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(57) Abstract: A resonator system is disclosed for use in illuminating an input to a diffractive element (10). The system includes a
source of an electromagnetic field having a wavelength of & lambda;, and first (12) and second optical elements (14), each of which
is at least partially reflecting. The first and second optical elements are separated from one another such that the optical path between
the optical elements has a distance (2 m + 1)& lambda;/4, wherein m is an integrer.
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SYSTEM AND METHOD FOR INCREASING THE DIFFRACTION
 EFFICIENCY OF HOLOGRAMS
PRIORITY INFORMATION

This application claims priority from U.S. Patent Application Ser. No 09/938,249
filed August 23, 2001.

This invention was developed with support from the United States Air Force
Research Laboratory under contract FO8630-00-0-0012. The United States government
has certain rights to this invention.

BACKGROUND OF THE INVENTION

The invention generally relates to holography, and particularly relates to the
readout of holograms with improved diffraction efficiency by using a resonant system in
the path of the reference beam of the hologram.

Holograms are typically recorded as a result of interference between two mutually
coherent light beams, the signal beam and the reference beam. The signal beam carries the
information, typically in the form of amplitude modulation imprinted on the wavefront.
The reference beam interferes with the signal beam creating an interference pattern that is
then recorded in photosensitive material. In the simplest case, the reference is a plane
wave. On reproducing the refefence beam originally used to record the hologram, one is
able to reproduce the signal beam as a resulit of diffraction from the previously recorded
interference pattern.

It is known that multiple holograms may be superimposed or multiplexed in
volume media. Individual holograms may be accessed selectively in a way similaf to the
individual detection of multiple periodicities in crystal lattices using Bragg diffraction.
The Bragg selectivity property of volume holograms forms the basis of most of the current
applications of ‘

volume holograms. These include volume holographic memories, in which several
holograms are multiplexed so as to yield high storage capacities, opto-electronic
interconnections for telecommunications and artificial neurdl networks, and four
dimensional (spatial and spectral) imaging:

The light efficiency of a hologram is measured by a unitless -quantity called the
diffraction efficiency 77, defined as the ratio of the diffraction power divided by the incident
power. If the diffraction efficiency is low, then the aforementioned applications are limited
by various factors including signal to noise ratio considerations. For example, although

photorefractive crystals are rewritable, they typically yield low diffraction
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efficiencies before non-linear effects set in to affect the recording process. The maximum
achievable 77 depends on the holographic materials, but conventional holographic ma’gerials
having high diffraction efficiency are not typically suitable for certain 'applications.‘ For
example, photopolymers afford high diffraction efficiencies, but are difﬁcult to maintain and
control, and may exhibit material shrinkage. Photorefractive polymers afford high
diffractive efficiencies, but are inconvenient to use since they require voltages in the order of
MV/cm during the recording process. This requirement limits the useful hologram thickness
(and thereby the information capacity) in practical applications. These holograms also violate
the Born approximation and their behavior is qualitatively different from that of weak
holograms. For example, they typically exhibit increased crosstalk between Bragg-
multiplexed holograms due to re-diffraction among multiple Born orders.

A principle constraint in the practical realization of most applications of volume
holograms, therefore, is that the diffraction efficiency yielded by currently available
holographic recording media suitable for volume holography is very low. The diffracted
beams obtained from these volume holo grams are relatively weak thus rendering them
unsuitable for many applications.

There is a need, therefore, for a system and method of improving the diffraction

efficiency of holograms, and in particular volume holograms.

SUMMARY OF THE INVENTION '

The inventioﬁ provides a resonator system for use in illuminating the input to a
diffractive element. The system includes a source of an elegtromagnetic field having a
wavelength of A, and first and second optical elements, eéch of which is at least paﬁially

reflecting. The first and second optical elements are separated from one another such that
the optical path between the optical elements has a distance (2m + 1)—2—, wherein m is an

arbitrary integer. In certain embodiments, the diffractive élement is a hologranri, and fhe

first and second optical elements are mirrors.

