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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

THE PHYSICS OF HOLOGRAPHY: INTERFERENCE

Glenn T, Sincerbox Opiical Data Stormge Center, Univeraity of Asizona _é
[ ]
THE PHYSICS OF HOLOGRAPHY: RECORDING
intensity in the bright fringes
\ )
Glenn T Sincerbex Cptical Data Storage Center, University of Arzona l@




HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

THE PHYSICS OF HOLOGRAPHY: MECHANISMS

.

The photosensitive medium replicates
the fringes as a change in:

< absorption

2 refractive index
= thickness

=> combination

R\

hologram

Processing may or may not be required

J

Glenn T Sincerbox

Optical Data Storage Centar. University of Airana ﬂ
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THE PHYSICS OF HOLOGRAPHY:
RECONSTRUCTION OF THE OBJECT BEAM

Light from one bearn is diffracted by the
structure to exactly replicate the other beam
Virtual image of original "
object point —_ | == __ _ _ Reconstructed object
S wavefront
@ hologram
Reference boam
N /
Gienn T Sincerbox Oplical Data Storage Center, University of Arizona &
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

THE PHYSICS OF HOLOGRAPHY:
RECONSTRUCTION OF THE REFERENCE BEAM

Reconstructed reference

\\/' Recone

Or. the reference beam can be reconstructed
by itlumination with the cbject beam

hologram

THE PHYSICS OF HOLOGRAPHY:
CONJUGATE ILLUMINATION

Counter-propagating
reference beam

Counter-propagating
object beam
P —
Recansiruction of oniginal

E

\
4

Real image of

= avim)

\. v,
Glenn T Sincerbox Onfioa! Data Storage Center, University of Arizona 4
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FUNDAMENTALS OF HOLOGRAPHY - Recording

* Object wavefront: K =A (x,y)eio,(x.y)

L] Ll

T i, (x,x]
* Reference wavefront: A, = Ar(x,y)e !

* interference: A, (X, y)eimu(‘-f) +Ar(X, y)eiwr(lv!’)

* Recording medium responds o tntensity:
1) =A™ A (109)e™ ) YA my)e )yl o)

=1 +L+AAR P g g o]

LKA KR,

- )
Glenn T Sincexioax Optical Data Stovage Center, Unwersty of Anzona &
s Y

FUNDAMENTALS OF HOLOGRAPHY- Playback

* Transmissiun of exposed medium proportional to exposure:
t(‘n}’) =f E(x!y) = l(x!.Y)t =p l(x,y)
|

|

t(X,Y) =t, + 5 K.,K; + 4 er; = Hologram

* lluminate hologram with arbitrary wavefront:
B= B(x v)ew““'y}
= +)

* Transmitted wavefronts are-

~

’T‘(x,y) = ﬁ(x, y)t(x,y) =t,B+ 2 AAKB+p AAB

\ J

Glern T Sincarbox Opticai Data Storaga Center, Unwersty of Anzona ﬂ
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FUNDAMENTALS OF HOLOGRAPHY- Special cases

when: B = Kr (Murninate with the reference beam)

—~

Then: :f'(x,y) = thxr + I,Ko +4 K;KrA,
I e e

Referance beam Constant S Object wavefront fecusing

modulated by to a real image at twice
background reconstructed the angle
exposure object beam

“yirtual Image”

~ B RAA

o

Glenn T Sincarbox Ophcal Data Storage Centar, Unwersity of Arizana ﬂ




COUPLED WAVES

0.2

3 _mant
2x 2Acosg, J

0.0

0
| Fcosink. H. "Coupled warve heory for thick hologram grasnge,” Bel Systam Tech 4. 4% (9). 2009, 1060
Glenn T Sincerbox

Optical Data Storage Center, Unwarsity of Arizona &

[ '
POLARIZATION EFFECTS
b g Brafmant.
noyEsn | 2Acosd, |
[6-6:), - cos 28,
{pedl, -1
» B s
o ] 8, - 24.09
' : An- 0.04
i ’ J A -633nm
c; l 1lu : 20 ' ;;, ' fa; Thickness (microns)
+ B .8 AR 8, - 30.00
' An-0.04
T] . A-633nm
‘ : ’ :  Thickness (microns)
b 12 0 0 G J
-

Senn T Sincerbox Untica’ Data Starage Jerter Unwersty of Anzona ﬂ
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

Any complex 3-D object can be
treated as an assembly of points,
each interfering with the reference
beam and with each other

J
Glonn T Sincertox Optical Cain Stovage Centar, Universty of Arigora &8

THE DIFFERENCE

Display & security-emblem
holography records an image
of the scene or object

Holographic storage records
a digital representation of the
scene, object or data

\. J
Gisnn T Sincertr ¢ Optical Data Storage Center, Universty of Arizona ﬂ




HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

r —
THE INPUT
84 x 64 = 4K ROy
128 x 128 = 16K
256 x 256 = 64K
512 x 512 = 256K
1024 x 1024 = 1M
8 I8 e i e LT
p e :H‘kéup P Il
— J
Gienn T, Sinowbex Orfical Data Storage Centar, Universty of Atzona 44,
( Y
HOLOGRAPHIC STORAGE - RECORDING DATA
:%shir spatial
light
modulator
o recording
ol medium
reference
L beam(s)
record one page at a time,
g each with a different
reference beam
— J
Gienn T Sincesbox Opical Data Storage Center, Uvversty of Aizona J3,
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

[ A
HOLOGRAPHIC STORAGE - RETRIEVING DATA
=4
recording
medium
$¥ * “retrieve one page from many
reference by using comesponding reference beam
beam detector
array »
Glenn T Sincerbox Oglical Data Storage Center Unnversty of Arizona A
{ ™\
FEATURES
#» Redundant (distributed) storage
« less sensitive to local defects
= Page (block) oriented
« parallel data transfer
« no data tracking
» Volume storage
« increased capacity by multiplexing
» Beam addressable
« random access - low latency
=® Novel function
\ -
Glenn T Sincerdbox Optcal Data Storage Center. University of Arizona ﬂ




HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

( Y
REDUNDANT STORAGE
Localized data
bit — mark
recording
et loss of data
Nonlocalized data oss o
bit
bit — g
bit > ™~ defect
lrae::rrd ing loss of SNR J
L(iumT. Sincerbox Opfical Data Storage Center, University of Anizona &%
r' Ty
FEATURES
% Redundant (distributed) storage
s less sensitive to local defects
®» Page (block) oriented
» parallel data transfer
+ No data tracking
» Volumne storage
e increased capacity by multiplexing
®» Beam addressable
» random access - low latency
% Novel function
\ J

Glenn T Sincerbax

Optical Data Storage Center. Univerity of Arizona ﬂ
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

f A
FOURIER TRANSFORM HOLOGRAPHY
input: spatial ight  lens 1 halogram recording  lens 2 output: detector
modulator plane array
.'_E.E.E.-:;E: E.E_%E.::.lx. I L PR
B R FR iR B e
i—-‘-—f:‘.-‘.f:;,‘%lr:":f%‘.
reference beam /W '
t tational 3
L £ = ~ focation o
F‘:-‘; reconstructed bit
; 'L does not move
L J
Glenn T_ Sincarbox Cptical Data Storage Center, University of Arizona ﬁ
4 ™)
FEATURES
» Redundant (distributed) storage
« less sensitive to local defects
®» Page (block) orniented
« parallel data transfer
« no data tracking
» Volume storage
« increased capacity by multiplexing
® Beam addressable
« random access - low latency
» Novel function
) Genn T Sincerbox Optical Data Storage Center Universty of Anzona é




HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

MULTIPLEXING - THE KEY TO CAPACITY

T

J

Genn T Sincerbax OpaﬂIDaqumnecm-', Unrverety of Arizona &
' =
MULTIPLEXING TECHNIQUES

Angle: van Heerden, 1963
Wavelength: van Heerden, 1963
- = |
- Random phase LaMacchia, et al., 1968
Rotation: Staebler, et. al., 1975
Deterministic phase: Denz, et. al., 1991
\_'j:’e_riéfr'aiphic: Curtis, et. al., 1994
\ =
S —smn— Psaltis, et al., 1995
\G_mn T Sincerbox Oplical Data Storag: Zenter. t) iversity of Anzona J}&
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

