FREE- FORM CONDENSER OPTI C TECHNI CAL FI ELD: [0001] The invention relates to
optical systens, and especially to XX (two reflecting surfaces) optics,

i ncl udi ngweuady/opiodcs suitable for use as a condenser | RCR/USE@BALISBDHN
system BACKGROUND OF THE I NVENTION [0002] Similarly to the field lens of a
tel escope, the main function of the condenser optics in a projection system
is to collect as nmuch light as possible fromthe source and transmt it to
a mcrodi splay or other inaging device, which will spatially nodul ate the
light while transmtting the light towards the projection optics. [0003]
The inportance of condenser lenses is the fact that the main bottl eneck
that limts efficiency in coomercially available projection systens is
their collector optics. Efficiency is a key paraneter of projector
performance, since it augnents screen |lum nance, enabling the systemto
performwel| under increasing |evels of anbient light. Additionally, a

hi gher efficiency also neans | ess heat to extract and so | ess noise from
the fans. [0004] Most conventional condensers use elliptic or parabolic
mrrors. They performvery far fromthe theoretical limts (cal cul ated
usi ng the etendue invariance of nonimagi ng optics) for sources such as arc
| anps or hal ogen bul bs. Typical snmall displays in the 5-15 mm®R. srad et endue
range have ray collection efficiencies about 40-50% for the best

condensers, although theorBREE/IRORMICONDENSER OFHIC To understand the
limtations of conventional elliptic or parabolic condensers it is useful
to consider the concept of the projection of source-inmages. A pinhole at
the exit ?ﬁ@ﬂb@¢ALJHEEEb of the condenser will pass a bundle of rays that
bears the | ocal i mage of the sourc see F
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sinplificatipn of the actual non- honngeneous Iunlnance dlstrlbutlon of an
arc. Exanples. of ‘the actual |uninance distribution are shown in FIG |B and

FIG 23 LR HOBNGS bt E N indfony>ec

[0002] Similarly to the field lens of a telescope, the main function of the condenser optics
~ina projection system is to collect as much light as possible from the source and transmit it
‘toa microdisplay or ether imaging device, which will spatially modulate the light while
transmitting the light towards the proj ectlon optics.
[0003] The 1mportance of condenser lenses is the fact that the main bottleneck that limits
efficiency in commer01ally available projection systems is their collector optics. Efficiency
is a key parameter of projector performance, since it augments screen luminance, enabling
the system to perform well under increasing levels of ambient light. Additionally, a higher
efﬁciency also means less heat to extract and so less noise from the fans.
[0004] Most conventional cendensers use elliptic or parabolic mirrors. They perform very
far from the theoretical lirnits (calculated using the étendue invariance of nonimaging
| optics) for sources such as arc 1arnps or halogen bulbs. Typical small displays in the 5-15
mm?.srad étendue range have ray collection efficiencies about 40-50% for the best

condensers, although theory allows about 100%.



in the final design but it hel ps understand the inherent Iimtations of the
elliptic condenser, because the etendue of the sinplified arc is a better
defi ned papammtopsooBhan that of the real arc. [0006] FI GpCl/ushas®13362 abl e
characteristics of the source imges of any conventional elliptical
condenser: the length of the inmage is variable depending on which part of

the co ndgﬂtﬁ%ﬁ TolurldSrstaMAIBEi RNt afiSREo filofverltibhal MBS akdbRYic cBRddneérs & it he

el ongat ed shape of a |light source such as an Utra H gh Perfornance mercury
ar c | anp ugflb, cohkider thie gescept of thb udjectioni afBsurceriipegest hArpimhale a( theexiFl G

IB); they rotate at the target due to the condenser's rotational symetry
(see Fl Gopti@) suda aftiee eandenser wit gess adwindletofirpys thel Yeayg the lacakingaea of 91 ¢
16:9 target, shown as a dashed-line rectangle in FI.G, I D.  [0007]_\Wen the
et endue &Purse (see F&di DpAsspnventianahelljpeal gpndensss hama lipHted cghleqtipn effigiengy g of
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the mecr ay etendue w be smaller and closer to that of the arc.
[0008] AnumiHaBE&Eibiribeiti6h afel shyvilgn FRG 1B and PES. 230 This shimplifidatioh ¢y mdiusqal ay
and arc etendues are equal, because 100% ray-coupling efficiency is

t heor et i dakileyfirnddedifn but(isheipeumdessiahdethe snherend pmitatibns ofithe eldiptiy condengsan be
shown that in this equal -etendue case the m xing-rod entry aperture wll
have t he beaamse trecétendietdf shessimplifed picop a betder defingdparymicter thaadhat of thesregl ear
that the variable size and the rotation of the images of the elliptical
condenserd@™@o prohi bit 100%ray-collection efficiency. A condenser achieving

such 100% uld necessarily, negtt diti I |.ected

i mages ar@“&éﬁgn\l\gﬁi’gws Bﬂt8§%f§8f¥vnﬁ§ Sc(ﬁ%ﬁ(iée)orh(r:éoenll ga 3 § g‘fagl}yﬂéeo ”Hq%?dr?gfr gd
entry apept ' andi ' al i t

opti cal ﬁltéﬁrrgﬁ% @@g@#ﬁﬁggggﬁp %ﬂ §%§t et§ :V(a:rézlme:Lg%&,ﬁsg%oggﬁ?igg ?ﬁg ff:ﬂc?ﬁdenser ,
or even idsplshskhidis iPibEd By Q=i FIG. @X);Hebausk @Y IEphateterlongaRddhape offr ovi ng

collection efficiency for small etendues has been to reduce the arc etendue
by reducilight sbecgaphbstanddtra fHigh Pedommande merduny atvdampr(&/HR ot images are
~ about 4 times loﬂger than wide (see FIG. 1B); they rotate at the target due to the
condenser’s rotational symmetry (see FIG. 1C); and the source images do not fit well with
the panorar'nic. 16:9 target,'shown asa dashed-linc rectangle in FIG. 1D.
[00071 When the étehdue ofa microdisﬁlay is much greater than the that of the arc, two of
the aépects mentioned above (projected image size variation and images rotation) do not
limit the collection efficiency, since the mixing rod entfy aperture (shown as a dashed-line
rectangle in FIG. .lD.) will be much larger than all the projected arc images. This, however,
| implies the use of a large and expensive micrédisplay. In the most cost-demanding
applications the microdisplay étendue will be smaller and closer to that of the arc.
[0008] An interesting clarifying case is that in which both microdisplay and arc étendues
are equal, Because 100%,ray-cOupling efficiency is theoretically possible (since étendue is
an optical invariant). It cén be shown that in this equal-étendue case the mixing-rod entry
aperture will have the same area as the average projected image. This makes it is clear that
- the vaﬁable size aﬁd the rotation of the images of the elliptical condenser do prohibit 100%
ray-collection efficiency. A condenser achieving such 100% value would necessarily meet
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optical designs have being devel oped to inprove the efficiency by: [0010]
Reduci ng the arc etendue via a hem spherical mrror concentric to the arc,
whi ch refwech®/ttadoB of the emtted |ight back to the ar®CrWs2ais/0i3832
partially absorbent) and through it to increase its |lum nance. The |ight
from the higher-1um nance half-etendue arc is then collected by a

convent i @H@donﬁitidm%it%ﬂ'pr@%&tb@%@ es arOREthhgule¥ SrltdxBetlpmaictiehdyorsotefitigage of
the arc with a decentered hem spherical mrror, and creating a conposite

1: 1 i nageniRingtlodtentry aperttaalhipasweditdn s geaériak it dires nof @ptad on Theomakl i zat i on
of the meridian length of the projected arc images, by correcting the

el |'i pti calemsnts used dosrech alyipothetinala)dfferayecolle¢tingcsondepsenfar lcgemmaplythaispheri ¢
| ens, but both surfaces still being rotationally symretric. [0013] These
optical ASp¢h vdeMm@LCXigHart from their conplexity and technol ogica

chal | en e limted gain capahjlj.t t hei.r; opti til

Foat i ot du0esd A G st PORENISE G rrbor pOc o) g BeseRa 1

i nprove ef fi.ci Lol i

(ot ot FYE Bt LRBIEHy LB HEINE B ey BRI Ry BlE ERKBERES Somerd,
single motf,ﬁeﬁid%agatheqieﬁfgt&gv%i@e@&o BVd ARldieASaayery techniques (which
try to recover the 50% | osses produced by the need of polarized light in

LCD and L0DI®]SyRéRITEg tht Ard fie@sticanps BatlkpheridaDiniy&T contérftric esthetakd) gvHichp

etendue is accordingly increased (doubled and tripled in polarization and
col or recefletyhafsftberemnitteddighcbackeb yhe aré (whibleis partrelkyiabgorbhet) ped thaeughnce of
smal | microdisplays that use classical condensers. 530015] O her. free-form

XX conderie écrepse its dumigangey Thg light fiomike ghersipmipanse dalfestendye a6 isdhsd i n our
pat ent applicafjon WO 2007/.016363 "FEree formlenticul ar optical elenents
and theiPohﬁﬁﬂgééﬁFaﬁwWGOE@ﬁé@W FreflSBfoRead! anps, " which is incor por at ed

herein bﬁgﬁflﬁ:-r @pe% 1}1%? ﬁi‘%’soéﬁ%%é {nﬁzt%%m'of-{geearg %yi-t)hcae éehc%gf%m ﬁ%?lé&%?b%l&;lﬂo g 43A

to 44C, on di t's ‘descri bed herein, e adapt ed

to circul Elc}e%'iiﬁgta%oiﬂi‘)%‘éi?@fi.l%1\;\1%;@8?ﬁ@%h%rdugﬁ?ﬁaboﬁé%ﬁeﬁ&".i ces use the
concept of etendle squeezing, Ich 1 nstead of focusing on avoiding the

rotation [0012]r-OTREERAlIZAtRoni STARESeri Pian thgth GMheprdfdctetairt Diagk, Byh@irfectiaglt h
and length as indicated in FIG 43A to 44C of our application WO
2007/ 016368} Uipfibed mirror coma, using an aspheric reflector profile and an aspheric lens, but both
’ _surfacés still beiﬁg rotationally symmetric. A
[0013] These optical appréaches, apart from their complexity and technological
challénges, have 'limitec-i.'g.ain capability because their opticé are still restricted to being
, rotatioﬁally symﬁletri_c.
[0014] Other approaches to improve system efficiency include color recapture and color
scrolling (which 'try to 'recover'the 2/3 losses produéed by the color filtering in single
micro&isplay projectors), or pdlariZation-reéovery techniques (which try to recover the
50% losses produée_d by the need of polarized light in LCD and LCoS systems). In these
approaches, however, the resulting lamp étendue is accordingly increased (doubled and
- tripled in polarizeition aﬁd color recoVefy'SyStems, réspectively), further limiting the
performance of small micfodisplays that use classical éon&ensers.
[0015] Other free-form XX condenser devices.designed with the SMS 3D method were
' disclosed 1n our patent application WO 2007/016363 “Free form lenticular optical
elements and their application to condenser and headlamps,” which is incorporated herein
by refere‘ncve in its entirety. The‘ devices shov;'n thérein_i_n FIG43A toA44C, on the contrary
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devi ce shown in FI G 45A-45C of our application WD 2007/016363 has in conmon
with the enbodinents in this application that also two hal ves are nade and
prevent rwoanexntomB i mages, but the configuration is suedTiusasosnnzssz wo

hal ves of the secondary mirror are not adjacent but face one to another.

