1 DOPED STAO CH OVETRI C LI THI UM NI OBATE CRYSTALS AND
METHOD FOR HI GH SPEED HOLOGRAPHI C DATA STORAGE Field

of the Invention 10001] The present invention

generally relates to crystald for hol ographic

recordings. In particular, the invention relates to

doped Stoichionetric Lit h| um Niobate (SLN) crystals
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optical material such as a photorefractive crystal.
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be stored. The second laser beam is referred to as the reference beam and is
used for reproducing the stored data from the recording medium. The resulting
optical interference pattern causes chemical and/or physical changes in the

recording medium: A replica of the interference pattern is stored as a change in the
refractive index of the recording medium.

[0004] A large number of these interference patterns can be superimposed in the
same piece of recording medium as long as they are distinguishable by the spacing
of the gratings. Such spacing can be created by varying angles between the
object and reference beams, which is referred to as Angular Multiplexing.
Alternatively, varying the wavelengths of the lasers in a technique known as
Wavelength Multiplexing can achieve a similar result. Other techniques such as
Phase Code, Peristropic and Shift Multiplexing are also implemented. Using such




Phase Code, Peristropic and Shift Miltiplexing are
al so i npl enented. Using such 2 nultiplexing

techni ques, the theoretical |limt of storage density
in hol ographic data storage 2s around tens of
terabits per cubic centineter. [0005] In addition to
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[0009] it can thus be seen that there exists a need for improved doped
Stoichiometric Lithium Niobate (SLN) crystals for high-speed holographic recordings
that can overcome the disadvantages of the existing art.




[0010] The present invention seeks to provide a
recordi ng nedium and a nethod for high-speed

hol ogr aphi c data storage using doped Stoichionmetric
Li thium Ni obate (SLN) crystds. [0011] Accordingly,
I n one aspect, the present invention provides, a
recording mediumfor high-speed hol ographic data

stora omprising a Z-cut crystal of terbiumand
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Brief Description of the Drawings

[0013] A preferred embodiment of the present invention will now be more fully
described, with reference to the drawings of which:

[0014] FIG.1 il_lustrates an experimental setup for measuring beam fanning and
optical damage effects in X-cut crystal samples in accordance with the present
invention;

[0015] FIG.2 illustrates the experimental setup for measuring beam fanning and
optical damage effects in Z-cut crystal samples in accordance with the present
invention;

[0016] FIG.3, FIG4, FIG5 and FIG6 illustrates graphs showing results of
experiments of FIG.1 and FIG.2;




[0018] FIG 8 illustrates the angul ar tol erance of the
Z-cut crystal sanples; [0019] FIG9 illustrates the
experimental setup for recording the plane-wave

hol ogram under the refl ecti oM geonetry in accordance
with the present invention; [0020] FIG 10, FIG 11 and
FIG 12 illustrate graphs showi ng results of
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The present recordi ng medi um conprises an i nproved
doped SLN of a Z-cut SLN crystal doped with Iron (Fe)
and Terbium (Tb). The Terbium (Tb) content

Detailed Description of the Drawings

[0024] In the following description, details are provided to describe the preferred
embodiment. It shall be apparent to one skilled in the art, however that the invention
may be practiced without such details. Some of the details may not be described at
length so as not to obscure the invention.

[0025] In the present invention, a recording medium comprising an improved doped
Stoichiometric Lithium Niobate (SLN) crystal for high-speed holographic data
storage is disclosed. The Z-cut crystal sample of the improved doped SLN has an
extremely high optical damage resistance of more than 145 kW/cm? for power
density of an incident laser beam. The recording time using the present improved
doped SLN and reflection recording geometry is advantageously very short and is
about 1 second for a single hologram with a saturated diffraction efficiency of




within the fluxed nelts for growi ng the inproved doped
SLN ranges from 10 ppmto 140 ppm [0026] The Iron
and Ter bi um doped SLN (Fe: Th: SLN) were grown by the
Top- Seeded Solution Gowth (4SSG nethod in two

di fferent conpositions producing two crystals as
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Argon (Ar) atnosphere for 6 hours. [0029] Referring to
FIG1 and FIG 2, the experinental setup for neasuring
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Fe:SLN 42.02 42.02 15.96 100 0
Fe:Tb:SLN-1 42.02 42.02 15.96 100 10
Fe:Tb:SLN-2 42.02 42.02 15.96 100 140

Table.1 -

[0027] The crystal sample Fe:Tb:SLN-1 differs from Fe:Tb:SLN-2 only in the
concentration of the dopant Terbium (Tb).