BRAGG EFFECT

record playback
%
) AG
efficiency 1
1.0 v T T
| 202 ' -
| = _E_H A4 = fAnIG thiciness le velenglh
| BENTEYT: cos (microns} &y w?
o6 100 -} 0O 1 9 '
' - Bt wngocsg Sonalt | ooy g.gs 085
o4 5000 0.005 | - 019
ozt £E= TR2 when v=n2 | LiNbO;:
l n=227
i /x = 500 nm
0 . . ; 8,,= 30
L ° *dephasing E_,‘ ¢ y
Glenn T_ Sincatbox Oplical Dwta Storage Center, University of Arizona ﬂ
(. ™
MULTIPLEXING: TWO SIMPLE EXAMPLES
Angle: record each data page vyith a different reference beam angle
| P
1
| i
! B et —
: 8} g
7
L
|
Wavelength: record each data page with a different wavelength
data pages
1 Pz A} D
1
\ y
Glenn T Sincerbax Oplical Data Storage Center. University of Anzona ﬁ
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HOLOGRAPHIC STORAGE
Gienn Sincerbox, University of Arizona

December 2. 1999

ANGULAR SENSITIVITY

e

Degrees

for 1 men thick LINbC; at 500 nm; n = 2.27; B, =30 deg
,

1 1 1 'l 3 L b 1
©0.05 -0.04 003 -0.02 -0.01 0.00 0.01 002 003 004 005

J

Glann T Sincerbox

Optical Data Storage Contor, Unfversity of Arizona .ﬂ
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Glenn T Sincertax

Optical Data Storage Center University of Arizona %
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

s

Glenn T Sincerbox

Oplical Dmiz Storage Center. University of Arlzona A
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005 004 -003 002 -0.01 0.00 001 002 003 004 005

Degrees

S

Glenn T Sincerbox

Opbical Data Storage Center. University of Anzona é&
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

.

4 ™
MULTIPLEXING WITH PHASE-ENCODED
REFERENCE BEAMS
Use ail reference beam angiegmultaneously with 0° or nTbhase encoding
data pages i P
PP P, - : “
S *Tg L >
[ 4’ :|
Arin G3 St for o P I
FCM‘G Paume & G Roosen. Opt Com 6 17101991 J
Gienh T, Sincerbox Opﬁﬂlhhanrmecmu‘uﬁwydmn ﬂ
( Ty
PHASE ENCODING OPTICS
- ONE POSSIBILITY -
incident . .
o e

plane

lenslet array liquid crystai
phase

spatial light modutator

J

Glenn T Sincerbox

Optical Data Slorage Center Uriversity of Arizona ﬂ
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

e

PERISTROPHIC (ROTATION) MULTIPLEXING

reference wave

A
Lesi hologram medium L el [
ct wave
E;ﬁ’ object wa on rotation stage sin B + sin 6
SLM
| Curtis, Pu and Psaltis, Opt. Lett,, 19, #13 . p953 (1994) w
Gilenn T. Sincarbox Optical Data Storage Center, University of Arizana a

[ )
SHIFT MULTIPLEXING
recording Rl to CCD
medium o 8
,';‘{‘ Bg ~«‘
. ﬂ¢< -\
SLM h
# shift &
:Eh 208 o —
o { . .
: C
reference i '“! f_ ) i
B - :
k% b '
@ -
|
'*.'—I;G 60 Sa op S5 IeA 1O
LT
L Barbattethiv, Levene. Pxaltn, Appl. Opt, 33, F14, p2403-2417 (1806) Fig 4 Eupinmenisl scedimity curve difracton aficlty 4 )
Glenn T Sincerbox Optical Data Storage Center, University of Arizora ﬂ‘

December 2, 1999

14



HOLOGRAPHIC STORAGE

Glenn Sincerbox, University of Arizona

December 2, 1999

HOLOGRAPHIC DATA RATE & AREAL DENSITY

sustmined date rate (Mbits/sec)

area! density (GviA )
0 T Ty T

T—ye—r=r n
detectr chisnels]

100
" Foae 12 256 e 512.512 um ‘]
-y |, F mm cia halogram:
w0 ol i 114 n 7
10¢ 0% 100 e T to
Puge Capacity {bits) Page Cupacity (Mhl
c for figure:
P = access time = 100 usec
susiained data rato access fime + mfegﬁslon Time + reéad time P = 1Wlaser (at medium)
n? NC N = 512 holegrams
integration time = 5 x 10’9—_L n = 1000 pho?oeledmns
) c r =30 MHz detectars
read time = .2 m = detector channels
663 nm
e
Glenn T, Sincarbox Optical Data Storage Centar, Universty of Anzora — J,
[

.

® Redundant (distributed) storage
» less sensitive to local defects

®» Page (block) oriented

parallel data transfer

no data tracking

= Volume storage
increased capacity by multiplexing

% Beam addressable

« random access - low latency

= Novel function

)

Glenn T Sincerbox

Optical Data Storage Center University of Anizona Z&

15
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HOLOGRAPHIC STORAGE

December 2, 1999

Glenn Sincerbox, University of Arizona

BEAM ADDRESSABILITY

Galvanometer (mitrors - mechanical motion)
- millisecond speed al best
- not true random access
- farge aperture; large angle
- broad spectral bandwidth

Acousto-optic {nonmechanical motion)
- 10's of microsecond
- random access
- small aperture: small angles
- Bragg-type; difffaction

Phase multiplexing (nenmechanical motion)
requires a phase SLM
- limited to SLM response times
cannot do x-y addressing

Al
suited for addressing a stack
complex optics for x-y addressing

e’

Oplical Data Storage Center, University of Arizona 5‘

L

FEATURES

» Redundant (distributed) storage
. less sensitive to local defects

» Page (block) oriented
« paraliel data transfer
« ho data tracking

w» Volume storage
. increased capacity by multiplexing

» Beam addressable
« random access - iow latency

» Novel function

i

Glenn T. Sincerbox

Optical Data Storage Center, University of Arizona A
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

[ ASSOCIATIVE RETRIEVAL

Concepit;

Locate data by address

Locate data by content

Common data block location

Variable reference beam angle

e

J

Glenn T_ Sincerbox

Oplical Data Storage Centar, University of Arizona &

REFERENCES ON ASSOCIATIVE RETRIEVAL

Y

Optical Engineering, 35(7), 1847-1853, (1995).

{EEE Computer Society Press, (1957).

) S

‘B. J. Goertzen and P. Mitkas, “Volume holographic sterage for large relational databases,”

-L. J. irakliotis, G. Betzos and P_A. Mitkas, “Optical associative processors” in
A Krikelis and C. Weems, editors, Associative Processing and Processors, 155-1 79,

-G. W Burr, 5. Kobras H. Hanssen and M. Coufal, ‘Content-addressable data storage
using volume holegrams,” sybmited to Applied Optics, 1999,

)

Glenn T Sincerbox

Optical Data Storage Center Ur versity of Anzona ﬁ

17
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

HOLOGRAPHY AS A TECHNOLOGY BASE

FOR MANY APPLICATIONS
Data Storage Neural Networks

Optical Computing/ft ogic

(LI

==

T

Optical Datn Storage Center, University of Aslzone ‘E

POTENTIAL

- staged access

L

@ High capacities: 100 GB -10 TB
- low efror rate through redundant storage

® Moving light beams — fast random access & low latency

- <100 msec to Gbit collection of files
- 10 - 100 usec to any individual Mbit file

@ Parallei data transfer —» very high data rates
- 1.0 Gbit/sec within a stack of 1,000 - 10,000 files (pages)

@ Storage block multiplexing -— very high areal/volumetric density
- 100 - 500 Gbyin? (500 Gbfin3 - 1.5 Tbin?)

