or repulsion such as, for instance, disclosed in EP 1,001,512 or US

30 5,780,943. However, the proposed solutions provide a supporting force that may be
positional dependent both along and perpendicular to the support direction. The

proposed solutions may also be subject to demagnetisation effects.



30 5,780, 943. However, the proposed sol utions provide a supp@%Auvgusp2e0H
that nay be positional dependent both al ong and perpendicular to the
support direction. The proposed solutions nay al so be subject to

demagneti sation effects. 29 AUGUST 2006 5 The support using magnetic force
as introduced in the present text is further referred to as an nagnetic
actuator that provides a nmagnetic force. The magnetic actuator serves for
supporting a | oad which nust be supported and/or positioned at a

wel | -specified 0, I t oL an

adj ust nent for ce&t%béjéﬁ}gl tgw%&?coﬂgéf |a%g’?r8§%g&]§lothg I%geatl{%;‘t s orc Qlelre?e be

count er bal anc® aaanqunat@dcm@pt:@at(mo‘gdes gnmgn‘ttyc)forcnghemmghethantutathesqnvelsor art,
the actuator fs_of Vi i.ch efic force
to keep a Ioag)rg'?ppgﬁi\%glaﬁgasdé@é% |%J(§ S:L[sb%sleéina%/orig\,{lltloncfyust %h gg%&sl tion due
to a change p(fsittohe‘dealla,l thé maghetid htﬁuag&rgenmtem adjusﬁﬂmt foagneadjastfaor ce by
this type of actuator based on the.princi ven by Lorentz for the
ol at| o bbt wBBHOR oEh PRt RRTREs 8ol B SRl N (o eRPBPR rmgnet s c
field. D sadvedth.ageously, during the actual operation of the actuator, such
an actuator use an. el ec ric curre nducti ng enerate t he
magnetic force ﬁPF%H"rlaﬁe § gfetor i Hﬂé’% '%@?lé‘gg%reﬁ%menﬁﬁlﬁ@“ﬁé&t‘g i pat i on.
The heat di ssipatth Q&p%a&a’;lldiﬁzll ﬁé@ﬁéd%ﬁ@lﬁbﬁtobl&ﬁadﬁhﬁﬂﬁ%dslﬂoﬁb&tSSéSt empart in
whi ch the actuator is |located. The stability of he squort ma

adver sel y i nf thapgrcefdhdactyah lopdrelhe generatiop of thy tagegtic darse s thisryp dtcvuater

thermal s{§eSyladl@nti® FidcRIPEIA TSR R Re baatm%eme%§ h BRdrk A partfcly) t her nor e,
it is noted in case a magnetlc actuator fromthe prior art 7s to bé used

for achi evi ngita mavgmentiagd preciteraglinngnetic fighd. obj ect, the matter is nore

conpl i cated si nﬁﬁadv%&a%éaﬁag%ﬁhgagaaﬁa\@tp&xﬁ&pmﬁ@ma%r%m DO ARYEIERL of the
obj ect under levitatio requires a continuous change of the anplitude of
the current camregedmgceurivat iragaeducing doildd generate themegrete fasée andat thewament may
cause a demagp@lisaki op f&&&ﬁthca}t%ssl SicACtiale dlSS ﬂlét{)m%} %ﬁséjéss' pation for
creating a levitation & relatively tar ge cause thernal
probl ens W t hteatphmturgperabge melarsy‘sthm patyirewhizh a:xctaumator (ssh)cateAl”Etm stabpility oy 25

| evitation relatively high.acc atio e mech parts
of the  act st B RL ey SR pErk Sl |
rel at ed damagteiniml strdss)sine mee eapeeake gangeshy thndisdiyariot.y pe for creating

adj ustnent forc act uat or based on the piezogl ectr
J I?urthermore it 1s noted 1n case a magnetic actuatdr from the prior art 1s to be used

for achieving a magnetic levitation of an object, the matter is more complicated since
20  compensating gravity constantly during movement of the object under levitation,
requires a continuous change of the amplitude of the current creating the magnetic
field. An increase of that current may cause a demagnetisation effect in the actuator.
Also, the dissipation for creating a levitation effect will be relatively large and may
cause thermal problems with other parts near the Lorentz actuator(s). Also, during
25 levitation relatively high accelerations may occur in the mechanical parts of the
actuator which may cause large disturbance forces and possibly, related damage in
those mechanical parts.
Another type for creating adjustment forces is an actuator based on the piezoelectric
principle, wherein actuator comprises a piezoelectric crystal and a electrically induced
30 displacement in a piezoelectric crystal is applied to change a position of the actuator.
Although their dissipation is small compared to that for Lorentz-type actuators,

piezoelectric actuators disadvantageously have a relatively small actuating range, due



principle, wherein actuator conprises a piezoelectric crystal29aAdcesT 2006
electrically induced 30 displacenent in a piezoelectric crystal is applied
to change a position of the actuator. Although their dissipation is small
conpared to that for Lorentz-type actuators, piezoelectric actuators

di sadvant ageously have a relatively small actuating range, due 29 AUGUST
2006 6 to the limted value of the piezoelectric effect. Also,

pi ezoel ectric actuators are not suitable Por creating levitation of an

object. In a QN it anRiJf @l pidz0eledtBadtect. IO FleAR M Gic REMABREakORbt appar at uses
with a capabilit to define patterns with increasingly smaller features,

LYy :
t he wavel engt Hutaple fofsreating lsyitatian sf $ddifchas reduced to increasingly | ower

val ues. At presgifoonnuodPiEdH toWR4R! IRGIPhicHrdiecfion APParabieSRith & chfdvliiye (deep)
ultra-violet part of the el ectromagnetic spectrum(UV). It is noted that a

smal | er wavel erfigfire patterns evitnngreasigelyispaierfedtire tl(eeavaj@l,enét_,lz of thayadigtionn t he
extreme ul4rasiol8tedubdd\d iﬂclfbamgy 'i(ﬁ%g@allﬁ?és. AT &Qseﬁgh typlical %&%@&M@%ﬁ hat the

mechani cal and thernmal stability of the Iithographic projection

appar at us nustmy elmeh is i e ddecp il ziotehpart ofdhd ¢l¢dtiomagnetiofpenwarn (Vi diipat i on by
actuators is ted | L PhERRE f. . r \: ing to

i ncreasingly ?og%tﬁgtvaaﬁqffggr% lep gﬁlg{rhe Si Igné £ g&ggﬁgggdgéééﬁn%ﬁ ljt1)3%1%goi ng to

i ncreasi ngly éxreme ulteeldelst (EUM) liethe aghgabf 580 nmavel engt h of the |ithographic

proj ection apparatus, t requi rements. for adjusti tuators wiith better
t hermal and nech&nl éééfredgtﬁ%fﬁ%qﬁnf@pa?lﬁag rag%é‘gméai&%l?‘ﬁ{ynoglgﬁf Iit§agranhic RIOJSCHOR; ect of
the preseni i ippemtusaiust @mpindelotievahies that nainfiienes diheatndissipati@vigdactaesid 1 mance

with respect to dissipation. This and oth ohj ects are hi eved acgordi ng
Fo the s hent JORRan Hedistgiane oitd Bpamtu oy Eatbibr BT RED JOWEGROES € or Co on
a | oad as speghfuteasizel fo beexppye@andbegdihg ©lindrénsihgly l6harartesf thefhdiatiod hat 20
the magnetic actuator is provided wth a displacing. el enent é,PE; PE2)
attached to Wh‘@lqn%ftf(el\hﬂ?o%’?“céﬁﬂe@’é’eGPRj’I"(tWFhC‘F‘i‘%“VE‘?e%@ﬁé JPng| enent, for

relatively di gt #eh bbthe tetrh8 tan@hdciaaRARGLIROMEh® 6RMBAY. |t shoul d be
noted that a nmagnetic element may represent a permanent nmagnet but also an

el enent nblle ofltisey euirehaiibe pressphingentign to providg g acgiator Sdthiga HRFORRE t hat t he 25
di spl aci ng el %ar{@%it‘ﬁ‘?gggééﬁ@%@siﬂlhﬁ%oel ectric elenent but nay also
conprise, as an exanple, an hydraulic or pneunatic or magneto-strictive
el ement capabl eTly$ ansk dhar @biegts aze ackipvediageording tol the mention e wegnetic Aetudtvn st and
second actuat i"o[i] gorﬁt%'ilhm’g aI Hlagf?e'ﬂg 'f(ﬁ‘l:e ordMad as specified in the preamble of claim 1,
characterised in that
20 the magnetic actuator is provided with a displacing element (PE; PE2) attached to
the first (M1; Y0) and second (M2; Y1,Y2) magnetic element, for relatively displacing
the first and second magnetic element.
It should be noted that a magnetic element may represent a permanent magnet but
also an element made of ferromagnetic material. It should also be noted that the
25  displacing element may comprise a piezoelectric element but may also comprise, as an
example, an hydraulic or pneumatic or magneto-strictive element capable of providing
a relative displacement between the first and second actuating part. In general, any
actuator that may provide a volume change may be suited as a displacing element in
this application. This volume change can also be based on thermal expansion or on a
30 phase transition of a chemical substance.
Moreover, the present invention relates to a magnetic actuator for controlling an

adjustment force as specified in claim 1, wherein the first magnetic element and the

second magnetic element being arranged adjacent to each other in the first direction and



