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[0004]
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A Lorenz force actuator consists of two physically separate magnetic

components. The first component is typically a drive coil through which a
current is passed. The second component consists of an assembly of
permanent magnets, often in combination with additional high permeability
material, that together generates a strong magnetic field that passes through
the coil. The interaction between the current flowing through the coil and the
magnetic field generated by the permanent magnet assembly produces both a
force on the coil, and an equal and opposite reaction force on the permanent
magnet assembly. The portion of the coil in the strong magnetic field can be
referred to as the active portion of the coil. Heat dissipated in the coil can
cause an excessive rise in temperature, unless the céil is adequately cooled by
conducting heat to a circulating cooling fluid.

In some cases, thin cooling jackets attached to the faces of the active
portion of the coil are required to augment the flow of heat to the cooling
fluid. Such cooling jackets are typically made of ceramics, such as silicon
nitride, that offer a good combination of both high electrical resistivity and
heat conductivity, and therefore efficiently transfer heat without causing
undesirable eddy current damping effects due to the strong magnetic field.

Stainless steel is also used, but has neither high electrical resistivity nor
high thermal conductivity. Fill polymers have high resistivity, but relatively
poor thermal conductivity, and cannot, in general, be used to seal cooling
water. Ceramics are brittle, expensive to manufacture, and might not

(especially for thin sections) reliably carry the water without leakage.

and



undesi rabl e eddy current danping effects due to the strong nmagnetic field.

[ 0004] Stainless steel is also used, but has neither high electrical
resistivity nor high thermal conductivity. Fill polyners have high
resistivity, but relatively poor thermal conductivity, and cannot, in
general, be used to seal cooling water. Ceramics are brittle, expensive to
manuf acture, and m ght not (especially for thin sections) reliably carry
the water without |eakage. -2- SUWARY -OF THE | NVENTI ON (0005] The present
invention is directed to an actuator coil cooling systemthat

substantially obviates one or nore of the problens and di sadvant ages of the
related art. [0006] An enbGlMBARYOFIHE PNVENTION nvention includes a
Lorentz actuator coil with a race track winding that has a cooling tube
with liquid flowng through it wapped around its periphery. Aplurality
of el ect [0004] | y i riEhel pa¢sent, inventioraisldirested toan methatoned woolingsystemithid ar e
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i ntroduci ng stefpeddricant eddy current effects [0007] In another aspect,
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to the base plate, Each race track .coil includes .race track, w nding
that gener at eliroehilgHEPPed Fround ts pPHBheé%ofA‘ipﬁ‘ﬁglﬂtﬁﬁég]iegm&ﬁ&dﬂﬂ’gﬁ%q* ound a
periphery of maRlicatRrmidl 36kduddivecitig. ar&Eagdhged g@etfalla Clans@isk td agtivBer i ncl udes
a plurality of thermal conductive strips arranghggt ¥enerall ansverse to

t
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racetrack winding to the cooling tube with introducing significant eddy current effects

[0007] In another aspect, there is provided a coil plate assembly including a
base plate. A cooling tube has a cooling fluid flowing therethrough. A
plurality of race track coils are arranged symmetrically around the base plate
and perpendicular to the base plate. Each race track coil includes a race track
winding that generates a magnetic field. The cooling tube is wrapped around a
periphery of the race track winding. Each race track coil further includes a
plurality of thermal conductive strips arranged generally transverse to at least
portions of the race track winding so as to conduct heat from the racetrack
winding to the cooling tube.

[0008] Additional features and advantages of the invention will be set forth in
the description that follows, and in part will be apparent from the description,
or may be learned by practice of the invention. The advantages of the
invention will be realized and attained by the structure and particularly pointed
out in the written description and claims hereof as well as the appended
drawings.

[0009] It is to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory and are

intended to provide further explanation of the invention as claimed.



wi nding to the cooling tube. [0008] Additional features and advant ages of
the invention will be set forth in the description that follows, and in
part will be apparent fromthe description, or may be | earned by practice
of the invention. The advantages of the invention will be realized and
attained by the structure and particularly pointed out in the witten
description and cl ains hereof as well as the appended draw ngs. [0009] It
is to be understood that both the forégoing general description and the
followi ng detail ed description are exenplary and expl anatory and are

i ntended to provide further explanation of the invention as clained. -3-
BRI EF DESCRI PTI ON OF THERIBRAVESCISPIOON QJF TIHiE DRAVBAY@SYi ng drawi ngs, whi ch
are included to illustrate exenplary enbodi nents of the invention and are
i ncorporated in and constitute a part of this specification, illustrate
embodi mef0$ojof t h&henwaemwirpenyingndravingst whichwiardy inpladefeder st serve to

explain the principles,of.th Fnyenti .0t r.aw s 1] FIG 1
illustrates aexgﬁlgirafy ST rb8 & Coi fg?{%pé‘Lesal{s}%ller%flyﬂgf glgﬁxﬁ%gea%gogﬁ[ %%t of the
present i nvendonstitute [aQ@A]f thik GpecHidaliory sustrate smhnditrients of thzodvengpt of a coi |

