WD 02/ 069013 PCT/ US02/ 05612 -1 5 PROQJECTI ON LENSES FOR USE W TH
REFLECTI VE PI XELI ZED PANELS FIELD OF THE I NVENTI ON This invention rel ates
to proj ecwoanob®nses and, in particular, to 10 projecti onPcanserofeoz use in
formng a large inage of a small reflective object conposed of pixels,
such as, a reflective liquid crystal display (LCD), a digital mrror
device (DVD), or the like. BACKGROUND OF THE | NVENTI ON Proj ection | ens
systens (also referred to herein as "projection 15 systens") are used to
forman i mage of an object on a view ng screen. Such systens can be of the
front projection or rear projection type, depending on whether the viewer
and the object are on the sane side of the screen (front projection) or on
opposite sides of the screen (rear projection). The projection | enses of
the present invention are specifically tailored for use in 20 very conpact
front projectors, where the projected i nage energes fromthe projector and

i's sentsonto an external WeROSECTEOREDENSESFHORUESE hi gh level of
conpactness, the illum nation for such front projectors is preferably fed

in fromthe side near tWéTELREMLECGHVERIXELKRD RANEISd) of the

projection lens. In the case of DVMDs, the pixelized 25 panel is also offset
in order to provide the appropriate illumnation geonetry and to allow the

dark-field } NﬁmI fgnce pupil of the lens. This dark-field
l'i ght corrgls%%nmpgfzfogﬂ% o} p05|t| on of the pixels of the DMD. The basic

structure of sudhigiswsiten relatdidorpriofechonuefs&s amemneph@icuddy,its a |ight
source (e.g., a netal halide or a hi gh Eﬂressure rrercury vapor lanp), 12 is

i 11 um A8t | Brojepkipe dengesdar tise we ferminges darge impgel afghsmalnedlective objegb9013
EijT/e(l:JtS 0%?%&1}1'%8 ?cg églxels QLR lJats, a%eﬂec 1ve|3 ilqufa Qra}rts%ﬁnd1szlsa e('ﬂCD 14 1s the
digital mirror device (DMD), or the like.
BACKGROUND OF THE INVENTION

Projection lens systems (also referred to herein as "projection
15 systems") are used to form an image of an object on a viewing screen. Such
systems can be of the front projection or rear projection type, depending on
whether the viewer and the object are on the same side of the screen (front
projection) or on opposite sides of the screen (rear projection). The
projection lenses of the present invention are specifically tailored for use in
20  very compact front projectors, where the projected image emerges from the
projector and is sent onto an external wall or screen.

To achieve a high level of compactness, the illumination for such
front projectors is preferably fed in from the side near the object end (short
conjugate end) of the projection lens. In the case of DMDs, the pixelized

25 panel is also offset in order to provide the appropriate illumination
geometry and to allow the dark-field light to miss the entrance pupil of the
lens. This dark-field light corresponds to the off position of the pixels of the
DMD.

The basic structure of such a system is shown in Figure 5, where 10

30 1s a light source (e.g., a metal halide or a high pressure mercury vapor

lamp), 12 is illumination optics which forms an image of the light source



projected (e.g., a Texas Instrunents DVD of on and off pixels), and 13 is a
projection |lens, conposed of multiple lens elenents, which fornms an

enl ar ged wowg®6wi3 obj ect 14 on a view ng screen (not showrCT/SA8S6shown in
Figure 5, the illum nation optics can igclude multiple Ilens elenents 15,
16, 17, a light tunnel 18 (e.g., a light tunnel constructed in accordance
w th commonl y-assigned U S. Patent No. 5,625,738), and a mrror 19 for
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panels is in the area o crodi splays, e.g., front proj ection syst ens
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technology has led to a rise in popularity of m crodisplays _en‘zpl oyi ng
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of pixels. Since ttfe deﬂicche?o t hensel ves Fue smal I., WO 02/ 061%0}11?;8 used

PCT/ US0?2/ 0PEqIsction lens w rms an image of either a single panel w

15  to produce red, green, and blue images or of three panels, one for red light,
a second for green light, and a third for blue light. In either case, projection
lenses used with such systems generally need to have a relatively long back
focal length to accommodate the auxiliary optical systems, such as color
wheels, beam splitters, etc., normally used with pixelized panels.

20 A particularly important application of projection lens systems
employing pixelized panels is in the area of microdisplays, e.g., front
projection systems which are used to display data. Recent breakthroughs
in manufacturing technology has led to a rise in popularity of microdisplays
employing digital light valve devices such as DMDs, reflective LCDs, and

25  the like.

Projection displays based on these devices offer advantages of small
size and light weight. As a result, a whole new class of ultra portable
lightweight projectors operating in front-projection mode and employing
digital light valves has appeared on the market.

30 To display images having a high information content, these devices

must have a large number of pixels. Since the devices themselves are small,



-3 the individual pixels are small, a typical pixel size ranging from14-17
for DWVD displays to approximately 8 or even less for reflective LCDs. This
nmeans t hawotobeegudj ecti on | enses used in these systens nueCTh®IBOWBIVErY

hi gh |l evel of correction of aberrations3 O particular inportance is the 5
correction of chromatic aberrations and”distortion. A high |evel of
chromatic aberration correction is inportant because color aberrations can
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15 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
amount of (residual) lateral color can be compensated for electronically by,
for example, reducing the size of the image produced on the face of the red

20 CRT relative to that produced on the blue CRT. With a pixelized panel,
however, such an accommodation cannot be performed because the image is
digitized and thus a smooth adjustment in size across the full field of view
is not possible. A higher level of lateral color correction, including
correction of secondary lateral color, is thus needed from the projection lens.

