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(err) - Abstract: Telecentric projecctin.|lenses for use wth pixelized.: ,
panel s (PP) are provi ded. The prgjection I'enses have a negati V&Julyi208% uni t
(Ul) which-has at | east one negative neniscus elenment (N) having at |east
one aspheric surface and a positive second unit (U2) which has at | east
one positive elenent (Pl1) having at | ekst one aspheric surface. The |ens
aperture stop (AS) is |located between the two units, and a third lens unit
(U3) may be used in the vicinity of the aperture stop to inprove the
correction of axial color. The |enses have snmall forward vertex distances,
smal | clear apertures, and |ong back focal |engths which make them
particularly well-suite for use in the nmanufacture of conpact projection
systens. 15 July 2005 -1 5 COWPACT, TELECENTRI C PRQJECTI ON LENSES FOR USE
W TH PI XELI ZED PANELS FIELD OF THE | NVENTI ON This invention relates to
projection lenses and, in particular, to 10 conpact, telecentric

proj ecti®n | enses h@Q MRACH BELEBCENTRNePROJECTION LENSES® h to focal |ength
ratios for use in form ngoﬂjbﬁm‘ mPI%TQ&Dﬁé Nﬁgggfﬁfiﬁg\@' )fAsel 3,Sezu;:2

as, an LCI) areflective ECT,— a vig, Ot 1
this specification and in the clains, the followng terns 15 shall have

the foll ow n nmeani n 1\gyl_‘)‘: Tel ecentric Telecentric |l enses are | enses which
have at | eaBl I@Q@Tb@%EI NTEOMNity. In terms of principal rays,-having a

pupt | at 1 nfinl iphi0RARG6RHIatdd}S dbieidiPRhscR, B BaPRAR € 1O Lhe

optical axis (a) 1n object space, entrénc pupiT7i's at infinity,
‘or (b) 1 |¢mgmc!artakeeentn‘lﬁ:nrbnectmn lenpephdving late effexftmellta)ckfﬁlamce i ght can

propagate thro er dir ctlon t.he infinity can
serve as ei ]Fﬁgalgg’nta %ﬁ?%héag h E& i °§Eﬁ5’f‘$ aBé’ﬁ‘é‘ﬁﬂBﬁg" objéct
: .composed of pixels, such as, an LCD, a reflective LCD, a DMD, or ‘the like.
DEFINITIONS

Aslus_ed in this specification and in the claims, the following terms .

15. | shall have the following meanings:

(1)  Telecentric

Telecentric lenses are lenses which have at least one pupil at
infinity. In terms of principal rays, having a pupil at infinity means that
the principal rays are parallel to the optical axis (a) in object space, if the

.20 - entrance pupil is at infinity, or (b) in image space, if the exit pupil is at
infinity. Since light can propagate through a lens in either direction, the
pupil at infinity can serve as either an entrance or an exit pupil depending
upon the lens' orientation with respect to the object and the image.
_Accordingly, the term "telecentric pupil” will be used herein to describe the

25  lens' pupil at infinity, whether that pupil is functioning as an entrance or
an exit pupil.

In practical applications, the telecentric pupil need not actually be at
infinity since a lens having an entrance or exit pupil at a sufficiently large
distance from the lens' optical surfaces will in essence operate as a’

- 30 Vtelec'entric system. The principal rays for such a lens will be substantially

parallel to the optical axis and thus the lens will in general be functionally




upon the lens" orientation with respect to t he object and the inmage.

Accordingly, the jt__er-_.m ‘telecentric pupil” will be used herein to describe
the 25 lens' pupil- i nfinity, ‘whether that pup| | is functi dhilwly2885an.
entrance or an exit pupi | . In practical applications, the telecentric

pupil need not actually be at infinity since a |l ens having an entrance or
exit pupil at a sufficiently large di2stance fromthe |ens' optical

surfaces w || |n essence operate as a' 30 telecentric system The princi pal
rays for such a_lens be substantial |y raII to the optical axis
and thus t (U@L @ e% of ity h hahepthtice] SSiAn: %Jcaupy ohthss -2

equi val ent fQilasla€Rsh; V\/m ch the theoretical (Gaussian) |ocation of the
pupil is at infinity, ccordingly, as used herein, the terns “telecentric"
and "tel ecent ri dccardingly, asaispaheredecthe derme Itelteentaisl end Wielesantrive at | east

one pUpI! tnd o 00%en el SHANGE ILLSIVARG, haRSs: BLETRN S niPId i ter

"telecentri c pup be suc ong st ance
fromthé | eliganel fromnths lersdelebtents, mndjthetem"ﬂeha&seﬁ-xcxﬁuml‘les nsadetat i on, the

tel ecentric, pupi stanc ral ast ~abqut .10 tines the
lens' focald® ”éﬁtb"tf’ﬂ‘ci1 F?fe%kwe&ﬁég ﬁ’ L\ eL‘é‘i‘FgPﬁnl"(?tﬁ'h optheect i ve back
~focal | engtghojeBlfidn leRbePothOi@fdntoR, RN e@bﬂﬁlc';ﬁffﬁ'l diBget wsRARI nation is the
di stance between the front surface of th fp| xelized panel and the vertex

of the baclgegﬁﬁﬁﬂb@@tlﬁastﬂbouteﬁ)rﬂmﬁélthﬁ)bpsl eerd lestgthent  of the projection
| ens which has tig R@e e image of the pixelized panel is
| ocated at i nflﬁﬁty %frﬁcf@]?lg%at g?l(()%%cg{bﬂon lens is located in 15 air, i.e.,
‘'t he spd®e bet we®he effectivedrach febalribesigth @EL)e&fmjecﬁBnﬂéI&s/mda&dt ion Iens

and the plxell ed panel is filled wth air_ a ed to the ses
ki ng up dRechriRRt iihe dixEben hemepn e BpRERIacG ol dreBralen o
pr oj ect I on paaBBa@thedveRtek@if tR€Hadledifikace of the rearward-most lens element

of the projection lens which has optical power when (1) the image of the

pixelized papel is located at infinity and (2) the projection lens is located in
15 air, Le,, i:he space between the rearward-most lene element of the projection
lens and the pixelized panel is filled with air as opposed to the glasses
making up the prisms, beam splitters, etc. normally used between a
projection lens and a pixelized panel.
(3) Forward Vertex Distance
20 The forward vertex distance (FVD) of a projection lens/pixelized
panel combination is the distance between the front surface of the pixelized
-panel and the vertex of the front surface of the forward-most lens element
of the projection lens which has optical power when (1) the image of the
pixelized panel is located at infinity and (2) the projection lens is located in
25 air, i.e,, the space between the rearward-most lens element of the projection
| lens and the pixelized panel is filled with air as opposed to the gl-asses
making up the prisms, beam splitters, ete. normally used between a

projection lens and a pixelized panel.




(3) Forward Vertex Distance 20 The forward vertex-di stance (FVD) of a -
projection | ens/pixelized panel conbination is the distance between the
front surface of the pixelized panel and the vertex of the fi&hly200% ace
of the forward-nost | ens elenment of the projection | ens which has optical
power when (1) the inmage of the pixelized panel is. located at infinity
and (2) the projection lens is locateg-in 25 air, i.e., the space between
the rearward-nost |ens elenent of the projection |ens and the pixelized

panel is filled with air_as opposed to the glasses making up the prisns,
beam spl i t tRASKGEQUNR FelHl m Neen a projection lens and a

pi xel i zed panel p,J5 %Pr ojection |l ens
systens (al so refércrtgdghléngger%ﬁnn as "proj egl %}E%BEWWE are used to form
an i mage ofsystensh) aetused taforimean ngamwfenmbjan@hamymmrean Swehof the
front projection or,.rear ol ecti.on. ty ther the viewer
and the obiSee T ah e i BRhER L Glion R Ere SRR IS SBrEBEER on) or o
opposi t & siviashef tHeRewer @aNtHe dbidct RFONLEld e silf BiRsédedt Mbdkur e of such
a systemis shown.in Figure 5, where 10 is a light source (e.g., a netal

hal i de or d’rﬂ]ieﬁtPP’BrO§§§t9PE°ﬁEer%ﬁ?%/"f\ﬁﬁﬁé?mep&i?ﬁf pragctian)i | | umi nation optics

which forms an TH@GﬁsﬁfstﬁuGﬁule'oQQﬁ E&‘ 6v@§15 @Eélﬂ'l‘:’!ts" whbrd I
illum nation system, Ject projected (e.g., an
LCD matri x in# light mcwﬁégpamtsbhabdwbrjashxgb memgmﬂrcm vapens, conposed of

