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COLLINEAR HOLOGRAPHIC STORAGE
METHOD AND APPARATUS

RELATED APPLICATIONS

[0001] This application claims priority to Taiwan Applica-
tion Serial Number 99109431, filed Mar. 29, 2010, which is
herein incorporated by reference.

BACKGROUND

[0002] 1. Technical Field

[0003] The present disclosure relates to holographic data
storage. More particularly, the present disclosure relates to
collinear holography.

[0004] 2. Description of Related Art

[0005] Holographic data storage is a potential replacement
technology in the area of high-capacity data storage. Holo-
graphic data storage researched has boomed several times in
the past. However, holographic data storage is still a potential
replacement technology, not a commercial data storage solu-
tion.

[0006] Collinear holography is one of the possible solu-
tions for holographic data storage. In collinear holography,
the signal beam and the reference beam are collinear and are
focused onto the disk by the same lens. Traditionally, the
signal beam located on the center surrounded by the reference
beam. Collinear holography has a simple structure, a possi-
bility of backwards-compatibility, a shorter optical path dif-
ference between the signal beam and the reference beam, a
lower requirement for the coherence length of the laser beam,
a better shift selectivity, a larger wavelength tolerance, a
larger media tilt tolerance, high-capacity data storage, and
high speed. Therefore, collinear holography has become the
mainstream of holographic data storage.

SUMMARY

[0007] According to one embodiment of the present inven-
tion, a collinear holographic storage method includes the
following steps. Data is written into a collinear holographic
storage media. The temperature of the collinear holographic
storage media is raised to a predetermined temperature when
the data is written into the collinear holographic storage
media, wherein the predetermined temperature is from
between about 5° C. to about 50° C. higher than room tem-
perature.

[0008] According to another embodiment of the present
invention, a collinear holographic storage method includes
the following steps. Data is written into a collinear holo-
graphic storage media. The data is read from the collinear is
holographic storage media. The temperature of the collinear
holographic storage media is controlled such that the writing
temperature of the collinear holographic storage media is
from between about 5° C. to about 50° C. higher than the
reading temperature of the collinear holographic storage
media.

[0009] The foregoing steps are not recited in the sequence
in which the steps are performed. That is, unless the sequence
ofthe steps is expressly indicated, the sequence of the steps is
interchangeable, and all or part of the steps may be simulta-
neously, partially simultaneously, or sequentially performed.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a sectional view of a collinear holographic
storage media when the data is written according to one
embodiment of the present invention;

[0011] FIG. 2 is a schematic view of the transmission grat-
ings of FIG. 1 when the data is written;

[0012] FIG. 3 is a schematic view of the transmission grat-
ings of FIG. 1 when the data is read,

[0013] FIG. 4is a schematic view of the reflection gratings
of FIG. 1 when the data is written;

[0014] FIG. 5is a schematic view of the reflection gratings
of FIG. 1 when the data is read,

[0015] FIG. 6 is a functional block diagram of a collinear
holographic storage apparatus according to one embodiment
of the present invention;

[0016] FIG. 7 is a schematic view of a reference beam
according to one example of the present invention; and
[0017] FIG. 8isa graph ofthe normalized intensity ofa part
of the diffracted beam produced by the reflection gratings
against the temperature difference of the collinear holo-
graphic storage media between reading and writing.

DETAILED DESCRIPTION

[0018] In the following detailed description, for purposes
of explanation, numerous specific details are set forth in order
to provide a thorough understanding of the disclosed embodi-
ments. [t will be apparent, however, that one or more embodi-
ments may be practiced without these specific details.
[0019] In other instances, well-known structures and
devices are schematically depicted in order to simplify the
drawings.

[0020] FIG. 11is a sectional view of a collinear holographic
storage media when the data is written according to one
embodiment of the present invention. As show in FIG. 1, the
collinear holographic storage media includes a reflection
layer 110 and a recording layer 120. The recording layer 120
is disposed above the reflection layer 110.

