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(57) ABSTRACT

A projection optical unit has two lens groups. A first pro-
jection optical unit disposed closest to an image display
element, temporarily forms a first enlarged image (magni-
fication: M1) at the image display element side, rather than
at a second projection optical unit. The first enlarged image
is subsequently projected in an enlarged form (magnifica-
tion: M2, wherein M2>M1) onto a screen via the second
projection optical unit. A field lens group having positive
refractive power is disposed between the first projection
optical unit and the second projection optical unit. Conse-
quently, the relationship between F2, which is the F-value of
the second projection optical unit, and F1, which is the
F-value of the first projection optical unit, becomes F2=F1/
M1, whereby it is possible to realize very-wide-angle imag-
ing at a field angle exceeding 90 degrees.

9 Claims, 51 Drawing Sheets
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PROJECTION OPTICAL UNIT AND
PROJECTION IMAGE DISPLAY APPARATUS

CLAIM OF PRIORITY

The present application claims priority from Japanese
application serial no. JP2003-398395, filed on Nov. 28,
2003, the content of which is hereby incorporated by refer-
ence into this application.

BACKGROUND OF THE INVENTION

The present invention relates to a projection image dis-
play apparatus that displays images by projecting them onto
the front of a screen or from the rear of the screen. The
invention also relates to a projection optical unit used for
such a display apparatus.

An image display apparatus that uses a projection optical
unit to provide an enlarged on-screen projection of the
images displayed by an image display element is required to
obtain large enough an enlarged image on the screen, while
at the same time, shortening the projection distance. A
projection optical unit is known that is adapted to implement
the above by projecting an image in enlarged form from an
oblique direction with respect to a screen, as described in,
for example, Japanese Patent Laid-Open No. Hei 5-134213
(Patent document 1), 2000-162544 (Patent document 2),
2002-357768 (Patent document 3).

SUMMARY OF THE INVENTION

The projection of an image from an oblique direction with
respect to a screen causes so-called trapezoidal distortion of
the image projected. In order to solve this problem, accord-
ing to foregoing Patent document 1, such trapezoidal dis-
tortion is suppressed using an eccentric afocal converter
disposed at the screen side. The afocal converter disclosed in
Patent document 1 is low in magnification, and thus, wide-
angle imaging is difficult to achieve. Also, in the projection
optical unit described in Patent document 2, it is difficult to
achieve such wide-angle imaging that allows sufficient
reduction in the thickness of a rear-projection color image
display apparatus. There is yet another problem in that since
each of the lenses used needs to be independently decen-
tered, the projection optical unit is difficult to manufacture.
Additionally, the projection optical unit described in Patent
document 3 includes a first refractive lens system that has
positive power, a second refractive lens system that has
negative power, and an optical path folding mirror. Since at
least two lenses in the second refractive lens system that has
negative power are decentered with a difference in rotational
symmetry, there is the manufacturing-related problem in
which position accuracy of each lens is difficult to achieve.

Furthermore, in each of the above conventional technolo-
gies, design has focused only on the projection optical unit
and the optimal design has not been conducted for the entire
system that includes illumination optics.

Problems with the projection optical unit used for the
conventional color image display apparatus employing a
transmission-type liquid-crystal panel as an image display
element, include as described above, in addition to the
difficulty in achieving wider-angle imaging required for a
more compact design of the set, the difficulties in obtaining
higher focusing performance to respond to the improvement
of the panel in resolution, and in enhancing magnifications
to cope with the downsizing of the panel and the color image
display apparatus.
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However, when a reflection-type liquid-crystal panel is
used as an image display element, a high numerical aperture
can be realized since pixel electrodes can be arranged on the
reverse side of the liquid-crystal layer. Compared with the
transmission-type liquid-crystal panel, therefore, the reflec-
tion-type liquid-crystal panel has the following features:

(1) Given the same resolution, the panel can be made one
size smaller;

(2) Given the same panel size, a larger number of pixels
can be obtained (resolution enhancement).

For these reasons, the projection lens device used for the
color image display apparatus employing the reflection-type
liquid-crystal panel is required to be further improved in
terms of focusing performance and magnification, compared
with the display scheme using the transmission-type liquid-
crystal panel. Furthermore, in the optics of the image display
apparatus employing the reflection-type liquid-crystal panel,
even longer back-focusing is required since, in addition to a
color synthesizing prism, large air spacing exists between
the image display element and the projection lens device.

Additionally, for the projection color image display appa-
ratus mentioned above, great amounts of development
investment have been required for the design and develop-
ment of a new projection optical unit in order to match the
effective screen size of the panel to be used.

In this way, to realize more compact dimensions of a
rear-projection color image display apparatus, a projection
optical unit is required that ensures wider-angle imaging,
higher focusing performance, higher magnifications, and
longer back-focusing. It is also desirable that even when a
panel different in effective screen size and in scheme is used,
the amount of development investment should be minimized
by partially modifying standard components without rede-
signing and redeveloping all illumination optics or the
projection optical unit.

The present invention was made in view of the problems
and situations mentioned above, and an object of the inven-
tion is to provide a technology that allows a more compact
set to be obtained.

In order to attain the above object, the present invention
takes a configuration in which, between an optical path
ranging from an image display device to a screen, are
arranged a first projection optical unit having positive
refracting power for forming a first enlarged image, and a
second projection optical unit having positive refracting
power, positioned at the screen side of the first lens group
and for forming a second enlarged image on the screen by
further enlarging the first enlarged image obtained by the
first projection optical unit, wherein the first enlarged image
is formed closer to the image display element than to the
second projection optical unit. The screen may include a
Fresnel screen.

Also, a field lens group having positive refracting power
is arranged between the first projection optical unit and the
second projection optical unit, wherein a magnification M1
of the first enlarged image is made smaller than a magnifi-
cation M2 of the second enlarged image. Preferably, the first
projection optical unit is designed so as to match an F-value
of illumination optics telecentrically at the image display
element side.

Since the first enlarged image obtained by the first pro-
jection optical unit is formed closer to the image display
element than to the second projection optical unit, F2
(divergence angle of light rays) that is the F-value of the
second lens group equals a value obtained by dividing F1,
the F-value of the first lens group, by the magnification M1
of the first enlarged image. That is to say, F2=F1/M1. This
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makes it possible to increase F2 of the second projection
optical unit, thus providing an advantage in implementing
very-wide-angle imaging at a field angle exceeding 90
degrees.

Besides, the first enlarged image formed by the first
projection optical unit is formed near the above-mentioned
field lens group. Formation of the image at the first projec-
tion optical unit side, for example, does not affect the
on-screen enlarged image, even if dirt sticks to the field lens
group.

Methods for realizing a compact design of the projection
image display apparatus itself include the following:

(1) Optical path folding means is provided between the
above-mentioned second projection optical unit and the field
lens group. More specifically, a prism may be used as the
technical means for folding an optical path. Use of a fold
mirror allows realization of a more compact design with a
suppressed increase in cost.

(2) Optical path folding means is further provided
between the lens elements that constitute the first projection
optical unit.

(3) Additionally, optical path folding means is provided
between the lens elements that constitute the second pro-
jection optical unit.

Also, second methods for making more compact the
projection color image display apparatus itself include the
following:

(4) For a projection optical unit arrangement with two
lens groups, the above-mentioned first projection optical
unit and second projection optical unit are arranged so that
the respective optical axes deviate. In other words, a further
compact design can be achieved by disposing the second
projection optical unit in a shifted position with respect to a
first enlarged image and obtaining an on-screen enlarged
image via a fold mirror.

(5) For another projection optical unit arrangement with
two lens groups, the above-mentioned first projection optical
unit is disposed so as to be approximately parallel to a
horizontal direction of a screen. Furthermore, optical path
folding means is provided between the first projection
optical unit and the second projection optical unit, and the
second projection optical unit is disposed so as to be
approximately vertical to the horizontal direction of the
screen (i.e., the first projection optical unit and the second
projection optical unit are arranged so that the respective
optical axes are orthogonal to each other). Thus, a further
compact design can be achieved by obtaining an on-screen
enlarged image via a fold mirror.

