WO 2010/059453PCT/US2009/063779 HIGH DURABILITY COLOR COMBINER Background
Projection systems used for projecting an image on a screen can use multiple color 5light sources,
such as lightvéhzfiiHeseHdeles (LED's), with different colors to generate the iIRFTREANPRGHT Several
optical dements are disposed between the LED's and the image display unit to combine and transfer
the light from the LED's to the image display unit. The image display unit can use various methods to

impose an image on the light. FQ{EXAHORABE AR &Y COMBAXHRE Polarization, as with

transmissive or reflective 10liquid crystal displays. Still other projection systems used for projecting
an image on a screen can use white light configured to imagewise reflect from a digital micro-mirror
array, such as the array used in Texas Instrumm@é)j&gﬁhught Processor (DLP ) displays. In the DLP
display, individual mirrors within the digital micro-mirror array represent individual pixels 150f the
projected image. APEMFAHY PSSR RIATRIRIUPRHE D dBRESPBAHGTRIFAGrusSREHBE #RlPTncident

light is dire%%ﬁti%am,@{RJEQEQ?gHPQ&%R@BidﬁéQEE@W99'&9&1{"@&%%%%}@“68i?eﬁ’&@a@é’ﬂf@' path is
timed to the reflection of light from the digital micro-mirror arra&/, so that the reflected white light is
filtered to pﬁ&'@@ﬁﬁ%ﬂéﬁk&g&&%ﬁéﬁ@ﬁ@k@lﬂ%ﬁm@wﬂ@aﬁ etees-MeidPlar apdsisdmagsitched to

the next 2Og%?i[@9ﬁﬁﬁbmiﬁ@gﬁ@w{%@%ﬁgw&mﬁ@mwb1@ tRPichile dhptthe.gntire

projected d \Ajsgeay appears to be continuously illuminated. The digital micro-mirror projection system

requires fewelegRaEEERIARY S AIPORE IR hod s &3 iRRASS ahiamacerdhs digktdioLED

illumination g mﬁaﬁ@"@mﬁmﬁmﬁwﬂ@w@ﬂiﬂmmﬂ%ﬁm«ﬁ%ﬁ&%ﬁ%%&wé& high
ility

cola}ré%/amut,‘ high efficiency, the ability to be strobed for sequential imagers, and contain no mercury.
Howder, LEBEhevstal HFRREY low brightness. One way of at least doubling the effective brightness

of a white source Iafl@erprEfcaFARRsRAK Ba ki BRiS dBndStharkRleoHOMBIRER cihiglt uses

dichroic filters to make the individual colors of LEDs optically appear to spatially overlap with each
other. 30Th&dd!%y ¥ epefiseed rasanly Sllesidiama Hify misioragrabpiEsyy such as the

array used in Texas Instruments’ Digital Light Processor (DLP®) displays. In the DLP®
display, individual mirrors within the digital micro-mirror array represent individual pixels

15 of the projected image. A display pixel is illuminated when the corresponding mirror is
tilted so that incident light is directed into the projected optical path. A rotating color
wheel placed within the optical path is timed to the reflection of light from the digital
micro-mirror array, so that the reflected white light is filtered to project the color
corresponding to the pixel. The digital micro-mirror array is then switched to the next

20 desired pixel color, and the process is continued at such a rapid rate that the entire
projected display appears to be continuously illuminated. The digital micro-mirror
projection system requires fewer pixelated array components, which can result in a smaller
size projector.

LED illumination is becoming a common method for projection illumination.

25 LEDs offer long life, high color gamut, high efficiency, the ability to be strobed for
sequential imagers, and contain no mercury. However, LEDs have a relatively low
brightness. One way of at least doubling the effective brightness of a white source made
from red, green, and blue LEDs is to use a color combiner, which uses dichroic filters to
make the individual colors of LEDs optically appear to spatially overlap with each other.

30 These types of devices are broadly described as being “color combiners”.

Color combiners typically use dichroic filters that are tilted relative to the light

beams passing through them. 3M Company has recently developed color combiners
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Color combiners typically use dichroic filters that arc tilted relative to the light beams passing through
them. 3M Company has recently developed color combiners WO 2010/059453PCT/US2009/063779
where the dWRY&idSare at normal incidence angles to the average lighPeaBSERPHEI’ED output,
and the light is effectively diverted through a combination of a reflective polarizer and quarter wave
plates. Image brightness is an important parameter of a projection system. The brightness 5of color

ight sources, o he & fispeifis:0LRoll R CAmBIARCaARAgBRIZIng AR dlsing agyight Lo the

image display unit all affect brii‘htness. As the size of modern projector systems decreases, there is a

need to maikdhoatraHagdabe leshilisroggsiyehbrigheitsktivaietnt geanbinadomeé kedlisigBeat produced

by the colordightiaqurcesal-lvudevehibat can be dissipated in a small projector system. There is a
need for a light 20combining system that combines multiple color lights with increased efficiency to

provide a light outdtRagftRTEN gy ifB TEPSrBNbAYRIMESS Mithdi Stiussivte ol BHBBMeton by

light sourceg¢ I&%F%Eh%%%&é@ea%g fﬁ_é @;ﬁiﬁém&%BFEBﬂe%}(ﬁgrﬁoﬁl%hﬁﬁg,%&%@%ﬁfzﬂ{g_%ﬁﬂ
wavelength spectra in a manner to minimize the degradation of the wavelength-sensitive components

in the light CsisHER ths Behhiadhy imagschgriamunife fiesiduiedérpson yéhsieizsohppdativability

optical elemggiseter!Qfscaminaiaisingdhe Optical edamemisnanchi cRERIAPEUHRING the color
combiners. In one aspect, an optical element includes a first color-selective dichroic filter having a

20first inputtsiEREsS adpls K dho pa e X sratnedisriiBiodyeshPp Ehp sAnE Lt rtrectidtanput
surface; a cplariselpatine by QiR FisPesad jryjotescepitthe finsteqlor Hehi Ream@ian angle of

approximately 45 degrees; and a reflective polarizer disposed adjacent the cglor-selective dichroic

mirrbf, opp SRR AIStReR e R BRI Mtk lor higlaipitbdrecare g i PIR Edpable of
reflecting a majar p@ianahthe fusgealoreeslighbhgamtsivanp erekedineioiha toxkerlpidght beam
includes a V%?fvl?é?l? gotgrggsli.grll%lere is also a need for a light combining system that directs light of
different wavelength spectra in a manner to minimize the degradation of the wavelength-
sensitive components in the light combiner.
15
Summary
Generally, the present description relates to high-durability optical elements, color
combiners using the optical elements, and image projectors using the color combiners.
In one aspect, an optical element includes a first color-selective dichroic filter having a
20 first input surface, disposed to transmit a first color light beam perpendicular to the first
input surface; a color-selective dichroic mirror disposed to intercept the first color light
beam at an angle of approximately 45 degrees; and a reflective polarizer disposed adjacent
the color-selective dichroic mirror, opposite the first color-selective dichroic filter. The
color-selective dichroic mirror is capable of reflecting a major portion of the first color
25 light beam. In one embodiment, the first color light beam includes a wavelength of light
that is capable of degrading the reflective polarizer. In another embodiment, the optical
element further includes a second color-selective dichroic filter having a second input
surface disposed to transmit a second color light beam perpendicular to the second input
surface, and intercept the reflective polarizer at an angle of approximately 45 degrees,
30 wherein the color-selective dichroic mirror is capable of transmitting a major portion of
the second color light beam. In yet another embodiment, the optical element further

includes a third color-selective dichroic filter having a third input surface disposed to
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that is capable of degrading the reflective polarizer. In another embodiment, the optical element further
includes a second color-selective dichroic filter having a second input surface disposed to transmit a
second coloWVyHIB@aSperpendicular to the second input surface, and inteR€d{ Y EfETHve
polarizer at an angle of approximately 45 degrees, 30wherein the color-selective dichroic mirror is
capable of transmitting a major portion of the second color light beam. In yet another embodiment, the

optical eb”‘t?;[HsMHQ%iHPM&SIglﬁ@ Beah0 ?&lﬁféﬁi@r‘i‘éﬁﬁf@iﬁ%ﬁiﬁ@ﬂﬁ%@e@ﬁ@ iRRYESHTRCe
disposed to WO 2010/059453PCT/US2009/063779 transmit a third color light beam perpendicular to
the third inpPflSGHER BORAEIHE R pREHeHIB A EErAYIZ & SRS a NI N PH FOIBRHISS degrees,

v_vherein the colpsiselgRty g HghIRIE &P Wﬁ{s{ﬁiﬁﬁ@ﬁ) k%a%ﬁrﬁé}%%_tﬁ?%@ TRRPEIEF tl‘%'ﬁt‘_ﬁe'&‘rﬁ.th ird color
light beam. In another aspect, a color combiner includes an optical element. The optical 5element

includes a first coldP-28BpbeR eSprchrdkointermakingg HfludshpoatsadcoeposERe @ HsHs mit a first

color4ight bepmdeiRendicani? bR RideRI awhase: REPIfvaalechve Hishr Qiﬁf%ié,r‘a"is‘fa@%sed to
intercept the first color light beam at an angle of a;proximately 45 degrees; and a reflective polarizer

disposed adfaBantikacors cobts dishé bRaR SRIPRIFET ISP ELEIRTIG RS SUISICSe REAlAS-SRISHOYE filter,

wherein the gelebicl@selRivpodichioiaBIERT iBCaRaBitRTIallasting A Mmaiggeeition of the first color
light beam. In one embodiment, the first color light beam includes a wavelength of light that is capable

of degradingRA¥Enattyd pergisey. andmistiestempeiirshaitnessp adinwahibacalpiislsstiies a

second colojrgaisietive-ickyge ditehbaing s secandiinput rrfasasispasrinitirapenit a second color
light beam perpendicular to the second input surface, 15and intercept the reflective polarizer at an

angi¥of apprssHsidigisiaayredds sirainehe tertingasetios rpehraieihpditt ealpabrhbr

transmittingR4n2j 0% BRstignyelithR se q@@ﬂr@p&@ndmgmﬁmn %Mﬁh@d@kb@&&éﬁ@%ﬁﬁgﬁt the eptical
dement further includes a third color-selective dichroic filter having a third ir;Put surface disposed to

transmit a tiFERRLIA fgsrasingisieileriveirp tsi#he (Renpiper Snpadncihsepticpt HMetective

polarizer at RPawanelgdel aRpEsIMBIBY AR (e aRhrybeNetn haeiploielesivichfaie minor is
capable of transmitting a major portion of the_ third color light hbeam. In yet another aspect, a

projection s§ERAFCHEQIEISEH B sfeard rRLHighthsBpRetr eldinat iR AP BSRctive
dichrgic filtegraavirae: aplitst iR svEpetirtispasadig lkutsippraxiinsiteBl anl @hir-beammeespemdicular to

the first input surface; a calor-selective 25dichroic mirror disposed tq intercept the first color light beam
at an angle eplor-selective dichroic murror is capable of transmitting a major portion of the second
color light beam. In yet another embodiment, the optical element further includes a third
color-selective dichroic filter having a third input surface disposed to transmit a third color
light beam perpendicular to the third input surface, and intercept the reflective polarizer at
20 an angle of approximately 45 degrees, wherein the color-selective dichroic mirror is
capable of transmitting a major portion of the third color light beam.

In yet another aspect, a projection system includes an optical element. The optical
element includes a first color-selective dichroic filter having a first input surface, disposed
to transmit a first color light beam perpendicular to the first input surface; a color-selective

25 dichroic mirror disposed to intercept the first color light beam at an angle of
approximately 45 degrees; and a reflective polarizer disposed adjacent the color-selective
dichroic mirror, opposite the first color-selective dichroic filter, wherein the color-
selective dichroic mirror is capable of reflecting a major portion of the first color light
beam. In one embodiment, the first color light beam includes a wavelength of light that is

30 capable of degrading the reflective polarizer. In another embodiment, the optical element
further includes a second color-selective dichroic filter having a second input surface

disposed to transmit a second color light beam perpendicular to the second input surface,
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approximately 45 degrees; and a reflective polarizer disposed adjacent the color-selective dichroic
mirror, opposite the first color-selective dichroic filter, wherein the color-selective dichroic minor is
capable of réfleedifyPEP#djor portion of the first color light beam. In one emB&ditHEHVMAE3fiT8t color light
beam includes a wavelength of light that is 30capable of degrading the reflective polarizer. In another
embodiment, the optical element further includes a second color-selective dichroic filter having a

second inpuf,3urfRce.AiSROSERIQi VAP RASRCANM SRIOF ighihsamdpprendiruariqdhesgeond input
surface, WO 2010/05€g453PCTe/UISZ(?09/063779 andgintercgpt the reﬁ@fé::tive polarizer at an angle of

approximatéRlassalestesdligiieie MiHY dofopddreefivatienisie mmupidedininn bewssriitting a

major porti%ﬁﬁtﬁ' %%E%d_ﬁ‘i’k%t |£%_¥H%%%Mbmm%@%@%t%ﬂb&%ﬁﬂfufﬁ%ﬂ%ﬁ?d@@%%Qlt further
includes a third color-selective dichroic filter having a third input surface disposed to transmit a third

color 5light BRIafsplersRdichEsiditt havinmpthicdinnes sarfacm tirpamaie raneihetPBheer at an

anglesof appgi B&iﬁ'ﬁéﬁeﬁ@ﬁﬁﬁﬁﬁt&ﬁ@&ﬁi’f‘d’f golarraelegHy e ARG AL ds CRPSRIS,Of at
transmitting a major portion of the third color light beam. In yet another aspect, an optical dement

includes a fRPEEISRESRINEFEtIAYtY fRBIRRIHS S Hrhs PR stiRetedlishEREd B ®a RS mit a first

color light b@@ﬁ'ﬁ'bl@@?fﬁ%@ﬂiﬁﬁh?g dodhyefistibRuirskcface] solflagtivedaalarizer disposed to intercept
the first color light beam at an angle of approximately 45 degrees; an output surface disposed to

transmit the first clbY HyRORASRE et BLRPLIEHi FdeHISAt pRF PElsaR (e 9 PTeselsElY iR and a
color-selectiyg.gicdyrigs Min@nhaposes-to dipsseptdainihs: firstadlarlighhbeaimand a second color

light beam at an angle of approximately 45 degrees, The color- 15selective dichroic mirror_is capable

of réffbctingPSMEtdisa]ar isoitfofrsk inutaudis b IsHRghY Rl iFetisBatpl tirtetssht dsdiEnsmitting
a second M AIHOPRtBEair gh iBhs eM MiBR QLR e SHRG!AN ol SR MROiEPe&d tae optical

element further includes a second color-selective dichroic filter having a second input surface,

disposed tofARARIHitS fifivticosms Lighh beuart saduRYIdirsF tonmsesesifdi#idthaR4ER the third color

light beam 20¢aRakif) af plerEeRENG LN bR iaflestiyRrRaikemanc o solersalgciyR dighoic minor
at an angle of approximately 45 deﬁéees. The color-selective dichroic mirror is capable of transmitting

a third majo? P89 arasenfiralfg HeBEbrATHAlHL s0Eh LB RRES MRS edesiston tiaselPrawings
25Thsoughagtdhe spraiisriianafeyensis sragedaiticanpendrs foadRes MR Nd color

light beam in the output direction, and transmitting a second major portion of the first light
beam in the output direction. In one embodiment, the optical element further includes a
second color-selective dichroic filter having a second input surface, disposed to transmit a
third color light beam perpendicular to the second input surface, the third color light beam
20 capable of intercepting both the reflective polarizer and the color selective dichroic mirror
at an angle of approximately 45 degrees. The color-selective dichroic mirror is capable of

transmitting a third major portion of the third light beam in the output direction.

Brief Description of the Drawings
25 Throughout the specification reference is made to the appended drawings, where
like reference numerals designate like elements, and wherein:
FIG. 1A is a schematic view of an optical element.
FIG. 1B is a perspective view of a PBS.
FIG. 2 is a perspective view of a PBS.
30 FIGS. 3A-3D are top view schematics of a light combiner.
FIG. 4 is a top view of a polished PBS.
FIG. 5 is a top view schematic of a light splitter.
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like reference numerals designate like elements, and wherein: FIG. 1A is a schematic view of an
optical element. FIG. | B is a perspective view of a PBS. FIG. 2 is a perspective view of a PBS.
30FIGS. 3AYED2418/85pHd%ew schematics of a light combiner. FIG. 4 is a top REEASTHYHIRARI PBS.
FIG. 5 is a top view schematic of a light splitter. WO 2010/059453PCT/US2009/063779 FIGS. 6A-6B
shows a two channel color combiner. FIGS. 7A-7B shows a color combiner. FIG. 8 is a graph of

transmission specifiggKlGa%is ahsehematicuiewtaipreisaiphee  The figures arc not necessarily to

scale. Like numbers used in the figures refer to like components. However, it will be understood that
the use of a numb&L¢Prdr 1B shevm peAkHtARbEIGEN figure is not intended to limit the component in

another figure labeled with ihe.saroe uRRG O Hetailed Description  The optical elements
described herein can be configured as high durability color combiners that receive different wavelength

spectrum lights an!fSrodticess B NgHtRIYGE@Tat includes the different wavelength spectrum
lightss In one aspect, the received 15light inputs are polarized, and the combined light output is

polarized. In another aspect, ' ' '
The figures are not necessarily to scale. Like numbers used in the figures refer to

like components. However, it will be understood that the use of a number to refer to a
component in a given figure is not intended to limit the component in another figure
labeled with the same number.

10

Detailed Description
The optical elements described herein can be configured as high durability color

combiners that receive different wavelength spectrum lights and produce a combined light
output that includes the different wavelength spectrum lights. In one aspect, the received

15 light inputs are polarized, and the combined light output is polarized. In another aspect,
the received light inputs are unpolarized, and the combined light output is unpolarized. In
some embodiments, the combined light has the same etendue as each of the received
lights. The combined light can be a polychromatic combined light that comprises more
than one wavelength spectrum of light. The combined light can be a time sequenced

20 output of each of the received lights. In one aspect, each of the different wavelength
spectra of light corresponds to a different color light (e.g. red, green and blue), and the
combined light output is white light, or a time sequenced red, green and blue light. For
purposes of the description provided herein, “color light” and “wavelength spectrum light”
are both intended to mean light having a wavelength spectrum range which may be

25 correlated to a specific color if visible to the human eye. The more general term
“wavelength spectrum light” refers to both visible and other wavelength spectrums of light
including, for example, infrared light.

