WD 02/ 102087 PCT/ US02/ 18513 PRQIECTI ON SYSTEM HAVI NG LOW ASTI GVATI SM Fi el d
of the Invention The present invention is directed generally to systens for
di spl ayi ngoioafieaosmt i on, 5 and nore particularly to refl eeCiusopissiecti on
systens. Background Optical imging systens typically include a

transm ssive or a reflective imager, also referred to as a |light valve or
l'ight valve array, nsm ssi ve
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opaquenesgs gﬂ;\% : act liquid crystal display
(LCD) 15%pro%%%?b%?%g¥%t%ns f¥§éﬁiﬁé&g§£si bl e by the use of
reflective liquid crystal microdisplays as the imager. Many reflective LCD
i mgers rotate the polarization of ingi ahadht. In other words,

pol ari zed light is either reflected by—%r—m er with its polarization

state substanti aDpyicaliimiaging sesteniotypichldy ihalude 8 transraissive or a vaflettive 1dmgelee of
pol arization rotation 20 inparted to provide a desired grey scale. A 90
rotation prdlsogefsrreddo pg 2 gah%lvegrélght Yalve arryswhich impesss angmegenajlight a
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illumnating beam and the prOJ ected image reflected fromthe i nager share
the same phy@ifer asjseags. Reflegiteliehhvalyes rreddeapariaat rdyagases, Fheontigling
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where the illumnating light is split into multiple beans of different
color. 1 opaqueness. New potentially inexpensive and compact liquid crystal display (LCD)

15  projector configurations may become possible by the use of reflective liquid crystal
microdisplays as the imager.

Many reflective LCD imagers rotate the polarization of incident light. In other
words, polarized light is either reflected by the imager with its polarization state
substantially unmodified for the darkest state, or with a degree of polarization rotation

20  imparted to provide a desired grey scale. A 90° rotation provides the brightest state in
these systems. Accordingly, a polarized light beam is generally used as the input beam
for reflective LCD imagers. A desirable compact arrangement includes a folded light
path between a polarizing beamsplitter (PBS) and the imager, wherein the illuminating
beam and the projected image reflected from the imager share the same physical space

25  between the PBS and the imager. The PBS separates the incoming light from the
polarization-rotated image light. A single imager may be used for forming a
monochromatic image or a color image. Multiple imagers are typically used for forming

a color image, where the illuminating light is split into multiple beams of different color.
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I ndi vidually, which are then reconbined to forma full color inage. It is
desi r abl ewpmuemsas nuch |ight generated by the |ight sourca/®s2/pmsssi bl e.
Where the |ight source generates |light over a wide angle, such as an arc
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there are contrast disadvantages for a folded light path projector associated with the use

of p- and s-polarization.
Since light in a projection system is generally projected as a cone, most of the rays
of light are not perfectly incident on the polarizer at Brewster’s angle, resulting in
20  depolarization of the light beam. The amount of depolarization increases as the system f-
number decreases, and is magnified in subsequent reflections from color selective films,
for example as might be found in a color-separating prism. It is recognized that the
problem of depolarization cascade effectively limits the f-number of the projection

system, thereby limiting the light throughput efficiency.

25 Summary of the Invention

There remains the need for an optical imaging system that includes truly wide-
angle, fast optical components that may allow viewing or display of high-contrast images

with low optical aberration.



2 WD 02/102087 PCT/ US02/ 18513 GCenerally, the present invention relates to
an apparatus for reducing astignmatismin a projection systemthat is

parti cul awby2medoB7 suited to reducing astigmatismin LCD pCoOjuS02/185m3
systens. In particular, the invention is based around an i magi ng core that
I ncl udes astigmati smreduction in the polarization beansplitter. 5 One
particul ar enbodi gent .of .the inventi.on i.s directed to.a proj.ecti.on stem
Phat  has a || ghtCRBetednsearRrton rfies ol PRaglR SR enamelid,
least a firsp agﬁé'la&ﬁ{n' Stem! tHRGEparfBiHlady el Shitdaab AduéindGsPEAMNER] inftEp to

| mpose an i nmag (gn l'ight received fromthe 1ight source. The first

pol ari zi ng lprajestpdn gystemsi $n paitiptlarithednyention és based ground aminmagingwore thatige

light reflected . fromthe reflecti.ng i er.. rojection | ens system
proj ect s thénﬂlﬁd"ésatsfl tfﬁ’%fﬁdP%tEﬂ?p‘th? ﬁﬁﬁl?@h&?ﬁﬁﬁ he imaging core.
Anot her Enbod' e nfarfififfar AMRBIHGR of theFh¥eRabE B &if\’:ctf%d% RipSjEdtidA s§iehamt hat

has |ight generating neans and i nagi ng core neans for inp0sing an i mage on
| i ght recei Jmd a lighbsourdeso [gengnste dighter4n inmagingcons incliides atrteast a first oefiectibgns

i ncl udes at |east first i er . neans and.first pol arization be ljttin
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b litti ' . 1 ' ' i i ight. A
eanspl i tti ﬁ%@%&e.'ﬁ%ﬁ@cﬁﬁ%zﬁ& BRI hBRRII S Redule hdifnlaHBAGN kel

projection I'éhs unit pr e astlgmatlsm educed 1 mage i ght fromthe
i magi ng  corimage Hglst. reAeunddhizom edreflectimgtimagert Reprojection lems systentlprogectethet 0 a

pol ari zing beansplitter that ha mul til ayer, polarization sensitive film
di sposedobetﬂﬁgé‘ﬁaté%vé‘f‘g‘@&m%gthgé?é?m@?ﬁ IHWYW ing element is disposed
petueen opposi ng Riidrttodfficht B thloiivehAYf Isiiifebielt 86H oFoiektoh 40Rrh HMt has

i ntroduced by the polarizing I'm Anot e’ Invention is
di rect ed t o lghpgajeeatingoneany shdimdgieg cdnameans for iosmguandmagoom Bglerededvddi ght .
An i magi ng core jing¢ludes at | east first reflecting jrmager apnd a first
pol ari zi ng HEIRERA Halt SPnerfingFpesse The IRagdRe e me@mﬁlgﬂ@g% q) Last HIShAMAgEr | i ght
25 source. i WA SpRE | ' Haes; ] :
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projection | ens systemprojects inmage light recejved fromthe . |
A projection lens unit projects the astigmatism-reduced image light from the imaging

core means.

Another embodiment of the invention is directed to a polarizing beamsplitter that

has a multilayer, polarization sensitive film disposed between covers. An astigmatism
20 reducing element is disposed between opposing outside faces of the covers to reduce
astigmatism introduced by the polarizing film.

Another embodiment of the invention is directed to a projection system that has a
light source to generate light. An imaging core includes at least a first reflecting imager
and a first polarizing beamsplitter to impose an image on light received from the light

25  source. The first polarizing beamsplitter includes a multilayer polarizing film disposed
between covers and an astigmatism reducing element to reduce astigmatism introduced
by the polarizing film. A projection lens system projects image light received from the

imaging core.



I magi ng core. 3 WD 02/102087 PCT/ US02/ 18513 The above summary of the
present invention is not intended to describe each illustrated enbodi nent
or every wopkaomest ati on of the present invention. The figecegsanisihe
detail ed description which follow nore particularly exenplify these

enbodi nrents. Brief Description of the Drawings 5 The invention nmay be nore

conpl etely understood in consideration of the .foll.ow ng, detail ed
descri ption of vaﬁ?e Ve FEEY the Ryesephmvenan s pefintepd tﬁrﬁ%ﬁcﬂbﬁr‘?a‘:}b\ﬁ th the

acconpanyi ”qPQgtPa\ﬁéd]&ﬁbod@irﬂer‘ﬁ"& _El?ér% 'ﬁhﬁgm%nt%ﬁ&?ﬂ%k P?éséﬁf ilinl'énﬁﬁﬁ.r *HhéeR sand,

enbodi nent of a projection unit based on a singlfe reflective I mger;

FI G 2 schenhg detailéd/ddstriptivnrvetiiels fodloat there partivatirlyememplifyehgre@mbotinmemtsini t
based on multiple reflective inmagers; FIGs. 3A and 3B illustrates
different orientations of a color prismrelative to a polarizing

beansplitter; FIG 4 schemati gBdiefyDésclip€ibi of i Dynwdii@odi ment of a projector

system according to 15 the present i1nvention; FIG 5 schematically
i 11 ustrades anot hEhe iavessien maytbegnors completaly vrdessfeqdsimcongideration ofghe o t he

Color  pri smiokaeelifed AeRRRTATLLERCMY chbodEAGL P EROH Filieafln 7, ||

i Il ustrat es wifiptheQbcsnpagingritdwiags,an ¢aichf prism according to the present
invention; FIG 8 schematically 1llustrates another enbodi ment of a col or

prism accordi ng FIG- lisphematisalbnidluptrasesan espbodirpent,of @ projersiontunit Hased on a
il lustrates an,e . e - a projection engine having an 25 x-cube col or
conbi ner, acsél%ﬁl%jlrn%fgggtt“(’)e l%agg{’)resent I nvention; FIGs. 10A and 10B illustrate

di fferenip ori ent P DSclmatidalty Hlubieatéinothet eibodifient of a projection unit based on
multiple reflective imagers;
FIGs. 3A and 3B illustrates different orientations of a color prism relative to a
polarizing beamsplitter;
FIG. 4 schematically illustrates an embodiment of a projector system according to
15  the present invention;
FIG. 5 schematically illustrates another embodiment of a projector system,
according to the present invention;
FIG. 6 schematically illustrates an embodiment of a color prism, according to the
present invention;
20 FIG. 7 schematically illustrates another embodiment of a color prism, according to
the present invention;
FIG. 8 schematically illustrates another embodiment of a color prism, according to
the present invention;
FIG. 9 schematically illustrates an embodiment of a projection engine having an
25  x-cube color combiner, according to the present invention;
FIGs. 10A and 10B illustrate different orientations of an x-cube color combiner
relative to a polarization beamsplitter, according to embodiments of the present

invention;



relative to a polarization beansplitter, according to enbodi nents of the
present invention; 4 WO 02/102087 PCT/US02/ 18513 FIG 11 schematically
iIlustratwe tanomsbodi ment of a pol arizati on beanmsplitter PaEasoziissgeto the
present invention; FIG 12 schematically illustrates another enbodi nent of
a projection engine, according to the present invention; 5 FIG 13
schematically illystrates an dinent of .a.two. i r .projection., engine,
according to the Pg( e%gﬁ‘f em‘éﬁ[;it{ﬁﬂs,tr S@n e@og%egﬁﬁf?ﬂ@ppgaqoh ﬁgrmpgl[t@ an
embodi ment  ofc.RaRf! 8 iZpre@nPRRERRIL tter, according to another enbodi ment
of the present invention; FIG 15 schematically illustrates an enbodi nent
of a polarizing H&Gdpkéhetmaticallyatlustiesiancthepembadiment ofedyeidctonrapginent |
according to the, present invention; FIG 16 schematically illustrates a
proj ecti on AFSPTEinEtA e RIE¥E IVeRtOlst one asti gmati sm reduci ng pol ari zi ng
beamspl i st er, acqg .ﬁ@gcﬁeﬁlaﬁealﬁ;mﬁgi %%_emboamnpbpé%%im%geygﬁ dcfin FI G 17
presents a graph of contrast p ottecjl agai nst wavel ength for ['tilayer
15 thin fil rnghlepsdcartingiodhe presenn irveddati; nent of the invention; FIG 18
schematically illustrates a .two-inmager projecgior system.that uses.
astigmati smr educﬁ@glgé‘ﬁ’?}maﬁﬁg’lhﬁﬁ%ﬁﬁlag@@o {m%eg?a‘?]ﬁﬂﬂf’g%%n Hi ment
of the ,presa%e&didg%ﬁ%btﬂaﬁerﬁﬁuairﬁé&of@r%éﬁeéeﬁmwﬁghiy i Ilustrates anot her
proj ection systemthat uses an 20 astigmatismreduci ng pol ari zing
beansplitter, acddGdilfgcltemativalpnitiosiratesan eafbotiimeenp p€s polarizing beamspditter thiat | e
the inventiaon is anmenable {o various nodifications and alternative forns,
speci fi d9 t HB¢UBPrajes gvade C%Qﬁmmb?“\%gn%fo S BERSPH 1MenHRR dr awi ngs and
will be describ ' [k : ' QL at the
intention is not Eiflg} ??gﬁeﬁlﬁahgal%u?ﬁ%gﬁ%% eto t e&ggg?ﬁ%g%/\%\r{é\{es%%%%i ment s
descri bed. @stigietisnon¢duaing, polanzingrieamspliter, &cdrding to an embodiment of the present

invention;
FIG. 17 presents a graph of contrast plotted against wavelength for a multilayer
15  thin film polarizer used in an embodiment of the invention;

FIG. 18 schematically illustrates a two-imager projector system that uses
astigmatism-reducing polarizing beamsplitters, according to an embodiment of the
present invention; and

FIG. 19 schematically illustrates another projection system that uses an

20  astigmatism-reducing polarizing beamsplitter, according to an embodiment of the present
invention.

While the invention is amenable to various modifications and alternative forms,
specifics thereof have been shown by way of example in the drawings and will be
described in detail. It should be understood, however, that the intention is not to limit the

25 invention to the particular embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling within the spirit and scope of

the invention as defined by the appended claims.



cover all nodifications, equivalents, and alternatives falling within the
spirit and scope of the invention as defined by the appended clains. 5 WD
02/ 10208 7wb@2/10882/ 18513 Detai |l ed Descri pti on The presentrdrmsenisson i s
applicable to optical imagers and is particularly applicable to |ow
f-nunber optical imager systems that produce high quality, low aberration,
projected images. 5 The term optlcg I, r tem as used herein is neant
to include a wide variety of opti i&@ﬁ%ﬁ%ﬁéﬁ%t produce an i mage for a
viewer to view IRl ERyt 1lﬂeediﬁ)ﬁqsb lichKIE to SptRAPInRgers 2R ks S _

proj ection systens, pI‘Oj ection displays, head- rmunt ed di spl ays vi rtual

Vi ewer s, hea;;}phcqblajuoslpWafymmb@pbpml ingagepsyisienty thatpradvee hightquabty, lowr r el at i on
systens and, ot her | view ng and display systenms. 10 One approach to
over coni ng tARETHH %P ‘H@ﬁ@’f ari zation cascade is to use a w de-angle
Cartesiag polariz ?@d‘r& cHasad

appl i cat ?on 09/ 31%1;&9@?[19 I eghﬁ} %tﬁﬁsﬁggemﬁd i ncorlﬂbdg?ﬁaégld%?rag%y by

reference. Afopdcdlagstens BBSpioduce dﬁBfﬁagmfoMaméwetrhe vigwl, drat may ibonsaf 1nsfqnar ate
beans is referen

i nvariant, general ort ona rinci axes of
the PBS fil rﬁxa’inﬁfee gﬁf“r"é@trear\ﬂf?lﬁc%f’“rﬁgfﬁe% ‘gﬂ’q %80%?@1&%%}’% »on of
t he separat t &glgrnh fage of
t he beans oﬁll?ﬁﬁﬁﬁé EQ%XW Iﬂhy Igﬁ%ﬁrt Sl ag@i{’%&%ﬁ?’s@ggﬂg Fg%,?}g

reflective pmﬂmtheszgcdb&mpgaﬂdchsplay(eyﬂems film which is for rred from

alternating | ayer Isotropic and birefringent material. |f the plane of
the filds consi @WT?%LB%OY%%OWW the %{ﬁ@ e JepolanFAO GRS 1510 3¢5 § he

filmis nea s the

refractive ﬁﬁ 8%@1@ éa?ﬁmé%pér)%ﬁ ?%dr?ge%ﬁ%ﬁl%{&g% p%fgf {l)sﬁil &gieh\{ﬁaw ﬂ)‘%f%g’h electric

vect or par aldppllcatmntméslz ;Adi7y Blet ioar 7 Mdyi, k999, and ntcbqnoxatecb]ﬁeramtby\referemdexAl s

the refractive index in the birefringent, naterjal for |ight haw(r% Its
d

el ectric vedtdtesigardSisp RS inehich @FP@@PF@?FP%HCE%@CW%% isaeferepeed Rdex i s
h f h
the refr aCt V&%g%%ﬁ?rh'&%%fgh@eéﬁﬁéf@? Al es R P@% fi! re# Shifast @Yth%%ght S

el ectric vector rection. fve i ndex of
the Dbirdfsri NUstekiaAPBSY; tel pol@izatibis bftht sepatafe bdagns is substantially dependent on the

angle of incidence of the beams on the PBS.

An example of a Cartesian PBS is a multilayer, reflective polarizing beamsplitter
(MRPB) film, which is formed from alternating layers of isotropic and birefringent
material. If the plane of the film is considered to be the x-y plane, and the thickness of
20 the film is measured in the z-direction, then the z-refractive index is the refractive index
in the birefringent material for light having an electric vector parallel to the z-direction.
Likewise, the x-refractive index is the refractive index in the birefringent material for
light having its electric vector parallel to the x-direction and the y-refractive index is the
refractive index in the birefringent material for light having its electric vector parallel to
25  the y-direction. The x-refractive index of the birefringent material is substantially the
same as the refractive index of the isotropic material, whereas the y-refractive index of
the birefringent material is different from that of the isotropic material. If the layer
thicknesses are chosen correctly, the film reflects visible light polarized in the y-direction

and transmits light polarized in the x-direction.
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sane as the refractive index of the isotropic material, whereas the
y-refractive index of the birefringent material is different fromthat of
the isotrwpioe/1omserial. |f the layer thicknesses are cho®em/usor/issei |y, the
filmreflects visible light polarized in the y-direction and transmts

i ght polarized in the x-direction. 6 WO 02/102087 PCT/ US02/18513 One
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the same as @itfgfe z- Iteﬁscﬁverlﬁ&éxaﬁtthe/ﬁréfﬁﬁg%m RatekiABis ¥ubsdntiany thedaind 8 %itRér t he
birefringent material. The MZIP | m has been described in U S. Patents

5,882, 774 anhe S-r%eﬁsnmmdekwor theoff-reﬁ;hcptm index & thenioafingeat matdmpl rBieeMdiRe. An
dt f MZIP.film. .h COPET- PCTG

2 the a %Pfﬁgfhas@%@e&%&daﬁé“%é' 05 5 588 P and ED6EEH R SRR o

Seri al qgéo%ézﬁméa%y rQ@f%n@éTbRﬁ hﬁﬁlawecptfypé ¥EhEAP Hif, ﬁmxg Ma%aseamfeﬁ;ﬁaer i s

|IIustrated and 1 ncludes a IN'ight source 112, for exanple an arc
lanp 114 wi tdsesaPE’E/K]C&tE’E)PCIIﬁasttbe altereating 1dy@rs, a:gistde&@ibed m B.S. fateat d

direction. The ]i SO al so be a solid state |ight source,
such as | i gHtPRiGAHeY %ﬁ‘agw?d@%gggl aser light source. The system 110 al so
includes a Cart q§\Adhm (ﬁﬁn&%fs‘}s%m%@mat eseeamrﬁ@gaﬁé Hupedéd inZ8G. 9 ardn MRPB

film Light with y- polarization, polarized in a direction parallel to the
y-axis, is undudestael(ghbyourbmltﬁ lfcrrleexdmple anlargylampyi ldhwith pcelfm:iozaw mﬂlmt ari zed

inadlrctlon raII tq the, x- is indcated by a 15, rrow
boor ot NG t e DR s v didioh ThadiehhSquriroli2 ey dad be 7 Alicciteie Nefl e

whi | e dash I t 26
with a change C%rk‘?ﬁ%%r%?fz? ttlegﬁas g@e S E?%}?Q&q{)ghow%ééﬂleﬂi ? g?n slggra?:%qillglgdésl S
condi ti oned d)@artesraletBS)mm@)r esphples wWiz@ gttt palarzdr lok amrMREB figmi heghPBSthh20.

The conditioning qptics 122 change the characterl stics of the ligh
emitted by tRMarZgtien@olerized i adizchen prplelite hepaixigismgicaieddy tbfe/m?%eéx

proj ection sy _ t t he
G ver gence ap e {RelsFEATR folartdal i QHRECo DB DGR ofis jeRlcLA B o
spect r umsof solig¢ atrogldepiclihg theqoiudizhti@nvergproSolid hnés&ﬂdm 1m<nd:énm tightf evhile
exanpl e, one or nore | enses, a _polarization caqnverter, a pre- polarlzer

and/ or a fi |daghedlines shayy Behtrihaihes bean refumeddrenm thsrimager, 126a¥ith 3 ghanged

polarization state. Light, provided by the source 112, is conditioned by conditioning
optics 122 before illuminating the PBS 120. The conditioning optics 122 change the
characteristics of the light emitted by the source 112 to characteristic that are desired by

20  projection system. For example, the conditioning optics 122 may alter the divergence of
the light, the polarization state of the light, and the spectrum of the light. The
conditioning optics 122 may include for example, one or more lenses, a polarization
converter, a pre-polarizer, and/or a filter to remove unwanted ultraviolet or infrared light.
In some embodiments, the conditioning optics 122 may have a low f-number, for example

25  equal to or less than 2.5, in order to use a large fraction of the light from the light source
112.