L) LS80 i 0 B AP S SRR BB 12 0 1
| eft silde dfhe "dhtmar &Eﬂheiﬁummlﬂi@ﬂé}%teﬁn), Waii$ the ehjedtadtiiclp ijoekt i on syst ens,
the viewer w || i de of the screen. For rear projection
syst ens V\/mpEWe%Fr"’g?? & BBH-‘CﬁB&Sg op aafl off ixelghandt13 ig amrpiestion s of ten used
to fold thgeQPtdfipbseRB¥ hulBpL: lEﬂéjélefrFeﬁEE‘E %Vlﬁ&?fﬂ?‘ﬁ‘x%tmrﬂa@éﬁ ﬂ:tlalge of ze.
object 14 on viewing screen 186.
For front projection systems, the viewer will be on the left side of
- 15 screen 16 in Figure 5, while for rear projection systems, the viewer will be
on the right side of the screen. For rear projection systems which are to be
housed in a single cabinet, a ﬁlirror is often used to fold the optical path
and thus reduce the system's overall size.
Projection lens systems in which the object is a pixelized panel are
20  used in a variety of applications. Such systems preferably employ a single
projection lens which forms an image of either a single panel having red,
green, and blue pixels or of three panels, one for red light, a second for
green light, and a third for blue light. In some cases, e.g., large image rear
projection systems, multiple panels and multiple projection lenses are used,
25  with each panel/projection lens combination producing a portion of the
overall image. In either case, projection lenses used with such systems
generally need to have a long effective back focal length to accommodate
. the prisms, beam splitters, color wheels, etc. normally used with pixelized
panels.
30 A particularly important application of projection lens systems

employing pixelized panels is in the area of microdisplays, e.g., front




Projection |l ens systens in which the object is a pixelized panel are 20
-~ used i'n a variety of applications. Such systens preferably enploy a single
~_projection-lens which forns an inmagé of either a single panel 1hduy2§0s ed.
green, and blue pixels or of three panels, one for red light, a second for
green light, and a third for blue light. In sone cases, e.g., large inmage
rear projection systens, nultiple paagels and nultiple projection |enses
are used, 25 with each panellprojection | ens conbination producing a
portion of the .overall ipage. In either case, projection |enses used with
such syst eRECIegfiTesyste)s whih 418 usgd &o displaylata PadrpaPIRRAioPocal |ength to

accomdat gysib i ik Be yARAR SRl ChnitsH. HectheBekifbiendff I |y used
with pixelized panels. 30 A particular Py | nportant appli cgt | on of

proj ect i on npansagpsingrbechnolgydyssied pi x else 1w dopalacity of wmidrndisblayar ea of

m cr odi spl Q. frent .1 ly. 2005, . rojgect. steps which are
used to di g%ﬁ%@ﬂ%# %\gl éa%%g%’gg%lv%lrﬂg}{%% =|515:r111 assl?/g[gsrrgéf\?ﬁ%hg%%gj%’ﬁg d as :
conmput e nmbhe like.s. Recent breakt hroughs in manufacturing technol ogy has

led to a rise i opul ar.ity of m._crodisplays | Qying digital |ight valve
devi ces such asﬂfﬁﬁﬁfg}or‘r pplays based oprshes ‘illﬁix"e\?‘ﬁ‘%paﬁ??(%t g %Al on di spl ays
based on t@ﬁ;’é%n‘éﬂi’élﬁ%i?ﬁtt s ALUAN, A9AD1OheR B ds of BltEE pitdblel gt Wei ght. As
a result, a whole new class of ultra portable |ightweight projectors

- operating tghtweight prajpatensioparatgeindnentearrpieotiom moddiagidieatplbyight val ves has
appear ed on.t: Lght wei a r eafr . lection systens can

o0 be. achitif JERE SElven beRBbYE: & bn BRERAS Ko, MapndeiBhPURGR SR> CF

havi ng 18 hipghjectivhosysbdrhocarcaind babchibhebthrdeyh clesusaafshedtadesics) ar ge nunber

of pixels. Sincg the devices.thenselves are spall, the individual pixels

are small, a tyﬁ? digplay mases ihféﬂﬁgaan%&gﬁdnﬁmﬂw cptent hpseidetesys t o

appr oxi mat edvwkt $aQt aQX SR AisBer Wpitedd. [S9hde tHE deless thidthstlves are small,
the individual pixels are small, a typical pixel size ranging from 17y for
DMD displays to approximately 8y or even less for reflective LCDs. This
15 means that the pfojection lenses used in these systems must have a very
high level of correction of aberrations. Of particular importance is the
correction of chromatic aberrations and distortion.
A high level of chromatic aberration correction is important because
color aberrations can be easily seen in the image of a pixelized panel as a
20 smudging of a pixel or, in extreme cases, the complete dropping of a pixel
from the image. These problems are typically most severe at the edges of
the field.
All of the aberrations of the system need to be addressed, with lateral
color, chromatic variation of coma, astigmatism, and distortion typiecally
25 being most c-halienging. Lateral color, i.e., the variation of magnification
with color, is particularly troublesome since it manifests itself as a decrease
_in contrast, especially at the edges of the field. In extreme cases, a rainbow
effect in the region of the full field can be seen. '
In projection systems employing cathode ray tubes (CRTs) a small
30 amouht 6f (residual) lateral color can be compensated for electronically by,

for example, reducing the size of the image produced on the face of the red




15 neans that ‘the projection | enses used in these systens nust have a very
hi gh | evel of correction of aberrations. O particular inportance is the
correction of -chromatic aberrations and di-stortion. A high | el&lulg2005 .
chromatic aberration correction is inportant because color aberrations can
be easily seen in the inmage of a pixelized panel as a 20 snudging of a

pi xel or, in extrene cases, the conplgte dropping of a pixel fromthe

i mage. These problens are typically nost severe at the edges of the field.
Al'l of the aberrations of the systemneed to be addressed, with | ateral

col or, chr vl relatize tathadproducsdmm, tha dlueyBRI SHitharpixeiizedmamiebn typical |y
25 being I | I, var] ation_ of.

magni f i Ca?ﬁ(ﬁ))hﬂ&%ﬂfh@l?%#%?f@!t%&%%@x} caﬁsin;%? Ib>e/ bp ;&8{1 %QE%‘:&& Sé %écﬁn&lié% Wani fest s
itsel f as dligtzeéasd thusa csonbtlnsdjusesqoadnaideyacadsstthe idd ekl offvidre field. In

extrene cases,, a rai.nbow, effect i.n the region of the full field can be
seen. In pﬁﬁf‘ggt,??sﬁfpl%‘y%ﬁl%erelﬁﬁtlﬁ?"ﬁ@ragéf’wgﬂ‘é”?wnt’ MRUAPERTS) a smal | 30
amount & (cofecHsRb) sceatBirdatePAIQLINFAR thls ARSRATSGHh ¥le besje@idiclhoni cal Iy
by, for exanpl reduci ng the size of the inmage produced on the face of

~the red 15 Jul yeTbeelﬁe of s poptizedpandlie displahdatageathioatrivgenthe bl ue CRT.
- Wth a pix %h&ﬁgmgﬁﬁqjegardlﬁ'l?%(\fzﬁéee orregﬂtgﬁ oilﬁis%gi((;m% 1538 e fqgl)gﬁ performed

because the Inage I's e} an us a snoot h adj ustnmen Si ze across
the full fiislage afialifyes reqeiredbevepoststhbleatrefehpoyiarof thy fikldaff view of al col or
correction,,including 5 correction secqgndary lateral ,color,.is thus
‘needed frorﬁhf'ﬂ Sp‘??lbﬁlg%l?wg?g faligs AS ﬂieb%g‘@g‘?ﬁt' axbﬁ“?éﬁ%?rfé‘é%%ﬁe?f %0 display
data | e@ds digplaydd MEEPar or'leetk [«GUBIYSini Rl at §hé Bz the FeldPAs ff
distortion. This is so _because good, inmage quality is required even at the
ext renme poilfhietthscentrr. MMenegvess pigieskionslengasarp efien wrehwitheaffsey data. As wil |

be evi dent pag@1udisabmt et HRARAiOR Adng VALY SCheB BBE! vt tor 15 ] ust

as inportant at t edge
. symmetrically about a horizontal line through the center of the screen but

can increase monotonically from, for example, the bottom to the top of the.
15 screen. This effect makes even a small amount of distortion readily visible
to the viewer.
Low distortion and a high level of color correction are particularly
-imp'ortant when an enlarged image of a WINDOWS type computer interface
is projected onto a viewing screen. Such interfaces with their parallel lines,
20 bordered command and dialog boxes, and complex coloration, are in essence
test patterns for distortion and color. Users readily perceive and object to
even minor levels of distortion or color aberration in the images of such
interfaces.
The above-mentioned microdisplays typically require that the light
25 beam from the illumination system has a near-normal angle of incidence
upon the display. In terms of the projection lens, this translates into a
: fequirement that the lens has a telecentric entrance pupil, i.e:, the
projection lens must be telecentric in the direction of its short imaging
conjugate where the object (pixelized panel) is located. This makes the lens

30  asymmetric about the stop which makes the correction of lateral color more
difficult.