25 The use of a pixelized panel to display data leads to stringent
requirements regarding the correction of distortion. This is so because good
image quality is required even at the extreme points of the field of view of
the lens when viewing data. As will be evident, an undistorted image of a
displayed number or letter is just as important at the edge of the field as it

30 1s at the center. Moreover, projection lenses are often used with offset

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



panels. In such a case, the distortion at the view ng screen does not vary
WO 02/ 069013 PCT/ US02/ 05612 -4 symmetrically about a horizontal |ine

t hrough twe oeeeoes of the screen but can increase nonot orceaishyodenom for
exanple, the bottomto the top of the sgcreen. This effect nmakes even a
smal | amount of distortion readily visible to the viewer. 5 Low distortion
and a high level of color correction are particularly inportant when an
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m crodi spl 550 E3TSyi ng DMVDs, typically require that the |ight beam from
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side of 15 the projection lens (s€ee the discussion of Figure 5 above). This
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13 is |located .at gr near .t he | ens' s%g&il .conj ugat e, E\itﬁi'le' or, ﬁﬁ'[f val ently,
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or ol om 1 BoRel Someh B ARAIHIGE B8, EHACERMELIbRRIAR dETh SESHAP,

there is akémgiatternistbedixdbriicinand syloretlserk @eadidg peideitd Afd obfect@br ecti on
of "odd" optical aberrations such as |lateral color and coma. (Note that

t he ned?| yeusn apingr levals ahdstouipn oveglor pbsaratin iadhgrmagessf snebuci ng heat
buil dup within.the lens during operation.) 25 In addition to the

f or egoi ng, 1?%@%9?‘5 an ever increasing demand for greater conpactness of

proj ection | ens THESAIRAR-mbAtibREMMiCfodifiRaRs An@CHA BRrtib@BS, mﬁ&b&iépﬂ%' ates
into a requirenment that the lens has a wde field of viewin the direction
of the i mgmplexingddMDg hypicallyuienairerthatke dight bewenfrom the
illumination system is fed in from the side near the short conjugate side of
15  the projection lens (see the discussion of Figure 5 above). This leads to a
requirement that the entrance pupil 24 of the projection lens 13 is located
at or near the lens' short conjugate side or, equivalently, that the lens'
aperture stop is located near the short conjugate side. Such a location for
the aperture stop exacerbates the optical design problem. In particular, the
20 nearly external entrance pupil means that there is almost no internal lens
symmetry for facilitating the correction of “odd” optical aberrations such as
lateral color and coma. (Note that the nearly external entrance pupil can
have the advantage of reducing heat buildup within the lens during
operation.)
25 In addition to the foregoing, there is an ever increasing demand for
greater compactness of projection lens systems. In terms of the projection
lens, this translates into a requirement that the lens has a wide field of
view in the direction of the image (screen). This requirement makes it even
more difficult to correct the lateral color of the lens. Similarly, the
30 requirement for a long back focal length also makes it more difficult to

correct lateral color.



nore difficult to correct the lateral color of the lens. Simlarly, the 30
requirement for a | ong back focal length also makes it nore difficult to
correct |woDeratsoedl or. WO 02/ 069013 PCT/ US02/ 05612 -5 Aclkriceumisngosaishort
focal length (e.g., a focal length of agound 30 millinmeters), a |ong back
focal length (e.g., a back focal length“which is at least as long as the
| ens' focal length), a wde field of viewin the direction of the |ens'
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field of vikynumbdieofdeneslendentefuselignitiedens s¢ ap ta cbatigl beebodtagal | engt h
(BFL);ééG) a short focal length; and (7). a m ninum nunber of |ens el enents.
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conflicting criteria.
SUMMARY OF THE INVENTION
In view of the foregoing, there exists a need in the art for projection
15 lenses for use with pixelized panels which have some and preferably all of
the following properties:
(1)  an aperture stop near to the short conjugate side of the lens;
(2)  a high level of lateral color correction, including correction of
secondary lateral color;
20 3) low distortion,;
(4)  alarge field of view in the direction of the image;
(5) along back focal length (BFL);
(6) a short focal length; and
(7)  a minimum number of lens elements.
25 To satisfy this need in the art, the invention provides projection
lenses which have some and preferably all of the above seven features.
In particular, the invention provides a projection lens having a power
@ and consisting in order from the lens' long conjugate side to its short
conjugate side of:
30 (A)  afirst lens unit (Ul) having a power ®y; and comprising at

least one aspheric surface; and



In particular, the invention provides a projection |lens having a power (Do
and consisting in order fromthe lens' long conjugate side to its short
conj ugat eweiodeewis 30 (A) a first lens unit (Ul) having arpowso2/¢isut and
conprising at |east one aspheric surfa%e; and WO 02/ 069013 PCT/ US02/ 05612
-6 (B) a second lens unit (U2) having a power (DU2 and consisting in order
fromthe lens' long conjugate side to its short conjugate side of (i) a

first | ens subunht (Usi i . M Lo Sk LA S buni t
(Us2) having a g%a\er g?%ﬁaﬂg#dﬂ%%ﬁlgver |h[a%“§é %é{rﬂ‘%%rug%ﬁgggg\%ﬁﬁg%gﬁ? concave
towar ds t herdhofrbncehy Legat Bingandjigddte)side tdrits @hbencorupatel didé ¥e3) having a
power cDs3 and a surface S3 at Its Iontho_nj ugate side; wherein: (a) tii
< 0; 10 (b) (D12 > @fhxst)lenspubumit (Usd)hqvisz apewer Pg); DS3 > 0; (f) BFL(Do
? 1.0; and 15 (g}?i the | ens’, .apert.ure ?ﬁoe is.either vvi{bhin he third | ens
subunit or spacé® fr &nieStpf des woymit (a2 havieg arvesr Preardag @sttigat e by
a distanc whi B A b RSt eRs : . eferably, the
BFL. o %r o%%lgﬂ§%?§g%@ﬁé}ﬁ§n&§r%ag§hﬁéto 1-e2shé)%jp&1;64%ta%%,% product is
equal to or |esgiif)ham thiftblensnsubadiit (V) haviey b newidredabmiea Bhikfaco Sand Dco
products, the projection |Ienses of the invention preferably have a field
of view 0 ik lbsnlenggoppigatesids the | ong conjugate of at |east 50 and
preferably greawer%{}gn 55. Al'so, the projection | enses of the invention
pref erably have el ght "or

(a Qui<o0;
10 (b) Duz>0;
() Ds1>0;
(d) Ds2<0;
(e) Ds3>0;

® BFLe®¢ > 1.0; and
15 (g) the lens' aperture stop is either within the third lens
subunit or spaced from surface S3 in the direction of the long conjugate by a
distance D which satisfies the relationship:
Ded <0.1.
Preferably, the BFLe®o product is greater than or equal to 1.2 and
20  the De®j product is equal to or less than 0.05.

