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IMAGE DISPLAY APPARATUS 

[0001] This application is based on Japanese Patent Appli 
cation No. 2003-013451 ?led on Jan. 22, 2003, the contents 
of Which are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to an image display 
apparatus, more particularly to an image display apparatus 
such as an HAD (head-mounted display) or HUD (head-up 
display) that projects a tWo-dimensional image formed, for 
example, on a liquid crystal display (LCD) onto an observ 
er’s eye by the use of a holographic optical element (HOE) 
so as to permit the observer to observe the image on a 
see-through basis. 

[0004] 2. Description of the Prior Art 

[0005] Japanese Patent Application Laid-Open No. 
H9-185009, US. Pat. No. 4,655,540, and other publications 
propose image display apparatuses of a see-through type that 
superimpose an image of an object on an image of the 
outside World by the use of a combiner realiZed With a 
hologram and then projects the resulting image for display. 
Among these, Japanese Patent Application Laid-Open No. 
H9-185009 proposes an image display apparatus in the 
shape of eyeglasses that permits observation of a tWo 
dimensional image on a see-through basis by the use of a 
holographic optical element having the function of an eye 
piece lens. FIGS. 14A and 14B shoW an outline of the 
optical construction of such an image display apparatus. In 
FIG. 14A, broken lines represent the rays to Which a 
holographic optical element 22 is eXposed When it is fabri 
cated, and solid and dotted lines represent the most off-axial 
rays of the beam representing the reconstructed image When 
the displayed image is observed. 

[0006] The holographic optical element 22 is fabricated by 
the use of a high-coherence light source such as a laser light 
source. The holographic optical element 22 is fabricated by 
making a divergent beam emanating from Where the obser 
vation pupil E is located interfere With a nonaXisymmetric 
beam With a complicated Wavefront and recording the 
resulting interference fringes as a pattern of refractive indeX 
modulation on a photosensitive material. The holographic 
optical element 22 thus obtained is a volume-phase re?ec 
tive hologram With good see-through characteristics and 
high light-use e?iciency. This holographic optical element 
22 has a phase function that converts the Wavefront of 
incident light in such a Way that the light is re?ected by 
diffraction in a desired direction, and also functions as a 
nonaXisymmetric lens, contributing to miniaturiZation. 
When an image is observed, the holographic optical element 
22 is reconstructed by the use of a light source such as an 
LED (light-emitting diode), in particular a light source of 
Which the peak Wavelength is roughly equal to the Wave 
length of the eXposure rays (With a difference in Wavelength 
of 20 nm or less). When an image display element 21 is 
illuminated With the light from such a light source, the image 
light emanating from the image display element 21 is 
incident on the holographic optical element 22, and the light 
re?ected by diffraction it eXerts is directed to an observer’s 
eye 23. 

[0007] The holographic optical element 22 has narroW 
angle selectivity, and therefore, When it is eXposed and 
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reconstructed in the manners described above, its diffraction 
e?iciency is highest When the directions of the reconstruc 
tion rays (the solid and dotted lines) are close to those of the 
eXposure rays (broken lines), and is loW When the directions 
of the reconstruction and eXposure rays differ. Thus, the 
uppermost rays represented by the dotted lines and the loWer 
most rays represented by the solid lines come to have a large 
angle difference 6 relative to the eXposure rays represented 
by the broken lines. When photopolymer, a common pho 
tosensitive material, is used, the resulting refractive indeX 
modulation (in the vicinity of An=0.1) gives the holographic 
optical element sharp angle selectivity in terms of diffraction 
e?iciency 11. This makes it impossible to obtain an obser 
vation pupil E having the designed siZe. In FIG. 14B, the 
designed observation pupil E is indicated With solid lines, 
and the actually obtained observation pupil E is indicated 
With broken lines. When photopolymer is used, the obser 
vation pupil E measures, for eXample, 10 to 20 mm in the 
Width direction and 1 mm (the broken lines) or 3 to 5 mm 
(solid lines) in the height direction. As a result, the displayed 
image goes out of sight When the observer moves his or her 
eye 23 up or doWn even a little. Using a photosensitive 
material such as silver halide or bichromated gelatin instead 
of photopolymer results in larger values of An and 11, and 
thus helps obtain broader angle selectivity. This, hoWever, 
increases fabrication costs and leads to loWer durability 
under the in?uence of moisture absorption and temperature 
variation. 

SUMMARY OF THE INVENTION 

[0008] An object of the present invention is to provide an 
inexpensive image display apparatus that forms an obser 
vation pupil that permits easy observation of the displayed 
image. 

[0009] To achieve the above object, according to one 
aspect of the present invention, a holographic element is a 
re?ective holographic element formed on a substrate and 
composed of a composite hologram having a plurality of 
patterns of interference fringes composed of interference 
fringes nonparallel to the substrate. This holographic ele 
ment forms, out of image light having a predetermined 
Wavelength Width emanating from an image display ele 
ment, a plurality of observation pupils at spatially different 
locations, and acts in such a Way as to ful?ll conditional 
formulae (I) and (II) beloW for an identical incident ray over 
the entire area in Which the image light is incident on the 
holographic element: 

A6<2 (I) 

AT] >50 (II) 

[0010] Where 

[0011] A0 represents the difference (°) in angle of 
diffraction among the different patterns of interfer 
ence fringes; and 

[0012] A11 represents the difference (%) in diffraction 
e?iciency among the different patterns of interfer 
ence fringes. 

