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(57) ABSTRACT 

The present invention offers increased efficiency and quality 
in the duplication of a master hologram utilizing an 
improved method of contact printing. This improved method 
of contact printing employs a polymer-dispersed liquid 
crystal (PDLC) recording medium as the duplication blank 
and/or the master hologram material. The optical qualities of 
the PDLC material described herein provide an improved 
method of duplication using single beam contact printing 
regardless of the material comprising the master hologram. 
Thus, master holograms originally recorded using highly 
complex optical geometries (e.g., computer generated holo 
grams) are capable of duplication Without the need for 
multiple beam power/intensity balancing and long recording 
times. The improved hologram contact printing method 
described herein Works With virtually any type of master 
hologram, including both re?ection and transmission holo 
grams. 
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FIG. 1 PRIOR ART 
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SYSTEM AND METHOD FOR REPLICATING 
VOLUME HOLOGRAMS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The invention pertains to the use of contact holog 
raphy to form multiple holograms and, more particularly, to 
the use of contact holography and a master hologram to 
make replica gratings, lenses, sWitches and other images 
Wherein one or both of the master hologram and correspond 
ing replica comprise a polymer-dispersed liquid crystal 
(PDLC) material. 
[0003] 2. Description of the Related Art 

[0004] Once a hologram has been recorded, Whether using 
simple or complex optical geometries, it is often desired to 
reproduce or reconstruct the hologram so as to have multiple 
copies Which are substantially identical to the originally 
recorded hologram. There are numerous methods for recon 
structing holograms, hoWever these are cumbersome and 
involve retracing the steps used to create the original or 
master hologram. Unfortunately, Where complex geometries 
are involved, this is neither an ef?cient nor a practical 
method for performing mass reconstruction. 

[0005] By Way of example, US. Pat. No. 3,580,655 to 
Leith (“Leith”) Which is incorporated herein by reference, 
sets forth multiple methods both for formation of the master 
hologram and for reconstruction of the master hologram, 
either for vieWing or for permanent recording. While the 
subject matter of the current invention is not centered on the 
formation of the master hologram, the advantages of the 
current invention are readily apparent When the complexity 
of this initial formation is recogniZed. For example, FIG. 1 
(FIG. 7 of Leith) illustrates one of the simplest geometries 
for forming a master hologram. This simple con?guration 
illustrates the basic components for simple holographic 
construction, including a coherent light source 10 emitting 
an incident beam 12. From this incident beam 12, tWo 
separate beams are formed. A prism 14 or similar light 
splitting or directing device intercepts part of the incident 
beam 12 and directs a reference beam 16 to a detector plate 
18. Simultaneously, a part of the incident beam is diffused by 
a diffusion screen 20 and diffracts off an object 22, forming 
an object beam 24, Which also passes onto the detector plate 
18. The interaction betWeen the reference beam 16 and the 
object beam 24 produces an off-axis hologram, in the form 
of multiple Fresnel patterns and interference fringes. 

[0006] Further in Leith, there is a method and system for 
using the master hologram from FIG. 1 to produce replicas 
of the master hologram. FIG. 2a represents the simplest 
system and method for duplicating the master hologram. 
Referring to prior art FIG. 2a, there is an incident beam 12 
from a coherent light source 10 Which forms tWo separate 
beams, a reference beam 16 and an object beam 24. In this 
case, object beam 24 results from the interaction of part of 
incident beam 12 With the master hologram 26. Due to the 
grating effect of the master hologram 26, the object beam is 
directed along the formation angle and a detector 18 is 
placed at the intersection of the reference beam 16 and the 
object beam 24, forming a replica of the interference pattern 
comprising master hologram 26. In this case, the object 
beam forms a virtual image of master hologram 26 Which is 
recorded on the detector 18. The real image is not used in the 
reproduction process. 
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[0007] As is clear to one skilled in the art, this method of 
master hologram duplication, While viable, results in a 
number of disadvantages. In any situation involving light 
traveling through an optical train, there is the potential for 
misalignment of the optical elements. Further there are 
inherent ef?ciency limits for each optical element. These 
disadvantages can result in unWanted diffraction, re?ection, 
and in some cases aberration of the beams. Additionally, 
While lasers have improved coherence parameters, coher 
ence length remains an issue. Even the simplest dual beam 
recording and duplication systems described above require 
precise alignment for optimal results. The conventional 
systems above also require multiple optical elements even 
for the simplest holographic formation geometries. Conse 
quently, complex geometry hologram formation is not avail 
able With the Leith system because of the length and 
requisite multiple components of the optical train. 

