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pupil at infinity can serve as either an entrance or an exit pupi
dependi ng. upon the lens' orientation wWith respect to the object and the

i mge. Accordingly, the term"telecentric pupi-l” will be used!hdulEi2R0%0 ..
describe the 25 lens' pupil at infinity, whether that pupil is functioning
as an entrance or an exit pupil. In practical applications, the

tel ecentric pupil need not actually bel-at infinity since a |lens having an
entrance or exit pupil at a sufficiently large distance fromthe |ens
optical surfaces will in essence operate as a' 30 telecentric 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 15 July 2005
-2 equivalent to a lens for which the theoretical (Gaussian) |ocation of
the pupil is at infinity. Accordingly, as used herein, the terns
"telecentric" and "telecentric |ens" are intended to include | enses which
have at | east one pupil at a long 5 distance fromthe lens' elenents, and

the ternd"tel ecent rCOMRACT. TEREGENTRIC HROJEQTHEONEENSEHIpi | at a | ong

di stance fromthe |ens' Sy Q. r.Qj n | enses of the
i nvention, the_telecentrﬁéﬁgﬁghﬂNﬁ aﬁﬂkgﬁiéﬁﬂﬁigﬁiﬁgknera| beat | east about
10 times the lens' focal length. (2) Effective Back Focal Length 10 The

effective back focal |ength &BFL of a projection |ens/pixelized panel
conbi nat i onFHELE G FH NgEOWeen the front surface of the pixelized

panel and the yqﬁhfﬁ“ghﬁﬁg?ﬂgﬂ%§0§%§%@%$1R£$éggm%gﬁﬁ%§%g?ﬁg%5 | ens el enent

of the projection Tens power I mage of the
‘pi xel i zEY pamgiact,Selecadriedrajectiod lenkés/hanidg {@)e effectpredjaektfécah | ens i s

| ocated in 15 air,.i.€. he..space between the.rearward-post | ens el enent

of the. pr oj BRETH fofliiriethdRtRbIos B rT SRT BB ABITRES Py #F BO% th a1 as

opposed t 0 dongpogb@sBisitels, 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




maki ng up the prisns, beamsplitters, etc. normally used between a =
projection |lens and a pixelized panel. (3) Forward Vertex Distance 20 Th
forward vertex di stance (FVD) of "a projection-lens/pixelized 1pdwigR005. .
conmbi nation is the distance between the front surface of the pixelized
panel and the vertex of the front surface of the forward-nost |ens el enent
of the projection | ens which has opti@al power when (1) the inmage of the
pi xel i zed panel is. located at infinity and (2) the projection lens is

| ocated in 25 air, i.e., the space hetween_ the rea rd- nost. | ens el enent
of the proj%daty t b 3 8 SHGR bsc epéeéwabéﬁ?é}%@ {ocptian ofiien air as
opposed t o hipf i§a@ssMmSty. Meki ng up the prisns, beamsplitters, etc. normally
used betweén a projection |lens and a pixelized panel. 15 July 2005
BACKGROUND OF THEcarfivEhyT laeNspd bpeain. tha tbuns "telesentis” and Stelecentnic ed to :
herein as " ].ectl S: " r d r [ e .of obj ect on
a view ng é}glésgea(r%\gElgggﬁeégoylémh%%ﬁs&ﬁg} h%%egtﬁ F%gr%% rIllﬁ)arpoqj&glcaftiaolr?%gr rear

pr oj ect i5on distpace ftemethdilag' clententd) @ndehe then Veksentrinshtiltids abgdet are on

the sane side aof the screen (fronf. projectjon) Qr. on oppgsite sides of the
screen (rea@rcg’s‘f:}'?tiﬁ %’GS!WPIF%%EW§&%M§‘F?§8%%‘FS §l‘f€?‘?“§£s@%’i is shown in
~Figure 5, whefketidPlenkss oF the $ientOW! &R teRcBntrichuPil Bbtahek We@ ;T a hi gh
pressure nercury vapor lamp), 12 is illumnation optics which forns an

i mage of t lgenpyag e as daast abawp Y0 tiees tha lons"foesl lenrgthi | | uni nati on systen), 14
I s the object hch o | (e.g., an LCD matrix of on and off
Wfﬂ) Eﬁ’ecﬁ;ﬂietifalc]éﬁ{og{ﬂ:%%n%gh

pi xel s), and 13"i's a projec conposed of nultiple lens el enents,
‘whi ch fl&r ms an ®ht affgeile bmeRdodal lengbh EBFL)oF coproyiceioh densdgikelededl6. For front

rojection sysiens, the viewer will be on the left side of .15 screen 16 in
D oure b MM LETDing o 14 B8 st e baly bR e ToRCoUFRARAR 10 phiehesd |

panel and the vertex of the back surface 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 proj_ection lens is located in
15 air, Le,, i:he space between the rearward-most lené 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.




