DATA STORAGE DEVICES AND METHODS Field of the Invention

[0001] The present invention relates generally to data storage systems

and methods, more particularly to optical based data storage systems

and methods, and holographic data storage systems and methods.

Background of the Invention [0002] Data storage systems and methods

are known to be desirable. Volume holographic recording systems

generally use two counter-propagating laser or light beams converging

within a photosgsiilvg TeRIgEEPD VI EUANID METHDDEterference

pattern. This interference pattern causes a change or modulation of the

refractive index of the holographic medium. Where one of the light beams

is modulated, responsively to data to be-encoded, the resulting
Fiehtedbtbrdayaitttion encodes the modulating data in both intensity and

phase. The recorded intensity and phase information may later be
[ociatected respaisieely itoveetinodustiangehtraiyniomiads |stedger sedenncend
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onvention age-base ographic memories have data written in
holpgr#iNsyiaph gidYAtiMS3af eNedrPoSdimensional arrays or "pages”.
[0004] It is desirable to provide a relatively simple, inexpensive and robust
holographic memory system. Further, bit-oriented holographic memory
systems are desired. Summary of the Invention [0005] One aspect of the
Baviesenindveitdienprentttes a data storage device including: a plastic
substrate having a plurality of volumes arranged along tracks in a plurality

[oed2erticallp stackedgiatsmdind exdansingdayessianth & phidiiyafe. Volume
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infsrtheraspaskef thepresasidnventiga:proyides a arefipd dorsiauiation of the

refractive index of the holographic medium. Where one of the-light beams is

modulated, responsively to data to be encoded, the resulting interference pattern
encodes the modulating data in both intensity and phase. The recorded intensity and
" phase information may later be detected responsively to reintroduction of the un-
modulated, or reference light beam, thereby recovering the encoded data as
reflections.

[0063] Conventional “page-based” holographic memories have data writien in

the holographic medium in paraliei, on 2-dimensional arrays or "pages”.

[D004] it is desirabie to provide a relatively simple, inexpensive and robust
holographic memory system. Further, bit-oriented holographic memory systems are
desired.

Summary of the Invention

[ooos] One aspect of the present invention provides a data storage device
including: a plastic substrate having a pluraiity of volumes arranged aiong tracks in
a plurality of vertically stacked, lateraliy



data comprising: providing a plastic substrate having a plurality of volumes
arranged along tracks in a plurality of vertically stacked, laterally
extending layers; and, forming a plurality of micro-holograms in said
substrate; wherein, each of said micro-holograms is substantially
contained in a corresponding one of said volumes and the presence or
absence of a micro-hologram in each of said volumes is indicative of a

- corresponding portion of the data. Brief Description of the Figures [0006]
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e numeras rete e parts, an trates a
stogemfiguration for forming a hologram within a media using

counter-propagating light beams; [0008] Fig. 2 illustrates an alternative
igurat formln logram_ within a medla
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nattern; [0013] Fig. 7 illustrates a refractive index modulation in a linear
indicatigh’ 2GR @f)?)?ﬁﬁﬁ@t%ofﬁgnir?{éﬂglﬁﬁﬁattern of Fig. 6; [0014] Fig. 8

illustrates an expected Bragg detuning of a hologram as diffraction

efficiency being a function of the difference between record and read

temperature; 2a WO 2006/169873 PCT/US2006/009249 [0015] Fig. 9
SrikiHesedntivnxpdbediBuag® detuning of a hologram as

[0006] Understanding of the present invention wili be facilitated by considering
the following detailed description of the preferred embodiments of the present

invention in conjunction with the accompanying drawings, in which like numerals
refer to like parts, and:

[0007] Fig. 1 illustrates a configuration for forming a hologram within a media
using counter-propagating light beams;

[aoog] - Fig. 2 itlustrates an alternative configuration for forming a hologram
within a media using counter-propagating hght beams;

[0009) Fig. 3 iliustrates an alternative configuration for forming a hologram
within a media using counter-propagating light beams;

[0010} Fig. 4 iliustrates an alternative configuration for forming a hologram
within a media using counier-prepagating light beams;

[00114] Fig. & illustrates an alternative configuration for forming a hologram
within a media using counter-propagating light beams;
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diffraction efficiency being as a function of angular change; [0016] Figs.
10A-106 illustrate a light intensity and corresponding refractive index
change in a substantially linear optically responsive medium; [0017] Figs.
10C-10D illustrate a light intensity and corresponding refractive index
change in a substantially non-linear optically responsive medium; [0018]
Figs. 11A-11B illustrate a light intensity and corresponding refractive index
[9%1&nge in 5‘%&%?%11?IEWQEV‘W&?I/RPH%ansive medium; [0019] Figs.
11 C-11 D illustrate a light intensity and corresponding refractive index
[ogfgnge in psubsipniialbinenrineanapticady resBoRsve Mesiynsd08lium
ig. 12 illustrates an expected migo_-hologram reflectivity as a function of

F
COR RO Fh R BN R g€ 13A and 13B illustrate expected

temperature elevation profiles as a function of position, at various times;
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JUNCtion o1 elevating.temperature, a corresponal ICro-nologram rea
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tepgraierelight beam incident light beam energy required to elevate
material temperature to the critical temperature as a function of
corresponding optical fluence and normalized linear absorption, light
beam waist and distance using a reverse saturable absorber, and
transmission and fluence using a reverse saturable absorber. [0024] Figs.
16A and 16B illustrate expected counter-propagating light beam
exposures within a media, and corresponding temperature increases;
[0025] Fig. 16C illustrates an expected refractive index change
corresponding to the temperature increases of Figs. 16A and 168; 3 WO
2006/101873 PCT/US2006/009249 [0026] Fig 17A illustrates changes in
normalized transmission of an ortho- nitrostilbene at 25C and 160C as a
function of time; [0027] Fig. 17B illustrates a change in quantum efficiency
of an ortho- nitrostilbene as a function of temperature;
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[0028] Fig. 17C illustrates the absorbance of dimethylamino dinitrostilbene
as a function of wavelength at 25C and 160C; [0029] Fig 18 illustrates a
tracking and focus detector configuration; [0030] Figs. 19A-19C illustrate

WhUBEHBTIP of a simulated refractive index profile; [0031] FRy:PB52906/009249
illustrates a cross-section of an incident laser beam impinging a region of
a holographic recorded media; [0032] Figs. 21A-21C illustrate near-field
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C, respectively; [0034] Figs. 23A-23C illustrate the contour of a simulated
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a focus and tracking servo system; [0039] Fig. 28 illustrates a formatting
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|n&’&%%&g%c@&%%&t@%%ﬂEpg&lw%‘éé@%l\@rﬂﬁéﬁdfﬁ’ka starting an

ending pomts [0041 Fig. 30 illustrates a formatting including substantially
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micro-hologram reflection; [00453 Figs. 34A-34C illustrate off-axis
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160211 Figs. 13A and 13B illusirate expected temperature elevation profiles as
a function of position, at various times;

[0022] Figs. 14A and 14B iilustrate expected refracted index charges as a

function of elevating temperature, and corresponding micro-hciogram read and write
modes;

i0023] Figs. 15A-15C illustrate expected relalionships between light beam
incident light beam energy required to elevate material temperature to the critical
temperature as a function of corresponding optical fluence and normalized linear
absorption, light beam waist and distance using a reverse saiurable absorber, and
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[ot24] Figs. 16A and 16B iliustrate expected counter-propagating light beam
exposures within a media, and corresponding temperature increases;

[0025] Fig. 16C ilustraies an expected refractive index change corresponding
to the temperaturs increases of Figs. 16A and 16B;



holographic media; [0047] Fig. 36 illustrates a configuration for preparing

a conjugate-master micro-holographic media from a master

micro-holographic media; [0048] Fig. 37 illustrates a configuration for
WaeHafiAE B distribution micro- holographic media from a coRftffEteMedste o

micro-holographic media; [0049] Fig. 38 illustrates a configuration for

preparing a distribution micro- holographic media from a master
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memory device. Detailed Description of the Preferred Embodiments
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[O@R&intion, &ididéulsitiaies suchcsleyrenit o patepmvidedigralinThe
disclosure herein is directed to all such variations and modifications
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10033] Figs. 22A-22C ilustrate far-field distributions corresponding to the
near-figld distributions of Figs. 21A-21C, respectively;

{0034} Figs. 23A-23C illusirate the contour of a simulated refractive index
profiie;
[0035] ' Figs. 24A-24C illustrate near-flield distributions corresponding o a

simulation of the circuiar micro-hologram of Figs. 23A-23C;

[0838] Figs. 25A-25C illustrate far-fieid distributions cotresponding to the
near-nield gistributions of Figs. 24A-24C, respeciivsly;
[0037} Figs. 26A-26D illustrate tracking and focus detector configuration and

exempiary sensed conditions;
{0G38] Fig. 27 illusirates a focus and tracking servo sysiem;

[0038] Fig. 28 iliustrates a formatting having alternating-direction spiral fracks;



[0054] According to an aspect of the present invention, single bits, or
groups of bits, of data may be encoded as individual micro-holograms
each substantially contained in a corresponding one of the volumes. In
Wohd¥hddiment, the medium, or media, takes the form of BATHEESIEA09249
moldable thermoplastic disc, and exhibits one or more non-linear
functional characteristics. The non-linear functional characteristics may
roBgmoodied a5-ayefrastive ndsx changs fhatds anen-agac, function of
experienced€nergy, such as incident opticalintensity or energy or

i AT B e e i

hadetgretively encoded in that volume as a later detectable refractive index
modulation. Thus, three-dimensional, molecular, photoresponsive matrix

ookmfractivEig daxinsanrgesanayridttiscoadisiod eisigsedaticfORSblrams;

According to an aspect of the present invention, the non-linear functional

[oghaggacteristig maygstabish 2 JRresBoibRIEEDLFSsPRRS MMgONdition,

below which no substantial change in refractive index occurs and above

ogRigh & megswRRlceiAnas Bk ARG e infadyged. In this

manner, a selected volume can be read, or recovered, by impinging a
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PCT/US2006/009249 delivered energy above. the threshold. Accordingly,
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heimgreghidogedia; substantially contained therein may be established. Each
of the micro-holograms is embodied as an alternating pattern of
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aieeienee finges leauncr-Rigpagaling, ot beamedised to write the

MICro- oSrams. ere the refractive index’modulation tdecays rapidly

s, a function of dis ance from a target violurpe, such as an encodeg bit . i
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particular volume may be induced by localized heating patterns -
[{Immgspondmg tegheustiarteringdsitfagessobcaunterspeopagatidigttisgion micro-
hQE@FQBrﬁéﬁ%B% from a masier micro-holographic medis;

[0050] Fig. 39 liusirates the recording of data by altering a pre-formatted
micro-hoiogram array,; and

[06051] Fig. 40 illustrates a configuration for reading a micro-hologram array
based memory device.

Detailed Description of the Preferred Embodiments

[GO52] it is fo be understood that the figures and descriptions of the present
invention have been simpiified to illustrate elements that are relevant for a clear
understanding of the present invention, while eliminating, for purposes of clarity,

many other elements found in typical holographic methods and systems. However,



through the volume. In one embodiment, the refractive index change

results from a density difference between an amorphous and crystalline

state of a thermoplastic medium. A transition from one to the other state
WHajhadeléctively induced in target volumes of a medium BYRABANAIN9249

activating sub-volumes of the target volume at interference fringes

therein. Alternatively, the refractive index changes may be induced by a
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micro-holographic medium and system that uses a single tightly-focused
light beam, a focused, slightly fotl¥$€d%f unfocused reflected light beam.
Such a configuration provides advantages including: improved tolerance
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CRReSHNSHRR ardp RroMitievdied as a refractive index change that is a non-linear
funclion of experienced energy, such as incident oplical intensity or ensrgy or
heating. in such an embodiment, by generating interference fringes within a given
volume of the medium, one or more bits of data may be selectively encoded in that
volurne as a later defectable refractive index modulation. Thus, three-dimensional,
mciecular, photoresponsive matrix of refraclive index changes may thus be used to

store dats.

[0055] According fo an aspect of the present invention, the non-inear
functional characteristic may establish a threshold energy responsive condition,
below which no substantial change in refractive index occurs and above which a
measurable change in the refractive index is induced. in this manner, a seiected
volume can be read, or recovered, by impinging a light beam having a delivered
energy less than the threshold, and writien or erased using & light beam having a



correction to the light beam. An external mirror or the disc surface may be
used to generate the reflection. [0059] According to an aspect of the
Wpresent invention, data readout at different layers may be different.
BeC4tiEE Rt reflections have different aberrations at differ@tliAparesamezss
aberration may be used for layer indexing in a focusing process. Designs
at the backside of the disk may be used to provide for better control of a
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According to an aspect of the present inventign,. recording micro-
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sighal may be better predicted as well. Single-bit Holography [0061] .
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thermal activation as wall.

[0657} A configuration utilizing a non-linearly responsive medium is well suited
to be used to provide a bit oriented (as opposed o page-based) micro-holographic
medium and system that uses a single tightly-focused light beam, a focused, slightly
focused or unfocused refiected hignt beam.  Such z coniiguration provides
advantages including: improved tolerance to misalignment of the recording optics
‘and simpiesr, less costly micro-holographic systems. Thus, a reflective element with
fittle or no curvature may be used in a micro-holographic sysiem according to an
aspect of the present invention. One surface of a data recording disc may be used
as a reflective element (with or without a refiective coating).

[GO5E8] For example, an injection-moldabie thermoplastic media with low-
curvature features may be molded into the media surface and can be metaliized and
- used for generating the reflection as well as for tracking. According tc an aspect of



lens 115 for light beam 110 and lens 125 for light beam 120. While simple
lensing is shown, compound lens formats may of course be used. [0062]
Fig. 2 shows an alternative configuration 200 for forming a hologram
Vg ¥ Hfbgram supporting media using counter-propagafifd/H§efto6/109249
beams. In configuration 200, lens 125 has been replaced by a curved
mirror 220, such that a focused reflection 120 of light beam 110 interferes

with ligh bea 110|
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320 takes the form of a substantially planar mirror. [0064] Fig. 4. shows
oSfiPEteMEtFEsRRguration 400 for forming a hologram within a media

using counter-propagating light beams. Configuration 400 uses a
[09RAtly-fochssarebanter-piropsiriing! rétr caigsent oBMRIRNL <R 17EG9RYA at
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also be used io boih reduce noise and conirol the orientation of the micro-
holograms. Further, grating strength of micro-holograms need not be the same for
different layers. Power scheduling may be used for recording at different layers.

10060} According to an aspect of the present invention, recording micro-
holograms using one focusaed light beam and one plane-wave light bsam in a
threshold material may be affected. While such a meathod may utilize two input light
beams, alignment requirements are less stringent than conventional methodologies,
while micro hologram orientation and sirength remain weil controlied and uniform
through layers, Readout signal may be better predictad as well.

Single-bit Holography

(0061} Single bit micro-holography presents several advaniages for optical
data storage over other holographic technigues. Referring now to Fig. 1, there is



reflective (such as a metal coated) rear surface of media 130, a reflective
layer within media 130 or one or more holograms essentially forming a
reflective surface in media 130, all byway of non-limiting example. [0066]
Wi ¥AfELIAtions 300, 400 and 500, light beam 110 has a sHlIESAH6{009249
size and larger power density in a target volume or region than light beam
310, 410, 510, such that the micro-hologram dimensions will be driven by
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sieidbie, or of the threshold type), such that 10 WO 2006/101873
PCT/US2006/009249 recording occurs substantially only above a certain
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reduces oreli mlnates consumption o
focused or unfocused reflected !|gh‘t beam (relative {o a counter-propagating focused

light beam) may be used for recording. Fig. 3 shows an alternative configurafion 300
to forming a hologram within 2 media using counter-propagating fight beams.
Configuration 300 uses an unfocused counter-propagating reflection 310 of light
beam 110 from mirror 320. in the illustrated smbodiment, miror 320 takes the form
of a substaniially planar mirror.

[0064] Fig. 4 shows an aliernative configuration 400 for forming a hologram
within & media using counter-propagating light beams. Configuration 400 uses a
slightly-focused counter-propagating reflection 410 of light beam 110 from mimor
420. The lliustrated embodiment of configuration 400 aiso inciudes optical path
length correction element 425, that may take the form of a liquid crystal cell, glass
wedge, or wedge pair, for example.



dynamic range in non-addressed volumes, and facilitates reduction of
dimensions of the micro-holograms, and thus target volumes. [0069] Figs.
10A-B and 11A-B illustrate recording characteristics of a linear recording
WiaHiei18%hile Figs. 10C-D and 11C-D illustrate recording dRaAEEPEHIRS49
of a non-linear recording medium of a threshold type. More specifically,
Figs. 10A- 10D show that interfering two focused, counter-propagating
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recording threshold may prove particularly desirable, a material 11
su%s%rqna yrilmearly wmw %}E’penenged fight i%/‘fensity relative 1o n,, the (relatively)

unfocused light beam may thus consume dynamic range in 2 volume much larger
than the target volume corresponding fo the desired hologram, thereby decreasing
the possible reflectivity of other volumes and micro-holograms. Dynamic range is
aiso consumed throughout the depth of the media where the counter-propagating
light beams are at normal incidence as weli (see, e.g., Figs. 1 and 2).

