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(57) Abstract

The invention relates to an illumination system (1) for supplying a polarized radiation beam. To this end, the illumination system (1)
successively comprises a radiation source unit (3) for supplying an illumination beam, a polarizing element (11) for splitting the radiation
beam into two mutually perpendicularly and linearly polarized sub-beams and a polarization-rotating element (19) in one of the sub-beams.
The polarizing element (11) is constituted by at least one optical transparent plate (13) having a refractive index no with a first face and a
second face, while at least one of these faces is provided with an optically thin layer (15) having a refractive index nt which is larger than
no. A reflector (17) for reflecting this sub-beam in the same direction of propagation as that of the other sub-beam is arranged in the light
path of at least one of the sub-beams. The chief ray of the beam incident on the plate (13), which beam has a narrow divergence, and the
normal (12) on the plate (13) enclose an angle which is substantially equal to the Brewster angle which applies to the transition between
the optically thin layer and a medium surrounding the polarizing element (11).
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TNiumination system for supplying a polarized radiation beam, and image projection device

comprising such an illumination system.

The invention relates to an illumination system for supplying a polarized
radiation beam, successively comprising a radiation source unit with a radiation source for
supplying radiation and an optical system for concentrating the radiation to a beam, a
polarization separator element for splitting the radiation beam into two linearly polarized sub-
beams having mutually perpendicular directions of polarization, and a polarization-rotating
element in one of the sub-beams.

The invention also relates to an image projection device comprising such

an illumination system.

An illumination system of the type described in the opening paragraph is
known from United States Patent US-A 5,184,248. The illumination system described in this
Patent comprises a polarizing beam splitter which, in combination with a polarization-rotating
element, substantially completely converts the unpolarized radiation beam from the radiation
source into a radiation beam having a single linear direction of polarization. The beam
splitter comprises two glass prisms between which a layer of birefringent material is present
as a polarization-separating layer. The extraordinary refractive index of the birefringent
material is equal to the refractive index of the material of the prisms, while the ordinary
refractive index is smaller than that of the material of the prisms. A light beam entering via
the first prism is split into an extraordinary light beam which does not see any refractive
index difference on the birefringent layer and is consequently passed to the second prism,
and an ordinary light beam which is totally reflected on the interface between the first prism
and the birefringent layer. The two sub-beams thus formed leave the beam splitter as paraliel
beams which jointly form one beam having a circular cross-section. By providing a 90°
polarization-rotating element on one of the exit faces of the beam splitter, it can be ensured
that the two sub-beams have the same direction of polarization.

A drawback of the known illumination system is that the beam splitter
used is relatively complicated and difficult to manufacture. This is caused by the special
shape and high optical quality of the two glass bodies and by providing the polarization-
separating layer between these bodies. Since a relatively high light intensity is desired in an
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image projection device and, consequently, the radiation source should be relatively
powerful, there is a relatively great risk that the polarization-separating layer is damaged due
to the high light intensity.

It is an object of the invention to provide an illumination system in which
substantially the complete radiation beam from the source is converted into a beam having
the same direction of polarization and in which the desired quantity of intensity does not
affect the polarizing element. Moreover, this illumination system can be realised in a
relatively simple manner.

To this end, the illumination system according to the invention is
characterized in that the polarization separator comprises at least one polarizing element
which is constituted by an optical transparent plate having a refractive index ny with a first
face and a second face, while an optically thin layer having a refractive index n; which is
larger than ny is provided on at least one of said faces, in that a reflector is arranged in the
light path of at least one of the sub-beams for reflecting said sub-beam in the same direction
of propagation as that of the other sub-beam, in that the radiation source unit supplies a
radiation beam having a narrow divergence, and in that the chief ray of said beam and the
normal on the plate enclose an angle ©g which is substantially equal to the Brewster angle
which applies to the transition between the optically thin layer and a medium surrounding the
polarization separator.

An optically transparent plate, at least one side of which is provided with
a thin layer having a high refractive index is used as a polarizing element. When the chief
ray of an unpolarized beam is incident on such a plate at an angle for which there is an
optimum separation between the two mutually perpendicular, linearly polarized sub-beams,
the p-polarized beam component and the s-polarized beam component, the one beam
component (p) will be passed, whereas the other beam component (s) will be reflected. This
angle is equal to the Brewster angle which applies to the transition between the optically thin
layer and the medium surrounding the polarizing element, which medium is generally air.

A beam having a narrow divergence is understood to mean a beam whose
border rays enclose an angle of substantially 5° maximum. At such a small beam divergence,
an efficient polarization conversion is realised for the entire beam, because, due to the small
angular deviation of the border rays with respect to the chief ray, not only the chief ray of
the beam but also the border rays will be optimally subject to the effect of the polarizing

element.
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Said polarizing element is known per se, for example from the article
"Polarizing beam splitters for infrared and millimeter waves using single-layer-coated
dielectric slab or unbacked films" by R.M.A. Azzam in Applied Optics, vol. 25, no. 23,
December 1986.

