2009PF00477210$%5&6@ ic bearing, a rotary stage, and a reflective electron beam lithography apparatus
FIELD OF THE INVENTION The invention relates to the design of magnetic bearings, in particular
it relates to the design of rotational stages for electron beam lithography and for electron beam metrology.
5 BACKGROUND OF THE INVENTION Magnetic bearings are bearings that use magnetic force

to support a rPﬁPﬁaaEh@ci@%\é%@Q@r@fq%Hﬂﬂgé aﬁa_arr@fi@ch@@@@&ﬂénthaéﬁh%@fs%mpam@%@ical parts to
wear out. A disadvantage of magnetic bearings is that they require electrical current to levitate the rotor.

10At high speeds, eddy currents in the rotor due to different portions of the rotor passing through the
magnetic fields of the magnetic actuators can lead to an energy loss. United States patent US
6,191,513 B1 discloses the use of silicon steel laminations to reduce eddy currents that result in power
loss due to heating caused by magnetic hysteresis and to a delay in the control of response magnets.
15In wafer inspection devices and for electron beam lithography systems for the semiconductor industry
commonly usedjpegy Siagag. INQERMEHthe time required to scan a wafer with a linear stage is a limit on
the wafer throughput for these systems. In the Journal of Vacuum_Science and Technology B volume 27,
pages 161 through 166 an APGAYHYIPLEI3RsHR-INe ARRIB QT iDagiftls PesriBns LpasHeaLl rRiRifek zywno,
Keith StanfordioAteri&igalisf, idfatBoth faysker, ot druicents IatHoagtheiig afie foeirmeshtoeas Petric), a

Reflective Elec%rt]re?rrg) II%eam Lithography (REBL) system is disclosed. It discloses the use of a rotary stage
for multiple silicon Waters. SUMMARY OF THE INVENTION 25The invention provides for a magnetic

bearing, aJotary stage, a reflective electron beam lithography apparatus, a magnetic actuator, and a

cylindrical rotog ke SeRENEE AL PgERMeRgIMents of the invention are given in the dependent
claims. Embodiments of the invention address the aforementioned problems by the use of

ferromagnetic materials in MRS REATKIVT BERRETRESSRI MRIRELG A5t RIS BRI EDRIS 7 B2 mbodiment,
soft magnetic aovapagiefiigingautgghsidheatylyidicaltneto arémanaitianea badinentafesiomagnetic
laminates Sucr(]jigasd\sl% ggne %%en%g?rggtilél%eegritnoglsirirs]i{h%q(%hgg géﬁﬁll#grag(t:?ﬁcal current to levitate the rotor.
10 At high speeds, eddy currents in the rotor due to different portions of the rotor passing
through the magnetic fields of the magnetic actuators can lead to an energy loss.
United States patent US 6,191,513 B1 discloses the use of silicon steel
laminations to reduce eddy currents that result in power loss due to heating caused by
magnetic hysteresis and to a delay in the control of response magnets.
15 In wafer inspection devices and for electron beam lithography systems for the
semiconductor industry commonly use linear stages. However, the time required to scan a
wafer with a linear stage is a limit on the wafer throughput for these systems. In the Journal
of Vacuum Science and Technology B volume 27, pages 161 through 166 an article by Paul
Petric, Chris Bevis, Allen Carroll, Henry Percy, Marek Zywno, Keith Stanford, Alan Brodie,
20  Boah Bareket, and Luca Gralla (hereafter referred to as Petric), a Reflective Electron Beam
Lithography (REBL) system is disclosed. It discloses the use of a rotary stage for multiple

silicon wafers.

SUMMARY OF THE INVENTION
25 The invention provides for a magnetic bearing, a rotary stage, a reflective
electron beam lithography apparatus, a magnetic actuator, and a cylindrical rotor in the
independent claims. Embodiments of the invention are given in the dependent claims.
Embodiments of the invention address the aforementioned problems by the

use of ferromagnetic materials in the rotor which reduce the eddy currents. In one



A disadvantaggoegbﬁ@gﬁminations to construct the cylindrical rotor is that at higher speeds so called
lamination noise can be produced. Lamination noise is due to 5laminations being suddenly exposed to a
large magnetic field. Lamination noise is defined herein as being the noise emitted by ferromagnetic
laminations when exposed to stepwise magnetic field clganges. A familiar example of lamination noise is

the hum pdeL&_ﬁQoQMrﬁeﬁﬂ‘%ﬂ mﬁ%ﬂiﬂ%b‘?ﬂﬂa@ﬁeh%ﬁ BRRGAHE CQNRiIVAPIBHRNG BhNHERS, b_Ut it_ can a_Iso_
be caused by vibrations of the ferromagnetic plates used to construct the transformer Lamination noise in

10a rotary sta§& P8P MRBLMABAPEIRISFIRIgHeS Sioh de silepiesteebals ksadda Umihina Atk 6EYPUBrations in
the stage, which could inte Aedizachiimtine ithairgyimiaess oorttteicnetealglindrical rotorfsnbmdiments of the
invention addrgss th ination nojise justing,the orj tion of the laminations and/or
the orientationﬁéqﬁéregﬁﬁé%%g%@%:ﬁ%%@@g @ég[%e?é) r?g @?H%ggj 'rlé%égt%é'l's% ?é% rr]ﬁgg ne |%ef?é?d does not
increase UnifotaNnaiteosSesagpuddramipese g olaeemeangtindielbiareinalientoise tbdaBretand edges of

ferromagnetic ﬁ@?eti‘ﬁfi'@'@_eﬁht&fﬂ@ﬁm%@%?nmé‘dWP&FQH%@«%@[W%%M%@&%@B%igfébmgér are rounded.
This makes the magnetic field increase less abruptly and also reduces the lamination noise. An
embodiment of MSHGISIbANABERR AT AT 3GMPYT LA THEaH WHRAISS FehEiree RSAHEFd Y $ihagnetic
bearing by usingmafpereisimérthiinagae btodas Pt b pacialbf Adesaneit tae dybndieadsdiyr against the

force of gravitx/..EmbodirP%nt1$ of the invenp n Bro(yide for.a ﬁ%qetic earing with an axis of rotation. The
, ibrations of the Terroma netui plates Lse 10.Constru ransformer. mma]f'il noise in .
magnetic bearing comprises a cylindrical rotor comprising a ferromagnetic material. The cylindrical rotor

has an ati$ of sjetaiyetiagedndl Whedsgiiny Aicaiet oo dsnanhdenirableadigen Tasecymat deausidtalr has a topside.
Since the magpgfigifearinreRazanais JuaRiGRre ks RR R PR R MAgRRtiaIBERMNg functions

in a gravitational field. The magnetic bearing further comprises a static hub. The static hub has an
overhang which protrudes frEPPHEHSRT KEdRYRERN 8AdEsa haRoBIM thEMBBURIE 1 Yopside of the
cylindrical rotogdpisimgapeasigetitien dyHhrigraatitaidenaldield. ofleatitiagoetie heariag fuikesrcemprises a lift

magnetic actugtor a%;])algatus for cpnttrollin th{-:- q;s gnee be%vveen the figst Serface and the 30overhang.
. ffwat as'the bearing rotdtes the magnetic Tield do€s nat Increase Uuniformly across each , = 7~ .
The lift magnetic actuator can comprise permanent magnets, eléctromagnets, or a combination of electro

and permianentamiagheis!mine enipdtienbehiiegniatkien,comprssed edgediell feragneginstictuator apparatus
for controlling (haLliSoMaeBRIMRE NG MG @Y= aga e 1%’%‘Eﬁ/fﬂﬂnﬁf‘rog&f‘afé‘mﬁﬁ&@é‘.gneﬂc actuator

apparatus can al_so comprise permanent magnets, electromagnets, or a combination of electromagnets

and permanent MFASESINBODDEIDIEG Hcrease lesy ﬁg%%ﬁ@%?ﬁ%ﬁe@%}%ﬂéﬁmyﬁ@&ﬁuse the

magnetic bearing has a cylindeieabopignvdfict isahlerordaaes ierartersiatisdatival hegylindrical rotor
comprises ferroma%la tic matterials and go S not contain any ma n?ts. In some embodim r“s the lift
Ul %o I Qérr]rg rt%n ially

. r 0, Onerate the magnetic Bearing by using a agnet 10 sUpport or par
magnetic actulior 1 api8o Suppont the Cyinarcarrotorsy EHOFE O ek 3hie

20  support the cylindrical rotor against the force of gravity.