Also for the purposes of the description provided herein, the term “aligned to a

desired polarization state” is intended to associate the alignment of the pass axis of an

30 optical element to a desired polarization state of light that passes through the optical
clement, i.e., a desired polarization state such as s-polarization, p-polarization, right-

circular polarization, left-circular polarization , or the like. In one embodiment described
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the received light inputs are unpolarized, and the combined light output is unpolarized. Tn some
embodiments, the combined light has the same etendue as each of the received lights. The combined
light can be W@ aNeMdtdatic combined light that comprises more than one WE&FEISAYH0G3EGrum of
light. The combined light can be a time sequenced 20output of each of the received lights. In one
aspect, each of the different wavelength spectra of light corresponds to a different color light (e.qg. red,

green and QluglnaprhterGemRIRSHIGRL AP %Wﬁi%f&%n%&ﬁ%%%%%%?%ﬂ%ﬁé’d gegn and blue

light. For purposes of the description provided herein, "color light" and "wavelength spectrum light" are

both intenddHSIPAUARIGRISHAS MG WAS SIEPRIEIRP SEFAPOERHEIMERIHSY S DROBHHIRHSH to a

SpeCiﬁ_C _CO|%Ea!{evéﬁH@ipaﬁlﬁrbﬂé%fbﬁ){Eso?ﬂﬁﬁé%fé‘c&?d'?&%ﬁ%ﬁ@ibh%@é@'6{1@?{%%@&%5@-|ight“ refers to
both visible and other wavelengi_th spectrums of light inc udln%‘,ﬁfor example, infrared light. Also for

the purposeRobrirdigastrpliohligdvilicld inhemndrsiRatihalitisar lyzusasndasiohhs atishedtate" is
intenged to gssagiate hpAlgaMEN:elbeiRAsSAYisatans AnBlcal elepeniaR desiegrpolarization

state of light that passes through the optical element, i.e., a desired polarization state such as
s-polarizatidihs-potssizedion, right-circular polarization, left-circular polarization , or the like. in one

embodiment descritig QL2 MLYBTAGIRCIUSZA0R637EA hasin withaafermarm tadhesfigures, an

optical dement such as a polarizer aligned to the first polarization state means the orientation of the

polarizer thQPp&LEBEHEROSHM vt serstifyhe Unrifrenetie vrissobderrdesss fallosiarization
state (in this£ape e aRehatization staielatlightoltis tenbe daderstaod thritbe: PRlaZM#RG instead

be aligned 5to pass the s-polarization state of light, and reflect or absorb the p-polarization state of

light! & desifdement & Erdadhs HisBaE shithesed adinssBhesrdvtisd neRsislaMetE RS % cing” refers to

one dementgiipasedmont @t dderRandictak]nedianche.stfree nidhe drapenidalioys an optical
path that is also perpendicular to the other element. One element facing another 10 element can

include the BRSATBAISAS R S80 Hemes asorrstretdisrardrhe Atheicrigsibther element further

includes the elemeRgs siap abashO¥PRECIRLIRL A ThtRYRAIBS Wikklale0qagdaient is also
perpendicular to the other dement. According tQ one aspect, the optical element includes a first

color-selectR/eNIRANCHRRT HoRridRdErts Tl Adint sofesdiebiciongit etrlie iy rarletizetnotitzer. The
15fingg colorflight plassehtpeeughihsirsthedios soloctive elichraienidrr ftdreansarivinal

incidence (i.c., approximately 90 degrees to the surface of the filter) and intercepts the
reflective polarizer at an angle of approximately 45 degrees. A color-selective dichroic
mirror is positioned adjacent to the reflective polarizer, and serves to protect the reflective
polarizer from light that can be damaging to the reflective polarizer (i.e., actinic light such

20 as higher energy blue or ultraviolet (UV) light). The color-selective dichroic mirror
intercepts the first color light (i.c., the potentially damaging light) before intercepting the
reflective polarizer. The color-selective dichroic mirror reflects a major portion of the
first color light, and transmits a minor portion through to the reflective polarizer. In one
aspect, the major portion reflected by the color-selective dichroic mirror can be greater

25 than 51%, 60%, 70%, 75%, 80%, 85%, or even greater than 90% of the first color light
incident on the color-selective dichroic mirror.

One advantage of color combiners having color-selective dichroic filters used at
normal incidence angles is that they can be used with low F-number optical systems. One
disadvantage is that the reflective polarizer needs to have a low absorptivity, a wide

30 angular acceptance range, and long life under intense exposure to actinic light. Color
combiners using 3M Company’s MZIP or APF Multilayer Optical Film (MOF) reflective

polarizer have sufficient angular and broad band optical performance, but can photo-
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incidence (i.e., approximately 90 degrees to the surface of the filter) and intercepts the reflective
polarizer at an angle of approximately 45 degrees. A color-selective dichroic mirror is positioned
adjacent to W€ PBIKBIRASholarizer, and serves to protect the reflective pola®&d 018mt¥at can be
damaging to the reflective polarizer (i.e., actinic light such 20as higher energy blue or ultraviolet (UV)
light). The color-selective dichroic minor intercepts the first color light (i.e., the potentially damaging
light) beforey PJ(@@B#'&Q&H@ IEfiRGlive RolaNiZerd R LAINLBRIGSHVR ﬁg@@.%fpwes@fofﬁfk%@memajor
portion of the first color light, and transmits a minor portion through to the reflective polarizer. In one

aspect, the FPBfHIYPFIBRIRSHB T B itratbdIBicdsidedie drRiaFEer P FsPesif e apidut S8t 51%,
60%, 70%, ynigp896as 8PUmerwiRA %ﬁ%@r&ﬁ@@h@%’ﬂé’éﬁb@ﬂt?ﬁ&%&‘?@ﬂ@bi@%ﬁ?ﬂfsefbwf’e _ _
color-selective dichroic mirror. One advantage of color combiners having color-selective dichroic
filters used S¢556PARPIARIARISEO Wk GRIBLEES Y HhapEeY B teHestivR RIS MIT RIS BRIIEH systems.
One disadvantagej$d &E%é@%%%ﬂ?cﬂ%ﬁééﬁ(z@ﬁ@ﬁ%&@r@ﬁ}isté—@éfré&sﬁrﬁgﬁ'i%)é‘dﬂﬁé?smngu|ar
acceptance range, and long life under intense exposure to actinic light. Color combiners using 3M
Company's Mhpugh AppviitiBEipeb Csted isitheano e rmsev e Sslisvsdrin ageusiiensh Bagular and
broad band @ptiGahparépynance, but can photo- WO 2010/059453PCT/US2009/063779 degrade by
actinic light such as UV, blue, and possibly green light. Applications suitable for color combiners can
require that the reflective polarizer be exposed to actinic light for long periods of time, which can

degrade the reflectjve polatizgic Tibe: PreEehtisHOSUISdes6HRRS A Gidtabie LRI IR JMith
improved reflective polarizer photo-stability. 5The processes by which reflective polarizers

photddegrade is partiallytifePelssicnRHBaGH 61 VHaMIE 18 be bound by theory, the process is

believed to occur throughtthe dREQUIND SieRS chAREMCNE BiddMh Iy R 36k SFme sreen wavelengths)
causes bond scission 10in the polyester in the reflective polarizer. 2.The cleaved polymer chains in the

amorphous regions of the"SSANLIBRRRNIFAE IR S ipRes f0-rrlgeets sorirlargerdsidals, or extend
conjuga:_tiohn within the polygsgiglattaNNBiNGepsEd sthserntivityint g daalysaestithy Jhadarger crystals
scatter light.

polymer.
15 3. The larger crystals scatter light.
4, The scattered light has an increased average path length, increasing the rate

of bond scission, absorption, and eventually resulting in higher
temperatures.
5. Under low light intensities, the efficiency of the polarizer decreases. Under

20 high light intensities, the reflective polarizer can catastrophically fail due to

heating.
Other degradation processes, including those that drop the polarization ratio, are believed
to occur, but these processes can be less significant than the above.
When two or more unpolarized color lights are directed to the optical element,

25 each may be split according to polarization by one or more reflective polarizers.
According to one embodiment described below, a color light combining system receives
unpolarized light from different color unpolarized light sources, and produces a combined
light output that is either unpolarized, or polarized in one desired state. In one aspect, two,
three, four, or more received color lights are each split according to polarization (e.g. s-

30 polarization and p-polarization, or right and left circular polarization) by a reflective
polarizer in the optical element. The received light of one polarization state is recycled to

become the desired polarization state.



4,The scattered light has an increased average path length, increasing the rate of bond scission,
absorption, and eventually resulting in higher temperatures. 5.Under low light intensities, the efficiency
of the polariY? HHOER48E. Under 20high light intensities, the reflective polRZEUSaW¥EaStPophically
fail due to heating. Other degradation processes, including those that drop the polarization ratio, arc
believed to occur, but these processes can be less significant than the above. When two or more

unpolarized color ightsraifAyssiedyshapnuisala Rines: 23pRAATRIMRIRI foserapo 10

polarization by one or more reflective polarizers. According to one embodiment described below, a

color light AR s9sharnligedins ershabHedrsrolsightsdrdercenidherpbalivepalghtdources,
and producgs & Gmkinealight QuipEL thatds eher mnRlapsrdiLr Palaized thens dasied state. in

one aspect, two, three, four, or more received color lights are each split according to polarization (e.g.

s- 30polarizBABHZA st RO ids PRatiasd et euhparassatism blreronscat & lpdblarizer in the

optical elemgnirithe seaciveqiiohsiafionenalarization Stalt iBJeavGiedio,Beeame e ogsired
polarization state. WO 2010/059453PCT/US2009/063779  According to one aspect, the optical
element corffRReeEbrIBSH 2 FawtiRFHoRifeh B BakErRy Rt B daefssedreftati¥ccolor lights

intercept thegefieelive polarizer at approximately a 45 degree angle. The reflective polarizer can be
any known reflective polarizer such as a MacNeille polarizer, a wire grid polarizer, a multilayer optical

film Spolarizer, or ARHENEFRNEFR T BRIAEZs e BT ehtdsidifaTer seagistarioélayee shding to one
em bOdimenieﬁréT’zH|Iﬂ?éfﬁétqpﬁﬁ%lifﬁéfbﬂplﬁéi7&ér%iﬂ hegpreiesrd reflectivg RoldizeIrMultilayer optical

film polarizers can include different "packets” of layers that serve to interact with different wavelength
ran of Iidﬁ’tl.ltltléyg)&ﬁﬂ% ﬁéﬂbﬁﬂgryzer can include several packets of layers through the film

thickness, each packet interacting with a different wavelength range (e.g. color) of light to
reflect one polarization state and transmit the other polarization state. In one aspect, a
multilayer optical film can have a first packet of layers adjacent a first surface of the film
that interacts with, for example, blue colored light (i.e., a “blue layers™), a second packet

15 of layers that interacts with, for example, green colored light (i.c., a “green layers”), and a
third packet of layers adjacent a second surface of the film that interacts with, for
example, red colored light (i.e. a “red layers™). Typically, the separation between layers in
the “blue layers” is much smaller than the separation between layers in the “red layers”, in
order to interact with the shorter (and higher energy) blue wavelengths of light.

20 Polymeric multilayer optical film polarizers can be particularly preferred reflective
polarizers that can include packets of film layers as described above. Often, the higher
energy wavelengths of light, such as blue light, can adversely affect the aging stability of
the film, and at least for this reason it is preferable to minimize the number of interactions
of blue light with the reflective polarizer. In addition, the nature of the interaction of blue

25 light with the film affects the severity of the adverse aging. Transmission of blue light
through the film is generally less detrimental to the film than reflection of blue light
entering from the “blue layers” (i.e. thin layers) side. Also, reflection of blue light
entering the film from the “blue layers” side is less detrimental to the film than reflection
of blue light entering from the “red layers” (i.e., thick layers) side. Techniques have been

30 described to reduce the number of interactions of actinic light with the reflective polarizer,
as well as to reduce the severity of the interactions, for example, by placement and

orientation of the reflective polarizer. Suitable techniques are described, for example, in
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10multilayer optical film polarizer can include several packets of layers through the film thickness,
each packet interacting with a different wavelength range (e.g. color) of light to reflect one polarization
state and trARHHNE%Her polarization state. In one aspect, a multilayer oBdV YR Have a first
packet of layers adjacent a first surface of the film that interacts with, for example, blue colored light
(i.e., a "blue layers"), a second packet 150f layers that interacts with, for example, green colored light

(i-e., a "greeR Jaycdg. RRckANERIEKRS. QUiRTS Griaceii-a PEAORRIFAIARRNCEDR ViBR ialdnteracts

with, for example, red colored light (i.e. a "red layers"). Typically, the separation between layers in the

"blue layersCARR R MBI ERa A ebsetinexgb A e AvEhtByers in the "red layers", in order to interact

with the shorter (amgl fighsp&parpLidaiurvrisngthsialliohi «F0RalvieEr imptilavgreptical film
polarizers can be particularly preferred reflective polarizers that can include packets of film layers as

described at8bBitoREhetrdlpire PelErRF Warertigeh slsmgheusias asolRfcrgiinsaPHdversely
affectthe agingstabilinnefithefipaangd @tileashierdhisvessarttds mreferrbla o Bipimizehe number

of interactions of blue light with the reflective polarizer. in addition, the nature of the interaction of blue

25light with ST caferdigheode aiFigr of tsetaaverier agitign pidheritisisiishbBilgynt through the
film is genetaligsa detimenis o lie shan veflertionidrusHiohh eatesipadiam higohlue layers”

(i.e. thin layers) side. Also, reflection of blue light entering the film from the "blue layers" side is less
detrimental $8'¢REVRItREACrERER dh Bsnnerd RGhshtdArRe el tHEC PORIHRRErSIPBE thick layers) side.

Techniqueshayipgan, 3Rdeseihet tavedudpdRanHmbenafdmeractiansefantinie Haldyyith the

reflective polarizer, as well as to reduce the severity of the interactions, for example, by placement and

orienthtion SPIAEZEHJRRRONSTRRPIaDRL B ISEHTGEISS e HeuQinBU RS @RdAHAd PPwWO

2010/05945@R kel IS 2R 0BIRABEIEtheR RENHING HigEaY fPRAKEIN e R48ERH POQE AR cent
POLARIZATION CONVERTING COLOR COMBINER, filed on an even date herewith. . In one

aspect, the Pretdictiderlariess direrbinashrterbedidicrhghsiRlp s seiind Jraie MifeEtive

polarizer in gih QRticRIRMaThSUEDIAS 8161 tGRINRINREIYReRIRYERINGIR PRI dhe agtinic light
from ever reaching the reflective polarizer. A color-selective dichroic mirror reflects a major portion of

the actinic liGht, SIS HaRLRT AR e LRI B8rhe fe Bed e ANA RS SigHE N AT WeBect, the

colorsselectigp eigiypismmnabisMirpasrd widjseert 1 tir wiestveRo|Rtzat dxeesweambrdiment, the
color-selectjve dichroic minor can be formed directly on the reflective 10polarizer. In another

embodimen? ¥Ada¥6T8 CE RGBS bIEoRitRS e dRcthgtdelppiger. since a major portion of the

blue light is reflected by the color-selective dichroic mirror before the blue light interacts
with the reflective polarizer.
The reflective polarizer and the color-selective dichroic mirror are herein referred

20 to as a “protected reflective polarizer (PRP)”, and can be disposed between the diagonal
faces of two prisms The PRP can instead be a free-standing film such as a pellicle. In
some embodiments, the optical element light utilization efficiency is improved when the
PRP is disposed between two prisms, ¢.g. a polarizing beam splitter (PBS). In this
embodiment, some of the light traveling through the PBS that would otherwise be lost

25 from the optical path can undergo Total Internal Reflection (TIR) from the prism faces and
rejoin the optical path. For at least this reason, the following description is directed to
optical elements where the PRP is disposed between the diagonal faces of two prisms;
however, it is to be understood that the PBS can function in the same manner when used
as a pellicle. In one aspect, all of the external faces of the PBS prisms are highly polished

30 so that light entering the PBS undergoes TIR. In this manner, light is contained within the
PBS and the light is partially homogenized while still preserving etendue.



formed on an optical element such as a diagonal prism face that is then positioned adjacent the
reflective polarizer. In yet another embodiment, the color-selective dichroic minor can be a separate
film or plateVMEAER{0F9453s positioned adjacent the reflective polarizer. The ROKESEKRAE Wichroic
mirror can be formed by any known process, such as vacuum 15deposition of an inorganic dielectric
stack. In one aspect of the present disclosure, the blue layers can be eliminated from the reflective

polarizer, since a MY FRATINRERS Qe ighidsaleatedvayiihg Color-seletive tlichiric mirror before

the blue light interacts with the reflective polarizer. The reflective polarizer and the color-selective
dichroic mirféshapicHetern serelrsaddothap b pidnrcbigiefeameagbrithe difirpyt cakaadlighe

disposed befyeen thediaganaliers iR RiHsTHr-RREeamifIRIEas! he: afregwrtapsting film such
as a pellicle. In some embodiments, the optical element light utilization efficiency is improved when the

PRP is dispb88 Wétiserts thofPrsmieignarmaldnsidenpe iamipittie P 8ng e ts28fhbodiment, some
of thes light traygiing thept gl dhed BSihahvewsatbemise e dashlresibe reticalpathgan undergo

Total Internal Reflection (TIR) from the prism faces and rejoin the optical path. For at least this reason,

the followind de8dpipeisates i Eensinib i havineh ersclprete pecrmal Brpdissenb Stiddighhe

diagonal faggg/ef WRIRERRIS1BAVRNSReTh IS 406 stead halithe LB eamiupaieminthe same
manner when used as a pellicle. In one aspect, all of the external faces of the PBS prisms arc highly

polished 3058hUIGHY eitepmg RebpEiTsitsdey reotrintelpstnmdichipie Gltsniantderifitnin the

PBS and the,lightsisipaidialbabrimagenizea his-stil Rre sty ing LeNduei St source, and
2010/059453PCT/US2009/063779 According to one asEect wavelength selective filters such as
colotselectiF8ShchebicaaE araypleneisprepamrbonihpliipbFomPuaBI SRECT AR olored light

sources. Eagh & thecaalpisalstive Richreigidiiais i1iRasilipastisw halarieuhighiaam intercepts
the filter at near-normal incidence to minimize splitting of s- and p-_5polarized light, and also to

minimize cdP8&HAsig. e dhediaenosins. denut disbidhearp o e syl RiGadh erlrimsiiftight having a

wavelength predisnef thedetacant iemiiaicierree sendiredieehlight b Rgptowiayalepath spectrum
of at least one of the other input light sources. hi some embodiments, each of the color-selective

dichroic filte{sgest I RYNPTBH ARG SHIRE Rl mEPlotreRlertvg el fils bt atjadst input light
sounce, andp}kiedlpetigtiti axing aaielenats aneelsin wfadigiihie ather tyalgivsauiges. In one

aspect, each of the color-selective dichroic filters is positioned relatiye to the reflective polarizer so that

the near-nofAITAREIRGHE BeAR AP < s St eB <3 BEtvEbIkHFST R A RSt R cts the
reflective polasizes abandbieigeplapaie:alhappRximateidbGeareeswity armakivitheslriase of a

color-selective dichroic filter is meant a line 15passing perpendicular to the surface the color-selective
dichroic f”terﬁm(%?shgap_lrmgg%to 65 degrees; from 35 0 55 degrees; from 40 to 50 degrees; from
43 to 47 degrees; or from 44.5 to 45.5 degrees.