[0013] According to another aspect of the present inven 
tion, an image display apparatus is provided With an image 
display element for displaying a tWo-dimensional image, an 
enlargement optical system for projecting, With enlarge 
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ment, the image displayed on the image display element, and 
a holographic element as described above included in the 
enlargement optical system. 

[0014] According to still another aspect of the present 
invention, an image display apparatus is provided With an 
image display element for displaying a tWo-dimensional 
image, an enlargement optical system for re?ecting, as a ?rst 
image, the image displayed on the image display element so 
as to project, With enlargement, the ?rst image onto an 
observer’s pupil While transmitting, as a second image, an 
image from an outside World so as to direct the second image 
to the observer’s pupil, and a holographic element as 
described above included in the enlargement optical system 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] This and other objects and features of the present 
invention Will become clear from the folloWing description, 
taken in conjunction With the preferred embodiments With 
reference to the accompanying draWings in Which: 

[0016] FIG. 1 is a sectional vieW shoWing an outline of the 
optical construction of an image display apparatus embody 
ing the invention; 

[0017] FIG. 2 is a perspective vieW shoWing the eXternal 
appearance of the image display apparatus embodying the 
invention; 

[0018] FIGS. 3A and 3B are diagrams illustrating hoW 
different patterns of interference fringes form observation 
pupils; 

[0019] FIG. 4 is a graph shoWing the angle selectivity of 
the holographic optical element; 

[0020] FIG. 5 is an enlarged sectional vieW shoWing a 
portion of a holographic optical element composed of a 
multiple-layer hologram; 

[0021] FIG. 6 is an optical construction diagram shoWing 
a tWo-beam hologram eXposure apparatus for fabricating a 
multiple-layer hologram; 

[0022] FIG. 7 is a diagram schematically shoWing an 
outline of the overall construction of a tWo-beam hologram 
eXposure apparatus for fabricating a multiple-exposure holo 
gram; 

[0023] FIG. 8 is a diagram schematically shoWing the 
eXposure unit included in the tWo-beam hologram eXposure 
apparatus shoWn in FIG. 7; 

[0024] FIG. 9 is a diagram shoWing the optical construc 
tion, as designed, of the tWo-beam hologram eXposure 
apparatus shoWn in FIG. 7; 

[0025] FIG. 10 is a diagram schematically shoWing an 
outline of the construction of a single-beam hologram eXpo 
sure apparatus for fabricating a multiple-exposure holo 
gram; 

[0026] FIG. 11 is a diagram shoWing the optical construc 
tion, as designed, of the single-beam hologram eXposure 
apparatus shoWn in FIG. 10; 

[0027] FIG. 12 is a diagram schematically shoWing an 
eXample of hoW the tWo-beam hologram eXposure apparatus 
shoWn in FIG. 7 is modi?ed to cope With colors; 

Jul. 22, 2004 

[0028] FIGS. 13A and 13B are graphs shoWing the angle 
selectivity and Wavelength selectivity of the holographic 
optical element; and 

[0029] FIGS. 14A and 14B are diagrams shoWing an 
outline of the optical construction of a conventional image 
display apparatus. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0030] Hereinafter, an image display apparatus embody 
ing the invention Will be described With reference to the 
draWings. FIG. 1 shoWs an outline of an image display 
apparatus, in the shape of eyeglasses, embodying the inven 
tion, as seen in an optical section, and FIG. 2 shoWs its 
external appearance. In FIG. 1, reference numeral 1 repre 
sents an LED, reference numeral 2 represents a condenser 
lens, reference numeral 3 represents a transmissive LCD 
reference numeral 4 represents a holographic optical ele 
ment composed of a volume-phase re?ective hologram 
(corresponding to an enlargement optical system constitut 
ing part of an eyepiece optical system), reference numeral 5 
represents an observer’s eye 5, reference, numeral 6 repre 
sents a prism, and reference symbol E represents an obser 
vation pupil. In FIG. 2, reference numeral 7 represents a 
cable, reference numeral 8 represents a bridge, reference 
numerals SR and SL represent nose pads, reference numerals 
9R and 9L represent lenses, reference numeral 10 represents 
a display portion, reference numerals 11R and 11L represent 
temples serving as a holding member that holds the image 
display apparatus on the observer’s head, and reference 
numeral 14 represents a casing. 

[0031] The LED 1 is an illumination light source that 
emits illumination light for illuminating the display surface 
of the LCD 3, and the condenser lens 2 is a collimator lens 
for illumination that makes the light from the LED 1 into a 
parallel beam. The LCD 3 is a transmissive spatial modu 
lation element that forms a tWo-dimensional image on its 
display surface. Since this LCD 3 is an image display 
element of the type that does not emit light by itself, the 
tWo-dimensional image formed on it becomes visible When 
its display surface is illuminated With the illumination light 
from the LED 1. The image display element does not 
necessarily have to be a transmissive spatial modulation 
element, but may be a re?ective spatial modulation element. 
For eXample, a re?ective LCD that operates fast permits 
color display on a time-division basis, and is therefore 
suitable to achieve high-resolution color display at loW 
costs. Here, using the LED 1 as the illumination light source 
and the LCD 3 as the image display element is preferable to 
realiZe a compact, light-Weight, and inexpensive optical 
construction. HoWever, it is also possible to use instead an 
image display element of the self-illuminating type such as 
an EL (electroluminescence) element. Using a self-illumi 
nating image display element eliminates the need for an 
illumination light source and a condenser lens, and thus 
helps realiZe a more light-Weight, compact optical construc 
tion. 