® Parallel access — novel processing
> i.e., fast search engine

»,

Glenn T Sincerbox

Optical Data Storage Center, Univarsity of Arizona ﬁ.
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HOLOGRAPHIC STORAGE

Glenn Sincerbox, University of Arizona

December 2, 1999

HISTORICAL HIGHLIGHTS

1948
1962-1964

1962
1963
1964-1968

1964-1968
1966-1968

1985-1988
1988-1991
1992- present
1994

1985

Invention of holography by Gabor

IBM 5DD Poughkeepsie Ad. Tech;

Standing Wave Read-only Memory

Invention of the laser

Holographic storage principles deveiloped by Van Heerden

IBM SDD Poughkeepsie Ad. Tech:

Holegraphic Beam-addressable memory

Bell Labs photorefractive write-once memaory

1BM SDD San Jose Ad. Tech;

Computer-generated 1-D memory

IBM GPD Tucson; erasable holographic memory

MCC Bobcat project

New companies appear; Tamarack, Accuwave, Holoplex, Optitek
Formation of PRISM (PhotoRefractive Information Storage
Materials) Consortium
Formation of the HDSS
Consortium

{Holographic Data Storage Systems)

J

Glenn T. Sincertax

Optical Data Storage Conter, Universty of Arizona ﬁ

WHAT HAS CHANGED RECENTLY?

-
-

-

-

-
-

-
-
-

-

-

| —

® Development of the enabting technologies

spatia! light modulators
detector arrays
compact [aser sources

@ Advances in materials

progress in nondestructive readout
- lithium niobate doping
- Two-color recording
polymeric materials

® Novel architectures

phase-encoded multiplexing

engineering soiutions to hologram voiatility
peristrophic multiplexing

shift multiplexing

® Better understanding of applications

increasing dermand for capacity
potential for WORM applications

J

Glenn T Sincerbax

Optcal Data Storage Center University of Arizona A

19



s
L 3 Ay

39

1h: i1a

lii iy

i B

ot g

o

3.

I

HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

SYSTEM COMPONENTS

6 1: laser

2: light deflector(s) and
beam shaping optics

3: spatial light modulator

4: recording medium

5. detector aray

6: transform optics

| 1
et
Glenn T. Sincerbox mmmmm-.mum«- &
(- R
SYSTEM REQUIREMENTS
Laser Beam shaping optics ]
s near-ir s low cost, compact
s 500 mW cw, TEM v efficient
Spatial light modulator Recording medivm
r s 1024 x 1024 l. M idealium
v matched in pixel spacing to CCD
| s high contrast Detector array
', fast, 1000 frames/sec s 1024x 1024
} - multi-channel v matched in pixel spacing
. to SLM
. Random phase mask 'y low noise
‘ v fast, 1000 frames/sec
® Light deflection/access method muiti-channel 1
| s hybrid, rugged ‘
1 - acousto optic ETransform optics |
| - galvanometer s jow cost, compact
| - mechanical motion |__v _diffractive optics? J
X |
\ J

Glann T Sincerbex

Optical Data Storage Center, iUniversity of Arizona ﬂ

20



HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

( —
ENABLING TECHNOLOGIES
Spatial Light Modulator
Number of Pixe! Spacing Speed Data rate Manuf,
pixeis {um) {frames/sec) {Mb/sec)
Today 640 x 480 42 &0 20 Epson {LC)
Future 1024 x 1024 15.6 100 100 IBM {LC)
848 x 600 17 2000 1000 T! {DMD)
Requirement | 1024 x 1024 | Match detector 1000 1000 TBD
array
Detector Arrays
Number of Pixel Speed Channeis | Data rate Manuf.
pixels spacing (framesisec) {MhVsec)
Today 1024 x 1024 14 60 4 80 Thomson
Future 1024 x 1024 12.8 1000 64 1000 Kodak
Requirement | 1024 x 1024 | Match SLM 1000 &4 1000 TBD
Lasers: TEM, )
Wavelength Power Technology
{nm} {cw watts)
Today 530 4 SHG/NJYAG
Future £80 0.3 AlGahs, M-MOPA
Reguirement TED TBD TBD J
-
Glenn T. Sincerbox

Optical Data Storage Gentar, Unrvwrwty of Arizona A,

( )
FOURIER TRANSFORM HOLOGRAPHY
input: spatial light  lens 1 hologram recording  fens 2 output: detector
modulator plane afray
w=z=zZ11 ] o +42 ]
Pyt L - rooTopady ] :_:.‘_-.-. wiznmee-
I: LTIy Foocizes
T
1 1
l———pte - :';1::, P
reference beam /W ‘
transkational f 3
oo mvarance T 5 location of
T reconstructed bit
: does not move
L]
1
:
S J

Glenn T Sincerbax

Cpteal Data Storage Center, University of Arizo a ﬁ

21
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

lnmdtydmi‘wmuhmuum

31 Crma mask amby
nn(wﬂdmﬂﬂaltmmmﬁqu

Ghann T. Sincerbok

Optical Data Siorage Center, Unrversity of Anzana A

At = detector integration ime (1 msec
= getector quantum efficiency (0.3)
hu = photen energy (3 x 107 663 nm)

-

DATA DETECTION
_p [M# 1 Vo
npharoelecrrons = Line N2 nﬁxing C/2 t;¢ ho
Number of photoslectrons per hit
[1 00000 .
P = incdent inser power
\\\ M# = media figure of ment (0.5)
N = number of hotograms
10000 C = capaoty perpage (10°)
\\\\ n = fixing efficiency (0.5}
1000 ‘
E laser pawe! -\wwwwn
10
10 100 10000
Number of holograms (N}
L
Ghenn T Sincerbox Optical Data Slorage Center, University of Arizona ﬁ

22



HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

MATERIAL REQUIREMENTS

Mechanisms: Candidates:
: « Phot hi
| RN ) oo

« Photopolymer

« Ablative thin films
» Thermoplastic

« Photochromic

« Phase change

« Photorefractive

+ Thick:

Self-processing

Requirements:
High optical qualiity

500pm -10 mm
large An~ 10 -2-10 3
large M#

Sensitivity
10 2 cm*fjoule

change in thickness « Magneto-optic « Fixable
or surface relief « Layered systems « Near-ir sensitive
« Long shelf jife
« Inert
combination . Cheap
;:nn T. Sincerbax Gpbical Data Storage Cantar, University of Arizoy EJ

- - Ty
f Photorefractive Materials
¢ Charge generation i
¢ Electro-optics & charge transport = f(host)
| index change | sensitivity
- _l_"_> I cB 104 107 ampoule
v BSO a5 14
photo- W\ == fraps
ionzation BaTiC, 1000 5
-+ donors
vB $BN 200 0.083
spoce I_T: = - - LiNbO, 100 0.050
_ - == PVK/TNF/ 150 0.M9
5 F-DEANST
space charge E
field }
refractive index -
modulation A n= % n:‘lb r eff 6 E
Valley & Klem. Opt Eng.. 22704 (1983
\_ J

G. Sincerbox

Optical Data Storage Center University of Asizona A

23
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HOLOGRAPHIC STORAGE ’
Glenn Sincerbox, University of Arizona

December 2, 1999

( ]
Photorefractive Sensitivity
4 ways to measure
1. Changa in refractive index per unit of energy absorbed: 5 - dm,
al d(‘ﬂ")
2. Change in refractive index per unit of energy incident: 5. -3 e
LH M l
3. Change in difffaction efficiency per unit of absorbed energy: 5 - d(gy 1
" d(ah,) d
4. Change in diffraction efficiency per unit of incident energy: 5 - o
L dul. d = L1
In the early stages of hologram formation: - ml( had J’ E( 2ty d ]’
Acoed, Acosd,
Hence: =g
" Aomd, ™
L rom; Guntar & mnd Theic Ap [ 3 Veriag, 1968 )
Giann T. Sincwrbax Opticat Data Storage Genter, University of Avizora A%,
r A
Typical Sensitivities
s potsem?] 520t sem] R | safesem']
LiNbO, 20 - 200 — 1000 300
LiTaO, - - 50 10
KNbO, 6 - 60 0.1 - -
BaTiO, 2 - 50 -1000 -
St, BagNb,OCe  12-75 72-30 25.15 16-6
Biy;Si0y 007-05 5 -
- m-nnummm:-ﬂrmnpﬂtmm;wvm,im
b Vafley & Klein, Opt. Eng., Vol. ZX§, pro4-711, (1983)
\ )
Glenn T. Sincertox Opticat Data Storage Center, University of Arizona ﬂ
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r DATA VOLATILITY B
IN PHOTOREFRACTIVE MATERIALS

Recording; ¥ e g

An=an(l-e*)

e

)

Cptical Data Storage Center, University of Arizona ﬂ

Gienn T. Sincarbox

{ Ty
EXPOSURE CONTROL FOR EQUAL
EFFICIENCIES
¢ Scheduled exposure '
decreass each successive exposure according to:
=r ln(l+(NﬁI)ﬁ) ﬁ: Ann
Nor (v -2)p)y An
+ Interleaved recording 2 : I
use multiple short exposures in random order. " hologram 1
Ii_j‘ t==tm hologram 3
A=—" Cin(l+¢) '
=2 =)
1" Blotekjaer; Psattis, ot al- Maniloff, et al
2: Taketom, et al At time
\ J
Glenn T. Sincerbox Oplical Data Storage Center Urwversity of Arizona ﬂ
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EXAMPLE OF DATA VOLATILITY

« Equat exposure times

. ) .