[ 0016] Regarding the state of the art of manufacturing condenser optics,

al | pr eseabmByGihRaE REGiRATRIS E Yateratiaptedito @toaldr earabts Systeadtofi ¢ sur f aces.
These are manufactured mainly fromglass (due to its [ ow cost) or '

gl ass- ceredramzu(droned) iThbsy déviesmsé thetcabidpt by ftendieesqaeezimg ovhidf insead of
techniques is limted, so the manufactured profiles can differ, )

subst ant-ife¢usingfanmavoiding theiratatina fl profigkadiRy irapges HIFofd nograqoN 72000 Pf their ¢ hi s
speci fication the SMS3D net hods are apEI i eg to free-formm r[or tics with
i gh nunerigenddeneth a iedisaeden FIG # A& 4Gt siranplisatin WG 2002 63&: e

guar ant ee, t hat. t he. ' e our ce i mages Y t.e. .The nonencl ature
used is (iEViSH showy Hgﬁglr ggéég&s ‘btlfjouféPW\Eca f’ntvﬂé 2@&?{05%%1%15 “fﬁ%mgwgé’ﬁ%aesi gn
met hod pr.Qvj . . . of: : ; i

cont ol " ope bFRipighis 21k icalioh s BV RS Rike KRR BRI RRIKHYY,

proj ect eq S04 68rth A8 sEANNAOhE 880 hRlvadlo AR @g&%ﬁﬁr@trﬁﬂrdrﬁl@ﬁot

SMS- desi gned dual reflettor devices are herein termed XX “In order to

clarify tAfcHRBud Bte Bilc E0MERRGEr fam lies, this section considers the
design of an XX that nust collect the light emtted by a rectangular flat

sour ce arfdot6]aeheting thetstataof thetarnufihaufichaing condenser pptiashall gesserst r i ¢
configuration shown.in-FIG 2. The light source is placed in the él: 0

pl ane andysteins ard based exglusively gn relatipralsymmedric syrpses. (1hess e sgpnufachired =
constant plape and will receive the emtted light in z > 0 directi .
[0030] " Crfbeinbfeen chs (44 1 dodnvicor oF Borsotanis Woyiduf GReErRB G Rect i ng
light froma source onto a t.argef .ge I ' ' i of i f the
sour ce, »t%&u%‘f)}f? bﬁ%h geﬁé?lgﬁ?sclf') 1fe§11 Sﬁgﬁéglﬁlrl%{fr?%%éd(ﬁg f|ﬁ(:@(§1fu'{he gﬁ%%@tsggﬁgn ged to
di rect Ii@g}hg{&?rﬁh hegsource towards asecond.end of the condenser opposite
the first end of the cylinder, and a secondary optical elenment arranged at
t he second end of the conde direct the light fromthe primary

opti cal né)gq%n‘?gggglp erein at least 70% of the light reaching

the t ar‘ge.[b(){’;]-oll;rl]'this_ specification the SMS3D methods are applied to free-form mirror optics
_withhighjnurherical apertqré and efﬁbiency, with which it is possible to guarantee that the
Iﬁroj ected soﬁrce imagcé do not ”r_voltate-. The nomenélature used is given in the glossafy of
_terms ét the end-‘. | . » , |
[OOIS] The SMS3D désigii niéthod provides full control of two couples of wavefronts and
paniallcorvltrol Qf avtl'n'rd bne. Thus the size, position, and orientation of the projected
' _sthéeairh'ages cén be '(_:o'ntro.lle'd to an qnprecedented Level.SMS-designed dual reflector
" devices Aaré herein'tel;r'ned__XX. b' In order to clarify the various XX condenser families, this
section cbnsiders the design of an XX that must collect the light emitted by a rectangular
- flat éourée and transfer it to a rectangular flat target, in the geofnetric confi guration shown
“in FIG. 2. The light source isipla%:éd in the y = 0 plane and emits in the y > 0 directions. The
target is placedinaz = coristaht plane and Will receive the emitted light in z > 0 directions.
[0019] One asﬁeg:t of the invenﬁon provides an optical system for directing light from a
| sourcé onto> a ‘targ.et' genergﬂly in liné with a first end of the source, the opt_ical system

comprising a primary optical element arranged to direct light from the source towards a



the source reflects off both the primary and the secondary opti cal

el enents. [0020] One aspect of the invention provides a condenser for

di rect i ngwbi2gdwo7p006m a general ly cylindrical source ont ®@ca/usasogeissgeneral |y
inline with a first end of the cylinder, the condenser conprising a
primary reflective or other optical elenent arranged to direct light from
the sour ge.dn@Wad 48t RAEHEr Sp1sié tHe TR sCARBTIREEYINARA And @ stdvadary dpticaind of
the cylinder; and a secondary reflective or other optical elenent arranged
at the setmmat afshgel at iR seosndidiriest thocalidesset td dieedt ttghlightt fiom theeripraryrar y
optical elenent onto the target, wherein substantially all of the |ight

r eachi ng ophieal telamypat ofitodhe tangetswhereim at d¢ast 4% obtlfe ligdtt reachingihe teegsf frgad t he
secondary optical elenents. [0021] . The primary and secondary opti cal

el enent s thespure reBeetnaffdwth heprimanyead B seprndap{ PRUCALICHRESt ar get from al |
t f [ : tical | {. f d .the t i th
P ebst ant 10T Unepter o iipremion FEovida s syrdshtsforgtireer be IBH Ham anr i wary and
d ‘opti,cal.. t bhe. . |
he tar gen e B RLFcsrORg BBt HARA] i 1A wiTatas: Aid S SAMUEE 07,
target Wthé‘co?fa*aﬁée?efninghésiééfaa?@ efﬁé&ﬁpéo@&ﬂels&;ﬁgal YBRER frinb&d io@eRs are

rect angl es nore near than the ratio of length to dianmeter (LfO of

t he sour qsht FBRARE sdiite towE@Sa FRYni 8NEofthe @bhdeneér dppogitdithe dirstictitiof itre t he
range of fromone quarter to two thirds, preferably 4/9 to V2, of L/D.

[ 0024] Thelipddéramidya sgebhdal refleetieadr othyr deicabejemmteurangedatahé sgcond phdiphl ity
of arcuate sectors towards the first end and a second plurality of arcuate
sectors tthewendlensendo disestle kgt fronh theprimary opgeal elanzeng pntoHBe fargeds whergia) ity

may be staggered circunferentially relatjive o the arcuatge. sectors of the
second p|qgg§plpqa§,ly ailwétlgeelbgmaegppmg%teq tacget é?@éﬁ?owehﬁgﬁoﬁé’ogb%ﬁﬁﬁfnéﬂy i nto
athird Ealngrgl itx ‘?f ‘ arcuq‘tge se(f‘tors equal in nunber to the sumof the
first and SeRoHg ?) Ay 8PHed 8 8% hat each sector of the third plurality
faces a rgapgcty C Ik ' 4 Rl dekifh ector
(BOPAC TR Shd Qécotnaﬁ'iyrd figdl e%!r%ﬁg&gagibe sy sﬂéﬂeﬁ%hat%g%%ad}‘hhé

of the pr y optica enment cts rom the source onTo the
faci ng seghfle odfthé gt oA AR pYtOSL the phinResBIdal elehieihardifé@eddsor the tdrgght
onto the target;['OOZ%] Anot her aspect of the invention provides a | anp
assenbl y wnlrpubseintiglinthecatershape, size, and orientation.

[0022] The primary and secondary optical elgments.may be so shaped that images of the
source on the tar'get. frdm éll parts of the primary 'opfidal element are formcd on the target
with sﬁbstantially the same shape and size, wherein the images are rectangles more nearly
square than the ratio of length to diameter (L/D) of the source.
[0023] The images may have a ratio of length to width in the range of from one quarter to
- two thirds, preferably 4/9 to Y2, of L/D. - |
[0024] The primary opticéll element may be se’gmented into a first plurality of arcuate
sectors towards the first end and a second plurality of arcuate sectors towards the second
end. The arcuate sectors of the first plurality may be staggered circumferentially relative
to the arcuate sectors of the second pilu'rality.' The secondary optical element may then be
segmented into a third plurality 6f arcuate sectors equal in number to the sum of the first
énd second pluralitiés so that each sector of the third plﬁrality faces a respective sector of
‘th-e first or second plurality; and each sector of the primary optical element directs light
from the source onto the facing'sebtor of the secondary optical element, which directs the

light onto the target.



according to the invention with a cylindrical lanp as the source. [0026] A
further aspect of the invention provides a projector conprising a |anp
assenbl y wocorxdi7a@3t o t he i nvention, an imge- form ng moaaiSatsni1mss2t he
target, and projection optics to project an inmage generated by the

nmodul ator acting on the light fromthe |anp assenbly. BRI EF DESCRI PTI ON OF

THE DRAV03S] [0Ra&#} adfet 0K envaifloR bRRIdeANSED Sssehidds éﬁrﬁ?nﬁﬂglaégﬂcﬁ%&ges of

t he present |nvent|on will be nore apparent fromthe foll ow ng nore
parti cul accoldiagto fiteiinverition et 3 cylimisieslt letpias tleeosourect i on wi th the fol | owi ng
drawi ngs-wherein: [0028] FIGS. IA [IB, 1C, and ID (collectively FIG 1) are
a set of [e0264rAafusthet aﬂmctr@ﬁthmglvn@ttl@tblbrmkdhaa anyentorseompyisofg a lenpsaseercelyi mages
of a conventional- el liptical condenser. [0029] FIG 2 is a di agram of an

1

exanpl e @FCOdingso %191%‘&#1@54 m@y@g%wwnqlo@w}iutat%t thsA@rsﬁfdarmr@w PREPliGse| v
FIG 3 f di | ] drib
cal cul Zit i %Sfoﬁpg?aﬁ ‘E‘??@&%ﬁ%{e@."é«ﬂb u 'éla Ofﬁggﬁ “ﬁtl%‘égﬁt?&’aﬁbe lamre@ ééﬂ”feb t |ri/el) y