[0008] The prior art also contemplates a single beam 
master hologram duplication system that greatly reduces the 
number of necessary optical components. Referred to as 
contact printing, this system for duplicating a master holo 
gram resembles in many respects the art of photography. The 
master hologram and a holographic detection plate (e.g., 
emulsion plate) are placed in optical contact With one 
another and exposed to light. Photographic development of 
the holographic detection plate results in a replica master 
hologram. For a fully successful reproduction, the optical 
contact betWeen the master hologram and the holographic 
detection plate must be such that there is no loss of resolu 
tion Within the interference fringes. Establishing the requi 
site optical contact has proved to be a signi?cant limiting 
factor in attempts to use contact printing for duplication of 
holograms. Consequently, the prior art single-beam contact 
printing method, though it reduces the number of optical 
elements necessary for duplication of a master hologram, 
poses neW optical hurdles to the art of hologram replication. 

[0009] Referring to FIG. 2b, a prior art single beam 
contact printing system is illustrated in accordance With US. 
Pat. No. 5,547,786 to Brandstetter, et al. (“Brandstetter”), 
the speci?cation of Which is incorporated herein by refer 
ence. The system of Brandstetter includes a source of 
monochromatic, collimated light of substantially ?xed 
Wavelength such as laser 10 Which produces an output beam 
12, referred to as the replication or recording beam, and 
directs that beam through beam conditioning means 80, 
Which preferably comprises lenses 82 and 84, pinhole 86, 
and ?lter 88. Lenses 82 and 84 and pinhole 86 are provided 
to collimate beam 12 and to expand that beam to the desired 
siZe ?lter 88 is provided to control or adjust the intensity or 
amplitude of beam 12 across its pro?le as desired. Subse 
quent to conditioning by means 80, the conditioned beam 12 
is directed at a desired angle onto master holographic optical 
element 26, passes through, and directly enters a phase 
recording medium 18, such as a photopolymer layer that has 
been applied onto the backside of the master holographic 
optical element. 

[0010] The method for forming the replica Within the 
photopolymer layer requires a polymeriZation step Which is 
separate from the recording step. Further, the resulting 
replica hologram is not sWitchable. Further, the recording 
mediums currently available as blanks for hologram dupli 
cation are limited in their ability to provide optimal optical 
contact With the master hologram. 
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[0011] Accordingly, there remains a need for a system and 
method for mass reproduction of holograms, having a single 
beam contact printing method using an optically superior 
recording medium. 

[0012] In conventional contact holography methods and 
systems, situations eXist Wherein the use of a static, as 
opposed to a sWitchable, master hologram is limiting. First, 
a static hologram is limited to a single diffraction ef?ciency, 
Which is alWays ON (i.e., it cannot be turned OFF). Second, 
even though a non-recording Wavelength theoretically 
should pass through the static hologram Without causing 
recording in the blank, in practice this is not the case. 
Instead, a non-recording, incoherent Wavelength passing 
through a static master may result in unWanted scattering 
and cross-coupling of phase information Which can decrease 
diffraction ef?ciency, introduce cross-gratings, increase 
haZe, and generally decrease the signal-to-noise properties 
of the replicated grating. These limitations of the static 
master hologram result in dif?culties With contact recording 
schemes that require either in situ pre-recording or post 
recording irradiation of the blank. 

[0013] Accordingly, a need remains for a non-static master 
hologram for use in a contact printing method and system. 

BRIEF SUMMARY OF THE INVENTION 

[0014] The present invention offers increased ef?ciency 
and quality in the duplication of a master hologram utiliZing 
an improved method and system of contact printing. A ?rst 
embodiment of an improved method and system of contact 
printing employs a polymer-dispersed liquid crystal (PDLC) 
recording medium as the duplication blank. The optical 
qualities of the PDLC material described herein provide an 
improved method of duplication using single beam contact 
printing regardless of the material comprising the master 
hologram. Thus, master holograms originally recorded using 
highly complex optical geometries (e.g., computer generated 
holograms) are capable of duplication Without the need for 
multiple beam poWer/intensity balancing and long recording 
times. The improved hologram contact printing method and 
system described herein Works With virtually any type of 
master hologram, including both re?ection and transmission 
holograms. 
[0015] A ?rst embodiment of the present invention 
describes a system for duplicating a hologram Which 
includes a radiation source for emitting a coherent beam of 
radiation, a hologram, and a recording substrate comprised 
of a polymer-dispersed liquid crystal material for recording 
a replica of the hologram therein. The components of the 
system are arranged such that the hologram and the record 
ing substrate are in optical contact With one another and they 
are placed in a path of the coherent beam of radiation. 