[0032] As described above, the LED 1, the condenser lens 
2, and the LCD 3 together constitute an image forming 
means for forming a tWo-dimensional image. The image 
light emanating therefrom is directed to the observer’s eye 
5 by an eyepiece optical system constituted by the prism 6 
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and the re?ective holographic optical element 4. As a result, 
the tWo-dimensional image is projected onto the observer’s 
eye 5 on a see-through basis and With enlargement by the 
holographic optical element 4 so as to be observed as a 
virtual image by the observer. As shoWn in FIG. 2, the prism 
6 is embedded as part of the right-eye lens 9R, and the 
display portion 10 for forming an image is ?tted above the 
prism 6. The display portion 10 receives electric poWer and 
signals by Way of the cable 7 connected thereto. The display 
portion 10 is housed in the casing 14, Which is so ?tted as 
to sandWich the prism 6. The LED 1, the condenser lens 2, 
and the LCD 3 described above are, together With other 
components, housed in the casing 14. With this construction, 
it is possible to realiZe a light-Weight, compact image 
display apparatus. In the embodiment shoWn in FIG. 2, an 
image is displayed for one eye only. It is also possible, 
hoWever, to apply the same construction not only to the 
right-eye lens but also to the left-eye lens so that an image 
is displayed for both eyes. Displaying an image for both eyes 
helps alleviate the eye strain that the observer feels as a 
result of being forced to observe an image With one eye. 

[0033] The holographic optical element 4 is so arranged as 
to be sandWiched betWeen the prism 6 and the lens 9R, 
Which thus serve as hologram substrates. The holographic 
optical element 4 is composed of a composite hologram, and 
has tWo patterns of interference fringes composed of inter 
ference fringes nonparallel to the hologram substrate sur 
faces. The diffraction eXerted by the patterns of interference 
fringes permits the holographic optical element 4 to function 
as an eyepiece lens. Moreover, the Wavelength selectivity of 
the holographic optical element 4 permits it to function as a 
suitable combiner. That is, While it is possible to satisfac 
torily observe the tWo-dimensional image formed on the 
LCD 3, it is also possible to obtain a suf?cient amount of 
light for the outside World observed through the holographic 
optical element 4. Moreover, the holographic optical ele 
ment 4 has an aXisymmetric optical poWer. Giving the 
holographic optical element 4 an aXisymmetric optical 
poWer permits observation of an image With aberrations 
satisfactorily corrected for, and turning the optical path by 
re?ecting it by diffraction, i.e. at an angle of re?ection 
different from that achieved by regular re?ection, contrib 
utes to miniaturiZation of the image display apparatus. The 
eXample being discussed here deals With a case Where the 
holographic optical element 4 has tWo patterns of interfer 
ence fringes, but the holographic optical element 4 may 
simply have more than one pattern of interference fringes, 
for eXample three or more. 

[0034] Since the holographic optical element 4 has tWo 
patterns of interference fringes, it causes imaging to take 
place in tWo Ways. That is, the tWo patterns of interference 
fringes of the holographic optical element 4 form tWo 
observation pupils E1 and E2 as shoWn in FIGS. 3A an 3B. 
FIG. 3A shoWs the positional relationship betWeen the 
observer’s eye 5 and the observation pupils E1 and E2, and 
FIG. 3B shoWs the optical path to illustrate hoW the holo 
graphic optical element 4 forms the observation pupils E1 
and E2. In this Way, the holographic optical element 4 forms, 
out of the image light having a predetermined Wavelength 
Width emanating from the LCD 3, tWo observation pupils E1 
and E2 at spatially different locations. This, makes the siZe 
of the observation pupils E1 and E2 as a Whole larger, and 
thereby makes the displayed image easier to observe. More 
over, the illumination light emitted by the LED 1 has a Wider 
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Wavelength Width (than laser light), and thus the image light 
has a predetermined Wavelength Width. This gives the result 
ing observation pupils E1 and E2 a suitable siZe. 

[0035] Moreover, the holographic optical element 4 acts in 
such a Way that, over the entire area in Which the image light 
is incident thereon, conditions (I) and (II) beloW are ful?lled 
for an identical ray. 

A6<2 (I) 

AT] >50 (II) 

[0036] Where 

[0037] A0 represents the difference (°) in angle of 
diffraction among the different patterns of interfer 
ence fringes; and 

[0038] A11 represents the difference (%) in diffraction 
ef?ciency among the different patterns of interfer 
ence fringes. 

