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' Description of Related Art

5 There has been a growing interest in the use of multiplex holography for

information storage. Used for storage of digital information, holography is now
regarded as a realistic contender for functions now served by CD-ROM.
"Shift Holography" is a volume holographic method which depends on
- partially overiapping holograms, recorded page-by-page on each new position of a
10 shifting medium, with differentiation based on Bragg selectivity. See, A. Pu,etal.,
1995 OSA Conference on Optical Computing, OSA Technical Digest Series, vol. 10,
pp- 219-221. A similar method, but permitting use of a thin recording medium, is
described and claimed in U.S. Pat. App. SN. 08/435,70S, May §,.1995. In that
process, "Phase Correlation Multiplex Holography" (PCMH), differentiation of
15 holographic pages during recording and reconstruction depends on page-specific
phase information imparted by a phase mask. |
| It is generally accepted that a suitable recording medium is not yet
commercially available. Iron-doped lithium niobate has served for laboratory use for
many years, and was used in reported work on shift holography. Disadvantages
20 include: costliness; poor sensitivity; danger of noise due to damage inflicted during
read-out.

Photopolymeric recording is promising. Hoped-for materials, dependent
on refractive index change resulting from polymerization in lighted areas, would be |
deposited as layered material of requisite perfection and uniformity. A

25 photopolymer film offered by duPont is based on light-induced free-radical

" polymerization of acrylate monomers. See, W.K. Smothers, et al., "Photopolymers

for holography”, SPIE OE/Lase Conf. Proc., 1212-03, Los Angeles, CA (1990). The
duPont material is believed to be the sole commercial offering and has served as a
model for subsequent work. It consists of liquid monomeric material and

30 photoinitiator in an inert host polymer During writing, monomer diffuses from dark
to lighted regions responsive to polymerization-induced dépletion. Index changeis
due to the resulting composition gradient created as unreacted monomer migrates to
lighted regions from unlighted regions and/or to index change due to polymerization
itself. Certainly promising, limited thickness of ~150pLm, high scattering and high

35 polymerization-induced shrinkage of ~4-10%, severely limit use.
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A new, high-quality, low-scatter photopolymer recording medium has -
15 been used satisfactorily in phase correlation multiplex holography. ‘Diffraction
efficiencies of up to 100% in 170wm thick layers have been achieved. Film
thicknesses of a few mm have been realized without sacrifice in quality.
As in earlier materials, the photopolymer cousists of a polymer matrix,
- with actinic properties contributed by diffusing monomeric species in the presence of
"20 photoinitiator. The matrix is polymerized in-situ, but differs from earlier efforts in
being formed by crosslinking a multi-functional oligomer, with precuring conditions
designed to leave a fraction of mono-functional actinic monomer unreacted. A .
preferred embodiment uses a three-layer structure with the active recording medium
sandwiched between glass plates.
25 Brief Description of the Drawing
o FIG. 1 is a perspective view of a recording medium in accordance with
the invention.
__ FIG. 2is a schematic representation of apparatus suitable for use in shift
muitiplex holography or phase correlation muitiplex holography.

30 Terminology
Oligomer - Molecule of 1000-5000mol.wt. with at least two spaced

functional groupings. Oftea constituted of repeating monomeric units, functional o
characteristics do not depend on the remainder of the molecule.
Monomer - Of $500mol.wt. - where used without a modifier, the term
35 refers to a monofunctional molecule which, upon polymerizing, is primarily
responsible for recording. While used in the singular, multiple monomers are

i




Jighted regions fromunlighted regions and/or to index chan |
pol yreri zati on itself Certainly prom3sing, |imted thichiéds SHEET HAS BEEN
150[ err]m high scattering and high 35 pol yneri zation-i nducgd shrRERAGEDOS

~4-10% severely limt use.

:QEP Is_ f\t UNEEIIT y ﬁSrE‘FEJi-‘éﬂnﬂﬁtﬁjl Elseyherp the ‘aﬂ%ﬁﬁ"ﬁg‘t‘g{°t“s’ﬂ§n$a?>‘<’}h§°&s ry%g%ésgy%&¥%§ught
to be due to a radiationveaitidt, fefg..Clatlditional sudnomet" isigsed inthe descriptioacif@dded
viscosity of thgaRRhYiRhink Hre@RBAGANE élrik AimraliBs Hrihe pigdde dFanhancin

conpl etely renove er coat’i ng, 1 nposi ng thicknes I mtation On
the film D.-J.can&@¥not in 5 "Phot opol yner Recording Materials for

Hol ogr aphy - sSome r ecenictificcMopomes s Photopolyméilifig moRoméPpriarily ¥ppnsibles a
L o B T R e P B Aok ol
containing additional monomeric material which may make little contribution to the
recording function.
Molecule - Also of £500mol.wt., the term is generic to "“monomer" but
10 includes any additional material which, while not photoreacting, upon migrating

responsive to photopolymerization, may contribute to recording.

Detailed Description .
General - The advance depends critically on the nature of the starting
materials from which the recording medium is fabricated. The Examples are based

15 on familiar photopolymer chemistry, here used in photopolymerization of oligomer

. and monomer, and discussion is largely in these terms. In a preferred embodiment, |
both polymerization reactions are initiated by light in the visible spectrum under the
influence of a single photoinitiator. This is advantageous in reducing scatter - an

 effect thought to be due to incorporation of a portion of the monomer in the matrix -

20 but consumes monomer during precuring. Preservation of the needed fraction of
unreacted monomer following precuring, is readily achievable even with oligomer

‘and monomer of similar reactivity. (In an example, using acrylate chemistry for
both matrix and recording, retention of unreacted monomer is a consequence of the
statisticaily-favored likelihood of at least partial curing of the polyfunctional

"~ 25 oligomer - reaction of a single functiohal group in each oligomer molecule is
sufficient to immobilize the matrix.) Satisfactory results for this preferred
embodiment are attributed to the specified oligomer-monomer composition and
claims are of this scope. ' .

The oligomer-monomer composition provides for lessefied exposure-

30 induced shrinkage. Composition may be selected for yielding viscosities convenient
for application. As one consequence, film thicknesses of millimeters and greater are
permitted. Dimensional control, particularly of millimeter and greater thicknesses, is
expedited by use of a sandwich structure, with carefuily-prescribed spacing between
glass plates. Spacers were used in earlier experimental work and may be

35 satisfactory. However, their use has been found to result in non-uniform or
otherwise distorted active layers under some conditions. The effect has been
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FIG 2 is a schgptic representation of apparatus suitable for use in shift
In the main, aside from combination of oligomer and monomer and

precuring-writing conditions for best using the combination, the teaching depends on

15 known considerations. Discussion is largely in state-of-the-art terms - e.g., assuming
recording by use of a frequency-doubled Nd: YAG laser writing at 532nm. A
commercial single-component visible photoinitiator was found satisfactory. Little
discussion is directed to alternatives - e.g. in the instance of the photoinitiator, single

<" component materials operating at shorter wavelengths are readily available. Multi-

20 component materials have been used, but spatially separated incidents required for
initiating reaction with a single molecule reduce efficiency - are wasteful of initiator,
and extend response time.

. It has been convenient to form the cross-hnked matrix, and to write with
" dependence on a single photoinitiator. A real-time monitoring procedure assures
25 both effective cross-linking and sufficient retention of photoinitiator and monomer.

' Alternatives include thermal curing and use of light of waveleagth other than used in
recording. Such an alternative approach may permit more efficient use of monomer -
may altogether avoid consumption of monomer during matrix formation - and
thereby increase contrast/sensitivity - it may, however, reduce compatibility between

30 monomer and oligomer and so resuit in increased scatter.
A post-curing technique may be used to prevent further reaction. The
precaution is commonly practiced. In an Example, post-curing takes the form of
flood curing with a xenon lamp.