[0016] A second embodiment of the present invention 
describes a method for duplicating a hologram Which 
includes the folloWing steps of (1) directing a coherent 
incident radiation beam at a ?rst optical component; (2) 
transmitting the coherent incident radiation beam through 
the ?rst optical component forming a transmitted beam, to a 
second optical component having a hologram recorded 
therein; and (3) diffracting the transmitted beam via the 
hologram forming a diffracted radiation beam. The incident 
beam and the diffracted beam interfere Within the ?rst 
optical component to form a replica of the hologram therein. 
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[0017] A third embodiment of the present invention 
describes a method for contact recording at least one holo 
gram Which includes the folloWing steps of: (1) directing a 
coherent radiation beam at a ?rst optical component having 
a hologram recorded therein and (2) diffracting a ?rst portion 
and transmitting a second portion of the coherent radiation 
beam through the ?rst optical component to a second optical 
component. The transmitted beam and the diffracted beam 
interfere Within the second optical component to form a 
replica of the hologram therein. 

[0018] A fourth embodiment of the present invention 
describes a method for contact recording at least one holo 
gram Which includes the folloWing steps of: (1) optically 
contacting at least one master hologram to at least one 
holographic blank to form a master/blank assembly; (2) 
eXposing the master/blank assembly to a pre-recording 
beam; (3) eXposing the master/blank assembly to a recording 
beam; and (4) eXposing the master/blank assembly to a 
post-recording beam, Wherein the master/blank assembly 
remains optically contacted throughout each eXposure. 

[0019] A ?fth embodiment of the present invention 
describes a method for contact recording at least one holo 
gram Which includes the folloWing steps: (1) optically 
contacting at least one master hologram to at least one 
holographic blank to form a master/blank assembly; (2) 
eXposing the master/blank assembly to a recording beam; 
and (3) eXposing the master/blank assembly to a post 
recording beam, Wherein the master/blank assembly remains 
optically contacted throughout each eXposure. 

[0020] A siXth embodiment of the present invention 
describes a system for contact recording at least one holo 
gram Which includes at least one master hologram, at least 
one holographic blank, a pre-recording beam, and a record 
ing beam, Wherein the at least one master hologram and the 
at least one holographic blank are in optical contact during 
eXposure to the pre-recording beam and the recording beam. 

[0021] A seventh embodiment of the present invention 
describes a system for contact recording at least one holo 
gram Which includes at least one master hologram, at least 
one holographic blank, a recording beam, and a post 
recording beam, Wherein the at least one master hologram 
and the at least one holographic blank are in optical contact 
during eXposure to the recording beam and the post-record 
ing beam. 

[0022] An eighth embodiment of the present invention 
describes a system for contact recording at least one holo 
gram Which includes at least one master hologram, at least 
one holographic blank, a pre-recording beam, a recording 
beam, and a post-recording beam, Wherein the at least one 
master hologram and the at least one holographic blank are 
in optical contact during eXposure to the pre-recording 
beam, the recording beam, and the post-recording beam. 

BRIEF DESCRIPTION OF THE FIGURES 

[0023] 
[0024] FIG. 1 is a schematic vieW of a conventional 
system for forming a master transmission hologram; 

In the draWings: 

[0025] FIG. 2a is a schematic vieW of a conventional 
system for forming a replica of the master hologram of FIG. 
1; 
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[0026] FIG. 2b is a schematic vieW of a conventional 
system for forming a replica hologram via a contact printing 
method; 
[0027] FIG. 3 is a schematic vieW of a system according 
to an embodiment of the present invention for forming a 
replica hologram in a PDLC blank from a master transmis 
sion hologram; 

[0028] FIG. 4 is a schematic vieW of a system according 
to an embodiment of the present invention for forming a 
replica hologram in a PDLC blank from a master re?ection 
hologram; 
[0029] FIG. 5 is a schematic vieW of a PDLC blank 
according to an embodiment of the present invention for 
forming a replica hologram therein; 