[0021] When the data is written, the user may use a spatial
light modulator (SLM) to provide a signal beam 200 and a
reference beam 300. At least one lens 400 focuses the signal
beam 200 and the reference beam 300 onto the reflection layer
110, thereby creating an interference pattern in the recording
layer 120.

[0022] As shown in FIG. 1, there are transmission gratings
500 and reflection gratings 600 in the recording layer 120 due
to the reflection layer 110. The transmission gratings 500
includes the gratings created by the incident signal beam 210
and the incident reference beam 310 and the gratings created
by the reflected signal beam 220 and the reflected reference
beam 320. The reflection gratings 600 includes the gratings
created by the incident signal beam 210 and the reflected
reference beam 320 and the gratings created by the reflected
signal beam 220 and the incident reference beam 310. The
transmission gratings 500 and the reflection gratings 600 have
different physical properties.

[0023] FIG. 2 is a schematic view of the transmission grat-
ings 500 of FIG. 1 when the data is written. When the data is
written, the real image of the spatial light modulator (SLM)
used to modulate the signal beam 200 and the reference beam
300 locates at the front focal plane of the lens 400, wherein the
focal length of the lens 400 is f. The signal beam 200 and the
reference beam 300 are collinear. The lens 400 focuses the
signal beam 200 and the reference beam 300 onto the col-
linear holographic storage media 100, thereby creating an
interference pattern in the collinear holographic storage
media 100.

[0024] FIG. 3 is a schematic view of the transmission grat-
ings of FIG. 1 when the data is read. When the data is read, the
real image of the spatial light modulator (SSM) used to modu-
late the reading beam 350 locates at the front focal plane of
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the lens 400, wherein the optical field of the reading beam 350 [0027] When both the transmission gratings 500 and the
is substantially the same as the optical ﬁqld of the reference  reflection gratings 600 exist, a part of the diffracted beam 250
beam 300. The lens 400 focuses the reading beam 350 onto produced by the transmission gratings 500 and another part of
Fhe collinear holqgraphlc storage.medla 100. Then, th? read-  {he diffracted beam 250 produced by the reflection gratings
ing beam 350 diffracts on the interference pattern in the 600 have constructive or destructive interference. As a result
collinear hhoziql%;aphlz bstoragzes(r)nedla ,10(11' Th? 161115 1400 of the constructive or destructive interference, the total inten-
projects the diflracted beam onto 1ts front local plane, sity of the diffracted beam 250 is unstable when the tempera-
thereby forming a real image at its front focal plane. The - - -

. A . . ture of the collinear holographic storage media 100 exceeds a
optical field of the diffracted beam 250 is substantially the limited onal In th b
same as the optical field of the signal beam 200. The user may imited operationa temperature range. n the Worst case, the
use an image sensor to detect the diffracted beam 250, thereby total 1Tnltleni§ IHI Of the dllljfrgpted beam 2(510 may dropl 1o near
reading the data recorded in the collinear holographic storage zero. 1he following embodiments provide a way to eliminate
media 100 the reflection gratings 600 to enhance the stability of collinear
[0025] FIG. 4is a schematic view of the reflection gratings holography. ) ) ) o
of FIG. 1 when the data is written. The signal beam 200 and [00281 The ap.phcants establish a paraxial approximation
the reference beam 300 are collinear but have opposite inci-  solution of the diffracted beam 250 produced by the collinear
dent directions. The signal beam 200 and the reference beam hologr Z}Phlc' storage media 109~ According to the paraxu'll
300 illuminate the collinear holographic storage media 100 approximation solution of the diffracted beam 250, the appli-
and thus create an interference pattern in the collinear holo- ~ cants identify the source of the part of the diffracted beam 250
graphic storage media 100. produced by the reflection gratings 600. The part of the dif-
[0026] FIG. 5 is a schematic view of the reflection gratings ~ fracted beam 250 produced by the reflection gratings 600 can
of FIG. 1 when the data is read. When the data isread, thereal ~ be eliminated due to the temperature difference of the col-
image of the spatial light modulator (SLM) used to modulate lin§§r holographic storage mgdig 100 betyveen r eadigg and
the reading beam 350 locates at the front focal plane of the ~ Writing. The following description provides a solution to
lens 400, wherein the optical field of the reading beam 350 is ehmmgte the part of the diffr. agted beam 250 produced b)" the
substantially the same as the optical field of the reference  reflection gratings 600 according to this paraxial approxima-
beam 300. The lens 400 focuses the reading beam 350 onto tion solution.
the collinear holographic storage media 100. Then, the read- [0029] Assuming that the defocus aberration due to the
ing beam 350 diffracts on the interference pattern in the change of the refractive index is compensated by the move-
collinear holographic storage media 100. The lens 400 ment of the collinear holographic storage media 100, i.e. the
reversely projects the diffracted beam 250 onto its front focal collinear holographic storage media 100 is moved according
plane, thereby forming a real image at its front focal plane. to the change of the refractive index when the data is written
The optical field of the diffracted beam 250 is substantially and/or read, such that the reflection layer 110 of the collinear
the same as the optical field of the signal beam 200. Theuser ~ holographic storage media 100 is located at the back focal
may use an image sensor to detect the diffracted beam 250, plane of the lens 400, the paraxial approximation solution of
thereby reading the data recorded in the collinear holographic the diffracted beam 250 produced by the collinear holo-
storage media 100. graphic storage media 100 is listed as follows:
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where

