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a respective one of the apertures. The apertures are
exposed to an optical image (103; 403) so as to record
the image in the plurality of portions of the phosphores-

cent material. A number of the apertures of the inven-
tion is large, preferably within a range of approximately

01
one million to seven million apertures. For example in a @/
preferred embodiment the number of the apertures is
approximately six million apertures. Preferably, the opti-
cal apertures are microscopic optical apertures. For FIG. 1

example, each aperture has a respective width dimen-
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Preferably, the respective width dimension of each aper-
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Description

The present invention generally relates to photore-
cording and more particularly to high resolution solid
state photorecording.

Modern film photography provides both amateurs
and professionals with high resolution photographic
prints. For example, using a popular 35 millimeter film
format, cameras capture scene images on the film,
which is subsequently developed into negatives by
immersing the film in a sequence of suitable wet chem-
ical baths. Light is projected through the negative onto
photosensitive print paper, which is developed into a
high resolution photographic print using another
sequence of wet chemical baths. Dry, solid state pho-
torecording processes provide advantages since they
operate independent of any wet chemical baths.

Various methods of solid state photorecording of a
scene are known. One method comprises directly imag-
ing the scene onto a sheet of storage phosphor parti-
cles. Such storage phosphors particles have acceptable
light sensitivity equivalent to some types of photo-
graphic film. Unfortunately, a portion of light of an image
incident upon each phosphor particle is scattered to
adjacent phosphor particles, degrading resolution of the
stored image. Since the storage phosphor particles are
relatively large particles, typically in a range five to ten
microns in diameter, they scatter more light than some
other smaller particles. A minimum patrticle size is lim-
ited because there is an undesirable decrease in lumi-
nescent efficiency as storage phosphor particles are
made smaller than approximately five microns in diame-
ter.

Image resolution is especially degraded when stor-
ing a high contrast image, which includes a very bright
region adjacent to a very dark region. Storage phos-
phors that correspond to the very bright image region
scatter a large amount light to adjacent storage phos-
phors that correspond to the very dark image region.
Accordingly, the image recorded by the storage phos-
phors includes a bright region that has bled over to
obscure an adjacent dark region.

Another solid state photorecording method com-
prises directly imaging the scene onto a Charge Cou-
pled Device (CCD) and storing in a memory device
electrical signals produced by the CCD in response to
the imaged scene. While simple CCD's having a small
number of pixels are easily available at low cost, manu-
facturing difficulties limit availability and increase cost of
complex CCD's having a large number of pixels, such
as more than one million pixels.

What is needed is a simplified, cost effective optical
apparatus for solid state photorecording of optical
images with enhanced resolution.

The present invention provides a simplified, cost
effective optical apparatus for solid state photorecording
of optical images with enhanced resolution. The inven-
tion avoids the complexity and associated cost of
charge coupled device sensors while providing resolu-
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tion enhancements over previously known phosphor
storage technology.

Briefly and in general terms, the optical apparatus
of the invention includes an array of optical apertures
and a plurality of portions of a phosphorescent material.
Each portion is optically coupled to a respective one of
the apertures. The apertures are exposed to an optical
image so as to record the image in the plurality of por-
tions of the phosphorescent material.

A number of the apertures of the invention is large,
preferably within a range of approximately one million to
seven million apertures. For example in a preferred
embodiment the number of the apertures is approxi-
mately six million. Preferably, the optical apertures are
microscopic optical apertures. For example, each aper-
ture has a respective width dimension within a range of
approximately ten to fifty microns. Preferably, the
respective width dimension of each aperture is approxi-
mately twelve microns.

In a preferred embodiment the array of optical aper-
tures is disposed on a surface of a substrate. The pre-
ferred embodiment further includes a plurality of cavities
wherein each cavity extends into the substrate from a
respective one of the optical apertures. Each portion of
the phosphorescent material is disposed within a
respective one of the cavities.

In prior art employing a mere sheet of storage
phosphors, a portion of light of an image incident upon
each phosphor is scattered to adjacent phosphors,
degrading resolution of a stored image. This problem is
solved by the present invention since each cavity has a
respective cavity wall for substantially preventing any
optical transmission therethrough, thereby substantially
optically isolating each portion of the phosphorescent
material from any light scattered from any other portion
of the phosphorescent material. Preferably a surface of
the cavity wall is coated with a highly reflective material.
In another embodiment the cavity wall includes a light
absorbing material.

