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PROJECTION LENSES FOR USE WITH PIXELIZED PANELS  FIELD
OF THE INVENTION 5 This invention relates to
projection lenses and, in particular, to projection
lenses  for use in forming an image of an object
composed of pixels, such as, a DMD, a reflective  LCD,
a transmissive LCD, or the like. BACKGROUND OF THE
INVENTION  10 A. Definitions As used in this
specification and in the claims, the following terms
shall have the  following meanings: (1) Optical
Component An optical component is a component which
has optical power and/or corrects one  15 more
monochromatic and/or one or more chromatic aberrations
and which requires  separate mounting and alignment
from other components of the projection lens. As
illustrated by the examples present below, optical
components include a single  lens element, a single
lens element having a layer of a formable material
attached thereto,  a cemented doublet, and a cemented
doublet having a layer of a formable material attached
20 thereto. Projection lenses having less optical
components are preferred to projection lenses having
more optical components because having less components
simplifies  assembly and generally results in a
reduction in a projection lens' weight and component
cost. (2) Telecentric 25 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 entrance pupil is at
infinity, or (b) in image space, if  the exit pupil is
at infinity. In practical applications, a telecentric
pupil need not actually be at infinity since a  30
lens having an entrance or exit pupil at a
sufficiently large distance from the lens' optical
surfaces will in essence operate as a 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 1 WO 2004/095108
PCT/US2004/003464  



functionally equivalent to a lens for which the
theoretical (Gaussian) location of the pupil  is at
infinity. Accordingly, as used herein, the terms
"telecentric" and "telecentric lens" are  intended to
include lenses which have a pupil at a long distance
from the lens' elements, 5 and the term "telecentric
pupil" is used to describe such a pupil at a long
distance from the  lens' elements. For the projection
lenses of the invention, the telecentric pupil
distance  will in general be at least about 10 times
the lens' effective focal length. (3) Effective Back
Focal Length The effective back focal length (BFL) of
a projection lens/pixelized panel 10 combination is
the distance between the front surface of the
pixelized panel and the vertex  of the back surface of
the rearward-most optical component of the projection
lens when  (1) the image of the pixelized panel is
located at infinity and (2) the projection lens is
located in air, i.e., the space between the
rearward-most optical component of the  projection
lens and the pixelized panel is filled with air as
opposed to the glasses making 15 up the prisms, beam
splitters, etc. normally used between a projection
lens and a pixelized  panel. (4) Barrel Length Barrel
length (BRL) is the distance between the vertex of the
front surface of the  forward-most optical component
of the projection lens and the vertex of the back
surface  20 of the rearward-most optical component. B.
Projection Systems Image projection systems are used
to form an image of an object, such as a display
panel, 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 25 (front projection) or on
opposite sides of the screen (rear projection). Figure
6 shows in simplified form the basic components of an
image projection  system 17 for use with a
microdisplay imaging device (also known in the art as
a "digital  light valve" or a "pixelized imaging
device"). In this figure, 10 is an illumination
system,  which comprises a light source 11 and
illumination optics 12 which transfer some of the  30
light from the light source towards the screen, 13 is
the imaging device, and 14 is a projection lens which
forms an enlarged image of the imaging device on
viewing screen  15. 2 



WO 2004/095108 PCT/US2004/003464  For ease of
presentation, Figure 6 shows the components of the
system in a linear arrangement. For a reflective
imaging device of the type with which the present
invention  will typically be used, the illumination
system will be arranged so that light from that
system reflects off of the imaging device, i.e., the
light impinges on the front of the 5 imaging device as
opposed to the back of the device as shown in Figure
6. Also, for such  imaging devices, one or more prism
assemblies will be located in front of the imaging
device and will receive illumination light from the
illumination system and will provide  imaging light to
the projection lens. For font projection systems, the
viewer will be on the left side of screen 15 in  10
Figure 6, while for rear projection systems, the
viewer will be on the right side of the  screen. For
rear projection systems housed in a cabinet, one or
more mirrors are often  used between the projection
lens and the screen to fold the optical path and thus
reduce the system's overall size. Image projection
systems preferably employ a single projection lens
which forms  15 an image of. (1) a single imaging
device which produces, either sequentially or
simultaneously, the red, green, and blue components of
the final image; or (2) three  imaging devices, one
for red light, a second for green light, and a third
for blue light.  Rather than using one or three
imaging devices, some image projection systems have
used  two or up to six imagers. Also, for certain
applications, e.g., large image rear projection 20
systems, multiple projection lenses are used, with
each lens and its associated imaging  device(s)
producing a portion of the overall image. Irrespective
of the details of the  application, the projection
lens generally needs to have a relatively long
effective back  focal length to accommodate the
prisms, beam splitters, and other components normally
used with pixelized panels. 25 A particularly
important application of projection systems employing
pixelized  panels is in the area of rear projection
systems which can used as large screen projection
televisions (PTVs) and/or computer monitors.
Improvements in the technology used to  manufacture
microdisplays have led to a rise in the popularity of
projection systems  employing such displays. To
compete effectively with the established cathode ray
tube 30 (CRT) technology, projection systems based on
microdisplays need to be smaller in size  and lower in
weight than CRT systems having the same screen size.
C. Optical Performance 



3 WO 2004/095108 PCT/US2004/003464  To display images
having a high information content (e.g., to display
data), a microdisplay must have a large number of
pixels. Since the devices themselves are small,  the
individual pixels are small, a typical pixel size
ranging from 17p. for DMD displays to  approximately
S, or even less for reflective and transmissive LCDs.
This means that the  5 projection lenses used in these
systems must have a very high level of correction of
aberrations. In particular, the lenses need to have a
high level of resolution, e.g., a small  RMS spot
diameter, across the entire field of the lens and a
high level of chromatic  aberration correction. The
use of a pixelized panel to display data leads to
stringent requirements 10 regarding the resolution of
the projection lens. 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, a clear, undistorted image of a displayed
number or letter is just as  important at the edge of
the field as it is at the center. A high level of
chromatic aberration correction is important because
color 15 aberrations can be easily seen in the image
of a pixelized panel as a smudging of a pixel  or, in
extreme cases, the complete dropping of a pixel from
the image. 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. 20 In projection systems employing
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 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 25 possible. A
higher level of lateral color correction is thus
needed from the projection lens.  High resolution and
a high level of color correction are particularly
important  when an enlarged image of a WINDOWS type
computer interface is projected onto a  viewing
screen. Such interfaces with their parallel lines,
bordered command and dialog  boxes, and complex
coloration, are in essence test patterns for
distortion and color. Users 30 readily perceive and
object to even minor levels of resolution loss or
color aberration in  the images of such interfaces. 