Embodiments of the invention provide for a magnetic bearing with an axis of
rotation. The magnetic bearing comprises a cylindrical rotor comprising a ferromagnetic
material. The cylindrical rotor has an axis of symmetry, and the cylindrical rotor has an inner
radius. The cylindrical rotor has a topside. Since the magnetic bearing has an axis of rotation,

25 itisunderstood that this magnetic bearing functions in a gravitational field. The magnetic
bearing further comprises a static hub. The static hub has an overhang which protrudes from
the static hub and is located adjacent to the topside. The topside of the cylindrical rotor is on
top as defined by the gravitational field. The magnetic bearing further comprises a lift
magnetic actuator apparatus for controlling the distance between the first surface and the

30  overhang. The lift magnetic actuator can comprise permanent magnets, electromagnets, or a
combination of electro and permanent magnets. The magnetic bearing further comprises a
radial magnetic actuator apparatus for controlling the distance between the inner radius and
the axis of rotation. The radial magnetic actuator apparatus can also comprise permanent

magnets, electromagnets, or a combination of electromagnets and permanent magnets.



5also stabilizeE%ﬁpﬁ% ign of the cylindrical rotor by preventing it from wobbling. The lift magnetic
actuators control the distance between the first surface and the overhang, and they also align the axis of
rotation and the axis of symmetry in the same direction. The radial magnetic actuator apparatus aligns the
axis of symmetry and the axis of rotation so that they aré coaxial. Depending upon the embodiment the

axis of rotation and the 102apigsQfa1FRMEIEYGRI MAergaigsSHetilxe thiRaxiRiobeaimiands horizontal, then
the radial magnetic actuators may be used to lift the cylindrical rotor. The cylindrical rotor behaves

much like a gyFSLedal faier Maich israble Oy INgHEAT Yoty Ry Toe GHINAY G IRCICEBIRKERed to the rotor
and rotating wiridrhametinoaeitiofnothitonat toatdia.aiynegnere Issatiedaibddingmas, distlifbances, the

otatonal 1o L RAGRR IS EH IBARTHER NG ATIOHDS LRV GBILIN s CIndii rotor This

means that the bearing will be very use providing a sta age for such ap CAtions as electron
beam lithdgraiiep siebibeasdhe betatipmdtiasylindrical rotps byhprenandngdbtinmanebiigft magnetic actuator

apparatus comprises at leaghOfif PagHeAE abluMGSREhEaINAR Rl RRRTHEOHRGi Y KIHHGSAFgIOr against

the gravitational 20 force. This embodiment is advantageous, because the at least one permanent

magnet suppoft€ eI AREANe%RIFo IR e 95 LUFIGN apddhteRdiel RYMMEdRthselBhets to support

the rotor. This dietties The rialicanetvatneadpddatopalighe tieariaghstontegstid. the axis ofn another

embodiment, th(? xis of rotation is a ver icBI axis.of rotati%n. The a/erti(fzﬁI] axis_of roEaEtion is igned with
. rotafion so t atghr@/ are coaxial. De enélqgowoont embo { en ee%xm of rotation and
gravity. 25In another embodiment, the axis of rota IS a horizontal axis of rotation. In anothér

embodimkht, thdsratiismmalyietic deviateroli gthyatbtisaxisdbrofatidifinhagpenial doandtsrrapiphratus

comprises at leasteneluRiidmagnrluEas et MAdnst49guises a ferromagnetic core. The
ferromagnetic core has two slots Cut in it such that the cross section is E-shaped. There is a middle

section between the two sIdRE SANTHEMRIBIO TGS UHNLE 2 AYERREIPSUIH B3 hBSESormal points away

from the ferrorogierical coter. ahbaryhridioragmed iy dveheasapo sesrateoahafrudihadapiachiongenerating a

magneti field hen 2 surtent s Rassed droudn. s i The cgids (ogated wiln ths o slots and
around the middle Section. The hybrid magnet Turther comprises a permanerit magnet which is placed on

the outerl@rfai@ert'rarvdImﬁeﬁmwny@trwmmntrﬁgn@mmwtgné@\ﬁmmﬂﬁ'@aﬁmma%ﬁs _
2009PF00477 dthe AU HEIARG wi NS SRH) LURP i 5raAUAY a9BRIS AR SEH S pPREBREN magnet is

able to provide a portion of magnetic field needed to levitate the cylindrical rotor. The electromagnet is
then able to eifRGeRtRFTHBRAN PBYRE AISREAN BER REHRIBOST the permanent magnet. In another

embodiment, the ferromagneticothatenmoannantises| Ftsadt Nt aatistocypaaskiedmpridey dodgduce the
eddy currents durineg the r?tation of th%lt%lpdrical rotor. The Hﬁeaf)}co? soft ma%qtr]\etic c%mgoﬁite is

beneficial becaUses eH‘&Q%FP&%’ES‘&P Ate7i8sE® %rrtl'agﬁ&ea%g?ng drced %gtac')nﬁpos?e%aﬂqe Foltion of the

bearing. 20  force. This embodiment is advantageous, because the at least one permanent magnet supports
the cylindrical rotor, so therefore less power is needed for the electromagnets to support the
rotor. This reduces the electrical power needed to operate the magnetic bearing.

In another embodiment, the axis of rotation is a vertical axis of rotation. The
vertical axis of rotation is aligned with gravity.

25 In another embodiment, the axis of rotation is a horizontal axis of rotation.

In another embodiment, the radial magnetic actuator apparatus and/or the lift
magnetic actuator apparatus comprises at least one hybrid magnet. The hybrid magnet
comprises a ferromagnetic core. The ferromagnetic core has two slots cut in it such that the
cross section is E-shaped. There is a middle section between the two slots, and the middle

30  section has an outer surface whose normal points away from the ferromagnetic core. The
hybrid magnet further comprises a coil of wire adapted for generating a magnetic field when
a current is passed through the wire. The coil is located within the two slots and around the
middle section. The hybrid magnet further comprises a permanent magnet which is placed on

the outer surface. The magnetization of the permanent magnet is aligned with the normal of



In another em%g@%?tﬁpe ferromagnetic material comprises Somaloy in order to reduce eddy current
stream rotation. Somaloy is a type of a soft magnetic composite. 10The benefits of using a soft magnetic
composite have already been discussed. In another embodiment, the ferromagnetic material comprises
ferromagnetic laminations for reducing eddy currents ddring the rotation of the magnetic bearing. The

laminations arﬁw@@ﬁ@ﬁﬁﬁfb@?ﬁ%'%l&%fﬂr@m%m@rﬁaﬁ%ﬂg,%Hﬂk%tfb{etﬁe?ﬂﬁ%ﬁ#%a%r%ﬂi@‘abifé%V_O'Ume-
The use of laminations has the benefit that the edd;gqcurrents are reduced. 15In another embodiment,

there is a planB Y \WhidPPEHENBG SRS In HrlErperdeckin et na e Idiation: EXcHes o itlinations has
a first transverataxiabiend etheh soktigehtomedies iseariangedfildbfttratptimantatecthgut of the plane

about s first ransverse axis iy st Bagie el peeeh.0ANd 60 legines. el hepween O.1

and 15 degrees. The measure of angle'is giveri ina € terms. Th angle can be eltther negative
or positived 20TPiRpestip dtattientaseddeaimeetsy ssirisatadiseng dhdregtaien ahineamidindrigabretiyht angle with

respect to the 1radindede6romHRTIAEIIRNS e d RiidR FABRL1Re 08 e REMIQEAPRR I URAHOWS the

lamination noise to be reduced. Being located on the radial plane of the cylindrical rotor, in many
embodiments A3ERIBY EYS§ {rtirPRaseAaRI9RUGR aLIES LRS-, By rotating the laminations by the first