20 In one embodiment, a retarder is placed between the color-selective dichroic filter
and the PRP. The particular combination of color-selective dichroic filters, retarders, and
source orientation all cooperate to enable a smaller, more compact, optical element that,
when configured as a color combiner, efficiently produces combined light. According to
one aspect, the retarder is a quarter-wave retarder aligned at approximately 45 degrees to a

25 polarization state of the reflective polarizer. In one embodiment, the alignment can be
from 35 to 55 degrees; from 40 to 50 degrees; from 43 to 47 degrees; or from 44.5 to 45.5
degrees to a polarization state of the reflective polarizer.

In one aspect, the first color light comprises an unpolarized blue light, the second
color light comprises an unpolarized green light and the third color light comprises an

30 unpolarized red light, and the color light combiner combines the red light, blue light and

green light to produce unpolarized white light. In one embodiment, the color light

combiner combines the red, green and blue light to produce a time sequenced unpolarized
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meant varying less than about 20 degrees from normal, or preferably less than about 10 degrees from
normal. In one embodiment, the intercept angle with the reflective polarizer ranges from about 25 to 65
degrees; frolf03810/65848&grees; from 40 to 50 degrees; from 43 to 47 degr@€d7OYAHMI68478 to 45.5
degrees. 20In one embodiment, a retarder is placed between the color-selective dichroic filter and the
PRP. The particular combination of color-selective dichroic filters, retarders, and source orientation all

cooperate 1.anahle,a /Ml igNer ¢CHBRIELLRUER IR Nt W ERCANUNYIRE Reh Golor

combiner, efficiently produces combined light. According to one aspect, the retarder isa quarter-wave

retarder aligHeRPeRbPIRARE R SoyE st e R Ath SRS RAT aiFe Shite BTRE theriBEsR 69N arizer. In one
embodiment;qthe RligHmeRicab R oMBsAress degrRe anflieRt 40 R O draReshitedd to 47

degrees; or from 44.5 to 45.5 degrees to a polarization state of the refieqtive polarizer. In one

aspect, the figfttarecogiiieetipride srfirumiemsn de mRdIRg R comebiscbightolor light comprises an
unpokarized greenfighigRagfien id RO JINLGOMRIISES R 3AHRRRIAIERILeEHIBE S bg color

light combiner combines the red light, blue light and green light to produce unpolarized white light. In

one embodifriit 1t RBSIBIRRS crABHEREE it srBt feht greerng A LRRSIkit b6 1988 duce a time
sequenced #hpRlarZRGLMIR RBI0N2A4S3PET PES20RNGRY (R rads @iean anddluedightrla.pne

aspect, each of the first, second and third color lights are disposed in separate light sources. In

another asp¥ict, irigietnsA BRE 6rarke trlehed Sy drabis fetabintsiebrlsine oF e (bt In yet

another aspegt, Mar IhaiRem FRICE BRI RIS GOMEIMAh @ﬂt@i@?ﬁ@@bﬁgms%wsﬂ&%ﬁﬁlﬁz
combined light. 5The gght beam includes Iig%t rays that can be collimated, convet‘g%ent or divergent

wheHit entétls 9 hp Behtepisiig s R Sivaiyat Rgse eb e tidas et e b &hBigh one of the

faces or endigr6f therRBISika aueid such losses, all of the exterior faces of a prism based PBS can be
polished to enable total internal reflection (TIT) within the PBS. Enabling TIR improves the utilization of

light entering the PBECLETALPLGBNEPRENNP 1 62N AOMRE light GBI EBIS Wi 244 Mye of angles
is redirectedda@xit {B8S thnoyehthatipsicestifachflectdd REEEAIRprpRRARRN B gREbEOlOr light

can pass throua%go a polarization rotating reflector. The polarization rotating reflector reverses the

propagation e8RS AP LHEFOIHB RIS IRAHO L P IR PRI ABFPEH S M P Bepending
of thestype Lpargievieméation et akripddposianasae joltheaalarisaling g reflector. The

polarization rotating reflector can include a wavelength-selective mirror, such as a color-
selective dichroic filter, and a retarder. The retarder can provide any desired retardation,
such as an eighth-wave retarder, a quarter-wave retarder, and the like. In embodiments
described herein, there is an advantage to using a quarter-wave retarder and an associated

20 color-selective dichroic reflector. Linearly polarized light is changed to circularly
polarized light as it passes through a quarter-wave retarder aligned at an angle of 45° to
the axis of light polarization. Subsequent reflections from the reflective polarizer and
quarter-wave retarder/reflectors in the color combiner result in efficient combined light
output from the color combiner. In contrast, linearly polarized light is changed to a

25 polarization state partway between s-polarization and p-polarization (either elliptical or
linear) as it passes through other retarders and orientations, and can result in a lower
efficiency of the combiner. Polarization rotating reflectors generally comprise a color-
selective dichroic filter and retarder. The position of the retarder and color-selective
dichroic filter relative to the adjacent light source is dependent on the desired path of each

30 of the polarization components, and are described elsewhere with reference to the Figures.

In one aspect, the reflective polarizer can be a circular polarizer such as a cholesteric
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polarization rotating reflector can include a wavelength-selective mirror, such as a color-selective
dichroic filter, and a retarder. The retarder can provide any desired retardation, such as an
eighth-wave¥etttEdS ¥ Fuarter-wave retarder, and the like. In embodiment®dESEIRMOAETEiNn, there is
an advantage to using a quarter-wave retarder and an associated 20color-selective dichroic reflector.
Linearly polarized light is changed to circularly polarized light as it passes through a quarter-wave

retarder aliqng A0 ANUAG1AS IR RSOl IS pRIABR SHhSRAENL LR Ieas from the
rae

reflective polarizer and quarter-wave retarder/reflectors in the color combiner result in efficient
combined li§ARBHESLITINAsEt b didBrie lkers WEBAtALY IMsRMA prbIstFdersight is changed to a

25polarization Stat?ﬂ@é&ﬁ@éﬁ’&iﬂ%@@h@'@ﬁﬁﬁ?@l@%ﬁﬁﬁ&ﬁﬁﬁl r&ﬁ‘i‘ﬁ’@ f@ﬂﬁ@fv‘é'ﬂ@l%&é,”near) as it
passes through other retarders and orientations, and can result in a lower efficiency of the combiner.

PolarizationdS¥AeHY FEREUHES e RUFEAR: dUIRPY RIeC R ebroyaBet e Hidr SRR tegribatBYder. The
position of tﬂﬁtﬁ%‘l@r&%c@[‘Q&f&k@(féeﬁféi&gﬂéiﬁm&ﬂ%sﬁm@ﬁ£€éﬁt@VS‘o¥fd% BSHASSIUNO R RPMCRAS

dependent on the desired path of each 300f the polarization comagonents, and are described
elsewhere WitRY&rdpdse@tdafiactiguiean thedpdex et apdoreabiirerpatansed entheentieilcular

polarizer sugRasm CRAISFIRAE W QAN RRABIRG I RZCARMASIAE AdicuHEl sEy SRl Rty izer.

According to this aspect, ?olarization rotating reflectors can comprise color-selective dichroic filters

without any AisBesaetiaRitidyadrdng assembbohputiBgenst wie dptioane RARHMAGIIN prisms,

reflective polayizens pHYAId RISV BoieiadB b2 (B R1Se filtesst Rk DIRRESANNANEALS GABJeRIRed
together by a SS‘uita%Ie‘opticaI adhesive. The optical adhesive used to bond the components together

has ¥lowerdnBER it oA BRI BTl ARt ORtSRE S S Hh RHESH Rt element. An
optical elemgphthad isdbibtRandest inasinenriarsagdvantadrs dpelbrgwaligament stahiaduring

assembly, handling and use. In some embodiments, two adjacent prisms can be bonded together
using an ophtiEMsdhedive it elBRiBodiments, 10a unitary optical component can incorporate the

optics of the two agigeerf BN EddscEibell Mo SHaalBLHAIY WAL NYISHIWRIEBIISATeralies e optics
O A rea b T hecompany ing daseripion. which follows.
15 FIG. 1A is a schematic view of an optical element 10, according to one aspect of
the disclosure. Optical element 10 includes a PBS 100, a first color light source 80, an
optional light tunnel 40, a first color-selective dichroic filter 50 having an input surface 55,
a quarter-wave retarder 60, and an optional wavelength selective absorber 70. PBS 100 is
further described with reference to FIG. 1B below, and includes a first prism 110 having a
20 first prism face 130, a second prism face 140, and a diagonal prism face 25 between them.
PBS 100 further includes a second prism 120 having a third prism face 150, a fourth prism
face 160, and a diagonal prism face 35 between them. PBS 100 still further includes a
protected reflective polarizer (PRP) 190 disposed between the two diagonal prism faces
25,35. PRP 190 includes a color-selective dichroic mirror 20 and a reflective polarizer
25 30. The relative alignment and orientation of PRP 190 to quarter-wave retarder 60 in
optical element 10 is described elsewhere, and with reference to FIG. 1B and FIG. 2.

First color light source 80 is an actinic light source that can be damaging to an
unprotected reflective polarizer, as described elsewhere. A first color light 82 passes
through an optional light tunnel 40 and intercepts the input surface 55 of color-selective

30 dichroic filter 50 in an approximately perpendicular direction as shown. First color light
82 passes through color-selective dichroic filter 50, quarter-wave retarder 60, enters PBS

100 through first prism face 130 and intercepts color-selective dichroic mirror 20 at an
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The embodiments described above can be more readily understood by reference to the Figures and
their accompanying description, which follows. 15FIG. |A is a schematic view of an optical element 10,
according tONsh&PaEPpESSf the disclosure. Optical element 10 includes a PBSTO82M%iPe8 Clor light
source 80, an optional light tunnel 40, a first color-selective dichroic filter 50 having an input surface
55, a quarter-wave retarder 60, and an optional wavelength selective absorber 70. PBS 100 is further

described M}#f@iﬁ%‘i@? 16 QlGreL BREIOW ANSHINGYIEeS STpHRISA L hayng Pt agsm face

130, a second prism face 140, and a diagonal prism face 25 between them. PBS 100 further includes

a second prisght sourerdthiy ctlastep i erlersstecivs shishpris mirsee 2060, BING H8idsérraIfpism face
35 betweenctklsmég'@@kﬁ@&@ﬂtwéh%&iﬁ%' desisProededirsfioetivenraiarizei(B55) 1490 gisposed
la

between the two diagonal prism faces 25, 35. PRP 190 includes a color-selective dichroic mirror 20

and a refleciRsssdiiRyeh o8t-stlssthatAighraifymmetaia wrid el v PrRP I by ER er-wave
retarder 60 iREPtisa! glgwRRLIQ i ﬁﬁﬁﬁrg%ﬁﬂcﬁl%%\/mfﬁ%t oMt eferanes 18:5iGh IBrRRAVIG. 2.
S

First color light source 80 is an actinic light source that can be damaging to an unprotected reflective
polarizer, adYaserbaY G hs CALRTE sorps flgmees) ﬁaééééhmﬂﬁgfbmﬁmﬂ%arw%m%e| 40 and

intercepts the|iRAVE AV5HEerTH Of £ lphseiesdivendiidishrRisdiler e R i @n apnioXimasehprypendicular
direction as shown. First color Iight 82 passes through color-selective dichroic filter 50, quarter-wave

retarder 60, 8RBTSRI AYBRIS TATIhS APt ntb ahtsrieipipliehb for ssrserlse REENFSTE mirror
20 at an WQ2OL QR84 AREDIY RRIOPMCHATR ARRIQAXIHRIEN A0 Ieae& ARTIR cAVESHpREtion 84 of

first color Iigéht 82 from first color light source 80 is reflected from color-selective dichroic mirror 20 in

PRP 490, béforBdr&smmlmigie dacmisr it b risedrcer Hb. ok e eb IR 86816f first color

light 82 pasggisrhruarssalpsheiactivierdichixoic mirror 20 toward reflective polarizer 30 in PRP 5190.
FIG. IA shows that minor portion 86 of first color light 82 passes through reflective polarizer 30

(potentially causing*SERHENEINABRY ShEFRS SheBoBal Bigbitiansl thketssignt deieticrssheber 70. In
some embogliggniea@pHoniat Wsieipnaih S§IRCiVeROSSHISHIR GaRRe ifkeeathanvwiiake within the

optical path of the actinic light, for example: between color-selective dichroic minor 20 and reflective

polarizer 30" BREEAERdEHve PO ratURIIaB O LI biay SrarDrdiRlandoss. Ligkdunpalierpibm face

150; or separstestHnm: BlighRiiansidaseot B psENawR igpkied bora lendsaaedindieraaather aspect,
optional light tunnel 40 or assemblies of lenses (not shown). can prqvide spagcing that seJ[oarates the

light source&PRERRCHRSIPEL RTIETTSd AERtafag ProwntRts M e L ARSI h s PR eribed
elsewhere. Lightskinnelheeatld 1bhave sUFiBRIIeY EMesBigess optney sopishbe fanlagedifly a lens

system. Diffgpr&?(t:aﬁon‘
FIG. 1B is a perspective view of a PBS. PBS 100 includes protected reflective

20 polarizer (PRP) 190 disposed between the diagonal faces of prisms 110 and 120. PRP 190
includes color-selective dichroic mirror 20 and reflective polarizer 30 as described with
reference to FIG. 1A. Prism 110 includes two end faces 175, 185, and a first and second
prism face 130, 140 having a 90° angle between them. Prism 120 includes two end faces
170, 180, and a third and fourth prism face 150, 160 having a 90° angle between them.

25 The first prism face 130 is parallel to the third prism face 150, and the second prism face
140 is parallel to the fourth prism face 160. The identification of the four prism faces
shown in FIG. 1B with a “first”, “second”, “third” and “fourth” serves only to clarify the
description of PBS 100 in the discussion that follows. PRP 190 can include a Cartesian
reflective polarizer or a non-Cartesian reflective polarizer. A non-Cartesian reflective

30 polarizer can include multilayer inorganic films such as those produced by sequential
deposition of inorganic dielectrics, such as a MacNeille polarizer. A Cartesian reflective

polarizer has a polarization axis state, and includes both wire-grid polarizers and
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approaches may be preferred depending on specific details of each application, and those with skill in
the art will face no difficulty in selecting the optimal approach for a specific application. FIG. 1B is a
perspective WieOH/BSPIBS. PBS 100 includes protected reflective 20polarizBE TARPYNIO03E8posed
between the diagonal faces of prisms 110 and 120. PRP 190 includes color-selective dichroic mirror
20 and reflective polarizer 30 as described with reference to FIG. 1A. Prism 110 includes two end

faces 175, 13p,ABGchiliRlidNd spRCACHRAHSTLIACR %%Qb%%ay@agog a0, gRdleReiimeguhgm. Prism
120 includes two end faces 170, 180, and a third and fourth prism face 150, 160 having a 90 angle

between thefetompefirdnplidaysapelynotis FapimirtolihenthrasdimericBRIB I8 Ayalignsdsend prism

face 140 is paralig! R thefeurnhatism iaae 10, file jdentfierion.of s fay pushipesaSoyvn in -
FIG. 1B with a "first”, "second", "third" and "fourth" serves only to clarify the description of PBS 100 in

the discussits§RAPRIRBRRIRIBIEIFCamninRf cBbe EarBGiHs [BnbpalIpEIaR2& S 3 H-bartesian

refleciive palarizeh A @RS 1A iallectiyrSanelarizeh Gandnokdensu tayerdngraanis films such
as those produced by sequentiai deposition of inorganic dielectrics, such as a MacNeille polarizer. A

Cartesian rétféetive prthezsmbasimsstafisdio pplpizatien siateindhcrdsbsshs wipelgrigeietrizers and
WO 2010/03@453RERAUSANPAIO 4B RPlymerissastilayar onital fimsnsitet 2 arble produced by

extrusion and subsequent stretching of a multilayer polymeric laminate. In one embodiment, PRP 190
is aligned s&¥Hat Bnthp SikstiPativirabes Matadafelseanristipepiroish etdhs £08 fagss bEtpERticular to

a second pqlggization state 196. In one embodiment, the first polarization state 195 can be 5the
s-polarization state, and the second, polarization state 196 can be the p-polarization state. In another

embdHiment, the fifsCaBRNRAIIIFsER b izen B o dss s 2RIrdpebeamsrHE LakBhan

polarization Hafe 19p8ampet thens iplarzadiematataly o BRWEINid Ghat Brdlae rstiRiarization state
195 is perpendicular to each of the end faces 170, 175, 180, 185. 10A Cartesian reflective polarizer

film provideSKHESAdTAR: heeBEahigibemaH s {Bighs Bk R Ihht ey aEsE Yot fully
collimated, gprthet flg) MEEaRTpRE skeyrad dFRMhaleRIERbFE bl lRaMIRXisSompRsBighgifigiency. The

Cartesian reflective_polarizer film can comprise a polymeric mul.ti‘lt?_\(er optical film that comprises
¥

multiple lay &2t afelisdestisop oot qmatssial USE of drdretitcimicrrhda/bend sneewabe of 15

low atenuatian atdightiend highelfieiansydmiprasing ghtindhesmuitiayanwiptica! Jlacgpfilgpomprise
polymeric multilayer gptical films such as those desgribed in U.S. Patent 5,962,114 (Jonza et al.) or

U.S. Patent@7oAH8EBAIYILHS Brufijexeicorssaldiassyebavdhnenr st HR e nt dF Y
quarter-wave getardey tena2RB 8. ) or U.S. Patent 6,721,096 (Bruzzone et al.).