actuator that may provide a vol une change nay be suited as a29iApGuss 26
elenment in this application. This volune change can al so be based on
t hermal expansion or on a 30 phase transition of a chem cal substance.
Mor eover, the present invention relates to a nmagnetic actuator for
controlling an adjustnent force as specified in claim1l, wherein the first
magnetic el enent and the second nagnetic (;I enent being arranged adjacent to
each other in the first direction and 29 AUGUST 2006 7 being separated by a
first gap, thgish @piaei Bﬂa%ﬁ‘@@‘ﬁf,‘tthebﬁdpl’hgmgrefeﬁﬁﬂl_edéhfg%aﬂigeaH!)racﬁdp'f%in‘%ghﬁe first
magnetic elenent relative to the second magnetic elenment in the 1irst
direction to fiigemagnstieclementaalpire aiiseqons genehc cismert ip & fptddreetiondo upon a
change of the,nRARSHE SdjudtBiR TaHed inQRe RSE NRERbnLEYEN b ichalpe BEMUAldbRgicPart and the
second actuatTng part. 5 Further, the present ‘invention relates to a
magnet i ¢ act uiatepactipw betyesretha fifsheptuating partanddhcsecondragmating paeci fied in claim
1, charactgrised in that the magnetic actuator conprises an upper part, a
| ower part, and an internediate part, the upper part having the shape of a
yoke; the interiethenthe et iivenhon welatee tethagrehig adwaterdor gentthngsecond 10
direction belg he ke and.ant d, w.t fir rf . faci a first
end surface of uc{ & ii/ég & > g%%gl%é\nnfﬂggl lsi\gl(l:aé%cé&g%dr ]fngféaé %a%?agﬁlgtlcaa%glgg’gnd end
surface of theonyaises aniupped pavies loweapdrt, bed aginlennaiiadpdoe thewppdrgait hhengredi at e
part and conprisjn first lLower rt and a. s nd. |l ower part, the first
Bnd second | oSBT 8 YRk BT G<HBRGER TP e AN FIERYSE B BEPEEM on: ¢ he
fi rfst Iow]m Eaiietctib@bagvé@rer@nge,dj adofah%bdawiﬂhi ﬁﬂét @.ﬂacétufiﬁg@ﬁgsiacdﬁ@fa& éthi (r]I d 15h
surface of the internediate part, .t secon ower part being arranged wt
a fourth end th ypkey ad Wé’&f‘ﬁ@oﬁ %@F?ﬁc@%'f‘ﬁe&%‘l %"\Iﬁesf“ff ei"nﬁf*@ryﬁg%liﬂﬁlé‘_”ﬁ‘art; t he
nmagneti ¢ act UgdrPheingloitédieNdv the @ltvaRMatepart hid &dmpridinh aGRstad\wkrph@ ahd 4 St end
surface and between the second surface and the second end surface, the
first gap; thecobiwer rarathediatiand peend lgwargpartp extording lenshwisg indhasfist ace and
the third endysitfibRGR ARCRELHRIRINE ARl Wit aShitd 8RSuANK fZGhd Difiourth end
surface the second gap; the internediate part conprising a fourth nmagnet
w th a nmadghet sufapopithe tuarinediatd ipaddhesgeond lowes pad beingl amianged witha fourth end a
property of thi f i C t. . issipation, i.e.,
only dissipatl oﬁé ?fg’?]ig(r%gfo ransi éeen%fg}?ealggmn%i%atéﬁo%aggﬁginléa%ﬁl%t%ta?g}ﬁ% or control.
This feature pwvidprzebeweendefitsbsuriaes and s firstiend surbice andiizegmen tieysseeh with a
Poet on 2t MR B 49 B0 Bl D! bRl OctlP bRTL " T
between the third surface and the third end surface and between the fourth surface and

20 the fourth end surface the second gap; the intermediate part comprising a fourth magnet
with a magnetic polarisation directed in the second direction.

It is a property of this type of magnetic actuator to have low dissipation, i.e., only
dissipation during transients and marginal dissipation for control. This feature is
present due to the combination of a magnet system with a ‘position actuator’ i.e. an

25  actuator that has zero dissipation for stationary situations. The magnet system
comprises magnetic elements of which the magnetic field is not generated by current
carrying conductors.

Moreover, the present invention relates to a support system as defined in the
preamble of claim 13 comprising a magnetic actuator as described above.

30 Furthermore, this and other objects are achieved according to the invention in a
lithographic projection apparatus as specified in the preamble of claim 14, provided

with a magnetic actuator as described above.



conprises magnetic elenments of which the magnetic field is nol9 geaesaleds by
current carrying conductors. Mreover, the present invention relates to a
support system as defined in the preanble of claim 13 conprising a magnetic
actuator as described above. 30 Furthernore, this and other objects are

achi eved according to the invention in a |ithographic projection apparatus
as specified in the preanble of claim 14, %rovi ded wth a magnetic actuator
as descri bed above. 29 AUGUST 2006 8 According to a further aspect of the

i nvention ther eAbsordh PN cH@fheR aRY T he iFRAHOPGEM ] fOvia&RE hadids defined in the
preanbl e of claim 16, characterised hy providing a magnetic actuator as

descri bed abowenuiagtimng methedasdefined 1p diegramble ¢holAid xphdecterisedys text to the
use of the appRLRiilS maReEOicHiald af @estitRabh¥ention in the manufacture of 1Gs,
it should be explicitly understood that such an apparatus has many ot her
possi bl e appl i cAlthangh speFidic refrrgnqsireay tetmadayn this texd iptho yeedofithe apperamanuf act ur e

of integrated i A - Qi dar t; i magneti c
domai n men%ri %és%?&fllrfg(?h it%)-/%%e;?}g?nalln% @%ﬂ%;@nfggﬁfe S, 1?,[5{(])'{11‘%?) ¥ ieﬁﬁcgt%gﬂg{sﬁéd heads,
et c. The per sthat skh hih ggparamsthhemamt othvr Ipbssiybpappicatives. Foratxample, it ey bont ext of
10 such alternative .applications,..an e of the terng "reticle’. "wafer" or
Yai o+ int hi s CpReye BB P ERHCRRSorfRkaldd Sy ¥ e Blefien oy
gener al t er s patteas Kor, migetisdonadirehemanied, liquid-gettalpiivplayqaiels, tiesfidat | vel y. I n

t he present docunent, the roms "radjation” and "beant are used to genconpass
b1t Piypes. of TABUEE P IRE RS SR OF AL PAFRS Yol PaPetot gt

radi ati onige. guchwitériatire bpplivacnk.enguke ¢ffthe3@dns '24Ble", 1'9adfer'ld 7dier inlBR téud) and
extreme ultra-violet (E radj ation Be. g. having a wavel ength in the range
5-20 nm), as opjd becopsidarpdashengarniaced B, ficgrore giperahierps mAsK e SOEFHN beans.
Brief descri pgﬁd)margétpgﬂﬁm,m&oﬁeé@w, the invention will be explained with
reference to some draw ngs, which are 20 intended for illustration Ipurposes
only and not t ol thepresqnhéocymepiethe ferpp Gradiatiqng andysheame frierysedl torgnedepass al
acconpanyi ng glal feleckb@hrtid rad BRE bt RineiBRIIA ROV rlaQbEEld. Ynappar at us;
Figure 2 shows schematically a cross section of a nagnetic actuator

accordi nglfo wavdléngtht of Sb4BnENt 1 5for tl Aenp) aleaxtreme visatviidet;(EUV) radiation

(e.g. having a wavelength in the range 5-20 nm), as well as particle beams, such as ion

beams or electron beams.

Brief description of drawings

Below, the invention will be explained with reference to some drawings, which are
20  intended for illustration purposes only and not to limit the scope of protection as
defined in the accompanying claims.
Figure 1 depicts a lithographic projection apparatus;
Figure 2 shows schematically a cross section of a magnetic actuator according to a
first embodiment of the present invention;
25 Figure 3 shows a second alternative embodiment of the magnetic actuator according
to the present invention;
Figure 4a shows a top view of the magnetic actuator according to a third
embodiment;
Figure 4b shows a fourth embodiment of the magnetic actuator according to the
30 present invention;
Figure 4c shows an alternative arrangement of the fourth embodiment of the

magnetic actuator according to the present invention.