[0068] According to an aspect of the present invention, such a consumption of
dynamic range in affected volumes other than the target volume during hologram
formation is mitigated by using a recording material exhibiting a non-linear response
to experienced power density. In other words, a non-linear recording property
exhibiting media is used in combination with a micro-holographic approach. The
non-linear recording property of the material is used to facilitate recording that is
non-linear with light intensity (e.g. square, cubic, or of the threshold type), such that
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WO 2006/101873 PCT/US2006/009249 that exhibits a non-linear optical
response to exposure in which the amplitude of the refractive index
modulation varies, e.g., like a power larger than one (or a combination of
WWEYS) iwiGuld significantly mitigate dynamic range consunipitisHSHefiiere9
affected volumes. [0071] Returning again to the threshold type of
non-linear material, and referring again to Figs. 10C-D and 110-D, in such

a case, a threshold-responsive ,media opetates by experiencing an__ ..
e R e S e Ve g S S S
retivedingidemrederipjic evisityeompairat dedsigs] Gr548raibatas acehseshdian of
ayHaRh: Relgw threahold 4820, (Brimadia-exaeliense sclkaia tiednaasions of

change in refractive index. One of the counter-propagating light beams,
th%.@f?%’?@*@f?éﬂsﬁﬁ‘ﬁfjﬁ ety 8%%ordingpmz§y ge fo?:usged (Figs. |

and 2), slightly focused (Fig. 4) or even unfocused (Figs. 3 and 5). Using
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1GRisheuelah iregino o7 freerading WoR-aree 20 3tigs ighhRganugaghown in
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rovides | roved system tolerange to temperature ctuations an
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ds, to ted f icro-hgl ile .. .
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miedldgtiam iy LBittiatsitatesxinipediear Brajgrdetiininy deahsiddrahit@gends
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Reference 910 corresponds tQ.ex ected perfo&[mance of a micro-
ECRGGHN, RPRRTESIEIES 2.0 ol oL RorSH b CRe DR aTelogr s
apaget balsgdriielygraniaite? 3jtBy: wayadiontm-mitng, Wilnthelhexplaiiationere
rRIYIENdNERBUNgobtbbeam, facused aharary-dHiracHen.inaled:size-saaYid

be reflected with a slight focusing or no focusing at all, such that th

t the :
PRI TSP IS DABIEHLER $5r SR HRG TBa0ddayHireshold condition being

shown i Fig. 10D), recording 1010 occurs substantially only in the volumes where a
threshold condition 1020 is reached such that resulling micro-holograms are
substantially comtained within a particular volume, where muliiple volumes are
stacked one-upon ancther. Figure 10D shows that the micro-hologram inducing
fringes extend over approximatsily 3 um. Similar characteristics are exhibited in the
lateral dimensions of the micro-hologram as illustrated in Figures 11A-11D. As is
demonsirated thereby, undesirable consumption of the dvnamic range of untargeied

volumes of a media is mitigated by using a non-linear materia! of the threshold type.

[0070] While a threshold type non-linear material is discussed for purposes of
explanation, it should be understood that o a first-order approximation, the
amplitude of the refractive index modulation varies linearly with the light intensity in a
linear responsive material {see Figs. 10A~108B, 11A-11B). Thus. even though &
material having a recording threshold may prove particularly éesirabta, a material
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relative to the counter-propagating, focused incoming light beam. The
reflective 12 WO 2006/101873 PCT/US2006/009249 element may be on
a disc surface, and may take the form of a flat mirror, or a slightly curved
Vi ifdf 8xample. If some misalignment occurs between METfEERMS6H09249
light beam and reflection, the interference pattern will be driven by the
location of the focused light beam where the reflected light beam has a
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ng Sha energles 5 materia may also prow% Yol 5 h e‘?s d

r%mrrém@ntan whitpiheptisdvenisesud cheigids BsloveietinesHipditfavedittide
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al ex re energies ahove the, thre cause detectable
G?gpﬁagcet%a%?a%g@ﬁ‘gh%% f@d%gw %gr &JI rly, a phase-change
induce-able polymer material can provide large refractive index changes

10874 > 0.0y S{fiPg R HpRiR ftipFseAB8 ¢ iR AT I GRolograms. as
oinjestiviemaigablegervirairentglyrstableyithes moplagtit system tolerance o

temperature fluctuations and anguiar misaiignments. Fig. 8 illustrates expected
Bragg detuning of a hologram (cc%, where L is the hologram length) as a function

of the difference betwsen record and read temperature. Reference 810 cotresponds
{0 expected performance of a micro-hologram, while reference 820 corresponds o
expected performance of a2 page-based hologram. Fig. ¢ illustrates expected Bragg

detuning of a2 hologram {m%, where L is the hologram length} as a function of

angular change. Reference 910 corresponds fo expected performance of a micro-
hologram, white reference 820 corresponds o expected performance of a page-
based hologram.

[0073] By way of non-limiting, further explanation only, an incoming light beam
focused at nearly-diffraction limited size may be reflected with a slight focusing or no
focusing at all, such that the refiected fight beam is unfocused (or slightly focused)
relafive o the counter-propagating, focused incoming light beam. The refiective
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substrate. Additionally, such a material also offers the potential to use a
substantially threshold-responsive recording process -- enabling a same
wavelength 13 WO 2006/101873 Pc i /JuuS2006/009249 laser to be used

W ztstkPt&&ding and writing, while preventing ambient light R&E50819fe/fGaA°
substantially degrading stored data. In one embodiment, the detectable
refractive index change corresponds to the index difference between the
amor hou and crystalline stat f nents of a
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thereat. Once the local temperature is raised above the critical

temperature, for example the glass transition temperature (Tg) (Fig. 14A),
the crystalline components of the material melt and subsequently cool

into an amorphof? a}te resyjtin marm ctlv |nde d+fference relative
aPne

nsive aeria
to the other cryst e?/voﬁ’u es in the ma rla e critical

temperature may alternatively be around the melting temperature (Tm) of
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place. This is shown In B, where an optical fluience above a critical
b@EYr‘@@rF%Péal%@§téaﬁ§as%9%\ﬁée*w§sﬁﬁﬁ‘f@q??ti‘?ep%\’iﬁﬁgacﬁ“ﬁ@i@ﬁﬁb%’h@“m
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- exateAFssyhesetatkthaslaagth, or depth, of a micro-hologram, pis the
material density, op is the specific heat of the material, and AT is the

[eupsrienced empprRkerechanee: (b8 1nkrprb LW ereniss thedhe 8lagsase-

rggg?etlmatenai in which refractive index modulations are induced via exposure 1o a
light beam is used as a holographic data storage medium. In one embodiment, the
detectable change in refractive index results from thermally inducing locaiized
changes beitween amorphous and crysialline components of the material. This
provides for potentially large refractive index modulations induced using small
energies. Such a material may aiso provide for a threshoid condition, in which
optical exposure energies below a threshoid hava li’;tie or substantially no impact on
the refractive indsx of the material, while optical exposure energies abéve fhe'
threshold cause detectable refractive index changes.

[0078] More particularly, a phase-change induce-abie polymer materal can
provide large refractive index changes (An > 0.01), with good sensitivity (S > 500 or
more cmiJ), i an injectionnmoldébie, environmentally-stable, thermopiastic
substraie.  Additionally, such a material also offers the potential o use a

substantially threshold-responsive recording process -- enabling a same wavelength
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temperature and To is the ambient temperature of the material), As an

example, where a polycarbonate having a density of 1.2 g/cm3 and a

specific heat of 1.2 J/(K(r)g) is used, the length of the micro-hologram is
WExA@s ers73and the temperature change is 125C (K), FCRIPCEAG wijfciw24¢

Translated to energy terms, the energy 14 WO 2006/101873

PCT/US2006/009249 (EGRET) needed to reach the critical fluence

FORIT is Ecwr =FCLUT XA=FWT x here Ais the transverse are
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atengtiafdiresmtero-nologram, and D is the depth (or length) of the material
(e.g., the thickness of the media disc). Referring now also to Figs.
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assuming a material meara so tion, ag, of 0.018 1/cm, and a material
OlGSh- RESIIb SERRRIATARIL 8F 1060 dif (At ShiFte e rpiP RGO the
mawja peticts dubsktienthetoaenidran smissibouarkefr easdiisgosreiractive
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fixed index modulations corresponding to the counter-propagating ligh
t%@%ﬂﬁ%rf%@ﬁ@é“fﬁ%@% HhREs dekadniaeBon oS is shown in Fig. 14 where

an opticai fluence above a critical value Fuy causes a phase change resulting in the
writing of 8 hologram, and an optical fluence less than the critical value Fyn causes

substantially no such change ~ and is thus suitable for reading recorded holograms,
and hence recovering recorded daia.

{00783 For non-limiting purposes of further explanation, the crifical value is

given by Foy, =Lxpxe, xAT, where L is the length, or depth, of a micro-hologram,

p is the material density, ¢, ie the specific heat of the material, and AT i the

experienced temperature change (i.e., Tg-To, where T; is the the glass fransition
temperature and T, is the ambient temperature of the material). As an exampie,
where a polycarbonate having a density of 1.2 glom® and a specific heat of 1.2
JI(K=g) is used, the length of the micro-hologram is 5x1 0™ om, and the temperature
change is 125°C (K), Forr = 90 mj/cmz. Translated to energy terms, the energy
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destruction of nano-domains of crystalline polymer thereat. That is, the
phase change/separation mechanism generates a refractive index
modulation based on the formation or destruction of crystalline
Wielgedomains that are substantially smaller than the waveRGj s ReHE9249
light being used. The values of Fig. 16B are predicted using two
counter-propagating beams each having an incident, single beam power
(P1=P2) of 75 mW, a = 20cm 1 and an exposure time (T) of 1 ms. A .
(EBESlsth 15 R 2006 4G5 RGISRA06/R03240. sulina pactve.

ndex change (An=0.4) that forms the micro-hologram is own inalfrlg. 2
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compositions including random and block copolymers, as well as blends
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for storing holograms on the order of 3 micrometdds émic¢fons) deep, by
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agHOTHYS Méghirberie twestorwinedr réspdisivermdohdrdsavécsaherea of the
hOBYRY indueeskrefigetiveeindeny changpg thissREShRISREONEIERERRIA., o

conditigg, enables crgotical beams of a same wavelength to be used q}t low
be 7 Mg Bodt o rasta FelRFiR R Ed6 din§ e fdiR &b onnde T mm. @
pehicactesistioalsavpreréntiianbrerplighifrond sulssthmtially Hegraiingtimdher
aﬁgfﬁﬁﬁ?ﬁﬁa{%ﬁg?lw{%%ﬁ%ﬁf%§%gr&%%@@%,°&1@§%%%%%~!ﬁear
which the
absorption, an., of 1000 cm/J (and still & material length of .1 cm), a predicted
refation between transmission and fluence is shown in Fig. 15B. Using these same
assumptions, predicted relations between light beam waist and distance, and

normalized absorption and distance are shown in Fig. 15C.

- 10a7g] Consistently, and as is shown in Figs. 16A and 16B, it is expected that
courtar-propagating light beam exposure of such a copolymer material media will
write micro-holograms in ihe jorm of fixed index modulations corresponding ¢ the
counfer-propagating light beam interference fringes due to the formation or
destruction of nano-domaing of crysialiine polymer thereat. That is, the phase
change/separation mechanism generates a refractive index modulation based on the
formation or desfruction of crystalline nano-domains that are substantially smailer
than the wavelength of the light being used. The values of Fig. 16B are predicted
using fwo counter-propagating beams each having an incident, single beam powsr
(P1=P2) of 75 mW, a = 20cm™ and an exposure time (7) of 1 ms. A predicted
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absorption is a function of the fluence and increases with increasing
fluence, are useful. As a consequence, absorption is highest at the light
beam(s) focus, which means background linear absorption is small,
VWiktinwtehsyielding a material that is nearly transparent. Exarplesofdaanspie
dyes include porphyrins and phthalocyanines, by way of non-limiting
example only. [00821 Further, amorphous/crystalline copolymers are well
sujted to provide the desired properties in an injection-moldable .
Sk s S R S e R
Figndibles dasadarbbaesanddidreia, stalicsubstrgtanwiimbotisigraicanseries of

r@‘ﬂ%%’ii'%o%ééwgc‘%?ﬁégm@éﬁﬁsgéiﬁgﬁﬁgat@%ﬁgﬁggﬂ%in%?%e_@ WOcounter-
20061101873 PCT/US2006/009249 ch%’r}\ﬁe, sensitivity, stability, and

PRORARG U I BT RRASPIRFEHE SifgteeiEpe S TaBIRFALER. RN Eseeds
a moekHatibosrdikger han tenventienalphatopalgnens Mayudietpsaissilttesgizo!d

rﬁg%@gog%%qe\g&ﬁ&components. The sensitivity of the material may
t

epend on the optical absorption properties of dye(s) used. In the case of

n revers turable absorption dyes, sensitivities as high as 2 - 3
O o T PN T Ko MRy BVt BRI T esample
hempeRalI a8 ey ndsoapiavititallieiibiigneas idtbaepaline dararapesed of
amﬁwgvg@h@@%tmn@ﬂ?ow?ﬂg}sPﬁdp@ﬁ%‘@%@g 5iqsﬁﬁg@@gﬁrdm&gﬁaons
. IS recorde IS IS 1IN, cantrast.to otopo ers, wnic IcCally requir
A GRS B T IS oF Mt CIBHSCPH £ 2ol o or
witiibstorFinallynete. céhslyraensisbsiriacsritapipdon aiodrgrropkrstiesseatehe
O%PBP@%F@%%&?tmmmt%gmwmy@%-mrn$Q@ﬁp{@%ﬁﬂ?in%e

. This advantageously simplifies the physical structure of the media as
b SRR O BOITRETE A5h BB SEE Al Ty pgaue and

[mjerctithe seldigditytself and need not be contained within a container or
carrier, for example. [0083) Thus, according to an aspect of the present

[dogention, amosphalisiotysiedinacapolysiRishaydenusetbitsuprating dye
S D e
MERhsRIsRasGeHdcrRiR Tt Bolares sptRiYtieserdyreordingpieraiespect of the
plaseeasereRRersasatwakif,abseupionmiyedsy maybedsed weffiiepnitear
SRS EDRAYre dcteases; ORNiGaLasvation may Re.serarated T
meachanism, or threshold condition, enables optical beams of 2 same wavelength o
be used at low and high powers for daia reading and recording, respectively. This
characteristic also prevents ambient fight from substantially degrading the stored
data. Dyes with a reverse saturable absorption (RSA) property, in which the
absorplion is a function of the fusnce and increases with incrsasing fivence, are
useful. As a Co'nsequence, absorption is highest at the light beam(s) focus, which
means background linear absorption is small, ultimately yiéiding a material that is
nearly fransparent. Examples of such dyes include porphyrins and phthalocyanines,
by way of non-limiting example only. |

[06821 Further, amorphous/crystalline copolymers are well suited 1o provide
the desired properties in an injection-moidabie thermopiastic substrate, such as a
disc. The use of a thermopiastic enables data to be recorded in a stable substrate
without significant post-processing requirements, such that the reiractive index
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from index change inducement via the dyes and phase change/separation
materials enabling a threshold condition to index change. [00841 By way
of further explanation, in certain block copolymer compositions, the
windmsuakpolymers phase separate spontaneously into regeizrly ordeneskas
domain structures that do not grow macroscopically like polymer blends,
because of the nature of the copolymer. This phenomena is discussed by
Sakurai, TRIP vol. 3, 1995, page 90 at, seq. The individual Polymers
changan S BRstdteo SEp iR E3 %1@5%%&?&%&% aha/OF cRyadifgPolymer
mbté?l;avmeﬁemitﬂmgimnmm%aMrmrgﬁdhm@mMﬁQMlmmmamm may