Is at the center. Mdreover, projection |l enses are often used with offset -
panels. In such a case, the distortion at the view ng screen does not vary
symmetrical ly about a horizontal line through-the center of th2Jdy20en hut
can increase-nonotonically from, for exanple, the bottomto the top of the
15 screen.. This effect makes even a small amount of distortion readily
visible to the viewer. Low distortiom.and a high | evel of color correction
are particularly inportant when an enlarged i mage of a WNDOAS type
conputer interface is pro ected onto a view ng screen. Such_ interfaces
with their paraftnedditionde theforegeine fetressmraiectiomaysiempodepoieast and

oMl e Ol QkRlichlhsi BohBnd 1 SRHAer EBhePBLL LRI T dhARAY! hn and color.

Users readi y percei ~even mn evel stortion or
col or aber rtarms)nfﬁhe nrbgctmn@pas tifis suaablatesungés b ae@sireningt Hiad viee Fepnt i oned

m cr odi spl t,hat .t he 5 be romt he

i|lum nati %ﬁé’ﬁ%‘iﬁf?e e‘éi‘rt%ﬁ(gr“}?ﬁﬁwléﬁ tlhé’qB’fagF ‘?:clr‘(’)eéﬁc hig hon the di spl ay.
In terng ofre:;h@eﬁéﬁt 2ekeoft dv@ﬁsnorbmuﬁicmtwamé&&hé M4teral cold@@Bthiecment t hat
the | ens has a telecentric entrance pupil, i.e., the pI‘OJECtIOI’l | ens nust

be tel ecentlente Similarly, dhe sequirsinastt fox a langaffective hrskgfocaldangtdhealed wher e t he
obj ect (pixghiss Wﬁnﬁgﬁk%wﬁtiQ&@é&qateHl'cﬁldimkes the lens 30 asymetric
I ch

about the stop es the correction of lateral color nmore difficult.
15 July 2005.. Inedditioadditaivorg a widieldof eipwi, the démand éarsmpallgrect i on

syst ens, the S..an creasin denmand | 1 er cahi net sizes
(smal ler f 56 1&9 | ﬁ’tzgﬁ alSP\r{i ar{sla;l ?at‘%gmﬁ?’&e@é{}}a&ﬁﬁgz%ﬁwﬂﬁ ft ansl at es

i nto a 10eqydbrveirdverteRalistahee. |Bﬂ§ns Wwag, thewnilfunltiof lide®f spacethatmube direction
of the image (screen).. This requi renent makes it even nore difficult to

correct thdeadlogates te &h%?r%?ctxoﬁéenﬁ wnthe cabipef iy yeucedheAlsggigr fenent for a
long ef f ectgiy £A8/6f Rl HBAAL Forda38 vertex distance results in a smaller

maximum clear aperture for the lens elements used in the projection lens.
This not only reduces the maximum transverse dimension of the Ieps, but

15 .alsqreduces its weight and cost. As with effective back focal length,
reducing the forward vertex distance makes it more difficult to correct the
aberrations of the lens. In particular, a shorter forward vertex distance
generally requires stronger lens elements whose aberrations are more
difficult to correct.

20 Achieving a short focal length, a long effective back focal length, a
wide field of view in the direction of the lens' long conjugate, and a short
forward vertex distance simultaneously, while still maintaining the high
level of aberration correction needed for a projection lens system which
employs pixelized panels is particularly challenging since these various

25 requirements tend to work against one another. As discussed and

. illustrated below, the present invention provides projection lenses which
satisfy these conflicting criteria.
SUMMARY OF THE INVENTION
In view of the foregoing, there exists a need in the art for projection
30 - lenses for use with pixelized panels which have some and preferably all of

the following properties:




makes it nore - difficult to correct lateral color. In addition to having a
wide field of view, the denand for smaller cabinet sizes also transl ates
“i'nto a requirenent that the | ens ‘has a short -10 forward vert é%Jdiy20afice.
In this way, the amount of |inear sygace that nust be allocated to the
projection lens in the cabinet is reduced. Also, for a given field of

view, a ghort gmhigiotevwelr 6f Mesrilecoldt @iRbtieh, itdudihg chite@iodn® de€dndan@Xxi mum cl ear
aperture for the lens elenents used in the projection lens. This not only

reduces the nhdralwdlorf r ansverse di nension of the lens, but 15 al so reduces
its weight and cost. As with effective back focal |length, reducing the
forward (®rt dawdisséréioge nmakes it nore difficult to correct the aberrations
of the lens. In particular, a shorter forward vertex distance generally
requi r es(3t r arlgee flebhaf veéw methedirebteseofabemnmaee] ons are nore difficult to
correct. 20 Achieving a short focal length, a |long effective back focal

| engt h, &) wiadeleténgtticlerdfanye pupil;n t he direction of the lens' |ong conjugate,
and a short forward vertex distance sinmultaneously, while still

‘mai nt ai n(3g taHenghefigetive beek foodl lergthr at i on correction needed for a
projection | ens systemwhich enploys pixelized panels is particularly

chal | engl@lg <ishes fertwasd vertax ddsiancesandequi rement s tend to work agai nst one
anot her. As discussed and illustrated below, the present invention

provi des{Pr oft swell srxirews sleayppestire ©Hathedenses makimgaprihe pisisction kbt er i a.
SUMVARY OF THE | NVENTION In view of the foregoing, there exists a need in
the art forlgsasisBethivpecdam the st she grample en) Mrrb’-intéeplioz@a pajselian whi ch have
sonme and preferably all of the follow ng properties: 15 July 2005 -7 (1)
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| ateral col or;
In accordance with an aspect of the present invention, there is provided a

projection lens for forming an image of a pixelized panel, wherein the projection
lens has a long conjugate side and a short conjugate side and comprising in order.
from its long conjugate to its short conjugate of :

(A) a first lens unit having a negative power and comprising at least one
negative lens element of overall meniscus shape, said negative lens element being
convex towards the long conjugate side and comprising at least one aspheric
surface; and

(B) a second lens unit having a positive power, said second lens uﬁit
being separated from the first lens unit by an axial space and comprising at least
one positive lens element which comprises at least one aspheric surface; wherein:

- (i) the projection lens is telecentric on the short conjugate side; and

(i1) the projection lens has an effective focal length f,, an effective back
focal length BFL, and a forward vertex distance FVD which satisfy the folloﬁing
relationships:

BFL/, > 3.5; and
FVD/f, <17; and




(2) low distortion; (3) a large field of viewin the direction of the

I mage; (4) a telecentric entrance pupil; (5) a long effective back focal
‘length; (6).a short forward verteex distance; -and (7) a smal| lAd¥iyR0f5cl ear
aperture for the |l enses nmaking up tRlge projection lens. To satisfy this
need in the art, the exanple enbodi nents provide projection |enses which

have sone and(ipr ef gieghbictadn leff hdshefield @Y i e tHeadteuti@b of the l@gCor dance
with an aspect of the present invention, there is provided a projection

|l ens for form ng acodjig@esidd oxhpions Mhichhafiais|the wieioashipt he proj ection
| ens has a | ong conjugate side and a short conjugate side and conprising in
order fromi 6s70°0ng conjugate to its short conjugate of : (A) a first lens
unit having a negative power and conprising at | east one negative |ens
el enment of ovBreddrhblpptheREls/f shatipas geatad thagdiand ihesomeadaserecn lei ng convex
towards the | ong conjugate side and conprising at | east one aspheric
sur f ace; gaar (B 455 srecord graates thani 3.0.HfHimilady ahp 63V vetipovpeeferabli d second
|l ens unit being separated fromthe first lens unit by an axial space and
conpri si legs than 12 asd in somee qasssi dai be ldse HeindlSenmd evennisscthaw bhpr i ses at | east one
aspheric surface; wherein: (i) the projection lens is telecentric on the
short conj ugalreadditen tcahavifg the abome B/ BoandonV Dép sativastharpreie¢iéat i ve f ocal
length fO, an effective back focal |ength BFL, and a forward vertex
di st ancelensm ofhthehexsmnle fegnbofianengs p@ﬁwrn%y havean ifishk vf péew BFin fe > 3.5; and
FVD/f, < 17; and 15 July 2005 -8 (iui t he groject%on | ens has a field of
vi ew 0 i diredtien of fhedonpeomigatcef at dnagt 7€ dnjeugat €0 si &l )omd mhmaiapm whi ch
satisfies the relationship:

clear aperture to f, ratio (D/f, ratio) which is less than 5.0 and in some cases is less

~ than 4.0.
BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1-4 are schematic side views of representative projection lenses
constructed in accordance with the invention.
| Figure 5 is a schematic diagram showing an overall projection lens system
in which the projection lenses of the present invention can be used.