A projection image display apparatus of a short projection
distance is valid since the apparatus is not restricted by its
installation location when used for discussion in a small
room. Also, the apparatus, when used as a rear-projection
image display apparatus, is particularly valid for reduction
in the thickness of the entire apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a configuration diagram of a projection optical
unit according to the present invention;

FIG. 2 is a diagram showing the deviation of pupils due
to an angle difference;

FIG. 3 is a configuration diagram of Embodiment 1 of a
first projection optical unit according to the present inven-
tion;

FIG. 4 is a diagram showing the aberration of white light
rays in Embodiment 1 of the first projection optical unit
according to the present invention;
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FIG. 5 is a diagram showing the aberration of red light
rays in Embodiment 1 of the first projection optical unit
according to the present invention;

FIG. 6 is a diagram showing the aberration of green light
rays in Embodiment 1 of the first projection optical unit
according to the present invention;

FIG. 7 is a diagram showing the aberration of blue light
rays in Embodiment 1 of the first projection optical unit
according to the present invention;

FIG. 8 is a diagram showing the astigmatism and distor-
tion occurring in Embodiment 1 of the first projection
optical unit according to the present invention;

FIG. 9 is a spot diagram of white light rays in Embodi-
ment 1 of the first projection optical unit according to the
present invention;

FIG. 10 is a spot diagram of red light rays in Embodiment
1 of the first projection optical unit according to the present
invention;

FIG. 11 is a spot diagram of green light rays in Embodi-
ment 1 of the first projection optical unit according to the
present invention;

FIG. 12 is a spot diagram of blue light rays in Embodi-
ment 1 of the first projection optical unit according to the
present invention;

FIG. 13 is a configuration diagram of Embodiment 2 of a
first projection optical unit according to the present inven-
tion;

FIG. 14 is a diagram showing the aberration of white light
rays in Embodiment 2 of the first projection optical unit
according to the present invention;

FIG. 15 is a diagram showing the aberration of red light
rays in Embodiment 2 of the first projection optical unit
according to the present invention;

FIG. 16 is a diagram showing the aberration of green light
rays in Embodiment 2 of the first projection optical unit
according to the present invention;

FIG. 17 is a diagram showing the aberration of blue light
rays in Embodiment 2 of the first projection optical unit
according to the present invention;

FIG. 18 is a diagram showing the astigmatism and dis-
tortion occurring in Embodiment 2 of the first projection
optical unit according to the present invention;

FIG. 19 is a spot diagram of white light rays in Embodi-
ment 2 of the first projection optical unit according to the
present invention;

FIG. 20 is a spot diagram of red light rays in Embodiment
2 of the first projection optical unit according to the present
invention;

FIG. 21 is a spot diagram of green light rays in Embodi-
ment 2 of the first projection optical unit according to the
present invention;

FIG. 22 is a spot diagram of blue light rays in Embodi-
ment 2 of the first projection optical unit according to the
present invention;

FIG. 23 is a configuration diagram of Embodiment 3 of a
first projection optical unit according to the present inven-
tion;

FIG. 24 is a diagram showing the aberration of white light
rays in Embodiment 3 of the first projection optical unit
according to the present invention;

FIG. 25 is a diagram showing the aberration of red light
rays in Embodiment 3 of the first projection optical unit
according to the present invention;

FIG. 26 is a diagram showing the aberration of green light
rays in Embodiment 3 of the first projection optical unit
according to the present invention;
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FIG. 27 is a diagram showing the aberration of blue light
rays in Embodiment 3 of the first projection optical unit
according to the present invention;

FIG. 28 is a diagram showing the astigmatism and dis-
tortion occurring in Embodiment 3 of the first projection
optical unit according to the present invention;

FIG. 29 is a spot diagram of white light rays in Embodi-
ment 3 of the first projection optical unit according to the
present invention;

FIG. 30 is a spot diagram of red light rays in Embodiment
3 of the first projection optical unit according to the present
invention;

FIG. 31 is a spot diagram of green light rays in Embodi-
ment 3 of the first projection optical unit according to the
present invention;

FIG. 32 is a spot diagram of blue light rays in Embodi-
ment 3 of the first projection optical unit according to the
present invention;

FIG. 33 is a configuration diagram of Embodiment 1 of a
second projection optical unit according to the present
invention;

FIG. 34 is a configuration diagram of Embodiment 2 of a
second projection optical unit according to the present
invention;

FIG. 35 is a configuration diagram of Embodiment 3 of a
second projection optical unit according to the present
invention;

FIG. 36 is a configuration diagram of Embodiment 4 of a
second projection optical unit according to the present
invention;

FIG. 37 is a configuration diagram of Embodiment 5 of a
second projection optical unit according to the present
invention;

FIG. 38 is a configuration diagram of Embodiment 6 of a
second projection optical unit according to the present
invention;

FIG. 39 is a configuration diagram of Embodiment 7 of a
second projection optical unit according to the present
invention;

FIG. 40 is a configuration diagram of Embodiment 8 of a
second projection optical unit according to the present
invention;

FIG. 41 is a configuration diagram of Embodiment 9 of a
second projection optical unit according to the present
invention;

FIG. 42 is a configuration diagram of Embodiment 10 of
a second projection optical unit according to the present
invention;

FIG. 43 is a configuration diagram of an optical system
having a first projection optical unit and a second projection
optical unit combined according to the present invention;

FIG. 44 is an explanatory diagram of object points;

FIG. 45 is a diagram showing the aberration of white light
rays in an optical system having a first projection optical unit
and a second projection optical unit combined according to
the present invention;

FIG. 46 is a diagram showing the aberration of red light
rays in the optical system having a first projection optical
unit and a second projection optical unit combined accord-
ing to the present invention;

FIG. 47 is a diagram showing the aberration of green light
rays in the optical system having a first projection optical
unit and a second projection optical unit combined accord-
ing to the present invention;
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FIG. 48 is a diagram showing the aberration of blue light
rays in the optical system having a first projection optical
unit and a second projection optical unit combined accord-
ing to the present invention;

FIG. 49 is an explanatory diagram of distortion in an
optical system having a first projection optical unit and a
second projection optical unit combined according to the
present invention;

FIG. 50 is a diagram that gives a supplementary descrip-
tion of distortion in the optical system having a first pro-
jection optical unit and a second projection optical unit
combined according to the present invention;

FIG. 51 is a diagram that explains the measurement of
distortion in the optical system having a first projection
optical unit and a second projection optical unit combined
according to the present invention;

FIG. 52 is a spot diagram of white light rays in the optical
system having a first projection optical unit and a second
projection optical unit combined according to the present
invention;

FIG. 53 is a spot diagram of red light rays in the optical
system having a first projection optical unit and a second
projection optical unit combined according to the present
invention;

FIG. 54 is a spot diagram of green light rays in the optical
system having a first projection optical unit and a second
projection optical unit combined according to the present
invention;

FIG. 55 is a spot diagram of blue light rays in the optical
system having a first projection optical unit and a second
projection optical unit combined according to the present
invention; and

FIG. 56 is a configuration diagram of an illumination
system of a projection image display apparatus which uses
projection optical units of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

First, the configuration of an illumination system of a
projection image display apparatus which uses projection
optical units according to the present invention is described
below using FIG. 56. In FIG. 56, a discharge lamp for
emitting white light, such as a high-pressure mercury lamp,
is used as a light source 11. The white light that is the natural
light emitted from the light source 11 is reflected by a
reflector 12 and then passed through a first multi-lens 131
and a second multi-lens 132, wherein the multi-lenses both
serve as an integrator. After that, the light has its polarized
state adjusted by a polarization transducer 14. The white
light is separated into red light, green light, and blue light,
by a color separating element constituted by dichroic mirrors
160 and 161. The luminous fluxes thus separated into red,
green, and blue, are irradiated onto image display elements
171, 172, and 173 for the respective colors, via a just-in-
focus lens 150, condenser lenses 151 and 152, and relay
lenses 153, 154, and 155. A cross prism 19 conducts color
syntheses on the fluxes emitted from the image display
elements 171, 172, and 173 for red, green, and blue, and
color-synthesized light is made to enter a projection lens.

The optical paths of each color fluxes are turned back by
mirrors 162, 163, 164 and directed to the cross prism 19. A
good efficiency of light usage can be obtained when the
green light is color-synthesized as P-type polarized state and
the red and blue light are color-synthesized as S-type polar-
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ized state. Therefore, the cross prism 19 provides 4 wave-
length plate 182, 183 which polarize the red and blue light
as S-type polarized state.

Next, the basic configuration and functions of a projection
optical unit according to the present invention are described
below using FIG. 1. In the present invention, the projection
optical unit for providing an enlarged projection of the
images displayed by image display elements is divided into
two lens groups. One of the lens groups constitutes a first
projection optical unit that forms a first enlarged image, and
the other lens group constitutes a second projection optical
unit that forms a second enlarged image by further enlarging
the first enlarged image, the second projection optical unit
having positive refractive power.

Since one projection optical unit, as shown in dashed line
in FIG. 1, is divided into the first projection optical unit and
the second projection optical unit, although the total number
of lenses increases, a distance between the secondary pro-
jection lens group and the first enlarged image can be
reduced. Accordingly, even when the second projection
optical unit is formed to take a wider-angle imaging scheme,
size extension of the second projection optical unit can be
prevented.

Problems associated with coupling the first projection
optical unit and the second projection optical unit, are
described below using FIG. 2. Although more specific data
of the entire projection optical unit is described later herein,
the first projection optical unit has a magnification of 3x in
Embodiment 1 and the second projection optical unit has a
magnification of 27x in Embodiment 1. If an F-value of the
incident luminous flux irradiated from illumination optics
onto the first projection optical unit is taken as F2.67, an
F-value of the luminous flux emitted from the first projection
optical unit becomes F8. This means that the flux that has
entered the first projection optical unit at a cone angle of
+/-10.6 degrees becomes a flux with a cone angle of +/-3.6
degrees after exiting the first projection optical unit. As the
angle of the flux diminishes, the amount of flux is deterio-
rated more significantly by a shift in pupil position between
the first projection optical unit and the second projection
optical unit. Originally, the shift in pupil position varies
pupil diameters. However, positions of the pupils have been
fixed and then the pupils have been moved according to the
particular difference in angle in order to estimate substantial
amounts of overlapping and/or shifting of the pupils.

