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ABSTRACT

A method and system for recording and displaying grazingincidence (i.e., steep reference beam angle) holograms supported on a substrate having thin edge-illuminatable geometry. The system and process of the present invention uses
thin edge-illuminated substrates that facilitate optimal coupling of the reference light beam at steep angles approaching
grazing incidence. Different recording. techniques are
employed when the index of refraction of the substrate is
greater than that of the recording medium, than when the
index of refraction of the substrate is less than that of the
recording medium.
16 Claims, 8 Drawing Sheets
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ventional transmission and reflection type holograms. This
fact has severely limited the practical applications to which
grazing incidence holograms can be put.
Thus, there is a great need in the art for an improved
RELATED CASES
5 system and method of producing holograms with high fringe
contrast, using very steep reference beam angles and/or very
This is a Continuation of application Ser. No. 081373,878,
thin substrates, thereby enabling ultra-compact geometries
filed Jan. 17, 1995, now abandoned, which is a continuation
while avoiding the shortcomings and drawbacks of prior art
of application Ser, No 08/011,508 entitled "Edge illuminated Holograms" filed by Nicholas 1. Phillips on Jan. 29, 10 holographic recording systems and methodologies.
1993, now abandoned, and each said Application being
OBJECTS OF THE INVENTION
incorporated herein by reference in its entirety.
Accordingly, a primary object of the present invention is
to provide an improved grazing-incidence (i.e., steep referBACKGROUND OF THE INVENTION
ence beam angle) hologram which, in addition to having thin
15
1. Field of Invention
geometry, overcomes the shortcomings and drawbacks of
This present invention relates to grazing incidence
prior art edge-lit hologram constructions.
holograms, and a method and system for recording and
A further object of the present invention is to provide a
playing back the same using a single pass, grazing
novel system and process for recording and displaying steep
incidence, reference beam.
20 reference angle holograms using thin edge-illuminated sub2. Brief Description of Prior Art
strates that facilitate optimal coupling of the reference light
beam at steep angles approaching grazing incidence.
Various types of holograms have been developed during
the past haft century. While transmission and reflection type
A further object of the present invention is to provide a
holograms have enjoyed increasing popularity over the
system and method for recording steep reference angle
years, increasing attention is being given to grazing inci- 25 holograms using grazing-incidence reference beams in the
dence (e.g., "edge-illuminatable") type holograms. Grazing
edge-illuminated substrates.
incidence as used herein will refer to a large, or "steep"
A further object of the present invention is to provide a
angle of incidence with respect to the normal to an interface
system and method for playing-back such recorded holobetween two surfaces. The primary reason for the increasing
grams using a grazing-incidence reference beams in the
interest in grazing incidence holograms is due to its compact 30 edge-illuminated substrates.
geometry that lends itself to convenient use in diverse
A further object of the present invention is to provide a
applications.
novel system and method for recording steep reference angle
Consequently, when resorting to holographic recording
holograms using steep angle reference beams optimally
techniques, the primary goal in many applications is to
coupled to the recording. medium in order to form high
produce edge-illuminatable holograms having a very thin 35 contrast fringes therein under various optical conditions.
packaging or an Ultra-compact overall geometry. However,
A further object of the present invention is to provide a
when recording grazing incidence holograms, assumptions
method
and system for producing thin, steep reference angle
about usual recording constraints simply do not apply. This
holograms having high contrast fringes, wherein the differis because the geometry imposed on the recording substrate
and reference beam during the recording process, inherently 40 ence in the indices of refraction between the recording
material and its substrate is functionally related to the
imposes major restrictions on the properties of the recording
reference beam angle in the recording substrate and the level
materials used. Moreover, unless such restrictions are
of light transmission from the substrate into the recording
satisfied, it is not possible to achieve high intensity transmedium.
mission of light from the reference light source, through the
A further object of the present invention is to provide such
recording substrate and into the recording medium, where 45
a system and method of recording steep reference angle
the reference beam interferes with the object beam to create
holograms, using a photopolymer recording medium having
the desired interference pattern (i.e., fringes). An educated
an index of refraction which is slightly less than the refracview of the problem is concisely presented in a recent paper
tive index of the edge-illuminated substrate and which
entitled "Edge-illuminated Holograms" by Juris Upatnieks
published in Volume 31, No.8, Applied Optics, Mar. 10, 50 automatically matches to the substrate during the recording
process to produce a gradient-type index matching region
1992.
between the recording medium and the recording substrate.
In the Upatnieks' paper entitled "Edge-illuminated
These and further objects of the present invention will
Holograms," he states that the use of thin substrates and
become apparent hereinafter and in the claims to invention.
extremely steep reference beam angles is impractical, yet
recognizes the need to match the indices of refraction 55
SUMMARY OF THE INVENTION
between the recording substrate and the holographic recordAccording to one of the broader aspects of the present
ing medium. In an attempt to achieve such matching,
invention, a novel system and process are provided for
Upatnieks teaches the use of a special index matching fluid
recording and displaying holograms using thin substrates
or layers between the edge-illuminated substrate and the
holographic recording medium. However, he fails to teach 60 and the reference light beams directed at steep angles
approaching grazing incidence.
one skilled in the art, to what degree index matching is
In accordance with the present invention, the system can
required in order to produce edge-lit holograms when using
grazing incidence reference beam illumination.
be used to holographically record high contrast fringes in a
Consequently, during playback of prior art edge-illuminated
holographic recording medium utilizing very steep reference
holograms constructed in accordance with his Upatnieks 65 beam angles, approaching grazing incidence conditions. In
method, reconstructed objects recorded therein are not disgeneral, the recording system comprises a substrate of thin
playable with the degree of brightness achievable in conconstruction, a holographic recording medium, a laser light

