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(54) Zoom projection lens systems

(57) A zoom projection lens system is provided for
use with a predetermined illumination means, the sys-
tem forming a well-corrected, real image of an object
and having an entrance pupil. The system comprises at
least two lens units each comprising at least one lens
element, the lens units being separated by at least one
axial space and including a lens unit nearest the image
which has a lens element nearest the image, and zoom
means for varying the system's effective focal length
between a maximum and a minimum value by changing
the at least one axial space The system has a Q-value
greater than about 1.0, where the Q-value is defined by:

and where EFLmax is the maximum value of the sys-
tem's effective focal length, Θ is the semi-angular cover-
age in degrees at the system's minimum effective focal
length, CA is the clear aperture of the lens element
nearest the image, f/no is the distance from the object to
the system's entrance pupil divided by the diameter of
the entrance pupils located a finite distance from the
object and f/no is one over two times the numerical
aperture determined by the illumination means for
entrance pupils located an infinite distance from the
object, and L is the number of lens elements in the sys-
tem which have optical power or correct aberrations.

Q = (EFL max * Θ) / (CA * f/no * L)



EP 0 974 859 A2

2

Description

FIELD OF THE INVENTION

[0001] This invention relates to projection lens systems and, in particular, to zoom projection lens systems.

BACKGROUND OF THE INVENTION

[0002] As is well known, projection lens systems are used to form an image of an object on a viewing screen. The
basic structure of a projection lens system is shown in Figure 8, wherein 10 is a light source (e.g., a tungsten-halogen
lamp), 12 is illumination optics which forms an image of the light source (hereinafter referred to as the "output" of the
illumination system), 14 is the object which is to be projected (e.g., a matrix of on and off pixels of a LCD panel), and
13 is a projection lens system which forms an enlarged image of object 14 on viewing screen 16.
[0003] Viewing screen 16 can be viewed from the front or the back depending upon the particular application of the
projection lens system. Also, instead of being viewed, the image can be recorded on a recording medium, e.g., film, in
such applications as a photographic enlarger.
[0004] For many applications, the light source, the illumination optics, and the location and size of the both the object
and image are fixed. For a variety of other applications, however, it is desirable to be able to vary the size and location
of the image. In particular, projection lens systems often need to be used with different size screens or in rooms having
different dimensions. The parameters of this problem are often expressed in terms of providing variable image distance
to image width ratios, which typically run in the range from 7:1 to 1.5:1 (hereinafter the "ID-IW ratio").
[0005] In the past, various approaches have been used to vary the ID-IW ratio. The most basic approach has been
to use a set of interchangeable fixed focal length projection lens systems with a particular member of the set being cho-
sen to match the ID/IW value of a particular room/viewing screen configuration. The disadvantages of this approach
include the facts that only a finite number of ID-IW ratios can be satisfied so that in general the image size is smaller
than the projection screen, the setup time for the system is often significant, and the number of components which must
be transported and stored is large.
[0006] To avoid these problems, zoom projection lens systems have been developed in the art. See, for example, U.S.
Patent No. 3,920,315. These lens systems have followed zoom lens technology developed in the area of "taking" or
"objective" lenses, e.g., camera lenses. Examples of such zoom taking lenses can be found in, for example, E. Beten-
sky, "Zoom Lens Principles and Types", SPIE, Vol. CR41, Warren J. Smith, Editor, 1992.
[0007] The zoom projection lens systems which have followed the taking lens approach have employed a zooming
unit, a compensating unit, a focusing unit which has been either separate from or part of the compensating unit, and a
fixed unit containing an aperture stop. As a result, these zoom projection lens systems have been highly complex con-
taining many lens elements. Also, for low ID/IW values, these design forms would require excessively large diameters
for the lens elements which would significantly increase manufacturing costs.
[0008] Zoom lens objectives have been developed for camera applications which employ a moving physical aperture
stop. Such a stop can be used to minimize both element size and aberration variation during zooming. Reduced aber-
ration variation, in turn, reduces lens complexity. By means of this approach, significant simplification in terms of both
economy of elements and motions of elements has been achieved. See U.S. Patent No. 4,838,669. A related approach
has employed multiple physical stops at different locations in the zoom lens system, with different stops controlling the
aperture and vignetting of the system as zooming takes place. See U.S. Patent No. 4,749,265.
[0009] As discussed in detail below, in accordance with the invention, it has been determined that the moving aperture
stop approach is not suitable for zoom projection lens systems. Specifically, such a stop generally results in a moving
entrance pupil which leads to a variety of problems when used with fixed illumination optics having an output at a fixed
location, the most serious of which is that small ID/IW values cannot be achieved. Although multiple physical aperture
stops can in theory be used to address the moving entrance pupil problem, the result of this approach would be an
unnecessarily complex and expensive zoom projection lens system.
[0010] The problems resulting from a zoom projection lens system having a moving physical aperture stop can be
addressed by using illumination optics having a moveable output location. However, this simply transfers the problem
to the illumination portion of the overall projection system making that portion complex. In addition, illumination systems
having moveable outputs are inefficient in terms of illumination at the viewing screen per unit of energy consumed, i.e.,
higher wattage lamps must be used to achieve the same level of screen illumination.
[0011] Zoom projection lens systems specifically designed for use with LCD panels have been disclosed in Japanese
Patent Publications Nos. 4-172416, 4-83215, and 3-293612. The '416 publication uses the classical approach of a fixed
aperture stop and thus the resulting lens system is highly complex including four units and ten elements. The '215 pub-
lication has a moving aperture stop resulting in a moving entrance pupil which limits its ability to achieve low ID/IW val-
ues. The '612 publication similarly has a moving aperture stop and thus entrance pupil which again limits the range of
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ID/IW values. Moreover, the lens systems of this publication exhibit variations in light level at the screen as the lens is
zoomed.