25 Figure 3 shows a second alternative enbodi nent of the nagR@tAWGEsT AH6or
according to the present invention; Figure 4a shows a top view of the
magneti c actuator according to a third enbodinent; Figure 4b shows a fourth
enbodi ment of the magnetic actuator according to the 30 present invention;
Fi gure 4c shows an alternative arrangenent of the fourth enbodi nent of the
magneti c actuator according to the present invention. 29 AUGUST 2006 9
Figure 4d shows a fifth enbodi ment of the ﬁagneti c actuator according to the

present inventipByre i SR ARHSORANRIAG: 8f heAgetiV SctiR&8lordihg A@eent for the
first enbodi ment = according to the present invention. 5 Figure 5 shows a

si xth al t er naPet8t BHBHEent of the nagnetic actuator according to the

present inventigpgutae sk AIBmIRSHight ARGk IR foPhE HRY emBodimapbst anti al |y
horizontal direction; Figure 6 shows a schenmatic cross-section of a

magneti ¢ act uatcordingde Grediresgnttioveatidn. f t h  enbodi ment of the present invention
for use asspiezg I%(Stshb\?s? '%t‘ﬁ%t@rqatffele@t;&ﬁx%ﬁt eﬁ?}é ﬁt'}coacafag)![lj %@co?di WS

schematica?ly alrapho e magnetic force as Ion o e position of
t he novi ng pathe pedsertt reventimpfet use ase magbadic actoaor attingint aosubfiantially hérizentabdi ment
of the preseni(;i. i nvention. Description of preferred enbodi nents Figure 1
schematically lﬁe(gﬁ?n(it s a lithographic projection apparatus 1 according to a
15 particul ar eRigodiorshows ofchemetid civsitdtion of 4 magmip actadtoiacca@dipg te£ffth- a

radi ati on syste , for supplyi a projection beam PB of radiation
(eio - Ov + adrapedshgnt of thepfsedt i Pedao P e B BsoelerBC acitel el eugEeN al oo
conpri sesi@ r adFigideJrshowOsthématicAlly a grapH ofithd nRhetie tforc@ fandtiAsktheabl e) M
provided with a nmask holder for holding a 20 mask. VA ge. . areticle), and
connect ed to POSitin obHisiTROVERE RAY Qe TRAEBRACHASTIAIOR RAFPIHNS 1) heﬁﬁ“éﬁeﬁbemnwgtthe mask
with respect pphépREenPlaventiod. second obj ect table (substrate table) W
provided with a substrate holder for holding a substrate W(e.g. a

resi st-coated silicon wafer), and ¢connected to second
Description of preferred embodiments

Figure 1 schematically depicts a lithographic projection apparatus 1 according to a
15  particular embodiment of the invention. The apparatus comprises:

- aradiation system Ex, IL, for supplying a projection beam PB of radiation (e.g.
UV radiation). In this particular case, the radiation system also comprises a radiation
source LA;

- a first object table (mask table) MT provided with a mask holder for holding a

20 mask MA (e.g. a reticle), and connected to first positioning means PM for accurately
positioning the mask with respect to item PL;

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

25 and

- aprojection system (“lens”) PL for imaging an irradiated portion of the mask MA
onto a target portion C (e.g. comprising one or more dies) of the substrate W.

As here depicted, the apparatus is of a reflective type (i.e. has a reflective mask).
However, in general, it may also be of a transmissive type, for example (with a

30 transmissive mask). Alternatively, the apparatus may employ another kind of patterning
means, such as a programmable mirror array of a type as referred to above.

The source LA (e.g. a mercury lamp or an excimer laser) produces a beam of

radiation. This beam is fed into an illumination system (illuminator) IL, either directly



posi tioning means PWfor accurately positioning the substrat @wAtQUSE2QMCt
toitemPL;, 25 and - a projection system ("lens") PL for inmaging an

irradi ated portion of the mask MA onto a target portion C (e.g. conprising
one or nore dies) of the substrate W As here depicted, the apparatus is of
a reflective type (i.e. has a reflective mask). However, in general, it may
al so be of a transm ssive type, for exanple (wwth a 30 transm ssive nask).
Al ternatively, the apparatus may enpl oy antt her ki nd of patterning neans,

such as a progf APRR)ifs MvERQl cAlifidYin® neshs! MBI aPSLARS &birfier EL fgbove. The
source LA (e.g. a nmercury lanp or an exciner |aser) produces a beam of

radi ation. Thxampleakhe dlupgatqr bk gnay gomprisepiiystinganeans AVbior setting ihe AeoOr) 1L,
e ot . _ reror)
either direc Hw&%&%ﬁhﬁgﬁfmﬁonﬁ% rre?e%gg? Jlf&e’bdlg ahli %Y%eﬁﬁe%%%mw oni ng

means, such as a beam expande xanp he 1l or may
conpri se adj usf the gntemsigndistdviitionrin thetbeamdn atdtiauitevill garedllyrcompnservariawi al

extent (co n referred to as a:outer..and a-inner respectivel of the
“ht ensi v SPPPisariRRen oieh el BieB A AT B ool FRREERYE W onor 1 <e
various 5 ot heB igpipapen ik, msk MA s adesiréd @ifoRiior and Mhtaiddly diseibatenaes CO. I n

this way, the beam PB inpinging on the mask MA has a desired uniformty and
intensity di sEPPBGEH¥n in its cross-section. It should be noted with regard

to figure 1 thaftshdid BOrbi&Bwik repRY tdBzud 1 thafthé BfirceTQUSIaN Ge Fithinhig:
| i t hographi c projecti or} apparatus (as is often the t(ﬁase when the source 10

LA is a mer cufSpsing b therlihoseaphicpreigctiop apparatus(ag i ofigh,ths cass When fierfBiree f r om t he
l'i thographpc ppQi gedek@R, ﬁﬂ?,afba&)aﬁlmes,mat thadi By A KM HEthEt produces
being led into the apparatus (e.g. with the aid of suitable directing
mrrors); thi Hthpgrephie projestier snpaiagisghe weiatigreamaeiachyjh arpduges beipg feddntpA s an

exci mer | aser theligﬁar&tﬂ (e%%vit'h SR bRt difdc i  RirroRd) CRITRART sdfhrkd fgfoﬂ%]rhes e

scenarios. 15 The beam subsequently intercepts the mask MA, which is held
on a mask t abthe cagevhepidhe soyree LAvie p extimdrdasem $he tutvent ineenbemendrBripasses

t hrough t he Igwnahsr? tioqel;}lesgsc&g@%ﬁet he beam PB onto a target portion C of

t he substrate e ard of t second positioning neans PW (and
i nterferoietri cTixelzsurRRspbrmaensly likreeptdthe suatksAaweich isaigldon/Mmaskntalle noved

ccouratel . eyt BB EelBrTH b b L LSRR IS LD, T,
to accur at el yocpes tlei beam tPBeonmas targelpostidrhC vEthp eudbistriteo W. Wéitlpat hidaif thehe beam PB,
e.g. after second positioning means PW (and interferometric measuring means IF), the substrate
table WT can be moved accurately, e.g. so as to position different target portions C in
20  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 realised with the aid of a long-stroke
module (coarse positioning) and a short-stroke module (fine positioning), which are not
25  explicitly depicted in figure 1. However, in the case of a wafer stepper (as opposed to a
step-and-scan apparatus) the mask table MT may just be connected to a short stroke
actuator, or may be fixed. Mask MA and substrate W may be aligned using mask
alignment marks M1, M2 and substrate alignment marks P1, P2.
The depicted apparatus can be used in two different modes:
30 1. In step mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e. a single “flash”) onto a target portion C. The substrate

table WT is then shifted in the X- and/or Y-direction so that a different target portion C
can be irradiated by the beam PB; and



mechani cal retrieval of the mask MA froma mask library, or d@9Avgusr 2aEn.
In general, novenent of the object tables MI, W will be realised wth the
aid of a long-stroke nodule (coarse positioning) and a short-stroke nodul e
(fine positioning), which are not 25 explicitly depicted in figure 1.
However, in the case of a wafer stepper (as opposed to a step-and-scan
appar at us) the mask table MI may just be connected to a short stroke
actuator, or may be fixed. Mask MA and subkkrate Wrmay be aligned using mask

ali gnmsnt mar ks, Mmscz%@mg&desiéﬁ?éﬁ t%t‘: Sarfd écgm%b%ﬁ@réﬁep?&lat E%wen %Fgegep' cted

appar atus can be use n two different nod , the mask
table Ml is kpgtioeEderticapdsed lgtaasmg&m‘élnayf’ Iapteada fhe anpsk tabledE lis mpyphlgan ps

projected in } e The
Cubstrate  tapy e dpein fe @-GR0ston dleARA e My ArkbARnb PIEED & 106
di fferent tar thet thp projaction iamcRhislsaused tosdaradveda blytlshlmgdaeamnuﬁa;ﬂyaﬂxd 29 AUGUST
2006 11 2. In e ar Iles except that
a given ta? gef ubs t;r)%er aHBCW’Els ssunﬁl C&MB/ m&ggl nﬁgﬁm§ 8p¢s1ﬁfgg tlOnflnst ead, the
mask tabl e Mlsgesd Wovebl, mwlnclaM 1gtht&1ingd1ﬁcﬁﬁinlotﬁﬂle(lérfsé’l.s((ypmllﬂr ad ="Is€am
direction", Ydlrectlon with a t hat the projection
beam PB i s caygze&n?’é S AURET, §\TRpg yr’?ﬁ@ﬁtairﬁagl% Sr‘fé’bﬁ? fes: Wfﬂﬂoélt Eavéé?ost rate
table WI' is siogehipaorsiodiad gsommioad in the same or opposite direction at a
speed V = Mv, in which Mis the ma |f|cat| n of the |ens PL (typlcally, M
= 1/4 or 1/5). IBertzfﬁﬁgwﬁ%ﬂliﬁ‘é?maléy?g‘Psasﬁe%ﬁnf P Jragretic apygaipr MA #969dmecan” be

exposed, mthmgfu@%gwm&loommmﬁeerﬂanresol ution. Figure 2 shows
schematically a cross section of a magnetic actuator MAC accordin 10 to a

first enbodi menkn the n@ﬁ@ﬁﬁﬁ@%ﬁt%ﬁ@éﬁ%&m thig firsh embediment; gk sisardr MAC
according to Inﬁitﬁu& béxﬁian&iﬁhﬁgﬁéﬁmt M2aM3i drS$hows ESTQHMHch eaadhatsm%' O RemIRNENt

magnet M, M, are shown, of which each has’ e.g., an annu shape

arr anged syrm‘étam araaniggd symenpetrically 6bavb A corameR edntrahaxes AN BeB@FWﬁ@rﬁrﬁtIﬁedfl rst and
second magnet ¢Jng J}{Egn%t Ri1ex08! &Bélé&@él&ﬂ&@bfﬁo&a’ied‘ Pffisland P&nfi! St and
second 15 magnets ML, M2 and piezoelectric elenment PE are conbi ned as a
first actbati nggmMI M@ulpmoeteh@cwbgneftl?li:arasombm@taSM&'@st aftwetingpartd nmagnet

i f I
s arrbnged biAELY o rReR M PkARA el AR Rt SRR T 7O g

second magnet sctthgwmc:su |1 be displaced, relative to each

The piezoelectric element PE is arranged between both magnets M1, M2 in such a

way, that the first and second magnets M1, M2 can still be displaced, relative to each
20  other, in a direction parallel to the central axis Al.