[0039] Condition (I) indicates that the tWo patterns of 
interference fringes have roughly identical phase functions, 
and condition (II) indicates that the tWo patterns of inter 
ference fringes have different angle selectivity. Their having 
different angle selectivity means that, as shoWn in a graph in 
FIG. 4 (Where 0t represents the angle of incidence of light 
and 11 represents diffraction efficiency), there is a difference 
in the angle of incidence of light at Which they exhibit high 
diffraction ef?ciency. Thus, the holographic optical element 
4, While converting the Wavefront With tWo roughly identical 
phase functions, exhibits tWo different patterns of angle 
selectivity. Accordingly, the tWo observation pupils E1 and 
E2 are formed at spatially different locations With roughly 
equal optical poWers. 

[0040] In the construction described above, When the 
observer moves his or her eye 5 up or doWn, the observed 
image sWitches betWeen that of one of the tWo observation 
pupils E1 and E2 and that of the other. The observer 
recogniZes this sWitching as a change in the siZe or position 
of the observed image the more distinctly the greater the 
difference in location betWeen the tWo observation pupils E1 
and E2 and the smaller the screen siZe of the LCD 3. 
HoWever, since the image produced by an MID typically has 
a vieWing angle of about 10° to 40°, so long as condition (I) 
is ful?lled, such a change is quite acceptable and does not 
unduly degrade the quality of the observed image. On the 
other hand, With respect to condition (II), hoW much differ 
ent the angle selectivity of the tWo patterns of interference 
fringes is from each other affects hoW effectively the obser 
vation pupils E1 and E2 can be enlarged. Speci?cally, if 
condition (II) is ful?lled, it is possible to effectively enlarge 
the siZe of the observation pupils E1 and E2 as a Whole and 
thereby make the displayed image easier to observe. Accord 
ingly, ful?lling conditions (I) and (II) helps enhance the 
quality of the displayed image and enlarge the observation 
pupils E1 and E2 to make the displayed image easier to 
observe. 

[0041] EXamples of the photosensitive material used to 
fabricate the holographic optical element 4 include photo 
polymer, silver halide, and bichromated gelatin. Among 
these materials, photopolymer is particularly preferable, 
because it permits fabrication by a dry process and thus at 
loW costs, and because it is eXcellently durable. Moreover, 
even Without the use of silver halide or bichromated gelatin, 
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it is possible, as described above, to enlarge the observation 
pupils E1 and E2 to make the displayed image easier to 
observe. The composite hologram constituting the holo 
graphic optical element 4 may be a multiple-layer hologram 
fabricated by laying on each other tWo holograms each 
having a pattern of interference fringes recorded thereon or 
a multiple-exposure hologram fabricated by recording tWo 
patterns of interference fringes on a single photosensitive 
material by multiple exposure. Using a multiple-layer holo 
gram fabricated by laying on one another a plurality of 
holograms each having a pattern of interference fringes 
recorded thereon results in high diffraction ef?ciency. 
Accordingly, using a multiple-layer hologram as the com 
posite hologram in the holographic optical element 4 helps 
make the displayed image brighter. On the other hand, a 
multiple-exposure hologram fabricated by recording a plu 
rality of patterns of interference fringes on a single photo 
sensitive material by multiple exposure requires a smaller 
amount of the photosensitive material and is easy to fabri 
cate. Accordingly, using a multiple-exposure hologram as 
the composite hologram in the holographic optical element 
4 helps reduce costs. 

[0042] Next, a method of fabricating a multiple-layer 
hologram for use in the holographic optical element 4 Will 
be described. As shoWn in an enlarged vieW in FIG. 5, the 
multiple-layer hologram described here has tWo holograms 
H1 and 12 laid on each other, and the tWo holograms H1 and 
12 have identical phase functions, Which represent hoW they 
convert the Wavefront. FIG. 6 shoWs the optical construc 
tion of a tWo-beam hologram exposure apparatus for fabri 
cating a multiple-layer hologram. Exposure is performed 
tWice, With virtual light source points arranged differently, 
namely P1 and Q1 as opposed to P2 and Q2, and With 
different types of exposure optical system, namely G1 as 
opposed to G2, arranged differently betWeen When exposure 
is performed for the ?rst and second times. Speci?cally, the 
exposure optical systems G1 and G2 used here are so 
constructed that, even though exposure rays are incident on 
the photopolymer at different angles of incidence betWeen 
When exposure is performed for the ?rst and second times, 
the exposure optical systems G1 and G2 produce patterns of 
interference fringes having roughly identical phase func 
tions. Since exposure rays are incident at different angles of 
incidence betWeen When exposure is performed for the ?rst 
and second times, the holographic optical element 4 so 
fabricated exhibits tWo different patterns of angle selectivity 
(i.e., tWo maximums in diffraction ef?ciency) With respect to 
light of an equal Wavelength. The exposure optical systems 
G1 and G2 are separately constructed to suit the respective 
sessions of exposure, and are thus easy to design. 