[0028] The as-grown crystals were orientated using an X-ray goniometer and cut
parallel to their X and Z faces to obtain the X-cut and Z-cut samples of Fe:Tb:SLN
and Fe:SLN. The samples were then lapped and polished to a thickness of about
2-3 mm. All crystal samples were single-domain crystals and reduced at 950°C in
an Argon (Ar) atmosphere for 6 hours.

[0029] Referring to FIG.1 and FIG.2, the experimental setup for measuring the
threshold effects of beam fanning and optical damage in the X-cut samples and Z-
cut samples are shown respectively. A common laser source 15 such as a
Coherent Verdi 5W green laser with the wavelength of 532 nm is used for both
experimental setups.




experinmental setups. 6 [0030] For the X-cut sanple
100 in FIG 1, an extraordinary-polarized | aser beam 16
fromthe |l aser source 15 is incident normally onto the
X-cut sanple 100 and is perpéndicular to the c-axis
of the X-cut sanple 100. The | aser beam 16 spot size
is about 2.0 mm and focused inside the sanple by a
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due to beam fanni ng an opti cal ‘'damage effects can be
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(fOB Z%case of +Z face). [0034] Referring to

t heP¥ ts of beam fanning in the X-cut sanpl es are
shown. For conpari son purposes, an additi onal
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[0034] Referring to FIG.3, the effects of beam fanning in the X-cut samples are

shown. For comparison purposes, an additional iron-doped congruent LiNbO,
(Fe:CLN) crystal sample is also used. The reduced X-cut iron-doped congruent
LiNbO; (Fe:CLN) crystal sample has a mole ratio of [LiJ[Nb] = 0.946. We observe
from FIG.3, that as the incident laser power density I, increases, the scattering ratio
of line 31, line 32 and line 33 which are representative of the scattering ratio of
samples of Fe:CLN, Fe:SLN and Fe:Tb:SLN-1 respectively also increases.
However, for line 34 which represents the scattering ratio of the Fe:Tb:SLN-2
sample having a very much higher content of Terbium, the scattering ratio is much
lower even at the higher power densities of the incident laser.




However, for line 34 which represents the scattering

ratio of the Fe: Th: SLN-2 sanple having a very nuch

hi gher content of Terbium the scattering ratio is

much |ower even at the highet power densities of the
incident laser. 7 [0035] Al the X-cut sanples showed
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g’ hen t he scatterl ng is nuch reduced. However, the
+Z faces of Fe:SLN (line 43), Fe:Th: SLN-1 (line 42)
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almost no scattering effect and the transmitted light intensities slightly increase at
the very beginning and then keep almost constant.

[0037] In contrast, referring to FIG.4b all the -Z faces of the Z-cut samples have
shown backward scattering. Both Fe:CLN (line 45) and Fe:SLN (line 46) exhibit the
strongest backward scattering and the transmitted light intensity decreases almost
to zero after 10-25 minutes. The fransmitted light intensity of Fe:SLN decreases
faster than that of Fe:CLN. However, the backward scattering of both the
Fe:Tb:SLN-1 (line 47) and Fe:Tbh:SLN-2 (line 48) samples has been much reduced
by the addition of Tb into the crystal. More than 50% of the transmitted light
intensity was remained and the transmitted laser beam could maintain a bright beam
spot at the center with a good beam shape.

[0038] Referring to Table.3, the measured transmitted light intensities of different Z-
cut crystal samples at the incident laser power density of 72 W/em? and 30 kWicm?
are listed, respectively. It can be seen that the -Z face of Fe:CLN can not maintain
necessary transmitted laser intensity due to its strong backward scattering




to zero after 10-25 mnutes. The transmtted |ight
intensity of Fe:SLN decreases faster than that of
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t haWeﬁb rasthe fsaqtesing ratidkeam reRifivélp hve lahe ohly RIELN (aks1) shows

fteri ng. ratios are relatively |low and only
' Fe (%Lﬁﬂy%fiﬁ%gebrff qﬁgﬁs slightly stronger scattering.

