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(57) ABSTRACT 

An image display apparatus Which enables observation of a 
clear image at a Wide ?eld angle With substantially no 
reduction in the brightness of the observation image, and 
Which is extremely small in siZe and ?ght in Weight and 
hence unlikely to cause the observer to be fatigued. The 
image display apparatus includes an image display device 
and an ocular optical system for projecting an image formed 
by the image display device and for leading the projected 
image to an observer’s eyeball. The ocular optical system (3) 
has three surfaces, and a space formed by the three surfaces 
is ?lled With a medium having a refractive index larger than 
1. The three surfaces include, in the order in Which light rays 
pass in backward ray tracing from the observer’s eyeball (1) 
to the image display device (4), a ?rst surface (5) Which 
functions as both a refracting surface and an internally 
re?ecting surface, a second surface (6) Which is a re?ecting 
surface facing the ?rst surface (5) and decentered or tilted 
With respect to an observer’s visual axis (2), and a third 
surface (7) Which is a refracting surface closest to the image 
display device (4), so that re?ection takes place three times 
in the path from the observer’s eyeball (1) to the image 
display device 

88 Claims, 14 Drawing Sheets 
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IMAGE DISPLAY APPARATUS COMPRISING 
AN INTERNALLY REFLECTING OCULAR 

OPTICAL SYSTEM 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

The present invention relates to an image display appa 
ratus and, more particularly, to a head- or face-mounted 
image display apparatus that can be retained on the observ 
er’s head or face. 

As an example of conventional head- or face-mounted 
image display apparatus, an image display apparatus dis 
closed in Japanese Patent Application Unexamined Publi 
cation (KOKAI) No. 3-101709 (1991) is knoWn. FIG. 20 
shoWs the optical system of the conventional image display 
apparatus. As illustrated in the ?gure, in the conventional 
image display apparatus, an image that is displayed by an 
image display device is transmitted as an aerial image by a 
relay optical system including a positive lens, and the aerial 
image is projected into an observer’s eyeball as an enlarged 
image by an ocular optical system formed from a concave 
re?ecting mirror. 

Japanese Patent Application Unexamined Publication 
(KOKAI) No. 62-214782 (1987) discloses another type of 
conventional image display apparatus. As shoWn in FIGS. 
21(a) and 21(b), the conventional image display apparatus is 
designed to enable an image of an image display device to 
be directly observed as an enlarged image through an ocular 
lens. 

US. Pat. No. 4,026,641 discloses another type of con 
ventional image display apparatus. In the conventional 
image display apparatus, as shoWn in FIG. 22, an image of 
an image display device is transferred to a curved object 
surface by an image transfer device, and the image trans 
ferred to the object surface is projected in the air by a toric 
re?ector. 

U.S. Reissued Pat. No. 27,356 discloses another type of 
conventional image display apparatus. As shoWn in FIG. 23, 
the apparatus is an ocular optical system designed to project 
an object surface on an exit pupil by a semitransparent 
concave mirror and a semitransparent plane mirror. 

HoWever, an image display apparatus of the type in Which 
an image of an image display device is relayed, as in the 
image display apparatus shoWn in FIG. 20, must use several 
lenses as a relay optical system in addition to an ocular 
optical system, regardless of the type of ocular optical 
system .Consequently, the optical path length increases, and 
the optical system increases in both siZe and Weight. 

In a layout such as that shoWn in FIGS. 21(a) and 21(b), 
the amount to Which the apparatus projects from the observ 
er’s face undesirably increases. Further, since an image 
display device and an illumination optical system are 
attached to the projecting portion of the apparatus, the 
apparatus becomes increasingly large in siZe and heavy in 
Weight. 

Since a head-mounted image display apparatus is ?tted to 
the human body, particularly the head, if the amount to 
Which the apparatus projects from the user’s face is large, the 
distance from the supporting point on the head to the center 
of gravity of the apparatus is long. Consequently, the Weight 
of the apparatus is imbalanced When the apparatus is ?tted 
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2 
to the observer’s head. Further, When the observer moves or 
turns With the apparatus ?tted to his/her head, the apparatus 
may collide With something. 

That is, it is important for a head-mounted image display 
apparatus to be small in siZe and light in Weight An essential 
factor in determining the siZe and Weight of the apparatus is 
the layout of the optical system. 