[0043] A multiple-layer hologram is fabricated in the 
folloWing manner. First, on the hologram substrate surface 
6a of the prism 6, a ?rst photopolymer layer is ?xed, By the 
use of the ?rst exposure optical system G1, a ?rst session of 
exposure is performed With tWo beams emanating from tWo 
virtual light source points P1 and Q1. As a result, interfer 
ence fringes are recorded as a pattern of refractive index 
modulation on the ?rst photopolymer layer. The interference 
fringes recorded on the ?rst photopolymer layer are ?xed by 
irradiation With UV (ultraviolet) rays and baking to obtain 
the ?rst hologram H1. Next, on the ?rst hologram H1, a 
second photopolymer layer is ?xed. By the use of the second 
optical system G2, a second session of exposure is per 
formed With tWo beams emanating from tWo virtual light 
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source points P2 and Q2. As a result, interference fringes are 
recorded as a pattern of refractive index modulation on the 
second photopolymer layer. The interference fringes 
recorded on the second photopolymer layer are ?xed by 
irradiation With UV rays and baking to obtain the second 
hologram H2. In this Way, the holographic optical element 4 
composed of a multiple-layer hologram is fabricated (FIG. 
5). Here, the purpose of performing UV irradiation every 
time exposure is performed is to irradiate each material With 
a suf?cient amount of UV radiation to perfectly ?x the 
interference fringes. Thus, the fabrication process may be 
simpli?ed by omitting the UV irradiation and baking after 
the ?rst session of exposure and performing them only once 
after the second session of exposure. 

[0044] Next, a ?rst method of fabricating a multiple 
exposure hologram for use in the holographic optical ele 
ment 4 Will be described. FIG. 7 shoWs an outline of the 
overall construction of a tWo-beam hologram exposure 
apparatus for fabricating a multiple-exposure hologram. In 
FIG. 7, reference symbol S0 represents a laser light source, 
reference symbol m1 represents a half mirror, reference 
symbols m2 and m3 are re?ection mirrors, reference sym 
bols L1 and L2 represent objective lenses, and reference 
numeral U1 represents an exposure unit. FIG. 8 shoWs the 
exposure unit U1 constituting part of the exposure apparatus 
shoWn in FIG. 7, and FIG. 9 shoWs the optical construction 
of the exposure unit U1 as designed. In FIGS. 8 and 9, 
reference symbols P, P1, P2, Q, Q1, and Q2 represent virtual 
light source points, and reference symbols M1 and M2 
represent axisymmetric exposure mirrors. 

[0045] As shoWn in FIG. 8, the prism 6 and the exposure 
mirrors M1 and M2 are ?xed to the exposure unit U1 so that, 
as the exposure unit U1 moves translationally, the prism 6 
and the exposure mirrors M1 and M2 move translationally 
together. The virtual light source points P and Q formed by 
the objective lenses L1 and L2 are kept at ?xed locations, 
and therefore, as the exposure unit U1 moves translationally, 
the relative positions of the virtual light source points P and 
Q With respect to the prism 6 and the exposure mirrors M1 
and M2 vary. In FIG. 8, the optical paths indicated With 
solid and broken lines respectively represent the exposure 
ray arrangements before and after (i.e. at the times of the ?rst 
and second sessions of exposure) the prism 6 and the 
exposure mirrors M1 and M2 actually move relative to the 
virtual light source points P and Q, Which are ?xed. On the 
other hand, in FIG. 9, the optical paths indicated With solid 
and broken lines respectively represent the exposure ray 
arrangements before and after (i.e. at the times of the ?rst 
and second sessions of exposure) the virtual light source 
points, namely P1 and Q1 as opposed to P2 and Q2, 
relatively move With respect to the prism 6 and the exposure 
mirrors M1 and M2, Which are regarded as ?xed here. 

[0046] A multiple-exposure hologram is fabricated in the 
folloWing manner. First, a photopolymer layer is ?xed on the 
hologram substrate surface 6a of the prism 6, and the laser 
light source S0 shoWn in FIG. 7 is turned on. The exposure 
beam emanating from the laser light source S0 is divided by 
the half mirror m1 into tWo beam, of Which one is incident 
on the objective lens L1 and the other is re?ected from the 
tWo re?ection mirrors m2 and m3 and is then incident on the 
objective lens L2. The objective lenses L1 and L2 form, as 
shoWn in FIG. 8, virtual light source points P and Q, 
respectively, inside the exposure unit U1. When a ?rst 
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session of exposure is performed With tWo light beams (solid 
lines) emanating from the tWo virtual light source points P 
and Q With the exposure mirrors M1 and M2 placed at the 
locations indicated With solid lines, interference fringes are 
recorded as a pattern of refractive index modulation on the 
photopolymer layer. Next, the exposure unit U1 is moved to 
the location indicated With broken lines. When a second 
session of exposure is performed With tWo light beams 
(broken lines) emanating from the tWo virtual light source 
points P and Q With the exposure mirrors M1 and M2 placed 
at the locations indicated With broken lines, interference 
fringes are recorded as a pattern of refractive index modu 
lation on the photopolymer layer. The energy With Which 
exposure is performed is set by appropriately setting the 
output poWer of the laser light source and the duration for 
Which a shutter (not illustrated) is kept open. This applies 
also to the other embodiments described later. When the 
patterns of interference fringes recorded on the photopoly 
mer layer are ?xed by UV radiation and baking, a composite 
hologram having tWo patterns of interference fringes 
recorded thereon by exposure. i.e. having interference fringe 
patterns doubly recorded thereon is obtained. In the com 
posite hologram thus obtained, the pattern of interference 
fringes recorded in the ?rst session of exposure and the 
pattern of interference fringes recorded in the second session 
of exposure have roughly identical phase functions. 