[0012] Projection systems which employ LCD panels present special problems for a zoom projection lens system. For
example, beam splitting optics are often used with LCD panels so that three colors can be projected using one projec-
tion lens system. For these applications, there needs to be a large space between the object and the first lens element
of the zoom projection lens system.
[0013] The corresponding problem for a taking or objective lens involves creating a large back-focal-length to focal-
length ratio. For wide angle taking lenses, an inverted telephoto design composed of a negative first unit followed by a
positive second unit containing an aperture stop can be used for this purpose. Such lenses, however, always have a
moving exit pupil, or entrance pupil in projection lens terminology. This means that conventional inverted telephoto
zoom lenses cannot be directly applied to the problem of providing a large space between the object and the first ele-
ment of a zoom projection lens system.
[0014] Another problem associated with zoom projection lens systems which are to be used with LCD panels, as well
as in other applications, is that in some cases it is necessary for the entrance pupil to be at infinity or at least at a great
distance from the object, a condition referred to as telecentric. This is either to minimize the angle of the principal ray at
the object, or to minimize the change of magnification for an out of focus condition. To achieve this condition, the aper-
ture stop is usually placed at the back focus position of the rear lens unit. Depending upon the size of the object, and
the distance from the object to the first lens surface, the back focus position could be a considerable distance from the
rear lens unit, thus requiring a large physical size for the lens barrel. In the case of a zoom projection lens system
designed in accordance with prior art approaches, this problem is exacerbated because the moving elements would
have to be on the image side of the aperture stop.
[0015] In view of the foregoing state of the art, it is an object of this invention to provide improved zoom projection lens
systems having an entrance pupil which remains at a substantially fixed location over the zoom range of the system,
and which have one or more and preferably most or all of the following features: 1) the ability to provide a relatively wide
and continuous range of ID/IW values; 2) the ability to provide a relatively wide angular coverage; 3) a relatively low f-
number; 4) a relatively simple overall structure employing a relatively small number of lens elements; 5) a structure
which employs lens elements having relatively small diameters; and 6) a structure which employs a relatively small
number of aspheric surfaces.
[0016] To achieve the foregoing and other objects, the invention employs a process for designing zoom lens systems
not previously used in the art. In the past, designers of zoom lens systems, including projection zoom lens systems,
have uniformly specified that the lens system have one and, in some cases, more than one stop. See the discussion of
zoom lens systems set forth above.
[0017] That is, in doing their computer analysis of candidate lens systems, practitioners in the art have specified a
location for at least one physical aperture stop. In part, this approach has been followed because lens design computer
programs require an aperture stop location as part of the input information provided by the user. This information is
required since lens design computer programs use the aperture stop to take account of the physical limitation that an
optical system can only accept a limited cone of light.
[0018] This physical limitation, in turn, has caused prior designers not to question the need for a physical aperture
stop in their lens designs. Thus, as the discussion of zoom lens systems set forth above shows, these prior designers
have included fixed physical aperture stops, moving physical aperture stops, and multiple physical aperture stops in the
lens systems they have designed. In each case, the inclusion of a physical aperture stop or stops has limited the per-
formance and/or simplicity of the resulting lens system.
[0019] In accordance with the invention, it has been determined that the location of a physical aperture stop or stops
does not need to be specified in designing zoom projection lens systems. Rather, the critical design parameter is the
location of the projection lens system's entrance pupil. To achieve efficient light transmission, the location of this pupil
should be 1) substantially the same as the location of the output of the illumination system with which the projection
lens system is to be used, and 2) its location should not substantially change as zooming takes place. Thus, in accord-
ance with the present invention, it is the location of the zoom projection lens system's entrance pupil which is specified,
not a location of a physical aperture stop.
[0020] With this approach, the zoom projection lens system still has a physical aperture stop, but that aperture stop
is not the "operative" aperture stop which determines the performance of the projection lens system. In particular, as
used herein, the physical aperture stop is defined as that element of the projection lens system which limits the amount
of light which can pass through the system from a Lambertian point source located at the intersection of the system's
optical axis with the object plane, e.g., the plane where, for example, a LCD panel is located in a projection television
application of the invention.
[0021] That is, the physical aperture stop is the lens element which defines the projection lens system's numerical
aperture, where numerical aperture, as is conventional, is the sine of the half-angle of the widest bundle of rays capable
of entering the lens system, multiplied by the index of refraction of the medium containing that bundle of rays, e.g., 1.0
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for a lens system used in air. As zooming takes place, this physical aperture stop will, in general, remain at a fixed loca-
tion. For highly complex zoom projection lens systems containing multiple moving groups, the physical aperture stop
may in some cases jump from one lens element to another element as the magnification of the system changes.