FIG. 2 is a perspective view of the alignment of a quarter-wave retarder to a PBS,

as used in some embodiments. Quarter-wave retarders can be used to change the

20 polarization state of incident light. PBS retarder system 200 includes PBS 100 having first
and second prisms 110 and 120. A quarter-wave retarder 220 is disposed adjacent the first
prism face 130 and the second prism face 140. PRP 190 includes a Cartesian reflective
polarizer film aligned to first polarization state 195. Quarter-wave retarder 220 includes a
quarter-wave polarization state 295 that can be aligned at 45° to first polarization state

25 195. Although FIG. 2 shows polarization state 295 aligned at 45° to first polarization state
195 in a clockwise direction, polarization state 295 can instead be aligned at 45° to first
polarization state 195 in a counterclockwise direction. In some embodiments, quarter-
wave polarization state 295 can be aligned at any degree orientation to first polarization
state 195, for example from 90° in a counter-clockwise direction to 90° in a clockwise

30 direction. It can be advantageous to orient the retarder at approximately +/- 45° as
described, since circularly polarized light results when linearly polarized light passes

through a quarter-wave retarder so aligned to the polarization state. Other orientations of
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as used in some embodiments. Quarter-wave retarders can be used to change the 20polarization
state of incident light. PBS retarder system 200 includes PBS 100 having first and second prisms 110
and 120. A NRAYUAEretarder 220 is disposed adjacent the first prism fA¢EME3WANHESecond
prism face 140. PRP 190 includes a Cartesian reflective polarizer film aligned to first polarization state
195. Quarter-wave retarder 220 includes a quarter-wave polarization state 295 that can be aligned at

45 10 1t PeaTEalgn SRR ZRLIE ALLANIN FiGiod ShNAARIAHZAION Rale R85 aldneg at 45 o frs

polarization state 195 in a clockwise direction, polarization state 295 can instead be aligned at 45 to

first polarizatforrzeddighisapdpaRplptireddighiine Broeidmly HamiosaA o dinmdntecd e RPave

polarization, gialg: 2A%6a0: e Aligard al A Frorar QlEdRieRIP Jirstngiatzatiemsiaie 195, for
example from 90 in a counter-clockwise direction to 90 in a clockwise 30direction. It can be

advantageots ¢ RssesibendserandbissleapiptRiately +1- 45 as described, since circularly polarized

light results when @1@@@)&99@%?@&@3@%@%%@5{%. afpadesNVavRIRtasHRi G atigned to the
polarization state. Other orientations of WO 2010/059453PCT/US2009/063779 quarter-wave

retarders cdAG84ax RS- poidrderBRP1S0stmg kb srarerdhndiresprhBessAfdTigms 48 Pbolarized

light not beingofubyiANSIEIMELQ sReIAHZREJIFN IR TRISCHPN A0 Hg MTEOLH IR BHHRLD
reduced efficiency of the optical elements described elsewhere in this description. 5FIG. 3A is a top

view of a ligheBbnilsiser 1 79 meudss thindprdupiharisodaseilied #H%vioe 230 ®RP 190 disposed

between theligganaldacesrpb NHeBem a0 anda 1 Erisncibrinebles fistiangt sesandmiism faces
130, 140 having a 90 angle between them. Prism 120 includes third and fourth prism face 150, 160

haviHy a 90BPkHiIR98 RS IRdiR. thIRBIAGoPCHRFIKERIGY t s iagah FRIBAR%CAB MK aligned to the
first 10polarzati@p siaig-EArdinibs Mgy PEFRONGIUAtHE: thelRdae) (BBt RRtandRsiead include a

non-Cartesian polarizer. PRP.190 further includes a color-selective dichroic mirror (dement 20 in FIG.
|A) disposedHEpaelsrieted igrElave/ Patiase¢rdiagsaivh)hneitegivs polpitr(ReishadRetive

dichroic mirfarHEGYSPASSO, i éeitst-stpin daéheforaittintRrerptadies efesdive thalarigry, as
described with reference to FIG. 3B. Light 15combiner 300 further includes an optional wavelength
selective abl%fgﬂfglltfﬁtea@ﬁ&@& tgtlective polarizer, as described with reference to FIG. 3B. Light

15 combiner 300 further includes an optional wavelength selective absorber 70, disposed to
absorb any actinic light that passes through components of PRP 190.

Optional wavelength selective absorber 70 can be disposed adjacent to any of the
prism faces where actinic light is not required to pass; for example, in FIGS. 3A-3D, first
prism face 130, second prism face 140, or both first and second prism faces 130, 140. It is

20 to be understood, however, that the optional wavelength selective absorber 70 can be
disposed anywhere in the optical path of the actinic light transmitted by the color-selective
dichroic mirror 20. In one embodiment, the blue wavelength selective absorber can be
placed between the color selective dichroic mirror 20 and the reflective polarizer 30 of
PRP 190.

25 Light combiner 300 includes quarter-wave retarders 220 disposed facing the first,
second and third prism faces 130, 140, and 150. Quarter-wave retarders 220 are aligned at
a 45° angle to the first polarization state 195. An optically transmissive material 340 is
disposed between each quarter-wave retarder 220 and their respective prism faces. The
optically transmissive material 340 can be any material that has an index of refraction

30 equal to or lower than the index of refraction of prisms 110, 120. In one embodiment, the

optically transmissive material 340 is air. In another embodiment, the optically
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absorb any actinic light that passes through components of PRP 190. Optional wavelength
selective absorber 70 can be disposed adjacent to any of the prism faces where actinic light is not
required to PERSM8(0&ple, in FIGS. 3A-3D, first prism face 130, second BriEWS2A8¥ 03T %0r both
first and second prism faces 130, 140. It is 20to be understood, however, that the optional wavelength
selective absorber 70 can be disposed anywhere in the optical path of the actinic light transmitted by

the color-sefefiyg dICBrlG RITeuEFs 4R Bpf-EMBRIMENH DL RIHE WRYRIENAN SRIBEIVE abgorber can

be placed between the color selective dichroic mirror 20 and the reflective polarizer 30 of PRP 190.
25Light coni®ither30ePRsEIvRIBE B AREsF-wave retarders 220 disposed facing the first, second and third

prism fages 130, 14 lﬁ%grﬁﬁﬂe% ‘i%EiW&’éée_arﬁF@t[%%b%&?Qn%_rﬁlﬁfﬁ%ﬁgc@&as‘ff@, angle ig the first
polarization state 195. An optically transmissive material 340 is disposed between each quarter-wave

retarder 220 sRePAdiRGBEIBIARE-PrImIEARES TR s trbanyr divsthridle reflaeins 340 3% Bétiny
mategal tha&J?ﬁ@e%@ﬂ@ﬁ%f?&ﬁ?fﬁ%%?&b&%ﬁﬁ%&ov@id@%&@%b%é_%ﬁ%&fiﬁﬁrfféﬂ?@% of prisms 110,
a

120. In one embodiment, the optically transmissive material 340 is air. In another embodiment, the

optically W he0 a8 3hreflsgotodlB637%9 dhrenhedi dirrchemmipsinyih S girsshdnhesive

which bondg QpRitErvavadRiardess A2 theRilIRaPr eifvE-REAR {Gses.0.ighs, a3mbines300 includes a
first, second and third reflector 310, 320, 330 disposed facing quarter-wave retarders 220 as shown.

Each of the ¥eiRdetbiQ the gdisensaerseay be §%‘ﬁé‘?8¥é¥r‘bﬁﬁ1ﬁ%M&EM%&?Y@r-%@@R@?&Pder 220 as
shown in Flgzn3évEuhthes. caridl hmsalectors 33Q:328n330Cam BRI disestcantagtiyith dhe

adjacent quarter-wave retarder 220. Alternatively, each of the reflectors 310, 320, 330 can be adhered
to th]eoadjac%‘medl}’%ter-wave retarder 220 with an optical adhesive. The optical adhesive can be a

curable adhesive. I@l@é&iﬁ@hﬁ@'b@@i%@n@@ﬂ% bsi& @m@:smﬂf&;vgx%@%&%y@ﬂect&ight
combiner 300 can be a two color combiner. In this embodiment, reflector 310 is a first color-selective

dichroic filtet | &itiedist SoiRE Seletitsrdishipiahtss andkenmefl thrdilertem Qi fikeroteiected to

transmit a figsl gt RSRCANEHEAO TGNt s ERSRELC Y Bivh Ad 4 Efleci R el 60Hrs b ighht The third reflector

is a mirror. By mirror js ) ) ) ) ) )
réspectively, and reflect other colors of light. The third reflector is a mirror. By mirror is

15 meant a specular reflector selected to reflect substantially all colors of light. The first and
second color light can have minimum overlap in the spectral range, however there can be
substantial overlap if desired.

In one embodiment shown in FIG. 3A, light combiner 300 is a three color
combiner. In this embodiment, reflectors 310, 320, 330 are first, second and a third color-

20 selective dichroic filter selected to transmit the first, second, and a third color light
respectively, and reflect other colors of light. In one aspect, the first, second and third
color light have minimum overlap in the spectral range, however there can be substantial
overlap, if desired. A method of using light combiner 300 of this embodiment includes
directing a first color light 350 toward first color-selective dichroic filter 310, directing a

25 second color light 360 toward second color-selective dichroic filter 320, directing a third
color light 370 toward third color-selective dichroic filter 330, and receiving combined
light 380 from the fourth face of PBS 100. The path of each of the first, second and third
color light 350, 360, 370 are further described with reference to FIGS. 3B-3D.

In one embodiment, each of the first, second and third color light 350, 360, 370 can

30 be unpolarized light and the combined light 380 is unpolarized. In a further embodiment,
cach of the first, second and third color lights 350, 360, 370 can be blue, green and red
unpolarized light, respectively, and the combined light 380 can be unpolarized white light.
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15 meant a specular reflector selected to reflect substantially all colors of light. The first and second
color light can have minimum overlap in the spectral range, however there can be substantial overlap if
desired. In dKe EHBEIIHPENt shown in FIG. 3A, light combiner 300 is a thre®€SEPXWMHIAEL. In this
embodiment, reflectors 310, 320, 330 are first, second and a third color- 20selective dichroic filter
selected to transmit the first, second, and a third color light respectively, and reflect other colors of

light. In onepgpeattbe:flisteesranshanst i sPIRIghs Hays MATRHMLONRIRR i thesRertral range,

however there can be substantial overlap, if desired. A method of using :gcgt combiner 300 of this

embodimentighé s RErdedsd labird senrss- Y M asol el APaTes ol S SersctiAd arclassis flRes310,

directi_ng a 2BS&01 QH{Q'L'EIB*S%@QW@[%&?EQ&@&@%&?@'@@%@QE&H @lﬁ‘cﬂ'&%ru{ﬁt%)h@ﬁeding a third
color light 370 toward third color-selective dichroic filter 330, and receiving combined light 380 from the

fourth face BfPBEc1681HhE3RERP eI BItHPTiFHIsHUI AR HiRIAPHRS CBIaRTITGHESonS- 300, 370 are

furthey descrippd wihseiereneent’ EiennBB3 v anerapROImEen akhpkRe Hizkysscond and
third color light 350, 360, 370 can 30be unpolarized light and the combined light 380 is unpolarized. In

a further enfhSHHRENLOBEH SIS RIS BEsD FE G N B TRERIS D90 Bw0Y Hirepeeiabe blue, green

and red unpqlggized ligbhdeapesiyely irPAGHEanbIREhHghnBRR £300RaMNRMRIIZeMvhite light. WO
2010/059453PCT/US2009/063779 Each of the first, second, and third color lights 350, 360, 370 can

comprise ligFaTH GRS dnttibg Lo heED) source. Various light sources can be used such as
lasers, laser diodegyaiganie WEPROLERIR) opheanpasokdisiaieIig NERPYS0aARSUER Ashyltra high

pressure (UTIP), halogen or xenon Iamg)s with appropriate collectors or reflectors. An 5LED light
sour® can FRIVEIAERAAY deseUBF fRE ipFbearRsat wbrisiE crolishol Ypksratiotartsg-itetime,
robustness,gffigiehiohtganeratic R IRV e SPREHM AU WhaAUROBORRRShOWLIN FIGS.

3A-3D, color combiner 300 can include optional light tunnels 40, described elsewhere, Turning now to

FIG. 3B, the'BRAKST AT HI%IEE eslarRght ALeriRFaegoRyht 1ot ERbeLdbis eiriasleqtrsh the
embodimentyherRFinstiocolokliaht peRiéh BRRYRFERGolor light 350 passes through PRP 190 and is

absorbed by optional wavelength selective absorber 70.

15 First color light 350 is directed through first color-selective dichroic filter 310,
quarter-wave retarder 220, and enters PBS 100 through third prism face 150. First color
light 350 intercepts PRP 190 and is split into major portion 351 which reflects from PRP
190 and minor portion 352 which transmits through PRP 190. Major portion 351 exits
PBS 100 through fourth prism face 160.

20 Minor portion 352 passes through PRP 190, exits PBS 100 through first prism face
130, and is absorbed by optional wavelength selective absorber 70.

Turning now to FIG. 3C, the optical path of second color light 360 through light
combiner 300 is described for the embodiment where second color light 360 is
unpolarized. In this embodiment, unpolarized light comprising s-polarized second color

25 light 365 and p-polarized second color light 362, exit PBS 100 through fourth prism face
160.

Second color light 360 is directed through second color-selective dichroic filter
320, quarter-wave retarder 220, and enters PBS 100 through second prism face 140.
Second color light 360 intercepts PRP 190 and is split into p-polarized second color light

30 362 and s-polarized second color light 361. P-polarized second color light 362 passes
through PRP 190 and exits PBS 100 through fourth prism face 160.
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In this embodiment, first color light 350 is an actinic light that can be damaging to an unprotected
reflective polarizer. A major portion 35! of first color light 350 is reflected from PRP 190. A minor
portion 352 WiXi?81&BId+Iight 350 passes through PRP 190 and is absorbePBF/&5aM4lo4Eelength
selective absorber 70. 15First color light 350 is directed through first color-selective dichroic filter 310,
guarter-wave retarder 220, and enters PBS | 00 through third prism face 150. First color light 350

intercepts PRP 198 30¢his,SPULIIRIRAIR IRAHR 351 WhiE 1eSRoiR PAmoPRR10 ARG gRigAr portion
352 which transmits through PRP 190. Major portion 351 exits PBS 100 throuég?;fourth prism face 160.

20Minor poifeh B¥20h 884 Wrpats Hhpugheniigie P domih rslrminesthsaharfdendo, and is

absorbed bypplianal \é{?é{ﬁh%%ﬁl_ﬁﬁ%il{glﬁ@@@@seﬁfgsses i ' qmwrt%dé?ye%&déhmptical path
of second color light 360 throu&%%ht combiner 300 is described for the embodiment where second

color light 360'5¢aHymalasead Unipbefitn dimthpdspiresHgRt o AphisisfidioldPzed second
C0|0r€25|ighEQif_'i%f’tﬂ%q}fé'Bﬁ%%?%ﬁ@ﬁﬁ%@éﬁ@%%@ﬁa&ég RSO augh ot prismface 160.
rlig

Second colo 60 is directed through second color-selective dichroic filter 320, quarter-wave

retarder 220283 BriesghpREIA0YRAYS|FEt skt Y ihrorRse Thand satsia B3O Y HirsB8Nintercepts

PRP 190 arghis silihinie-n-nolarzedisasang-coler dight BORERaNG inalayizes sasanderigk light 361.
P-polarized second color light 3 ZG%asses through PRP 190 and exits PBS 100 through fourth prism

face 160. VBR2b1%/05tmBRBEG)Ysonebibd prom facs Aothdndshanssadoactiseltht BYEigsdlected
from PRP 10n €395 406 frstayiandfaredariRBSdARipassestheausly polinaliwayeenpth selective

absorber 70, and changes to circularly polarized light 390 as it passes through quarter-wave retarder

2201 &irculdiflsssidradnsiolensriesrive fishiaisidlics bl b sriaedioniedfins d33rBHanging the
direction of g ARAIFFZIEO MBS HREPLIHY 8 YRHIRICMENES 4REPERRELRBS 100 through third

prism face 150 as s-polarized second color light 365. S-polarized second color light 365
reflects from PRP 190 and exits PBS 100 through fourth prism face 160.
Turning now to FIG. 3D, the optical path of third color light 370 through light
15 combiner 300 is described for the embodiment where third color light 370 is unpolarized.
In this embodiment, unpolarized light comprising s-polarized third color light 374, and p-
polarized third color light 373, exits PBS 100 through fourth prism face 160.
Third color light 370 is directed through third color-selective dichroic filter 330,
quarter-wave retarder 220, optional wavelength selective absorber 70, and enters PBS 100
20 through first prism face 130. Third color light 370 intercepts PRP 190 and is split into p-
polarized third color light 372 and s-polarized third color light 371. P-polarized third
color light 372 passes through PRP 190, exits the third prism face 150, and changes to
circularly polarized light 390 as it passes through quarter-wave retarder 220. Circularly
polarized light 390 reflects from first color-selective dichroic filter 310, changing the
25 direction of circular polarization, passes through quarter-wave retarder 220, and enters
PBS 100 through third prism face 150 as s-polarized third color light 374. S-polarized
third color light 374 reflects from PRP 190 and exits PBS 100 through fourth prism face
160.
S-polarized third color light 371, reflects from PRP 190, exits PBS 100 through the
30 second prism face 140 and changes to circularly polarized light 390 as it passes through
quarter-wave retarder 220. Circularly polarized light 390 reflects from second color-

selective dichroic filter 320, changing the direction of circular polarization, passes through
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passes through optional wavelength selective absorber 70, and enters PBS 100 through first prism
face 130 as p-polarized second color light 363. Light ray 363 passes through PRP 190, exits PBS 100
through thirdVEY&HPRE45350, and changes to circularly polarized light 390 RGTAE38¢XNHGAgh
guarter-wave retarder 220. Circularly polarized light 390 10reflects from first color-selective dichroic
filter 310, changing the direction of circular polarization, passes through quarter-wave retarder 220,

and enters {3100 {rquahdthind PHSALIACE PRY a9 G 1RRIAPRSE-SREPPEAAIRLIB A6p. S-polarized
second color light 365 reflects from PRP 190 and exits PBS 100 through fourth prism face 160.