BRIEF DESCRIPTION OF THE DRAWINGS

The following description may be further understood when with reference to the
accompanying drawings in which:

FIG. 1 shows a diagrammatic schematic illustration of a system in accordance with
an embodiment of the invention; ‘

FIG. 2 shows a diagrammatic schematic illustration of a system in accordance
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with another embodiment of the invention;

FIG. 3 shows a graphical illustration of variations in the optical path of a resonator
verses the diffracted power in a system in accordance with an embodiment of the
invention;

FIG. 4 shows a graphical illustration the optical path of a resonator verses the
diffracted power in a system in accordance with an embodiment of the invention; and

FIGs. 5 and 6 show diagrammatic schematic illustrations of another system in
accordance with a further embodiment of the invention an illustrative view of.

The drawings are shown for illustrative purposes and are not to scale.

DETAILED DESCRIPTION OF THE INVENTION

As shown in Figure 1, a system in accordance with an embodiment of the invention
includes a resonant structure in which a conventional Weakly diffracting volume hologram
10 may be positioned. The resonator consists of a partially reflecting mirror 12 and a
perfectly reflecting mirror 14. The resonator ensures that all incident light undergoes
multiple passes through the volume hologram with a certain amount of light being
diffracted out at each pass. By adjusting the length of the resonator, the light ’;hat is
diffracted out at each pass may be ensured to be in phase. Simultaneously, the backward-
pro;;agating (or reflected) fields add destructively, ensuring that all incident power is
channeled in the direction of the diffracted beam. "’

In particular, incident light into the reéonator enters from as indicated at 16 at an
angle that is oblique with respect to the front surface 18 of the mirror 12. The incident
light is directed throﬁgh the volume hologram 10 producing a diffracted field having an
amplitude of C; as shown in Figure 1. The forward propagating field (having an
amplitude of 4,) that travels through the resonator in the forward direction is fully
reflected by the mirror 14, and the return propagating field (having an amplitude of D)), is
partially reflected by the mirror 12. The field that is refracted through the mirror 12 ha-,s
amplitude of B, and the amplitude of the field that is again reflected in the forward
direction is 4. The hologram is formed by the summation of all of the diffracted fields C;
+ C;+ C; ete.

The conditions for resonance may be derived by firstidentifying certain variables and
relationships. The optical path within the resonator may be denoted as /, and the natural

diffraction efficiency of the hologram (when not in a resonator) may be denoted as 7. The

amplitude reflection coefficient of the mirror 12 in the forward direction may be denoted as 7,

and the amplitude reflection coefficient of the mirror 12 in the backward
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direction may be denoted as 7. The corresponding amplitude transmission coefficients of
mirror 12 in the forward and backward directions are denoted as ¢ and ¢'. It is known that 7* +
tt'=landr=-r""

5 The amplitude of the beam incident of the front face of mirror 12 as indicated at 16
may be set to 1 without compromising the generality of the following analysis. The values
A, B;, C;, and Dj, denote the amplitude of the j™ order forward propagating, refracted,
diffracted and return propagating fields respectively, wherej=1,2, 3 e The value B; =1,

and the values 4;, Bj+;, C;, and D; are calculated as follows:

Ho Ay = (T =) PIDE
Bior=tt' (- (' 1-m) e

G =t JA= )y FCUDD

D=t (- (' J(L=-1)) e

The total amplitude of the refracted field B may be expressed as:
15 B=7r+t (1 _ Tl)eZiklZ (rl (1 _ n)ezild)j—l
. = .

which may be simplified to:

_r+d-me*

1 A-n)e™

The intensity (Is) of the reflected field, therefore, may be expressed as:

18 = ppr = WA =m) +2r(1 —1) cosAD)
1+ (r+/(L=17))? +274/(1 —17) cOS(2KT)

20 Resonance may be obtained by setting the reflected intensity Ip to zero. The
intensity of the reflected forward propagating fields as well as the diffracted fields are
thereby maximized. '

The conditions for resonance and 100% diffraction efficiency for oblique incidence
as shown at 16 in Figure 1 are given by r=1/1—-7 and kI = (2m + 1)-7-;— where m is an

25  arbitrary integer. Systems involving oblique incidence, therefore, are somewhat limited in
that the surface area of the mirrors 12 and 14 may not be infinitely large to accommodate
the drift distance between each forward propagating field and its
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associated return propagating field.