GRAZING INCIDENCE-HOLOGRAMS AND
SYSTEM AND METHOD FOR PRODUCING
THE SAME

5,710,645

3

4

process of the present invention achieves optimal refractivesource, a laser beam splitting means, polarization means,
index matching using a holographic recording medium
and object and reference beam directing means. The subcontaining photopolymerizable monomers (Le.,
strate is made from an optically transparent material having
photomonomers) that are free to migrate within the medium
an index of refraction of ns , and has front and rear surfaces
disposed substantially parallel to each other and an edge 5 in response to light exposure. During the holographic
recording process, the photopolymer is exposed to an object
surface disposed substantially perpendicular to the front and
beam from one side thereof, and simultaneously to a referrear surfaces.
ence beam passing directly through the substrate at grazing
The holographic recording medium has front and rear
incidence to the interface between the photopolymer and the
surfaces, with the rear surface of the holographic recording
medium being disposed in contact with the front surface of 10 substrate. In response to the production of an evanescent
wave present at the substrate-medium interface, the photothe substrate along an interface of substantially planar
monomer in the photopolymer recording medium migrates
geometry. The function of the laser light source is to produce
(i.e., diffuses) towards the interface. This migration action
a laser beam. The function of the laser beam splitting means
locally increases the index of refraction adjacent the
is to split the produced laser beam into an object beam for
propagation along a first optical path, and a reference beam 15 interface, creating a self-induced index matching region
between the recording layer and the substrate. Thus, in the
for propagation along a second optical path. The function of
case where the index of refraction of the substrate is greater
the polarization means is to impart a predetermined polarthan the recording medium, the method and system of the
ization state to both the object beam and the reference beam
present invention provides a practical way of producing true
as the object beam and reference beam propagate along the
first and second optical paths, respectively. The function of 20 grazing incidence, edge-illurninatable holograms which do
not require the use of special index matching layers, charthe object beam directing means is to direct the object beam
acteristic of prior art edge-lit holograms and recording
towards the holographic recording medium so that it propamethodologies therefor.
gates through the front surface thereof and into the holoThese and other advantages of the present invention will
graphic recording medium. The function of the reference
beam directing means is to direct the reference beam into the 25 become apparent hereinafter.
substrate at a steep angle of incidence with respect to the
BRIEF DESCRIPTION OF THE DRAWINGS
normal of the interface so that the reference beam propaFor
a complete understanding of the Objects of the
gates through the interface and enters the recording medium
Present
Invention, the following Detailed Description of the
and interferes with the object beam so as to form fringes in
illustrative Embodiments should be read in conjunction with
the holographic recording medium.
The system and method of the present invention can be 30 the accompanying Drawings, wherein:
FIG. 1 is a schematic diagram of the recording system
used to optimally couple the reference beam into a recorded
used to record grazing-incidence holograms in accordance
hologram during playback (i.e., display). However, during
with the principles of the present invention;
the holographic recording process of the present invention,
35
FIG. 2 is a schematic diagram showing the geometry of
optimal coupling of the reference laser beam from the
the substrate of the grazing-incidence hologram of the
edge-illuminated substrate into the holographic recording
present invention, as well as the minimal angle of attack of
medium is best carried out using methodologies that are
