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HOLOGRAPHI C PROCESS AND MEDI A THEREFOR -1-  Background of t HeSr¢3R8on

1. Field of the Invention 5 This invention relates to opt‘tmj’?tp Z
storage and, in partlcul ar, to optical stora achi eved enpl oyi ng
hol ogr aphy. HOLOGRAR GJ,RDCESSAI%)MED[A THEREKOR: approaches
have been suggested for the storage of infornmation. _
Background of the Invention
1, _Field of the Invention
5 This invention relates to optical storage and, in particular, to optical storage _

achieved employing holography

2._Art Background
A variety of approaches have been suggested for the storage of information. Of
10  these approaches, optical storage has long been investigated. One optical approach,
holography, although potentially offering high density storage, i.e., greater than 100
bits/um’, has never satisfied expectations. In the holographic storage approach, light
carrying the information, such as a dxgltal video image, digital data, text, or audio, is
caused to intersect a reference Ilghtbeam in the volume of a recording medium, suchas
15 lithium niobate. The resulting interference pattern produced by the interaction of the
reference and information light is denominated a hologram. In common practices,
holograms are recorded in the tﬁedium as a corresponding pattern of changesina
property of the medium, e.g. refractive index or absorption. The hologram is
reconstructed by interrogating the medium with the reference light and observing the
20  light, e.g. diffracted light, after its interaction with the medium.
The number of such holograms per unit volume that can be stored in, and
ultimately reconstructed from, the medium is a measure of information storage density.
The selectivity, i.e. the change in angle, wavelength, position, or other physical parameter
required before a new hologram can be recorded and read independently, of the
25  writing/reconstruction technique determines the useable storage density. A typical
approach for reconstructing one recorded hologram without interference from another,
i.e., for providing selectivity, is denominated Bragg selectivity. In one particular variant _
‘of such approach, each hologram is written using a different angle between the
information and reference light and then reconstructed at the corresponding reference
30 angle. Generally, the selectivity of such Bragg techniques requires a change of at least
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10 these; approaches, optical storage has-peng been investigated. One

optical approach, hol ography, although potentially offering high
density storage, i.e., greater than 100 bits/[err]n{err], has never
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hol ogrami s reconstructed by interrogating the mediumwth
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its interactjon.wt nmedi,u f such | ogr ans
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from the megidpthéredofiiSmedium. | Nformation stor age density. The
selectivity, i.e. the change in angle, wavel ength, position, or other
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vari ant relied upon) change producible in the medium. The total refractive index change is, in
turn, dependent on the volume of the medium and the absolute value of the refractive
index change induced in the composition. Since, for a given composition the waximum
15  possible refractive index change is fixed, increased storage capacity requires an increased
volume of the recording medium. Similhrly, for a given recording technique selectivity,
and thus, storage per unit volume (i.e., density) is again fixed, and thus, increased storage
requires increased volume.
To increase density and selectivity for the Bragg approach, holograms have been
20  written in relatively thick materials, i.e., materials having a thickness greater than
approximately 1| mm. Nevertheless, a monolithic, thick medium with suitable properties
has generally proven difficuit to achieve in practice. Such medium should be flat, have a
maximum refractive index perturbation, An, greater than 0.0001, have an absorption
coefficient less than 2 at the writing wavelength with a thickness deviation typically no
25 . greater than approximately 100 um, have less than 2% shrinkage on exposure, have
relatively small thermal coefficient of expansion (less than 500 ppm), and have a
sensitivity of greater than 10 per joule. Satisfaction of all these criteria with a single,
thick, monolithic structure is extremely difficult to achieve. Attempts have been made to
write holograms in stratified structures to effect a thick medium by using a multiplicity of
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of such approach, each hologramis witt8r using a different angl e between
the’ I nformati on and reference light and then reconstructed at the
correspondi ng reference 30 angle. Generally, the selectivity of such Bragg
t echni ques 131?:9}5?1&1%15 SﬁcﬁEﬁﬂﬂﬁleypﬁialltﬁitﬁde a transparent region, e.g., a glass plate,

- 2- l[err] = [err]/L degrees between adjacent holograns to allow

i ndependent wherearestcarding@ecurs (an insgtive cedien)raltemating withsegions rgspensive tchthe

reference light and L. is, the.thicknes e reqgion of i nt ection
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5 opt’ical element. (See, for example, Nordin and Tanguay, Optical Letters, 17, 1709

(1992) and Nordin, et al., Journal of the Optical Society of America A, 9, 2206 (1992).)
The formation and reconstruction of a muititude of holographic structures in a
stratified medium, however, has been met with significant obstacles. In such attempts, a

Bragg selectivity approach has been employed. The attempted use of Bragg holography
10 in a stratified medium, however, resuits in unacceptaﬁle signal to noise upon
reconstruction of holograms that have been stored as close as the total active thickness
would, in theory, allow in a correspondingly thick medium that is not stratified. That is,
" crosstalk noise (noise from other multiplexed holograms) has limited the usefulness of
stratified samples with Bragg approaches. The resulting lack of selectivity improvement
Is  severely limits the density of stored information. This phenomenon is demonstrated in
Stankus, et al., Qptics Letters, 19, 1480 (1994). As shown in FIG. 3 of that article, for
each hologram, numerous angles will yield some reconstructed output causing
undesirable interference. As noted in the Stankus article, the only apparent approach for
avoiding such problems is to employ a stratified medium where the active regions are at
20 least 15 times thicker than the inactive regions. Clearly, such approach requires a
structure which is either mechanicaily unstable or one that, because of the thickness of its
active regions, yields the same difficulties in producing flatness, uniformity, and the other
characteristics required of the active medium.
Thus, a medium and a method of recordation and reconstruction in such medium
25 that yields resolvable high information storage, has been an elusive goal.