on the right -side of the screen. For rear projection systens which are to
be housed in a single cabinet, a mrror is often used to fold the optical
path  and thus reduce the systen's overall .size: PrOJectlon | éhiduly 892 nms . i n
whi ch the. object is a pixelized panel are 20 used in a variety of
applications. Such systens preferably enploy a single projection |ens
which forns an image of either a singlge panel having red, green, and bl ue
pi xel s or of three panels one for red light, a second for green light,

and a third for blue li n sone cases, e.g., large image rear

I
proj ect i on BAGKEROUND) <3F&%E5EN@JI%TIQM mul tiple projection | enses are
used, 25 wth egg erRi’di‘lel %ﬂt@x‘ﬁ&'{é’l@oL&&%e&?gﬁé&%hgnpﬁa&ﬁgﬁ' ng a portion of

the overall inmag I'n elt case rojection [enses wi th such
syst ens g@msileallSI)yamemddtt@fdrm/m anam wfdkeentlouea brawkngsm'eén ISyt h t o

accomodat e__t he pri,s beam spl.itters, color . 1.N0 rnally used
ot o el ey el i £ BT s AR SR ioReF o hiiod R i, depEdiRBRA o

pr oj ect ison \ﬂfﬁitliezst)lﬁtveﬁﬁer 2Dt BrXeh tEEshnhaBide Sf tie sdpedh@rontea of

m cr odi spl ays, , front 15 July 2005 . -4 projection systens which are

used to di 5P|5P339t1 Pﬁ“&r?@PP%EﬁSIB?%?fé:@Fﬁ%ﬁ?enéﬁf SEYeHi®h are used as
conput er - moni O bRAESBOALEKLRICY Btoh . SAPHLAIHLLBORMERITY) 00y Das

led to a rise in popularity of mcro ays oylng digrtal light valve
devi ces suchaéghmce (eef.| acdtgkehal@losor aahigh 15*e$sh:ee ImereuryPrappect i on di spl ays

based on t S8 offer a vant S dli ht wei ght. As
Daseaurt " 1R, 194 At fatGh U R RRS e TR Aee R HESHER o & b ot ot &
oper at i1gg I(theEbﬁtﬁlﬁ'Eéﬂlj}ﬁdlluﬁnmlémﬂﬁsﬁMnﬁIlﬂhﬁbheﬂﬂ)]e%lvﬂrhbﬁhs ﬂol@ht val ves has
appeared on the rket twei ght conpact, rear 10 projection systens can
al so be ac WF@@@&%W@B@HJ@%?%‘% ogpntaﬁéé)éf Rizelsh @gd 13 is & projection -

lens, composed of multiple lens elements, which forms an enlarged image of
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




To di splay i mages having a high information content, these devices nust -

-~ have a large nunber of pixels. Since the devices thenselves are small, the
_individual pixels are small, -a typical pixel size ranging frondIfy2605 DWVD -
di splays to approxinmately 8 or even less for reflective LCDs. This 15 means
that the projection |lenses used in these systens nust have a very high

| evel of correction of aberrations. O#.particular inportance Is the
correction of chromatic aberrations and distortion. A high |level of

chromatic aberration correction is_inportant bec use color aberrations can
be easily PEIRCHIN §HpEem E&hoarealssﬁikfemsy@a andFeanproRsti®hdgi ng of a

pi xel or, 's?st@ﬁatsrv?ﬁ'iﬁh%i’éﬁs?ed éék%nﬁﬂiml ﬁbﬁltgfsoqmc@ﬂt &feaﬁt gﬁgﬂé sig Om the

i mage. These probl ens are pi cal ‘i nost severe at the e the field.
Al of the r@mmfa@urmgsted:imﬂm Ingdedtn meisd in oobdaaaﬂpém@ddlsnlavh | at er al

col or . N QURb o YAELAN 1O P11 P SRILCUTATY 0 Y) 3i1S R tyPTcal 1y

25 belng nos
magni f i &at ithelikev t h color is particularly troublesone since it manifests

itself as a decgease ont ast especially r#@ t he ed es of t e field. In
extrene cases, arPest plays basedion thase deviees:e f’aflﬁ%ntﬁ t9 ofismaly can be

seen. In p%%%fdllgﬁ‘}st lagﬂrsAseﬁrpéscm Ay I B@Q%léé%fhﬂ?&?oﬁtgﬁgs) a small 30

anount of (residu eral color can be conpensated for electronically
by, for e lghwgght Priiedteng oppentiigia fodnttireieciion mode eadoaeployinghe face of

the red 15 relatiy I pr nth bl ue CRT.
Wth a pi xe &%%%a Vegh%RT earg& onglﬁé glr?trg%tcoﬁ R%Vaeflgﬁ%g mapnaﬁ: e per f or med
becausdaot h@rwjmtgm systernls grt a]z.eﬁe adﬁetréw&raugmmﬁseaaﬂthsémﬂcesn si ze across

the full field qQf .vi .isn oss e A hi | evel | ateral col or
correction, incfﬁdﬁ? SSURARCE {) §B£°6 %9"95?@&1‘3%11%‘?09% s thus

needed fromddihaRé Ai18Fdd Rnb& T pixels. Since the devices themselves 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