[ 0040] However, in FIG 5b, we observe |ight-induced

SCajdogh) ple@V@r, P PSSR Bbserve light-induced scattering due to backward
scattering effect in -Z faces. Fe:CLN ( line 55) has the highest scattering ratio
while Fe:SLN (line 56) has less. The scattering ratio however for the Terbium
doped samples (line 57 and 58) are significantly reduced.

[0041] Further tests were conducted with the Z-cut terbium doped samples, and
the power density of the incident laser beam was increased to 150kWiem?.
Referring to FIG.6, the scattering ratios of line 61 and 62 for +Z faces of the Z-cut
Fe:Th:SLN crystal samples at high incident light densities did not vary substantially,
also indicating that the optical damage threshold of the samples have not been
breached. The -Z faces of the Z-cut Fe:Tb:SLN crystal samples show similar
behavior and also have a very low scattering ratio at high incident light densities.
The Z-cut terbium doped samples have withstood laser incident beams with
intensities in excess of 150,000 times that of the thresholds of the X-cut terbium
doped samples. The Z-cut terbium doped samples thus advantageously allows the
use of high power density focused lasers to be incident on the crystal samples.




scattering effect in -Z faces. Fe:CLN ( line 55) has
the highest scattering ratio while Fe:SLN (line 56)
has | ess. The scattering rati o however for the Terbium
doped sanples (line 57 and 58) are significantly
reduced. [0041] Further tests were conducted with the
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ThngmegLN_ergéM“;gwaed sanpl es have w t hstood | aser
i nci dent beans wt intensities in excess of 150, 000

times that of the threshol ds of the X—cut terbi um
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under the test cond|t| ons. The imges of the
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faces are
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s of the transmtted | aser amwz1 pot s
1 (S

| nerhERnS agle G MERedds 1o ARRmtoN: WBoD 5 Wt dacreased to

ar eabahmm dpﬂcﬁlcﬁn%@e dffeis? terd | dBséived ANThé lekpeiindrifor angular
Th: SLN-1 and Fe: Thb: SLN-2

r es Ci‘if’fm%ws %6%*? MEIng dapep beaws it ReWBh intensitie fanging from

+Z 1\atans’ tof10,000ecad the esukeWersddhsittdht for thY brtié radmgam
spot with a good beam shape at the center of the

i mges. However, the -Z face of Fe:CLN is damaged due
t o [0045]sFurdinay exaellmamtsl wera tajser comgluétet @ dbderming @atdyrite rates of

Forthéhfc& EHiiurh %‘gbédJ E‘érﬂ8|8§ ﬂ R%?éﬁ%h§§o F‘?(?@“{h%r?nghrﬁér‘?tQFgetup for

was | so neasure usi n
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f%e recor c}‘l ing medlum which in the present experiment is the Z-cut Fe:Tb:SLN-1
crystal sample.

[0046] The laser source 15 is incident on a Beam Splitter (BS) 75 such that the
laser beam is split into a reference beam 83 and an object beam 85. The two
beams are then reflected off a first mirror 77 and a second mirror 79 respectively
such that the two beams are incident on opposing sides of the Z-cut Fe:Tb:SLN-1
crystal sample 90 and intersect in the Z-cut Fe:Tb:SLN-1 crystal sample 90. The
initial beam intensity is varied using the neutral density filter 19. A first shutter 71
and a second shutter 73 are used to control the object beam 85.