a reference laser beam launched from the edge of the
dependent on the relative difference between the indices of
holographic structure into the substrate, indicated by tan
refraction of the substrate and recording medium. Thus, two
methods of holographic recording are presented. In the first 40 0.=Ut;
FIG. 3 is a schematic diagram illustrating the "Orange
case (i.e., Case 1), the index of refraction n, of the substrate
Peel" problem presented during hologram playback, i.e.,
is less than or equal to the index of refraction nrn of the
when object and reference laser beams have improper light
recording medium. In the second (i.e., Case 2), the index of
polarizations during the holographic recording process of
refraction ns of the substrate is greater than or equal to the
45 the present invention;
index of refraction nrn of the recording medium.
FIG. 4 is a schematic diagram illustrating, for the general
In the first case, the holographic recording medium is
case of a laser beam being transmitted from air into a
made from an optically transparent material having an index
recording medium of thickness d, that as the reference beam
of refraction nrn greater than n, with the difference in index
angle gets steeper and steeper, as shown, the path length that
of refraction, nrn-n. therebetween being equal to &1. In the
first case, it has been discovered that for a given level of 50 the reference beam travels in the recording medium gets
longer, causing the light rays thereof to travel through more
reference beam transmission from the recording substrate to
of the recording medium and thus becoming more attenuthe recording medium, the reference beam angle in the
ated;
recording substrate is functionally related to the difference in
FIG. 5 is schematic diagram illustrating the interfacial
the indices of refraction between the recording material and
its substrate and a preselected intensity transmittance. 55 refraction which occurs at the interface between the substrate and recording medium of the grazing-incidence holoAdvantageously, this functional relationship provides a solugram of the present invention, for the case where the index
tion to the problem of optimally coupling the reference beam
of refraction of the recording medium nrn is greater than the
into the holographic recording medium at steep angles of
index of refraction for the hologram substrate n.;
incidence, and thus provides a practical way of achieving
(i.e., forming) fringes with high contrast in the holographic 60
FIG. 6 is a set of functions (i.e., plots) relating (i) the
recording medium under such recording conditions. During
difference in index of refraction Lln between the recording
playback, this relationship also provides a solution to the
medium and recording substrate and (ii) the intensity of light
problem of coupling the reference beam from an edgefrom laser reference beam transmitted through the hologram
illurninatable substrate into the pre-recorded hologram.
substrate into the recording medium, for a set of laser
In the second case, where the index of refraction of the 65 reference beams approaching different angles of grazing
incidence (i.e., parallel to the interface between the substrate
recording medium is less than the index of refraction of the
and the recording medium interface);
recording substrate, the holographic recording system and

5,710,645
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FIG. 7 is a schematic diagram illustrating that during the
holographic recording process of the present invention, an
evanescent layer is created at the recording mediumsubstrate interface by the reflection of light from the reference laser beam when the index of refraction of the recording substrate is greater than the index of refraction of the
recording medium (n;>nm>; and
FIG. 8 is a schematic diagram illustrating the self-induced
index matching phenomenon carried out in a self-imaging
type photopolymeric recording medium during the recording process of the present invention, where the index of
refraction of the recording substrateis greater than the index
of refraction of the recording medium (n;>n m ) , as indicated
in FIG. 7.