In addition to having the above BFLe®¢ and Ded products, the
projection lenses of the invention preferably have a field of view 0 in the
direction of the long conjugate of at least 50° and preferably greater than
55°. Also, the projection lenses of the invention preferably have eight or

25 less lens elements, e.g., seven lens elements, where doublets are treated as
two lens elements. Considering doublets as a single component, the
projection lenses of the invention preferably have six or less components,
e.g., five components.

BRIEF DESCRIPTION OF THE DRAWINGS
30 Figures 1-4 are schematic side views of representative projection

lenses constructed in accordance with the invention.



25 less lens elenents, e.g., seven lens elenents, where doublets are
treated as two lens elenents. Considering doublets as a single conponent,
t he projwotozoepoienses of the invention preferably have siPKTaIS0Y/Ews2
conponents, e.g., five conponents. BRI leF DESCRI PTI ON OF THE DRAW NGS 30
Figures 1-4 are schematic side views of ‘representative projection |enses
constructed in accordance with the invention. WO 02/069013 PCT/ US02/ 05612
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systemin which proj ection lense present 1nvéention can be used.
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| enses of the present invention are of the retrofocus or the inverted
t el ephot 0o vfthe aventomsiKtis 66 bewmdeestwodnif urse,ghat hobleghe idvawings t  (UL)

on the lon onj ugat e si de and ositive unit (U2) on the short conjugate
si de. As ignaéﬁﬁﬁ?eéemsvowe@%a %Q%P’ég’e%‘? &ré)é‘lo ﬁ?StFWFlé’ecR?égﬁll | ens
form al | ows, ¢t hRid,gnses to achieve a long back focal length and a w de 15
field of viewin the direction of the lens' |long conjugate. The | enses of

t he i nvent DESGRIPEVONaON THH PREFERRED EMBODIMENTSCcti on by using one
or nore aspherical surfaces in the first lens unit. Preferably, the
aspheri@al surf dheprajestionrlapsecef deeprspenpinyeption are ofdhe refrogemistar. 20

T N AR YR RN O
U.S. Pat enlunNoU D), Y the?Bfhrg domjRdtel 586 ahd d P&sitivBurlt EUBNES tRE shbR
conjugate side. As illustrated by the examples presented below, this overall
lens form allows the lenses to achieve a long back focal length and a wide

15 field of view in the direction of the lens' long conjugate.

The lenses of the invention achieve a high level of distortion
correction by using one or more aspherical surfaces in the first lens unit.
Preferably, the aspherical surfaces are formed on one or more plastic lens
elements.

20 Most preferably, the lens includes only one plastic lens element with
the rest of the lens elements being composed of glass. See commonly-
assigned U.S. Patent No. 5,870,228. In particular, the lens elements of the
second lens unit carry the full aperture beam and preferably contain only
spherical glass surfaces in order to maintain high levels of surface accuracy

25 and thermal stability.

The plastic lens element or elements of the first lens unit are
preferably made of moldable acrylic to provide the appropriate dispersion
for the minimization of secondary lateral color. See commonly-assigned
PCT Patent Publication No. WO 00/67059 entitled "Projection Lenses

30 Having Reduced Lateral Color for Use with Pixelized Panels." See also
commonly-assigned U.S. Patent No. 5,625,495.



second lens unit carry the full aperture beam and preferably contain only
spherical glass surfaces in order to nmaintain high |l evels of surface
accuracy wd92aemdi13z hermal stability. The plastic |ens el emeot/usn2/edeenent s of
the first lens unit are preferably madg of noldable acrylic to provide the
appropriate dispersion for the mnimzZzdtion of secondary lateral color.
See comonl y- assi gned PCT Patent Publication No. WO 00/ 67059 entitled

"Projection Lensesy; [ eqUC . 0 ' jxelized
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aperture stop near the |ens' short conjugate side makes it difficult to
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enpl oy extensiy vigretting at the | qn onj u e .end of the lens. Such an
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the invention, a high level of aberration correction wthout extensive
vi gnet t i ngaipraatibakemegedtimolegis syhtemoveral |  structure of the lens in

conbination with the appropriate distribution of 10 tical. power anong the
various units aE’a %W@ﬁ@%%ithﬁl%‘fﬁqtﬁél’laemhlﬁﬁé a?‘ptfqréﬁ‘il%, it has been

found t hat . - i Sf f e

follow ng SONEPiEASHERAN ebRbhe el BhppER BRI e foggll® | ) o
0.8 (pref esaticyuf® Mthellons $h combindti¢wpirdile tled hyptbptiateadistribsds3f Co <_ 0.6
(preferably < 0.5), where 152+s3 is the conbined optical power of the
secondl@ndopticabipoveers amonig et varions waigs andtsabdings mekingriip the lems.ahy
manner, the

fol | owi ng BQE{J(%H%%E} itihnavsel?eteinoftl)un%lothva\ljt Itile lfl)eensrrgﬁoeulfdLlslalt:iysf}gi ng.%reia%%d by the
preferably all of the following relationships:
| @yt | /Do = 0.7 (preferably > 0.9);
Oyo/Do > 0.8 (preferably > 0.9);
15 Ds1/Dg > 0.8 (preferably > 0.9); and
Ds2+53/Do < 0.6 (preferably < 0.5),
where ®s2+s3 1s the combined optical power of the second and third lens
subunits.
Without intending to limit it in any manner, the present invention
20  will be more fully described by the following examples.
EXAMPLES
Figures 1-4 and Tables 1-4 illustrate representative projection lenses
constructed in accordance with the invention.
OHARA designations are used for the various glasses employed in
25  the lens systems. Equivalent glasses made by other manufacturers (e.g.,
HOYA or SCHOTT) can be used in the practice of the invention. Industry
acceptable materials are used for the plastic elements.
The aspheric coefficients set forth in the tables are for use in the

following equation:

cy 2

30 =
® 1+[1- 1 +k)c?

