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ABSTRACT

We propose a new spectral holography method for storing data in a persistent
spectral hole burning (PSHB) material. In these materials, information is recorded as
a spectral shape imprinted on the profile of an optical absorption band. In this way, a
fourth dimension, the temporal frequency one, is added to the three dimension
volume occupied by conventional spatial holograms. We propose, and experimentally
demonstrate, an original approach for addressing data within the spectral domain. It
relies on spectral interference over the storage window which spans a several THz
interval. A broad bandwidth chaotic source delivers a light beam that is split into a
reference and an object arms. Data to be stored are encoded as spatial modulation of
the object beam. Each address is characterized by a frequency dependent phase
factor that is conveyed by the reference beam and that is recorded in the memory
medium together with the information to be stored. For reading out a specific address,
one uses a probe pulse that is spectrally shaped by the corresponding phase factor.
Although addressing takes place in the spectral domain, time-consuming procedures,
such as frequency tuning of the light source or adjustment of the optical delay line,
are avoided in data storage or retrieval operations. Therefore, high random access
rates are expected. The dissertation is mainly devoted to a careful examination of the
material contribution to crosstalk between addresses. In the past, the photochemical
tautomerization mechanism that is involved in the hole burning process was mainly
investigated with the help of narrow band sources. We extend its description to
broadband excitation conditions. We develop a theoretical model that includes the
photochemical process, the broadband pulse propagation and the spectral
holographic storage. It enabies us to disclose the dose condition for eliminating the
material contribution to crosstalk. Experimental demonstration of the spectral phase
encoded storage confirms our predictions.

KEY WORDS:
Spectral hole burning Holography Four-wave mixing
Optical storage Tautomerization Intercorrelation
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INTRODUCTION

Persistent spectral hole-burning (PSHB) and optical holography are the two
cornerstones of the present work. This introduction gives an overview of their historical
development.

The first ‘spectral hole’ was observed in 1948 by N. Bloembergen et al. as a dip
created in a magnetic resonance absorption line of a solid M The same year, D. Gabor
proposed a new concept of imaging, ‘holography’, originated from electronic
microscopic studies 2. Both emerged at the same time in field areas far from optics,
but quite soon, they were introduced, one after another, into the optical domain, and
achieved great developments after the discovery of the laser.

In magnetic resonance, the inhomogeneity of the applied magnetic field is
responsible for a spread-out of the resonance frequencies of the individual nuclear
spins. Then the individual spins at a specific frequency can be selectively saturated
under the excitation of a resonant radio-frequency field, creating a depopulation of their
ground state and therefore, a dip at the specific frequency in the inhomogeneous
distribution of the spin ensemble. With the discovery of the laser, this idea has been
applied to the optical domain as so-called saturation spectroscopy of atoms in gas
phase. In this case, the inhomogeneity responsible for the distribution of the resonance
frequencies of atoms arises from the Doppler effect which assigns a specific frequency
at each atom according to its velocity. Despite the prediction in the early 60's of a
transient laser spectral hole burning phenomenon in solids Bl the first experimental
observation was effected only in 1974 on the R lines of a ruby crystal at cryogenic
temperatures by Szabo ™. Almost at the same time, persistent spectral holes were
discovered independently by two groups in dye-molecule-doped Shpol'skii ©* and glassy
matrix ' at liquid helium temperatures. In that case, the inhomogeneity is induced by
the differences in local environments around the guest molecules. Since 1974,
persistent spectral hole burning (PSHB) has been observed successively in a broad
class of materials, including ion-, or molecule- doped inorganic crystals, polymers,
glasses, and so on [\ The permanent character of the changes on the absorption
profile makes the experiment quite simple and of large applicability. A hole is burnt in
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It can be probed with the same laser by scanning it with an attenuated intensity and
monitoring the transmission or the fluorescence. A PSHB experiment eliminates the
inhomogeneous broadening. A narrow hole is like a negative imprint of a spectral line
and high resolution spectroscopy becomes feasible. PSHB is a powerful tool applied in
photophysics, photochemistry and photobiology 89 On the application aspect, its
potential for ultra-high density optical data storage was quickly realized. Only one year
after his first observation on ruby, Szabo proposed to use transient spectral holes for
recording optical data in the frequency-dimension beyond the 3D space 19 The idea
was later extended to long-lived data storage with persistent spectral hole burning by
Castro et al. in 1978 "', To utilize the storage potential in the frequency dimension, one
has made ceaseless efforts for both optimizing optical configurations and researching
suitable PSHB material systems (1213 Materials operating at 77K were developed in
1987 181 which was followed by the discovery of room temperature PSHB materials in
1990 "8 For raising burning efficiency and diminishing a simultaneous erasing effect,
a photon-gated arrangement was proposed by Macfarlane et al. "% and related material
systems were developed by the works of several groups [20-26]