The first and second magnets M1, M2 are arranged in such a way that the first
magnetic polarisation P1 of the first and the second magnetic polarisation P2 of the
second magnet are substantially parallel as designated by the respective arrows P1, P2.
Further, the third magnetic polarisation P3 of the third magnet M3 is substantially

25  perpendicular to the direction of the first and second magnetic polarisation P1, P2, as
designated by the arrow P3. Now the effect of the present invention for generating an
adjustment force will be explained with reference to Figure 2.

The first magnet M1 is located with a first end surface at a certain distance G from a

second end surface of the second magnet M2 in such a way that there is a gap between
30 the low end surfaces in which the piezoelectric element PE is located.

The magnetic force from the interaction of the magnetic fields of the three magnets

is dependent on the relative positions of the three magnets in this embodiment as will

be known by persons skilled in the art: over the gap the magnetic flux of first magnet



20 other, in a direction parallel to the central axis A . The%Avestsm2aD6
second magnets M, M2 are arranged in such a way that the first nagnetic
pol arisation P1 of the first and the second nagnetic polarisation P2 of the
second magnet are substantially parallel as designated by the respective
arrows P 1, P2. Further, the third nmagnetic polarisation P3 of the third
magnet MB is substantially 25 perpendiculay. to the direction of the first
and second magnetic polarisation P 1, P2, Hs desi gnhated by the arrow P3.

Now t he ef f eci1Ghd iftandphersemix dfRYRBAA indghet BI2 iBGABE Keldd iR Qepeadinbsbimat force
will be explained with reference to Figure 2. The first magnet M is |ocated

with a first el g Jisfanceqn cextainoverall magnetic figldof therfirssand secopd wagretsM s ur f ace

of the secondypBagREhadRi¢ Por&UtinAnie nalitdd Ml NGID EMB SesBit IR0 BRI MEBRLoB0 t he
| ow end surfaces in ich the piezoelectric elenent PE is |ocated. The

magnet i ¢ f or cef the oyaralhmagnatiefield of ba amingement i tha dirst end segprglsmagets (s at hr ee

magnets igs d . t: r i infr A : PR inthis
enbodi rrent§asg\?\n&[}%%%Séﬁﬁﬂélmlebfggtggﬂrug%ﬁ?ggM?ggmﬂﬁe Haugneglp'? :gﬁoverqt (g gap the
magnet i ¢ f | uxmoegnef M3gh theesgermtl a@@atig@aSMACOD6 12 M and the magnetic flux of

second magnet interact.. vi | ng n e .of th act ual gap
di stance, a cer Izlaelrﬁfagve Oastfnlox‘lfrcgflgtﬁée |cm%ngt?§ﬁ ogﬁp %aénl?eiarltértegabﬁa LELEH magnet s
M, M. The gaglieiniceGf orce of the three magnets M, M2, M3 results fromthe

interaction of_the overall netic fjeld, of .t rrangement of the first
and second nmagn@ACeRan pBS‘gorblﬂ'g gyt aﬁ%“%&"é Wﬂﬁa?%g%?qqtsléqw 8?%?4]%9 part
MACI and thhe smgnekifiesthitadtthg@hrt MUCT bi thelsecomipieaiatifBpariMiAllR, Secodadyct uat i ng
part MAC2. The relative l[%gf}gftio s of t{}g two magnets M, M, can be altered
by changing t Pt Popepetds fedeidorgethy ditterang bropGaithy SREALoRRgHTRE i ¢

actuat or MAC Whafretia abt@Act NIACtand fRVIBice 6x¥diod Bl tHeQoad] & sabsidh@bllyt Ago.f i 1 St
actuating part Cl or the second actuating part MA isin a stead

. . C2, y
state: in ot her Thiorgnatindorreeeneigied dn the prangemensof fedhse magnsts MhMaedhet i c
force of the  JRGASIInEesIRS tdRleRkerldby Mpdoidh thOpfEoAKEMbAREEN G NiRRT) S

substantially zero. The magnetic force generated in the arrangenent of the
t hree maghet stowvhicivbe lagd is attached elntiiib state e loadisfsipated B raiea@opyon: e | oad on

thi s atate, ¢ R RaebiraaE Eb AR on i ol P ol SR bl B o
fromthis posfar¢eomust be gensragadtfer fe}m@ingiﬂmi,oa(b’fgh ampgaetisf forch cambrpleraddy f or ce
g‘;St be gener gf Gdnt e dap aREGAL AYetdbn MO R anl \EcIRINBhUEMIOMLE Can be altered
The change of the gap distance causes a change of overall magnetic field of the first
20  actuating part MAC1. When this overall magnetic field changes relative to the
magnetic field from the third magnet M3, the magnetic force of the magnetic actuator
MAC no longer counterbalances the force by the load.
Depending on the change of the gap distance G, the change of the overall magnetic
field of the first actuating part may be such that the magnetic force yields a net force in
25  upward or downward direction. Due to this net force the load will move in the direction
of the net force.
As soon as the desired new position is reached the gap distance G between the first
and second magnets is changed in such a way that the magnetic force again
counterbalances the force due to the load. The load will now remain at the newly
30  chosen position. The relation between force and movement (or position) will be
explained later in more detail.

It is noted that a controller (not shown) preferably arranged in a closed loop is to be

provided to ensure that the movement of the moving part takes place in a controlled



changi ng the gap distance G between the first and second magr®tsudlist 2006 The
change of the gap distance causes a change of overall magnetic field of the
first 20 actuating part MAC 1. Wen this overall nagnetic field changes
relative to the magnetic field fromthe third nagnet M3, the nagnetic force
of the magnetic actuator MAC no | onger counterbal ances the force by the

| oad. Dependi ng on the change of the gap distance G the change of the
overall magnetic field of the first actualing part may be such that the
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manner known to persons Skilled in the art. The controller is arranged to

control the ptezoeradist may betemgerd fopeetpating g idireet pagition fignal (are sigathi ng t he
newl y chosen pasid bQ'adhbif MbRBR HRIR] pdkftn sRhiizaPbLGIEE ©f ement 1N the
direction of the gap distance’is altered for counterbal ancing the nmagnetic
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for variations in this gap G: Relatively large force variations occur as a function of a
20  relatively small variation of the gap distance G. A variation in gap distance by 5-6 um
results in a force variation of approximately 0.15 N which is sufficient to move the load
over more than 0.5 mm when the stiffness is ~200 N/m.
Since only the piezoelectric element PE needs to be controlled for changing the gap
distance to adjust the magnetic force, the dissipation is very low in the magnetic
25  actuator MAC according to the present invention. Advantageously, thermal effects such
as thermal expansion and thermal drift can be substantially reduced by the magnetic
actuator MAC according to the present invention. A further advantage of the low
stiffness of the actuator is that this low stiffness provides a vibration isolation between
both parts, i.e. MAC1 and MAC2. Due to the low stiffness, vibration of one of these
30 parts will only have a small effect on the other part since the generated force between
both parts is substantially independent of the relative position of both parts in the

operating range.



