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High-efﬁciéncy illumination deyice and image projection apparatus comprising such a device.

The invention relates to an illumination device for supplying a beam of
linearly polarized light having a non-rotationally symmetncal beam cross-section at the
location of an object to be illuminated, said device comprising a light source, a reflector, an
optical integrator for forming said beam cross-section and for 'realising a uniform light
dxstnbunon across the beam cross-section, and a polarizing system for convertmg the source
light mto linearly polarized light. _

_The invention also relates to an image projection apparatus comprising
such an xllummatlon device. , | -

. The term. lmagé projection apparatus should be. considered to have a wide
meamng and comprises an apparatus for displaying, for example a video image, a graphxc
image, numerical information or a combination thereof The images may be both
monochrome and color images. In the latter case the apparatus comprises an image dxsplay
system having three color channels for, for example the primary colors red, green and blue,
each of which accommodates an image display panel. |

A device and an apparatus of this type are described in US Patent
5,184,248. The illumination device described in this Patent has a high efficiency, that is to
say, a high percentage of the light emitted by the light source is used for illuminating the
object which consists of a liquid crystalline image display panel referred to as LCD panel, in
which the illumination is also satisfactorily uniform. A bright image baving a uniform
intensity can be projected on a proj'ection' screen by means of an image projection appératus
comprising this device. This is achieved by passing the light beam emitted by the source

. through an optical integrator comprising a first lens plate having a plurality of first lenses

whose height-width ratio corresponds to that of the LCD panel to be illuminated and a
second lens plate having a plurality of second lenses which image the light spots formed on
the first lenses in a superimposed manner on the LCD panel. It is thereby achieved that the
light beam cross-section at the area of the LCD panel exactly fits this panel and that the |

_intensity distribution within this cross-section is uniform. Subsequently the beam is first spht
" in a polarizing system by means of a polarization-sensitive beam splitter into two linearly
‘polarized sub-beams having mutually perpendicular directions of polarization, and
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| subsequently these sub-beams are combined again aftér one of the sub-beams has undergone

a polarization rotation so that its dlrectlon of polartzatton is the same as that of the other sub-
beam. Also as regards the polarization, all light from the source can thus be used for

' illuminating the LCD panel.

In most embodiments of the known illumination device the second lens

-plate must be imaged in or near the exit plane of 'the polarizing system, for which image a -

plurality of lenses is required and, moreover, a gtven distance between this lens plate and the
polarization system is necessary. ' : ' s
US Patent 5,184,248 shows an embodunent in Fig. 31 in which the

' polanzmg system is directly arranged behind the optical integrator and in which no lens

system for imaging the second mtegrator plate is present on the polarizing system, so that
this embodiment is shorter and compnses fewer components ‘than the other embodiments.
However, the different embodiment supplies a beam havmg a larger cross-section than that
which is supplied by the other embodiments, so that, for example the projection lens system

- must have a large aperture when this embodiment is uséd i m an image projection apparatus

Moreover in the devices described in US Patent 5,184, 248 the lens plates should have
relattvely large dimensions and therefore be arranged ata relattvely large distance from each
other, because the optical integrator is arranged in a beam havmg a relatively large cross-

‘section.

It is an object of-'the present intlention to provide an illumination device of
the type described in the opemng paragraph, which device is constderably smaller and -

- comprises fewer optical elements than the known device, while the cross-section of the -

supp_hed beam nevertheless remains limited.
' The device accordmg to the invention: is characterized in that the
polanzmg system is arranged in the radiation path in front of the optical integrator:

“In this device, lens plates having a cross-section which is smaller than that
of the exit plane of the reflector are used, so that these plates become less expensive and can
be arranged closer together. To this end the beam incident on the first lens plate should be a
converging beam and a given distance between the reflector and the first lens plate shoulti be

" observed. By arranging the polarizing system in the space between the reflector and the first

lens plate, this space is utilized to an optimum extent and for obtaining the desired polarxzed
ltght the construction length of the image projecuon apparatus need not be extended.
Itis essenttal for the device according to the invention that the beam

incident on the optteal mtegrator isa convergmg beamn. Such a beam can be obtamed by



10

15

20

25

30

WO 95/33222 ' ' _ PCT/IB95/00418
3 _

giving the reflector such ﬁ shape that it has a converging effect. This reﬂector is, for
example elliptical. '_

However, tlte device may be further characterized in that a converging
lens is arranged between the light source and the polarizing system.

This lens can take over the converging action of the reflector, or it may
add a converging action to that of the reflector so that the distance between the light source
and the polarizing system can be reduced. If the reflector need not be converging, it can be
optimized for other aspects, for example, the reflector may then be a paraboloid or a

_ hyperboloid; Such surfaces can easily be provided with a layer having a high reflection.

The polarizing system preferably comprises the combination of a
polarization-sensitive beam-splitting prism developed by the Applicant and a polarization
rotator, of which combination different embodiments are described in claims 2-10. These
embodiments are known per se from US Patent 5,184,248 in which also the operation and
advantages of these embodiments have been described. These advantages are maintained
when said combination is used in the novel illumination device according to the invention.

'I_'he optical integrator in this device may be constituted by a light guiding

-tube in which the light propagates via reflections on the inner wall and whose entrance face

is adapted to the cross-section of the beam emerging from the polarizing system, while the
exit face of the light guiding tube, which can be arranged close to the object to be
illuminated, is adapted in shape and dimensions to the object to be illuminated.