As shown in Figure 2, a system in accordance with another embodiment of the
invention involves the use of incident light as indicated at 26 that is directed through a
partially reflecting mirror 22 at an angle that is normal to the front surface 28 of the mirror
22. The forward propagating light field travels through a volume hologram 20 producing
a diffracted field, and a backward propagating field is reflected by a perfectly reflecting
mirror 24 and directed back toward the mirror 22 as discussed above with reference to

Figure 1. The conditions for resonance for the system of Figure 2 are r =17
and &l = (2m + 1)—;[- where m is an arbitrary integer. Because the return propagating field

in Figure 2 is at normal incidence with respect to the return surface of the volume
hologram 20, a second bhase conjugated diffracted field may be produced as indicated at
29 having an amplitude of C". |

When absorption by the resonator system (including the hologram) is considered,
the resonance condition is satisfied by lrl =1-—17-b and the value cos(2kl)=1 if <0, and
cos(2kl) = - 1 if >0, where r is the amplitude reflection coefficient of the front partially

reflecting mirror, 7 is the diffraction efficiency of the holo grdm, b is the absorption of the
resonator system, and &k = 27, 2 This applies if 7 is fixed and r is varying.

If 7 is varying and r is fixed, then

|r| b= 2]r|—2|r|b -b
2+|rlb
Thus,

_(2-b)i~|r|+|r|b)
@+|r|b)

and the value cos(2kl)= - 1 if >0, and cos(2kl)=1 if < 0.

The use of volume holo gréms in a resonator of the invention may be more. Bragg-
selective than volume holograms that are used without a resonator of the invention. '
Because an incident light field undergoes multiple passes within the resonator, the
effective length and Bragg selectivity in resonant architectiires are enhanced. If the
quality factor of the resonator is denoted by O, then the improvement in Bragg selectivity
may be observed from the following approximation:

A8

_ hologram
resonantor Q

A8
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6
Qualitatively, this approximationis  derived from the fact that each photon

completes on average Q round trips inside the resonator before exiting. The imprbved
selectivity, together with improved diffraction efficiency, provides numerous potential
benefits, including improved capacity for holographic memories, improved resolution for
holographic imaging, and improved channel separation for holographic communication
and interconnection applications.

A specific example of a system as shown in Figure 2 was constructed with a 90%
partially reflecting mirror (intensity reflectivity), and a hologram having an efficiency of
10%. As shown at 50 in Figure 3, power of the diffracted field is harmonically rélated to
the length / of the optical path in the resonator. The distance between the mirrors,
therefore, should be precisely calibrated. As shown at 54 in Figure 4, the diffracted power
may be optimized dependent on the diffraction efficiency of the hologram and the
reflectivity of the partially reflecting mirror.

As shown in Figure 5, a system in accordance with a further embodiment of the
invention includes a partially reflecting mirror 60-and a perfectly reflecting mirror 62,
each of which has a focal distance of f; and the optical path within the resonator is defined
as 2f. Similar to the embodiment discussed above with reference to Figure 2, incident
light from a planar light field (as indicated at 64) enters the resonator, passes through the
hologram 66, and is reflected by the perfectly reflecting mirror 62. The hologram may be
formed in any direction as dictated by the physical arrangement of the reference and object
fields when the hologram was originally recorded. The hologram 66 may comprise a
multiplexed holographic recording, permitting many different reconstructions to be .
produced from the same holographic material by moving the hologram in a diréction that
is transverse to the length of the resonator as shown at 68 in Figure 6. In this fashion, a
large number of separate images may be recorded in a single multiplexed recording, and
viewed independent of one another by adjusting the position of the hologram with respect
to the resonator.

The invention provides a system and method of improving the diffraction efficiencies
of holograms to a theoretical maximum of up'to 100% without violating either the Bofn or
paraxial approximatibns. Holographic resonators in accordance with certain embodiments of
the invention may be particularly suitable for applications in optical science, includiﬁg optical
networking, optical storage, and optical imaging. In further embodiments, any diffractive
element may be used instead of a hologram. In still further embodiments, a perfectly

reflecting mirror in any of the illustrated embodiments may be’

replaced with a partially reflecting mirror to provide additional output ports, and/or may
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v 7 . . .
further include additional mirrors to provide a plurality of resonant cavities.