The foregoing drawings, which are incorporated in and constitute part of
the specification, illustrate the preferred embodiments of the invention, and
together with the description, serve to explain the principles of the invention. It is
to be understood, of course, that both the drawings and the description are
explanatory only and are not restrictive of the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The projection lenses of the present invention are of the retrofocus or the
inverted telephoto type and consist of two lens units, i. e., a negative unit (U1) on
the long conjugate side and a positive unit (U2) on the short conjugate side, which
are typicélly separated by an aperture stop.
| The use of this overall lens form to produce an image of a pixelized panel

has various advantages. Thus, telecentricity can be achieved by locating the lens'




0>70. Preferably, the BFL/f ratio is greater than 4.0 and in sone cases-
can be greater than 4.5 and even greater than 5.0. Simlarly, the FVD f o
ratio is preferably less than 17 and in sanme-cases can be | ed&Tull2A045 -and
even less than 13. In addition to hgying the above BFL/f and FVD/f rati os,
the projection |enses of the exanple enbodinents preferably have a field
of view %Jelrﬂilrd B@p @i thectronfoohl plage |l CROgrd0BbGtIRS uait. AddRiondlO(e. g., 75
< 0:5 80 and a nmaxi num clear aperture to f ratio (D/f ratio) which is

| ess t hagivan@ges) dhistaso bp thasesplas preseatedtbeiow, 4rd the BRI tOBSGRIPTI ON OF THE
DRAW NGS Figures 1.-4 are schematic side views of representative projection
| enses g wmgteffectiwcbackh fmatlengtanaéthd th the invention. Figure 5is a
schemati ¢ di agram showi ng an overall projection lens system in which the
projection | enses of the present invention can be used. The foregoing

drawi ngs, which are incorporated in and constitute part of the
specification, illustrate the preferred enbodi nents of the invention, and
together with the description, serve to explain the principles of the
invention. It is to be understood, of course, that both the draw ngs and
the description are explanatory only and are not restrictive of the

i nvention. DESCRIPTI ON OF THE PREFERRED EMBODI MENTS The projection | enses
of the present invention are of the retrofocus or the inverted telephoto
type and consist of two lens units, i. e., a negative unit (Ul) on the

| ong conjugate side and a positive unit (U2) on the short conjugate side;
which are typically separated by an aperture stop. The use of this overal
|l ens formto produce an image of a pixelized panel has various advantages.
Thus, telecentricity can be achieved by locating the lens' 15 July 2005

-8a aperture stop in the front focal plane of the second positive unit.
Addi ti onal




advant ages, illustrated by the exanples presented below, are the ability-to
achieve a long effective back focal length and the 15 July 2005 -9 _
~ability to provide a wide field of viewin the direction of theJilgl805]|ang -
conj ugate. .Both of these characteristics are particularly useful in rear
proj ection systens, where the lens nust have a wide field of viewto
achieve the smallest possible overallg.package size, and where there is a
need to 5 accommbdate beam splitting prisns between the |Iens and the

pi xel i zed panel. These prisns may include polarizing beamsplitters, as
wel | as colabilitysplprevideg wide Siebd of Thew e Heeediregtionrad thelenst long achi eve a hi gh
| evel of distortjio Cok,ect i i one,,. |cal surfaces in
the first |SASek Bok SEUESh cRiattntBel BrpBhusl RefRAE " T 20
aberr ati on pbjettien bypiems ewhérerthe lqnsphhst have@owidedicdd of Wiewuglachieee use of one

or nore aspherical suraiﬁlées In the second éerhsé uni t. .The spheri cal
aberration tIFS egias OVESEpPRCIRE GRS BRC M F‘?ﬂf 1% B8 hf%ve

tel ecenty i GickymmBAaRMbadd kAL HrRAUJBetwbéh IEleaRRAthPLARRzQf the |ens.
Preferably, the aspherical surfaces are 15 forned on plastic |ens el enents.

The nost craamek dlheshprismsineay inchidepolarizies beam splitigrs, asmedl saedor | at er al
color. The he i nvention preferably achi eve such correction

usi ng the tségﬂﬁgéﬂlce%m%'f comonl y- assigned U.S. Patent Application No.

09/ 304, 693, fi | BHelnsed of fiRdAyemiinh schiével ehighRevdlef distortioanses Havi ng 20
Reduced Lateral .Color for Use wth Bixeli gg%%Pane e contents of which

s, " t
are i ncor pSPHeEohRY Usinempe oL aqre dspher iﬂsileaﬁ?ﬁﬁs RS PR i shed on
Novenbery 9,502Q0Rsida1 BElortRheRs wBllakispBédiaN abrratibh QPHH7RAY. Al t hough

preferred, the approaches of the for egm ng application need not be used in
the practi catesmee Raridyis serrectedyhraughrihe pse vheneeuranorgympbarieali s used to

corr ect | ats%?ﬁlcescﬂll Ak ’se@o%ﬂrlegé uER.e 'Ifh'e rsfiherical aberration of the entrance
pupil should be minimized to achieve telecentricity for any arbitrary point
‘in the objgci; plane of the lens. Preferably, the aspherical surfaces are
15 formed on plastic lens elements.

The most critical aberration that must be corrected is the lens'
lateral color. The lenses of the invention preferably achieve such correction
using the techniques of commonly-assigned U.S. Patent Application No.
09/304,693, filed May 4, 1999, and entitled "Projection Lenses Having

20 Reduced Lateral Color for Use with Pixelized Panels," the contents of which
are incorporated herein by reference. This application was published on
November 9, 2000, as PCT Patent Publication No. WO 00/67059. Although
preferred, the approaches of the foregoing application need not be used in
the practice of the present invention.

25 Whatever approach is used to correct lateral color, each of the first
and second lens units will preferably comprise at least one color correcting

“doublet (D1 and D2, respectively, in Figures 1-4). Also, the projection lens
can include a third lens unit (U3) located in the vicinity of the aperture stop
which preferably includes at least one color correcting doublet and serves to

30 improve the axial color correction of the lens,




and second lens units will preferably conprise at |east one col or :
correcting doublet (DI and D2, respectively, in Figures 1-4). Al so, the

projection lens - can include a third lens-unit (U3) |ocated | hSTHE200%inity

of the aperture stop which preferably includes at |east one col or
correcting doublet and serves to . 30 inprove the axial color correction of
the lens. 15 July 2005 -10 Wthout inpending to limt it in any manner,
the present invention wll be nore fully described by the follow ng
exanpl es. EXAMPLES Figures 1-4 and Tables 1-4 illustrate representative
proj ection | ense¥ithgukintending telimihitin epy seanneryiherpresantiiniantionon.  HOYA

Svat o,  EquLaf oiRE Byl lecked BY kA BB ARSI T ot (. 0., | OHARA or
SCHOTT) can be used in the practi dEXAMRBRIES i nventi on. Industrg/ accept abl e

materials are usgd for, the ti.c enents. 10 The aspheric,coefficients
Set Torth (n thaibwisedst And B sSSPt Fomapendaing PR R RS | 7

14 1- (1+) cadbrudretiNhctdnbndryBh Y itventisd2 + jyi4 where z is the surface
sag at a distance {' fromthe optical axis of the systen}ﬂyc s the
curvature of thdlPEAdestenationy prq veed faxthe varipnsiglasses erphved intheynst ant |
which is z ce 1.0 ' 0L Tables 1-4.
The desi gnarise HERe, T R pihAdd y Win gl ERRLEREN R, 2l e

repr esent s QHARAbeBCEOTBwahdeaised inthe prasticé afthefioventiiine Hndustrgast one of
D, E F, H | in.the abo equat.i on i.s not zero; and the designation
"c" 20 ind%‘ﬁ%@gg @ﬂ#ﬁrgé%qeo?seéﬁ%ﬁw@l?%lﬁﬂgmgﬂk)sve equation is not zero.
The vatgous pl #M aspheri6 bobthSehtdGot ROt fHaaableeale €ANjsd@atke side of U2 in

t he - i
following equation:

cy?