[0047] In the above-described method of fabricating a 
multiple-exposure hologram, the virtual light source points 
P and Q do not move. This eliminates the need to use more 
than one exposure optical system including exposure mirrors 
M1 and M2 and other elements, and thus helps reduce 
fabrication costs. At the time of designing, as shoWn in FIG. 
9, the tWo points at Which exposure rays are incident are 
determined as the virtual light source points P1 and P2. 
Then, the exposure mirrors M1 and M2 are so designed that, 
for a given ray traveling betWeen those tWo points, desired 
imaging performance is obtained at tWo points correspond 
ing to the virtual light source points Q1 and Q2 and that the 
imaging magni?cation is roughly unity. Since the tWo obj ec 
tive lenses L1 and L2 do not move relatively, the movement 
of the exposure unit U1 does not affect the imaging perfor 
mance. Thus, the distance traveled by the exposure unit U1 
need not be controlled accurately, and this makes it possible 
to perform multiple exposure With ease and at loW costs. 

[0048] Next, a second method of fabricating a multiple 
exposure hologram for use in the holographic optical ele 
ment 4 Will be described. FIG. 10 shoWs an outline of the 
overall construction of a single-beam hologram exposure 
apparatus for fabricating a multiple-exposure hologram, and 
FIG. 11 shoWs the optical construction thereof as designed. 
In FIG. 10, reference symbol S0 represents a laser light 
source, reference symbol L3 represents an objective lens, 
and reference symbol U2 represents an exposure unit. In 
FIG. 11, reference numerals P1 and P2 represent virtual 
light source points, and reference numerals N1, N2, and N3 
represent axisymmetric exposure mirrors. The exposure 
apparatus shoWn in FIGS. 10 and 11 is a modi?ed version 
of the exposure apparatus shoWn in FIGS. 7 to 9 Which 
adopts single-beam exposure recording. The three exposure 
mirror N1, N2, and N3 provided in the exposure unit U2 
makes single-beam exposure recording possible. 

[0049] As shoWn in FIG. 10, the exposure beam emanat 
ing from the laser light source S0 is incident on the objective 
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lens L3. The objective lens L3 forms, as shoWn in FIG. 11, 
a virtual light source point P1. The exposure beam (solid 
lines) emanating from the virtual light source point P1 
passes through the prism 6, irradiates the photopolymer 
layer on the hologram substrate 6a, and is then re?ected 
from the three exposure mirrors N1, N2, and N3 succes 
sively in this order. The beam so re?ected then irradiates the 
photopolymer layer on the hologram substrate 6a again. The 
beam that irradiates the photopolymer layer ?rst and the 
light that irradiates it from the opposite direction after being 
re?ected from the exposure mirrors N1, N2, and N3 form 
interference fringes, Which are recorded as a pattern of 
refractive index modulation on the photopolymer layer. In 
this Way, the ?rst session of exposure is performed. Next, the 
exposure unit U2 is moved, and the second session of 
exposure is performed, in a similar manner to the ?rst 
session of exposure, With the exposure beam (broken lines) 
emanating from the virtual light source points P2. Here, as 
With the ?rst fabrication method, the exposure optical sys 
tem is so designed that the patterns of interference fringes 
recorded on the composite hologram by exposure have 
roughly identical phase functions. When the patterns of 
interference fringes recorded on the photopolymer layer are 
?xed by UV irradiation and baking, a composite hologram 
having tWo patterns of interference fringes recorded thereon 
by exposure, i.e. having interference fringe patterns doubly 
recorded thereon, is obtained. In this exposure apparatus, the 
exposure optical system has a simple construction, and 
therefore it is easy to make adjustments When exposure is 
performed. Moreover, it is possible to alleviate the in?uence 
of vibration Wind and other factors that disturb the interfer 
ence fringes and thereby degrade optical performance. 
[0050] Next, a third method of fabricating a multiple 
exposure hologram for use in the holographic optical ele 
ment 4 Will be described. FIG. 12 shoWs an outline of the 
overall construction of a tWo-beam hologram exposure 
apparatus for fabricating a multiple-exposure color holo 
gram. This exposure apparatus is a modi?ed version of the 
tWo-beam hologram exposure apparatus (FIG. 7) describe 
earlier Which is adapted to cope With colors for further 
enhanced information display. Thus, the exposure apparatus 
here has the same construction as the tWo-beam hologram 
exposure apparatus (FIG. 7) describe earlier except that 
laser light sources S1, S2, and S3 for three primary colors, 
i.e., R (red), G (green), and B (blue), are used instead of the 
laser light sources S0 and that accordingly a re?ection 
mirror m4 and half mirrors m5 and m6 are additionally 
provided. It is to be noted that full-color image display is 
achieved by designing illumination and display to cope With 
three primary colors, i.e., R, G, and B. HoWever, depending 
on What image to display, it is also possible to design 
illumination and display to cope With tWo, or four or more, 
colors. In any such case, exposure of a hologram is per 
formed separately for each of the plurality of colors that the 
hologram is designed to cope With. 