Summary of the Invention
The applicants have found a stratified medium is employable providing the
writing technique used to record has specific invariant characteristics. That is, a
30  technique should be employed such that the selectivity essentially does not vary, i.e.
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description of these techniques. Each t echni que depends on a change of
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I ncreased vol une. To increase density and selectivity for the
Bragg approach, hol ograns have been 20 witten in relatively thick

mat eri ajg, Pﬁ&m@%wg t hi ckness greater than-
approxi mat el'y nm Ve ess, nmonolithic, thick nmediumw th suitable
properties Fig. 1 isillasteptive ofibtratiffedanedia;dindf i cult to achieve in practice. Such

medi um shoui__,d ge flat, haye a
ig. 2 is illustrative of an apparatus useful in practicing the invention.

Detailed Descripti |

15 As dxscussed, the ability to write and reconstruct a large number of holograms,
i.e., greater than approximately (L/5A ) where L is the thickness of a single active layer,
and A is the wavelength of light used, depends on employing a technique with invariant
selectivity characteristics. (A stratified medium is one having at least two active regions
where the active regions are separated by an inactive region and where the median

20 thickness of the active regions, as compared to the inactive regions, is no greater than 10
to 1 advantageously no greater than 5:1.) |

" As previously discussed, stratified media have altemanng active and inactive

regions. For active regions having mechanical stability such as crystailine layers, ¢.g
lithium niobate layers, at least 200 um thick, it is possible for the active region to be the

25  outermost layer. However, for many active media and especially for polymeric active
media, the outermost layers are generally inactive, and such outermost inactive layers are
denominated substrates, 1 in Fig. 1. The inactive region(s) 2 and/or the substrate(s), 1,
typically provide mechanical stability for this stratified medium. Inactive regions should
have 1) observed strain as measured by a level of birefringence less than 1 .part in 10°, 2)
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maximum refractive index perturbation, [€FT]n, greater than 0.0001, have an
absor ption coefficient less than 2 at the witing wavelength with a
t hi ckness devi ati on typl cally no 25 greater than approximtely 100 [err]m

have |ess thang2ashh t&&@é&mow@éﬁl the uneprf‘éd%hV@iaZex% "Gd!3) an

t hermal coef C|ent 0 expan5|on (l'ess than 500 ppm, hav

sensitivity dp‘ucelrafbab@noh lhess thhﬁ[l@%étﬂmqurmdeéxghﬁaterq&a@velemh.f Gehérally\ese
criteria with a single, t_hl% oI| |cs ucéur,eis,etre |y
difficult tolismlay slasses Mobanfarming /059, acisniaz glass 5o td by Corging, @i 85 in
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a gl ass py atig,addition to the requirements for inactive layers, should have an antireflection coating
't'or the used wavelength, on the order of one wave for | cm’ of area flatness, a
birefringence less than 1 part in 10%, and a thickness of 500 um to 4 mm (preferably 500

~pm to 2 mm) In addition, it is useful to coat this substrate with an antireflective layer for
the reference wavelength spectrum used. Typically, dimensions for the inactive region
10  and the substrate region are respectively between 10 um and 3 mm and between 500 pm
and 3 mm in thickness. Thicknesses greater than 3 mm are undesirable between layers
because they make the stack overall thickness too large, while thicknesses less than 10
pum lead typically to mechanical instability and a difficulty of fabrication. Althoughnota = -
limitation on the invention, typically it is desirable to maintain a total thickness less than
15 5 mm so that compatibility with current optical disk technology is easily achievable. Size
of the gross dimension of the substrate is also not a limitation on the invention, but
practically should be typically in the range to allow compatibility with generally
obtainable optical components such as 5 1/4 inch disks.
The active region, for example 3 in Fig. 1, should also have the strain uniformity
20  properties described for the inactive region with a total media absorption coefficient less
than 2. Additionally, the active regions should be sensitive, i.e., undergo a refractive
‘index change (or other property change) upon application of the reference light. For
example, the active region includes a photochromic material or a photorefractive material
such as lithium niobate or a photorefractive polymer. Typically, sensitivities in the range
25 of 107 per joule are desirable. (Sensitivity is defined as refractive index changes per
joule per cm? of applied emergy.)' Sensitivities less than 10°* per joule yield systems.
which record either very slowly or require too much laser power. Sensitivities greater
than 10 are typically not a limitation on the invention, but possibly lead to media which
must be carefully stored and processed to avoid inadvertent exposure.
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where nq recording occurs (an inactive +&gion) alternating with regi ons
responsive to the recording light (active regions). Such stratified
structures have been shown useful for many applications involving the
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stratified pRaidedhiiiBéroflatermating 19erse YTk thickids of each active region need not be
| precisely the same provided the median thickness satisfies the criteria discussed above.)
The selectivity, as measured in the X direction (in the plane of intersection of the
15 two beams) is not necessarily the same as measured in the Y direction. For purposes of
determining whether the selectivity satisfies the desired criterion relative to thickness
variation measurement in the X direction is employed. Exemplary of recordation
methods when employed with a stratified medium that yields the desired inventive result
are those described in co-pending U.S. Patent Application Serial No. 08/435705, filed
20 May 5. 1995 (Curtis-Wilson 2-6), which has been incorporated by reference herein.

The following examples are illustrative of the invention.