The idea of holography was originally proposed by Gabor as a way to increase
resolution in electron microscopy. He suggested to record the scattered field when an
object was illuminated with electrons and then to reconstruct the image of the object
from this record with visible light. He also used light wave both to record and to recall
the object image which was the primary form of optical holography. In early times,
around 1950, the lack of highly coherent light and an inappropriate co-linear
configuration maintained optical holography in its infancy. The advent of the laser
stimulated investigations and several technical problems were rapidly solved. A
dramatic improvement was achieved by Leith and Upatnieks who proposed the off-axis
reference arrangement, which avoided image mixing problems® 2. The mixed image
components were spatially separated with an off-axis reference beam technique, and
the new-developed laser provided a powerful coherent light source. These works
marked the birth of optical holography. At the time spanning from 1960’s to 70’s, the
spatial imaging properties of monochromatic holograms were studied with a great

(30]

variety of configurations. In 1969, a coupled-wave theory was developed by

Kogelnik and then used as a classical theory of holography in optically thick media.
Holography has also been applied to interferometry ©"! and three-dimension display.*?

In 1969, Benton created the rainbow hologram [*3] which led to a commercially adopted




INTRODUCTION

display technique, the white-light holographic stereography ***. At the same time,
new types of recording materials were discovered such as photorefractive materials
which show a high capacity for optical image storage B8 Since the 80’s, specially in the
90’s, the high parallelism and capacity of holographic storage in 3-dimension attracted
attention. D. Psaltis et al. recorded 10 000 pages of 320x320 bits in LiNbO3 with an
error ratio of 1/100 000 B7!. Recent results on photorefractive crystals demonstrated a
storage density 10 to 100 times higher than conventional optical disks. Furthermore,
other kinds of materials are under study, for example, the photopolymer developed by
the Du Pont Company showing a read-only storage density 2500 times higher than that
of LiNbOs.

A new concept of holography, 'temporal holography’ in a resonant medium arose
from a transient coherent phenomenon, the ‘Photon Echo’ (PE), predicted in 1963 ©**
and first observed in 1964 % It is a process in which a sequence of two or three
coherent pulses acting on a phase memory medium generates a time-delayed coherent
radiation, called the echo. Two-pulse or three-puise PE (also called stimulated PE or
SPE) have been widely used for optical spectroscopic studies as a transient spectral
grating technique. PE as an example of temporal holography was proposed to be
applied to optical memory in 1972 49 Temporal holography can be considered as a
spectral analogue of spatial holography in that sense that an interference pattern in
frequency domain is constructed by two temporally separated coherent pulses and
probed by a third one. Recording a spectral grating requires long-lived spectral
selective memory media which is just the advantage of PSHB materials.