However, the optical integrator preferably comprises a first and a second

lens plate having the constructions and functions as described in claim 11. Different

embodiments of such an integrator are described in claims 12-16. These embodiments are
known per se from US Patent 5,184,248 which also describes the operation and advantages
of these embodiments. These advantages are maintained when said integrator is used in the
novel lllummanon device according to the invention.

' - The invention also relates to an image projection apparams compnsmg an

' ﬂlummauon device, an image display system for generating an image to be projected and

provided with at least one image display panel, and a projection lens system for projecting
the image formed by the image display system on a projection screen. This apparatus is
characterized in that the illumination device is implemented as described hereinbefore.

' A preferred embodiment of this apparatus for projecting color images is
further characterized m that the xmage display system comprises color-selective beam splitters

for splitting'the beam into three differently colored sub-beams and a separate image display
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panel for each sub-beam, as well as beam-recombmmg means for combmmg the sub-beams
coming from the image display panels to one color beam. |

An alternative embodiment of the color i unag‘e projection apparatus is
provided with three color channels each comprising an illumination device according to the
invention. : | _
These and other aspects of the invention will now be apparent from and
elucidated with reference to the embodiments descnbed hereinafter. '

In the drawmgs _

- Fig. 1 shows the diagram of ‘an image projection device,
- Fig. 2 shows a first embodiment of a beam splitter for use in an
illumination device according to the invention, '

Fig. 3 shows the operation of this beam splitter,

Fig. 4 shows this beam sphtter with a polanzanon rotator on one of the
exit faces, . R :
Fig. 5-shows a second embodiment of a beam splitter,

Fig. 6 shows a known illumination device in a perspective view,
Fig. 7 shows an embodiment of the illumination device according to the
invention in a cross-sectional view, ' ' _ _ |

Fig. 8 shows the known illumination device in a cross-sectional view,

- Figs. 9 and 10 are perspectrve front and rear views, respectively of the
first lens plate of the optical integrator,
' Fig." 11 shows an embodiment of a color image 'projection apparatus
comprising one illumination device and transmissive image display panels,
Fig. 12 shows an embodiment of a color image projection apparatus

: compnsmg one illumination device and reflective image display panels, and

Fig. 13 shows a color i image. pro;ecnon apparatus comprising separate
illumination devices for each color channel. B . |

In Fig. 1, the block A represents an illumination device which emits a
light beam b whose principal axis coincides with the optical axis OO’ of the image projection
apparatus. This beam is incident on the image display system B which has one image display
panel 1 if a monochromatic image must be projected. This panel is, for example a liquid'
crystal display panel (or LCD panel). Such a panel comprises a layer of liquid crystalline
material 4, for example of the nematic type which is enclosed between two transparent, for
example glass plates 2 and 3. Dnve electrodes 5 and 6 are arranged on each of these plates.
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- These electrodes may be di_vided into a large numiber of rows and columns defining a large
‘number of pixels in the image display panel. The different pixels are then driven by driving

the matrix electrodes, as is diagrammatically shown by means of the drive terminals 7 and 8.

- An electric field can thus be applied across the liquid crystalline material 4 at the desired

positions. Such an electric field causes a change of the effective refractive index of the

- material 4 so that the light which passes through a given pixel is subjected or not subjected to

a rotation of the direction of polarization, dependent on the absence or presence of a local

~electric field at the location of the relevant pixel.

~ Instead of this passive-drive image display panel, an active-drive panel

.m_ay be used. In the latter image display panel one of the supporting plates comprises an

electrode while the other plate is provided with the semiconductor drive electronics. Each
pixel is now driven by its own active drive element such as, for example a thin-film

- transistor. Both types of direct-drive image display panels are described in, for example

European Patent Application no. 0 266 184.

The beam incident on the image display panel 1 should be polarized,
preferably linearly polarized. However, the illumination system A supplies unpolarized light.
It is common practice to select a linearly polarized component having the desired direction of
polarization from this light by means of an absorbing polarizer 10. An analyser 11 whose
direction of polarization-is, for example effectively parallel to that of the polarizer 10 is
arranged in the path of the light transmitted by the 1mage display panel. Consequently, the
light coming from those pixels which are energized and do not change the direction of
polarization of the beam is passed to a projection lens system C by the analyser. The light
coming from the non—energiied pixels, which rotate the direction of polarization of the beam
through 90°, is blocked by the analyser. The analyser thus converts the polarization
modulation of the beam into an intensity modulation. The projection lens system C projects
the image formed on the panél lona projection screen D. This projected image can be
observed by a viewer W who is present in the space behind the projection screen.

The image display panel may alternatively be a disp'e_rsive panel, for
example a PDLC (Polymer Dispersed Liquid Crystal) panel which is preceded by a polarizer
and succeeded by an analyser, as described in the article A full-color TFT-LCD with

Polymer Dispersed Structure” in Japan Display 1992, pp. 531-634.