Compesition

e —
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mobility of unreacted monomer, and left ~20% residual monomer (approximately
corresponding with reaction of 80% of total polymerizable groups "80% cure”)
following precuring. Compositions with as little as 10% residual monomer were
found adequate for needed sensitivity and contrast.
10 Composition of the recording medium is discussed in terms of a

nominal composition consisting of:

Oligomer - 40-90wt.%
(Actinic) monomer - 5-60wt.%
Photoinitiator - 0.1-5wt.%
15 o Other - S5wt.%
The primary requirement is oligomer-monomer ratio is for assuring requisite matrix
properties while retaining sufficient monomer for writing. Compositions may depart
from nominal where reactive groupings on the oligomer and monomer differ, or
where mechanisms of precuring and writing differ.. While such variations may
20 permit initial monomer content of as little as 1wt.% (equal to the fraction of residual
monomer in a preferred embodiment), an oligomer content of at least 40wt.% is
desired to assure the mechanical properties required of the matrix.
. The Oligomer - The aliphatic oligomer used in the Examples, was a
commercially-available material sold, e.g., as part of a UV-curable coating material
2§ for optical fiber. In other experiments, aromatic oligomers were used. The cross-
linked aliphatic material characteristically has a low index of refraction relative to
that of the polymerized monomer, so that, in general, increasing index contributed by
the polymerization-induced monomer concentration gradient may be supplemented
by increase in index produced by polymerization itself. In some work, the An is
30 reversed in direction, either by use of a relatively high-index aromatic oligomer or
by inclusion of a high-index monomer (in addition to-the actinic monomer) of
reactivity to preferentially react with the oligomer during precuring. An oligomer
molecular weight range of 1000-5000, or preferably 1000-3000, is chosen for ease of
fabrication (while dispensing with need for solvent), and has sufficient mechanical
35 integrity, lessening shrinkage and permitting fabrication of thick layers.
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acrylate chem shiyorhéd'reaction during precuring - contributes. Increased oligomers molecular
weight 25000 may retain compatibility advantage and may be usgful where
15 fabrication permits. (Studies underway, however, deliberately avoid monomer-
oligomer reaction so that interfacial scatter effectively improves contrast in the
recorded image.) Oligomeric material used has been been bifunctional. Tri-
functional molecules, at least for the higher molecular weight values (permitting
.~ greater separation of functional groupings), may be suitable. Still higher
20 functionality with resulting increasing cross-linking is likely to impair monomer
diffusivity sufficiently to affect performance. Under test conditions, for grating
spacings of 800nm, diffusion time (exposure time) of 100 seconds requires monomer
diffusion constants on the order of 10~°cm?sec ™!, '
Commercially-available oligomers are constituted of a polymer
25 backbone of repeating monomer units with well-separated reactive groupings -
ordinarily at either end of the chain. Choice of reactive groupings is important.
Acrylates of the Examples may be replaced by other moieties of suitable reactivity.
Epoxy compounds are examples of suitable oligomers which are readily available.
The molecule backbone plays little function during recording and need only be
30 chemically and physically compatible.
Monomer - Experiments with bifunctional monomer firmly establish a
preference for monofunctionality. Two effects were noted in these experiments: l)' \
increased monomer-oligomer reaction during precuring reduced diffusivity o
sufficiently to prevent complete curing, and 2) precuring resulted in 'highly Cross-
35 linked matrix which lowered monomer diffusivity arnd reduced sensitivity. The
effects are sufficiently avoided by provision that at least 70wt.% of total actinic

monomer is monofunctional.
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Example 3, chlorinated analogs such as vinyl 3,5-dichlorobenzoate, and analogs with

10 other cyclic conjugated moieties such as vinyl 1-naphthoate.
Modified monomer systems may be designed to enhance contrast.

Where index is increased in lighted regions, high index acrylates such as 2-naphth-

1-oxyethyl acrylate and 2-carbazol-9-ylethyl acrylate may be used. Suitable low

index acrylates used where An is of opposite sign, include .

15 (trime_:thylsilyloxy)dimethylsilylprop}l acrylate and (perfluorocyclohexyl)methyl
acrylate. Any of these materials may serve as priinary or sole actinic monomer, or
maybe admixed with other monomer.

Additional monomer has been used to improve contrast. Maintaining

"~ total monomer inclusion at the nominal 40wt.% level, inclusion of 10wt.% of N-

"20 vinylcarbazole, largely reacted during precuring, increased index of the matrix (and
increased An in a system in which exposure-induced concentration gradient had the
effect of reducing index in exposed regions). Other actinic monomers have been
used to supplement the first actinic monomer and to increase the An.

_ _ Photoinitiator ("PI") - Except for the observation that single

25 component photoinitiators are more effective, there are no unobvious requirements.

Photoinitiators are commercially available for use over the entire visible spectrum
‘and into the IR and UV spectra. One commercial product - bis (2,6 - difluoro-3-

pyrrolylphenyl) titanocene - was used in the reported Examples. In general, direct

polymerization of monomer (without photoinitiator) is not contempiated -

30 particularly for thick layers, the required absorption for the actinic radiation becomes
limiting. Photoinitiator inclusion of 0.1-5wt.% provides a useful balance between
absorption and rate of monomer polymerization. »

As elsewhere, description is in terms of the embodiment of likely initial
commercial interest. There are instances where other materials within the broad

35 category of "catalyst" may serve to initiate polymerization under the influence of
energy outside the visible spectrum. There are instances, too, in which UV, thermai
energy, or other energy may directly initiate reaction without need for a catalyst.
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at 53znm A Inhibitor is ordinarily included in commercial oligomer and monomer
materials. Generally of the phenolic category, it assures shelf-life of the unexposed
medium.

Still other inclusions may be dictated. For example, one particular
15 photoinitiator was found to result in a purple-colored residue which could be
bleached by oxidation. Inclusion of <lwt.% of t-butyl hydroperoxide avoided
- discoloration. '

- Structure :
c While, in broad terms, the invention is based on composition, and is
20 independent of structure, thicker layers, in particular, benefit by the sandwich
structure shown in FIG. 1. Recording medium 1 shown consists of actinic
(oligomer-monomer derived) layer 2 between transparent plates 3 and 4. Actinic
layer thicknesses of from a few jum to 3mm have been made. Experimental films
' were supported between 1 mm-thick microscope slides. Thinner supports may be
" 25 used for small area films. Thicker and larger-area films, may benefit by supporting
plates more than imm in thickness to minimize distortion.
__ Annular plastic spacers of from 0.015 to 0.5mm have been used to fix
the spacing between the glass plates, and thereby the polymer layer thickness.
However, shrinkage of the photopolymer during cure causes stress dround the
30 spacers, with resulting reduction in optical quality. Since storage and readout of
digital data pages by holography demands very high optical quality, an alternative L
method, which takes advantage of the in-situ precure step, is also used. In this o
" method, the glass plates are held by adjustable mounts which can adjust both the
spacing and tilt of the plates. The liquid photopolymer composition is placed .
35 between the plates to fill the gap, and the spacing and tilt are adjusted to give an
optically flat sandwich with the proper photopolymer thickness. The spacing can be
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assures 25 bo I'Cl en ntion o
phot oi ni ti at 8r h;msedrtamhmpurpose TFhe tils ﬁd{GFX/EGCWEIaﬁEé'eﬂ teeliminate APEY and use

of Iight of MW% t]mﬁ&?ﬂbpﬁéﬂihteﬁﬁdme&r. u:iﬂméﬁ élﬂhg!ﬁlaﬂhledﬁlmm-neon

al ternative appr rm ci ent

al t oget her avoil W&Wgﬂﬁé‘ﬁ ﬁ—ézmwmr%#‘?‘ﬁg“%ﬁv%ﬁge ﬁogﬂlymeénd

t her e:)ybl Inc { easfixamet oagé (e aiksdridi spaditg areiatjusted, thesampie iis precuted while being
conpatibility Rhe ased
scatter. el d"eﬁxeghotopﬁ?ydxgegtsﬁgﬁgﬂﬁ lJt'ec Nl que #gg ggébi%g%& 0 %?és\?e?\t
further read0i ahe safhpie, resulqmgemmfwmrs dustionimsampie thicknessgvith minimaby anp| e,
post - curing t akfgohias. Wfsmplesf&ﬁ%lﬂﬁydﬁﬁdﬁéth&i Bavé®ad fess G- half of an

Conposi tion
optical fringe per cm of wedge or lensing in a transmission interferometer test.
Samples prepared by in-situ optical interferometry have successfuily beea used in
writing and reading digital page-oriented holographic data with acceptable bit error
15 rates. Use of absorption spectroscopy of visible and ultraviolet peaks had resulted in
accuracy of 5% in the spacing range of 50-1000pm. :

- Fabrication
A typical schedule is outlined:

: The mixed composition was prepared in a foil-wrapped brown bottle to

20 avoid exposure to light. After mixing monomer and other low molecular
weight molecules, photoinitiator powder was added, and the mixture was
stirred to completely dissolve the powder. (Viscous) oligomer was added to
the solution and the resuiting mixture was stirred overnight on a jar mill to
dissolve the oligomer. Peroxide stabilizer for bleaching photoinitiator

.25 residue was added just before use. Final compositions were filtered through
20pm, 10pm (nylon) and 3pm (silver membrane) filters, in succession in a
nitrogen-pressurized stainless steel filter.