Orger ol Exposure N

Cullracnan EMcency 1%e,

Fig. 2 Diffracuion #ificiency versua the order of exposure,
A hefore compensation. The reference-to-object bearn ra-
o K = I

+ Scheduled exposure

Oittrackan Ethciancy %)

¥ L

L] a
Crrder of Exposure N

Fig 3. Diffractuion efficiency versus the order of expasure
siter compensation, with { = |,

From MariloH et at

.

Glenn T Sincerbox Optical Data Slorage Center, University of Arizona [L
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Diffraction Efficiency Considerations

n = sin’ ZAnd
Acosf

diffraction efficiency:

n

refractive index growth: An, = An,{l e

)

: . _ 1+ (N - l)ﬁJ

recording schedule: hooT, ln( VD
bining . -zfm_-f{[_ﬁk]m 1
combining: Rl P By Tty N

)

Ghenn T. Sincarbox

Opbical Data Siorags Center, University of Arizona ﬁ

{ Ty
ul - t
” growth; 1 — e "
"l“ (¥
LX)
o t
b2 T )
= decay: er
time
Typical M##
l:( A"J T, }2 (M,r#)‘ Data | Plane waves
=g Tl LiINBO, 05-10 1.5-20
/M M KLTN 4-25
1=1 T I A - I
A Polymer 15
M /# = ( 2o J T, Y
T T
Y Mok Bur and Psakis. Cpt Lett . Vol 21 {12}, p88E (1006} y
Glenn T, Sincerbox Optcal Data Stc ge Center, University of Arizona ﬂ
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1
M-NUMBER BASED SCHEDULE
20 e |
te

s 15 tm—l = tm €

g =00
\

'E 10

[ N

5 N\

g 1208

§ 5w
F=9.7 i
e T e T
1208 " e e | L=t
=08 = H%?Er/ T

0
0 200 400 600
Hologram Number
diffraction efficiency: n= r’(":’mr
o R

Glenn T, Sincarhox

Optical Data Storage Canter, University of Arizona ﬂ

SOLUTIONS TO DATA VOLATILITY

\

Conversion to a less-mobile species (fixing)
=~ thermal (ions)
~ electrical (domains)

Gated recording/reading
- 2-color

Novel engineering solutions
~ optical, electrical feedback

Irreversible photochemistry
~ read-only
- write-once-read-many (WORM)

w,

Glenn T Sincerbox

Opticat Data Starage Center, Universtty of Arizona 4
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[ THERMAL FIXING

I. Establishing primary (siectronic) grating I E ishing pl tary {lonic) grating
via exposure to interference pattem via increased lonic mobility

a at room temperature Pa at alevated temperatures
iy
? oA _a Ot P M Pa™ P
% ? Pa ’ P‘b‘*‘

l / . Revealing complimentary grating via erasurs

& of primary grating with uniform iBumination
| il Il <+ at low temperatura

Pa Pa* Pa
diffraction ' ———
efficiency Pa % A_A A A W

v

time

\ S
Blenn T. Sincarbox Optical Data Storage Canter, University of Arizona

Ty
AFTER THERMAL FIXING
l Unfixed
i o %Il =9
o d 5
C i .
Low-High-Low £
High-Low
SR W9 Wbe AR ke o
LResaard-\ performed at Ranford. presented at CLEO '95 - Copyright 1995, Heanue. Bashaw & Hesselink J
Gienn T Sincerbox ¥ Ogptical Data Storage Center. University of Arizop= A
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f A
oot
diffraction ] v
effciency
I
Hl
-------------- .’
time
|. exposure: astablish . read
space charge field * erases patt of space charge
field
- lower afficiency, long lved
H. fix: pulsed application of V. electrical revealing
axtamnal field: - 2kvicm - repole crystai, revaal space charge
- exceed H, grating
- craztes domains - opticaily erasad
\ J
Glenn T. Sincerbox Optical Ciata Storage Center. Urrversity of Aizona 2

[ Tmeh ™
et 1 ) ¢ GO
el 07, 10,03, Lru3008, 4=, 4508 o) A8, .58, 1=, 0008, £,=40,0008
| T Ll \RAS Aaa AESES RN
. 1 R ) (Y} N SRR, NPT S
. .,,._,.'..‘ - 0.8 P . -
PSS I E B e S
A M“‘*—M oa |8 -
. 00 :
110* 15 104 2 10¢ 0w 112 Z2 0 ER 400
Erwmore B dsech ’ © L Erass e {sec) o
[mommnsomwfml "D Rockwoll
Glenn T. Sincerbax Optical Data Storage Center. University of Arizona ﬂ
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RECORDING OPTIONS
1-photon 2-photon 2-color mixed
0, = o, o >, o, <o,
= 4 4
s Bl ©8 B | gt i_n_i B
I e S A E R S s '
vB vB VB VB
no gating ho gating true gating gating bkgnd no gating

Gated recording:

pump material with light at first wavelength
- light carries no information - serves only as a gate
form hologram at second wavelength
read hologram at second wavelength without gate
erase hologram with both wavelengths

J

Gtenn T, Sincerbax

Opticat Duta Storage Center. University of Arizona é‘%

\..

Two-color holographic gratings

Glenn T. Sincerbox

J
Optcal Data Storage Center University of Arizona z‘&
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- ™
TWO-COLOR RECORDING
Diffraction EMclency (1 color) Diffraction Eficiency (2 color)
1E3 ©1
1E-4 . 162
1ES _ =
Y TR EERY o FEEET A
Photon Enesrgy {eV) :
research performed at SRI
. o7
Qiann 7. Sincarbax Optical Data Storage Center, Unbversity of Arizona a

s ™
LiNBO 5 Pr . T L0 Eukim o T T
2 ‘8 - keast
write: 8O0 nm, 25425 \Wicth e el gomn 1
te: 288 26 Wi E il
gate: nm, fcm .
6 yotm 4
1 2. phion erust
1= phater eruss
g 4 L
&, |
[ L - L L Il i
100 200 300 400 500 [
Time (5]
resaarch performed at IEM
\. w,
Glenn T Sircerbox Optical Dala Storage Center, University of Anzona ﬁ
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Reading holograms in
1-photon and 2-color schemes

iarmes wffvsary (4]

i
l

mh

writing: green
reading: green

sensitizing: greer
writing: red
reading: red

J

Gienin T, Sincerbox

Ogpilical Data Storage Center, University of Arizona &

{ Y
Dark Decay in BaTiO
3
0Ty
T T
ool O8O (Ce) Es1A7ev | 3
E OFBMIA (TRACECSH  Es154ev | 7
EETRH{Co. 100 ppm) Eai1258Y |
‘g“’ F SBTII0C {Co. 200 pprh) E:uz-v k|
a0 [ o
5107 N
- =
X 108 4
o
3 108 =
§1M
103 |
E
02 1
= © ] 80 100 128
TEMPERATURE (°C)
GD. Bacher of af. Optics Latiers 21, 18-20, 1998,
. A
Gienn T. Sincerbox Optical Data Storage Center. Lini- 2rsity of Arizona &

32



P

F 9

'y %

-

HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

NONDESTRUCTIVE READOUT
AT ANOTHER WAVELENGTH

Bragg Effedt - plane waves:

o =f, S

Readalh  ging B sing, Readati,
Extended object can only be Bragg-matched for one ray:

nsin g,

et il :’-- !,J:: - Ih‘:.‘
A - X po
1 - » B p
- E ~ey .
- - L .8 & J
*- L ey
\ i: _.q'-"ﬂﬂ 1&1.-":'—-.:
adsassale Jawdd et
Read at A, Read at &,
- 7
Gemn 7. Snoatox Ontical Dnta Sicrage Canter, University of Arzora i