In the preferred embodiment the cavities comprise
shallow pits extending into the surface of the substrate.
In an another preferred embodiment the cavities extend
entirely through the substrate. Another preferred
embodiment includes a plurality of waveguides for sub-
stantially optically isolating each portion of the phospho-
rescent material from any light scattered from any other
portion of the phosphorescent material, wherein each
waveguide has a respective extremity integrally coupled
with a respective one of the apertures.

The preferred embodiment of the invention further
includes a light source for exciting the phosphorescent
material to emit light representative of the recorded
image. A photoelectric sensor is optically coupled with
phosphorescent material for generating an electric sig-
nal in response to light emitted by the phosphorescent
material.

Other aspects and advantages of the present
invention will become apparent from the following
detailed description, in conjunction with the accompany-
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ing drawings, illustrating by way of example embodi-
ments of the invention.

FIG. 1 is a block diagram of a preferred embodi-
ment of the invention.

FIG. 2 is a detailed cut away perspective view of a
preferred embodiment of a substrate assembly of the
block diagram of FIG. 1.

FIG. 3 is a detailed cut away cross sectional view of
another preferred embodiment of the substrate assem-
bly of the block diagram of FIG. 1.

FIG. 4 is a block diagram of another preferred
embodiment of the invention.

FIG. 5 is a detailed cut away perspective view of
optical waveguides of the block diagram of FIG. 4.

FIG. 1 is a block diagram of a preferred embodi-
ment of the invention. As shown in the block diagram,
the preferred embodiment of the invention includes a
substrate assembly 101. The assembly comprises a
substrate having a surface wherein an array of optical
apertures is disposed on the surface. Additionally, there
is a plurality of cavities wherein each cavity extends into
the substrate from a respective one of the optical aper-
tures. Furthermore, the assembly includes a plurality of
portions of a phosphorescent material wherein each
portion is disposed within a respective one of the cavi-
ties and is optically coupled with a respective one of the
apertures.

As shown in the block diagram, the preferred
embodiment further comprises an image source 103 in
optical communication with the substrate assembly. The
image source exposes the apertures to an optical
image so as to record the image in the plurality of por-
tions of the phosphorescent material. Various image
sources are known in the art. For example a view cam-
era having a lens is advantageously employed to focus
an image of a scene onto the array of apertures.

The preferred embodiment of the invention further
includes a light source 105 for exciting the phosphores-
cent material to emit light representative of the recorded
image. A desired wavelength characteristic of the excit-
ing light source is chosen based upon the phosphores-
cent material. For example, there are numerous
desirable phosphorescent materials, such as Europium
and Samarium doped Calcium Sulfide, which store a
record of exposure to visible light, and which emit visible
light representative of the record when excited with light
of an infrared wavelength. Alternative suitable phos-
phors are known, for example those which are dis-
cussed in Preparation and Characteristics of Solid
Luminescent Materials, especially Chapter 7, by Brian
O'Brien, pages 115 - 371, John Wiley & Sons (1948),
which are incorporated by reference.

A photoelectric sensor 107, for example a high gain
photomultiplier, is optically coupled with the phospho-
rescent material for generating an electric signal in
response to light emitted by the phosphorescent mate-
rial. Preferably the exciting light source provides a beam
or bar of light that is scanned over the apertures, so that
at any given time during a scan only a limited number of
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the phosphor portions are emitting light. Accordingly, at
any given time during the scan, full resources of the
photoelectric sensor are advantageously concentrated
on sensing only the limited number of phosphor por-
tions.

FIG. 2 is a detailed cut away perspective view of a
preferred embodiment of the substrate assembly 101 of
the block diagram of FIG. 1. As shown, a two dimen-
sional array of optical apertures 203 is disposed on the
surface of the substrate 205. A number of the apertures
of the invention is large, preferably within a range of
approximately one million to seven million apertures.
For example in a preferred embodiment the number of
the apertures is approximately six million apertures. For
sake of simplicity, far fewer apertures are shown in FIG.
2.

Preferably, the optical apertures are microscopic
optical apertures. For example, each aperture has a
respective width dimension, W, within a range of
approximately ten to fifty microns. Preferably, the
respective width dimension of each aperture is approxi-
mately twelve microns. For best image quality, the aper-
tures of the array are arranged proximate one another,
so that each aperture is separated from a respective
adjacent aperture by a distance less than the width of
any aperture.