?DBcYéE;sg] 01%&%%%1 8?5% ﬁ&ﬂzseﬁ%%@%ﬁ@%@%ﬁlﬁ@%@ﬁamﬂal

orm spheres, cy iinders or lanellae. A copolymer system in which
méﬁé&%ﬁ%%ﬁb@pﬁﬁiﬁahBB?P&PB%W&P%‘S’E%@@d%yﬁ(e%tl‘r‘ﬁ%o%tﬂ?eC@ﬁ%§‘
kicansitiorriempensibie Gbghatdrmateng senstattssrad Thglofhe indigidiads

cJI5SHE MM BRALMO ARIALS ECTIIRA00RI00RR st Lol

COO |0Wt m era Ses cryst s, wh

aiﬁ@aﬂﬁ@aﬁﬁﬁfﬁgtmea%@p@sr@ﬁ@r@@ﬁmteaﬁﬁtﬁ&éqaﬁawawl@ﬁamﬂvé?bﬁiﬁéw no
pm@a@mgﬂa@ issupbatestdn pely(eihylene-exeeitpolyshisene IMockntrast o

pt%) ol ers ashar{%o ?rt?caciﬁ)i/ rgu{t]% to?a[ |n M‘f%ﬁtrg rg};() Ieculesa e4 %%ggt!mg of
pag at seq. 'ACE an asp ec sen lnven ion,

dgieljgeripiing @xmwﬁmw}@né@b|6mal!&ot§tﬂwﬁ@ww;ﬁﬁé&f§@waﬁ be in a

th%ﬁ%]g)?ﬁ&fbr@i%?e fak @e%&@!@ t&@é@&f&@é@éﬁw&% @x%@&%ﬁi&@ isadlytanthia
thermally e e, Suc alg e e, ll op

PR Q%Cyh Gcﬂ\yatgﬁ%lﬁ ocy nlne S SRR %Elocmécn‘fﬁ% 4?3(5‘9, fedia as

cmmmd@ﬁnmmumwmmwmﬁmmwma@rr@wMe Injection molded

itENBAlPRYBAIRG HeakribRRihalecy anipsifiatipumahathslasyrhiie, Nickel

Phthalocyanine tetra-4-sulfonatophenylporphyrinato-copper(ll) or tetra-4-

(GBnEOPRPOTR R ZCUER SRR (U BEAPOBHon,

njection molded into & 120 mm diameter disc. The molding raises
afﬂ@"w@mﬁ&%@laﬁﬁ%ﬁféwrﬁnwaw@% Y REPHARSIH EREReRPSe
chhaded thel pebtyrenedandrib@uiaieling terpemkoeithm)yes they be used in

cgﬁly{f\eépgsl\e@ﬁhoéllg\%} %%@g&?ﬁﬁ@ﬁ%%& ?’n#&% Qf@%“ﬂﬂ“wen op’uca

MmiIcCro- p ase separa ons oling, e.g q@gnc e disc to about
enpNgy (R RBRIRSBIjERRate BRRSDRA ﬂ%‘%ﬂPﬁ%ﬂﬁ%ﬁﬁ‘ﬂ@&@HﬁﬁY@%%e@

idNefRItAtly generate temperature increases. Optical activation may be separated
from index change inducement via the dyes and phase change/separation materials
enabiing a threshold condition to index change.

10084] By way of furthaer expianation, in certain block copolymer compositions,
the individual polymers phase separate spontaneousiy info reguiarly ordered domain
structures that do not grow macroscopicaﬂy like polymer blends, because of the
nature of the copolymer. This phenomens is discussed by Sakurai, TRIP vol. 3
1085, page 90 et seq. The individual polymers making up the copolymer can
display amorphous and/or crystalline behavior depending on temperature. The
weight ratio of the individual polymers may tend 1o dictate whether the micro-phases
that separate form spheres, cylinders or lamsllae. A copolymer system in which both
phases are amorphous upon a brief (or extended) heating above the glass transition
temperature (Tg) and melting temperature (Tm) of the individua! biocks may be

¥
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Where the domain sizes of the crystalline regions are sufficiently small,
such as less than one hundred nanometers (e.g.,< 100nm), light will not
be scattered by the media, and the media will remain transparent even in
Whigikgubsisates. Data may be recorded into the material by{im@ifaitng2249
Iaser beams (or a light beam and a reflection thereof) at specific regions,
, in target volumes, of the disc. [00861 Upon exposure to one or more

or r er the dye orbs

é.n“%% NN AT S AN R
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cosiRRReOhesasingdaan reeesdedmisie; holegiamsand recovering

corresponding data as micro-hologram reflections does not cause any

cﬁié%ﬁta““a' ﬁ&a@%ﬂﬁiéh% ARy Bk WS '&%&rth@ @!35 é%%é’%%"@&ﬂtas a

the olymer above t géq)r Tm of the individual polymers

NFIETEs BYer/ 680660024 hRo B h k624 nBHtmﬁ\@avamﬂ%au@m
Pmsmonwmesummam anmm@@ht@@,pmﬂmweteh@lﬁmﬁmamamgg@amum

allic 5o PARREe p‘&%’ﬁ%ﬁ ‘tﬂété%@@?‘a‘”ﬁ BE % forﬁﬂﬁ%:oc?p? AR O 1S

over a number of readings Whil eres /s and

Pmﬁ?émaéaanf@com eR-Sntibienatorbany pw@hﬁm&tﬁrﬁ@wmrm and waekra-4-

saipraitypetlyiporphigiyiab blackicepolysgisednsleging copolymer and injectlon

"91 &%%%8 ﬁ’%o '%sger bl gfl( 5‘ OP olweers?ﬁnmg alternattnveg beﬁlsJa %reao Fhe
allow for different forming emperatures 0 StATline doma Ins, as wel

CaroiM@cferReMratDFeckRsHHIER IO é@@@%’@tmeﬂ Meﬁeet@@wéraa@caf@ the
n«"ﬂv@mt@aﬂﬂgeraﬂi@timraﬁ M@Qw@e’fﬂ@@d@&%met#@%fefa@é@geéﬁ%morpmus
m%telfsra wﬁham%gr er{‘ %ood control |n(§) rﬁﬁ‘omtln where the h tg tE()as.a bout
place may resutila ergng% Sion of tRE: rﬁi’ ro 1610 Qﬁ‘@ %
@gﬁuﬁéﬁﬁﬁy fheadidygihvehe diddapnhest theonsistl ok ﬂxe)t@hmédhaseatena!

virea(sd. ddmiingsseminatingsmRsyERtiaN HE @mmmmﬁ@w&meas less
recordln %erlal outside of the rec%ged micro- thJ ng)s hence

L (RECHFy BPELRH Ficio Yook HRALES Ay e

IRCredsing’
Mgbackyd Mayhdis el remain transparent even in thick substrates Data may be

recorded info the material by interfering 2 laser beams (or a light beam and a
reflection thereof) al specific regions, e.g., in target volumes, of the disc.

[6086] Upon exposure to one or more recording light beams {(2.g., high power
laser beams), the dye absorbs the intense light at the Interference fringes,
momentatily raising the temperaiure in the corresponding volume or region of the
disc to a point above the melting temperature (Tm) of the poly(ethylene oxide)
phase. This causes that region to become substantialiy amorphous, producing a
different refractive index than the crystaliine domains in the surrounding material.
Subsequent exposure to low energy laser bsams for the purpose of reading the
recorded micro-holograms and recovering corresponding data as micro-hologram
reflections does nof cause any substantial change in the material, where laser
powers that do not heat the polymer above the Tg or Tm of the individual polymers
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realized through the use of a non-linear recording medium according to an
aspect of tihe oresent invention. [0088] A threshold material can also
present the additional benefit of being more sensitive to recording than a
Wihewpiataidtial. This advantage may translate into higher a¢hievabtes/ 009249
recording data rates for a micro-holographic system. Further, a step-wise
refractive index modulation resulting from a threshold characteristic of the
serve to Froduce micro-holo grams Ie%s refleﬁglve tqgn

areslilﬁéal FSmA SRR yré?f"é)cctrvrty ey PeAtain SomSshif Ry Hsive.
hatogtithics thtagsotagpliveion Ay dfe piyidrsiitias ts teubiiariic g@r@é@té@qg

péﬁé‘&é%ﬂ%ﬁt@’ﬁ}ﬂd"ﬁl\/em&rﬁﬁﬁﬁe\%ﬂé‘é@fﬁﬁé'”9 refractive index modulation. it
IS also expected that thermal diffusion should not present undue

lems. W%%E%?glr%?@és"&?t f4Lig %8'?&%%%@5@% rrF@?o g\t}%ﬁtﬁ%%“ other

nsidered, and e tem ature pattern IS expecte
p@ﬁt’éﬂ@f@ﬂﬁ:éﬁ”n&é@oﬁ W@ﬁh@%%p\é[@&tlnd\lrﬁﬁ't'%a?ﬁs?iﬁélﬁ fippoiymers,
metmw@pewétem\a@gmgm@mbtbekf@ﬁg@yzfret@eﬁr@@mteatmmhﬂm@éd and
ay b substan imite the re n between the fringe
R R Bl SRR SRR ICEs e

eam%%tﬁrﬁr@é wtaofhé“@ry aé%,ﬁtﬁ%r%eﬁaatwmr%ﬁ@cw@e Lﬁ@ﬁotﬁh gigotp the
ra@%@@p&rrtﬂ@r&ad@%&otsz@ﬂ%ﬂm pRte e RefeHINGLROVLHIBL0 good

S 13A and 13B, ther ted tempera ure elevatign
A IR S WS S B BRSBTSt AR oo of
thAd?ﬁmf@nhtglygmmenmtmjaﬁaﬁ&mﬁrrmewa@@ﬁm dianngjer @élttmevmst of

QRN P REBRRS N QuHd et daiseiRs Ry FRHBGIRSioO Mg taidhange of

ththrresh dte era ure 1020. i\lt?fn Irétear%}aterral Eqam le 2}5%089], reasin
Rttt P%“S‘ y OSSP GAR LS TR Beig MR MREHCLE#RSS

reffle aiivin Qf)@qtmrcﬂeeﬁabwetrrmabh@f@eﬁeﬁmﬁt@mgah@t@wm&us be

relRiRoSINEAGS, WHBER BIe eIy REHRAVY IRIBSIRSARANERORE s pect of

refractive indices relative to the polymer matrix. In such a case, bleaching
SRR e84 YBBCific regions, or target volumes, may be used to
produce the refractive index gradient for holography. Data may be written

E‘W%erfenﬁgthﬁtﬁtﬁétémewm.ﬁ@ﬁeat%dre%enbr@&cﬁdﬁ%&rﬁb a@pelf of being
rmideyekwhenedotehertngrighitpassessthoughshe emiige may transiate into

higher achievable recording data rates for a micro-holographic system. Further, a
siep-wise refractive index modulation resulting from a threshold characterisiic of the
media may serve to produce micro-holograms less reflective than when using linsar
- materials. However, reflectivity may remain sufficiently high for data storage
applications. Referring now also to Fig. 12, it is expected that reflectivity will
increase with increasing refractive index moduiation. it is also expected that thermal
diffusion shouid not present undue problems. Thermal diffusion during hologram
formation has alsc been considered, and the temperature pattern is expected fo
follow the inierference fringes of the counter-propagating light beams, ie., the
exposure pattern. To maintain the fringes in the index pattern, thermal diffusion may
be substantially limited to the region belween the fringes reaching the phase change
temperature. Curve 1210 in Fig. 12 corresponds o & linearly responsive matetial,
and curve 1220 in Fig. 12 corresponds fo a threshold responsive material. Referring
now also to Figs. 13A and 13B, there are shown expecied temperature elevation



media, (even though only specific areas are to be bleached) and a linear
response to the bleaching radiation exists, (even though the light beam
intensity is highest in the focused areas, and produces the most
WelebediintF thereat) relatively low levels of the dye are expe@€tE524e:/009249
bleached throughout the impinged media, Thus, after data is written into
multiple levels, an undesirable additional bleaching of is expected to

oA A3 Wgaidecoraing e TG P LRI BUIUDGL O

Ia ers of d at can be written |ntot -turn
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vSlOReRrt anisesdeamdheiesegnitiqpibat a recording medium needs to
have a high quantum efficiency (QE) in order to have a useful sensitivity
for commercial applications. QE refers to the percentage of photons
hitting a photo reactive element that will produce an electron-hole pair
and is a measure of the ns tl erjals with high QEs are
typically subject to raplc{\lg each ?Egﬁo Fa oret?%gfoggrams and thus data,

hen using a lo er readjng laser. Consistently, data can onl
e TR o e e R A M LB
mai- rra dabie iin sulinedripiespon siviemeadinpes[d00) A eflerdihgltgranhic data
sshact ghthe W@%@%&W% aemaﬂ,@%gsmeé&eﬁ'@aéwﬁé@@@émmeqmes

used to address these shortcomings. Again, a material solution based

el D RB K of BHBRGlyFASFs, HE85 RS Sk Y0 vRgeciic
re2006Y10187EPEIES 2636/009249 thalmghaehibssysitentiferiptexigiadient for

h@l@aégﬂgagmedrﬁey'%%mﬁ Wxn?éﬁgm%ﬂmggsﬁwwh RE Yedia o

%rocesses handling and storage,"as well as com with a variety of

Fé’ﬁﬁiﬁct@éﬁ?ﬁ’quE@‘”{%@'Q]‘”éV%éW%‘ﬁ?ﬂﬁﬁ é@@&ﬁ%’?ﬁoﬁ‘ "‘Pi‘éﬁ?oW%&ﬁHm
retosprigngrdyesgn oﬁeme@fﬁ%@ma&rmlemgdwe@%w hedagraptiase to

aPticakAp ge@sﬁgﬁ dbiSs b@{%\e%ﬂ&naﬁ HEd pYmaT, %%g(xgﬁgﬁqﬁst in the

Quantum ffICIenCIeS E for certain otochemlcal reacti

f%é@%ﬁﬁ”@% ﬁﬁaa%'ﬁ’é’é'lc@? t“i%‘@ B?%%*eﬁ’f?ﬁ%}%ﬁ??r%‘ééﬁﬁwﬂééﬁm@%?ﬁ of the
dp@@mem@mdrﬂa ts&laleaﬁmﬂeﬁm@rﬁmr&e nedihgeabamgdhahlg afitiisia is

wWhEeR aﬁlilﬁ i%%% é‘o é%hli}x%{g?f?a@% th?d‘P %EFE:‘%’ %ﬁ Ré e ;m%%ré% ed to

such as ctor > IS |mprovemen rec
oggﬁslpﬁ\ﬁtyr@ﬁ}{@cerdmg media. This may ultimately limit the number of layers of

data that can be written info the media, which in-turn limits overall storage capacity
for the linear recording media.