optical path, for rendering the object beam with a uniform
intensity profile; a spherical collimating mirror 10, disposed
along the first optical path, for collimating the light rays of
the object beam to produce a collimated object beam SA; a
cylindrical lens 11, disposed along the second optical path,
for shaping the reference beam; a cylindrical collimating
mirror 12, disposed along the second optical path, for
collimating the light rays of the reference beam passing
through cylindrical lens 11, and directing the collimated
reference beam 6A into the edge portion of optically transparent substrate 12, upon which holographic recording
medium 13 is disposed. As shown in FIG. 1, the region over
which the recording medium contacts or engages the support
substrate shall be referred to as the substrate-medium interface 15.
In the illustrative embodiment shown in FIG. 1, an object
is recorded in the recording medium 13 supported upon the
edge-illuminated substrate 12. In this exemplary
embodiment, the object is a holographic image of a toy truck
previously recorded in transmission hologram (HI) 14 as
shown. During the holographic recording process, the object
beam passes through the transmission hologram HI, so as to
reconstruct the holographic image H2 of the toy truck in the
holographic recording medium 13 supported upon the substrate 12. At the same time, the reference beam 6 is directed
through the edge of the substrate 12 and travels therethrough
in a single-pass, grazing incidence manner, as best shown in
FIG. 2.
When using the system and method of the present invention to record grazing incidence holograms, significant geometrical restrictions are imposed on the polarization of the
recording light. It has been discovered that the use of
P-mode polarized recording light will unavoidably result in
true negation of fringe contrast and orange-peel fringes in
the edge-referenced hologram H2. As shown in FIG. 3, such
problems are avoided by restricting both the object and
reference beams to S-mode polarization during holographic
recording. When bi-refringent base material is used to back
the recording layer 13 (e.g., silver halide film on Mylar film,
or DuPont photopolymer on Mylar film), conventional measures should be taken to avoid strong fringe contrast in the
H2 copy hologram which can arise due to variations in
polarization across the angular spectrum of waves from the
master hologram HI, represented by Al and A2. Also, when
using the system and method of the present invention to
record grazing incidence holograms, conventional measures
should be taken to minimize reflections from the airrecording medium interface.
In FIG. 4, the basic geometry is schematically illustrated
for light (i.e., from object beam 5) reflecting off and transmitting through a layer of recording medium having thickness d and index of refraction nm • The total transmitted
amplitude through the recording layer is given by

10

15

DEfAll..ED DESCRlF'TION OF THE
ILLUSTRATIVE EMBODIMENTS

Production of successful holograms in the edgeilluminated geometry requires careful recognition of the
important relationship between the refractive indices of the
recording material and its substrate. In practice, the matehing requirements of these refractive indices are very stringent and either impractical or impossible to achieve in a
simple non-fussy manner. Ideally, the goal is to use for the
substrate and recording medium, materials having identical
indices of refraction. However, this is typically not achievable in practice for various reasons. Thus, it is to the
practical realities of index matching that the present invention responds.
The system and method of the present invention provides
a novel way of making gazing incidence holograms under
non-ideal (i.e., practical) optical conditions: i.e., using (i)
recording media and substrates having different indices of
refraction and (ii) reference beams having steep angles of
incidence, approaching grazing incidence, yet achieving
optimal coupling of the reference beam into the recording
medium in order to produce high contrast fringes in the
recording medium.
There are two cases to consider during the holographic
recording process of the present invention. The first case
(Case 1) is where the index of refraction of the edgeilluminated substrate n, is less than the index of refraction of
the recording medium nm • The second case (Case 2) is where
the index of refraction of the edge-illuminatable substrate n,
is greater than the index of refraction of the recording
medium nm • These holographic recording processes will be
described in great detail after describing the holographic
recording system of the present invention, and the geometrical constraints and recording conditions that should be
satisfied in order to produce grazing incidence holograms
with high contrast fringes.
As shown in FIG. 1, the holographic recording system 1
of the present invention comprises an arrangement of optical
and electro-optical components, namely: a laser source 2 for
producing a laser beam of required output power; a Vz wave
plate 3 for imparting S-mode polarization to the output laser
beam; a polarizing beam splitter 4 for splitting the laser
beam into two polarized laser beams, i.e., an object beam 5
and a reference beam 6 having an S-polarization state,
directed along first and second optical paths, respectively; a
second Vz wave plate 7, disposed along the first optical path
for imparting the object beam with the same polarization
imparted to the reference beam 6; a low-pass spatial filter
(LPSF) 8, disposed along the first optical path, for expanding the object beam and eliminating high spatial frequency
noise; an anti-Gaussian filter 9, disposed along the first

20
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A;ttexp(iknS)

At

(1)

1 - ,2exp{2 ;k,,$)

Thus yielding the transmitted intensity in the form
60

65

It

(1- ,2?