The use of a pixelized panel to display data | eads to stringent .
requi rements regarding the correction of distortion. This is so because _
good immge quality-is required even at. the-extrenme points of 16Jelyf20685d of -
view of  the I ens when viewing data. As will be evident, an undistorted

I mage of a 10 displayed nunber or letter is just as inportant at the edge
of the field as it is at the center._gWreover, projection |enses are often
used with offset panels. In such a case, the distortion at the view ng

screen does not vary symmetrically about a horizontal |ine through the

center of tHRT selatizp tfbthat rraduded ondhe dlwoBBToWith|a pixelizptpanebr exanpl e,

the bottom fy even a. smal |
anount of |0§{te})’r@fls})lgﬁ)?gaa&%§m%§at§(§f ittt -EP H%rf&h%%ié%e&ﬁl‘é&%h B?%%t ion and a
hi gh | evel difitizell andc¢hus ecsbaooth ad]astpmﬁtlmtsimrdcyosslthpﬁm fiald offvéew an enl ar ged

| mage of a W p terface | S ptojec onto a view ng

screen. SuéﬁnPEP%ﬁs?b;% gl\}\ﬁol?n%iﬁﬁeélof aralicplor conrpeiion, tlB&“ﬁered comand and

di al og loxesrredfish spgmbﬁmy%@mtdo% is3hfs h@e@ﬂ%}ﬁ%e ?ﬁﬁéctﬂﬁilbﬁé ns for

distortion and color. Users readily perceive and even n nor

levels of distorlhesse of a pbtebizedpaneldp |dm1amd%qﬂéeﬁldﬁd@@§ﬂ@€e@uch i nterfaces.

- The above- i ui t t 25 beam
fromthe |IrI:I§§lE %’gtg {l;tgrr?e %%2%6§§%ﬁ§g%?h{g¥or¥%ﬁgg rIrl"IQ?S fskb@ het S(?eé?gﬁ upon t he
di spl ay. | nmage qmabfy nsheqqmrexl ecin mhle@ntm;enietpmntsmdmhé ﬁb}ﬂsaf ividvo ofa

requi r enment the lens has a telecentric entra L1, i.ge., the

proj ection tpgﬂesnsm%n VEWERY datanis %ﬁﬁ?]e ¢yidens; F"é(’:‘ﬁﬁkfg ’8? f‘?gg%ﬁ@‘rt i magi ng
conj ugaie g eyddnaunbéesitlethi 1GubZaMinRRtInt dt $hé 08&d 6the TRAIB agRkes the

| ens 30 asynmetric about the stop whi ch makes the correction of |ateral

col or nor e’is at thy centar. Mgregmrprmn enges are often used with offset

panels. In such a case, the distortion at the viewing screen does not vary

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
important when an enlarged image of a WINDOWS type computer interface
is p'rojected 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.




In addition to the foregoing, for rear projection systens, there is an
ever increasing demand for smaller cabinet sizes (smaller footprints). In
terms . of the projection lens, thi's translates-into a requirenmhiulyRadsthe
lens has a wide field of viewin the direction of the inmage (screen). This
5 requirenment nmakes it even nore difficult to correct the lateral color of
the lens. Simlarly, the requirenent.g.or a | ong effective back focal

|l ength also nakes it nore difficult to correct lateral color. In addition
to having a wwde field of view, the demand for smaller cabinet sizes al so
transl ates i nt olaaddigionrtethaforegeing: faereasipyojeatiomsytiems, thepe sdwar d vert ex
di stance. | | | : e be.allocated to
t he. proj ect“‘F’S‘%rﬁ‘%‘?}%@’?{%‘i‘% gn@g%:éﬁ&eﬁlﬁlfrsc-m?lré]lgﬁ%:%%?é%asl%??#Oég}‘ gES)'glﬁ%/en field of
vi ew, a shdetms of dreyaopkction lans, this tansktessitid b seqmiranemtefhias the Femsi num cl ear

aperture fqr the. elenment s,used j.n t projection.leps. This not only
reduces th %Tvﬁjlﬁﬁ?ﬁilpgﬁlﬁ?'ép:t e?i“??ﬁ#’l%‘? Sﬂﬁ'ﬁfm’t*%%g?‘fcéﬁ%n,)' ﬁn&ﬂs 15 al so reduces
i ts wei ght raqdire@sht mAkeditidver nidd6 @iftieuldas kofrestahe 1£5841Nolor @ ehici Ng t he

forward vertex distance makes it nmore difficult to correct the aberrations

of the | endeny. nSigutarly therequiremasitler a fonepfiegtive badsdogrldengibalsqener al | y
requires styonger | 2098 ations are nore difficult to
correct. 20 %E:% e\rlr%ong <151 Eﬁﬁ?aﬁgﬁﬁéﬁgﬁgﬂﬁ a long effective back focal