4 WO 2004/095108 PCT/US2004/003464  In addition to
high levels of resolution and color correction,
projection lenses for use with pixelized panels need
to have low levels of ghost generation, especially
when the  pixelized panel is of the reflective type,
e.g., a DMD or reflective LCD. As known in the art,
ghosts can be generated by image light reflecting back
5 towards the object from one of the lens surfaces of
a projection lens. Depending upon the  shape of the
lens surface and its location relative to the object,
such reflected light can be  re-reflected off of the
object so that it reenters the projection lens and is
projected onto the  screen along with the desired
image. Such ghost light always reduces contrast at
least to  some extent. In extreme cases, a second
image can actually be seen on the screen. 10 Because
the operation of DMDs and reflective LCDs depend upon
their ability to  reflect light efficiently,
projection systems employing panels of these types are
particularly  susceptible to ghost problems. Ghosts
can also be generated by light reflecting backwards
off of one lens surface and then being re-reflected in
a forward direction by a second lens  surface. When
reflective pixelized panels are used, ghosts generated
by reflections from 15 two lens surfaces are generally
less troublesome than ghosts generated by a lens
surface/pixelized panel combination. D. Telecentricity
The above-mentioned pixelized panels and, in
particular, DMDs, typically operate  by reflecting the
light from the illumination system which is to form
the image at a near- 20 normal angle to the display.
Similarly, for transmissive panels, the light passing
through  the panel typically exits the panel at a near
normal angle. In terms of the projection lens, this
translates into a requirement 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  25 asymmetric about
the aperture stop which makes the correction of
lateral color more difficult.  E. Cabinet Size For
rear projection systems, there is an ever increasing
demand for smaller cabinet  sizes (smaller
footprints). In terms of the projection lens, this
translates into a requirement  30 that the lens has a
wide field of view (FOV) in the direction of the image
(screen). The requirement for a large FOV makes it
even more difficult to correct the lateral  



color of the lens. This is especially so when combined
with the requirement for a long 5 WO 2004/095108
PCT/US2004/003464  effective back focal length which
itself makes it more difficult to correct lateral
color.  Also, as mentioned above, the requirement for
telecentricity is a third factor which makes  the
correction of lateral color challenging. Achieving
telecentricity, a relatively long back focal length,
and a wide field of  5 view in the direction of the
lens' long conjugate, while still maintaining high
levels of  aberration correction and low levels of
ghost generation, is particularly challenging since
these various requirements tend to work against one
another. To do so while minimizing  the number of
optical components used in the lens is even more
demanding. As illustrated  by the examples presented
below, the present invention in its preferred
embodiments 10 provides projection lenses which
satisfy these conflicting criteria.  SUMMARY OF THE
INVENTION In accordance with a first aspect, the
invention provides a projection lens for  forming an
enlarged image of a pixelized panel on a screen, said
projection lens having a  15 long conjugate side
(image or screen side), a short conjugate side (object
or pixelized panel side), an effective focal length
fo, and an f-number F/#, said lens comprising in order
from the long conjugate side to the short conjugate
side: (A) a first lens unit (Ul) consisting in order
from the long conjugate side to the  short conjugate
side of: 20 (i) a first lens sub-unit (Us,) having a
negative power and comprising a  negative lens element
LM which (a) has a short conjugate surface  which is
concave towards the short conjugate side and (b)
comprises at least one aspheric surface (preferably,
the first lens  sub-unit consists of (1) only LM or
(2) the combination of LM and a 25 negative lens
element (LN) that allows LM to have a configuration
which permits more rapid molding (see below)); and
(ii) a second lens sub-unit (Us2) (preferably, the
second lens sub-unit  consists of only one optical
component which, most preferably, is a  positive lens
element (LP1) which preferably has a low dispersion 30
and can have an anomalously low dispersion);  6 



WO 2004/095108 PCT/US2004/003464  (B) an aperture stop
(AS) (preferably the aperture stop is a physical
aperture stop, but, if desired, the output of the
illumination system can be used as a virtual aperture
stop); and (C) a second lens unit (U2) comprising in
order from the long conjugate side to  5 the short
conjugate side: (i) a doublet (LDB); and (ii) a
positive lens element (LP2)  (preferably, the only
optical components of the second lens unit are LDB and
LP2);  wherein: (a) the first and second lens units
(U1,U2) are the only lens units of the  projection
lens; 10 (b) the projection lens is telecentric on the
short conjugate side; (c) the projection lens has a
lateral color LC in its short conjugate focal plane
which in micrometers satisfies the relationships:
LCred-green < 4.5 * F/# (preferably, LCred-green < 3.5
* F/#), and  LCblue-green < 5.0 * F/# (preferably,
LCblue-green < 4.0 * F/#), 15 where the relationships
are satisfied over the full field and the red, green,
and blue  wavelengths are 0.62 micrometers, 0.55
micrometers, and 0.46 micrometers, respectively;  (d)
the projection lens has an RMS spot diameter D,,.17,
in its short conjugate focal plane which in
micrometers satisfies the relationship:  D,,,,, < 4.5
* F/# (preferably, D,,,,s < 3.5 * F/#), 20 where the
relationship is satisfied over the full field for
green light having a wavelength of  0.55 micrometers;
and (e) the second lens unit (U2) comprises a layer
(M) of a formable material  attached to the doublet
(LDB) or to the positive lens element (Lp)
(preferably, to Lp), said  layer having an external
surface which is aspheric. 25 In accordance with this
aspect of the invention, the projection lens
preferably  satisfies some of the following
relationships and, most preferably, all of these
relationships: FOV > 70, BFL/fo > 1.5, and/or  30
BRL/fo < 10. In accordance with a second aspect, the
invention provides a projection lens for  forming an
enlarged image of a pixelized panel on a screen, said
projection lens having a  