THE | NVENTI onfidy Baire et oPE B RPE O oL T PURVRET of ot he
enbodi ment s oihvédfien. Ipteskawingnvent i on, exanpl es of which are illustrated in
the aCCOHRﬁlﬂyI nd Fqg\i\nilﬂgtsrétes a short stroke coil plate assembly of one embodiment
of the present invention.
[0012] FIG. 2 illustrates another embodiment of a coil assembly of the present

invention.
DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0013] Reference will now be made in detail to the embodiments of the
present invention, examples of which are illustrated in the accompanying
drawings. '

[0014] A number of applications exist for the present invention. These
include electromagnetic force actuators, and linear motors used in precision
wafer and reticle stages, such as those used in semiconductor manufacturing,
although the invention is not limited to these applications.

[0015] In a typical photolithographic tool, the wafer is mounted on a stage,
and has several degrees of freedom, X, Y, Z, and possibly some degrees of
rotational freedom. Some systems also include wafer stages that have a long
stroke stage that operates in conjunction with a magnetically levitated short
stroke stage. The long stroke stage is typically guided by conventional
bearings and drivén by linear motors, and provides large-scale X, Y motion.
The short stroke stage is servo-controlled to provide ultra-precise positioning
in six degrees of freedom. In such systems, the wafer itself is mounted on an
electro-magnetically levitated, monolithic component of the short stroke stage.
This monolithic component includes permanent magnets that generate strong

magnetic fields that interact with short stroke actuator coils that are part of a
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[0017] Electr
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[0018]

wound with insulated copper or aluminum wire, or a series of insulated copper
or aluminum strips, efficiently conduct heat without introducing eddy current
damping. FIG. 1 illustrates one such technique. A thin walled stainless steel
water cooling tube is wrapped around the outside of an actuator coil on three
sides. Insulated copper or aluminum wire is wrapped around both the coil and
the cooling tubes. The ends of the resulting coil are electrically isolated so
that the electromotive force (EMF) developed in the coil produces no loop
current. By using a reasonable wire size, eddy currents in the wire are
minimized. In the case of aluminum wire, aluminum oxide can be used to
provide sufficient insulation while maximizing heat transfer.

As may be further seen in FIG. 1, a short stroke coil plate assembly
101 includes a base plate 120. Although not shown in this figure, the wafer is
mounted on a monolithic block directly above it. Magnetic components in the
monolithic block (such as NdFeB magnets) generate an intense magnetic field
that interacts with the current flowing through the coils, generating the Lorenz
forces on the monolithic block that control its motion. As further shown in
FIG.1, the assembly 101 includes a plurality of actuator coil assemblies
102A-102D, arranged (in this example) in a square pattern. Each actuator coil
assembly 102 includes a racetrack-wound coil 103 (only one coil 103 is shown

in FIG.1 for clarity). Instead of a racetrack winding, a flat coil, or



may be used to transfer actuator coil heat to water cooling tubes |ocated
outside the area that has the highest magnetic field strength. Either a

coil wound with insulated copper or alumnumwre, or a series of
insul ated copper or alumnumstrips, efficiently conduct heat w thout
I ntroduci ng eddy current danping. FIG 1 illustrates one such technique. A

thin walled stainless steel water cooling tube is wapped around the
outside of an actuator coil on three.ssides. Insulated copper or al um num
wire is wapped around both the coil and the cooling tubes. The ends of
the resulting coil are electrically isolated so that the el ectronotive

force (EMF) d@v\éﬁwwgdcélm Whe &Ohéedprﬂéﬂﬂ%ﬁsf&osth99ﬂll%H’Eu%zmgedlﬁy using a
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{0020] Cooling jackets 110A-110D are also used to conduct the heat from the
racetrack coils 103 to the cooling tube 113. Note that the cooling jacket 110 is
located in an area where the magnetic force is not as strong as elsewhere in the
actuator coil assemblies 102. Therefore, the problems caused by eddy currents
are minimized.

[0021] Note further that although the actuator coil assemblies 102A-102D are
shown as having a center opening, which is preferred to reduce unwanted

_acoustic coupling, it is also possible to not have such an opening.