The y-polarized components of the light are reflected by the PBS 120 to the

reflective imager 126. The liquid crystal mode of imager 126 may be smectic, nematic or

some other suitable type of reflective imager. If the imager is smectic, the imager 126

7



In sonme enbodi ments, the conditioning optics 122 may have a | ow f-nunber,
for exanple 25 equal to or less than 2.5, in order to use a large fraction
of the |iwbto2fiomarthe |ight source 112. The y-pol arized eormpmsoznss3 of the
light are reflected by the PBS 120 to the reflective inmager 126. The
liquid crystal node of imager 126 nmay be snectic, nematic or some other

suitable type of reflective ipager. |f_ the imag LS S I ¢, the_ imger
126 7 WO ozmw%a?fepeﬂeﬁlgegmmtalmw ELEDD, She BE%EC?E%F ftg a3pdy st al

di splay (FL | - . € . af 'ﬂﬁq’éh@&&f- ® m havi ng
X-pol ari zat Sc?%\qu@%;kgadrlg%%gg?ée%ﬁ%{lg%}(?rblia;}azgﬁ%'g t is tr’é?glr%htte '?E?ough t he
PBS 120 and transmittadekioagh the RB81 30 aidds projertdddrysthes psofetivd Zdhis sydtan 188sthgn  of

which is typicall ¥ optim zed for each partjicular, optjcal systemtaking into

5 account aldesignet abighdn bpically eptimizsd doreariy particylas epticabsystsidaking intepger ( s) .

A controlkl er I S, | r t . [ of
the 1 mmgdr - £oroutrgl SRporEh Bellaty WSSy 128 M Hagkl PPERSHEN

pi xel s of t h&s2iisregpiedltdGhd Mnageetlctoaonirsletheoparatidneof theiniapet £26. | Tyglidally,

Anot her enbodi ment of a projection system 200 is illustrated in FIG,6 2. The
10 syst em udBecentrollght Skastivates thelifferatpiygls ofthe praagep 420 tooreaie on jgage in ths ed
refl ector ergﬂet I directs light towards the illum nation optics 215. In
the illustrated e iment, the conditioning optics 215 include a
collimating | ens Arother@nfboditient 68 brijection aysteid 900 & illastratsddin[FE@s2.eThar r ay
221 and a condensing | ens 227. Between the second lenslet array 221 and

t he cond@nsisygiemeises plight sppise bk dueh ayanagc bpm 24 bavingagurysdeflagon i3,
aptional 15 RCREER 1 (SORMEIH:Sluhfdtiod S s3I HPm ey alti ! Y Pe
desi gn. Dependl hg on the —conversion e & ency o € polarization

converter 223Re codditiiindeptRe 2apimhaieuscollimating]lebe2 1734 fiesd lenelepdrradyr EH9pal ar i zer
225 follow ng the polarization converter 223. The pair of |enslet arrays
219 and 221 seeanlloesietagay Aal pyd &eqndensipglens 24ht Betiveen theseeand lensigt pHay | ens

217. The pol.ani_zation nverter t.he. nr | Alel . | af i t he
i ght inci dedft a?@t‘%encq‘ﬁgnsﬁﬁéeg%ﬁﬁ‘ef‘%gdlg‘é’g‘ingé’gggsoﬁaﬂ‘@g pERde BEOBGAF {1°
be appr ggi atihriZatén édifvertéd 2230Tor@kariple @ tHeGe fiRKen-tipk s gODEpddirigediethe

optical conponents than those described ) )
conversion efficiency of the polarization converter 223, it may be advantageous to include

an optional pre-polarizer 225 following the polarization converter 223. The pair of
lenslet arrays 219 and 221 receives nominally collimated light from the collimating lens
217. The polarization converter 223 and the prepolarizer 225 polarize the light incident

20  onthe PBS 250 in the desired polarization state. It will be appreciated that the
illumination optics may include more or fewer optical components than those described
for this particular embodiment. |

The lenslet arrays 219 and 221, and the condensing lens 227, shape and

homogenize the light in order to illuminate the reflective imagers 226, 228 and 230

25  evenly. The PBS 250 redirects the y-polarized light towards the three reflective imagers
226, 228 and 230. The PBS 250 typically includes an MRPB film 252, such as an MZIP
film, that may be free standing, disposed between plates, or encased between prisms 254,
as illustrated. The plates or prisms 254 may be formed from glass and may collectively

be referred to as covers for the MRPB film 252.



for this particular enbodinent. The |enslet arrays 219 and 221, and the
condensing | ens 227, shape and honogenize the light in order to illum nate
t he refl ewDiozaoiosmgers 226, 228 and 230 25 evenly. The PB3CZAGoz/eshis ect s
the y-polarized light towards the three reflective imagers 226, 228 and
230. The PBS 250 typically includes an MRPB film 252, such as an MZI P

film that nay be free standing, disposed between plates, encased

bet ween pri sms 2éaamla§plﬁtlms%rrs&%t@a,awer PSR %%66 @Paﬁquéli’ﬁshﬁﬂlfmﬁéﬁp%@ef or ned

252 8 v 03P ToILy BerTRb Yk baepdFap Ter B e Ao (G lor MRMIER 1

prism 236 s epacalberisn 236 tyglehlly sﬂpmmpmhgm into lpoimappcsler waweatd predn and h
each imger. For the three-imger configuration il]ustrat eygﬁﬁgde col or

pr :j s mb|236 t YA dntepveningdenseasusthes fisld lansesA3s, 290 snd 342 may bgtwgenyr een
I 42,
e i noer ped A iR Bl e BSBPpsH 236 RERIHE Sbunie B2 opthy e S, MY

optim ze thgyspinl Tk im8gRoD26; 208 ahd23Gmstisime tﬂ'dﬂpolaﬁmensta?e?ﬁ'théﬁgmtalpanSO

nodul ate the pol arization state of the |ight upon reflectlon to varying
degrees, depeiestien toManyingdesigrs depspding anﬂaétﬂ%&r ipage infrmagipsr Theeoler, 236

t hen reconbi qned

i mage |ight pt%%ﬁ}#gﬁaé{r? egﬂéﬁx@%&%@%%&é&% c ana g(% a% e p%Fﬂgfcloizhaquon state
of the i magdmhge iyhtpa st Cgtesiah PBSS0abhiyh ﬁmilyZex t}mqjoaernzamh bthtg h)lfthe'lihﬁge

y-pol arized light is redirected back to ght source 212. The

t hat padfes hymaéﬂg&sqhﬁ@npﬁ‘a ‘EEEDX1P§13€’6P¢ Béme(f hB)}"Rorll@Z% lightdig redinscted I‘?§°1§S‘f"st em

234 and may I ew ng.
A opti onal (oUBH3BRAYRD, Yol AEHIEH shRCuRGlERTH, RS 25BNk Rby ) 00 "The
proj ection |1ﬂ@|%ct$dtﬁlbﬁ§@y2ﬁﬂl 234tan‘dlllhziy tessubsranetiyefoctket iad s@térehongtiowad ifor
configurations may be 15 used with nmultiple inmagers. In the illustrated
enbodi nent , thmmgo ﬁ@rompnﬂmogtamlwea2%may bp insprtedsbtweeicthe #BS; 250 and 4hg abl e
from Opti cal o I

bur poses. of PEPERIeT)R HRRELTE Witk R sppe ARG o oAb i be
or i ent atjison yakd WithhGultipletimbg s axes 258 of the first and second col or -

sel ective surfaces parallel to the rotation
In the illustrated embodiment, the color prism 236 is a Phillips prism, such as is

available from Optical Coatings Laboratory, Inc. from Santa Rosa, California. For
purposes of clarity, the color prism 236 is shown in the conventional orientation with the
rotation axes 258 of the first and second color selective surfaces parallel to the rotation

20  axis 256 of the Cartesian PBS 250, as is illustrated in perspective view in FIG. 3A. A
rotation axis is an axis about which a surface would be rotated to move from its real
position to a position perpendicular to the light propagation direction. While this relative
orientation between the rotation axes 258 of the color selective surfaces and the rotation
axis 256 of the PBS is often necessary for conventional types of polarizer, a Cartesian

25  PBS 250 also permits the rotation of the color prism 236 about the principle axis 262 of
the beam, so that the first and second imagers 226 and 230 are oriented vertically with
respect to one another, and the nominally s-polarized light from the PBS is p-polarized
with respect to the color selective surfaces of the color prism 236. The rotated

arrangement is illustrated in perspective view in FIG. 3B, in which the rotation axes 258
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20 axis 256 of the Cartesian PBS 250, as is illustrated in perspective view
in FIG 3A A rotation axis is an axis about which a surface would be
rotated twomuae208Tomits real position to a position perpemdisoeiigsn3to the
|'i ght propagation direction. Wiile this relative orientation between the
rotation axes 258 of the color selective surfaces and the rotation axis

256 of the PBS i ft . f ti | t f | i
Car t esi an 2f fgsolerpelertive pERAre e PrRCRdTlS 8 fegeiatint 251206 °bMedtHS 48 about
the princi p'ﬁe%fa&d%@&ngémelh heqd : Vimﬁphs.*ﬁften& R?Pﬁ%a&@h SRR 96 WO gBRYEr S

226 and 230 are oriented vertica respe 0 one another, and the
nom nal |y s-eptitled ReftkctivghCDf RrojectidreS RS iUsing-Waleakngle QartesianPolaspngt t o
the color selective surfaces of the color prism 236. JThe rot

ar r angenent BWSPHI%t@Q@goriS?P%P%@& Repompinajon i’“ﬁ’iné g bgéa"i“ﬂ} \e/\iﬁ i CAStEE
rotationsax 0 HEO2/2188003 afd ircbBofRtPhersiflbgct | Ve
surfacessar ?ﬁgﬁﬁgﬁi?bu a%{n%’oggﬁénrligggtlon éxg(i(gZSGl ofﬁ)tohe PBS 250. The
rotated arraefgesmeat i s described in U S. Patent Application Serial No.

09/ 746,933, entitled "Ref]ective Projection System Using Wde-Angle
Cartesi an Pol ari zZih§gse BE%F&BF%‘%"(@éﬁ%oﬁﬁ%er@gﬁﬁpﬁ?ﬁﬁn%ﬂs&@é@mi nati on

Prisnms", by Vi : Rl o : ' n
beconber 22 SOTHS A n s iR of sBfint HOR1iE e visle R ARee khef 0T,
Cartesi an PBOSndifidning opits ey ave an flhembengfErs oolesss VRirthermare, te omnponeatse a

dynam c range of at least 100:1 in_ the visihle Iight rangzé where t he
condi ti dAi ng)eamqndbe copulitppning eptics 2hy agsbthe projectiondens system 234, Ay pestered he
conmponent s c b1 100 I.GS Lection |ens
ystm 234, 0 b BFAER ite] PREIShAdBE B ARdR inchneR kiR pORER O

typi cal ly i nehtgsiittetand ensor ofedmagérz. Ifgnorb ek iimbger isunddothe imaging cere

I mgers. If nore than one inager is used, the inmaging core nay also.

i ncl ude col draxdpingiuds §olon seParAting ANt 6TBHININELOPLIES; SHChxas acoley nsisin, dichigic

di chroic separ r -C ] ik i Is ' o] i ncl ude
| enses, ot hesgs%r?{ao?f )ﬁ%lmgp?? ?tgenla e ?[lthgldghél gﬁgé—%%g F%gg‘guie ef\%se?g’no(?gerggénor

separ at i1gn &JptioRaltfied Enid¥RgpoSed HehReen ARIGTIGpaMtich ddettant heReOt The, in
whi ch the cone of light incident on the imager is constant over the
surface of timagingwgea maybs stesamtric cnivhagethe coneef lighbincident onjdhe imagerae| ude

constant over the surface of the imager. Telecentric imager cores typically do not include

field lenses.
One embodiment of Cartesian PBS 250 is an MRPB film 252, such as an MZIP

20  film, encased between prisms 254. In order to minimize the birefringence resulting from

thermally induced stresses caused by high intensity light beams, the prisms 254 are

preferably formed from a material having a low stress-optic coefficient. One of the most

suitable materials for this purpose is a glass marketed under the names SF57 (Schott

Glass) or PBH5S5 (Ohara Glass). Both SF57 and PBHS5S glass have a refractive index of
25  about 1.85.

The refractive index of the MRPB film 252 is typically less than that of the
surrounding prisms 254. For example, the refractive index of an MZIP film is
approximately 1.56, and its thickness is typically around 125 um. In assembling the PBS
250, the MRPB film is attached to the prism faces using approximately 50 um thick glue
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field |l enses. One enbodi nent of Cartesian PBS 250 is an MRPB film 252, such
as an MZIP 20 film encased between prisns 254. In order to mnimze the
bi refri ngeoae/1iomsul ting from thermally induced stresses eamasd2/ssihi gh
intensity light beans, the prisns 254 are preferably formed froma
material having a | ow stress-optic coefficient. One of the nost suitable

AR CORE NS DR s AT R oo

i ndex of 25 .aQaumtanhRPB ﬁ-'ifﬂﬂtl%g)fe&?ﬁhhé{ o bWEarf 61t Hﬁgﬁﬁ@ﬁré& By'thé Norlaid

typically less than that o surroundi ng prisns 254. For “exanple, the

refractive iGuiporatibn.afogddtieP, the PBSifdm 253 mnd thenglue foymianS6clined ghlate of tefriactkveess
is typically aro 125 gm | n. ass ling.the PB 0, e PB filmis
attached to I’E“I%é‘ %%ggﬁzlf%‘g@? ‘k}lﬁkﬂﬁsggg%k' @f@“gf‘bogﬁ%f)ﬂfg}t@:%@epr%a n

02/ 10208% P F@g@ : it : i F i ' boadk 1. 56.
One part ivsculqz{a-{e y séfljt'? géglét. #}}%S};re(;’aftﬁglpggw%e&%ze{stg%vbﬂ%{ﬁr%ﬂ%%%?l m has been
found t o be pNans@5d itioducesastigmbtisne tb thy imbge light.| Astigm@snpisrgrotdem fSolgither ,
the PBS film 252 gnd tae &ue forman inclined plate of refractive index
of about 1. 3Batdagbeeneleiedbyamimager.ying an angl e of about 45 to the
propagation 5 dirggltd IO L eV i at e,
within relativel y’ﬂﬁi%ﬁé?%srﬁjggad %%%ngéffﬁa?%\?ulgg% %gitl\é gﬁ%&?ﬁ sﬁ to the

i mage | i ght .refaadtivgimdeixarhis given y tholegpression:| i ght t hat has been refl ected by
an imager. The astigmatismof an inclined plate of refractive index nin a
medi um df refractive index n' is given by the expression: 10 At n2 cos2 9
n2 -n'2 sing B n2 -ni2 sin20 where,t is,t t hi ckness of the slab and 0 is
the angle betweenythe cerftral r y i H8  bptical beam and thepsl ab. The
astigmatismis a reshz_qf i@ Iglh’ff—alze;htziéa di spl acement of 15 the
sagittal and tangential beans due to passage through an inclined slab of
mat eri al

where t is the thickness of the slab and 0 is the angle between the central ray of the

optical beam and the slab. The astigmatism is a result of the differential displacement of
15 the sagittal and tangential beams due to passage through an inclined slab of material
having a refractive index different from that of its surroundings.

The values of n and n’ are wavelength dependent due to chromatic dispersion, and
so the value of the astigmatism is also wavelength dependent. The wavelength
dependence of the refractive indices of an MZIP film, typically comprising polyester-like

20 films and co-polymers, and SF57 glass are provided in Tables I and II respectively.

Table I Wavelength Dependence of MZIP Refractive Index
Wavelength (nm) Refractive index
435.8 1.5745
25 480 1.5691
546.1 1.5634
589.6 1.5594
643.8 1.5562
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having a refractive index different fromthat of its surroundings. The
values of n and n' are wavel ength dependent due to chromatic di spersion,
and so tweoabwe7 of the astigmatismis al so wavel engt h depensenissidhe
wavel engt h dependence of the refractive indices of an MZIP film typically
conprising polyester-like 20 filns and co-polyners, and SF57 gl ass are
provi ded i n Tabl I d Il _respectively. Tahl veI en Dependence of
MZI P Refractive m%%V\aveWé‘ﬁﬁlfﬂgé‘%p @f»%ﬁéﬁ tiyg %Xl 5745 25
480 1.5691 546. 1W%V§%h9§§)9 6 1.559%fRdve iddx 5562 11 WO 02/ 102087

PCT/ US02/ 18513 abl e el engt h Dependence of SF57 Refractive | ndex
Wavel engt h nm Ref3S&tive i ndex 435. 8.8938939 486.1 1.872 5 546 1.855
587.5 1.8466 65486.18365 Usi ng expresisgmn (1), astigmati smcaused by a 225
mthick fsilmin S#g7 glass 10 prisns; 85 cal cul ated for different colors to
be: 169 mfor redsgdsight (645 nn), 181 gdeor green light (546 nnm) and 196
gm for blue Iight65%480 nn). | n many ﬁl?% It may be sufficient to correct

for the astigmatismof the green lig concomtantly reducing the
astigmati smof the blue and red portions of the light. The viewer will see

a substantially Jsh Gﬂﬁ%és 19, 6tidnidi3eh WiSddehyt 122 Arh itsioR Filr R SP57 gash

color band is |ess t an the depth 15 of field of the projection |ens
syst em IPhusprpsersfie calcwated o1 @ffcmnt apflors bebead 69 gmefior sadh light €445 a8l pmgfohs i s

not requir edgree ?g t?54sé xﬂ% Vla% 901‘ blie 15&1”?4& )I Hn %a%\}/licgs%g, i renlagﬁ% It

sufficient to correct for the astigmatism of the green light, concomitantly reducing the
astigmatism of the blue and red portions of the light. The viewer will see a substantially
astigmatfsm—free image where the astigmatism for each color band is less than the depth

15  of field of the projection lens system. Thus perfect cancellation of the astigmatism at all
wavelengths is not required. When a single value of astigmatism is provided below, it is
assumed to be the value of astigmatism for green light at about 546 nm. In other
approaches, the astigmatism for different color bands may be corrected separately.

A first approach to eliminating astigmatism introduced by an inclined plate of

20 relatively low refractive index surrounded by a material of relatively high refractive index
is to propagate the light through a second inclined plate that has a refractive index lower
than its surrounding material and that is inclined about a rotation axis perpendicular to
that of the first plate. The second inclined plate may be formed from any suitable solid,
liquid or gaseous material. If the second plate is identical to the first one, in terms of

25  refractive index and thickness, then it should be inclined at the same angle as the first
plate in order to minimize the astigmatism. If the second plate is not identical to the first
plate, then the magnitude of the astigmatism introduced by the second plate is preferably
the same as that introduced by the first plate in order to cancel the astigmatism
completely. This requires selection of angle and thickness of the plate and the refractive

30 index difference between the second plate and its surroundings. In the designs discussed

below, spherical aberration and coma are sufficiently small that they can be ignored for
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assunmed to be the value of astigmatismfor green |ight at about 546 nm In
ot her approaches, the astigmatismfor different col or bands nay be
correct edweapaomsely. A first approach to elimnating astipgmatSoymssi3

i ntroduced by an inclined plate of 20 relatively low refractive index
surrounded by a material of relatively high refractive index is to

propagat e the Ii_g{]t t hrough a second inclined QI.%;e that has a refractive
i ndex | ower PTegiiAl purposes HwRvsTnepraRenEation forspherigal abereation and porma BBy &E a

rotat on axlgoREf Al opHtASyddn, ihakii6h 1d Mighafisth BmBlRatidi SSRELMHRY

i nclined pl ate may be Torne romany suitable solid, I qui d or gaseous
mat eri al . | fintrbéucsion ofidstigihratiemi comiperyation alay irwré¢dse other aferratiens, itmdydsens of 25
refractive index and thickness, then it should be inclined aai%;[ he same

angl e as t hePrefeped to gamapeasats theragigmatismhpHIAK Y8 or¥ 1o aghigia halance pmopge
second plsat eabiePratri"(ﬁ‘[s identical to the first plate, then the nagnitude of
the astigmatismintroduced by the second plate is preferably the sane as
that introduced hA sédoadappobchloadieninatingradiigmatisncimrodicet] by adfirsti igetiried piate
conpletely. This requires selection of angle_and thickness of the plate and
the refract i RAvinggorelatiyely 1o refeactive idsx coipdred IditssWEGHRAIBE Materights 1Pt s

sur roundi ngs: i i . Leal i on: and
coma are sulel fré{ﬂlectﬁ{a %ﬁgog%ﬁﬁﬁ}eﬁg&%ﬁ%ﬁ%ﬁﬂlg@?ﬁﬁg@gﬁ %rth&?gé \E/@%g‘? E@ON
PCT/ US02/ 185haterigilt atkisecind phdlined phite tayby firmed 0N solRialigeid of gisespdmatetial.
aberration andegona _masty l;le requi?r eed in an ogti cal _sysltl_ern ?ns addition to
ast i gmatlils m Basriseenskinelined phtaisdypinally inplined et aivtaypn axisithatis pasapel to the
conpensati on iy, L DET SRR 'gglﬁne%tfff:{té.%ﬁ@ '?%glh’e% s i H%f t}ﬁrﬁ%gﬁiz{ﬁﬁcﬁ&ss
conpensat e tRe 2ot gmatism partial’lly in order 10 ACRl Qve a balance anong 5

aberr at i ons. refa@&Reandtxamdaagie b intliahtion indkded go pidvide FBMmpevation fedhiced by a
first inclined plate having a relatively low refractive index conpared to
i ts surroundasHgmatigner Spgcificembodimpnts geing &hihappseashdo pliminatraastigmatisn Bevi ng a
refractive i(pdcex?%lgi gther than the surrounding material. The second inclined
pl ate may be ¥oP d 8f a solid, liquid or gaseous material. 10 The second

inclinedspl ate i sTheydppediches tb Aéducingdsa@Ratisnadis@issdd Hefeid ¥ieappli@dbld ® par al | el
to the rotation axis of the first inclined El ate. This requires selection
of the mat erprgjection syigisamsdavingarwide range of frowmbersandrgg eligved tedieipagtiquisly n

order to pr Oa{ﬁv(aju(latage%u ?or}sp?(t)jle&f]onfsc))lgte%rs] %aving low f-numbers. The approaches discussed

herein may be used to reduce astigmatism or to substantially correct the astigmatism. In
many cases, the astigmatism need not be completely cancelled, but need only be reduced

20  to a value less than the depth of field of the projection lens system. The depth of field
typically increases with f-number, and so astigmatism correction becomes increasingly
more important for low f-number projection systems. The term “substantially correct”
means that the astigmatism is reduced to a value less than the depth of field of the
projection lens system that is being used.