T +Dy* + Ey® + Fy® + Gy™ + Hy" + Iy



EXAMPLES Figures 1-4 and Tables 1-4 illustrate representative projection
| enses constructed in accordance with the invention. OHARA desi gnations
are used woro2ibmiyari ous gl asses enployed in 25 the | ensPsyatsenssoi2
Equi val ent gl asses nmade by ot her nanufa%turers (e.g., HOYA or SCHOIT) can
be used in the practice of the inventiof. Industry acceptable materials
are used for the plastic elenents. The aspheric coefficients set forth in

t he tables for ' 0 ' LRR Z T

LI (k) S A By b aRg ! LARAR FIIBA W0 bpBicPReR T chs 5

PCT/ US02/ 08642 m,-Piswherdur#atiretdfehs W hagetisagpaéalon-ds sdh&kds ¥ don@dn t he
optical axis of the system c is the curvature of the lens at the optical

axi s, and kohstamtcwhich iscapagezeent whexshindicated andhe myesenbrtiens ofdTelead in
the prescri p%i ons of Tables 1-4. 5 The designation "a" associated with

vari ous su ces in the tables represents an aspherical surface, i.e., a
surfacesfor whi qiheadedigRslio?"s MsoBlatedEwith viriolls sBkfaces th thetANRY e
equation is not zero; and the designation "c" indicates a surface for

whi ch k i nrepeesabts/an egpherionl swinm i.2graosurfhee foavwlich allaastrorst ofildf ur es
| ocat ed on rt conjugate side of .10 U2 in the figures and tables
r epr esent @gﬁgcﬁ‘rgﬁt grﬁh?éﬁle éi’@"%%ﬂawlﬂl’ls Bpt Z%“Péaagﬁgﬁ’t e§¥g”caﬁl§mpi°§<el i zed
panel . The t i rt - j Gt i The materi al
designati o%rsl )i t%geﬁg%g%@l%lc tljlgfé}slég nggg?gtg&l?aﬁé?g&&e set forth as

six digit nunberTthe wheses plande stAkdtardlocittd onreliesh@lt cosjabitaisikioby
dividing the first three di%its of the designation by 15 1,000 and addi ng
1. 000, 18nd &2 wethafiguresanbiables depresant pempasentstivbhich aftegiged withgiraci ng a

Seci ! PO SR s TS SRR g AR 200,
gi ven in TapbRretidn4e®d €The material designations for the planar structures of
Tables 1 and 2 are set forth as six digit numbers, where an N. value for the
material 1s obtained by dividing the first three digits of the designation by
15 1,000 and adding 1.000, and a V. value is obtained from the last three
digits by placing a decimal point before the last digit.

Surface 7 in each of Tables 1 and 2, and surfaces 5 and 9 in Table 4
are vignetting surfaces. All dimensions given in Tables 1-4 are in
millimeters. The powers given in Table 5 are in inverse millimeters. The

20  distances given in Table 7 are in millimeters and the angles are in degrees.
The negative values for D and De®dy for Example 4 in Table 7 indicates that
the aperture stop is within the third lens subunit. It should be noted that
the magnitude of the EXP values in Tables 1-4 and the BFL values in Table
7 are substantially the same, e.g., | EXP| ~ 1.1¢BFL.

25 The abbreviations used in the prescription tables are as follows:
EFL effective focal length
FVD front vertex distance
f/ f-number (finite conjugates)
ENP entrance pupil as seen from the long conjugate
30 EXP exit pupil as seen from the long conjugate

BRL barrel length



mllinmeters. The powers given in Table 5 are in inverse mllineters. The 20
di stances given in Table 7 are in mllineters and the angles are in
degrees. wole/smgat i ve val ues for D and DcDo for Exanpl e 2cCrrustates2 7
indicates that the aperture stop is within the third | ens subunit. It
shoul d be noted that the magnitude of'ltoﬁe EXP values in Tables 1-4 and the
BFL values in Table 7 are substantially the sanme, e.g., | EXP 11.1BFL. 25
The abbrevi ations us ' he [ phion tables are as follows: EFL
effective focal | eng%%&g‘froﬁ{)ﬁ\?g%@%di stance f/ f-nunmber (finite

conj ugat es) ENP entrapgg pupi | nafgrifiestiés om t he | ong conjugate 30 EXP exit
pupil as seen fromthe |ong conjugate BRL barrel |ength W 02/069013

PCT/ US02/ 05612 -10 SBORT obj tasatieai oflapertwxe stegni fi cati on STOP | ocati on

of aperture stop | I-qage di stanc%.% OBD obj ect di stance OVL overall
|l ength. The prescription tabl eS@8F8 %BALEF uct ed on the assunption that
light gravels fromlogp to righfect QidthRed i gures. In actual practice, the

viewing screen will be on the I'eft and the pixelized panel will be on the
right, and 10 |ight WVL travebvéradhlemigght to left. In particular, the

references in th prescription tables to obj ect%i mages and ﬁnt [.agce/ exit
pupi | s are reved#€Prepsiaptipniablesaye icanstyuc n pe pprmpdenthakiigsh. The

pi xel i zed | i . [ - [ : "PP" and
t he apertu?lga{@il%%%flfsms o%lgﬂtt)égﬁ hgf%le&é?%na égﬁyalkgs?&%g tgﬁgﬁ%‘g{\%}egrs of the
various | eggredivwill Badnsubusftisnd e pigteliped panelp®dl b6 londthel BEbEandf Tabl es

1-4 are set forth in Table 5 with the various

10  light will travel from right to left. In particular, the references in the
prescription tables to objects/images and entrance/exit pupils are reversed
from that used in the rest of the specification. The pixelized panel is shown
in the Figures 1-4 by the designation "PP" and the aperture stop is shown
by the designation "AS".

15 The powers of the various lens units and subunits making up the
projection lenses of Tables 1-4 are set forth in Table 5 with the various
power ratios discussed above being listed in Table 6. Table 7 sets forth D,
De®y, BFL and BFLe®, values for these lenses. As can be seen from Tables
6 and 7, all of the lenses satisfy the desired relationships discussed above.