angle, the radial magnetic actnatbsrdneasinisneanktiebeniajatad nzidrizacotheisesrondilment, there is a
plane in WhiChotrI‘(lj%rE%(irSe Jcse)émdm%trx lh?streEa%:rr] Pftltgle éamirfati%nsthaes a{%n&itudinaﬁ giggt axissltwherein each
of the laminations’is arrangeg dueh that 1t 18 rotated out of the p?a%% i sn}?l%qelonglmgi?na?'axis by a
second aHyle BeaeesiiGahds8l dsgficnsymiédenmipsiietineal@alnhern Hisigseds. The measure of angle
is given in absolute terms. neseePRAdRAMR G MORFIREENELIIME R BARPNEs R RAkgHBg these

laminations about the longitudinal axis is beneficial, because the laminations can then have a slight angle

with respect td3REANRGH B FHAEISF A IR THRAG RGP A e EREIGP SE FAR IRASRIC R e Efne benefit as
was noted whedntinatiansisratieieari otatethbyathadbiattangies 02 AMEPH/coastiu@nother embodiment,

the laminations are, rotated about both the first angl anﬁj t?e cond angle. In this embodiment the
oinations ne R B e SRR R e B SRR, e T
radial malnetic actuator apjparaihsr Snbediottnsr benbisdimlent, ithehichdbtrxio obgymametos lissrgsrises at

least one first Ryl ic RaenGhalibRs ESERYPHR TRRERRDRSR.S SRELRAQRAugiRal A NGt meecond

transverse axis, and there is a radius that intersects both the longitudinal axis and the second transverse

axis. The secoRBMAHRARFEAIGEEHD TS ih igTiPtisA e BERGRIMND 3RAHL 66 Tishieas fithade Mdius,
preferably betwéien shilamdtiShdagsaesanti sy Agpsidl referdidiehigvgive 0. Nah@abseliteserms. The third

angle can be er%@a%hrneeogr%tl%\éﬁz Cl)sréjl\c}ésriltil\ﬁ%b-sroqbsfeetrer}%%%ee HFsitSangle can be either negative or positive.

20  This embodiment is advantageous, because having the laminations at a slight angle with
respect to the leading edge of the magnetic field of the radial magnetic actuator apparatus
allows the lamination noise to be reduced. Being located on the radial plane of the cylindrical
rotor, in many embodiments it is not easy to tilt the radial magnetic actuator. By rotating the
laminations by the first angle, the radial magnetic actuator does not need to be rotated.

25 In another embodiment, there is a plane in which the axis of symmetry lies.
Each of the laminations has a longitudinal first axis wherein each of the laminations is
arranged such that it is rotated out of the plane about its first longitudinal axis by a second
angle between Oand 60 degrees, preferably between 0.1 and 15 degrees. The measure of
angle is given in absolute terms. The second angle can be either negative or positive.

30  Rotating these laminations about the longitudinal axis is beneficial, because the laminations
can then have a slight angle with respect to the magnetic field of the lift magnetic actuator
apparatus. This has the same benefit as was noted when the laminations are rotated by the

first angle.



advantageous hpesHsg,the orientation of the ferromagnetic laminations with respect to the lift magnetic
actuator apparatus can be adjusted for the purpose of reducing lamination noise. In another
embodiment, the lift radial apparatus comprises at least one second hybrid magnet (132, 542, 1399). The
longitudinal axis and a plane orthogonal to the axis of 1Brotation enclose a fourth angle between 0 and 60

degrees with the radius, preferRismaiRem R hhmARHEAE rdbisebRR T ERkE HradiRnageous,

because the orientation of the ferromagnetic laminations with respect to the radial magnetic actuator
apparatus can®B8 HaRRERY A0led HUNH 6TL W REah IR SFairAHARR PAKD 18 21918 SeRtaHetMBYiment, the lift
magnetic actuadspeapparetuhalifiioagactiala2fanagppiratactndte apparalhaeinapiises at least one
ferromagnetic coF{aer. tTuQe ferromagnetic core has two or more second surfaces whose normal forms an
acute angle with'& angent of a circular path about the axis rotation wherein at least one edge of at least
one secorfd surface is rounkieaiatheeembediarantie tiftatteatantigperalus damerises adeashangdissls, because it

removes a COfﬁWrWWﬁBH&.aﬂi@@ﬁ&tonmﬁrﬁgdmH&@!a KQiBhdishiRGdhG sk @dIecoh@ ferromagnetic 25
er an

core makes the magnetic field smoof 1d thus reduces the [amination noise. In another
embodiment, tH&REIGR YIS FEL ARy Erlifar LS tha ek seo SR 4am iano Rydiealards AL 3658 he distance
of the inner radiarsweite leRPTOL kedbed nedadiongl issentheaginet it fle dstvgduthed orgyises a lift sensor

for measuring th %sta ce betwe tge first surface.and the overhang. The magnetic bearing further
comprises & coNa By B e e T O g he i
magneticlctuabselajspananud kaibhr dreaoke iasthsreitharoregaive oigeiitee bENseamedeknitisurface and the

overhang is maiyaRgehut BEaRERb BYRIRRRJR wﬁﬂ%%ﬁgﬁﬁéﬁgtﬁ@faﬁ%{}ﬁﬁgvﬁﬁh%&% fgifxial sensor

system and for controlling the axial magnetic actuator apparatus such that a second predetermined
distance betwSRA9RRRCIATEAPAARRETAIS tA RaLIBtRaERi dbFiBYRARS Il fedCIDB BB REIA P IGe: In
another aspect, the inventiongpmiidesmibotianeatanye stagadidingpatany siapeigenticees segetic bearing

according to ap embodim i tion. The rotary, stage further comprise rive system adapted
for rotating e HEAD B R et e S R S e BB PSR ot one
workpiec&b Theopitereersloitetobihamdehetiviesal Geotbb0 Therees avifhstiryadinsheretemblyrkstaean encoder for

determining thg aRgle ShQIIEHAR HHEBEMATREHE DRAJI0G:, B RIRedIBRALMR dfyRntageous, because

such a rotary stage can be used for electron beam lithography and also for electron beam metrology
equipment. SUEH AR RpBRgnNItIdEEPeSH @tﬁ@r@%ﬁ\iﬁﬁﬂﬁ%ﬁﬂé@%ﬁﬁB@Fﬁ&W Rfotion is
necessary suciipstéarfar fivavhesddo oenramginglanmaetididhsisnother embodiment, the lift magnetic actuator

apparatus comprises at Ieaﬁ'ltanother embodiment, the lift magnetic actuator apparatus and/or radial

20  magnetic actuator apparatus comprises at least one ferromagnetic core. The ferromagnetic
core has two or more second surfaces whose normal forms an acute angle with a tangent of a
circular path about the axis rotation wherein at least one edge of at least one second surface is
rounded to reduce lamination noise. This embodiment is advantageous, because it removes a
corner which is adjacent to the cylindrical rotor. Having the sharp edge of a ferromagnetic

25  core makes the magnetic field smoother and thus reduces the lamination noise.

In another embodiment, the magnetic bearing further comprises a radial sensor
system for measuring the distance of the inner radius with respect to the rotational axis. The
magnetic bearing further comprises a lift sensor for measuring the distance between the first
surface and the overhang. The magnetic bearing further comprises a control system adapted

30  for receiving signals from the lift sensor and for controlling the lift magnetic actuator
apparatus such that a first predetermined distance between the first surface and the overhang
is maintained. The control system is further adapted for receiving signals from the axial
sensor system and for controlling the axial magnetic actuator apparatus such that a second

predetermined distance between the inner radius and the axis of rotation is maintained.