Turning nowekrred tiydipelepinh Hath Brelrtized g se o7 dight A ighnaspesithegstbiie? 399 is

described fopthe:abedimenhwherertind palah ight 84@ is unpolarized. In this embodiment,
unpolarized light comprising s-polarized third color light 374, and p-polarized third color light 373, exits

PBS 100 through fBlfpufphemsracerngew of amatished dHR)AP87 A\ retidingda amfotighadineent.

colorsselectiyg gigh r@@oﬂ'&?fﬁﬁ@aﬂﬂﬁﬁ%‘ﬁﬁkﬁ HgtaLdey02290 opspng sRgth selgetive aRsorber
70, and enters PBS 100 20through first prism face 130. Third color light 370 intercepts PRP 190 and is

split into p- polshse gt ssrrsht Arocafisiponphetampadimentighod e pxsonatifastvid color

light 372 paggreskroo® (iicREiA9en@xisthadhiidb Riisardereised. fand enangsside ¢iryarly polarized
light 390 as itgﬁasse.s through quarter-wave retarder 220. Circularly polarized light 390 reflects from
first color-sE1BAGYR [igEhFas Mtk TBThAPgiReethrlishedirstsion! sHEreatap HIG0PAB Y iThsses through

quarter-wavg JRIMIRNIRS a RSN S e RER D Cnthriiaa ik IRV RIS ace 1 90 @8 schetarizedothird color
light 374. S-polarized third color light 374 reflects from PRP 190 and exits PBS 100 through fourth

prisifface 160nS8-panizetlthildRotapiighs 82h{ vefiestofronpPisPcdRBLARE, PBS Al ihrdugh the
30second pyj - ndc e ir Y [ i 90 as.l s.thrgugh
quarter-wav{ézll%rr(gi ﬁrgglfg%%g%g lé(i}rocgﬁa@ yep%)io arlzeg!ﬁgg%?%%%%%%%tgs%%% gi&%g%%?c?g%?}é%%gve dichroic
filter 320, cheewinoghgldirectiber sboivergantpoldrizagiont, passess shmotigphtAs@rapped in polished

2010/0594 = retar hrgu econd

prism face i%%%{dg%%?g%gz{ g(gt%tﬁ%z I%g%értt%}\%%%{% .RP%S%%agrﬁzﬁégc}ngl |Orlt§ E%%?ﬁ%ﬁf?%%%g (?o'ag%gsﬁ%% rough

PRP 190 arvdsexitsubpg8itigty thlarighefbighhiptisppédde neldsheid BSsHWay doiepiniemalf a polished PBS

400.l§\ccor &9&%@&%%1‘299&5@8@{h%@&fﬁﬁ}diﬁ%‘%ﬁ?aé@if@@“d fourth prism faces 130, 140, 150, 160
1

of prisms 110 and 120 are
As shown in FIG. 4, light rays L enter first prism face 130 within a range of

angles 0. Light rays L, within polished PBS 400 propagate within a range of angles 6,

such that the TIR condition is satisfied at prism faces 140, 160 and the end faces (not
shown). Light rays “AB”, “AC” and “AD” represent three of the many paths of light

20 through polished PBS 400, that intersect PRP 190 at different angles of incidence before
exiting through third prism face 150. Light rays “AB” and “AD” also both undergo TIR at
prism faces 160 and 140, respectively, before exiting. It is to be understood that ranges of

angles 6, and 6, can be a cone of angles so that reflections can also occur at the end faces

of polished PBS 400. In one embodiment, PRP 190 is selected to efficiently split light of

25 different polarizations over a wide range of angles of incidence. A polymeric multilayer
optical film is particularly well suited for splitting light over a wide range of angles of
incidence. Other reflective polarizers including MacNeille polarizers and wire-grid
polarizers can be used, but are less efficient at splitting the polarized light. A MacNeille
polarizer does not efficiently transmit light at angles of incidence that differ substantially

30 from the design angle, which is typically 45 degrees to the polarization selective surface,
or normal to the input face of the PBS. Efficient splitting of polarized light using a

MacNeille polarizer can be limited to incidence angles below about 6 or 7 degrees from
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polished external surfaces. According to another embodiment, all of the external faces of the PBS 100
(including end faces, not shown) are polished faces that provide TIR of oblique light rays within PBS
100. The pofishatl¥%&4pal surfaces are in contact with a material having a®$dE289%86dClon "n1"
that is less than the index of refraction "n 2" of 10prisms 110 and 120. T1R improves light utilization in
polished PBS 400, particularly when the light directed into polished PBS 400 is not collimated along a

central axis g £, R INCHBNG JARE S EILIREGORYEHEE PLASIIVAIIGN AL (GAYRAME Yot iRdpapped in

polished PBS 400 by total internal reflections until it leaves through third prism face 150. In'some

cases, substBaiEaIHSl SEHRE HYHTIERHpHEN M HBRSHER B SR HY AP ReErARINedAEMons until it

leaves thVO%QIU?Jr%@fiﬁ@?f@%%clé@ed%%_éﬁf%ﬁﬂﬂiﬁ ff’i’ci@ﬁ@} %MQc%ﬁ%@c%ﬁQé‘m a6e;dR0 within
a range of an%iles O. Light rays L1 within polished PBS 400 propagate within a range of angles 02

such that thHtnesHmabEITs SHabting g prdrs S ROl Atz dBPAF I THE BHEF SA0 [ BoR SABRRNL Light

rays sAB”, "&@"s?déjoﬁ@'\K/%F%E?%ﬁﬁ%@ﬁ&&l@ﬁz%ﬁ@Weﬁ’%t%@fgiﬂhfo@ﬁw&%M@%&‘%ﬁf BS 400, that
intersect PRP 190 at different angles of incidence before exitirgﬁg‘]rougrl%hird rism face 150. Light
g0

rays "AB" ahiEhaDNEEISdHIndR YT Tt dPplisizeratsd B0 VS BB exiting. It

is to be undgysteahHatiraroesebengies WioanshR4 gerslve a cone of angles so that reflections can
also occur at the end faces of polished PBS 400. In one embodiment, PRP 190 is selected to

efficiently split lighF&P 25eiRY IsoIaRbemgHS rasssrtian ah gdishiamiite oo erssrtiagACpolymeric

multilayer opticalfibat it particuaryyvall switgaifer sphitting ishiaxecanjss-rrngeRE apales of
incidence. Other reflective polarizers including MacNeille polarizers an Wi{g‘(@?rjd polarizers can be

usedObut areTRRBIEHIBRNME 3t ENidind \mDp S fPeatimina MsieRidifeoB1amas ikt s bt fficiently
transmit lighialcanoies £l inaisanse thai &iffen sukstantialy 3dfromstbendasiamaalesskighdatypically

45 degrees to the polarization selective surface, or normal to the input face of the PBS. Efficient

splitting of pidr@ RgHTEIAG Hitkeraciferpl ke alan Fenseitiehto IAdiféntd ighbrediBdlow about 6
or 7 degreesdoant1y¥63 BBLOI06 9453 PRIV BROGHHRST BSween the diagonal faces of prisms 110,

120. Prism 110 includes first and second prism faces 130, 140 having a 90° angle between
15 them. Prism 120 includes third and fourth prism faces 150, 160 having a 90° angle
between them. PRP 190 can be a Cartesian reflective polarizer aligned to the first
polarization state 195 (in this view, perpendicular to the page), or a non-Cartesian
polarizer, but a Cartesian reflective polarizer is preferred. PRP 190 further includes a
color-selective dichroic mirror (element 20 in FIG. 1A) disposed adjacent to the reflective
20 polarizer (not shown). In FIGS. 5, the color-selective dichroic mirror is disposed to reflect
actinic light before it intercepts the reflective polarizer, as described with reference to FIG.
3B. Light combiner 300 further includes an optional wavelength selective absorber 70,
disposed to absorb any actinic light that passes through PRP 190; in FIG. 5, first prism
face 130, second prism face 140, or both first and second prism faces 130, 140. Generally,
25 the optional wavelength selective absorber 70 can be disposed anywhere in the optical
path of the actinic light transmitted by the color-selective dichroic mirror. In one
embodiment, the blue wavelength selective absorber can be placed between the color-
selective dichroic mirror and the reflective polarizer. In another embodiment, blue
wavelength absorber 70 can be placed adjacent second prism face 140.
30 Light splitter 500 also includes quarter-wave retarders 220 disposed facing the
first, second and third prism faces 130, 140, and 150. The quarter-wave retarders 220 are

aligned at a 45° angle to the first polarization state 195, as described elsewhere. An
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the normal, since significant reflection of the p-polarization state can occur at some larger angles, and
significant transmission of s-polarization state can also occur at some larger angles. Both effects can
reduce the IpBAYEHEREncy of a MacNeille polarizer. Efficient splitting of JRAIYEEWMH3GZINg a
wire-grid polarizer typically requires an air gap adjacent 5 one side of the wires, and efficiency drops
when a wire-grid polarizer is immersed in a higher index medium. A wire-grid polarizer used for

splitting polayzes NohiisSROWE nRfFXATNYIS sPSsEMRlcRtQR MY OF 2R0SIARO2RAT e retafdGs S IS @

top view schematic representation of a light splitter 500 according to one aspect of the invention. Light

splitter 500 43R anAdhsHRS RIS AEME fasoh it ochrmBmiss R speTrFIdScapbapbut functions

in reverse, i, PHACHON PRES iegrissbipward iRyt PTiRmEaee-Hae iand Splitinfo a first, second
and third received light 550, 560, 570 having first, second and third color, respectively. In FIG. 5, light

splitter 500 M&Jd8s PEse ¢GRI s aisHBe SptsEilSan 838 braajbnt) pacesichribfs 110,
120. Prism §i0dnejudas firstiopdharcend prism %ﬁ%@aﬂé‘&@@%lﬁ&%@ﬁ&ﬁ%@éﬁ%@mem

Prism 120 includes third and fourth prism faces having a 90 angle between them. PRP 190
can be a CARBEISH retiithe B arns e QiBTEY f8c8e first polarization state 195 (in this view,

perpendicular to the; pagg)ie- SNPGRS Fiah, Ret3Haeh PuliAl ¢aTteaian refleaiivs paRpg&tds
preferred. PRP 190 further includes a color-selective dichroic mirrorﬁ;lcement 20 in FIG. 1A) disposed

adjacent to fAEMEANRHEE YOPBISHEF ot SALIINY I BIELS 8SneRt- defticired e dbridiccatiier is
disposed toggfiegi-adtibne dghidpaiarejtintacants iheraefieotiv prlarizer Fas descriRedavith reference

to FIG. 3B. Light combiner 300 further includes an optional wavelength selective absorber 70,
dispbed to2BstrBAleyaELAIOdPtRAP saRdednisesir pwast Y9! tRodiacsnf Qs iEe 130,
second prispathags 240, o bethfsstandiseerndivisnofacesdBBe hdhelaenenally dpiethe optional

wavelength selective absorber 70 can be disposed anywhere in the optical path of the actinic light

transmitted BYRTHE-Bo8E-Sdaader 22 ivbirnntse! pBEEYEmbodiment, the blue wavelength selective

absorber can be placsich Ratwrpmite BeiRspIRIGCHYe Jighvaiconnapriet the trilestivedpelatizer. In
another embodiment, blue wavelength absorber 70 can be placed adjacent second iiism face 140.

30Light splifedlostiy Albistefirsbeolraselsctivs dirbigiaditcssodrorbhedeiiertre Ard S5 and

third prism faces d efot4icantehbhrbheruartercwayey atardarsredlaa aligneebiraigh angle to the

first polarization state 195, as described elsewhere. An. WQ 2010/059453PCT/US2009/063779
respectively, and reflect other colors of light. The third reflector 18 a mirror. By mirror is

meant a specular reflector selected to reflect substantially all colors of light. In one aspect,
the first and second color light have minimum overlap in the spectral range, however there
can be substantial overlap, if desired.

20 In one embodiment, light splitter 500 is a three color splitter. In this embodiment,
reflectors 310, 320, 330 are first, second and third color-selective dichroic filter selected to
transmit first, second, and third color lights, respectively, and reflect other colors of light.
In one aspect, first, second and third color lights have minimum overlap in the spectral
range, however there can be substantial overlap, if desired. A method of using light

25 splitter 500 of this embodiment includes the steps of directing combined light 580 toward
fourth prism face 160 of PBS 100, receiving first color light 550 from color-selective
dichroic filter 310, receiving second color light 560 from second color-selective dichroic
filter 320, and receiving third color light 570 from third color-selective dichroic filter 330.
The optical path of each of the combined, first, second and third received lights 580, 550,

30 560, 570 follow the description in FIGS. 3B-3D, however, the direction of all of the light

rays is reversed.
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optically transmissive material 340 is disposed between each of the quarter-wave retarders 220 and
their respective prism faces. Optically transmissive material 340 can be any material that has an index
of refractionénai 9P+ 8Re index of refraction of prisms 110,120. In one asB&dyUSBMAMAT7Ansmissive
material 340 can be air. In one aspect, the 5optically transmissive material 340 can be an optical
adhesive which bonds quarter-wave retarders 220 to their respective prism faces. Light splitter 500

includes first, Secoﬁfjoﬁg@ﬁiﬂb@iﬁﬁgﬁé}%&&ﬁeé%%h§§@0dé§ﬁ’%%%ﬁﬁﬁ%ﬂﬂ?§fﬁf WaGIeE RS 220 as

shown. In one aspect, reflectors 310, 320, 330 can be separated from the adjacent quarter-wave

retarder 220184 SReRPd At fbirgeolpy ekt Hnad; éflectorarpluizgdigde darPhe in direct contact

with the adjaeRIAHBRICEMMNEJEIRIRES 2l BORS,8RREEH TRliRCiRR 3H 328, 013R.canbe adhered to
the adjacent quarter-wave retarder 220 with an o?ptlcal adhesive. In one embodiment, light splitter

500 is a twoeeBe apfttbird salas lightsodiPaaff, refate Eio seesrrirad detbiupaketisd Hepoic filter, and
one of the reflectors.B204 330 isn3 kpsrcalsteolnssiectivglishiisilietcseiestedio srppmmit first and

second color light, respectlvelé/é and reflect other colors of%ght. The third reflector is a mirror. By minor
I

is meant a SHEEig Hots(loERe rautess 1Y renus dighb spamernIsRRIPE A5S BTt ateBnéspect, the first

and second;QiRs lighb RRVERDIQITOURIOVE AR i@ BaLHAlINGsuRVEN S IN8TRCaBIPe substantial
overlap, if desired. 20In one embodiment, light splitter 500 is a three color splitter. In this embodiment,

reflectors 370¢539(5 A4dPArbairgereeasaoaamms e srreREairecallasiore arestisaetted™d transmit
first, second, @nd;phrdelerdighisvsesRastirl o it irflert Rtbscelors o diabtedBng aspect, first,

second and third color lights have minimum overlap in the spectral range, however there can be
subsfhntial 8VEREANif BRSHERH RenTalSE Bus g B 2BSHREER BT BHHIP EWEHERREH includes the
steps of diregfipgt combined light 580 toward fourth prism face 160 of PBS 100, receiving first color
light 550 from color-selective dichroic filter 310, receiving second color light 560 from second

color-selective dicKHefOTHR SPnampretefhiyinfastofigh 5705 invARd o 08RG dichroic

filter 330. TherApiicakpathrieadrafdieanmbinactkd6sh sesand-and bkt IRERINAHJIghES aR0, 550,

30560, 570 follow the description in FIGS. 3B-3D, howeyer, the direction of all of the light rays is
reversed. disposed to inject light into the same prism face (i.e., third prism face 150) of PBS™100.

15 According to one embodiment described below, first color light source 650 can be an
unpolarized blue light source 650 and second color light source 660 can be an unpolarized
red light source 660. A blue light 651 from blue light source 650 and a red light 661 from
red light source 660 can be combined to reduce the number of components of color
combiner 600. The blue and red lights 651, 661 may be mixed together using, for

20 example, an integrating rod (not shown). According to one aspect, an optional light tunnel
40 or assemblies of lenses (not shown) can be provided for the blue, red and a green light
source 650, 660, 670, to provide spacing that separates the light sources from PBS 100, as
well as provide for some collimation of light, as described elsewhere.