LA I-a+ k)"

+Dy* + Ey® + Fy® + Gy + Hy®* + y"

where z is the surface sag at a distance y from the 9ptical axis of the
system, ¢ is the curvature of the lens at the optical axis, and k is a conic

15  constant, which is zero except where indicated in the prescriptions of Tables
1-4. '

The designation "a" associated with various surfaces in the tables
represents an aspherical surface, i.e., a surface for which at least one of D,
E, F, G, H, or I in the above equation is not zero; and the designation "c"

20 indicates a surface for which k in the above equation is not zero. The
various planar structures located on the short conjugate side of U2 in the
figures and tables represent components which are used with or are a part
of the pixelized panel. They do not constitute part of the projection lens.
All dimensions given in the tables are in millimeters.

25 The prescription tables are constructed on the assumption that light
travels from left to right in the figures. In actual practice, the viewing
screen will be on the left and the pixelized panel will be on the right, and
light will travel from right to left. In particular, the references in the

| prescription tables to objects/images and entrance/exit pupils are reversed

30 from that used in the rest of the specification. The pixelized panel is shown.




figures and tables represent conponents which are used with or are a part
of the pixelized panel. They do not constitute part of the projection |ens.
Al | di mensions given in the tables are in-nmillineters. 25 ThelpfdgefPdpti.on -
tabl es are constructed on the assunption that light travels fromleft to
right in the figures. In actual practice, the viewing screen wll be on
the left and the pixelized panel will.ifoe on the right, and Ilight wll
travel fromright to left. In particular, the references in the
prescription tables to objects/inmges and entrance/exit pupils are reversed
30 from t hdn the Higuras i Heby thet desfenabion BB phil ¢he ppsrturpropis@ionzed panel is

shown 15 Jyly,,2005. 11 igp,Lhe Figures 1-4 by the designation "PP'" and the
aperture stbé%thleg(ﬂgwgﬁnalionb@ét'he designation "AS'. The focal |engths of the

vari ous | ens uniThe fomk leigthipofithe variope tdrisamits makmg wpf theglrbjestidn 4 are set
forth in Table 5 e fl is the focal,le h of 5 Ul f2 is.t f ocal

"l ength of ‘}Seér’i’gﬁg{eﬁsl“’f fee Sfeég%ith F‘éﬁ@‘?{‘f %\%’?E? ?ﬁbheeﬁf?]]?lgggtha(;}g provi ded
for the 4 eng1qb iEtlgéBmi'o@alllle&?cw&mﬁﬁhrfgié thel 881 1NREth@E UB. TRSbAiraRs shown

for that lens in Table 1. Tn practice, the lenses of Figures 2-4 may also
- i nclude vardraiprevideshfrsshelensiod Figure 1sieoxpsponding e thejtwatocyse in  focusi ng

the | f | ff ' : ' f.om fo, DfO,
e 1 oS " Yool o0 ALY ISR T, T8 brfiylo 343 RPN (o, O
tabl e, the 3-¢msnsaled inchelecveaiqbllespdrey ef thBRlpé shovart irnFabledafbense ran 3. 5,

FVD/fO ratipos less than,20,..D)fo ratios less than 5.0 and O val ues greater
than 70 mfewsm&@@e lep for differentcoigatPsy |y wel | -suited to the manufacture

of conpaet proj gehicoRibRBFIGS FOMB, G AndD RIRéOK: PheRkdedt panels. In
addition to the gropertles shown in Table 6, the projection |enses of the

i nventi on praddes bl Yisanderrgor in this tahlpohiedensss opthe ¢xagnples have | at er al
color blur ﬁlg‘LlffoullaltioL ig%a%elt Han"$8E Wi%'}ﬁubé‘ letsQ nd 28D/, ratios less
than 5.0 and 6 values greater than 70° which makes the lenses particularly
well-suited to the manufacture of compact projection lens systems which
156 employ pixelized panels.
In addition to the properties shown in Table 6, the projection lenses
-of the invention preferébly also have the following properties: . |

) a lateral color blur at full field for wavelengths in the range

from 460 nanometers to 620 nanometers which is less than a pixel and

20 preferably less than three-quarters of a pixel (note that the level of lateral
color correction can be determined at the object plane or the image plane, a
magnified pixel being used when the determination is performed at the
image plane); and _

(i)  a distortion which is less than 1.5 percent and preferably less

25 than or equal to 1.0 percent.

The projection lenses of Tables 1-4 achieve both of the foregoing
preferred lateral color and preferred distortion levels. In particular, the
lenses achieve the preferred level of lateral color correction for a pixel size
(pixel width) of less than 15 microns. '

30 | Although specific embodiments of the invention have been described

and illustrated, it is to be understood that a variety of modifications which




from 460 nanonmeters to 620 nanoneters which is | ess than a pixel and 20
preferably less than three-quarters of a pixel (note that the |evel of

| ateral color correction can bhe-determ ned at the object plabehdy200® .
i mge plane,- a- nagnified pixel being used when the determination is
performed at the image plane); and (ii) a distortion which is |less than
1.5 percent and preferably less 25 t-han or equal to 1.0 percent. The
proj ection | enses of Tables 1-4 achieve both of the foregoing preferred
| ateral color and preferred distortion |evels. In particular, the |enses

~achi eve t helaneilepprdrom the seope padapmit ofshe intemtioncrillde adens i xel si ze
(pixel Wi dtyksdis of 8RfnklALiAS ThELAFom Ho AhblaHgRicaRREHLI ¢ enbodi ment s of

t he i nventi'on have been“descri bed ustrated, it 1s to be understood
that a variety of nodifications which 15 July 2005 -12 do not depart from
the scope and spirit -of the invention will be evident to persons of
ordinary skill in the art fromthe foregoing disclosure. 15 July 2005 -13
TABLE | Surf. Clear Aperture No. Type Radius Thickness G ass Dianeter 1 a
117. 6365 5. 00000 ACRYLIC 54.99 2 ac 21.4274 Space 1 43.00 3 a -127.4598
3.50000 ACRYLIC 38.12 4 a 124.5786 15.82974 31.99 5 -111.5955 2. 00000

S-PHVWB2 24.05 6 16.6022 7.00000 PBMB 22.20 7 -206.1765 22.68808 21.55




8 83.4212 1.60000 S-LAH59 12.65 9 11.8097 4.00000 S-TIH14 12.52 10
-56. 3462 1.00000 12.51 11 Aperture stop -0.57048 12.33 12 -34.9748

© 1.50000 S-11AH60 12.47 13 21.6254 5.00000 S-FSL5 12.83 14 -35JuW92q05. .

11. 16324 14.09 15 -32.4760 2. 00000 S-LAH60 18.53 16 47.0151 6.50000
S-FPL53 20.88 17 -30.9043 0.20000 23.46 18 135.5060 6.50000 9-F2L53 26. 20
19 -32.3081 0.20000 27.60 20 135.5048.7.00000 S-FPL53 28.92 21 -32.3081
0. 50000 29.36 22 a -200.0000 4.00000 ACRYLIC 29.05 23 a -70.0000 Space 2
28.80 24 1.20000 31(7 28.23 25 0..70000 28.12 26 38.00000 SF1 28.03 27
4.00000 25.02 28 40.00000 BK7 24.488LB§ 3 40000 20.88 30 1.60000 BK7
20.48 31 Image distance 20.36 Synbol Description a - Polynom al asphere

c -. Conic section Even Polynom al Aspheres Surf.

Surf. : Clear Aperture
No. Type Radius Thickness Glass Diameter
1 a 117.6365 5.00000 = ACRYLIC 54.99
2 ac 21.4274 Space 1 43.00
3 a -127.4598 3.50000 ACRYLIC 38.12
4 a 124 .5786 15.82974 31.9%
S -111.5955 2.00000 S-PHM52 24.05
6 16.6022 7.00000 PBM3 22.20
7 ~-206.1765 22.68808 21.55
8 83.4212 1.60000 _S-LAHSBS 12.65
S 11.80897 4.00000 S-TIH14 12.52
10 ~-56.3462 1.00000 i2.51
11 Aperture stop -0.57048 12.33
12 -34.9748 1.50000 S5-LAHG0 12.47
13 21.6254 5.00000 §-FSL5 12.83
14 -36.2924 11.16324 14.09
15 -32.4760 2.00000 S-LAH6G0 18.53
16 47.0151 6.50000 5-FPL53 20.88
17 -30.3043 0.20000 23.46
18 135.5060 6.50000 S-FPL53 26.20
19 -32.3081 0.20000 27.60
20 135.5060 7.00000 5-FPL53 28.92
21 -32.3081 ¢.50000 29.36
22 a -200.0000 4.,00000 ACRYLIC 29.05
23 a -70.0000 Space 2 28.80
24 1.20000 BK7 28.23
25 - 0.70000 28.12
26 38.00000 SF1 28.03
27 4.,00000 25.02
28 40.00000 BK7 24 .48
29 3.40000 20.88
30 1.60000 BK7 20.48
31 Image distance 20.36

Symbol Description
. a - Polynomial asphere
¢ - Conic section

Even Polynomial Aspheres

Surf.