Examplel
The apparatus shown in FIG. 2 was employed. The angle between the object

25  beam, 15, and the referenice beam, 11, was maintained at 70 degrees. The power at the
sample of the object and reference beam was 1 mW each. The beam spot size was
approximately S mm in diameter. Each beam had but one polarization, and the
polarizations of the two beams were both horizontal in direction. A doubled neodymium’
YAG diode pumped laser (532 nm) was used as the source for the reference beams, 11,
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20 7Iea&t 15 tinmes thicker than the inae+ve regions. Cearly, such
approach requires a structure which is either nmechanically unstable
or one that, because of the thickness of its active regions, yields
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phasemask, 10. This mask was a pixelated array having square abutting pixels. The
gross dimension of the mask was 2 cm on a side, and the size of the pixels varied, but all
~ pixels in a column were of the same size. The pixels forming a column along one edge of
the mask were all 15 um in dimension. The size of the pixels decreased linearly to a
10  pixel of approximately 5 um situated in the center column of the mask. From this pixel,
moving outward, the dimensions of pixels in each column increased linearly until the
column of pixels on the opposing side of the mask was reached, which also had a
dimension of 15 pm. Approximateiy a million pixels were present on the mask. The
phaseshift induced by each pixel was set by etching each pixel to a depth adequate to
1s  produce the desired phaseshift. The phaseshift of each pixel was randomly chosen, but
- phaseshifts of zero and & were the only levels of phaseshift employed.
The beam exiting the phasemask was then directed through two lenses, 17 and 18,
to reimage the mask on the material. The two lenses employed were a 189 mm 2.8
Nikon camera lens and a 90 mm £1.80 Nikon camera lens. The 180 mm lens intercepted
20 the beam first. The distance between the two lenses were adjusted by directing a
planewave through the first lens and adjusting the spacing until a planewave exited the
second. A glass plate, 25, with a chromium layer measuring | cm on each edge.
positioned centraily, was inserted at the Fourier plane between the lenses and' positioned
using XY stages to block most of the zero™ order which contains the low frequency
25 components of the resulting Fourier transform as well as correcting, at least in part, for
phase errors in the mask. The image exiting the 90 mm lens was impinged on the sample
that was placed approximately at the focal distance of the 90 mm lens. The sample beam .
was produced by illuminating a modulator, 29 with a planewave 15, and the image was a
checkerboard pattern of 640 x 480 pixels. The pixel size was approximately 42 pm. A
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-4- : varies |l ess than 5%over a &% change of nedium thickness for a
Si ngI e active region. This determ nation should be nade when the
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medi um t hi ckpe f C l.on procedure
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Appl i cation kidtatdlp 17 R8/ 1@0iafimensidRhvidip/4 Dum ke pxxels anﬁ@d{ﬁléyﬁné’\ﬂ son
- 2-6), which hereby i ncor por at ed _[tx)_é\sreference i s enpl oyed- an
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appr oxi mat el,y.. 20 bits/ otal, acti.v m t hi ckness of
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Dr awi ngs reconfd'tﬁtloﬂ-) | Sthér 1&&58&:&&1&&&%&5 281402 ahd D2 WhithAkdte udiddo image thEl 9 2
S |IIustrat|ve of an’ apparatus useful in practicing the invention.

modulator 29 onto the phasemask 23 and Fourier transform the result onto the medium

13.

Imaging the reconstruction was done employing a 85 mm f1.4 Nikoan lens, 19, to
produce an inverse Fourier transform with detection employing a Princeton Instruments
10  Scientific charge couple device detector. Additionally, a second lens, 20, was employed
between the inverse Fourier transform lens and the detector, 33, to control the size of the
image at the detector. The distance between the sample and the iens was approximately
90 mm. The position of the detector was adjusted so that the portion of the image of
interest fit within the field of the detector. Intensity of the reconstructed image was
IS measured utilizing a Newport Research 1835 Intensity detector which integrated the
intensity present at the reconstruction plane.
The image was written in a sample with alternating glass regions and polymer
regions. This stratified medium is described in U.S. Patent Application V. L. Colvin 1-2-
16-10, which is hereby incorporated by reference. Briefly, the sample included either 2,
20 3, or 4 glass regions measuring each approximately 150 pum in thickness and having an
outside dimension of approximately 1 1/2” x 2 to 3”. The polymer employed had an
isobornyl acrylate -polytetrahydrofuran diurethane diacrylate matrix with n-vinyl
carbazole distributed in the matrix. The mole percentage of n-vinyl carbazole, relative to
total acrylate, was approximately 25%. Sufficient amount of the polymer was poured
25 between slides to produce a polymer covered region approximately 100-150 um in
thickness with an irregular outside dimension approximately 1 1/2” in diameter. (The
thickness was measured using interferometry and/or infrared spectroscopy.) Each
polymer region was cured to about 80% using a Mercury lamp and a fiiter passing only
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Det ai | ed Description 15 As di seatssed, the ability to wite and
reconstruct a | arge nunber of hol ograns, I .e., greater than
approximately (L/5[err]) where L is the thickness of a single active |ayer,
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one havi ng ghedstrRthe Aniburit &F adr¢latea@malifing after cudhier € the active regions are
separated by an inactive region and where the nedian 20 thickness of the
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to 1 advant ageously. no greater 1) . As_previousl
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regi ons. sFOrfols hiiiifted @M Fltkrad Mcui tdiip (cuirihg Wavblehdth ¥pprokimatdly 56 &ind! | | ne
| ayers, e.g l'ithium ni obate | ayers, at [least 200 err]mtﬁlck, I't is

possi bl e f orThisfurther ¢uringrwasiperformed o ensuse it thesamplesweere inastive anddhatver , f or
many active dia and especially for polyneric active nedi a, the

out er nost Iﬁ@%@%@%%ﬂctive, and such outernost inactive |ayers
are denon ngje! 3?&@2{5&:{ E@@m%&oﬂsﬁ?&d LR Latghud 865c ) 2
and/ or the substratg?g , 1, . typically #row t#\%c ani cal s{tqa Ility
for this st rabové,iand siwawh inBIG. 32 The selectivity achiewdddinithis Examplehwasapfioxirhatelyv ed

strain as neasured by a |level of birefringence less than 1 part in 10[err],
2) 10 Spm.