25 Although the discussion herein is directed to reducing astigmatism that arises in a
MRPB PBS, it will be appreciated that the approaches to reducing astigmatism discussed
below are also useful for reducing astigmatism that arises in other components of a

projection system.
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astigmati sm Specific enbodinments using this approach to elimnate
astigmatismare discussed |later. 15 The approaches to reducing astigmatism
di scussedwberaizsare applicable to projection systens havcmgisa2/vésde range
of f-nunbers, and are believed to be particularly advantageous for
proj ection systens having | ow f-nunbers. The approaches discussed herein
may be used to reduce astiggmt.i smor to substantjal l‘i/ corre

dgdu a

t th .
astigmatism |n AHignatusudeduction maybedntraduce basedom adapatiop o fegolryprism.

cancel | ed, I t dept h of
field of thke“’%?“é’,ﬁggﬁ?gﬁafg"ﬁ% gg‘sdél‘tg?%’ %pﬁéélgﬁagﬁﬁén dfe 1Pt aatéé;%%sgﬁﬁ y

i ncr eases Wipehpehdituta 6y the aotdticoarxas 254 st gnsatismonorrectionois ideminnekintothe ealor ngl y
nore inportant for |ow f-numher jecti&n S ns. The term "substantially

t
correct”  meAHE $04sgRPlAEq @ﬂa{fvr erefraglited PSRRI 15 EUTOYNIIRESt he
depth of sfi ghgoﬂtﬁ'asﬁ,%enn Ot ftfionWed I ofHSLAGR &t%%in# SurBRESSe Pafaflel tgﬁﬂea .

Al t hough th I'scussion hereinis directed to reductrng astigmtismt

ari ses in a rotditbBakiB356 iof thei RBS, st gnmpismaioateetibit ik dtrddneedtpphoend igsrisho

reduci ng astigmatism di scussed . be] ow are al so useful for reducing

asti gmati smYsH:2 %l?‘ieé’ééel?th"%f high r%%%@ﬁ%cwpaéefwa YECPHHNEy st em 13 WO

02/ 102087 PCT/ USQaIh 85 \ikou St L TRE HBERAAEDS B0 VRN he 08 ysgdabased on

adaptation of the color prism erring again to in

gener al , whenfclirfed plai¢ havinga setstyeRoBwarefractive ipdend Different designbef caldreprisis axi s
256, astigmatismcorrection is_ introduced into_ the color  prism 236 using a
pl at e ofl0r el Ziapeavpilabls; sexerabef whish include trsepafosrprisns wsed for sepyatngds. 5 |1 n

contrast, ' ' are
aral ol t o TRAIRE s EhARbRkR tnd Oftn d pGhlsRl 2 KeeeBinhlelthe i 5D,
i ntroduced tred,tdt€enc@d®lugdonigvneits. iptha Philipk Pristh cordtAictivg|iludnagdd in FiGa4t i ve
I ndex conpared to its surroundi ngs. First we discuss a specific enbodi nment

of the i nverihe eplot prasm 4QQ i farmed-Bory three prismed02, #84 andhdRh. gt 410 eataringl y | ow
f L nver P . ! . bl e
Leversl' oF B PR R el e o AL RS Bl A o

several of ee or ftour use l'i ght
into twasor yuadand ahmsmibsAipdhs in 1B kedond afdihid doldr bands3 hedight mtths fitdoeolot ght

‘o tts band 414 is totally internally reflected at the input surface 416 to the first prism, since
there is an air gap 417 between the input surface 416 and the PBS 450, and is directed to
the first imager 426.
The light transmitted into the second prism 404 is incident on the second filter
20 418, which reflects light 420 in the second color band and transmits light 424 in the third
color band. The light 420 reflected by the second filter 418 is totally internally reflected
at the gap 422, typically an air gap, between the first and second prisms 402 and 404, and
is directed to the second imager 428. The light 424 transmitted through the second filter
418 is directed through the third prism 406 to the third imager 430.
25 Typically, the first color band is blue, the second color band is red and the third
color band is green. This need not be the case, however, and the different color bands
may have different colors.

The gap 422 between the first and second prisms 402 and 404 is conventionally
kept small, typically in the range 10 um to 25 um, which is sufficient to permit total
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red, green and bl ue conponents. In the Philips Prismconstruction,
illustrated in FIG 4, the color prism400 is formed fromthree prisns
402, 404 awd 04Q6208Li ght 410 entering the first prism 402 ip€TiUsoR/dssns on t he
first filter 412, which reflects light in the first color 15 band and
transmts light in the second and third color bands. The light in the first
color band 414 is totally internal reflecited a he i nput surface 416 to
the first priptegal Eqﬂﬁ?ﬁtéon tloﬁélFeeplf‘%enfgﬁl%iSFw&gﬁoﬁ’igﬂﬂtt%@%ﬁve{’ﬁ egaer{éz Y Pece
416 and the ;PBS, 430, i30th drderdlb HRHi@astiBmatidl® cbplsafi AE!s dlissed Harhdraht
transmtted 1?%?%8 theSISecorfde pritbsm 404 1|gglai ncicdel?\t gn f he seco?\sgl fil tér 20
418, whi ch rtké fdlomang exginiplel20 i n t he second col or band and transmts |ight
424 in the third _col or band. The light 420 refl ected by the second filter
418 is totally i%ﬁ’-@iﬁ—l—y reflected at the gap 422, typically an air gap,
bet ween the first 1@%1 QR 0B 2 T AR o 8 o056l PHAE4E Qe hhe
second iﬁager 428. e&ﬁ)ﬁgﬁt 0?24 transmtted t ?ougﬂncfﬁzass’econdf?ﬁltér 418
i s directed refinaivglindeneftlt85r Therangleof Giftidence bifethe béntal rayemes thé Al gap 422
Typically, the first col or band is ue, the second col or band is red and
the third c&¥orl bathe first eplrdand yis {“ﬁe@a sergpd galof véldc%%sef,eg ﬁwﬂx%«?éhl,rg and the
different c lfgﬁﬁ] i X 422 qhetyBerHd e
first and sgégg(% priq’és 2?%501%0‘% S?ﬁsg(?:t%)vr\{gée)l{rrllﬁlﬁ %%oézr F@p Eepqtl%%rtrlaﬁ k
typical ly i mS0hso thange ndfinzlly o-pdtarized liphtdtom theRBS 430 wad p-polafieedrintthe cblat 14
WO 02/ 102087 PCT/ US02/18513 internal reflection to take place for the
second d8 orPBENH0. However, the gap 422 may be increased in size in order

to provide astig i i : i i S ] !
fol |l ow ng exanpl enﬂ elEiiaerogﬁlgg) %pgﬁrhg&%dﬁ%?d %r"?{s’%}g‘%? m%élyé%%ﬁn’@gb@rvgfr#ﬁ)gw
bi r ef r i ngenci81glnas BeforBidiastmbrty thePBS/coled privat asgemblpdhens ueéd ih.a3frojedioe angl e

of incidence of the central ray onto the air gap 422 was2l . The first

col or band exstem the prejeeted a pattan obheizoptah anderticd dinghop @ pareemilt was col or
band was green.: I i | itipn relative to
the PBS 450"?0@35‘81%{}% s gh eﬁ%érﬁst{‘\%aﬁ y °§%3¥%ﬁ3§8{°& lgff’?%‘?g’?ﬁ ‘H%g PBS 450 was
p- pol ari1zed simultdoaY.OIf, for example, the horizontal lines were focused at 178 cm distance

from the projection lens, then the vertical lines were in focus at 105 cm, a focal distance
ratio of 1.7:1. If the best simultaneous focus were used, then both sets of lines became
significantly blurred.
To adjust the gap 422, the first and second prisms 402 and 404 were separated and
20  then re-assembled with an air gap 422 of 100 um using Monosized Microsphere Size
Standard Beads from Duke Scientific Corp., Palo Alto, CA, as spacers. The beads had a
diameter of 100 um.
After reassembling with the 100 um gap 422, the astigmatism of the system was
again measured for red and green light. The vertical lines focused at 135 cm whereas the
25  horizontal lines focused at 178 cm, a focal distance ratio of 1.32:1. Furthermore, the
qualitative appearance of the lines when the focus was optimized was dramatically
improved from the situation where the gap 422 was 10 um.
The gap 422 was readjusted to 140 um by replacing the 100 pm spacer beads with
140 um spacer beads, also from Duke Scientific. When tested for astigmatism, it was
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10 prism 400. The size of the air gap was adjusted to conpensate for an
astigmati smvalue of 181 gm Before adjustnent, the PBS/color prism
assenbl y wa2uemd7in a projector systemthat projected apgariser/mssos
horizontal and vertical lines on a screen. It was possible to focus on
either the horizontal lines or vertical lines, but not both 15

si nul t aneous], f, for, _exanple, the hori Line vverefoc ed at 178
cm di st ance ‘gﬁr"&}hﬁ? ﬂ%a“ﬁfbé’ééﬂéf%ﬁnqegﬁ‘fg”eepﬁéenf]%ﬁé)%§ ?ﬁs@al"eqt‘ic i)@Péori‘tﬁll
focus at 10 o | §,@aneous
focus were 3%%(51? It%ﬁé&?%dotth set rla?stndéés}eg(fé%l éﬁﬂb&g%ﬂ;\} fi cgﬁl? %tfnﬁfrgﬂrﬁrtgg To
adj ust the gapjedtds fot hifochlirateé oﬁl&sis thamd)rid PWVhenme- ﬁelisedmojptb(Mdevthes best opemhit ed
and 20 then re- assenbl ed with an alr 422 of %PO m usi ng Monosi zed

M cr ospher e fepusethers wardioy apragertRlur & verticalfr; F‘ém&j mes. pajo Alto, CA

as spacegs. The ti?%%b@ chmatgd ﬂl??é(ﬁ{lstl?l tﬂengr ﬂZtcﬁ)res ﬁ&aﬁﬁgfmb g&%‘l}féﬁsﬁl dt he

100 mgap 422, the astigrmatismo stem Was agal n neasure

and green | |f§hthe lighed Meihtthe fitst Eoloetsantlo ALpeditative 1E3bwasmmaltie tosdeterinlivge wRéther
hori zontal |ines focused at 178 cm a focal di stance ratio of 1.32:1.
Fur t her rmor e, cofmsetion efithe rediapd grgsp @stigmatismatlona oyl lead to AR Acqep@bledrage.was

whs 10°m TraedB0R A prton HIEBEANES chlsRllydiEned el B8k VAT pfan 422
spacer beadswaitbbservei0 Iy mas daeftinbé #rs anyeblaoblur conldokly beajiseined by cardfidn

tested for astigmatism was 15 WD 02/102087 PCT/US02/18513 difficult to
quant i f y0t heexawaaélpe ﬁéyhﬁéiwew 3 dark backgrouynd; butvasmot pelicgable fordarkslipes on

hori zont al e ween
160 and 170 ?B?nél{gﬁ&%p?%%%g%%% Fs t%‘%rqe(ﬁéﬁ ocaf‘J ngh%égsngﬁltléﬁ%gt l?ee% 1.
Wen re-foc uﬁ@drtm aoiredactien bhgretieaid re&est@rﬂatlsmow;sossibﬂefeasmﬂ& thés i8 fipa tient
blur to either the vertical or horizontal [|ines. It will be appreciated

that adj ust idegsityef bine regegions i thehwman sye &flf’séé}@ant thét fos gregnand wehreqegiors,he
light 414 '%h@gtﬁéﬁog@f k&hn@? @rngaggéistl Sg‘ma Isggeeﬁgﬁeﬁ%ﬁ o0 determ ne

whet her correction he wouPd | ead to an
accept aljlse i nage. Astigmatism for the first color band may be corrected, however, using the

approach illustrated in FIG. 5, which shows a color prism similar to that illustrated in
FIG. 4, except that the first prism 402 is formed from two parts 402a and 402b, with an
air gap 502 therebetween. A blunt tip 504 is desired on the acute angle end of prism
402b for manufacturing reasons. Preferably, the size and position of the gap 502 are such
20  that the air gap 502 does not obstruct the light 410 entering the color prism 400 from the
PBS 450. Also, the size and position of the gap 502 are such that the gap 502 is not in the
path of the light 414 of the first color band until the light 414 has totally internally
reflected off the input face 416. Using expression (1) above, the air gap 502 should be
around 0.875 mm in width, at an angle of about 32.25°, to compensate for an astigmatism
25  of 196 um, whereas the astigmatism corrected for in the other gap 422 may be of a
different value. While this rather large separation may induce other aberrations, it is
possible to use smaller gaps that introduce smaller aberrations, in order to partially

compensate the astigmatism. Those skilled in the art will appreciate that it is possible to
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The blue, red and green inmages were carefully aligned and i nages of
different contrast were observed. It was determ ned that any blue blur
coul d onlwohe/idioster ned by careful 10 exam nation of whitPeTliSo®ssson a dar k
background, but was not noticeable for dark lines on a bright background.
Thi s suggests that reduction of the blue astigmati smmy not be as

i nportant as reduction of green apd red astignmati sm A possiple reason for
this is thatoPfiFaze theyupgseither hronghoplie sppyationsopa Tefdio¥gh ess t han
that for gr : : receptors, and so the normal resolution of blue

i mages is é@@lﬁﬂﬂ}ﬁ?ﬁr green or red inmages. 15 Astigmatismfor the first
col or band may bat wilt beajipeetiatbdthatthe airgapsdP2 dnd S02@pe aeanipléd dfshéstadfd i n
FIG 5, which shows a color prismsimlar eélggmat jllustrated in FIG 4,

except that 1oWer efiagiivedpdexmatonal; air.surawngd ghepindex materigh forgxampipp
wWith an cair 2 ty, ot |3 j ute
angl e ena ofpr%??%l%&' }glg%aﬁ;gzvn%ﬁ&? zza?? %& f|1!6r71{g5) etrfg%(slgﬂfs%'.‘b@ gl?’:irlglg%fﬂ{ LSBE gfl%;e
and posi ti onimk it fieesgalarde@efravtioe sndek deffereivatwitththe prismgngiersd)2 THe gapsy22
obstruct the Iisght 410 entering the color prism400 fromthe PBS 450.

Al so,h the siapd SRAaycdsohediledrwithanothes materiahpha elatiyelygw refiectiys pndsapother ot
i t t . - j . i i t 14
has ot al ty i aih o il 98 bndersiod, tolByer (3t e DeloiB ol Btbrprdcd et fof 1

(1) above, tdx@mpierth@adeohdpristh@oh dndthe gap adPGhOuld Bs sufficient w aidtaimtotsln angl e
of about 32.25, to conpensate for an astigmatism 25 of 196 m whereas. the

ast i gmatl0s mis§rmabeafleationef the light20: ¢ven wiep thogappd ipnotdilled wigh aif.cLikgyise,
R avis . | . ; Sons. it
/s poser bl &4 el MRk RIAFaRAR BL o K ORI P7S, !

order to parhatatidlthathasp toveckiréfrdctioe flek giumtthsatefiBlosueroakdihg @t gap. t he art

w Il appreciate that it is possible to 16 WO 02/102087_ PCT/ US02/ 18513
optim ze the i maghnatherpproaeh orgrreting tha pstigmatisaris dessribed with sefgienes to or

t hrough e ga k] . i e ﬁgp i ot i gg@ﬁ and
502 are exgmrrblﬁég' gﬁ%*%éﬁosg l%lkm\’,\% E)J\%%?el?e rgc izs\?sesﬁg?\efﬁlﬁkwnéae?&?% 1(,) i, 68@

surroundad hndhh@PBS 6500&h ﬁrggeasd%etwéafthema@é Prism P62 54 @k asker prisia 6060S
422 and 502 need not be filled only with air, although air is useful since

it gives a |HiegolarerisaclOyvknewiesa ardified Bhlps wrisw, sHarmpad fsom fisstesecend anghe
gaps 422 third prisms 602, 604 and 606, with a totally internally reflecting gap 622 between the
first and second prisms 602 and 604. In the illustrated embodiment, the third prism 606
also includes a totally internally reflecting surface 656. This need not be the case, and the
20  third prism 606 may be formed using a geometry that does not include a totally reflecting
surface.
In conventional wedge prism systems, the air gap 664 between the wedge prism
662 and the first prism 602 is only sufficiently large as to permit total internal reflection
of light 614 of the first color band reflected within the first prism 602. However, the air
25  gap 664 between the wedge prism 662 and the first prism 602 may be selected to have a
larger width so as to substantially reduce and correct the astigmatism arising within the

PBS 650. The width of the gap 664 is selected according to expression (1).
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and 502 may also be filled with another nmaterial of a relatively |ow
refractive index, other than air. It will be understood, however, that the
refracti vwoionde2osdi f f erence between, for exanple the secoad/ysoz/ssmszi04 and
the gap 422, should be sufficient to maintain total 10 internal reflection
of the light 420, even when the gap 422 is not filled wth air. Likew se,

ot her gaps di scussed bel ow peed not. be.filled wth air,_  but need only be
T ea o th s maog exampienahérn dhe tigmaism phe BHAS G0t Ak, aETE mdt or | o
surroundi ng w@ggg € 2 ' t | i |
descri bed wt Ercg?%r ence 1{1-%&1 %QHGE Qghﬁxﬁ%s&?gqg)%ggi&ﬁse@tﬁ?tﬁiaﬁg%gk%ﬁlé rrt1)6662

i s di sposed doetevted by ahair@ap 664 pf areundb2004 fiim.and t he PBS 650, with a gap 664

bet ween t he wedge prism 662 and the col or prism 600, The, col or prism 600,
known as a nodi f ilé&“lba? PRIeciged Bt ajthoy rtPr%[P“f g platechas begn-daseribgdavith hi r g

\ 662, i i : . .
Dot ween the T erp o Fith, 48 din i by shAbGAE Rk & Ry R AR, R
enbodi ment , dldebd ised,opexampl6H ow Aldso polymerifis. Ruitledraotey itiimpessivdd toyuse a

reflecting surface 656. This need not he the case, and the 20 third prism
606 may be fCOPMBRALERiOhgaps RebuerRIipms o theralor prish and @ g3p detveep thy qajor prism

flecti . ' | [ 664
et ween { he TaIREFEdee ilsERYSRIRARR of BlaRtins I SUERATE: b (Brlidedill 1Y
| arge as to Repmatisnh eddattiomingy baimplememsted irodiffeeht érhipddimentd obEolbhprismy st

color band reflected within the first prism602. However, the air 25 gap
664 bet Wden athe thatheseilinstmateb®rand the first prism 602 may be selected to

nat i gmati omari of t e beldiof UBRARAP tdrihd RGN £ TEhiddited

sel ect ed accpodt 3o hntrelupe & pRineBf felativelly higFeBdctiveAndek thathis Ulidéd &pligan For
exanple, where the astigmatismof the PBS 650 is 181 m_and the_ wedge angle
of the wedgeaxiypasahedepthe axipod inchinationsefi the,PBS polarigerdilims Thiseprrerchds usedwlat i sm
may be corr b e . ' )
appreci at ed t%%?ﬁleaﬁ%g(ﬁg)ﬁlg ' Egtprloga\?\?ddl r%f ggé &Utg? g%ﬁiagl ﬁbtgg?r? fd&é’st‘(@ér H)Iélgﬁ\l}/y fh s
ref erenasg t goirized lightfrad tRPBS is &Pnominbigy s-palagzédalBhihale eoreprisay
refractive index may also be used, for exanple a | ow i ndex polyner film
Furthernore, it i@nq)@gngtgpreemhpdgg@ltgf this approach is illustrated in FIG. 7, which shows

a color prism 700 formed from first, second and third prisms 702, 704 and 706. A high

index plate 760, formed from a transparent material having a higher refractive index than
the first and second prisms 702 and 704 is disposed on the output surface of the first
20 prism 702. An air gap 722, typically about 10 pm wide, is provided between the high
index plate 760 and the second prism 704 so that light in the second color band is
internally reflected within second prism 704 towards the output face 727.
Where the first filter 712 is disposed on the second surface 762 of the high index
plate 760, the light in the first color band 714 passes through the high index plate twice
25  before exiting the first prism 702, whereas the light 720 in the second color band and the
light 724 in the third color band only pass through the high index plate 760 once before
exiting the second and third prisms 704 and 706. Thus, the light in the first color band
experiences a different amount of astigmatism correction from the second and third color

bands. Since the astigmatism of blue light is less significant to the viewer’s perception of
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conbi nati on of gaps between prisns of the color prismand a gap between the
color prism and the wedge prismto conpensate for astigmatism It wll
further bwoappome?ated that astigmati smreduction nmay be PcrpiSezessied i n

di fferent enbodi ments of color prisnms 10 other than those illustrated here.
The second approach to correcting for the astigmatismin the PBS introduced

above is to introdyce a plane of rel atjvel hi efractive j.ndex that is
i nclined abditmage H’é&%igéeegaf 5gd light,ag hag, bee yg%’sscug%ﬁ‘ ahgye: fhis Fbodimentisapps

ol ari zer fi . ' | . ' ' ot

p 1 Z |1 8%idd. meﬁuﬁg%@ﬁglsgfc#ﬁgtmn%@m@ rfﬁst_%@io?l[)aﬂi)({ isDMe [Fhit

rotated relative to n ore, the nomnally s- 15 polarized
| i ght fromthe PBBhere tid fixst fibed Halib plasedowl the ioptpdt surfake M03 bEthe dirss prismi, asn