[0022] In addition to a non-operative physical aperture stop, the zoom projection lens systems of the present invention
also have an "operative" aperture stop. By definition, the entrance pupil, exit pupil, and aperture stop of an optical sys-
tem are conjugates of one another so that a principal ray aimed at the center of the entrance pupil will intersect the opti-
cal axis at the location of the aperture stop and then at the location of the exit pupil. Accordingly, specifying the location
of the entrance pupil defines a location for the aperture stop. It is this aperture stop which is the "operative" aperture
stop of the zoom projection lens systems of the present invention. That is, in the present invention, the location of the
lens system's entrance pupil is fixed at the location of the output of the illumination system and the image of that
entrance pupil in lens space is the operative aperture stop.
[0023] The operative aperture stop does not stay at a fixed location as zooming takes place. Rather, as the locations
of the lens units and/or elements making up the zoom projection lens system change during zooming, the location of
the operative aperture changes, even though the location of the entrance pupil remains constant. Indeed, as zooming
takes place, the operative aperture stop moves up to and passes through lens surfaces in a continuous manner.
[0024] The operative aperture stop is in general smaller than the physical aperture stop over the entire zoom range
of the projection lens system. In some cases, however, depending upon the design of the lens system, the operative
aperture stop and the physical aperture can coincide at some point in the zoom range, in which case the two stops may
have the same size.
[0025] It should be noted that because the operative aperture stop is not the physical aperture stop, the zoom projec-
tion lens systems of the present invention are not suitable for use as taking lenses since when used as a taking lens,
the physical aperture stop would be the operative aperture stop which is not how the lens was designed to be used.
That is, the zoom lens systems of the invention are designed to be used with an illumination system having an output
at a specified location and when not used with such an illumination system, e.g., if used as a taking lens, they do not,
in general, produce acceptable images. Indeed, testing of the zoom projection lens systems of the invention needs to
be done with the illumination system with which the lens system is to be used, as opposed to testing the system in a
taking lens format as done with conventional zoom lens systems.
[0026] As mentioned above, optical design computer programs require an aperture stop to take account of the phys-
ical limitation that an optical system can only accept a limited cone of light. It is important to note that zoom projection
lens systems designed and built in accordance with the present invention satisfy this physical limitation even though 1)
the system's physical aperture stop is not its operative aperture stop, and 2) a physical aperture stop is not used in the
design process (see below). Specifically, the illumination system will be designed so as to produce an output at the
entrance pupil of the zoom projection lens system which is approximately equal to the size of that pupil. Accordingly, a
physical aperture stop is not needed since the light entering the projection lens system is self limited.
[0027] The present invention can be practiced with conventional optical design computer programs without repro-
gramming even though those programs require the user to specify the location of the aperture stop. This is done by
means of what will be referred to herein as a "pseudo-aperture stop." That is, a pseudo-aperture stop is specified which
1) is in the object or image space of the zoom projection lens system, and 2) has the same location as the output of the
illumination system. Since the aperture stop and entrance pupil are conjugates and since the pseudo-aperture stop is
in object space where there are no lens elements, this procedure causes the entrance pupil to be at the location of the
output of the illumination system as desired for efficient coupling of light between the illumination system and the zoom
projection lens system.
[0028] Since optical design convention assumes that light travels from the long conjugate of an optical system towards
the short conjugate and since this direction is backwards from the direction used in the foregoing discussion, in the
actual design process, the pseudo-aperture stop will typically be specified in image space and it will be the location of
the lens system's exit pupil which is controlled to achieve the desired efficient coupling of light.
[0029] In view of the foregoing the invention basically provides a zoom projection lens system as set forth in the main
claims, and with further advantageous features as in the subclaims.
[0030] As used herein the term "lens unit" means one or more adjacent lens elements which together perform a par-
ticular optical function, e.g., zooming, compensating, focusing, field flattening, or the like. In most embodiments of the
invention, the lens elements making up a lens unit do not move relative to one another, although in certain embodi-
ments, lens units may have subunits which move during all or a part of zooming or focusing. Similarly, in most embod-
iments of the invention, lens units will move relative to one another, although in some embodiments, two or more units
may remain at fixed locations relative to one another during all or a part of zooming or focusing.