Exampie 2
The procedure of Example 1 was employed, except the samples were iron doped
(0.05% concentration) lithium niobate. Lithium niobate samples were cither 500 pm or 1
1S mm in thickness, and were cieaved and polished with the c-axis laying in the plane of the
material and along the plane of intersection of the beams. They measured approximately
25 x 35 mm. A microscope slide approximately 1 mm in thickness was inserted between
two of the lithium niobate crystals. The recordation process of Example 1 was employed,
_ except the exposure time was approximately 20 minutes. The resulting reconstructed
20 image showed a selective of about 5 um. '
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- 5- . a refractive index that devi-el0es | ess

unexposed active layers, and 3) an opti cal: m i“" l an 10%
at the reference |light average wavel engt h. General g gI asses
such as Cor€hAI¥S7059, a display glass sold by Corni ng, satlsfy all these
criteria. However, other materials such as polyners are acceptabl e.

- Substrates, genelall process forirecording in wstratified meediumy saideprecess cdmprisimathei ve
| ayers, shoul d have an antir.ef| atin or th use
wavel engt h, steps af} h@‘émﬂﬂ?éﬁ&é\/‘@ﬁ?ﬁ? i‘ﬂ{@??"}chd{m F’P&P ess, a
bi refringen ; mto
2 1 (pr of oisgyeain | Incialt por Sid e “%M‘%E‘gééh??zﬁﬂﬁm?@%ﬁ%
coat thps sphirid of variatibh irbat least a pertibe of said régiots B) using a techniqub dorrproeidingce
wavel ength spectrum used. Typically, fd| mensi ons for the inactive region
selectivity, repeating said production of a pattern such that said patterns are
reconstructable from said medium by mtgrrogaung said medium with reference light
wherein said medium comprises at least two active areas separated in the propogation
direction of said incident reference light by an inactive area such that the ratio of the
10  average thickness of said active areas to the thickness of said inactive area is smaller than
10:1 and wherein said technique for producing selectivity is such that if employed in
recording overlapping patterns of varying refractive index in a single layer the number of
said patterns that are reconstructable is essentially invariant to the thickness of said single -
layer.
15
2. The process of claim 1 wherein said active area comprises a photorefractive

material.

3. Theprocessofcléim 1 wherein said active area comprises a material that is
20 induced to polymerize upon radiation.

4. The process of claim 1 wherein said active area comprises a photochromic
material.

25 §. The process of claim 1 wherein said active area comprises a monomer
sensitive to said signal light |

6. The process of claim 3 wherein said monomer undergoes a photo-induced

polymerization.
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10 and.the substrate region are respechlirel y bet y m and

and bet ween 500 [err]m and 3 mMqmin thi cknes "ﬂ i ater
than 3 mm are undesirabl e between | ayers e st ack
overal |l thickness topo |arge, while thicknesses Iess than 10 [err] m

| ead typically to mechanical . instability and a difficulty of fabrication.
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I nvention, but practically should be typically in the range to allow
conpati bility wi8hThgeprocessiof claim 1 wheitin said inagtivpares edmprisepghent s such as 5
1/ 4 incé disks. : The active region, for exanple 3 in Fig. 1,

shoul d al so have the strain uniformty 20 properties described for "the

I nactive region gy THe frobdds df | a,,&pﬁﬂ g,_nargg ¢£=§ F'lm%? t han
2. Additionally, the act%e ?[eigrﬂéns S o% e sensitive BI’ ﬁiaberr]x €rgo a

refractive i ndex change (or other property change) upon application
of the reference, light For i rrpl e, the actjive region includes a
phot ochroni ¢ mat ¥ Hie prpcess phelaim said medium includes a substrate as |t hi um

ni obate or a photorefractive pol yner. Typr cally, sensitivities in the range
25 of 10[err] per joule are desirable. (Sensitivity is defined as

refracl®ve i ndexiiclirgeocess of claim 1 wheteiesdid techitiue for pRividing seleaivity is

Sensitivities |ess than 10[err] per joule yield systens whi ch record
ei t her ver ycostelasion mytiplex bolograpby. much | aser power. Sensitivities greater

12. A recording medium having regions with a muitiplicity of patterns of
variation, said patterns produced by a first interaction of signal light and reference light
15  followed by subsequent interactions of a signal light and said reference light wherein said
medium comprises at least two layers containing said patterns separated by a layer
| essentially without patterns wherein the ratio of the average thickness of said layers with
said pattern to the thickness of said layer essentiaily without pattern is smaller than 10:1
and wherein said multiplicity of patterns are reconstructable.

- 20
13. The medium of claim 12 wherein said layer with patterns comprises a
polymer. '
25 14. The medium of claim 12 wherein said layer with patterns comprises a photo-
induced polymerization polymer.