No. D E F G H t

1 9.6519E-06 -1.5632BE-08 1.2711BE-11 5.5342E-15 -§.5286E-18 -1.9134E-21
2 B8.667BE-06 -4,2959B-08 7.0767E-12 8.8543E-14 -2.4573E-16 2.2616E-15
3 -2.4746E-05 2.5825E-08 1.1482E-10 -3.6770E-14 -6.0705E-16 6.7521E-19%
4 -8.7253E-06 -6.6534E-08 -7.5878E-11 8§.8981E-14 5.0109E-15 -1.2287E-17
22 2.0719E-06 1.4805E-08 2.7648E-11 -1.1585E-13 1.5856E-15 -3.6956E-18
23 4.68B67E-06 1.1179E-08 1.3295E-10 -1.0816E-12 5.7973E-15 -1.0147E-17

Conic Constant :
Surface 2 k = -1.0000E+0¢




No. DEF GH Il 1 9.6519E-06 -1.5632E-08 1.2711E-11 5.5342E-15 -6. 5286E-18
-1.9134E-21 2 8.6678E-06 -4.2959E-08 7.0767E-12 8.8543E-14 -2, 4573E-16
© 2.2616E-19 3 -2.4746E-05 2. 5825E-08 1.1482E-10:-3.6770E-14 - 6501926036 ..
6. 7521E-19. 4 -8.7253E-06 6.6534E-08 -7.5878E-11 8.8981E- 14 5. 0109E- 15
-1.2287E-17 22 2.0719E-06 1.4805E-08 2. 7648E-11 -1.1585E-13 1. 5856E- 15
-3.6956E-18 23 4.6867E-06 1.1179E-0841. 3295E-10 - 1. 0815E-12 5. 7973E- 15
-1.0147E-17 Conic Constant Surface 2 k = -1. 0000E+00 15 July 2005 -14
TABLE | (continued) Variable S_lpaces Focus Space 1 - Space 2 Focal | nmage
Pos. T(2) T(23) Shift D stance LE] nuedhno 0.034 -0.011 2 14.109 2.727
0.014 -0.002 First-Order Data f/nunber 2.80 2.80 Magnification -0.0348
-0.0133 nject Height -292.10 -762.00 bject- Di stance -322.02 -891.43
Ef fective Focal Length 12.235 12.278 Image Di stance -.11098E-01
-, 17710)2"@3ble Fa{l Length_534.99 1103,8 Barrel Length 212.98 212.35
Stop Sugidte el 11 ﬁ%‘;e%t op Q‘i’fﬂmet elg‘;:?:fzce()% 12.029 Entrance Pupi |
Di stancey 29. 763.4¢9- 664 3.000  0.034  -0,011 |

2 14.109 2.727 0.014 =0.002

First-Order Data

£/number 2.80 2.80
Magnification ~0.0348 -0.0133
Object Height -292.10 -762.00
Cbject -Distance -322.02 -891.43
Effective Focal Length 12.235 12.278
Image Distance -.11098E-01 -.17710E-02
Overall Length 534.99 1103.8
Barrel Length 212.98 212.35
Stop Surface Number 11 11
Stop Diameter 12.0358 12.029
Entrance Pupil Distance 29.763 29.664

Exit Pupil Distance -729.89 -729.62




Exit Pupil Distance -729.89 -729.62 15 July 2005 - TABLE 2 Surf. - O ear
Aperture No. Type Radius Thickness 3 ass D anmeter 1 a 313.2208 5.00000
ACRYLI C 56.58 2 -ac 24.5396 12.60286 44.81 3 a -2021.5999 3.5090dyR0HdrLI.C
38.88 4 a 55.8585 21.60922 32.29 5 -338.5775 2.00000 S-LAL18 22.15 6
17.8685. 7.00000-S-TI M35 20.99 7 -426.6654 19.43304 20:34 8 138.6638
1. 60000 S-LAH59 13.25 9 14.7900 4.59800 S-TIH14 12.79 10 -67.8402 0.97982
12.83 11 Aperture stop 0.50000 12.70 12 -26.6748 1.50000 S-LAH60 12.72
13 31.5122 4.50000 S-FPL53 13.47 14 -24.2044 13.59935 14.74 15 -60.1999
~ 2.00000 S-LAH60 21.30 16 68.4138 62BE®dH0 S FPL53 23.01 17 -32.7938

0. 20000 24.78 18 310.3792 5.00000 S-FPL53 26.60 19 -58.4342 0.20000 27.80
20 114.0878 7.50000 S-FPL53 28.78 21 -32.1934 0.50000 29.37 22 -1000.0000
4. 00000 ACRYLIC 29.00 23 a -90.5000 3.00000 28.89 24 1.20000 BK7 28.21

Surf. ' : Clear Aperture
No. Type Radius Thickness Glass Diameter
1 a 313.2208 5.00000 ACRYLIC 56.58
2 ac 24.5396 12.60286 44 .81
3 a - -2021.5999 3.50000 ACRYLIC 38.88
4 a 55.8585 21.60922 32.29
5 ~338.5775 2.00000 S-LAL1S 22.15
6 17.8685 7.00000 S-TIM3S 20.99
7 ~426.6654 19.43304 20.34
8 138.6638 1.60000 S-LAHSS 13.25
-9 14.7900 4.50000 S-TIH14 12.79
10 -67.8402 0.97982 12.83
11 Aperture stop 0.50000 12.70
12 -26.6748 1.50000 S-LAHGO 12.72
13 31.5122 4.50000 S-FPL53 13.47
14 -24.2044 13.59935 14.74
15 ~60.1999 2.00000 S-LAHGO 21.30
15 68.4138 6.00000 S-FPL53 23.01
17 -32.7938 0.20000 24.78
18 310.3792 5.00000 S-FPLS3 26.60
19 -58.4342 0.20000 27.80
20 ’ il4.0878 7.50000 S-FPL53 28.78
21 -32.1934 0.50000 29.37
22 -1000.0000 4.00000 ACRYLIC 29.00
23 a -90.5000 3.00000 2B8.89
24 1.20000 BK7 28.21
25 0.70000 28.11
26 38.00000 SF1 28.01
27 4.00000 24.95
28 40.00000 BK7 24.40
29 : 3.40000 20.85
30 1.60000 BK7 20.486
31 0.01932 20.36
Symbol Description
. a - Polynomial asphere
¢ - Conic section
Focal Shift 0.02369
Even Polynomial Aspheres
Surf,
No. D E F G H |

1 B.1433E-06 -1.2583E-08 1.3837E-11 1.3471E-15 -1.2875E-17 7.0217E-21
2 -3.70B0E-07 -3.5630E-08 8.7206E-12 1.0950E-13 -1.7448E~16 9.0724E-20
3 -2.3975E-05 1.4822E-08 1.0183E-10 -2.8001lE-14 -5.0803E-16 5.6897E-19
4 ~7.9144E-06 B8.2684E-08 -1.2117E-10 -1.7154E-13 4.5131E-15 -1.0098E-17
23 2.287BE-06 -8.1965E-09 1.5043E-10 ~1.1882E-12 4.5352E-15 -6.5914E-18

Conic Constant
Surface 2 k = -1.0000E+00




25 0.70000 28.11 26 38.00000 SF1 28.01 27 4.00000 24.95 28 40.00000 BK7
24.40 29 3.40000 20.85 30 1.60000 BK7 20.46 31 0.01932 20.36 Synbol ‘
Description a - Polynom al asphere c¢ - Conic-section Focal $hifaly20092369
Even Pol ynom al Aspheres Surf. No. DEF GHI1 1 8. 1433E-06 -1.2583E-08
1.3837E-11 1.3471E-15 -1.2875E-17 7.0217E-21 2 -3.7080E-07 -3.5690E-08

8. 7206E-12 1. 0950E-13 -1. 7448E-16 9.Q824E-20 3 -2.3975E-05 1. 4822E-08

1. 0183E-10 -2. 8001E-14 -5.0803E-16 5.6897E-19 4 -7.9144E-06 8. 2684E-08
-1..2117E-10 -1. 7154E- 13 4. 5131E- éiE_ ?E 00985— 17 23 2.2878E-06 -8. 1965E-09