Ii

(1- ,2j2+ 4Min2(k,.s)

(2)

The properties of above equation are well known but are
subject to a new importance when the reference beam angle
of attack Os approaches grazing incidence (i.e., Os
approaches 1tI2). As the reference light beam approaches
grazing incidence then the angular sensitivity of equation (2)
diminishes. This is because
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d

d

(3)

s= coS¢

5

where n is the refractive index of the recording layer, and

As shown in the ray diagram of FIG. 5 (where n".>ns)' the
light rays 6 of the reference beam having amplitude Ai'
travel through the substrate 12 and strike interface 14 at an
angle 0 s with respect the normal, and are refracted into
recording medium 13. The transmitted rays 17 travel in
recording medium 13 at angle 0 m and with amplitude At'
Thus, using the relations of FIG. 5 and the expressions
developed above, equation (7) can be re-expressed in the
form:

10

where 'A", is the wavelength of the recording light in the
medium and 'A",=Ajn where Aa is the air wavelength. The
transmittance t, t' and reflectances r, r' are given by the
known Fresnel relationships to provide:

At
Ai

15

n-1
,:Jr=7i+"T"" ;"=-r;tt=l-

(5)

( ~~ )

(9)

where Um=ns+An and .iln is regarded as small enough. This
expression reveals that unless the criterion

Evidently, coarse angling of the recording layer can 'tune'
(10)
the transmission with relative ease and this effect is observed
in the laboratory. Also, when recording grazing incidence 20
is satisfied, then as 0 s approaches ro2, the light transmitholograms using the system and method of the present
tance from the substrate into the recording medium drops to
invention, care should be undertaken to suppress the partial
zero. Since the value of tan 0 s is restricted by the relationreflections off the recording layer using known measures.
ship tan 0 s =U t, the above criterion can be written in the
Failure to suppress such reflections will lead to intolerable
form:
'orange peel' cosmetics in the recorded hologram.
25
Reference is now made to FIGS. 2, 5 and 6 in particular,
2
(11)
where detailed attention is to be accorded to the Case 1
n,
(
t )
811«2" T
where the index of refraction of the substrate ns is less than
the index of refraction of the recording medium nm • Under
Significantly, this criterion sets a stringent demand on refracsuch optical conditions, the holographic recording medium 30 tive index matching required during the holographic recordmay be realized using any conventional holographic recording process when the refractive index of the recording
ing medium, such as silver halide or a photopolymer commedium is greater than the refractive index of the substrate
mercially available from commercial vendors such as
(i.e., Case 1).
DuPont. The substrate may be realized using an optically
Then, using Fresnel's relations for S-mode polarization
transparent material, such as glass or plastic, having an 35 and Snell's Law, the intensity transmittance T of the referindex ofrefraction thatis (i) functionally related to the index
ence beam into the recording medium at angle of incidence
of refraction of the selected recording medium and (ii) the
os can be shown to be proportional to the factor:
reference beam angle required in the particular application at
hand. The precise specification of the indices of refraction
(12)
T
4 sin2",,,.cos2<t>,
for the recording medium and substrate is central to the 40
sin2("'m +"',)
method of the present invention and will be described in
The functions plotted in the exemplary data table of FIG.
detail below.
6 have been computed for five exemplary grazing incidence
As best shown in FIG. 2, when using a thin substrate a
reference angles 0 s using (1) Equation (12) above (2)
considerable restriction is imposed on the angle of attack of
the incoming reference beam measured with respect to the 45 Snell's Law, and (3) a set of Lln values derived from (i)
indices of refraction for the substrate n, starting at 1.49 and
interface between the substrate and the recording material.
approaching 1.495, and (ii) a fixed index of refraction for the
The angle 0 s is on the order of that given by the relationship:
recording medium nm=1.495. Notably, the set of functions
set forth in FIG. 6 show that a functional relationship exists
(6) 50 among (i) the transmitted intensity of the reference beam
across the substrate-medium interface, (ii) the difference in
where L is the length of the substrate and t its thickness.
index of refraction An between the substrate and the recordThe amplitude of light transmitted across the interface
ing medium, and (iii) the angle of incidence of the reference
(i.e., defined between the substrate and overcoatedrecording
beam with respect to the substrate-medium interface. In less
layer) is given by the relationship:
55 than ideal circumstances (i.e., ns=n~, this functional relationship provides a solution to the problem of coupling a
(7)
At
2sin"'".coS¢,
reference
beam into the recording medium at steep angles of
Ai
sin("'m+"',)
incidence, as required in the restrictive geometry of most
where At is the amplitude of the light transmitted at the
grazing incidence holograms.
interface, Ai is the amplitude of the light incident at the 60
A key fact revealed by the set of functions set forth in FIG.
interface, and 0 s and 0 m are the angles with respect to the
6 is that, when nm>ns (i.e., Case 1), light will couple
normal to the interface in the substrate and medium, respecreasonably efficiently (from the substrate) into the recording
tively. This equation is then combined with Snell's Law,
medium at angles 0 s approaching grazing incidence by
simply choosing the refractive index of the substrate n, to be
65 below that of the recording material by an amount specified
(8)
by the functional relationship embodied between Equation
where n, and nm are defined above.
(12) and Snell's Law.
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Referring to FIGS. 4, 7 and 8 in particular, detailed
attention is now accorded to Case 2 where the index of
refraction of the edge-illuminated substrate n, is greater than
the index of refraction of the recording medium nm• In this
second case, the situation is much more subtle. Once the
angle of incidence 0 s exceeds the critical angle, given by the
expression:

using photopolymer recording medium 13' disposed on a
substrate 12', as shown in FIG. 8. The refractive index nm of
the photopolymer recording medium is chosen to be slightly
less than the bulk refractive index of the photopolymer
recording medium, ns' The photopolymer recording medium
13' comprises a photopolyrnerizable monomer having a
higher index of refraction than the polymer component
which functions as the recording medium. With this record(13)
ing system, edge-illuminated holograms are made using a
10 grazing incidence, one pass, reference beam.
The holographic recording method Case 2 for recording
then total internal reflection occurs and the light fails to enter
conditions (i.e., n,,>n~, was carried out in the laboratory
the recording medium. Moreover, under such optical
using photopolymer from Du Pont's Optical Element Venconditions, an evanescent layer is created just inside the
interface in the recording medium. This effect is well known
ture Group as the holographic recording medium 13'. This
and is described in a detailed study in the article entitled 15 photopolymer has a bulk refractive index of approximately
Evanescent Waves in Optical Imaging by Bryngdahl, pub1.5. Various types of edge-illuminatable substrates 12'
lished in Progress in Optics, Vol. XI, Ed. E. Wolf, North
including, for example, silica, acrylic, BK7 and BKI0
Holland. 1973.
glasses, were used to successfully practice this method of the
FIG. 7 illustrates that the evanescent layer is formed by
present invention. Du Pont's self-imaging photopolymers
reflection of the reference beam which is incident from the 20 have been found to be ideal recording materials due to their
denser medium, i.e., the substrate, where ns>nm • As shown,
low scatter and useful modulation indices.
incoming rays from the reference beam 6 strike the interface
During the recording process, laser light exposure times
14 between the substrate 12 and the recording medium 13,
of a few tens of seconds, usually about half a minute or so,
giving rise to reflected rays 18 and evanescent layer 19. The
were used with the various Du Pont photopolymers and the
penetration depth of the evanescent field depends on the
angle of incidence 0 s and in essence, decreases as 0 s 25 substrates described above. As the collimated input reference beam 6A generates an evanescent layer 16 during the
decreases. The reflected light is subject to a spatial shift,
exposure
process, this region glows due to the progressive
known as the Goos-Hanchen shift, described in detail in
increase in fluorescent. light produced from the sensitizing
Bryngdahl's paper.
dye in the photopolymer recording layer 13'. As illustrated
Detailed calculation shows that
30 in FIG. 8, the evanescent layer 16 encourages monomer in
the photopolymer to diffuse towards the evanescent layer,
(14)
and polymerizes the photopolymerizable monomer therein,
and thus increases the refractive index in the photopolymer
where the evanescent wave amplitude falls off in accordance
adjacent to the interface 15'. This phenomenon has been
with the exponential function:
35 observed in frequent cases when practicing this embodiment
of the present invention. After a certain length of exposure
exp ( _ 2{p )
(15)
time, the hologram (i.e., fringe pattern) will bloom in the
recording medium as the refractive index at the interface in
where 'Ap is a penetration parameter, Aa is the air wavelength
the photopolymer rises to match that of the substrate. This
and z is a coordinate normal to the interface.
40 effect permits a novel and effectively unique way of achievUsing the above relationships, expression (14) can be
ing local optimization of reference light (beam) transmitrewritten in approximate form as follows:
tance at the interface 15' between the recording layer 13' and
the substrate 12'.
(16)
For the class of photopolyrners used in carrying out the
112
45 illustrative embodiment of the present invention, the refrac2
2
]
+ 2nb) ( P~~2
tive index change achievable in the photopolymer can be
made to up to about 0.07. Thus the difference in refractive
where Lln=ns-nm • Equation (16) above is then written in the
index between the recording medium and the substrate can
form (&1«n)
be made to vary by this amount.
While the particular illustrative embodiments of holo(17) 50
A,,\JP+L2
graphic system and method shown and described above will
x,
be useful in many applications, further modifications to the
\J 2n",t.nV-n..¥
present invention will occur to persons with ordinary skill in
(18)
A"L
the art. All such modifications are deemed to be within the
55 scope and spirit of the present invention defined by the
\J 2nbL2 -n..2P
appended claims to invention.
Letting &1 go to zero (i.e., An~O) from above zero, the
What is claimed is:
penetration of the evanescent layer into recording medium is
1. A system for producing a volume hologram having
perfect for
slanted fringes, comprising:
a substrate made from an optically transparent material
(19) 60
n..p
I!.n=-having an index of refraction ns, said substrate having
L2
front and rear surfaces disposed substantially parallel to
each other, and an edge surface disposed between said
These concepts are fundamental to the process of reference
front and rear surfaces;
beam coupling (Le., transmission) at the substrate-medium
65
interface when n,,>nm •
a holographic recording medium having an index of
In the illustrative embodiment of the present invention,
refraction nM greater than ns with the difference of
the Case 2 recording system analyzed above is carried out
index of refraction therebetween equal to An, said