When used in transmission, a liquid crystal image dtsplay panel has a low
efﬁctency, for example only 30% of the radiation incident on a monochrome panel and only
10% of the radiation incident on a color panel is passed to the pro_;ectl_on lens system.
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- Moreover, -this system images the panel in a magnified form so that the iIIUminatioh’Beam

should have a-large intensity if there is to be a sufficient radiation intensity per surface unit |
on the screen. The use of a light source in the form of a lamp having a higher intensity oilly

provides' limited advantages. In fa_ct', lamps having'a 'high'er light intensity also generally have
a larger radiating surface in the form of a lamp arc so that the exit aperture of the

 illumination system will be larger. If the beam aperture is reduced so as to limit the

dimensions of the subsequent optical components in the projection _ﬁppa"rams, a portion of the
light energy would be lost again. It is therefore desirable to capture and use as much light

- from the lamp as possible and to concentrate it in a narrow beam. A further requirement is

that the cross-section of this beam is adapted as satisfactorily as possible to the rectangular
shape of the image display panel so that a minimum quantity of hght is incident alongslde
this panel.

To satisfy these reqmrements a number of measures have been taken in
the device descnbed in US Patent 5,184, 248. First, the two polanzatlon components of the
source light are used to illuminate the image display panel. To this end, use is made of a -

- Fig. 2 shows the polanzatlon-sensltlve beam splitter in a cross-section.

This beam’ sphtter 20 comprises two prisms 21 and 25 of, for example glass and a

birefringent layer 27. This layer consists of, for example a liquid crystalline material. The
ordinary refractive index n, is substantially always equal to 1.5, while the extraordinary
refractive index n, may have a value of between 1.6 and 1. 8, dependent on the composition
of the layer 27. Orientation layers 28 and 29 ensuring that the optical axis of the layer 27 is
perpendicular to the plane of the drawing in this case are provided on the prisms. This axis

*is denoted by the reference numeral 30 in Fig. 2. It has been ensured that the refractive

index n, of the prism material is equal to n, of the layer 27, for example 1.7. If an |
unpolarized light beam is incident via the prism 21 on the layer 27 at an angle of incidence ¢
which is larger than or equal to the critical angle, the P-polarized component of this beam is
totally reflected towardsthe exit face 23 of the prism 21 because the ordinary refractive

- index of the layer 27 holds for this component, which refractive index is smaller than that of

the prism 21. The P-polarized component is the component whose direction of polarization is
parallel to the plane of incidence, i.e. the plane through the normal n on the layer 27 and the
chief ray of the incident beam, hence the plane of the drawing in Fig. 2. For the S-polarized
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component, whose direction of polérization is transverse to the plane of incidence, the
extraordinary refractive index of the layer 27 holds so that this component does not have any

- refractive index difference upon passage through the beam splitter and successively traverses
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the prism 21, the layer 27 and the prism 25 in the original direction.
The critical angle ¢, for the P-component is given by sin 0y = )
o . | n

or: ¢ = arcsin %‘i so that it should hold for the angle of incidénce ¢ that: ¢ > arcsin ﬁ
. 1 . . - o

if the P-compoﬁent is to be reflected completely. Also if the extraordinary refractive index n,
of the layer 27 is not equal to n, of the prism material, the ‘S-component is completely passed

as long as the angle of incidence ¢ is smaller than the critical angle ¢, for which it holds

that:

. : n -
_sin ®y = E or ¢, = arcsin —. The full condition for the angle of incidence ¢ for

n, n,

obfaining the division by the layer 27 thus is:

.. B, . on .
(py =) arcsin = < ¢ < arcsin — (= ¢,).
n, _ n,

The angles ¢, and ¢, are shown in Fig. 2.

The refractive index diffe_rence An = n, - n, of liquid crystalline material
inéy_ be large so that the beam splitter 20 is suitable for a large area (¢, - ¢,) of angles of
incidence ¢. Moreover, it can be ensured that the refractive index of the prism material and
that of the layer 27 vary in the same manner at a variation of the wavelength of the incident
light beam so that the beam splitter has a large polariz'ation-separating efficiency for a large
Wévelengm range. A very great advantage of the beam splitter of Fig. 2 is that it is
inexpensive because no expensive birefringent prism materials are necessary, as in a
Wollaston prism, and that this prism can be produced in a relatively simple manner.

The prisms 21 and 25 need not be solid; these prisms may alternatively
have glass or other transparent walls within which a transparent liquid or synthetic material
having a high refractiﬁe index equal to n, of the layer 27 is provided. These walls should
then have the same refrac.;tive index as the liquid or synthetic material, which materiais
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should not have any depolanzmg effects . .
Instead of a liquid crystalhne layer, a brrefrmgent adhesive: layer is

_ preferably used as a polarization-separating layer i in the beam splitter of Fig. 2. As compared

with a beam splitter having a liquid crystalline layer, a beam splltter having a birefringent
adhesive layer has the advantages of an easrer construction and less temperature dependence
better resistance to higher temperatures and more possrbnlmes of matching the refractive
index of the layer and those of the prisms.

The birefringent adhesive layer is preferably a uniaxially oriented polymer
layer. The desired orientation can be obtained, for example by rubbing the prism surfaces
between which the layer must be provided in one direction, whereby it is practical if a layer
of polyimide is provided on the surfaces to be rubbed.