Two channel color combiner 600 includes a green light reflective dichroic filter

25 610, a red light reflective dichroic filter 620, and a broadband mirror 630. Two channel
color combiner 600 further includes an optional blue light selective absorber (not shown),
as described elsewhere. In one embodiment, blue light selective absorber can be included
in a broadband mirror 630, so that any blue light incident on broadband mirror 630 is
absorbed, rather than reflected (as shown in FIG. 6A, and further described below). In

30 another embodiment, blue light selective absorber can be positioned anywhere in the blue
light optical path that is transmitted through blue light reflective dichroic mirror 20, as

described elsewhere.
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WO 2010/059453PCT/US2009/063779 In one embodiment, combined light 580 can be
unpolarized light, and each of the first, second and third color lights 550, 560, 570 arc unpolarized
lights. In on¥ErRAHAAIFAER, combined light 580 can be unpolarized white ligRCHR§288¥P08T the first,
second and third color lights 550, 560, 570 are Hue, green and red unpolarized lights, Srespectively.
According to one aspect, combined light 580 comprises light from a light emitting diode (LED) source.

Various light sourceg, Gy hew 6 & RHEAEHASBIRPSRh HPoRS 1J8EYE heh 81(RHER'ShaRd non solid

state light sources such as ultra high pressure (UTIP), halogen or xenon lamps with appropriate

collectors oP PEfrawtaed. Light o fight Kl igbteanmsatehivanghdishboembing: Mfhisséiseetdincluding

economy offd DARIAIBAIIRAY VRIS S FRLSRS Sena et apBerpinn-Bed impigyed spectral
output. According to one aspect of the disclosure, FIG. 6A-6B shows a two channel color combiner

600 where &MPadimprtightesielitd50 dhecniedighd Bafcridin SBreEs 40 Urameissd to inject light
into the samerpiiam: faaar{ke:, RiFhRIISHiRrEes QrolRBR A3 113 G ding deasteperohodiment

described below, first color light source 650 can be an unpolarized blue light source 650 and second

color light sBURGE PRI ABCAR YA bk ddnsscig Rty celenste actrseliguesnifer?Bite light
source 650 pRE FEEHIORLBEIHRM yerk gHcRYNaO8ehe 3 Lewombined [asedursde number of

components of color combiner 600. The blue and red Iights 651, 661 may be mixed together using, for

20 example, an intBgtatisg ol (ForshtiRAghasenreifiy YarHepth ap ipriddighigheasha@l 40 or
assemblies ghlenses: Ak LRI BF @Viglas fofctbe Lt R.thedbAnca. gaegilig Ppgge 650, 660,

670, to provide spacing that separates the light sources from PBS 100, as well as provide for some

collitfation Grinysh durdasism&reisiviies fghd CHaitarcepib PRSNBhars o mitide seleriedn light
reflective dighyfeic /dtabr 8620 lirdliphmaflactive dishieir filier §4tianda Braadbaps: msror 630. Two

channel color combiner 600 further includes an optional blue light selective absorber (not shown), as

described eMAIFRBRASINT Bré BBEHMERT, asiuBnRRiMiceldetins BHdibEer ¢9h HusHgbidet in a
broadband mimer peRiciPchRbepNblihlight ibGidan Onoy aadhamd Mipes A 3hkis 3dspred, rather than

reflected (as shown in FIG. 6A, and further described below). In 30another embqgdiment, blue light

selective abbEPHER GHATSE PAERibTIRELAA0nerd ihahremed hyhtusgie srerttratRsarifsmitted through
bluerkght refliretivaidichroidpridanras gdescribed elsewhere.

Red light 661 from red light source 660 passes through optional light tunnel 40,
green light reflective dichroic filter 610, quarter-wave retarder 220 and enters PBS 100
through third prism face 150. Red light 661 intercepts PRP 190 and is split into p-
polarized red light ray 662 and s-polarized red light ray 663. S-polarized red light ray 663

20 reflects from PRP 190 and exits PBS 100 through fourth prism face 160 as s-polarized red
light ray 663.

P-polarized red light ray 662 passes through PRP 190, exits PBS 100 through first
prism face 130, and changes to circularly polarized red light ray 664 as it passes through
quarter-wave retarder 220. Circularly polarized red light ray 664 reflects from broadband

25 mirror 630 changing direction of circular polarization, passes through quarter-wave
retarder 220 changing to s-polarized red light ray 665, enters PBS 100 through first prism
face 130, reflects from PRP 190, and exits PBS 100 through second prism face 140. S-
polarized red light ray 665 changes to circularly polarized red light ray 666 as it passes
through quarter-wave retarder 220, reflects from red light reflective dichroic filter 620

30 changing direction of circular polarization, and changes to p-polarized red light ray 667 as

it passes through quarter-wave retarder 220. P-polarized red light ray 667 enters PBS 100

D3-



Turning now to FIG. 6A, the optical path of blue light 651 from blue light source 650 and red light 661
from red light source 660 through light combiner 600 is described for the embodiment where blue light
651 and redY@ROEBISUE unpolarized. In this embodiment, blue light 651 isE{ATAeIMORGAT that can be
damaging to an unprotected 5 reflective polarizer. A major portion 652 of blue light 651 is reflected
from PRP 190. A minor portion 653 of blue light 651 passes through color-selective dichroic mirror 20

in PRP 190&%@%@@&{9%& &Rt pal UGB SEIGRHYE A PIAS0(AALAAYDRS 10flue light

651 from blue light source 650 Easses through optional light tunnel 40, green light reflective dichroic
filter 610, qiieEehivatharErarFaeed GhasanralapEred dialstn 6 third prism face 150. Blue light

651 interc_epts PR'T&%%@%&S@F}*W%BE%%@%@%QBB@ {QB6 Péﬂuﬁdiﬁfé&@b?ﬂlﬁﬁgsgﬁfb%rﬁitted
minor portion 653 of blue light 651. Major portion 652 exits PBS 100 as unpolarized major portion 652

of blue light®S1thranady ghtierrsnncs Pl dgprrare &sihpambedimenbulrraicphdiahaed 130, passes

through quagt@WaYeIreiaiier 28tb AR As aRpErRSL DY Mlvedid 'ﬁ%@ﬁfﬁlﬁﬁﬁ%r%%eﬁfgﬁllﬁﬁd in
broadband mirror 630.  Red light 661 from red l'leNPht source 660 passes th‘roug optional light tunnel
40, green ligrgratbemmadiest gesndebr ey Ui iRR edhierdptoarih Bkt sapB 400 through

third prism face 15@r£ﬁ@i£ﬂ%ﬁﬁﬁéﬂ?&%ﬁtﬁéﬁ%&%9 S SR HHOR- BplRiaed grd ligh ray 662
and s-polarized red light ray 663. S-polarized red light ray 663 20reflects from PRP 190 and exits PBS
100 througtﬁ%a%lw%ﬁ?fﬂgewfeb%%%@ﬁ%&@&ﬁ@ﬁ%@ﬁé@@?dﬂ BhydsrtayEBidiOray 662

passes throygh RREHY sixits BRS1400 threuaiLfitnrismtase ok a0g shenggsdmedrsularly

polarized red light ray 664 as it passes through quarter-wave retarder 220. Circularly polarized red

lightlfhy 662P8MSS BER Hedhdbahd’smdtrerBaecdarediphireetdr of chelitrssoeamtight passes

through quaieiswayesielanden X PRINAOYINM ik fsPeisgizedl taddighidaynbi e riess) B 00 through
first prism face 130, reflects from PRP 190, and exits PBS 100 through second prism face 140.

S-polarized "R igHt BLSFBESHHANGES 1o circularly polarized red light ray 666 as it passes through
quarter-wave retardgjo?ad(e RS Mot light netiadtive diriprospfiker SRS Peh anaineh dirgction of

circular pOIapfliriZs%lﬂ%Qéea{]SdO,c QI?(P ¢ efné%spfg 811%?1%%?{5&!19%({ ag¥egl? 1;1?‘[ ray 674 as it passes through

15 quarter-wave retarder 220. Circularly polarized green light ray 674 reflects from
broadband mirror 630 changing direction of circular polarization, passes through quarter-
wave retarder 220 changing to p-polarized green light ray 675, enters PBS 100 through
first prism face 130, passes through PRP 190, and exits PBS 100 through third prism face
150. P-polarized green light ray 675 changes to circularly polarized green light ray 676 as

20 it passes through quarter-wave retarder 220, reflects from green light reflective dichroic
filter 610 changing direction of circular polarization, and changes to s-polarized green
light ray 677 as it passes through quarter-wave retarder 220. S-polarized green light ray
677 enters PBS 100 through third prism face 150, reflects from PRP 190, and exits PBS
100 through fourth prism face 160 as s-polarized green light ray 677.

25 In another embodiment (not shown) of two channel color combiner 600, the
relative position of broadband mirror 630 can be switched with second color-selective
dichroic filter 620, optional light tunnel 40, and third light source 670. In this
embodiment, broadband mirror 630 is adjacent second prism face 140; and second color-
selective dichroic filter 620, optional light tunnel 40, and third light source 670 are

30 adjacent first prism face 130. Blue wavelength-selective absorber 70can be place
anywhere in the optical path of blue light that is transmitted through color-selective

dichroic mirror 20, as described elsewhere with reference to FIGS. 3A-3D.
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it passes through quarter-wave retarder 220. P-polarized red light ray 667 enters PBS 100 WO
2010/059453PCT/US2009/063779 through second prism face 140, passes unchanged through PRP
190, and exWORBY/AIShrough fourth prism face 160 as p-polarized red ligHf FaPpBE?/0637 7 urning
now to FIG. 6B, the optical path of green light 671 from green light source 670 through light combiner
600 is described for the embodiment where green light 671 is 5unpolarized. In this embodiment,

unpolarized light campyiging Q‘BR@&%@&Q@GQ.lmlfﬁ%%%%ﬁﬁpéﬂﬁﬂﬁﬁgr9@?&}1{@3%@3?@7 exit
PBS 100 through fourth grlsm face 160. Green light 671 from green light source 670 passes

through optibifaefiHeRusetaband & lfght pésbBtivvesenerisid e ferapriest-oiviesriestsr 220 and

enters PBS 0 Sheanioh seoand prsentacs d40Greeslidhubidiierasts RRR A0S split into p-
10polar|zedé§;§reen light ray 672 and s-polarized green light ray 673. P-polarized green light ray 672

passes throfiGhrPRPeY aRGBKhe Pt M8 GalP oGS Hiftichiel 150 as(pHotaribElgkeen light
ray 632.  opipolanizes geren Jgid ayafareftacksifrrn RREs 190 @xitd BRRARP Mg first prism

face 130, and changes to circularly polarized green light ray 674 as it passes through 15quarter-wave

retarder 22098 #¢ SROWIBIENGSd Thed: libntiaywratréiectitiomebt atbtifa mitrdr wier dedhging

direction of ¥ cuaRPOIRNZELRR IRASSES RrPsEN HRAIkeF-WaYR kel Fsier R G-plaaneing I-Rpolarized
green light ray 675, enters PBS 100 through first prism face 130, passes through PRP 190, and exits

PBS 100 thrdugh third prism face 150. P-polarized green light ray 675 changes to circularly polarized

green light ray 676ra6 20N 0586w Aremeh (abIREVTBUSMIRIRT Qe A (6lbRaIsHI QpGreRsplight
reflective dichroic filter 610 changing direction of circular polarization, and changes to s-polarized

gree light A 7hiEd oplosdisdd ARSCRyA7QartdisnRssd feiRiarishd iodai it gieemdgnlany 677
enters PBS 18 {btesohchiglirtision deter 490 sqflestr7iexitiRE B89, 1aodigsiisPRd@dithrough fourth

prism face 160 as s-polarized green %@ht ray 677. 25In another embodiment (not shown) of two

channel colSVEaRbIABHBOESthERa 608 BSSEBIPYt BiSSHBRNd mirror 630 can be switched with
second color-seleqtiyg diftbraigHilienRe0; sonticnaldightitmiel 40iR3neolbird dightsourea&ific In this

embodiment, broadband minor 630 is adjacent second prism face 140; and second color- selective

dichroic filtel B0 N6y WithesaerihePtArHafiHoddess 9endreolor light source 760 and

15 a third color light 771 from third color light source 770, but without entering PBS 100.
According to one embodiment described below, first color light source 750 can be an
unpolarized blue light source 750, second color light source 760 can be an unpolarized red
light source 760, and third color light source 770 can be an unpolarized green light source
770. A blue light 751 from blue light source 750, a red light 761 from red light source

20 760, and a green light 771 from green light source 770 can be combined to improve the
durability of color combiner 700. According to one aspect, an optional light tunnel 40 or
assemblies of lenses (not shown) can be provided for the blue, red and a green light source
750, 760, 770, to provide spacing that separates the light sources from PBS 100, as well as
provide for some collimation of light, as described elsewhere.

25 Color combiner 700 includes a green light reflective dichroic filter 720, a red light
reflective dichroic filter 730, and a broadband mirror 740. In one embodiment, a blue
light selective absorber can be included in the blue light optical path that is transmitted
through blue light reflective dichroic mirror 20, as described elsewhere.

Turning now to FIG. 7A, the optical path of blue light 751 from blue light source

30 750 through light combiner 700 is described for the embodiment where blue light 751 is
unpolarized. In this embodiment, blue light 751 is an actinic light that can be damaging to

an unprotected reflective polarizer. A major portion 752 of blue light 751 is reflected
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30adjacent first prism face 130. Blue wavelength-selective absorber 70can be place anywhere in the
optical path of blue light that is transmitted through color-selective dichroic mirror 20, as described
elsewhere WHE ?818{3¢Bto FIGS. 3A-3D. WO 2010/059453PCT/US2009/8637183009/08E8rding to
one aspect, FIGS. 7A-7B shows a color combiner 700 where the PRP 190 of FIGS. 3A-3D and FIGS.
6A-6B is separated into the component color-selective dichroic mirror 20 and the reflective polarizer

30, as descHBRfBRIPE QIO RIGCHY eelidirale iR A 6RMRE BTEee NG Lojpkeglective

dichroic minor (e.g., a pellicle), 5or it can be disposed on the di%aé)nal of a prism, such as a third and a

fourth prismiireoghgolas sehesiicdichese mATPR 20 ¢HIE SefsomHansEtile: ligdtipatrianalla first color

light 751 frofpadikst 6QIRKk lightor@u it 1Rk ik fLriner Sepayated ramwviag reflective polarizer 30. FIG.
7A-7B shows a color combiner 700 where a second color light source 760 10and a third color light

source 770 are disbseiety indtaglindi gt souiss. Sdssere dhspugherdenablizdt tHRBcY color light

sourgg 770 &ﬁ@rﬁrﬁuﬁﬁﬁsﬁs@i@ibm%h R PP YRGS faUTsY R, face o Qb G- aa1 a4t direction.
First color Iiag:t source 750 is disposed to inject a first color light 751 (the actinic Ii%?t) to be combined

with a secoRtFBl MR8 RIns deddrd chispligiteseiieetsbonaing Pastanifa celdrtgHelt 1 from third

color light seyiced (anbiivdiNaR &R PR EBRARIRIHNG WHRNBL5RBeHivIeNs Heseliked below,
first color light source 750 can be an iggoé?rized blue Ii&ht source 750, second color light source 760

can be an Anz &yt fPgh RIBHPCEPebronsd okl ieRtiagRrOd Trencanig SiscaHpblarized

green light soi#raantf GoftiBliesiobt viad framBluedighl 8RuIcH é80rAdRe iGN iERb M teAdight source
20760, and P::}égreen light 771 from green light source 770 can be combined to improve the durability of

| gnt s € ) )
colotEombified tretiesneRlsr g RO dpettitine e maishy P LirRrbeo HEIMmiB o7 fdhses (not
shown) can be prorideshfrg therline et asstRA588R JoRidSRuce6lSPehGed Titht tentevide spacing

that separates the light sources from PBS 100, as well as provide for some collimation of light, as

described efBEpRBASsembneb A ieferst badi fRdhcchreedimght reree 6oL b e Miter 720, a red
light reflectivgdirhraig. fillarif3Qnansdmbreasdhpndiniaras HAC i @asSmRatineNted Iplue dight

selective absorber can be included in the blue light optical path that is transmitted through blue light

reflective di¢RIFEITREIsECAscddighiiay EsdsHafgurth prism 790 through eighth prism face 794

15 in an output direction.
Red light 761 from red light source 760 passes through optional light tunnel 40,
green light reflective dichroic filter 720, quarter-wave retarder 220 and enters PBS 100
through first prism face 130. Red light 761 intercepts reflective polarizer 30 and is split
into p-polarized red light ray 762 and s-polarized red light ray 763. P-polarized red light
20 ray 762 passes through reflective polarizer 30, exits PBS 100 through third prism face 150,
and changes to circularly polarized red light ray 764 as it passes through quarter-wave
polarizer 220. Circularly polarized red light ray 764 reflects from broadband mirror 740
changing direction of circular polarization, changes to s-polarized red light ray 765 as it
passes through quarter-wave retarder 220, and enters PBS 100 through third prism face
25 150. S-polarized red light ray 765 reflects from reflective polarizer 30, exits PBS 100
through fourth prism face 160, enters third prism 780 through fifth prism face 782, passes
through color-selective dichroic mirror 20, and exits fourth prism 790 through eighth
prism face 794 as s-polarized red light ray 765.
S-polarized red light ray 763 reflects from reflective polarizer 30, exits PBS 100
30 through second prism face 140, and changes to circularly polarized red light ray 766 as it
passes through quarter-wave retarder 220. Circularly polarized red light ray 766 reflects

from red light reflective dichroic filter 730 changing direction of circular polarization,
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Turning now to FIG. 7A, the optical path of blue light 751 from blue light source 30750 through light
combiner 700 is described for the embodiment where blue light 751 is unpolarized. In this
embodimen 81 %EFR4?51 is an actinic light that can be damaging to an ufi§rbtesiaepitsaettive
polarizer. A major portion 752 of blue light 751 is reflected WO 2010/059453PCT/US2009/063779
from color-selective dichroic mirror 20. A minor portion 753 of blue light 751 passes through

