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Urgency of the research. Optical information recording by forming of microrelief information
elements on the substrate is considered as the most efficient method of long-term data storage.

Target setting. However, density of the optical information recording does not meet the
requirements of the modern digital recording systems because diffraction limit significantly reduce the
resolution of optical systems.

Actual scientific researches and issues analysis. Scientific research in the area of optical recording
shows the high potential of multi-layer photoluminescent media. Volumetric recording is much preferable
than development of subdiffraction optical systems due to technical simplicity.

Uninvestigated parts of general matters defining. Typical problems of multilayer
photoluminescent recording are low signal-noise ratio and low readout signal level, which makes this
method to be inappropriate one for long-term data storage.

The research objective. In this paper it was proposed method of volumetric optical information
recording in multilayer, optically homogeneous media with photoluminescent information elements
which spectra of photoluminescence differs from layer to layer .

The statement of basic materials. To determine the optimal parameters of multilayer
photoluminescent storage with multispectral recording medium the mathematical model of the
photoluminescent multilayer recording process was developed.

Conclusions. The task of finding the optimal parameters of the multilayer photoluminescent storage
with multispectral recording medium was solved by finding the maximums of the objective functions.

Keywords: optical recording of information; long-term data storage systems; multiispectral
medium; photoluminescent multilayer media; readout signal; objective function; function maximum.
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Urgency of the research. Optical information recording by forming of microrelief
information elements on the reflecting substrate and information layers is considered as the
most efficient method of non-volatile long-term data storage. It could be indicated by the
relevance of work in the field of optical recording of information and long term data storage, as
opposed to work in the field of magnetic and solid-state storage which are not considered as
archival media.

Target setting. However, density of the optical information recording does not meet the
requirements of the modern digital recording systems because diffraction limit significantly
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reduce the resolution of optical systems. It should be noticed that developers of the modern
“Blu-ray” media (BD) has sacrificed the reliability of the optical system. It can be shown that
airy disk which determines resolution of the optical system partially overlaps the information
elements of adjacent tracks, which leads to the appearance of a parasitic signal.

Actual scientific researches and issues analysis. Basically, there are three ways to solve
the diffraction resolution, which can be divided into three groups:

1) optical recording within the diffraction limit [1];

2) development of subdiffraction optical systems [2];

3) development of volumetric optical recording methods [1-6].

In order to increase the optical information recording density within the diffraction limit
of optical system it is necessary to achieve a decrease in the laser radiation wavelength 4 and
an increase in the numerical aperture of the objective NA . It should be noticed that developers
of BD have shown the limit on the laser radiation wavelength for the visible range A =405 nm
and the NA =0.85 is also close to the limit of the aperture angle. Further decrease of the Airy
disk NA could be achieved by the ultraviolet lasers, vacuum systems and technologically
sophisticated, superaccurate immersion recording methods which are inappropriable for the
mass production and application of the long term storage [1].

Development of the subdiffraction optical systems are also proved to technologically
sophisticated, superaccurate immersion recording methods. It was shown that they are
significantly reduces the speed of data reading and more suitable for optical microscopy than
for information recording [2].

Therefore, high potential of volumetric recording is much preferable than development of
subdiffraction optical systems due to technical simplicity [1-6]. The most promising method of
volumetric optical recording is the development of optically transparent, homogeneous and
anisotropic recording media with multilayer microrelief structures of photoluminescent
information elements [1-6].

Uninvestigated parts of general matters defining. It’s necessary to notice that main
disadvantages of multilayer photoluminescent information recording method leads to the
decrease of the reliability of optical media due to low readout signal level associated with the
photoluminescent response loss and low signal-noise ratio due to parasitic signal from the
multilayer structure [1, 2]. There are different approaches to solve mentioned problems but no
uniform methodology for determining the optimal architecture of the optical reading system
and storage parameters.