1. 5043E-10 -1.1882E-12 4.5352E- =5~ 8 Conic Constant Surface 2 k =
-1. O000E+00 15 July 2005 -16 TABLE 2 (continued) First Order Data

f/ nunber 2.80 Overall Length 535.622 Magnification -0.0348 Stop D aneter
12.390 nject Height -292.10 Barrel Length 215.624 Object Distance

-319. 979" ERYeRAMR Pupi | Di stance 29.2388

f/number 2.80 Overall Length 535.622

Magnification -0.0348 Stop Diameter 12.390
Object Height -292.10 Barrel Length 215.624
Object Distance ~312.979 Entrance Pupil Distance 29.2388
Effective Focal Length 12.1460 Exit Pupil Distance -760.102
Image Distance 0.193170E-01

Stop Surface Number 11




Effective Focal Length 12.1460 Exit Pupil Distance -760.102 |nmage Distance
0.193170E-01 Stop Surface Nunmber 11 15 July 2005 -17 TABLE 3 Surf. O ear
Aperture No.. Type Radius Thickness G ass Diameter 1 a 96.3733Jdy@005H0 -
ACRYLI C 38.06. 2 ac 22.1246 16.83895 30.28 3 -71.4185 1.50000-S-LAH66 18.10
4 10.6036 7.00000 S-FTML6 15.29 5 -27.6402 1.00000 14.22 6 -22.8394

1. 20000 S-LAH66 13.16 7 10.4229 4.10000 S-TIH10 12.35 8 -103.2388 8.87383
12.11 "9 Aperture stop 8.22815 9.86 10 -1477.8659 5.30000 S-FPL53 14.90

11 -12.1897 1.30000 S-LAH55 16.03 T - 86.4322 0.80000 18.81 13 -62.8290
4.10000 S-FPL53 19.50 14 -21.2300-%: 00 21.35 15 -73.3053 3.80000
S-FPL53 23.22 16 -29.4771 0.30000 24.58 17 -389.3199 4.30000 S-FPL53
26.14 18 -37.5554 0.30000 27.02 19 2.32._2161 6.00000 S-FPL51 27.98 20
-33.3737 0.30000 28.36 21 -77.5706 3.00000 ACRYLIC 27.83

Surf. : Clear Aperfure
No. Type Radius Thickness Glass Diameter
1 a 96.3733 3.00000 ACRYLIC 38.06
2 ac 22.1246 16.838595 30.28
3 -71.4185 1.50000 S-LBH6E6 18.10
4 10.6036 7.00000 S-FTM16 15.29
5 -27.6402 1.00000 14.22
[ -22.8394 1.20000 S-LAHGEE 13.16
7 10.4229 4.10000 S-TIH1O 12.35
8 -103.2388 8.87383 12.11
g Aperture stop 8.22815 9.86
10 -1477.8659 5.30000 S-FPLS3 14.90
11 -12.1897 1.30000 S-LAHSS 16.03
12 -86.4322 0.80000 18.81
13 -62.8290 4.10000 S-FPL53 19.50
14 -21.2300 0.30000 21.35
15 -73.3053 3.80000 S-FPL53 23.22
16 -29.4771 0.30000 24.58
- 17 -389.3199 4.30000 S-FPL53 26.14
18 -37.5554 0.30000 27.02
19 232.2161 6.00000 S5-FPL51 27.98
20 -33.3737 0.30000 28.36
21 -77.5706 3.00000 ACRYLIC 27.83
22 a -49.5844 6.92542 27.74
23 4.95500 BK7 25.91
24 1.44000 POLYCARB  25.23
25 49.00000 SF2 25.04
26 4.00000 18.83
27 2.50000 BX7 17.99
28 0.21000 POLYCARE 17.65
29 -0.00030 17.63

Symbol Description
a - Polynomial asphere
¢ - Conic section

. Focal Shift -0.06051
Even Polynomiat Aspheres

Surf. .
No. D E F G H i

i 5.5140E-05 -1.2755E-07 B8.2598E-11 4.0143E-13 -5.8089E-16 §&.9842E-21
2 5.8955E-05 4.1395E-08 -1.0013E-09 -3.67B4E-13 2.4401E-14 -5.6812E-17
22 7.1508E-06 6.6037E-10 1.2160E-11 -2.3582E-14 5,6757E-16 -1.1372E-18

Conic Constant
Surface 2 k = ~-1.0000E+00




22 a -49.5844 6.92542 27.74 23 4.95500 BK7 25.91 24 1.44000 POLYCARB.
25.23 25 49.00000 SF2 25.04 26 4.00000 18.83 27 2.50000 BK7 17.99 28
0. 21000 POLYCARB 17.65 29 -0.00030 17.63 . Synbel Descriptionlaluly2005 ..
Pol ynom al-asphere ¢ - Conic section Focal Shift -0.06051 Even

Pol ynomi al Aspheres Surf. No. DE F GH 1 5.5140E-05 -1. 2755E- 07

8. 2598E-11 4. 0143E-13 -5. 8089E-16 8.9842E-21 2 5.8955E-05 4. 1395E-08
-1.0013E-09 -3.6784E-13 2.4401E-14 -5.6812E-17 22 7.1508E-06 6.6037E-10
1. 2160E-11 -9. 3582E-14 5.6757E:.16 -1 1372E-18 Conic Constant Surface 2 k =
-1. 0000E+00 15 July 2005 -18 ¥AEkESontinued); h,04) First Order Data

f/ nunber 2.80 Overall Length 964.996 Magnification -0.0133 Stop D aneter
9.576 nject Height -660.40 Barrel Length 150.571 Object Distance

-814. 425 Entrance Pupil Distance 21.6797 Effective Focal Length 11.1559
Exit PlpsyOrderdiatsnce - 8331. 62

£ /number 2.80 Overall Length 964.996
Magnification -0.0133 Stop Diameter 9.576
Object Height -660.40 Barrel Length 150.571
Cbject Distance -B14.425 Entrance Pupil Distance 21.6797
Effective Focal Length .11.1559 Exit Pupil Distance -8331.862
Image Distance -.298217E-03

Stop Surface Number 9




| mrage Di stance -.298217E-03 Stop Surface Number 9 15 July 2005 -19 TABLE 4
Surf. Clear Aperture No. Type Radius Thickness (3 ass D aneter. 1 a ,
106.'6356 3.00000- ACRYLIC 38.25 2 a 21.6115 .6.97733 29.79 3 2553@960@3 50000
S-LALB 26.20. 4.16.2000 4.80000 22.36 5 70.2300 1.80000 S-LAL18 21.53 6
14. 3400 6. 60000 S-FTML6 19.05 A, 7 -99.2700 1.21050 17.89 8 -50.0950
1.50000 S-11AL18 17.11 9 14.2500 4.p9000 S-TIH6 15.66 10 106. 6500

13. 71753 14.80 11 Aperture stop 7.29626 9.54 12 -90.7800 5.50000 S-FPL53
13.40 13 -10.4970 1.40000 S-LAHS5 14.77 14 -72.7500 0.80000 17.81 15
-4584. 0000 5.00000 S-FPL53 19.61 I4BLEA 1800 0.20000 21.84 17 811.4001
7.50000 S-FPL53 24.19 18 -21.8000 0.50000 25.97 19 a .89.6854 7.00000
ACRYLIC 27.29 20 a -31.5584 4.86429 27.61 21 1.00000 BK7 26.00 22

2. 00000 25. 86

Surf. : Clear Aperture -
-No. Type - Radius Thickness Glass Diameter
1 a 106.6356 3.00000 ACRYLIC 38.25
2 a 21.6115 6.97733 29.79
3 25.3000 2.50000 S-LALS 26.20
4 16.2000 4.80000 22.36
5 70.2300 1.80000 S-LAL1S 21.53
6 14.3400 6.60000 S-FTML6 19.05
7 -59.2700 1.21050 17.89
8 -50.0950 1.50000 S-LAL1S 17.11
9 14.2500 4.50000 S-TIHG 15.66
10 106.6500 13.71753 14.80
11 Aperture stop 7.29626 9.54
12 -90.7800 5.50000 S-FPLS53 13.40
13 -10.4970 1.40000 S-LAHSS 14.77
14 -72.7500 0.80000 17.81
15 -4584.0000 5.00000 S~-FPL53 19.61
16 -26.1800 0.20000 21.84
17 811.4001 7.50000 S-FPL53 24.19
18 -21.8000 0.50000 25.97
19 a B89 .6854 7.00000 ACRYLIC 27.2%
20 a -31.5584 4.86429 27.61
21 1.00000 BK7 26.00
22 2.00000 25.86
23 2.20000 BK7 25,43
24 1.10000 POLYCARB  25.12
25 51.00000 SF2 24.98
26 2.00000 18.42
27 2.40000 BK7 17.99
28 0.07000 POLYCARB 17.67
29 -0.00113 17.68
Symbol Description
a - Polynomial asphere
Focal Shift -0.05535
Even Polynomial Aspheres
Surf.
No. D E F G H I

i 3.6196E-05 -3.7509E-08 -3.1361E-11 9.8606E-14 7.6981E-17 -1.4682E-19
2 2.7865E-05 4.6602E-08 -3.3073E-11 -9.6310E-13 -2.0067E-15 1.5700E-17
1% -2.9659E-07 -5.5950E-02 1.7257E-11 3.8895E-14. -4.1354E-16 -2.5237E-18
20 1.3B71E-05 -5.7560E-09% 1.3262E-10 -1.049BE-12 4.5835E-15 -1.0785E-17