HoWever, if an ordinary magni?er alone is used as an 
ocular optical system, exceedingly large aberrations are 
produced, and there is no device for correcting them. Even 
if spherical aberration can be corrected to a certain extent by 
forming the con?guration of the concave surface of the 
magni?er into an aspherical surface, other aberrations such 
as coma and ?eld curvature remain. Therefore, if the ?eld 
angle for observation is increased, the image display appa 
ratus becomes impractical. Alternatively, if a concave mirror 
alone is used as an ocular optical system it is necessary to 
use not only ordinary optical elements (lens and mirror) but 
also a device for correcting ?eld curvature by an image 
transfer device (?ber plate) having a surface Which is curved 
in conformity to the ?eld curvature produced, as shoWn in 
FIG. 22. 

In a coaxial ocular optical system in Which an object 
surface is projected on an observer’s pupil by using a 
semitransparent concave mirror and a semitransparent plane 
mirror, as shoWn in FIG. 23, since tWo semitransparent 
surfaces are used, the brightness of the image is reduced to 
as loW a level as 1/16, even in the case of a theoretical value. 

Further, since ?eld curvature that is produced by the semi 
transparent concave mirror is corrected by curving the object 
surface itself, it is dif?cult to use a ?at display, eg an LCD 
(Liquid Crystal Display), as an image display device. 

SUMMARY OF THE INVENTION 

In vieW of the above-described problems of the conven 
tional techniques, an object of the present invention is to 
provide an image display apparatus Which enables observa 
tion of a clear image at a Wide ?eld angle With substantially 
no reduction in the brightness of the observation image, and 
Which is extremely small in siZe and light in Weight and 
hence unlikely to cause the observer to be fatigued. 

To attain the above-described object, the present inven 
tion provides a ?rst image display apparatus Which includes 
an image display device for displaying an image, and an 
ocular optical system for projecting the image formed by the 
image display device and for leading the projected image to 
an observer’s eyeball. The ocular optical system is arranged 
such that light rays emitted from the image display device 
are re?ected three or higher odd-numbered times before 
reaching the observer’s eyeball, and that a surface of the 
ocular optical system that is disposed immediately in front 
of the observer’s eyeball is a refracting surface Which 
internally re?ects the light rays, and through Which the light 
rays exit from the ocular optical system. 

In addition, the present invention provides a second image 
display apparatus Which includes an image display device 
for displaying an image, and an ocular optical system for 
projecting the image formed by the image display device 
and for leading the projected image to an observer’s eyeball. 
The ocular optical system is arranged such that light rays 
emitted from the image display device are re?ected three 
times before reaching the observer’s eyeball, and that a 
surface of the ocular optical system that is disposed imme 
diately in front of the observer’s eyeball is a refracting 
surface Which internally re?ects the light rays, and through 
Which the light rays exit from the ocular optical system. 
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In addition, the present invention provides a third image 
display apparatus Which includes an image display device 
for displaying an image, and an ocular optical system for 
projecting the image formed by the image display device 
and for leading the projected image to an observer’s eyeball. 

The ocular optical system has at least three surfaces, and 
a space formed by the at least three surfaces is ?lled With a 
medium having a refractive index larger than 1. The at least 
three surfaces include, in the order in Which light rays pass 
in backWard ray tracing from the observer’s eyeball to the 
image display device, a ?rst surface Which functions as both 
a refracting surface and an internally re?ecting surface, a 
second surface Which is a re?ecting surface facing the ?rst 
surface and decentered or tilted With respect to an observer’s 
visual axis, and a third surface Which is a refracting surface 
closest to the image display device, so that re?ection takes 
place three times in the path from the observer’s eyeball to 
the image display device. 