[0030] (1) the refractive index of the recording layer 120
after the change of temperature becomes M,, times that before
the change of temperature, the focal length of the lens 400
after the change of temperature becomes /M, times that
before the change of temperature, and then M~=1/M,
(paraxial approximation);

[0031] (2) M, A is the wavelength of light in the recording
layer 120, M,, & is the wavelength of the reading beam 350,
and then M; =M, /M, ;

[0032] (3) UM, 1/M,, and 1/M, are the thermal deforma-
tion rates of the gratings (including the transmission gratings
500 and the reflection gratings 600) on the x, v, Z axes respec-
tively, G,(u,v,Az) is the gratings before the change of tem-
perature, and then Go(M,u,M, v,M,Az) is the gratings after the
change of temperature;

[0033] (4) A is the wavelength of light;

[0034] (5) k is the wave number of light;

[0035] (6) fis the focal length of the lens 400;

[0036] (7) AZ is the distance between the center of the
collinear holographic storage media 100 and the back focal
plane of the lens 400,

[0037] (8) u and v are lateral coordinates of the collinear
holographic storage media 100;

[0038] (9) U, U,,and U, are the optical fields of the signal
beam 200, the reference beam 300, and the reading beam 350
at the front focal plane of the lens 400 respectively; and
[0039] (10) L is twice the thickness of the collinear holo-
graphic storage media 100.

[0040] The paraxial approximation solution of the dif-
fracted beam 250 seems complex but represents a clear physi-
cal meaning. This physical meaning is specified as follow-
ings:

_5,
M; oM

MM, . MM, €8]
Uccp

represents the optical field of the diffracted beam 250 after the
change of temperature. The optical field of the diffracted
beam 250 after the change of temperature on the T axis is

M/\Mr

My

times that before the change of temperature. The optical field
ofthe diffracted beam 250 after the change of temperature on
the m axis is

MM,
My

times that before the change of temperature.

[0041] (2) The paraxial approximation solution of the dif-
fracted beam 250 has two sets of brace. The terms in the first
set of brace represent the optical field of the diffracted beam
250 produced by the transmission gratings 500. The terms in
the second set of brace represent the optical field of the
diffracted beam 250 produced by the reflection gratings 600.

Sep. 29, 2011

[0042] (3) The optical field of the diffracted beam 250
produced by the reflection gratings 600 has a sinc function.
The sinc function has a variable,

L(Z zM]
MMy,

Since the thickness of the collinear holographic storage
media 100 (I/2) is much larger than the wavelength of light
(M), the optical field of the diffracted beam 250 produced by
the reflection gratings 600 has a very limited tolerance to the
temperature difference between reading and writing due to
the variable,

L ( 2 zM]
MA\ My i

If the temperature difference between reading and writing
exceeds the tolerance, the optical field of the diffracted beam
250 produced by the reflection gratings 600 drops to near
zero, and only the optical field of the diffracted beam 250
produced by the transmission gratings 600 is left.