1S. The medium of claim 12 wherein said layer with patterns comprises a
photorefractive material.
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than 10['err] are typically not a linitatiddn on the ossi-bly
| ead to nmedi a which must be carefully stored lw '!kmwml avoi d
f nadvertent exposure. e dynankC range
of the medium should have a M nunber greater : than 10. M nunber is
related to the quantity [err]n[err]L[err] (where L[err] is the thickness of
just the active 16itFhe mediuniaf claimd whereinisaidrpattérnlis farmed by coelation Letters
21(12), p. 896, (1996). A {M nunber less than 10 yields a

subst ant i al myltiplex-holegraphy.ffraction efficiency 5 for a |arge number
(greater than 1,000) of overlapped hol ograms and, therefore, results in

a substantially reduced | ntensity of reconstructi on and limts the

i nformation storage
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density. Cenerally, the nunber of activelBayers of a given materi al

det érm nes the anmount of information that ultimately can be stored and
reconstructed. HoweveproddA®rrc- PrROCESY ARD MEDEA iREFoROT | ayers, generally
the greater the cost and/or difficulty of 10 nmanufacturing. Thereforeé,
typically, ijpdrgagpsirable to limt the nunber of |ayers provided - the
total storage am)unt desired for a particular application is achievable

i h
bachact tve regi dB %%%#%éﬁ%ﬁ%ﬁ%ﬁé@%ﬁg spfiifafe achibigbit Wi ASaaNAL
t hi ckness sahédibm Gehile1Baift a felativey Bigh eeladtivity upon reconstruction of t]ibetored
i E]

selectivity, as neasured in the X direction (in the plane of intersection

of the 15 timegeseSush combingtion efhigh density mﬁ@%&cwmagmwww the Y

cat i1 o8 ¢ rEnyBHRE 3R oy B HoRg R ek ety bt

measur ement ikh fe cRAédsOn is enpl oyed. Exenplary of recordatl on
nmet hods when enployed with a stratified nediumthat yields the desired
inventive result are those described in co-pending U S. Patent
Application Serial No. 08/ 435705, filed 20 My 5. 1995 (Curtis-WIson
2-6), which has been incorporated by reference herein. The
foll owing exanples are illustrative of the invention. Exanple 1
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The apparatus shown in FIG 2 was enployed. The angl e between the object 25
beam 15, and the reference beam 11, was naintained at 70 degrees. The
power at the sanpl e of the object and reference beamwas 1 m/\ each.
The beam spot size was approximately 5 mmin dianeter. Each beam had
but one polarization, and the pol a¥i'zati ons of the two beans were
both horizontal in direction. A doub!?ggg;ody fum YAG di ode punped

| aser (532 nm was used as the sourc t*he Feference beans, 11,

e and object beam 15. The two beans were generated using a beam
splitter. The
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2adAnt Backgiiouad: ed t hr ough two | enses, 17 and 18, to rei mge

n the material. The, t nses enpl oyeq were a 180 nmm 2.8

I
ra | eAsValsE of approaches haye begnyge kUestrag 1 @hs
these approaches, optical storage has long been investigated. One optical approach,

holography, although potentially offering high density storage, i.e., greater than 100
bits/um?, has never satisfied expectations. In the holographic storage approach, light
cdrrymg the information, such as a digital video image, digital data, text, or audio, is

- caused to intersect a reference light beam in the volume of a recording medium, such as

15

20

25

lithium niobate. The resulting interference pattern produced by the interaction of the
reference and information light is denominated a hologram. In common practices,
holograms are recorded in the medium as a corresponding pattern of changes ina
property of the medium, e.g. refractive index or absorption. The hologram is
reconstructed by interrogating the medium with the reference light and observing the
light, e.g. diffracted light, after its interaction with the medium.

The number of such holograms per unit volume that can be stored in, and
ultimately reconstructed from, the medium is a measure of information storage density.
The selectivity, i.e. the change in angle, wavelength, position, or other physical parameter
required before a new hologram can be recorded and read independently, of the
writing/reconstruction technique determines the useable storage density. A typical
approach for reconstructing one recorded hologram without interference from another,
i.e., for providing selectivity, is denominated Bragg selectivity. In one particular variant

‘'of such approach, each hologram is written using a different angle between the

30

information and reference light and then reconstructed at the corresponding reference
angle. Generally, the selectivity of such Bragg techniques requires a change of at least
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20 *the beamfirst. The distance between the two | enses were adjusted by

directing a pl anewave through the first I ens and adjusting the spacing
until a planewave exited the second. A glass plate, 25, with a
chromium | ayer neasuring 1 cmon each edge positioned centrally, was

I nserted at the Fourier plane between the | enses and positioned usi ng

XY stages to block nost of the zero[err]’%)'ider whi ch contains the | ow
frequency 25 conponents of the resulting Fourier transformas well as
correcting, at least in part, for phase errors in the nmask. The inage
exi ting theA®9 Mindegress hetisecnradjacemtchotograthetosallopt independent récansteystiopl aced

NBS. b oducdihes } i8 b HAHIFREh Af M5 deleEnet 10190 A R BekERaL B TEORR | he
Q,a”gggp\g?i « ﬁﬂ%ﬁgﬂipﬁ%ﬁﬂ%ﬂtﬂnﬂ@é Aridf fgrl 1iPRG OtidPthefods bot providing! xel si ze

selectivity are peristrophic and fractal multiplexing. See Curtis et al., Qptics Letters, 19

5 (13), 993 (1994), Psaltis et al., SPIE Procsedings, 963 70: 1988 ICO Topical Meeting on
Optical Computing Toulon. respectively, for a description of these techniques. Each
technique depends on a change of orientation between the reference beam, signal beam,
and/or the recording medium.

Although selectivity is one primary factor affecting signal to noise ratio of the

10  reconstructed hologram, and the storage density of the memory, it is not the only factor.
A second primary factor is the total refractive index (or other medium property being
relied upon) change producible in the medium. The total refractive index change is, in
turn, dependent on the volume of the medium and the absolute value of the refractive
index change induced in the composition. Since, for a given composition the maximum

15 possible refractive index change is fixed, increased storage capacity requires an increased
volume of the recording medium. Similarly, for a given recording technique selectivity,
and thus, storage per unit volume (i.e., density) is again fixed, and thus, increased storage
requires increased volume.