- Avery temperamre—resrstant beam sphtter is the beam splitter in which
the polymer layer has a cured liquid crystalline monomer composition. —
Fig. 3 shows how an illumination beam b incident on the beam sphtter 20

is splxt by this beam sphtter into two lmearly, mutually perpendrcularly polarized beam
_ components b and b,. Only the chief ray and the two botder rays of the illumination beam b,

which rays enter the prism 21 through the face 22 are shown. This face is at an angle « to
the separating layer 27 so that, after refraction by this face, the angle of incidence ¢ of the
beam on the layer 27 has a value between.the above-mentioned critical angles ¢, and ¢, so
that the P-polarized beam component b, is completely reflected and leaves the prism 21 via
the exit face 23. The S-polarized component enters the prism 25 and leaves this prism via the
exit face 26. The exit faces 23 and 26 are also placed at an angle o to the separating layer 27
so that the beam components b, and b, have effectively traversed a plane-parallel plate and

~thus, afterrefractronatthefacesZB 26, areparalleltothemcrdembeamb
25

Thebeamblslocatedatone srdeot'thelayer27 Theemergmgbeam
components b, and b, have a round cross-section and are located at different sides of the
principal axis within a circle 32, as is shown in the right-hand part of Fig. 3.

If, as shown in Fig. 4, a A\/2 plate 31 is arranged on one of the exit faces,
for example the face 26, the direction of polarization of the. component b, is rotated through
90° so that the beam emerging from the plate 31 is also P-polarized. Linearly polarized light

~which is completely snitabl_e for illuminating the panel 1 of Fig. 4 emerges from the

polarizing system constit_nted_:by the beam splitter 20 and the polarization rotator 31. -
Instead of a M2 plate, a layer of ‘rotated liquid crystalline material, for
example a polymer or a plurality of uniaxial birefringent.--layers which are mutually rotated |
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.can be used as a poldrizatipn rotator 31. The polarization rotator may not only be provided

on an exit face 23 or 26, but also behind such an exit face.

Fig'. 5 shows a second embodiment of a beam splitter. The polarization-
sensitive separating layer 41 of this beam splitter 40 comprises a cholesteric liquid crystalline
material. This material may be of the laevorotatory or dextrorotatory type. If the material is
of the laevorotatory type, the component which is levocircularly polarized, b, of the

~ entering unpolarized beam b is reflected, while the dextrocircularly polarized component b, 5

is passed. The component b, is reflected by a special reflector 42 to the image display

_ .system (not shown). This reflector does not change the state of polarization of the component

b.r and comprises, for example a dextrorotatory liquid crystailine material. The reflected
component b, is incident on a normal reflector 43, for example a metal mirror which
converts the levocircularly polarized light into dextrocircularly polarized light which is
passed by the layer.41 and has the same direction as the component b ;. The beam b is thus
converted into two beam components b, and b,, both with dextrocircularly polarized light,
and is located within a circle 32, as is shown in the lower part of Fig. 5.

‘The beam with dextrocircularly polarized light can be applied to an image
display panel without polarization conversion. This has the advantage that the field with
which the panel, for example of the nematic type, is to be driven 1s smaller than in the case
where linearly polarized radiation is used. Alternatively, a A/4 plate 45 may be arranged in a
diagonal position behind the beam splitter 40, which plate converts the circularly polarized
light into linearly polarized light. .

: ' Instead of a laevorotatory cholesteric layer, a dextrorotatory cholesteric
layer may be used as a separating layer 41 in which the reflector 42 may then consist of
laevorotatory material and the reflector 43 may be a normal mirror again. Then the light
emerging from the beam splitter 40 is levocircularly polarized. .

- Fig. 6 shows the illumination device in accordance with US Patent _
5,134,248 in a perspective view, which device is provided with an optical integrator and a
polarizing system. The device further comprises a lamp 50 which emits light both in the
direction of the image display pailel and in the backward direction (at the left in Fig. 6). A
reflector 51 is arranged at the rear side of the lamp, which reflector reflects the light emitted
by the lamp to an opﬁcal mtegrator in the form of a first lens plate 54 and a second lens
plate 57 spaced apart therefrom. The lenses 55 of the lens plate 54 divide the incident beam
into a number of sub-beams correspondmg to the munber of lenses and ensure that these sub-
beams have their beam waist in the plane of the lenses 58 of the second lens plate 57. The
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number of lenses 55 is equal to the number of lenses-58. Each of thé lenses 55 thus images
the source on an associated lens 58. The lenses 58 have such a power in such a dn'ectxon that
they image the radiation spots formed on the lens plate 54ina superimposed manner in an
intermediate image 60. It is thereby achieved that the illumination beam has a satisfactory
uniform distribution in siti, which distribution will be'-maiﬁt'ained'further down the device.

- At the area of the lens plate 57 a source image having a semicircular cross-section is

produced. The intermediate image 60 is an image of the lenses 55 and thus has a shape
which corresponds to that of these lenses. | o

A lens system 62 comprising, for example two planoconvex lenses 63 and
64 is arranged behind the intermediate image 60. This lens system images the intermediate

" image 60 at infinity, while it forms an image 65 of the lens plate 57 at the location of the

prism 20 of the polarizing system..