An advantage of the polarizing element used is that the support of the
layers is an optically transparent plate on which a thin layer can be provided in a simple
manner, for example by means of vapour deposition or immersion. Materials which are
suitable for these layers are, for example titanium dioxide, cerium dioxide or zinc sulphide,
which materials are resistant to high temperatures.

It is to be noted that an image projection device in which such a
polarizing element is used as a prepolarizer is known from European Patent Application EP-
A 0518 111. However, in the device described in this Application only one of the two
mutually perpendicularly polarized sub-beams is used for the image formation. In this
manner, half of the intensity of the radiation beam supplied by the radiation source unit is
thus lost. Moreover, no special measures are taken or suggested in said Patent Application as
regards the divergence of the radiation beam, so that the polarization separation is not
optimal for the entire incident radiation beam and, consequently, there will be loss of light.

In the illumination system according to the invention the beam component
reflected by the reflector out of the beam from the radiation source unit is reflected in the
same direction of propagation as that of the other beam component.

The polarization-rotating element ensures that the two components have
the same direction of polarization so that substantially the entire beam from the radiation

source unit is converted into a beam having the same linear state of polarization.

A preferred embodiment of the illumination system according to the
invention is characterized in that the illumination system comprises at least two polarization
separators whose normal on each polarization separator and the chief ray of the beam
incident on the relevant polarization separator enclose an angle 6g which is substantially
equal to the Brewster angle which applies to the transition between the optically thin layer
and the medium surrounding the polarization separator, the two polarization separators
mutually enclosing an angle 6’ =180°-6g.

In this way, a more compact embodiment of the illumination system is
obtained. A further advantage is that the chief ray of the polarized beam and the chief ray of
the beam to be polarized are substantially in alignment, so that this embodiment of the
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illumination system can replace illumination systems in existing image projection devices
without substantial adaptations.

An embodiment of the illumination system according to the invention is
characterized in that the radiation source unit has a low throughput.

A beam having a narrow divergence is supplied, inter alia, by an
illumination system having a low throughput. The term "throughput® characterizes the power
of an optical system to transport radiation energy. This power is given by E = A.Q in which
A is the radiating surface and Q is the spatial angle through which light is emitted, both
measured at the location of the entrance aperture of the system in the centre of this aperture.
In an optical system the throughput further down the system cannot be enlarged anymore but
only reduced by blocking radiation, so that radiation will then be lost.

In image projection devices in which liquid crystal display panels are used
in transmission, only 10% of the radiation incident on the panel is passed to the projection
lens system, when a colour panel is used, and 30% of the radiation incident on a
monochrome panel is passed. To have a sufficient light intensity per surface unit on the
projection screen so as to reproduce an image having a relatively high brightness, the
illumination beam should have a large intensity. Increasing the intensity of the lamp has only
a limited advantage. In fact, lamps supplying a higher radiation energy also have a larger
radiating surface. Consequently, the exit aperture of the radiation source unit will be larger.
A reduction of the exit aperture means that a part of the radiation energy would be lost. It is
therefore desirable to capture as much radiation energy from the radiation source as possible
and concentrate it to a narrow beam.

The use of a radiation source unit having a low throughput in an optical
system has the advantage that further down the system it is not necessary to use expensive
optical elements having, for example large numerical apertures or large cross-sections.

A further embodiment of the illumination system according to the
invention is characterized in that the radiation source unit comprises a lamp having a short
arc length, which lamp is surrounded by a reflector.

A beam having a narrow divergence and an illumination system having a
low throughput can be realised, inter alia, by making use of a lamp having a short arc length
and being surrounded by a reflector.

An example of a suitable lamp is a xenon lamp. However, this lamp has a
relatively short lifetime (approximately 350 hours) and may be subject to the risk of
explosion. Another suitable lamp is a short-arc metal halide lamp. This lamp also has the
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drawback of a relatively short lifetime of several hundred hours.

A preferred embodiment of the illumination system according to the
invention is characterized in that the radiation source is a high-pressure mercury discharge
lamp comprising

a lamp vessel of quartz glass, having a region surrounding a discharge space;

tungsten electrodes arranged in the lamp vessel and separated from each other,
which electrodes define a discharge path and are connected to current conductors extending
from the lamp vessel to the exterior;

a filling of at least 0.2 mg Hg/mm?3, 10 - 10 umo!l Hal/mm?, in which Hal is
one of the materials from the group of Cl, Br and I, and

a rare gas in the lamp vessel, while

the discharge space has a spheroidal shape with a dimension S in the direction
of the discharge path and is equal to
S(mm) =e . D;
in which e has a value between 1.0 and 1.8,
D;(mm) = f. [3.2 + 0.011(mm/W) . P(W)]
in which D; is the largest value for the diameter perpendicular to the discharge path,
f has a value between 0.9 and 1.1,
P is the power used at nominal operation, between 70 and 200 W,

the part of the lamp vessel surrounding the discharge space has a convex outer
surface which, in a plane in which D; is located, has a diameter D, which is given by
D,(mm) = 3.2 + 0.055(mm/W) . P(W),

the length of the discharge path D, is between 1.0 and 2.0 mm and the selected
halogen is Br.