(0080} Another concern arises from the recognition that a recording medium
needs to have a high guantum efficiency (QE) in order to have a useful sensifivity for
commercial applications. QE rafers to the percentage of photons hitfing a photo
~ reactive element that will produce an electron-hole pair and is a measure of the
device's sensitivity. Materials with high QEs are typically subject to rapid bieaching
of stored holograms, and thus data, even when using a low power reading lassr.
Consistently, data can only be read a limited number of times before the data

essentially become un-readable in a linearly responsive medium,

[00e1] According to an aspect of the present invention, a non-linear optically
responsive medium is used to address these shortcomings. Again, a material
solution based on thermoplastics, instead of photopolymers, may be used in a
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material in a manner useful for holographic optical data storage. Further, it

provides a gating process, or a threshold process, in which dye

molecules in discrete molten regions of the media undergo photochemical
Weeattiot¥ssdster than in the surrounding amorphous materi&ICE/ TP 009249

facilitating writing on many virtual layers of a media without significantly

affecting other layers. In other words, it enables reading and writing

hu’ﬂg x%‘%‘h%e@g{éwsfléfrcﬁ%%ﬂﬁ %{g@g&@?@cg}l,agrg{ er VOGS sy brove

3] Referring now to Figs. 17A-17C, ortho- nltrostl enes

8?6%@8@9%%@%Hi£ﬁﬁ@%@%@?mrm §i499%6e AsB@HGs compatibility
withlagtainadattostapietsthrigobstochemical reaction that causes
bleaching of ortho-nitrostilbenes is well known, and discussed for
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p%@ﬁéﬂ&%ﬁt'@&&foﬂé"'tr@ﬁﬂ@eé&&?d% Q090404 10:80f the present invention,
to&)a}lé Imethacrylate (PMMA) matrix. However, he noted the same

SRS Ffae Se"aﬁitfa%%r& S 8F 6 I ReRs Shie B dRye the
TW&?QT&]@‘(EUM@)@B’:IQCHF&J bt fredutateditigshdiffersned WaEsadubdanaterial,

stiipsRakyoiEshilifthe hambdaMax-in gpia Tam i ARl Qé%’sﬂmi? 88 the

hexane solutions. It m fh% be related to a mobility effect, since the stable

MERRG! LT REBRER &Stk BE HIRARRRhERigR) SRR Mieieatay Fitinse digfvides
ame’me;lwdu&to the ithitesihpetioyetieste actionclirtyclmAldbusitate sidatste molten
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nhancement may ue to Increase or simply faster reaction

apRERUaJBAE TRk h@h%?f“zfﬁW@f@GOGV'imm rp@rrwwsab@m@gﬁ@ media

i pesaguiie;zotia eteebinatioroiheth, Gongistenionith kignddids rigdhiBand
w?‘Exﬂ Aog ?é%&ﬁcgu%'i % embgoéfﬁcnf%n‘% pat ;ffqee%‘%%tre%ﬁtnf?&o"e

aro nd 65C. Thus, In nt o- n| rostl ne dyes are useéd in

&&ﬁ@ |nat|o car ovL form
[ Comgarable I?I% mgi aclf Sighl {jﬁ% %%stllbenes)
CpDIEHite. [@Uﬁnﬂt m@m@mm&deﬁsmﬁﬂ mev@gmmahéqmesentage The

pﬁb@@ﬁ@ﬂlbsaﬂ@at& dPerResEiniesk i tis-rassr AfrivesBaliRehdb & RIRR§MNown,

cy Egnnstgunsscgcp %or )L%trﬁgiéhm Splitter and Calvin, JOC, 1955, vol. 20 and pages
1086-1115. McCulloch tater used this class of compound for producing waveguides
in a thin film application by bleaching the dve to form cladding material (see,
Macromolecules, 1894, vol. 27, pages 1687-1702. McCulioch reported a QF of a
particular o-nitrostilbene to be 0.000404 in a Polymethyimethacrylate (P'MMA}
matrix. However, he noted the same dye in a dilute hexans solufion had a GQE of
0.11 at the same bleaching wavelength. McCulloch further speculated this
difference was due to hypsochromic shift in the lambda max in going from thin
polymer films to hexane soluticns. [t may be related to a mobility effect, since the
stable conformation of the o-nitrostilbene in the rigid polymer may not be aligned
property due to the initial pericyciic reaction. Fig. 17A illustrates data indicative of
bleaching with a 100 mW 532nm laser at 25°C and at 160°C. Enhancement may be
due to increased mobility or simply faster reaction kinetics due fo the higher
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use of any photoactive dye material having a sufficiently low QE in a solid
polymer matrix at or near room temperature and that displays an increase

WiB Rb:n ﬁgﬂ%}r as an exponential increase in QE, upon heatinlgm];ﬂ'%mﬁm 240

provides for a non-linear recording mechanism. It should be understoo

that the heating need not raise the temperature above glass transition

temperature (Tg) or it may raise it well above Tg, as long as the QE
tebapeates: sigrificantiefiraciosth Tito Eehsudh Sightteastye1dpesitays an
<heAAReg ihiseneeiliciggions alaagl MEBANRL QORINTRs, in

substantially uniform distribution of the dye. In the case of a
OB IFEBOAR AR S FeafMESHIRES pitEdPospRiNHinnixEonRabRipRate
wmnmgawvardm?bemﬁhaﬁﬁg t&tﬁf@ﬁf hfaglla taﬁmam ilﬁwﬁi@ri@é@@%ﬂhgﬂaégghﬂy

I The increase of the bleaching rate may be on the order
h%%%%ﬁé?%% se%L%tionally, in addition to a photo reactive dye being
d to a polycarhonate matrix like o-nitrostilbene, a second thermally

B hoto ChETAIGP SRR nyaIES dES b 5t GO Mot t
bmr&aﬁdﬁ%fa ightddmsodbelydn fRethecettecafizeshhisatintpat thetemplates the
LI ARRNGRABABRR A {AGHE ASRH ICLUMABRAABNOCASH! DA B fier

ncentrations, Iaser%ﬁ)wer and time at the focusing point madEbe u

C
“}%?%ﬁfs‘%rtﬁsaéiaa%}é BRIPLFSERE fHahdisRiaradiieered O abiteas an
exherRYyis therammiziig QE exponpheatmgucrnanemidedifoeatpthelifiesirandording

mRRERAG WA YELRRGN LT gt ignp hiosleaching ﬁé@dsﬁmlfé@%efﬂgstgfn Fei’atu re

%%cused in rou%hly the same reg‘lon of the matrix. Since the sensitivity In
A0 R TR O 1SR ER 6 98 @B B gRgatared gooun e Bdepers
t@@ﬁmgmmnmmttgmbamag Eﬂ@l@idfm&mpme@i@mésm frigly be
eneNAaTQrmplIan e Recy Jesauded Inaderagt NeRLed VOUME oy

using a relatively low power light beam having a significantly less _
UBHOREHTIR] RERE G WU iR reibh POTRaL Prii LK. facbradiag the
pobgianseteegianthahtavaqehyepitaddale ragerdegvexpariencenereoct, an
Rl AR ORI LS P SRA0NA0R4 Hleseing heteh.

mltlgatln%Fun esired dynamic Tange consumption thereat and permitti
MRGRS AGdre BrtpA o B HRftten in the media as a whole. Also, by

reading at relatively low power with the laser wavelength used to heat the
[ag9ddific reotichorliwriimoaddiéiduetterst dyotbleaehiivg diyingemgdedties! o a
pakLBBIGALL R AGRINRE o-nitrostilbene, a second thermally and photo chamically
stable dye may also be added fo the matrix to function as a light absorber, to
produce localized heating at the interference fringes at the focus of counter-
propagating laser beams, Dye concentrations, laser power and time at the focusing
point may be used to adjust the expected temperature to the desired range near or
above the Tg of the matrix, for example. In such an embodiment, the first and
second wavelengths of light for photo bleaching are simultaneously focused in
roughly the same region of the matrix. Since the senstivity in the heated region of
the material is expected greater, e.g., on the order of 100 times greater, than
surrounding cool rigic polymer regions (see, Fig. 17A), information can be guickly
recorded in a target, heated volume using a relatively low power light beam having a
significantly less bleaching affect on the sumounding regions. Thus, previously

recorded regions or regions that have not yet had data recorded experiance minimal
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Alternatively, a single wavelength, or range of wavelengths, of light may

be used for heating and bleaching, such that only one wavelength of light

(or range of wavelengths) is used instead of two different wavelengths.
WDOYB|1AIfHiéugh a variety of dyes are suitable for acting as H&rpperRe249

photo-chemically stable dyes for localized heating purposes, dyes that

behave non- linearly may prove particularly well suited. One such class of

; r 0 known as
A e R SR L R
PBIRHERR Sptith dvelmsidaiarde Baierdiee dydbenmesipiealv vavae valso, by
rasieirig aserplianyitow m@m@n'd vmﬁihﬁes@%?Halfaw@%ﬁ@aa{%aoté:ﬁawm@rspeciﬁc

| , onetneless rorm siron ransien .
R R e L R TS & e SR o
Afffaatisrly | @ Endsate velreabondiagae of mavaiadhy exdipiaasipg used for
hextiendeddimetayiagingcHiniteastionsrs shavensiyfio. ot 7fgnEaBsistenly o

rewith, {t.is expected that once. an intensity of light at interference
Wri\%ée%g% Séé%H%grB-E)?%%gég%%% 'ﬁte B%%%E“lﬁ%n dium incorporating

%iéngthylamino dinitrostilbene Slgrqg[asses the threshold level, the dye
9% rbs strofBRFER £dBlEIPIMES AL SHIRRKPhasitgeas thermally and

phoiresponidaly sishirbeofdch&oaditeraidathighieroperatyersiiihushave non-
i ing to,an, : € inveqti t al ing event is
e B e R e S s

R YREGi S RHIE S SIS Sho bl SSSIRRYN dhireaidirizingAmarated is
patiposarie isithactkreattiens imsithier vohumes obthecmapsiainbiaeiénthagdand
i i t, micro:holograms are stored in a
e, g B AT £ oot

wWok SRRANR A desa MR sronser e inesiRy {Bartiuse FotmroptielRss feam strong
trapisniseieien@niEigssaBancdih fe iaRleal HFRMINCHSEsRIYRRARLI
e SRS B RS SR APERT Bl ivamin
dinifepstinang iarheisndatie dider feonsigvaiivihesamtout taesprevietishat once
astoredsliatanign genewateriesfaienss dingasitheesbipuggNeitedms in a
n{@&ﬁﬁﬂ{nﬂ!%%%@tgggh%mgt@fénn%%ta ii%i%po%tti}gé%gté{%léja@seess btﬁaa%’%%rs tgilg level,
the dye absorbs strongly at a fosused point and can quickly heat the corresponding
volumes of the material to high temperatures. Thus, according fo an aspect of the
present invention, a thermal gating event is used fo enable a reiatively low energy io
write daia into a target volume of a media (thus exhibiting increased sensitivity),
while minimizing unwanted exposure induced reactions in other volumes of the
media.

Tracking and Focusing

foosT] In one embodiment, micro-holograms are siored in a volumsiric
medium along radially extending spiral fracks in a plurality of vertically stacked layers
where the media is in the form of a disc that spins (see, e.g., Figs. 28 and 30). An
optical system focuses a light beam into particular target volumes in the media, o
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targeted for data writing and recovery light beam illumination. [0098] In
one embodiment, the spatial characteristics of reflections of an impinging
light beam are used to aid accurate targeting of selected volumes of the
wnigreheietgram array containing media. If a target volume, BOg/US2006/609249
micro-hologram, is out of focus or off track, the reflected image differs
from a reflection from a micro- hologram that is in-focus and on-track in a
predictable manner. This can in-turn be monitored and used to control

It e RS R, RitERS B TP SPERROARIES Hegkathpidetie Sra o
remiﬂecmdhs Bavionglyostiodagiaimsoolt ofdoecs v anesdromedhitisgeofthereat o

géﬂé‘?’%ﬁ’ |9%%”h%;‘5bf8ﬁ+157ﬁb'§t f § ;;g%%?@sf 1Py ?% é’i be accurftely

MmICro- holograms are efon ate as compared to re CtIO rom properly
fam@ﬁad%%wawﬁﬁ%m%%%%m%ﬁ' pikiBRiiohature. [0099] By way

of further explanation, in the above-discussed material systems, (different
(08883 conventional eDhedineVDiechpdishielyasienchivetaizedickiimsisofl an

m&tfnﬁ‘@ﬁ@ F@ﬂ@%@ﬁz@?&dﬂw %@@EB%HBL%E@%&%@G@%«%&&&Q«&%@HQEM%
m 1810 contained.,in meg 20 reflects readln% ?Pt beam 1830 i
Sr% E%agﬁé?e%if&y ARG PESHERAG atbAra 8RE BIHRG & GraraRieg™

oye qj. fdens ot 880ira0iptital weirnient im fifase§tigha be%ntmssfmmt@ anicro-
hépgehyeldne w&e&ggﬂele&f&omiﬁ@ helagram 18dthesuehithaln intum be

micro-hologram 1810 generates a reflection that is incident gn optical .
Mot ’8%56‘% ?r‘?&ﬁ%@‘&‘.ﬁ%’ﬁdolﬁ%ﬁ%‘wﬁ@%‘ %?ﬁB‘BHuH?&HPeS For
exptiphl, dhenséat di850ctiom irnatés cHe keflectonubol Date recieedrym those

oﬂﬁﬁ%Fé%ﬁBBFa?ﬂQWﬂ?oé@h%%% 4@@@5@%@%}%%@&@9%/ RAiSBHGlograms

micro- hologram 1810 is |l lustrated, in actuality media 1820 is expecte to
a%’oﬁ{aﬂ%fﬁ%ﬁaf%?w&% IRof %%%?ﬂ@spggmoﬁﬂﬁ’%%éﬁ%“u%dpm%ﬁ? ggigms,
eX,, vrequcdinaiipgicst alomgurtracks) and in many layers (e.g., Z coordinates
or depth planes or pseudo-planes). Using actuator(s), optical element

[y may ta/selagtiwlmaf@et@qﬁ@ﬂmgrentnta&etaﬁ&ugﬁ&gcussed material
s c%rrespg gtto select ones.a f ams [00100]a metalizad
FRicroch ﬁj(')grar% 1810 g‘ﬁﬁé f§cugo e readlng |Ig?1?%8%.)m TR
laesdingsed &r IRftast B830ckR! redine dicticredygéserhiting & reliedteamicro-
hslsgahat: oticahalement Adath WHohds&ag LM RO SRR FBCRVE NNy

detector, Tge da éWO 2006/101873 PCT/US2006/009249
detéctor 184 ;'JOSi zon around one or more optical elements (e.g., lens) 1850.
Optical element 1850 focuses light beam 1830 into a target volume corresponding o
micro-hologram 1810 — such that micro-hologram 1810 generates a refiection that is
incident on optical element 1850 and ring detector 1840. In the Hiustrated
embodiment, oplical element 1850 communicates the reflection to a data recovery
detector (not shown). i should be undersicod thal while only a sihgle micro-
hologram 1810 is iliustrated, in actuality media 1820 is expected fo contain an array
of micro-holograms positioned at various positions (e.g., X, Y coordinates or aiong
tracks) and in many layers (.., Z coordinates or depth planes or pseudo-planes).
Using actuator(s), optical element 1850 may be selectively targeled io different
target volumes corresponding to salect ones of the micro-holograms.

001003 If micro-hologram 1810 is at the focus of the reading light beam 1830,
the reading laser beam 1830 gets reflected, thereby generating a refiected signal at

optical element 1850, which is communicated {0 a data recovery detector. The data
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recovery detector may take the form of a photo-diode positioned to detect
light beam 1830 reflections, for example. If no micro-hologram 1810 is
present at the focus, no corresponding signal is generated by the data
Weweanidétector. In a digital data system, a detected signBf FiaS2ese/009249
interpreted as a "1" and the absence of a detected signal as a "0", or
vice-a-versa. Referring now also to Figs. 19A-19C, there is shown

rSHUIR BB HR GHAN ERIAOHRFRANANG AL AD R L IRRH AN ASK ST arm
ﬁg\%gr‘%ﬁéhol ram, using a reading light beam hawqg an inciden
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sgge&qhalfd@@@gé'%ﬁﬁ%%@’%@%&g RAIRID o EsR L 83%6561 QR

Referrlng" now also to Fig.” 20, in o ora readln Iaser eam t

SipgfRbeted 1Y é’WE?o%Yﬁéij’raﬁ?&%’ﬁ%WWﬁéﬁfagéFﬁéaﬁ%ﬂ&ﬂdfb@e is shown

S'GWEIWWMMGICI ang |&t&f@ébbﬂ@[ﬁi§r§d an ﬁ?@fﬁ?@éo ngﬁg@rﬁw& IE9enicro-
in [ N [o have wave-fron ts that

hﬁgrr%gT tc? the' p il Qégg%i?ﬁ rEPopt|cacél‘?lﬁ"aﬁlqS,V'QSZ%1 ?ﬁg%enfaraef poY rbﬁ?%éd"m a

lagts 88! &' ?ﬁﬁcﬁ’f) @o%%u@é%ﬁﬁﬂw@ngnm@imhé diggnfastathiégie beam

pavamiwecﬁﬁls;ﬂfﬁyrk \eeiishitRldRiE i eetianaisrction A facisedeld) or
/9%’?? ht beam, such as that shown in Fig. 20, is the overlap o
A )

many w. W|th various wave vector. The maximum angle of the

vector is determined by the numerical aperture of the focusing
SR

tive ISHEIRGINE QS RRIVO de-aRwisverdridiens apadietdensd byamdo be
refirctedtnlagraleTc-soickythat@maisro-helogsanbasts Skeuk B'é%cﬁﬂ@ét@znﬂrycused

argflaRisiRcdant ighiw %%?ﬁ&%'%gggl % ecfors, When awa den‘t hglf'z?cbeam is

only the central portlon einc tTight oveﬁaps with tHe

ST 8-V gVaME-Tep iRl tbaarr asmalda g*agnmmé@n feptiiel axis 2020
ansﬁ:ermmratmngesznarmehmﬁetctlam@fwmw%%g@&%n{%@}%wéf%@%

i W&ﬁﬁ%@%@gqf&'ﬁ%@(glor oLy p"}ag L{g{@grln%%&oﬁigh iag rr%t;ocusec:

rack, the wave vectors along tﬁae dlr clioh Ve
Gﬁﬁ%%'@ﬁ%ﬁ?@r@ﬂ’é’&%ﬁﬁﬂﬁ%@fﬂb@ a@bnis the treptard vioeinaveassets

withe igbtisheava &d@ﬂgmdﬁﬁlﬁ%ﬂirsﬁgﬁ%’?%ﬁ%% R A T

B O B SR eIatete praviREdb o B Phiteve
VeSS e eI RY- ?@mrm@ﬁm(zwbmmermsmmmm acts like a
filter that only reflects incident light with ceriain wave veciors, When away from
focus, only the central portion of the incident light overlaps with the micro-hologram.
So, only the central portion gets reflected. in this scenario, changes in the reflection
efficiency decrease.

j0C102] When the focused light beam is not properly aligned with a micro-
hologram in a track, the wave veciors along the direction vertical fo the track do not
have as strong a reflection in the direction along the frack. in such a case, the light
beam is slongated in the direction vertical 1o the track in the near field, while the light
beam is squeezed in this direction in the far fieid. Accordingly, separate tracking
holograms may be provided.

