1 DOPED STO CH OVETRI C LI THL UM NI OBATE CRYSTALS AND METHOD FOR HI GHSPEED
HOLOGRAPHI C DATA STORACGE Field of the Invention [0001] The present
invention generally relates to crystals for hol ographic recordings. In
particular, the invention relates to doped Stoichionetric Lithium N obate
(SLN) crystals and net hod for high-speéd hol ographi c data storage.
Background of the Invention [0002] Data storage technol ogi es have been

dom nated by magnetic and conventional optical data storage technol ogi es,
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rely on the surface area available and do not utilize the entire volume of the

recording medium. Holographic data storage is a promising approach of utilizing the
entire volume of the recording medium for data storage.

[0003] In holographic data storage, data is stored as an optical interference pattern
within a volume of recording medium of photosensitive optical material such as a
photorefractive crystal. This is done by intersecting two laser beams within the
recording medium. The first laser beam is the object beam and contains the data to
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



mul ti pl exi ng techni ques, the theoretical limt of storage density in

hol ographi ¢ data storage is around tens of terabits per cubic centineter.
[0005] In addition to high storage density, hol ographic data storage all ows
for very high data transfer rates and fast access tines, as data is
recorded page by page and | aser beans €an be mani pul ated w thout inertia,
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Li thi um N oba}\{a pr(esen iroh 4o pteglthhlum Niobate (Fe:LiINbO;) is considered one of the best
options for a recording medium. Using stoichiometric LINbO; ( [Li)/[Nb] = 1) has
further enhanced the performance of the crystal especially when doped with Fe.

[0008] However, regardless of the desirability of using Fe doped LiNbO; crystal, it
inherently has some bottlenecks that limit the operating ranges of the crystal. The
relatively low sensitivity of Fe:LINbO; has limited the data recording speed. Strong
beam-fanning effects and low optical damage thresholds prevent the use of
focused laser beams with high power density in increasing the data recording
speed and density on the holographic medium.

[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.



[ 0011] Accordingly, in one aspect, the present invention provides, a
recordi ng medi um for high-speed hol ographi c data storage, conprising a
Z-cut crystal of terbiumand iron doped stoichionmetric |ithium niobate;
wherein the crystal has an optical danage resistance of nore than 145kWcn?
and exhi bits negligible transverse beam fanning when a | aser beamis

i ncident near a Z-axis of the crystal; further wherein terbium content
within fluxed nelts for growing the crystal ranges from 10 ppmto 140 ppm
[0012] In another aspect, the present invention provides, a nethod for
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t he present i (Sd¥Wtdrystalei || now be nore fully described, with reference to

the drawi ngs of which: [0014] FIG 1 illustrates an experinental setup for
measuri ng beam fanni ng and optical danage effects in X-cut crystal sanples
in accordance with the present invention; [0015] FIG 2 illustrates the
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the Z-cut crys samp
transverse beam fanning when a laser beam is incident near a Z-axis of the
crystal; further wherein terbium content within fluxed melts for growing the crystal

ranges from 10 ppm to 140 ppm.

[0012] In another aspect, the present invention provides, 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, the method comprising: utilizing
the crystal in a Reflection geometry configuration; and exposing the crystal to a
reference beam and an object beam bearing one image.

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 illustrates 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 experinental setup for recording the
pl ane-wave hol ogram under the reflection geonetry in accordance with the
present invention; [0020] FIG 10, FIG 11 and FIG 12 illustrate graphs

showi ng results of experinents of FIG g; [0021] FIG 13 illustrates the

rel ati onship between total recording tine and total recording power density
[ feCOd;~9 (WcnZ). [0022] FIG 14 illustrates the experinmental setup for
determ ning the recordin an i nage- beari n%PhoI ogram under the
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data storage is disclosed. The Z-cut crystal sanple of the inproved doped
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advant ageousl y very short and is about 1 second for a single hologramw th
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[0021] FIG.13 illustrates the relationship between total recording time and total
recording power density lecoraing (VW/Em?).

[0022] FIG.14 illustrates the experimental setup for determining the recording speed
of an image-bearing hologram under the reflection geometry in accordance with the
present invention; and

[0023] FIG.15 illustrates reliable retrieval of a single-image hologram recorded
within 1-10 milliseconds.

