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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Angwithin aneluniepbieseicargiing 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




Alternatively, varying the wavel engths of the |asers
in a techni que known as Wavel ength Miltipl exi ng can
achieve a simlar result. O her techniques such as
Phase Code, Peristropic and Shift Miltiplexing are
al so i npl emented. Using such 2 nultiplexing
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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.




Stoi chionetric Lithium Ni obate (SLN) crystals for

hi gh- speed hol ographi c recordings that can overcone
t he di sadvantages of the existing art. 3 Summary of
the Invention [0010] The present invention seeks to
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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;




invention; [0016] FIG3, FIG4, FIGS5 and FIG 6
illustrates graphs showi ng results of experinents of
FIG1 and FIG 2; 4 [0017] FIG7 illustrates
transmtted spot inmages of the |aser beam at incident
power density of 152 kWcnR for the Z-cut crystal
sanples. [0018] FIG 8 illustrates the angul ar

t ol th -cut crystal .sanples; [0019] FILG 9
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accordance with the present invention; [0020] FIG 10,
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present invention; and [0023] FIG 15 illustrates
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Wi tgmGJg-. 10 mlliseconds. Detailed Description of the
Drawi ngs’'[0024] In the follow ng description, details
are provided to describe the preferred enbodinent. It
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[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




density of an incident |aser beam The recording tine

using the present inproved doped SLN and reflection
recordi ng geonetry i s advantageously very short and is
about 1 second for a single hlogramw th a saturated
diffraction efficiency of 5 28.7%at a total
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urity) purity) purity) Fe:SLN 42.02 42.02 15. 100 O

e:Tbh: SLN-1 42.2 42.02 15.96 1 1 Fe: -2 42. 42.02
15.96 140 Table 1 10027] The crystal sanple
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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.




concentration of the dopant Terbium (Tb). [0028] The
as-grown crystals were orientated using an X-ray

goni oneter and cut parallel to their X and Z faces to
obtain the X-cut and Z-cut safmples of Fe:Th: SLN and
Fe: SLN. The sanples were then | apped and polished to a
t hi ckness of about 2-3 mm All crystal sanples were
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i nc ?airqg | aser beam 16 and the c-axis of the Z-cut
san‘% g‘n be varied between 0 and 45. [0032] The

scattered light is blocked by an iris 22 with a
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and |; is the incident light intensity. I, 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 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.




[0033] The scattering light intensity due to beam
fanni ng and optical damage effects can be defined by

the scattering ratio R=1Jl,, where Is=(lro-1n).
Wiere It, and It, are the transnmtted light intensity
at t = 0 and t = 10-60 m nutes respectively and I; is
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F:?%%;eﬁ@%inf’(ﬂ?%){] Fen%_'bgflﬂggl}lrpﬁ gﬁnbg_@lﬁe:Tb:SLN-Z‘(lihe 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 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




Fe:Tb:SL -2 140 I" = 0.216 It, _ .722 Fe:CLN 117;7

0.014 It, = 0.144 Table.2 [0036] The tine dependence
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[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.




transmtted beamintensity and beam shape for the -Z
faces of Fe:Th: SLN-1 and Fe: Th: SLN-2 have been
further inproved by adding a snmall amount of Tb.
Crystal Sanple Incident intengity: 1 mW I ncident
intensity: 414 mW Power density: 72 WcnR Povver
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ratio while Fe:SLN(line 56) has |ess. The scattering

rati o however for the Terbium doped sanples (line 57
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of the Z-cut Fe:Th: SLN crystal sanples at high
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tolerance was conducted using laser beams with power intensities ranging from
1W/em? to 10,000W/em?; 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: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.




intensities in excess of 150,000 tines that of the
threshol ds of the X-cut terbium doped sanples. The
Z-cut terbium doped sanpl es thus advant ageously all ows
the wuse of high power densitl§ focused |asers to be
incident on the crystal sanples. 9 [0042] Along the Z
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cal arra under
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sporefe@nce heard@3t power density of 152 kWcnR2 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: 10948) I knewpthet lovessnsitisityrof phdtgrefradtiveiarysials used irmeecording
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density are

FI Gremrd'mg GThel typigabphetorefragtive epnaiivity S ¢fea QﬁworqfféctSLer\Prystal is
Fe: dbfinddésl and Fe: Tb: SLN-2 respectively. [0043] It

can be seen that both -Z and +Z faces of these sanples

can maintain a bright beamspot wth a good beam

sha &) CERL, of the inmages. wever t he -
facgef)?@hcaﬁf{qswganaged due to |q)'s:bstrong backvvard
scattering (FIG 7b). [0044] For the Z-cut terbium
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and &ris & ¢rysial thickoess Therriors; wntﬁg rate Gl & mporttlon@léo I, and can be
exptBsfidvad that transverse beam fanning effects occurred

when the angle 0 was increased to 15 and above. \Wen O

was increased to about 45 optical damage effects were
obsgryed [y 1, _experi ment for angug r tolerance was
condlict e’ usi’AYy I'aser beams with power intensities

ranging from 1 Wcn2 to 10,000Wcn2; the results were
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t he%é.ﬂg@@ 89{ gl.goq?gms (PRiechan geq}ws)sﬁ;qsi@ is h1e intensity of

the reference beam, and the total recordmg 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.