One particul.ar enbodi ment _of. this approach js illustrated jn FIG _ 7, which
shows a couavstwquﬂw%@t?b‘} Wége R Rler ?@G,dogée@rmssaﬁ%o%ﬁitﬁ%mé imdex Pise,

704 and %06. ' ' l; r SR eri al
havi ng aghi g%?@f@%%%%p g@)gl?rﬁg%ft? acr? lgr%aggg)l‘éegltgﬂaae%éﬁsec n%t{sgﬁosﬁr%h%z and
704 i s di spased dissusseéd abomepwhersuhd hgie 704 i the firstreotor Ba@ndisibdun, HRZistignatisnn  gap

722, typically about 10 mw de, is {)r Qvi ded beéwe?g the hi%h | ndex, pl ate
760 and t he wBEgHN t9thegregmandrsd dight only gy Proyidewiddenssarreeion fopyisings

internally refle gl n ' Y . tnpal;; fage:. 727,
Where the first 1(“1%1 ?ﬂ%&%@%@%@sﬁ%‘%ﬁ‘?@# Iﬁﬁ;ék’g‘gg?}g% pgll%rrﬁ f@ge be S@P ?;[n%cg

hi gh i ndex tplogfafts 762k arid792bi ghdecomd ik irfdex platc@b2mmaypbeipositiched dssaznithe ough
the high index plate twice 25 before exiting the first prism 702, whereas

the |igHO 7auismpartse/03a anth 020 haying a Huckigss, ﬂ%@e pf epigntation and reffactive indgX col or
band onl i g | are . exiti h
cocond and 1 Beelsio ol figHalin s R Bldr ARP, PR EmBAARG skl e

band exper iwgefubsharedhé fitercT2 iapositidnedbedradeh gitefiissprisho pare 202aamdithohighhe
second and third color bands. Since the astignmatismof blue |ight is |ess
si gni fi cant index mate\/io@ndhus thegolerprisan8rmayspipyidg sprrection foratiihrgseplorgs 1 3
an imge th een or red light, as has been di scussed above, this

enbodi ment may provi de adequate astignmati sm conpensati on where the first
col or basd is bl ugstigngitism cbhestton thgy 4lsé bé iniplbmerited ih?an X-cibéiced on t he

out put surface 703 of the firstﬂg)ri.sm as illustrated, the light 714 in
the first cdreamspliisy/cambinenofn gmbedimnolmprorstion grgingdRthat yseean X-cube

beamsplitter and combiner is partially illustrated in FIG. 9. Light 902 from a light source

(not shown) is incident on an X-cube beamsplitter 904, that separates the light 902 into
three color bands. Light 906 in the first color band is transmitted through the X-cube
20  beamsplitter 904 to the first reflector 908, while light 910 in the second color band is
reflected by the X-cube beamsplitter 904 into the plane of the figure towards the second
reflector 912. Light 914 in the third color band is reflected in a direction out of the plane
of the figure towards a third reflector. Optical elements for operating on the third color
band are not shown in the figure for the sake of clarity. In the projection engine 900 that
25  uses three PBSs, the back focal length may be reduced, thus permitting the use of a
simplified projection lens system. Furthermore, the weight of the projection lens system
required for wide field angle may be reduced.
The first and second reflectors 908 and 912 respectively reflect light in the first

and second color bands towards first and second polarizing beamsplitters 916 and 918.
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5 760, and so the light 714 in the first color band experiences no
astigmatismcorrection. As is discussed above, where the light 714 in the
first colwoobaomsi s blue, the astignmatism correction to tea/upozessiand red
light only may provide sufficient correction for viewing. 1In another
enbodi nent, iIIustrated in FIG 8, the first prism 702 may be split into

t t 70 d 702b. A d hi,gh .ind | ate 862. b iti d
bet ween the T rgwwmrs SR i P PP, I AR T g %ﬁrgm'st%?
ori entat i on A of FAG b YENLAHENolaTAk6iGed @ el Gghﬁﬁttﬁ&&@frééﬂélhﬂzétfb‘ﬁ

first color I's particularly Useful where the tilt
712 i s posi tgtam&ﬂvdndﬁﬂveﬁmttahéséuonépohanzmgbm&ph’it@@&lémddQh& hi gh i ndex

pl ate 760. Thus, the col o ri.sm 800 nay de C all three
color bands. 15 mgbqlaﬁ%ﬁ%ﬁ?%rbaéétf)%f?rﬁﬁ rﬁ‘tﬁ%ge??’émgé‘ﬂngﬁnan

X- cube eaqﬁgh 3&%@? 00

t hat uselé an %ﬁ{é@gamp %%?ﬁs\? an ﬁ%%%?foltgatggfr?é&§ﬁb‘?@h slltar%zlit ed in
FIG 9. Li ghirstidforfrandnand totarhd p(ﬂmn’auen of mb&otezilmmc)nsmsf thewavbsiont oﬁ"thalhgh@ cube

beansplitter 904, that separates t he ht 9 into, three col or nds

Li ght 906 .&Oéﬁequawsafn igeed besan Rl of lt&hg lf%aolpﬁbms’gthatﬂﬁgmaénen
beanﬁp"“eftm%%@]g  fir dé%bmméb@a@%rcg&%erp@t'ﬁn{l ch%l@m &@%e&%aond

color band is eansp ter e plane of
the figure toot@mdad imﬂs@ablﬂydthersedohé@mmwjtawaﬂdsmetse@dlﬁ refledting 1mhge*rc9260l or

band is reflected in a direction qgut of the plane of the figure rds a

third réfl eckhsrsecayst ielggting1mager 926 psrdugescanamaged bram P8 oflight ubfar: 5?0 and
t h t
angi ne. 900 1ol bab el <Akl ¥ ol Bt Soind P 9 i bl APXIBL EHORR: |

thus permtt92ag the use of a sinplified projection |lens system

Furthernore, the vvellght of the ro*ectlon | ens, system .required for w de
field angl e may dewikkhearaeciatad that theiprojaetionsnging 9P@ﬁlsee@%vd§sgé@r<b¥?dlegt92

respectively rds
Firor and sqebro8Eh g haTeRsTufihonn o A AEEATERO OGRS 87 067

PCT/ USO 21/5185ilrﬁgedT B@m’i D3Gof laghd irsthe aliiel ds@éﬂ teat diat isdiyected tote XHcabe édmbiaxanpl e
mul tilayer mrrors or netal mirrors, may be reflecting polarizers

oriented to P4ffesne direglian oui of the plangiof éltF figirer Thathregrimaged beams 922, 928 and

930 are combined in the X-cube combiner to produce a three color image beam 932 that

is typically projected to a screen by a set of projection optics.
A more detailed illustration of the X-cube combiner 924 is presented in FIG. 10A,
20 showing a cross-section through the X-cube combiner in the plane of the imaged beams
922, 928 and 930. The X-cube combiner 924 is assembled from four right-angled prisms
1002, 1004, 1006 and 1008, having various reflective coatings, for example multilayer
dielectric reflective coatings, between certain interfaces of the prisms 1002-1008.
Coatings 1010 and 1012 reflect the imaged beam 928 in the second color band and
25  coatings 1014 and 1016 reflect the imaged beam 930 in the third color band.

Two slabs 1020 and 1022 are inserted into the X-cube combiner 924 in positions
so that the light in each imaged beam 922, 928 and 930, except for a small central portion
of the first imaged beam 922, passes through either one of the slabs 1020 or 1022 only
once. In the illustrated embodiment, the first slab 1020 is disposed between the fourth
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state towards the first and second polarizing beansplitters 916 and 918.
Light in the first color band 906 is reflected by the first PBS 916, having
an 5 MPBRvDickm®87, towards a first reflecting i mager 920 pciratSoresshiects the
light 906 in the first color band and rotates pol arization of selected
portions of the wavefront of the light 906 to create an imaged beam 922 of

918 to the RAIHHLOSGRE HHfekibRm Ek fad 15 Seqangsoog 082 it psed Bether ol or
"mager 926, 0 FRELIIIHSTEAPPEARPRIAE | 214026 produces an | maged beam 928
of light in the dacionembaiinent iNastctadiafIGs Stand 164 theadistdfirotatién ofthe second
e oo Brdlnd) i S ot oo ORL S ke {1,
oS (7% SRR s RAES o OV 000 SR s e

conbi ner 93‘éﬁ'§d’tﬁmu&iedldf el&tpnsmmlﬂ)mdi)os hBordxampley thetprisnisingayrte. foithel frbomee
i mged beans_ 922, 928 and _ 930 are conbined in the X-cybe conmbiner to

produce a t hEdd glassovhsreasdhe slabid (29 and 1922 a‘Fé’O‘iﬂ}FSle%‘ YOI s glepss ich
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X- cube conbi ner present W ng a Ccross-section
t hrough t he pfeferdbdy setuctedie at lesst phriafly anapeafsateer theraggmdmemmSHQZQ theéd28 and

930. The X-cube conbiner 924 is assenbl ed, fromfour right pris
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mul til ayer I [ B of
the. pri ams 2005 STaQEIs cfA RSNG00 R 190 pORMER BoRPRKY, A bLBIARERS O
i n the secon@retiediwhertie slab tlaaqﬁ:m‘tsllsganmm aasuinciGhét theﬁth@@bfm&dencmged
beam 930 in the third color band. Two slabs 1020 and 1022 are inserted into
the X-cube dbeifr-erbe combiner92bi5i45’ons so that the |ight in each inaged beam
922, 928 and 930, I . Qf fig l,maged
beam 922, passes Tlﬁ"x%ﬁg lpfogttrl Ig?f%g%ié{% ﬁ?g%s a%gﬁ’l%gglgoaw%gg L do n&once.

I n the iilsl ushild Lenglobagdithdaph tHeledtifd thiRknésk abeifie2 Of the swbsmomcibmmam t he

fourth 20 WD 02/ 102087 PCT/ US02/ 18513 ) L
so is may not be corrected for astigmatism. Typically, the area of the central portion is

small relative to the clear aperture of the beam 922, and so the amount of light that is not
corrected for astigmatism is small, a few % of the total output light. The central portion
may be uncorrected for astigmatism, or may be blocked, for example using black paint,
20  which produces less than 5% power loss. The overall effect of not correcting the central
portion of the beam 922 may be reduced if the beam 922 contains light of a color band
that produces a smaller astigmatism effect in the viewer’s eye, for example blue light.
Another embodiment of X-cube combiner 1050 is illustrated in FIG. 10B. Light
1070, of one color band, enters the PBS 1054 and is reflected to the imager 1072, which
25  rotates polarization of certain portions of the light 1070 to form image light 1074. The
image light 1074 1s transmitted through the PBS 1054 to the X-cube combiner 1050.
Image light 1076 of one or more color bands is directed into the X-cube combiner 1050

and combined with the image light 1074.
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prism 1008 and the first prism 1002, and the second slab 1022 is di sposed
between the first and second prisns 1002 and 1004. In the enbodi nent

i1 lustratwoomwno®dGs. 9 and 10A, the axis of rotation of tReT/USPBESL3 | m 917
and the axes of rotation of the slabs 1020 and 1022 are perpendicular. 5
Therefore, the refractive index of the slabs 1020 and 1022 is selected to
be less than the re e index of, the I S 02-1 .. For t he
prisms may be forlﬁ‘ég‘ P’ﬁ?ﬁﬁ\i]n@%f @%@n%&fﬁﬁg%gﬁlﬁ %ﬁé @2? are
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at | east parinded d)ﬁ/thes’lahnarfﬁzﬁtaadflOBSismelea&dit@lmgnesm than shergfractive limdek O FRSS .
For exanpl e, vvhere thz g\stlgonatlsm é@gwl m the prisns 1002- 1008 are
formed fr orRTESHIS; 106021966 that cOWdPMeENd 1022 are formed from BK7,
the astigmatismi QIS E%H] S
assuned tghat t he ??16 erss %ﬁ%%gﬁ%?}:ﬁﬁe&ﬁ?&@ é(gco 1Ih§]téagl§<8 iuéde%S. The
central por tglagsegfnd bxethfelcbﬁﬂamerrm@ﬁnmbﬁhﬂfo@ﬁad ﬁbm/a mgreecommpintygé of glass not
15 make a si ngle ass %hrough the entire thickness of either of t he sl abs

1020 and 102%¢Ch g BK7g 3t the aghigmatism igrodused By PBS 104 is 25qund 1&d imamthenytBe cal |y,
th f | t f
the beam oo EnESBHRLIRR 1656 nd PoseEBAdy b SLAbI Bl cbirfiBion gD LU e ©
asti gnmat i smdatcudaied fo,beardumd L4 afm tvheretthd slhbsoldiSpahd 1 05fhire faineeddeonh PBH71

portion may be uncorrected for astigmatism or may be bl ocked, for exanple
usi ng bllQck gasspnd ﬂZ’(PrWHSCW%T Qéﬁé’@sf maekfremBKE o4 power | oss. The overal |

effect of not corgg %ggt
reduced if the bea &B E)Jri:l?aél%ﬁ@{)fi nt9 %Sh gu%t' xg @ﬁzﬁpﬁgﬁ’?pro gtglsn a
smal | er ast lt@ﬁﬁisewpﬁte‘cﬁ”catrelanvélbumgm reﬂm’twe itder mdterial eikastpital inlFIG. 11,d61to

Anot her embodi nent of X-cube conbiner 1050 is illustrated in FIG 10B

Li ght 1070, inglude the niase ef relativaly hagh wffactedngdeyanatgnal ig the FBS FH0-ect ed to the
i mager 1072, Whl I i t he

i g%t 1070 to formi magep(? g?”@? i duzllﬁ& blqé}rr%gelqéearnﬁql%%ﬁl 'Tasyeir)%%ﬁt ted

t hr ough 1tshe m@m&swelatyem Po6cba ighnbiaerhyd0308, sahdwighed b@WeenlBié Prigis one
or nore color bands is directed into the X-cube conbiner 1050 and conbi ned
with the i mabl@2angHd04.07he refractive index, ny, of the high index layer 1108 is higher than the

refractive index, ng, of the prisms 1102 and 1104. Where the refractive index of the

MRPB /adhesive layer 1106 is given by n,, the following relationship holds: n, > ng > n;.
The thickness, dy, of the high index layer 1108, is selected so that the astigmatism

20  introduced by the high index layer 1108 reduces the astigmatism arising from the MRPB
/adhesive layer 1106. For example, where the prisms 1102 and 1104 are formed from
PBHS5S5 glass with a refractive index of 1.85 and the MRPB /adhesive layer 1106 has a
thickness of 225 um with a refractive index of 1.56, the astigmatism is 181 um. This
value of astigmatism may be compensated using a 3.8 mm thick layer of PBH71 glass,

25 having a refractive index of 1.92, as the high index layer 1108. It will be appreciated that
an adhesive layer may be used for attaching the high index layer to the prism: the effect of
such an adhesive layer has been ignored here for simplicity. Chromatic dispersion in the
PBS 1100 may lead to color shift effects where light at one color is translated across the

image relative to light of another wavelength. The effect of color shift may be reduced
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WO 02/ 102087 PCT/ US02/ 18513 In this enbodiment, the rotation axis of the
MPBR film 1052 in the PBS 1054 is parallel to the axis of rotation of the
sl abs 105®0andozd868. Accordingly, the refractive index offCrhsSoyisshs 1056
and 1058 is selected to be greater than the refractive index of the prisns
1060- 1066 that formthe X-cube conbiner. 5 The glass selection for the

X-cube conmbiner 1050 is not limted to high |ndex | asses, and _so the
combi ner 109FingaforsEamplenseoprd By fﬁuﬂ‘@n&g}ﬁ%ﬁt RBSavhsre the second PR as BK7.

If the asti | ' : | r . en. t
t hi ckness O]%Pfeh{gﬁg}; g%égn%g%qglﬁgy ligggn %goseérggﬁf %cgléﬁ?lél\lﬁﬂl ag%{g}nd)%gﬁ%s?rtr? Fihe
correction i®lorchifcatisiigeid thofikePBSAWO@ 1.1 nmm where the slabs 1056 and 1058

are formed fromPBH71l 10 gl ass and the prisns 1060- 1066 are forped fraom
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system that | L: I; 3| ' ial,
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prisnms 1102 and 1104 with two | ayers, an 15 MRPB/ adhesive | ayer 1106 and a
hi gh index |ayein ampliplesinager pRICqtigRengts, Anathesadantagets that, singe thereis nphe
refractive i f ' ' I r ' i t .
refractive irg(g@%nér%forglfco@ gé&f;@@%&ﬁﬁej, gérég ai%%gl%r b\ﬁ%‘?’e p ﬁém’r%?fr}%% ‘%\}%e

i ndex of thebachRV! lepgiheTithecenghieean bd Blutad, ghd solobyf-Mimbér peojéctidndihsng
relationship holds: n2 > no > nl. The thickness, d2, of the high index

| ayer 1108, systemsmaythedised forrxampiecasdawiay#dd ades30 i ntroduced by the high

i ndex | ayer 1108 es. | L.onat | | Si / ive
| ayer 1106. For eg%%ﬁ,es?n%gz%n?%%E%Ap?%&%@icl;@%gfn??é%&g)?e orne rom
PBH55 gl ass sitch bs &célef whedl oy st tidlshie 0blod fillérs.aAdcdrbimg VRO y/aboiit@sik Weird &/ er
1106 has a thickness of 225 gmwth a refractive index of 1.56, the

asti gmat i smtheligigiingjdent prithe imagey, sowpingd witheanenhithrgg coler bandpdn ysaded angi ng

a 3.8 mmthick laver,of, PBH7 ass. 25 havin . nefract.i i ndex .of .1.92,
s the i gh iedieR g & nieBaeh 8oy Bt RIeN Lt i fpet® phRE gl

| ayer may benWsBideponiecl @hiiac.hwigh dnlEnuihteh of 7108 Xthe 8ysém kRnlifCisRI7 Gifiks t he
effect of such an adhesive | ayer has been ignored here for sinplicity.
Chronmati ¢ di gpaersthamthahof aneengpedaving @n fraymberef 0,00d e therfofal lightf ect s wher e

light at Onechfo%lgﬁlgutlo?tﬁere%glsnle% %gre%gerdoa% ?ov&e@?—numbers. Additionally, the coherence

length of the projection engine is reduced at lower f-number, resulting in lower speckle.
An embodiment of a multi-imager projection system 1600, in which astigmatism
20  reduction is achieved by providing astigmatism compensation in the PBS’s themselves, is
schematically illustrated in FIG. 16. Light 1602 is emitted from a source 1604. The
source 1604 may be an arc or filament lamp, or any other suitable light source for
generating light suitable for projecting images. The source 1604 may be surrounded by a
reflector 1606, such as an elliptic reflector (as shown) a parabolic reflector, or the like, to
25  increase the amount of light directed towards the projection engine.
The light 1602 is typically treated before being split into different color bands.
For example, the light 1602 may be passed through an optional re-polarizer 1608, so that
only light of a desired polarization is directed towards the projection engine. The pre-

polarizer may in the form of a reflective polarizer, so that reflected light, in the unwanted
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I mage relative to light of another wavel ength. The effect of color shift
may be reduced 22 WO 02/102087 PCT/ US02/ 18513 wusing, for exanple, a second
PBS f ol | omibreg/10d087 fi rst PBS, where the second PBS is ori ecrator/ess13 ansmi t
the image light and to provide a color shift that conpensates for the

color shift arising in the first PBS 1100. The PBS 1100 may be used where

there is only one.imager, and nq.cqglaor prismij 5 present. e of e
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or fast tunabl e daltl ilfustrdted enboiimentgihedloynogenizad light 161 Dpasseshthrodghh firsthe

i ght incident on the jmager, contained within aone. of three colof bands, is
used at any ey b1 ¢tpedusi the VeRgGRe A7 ﬁt%kwlg%w & BN AL SIPR | o
in a single ' : | : hﬁ.pﬂh{l' W- unber
of f/1.8, t hsg&;s}gdg{ Z%%e’?‘glrlﬂﬂg%f %égbékxﬁnhgg&ge?%g? etr t anﬁ%t rétﬁhgffﬁgnéoédr%gi ne

havi ng an f -separbier 166 feparates lightll (48 it heirstedkr bhndyfiom théwemaitipg tightfl 62he

engine is increased at | ower f-nunbers. Additionally, the coherence _|ength
of the ploj ect i oﬁw@hﬁégl%lnrtéﬂﬁﬁéaola%b%\my be_nastpddhrouglya seeond dens d 6 over

speckl e. An | k- | ' i i ch
2ot i gt | sm B0 PHoAE e Birdfrfyd,1b ERARN o Bl aEkicans AT M e Brh L o
i n the PBS soldrdaneé incident ostheSestdBE 1624 [Theilight/B118qiaswds fronfth&Sfirsk @B 1 64t
1602 is emtted froma squrce 1604. The _source 1604 may be an arc or .
filament | arkpafBpt igpgeckoRa, Theimagsr eeflectgimagglight d62%in a pplasaion sigtq thatis

sui tabl e for_proiecti ' r - r IS8

reflector 1 gls I?ﬁstﬁe?ﬁh%ggg%%glqﬁb |§°r%g# I'&elg? é‘?lgflggﬁ%ﬁgrm ba par agcl) ?%:ﬁlay
refl ectas, grotide adtigetatisincoripehdation asthe réftectedamage ight) Fghéxahpletied®BS owar ds

the projection engine, The light 1602 is typically treated before being
split into difRfaayisimby tg,theogﬁag_loo described with respect to FIG. 11. The imager 1626

may include one or more compensation elements, such as a retarder element, to provide

additional polarization rotation and thus maximum contrast in the image light.
The remaining light 1620 may be passed through a third lens 1632. The
20  remaining light 1620 is then incident on a second color separator 1634, for example a thin
film filter or the like, to produce a light beam 1636 in a second color band and a light
beam 1638 in a third color band. The light 1636 in the second color band is directed to a
second imager 1640 via a second PBS 1642. The second PBS 1642 may provide
astigmatism compensation to light in the second color band. The second imager 1640
25  directs image light 1644 in the second color band to the x-cube color combiner 1630.
The light 1638 in the third color band is directed to a third imager 1646 via a third
PBS 1648. The third PBS 1648 may provide astigmatism compensation to light in the
third color band. The third imager 1646 directs image light 1650 in the third color band

to the x-cube color combiner 1630.
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For exanple, the light 1602 may be passed through an optional re-polarizer