Referring to FIG. 2, the pupil diameter of the first pro-
jection optical unit is taken as circle 1, and the pupil
diameter of the second projection optical unit, as circle 2.
Circle 1 is represented by numerical equation 1, and circle
2, by numerical equation 2.

RiyP=p?

[Numerical equation 1]

Pa(y-d7 =

[Numerical equation 2]

An area of overlapping between circles 1 and 2 can be
obtained by integrating, in a range of a crossing point (taken
as x,,) of the two circles, a differential area between an upper
half of the circle 1 represented by numerical equation 3, and
a lower half of the circle 2 represented by numerical
equation 4.

Y757

[Numerical equation 3]

y=d-y(r*~x7)

[Numerical equation 4]

An equation of the integration can be derived from
numerical equation 5 shown below, and thus, a ratio with
respect to the area of S,—mr? obtained when the pupils match
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can be determined. The crossing point x0 of the two circles
can be calculated from numerical equation 6.

[Numerical equation 5]

S= f{xx/_(rz —-xh) - [6 - \/_(r2 —xz)]}dx
= [x\/_(r2 - x2) + rzsin(x/r) - 6x]

= Z[XO\/_(rz - x%) + r2sin(xg /r) — 6x0]

Xo=x/(r*-6%/4)

For instance, if 6/r=0.1, then S/S0=93.6%, and if 6/r=0.2,
then S/S0=87.3%.

It follows that for F8, tan 0=1/(2F)=0.0625, and for an
angle difference of 0.1 degree, tan 6=0.00175. In this case,
8/r=0.00175/0.0625=0.028 was obtained, which means that
S/S0=98.2%.

For an angle difference of 0.2 degrees, tan 6=0.00349 can
be obtained by calculation similar to the above. In that case,
8/r=0.00349/0.0625=0.056 was obtained, which means that
S/80=96.4%. For 1 degree, 8/r=0.279 was obtained, which
means that S/S0=82.3%. It can be seen from these results
that at the first enlarged image side, an angle difference
reduces the amount of light more significantly as an F-value
is increased in comparison with that obtained at the image
display element side.

Hereinafter, embodiments of a first projection optical unit
and a second projection optical unit according to the present
invention are described using more specific lens data.

First, embodiments of a first projection optical unit, based
oh more specific lens data, are described below.

[Embodiment 1-1]
Embodiment 1 of a first projection optical unit is
described using FIGS. 3 to 12 and Table 1.

[Numerical equation 6]

TABLE 1
Radius of Intersurface
Surface No. Curvature Distance Glass Material
Object surface @ 6.528
1 @ 31.342 BSC7_HOYA
2 @ 7.33
3 190.8 6.1 TAF3_HOYA
4 -55.5 0.2
5 67.059 3.29 TAF3_HOYA
6 382.4 0.2
7 34.8 3.61 TAF3_HOYA
8 60.172 9.7
9 -268.57 1 EFD8_HOYA
10 42.27 8.3
11 -439.45 0.8 EFD8__HOYA
12 17.976 3.02 FCD1_HOYA
13 -40 0.2
14(Aperture stop 21.115 3.85 BACD18_HOYA
surface)
15 84.8 14.14
16 50.616 6.92 EFD4_HOYA
17 25.943 9.39
18 -11.008 1.8 FCD1_HOYA
19 605.74 7.86
20 -72.6 14.58 TAF3_HOYA
21 -28.1 0.2
22 65.31 14.71 TAF3_HOYA
23 264.92 34.82
24 -31.65 5.11 PMMA
25 -31.113 5
1st enlarged @ 0

image surface
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Surface No. K A B C D E
24 0 2.6583E-05 -7.3374E-08 1.4933E-10 -1.3814E-13 5.4234E-17
25 0 3.7074E-05 -1.1429E-07 2.2442E-10 -2.0717E-13  8.0805E-17

FIG. 3 is a configuration diagram and spot diagram of a

first projection optical unit. This figure indicates the way the 10

luminous flux irradiated from an image display element in a
telecentric state converges telecentrically at a first enlarged
image side.

Table 1 lists lens data, with an object surface 0, No. 1 to

optimum position independently. The above spot diagrams
represent the spots at the particular optimum position.

[Embodiment 1-2]

Embodiment 2 of a first projection optical unit is
described below using FIGS. 13 to 22 and Table 2.

No. 25 surfaces, and an image surface being listed in that 13
order as surface numbers. A radius of curvature takes a TABLE 2
positive value when a center of the curvature is present at the
right of an optical axis, and takes a negative value in a Radius of  Intersurface
reverse case. An intersurface distance is a distance from a Surface No. Curvature Distance  Glass Material
lens surface to next lens surface, on the optical axis. 20 Object Surface o 6.598
The No. 24 and No. 25 surfaces are aspheric surfaces (Panel surface)
expressed by the following aspherical equation, and values 1 w 31.342  BSC7_HOYA
of the respective aspherical coefficients are listed in the 2 “ 7.33
3 176.2237 6.1 TAF3_HOYA
table: 5 4 -46.36 0.2
=21+ 5 36.3345 399  TAF3_HOYA
JA=-(+KY A+ A B + BB+ CHE+ DB O+ E-n 2 6 106.5 0.2
7 58.895 282  TAF3_HOYA
FIGS. 4 to 7 are diagrams showing how aberration occurs 8 65.436 6.87
in Embodiment 1. FIG. 4 is an aberration diagram of the 9 -79.8273 1 EFD8_HOYA
white light rays formed by synthesizing the rays having 3o 10 297.8 9.88
wavelengths of 650 nm, 550 nm, and 450 nm, wherein 1 -102.38 0.8 EFD8_HOYA
chromatic aberration is also shown so as to be understand- g _5'3?36 3'22 FCDL_HOYA
able at the same time. FIG. 5 is an aberration diagram of red l4(Aperture stop  18.6502 385  BACDIS HOYA
light rays at the wavelength of 650 nm, FIG. 6 an aberration surface)
diagram of green light rays at the wavelength of 550 nm, and 35 15 31.1066 17.97
FIG. 7 an aberration diagram of blue light rays at the 16 2391 7.5 EFD4_HOYA
wavelength of 450 nm. These diagrams are shown in units 17 19.5 7.34
. I 18 -11.25378321 1.8 FCDI_HOYA
01 0.05 mm, and each of the diagrams indicates the way the 19 217.63 1135
rays are well aberration-corrected. 20 75 1347  TAF3_HOYA
FIG. 8 is a diagram of the astigmatism, and changes in 40 21 -30.6814 0.2
distortion ratio, occurring in Embodiment 1. This diagram 22 57.0473 11.85  TAF3_HOYA
shows favorable data, with distortion ratios not greater than 23 305.5642 2295
0.1%. 24 -37.4072 3.5 PMMA
. .. . 25 -48.9025 7.876
FIGS. 9 to 12 are spot diagrams pertaining to Embodi- st enlarged w 0
ment 1. FIG. 9 is a spot diagram of the white light rays 4s image surface  (Image surface)
formed by synthesizing the rays having wavelengths of 650
nm, 550 nm, and 450 nm, wherein chromatic aberration is
Surface No. K A B C D E
24 0  3.4526E-05 -3.6247E-08 3.3065E-11 -14755E-14 3.6803E-18
25 0  3.5425E-05 -5.1937E-08 8.6015E-11 -9.3416E-14 5.0304E-17
also shown so as to be understandable at the same time. FIG. FIG. 13 is a configuration diagram and spot diagram of
10 is a spot diagram of red light rays at the wavelength of Embodiment 2 of a first projection optical unit according to
650 nm, FIG. 11 a spot diagram of green light rays at the the present invention. This figure indicates the way the
wavelength of 550 nm, and FIG. 12 a spot diagram of blue 4, luminous flux irradiated from an image display element in a
light rays at the wavelength of 450 nm. These diagrams are telecentric state converges telecentrically at a first enlarged
shown in units of 0.1 mm, and each of the diagrams indicates image side.
the way the rays are well aberration-corrected. Table 2 lists lens data, with an object surface 0, No. 1 to
A projection image display apparatus according to the No. 25 surfaces, and an image surface being listed in that
present invention is adapted so that an image display ele- 65 order as surface numbers. A radius of curvature takes a

ment for red, an image display element for green, and an
image display element for blue can each be adjusted to the

positive value when a center of the curvature is present at the
right of an optical axis, and takes a negative value in a
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reverse case. An intersurface distance is a distance from a
lens surface to next lens surface, on the optical axis.