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



5 28. 7% at a total recording | aser beamintensity of 70 WcnR2. Reliable
retrieval of a signal-image witten at as lowas 1 mlliseconds may be
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
(Tb). The Terbium (Th) content within tshe fluxed nelts for growi ng the

I mproved doped SLN ranges from 10 ppmto 140 ppm [0026] The Iron and
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[0026] The Iron and Terbium doped SLN (Fe:Tb:SLN) were grown by the Top-
Seeded Solution Growth (TSSG) method in two different compositions producing
two crystals as shown in Table 1 (i.e. Fe:Tb:SLN-1 and Fe:Tb:SLN-2). A Fe:SLN
crystal was also prepared to act as a reference when comparing with the
performance of the Fe:Tb:SLN crystals.  The doping concentrations and
compositions of the fluxed melt for all 3 crystals are shown in Table.1.

Sample name Doping Concentration

(mol %) in the fluxed melt
(ppm in weight)

L1,CO,4 Nb,O; K,CO; flux Fe,0;, Tb,0,
(5N (4N (3N purity) (4N (3N

purity) purity) purity) purity)

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.



Fe: Th: SLN-142. 0242. 0215. 9610010 Fe: Th: SLN-242. 0242. 0215. 96100140 Table. 1
[0027] The crystal sanple Fe: Th: SLN-1 differs fromFe: Tb: SLN-2 only in the
concentration of the dopant Terbium (Th). [0028] The as-grown crystals were
orientated using an X-ray gonioneter and cut parallel to their X and Z
faces to obtain the X-cut and Z-cut sa#pl es of Fe: Th: SLN and Fe: SLN. The
sanpl es were then | apped and polished to a thickness of about 2-3 mm All
crystal sanples were single-domain crystals and reduced at 950C in an Argon
(Ar) atnosphere for 6 hours. [0029] Referring . to FIG1 and FIG 2, t
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[0032] The scattered light is blocked by an iris 22 with a diameter of 3 mm behind
the samples 100, 120. A detector 25 is located behind the iris 22 and in line with
the incident laser beam 16 to measure the transmitted light intensity of the laser
beam 16.

[0033] The scattering light intensity due to beam fanning and optical damage
effects can be defined by the scattering ratio R = I /I, where Ig=(ly—l4). Where I,
and |, are the transmitted light intensity at t = 0 and t = 10~60 minutes respectively
and |; is the incident light intensity. |, is chosen when it reaches a minimum or a
maximum (for the case of +Z face).

[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 |, 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:Th: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.




[0032] The scattered light is blocked by an iris 22 with a dianmeter of 3 mm
behi nd the sanples 100, 120. A detector 25 is |located behind the iris 22
and inline with the incident |aser beam 16 to neasure the transmtted
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Z faces of the Z-cut crystal samples, respectively. Referring to FIG.4a, it can be
seen that the +Z face of Fe:CLN (line 41) has shown some scattering within the
first 40 minutes, and then the scattering is much reduced. However, the +Z faces
of Fe:SLN (line 43), Fe:Tb:SLN-1 (line 42) and Fe:Tb:SLN-2 (line 44) have shown
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 transmitted 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:Th:SLN-2 (line 48) samples has been much reduced
More than 50% of the transmitted light
intensity was remained and the transmitted laser beam could maintain a bright beam

by the addition of Tb into the crystal.
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/cm? and 30 kW/cm?
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



Fe: Tb: SLN-1101t,, = 0.036lt,, = 0.217 Fe: Th: SLN-21401~,, = 0.216lt,, =
0.722 Fe: CLNOI~,, = 0.0141t,, = 0.144 Table.2 [0036] The tinme dependence
of the change in transmtted light intensity at the incident power density
of IP=3.6 WcnR is shown in FIG 4a and FIG 4b for +Z and Z faces of the
Z-cut crystal sanples, respectively. R8ferring to FIG 4a, it can be seen
that the +Z face of Fe:CLN (line 41) has shown sone scattering within the
first 40 m nuaRsoughms +Zhgde ctdm&e%paﬁghembﬁgtyi STheuRhshidd tedr bElawesethe -zhe +Z
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necessary traggftgled raser tntensity due 1o 115 strong packward scattering
8 although its +Z face can keep high intensity. The transmtted | aser beam
for the -Z face of Fe: SLN has higher transmtted light intensity than that

of Fe: CLN. ThpoBgjaRsfaririgetd FH@EHntHlélbﬂéabtdf seagh fwamgshaﬁ@ ZLar dahplesZarkaces
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weak as the scattering ratios are relatively low and only Fe:CLN (line 51) shows
slightly stronger scattering.