crystal sanple. [0046] The | aser source 15 is incident

on a Beam Splitter (BS) 75 such that the |[|aser beam

is split into a reference beam 83 and an object beam

85. The two beans are then fléflected off a first

mrror 77 and a second mrror 79 respectively such

that the two beans are incident on opposing sides of

the 7z stal s d.interse
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| aser intensity, and L is the crystal thickness.

Therefore, wite rate V,k is proportional to I0 and
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S|gn| |cant y Dy 1 ncreasin recording inten
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def T9ed GGD camera Tfi0asplates thapowebmiiseen. Futhetinbfe, adirstdens 121
andigl AGH A AL ER Bbject bEamBs' orflo e &)Staf &rble 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, ¢) 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¢)




intensity of recording beans (object and reference
beans), le,aslig is the intensity of the reference
beam and the total recording tinme is the tine
required for the diffraction2efficiency to reach
saturation. [0050] Referring to FIG 10, FIG 11 and
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i ncident beamintensity on the cut Fe: Th: SLN-

crystal ranged from 0. 3527Wcn2 to 8.0851 WcnR to
70.0282WcnR2. Conventional photorefractive crystals
usefP05dr The questinh gxparihentalcsehip Faalso bepeesentafive adl thy method for
damaged at a mere fraction of the incident beam
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beam intensity in excess of 70 WcnR and achieving a
recording time of a nere 1.1 seconds. 11 [0051] The
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Referring to FIG 13, this value is estimted at around

X cofsH: Exgipientibd A ROERAS duidlS L SRREHL plefbslRCtime for
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hol o rarrB at hig ower densit ecause |
carf®p" P‘ieée!mPS}e dﬁ’l‘ﬁa grding tmwaﬂe%\féamdemgeww[mm]

Further experi nents were conducted to determ ne the

g@ﬁ%;rﬂ?s rgelds ng . refle t| gﬁ Tc,';eorre

Histrsed ?ﬁ?@%rﬂ‘ (e, prosest dpyanign tcgmprises 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-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.




FI G 14, the experinmental setup in FIG9 was nodified
to allow use of a chromum negative test target
(CNTT) 105 to provide a single imge. A beam expander
112 is placed between the se@nd shutter 73 and a
CNTT 105 before the second mrror 79. A CCD canera
110 repl aces the power meter 81. Furthernore, a first

lens 121 is used to focus the object beam 85 onto the

cr yd09621 byl ke appragigted taatcvarigus dedifications; and igpovegients can be
| magRaddisy 4 pérsbe YNk din G hrt WitBe& depariing hSmQ@ssébEbathe present
110., JOP 4] The i mage bearing object beam 85

focd% 'Pht o the crystal sanple 90 to effectlvely
obtain a power density of about 81.5kWcnR2. The power
density of the reference beam 83 is about 38W cn?.
Angl e between the object beam 85 and the reference
beam 83 at the crystal sanple 90 is about 153. [0055]
Experiments were then conducted to obtain the shortest
exposure time for recording the imge fromthe CNIT
105. The stored image is reconstructed using the weak
ref erence beam 83 to allow the CCD canera 110 to
capture the reconstructed i mage. The captured
reconstructed i mages 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 inage
of direct transmtted inmage fromthe crystal and is
used mainly as a conparison for the other captured
images.. FromFI G 15c) 12 it can be observed that a
3 nmsec exposure of the image bearing holograminto the
crystal sanple 90 is sufficient for an acceptable
reconstruction of the image. [0057] The present
experinmental setup is also representative of the

nmet hod for high-speed hol ographi c data storage using
doped stoichionmetric lithiumniobate crystals.. The
recordi ng medium of the method is the Z-cut crystal of
terbiumand iron doped storichionetric |ithium

ni obate in accordance with the present invention.

[ 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 effectively obtain a power
density of about 81.5kW cn¥.