| ength, a wi delf addifionftoiaring mwidefield of viewo theflemhed fermhallawng conj ugat e,
and a short_,forward vertex,distance sinultango ile still

i nt ai it ng PHEE Agh 21 SIS LA BreafieBbmb B BRY TR torhhns ot

pr oj ectigon fhengrdsxsietistaned) Trethd @u§, thiowdhdiRdf BaBsd $pacs tRarhusyl arly

chal | engi 2% si.nce these various 25 requirenments tend to work agai nst one

anot her . eillosated dp thearoi¢qtiondensindesabingt is wdupede slse. Iorgent i on
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SUMMARY OF “THE | NVENTI O

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:




In view of the foregoing, there exists a need in the art for projection 30
| enses for use with pixelized panels which have sone and preferably all of
“the following properties: 15 July 2005 -7 .(1) a high | evel ofl5Qalye0ab .
color correction, including correctizon of secondary l|ateral color; (2) |ow
distortion; (3) a large field of viewin the direction of the image; (4) a
tel ecent (I)c enthighnkeelpsiPiateral (doloracdnebgors fifitadihy @oftédionf sftsaboddangt h;  (6) a
short forward vertex distance; and (7) a small naxi num cl ear aperture for

t he | enses nukitdrgl doforf he projection lens. To satisfy this need in the art,
t he exanpl e enbodi nents provide projection |enses which have sone and
pref er abl3) allowdliistédienabove seven features. In accordance with an aspect of
the present invention, there is provided a projection lens for form ng an
i mage of (3 piadelgefett gpaniel in thiealirectont dfehpmoggect i on | ens has a | ong
conjugate side and a short conjugate side and conprising in order fromits
| ong conjd)gatagelecentticergtaore pamhj ugate of : (A a first lens unit having a
negati ve power and conprising at | east one negative |ens el enent of
‘overal | ffoni sdasg sffientirs backi Wcaldengti;ve |1 ens el ement being convex towards
the I ong conjugate side and conprising at |east one aspheric surface; and
(B) a set®@nd 4 shay fomvard wertaxriistanogodid | ve power, said second |ens unit

bei ng separated fromthe first lens unit by an axial space and conprising
at | east (7Yon@ sipald maxireun glpgr apeatehior Wi lensed abing swshaprojestien legpe aspheric
surface; wherein; éxii) the projection lens is telecentric on the short

conj ugat e shajeatisiiehiy peed inhibe @rtpjthec exagmple smbodimentinprevidequpigelieocal | engt h
f0, an effective back

lenses which have some and preferably all of the above seven features.

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




focal length 'BFL, and a forward vertex di stance FVD which satisfy the
followng relationships: BFL/fo > 3.5; and FVD/f, < 17; and 15 July 2005
-8 (ii) the projection lens has a field of view O in the diredfidoly2805the
| ong .conjugate side of the | ens whigch satisfies the relationship: 0>70.
Preferably, the BFL/f ratio is greater than 4.0 and in sone cases can be

greater than @5 an@ eyjestidriesd kfs 4 field of vibw SiidtHeatiteytion BLhEWdAd ratio is
preferably less than 17 and in sone cases can be |l ess than 15 and even

| ess than 13. |In adshjligannsiti®chiy leng whih ik (B dtioastdp:FVD/ f ratios, the
projection |enses of the exanple enbodi nents preferably have a field of
view 0 in theo>H°rection of the long conjugate of at least 70(e. g.,75 <_
0:5 80 and a maxi mum clear aperture to f ratio (D/f ratio) which is |ess
than 5.0 and Prefaebly, thad®idl /fsratieds grdateanthah 9.0 4RI ikFsoRiESERIsFENGN OF THE
DRAW NGS Figures 1.-4 are schematic side views of representative projection
| enses geatst thaoHedandevan gorattaticn 30 tSimtilady| the EMD/Qratidisqueferablyi s a
schemati ¢ di agram showi ng an overall projection |lens system in which the
proj ect i eas themd@endin some qsessantbe lesy drani Iorand amerblesatbeni13.The f or egoi ng
drawi ngs, which are incorporated in and constitute part of the
speci fi cat i onln additien tahaving theprbete BT discandoldY Rdn raiioss thepgojieeliaant i on, and
together with the description, serve to explain the Bri. nci pl es of the
i nvent i ol¢nsast of the exanipde gathedisnentid predrrablyubaye a digld obatdw thhén dcawi ngs and
t'he description are explanatory only and are not restrictive of the
i nvent i oflirecBSCRIRTPBN-ADfuZRKED (. EVBEE VENDS ) and a maximum
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 typically 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'