To increase density and selectivity for the Bragg approach, holograms have been

20  written in relatively thick materials, i.e., materials'having a thickness greater than
approximately 1 mm. Nevertheless, a monolithic, thick medium with suitable properties
has generally proven difficult to achieve in practice. Such medium should be flat, havea
maximum refractive index perturbation, An, greater than 0.0001, have an absérption
coefficient less than 2 at the writing wavelength with a thickness deviation typically no

25  greater than approximately 100 wm, have less than 2% shrinkage on exposure, have
relatively small thermal coefficient of expansion (less than 500 ppm), and have a
sensitivity of greater than 103 per joule. Satisfaction of all these criteria with a single,
thick, monolithic structure is extremely difficult to achieve. Attempts have been made to
write hc;lograms in stratified structures to effect a thick medium by using a multipligity of

REPLACEMENT SHEET

17 OCT 1997




phase di ff
appr oxi mat

user, 23, was enployed in the object arm REPLAGEMSHEEI r was

ely 1[err] x 1 1/4[err] in dinension havirg|42 [err] msquar

pi xel s and enpl oyi ng an array measuring 640 x 4E -p<?~¢ B1997Thits| .
di ffuse was optional but was enployed to diffysgq the 1 ght engrgy at
t he sanple and, thus, produce a higher gyality inmagq U

reconstruction.) Clher | ens enpl oyed were 21, 40, arfd 22 which were uged to
nodul at or 29 onto the phasemask 23 and Fourier transformthe

Shi 5P S ufstructyref Bypisally inglude ayransh PR Bgioh Ko ' £EASHEECL | O VAS

i mage the
result ont
done enpl o
Fourier tr
Scientific
was enpl oy
det ect or,

di st ance b
positiog
|nterest f
reconstruc
Intensity

10

et tetbrdthgREAS (AP ihatrive refiofipalridting athegions tekpufiBive 3o H2

charge coupl'e device detector. Additionally, a second |ens,

getording lxbmt(amm regions)n Sueh; stratified iswuctunes havechesn shoven usedultfor:

20,

&%@n Gt S B B Rk oGRS T

mnm The

NSdnQnl gﬁa?eQEﬁﬁﬂ !I.Eﬂ::?f mage of-
| I'n th((é%?:,fgf%iﬁg#ﬂ?he det eclt.pgir1 ntenS| ty o 1#1'?09

t(b&92|) amgHonhn, et al., Joums i e AR 2206 (1P92RP5
det ect L c\al\l{nn'lxa(t;lgn Ianp e%ggngu%uw ofa multitude of holographic structures in a

stratified medium, however, has been met with significant obstacles. In such attempts, a
Bragg selectivity approach has been employed. The attempted use of Bragg holography
in a stratified medium, however, results in unacceptalile signal to noise upon
reconstruction of holograms that have been stored as close as the total active thickness
would, in theory, allow in a correspondingly thick medium that is not stratified. Thatis,

 crosstalk noise (noise from other multiplexed holograms) has hmlted the usefulness of

1S

20

30

stratified samples with Bragg approaches. The resulting lack of selectivity improvement
severely limits the density of stored information. This phenomenon is demonstrated in
Stankus, et al., Optics Letters, 19, 1480 (1994). As shown in FIG. 3 of that article, for
each hologram, numerous angles will yield some reconstructed output causing
undesirable interference. As noted in the Stankus article, the only apparent approach for
avoiding such problems is to employ a stratified medium where the active regions are at
least 15 times thicker than the inactive regions. Clearly, such approach requires a
structure which is either mechanicaily unstable or one that, because of the thickness of its
active regions, yields the same difficulties in producing flatness, uniformity, and the other
characteristics required of the active medium.

Thus, a medium and a method of recordation and reconstruction in such medium
that yields resolvable high information storage, has been an elusive goal.

Summary of the Invention

The applicants have found a stratified medium is employable providing the
writing technique used to record has specific invariant characteristics. That is, a
technique should be employed such that the selectivity essentially does not vary, i.e.
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approach having the required characteristics--a total storage of approximately 200
bits/um in a total active medium thickness of 2mm is obtainable for a stratified medium.

Brief Descrintion of the Drawi
Fig. 1 is illustrative of stratified media; and
Fig. 2 is illustrative of an apparatus useful in practicing the invention.

Detailed Descrinti

As discssed, the ability to write and reconstruct a large number of holograms,
i.e., greater than approximately (L/5A ) where L is the thickness of a single active layer,
and A is the wavelength of light used, depends on employing a technique with invariant
selectivity characteristics. (A stratified medium is one having at least two active regions
where the active regions are separated by an inactive region and where the median
thickness of the active regions, as compared to the inactive regions, is no greater than 10
to 1 advantageously no greater than 5:1.) _