7 WO 2004/095108 PCT/US2004/003464  long conjugate
side (image or screen side), a short conjugate side
(object or pixelized  panel side), an effective focal
length f0a and an f-number F/#, said lens comprising
in order  from the long conjugate side to the short
conjugate side: (A) a first lens unit (Ul) consisting
in order from the long conjugate side to the  5 short
conjugate side of. (i) a first lens sub-unit (Us,)
having a negative power and consisting  of a first
negative lens element (LM) which (a) has a  short
conjugate surface which is concave towards the short
10 conjugate side and (b) comprises at least one
aspheric surface, and optionally, a second negative
lens element (LN); and  (ii) a second lens sub-unit
(US2) which consists of a first positive lens  element
(Lpi) which, as discussed above, preferably has a low
15 dispersion and can have an anomalously low
dispersion; (B) an aperture stop (AS) (as above, the
aperture stop is preferably a physical  aperture stop
but can be a virtual aperture stop); and (C) a second
lens unit (U2) consisting in order from the long
conjugate side to  the short conjugate side of: 20 (i)
a doublet (LDB); and (ii) a second positive lens
element (LP2);  wherein: (a) the first and second lens
units (U1,U2) are the only lens units of the
projection lens; 25 (b) the projection lens is
telecentric on the short conjugate side; (c) the
projection lens has a lateral color LC in its short
conjugate focal plane  which in micrometers satisfies
the relationships: LCrea-green < 4.5 * F/#
(preferably, LCred-green < 3.5 * F/#), and
LCblue-green < 5.0 * F/# (preferably, LCb1ue-green <
4.0 * F/#), 30 where the relationships are satisfied
over the full field and the red, green, and blue
wavelengths are 0.62 micrometers, 0.55 micrometers,
and 0.46 micrometers, respectively;  



8 WO 2004/095108 PCT/US2004/003464  (d) the projection
lens has an RMS spot diameter D,.,,,5 in its short
conjugate focal plane which in micrometers satisfies
the following relationship:  D,,,,, < 4.5 * F/#
(preferably, Dm, < 3.5 * F/#), where the relationship
is satisfied over the full field for green light
having a wavelength of  5 0.55 micrometers; (e) the
projection lens has a full field of view in the
direction of the long  conjugate which is greater than
70 degrees; (f) the projection lens has an effective
back focal length BFL which satisfies  the
relationship: 10 BFL/fo > 1.5; (g) the projection lens
has a barrel length BRL which satisfies the
relationship:  BRL/fo < 10; and (h) the second
positive lens element (LP2) is composed at least in
part of glass  and comprises an aspheric surface. 15
The use of a second positive lens element which is
glass-based and comprises an  aspheric surface
provides the projection lens with reduced thermal
drift as it is heated from  room temperature to its
operating temperature (e.g., -40C), while at the same
time  allowing the second lens unit to have a single
optical component with an aspheric surface  in the
vicinity of the unit's rear vertex, the location where
an aspheric surface is most 20 effective in correcting
aberrations, e.g., aberrations associated with the one
or more prisms  normally used with reflective
pixelized panels. In accordance with either the first
or second aspects of the invention, the projection
lens preferably satisfies the following relationship:
fflfo < 3.0, 25 where fP is the focal length of LP2.
By satisfying this relationship, the projection lens
can  be telecentric on the short conjugate side and
still have a short barrel length. Also, when  the LP2
component includes an aspheric surface, having fP/fo <
3.0 tends to make the  aspheric surface more effective
in correcting the projection lens' aberrations. The
projection lenses of the invention preferably have a
total of either four or five  30 optical components,
which greatly simplifies assembly and, by minimizing
the number of  surfaces from which light can reflect,
reduces ghost formation. 



9 WO 2004/095108 PCT/US2004/003464  The reference
symbols used in the above summaries of the various
aspects of the invention are only for the convenience
of the reader and are not intended to and should not
be interpreted as limiting the scope of the invention.
More generally, it is to be understood  that both the
foregoing general description and the following
detailed description are 5 merely exemplary of the
invention, and are intended to provide an overview or
framework  for understanding the nature and character
of the invention. Additional features and advantages
of the invention are set forth in the detailed
description which follows, and in part will be readily
apparent to those skilled in the art  from that
description or recognized by practicing the invention
as described herein. The 10 accompanying drawings are
included to provide a further understanding of the
invention,  and are incorporated in and constitute a
part of this specification. BRIEF DESCRIPTION OF THE
DRAWINGS Figures 1 through 5 are schematic side views
of representative projection lenses  15 constructed in
accordance with the invention. In Figures 1-2 and 4-5,
the layer (M) of a  formable material is shown thicker
than it actually is to make it easier to see in the
drawings. Figure 6 is a schematic diagram showing an
overall projection lens system in  which the
projection lenses of the present invention can be
used. 20 DESCRIPTION OF THE PREFERRED EMBODIMENTS As
discussed above, in accordance with certain of its
aspects, the present invention  provides projection
lenses for pixellated microdisplay projectors which
employ a hybrid  optical component, i.e., a component
which is a combination of a glass lens element 25
having spherical surfaces and a layer of a formable
material whose external surface is  aspheric. The use
of such a component gives aspheric correction to the
projection lens'  second lens unit without adding to
the projection lens' element count or its overall
total  path. Also, in high volume, one hybrid
component of a resin asphere on glass can cost  less
than the combination of two lens elements, i.e., a
spherical glass element plus a plastic  30 asphere. In
effect, the hybrid allows the aspheric correction of a
plastic element to be moved  into intimate proximity
with a glass element. In this way, the benefits of an
aspheric 
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correction are provided to a glass element without the
loss of the fundamental  properties of glass lenses,
namely, ease of fabrication and lower thermal
expansion and  variation of refractive index over a
broad operating range of temperatures. Hybrid
components (also referred to herein as "hybrid
lenses") are formed by 5 applying a layer of a
formable material to a conventional spherical glass
lens by means of  either a cured, molded resin or a
thin fabricated plastic. This asphere-to-sphere mating
effectively allows one component to perform the
function of what previously required two  components.
This gives several advantages including: (1) One
hybrid component can be thinner than two separate
components. 10 (2) In fabrication, only one surface
creation becomes critical, i.e., the aspheric  side of
the layer of formable material, since the other, mated
surface takes on the  properties of the spherical
surface of the glass lens. (3) The hybrid asphere
portion of the lens has by itself no power, so the
projection lens' susceptibility to thermal drift is
minimized. 15 Examples of hybrid lenses can be found
in U.S. Patents Nos. 4,738,516 and  5,299,062, the
contents of which are incorporated herein by
reference. Such lenses are  available commercially
from Toyotec Co., Ltd. (Toyokawa-city, Aichi-Perf.,
Japan), as  well as from Tamron and Canon in
connection with camera taking lenses. In general,
these components can be made by placing a UV curable
resin in a mold,  20 and curing it onto the polished
glass substrate (spherical lens) with UV light curing
through the glass. The receiving mold has the aspheric
profile of the finished hybrid  surface. Material
properties restrict the thickness of the resin layer
and its center-to-edge  variation. Too much resin
material can cause the layer to pull off of the glass
substrate  either during curing or during use as a
result of thermal cycling. 25 Several resins are
available having indices of refraction (nd) and
dispersions (vd (F- C)) of approximately 1.5202 and
51.7, 1.518 and 37.6, and 1.519 and 53.7. A suitable
resin employed in the projection lens of Example 1 has
the following indices of refraction:  1.529705 at 460
nrn; 1.521307 at 546 nm; and 1.515568 at 620 nm. In
general terms, a hybrid component made by molding a UV
curable resin  30 preferably satisfies the following
criteria: (1) The diameter of the substrate is
preferably less than about 28 millimeters.  