[0022] The assembly 101 also includes four focusing coils 106A-106C, which
are used for Z-axis positioning of the monolithic block on which the wafer
rests. Connectors 108A-108D are used to supply current to the focusing
actuators 106A-106D, respectively. Since the amount of Z-axis motion is
usually relatively small, the focusing coils 106A-106C may be relatively small
as well. The position of the wafer in X, Y, Z space is thus magnetically
controlled through the use of the actuator coil assemblies 102 and the focusing
coils 106.

[0023] Note also that ethylene glycol may be used, in addition to water, as the
cooling fluid that flows through the cooling tube 113. Note also that in the
embodiment of FIG. 1, the thermal conductive strips 111 are wound into a

coil pattem. The thermal conductive strips 111 may be made of any metal,



actuator drive coil. Collectively, the actuator coil assenblies 102A-102D
provide for notion in the X Y plane, including rotation. [0019] A cooling
tube 113 is "wapped” around three sides of the periphery of each actuator
coil assenmbly 102. In this enbodinment, a single cooling tube 113 is used
to cool all four coils. The cooling tube 113 includes an input fluid
connecting portion 104, and an output fluid connecting portion 105.
Connection ports 112A, 112B are used-te connect to a fluid supply system
(not shown in this figure). Electrical connectors 107A-107D are used to
supply current to the actuator coil assenblies 102A-102D, respectively.

[0020] Cool i nﬁcm@iﬁg%lﬁtldel)%ﬂlﬂn%ls%@t 2k $8syUS Oork Gvih) BEHKCAs ddpperieat from the
racetrack coils 103 to the cooling tube 113. Note that the éoollng j acket

110 is | ocatsainless sl golda alypinum, etfe Misgratively, graphite or graphife HRerst r ong as
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[0025] As an alternative, it is possible to have the strips 111 as small tubes,
through which cooling fluid flows. In either case, the direction of the heat
transfer is generally transverse to the direction of the racetrack winding.

[0026] As another alternative, it is possible to use a series of stacked insulated
wire staples in place of the continuous coil winding of the strips 111.

[0027] Another embodiment, illustrated in FIG. 2, uses a series of copper or
aluminum strips attached to a thin electrically insulating fiberglass plate. The
strips are cemented to both the actuator drive coil surface and the water
cooling tube. The common elements with FIG.1 have been labeled
identically. Additionally, a thin fiberglass sheet 202 is used as an electrical
insulator. Furthermore, the thermal conductive strips 111 are not wound into a
coil, but are laid side-by-side. As in FIG. 1, the direction of heat transfer is
generally transverse to the direction of the racetrack winding of the coil 103.

[0028] Further, with regard to FIG. 2, the fiberglass sheeting 201 may be
peeled off during manufacturing, or it may be left in place, to minimize
manufacturing costs. _

{0029] The proposed approach is less costly to manufacture than conventional
art, and may improve both performance and reliability.

[0030] It will be understood by those skilled in the art that various changes in

form and details may be made therein without departing from the spirit and



[0023] Note also that ethylene glycol may be used, in addition to water, as
the -cooling fluid that flows through the cooling tube 113. Note al so that
in the enbodinent of FIG 1, the thermal conductive strips 111 are wound
into a coil pattern. The thermal conductive strips 111 may be nmade of any
metal, -6- including relatively soft nmetals that are easy to work wth,
such as copper, stainless steel, gold, alumnum etc. Alternatively,
graphite or graphite fibers may be uged. Note al so that the thernal
conductive strips 111 transfer heat through conduction, rather than
convection (where convection involves the physical transport of fluid or
ot her nedi urr)sco{)é)Q?élL n{\lehh&pmeffaw intHhE %SpeR@id QaiARd Thasllthd Beb&hNg coils are
shown in FIG 1, appreci ated that nore or fewer may be used.