The research objective. In this paper it was proposed method of volumetric optical
information recording in multilayer, optically homogeneous media with photoluminescent
information elements. Additionally it was propose to develop multispectral recording media for
further increase of signal-noise ratio by separating of the photoluminescent signal from
different layers. The task of the multilayer photoluminescent storage optimal parameters
finding with multispectral recording medium has to be solved by finding the maximums of the
objective functions.
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The statement of basic materials. To determine the optimal parameters of multilayer
photoluminescent storage with multispectral recording medium the mathematical model of the
photoluminescent multilayer recording process has to be developed.

The statement of basic materials. Multilayer photoluminescent storage (MPS) includes
substrate and sandwich-structure of data layers (DL) and intermediate layers (IL) which should
be transparent and optically homogeneus (fig. 1). Thereby further parameters of this media
type could be defined:

e geometrical form and linear sizes of layers and substrate;

e data layer thickness d;) ;

e intermediate layers thickness d ;

e quantity of the information layers N .

Most important stage of MPS development is determination of the microrelief
information structure. Usually developers take as a basis information structure of optical discs
(CD, DVD, BD and UMD) that includes information elements (pits) situated in a spiral.
Information is coded by pit length and length of the spaces between the pits (lands). Thereby
microrelief information structure could be defined by further parameters:

e linear sizes of the pits: set of the pits’ lengths {l'p“i“;l:‘a"} , pits” width w, and pits’
depth d,;

e linear sizes of the lands: set of the lands’ lengths {/™";/™} , lands’ width w, and
lands’ depth d,;

e track width w;;

e refraction coefficient of the layers and substrate 7 .

MPS readout process implies photoluminescent response, therefore it’s important to
define recording medium characteristic:

e photoluminescent spectrum (or spectra for multispectral recording);

e absorption spectrum (or spectra for multispectral recording).

And finally should be defined parameters of MPS optical system:

e laser beam wavelength A ;

e numerical aperture of the objective lens N4 ;

e objective lens movement distance /,;

e type of objective lens and diaphragm.
Obviously d,, depends on the on the d,, while d,, depends on NA and desired value

of signal-noise ratio. Thereby d, must be chosen big enough to divide photoluminescent
signal from different layers. While all the structure of the disc is transparent and homogeneous
the parasitic signal will be caused mostly by N4 and absorption of pits areas lighted by
unfocused laser beam. For big enough value of the N parasitic signal will surpass useful
signal. It was proposed to distinguish readout signal as a variable one which is possible if pits
at the lighted area does not change during readout process.
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Fig. 1. Structure of the multilayer photoluminescent storage layers.

To avoid undesirable absorption and thereby decrease maximal noise intensity with its
variable component it was proposed to record information only by the lands while pits should
be recorded by single pulse of laser and can be simulated in mathematical model as cylinders.
Furthermore data layer should peripheral area (inner and outside peripheral areas for optical
disk structure) which uphold a stable level of parasitic signal during readout from the edges of
the disc as its shown at Fig. 2.

While photoluminescent readout signal is spatially isotropic it can be read only part of the
probing beam energy within receipt angle dQ) . Finally readout signal power P as a function
of probing laser pulse F, depends on quantum yield dQ , absorption factor k, , receiver

system’s loss coefficient &, and out of pit exposure area loss coefficient £, :

dQ
P:E)'n'(Ej'kA'kR'kl' (D

Thus the only solving of the low signal-noise ratio is synthesis of the dye with a high
photoluminescence quantum yield. It’s also important to get luminophor with minimal
relaxation time to increase data readout rate.
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Fig. 2. Determination of inner and outside peripheral areas’ width.

There was synthesized class of the pyrazoline dyes which are based on base pyrazoline
ultraviolet (UV) dye and pyrazoline “orange-red” with inclusion of polymethylmethacrylate
and polystyrene (Table 1). Luminophors were proved to be effective recording media with a
quantum yield of photoluminescence value of 60-70%, relaxation time less than 100 ns and
wide spectrum of the photoluminescence [1, 2].