20 In particular, all of the preferred values for these relationships are satisfied
by Examples 1 and 2.

In addition to the properties shown in Tables 6 and 7, the projection
lenses of the invention preferably also have the following properties:
1) a lateral color blur at full field for wavelengths in the range

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

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

than or equal to 1.0 percent.



power ratios discussed above being listed in Table 6. Table 7 sets forth D,
D( Do, BFL and BFLco values for these |l enses. As can be seen from Tables 6
and 7, alwoobk/otdes | enses satisfy the desired rel ati onshi pecaitsonsmerl above.
20 In particular, all of the preferred,alues for these rel ationships are
satisfied by Exanples 1 and 2. In additiion to the properties shown in
Tables 6 and 7, the projection |enses of the invention preferably also
have the foll ow r rtinesc.dp e : | field for
wavel engt hs i nW;I‘ﬁg Ht’}g ggmhzlgﬁ?ersodrg’Id‘f%&h%gn%%é}tugrgé%t() g}?éggléﬁg)ﬁ%gr@l &rs which is
| ess than prefeweld Jabstal kol emabpieféesd distaptibhle1sudn partcalfarathd xel (note
that the level of lateral color_ correction can be determ ned at the object
pl ane or t lrnsepaghiogyedhe praferpedyliviel efilatexad cobi qogrentian fomanpixgbsize
deterninatbgn isfﬁﬁéfgineq at f e. image plane); and 30 (ii) a distortion
which is | G828t Kidthy ofless thap 1o MICTONSE o abl'y 1 ess than or equal to 1.0
percents WO 02/ Q83U hRGECI#ROA Bodikdents bF thE en e iS¢ ha0B beBAURSciFbed abl es
1-4 achi eve both of the foregoing preferred |lateral color and preferred

di st ort i onahdvbstrated,ptig fcché anderdteod tleaise yazety of madifcatiaisewheth | evel

of lateral .color, corrgctiqn for a pixel. si.ze .(pixel w.dth) of |ess than 15
i crons. 5qu0ﬁé@aﬁrfsf§em &SR G ATES 05 e HETR TR belrARe R

descri bed i.| I h o : jety of
modi fi cat i 8?1’2% i°<|§ lr‘ﬁ&lé%&g%%“l%ré%gg‘f’ aft %?ﬁ“%‘ﬂ?é%%%%ﬁgén Qggeﬁuﬂf HHEE ¥ he

i nventi on Yélldwihg cdxintkeate irtenped $6 osvearftherspieodicyerakodiméntstsbefath fromthe
di scl osure_herein. The following clains are intended to cover the specific
enbodi H&nt bereip gsovel aseushrmapdificgtinns) vardatiorh ansbequivatandps, vari ations,
and equi val ents. WD 02/069013 PCT/ US02/ 05612 -12 TABLE 1 Surf. O ear
Aperture



No. Type Radius Thickness 3 ass Dianeter 1 a 55.2357 3.80000 ACRYLIC 35.94
2 a 16.0691 10. 00000 28.60 3 48.2900 3.00000 S-TIH6 27.61 4 25.5900

10. 28000 ®WH.086690%3 49. 1350 5. 70000 S-LAH58 27.89 6 -59. 56R0TUSGHABMD 27. 56

7 9.50000 20.33 8 72.5900 3.80000 S-LAH64 18.00 9 -28.3550 1.60000
S-FTML6 17.62 10 24.1760 1.94000 16.2%4“ 11 Aperture stop 0.20000 16.19 12
102. 9940 5.10000 S-LAL12 16.15 13 -13.9300 1.50000 LAH78 16.01 14
-28.2500 33.20446 16.50 15 2.74300 2830 32.00 16 0.73700 32.00 Symbo
Description a - Polynom al asphere "Even Pol ynom al Aspheres Surf. No. D E
F GH1 6.6347E-06 -6.4194E-08 1.5275E-10 1.5031E-13 -1.7083E-15 2. 6184E-18
2 8.3317E-06 -1.6864E-07 4.9685E-10 -2. 1025E-12 9. 6817E-16 - 1. 5449E-17

Syst emPHifr st Order. Properties OBJ. HT. -1762ClgarApegtuns \AG -0.0088 STOP:
0. 00 aMNPerTH§r f ac®adis p A Thigknesry EFlassg. 094Biametsr 100. 764 ENP: 29. 6219

| MD: 0. 737Q01 BRL::100:927 EXRo0sddcfiydl OBR: 453295.47 OVL: 3396.23 WO

02/ 069013 RCT/ US02{d)%6d2  10.00000 28.60
3 48.2900 3.00000 S-TIH6 27.61
4 25.5900 10.28000 25.86
5 49.1350 5.70000 S-LAH58 27.89
6 -59.5680 7.66000 27.56
7 9.50000 20.33
8 72.5900 3.80000 S-LAH64 18.00
9 -28.3550 1.60000 S-FTM16 17.62

10 24.1760 1.94000 16.24
11 Aperture stop 0.20000 16.19
12 102.9940 5.10000 S-LAL12 16.15
13 -13.9300 1.50000 LAH78 16.01
14 -28.2500 33.20446 16.50
15 2.74300 472630 32.00
16 0.73700 32.00

Symbol Description
a - Polynomial asphere

Even Polynomial Aspheres

Surf.