For exanple, #¥ ﬁq?ee oéatb@ perﬁseré mngentien sheyld qwt bghlipiged Ry «ny Rfe€i on is al so
appl i cabl e, - Offeye liBrib® bty CabodIRRTTH GRod@HaTBIIRE dipda(Or 0 some
cases, only one, er the sofe adjustment is along one axis, in other

wor ds, only aaosbndgncs witgheollowingfclagogiant their ¢guivalestsry) . [ 0025] As an
alternative, it is possible to have the strips 111 as small tubes, through
whi ch cooling fluid flows. In either case, the direction of the heat
transfer is generally transverse to the direction of the racetrack w ndi ng.
[ 0026] As another alternative, it is possible to use a series of stacked
insulated wre staples in place of the continuous coil w nding of the
strips 111. [0027] Another enbodinment, illustrated in FIG 2, uses a series
of copper or alumnumstrips attached to a thin electrically insulating
fiberglass plate. The strips are cenented to both the actuator drive coi
surface and the water cooling tube. The conmon elenments with FIG 1 have
been | abel ed



i-dentically. Additionally, a thin fiberglass sheet 202 is used as an
electrical insulator. Furthernore, the thermal conductive strips 111 are
not wound into a coil, but are laid side-by-side. As in FIG 1, the _
direction of heat transfer is generally transverse to the direction of the
racetrack wi nding of the coil 103. [0028] Further, with regard to FIG 2,
the fiberglass sheeting 201 may be peeled off during manufacturing, or it
may be left in place, to mnimze nmadufacturing costs. [0029] The proposed
approach is less costly to nmanufacture than conventional art, and nmay

i nprove both performance and reliability. [0030] It wll be understood by
those skilled in the art that various changes in formand details may be

made therein w i:gg fromthe spirit and -7- scope of the
i nvention as %ﬁ&cﬂﬁﬂﬁﬁglgppended clainms. Thus, the breadth and scope
of the present invention should not be |imted by any of the

above- descri bed exgnpl ﬁﬁﬁ?@rﬂ?ﬁ%ﬁ" . but should be defined only in
accordance with thg f ol 'ow ng c{)a mﬁgénd their equivalents. -8 WHAT IS

CLAIMED |'S: 1. An act uat o9il @fnpir¢ sanging scueisit toffor remegratipi igjdcurrent to

forma magnetjc fiel %’ﬁﬂ Y SERALAt € magnetic conponents; a cooling
t ube havi ng c%‘%’lefaheg q@isa%?%g&? W ﬁgé/rflﬁerethrough in proximty of the coil
of wire but outside the aolihg afbeviaviag canlingiqpp ddwangotherdthraugheni phery of
32:12', g|O: ly of Ig\gogu%iityaor}qhg cdri)lI oLf'rv\%el l;[u¥ ogt];idg Ifh%rcgﬁlof %@P&ﬁt&r\éﬁpeﬁtﬁduﬂﬁ arranged
a periphery of said coil of wire; and
a plurality of thermal conductive strips arranged generally
transverse to at least portions of said coil of wire so as to conduct heat from

said coil of wire to said cooling tube.

2. The actuator coil of claim 1, further comprising a cooling

jacket around one side of said coil of wire and around said cooling tube.

3. The actuator coil of claim 1, wherein said plurality of thermal

conductive strips are arranged in a coil.

4, The actuator coil of claim 1, wherein said plurality of thermal

conductive strips are arranged side-by-side.

5. The actuator coil of claim 1, wherein each of said plurality of
thermal conductive strips includes a microtube with a cooling liquid flowing

therethrough.

6. The actuator coil of claim 1, wherein said plurality of thermal

conductive strips are formed of a metal.

7. The actuator coil of claim 1, wherein said plurality of thermal
conductive strips are formed of any one of steel, gold, aluminum, copper,

graphite and graphite fibers.



transverse to at |east portions of said coil of wire so as to conduct heat
from said coil of wwre to said cooling tube. 2. The actuator coil of claim
1, further conprising a cooling |jacket around one side of said coil of
wire and around said cooling tube. 3. The actuator coil of claim1, wherein
said plurality of thermal conductive strips are arranged in a coil. 4. The
actuator coil of claiml, wherein said plurality of thermal conductive
strips are arranged side-by-side. 5. _9he actuator coil of claim1, wherein
each of said plurality of thermal conductive strips includes a mcrotube
with a cooling liquid flowng therethrough. 6. The actuator coil of claim
1, wherein said plurality of thermal conductive strips are forned of a
metal . 7. The actuator coil of claim1, wherein said plurality of thermal
conductive strips8are The aetiater caihof elgbn df whewt saidy6pid of gyitgnisnim  copper,
graphite and rggm‘;,ﬁld{nigber s. -9- 8. The actuator coil of claim1, wherein
said coil of wre 1s a “racetrack winding. 9. The actuator coil of claiml1,
wherein said coil of wire is a flat <coil. 10. The actuator coil of claim

1’ . \Nher ei n Sai d Cgl l Of[hé’“ac!t&atci)r_scoﬁ of%iaﬂ'ﬁql kh{reﬂfsaﬂvc%ﬁlo?m?}quacfﬂl l s. 11. A
coil plate assenbl’y conpfising:. a base plate;
coil.