[(n..

)-n..
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holographic recording medium having front and rear
surfaces, and said rear surface of said holographic
recording medium being disposed in direct physical
contact with the front surface of said substrate along an
interface;
a laser light source for producing a laser beam;
a laser beam splitting means for splitting said produced
laser beam into an object beam for propagation along a
first optical path, and a reference beam for propagation
along a second optical path;
object beam directing means for directing said object
beam along an optical path into said recording medium;
reference beam directing means for directing said reference beam along a single-pass optical path extending
through said substrate at a grazing angle of incidence of
at least about 80 degrees with respect to the normal to
said interface;
wherein, during the recording of said slanted fringes in
said holographic recording medium, said reference
beam is transmitted from said substrate into said holographic recording medium with a predetermined intensity transmittance and interferes with said object beam
within said holographic recording medium so as to
form a volume hologram with slanted fringes in said
holographic recording medium;
wherein said index of refraction of said substrate n, is
matched to the index of refraction of said holographic
recording medium nm by selecting values for n, and nm
so that the difference of index of refraction therebetween .6.n is functionally related to said grazing angle of
incidence 0 s and the index of refraction of said substrate ns by the expression:

12

10

15

20

hologram with slanted fringes prerecorded therein, and
said rear surface of said holographic recording medium
being disposed in direct physical contact with the front
surface of said substrate along an interface; and
a light source for producing an illumination beam which
propagates along a single-pass optical path extending
through said substrate at a grazing angle of incidence
os of at least about 80 degrees with respect to the
normal to said interface, so that said illumination beam
couples into said holographic recording medium and
interacts with said slanted fringes, wherein said index
of refraction of said substrate ns is matched to the index
of refraction of said holographic recording medium nM
by selecting values for ns and nM so that the difference
of index of refraction therebetween ~n is functionally
related to said grazing angle of incidence 0 s and the
index of refraction of said substrate ns by the expression:
2 ~ tan>qJs« 1
ns