[00103] Figs. 21A-21C show near-field distributions (z=-2 ym) corresponding to
the simulation of the circutar micro-hologram of Figs. 194-19C. Fig. 21A iilustrates a

25



the simulation of the circular micro-hologram of Figs. 19A-19C. Fig. 21A
illustrates a 25 WO 20061101873 PCT/US2006/009249 data recovery
light beam being launched at x=y=0 and z=0.01 into a media. Fig. 21 B
WhlG8eeaEs 7an off-track condition reflection caused by a shift RSFERH6MRY 249
21 C llustrates an out of- or off-focus condition reflection caused by a
shift of z=1.01. Thus, in an out of focus condition light beam efficiency
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Ilters, such tical in an off-track condltlon

a %mfa ofivetab ﬁ”@?d%i)éﬂ Wﬁpwéfﬁaﬂéidvﬁﬁﬁr&wm BreiRsn dBRditRR Y in the
iHu&k04 Lakshoetd b enundarnsiaes: thed memmmhomga"@tms nER@!yothe 220

oS LSS, QOISR CI eI Uy e daed) Befer iDL

now a SO ere IS'shown a simulati |on Correspondln

in maﬁq@@@bﬁdﬁh@wm@ﬁ@e rﬁng-i@méfw@rmnth@smame‘édﬂ*@mﬁﬁbé%ﬁﬁ%
InhawiRg andaddantiwavelengihofOdfepmng Iass@rssmbmmtg%s%& P& k-

a left.circular ar h.ran z/2=2.5 fie
A R e
th@d&hé@ﬁﬁ@iﬁt\wh o sn@@iermgmom@%ﬁ@%@w@@mw near- field

distributions (z=-2 pm) corresponding to the simulation of the oblong
[oniicad- holdgsanuiof Fags1R8#eR80hE ¢he Micithdstiagesnas detedrecbbergitiglar.

F#e% RN Hﬁ(@l’@%ﬁ DN dhz7 @0 Lie arpedind %v@‘?a%o fo Figs.
lustrate Fi

s an off-track condition reflectlon caused by a shift of x=0.5
23 eSHiuthessds glﬂoa\m 3igpigHon corresponding to an on-focus, on-track obtong

micro-hologram, using a reading light beam having an incident wavelength of 0.5
um, a laser spot size of D/2=0.5 um, a left circular polarization, a Rayleigh range of
z/2=2.5 um, and a far fisld half diffraction angle of 6/2=11.55° [field) or 8/2=8.17°
{power) — analogous to the simulation of Figs. 18A-18C. Figs. 24A-24C show near-
field distributions (z=-2 ym) comresponding to the simulation of the oblong micro-
hologram of Figs. 23A-23C. Fig. 24A iliustrates a data recovary light beam being
launched at x=y=0 and z=0.01 info & media. Fig. 24B illustrates an off-track
condition reflection caused by a shift of x=0.5. Fig. 24C iliustrates an out of- or off-
focus condition reflection caused by a shift of z=1.01. Thus, in an oul of focus
condition, light beam efficiency decrsases, while in an off {frack condition the
reflection is spatially distorted. Referring now also o Figs. 25A-25C, there are
shown far-field distributions corresponding to the near-field distributions of Figs. 24A-
24C, respectively. Fig. 25A shows a data recovery light beam being launched at
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focus condition reflection caused by a shift of z=1.01. Thus, in an out of
focus condition, light beam efficiency decreases, while in an off track
condition the reflection is spatially distorted. Referring now also to Figs.

WeEA09RMEThere are shown far-field distributions correspon@ii¥626te/009249
near-field distributions of Figs. 24A- 24C, respectively. Fig. 25A shows a
data recovery light beam being launched at 26 WO 2006/101873
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sishift afrzst. 08 ressiftdodnsdibecinfastieitbdivargenas anghas dfulin thasis
; recty ' il .88.in the, X-direction and 5.00 i
e e R B e e e okt
CREEpHER fNdre *HRyaAitn BRAS SRidRghmiciRstisgrams result in elliptical
far-field spot spatial profiles, in an off track condition the elongated
[i8lion mapusiffebienryl thiertahfioltaspotaidt) ket smaltlepeadth Birecutafd that

wiaRUsSHESRAHRA-HAIQEhEe fnesralivsniemudlLRs: fusther dissdsserasy

it relates.to circular _micro-hglograms for non-limiting purposes of ]
RS IGORR oM. TREHTY LUERH < g1 VANBE T 18 CAf ik BRechi be
smaipevE sightbekivcepatiatiifvensity, may be determined using a

guadropole detector, such as that shown in Fig. 26. Thus, in one
[eernigidimenit¢herspatiahpsafitn ofimiershplrairme selleqlignsiars usagtiQiar

BB e NG IR LSRR R e
SERROY FHelR MR PBfrae RirarliPprovive hare ddinkeesigeratial intimedy, may
bselsiatoicatreshthe positiopolseitasebroniis fead: KHoQXAMPL: BO Thus, in
o ST DRSS Al olBghe e o oee to
deieagEBMhRhRICR IS RSItGr Hehs beant ihénhfasive anske ongrevideTusisigantimay
aksacking feedbarkdanoplicaploment BOSHINRG AFHAIEIE AN ATt of
track, and provide a feedback signal fo a drive serva to correct the position the laser
optics head, for example. For example, one or more detectors that convart micro-
hologram reflections into electrical signals can be used to detect changes in the
reflected image of the micro-holograms — and hence be used to provide focus and
racking feedback for optical element positioning actualors. A variety of
photodetectors may be used to detect the micro-hologram reflections. As an
exampie, ane or more photodiodes may be used to detect reflections from micro-
holograms in a conventional manner. The manufaciuring and use of photodiodes
are well known to those possessing an ordinary skill in the pertinent arts. The
information provided by these detectors is used to perform realtime conirol of

actuators in the optical system in order to maintain focus and stay on the correct
data track.
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photodetectors may be used to detect the micro-hologram reflections. As
an example, one or more photodiodes may be used to detect reflections
from micro- holograms in a conventional manner. The manufacturing and

Wk IhBtbdiodes are well known to those possessing anPéitifanpErIn49
in the pertinent arts. The information provided by these detectors is used
to perform real-time control of actuators in the optical system in order to
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lig)f R e rops O UBILOS] FRgsa b NIB Bristidw a detector configuration or array
(Fig. 26A) and various detected conditions (Figs. 26B-26D) for
e niningigheliié-208 sfwrenz igdtedocus tigoratiackarimome (Fig, 26A) and
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determine if the optical system is out of focus or off-track. Each guadrant
fQgeteelorREBeR, BetitaesRenEtesbdb 5 Breda dargo Gy cRatrRY P
useltdgeldteanispidpertimtiabtetheanoont of erasgyrreflecied obdelitquadrant
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correspond to one of the quadrants, such as in orm of a quadrupole

R SR PRIHE I iE eI AT EieEYdRfissinhentubte BBieaivaprando00
insaespainsive torapticalienediydeapagaitiocovespin@isd geastaithandheits,
s[RFUSING, ORAICS (R D- JeQScf%?.%pg)_ wsed lo.relay {60, Iacys) light Joeams in.
and reflections out of the Vo umgtrlc storage ‘'media. fa:rg?example,
cHtradiaslaEeiR B0ERMY FrspetitHe P BEFRhENSIRIGPEaEAtTIeOVer an
atsegrtatémpnghanstiene) el esiionsdiarpa akget albiaiecte . drIess) fight
BB 52 ARR MRHRM0P-JF HHE Bt LR MRS R Bdmpre,
e detected light beam shape

quadrapole detector 2600 may be positioned behind objective lensing used fo
impinge and receive reflections from a targst volume, to detect light beam shape
variations. in the case of a circutar micro-hologram, if the detected light beam shape
is elliptical, it may be inferred that the light beam is off track, such that the off-frack
direction is the eliiptical lvight beam short axis. If the detected light beam is smalier
than expected (with smaller numerical aperture), but the variation is symmetric in
nature, it may be inferred the liaht beam is out of focus. These detected changes in
the spatial profile of the reflected read light beam from volumetric media are used as
feedback for a drive focusing and/for tracking control. Optionally, a smaller lens array
may be used around the objective lensing to focus the distorted refiected signal.
~urther, changes in the angle of propagation of the reflected light beam are also
useful as an indication of the direction of misalignment.
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is elliptical, it may be inferred that the light beam is off track, such that the
off-track direction is the elliptical light beam short axis. If the detected light
beam is smaller than expected (with smaller numerical aperture), but the

WO Symmetric in nature, it may be inferred the light#sensisieneohy
focus. These detected changes in the spatial profile of the reflected read
light beam from volumetric media are used as feedback for a drive
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[6G110] Error sources, such as an off-center disk, disc warping and/or missing
data can be compensated for, Kalman filters may be used to account for error
sources, and predict a future path of recorded micro-holograms based on past
information. Normal progression of the spiral path frajectory can also be estimated
.and forwarded to the tracking servos. This information is usafil far enhancing the
performance of the tracking and focusing servos, and reducing tracking and focusing
servo error. Fig. 27, shows a block diagram of a servo system 2700 suitable for
implementing focus and tracking control, System 2700 including focus and.track
path estimators 2710, 2720, that in one embodiment take the form of con?erttional

Kaiman filters. Focus path Kaiman filter 2720 uses a servo timing puise (z}, a

rotational speed of the media, a focus error vaiue (e} {the difference between the
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reference, T, for the system. [00110] Error sources, such as an off-center
disk, disc warping and/or missing data can be compensated for. Kalman
filters may be used to account for error sources, and predict a future path
WEF FBHUEE micro-holograms based on past information, NBEFAIS2006/069249
progression of the spiral path trajectory can also be estimated and
forwarded to the tracking servos. This information is useful for enhancing

adgeperpimanceQl he H&GEM&@P@%&@‘;@@ §%WP€E§5‘C@L§6‘%¢§E gad head)

tracking and focusing servo error. Fig. 27, shows a
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in one embodiment take the form of conventional Kalman filters. Focus
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2006/1¢11 PCT/US2006/009249 desired track path and the actual
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traebersiVetjctntiteshestimnae drieniiy téla}estgwﬁ@ianf%l% %f&!ﬁ@ll Bfator(s)
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_?gs serv% tlmlng [f)ulse (z), signal p, and a traccf< séek command from
2730 posi ocus a feading and/or writing light beam into a target volume of
the head in the media responsively to corresponding layer and track seek commands
from conventional layer and track seek logic {not shown).

on an

i00112] Thus, there is disclosed a method of focusing and tracking micro-
holograms in a spafial storage medium. A master system timing reference s
generated for a sampled tracking and focusing. Error signals are generated based
ort micro-nolograms reflection asymmetry resuiting from an off-track condition and/or
expansion resulting from an out of focus condition. Kalman filters are used o
estimate and correct for tracking path errors in a tracking conirol servo for micro-
holograms. Kaiman filters may are used to correct for focus path errors in a focus
controf servo for micro-holograms. The servo control can be used if the dais are
based on different iayers or changes between layers.
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the conventional layer and track seek logic (not shown). in essence,

actuators 2760, 2780 position and focus a reading and/or writing light

beam into a target volume of the head in the media responsively to
WeotegBBAding layer and track seek commands from conveltigHagIen/rz49

and track seek logic (not shown). [00112] Thus, there is disclosed a

method of focusing and tracking micro- holograms in a spatial storage
fomeriym. Asfngf&sardswgt@mwrﬁﬁgfe[ngewéc;qsg%rﬁae%éeéiﬁgséoa%% and

n

tracking and focusjng. Error signals are generated based o
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inShAEes PEIVERRJAYETs. 30 WO 2006/101873 PCT/US20061009249
[00113] It should be understood that the tracking and focusing systems
and methods described herein are not limited to volumetric storage
systems and methods using non-linear and/or threshold responsive
materials, but instead have broad applicability to volumetric storage
systems and methods in general, including those using linearly

responsive materials, such as that described United States Patent
Publication 20088438333 aelatiirlodismtiuiiostantine ib/siegeby

incorporated by riesengeaiermatineissRatataple.Yalumetric Storage
Disc Using Data Indicative Micro-holograms For Tracking [00114] As set

[oriahereimymistadiplagiams ARADERIGHSH A CEIQ%P&&&S& Hrjj&gtin disc

usr.ingltrlrg)l vertical. IaY?rs and along a spiral track on each layer. The om?at
R ISR R AT e SPU R B et S iR o

thpeletrratanege amtitostayFbaexarsighafithet prayinity f adjagsakiayetstiance

' I i 1ad; . If J talk bet .
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AU TR S0 3TTS] HLrosssibivesiwermdnissobalesearsomaigarobiem
ingisefing neitesheblversr layers in the disc increases.

[00115] Fig. 28 shows a format 2800 1o overcome data discontinuities between
different layers by storing the data in spirals in both radial directions on 2 media,
such as a rotatable disc. Micro-holograms are stored on one taver 2810 in & spiral
that traverses inward, for example. At the end of this fayer 2810, the data continues
with minimal interruption by focusing onto another layer 2820 in the disc in a spiral
that traverses in an opposite direction. Adjacent layers, e.g., 2830, may coniinue o
alternate in starling position and diraction. In this manner, the Hime it would
otherwise take for the sensor head o go back o the location where the previous
spiral 2810 started is eliminated. Of course, if it is desired to start gt the same
starting point as the previous spiral, data can be stored ahead of time and read out
at the desired system raie while the detecior moves back io starting point.
Alternatively, different groups of jayers may have one siarting location, andlor
progressing direction, while other groups of layers have another starting location
and/or progressing direction. Reversing direction of the spiral in adjacent layers may
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different layers by storing the data in spirals in both radial directions on a
media, such as a rotatable disc. Micro-holograms are stored on one layer
2810 in a spiral that traverses inward, for example. At the end of this layer
WO/ thsthata continues with minimal interruption by focudlfig BFe6/609249
another layer 2820 in the disc in a spiral that traverses in an opposite
direction. Adjacent layers, e. g 2830, may continue to alternate in sat
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ethe &res {lnventlon he% eor stgﬁun{ggnenc%lréga 0|n of eacholia ermay,
B Aifernated, CrosS talk Batween ?ay TS may be feqace C?W \?arylng the
ugstling points of data spirals on different layers, That is, where a first
layer starts at point 2910A and spirals inward to point 2910H, a next laver
[aged7r$tart at point@8aohbagdspiralaputevaidrta poitd 294 0D spitebrastbles that

sHIRIIRYRICIRAL SREAIR VAT diaeshBialiss [ FXEMPIRAECAHSGRIE! for a

particular groupings of starting/ending points may be used. [ 00117f] Thus,

r%%%%@@&a% 189 iR BRediNE MRS AR aP ackEiing Point for a next

layer., During the interval when the detector head moves from one layer to another,
one or more data memories may be used o maintain a consistent data siream to the
user or sysiam. Data stored in this memory from the previous daia layer may be
read out while the detector head moves fo the next spiral layer. Cross-talk between
layers may be reduced by revers'ing of spirals on adjacent or different layers. Cross-
talk between layers may also be reduced by changing the phase or starting point of
gach layer and vaiving the ending points of data spirals on different iayers. The
starting and ending points on different layers to be read consecutively may be
épaced so to avoid unnecessary or exiended interruption of data during the time
reguired o focus on the next consecutive laver of data.