As shown, each one of the cavities 206 extends into
the substrate from a respective one of the optical aper-
tures. Each portion of the phosphorescent material is
disposed within a respective one of the cavities. In the
preferred embodiment shown in FIG. 2 the cavities com-
prise uniform shallow pits extending into the surface of
the substrate. For example, using photolithography
techniques a silicon substrate is masked and anisotrop-
ically etched to produce the uniform shallow pits. An
alternative manufacturing method comprises impress-
ing uniform pits into a thermosetting plastic substrate,
using techniques similar to those employed in manufac-
turing audio compact disks.

Each cavity has a respective cavity wall for substan-
tially preventing any optical transmission therethrough,
thereby substantially optically isolating each portion of
the phosphorescent material from any light scattered
from any other portion of the phosphorescent material.
Preferably a surface of the cavity wall is coated with a
highly reflective material 207. For example, after the
cavities are etched into the silicon substrate, a highly
reflective metal coating, such as a layer of aluminum, is
sputtered onto the substrate. While the highly reflective
material is preferred, it should be understood that the
invention is not strictly limited to such embodiments
since the optical isolation from the scattered light is
advantageously provided by other materials and other
arrangements of materials. For example, in another
embodiment the cavity wall includes a light absorbing
material.

As shown in FIG. 2, the assembly includes a plural-
ity of portions of a phosphorescent material wherein
each portion is disposed within a respective one of the
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cavities and is optically coupled with a respective one of
the apertures. Preferably phosphor particles are dis-
posed in the cavities by spreading the particles as a
dust over the surface of the substrate. A transparent
plate, not shown in FIG. 2, is placed on the substrate
surface to insure that the phosphors remain in the cavi-
ties. Alternatively, a the phosphor particles may be
mixed with a suitable binder such polyvinyl alcohol. For
illustrative purposes only, two cavities in foreground of
FIG. 2 are cut away and are shown without phosphores-
cent material disposed therein.

As indicated previously herein, the image source
exposes the apertures to an optical image so as to
record the image in the plurality of portions of the phos-
phorescent material. In the preferred embodiment
shown in FIG. 2, each portion comprises phosphor par-
ticles that are relatively large particles, typically in a
range five to ten microns in diameter. A minimum parti-
cle size is limited because there is an undesirable
decrease in luminescent efficiency as phosphor parti-
cles are made smaller, for example, smaller than
approximately five microns in diameter. In general, par-
ticle shapes are not uniform, although for sake of sim-
plicity the phosphor particles are shown as uniform in
FIG. 2.

FIG. 3 is a detailed cut away cross sectional view of
another preferred embodiment of the substrate assem-
bly of the block diagram of FIG. 1. The embodiment
shown in FIG. 3 is substantially similar to that shown in
FIG. 2 and discussed in detail previously herein. Just as
in FIG. 2, each optical aperture 303 of FIG. 3 has a
respective width dimension, W. However, in contrast to
the cavities comprising shallow pits as shown in FIG. 2,
each of the cavities 306 extend from a respective aper-
ture entirely through the substrate 305, as shown in
cross section of the substrate in FIG. 3. For example,
using photolithography techniques a silicon substrate is
masked and anisotropically etched for an extended
period of time sufficient to produce the cavities extend-
ing entirely through the substrate.

As discussed previously herein with respect to FIG.
2, each cavity shown in FIG. 3 has a respective cavity
wall for substantially preventing any optical transmission
therethrough, thereby substantially optically isolating
each portion of the phosphorescent material from any
light scattered from any other portion of the phospho-
rescent material. Preferably a surface of the cavity wall
is coated with a highly reflective material as discussed
in detail previously herein with respect to FIG. 2.

A respective portion of phosphorescent material
(not shown in FIG. 3) is disposed in each of the cavities.
Preferably, a respective sheet 308 of a transparent
material for providing additional structural support is
laminated onto each of a first surface and an opposing
surface of the substrate.

FIG. 4 is a block diagram of another preferred
embodiment of the invention. As shown in the block dia-
gram, this embodiment of the invention includes a plu-
rality of waveguides 401. Each waveguide has a
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respective extremity integral with a respective optical
aperture. The extremities of the waveguides are
arranged so as to provide a two dimensional planar
array of the optical apertures. To provide advantageous
cost savings, it is preferred that each waveguide include
an optically transparent plastic polymer. Particles of
phosphorescent material are suspended within the
plastic of the waveguides. Accordingly, this embodiment
includes a plurality of portions of the phosphorescent
material wherein each portion is disposed within a
respective one of the waveguides and is optically cou-
pled with a respective one of the waveguide optical
apertures.