The No. 24 and No. 25 surfaces are aspheric surfaces

12

TABLE 3-continued

expressed by the following aspherical equation, and values Radius of  Intersurface
of the respective aspherical coefficients are listed in Table 2: 5 Surface No. Curvature Distance ~ Glass Material
=L 8 34.6721 5.1651
4 6 S 10, 12
JL=+K)y%/r?) + A -h B+ C-h3+Dh' O+ Eh 0 417637 L8 FFDS. HOYA

FIGS. 14 to 17 are diagrams showing how aberration 10 32.1716 5.8572
occurs in Embodiment 2. FIG. 14 is an aberration diagram 10 11 -33.5433 0.5618 EFD8_HOYA
of the white light rays formed by synthesizing the rays 12 15.4628 27796 FCD1_HOYA
having wavelengths of 650 nm, 550 nm, and 450 nm, 13 -27.3183 0.2
wherein chromatic aberration is also shown so as to be 14(Aperture stop 21.1404 3.85 BACD18_HOYA
understandable at the same time. FIG. 15 is an aberration surface)
diagram of red light rays at the wavelength of 650 nm, FIG. 15 15 302.9889 16.0096
16 an aberration diagram of green light rays at the wave- 16 28.3531 6.6145 EFD4_HOYA
length of 550 nm, and FIG. 17 an aberration diagram of blue 17 22.6032 6.9384
light rays at the wavelength of 450 nm. These diagrams are 18 -11.3689 1.8 FCD1_HOYA
shown in units of 0.05 mm, and each of the diagrams 19 212.0065 10.5911
indicates the way the rays are well aberration-corrected. 20 20 -89.0163 12.8067 TAF3_HOYA

FIG. 18 is a diagram of the astigmatism, and changes in 21 -31.2439 0.2
distortion ratio, occurring in Embodiment 2. This diagram 22 59.1155 10.4768  TAF3_HOYA
shows favorable data, with distortion ratios not greater than 23 256.4774 32.9590
0.1%. 24 -38.0308 35 PMMA

FIGS. 19 to 22 are spot diagrams pertaining to Embodi- %> 23 -35.1510 6.2208
ment 2. FIG. 19 is a spot diagram of the white light rays Lst enlarged @ 0
formed by synthesizing the rays having wavelengths of 650 image surface  (Image surface)
nm, 550 nm, and 450 nm, wherein chromatic aberration is
also shown so as to be understandable at the same time. FIG.

Surface No. K A B C D E

24 0 29332E-05 -3.1299E-08 3.7631E-11 -2.2287E-14  4.7490E-18

25 0 3.6927E-05 -44805E-08 5.1104E-11 -1.8533E-14 -1.4722E-18
20 is a spot diagram of red light rays at the wavelength of FIG. 23 is a configuration diagram and spot diagram of
650 nm, FIG. 21 a spot diagram of green light rays at the 40 Embodiment 3 of a first projection optical unit according to
wavelength of 550 nm, and FIG. 22 a spot diagram of blue the present invention. This figure indicates the way the
light rays at the wavelength of 450 nm. These diagrams are luminous flux irradiated from an image display element in a
shown in units of 0.1 mm, and each of the diagrams indicates telecentric state converges telecentrically at a first enlarged
the way the rays are well aberration-corrected. image side.

A projection image display apparatus according to the 45 Table 3 lists lens data, with an object surface 0, No. 1 to
present invention is adapted so that an image display ele- No. 25 surfaces, and an image su}’face being listed in that
ment for red, an image display element for green, and an ordgr. as surface numbers. A radius of curvature takes a
image display element for blue can each be adjusted to the positive value When a center of'the curvature is present at the
optimum position independently. The above spot diagrams < right of an OPUC?‘I axis, and tgkes a negative value in a
represent the spots at the particular optimum position. reverse case. An intersurface distance is a distance from a

lens surface to next lens surface, on the optical axis.
[Embodiment 1-3] The No. 24 and No. 25 surfaces are aspheric surfaces
Embodiment 3 of a first projection optical unit is expressed by the following aspherical equation, and values
described below using FIGS. 23 to 32 and Table 3. s of the respective aspherical coefficients are listed in Table 3:
z=(2 /{1 +
TABLE 3 JA=(+K)Y/r2) + A 4B WO+ ChS+D-h O+ E-h12
Radius of  Intersurface FIGS. 24 to 27 are diagrams showing how aberration
Surface No. Curvature Distance ~ Glass Material occurs in Embodiment 3. FIG. 24 is an aberration diagram
Object surface - 6.5280 60 of t.he white light rays formed by synthesizing the rays
1 © 31342  BSC7_HOYA having wavelengths of 650 nm, 550 nm, and 450 nm,
2 ® 7.33 wherein chromatic aberration is also shown so as to be
3 1277052 6.1 TAF3_HOYA understandable at the same time. FIG. 25 is an aberration
451 _431491:223 2:?7 64 TAF3. HOYA diagram of req ligh.t rays at the Wavel.ength of 650 nm, FIG.
6 104.1570 0.2 65 26 an aberration diagram of green light rays at the wave-
7 31.6237 5.7931 TAF3_HOYA length of 550 nm, and FIG. 27 an aberration diagram of blue

light rays at the wavelength of 450 nm. These diagrams are
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shown in units of 0.05 mm, and each of the diagrams
indicates the way the rays are well aberration-corrected.

FIG. 28 is a diagram of the astigmatism, and changes in
distortion ratio, occurring in Embodiment 3. This diagram
shows favorable data, with distortion ratios not greater than
0.1%.

FIGS. 29 to 32 are spot diagrams pertaining to Embodi-
ment 3. FIG. 29 is a spot diagram of the white light rays
formed by synthesizing the rays having wavelengths of 650

14

tables below makes it possible that the second projection
optical unit also has high optical performance.

As shown in FIG. 33, the second projection optical unit
provides a first lens group 1, a second lens group 2 and a
third lens group 3 in order to project in an enlarged form the
image surface 4 formed by the first projection optical unit.
The first lens group 1 includes a first lens element 11, a
second lens element 12 and a third lens element 13. The

nm, 550 nm, and 450 nm, wherein chromatic aberration is 10 second lens group 2 includes a forth lens element 21, a fifth
also shown so as to be understandable at the same time. FIG. lens element 22 and a sixth lens element 23. The third lens
30 is a spot diagram of red light rays at the wavelength of  group 3 includes a seventh lens element 31, a eighth lens
650 nm, FIG. 31 a spot diagram of green light rays at the element 32, a ninth lens element 33, a tenth lens element 34,
vyavelength of 550 nm, and FIG. 32 a spot dlagram of blue a eleventh lens element 35, a twelfth lens element 36 and a
light rays at the wavelength of 450 nm. These diagrams are 15 _ . cepin
shown in units of 0.1 mm, and each of the diagrams indicates thirteenth lens element 37. In Table 14 and 15, “fn” shows
the way the rays are well aberration-corrected. ‘e:f’o’cal length of the lens group or the lens element numbered
A projection image display apparatus according to the .
present invention is adapted so that an image display ele-
ment for red, an image display element for green, and an 20 TABLE 4
image display element for blue can each be adjusted to the
optimum position independently. The above spot diagrams Surface Rd TH nd vd
represent the spots at the particular optimum position.
When lens balls are taken as L1 to L13 in order from the 1 Infinity 596
image display element side in each of the data-based 25 2 151.43541 4.5 1.492 57.9
embodiments described above, focal length “fu” of a con- 3 41.1067 8.57 1 —
cave lens L10 and focal length “fi” of a combination of 4 55.732 2 1.804 46.5
convex lenses L11 and [12 are standardized with total 5 23 19.92 1 —
length L of the lenses and take the following values: 6 ~41.105 4 1.847 23.8
M/L=-0.108, pN/1=0.160 Embodiment 1 0 7 89.12 5.02 1 —
, 8 324.7 10.5 1.699 30.1
M/L=-0.113, p2/L=0.172 Embodiment 2
9 -40.49 7.58 1 —
M/L=-0.114, #7/L=0.174 Embodiment 3 10 -24.0383 5 1.492 57.9
Next, embodiments of a second projection optical unit 35 1 =26.22055 4.91 1 -
according to the present invention are described using more 12 46.6 8 1.697 55.5
specific lens data. 13 -550 31.98 1 —
[Embodiment 2-1] 14 292 3.72 1.847 23.8
Embodiments of a second projection optical unit accord- I 15 -128.16 439 1 -
ing to the present invention are shown in FIGS. 33 to 42. 16 51 8.83 1.497 81.6
Each of these embodiments is described below using the 17 -24.397 2 1.847 23.8
accompanying drawings. For FIGS. 33 to 42, however, 18 51.75 1 1 —
description is omitted since the respective embodiments 19 44.4 9.34 1.497 81.6
seem to be made understandable similarly to FIG. 33 by 5 20 _56.84 3.9 1 _
referr.ing to.the. data listed i1.1 Ta‘ples 4 to 12. Therefore, 21 223.11699 4.5 1.492 579
description is given, be}sed pnmarlly on FIG. 33. 2 —23.67003 874 1 o
The second projection optlcgl unit sho.wn in FIG. 33 3 R03851 5 L4 s70
further enlarges a first enlarged image obtained from a first
s : . Lo e . 24 -39.44504 7.4 1 —
projection optical unit by irradiating light from the left side 0
of the second projection optical unit. In short, in a projection » 3191 14.5 1.847 238
optical unit of the present invention, the image displayed on, 26 -57.15 5 1 -
for example, a liquid-crystal panel, is enlarged at two stages, 27 Infinity — — —
one using a first lens unit and the other using a second lens
unit. Optical calculation using the lens data listed in the
Aspherical Coeflicient
Surface K A B C D E
1 0  9.38948E-06  -7.95089E-09 591417E-12 -2.59805E-15  5.89630E-19
2 0 423722E-06  -3.53822E-10 -1.05402E-11 8.59179E-15 -2.65268E-18
10 0  -1.29568E-05 3.41557E-08 -7.00521E-11  1.14632E-13  3.38777E-17
11 0 -7.83237E-06  2.34579E-08 -4.31157E-11  7.15221E-14 -4.96275E-18
21 0 5.67205E-05  -4.33455E-09 -7.23421E-11  8.13128E-14  1.01703E-16
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-continued