[06118] In one embodiment, oblong shaped micro-holograms are used as the
format for a volumeiric data storage syste'm‘ In other words, self tracking micro-
holograms are provided. Advantageously, using oblong shaped micro-holograms
may aliow for micro-hologram size to be smaller than a recovery laser spot size in at
least one iateral dimension. For tracking purposes, the oblong shaped micro-
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spiral in different directions on different layers in order to reduce time
needed for a read/write detector head to move to the next spiral, e.g.,
starting point for a next layer. During the interval when the detector head
WiaWes 8T one layer to another, one or more data memoRES/Hia(iper9249
used to maintain a consistent data stream to the user or system. Data
stored in this memory from the previous data layer may be read out while
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layers may be reduced by reversing of spirals on adjacent or different
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where a media disc is spinning in direciion 3020. Referring still to Fig. 30, It is
desirabie that the laser spot move to bif 2 after reading bit 1. However, since micro-
hoiogram bit 1 is symmetric, the drive does not have additional information to
indicate the direction of the track 3030 including bits 1 and 2. Accordingly, the drive
may cause the laser i wander ic another track 3040, 3050, e.q., bit 4 or 5

unintentionally.

fud120] Referring now also to Fig. 31, fo assist in correcting for potential track
misalighment, the micro-hologram spot shape can be made non-circular, or non-
symmetric, so that the laser head can determine the track orientation. in order to
have a bit separation smaller than the read laser spot size 3110 in at least one
lateral dimension, oblong-shaped micro-holograms 3120 having a high reflectivity
are formed along the tracks 3130, 3140, 3150. It is worth noting that in contrast,
single iayer formats, such as CD and DVD, use oblong shaped pits that generate
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holographic bit is also Gaussian in spatial profile. Gaussian profiles tend

to have substantial energy outside the light beam waist (or spot

diameter). In order to decrease the interference from the neighboring bits
Wniesomgiograms 1, 2, 3, 4 and 5), the bit separation (the iSEBHEW06/609249

between two bits dt) may need to be as large as three times the laser

spot size. As a result, the content density on a layer may actually be
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IOC%} H}me In other words, the media is advanced relative to

Iaser Spol dUPRG expEatR tfHé‘f%B?/ UlipBRIg si9rabnbated poradRdPmenay
algfelrdnoysiengieshaped micro-holograms are written with controlled length
via the length of time the writing laser is turned on and advancement or

[0®tafibn spdeds This ateantagedimbhisenesdo Q{&Tﬂ'&tﬁt%’a&)ﬂﬁﬁfb?@ms are
e rh gL g I
format. gl' ne format micro-holograms may sncode data themselves, or additional
data optionally recorded at different locations, or co-located yet recorded at a
different angle, and/or at a different wavelength than primary data-indicative micro-
holograms. Where the recording media provides & non-linear optical response {i.e,,
a threshold response), the width (short dimension) of the oblong marks may further

be decreased thereby further increasing layer capacity.

[00122] it should be understood that the formatting systems and methods
described herein are not limited fo volumetric storage systems and methods using
non-linear and/or threshold responsive materials, but instead have broad applicability
to volumetric storage systems and methods in general, including those using linearly
responsive materials, such as that desctibed United States Patent Publication
20060136333, the entire disclosure of which is hereby incorporated by reference.
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circular shaped Gaussian laser spot has more strength of reflection along
the track orientation than normal to the track orientation. The signal
reflected by the micro- hologram is no longer perfectly circular (see, e.g.,
WRigaIeBM25C), and a detector, such as a quadrant detectdf;lité&gopeen9249
used to determine the reflected light beam shape and hence track
direction - which is then used as a feedback to help keep the laser head

ontrack. To mcrggﬁﬁ %gtﬁgga?ﬁ?gl ngﬂﬂvﬁﬂ q_pal CD/DVD format

methodologies, su y usin eren |aI &gnals%asec?on reflection,
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This track is also followed by the laser head during the reading process.

[60125] In one embodiment, track pre-formatting andior off-axis micro-
holograms are used fo encode ftracking data (e.q., depth and radius position
informatior). More particularly, prior to sioring micro-holographic bits inside a
volumetric storage media, tracks encoded with off-axis micro-holographic gratings
are pre-recorded at various depths and positions in the media. Such tracking micro-
holograms may be oriented o 25 in generate 2 raflaction off of the norma! of an
impinging laser beam. The orientation angle may comrelate to the tracking micro-
hologram depth and radius, such that the tracking micro-holograms serve as check
points. In a reading or writing process, the tracking micro-holograms reflect incident
light away from the optical normal axis, which can be detecied using a separate
detector, for example. The focusing depth and radius of the current location in the
disc Is determined based on detection of the angled, off-axis refiections. Pre-formed

35



limitations including, but not limited to, surface roughness and scratches.
[00124] Single layer storage formats (e.g. CD, DVD) use a reflective
asymmetric light beam for focusing, and a three-light beam mechanism for

Weatkimg18FHfowever, volumetric storage media don't include BCHig13BA06/609249
reflective layer at the data recording levels in the medium. In recordable
or re-writable versions of CD and DVD formats, tracks or grooves are
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foROSHIONZHA 13€ MedidinU e Ak N NigEbalograms. gy 5!??8{ 180k,

o9 as tq generate a reflection off of the normal of an impinging laser ~
ST he Ori e o gRe il EBh Bl Pt PRSP inT G0 2 Gl
regdipatedridioddtusiesirchaviat diie. ratikisy mictisduskegramsiserve as check
points. In a reading or writing process, the tracking micro-holograms
foeflzxgt incideigt diplshaway fl;%ﬂiﬂ?ﬁ Q?J@@«”#x Qﬁé’flﬂ@ln_?ﬁlﬂﬁfa%hn%ﬂ Eg}%spug to
rate or example. The focusipng depth an

o ol e oA R S oot o e
susizatialy adicsariin e awming Pragesclit B w0 2006/1002876:! area to

faBAY WAARP AICAZ AR iere phearams My HussPevsad RRIAVIES Rdium.
GRSl e el e et e e e
seFReRs'RsidecaTe Retdrmpininaduia Euthenatlembihspiraditrolighinates the
saaEaarAglihsansde bEapR 10SidR HIe sBROIB ST CONISEs At the disc normal
aﬁg‘nqg‘%r%kjg ﬂgh{%celgr%@ gch {)C%J%{? {nteﬁere and form a micro-hologram 3230 off-
axis from the medium normal. This off-axis angle may be used fo encode the
physical or logical position of the track, i.e., depth or radius. As will be understood
by those possessing an ordinary skill in the pertinent arts, the off-axis angle ® of
micro-hologram 3230 is dependent upen the off axis angle @ of light beam 3220,
where light beam 3210 is normal to the medium 3200, Thus, by altering the angle of

“impinging fight beam 3220, the location of the formed hologram may be encoded.

[06128] Light beam 3210 may take the form of a centinuous wave to write a
continuous track, or be pulsed. Where pulsed, the pulse repetition rate determines
how frequently track position can be checked during content writing and/or reading.
Alternatively, or in addition thereto, micro-hologram bursts with varied repetition rates
or numbers of puises may be used in addition or in lieu of angle dependence, fo
encode track position information. Howaver, where pulsing of the micro-hologram
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substantially concentric tracks, may be used though. Digital bits are

written by forming micro-holograms along each track. A track may be

formed, for example, by focusing a high power laser to locally alternate
Whéxsfrattive index of the medium. The locally refracted in@€X/kfadedatitns

generates a partial reflection from incident focused light to a tracking

detector and provides information about the track. Conversely, the tracks

wiRRY g nHéamingo,8-30! ' GR!byLepli '
inﬁ}%‘g@ Vi e%ée. ﬁﬁ%ﬁgﬁﬁ%ﬁ§§2§eﬁﬁ%g%g @ijgsaﬁgse#%?vg%ﬁ%
e |usm%2%6| QP?%’%'P 8 R PRayBEGSR Mg oIS amumagieed to be
reecé g issaihcousifolvasiiienipmigfamsi track. A laser head
substantially adjacent to the medium focuses a light beam 3210 to a local
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albndersteo B HWRESS RARSRSHINGLAN BEdinasy /ilLiihe Ebeftﬁee%qgésaﬁﬂéa is

S e S il o s i
holpstiRin 3220 martially, efiedte tirey e angldigit mmpingintolightiheam adi8hous
difseriacaiionsphile fremeddaleatam mayhe s0saded [R0428] Lidht B8/Am

re%gqunmﬁ take the formfgf a continuous wave to write a continuous tra
GF be BTSSR HeR JaIERPaRe Sraibe Mepattior arlT i sRmmes. Ro@Tay of
S%@pﬁenmﬂwabﬂ pissitiote ceetbe dheckeltbcatngrapnenkgntitivgsandien and
aseadigs hoimaliveh e Ratdiiapdhaslo foistariglagam Buigis win

varied repetition rates or numbers of pulses may beUsed in addition or in

fobR4df angl?ﬁgp%%gﬁrb%%/éﬁ encode trac ositior}%réffogrm ggn. However,

where pulsing of the micro- &géarra'r%ogg 8 5506 In pre-formed,
TRy EMSEIDBIORES - Wi RE6ginen efras Largle sigh theathdspulsd as an

enepiitiam rapgian numbesoldusemdnMcaissitbR BRaPRILAY MR thafh:
b H@?&%H‘%&@#&%%&%‘” r?’?(cpo%ﬁgl(t)grgreﬂ. The information gathered may
be used for focusing and tracking, e.g., provided to a focus/tracking system akin to
that shown in Fig.27. For example, the off-axis signal may be used to determine
whether the incident iight is at the appropriate depth and whether the appropriate
lens is being used to correct the spherical aberration associated with the depth.

Jo0131] in one embodiment, one or more micro-holograms may include offeayis
and/or off-center components. Referring now also o Fig. 34A, a holographic
diffraction unit, such as a phase mask or grating, spiits an incident light beam into a
main light beam 3410 for writing/reading and at least one off-axis fight beam for
tracking 3420, The off-axis light beam's 3420 propagation angle 8 is in-line with an
off-axis, ofi-center tracking micro-hologram 3430 in a media 3400, such that the
refiected light beam propagates back along the direction of the incident off-axis fight
keam 3420. In this scenario, additionai collecting opfics other than the objective iens
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read to determine useful positioning information. [00129] Returning again
to using angular dependence, during the content writing and reading

W%rsggfﬂr%é%i g{se-formed off-axis micro-holograms 3230 reflect %ET}Q%Q}&%G%M

eam 3210' normal to the media off-axis, to provide information
about the track. Other information, such as copyright information, may
optionally be encoded. In such a case, the off-axis light beam may be
Mo dalaked esdadoddosunier,diire oiiates amglat @ofangleniveicativerahthazo is
fiRasiteR Wikin dhegnaedia, ReIGIHNGNAsa!SQ [ g, 33xvhen an incident
li eam 3210' normal to the media axis is focused to a Iocaﬁy
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SRBWPIG R A dIeanadkibamidhe- hitegimwritfgearomsatonathered may
be used for focusing and tracking, e.g., provided to a focus/tracking
{gﬁ&}ndakimt&amsmmén ﬁg@;,mmq@d@] %féﬁ%isﬂgnééawwﬁs
e ter e the. i nt light is.at the ropriate dept
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LB ati SR LRISERARSH AR PGk ten be 1 ffrestrsl mibueinsimGtione: othe
banlpreieitioshelearaos thawmlalwnd@rF@fvﬁ@e@_ 'fﬁrﬂ%{ﬁ:& %Cﬁ&ée!‘efflectéqns 3484,
reip o Fig. olographic diffraction
o Bl s O RSB e e Er R o A 3
reRESHPRGHE ResRsrdisdaoiowhting et rpem detedsbiretiianistiphto side
refieciforfers tiakdng:@4 20.t/BaRIQf-axis light beam's 3420 propagation angle
8 is in-line with an off-axis, off-center tracking micro-hologram 3430 in a

[oowRdp 340Q, skehdhat thesdislireiad Jiotbeampo .%Sﬁ%ﬁ%&!%%@%d

mgj;!;iectéorgj of thF)aCiCFcident off-axis light. beam 3420"In this sce
QDT egiRg il 5P R BeS tiRlitHe BO) MRS R SPrage systems and

methods using non-linear andlor threshold responsive matetials, but instead have
broad applicability to volumetric storage systems and methods in general, inciuding
those using lineatly responsive materials, such as that described United States
Patent Publication 20050136333, the entire disclosure of which is hereby
incorporated by reference.,

Pre-Recorded Media Batch Replication

[06135] Optical replication is well suited for distributing large volumes of digital
information recorded as micro-holograms in a supporting media.  [ndusirial
processes for optical replication using micro holographic, as oppesed 1o pége—based
holographic, approaches appear desirabls. One problem with optical replication
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WO 2006/101873 PCT/US2006/009249 may not be needed. However,

the off-axis angle B of the micro-hologram 3430 is fixed and use of the

micro-hologram pulse repetition rate or pulse number modulation may be
WiRePag3818730 index the track position. [00132] Figures 32 - BAN{ifdatpdie249

one off-axis micro-hologram. Alternatively, the data micro-hologram may

be formatted with two off-axis micro-holograms, one on each side. The
udiingarl MatSaKeHaRRIBg s ABER i Figure 348,
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writing beams 3460, 3470.(&00 33] In the read process (Figure
" %‘%%1&%%’%%% DAIRFAR Vs DR sty aransaiienahto thegatio of the power
di’nﬁﬁiﬁ@w@melmm laberaolyaheen smr@méa@ 088 Mt"faagfﬂ@a rf?{sr@g}ﬁﬁxs
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ARt & H P oRdRR Akl ORBHSBREmAoAimeiitheap| dseakisirasabth ftheigivdhe

ussidé arefiedtiens ipirerperdiiartoibeaisicro-hologram data track
direction, the two side reflection as an indicator for tracking. [00134] It

[oshiea]d be mdenstgomihal HiR rackin g nd F0HLING S UNSMSIABR mentations

Am S cribed herein are not limjted to volumetric storage systems
OTanéﬂgn%tr?%e%caé?ﬁg ne&ﬁﬂiﬂ%%ﬁ AU AREh URP redfbnRivRORTiREARI ORsigelly
reﬁ%‘t@%fél%@@é”%)rm é@ﬁiluﬁt&t'ﬂy tosystemmetriprstanagpeesytsesnastl, Fig. 36
nseihess eysenerah RalAig. sseuEnadneAiLiERARSe BARA.. .

Sy %:nq §srth[at describ%d United States Patent Publication 2005C .
the entire’ diSeioshfe BRNAMET'R Retetly” HiebipElRiedisfaeRadiseto Fig. 35,
ihpreiRetoMed Meidin BIROHR eptivaiian 00435} Apticatsaplication isuaeled
ermbiiathian dissinadarasolmen o iblial JnimatonJeRael as o
mg,gé(i:_rq-kr}%%%rggms in a supporting media. Industrial pro esses for opfica .
Foplaatin asint thitrS ham SIaPhreSEiRsh8ERIN0 Phrséenisiapranhic media
381 isrepsittedhppforoinessapenr desicable Knepr aEMonib Rteal System
396P |59 38aser 3550 optically coupled fo beam-splitter 3552. Lasear 3550 may
take the form of a 532 nm, 100 mW CW, single-longitudinal-mode, intra-cavity
doubling, diode pumped solid state Nd:YAG laser, where beam-splitter 3552 takes
the form of a polarizing cube beam spiitiar, for example. Focusing optics 3532, 3542
are used to focus the split light beams 3530, 3540 to common volumes within media
3510, where they counter-propagate, interfere and form fringe patterns, inducing
micro-hologram formation, as discussed hereinabove. Focusing optics 3532, 3542
may take the form of high numerical aperfure aspheric lenses, for example. A
shutter 3554 is used to selectively pass light beam 3530 o media 35610, to encode
data and/or facilitate the orderly formation of micro-holograms 3520. Shuiier 3554
may take the form of a mechanical, electro-optical or acousto-optical shutter having
an around 2.5 ms window time, for example.