1608, so that only light of a desired polarization is directed towards the
proj ecti omoangozer The pre- polarizer may in the form of acrafShecdsiye

pol ari zer, so that reflected light, in the unwanted 23 WD 02/ 102087

PCT/ US02/ 18513 pol ari zation state, is redi rected to the |light source 1604

for re-cycling. The |ight 1602 nay al be hogo eni zed so that the imagers
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The first c separa separa In a band

fromthe rert RiciBe tolghtontiné: 1630. lihﬂae|11Ihgh’ateﬂlQﬂ:ﬂbodhndnlﬂ@oiarfzaﬁomfdtafngband
may be passed through a second | ens 1622, and optionally a third |ens

1623, to corfpties 16¥bargidisepssarhetvasn thacubeysplorrgmipines 163dand the first FRSandyand

I nci dent on r, The light 1618 passes fromthe first PBS
1624 to a ftH}g |Sn%{%ﬁ%fgéggéThe i mger reflects image |ight 1628 in a

pol ari zation st atlewtilm B apecibted BRNVAriaidnd 6f the flusiried BBSodiekat fnay 88 u¥ed; ube
col or conbiner 1630. The PBS 1624 may 15 provide_ astigmatism conpensation

to the rléfl el?,qr@amnnlag@thqrgm refist lightdephedmagers pbthen dransmid hesimage dight, et he
PBS 1100 deslgé b m{t %Bﬁ@tt{lé ﬁnzfl %]méjthenijgﬁ Q%q%{ag%i%@ may include

one or nore CcCo S a re to provide

addi tional polari matrd: 5)@ séﬁﬁrﬂtddﬁiﬂlt@g%d td thd projeetionlsystenitliskated if FiGe16. Neae
light. The remaining |light 1620 may be passed through a third lens 1632.

The 20 remi aﬁ]lvhlgtagq gyives fremghe fact ﬂ)@hthp meuldla daysniiln BBSanay heondhe Sapafat or

1634, for exa lter oduce a t beam
1636 i ScRlRnEs ez heaiptlied B o MiRieietprizi BREY B Ryl Hyeha.
The 1ights 16§ PBS g@ﬁm&elﬁ@ﬁ&: &ﬁhﬁﬁlhﬁﬁiﬁdﬂéxﬁoﬁic& ot 8hnipfle Hav1§§§19ﬂﬁum5&€lﬁ1
1640 via a second PBS 1642. The second PBS 1642 nay provide astigmatism

conpensat i or2.p or lesgland so thetpyerall edieiensylof ﬁhelmmcthl’h%’mmmbfr mgtrasedl 640
Another advantage arises from the fact that the multiple layer film PBS’s may each be
optimized for their respective color bands, and so the polarization contrast of the image
light in each color band is high. As a consequence, the projection system may operate

20  without post-polarizers. Furthermore, only a single pre-polarizer may be used to cover all
color bands, rather than using a separate pre-polarizer for each color band. Another
advantage of this embodiment is that the multiple layer film PBS is relatively insensitive
to angular alignment, and so the system projection system 1600 is easier to align.

In addition, because the PBS’s may be optimized for their respective color bands,

25  there is very little leakage in the dark state, and so image contrast is increased. A graph
showing the contrast ratio (y-axis) as a function of wavelength (x-axis) from a projection
system 1600 is presented in FIG. 17. To obtain the data provided in FIG. 17, the imagers
were replaced by quarter wave mirrors. A quarter wave mirror is a combination of a

quarter wave retarder and an aluminum mirror. Orientation of the quarter wave retarder
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25 directs image light 1644 in the second color band to the x-cube col or
conbi ner 1630. The light 1638 in the third color band is directed to a
third i mrewyero2i6é87 via a third PBS 1648. The third PBS 16#8Tnsg2/pmsoyi de
astigmati sm conpensation to light in the third color band. The third

| mager 1646 directs i mage light 1650 in the third col or band to t he x-cube

col or conbi ner 30.. 24 02/ 102087 .PCT/ USO %%tﬁ :ﬁ’i 8 ma ht 1628,
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third PBS' s vi&2fengthdradgeddT. abbiit 4&5Iﬂmbé’0&pm eci ated that variations of the

il lustrated enbodi ment may .be us 10 For .ex | e,  rat n r ect
light to the i mageRethersnbodunentp ?\E‘iﬁl?‘m{’ﬁéngl% ahis Strateﬁén%@ Ql;m

transmt |i are
sever al advgn{) Sgtg%nt %}% 4eﬁ§9%ﬁe§ joggft?el %sﬁ%?%ferhf%%h ust rlgﬂggﬁm%h%% Oplg.gﬁ%xe
advant age arbessirilértonhdsbdedoribtd bt witheregartito fHegprojagtanm dnigine 188G andysolaee i n

the formof a wde-angle Cartesian beansplitter, unlike a McNeille
pol ari zdP. m%edwﬁét%ﬁamw@rqn&%mhsml | m PBS pernmits the use of fast

illum nation opti g%::;gg r eand so
t he overall efflcf}ge' C o? %ﬁ’ermgﬁ(%‘%gec I O g)?f% nge{/dbte ‘ﬁ“ﬁ%?@é@é‘“@g ot her
advant age arre@®sng lefs 6 lieandas incideas or dfirsovdlbs wpﬁatcﬁyelOfThmd?ﬁfseparm each
be optimzed for their respective color bands, and so the polarization

C(ﬁnt rast of 1848 maydhgen the fgrm of A thindieleciioRlny SHer. | Light d#18 jmsa first eplebandnce
t t
e P11y ] LR85 oA VB BB B apg R

than usilsg aryeRayats. Mhelighi Esllszemrédwd teacfirscigdager mlzldwh&h@lhbesfes aAdiviagd age
of this enbodinment is that the nmultiple Iager filmPBS is relativel
i nsensi ti ve on the reflected light 1826. The 1 1mage light 1826 passes through the PBS 1820 to the

color combiner 1828.
Light 1830, separated from the first color band as a second color band, is directed
to the second PBS 1832, which directs the iight 1830 to the second imager 1834. The
20  light 1830 may pass through one or more lenses 1831 to control its divergence. The
imager 1834 imposes an image on the reflected light 1836. The image light 1836 is then
color combined with the image light 1826 in the color combiner 1828. The light 1830 in
the second color band may be color modulated by a color modulator 1838, for example by
being passed through a color wheel which is rotated by a motor 1840. The color wheel
25  includes transmission filters 1842 and 1844 for at least two different color sub-bands.
Thus, the light 1830 may be temporally modulated to be alternatively in the first and
second color sub-bands. As an illustrative example, the light 1818 in the first color band
may be blue, while the light 1830 in the second color band is green and red. In such a

case, the color wheel typically has alternating green and red transmission filters, so that at
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to angul ar alignnment, and so the system projection system 1600 is easier to
align. In addition, because the PBS s may be optim zed for their respective
col or bame,02/1@%81 here is very little | eakage in the darkpstratsez/1ssm so

i mage contrast is increased. A graph showing the contrast ratio (y-axis)
as a function of wavelength (x-axis) froma projection system 1600 is

presented in FIG 17. To obtain the.da rovi.ded in Fl t.he i nagers
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Reor i ent at | GiPPEFachesanaybesed to GRloempdylate s light 4 83Q. sForexpgple; thgicolr  he

pol ari zatsi 0 i . i f )
reflected | ﬂaﬁ(ﬁuli&@{a%ﬁ%’%gg%&&% ﬁ{e}} ?%% ‘%‘%ﬁ{’%‘é‘ﬂg‘f‘gag‘i‘:l?{l%ﬁuﬁg%sg d&%&@gﬁ Hbe 5
seen, the cofHighgtromthpuh€olor Sjvitch fut Sequaeial Solot Blujectiah” by G. De Shavp406l.,
nowhere in the wavel ength range of about 425 rim- 700 nm Anot her

embodi ment ot D2490dPigesti RAReEh 1 40901800 is illustrated in FIG 18. This

proj ection engi nepy Sy &%%Qﬁ‘aﬁd‘f’sa#%ﬁ%)pt}%@éégatwgE@%u(fﬁggléﬂ(ﬂﬂtdiwlary the

illumnation optics ma be sim cri ove Wt egard to

t he proj ectigpprepiigteienalbdst thaswresntimes THelolamkethlatbit 1838hraysdsEbe @ntolied e
nunbers. The prepol arized, honogeni zed |ight 1612 is passed through a first

di ver gerfe  yetbeepnitplice 850, 6q thahthe colorof b 6 granynitted drough the calepar at or

1810. The co r . . ' . - N Lelectric film
filter. Li gh+8ql§%§pﬁr§§g ??‘s%é‘g%wqﬁ’éggbélﬁg d%ﬁaggc@e‘ﬁﬁ g‘ngél’fr ﬁ?g " PBS 1820.
The |ight 1818 nuphdPBHad8L0 atd1832qhayasrovide astiggmnfismlddabehsation, foe BSarspls irtm
The light 1818 is directed to a first 1 mger 1824, which inposes an | mge

on the ref| ebe aunnergiescritgd gbovenwith rrierengeitg FGa b dbﬁhasamoqch?m@ﬁtim@l%s
LoD, o AuSERE pE R ARG AR el BB pd By AL AL 9T, T LS

co!or band a econ _ second PBS 1832,
whi ch disects t heahétét endodinéf of B ehrs€aRAEr pfetibn $stdn 190®is20hdmgithll} 830

may pass through one or nore | enses 1831 to control its divergence. The
illustrated in FIG. 19. Elements of the projection system 1900 that are similar to those of
the projection system 1600 are labeled the same.
In this embodiment, the first and second PBS 1924 and 1942 are formed using
covers 1950 of a refractive index that is close in refractive index to the multilayer
20  polarizing films 1952. This is particularly advantageous for light in color bands that do
not need to use highly blue transparent polarizing films, such as PET-based polarizing
films. On the other hand, it has been found that PET films degrade less than other types
of multilayer films when illuminated by blue light, and so a PET-based multilayer film is
commonly used for the blue color band. The blue color band is also susceptible to
25  thermally induced birefringence, and so it is preferred that the cover of a PBS used in the
blue color band have a low modulus of photoelasticity. It is common, therefore, to use a
cover of a relatively high index glass material for the blue color band in order to use a

PET-based multilayer film and to reduce thermal birefringence. As a result, the PBS

1948 in the blue color band may still include astigmatism compensation.
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| mager 1834 inposes an inmage on the reflected Iight 1836. The inmage |ight
1836 is then color conbined with the inage |ight 1826 in the color
conbi ner WwB2310208e |ight 1830 in the second col or band megThSDsOF

nodul ated by a col or nodul ator 1838, for exanple by being passed through a
col or wheel which is rotated by a notor 1840. The col or wheel 25 includes

transm ssion filters 1842 and, 1844 f | east t di f nt. co
sub- bands.  Thus, ﬁpﬁ%}‘ﬁg@q‘ﬂl and 5l W%B&‘@ﬁ%%eeﬂrp? W&ﬁ{-g’ﬂgﬂ“{‘%ab@ _
al ternati ve' %&&rfﬁfa TQaPE&CB’d}QdF ogoasweva@efiémw%% ré}fhch{/é #gk{; ﬁte ive

exanpl e, 1818 1e rirst co
l'i ght 1830 |may beusadd’ormtiese(ﬂodm blands;lredscmgd&ms&gmi%&rﬂmtﬁadumddjy the PBS&e t he

28;?%?“2?: PR oo Prepia s ree”lmig 3‘3{%@]?%& ”f'”ersd
I anot nGr canad B Ay ‘W‘%@ G- [0, e uphhglie MRk 7T o

the |ight 1813menwhhethsmﬂmlrzlyerdllans based onPEN. eAccoaahdgllyl h@t nh thewirédn dnd red
appreci ated that ot her ]%anches qﬂ\é be used.to col or podul ate the |ight

183g dForl ex%?ﬂ@ln may uss 1BS’s thab npludedio appgmatisgy cqsapensatione dihe PR 948 for
t
Soi ton for CoBB B band ) us iRl pRAGS afhss i B UM KT,

Di gest, papefad®: flomFBH1. The |rragers 1824 and 1834 nay be operated by a

controller 1850 to di spl ay the B@Opl’l ate images at the correct tines.
The col d@ nodul at Bie apdisal eag%)e eeéhﬁmgpﬁdmdﬂ@mesww%ﬂéﬁ? may185o

so that the 4 r r h

synchroni ze e? {1 l%Lé)lp %‘%Jl}é%égl e%rlfaltg ségai)‘g I%EQ#%S‘F@?&JTB%H@%&%BBS
1820 and 183f3r smample By sdgingshé mkasﬁpmﬁ@ena%emmhﬁmg@mme&om t he
manner descri bed above with reference to FIG 11. O her approaches to

astigmatism Corliiﬁvn%ﬂ 1630 preregpastively differens velygs, oa by eping glasheqvsts ofidifierert er ence
to FIG 15. es%her enbodi ment of a three-inager projection system 1900

i s schematic 'Tlustrated in FIG 19. Elenents of the proj ection system
1900 thats are si rmhaheﬁ@pfdaesm &@mpehbingrasti @hitistninsysysem thaGRessdy habgled

the same. In this enbodinent, the first and second PBS 1924 and 1942 are
f or med usi ngimager is illustrated in the embodiment shown in FIG. 12. Light 1202 from a light source

(not shown) is reflected towards the imager 1204 by a PBS 1206 formed from an MRPB
film 1208 sandwiched between glass prisms 1210. The image light 1212 reflected from

the imager 1204 is transmitted through the PBS 1206. The image light 1212 is astigmatic
20  due to the passage through the PBS 1206.
The image light 1212 is passed through an astigmatism-correcting cube 1214,
having a film 1216 of relatively low refractive index sandwiched between two prisms
1218 of relatively high refractive index. The plane of the film 1216 is rotated around a
rotation axis 1220 that is perpendicular to the rotation axis 1222 of the MRPB film 1208
25  inthe PBS 1206. The thickness and angle of the film 1216 may be selected to reduce or
substantially correct astigmatism arising in the PBS 1206 or in other components of the
projection system.
In one embodiment, the cube 1214 may be formed from an MRPB film 1216
similar to the MRPB film 1208, sandwiched between two glass prisms 1218 similar to the
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covers 1950 of a refractive index that is close in refractive index to the
mul tilayer 20 polarizing filnms 1952. This is particularly advantageous for
i ght i n woloenodsands that do not need to use highly bl uepcmarsspassent

pol ari zing films, such as PET-based polarizing filns. On the other hand,
It has been found that PET filns degrade | ess than other types of

mul tilayer films when illum nated by bl ue Ilght and so a PET based

mul til ayer f8 P%H@mségmﬁmh? @e@%oﬂnﬁ% afafk thedMRP Bl 12 Hrig opented s por
band | [ t
ot |l o0 UG R OB AR PR RAEI A0 |

| ow nodul us sdlagdentthed iastehsing the cbhtrassbymng tlienteaneinisson df thellight én theover of

a relatively high index glass material for the blue color band in order to
use a PET- beplaazation stateRlacked by the:PBS 1406 educe thermal birefringence.

compensat’ on. 27 1B B To5E8 A (S rn Bt Rl T208 palrb K « ﬁ%ﬁﬁaﬁzgm
bands may usef chelpoldrizhotestatt ahdrhighveMgtion bf b otk bolatizfivnekate, faty hight sorfHae a
PEN- based film_glass covers of a lower refractive index may be used for

these col or #nadeontrast dnebtaiged mehe gpaggbgamdal 2. n?h@d‘éﬁ?@ﬁt}l%oﬂlﬁéhm s 1924
and 1942. Fo e@ssrﬂﬁn%ml&{s %0 ﬂYa% eé’fen%t@i){ R@ﬁ ﬁ%%%ﬁ%glnt%l%%@ﬁ%raﬁ fePr Med

from5 SF12 a re rac

asti gmati sm fist MREB ﬁlr@ﬂg@motia&e@m th&\bﬁtﬂ:al hﬁuﬁb&héﬂté ay®e sédondMRBPB&®md on
PEN. Accordingly, light in the green and red color bands may use PBS s

t hat i nclQudelé aa@mogqmlaxgdn sr,rmptelﬁ@at tihennmmemm 0£g¢r183r¢tmg copirastisndds col or

band may use for | e ass_f.or t puers

made oo m ot Bin MR Saahiissh AnfiRielih add BortRARES, RO RubEPR R AF
proj ection O@ansﬁﬁu ti’@lf/beb@ﬂﬁ&hngeqobel A[RI.OPtieretbre) t‘i‘le@ét!dﬁh mBmh
respective |light ban This may be achieved, for exanple by settlng t he

physi cal sepb?rl&tm@an)@nmm@de&s thmmﬂhmerfh@mslswlm@ﬁﬁa manpufagigred: o

i cknessos. 1ot RTRER Y i et i Bl 78 oS Bl el HFVAER, o1

t hat uses onfiim thabisn@b@]l. 1 mager is illustrated in the enbodl ment shown in

FIG 12. Light 1202 froma |light source
The cube 1214 may also be a MacNeille PBS having a thick plate. It is possible

to use the MacNeille PBS in this embodiment because it is only operating in
transmission, and light reflected by the MacNeille PBS, which contains mixed
polarization states, is disregarded. Where a MacNeille PBS is used, the second cube may
20  be formed from BK7 glass.
It will be appreciated that the embodiment of astigmatism correction illustrated in
FIG. 12 may also be implemented in a multiple-imager imager core, where a color
separator/combiner is used between the PBS 1206 and the imagers.
Another particular embodiment of astigmatism correction, that is advantageous
25  for correcting astigmatism in a projection engine 1300 based on two imagers, is
schematically illustrated in FIG. 13. In this embodiment, light 1302a and 1302b, from a
light source (not illustrated) is incident on respective Cartesian PBSs 1304a and 1304b.
The different light beams 1302a and 1302b may be generated by separating the light from

a light source using a reflective dichroic filter or by any other suitable method for
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(not shown) is reflected towards the i mager 1204 by a PBS 1206 fornmed from
an MRPB film 1208 sandw ched between gl ass prisns 1210. The imge |ight
1212 reflwotedofospm the inmager 1204 is transmtted throu@aTiUse2/PB8 1206.
The image light 1212 is astigmatic 20 due to the passage through the PBS
1206. The inmage light 1212 is passed through an astigmati smcorrecting cube

1214, having a film 1216 of relatively low refractive index, sandw ched
bet ween two H3PHUCHRS Tdands| e %sy%ﬂ%ﬂl‘{ WSCWWES‘? IReRectiverMRER gh’és of

the film 1216 : ' kS0 i i cul ar
toTthe 1ot ati 068 shP1 UGG e MPeiR ip f Bhepbiiahdigad e e gk PRIASHE, ©

t hi ckness anB0ghgéftectell ftdne tifel FBRs11306a amiy1 30db sediseteddo tige regsbotive @agers

subst anti al Iogg correct astigmatismarising in the PBS 1206 or in other

conmponent s of31dmad 1318 dnagediehs §31Zaretlectedbithe 5 dmagssi 314 wdrangmitedn 14 nay
et ween Sno D02l dAFIES L34 fuieibfcobye? 1306 ey T30 MhecRRHy™ CNe