Said lamp has a short arc length in combination with a lifetime of several
thousand hours and may therefore be used to great advantage as a radiation source in an
illumination system according to the invention, in which a polarizing element is used which
functions optimally when the incident beam has a narrow divergence.

It is to be noted that such a lamp is known per se from European Patent
Application EP-A 0 576 071 in the name of the Applicant.

The invention further relates to an image projection device comprising an
illumination system for supplying a polarized radiation beam, at least one image display
panel arranged in the path of this beam for generating an image to be projected, and a

projection lens system for projecting the image on a projection screen. This device is
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characterized in that the illumination system is an illumination system as described
hereinbefore.

A preferred embodiment of the image projection device according to the
invention is characterized in that an optical integrator is arranged in the light path between
the polarizing element and the image display panel.

An optical integrator is known per se from, for example United States
Patent US-A 5,098,184 in the name of the Applicant. By arranging such an optical integrator
in the light path between the polarizing element and the image display panel, inter alia, a
uniform light distribution across the light beam can be realised so that the homogeneity of the
image formed is enhanced.

However, an optical integrator can be used to great advantage in an
illumination system according to the invention. Since the linearly polarized beam supplied by
the polarizing element consists of the combination of two separate sub-beams, each of which
has covered a different path between the radiation source and the location where they are
combined to a single beam again, the intensity distribution across the composite beam will
not be constant. Due to the presence of the integrator, the intensity is spread across the total
beam in such a way that a uniform distribution is obtained at the area of the image display
panel, which enhances the homogeneity of the image to be formed.

A further embodiment of the image projection device according to the
invention is 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 polarized beam, 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, which plurality is proportional to the plurality of first lenses, the
first lens plate dividing a radiation beam incident thereon into a plurality of sub-beams
proportional to the plurality of first lenses, which sub-beams have their waist in the plane of
the second lenses and whose chief rays are directed towards the centres of the associated
second lenses, the second lenses imaging the radiation spots formed on the first lens plate in
a superimposed manner on the image display panel to be illuminated or on a plane
conjugated therewith, and in that the aspect ratio of the first lenses corresponds to that of the
image display panel.

The optical integrator is preferably implemented in this way. Since the
aspect ratio of the lenses of the first lens plate corresponds to that of the image display panel,
the total cross-section of the illumination beam, which is composed of sub-beams originating
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from a pair of associated lenses of the lens plates, is adapted to that of the panel so that a
large part of the radiation from the radiation source is incident on the panel. By adapting the
shape of the beam as satisfactorily as possible to the shape of the image display panel, it can
be ensured that a minimum quantity of light falls beside the panel. Since the radiation spots
formed on the lenses of the first plate are imaged in a superimposed manner on the plane of
the image display panel by means of the second lens plates and the lens placed behind said
plate, the radiation distribution of the beam at the area of this panel has the desired extent of
uniformity.

A further embodiment of the image projection device according to the
invention is characterized in that the lenses of at least one lens plate are aspherical.

An aspherical lens is understood to mean a lens whose fundamental shape
is spherical but whose real shape deviates slightly so as to correct for spherical aberrations of
the fundamental shape. The imaging quality can be enhanced by making use of aspherical
lenses.

A further embodiment of the image projection device according to the
invention is characterized in that the plurality of second lenses is equal to twice the plurality
of first lenses.

This is preferably the case when the radiation source image formed by the
reflector does not coincide with this radiation source.

A further embodiment of the image projection device according to the
invention is characterized in that the image display panel is a DMD panel and in that the
projection screen is a polarizing screen whose direction of polarization corresponds to the
direction of polarization of the illumination beam supplied by the combination of the
polarizing element and the polarization-rotating element.

The image display panel, or the three image display panels for colour
image projection, may be implemented with liquid crystalline material. For such panels the
incident radiation should be polarized because the image information to be projected is
supplied by modulating the state of polarization of the beam incident on the panel in
accordance with the image information. The modulated radiation beam is subsequently
projected on an image projection screen via a projection lens system.

The state of polarization desired for the incident beam may be linear or
circular, dependent on the used polarizer and analyser which form part of the image display
panel. If a "circular” image display panel is used, i.e. a panel modulating the circular state
of polarization of a radiation beam, for example a A4 plate should be arranged between the
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described illumination system and the image display panel so as to convert the linear state of
polarization supplied by the illumination system into a circular state of polarization.

Instead of a liquid crystal display panel (LCD panel) as an image display
panel, a DMD (Digital Micromirrored Device) panel may alternatively be used. An example
of a known application of a DMD panel in a video projection system is described in United
States Patent US-A 4,638,309.