-
CONTROL OF DESTRUCTIVE READOUT
+ Buffer data and feedback
< Electronic feedback
SLM reference  hologram
— —_— —_
CcCD
illumination J
a input
< Opto-optic feedback Boj, Pauliat & Roosen. Opt, Lett.. 17, 438 (1992).
Hologram reference
StM dAwrite/ t
. read/write/regeneratd
wirite to QSLM . A
illumination “a-illumjnation
Data in OSLM
L CCD )
Glenn T. Sincerbax Cptical Data Storage Canter, University of Arizona l&
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ENGINEERING SOLUTIONS TO VOLATILITY

R

13

ny
e 1 .
e b
v ]
Feimenx
Fig | Bchwmal diagrum of the sampled dynumse o b
eraphic Ampwun,

(a} record 10 holograms, equal exposure

{b} after dynamic copying for 27 cycies

{c} erasure of 5th halogram with 180 reference beam phase shift

{d) dynamic copying to rejuvenate other 9 holcgrams

(e} writing of new hologram in 5th position with dynamic equalization

Y. Ciao & D. Psadtis, Opt, Lett. 17 (19}, 1992 J
\
Glenn T. Sincerbax Oplical Data Storage Canter, University of Arizona 21
r =Y

PHOTOREFRACTIVE POLYMER DESIGN

® photosensitivity
Requirements: ® photoconductivity
® trapping
& electro-optic properties
Guest/Host approaches

Fully functionalized approach

High T
Low T, g1,
. Viewgraph ¢ ourtesy of Dr. Berrurd Kappelen, University of Arszona
Glenn T. Sincarbox Optical Data Storag - Center University of Arizona ﬂ
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

Holographic Storage

Material requirements

Current status

(3 > 1 mm thick

(3 high An

1 670-850 nm

7 high optical quality
(J low scattering

(1 1 ms response time

1 non-destructive read-out

L1 100 - 200 um

[ An ~ 0.01

(1) 488 - 830 nm

L1} phase stability

L1 zerc birefringence matrix

£ > 100 ms

) TPA photbrefracﬁve polymers

Viewgraph coutesy of Dr. Bavrd Kipptlen, Univarsity of Anizons y

Qlenn T. Sincerbox

Oplical Data Storage Center, Undversity of Arizona ﬂ

NEAR IR SENSITIVITY

"5 X o

NO,

830 nm

Normalized Diffraction Efficiency

\,

DHADCMPN:PVK:ECZ: TNFDM (25:49:24:2 % wt)

Science, 279, 54 (1998)

20 40 60 80
Electric Field (V/ipm)

Viewgraph courtesy of Dr. Bemard Kippelen, University of Arizona
7

Glenn T Sincerbox

Ogptical Data Storage Center. University of Arizona ﬁ
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HOLOGRAPHY VIA PHOTOPOLYMERIZATION

C) monorner diffusion by concentration gradient

A) monamer dispersed in a host matrix .

Q monomer * polymer
D) conunued polymaerization by exposing light

© monomer ® polymer
E) hologram fixing by uniform ilumination

J

Glenn 7. Smcerbok Opticai Data Storage Center, Unwarsty of Arizona &

© monamer * polymer

\.
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PHOTOREFRACTIVE MATERIALS

ORGANIC & INORGANIC

1007960
T T Ty YT Ty Ty T,
0.1 )
3 DHADCMPNPVK ECZ TNF Ideal 3
~ Matenals
IBNCM PMMA:TNF ‘
0.01 . FMM DMNFAAPYEK.ECZ TNF
. NPADVBE.BVK-ECZ TNF]
An ] DEANST:FVK TCP:C60
lE-3 E Bis-A-NAS:DEH 4
] PENCHOM 60 DEANST PVK:TNF
1 DEANSTPVK! X
1E-4 4 EPNA PV -»—.\r;:r:‘m PMMA:CED ]
DPANSTFPBMA:C50 BaTIO, LiNbO E
FDEAMSTPBPES:C60 (753 nm) Bs0 KNbO ]
1E-5 5 FDEAMST PBPES:C60 (647 nm) 3
Bis-A-NPDA :DEH
(First PR polymer 1990)
T T Ty —rrry
0.01 I 100 10000

Response Time t-1 (s°!)

Viewgraph cowtery of Dr. Banard Kippelan, University of Arizoos y

Opfical Data Storsge Cener, Unhasrsity of Arizona ﬂ

\.

PHOTOCHROMIC POLYMERS

Mechanism:

= Salective photoexcitation of sensitizer molecules
~Energy transfer (iriplet-triplet) from sensitizer to chromophore
~Photoreaction of chromophore with accompanying index change

Features:

~WORM material
~large An: 0.002
=gensitive at 676 nm

3£ pCcPT
'% Ik Ce
2k
. x30 676 am
1k
N Wb 300 &0 760
wavelength {am)

~sensitivity: 0.01 cm? /kd LiNDO, : 0.02cm® /kJ)
=100 holograms multiplexed in 150 micron sample
~solvent-free fabrication {1mm thickness possible)

R

Glenn T Sincerbox

Optical Data Storage Center, University of Arizana &
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Lucent photopolymer strategy

Matrix Menomer Photochemistry
* In situ matrix formation (thick media, flatness) | | Chemistry independent from matrix
* Cross-linked matrix (stable support) formatien (An contrast)
* Compatibility with monomer (low scatier) * High contrast with low shrinkage
* Robust polymer backbone (environmental) » Efficient photochemistry (sensitivity)

* Compatible with matrix (low scatter)
07102199 A Harris/L. Dhar
B ivece. i 0

Holographic WORM Media Requirements

Performance
o Dynamic Range - High storage density with rapid read rate
-Refractive Index Contrast (An) } M
~Thickness -
-Low scatter
o Media Thickness - Low crosstalk of multiplexed holograms
= Photosensitivity (visible - near-IR) - High write rate
o Optical Quality- Low BER imaging of digital data pages
Cost
o Low Cost
Stability
o Dimensional Stabitity - High fidelity data recovery
o Nonvolatile Readout
a Solvent/Heat-Free Processing
o Long Archival Life (5-10 years)
o Environmental and Thermal Stability

07/02/99 A. Hams/l. Dhar

Lucent Technologies

Balt Labs innovationt
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Lucent Holographic WORM Media Status, mid-1999

Performance Goal Status
Kev petformance parameters met
o Dynamic Range (M#) 15 ~20
o Chemical shrinkage................... 0.1% 0.1%
oThickpess ................civennn, 1 mm 1 mm
oScatter ... ~le-6 >~le-6

o Photosensitivity (532 nm) (total exposure dose)
................ ~500 micm?  ~350 mJ/cm?

o Optical Quality ....................... <(A/2)cm <(A4)cm
Stability
Key stability issues under investigation
o Testedshelflife ............................... >Months
o Archival life of high density digital data ... = Under investigation
o Environmental ..., ... ... ... Seated cell
o Thermal Dimensional Stability ......  Temp conirol drive
07/02/99 A Hams/L.. Dhar Larcant m o

Lucent Holographic Photopolymer Date Storage Status

Photopolymer material meeting key performance
requirements for high density digital storage
-dynamic range
-writing-induced dimensional change
-scatter and optical quality
-sensitivity
Demonstration of Digital Data Storage & Recovery
>3000 Digital Data Pages (@ 48 bits/um?

Next Steps

-Demonstrate higher density in newest materials (100 bits/um2)
-Systematic investigation of thermal/environrmental stability
-Demonstrate archival stability of high density digital data
-Manufacturablie low-cost media strategy

070299 A Hamis/L. Dhar
Lucert Technologles
Bl Labs ircrvatiors:

December 2, 1999
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IBM HOST TESTSTAND

Computer-controlied precision teststand
~Faurier transform (4f) optics
~1024 x 1024 bit masks (random)
~1:1 imaging onto detector armay
=14 bit image capture
~25-335 degree reference angies
~interferomerric stabitity (20 ;)
=multi-wavelength (Ar, Kr lasers)
~manu-driven writing & reading
~15 transiation/rotation stages
~laser power, polarization control
~muttiple sample configurations

~exirernely Jow intrinsic bit error rate

)

Glenn T_ Sincerbox

Opfticai Data Storage Canfer, Uriversity of Anizona A

el

High Resolution Image of
256 kbit Data Page

ABM HOST

Shown above is a

512 x 512 pixel data
mask, :maged through
the HOST tester.