11 WO 2004/095108 PCT/US2004/003464  (2) The substrate
glass preferably transmits UV light in sufficient
amounts to allow curing of the resin in the mold by
passing UV light through the lens. In particular,
transmittance of 360 nm light is preferably more than
60%. (3) The thinnest portion of the resin layer is
preferably no less than 20 microns  5 and the thickest
portion is preferably no more than 400 microns. (4)
The variation in thickness from the center to the edge
of the resin layer is  preferably no more than 5:1,
with thick edges preferably being avoided since they
are  more difficult to form than thin edges. The
projection lenses of the present invention have an
overall form of a retrofocus  10 or inverted telephoto
lens with the first lens sub-unit (Us,) of the first
lens unit (U1)  having a relatively strong negative
power and the remainder of the lens (US2+U2) having a
positive power. The lenses of the invention differ
from many retrofocus lenses in that  rather than
having an aperture stop between the negative and
positive parts of the lens, the  aperture stop of the
projection lenses of the invention is located between
the first and 15 second lens units (Ul,U2) which
typically will both have a positive power. 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'
aperture stop  in the front focal plane of the second
lens unit. Additional advantages, illustrated by the
examples presented below, are the ability to achieve a
relatively long effective back focal 20 length and the
ability to provide a wide field of view in the
direction of the lens' long  conjugate. As discussed
above, both of these characteristics are particularly
useful in rear  projection systems, where the lens
must have a wide field of view to achieve the smallest
possible overall package size, and where there is a
need to accommodate beam splitting  prisms and/or beam
guiding prisms between the lens and the pixelized
panel. These prisms 25 may include TIR prisms,
polarizing beam splitters, and/or color splitting
prisms. The lenses of the invention achieve a high
level of resolution by using one or more  aspherical
surfaces in the first lens sub-unit. Specifically, the
LM lens element has one and  preferably two aspherical
surfaces. Preferably, LM has an overall meniscus shape
which is  convex towards the long conjugate side of
the projection lens. The variation of thickness 30 of
the LM lens element is preferably minimized to reduce
the molding time and thus the  cost of that element.
In particular, LM preferably has a center thickness tc
and an edge  



thickness to which satisfy the relationship: 12 WO
2004/095108 PCT/US2004/003464  te/tc <_ 3.0, where to
is determined at the clear aperture of the short
conjugate surface of LM (i.e.,  surface 2 in Tables
1-5). Spherical aberration of the lens' entrance pupil
is corrected through the use of an 5 aspherical
surface in the second lens unit, e.g., the aspheric
surface of a hybrid component  (see Examples 1-2 and
4-5) or the aspheric surface of a molded glass element
(see  Example 3). The spherical aberration of the
entrance pupil should be minimized to  achieve
telecentricity for any arbitrary point in the object
plane of the lens. As discussed above, the use of
reflective pixelized panels can exacerbate the 10
problem of ghost formation since such panels are
designed to reflect light. In accordance  with the
invention, it has been found that as a result of their
low component and low  element counts, the projection
lenses of the invention have extremely low ghost
levels.  These low ghost levels are in large part due
to the reduced number of surfaces from which  light
can reflect. They are also due to the shapes of the
surfaces which remain once the 15 number of surfaces
has been reduced. In particular, as discussed in
co-pending U.S. application number 10/337,959, filed
January 7, 2003, and entitled "Folded, Telecentric
Projection Lenses for Use with  Pixelized Panels," the
contents of which are incorporated herein by
reference, low ghost  levels can be achieved by
ensuring that the axial marginal ray traced through a
projection 20 lens from the projection lens' short
conjugate focal plane intersects each lens surface of
the  projection lens at an angle of incidence that is
greater than 1.5 degrees. When the number  of lens
surfaces are reduced as in the projection lenses of
the present invention, this  criterion is generally
automatically satisfied, which serves as an additional
basis for the  low ghost levels achieved by the lenses
of the invention. 25 Without intending to limit it in
any manner, the present invention will be more  fully
described by the following examples. EXAMPLES  Figures
1-5 and Tables 1-5 illustrate representative
projection lenses constructed in  30 accordance with
the invention. Briefly, these examples illustrate the
following:  
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use of a hybrid component (LP2) in a projection lens
having four optical components and designed for use
with a reflective pixelized panel in which a prism  is
located between the projection lens and the panel.
Example 2 -- the use of a hybrid component (LP2) in a
projection lens having four  5 optical components and
designed for use with a transmissive pixelized panel
in which a  polarizer (e.g., analyzer) is located
between the projection lens and the panel. Example 3
-- the use of a glass asphere (LP2) in a projection
lens having four  optical components and designed for
use with a reflective pixelized panel in which a prism
is located between the projection lens and the panel
(note that at present, to produce a 10 surface profile
for a glass asphere which is sufficiently accurate to
achieve high levels of  aberration correction requires
substantial care during manufacture and thus
projection  lenses employing hybrid components are
currently the preferred embodiments of the
invention). Example 4 -- the use of a hybrid component
(LDB) in a projection lens having four  15 optical
components and designed for use with a reflective
pixelized panel in which a prism  is located between
the projection lens and the panel (note that locating
the layer of formable material on LP2 generally
results in higher levels of aberration correction than
locating it on LDB and thus is preferred). Example 5
-- the use of a hybrid component (LP2) in a projection
lens having five  20 optical components and designed
for use with a reflective pixelized panel in which (1)
a  prism is located between the projection lens and
the panel and (2) the first lens sub-unit  (Lsl) has
two lens elements so as to improve the moldability of
LM. OHARA designations are used in the prescriptions
of Tables 1-5 for the various  glasses employed in the
lens systems. Equivalent glasses made by other
manufacturers  25 (e.g., HOYA or SCHOTT) can be used
in the practice of the invention. Industry acceptable
materials are used for the plastic elements. The index
of refraction and  dispersion of the layer of formable
material used in the hybrid components is given in
standard six digit form, i.e., abcxyz, where n =1.abc
and v = xy.z. The aspheric coefficients set forth in
the tables are for use in the following  30 equation:
2 
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14 WO 2004/095108 PCT/US2004/003464  where z is the
surface sag at a distance y from the optical axis of
the system, c is the  curvature of the lens at the
optical axis, and k is a conic constant, which is zero
except  where indicated in the prescriptions of Tables
1-5. The various planar structures located on the
short conjugate side of U2 in the 5 figures and tables
represent components (e.g., prism PR and polarizer PO)
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 Tables 1-5 are in
millimeters except where other units are  indicated.
The prescription tables are constructed on the
assumption that light travels from 10 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 from that used in
the rest of the specification. The pixelized panel is
shown in  the Figures 1-5 by the designation "PP" and
the aperture stop is shown by the designation  15
"AS". The optical performance of the examples,
specifically, blue/green lateral color,  red/green
lateral color, and RMS spot diameter for green light,
are shown in Tables 1-5 in  terms of the airy-disk
diameter for a diffraction limited system. As known in
the art (see,  for example, Smith, Warren J., Modern
Optical Engineering: The Design of Optical 20 Systems,
(2"d Edition), McGraw-Hill, New York, 1990, pages
151-154 and 452-453), the  distance from the center of
the airy disk to the first dark ring is given by: Z
=1.22.2 .F/# where k is wavelength which for Tables
1-5 was chosen to be 0.55 microns (green light).  A
representative pixel size is also shown in Tables 1-5.
A comparison of this 25 dimension with the optical
performance of the lenses shows that for each example,
the  blue/green lateral color, the red/green lateral
color, and the RMS spot diameter are all less  than a
pixel. Table 6 sets forth the BFL/fo and BILL/fo
values for Examples 1-5. As can be seen  in this
table, each of Examples 1-5 has a BFL/fo value above
1.5 and a BRL/fo value less  30 than 10. As can be
seen from Tables 1-5, all of the examples also have a
full field of view 



