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In digital optical data storage according to the state of the art 2 sharply
g focused laser beam is systematically scanned over the surface of the data

carrying medium, typically a rotating disc, and the data content is deduced by
recording changes in reflected light from the disc when the laser beam passes

25 microscopic pits or spots which have been encoded on to the medium. High
data densities can be achieved when the pits or the spots are small and are
located close together. The pits or spots which form the data carrying
structures can either be moulded or pressed into the disc at the time of
manufacture, or a scanning laser beam may be used to encode data into the

30  disc by means of short, intense bursts of light which cause the data carrying

structures to be formed, e.g. in the form of pits.

This method of optical data storage and accessing has a number of
drawbacks. A highly precise optomechanical system is required in order to
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The degree of write and read parallelism achievable by such methods 1s

severely limited by physical and cost restraints.

The object of the present invention is to avoid the above-mentioned problems
associated with current technology for optical data storage as well as the

25 problems resulting from a number of previously proposed solutions. A further
object is to be able to access large blocks of data in a data carrying medium
in parallel and replace mechanical movement completely or partially by
employing electronically based addressing and electromcally based logic
operations.

30 A particular object of the present invention is to achieve simple writing and
reading of optically stored data in a large number, i.e. several hundreds to
several thousands, of parallel channels and to obtain rapid random access of
the data, in some cases with no mechanical motion involved.
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25 The invention will now be explained in more detail in connection with an
account of the principle of diffractive optical elements as used in the present
invention and in connection with embodiments, with reference to the

accompanying drawing.

Fig. 1 illustrates optically active structures in the form of a matrix of
30 diffractive optical elements DOEs.
Fig. 2a,b illustrates the principle of a diffractive optical element DOE or
: a zone-plate lens as used in the present invention.
Fig. 3a illustrates the profile of a zone in the diffractive optical ele-

ment DOE in fig. 2b.
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Diffractive optics are based on diffraction, as opposed to refraction or
reflection of light. In many instances DOEs can take the piace of
conventional refractive optics such as lenses or prisms, thus providing a

30 substantial reduction in cost or size. In a number of cases diffractive optics
may provide better performance than refractive elements, e.g.
achromatization, or even provide opportunities beyond the reach of
conventional optical elements based on refraction or reflection.

Figure 1 illustrates a matrix of diffractive optical elements DOEs. Each DOE
35 consists of carefully designed topographic structures which can be
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25 diameter of the lens.

The actual profile of one of the zones in fig. 2b is 1llustrated in fig. 3a. In
practice, however, it can be easier to use graduated zone profiles, as
illustrated in fig. 3b and 3c. The number of steps in the graduated profile is
described as the number of quantizing levels for the phase function. It is

30 evident that when the number of quantizing levels becomes infinitely large, a
continuous profile can be obtained like that in fig. 3d. The principle for the
design of a zone-plate lens which will provide an optimum image of a point
on the axis is that the optical path length from the object point to the image
point via each zone in the lens should be the same as the direct optical path
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; The ray path in a zone-plate lens or DOE can be found by considering it as a
- diffraction grating with a different grating period and by constructing
25 geometrical beams on the basis of the grating equation. With reference to the
schematically illustrated zone-plate lens in fig. 4a, b, it can be considered as
illustrated in fig. 4a as a circular diffraction grating with a period which
decreases towards the edge of the lens. In the zone-plate lens illustrated in
fig. 4b the field is connected to an incident geometrical beam, locally a plane
30 wave. The direction of the transferred geometrical beam corresponding to first

order diffraction is given by the grating equation

sin@, — sin6, = %1. (1)
35
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(o intensity drops off more quickly towards the edge of the field of vision for

25  the DOE. However, it is an advantage that for a given diameter the DOE
offers the possibility of a relatively free choice of the f/number and the
refraction index for the substrate, since both of these values will influence the
diffraction-limiting FWHM. Another advantage of DOEs is that they have
negligible field curvature, with the result that focus on the optical axis and