FIG 4) are a pair of diagranms illustrating an SM5-ribs cal cul ation. [0032]
FI GS. SABRBFIEICRINEON QEITHEDBAB)INGSe a pair of diagrans illustrating
spines as_coordinate curves on the SVM5 surfaces induced by the seed atch

par anet ed99% iThs ahove andthenaspedis tfeatvres and-adugntageypfthg prosprignyentionsyillg A
1 e ot Sraiitt gt S piliioRinedhe To R nefis R MRl PP EER {he o
condenser, £ 00341 Bl e fZHb\%m% &g\gv{n&g(vhgt agranms conparing the alignnent of

e
pr Oj ecte rc I-mages Iar arget aperture in a conventional

condensergoig) e, ﬁleﬂ‘nl(?%né'?DC@BHé‘d?ﬁr%f K16, 9hoe-a JeQQtSA‘aL ah@ln&da%n set of

di agrans i | l'ustrating source and target: defl nitions. s a set
of di agr aBTbid dhdsictepistiegoftthé dirté ﬁﬁ@ge@%fﬁ\@u@ehﬁ&ﬁﬁl%lliﬁﬁﬂhl wiaﬂtartsaf t he

emtting characteristics of the cylindrical source. [0037] FIGS. 10A and
1CB (coI [0Q29] \Fé(y2 I%Izeilagﬁ)n sfovespipiest amKXaaDtepltl@ﬂtsyﬂtfane x=0 for
[0030] FIGS 3A and 3B (collectlvely FIG. 3) are a pair.of dlagrams illustrating an. initial
curve _Ro (s_¢ed rib) calculatlon from different viewpoints.
[00_31] FIGS 4A and 4B (¢oIléctively FIG. 4) :ate a paif of diagrams illustrating an
" SMS-ribs calculation. | _ i R : '. | o _ _
' : [0032] FIGS. 5A and 5B (colleCtivély FIG. 5) are a pair of diagrams illustrating spines as
- coordmate curves on the SMS surfaces induced by the seed patch parameterization and
SMS constructlon of FIGS. 3 and 4.
‘ [0033] FIGS. 6A through 6E (collectlvely FIG. 6) are a set of dlagrams showing how the
| ’sxgns of magnifications M and N leads to four possible families of the XX condenser.
[0034] FIG. 7 isa pair .o'f diagréms comparing the alignment of projected arc images with a
rectang'ulatf target aperture in a édnvgntio_nal condensers (leﬁ) and an XX 3D condenser
gy o
[0035] FIG. 8isa Set of dlagrams illustrating source and target deﬁnitidns.
_ [003_6]_ FIG, 9is a sét o.f-‘diagrams illustrating definitions of wave fronts that control the
emitting' chtlracteristics of the c‘ylindﬁcal source.
[0037] FIGS lOA and 10B (collectlvely FIG 10) show spines contamed on plane x=0 for

two XX fam111es



two XX famlies.[0038] FIG 11 is an illustration of an XX design with N>O.
[0039] FIG 12 shows spines contained in x=0 of one design variation.

[ 0040] FIv&0 20®/i7900a di agram summari zing the 8 fam | i es eCTXK2@sn0dBa5er
designs conceived for a cylindrical source. [0041] FIG 14 shows one

sel ected XX design. [0042] FIG 15 shows geonetrical dinensions of the

sel ect ed [H088)FIGINT & ariliGetratibn dFAA4Y dBigh wih N>0.a graph of ray tracing
results for the condenser in FIG 14. [0044] FIG 17 is a graph of ray

traci ng r{ee3s)taGt 02 slidves lindspntatdeddnme® 0§ 6fic dosign varfatiGn. 14. [ 0045] FIG 18
shows ray tracing results for illum nance distribution on the target plane
for the doedddd6r 13 s adiagramsunupariBhg Fe@ fardlishefiwéX fcanddnser designsr aci ng
results for the condenser in FIG 14. [0047] FIG 20 is a graph of ray
traci ng reeBeniyesl forp syhindiiceheowes | ection ef fici ency of an XX condenser

t f 16:9 ¢t t. [0048] FIGS. 2 1A d 21B
\(/ggfrzctn@%‘f‘ﬁ)“ﬁbgwg‘%ﬁ%?‘% S&?e:&g%??%gdgflga-[ dem)]nSt rator prot g?ype. [ 0049]
FIG 22 d s i | | ¢ j . [0050
Fle o5 1004 JGUSSRAR BB AGIERe e i xR @GR DAFRGILAY, L0050

[0051] FI 55184 i iishAn Hie {hat of FIG 14
[t egr at GO T SR A s R A s M TIPS 00521

Ref er ri nqo044]tHIE. T o@aply bNghydiaaitigiesults tivethSbiipbcsl@sh@ehsee Xhoth IRV des
full control of two couples of wavefronts and partial control of a third

coupl e of[0048] HIGOh8 showishrag tratiag sésnbts fopdkhirhinamce dastcbotioreott tht itaypetplarteifer
proj ected source-i ma}ges can be controlled to an unprecedented | evel.
SVB- desi gheepndgaser iFl@didor devices are herein termed XX. In order to

o 1 1S R o e BB B o 2,
" 1, 2931 BT R bl R 6 TG ko) 1Bk
condenser versus the 3D étendue of a 16:9 target. '
- t0048] FIGS. 21A and 21B (collectively FIG. 21) are diagrams of a demonstrator
prototype.
[0049] FIG. 22 shows a demonstrator manufactured by nickel electroforming.
[0050] AFIG. 23'is a diagram of a luminance distribution of an actual arc lamp.
[0051] FIG. 24 is a side view of a lamp system similar to that of FIG. 14 integrated into a
bulb. | -
" DETAILED DE.SCR[PTION. OF THE DRAWINGS
[0052] Referﬁng to the accompanying drawings, the SMS3D design method provides full
control 6f two couples of wavefronts and partial control of a third couple of wavefronts.
Thus the siée, position, and orientation of the projected source-images can be controlled to
an unprecedented level. SMS-designed dual reflector devices are herein termed XX. In
order to clarify the various XX condenser families, this specification considers by way of
example the design of an XX that must collect the light emitted by a rectangular flat source
and transfer it to a rectangular flat target, in the geometric configuration shown in FIG. 2.
The llight source is placéd in the y= '0 plane and emits in the y >0 direétions. The target is

placed in a z = constant plane and receives the emitted light in z > 0 directions.
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The light source is placed in the y = 0 plane and emts inthey >0
directions. The target is placed in a z = constant plane and receives the
em tted Iwghoowaro@3> O directions.[0053] FIG 2 shows amcexsops®13sB2 an XX
3D optical device, formed by two free-formmrrors, a primary optical

el ement (PCE). and a secondary optical elenent (SOE). The device shown in

FIG 2 myoda¢ FRG. 2 BROVNsh SQYAEE oMbl RXE3D ofB&e dsAde,dBréd bPed atefornsuch as
a DVMD chip from Texas Instrunments, Inc. at the source, producing an inage

at the t aiigets, aphincity optycab elenicanROBY andtd wecondney opstéx] tleereat (SOE)n#Ee be
further projected. The device may be a condenser, with a [ight source at

t he sour cleviaashawn infile2 smayrtsandmaging dewice withtantimage spuges or mpdulaiey sech may
be a condenser, wiith alight source at the source and.a |ight pipe or
further I3 @@W@é@@ﬂhﬁe’ﬁ’é@w’ H& At the sourgRdroducingan naggat her
enbodi nents descri bed bel ow.,are better suited for us s _a_condenser than
2 an | miEERG B BEX B Vienid O pREEvISE Hsdheren oy be fyftiep Projlet 1ne

enbodi nmen s. of deyi i r rr . sers, "
and the tr}fg‘encgfn ayhbge at%%r%g&%(r)’ﬁgzlﬁéiel?ﬁtcgoﬁpc%éhﬁ?glecfgts{cre iaggia}dgmg %?ﬂ%g not be taken

as limti diﬁomffh&@aﬁget.ofmefm_fceq%s@ic&lﬁréhge@,symatngﬁf S8 AP Esdikceot her

use. [0054] If the source size is srall enough conpared to the condenser

si ze, andndadight pipelod AirtHdndigheprocesitigldevico htviag its vetakdatrte segetof Othawef r ont s
(only guaranteed at the seed rib), the follow ng |inear mappi ng between the
sour ce armhtoden¢rds gescrihed belowvanebete xtitad for lse a8 qouindensst thanestanrigeging (x, z)
is a point of the source (the same gl obal coordinate system x-y-z for

sour ce armojeetegefIhiesctorsi ghe srtergsts aghfe@ﬁy,aﬁ%b%izmﬁl?té of Hissdexipes dessEbedef | ne

t he mappi ng of the centgr of the, source to.the center of ,the.target. [0055]
Thi s mapdGoG TR0 ph Sondemietis” RidGE Bt GEshe 5B SRTIRESFo " This Qestipigd o

smal | source), t met had. provi des ' - 7] 3] t he
ght sodrBatirt Bt ke iR DI ERE oPtlas SR QLM R BB BB
plane. IngElG 2, points A, B, Cand D are object points while A, B, C
and D are their corresponding i nrage points. [0056] Because the optical

confi gur o008Y] 1@ thddotircediREE BinkB eBOGH JonfpasaliodRe Pstidehser sizePgdmppaihgt 0
specific target points, it can be used as an inmagi ng device, projecting an
i mage of thitghs demicewdhdéanttoh ehet_thilr(y edt,of asweledits emlpguargntaskat thesead cibhdbanser .

folloWing linear mapping between the source and the target holds:

O )

where (x°,y’) is a point of the target, (x,z) is a point of the Vsource (the same global

‘ cqordinate system x-y-z for so_ﬁrce and target is being uséd), and ¢, and c; are constants
that :deﬁne the mapping of the center of the source to the center of the target.
[0055] This mapping implies that in the first-order approximation (i.e., for a small source)

the SMS methodvprov'ides an imagé-forming desi-gn whereby the light source is placed on
the 6bject plane and the target 6n the image plane. In FIG. 2, points A, B, C and D are
object points while A’, B>, C’ and D’ are their corresponding image points.

| ' [.0(‘)56]. Because the optical coriﬁgurati.on of FIG. 2 permits specific source points to be

mapped to specific target points; it can be used és an imaging device, projecting an image
of the source onto the target, as well as being used as a condenser.
[0057] The diagoﬁal of the matrix in Equation 1 defines the ﬁlagxliﬁcation of the optical
system. In a general case, constants M and'N, generally unequal, are defined as:
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[ 0057] The di agonal of the matrix in Equation 1 defines the magnification
of the optical system In a general case, constants Mand N, generally
unequal , woeodaf7poved as: Magnification M rati o betweenPChasseod®13382t he
target parallel to the y axis, H, and the side of the source parallel to
the z axis, H It is defined as: M= H/H Mgnification N rati o between

the side of MBRifcAGEM: RMSbétRker thelshiR of tReafaet YirallaNG thé1Q agisA’, Qhd ke
source parallel to the x axis, W It is defined as: N = WAV. 10058] For the
cal cul at i onsi@é of the sbimict ipatallelLovke ¢ iaxis, H. It iedébivisd asedMr= H)/H.t wo sour ce
wavefronts (labelled A and Bin FIG 3) are placed such that the line

j oi ni ng teheMagsifivation Neratiodbetweenthasids of thetthrgetpryaldt] taithe x3265,8M, aNdéhd | ne
that joints the target wavefronts A" and B' will be parallel to the x axis
of the coor sidaaf thespuice paepdlelyo) the x gxis, B. & is defipgsbasoN R éW:i ng now to FIG