[0030] FIG. 6 is a schematic vieW of a recording system 
for forming a transmission hologram according to the 
present invention; 

[0031] FIGS. 7a and 7b are elevational vieWs of a re?ec 
tion grating in accordance With the present invention having 
planes of polymer channels and liquid crystal channels 
disposed parallel to the front surface, in the absence of a ?eld 
(FIG. 7a) and With an electric ?eld applied (FIG. 7b), 
Wherein the liquid crystal utiliZed in the formation of the 
grating has a positive dielectric anisotropy; 

[0032] FIG. 8a and 8b are elevational vieWs of a re?ection 
grating in accordance With the invention having planes of 
polymer channels and liquid crystal channels disposed par 
allel to the front surface of the grating, in the absence of an 
electric ?eld (FIG. 8a) and With an electric ?eld applied 
(FIG. 8b), Wherein the liquid crystal utiliZed in the forma 
tion of the grating has a negative dielectric anisotropy; 

[0033] FIG. 9a, 9b, 9c, 9d, 96, and 9f are pre-recording, 
exposure, and post-recording vieWs of a contact printing 
system incorporating a sWitchable H-PDLC master accord 
ing to an embodiment of the present invention; 

[0034] FIG. 10a and 10b are re?ection and transmission 
exposure vieWs Wherein a sWitchable H-PDLC master is 
partially sWitched according to an embodiment of the 
present invention; 

[0035] FIG(s). 11(a)-(b) are multiple beam, multiple mas 
ter, multiple blank exposure vieWs utiliZing a re?ective and 
transmissive sWitchable H-PDLC master, according to 
embodiments of the present invention; 

[0036] FIG(s). 12(a)-(b) are multiple beam, multiple mas 
ter, multiple blank exposure vieWs utiliZing re?ective and 
transmissive sWitchable H-PDLC masters respectively, to 
form an RGB stacked replica, according to embodiments of 
the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0037] Referring to FIGS. 3 and 4, the improved contact 
printing method and systems described herein comprise the 
folloWing basic components: a coherent light source 31 
emitting an incident beam 33, a master hologram 35 emitting 
diffracted beam 34 and transmitted beam 36, a polymer 
dispersed liquid crystal (“PDLC”) blank 37 for recording a 
replica of the master hologram, and, optionally, an absorp 
tion ?lter 39. As discussed further, the order and placement 
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of these elements With respect to one another, vary depend 
ing on Whether the master hologram is transmissive or 
re?ective. 

[0038] The PDLC materials described herein may be used 
in both the PDLC blank 37 and the master hologram 35. 
HoWever, neither the master hologram 35 nor the blank 37 
are limited to this PDLC material. The master hologram 35 
may be formed on a conventional photographic plate or 
similar emulsion-type recording medium, or by computer 
generation, for example. Similarly, the blank 37 may be 
formed of an appropriate photosensitive material as deter 
mined by one skilled in the art. 

[0039] In accordance With an embodiment of the present 
invention there is provided a blank recording or master 
hologram medium comprised of a PDLC material compris 
ing a monomer, a liquid crystal material, a cross-linking 
monomer, a coinitiator and a photoinitiator dye. These 
PDLC materials exhibit clear and orderly separation of the 
liquid crystal and cured polymer, Whereby the PDLC mate 
rial advantageously provides high quality holographic grat 
ings. The PDLC materials of the present invention are also 
advantageously formed in a single step. The present inven 
tion also utiliZes a unique photopolymeriZable prepolymer 
material that permits in situ control of signi?cant character 
istics of the resulting gratings, such as domain siZe, shape, 
density, ordering, and the like. Furthermore, the methods 
and materials of the present invention can be used to prepare 
PDLC materials that function as sWitchable transmission or 
re?ection holograms or holographic gratings. 