" Asample of the oligomer-monomer composition was sandwiched
between glass plates.

30 Precuring was by flood irradiation at the A = 546nm mercury-emission
line. Precuring time was determined by monitoring in the near IR spectrum
to follow diminishing peak heights due to polymerization of acrylate groups.
The amount of unreacted monomer was measured to an accuracy of £ 2%.
The quantity of retained monomer was varied for comparison purposes -

35 ~20% was found to be a useful compromise between wanted matrix and
exposure characteristics. (It is expected that batch-to-batch measurement

—_—
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REPLACEMENT SHEET
The Recordi ng Medium - Rel ative anount s~ the prinmary

may vary w dely. Exanples were conducted with cross-Ilinking
writing conducted under the influence of the single photoini

-5-
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e o REPLAGED

Lol or
T ot

same region of the visible spectrum Under these conditions, a 60wt.%

ol i gomer - 40wt .% vl nephe reguired, insegular eommercial produetion.

JAferaecuRng,

application, allowed,adRqual Grapped in f0RPod 4 dhéifdife bfevaal dniBNONEr, and |eft
-20% r esi dual nonomer (approxi nately corresponding with reaction of

80% of total polynerizable groups "80% cure") foll ow ng precuring.

Conposi tions w Hélogeaphid Recordingl 0% r esi dual nononer were

f ound

e o oo 17 i 2 ke 386h 6.3 PAEAp. SN b8/435.705) herchy inEQRARA | 07

of the recording mediumis drscussed I n

osition

consi sting oy : by reference, is a schematic representation of apparatus useful for muitiplex

10

15

holography either by use of shift holography or phase correlation multiplex
holography.

FIG. 2 shows incoming beam 11 which will serve as a reference beam.
Considering the system for PCMH (co-pending U.S. Pat. App. SN. 08/435,705), the
incoming beam is converted into a phase beam by a phase mask located on plane 12.
It next passes through lens 13; is spatially filtered by a filter on plane 14; passes
through lens 15 and strikes recording medium 16. With lenses 13 and 15 in 4F
configuration, the mask is imaged on medium 16. Spatial filtering is effectively
carried out on plane 14 (with plane 14 on the Fourier plané for the lens pair).
Magnification of the mask image is determined by the focal lengths of the lenses.
One set of experiments in this co-pending application used a random binary phase
mask constituted of a 1024 x 1024 array of 20t m pitch pixels. In this illustration,

" half of the randomly located pixels impose a phase-shift of 180° so that the average

20

25

30

35

phase across the beam front is zero. .

A second incoming beam 17 is modulated by spatial light modulator
(SLM) 18. The resulting signal beam is routed through lenses 19, 20, and 21.
Corresponding lenses 22, 23, and 24 are used in readout. With both sets of lenses in
4F configuration, a Fourier transform is recorded in medium 16, and an image is
reconstructed on detector 25. (4F configuration requires focal distance spacings so
that, e.g. SLM-to-lens spacing is equal to the focal distance of lens 19, leas 24-to-
detector spacing is equal to the focal distance of lens 24, and lens-to-lens spacings
are the sums of the focal distances of the lenses in the pair). Omitting a single lens
in lens set 19, 20, 21 replaces the transform with the image at the medium - omitting
a lens in set 22, 23, 24 again results in image reconstruction at the detector.

The specifics of the arrangements of FIG. 2 are illustrative. By omitting
the phase mask, lens 13, and the spatial filter at plane 14, and by defocusing the
reference beam to obtain sufficient overlap with the signal beam, the system is
suitable for “shift holography”. The figure is intended to represent other forms of
muitiplex holography, in which successive pages are completely superimposed in the
same region of the medium, as well as single-page holography (without
multiplexing).
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a i gomer _ 40-90ut . % | (Actinic) nonomer -

owt . %
Photoinitiator - 0.1-5wt.% 15 -i1- O her- [err] GWEHISSHEET H_ABGBEEN
primary requirenent is oligomer-monomer ratio is for assuring [requi REpErcE

matri x properties while retaining sufficient nononer. for

Composi i ons Y JEPR1 Vo AR odngHERE 186t BUBUELAEER gk "

ol i gomer and mononer di f

writing differ. transform ovamimageiof thesignahwith enlargement or "FWEJ anﬁfnbmuonal
content of as | kpdriaffilérid %lﬁzeqtdasNRD Ihdieidbal Pldnewaves, nfifipld pidne waves,

nononer in a pre rred t ont ent  of | egst 40wt . %
IS desi reda‘? Hﬁ&'#gﬂ geglogsﬁe‘gﬁgﬁ rgéﬂﬂ"l’gﬁél he matri x.
The O igoner 3 Ihbgabhphadcmbﬂﬂsgém ag svedl. The prcisapositinnef theplasa mask in

commer ci al | y- avpchai)ig nﬁﬁéﬁfchﬁbuﬁ%géme?w&hmﬁ:? ellitlehtsGh thid rk’i'ér&iéé@?ﬂhemﬁﬂat' ng

material 25 foyr optical fiber. _ In other experiments, aromatic oners
were used. The B¢ HY =smp1>§!m@fm° MF@WQH‘AP“%MS%F?W‘(Y&W y has

d low i ndex of SEM 8ot fimage plahe/26 atures unifdimi b@gmdseopniemm Beagh fgonomer ,

so that, in general . increas X contr
pol ymeri zati on-? t{fﬂ%'é‘&‘?{ﬁwgh;ﬁgé %e% @eﬂ @yﬁh%?gﬂgmgﬁbﬂﬁgg%nt ed
by increase it onddedlf@ammmeb-y4bgp¥mmmabe replacedsby othet lensamangenietits t he

- [errlnis 30 rg 'cfr?&tlfdﬂi‘xe by use of a relatively
hi gh-i ndex arorratlc ol |%§ usiop of a high-index monomer

ror
(in addition to the acti F@&Wf§%@mwe’°§"83 ?4‘?/3!%9‘ Pumped N YA | y.
react with the labérgThieex@drial haif{angie beiwegn béamowag 8157, resulting in an internal

angle of 12.2° and a d-spacing of 839nm. In some experiments, grating formation
1S was monitored in real-time with a HeNe laser operating at 632nm.. Once holographic
recording was complete, polymer samples could be stabilized by' a final flood cure.
A Xe lamp providing 10mW/cm? integrated radiation dose at A = $30nm stabilized
material against further photoinduced reactions (readout was not measurably affected
.. after unwrapped storage under ordinary room lighting for a period of 15 min.).