one permanené&s(?ﬁq{bx?jt4 pable of supporting the cylindrical rotor and the platter against the gravitational
force. This embodiment has the same benefit as was discussed previously for the magnetic bearing
alone. In another aspect, the invention provides for a reflective electron beam 15lithography apparatus
comprising a rotary stage according to an embodiment Bf the invention. The design and use of reflective

electron beam lithography appas@iisescalariancERRA BdvRIECor a rotar!ﬁsf’a@@thﬁé AstRSCialee invention
provides for a magnetic actuator for controlling the distance between the cylindrical rotor and a static hub

in the magnetiCoP BRI AGSNSHGREY NS RCSRHIRISP B FPPRUTE & B LY RREC SRS R Y159 rromagnetic
core has a Ieadjrtgesladiapasamd dritradingsuwdacedfbichtitdg) onentgneoiceheatingleThe dgey twgeducing

lamination noigg, }; ?e?SB t'%?r E&h gdeﬁ{)r?gw i*amen% RANDRERBRAR %'OLI%'Q! gqé?t%? S&d en.by In another

aspect, the invention prow ical rotor comprising’a terromagne ic material. The cylindrical
rotor has an azwloﬂrsgahm@w Bhﬂjfﬂh%yfét@@?ﬁagh@tnﬂmsmﬁaﬁaf@@dﬁpf@églﬁmmgh@ﬁ@glﬁminations for

reducing eddy gipghbh Qe EHRTRIRIRLEAAE. SHINEHEBHAALAL . zﬂﬁféﬁ%@&ﬁpﬁ&ﬁﬁ@e%\k@ﬂ)i&ﬁ circular

path about the axis of symmetry to construct a cylindrical volume. There is a plane in which the axis of

symmetry lies T8 SRR 51U fQhAIFSHBRSCaR AibaeRRIMARY AlsA Akt AT IRE Lo Ble Al erse axis (1182).
Each of the |lamyjoipiieens. Sualranged stagh dﬁtabetusemﬁ@tematﬂppﬁtbﬁopmmeadmaﬂldmst dotiamsverse axis
by a first angle (1184) between E?‘WC?NV% qr ees rab%/ between 0.1 and 15 degrees.
2009PF00477' 7 BRIEPDISCRI = In the following preferred
embodim¥hts of the mvenﬂmwanmhereem@gdﬁhﬁd,, tl39 Wbmmuaﬁqﬁlét@frﬂpp@[ﬁtﬂwmm%md@m the

drawings in whjgk, é:r'fﬂaﬁemﬂﬁﬁ\g%é é%lﬁ‘éHIQBPEL%B&WB 6HE ‘E‘QIFﬁH}R‘aﬂfﬂi@F‘&rﬂftﬂéepIQtY@r%‘éﬁrsﬁﬁ@ 2 shows a

cross sectional view of an embodiment of a magnetic bearing accordi r8‘|to the invention, Fig. 3
shows a persp&@yliarionRa) iefcs: J;hlﬁa?‘éaﬂ VBEOE BB G ARTE oy STHSSRARERHANSi B,
Fig. 4 shows aitdesgyhiidoparieyaha portion of a cylindrical rotor according 10 to an embodiment of the

invention, In another aspect, the invention provides for a reflective electron beam
15 lithography apparatus comprising a rotary stage according to an embodiment of the
invention. The design and use of reflective electron beam lithography apparatuses are
described in Petric.
In another aspect, the invention provides for a magnetic actuator for
controlling the distance between the cylindrical rotor and a static hub in the magnetic
20  bearing. The magnetic actuator comprises a ferromagnetic core and the ferromagnetic core
has a leading surface and a trailing surface which has one or more rounded edges for
reducing lamination noise. The benefits of this embodiment have been previously discussed.
In another aspect, the invention provides for a cylindrical rotor comprising a
ferromagnetic material. The cylindrical rotor has an axis of symmetry and the ferromagnetic
25  material comprises ferromagnetic laminations for reducing eddy currents during rotation of
the cylindrical rotor. The laminations are stacked in a circular path about the axis of
symmetry to construct a cylindrical volume. There is a plane in which the axis of symmetry
lies for each of the laminations, and each of the laminations has a first transverse axis (1182).
Each of the laminations is arranged such that it is rotated out of the plane about its first
30 transverse axis by a first angle (1184) between 0 and 60 degrees, preferably between 0.1 and
15 degrees.



Fig. 5 shows %wwf drawing of a hybrid magnet according to an embodiment of the invention,
Fig. 6 shows an Iillustration that demonstrates the benefit of using a hybrid magnet according to an
embodiment of the invention, 15Fig. 7 shows a cross sectional view of a hybrid magnet and a cylindrical
rotor according to an embodiment of the invention, 7 Fig. 8 shows a perspective view of a magnetic

bearing accordipgep BisemRaltResEefHiReyRYENTIQE gVith the cylindrical rotor removed, Fig. 9
shows a perspective view of a maﬂnetjc bearing according to an 20 embodiment of the invention,

Fig. 10 shows a cross sectidraf IPHRYIRe RTSHEN orRedHEgR AL e Lvagtar M ks escahednodiment of
the invention, way of ekagplelaitilystiadeti tthefotatio o afadierimpipneticiamination about its first transversal

axis, 25Fig. 12 illustrates the ratation of rro ic laminatio out jts first itudinal axis, Fig. 13
illustrates the rotation of a?w_e)'/%(r)llds Fﬁ?gjﬁe@é‘%‘ﬂ%@ zﬁéﬁﬁuﬁryfﬁ%ﬁ 9?’% %@gé%aﬁrllgéﬁﬁlé%{} |r¢1ent of a rotary

stage acc@rding to the invehigoR sBOAD ET/AsE EOtDERS GRVRT FDRMbodimentigbarineapeiiedeglé@ents in these
Figures are eithepidegticahelrreaids or perform the same function. Elements which have been discussed

previously will not necessarily be discussed in later Figures if the function is identical. 2009PF00477 8

Fig. 1 shows a diagram that efriBAYE 3Y PREBEHEN BRI FALIROTAKREIRILARBN. There is a

perspective viewidanetasiomnalisisatibdD and a side view 102 of the same rotational disc. The disc rotates

about an axis of rotation 13%&{1 reisa agne ic bearing 108 that #%zﬁrasritgﬁr?tational disc 100, 102.
icate IC

. WS 3. VIEW Ttion r rdin
The arrows labeled 112 in gta%ﬂlggﬁonpduog toea r%oalglontlggrﬁ)e ctuator gpopgrcé: ug, dnd arrows

indicated1010 ¥hawestedsliimanion thedriferdies.to lift magnetic actuator apparatus. Some embodiments of the
invention support the disc 192, 5100\ a0chthe MBANGHG REF AR ﬂ%m%@%ﬁr&?ﬁgfiooirgravny- The arrow

104 shows the direction of rotation. Key features of this embodiment are: 10The disk 100, 102 in Fig. 1 is
rotated with arfBRRUBRAGESEdgaION,

Fig. 6 shows an illustration that demonstrates the benefit of using a hybrid
magnet according to an embodiment of the invention,
15 Fig. 7 shows a cross sectional view of a hybrid magnet and a cylindrical rotor
according to an embodiment of the invention,
Fig. 8 shows a perspective view of a magnetic bearing according to an
embodiment of the invention with the cylindrical rotor removed,
Fig. 9 shows a perspective view of a magnetic bearing according to an
20  embodiment of the invention,
Fig. 10 shows a cross sectional, perspective view of a magnetic bearing
according to an embodiment of the invention,
Fig. 11 illustrates the rotation of a ferromagnetic lamination about its first
transversal axis,
25 Fig. 12 illustrates the rotation of a ferromagnetic lamination about its first
longitudinal axis,
Fig. 13 illustrates the rotation of a hybrid magnet on the static hub,

Fig. 14 shows an embodiment of a rotary stage according to the invention.