A DMD is a semiconductor element which is made of a single silicon
wafer and comprises a matrix of deformable mirror elements. Each mirror element may be
tilted in conformity with a voltage applied thereto, which voltage represents the image
information to be displayed. In this way, radiation incident on the matrix of mirror elements
is reflected at different angles into or out of the projection system. Subsequently, the
radiation reflected into the system is concentrated to a beam by means of an optical system
and converted into a projected image via a projection lens system. The image information to
be reproduced is thus derived from the angles at which the incident radiation is reflected by
the mirror elements, rather than from the modulation of the state of polarization presented to
the panel. When a linearly polarized beam is presented to a DMD panel, the state of
polarization will not change due to the supply of image information, in other words due to
the reflection on the mirror elements. If a polarizing image projection screen is then used for
the projection, and if the direction of polarization of this screen corresponds to that of the
beam supplied by the combination of the polarizing element and the polarization-rotating
element, then substantially 50% of the ambient light will be blocked by the screen, while
substantially all signal light is transmitted towards the viewers. Consequently, a projected
image having a considerably higher contrast is obtained.

These and other aspects of the invention will be apparent from and
elucidated with reference to the embodiments described hereinafter.

In the drawings

Figs. 1a and 1b are diagrammatic representations of two embodiments of
an illumination system according to the invention;

Fig. 2 shows the operating principle of two stacked polarizing elements;

Fig. 3 is a diagrammatic representation of an embodiment of an
illumination system having a low throughput;

Fig. 4 is a diagrammatic representation of a radiation source having a

short arc length suitable for a radiation source unit for use in an illumination system
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according to the invention;

Fig. 5 is a diagrammatic representation of an embodiment of an image
projection device according to the invention; and

Fig. 6 is a diagrammatic representation of a third embodiment of an

illumination system according to the invention.

Figs. 1a and 1b show two embodiments of an illumination system 1
according to the invention. Such an illumination system 1 may be used, for example in an
image projection device which is provided with at least one image display panel for
illuminating the image display panel.

The illumination system 1 includes a radiation source unit 3 which
comprises a lamp 5 and a reflector 7. The lamp 5 emits light in the direction of the object to
be illuminated, for example an image display panel, and in the backward direction. The
reflector 7 ensures that the backwards emitted light is collected and is still sent into the
direction of the object. The reflector 7 may be, for example self-collimating. If this is not the
case, an extra collimating lens 9 will be required for concentrating the light emitted by the
lamp 5 to a parallel beam b. This parallel beam b, only the chief ray of which is shown, is
subsequently incident on a polarizing element 11.

The polarizing element 11 comprises an optically transparent plate 13
having a refractive index n,, at least one side of which is provided with an optically thin
layer 15 having a refractive index n,, for which it holds that n; > n,. Such an element,
which is provided with an optically thin layer at both sides, is known per se from the article
"Polarizing beam splitters for infrared and millimeter waves using single-layer-coated
dielectric slab or unbacked films" by R.M.A. Azzam in Applied Optics, vol. 25, no. 23,
December 1986. The optically thin layer may comprise, for example TiO,, CeO, or ZnS,.
Such a polarizing element can be manufactured in a relatively simple manner by vapour
deposition or immersion. Moreover, said materials are resistant to very high temperatures.

When an illumination beam is incident on such a polarizing element 11,
with the chief ray of the beam b and the normal 12 on the element 11 enclosing an angle for
which light which is s-polarized will be reflected from the beam b as beam b, while light
which is p-polarized will be transmitted as beam by, two mutually perpendicular, linearly
polarized sub-beams will be formed. This angle is substantially equal to the Brewster angle
for the transition between air and the optically thin layer provided on the transparent plate.
For this angle, the reflection of the s-polarized light is substantially 80%, while the reflection



10

15

20

25

30

WO 96/05534 10 PCT/IB95/00612

of p-polarized light is only approximately 2%. The value of the Brewster angle for the
transition between air and the optically thin layer is determined by the refractive index n, of
the thin optical layer 15 provided on the transparent plate 13, in accordance with the formula
tg ©g = n,. If the polarizing element is present in a medium other than air, the Brewster
angle will also be dependent on the refractive index of this medium.

Moreover, a reflecting element 17 is provided so as to send the sub-beam
reflected out of the original beam b into the direction of propagation of this beam b again. In
this way, two parallel sub-beams are formed which are mutually perpendicularly and linearly
polarized. By providing a polarization-rotating element 19 in one of these two sub-beams, for
example in the form of a M/2 plate or a liquid crystalline layer having a molecular ordering,
which element rotates the direction of polarization through 90°, the two directions of
polarization can be rendered equal to each other. In this way, substantially the entire beam
from the radiation source unit 3 is converted into a linearly polarized beam having a single
direction of polarization.

If a circularly polarized beam is desired, a A/4 plate may be arranged
between the assembly of the polarizing element 11 and the polarization-rotating element 19
and the object to be illuminated. Consequently, the linearly polarized beam can be converted
into a circularly polarized beam. This may be necessary, for example if an image display
panel is used which operates with circularly polarized light.

Fig. 1a shows an embodiment of the illumination system 1 in which the s-
polarized beam component is reflected by the reflecting element 17 in the direction parallel
to that of the original beam, while this is the case for the p-polarized component in Fig. 1b.
Dependent on the desired final polarization, p or s, of the beam to be sent to an image
display panel, the polarization-rotating element 19 is arranged in either the s or the p-
polarized sub-beam. In both Figures 1a and 1b the beam supplied by the illumination system
1 is s-polarized.