3, the initial - i b)..cal cul ati .S d W th - di i
Spher  call0RIdicr Sha SR darce b Bt Grret e NS SRACHEh bee S88fCer ging O
heri cal f t . ' ' i nQi: 0t ing defi
moon 11 ot RHORs bk ELArR R E o, s) Abfien gl Bt IR hiRRAnTY det ! nes
interc hawg:?ﬁ{ Be a&ﬂeof?fggécmr 1St GHERR! The Whd thatjodlts iRtargtORSAfrofEs AhOWN

in FIG e SM5-ribs calculation, two source wavefronts (|l abeled C

and D i n fd®’ whll RIfardleLthe Ul ditBE coditinaichgsteni 43l wgll,sbeRIG.S.paral l el to
the z axis of the coordinate system The |ine that joins the target

wav ef r ont[908Y]aRxfeltingwiot ol 8y thleliritial enrvd RO ysead irh) odlctllagor cadathiervathe
system This two-point mapping defines magnification M (which is negative
in FI G 4&obwealizagi@gspherival wagefronteenitted denan poinisah ead B and tagahePVErgiRg ng
the positive directjons of the y and z axes as refer eg@. r%0061] The

cal cul at | PRergal praxeiznty centered ROYA ARG B héhisdwp-rofnt mpappapdefings as” descri bed

h f t i A | at i ' Ly t f t
et rs T < muatfitBh L [rREn B hdeBiys uRh 4 BicRi AT h R e bl BSEEAS OTL
b i ANELSY f the devi ith t t I
ecause | f§$ﬂggg%%gﬁgghﬁl ) )ry 0 e evice W respec o0 plane

x=0. [ 0062 ~I'nduces "a paraneterization on the surfaces
derived fpgojt AesRAGAIBLIE. UZ fr tRISMSESbS daldullRioheReb fAkehwatdFon®s (1ddeeed

paranmeters i's the parameter u induced fromthe seed rib. The curves with u
= const anC aad ® ad1Ged) apipiesd sheh thetthe fihe jeningtlixn isgpayallel to the z axis of the
coorciihafe system. The line'thait jbiris the target wavefroﬁts C’ and D’ will be paralliel to the
' _A y axis of the coordinafe system. This two-point mapping defines magnification M (which is
negative in FIG. 4 because C’ and D’ are interchariged compared with C and D, using the
. positi\'/e difections of tﬁe y and z axes asrefefence). _ |
[0061] The calculation of the seed rib (Ro) and the rest of the SMS-ribs as described here
uses four wavefront pairs. A calculation using only three wavefront pairs is possible, but
the caléulation using four pairs is more practical because it can guarantee the symmetry of
the device with respect to plane x=0. |
[0062]) The SMS method induces a ﬁarameterization on the éurfaces derived from the
: parameterizatidn used in the seed patch. One of the parameters is the parameter u induced
fr;)m the seed rib. The curves with u = constant are called spines. In general, an arbitrary
parameterization of the seed patch leads to spines that are not C° curves. In order to have
C°, C'~, etc. spines, continuity conditions must be forced upon the seed patch
parameterization. Such continuity level is not relevant from a theoretical point of view (in
any case, the surfaces remain the same, only their parameterization changes). In practice,
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paraneterization of the seed patch |l eads to spines that are not CO curves.
In order to have CO, Cl, etc. spines, continuity conditions nust be forced
upon t he woeedoypab@h par anmet eri zati on. Such continuity | @ecelusc@snois3z el evant
froma theoretical point of view (in any case, the surfaces remain the
sane, only their paraneterization changes). In practice, however, the

sur f aces hBvdroth QuiTREs kR oibR nidtR1edah ehY AlduliioRRERSSo furkett é)&mpl@(mpl es
(for instance, using b-splines), and then, suitable paraneterizations are
r equi r ed ifistinca,amsitgeti-epliniesy, ané thengalitably. paizﬁﬂﬁax]xzdﬁloﬁ‘s ar's redpoves] fopacvesateon t he
XX optical elements of FIG 4 as coordinate curves on the SMS surfaces

i nduced bwfaMMgpatch par anmet eri zati on and SMS constructl on. [0064]
Magni fi cati oanar aneters Mand N_can be either positive or ative, so

four fanilP9634 F4E. kshavansmirescmibe ot apticalplementgof FIG| 4 as ?%ﬁr@é}a CPUR{e&Ong

Sel ect t f h f I

Coeonet 1 Tet s 3aRaSRInaiaig The Yo palerSERPI M uhh S 8BRS LorbedOBiS o now
the i aNSo6Ha1 MSrBHRh AN WA HaltRAUnbCHdsH R eahflelsd ! T €5 of

the XX ¢ Ser esour ce vvavefron S at m poi nts
A B, C arfglgl:ﬁes Ekf&caﬁ%etceﬁaaa@d %léﬂm@lﬁegﬁae@nﬁwcna Sfei’é’cﬁﬁ%t %BQ‘%S A,
for 0; (FIG 60 M0, NO (FIG

N>0 (FI GamfwilVdep é}i@on[tﬁ@ medﬁ@oa)}@Qgéemegrcaf &d éptieyl) ifercl givah applicatien.may be
determ ned as follows. .[0067] The XX 3D configuration and geonetry

i nt r oducg0065) RIGe6 phews bors tiseesi ook thamaghﬂ'maﬂumsd‘ﬂmhdéﬁlehdlto fouc pbssmhlei cal
source. This is of practical interest in condenser PI i catl ons because

t he resulfanilips 9&dieghX cagd@ﬁmvﬁlcﬁe%@hovax?athewqecw oPtSEST) IPPtleR into
a rectangul ar_ aperture.

i | h
sour ce i feded ajdle. Fri@ﬁré?é OBIHI& ﬁ%‘]"gegi%%ﬁgd‘g‘ﬁggrg‘%é“?@&ﬁ@?%ﬁgy ‘i"&ﬂeect ed

"’ the. pd? poh g PRY MGk BFED- HdaRE Ve AR PRI COITG S RRE, 11 P

3D conderﬁgﬁ (right), in contrast to conventi onal condensers (left), can be
designed to avoid the rotation of projected arc inmages so that all the

pr oj ect eqobsBIoRE XRMekich fér £ chIBGLARGH e @d@&fﬂlﬂé@as(fbno&b G 7, the
non-uni formty of the arc |um nance is not shown).
[0067] The XX 3D configuration and geometry introduced in the prev1ous section can also
| be applied for a cylindrical source. This is of practical interest in condenser applications,
bécause the resulting design, as shown below, can efficiently couple the light into a

~ rectangular aperture. This is due to ‘.Sl‘V,IS3D"s conf_rol Qf thél proj ected source images, its

_nonrotational projection, and its éor_iétancy of pfoj ected size (perfectly in at least one
dimension, guaranteed around the seed rib in the perpendicular dimension).

[0068] Referring to FIG. 7, the present XX 3D condenser (right), in contrast to
3 conveﬁtional condensers (left), can be designed to avoid the rotation of projected arc

‘images so that all the projected images can fit a common rectangular aperture (in FIG. 7,
the non-uniformity of the arc luminance is not shown).

- [0069] Consider the formal definition of this problem, as shown in FIG. 8, which depicts
source and target deﬁnitiéhs for the requirerhent for an XX to collect and transfer the light
emitted by a cylinder and transfer it to a rectangular planar target, with the angﬁlar fields of
view iilﬁstrated in FIG 8. |
[0070] In order to colleci light coming from the field of view of such a source, an XX
design similar to that in FIG. 2 can be calculated t6 collect half the light (that emitted
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[ 0069] Consider the formal definition of this problem as shown in FIG 8,
whi ch depicts source and target definitions for the requirenent for an XX
to col | ecwoana/a7v@asfer the |ight emtted by a cylinder pamasstooansisar it to
a rectangul ar planar target, with the angular fields of viewillustrated in
FI G 8. [0070] In order to collect light comng fromthe field of view of

such a seiw&es y=0). XXhd6meORalbemilted tdwardpt0)igdefHoGeflectornhiienfabecul ated to
col l ect half the light (that emittedtowards y>0). The other half (emtted

towar ds ysfdnedaede sgmfetricl vithghé betulaey réftecass imthe ptane lyeOsYmerepunt gl wi t h
the calculated reflectors in the plane y=0. The input and out put wavefronts
to be usedtpunwWQﬁéStO@B\&scémﬁlﬁldﬁallgedrﬂmdlﬁﬁ@IIQFI(E(R)H] FI G 9 illustrates
the definition of wave fronts (Ws) that cont the emtt

char act el9&Hl &4Go? illustratey Fherﬁﬁﬁnttwn %fd’t'ﬁ"@eﬁonlt%(r\ﬂ:ﬁthﬁ coppal thf: 5%‘?“1“85 of
| ut def d a r.di h h f Si
he | npuChEaHFEEoST i DURGET S and T & Sembits ofR s e fffinea™ "°¢
ficat d t f
magni f i C%&(':O?@lflg???ﬁle%) e??ﬁlexnzb@%cattlgﬁs Shite tﬁ@l’ﬁghﬂ cf%?rc%tls hd loﬁ\?@%@%ﬁ nt%of he

conseque ront I'T assi gnnent or sinp

nomencl atcwsscﬁfd[ehnﬁlowma idafi6n HS&%&‘%&E Mk NufBaniles s@l hgeashons wil |

be still used To 1 Iustrate this 1G 10 shows the spines

cont ai ne@oﬂ@qﬁMera{wwaéﬁ&oEa& asgsi dringhtviintd Hort dimptificatppesfithé rormémgiature
of MNote in this 2D section t ‘when M>0, the rays of any of the two

i nput waeEtheofatriliesahe esfetencalyl anelf N egaification pignpwilibe stilbpsedcal el ement
(POCE), will forma real caustic before reaching the seconda:%/) opti cal

el ement ([82%2). TcoHustrate BrindHGhihshowsibn SRRES Cantringdrns faetapibesal
.e. th t | t t t l ] m .t t tsid
the seg ngwt” 0@%?\?390%%?@? Bbor AN oNBiedndin o Bee ihdhaseheh b SR e EafY R,
f th { th { t
ot o paB® b ioh ¥k 208 ‘ESF"?gm oty ot BB I g0 ﬁ’%%ﬁvﬁ‘?g' of
the SCE Wlf, r?ﬁ Qﬁﬁs[tlﬁ\h%k&e Ir&%{ﬁégﬁe Yec¥RAMHS %{)h&l EReéend BSOS On B dtHepWar ds

t he respectlve l ow y-va CE points In the case MO (see FIG
10) . [OoiﬁhdMMquhek%tﬁbwm b8 PiriRs (%0 theaiotional @dnphwitien o e thefrays Wik XX

famlies with magni f ication si gn M>0, and FIG 10B shows spines contai ned
on pl ane frf teotaustieoside #ind degaentofiray tappaiofies he¢twean PIOFhandk®OE). This
_ »1mphes that, for the 'optl_cs at y>0, the rays emitted from the source towards the points of the
POE .w_ith high/low. z-values will be reflected towards the poihts of the SOE with
- respectively 10w/high y-values in the case M>0, and towards the réspectively high/low
y;valued SOE points ih the case M<0 v(s.ee FIG. 10).
[0073] Thus FIG. 10A shows spines contained on plane x=0 for the XX families with
magnlﬁcatlon sign M>O and FIG 10B shows spines contamed on plane x=0 for the XX
| families with magnlﬁcatlon sign M<O0.
[0074] Regarding the sign of the magnification equivalent to N, which affects the seed rib
calculation, while FIG. 3 showed one case with N<0, FIG. 11 shows one with N>0. As can
bé seen in these Figures, anals gously to the signiﬁcance of the sign of M just described, the
rays emitted from the source thards the points of the POE with x>0 will be reflected
| towards the points of the SOE with x>0 in the case N<0, and towards the point with x<0 in
the case N>0. _ |
[0075] The four families of XX generéted by the two possiblé signs of M and N can be