[0051] A multiple-exposure hologram is fabricated by 
performing the ?rst and second sessions of exposure, each 
separately for each of the colors R, G, and B, by the use of 
the tWo-beam hologram exposure apparatus (FIG. 7) 
described earlier. Speci?cally, the fabrication process con 
sists of, in order of occurrence, the ?rst session of exposure 
With an R exposure beam, the ?rst session of exposure With 
a G exposure beam, the ?rst session of exposure With a B 
exposure beam, moving the exposure unit U1, the second 
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session of exposure With an R exposure beam, the second 
session of exposure With a G exposure beam, the second 
session of exposure With a B exposure beam, UV irradiation, 
and baking. Exposure may be performed simultaneously for 
all of the colors R, G, and B. Speci?cally, the fabrication 
process then consists of, in order of occurrence, the ?rst 
session of exposure simultaneous for the colors R, G, and B, 
moving the exposure unit U1, the second session of expo 
sure simultaneous for the colors R, G, and B, UV irradiation, 
and baking. FIGS. 13A and 13B shoW the angle selectivity 
and Wavelength selectivity of the composite hologram thus 
fabricated. FIG. 13A shoWs the angle selectivity (Where a 
represents the angle of incidence of light and 11 represents 
diffraction ef?ciency), and FIG. 13B shoWs the Wavelength 
selectivity (Where 7» represents Wavelength and y represents 
the amount of reconstructed light). 

[0052] As shoWn in FIG. 13B, the composite hologram 
obtained in this Way has three diffraction Wavelength peaks 
corresponding to the three primary color components R, G, 
and B. Thus, by using this composite hologram as the 
holographic optical element 4, and in addition using an LED 
1 and an LCD 3 that can cope With three colors R, G, and 
B, it is possible to realiZe a full-color image display appa 
ratus. For example, full-color display is achieved by using as 
an illumination light source three LEDs 1 that individually 
emit light corresponding to the three primary color compo 
nents R, G, and B, driving by a ?eld sequential method an 
LCD 3 that forms images containing color information 
corresponding to the three primary color components K, G, 
and B, and making the three LEDs emit light one after 
another on a time division basis in synchronism With the 
image signal of those images. When the second session of 
exposure for a particular color is omitted, the observation 
pupil E is not enlarged for the image light of that color. This 
makes it possible to display an image With different siZes of 
the observation pupil E for different colors. 

[0053] The embodiments described above include the 
inventions to (v) having features as noted beloW, and, 
With those features, it is possible to realiZe an inexpensive 
image display apparatus in the shape of eyeglasses that 
forms an observation pupil that permits easy observation of 
the displayed image. 
[0054] An image display apparatus provided With an 
image display element for forming a tWo-dimensional image 
and an eyepiece optical system including a re?ective holo 
graphic optical element for projecting the tWo-dimensional 
image With enlargement, Wherein the holographic optical 
element is a composite hologram having a plurality of 
patterns of interference fringes composed of interference 
fringes nonparallel to a hologram substrate surface, has 
roughly identical phase functions and different angle selec 
tivity for at least tWo patterns of interference fringes, and 
acts in such a Way that image light having a predetermined 
Wavelength Width emanating from the image display ele 
ment forms a plurality of observation pupils at spatially 
different locations. 

[0055] (ii) An image display apparatus as described in above, Wherein the composite hologram is a multiple-layer 

hologram fabricated by laying on one another a plurality of 
holograms each having a pattern of interference fringes 
recorded thereon. 

[0056] (iii) An image display apparatus as described in above, Wherein the composite hologram is a multiple-expo 
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sure hologram fabricated by recording a plurality of patterns 
of interference fringes on a single photosensitive material by 
multiple exposure. 

[0057] (iv) An image display apparatus as described in one 
of (i), (ii), and (iii) above, Wherein the holographic optical 
element has a nonaxisymmetric optical poWer. 

[0058] (v) An image display apparatus as described in one 
of (i), (ii), (iii), and (iv) above, Wherein the image display 
element forms images containing information of a plurality 
of colors, and the holographic optical element has a plurality 
of diffraction Wavelength peaks corresponding to the differ 
ent colors. 

[0059] As described above, in an image display apparatus 
according to the present invention, a holographic optical 
element forms a plurality of observation pupils at spatially 
different locations, and acts in such a Way that, over the 
entire area in Which image light is incident, prescribed 
conditions are ful?lled for an identical incident ray. This 
makes it possible to form at loW costs an observation pupil 
that permits easy observation of the displayed image. More 
over, by using a multiple-layer hologram as the holographic 
optical element, it is possible to make the displayed image 
bright. Alternatively, by using a multiple-exposure hologram 
as the holographic optical element, it is possible to reduce 
costs. Moreover, by giving the holographic optical element 
an axisymmetric optical poWer, it is possible to observe an 
image With aberrations satisfactorily corrected for, and to 
contribute to miniaturization of the image display apparatus. 
For further enhanced information display, full-color display 
can be achieved by making an image display element form 
images containing information of a plurality of colors and 
giving the holographic optical element a plurality of diffrac 
tion Wavelength peaks corresponding to the different colors. 