As previously discussed, stratified media have alternating active and inactive
regions. For active regions having mechanical stability such as crystalline layers, e.g
lithium niobate layers, at least 200 um thick, it is possible for the active region to be the
outermost layer. However, for many active media and especially for polymeric active
media, the outermost layers are generally inactive, and such outermost inactive layers are
denominated substrates, 1 in Fig. 1. The inactive region(s) 2 and/or the substrate(s), 1,
typically provide mechanical stability for this stratified medium. Inactive regions should
have 1) observed strain as measured by a level of birefringence less than 1.part in 10%, 2)
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display glasses such as Corning 7059, a display glass sold by Corning, satisfy all these
criteria. However, other materials such as polymers are acceptable. Substrates, generally
5 inaddition to the requirements for inactive layers, should have an antireflection coating
.t’or the used wavelength, on the order of one wave for 1 em’ of area flatness, a
birefringence less than 1 part in 10*, and a thickness of 500 um to 4 mm (preferably 500
" um to 2 mm) In addition, it is useful to coat this substrate with an antireflective layer for
the reference wavelength spectrum used. Typically, dimensions for the inactive region
10  and the substrate region are respectively between 10 um and 3 mm and between 500 pm
and 3 mm in thickness. Thicknesses greater than 3 mm are undesirable between layers
because they make the stack overall thickness too large, while thicknesses less than 10
_um lead typically to mechanical instability and a difficulty of fabri’cation. Although nota
limitation on the invention, typically it is desirable to maintain a total thickness less than
1S S mm so that compatibility with current optical disk technology is easily achievable. Size
of the gross dimension of the substrate is also not a limitation on the invention, but
practically should be typically in the range to allow compatibility with generaily
obtainable optical components such as 5 1/4 inch disks.
The active region, for example 3 in Fig. 1, should also have the strain uniformity
20 properties described for the inactive region with a total media absorption coefficient less
than 2. Additionally, the active regions should be sensitive, i.c., undergo a refractive
index change (or other property change) upon application of the reference light. For
example, the active region includes a photochromic material or a photorefractive material
such as lithium niobate or a photorefractive polymer. Typically, sensitivities in the range
25 of 107 perjoule are desirable. (Sensitivity is defined as refractive index changes per
joule per cm? of applied energy.) Sensitivities less than 10°® per joule yield systems
which record either very slowly or require too much laser power. Sensitivities greater
than 107 are typically not a limitation on the invention, but possibly lead to media which
must be carefully stored and processed to avoid inadvertent exposure.
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than 10. M number is related to the quantity Ang g Lrom (Where Ly, is the thickness of
just the active material) and is defined in F. Mok et. al. Optics Letters 21(12), p. 896
(1996). A {M} number less than 10 yields a substantially decreased diffraction efficiency
for a large number (greater than 1,000) of overlapped holograms and, therefore, results in
a substantially reduced intensity of reconstruction and limits the information storage
density. Generally, the number of active layers of a given material determines the
amount of information that ultimately can be stored and reconstructed. However, the
greater the number of layers, generally the greater the cost and/or difficulty of
manufacturing. Therefore, typically, it is desirable to limit the number of layers provided
the total storage amount desired for a particular application is achievable using the
intended number of alternating layers. (The thickness of each active region need not be

precisely the same provided the median thickness satisfies the criteria discussed above.)

The selectivity, as measured in the X direction (in the plane of intersection of the
two beams) is not necessarily the same as measured in the Y direction. For purposes of
determining whether the selectivity satisfies the desired criterion relative to thickness
variation measurement in the X direction is employed. Exemplary of recordation
methods when employed with a stratified medium that yields the desired inventive resuit
are those described in co-pending U.S. Patent Application Serial No. 08/435705, filed
May 5. 1995 (Curtis-Wilson 2-6), which has been incorporated by reference herein.

The following examples are illustrative of the invention.

Example1 |

The apparatus shown in FIG. 2 was employed. The angle between the object
beam, 15, and the reference beam, 11, was maintained at 70 degrees. The power at the
sample of the object and reference beam was 1 mW each. The beam spot size was
approximately 5 mm in diameter. Each beam had but one polarization, and the
polarizations of the two beams were both horizontal in direction. A doubled neodymium
YAG diode pumped laser (532 nm) was used as the source for the reference beams, 11,
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said patterns that are reconstructable is essentially invariant to the

t hi ckneass lefigth 1.4 Nikorytamera lens. Thegesulting planewave, 11, was then passepttbrqugheess of
claim 1 whel ik 16! P i ¥aS3 pbRId S83 BvRE 4SS LERRL pikels. The
gross dimension of the mask was 2 cm on a side, and the size of the pixels varied, but all
pixels in a column were of the same size. The pixels forming a column along one edge of
the mask were all 15 um in dimension. The size of the pixels decreased linearly toa
10  pixel of approximately S um situated in the center column of the mask. From this pixel,
moving outward, the dimensions of pixels in each column increased linearly until the
column of pixels on the opposing side of the mask was reached, which also had a
- dimension of 15 um. Approximateiy a million pixels were present on the mask. The
phaseshift induced by each pixel was set by etching each pixel to a depth adequate to
15  produce the desired phaseshift. The phaseshift of each pixel was randomly chosen, but
phaseshiﬁs of zero and = were the only levels of phaseshift employed.

The beam exiting the phasemask was then directed through two lenses, 17 and 18,
to reimagé the mask on the material. The two lenses employed were a 180 mm £2.8
Nikon camera lens and a 90 mm £1.80 Nikon camera lens. The 180 mm lens intercepted

20 the beam first. The distance between the two lenses were adjusted by directing a
planewave through the first lens and adjusting the spacing until a planewave exited the
second. A glass plate, 25, with a chromium layer measuring 1 cm on each edge
positioned centraily, was inserted at the Fourier plane between the lenses and positioned
using XY stages to block most of the zero™ order which contains the low frequency