[0040] However, in FIG.5b, we observe 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 150kW/cm?.
Referring to FIG.6, the scattering ratios of line 61 and 62 for +Z faces of the Z-cut
Fe:Tb: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.



Crystal Sanplelncident intensity: 1 mW Power density: 72 WcnR -Z
facelncident intensity: 414 mW Power density: 30 kWcne -Z face+Z face Fe:
CLN5W2 mAL28 mW Fe: SLNAO W68 mWWL15 mW Fe: Th: SLN- 1150 W85 m\ML22 mWV
Fe: Th: SLN-2110 W5 mA14 mWN Tabl e. 3
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[0042] Along the Z axis, all the Z-cut Fe:SLN and Fe:Tb:SLN crystal samples
exhibited no optical damage under the test conditions. The images of the
transmitted laser beam spots at incident power density of 152 kW/cm? on the +Z
faces are shown in FIG.7a, FIG.7c, FIG.7e, and FIG.7g for Fe:CLN, Fe:SLN,
Fe:Tb:SLN-1 and Fe:Th:SLN-2 respectively. Similarly, the images of the transmitted
laser beam spots at incident power density of 152 kW/cm? on the -Z faces are
shown in FIG.7b, FIG.7d, FIG.7f, and FIG.7h for Fe:CLN, Fe:SLN, Fe:Tbh:SLN-1 and
Fe:Th:SLN-2 respectively.

[0043] It can be seen that both —Z and +Z faces of these samples can maintain a
bright beam spot with a good beam shape at the center of the images. However,
the -Z face of Fe:CLN is damaged due to its strong backward scattering (FIG.7b).

[0044] For the Z-cut terbium doped samples, angular tolerance was also measured
using the experimental setup in FIG.2. The angle 6 was varied from 0° to 45°.
Referring to FIG.8, it was observed that transverse beam fanning effects occurred
when the angle 6 was increased to 15° and above. When 0 was increased to
about 45° optical damage effects were observed. The experiment for angular
tolerance was conducted using laser beams with power intensities ranging from
1W/em? to 10,000W/cm?; the results were consistent for the entire range.

[0045] Further experiments were also conducted to determine data write rates of
the Z-cut terbium doped samples. Referring to FIG.9, the experimental setup for
determining the data write rate is shown. The experimental setup was prepared in
a Reflection Geometry configuration specifically catering to the Z-cut configuration
of the recording medium 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:Th: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.



[0039] Referring to FIGS, the effects of beamfanning in the Z-cut sanples
are shown. In FIG 5a, we can see that for +Z faces the beam fanning effects
are weak as the scattering ratios are relatively |ow and only Fe: CLN (line
51) shows slightly stronger scattering. [0040] However, in FIG 5b, we
observe light-induced scattering due ttobackward scattering effect in -Z
faces. Fe:CLN (line 55) has the highest scattering ratio while Fe: SLN (line
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the incident Fkefsehcdbeam83ds i ncreased to 150kWcnR2. Referring to FIG 6, the
scattering ratios of line 61 and 62 for +Z faces of the Z-cut Fe: Th: SLN
crystal sanples at high incident light densities did not vary _
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Wi t hst ood | asggefinddicdsdent beans with intensities in excess of 150,000 tines
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t er bi um doped sanpl es thus advant ageously allows the use of high power
density focusgdckm;fgz)tt_(p/(pg)i nci dent on thg)crystal sanples. 9 [0042]
Along the Z axis, all the Z-cut Fe: SLN and Fé: Tb: SLN crystal sanples

exhi bited no optical damage under the test conditions. The inmages of the
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+Z faces are shown in FIG 7a, FIG 7c, FIG 7e, and FIG 7g for Fe:CLN,

Fe: SLN, PBd s fiacrystahthigkeess,: Thereforer walsesate Vol i3, Praportionsl Ity I aRd cafrd§es of
the trangpplebssd daser beam spots at incident power density of 152 kWcn2 on
the -Z faces are shown in FIG 7b, FIG 7d, FIG 7f, and FIG 7h for Fe: CLN,

Fe: SLN, Fe: Th: SLN-1 and Fe: Th: SLN-2 respectively. [0043] It can be seen
that both -Z and(¢dnfages=0f, 1t hese sanples ggn naintain a bright beam spot
with a good beam shape at the center of the i mges. However, the -Z face of
Fe: CLN i s damaged due to its strong backward scattering (FIG 7b). [0044]
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recording mediumwhich in the present experinment is the Z-cut Fe: Th: SLN-1
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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.