No. D E F G H |
1 6.6347E-06 -6.4194E-08 1.5275E-10 1.5031E-13 -1.7083E-15 2.6184E-18
2 8.3317E-06 -1.6864E-07 4.9685E-10 -2.1025E-12 9.6817E-16 -1.5449E-17

System First Order Properties

OBJ. HT: -1762.8 £/ 2.36 MAG: -0.0088
STOP: 0.00 after surface 11. DIA: 16.190

EFL: 29.0945 FVD: 100.764 ENP: 29.6219
IMD: 0.737001 BRL: 100.027 EXP: -39.4727

OBD: -3295.47 OVL: 3396.23



-13 TABLE 2 Surf. Clear Aperture No. Type Radius Thi ckness G ass D aneter
1 a 65.7461 3.80000 ACRYLIC 36.16 2 a 17.5651 9.93713 28.68 3 49. 1937

3. 00000 SwvbIbMer02Y. 61 4 25.1336 10.16757 25.89 5 37. 7822C3000015- LAHS8
26.81 6 -73.4555 7.19145 25.85 7 4.50Q0000 18.14 8 64.1712 4.70000 S-FPL51
16.45 9 -20.7804 1.40000 S-TIH1IO 15.76°10 31.8208 1.40000 15.33 11
Aperture stop 1.20000 15.45 12 -35.6966 2. 70000 S-YGHH2 15.56 13 -25.8663
0. 10000 16.72 14 111.3154 3.00000 SApfE3x9 18.13 15 -43.2547 33.51852
18.71 16 2.74300 472630 32.00 17 0.73642 32.00 Synbol Description a -

Pol ynom al asphere Even Pol ynom al Aspheres Surf. No. DEF GH1

1. 8998E-05 -7.1981E-08 5. 2166E-11 3.5907E-13 -1.0814E-15 9. 2754E-19 2
2.5992BY85 - 8. 1054F- 08 -1.Q307E- 10 -1, 9572E-9'8arAR$ M. 15 - 1. 8970E- 17

Syst en'Ri r BfPeor deRagiugper ¢ iTRickppss  HTClasgg70. oPlemeter3s vaG - 0. 0090 STOP:

0.00 after jsurfacegelly¢Pl A 1308dd acryLic 36.16

2 a 17.5651 9.93713 28.68
3 49.1937 3.00000 S-FTM1le6 27.61
4 25.1336 10.16757 25.89
5 37.7823 6.80000 S-LAHSS8 26.81
6 -73.4555 7.19145 25.85
7 4.50000 18.14
8 64.1712 4.70000 S-FPL51 16.45
9 -20.7804 1.40000 S-TIH1O0 15.76
10 31.8208 1.40000 15.33
11 Aperture stop 1.20000 15.45
12 -35.6966 2.70000 S-YGHS2 15.56
13 -25.8663 0.10000 16.72
14 111.3154 3.00000 S-LAHS59 18.13
15 -43.2547 33.51852 18.71
16 2.74300 472630 32.00
17 0.73642 32.00
Symbol Description
a - Polynomial asphere

Even Polynomial Aspheres

Surf.

No. D E F G H |
1 1.8998E-~05 -7.1981E-08 ©5.2166E-11 3.5907E-13 -1.0814E-15 9.2754E-19
2 2.5992E-05 -8.1054E-08 -1.0307E-10 -1.9572E-13 ©5.0155E-15 -1.8970E-17

System First Order Properties

OBJ. HT: -1670.0 £/ 2.36 MAG: -0.0090

STOP: 0.00 after surface 11. DIA: 15.412

EFL: 28.9428 FVD: 96.8941 ENP: 29.1422

IMD: 0.736418 BRL: 96.1577 EXP: -40.5808

OBD: -3207.07 OVL: 3303.97



EFL: 28.9428 FVD:. 96.8941 ENP: 29.1422 |ND: 0.736418 BRL: 96. 1577 EXP:
-40.5808 OBD: -3207.07 OvVL: 3303.97 WO 02/069013 PCT/ US02/ 05612 -14 TABLE
3 Surf. Gvear/népexrture No. Type Radius Thi ckness d ass Deamaiser/05612 a

67. 3287 3.50000 ACRYLIC 34.06 2 ac 21.1411 9.69574 27.68 3 ac 90. 0000

3. 00000 ACRYLIC 25.13 4 30.6606 13. 5'018139 23.29 5 45.8740 4.30000 S-LAH58
21.34 6 -67.0558 9.24086 20.74 7 113.1872 3.70000 S-BAL35 16.85 8
-22.4396 1.80000 PBH1 16.44 9 30. 9Gap g-3#0000 15.86 10 Aperture stop
2.51527 15.73 11 -79.7792 3.00000 S-CAHS8 16.32 12 -29.6325 0.20000 17.00
13 314. 4573 3.50000 S-LAHS8 17.29 14 -30.3488 1.50000 S-TIH23 17.57 15
-101. 0404 33.00000 17.87 16 2.74000 5102 32.00 17 1.00032 32.00 Synbol
Descri g¥ifon a - Pol ynoni al asphere c - Coni¢leddertyre Even Pol ynoni al

Aspher g. 'gmef _ N&astE F G’I\u]:kness Glass Diameter
1 a 67.3287 3.50000 ACRYLIC 34.06
2 ac 21.1411 9.69574 27.68
3 ac 90.0000 3.00000 ACRYLIC 25.13
4 30.6606 13.50839 23.29
5 45.8740 4.30000 S-LAHSS8 21.34
6 -67.0558 9.24086 20.74
7 113.1872 3.70000 S-BAL35 16.85
8 -22.4396 1.80000 PBH1 16.44
9 30.9075 0.40000 15.86

10 Aperture stop 2.51527 15.73
11 -79.7792 3.00000 S-LAH5S8 16.32
12 -29.6325 0.20000 17.00
13 314.4573 3.50000 S-LAH5S8 17.29
14 -30.3488 1.50000 S-TIH23 17.57
15 -101.0404 33.00000 17.87
16 2.74000 SIO2 32.00
17 1.00032 32.00

Symbol Description
a - Polynomial asphere
c - Conic section

Even Polynomial Aspheres

Surf.