In addition, the present invention provides a fourth image 
display apparatus Which includes an image display device 
for displaying an image, and an ocular optical system for 
projecting the image formed by the image display device 
and for leading the projected image to an observer’s eyeball. 
The ocular optical system has at least four surfaces, and a 
space formed by the at least four surfaces is ?lled With a 
medium having a refractive index larger than 1. The at least 
four surfaces include, in the order in Which light rays pass 
in backWard ray tracing from the observer’s eyeball to the 
image display device, a ?rst surface Which functions as both 
a refracting surface and an internally re?ecting surface, a 
second surface Which is a re?ecting surface facing the ?rst 
surface and decentered or tilted With respect to an observer’s 
visual axis, a third surface Which is a re?ecting surface 
facing the ?rst surface and adjacent to the second surface, 
and a fourth surface Which is a refracting surface closest to 
the image display device, so that re?ection takes place three 
times in the path from the observer’s eyeball, to the image 
display device. 

The reasons for adopting the above-described arrange 
ments in the present invention, together With the functions 
and effects thereof, Will be explained beloW. The folloWing 
explanation Will be made on the basis of backWard ray 
tracing in Which light rays are traced from the observer’s 
pupil position toWard the image display device for the 
convenience of designing the optical system. 

In the ?rst image display apparatus according to the 
present invention, the ocular optical system is characteriZed 
in that light rays emitted from the image display device are 
re?ected three or higher odd-numbered times before reach 
ing the observer’s eyeball, and that a surface of the ocular 
optical system that is disposed immediately in front of the 
observer’s eyeball is a refracting surface Which internally 
re?ects the light rays, and through Which the ?ght rays exit 
from the ocular optical system. Examples 1 to 10 (described 
later) correspond to the arrangement of the ?rst image 
display apparatus. 

In this apparatus, light rays emitted from the image 
display device are re?ected at least three times in the ocular 
optical system, thereby enabling the light rays to be folded 
very effectively and favorably, and thus succeeding in mini 
miZing the thickness of the ocular optical system and 
realiZing reduction in both siZe and Weight of the image 
display apparatus. In addition, because light rays emitted 
from the image display device are re?ected an odd number 
of times, the image display device can be installed in such 
a manner that a side thereof Which is reverse to its display 
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4 
surface faces the observer. Further, in the case of an image 
display device Which is illuminated from behind it, eg an 
LCD (Liquid Crystal Display), a back light and other 
attachments are disposed behind the image display device. 
In this regard, the present invention enables these attach 
ments to be disposed along the observer’s face. Accordingly, 
no part of the image display device projects forWardly 
beyond the ocular optical system In other Words, the Whole 
image display apparatus can be arranged such that the 
amount to Which the optical system projects from the 
observer’s face is extremely small. Thus, a compact and 
lightWeight head-mounted image display apparatus can be 
realiZed. 

Further, a surface of the ocular optical system that is 
disposed immediately in front of the observer’s face is 
adapted to perform both refraction and re?ection. Therefore, 
it is possible to reduce the number of surfaces needed to 
constitute the ocular optical system and hence possible to 
improve productivity. In addition, if the angle of internal 
re?ection at the ?rst surface is set so as to be larger than the 
critical angle, it becomes unnecessary to provide the ?rst 
surface With a re?ective coating. Therefore, even if the 
transmitting and re?ecting regions on the ?rst surface over 
lap each other, the image of the image display device reaches 
the observer’s eyeball Without any problem. Accordingly, 
the ocular optical system can be arranged in a compact form, 
and the ?eld angle for observation can be Widened. 

In the second image display apparatus according to the 
present invention, the ocular optical system is characteriZed 
in that light rays emitted from the image display device are 
re?ected three times before reaching the observer’s eyeball, 
and that a surface of the ocular optical system that is 
disposed immediately in front of the observer’s eyeball is a 
refracting surface Which internally re?ects the light rays, and 
through Which the light rays exit from the ocular optical 
system Examples 1 to 10 (described later) correspond to the 
arrangement of the second image display apparatus. 