The lens plate 57 and hence its image 65 is preferably semicircular so that
the prism is filled optimally. A further lens 67 is arranged behind the polarization-sensitive
beam splitter 20. An image 70 of the intermediate image-60, hence a superimposed final
image of the lenses 55 is produced in its focal plane ‘The image dlsplay panel 1 is placed in
this final image. :
In accordance with the ptesent invention the length of the known device,

~ as well as the diameter of the lens plates 54, 57 can be considerably reduced by manging"
20

the polarizing system 20, 31 of Fig. 3 between the radiation source unit 50, 51 and the
integrator 54, 57. Fig. 7 shows a cross-section of the novel illumination device. For the
purpose of comparison, Fig. 8 shows a cross-section of the known device. In the device of

Fig. 8 the semicircular lens plate 57 of Fig. 6 is replaced by a circular lens plate 57°. The
. construction length can be slightly shortened by means of an extra lens 75 A circular lens

image 50, consisting of two halves and being formed with, for example p-polanzed light is
produced again behind the prism 20. o

The illumination device according to the invention (Fxg '7) again
comprises a lamp 50, a reflector 80, a polarizing system 20, 31 and an optical integrator
consisting of two lens plates 54, 82. The polarizing system has the same construction and
operation as described with reference to Figs. 2, 3 and 4. Now, instead of 'bne-beam'haVing

“a round cross-section, two sub-beams 86 and 87 each having an intensity decreasing from
-their centres to the edge are produced behind the polarizing system. This is shown in the

inset 85 of Fig. 7. The radiation spots 86 and 87 shown in this inset are actually slightly put
together. Since the beam 85 still traverses the integrator 54, -8 1; the intensity distributions are
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equalized so that the beam emerging from the integrator and incident on the image display

"panel has a uniform intexiity. This is a further advantage of the device according to the
- invention as compared with that of Fig. 7 in which each half of the image 50’p consists of a
~ plurality of sub-spots having an intensity decreasing from their centres to the edges. The

reflector 80 may be an elliptical. reflector in which the lamp-50 is at or close to the first
focus of this reflector while the first lens plate 54 is arranged in or in the vicinity of the
second focus because the beam cross-section is smallest at that location. Alternatively, a
reflector having a different shape, for example a parabolic reflector may be used, which
reflector forms a substantially parallel beam of the lamp light. The reflecting surface of a

‘parabolic reflector is less parallel to the optical axis than that of the elliptic reflector, which

simplifies the provision of a layer having a high reflection on this surface. When a parabolic

~ reflector is used, a lens 81 must be arranged behind the reflector so as to converge the lamp

light on the first lens plate. It is alternatively possible to place a lens behind the reflector
which already converges of itself so as to obtain extra cbnv'ergence of the beam. The
reflector may alternatively be a hyperbolic reflector or a combination of said reflectors.

~ The side of the first lens plate 54 facing the source is provided with a
plurality of lenses 55 and the other side 56 is preferably plane. Fig. 9 shows this plate in a
perspective front view, while Fig. 10 shows the plate in a rear view. The plate 54 comprisés,
for example 10 lenses. Each of these lenses images the source 50 on an associated lens 58 of
the second lens plate 57. The source-facing side 59 of this plate, which principally has the
same shape as the first lens plate 54, is plane, whereas the side remote from the source
supports a plurality of lenses 58. The number of lenses 58 of the plate 57 is equal to or, for
example, if the reflector 51 forms a lamp image next to the lamp, twice the number of lenses
55 of the plate 54. For imaging the light source 50 on the corresponding lenses 58, ... 58,
by means of the different lenses 55,, ..., 55, each time a different portion of the beam
incident on the lens plate 54 is used. The lenses 55, ... 55, have such a power in such a
direction that the suB-beams passing through them have their beam waist in the plane of the

~ lenses 58, while their chief ray is directed towards the centre of an associated lens 58. The

lenses 58 have such a power in such a direction that they image the radiation spots formed
on the lenses 55 in a superimposed manner on the object to be illuminated, f_or example an

'LCD panel, or in an intermediate image which is conjugated with this object. It is thereby

achieved that the beam at the location of the object or the intermediate image has a
satisfactory uniform intensity distribution. -
The cross-section of the beam at those positions is then adapted to that of
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the object to be illuminated. The liquid crystal display panels which are used for'disp'laying

conventional video images have an aspect ratio b:h = 4:3, in which the width b is the
dimension in the X direction, of Fig. 6, and the height h is the dimension in the Y direction.
In the embodiment shown in Figs. 9 and 10, the lenses 55 of the plate 54 have the same
aspect ratio. It is thereby achieved that all radiation from the: radiation source unit 50, 80
passes through the image display panel and that the illumination system has a high collecuon

efficiency.

, | The image dlsplay panel and the lenses 55 may alternatlvely have a
dxfferent aspect ratio, for example 16:9. ' _ ' ,
~ Similarly as in the known device, at least one of the lenses of at least one

“of the lens plates may be aspherical in the novel illumination devnce.

An aspherical lens is understood to mean a lens whose fundamental shape
is spherical but whose real shape deviates to-a slight extent therefrom so as to correct fof
spherical aberrations of the fundamental shape. The system efficiency can be improved by
usmg aspherical lenses in a lens plate. -

The first lenses are further preferably arranged in such a way and have
such a size that the surface of the first lens plate is approxlmately equal to the cross-section
of the illumination beam incident thereon.

Then, a maximum quantity- of the light emmed by the source and collected
by the reflector is received. ' '
. Thedlametetoftheﬁrstlensplatemaybedxfferentfromthatofthe
second lens plate. If the illumination device is, however, implemented in such a way that

these diameters are equal, likewise as the shape and dimensions of the first and second
lenses, only one type of lens plate is to be used so that the device may be made at a lower
cost and lts assembly can be simplified. '

The shape and dimensions of the lenses of the second lens plate may be
chosen to be such that they exactly fit the beam cross-sections, in the plane of the second
lenses, of the sub-beams constituted by the first lens plate so that the efﬁcxem:y of the

: lllummauon device is enhanced.