in the direction of the lens' long conjugate which is
greater than 70 and an entrance pupil  (exit pupil in
Tables 1-5) which is telecentric. 15 WO 2004/095108
PCT/US2004/003464  In summary, as discussed and
illustrated above, the invention provides projection
lenses for use with pixelized panels which have some
and preferably all of the following  features: (1) a
high level of lateral color correction;  5 (2) a high
level of resolution; (3) a large field of view in the
direction of the image;  (4) a telecentric entrance
pupil; (5) a relatively long effective back focal
length;  (6) a short barrel length; 10 (7) a low
optical component count, e.g., 4 or 5 components;  (8)
a low element count, e.g., 5 or 6 elements; (9) a low
level of ghost generation; and/or  (10) a low level of
thermal drift. The projection lenses are well-suited
to the manufacture of compact, light weight,  15
projection televisions and monitors which employ
pixelized panels. Although specific embodiments of the
invention have been described and  illustrated, it is
to be understood that a variety of modifications which
do not depart from  the scope and spirit of the
invention will be evident to persons of ordinary skill
in the art  from the foregoing disclosure. 16 WO
2004/095108 PCT/US2004/003464  TABLE 1 Surf Radius
Thickness Glass Diameter Type  OBJ Infinity 733.00 1
175.000 4.50 Acrylic 60.00 plastic asphere  2 16.411
43.29 43.00 plastic asphere  3 42.380 5.00 S-TIH6
28.00 4 Infinity 20.27 30.00  Stop Infinity 4.09 10.31



6 -16.225 3.50 S-TIH10 11.60  7 18.964 6.50 S-BSM25
18.80  8 -18.964 8.83 17.00 9 40.115 0.07 521369 25.50
aspheric resin  10 40.115 10.50 S-LAL14 26.00 11
-40.115 3.33 29.00  12 Infinity 26.00 BK7 27.00  13
Infinity 3.00 27.00  14 Infinity 3.00 S-FSL5 22.00  15
Infinity 0.44 22.00  Image 5 Even Polynomial Aspheres
Surf k D E F G  1 -1257.53 1.35079E-06 -1.95684E-09
9.06899E-13 2 -2.92 3.96302E-05 -6.10837E-08
5.83808E-11 -2.23766E-14  9 2.83 -1.82745E-05
1.11478E-08 -9.57933E-11 1.50867E-13  First Order
Properties of Elements: Element # Surface #'s EFL 1
1-2 -36.55  2 3-4 50.64  3 6-7 -19.00  4 7-8 31.60  5
9-11 29.90  Doublet Properties Element #'s Surface #'s
EFL 3 4 6-8 -181.30  10 Unit EFL Properties Element
#'s Surface #'s EFL  1-2 1-4 64.07  3-5 6-11 25.24  17
WO 2004/095108 PCT/US2004/003464  



TABLE 1 (continued) First Order Data: F/Number (F/#)
2.4  Magnification 56053  Object Height 576.0  Object
Distance 733.0  Image Height 10.2  Effective Focal
Length 13.48  Barrel Length (BRL) 106.0  Front Vertex
Distance (FVD) 142.3  Entrance Pupil Distance 29.1
Exit Pupil Distance -204.1  Stop Diameter 10.3  Field
Angle (semi-diag; degrees) 37.0  Back Focal Length
(BFL) 25.7  to/tc for LM 3.8  5 Performance microns
Relative to F/#  Diffraction limit airy disk (DL) 3.2
1.3 Pixel relative to DL 13.7 5.7  Lateral Color (R -
G)1 7.2 3.0  Lateral Color (B - G)2 8.8 3.7  RMS spot
diameter (G) 3 6.5 2.7  1 For all edge points, 620 -
550 nM 2 For all edge points, 460 - 550 nM  10 3 Less
than for all field points 18 WO 2004/095108
PCT/US2004/003464  TABLE 2 Surf Radius Thickness Glass
Diameter Type  OBJ Infinity 796.664 1270.0 1 248.713
4.500 Acrylic 60.0 plastic asphere  