In this apparatus, light rays emitted from the image 
display device are re?ected three times in the ocular optical 
system, thereby enabling the light rays to be folded very 
effectively and favorably, and thus succeeding in minimiZ 
ing the thickness of the ocular optical system and realiZing 
reduction in both siZe and Weight of the image display 
apparatus. Light rays emanating from the observer’s pupil is 
?rst re?ected toWard the observer’s face. Then, by the 
second re?ection, the light rays are re?ected forWardly from 
the observer’s face side. By the third re?ection, the light rays 
are re?ected toWard the observer’s face again to reach the 
image display device. Therefore, the image display device 
lies closer to the observer, and the image display device can 
be disposed in such a manner that a side thereof Which is 
reverse to its display surface faces the observer. 
Accordingly, it is possible to realiZe a head-mounted image 
display apparatus Which projects from the observer’s face to 
an extremely small amount for the same reasons as set forth 
above With respect to the second image display apparatus 
according to the present invention. Although it is possible to 
obtain similar advantageous effects by arranging the ocular 
optical system such that the ?ght rays are re?ected ?ve or 
higher odd-numbered times, an increase in the number of 
re?ections causes the distance from the image display device 
to the observer’s pupil position to lengthen exceedingly. 
Consequently, it becomes necessary to use longer and larger 
optical elements. Further, it becomes dif?cult to ensure a 
Wide ?eld angle because the focal length of the ocular 
optical system becomes long. Accordingly, the use of the 
ocular optical system Which alloWs the image of the image 
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display device to reach the observer’s eyeball by three 
re?ections makes it possible to realiZe a Well-balanced 
image display apparatus. 

Further, a surface of the ocular optical system that is 
disposed immediately in front of the observer’s face is 
adapted to perform both refraction and re?ection. Therefore, 
it is possible to reduce the number of surfaces needed to 
form the ocular optical system and hence possible to 
improve productivity. In addition, if the angle of internal 
re?ection at the ?rst surface is set so as to be larger than the 
critical angle, it becomes unnecessary to provide the ?rst 
surface With a re?ective coating. Therefore, even if the 
transmitting and re?ecting regions on the ?rst surface over 
lap each other, the image of the image display device reaches 
the observer’s eyeball Without any problem. Accordingly, 
the ocular optical system can be arranged in a compact form, 
and the ?eld angle for observation can be Widened. 

In the third image display apparatus according to the 
present invention, the ocular optical system has at least three 
surfaces, and a space formed by the at least three surfaces is 
?lled With a medium having a refractive index larger than 1. 
The at least three surfaces include, in the order in Which light 
rays pass in backWard ray tracing from the observer’s 
eyeball to the image display device, a ?rst surface Which 
functions as both a refracting surface and an internally 
re?ecting surface, a second surface Which is a re?ecting 
surface facing the ?rst surface and decentered or tilted With 
respect to an observer’s visual axis, and a third surface 
Which is a refracting surface closest to the image display 
device, so that re?ection takes place three times in the path 
from the observer’s eyeball to the image display device. 
Examples 1 to 5 (described later) correspond to the arrange 
ment of the third image display apparatus. 

In this apparatus, a space that is formed by the ?rst, 
second and third surfaces of the ocular optical system is 
?lled With a medium having a refractive index larger than 1, 
and light rays emitted from the image display device are 
re?ected three times in the ocular optical system, thereby 
enabling the light rays to be folded very effectively and 
favorably, and thus succeeding in minimiZing the thickness 
of the ocular optical system realiZing reduction in both siZe 
and Weight of the image display apparatus, and providing the 
observer With a clear observation image having a Wide exit 
pupil diameter and a Wide ?eld angle. 
By ?lling the space formed by the ?rst, second and third 

surfaces With a medium having a refractive index larger than 
1, light rays from the pupil are refracted by the ?rst surface, 
and it is therefore possible to minimiZe the height at Which 
extra-axial principal and subordinate rays are incident on the 
second surface. Consequently, the height of the principal ray 
at the second surface is loW, and therefore, the siZe of the 
second surface is minimiZed. Thus, the ocular optical system 
can be formed in a compact structure. Alternatively, the ?eld 
angle can be Widened. Further, because the height of the 
subordinate rays is reduced, it is possible to minimiZe 
comatic aberrations produced by the second surface, par 
ticularly higher-order comatic aberrations. 

Further, the actual optical path length is equal to the 
product of the apparent optical path length multiplied by the 
refractive index (e.g. 1.5) of the medium. Therefore, it 
become easy to ensure the distance from the observer’s 
eyeball to the ocular optical system, or the distance from the 
ocular optical system to the image display device. 