equivalently described by the real or virtual nature of their two caustic surfaces in 3D.
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[ 0074] Regarding the sign of the magnification equivalent to N, which
affects the seed rib calculation, while FIG 3 showed one case w th N<O,
FIG 11 swowsosnteoodi t h N>0. As can be seen in these Fi gecediS2amaliisgous|ly to
the significance of the sign of M ust described, the rays emtted fromthe
source towards the points of the POE with x>0 will be reflected towards the
poi nts ofjob15g SHde thé tRindifal HutdicerfiasBeiNQwaasbstBWe0dadtyke Hatldphcesi t h x<0
in the case 0.- [0075] The four famlies of XX generated by the two

possi bl e thérg issstidif anbtieen Bobleaavahisble tube addedttd thedegsraf neegnificatines Meadd Mr
virtual nature of their two caustic surfaces in 3D.[0076] Since the

cyl i ndri gaisingdhe four fmities ¢ FKisotutians thseight Thig orddpeplgarovanable-appeare from her e
is still another Bool ean variable to be add ct?to t he signs of

magni f i cadht ekktionahpessipilipyaichaesingthat ﬁxsﬂla¥f§?§1t & RQE grireuatyiQ ieflsefs theo e ght .
This third,Bool ean varjahl e appears.fromthe ditional possibility.of
Thoosi ng ERERNEE e Rhlre e SOBEEYS0 (4 ghoup Ty APt R Ei e BE D ooty tar s
t he hal f t _¥>0. i all previous Figures) or towards
the hal f h%if%tfﬁfﬁeiiag%éég,sﬁg‘?niﬁ% AN [0077] FIG 12 shows

spi nes cqphRnad, 19 sHGws YPinQNBnBERIddn x480k 8hd AddigrvaMatien id WRidAahd hafot he
POE mirror at y>0 reflects the light towards the half of the SCE at y<O,
and the phéPel iidorang-GE¥fldonltheHglartewnas tiedjadteithe SB® atys®, asl the paineenser
inalanmp with all-round em ssion, it is assuned that the half-mrrors
shown i n FDEand SOEi Hallvesarcingti adgatntd  Byr useas e cendmmseriia adpppsvithealkialad of t he
y=0 plane. A configuration using a single SCE half and a single POE half,

on opposiamissien dtds agsumried that thehadivairzers shwihin G Wil be duplicaed bydeigrors, an

i magi ng confi guration as nmodi fication af that shown.i .Ln a

non_! rag g NE BhRSRE S Her BheSTPIEe: aAdoRdEnesh uiRE SSingle SPEhF e ¢ 12
configuratiqn used t. roj t : h j n

dosi rod O RRR el ol BtR RESLERE v UBRP U S HIE o P bl
cor r espondBehotodR s B8R hyY 8 $odidatiBR of BfafsHowPinGHEL 8. AnPRbrimapihAr

illum napﬁic?gﬂlgf%?h tglr?lge%/, l?ecausle v?/i t h, Sf or exanple, a-cyli né(?r*:l%al

source, h@hfighativesublas PEQdEr ARt SR, 2ot BIGN@doaligitaivicadbd @eded t he
target by imaging the rectangul ar view of the cylindrical source onto the
tar get. [1f16j28]thEkéhircd 8nioshatalgagvitina desined sizz iandjotibiaiorf. ai ¢andiguodtio’X

condenser designs _
using two SOE halves, and the corresponding two POE halves, may be used to produce a

non-circular illumination of the target, because w'ith,v for example, a cylindrical source,
~ both ﬁalves can producé coincident rectangular illumination of the target by imaging the

rectangular vAi'ew-of the cylindrical source onto the target.
[0078] FIG. 13 is a diagram summarizing the 8 families of XX condenser designs

‘ concei?gd fora cylindrical- source. ' o __
[0079] All the aforementioned families of ,fhis XX condensers type have been explored.

Ray tr_écing results are now described only for the case with the best performance of those
explofed, which has M<0, N<0 and with POE and SOE paired halves located at opposite
sides of _the. y=0 plane (i.é., not adjacent). Thét “best performance” is defined as maximum
power tranéfer betweeh thé source and target; as illustratéd in F>IG. 8 for the case in which
bofh héwefhe same étendue in three dimensions.
[0080] The input parameters of the design are:
(0081] - Cyfindrical source: Length L = 1.2 mm; Diameter D = 0.3 mm; emission

- restricted to ray.s. fbnning more than Pyax = 45° from the cylinder axis.
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conceived for a cylindrical source. [0079] Al the aforenentioned famlies
of this XX condensers type have been explored. Ray tracing results are now
descri bedworhgs/d7e003t he case with the best performance ofPCrhss@saxistor ed,
whi ch has M<O, N<O and with PCE and SOE paired halves | ocated at opposite
sides of the y=0 plane (i.e., not adjacent). That "best performance" is

defi ned i RECRARANRflat faps! Rbpdeeatoens i DRcNIINGEstABRd t@Fhe tornds
|IIustra'f[edm|}n FIG 8 for thgécaspe in which bo?ﬁ have t he sa% eten(gjue in

three di ressshangyay ©080Vith ke morpal topthe sarpéter s of the design are: [0081]
Cylindrical source: Length L = 1.2 nm Dianeter D = 0.3 nm em ssion
restrict 6083 'raisslmgﬁmmgbum@ntdﬁa@tmpiamﬁﬁmm the cylinder axis.[0082]
Rectangul ar flat tar et pect ratio = 4:1; reception restricted tQ rays

form ng 18084]tH&n1 ti’Q SW fagesah dherairerrs of hesalected % desigmoblE faplkt ance

f to t ; 84 f

of the. miMBrY2Fhd feh- e@e%:eﬁ BEVES RS g Rty (PRl HOE wel YA iRE ' 7o
d ' I <l >0

are ‘;‘h{)m‘ivﬁ%e ey PEE R Soufel AR LI e RS b X5 SRS pRTBLT D

seen in Rh@iGlfy, tﬁ@ﬁal%lses&hdﬁac@ﬁ%r Meﬁeﬁﬂseaﬁ b@k&ﬁ%a% aGRIYID OE‘%ﬁﬁﬂ as a

Si ngI e corrponent wth a |inear seam or where the two S surf’aces

meet in tdigh ¥ ifeddlsaai® or Yifdgbwuéretthet\ﬁ@sDE&hrfb@senédﬂﬁithb%mO@ﬂﬁﬁéDwithout the
previ ously proposed devices, and with the SCE surfaces well defined and
opti cal | yceafrildmié that s\commdreinrprewoh®dy arapased devides, andniitly thestQI0 surddvesnn i n
FIGS. 2 1 and 22 below, a central hole in the SCE may be useful to provide
a pl ace fwell defingdrand anacaélyeqffmtlwpvquéwh@ke agqa. o HethesanBguratien shgwbine or

o5t hat oG of w1822 35 deRSE eled 0 SREHY %ﬁs"iﬁég scaifios plege = "
met al i Zedmarn ARd ePa H]g:al n'hfegtg Of a ofﬂ?g%gi’ Sor L{hgx‘lﬁ%@' Cﬁo§,§2%25580 Serve

as the env%‘fope o] he p supp y and-el ec

s o A A

effecti veahy Pmm SOE formed as metalized areas on the surface of a molded glass bulb, which
can also serve as the enVeiope of the lamp itself. The power supply and electrode or
filament support for the lamp may then be only a pair of wires'passing through the glass
envelope, and the central part of the SOE can be effectlvely used. A |
[0085] FIG. 15 shows the standard top, side and front views, 1nd1cat1ng the Geometrical
dimensions of the selected XX design of FIG. 14. The POE is 86.89 mm maximum width
in the x dir'ection,. , and 65.02 mmv maximum height (notional diameter across both y>0 and
y<0 halves) in the iy direction. The diameter of the open end of the POE facing the target,
which defines the circular field bf view of the condenser, is 31.53 mm. The SOE is 48.79
mm méximum width in the x direction and 40.45 mm maximum height in the y direction.
[0086] In order to evaluate performance, the collectionéfﬁci_ency versus target étendue
was calculated by ray-tracing (using the cbmmer_cial ray-tracing package LightTools®, see
www.opticalreé.éom) and it is shown in FIG. 16.
[0087] Thé étendue of the target was varied while keeping the circular field of view fixed
and varying targét s_izes with the same aspect ratio (4:1). Therefore, the target étendue is

given By:

—-13-



[0085] FIG 15 shows the standard top, side and front views, indicating the
Ceonetrical dinensions of the selected XX design of FIG 14. The PCE is

86. 89 nmwmaxnemnmodth in the x direction, , and 65.02 morszeosvmsdei ght
(notional diameter across both y>0 and y<0 halves) in the ,y direction. The
di aneter of the open end of the PCE facing the target, which defines the
circular field Vi ey of the condenser, is 31.53 mm The SCE ﬁzi 79 mMm
maxi mum wi dt h i 'atghe x'“ﬂﬂ'rectfdﬁx nd 40. 45 nm maxi mum hei ght in

direction. [0086] .In .order to eval uat eégerfor mance, the collection

effici endyhe\?‘*ef‘\ems I%%ilPéegetéF%%Ilj’e‘Pwae—é "for Hee¥Xby ray-t r aci ng (using the

0T snagpfhel 28 He BG5S e ERARE b SR AR BRSO T B8 i ¢

keepi ng. tJES éi{s :Cﬁ{'lf(’lg ihezls%’dﬁe ﬁﬂeﬁ‘%iﬂag?ﬂclﬁgd W'Y %&}{ ofts Z€1%; Wt h the

same aspec ra ore e taPget ete rveh by:arg =

arge "S (shEWEeXve filFtHer curvég oné/ttm&n@g &d1Retion §fﬂcttec9 EEAE taRE R 3tcRBGe MY = 19
for the XX. [0088] FIG 16 shows collection efficiency versus the 3D

et endue afonvéiiohal @Bptidadreflcodr o@kiap $erthe sarht Sdurdelandstadgdt evithi thedarhy r ay

tracing. For conparison purposes, FIG 16 shows two further curves. One of

them i s caspéot citioold: Bf The eaantyicitgiof the dlipsgist hastbennlaes elqual ta Ochiwhaeh ischel

elliptical reflector working for the same source and a target with the sane

aspect r abtignizes srandaqd)@néel@gtﬂrgert&eiq/ofdﬂew RECeht T 3301 Qvinelsisplsethegendsglial to

0 8 (which. is the o tlmzed standard) and that target field of view of MAX
= 30 (whi ¥alsia thy He standard val ue in the mar ket). [0089] The third

h ich -i d b
o rexﬁu'enc@h@hﬁf GRS ERRIR R oStk b tlorgl el fimyt P g Beibcbipe B
exi st : f ?rhdué cgﬁg?wa@&nspﬁr?ﬁﬁgf aon%ﬁgegaclﬁ@ﬂﬁg RI( wﬁlclh thi\PnS Ui Soneyer to the

t ar get e target etendue is greater than the sour ce et endue, and woul d

full'y filfnowheatpasserr) woubneaesfariallthé ké]ii&e powen tb i @eet oRhé farkhigtenaue ke
etendue is . larger than the target etendue. This inplies that the ideal

condensergraatet thhmthe saurs|éendie,cmderduld fidhcfll thertargst ¢tandpet with &glatufeors tirey e
given by: _source if the source étendue is larger than the target étendue. This implies that the ideal
corldenser will have a collection e‘fﬁc.iency versus target étendue curve given by:
1 =1 if Buarget > Esoure | R
= B <Baee o Eq. (3)

h where ESource =3, 13 mm | obtalned by dlrect computatlon from the input data and the
' cy11ndr1ca1 source geometry as:
E e = 7L + 5102 By101) = 2Bygax )+%n2D2 (1-sin® B,,x) Eq. ()