C°|°r'5‘3|e‘3t%s@£cﬁﬁ®&g'i‘ﬂE@h@m%@%&@lﬁ%ﬁmmﬂﬁ{sgp&t@ﬁ%&‘ia‘?ﬁ@&'}@ﬂmgﬂﬁ% eehbyfsoptional

blue light selective absorber (not shown). Blue light 751 from blue light source 750 passes through

optional lighitRHY) Haosghrraenborsipiiss o nprensghraushishlecprzRptaidecy 99, dRd fikrcepts

color-selectivgligiy aicomi @5eh Rlilsenlight Tad. isﬁfﬂldﬂ%d?%?@ﬁ PRioe PeRtian (iad pfibiye light
751 and transmitted minaor portion 753 of blue light 751. The major portion 752 of blue light 751 exits
fourth prism’ 0 ¢hisetiyfitihrsightfresidhe faaeseothiough eRigictelrdnifatichiie ke pdktMl 753 of blue

light 451 pa&@?f@ﬂﬁH%ﬁﬁ'?@@ﬁlﬁ%yﬁé&%ﬁﬁ%%ﬁi%ﬁe&4 ddeares salargrmbingy 700 by exiting
third prism 780 through a sixth prism face 784. Returning to FIG. 7A, the optical path of red light 761
from red light sourdd@™P&tEtAPBULENEIGht EbibsiART D D RitspR 48t THé ERBednsieHelierscked light

761 is unpotatiz@ds|pHNsRMRRGiRRENDIRRRIANZRE ghheemBprgingR-RolaKzedreddightyray 767 and
s-polarized red light ray 765 exits fourth prism 790 throg%i;gh eighth prism face 794 15in an output
direction. UnRedTEHiE 78 1hid ARG s HOPeE Bl Y COMRE S BRRIAETHY Bt HEM U Ygreen

light reflectiye diglrQisdiiter Lo AURI WA Y Telar dstd2 ravad %%?oﬁ@&%i’@ntﬂf%&gﬁﬂéﬁ prism
face 130. Red light 761 intercepts reflective polarizer 30 and is split into p-polarized red light ray 762

and ]so-polari%%‘h red light ray 763. P-polarized red light 20ray 762 passes through reflective polarizer
30, exits PBS 100 ¢hxuaisHind priom freeninfh 3perebangpasie citgolanopabiizertiedtight ray 764 as

it passes through ?uarter-wave polarizer 220. Circularly polarized red light ray 764 reflects from

broadband ffriSA 785 ERe5HE eir:élé%rﬁ&ﬁ&ﬂéeimﬁrarwaﬁ%ﬁ?tmggg 19 PIEHEES 18 light ray

765 as it pagradhieeRdpraiere@vererear 220, and raiesstPR a0 peaahtyochRaisM face
25150. S-polarized red IiPh,t ray 765 reflects from reflective polarizer 30, exits PBS 100 through fourth

prism face $8b BehPHRAZSA SR PRbEM B AR bR gaigedarsen Lighb s 73d g M abiigetective
dichrgic mingedPlighd-axits o PiissnddR e sighiRiasxiaceBO4msisaalaigedied light ray

765, prism face 160, enters third prism 780 through fifth prism face 782, passes through color-
selective dichroic mirror 20, and exits fourth prism 790 through eighth prism face 794 as
p-polarized green light ray 772.

S-polarized green light ray 773 reflects from reflective polarizer 30, exits PBS 100
20 through first prism face 130, and changes to circularly polarized green light ray 774 as it
passes through quarter-wave retarder 220. Circularly polarized green light ray 774 reflects
from green light reflective dichroic filter 720 changing direction of circular polarization,
passes through quarter-wave retarder 220 changing to p-polarized green light ray 775,
enters PBS 100 through first prism face 130, passes through reflective polarizer 30, and
25 exits PBS 100 through third prism face 150. P-polarized green light ray 775 changes to
circularly polarized green light ray 776 as it passes through quarter-wave retarder 220,
reflects from broadband mirror 740 changing direction of circular polarization, and
changes to s-polarized green light ray 777 as it passes through quarter-wave retarder 220.
S-polarized green light ray 777 enters PBS 100 through third prism face 150, reflects from
30 reflective polarizer 30, exits PBS 100 through fourth prism face 160, enters third prism
780 through fifth prism face 782, passes through color-selective dichroic mirror 20, and

exits fourth prism 790 through eighth prism face 794 as s-polarized green light ray 777.
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S-polarized red light ray 763 reflects from reflective polarizer 30, exits PBS 100 30 through second
prism face 140, and changes to circularly polarized red light ray 766 as it passes through quarter-wave
retarder 220YCReUAAYPbIarized red light ray 766 reflects from red light refRETISHBHROK Tter 730
changing direction of circular polarization, WO 2010/059453PCT/US2009/063779 passes through
guarter-wave retarder 220 changing to p-polarized red light ray 767, enters PBS 100 through second

prism face 140, pagsgs,tepugihsafiteiy g.80la046h e WHEIRBIES LAPHMAHOR folih Rism face
160. P-polarized red light ray 767 enters third prism 780 through fifth prism face 782, passes through

color-selecthghHidRriits shedsncanBroedhantbunitkosiéh 200 tilete dyHhaghush deles-794 as

p-polarized fed gt JR% 8 mirrof, Yiog N oWHH R 4B, 418 LRIiGal BatY BlaresnlightfLirom green
light source 770 through light combiner 700 is described for the embodiment where green light 771 is

unpolarizedind thidighiBaeisie oH pomhrsigateoirlisrdsgishyois firsgféln/igneripnat2 and

s-polar zed graen gk 1y, £{d LXBAQURD R ARQAIhFrauUgsGighthRIBBWRGE HIeKI4.A -78Green light
771 from green light source 770 passes through optional light tunnel 40, red Iia‘ht reflective dichroic

filter 730, qUaRdPHbRIGEtst e vExt Aol e flkss e b T BRI fosBeshrples gk enhisTietken light

771 interceptz safiaaivairplaigeli 3t ersbisy$plit into p-polarized green light ray 772 and s-polarized
green light ray 773. P-polarized 15 green light ri% 772 passes through reflective polarizer 30, exits

PBS 100 through fBUYH FriRsTsERPedn el fira Brisol strlerBur sk is iaiiaacE &b, passes

through colgisseleyivelichngia MinmARivanekexiia fauenipisr ASQiregR QIBRIR PUgiRrirce 794 as
p-polarized green rlifht ray 772. ‘S-polarizedgreen light ray 773 reflects from reflectiveépolarizer 30,

exitd PBS 100 0thFb Ty TRt taicd 30 255 bsihgBylid ThandRBsol AN 2BEPgERdRYIGN: ray 774
as it paSSE%oE%@M@BeQIW Eﬁraweﬁ%ﬁ@f@f@&ﬁcﬁ?% &H&H&d&p?&lﬁﬁh&g@ ml@ﬁéh{@hhfﬁﬁ/p?i%ﬁlfﬁélﬁﬂs from

green light reflective dichroic filter 720 changing direction of circular polarization, passes through
quarter-wavBT R PEsIh S5 10 plseidFB dpse gt licheic anitars #4814 89 iEdgh first

prism face 13Qnpassesduararireiieativaeolsnzes301iane730exits PRS- A0S thrormnathird prism face
150. P-polarized.green light ray 775 changes to circula&polarized reen light ra)éﬁ776 as it passes

through quatteFRPSIETRYIURlY Y FEfet B4R st bah B o Heio ShRATIRY REPMERIN WY circular

polarization]ightkehamaastocsipelaizad ¢ mendhhiayr XV aad Expasaad Houoguadestvave retarder
220. S-polarized green_light ray 777 enters PBS 100 through third prism face 150, reflects from 30

reflective potfiz8F8d faghd P& PHPINYUGR foart] prsHaate Pastlerieiomiblpigh 780 through
fifth prism fage#8RsRASAS L RUERNCOIEHTSRIeGkNS dithéris Titieh ghsandexisiguréaism 790

through eiggg?sglriél?ef%\é:f 794 as s-polarized green light ray 777.
FIG. 9 illustrates a projector 900 that includes a three color light combining system
20 902. The three color light combining system 902 provides a combined light output at
output region 904. In one embodiment, combined light output at output region 904 is
polarized. The combined light output at output region 904 passes through light engine
optics 906 to projector optics 908.
The light engine optics 906 comprise lenses 922, 924 and a reflector 926. The
25 projector optics 908 comprise a lens 928, a PBS 930 and projection lenses 932. One or
more of the projection lenses 932 can be movable relative to the PBS 930 to provide focus
adjustment for a projected image 912. A reflective imaging device 910 can modulate the
polarization state of the light in the projector optics, so that the intensity of the light
passing through the PBS 930 and into the projection lens will be modulated to produce the
30 projected image 912. A control circuit 914 is coupled to the reflective imaging device 910
and to light sources 916, 918 and 920 to synchronize the operation of the reflective

imaging device 910 with sequencing of the light sources 916, 918 and 920. In one aspect,
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WO 2010/059453PCT/US2009/063779 In another embodiment (not shown), the color combiner
can include a fourth color light. In this embodiment, broadband mirror 740 can be replaced with a third
color-selectNV® dliifie4a3irror, optional light tunnel 40, and a fourth color ligh€ 8838/ ARl ed in a
similar manner as first and second color-selective d chroic filters 720, 730, optional 5light tunnels 40,
and second and third light sources 760, 770 as shown in FIGS. 7A-7B. The third color-selective

dichroic filtey gan hS-HRNsPAERs A IRt Jiabh: 284 Je Boatisenei @bt dhiR &elprdjetis 760, 770.

In yet another embodiment (not shown), color-selective dichro ¢ mirror 20 can instead be a blue light

transmissivePHsd 0% ardarsnepitd epeion e b rushisgddight s omibroreqrclilsasioBd®@ment, red
and green light {8t 9@%%&%&9@;&&%&5&%& prisefane A6 ap UL Giregtighes

described previously, then enter third prism 780 through fifth prism face 782, reflect from
color-selectfif® QR-FroiElptifarkomiarrelexieembansti nreBectind fgnsfansyAsinl tagd8arBlue light 750

enters fourtfeRESHY < PO A%, L IFRERIEVOBSIINAWENET RHBAIPLTIRIHOR 7iRd@4BlE HalL 431 passes

through blue 15light transmissive color-selective dichroic mirror 20 and exits third prism 780 through

sixth prism fASEPEAY 2RsAb Hektispmnipe sy irgoseshet deur bid ke tiniisaiiive

CO|0r'Se|eCtB§@tQﬂﬁ§'ﬁ@iGv@[li,fEﬁélﬁﬂfi‘lg&@ﬁef&w&ﬂr%%?ﬁ@rthfﬁgbﬁfg Qhteprirmifager94. FIG. 9
illustrates arg%)jector 900 that includes a three color light combining system 20 902. The three color
[

light combirMf§EJRerPs0s plsTIaEELREfhMBaNRGHE YUt B iS5 6/rPOd4cdn one embodiment,
combined light outpidtaidRkERBIIRIIRP204 i RRIANEEEL M bRIBGMNAIRSS JichiseH Wt AoQutput region 904

passes through light engine optics 906 to projector optics 908. The light engine optics 906 comprise

lensEy 922 MooduskyhEsfecais §3ditehausmt dibe trtsptde Yogtifipirasy-re w9 18 iBH 930 and
projection lgspsr@SEMR sMer S YolbaRwigHi AR dansRenP3dbaIorIepRYa6ie Ighafiyeato the PBS

930 to provide focus adjustment for a prgojected image 912. A reflective imaging device 910 can

modulate thePHBIAHERBstatter WHETGHE S R YrseetdH B Ve i STy e BG ht
passing threirahdhe fBRRRARU yedbe pipiackipnoenuliihhgimadHpatiesRipdbicestiegOprojected

image 912. A control circuit 914 is coupled to the reflective, imagin(lg device 910
improve collimation of the light from light sources in the color combiner. Without a

15 certain degree of collimation, there will be significant light losses associated with variation
of dichroic reflectivity as a function of angle of incidence (AOI), loss of TIR or increased
evanescent coupling to frustrate the TIR, and/or degraded polarization discrimination and
function in the PBS. In the present disclosure, polarizing beam splitters function as light
pipes to keep light contained by total internal reflection, and released only through desired

20 surfaces.

Examples
FIG. 8 is a graph of transmission spectra of red, green and blue dichroic filters
(labeled R, G, B) and one dichroic mirror (labeled BB) that were modeled using TFCalc
25 software (available from Software Spectra, Inc., Portland OR). The TFCalc model started
with a 10 pair optical stack of alternating SiO, and TiO; layers having a 460 nm quarter-
wave thickness, and was optimized using a local search with needle optimization inserting
additional SiO; and TiO; layers. The total thickness of the optical stack was limited to
3000 nm.
30 The three dichroic filters were modeled to transmit red (630 nm), green (530 nm),
and blue (460 nm) light incident in an F1.5 cone with a Lambertian angular distribution at

a 0° average incidence angle (i.c., perpendicular to the surface). The input side of each
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and to light sources 916, 918 and 920 to synchronize the operation of the reflective imaging device
910 with sequencing of the light sources 916, 918 and 920. In one aspect, WO
2010/0594590CT1&26%¥9/063779 a first portion of the combined light at oRETEWIIIA9s directed
through the projector optics 908, and a second portion of the combined light output can be recycled
back into color combiner 902 through output region 904. The second portion of the combined light can

be recycled hagi 1011 RaCOMINaHRYIIGIB FlIBRHA WA lOh ESEIPIS e Tight RfRHG LV BdROlarizer, a

reflective LCD and the like. The arrangement illustrated in FIG. 9 is exemplary, and the light combining

systems distibsti SeRpaiidale /it B taranebfSdiom spsidms BBl Irronaivihefletnberhiiéro-mirror

imaging de\éﬁgélﬁrtﬁsmﬁiﬁ@n %@QQ’S@“BQ&Q%BI%&H&EB_@HHQI@S@%@H@ﬁ'ﬁ%ﬁ@é@?ﬁ%‘-’dmﬁ&@ﬁlﬁ?&ice can
be used. According to one aspect, a color light combining system as described above 10produces a
three color MA%TEPERIgIID Thesdirtis hhs higHatiriiéfbecause polarization properties (reflection

for S-polarized light grekaRsBriBNQRIRRRsROIAIZeEHIBNDIES & RolALZNGLeARBSBHLRS With reflective

polarizer film have low sensitivity for a wide range of angles of incidence of source I:ght. Additional
¢

collimation EdfhpUhehReednckistiddnad shfiv omahbi OBy Rthdntcretrted thiees in the color
combiner. WitlescarkrGeia) sesree 0b colifpalignotbera Wi oe.sien i&&sgm&i&aﬁ{é agsociated

with variation of dichroic reflectivity as a function of angle of incidence (AQI), loss of TIR or increased

evanescent!BeGHIH B! frnairsteotioniR | dmbISH d&Yrarb s EdRP M ERAThater AR RInction in

the PBS. Inghgipresentdiseiosphe. nelaskagiheans splittars function asJiaht RIRES fe1keenitight
contained by total internal reflection, and released only through desired 20surfaces. Examples FIG.

8 is Hgraphs6ieaéiisaintSp tatemittrd brgisers Berdiprre itrssia Mdrd ddBereepior 80,@3%3% one

dichroic mirggeilabshed BB theswesesmodelrddaingitdddnie Zanptwase (@vallabigdromeSoftware
Spectra, Inc., Portland OR). The TFCalc model started with a 10 Eair,optical stack of alternating 5i02

and TiO2 laS¥SRVMG teagbvavelinsticislsstizahiarbes’ &igswins Stisnp ey el bear arch with
needle optinygali@niipeesipasadditfanat 3102k JidZdaxeiapdiag totatdnekoass firthemntical stack

was limited to 3000 nm. 30The three dichroic filters were modeled to transmit red (630 nm), green

(530 nm), aHtf BISRIPABEISFAS- ihPIATiEEntH inet o BsnuGitEP RS 261 8Reli8r distribution at a
00 avgrage ipsigensecaoeiadingyassparoics iatial the SHHRCp Jdue BP SR efieapblarizer

would be about 17% of the color combiner without the dichroic mirror. Similarly, the
output of the green LED may also be increased to compensate for the loss through the
dichroic mirror (from FIG. 8, approximately 75% transmission).

Typically, blue light is approximately 10 times more actinic than green light. For a

20 configuration where the radiometric power of the green is 2 times the radiometric power
of the blue, the above color combiner with the dichroic mirror would provide about 4
times the lifetime of the reflective polarizer compared to the color combiner without the
dichroic mirror. Lifetime improvement could be increased further since scattering is
sensitive to wavelength, and reduction of the short wavelength light exposure to the

25 reflective polarizer will tend to reduce its tendency to scatter light.