2 18.230 55.272 44.0 plastic asphere  3 41.495 5.000
S-TIH4 24.8 4 -1507.600 16.053 25.0  Stop Infinity
7.757 11.8  6 -15.777 1.800 S-TIH6 13.7  7 31.101
8.500 S-BSM25 18.0  8 -19.166 2.711 20.3 9 40.115
0.070 518375 25.0 aspheric resin  10 40.115 10.500
S-LAL14 26.0 11 -40.115 25.212 28.0  12 Infinity 0.750
BK7 28.0  13 Infinity 2.900 BK7 26.0  14 Infinity
1.000 26.0  Image 5 Even Polynomial Aspheres Surf k D
E F  1 -1257.525 4.25749E-06 -5.49870E-09 3.77213E-12
2 -2.915 3.85561E-05 -4.91525E-08 5.43639E-11  9
25.500 -1.83E-05 1.11E-08 -9.58E-11  Surf G H I 1
-7.57586E-16 -4.88590E-19 2.45339E-22  2 -9.60685E-16
-1.07329E-16 1.28864E-19  9 1.51E-13 First Order
Properties of Elements:  Element # Surface #'s EFL  1
1-2 -40.18  2 3-4 53.09  3 6-7 -17.60  4 7-8 32.77  5
9-11 30.31  10 Doublet Properties Element # Surface
#'s EFL  



3 4 6-8 -96.7  19 WO 2004/095108 PCT/US2004/003464
TABLE 2 (continued) Unit EFL Properties Element #'s
Surface #'s EFL  1-2 1-4 50.6  3-5 6-11 27.9  5 First
Order Data: F/Number 2.4  Magnification 56.53  Object
Height 576.0  Object Distance 796.7  Image Height
10.20  Effective Focal Length (EFL) 13.34  Barrel
Length (BRL) 101.6  Front Vertex Distance (FVD) 140.3
Entrance Pupil Distance 30.4  Exit Pupil Distance
-172.0  Stop Diameter 11.17  Field Angle (semi-diag)
37.00  Back Focal Length (BFL) 28.60  to/tc for LM
4.07  Performance microns Relative to F/#  Diffraction
limit airy disk (DL) 3.20 1.3 Pixel relative to DL
13.70 5.7  Lateral Color (R - G) 10.50 4.4  Lateral
Color (B - G) 2 10.90 4.5  RMS spot diameter (G) 3
9.00 3.8  10 1 For all edge points, 620 - 550 nM 2 For
all edge points, 460 - 550 nM  



3 Less than for all field points 20 WO 2004/095108
PCT/US2004/003464  TABLE 3 Surf Radius Thickness Glass
Diameter Type  OBJ Infinity 733.000 1148.2 1 175.000
4.500 Acrylic 60.0 plastic asphere  2 16.411 43.293
40.0 plastic asphere  3 42.380 5.000 S-TIH6 28.0 4
Infinity 20.274 30.0  Stop Infinity 4.094 10.2  6
-16.225 3.500 S-TIH10 11.6  7 18.964 6.500 S-BSM25
18.8  8 -18.964 8.416 17.0 9 39.626 10.000 S-LAL12
28.0 glass asphere  10 -39.016 5.288 28.0 11 Infinity
26.000 BK7 27.0  12 Infinity 2.000 27.0  13 Infinity
2.400 BK7 21.8  14 Infinity 0.188 21.5  Image Infinity
20.4  5 Even Polynomial Aspheres Surf k D E F G  1
-1257.525 1.350794E-06 -1.956845E-09 9.068988E-13 2
-2.915 3.963025E-05 -6.108372E-08 5.838076E-11
-2.237662E-14  9 3.508 -1.700834E-05 9.233635E-10
-6.705536E-11 First Order Properties of Elements:
Element # Surface #'s EFL  1 1-2 -36.55  2 3-4 50.64
3 6-7 -19.00  4 7-8 31.60  5 9-11 30.06  



Doublet Properties Element # Surface #'s EFL  3 4 6-8
-181.30  10 Unit EFL Properties Element #'s Surface
#'s EFL  1-2 1-4 64.07  3-5 6-11 25.24 21 WO
2004/095108 PCT/US2004/003464  TABLE 3 (continued)
First Order Data: F/Number 2.4  Magnification 56.53
Object Height 576.0  Object Distance 733.0  Image
Height 10.2  Effective Focal Length 13.48  Barrel
Length (BRL) 106.0  Front Vertex Distance (FVD) 142.3
Entrance Pupil Distance 29.1  Exit Pupil Distance
-204.1  Stop Diameter 10.3  Field Angle (semi-diag)
37.0  Back Focal Length (BFL) 25.70  to/tc for LM 3.80
5 Performance microns Relative to F/#  Diffraction
limit airy disk (DL) 3.2 1.3 Pixel relative to DL 13.7
5.7  Lateral Color (R - G)1 8.1 3.4  Lateral Color (B
- G)2 8.4 3.5  



RMS spot diameter (G)3 7.0 2.9  1 For all edge points,
620 - 550 nM 2 For all edge points, 460 - 550 nM  10 3
Less than for all field points 22 WO 2004/095108
PCT/US2004/003464  TABLE 4 Surf Radius Thickness Glass
Diameter Type  OBJ Infinity 733.000 1,148 1 300.000
4.500 Acrylic 53.2 plastic conic 2 14.238 31.817 39.0
plastic asphere  3 98.846 7.000 S-TIB6 34.9 4 -98.846
25.947 33.8  Stop Infinity 9.630 14.0  6 -45.697 4.000
S-TIH10 19.0  7 16.445 9.000 S-BSM25 24.0 8 -43.394
0.050 518376 22.0 aspheric resin  9 -43.394 3.876 22.0
10 121.958 10.000 S-LAL14 32.0  11 -24.741 9.019 32.0
12 Infinity 26.000 BK7 27.0  13 Infinity 3.000 27.0
14 Infinity 3.000 S-FSL5 24.2  16 Infinity 0.440 23.6
Image Infinity 5 Even Polynomial Aspheres Surf k D E F
1 -4,164.177 2 -2.582 6.10971E-05 -1.33460E-07
2.41530E-10  9 2.149 3.05382E-05 6.48692E-08
8.50069E-11  Surf G H 2 -1.94589E-13 9 -8.62105E-13
3.47336E-15  