Al right, a 1kb portion is
expanded to shown
individual data hitg

Histogram
2¢000 I ¥ T T T T T
I
b
'H
o I
8 M
3
ERLL N ol
5 |
S !
o SN
B .
L i 1 Il L ] i
i R 40K ALK
Counls.

W =% 18 um data pixel
Spacing

Overall image
siza = 0.92cm
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High Resolution Image of

1 Megabit Data Page

Shown above is a

1024 x 1024 pixel data
mask, imaged through
the HOST tester.

At right, a 1kb porticn is
expanded to shown

L individual data bits

Ocauiences

Histogram

i

I

\

AN
T cams 1

I +— 9 pum data pixel
spacing

Overall image
size = 0.92cm

Holographic Storage:
Reconstructed 256 kbit Data Page in LiNbO,

206 T T T T

10K

’-‘—'L——'—-.RL

Histogram
ber = 2x10~

Map of
*ambiguous®
pixels.

{Within intans.ty
range slxawn

Image size
= (.92cm
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Bit Error Rate of a Poor Image
5M = 8x10™
Optimal Threshold
A ] 1 - )
- I
: - Emors
3 _ BFR = ——=2
g ) r. Zeroes N\ : ® ; Total Bits|
. i -
2 -.; '| - - 439
§ v © o 262,144
o . = 1.67x10°
T g

Lithium Niobate: "Best to Date*

Image: 10~ Hologram: 8. x 10’
T T  n— T ——
! H '
3 P ] ol '!,'\

; !l ' % Cof \

R ! \ M

g it t .

[
:_W -
Y
R
-
i
ol i
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\..

distortions (fixed & optically induced)
diffraction spreading

crosstalk (intra, inter)

electronic

ele

9 Optical Quality Limits to Performance
Protochromic  (lass
(1 mm) M
SoNCa
o E } Photorslcive
= Lw.-“ ; umfu" (o}
SE 8 5
N P
g fF .
ﬁ L o A Foofe Ges @
® G o
o [ om0 3 o d
g,k o oY . Direct Imagd
- . o . I I— Hologram
= & O 1024 kbits
-18 . . ) \ B0 266 kbis
9 - -5 < e 0 64 kbis
Log N
{ \
FACTORS INFLUENCING BER
diffraction efficiencyv
No. bits/pages
No. pages/volume
M number
wavelength
signal et
raw ber o=l - =5
noise
scatiering
misalignment

S

Glenn T Sincerbox

Optical Data Storage Conter Unvvergty of Arizoma

A
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raw ber 105 edustioncodes - rotod ber 1012

error-correcting codes

ber is a measure of the utility of the technology

cost

margins
Mbyte

capacity

BER & SNR

Combination of Rician (optical} & Gaussian {electrical)) statistics:

_1 4] L A ,,p{, A ,‘LJ
b"—lﬂﬁ(v"fa_ +2“¢{2«Eﬂj V2o, ¢ 2aj+8cr;

o, = varianee of complex noise ampl itude

P .
for pure electrical nvise: o, =0, va=1/2. mr=1/o, @, = vanance of electrical noise
1 _ 2!7“-‘4‘+D"f_?
bchEﬂﬁ’(Js‘i g Vo 20,73, -
1
for pure optical nokse: o, 0, v, - 174, snr =1i2o, ‘/_{,,:ﬁ +Uﬁ)+ a?

!’ 2
ber = exp| - ”;—]

prre electrical moise

® pure aptical nose

fram €. Gu F Dai, and J Hong, Electranxcs Letters, Vol, 37, Ng 15 [SELLERRE S
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ber and margins

-ber is a measure of the utility of the technology

cost margins
Mbyte » capacity
+how difficult is it 1o achieve desired performance?

mechanical tolerances

margins w optical tolerances

elecirical tolerances

raw ber

sthe bathtub curve

'
i
1
v
2 -
T
]
'
(d

: margin
wavelength, focal length, alignment, etc

DEPENDENCE OF BIT ERROR RATE |
ON MAGNIFICATION AND ALIGNMENT
BE S ! . — S
,f - . . v = 3
.t cd S : :
LE . 1 o . 1
- RS :
a e E ‘. . ] 4 . p - 1
e g ] ot :
! 1 1
; L :_
\ _

Glenn T. Sincerbox

Optical Data Storage Center. University of Arizona 2&
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6:8 code
10? T Y T T T
[
"-a\ *—e measured
02 ‘\ a—+ extrapolated
1074 |- . 4
| 6. ar?
- -
BER (ol ST u_a-of-”- -------- v
10°%} . Lt | -
1070 - N -
«,
10712 1 i 4 1 ]
04 06 08 1.0 1.2 14 1.6
Crosstalk nuil
IBM HOST  Each point represents the average BER of
B o acia Opocal Skorugr Taom . .
45 holograms at the given anguiar spacing

PATHWAYS TO IMPROVING THE RAW BER

= Increased signal
« more photons/bit

=i Reduced noise
« better optical quality

< Better (or more forgiving) alignment
«over-sampling(?)

-1 More uniform illumination of SLM
v top hat beams
v exposure compensation

< More uniform llumination of hologram
+ phase mask

J
Glenn T, Sincerbox Optical Data Storage Centar Unwversity of Arizona Z&

\
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Novel properties of a holographic image
- a coding opportunity -

* Error asymmetry:
0 -> 1 more likely than t -> 0
1 -> 0 requires exact interference of light
0 -> 1 can happen with any stray light

» The light on a detector depends on the number of 1's in a data page
N

[ ]z
S, = n o (A’!Z o __I'.‘_ x N, Use a code that has a constant number
N, N, N, of t's and O's

Simplecase: 1= [ 1B 0= ]

better choice: B user bits can be coded as 8 channel bils
s0 that there are always 4 bits on (1's) and 4 bits off (O's)

Mo o S M ™

NUYRI(N-R)!I=70

L * Count the 1's for initial eror detaction

7

Glann T. Sncerbox Opticat Dats Storage Center, University of Anzona ﬂ
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POTENTIAL APPLICATIONS

K_ex,exploit#re attributes of holographic storage

~read data rate

~fast, random access
~capacity through multiplexing
=novel function

Enable new applications

»Image libraries/servers
medical, on-line catalogs, video-on-demand
satellite, geophysical,......

~Rapid search engines

\. y
Gienn T. Sincerbox. Opbcad Data Storage Canler, University of Arizona ﬂ

HDSS Applications
rapid, random access to large databases
of very high quality digital images and data

mednal lmages -x—ray CAT m g
environmental sensing

resource exploration .
satellite & temestnial surveihme
military situstion maps
infeftigence gathering

space exploration

~Sensor & system logs

automotive & aircraft systems
process plants
pharmaceuticai testing

\. w
Glenn T. Sincerbox Optical Data Storage Canter. University of Afizona ﬂr
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HOLOGRAPHIC STORAGE

Glenn Sincerbox, University of Arizona

December 2, 1999

h
HOLOGRAPHIC LIBRARY FILE
a preliminary view
N x M array of ho!ographic 'stacks’ Capacity Stacks
Each stack contains 2000 holograms GBytas (N=M)
Each hologram contains 1Mbit: 100 400
1,000 4,000
larger xtals may be composites 3,000 20,000
10,000 40,000
Mechanical access (x-y) to stacks,
Nonmechanicai access (a-¢) within stack; 10-100 usec
| Capacity | Area Mass | Accoss time | Access time
(GB) em? (kg) 1/3 band Adlacant
{msec)* {msec)*
100 1t 0.048 35 [
1,000 160 48 150 0
5000 800 2.4 440 y
10,000 1600 48 700 43
* power = 1.0 watt
\. 4
Gimrin T. Sincerbox Opheal Dala Storage Center, Untwrsfy of Arizona u!E
' ™
MECHANICAL ACCESS TO HOLOGRAPHIC FILES
Average Power (bang-bang) vs seek time
for 500 GB, } TB & 5 TB capacities
1000
160
. fibrary
- o Ni - robatics
LN
o % i \ \n._ s
gE AN T
7 o] NN .
® \\u?ﬁm
ol NG T
¢ 001 T~
0 000}
0 1 02 03 04 05 0o 07 08 09 v il
seek time (sec)
\_ y
Glenn T Sincerbox COptical Data Storage Center University of Arizona ﬂ
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HOLOGRAPHIC STORAGE