PCT/ US02/ 185he seofd smaier $818 ikArhfismaitted lieomBIhe PBS. 1304b sashb déchesis eombiner VRPB
film1216 is oriented so . as__to transmt the image light 1212. The second

MRPB fi | m 12454 Ondhre fraagpslight 43128, ode firs eplar band is trangmaitied chioygh Hy dighgoic
Srate. ol ockeiTd i BRELETRANsRon. B s it colbrtpf PRAEEARY '\ rog

film 1208, ndembie ddhbiner13NEE6 5o @Ombide Wiftethp Gk itdgd light 18124 endyprddbicegh

reflection of the other polarization state, are high so that good contrast
i s obt ailfed thecembinedrimpesedighhrutpul320hi s neans that only the best

lee a5 the fi st e PiTARBRE 1 IGR B o bl 102 AR VB8

second MRPB diadsPristhe. TRBA prighe 130 @drisbaiRdorréd edminiatérfal R@Ving BFirftr | mary
means of generating contrast, and is used primarily for astigmatism

conpensat i orfeEadtiveandex} &aph ppsm1A22 and 1324thas A respedttyepdate 1326anslnti328 of highght

R R T
| engt h ofs MREghdskd Betweétitheitwes pRibesi 1306 ah®132%6Tthigin@éx mateaalf act ured | engt h
of MRPB The plates 1326 and 1328 of high index material are selected to have thicknesses
that substantially reduce astigmatism, for example the astigmatism arising in the PBSs
1304a and 1304b. The plates 1326 and 1328 may be selected to have equal thicknesses,
as illustrated. The plates 1326 and 1328 may also be selected so that one plate is thicker
20 than the other, as shown in FIG. 14. This latter embodiment may be advantageous, for
example, where it is determined that one color band requires more astigmatism correction
than the other color band. For example, the color band having the shorter wavelength
range may be determined to require less astigmatism correction than the light in the
longer wavelength band. Where the first plate 1326a has a thickness d1 and the second
25  plate 1328a has a thickness d2, the light 1312a in the first color band passes through a
combined thickness of high index material of d1+d2. On the other hand, light 1312b in

the second color band passes through a combined thickness of high index material of 2 x

d2. Thus, where d1>d2, the image light 1312a in the first color band experiences a
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15 filmthat is useful. The cube 1214 may al so be a MacNeill e PBS having a
thick plate. It is possible to use the MacNeille PBS in this enbodi nent
because iwoiog/10008y operating in transm ssion, and |ight reflwsoyessidby the
MacNei | | e PBS, which contains m xed polarization states, is disregarded.
Where a MacNeille PBS is used, the second cube may 20 be forned from BK7
glass. It will be a eci ated.that the enbqdi nent .0 I tismcorrection
i |lustrated g?ﬁterﬁplgpugi%ﬁ?nﬁﬁl%c%e‘ﬁt%w ¢ ppge tﬂﬁltzlblqﬂ SR T ager
core, wherengol or separator/conbiner is used between the PBS 1206 and

t he i magers. Another particul ar enbodi nent of astigmatismcorrection, that

i s advant ageous If%Bddition émadding slahy o dighgndex enipwnndexpo diceanticelsysteni foe 1300
based on two i.nagers, .is. schematically illustrated.i n%AZIG 13..1n this
enbodi nent . TG ST AR ssEgsTRB s 04 RUHed s R Eedtetig Videsds 1 at od)
is incident i I r%%ﬁarﬂé’t@;ﬂ‘ : ki -ent

| i ght begm; dlagl Zgaggﬁtk%egob ?r%s?%ﬂggng(gnerat ed %}r}ﬂ}ggbaﬂ%ﬁtﬂ?%geg e %hé[&t%??om
a |ight sourcoerectsimeleraentas feettrédvia FIGc b, ovhacH showvsra RBS by00efioymet dftwosglassabl e

met hod for 29 WO 10 7. PCT/ U 8513 roduci n wo, col or band The
PBse 13040 PRSMEIOND awig?% ¥ @é@%@i’ﬁu‘ﬁmﬁ@@ sPidEel thereacR e 15680 108
reflect lig | Q17 i ol i {

13085 1ef 1 aaran  EopRi WoThot) rtARiidy B Miten AE 1oL et ilheer e
i mgers 13Ls1antf i@&E8han onegmakerdgi’tl 0 13used, a afddrguisedl T2 mhayebd plactkd betvagpar
1314 is transm’t%ed gp&:r ouglg,the PBS 1304a to the dichroic conmbi ner 1310.
| mage |ilgnt thaPBp 19Q thegilypleqmagedycond i mager 1318 is transmitted

t hrough the PBS 1 Is i i Theei @it
13128 i n the 11 e eogy Batei318igRisca SATRLDE, MILPR dion T3RelaREfe bf e

conbi ner 131Riswiei1l562 e 150¥adkhel walge platd P44 rhay bdferraed of whysoitable ramsparedns
reflected by the dichroic¢ conbiner 1310 so as to comhine with the first

i mage |ight majenal. Fonexamplethewedss rlyfe 1o khmen be formsd of elagher Ralyper 1999

Cypi cal Iy roedbr¥iboliicy, e hosely I Bt G obicd Bl b etthas . 1 o
havi ng a5f i né$érland 61 that adheres the MRPB film 1506 to the prism 1504.
The embodiment is illustrated further with an example. For glass prisms 1502
and 1504 formed from SF57 glass and an MRPB film/adhesive layer thickness of 225
um, the wedge angle, a, required for astigmatism correction is between 0.15° - 0.25°,
calculated using a ray tracing program, ZEMAX. For a prism height of h, the wedge

20 thickness, w, on the wide side of the wedge 1514 is given by the expression:

w= h.ﬁ.a.% )

Where h = 35 mm, the thickness, w, is calculated to be 129 um, and so the optical path
25  length change at the center of the PBS is equal to 65 um. The wedge may be formed of

optical adhesive by placing a 129 pm spacer on one side of the prism 1504 and filling the

resulting wedged space with optical adhesive. The optical adhesive may then be cured

using UV light.
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refractive index. Each prism 1322 and 1324 has a respective plate 1326 and
1328 of high index material, for exanple high index glass, along its base.
A di chr oiwofoel1im08B30 is 15 di sposed between the two pl at e®CTARG2/a8313 1328 of
hi gh index material. The plates 1326 and 1328 of high index material are
sel ected to have thicknesses that substantially reduce astigmatism for

exanpl e the asti tismaris i n the .PBSs O4a, gnd 1304b. Th |.at
1396 and 1328 nagf%épwf%@f‘%h Bi3s% astig § pere eggﬂgegsagoyg only the vyide bidg of .

The pl ates ARAfuivEY, b Rl enftRbseARkt MR il cker
20 than the]tgtgﬁlgsiggas sh 01\m¥| n E%C%ﬁﬁj This latter esrfbodloﬁriéﬁt rraff;l
advant ageousl50bar attachadryl the PRISeprismi t504sIfoednafaciurag tolerinceseee switably Ilugln,d

requires m)rg astignmati sm coréfc‘%l on_.than the oth col or

g FaRy WRTEANSABY st Spigy tsavodee

exanpl e, t heNEGRAY B5PFSPACK! 2h

determ ngd t ' I sl ithan | he

| onger mgveltgr?ggﬁtéggﬁtg.%%ﬁ&t ?rﬁlgfcﬁﬁéﬁﬁgﬂ%ﬁgutﬁ%asn%g?ge: %ness@t%l and
t he second Zﬁsp@batbehelc’ﬁﬂ&a has a thi ckness d2, the light 1312a in the f| rst

col or band passes t hr.qug conbi ned t hi ckness of high index teri
dl +d2. On t héheshape OEQW@thqrmgﬁm 1862 m3y it adpusied 4 eorest B IGR-DBENG ”Fﬂags

through a cosgy phigh index material of 2 x d2. Thus, where
dl >d2, the magg |1élﬂitlé:f{13@% I'n the first color band experiences a 30 WD
02/102087 PCT/ USOQhel&thSad gnagesof Binglanwedyed akeiriegtrbl l4stoconestdoit dstipmiatian t he

I mage Ilght 1312h in the second color band. In addltlon t o addi.ng sl abs of

hi gh i nd8x d thabiheitpiabthigkpessins theRBS may g 458 thapofor examplgthe pmhedigtent i on,

astigmati sm:

fhe opti cal ot El. LEMERINEUNILE QFUE LI FodFHlaRincte s OTRR L Eal U
correction edyowen®.8immf &ﬁdertbdwedgd:dn@e 1§§ma1\h,hhe:{7vedgmws4anﬁﬁﬁ ﬂ)ﬁﬁ&i ilmpmsd of
two glass prisns 1502 and dw che

| hor obot vee ol dhespauserio ﬁﬁt%?hﬂhi;MRPs%ﬁm i 4506 orthe PviEs 1303 a0disgs: Be by

1520 1 usedh BHpdlRoRpon i budf i o BRAEE reqhédin o wEBER IS B, TRRAL
t he mul t1ispl ebe dppereiated taat\wa@e a@ti@ﬁalsﬁﬁcbﬁmeasaﬂiioﬁm@eﬁmmmeedmtdstheﬂVRPB film

1506 and one of the ] i i ] i .
components, for example in a dichroic separator/combiner or in an X-cube combiner.

It will be appreciated that a single imager projection system, as illustrated in FIG.
15, may also employ different types of astigmatism-reduced PBS. For example, the PBS
1500 may be replaced by a PBS such as PBS 1100, illustrated in FIG. 11. Likewise, the
20  astigmatism-reduced PBS 1500 may be used in multi-imager projection systems, for
example the multi-imager projection systems schematically illustrated in FIGs. 16 and 18.
As noted above, the present invention is applicable to display devices, and is
believed to be particularly useful in reducing astigmatism in a projection system, for
example astigmatism introduced by a polarizing beamsplitter that uses a polymeric
25  multilayer, reflective polarizing beamsplitter film. A common type of polymeric
multilayer, reflective polarizing beamsplitter film is a matched index multilayer film.
The invention may also be used to reduce astigmatism that arises in other components of

the projection system. Furthermore, the invention is applicable to projection systems
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prisnms 1502 and 1504. The wedge plate 1514 may be forned of any suitable
transparent material. For exanple, the wedge plate 1514 may be forned of
gl ass or wologrmeros7 I n one particul ar enbodi nent, the wedgecpl@mei1sshid is
formed from optical adhesive, such as 15 Norland 61 that adheres the NMRPB
film21506 to the prism 1504. The enbodinment is illustrated further with an

le. F I [ 02 1504.. f f SES57 al VRPB
1 T adhest Ve /ey e e L 2opba by s iRl K Bt oGulgnd bt 5 Beitved 1 o
astigmatism 9@&1@%&?\}%@(&1&@%&%&0 0.15 - 0.25, calculated using a ray
ZE .

traci ng program For a prism height of h, the wedge 20 thickness,
w, on the w de siTe pesenhiavewibneshdddsot be ginsideredyliniited te X pstdularexamples
h.,F2.a. (2), 180 \Were h = 35 t he thickness, w, is calculated.to be
125 m “and” KsHRBAZRTS At BHEE MR Pler o Gaves ket e MY RES RS
I's equal st o @B Met ditGn WRUEHE IR VafBik RbdifieRidns Mquidivas bieeddks, BL aeiing 2
129 pm spacer grr?eone Iéimc:?e o? t he prsi sm 1504 alnld finl ’Iaélqu%g theb r%su’ta% ng
wedged spaceaswiuhteraystsiroctiirea tihehichahe fieseno piventidn mehbs appdicatdy wilhba rdadilgur ed
using W light. 31 02/.102Q87 PCT/ USQ2/ 18513 The spacers may be gl ass or
pl astic spheiPBeeq \égﬁe@ﬁ%@ﬁdﬂ&e&ﬁﬁ‘?‘”f é‘gﬁf@éesgﬁ’tdg" longhgr on review
Al ternativel : i : : ilm
thd P8setl Sl allsy. e QhitGhantshdea P& eLsuch npbdifiGibhyihd
1506 or attac%:fhe t% tﬁ@%PBg prism 151(%1%. I{n nan(?ﬁlgctur? r?g to eralnces are
sui t abl y hi gleyvices.here may be no spacer at all. A machine rmay automatically
create the gap for the wedge 5 to be filled with adhesive during
manuf acture sinply by tilting one of the prisns with respect to the other.
The shape of the other prism 1502 nay be adjusted to correct for
non-parallelismin the PBS 1500 in the inmaging path. One of the advantages
of using a wedged el ement 1514 to correct for astigmatism 10 is that the
total thickness of the PBS may be | ess than, for exanple, the enbodi nent
illustrated in FIG 11, where the addition of the high index plate
i ncreased the optical path
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by over 2.8 mm Since the wedge angle is small, the wedge 1514 may be
formed sinply fromthe adhesive used to attach the MRPB film 1506 to the
prisns 1589 m@nok202504. No extra optical conponents, such @sTalsabsssiare
required in the wedged PBS assenbly. It will 15 be appreciated that wedge
astigmati sm conpensati on may be introduced in other conponents, for
exanple in a dichroic separator/conbiner or in an X-cube conbiner. It wll
be appreciated that a single imger projection system as illustrated in
FIG 15, may_also enploy different types of astigmati smreduced PBS. For
exanpl e, the PELCIAMH0 ay be replaced by a PBS such as PBS 1100,
illustrated in FIG 11. Likew se, the 20 astigmati smreduced PBS 1500 nay
be used in multi-ipager projection systens, for exanple the nmulti-imager
proj ection systens!'scheMRIYCHPE §YSIIM-FSPHIBY i n FIGs. 16 and 18. As not ed

above, the present i”VE‘a{“ﬁ%}EE‘odrée@%Qhéer@lﬁgﬁt-to di splay devices, and is
believed to be particulariy useful” in reducing astigmatismin a projection

system for exanple asiniigmapingsonciimiludogiatdehsby first pedlectiigzimageriasdadpsti t t er

t hat uses olyneri,c. .25 nmultilayer, reflective,pol ari.zi bea l[itter
e e Y T Gz ide? K irob SSpueh B B Rl g Tfbur TR
beamsplitter filmdohrad, 1hBied polatifideVedmbplittérasip Adbptaa to rEM@elabtyg@RMtis@INn May

al so be used to reduce astigmati smthat arises in other conponents of the
proj ection syst em thFimagedighbre8ectedBomihatefleaimgiimaggpandcabl e to proj ecti on

systens 32 WO 02/102087 PCI/\US02/ 18513 . having a wide.ra f. f- er,
but is believed to be paa?rﬂegtmnglf’ ?Sysggtg%jftﬂ P%r]?ft %}eoﬁs%ﬁﬁg%n'&gg%e érr?ggeﬂy I'ng a

| ow f-number. The Mrﬁsm'gna'gmgeaia on should not be considered limted to the
particul ar exanples described above, but rather should be understood to
cover all aspects of the invention as 5 fairly set out in the attached

claims. Vgyious noglificakjemsas ReitddviakRith 1 pWhEeiBIRSImagngwdld fuftBerlhd@deaus
structures to which the present invention nmay be applicable will be readily
apparent to thepsendreflegtingimpgerapda sgoond golgprzing beamspites Bairst aud prepeth i s

directed uponreh@eégvgmm s a&a%hpg&% A seémog;jg&ﬂ{gi RBmspitRrEhiofhg A5 Jant ended

to cover such no | catl ons an VI CesS.
respective first and second color bands.

3. A system as recited in claim 2, wherein the imaging core includes a color
15  combiner disposed to combine the image light in the respective color bands received

from the at least first and second reflective imagers.

4. A system as recited in claim 3, further comprising a polarization rotation
element disposed between one of the first and second polarizing beamsplitters and the

color combiner.

20 5. A system as recited in claim 3, further comprising a third reflective
imager and a third polarizing beamsplitter, wherein the color combiner is an x-cube
color combiner disposed to combine image light from the first, second and third

reflective imagers.
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WO 02/ 102087 PCT/ US02/ 18513 We Claim 1. A projection system conprising:
a light source to generate light; an inmaging core including at |east a
first refweokitmys? mager and a first 5 polarizing beanspl iPCrarsoy/ssihpose an
imge on light received fromthe Iight source, the first polarizing
beansplitter being adapted to reduce astigmatismin the inmage |ight
reflected fromthe reflecting imger; and a projection |lens systemto
project the astigmati smreduced inmage light fromthe inmaging core. 10 2. A

systemas recited in claiml1, wherejin fhe._i ing core further . includes a
second reflecting ?nage?sﬁﬁﬁ“ésgﬁE HCEHPérE%%ﬁﬁgﬁgﬁﬁ?&% %W?U$H@“WP$5t
and second r QE&%tdiélﬁ)gséid%%%eﬁ HRD1drR8mbires indBR tkas @RI HRUHSY! éetbitfand

beansplitters | nposi Ight on respective first and second col or bands.

3. A syst em atidgolarigohgibearo$pditters2, wherein the inmagi ng core includes a
color 15 conbi ner disposed to conbine the image light in the respective
col or bands received fromthe at |east first and second reflective

i magers. 4. A syst®m asAspstén esrecitedah alaim 3, futhert dogprismigsolos sgpgrating

pol ari zatipn rotation elenment disposed. between.one of the first .and second
pol ari zi n950 be‘émié’g\t ‘?l‘flf‘%‘}%d‘_é?ﬁi‘ecﬁ F?esep%_ﬁtf’gilghtc%%mﬁﬁgfg?‘t R tgﬁlgef%‘arﬁl&%cql%rci ted
in claim3, fgddbairetQMBthStNehsefirstind@edddl rédciiveimagemger and a third

pol ari zi ng beansplitter, wherein the col or conbiner is an x-cube color

conbi ner di sposed to conbine image light fromthe first, second and third

reflective imagersg 34 NQ&Qh 40R0%A iRCThiySORN th8ScbaRising at¥sp&aN@s recited

inclaim5, further conprising a polarization rotating elenent disposed
bet ween t he cwiodulated pdlonBlterahmposad ip e hsam ohbighifdireeted foiat daast ape @b and third

pol ari zing be%ﬁ%&ivletilglgéesrs so as to modulate the color of light directed to the at least one of the

10  reflective imagers.

9. A system as recited in claim 8, wherein the temporally modulated color

filter is a color wheel.

10. A system as recited in claim 9, further comprising a controller coupled to
synchronize timing of the temporally modulated color wheel with image information

15  directed to the at least one of the reflective imagers.

11. A system as recited in claim 8, wherein the temporally modulated color

filter is an electro-optic color switch.

12. A system as recited in claim 11, further comprising a controller coupled
to synchronize timing of the temporally modulated electro-optic color switch with

20  image information directed to the at least one of the reflective imagers.

13. A system as recited in claim 1, wherein astigmatism in the image light is

reduced to a value less than a depth of field of the projection lens system.

14. A system as recited in claim 1, further comprising light conditioning

optics disposed between the light source and the imaging core.
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7. A systemas recited in claim3, further conprising color separating 5
optical elenents disposed to separate light fromthe |ight source into the
respect i weooelia087 bands directed to the at |east first aneCIasSontssi3
reflective imagers. 8. A systemas recited in claim3, further conprising a
tenporally nodul ated color filter disposed in a beamof light directed to
at least one of the reflective imagers so as to nodul ate the col or of
light directed to the at |east one of the 10 reflective imgers.

systemas recited jn claim8, wherein the.t oral | y. modul at col
filter is a color Weelgsisffmﬁ@ éﬂf’gémrle %roco ’Inﬁlarﬁ"@mﬁ%ﬁ i to

conprising a | YRG0 c8trdlithe cheR imbdied be rally
nodul at ed col glrg%\{?ggt fist aﬁ@é’e{%hﬁd’rgﬂ?ﬁwﬁr mat i on 15trd| rect egg r’?% t he g?ml east

one of the reincientionghé atd%tﬁrst@_ﬁse@@ysﬂ@twasnagemted in claim8, wherein
the tenporally nodulated color filter is an electro-optic color swtch.

12. A systemas recited in claim1l, further conprising a controller

coupled to synchrl:fm zeAtsysmnmgs wotitadn clagnpowbérkin theofigt paleniiied keamsplittspt i ¢

col or switgh vvle(]}? mal e. |nEorrra]§|on directed to the at |east one of the
reflectiv Atesigipo %‘% @HBE " Fecited in claiml, wherein astigmatism
in the image Ilght is reduced to a value less than a depth of field of the

jecti | 14 A d i ] ai m fuyrth
Conor 1 51 ng | T ght - ebhdl A atsi S Sptc St So b SusetnbeReriel sortioPBur ce. and
the imagi ng cghifs dRpodd@Poli/edR 8GiEhH okl A0 (hbGRdSind dorehabivis hev® S -rugfet €d i n

claim1, further conprising a controller coupled to the at least first and
second ref | ecequaktoiardggettent2d. control the i mage i nposed on light incident
on the at least first and second reflective imagers. 16. A system as
recited in claim1l, wherein the first {)ol arizing beansplitter 5 is a
Cartesian pol ari zi H?g beAsin ag iseitediin clapn 4.svikaiein shersejeetean lpns yptamrhag

further CPPT {“ nl%nber attch%g If'odghte £ Q0B of the conditioning optics

19. A system as recited in claim 1, wherein the imaging core is designed for

telecentric illumination and projection.