30 DETAILED DESCRIPTION
Like numbered elements in these Figures are either identical elements or
perform the same function. Elements which have been discussed previously will not

necessarily be discussed in later Figures if the function is identical.



embodiment, t@@o@ i pary part of the motor (stator) magnetically interacts with its rotor which is build in
with the rotational disk. There is no mechanical bearing system coupling rotor and the stator. In an
alternative embodiment, there is a mechanical drive system which turns the magnet bearing. 15In the
axial direction, magnetic levitation is required against greavity. These axial magnetic levitation units (or lift

magnetic actuator apparatisy arera(se AGHYRIN AR IENRH- I RIAPIIZE RS GARSIIMERR Figghetic bearing.
In radial direction, the magnetic levitation units (or radial mag_netic actuator apparatus) hold the rotating

disk in positior M4 ¥&dTAFTR ShRIEPRAIMEHERN P& raiaHionR Lok R angr R VARG *rtFdM¢he distance
actively. In oneaema badimendibe Shetiisprelatrd abawppliadd vitbtatjparnanemreiagmetgnetic  Fig. 2 shows

a cross-sectional si i e diment qf i rng ac ing 1o the invention. There is a
static hub 120@%%311 ﬁeqég%gé@g?(ﬁgg}%r{)% fghalga}ég]‘f#gr@é ﬁgéé’égﬁﬁa%ﬁg Ef%]zqvlv%fc '%#(%/ends out of the
static hub 920 stbiiratiordugitadrisaied Bresiioatic Betvatac ARsasaiaf & AsrorsatidinatasoliORROwXis of rotation
106. The cylindiga| Apion Mi‘ﬂ%@fb@#ﬁﬁb%’ﬁ@%&&oﬂ NG QReEAtIRAIE ¢ @k symmetry 114

and the axis of rotation 106 may be aligned. The cylindrical rotor 116 comprises an outer collar 134 and a
ferromagnetic IS SLPROF (g %?F&&%dﬁ@t?@qﬁg?éﬁ%%gg BERKIG; 4B POAINSHIRR Y SEARIEMRG the lift
magnetic actugtey appalatushdwdthEhrrédtionagnetitiactuator apparatus 130 is 30 connected to the
overhang 122. The lift magR%tigea{:tuat ﬁf)pargt%is can support the cylindrical rotor 116 against the force

of gravity. The lift magnetic actiator 13 ta 35 Contlofs the distance between the first side 128 and the

overhandl@22. This is indicahedlisly 08, dRtanEtg 126 iioteted diih reingleTiemoigral aafial magnetic actuator
apparatus 132eWBUJi‘rﬁé?ﬁf“Eﬁé%f%ﬁ)n%Rp§£1F &Qﬂg%(ﬂdﬁéﬁﬁrﬁ&%ﬁ%\éﬁ% IW%@E_&E {}gﬂiﬁé lidrand the axis of

rotation 106. The distance is indicated by arrow 136 in the diagram. _Fig. 3 shows an embodiment
of a cylindrical¥Btet ¥ Pyl A vdinseeJaigH GRS dHREe thIY FBESP8 IS RRREISCYHEM E4RE%t0 an axis of
symmetry 114rothresithagtatari 34 dwhistivsembotidea ayindenohdeisaragnet cysateiaichl8. The

ferromagnetic {Rr%get&iglmlalﬁé{b%hiﬁnembodiment is comprised of individual ferromagnetic laminations 338.
The position of one error%agne%lc Bimination is shown by a rectangle labeled 338 in the Figure.

Fig. 4 shéfs a close up sidk thewaxist diwﬁmnm@hﬂi@ﬂmmioaliwwﬂE%Wﬁimtlgigmyﬁ@ahﬁ there is a
collar 134. In %%aﬁn&%&meﬁgﬁtmﬁhﬁig (@FSTH*S{L%?@HE PRSIt AUsP P LsE dcpl aiptack of

ferromagnetic laminations 440. g. ows an embodiment of a hybrid magnet 542. The hybrid

magnet 542 isGHel I giarilzethscaeans AR Higg1Reneiedeadyll 546 and a ferromagnetic core 548. The
ferromagnetic core 548 hasriveaislafisethbh, Thertddaimidetiaiseotinn dbaavliatdirs aanuter surface 554.

The coil 546 ﬁ%‘?o;i)%gutjs eh%’i’é) tﬁéortosigag gllrs]ﬁi iir'1S AB&%B%‘_’ ﬂ&‘? lrjar(]ﬁiaf%eagr]rr]lie Pcl?e\?&éﬁignnunits supply a

20  static preload and control the distance actively. In one embodiment the static preload is

supplied with a permanent magnet.
Fig. 2 shows a cross-sectional side view of an embodiment of a magnetic

bearing according to the invention. There is a static hub 120, and there is the axis of rotation
106. There is an overhang 122 which extends out of the static hub 120. There is a cylindrical

25  rotor 116 which is adapted for rotation about the axis of rotation 106. The cylindrical rotor
116 has an axis of symmetry 114. During operation the axis of symmetry 114 and the axis of
rotation 106 may be aligned. The cylindrical rotor 116 comprises an outer collar 134 and a
ferromagnetic material 118. The ferromagnetic material has a topside 128 which is adjacent
to the lift magnetic actuator apparatus 130. The lift magnetic actuator apparatus 130 is

30  connected to the overhang 122. The lift magnetic actuator apparatus can support the
cylindrical rotor 116 against the force of gravity. The lift magnetic actuator 130 also controls
the distance between the first side 128 and the overhang 122. This is indicated by the distance

126 in the diagram. There is a radial magnetic actuator apparatus 132 which controls the



15 552. The p%m;ﬁ:’agnet 544 is then attached to the outer surface 554. The arrow 556 indicates
the direction normal to the outer surface 554 and is also located in the same direction as the
magnetization produced by the hybrid magnet 542. Fig. 6 shows a diagram which illustrates the
benefit of using a hybrid magnet which comprises a per?nanent magnet. In this diagram the force 664 of
attraction of a giaydinskigabratRNifAARBleS raMagRRtisis showtlod Neslorke fismbevpgrdig hybrid
magnet and the cylindrical rotor is proportional to the square of the current through the coil and inversely
proportional to®h& (578 Brs¢ i3 Between the two. Axis 664 indicates the force and axis 662 indicates
the current of electromagnéeligF®sbeviii isnthediorae olecegsanick fftahel 6yAsdeicakrewridmherder to lift the
cylindrical rotog.a force. is ssary. Howeyer, this 25 cap. uppli nent et. 668
shows the am c'% L'?n‘{%ﬁ ﬁ'ér@ﬁﬂ% %ﬁ eerr'lr%ep g\{éér%f%éﬁsta%paeﬁ%hxéggfrﬁy r&w@g&n%tq ﬁﬁﬁé@%ﬁn@%@rﬁ% net lifts the
rotor and the eMueromEguisia ofindaeekissrmagrisrantsiak ld8cldrderthedanedcimaiadiat td&ijust the

position of the GindpsAhTaIER QIRIVRIP NP AVRIDRRGAMEGMERY RiARIRS B W ARiRRinbihg magnet can

be varied by the electromagnet. 30Fig. 7 shows a cross-sectional dir%%ram which shows an example of a
hybrid magnetafPpEPSRgRCHEIaRINatOM FHIGHRY EE DU R leg it B ANF SHSMHEL6. Hybrid magnet 542
comprises the previously deggibmdviyhtidsnagniat aivahybstonagoetopiindnical/bior Brosydindrical rotor

116 compriseﬁzaf rrgga netic. matelqiaIﬁ;IS ”T'%?o %ermanent r}%%gﬁ]et 544 is adjacent to Fhe ferromagnetic
' [

material 118. In this ag';rarr]r?r\?v{as ged r%ragne{lc oPFG0477 e‘?éeﬁhoen%a '8{}]&%' € coils 546.

EIectromé@ne@@@ﬁ%dwbatsi'a@k@ﬁ@ﬁﬁemmtiﬁ/dﬁk@ﬁtm |§é®man§nt magnet 544. Curve 678 shows the
path of a small eddy Cu”er]fiﬁ?@%%q/?é{n'&ﬂ%@%ﬁ@@ al'ﬁ‘)?ﬁﬁa@ﬂda%t %@j)qwg.@gmgpgﬁ of a static

hub 120 according to an embodiment 5 of the invention. The static hub 120 has an overhang 122. There
is a lift magnetitCRERARSTLEYAARE IO HRMEIP 4 thEUMIE RS HREBNSHEAE LIS A8 there is a
radial magneti¢:acthajostRuiods 3UessndSEvanslontesbbElRYe ihe Dwkileandidz B2rwilierstasianiliel 20.

Fig. 9 shows an ass ly_drawi .a magnetic beari ccording to, an embodiment of the invention.
There i o sttt IS 120 s e e TR TR SN e omprises
the metall334 optHdopagitecaintagnetid4risitienigttacberbintigrastiey ausfiend D541 8herdsowishsle is the lift

magnetic actugiar-aeparalis R nbhR lhMRYIRISAHLRLL RN IS JRISR Ve the overhang 122
and the topside 128 of the cylindrical rotor 116. In Fig. 8 and Fig. 9, the considered way of

rotational magRERRlIRAAGHE MRINEBIHAMPrPHCRS R BY PEEOMALH SHAwN in Fig. 9 is connected to the

rotational part of the systermigl bishdigk caiageancannadtrdttadheearctit anueiestrieymtaigaevell.