Further, unlike a conventional arrangement in Which an 
observation image of an image display device is formed in 
the air as a real intermediate image by a relay optical system 
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6 
and projected into an eyeball as an enlarged image by an 
ocular optical system the image display apparatus according 
to the present invention is arranged to project the image of 
the image display device directly into an observer’s eyeball 
as an enlarged image, thereby enabling the observer to see 
the enlarged image of the image display device as a virtual 
image. Accordingly, the optical system can be formed from 
a relatively small number of optical elements. Further, 
because the second surface of the ocular optical system, 
Which is a re?ecting surface, can be disposed immediately in 
front of the observer’s face in a con?guration conformable 
to the curve of his/her face, the amount to Which the optical 
system projects from the observer’s face can be reduced to 
an extremely small value. Thus, a compact and lightWeight 
image display apparatus can be realiZed. 

Further, because the ocular optical system comprises as 
small a number of surfaces as three, the mechanical design 
is facilitated, and the arrangement of the optical system is 
superior in productivity in the process of machining optical 
elements. Thus it is possible to realiZe an optical system of 
loW cost and high productivity. 

In the fourth image display apparatus, the ocular optical 
system has at least four surfaces, and a space formed by the 
at least four surfaces is ?lled With a medium having a 
refractive index larger than 1. The at least four surfaces 
include, in the order in Which light rays pass in backWard ray 
tracing from the observer’s eyeball to the image display 
device, a ?rst surface Which functions as both a refracting 
surface and an internally re?ecting surface, a second surface 
Which is a re?ecting surface facing the ?rst surface and 
decentered or tilted With respect to an observer’s visual axis, 
a third surface Which is a re?ecting surface facing the ?rst 
surface and adjacent to the second surface, and a fourth 
surface Which is a refracting surface closest to the image 
display device, so that re?ection takes place three times in 
the path from the observer’s eyeball to the image display 
device. Examples 6 to 10 (described later) correspond to the 
arrangement of the fourth image display apparatus. 

In this apparatus, light rays emitted from the image 
display device are re?ected three times in the ocular optical 
system in the same Way as in the third image display 
apparatus, thereby enabling the light rays to be folded very 
effectively and favorably, and thus succeeding in minimiZ 
ing the thickness of the ocular optical system realiZing 
reduction in both siZe and Weight of the image display 
apparatus, and providing the observer With a clear observa 
tion image having a Wide exit pupil diameter and a Wide ?eld 
angle. 

In the fourth image display apparatus, because the ocular 
optical system comprises four surfaces, only the ?rst surface 
performs both transmission and re?ection, and other re?ect 
ing and refracting functions are performed by respective 
surfaces Which are independent of each other. Accordingly, 
these surfaces can correct each other’s aberrations, and 
hence the arrangement is remarkably useful for aberration 
correction. 

In a case Where, as shoWn in FIG. 6, the image display 
device 4 (image plane) is disposed above the observer’s face 
or at a side of the observer’s face, the image display device 
4 (image plane) is disposed obliquely in front of the fourth 
surface 14, Which is in close proximity to the image display 
device 4 (image plane), thereby enabling the Whole appa 
ratus to be arranged in a structure Which is compact and Will 
not interfere With the observer’s face. In the image display 
apparatus according to the present invention in Which the 
ocular optical system comprises three surfaces, light rays are 
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re?ected twice by the second surface. Accordingly, if the 
radius of curvature of the second surface is reduced, the 
image display device is likely to be disposed closer to the 
observer’s face. When an LCD is used as an image display 
device in particular, a back light, driving substrate, etc. 
undesirably project. Therefore, the apparatus is likely to 
interfere With the observer’s face. If the radius of curvature 
of the second surface is increased, the distance betWeen tWo 
points on the second surface at Which tWo re?ections take 
place, respectively, increases, and hence the second surface 
increases in length. Consequently, the ?rst surface also 
increases in length, causing the optical system itself to 
increase in siZe unfavorably. 

In contrast, the ocular optical system Which comprises 
four surfaces is free from the above-described problem. That 
is, in the fourth image display apparatus, the function of the 
second surface in the triple surface structure is divided 
betWeen the second and fourth surfaces. Accordingly, there 
are tWo surfaces Which are disposed opposite to the observ 
er’s face to re?ect light rays toWard the observer. Therefore, 
it is possible to re?ect an optical path by each of the second 
and fourth surfaces in a favorable direction Without depend 
ing on the curvature of each surface. In other Words, it is 
possible to arrange the optical system in a compact form and 
set the apparatus in a favorable direction Without causing the 
image display device 4 (image plane) to interfere With the 
observer’s face. 