[60137] To enable micro-holograms to be formed in patticuiar target volumes,
focusing optics 3532, 3542 are actuated to selectively focus to different radii from a
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WO 2006/101873 PCT/US2006/009249 using linear materials is that any
undesired reflection in the optical replication system will produce an
undesired hologram. Because high power lasers are typically involved in
ngzt?@é{ll%%ﬁcation, those undesired holograms may significgﬁﬁ{pé@flﬂ?)ﬂgm
the data indicative and/or formatting holograms. Also, the strength of the
holograms recorded in linear materials will be directly proportional to the
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responsive material molded disc, such as those described herein. Master
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Cwmzqwmmaiﬁmw mwm:mmfmwd?rgwean?&amﬁés%p@g%m
idhetarn plitter, for example. Fgcusing optics
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‘“?8“58738%8?9%59@?@1{’6% By 3enisinexae 0)astenabtie talatamadion o

erfigsikitase SBeSontieslysforenaigatel misierhakaaramadsids SHHeR3aRd 3510
g o P S S ot Lo aiplanne. patoms. in
conjugate master 3620. The holographic patierns formead in conhjugate master 3620
are not identical to that of master 3510, but are instead indicative of refiections there
from. According to an aspect of the present invention entire master and conjugate
master 3510, 3620 pairs may be flash, or batch, exposed at once. Alternatively,
emission 3615 may mechanically scan the master/conjugate master pair, as

indicated by fransverse arrow 3618.

f00139] Fig. 37 shows a system 3700. Like system 3600, sysiem 3700
includes & light source 3710. Source 3710 may take the form of 2 5§32 nm, 90 W, 4
kHz repetition rate puised Nd'YAG laser, such as the commercially avallable
Coherent Evolution model 90, for example. Source 3710 illuminates conjugate
master 3620 through distribution media 3720. In the iliustrated embodiment, media
3720, like master media 3510 and conjugate master media 3620, takes the form of
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[00137] To enable micro-holograms to be formed in particular target
volumes, focusing optics 3532,-3542 are actuated to selectively focus to
different radii from a 39 WO 2006/101873 PCT/US2006/009249 center of
Wenitieititiedia, e.g., disc, 3510. That is, they laterally tranSlI&ftheFeEeR34°
region at different radii from a center of spinning media, e.g., disc, 3510. -
The media 3510 is supported by a precision positioning stage 3556 that
asRIpscHI MekliteRRdealomenfor ieal-ad L Of f i i
hé)r%ﬁims @530 3540 as dgﬁferent ?/\eﬁ ﬁ?l@éﬁ}%ﬁﬁﬁg rﬁuﬁa%%%%gi%%?aﬁr?ed
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Intee ' A 3 may take t orm.of a .
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i ' ' nj ster media 3620, takes
O e e P TR i Wi G
24 A LR RN S maliremap (isiifasbn 20DBC.36888sthet once.
Altatistidibclesigamfyarich isdyerebyhio caresate Ry EpIasensRine el BYair
aé%%{@&‘BQ%}Q%@?@&%@ gfqgsource 3610 emissions 3615 through
. A .

conjugate master 3620, reflections from master 3510 interfere with

jssions lirectly from source 3510 to form fringe patterns in conjugate
Sl cgted A e R i TR i e
ExFBNRE i abhhearte thaiafone stexeBil @pbidt iate! instaitkindisatierafrther, the

seflection Qa). ' Qf t entinvention .
mentire ma%’ﬁ&g?ggﬁrggéﬁg %ﬁ%@@%ﬁ%@é@pgﬁgﬁj@%@ aqgﬁ,rg‘r‘de o

NBIEN UL o ShCTaRRAREVe), FRERRIP S Silpricermeatijnear

maisalitheAliestelivcan toatemanste bpdirnas] fdiciiedHydRREYAESR AFEQWal

foBBldm R 139] Fig. 37 shows a system 3700. Like system 3600, system
3700

[001411 Referring now also to Fig. 38, in a different implementation 3800, the
master from which distribution media 3810 ultimately are created may take the form
of a tape, having apertures, or holes, or at least substantially transparent regions.
Alternatively, the master from which distribution media 3810 ultimately are craated
may take the form of a spatial light modulator, having a two-dimensional array of
pixels or apertures. Either way, system 3800 includes a laser 3820, that may take
the form of a 532 nmi, G-switched, high power (e.g., 90 W, 1 kHz repatition rate
pulsed) Nd:YAG iaser, such as the commercially availablie Coherent Evolution model
- 80, for example. Laser 3820 is optically coupled 1o a beam-splitter 3830, which may
take the form of a polarizing cube beam spilitter, for example. Beam-splitter 3830
thus produces first and second light beams 3830, 3840, that counter-propagate
within particular volumes of media 3810 in a manner suitabie for forming an array of
micro-holograms 3815 indicative of stored data as discussed herein.  More
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includes a light source 3710. Source 3710 may take the form of a 532 nm,
90 W, 1 kHz repetition rate pulsed Nd:YAG laser, such as the
commercially available Coherent Evolution model 90, for example.
W8agtiree 35780 illuminates conjugate master 3620 through dBETRARGA6/009249
media 3720, In the illustrated embodiment, media 3720, like master
media 3510 and conjugate master media 3620, takes the form of 40 WO

p2RBORHO LA RGH\ISL06LRRAABLRliGalK BBH@HWQ%%SQ{%%S into

terjal molded cgsc, S gas those described “herein. More particularly,
e oo B T R eRbEoFP g e oS
Inigterediajd§ate master media 3620. The refractive index changes therein,
which correspond to reflections from micro-hologram array 3520 (Figs. 35,

[%e)aajenerﬂen@ﬂenb‘r@mpﬁb@s&meﬁsi@Sna@@iI?aHélVﬁ*réef@UﬁFfiQPtiﬂéaroqens
i e interfere with the counter-propagating emissions
e R R R e S keuraon=
ALNayP BIRSYSHH R g W haE d5R RNSTY BavedechiibsiomeeBea baprmiture, dense
pakisgamaql byeidesitical Bgdg@gﬁgrﬁ?gﬂegﬁﬁgﬁﬁghegﬁr 3!5&%ment? that the
reay: igs. 35, - thereby duplicating master
e o IS0 B i oAl oS e eanos focus
CQietrbBRheRboRligeDioc BT Gl SPaGyre 4l asb-dimbastinatxpased ficused
panEewithlieENaiiyaly I8N S5101%13 /30 DA SCHRIHRE S AN UL of éhle gresent
in gﬁg%r/%séngyrtlono edé% ;alrras indicated by transverse arrow 3718.
% 20] l'$hdlid 628 &3 s?ggﬁstﬁﬁ?%é?eﬁ% 5P Chebetal feis3904d arbeing
feéﬁi?éé%amb@é@,u&ﬁwm&amwmjmfacqb;lembmgeaﬁsjrailiayer of all
diggautls FurthenaihBe RasitCRNLgAISd 't@%ﬁ%ﬁﬂ%@%g‘gﬂr:%%eqmgggnng

ediucrniﬁo not,need to be made of the same material an

e .easc%m Thaton %Cfr A8 Aha nofiRigroTRiRgrares AherintvENs tay be of
PaTiiRyan wrefonnesdtoe aribdisstadiebrteplonsivé arateriehiiforexammleesponsive

miRSI4 HiRelRrHRg oW alse i8Ja9.38, in a different implementation 3800,

the master from which distribution media 3810 ultimately are created may

he foy e, havi periures, or holes, or at least o
Eagﬁiantialﬁi%gﬁgp%nﬁ%&%%ﬁOA SrATven, SRR AT whrdA! ioht

MR g s erd it aferiEatent fets bakwthisdoren of a singie
lappatiatight BotllaehdaviggtatigHlimensianabestemal inciude a series or

arvay of aperiures, or holes. The presence or absence of an aperiure may
correspond to the digital state of comesponding digital data. That is, areas lacking
apertures selectively biock light beam 3840 depending upon whether a micro-
hologram is to be recorded or nat, depending upon a corresponding data state.

[00144] In efther case, one layer of data is recorded at a fime and only in one
area of the recording medium. Medium 23810 may be advanced or mtated 2 fow

times to record a full layer, using a positioning stage 3870, for example. The

medium may be moved up or down, 1o record other layers, using positing stage 3870
as well, for example.

[0G145] Thus, flood lliumination of a master medium to record an intermediate
or conjugate master may be used. Flood illumination of a master or conjugate
master 1o record data in a distribution media may also be used. A tape or spatial
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pixels or apertures. Either way, system 3800 includes a laser 3820, that
may take the form of a 532 nrri, Q-switched, high power (e.g., 90 W, | kHz
repetition rate pulsed) Nd:YAG laser, such as the commercially available
WOshEYdHSBvolution model 90, for example. Laser 3820 is hticBig06/609249
coupled to a beam-splitter 3830, which may take the form of a polarizing
cube beam splitter, for example. Beam-splitter 3830 thus produces first
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dzﬁ?ar}:'t%“ar 8gjﬂme |%§810 é]éﬁé@)nner suitable for forming an
AITAy Of ThIETO-H &?3 185, @fﬁé‘?&@%?&%@e&%&%@%@m the
raﬁér@flﬁ?%@ﬁ@ﬁ&@ﬁﬁ&?b@&lﬁﬂa@é@d@@ﬁﬂeﬁs2006/009249 particularly,
light beam 3840 is communicated through conditioning optics 3845 into
media 3810. Light beam 3850 is communicated through conditioning
optics 3855 into media 3810. [00142] Conditioning optics 3845, 3855 may

take the form of micro-lens gxrawim)-sitahiefor transforming the laser
beam into a series, or two-dimensional array, of focused spots. Where

[o@mlﬁnses havgerbigh iy g.m&qﬂs& gr@,sgg RacGkI %’Q@WE arrays of

maoving the media in small enoug rementst

reali ed
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3810. Accordln%to an aspect o t e present invent |on t IS arr
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e e media e interfering  fringes
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%f@laﬁwméréﬁ%?ﬁ%|§Qﬁ4¥@§ﬁh@f@rm?@ﬁ&mo¢maw31wnhlm’éarof a

caesiioasiyelymatatiadigtisc, as has been described herein, [00143]
According to an aspect of the present invention, tape or spatial light

[oowarfylator %@@@ﬁ%gewysegcwﬁw%é% Riffe %%48? Qf? %g%&é%

in %gln em!ca 21% f media 3810, Tape or spatlal ght m

Ancitde s eI BP IS Brigaive s 8?“9@&“‘7‘@@%%%&10@“0‘? ﬁl§§e’=ﬁ'cé8
wigiarpapaiiontynnay-ivere spepehsosthealigits) Stase b6 CRIEERRNERHOYiGi R
erflaiy Dhatds.ca5ems 136kiR0ones of the pre-recorded, or pre-formatted, micro-
holograms. A micro-hologram may be effectively erased by focusing one or more
laser beams there-upon. Where the light beam delivered energy exceeds the writing
threshold intensiy, as discussed hersin-above, the micro-hologram is erased. Thus,
the threshold condition may be the same nasded to be satisfied to form the targeted
micro-hologram in the first place. The light beam may emanate from a conventional
diode laser, similar to those conventionally used in CD and DVD technologies. Fig.
39 shows a system 3900 where data is recorded by a single laser beam, by focusing
on pre-provided micro-holograms in a pre-formatted array and selectively erasing
those micro-holograms corresponding 1o a bit fo be written.

[00148] More particularly, laser beam 3910 is focused by focusing optics 3820
to a target volume 3940 in a media 3930 containing a pre-formed micro-hologram
(not shown). The actual mechanism that erases the targeted hologram may he
anaiogous fo that used to form it in the first place. For example, pre-formattad
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apertures selectively block light beam 3840 depending upon whether a

micro- hologram is to be recorded or not, depending upon a

corresponding data state. [00144] In either case, one layer of data is
Weetrded &t a time and only in one area of the recording medibs2Methors

3810 may be advanced or rotated a few times to record a full layer, using

a positioning stage 3870, for example. The medium may be moved up or
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laser may be used for recording data. Alsc, since only a single light beam is used,

vibration tolerant recording systems for micro-holographic systems may also be
realized.

[00154] It should be understood that the pre-format systems and methods
described herein are not limited to volumetric storage systems and methods using
non-linear an;ifor threshold responsive materials, but instead have broad applicability
to volumetric storage systems and methods in general, inciuding those using linsarly
~ responsive matetials, such as that described United States Patent Publication

20050136333, the entire disclosure of which is hereby incorporated by reference.

Recovering Micro-hologram Stored Data

[00152] Fig. 40 shows a system 4000. System 4000 is suitable for detecting
the presence or absence of a micro-hologram at a particular location within a
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threshold intensity, as discussed herein-above, the micro-hologram is
erased, Thus, the threshold condition may be the same needed to be
satisfied to form the targeted micro-hologram in the first place. The light
WEee/BiEs/ Emanate from a conventional diode laser, similRCHYRYYE/609249
conventionally used in CD and DVD technologies. Fig. 39 shows a
system 3900 where data is recorded by a single laser beam, by focusing
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of bigbmofesintinumsrs refieairegipgReirs lheindh eloseimprediatdifse, other

C&%gl@ég&g&t&%r&%m%e, because no interference is required, making the
reading and recording lasers of a micro-holographic data device

tagequsly simple and potentially relatively inexpensive. [00149] ‘
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stmépdiisse saBiighkRikeioR. ReEXaPIsnllR S3d BUBIBST HRY Kooy

dé)t%g a{ recorded in a manner to facilitate optical detection there
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attbotrediadsriosunpsudrstabtially csimvitandetasty nitucar afiethslatemmercially
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non-linear recording format for a micro- holographic data’storage
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ndasiremaynkin Hsedsiadecoseing daadNee, SINGRRIY Rl d9RLbRABiy
ts'%é!ﬁﬁ‘%tric storage systers and methods in general, including those using linearly
responsive materials, such as that described United States Patent Publication

20050136333, the entire disciosure of which is hereby incorporated by reference.

Revenue Profection

[60155] Pirating, and even casual copying, of pre-recorded optical media
represents a significant source of economic loss for the entertainment and software
industries. The availability of recordable media with high-speed (such as up to 177
Mbps) data transfer rates makes it reasonably easy to copy CDs or DVDs containing
copyrighted music or feature films. In the software industry, content providers often
use product activation codes fo attempt fo curtail the pirating of software. However,
product activation codss and the data on the disc are not uniquely connected and
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vibration tolerant recording systems for micro-holographic systems may
also be realized. [00151] It should be understood that the pre-format
systems and methods described herein are not limited to volumetric
Warrage s73tems and methods using non-linear and/or threBRBIES2806/609249
responsive materials, but instead have broad applicability to volumetric
storage systems and methods in general, including those using linearly
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ngw%ggatiljort] %3;%501%,[6:133, the entire disclosure of which is hereby
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O MEtRE A e nyiening nethalis eisiigsame content, for sxample a

tracitional 4:3 format combined with the 16:9 format popular on more recent models
of televisions. '

{00158] Single-bit micro-holographic  systems according to the present
invention may be used to offer multiple, such as up to more than 50 individual
feature films on a single CD-size disc, for example. In one embodiment, each disc is
marked with an individually unique identification number, or a substantially unique
_ identification number, that is embadded in the data and readable by the holographic
drive. This is facilitated by the fact that the holographic data may be replicated in an
optical manner. The ability to uniquely identify each large capacity disc enables a
new business mode! for delivering content, in which each disc can contain numerous

feature films grouped by various categories (such as genre, director, lead acior or
actress), for example.
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non-linear and/or threshold responsive materials, but instead have broad
applicability to volumetric storage systems and methods in general,
including those using linearly responsive materials, such as that
WESBhild B nited States Patent Publication 20050136333; tRé/Epifis/009249
disclosure of which is hereby incorporated by reference. Revenue
Protection [00155] Pirating, and even casual copying, of pre-recorded

[cedsieql media sagresentsrbsigRilisany W&%ﬁre%@. rms f&%t%geas by

[nment and saftware industries. The availa of recorda
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Oﬁa{mg}g&gg@ﬁwggmg@jtgi&to the media during an injection molding
process. This process may be used to reproduce the data on tens of

omands Is¢s from a single master, which inherently limits the ability
[ to un!quelyﬁgdrgilgtﬁ‘y an idividual' dis s 808P A% s CRRYVe e fRdide bY

FORD R E 8 el i derifsivientieing réiessdissto anaibgeasilisia disc) and
rasabsethﬁntciﬂrth@d&é%léii%ﬂ@%d"@?&ves\é?faiﬂ}ﬁﬁﬁb@gcgﬁﬁ%%%iCgrlilyprEn
olde 0

fofeguite one to record new data on, or erase data from, am isC t
?mgh& ﬁwge |g{:8%g§)? g??éﬁpf@f a?m%'ha% Begn'R%d&88Tude aisRgheontent
digfgiidion semtectraliv b entisurrped weyithatsan/be teask By NSNS for the
corigwemersthe data on the disc is considerably smaller than the spot that
the laser is focused to, such that these marks are typically larger than the

jogiegajand net easily ipteron by.the drive. [00157] Further, conventional
reo'ptciic:}al %}a storage de%ﬁ%@tﬂpﬁhﬂ@%%émﬁ%egl iRt may be

PreEEs e d e T 9 Bl denticteldinsa plaeikycises atmmiostsagoently
wasieingtifeatare finiscOtieougoRisRaPrEYIRARNSE tereaRaBINeL0re, as is
discussed hersin. Several locations on the disc may be intentionally left blank during

the initial exposure of the dats to be reproduced. These locations are subsequently

recorded via additional optical sxposures corresponding to idenification numbers,
where sach number is unigue to each disc or set of discs using a spatial light
modutator, for example. These locations can also be used for identifying numbers
on blank, pre-formatted discs,

[oo162] Based upon anticipated storage requirements and storage capacities, a
content-containing micro-holographic disc the size of a conventional CD may contain
up to 50 standard definition full-length featurs films, or 10 high definition (HD) full-
length films, by way of non-limiting example only. The content may be grouped in
any number of ways. For example, the content provider might place films in 2 given
series on a disc, or films with a specific leading actor or actress, or films that fali
within the same genre, The serial number of the disc may be indicated on or in the
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accommodate two different viewing formats of a same content, for
example a traditional 4:3 format combined with the 16:9 format popular
on more recent models of televisions. [00158] Single-bit

Wil HBIographic systems according to the present inventféiT iz 16&09249
used to offer multiple, such as up to more than 50 individual feature films
on a single CD-size disc, for example. In one embodiment, each disc is
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a pre-recorded disc. The cost may be commensurate w cShveRtion

p'anéa?a i‘ﬁ%ﬁ%%@iﬁ%& thedrii A asdessrereRite heradiiar, such asone
feature film, for example. According to an aspect of the present invention,

O Ebnsurfeatdipssu e dlivnty medinelesich meylp@udermsingry, such as
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I complishe a content provider issui |
e o ol ¥ s "eaig dpe qumoer.
EOB%'[. ular d}ﬁec or discreet set of discs. Where the disc serial number is
no b

py-abl IFE'JPRESOUGEE NS opiaitasRy e RibRAgeWindeaT pramder

netyiRtEnsuch a$1(ﬂtlaént@iﬁfﬂrmﬂ&esﬂftaiézgdrésan[ﬂ@l@hﬁﬁmig@é ;sﬁzf;%im;%o
: j recoyeri e data an

O e e S B R i
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stream for the content owner.
code s provided by a use authority for exampie, the player may check the number
against the serial number of the disc and only enables the feature to be played ¥ the
code and serial number correspond or are associated. Accordingly, an access code
is keyed for a specific disc serial number, which ig not reproducible, such that while
data corresponding to a feature on a disc may be copied, an access code that
permits access to that feature is specific to the original disc and will not enable

copies on other discs to be playad.