Aspherical Coefficient

Surface K A B C D E

22 0 7.17389E-05 -1.99623E-08 -6.95659E-12 -8.43203E-14 2.19098E-16
23 0 3.21282E-05 1.71080E-08 -2.88990E-11 -4.28861E-14 6.19433E-17
24 0 9.99976E-06 4.78000E-08 -6.05943E-11 -1.00246E-14 3.02143E-17

10
TABLE 5 TABLE 6
Surface Rd TH nd vd Surface Rd TH nd vd
1 Infinity 596 15 1 Infinity 596

2 89.321 45 1.492 57.9 2 94.38 457 1.492 57.9

3 37.603 10.055 1 — 3 36.448 8.539 1 —

4 47.306 2 1.804 46.5 4 39.735 2 1.804 46.5

5 22.79 19.167 1 — 5 21.85 20.884 1 —

6 -129.17 2 1.847 23.8 6 -79.427 2 1.847 23.8

7 40.204 13.969 1 — 20 7 50.748 13.773 1 —

8 -699.91 6.78 1.699 30.1 8 ~143.365 7.961 1.699 30.1

9 ~43.006 6.559 1 — 9 -36.82 7.124 1 —

10 -25.482 4.623 1.492 57.9 10 -2437 4827 1.492 57.9

11 -33.435 3.076 1 — 1 -25.836 0.5 1 —

12 51.141 8 1.697 55.5 12 35.112 7.823 1.697 55.5

13 -119.455 31.336 1 — 5 13 126.183 30.929 1 —

14 91.47 4764 1.847 23.8 14 97.719 3.395 1.847 23.8

15 128.458 3.522 1 — 15 290.128 4.685 1 —

16 36.118 10.542 1.497 81.6 16 54715 9.799 1.497 81.6

17 -21.518 2 1.847 23.8 17 -21.399 2 1.847 23.8

18 89.257 1.969 1 — 18 101.576 1 1 —

19 51.705 8.01 1.497 81.6 19 49.763 10.27 1.497 81.6

20 -102.338 3.795 1 — 30 20 -52.498 2.249 1 —

21 -28.178 4155 1.492 57.9 21 -26.914 4 1.492 57.9

22 -25.14 4867 1 — 2 -26.387 10.249 1 —

23 -30.384 458 1.492 57.9 23 -27.334 4722 1.492 57.9

24 -48.312 10.231 1 — 24 -41.9 6.798 1 —

25 445.05 145 1.847 23.8 25 752.495 145 1.847 23.8

26 -59.275 5 1 — 35 26 -57.145 5 1 —

27 Infinity — — — 27 Infinity — — —

Aspherical Coefficient
Surface K A B C D E

1 0 5.69978E-06  -1.03270E-09  -7.42610E-14 2.93660E-16  0.00000E+00
2 0 2.41874E-06 4.03182E-09  -6.48449E-12  4.69028E-16  0.00000E+00
10 0 -9.63220E-06 3.25708E-08  -5.09953E-11 1.11528E-13  0.00000E+00
1 0 -7.78930E-06 2.09417E-08  -2.71403E-11 4.67136E-14  0.00000E+00
21 0 3.33539E-05 2.78360E-08  -6.83261E-11 4.81959E-14  0.00000E+00
2 0 6.20605E-05 3.64150E-09  -5.23463E-11 7.32597E-14  0.00000E+00
23 0 3.55801E-05 6.89950E-09  —4.50025E-11  3.61050E-14  0.00000E+00
24 0 9.48511E-06 4.12848E-08  —6.74424E-11 2.87720E-14  0.00000E+00
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Aspherical Coeflicient

Surface K A B C D E
1 0 7.39476E-06 -3.05169E-09 1.29568E-12  -7.78036E-17 0.00000E+00
2 0 3.70183E-06 2.30197E-09 -5.10070E-12  -8.28100E-17 0.00000E+00
10 0  -1.06004E-05 3.15151E-08 -4.62026E-11 8.91471E-14 0.00000E+00
11 0 -6.67002E-06 2.15127E-08 -2.85053E-11 4.76403E-14 0.00000E+00
21 0 3.70060E-05 2.62198E-08 -9.28702E-11 7.44670E-14 0.00000E+00
22 0 5.77088E-05 2.29302E-09 -5.01384E-11 4.35275E-14 0.00000E+00
23 0 3.55808E-05 6.89952E-09 -4.50025E-11 3.61050E-14 0.00000E+00
24 0 9.48511E-06 4.12848E-08 -6.74424E-11 2.87720E-14 0.00000E+00
15
TABLE 7 TABLE 8
Surface Rd TH nd vd Surface Rd TH nd vd
1 Infinity 596 20 1 Infinity 596

2 96.272 4.5 1.492 57.9 2 113.93 4.5 1.492 57.9

3 38.887 8.964 1 — 3 45.093 8.109 1 —

4 43.795 2 1.804 46.5 4 51.033 2 1.804 46.5

5 22.338 20.468 1 — 5 21.942 21.95 1 —

6 -71.685 3.071 1.847 23.8 6 -51.995 4 1.847 23.8

7 58.915 13.317 1 — 25 7 103.239 11.853 1 —

8 -169.272 8 1.699 30.1 8 -525.77 9.145 1.699 30.1

9 -39.983 7.921 1 — 9 -40.819 7.066 1 —

10 -23.879 4.291 1.492 57.9 10 -26.4 5 1.492 57.9

11 -25.361 0.5 1 — 11 -27.754 0.5 1 —

12 38.048 7.315 1.697 55.5 12 36.254 6.799 1.697 55.5

13 256.247 32.33 1 — 13 119.678 32.821 1 —

14 126.489 3.501 1.847 23.8 30 14 179.013 3.814 1.847 23.8

15 -3032.738 3.95 1 — 15 -185.608 1.768 1 —

16 51.373 9.554 1.497 81.6 16 53.59 9.155 1.497 81.6

17 -21.857 2 1.847 23.8 17 -23.188 2 1.847 23.8

18 74.129 1 1 — 18 57.622 1 1 —

19 49.476 10.506 1.497 81.6 19 48.5 9.393 1.497 81.6

20 -42.937 2.409 1 — 35 20 -50.839 3.994 1 —

21 -27.249 4 1.492 57.9 21 -27.136 4 1.492 57.9

22 -29.701 7.318 1 — 22 -30.891 11.245 1 —

23 -22.92 -4.506 1.492 57.9 23 -26.713 5 1.492 57.9

24 -33.036 8.325 1 — 24 -31.129 5.302 1 —

25 551.053 14.5 1.847 23.8 25 1923.53 14.5 1.847 23.8

26 -58.234 5 1 — 40 26 -55.452 5 1 —

27 Infinity — — — 27 Infinity — — —

Aspherical Coeflicient
Surface K A B C D E

1 0 7.38138E-06 -3.26580E-09 1.33965E-12  -5.61360E-17 0.00000E+00
2 0 4.48905E-06 1.34351E-09 -5.30479E-12 9.24183E-16 0.00000E+00
10 0  -1.07520E-05 3.09272E-08 -5.01466E-11 1.04715E-13 0.00000E+00
11 0 -7.05928E-06 2.17856E-08 -3.02041E-11 5.61766E-14 0.00000E+00
21 0 3.26985E-05 2.07055E-08 -1.21388E-10 1.51111E-13 0.00000E+00
22 0 5.10620E-05 -1.09151E-08 -4.33841E-11 2.50678E-14 0.00000E+00
23 0 4.21419E-05 1.07177E-08 -7.00023E-11 9.94258E-14 0.00000E+00
24 0 1.90739E-05 2.37272E-08 -5.28854E-11 2.63355E-14 0.00000E+00
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Aspherical Coefficient