- 200Nm (0.2N m can be obtained over a stroke of a few nM29TAUSUSE2006
that only a small variation in net force is required to displace MAC
relative to M3. This force variation is realised by altering the gap G The
magneti c actuator force is very sensitive for variations in this gap G

Rel atively large force variations occur as a function of a 20 relatively
smal | variation of the gap distance G A variation in gap distance by 5-6 gm
results in a force variation of approxi mat’é‘ly 0.15 N which is sufficient to

move the | oad pySh,dIRhEadiRR MAS ciBaRddRA a%béﬂa?t%?%e‘ IfhoghpidV m  Si nce
only the piezoelectric elenment PE needs to be controlled for changing the

gap di st anceProsctiad apperatup gofghoma) fremvrichean olgmenti. o, pagttaf dhe litko low in

t he magnetic KEAE
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The magnetic act uat or MAC can_be arran%ﬁd n a hase part of t he |ithographic
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have an annular shape as in the first embodiment. The piezoelectric element PE has an
20  annular shape and is positioned around both first and second magnets M1, M2. The
piezoelectric element PE is linked to the first and second magnets M1, M2 by a frame
comprising an upper disk B1 attached to an upper end of the piezoelectric element PE
and the top outer end of the first magnet M1, and a lower disk B2 attached to a lower
end of the piezoelectric element PE and the bottom outer end of the second magnet M2.
25  The third magnet M3 is positioned in between the first and second magnets M1, M2 on
one side and the piezoelectric element PE on the other side.
Advantageously, in the second embodiment the working length of the piezoelectric
element is larger and the actuating displacement can be larger.
In the second embodiment, the magnet M3 can be connected to the base through
30  holes that are made in the discs B1, B2.
Persons skilled in the art will appreciate that by the use of mechanical elements,

such as disks B1 and B2, the stiffness of the arrangement will be increased and result in

a damping of the actuating operation. Preferably, application of mechanical elements in



15 be tilted in the X- and Y-direction. Figure 3 shows a secowAetGusrpeoé ve
enbodi nent of the magnetic actuator MAC. In this enbodinent, itens are
referred to with the sanme references as in Figure 1 and 2. In this second
alternative enbodi nent the nagnetic elements M, M2 and M3 again have an
annul ar shape as in the first enbodi nent. The piezoelectric el enment PE has
an 20 annul ar shape and is positioned around both first and second magnets
M, M. The piezoelectric elenent PE is |ihked to the first and second
magnets M, fr C (.Sl Nng.an r disk B 1 attached to an upper
end of the p:vtﬁalf%éﬁu%g{’rtﬁ%g% & gnqrrglg ce%‘l‘—f sglgﬁ%sst% E@gta %tﬁat%rﬂtﬂg’ru &iebr?d( B¥Ofhe first
magnet M, andcimEmbmwer di sk B2 attached to a |lower end of the piezoelectric
el ement PE and {he gtot%(())m out er eoﬁ,qtE of the s Cﬁ)nd net ., 25 The third
magnet M3 is poSEPiCoREMP YT BRIIEEH HeHBag P alon 2L 0 ts M, M on
one side and thBodimeroel ectric el enent PE on the other side. Advantageously,

in the second enbodi nent.the rking |l ength of _the piezoelectric element is
| or araSthe . ARSTa e P A e ta shad pran Bpliay HopRETES £ ERE:
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that are made in the discs Bl, B2. Persons skilled in the art wll
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magnets M, M. (see Figure 4b) The piezoelectric element PE is connected
with one out ef@ the length of the second magnet plus the gap distance between the first and

second magnet. Advantageously, the working length in the fourth embodiment is
larger than the working length in the first embodiment, and thus provides a larger
actuating range than in the first embodiment. Alternatively, the piezoelectric element

20  PE may be located within the gap between the first actuating part MAC1 and the
second actuating part MAC2 (see figure 4c).

A further fifth embodiment of the magnetic actuator (Figure 4d) may be based on
the arrangement of the first, second and third magnets M1, M2, M3. In this
arrangement the third magnet M3 is subdivided in an upper M31 and a lower part M32

25 by a gap G3. Within this gap of the third magnet M3 a plurality of piezoelectric
elements PEn is present, preferably three piezoelectric elements with an enclosed angle
of 120 ° in the horizontal plane between the piezoelectric elements. In this embodiment,
the upper part of the third magnet can be tilted relative to the lower part of the third
magnet by generating a different displacement for each piezoelectric element within the

30  gap. This allows generating a couple, perpendicular to the direction of the common
central axis, and a magnetic force which can be directed in a direction tilted with
respect to the direction of the common central axis Al. In this embodiment, the third

magnet M3 may actually be divided in two separate parts, or it may comprise slits



to an outer end of the first nmagnet renote fromthe gap G andQ9Atbusn0ber
outer end to the outer end of the second nmagnet renote fromthe gap. The
wor ki ng I ength of the 15 piezoelectric element PE equals in this fourth
enbodi nent the length of the first magnet, the |l ength of the second nagnet
plus the gap di stance between the first and second magnet. Advant ageously,
the working length in the fourth enbodinent is |larger than the working
length in the first enmbodi ment, and thus plovides a |arger actuating range
than in the fjrs ﬂﬁmg o FBRbnet £t SmBRE MEL it id NEnPideELRLEGHL LC el ement 20 PE
may be | ocat e{af Wl}lt in ?ﬁe g%np? ﬁ‘et’ween t he %ﬁtrlst a_t%!t ugta}%n%%%%t MAC 1 and the
second act uat pipgpelsatric elgent. {tsal be clgarrte apetpon skilfedrin Hermrtfthat plermatiyodi ment  of
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direction andP¥&®Rncl osed by a second assenbly conprising a magnet that is

magnet i sed per pERGHeGUhaws a sixth alternative embodiment of the magnetic actuator MAC for

20  use as a magnetic actuator acting in a substantially horizontal direction. In this sixth
alternative embodiment the magnetic actuator MAC is used to produce a displacement
in a horizontal direction.

The magnetic actuator of this embodiment comprises two magnetic actuators MAC-
A and MAC-B which each comprise first, second and third magnetic elements M1A,

25 M2A,M3A, and M1B, M2B, M3B, respectively, and a piezoelectric element PE-A and
PE-B, respectively. The magnetic elements M1A, M2A, M3A, M1B, M2B, and M3B
each comprise a magnetic polarisation P1A, P2A, P3A, P1B, P2B and P3B,
respectively. Further, the magnetic actuators MAC-A and MAC-B are connected by an
connection rod CR. The magnetic polarisation of the first and second magnets of

30  magnetic actuator MAC-A (P1A, P2A) is directed in the opposite direction of the
magnetic polarisation of the first and second magnets of magnetic actuator MAC-B
(P1B, P2B) to counterbalance the magnetic force of magnetic actuator MAC-A and
magnetic actuator MAC-B relative to each other.



to said first direction) is only one of many possibilities fQ@9 AeceseRd0yg a
magnetic force that remains substantially constant over an operating range.
Figure 4e shows an alternative arrangenment wherein the first actuating part
conprises two annul ar shaped permanent magnets M, M having an opposite
magnetic polarisation parallel to the 15 first direction, the second
actuating part conprises a annul ar permanent magnet M3 that is also
polarised in the first direction. The actudting force can be generated by
altering the ] . t, t? Lezoel ectric
el ement PE situate Ffo}ll&%éeegg%fﬁégr %ﬁ}gm%ﬁgﬁg%s@gﬁx f%x%ﬂc glrtﬁgti ve
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MAC-B (P1B, P2B) to counterbal ance the magnetic force of magnetic actuator
MAC- A and nepagieishagiog a apwAnNVRCsIBPe sychiap vastangnlarpe bauatersbpped MRENIGUST 2006
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comprising a ferromagnetic material and a second actuation part (L0) also comprising a
ferromagnetic material. The yoke Y comprises an upper part Y1, a lower part Y2, and
20  an intermediate part YO in between Y1 and Y2. The first part Y1 comprises a first
subpart Y11, a middle subpart Y12 and a third subpart Y13. The first subpart Y11 at
its free end has a slant surface YS1. The third subpart Y13 has a slant surface YS2 at its
free end.
Similarly, the lower part Y2 of the yoke Y comprises a fourth and a fifth subpart
25 Y24, Y25. Both fourth and fifth subpart Y24, Y25 have a slant surface YS3, YS4, at
their respective end directed towards the intermediate yoke part YO.
The intermediate part YO consists of a permanent magnet M4, a first guiding part
YC1 and a second guiding part YC2 each with a slant surface YCS1a, YCS1b, YCS2a,
YCS2b, respectively, corresponding with the slant surface YS1, YS2, YS3 and YS4
30 respectively, for guiding the magnetic field of the permanent magnet M4 to the other
parts of the yoke. The magnetic polarisation P4 of the permanent magnet M4 is
indicated by the arrow P4.



an annul ar shape, it should be noted that this is not an abs@Put&cUST 2006
requirenent. It should 10 be noted that a nagnetic actuator as described in
figures 2 to 5 may al so conpri se magnets having a non-annul ar shape such as
rectangul ar or square shaped nagnets. The principle of the present
invention to generate a magnetic force in response to a piezoelectric
actuator, as disclosed above can al so be gPplled in a piezoelectric actuated
rel uctance notor (or magnetic bearing). |gure 6 shows a schematic
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sevent h enbodi nent of present invention. The Treluctance notor
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Y13. The f| rs par ree en ant surface YS1. The
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YO and a secrerdgubRartnyiZefithe wapsr frsignart i f the ¥9¥&nt surface YCSla, YCSLb,

YCS2a, Y{§H2b, BasHesetlbwe phirt YRUfRSRREG 16481 (16.! 4h bRt &lRNiedW drace YS 1, YS2Z,
YS3 and YS4 30 respectively, for t% iding the magnetic field of the permanent

nmagnet M4 to Besiogedp gw&arppgltlw the y@ks) may be ﬁ‘ﬁ’@}f*f‘éittpéhepﬁé?%filag%}@%n P4 of
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Bet ween t he sll) ant ed surface YCSla of the first guiding part YCL and the
surface YS1 of Thefwopér firsitpas Ydprad thevipwer sggond part flgmﬁhe)y@k@arpatﬁxem and

correspo ndi ”gé)&émoﬁﬂe‘ﬁ%@@ to e\éﬁﬁéﬂe@*ﬁﬁe eéé%g \f]i %nﬁglrx%%?cglg o vve

provi ded. Al's a second gap st anc he sl ant ed
surface YCB | {»noéctddiey a‘consactlggjprdt (ngt shawh) witidh cmpriséser rﬁatsmadﬂats n\if$3 of the
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el ement PE2, whllghinfesnediate part YO of the yoke is arranged for movement in upward or
downward direction within the range given by the first and second gap distances GD1,
GD2. It is noted that the intermediate part YO may be arranged in such a way that
20  actual physical contact to either the upper first part Y1 or the lower second part Y2 is
prevented. The magnetic field of the permanent magnet M4 induces magnetic fields in
the other parts Y1, Y2, YC1 and YC2 of the yoke Y.