- [60165] ~ According fo an aspect of the present invention, the content ifsalf may
be reproduced onto a preformatied, blank media disc, for example. The content
provider may even encourage consumers to provide copies of the disc fo other
consumers, 1o permit the downstream copy users fo limited access to the content of
the disc. Each disc (preformatted and prerecorded) may be provided with a unique,
or substantially unique, identifier. The serial number will not ransfer during copying.
A user of the copy of the original media may contact the contert provider or agent,
analogously o the user of the original media, and requaest access codes
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[00161] In one embodiment, single-bit micro-holographic data may be
reproduced for mass-distribution by injection molding blank discs and

wauhseauenily transferring the data to discs through opticalgephicati®fensras
e.g., flash exposure, as is discussed herein. Several locations on the disc

may be intentionally left blank during the initial exposure of the data to be

reproduced. These locations are subsequently recorded via additional
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méﬁ( the access code once it has been entered so subsequent viewing of
e

ature W8 RSYAIRe REEMHTAREh dinnand [oading dtie et Hegue
setighrnbsscantenb psoeiske mantdt e agieing vim oo puteircreiveer, sushuent
toa6dNRANIBNHSHLHYAPL h%%(‘mfio@(@@glgl \QM#&%&@ € Epor}oé]x% r%%lll ,t(r)evenue
may be generated by facilitating the purchase of additional content aiready contained
on a user’s disc. Digital right protection may be enhanced via the serial numbering
of both content containing and recordable discs and prohibiting copying of serial
numbers. Avenues of content distribution via user copying of content-containing
discs and the subsequent authorization of these discs may be provided. Multiple
features films, albums, or other contant may be provided, and independently

Moo

activate~able on a single disc.

[00169] It should be understood ihat the revenue model described herein are
not limited fo volumetric storage sysiems and methods using non-linear and/or
threshold responsive materials, but instead have broad applicabllity to volumetric
storage systems and methods in general, including those using linearly responsive
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obtain additional activation codes that correspond to other features
contained on the disc. Alternatively, the player may prompt the user to
wideiespning-whether the user wishes to purchase the additiopat-gRRE69249
such as upon attempted selection of the digital content by the user. When
the user enters another activation code, or that code is provided by a use
authority for example, the player may check the number against the serial
mﬁﬁ%ﬂﬁﬁﬁr 8??H@%§E§§?am§f%ﬁ%ﬁas¥fﬁm”ﬂﬁ@ fHHHalaRA0PTHE3EBEE the
eqig disclisweriferivriespoein incarpassatiatestafgrerdingly, an access
code is keyed for a specific disc serial number, which is not reproducible,
[Eud®hat whileiii dateapprrespandingstoskiieaturerl ardiseMaydesamiedand

t rmits access, to that feature is specific to the ,
T et o AT, A RTRILR BIToiNE BiSoE oo . nvention
WO Y6 SR Eink fRemdm sifieer stthe pfabeninimrdiotion]ttie inemigst iselithe
pressnt. hintie presie U aNH-aEafoHD aHE PRI GHRLIRCadBn. including

al?éa{ﬁ@%hﬁht% ecron{tent provider may even encourage consumers to
provide copies ot the disc to other consumers, to permit the downstream

copy users to limited access to the content of the disc. Each disc
(preformatted and prerecorded) may be provided with a unique, or
substantially unique, identifier. The serial number will not transfer during
copying. A user of the copy of the original media may contact the content
provider or agent, analogously to the user of the original media, and
request access codes 48 WO 2006/101873 PCT/US2006/009249
corresponding to, or derived from, the serial number of the copy media
disc. In this manner, the content is propagated while managing the
corresponding digital rights. [00166] According to an aspect of the
present invention; a micro-holographic replication system may thus
provide the ability to (at least substantially) uniquely serialize each disc in
a manner that is readable by the micro-holographic drive.
Micro-holograms may be recorded in reserved area(s) of the media disc
by interfering two, counter-propagating laser beams, for example. Media
discs may contain multiple content, such as feature films or other content,
that can be accessed, such as by purchasing, individually.
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[00167] Hardware and/or software may be used to compare access codes
and serial numbers on the discs, to see if they correspond. A memory
may be used to store access codes, so future viewing of the content does
Wigbteddifere-entry of the code. A business model in whicHRER 89249
can be purchased to gain access to additional content on a disc may be
provided. Pre-serialized recordable discs on which content can be copied
for which new access codes may be used to access the copied
%ﬁtgnﬁl%’%ﬂdgprovided. [00168] Using a micro-hologram containing disc
and reading drive with unique serial numbers and a business model
enabling content to be purchased subsequent to the acquiring the media
may provide several advantages. For example, revenue may be
T generated Bydelirtatags wevisareprasdstiadditional content already
contained on a user's disc. Digital right protection may be enhanced via
the serial narplestinguosttaithhavinigrt slorBiniBOVaNEHERCardARIe iR aRtks
in@m%%m@&zg%ﬁﬁfﬁh r?é@g@sé)@é\ﬁ%@%ge% o{;fts:_ontent distribution via
user copying of content-containing discs and’t E&enuent

authorizati%n (?f e discs may be provided. Multiple features films,
albums, or otﬁg@%‘i%ﬁr{]ﬁgy BE %rﬁf{))?dga? (THRESSE Rug fresponding one

- o Raid s on a single disc. [00169] It should be understood that the

revenue model described herein are not limited to volumetric storage
systems aneherethotis psisgnuentineasmridsra hreshalbsesPaREYen of said

vanaesalsnbukinalerd Bsehinem applicablitide wlumettc storage
systems and methods in general, including those using'linearly responsive
49 WO 2006/101873 PCT/US2006/009249 materials, such as that
described United States Patent Publication 20050136333, the entire

5 disclosure Q wréich IS hgrﬁgﬁ/ incorporated by reference. [00170] It will be
‘apparent to tHhoS& K8t e hitRSSARAIE SMBREARS vatiahers TRgymm

digeeR(dlism the apparatus and process of the present invention without
departing from the spirit or scope of the invention. It is intended that the
present invention cover such modifications and variations of this invention,

including all equivalents thereof. 50
3. The device of Ciaim 1, wherein the substraie comprises a
tharmoplastic,

4, The device of Claim 3, wherein the thermoplastic has a non-linear
functional characteristic.

5, The device of Claim 4, whersin the non-iinear functional characteristic
is a threshold functional characteristic.

8. The device of Claim 3, wherein the substrate further comprises a
thermal catalyst.
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WO 2006/101873 PCT/1JS2006/009249 What is claimed is: 1. A data
storage device comprising: a plastic substrate having a plurality of
volumes arranged along tracks in a plurality of vertically stacked, laterally

Wedthding Yayers; and, a plurality of micro-holograms each ESHTAREEHHE49
corresponding one of said volumes; wherein, the presence or absence of
a micro-hologram in each of said volumes is indicative of a corresponding
portion of data stored. 2. The device of Claim 1, wherein said substrate is
an about 120 mm diameter disc. 3. The device of Claim 1, wherein the
substrate o rises a .t gplastic..4. Tﬁe device of Claim 3, wherein
"the thermoggepﬁg%%%oa{ gar\ FS‘%fEH?:ﬁ%‘ a?ﬁ%'é@t‘é?@ﬁgsg ° ¢ Yevice
of Claim 4, wherein the non- Imear functional characteristic is a threshold
functional characteristic. 6. The device of Claim 3, wherein the substrate
further comprises a thermal catalyst. 51 WO 2006/101873

8PCT/IUS2006005iE 7 THaitleVicerbrEisingad wiverd gafevsiitsstrairable

asssrisg® a dye. 8. The device of Claim 7, wherein said dye is a reverse
saturable absorber dye. 9. The device of Claim 1, wherein the substrate
comprises a poly(ethylene oxide)/polystyrene block copolymer. 10. The
device of Claim 1, wherein said substrate comprises a

gpolycarbon cﬁ%tp(yg@%er %ooliymg& Jr% T %devmne oétCIalcrg ml;dﬂses a

wherein said Substrafe compriees an orho: Ritrostilbene containing
PSiGHYENE O TR RelRrBhERnsk FoRMERSH said substrate comprises
ortho-

10. The device of Claim 1, wherein said substrate comprises a
nolycarbonate/polyester block copolymer.

11, The device of Claim 1, wherein said substrate comprises an ortho-
nitrostilbene containing polymer.

12. The device of Claim 1, wherein said subsirate comprises ortho-
nitrestilbene and polymethyimethacrylate.

13. The device of Claim 1, wherein said subsirate comprises
polycarbonate,

14. The device of Claim 1, wherein said micro-holograms are substantially
cirgutar,
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nitrostilbene and polymethyimethacrylate. 13. The device of Claim 1,
wherein said substrate comprises polycarbonate. 14. The device of Claim
1, wherein said micro-holograms are substantially circular. 52 WO
WOGOB10TET3 PCT/1JS2006/009249 15. The device of ClafiTVsaikyaip249
said micro-holograms are oblong. 16. The device of Claim 1, wherein said
substrate is a disc having a center, at least one of said layers spirals
oward said.dis¢c centet, t ' r ' rom
1éslaid disc c(i.ﬁ ere Weﬂieé} §§O/%é@o§8éﬁ%?§a§§%ﬁgé%%%aﬂgﬁé%fé g%iég Fgllr:i/ s
has a starting and ending point, and at least one of said starting points is
substantially vertically aligned with at least one of said ending points. 18.
The device of Claim 1, further comprising a second plurality of micro-
"holograms THS &RV $Gt AR hdTRERe R RAIL S YhRAIRI SR GVRTAIRINSL 8 OPRE
atdewigernt GlaiadlBywbesinieashaed said diatadodieathrel andbasgcordother of

s Jjg@gys%fpﬂgg aolograms has.an axis, and the axis of said data
in

icative "micro-holograms is distinct from the axis of said second
plurality of micro-holograms. 20. The device of Claim 19, wherein an
angle associated with the axis of a given one of said second plurality of
micro-holograms is indicative the position thereof in the substrate, 21. A

Thethod for St8riRYdae SoRBrGINGSREVRARD & SrRSHRMBERSE REiiRg gnd
eqmdingliyicd wollmdssat remgetsHtostgtisrksimtsaiphutsdibnodiievtdibily aligned

| s; and, forming a plurality of
Wﬁnﬁ%%r%&{%%a%%%ﬁ%?g ,Egésgtr%g%e 53 WO 20061101873

PCTtus2006/009249 wherein, each of said micro-holograms is
substantially contained in a corresponding one of said volumes and the
resence or absence of a micro- hologram in each of said volumes is

1$hdicative O?Bacg%%%&ﬁﬁ*bérﬁ%h&f FRsising @ second plurality of micro-

holograms in said substrate and indicative of tracking information.

19. The device of Claim 18, wherein each of said data indicative and
second plurality of micro-holograms has an axis, and the axis of said data indicative

micro-holograms is distinct from the axis o said second plurality of micro-holograms.

20, The device of Claim 19, whersin an angle associated with the axis of a
given one of said second plurality of micro-holograms is indicative the position
thereof in the substraie.

21. A method for storing data comprising:

providing a plastic subsirate having & plurality of volumes arranged
along fracks in & plurality of vertically stacked, laterally extending layers; and,

forming a plurality of micro-holograms in said substrate;
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22. The method of Claim 21, wherein said micro-holograms are selectively
formed dependently upon the data. 23, The method of Claim 21, further
comprising selectively erasing select ones of the micro-holograms

WéelereieAthy upon the data. 24. The method of Claim 21, whEF&iii2684(p09249
forming comprises interfering two counter-propagating light beams. 25.
The method of Claim 24, further comprising focusing one of said light

beams. 26

divergent. 7 oY S BOELTRETE SlaBih Soianed n -
cofesHening peans &RjsrontiEgfe Bieler BERSIISt BERRSEDES 'Pﬁeﬂ micro-
haneihed infdaddiny 2didfustiriesanptisitpselectivebsphsgrl to@breasionsta.

of the light beams dependently upon the data. 54 WO 2006/101873

PCT/11IS2006/009249 29. The method of Claim 21, further comprising

forming a second plurality of holograms having a reflection direction

istinct fro [ 0 r T f
2%9 wherelrr?égﬁt‘%é?gng plugl‘h%} o&vﬁgogrgé{nh:hﬁ%o ig)ioal trac%8 S%Béﬁke*y
f‘%‘iﬁ’é@ﬁ&@%‘?'@%‘ﬁy@@mﬁﬁéﬁ&mpnsmg forming a second plurality of
micro-holograms at a given spacing, wherein the spacing is indicative of
the position within the substrate thereof. 32. The method of Claim 21,
further comprising forming a second plurality of micro-holograms, wherein
2at least on& bt saidiweconCipiw atityrofimictorhplegramss eyl acased; inctect
mmen e plurality of
C"Sntglcro holgg%%img The n% %ﬂ%&dﬁg gbrg}q%&%l%ther comprising flood
illuminating said micro-holograms through a second plastic substrate. 34.
The method of Claim 33, wherein said iIIuminating induces a pattern of sr..
2&.fh'n d Trl}':e math d"c')'f Cla}m kzs‘l Wwhérain said forming comptises interfering

two counter-propagating light beams.

25, The method of Claim 24, further comprising focusing one of said light
beams.

28. The method of Claim 25, wherein one of said beams is divergent.

27. The method of Claim 25, further comprising reflecting one of said light

peams (o provide e other of said lignt beams.

28. The method of Claim 24, further comprising selectively obscuring at
ieast one of the light beams dependently upon the data.
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rciiuuu ve inuc.. G,auyc.. ii, Jallt ScCuiu p,a Stii Suv..uaw. 35. The method
of Claim 34, further comprising flood illuminating said second plastic
substrate through a third plastic substrate. 55 WO 2006/101873
WRCTHIIE2%)06/009249 36, The method of Claim 35, wherei® €&lHS2006/009249
illuminating said second plastic substrate through a third plastic substrate
duplicates said plurality of micro- holograms in said third substrate. 37.

JThe method of Claim 36, ' i fl llu QNS US :
2 came. 36, TRCHLod of Gt 35 e R Y38 8peRe ity
ofchatparamayBrighacopliasiondiigetrsarisinerolivalograief saicThlrality of
howrelReekof Claim 38, wherein said central wavelength is about 532 nm. 56

30. The method of Claim 29, wherein said second piurality of holograms
define said tracks.

31. The method of Claim 21, further comprising forming a second piurality
of micro-holograms at a given spacing, wherein the spacing is indicative of the
position within the substraie thereof.

32. The method of Claim 21, further comprising forming a second plurality
of micro-holograms, wherein at least one of said second plurality of micro-holograms
is co-located in a common one of the volumes with at least one of the plurality of
micro-holograms.

33, The method of Claim 21, further comprising flood #luminating said
micro-holograms through a second plastic substraie.

34, The method of Claim 33, wherein said flluminating induces a pattemn of
rafractive Index changes in said sacond plastic subsirate.
35, The method of Claim 34, further comprising flood llluminating said

second plastic substraie through & third plastic subsirate.
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38, The method of Claim 35, wherein said Hluminating said second plastic

substrate through a third plastic substrale duplicates said piurality of micro-
holograms in said third substrate.

37. The method of Claim 36, wherein said flood illuminations use laser
beams.
38. The method of Claim 37, wherein said laser beams have a central

wavelength corresponding to said micro-holograms.

38, The method of Claim 38, wherein said central wavelength is about 532
nm.
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