In the above-described image display apparatuses, at least 
one of the surfaces constituting the ocular optical system 
may be a ?at surface. Examples 5 and 6 (described later) 
correspond to this arrangement. 

That is, if at least one surface of the ocular optical system 
is a ?at surface, the other surfaces can be de?ned With the 
?at surface used as a reference; this facilitates the mechani 
cal design and production of the ocular optical system. Thus, 
it also becomes possible to shorten the machining time and 
readily arrange the layout of the Whole apparatus. 
Accordingly, it is possible to realiZe a considerable cost 
reduction. 

In the third and fourth image display apparatuses, it is 
desirable that the internal re?ection at the ?rst surface 
should be total re?ection. Examples, 1, 2, 3, 6, 7 and 8 
(described later) correspond to this arrangement. 

That is, if the light rays re?ected by the second surface are 
totally re?ected by the ?rst surface, it is possible to obtain 
great advantages in terms of the siZe of the optical elements 
and from the vieWpoint of performance. This Will be 
explained beloW in detail. 

FIGS. 14(a) and 14(b) are sectional vieWs each illustrat 
ing an optical ray trace of the image display apparatus 
according to the present invention. FIG. 14(a) shoWs an 
ocular optical system in Which a ?rst surface 5 does not 
totally re?ect light rays. FIG. 14(b) shoWs an ocular optical 
system in Which total re?ection occurs at a ?rst surface 5. In 
these sectional vieWs, reference numeral 1 denotes an 
observer’s pupil position, 2 an observer’s visual axis, 3 an 
ocular optical system, 4 an image display device (image 
plane), 5 a ?rst surface of the ocular optical system 3, 6 a 
second surface of the ocular optical system 3, and 7 a third 
surface of the ocular optical system 3. In FIG. 14(a), an 
internally re?ecting region M of the ?rst surface 5 has been 
mirror-coated. The other region of the ?rst surface 5 is a 
refracting region. 

Light rays coming out of the pupil 1 are refracted by the 
?rst surface 5 of the ocular optical system 3, re?ected by the 
second surface 6, Which is a concave mirror, and internally 
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8 
re?ected by the ?rst surface 5. If, as shoWn in FIG. 14(a), 
there is a large difference betWeen the height at Which upper 
extra-axial light rays U are re?ected by the second surface 
6 and the height at Which the upper extra-axial light rays U 
are re?ected by the ?rst surface 5 after being re?ected by the 
second surface 6, the overall length of the ocular optical 
system 3 correspondingly increases, resulting in an increase 
of the overall siZe of the ocular optical system 3. That is, as 
the difference betWeen the heights of the re?ection points 
decreases, the siZe of the ocular optical system 3 can be 
made smaller In other Words, if the siZe of the ocular optical 
system is kept constant, as the difference betWeen the 
heights of the re?ection points becomes smaller, the ?eld 
angle for observation can be Widened. 

HoWever, if the difference betWeen the re?ection heights 
of the upper extra-axial light rays U at the second surface 6 
and the ?rst surface 5 is reduced in the ocular optical system 
of the present invention, as shoWn in FIG. 14(b), the upper 
light rays U are re?ected at a position higher than a position 
at Which loWer extra-axial light rays L are incident on the 
?rst surface 5. Accordingly, When the ?rst surface 5 is not a 
totally re?ecting surface, the refracting region of the ?rst 
surface 5 overlaps the mirror coat region M‘. Consequently, 
the loWer light rays L are undesirably blocked. 

That is, if the internal re?ection at the ?rst surface 5 
satis?es the condition for total re?ection, the ?rst surface 5 
need not be mirror-coated. Therefore, even if the upper light 
rays U after re?ection at the second surface 6 and the loWer 
light rays L incident on the ?rst surface 5 interfere With each 
other at the ?rst surface 5, the upper and loWer light rays U 
and L can perform their original functions. At the second 
surface 6, Which is a decentered re?ecting surface, as the 
re?ection angle becomes larger, comatic aberration occurs to 
a larger extent. HoWever, in a case Where light rays are 
totally re?ected by the ?rst surface 5, the angle of re?ection 
at the second surface 6 can be reduced. Therefore, it is 
possible to effectively suppress the occurrence of comatic 
aberration at the second surface 6. 