First Order Properties of Elements:  Element # Surface
#'s EFL  1 1-2 -30.43  2 3-4 61.77  3 6-7 -48.41  4
7-8 89.40  5 10-11 30.24  10 Doublet Properties
Element # Surface #'s EFL  3 4 6-8 -318.9  23 WO
2004/095108 PCT/US2004/003464  TABLE 4 (continued)
Unit EFL Properties Element #'s Surface #'s EFL  1-2
1-4 831.0  3-5 6-11 27.9  5 First Order Data: F/Number
2.4  Magnification 56.33  Object Height 576.0  Object
Distance 796.7  Image Height 10.20  Effective Focal
Length (EFL) 13.34  Barrel Length (BRL) 105.6  Front
Vertex Distance (FVD) 147.3  Entrance Pupil Distance
30.4  Exit Pupil Distance -172.0  Stop Diameter 11.17
Field Angle (semi-diag) 37.0  Back Focal Length (BFL)
31.7  



te/tc for LM 3.9  Performance microns Relative to F/#
Diffraction limit airy disk (DL) 3.20 1.3 Pixel
relative to DL 13.70 5.7  Lateral Color (R - G)1 9.70
4.0  Lateral Color (B - G) 2 6.20 2.6  RMS spot
diameter (G) 3 9.80 4.1  10 1 For all edge points, 620
- 550 nM 2 For all edge points, 460 - 550 nM  3 Less
than for all field points 15 24 WO 2004/095108
PCT/US2004/003464  TABLE 5 Surf Radius Thickness Glass
Diameter Type  OBJ Infinity 867.1 1148.2 1 186.359
4.800 Acrylic 46.0 plastic asphere  2 17.426 20.123
34.0 plastic asphere  3 -16.461 3.000 BK7 24.0 4
-19.715 27.951 27.0  5 32.341 7.500 S-TIH6 15.6  6
-219.816 0.800 20.0 Stop Infinity 10.291 13.6  8
-23.280 2.750 S-TIH53 16.0  9 24.713 9.000 S-PHM53
16.0  10 -24.713 6.909 21.0 11 44.314 0.070 518376
26.0 aspheric resin  12 44.314 6.000 S-LAL14 26.0 13
-44.314 5.417 29.0  14 Infinity 26.000 BK7 30.0  15
Infinity 3.000 30.00  16 Infinity 3.000 S-FSL5 24.0  



17 Infinity 0.440 24.0  Image 5 Even Polynomial
Aspheres Surf k D E F  1 1.180700E-05 -3.117928E-08
5.420886E-11  2 -0.68818 1.087223E-05 -2.704129E-08
-2.194379E-10  11 8.10382 -2.646302E-05 7.474352E-08
-1.381647E-09  Surf G H 1 -4.086549E-14 8.670902E-19
2 1.439643E-12 -4.743224E-15  11 8.442319E-12
-2.525340E-14  10 First Order Properties of Elements:
Element # Surface #'s EFL  1 1-2 -39.31  2 3-4 -280.66
3 5-6 35.22  4 8-9 -21.20  5 9-10 62.94  6 11 - 13
32.55 25 WO 2004/095108 PCT/US2004/003464  TABLE 5
(continued) Doublet Properties Element # Surface #'s
EFL  4 5 8-10 -67.37  5 Unit EFL Properties Element
#'s Surface #'s EFL  1-3 1-6 24.31  4-6 8-13 33.71
First Order Data: F/Number 2.4  



Magnification 56.30  Object Height 576.0  Object
Distance 733.0  Image Height 10.2  Effective Focal
Length (EFL) 13.90  Barrel Length (BRL) 99.1  Front
Vertex Distance (FVD) 137.1  Entrance Pupil Distance
25.3  Exit Pupil Distance 175.6  Stop Diameter 13.7
Field Angle (semi-diag) 36.9  Back Focal Length (BFL)
28.1  to/te for LM 2.3  10 Performance microns
Relative to F/#  Diffraction limit airy disk (DL) 3.2
1.3 Pixel relative to DL 13.5 5.6  Lateral Color (R -
G)1 5.8 2.4  Lateral Color (B - G)2 10.8 4.5  RMS spot
diameter (G) 3 8.8 3.7  1 For all edge points, 620 -
550 nM 15 2 For all edge points, 460 - 550 nM  3 Less
than for all field points 26 WO 2004/095108
PCT/US2004/003464  TABLE 6 5 E:sample E__/f0 BE /f0  1
1.9 7.9  2 2.1 7.6  3 1.9 7.9  4 2.4 7.9  



5 2.0 7.1  27 WO 2004/095108 PCT/US2004/003464  What
is claimed is: 1. A projection lens for forming an
enlarged image of a pixelized panel on a  screen, said
projection lens having a long conjugate side, a short
conjugate side, an  effective focal length fo, and an
f-number F/#, said lens comprising in order from the
long  5 conjugate side to the short conjugate side:
(A) a first lens unit consisting in order from the
long conjugate side to the short  conjugate side of:
(i) a first lens sub-unit having a negative power and
comprising a  negative lens element LM which (a) has a
short conjugate surface  10 which is concave towards
the short conjugate side and (b) comprises at least
one aspheric surface; and  (ii) a second lens
sub-unit; (B) an aperture stop; and (C) a second lens
unit comprising in order from the long conjugate side
to the  15 short conjugate side: (i) a doublet; and
(ii) a positive lens element;  wherein: (a) the first
and second lens units are the only lens units of the
projection lens;  20 (b) the projection lens is
telecentric on the short conjugate side; (c) the
projection lens has a lateral color LC in its short
conjugate focal plane  which in micrometers satisfies
the relationships: LCred-green < 4.5 * F/#, and
LCblue-green < 5.0 * F/#, 25 where the relationships
are satisfied over the full field and the red, green,
and blue  wavelengths are 0.62 micrometers, 0.55
micrometers, and 0.46 micrometers, respectively;  (d)
the projection lens has an RMS spot diameter D,,,,s in
its short conjugate focal plane which in micrometers
satisfies the relationship:  Drnns < 4.5 * F/#, 30
where the relationship is satisfied over the full
field for green light having a wavelength of  