Table 1.
Class of the synthesized pyrazoline dyes with inclusion of PMMM and polystyrene [1, 2].
5% of polymethylmethacrylate 5% of polystyrene
Base pyrazoline ultraviolet dye 53SM 53 SC
Pyrazoline “orange-red” dye S9HM S9HC

Fig. 4 shows for 53SC and 53SM nanostructured pyrazoline dyes that photoluminescence
intensity main peak growth could be within 20-30%. Additional laser annealing increases this
parameter causing complete inclusion luminophor at nanoscale pores of white zeolite (Table 2).
The growth of photoluminescence quantum yield is caused by the quantum size effects which
change molecular energy structure of the luminophor. Pyrazolyne luminophor absorption value
growth is also concerned with an appearance of the new allowed transitions. In white zeolite
porous structure exited molecules relax to the lower levels and thus absorb larger quantities of
the laser beam energy. Such effects also cause the rise of additional peaks of the
photoluminescence, which was demonstrated for some types of the pyrazoline dyes 53SC and
53SM luminophors. For the structure of complex synthesized pyrazoline dyes is important to
consider zz" cross-linking with an active energy hydrogen bond. It causes the effect of
transmission spectrum infrared shift which was also confirmed by experiment.
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Fig. 3. AFM photographs of pyrazoline luminophor introducing in the white zeolite matrix.

Further research demonstrated potential of the improvement of luminophor parameters by
introducing it in the white zeolite matrix [1,2]. The series of experiments confirmed theoretical
consideration that zeolite submicron- and nanopores will divide bulk of the dye to the
submicron particles (Fig. 3-a: 100-350 nm) and nanoparticles (Fig. 3-b: 1.5-2.5 nm) with a
variety of improved optical characteristics.

Fig. 4 shows for 53SC and 53SM nanostructured pyrazoline dyes that photoluminescence
intensity main peak growth could be within 20-30%. Additional laser annealing increases this
parameter causing complete inclusion luminophor at nanoscale pores of white zeolite (Table 2).
The growth of photoluminescence quantum yield is caused by the quantum size effects which
change molecular energy structure of the luminophor. Pyrazolyne luminophor absorption value
growth is also concerned with an appearance of the new allowed transitions. In white zeolite
porous structure exited molecules relax to the lower levels and thus absorb larger quantities of
the laser beam energy. Such effects also cause the rise of additional peaks of the
photoluminescence, which was demonstrated for some types of the pyrazoline dyes 53SC and
53SM luminophors. For the structure of complex synthesized pyrazoline dyes is important to

consider zz" cross-linking with an active energy hydrogen bond. It causes the effect of
transmission spectrum infrared shift which was also confirmed by experiment.
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Fig. 4. Photoluminescent spectra of basic nanostructured pyrazoline luminophors 53SC (a) and
53SM (b) spectra.
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Fig. 5. Photoluminescent relaxation time of basic (a) nanostructured pyrazoline luminophor 53SC (b)
spectra.

To achieve readout rate of MPS close to BD readout system it’s necessary to get
recording medium with photoluminescence relaxation time lower than 100 ns. Experiments
showed that for pyrazoline dyes relaxation time value is within measures ¢ =60...100 ns (Fig.
4-a). Inclusion of the luminophors at the white zeolite matrix allowed to decreas PL
photoluminescence relaxation time ¢ =40...60 ns. Application of the complementary laser
annealing decreased this value up to # =20...40 ns. Moreover complex structure of the
photoluminescense kinetics graph (Fig. 4-b) shows that composite pyrazoline dye has not
completely filled nanopores and further annealing will help to get value #=10...20 ns.
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Table 2.