when the angle 0 was increased to 15 and above. Wen 0O
was increased to about 45 optical damage effects were
observed. The experinment for angular tolerance was
conduct ed using | aser beans M0th power intensities
ranging from 1 Wcn2 to 10, 000Wcn®R; the results were
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Ref esferenge bearhl83. 9, t he experinental setup for

determning the data wite rate is shown. The

experinental setup was prepared in a Reflection
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t he present _exper| nment

cr y§ecgrdingnphe WP{%@B?*OM@CII‘&S é?nsgtyﬁy Seof 13 phetorefiariidenerystal is
on gefdRAAsSPl itter (BS) 75 such that the |aser beam

is split into a reference beam 83 and an obj ect beam

85. The two beans are then reflected off a first

m r 1oL (4. a/pgond mrror 79 pespectively such
t hat tgeﬁ ea(tmsgare i nci dent or(ﬁzpposn ng si des of

the Z-cut Fe: Th: SLN-1 <crystal sanple 90 and intersect

whbfé hh@ tt?ei)&iﬁFacF i6n EficRiddy Lt & #he ttlﬁ'l qgm&%ogﬂ reégﬂ&n%llaser intensity,

tensity’is Vari 6d
andjbn% Ih%/Cff/ﬁ;tBt thickness. A’ herefgne, white trate \mls progortiosal dode and can be
exprisdddeds 73 are used to control the object beam 85. 10
[0047] A power neter 81 is aligned with the object
beam 85 after the Z-cut Fe:Th:SLN-1 crystal sanple 90

for ymasih g _tbgrimtensity of dif{fracted light of the
r ef eFenc@b‘Z!g’n‘i 83.70048] It is k&gwn that |ow

sensitivity of photorefractive crystals used in

r eﬁfbﬁﬁ?}nﬁata{@@fgt {43%2/ ! %ﬂhﬁ% t%gfrﬁre%éé g %ﬁ%‘sﬁt dfigg ihdibing the
typfe@afd"}mmtwy ﬂactEXpeﬂrQ@H% Mtereu ¢ondsgctedl writing and erasing single

phoilﬁﬁ@-fnfa%thdd r’a‘ﬁ%sétaéhffél%nt glef‘sdeéntles(gﬁ@lthe results are
where rl fract
ef f

W@He% {10, KG{1HandiFi@. 121 MVhege thediffigetion etlisionay fgydefined as

| astae intehsitysratiy betvideh thel @fﬁd&ﬁé&éﬂ@irﬁtdeﬁh bé&ﬁ@sgmm is the total
Thergefore wite rate th§ %nal ? n‘

gsnty of recording "Saamms (® ect an re erence eams), lerasing is the intensity of

the reference beam, and the total recording time is the time required for the

diffraction efficiency to reach saturation.

[0050] Referring to FIG.10, FIG.11 and FIG.12, the low beam fanning and high
optical damage resistance characteristics of the Z-cut Fe:Tb:SLN-1 crystals are
evidently highly advantageous. The incident beam intensity on the Z-cut

Fe:Th:SLN-1 crystal ranged from 0.3527W/cm? to 8.0851W/cm? to 70.0282Wicm?.
Conventional photorefractive crystals used for recording media would have been
optically damaged at a mere fraction of the incident beam intensities the present Z-
cut Fe:Tb:SLN-1 crystals were exposed to. The recording times ranged
respectively from 885 seconds, to 9 seconds to 1.1 seconds. The present Z-cut
Fe:Tb:SLN-1 crystal is clearly advantageously able to withstand an incident beam

intensity in excess of 70 W/cm? and achieving a recording time of a mere 1.1
seconds.




expressed as V', (d-[?7 /dt), _O0 = SICL (2). [0049] Data
wite rate V', can thus be increased significantly by
increasing the recording intensity 10. Experinents
were conducted witing and enlasing single plane-wave
hol ograns at different | aser power densities and the
results are shown in FIG 10, FIG 1l and FI G 12. \Were
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characterlstl cs of the Z-cut Fe:Th: SLN-1 cryst als are

evi dent | 3% advant ageous The i nci dent bea
i nt 4982k 'an periomena will meveh:ogewg dn dhg sXogut rcmg@a due to the

fr omrweagcﬁﬁwraﬁﬂégfe ??gl?ffénﬁﬂﬂgfaﬁd ba;czpdé?ﬁagq%vé!ffea?s (Table 2). For
rectPar et Rear bt RSalichiedn ocol HelaBmaystiiga poger density

a rrbec&ause dte tZ faveadantbecoptioallychizntaged atrhightpewer teresityt he

present Z- cut Fe: Th: SLN-1 crystals were exposed to.