20 Examples - Procedures outlined under "Fabrication"” were followed.
Example 1 - 40g. of isobornyl acrylate (IBA), was placed in a foil-
wrapped brown bottle. 1g. photoinitiator was added and the mixture was stirred with
_'a magnetic stir bar to dissolve. 60g. - polytetrahydrofuran diurethane acryiate,
mol.wt. ~2000, oligomer, was added and the mixture was stirred overnight on a jar
- - 25 mill until homogeneous. The resulting resin was filtered in a nitrogen-pressurized
stainless steel filter apparatus through 20, 10 and 3pum filters, successively, and
stored in a refrigerator until needed. Before sample preparation, t-butyl
hydro;mxide (TBHP), 0.16g, was added while stirring.
~ Samples were prepared from this formulation by placing 0.4mL of resin
30 - allowed to come to room temperature - onto a glass plate mounted on an
interferometer stage. A second glass plate was lowered onto the resin to the desired
sample thickness using a micrometer. The outer surfaces of the glass plates were
made parailel by leveling the plates and monitoring with a reflectance interferometer.
A 20° holographic diffuser was placed on top of the sample and the 'samplg was
35 cured to the desired level of precure by irradiation with an Hg lamp, filtered to
provide approximately 10mW/cm? of 546am radiation while blocking radiation of

e ——
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nmol ecul ar wei ght range of 1000-5000, or preferably 1000-3000, is_chasen for
ease .of fabrication (while di spensiTiy wi th need for sol vehTHIS SHEETHAAS BEEN
sufficient nmechanical 35 integrity, |essening shrinkage and perm t REPPACED

faabricati on of thi ck I ayers

- 6- >bft:9:re %mﬁ@&é@y ar-(RY, c&oécbpy] 0y r] m or

even "t hick" Ia ers - d

addition to fadquldP&? ?”r‘l'g as&a&gﬂéﬂﬁi@@é%ﬁﬁmsmﬁﬂsz& g%ﬂ%ﬂ'\é%g (I "
Pu, et ?' , Ci tngtl Tleosamjple was thas ptmeutedamdd ¢ ¥530nm radiationfroml a filtered Xe

ci rcunst ances,

range. 5 This lﬁgﬁ?&ﬁb gﬁﬂss%‘; ?ﬁéﬂ"ﬁ% eétgdn?d%‘gﬁ%iﬁ ?inkgr

| ayers i ncredsdotal Saveélﬂeﬁk F%W“éfﬁﬁ%ﬂ%%? %pcasrespongdi n&m@@"& fered
by stratified $AA)6FHOH0052 uhbiérthese writing conditions. |

Example 2 - Following the procedure of Example 1, 10g N-
vinylcarbazole was mixed with 30g IBA, PI (1g), oligomer (60g) and TBHP (0.16g).
The mixture was filtered and used to prepare samples. A 210um thick sample,

10 prepolymerized to 82% cure, resulted in a An of 0.0012.

Example 3 - Vinyl benzoate (10g) was mixed with IBA (30g) PI (1g),
oligomer (60g) and TBHP (0.16g). This resin was filtered and used to ptépare
samples. A 60um thick sample, prepolymerized to 86% cure, resuited in a An of
0.0015 under similar writing conditions.

15 Example 4 - A mixture 6f 10g of "terathane” (polyteuahydmﬁxran) of
moleéular weight 2000, and 2.2g of isophorone diisocyanate was heated and stirred -
mixing was complete after a few minutes. One drop of dibutyltin dilaurate was
added, and the mixture was heated to 70°C and then allowed to cool to 50°C. A 1.3g

_-.  portion of 4-hydroxymethylcyciohexene oxide, that had been prepared by the 3-

20 ' chloroperbenzoic acid oxidation of 4-hydroxymethyicyclohexene, was added, and
heated to a temperature of 80°C. The product was degassed under vacuum, and
allowed to cool. _ )

One gram of the above product was mixed by gently heating and stirring
with 0.12g of a 5% w/w solution of PI in phenoxyethyl acrylate and 0.08g of a 5%

25 wiw solution of P1in IBA. After cooling to room temperature, 2 drops of
trimethoxyboroxine was added as an epoxy cure catalyst. The mixture was quickly
applied inside the area defined by a 0.1mm thick circular teflon spacer resting on a
glass microscope slide. The sample was covered by a second glass slide and cured at
90°C for 3h in the dark. A grating with a diffraction efficiency of about 0.5% was

30 written in the sample. As in the above examples, post-curing for 15 min. at room
temperature was sufficient for consumption of polymerizable groups - An, measured
before and after postcuring, varied by <10%.

e
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10 of properties,
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nononer. Use 0 fe same reactive groupings - or of other groupings of
simlar reactivi ty | §3 Mrﬂmggmdqumapmpdsmg anmcmmalnyerd'ax:ﬂcmdmgjrl ng
precuring - Gopiafibddk eV IndBR! i€ Ehinged

[ err] 5000 may r et a| n co I,|It ?vanta d ereagoqsul V\/nere 15
fabrication cﬁ%m é‘f‘ng hogt ptastiicy o d

nmononer- 5 mmidmﬁmnamﬁdothldnrespoﬁdbm suchtredlhﬁm by pltopdlpmeniatiofit | vel y

| nproves contrast in Waﬁm q?,i?ge ) digonmeric material used has
been been bifunctiona unc hal nolecules, at least for the

hi gher nol ecul ar wei glatrixamatedal ip produced byyin-situ pogﬂmﬁomebpolyfunmﬁai

functi onalgrofigBinRfé) molBMa@eizhi 3 B0 Quripk b! hﬂgp%?%dﬁmaie&%' ity with

resulting in cross-lin I nonomner
di f f usi vi ty g %?gmmm&mse?eﬂem °“ﬂnder test conditions, for

grating spaci ngs of 800nm diffusion tine (exposure tine) of 100

Toferr) cﬁfgi"r | secl orfy Medlam o i ¥ @Rich e B 1 bl %re oo

are constit utradi Wsmmmackbone of repeating nmonomer units wth
wel | - separ at ed react i ve groupings - ordinarily at either end of the

chai n. Choi ce -of reagt r oupi.n IS ] rtant Acryl ates of the
Exanpl es may be repl W&Miﬂﬂﬁ 'F‘é’&é‘?gﬁﬁ’?
15  visible spectrum and in which a single photouuuator material is used for promoting
both precuring and recording.

4. Medium of claim 3 in which the photoinitiator material is a smgle
- component photoinitiator.
L20 - o
§. Medium of claim 2 in which monofunctional monomer has acrylate
functionality, and is of molecular weight <500.

6. Medium of claim 5 in which monofunctional monomer is aromatic.

7. Medium of claim § in which bifunctional oligomer has acrylate
functionality, and is of molecular weight in the range 1000-5000.

8. Medium of claim 7 in which the oligomer has polyether backbone.
- 30 .
9. Medium of claim 2 in which the matrix material serves as a host to
additional material, such material comprising molecules which migrate in response
to such radiation, whereby dynamic range is increased. -

35 10. Medium of claim ! in which the active layer is embraced by
supporting plates, at least one of which is transparent to the radiation.

Lk [ L M § *
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12. Medium of claim 10 comprising a plurality of active layers. -7-

13. Method comprising holographic recording in a recording medium,
recording being attended by photopolymerization within selectively irradiated
regions, such medium comprising an active layer for recording radiation-defined
features, whereby refractive index is changed responsive to radiation, the layer
contairiing matrix material serving as a host to "actinic” monomeric material which
responds to such radiation by photopolymerization

CHARACTERIZED IN THAT

matrix material is produced by in-situ polymerization of polyfunctional
oligomer of molecular weight 21000 during a precuring step, and in that at Jeast
70wt.% of total monomeric material is monofunctional.

14. Method of claim 13 in which radiation is within the visible spectrum,

- in which precuring and recording entail polymerization of material of similar

20

reactivity with both initiated by radiation within the visible spectrum, precuring
being carried out under conditions such as to incorporate monomer material in the
matrix.

_ 15. Method of claim 13 in which at least 20wt.% of total monomeric
material survives precuring.

16. Method of claim 13 in which the medium contains an additional

" material which migrates in response to irradiation so as to enhance diffraction

30

35

efficiency.

17. Method of claim 13 including a post-curing step following recording
in which remaining monomeric material is rendered inert to radiation within the-
visible. spectrum.