The projection |l enses of the present invention are of the retrofocus or ‘the
inverted tel ephoto type and consist of two lens units, i. e., a negative . .
unit (Ul) on the long conjugate- side and a positive unit (U2)56ﬁygﬂ%55hort '
conjugate side; which are typicallgy-separated by an aperture stop. The use
of this overall lens formto produce an inage of a pixelized panel has
vari ous sy Sin theUfrent! RiceIC plahé iofi thy seashddgodtivd emied Aldditloaglat i ng t he

| ens' 15 July 2005 -8a aperture stop in the front focal plane of the
second padiahiages, Ulistratedddithd etmiplesastesnteddriow,idrd tetabilitedo byhitee exanpl es
presented below, are the ability to achieve a long effective back focal

| engt h amibnilegfedtiveiakly faaDengthAndlthd ity to provide a wide field of viewin
the direction of the lens' long conjugate. Both of these characteristics
are particularly useful in rear projection systens, where the | ens nust
have a wide field of viewto achieve the snallest possible overall package -
size, and where there is a need to 5 accommodate beam splitting prisns
between the |l ens and the pixelized panel. These prisns may include

pol ari zing beamsplitters, as well as color splitting prisns. The | enses
of the invention achieve a high |evel of distortion correction by using
one or nore aspherical surfaces in the first lens unit. 10 Sone residual
distortion, as well as spherical aberration of the lens' entrance pupil, is
corrected through the use of one or nore aspherical surfaces in the second
| ens unit. The spherical aberration of the entrance pupil should be
mnimzed to achieve telecentricity for any arbitrary point 1in the object
pl ane of the lens. Preferably, the aspherical surfaces are 15 fornmed on

pl astic | ens el enents.




The nost critical aberration that nust be corrected is the lens' |ateral
color. The lenses of the invention preferably achieve such correction

- using the techni.ques of commonly-assigned.U. S. Patent Applical’ dudyRB05 .
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..glhis application was published on
Novenber 9, 2000, as PCT Patent Publication No. WO 00/67059. Although

preferred, the approaches of the foregoi ng application need not be used in
t he practi cbilty tolpeoyide seovide ifieldofiview in e Jiectioneaf the larstlongi s used to
correct lateral co ch of the firs Bng lts will

pref erably nglfﬁgﬁfes?%g}} Oﬁ}é”g‘? g%anreacc%]lsiz)lfjs %‘f?rlfa!e}c cﬁﬁﬁ% (Szu"gllr]%trbl and D2,
respect i velpeojettiorbgitéas, whebe. théllar, midtchave @) witkei fudd bfvisw toachiene!l ude a

third lens unit (U3) logcated in the viginit f the aperture stop which
pr ef er abl ytgﬁé §t1<’i’tss‘|%g"a%‘fer é‘a&ﬁgﬁrsl%?of’? eﬁ"gﬂ?fﬂﬁb? apeethtP serves to 30

| prove g he,cgarhAlod&@! R¥ant 1L R R bdtheed 8tSlend and Why pBRQZeq - 10 Wt hout
intending to limt it in any manner, the present invention wll be nore

fully descriasel These pesmgimasvingbpdealazizng beaawplitters, s gielleas cpley and Tabl es
1-4 il lustrgt.e. : ntative projection lenses 5 constructed in
accordance S%}lﬁﬁﬁfﬁ{elgﬂﬁg\/ent i on. HOYA designations are used for the various
gl asses enpl oyelhe dershe of tlenaveytidreashieviecpihighl levd] off dsteemnnade by ot her

vent | on. PHALGHT P uSOEApe Ao Ts R Sarecedadne Brolied Pdst ¢
el ementm iR sARANBIskertochd v81l @8 sph&edal hBEirAtibA of iR leab! es are for use
in the follow ng equation:

entrance pupil, is corrected through the use of one or more aspherical

surfaces in the second lens unit, The spherical 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,




2 Z 1+[1-(1+k)c2y2]"2 +DY4 +Ey6 +Fy8 +Gy' o0 +Hyl2 + jyi4 where z is the-
surface sag at a distance y fromthe optical axis of the system c is the .
curvature of the lens at the optical axis, and k is a conic 155&dp206mt ..
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.eijp.a surface for which at | east one of
Db E, F, G H or | in the above equation is not zero; and the designation
"c" 20 indicates_a surface for which k in the above equation js not zero.
The various pl aNithoutintendingto limdbitdn apy manneshdretpresitineandios de of U2 in
the figuregs: : ' are used with or are a
part of th§ﬂ§?§8#?§§§ﬁb%%§#3&#ﬁ%9%§§3ﬁ§ %ﬁ%@#%ﬁte part of the projection
lens. Al dinensions given in theEXAMRMESRre in mllineters. 25 The

prescription tahl.es are, con cted..on the assunptj.on that. li,ght travels
“fromleft to ri %waeﬁ Irf,and ﬁ@}‘ifegsl:'gflﬁ"sg’@ttﬁ5?pr§?9§@?4f1¥%?m@?‘? 109!1%\1,&eﬁg screen
will be pn ddpdtruefeld ian@edrdgndd wRhitkethwveatieh. Wi I 1 be on the right, and