The piezoelectric element PE2 is arranged for changing the first gap distance GD1

and second gap distance GD2 relative to each other. By the actual position of the
25  intermediate part YO, the first gap distance GD1 and the second gap distance GD2 are
set.

The actual magnetic flux (i.e., field strength per unit area) over the respective gap
distance can be influenced by changing the ratio between the first gap distance GD1
and the second gap distance GD2. Due to the interaction of the magnetic fluxes, similar

30 as in the first, second, third, fourth, fifth and sixth embodiment of the magnetic actuator
MAC as disclosed above, a magnetic force is created which is capable to position the

load LO at a certain given position below the second yoke part Y2. Furthermore, by

changing the gap distance ratio through a dimensional change of the piezoelectric



connected to the sidewall of the permanent nmagnet M4 and to t29AAGUEIR006 of
the second subpart Y12 of the upper first part Yl of the yoke. 10 Bel ow t he
| ower part Y2 of the yoke, a load (i.e., an object to be |lifted to or
positioned at a given position under the yoke) may be attached to the second
actuating part (not shown). The upper first part Y I and the | ower second
part Y2 of the yoke are at fixed positions relative to each other. The
first part Yl and the second part Y2 nmay b® 15 connect ed by a connecting

part (not shoyuhatdMPES Hhe ARAYnkRERrc8 cAfPbeSfatiad tol dhdigeltie fRMion BRRAE bt d
preferably non-conducting, e.g., a plastic or ceramic. The internedi ate part
YO of the yok® thesesondachatng part o sHisie closerppmmerdigant pagtipnusiagiveiiortbet i on

within the ra Ed'ré’? i ; | G2, It
is noted that f&?ﬁre intie]?pn%la?g!feeq"é?%m@%ﬁ#g?ﬁ%gggl??g%gdgg&%n%tgﬁg a \%ay that 20

act ual physi cpdrt ¥bnf the tyokeomasi hehamitiedhehilgghe magrietis actysgortin We seventthe | ower
second pari Y2 S Vet i G- fi f . At. magnet M4
i nduces naégne%}ﬂlé()%]u?e ias I r?esq%lk@g Iﬁgr%gfadrnglsng\t}?é g@d %ﬂfag%d@@ ¥f the yoke
Y. The pi ezoettiigiossile &d enmnk thémagnetic forceaantjeglorn the laak alin @i hogyetdranofed tist gap

di stance GD1 ,and second gap distance.CD2 relative to e her, By the
actual posi ti%’hS cgpuﬁﬁ%mﬁﬁqioﬁ’l‘)g?a?reéig? N eevf)ﬁlrafl “%n h}eﬁgp?ripla@?]go Eﬁhed’foé(f 8nce GD1
and t he secongtegapardit&baoarerfdidg atagnetis Euxes ERBt @eérithd fimbgdstdond fghpix (i . e.
field strength per unit .agsa%)ﬁover%{ h resg{g&tive gap. di stance can be

i nfluenced byTSAMEGTEFRFHYE )T PEFHOH %gté*hmﬁ tip potugt rg"gl&oﬂf WUWREPEH! and the
second gapo di sfttaageke@ess dPEeetifed the interaction of the magnetic fl uxes,
simlar 30 as in the first, second, third, fourth, fifth and sixth

enbodi ment of t R iEHEg AL Telation betyesp thepeyement pf dhe|mying R dhe magheifnet i ¢

force is creaj@hioMahé el HagRBARI& it AuBeSdd wilretdidhce tOBE sdvehiit a certain
gi ven position bel ow the second yoke part Y2. Furthernore, by changing the

gap di stance ¢aadgnenhlbisgated hawvenshdha anls gy rersonphikillsdan Bigjagcthpt ¢ 29

AUGUST 2006 &9 1aCt bR defdiing e ABHBE IabneliO t1& £ATuRGioY BF ingd to change the
position of |oad attached to the second actuating part LOto either a

cl oser or 1hor displacstngnt of plesspiezoelactrie plament @nd e & fyactionofithe disalapenyedt of the he yoke

o L A

enbodi nent r enaFigere §tshows §chersaticaltiad graphyofdhea mgemetic foree ascfountidn géthedi st ance GD2

it is position of the second actuating part LO of the magnetic actuator according to the
seventh embodiment for different displacements of the piezoelectric element.

20 In this graph the magnetic force is plotted in the vertical direction as a function of
the position of the moving part of the actuator in the horizontal direction. The force—
position relationship shown here is determined by means of a (finite element method)
simulation.

Three function curves were plotted each for a different displacement caused by the

25  piezoelectric element PE2 of the actuator. In this example, the displacement is either
nominal, i.e., at steady state position of 0.0 mm, or in this graph, at —0.05 or at 0.05 mm
below or above the nominal position, respectively.

The upper function curve represents the force-position curve for a displacement of
the piezoelectric element of —0.05 mm.

30 The middle function curve represents the force-position curve for a displacement of

the piezoelectric element of 0.0 mm.

The lower function curve represents the force-position curve for a displacement of

the piezoelectric element of +0.05 mm.



still possible to control the magnetic force acting on the | @G2AUGEST 2006
however noted that this control is nore conplicated to achieve than when

t he upper part Y I of the yoke is present and two counteracting nagnetic
fluxes exist (over the first and second gap distance, respectively):
operation of such a magnetic actuator w thout an upper part Y1 10 of the
yoke is less effective. In Figure 7 the rel ation between the novenent of the
noving part of the magnetic actuator and the magnetic force is illustrated
with reference {10 tfAgneheYGRE 1 caltRREhdfe Pér-mdtdr 13t \RieROachRWEVeEr, that as is
apparent to persons Skilled in the art, that simlar relations describing
t he generated nhignfetce gespesise i epsh SEHNCUNEHs elcuiated over aifasgd Bes mBAtto of t he

pi ezoel ectric 1 ] S ent of the | oad,
can be cal cuIg?égﬁ?g%t%%ogf%ﬁé%&%%?%eﬁ{)@g%l\% ?A.I%I%lﬁg%?e 7 shows
schemati cal | y aAspumplg inthis éremplagnidlutatibo? veightsoffthaoovingpaf andlae attpebed t | on of

t he second; ac i qﬁg i G J: t he

sevent h en%odfogn(gh{ o}?’q%eltrfl r‘:{e)%ﬁtﬁ%ﬁgp E%{n%lﬁp gﬁé#g{’%reno%‘hgagég%@%t ﬁ?ec el enent .

20 I n this grapightibexacdyoentechalancaicbyi tie phaghdtiedorcer t he vertical direction as

a function of e position. of t vin art of .the actuator i.n the

nor 2ot al. i r MPFL e BririSiy Raghel SEUR A HhePR{da kit Do | <

det ermi ned byemphs thefpositigd 6MIO0S reh ¢ippeit cuife) fHed}tractivenftcatinctdases thir ee functi on

curves were plotted each for a different displacenent caused by the 25

pi ezoel ect ri cARAFEHBAELY PEY Noforiaroving Riz1p p nomypal posiio CMOYREPHS spl acenent

i s either o nogiiN@bve ip e to e dSRaRY oSthalifagh@s fbice Bndihe VefEhiidmet Pfceiof thi s

graph, at -0.05 or at 0.05 nm bel ow or above the nom nal position,

respecti vel y. 2PPREIGHBE 00 Nrrctsiupan HGmayinedpr o5 b pguatpeVIdite inBei ti on curve

for a di spl acgskinhl goitiod. 'Vehddi tBZ R8YE Bhdvb CupafI¥EME n&fforcd wiPindFhse3ed N m ddl e

function curve represents the force-position curve for a displacenent of

t he pi ezoel ecfurther. el enent of 0.0 nm The | ower function curve represents the

force-position e flan@ ivePloARR BRIt plstonRir 88 ShiiChe bifraGlvgment of

+0.05 nm 29 AL%%% f&gn 20 Tﬁg’ magne’fpi c forceis calculat etgaﬁé/re per neter

| engt h of 1§ hefoaestinereases to Bpprokiontely 3089pantstbe mavieg pirt mangovonp ewn\atlies

gg‘lr 'fula?:)ﬁg dOY 1réet§‘ gaqla(ﬂngq’e%c%gﬁﬂ}}_eg%gg&egc fo}-c(:%' agd mpv]:re? ht:tahr?et ?(;[rgeockfe of the moving
approximately 200 N acts upon the moving part of the actuator.

From Figure 7 it can be deduced that the maximum allowable stroke position is
approximately —0.3 mm and +0.3 mm in downward and upward direction, respectively.