30 focus at the edge of the field are approximately on the same plane. An
analysis of the diffraction-limiting focusing characteristics for a DOE in
contact with a planar substrate shows that for a DOE with a fixed diameter
FWHM is inversely proportional to the substrate's refraction index and
proportional to the f/number of the DOE in the substrate.
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possible, and e pjt layer which will, e.g., appear as bright or dark when they are read in
(. transmission. Each data position in the data carrying medium is associated -
25 with a unique address which can be accessed through the DOE during writing
and reading in two independent steps. The position of a given DOE on the
surface of the data carrying medium is defined by an x,y coordinate, e.g. the
position of its chromatic centre in relation to a reference origin on the data
carrying medium, and the position of a spot in the bit layer related to its
30 associated diffractive element DOE is defined by the direction of incidence of
the light which is focused on this point, for example defined in standard polar
coordinates 0, ¢. Thus the complete address would be x, ¥, 8, ¢.

In order to achieve as high a data storage density as possible in the medium,
35  the spots or the data carrying structures must be as small as possible, and

they should be arranged as closely together as possible under each DOE.

Furthermore the "dead zone" between groups of data carrying structures
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of the DOE were reduced by a factor N, the angular separation between

neighbouring data carrying structures must be increased by approximately the

same factor, while the number of data carrying structures associated with

each DOE is reduced by a factor of N2,

25 In certain embodiments of data carrying media according to the invention
writing and reading can take place by means of the interactipn of light with a
thin film, in close analogy with conventional optical storage media. Indeed,
films developed for conventional media of the type "write once, read many
times" (WORM) as well as for rewriteable media can be directly implemented

30 in the data storage medium according to the present invention. The
distinguishing feature between the present invention and the other known
techniques resides in how the light is guided and focused on to the bit layer

and the consequences resulting therefrom.
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scale parallel reading can be implemented by imaging large data blocks
directly from the data carrying medium on to a matrix detector.

One embodiment of the invention is illustrated schematically in fig. 8 where
collimated light at an angle of incidence 8, ¢ is directed simultaneously at a

25 large number of DOEs, causing the data carrying medium to display the 0, ¢
address bit status at each of the illuminated DOEs. The latter are typically
spaced at relatively large intervals, 30-100 pm, on the surface of the data
carrying medium and can therefore be easily. resolved by wide field, long
depth of field optics which image the 8, ¢ bit status at each DOE on to a

30 matrix detector as illustrated. This is generally possible without a focusing
servo, even with media which deviate considerably from planarity. The
maximum depth of field for an optical system which resolves a 50 pm
feature at an illumination wavelength of 480 nm is 10 mm. On the other hand
if bit status were to be assessed by direct imaging of the bit pattern in a2

35 simple planar layer without a DOE, a bit-to-bit spacing of less than 1 um
would entail a depth of field approximately equal to 3 um and read-out on a
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In connection with the account of the principle of DOEs in the above, it was
(- demonstrated how small focal spots were achievable, given by the parameter
FWHM. The size of the focal spots or FWHM when DOEs are used to focus
in a bit layer or a storage layer are decisive for the achievable data density in
25 this layer. Computations for relevant data medium designs and operative
parameters such as light wavelength show that the spot size is diffraction-
limited or near diffraction-limited across large portions of the area under each
DOE. In specific terms this implies, e.g., that a correctly made DOE with a
diameter of 50 p illuminated at 450 nm wavelength can create a paraxial
30 focal spot, i.e. on the optical axis with a diameter of 0.33 pm FWHM when
the f/number is 1 and the refraction index in the substrate 1.6. At off-axis
positions, i.e. with an angle of incidence 8 > 0° the focal spots are influenced
by aberration phenomena in the lens, and at 6 = 30° the focal spot has
increased to 0.61 pm. As already mentioned, the curvature of the image field
35 is very small, unless the DOE is built on a spherical surface in order to avoid
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field relevant light sources such as semiconductor lasers and light emitting diodes
LED. Thus by proper choice and variation of the wavelength it becomes
4 possible to shift the focal point position inside the substrate in a controlled
manner. In the present invention this can be exploited in several ways.

