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PERSISTENT SPECTRAL HOLE BURNING APPLICATIONS IN DISTRIBUTED
DATA STORAGE AND PROCESSING

KARL K.REBANE
Institute of Physics, Estonian Academy of Sciences,
142 Riia Street, EE2400 Tartu, Estonia

Abstract Brief review of zero-phonon lines, persistent spectral
hole burning (PSHB) and its applications is given, The provided
by PSHB additional dimension - the spectral one in optical data
stora?e allows gn principle to get densities up to 10i¢ bit cm=¢
or 1016 bit cm=3, In both cases an 1016 c¢m=3 cell comprising on
average only 100 impurity molecules is involved to store a bit.
It is a two small amount because of fluctuations in the distribu-
tion of impurities over the cells, Parallel processing and distri-
buted data storage, realized in PSHB holography and optical mo-
de1ling of neural networks, are prospective to utilize the full
capacity of PSHB storage and processing,

1. INTRODUCTION

Persistent spectral hole burning (PSHB) was found independently
by two groups (at Troitsk, near Moscow and Tartu, Estonia) twenty
years ago [1,2]. Fast growth of studies started ten years ago when
several well equipped laboratories of solid state laser spectroscopy
in USA, Germany, Switzerland, and France got also Involved. A series
of international conferences has started (The third one - Ascona,
Switzerland, September 1992), several hundreds of papers and first
monographs have been published {3,4].

High resolution PSHB matrix isolation spectroscopy of molecules
has been developed, including studies of chlorophylls and its rela-
tives [5], and even photosynthetic units [6]. A number of applications
have been proposed among them as one of the most attractive potential
applications - PSHB data storage and processing,

2. ZERO-PHONON LINE

Zero-phonon line (ZPL) - a characteristic feature of the Tlow
temperature impurity spectra of solids[7,4,3] - is the foundation
stone of high-resolution persistent spectral hole burning.

Theory tells us that the ZPL's linewidth at zero temperature is
given by the lifetime of the excited electronic state {7]., ZPL is

[553)/13
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accompanied by a broad phonon sideband (PS). The Debye-Waller factor
(DWF) shows how much of the bulk intensity of a vibronic transition
belongs to ZPL, When temperature increases, DWF decreases rather
rapidly. The increasing temperature broadens also to some extent the
ZPL. In most molecular systems there are no ZPLs at temperature above
20-40 K,

The temperatures used in PSHB studies are usually 1,8-2 K and the
typical spectral characteristics are roughly the following: 1. ZPLs
linewidths are 1073-107% cm'l; 2, The most important for spectral re-
solution parameter - ratio of the transition frequency to the line-
width s up tp 107-108; 3. Broadening of ZPL, caused by scattering of
phonons at the excited impurity, is approximately the same as line-
width determined by the radiative lifetime of the excited electronic
state; 4. Relation of the ZPLs peak intensity to that of the PS s
about 105-106, (the absolute value of absorption cross section see
Section 7).

3. INHOMOGENEOUS BROADENING, PERSISTENT SPECTRAL HOLE BURNING

ZPL of a single molecule is so narrow and therefore sensitive
that the irregularities of a real solid influence its frequency very
strongly compared to the linewidth, A body of impurities has an inho-
mogeneously broadened ZPL whose width may be from one cm'1 (single
crystals) up to a thousand cm'1 (glassy metrices), A low temperature
impurity spectrum comprises two parts: a really continuous PS and a
pseudo-continuous body of sharp and intense ZPLs. The latter part is
actually a broad band of thousands of sharp resonences and provides a
wonderful device to perform fine physics.

Under monochromatic laser excitation these impurities, whose ZPLs
are in resonance with it, undergo excitation-deexcitation cycles with
high repetition rate and chemical changes in them or in their environ-
ment may be created. ZPLs of the changed impurities are shifted far
awdy from their initial positions and a hole (dip) is formed at the
laser frequency. The changes are fixed by rearrangements of the posi-
tions of the atoms and molecules and can have very long lifetimes,

PSHB is a tool to control by illumination (of decent intensity,
because the doses matter in the first place) the optical proper-
ties - the absorption coefficient and related to it refraction
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index. PSHB turns inhomogenecus broadening of ZPLs into a  useful
feature,

4, PSHB FILTER OF TRANSPARENCY. DATA STORAGE

The broad absorption band with a sharp hole is a narrow-line
(1073-107
transparency may be more complicated - comprise two or more lines or

cm-l) wide-apperture spectral filter. The spectrum of

have various continuous profiles. An illumination subject to be fil-
tered can burn for itself a profile of transparency, matching its
spectrum of intensity.

PSHB optical memory is actually a transparency filter of specific
profile. We can attach to a diffraction limited 10'8 cm2 spatial spot
(the wavelength of light being 10'4 cm) up to 104 bits of information
defining the content of a bit by absence or presence of a hole at a
certain frequency in the absorption band. The total density becomes
really high: 10°x 10%= 1012 bit cm® and 102 x 10*= 10'® bit am™3 for
a possible fourdimensional (x, y, z, v) memory. A booklet of ten
10 ¢cmx 10 cm memory sheets for the threedimensional case (X, ¥, v)
comprises 1015 bits. To write in and read such tremendous amounts of
information in a bit-by-bit way becomes quite a time consuming task.
To burn a hole usually takes seconds. The shortest time reported (for
a very shallow one) is about 30-100 nanoseconds [8] and even such a
speed leaves the writing-in time unreasonably Tong.