No. D E F G H |
1 3.9278E-05 -8.4110E-08 -1.5235E-10 2.5697E-12 -8.1789E-15 8.1235E-18
2 5.5369E-05 -1.1560E-07 1.2888E-09 -1.5932E-11 1.1919E-13 -3.2312E-16
3 -1.0970E-05 -1.8534E-07 3.1771E-09 -3.3508E-11 1.8182E-13 -4.2458E-16

Conic Constants
Surface 2 k = -4.8482E-01
Surface 3 k = -7.0000E+00

System First Order Properties

OBJ. HT: -1250.0 £/ 2.40 MAG: -0.0120
STOP: 0.00 after surface 10. DIA: 15.732

EFL: 29.0083 FVD: 96.6006 ENP: 28.1390
IMD: 1.00032 BRL: 95.6003 EXP: -43.0638

OBD: -2408.43 OVL: 2505.03



1 3.9278E-05 -8.4110E-08 -1.5235E-10 2.5697E-12 -8.1789E-15 8. 1235E-18 2
5.5369E-05 -1. 1560E-07 1.2888E-09 -1.5932E-11 1.1919E-13 -3.2312E-16 3

-1. 0970E-W6 0206®HB4E- 07 3. 1771E-09 -3. 3508E-11 1. 8182E- 13 PCcA/R458I126

Coni ¢ Constants Surface 2 k = -4. 8482%501 Surface 3 k = -7.0000E+00
System First Order Properties OBJ. HI:"-1250.0 f/ 2.40 MAG -0.0120 STOP:
0.00 after surface 10. DI A: 15.732 EFL: 29.0083 FVD: 96. 6006 ENP: 28.1390

| MD: 1.00032 BRL: 95.6003 EXP: -43. OtpsE40BD: -2408.43 OVL: 2505.03 WO

02/ 069013 PCT/ US02/ 05612 -15 TABLE 4 Surf. C ear Aperture No. Type Radi us
Thi ckness 3 ass Dianmeter 1 a 88.4662 3.50000 ACRYLIC 35.00 2 a 15.1048

19. 043 6 27 40 3 41.9522 5.90000 S-LAMG6 27 oo 4 -75.5701 6.35075 26.00
5 4.0008% 8 33 2. 6795T~ 0000 S PHVB3 1% g e@“’%s 0612 1. 60000
S-TIHS wg g 2894857 0. 8°S14. 66258 1. 00068'®€A. 65 10 -32.5784 5. 00000

S- LAH58 l'L4. 66 11 5259460 1; 21927 akbydz 12:164. 8941 3.20000 S-LAHS8 17. 34
13 -51. 422% 33. 150001888 00 14442445000 ZKN7 232460

3 41.9522 5.90000 S-LAM66 27.00
4 -75.5701 6.35075 26.00
5 4.00000 18.33
6 32.6795 4.50000 S-PHM53 16.27
7 -33.0612 1.60000 S-TIHS3 15.43
8 25.9957 0.90000 14.66
9 1.00000 14.65
10 -32.5784 5.00000 S-LAHS8 14.66
11 -25.9460 1.71927 16.12
12 164.8941 3.20000 S-LAHS8 17.34
13 -51.4227 33.15000 18.00
14 2.75000 ZKN7 32.00
15 0.80338 32.00
Symbol Description
a - Polynomial asphere

Even Polynomial Aspheres

Surf.

No. D E F G H 1
1 2.4598E-05 -1.398B6E-07 2.6745E-10 6.1203E-13 -3.8796E-15 5.2238E-18
2 2.5828E-05 -1.6619E-07 -4.2448E-10 7.0690E-13 1.6323E-14 -1.1161E-16

System First Order Properties

OBJ. HT: -1690.0 £/ 2.40 MAG: -0.0090

STOP: 1.50 after surface 10. DIA: 15.293

EFL: 28.9889 FVD: 93.4169 ENP: 26.5146

IMD: 0.803376 BRL: 92.6135 EXP: -41.0095

OBD: -3214.65 OVL: 3308.06



15 0. 80338 32.00 Synbol Description a - Polynom al asphere Even

Pol ynom al Aspheres Surf. No. DEF GH 1 2.4598E-05 -1. 3986E-07

2. 6745E- WO0820&08E- 13 - 3. 8796E- 15 5. 2238E-18 2 2. 5828E- 0PCTAIS6LABE: 07
-4.2448E-10 7. 0690E-13 1.6323E-14 -1. 1E-16 System First Order
Properties OBJ. HT: -1690.0 f/ 2.40 MAG -0.0090 STOP: 1.50 after surface
10. DI A: 15.293 EFL: 28.9889 FVD: 93.4169 ENP:. 26.5146 |MD: 0.803376 BRL:
92.6135 EXP: -41.0095 OBD: -3214.65 OvVL: 3308.06 WO 02/ 069013

PCT/ US02/ 05612 -16 TABLE 5 Exanpl e TABLE(SDu+ (Du2 (Ds, (Ds2 (Ds3 (Ds2+s3 1
. 0343 -.0389 .0341 .0322 -.0060 .0224 .0162 2 .0346 -.0340 .0334 .0346

-.0259 .0361 ,0149 3 .0345 -.0280 .0334 .0320 -.0240 .0328 .0133 4 .0345
i- 02/6(7 : 0?13 @x9mpre. 0195 .|03389, . 01l@, TARE 6 Exgnpl end, ( Pupd/simo (Du2/ (Do
Ds1/ (Do (Ds2#s3ffDo Tt 41847994 939472 12 982 9651 0007.431 3
1812 .968 .92 aha W-038%] -GaP | aRENT ARRSTa ARy 0069 TE02RY | < OHPE) | by BrL
BFL10o O 1 0.20 0201 B&3#61. 263486 | .0334 | .0346 | -.0259 | .0361 | .0149
3 .0345 -.0280 .0334 .0320 -.0240 | .0328 .0133
4 .0345 -.0267 .0313 .0292 -.0195 | .0329 .0167
TABLE 6
Example [ Dyl Do Dy2/ Dy Ds4/Dy Os;+53/ Do
1 1.134 .994 .939 472
2 .982 .965 1.000 431
3 .812 .968 .928 .386
4 T74 .907 .846 484
TABLE 7
Example D De@, BFL BFLe®, 6
1 0.20 0.01 36.7 1.26 56
2 1.20 0.04 37.0 1.28 56
3 2.52 0.09 36.7 1.27 56
4 -1.50 -0.05 36.7 1.27 56