light wll travel fromright to left. In particular, the references in the

prescription t aBl@¥Adesigmations pravagddonthe wriqusessexrPipd IR the e reversed
30 fromt ha{eggggsggin@.ly?ﬂwag et@ésswﬁlaﬁﬁl%&f%gﬂgfacimrﬂe@ej | zed panel is

shown 15 Ju n I gur es esignation "PP" and the
aperture st OHARA sh8GHOTL) dahdedeeil gmbhe practissdf thehpvéntaad. Indngtrkis of t he

various | ens unj maki ng up th rqj egti.,on . |l enses of Tables 1-4 are set
oS o SogscnPtably BREs i bhd B BleihilelBRRE° O 157 S% ot o
length o U2, arfthefakphsrit beefficiedds seefgthirofheddbled\wpe Gitiisees ther € provi ded

for the leng_of Figure 1 corresponding to the two focus
following équation:

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.




posi tions shoewn for -that lens in Table 1. In practice, the | enses of
Figures 2-4 may al so include variable spaces of the type shown in Table 1
for use in focusing the lens for different. conjugates. 10 Tab} &ulg200%ts.
BFL/fo, FVDifo, D/fO, and (err) values for the lenses of Tables 1-4. As
can be seen in this table, the |l enses of the exanples have BFL/fo ratios
greater than 3.5, FVD/fO ratios less.{fitan 20, D'fo ratios less than 5.0
and 0 val ues greater than 70 which nmakes the | enses particularly

wel | -suited to the manufacture of conpact projection Iens systens which 15
enpl oy pi xehithedipunellst by theattgignagiontBPt had ﬁiﬂ@peelttu@sstgmmhown Tabl e 6,

the proj eCth on Idegsestmnf.Aé.he I nvention preferably al so have the foll ow ng
properties: y(lﬁe 3 PAfEPaI 86l or blur at full field for wavel engths in the
range from 460’Dharfﬁu§ﬂﬂleﬁrg$h§diﬁa@aﬂaﬂ@tmisenﬂtmmmgum thegsojebdon a pi xel and

Tatoral - copbrsGbAbBE Nhateae: B itk SENerbRbES i Pl Bt SBR o 1 he

i mage plangyy, em lérmo&nqeln@chwludoahaqe. usaRd MRANeRE AP ITHMahirkR | S
performed at the i1mage plane); and (ii) a distortion which is |ess than

- 1.5 per centarapgoyided far4he Jenised Figws liqenrespending &0 theotwe Bcwer cent . The
pr o] ot O e il 1ol A% Jod AEYE, BOb Bl e 1LOLEGPE M of o

| at eral col‘o pre erre stortion’l articu e |enses
achi eve the. @ltﬁyeatls@mclhﬁiee&ardblé speeeadf theltppe shmmm Tablefloor aspixel size

(pi xel w dt > mcrons. 30 Although specific enbodinents of
the i nventl SI‘%E/Q‘ Poﬂ@é% reBLEPIUSAYeS | | ustrated, it is to be understood

that a pariety qfabm)eih&ﬂscmtmnﬁvmfoqb/fulinaw ¥al860%r thelRndés gfot depart from
t he scope and spirit of the |nvent|on will be evident to
Tables 1-4. As can be seen in this table, the lenses of the examples have

BFL/fy ratios greater than 3.5, FVD/fy ratios less than 20, D/fp 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




persons of ordinary skill in the art fromthe foregoing disclosure. 15 July
2005 -13 TABLE I Surf. Clear Aperture No. Type Radius Thi ckness d ass
Dianeter 1 a 117.6365 5.00000 ACRYLIC 54.99 2 ac 21.4274 Spat®hiy28090. 3
a -127.4598.3.50000 ACRYLIC 38.12 4 a 124.5786 15.82974 31.99 -5 -111.5955
2. 00000 S-PHWb2 24.05 6 16.6022 7.00000 PBMB 22.20 7 -206.1765 22.68808
21.55 8 83.4212 1.60000 S-LAHS9 12.65%2- 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 -36.2924
11. 16324 14qnpt depattdvom b scopeandspisit oiibe inentien will berevadent t8. 50000
S_FPLE3 20, 38sork b offln 90ARiA 12 900822 She {ledine BAGRSR,H0000 O F2LE3 26. 20
19 -32.30810. 20000 27.80 20 135 5060 7.00000 = 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 24.48 29 3.40000

©20.88 30 1.60000 BK7 20.48 31 I'mage distance 20.36 Synbol beddyi2péion. a

- Polynom al asphere c¢ - Conic section Even Polynom al Aspheres Surf.