20  With a piezoelectric displacement of -0.05 mm (upper curve) below the nominal
position (0.0 mm), a magnetic force of 600 N can be generated with the moving part in
position -0.3 mm. Note that this is the lowest position in which the load can be
retrieved. Below this position, the moving part (and the load) can not be stopped any
more and will drop. With a piezoelectric displacement of +0.05 mm (lower curve)

25  above the nominal position (0.0 mm), a magnetic force of 600 N can be generated with
the moving part in position +0.3 mm. Note that this is the highest possible position. If
the load moves higher, it cannot be stopped but will be pulled against the yoke. So, the
operational stroke of the moving part is roughly six times larger than the stroke
produced by the piezoelectric element. It is noted that the effect of disturbances and

30 accelerations of the moving part of the actuator are not taken in account in the
discussion of the maximum allowable stroke. At the maximum allowable stroke, the net
force is substantially zero, no force to counteract the disturbance or acceleration is

available at that point. The maximum allowable stroke is an upper-bound: the net force



Assuming in this exenplary illustration a weight of the novi 2§ AaYSTa06an
attached 5 load of 600 N, the nagnet of the noving part can be kept at its
nom nal position. The weight is exactly counterbal anced by the nagnetic
force. Wien the permanent magnet M4 in the internedi ate yoke part YO noves
to, for exanple, the position of -0.05 mm (upper curve) the attractive
force increases to approximately 700 N (fQr a noving part in a nom nal
position) and the noving part 10 will m)vezlup due to the difference of the

nmagneti ¢ f or GRusBe nbiGer¥/e KHAtle a@ce[b?itioﬁ@r@ﬁseﬁﬁenﬂaﬁﬂé skifheitokd Qichl act s upon
the noving part of the actuator when_it is in the namnal position. Wen

the nover novAeWssEgacting gecelertionsoyvillbeympllerithpn thesmaxipympllowahle pegke when t he
magnet noves fQesckiBEd sheeepl e the position of +0.5 nm the attractive 15
force increases to approximately 800 N and the noving part may nove up even
further due tdtishetedithat eptiapisatiop df tha avorldpgriniciple for & elvemeiza ofdhvmpgpistic a net
force of appraxi JodREdNinAfthe iR fhal BReldRY | MLPR! forcdfor tae actuator.
From Fi gurszl 70% can eodedu.céld t hat tl[jlle %glii mum eﬁnl ovvaf)l eorst roke position
i's approxi managmtudof3haroneratidnal Sirgkerdntiade-ofd weenesrinl theredmbimatendofdorceand on,
respectively. " i I Lhsplace of; .- pper
curve) bel ow %twggﬁsgﬁlnmgﬁpgﬂggﬁt? ?éﬁg%%dng SW&E&%% Sl’E:hefp %P%Ele?f% é%o N can be
gener at ed w tused meonemespeqg feramdgnetiv bepirgs (lhxgn forCe dshort Matke) dnkdan andthes i s t he

| owest position i ich the |l oad can.be retrieved. Belqwthis position,

t he novi ng parre?pe‘(;t&ﬂgs{]}oﬁétrf’lf%fﬂ?mré o@rcﬁgnif%%ﬁvgﬁwg%%%e)and will drop.
Wth a piBaroel adbfebeerdt Bpbtd eiealthoagh the wdbkingprinciplerelacy to/6l) erdbodabaie t he
nom nal position (0. , mgnet i c_force. of 600 N can be generated with

t he movi ng paﬁhPWPﬁgﬁgéngtg}@H&ig‘?‘g?‘?’r‘ﬁ:m adsith erphdiments ppypbegmanesuited 55 i p e
position. |f fof Aplicaneds baMe s sghR forcé VarkAAROWhiREhS tpiRB mbodimehd thayoe pul | ed
agai nst the yoke. So, the ogperational stroke of the noving part is roughly

six times | arRfeporeuited feanplivabiRes cogpseng strtlygly daeerfpes SE18eRT A8 el enent. |t
i's noted that,ghheaieh fsahe Skt, chd/drhamELEmEANRE i@@.g.?b@sgtﬁ;nh%rb?_oﬁficaﬁ he noving
e

part of the actuator are not taken in account in t i scussion of the
maxi num ald ovedgrentssflensgse mirpgrs,tbram splitierpuete 2l Atoapabeation fordheeseventle net  force is

substanti al | y, zeno, . 0o f .racsgoﬁgu&g%&r&gtrﬁgg&icqjeﬁ bance or accel eration
t poi’ al I"o

is available at that point. The nmaximm wabl e stroke is an upper-bound:
the net force Z9nAlyaAbETagEdE actpatoragserding tmin presend inventieansl Hescalrsaberat i ons.

Consequent |y, refa&? t&@ﬁ%@oﬁaﬁ rsy%lée?n \f{qk ﬁ&ed that the magnetic actuator of the present

invention may also be implemented for rotational systems.

20 Persons skilled in the art will appreciate that other alternative and equivalent
embodiments of the invention can be conceived and reduced to practice without
departing form the true spirit of the invention, the scope of the invention being limited

only by the appended claims.



all ows counteracting accelerations will be snaller than the 2fAuausT 2006

al l owabl e stroke as described above. It is noted that optimsation of the
wor ki ng principle for a given size of the nmagnetic 5 actuator can be
focussed on either the actual generated magnetic force or the nagnitude of
the operational stroke. A trade-off occurs in the conbination of force and
stroke as will be appreciated by persons skilled in the art. Thus, the
principle can be used in one respect far nagnetic bearings (large force and
short stroke) and in another respect for short stroke nmotors (small force
and conparatively large stroke). 10 Moreover, it is noted that although the
wor ki ng pri A |l e relates to all enbodinents shown, the first, second,
third, fourt@h—&é, ifth and sixth enbodi ments nay be nore suited for

appl i catigns gOBMH-SERG0? (RAlC; RMCEr ¥dhdiak h ®ee oM idaR, tdMprgigantikt enbodi ment
may be nore surted for applicati‘ons Cconprising relatively |arger force

vari ati ons. Aactuasimglpac &MiASH ; fY0and i eecbnd aatuating pert (MAKE.EHi r d enbodi ments is

e.g., positiopi of optical 15 elenments (| enses g eamsplitters,
etc.). An appﬁ’ie?lg?tiagﬁa P cém?&%sna[nﬁm ne’?élgg‘f %ﬁﬁ?ﬁtwlé%oi ?n(gag 011 - st r oke
nmot or or a negagidtic ckarni MM2; YA, 12), khe, setdnd aomginest pact (MACRLIWD) campisediang to t he
present invention as described above relates to a translational system It
is noted that thindanagagfireslemeny éMiat- O thsfirgtpad seegad pgtuatingpar reosenEiFted so be

| mplement ed f B drhdd @Misherid SuiRetiABrdBBLARAS bitkipalteth | frst lifecbh, W I
appreciate that other alternative and equi val ent "enbodi nents of the

i nventi on canthedoaddreoeg afteched el eitheed theddstton sgnond aétuaingipatisharactdagsdrini ng f or m
the true spirjt, of the invention, the scope of the invention being limted
only by the aB’ﬁTended claims. 29 AUGUST 2006 22 Clainms Magnetic actuator
(MAC, RM for thadhdgsttiow@natdred siovided with @@ekplacgRldnsenn@PE PERY &dmprid@iguat i ng
part (MAC 1; V) adr%g a second glgt uat i ng pgs?t \g%cz LO%P, the}fi rpst actuating
part conpri seBicgoefactria eleragi attached fodthe ftst (Wi ; YQand serond MRe8hd 2) magnet i ¢

el enment (M2; 4 ; -' ses a
third magneti %aé?eieq%lnetn{ e?ﬁflg&erﬁ%?gel)?ﬁ%ﬁ? %drj%gleg%%:}tagéé%%n dg}g%eélt%%%ﬂ%grt are
constructed and arranged to generate a nmagnetic force between both parts in
a first direction, the |load being attached to either the first or second
act uat i ng2par Maghgticactuator §da () accor¢ing claim 1, wherein the first magnetic element

and the second magnetic element being arranged adjacent to each other in the first

direction and being separated by a first gap (G1), the displacing element (PE) being
arranged for displacing the first magnetic element (M1) relative to the second
magnetic element (M2) in the first direction to generate the adjustment force in the
first direction upon a change of the magnetic interaction between the first actuating

part (MAC1) and the second actuating part (MAC2).

3. Magnetic actuator according to claim 2, characterised in that the displacing element
(PE) is located in the first gap (G1)