25 components of the resulting Fourier transform as well as correcting, at least in part, for
phase errors in the mask. The image exiting the 90 mm lens was impinged on the sample
that was placed approximately at the focal distance of the 90 mm lens. The sample beam
was produced by illuminating a modulator, 29 with a planewave 15, and the image was a
checkerboard pattern of 640 x 480 pixels. The pixel size was approximately 42 pm. A
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phase diffuser, 23, was employed in the object arm. This phase diffuser was
approximately 1” x 1 1/4” in dimension having 42 um square pixels and employing an
array measuring 640 x 480 pixels. (This diffuse was optional but was employed to
diffuse the light energy at the sample and, thus, produce a higher quality image upon
5 reconstruction.) Other lens employed were 21, 40, and 22 which were used to image the
modulator 29 onto the phasemask 23 and Fourier transform the result onto the medium
13.
Imaging the reconstruction was done employing a 85 mm f1.4 Nikoa lens, 19; to
produce an inverse Fourier transform with detection employing a Princeton Instruments
10  Scientific charge couple device detector. Additionally, a second lens, 20, was employed
between the inverse Fourier transform lens and the detector, 33, to control the size of the
image at the detector. The distance between the sample and the lens was approximately
90 mm. The position of the detector was adjusted so that the porﬁbn.of the image of
interest fit within the field of the detector. Intensity of the reconstructed image was
1S  measured utilizing a Newport Research 1835 Intensity detector which integrated the
intensity present at the reconstruction plane.
The image was written in a sample with alternating glass regions and polymer
‘regions. This stratified medium is described in U.S. Patent Application V. L. Colvin 1-2-
16-10, which is hereby incorporated by reference. Briefly, the sample included éither 2,
20 3, or 4 glass regions measuring each approximately 150 um in thickness and having an
outside dimension of approximately 1 1/2” x 2 to 3. The polymer employed had an
isobornyl acrylate ~polytetrahydrofuran diurethane diacrylate matrix with n-vinyl
carbazole distributed in the matrix. The mole percentage of n-vinyl carbazole, relative to
total acrylate, was approximately 25%. Sufficient amount of the polymer was poured
25  between slides to produce a polymer covered region approximately 100-150 um in
thickness with an irregular outside dimension approximately 1 1/2” in diameter. (The
thickness was measured using interferometry and/or infrared spectroscopy.) Each
polymer region was cured to about 80% using a Mercury lamp and a filter passing only
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8. The process of claimjl V\hq:rmgqqgﬂ |n ctive

green light. - The level of cure was determined by employing infrared spectrometry to
measure the amount of acrylate remaining after curing.

Recording was done utilizing the above-described apparatus and sample with a
recording time of approximately 1 second. After recordation, the samples were postcured
for S minutes using a filtered Mercury lamp (curing wavelength approximately 560 nm).
This further curing was performed'to ensure that the samples were inactive and that
additional recording did not occur.

The recorded images were reconstructed again using the apparatus described .
above, and shown in FIG. 2. The selectivity achieved in this Exampie was approximately

5 pm.

Example 2
The procedure of Example 1 was employed, except the samples were iron doped

(0.05% concentration) lithium niobate. Lithium niobate samples were either S00 pm or 1

mm in thickness, and were cleaved and polished with the c-axis laying in the piane of the
material and along the plane of intersection of the beams. They measured approximately
25 x 35 mm. A microscope slide approximately 1 mm in thickness was inserted between
two of the lithium niobate crystals. The recordation process of Example 1 was empioyed,
except the exposure time was approximately 20 minutes. The resulting reconstructed
image showed a selective of about 5 um.

claimljwherein
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patterns wherein the ratio of the average thickness of said |ayers with
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layer W t NpRedeb G5 F) 1§ MBRdent igorfsaid medium in a region and 2) causes the production of a

5  pattern of variation in at least a portion of said region, B) using a technique for providing

éelectivity, repeating said production of a pattern such that said patterns are

reconstructable from said medium by interrogating said medium with reference light

wherein said medium comprises at least two active areas separated in the propogation
direction of said incident reference light by an inactive area such that the ratio of the
10  average thickness of said active areas to the thickness of said inactive area is smaller than

10:1 and wherein said technique for producing selectivity is

such that if employed in

recording overlapping patterns of varying refractive index in a single layer the number of

 said patterns that are reconstructable is essentiaily invariant to the thickness of said single

layer.
15

2. The process of claim 1 wherein said active area comprises a photorefractive

material.

3. The process of claim | wherein said active area comprises a material that is

20 induced to polymerize upon radiation.

4. The process of claim 1 wherein said active area comprises a photochromic

material.

25 S. The process of claim 1 wherein said active area comprises a monomer

sensitive to said signal light

6. The process of claim 3 wherein said monomer undergoes a photo-induced

polymerization.
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7. This process of claim 3 wherein said material comprises a polymer material

having a monomer distributed in said matrix.
8. The process of claim 1 wherein said inactive area comprises glass.
9. The process of claim 1 wherein inactive area comprises polymer material.
10. The process of claim 1 wherein said medim includes a substrate

11. The process of claim 1 wherein said technique for providing selectivity is
correlation multiplex holography.

12. A recording medium having regions with a multiplicity of patterns of
variation, said patterns produced by a first interaction of signal light and reference light
followed by subsequent interactions of a signal light and said reference light wherein said
medium comprises at least two layers containing said patterns separated by a layer
essentially without patterns wherein the ratio of the average thickness of said layers with
said pattern to the thickness of said layer essentially without pattern is smaller than 10:1
and wherein said multiplicity of patterns are reconstructable.

_13. The medium of claim 12 wherein said layer with pattemns comprises a
polymer.
14. The medium of claim 12 wherein said layer with patterns comprises a photo-

induced polymerization polymer.

15. The medium of claim 12 wherein said layer with patterns comprises a
photorefractive material.
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16. The medium of claim 12 wherein said patter is formed by cprrelauon

multiplex holography.
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HOLOGRAPHIC PROCESS AND MEDIA THEREFOR

ABSTRACT :

High storage densities using a holographic system are achievable using a stratified
medium while maintaining a relatively high selectivity upon reconstruction of the stored
images. Such combination of high density and high selectivity is achievable by
employing a stratified medium and a recording process where selectivity does not vary

with recording thickness.

Figure 2