As shown in the block diagram, the preferred
embodiment further comprises an image source 403 in
optical communication with the waveguides. The image
source exposes the apertures to an optical image so as
to record the image in the plurality of portions of the
phosphorescent material. The waveguides substantially
optically isolate each portion of the phosphorescent
material from any light scattered from any other portion
of the phosphorescent material.

The preferred embodiment of the invention further
includes a light source 405 for exciting the phosphores-
cent material to emit light representative of the recorded
image. A photoelectric sensor 407, is optically coupled
with phosphorescent material for generating an electric
signal in response to light emitted by the phosphores-
cent material.

FIG. 5 is a detailed cut away perspective view of
optical waveguides 401 of the block diagram of FIG. 4.
Each waveguide has a respective extremity integral with
a respective optical aperture 503. The extremities of the
waveguides are arranged so as to provide a two dimen-
sional planar array of the optical apertures. Each
waveguide includes a suitable optical material, prefera-
bly an optically transparent photo-curable plastic poly-
mer.

Particles of phosphorescent material (not shown in
FIG. 5) are suspended within the plastic of the
waveguides 401. Accordingly, there is a plurality of por-
tions of the phosphorescent material, wherein each por-
tion is disposed within a respective one of the
waveguides and is optically coupled with a respective
one of the waveguide optical apertures.

Plastic material 505 having a refractive index sub-
stantially different than that of the waveguides is dis-
posed between adjacent waveguides. Accordingly, the
waveguides substantially optically isolate each portion
of the phosphorescent material from any light scattered
from any other portion of the phosphorescent material.
Using photolithography techniques, optically transpar-
ent photo-curable plastic polymer intermixed with phos-
phor particles is masked and exposed to ultraviolet light
to produce the waveguides. The ultraviolet light causes
the plastic material of the waveguides to polymerize,
thereby substantially increasing refractive index of the
plastic material of the waveguides. Since the plastic
material 505 disposed between the adjacent
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waveguides is masked to avoid contact with the ultravi-
olet light, the plastic material disposed between the
adjacent waveguides is not polymerized and has a
refractive index substantially lower than that of the
waveguides.

The present invention provides a simplified, cost
effective optical apparatus for solid state photorecording
of optical images with enhanced resolution. Although
specific embodiments of the invention have been
described and illustrated, the invention is not to be lim-
ited to the specific forms or arrangements of parts so
describe and illustrated, and various modifications and
changes can be made without departing from the scope
of the claims. Within the scope of the appended claims,
therefore, the invention may be practiced otherwise than
as specifically described and illustrated.

Claims
1. An optical apparatus comprising:

an array of optical apertures (203; 303; 503);

a plurality of portions of a phosphorescent
material (209), each portion being optically
coupled to a respective one of the apertures;
and

means for exposing the apertures to an optical
image (103; 403) so as to record the image in
the plurality of portions of the phosphorescent
material.

2. Anapparatus as in claim 1 wherein a number of the
apertures is within a range of approximately one
million to seven million apertures.

3. An apparatus as in claim 1 further comprising a
substrate (205; 305; 505) having a surface wherein
the array of optical apertures is disposed on the
surface of the substrate.

4. An apparatus as in claim 3 further comprising a plu-
rality of cavities (206; 306), each cavity extending
into the substrate from a respective one of the opti-
cal apertures.

5. An apparatus as in claim 4 wherein each portion of
the phosphorescent material is disposed within a
respective one of the cavities.

6. An apparatus as in claim 5 wherein each cavity
incudes a respective cavity wall means for substan-
tially preventing any optical transmission there-
through, thereby substantially optically isolating
each portion of the phosphorescent material from
any light scattered from any other portion of the
phosphorescent material.

7. An apparatus as in claim 6 wherein said cavity wall
means includes a highly reflective material (207).
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8. An apparatus as in claim 4 wherein the cavities
comprise shallow pits (206) extending into the sur-
face of the substrate.

9. An apparatus as in claim 4 wherein the cavities
(306) extend entirely through the substrate.

10. An apparatus as in claim 1 further comprising a
light source (105; 405) for exciting the phosphores-
cent material to emit light representative of the
recorded image.
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