No. DEF GHI 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-0837. 0767E-12 8. 8543E-14 -2.4573E- 16
2.2616E-19 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-Q8 -7.5878E-11 8.8981E-14 5. 0109E- 15
-1.2287E-17 22 2.0719E-06 1.4805E148LB17648E-11 - 1. 1585E-13 1. 5856E- 15
-3.6956E-18 23 4.6867E-06 1.1179E-08 1.3295E-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 Spaces Focus Space 1 - Space 2 Focal |mage

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¢




Pos. T(2) T(23) Shift Distance 1 14.468 3.000 0.034 -0.011 2 14.109 2.727
0.014 -0.002 First-Oder Data f/nunber 2.80 2.80 Magnification -0.0348
©-0.0133 bj ect -Height -292.10 -762.00 Obj.ect- Distance -3221Hly200543.

Ef fective.Focal Length 12.235 12.278 |1nmage Di stance -.11098E-01
-.17710E-02 Overall Length 534.99 1103.8 Barrel Length 212.98 212.35
Stop Surface Nunmber 11 11 Stop D amgyger 12.035 12. 029 Entrance Pupil

D stance 29.763 29.664 Exit Pupil D stance -729.89 -729.62 15 July 2005
TABLE 2 Surf. - Clear Aperture _ No. Télpe_ Radi us Thi ckness G ass Dianeter 1
a 313.2208 5.00000 ACRYLIC 56. sepBhEddcoslinuedhs 17 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-LAL18 22.15 6 17.8685 7.00000 S-TIM35 20.99 7 -426.6654

19. 43304 20.34 8 138.6638 1.60000 S-LAH59 13.25

Variable Spaces

Focus Space1 - Space2 Focal Image
Pos. T(2) T{23) Shift Distance
1 14.468 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




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-LAH60 12.72 13 31.5122 4.50000
S-FPL53 13.47 14 -24.2044 13.59935 14.74- 15--60. 1999 2. 000005 &:ly 26BD. -
21.30 16 68.4138 6.00000 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 0150000 29.37 22 -1000.0000 4.00000
ACRYLIC 29.00 23 a -90.5000 3.00000 28.89 24 1.20000 BK7 28.21 25
0.70000 28.11 26 38.00000 SF1 28.0Q1 27 4.00000 24.95 28 40.00000 BK7
24.40 29 3.40000 20.85 30 1.600088B%&220.46 31 0.01932 20.36 Synbol
Description a - Polynom al asphere ¢ - Conic section Focal Shift 0.02369
Even Pol ynom al Aspheres

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




Surf. No. DE'F GH1 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. 0724E-20 3 -2.3975E-05 1.4822E--08 1.0183E-10 - 2580926034 -
-5.0803E-16 5.6897E-19 4 -7.9144E-06 8. 2684E-08 -1.2117E-10 -1. 7154E- 13
4.5131E-15 -<1.0098E-17 23 2.2878E-06 -8.1965E-09 1.5043E-10 -1.1882E-12
4. 5352E-15 -6.5914E-18 Conic Constang- Surface 2 k = -1. 0000E+00 15 July
2005 -16 TABLE 2 (continued) First Order Data f/nunber 2.80 Overall
Length 535.622 Magnification -0. (I)_ Stop Dianmeter 12.390 Object Height
-292.10 Barrel Length 215.624 =i ce -319.979 Entrance Pupil

D stance 29.2388 Effective Focal Length 12.1460 Exit Pupil D stance
-760. 102 Image Distance 0.193170E-01 Stop Surface Number 11 15 July 2005
-17 TABLE 3 Surf. Clear Aperture No. Type Radius Thi ckness G ass Di aneter
1 a 96. B8P3 BYB00 ACRYLIC 38.06 2 ac 22.1246 16.83895 30.28 3 -71.4185

1. 50000:'/%‘:.11&:94#66 18. 10 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




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-FPiwWg208590.
11 -12.1897 1.30000 S-LAH55 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 2¥-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 -77.570 A .00000 ACRYLIC 27.83 22 a -49.5844

6. 92542 27.74 23 4.95500 BK7 25.9 1.44000 PCOLYCARB 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 Synbol Description a - Polynoni al asphere

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




c - Conic section Focal Shift -0.06051 Even Polynom al Aspheres Surf.--
No. DEF GH1 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 21344lgR2043 .
-5.6812E- 17 22 7.1508E-06 6.6037E-10 1.2160E-11 -9. 3582E-14 5. 6757E- 16
-1.1372E-18 - Coni ¢ Constant Surface 2 k = -1.0000E+00 15 July 2005 -18
TABLE 3 (continued) First Order Datg-f/nunber 2.80 Overall Length 964. 996
Magni fication -0.0133 Stop Dianeter 9.576 bject Height -660.40 Barrel
Length 150.571 Object Di stanc; -814. 425 Entrance Pupil Distance 21.6797
Eff ective Focal Length 11.1559188%4E3 ey st ance -8331.62 |mge Distance
-.298217E-03 Stop Surface Nunmber 9 15 July 2005 -19 TABLE 4 Surf. d ear
Aperture No. Type Radius Thickness dass Dianeter 1 a 106.6356 3.00000