The lift 130 and radial 132 magnetic ac%uators arop[ﬁraéus are {'Hd}categ 'z? Fig[? 8.and 9. The lift 130 and
: wh|% Cormnrises & permanent magnet, Yo thig diggram the 1orce 64 of raction of 4 :
radial 132 magnetic actiiators comprise ant-shaped core, a permanent magnet (1o Create offset field or
preload) atd acgbiidigahistoaeenit deetmehagteticds 20ewtu diwr fekemiaéd hsbveet thetpttd omgraiso be used in

another embodiment ey jindrical REASEHBERIMAL BTG A era G B EH%&@%%%%R%@“U&”S

apparatus 130 can attracts the rotating load in vertical direction against gravity. The colls control the gap
variations thus & SIXRIRPBiieRal & dhesquare of the gap between the two. Axis 664 indicates the force

and axis 662 indicates the current of electromagnet. Force 666 is the force necessary to lift
the cylindrical rotor. In order to lift the cylindrical rotor a force is necessary. However, this

25  can be supplied by a permanent magnet. 668 shows the amount current that can be replaced
by a permanent magnet. The permanent magnet lifts the rotor and the electromagnet is only
necessary to increase or decrease the force in order to adjust the position of the cylindrical
rotor relative to the overhang. Arrow 670 indicates how force of the magnet can be varied by
the electromagnet.

30 Fig. 7 shows a cross-sectional diagram which shows an example of a hybrid
magnet in operation. There is a hybrid magnet 542 and a cylindrical rotor 116. Hybrid
magnet 542 comprises the previously described hybrid magnet and a hybrid magnet mount
674. The cylindrical rotor 116 comprises a ferromagnetic material 118. The permanent

magnet 544 is adjacent to the ferromagnetic material 118. In this diagram we see magnetic



In Fig. 8, the ragdjal-agiiator apparatus is shown. It creates a certain preload 25due to permanent
magnets. This preload can be weaker than the preload of radial units. Fig. 10 shows a cross
sectional, perspective view of the magnetic bearing shown in Figs. 9 and 10. At higher speeds, fast
changing magnetic fields induce eddy currents in the stebl. Eddy currents create losses and a damping

force that i$ Omilri}ﬁé%@d ‘a_lféti‘é_'ih@' bsisteel I‘QE@HQR\%ﬁ'é%“j@@@@r%%%’ﬁ@ﬁé@@ﬁ%ﬁ@ﬂ@@&q%g netic fields
in both radial 30 and axial directions. In order to remove (minimize) this effect, the steel could be made of

a soft magnetiRCBRSBLIEIRShoHh EARDIE Trowstie Ry kAt hsABsRE eSS PYn Fig. 10, the
cross-sectionamdigstioffiéle [iea6o6the disk in orange color which should comprise a low loss (low
electrical resistance) material. 2009PF 7 To NI Jllustrate how.the position of
laminations when they havc'la_all é‘e%%%% (gc% i‘%gﬁhﬁgiP?i?s?t%{r%n@ée%gﬁgg(@@ﬁ .a%iggﬁ?\tg!sﬁﬁ]%rﬁs the axis of
symmetry 3 14 aiftee dpVierditcall st siat THwkeli0Ags ane VELISM L ddhiEhethds adift oTagpatihaciyator4 lies. A plane

1180 can be déEM\é'ﬂaf% earm bRy ek LihdésiibsmAstirmahine Jaminatiensatara iakienics Smarked by

dashed lines labeled 1186. The lamination 1188 has a first transversal axis 1182. The first transversal
axis 1182 also*BEH ARe35T 34 AU BRI IR QYEFadI%ARS 21 8% [alicBYDetHndicular to the axis of
symmetry 114. The laminatiay ésshotasad alembipertivahly ansveigaltiaxisatihgadoyrdifiggbangle 1184. Fig. 12

lustrates the ioplian el @ isromasnstcrAmnatian A5 sbayl I (st inlanaliuding) sds 1290. in Fig. 11
we can see the axis o Symmetry atlies' in the plane . Inthi ijgure, the erromagnetlc
laminatiot01288dgntetate it-fidendyd pstsisizigntin campliserctieoBetdlyl 3dgucibadEpighe apem. g ingidst

longitudinal axjs Jl2A8 Hgsniite-RiARe 14 A S INiSE SRR GHERIRRARIY, SHPAaERPSR! #iEh the axis of

symmetry 114. This means it is also perpendicular to the first transversal axis 1182. The orientation of the
laminations calfBPEeHeRHECH FMRARIS-L 3D S REME hampraEs 2 Arrie Qesiisd 2heidne284 as
illustrated in Figgintii@nebtbt 116. Fig. 13 shows the orientation of a hybrid magnet 1399 after it has

been rotated and put at a skew apgle, qn the static hub 120. Fig. 13 shows a bottom view of a static hub
120. A hybrid magnet 1399hi13¥i '()Qv%ﬂdr?&%féﬁeocﬁ rt]ﬁ'eeé?/e\r%aé(nogg @?!%ﬁlempa Qﬁ?'c?n? e clglroeni%) rotation is
shown inldashsf\ineshasyiBgBicaiethy bt fishesignietFigIihesnaesteddn throragitinia #lasbds the94 and a

second transv?yﬁt’;éhﬁ’ﬁ*ﬁi%ﬁﬁcﬁ%%ﬂi%&%éBQH@thﬂ%Wawaéﬁﬂ%tiﬂ&&fébﬁléﬁis of rotation 106 is shown

as a point 106. There is a radius extending from the vertical axis of rotation 106 to the intersection point of

the second longitudinal axis 1&34% BRI IRd PapRRH aElalas ARRRsatATE IBEAt R e Wscond
transversal axighd30 and it e3maids ik 2 £oeaghese it eeghprisdA3.E-shaped kige, k4 shows an

e O R R S S o, Ths i eags shown i flo. 14

incorporates a'magnetic bearing as was previously shown' in Fig: 2. Theré is a platter Shown

mounted20 theatydindrisedtetaonttd aTioatarrtahelsndgnised ineanihgritbedim@motor 1407. This can be a

mechanical drive The permanent magnet field generated by the lift magnetic actuators apparatus
130 can attracts the rotating load in vertical direction against gravity. The coils control the
gap variations thus the stability of the system.

In Fig. 8, the radial actuator apparatus is shown. It creates a certain preload

25  due to permanent magnets. This preload can be weaker than the preload of radial units.

Fig. 10 shows a cross sectional, perspective view of the magnetic bearing
shown in Figs. 9 and 10. At higher speeds, fast changing magnetic fields induce eddy
currents in the steel. Eddy currents create losses and a damping force that is opposing the
rotation. The steel rotational disk is clearly exposed to variable magnetic fields in both radial

30  and axial directions. In order to remove (minimize) this effect, the steel could be made of a
soft magnetic composite iron. An example of a soft magnetic composite is Somaloy. In Fig.
10, the cross-sectional view of the part of the disk in orange color which should comprise a

low loss (low electrical resistance) material.



30system or it ﬂ;ﬁgﬁg a magnetic rotor. There is an encoder 1411 to accurately measure the
rotational position ot the platter 1403. On top of the platter 1403 are shown two substrates 1405.
Examples of substrates 1405 would be silicon wafers or masks for semiconductor fabrication.
2009PF00477 12 LIST OF REFERENCE NUMERALS:1300Perspective view of rotational disk 102Side

view of rotational disk 104DQifection QftOiiRRBARERNPtRE FRERIGNF IS MaghRligRARNMAIOStabilization
due to lift magnetic actuator apparatus 112Stabilization due to radial magnetic actuator apparatus 114

Axis of symmetf§mPEEARAL DS b iaee R BUHEIR e b PR SRE R 95 VOB Ang 1241Inner
radius 126 Distfincylbeiivebntopide archhvertesognl28idopesioes dBEiftnmagnetiteaciupiprrapparatus

1180 can be drawn for each lamination 1188. The position of the lamination before rotation is
5 marked by dashed lines labeled 1186. The lamination 1188 has a first transversal axis 1182.
The first transversal axis 1182 also lies in the plane 1180. The first transversal axis 1182 is
also perpendicular to the axis of symmetry 114. The lamination is rotated about the first
transversal axis 1182 by a first angle 1184.
Fig. 12 illustrates the rotation of a ferromagnetic lamination 118 about its first
10  longitudinal axis 1290. In Fig.11 we can see the axis of symmetry 114 that lies in the plane
1180. In this Figure, the ferromagnetic lamination 1288 is rotated from its position in the
plane 1286 by a second angle 1284. The first longitudinal axis 1290 lies in the plane 1180
and is in the same direction but is not coaxial with the axis of symmetry 114. This means it is
also perpendicular to the first transversal axis 1182. The orientation of the laminations can be
15  specified by rotation about the first angle 1184 and the second angle 1284 as illustrated in
Figs. 10 and 11.