20. A system as recited in claim 1, wherein the first polarizing beamsplitter
includes a polarization sensitive, reflective multilayer film having refractive indices in a
15  first refractive index range, and covers on either side of the polarization sensitive,
reflective multilayer film having a second refractive index higher than the first refractive
index range, a sheet of material lying between the multilayer film and one of the covers

having a third refractive index higher than the second refractive index.

21. A system as recited in claim 1, wherein the first polarizing beamsplitter
20 includes a multilayer, polarization sensitive reflective film disposed between first and
second covers, a wedge of a wedge material being disposed between multilayer film and
one of the covers, the wedge material having a refractive index less than the refractive

index of the covers.
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optics di sposed between the light source and the imaging core having have
an f-nunber equal to or less than 2.5. 18. A systemas recited in claim
17, wher eWwo oh&20pT 0j ecti on | ens system has 10 an f-nunberCraiSotiesd1z o t he
f-nunber of the conditioning optics 19. A systemas recited in claiml1,
wherein the imaging core is designed for telecentric illumnation and
projection. 20. A systemas recited in claiml1l, wherein the first

pol ari zi ng beansplitter includes a polarization sensitive, reflective
mul til ayer filn1havingléefractive indiées in a. %E ctive index

. first refr.
range, and covers on ei‘ ASYTLPYECIERd 1P FBIR 4t wherouy eolrlghézrﬁgit?‘?i)g,tsf”érf??cti ve
mul tilayer fildMehayinnge frst FOAKIENS BEakRBhitkef nd MHShagd MR FeflcbRA flohethé | 1 St
refractive index range, a sheet of material |ying between the nultilayer
filmand one ifagehie trensmaitted thneughtlae farst polarizingdfepmeplitiee i ndex hi gher than the
second refractive index. 21. A systemas recited in claim1l, wherein the
first polarizing beansplitter 20 includes a multilayer, polarization
sensitive reflecti3de fiAprqkcsiposwtenbeomessingi rst and second covers, a

wedge of wedge material  bei ng di sposed bet wee ultilayer filmand one
of the covers, the medglkghﬁﬁetngﬁgﬁgn}’fg‘i‘ﬁtﬁbgeéle?aﬁ%gQ%l?t‘iuve i ndex | ess than the

refractive index of thﬁla@fﬁ%@()&-m&ﬁs WPiAgdsHy2D8hafsdn 180 26cbBRd FronBe A
systemas recited in claiml, wherein the light fromthe |ight source is
reflected in the flightgenssitingimdang thedmeging cereancaghicluding;atlege firstgmpger
reflected fromthe _inma [ . ' - il rizing
beansplitter. 23. Iﬂeaﬁlrsgjg(giéfskg%%%@?@ﬁ%@%ﬁ%@%%g% fogs?llag%}%foagﬁdggati ng neans
for generating |i ghdamspliveiag,ngleanoae ofhebednipliiting omdangbeing aduped toredhdeght
received fromthe |I|ight generati n?_ means, the imaging core means including
at |east @rst ineagiigmatsanindthepppeeilieb aib| ari zati on beansplitting neans for
pol ari zation node bea L ; t 8RS 3R -RAaERLEd i means
bei ng adapted to reduc?&&%E%(ss@?%snlg%titg%ﬁﬁ% ?ﬁesﬁ%ge% ﬁgﬁ{@ an% &

from the imaging core means.

24. A polarizing beamsplitter, comprising:
a multilayer, polarization sensitive film disposed between covers and an
15 astigmatism reducing element disposed between opposing outside faces of the

covers to reduce astigmatism introduced by the polarizing film.

25. A beamsplitter as recited in claim 24, wherein multilayer, polarization

sensitive film is a multilayer polymer, polarization sensitive film.

26. A beamsplitter as recited in claim 24, wherein the astigmatism reducing

20  element is disposed between the covers.

27. A beamsplitter as recited in claim 24, wherein the covers are formed of a

material having a refractive index higher than the refractive index of the multilayer film.

28. A polarizing beamsplitter as recited in claim 24, wherein the astigmatism
compensating element is a plate of material disposed between the covers and having a

25  refractive index higher than the refractive index of the first and second covers.

37



a projection lens unit to project the astigmati smreduced imge light from
the i magi ng core neans. 24. A polarizing beansplitter, conprising: a

mul ti | ayewQ opobd2as? zati on sensitive filmdi sposed bet ween ®oTArse2/sssa3 an 15
astigmati smreducing el enent di sposed between opposing outside faces of the
covers to reduce astigmatismintroduced by the polarizing film 25. A
beansplitter as recited in claim24, wherein nmultilayer, polarization
sensitive filmis a multilayer polyner, polarization sensitive film 26. A

beanmsplitter as recited in claim?24, wherein the astj tismreducin 20
elenent is di sppse@-bet%@ﬁ“flﬁég]ﬁwg}lg?r aﬁ?‘?"‘tﬁé B‘e‘%\?’?ﬂ’pdﬂgg?‘gﬁﬁ_ma eP%‘c,gﬂaé‘gmi n
claim 24, wheg&iRnbdifsCR\RNBIs aNRedE0bMBste@fl havinfBE&Tdcale Mavi Re Maf BEr acti ve
i ndex higher than the“refractive Index of the nmultilayer film 28. A

pol ari zi ng bewmfregivietindax odsher fgst anddedond cderm 24, wherein the astigmati sm
conpensating elenent is a plate of material disposed between the covers and
having a 25 refractive index higher than the refractive index of the first
and second covers.3®7 \HOpOR2fiZi0g b&msptir¢ridgsosited Budaing24, wheesinthe 2o vegs are
beanspl i ttser g@ recited in claim?24, wherein the astignmati sm conpensating
el ement is’ a #BYFEBF material having a refractive index | ess than the
refractive index of the first and second covers. 30. A polari zing
beansplitter as regited,in claim?24, .wherein the .covers.are .5 S
prisms. 31. A pol atizi r@pﬁlégﬁgﬁg%ﬁsgpttgsasfe&?% m i %r &'thﬁeﬁt,he\rAxﬂlit?}%Yeﬁ t he
mul tilayer  pgdiaiiafish sRitive fifth id oftinfizdd ol Sol@iation geditivRy imeeal az&d, k@Rn
sensitivity in one of a red, green or blue projection color band. 32. A
proj ection syeitldwg proieatien eilerdand.10 a |ight source to generate light; an

i maging core including at least a first reflecting inmager and a first

pol ari zing beansplitter to inpose an inmage on |ight received fromthe |ight
32. A projection system, comprising:

10 a light source to generate light;
an imaging core including at least a first reflecting imager and a first
polarizing beamsplitter to impose an image on light received from the light
source, the first polarizing beamsplitter including a multilayer polarizing film
disposed between covers and an astigmatism reducing element to reduce
15 astigmatism introduced by the polarizing film; and
a projection lens system to project image light received from the imaging

core.

33. A system as recited in claim 32, wherein the imaging core further
includes a second reflecting imager and a second polarizing beamsplitter, the first and
20 second reflective imagers and the first and second polarizing beamsplitters imposing

light on respective first and second color bands.

34. A system as recited in claim 33, wherein the imaging core includes a
color combiner disposed to combine the image light in the respective color bands

received from the at least first and second reflective imagers.
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source, the first polarizing beansplitter including a nmultilayer polarizing
film disposed between covers and an astigmati smreducing el enent to reduce
15 asti gmaDiogaost r oduced by the polarizing film and a pPoTasp/msid ens
systemto project imge light received fromthe imaging core. 33. A system
as recited in claim32, wherein the imaging core further includes a second
reflecting i mager and a second pol ari zi ng beansplitter, the first and 20
second reflective imgers and the first and second pol ari zi ng beansplitters

i nposing light on respective first and se ol or hands. 34. A system a
r ggi tedgi n gl ai m 3% \?\Aﬂf’é?%sfqrp prEciieddn Flagn 5%?@“5%8%‘88%‘“%3 p8§f‘@'t’°80)r/r;i ner >

di sposed t0 CQpRioASehidft dibREET bérdBin dnB of iR Ir§tSRE Sédoe p@l@ﬁ@i\'i/l\%g littérgcei ved
fromthe at least first and second reflective inmagers. 38 02/ 102087

PCT/ US02/ 1851&nd tBScoléy ytiiem as recited in claim 34, further conprising a

pol ari zation rotation el enent di sposed between one of the first and second
pol ari zi ng beansplitters and the color conmbiner. 36. A systemas recited

in claim34, furth¥ copyste agrecitadin cldim 84, fegbdérgempgsingadhird raflektiyet hi r d

pol ari zi ng_ beansplitter, erein the | or, conmbi ner is an Xx-cuhe .color
conbi ner gﬁ spléléaé”gr g a&fﬂ‘ﬁ%ﬁ@&“‘?‘ﬂ%ﬁ?"ﬁf’ﬁ‘ﬁ?’ ‘F’%’%W%eecqfl?rrcgp,%l%eéE:Sc?ﬁd"%{lr%’a third
reflective i N@IGrombbr difpstd tEBndfind iBigt Bghtiffone thRififkt3&coddlindhiitd conpri si ng
a polarization rotating elenment disposed between the col or conbi ner and at

| east one of reflectiviedmagers.10 second and third pol ari zi ng beansplitters. 38.
A systemas recited in claim34, further conprising color separating
optical elenments disposed to separate |ight fromthe |ight source into the
respective col or ¥andsh dystastesageited in pleina 86, farker cpompysing A @okbEEaion

flective i .1.39. ' R clai i si
2 tempor al 1y orEngslsdioat o] G ERNplti o g ot el <1 1O
directed {® adecbP&id tRiREpslhridifiEbeamsplitters.

38. A system as recited in claim 34, further comprising color separating
optical elements disposed to separate light from the light source into the respective color

bands directed to the at least first and second reflective imagers.

39. A system as recited in claim 34, further comprising a temporally
15  modulated color filter disposed in a beam of light directed to at least one of the
reflective imagers so as to modulate the color of light directed to the at least one of the

reflective imagers.

40. A system as recited in claim 32, wherein astigmatism in the image light

is reduced to a value less than a depth of field of the projection lens system.

20 41. A system as recited in claim 32, further comprising light conditioning

optics disposed between the light source and the imaging core.

42. A system as recited in claim 32, further comprising a controller coupled
to the at least first and second reflective imagers to control the image imposed on light

incident on the at least first and second reflective imagers.

39



reflective imagers so as to nodul ate the color of light directed to the at
| east one of the reflective inagers. 40. A systemas recited in claim 32,
wherei n awniogmaiossm in the image light is reduced to a vacoadozsssis han a
depth of field of the projection |l ens system 20 41. A systemas recited in
claim32, further conprising light conditioning optics disposed between
the light source and the inaging core. 42. A systemas recited in claim 32,
further conprising a controller coupled to the at Ieast first and second
reflective imgers to control the inage edo I i ncident on the
at least first and*secdhdysfst ‘I‘Ser(??‘fe\‘?én%ﬁﬁ@g? /pfmg}ﬁbeamphtter
PCT/ US02/ 18513 ; ABesihh pURAARR BSindspittdred i n cl al m 32 V\/nerel n the first

pol ari zi ng beams itte is a Cartesian polari zi ng beam;pl itter. 44. A
system as reci ted in claim32, further conprising light conditioning

optics di sposed b%NEEM;tL?eIA asgla&ueaqyu«a&n anduhe cbﬁBﬂhﬁQh@lﬂ%@n&lﬁMﬁlﬂg hgve

an f-nunber 5 of no nore than 2.5. . systemas recited in claims3
wher ei n the iomigs digpased beMerdélsﬂlghtEEdulfcoland thelimeging cére havihg haveanifonmbar
projection, 46, A syste s recited in claim32, wherein the multilayer
film has 5refﬁ’fa”é’t‘}l St}?aﬁgges inafirst refractive index range, and the
covers have a second 10 refractive index hi gher than the first refractive

i ndex range, the ast |g ti smreducin udi ng a sheet . of
material 1ying bet ﬁ’@t%?stref%ﬁ?‘éﬂ?dfd W%r%ﬂ&edpag’ﬂg Corgd%‘g?@nﬁ%mrng a
third I’efraCtge}é@eﬂtp@ﬁMﬁﬁQﬁlhn&B@j’bcﬁ&e second refractive index. 47. A
systemas recited in claim32, wherein astigmatismreducing el enent

i ncl udes a wedge of a wedge material being disposed between nultilayer film

and one 15 of theCovVes gystdhifs fé@@iﬁ%m BRI D, Al hdha kHedn@tilegér e Ha¥e | ndex
| ess than the refractive 1ndex of the covers. 48. A systemas recited in

cl ai m 32, V\helreéacvtmemlhdwdsalyeﬁrst peftaamezad@mnges embthe coeers havmaisecoadrmul ti | ayer

pol yner, POl arrelfrzzi '{\}e%?dei%éler han the tjlrg? refractive index range, the astigmatism reducing

element including a sheet of material lying between the multilayer film and one of the

covers having a third refractive index higher than the second refractive index.

47. A system as recited in claim 32, wherein astigmatism reducing element
includes a wedge of a wedge material being disposed between multilayer film and one
15  of the covers, the wedge material having a refractive index less than the refractive index

of the covers.

48. A system as recited in claim 32, wherein multilayer, polarization

sensitive film is a multilayer polymer, polarization sensitive film.

49.  An optical device, comprising:
20 a polarizing beamsplitter, a first path being defined through the
polarizing beamsplitter for light in a first polarization state;
at least one imager disposed to reflect light back to the polarizing
beamsplitter, portions of light received by the at least one imager being
pol:m'zation rotated, polarization rotated light propagating along a second path

25 from the imager and through the polarizing beamsplitter; and
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49. An optical device, conprising: 20 a polarizing beansplitter, a first
path bei ng defined through the polarizing beansplitter for light in a
first polwpiozatioeh state; at | east one i mager disposed toPcefuserissid ght
back to the polarizing beansplitter, portions of |light received by the at
| east one i nmager bei.ng polarization rotated, polarization rotated |ight
propagating along a second path 25 fromthe imager and through the

pol ari zi ng beansplitter; and 40 WD 02/102087 PCT/ US02/ 18513 an

astigmati sm conpensating el ement di sposed on the, second path to reduce
astigmati smin the pol SRi2SEERAUSTGIRERFIPG éﬁ‘?’e’&té’cﬁ@ﬁdﬂ%ﬁ tgﬁéecﬁ B‘?ﬂﬁg‘i ng

beanmsplitter. 50. | ISl 6 et 06 Bt he hifbNg a
| ight source to 5 Ig%‘%g\régtt%n%%gl ?{Sr@%gﬁg“ﬁ‘gﬁ%g%%%éﬁ%ﬂtg ggl?ii[lcsgto
condition the |igltcalgflatee reaching the polarizing beansplitter. 51. A
device as recited in claim49, further conprising a projection |lens system
to project image light fromthe at | east one inmager. 52. A device as
recited in claim&5D whedaiice asheciadin damt 4% furdenpensrisingwlight Gowteivent

reduces the astigmati to.a value . less than a depth, of field of .the

proj ectio I%ﬁ‘i‘ggwg‘f E@F ag‘éﬁgl}i cﬂﬁ‘sf‘%n%gpt}céé‘? ?Oé‘glt oﬁl%ff ];W%b re rady e
conpri sing adﬁmﬁ{ﬁ@gﬁﬁqs aupl ed to the at |east one inmager to control an
i mge i nposed on the light incident on the at |east one inager. 15 54. A

device as recited in claim49, wherein the polarizing beansplitter is a

Cartesian pol ari ziq\g beagsRld dstr&litel @Yeé1meh £, Shrftes Esthpisis) 4 ﬁx_@{e@ﬁbr?fénﬁ?fl ni ng
fi xed axes of polarization and further conprising inmager illum nation
opti cs havi ngsyatemfto prajint imagsdight from thy atllesstonemage. 5, t he devi ce having a
dynam c range of at least 100 to 1 over projected color bands in.the

visible Iight range. 20 55. A device as recited in claim49, wherein the
pol ari zi ng beanspli2 t erA device as recited in claim 51, wherein the astigmatism compensating

10  element reduces the astigmatism to a value less than a depth of field of the projection

lens system.

53. A device as recited in claim 49, further comprising a controller coupled
to the at least one imager to control an image imposed on the light incident on the at

least one imager.

15 54. A device as recited in claim 49, wherein the polarizing beamsplitter is a
Cartesian polarizing beamsplitter having a structural orientation defining fixed axes of
polarization and further comprising imager illumination optics having an f-number
equal to or less than 2.5, the device .having a dynamic range of at least 100 to 1 over

projected color bands in the visible light range.

20 55. A device as recited in claim 49, wherein the polarizing beamsplitter
includes a multilayer, polarization sensitive reflective film having a relatively low
refractive index and covers on either side of the polarization sensitive reflective film

having a relatively high refractive index.
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includes a nultilayer, polarization sensitive reflective filmhaving a
relatively low refractive index and covers on either side of the

pol ari zatworn2aensiti ve refl ective film having a rel ati velPgThiSghiissed r acti ve
i ndex. 41 WD 02/ 102087 PCT/US02/ 18513 56. A device as recited in claimb55,
wherein the multilayer, polarization sensitive reflective filmlies in an
x-y plane and has a thickness in a z-direction, and the filmhas a
z-refractive index substantially matched to one of the x-and y-refractive

indices. 5 57. A device ags.recited,in claj 5, .wherein the astigmatism
conpensating el emht i%g?‘ﬁ"deeaé r%‘%ﬂ&i@“&?gﬂ}v‘gﬁ@%@&? & %q?arﬂﬁg?rhg a

refractive indgxiid @REHVETRR 1Rs id 81 L-§plah¥ 8nd REAVhRkndIRIES 1-Blrec®iBn,ind HRAST
one side of the plate of high index naterial. 58. A device as recited in

cl ai m 57, whefils mastarverefinetive indexisilpstantiadiesnaishedtoj aak of hgx-andretefragiivieve i ndex
hi gher than a aefractive i ndex of the covers, the plate of high 10 index
materi al bei n§ 'ﬁFSSposed bet ween the polarization sensitive reflective film
and one of the covers. 59. A device as recited in claimb55, wherein the
astigmati sm conpensatin el enent.. i.ncl.udes. a ,wedged el ement in the..

hol ari 2i ng beanspl Tt t er’ BREGAEATHE M RIEYT FEURIEE S0 PUPPRaTS e i1 m
and one of thQefgM@Kctuded B phidd ofhigEMiGematsridlealingd réffactl @indebRighthikdei n t he
wedged el ement has a refractive index |ower than the refractive index of

the covers. 6efragiivdéndesof materiabon adedsronelsiderpl 9% plyip of kigh indss matstighd el enent
is a wedged adhesive |ayer attaching the one of the covers to the

pol ari zation sensitive reflective film 20 62. A device as recited in
claim 49, further BonprA dévies as reted in Jaipnd Amharpin e plats of ighhivdex materiglcei ve
l'i ght output fromgth olarizin ea it I ' h and
wherein the a}faslaégii%c(agggdle)ﬁa e?qu%c %%gstwr% ({efgﬁg{&%ﬁgég}g’rtéé élﬁ%p%g

proxi mat e10 r eapeCinhBaltRIngdiPutddiictv e eife fllarigorcahsitiveeflastdicifiig apdiogen 42

of the covers.

59. A device as recited in claim 55, wherein the astigmatism compensating
element includes a wedged element in the polarizing beamsplitter between the

polarization sensitive reflective film and one of the covers.

15 60. A device as recited in claim 59, wherein the wedged element has a

refractive index lower than the refractive index of the covers.

61. A device as recited in claim 59, wherein the wedged element is a wedged
adhesive layer attaching the one of the covers to the polarization sensitive reflective

film.

20 62. A device as recited in claim 49, further comprising a color separating
prism disposed to receive light output from the polarizing beamsplitter along the first
path and wherein the at least one imager includes multiple imagers disposed proximate

respective color output faces of the color separating prism.
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WO 02/ 102087 PCT/ US02/ 18513 63. A device as recited in claim®62, wherein
the color separating prismincludes at |least first and second col or

separ ati Woakamesr s, the first col or separating elenent pPerngovissser to
the pol arizing beansplitter than at | east the second color separating

el ement, the first and second col or separating el enents being separated by
5 gap layer of material having a refractive index |ower than a refractive

i ndex of the color separating elenents, a thickness of the gap | ayer being
selected to reduce asti tism arisi ol ari beams litter. 64.
A device as reci td¥in g?@ﬁ”@s‘“‘%&@%ﬁ‘&@’mﬁ 'theﬁ ';Z9 %V@Pngg M air gap
having a thi qﬁ@l‘agés a@ieaettﬁrht%ﬁafse&hd é&lof@epa{(amﬁiéelelﬁeﬂg\fh&ﬁrsa&mesepatr%g n claim
63, wherein t irst color separating elenment is made of two parts

separ at ed by ciersattdmnigglmeﬂtaylmpolatrizmgsb@emsmmgaﬁhan atyleast tl}@cssmndml@d so as to
be outside a athtr t ef rst clor ratin nt by
"Taht ot sepdPuALlE SRy ARL At sl el fing AR FeSeBTBRy gap
l'ayer having gz 1hyet 6kﬂ@§ﬁal&ﬁbmgtaeehdcﬁvé BAec R was tHaf ARéfrFofiveindst 60the Bolbhe

pol arizing beansplitter for |ight 15 in a wavel ength range separated by the
first |ight ssspareting¢lgments ahicknessof the gp/lpyes bgigg selestedto I'Fﬁ*PCé R&tigmagism
wherein the seco r gap. 67. A device as recited in
claim62, further n(l:g%pﬂllag?é%{éﬂae%\ﬁ%gﬁfg{ pri sm disposed between the col or
separating prismand the polarizing beamsplitter, a third gap 20 |ayer,

bet ween the wedge pris n L kness
selected to redgce&ast :R ae‘gce ag%eéﬁ%?f{dg&p@% ?@epo glr ?‘gglpﬁgp %égﬂgpﬁ ﬁ?é .