The lenses of the first and second lens plates may not only be provided on

: the s1des of the relevant plate facing and remote from the light source, but also on the sides

of the relevant plate remote from and facing the light source, respectively.
Whenalensplatelsprecededorsuccwdedbyalens this lens and the

plate may be integrated in one element as is shown in Figs. 17 and 18 of US Patent
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5,184,248 and as described in this Patent. _
Moreovét; as is shown in fig. 19 of US Patent 5,184,248, the lens-
‘supporting surface of the first lens plate may be curved so as to achieve that the intensity of
the illumination beam on the image display panel is smaller at the edge of the beam than in

the middle so as to obtain a more natural image on the projection screen, as has been
described in US Patent 5,184,248.

Since in the device according to the invention the second lens plate 57 is

" no longer imaged behind or in front of the prism 20, the number of components in and the
- length of this device is smaller than in the known device. Since, moreover, the beam incident

on the optical integrator has a smaller cross-section than in the known device, the integrator
plates are smaller and these plates can be arranged closer together so that the build-in length
is reduced. |

Fig. 11 shows an embodime'nt of a color projection television apparatus in -
which the illumination device according to the invention can be used to great advantage.

This apparatus comprises three main sections: the iilumination system A,
the image display system B and the projeétion lens system C, for example a zoom lens. The
principal axis OO’ of the illumination system is in alignment with the optical axis DD’ of the
apparatus which in the embodiment shown is first divided into three sub-axes, which sub-
axes are later combined to one optical axis coinciding with the optical axis EE’ of the
projection lens system. | _

The beam from the illumination system A is incident on a color-selective
reflector 90, for example a dichroic mirror which reflects, for example the biue color
component b, and passes the rest of the beam. This beam portion reaches a second color-
selective reflector 91 which reflects the green color component b and passes the remaining

-red color component b, to a reflector 92 which reflects the red beam to the projection lens
system. The reflector 92 may be a neutral reflector or a reflector which is optimized for red
" light. The blue beam is reflected by a neutral or blue-selective reflector 93 to a display panel

96 in the form of a liquid crystalline panel. This panel is electronically driven in known
manner so that the blue component of the image to be projected appears on this panel. The
beam modulated with the blue information reaches the projection lens system C via a color-
selective reflector 94, which passes the blue beam and reflects the green beam, and a further
color-selective reﬂector'95 which reflects the blue beam. The green beam bg traverses a
second display panel 97 where it is modulated with the green image component and is then
succeésively reflected to the projection lens system C by the color-selective reflectors 94 and
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95. The red beam by traverses a third display panel 98 where it is modulated with the red
image component and subsequently reaches the projéction lens system via the color-selective

. reflector 95.

The blue, red and green beams are superimposed at the input of this lens
system so that a color i nnage is produced at this input which is imaged in a magnified form
by this system on a pro;ectxon screen not shown in Fig. 11.

The optical path lengths between the output of the illumination system A

and each of the display panels 96, 97 and 98 are preferably equal so that the cross-sections

of the beams bs, bg and by are equal at the location of their display panel. The optical path

lengths between the display panels 96, 97 and 98 and the entrance pﬁpil of the projection
lens system are also preferably equal so that the differently colored scenes are satisfactorily

superimposed on the projection screen. .
| Each of the lenses 99, 100 and 101 arranged in front of the image display
panels 96, 98 and 98 corresponds to the lens 73 in Fig. 6 and ensures that all radiation
coming from the exit face of the illumination system is ooncentrated in the entrance pupxl of
the projection lens system C. . -
Fig. 12 shows an embodiment of a color image projection apparatus with

 reflecting image display panels 110, 111 and 112. The beam b supplied by the illumination

system according to the invention is splii into three differently colored beams by, b and by
by a dichroic cross 115 constituted by two dichroic mirrors 116 and 117.
~ The projection lens system C, shown by means of a single lens in this

Figure, can only receive radiation of the beam by reflected by the image display panels and
no radxanon of the beam boy supplied by the illumination system. .

: Inordertoreahsethatthebeamsbo“andb,saresnﬁicxenﬂyseparatedat
the area of the projection lens system without the distance between this system and the image
display panel having to be large, use is made of an angle-dependent beam separator in the.

- form of a composite prism system 105. This system comprises two transparent prisms 106

and 107 of glass or synthetic material enclosing an air layer 108. Since the refractive index
n,, of the prism material (n,, is, for example 1.5) is larger than the refractive index, n,, of air
(n, = 1.0), a radiation beam incident on the interface between the prism and air at an angle
O, which is larger-than or équal to the critical angle ©, for which it holds that

= nl
g n

sin ©
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will be totally' reflected. Upon incidence on the interface at an angle smaller than the critical
angle, the beam is complétely passed. In the embodiment "d_f ‘Fig. 12 the refractive index of
the prisms 106 and 107 and the orientation of the air layer 108 are chosen to be such that the
beam by coming from the illumination system A is totally reflected by the interface 106,
108 towards the display system and the beam by coming from this system is completely
passed by this interface. The angle of incidence of the beam by and the beam by on the
interface is to this end larger or smaller, respectively, than the critical angle.