Angl e between the object beam 85 and the reference
beam 83 at the crystal sanple 90 is about 153. [0059]
Experinents were then conducted to obtain the shortest
exposure time for recording4the imge fromthe CNIT
105. The stored image is reconstructed using the weak
reference beam 83 to allow the CCD canera 110 to
ci§apture the reconstructed image. The recording tines
vairies from1l nsec to 10 nsec. [0060] The di scl osed
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t hus achieving high data wite rates. [0061] Recording

ti mes have been recorded to be very rapid at about |
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. diffraction ency.
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ey, lia[lxed melts for growing the inproved doped SLN ranges
from10 ppmto 140 ppm 13 [0062] It will be
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4. ToTR eiing BEHUE Shadenge 4t s . wBPraingaid eristad exhibits a
recardingMiinb ooft atstep ki segohd don & Endgie g r@dd hblegRIeSBtAta saturated
entjon. 1
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Z- cut
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. 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.




crystal of terbiumand iron doped stoichionetric
['ithium niobate; wherein said crystal has an opti cal
damage resi stance of nore than 145 kWcnR2 and
exhi bits negligible transvense beam fanni ng when a
| aser beamis incident at an angle |less than 15 from
a Z-axis of said crystal; further wherein terbium
7. confTeatmethodhiim attardatte wtblhtdairho@, \gheoain rtgridan donteys iéthin fluxed

el R gl A R T et P hefae FOBab r vt "FS' o

utilized in a Reflectlon geonetry configuration.
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objeelf le¢arm ©e rbfeamcerbeam dn cyaycs tyktal & Ieesshetrhaﬁf ftémfa draxis of said
crygﬁ? Z-axis of said crystal. 4. The recordi ng nmedi um

inaccordance with claim2, wherein said crystal
exhibits a recording tinme of about one second for a

sin , .
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cryafal.l i seconds of exposure of a reference beam and an
obj ect beam bearing the single imge. 6. A nethod for
hi gh- speed hol ographi ¢ data storage, using a Z-cut
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' | said nethod

bez%:ﬁc}tﬁp% |o%8%a‘tt'£? a?is%b{@gﬁ 8;632?@ ?éolﬁl&a Ref | ecti on
geonetry configuration; and exposing said crystal to a
ref erence beam and an obj ect beam beari ng one i nmage.
15 7. The nethod in accordance with claim®6, wherein
terbiumcontent within fluxed nelts for growing said
crystal ranges from 10 ppmto 140 ppm 8. The nethod
i n accordance with claim6, wherein said angle of
i nci dence of said object beamor reference beam on
said crystal is less than 15 froma Z-axis of said
crystal.




9. The method in accordance with claim®6 wherein said
crystal has an optical damage resistance of nore than

145 kWcnR and exhi bits negligi ble transverse beam

fanni ng when a | aser beamislPncident at an angle |ess

than 15 froma Z-axis of said crystal. 10. The nethod

in accordance with claim6 wherein said object beam
ROREDSTOICHIGMEDRID LITHINENIOBATE CRYSTALS ANDMETHOD §ORIHIGH-
to 10 mlliseco C LITH UM

NI OBATE CRYSTAL%B%EBWE%@%% HOLOGRAPHI C

DATA STORAGE ABSTRACT [0063] The present invention

di scl oses a recordi ng nmedi um conprising an inproved

doped Stoichionmetric Lithium N obate (SLN) crystal for

hi gh- speed hol ographic data storage. The inproved

doped SLN has an extrenel ygRrgAcepti cal damage

resi stance of nore than 145 kWcnR for power density

of an incident |aser beam along the ¢ axis. The

Rg cpoésnThe ipraenslthlt“bh disploesea tfedofda’igmediuﬂi&ﬂmgnﬁh@bm $mproved
adv oul er t. 1 con

o1 rOPestroRsHio el HinR T abedE oD A o st gmeea hlorpnic cata
ef f sloragecy ie 28pmvedtdoped eSN dhamg dra:eatremelanhlgrermtlca}l damage
of  /istN&EF m t'th*?H?S rkﬁf/ﬁ%ﬁfé? 2 gfer HensiB6Y arl MB@ENt laser beam
witten at as nds has “been .
per plgngrie ¢ raXtSneTze Recogingetimesusing the pseseskimproved doped SLN is

recadvl éasagwmry%nsﬁlaﬁvﬁss about weeuﬁai f&oﬁ%g@—ﬁbléﬁralﬁ with a
Z- cut: rﬁlﬁ%d% sta W|th|ron Terb

( Tb¥at 3itighh ﬁ}n%vft Zht Avﬁtweﬁmidﬁ@ IppelyRRAThepRaly of 70
f or Wiern?vi Rgiablearetrieml of & digndidpade Sl:ii{ehadtgﬁslmfvrayﬂ hilliggaonds has

to t”fee% Eé}ﬂ}rmleg ? tﬁ% i: éu?d%ped%fﬁ TRAS prec-,;‘:’setn{1 records ing meélum 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 ppmv to 140 ppm.

[0064] FIG.14 accompanies the abstract.