18. Method of claim 13 compnsmg phase correlation multiplex
holography.
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A nbl ecul ar weight [err]500 for actinic_ggpnoner, assures adequate

mobi kity for exposure-provoked diffusion for expected exposur eTHId8BEET HAS BEEN |
Provi si on for | ower nolecular weight [err] 250 assures ifcrea LACED

sensitivity (where needed contrast depends on concentration
gradient). As in pr| t v, i d

wel | . Exanpl es i ncl u Bg)g&% %?quﬁ&%hﬁp%@%m%%%?gﬁ,

di et hyl ene glcjbndllcwd)\nouupphem d’r"ﬂat e and ethyl acrylate. O her

nonof uncti onal nonomers are suitable, providing other conditions are
satisfied - e.g., re:oligoner reactivity. Suitable materials include
the vinyl benzoate of Exanpl e 3, chlorinated anal ogs such -as vinyl

3, 5-di chl orobenzoate, and analogs with 10 other cyclic conjugated noieties
such as vinyl |-naphthoate. Modi fi ed nononer systens may
be designed to enhance contrast. Where index is increased in lighted
regi ons, high index acrylates such as 2-naphth- | -oxyet hyl acryl ate
and 2-carbazol -9-ylethyl acrylate nay be used. Suitable |ow i ndex
~acryl ates used where [err]n is of opposite sign, include 15
(trinmethylsilyloxy)di nmethylsilylpropyl acrylate and

(perfluorocycl ohexyl ) net hyl acrylate. Any of these materials may serve
as primary or sole actinic nonomer, or maybe adm xed with ot her
nonomner . Addi ti onal nononer has been used to i'nprove
contrast. Maintaining total nononer inclusion at the nom nal 40wt .%
| evel, inclusion of |Oat.% of N
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20 “vinyl carbazole, largely reacted durlm precuring, increased_index of

the yatri x (and increased [err]n in“a systemin which exp € —
concentration gradient had the ef fect of reducing index i ﬂé!(p%%g A@Eﬁl)g BEEN
1

regions). O her actinic nmononer Srﬁ}ﬁében%lgﬂﬂ c MeptR£d to supple
first actinic nononer and to i ncrease e ﬂ\

Phot oi ni ti at oABSTHACT: - Except for the observation that single 25

conmponent phot oi ni ti at or S

requi rements. . Phot %ﬁ@oﬁﬁgﬁé‘tm\ﬁ%&%ﬂ sy aval g&lﬁﬂp Yibussie over
the entire vi s!nldmphgesplepm fronangolpmmoi #bi-fupctiongl oligomes and 3 mone-
commrchal p[h i 'ﬁ ¥dssiBly mtlxes@gferraamﬁmwavdléngmmctt&ene .
was used in e reporte ra ir rization o
nmonomer (wi? hé%@%&t“d?ﬁﬁrmg@r;hﬂ 0'3"% F@W&?Eﬂﬁ‘fﬂé&%ﬁs@? gularly for
thick | ayers, mdnomeequi red absorption for the actinic radiation becones
limting. Photoinitiator i ncl usi on of 0.1-5wt.% provi des a useful bal ance
bet ween absorption and rate of nononer polynerization.

As el sewhere, description is in terns of the enbodiment of likely initial
commercial interest. There are instances where other materials within the
broad 35 category of "catalyst"” may serve to initiate polynerization under
t he influence of energy outside the visible.spectrum There are

i nstances, too, in which UV, thernal energy, or other energy may
directly initiate reaction wi thout need for a catal yst.

T

- This Sheet Has Been RTlaced




- 8-’ Q her - There may be a significant inclusion of

anot her [err]500nol . wt. material in addition to active nononer which
does not, itself, photopolynerize. It has been found that inclusion of
a conpatible material. e.g., bronnbenezeg ai ds contrast. In one
conposition design,_ this non-nononer bule flows counter to 5 the

direction of exposure-induced m gration of nnnoner So as to enable a steep

concentration gradi ent of nononer. Fi@l ecu is desirably of refractive
i ndex to further inprove [err]n syst in which index is
increased in lighted regions, the added nol ecule is of smaller index.
I n anot her approach, the oligonmer is chosen for yielding a matri x’
pol ymer which can "swell"™ in |ighted regions to accormodate 10 i nflux of
nonomner . Inhibitor is ordinarily included in comerci al
ol i goner and nononer materials. Generally of th% phenolic category, it
assures shelf-life of the unexposed -
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rreqli:um Still other inclusions may be dictated. For
exanpl e, one particular 15 photoinitiator was found to result in a

pur pl e-col ored resi due which could be bl eached by oxidation. Inclusion
of <wt.% of t-butyl hydroperoxi de avoi ded di scol orati on.

Structure Wiile, in broad terms, the invention is based on
conposition, and is 20 independent of structure, thicker

particul ar, benefit by the sandw ch structure shown &EH%@MENT SHEET
Recordi ng nmedium 1 shown consists of actinic (oligo rpE 30CT 087
derived) layer 2 between tran IRF& D Act i i I a

t hi cknesses of froma few [er?ﬁto mmbbeen ﬁjan rinmental filns

wer e supported between 1mmthick nicroscope slides. Thi nnler supports may b
25 used for sTedhnical Feeldli | ns. Thicker and larger-area filwas—pay henefif

by supporting pl at kness to mininize distortion.
Annul ar plastic spacer gﬁogﬁg‘?&mmgg .H-%HH nﬂ(fkgir‘ﬁcn

,-.

have been used to fix
t he spaci ng between the gl ass plates, and thereby the polyner |ayer

t hi ckness. De flof ReldtedAz¢e of the photopol yner during cure causes
P ke AT Y
very hi gh opt iiafdrmgtiod srbpa,geamsed for stordgevof digital infextriatidn, hwilographyeik asw
advantage of tQg, hily A 4 HahftUhfEndd e funtiblsTRw Bk by tHREM.

"Shift Holography” is a volume holographic method which depends on
partially overlapping holograms, recorded page-by-page on each new position of a

10 shifting medium, with differentiation based on Bragg selectivity. See, A. Pu, etal.,
1995 OSA Conference on Optical Computing, OSA Technical Digest Series, vol. 10,
pp. 219-221. A similar method,.but permitting use of a thin recording medium, is
described and claimed in U.S. Pat. App. SN. 08/435,705, May §,.1995. In that
procéss, “Phase Correlation Multiplex Holography" (PCMH), differentiation of

15 holographic pages during recording and reconstruction depends on page-specific
phase information imparted by a phase mask.

It is generally accepted that a suitable recording medium is not yet
commercially available. Iron-doped lithium niobate has served for laboratory use for
many years, and was used in reported work on shift holography. Disadvantages

20 include: costliness; poor sensitivity; danger of noise due to damage inflicted during
read-out.

Photopolymeric recording is promising. Hoped-for materials, dependent
on refractive index change resulting from polymerization in lighted areas, wouid be
deposited as layered material of requisite perfection and uniformity. A

25 photopolymer film offered by duPont is based on light-induced free-radical
polymerization of acrylate monomers. See, W.K. Smothers, et al., "Photopolymers
for holography", SPIE OE/Lase Conf. Proc., 1212-03, Los Angeles, CA (1990). The
duPont material is believed to be the sole commercial offering and has served as a

“modet for subsequent work. It consists of liquid monomeric material and

30 photoinitiator in an inert host polymer. During writing, monomer diffuses from dark
to lighted regions responsive to polymenzauon-mduced depletion. Index change is
due to the resulting composition gradxent created as unreacted monomer migrates (o
lighted regions from unlighted regions and/or to index change due to polymerization
itself. Certainly promising, limited thickness of ~ 150t m, high scattering and high

35 polymerization-induced shrinkage of ~4-10%, severely limit use.