Fig. 13 shows the orientation of a hybrid magnet 1399 after it has been rotated
and put at a skew angle on the static hub 120. Fig. 13 shows a bottom view of a static hub
120. A hybrid magnet 1399 is shown mounted on the overhang 122. The position before

20  rotation is shown in dashed lines as 1398. The hybrid magnet 1399 has a second longitudinal
axis 1394 and a second transversal axis 1396. Since this is a bottom view the position of the
axis of rotation 106 is shown as a point 106. There is a radius extending from the vertical axis
of rotation 106 to the intersection point of the second longitudinal axis 1394 and the second
transversal axis 1396. After rotation the second transversal axis 1396 and the radius 1392

25  enclose a third angle 1393.

Fig. 14 shows an embodiment of a rotary stage 1401 according to the
invention. The rotary stage shown in Fig. 14 incorporates a magnetic bearing as was
previously shown in Fig. 2. There is a platter 1403 shown mounted to the cylindrical rotor
116. To turn the magnetic bearing there is a motor 1407. This can be a mechanical drive

30  system or it can also be a magnetic rotor. There is an encoder 1411 to accurately measure the
rotational position of the platter 1403. On top of the platter 1403 are shown two substrates
1405. Examples of substrates 1405 would be silicon wafers or masks for semiconductor
fabrication.



132Radial magpgtic-ggiMator apparatus 134Collar 136Distance between inner radius and the axis of
rotation 338 Ferromagnetic lamination 440 Ferromagnetic laminations 542 Hybrid magnet 544 Permanent
magnet 546 Coil 548 Ferromagnetic core 550Slot 552 Middle section 554 Outer surface 556 Normal to
outer surface 662 Current 664 Force of attraction as a f&#nction of current due to electromagnet 666Force

necessary to liftgyligdrigatraiog 66 NRIavAL eurrent that can be replaced by permanent magnet
2009PF00477 13 670Change in_force necessary to control cylindrical rotor 672 Rounded edge 674 Mount

for hybrid magH&t 67BefRRHEE ¢ RYIQTIHoLABos current 1180 Plane 1182 First transversal axis
102  Side view of rotational disk

104  Direction of rotation

106  axis of rotation

108  Magnetic bearing

110  Stabilization due to lift magnetic actuator apparatus
112 Stabilization due to radial magnetic actuator apparatus
114  Axis of symmetry

116  Cylindrical rotor

118  Ferromagnetic material

120  Static hub

122 Overhang

124 Inner radius

126  Distance between top side and overhang

128  Top side

130  Lift magnetic actuator apparatus

132 Radial magnetic actuator apparatus

134  Collar

136  Distance between inner radius and the axis of rotation
338  Ferromagnetic lamination

440  Ferromagnetic laminations

542  Hybrid magnet

544 Permanent magnet

546  Coil
548  Ferromagnetic core
550  Slot

552 Middle section

554 OQuter surface

556  Normal to outer surface

662  Current

664  Force of attraction as a function of current due to electromagnet
666  Force necessary to lift cylindrical rotor

668  Nominal current that can be replaced by permanent magnet



1184 First anglg

d495 ation of ferromagnetic lamination before rotation about first transversal axis
1188 Ferromagnetic amlnatlon 1284 Second angle 1286 Location of ferromagnetic lamination before
rotation about first longitudinal axis 1288 Ferromagnetic lamination 1290 First longitudinal axis 1392
radius 1393 Third angle 1394 Second longitudinal axis %3396 Second transversal axis 1398 Original

orientation of hyarid MRERETARYS HykudchaonsifeiR@igsy sigge 1403 Platter 1405 substrate 1407

motor 1411 en&oder 200 PFOO477 14 CLAIMS:
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676
678
1180
1182
1184
1186
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1288
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1394
1396
1398
1399
1401
1403
1405
1407
1411

Rounded edge
Mount for hybrid magnet

Magnetic field line

Eddy current

Plane

First transversal axis

First angle

Location of ferromagnetic lamination before rotation about first
transversal axis

Ferromagnetic lamination

Second angle

Location of ferromagnetic lamination before rotation about first
longitudinal axis

Ferromagnetic lamination

First longitudinal axis

radius

Third angle
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1.A magnetic %65- 9%) with an axis of rotation (106), wherein the magnetic bearing comprises:

a cylindrical rotor (116) comprising an outer collar and an inner cylinder of laminated ferromagnetic
material (118, 338, 440), wherein the cylindrical rotor has an axis of 5 symmetry (114), wherein the
cylindrical rotor has an inner radius (124) at the inside édge of the ferromagnetic material, wherein the
ferromagnetic gyaiggig: of the cylindrical rotor has a top side (128) that lies in a plane orthogonal to the
axis of symmetry, a static hub (120), wherein the static hub has an overhang (122) which
protrudes from the static hub and is located adjacent to the top side, 10-a lift magnetic actuator apparatus
(130) for controlling the distance (126) between the top side and the overhang, a radial magnetic
actuator apparatus (132) for controlling the distance (136) between the inner radius and the axis of
rotation, mounted below the overhang (122) on the static hub adjacent the inside edge of the

ferromagnetic material; 15wherein the lift. m tic.gctuatar apparatu 0) comprises at least one
pormanent mabiet (244) AN S CTEHBV RO AT B LA, WP R R GHa e anc
adjacent the féramggneicisemterial, and wherein the lift magnetic actuator apparatus (132) and optionally

also the radial magnetic acy g RARGHHS (I WRAMAHEER ke ash TR DI BIRGL2. 1399).

wherein the hybrid magnet comprises: 20-a ferromagnetic core (548), wherein the ferromagnetic core has
two slots (550 XURHER SRIEHMAEHS BriedabeEk b8 B4hapbricii i e tHErFal R MRsAR 2dTabn (552)

between the twonsigisy \unaseimhthamidd\aisesiandiashanaauipestidreg 1(2h4t whasgiaeagadi556) points
away from theéegoman[%netic core, a.coil of wire (546 adaep.ted for.alieéﬁbatin agneti field (676) when
& 'Withi

2 Zcurrent is BE4ERATRABEN TRIS Al oeTeinae TR ome e e D O b Found the

middle sectiontop side (128pérahBereintapbygaetti®gdhalticheisidatesydnoneing outer surface, wherein the
magnetization is aligned Wi&%@ﬁc%ﬁ?fﬁ@f W‘r’er%m?ﬁe%!&{?c%b%%?r?&%%%& elgﬁ.mﬁﬁnagnetic bearing

of claim 1, wherein the ferromagnetic material comprises one of the following in order to reduce eddy

m
currents durin@%fﬁ%?f@fﬁﬁ'éeéﬁﬁfdﬂi&hﬁ‘%ﬂér‘%ﬁ%ﬁﬂ%@ﬁéﬁéh@dﬁ%@%e and Somaloy. 53.The magnetic
bearing ofcclaim 1 or 2, wherghniagnteic aphagaedipanate (83o) for controlling the distance (126)

between the top side and the overhang,

a radial magnetic actuator apparatus (132) for controlling the distance (136)
between the inner radius and the axis of rotation, mounted below the overhang (122) on the
static hub adjacent the inside edge of the ferromagnetic material;