2 1.20 0.04 37.0 1.28 56 3 2.52 0.09 36.7 1.27 56 4 -1.50 -0.05 36.7 1.27
56 WO 02/ 069013 PCT/ US02/ 05612 -17- What is clainmed is: 1. A projection

| ens haviwgQ oanemperture stop, an optical axis, a |ong corcagsvzowizie, a
short conjugate side, a power (Do, and & back focal Iength BFL, said
projection | ens being adapted to forman i mage of a pixelized panel and
consisting in order fromsaid | ong conjugate side to said short conjugate

side of ! (Ayn& Lidisimé€ns unit having a power (Dui and conprising at |east
one aspheric surface; and (B) a second lens unit having a power g )U2 and
consi sting in onder A p@jeciirdlensrighvingauggieetsiedstoppan dpticahaxis, aonj ugat e
side of (1) a first |lens subunit having a power cDsi; (ii) a_second |ens

subuni t halengcenipsaker side2a shertaengugatalside, pepowen Posanga hirkdhcals concave

towards the shor onj.ugat e: .an ihi) a third . ens subunit having a power
153 and & SRcer Eamht e Rgleht biindadab el joToima ke pRY' (B £°0:
(b) (DUZ2 >pBieliZe@panetiand @nslsting $Porde? frorh 8hid hd corfugdde) siBEk&8ard. 1. 0;
and (g) the aperture stop is either within the third | ens subunit or
spaced frosherrdoapeg88 sddahit in the direction of the |Iong conjugate by a
[ D whi i sfi h | at.i hi p: <,0.1. .

di stance ! C?A)S at Iastfnls(izf‘?ertls Smrt%aavtl}lg rellspoI er CB%J?and cgmprlsmg at least
one aspheric surface; and

(B) a second lens unit having a power ®yz and consisting in order
from said long conjugate side to said short conjugate side of:

(1) a first lens subunit having a power ®s3;

(1i) a second lens subunit having a power ®sz2 and an overall
meniscus shape which is concave towards the short conjugate; and

(i) a third lens subunit having a power ®s3 and a surface S3 at its

long conjugate side;

wherein:
(a) Qui1<0;
(b) Duz>0;
© D1 > 0;
(d) Ds2<0;
(e) Os3 > 0;

® BFLe®( > 1.0; and
(g8)  the aperture stop is either within the third lens subunit
or spaced from surface S3 subunit in the direction of the long conjugate by a

distance D which satisfies the relationship:

De® <0.1.

2. The projection lens of Claim 1 wherein:
De®( < 0.05.

3. The projection lens of Claim 1 wherein:
BFLe®o > 1.2.

4. The projection lens of Claim 1 wherein:



2. The projection lens of CQaim1l1 wherein: D. o<_ 0.05. 3. The projection
lens of daiml1l wherein: BFLco >_ 1.2. 4. The projection lens of Caiml
wher ei n: WO 0RAOED013 PCT/ USO2/ 05612 -18 Ituil/ Do?0.7; aneCT(Bo2¢i02 > 0. 8.
5. The projection lens of Aaim1l wherein: | (Dui I /co >_0.9; and
(DU2/cDo > 0.9. 6. The projection lensof Claim1 wherein the second and
third Iens subunits have a conbi ned optical power (Ds2+s3 and wherein:

(Dsi/cl)o > 0.8; and (1)82+ 0 <. 7. The projection lens of Caiml
wherein the second and thilréﬁjﬁsﬁlé(% O?ug‘ldﬁ’fts have a conbi ned optical power

(Ds2+s3 and wherein: 'si/lgpRpPz9.8.and DS2+S3/D0 < 0.5. 8. The projection
lens of Claim1l wherein the first lens unit conprises at |east one
negative | ens ebenen{Theauojsgtion lene ohlOlaimedi whereinshape which is convex
towards the | ong conjugate si 9. Jhe projection lens of Caim1l wherein
the first lens unit consﬁ Us‘ﬁig(?o %W’ﬁﬁgtive | ens el ements, each of which
has an overall neniscus gnars, Wigh is convex towards the |ong conjugate
side. 10. The projection lens of aim1 wherein the first |lens subunit
consi sts of a bieconv&hel mojectioantent of Claind Hewheinthe eacdrehandfthisdai m 1
wherein the second | ens subunit consists of a doublet. 12. The projection
lens of C &nh Subietehave peomhingd pphisakpeinr tPs2+ss and wherein:

®Ogs1/Dp > 0.8; and
Dg2+53/Do < 0.6.

7. The projection lens of Claim 1 wherein the second and third

lens subunits have a combined optical power ®s2+s3 and wherein:
Og1/Dp > 0.9; and
Ds2+53/Do < 0.5.

8. The projection lens of Claim 1 wherein the first lens unit
comprises at least one negative lens element having an overall meniscus
shape which is convex towards the long conjugate side.

9. The projection lens of Claim 1 wherein the first lens unit
consists of two negative lens elements, each of which has an overall
meniscus shape which is convex towards the long conjugate side.

10.  The projection lens of Claim 1 wherein the first lens subunit
consists of a biconvex lens element.

11.  The projection lens of Claim 1 wherein the second lens subunit
consists of a doublet.

12.  The projection lens of Claim 1 wherein the third lens subunit
consists of a doublet.

13.  The projection lens of Claim 1 wherein the projection lens
consists of eight or less lens elements.

14. The projection lens of Claim 1 wherein the projection lens
consists of seven lens elements.

15.  The projection lens of Claim 1 wherein:

@) the projection lens has a field of view 0 in the direction of the



consists of a doublet. 13. The projection lens of Caim1l wherein the
projection lens consists of eight or less lens elenents. 14. The

proj ecti owoloeeves Cl aim 1l wherein the projection |l ens c®aINESIFBI2 seven

| ens el enents. 15. The projection lens @f Caim1l wherein: (i) the
projection lens has a field of view O i'n the direction of the WD 02/069013
PCT/ US02/ 05612 -19- |long conjugate side of the lens; and (ii) O satisfies
t he relatiq)(;}géf < 80. Lagection |l ens systemconprising: (a) a
pi xel i zed pane+c?1]gﬁ%te(>%)ﬁgtoﬁgﬁ%%ég}sgggidon lens of Claiml. 17. The projection
| ens system of Qhai mbkatisties ke relatipnishippg an il 1 um nation system which

has an optical axis which intersects the projection Iens' optical axis at
an acute angl e. 0 > 50°.

16. A projection lens system comprising:

(a) a pixelized panel; and

(b)  the projection lens of Claim 1.

17.  The projection lens system of Claim 16 further comprising an
1llumination system which has an optical axis which intersects the

projection lens' optical axis at an acute angle.