[0040] Polymer-dispersed liquid crystal materials, meth 
ods, and devices contemplated for use in the practice of the 
present invention are also described in R. L. Sutherland et 
al., “Bragg Gratings in an Acrylate Polymer Consisting of 
Periodic Polymer-Dispersed Liquid-Crystal Planes,”Chem 
istry ofMaterials, No. 5, pp. 1533-1538 (1993) (“Chemistry 
of Materials”); R. L. Sutherland, et al., “Electrically SWit 
chable Volume Gratings in Polymer-Dispersed Liquid Crys 
tals,”Applied Physics Letters, Vol. 64, No. 9, pp. 1074-1076 
(1984); and T. J. Bunning, et al., “The Morphology and 
Performance of Holographic Transmission Gratings 
Recorded in Polymer-Dispersed Liquid Crystals,”P0lymer, 
Vol. 36, No. 14, pp. 2699-2708 (1995), all of Which are fully 
incorporated by reference into this speci?cation. 

[0041] The PDLC material employed in the practice of the 
present invention creates a sWitchable hologram in a single 
step. A neW feature of a preferred PDLC material is that 
illumination by an inhomogeneous, coherent light pattern 
initiates a patterned, anisotropic diffusion (or counter-diffu 
sion) of polymeriZable monomer and second phase material, 
particularly liquid crystal. Thus, alternating Well-de?ned 
channels of second phase-rich material, separated by Well 
de?ned channels of nearly pure polymer, are produced in a 
single-step process. 

[0042] A resulting preferred PDLC material has an aniso 
tropic spatial distribution of phase-separated liquid crystal 
droplets Within the photochemically cured polymer matrix. 
Conventional PDLC materials made by a single-step process 
can achieve at best only regions of larger liquid crystal 
droplets and smaller liquid crystal droplets in a polymer 
matrix. The large bubble siZes are highly scattering, pro 
ducing a haZy appearance and multiple order diffractions, in 
contrast to the Well-de?ned ?rst order diffraction and Zero 
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order diffraction resulting from the small liquid crystal 
droplets of the preferred PDLC material in Well-de?ned 
channels of liquid crystal-rich material. Reasonably Well 
de?ned alternately liquid crystal-rich channels and nearly 
pure polymer channels in a PDLC material are possible by 
multi-step processes, but such processes do not achieve the 
precise control of morphology over liquid crystal droplet 
siZe and distribution of siZe and Width of the polymer and 
liquid crystal-rich channels made possible by a preferred 
PDLC material. 

[0043] The features of the PDLC material are in?uenced 
by the components used in the preparation of the homoge 
neous starting mixture and, to a lesser extent, by the intensity 
of the incident light pattern. In a preferred embodiment, the 
prepolymer material comprises a mixture of a photopoly 
meriZable monomer, a second phase material, a photoinitia 
tor dye, a coinitiator, a chain extender (or cross-linker), and, 
optionally, a surfactant. 

[0044] In a preferred embodiment, the tWo major compo 
nents of the prepolymer mixture are the polymeriZable 
monomer and the second phase material, Which are prefer 
ably completely miscible. Highly functionaliZed monomers 
are preferred because they form densely cross-linked net 
Works Which shrink to some extent and tend to squeeZe out 
the second phase material. As a result, the second phase 
material is moved anisotropically out of the polymer region 
and, thereby, separated into Well-de?ned, polymer-poor, 
second phase-rich regions or domains. Highly functional 
iZed monomers are also preferred because the extensive 
cross-linking associated With such monomers yields fast 
kinetics, alloWing the hologram to form relatively quickly, 
Whereby the second phase material Will exist in domains of 
less than approximately 0.1 pm. 

[0045] Highly functionaliZed monomers, hoWever, are 
relatively viscous. As a result, these monomers do not tend 
to mix Well With other materials, and they are dif?cult to 
spread into thin ?lms. Accordingly, it is preferable to utiliZe 
a mixture of pentaacrylates in combination With di-, tri-, 
and/or tetra-acrylates in order to optimiZe both the function 
ality and viscosity of the prepolymer material. Suitable 
acrylates, such as triethyleneglycol diacrylate, trimethylol 
propane triacrylate, pentaerythritol triacrylate, pentaerythri 
tol tetraacrylate, pentaerythritol pentaacrylate, and the like 
can be used in the present invention. In a preferred embodi 
ment, it has been found that an approximately 1:4 mixture of 
tri- to penta-acrylate facilitates homogeneous mixing, While 
providing a favorable mixture for forming 1-100 pm thin 
?lms on the optical plates. 