Surface K A B C D E
1 0 6.35181E-06 -1.32042E-09 1.50471E-13  3.56963E-16  0.00000E+00
2 0 2.11474E-06 3.98613E-09 -6.53463E-12  1.81474E-15  0.00000E+00
10 0 -1.02931E-05 2.51426E-08 -3.07743E-11 4.97740E-14  0.00000E+00
11 0 -6.27111E-06 1.91231E-08 -2.22236E-11  3.12476E-14  0.00000E+00
21 0 3.84969E-05 1.89479E-08 -8.63546E-11  6.18055E-14  0.00000E+00
22 0 4.98121E-05 1.03342E-09 -3.64562E-11  1.39570E-15  0.00000E+00
23 0 2.96909E-05 1.60940E-08 -5.19460E-11 4.73874E-14  0.00000E+00
24 0 1.78764E-05 2.25405E-08 -3.95436E-11  1.98088E-14  0.00000E+00
15
TABLE 9 TABLE 10
Surface Rd TH nd vd Surface Rd TH nd vd
1 Infinity 596 20 1 Infinity 596
2 143.925 4.5 1.492 57.9 2 136.746 4 1.492 57.9
3 43.474 7.197 1 — 3 40.121 2.48 1 —
4 50.672 2 1.804 46.5 4 35.297 2 1.816 46.6
5 22.327 21.899 1 — 5 23.305 24.305 1 —
6 -46.727 2.746 1.847 23.8 6 -79.026 2 1.847 23.8
7 94.009 9.626 1 — 25 7 35.805 10.617 1 —
8 389.86 11.056 1.699 30.1 8 666.731 8.724 1.699 30.1
9 -39.949 6.772 1 — 9 -39.205 4.712 1 —
10 -27.861 5 1.492 57.9 10 -30.553 4.875 1.492 57.9
11 -29.255 3.433 1 — 11 -36.63 15.682 1 —
12 37.245 6.448 1.697 55.5 12 66.376 8 1.697 55.5
13 119.956 32.923 1 — 13 -76.974 30.054 1 —
14 306.709 3.884 1.847 23.8 30 14 112.963 3411 1.847 23.8
15 -113.027 1.318 1 — 15 555.875 1.61 1 —
16 61.97 8.832 1.497 81.6 16 59.77 8.285 1.497 81.6
17 -22.669 2 1.847 23.8 17 -21.498 2 1.847 23.8
18 62.974 1 1 — 18 53.871 1 1 —
19 46.069 9.72 1.497 81.6 19 46.012 8.992 1.497 81.6
20 -49.622 2.796 1 — 35 20 -53.112 2.605 1 —
21 -26.699 4 1.492 57.9 21 -25.52 4 1.492 57.9
22 -31.09 9.238 1 — 22 -32.492 14.213 1 —
23 -25.858 5 1.492 57.9 23 -41.591 4 1.492 57.9
24 -31.863 9.113 1 — 24 -39.263 2.603 1 —
25 719.259 14.5 1.847 23.8 25 264.351 12.915 1.847 23.8
26 -57.284 5 1 — 40 26 -74.144 5 1 —
27 Infinity — — — 27 Infinity — — —
Aspherical Coeflicient
Surface K A B C D E
1 0 7.41310E-06 -3.13090E-09 1.39794E-12  -1.23509E-16 0.00000E+00
2 0 2.71372E-06 3.60725E-09 -7.37223E-12 2.17043E-15 0.00000E+00
10 0 -9.90995E-06 2.16060E-08 -2.64091E-11 3.54640E-14 0.00000E+00
11 0 -6.08815E-06 1.64517E-08 -1.85623E-11 2.22548E-14 0.00000E+00
21 0 3.88410E-05 1.81436E-08 -7.51838E-11 4.28144E-14 0.00000E+00
22 0 4.79896E-03 7.10203E-09 -2.55853E-11 -3.02056E-14 0.00000E+00
23 0 3.86814E-05 1.17892E-08 -4.90164E-11 4.60862E-14 0.00000E+00
24 0 2.66697E-05 1.56203E-08 -3.80999E-11 1.68612E-14 0.00000E+00
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Aspherical Coefficient

Surface K A B C D E
1 0 9.58608E-06 -4.08266E-09 1.14741E-12  1.33697E-16  0.00000E+00
2 0 6.03412E-06 7.67505E-09 -1.54579E-11 4.48365E-15  0.00000E+00
10 0  -1.48267E-05 1.70970E-08 -2.70638E-11  5.19430E-14  0.00000E+00
11 0  -1.09467E-05 1.37712E-08 -1.59448E-11  2.72140E-14  0.00000E+00
21 0 5.18069E-05 -1.43694E-08 -6.06068E~11  9.54935E-14  0.00000E+00
22 0 5.15159E-05 -8.36696E-09 -6.37484E-11  6.78810E-14  0.00000E+00
23 0 0.00000E+00 0.00000E+00 0.00000E+00  0.00000E+00  0.00000E+00
24 0 0.00000E+00 0.00000E+00 0.00000E+00  0.00000E+00  0.00000E+00
15
TABLE 11 TABLE 12
Surface Rd TH nd vd Surface Rd TH nd vd
1 Infinity 596 20 1 Infinity 596
2 107.53 4 1.492 57.9 2 107.697 4 1.492 57.9
3 33.362 15.688 1 — 3 34.176 13.434 1 —
4 44.967 2 1.816 46.6 4 58.628 2 1.816 46.6
5 20.233 21.647 1 — 5 22.741 20.847 1 —
6 -55.919 4 1.847 23.8 6 -41.577 2 1.847 23.8
7 55.019 3.687 1 — 25 7 74.865 3.59 1 —
8 151.307 9.724 1.699 30.1 8 189.577 11.314 1.702 34.6
9 -33.547 3.766 1 — 9 -37.603 3.582 1 —
10 -29.697 5 1.492 57.9 10 -30.045 4 1.492 57.9
11 -37.675 1.896 1 — 11 -37.921 0.5 1 —
12 41.345 6.171 1.697 55.5 12 56.028 9.027 1.74 50
13 50488.451 31.142 1 — 13 -132.433 32.399 1 —
14 534 3.805 1.847 23.8 30 14 237.475 3.615 1.847 23.8
15 189.029 4.721 1 — 15 -78.584 7.141 1 —
16 60.669 8.982 1.497 81.6 16 137.917 7.227 1.497 81.6
17 -21.111 2 1.847 23.8 17 -19.111 2 1.847 23.8
18 56.435 1 1 — 18 67.721 1.104 1 —
19 45.623 9.622 1.497 81.6 19 48.947 9.502 1.497 81.6
20 -54.328 0.5 1 — 35 20 -39.443 0.5 1 —
21 -161.376 4 1.492 57.9 21 260.671 4 1.492 57.9
22 5879.089 16.449 1 — 22 61.197 6.717 1 —
23 -55.002 4 1.492 57.9 23 -184.323 4 1.492 57.9
24 -58.343 2.158 1 — 24 -101.106 14.412 1 —
25 1113.132 14.041 1.847 23.8 25 174.931 13.09 1.847 23.8
26 -58.123 5 1 — 40 26 -82.338 5 1 —
27 Infinity — — — 27 Infinity — — —
Aspherical Coefficient
Surface K A B C D E
1 0 1.08587E-05 -5.70653E-09 1.53202E-12 1.28148E-16 0.00000E+00
2 0 8.60370E-06 8.50188E-09 -1.82568E-11 5.41080E-15 0.00000E+00
10 0  -3.32482E-06 1.03728E-08 4.75247E-12 6.69849E-14 0.00000E+00
11 0 -3.70398E-06 2.45996E-09 1.46863E-11 7.83244E-15 0.00000E+00
21 0 2.00195E-06 1.30050E-08 2.05974E-11 -3.51437E-14 0.00000E+00
22 0 1.23852E-05 7.76720E-09 -6.56793E-12 2.03190E-14 0.00000E+00
23 0  -1.47407E-05 9.35306E-09 3.35208E-12 -3.15128E-14 0.00000E+00
24 0  -1.46684E-05 9.54830E-09 5.86675E-12 -1.20468E-14 0.00000E+00
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Aspherical Coefficient