25  Correction for jmage field curvature.
This is illustrated in fig. 9a, where the bit layer is planar, but the image field
in monochromatic light forms a spherical surface as indicated by the broken
lines. Thus the focal spots created on the planar bit layer are formed and
enlarged due to their position outside the optimal focal distance. Since the

30 focal distance depends on the wavelength of the light, it should be noted that
wavelength tuning of an incident monochromatic light beam as a function of
incidence angle can be used to position the focus in the bit layer, e.g. as
indicated in fig. 9b. The basic principle may be implemented either by
matrices of fixed-wavelength light sources, or with tunable light sources.
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20 d=Ds (2)
f

where D is the diameter and f the focal length of the microlens. Since the
focal length of diffractive optical elements DOEs is inversely proportional to
the light wavelength A, one has for a wavelength change of magnitude

25 AA . s (3)
A f
It may now be demanded that d; should be so large that the light intensity in
the bit layers which are out of focus (upper bit layer in fig. 10) is reduced by
a certain factor in relation to that at optimum focus. Neglecting absorption in
5 the bit layer and assuming that d, = 2.0 pm, which gives a reduction in
intensity by a factor of 16 if the focal spot diameter is 0.5 pm, one finds

M =dfs (4)
A D
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| ayer i.5 the s This multilayer storage concept
reserrbllz)s soff ni?y‘?felﬁﬁé?r?ag}ergbwﬂkﬁm schenes for data storage in
two or nore parallel layers on discs, but wth an | mpor t ant
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tuni ng provi ]! mlqngﬂasmmng of the dightnvhiledths known scflemea@rv jlﬁnown

pr obl erpsui t hBE%Ec* bh%@éhaﬁh@éﬁ 851h%nif”%5f the %lt@?&hdtdpifb%\w fifcad8 of a servo-

I nt erveni ng ayers as It_propa S into, the trike the
rel evant contrallsdw&mtor}r F%r@g@el Prgsent iny eN‘BHtmﬁgPEﬁ%'ﬁﬁét ¢Rmplexity; i s

llayer towar dgybiied while atdfleSan®é tinid'vaveBngti teningprogidey exienmely fist
traversed again (with reading in reflection), or |layers on the

opposi te si dEAMIOMACCEES-evant storage | ayer have to be traversed
(with reading in transm ssi on) Thi s probl em has been dealt wth 25

previously by | e% “@%nCBPo gr%e\%xt 3l ltlf)aylex"'j1 Yfordge ot l??ntf £38t Hafistese
20 intervening bit layers as it propagates into the medium to strike the relevant

bit layer or storage layer. As light propagates from this layer towards the

detector, the same intervening layers must be traversed again (with reading in

reflection), or layers on the opposite side of the relevant storage layer have to

be traversed (with reading in transmission). This problem has been dealt with

25 previously by IBM, who concluded that 10 layers should be feasible in
practical systems, by careful balancing of the reflectivity in each layer
(reading of the data medium in reflection). It is reasonable to expect that the
data medium read in transmission will generally be less demandmg in this
respect.

30 The optical storage medium according to the present invention can be so
designed that ten storage layers of 2 pm thickness together form a sandwich
structure or a stack of storage layers which extend 10 pm on each side of the
central layer. A number of different structures can be implemented or
generated within this volume.
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from t hESabove t maveléngthpthusaterovingseanteast ando¢nosstatk problemus20  to the

present invention with the use of diffractive optical elenents pernmts a
genui ne volunetric storage and accessing of data in a storage area, where

the dWithceagapd tottheadiffractive:opticg! elemants used, mﬁsqmﬁwtﬁmbssabl e
positions in avallaPle fro‘fﬂ'sié%ra‘? probfices UrPareldifbIfid FiBPHREqRANBNER | N

speci fic storage
dxmensmns necessary for the present invention.