met hbd, the glass plates are held by adjustable nmounts whi cli- T A
both the spacing and tilt of the plates. The |liquid ph RE&AW SHEET

conposition is placed 35 between the plates to fill the gap, [and t he
spacing and tilt are adjusted to give an . optically flat $arg®QgT Wo7h
t he proper photopol ymer thickness. The 3aci ng can be

adjusted by initially placing the two glass plates in contag¢t,—whrch
deternmi nes a reference zero thickness and then spacingf or by using

hi ckness i noit . NERo RadeipoybufuB AR iFBR delimepraiiad ROES bk [ ona
overtones, amatsik polymer atesboyghit tmbeduettha petreived difficultyor sobveent usedise used f or
this purposgequbBisthdily de3he/SSIymeF RF apfchdtlio4hs Gibstre Shistb2éMpleRly c2l
removed after coating, imposing thickness limitation on the film. D.-J. Lougnot in
5 "Photopolymer Recording Materials for Holography - Some recent developments”,
SPIE. pp. 10-22 (1993) uses a mixture of monomers - one of which is
pentafunctional and highly reactive which polymerizes and forms a matrix in a
precuring step. Experiencing difficulty due to depletion of photoinitiator needed for
recording, the author resorts to precuring by direct photoabsorption using deep-UV
10 radiation. The resulting medium resembles the duPont film, consisting of a matrix
host for the actinic monomer and photoinitiator. Reported maximum film thickness
is 100um.
Summary of the Invention
A new, high-quality, low-scatter photopolymer recording medium has
15 been used satisfactorily in phase correlation muitiplex holography. - Diffraction
efficiencies of up to 100% in 170y m thick layers ‘have been achieved. Film
thicknesses of a few mm have been realized without sacrifice in quality.
As in earlier materials, the photopolymer consists of a polymer matrix,
with actinic properties contributed by diffusing monomeric species in the presence of
20 photoinitiator. The matrix is polymerized in-situ, but differs from earlier efforts in
being formed by crosslinking a multi-functional oligomer, with precuring conditions
designed to leave a fraction of mono-functional actinic monomer unreacted. A
preferred embodiment uses a three-layer structure with the active recording medium
sandwiched between glass plates.
25 Brief Description of the Drawing
- FIG. 1 is a perspective view of a recording medium in accordance with
the invention.
FIG. 2 is a schematic representation of apparatus suitable for use in shift
multiplex holography or phase correlation multiplex holography.

30 Terminology
Oligomer - Molecule of 1000-5000mol.wt. with at [east two spaced

functional groupings. Often constituted of repeating monomeric units, functional
characteristics do not depend on the remainder of the molecule.
Monomer - Of $500mol.wt. - where used without a modifier, the term

35 refers to a monofunctional molecule which, upon polymerizing, is primarily
responsible for recording. While used in the singular, multiple monomers are
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responsive to photopolyme on, may contribute to recording.

Detailed Description
General - The advance depends critically on the nature of the starting
materials from which the recording medium is fabricated. The Examples are based
15 on familiar photopolymer chemistry, here used in photopolymerization of oligomer '
. and monomer, and discussion is largely in these terms. In a preferred embodiment,
both polymerization reactions are initiated by light in the visible spectrum under the
influence of a single photoinitiator. This is advantageous in reducing scatter - an
effect thought to be due to incorporation of a portion of the monomer in the matrix -
20 but consumes monomer during precuring. Preservation of the needed fraction of
unreacted monomer following precuring, is readily achievable even with oligomer
and monomer of similar reactivity. (In an example, using acrylate chemistry for
both matrix and recording, retention of unreacted monomer is a consequence of the
statistically-favored likelihood of at least partial curing of the polyfunctional
25 oligomer - reaction of a single functiohal group in each oligomer molecule is
sufficient to immobilize the matrix.) Satisfactory results for this preferred
embodiment are attributed to the specified oligomer-monomer composition and
claims are of this scope.
The oligomer-monomer composition provides for lessefied exposure-
30 induced shrinkage. Composition may be selected for yielding viscosities convenient
for application. As one consequence, film thicknesses of millimeters and greater are
permitted. Dimensional control, particularly of millimeter and greater thicknesses, is
expedited by use of a sandwich structure, with carefully-prescribed spacing between
glass plates. Spacers were used in earlier experimental work and may be
35 satisfactory. However, their use has been found to result in non-uniform or
otherwise distorted active layers under some conditions. The effect has been
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- 10- are found satisfactory for actinic layer thicknesses of up to 400 m. Thicker plates

may be needed to minimize bowing in thicker samples.

5 A stratified structure made up of stacked alternating layers of glass and
actinic material, has been found to yield excellent results while lessening distortion
(relative to a single-sandwich structure of the same total photopolymer thickness). It
is particularly useful for phase correlation multiplex holography in which selection
need not depend on Bragg angle. (For Bragg-angie selection, alternating inactive

10 support plates introduce unwanted modulation which complicates reconstruction.)
Interferometry has been used here as well for assuring parallelicity in stratified

media.

In the main, aside from combination of oligomer and monomer and
precuring-writing conditions for best using the combination, the teaching depends on

1S known considerations. Discussion is largely in state-of-the-art terms -

e.g., assuming

recording by use of a frequency-doubled Nd: YAG laser writing at 532nm. A
commercial single-component visible photoinitiator was found satisfactory. Little
discussion is directed to alternatives - e.g. in the instance of the photoinitiator, singie
component materials operating at shorter wavelengths are readily available. Multi-

20 component materials have been used, but spatially separated incidents

required for

initiating reaction with a single molecule reduce efficiency - are wasteful of initiator,

and extend response time.

It has been convenient to form the cross-linked matrix, and to write with
dependence on a single photoinitiator. A real-time monitoring procedure assures
25 both effective cross-linking and sufficient retention of photoinitiator and monomer.
Alternatives include thermal curing and use of light of wavelength other than used in
recording. Such an alternative approach may permit more efficient use of monomer -
may altogether avoid consumption of monomer during matrix formation - and
thereby increase contrast/sensitivity - it may, however, reduce compatibility between

30 monomer and oligomer and so result in increased scatter.

A post-curing technique may be used to prevent further reaction. The
precaution is commonly practiced. In an Example, post-curing takes the form of

flood curing with a xenon lamp.

Composition
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10 Composition of the recording medium is discussed in terms of a
nominal composition consisting of:

Oligomer - 40-90wt.%
(Actinic) monomer - 5-60wt. %
Photoinitiator - 0.1-5wt.%
15 Other - <5wt.%
The primary requirement is oligomer-monomier ratio is for assuring requisite matrix
properties while retaining sufficient monomer for writing. Compositions may depart
from nominal where reactive groupings on the oligomer and monomer differ, or
where mechanisms of precuring and writing differ. While such variations may
20 permit initial monomer content of as little as 1wt.% (equal to the fraction of residual
monomer in a preferred embodiment), an oligomer content of at least 40wt. % is
desired to assure the mechanical properties required of the matrix.
The Oligomer - The aliphatic oligomer used in the Examples, was a
commercially-available material sold, e.g., as part of a UV-curable coating material
25" for optical fiber. In other experiments, aromatic oligomers were used. The cross-
linked aliphatic material characteristically has a low index of refraction relative to
that of the polymerized monomer, so that, in general, increasing index contributed by
the polymerization-induced monomer concentration gradient may be supplemented
by increase in index produced by polymerization itself. In some work, the An is
30 reversed in direction, either by use of a relatively high-index aromatic oligomer or
by inclusion of a high-index monomer (in addition to-the actinic monomer) of
reactivity to preferentially react with the oligomer during precuring. An oligomer
molecular weight range of 1000-5000, or preferably 1000-3000, is chosen for ease of
fabrication (while dispensing with need for solvent), and has sufficient mechanical
35 integrity, lessening shrinkage and permitting fabrication of thick layers.
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In addition to ease of fabrication, available oligomers offer a wide array
10 of properties, e.g., in refractive index, to facilitate design. Lowered scatter is
attributed to compatibility between the oligomer and monomer. Use of the same
reactive groupings - or of other groupings of similar reactivity - resulting in some
monomer reaction during precuring - contributes. Increased oligomers molecular
weight 25000 may retain compatibility advantage and may be useful where
15 fabrication permits. (Studies underway, however, deliberately avoid monomer-
oligomer reaction so that interfacial scatter effectively improves contrast in the
recorded image.) Oligomeric material used has been been bifunctional. Tri-
functional molecules, at least for the higher molecular weight values (permitting
greater separation of functional groupings), may be suitable. Still higher
20 functionality with resulting increasing cross-linking is likely to impair monomer
diffusivity sufficiently to affect performance. Under test conditions, for grating
spacings of 800nm, diffusion time (exposure time) of 100 seconds requires monomer
diffusion constants on the order of 10~?cm?sec~!.
Commerciaily-available oligomers are constituted of a polymer
25 backbone of repeating monomer units with well-separated reactive groupings -
ordinarily at either end of the chain. Choice of reactive groupings is important.
Acrylates of the Examples may be replaced by other moieties of suitabie reactivity.
Epoxy compounds are examples of suitable oligomers which are readily available.
The molecule backbone plays little function during recording and need only be
30 chemically and physicaily compatible.
Monomer - Experiments with bifunctional monomer firmly establish a
preference for monofunctionality. Two effects were noted in these experiments: 1)
increased monomer-oligomer reaction during precuring reduced diffusivity
sufficiently to prevent complete curing, and 2) precuring resulted in _highly cross-
35 linked matrix which lowered monomer diffusivity arid reduced sensitivity. The
effects are sufficiently avoided by provision that at least 70wt.% of total actinic