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 neasuring the intensity of
diffracted light of the reference beam 83. [0048] It is known that | ow
sensitivity of photorefractive crystals used in recording nedia has limted
data wite rates and thus limted applitations in hol ographic recording.
The typical photorefractive sensitivity S of a photorefractive crystal is
defined as, S = (d~ldt)t=o0 I (loL) (1) where ri is the diffraction
eff|C|ency, t ist ' total recordjn

t . .o i th t t
is the crystaff0Hh gﬁﬁé‘%gﬁ’"?ﬂgﬁéﬁtﬁ @,?a' VFFarding dime Wit %ée E’?%ﬂﬁil’grpg‘gzéo"{%
and Cﬂ.n bg exdensiiyds saswivVin- i1 3]t ) issebsen@dothal . tottbﬂféé&]dw@atrm erﬂmeﬂa_t;a VW
thus be in i ncreas e rec | si
Co! Bxpori menpbtan e Bhlbes setidete 2 sehiAE AL BY tclfasiioch thpetdbma® ¥
hol ograns at @pWérdensity Ireao&e;frqmﬁéﬁﬂwwgmf toeB 08AIdMIdnE. fiteeatmsshatrtberetioan i n
FIG 10, FIG 1Erntﬂﬁf’vﬁ%@f&zl,em,meéﬁoﬂ\?hﬂh fih& Aok dd?ﬁth %'o‘é’c?e’&%é!s sﬁb&%tlaﬂ‘fd as
he diffracted an

the intensity ratio ent beams, Ireco

is the total RefesingtefIGf3 thisyplypigeiemied atarpuns! \élf?ﬂ’ ref erence beans),
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t|rm|sthet uired for the diffraction effigienc reac

sat uration. kﬂ@g@] ﬁl& &t BRSNOAENE owﬁl a2Y, ORPYE fL"EL(%'?;ﬁ'ld)E F—"I‘tG‘%'f%a?? hguq 39&/ Beam
fanni ng and hcgin/eomnad:arhnmbeammm oftiealazivege Effecls @hbeh®. ZFarut
Fe: Th: SLN-1 cpys y beam
I ntensity on E% igbiﬁ(?&ﬁ\l %}lgbg%Lkl-s d'ﬁlcglgt Al e%ggaﬁﬂélg&% i t(ﬂ@bﬁé‘&% %gﬂ%ltg
8.0851 WcnR becarselts 82 acerean b@(ﬂW@QﬁMOkan‘ageﬁhbhlgh ebwarcdan&éy crystals used

for recording media woul d have been optically damaged at a nere fraction of
the incident beamintensities the present Zcut Fe: Th: SLN-1 crystals were
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negative test target (CNTT) 105 to provide a single image. A beam expander 112 is
placed between the second shutter 73 and a CNTT 105 before the second mirror
79. A CCD camera 110 replaces the power meter 81. Furthermore, a first lens 121
is used to focus the object beam 85 onto the crystal sample 90 and a second lens
122 is used to image the retrieved signal image onto the CCD camera 110.

[0054] The image bearing object beam 85 is focused onto the crystal sample 90 to
effectively obtain a power density of about 81.5kW/cm?. The power density of the
reference 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, c) 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¢c)




11 [0051] The relationship of the total recording tinmne wwth the total
recordi ng power density is shown in FIG 13. It is observed that the total
recording time is reduced substantially from 885 seconds to 9 seconds j ust
by increasing the total recording power density lrecrd;n9 from 0.3527 WcnR
to 8.0851 WcnR. It seens that there iR a critical value for I|fe~~d;n9,
above which the recording tinme decreases substantially. Referring to