15 wherein the lift magnetic actuator apparatus (130) comprises at least one
permanent magnet (544) capable of supporting the cylindrical rotor against the gravitational
force and adjacent the ferromagnetic material, and wherein the lift magnetic actuator
apparatus (132) and optionally also the radial magnetic actuator apparatus (130) comprises at
least one hybrid magnet (542, 1399), wherein the hybrid magnet comprises:

20 - a ferromagnetic core (548), wherein the ferromagnetic core has two slots (550)
cut in it such that its cross section is E shaped, wherein there is a middle section (552)
between the two slots, wherein the middle section has an outer surface (554) whose normal
(556) points away from the ferromagnetic core,

- a coil of wire (546) adapted for generating a magnetic field (676) when a

25  current is passed through the wire, wherein the coil is located within the two slots and around
the middle section,

- a permanent magnet (544) which is placed on the outer surface, wherein the

magnetization is aligned with the normal of the outer surface.



comprises ferrg&ggﬁ@dggpmlnatlons (338, 440, 1188, 1288) for reducing eddy currents during rotation of
the cylindrical rotor, and wherein the laminations are stacked in a circular path about the axis of symmetry
to construct a cylindrical volume. 10 4.The magnetic bearing of claim 3, wherein there is a plane (1180) in
which the axis of symmetry lies for each of the laminatibfs (1188), wherein each of the laminations has a

first transversgaxis (1182) 1ape¢aetiiBeaasy &f&@%qwg@m&gm@tmmhg it is rotated out of
the plane about its first transverse axis by an firs begge (1184) between 0 and 60 degrees, preferably

ta
between 0.1 aRIPEHE GRS, e Talopliag Iy A0 FEMAmEIdY SIS Brindipigiem thife is a plane (1180)
in which the axigiotigyahrogiryalies foageab afmpesiaainbsianslowherein each of the laminations has a first
longitudinal axis (1290), and wherein each of the laminations (1288) is arranged such that it is rotated out
of the plane about its first longitudinal axis by a second angle (1284) 20between 0 and 60 degrees,
preferablySet@een 0.1 andrh6 megjeisNe®inomd pteigheachaddreindhekalierBagnese Blaighatein the lift

actuator appargimsid3GOmURNeas I%ﬁ‘ﬁéﬁ&&ﬂ@é‘c‘f Stdvy @Wﬁ%”l@gé‘?foﬁﬂau&ﬁ’gggdd ELRFEAR the first hybrid

magnet has a second longitudinal axis (1394) and a second transverse axis 1396) wherein there is a 25
first radius (13841952 LLRE BYENKLCBhPIYnANT WRRIPLDARE AHHHRHARE &6 ke \ea sy SR, and
wherein the sgeandisanseasiedbsimansrihe taditacadphesiaalhictlargle (1393) between 0 and 60
degrees with the radius, preferably between 0.1 and 15 degrees and/or wherein the lift radial apparatus
(132) comprises at least one second hybrid magnet (542, 1399), wherein the longitudinal axis and a plane
orthogon&lto the axis of rofttonagnelisdeaiingueticlang ik Botetnbere & andpae (d&3fraswhiah the radius,

preferably betwgeaQyhandr} HAa8r s o?tﬂéh@nﬁﬂ%%ﬁé' RERIINARERBYAYE BEGiRMBIEFYIN 6,

wherein the lift magnetic actuator apparatus and/or radial magnetic actuator apparatus comprises at least

one ferromagrfetiSTEBSYERE PXIHE e 1A WARSRHABRFERT BSEMALHRR & ariarecdstohdnautisces

2009PF00477 rptarahoseNoEirioansaes fiestteaangesids ajandietabr clnsidphdateradend the axis of
rotation, and V\% (%an at Ieais ane g (g) 9e of alt Iegslt,so(pe second surface is rounded (672) to reduce

efera gen 0
lamination noise. mag neytl earing oainany One of the preceding claims, wherein the magnetic
bearing flither comprises a radial sensors system for measuring the distance of the inner radius with

respect to the gotational aX*Phé"fﬁ%ﬁéﬂé*B@aﬁWg%ﬁ% rlﬂ%a&rlg WHERSH fRPORISERRR 18BN HPIhRYStem for

measuring the distance between the top side and the overhang, wherein the magnetic bearing further

comprises a cHPﬁPd‘i'%%?é;‘m%%YpHéﬂf%rei@ Qé@ﬁﬁﬁﬁ'%?&ﬁﬂ?s‘mﬂﬁ?%%amtqéh%m%f% Ba%Pfor controlling
the lift magnetiwractigiomppPaRIgL sUChritaherdiistpiedete minedidis anzssigtveagedeutap side and the

overhang is m%l&alulnserg an O\I/J\gthoc? t%m he c%ntroks sttelm IS fldl’t radgpted for I [ec |V|(31 8t§1§;nals from the

outd on ltu a Sec
radial sensor system an ?or contr ﬁ Rgn[%e rad magn IC ac ua or %para us s second

predeterinedodisetndeabe ifategreee, pateratalylibeh\sew the andd olegiteason is 15maintained. 9.A rotary
stage (1401), the rotary stage comprising: a magnetic bearing (108) according to any one of the

preceding claims, a drive S}I/_stem (1407% adapted for rotating the magnetic bearing,
6. he magnetic bearing of claim 3, 4, or 5, wherein the lift actuator apparatus

(130) comprises at least one first hybrid magnet (542, 1399), wherein the first hybrid magnet
has a second longitudinal axis (1394) and a second transverse axis (1396), wherein there is a

25  first radius (1392) that intersects the second longitudinal axis and the second transverse axis,
and wherein the second transverse axis and the radius encloses a third angle (1393) between
0 and 60 degrees with the radius, preferably between 0.1 and 15 degrees and/or wherein the
lift radial apparatus (132) comprises at least one second hybrid magnet (542, 1399), wherein
the longitudinal axis and a plane orthogonal to the axis of rotation enclose a fourth angle

30  between 0 and 60 degrees with the radius, preferably between 0.1 and 15 degrees.

7. The magnetic bearing of any one of claims 3 through 6, wherein the lift
magnetic actuator apparatus and/or radial magnetic actuator apparatus comprises at least one

ferromagnetic core (548), wherein the ferromagnetic core has two or more second surfaces



20a platter (l%ggg@ﬁg for holding at least one workpiece (1405), wherein the platter is supported by
the cylindrical rotor, an encoder (1411) for determining the angular orientation of the magnetic bearing.
2510.The rotary stage of claim 9, wherein the lift magnetic actuator apparatus (130) comprises at least
one permanent magnet (544) capable of supporting thé@ylindrical rotor and the platter against the

gravitational foggsel dofiviat iSGHY Srolant aRgREAN RPGEAPBY MR HSIE DN HINEKA bRtary stage
30(1401) according to claim 9 or 10, and wherein the workpiece is a substrate.
rotation, and wherein at least one edge of at least one second surface is rounded (672) to

reduce lamination noise.

5 8 The magnetic bearing of any one of the preceding claims, wherein the
magnetic bearing further comprises a radial sensors system for measuring the distance of the
inner radius with respect to the rotational axis, wherein the magnetic bearing further
comprises a lift sensors system for measuring the distance between the top side and the
overhang, wherein the magnetic bearing further comprises a control system adapted for

10  receiving signals from the lift sensor system and for controlling the lift magnetic actuator
apparatus such that a first predetermined distance between the top side and the overhang is
maintained, and wherein the control system is further adapted for receiving signals from the
radial sensor system and for controlling the radial magnetic actuator apparatus such that a
second predetermined distance between the inner radius and the axis of rotation is

15 maintained.

9. A rotary stage (1401), the rotary stage comprising:
- a magnetic bearing (108) according to any one of the preceding claims,
- a drive system (1407) adapted for rotating the magnetic bearing,
20 - a platter (1403) adapted for holding at least one workpiece (1405), wherein the
platter is supported by the cylindrical rotor,
- an encoder (1411) for determining the angular orientation of the magnetic

bearing.

25 10. The rotary stage of claim 9, wherein the lift magnetic actuator apparatus (130)
comprises at least one permanent magnet (544) capable of supporting the cylindrical rotor

and the platter against the gravitational force.

11. A reflective electron beam lithography apparatus comprising a rotary stage

30  (1401) according to claim 9 or 10, and wherein the workpiece is a substrate.