It should be noted that the above-described effect does not 
depend on the number of surfaces constituting the ocular 
optical system. 

Further, it is desirable that the second surface should be 
arranged as a re?ecting surface Which is concave toWard the 
?rst surface. Examples, 1, 2, 3, 4, 6, 7 and 8 (described later) 
correspond to this arrangement. 

In a case Where the second surface is a re?ecting surface 
Which is concave toWard the ?rst surface, the second surface 
is a principal re?ecting surface having a positive poWer in 
the ocular optical system. Principal rays diverging from the 
pupil at a certain angle (?eld angle) are re?ected by the 
second surface having a positive poWer, thereby enabling the 
angle to be reduced. Accordingly, it is possible to reduce the 
siZe of all the surfaces, from the ?rst to third surfaces after 
the re?ection at the second surface, and hence possible to 
arrange the Whole optical system in a compact and light 
Weight structure. 

Generally, a concave mirror Which is decentered With 
respect to an optical axis causes axial and off-axis comatic 
aberrations to be produced by decentration. Further, as the 
poWer of a surface increases, the amount of aberration 
produced by the surface also increases. HoWever, in the 
ocular optical system according to the present invention, 
light rays are re?ected tWice by the second surface. 
Therefore, it is possible to obtain an adequate positive poWer 
for the Whole system Without the need to increase the poWer 
of the second surface. Accordingly, it is possible to minimiZe 



US RE37,579 E 
9 

the amount of aberration produced by each re?ection at the 
second surface. 

Further, it is desirable that the ?rst surface should be a 
surface Which functions as both a transmitting surface and a 
re?ecting surface, and Which is convex toWard the second 
surface. Examples 1, 2, 3, 4, 7 and 8 (described later) 
correspond to this arrangement. 

In a case Where the ?rst surface functions as both a 
transmitting surface and a re?ecting surface and is convex 
toWard the second surface, and the second surface has a 
positive poWer, it is possible to effectively correct coma and 
?eld curvature produced by the second surface When light 
rays are internally re?ected by the ?rst surface after being 
re?ected by the second surface. 

In a case Where the second surface is a re?ecting surface 
having a positive poWer, the negative comatic aberration 
produced by the second surface can be corrected by alloWing 
the ?rst surface to have a negative poWer so that the ?rst 
surface produces comatic aberration Which is opposite in 
sign to the comatic aberration produced by the second 
surface. The positive ?eld curvature produced by the second 
surface can be simultaneously corrected by producing nega 
tive ?eld curvature at the ?rst surface. 

In order to alloW the ?rst surface to perform total re?ec 
tion as internal re?ection, it is necessary to satisfy the 
condition that re?ection angles of all light rays at the ?rst 
surface are not smaller than the critical angle 6,=sin_1(1/n) 
(Where n is the refractive index of a medium constituting the 
optical system). In the case of n=1.5, for example, 
6,=41.81°, and a re?ection angle not smaller than it is 
necessary. This Will be explained beloW With reference to 
FIGS. 15(a) and 15(b). FIGS. 15(a) and 15(b) shoW a part 
of the ocular optical system in Which light rays are ?rst 
re?ected by the second surface 6 and then internally 
re?ected by the ?rst surface 5. FIG. 15(a) shoWs the Way in 
Which re?ection takes place When the ?rst surface 5 is 
concave toWard the second surface 6. FIG. 15(b) shoWs the 
Way in Which re?ection takes place When the ?rst surface 5 
is convex toWard the second surface 6. 