0.55 micrometers; and 28 WO 2004/095108
PCT/US2004/003464  (e) the second lens unit comprises
a layer of a formable material attached to the doublet
or to the positive lens element, said layer having an
external surface which is  aspheric. 2. The projection
lens of Claim 1 where LM is the only optical component
of  5 the first lens sub-unit. 3. The projection lens
of Claim 1 where LM and a negative lens element are
the only optical components of the first lens
sub-unit. 4. The projection lens of Claim 3 where LM
has a center thickness to and an  edge thickness to
which satisfy the relationship: 10 telte <_ 3.0, where
to is determined at the clear aperture of the short
conjugate surface of LM. 5. The projection lens of
Claim 1 where LM has an overall meniscus shape. 6. The
projection lens of Claim 1 where the second lens
sub-unit has only one  optical component. 15 7. The
projection lens of Claim 6 where the one optical
component is a  positive lens element. 8. The
projection lens of Claim 1 where the doublet and the
positive lens  element are the only optical components
of the second lens unit. 9. The projection lens of
Claim 1 where the layer of a formable material is  20
attached to the positive lens element. 10. The
projection lens of Claim 9 where the positive lens
element has a focal  length fp which satisfies the
relationship: fp/fo < 3.0. 11. The projection lens of
Claim 1 where LCred-green and LCblue-green satisfy the
25 relationships: LCred-green < 3.5 * F/#, and
LCblue-green < 4.0 * F/#. 12. The projection lens of
Claim 1 where D,,,,5 satisfies the relationship:  D,,,
< 3.5 * F/#. 30 13. The projection lens of Claim 1
where the lens has a full field of view in the  



direction of the long conjugate which is greater than
70 degrees. 29 WO 2004/095108 PCT/US2004/003464  14.
The projection lens of Claim 1 where the lens has an
effective back focal  length BFL which satisfies the
relationship: BFL/fo > 1.5. 15. The projection lens of
Claim 1 where the lens has a barrel length BRL  5
which satisfies the relationship: BRL/fo < 10. 16. The
projection lens of Claim 1 where the first and second
lens units  together have a total of five optical
components. 17. The projection lens of Claim 1 where
the first and second lens units  10 together have a
total of four optical components. 18. A projection
lens system comprising:  (a) a pixelized panel; and
(b) the projection lens of Claim 1. 19. The projection
lens system of Claim 18 further comprising an
illumination  15 system which comprises a light source
and illumination optics which transfers some of the
light from the light source towards the pixelized
panel and the projection lens. 20. A projection lens
for forming an enlarged image of a pixelized panel on
a  screen, said projection lens having a long
conjugate side, a short conjugate side, an  effective
focal length fo, and an f-number F/#, said lens
comprising in order from the long  20 conjugate side
to the short conjugate side: (A) a first lens unit
consisting in order from the long conjugate side to
the short  conjugate side of: (i) a first lens
sub-unit having a negative power and consisting of- a
first negative lens element of overall meniscus 25
shape which is convex towards the long conjugate side
and  comprises at least one aspheric surface, and
optionally, a second negative lens element; and  (ii)
a second lens sub-unit which consists of a first
positive lens  element; 30 (B) an aperture stop; and 



(C) a second lens unit consisting in order from the
long conjugate side to the  short conjugate side of 30
WO 2004/095108 PCT/US2004/003464  (i) a doublet; and
(ii) a second positive lens element;  wherein: (a) the
first and second lens units are the only lens units of
the projection lens;  5 (b) the projection lens is
telecentric on the short conjugate side; (c) the
projection lens has a lateral color LC in its short
conjugate focal plane  which in micrometers satisfies
the relationships: LCred-green < 3.5 * F/#, and
LCblue-green < 4.0 * F/#, 10 where the relationships
are satisfied over the full field and the red, green,
and blue  wavelengths are 0.62 micrometers, 0.55
micrometers, and 0.46 micrometers, respectively;  (d)
the projection lens has an RMS spot diameter Drms in
its short conjugate focal plane which in micrometers
satisfies the following relationship:  Drms < 3.5 *
F/#, 15 where the relationship is satisfied over the
full field for green light having a wavelength of
0.55 micrometers; (e) the projection lens has a full
field of view in the direction of the long  conjugate
which is greater than 70 degrees; (f) the projection
lens has an effective back focal length BFL which
satisfies  20 the relationship: BFL/fo > 1.5; (g) the
projection lens has a barrel length BRL which
satisfies the relationship:  BRL/fo < 10; and (h) the
second lens unit comprises a layer of a formable
material attached to the  25 second positive lens
element, said layer having an external surface which
is aspheric. 21. The projection lens of Claim 20 where
the second positive lens element has  a focal length
fp which satisfies the relationship: fr/fo < 3.0. 22.
A projection lens system comprising:  



30 (a) a pixelized panel; and (b) the projection lens
of Claim 20. 23. A projection lens for forming an
enlarged image of a pixelized panel on a  31 WO
2004/095108 PCT/US2004/003464  screen, said projection
lens having a long conjugate side, a short conjugate
side, an  effective focal length fo, and an f-number
F/#, said lens comprising in order from the long
conjugate side to the short conjugate side: (A) a
first lens unit consisting in order from the long
conjugate side to the short  5 conjugate side of (i) a
first lens sub-unit having a negative power and
consisting of a first negative lens element which (a)
has a short  conjugate surface which is concave
towards the short  conjugate side and (b) comprises at
least one aspheric 10 surface, and optionally, a
second negative lens element; and  (ii) a second lens
sub-unit which consists of a first positive lens
element; (B) an aperture stop; and 15 (C) a second
lens unit consisting in order from the long conjugate
side to the  short conjugate side of (i) a doublet;
and (ii) a second positive lens element;  wherein: 20
(a) the first and second lens units are the only lens
units of the projection lens;  (b) the projection lens
is telecentric on the short conjugate side; (c) the
projection lens has a lateral color LC in its short
conjugate focal plane  which in micrometers satisfies
the relationships: LCred-green < 4.5 * F/#, and  25
LCblue-green < 5.0 * F/#, where the relationships are
satisfied over the full field and the red, green, and
blue  wavelengths are 0.62 micrometers, 0.55
micrometers, and 0.46 micrometers, respectively;  (d)
the projection lens has an RMS spot diameter D,.117,
in its short conjugate 



focal plane which in micrometers satisfies the
following relationship:  30 D,,,,, < 4.5 * F/#, where
the relationship is satisfied over the full field for
green light having a wavelength of  0.55 micrometers;
32 WO 2004/095108 PCT/US2004/003464  (e) the
projection lens has a full field of view in the
direction of the long  conjugate which is greater than
70 degrees; (f) the projection lens has an effective
back focal length BFL which satisfies  the
relationship: 5 BFL/fo > 1.5; (g) the projection lens
has a barrel length BRL which satisfies the
relationship:  BRL/fo < 10; and (h) the second
positive lens element is composed at least in part of
glass and  comprises an aspheric surface. 10 24. The
projection lens of Claim 23 where the second positive
lens element has  a focal length fp which satisfies
the relationship: fp/fo < 3.0. 25. A projection lens
system comprising:  (a) a pixelized panel; and 15 (b)
the projection lens of Claim 23.  33 