Figures 1 through 7 are schematic side views of zoom projection lens systems constructed in accordance with the
invention. The upper portion of each of these figures shows the zoom projection lens system in its short effective
focal length (EFL) configuration while the lower portion shows it in its long EFL configuration. The locations of the
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operative stop, the physical stop, and the pseudo stop are shown in each of the figures.

Figure 8 is a schematic diagram showing an overall projection system in which the zoom projection lens systems
of the present invention can be used.

[0031] As discussed above, the present invention relates to projection zoom lens systems having entrance pupils
which remain at substantially a fixed location as the system zooms between its minimum magnification (m'min) and its
maximum magnification (m'max).
[0032] In its most simple execution, the lens system includes two lens units with the first unit (object side unit) having
a positive power and the second unit (image side unit) a negative power. Movement of the first unit serves to change
the magnification of the system between m'min and m'max. As is conventional for a zoom lens employing one positive
zooming unit, the range of magnification (m'min to m'max) is centered around -1.0, with m'min being approximately equal
to 1/m'max.
[0033] The second (image side) unit provides compensation for the change of focus position caused by movement of
the first unit and defines the overall focal lengths of the system. Also, the second unit can be used independently for
focusing at different image distances, e.g., different screen distances.
[0034] If desired, additional lens units can be employed in the practice of the invention to allow for telecentric systems,
efficient correction of extended focal length ranges, minimization of lens element size, and minimization of barrel length.
[0035] As discussed above, the key to designing the zoom projection lens systems of the present invention is speci-
fying the location of the system's entrance pupil, but not specifying the location of its physical aperture stop. For con-
ventional lens design computer programs, this is preferably done through the use of a pseudo-aperture stop.
[0036] Specifically, in using the computer program, the aperture stop called for by the program is placed in object
space at the desired location of the zoom projection lens system's entrance pupil. Alternatively, as in the case of a tel-
ecentric zoom projection lens system designed to be used with an illumination system whose output is located a long
distance in front of the object (see Example 7 below), the aperture stop is placed in image space. In either case, before
passing through the aperture stop, the computed path of the light must pass through all lens surfaces (i.e., it must be in
object space or image space as opposed to lens space) so that the aperture stop will be its own conjugate, i.e., so that
the entrance pupil and the aperture stop will coincide. This aperture stop which is placed in object or image space is
the pseudo-aperture stop.
[0037] Typically, the desired location for the entrance pupil and thus of the pseudo-aperture stop will physically be
within the space between the first and last lens surfaces, i.e., the physical location of the pseudo-aperture stop will be
in lens space. To transform this physical location into object or image space, negative spacings between the calculation
surfaces used by the computer program are employed.
[0038] That is, in the case where the pseudo-aperture stop is to be in object space, a computed light path is used
wherein light passes through the pseudo-aperture stop, then goes backwards to the first lens surface (thus the negative
spacing), and then passes through that surface and all the rest of the lens surfaces on its way to the screen. In the case
of a pseudo-aperture stop in image space, the light goes through the lens elements, then goes backwards from the last
lens surface to the pseudo-aperture stop by means of a negative spacing, and then proceeds on to the screen. (As