Surface K A B C D E
1 0  9.87981E-06 -5.53910E-09  1.87701E-12  -4.73542E-17  0.00000E+00
2 0 7.75122E-06  5.03342E-09 -1.29693E-11 491184E-16  0.00000E+00
10 0 -1.21775E-06 -9.24022E-10  6.55637E-12 2.25956E-14  0.00000E+00
1 0 -1.11169E-07 -2.33462E-09  1.14346E-11 5.76967E-15  0.00000E+00
21 0 -2.15266E-06 3.63555E-10  1.91034E-11  -1.80540E-14  0.00000E+00
22 0 -2.07711E-06  3.40073E-09 -4.01429E-12 8.60232E-16  0.00000E-+00
23 0 -1.20097E-05  3.34151E-09 -1.40100E-12 6.72588E-15  0.00000E-+00
24 0 -5.61406E-06 -2.18317E-09  1.44287E-11 1.79912E-14  0.00000E+00
15
TABLE 13 TABLE 14-continued
Surface Rd TH nd vd DATA1 DATA2 DATA3 DATA4 DATAS
1 Infinity 596 20 f/f), -0.462 0409 -0365 -0.393 -0.470
2 99.811 4 1.492 57.9 fo/f1 -0.708  -0.647 -0.642 -0.617 -0.577
3 34.003 14.034 1 — £/ 0444 0343 0325 0306 0336
‘5‘ gﬁi 25 007 1'816 406 f/6, ~0010  -0.086 0002 -0.001  0.005
p _aleos 259 Led7 - fo/fa3 0.373 0.443 0344 0367 0321
b 56843 3629 1 - fo/fy, 0.220 0.066 0135 0162 0.215
3 170,607 3178 1828 138 25 fyfy, -0.091  -0.026 -0.150 -0.128 -0.119
9 64965 0.979 1 o fo/f33 -0.481 0405 -0388 -0431 -0.469
10 286.843 5 1.492 57.9 fo/fza 0.446 0.330 0.436 0.482 0.450
11 -210.251 2.792 1 _ fo/fss 0.018 0.071 0.030 -0.016 -0.033
12 65.577 R.616 1.813 359 fo/fe -0.100 -0.127 -0.129 -0.130 -0.038
13 -111.102 30.904 1 — fo/f37 0.377 0372 0368 0371  0.365
14 354.585 4377 1.847 23.8 30T, 31980  31.336  30.929 32330 32.821
15 -61.589 3.012 1 — Dsy/2 11.000  10.713  10.880 10.982  11.000
16 162.902 7.707 1.497 81.6 D,,/2 15.000 14.924 15000 15.102 15.015
17 -19.031 2 1.847 23.8 (D30 + Dy )2 26.000  25.638 25.880 26.084 26.015
18 54.095 1 1 — £y 25123 -51.151 -102.625 -69.193 -60.959 -52.115
19 56.209 7.531 1.497 81.6 1 Inflection Point 1 0 0 0 0
20 —43.366 4.063 1 - 33 92 Inflection Point 0 1 0 0 1
;; ig'iﬁ ‘5‘ 230 }'492 379 S10 Inflection Point 0 0 0 0 0
23 1172561 5454 1.492 579 S11 Inflection Point 0 0 0 0 0
24 2109.747 14.491 1 - S21 Inflection Point 2 1 1 1 1
25 177.551 12.628 1.847 23.8 522 Inflection Point 2 1 1 1 1
26 _87.026 5 1 . 40 S23 Inflection Point 2 1 2 2 2
27 Infinity _ _ _ S24 Inflection Point 2 1 2 2 2
Aspherical Coeflicient
Surface K A B C D E
1 0 1.11939E-05  -5.42582E-09 1.39594E-12 1.98686E-16  0.00000E+00
2 0  9.65213E-06  8.27956E-09  -1.20252E-11  -3.52677E-15  0.00000E+00
10 0  0.00000E+00  0.00000E+00 0.00000E-+00 0.00000E+00  0.00000E+00
1 0  0.00000E+00  0.00000E+00 0.00000E-+00 0.00000E+00  0.00000E+00
21 0  0.00000E+00  0.00000E+00 0.00000E-+00 0.00000E+00  0.00000E+00
22 0  0.00000E+00  0.00000E+00 0.00000E-+00 0.00000E+00  0.00000E+00
23 0  0.00000E+00  0.00000E+00 0.00000E-+00 0.00000E+00  0.00000E+00
24 0 0.00000E+00  0.00000E+00 0.00000E-+00 0.00000E+00  0.00000E+00
TABLE 14 60 TABLE 15
DATA1 DATA2 DATA3 DATA4 DATAS DATA6 DATA7 DATA8 DATA9 DATA10
fo/f) -1.887 -1.627 -1592 -1.565 -1.602 fo/f) -1.726  -1.667 -2201 -2.147 -2.249
/s 0.684 0.633 0.635  0.630  0.635 /s 0.658  0.633 0793  0.789 0.850
fo/fs 0.385 0.370 0382 0382 0396 65 fyf, 0396 0364 0360 0373 0.379
fo/f1y -0.198  -0.170  -0.187 -0.170 -0.149 fo/fiy -0.180 -0.197 -0231 -0223 -0.16
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TABLE 15-continued

DATA6 DATA7 DATA8 DATA9 DATA10
fo/fis -0.452 -0.255 -0495 -0496  -0.440
fo/fia -0.636 -0.804 -0.722 -0.742  -0.848
fo/foy 0.426  0.419 0.557  0.508 0.405
fo/fos 0.004 -0.045 -0.064 -0.065 0.093
fo/'fos 0.308  0.442 0390  0.426 0.448
fo/f3; 0.237  0.139 0.268  0.332 0.374
fo/f3 -0.159 -0.171 -0.180 -0.338 -0.354
fo/fa3 -0.453  -0.502 -0.497 -0.484  -0.536
fo/faa 0.465 0.452 0.449  0.507 0.458
fo/f3s -0.042 -0.077 -0.072 -0.141 -0.111
fo/fa6 -0.060  0.025 -0.007  0.052 0.113
fo/f37 0.368 0334  0.355 0.343 0.330
To_3 32.923  30.054 31.142 32399  30.904
D32 11.000  10.899  11.000 8.063 8.062
D, /2 15.000 15.000 15.013 21.022  20.953
(D3 + D5y )2 26.000 25.899 26.013 29.086  29.015
199103 -50.295 -44.154 -44.895 -36.746 -32.173
S1 Inflection Point 0 0 0 0 0
S2 Inflection Point 1 1 0 1 1
S10 Inflection Point 0 0 1 1 0
S11 Inflection Point 0 0 0 1 0
S21 Inflection Point 1 1 1 0 0
S22 Inflection Point 1 1 0 0 0
S23 Inflection Point 2 0 0 0 0
S24 Inflection Point 2 0 0 1 0

Next, an example of a projection optical system in which
Embodiment 1 of a first projection optical unit and Embodi-
ment 1 of a second projection optical unit are combined is
described below using FIGS. 43 to 55.

FIG. 43 is a configuration diagram of the projection
optical system, wherein the second projection optical unit is
Y-Z sectionally decentered by 9.8 mm with respect to the
first projection optical unit. Layout suitable for a more
compact design of the display apparatus for projecting an
image from screen rear can thus be realized.

FIG. 44 is an explanatory diagram of object points. As a
result of the first projection optical unit and the second
projection optical unit having been decentered with respect
to each other, rotational symmetry is not established, for
which reason, vertical and horizontal points of image dis-
play elements, and half-way points between the vertical and
horizontal points have been set as object points.

FIGS. 45 to 48 are aberration diagrams of the projection
optical system according to the present invention. FIG. 45 is
an aberration diagram of the white light rays formed by
synthesizing the rays having wavelengths of 650 nm, 550
nm, and 450 nm, wherein chromatic aberration is also shown
so as to be understandable at the same time. FIG. 46 is an
aberration diagram of red light rays at the wavelength of 650
nm, FIG. 47 an aberration diagram of green light rays at the
wavelength of 550 nm, and FIG. 48 an aberration diagram
of blue light rays at the wavelength of 450 nm. These
diagrams are shown in units of 0.05 mm, and each of the
diagrams indicates the way the rays are well aberration-
corrected.

FIGS. 49 to 51 are explanatory diagrams relating to the
distortional aberration generated by the projection optical
system according to the present invention.

FIG. 49 is a diagram representing normal distortion
vertically in a Y-axis direction. In order to compare the first
projection optical unit and the decentered second projection
optical unit in terms of distortional aberration, the first
projection optical unit undertakes display with respect to
image height, and the second projection optical unit under-
takes display with respect to object height. Y-Z sectionally,
comparison can be made in a 9.8 mm shifted condition as in
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FIG. 49. Except for the Y-Z section, calculation results need
to be converted into distances from an optical axis of the first
projection optical unit and from an optical axis of the second
projection optical unit. FIG. 50 is a diagram showing an
example of such conversions. FIG. 51 is an explanatory
diagram of TV display distortional aberration. Very small
values, i.e., 0.02% for line segment () (3) with line segment
@ @ as its reference, 0.01% for line segment (7) 8 with
line segment (D) (2) as its reference, —0.02% for line segment
@ (& with line segment (1) (3) as its reference, and 0.02%
for line segment (2) with line segment (@) (@) as its
reference, are realized as calculation results.

Actual measurement of distortion is accomplished by
deforming a rectangular frame associated with a TV frame.
More specifically, a Y-direction is defined by a middle
vertical line with respect to an average value of left and right
vertical lines. Accordingly, a segment associated with line
segment (4) (7) is line segment (3) (8), which corresponds to
an average value of the —0.02% and 0.02% mentioned above
and thus takes an even smaller value. Since an X-direction
is defined by a middle horizontal line with respect to an
average value of upper and lower horizontal lines, a related
segment takes a value almost equal to the calculation data
described above.