Glenn Sincerbox, University of Arizona

HOLOGRAPHIC VIDEO SERVER

1 Mbitpage

Rl 2000 pages/stack 2 Gbit'stack )

=100 usec to any page
«1 msec to read page
} 100 GB -10TB

20200 stacks 5-500 movies
Spatial
(x-y}
muhiplexing 400-4,000 stacks /
Time 1odump stacktzzuc
Slaekoomanf ZGI: ‘ziKmﬁGZﬁm
: *Mlocwd.o
Timulndumpaw m-za z.dmc .
;m — 350 KBfsoc (MPEGZ) o aummld
T eersdom scoven o sy Stach 2Gbit2 3246 - J . . data streams . J
L +< 1 mesc sccess 1o any adjacent stack S -
Glann T_ Sincerbox Oplical Data Storege Center, University of Arizona ﬂ

0.0
01 1.0 100 400 1.000 10,000 160,000
Capacity GBytes
base system cost $1415 (1 channen 12 5 GB/cm3
$2350 (84 channel)
\ material cost; $20/cm3 Y,

ESTIMATED COST OF A HOLOGRAPHIC FILE

Cost/MByte versus Capacity

OY2K pstimate

10

\ 1280 Mbits/sic

NN

1 W] ~
$/MByte s/sep \ ®RAID

01 k

\ J.Optical

0.01 $k

' HDD \ Optical Fape
\;_~ u_f,g?;_,ema

Glenn T Sincerbox Optical Data Storage Centar. University of Arizoha ﬂ'

December 2, 1999

48



e

i

LB

{
LI

HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

HOLOGRAPHIC STORAGE
CAPACITY ENHANCEMENT

4 2 & 3 dimensional nature of stored pages provides unique
opportunity for the devetopment of novei:

=» modutation codes

<% error-correcting codes

+ Develop through an understanding and characterization of noise
sources:

< inter-symbol interference

= inter and intra-page crosstatk

< data retrievat asymmetry

< burst/block errors

< SLM/detector alignment

= forbidden data patterns

<> code constraints

—’

Glenn T, Sincerbox

Optical Data Storsge Canter. Universty of Arzona A

\

MORE NEW NEWS

Signs that the technology is maturing
~increased activity beyond the proof-of-concept
-measurement of bit error rate

—~development of modulation/demodulation codes

~development of error-correcting codes
~local thresholding
~precompensation/predistortion

+removal of deterministic spatial variations

+shaping/apodizing reading wavefront
+grey-scale considerations

>

Gtenn T Sincerbox Ogptical Data Storage Center. University of Arizond ﬂ
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HOLOGRAPHIC STORAGE
Glenn Sincerbox, University of Arizona

December 2, 1999

HOLOGRAPHIC STORAGE ISSUES

ec | Issues

« WORM materiais need more development
shrinkage, scattening, thekness

+ Erasable materal systems still not optimized
deveiop better methods for nondestructive read
scaie-up, lfebme, stability, cost, eptical quality not quantified
« Enabling component technologies drive by video requirements
CCD & SLM use senal 11O
biock transfer needs paraliel 1/Q
+ Nonmechanical accessing methods yet to be devetoped

+ Optics must be simplified
System Issues

+ know trade-offs between capacity, data rate, BER, etc.

+ identitying the initial markets and the nght window of eppertunity

» configuring a cost-competitive design

\ y,
Glenn T. Sincwrbox Opfical Data Storage Canter, Uriversity of Arizong ﬁ
[ B
SUMMARY
#* Storage requirements are exploding
#* Renewed interest in holographic storage
4+ supported by new news
+ place in storage hierarchy
* Govemment funding encourages formation of
industry/university consortia
#* High risk - potentially high payoff
\ A
Glenn T Sincerbox Ophical Data Storage Center. University of Arizona ﬂ
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Holographic storage:
Ready for prime fime?

Glenn Sincerbox, University of Arizona

torage requirements are
exploding. By the year 2000,
our storage needs will exceed
12 exabyres (10%° bits). Ar 1¢
per megabyte, thar translates into a $120 billion busi-
ness! The amazing advances that have been made in
storage technology have abetted this enormous
appetite for storage. New storage devices have
entered the market place, from ZIP drives to DVD.

These technologies share
some common attributes:
they are disk-based and
hence rely on mechanical
rotation and linear storage
density to provide ade-
quate data rates; access
time also depends on a
combination of disk rota-
tion (latency) and linear
translation of the head
asscinbly (seek); and final-
ly the data is recorded as
localized, discrete marks
on a medium that is thin-
ner than one micron.
Faster access, higher data
rates, and redundant stor-
age of data within the volume of a thicker medium
requires a new paradigm in storage. Optics and the
basic principles of holography are a particularly
attractive way to meet these requirements and may
well represent the storage solution of the future.

Most technologies spend decades in research labs
before they enter the market. Holography will be no
exception to the rule. Invented in 1948 by Dennis
Gabor as a way to magnify x-ray images, it wasnt
until the invention of the laser in the early 1960s,
that holography became practical for storing and
retrieving images. But, despite considerable efforr,
holographic storage never made the business impact

that was expected. However, new materials coupled
with a better understanding of how to leverage
holographic storage may renew interest in this
30-year-old technology.

In magnetic and conventional optical recording, an
individual data bit is represented by a localized
change in some physical property such as the reversal
of a magnetic domain. Holographic recording, in
contrast, distributes a single bit throughour the
recording volume; thus,
there’s no correlation
between an information
bit and a microscopic
element in the medium.
Light from a signal beam
interferes with light in a
reference beam to create
a three-dimensional pat-
tern of high and low
intensity. The recording
medium samples this
pattern to produce a
similar variation in an
optical property, such as
absotption or refractive
index. Recorded struc-
i _ tures contain informa-
tion about the beams” amplitude and phase. When
illuminated with a duplicate of the reference beam,
the light becomes diffracted, recreating the
signal beam. Stored dara can be viewed directly or
imaged onto a detector array.

In contrast to conventional holography, where
scattered light from a three-dimensional scene or object
is recorded and subsequently reconstructed for viewing,
holographic storage employs a spatial-lighe modulator
(SLM) as a light source. The modularor displays a two-
dimensional pattern of ‘ones’ and ‘zeros’ that acts like
miniature shutters, which represent the stored dara.
Because each data bit is distributed in three dimensions

April 1998 DATA STORAGH
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throughout the recording media,
holographic media is less sensitive to materi-

al defects than conventional media.

THE BRAGG EFFECT

Holographic storage can significantly
increase areal density by using a thick lay-
er to record multiple pages of data. A
common misconception of holographic
recording is that cach page occupies a dif-
ferent depth in the recording volume. In
reality, the holographic structures for
multiple pages are mixed together, which
is a process referred to as multiplexing,
Meanwhile, the “Bragg effect” allows
retrieving an individual page of dara,
while minimizing crosstalk from other
pages—a feature of the highly tuned
holographic structure. The diffraction
efficiency varies according to mismatches
in angle or wavelength berween recording
and playback. To attain 100% efficiency,
an identical beamn is used for both record-

ing and playback. If, however, the illumi-
nating beamn is slighdy off in direction or
wavelength, the reconstruction efficiency
will be less than 100%, falling to zero as
this deviation increases, at which point
another hologram can be recorded since it
won' interact with existing holograms. At
zero efficiency, the thicker the medium,
the lower the mismatch angle. A con-
trolled mismatch in the recording or play-
back angle of only a few thousandths of a
degree allows many holograms o be
recorded in the same volume. For exam-
ple, muldiple holograms can be stored in a
1.0-mm thick recording medium in
angular increments of 0.025 degrees or
wavelength increments of 9.5 nm.

Using angular mulkiplexing, 10,000
holograms have been stored in one loca-
tion of a 6-mm-thick lithium niobate
crystal [1]. Angular multiplexing requires
complex optics, making it more difficult
to implement than wavelength multiplex-

ing. However, wavelength multiplexing is
highly dependent on the range over
which lasers can be tuned. Today's tuning
range reaches 20 nm ar most, which is
not wide enough to store many holo-
grams simultaneously. Density can be
improved with hybrid systems that
combine angular and wavelength multi-
plexing, or that reposition the recording
medium [2,3].