noted above, in practice, rays are traced from the long conjugate to the short conjugate, i.e., from the screen to the
object, so that the computed light paths just described correspond to reading a standard lens prescription table from
the highest calculation surface to the lowest calculation surface, i.e., from the bottom up in Tables 1-7 below.)
[0039] This pseudo-aperture stop/negative-spacing-between-calculation-surfaces approach is illustrated by the zoom
projection lens systems of Examples 1-7. Tables 1-7 show the surfaces used in the design process. In each case, there
is a calculation surface whose spacing from the preceding surface is negative (i.e., surfaces 16, 18, 18, 16, 18, 20, and
1 in Tables 1-7, respectively). The pseudo-aperture stop is located at this surface in each of these examples.
[0040] A variety of commercially available lens design computer programs can be employed in the practice of the
invention, e.g., the program sold by Optical Research Associates, Pasadena, California, under the trademark CODE V.
Non-commercially available systems, of course, can also be used.
[0041] In accordance with the method aspects of the invention, zoom projection lens systems following the principles
of the invention are produced. Such production is performed using lens fabrication and assembly procedures well
known in the art. The invention, of course, can also be practiced using fabrication and assembly procedures which may
be developed in the future. General discussions of applicable manufacturing techniques can be found in, for example,
The Handbook of Plastic Optics, 2nd edition, U.S. Precision Lens Inc., Cincinnati, Ohio, 1983, and Horne, Douglas F.,
Optical Production Technology, 2nd ed., Adam Hilger, Ltd., Bristol, 1983, the relevant portions of which are incorporated
herein by reference.
[0042] Without intending to limit it in any manner, the present invention will be more fully described by the following
Examples 1-7. Figures 1-7 and Tables 1-7 correspond to these examples. The glasses and plastics referred to in Tables
1-7 are set forth in Table 8, where the glass names are the SCHOTT designations and the abbreviation "polysty" has
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been used for polystyrene. Equivalent glasses made by other manufacturers can be used in the practice of the inven-
tion. The aspheric coefficients set forth in the tables are for use in the following equation:

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.
[0043] The abbreviations used in the tables are as follows: SN - surface number; CLR. AP. - clear aperture; EFL -
effective focal length; and ZP - zoom position. All dimensions given in the tables are in millimeters.
[0044] Table 9 shows the location (Dist.) and diameter (Dia.) of the physical aperture stop (by surface number S), the
operative aperture stop (by surface number S and distance (Dist.) towards the object from that surface), and the
entrance pupil at the minimum (position 1) and maximum (position 2) system focal lengths for each of these examples.
As shown in this table, the entrance pupil and the physical aperture stop remain at a substantially fixed location during
zooming, while the operative aperture stop moves as zooming takes place.
[0045] Table 9 also sets forth Q-values for the lens systems of Examples 1-7 where the Q-value is defined by:

and where EFLmax is the maximum value of the system's effective focal length, Θ is the semi-angular coverage in

degrees at the system's minimum effective focal length, CA is the clear aperture of the lens element nearest the image,
f/no is the distance from the object to the system's entrance pupil divided by the diameter of the entrance pupil for
entrance pupils located a finite distance from the object and f/no is one over two times the numerical aperture deter-
mined by the illumination means for entrance pupils located an infinite distance from the object, and L is the number of
lens elements in the system which have optical power or correct aberrations.