Those skilled in the art will appreciate that numerous modifications and variations
may be made to the above disclosed embodiments without departing from the spirit and
scope of the invention.

‘What is claimed is:
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CLAIMS

L. A resonator system for use in illuminating the input to a diffractive element,
said resonator system comprising:

a source of an electromagnetic field having a wavelength of 4;

a first optical element that is at least partially reflecting; and

a second optical element that is at least partially reflecting, said first and second

optical elements being separated from one another such that the optical path between

. . . A ) . .
said optical elements has a distance (2m + 1) e wherein m is an integer.

2. The resonator system as claimed in claim 1, wherein said system further
includes a diffractive element that is positioned between said first and second optical

elements.

3. The resonator system as claimed in claim 2, wherein said diffractive element

comprises a hologram.

4, The resonator system as claimed in claim 1, wherein said second optical

element includes a perfectly reflecting mirror.

5. The resonator system as claimed in claim 1, wherein said first optical element

includes a partially reflecting mirror having an amplitude reflectivity of .

6. The resonator system as claimed in claim 5, wherein a holographic recording

having an efficiency of 7 is positioned between said first and second optical elements.

7. The resonator system as claimed in claim 6, wherein 7 = 4/1—-7—b where b is

the absorption of the resonator system.

8. The resonator system as claimed in claim 1, wherein said system further

includes a two further optical elements, each of which is at least partially reflecting,
that are separated from one another by an optical distance of (27 + 1)%, where n is also

an integer.

9. The resonator system as claimed in claim 1, wherein said first and second
optical elements each include focusing optics for focusing said illumination field at a

focal distance f; and wherein said optical path has a distance of 2f.

10. A resonator system for use in viewing a hologram, said resonator system
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comprising:
a source of an electromagnetic field having a wavelength of 1
a first mirror that is at least partially reflecting; and
a second mirror that is at least partially reflecting, said first and second mirrors

being separated from one another such that the optical path between said optical

elements has a distance of (2m + 1)%, wherein # is an integer.

11. A resonator system as claimed in claim 10, wherein said resonator system

further includes a volume hologram.

12. A resonator system as claimed in claim 10, wherein said second mirror is

perfectly reflecting.

13.  The resonator system as claimed in claim 10, wherein said first and second
mirrors each include focusing optics for focusing said illumination field at a focal

distance f, and wherein said optical path has a distance of 2f.

14. A resonator system for illuminating a volume hologram, said resonator system
comprising:

a light source for producing an illumination field;

a hoiogram on which is recorded a holographic recording;

a first mirror that is at least partially reflective, said first mirror being positioned
between said light source and said hologram; and

a second mirror that is at least partially reflective, said second mirror being
separated from said first mirror such that said hologram is positioned between said first

and second mirrors.

15. A resonator system for illuminating a diffractive element, said resonator system
comprising: '
illumination means for illuminating the diffractive element with an illumination
field; and ‘
resonator means for causing said illumination field to be reflected back toward
the diffractive element so that the diffractive element may again be illuminated by the

illumination field.

16. A resonator system for use in viewing a hologram, said resonator system

comprising:
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10
an input port through which an illumination field may enter said

resonator;

a target area in which a holographic recording may be placed;

a first mirror that is at least partially reflecting, said first mirror being positioned
between said input port and said target area; and

a second mirror that is at least partially reflecting, said first and second mirrors
being separated from one another such that the optical path between said first and

second mirrors extends through said target area.

17.  Aresonator system as claimed in claim 16, wherein said system further includes

an output port through which a diffracted illumination field may be produced.

18. A resonator system as claimed in claim 16, wherein said first and second
mirrors each include focusing optics for focusing an illummation field at a focal

distance £, and wherein said optical path has a distance of 2f.

19. A method of illuminating a diffractive element, said method comprising the
steps of:

producing an electromagnetic field having a wavelength of 1

illuminating a diffractive element with the electromagnetic field to produce a
diffracted field;

reflecting at least a portion of said electromagnetic field back toward the
diffractive element; '

illuminating the diffractive element with the reflected electromagnetic field to
produce a diffracted field.

20. A method as claimed in claim 19, wherein said method further includes the step
of positioning the diffractive element between first and second mirrors, each of which

is at least partially reflecting.
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