- [06901 FIG. 16 shows that the XX performs much better than the elliptical reflector (for all
mirrcrs, Sr)ecdlar reflectivity has been set equ»al,to 1), getting close to the theoretical limit.
’fhere are three factors preventing the XX'fro'm reaching the theoretical limit:

; [0091] 1. When target étendue is large, some rays that reﬂect off the POE will miss the
SOE so that the XX curve cannot reach 100% collectlon efﬁ01ency
[0092] 2.  The “shoulder” of the XX efﬁmency curve is rounded (in contrast to the

* theoretical one, which shows a slope discontinuity). Thi's is due to the non-stepped
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] - 11 1 retarget - ~source h = Y if Etarget < Esource Eq. (3) source
where Esource =3.13 mm2, obtained by direct conputation fromthe input data
and the coybi2odvi7e®@B source geonetry as: E source = DL( pCT/us2ovg@iB32) - 2b
MAX ) + 2D 2 (I - sin 2 b MAX) Eq. (4) [0090] FIG 16 shows that the XX
perfornms nmuch better than the elliptical reflector (for all mrrors,

specul ar takitias bFihkYIlanhaheedisebuties vakhd targh) plagehid 4180 & B8 folrlel he
theoretical Iimt. There are three factors preventing the XX from reaching

t he t heorehiomalines ofi the ilofiddnceldistidbenort, as getwreindriud8i s | arge, sone rays
that reflect off the POE will mss the SOE, so that the. XX curve cannot
reach 100992 3.ectWhen @rgat cteeﬁws spetight slppe afihe Xohouve iy FIGl 6tislessiian
efficiency curve is _ rounded (in _contrast to the theoretical one,.which

shows a s 66@%1%“%10%11?%9?@;6 therX% dpes paidilk conpletelydunitoabi ths SiFdlrons of
th | I but t d al toth ded
cont our 1 HIB8E W Ges thﬁﬁy?@anﬁﬁgeﬁn%ﬁh B s Shown Tn F1G 18- [0063]
3. W t t f

2 uer DM IR 896wt § pRTEE bain oS! ARG o Rl |
and uni f oddinkd bddheGhtic o the cf)llé‘étfon%ffﬁé'ibrgéty dfeefvéiSod-EdrRRBatidnAl %&iehgém I on in

FI G 19) [0094] FIG 17 shows a plot gai n agai nst et endue,

det er m netlatnf thayliptiedt icogdenser. N'The XORdeviadb Gt e shaws gaing up fe2 ﬁOszﬁiH i on
efficiency of a given non-conventional condenser to that of the elliptical
condenserranghef &oadieyThethobrekitalliniid caidwshiges grnamp tod3.2 in a wi de range of
etendue. The theoretical |imt could achieve gains up to 3. [0095] FIG 18
shows t hel0PPFIURIC A8 shows therillpminapge Bistribuéion p dles tapges plang dor thaXX<X condenser

of FIG 14, assu e source has a fl ux_,of det ermi ned by ray
raci ng. (b0 B 187 aRSmu we Sswee hes 3 0oL PR o AR R URAIV RS +ar oo
pl ane fortr&cﬁ? XX condenser of FIG 14, assum ng the source has a flux of
1000 I m, §"Yet er ni.ned by ray tracing.

- {0096] FIG. 19 shows the intensity distribution through the target plane for the XX
‘condenser of FIG. 14, assuming the source has a flux of 1000 Im., as determined by ray
tracing.

. [0097] A target with-a 4:1 aspect ratio is not usually seen ih projection display
epplications. On the contrary, the 16:9 format can be considered the present standard. FIG.
2.0 shows the ray tracing results for an XX condenser similar to that in FIG. 14, designed to
produce a16:9 1rrad1ance dlstnbutlon on the target plane FIG 20 assumes a cylindrical
source with dlameter O 62 mm (source étendue = 6.96 mm ) and keepmg the rest of the
parameters unchanged from FIG. 14. The XX for the circular field of view still performs

: better than elllipti“cal reflector, although the gain is reduced to 1.5, due to the lower aspect
ratio of the target (again,- for ali mirrors, specular reﬂectiuity has been set equal to 1). The
theoretical limit is also reduceti to 2.

[0100] As an academic consideration, it is interesting to'note that these XX condensers

| perform closer to the theoretical limit if a square field of view for the target is considered.
FIG. 20“ also shows the collection efficiency and target étendue using a square field of view
of 14°x14° for the XX at the target. The theoretical limit stays unchanged but the XX

| perforrns much better becguse its intensity distribution matches better with the square field
of view. The slope of the efficiency curve of the XX with square field of view becomes
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[0097] A target with a 4:1 aspect ratio is not usually seen in projection
di splay applications. On the contrary, the 16:9 format can be consi dered

t he presewbD 28¢%019@3d. FI G 20 shows the ray traci ng reseCrastans/oazs3XX
condenser simlar to that in FIG 14, designed to produce a 16:9 irradi ance
distribution on the target plane. FIG 20 assunmes a cylindrical source with
di anet er &@%rﬂt‘lo@@ Q3 Hhe eh&Ir&NAV Bt RaP e n, MfcHRS R MHIfoeindesdll-ffled he
paramet ers unchanged fromFIG 14. The XX for the circular field of view
still perfiedt oBvibetter than elliptical reflector, although the gain is
reduced to 1.5, due to the |ower aspect ratio of the target (again, for all
mrrors, [9pedReferrmgfriorctoiRIGSy2hasd B3 erdegensteatarprotasyrs haseen féﬂmoated iQ: al
limit is also reduced to 2. [0100] As an _acadenic consjderation,

i nt er est iMgVE Yesresianprincinless & oxgasignad Heg, dnsteadrafrrelesos Arg lantpr{tvhose

h ical, Limit i field of for § he ! der ed.
Fla 20 dnebnefstael RERIFRES! pisfhes Rk i Sien) ,taﬁraa&n‘?oitveen%zjﬁﬁﬁéérhéri
f |
Tt st e o atleBt ot f‘*“&%“ PP eRototy foRle dORMIA T 1 o
di stri butiaridRiees: PS5 Leh. i é?:érrt%fﬂéﬁrtﬁe EHofdeth fGhe XxE¥bnfiBatatthoRe of the

efficiency curve of the XX wt e field of view beconesnow very cl ose

to the thaoidhadiak ahd MifroNRAImM h@teﬁéteﬁbés, Thé\ds@t dele@ted it Bh KOT OF 188 amily
well-filled field of view [0101] Referring nowto FIGS. 2 1 and 22, a
denonst r aNeo, Mﬁ@tmrl yecdnt ¥ Obcmnd 3@Bhalvas; enddte@clphaif/hastdmarache&cgngular
principles.. For easier handli na1 i nst ead of _gﬁ)rﬁiector arc lanp (whose

hi gh f I uxtateshasshoya igifiFed!. Nate 2 thedxdmwing IoV1En? Ui shays tha devieq oiased ve H7

hal ogen | was se ed... The -H7 fil ament a i ral by a
eyl i nder ﬁg)fr?qgéwaewueﬁtﬁecﬂmdsﬁal W@ﬁ%&r(@exw%s fs@gmwdw ST Y Tor ced

th hoi conf| u ' hadi ng | anp
i nt(:a e(r:f gr ce fglktprog gn aglé mdé% 6?5?%8?0%%g anwn 'N&rle%r\/égog

dj t ar
target, aﬁ%ﬁ%%"?ﬁge%%?%va%?g@? iR, THE 0 s REO Fa et %F**%{%’%hm the

devi ce. r ohiovedOnide ﬁ@?&erﬂfc@l}ﬂépﬁd&@ oftheiniwld i &ﬂillaﬁl?Ut'h@Q’OE(WSS frada st Sgo as
conpared with FIG 14 0102] The prototype, nmanufactured by nickel

el ect r of dralvesghutiis thisicase thePOEGvas2Plit ifitexrd andx<Ehavésy forieasiendenditiing,
evaporat ?[%l(?ll]u’lr‘rl]lencllel#nrgnstzgt%r st?o%vr? Pnde/G<SO 2r1] 6213.|r121/ %g v&?"js rﬁlarh%faigied by nickel
| electroforming. The POE reflector half with x>0 is removed in the last three pictures of
FIG. 22 to show the source and the SOE. In the lower left picture in FIG. 22 (taken along
. the z-sxis, from the tafget,.positiVe z, end) the _imag_es of the ﬁlament on the'térget plane can
be seen. o “ | |
[01 04] The XX' designs in pre'vious sections are free-form surfaces, but symmetric about
. the plane x=0, w1th normal vectors to the mlrrors contamed in that plane. Therefore, the
x=0 section of the mm‘ors isa 2D optlcal system 51m11ar to, for instance; the one shown in
FIG. 12. The 2D étendue calculatlon in x=0, once the field of view is fixed, glves the
dlstance between the target points WFy3; and WF4 (see FIG. 9).
| [0105] Aﬁer.presentmg _the efﬁ_c_1ency limitations of some conventional condensers, the
applicants have developed new cendensef con’ﬁgu‘r‘étiohs b'asedv on the XX 3D design.
.- These have capabilities unattainable With rotationally symmetric optics, particularly the
control of the rotation of the projected source images. They are designed with the SMS3D
design method, which can be cembined with the Etendue Squeezing techniques of the
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mrror were nmade as (identical) replicas of the nmold. Simlarly, the POE
was made of two halves, but in this case the POE was split into x>0 and x<O
hal ves, fwo 2e@#i7eco3denol di ng. [0103] The denonstrat or srQEUS2SHIBR 2 1
and 22 was manufactured by nickel electroformng. The PCE reflector half
with x>0 is renoved in the last three pictures of FIG 22 to show the

sour ce aRBovYdiRfdPeNved WOLIDD7/006863 IRefyitratesindd€in dqubl Conddiorksti(Béwer al ong the
z-axis fromthe target, positive z, "'end) the inmages of the filanent on the

target plTamsnited haageedtendu) Sdw Ilﬂmo)@ﬁodbmllgmson effipieavy gain ofapito 008%ar e
free-formsurfaces, but symmetric about the. plane x=0, with nornal vectors
to the niferigetengan apertares iwith fdtaspachrasio. TAaleafonstaator has been bydtchy on of t he

mrrors i‘sﬂqa Do Etlcal éstem simlar to, for.instance, the one shown in
FIG 12.¢© Eoé’gné Bisdeldoshew ihe eongsPt n x=0, once the field of viewis

0 X:?m%'éi‘f"}a FI6- ) SR e B SreRRge VR bl pReOrCge Sk ¥ alisoBRt1 onal
EQQeS“Eﬁ@?ﬁJ?&@%'&?T"“ﬁe L S R R T o

rotati ongklny i$eHALE 't&b@@ltré&é‘d o ikd fodd ahéad dffie ¢HM1E0! T erhited bAREd On Of
the projected source images. They are ‘designed with the SMS3D design

net hod, \shaped pagly Byethe eptidsifthe®OB ahd SOE; amthpet] Phy rzixit@pt@e)WhidR $s Hf
t heabove-r ef er enced WO 2007/ 016363. Ray traces nade in equal conditions