By providing both the first side and the second side of the transparent
plate with an optically thin layer, the polarization-separating effect may be enhanced. For
example, the reflection for the s-polarized beam component may be very high, viz.
approximately 80%, and the reflection for the p-polarized beam component may be very low,
viz. approximately 2%. Then only a small quantity of s-polarized light, together with the p-
polarized beam component will be passed by the polarizing element.

Fig. 6 shows an alternative embodiment of the illumination system shown
in Figs. 1a and 1b. The incident beam is considered to consist of two parallel sub-beams b,
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and b,. Each of these sub-beams accommodates a polarization separator comprising a
polarizing element 111, 111°, in which the chief ray of a sub-beam and the normal 112, 112’
on the polarizing element in this sub-beam enclose an angle 6. 85 is the angle for which s-
polarized light from the relevant sub-beam is reflected, while p-polarized light will be
passed. The two polarizing elements 111 and 111’ mutually enclose an angle of 6’= 180°-
205. Each polarizing element 111, 111’ comprises a transparent plate 113, 113’ having one
or two optically thin layers 115, 115°.

The polarizing elements 111, 111’ reflect the s-polarized component of
each sub-beam towards a reflecting element 117, 117°, which element deflects the s-polarized
sub-beams in the direction parallel to the original beam. The p-polarized component will be
passed by the polarizing elements 111, 111°.

If s-polarized light is desired, the p-polarized sub-beam may be provided
with a polarization-rotating element 19, for example a A/2 plate or a liquid crystalline layer
having a molecular ordering, so that the p-polarized beam is converted into an s-polarized
beam.

If p-polarized light is desired, the light passed by the polarizing elements
will have the suitable direction of polarization right away, and a polarization rotator (not
shown) is to be arranged in each s-polarized beam.

The embodiment shown in Fig. 6 has the advantage that it is more
compact than the embodiments shown in Figs. 1a and 1b. The embodiment described above
has the further advantage that the chief ray of the polarized beam is located at the same
height as the chief ray of the beam to be polarized. Consequently, the illumination system
according to the invention is optional and can replace illumination systems in existing image
projection devices without substantial adaptations.

The polarization separation may be further optimized, both for the
embodiments shown in Figs. 1a and 1b, and for those shown in Figs. 6a and 6b, by stacking
a plurality of polarizing elements. Fig. 2 shows the operating principle of a polarization
separator of the type shown in Fig. 1a with two polarizing elements 11, 11°. At least a part
of the s-polarized portion b,’ of the beam b which, together with the p-polarized component
b, is passed by the first polarizing element 11, will be reflected on the second element 11°.
The transmission of s-polarized light will decrease with an increasing number of polarizing
elements.

Each polarization separator as shown in Figs. 2b and 6 may also comprise
a plurality of stacked polarizing elements consisting of an optically transparent plate having
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one or two optically thin layers.

As already described hereinbefore, the beam to be polarized should be
incident on the polarizing element at a given angle with respect to the normal in order that
polarization separation occurs. To realise an efficient polarization separation of the complete
light beam, both the chief ray and the border rays of the beam should be incident on the
polarizing element at or substantially at this angle of incidence. This can be achieved with a
radiation source unit whose light beam has a narrow divergence, in other words, a light
beam whose border rays enclose a relatively small angle with the chief ray.

A radiation source unit supplying a light beam having a narrow
divergence is, for example a radiation source unit having a low throughput.

The term "throughput” characterizes the power of an optical system to
transport radiation energy. This power is defined by E = A . Q, in which A is the radiating
surface and Q is the spatial angle through which light is emitted, both measured at the
location of the entrance aperture of the system in the centre of this aperture. In an optical
system the throughput further down the system cannot be enlarged anymore but only reduced
by blocking radiation, so that radiation will then be lost.

An illumination system including a radiation source unit having a low
throughput is known, for example from United States Patent US-A 5,046,837 and is shown
diagrammatically in Fig. 3. In the illumination system 1 shown in this Figure, two condensor
lenses 18 and 22 are arranged at the front side of the radiation source 5. This radiation
source 5 with its centre M, is, for example a metal halide lamp which is elongated and has a
length-width ratio of, for example 2:1. The longitudinal direction of the lamp is
perpendicular to the optical axis OO’. The radiation collected by the condensors is
concentrated in two sub-beams b, and b, which are reflected to the principal axis by first
reflectors 24, 26. Second reflectors 28, 30 constituting a roof mirror are arranged at both
sides of the principal axis OO’ at a position where the beams would intersect each other and
where the beam cross-sections are already small. These reflectors deflect the beams in the
direction of the principal axis. The beams have their waist in the exit plane 32 of the
illumination system 1. Two secondary radiation sources 34, 36 having small radiating surface
can be imaged in this plane.

In this way, two lamp images are formed within a circular area whose
radius is smaller than twice the radius of the described circle of the radiating lamp surface,
so that the lamp radiation which is collected by the condensors is concentrated to a beam

having a small cross-section.
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The condensors 18, 22 should have a large numerical aperture so as to
collect sufficient light from the radiation source and may be constituted, for example by
single lens elements having aspherical surfaces, so that these are sufficiently corrected for the
envisaged object.