[0046] The second phase material of choice for use in the 
practice of the present invention is a liquid crystal. This also 
alloWs an electro-optical response in the resulting hologram. 
The concentration of liquid crystal employed should be large 
enough to alloW a signi?cant phase separation to occur in the 
cured sample, but not so large as to make the sample opaque 
or very haZy. BeloW about 20% by Weight very little phase 
separation occurs and diffraction ef?ciencies are loW. Above 
about 35% by Weight, the sample becomes highly scattering, 
reducing both diffraction efficiency and transmission. 
Samples fabricated With approximately 25% by Weight of 
liquid crystal typically yield good diffraction ef?ciency and 
optical clarity. In prepolymer mixtures utiliZing a surfactant, 
the concentration of liquid crystal may be increased to 35% 
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by Weight Without loss in optical performance by adjusting 
the quantity of surfactant. Suitable liquid crystals contem 
plated for use in the practice of the present invention include 
the mixture of cyanobiphenyls marketed as E7 by Merck, 
4‘-n-pentyl-4-cyanobiphenyl, 4‘-n-heptyl-4-cyanobiphenyl, 
4‘-octaoxy-4-cyanobiphenyl, 4‘-pentyl-4-cyanoterphenyl,4 
methoxybenZylidene-4‘-butylaniline, and the like. Other sec 
ond phase components are also possible. 

[0047] By Way of example, a polymer-dispersed liquid 
crystal material employed in the practice of the present 
invention is formed from a prepolymer material that is a 
homogeneous mixture of a polymeriZable monomer com 
prising dipentaerythritol hydroxypentaacrylate (available, 
for example, from Polysciences, Inc., Warrington, Pa.), 
approximately 10-40% by Weight of the liquid crystal E7 
(Which is a mixture of cyanobiphenyls marketed as E7 by 
Merck and also available from BDH Chemicals, Ltd., Lon 
don, England), the chain-extending monomer N-vinylpryr 
rolidone(“NVP”) (available from the Aldrich Chemical 
Company, MilWaukee, Wis.), coinitiator N-phenylgylycine 
(“NPG”) (also available from the Aldrich Chemical Com 
pany, MilWaukee, Wis.), and the photoinitiator dye rose 
bengal ester; (2,4,5,7-tetraiodo-3‘,4‘,5‘,6‘-tetrachloro?uroes 
cein-6-acetate ester) marketed as RBAX by Spectragraph, 
Ltd., Maumee, Ohio). Rose bengal is also available as rose 
bengal sodium salt (Which must be ester?ed for solubility) 
from the Aldrich Chemical Company. This system has a very 
fast curing speed Which results in the formation of small 
liquid crystal micro-droplets. 

[0048] Apreferred example of a PDLC duplication blank 
38 is illustrated in FIG. 5. This cross-sectional vieW of a 
duplication blank 38 is formed of a layer 50 of the PDLC 
material sandWiched betWeen a pair of indium-tin-oxide 
(“ITO”) coated glass slides 52a and 52b and spacers 54. 

[0049] In an exemplary embodiment, the master hologram 
35, as shoWn in FIG. 3 and FIG. 4, is formed from PDLC 
material. In this embodiment, the interior of master holo 
gram 35 reveals a Bragg transmission grating 56 (FIG. 6) 
formed When PDLC material layer 50 is exposed to an 
interference pattern from tWo intersecting beams of coherent 
laser light. In FIG. 6, there is shoWn an exemplary system 
for recording a master transmission hologram using PDLC 
materials of the present invention. Acoherent light source 62 
(e.g., Ar ion laser) is incident upon a spatial ?lter 64 and a 
collimating lens 66 prior to being divided via a dual slit 
aperture 68 and impinging upon a prism 70 causing the dual 
beams to interfere Within the layer of PDLC material 50. 
Further Within this set-up, similar to FIG. 5, the PDLC 
material is sandWiched betWeen layers of ITO glass slides 
52a and 52b, separated by spacers 54. Also, in order to 
insure optical homogeneity, neutral density ?lters 57 are 
placed before slide 52a and after slide 52b, separated by an 
index matching ?uid 53. Finally, in order to alloW control of 
the liquid crystal orientation Within the PDLC material, both 
during and after formation of the hologram, so as to ascer 
tain desired Bragg grating angles, electrodes 55 are provided 
in electrical contact With the ITO glass slides 52a and 52b. 
Similarly, one skilled in the art Will appreciate the variations 
and additions of re?ective material necessary to form a 
Bragg re?ection grating as opposed to a Bragg transmission 
grating. 




