10. The actuator coil of claim 1, wherein said coil of wire is a

plurality of overlapping coils.

11. A coil plate assembly comprising:

a base plate;

a cooling tube having a cooling fluid flowing therethrough;

a plurality of coil windings arranged symmetrically around said
base plate and perpendicular to said base plate, each coil winding generating a
magnetic field, wherein said cooling tube is wrapped around a periphery of
said coil winding;

each coil winding further including a plurality of thermal
conductive strips arranged generally transverse to at least portions of said race
track winding so as to conduct heat from said coil winding to said cooling
tube.

12.  The coil plate assembly of claim 11, further comprising a

plurality of focusing coils mounted on said base plate.

13.  The coil plate assembly of claim 11, further comprising a
cooling jacket around one side of said coil winding and around said cooling

tube.

14.  The coil plate assembly of claim 11, wherein said plurality of

thermal conductive strips are arranged in a coil.



a cooling tube having a cooling fluid flowi ng therethrough; a plurality of
coil windings arranged symmetrically around said base plate and

per pendi cul ar to said base plate, each coil w nding generating a nagnetic
field, wherein said cooling tube is wapped around a periphery of said
coil w nding; each coil wnding further including a plurality of thernal
conductive strips arranged generally transverse to at |east portions of
said race track winding so as to cond@et heat fromsaid coil winding to
said cooling tube. 12. The coil plate assenbly of claim 11, further
conprising a plurality of focusing coils mounted on said base plate. 13.
The coil plate assenbly of claim 11, further conprising a cooling jacket

d i de of i il i ndi d sai.d cqoli be. 14. Th
Cor | plate assenbl Y of THEEPHPHE A SR BN d o IPHr R YAl el ’

conductive st theRfal 3budfivedniRArd diradgddGide-by=side: 15. The coil plate assenbly
of claim1l, wherein said plurality of thermal conductive strips are
arranged si de-by-side. 16. The coil plate assenbly of claim 11, wherein

each of said plurgdityriefcdihglalBdssntild WEtdla@ Bt i HRseih ReéHUEESai@ M Cr ot ube
with a cooling liquid flow ng therethrough. 17. The coil plate assenbly of
claim 11, whePBralityaf thegngr eopflucfive strivg aeindes acmifaRmls Wb F9P88are f or med
of a metal. 1fquidABwiRitherh@bgh assembly of claim 11, wherein said plurality
of

17.  The coil plate assembly of claim 11, wherein said plurality of

thermal conductive strips are formed of a metal.

18.  The coil plate assembly of claim 11, wherein said plurality of
thermal conductive strips are formed of any one of steel, gold, aluminum,

copper, graphite and graphite fibers.

19.  The coil plate assembly of claim 11, wherein said plurality of

thermal conductive strips includes a plurality of stacked insulated wire staples.

20. The actuator coil of claim 11, wherein said coil of wire is a

racetrack winding.

21. The actuator coil of claim 11, wherein said coil of wire is a flat

coil.

22. The actuator coil of claim 11, wherein said coil of wire is a

plurality of overlapping coils.

23. A motor coil comprising:
a coil of wire carrying current to form a magnetic field

generated by separate magnetic components;



thermal conductive strips are fornmed of any one of steel, gold, alum num
copper, graphite and graphite fibers. 19. The coil plate assenbly of claim
11, wherein said plurality of thermal conductive strips includes a
plurality of stacked insulated wire staples. 20. The actuator coil of

claim 11, wherein said coil of wire is a racetrack wi nding. 21. The
actuator coil of claim1l, wherein said coil of wire is a flat coil. 22.
The actuator coil of claim1l, whereihlsaid coil of wire is a plurality of
overl apping coils. 23. A notor coil conprising: a coil of wire carrying
current to forma magnetic field generated by separate nagnetic
components; -11- a coohidaglitgitu®e Mavihg Gos1g! liqui Hb\qmigdhérhmmugm it her et hr ough
in proximty of the cail f W|r but%g @Sldﬁ he coi,l of yivl and wr apped
around a perRTFHBEKYY o gfh°§:9 d’fé"’é‘ie upputsiflc the coif, gt Wirey and 3TFRAG 6¥°“f‘ﬁiler nal

conductive stdpdiphérly bRQULELiISTNAFRbld transverse to at |east portions of
said coil of wire so as to conduct heat from said coil of wire to said
cool i ng tube. a plurality of thermal conductive strips arranged generally

transverse to at least portions of said coil of wire so as to conduct heat from

said coil of wire to said cooling tube.