The requirements imposed on the lens elements 18 and 22 may be
alleviated if additional lens elements such as the elements 38 or 40 and possibly more lens
elements are associated with the elements 18 and 22. The additional lens elements may
supply a part of the required correction for the lens elements 18 and 22 and may be, for
example aspherical.

Here again, a concave reflector 7 is preferably arranged behind the
radiation source 5, which reflector reflects the radiation emitted by the rear side of the
source S to the condensors so that this radiation can contribute to the intensity of the beams
b, and b, and thus enhances the efficiency of the illumination system.

For further details and embodiments of the radiation source unit 1 shown
in Fig. 3 reference is made to the afore-mentioned United States Patent US-A 5,046,837.

A better alternative for a radiation source unit supplying an illumination
beam having a narrow divergence or a low throughput is a unit comprising a lamp having a
short arc length and being surrounded by a reflector. Examples of such lamps are a xenon
lamp and a short-arc metal halide lamp. However, both lamps have the drawback of a
relatively short lifetime. Moreover, a xenon lamp is also subject to the risk of explosion.

A lamp having a short arc length which is safe and has a considerably
longer lifetime (several thousand hours) and is thus very suitable for use in combination with
a polarizing element as described above in the illumination system according to the present
invention is the UHP (Ultra High Pressure) lamp. This lamp is known per se from the afore-
mentioned European Patent Application EP-A 0 576 071.

Fig. 4 shows an embodiment of such a lamp. The lamp 3 has a lamp
vessel 51 of quartz, a part 53 of which surrounds a discharge space 55. The lamp vessel 51
accommodates two separated tungsten electrodes 57. The two electrodes 57 define a
discharge path 59 and are connected to current conductors 61 which extend beyond the lamp
vessel 51. The lamp vessel 51 is filled with at least 0.2 mg Hg/mm?, 10 - 10 ymol
Hal/mm?3, in which Hal is one of the materials Cl, Br or I, and further with a rare gas in the
discharge space. The discharge space 55 has a spherical shape and a dimension S in the
direction of the discharge path 59, defined by S(mm) = e . D,, in which e has a value
between 1.0 and 1.8, Dy(mm) = f. [3.2 + 0.011(mm/W) . P(W)], in which D, is the largest
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value for the diameter perpendicular to the discharge path 55, f has a value between 0.9 and
1.1, P is the power used at nominal operation, which power is between 70 and 200 W. The
part 53 of the lamp vessel 51 surrounding the discharge space 55 has a convex outer surface
63 which, in a plane in which D, is located has a diameter Dy which is defined by Do(mm)
> 3.2 + 0.055(mm/W) . P(W). The length Dp of the discharge path 59 is between 1.0 and
2.0 mm and the selected halogen is Br. For further details relating to the lamp described,
reference is made to said European Patent Application.

Such a lamp with a reflector at its rear side constitutes a radiation source
unit which supplies a beam of the desired small divergence. This lamp may also be
incorporated in the system shown in Fig. 3, so that a radiation source unit having a low
throughput and a narrow divergence is obtained.

Fig. 5 shows an embodiment of an image projection device 20 comprising
an illumination system 1 according to the invention of the type shown in Fig. 1a and an
image display panel 21 for supplying the image information in accordance with an image to
be projected with the radiation beam. Arranged behind the image display panel 21 is a
projection lens system 23 for projecting the image generated by the panel in a magnified
form on a projection screen 25.

The illumination system 1 may be alternatively an illumination system of
the type shown in Fig. 1b, 3 or 6.

The image display panel may be, for example a liquid crystal display
panel. Such a panel comprises a layer of liquid crystalline material which is enclosed
between two optically transparent plates. A drive electrode is provided on each of these
plates. These electrodes may be divided into a large number of rows and columns so that a
large number of pixels is defined in the image display panel. The different pixels can be
driven by driving the matrix electrodes. Thus, at the desired positions a local electric field
can be applied across the liquid crystalline material. Such an electric field causes a variation
of the effective refractive index of the material so that the light passing through a given pixel
undergoes or does not undergo a rotation of the direction of polarization, dependent on the
presence or absence of an electric field at the location of the relevant pixel.

Instead of this passively driven image display panel, an actively driven
panel may alternatively be used. In the last-mentioned image display panel one of the
supporting plates comprises an electrode, while the semiconductor drive electronics are
provided on the other plate. Each of the pixels 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
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are described in, for example European Patent Application EP 0 266 184.

For such an image display panel the incident beam should be polarized,
because the image information is supplied by modulation of the direction of polarization. A
voltage is applied to each pixel of the image display panel, which voltage corresponds to the
image information present at that location. Per pixel, the direction of polarization of the
radiation incident on the relevant pixel is thus modulated in conformity with the image
information to be displayed by said pixel. The illumination system according to the invention
provides the possibility of supplying a polarized beam to the image display panel for which
substantially the complete intensity of the radiation beam supplied by the radiation source is
utilized.