A devi ce as rigsi hicnnéslsafml&ztatwb@uhel n the thickness of the third gap

| ayer is selected to substantially correct the astigmatismarising in the
pol ari zing beansplitter. 43 WO 02/ 102087 PCT/ US02/ 18513 69. A device as
recited iy clai m &5, whredelice dsieciedinelaiaegi diereirgthp first Rolonsdpudeiag a first

col or separating elenment and at | east a second col or separating, el enent,
element is made of two parts separated by a second gap layer, the second gap layer

positioned so as to be outside a path traveled through the first color separating element
by light not separated by the first color separating element, the second gap layer having
a thickness selected to reduce astigmatism arising in the polarizing beamsplitter for light

15  in a wavelength range separated by the first light separating element.

66. A device as recited in claim 65, wherein the second gap layer is an air

gap-.

67. A device as recited in claim 62, further comprising a wedge prism
disposed between the color separating prism and the polarizing beamsplitter, a third gap
20 layer, between the wedge prism and the color separating prism, having a thickness

selected to reduce astigmatism arising in the polarizing beamsplitter.

68. A device as recited in claim 67, wherein the thickness of the third gap
layer is selected to substantially correct the astigmatism arising in the polarizing

beamsplitter.
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the first color separating el enent being closer to the wedge prismthan the
at least a second color separating elenent, the first and second col or
separ at i ngoakao®at s being 5 separated by a first gap | ayercTitsorkssesses of
the first and third gap |layers being selected to substantially correct
astigmatismarising in the polarizing beansplitter. 70. A device as recited
in claim®62, wherein the color separating prism separates light into
different colors in a plane approxi mately perpendicular to a reflection

pl ane of the polarjzing, heansplitter. 10 . A deyice as recited in claim
62, wherein the co%%r s‘%gﬁYl‘éﬁ SAECS i‘%ﬁf“‘ééﬁﬂlﬁfeé%%ﬁeicalr‘?f Selpﬁfagm%lpf‘%r ent
colors in a plaRAeAPRIPXIFREFIN i @hdr ind & Iéhst £Ick &L oMt sepdrig Bmdnbe

pol ari zi ng beansplitter. 72.” A device as recited in claim62, wherein the

col or separ at thadirgiconseparating diementtbeingeadaser torthe Wedge psiswdhan bopdeassapar at i ng

| ts, the first col i 15 el t_bei | t
ol ar i 21 hg. besRRS (AT PO TR Srarbats Ter S eERan okt raALug 3P R 8 e

a plate, forngpgahteamya firkt'gap 14781, @lididlessaauf the fisst bf thard iohy Ryers Being bélghet

than a refractive index of at |east one of the first and second col or
separating el orashstantiallpeprrst antigpetien apargwiche pelarizing Beangpltidecond col or
separating elenents. 73. A device as recited in claim72, wherein the plate
of the first material has 20 a thickness selected to reduce astigmatism
arising in the pol &i zihgetexasgpsited inplainy a2, whegsny the€olos sonaeating @risth cl ai m
72, wherein the first, color ratj: | . arts

separ ated by %epf)lia]gts Z&létflg% dé%f?:rglﬁ oﬁo%ét 1%% péﬁeggﬁ%g}déﬁn?lg?%ﬁ%ﬁécmﬁ?gri al of the
first col or sgflastivnipléhealf ereglarizingdbephgilttenf second nmaterial bei ng
positioned so as to be outside a path traveled by |ight not separated by
the first color 25 separating elenent. 44 WO 02/ 102087 PCT/ US02/ 18513 75.
A device gp recitetl.i n gldavise dhecied\in cliain 62, wheesipthatceloobepaeating grismt er i al

bei ng selected to reduce astigmatismarising in, the rizi negtlebeanspl itter

auc > pol
for Iight in sepawaEes dighigtorfliffergrfeolospinaplang aBnyE‘H%at‘Fli‘/P%&aﬁ?litaﬁf &Pt at i ng

el enent. 76. ﬁaﬂeec\’fitﬁ?pélﬁriiiﬁﬁ)&%pﬁt’ﬂar?l aim 74, wherein the second materi al
is the sane

72. A device as recited in claim 62, wherein the color separating prism
includes at least first and second color separating elements, the first color separating
15  element being closer to the polarizing beamsplitter than at least the second color
separating element, a plate, formed from a first material having a refractive index higher
than a refractive index of at least one of the first and second color separating elements,

being disposed between the first and second color separating elements.

73. A device as recited in claim 72, wherein the plate of the first material has

20  athickness selected to reduce astigmatism arising in the polarizing beamsplitter.

74. A device as recited in claim 72, wherein the first color separating
element is made of two parts separated by a plate of a second material different from a
material of the first color separating element, the plate of second material being
positioned so as to be outside a path traveled by light not separated by the first color

25  separating element.
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5 as the first material. 77. A device as recited in claim49, further
conprising a color separating elenent for separating the light into at

| east twowoomka0208aNds and an x-cube conbining light in tRE€TAISOY/eR8$3 t WO
col or bands, at |east a respective reflective polarizing beansplitter and a
respective i mager di sposed between the col or separating element and 10 the
x-cube conbiner for each of the at |east two col or bands, the x-cube

conmbi ner including astignmati smreducing slabs of material having a
refractive index djfferent . from.a refractjve .ind of, x-cube prisns
formng the x- cubcei}.g'78.AB\e‘6‘é‘?/"i‘568°"§§ in} glaim 241 awidih ofjthy plate ofpepad TeEra
astigmati sm r gdicicNQedl 16 RelucdsBghiidie shist e iRk EPd1 @ zimBdaRBphter %rﬁ%ﬁf e

i ndex |l ower than the refractive index of the x- 15 cube prisns. 79. A

devi ce as recwaedength rohge separgted g dhedirst lighescparatieggdemente | mager i ncl udes

two imagers and further conprising a dichroic beansplitter disposed between
the polarizing beansplitter and the two i magers, the dichroic beansplitter
including first difd setdedcgasirssitsd relnimy’4ivdigesimthe secoad matatial sithgsdnter om
mat eri al g% a fhrft re%%agtive 20 index, a dichroic film between the

di agonal bhse® 8% "hBPst and second prisns, and a first layer having a
refractive index higher than the first refractive i ndex di sposed between

the dichroic fil d the b f. the fi ' d. d | havi
2 “refracti ve | ndel i char e v ot 8 SPGB R Epu Y oot veen

the dichroic &bkt fén@piriendas Bgltfintb Alesse 60M EolbF banby arkbarBlcub® cdewimtes as
recited in claim49, mﬁereln t he astigmati sm conpensating elenent includes

a first film bghtimdesblsasidvpeaalpr bands af least @ resppeiive aeflegtive RPGEERE bet ween 45

WO 02/ 102087 02/ . V, I; cond
covers havi ng&gn{rséﬁ?%g%‘?gée%#ggé ﬁ%?ggﬂ&eﬁfq Eot%%cgﬁgwg&rtg? ?%118{ %@ %lfajlmlri%éeliﬁo a? ﬁe
first filmo 8thexAubevimtEnaSor &ch betheiatleast avortd0; bantie nied cabercotrbiienn axi s of

the first film relative to the second path js perpendicular to a rotation
axi s of a pol Beludingiasigmatisarredycing stabs of miepipbhaving arefractive dndsy (differsitng

beamsplitter. from a refractive index of x-cube prisms forming the x-cube.

78. A device as recited in claim 77, wherein the astigmatism-reducing slabs
are formed of material having a refractive index lower than the refractive index of the x-

15  cube prisms.

79. A device as recited in claim 49, wherein the at least one imager includes
two imagers and further comprising a dichroic beamsplitter disposed between the
polarizing beamsplitter and the two imagers, the dichroic beamsplitter including first
and second prisms having diagonal bases and formed from material of a first refractive

20  index, a dichroic film between the diagonal bases of the first and second prisms, and a
first layer having a refractive index higher than the first refractive index disposed
between the dichroic film and the base of the first prism and a second layer having a
refractive index higher than the first refractive index disposed between the dichroic film

and the base of the second prism.

25 80. A device as recited in claim 49, wherein the astigmatism compensating

element includes a first film on the second path, the first film being disposed between
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82. A device as recited in claim80, wherein the first filmis a
multilayer, polarization sensitive, reflective film 83. An optical

devi ce, cwoprileiosny:. pol ari zi ng beansplitter means directi mgTiUsSghi8sih a
first polarization state 10 along a first path and for directing light, in
a second pol arization state orthogonal to the first polarization state,

al ong a second path different fromthe first path; light imagi ng neans for
i nposi ng an i mage on Iight by rotating polarization of portions of the

B A Al TR s P L
means; and asgfﬁq@ﬁ\;qua&q{frtg@ﬁlismn{reans di sposed on the second path to
reduce astigmatismin the inmage |ight caused by the polarizing

beansplitter nmeans. 84. A projection system conprising: a light source to

generate |ight; 20gcondi gt AdeQREiESainP8E WHtdid PfothtltR ddsHEthd figPfilhe
| i ght source; an inmaging core to inpose on inmage on conditioned |ight from

the conditi owiartnge cp&xp@@onépﬁtbnmmg@ular g rotatine axisagh poladzatienisensitivdi ng a
pol ari zi n ter .and,at i mger, at |east one elenment in
- g daitih RS PlainsRohatitgy,

thEIITB.gI I'gratismin the image light; and 25
a proj ectlon Iens systemto project the astigmati smreduced i nage |ight

fromthe imaging cgre. VWO 02/ 102087 PCJ/ US02/. 185 5. A d ce a
recited in claim 8@ V\/rf%g%\”ﬁe 1%8"%?5 . %lgérfcgéoﬁv e%ﬁl%&?@ﬁ“itﬁmtlﬁ%mélgt\ﬁ?gﬁ’atl sm
i magi ng core @&g&pltaggn t Qs ¥e@ecasd fipwat i smreduces the astigmatismto a
val ue less than a depth of field of the projection |lens system 86. A

systemas recited in claim84, further conprising a controller coupled 5
to the at | east ong.i rrqg@(,pﬁcgl Qe ®mpriiRgl mage i nposed on |ight incident

on the at |east one i ma?
anzmg beamsplitter means directing light in a first polarization state

10 along a first path and for directing light, in a second polarization state orthogonal

to the first polarization state, along a second path different from the first path;
light imaging means for imposing an image on light by rotating

polarization of portions of the light and reflecting the light to the polarizing
beamsplitter, image light propagating along the second path through the

15 polarizing beamsplitter means; and

astigmatism correcting means disposed on the second path to reduce

astigmatism in the image light caused by the polarizing beamsplitter means.

84. A projection system, comprising:
a light source to generate light;
20 conditioning optics to condition the light from the light source;
an imaging core to impose on image on conditioned light from the
conditioning optics to form image light, the imaging core including a polarizing
beamsplitter and at least one imager, at least one element in the imaging core
adapted to reduce astigmatism in the image light; and
25 a projection lens system to project the astigmatism-reduced image light

from the imaging core.
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87. A systemas recited in claim84, wherein the polarizing beansplitter is
a Cartesian polarizing beansplitter having a structural orientation

defi ni ng woxedomges of polarization and the |ight conditiromiusg2/egsts cs have
an f-nunber equal to or less than 2.5, 10 the system having a dynam c range
of at least 100 to 1 over projected color bands in the visible Iight
range. 88. A systemas recited in claim84, wherein the inaging core is
telecentric. 89. A systemas recited in claim84, wherein the polarizing

beansplitter includes a multilayer, polarjzation.sensitive reflective film
having a relati vel 8- _ovx‘?‘ ﬂ@l?%ﬁsrrﬁ%ﬁefl%ﬁ?m%& “gﬁff“bg'\?éF EeaﬁﬁnEFIFWSPt l_giﬂtPe of

the pol ari zat \@PmS6Rs ichdgty doRE haplell Y& rdbde st AaNisROreBuded iRl dsHSrhitishi @'
refractive indeX, and the astignatismarises at |east partly in the

pol ari zi ng bewaleplksstthara dgth ofAfigldof thepagjestvpilensgystemc| ai m 89, wherein the
pol ari zi ng beansplitter includes a wedge di sposed between the nmultilayer,
pol ari zation sensitive reflective film 20 and one of the covers, the wedge
havi ng a refracti v8.i ndexystansas fetited in hleim 84, rfaghércemprising a corftrallsecapledr s.

91. A systemas, recited i.n claim89, wherei.n the L ari zi beanmsplitter
"ol udes: & pl e it idmage B BT ehEEre: Tarpest SO IEIdiEh SRACEetY | ve
reflective fijgpin@abs. one of the covers, the plate having a refractive index
hi gher than the refractive index 25 of the covers. 47 WD 02/ 102087

PCT/ US02/ 18513 92. A systemas recited in claim89, wherein the inager

core includes an agti grRtyst AOQHEdNSE il 84,dVisRan ak JodiraRibekieplRet Ard zi ng
beansplitter and the projection |ens system the astignmatismreducing cube

i ncl udi ng a | @sreasiahpelapging beamsplitter haying@rstryeturah gasatationgisfamg beedexas ofover s
havi ng a cover refractive i.ndex djff.er [ r ef [
i ndex, the | a@oé?nzﬁé?rhan%t% %1”1% CPré(ﬁg?rlnv%gé%sfga‘ge;g cI)lgfé%a ﬁ%%é( |F°e°§tllgsg?1ﬁa8}f ’he

image |iofg. @3sysfersistigm amahfEiangsof 40 leabtdiontO 2 ovartiesjeited tdler banyien ths a
pol arizing layer. 94. A systemas recited in claim84, further conprising
a col or separwsible light range.

88. A system as recited in claim 84, wherein the imaging core is telecentric.

89. A system as recited in claim 84, wherein the polarizing beamsplitter
includes a multilayer, polarization sensitive reflective film having a relatively low
15 refractive index and covers on either side of the polarization sensitive reflective film
having a relatively high refractive index, and the astigmatism arises at least partly in the

polarizing beamsplitter.

90. A system as recited in claim 89, wherein the polarizing beamsplitter
includes a wedge disposed between the multilayer, polarization sensitive reflective film
20  and one of the covers, the wedge having a refractive index less than the refractive index

of the covers.

91. A system as recited in claim 89, wherein the polarizing beamsplitter
includes a plate disposed between the multilayer, polarization sensitive reflective film
and one of the covers, the plate having a refractive index higher than the refractive index

25  of the covers.
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di sposed between the pol arization beansplitter and the at | east one inager.
10 95. A systemas recited in claim94, wherein the color separator is a
col or sepearcatiozeg7 pri sm having at |east first and second eaTarsoyessas at i ng
el enents separated by a gap layer of material having a refractive index
different froma refractive index of the first and second col or separating
el ements, a thickness of the gap | ayer being selected to reduce
astigmatismin the inage light. 15 96. A systemas recited in claim95,
wherein the gap Iagl has a refractive g .than the refractlve

i ndex of the first%and Ae&wsknagstisd 8l H‘Pg ’|">Y§l§fr"?é1‘ Pager corANCIides, At em as

recited in cla gésm‘rf]%ﬁrsﬁg?uﬁé}ﬁs&%ﬂe?\y@e% tﬁ@ﬁo@un@gﬁaﬁkbmrlaﬁ@lm& hi gher

t han t he refrac ive | the first and second col or separating

el ements.  98projectotsleansya®ny, Gma‘st@natmrredeqummbe wivdudinga tapier Havingta leysk or
separating 20 el ement ., is,.nmad par{s. arate ayer
havi ng a ref rgEe§HYE 1?4?5&](31’06‘1%1‘[165’\‘65}%?0‘@%}%" ?oé'??rﬁg??t%s'g l’i‘%éégt?%?g&%énfi rst
col or sepay at ihpgyy 6} ﬁﬁ%&fve iR, t'ﬂé‘l/dg&gae@ng ﬁlfbﬂ@ﬂﬁ@@&o%@r@hﬂg%d(ﬁre@ﬁ&@ﬁhe
astigmatismin the imge |ight A systemas recited in claim9

wher ei n the siswgatightap | ayer has a refractive index | ower than the
refractive index of the first color separating elenent. 48 WO 02/102087
PCT/ US02/ 18513 100. A systemas recited in claim98, wherein the second
gap | ayer has a r ¥ actA vystanmaseecitadgh elaim ARuwhenein theflayes i apolimiviRslapdr. t he
first color separating elenent. 101. A systemas recited in claim95,
further conprising a wedge prism disposed between the col or separating
prismand the poI 4. zi ny sysecamreyetitedan claiznBhifmhqgapmsrissiagepolbesm@wrt he

wedge prism th ol or . separ.at.in [l arefr ive index
different fr o Enge PSP pﬁlﬁwa&fﬁng {)%Spggér{easlg\{ o S e éeduce
astigmatism 102. A system as recited in claim95, wherein the col or
apbr oxi maltel 'y por pBha: carsren g tiedh Plath PRV R B Pi st A5Fics
beamspl i tter. gebfradA3prish ﬁMﬁﬁ%%ﬂl@l@t fir8CAnd@6cond c61bﬂ’sd’15b1915ng %ﬁfeﬂﬂs RepakeCi®)} Or
separating prism separ at es into different colors in a plane

appr oxi mat el ya gaprlaydr of matsrial hagfqg@@pfr@mlve index different from a refractive index of the

first and second color separating elements, a thickness of the gap layer being selected to

reduce astigmatism in the image light.

15 96. A system as recited in claim 95, wherein the gap layer has a refractive

index lower than the refractive index of the first and second color separating elements.

97. A system as recited in claim 95, wherein the gap layer has a refractive

index higher than the refractive index of the first and second color separating elements.

98. A system as recited in claim 95, wherein the first color separating
20 element is made of two parts separated by a second gap layer having a refractive index
different from the refractive index of the first color separating element, and having a

thickness selected to reduce astigmatism in the image light.

99. A system as recited in claim 98, wherein the second gap layer has a

refractive index lower than the refractive index of the first color separating element.
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pl ane of the polarizing beansplitter. 104. A systemas recited in claim 84,
wherein the imging core further conprises an x-cube to conbine light in
at | east womaaiosT bands, the x-cube conbiner 15 incl udi ®gT/US02/18513
astigmati smreducing slabs of material having a refractive index different
froma refractive index of x-cube prisns formng the x-cube. 105. A system
as recited in claim 104, wherein the astigmati smreducing slabs are forned
OL naterigl having a refractive index |ower than the refractive index of
the x- cube prisns, 20 106. A device .regited.in claim84, wherein the

i magi ng core incl udds t Stqnﬁﬁﬁrgflge%éﬂgﬁﬁngg’cvﬁl?%‘?lﬁﬂl?esﬁﬁ‘gﬁ%af’g%?r Sdposed
bet ween the pREAEHVEIiREXNEHEE ah iHeQEfraMde irldBe of @ firdTREIRE Sepatafifig EliefBAtDI C
beansplitter including first and second prisns formed frommterial of a

first refractive index, a dichroic filmdisposed between the di agonal

bases of the firstignd g¢ %ﬁiadofreéiféaﬁnc_@inflbs,%nh@wsmphﬁﬁ%agveagé@ﬁgnactive
I ndex higher than 25 the Tirst refractive index di sposed between the

di chr gi c fi | ndiseged h@wt‘e'm; the coloi sparating mri]snnaﬁad\ﬁm polaigng benppiitasothirdesp 3
secon ayer having a refractive in j .han .t he first fraeti
i ndex dis )p/?g s e@yerl?gg*(ﬁgg e ey Pé?ﬂ’ é’ll o iCPfr%9 gﬁéra{nﬁg ngené’ghnaa' in%fal ' mgct{gg?&de}{ ©

different from wedge prism, having a thickness selected to reduce astigmatism.

102. A system as recited in claim 95, wherein the color separating prism
separates light into different colors in a plane approximately perpendicular to a

reflection plane of the polarizing beamsplitter.

10 103. A system as recited in claim 95, wherein the color separating prism
separates light into different colors in a plane approximately parallel to a reflection

plane of the polarizing beamsplitter.

104. A system as recited in claim 84, wherein the imaging core further
comprises an x-cube to combine light in at least two color bands, the x-cube combiner
15  including astigmatism-reducing slabs of material having a refractive index different

from a refractive index of x-cube prisms forming the x-cube.

105. A system as recited in claim 104, wherein the astigmatism-reducing slabs
are formed of material having a refractive index lower than the refractive index of the x-

cube prisms.

20 106. A device as recited in claim 84, wherein the imaging core includes two
imagers and a dichroic beamsplitter disposed between the polarizing beamsplitter and
the two imagers, the dichroic beamsplitter including first and second prisms formed
from material of a first refractive index, a dichroic film disposed between the diagonal
bases of the first and second prisms, a first layer having a refractive index higher than

25  the first refractive index disposed between the dichroic film and the first prism and a
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second layer having a refractive index higher than the first refractive index disposed

between the dichroic film and the second prism.
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