What is claimed is: 
1. A holographic element that is a re?ective holographic 

element formed on a substrate and constituted by a com 
posite hologram having a plurality of patterns of interference 
fringes composed of interference fringes nonparallel to the 
substrate, the holographic element forming, out of image 
light having a predetermined Wavelength Width emanating 
from an image display element, a plurality of observation 
pupils at spatially different locations, 

Wherein the holographic element acts in such a Way as to 
ful?ll the folloWing conditional formulae (I) and (II) for 
an identical incident ray over an entire area in Which the 
image light is incident on the holographic element: 

A6<2 (I) 

AT] >50 (II) 

Where 

A11 represents the difference (°) in angle of diffraction 
among the different patterns of interference ?ngers; and 

A11 represents the difference (%) in diffraction ef?ciency 
among the different patterns of interference fringes. 

2. A holographic element as claimed in claim 1, 

Wherein the composite hologram constituting the holo 
graphic element is a multiple-layer hologram fabricated 
by laying on one another a plurality of holograms each 
having a pattern of interference fringes recorded 
thereon. 
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3. A holographic element as claimed in claim 1, 

wherein the composite hologram constituting the holo 
graphic element is a multiple-exposure hologram fab 
ricated by recording a plurality of patterns of interfer 
ence fringes on a single photosensitive material by 
multiple exposure. 

4. A holographic element as claimed in claim 1, 

Wherein the holographic element has a nonaXisymmetric 
optical poWer. 

5. A holographic element as claimed in claim 1, 

Wherein the holographic element has a plurality of dif 
fraction Wavelength peaks. 

6. A holographic element as claimed in claim 1, 

Wherein the composite hologram constituting the holo 
graphic element is formed by using photopolymer as a 
photosensitive material. 

7. An image display apparatus comprising: 

an image display element for displaying a tWo-dimen 
sional image; 

an enlargement optical system for projecting, With 
enlargement, the image displayed on the image display 
element; and 

a holographic element included in the enlargement optical 
system, the holographic element being a re?ective 
holographic element formed on a substrate and consti 
tuted by a composite hologram having a plurality of 
patterns of interference fringes composed of interfer 
ence fringes nonparallel to the substrate, the holo 
graphic element forming, out of image light having a 
predetermined Wavelength Width emanating from the 
image display element, a plurality of observation pupils 
at spatially different locations, 

Wherein the holographic element acts in such a Way as to 
ful?ll the folloWing conditional formulae (I) and (II) for 
an identical incident ray over an entire area in Which the 
image light is incident on the holographic element: 

A6<2 (I) 

AT] >50 (II) 

Where 

A6 represents the difference (°) in angle of diffraction 
among the different patterns of interference fringes; and 

A11 represents the difference (%) in diffraction ef?ciency 
among the different patterns of interference fringes. 

8. An image display apparatus as claimed in claim 7, 

Wherein the composite hologram constituting the holo 
graphic element is a multiple-layer hologram fabricated 
by laying on one another a plurality of holograms each 
having a pattern of interference fringes recorded 
thereon. 

9. An image display apparatus as claimed in claim 7, 

Wherein the composite hologram constituting the holo 
graphic element is a multiple-exposure hologram fab 
ricated by recording a plurality of patterns of interfer 
ence fringes on a single photosensitive material by 
multiple exposure. 
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10. An image display apparatus as claimed in claim 7, 

Wherein the holographic element has a nonaXisymmetric 
optical poWer. 

11. An image display apparatus as claimed in claim 7, 

Wherein the holographic element has a plurality of dif 
fraction Wavelength peaks. 

12. An image display apparatus as claimed in claim 7, 

Wherein the composite hologram constituting the holo 
graphic element is formed by using photopolymer as a 
photosensitive material. 

13. An image display apparatus comprising: 

an image display element for displaying a tWo-dimen 
sional image; 

an enlargement optical system for re?ecting, as a ?rst 
image, the image displayed on the image display ele 
ment so as to project, With enlargement, the ?rst image 
onto an observer’s pupil While transmitting, as a second 
image, an image from an outside World so as to direct 
the second image to the observer’s pupil; and 

a holographic element included in the enlargement optical 
system, the holographic element being a re?ective 
holographic element formed on a substrate and consti 
tuted by a composite hologram having a plurality of 
patterns of interference fringes composed of interfer 
ence fringes nonparallel to the substrate, the holo 
graphic element forming, out of image light having a 
predetermined Wavelength Width emanating from the 
image display element, a plurality of observation pupils 
at spatially different locations, 

Wherein the holographic element acts in such a Way as to 
ful?ll the folloWing conditional formulae (I) and (II) for 
an identical incident ray over an entire area in Which the 
image light is incident on the holographic element: 

A6<2 (I) 

AT] >50 (II) 

Where 

A6 represents the difference (°) in angle of diffraction 
among the different patterns of interference fringes; and 

A11 represents the difference (%) in diffraction ef?ciency 
among the different patterns of interference fringes. 

14. An image display apparatus as claimed in claim 13, 

Wherein the composite hologram constituting the holo 
graphic element is a multiple-layer hologram fabricated 
by laying on one another a plurality of holograms each 
having a pattern of interference fringes recorded 
thereon. 

15. An image display apparatus as claimed in claim 13, 

Wherein the composite hologram constituting the holo 
graphic element is a multiple-exposure hologram fab 
ricated by recording a plurality of patterns of interfer 
ence fringes on a single photosensitive material by 
multiple exposure. 

* * * * * 