If the image projection device is a colour image projection device, the
device comprises three image display panels, one for each of the primary colours red, green
and blue and also a plurality of dichroic mirrors which split the linearly polarized beam into
a red, a green and a blue beam each incident on an associated panel. The beams modulated
by these panels are subsequently recombined by a further set of dichroic mirrors to one beam
which is imaged by the projection lens system as an image on the projection screen.

It is alternatively possible to use a single colour image display panel in a
colour image projection device. Then, a matrix of dichroic mirrors arranged in front of the
pixels is preferably used, as described in, for example United States Patent US-A 5,029,986
for the image display panel of a direct-vision image display device.

The image display panel may also be a DMD (Digital Micromirrored
Device) panel instead of an LCD (Liquid Crystal Display) panel. A DMD is a semiconductor
element which is made of a single silicon wafer and comprises a matrix of deformable mirror
elements. Each mirror element may be tilted in conformity with a voltage applied thereto. In
this way, radiation incident on the matrix of mirror elements is reflected at different angles
into or out of the projection system. Subsequently, the radiation reflected into the system is
concentrated to a beam by means of an optical system and converted into a projected image
via a projection lens system. The operation of such a panel is not based on modulation of the
state of polarization of the incident radiation, but the image information to be reproduced is
derived from the angles at which the incident radiation is reflected by the mirror elements.

When a linearly polarized beam is presented to a DMD panel, the state of
polarization will not change due to the supply of the image information, in other words due
to setting the reflection angles of the mirror elements. This means that the beam provided

with image information still has the same state of polarization as the beam which is supplied
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by the combination of the polarizing element 11 and the polarization-rotating element 19.

Here it is proposed to use a polarizing image projection screen 25 as an
image projection screen whose direction of polarization corresponds to that of the beam
supplied by the combination of the polarizing element 11 and the polarization-rotating
element 19. A polarizing image projection screen is a screen which reflects only radiation
having a given direction of polarization towards the viewer if a front projection screen is
used, or transmits radiation if a rear projection screen is used. Radiation having a different
direction of polarization is blocked for the viewer. Substantially 50% of ambient light which
is slightly unpolarized will be blocked, while substantially all signal light having a direction
of polarization in conformity with that of the screen will reach the viewer. In this way, an
image having a considerably enhanced contrast can be obtained. An example of a polarizing
projection screen provided with a circular polarizer is described in the non-prepublished
Belgian Patent Application BE 09301042 in the name of the Applicant. An example of a
polarizing projection screen comprising a linear polarizer is described in European Patent
Specification EP-B 0 295 913.

Moreover, an optical integrator 27 may be arranged between the
illumination system 1 and the image display panel 21. Such an integrator 27 is known from,
for example United States Patent US-A 5,098,184,

The optical integrator 27 comprises a first lens plate 29 and a second lens
plate 31. For example, the lamp-facing side of the first plate 29 is provided with a matrix of
lenses 33 and the other side 35 is preferably plane. For the sake of simplicity, only four
lenses are shown. Actually, the plate 29 comprises, for example 8 x 6 lenses. The side 37 of
the source 3 facing the second lens plate 31 is, for example plane, while the side remote
from the source carries a matrix of lenses 35. The number of rows and columns of lenses of
the two plates 29 and 31 corresponds. This is preferably the case if an image of the radiation
source, which is formed by the reflector 7 arranged behind the radiation source 5, coincides
with the radiation source. When the image of the radiation source through the reflector and
the radiation source itself coincide, it is assumed that the lamp is transparent to its own light.
If this is not the case, hence if the lamp image is located next to the lamp, the second lens
plate 31 preferably has twice as many lenses as the first lens plate 29.

The lenses 33 of the first lens plate 29 divide the incident beam into a
number of sub-beams corresponding to the number of lenses 33 and ensure that these sub-
beams have their waist in the plane of the lenses 35 of the second lens plate 31. For imaging

the source 3 on the corresponding lenses 35 by means of the different lenses 33, a different
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portion of the incident beam is used each time. The lenses 35 have such a power in such a
direction that they image the radiation spot formed on the corresponding lens 33 on the
image display panel. It is thereby achieved that the illumination beam has a satisfactorily
uniform intensity distribution.

In order that a minimum quantity of intensity is lost, the shape of the
cross-section of the illumination beam is preferably adapted to the shape of the image display
panel. Image display panels which are used for displaying conventional video images have an
aspect ratio b:h = 4:3. When the lenses 33 have the same aspect ratio, it is achieved that,
apart from optical losses, all radiation from the combination of polarizing and polarization-
rotating element will illuminate the image display panel and the illumination system will have
a high efficiency.

Lenses 39 and 41 ensuring that all integrator lens images in the plane of
the image display panel 21 are satisfactorily superimposed and that the image display panel is
satisfactorily imaged on the projection screen may be arranged behind the second lens plate
31.

The use of the known optical integrator in an illumination system
according to the present invention has an extra advantage. Since the linearly polarized beam
which will illuminate the image display panel is a combination of two sub-beams, each of
which has covered a different path between the radiation source unit 3 and the location where
they are combined to a single beam, the intensity distribution across this beam will not be
constant. However, by using an integrator system, it will be possible to distribute the
intensity uniformly across the total light beam.