The prism system causes the chief ray of the beam by to extend at a large
angle, which may be proximate to 90°, to that of the beam b,y. Consequently, the projection
lens system C'can be placed close to the display system so that the length.of the image

' prbjection'device may be considerably smaller than in the absence of the 'prism system.

It is alternatively possible to choose the orientation of the interface 106,
108 with respect to the directions of the beams b,y and byg in such a way that the beam bgy
is passed to the display system, which is then present under the prism system, and the beam
bgg is reflected towards the projection lens system C. When color beam projection is '.used',

~ the latter set-up provides the advantage that fewer color aberrations occur in the modulated

beam bgg. o

In Fig. 12 the beam b,y reflected by the_interfice 106, 108 is incident on
a first dichroic mirror 116 which reflects, for example blue light. The blue component by s
is incident on the 'di_'splay panel 112 in which the blue sub-image is generated and the beam
brg,s modulated with the blue image information is reflected by the panel 112 to the dichroic
cross 115. The beam with the red and the green component passed by the dichroic mirror
116 is incident on the second dichroic mirror 117 which reflects the red component bON r 1O
the dlsplay panel 110. The red sub-image is generated in this panel. The beam bpg »
modulated with the red image information is reflected to the dichroic cross 115. The green
beam component bgy g passed by the mirror 117 is modulated by the green image display
panel 111 and reflected as beam component byg g to the dichroic cross 115. Since the
dichroic mirrors 116 and 117 reflect the returning beam components byg and byg » and pass
the beam component bz g, these beam components are combined in one beam byg Which is ‘
modulated with the color image information. ' '

The polanzer 10 and the analyser 11 are preferably arranged between the |
ﬂlummanon system A and the image display system and between the image display system

. and the projection lens system, respectively, so that these elements simultaneously act on the

three color components and a separate system of such elements need not be used for each
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A dxrectly dnven reﬂecuve hqmd crystal image dlsplay panel is descnbed
in inter alia Umted States Patent no. 4 239,346. L
. In the color i image prOJecuon apparatus a polanzauon-sensmve beam
splitter may be used instead of the composite prism 105, so that the beams can be
perpendicularly incident on the image display panels. The polarization-sensitive beam splitter
ensures that only light having a given direction of polanzattonls reflected or passed to a

display panel, and t_hat of the 1ight reflected by the panel only the component having a

direction of polarization Which_ is perpendicular to the direction__of polarization of the incident

beam is passed or reflected to the projection lens system. The_.polarizatidn—sens_itive beam

splitter also functions as a converter from polarization modulation 0 intensity modulation.
Instead of an image display system having three monochrome panels, the

“color image projectioh apparatus may alternatively be provided with an image display system

having only one image display panel, viz. a composite or color panel.: This color panel then
comprises a number of pixels which is, for example three times as -large as-the number of -
pixels of a monochrome panel. The pixels of the color panel are arranged in accordance with
three groups with which a red, a green and a blue sub-picture, respectively, is generated. A
pixel of each of the groups is each time associated with a pixel on the projection screen. For
example, a separate color filter is then placed in front of each pixel, which celor filter passes

the desired color only for the relevant pixel.

The color panel may be a transmisslve panel in whxch the color image
projection apparatus is then constructed, for example as shown in Fig. 6. If the color panel is
a reflective panel, the color image projection apparatus may. be constructed, for exan.xple- as
shown_ in Fig. 12, in which the color panel is placed at the position of the monochrome panel
111, while the panels 110 and 112 as well as the dichroic cross 115 have been omitted.

Fig. 13 shows in a diagrammatic plan view a color image projection

device having three color channels 120, 121 and 122 for the primary c_olors green, blue and

red, _respectively." Each of these color channels comprises-an illumination system A;acc‘:o:diﬂg
to the invention, a lens 73 and a'transmissive image display pariel 111. These elements are
shown in the green channel 120. For the other channels corresponding elements are arranged
in the same way, The differently colored beams bg, by and by modulated with the image

‘information are combined to one beam byg by, for example a d_xc_hrmc cross 115, which beam

is projected by the projection lens system C on a display screen (not shoyvn).
The illumination system according to the invention may not only be used

3
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for illuminating a liquid crystal image display panel, but also for illuminating an image
| display system in which use is made of a cathode ray tube in combination with a
phbtoconducting layer and a layer of liquid crystalline material, which image display system
is deséribed in United States Patent no. 4,127,322,
The invention may generally be used in those cases where a non-round

object is to be illuminated with light having a given state of polarization and where very
efficient use must be made of the radiation supplied by a radiation source. |
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Claims | _ |
AR OO ENRE AN
PrAE TR OR SR
. -An illutﬁination device for supplymgabeam of linearly polarized light

having a non-rotationally symmetrical beam cross-section at the location of an object to be
illuminated, said device comprising a light source, a reﬂéctb_r, an optical integrator for.