It will be seen from the above that the optical data storage medium according
20 to the present invention with the use of diffractive optical elements permits a
o genuine volumetric storage and accessing of data in a storage area, where the
L data can be stored in randomly chosen, but uniquely addressable positions in:
a volume of the storage area or also be arranged in specific storage layers in
the storage area. In both cases, accessing of the stored data can also be
25 performed randomly and volumetrically.
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4. An optical deleméitoanghged o lfmlﬁcs tigtlt bearh dncidentom® the data storage area on

characterized | ”ggﬁé of! ntn&reaﬁ&g l,&n fe {igraﬁ aSE?Qﬁcf/??‘ ereﬁfrgcwgﬂq% ?'Eem o1

surface accor

‘to claim 3, emitipd dight tadiatin .&pm rthrs rAint prthese PObE 8o apaint ml@l%ﬁ &e
enbedded in the %Pﬁéaﬂﬁoﬁ@manHQM§r o 6. An optical data storage
medi um according to claim characterized in that diffractive -
optical elements are formed in one piece with t he surface | ayer.

7. An optit@l- d2 a Anmpligel detii storageauedinnyacaordingi tor Jained,
characterized in ch%t&%%ﬁ%&b&éatrﬁa&?vé Bpitféal Réinbeeis  H6RIPlals Ris! her e

S

the storage area. In both cagas S heacteassaenriT l@d‘edt?he storéd data can al so be

< i T e

3. An optrcal data storage medium according to claim 1 or 2,
characterized in that the storage area is provrded between a transparent
-surface layer and a transparent substrate. ) '

15 4. An optical data storage medium according to claim 3,
characterized in that diffractive optical elements are provrded on the surface
layer.

5.  An optical data storage medium according to claim 3,
characterized in that diffractive optical elements are embedded in the surface
20 layer.

6. An optical data storage medium according to claim 3,
characterized in that diffractive optical elements are formed in one piece with
the surface layer.

7. An optrcal data storage medxum accordmg to clarm 3

25 characterized in that between the surface layer and the storage area there is
provided an opaque layer, the opaque layer being destructible through absorp-
tion of radiant energy

8. An optical data storage medium according to one of the precedmg
elmms,
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absor u@m‘lﬂimm Imiradr a . An opti ¢ERIBIBHEE S HASHEEN
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of a tape, a W&Hmé?gc or a chip, and that the diffractivé optica 0bf35

el enents are arranged on the surface ofl'z he tape, disc or chip.

9. An optical a stora & di ﬁ’ﬁ m accor di t o.one .of &hegfﬁgfﬂ cedi ?% |
claims, ché? arackt StQrags: }% 13, gesigngd iy tape, a
arr anged i n. rows digtdor a chlp,cmidmehe diffrictite apticaleclemientsadrecireargedson lths

form ng a matrix t data storage medi um according to
one of the pr ecear ‘nfa"e Oftﬁgtafﬁpd% %éfu "characterized in that the stor age
~area conprises .one. or nore storage |ayers : whi ch formone or nore -
"distinct storagegpl agasopival dae stolsgesinedige acesdingto one of thapﬂécedmg
conpri.ses fl orezient dye nol ecul es enbedded in the base material =

‘whi ch. forns | ayers, the dye nol ecules in each individual

st or age I ay:harHMZﬂgf/ in ﬂnasdiﬁﬁactls'pantml clemantnaee ansangadqin rows and
‘wavel engt h . of th%o}dxaﬁ the. dnf&mém%@em%wrmﬁhgraaﬂmﬂmyer by the
diffractive optica enent . An optical data storage nedium
according to claim10, char act err zed in that one or -nore of the
storage |ayers arl@ pAmtopﬁda} datd Storagemedium according tonone wfithg pregmhng

12. An opti cal ?%nfst orage nedi um according to claim10, 20

characterized in ’t he storage Ia ers are wavel engt h- dependent

reflecting 40 characterizad:in thah the siprage area comprises ong sr%Fg%l‘ﬂfqrﬁg
of data in an optwiigh ﬁ}ﬁl‘@ﬁﬁoﬂ'ﬁﬂjrd distheotrstorage tplanes and that thenstotage3layer or

ggar acterized by lg)"érgcéo'ng ifbs! MHes 5 By Inbfechied! dnibetfdbh i tHE'Hab@ mateRUF !
which forms the storage layers, the dye molecules in each individual storage

layer having a distinct spectral response matching the wavelength of the light
15 beam focused on to this storage layer by the diffractive optical _gle_ment:_ “

11. An optical data storage medium according to ¢laim 10, - |
characterized in that one or more of the storage layers are partially reflecting
or transmitting layers.