At least one of the lenses of at least one of the lens plates may be
aspherical. An aspherical lens is understood to mean a lens whose fundamental shape is
spherical but whose real shape has small deviations so as to correct for the spherical
aberrations of the fundamental shape. The system efficiency can be enhanced by making use
of aspherical lenses in a lens plate.



10

15

20

25

WO 96/05534 18 PCT/IB95/00612

CLAIMS:

1. An illumination system for supplying a polarized radiation beam,
successively comprising a radiation source unit with a radiation source for supplying
radiation and an optical system for concentrating the radiation to a beam, a polarization
separator for splitting the radiation beam into two linearly polarized sub-beams having
mutually perpendicular directions of polarization, and a polarization-rotating element in one
of the sub-beams, characterized in that the polarization separator comprises at least one
polarizing element which is constituted by an optical transparent plate having a refractive
index n, with a first face and a second face, at least one of said faces being provided with an
optically thin layer having a refractive index n, which is larger than ny, in that a reflector is
arranged in the light path of at least one of the sub-beams for reflecting said sub-beam in the
same direction of propagation as that of the other sub-beam, in that the radiation source unit
supplies a radiation beam having a narrow divergence, and in that the chief ray of said beam
and the normal on the plate enclose an angle ©g which is substantially equal to the Brewster
angle which applies to the transition between the optically thin layer and a medium
surrounding the polarization separator.

2, An illumination system as claimed in Claim 1, characterized in that the
illumination system comprises at least two polarization separators whose normal on each
polarization separator and the chief ray of the beam incident on the relevant polarization
separator enclose an angle 6 which is substantially equal to the Brewster angle which applies
to the transition between the optically thin layer and the medium surrounding the polarization
separator, the two polarization separators mutually enclosing an angle 6’ =180°-6p.

3. An illumination system as claimed in Claim 1 or 2, characterized in that
the radiation source unit has a low throughput.
4, An illumination system as claimed in Claim 1, 2 or 3, characterized in

that the radiation source unit comprises a lamp having a short arc length, which lamp is
surrounded by a reflector.

S. An illumination system as claimed in Claim 4, characterized in that the
radiation source is a high-pressure mercury discharge lamp comprising

a lamp vessel of quartz glass, having a region surrounding a discharge space;
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tungsten electrodes arranged in the lamp vessel and separated from each other,
which electrodes define a discharge path and are connected to current conductors extending
from the lamp vessel to the exterior;

a filling of at least 0.2 mg Hg/mm?, 10 - 10* umo! Hal/mm?, in which Hal is
one of the materials from the group of Cl, Br and I, and

a rare gas in the lamp vessel, while

the discharge space has a spheroidal shape with a dimension S in the direction
of the discharge path and is equal to
S(mm) =e . D
in which e has a value between 1.0 and 1.8,
D;(mm) = f . [3.2 + 0.011(mm/W) . P(W)]
in which D, is the largest value for the diameter perpendicular to the discharge path,
f has a value between 0.9 and 1.1,
P is the power used at nominal operation, between 70 and 200 W,

the part of the lamp vessel surrounding the discharge space has a convex outer
surface which, in a plane in which D, is located, has a diameter D, which is given by
D, (mm) = 3.2 + 0.055(mm/W) . P(W),

the length of the discharge path D, is between 1.0 and 2.0 mm and the selected
halogen is Br.
6. An image projection device comprising an illumination system for
supplying a polarized radiation beam, at least one image display panel arranged in the path of
said beam for generating an image to be projected, and a projection lens system for
projecting the image on a projection screen, characterized in that the illumination system is
an illumination system as claimed in Claim 1, 2, 3, 4 or 5.
7. An image projection device as claimed in Claim 6, characterized in that
an optical integrator is arranged in the light path between the polarizing element and the
image display panel.
8. An image projection device as claimed in Claim 7, 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 polarized beam, 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,
which plurality is proportional to the plurality of first lenses, the first lens plate dividing a
radiation beam incident thereon into a plurality of sub-beams proportional to the plurality of
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first lenses, which sub-beams have their waist in the plane of the second lenses and whose
chief rays are directed towards the centres of the associated second lenses, the second lenses
imaging the radiation spots formed on the first lens plate in a superimposed manner on the
image display panel to be illuminated or on a plane conjugated therewith, and in that the
aspect ratio of the first lenses corresponds to that of the image display panel.

9. An image projection device as claimed in Claim 8, characterized in that
the lenses of at least one lens plate are aspherical.

10. An image projection device as claimed in Claim 8 or 9, characterized in
that the plurality of second lenses is equal to twice the plurality of first lenses.

11. An image projection device as claimed in any one of Claims 6 to 10,
characterized in that the image display panel is a DMD panel and in that the projection
screen is a polarizing screen whose direction of polarization corresponds to the direction of
polarization of the illumination beam supplied by the combination of the polarizing element

and the polarization-rotating element.
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