FIG 13, this Ytaéaﬁ%eio%ﬁg%%é Bt &% Ake A @Hﬁ%e b We E%agg{)ﬁr%% ]fl@r;]%ﬁmﬁﬁﬁ‘)“ﬁﬁe“a

wi |l never occur int cut cryst etot transverse

beam f anni ng aR@taRinkslabo dastb@ert fbes fecéptahé Rcddstruc@bn e Znadét Fe: CLN

crystal, it is difficult to record hol ograns at high power density because
its -Z face can be optically danaged at hi gh power density. [0053] Further
experiments were conducted to determ ne the recording speed using
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crystal sanple 90 and a second lens 122 is used to inmge ?he retrieved

signal imge onto the CCD canmera 110. [0054] The imge bearing object beam
85 is focused onto the crystal sanple 90 to effectively obtain a power
density of abies813Re&ithihg ndf. th¥heolggyawdric detasist furthker treeformeéd e rc &ebection83 i s
about 38WcnR. Angle between the object beam 85 and the reference beam 83
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beam 83 to al Apdlethpiwesptierpbicst baam 8§ enthther eefereace ceegns B3 it ttbel gryfdgle. The

captured recogghpldebedandigss®. are shown in FIG 15, where recording tines
of a) 1 nsec, b) 2 nsec, c) 3 nsec,. and d) 10 nsec. [0056] FIG 15e) is the
captured inmage of direct transmtted inmage fromthe crystal and is used

nmainly as a cpuedy Exserirhétts W BbRbn@add oesbtaif ML Shortest 8xpdslife thgor 12 it

can be observed that, a .3 ms$c etﬁgwq gf _Ilhhe ”T?%g bearin ol ogr aminto
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i mage. the weak reference beam 83 to allow the CCD camera 110 to capture the
reconstructed image. The recording times varies from 1 msec to 10 msec.

[0060] The disclosed recording medium of the present invention comprises an
improved Terbium (Tb) and iron (Fe) doped Stoichiometric Lithium Niobate (SLN)
crystal for high-speed holographic data storage which has an extremely high
optical damage resistance along the Z axis. This high optical damage resistance
has been recorded at power density of more than 145 kW/cm?. 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-mage
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.




[ 0057] The present experinental setup is also representative of the nethod
for high-speed hol ographi c data storage using doped stoichionetric |lithium
ni obate crystals. The recording nmediumof the nethod is the Z-cut crystal

of terbiumand iron doped storichionmetric |ithiumniobate in accordance
with the present invention. [0058] Recd3di ng of the hol ographic data is
further perforned in a Reflection geonetry configuration. The inmge bearing
obj ect beam 85 is focused onto the crystal sanple 90 to effectively obtain

a power densi f .abput 81.5k en the. eam 5 and
the refer encet[%’él]m' ﬁ) %H%ec@\r{v*ifgﬂé VE%\ @03'&5“‘?'9"%6‘8&' em?rg

Experi ment s wenagletdyenpersordskilisddn the avbwittiont départiigdrdne the eoqpesojrtlae 'prasenif or
recordi ng the fromthe CNIT 105. The stored image i s reconstructed
using the meak refefence beam 83 to allow the CCD canera 110 to capture the
reconstructed i mage. The recording tinmes varies from1l nsec to 10 nsec.

[ 0060] The discl osed recordi ng nmedium of the present invention conprises an
i mproved Terbium (Tb) and iron (Fe) doped Stoichiometric Lithium N obate
(SLN) crystal for high-speed hol ographic data storage which has an
extrenely high optical danage resistance along the Z axis. This high

opti cal damamge resistance has been recorded at power density of nore than
145 kWcnR. This property advantageously allows the focusing of high power
intensity | aser beans onto the crystal, thus achieving high data wite
rates. [0061] Recording tinmes have been recorded to be very rapid at about
1 second for a single hologramw th a saturated diffraction efficiency of
28. 7% at a total recording | aser beamdensity of 70 WcnZ. Reliable
retrieval of a signal-imge 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 Terbi um
(Tb). The Terbium (Th) content within the fluxed nelts for growi ng the

i mproved doped SLN ranges from 10 ppmto 140 ppm 13 [0062] It will be
appreci ated that various nodifications and i nprovenents can be made by a
person skilled in the art w thout departing fromthe scope of the present
invention. 14