12. An optical data storage medium according to claim 10,
20 characterized in that the storage layers are wavelength-dependent reflecting or
transmitting layers.

13. A method for writing of data in an optical storage medium according to
claims 1-13,

. characterized ’on directing a laser beam on to a diffractive optical element on

25  the optical storage medium, thus focusing the laser beam through the _
diffractive optical element on to a specific point in the storage area, and by
means of the energy emitted from the laser beam in the focal point to effect a
physical or chemical change in the material in the virgin storage area at this
point, whereby a data carrying structure is created, and by assigning to a data.

30 carrying structure a datum whose value corresponds to the degree of physical
or chemical change in the material in the data carrying structure, this degree
being determined by modulating the laser beam according to a predetermined

" modulation procedure.
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met hod accor di ngydoRefi@. M 14, wherein the storage area is a

-substantially hohogeneous base material, characterized by tuning the

laser beanis wavel ength in such a manner that the degree of tuning
defines onelSor nb.e A anethod sicconiing kaylahm 14) wherein the storagegererisus base

material. 20 m 14, wherein the storage
area corrprl ses ﬁb@tarﬁiéff}{ﬁ&ﬂogy é(%#“gsl{kgc?&(}mmage ngﬁ/ers '
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20 16. A method according to claim 14, wherein the storage area compnses a
plurality of stacked storage layers,
characterized by tuning the laser beam's wavelength in such a manner that it
is focused on to a point in a speclﬁc storage layer where it creates the data
carrying structure. -

25 17. A method for reading of data in an optical data storage medium
according to claims 1-12, wherein the storage medium comprises data
carrying structures generated by the, method according to claim 13, .
characterized by dlrectmg a light beam on to a diffractive opucal element on
the optical data storage medium in such a2 manner that the light beam is

30 focused on to a specific data carrying structure in the storage area, by
effecting by means of the energy emitted from the light beam in the focal
point an optically detectable response from the data carrying structure, the
detectable response corresponding to the value of the datum stored in the data
carrying structure, and by focusing the optically detectable response through
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§"e'8éir at ﬁl’“)d/'i“?fcteir\éacwrling twselaims drtdyt s, through f20 ~an optical device
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. rises two or more separately activatable laser elements, through

- 20 an optical device and with different angles of incidence on to a diffractive
optical element on the optical storage medium, by tuning each individual
laser beam's wavelength in such a manner that the laser beam is focused
through the diffractive optical element on to the same plane, this plane
corresponding to a specific storage layer in the storage area, and by effecting

25 by means of the energy emitted from each laser beam in the focal point a

physical or chemical change in the material in the virgin storage layer in each
focal point in this plane, whereby there is formed a number of data carrying
structures in this plane corresponding to the number of laser beams, and by

~ assigning to each data carrying structure a datum whose value corresponds to

. 30 the degree of physical and chemical change in the data carrying structure, this
degree being determined by modulating the respective laser beam according

to a predetermined modulation procedure.

20. A method for parallel reading of data in an optical storage medium
.according to claims 1-12, wherein there is employed a method for writing of

35 data in an optical storage medium according to claim 14 or for parallel
writing of data in an optical storage medium according to claim 19,
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20 characterized in that the light sources are so arranged in the zllummatlon
device that they form a mafrix. '

23. A method according to claim 21 or 22,
characterized in that the individual beams of light from the illumination
device are simultaneously tuned to different wavelengths for parallel
25 generation of an optically detectable response from a number of data
structures which are located on different planes or storage layers in the
optical storage area, with the result that in addition to a parallel read-out of
data stored in data carrying structures on the same plane or storage layer, a
parallel read-out is also obtained of data stored in data carrying structures on
30 different planes or storage layers.

24. A method according to one of the claims 20-23,
characterized in that optical filters are employed for the read-out of data.
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