(Power Trapersure at thed bounday hetweendaitve) POQE dwlvgs ahibo sieleifodhest Gboetbt ISOIE.
efficiency géil n of up to 200% for rectangul ar apertures with 4:1 aspect
ratio. AldENen?, the exit &mgtutﬁeléme%%nauiarbyln@m@@fqrmteyrer?@adlﬁmk@e oX# apRIBNICt he

hows | bul b
Cor bor 2VTE e SRoTEE oD (5o B Hepereanscd b AProH e T s case
is merel el laRe e;édacalﬂecrgﬁﬁ?est n\ ftfn 3&Fﬁ1@d b aﬁt off. '61%3 g’lcglgtcf%ﬁlbl?ejd dgct ed

onto the roa&1 eam’| s shape L y by
the opti Qa§ eErﬂ:%l R4 t%de %ﬁ@()ﬁd%dgﬁtﬁaffﬁ 86 tha RBE Flové ene\‘mls% is an

aperture at the bdundary between the two hal ves at” the side furthest
fromt hetﬁgjﬁgttdnmafdﬁiegaa) silfle exit aperture is rectangular hi an autonotive
headl anp, the exit aperture nay be nore el aborately shaped to formthe

S hape r ec{(]l 0% dntcyesap@ fc{aprresabﬁthe (pgulenttdewrws 1nclude the following:

[0108] The dlfferentlatlon of 8 dlfferent fam1hes that can be designed (FIG 13).
[01 09] The 4 farmlles for Wthh the signs of magmﬁcatlons M and N (as defined above)
3 are equal (1 e, M X N> O) has the following property: 1f we take one sphencal wavefront

o from one _le_nt of the ob] ect, the wavefront after the reflection of the_ pnmary will be such

that one caustic surface is real while tfle other caus'_tic surface is virtual. This has no
E précédent,- :up to our knoWledge; in imaging optics applications.

. [0110] The overall Vge-ométry of the design when the iject is a plane (FIG 3 to 5), which
inclﬁdes the mirror, obj ect:and'tar'get ’relativg';iosi-tions«,. avoids blocking the light, and the
nonnal. ve;:tors to the object and the target are not parallel but form about 90°.

{01 1:1] The 6vefall géOmetlfy of the design when the source is a cylinder (FIG 3 to 5),
which includes the mirror boéitions and object and target p‘ovsitions, avoids blocking the

light. e R |

| [Ol 12] For the case of the filament (see FIG 14B), the use of two halves makes a good
coupling (i.e. transforming one to the other) of the input and output ray-bundles of FIG 8.
Although both the input and output ray bundles are co_nnécted sets in phase space (we refer
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That shape typically requires a strictly defined top cut-off, and a
strictly defined, often asymretrical, cut-off on the side towards oncom ng
traffic, wotoesyodme nore generous on the bottom and t heprPcunis2enisoessst 0107]
Interesting features of the present devices include the follow ng: [0108]
The differentiation of 8 different famlies that can be designed (FI G 13).

[0109] Therdtofphtid dpase f(-@'[z-iﬁhj phvﬂeh@pﬂcpnsz-ﬂf) tHEYAHAvE | 'v@r%l difffenMopotbghés( as
defi ned above) are equal > 0) has the following property: if
we take dre keplsthe cad- hulweﬁési)gt, v&lﬂcjrhasmlee ¢fécnthaothetiternadyi ste ray humdlegeef r ont
after the reflection of the primary will be such that one caustic surface

i s real whétay bundledretveeenche svo migors) w02 apinneated set Tinthe dhase spacpSackdent ,
up to our_know edge, in imaging optics applications. [0110] The overall
georetry digcoppgetignds ¢yRatash by magas 9g§hé@tscp§tlrauﬁm of e a3l 3egter gyng thsilts

ncl udes the m.rror,. obje nd t et rel at sitions voi.ds bl ockin
Lo |1 ontor S priivs g af the et tr g doeympul oS spmnece E ST o nor

Phe " sour & Spuidtith 8RR e R prifReBRT R disBRAREY ¥r e bRffIREIAN 1000
and obj ecatlor%fr\ﬁe tifé QPfheQQ&Ifd'aréf‘lﬁrn&\é@F%e BLoCckicAGedpbtivd ght . [0112] For the

case of the | ament (see FI he Use of two hal ves nakes a good

coupl i ng discoinectibatedonnBEtitg 1ﬁ@ﬁ—‘1rﬁ@%hﬁkﬁs&bhdﬂr)' ntifrotshee protitedadtofdihPte
ray-bundles of FIG 8. Although b the input and output ray bundles are

connect edhspiapping of ieswntpacwhichas slefvar indfler. 4. phase space x-y-z-p-g-r,
where p2+g2+r2=l) they have very different topol ogies. The.key is the

t wo- hal vd@1 b sThemonygnclaturh shat haebeenfused int thistspe¢iéicatinnes taifodlowingiy bundl e
(i.e. the_r ndl e between the ft mrrors a connected set in the
phase spd%ﬁﬁ SFPTHRRIA GerdeaRer i B byanA pBFatqlié‘R?Fai"é’gﬁti nuity of
t he normal ect.or. mrror t th ane y=0.
Since 1 haoBlBER Mo P s Ry Eg e S LR L B Pt B
gl uing) i lc%reﬁ‘hh Z,QNIW t}fera‘ilsddﬁﬁé)suuﬁ'&qhﬁﬁﬁ c8fn§ ﬁt @Rﬁﬂ@mﬁﬁﬁto‘ﬁhcﬁlaS?ﬁgThd"e

| ine of thesecondary mrror at plane y=0 respective
di sconnechirfis 48 ¢RAEEEdeSignbdtdol18& e BB li ted ih th ﬂ5‘0[§5°%h§ulﬁxf ﬁﬂg@ ed

accordi ng to the mapping of the contours ich is.shown in FIG

- from the optical axis, as shown in FIG. 32.
[0115] A “real arc source” is the non-homogeneous luminance distribution of the arc of a
real larnp This distribution hasapproxirnately rotational symmetry. However, it is

' typrcally not uniform along 1ts length nor - across its w1dth as seen in 81de view. Itis
usually measured and ray- sets are generated See FIG 1 and FIG. 23 for examples of a
measured real arc source. |

- [01 16]'.‘_‘Meridian angular size;’ is the full-angle subtended by the transmitted ray bundle at

| any i)oint of the space- in the meridian plane.. When the bundle is not homogeneous, the full
angle is deﬁned using the isolurninance surface enclosing a selected percentage of the

. bundle flux. v |

[0117] “Sagittal angular size” is the full-angle subtended by the transmitted ray bundle at
any point of the snace in the sagittal plane. When the bundle is not homogeneous, the full

_angle is defined using the i_soluminance surface enclosing the selected percentage of the
bimdle flux. | |
[0118] “PrOJected images of the arc” are those i 1mages that would theoretically be

. produced by a pmhole on the exit aperture of the condenser then projected onto the target
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[0113] The nonenclature that has been used in this specification is the
follow ng: [0114] A "conventional condenser" is that conposed by an

el I'ipti cavoanoso7pmsabol i c rotational mrror (and usual | ycaluseooa/oiisaz gl ass
cover) and the source (i.e. arc lanp or hal ogen bulb), with the axis of the
source lanmp coincident with the mrror optical axis. The mrrors are

typi cal | ypaRsvaBRdhé fotaallh@Efantd@iskibulioh isthé s@flof b drrhy of fith4finholés 5

angul ar range fromthe optical axis, as shown in FIG 32. [0115] A "real
ar c sour agmplaellylreverimp thorriyapeaous.. | um nance di stribution of the arc of a
real lanp. This distribution has approxinmately rotational s nnetry.

However , [0119]sTheypdeabtdndenser” isthdtachiewing tize ma)smuangﬂ}ﬁptlmefi%mngxs lowed wi dt h
as seen in side view It is usually measured and ray-sets aje generated.
See FI G by thegtepius copservationsthgarent Gigen asquieesmpdel. thedfleal FandessTSe. [ 0116]

B L e
not, PoroGERS LR hindB Bl do1 Be oG pseU RS 2ce

angul ar sigfical ndeB€ oM dit ?&Hié%f%’é’é&ﬁ%?s@r Byit bieack AASHE b&RGur sHsublynd! e at
any point of the space in the sagittal plane. Wen the bundle is not

honbgeneadufaged mastfcaidcidengitie thescotlfuir B€ theltsigbgapehtard. sol um nance surface

encl osing the sel ected percentage of the bundle flux. [0118] "Projected

i mges of[012¢ Altldughrspedifio smbbdmpnss hadvatbeowddsdribdb dheeskilldel degddsevir oduced by
a pinhole on the exit aperture of the condenser, then projected onto the

t ar get pl aHeersignd hew featurestofjdifferentrrbadiments s1ayitsombingdsandisabstithteds andn
array of such pjnhol es conpletely covering the exit aperture.. [0119] The
1 deml comiAuBbIARAS 356 1URh SRR GBS AR EUPTo0t | on of { i ci ency
al l owed by the etendue consérvati %ﬁ?ﬁ@msg ven a source nodel, the

s not depénd

i deal condenser's perfornmance doe v on the specific target
aperture contour, but onlé on the target aperture area and illum nation

angl e, i.18121]; ¢ R. ¥iastanel.CMéfliangeR| BendisaNeumagingtOnsics; AeademaeRisersr, i nages
fron1a|{zggkgg%nﬂaobgf_qondensgr exit surface, and phe‘contour pf such
V [0122] H. Moench et al. “Higher Oﬁtput, More Compact UHP Lamp Systems”, SID
Symposium Digest of Technical Papers, (2002)
[0123] -US Patent 6,356,700 by Stroebl -
[0124]  US Patent 6,672,740 by Li
[0125] IP Patent Application H7-174974 A by Tadaaki
[0126] US Patent 5,966,250 by Shimizﬁ
' [012_7]. D.S. Dewald, SM Penn, M. Daﬁs, ;‘Sequential Color Recapture and Dynamic
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i mages nust coincide with the contour of the target aperture. [0120]

Al t hough specific enbodi nents have been described, the skilled reader w !l
under st amnsiohlow/i7e@Bur es of di fferent enbodi ments nay bePcordscovsadisazl
substituted, and such conbinations are within the scope of the present

i nvention. REFERENCES [0121] R Wnston, J.C. Mnano, P. Benitez,

Noni magi ng Optics, Academ c-El sevi ercLR¥¥S ngton, (2005) [0122] H. Mbench
et al. "Hi gher Qutput, Mre Conpact UHP Lanp Systens", SID Synposium D gest
of Technh&glh$§pers, (2002) [0123] US Patent 6,356,700 by Stroebl [0124] US
Patent 6,672,°740 by Li [0125] JP Patent Application H7-174974 A by Tadaaki
[0126] US Patent 5,966,250 by Shimzu [0127] D.S. Dewald, SSM Perm M
Davi s, " Seqd@rmptissl sgstesy forpdiEeginglighbfiempyseniseonfd 3 tagget geperalvptlinggvidra
Scrolling.Colar",. SID International osium 40.2, (2001) [0128] J.A

Shi mi zu, gﬁ'rgtc?“gquit%.so&?%FheL%a]f%Fte RREE proj ection", SID International
Synposi um 40 . 9 Duel Li... A T.. Taw or.  “Novel palarization
comver st on drtit ofuEanay cpRed Herkipes WmbrsieBbrisn BfeBion p il eRgp R ot

| nt er nat icrsaeﬁhg ﬁeg%s@u Durtdarkd th@%ggéo Qd%%ﬁﬁé@tbcdif’écmi%?tifrd% HdoLRRlI  system

for directing roma source onto a target gener yinline wth a
first endowhrdsR&esstdr & ofthecondbhde bpSosRt @B GRMEHd SitAgcylsndesi r of primary
optical elenments symetri-cal under reflection in a reference plane passing
t hr ough t he wloueioehatwd jrireatyaptiei] edemeras togahedericircldithesdurte, ghd nifeeatoiighe
source-towards a second end of the condenser opposite the first end of the
cyl i nder ;thowaderenee plare embotbrsideaof thepoesgl ansl enent s t oget her encircle the

source, and neet al ong, the refeérence pl-ane on bé)t-h si des.of the source; and
a pair of secondary optical elements symmetrical under reflection in a reference plane

- - passing through the source and the target and arranged at the second end of the condenser

to direct the light from respective ones of the Iprimary optical elements onto the target.