8. The system of claim 7, wherein said fringes are
representative of the spatial structure of an object.
25
9. The system of claim 7, wherein said fringes are
representative of an optical function.
10. The system of claim 7, wherein said difference of
index of refraction ~n is functionally related to said grazing
30 angle of incidence and said predetermined intensity transmittance by a constraint formed by applying Fresnel relations and Snell's Law at said interface.
11. A method of recording a volume hologram having
slanted fringes, comprising the steps of:
35
2 ~ tan>qJs < 1
(a) selecting
ns
(1) a substrate made from an optically transparent
material having an index of refraction of ns, and
2. The system of claim 1, which further comprises polar(2) a holographic recording medium having an index of
ization means for imparting a predetermined polarization
refraction nM greater than ns,
state to at least one of said object beam and said reference 40
wherein the difference of index of refraction therebetween
beam as said object beam and said reference beam propagate
is equal to ~n, said substrate has front and rear surfaces
along said first and second optical paths, respectively.
disposed substantially parallel to each other and an
3. The system of claim 2, wherein said predetermined
edge surface disposed between said front and rear
45
polarization state is the S-mode polarization state.
surfaces, and said holographic recording medium has
front and rear surfaces and said rear. surface of said
4. The system of claim 1, wherein said slanted fringes are
holographic recording medium being disposed in direct
representative of the spatial structure of an object
physical contact with the front surface of said substrate
5. The system of claim 1, wherein said slanted fringes are
along an interface;
representative of an optical function.
(b)
producing a laser beam from a laser source and
6. The system of claim 1, wherein said difference of index 50
splitting
said laser beam into an object beam for
of refraction ~n is functionally related to said grazing angle
propagation along a first optical path, and a reference
of incidence and said predetermined intensity transmittance
beam for propagation along a second optical path; and
by a constraint formed by applying Fresnel relations and
(c) simultaneously directing said object beam along an
Snell's Law at said interface.
optical path into said recording medium, and directing
55
7. A system for illuminating a volume hologram having
said reference beam along a single-pass optical path
slanted fringes comprising:
extending through said substrate at a grazing angle of
incidence of at least about 80 degrees with respect to
a substrate of thin construction, made from an optically
the normal to said interface,
transparent material having an index of refraction ns,
said substrate having front and rear surfaces disposed 60
whereby said reference beam is transmitted from said
substantially parallel to each other, and an edge surface
substrate into said holographic recording medium with
disposed between said front and rear surfaces;
a predetermined intensity transmittance and interferes
with said object beam within said holographic recorda holographic recording medium made from an optically
ing medium so as to form a volume hologram with
transparent material having an index of refraction nM
slanted fringes in said holographic recording medium;
greater than ns with the difference of index of refraction 65
therebetween equal to ~n, said holographic recording
wherein during step (a) said index of refraction of said
medium having front and rear surfaces and a volume
substrate n, is matched to the index of refraction of said
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holographic recording medium nm by selecting values
for ns and TIm so that said difference of index of
refraction therebetween dn is functionally related to
said grazing angle of incidence 0 the index of refrac5
tion of said substrate ns by the expression:
2~
tan~s<l
ns

12. The method of claim 11, wherein said difference of
index of refraction dn is functionally related to said grazing
angle of incidence and said predetermined intensity transmittance by a constraint formed by applying Fresnel relations and Snell's Law at said interface.

10

13. The method of claim 11, which further includes the
step of arranging polarization means for imparting a predetermined polarization state to at least one of said object beam
and said reference beam as said object beam and said
reference beam propagate along said first and second optical
paths, respectively.
14. The method of claim 13, wherein said predetermined
polarization state is the S-mode polarization state.
15. The method of claim 11, wherein said fringes are
representative of the spatial structure of an object.
16. The method of claim 11, wherein said fringes are
representative of an optical function.

* * * * *