monomer is monofunctional.
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5 groupings performed well. Examples include isobornyl acrylate, phenoxyethyl

acrylate, diethylene glycol monoethyl ether acrylate and ethyl acrylate. Other

monofunctional monomers are suitable, providing other conditions are satisfied -

e.g., re: oligomer reactivity. Suitable materials include the vinyl benzoate of

Example 3, chlorinated analogs such as vinyl 3,5-dichlorobenzoate, and analogs with

10 other cyclic conjugated moieties such as vinyl 1-naphthoate.
Modified monomer systems may be designed to enhance contrast.

Where index is increased in lighted regions, high index acrylates such as 2-naphth-

1-oxyethyl acrylate and 2-carbazol-9-ylethyl acrylate may be used. Suitable low

index acrylates used where An is of opposite sign, include

15 (trimgthylsilyloxy)dhnethylsilylprop’yl acrylate and (perfluorocyclohexyl)methyl
acrylate. Any of these materials may serve as priﬁ:ary or sole actinic monomer, or
maybe admixed with other monomer.

Additional monomer has been used to improve contrast. Maintaining
total monomer inclusion at the nominal 40wt.% level, inclusion of 10wt.% of N-

20 vinyicarbazole, largely reacted during precuring, increased index of the matrix (and
increased An in a system in which exposure-induced concentration gradient had the
effect of reducing index in exposed regions). Other actinic monomers have been
used to supplement the first actinic monomer and to increase the An.

Photoinitiator ('""PI") - Except for the observation that single

25 component photoinitiators are more effective, there are no unobvious requirements.
Photoinitiators are commercially available for use over the entire visible spectrum
and into the IR and UV spectra. One commercial product - bis (2,6 - difluoro-3-
pyrrolylphenyl) titanocene - was used in the reported Examples. In general, direct
polymerization of monomer (without photoinitiator) is not contemplated -

30 particularly for thick layers, the required absorption for the actinic radiation becomes
limiting. Photoinitiator inclusion of 0.1-5wt.% provides a useful balance between
absorption and rate of monomer polymerization.

As elsewhere, description is in terms of the embodimeant of likely initial
commercial interest. There are instances where other materials within the broad

35 category of "catalyst” may serve to initiate polymerization under the influence of
energy outside the visible spectrum. There are instances, too, in which UV, thermal
energy, or other energy may directly initiate reaction without need for a catalyst.
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Still other inclusions may be dictated. For example, one particular
15 photoinitiator was found to result in a purple-colored residue which could be
bleached by oxidation. Inclusion of <iwt.% of t-butyl hydroperoxide avoided
- discoloration.

Structure
While, in broad terms, the invention is based on composition, and is

20 independent of structure, thicker layers, in particular, benefit by the sandwich

structure shown in FIG. 1. Recording medium 1 shown consists of actinic

(oligomer-monomer derived) layer 2 between transparent plates 3 and 4. Actinic

layer thicknesses of from a few jm to 3mm have been made. Experimental films

were supported between 1mm-thick microscope slides. Thinner supports may be
25 used for small area films. Thicker and larger-area films, may benefit by supporting

plates more than 1mm in thickness to minimize distortion.

Annular plastic spacers of from 0.015 to 0.Smm have been used to fix
the spacing between the glass plates, and thereby the polymer layer thickness.
However, shrinkage of the photopolymer during cure causes stress dround the

30 spacers, with resuiting reduction in optical quality. Since storage and readout of
digital data pages by holography demands very high optical quality, an alternative
method;.which takes advantage of the in-situ precure step, is also used. In this
method, the glass plates are held by adjustable mounts which can adjust both the

, spacing and tilt of the plates. The liquid photopolymer composition is placed .
" 35 between the plates to fill the gap, and the spacing and tilt are adjusted to give an
optically flat sandwich with the proper photopolymer thickness. The spacing can be
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the photopolymer material to determine thickness in-situ. Near-infrared absorption
from polymer vibrational overtones, or visible absorption by the photoinitiator can
be used for this purpose. The tilt is very precisely adjusted to eliminate optical
wedging, using an optical interferometer, typically based on light at the helium-neon
laser wavelength of .-632nm which does not cause-curing of the photopolymer
mixture. Once the tilt and spacing are adjusted, the sample is precured while being
held. The photopolymer shrinkage which occurs during precure is uniform across
the sample, resulting in a uniform reduction in sample thickness with minimal-
distortion. Precured samples assembled by this method have had less than haif of an
optical fringe per cm of wedge or lensing in a transmission interferometer test.
Samples prepared by in-situ optical interferometry have successfully been used in
writing and reading digital page-oriented holographic data with acceptable bit error
rates. Use of absorption spectroscopy of visible and ultraviolet peaks had resulted in
accuracy of £5% in the spacing range of 50-1000pm.

Fabrication

A typical schedule is outlined:

The mixed composition was prepared in a foil-wrapped brown bottle to
avoid exposure to light. After mixing monomer and other low molecular
weight molecules, photoinitiator powder was added, and the mixture was
stirred to completely dissolve the powder. (Viscous) oligomer was added to
the solution and the resuiting mixture was stirred overnight on a jar mill to
dissolve the oligomer. Peroxide stabilizer for bleaching photoinitiator
residue was added just before use. Final compositions were filtered through
20um, 10pm (aylon) and 3pm (silver membrane) filters, in succession in a
nitrogen-pressurized stainless steel filter.

A sample of the oligomer-monomer composition was sandwiched
between giass plates.

Precuring was by flood irradiation at the A = 546nm mercury-emission
line. Precuring time was determined by monitoring in the near IR spectrum
to follow diminishing peak heights due to polymerization of acrylate groups.
The amount of unreacted monomer was measured to an accuracy of £ 2%.
The quantity of retained monomer was varied for comparison purposes -
~20% was found to be a useful compromise between wanted matrix and
exposure characteristics. (It is expected that batch-to-batch measurement
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It next passes through lens 13; is spatially filtered by a filter on plane 14; passes
through lens 15 and strikes recording medium 16. With lenses 13 and 1S5 in 4F
configuration, the mask is imaged on medium 16. Spatial filtering is effectively
carried out on plane 14 (with plane 14 on the Fourier plane for the leas pair).

15 Magnification of the mask image is determined by the focal lengths of the lenses.
One set of experiments in this co-pending application used a random binary phase
mask constituted of a 1024 x 1024 array of 20t m pitch pixels. In this illustration,
half of the randomly located pixels impose a phase-shift of 180° so that the average
phase across the beam front is zero.

20 A second incoming beam 17 is modulated by spatial light modulator
(SLM) 18. The resulting signal beam is routed through lenses 19, 20, and 21.
Corresponding lenses 22, 23, and 24 are used in readout. With both sets of lenses in
4F configuration, a Fourier transform is recorded in medium 16, and an image is
reconstructed on detector 25. (4F configuration requires focal distance spacings so

25 that, e.g. SLM-to-lens spacing is equal to the focal distance of lens 19, lens 24-to-
detector spacing is equal to the focal distance of lens 24, and lens-to-lens spacings
are the sums of the focal distances of the lenses in the pair). Omitting a single lens
in lens set 19, 20, 21 replaces the transform with the image at the medium - omitting
a lens in set 22, 23, 24 again results in image reconstruction at the detector.