[0043] The following description provides a collinear holo-
graphic storage method to eliminate the optical field of the
diffracted beam 250 produced by the reflection gratings 600.
[0044] According to one embodiment of the present inven-
tion, a collinear holographic storage method includes the
following steps. Data is written into a collinear holographic
storage media 100. The data is read from the collinear holo-
graphic storage media 100. The temperature of the collinear
holographic storage media 100 is controlled such that the
writing temperature of the collinear holographic storage
media 100 is from between about 5° C. to about 50° C. higher
than the reading temperature of the collinear holographic
storage media 100.

[0045] The foregoing steps are not recited in the sequence
in which the steps are performed. That is, unless the sequence
of the steps is expressly indicated, the sequence of the steps is
interchangeable, and all or part of the steps may be simulta-
neously, partially simultaneously, or sequentially performed.
[0046] The writing temperature of the collinear holo-
graphic storage media 100 is is the temperature of the col-
linear holographic storage media 100 when the data is written
into the collinear holographic storage media100. The reading
temperature of the collinear holographic storage media 100 is
the temperature of the collinear holographic storage media
100 when the data is read from the collinear holographic
storage media 100.

[0047] Specifically, the temperature difference of the col-
linear holographic storage media 100 between reading and
writing may be controlled within the range from between
about 5° C. to about 50° C. to eliminate the optical field of the
diffracted beam 250 produced by the reflection gratings 600.
[0048] If the data is read from the collinear holographic
storage media 100 at room temperature, the thermal control-
ling step may include raising the temperature of the collinear
holographic storage media 100 to a predetermined tempera-
ture when the data is written into the collinear holographic
storage media 100. The predetermined temperature may be
from between about 5° C. to about 50° C. higher than room
temperature.
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[0049] The term “room temperature” means the ambient
temperature without any artificial heating or cooling. Room
temperature is usually taken to be 20° C. to 25° C. If room
temperature is 25° C., the predetermined temperature is
between from between about 30° C. to about 75° C. Inone or
more embodiments, the predetermined temperature is from
between about 45° C. to about 75° C.

[0050] The terms “about™ as used herein may be applied to
modify any quantitative representation which could permis-
sibly vary without resulting in a change in the basic function
to which it is related. For example, the predetermined tem-
perature as disclosed herein being from between about 30° C.
to about 75° C. may permissibly be less than 30° C. or greater
than 75° C. within the scope of the invention if its reflection
gratings elimination capability is not materially altered.
[0051] Another aspect of the present invention is acollinear
holographic storage apparatus.

[0052] FIG. 6 is a functional block diagram of a collinear
holographic storage apparatus according to one embodiment
of the present invention. As shown in FIG. 6, the collinear
holographic storage apparatus includes a writing device 700,
a reading device 800, and a temperature controlling device
900. The writing device 700 can write data into a collinear
holographic storage media 100. The reading device 800 can
read the data from the collinear holographic storage media
100. The temperature controlling device 900 can control the
temperature difference of the collinear holographic storage
media 100 between reading and writing within the range from
between about 5° C. to about 50° C.

[0053] The writing device 700 includes a spatial light
modulator (SLM) 750 and a lens 400. The spatial light modu-
lator (SLM) 750 can provide a reference beam and a signal
beam. The reference beam and the signal beam are collinear.
The lens 400 focuses the reference beam and the signal beam
to create an interference pattern in the collinear holographic
storage media 100. The structural and functional details of the
writing device 700 can be found in FIGS. 1, 2, and 4 and the
related specification text and are not repeated hereinafter.
[0054] The reading device 800 includes the spatial light
modulator (SLM) 750, the lens 400, and an image sensor 850.
The spatial light modulator (SLM) 750 can provide a reading
beam. The optical field of the reading beam is substantially
the same as the optical field of the reference beam. The lens
400 can focus the reading beam onto the collinear holo-
graphic storage media 100 such that the reading beam dif-
fracts on the interference pattern of the collinear holographic
storage media 100. The image sensor 850 can detect the
diffracted beam, thereby reading the data recorded in the
collinear holographic storage media 100. The structural and
functional details of the reading device 800 can be found in
FIG. 3 and FIG. 5 and the related specification text and are not
repeated hereinafter.