2. The optical system of claim 1, wherein the source is elongated, each primary optical
“element and its associated secondary-opti'c'a‘l element form an elongated image of the

source at the target, and the images are driénted in the same direction.

3. The optical system of claim 1, wherein each primary optical element directs light from

_ the source to the sécondé;ry optical element on the-opposite side of the reference plane.

4. The optiéal system of claim 1, wherein the two secondary optical elements meet along
the reference.plane at a boundary extending across a line in the reference plane passing

~* through the target and the source.

5. The optical system of claim 1, wherein the bundle of rays from the source to the target
forms a single conﬁected set in phase space between the source and the primary optical
elements and between the,secondary optical elements and the target, and is disconnected in

phase space between the.pr'in'lary opti'-cal' elements and.the 's_éconda_ry optical elements.

6. The _épticél system of claim 1, which is a transpareﬂt bulb enclosing the light source,
and wherein the primairy and secondary optical elements are reflective parts of an envelope

of the bulb.
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a pair of secondary optical elements symretrical under reflection in a
reference pl ane passing through the source and the target and arranged at

t he secomoen@/wodooshe condenser to direct the |ight fromrcrasp@siiiss2 ones of
the primary optical elements onto the target. 2. The optical system of
claim1l1, wherein the source is elongated, each primary optical el enent and

i ts associ atrgelosteaPEbedny oPPlhint 3| wREBTRRAE pfiMar) A setH¥AA} §§tidal@leReRts afdhe
source at the target, and the 'inmages are oriented in the sane direction. 3.

The opt i calshapeditkanimbges afithe dourvdiat thienargaiciiorpiallrparty obfitei privhargloptieait di rect s
light fromthe source to the secondary. optical elenment on the opposite side
of the releneners formedon the tTtgst withisubdtansially ¢he samecthapensize, swdeoredntatione t wo
secondary optical elenents neet along the reference plane at a boundary

ext endi ngoA¢ kegsts/ 030 pf the flux from thegourceris intpgrated ipasetHgHan tyaeeiithesame get
and the spurce. 5. The optical systemof claiml1l, wherein the bundle of
rays frorftiqde &3ESYCE the target forms a single connected set in phase
space between the .source and the prinmary optical elenents and between the
secondar \8. ofih¢ opticat bystemof claim 11 Wherearthe primandaridssecorsiaonoptitabeleinants et e
space between the primary optical elenments and_the secondary opt.i cal

el enent s.soghapeddhyimages ofde s@upeen thedanget fromyallgrrts of theprypay optadl pul b

encl osing.the light source, an erein the primary and secondary tical

o orrant o uine ar Bned 8h B B Pl SV B Gl P e beB T SoS MR p i o
system of. cl aj .0 the i ' SAC: i I are
o5 shaped RS b RectbURisalind 1l o ket A BB o 0BE KB oot SRR B, 2
primary oRbithids €l ement are formed on the target ‘with substantially the
sane shape, size, and orientation , so at |east 70%of the flux fromthe
source is integrated . in a rectangul ar t et of the same etepndue as the
source. & THEMBESTERIY sPEPERNGf candesrIhalyi arentsal waleRt e B R edondar y
opti cal ' S t images of the source on the target from
al | partgbbﬁggﬁgggﬁﬁhggyz%gﬁ?%%%gglenent are formed on the target with
substantially the same shape and si ze, wherein the jmges are rectangles
havi ng a ¥t AdPraiectos AEmATIEHE &ilamp apsmbheacegrdiag b clpimyf, BHEAgEEPTRNEt 0 t wo
thirds. niodnlator at the target, and p'roj ection optics to project an image generated by the

'modulator acting on the light from the lamp assembly.

11. An 'ontieal' sysfem fqr direeting light from a source onto a target generally in line with
a first end of fhe, sen‘rce_,-_ the optical system comprising: ‘
| a primary eptical leiement arranged to direct light from the source tewerds a second
“end ef the condenser opposite the first.end of the cylinder; and
a secondary optical element _érranged at the second end of the condenser on the
oppesite side of a reference plane passing through the source and the target from the
~ primary optical element t.o direet the light from the prifnary optical element onto the target;
wherein at least 70% of the light reaching the target from the source reflects off both
the primary and the. secondafy optical elements.
12. The optical system of claim 1 1, wherein the pﬁfnary and secondary optical elements
: are so ‘shaped 'that .i'mages;'of the source on the_'target from all parts of the primary optical
elernent are formed on the target with substantially the same shape, size, and orientation ,

50 at least 70% of the flux from the source is integrated in a rectangular target of the same
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9. A lanp assenbly conprising a condenser that is an optical system
according to claiml1l with a cylindrical |anp as the source. 10. A projector
conpri si myoaodsnrpooassenbl y according to claim9, an i nageTfuseonsngsapdul at or
at the target, and projection optics to project an i mage generated by the
nodul ator acting on the light fromthe lanp assenbly. 11. An optical system
for diregidnage hd BBkodrc@M a source onto a target generally in line with a
first end of the source, the optical system corrprl sing: a primary optical
el ement r ed.to d| ect.light. from.t source t.oward d end of
the conddrise o?ﬁﬂfgt it S R
optical el erEntyar c@be I%0aRE QNI AlkeP Frohl 1l FARIATRERRAr] AficapPOS Le
e an et

side of a refer nce arre passing throu he "sour rom

the pri rr%téfnéﬁl@tteqahn&i SiiTBRtarglt mtﬁeﬁtstatdtﬁu kithfande'sBapd A1 954, ReYeiR Bid Cal
el ement onto the target; wherein.at |east 70%of the |ight reaching the

target frimagdshee sotangkeshalingatratiobf lehgihito tWidthn ithearayigaofifrbinconeemanéeaby

optical elenments. 12. The optical systemof claim11l, wherein the prinmary
and secondarthirdspti cal el ements are so shaped that inmages of the source on
the target fromall parts of the primary optical elenent are fornmed on the

target wigh Aubap asiehdly Yorh leglﬁrsoxei%ﬂ&e,thﬁ liZdh optfed] SeleRMERbIR to FAnAL
| east 70% of the flux fromthe Source is integrated i'n a rectangul ar target

of the sanseitieadyléhdaizal lampsBuh€sourds3. The optical system of claim 11,
wherein the primary and secondary optical el errents are so shaped that

[ fisth I
el onont ae RSoegBEeHlphilfs h M hesBT) Hebrdifl il [ SnBi BRI 0
si ze, Wher&iulatbhe thé@@ AdSréj %@t‘i&ﬂ&iﬂ%’é t@ﬁz‘ﬂjéwa@nﬁé’ée‘ enefatddeiiohB to wi dt h
in the range .of from one quarter totw third | anp assenbly

conpri si ngodulatomsteing oh thdHghti ffora thedlpinpedsensbigt em according to claim 11 with
a cylindrical lanp as the source. 15. A projector conprising a |anp

assenbl y l%ccﬂﬁﬁig]@&ot orhi ﬁélg%}ﬁo hl 's?s%}g 2b&r8inB% H‘Ellqt\ﬁth &t mtuik% target,

and projection optics t ]EC e gene ate
forming modulator at the source.

17. An optical system for directing light from a source ento a target generally in line with
a first end of the source, the optical system comprising:
a primery optical element arranged to direct light from the source towards a second
~ end of the condenser opﬁosite the first end of the cylinder; and
5 eecondary op_tical element arranged at the secend end of the condenser to direct the
light from the primery optical eiement onto the target;
wherein at least‘7‘0% of the light reaching the target from the source reflects off both

the primary and the secondary optical elements.

18. The Optieal system of claim 17, wherein the primary and secondary optical elements

are on opposite sides of a reference plane passing through the source and the target.

19. The optical system of claim 18, further comptising a second primary optical element
symmétrical_ with the first under reflection in a reference plane passing through the source
and the target, and a second secondary optical element symmetrical with the first under

reflection in the reference plane, wherein the source emits light onto both the primary and

the secondary optie_al element, wherein the two primary optical elements together encircle

—-22-



nodul at or acting on the light fromthe |anp assenbly. 16. A projector
conprising an optical systemaccording to claim1l with an imge formng
nodul at orwat2oedmgs®eur ce. 17. An optical system for direeCrrus2008@nis3irom a
source onto a target generally inline with a first end of the source, the
optical systemconprising: a primary optical elenent arranged to direct

i ght froRe {dueces MM FRet AW e réfefcde®Pin€ b both dilkd TSRS opposite the
first end of the cylinder; and a secondary optical elenent arranged at the

second e t he. condensef to direct. the l.ight fromthe primary optical

o onent ok TRt Baten ahepr § SBERIEE Pt d eI BEUGRERRES: he
target fr 1 [ i y

opt  cal | o e Ra i st bEeSofice Tl SO AP tnt BRmAREARGATY .
and secongafisnt 8 Via dotEpraiRR ahd 3E@ndBryippiesl dén&itdge (Sima deherRpasvitl ane
passi ng through the source and the target. 19. The optical system of claim
18, furt hebstantlyitse sineshape aive, piid omenatiamt,isoat leattettRndS iy fmtfiomatie W t h
the first under reflectionin a reference plane passing through the source
and the tsaumgets intagrhted Bexmatingelovtadget pf thstsanglétaniduerenthespureet ri cal with the
first under reflection in the reference plane, wherein the source enits
light onto both the primary and the secondary optical elenent, wherein the
two primary optical elenents together encirclethe source, and neet al ong
the reference plane on both sides of the source. 20. The optical system of
claim1l1, wherein the primary and secondary optical elenents are so shaped
that i mges of the source on the target fromall parts of the primary
optical elenment and via both primary and secondary optical elenents are
formed on the target with substantially the sane shape, size, and
orientation , so at |east 70%of the flux fromthe source is integrated in
a rectangul ar target of the sane etendue as the source.
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