- forming said beam cross-section and for realising a unifom.'light distribution across the beam
cross-section, and a polarizing system for converting the light supplied by the source into
linearly polarized light, characterized in that the polarizing system is arranged in the
radiation path in front of the optical integrator. o

2. ~ An 1llununzmon device as claxmed in Claim 1, charactenzed in that a
convergmg lens is arranged between the light source and the polarizing system.
3. An illumination device as claimed in Claxm lor2,in whxch the

polarizing system is constituted by a polanzatlon-sensmve ‘beam splitter for splitting the beam
into two differently polarized sub-beams, the first sub-beam of which is directly suitable to
be modulated by the image display system, and a polarization-rotating element for converting
the second sub-beam into a beam having the same state of polarization as the first sub-beam,
characterized in that the polarization-sensitive beam splitter comprises an oriented layer of
birefringent material, in that the sub-beams traverse the same path length through the beam
 splitter, and in that the sub-beams emerging from the assembly of beam splitter and
_polanzatlon-rotaung element jointly form a beam having a round cross-section.

4. An illumination device as claimed in Claim 3, characterized in that the
beam splitter comprises a first prism having a first face parallel to the chief ray of the
illumination beam incident on the beam splitter, and a second prism having a first face
parallel to the chief ray, which prisms have the same refractive index, in that the layer of
birefringent material is located between the first faces of the prisms, while one of the
refractive indices of said material is épproximately equal to that of the prisms, in tha; a
second and a third face of the first prism, which faces extend at an equally large but opposite
angle to the first face constitute the entrance face and a first exit face, respectively, of the
 beam splitter, and in that a second face of the second prism, which face is parallel to the
second face of the first prism, constitutes a second exit face of the beam splitter.
5. An illumination device as claimed in Claim 4, characterized in that the
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polarization-rotating element is-arranged 'on-oné of the exit faces of the beain splitter.

6. ~ An illugiifiation device as claimed in Claim 4 or 5, characterized in that
the birefringent material is a liquid crystalline material. |
7. " An illumination device as claimed in Claim 4 or 5, characterized in that

the layer of birefringent material is a birefringent adhesive layer.

8 An illumination device as claimed in Claim 7, characterized in that the

adhesive layer is a uniaxially oriented polymer layer.

9. An illumination device as claimed in Claim 8, characterized in that the
polymer layer is formed from a cured liquid crystalline monomer composition.

10. An illumination device as claimed in Claim 1, characterized in that the
beam splitter has a layer of cholesteric material placed at an angle of approximately 45° to
the principal axis, which layer splits the illumination beam into a first, reflected sub-beam of
circularly polarized light having a first direction of rotation and a second, on-going sub-beam

‘of circularly polarized light having a second, opposite direction of rotation and is further

provided with a first reflector arranged in the path of the first sub-beam, which reflector is
parallel to the principal axis, and a second reflector which is arranged in the path of the
second sub-beam at an angle of approximately 90° to the cholesteric layer, and in that one of
the reflectors reverses the direction of rotation of the sub-beam incident thereon.

11. . An illumination device as claimed in any one of Claims 1 to 10,
characterized in that the optical integrator successively comprises a first lens plate provided
with a plurality of first lenses which, in a plane perpendicular to the principal axis of the
beam emerging from the polarizing system, have a uniform width in a first direction and a
uniform height in a second direction perpendicular to the first direction, and a second lens

~ plate provided with a plurality of second lenses, the number of which is proportional to the

25

30

number of first lenses, the first lens plate dividing the light beam incident thereon into a
mumber of sub-beams proportional to the number of second lenses, which sub-beams have

' their beam waist in the plane of the second lenses and whose chief rays are directed to the

centres of the second lenses, the second lenses imaging the radiation spots formed on the first
lens piate in a superimposed manner on the object plane to be illuminated or on a plane
conjugated therewith, and in that the aspect ratio of the first lenses corresponds to that of the
object plane. T _ .

12. An illumination device as claimed in Claim 11, characterized in that at

. least one of the lenses of at least one of the lens plates is aspherical.

13. An illumination device as claimed in Claim 11 or 12, characterized in that |
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the number of first lenses is equal to the number of second lenses.

- 14,

 An illumination device as claimed in Claim 11, 12 or 13, characterized in

that the first lenses have such a size and are arranged in such a way that the surface area of

15.

.- the ﬁrst lens plate is approxrmately equal to the cross-section of the beam incident mereon

An illumination device as clalmed in Claxm 11, 12, 13 or 14,

charactenzed in that the first lens plate is arranged in a plane in which a first image of the
light source is formed and in that said i mage is re-unaged by the second lens plate on the
object plane to be illuminated. ' '

16.

lenses.
17.

 An illumination device as claimed in'Claim 11, 12, 13 or 14,

- characterized in that a demagnified image of the light source is formed on each of the second

An image projection apparatus compnsmg an illuminati_on device, an

" image di_splay system for generating an image to be projected and provided with at least one
- image display panel, and a projection iens system for p'rojgcting the image formed by the

image dis‘play system on a- projectioh screen, characterized in that the illumination device isa

device as claimed i in any one of Claims‘1 to 16.

18.

An image projection apparatus as clarmed in Claim 17 for projecting color

images, characterized in that the i m_age display system comprises color-selectlve beam .
splitters for splitting the beam into three differently colored sub-beams and a separate image
display panel for each sub-beam, as well as beam-recombining means for combining the sub-
beams coming from the image display panels to one color beam. |

19.
..each comprising an illumixia’tion device and an image display panel, a beam-recombining

A color image projection apparatus provided with three color channels

system for combining the beams coming from the color- channels to one color beam, and a

‘projection lens system for i magmg the image dlsplay panels on a projection screen,

charactenzedmthateachﬂlummanondevwelsademasclmmedmanyoneofCla:ms1

to 16.

Iy g