[0055] If the data is read from the collinear holographic
storage media 100 at room temperature, the temperature con-
trolling device 900 may include a heater 910 to raise the
temperature of the collinear holographic storage media 100to
a predetermined temperature when the data is written into the
collinear holographic storage media 100. The predetermined
temperature may be from between about 5° C. to about 50° C.
higher than room temperature. If room temperature is 25'C.,
the predetermined temperature is from between about 30° C.
to about 75° C. In one or more embodiments, the predeter-
mined temperature is from between about 45° C. to about 75°
C.
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[0056] It is appreciated that many other devices may be
used as the temperature controlling device 900, for instance,
a cooling device 920 may be used to lower the temperature of
the collinear holographic storage media 100 to a predeter-
mined temperature when the data is written into the collinear
holographic storage media 100. The predetermined tempera-
ture may be from between about 5° C. to about 50° C. lower
than room temperature. If room temperature is 25° C., the
predetermined temperature is from between about -25° C. to
about 20° C. In one or more embodiments, the predetermined
temperature is from between about -25° C. to about 5° C.
[0057] Alternatively, the temperature controlling device
900 may be the combination of the heater 910 and the cooling
device 920. In use, the temperature controlling device 900 can
control the temperature difference of the collinear holo-
graphic storage media 100 between reading and writing
within the range from between about 5° C. to about 50° C.
[0058] A series of computer simulations were run to deter-
mine the elimination of the part of the diffracted beam pro-
duced by the reflection gratings. The parameters described
before are not repeated hereinafter, and only further informa-
tion is supplied to actually perform the series of computer
simulations.

[0059] In the series of computer simulations, the signal
beam is from a point source at the origin. The wavelength of
the signal beam is 408 nm. The focal length of the lens is 4
mm. The thickness of the collinear holographic storage media
is 0.5 mm. The refractive index of the collinear holographic
storage media is 1.5. Each pixel of the spatial light modulator
(SLM) has an edge length of 13.68 um. The number of the
pixels of the spatial light modulator (SLM) is 321x321. The
reference beam is not modulated. The reference beam is sche-
matically shown in FIG. 7. The inner diameter of the refer-
ence beam is 71.4% the length of the spatial light modulator
(SLM). The outer diameter of the reference beamis 93.8% the
length of the spatial light is modulator (SLM). The fill factor
of each pixel of the spatial light modulator (SLM) is 100%.
[0060] The results of the computer simulations are shown
in FIG. 8. FIG. 8 is a graph of the normalized intensity of the
part of the diffracted beam produced by the reflection gratings
against the temperature difference of the collinear holo-
graphic storage media between reading and writing.

[0061] All the features disclosed in this specification (in-
cluding any accompanying claims, abstract, and drawings)
may be replaced by alternative features serving the same,
equivalent or similar purpose, unless expressly stated other-
wise. Thus, unless expressly stated otherwise, each feature
disclosedis one example only of a generic series of equivalent
or similar features.

[0062] Any element in a claim that does not explicitly state
“means for” performing a specified function, or “step for”
performing a specific function, is not to be interpreted as a
“means” or “step” clause as specified in 35 U.S.C. §112, 6th
paragraph. In particular, the use of “step of” in the claims is
not intended to invoke the provisions of 35 U.S.C. §112, 6th
paragraph.

What is claimed is:

1. A collinear holographic storage method comprising:

writing data into a collinear holographic storage media;
and

raising the temperature of the collinear holographic storage
media to a predetermined temperature when the data is
written into the collinear holographic storage media,
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wherein the predetermined temperature is from between
about 5° C. to about 50° C. higher than room tempera-
ture.

2. The collinear holographic storage method of claim 1,
wherein the predetermined temperature is from between
about 30° C. to about 75° C.

3. The collinear holographic storage method of claim 1,
wherein the predetermined temperature is from between
about 45° C. to about 75° C.