After being re?ected by the second surface 6, each light 
ray is directed doWnWard at a certain re?ection angle. In a 
case Where the ?rst surface 5 is a re?ecting surface Which is 
concave toWard the second surface 6. As shoWn in FIG. 
15(a), lines S normal to the ?rst surface 5 convergently 
extend toWard the second surface 6. Since a loWer light ray 
L re?ected by the second surface 6 is incident on the ?rst 
surface 5 in a direction along the line normal to the ?rst 
surface 5, the re?ection angle y at the ?rst surface 5 cannot 
be made large. That is, it is dif?cult to satisfy the condition 
for total re?ection With respect to all ?ght rays re?ected by 
the ?rst surface 5. Conversely, in a case Where the ?rst 
surface 5 is convex toWard the second surface 6, as shoWn 
in FIG. 15(b), lines S‘ normal to the ?rst surface 5 diver 
gently extend toWard the second surface 6. Accordingly, the 
re?ection angle y can be effectively increased even for the 
loWer light ray. Thus, the condition for total re?ection at the 
?rst surface 5 can be readily satis?ed at a Wide ?eld angle. 
Further, the ?rst surface may be a ?at surface Which func 
tions as both a transmitting surface and a re?ecting surface. 
Example 6 (described later) corresponds to this arrange 
ment. 

If the ?rst surface is a ?at surface, the other surfaces can 
be de?ned With the ?at surface used as a reference; this 
facilities the mechanical design and production of the ocular 
optical system. Thus, it also becomes possible to shorten the 
machining time and readily arrange the layout of the Whole 
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apparatus. Accordingly, it is possible to realiZe a consider 
able cost reduction. Further, When an outside World image is 
to be observed through the ocular optical system, it is 
necessary to arrange the system such that a compensating 
optical system for vieWing the outside World is disposed 
outside the second surface so that the poWer of the entire 
optical system is approximately Zero With respect to light 
from the outside World. In such a case, if the ?rst surface is 
a ?at surface, both the entrance and exit surfaces of the 
optical system are ?at surfaces. Therefore, even if the ?rst 
surface is tilted, the outside World can be readily observed. 
If the compensating optical system is cemented to the 
second surface, the resulting structure is a simple plane 
parallel plate With respect to the outside World light and 
hence completely poWerless. That is, the magni?cation is 1. 
Thus, the outside World can be observed in a natural state. 

Further, the internally re?ecting region of the ?rst surface 
may be provided With a re?ective coating. Examples 4, 5, 9 
and 10 (described later) correspond to this arrangement. 
When the internal re?ection at the ?rst surface does not 

satisfy the condition for total re?ection, the internally 
re?ecting region of the ?rst surface needs to be provided 
With a re?ective coating of aluminum, for example. 

Further, the ?rst surface may be a surface Which functions 
as both a transmitting surface and a re?ecting surface, and 
Which is concave toWard the second surface. Examples 5, 9 
and 10 (described later) correspond to this arrangement. 

In a case Where the ?rst surface has a positive poWer, light 
rays are refracted by the ?rst surface even more effectively. 
Therefore, it is possible to further reduce the height at Which 
light rays are incident on the second surface. This action 
makes it possible to reduce the amount of comatic aberration 
produced by decentration at the second and later re?ecting 
surfaces. 

Further, the second surface may be a re?ecting surface 
Which is convex toWard the ?rst surface. Examples 9 and 10 
(described later) correspond to this arrangement. 

In a case Where the ?rst surface has a positive poWer, the 
second surface must have a negative poWer in order to 
ensure an optical path length required for the optical system. 
In the case of an ocular optical system having a Wide ?eld 
angle as in the present invention, the optical system can be 
arranged in a compact structure by placing a positive poWer 
at a position close to the exit pupil. HoWever, the ?rst surface 
not only refracts but also re?ects light rays after they have 
been re?ected by the second surface. With respect to sur 
faces of the same curvature, re?ective poWer is stronger than 
refractive poWer. In other Words, the focal length becomes 
exceedingly short. Therefore, an appropriate focal length is 
obtained by giving a negative poWer to the second surface, 
thus enabling the image display device to be readily dis 
posed at a predetermined position. 

Further, it is desirable to satisfy the folloWing condition: 

Where 62 is the incident angle of the axial principal ray at 
the ?rst re?ection by the second surface in the backWard ray 
tracing. 

Examples 1 to 10 (described later) correspond to this 
arrangement. 

FIG. 16 shoWs the Way in Which, in the ocular optical 
system 3 in the image display apparatus according to the 
present invention, an axial principal ray, Which exits from 
the center of the pupil 1 and reaches the center of the image 
display device 4 (image plane), emits from the image 
