FIGS. 52 to 55 are spot diagrams of the projection optical
system according to the present invention. FIG. 52 is a spot
diagram of the white light rays formed by synthesizing the
rays having wavelengths of 650 nm, 550 nm, and 450 nm,
wherein chromatic aberration is also shown so as to be
understandable at the same time. FIG. 53 is a spot diagram
of red light rays at the wavelength of 650 nm, FIG. 54 a spot
diagram of green light rays at the wavelength of 550 nm, and
FIG. 55 a spot diagram of blue light rays at the wavelength
of 450 nm. These diagrams are shown in units of 0.1 mm,
and each of the diagrams indicates the way the rays are well
aberration-corrected.

A projection image display apparatus according to the
present invention is adapted so that an image display ele-
ment for red, an image display element for green, and an
image display element for blue can each be adjusted to the
optimum position independently. The above spot diagrams
represent the spots at the particular optimum position.

As set forth above, it can be seen that high optical
performance is also achieved in combination of the first
projection optical unit and the second projection optical unit.

In the first projection optical unit of the present invention,
an aperture stop for defining an F-value is disposed similarly
to a normal lens. For the second projection optical unit, a
peripheral flux equivalent to a central flux needs to be
ensured to obtain a required peripheral illuminance (aperture
efficiency).

The aperture stop for defining an F-value, however,
cannot be disposed in the second projection optical unit. For
example, if the aperture stop is disposed to match the rays
in the middle of the screen, the rays on a periphery thereof
will be intercepted, or conversely if the aperture stop is
disposed to match the rays on the periphery of the screen, the
rays in the middle thereof will be intercepted.

The second projection optical unit has therefore been
optically designed by setting a virtual aperture stop at a pupil
position of the second projection optical unit. Light ray
diagrams of the system actually formed by combining the
first projection optical unit and the second projection optical
unit indicate the way an F-value of the entire lens section can
be defined by the aperture stop disposed in the first projec-
tion optical unit. The present embodiment is characterized in
that when a projection optical system is constructed by
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combining a first projection optical unit and a second
projection optical unit in this way, an aperture stop is
disposed in the first projection optical unit.

In the light ray diagram of a primary projection lens, rays
of the object height for a diagonal dimension of 0.7 inches
are represented, and in the light ray diagram of a secondary
projection lens, rays of the object height for the 2.6-inch
diagonal dimension obtained by adding an optical axis
shifting ratio of 7:1 to a diagonal dimension of 2.1 inches,
are represented. For the projection optical system having the
primary lens and the secondary lens in combination, rays of
the object points within the Y-Z section are represented since
the system takes a rotationally asymmetrical configuration in
which optical axes are shifted for reduced thickness of the
display apparatus.

A projection optical unit 20 of the present invention
includes a first lens group and a second lens group, both
having positive refractive power. Accordingly, the image
synthesized by a cross prism 19 is formed as an inverted
image (first enlarged image) near a field lens by the first lens
group, and this inverted image is projected on-screen as an
erect image (second enlarged image) by the second lens
group. In a general type of projection image display appa-
ratus, the image projected in a screen-like format is inverted
with respect to the image on an image display element. The
present invention, however, is characterized by image erec-
tion.

In the projection color image display apparatus of the
present invention, an optical axis of the second projection
optical unit is decentered in substantially an X-axial positive
direction on, for example, an X-Z plane, with respect to an
optical axis of the first projection optical unit. A compact set
having a short distance from a lower end of the screen to
bottom can thus be realized. A more compact set can be
realized by reducing a projection distance of the second
projection optical unit and decentering the second projection
optical unit in an opposite direction to the above.

This means that a set having different optical performance
can be achieved by sharing illumination optics and the first
projection optical unit and varying only the projection
distance of the second projection optical unit and the amount
of eccentricity with respect to the first projection optical
unit. Accordingly, model expansion of the set can be imple-
mented with a minimum amount of investment, and in this
context, the present invention is excellent in development
efficiency.

Furthermore, decentering the optical axis of the second
projection optical unit in a Z-axial direction on, for example,
the X-Z plane, with respect to the optical axis of the first
projection optical unit makes it unnecessary to dispose the
second projection optical unit in the middle of the screen.
This increases flexibility of internal layout of the set, allow-
ing a more compact set to be realized.

Meanwhile, even if an effective screen size of a trans-
mission-type liquid-crystal panel is changed, direct applica-
tion to a set of the same form is possible just by changing
part of illumination optics and changing only the first
projection optical unit. A projection optical unit excellent in
development efficiency of a set can therefore be realized.

A magnification of the enlarged image obtained by the
first projection optical unit differs according to an effective
screen size of the image display element used. Preferably,
however, the magnification ranges from about 2x to 7x. To
ensure that a distance from the first projection optical unit to
an image-forming position stays within the optimum range,
and to limit external dimensions of the lenses of the first and
second projection optical units to a range in which the lenses
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can be manufactured, it is further preferable that the mag-
nification should range from 2x to 5x.

In addition, on the X-Z plane, the optical axis of the
second projection optical unit is made eccentric with respect
to the optical axis of the first projection optical unit, and this
amount of eccentricity is selected as appropriate. By doing
these, the amount of eccentricity with respect to, for
instance, a transmission-type screen, can be arbitrarily
changed. Even for the same screen size, therefore, the form
of the set can be freely changed and hence the flexibility of
design improves significantly.

While the use of a transmission-type liquid-crystal panel
for the illumination optics of the present invention has been
described above, it goes without saying that after images
have been synthesized, the projection optical unit of the
present invention can be applied even when a reflection-type
liquid-crystal panel is used as an image display element.

The projection optical unit of the present invention is not
to be considered applicable only to a rear-projection image
display apparatus, and is naturally also applicable to a
front-projection image display apparatus for projecting an
image from the front of a screen.

As described above, according to the projection optical
unit of the present invention, very-wide-angle imaging
required for a more compact design of the set, and high
focusing performance can be simultaneously achieved, even
at enhanced magnifications. In addition, even when the
effective screen size of the image display element used is
changed, this change can be accommodated by changing
part of the projection optical unit. Therefore, the great
advantage that the development costs required for size
expansion of a set or for model expansion coupled with the
modification of an image display element can be reduced is
obtainable for a projection color image display apparatus
that employs the projection optical unit described above. No
conventional technologies have allowed the above cost
reduction. For these reasons, according to the present inven-
tion, a compact design for a set can be realized.

What is claimed is:

1. A projection optical unit for enlarged projection of an
image displayed by an image display element, comprising:

a first projection optical unit for forming a first enlarged
image, said first projection optical unit having positive
refractive power; and

a second projection optical unit positioned at an enlarged
image side of said first projection optical unit in order
to form a second enlarged image by further enlarging
the first enlarged image obtained by said first projection
optical unit, said second projection optical unit having
positive refractive power;

wherein the first enlarged image is formed at the image
display element side, rather than at said second pro-
jection optical unit,

a magnification M1 of the first enlarged image is smaller
than a magnification M2 of the second enlarged image,
and

said first projection optical unit includes an aperture stop
that defines an F-value of said entire projection optical
unit.

2. The projection optical unit according to claim 1,
wherein said entire second projection optical unit is moved
in an optical-axis direction thereof to allow a projection
distance and a projection size to be modified.

3. The projection optical unit according to claim 1, further
including a structure for moving said entire second projec-
tion optical unit in an optical-axis direction thereof.
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4. The projection optical unit according to claim 3, further
including a structure for making variable an amount of
eccentricity between an optical axis of said first projection
optical unit and that of said second projection optical unit.

5. The projection optical unit according to claim 4,
wherein said entire first projection optical unit or a lens
element which forms part thereof is adapted to be replace-
able.

6. The projection optical unit according to claim 4,
wherein said entire second projection optical unit or a lens
element which forms part thereof is adapted to be replace-
able.

7. A projection image display apparatus, comprising:

an image display element; and

a projection optical unit for projecting, in an enlarged

form and onto a projection screen, an image displayed
by said image display element, wherein said projection
optical unit includes

a first projection optical unit and a second projection

optical unit, both arranged on an optical path ranging
from said image display element to the screen,

said first projection optical unit being adapted to form a

first enlarged image and having positive refractive
power, and

20

30

said second projection optical unit being positioned at an
enlarged image side of said first projection optical unit,
being adapted to form a second enlarged image by
further enlarging the first enlarged image obtained by
said first projection optical unit, and having positive
refractive power;

wherein the first enlarged image is formed at the image
display element side, rather than at said second pro-
jection optical unit,

a magnification M1 of the first enlarged image is smaller
than a magnification M2 of the second enlarged image,
and

said first projection optical unit includes an aperture stop
that defines an F-value of said entire projection optical
unit.

8. The projection image display apparatus according to
claim 7, wherein an optical-axis center of said projection
optical unit is made eccentric with respect to a center of the
screen.

9. The projection image display apparatus according to
claim 7, wherein the projection screen comprises at least a
Fresnel screen.
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