30 The specifics of the arrangements of FIG. 2 are illustrative. By omitting
the phase mask, lens 13, and the spatial filter at plane 14, and by defocusing the
reference beam to obtain sufficient overlap with the signal beam, the system is
suitable for "shift holography”. The figure is intended to represent other forms of
muitiplex holography, in which successive pages are completely superimposed in the

35 same region of the medium, as weil as single-page holography (without
multiplexing).
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to "actinic" ransform or an image of the signal with enlargement or reduction, and for additional
spatial filtering for improved SNR. Individual plane waves, muitiple plane waves,
and spherical beams have been used as reference beams in more traditional
5 holography and can be used here as well. The precise position of the phase mask in

PCMH. is not critical, but, together with other elements in the reference path, must
be in the same position for recording and readout. A phase mask in contact with
SLM 18 or at image plane 26 assures uniform brightness of the signal beam for
optimal recording. The signal beam may be filtered to eliminate noise or highe-

10 order diffraction modes. 4F spacing may be replaced by other lens arrangements
either for imaging or for Fourier transform.

Writing beams at 532nm were supplied by a diode-pumped Nd:YAG
laser. The external half-angle between beams was 18.5°, resulting in an internal
angle of 12.2° and a d-spacing of 839nm. In some experiments, grating formation

15 was monitored in real-time with a HeNe laser operating at 632am.. Once holographic
recording was complete, polymer sampies could be stabilized by' a final flood cure.
A Xe lamp providing 10mW/cm? integrated radiation dose at A = 530nm stabilized
material against further photoinduced reactions (readout was not measurably affected
after unwrapped storage under ordinary room lighting for a period of 15 min.).

20 Examples - Procedures outlined under "Fabrication” were followed.
Example 1 - 40g. of isobornyl acrylate (IBA), was placed in a foil-
wrapped brown bottle. 1g. photoinitiator was added and the mixture was stirred with
a magnetic stir bar to dissolve. 60g. - polytetrahydrofuran diurethane acrylate,
mol.wt. ~2000, oligomer, was added and the mixture was stirred overnight on a jar
25 mill until homogeneous. The resulting resin was filtered in a nitrogen-pressurized
stainless steel filter apparatus through 20, 10 and 3pm filters, successively, and
. stored in a refrigerator until needed. Before sample preparation, t-buty!l
hydroperoxide (TBHP), 0.16g, was added while stirring.
Samples were prepared from this formulation by placing 0.4mL of resin
30 - allowed to come to room temperature - onto a glass plate mounted on an
interferometer stage. A second glass plate was lowered onto the resin to the desired
sample thickness using a micrometer. The outer surfaces of the glass plates were
made parallel by leveling the plates and monitoring with a reflectance interferometer.
A 20° holographic diffuser was placed on top of the sample and the sample was
35 cured to the desired level of precure by irradiation with an Hg lamp, filtered to
provide approximately 10mW/cm? of 546nm radiation while blocking radiation of
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S total gave a peak diffraction efficiency of 23%, corresponding to a grating constant

(An) of 0.00052 under these writing conditions.

Example 2 - Following the procedure of Example |, 10g N-
vinylcatbazole was mixed with 30g IBA, PI (1g), oligomer (60g) and TBHP (0.16g).
The mixture was filtered and used to prepare samples. A 210pm thick sample,

10 prepolymerized to 82% cure, resulted in a An of 0.0012.

Example 3 - Vinyl benzoate (10g) was mixed with IBA (30g) PI (1g),
oligomer (60g) and TBHP (0.16g). This resin was fiitered and used to prepare
samples. A 60um thick sample, prepolymerized to 86% cure, resuited in a An of

0.0015 under similar writing conditions.

15 Example 4 - A mixture 6f 10g of "terathane” (polytetrahydrofuran) of
moleéular weight 2000, and 2.2g of isophorone diisocyanate was heated and stirred -
mixing was complete after a few minutes. One drop of dibutyltin dilaurate was
added, and the mixture was heated to 70°C and then allowed to cool to 50°C. A 1.3g
portion of 4-hydroxymethyicyclohexene oxide, that had been prepared by the 3-

20 chloroperbenzoic acid oxidation of 4-hydroxymethyicyclohexene, was added, and

heated to a temperature of 80°C. The product was degassed under
allowed to cool.

vacuum, and

One gram of the above product was mixed by gently heating and stirring
with 0.12g of a 5% w/w solution of PI in phenoxyethyl acrylate and 0.08g of 2 5%
25 w/w solution of PI in [BA. After cooling to room temperature, 2 drops of
trimethoxyboroxine was added as an epoxy cure catalyst. The mixture was quickly
applied inside the area defined by a 0.1mm thick circular teflon spacer resting on a
glass microscope slide. The sample was covered by a second glass slide and cured at
90°C for 3h in the dark. A grating with a diffraction efficiency of about 0.5% was

30 written in the sample. As in the above examples, post-curing for 1

§ min. at room

temperature was sufficient for consumption of polymerizable groups - An, measured

before and after postcuring, varied by <10%.
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1. Recording medium comprising an active layer for recording
radiation-defined features, whereby refractive index is changed responsive to
radiation, the layer containing matrix material serving as a host to "actinic"

5  monomeric material which responds to such radiation by photopolymerization
CHARACTERIZED IN THAT '
matrix material is produced by in-situ polymerization of polyfunctional
oligomer of molecular weight 21000 during a precuring step, and in that at least

70wt.% of total monomeric material is monofunctional.
10

2. Medium of claim 1 in which the radiation is electromagnetic wave
radiation in the visible spectrum.

3. Medium of claim 2 in which both precuring and recording are in the
15  visible spectrum and in which a single photoinitiator material is used for promoting
both precuring and recording.

4. Medium of claim 3 in which the photoinitiator material is a single
component photoinitiator. '

20
5. Medium of claim 2 in which monofunctional monomer has acrylate

functionality, and is of molecular weight <500.

6. Medium of claim § in which monofunctional monomer is aromatic.

25
7. Medium of claim 5 in which bifunctional oligomer has acryiate

functionality, and is of molecular weight in the range 1000-5000.

8. Medium of claim 7 in which the oligomer has polyether backbone.
30

9. Medium of claim 2 in which the matrix material serves as a host to
additional material, such material comprising molecules which migrate in response
to such radiation, whereby dynamic range is increased.

35 10. Medium of claim 1 in which the active layer is embraced by
supporting plates, at least one of which is transparent to the radiation.

R L
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13. Method comprising holographic recording in a recording medium,
recording being attended by photopolymerization within selectively irradiated
regions, such medium comprising an active layer for recording radiation-defined

10 features, whereby refractive index is changed responsive to radiation, the layer
containing matrix material serving as a host to "actinic" monomeric material which
responds to such radiation by photopolymerization

CHARACTERIZED IN THAT
matrix material is produced by in-situ polymerization of polyfunctional

15 oligomer of molecular weight 21000 during a precuring step, and in that at jeast

70wt.% of total monomeric material is monofunctional.

14. Method of claim 13 in which radiation is within the visible spectrum,
in which precuring and recording entail polymerization of material of similar
20 reactivity with both initiated by radiation within the visible spectrum, precuring
being carried out under conditions such as to incorporate monomer material in the
matrix.

15. Method of claim 13 in which at least 20wt.% of total monomeric
25 material survives precuring.

16. Method of claim 13 in which the medium contains an additional
material which migrates in response to irradiation so as to enhance diffraction

efficiency.
30
17. Method of claim 13 including a post-curing step following recording
in which remaining monomeric material is rendered inert to radiation within the
visible spectrum.
35 18. Method of claim 13 comprising phase correlation multiplex

holography.
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PHOTO RECORDING MEDIUM
ABSTRACT:

A thick holographic recording medium suitable for use in muitiplex
holography is prepared from a solution of a bi-functional oligomer and a mono-
functional monomer. Precurihg. possibly at the same radiation wavelength used for

5 recording, cross-links the oligomer, thereby creating a host for the recording
monomer.

Figure 2