23 2.20000 BK7 25.43 24 1.10000 POLYCARB 25.12 25 51.00000 SF2 24.98 26
-+ 2.00000 18.42 27 2.40000 BK7 17.99 28 0.07000. POLYCARB 17.67. 29 -0.00113
17.68 Synbol Description a - Pol'ynom al -asphere Focal Shift 15duip388% .. -
Even Pol ynom-al Aspheres Surf. No. DEF GH 1 1 3.6196E-05 -3. 7509E-08
-3.1361E- 11 9. 8606E-14 7.6981E-17 -1.4682E-19 2 2. 7865E-05 4. 6602E-08
-3.3073E-11 -9.6310E-13 -2. 0067E- 15 .395700E- 17 19 -2. 9659E-07 -5. 5950E- 09
1.7257E-11 3. 8895E-14 -4.1354E-16 -2.5237E-18 20 1.3871E-05 -5. 7560E- 09

1. 3262E-10 -1. 0498E-12 4.5835E-15 -1.0785E-17 15 July 2005 -20 TABLE 4
(continued) First Order Data flARLRALRAUNUeE Gyeral| Length 964. 999

Magni fication -0.0135 Stop Dianeter 9.277 (Object Height -654.00 Barrel
Length 148.436 (Object Distance -816.565 Entrance Pupil Distance 21.6766

Ef fective Focal Length 11.3160 Exit Pupil D stance -6338.20 |nage Distance
-.113196E-02 Stop Surface Number 11 15 July 2005

~ First Order Data
f/number 2.80 Overall Length 964 .999
Magnification ‘ -0.0135 Stop Diameter 9.277
Object Height ~-654.00 Barrel Length 148.436
Object Distance -816.565 Entrance Pupil Distance 21.6766
Effective Focal Length 11.3160 Exit Pupil Distance -6338.20
Image Distance ~-.113196E-02

Stop Surface Number 11




21 TABLE 5 Exanple fO f1 f2 f3 1A 12.24 -30.47 34.64 -162.00 1B 12.28
-30.53 34.64 -162.00. 2 12.15 -29.67 35.12 -102.41 3 11.16 -15.09 26.45 - .
4 11.32.-19.88 25.76 TABLE 6 Exanple f0-BFL BFLIfO FVD FVDI f & fulyBpH 1.A
12.24 60.87-4.97-181.95 14.87 55.00 4.49 78.8 | B 12.28 60.89 4.96 181.61
14.79 55.00 4.48 78.3 2 12.15 60.92 5.01 184.64 15.20 56.58 4.66 78.8 3
11.16 46.44 4:16 127.98 11.47 38.06-3141 76.3 4 11.32 44.06 3.89 125. 86
11.12 38.25 3.38 75.70 Maxi mum cl ear aperture. 15 July 2005 -22 What is
clained is: 1. A projection |ens f?&aﬁéglﬁ ng an image of a pixelized panel,
said projection | ens having a | ong—ctomrugate side and a short conjugate
side and conprising in order fromsaid | ong conjugate side to said short
conjugate side of: (A) a first lens unit having a negative power and

conprising at |east on&Xa@Rleat i >, | erfé, el t of overall neniscus shape,
said negative |lens el erre]ﬁ bei;I co -‘szaX Eg) r@gggge | ong conjugate side
and conprising at |east ghe aspherigeurkaee; -RAd4(B) a second lens unit
havi ng a positive power, gaid semondidm@nszeumnit being separated fromthe
first lens unit by an axi dl spa&t¥ antP8s 2576 -

TABLE 6

Example {0 BFL BFLK0 FvD Fvbiio D' Difo 0

1A 1224  60.87 497 18195 1487 55.00 4.49 78.8°
1B 1228 60.89 496 18161 1479 55.00 4.48 78.3°

2 1216 6092 5.01 18464 1520 56.58 4.66 78.8°
3 1116 46.44 416 . 12798 1147 3B.06 3.41 76.3°
4 7 1132 4408 389 12686 1112 38256  3.38 75.7°

! Maximum clear aperture.




conprising at ‘-l east one positive |lens el enment which conpri-ses at |east one
aspheric surface; wherein: (i) the projection lens is telecentric on the
short conjugate side; and (ii) the projection I'ens has an ef 1&delyZ80% ocal
length f0, an effective back focal length BFL, and a forward vertex

di stance FVD which satisfy the foll ow ng relationships: BFL/f0 > 3.5; and
FVDI't < 17; and (iii) the projection lens has afield of view O in the
direction of the long conjugate side of the | ens which satisfies the

rel ati onship: 0>700. 2. The project?dn lens of aim1 wherein: BFL/f0 >
4.0. 3. The projection Iens of Caiml wherein: (i) the projection |ens
conpri ses %Q Iura@%%é | ens el ements each of which has a clear aperture,;
(ii) the na ﬁ Mperture dianeter is D, and (iii) D satisfies the

rel ationship: DifO0< &. ojeéﬁorﬂléhyf&%&mnga&ﬁnfageﬂf%éﬁkamdtﬁaﬁﬂ I ens of daim
3 wherein: D/fo_ < 4. . The projection |ens of aim 1l wher, 75 <_ 0
< 80. 6. T proigctienilens having »iong wnjyeetside and asher conjugas s ‘T’st and

Se_.cond | ens,niiohfpr &M G88r Rofitledd 167 EsifhdAd s{RYH LS short
conjugate side of:

(A) afirst lens unit having a negative power and comprising at

" least one negative lens element of overall meniscus shape, said negative
lens element being convex towards the long conjugate side and comprising
at least one aspheric surface; and

(B) asecond lens unit having a positive power, said second lens

unit being separated from the first lens unit by an axial space and
comprising at least one positive lens element which comprises at least one
aspheric surface;

wherein:

(i)  the projection lens is telecentric on the short conjugate side;
and ‘ ‘

(ii)  the projection lens has an effective focal length f;, an effective
back focal length BFL, and a forward vertex distance FVD
which satisty the following relationships:

BFL/f, > 3.5; and
FVD/f;<17; and
(iii) the projection lens has a field of view 8 in the direction of the long

conjugate side of the lens which satisfies the relationship:

0>170°

2, The projection lens of Claim 1 wherein:
BFL/f; > 4.0.

3. The projection lens of Claim 1 wherein:

(i)  the projection lens comprises a plurality of lens elements each
of which has a clear aperture;
(ii) the maximum clear aperture diameter is D; and
(iii) D satisfies the relationship:
D/<3.0.




7. The projection |lens of Caim1l wherein the projection lens conprises-an
aperture stop located in the axial space between the first lens unit and
the second | ens unit. 8. The projection lens of Caim7 wherelhul;id00s. .
projection lens conprises a third lens unit located in the vicinity of the
aperture stop. 9. The projection lens of Claim8 wherein the third | ens
unit conprises at |east one color correcting doublet. 10. The projection

| ens system conprising: (a) a pixelized panel; and (b) the projection |ens

systens of claiml1. 11. The projectr | ens systens of Claim 10 further
conprising an illumnation system which conprises a |ight source and
I1lumnation optics which forns an i mage of the |ight source.
4. The projection lens of Claim 3 wherein:
D/f; <4.0.
3. The projection lens of Claim 1 wherein:
75°<0 <80°
. 6. The projection lens of Claim 1 wherein each of the first and

second lens units comprises a color correcting doublet.

7. The projection lens of Claim 1 wherein the projection lens
comprises an aperture stop located in the axial space between the first lens
unit and the second lens unit.

8. The projection lens of Claim 7 wherein the projection lens
comprises a third lens unit located in the vicinity of the aperture stop.

9.  The projection lens of Claim 8 wherein the third lens unit

~ comprises at least one color cotrecting doublet.

10. The projection lens system comprising:

(a) a pixelized panel; and

(b) the projection lens systems of claim 1.

11. The projection lens systems of Claim 10 further comprising an
illumination system which comprises a light source and illumination optics

which forms an image of the light source.