ACRYLIC 38.25 2 a 21.6115 6.97733 29.79
First Order Data

£ /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




3 25.3000 2.50000 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 A7, 7 -99.2700 1.21050 17.89
8 -50.0950 1.50000 S 11AL18 17..11 9 14.2500 4.50000 S-TIHe 1556dy2005 .
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-LAH55 14.77 14 -72.7500 0.80000 17.81
15 - 4584. 0000 5.00000 S-FPL53 19.61.146 -26.1800 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 - 23 2.20000 BK7 25.432BLE4 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

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
& 14.3400 6.60000 S-FTML6 19.05
7 -59.2700 1.21050 17.89
8 -50.0950 1.50000 S-LAL13 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-LAH5S 14.77
14 -72.7500 0.80000 17.81
15 -4584.0000 5.00000 S-FPL&3 19.61
16 -26.1B00 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 27.29
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
1. 3.6198E-05 -3.7509E-08 -3.1361E-11 9.8606E-14 7.6981E-17 -1.4682E-19
2 2.7B65E-05 4.6602E-08 -3.3073E-11 -9.6310E-13 -2.0067E-15 1.5700E-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




a - Polynom al asphere Focal Shift -0.05535 Even Polynom al Aspheres ' -
- Surf. No. DEFGH1 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 - $30@¥EG6033 -.
-2.0067E-15 1.5700E-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 .2620 TABLE 4 (continued) First Oder
Data f/nunber 2.80 overall Length 964.999 Magnification -0.0135 Stop

D ameter 9.277 (Object Height -654.00 Barrel Length 148.436 bject

Di stance -816.565 Entrance PupilfBEE&{epinuedy 6766 Effective Focal Length
11. 3160 Exit Pupil Distance -6338.20 |Inage Di stance -.113196E-02 Stop
Surface Number 11 15 July 2005 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 -

~ 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 i1




4 11.32 -19.88 25.76 TABLE 6 Exanple fO BFL BFLIfO FVD FVYDIfO D Dff0 1A
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 18464 15.20 56.58 4>&dy72808 3 -
11.16 46.44-4.16-127.98 11.47 38.06 3.41 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
claimed is: 1. A projection lens for2f-orm ng an i mage of a pixelized panel,
said projection | ens having a | ong conjugate side and a short conjugate
side and conprising in order_fronyﬁgﬂ | ong conjugate side to said short
conjugate side of: (A a first len havi ng a negative power and
conprising at |east one negative lens elenent of overall neniscus shape,
said negative lens elenent being convex towards the | ong conjugate side

and conprising at |easgX a fﬂigﬂhtﬂf ; (B) a second lens unit
havi ng a positive power, id ; ndé'gns 24' fi ts gg ng separated fromthe
first lens unit by an axi gl spa£g anghs7CORBK: Si.fpga@t | east one positive

| ens el ement which conpri ges ati.ieeasis.canezs.aspheri c surface; wherein: [
the projection lens is teldecentti3x oft.8he28Wdrt conjugate side; and (ii)

the projection lens has an effective focal length f0, an effective

)

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.




back focal length BFL, and a forward vertex di stance FVD -which satisfy the
followng relationships: BFL/fO > 3.5; and FVD't < 17; and (iii) the
projection lens has-‘afield of view 0 in the direction of the N&dgy2005 .
conjugate side of the lens which satisfies the relationship: 0>700. 2. The
projection lens of Caim1l wherein: BFL/fO > 4.0. 3. The projection |ens
of Claim1 wherein: (i) the projection lens conprises a plurality of |ens
el enents each of which has a clear aperture; (ii) the maxinmm clear
aperture dianmeter is D, and (iii) EB&%atisfies the relationship: D/f0< 5.0.
15 July 2005. -23 4. The projection lens of Claim3 wherein: Dfo < 4.0.
5. The proj\ﬁgti.on I.ena.o_f Claim1l wherein: 75 < 0 <_ 80. 6. The

proj ect i on YBASSSABCY¥h 1 wherei n each of the first and second |ens units
conprises a col Qr coARReettich Ray Bbeforming dhgndpeifegiixeliveigagelpf Caim 1
wherein the projection l'ens, conprises an apertuyre_stop ] ocat e%i n the

“axi al spacéapkpifigsHioppensThaving 3 kg copigatafde apd ashegkenueas §96t. 8. The

pr of ect | on JhANBnrisA '%&Mﬁ%ﬁ%dﬁa}&ﬁ@@%@gé L th 881 sheANPr i ses a third

l ens unit locate e vicinity o ture stop.
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.




9. The projection lens of Caim8 wherein the third lens unit conprises- at
| east one col or correcting doublet. 10. The projection | ens system

conprising: . (a) a pixelized panel; and (b). the projection I ei;%-]‘dygf’@ﬁm .of
claim1. 11. The projection lens systens of Claim10 further conprising an

iIlum nation system which conprises a light source and illum nation optics
which forns an image of the |ight source.
23-
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.