The recording tinmes ranged respectively from 885

secH98y, Fudhey exwedmentst were ropaucierdido detesmipectbentecording speed
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dentiness PehisrBdne sAEentsaer 72 s B BB J6kbeked féRecond mior
tot 9. ACCD damgrm 1r®ereplacesetde peder motes BnFuthdrinofe, arfirst lens 121

3353R88T chOu BGOBLIN A dubid 5(R S o2 8loond tens

to 8is Qiewvodﬁ@ge the retsieved siorel lmagercmto theaCCBrcatmiersl 10.
val ue for recordi ng, above which the recording tine

decr eases substantially Referring to FIG 13, thi
val 1985415 Tae image dearing objics beam 519 taepseq gotope ‘ppystal sample 90 to

phesfrstttsly bbldin 2 BYREr QSHEHY of Abdulf 81 BkPMIMT I Tt dveerddihsity of the
to re?erence beam 83 is about 38W/cm®. Angle between the object beam 85 and the
reference beam 83 at the crystal sample 90 is about 153°.

[0055] Experiments were then conducted to obtain the shortest exposure time for
recording the image from the CNTT 105. The stored image is reconstructed using
the weak reference beam 83 to allow the CCD camera 110 to capture the
reconstructed image. The captured reconstructed images are shown in FIG. 15,
where recording times of a) 1 msec, b) 2 msec, ¢) 3 msec, and d) 10 msec.

[0056] FIG.15¢) is the captured image of direct transmitted image from the crystal

and is used mainly as a comparison for the other captured images.. From FIG,15¢)




conventional transverse beamfanni ng and

opti cal -danage effects (Table 2). For the Z-cut

Fe: CLN crystal, it is difficult to record hol ograns at
hi gh power density Dbecause ilks -Z face can be
optically damaged at high power density. [0053]

rgg%p%hry%)%%ljv Bl a8 'im%e? ?gygt%éﬁ}e & he 11% ! eﬁéy’xﬂf h%ﬂgram into the
g spee using I on geone
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FI G t he experinental setup nodi i ed

to allow use of a chromum negative test target

(CNTT) 105 to provide a single imge. A beam expander
112[0067] ghageesehtevpaimédte stpoirdalshdpresentafivarcd the method for
CNTT 105 before the second mrror 79. A CCD canera
110hig8Perse Soloppbisvdata rserage B3ing Maped stoidhiemetsict lithiam niobate

L?Séwas% 3 ekt S he rled S o 2o 26 H6ium and
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focused onto the crystal sanple 90 to effectively
obtain a power density of about 81.5kWcnR2. The power

denpioss] Récordifg dfefher Ril6&apaaMath3is furteP WerfOBHEE MR- a Reflection
Angl e between the object beam 85 and the reference
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capture reconstructed i mage. The captured
reconstructed i mages are shown in FIG 15, where
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of IgreiEing the dmaga remdhe @AFE 1060 rfihe Istored yreagel is racahstracted using
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i ma From FI G serve
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cryst al sample 90 is sufficient for an acceptable

o LR M R p—
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CCRefhal S HUFTRLLY SplHi g 3 L o ey i
t erapticahdanmage iresistadies elong ther Z chisorEtis highl opticaludamage resistance
Ni A BeenreBbiRl S 5veM ddhsit) Bf MGS $Un 4 SRR This property

advantageously allows the focusing of high power intensity laser beams onto the

crystal, thus achieving high data write rates.

[0061] Recording times have been recorded to be very rapid at about 1 second for
a single hologram with a saturated diffraction efficiency of 28.7% at a total
recording laser beam density of 70 W/icm® Reliable retrieval of a signal-image
written at as low as 1 milliseconds has been performed in the Z-cut doped SLN.
The present recording medium comprises an improved doped SLN of a Z-cut SLN
crystal doped with Iron (Fe) and Terbium (Tb). The Terbium (Tb) content within the
fluxed melts for growing the improved doped SLN ranges from 10 ppm to 140 ppm.