4. A collinear holographic storage method comprising:

writing data into a collinear holographic storage media;

reading the data from the collinear holographic storage
media; and

controlling the temperature of the collinear holographic

storage media such that the writing temperature of the
collinear holographic storage media is from between
about 5° C. to about 50° C. higher than the reading
temperature of the collinear holographic storage media.

5. The collinear holographic storage method of claim 4,
wherein controlling the temperature of the collinear holo-
graphic storage media comprises:

raising the temperature of the collinear holographic storage

media to a temperature of from between about 30° C. to
about 75° C. when the data is written into the collinear
holographic storage media.

6. The collinear holographic storage method of claim 4,
wherein controlling the temperature of the collinear holo-
graphic storage media to comprises:

raising the temperature of the collinear holographic storage

media to a temperature of from between about 45° C. to
about 75° C. when the data is written into the collinear
holographic storage media.

7. A collinear holographic storage apparatus comprising:

a writing device for writing data into a collinear holo-

graphic storage media;

a reading device for reading the data from the collinear

holographic storage media; and

means for controlling the temperature difference of the

collinear holographic storage media between reading
and writing within the range from between about 5° C. to
about 50° C.

8. The collinear holographic storage apparatus of claim 7,
wherein the controlling means comprises:

means for raising the temperature of the collinear holo-

graphic storage media to a temperature of from between
about 5° C. to about 50° C. higher than room tempera-
ture when the data is written into the collinear holo-
graphic storage media.

9. The Collinear holographic storage apparatus of claim 7,
wherein the controlling means comprises:

to means for raising the temperature of the collinear holo-

graphic storage media to a temperature of from between
about30° C. to about 75° C. when the data is written into
the collinear holographic storage media.

10. The collinear holographic storage apparatus of claim 7,
wherein the is controlling means comprises:
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means for raising the temperature of the collinear holo-
graphic storage media to a temperature of from between
about45° C.to about 75° C. when the data is written into
the collinear holographic storage media.

11. The collinear holographic storage apparatus of claim 7,

wherein the controlling means comprises:

means for lowering the temperature of the collinear holo-
graphic storage media to a temperature of from between
about 5° C. to about 50° C. lower than room temperature
when the data is written into the collinear holographic
storage media.

12. The collinear holographic storage apparatus of claim 7,

wherein the controlling means comprises:

means for lowering the temperature of the collinear holo-
graphic storage media to a temperature of from between
about -25° C. to about 20° C. when the data is written
into the collinear holographic storage media.

13. The collinear holographic storage apparatus of claim 7,

wherein the controlling means comprises:

means for lowering the temperature of the collinear holo-
graphic storage media to a temperature of from between
about -25° C. to about 5° C. when the data is written into
the collinear holographic storage media.

14. The collinear holographic storage apparatus of claim 7,

wherein the controlling means comprises:

a heater for raising the temperature of the collinear holo-
graphic storage media when the data is written into the
collinear holographic storage media.

15. The collinear holographic storage apparatus of claim 7,

wherein the controlling means comprises:

a cooling device for lowering the temperature of the col-
linear holographic storage media when the data is writ-
ten into the collinear holographic storage media.

16. The collinear holographic storage apparatus of claim 7,

wherein the controlling means comprises:

a heater for raising the temperature of the collinear holo-
graphic storage media; and

a cooling device for lowering the temperature of the col-
linear holographic storage media.

17. The collinear holographic storage apparatus of claim 7,

wherein the to writing device comprises:

a spatial light modulator for providing a reference beam
and a signal beam, wherein the reference beam and the
signal beam are collinear; and

a lens for focusing the reference beam and the signal beam
to create an interference pattern in the collinear holo-
graphic storage media.

18. The collinear holographic storage apparatus of claim 7,

wherein the reading device comprises:

a spatial light modulator for providing a reading beam;

a lens for focusing the reading beam onto the collinear
holographic storage media such that the reading beam
diffracts on the interference pattern of the collinear holo-
graphic storage media; and

an image sensor for detecting the diffracted beam.
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