[0046] The higher the Q-value the more effective is the lens system. This value takes into account the lens system's
zoom range (a performance factor), the angular coverage (another performance factor), the relative aperture (a further
performance factor), the lens elements' diameters (a cost factor), and the number of lens elements (another cost factor).
As shown in Table 9, the zoom projection lens systems of the invention achieve Q-values above 1.0 and in many cases,
above 1.5. These values indicate that the systems have a combination of relatively high performance and relatively low
cost.

Example 1

[0047] This example illustrates a zoom projection lens system constructed in accordance with the invention having
two lens units. The lens elements making up the two units remain at fixed locations relative to one another as the zoom-
ing takes place. That is, the zooming involves only relative movement between the two lens units.
[0048] The first (object) lens unit has positive optical power and serves to form a virtual image of the object at mag-
nifications of -1.4 (short focal length) to -0.7 (long focal length). The operative aperture stop lies within this unit at the
short focal length position, and moves through this unit to a position coincident with the entrance pupil (and the pseudo-
aperture stop) as the focal length increases to its maximum value.
[0049] To achieve color correction, the first lens unit includes a negative element which as shown in Figure 1 is located
between two positive lens elements. If color correction is not required, the first unit can be further simplified by elimina-
tion of the negative element. In such a case, depending upon the application, the remaining two positive lens elements
can be combined to produce a first lens unit having only a single lens element.
[0050] The second (image) lens unit has negative optical power and remains fixed between the two focal length
extremes. It is used as a compensator for intermediate focal lengths and can also be used for a focus adjustment for
various distances to the image.
[0051] The lens system of this example is constructed of acrylic plastic, each element having at least one aspherical
surface, and dense flint glass elements, each having only spherical surfaces. For the prescription of Table 1, the system
has an f-number of 6 and a total angular coverage of 52 degrees.

Example 2

[0052] The zoom projection lens system of this example is similar to that of Example 1 and has an f-number of 6.6
and a total angular coverage of 52 degrees. An additional acrylic lens element is employed nearest the object. The

z = cy 2

1 + [1 - (1 + k)c 2y 2] 1/2
------------------------------------------------------------- + ADy 4 + AEy 6 + AFy 8 + AGy 10 + AHy 12 + AIy 14

Q = (EFL max * Θ) / (CA * f/no * L)
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operative aperture stop as defined above varies during zooming from the image side of the positive (first) unit to the
object side as the focal length is increased.

Example 3

[0053] This example is similar to Examples 1 and 2 above, except that the positive (first) unit uses optical glass for a
positive element in addition to the flint glass for the negative element. To provide aberration correction a weak single
element of plastic having an aspherical surface is placed nearest the object. The operative aperture stop moves in a
similar manner to that of Examples 1 and 2. The f-number for this example is 4.7 and the total angular coverage is 52
degrees.

Example 4

[0054] This example is a similar to the examples above. It illustrates the practice of the invention with only plastic ele-
ments. The positive (first) unit has a three element, positive, negative, positive construction. The negative (second) unit
is in inverted order from the preceding examples. The f-number for the system is 4.7 and the total angular coverage is
52 degrees.

Example 5

[0055] This example is similar to Example 3 above, except that the total angular coverage is 64.5 degrees, rather than
52 degrees as in Example 3. Four aspherical plastic surfaces are used to correct aberrations, and the system achieves
an f-number of 4.5.

Example 6

[0056] The zoom projection lens system of this example employs three lens units, namely, a first (object end) positive
zooming unit, a second negative zooming unit, and a third (image end) positive unit which remains fixed during zooming
and focusing. The first unit has a reverse telephoto construction for light traveling form right to left in Figure 6. The f-
number for the system is 4.5 and the total angular coverage is 35 degrees.