The photopic efficiency of the normal color combiner (CC) configuration (i.e.,
without a wavelength selective dichroic mirror) was compared to the blue protected color
combiner (BBCC). A normal color combiner (CC) without a wavelength selective
dichroic mirror is shown, for example, in U.S. Application Serial No. 61/095,129, entitled

30 LIGHT COMBINER, filed on September 8, 2008. The spectral output of Phlatlight™
LEDs (available from Luminus Inc.) was used to generate the data for the photopic

efficiency. The BBCC had 74.3% of the blue output and 88.0% of the green output,
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WO 2010/059453PCT/US2009/063779 dichroic filter was in air. The dichroic mirror was modeled to
block light centered at 460 nm, and transmit light at 530 nm and 630 nm, incident in an F1.5 cone with
a LambertiaY @RgUI&QPMStribution at a 45 average incidence angle. The inpR(HAS YIRS HEhroic mirror
was modeled in glass having a 1.52 refractive index. 5Application of the transmission spectra of FIG. 8
to the color combiner shown in FIG. 3B shows incident blue light (first color light 350 in FIG. 3B)

intercepted g, HICBIQIC YR é&ﬁ?&%fa%ﬁ 190 gk ﬁ%‘ﬁmﬁﬁ JRIGEHRD SAROKITREB N/ 5% Of

the blue light (major portion 351 in FIG. 3B) and transmitted approximately 25% (minor portion 352 in

FIG. 3B). Theatrhmdih e @utaub ff thedsiiect i BRG ¢hind %o pbhs 2staineos i aniisod e ally

transmitted py- the reflective polarizer in PRP 190 in a color combiner such as shown in FIGS. 3A-3D.
The transmitted blue light can be removed from the system by optional wavelength selective absorber
70, resulting in appt8RifsateN igussion wse Mok lRshdnpastirs bl ehé saursetvilpdIanger, compared to

a colgr comping WithOULENE.SIChIaie (RifEeE L BAUSRHRG QiteHY G thelup s Rn@ydie increased

to 15compensate for the 25% loss, so the actual blue light exposure of the reflective polarizer would

be about 179ARifkE evidicdBatsiRErRESR S rtridl iR et gremll- el Silputdshhe green LED
may also bg{3eIgaseeie GURRPANIBIRAsRIpssHtiroual thei diliriemyrorHirenyiitesSdrop

approximately 75% transmission blue light is roximately 10 times more actinic than

Typicall
green light. #E8VaeP0ks (g drstB Q\fg/&gﬁﬁﬁ@&%ﬁbM%‘fﬁ]@%?@?\ﬁélﬁe&fltﬂe‘éré@i@Eﬁfﬁi‘é@%ﬁégﬁbmetric

power of theRiye: HeRRGYS CRIOIEARIESL W AR At MIRIG ATAU WG R¢se pout 4 times the
lifetime of the reflective?'gé)larizer compared to the color combiner without the dichroic mirror. Lifetime

imprdveme SRRIIGRIBRITHE fea e sliomih B gReS Yeattering is sensitive to wavelength, and reduction of
the short wavelengthdighicaxprsitipiarther 2rrefigstivechRiRrizer will teTdiadieddgecdsiendency to

scatter light.  The photopic efficiency of the normal color.combiner (CC) confiéquration (i.e., without a

wavelength RlafeadeeslrdathmirloriiVeebeerbpdic P the Bise pritsse fedibiedshbirte(diEcc). A

normal cologieRraRingli{5r Gh AMRRQUT cviay plangsbrsalardive KB IS RUFEOTUSisBaMd ke example, in
U.S. Application Serial No. 61/095,129, entitled 30LIGHT COMBINER, filed on September 8, 2008.

The spectratBiSitasrabAlsy i ARRESE PashamRisrsil phirsisndinechioime e Reigméte the data
for the photopic efficigsteitidineRBfGshnst Kda8ip ehtbediyamisiputang 88:0%pf tbgigreen output,

damage the reflective polarizer. The peak temperature can be reduced by placing a heat
sink on both of the faces perpendicular to the reflective polarizer (i.c., end faces 170, 175,
180, 185 shown in FIG. 1B). Other methods for reducing the peak temperature include
incorporating a layer of a material with a high thermal conductivity, such as a layer of
20 sapphire, in the dichroic mirror. The sapphire layer may be yellow through doping with a
suitable element such as cerium, by adding an additional blue-light absorbing coating, or
by coating the sapphire with the blue reflecting dichroic coating.
Exposure of blue light on the reflective polarizer may not be uniform in either CC
or BBCC color combiners. In CCs, non-uniformity can be caused by the illumination
25 optics between the blue LED and the PBS (e.g., the light tunnels as described elsewhere).
The blue reflector in the BBCC can add non-uniformity due to the angular selectivity and
polarization selectivity of the blue dichroic.
The efficiency of the color combiner with a protective blue dichroic reflector may
be higher than the simple analysis provided above. Several mechanisms may reduce the
30 inefficiencies caused by the blue protective reflector. For example, the blue reflector can
be optimized through a global optimization process. Design may be improved by using a

global optimization, or by increasing the average index of the dielectric coating stack.
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WO 2010/059453PCT/US2009/063779 compared to the CC configuration. Since the blue light source
is often not the LED color that limits the output of the device, the BBCC had 88% of the brightness and
output of th&VOCYMASME} configuration was modeled using a green light sREEERAAG*OBAGer
5wavelength, such as a Il-VI semiconductor converted green LED. An improved color combiner can be
made by using a blue and red LED with a green 11-VI LED, which provides better spectral separation

between the\RlgAnd presNJraRRcIfe RUGNIess diop RENEEH, B inRALBRE Gaitis@ longer

wavelength@green [I-VI LED (approximately 3% drop in brightness) was insignificant compared to the

standard InGHX grdeN1GBmnap bsppiskinstad ofsbs Higp inbRighread)n the granpigs alpitcexdosure of

t_he reﬂeCtiV@dﬁﬁi%ﬂ,Z?fa%ﬁBalP%Eéé%%f@ﬁbﬁpﬁfélﬁﬁdalamlé‘ﬁé’ﬁé’@cﬁ%ﬁ%rﬁeﬂfe%‘fﬁaﬁ%%@%ﬁ&- a blue
filter) between the blue light reflecting dichroic mirror and the reflective golarlzer, as described

elsewhere. S/&iRg HEyige habiiyaasautiddue thars Bptiisa oalpagH@pBERiRFd ddenait)ifetime by
a factor of 6y JrArpataatiakTRACEHY i&ﬂ@@hﬁg%ﬂ%@@@ﬁ@ﬁm@é@@&&t@@kﬁ%ﬂ@mﬁ% damage

the reflective polarizer. The peak temperature can be reduced by placing a heat sink on both of the

faces perpePRIRLiFST 1BaME Rerokivaisdlansaiitriag extbatssma sevese vath ks §gbivatd thr. 1B).

Other metheglg s 'l%d&'&i@l@%@%K#%%Pﬁf@ﬁ{ﬁﬂf&l%‘%é%%ﬁfﬁgff@raaﬂﬁﬁfﬁéé)&@ld?@tgﬂé‘hWith a
high thermal conductivity, such as a layer of 20 sapphire, in the dichroic mirror. The sapphire layer

may be yell86 Er 6ih WopiilsWite acsommliehe s aatiotRANsS Betiilhg cpiamgaiicadtifonal
blue-light aksnehing,coAting A PIEQRENG hewrapahire Withthe b sallaatingrdichraic Gaating.

Exposure of blue light on the reflective Eglarizer may not be uniform in either CC or BBCC color

cominers. e behtigiialwéinigidisd be bsusBactymetitiination 25 optics between the blue LED
and the PBS (e.g.,ARetliehtdsimgls asidgserhadelsawbamelnthediur isflastapin e &B et can add

non-uniformity due to the angular selectivity and polarization selectivity of the blue dichroic. The

efficiency o8 BAT6REdimbmhen ity hpRitechisht sRyEcqitid iR et digMaP WehidA&R RN the simple
analysis prayiges aboysicHayetahmeshrrigmstRIay ieditee thaROunRitisiepeas carsad,byHbe blue

protective reflectar, For example, the blue reflector can be optimized through a %Iobal optimization

process. De¥igf sl SREFIVE @ RFAL I Y BRY st pFh iR SR sn RFRIAG A Berage index

of this dielectfig’ seatingsiadenMy. CORIIAEOR-ph slisde et ehstatle ¢ahbRisgatb o4 fxaple, an
interference stack of TiO2 and Al203 ma;r/t?be used instead of the TiO2 and Si02 used in the examples
above. In adHitfamtHAcRgiteLse LA R61RERIEdd. While reflection from the reflective polarizer can

be very high, light framsritiee Byrihe relieplye pelariier cantiecraiaipth by adrasiere Ryaye retarder 4
times, and %%?gl%ﬁiggn%%%{%{igg Bgllgg itzlig%eitra]&%re?%gofposn},voitfhtﬁg lglfl%tli)vgnly needs to function for
the green and red wavelengths, the retarder in front of the red LED only needs to provide

20 quarter-wave retardation for green light, and the retarder in front of the green LED only
needs to provide quarter-wave retardation for red light. This could also provide an
advantage to the longer wavelength green LED, such as I1-VI, since there will be less
difference in wavelengths between the red and green LEDs. There are a wider range of
retarders available that function over a limited spectral range.

25 Unless otherwise indicated, all numbers expressing feature sizes, amounts, and
physical properties used in the specification and claims are to be understood as being
modified by the term “about.” Accordingly, unless indicated to the contrary, the
numerical parameters set forth in the foregoing specification and attached claims are
approximations that can vary depending upon the desired properties sought to be obtained

30 by those skilled in the art utilizing the teachings disclosed herein.

All references and publications cited herein are expressly incorporated herein by

reference in their entirety into this disclosure, except to the extent they may directly
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polarizer should be minimized. Scattering can be the most severe with blue light, and the retarder by
design preferably provides quarter-wave retardance for all three colors. Such designs can be difficult
to accompli3KOaAHEMSPmance is usually a compromise. The efficiency caF&RERFA8468VE also
assume that a normal color combiner efficiently emits 10blue light initially transmitted by the reflective
polarizer. Another technique of improving system efficiency can be to use light sources that have a

larger F-nurgher @i the OlHE IRt SOUIRR AN HAgi AECS RN SAK 8D &aSAR.WRELE thg optical

system requires that the F-number for the blue and green sources be the same, highly dispersive
optical elenfstsiRsdhhpEitisEav I beppisraatsthhyyiesz as ordinars bl sy e hibyfen28CtY RE larger

F-number fojiithg.Rlug Jehtqay.alavnd eeie alicierbhive pirgcive ditendqReifesigned.
Performance for the blue protected color combiner may increase relative to the normal configuration

since the retatbedimepshilommnendetaibed kitheddic it fioridianegredihsrsedivavelengths,
the refarderdpdiont-of thaseppERiONlY RestR laPrevidaRPauasaioN e vetaitatiasr fak green light,

and the retarder in front of the green LED only needs to provide quarter-wave retardation for red light.

This could aReFifiosmBodimaAtsgs R he Whgbhseivere fgthigradsd e, thisdissionuebince there

will be less diffgranagynvavelengihsbehvegnitheredigaddgreen LEDs. There are a wider range of
retarders available that function over a limited spectral range. 25Unless otherwise indicated, all

numbers expressing feature sizes, amounts, and physical properties used in the specification and
claims arc to be understood as being modified by the term "about." Accordingly, unless indicated to the
contrary, the numerical parameters set forth in the foregoing specification and attached claims are
approximations that can vary depending upon the desired properties sought to be obtained 30by those
skilled in the art utilizing the teachings disclosed herein. All references and publications cited
herein are expressly incorporated herein by reference in their entirety into this disclosure, except to the
extent they may directly WO 2010/059453PCT/US2009/063779 contradict this disclosure. Although
specific embodiments have been illustrated and described herein, it will be appreciated by those of
ordinary skill in the art that a variety of alternate and/or equivalent implementations can be substituted
for the specific embodiments shown and described without departing from the scope of the present
5disclosure. This application is intended to cover any adaptations or variations of the
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specific embodiments discussed herein. Therefore, it is intended that this disclosure be limited only by the
claims and the equivalents thereof. What is claimed is: 1. An optical element, comprising: a first
color-selective dichroic filter having a first input surface, disposed to transmit a first color light beam
perpendicular to the first input surface; a color-selective dichroic mirror disposed to intercept the first color
light beam ap@sgiR@RIGia@PBroximately 45 degrees; and a reflective polarizer disposed adjacent the
color-selective dichroic mijrror, opposite the first color-selective dichroic filter, wherein the color-selective
dichroic mirrdr is cpRORHGArERREN g QRS Bortion of the first color light beam, and transmitting a minor

portion of the first color lightipaamlorZsel i dtinsrele et ey A firshpteisuthedirgispeked light beam
comprises a first wavelength ran(F:]e of Iight that is capable of degradi% the reflective polarizer. 3. The

optical element of claim 2, furthef&¥ hey ié%é}éfﬁj}hb?@r@&%@ fuaipetatlisdid Bihsorbing the

first wavelength range of light ang gisggsed to intercept the minor portion of the first color light beam. 4.
The optical element of claim 3, wherein the wavelength selective apsorber is disposed between the
color-selective dichroic miﬁS&Qﬁ&gﬁEt't‘éeﬂ | irg'f)HI‘ng'l eé!%?%ﬂé%ﬁfﬁ&?@ﬁj}%m%?@%ﬁ% L wherein the
first wavelength range of light comerisasdplaadielaf appitsaviatelylighidegrebbenaptical element of claim 2,

wherein the first wavelength range of light comprises light having a wavelength range from 100 to 500
nanometers. 7. The opticAf @&lgﬁtp %fé%qﬁﬁﬁeﬁtm@%ﬁ%oﬁ@%%ggﬁﬁ DAY Yorming a

polarizing beam splitter (PBS), angputieseiie thetredleckeraplardietraindip@ior-selective dichroic mirror are

disposed on a diagonal of the PBS. 8. A colpr comhiner comprising the optical element of ¢claim 1. 9. The
optical element of claim l’v\fnﬂﬁgﬁ@rﬁ QL Qctlvegl&row mirror |sgcapab?go? reﬁectlng amajor

portionof thefirst color light beam, and transmitting a minor

portion of the first color light beam.

2. The optical element of claim 1, wherein the first color light beam comprises afirst

wavelength range of light that is capable of degrading the reflective polarizer.

3. The optical element of claim 2, further comprising awavelength selective
absorber capable of absorbing the first wavel ength range of light and disposed to
intercept the minor portion of the first color light beam.

4, The optical element of claim 3, wherein the wavel ength sel ective absorber is

disposed between the col or-selective dichroic mirror and the reflective polarizer.

5. The optical element of claim 2, wherein the first wavelength range of light

comprises blue light or ultraviolet light.

6. The optical element of claim 2, wherein the first wavelength range of light
comprises light having a wavelength range from 100 to 500 nanometers.



a second color-selective dichroic filter having a second input surface disposed to transmit a second color
light beam perpendicular to the second input surface, the second color light beam also intercepting the
color-selective dichroic mirror at an angle of approximately 45 degrees, wherein the color-selective
dichroic mirror is capable of transmitting a major portion of the second color light beam. 10. The optical

element of cfaim 9, Tuelopti eararfisntopdsEhretaliftaEdispgsesHaaiwes tibedistie plpselective dichroic

filter and the reflective polarizer; and a second retarder disposed between the second color-selective

dichroic filtel A M@ RANFLFAN Bisrarsall tter(PRR). spdashereim g s ectiMe Pel ke e $Rl 9 flective

polarizer is aligagd siRAGERAROZ AHOGI Siatecot LdehdeipsehePB®rises a quarter-wave retarder
aligned at an approximately 45 degree angle to the first polarization state. 12. The optical element of

claim 11, wherein the first color light beam comprises a first color unpolarized light and the second color

light beam cgmpris@scalseeontbicrlcsoiPaiizee bptitsiBrirshtisir she first color unpolarized light. 13.A
color combiner comprising the optical element of claim 12. 14. The color combiner of claim 13, further

comprising: a first color light source emitting the first color unpolarized light; a second color light source
emitting the gecondreeloptidpelaneed dioditi et fuaeerkinedighycomprising the first color unpolarized
light and the second color unpolarized light. 15. A projection system comprising the color combiner of
cinim 14. 16. The optioal ASHRER 5P A e AIEE S P BB L ERINGH S A ichroie fiter
having a third input surface dispagigsbtedriarisaniing thisdcopkd chight idpabeaarpepeicidardotdwdhird input
surface" the third color light beam alsodinterceptggg the color-aelecti\fe lg]li%hroic mirror at an. angle of
approximately 45 degrees; and SCO" Input surface, the second color light beam also intercepting

the color-selective dichroic mirror at an angle of approximately 45

degrees,
wherein the color-selective dichroic mirror is capable of transmitting a

major portion of the second color light beam.

10.  Theoptical element of claim 9, further comprising:
afirst retarder disposed between the first color-selective dichroic filter and
the reflective polarizer; and
a second retarder disposed between the second col or-selective dichroic
filter and the reflective polarizer.

11.  Theoptical element of claim 10, wherein the reflective polarizer isaligned to a
first polarization state and each retarder comprises a quarter-wave retarder aligned at an
approximately 45 degree angle to the first polarization state.

12. Theoptical element of claim 11, wherein the first color light beam comprises a
first color unpolarized light and the second color light beam comprises a second color

unpolarized light different from the first color unpolarized light.

13. A color combiner comprising the optical element of claim 12.
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a third quarter-wave retarder aligned at an approximately 45 degree angle to the first polarization state,
disposed facing the third color-selective dichroic filter, wherein the color-selective dichroic mirror is
capable of transmitting a major portion of the third color light beam. 17. The optical element of claim 16,
wherein the first color light beam comprises a first color unpolarized light, the second color light beam

comprises aggcond gl siiphbiachliahinang, thetHerdsardiadit beam comprises a third color
unpolarized light, wherein each of the first, second and third color unpolarized lights comprise a different

. , d |
wavelength range. 18. A 8JI6% GOHbIHEN BHIBFEMIAS Bipdlst cRlehanPeraBiZsHh I9Nt19. The color
combiner of claim 18, furthgseanaiisindighiissticelemigitigapersesinising tbrat sglorguapolarized light;

a second color light source emitting the second color unpolarized light; a third color light source emitting
the third color unpolarized light; &M a combined light comprising the first color unpolarized light, the

second color unpolarized kgismpritedhRyHicaraph niPeRl drgasblighings o\ eieghicahgitem comprising the
optical element of claim 19. ) )
second color unpolarized light.

15. A projection system comprising the color combiner of claim 14.

16.  Theoptical element of claim 11, further comprising:

athird color-selective dichroic filter having athird input surface disposed
to transmit athird color light beam perpendicular to the third input
surface, , the third color light beam also intercepting the color-
selective dichroic mirror at an angle of approximately 45 degrees;
and

athird quarter-wave retarder aligned at an approximately 45 degree angle
to thefirst polarization state, disposed facing the third color-
selective dichroic filter,

wherein the color-selective dichroic mirror is capable of transmitting a
major portion of the third color light beam.

17.  Theoptical element of claim 16, wherein the first color light beam comprises a
first color unpolarized light, the second color light beam comprises a second color
unpolarized light, and the third color light beam comprises a third color unpolarized
light, wherein each of the first, second and third color unpolarized lights comprise a

different wavelength range.
18. A color combiner comprising the optical element of claim 17.

19.  Thecolor combiner of claim 18, further comprising:

afirst color light source emitting the first color unpolarized light;
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a second color light source emitting the second color unpolarized light;

athird color light source emitting the third color unpolarized light; and

acombined light comprising the first color unpolarized light, the second
color unpolarized light, and the third color unpolarized light.

20. A projection system comprising the optical el ement of claim 19.
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