4. Magnetic actuator according to claim 3, characterised in that the first magnetic
element (M1) and the second magnetic element (M2) each comprise a cavity
extending in the first direction, and that the displacing element (PE) is located
inside the cavity of the first magnetic element (M1) and inside the cavity of the

second magnetic element (M2),



the magnetic actuator is provided with a displacing el ement RPRUGRET)2006
conprising a piezoelectric elenent attached to the first (M; YO and
second (M2; Y1,Y2) magnetic elenent, for relatively displacing the first
and second magnetic el enent. 2. Magnetic actuator (MAC) according claim1l ,
wherein the first magnetic elenment and the second magnetic el enent being
arranged adj acent to each other in the first direction and bei ng separated
by a first gap (Gl), the displacing el esent (PE) being arranged for

di spl acing the first magnetic elenent (ML) relative to the second nmagnetic
el ement (M) fir t t rce in the
first directi glﬁ di3 ?acmg € %I%egllt Qﬂ%;be@%é?%%ﬁg %@eﬁﬁ%tqﬁég{%%%%} (Mclg the first
actuating paatd \@Mﬁfﬁe]s):coahﬂdndghencsaaﬁm (MQ},laﬁd hmgng)awbrmmazgth 3. Magnetic

actuator according.to claim 2, charact hat the di spl acing el ement
(PE) is |ocat tbsiaptialyeqpplitg thejgpath eﬁ@ st R&g?ﬂs% agetia elsments @pd dieng t o
claim 3, chargghg ééﬁﬁk{ﬂgw%ﬁgkﬂghe first magnetic element (M) and the

second magnetic e enent each conprise a cavity extending in the first
direction, and that the dlspIaC|ng el enent (PE) |s | ocated inside the

ity of .the fi t t ty of th
Second magnet MeebieATeCE piepr b ATk s Mokt dp ik S¥aflient (pp)

bei ng coupl ed(wﬂ')tmlowed hdjacet ﬁ&@ﬂeﬁﬂsﬁar@ secod tmaghvktic elaﬂdnwmn Mm)e tieecond
magneti c el enent and _having a working | ength uﬁ tantlally equal to

the length ofdﬁh@“ﬂgF@FWEH@E%B@B&H“Wﬁﬁﬁ@ﬂ} éP%Hﬁﬁ?@w b EMIbgigk ance of
the first gap r acteri sed
in that the d?@tﬁ%ecﬁeg%“%{?g%?ﬁ% Gle?x@ﬁt“{ﬁ’fﬁ angglg?{el%hgg) ﬂgg %’ltngfthgh g%aﬁtﬁ?? rst and
second magnet equaktogthe kength(dfithe firkf) andtsbend magmtmlmlgenm andehe dis@i)e dfdhang
coupled with %gﬁ fiésb magnetic elenent (ML) and wth the second nmagnetic
el enent (M2), "EHE? ¥ng a working length substantially equal to the |length
of the first and second magnetic el enents and the distance of the first gap

(Gl). 6. Magnetic actuator according to claim5, characterised in that for
the coupl ibng Magnets acfuatos ecaprdig tof daiey % fhaectenivey insthet fosthecouplingrig thel ement

B1 t Y%
(Bl) is provi F‘. iy gﬁ%ﬁgg{me%ggwagﬁ@peragglygge d;ﬁ&tiﬁfﬂggrm&a%adcfoﬂhsmn (M2)

a second coup
coupling of the second magnetic element (M2) a second coupling element (B2) is

provided.

7. Magnetic actuator (RM) according to claim 1, wherein the first actuating part (Y)
comprises a an upper part (Y1), a lower part (Y2), and an intermediate part (Y0),
the intermediate part (Y0) being arranged with a first surface (YC1a) facing a first
end surface (YS1) of the yoke (Y1), and with a second surface (Y C2a) facing a
second end surface (YS2) of the yoke (Y1); the lower part (Y2) being located
below the intermediate part (Y0) and comprising a first lower part (Y24) and a
second lower part (Y25), the first and second lower parts (Y24, Y25) extending
lengthwise in the first direction; the first lower part (Y24) being arranged with a
third end surface (YS3) facing a third surface (YC1b) of the intermediate part (Y0),
the second lower part (Y25) being arranged with a fourth end surface (YS4) facing
a fourth surface (YC2b) of the intermediate part (Y0);
the magnetic actuator providing between the first surface (YC1a) and the first end

surface (YS1) and between the second surface (YC2a) and the second end surface



7. Magnetic actuator (RM) according to claim1, wherein the 29 AsiGuat2006i ng
part (Y) conprises a an upper part (Yl), a lower part (Y2), and an
internediate part (YO, the internediate part (YO being arranged with a
first surface (YC la) facing a first end surface (YS 1) of the yoke (Y 1),
and with a second surface (YC2a) facing a second end surface (YS2) of the
yoke (Y1l); the lower part (Y2) being |located below the internedi ate part
(YO and conprising a first |ower part 24Y24) and a second |ower part (Y25),
the first and second | ower parts (Y24 Y25) extending I|engthwi se in the

first directi rst third end
surface (YS3) &gazett 1r5€ R dls nc f&?w@%%tlp%tﬁor%rr&? grggﬁwae%gt}%art (YO,
the second | owsy snﬁade (m5) artalethagmarelnaegme(\mh) andfoetweieh tlenfdusiur f ace ( YS4)
facing a fourth surface the inter |ate part. (YO e magnetic
actuat or pr ovF‘Hfaﬁij (Yettea ﬂterféuqﬂ? ?r?tsuéfﬁ?efqgsé GFCé)“d&ﬁEIdF%@‘% Cf]ﬁ}’ end
surface (¥S1) 48 rf{‘ﬁ) SGRAAn SN TAAR SndeXCEA8A4) 3fh 4 Mgereond end
surface 29 A 2006 f?ga % P 5 |rsut gaa;(%xgl%st%nce (G%n% t he magnetic
actuator pr ovpdannsgnbe(RAE)drrecttﬁbmthhsecdndsdlrdcacte (YC b) and the third end
surface (YS3) and between the fourth surface (YC2b) and the fourth end
surface (YS4) the second gap distance (GD2); the internediate part (YO0)

conprising. a hghdti aﬁﬁgta,ehcdo&\dfiﬁg i ddimay, BR@avedrised inbhtahé sebhdmagiediy di rect ed

in the second direction. eti¢c actuator accordi ng toclaim?7,
charact eri sedelieﬁelﬂtr{th) %ﬂ?eth§éf&@ﬁﬂa§?ﬁ%@?m€“t (EP)esemegre nduged byike ¢ hi r d
magnetic el eng 9‘ magnets i nduced by the fourth magnet (M4). 9.
Magneti c act uator cor g to claim7 or 8, characterised in that the

internediate part (YO corrprises guiding parts (YC, YCZ) for guiding the

magneti c f eI of the fourth ator ccordin
Lo el m 9" o Mghertoguuglo? BRI BT Gl et SRET B S i bidniiaRS 0" 216
the first end ﬁupf(;at‘esmbmslg)ud@qﬁgepasﬂs@medy Cgﬂ%ﬂglﬁamg@{eamgmu& feld thef i 1 st

direction, and that the second surface (YC2a) and the second end surface
(YS2) are sl afueh magpetfdtes rel ative to the first direction. 11. Magnetic
actuator (MAC, RM according to the preceding clains 1 to 10, characterised
in that the magnetic el ements conprise non-magneti sable material,

10. Magnetic actuator according to claim 7 or 8 or 9, characterised in that the first

surface (YCla) and the first end surface (YS1) are slanted surfaces relative to the
first direction, and
that the second surface (YC2a) and the second end surface (YS2) are slanted

surfaces relative to the first direction.

11. Magnetic actuator (MAC; RM) according to the preceding claims 1 to 10,
characterised in that the magnetic elements comprise non-magnetisable material,

such as a carbon based polymer or ceramic.

12.  Support system provided with a magnetic actuator (MAC; RM) according to any of

the preceding claims.

13. A lithographic projection apparatus comprising:
- a radiation system for providing a projection beam of radiation;

- a support structure for supporting patterning means, the patterning means serving



such as a carbon based pol yner or ceranmic. 12. Support syste??pusHSA2H0Gi t h
a magnetic actuator (MAC, RM according to any of the preceding clainms. 13.
A lithographic projection apparatus conprising: - a radiation systemfor
providing a projection beamof radiation; - a support structure for
supporting patterning neans, the patterning neans serving 29 AUGUST 2006 25
to pattern the projection beamaccording to a desired pattern; - a
substrate table for holding a substrat@&) and - a projection systemfor
projecting the patterned beamonto a target portion of the substrate,
pr ovi ded Wi t o ABANGL bioi RRSHBLA aRGRRpdb RAciRaMMerh! L he preceding clains 1
to 11. 14. A lithogra h{c projection gpparatus conprising: - a radiation
system for prowsubstigte tabbe for beldingra sobsirtepfind adi ati on; - a support structure
for supporting patternin ans,. the_patferning nmeans_ servi attern
the projection? @éﬁ%ﬁ&%%&&”ﬁ’é Pajeciing i pa Ef“f)‘gl?%g}?@’?t%{g%tmgﬁpa#gmltoabl e for
hol di ng a subgihk@4te; and - a projection systemfor projecting the patterned
beamonto a target portion of the substrate, provided with a support system
accordi ng t o Plogidgd with a magnetic aduateracepading scanyrof iy nrecedsg cdamplitalhg t he
steps of: - providing a substrate that is at |east partially covered by a
| ayer of radiation- sensitive material; - providing a projection beam of
radi ati onldisi Aditbograptiicatroenti@yapparatus comprisigg:pat t er ni ng means to endow t he
proj ecti on beam w t.h aggath;rn Lg its crass: secéign% and - projecting the
patterned beant BRSNS FOTHRYANAS ¢ BrJe{OR Bram Bhradittiohe | ayer of
radi at i on- sensj LippBrt FBh&hiedbr suﬁb&ﬁﬁ%bﬁfahﬁﬁ@m@%sl @ phikrifig dABORPFihg act uat or
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according to any of the preceding clains 1 to 1
to pattern the projection beam according to a desired pattern;

- a substrate table for holding a substrate; and
- a projection system for projecting the patterned beam onto a target portion of the
substrate,

provided with a support system according to claim 13.

15. A device manufacturing method comprising the steps of:
- providing a substrate that is at least partially covered by a layer of radiation-
sensitive material;
- providing a projection beam of radiation using a radiation system,;
- using patterning means to endow the projection beam with a pattern in its cross-
section; and
- projecting the patterned beam of radiation onto a target portion of the layer of
radiation-sensitive material,
characterised by

providing a magnetic actuator according to any of the preceding claims 1 to 11.