Improvement of pyrazoline luminophor parameters by introducing it in the white zeolite matrix

Pyrazoline Photolummeigilllt;e main peak PL relaxation time decrease
luminophor =
before annealing | after annealing | before annealing | after annealing
59HM 19 % 43 % 21 % 47 %
59HC 28 % 47 % 33% 45 %
53SM 38 % 55% 36 % 55%
53SC 45 % 63 % 22 % 29 %

While there are different photoluminescence main peak wavelength but close values of
intensity for different luminophors of synthesized dyes class allows to develop multispectral
MPS where spectra of photoluminescence differs from layer to layer spectra of
photoluminescence differs from layer to layer. It was proposed to analyse possibility of this
type of media and optimal parameters of the multispectral MPS by finding the maximums of
the objective functions of information capacity and reliability.

Mathematical model was based on simulation of optical media readout system focused
laser beam by Gauss function [7, 8]:

2 2
I(r,z)=1, (%} -exp{— mzzr(z)J

o(z) = 0y 1+(1/ 25 )

2

2
Zp =Ty /A

where / is time average function of the electromagnetic field intensity distribution, I, is
intensity of laser beam at the focus point, @, is the radius of the Airy disk, z is the vertical

distance from the focal plane, r is the radial distance from the perpendicular to the focal plane.
At the output data of the mathematical model that simulates the readout process includes:
e [, as aphotoluminescence amplitude of the useful signal during the focusing of the
laser beam on the pit (this value summarize useful and parasitic signal);
e [, as a photoluminescence amplitude of the signal during the focusing of the laser
beam on the land (pure parasitic signal);
e Al as a maximal deviation in the amplitude of the signal when focusing the laser
beam on the land (variable part of the parasitic signal).
At the next stage output data was used as indicators and objective functions to define
optimal parameters of multispectral MPS:
e k is indicator of the useful signal, as the ratio of the useful signal to the maximum

possible signal, which occurs when focusing on the pit of the first information layer;
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e k. is contrast indicator as ratio of the wuseful signal of the averaged

photoluminescence signal value received by the readout system;
o kg, signal-noise ratio as a ratio of the useful signal of a variable component of

parasitic signal that cannot be distinguished during readout process.

kg = Toy —1Iy
I;nax
Ty —1
kg :y . 3)
SN
1
kong = ff]vx
Algy

Defined coefficients allow specifying for multispectral MPS the concept of reliability at

the mathematical level (Fig. 5).
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Fig. 6. Algorithm of optimal parameters of the multispectral multilayer photoluminescent storage
estimation by finding the maximums of the objective functions.
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Fig. 7. Indicator function of readout layer depth value for MPS (a, b, c)
and multispectral MPS (d, e, f).
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At the Fig. 6 shown results of the developed mathematical model of multispectral MPS
readout process work for target functions:
¢ indicator of the useful signal as a function of depth value of readout layer (Fig 1-a for
MPS and Fig 1-b for multispectral MPS);
e contrast indicator as a function of depth value of readout layer (Fig 2-a for MPS and
Fig 2-b for multispectral MPS);
e signal-noise ratio as a function of depth value of readout layer (Fig 3-a for MPS and
Fig 3-b for multispectral MPS).
The results indicate an improvement for k. (/) and kg, (/) target functions, while

predictably k,(H) dependence remained unchanged.

Conclusions. To make a proper analysis of multispectral multilayer photoluminescent
optimal characteristics it was developed mathematical model and computer simulation of the
readout laser beam propagation process. The model included parameters of the storage
construction and readout system as input data. Thereby the task of the optimal parameters of
the multilayer photoluminescent storage with multispectral recording medium finding was
solved by finding the maximums of the objective functions. It was shown that development of
multispectral media allows to increase reliability of multilayer photoluminescent media.
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Axmyansuicme memu  Oocnioxncennsn. Onmuunuil 3anuc ingopmayii wsxom GopmyeanHs
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ITocmanoska npoonemu. Oonak winbHicme 3anucy onmuynol ingopmayii He gionogioac 6umozam
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