There is a principal 1imit for both - write-in and read-out: to
fix or detect a hole with the accuracy &v in the frequency domain we
have to illuminate at least as long as sv L,

The message is that for the high capacity PSHB memories parallel
processing becomes a must,

Another point is that simply extending the bit-by-bit memory to
the frequency domain we are not making use of the new quality of the
new physical dimension - the frequency. We have to search for and
employ new ways for data processing. This is the path or thinking
that leads us to the time-and-space domain holography.

Two ways of fully parallel processing based on PSHB have been
realized: holography (stationary spectral holography [9] and time-and-
space domain holography [10]) and models of neural networks [11]., In
both approaches parallel processing is accompanied by distributed
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data storage. The latter becomes also a must when the mentioned above
storage densities are used,

Focussing with the diffraction limited accuracy means that the
depth of the focal cannot be smaller than wavelength and the volume of
a PSHB pixel (AxAxAv) is 10716 ¢, Impurity concentration of 1018
cm'3 is the maximum value at which we can still suppose that there is
no interaction between impurities destroying the spectral selectivity.
It means that there is on average only 100 impurity molecules to fix a
bit. This is too small amount to avoid errors in distinguishing bet-
ween the changes caused by hole burning and simply by fluctuations of
the initial distribution of impurities. Distributed data storage used
in holography and models of neural networks is much less sensitive to
errors and probably allows better utilize the high capacity of PSHB
memories.

5. PERSISTENT SPECTRAL HOLE BURNING HOLOGRAPHY

Powerful PSHB applications for data storage and processing are
space-and-frequency domain [9], space-and-time domain [10], space-time-
and-frequency domain [11] holographies. These advanced approaches are
based on very high spectral resolution of PSHB materials and methods to
control their optical properties by illumination, also on distributed
data storage and fully parallel coherent write-in and read-out proce-
dures. Results are impressive: storage and playback of thousands of
holograms written at different frequencies in a small piece of PSHB
material [9,12], storage and playback of all the classical features of
a light pulse (i.e. three-dimensional image in colour, including the
polarization characteristics) and its dependence on time ("holographic
movie of events") [10], conjugation of wavefronts [10], imaging through
scattering media [13], shaping of light pulses [14], associative recall
of events [15]. A1l holographic approaches are rather insensitive to
errors in storage and processing., Associative properties of the
time-and-space domain holography is a fine demonstration of it: a
fraction of the event can recall the whole one (in space and time!)
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6. ERROR-CORRECTIVE PSHB OPTICAL MODELLING OF NEURAL
NETWORKS

Capability of PSHB to provide frequency as a new dimen-
sion and enlarge (in principle up to 104-105 times) the num-
ber of possible interconnections has been shown[ll]. Four
models and various ways of PSHB experimental realization
have been considered. E.g, in the third case quadratic
auto-associative memory is coded in three dimensions (coor-
dinates x, y and v) and materializes 32 x 32 x 32 = 32768
optical interconnections; the probe vector is taken as
32 x 32 spatial matrix (coordinates x, y); the output is
one-demensional, consists of 32 bits along the frequency
axis v and corrects 4 erroneous bits. Experimental details
are described in [11].

In the first three experiments the read-out of the
frequency-domain bits is accomplished sequentially by tuning
the wavelength of the read-out laser, Obviously it makes
the procedure long without any real reason to be long.

In the fourth case the simultaneous parallel read-out
not only for the spatial locations but also for all the
frequency-domain read-out bits has been realized experimen-
tally. A1l the output information is comprised in the only
one output pulse and coded in frequency, what sould be con-
venient to transfer it along optical waveguides. Actually
here the picosecond read-out pulse accomplishes optically
paralell tensor-matrix multiplication, the lens performing
the summation part of the calculation.

7. SINGLE IMPURITY MOLECULE DETECTION AND SPECTROSCOPY.
NEW HORIZONS FOR DATA STORAGE?

The peak value of the absorption cross section of ZPL
in absence of non-radiative quenching of excited electronic
energy differs from the universal value for a free atom

Igt = 12/(2n) by two factors:
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1.(T) = 125(T) a (1) & (T) = 2%/(2n) & (T) & (T),

where o (T) stays for the DWF and g (T) - for the temperature
broadening 1in the units of ZPL's radiative width. As an
convenient estimate for molecular impurities in organic mole-
cular matrices at 1liquid helium temperatures we can take
o(T) = 8(T) = 0,5. The resonance excitation wavelength via ZPL
is A = 1000 d, where d is the geometrical size of the impurity
molecule. So the ZPL's absorption cross section exceeds the
geometrical size of an impurity molecule by a factor about
105. That is why ZPL 1is also the foundation stone for the
spectroscopy of a single impurity molecule spectroscopy - a
new prospective field of matrix spectroscopy of molecules
[16].

Does the possibility to detect a single molecule open
new routes for optical data storage and processing? A reliable
way to detect a single molecule is multiple resonance ex-
citation and collecting a sufficiently Tlarge number of
fluorescence photons emitted by the impurity. The advantage
is that statistical fluctuations involved in the measure-
ment may be transferred from the number of impurities per
pixel (A x A yAv)to the number of photons counted and the
latter may be made large. It opens the possibility to
clearly distinguish between a pixel, in which is one or
more molecules (1 written in), and a pixel, where none s
present (0 written in}). So in principle it dis possible to
read a given information stored with a density about
one bit per one molecule. Long time required to collect
a large number of photons emitted from a single molecule
is certainly a disadvantage, creating difficulties for
coherent processing and parallel read-out. The main task
to be solved is how to write in the  information. Who
and how could provide the PSHB material with very smooth



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:53 18 February 2013

PERSISTENT SPECTRAL HOLE BURNING [5591/19

distribution of about N molecules over N pixels?
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