Another multiplexing technique, called
“deterministic phase encoding”, uses the
phase of many reference beams to
distinguish one hologram from another.
Individual reference beams are simultane-
ously incident on the recording medium
so that each hologram is recorded with a
set of bearns thar differ only in phase.
Altering the phase of the beams, rather
than their direction, is a faster and poten-
tially simpler process.

This multiplexing feature distinguishes
holographic from conventional storage

]

The photosensitive medium
rophcates the Friniges -

s 4 change In abserption,
cefractive index, or thickness.

Processing may ar may not ba required.

e

A

tght i o beom s diaced by e |
mediun to exoety replicate the sourco beam

Physics of holography. When ruwe laser beams inserect they form an
changed so 1t mimucs the interference pattern w form a hologram. Su bieg

STORAGE  Aprill 998

interference pattern. By placing a photosensitive material in this area, its optical properties are
went illumination of the hologram with one beam will recreate the pattern of the alternate beam.
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HOLOGRAPHY DRAWS FROM MANY DISCIPLINES

methods. Two-dimensional storage allows
dara to be recorded and retrieved in paral-
tel (a page at a time) rather than
serially. Extremely high data rates are
limited only by the [/O devices and
electronic channels. For example, detector
arrays available today run ac giga-Hertz
speeds by using multiple oucpur taps,
whereas massively parallel arrays can con-
ceivably run ar rates exceeding 1.0 GB/s.
Another distinguishing feature of hologra-
phy is the speed at which data can be
accessed. By relying on movement of light
beams rather than a mechanical mass, access
times of 10us to 1 ms are achieved. True
random access can be performed since it is

not necessary to pass through other storage
locations to reach a target location.

F“STORAGE  April1998

-

Latency is another factor that delays
data in rotating storage systems, but
which doesnt apply to holographic stor-
age. Spatial and angular multiplexing also
provides an opportunity to perform novel
functions, such as “associative retrieval”,
in which holograms that are recorded at a
given location are illuminated with a
partial data page, rather than a particular
reference beam. The complete data page
that contains this partial inpurt is then
retrieved. Similar to pattern recognition,
associative retrieval provides a very fast
search mechanism, locating data by
content rather than address.

The ideal material for holographic
storage should be of high oprical quality,
with little scatter to insure that the signal-

rdmg ‘material and lascr _
, approadung 1.0 Gbit/s are
by segmenting the array into
l : ; and reading out in parallel. A
5 64-channel device is in the prototype

sragc.

bearing waverfront doesnt become distort-
ed and that the noise level from scattered
light is manageable. It should be fairly:
thick (greater than 500 microns) to fully
exploit the Bragg effect. A large refractive
index change will insure that there is
sufficient dynamic range to multiplex
many holograms. The most common
inorganic materials are ones that exhibic
photo-refractivity, such as lithium niobate
(LiNbQOj3), strontium barium nicbarte
(SBN), and barium titanate (BaTiOy).
Lithium niobate has been available for
many decades and can be fabricated in,
large crystals of high oprical quality. The
photorefractive effect occurs when the
bright regions of the interference pattern:
excite electrons into the conduction band.
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CVC’s CoNNEXION® GMR Cluster Tool combines the best of CVC's
production-prover; MR technologies with innovative features designed
specifically for the unique demands of GMR films. Over 63
CONNEXION® systems in production offer high reliability and
serviceability for maximum productivity.

Innovative Multi-Target Module Designs

CVC offers two unique multi-source process module designs, allowing
the cluster tool to be configured to match your substrate size and
throughput requirements. The 6+8 module with six 8-inch targets is
ideal for R&D or production on small wafers. The 6*12 module with
six 12-inch targets is designed for full production on large wafers up

to 6-inches square. Both modules offer excellent vaceum performance
with base pressure less than 8x10° Torr.

i

After annealing 4.7% after 12 hours @ 255°C

Connect

g . N vith CV(C..
S The Technology
é “:SOATa/soAcmzsACu/ Leadel‘ mn GMR

30 A Co/90 A FeMn /80 A Ta

paraearesene il [Hcad Process
Cu thickness (A) Solutions

1-Angstrom Control and <2 Degree Skew
CVC’s patented Infinity™ DC magnetrons with pulsed energy sources (patent
pending) provide 1% (lo) WIW and RTR uniformity with thickness
repeatability of less than 1-Angstrom, CV(C’s unique static/indexing substrate
chuck with orthogonal orientation maintains perfect wafer alignment to a
uniform magnetic field for tight skew contro].

From The Lab To The Fab

The CONNEXION®'s modular “plug and play” architecture allows unique

combinations of modules to be integrated for process development

and production, Multi-target and single-target PVD modules may be
integrated along with sputter etch, ion beam etch and ion beam

y deposition modules, providing unique processing flexibility.

C CONNEXION® GMR
Cluster Tool

For more information please contact CVC,

1-800-448-5900
1-888-SPUTTER (International Toll Free)

778-8837 WWW.CVC.Ccom
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PHYSICS OF HOLOGRAPHY

‘The electrons subsequently drift into the
dark regions and become trapped. The
local fields that result interact with the
host material to alter its index of refrac-
tion through an electro-optic effect. The
resulting phase hologram can have up to
100% diffraction efficiency. Since these
materials are made as thick as one cen-
timeter, they can multiplex many holo-
grams in the same volume. However, sub-
sequent illumination, which occurs when
additional holograms are recorded or
when one is read, easily redistributes the

clectronic charge. Light from a second
hologram rearranges some of the space
charge field, partially erasing the first
hologram. A third hologram exposure
partially erases the first two. In effect, each
hologram recorded partially erases all
previously recorded holograms.

To counteract this affect, a recording
schedule of decreasing exposure times is
needed to equalize the diffraction efficiency
of each hologram. An unwanted side effect
is the efficiency of cach hologram falls off
as 1/ rather than 1/N. This effect can be

Holographic recording (left) involves rransferring

minature shutters. By passing 4 laser beam throu

h RAGE Aprill 998

a two-dimensional patvern of “ones” and “zeros
the modulator, this data pasvern interferes with a
data (right) is done by illuminasing the vecording medium with the reference beam to create pattern that is converted to an ele.trical signal.

avoided by reducing the number o}
holograms in a common volume or by
reducing the number of bits on a page
However, the number of photons per bit
must be large enough so that the bit erros
rate does not increase to an unacceptable
level. This is the major limiting factor in”
holographic storage capacity. And, unfor-
tunately, this is not the whole story. The.
illumination required to read a single holo-
gram partially erases the other holograms
in that volume. Thus, holograms decay in,
efficiency with each reading until the bit
error rate becomes unacceptable. The
volatility of stored data requires a fixing
process of some kind ro render the
holograms insensitive to subsequent
illuminarion. .
Thermal fixing is one such process where-
by holograms are heated to around 120 C,
The electronic space field charge interacts
with ions, typically protons, that are more
mobile ar higher temperatures. lons move to
compensate for the charge differential and
are locked in place when the temperature is
reduced. lonic charges reveal their own
index variations when the readout illumina-
tion erases the electronic-space charge. This
process works quite well, creating a perma-
nent set of holograms with only a small loss
in diffraction efficency. However, there arc
some performance issues that need to be
addressed with this method since it takes
long time to heat and cool the system
Thermal fixing is best suited for read-only
applications where the holograms ar
recorded at a central facility and thes
distribured. If reasonable delays betwee:
recording and retrieving are allowed
thermal fixing also may be suitable for

write-once storage mode.

” to a spatial light modulator—which acts like an array
reference beam o form the hologram. Retrieving holograp
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Reduce Test Time by a Factor of 100!!!

-SbftWare-Drivers
<+ DOS

S £ & Windows 95
500 MS/s A/D Card for PCI Bus < indows

Windows NT
CompuScope 8500/PCI LabVIEW

-
.

500 MS/s Sampling A/D Card
= 8 Bit Resolution

100 MB/s Data Transfer Rate to PC Memory
Real Time Capture to PC Memory at 100 MS/s
* Up to 8 Meg Memory
* 250 MHz Bandwidth
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