[ 0058] Recording of the hol ographic data is further
performed in a Reflection geonetry configuration. The
i mge bearing object beam 85 is focused onto the
crystal sanple 90 to effectivldy obtain a power
density of about 81.5kWcn¥. Angle between the object
beam 85 and the reference beam 83 at the crystal

sample 90 is about 153. [0059] Experinents were then
condfe&2dt W§ Rsharpraciated tadovarions resdiftsations andnimpreyements can be
r ecahadesy 4 persbiekifed in@me i Qitkdlt bepsting b thé QESSE of the present
|naqe If reconstructed using the weak reference beam
83 t'YeRHP'bw t he CCD camera 110 to capture the
reconstructed i mage. The recording tines varies from1l
nmsec to 10 nsec. [0060] The discl osed recordi ng nmedi um
of the present invention conprises an inproved
Terbium (Tb) and iron (Fe) doped Stoichionetric

Li t hi um Ni obate (SLN) crystal for high-speed

hol ogr aphi ¢ data storage which has an extrenely high
opti cal danmage resistance along the Z axis. This high
opti cal damage resistance has been recorded at power
density of nore than 145 kWcnR. This property

advant ageously allows the focusing of high power
intensity | aser beans onto the crystal, thus
achieving high data wite rates. [0061] Recording

ti mes have been recorded to be very rapid at about I
second for a single hologramw'th a saturated
diffraction efficiency of 28. 7% at a total recording
| aser beam density of 70 WcnZ. Reliable retrieval of
a signal-image witten at as lowas 1 mlliseconds
has been performed in the Z-cut doped SLN. The
present recordi ng nedi um conprises an i nproved doped
SLN of a Z-cut SLN crystal doped with Iron (Fe) and
Terbium (Th). The Terbium (Tb) content within the
fluxed nelts for growing the inproved doped SLN ranges
from10 ppmto 140 ppm 13 [0062] It will be

appreci ated that various nodifications and

i nprovenents can be nmade by a person skilled in the
art wthout departing fromthe scope of the present

i nvention. 14 ( ai ns:




1. A recording nediumfor high-speed hol ographic data
storage, conprising a Z-cut crystal of terbiumand
i ron doped stoichiometric Iithium niobate; wherein
said crystal has an optical 1damage resi stance of nore
than 145 kWcn2 and exhibits negligible transverse
beam f anni ng when a | aser beamis incident at an angle
(JA$§S than 15 froma Z-axis of said crystal; further
Wher ei n terbiumcontent wthin fluxed melts for
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mediafat goowisg adidexysidlirargea fromet@pinrig 140 ppmof about one
second for a single recorded hologramwith a saturated

diffraction efficiency of 28.7% at a total recording
2. | as&he b@m’ﬂlﬁ@iﬂ‘ﬁédtm of acdoedincd Withoti. 1, wherel@aid crystal is utilized
g@erg rred um in accordance with claim2, wherein
in g 8¢ %me “éc%%{‘ﬁ’dfﬂ '8N of storing a single-inmge
Wit hin 1 to 10 mlliseconds of exposure of a reference
bea and n ob ect . beam bearin i ngl e i mage.. .6..
ABtor o RIRHRS S acroHGr 66 A B W B ARG of icidence of
an UBjelg)@rTZomtdfereh(}ésbaim oh saldedrintalng @Béi thanors°d@pethe Z-axis of said
FI chiometric lithium niobate as a recordi ng nedi um

@l'd  nethod conprising: utilizing said crystal in a
Refl ection geonetry configuration; and exposing said

B e e
recBrdingh éimei of %mﬂbldmm mbherfbr W} ﬁﬂi\gl@ rédow@l holﬁgl}fhﬁ witira saturated
LJr oW ng sa es r O
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angl e of incidence of sal d object beam or reference
be stal is |less than 15
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of doriyed singlediainde ovithiait ado 1aillaBcaNksiof @kposure of a reference beam and

an object beam bearing the single image.

6. A method for high-speed holographic data storage, using a Z-cut crystal of
terbium and iron doped stoichiometric lithium niobate as a recording medium, said
method comprising:

utilizing said crystal in a Reflection geometry configuration; and

exposing said crystal to a reference beam and an object beam bearing one image.




damage resi stance of nore than 145 kWcnR2 and exhibits
negligi bl e transverse beam fanning when a | aser beam
is incident at an angle less than 15 froma Z-axis of
said crystal. 10. The nethed in accordance with claim
6 wherein said object beamand reference beamare
exposed to said crystal from1l to 10 mlliseconds. 16
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