Example 7

[0057] The zoom projection lens system of this example has a distance entrance pupil. The unit nearest the object
has positive power and remains fixed in location. Different lens configurations can be placed on the image side. The
example shows a positive singlet followed by a negative doublet and another positive singlet, all three units moving for
change of focal length. The location of the operative aperture stop as defined above varies between the two sides of
the negative unit during zooming. The unit nearest the object is fixed because any motion would cause it to be larger in
diameter, or violate the space required between the lens system and the object. Because this unit has the largest ele-
ments, it is the most expensive to manufacture. By using interchangeable zooming units, more than one focal length
range can be realized without having to duplicate the expensive unit nearest the object. The f-number for the embodi-
ment of Table 7 is 6.3 and the total angular coverage is 42 degrees.
[0058] 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. The following claims are intended to cover the specific embodi-
ments set forth herein as well as such modifications, variations, and equivalents.
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Claims

1. A zoom projection lens system for use with a predetermined illumination means, said system forming a well-cor-
rected, real image of an object and having an entrance pupil, said system comprising:

TABLE 8

MATERIAL Ne Ve

1 POLYSTY 1.594948 30.7

2 ACRYLIC 1.493538 57.3

3 SF10 1.734298 28.2

4 K5 1.524582 59.2

5 SF56 1.791794 25.9

6 SF1 1.723102 29.3

7 SF10 1.734298 28.2

8 SK18 1.641284 55.2

9 SF14 1.768587 26.3

10 LF5 1.584815 40.6

11 BK7 1.518720 64.0

12 SF6 1.812647 25.2

13 FK5 1.489142 70.2

TABLE 9

Ex. No. Q Pos. Physical Stop Operative Stop Entrance Pupil

S Dia. S Dist. Dia. Dist. Dia.

1 1.5 1 12 47.4 8 13.4 35.0 275 46

2 12 47.4 13 11.8 46.0 275 46

2 1.2 1 15 77.0 9 1.4 29.3 325 50

2 15 77.0 15 2.3 49.4 325 50

3 1.4 1 9 99.3 8 16.8 41.9 275 58

2 9 99.3 14 9.2 58.9 275 58

4 1.5 1 9 96.4 8 5.8 41.8 275 58

2 9 96.4 13 .0 58.9 275 58

5 1.6 1 8 121.4 9 24.3 77.6 500 112

2 8 121.4 15 31.5 111.9 500 112

6 1.7 1 13 164.6 11 180.6 114.0 490 110

2 13 164.6 18 14.0 109.8 490 110

7 1.5 1 8 61.8 6 85.1 26.2 infinite

2 8 61.8 3 19.2 37.5 infinite
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(a) at least two lens units each comprising at least one lens element, said at least two lens units being sepa-
rated by at least one axial space and including a lens unit nearest the image which has a lens element nearest
the image; and

(b) zoom means for varying the system's effective focal length between a maximum and a minimum value by
changing the at least one axial space;
wherein the system has a Q-value greater than about 1.0, where the Q-value is defined by:

and where EFLmax is the maximum value of the system's effective focal length, Θ is the semi-angular coverage
in degrees at the system's minimum effective focal length, CA is the clear aperture of the lens element nearest
the image, f/no is the distance from the object to the system's entrance pupil divided by the diameter of the
entrance pupils located a finite distance from the object and f/no is one over two times the numerical aperture
determined by the illumination means for entrance pupils located an infinite distance from the object, and L is
the number of lens elements in the system which have optical power or correct aberrations.

2. The zoom projection lens system of claim 1, wherein the Q-value is greater than about 1.5

3. The zoom projection lens system of claim 1 or 2, wherein the at least two units comprise from the object side, a
positive zooming unit and a negative compensating unit, or a first unit which is positive, a second zooming unit
which is negative, and a third unit which is positive, or which comprises a positive lens element and a negative lens
element, said third unit optionally being fixed during zooming.

4. The zoom projection lens system of claim 3, wherein

(a) the negative compensating unit comprises two negative lens elements and one positive lens element, or
(b) the negative compensating unit comprises one positive element and the positive zooming unit comprises
one negative element, and/or
(c) the positive zooming unit comprises two positive lens elements and one negative lens element.

5. The zoom projection lens system of claim 1 or 2, wherein the at least two lens units comprise from the object side,
a first fixed unit which is positive, a second unit which is positive, a third zooming unit which is negative, and a fourth
unit which is positive.

6. The zoom projection lens system of claim 5, wherein the second and fourth units are each composed of a single
positive lens element, and/or wherein the third zooming unit comprises a positive lens element and a negative lens
element.

7. The zoom projection lens system of claim 1 or 2, including at least one aspheric surface.

8. The zoom projection lens system of claim 1 or 2, including at least one lens element formed of a polymeric material.

Q = (EFL max * Θ)/ (CA * f/no * L)
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