Claims 1. A recording nediumfor high-speed hol ographic data storage,
conprising a Z-cut crystal of terbiumand iron doped stoichionetric |lithium
ni obate; wherein said crystal has an optical damage resistance of nore than
145kW cn¥Z and exhi bits negligible transverse beam fanni ng when a | aser beam
is incident near a Z-axis of said crystél; further wherein terbium content
within fluxed nelts for growing said crystal ranges from 10 ppmto 140 ppm
2. The regngli ng mediumin accordance with claiml1l, wherein said crystal is
utilized in a Reflection geonetry configuration. 3. The recording nmediumin
accordance with claim2, wherein angle of incidence of an object beam or

ref er encd. bea meosingimediyratfad higls-shesbshblograpiiic datzostotdye, Zoraptisingot Saiitd

crystal . : i i Ao : C i,th claim?2, wherein said
crystal g@ﬁlt%?ﬁgrbg&ﬁég%p%? ﬁ%’%ﬁ%%éhg?rﬁ%ﬁcg@ﬁﬁ@nrﬁob\g %ond for a single recorded
hol ogr amwhierdin ssaishenysiat das darf foptiaal idemags fresistencsy obfmas. tge AusidNicor :and

recor di ngxﬂwiﬁfﬁseﬁedgﬁiﬁfé‘ taﬁ@%a b&4m ?:%}hg witen'Y GEE: beam ilgﬁfcgeﬂg ]E?éé?i YR um i n

accordance wth alm 2, lereln sard crystal is caF ~storing

asi ngl e- SAEFEYSIRlt Hirthel wheraip terojum cdesH ythist flexedosslisefon graying aidetdalbeam
and an okaret froea0 fedtd 7@ goae singl e image. 6. The recording nmediumin
accordance with claim5, wherein said stored i mage can be reliably

retrieved. 7. A nethod for high-speed hol ographic data storage, using a
Z-cut cr st al Taé réerding mediuch inrasbordaneedwitt daiohi, avhetrgin saibichystaliin wllieddiine as a

recor di ng gmdidum e%ﬂieﬂx?ﬁﬁ@u%tﬁﬂ”p” sing: utilizing said crystal in a
Ref | ection georretgry confrgutration; and
3. The recording medium in accordance with claim 2, wherein angle of incidence of an
object beam or reference beam on said crystal is less than 15° from the Z-axis of said
crystal.

4, The recording medium in accordance with claim 2, wherein said crystal exhibits a
recording time of about one second for a single recorded hologram with a saturated
diffraction efficiency of 28.7% at a total recording laser beam density of about 70 W/cm?.

5. The recording medium in accordance with claim 2, wherein said crystal is capable
of storing a single-image within 1 to 10 milliseconds of exposure of a reference beam and
an object beam bearing the single image.

6. The recording medium in accordance with claim 5, wherein said stored image can
be reliably retrieved.

7. 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.

8. The method in accordance with claim 7, wherein terbium content within fluxed
melts for growing said crystal ranges from 10 ppm to 140 ppm.



exposing said crystal to a reference beam and an obj ect beam bearing one
image. 8. The nethod in accordance with claim7, wherein terbium content
within fluxed nelts for growing said crystal ranges from 10 ppmto 140 ppm
15 9. The nmethod in accordance with claim7, wherein said angle of

i nci dence of said object beamor referé&ghce beamon said crystal is |ess
than 15 froma Z-axis of said crystal. 10. The nethod in accordance wth

(1:|4§|k \r/nv 7,rréca\.A/he2I Tha hn$e%h_ bjdtés if ra)é&c?r_abn%?ﬁ/itltﬁ%laﬁ?ﬁtﬂ, %brég@@@feaﬁﬁ bf irRitefcdbf ¥BIIE L han
c and. exhi bi negligible transverse beam fannin en.a | aser beam

e s GOREh BA of se Raed edrmpt saly Al egipss RS Tt KR 4 6 aXsast datce
w th cl aicisfal. Wherein sai d obj ect beam and reference beam are exposed to
said crystal from1l to 10 mlliseconds.

10. The method in accordance with claim 7, wherein said crystal has an optical

damage resistance of more than 145kW/cm? and exhibits negligible transverse beam

fanning when a laser beam is incident near a Z-axis of said crystal;

11. The method in accordance with claim 7, wherein said object beam and reference
beam are exposed to said crystal from 1 to 10 milliseconds.