A spatial holographic readout scheme was proposed to be applied to PSHB
systems as a non-destructive detection method of the spectral hole!*!!. Little attention
was paid to it and it was not experimentally implemented. Spatial holography with
tunable cw laser was first applied to PSHB material in 1985 by Wild et al. 2] A strong
resonant holographic signal was detected with good signal to noise ratio (SNR) and no
background feature. In the latter aspect, holography differs from transmission or
fluorescence detection methods. A series of works on the diffractive properties of
spectrally selective holograms were published in 1989 and 1990, including comparison
between holographic and transmission detection, study of the crosstalk between two
spectrally adjacent holograms and the effects from the external electric fields, etc... %,
At the same time, a new concept of molecular computer based on parallel data
processing with spectrally selective holography was proposed 4 \n 1993, a frequency-
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and-phase-sweeping technique was applied for increasing the diffraction efficiency and
reducing the crosstalk between spectrally selective holograms. Combined with the
electric field multiplexing, this approach resulted in the storage of 2000 holograms at
one spatial spot in organic amorphous material and an animated film was replayed“sl,
Recent result with the same method shows a storage of 6000 images at one spatial
position 81 |n these works, image replaying was effectuated by scanning the laser
frequency and varying the electric field with a high-voltage supply. Frequency scan
over a several THz bandwidth strongly hampers fast data retrieval. In inorganic
materials, the storage spectral area spreads over a much narrower interval since the
inhomogeneous width usually does not exceed a few GHz. Therefore, high scan rates
can be reached in these media. Real-time storage and retrieval of a movie was actually
demonstrated by spectrally addressing spatial holograms in a rare earth ion doped
crystal 7] In this experiment, the laser rapidly explores the spectral addresses in a
sequential way, as it is scanned over the absorption band. The separation between
contiguous addresses does not exceed a few KHz. Thus random access to a specific
address needs more time since the final value of the laser frequency has to be
precisely controlled.

On the other hand, temporal holography was also applied to PSHB systems.
Indeed, the long-lived stimulated photon echo process that underlies temporal
holography can be observed in all PSHB materials. Recording a temporal hologram in
the frequency dimension provided by PSHB was proposed by T.W. Mossberg in 1982
8 and experimentally performed using photochemically accumulated photon echo with
weak picosecond pulses in a porphyrin-derivative/polymer system by A. Rebane et al.
in 1983 9. Since then, temporal holography for PSHB materials with either collinear or
off-axis spatial configurations have been widely studied in both organic and inorganic

50561 brocessing 7 with

materials for the applications to data ( and image) storage
pulsed coherent laser sources, and short-pulse shaping on the time scale from
nanosecond to femtosecond ©'%%. Temporal holography in PSHB systems was also
performed with a convenient stochastic laser source *. The time-domain data are
recorded in the form of their Fourier transform that is engraved in the absorption band
of the material. To take full advantage of the storage capacity, one has to engrave and
retrieve data at rates that range from 10° frames/second in inorganic materials to more
than 10'? frames/second in organic materials. These rates by far exceed the capability

of existing matrix cameras. Real-time detection is feasible on point detectors in the
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case of inorganic PSHB memories. As for organic materials, one resorts to optical
gating techniques that dramatically slow down access to data.

With the extensive studies in both spectrally selective holography and temporal
holography, some modified 65,861 or hybrid (67] approaches have been experimented for
optimizing storage density and data transfer rate. 1.6 Kbit-storage was demonstrated
with combination of spectrally selective and temporal holography approaches in
inorganic crystals in 1991 ®7L In 1992, the swept-carrier approach was proposed t68],
with which a 8 Gbits/in? areal storage density and a 10Mbit/s transfer rate were
achieved.®®"" However, these approaches intrinsically imply sequential data retrieval
and are not well suited to random access.

In summary, disappointing values of the random access rate were obtained in
the experimental demonstrations of optical storage in PSHB memories, especially in
organic media. In order to reduce the access time in PSHB organic materials, we
develop a modified TDOS approach. A spectrally phase-encoding TDOS method was
first proposed in ref[72]. In this approach, the spectral channels of the material are
utilized parallely and the data are addressed by the spectral phase codes conveyed by
the reference and the probe beams. This idea is experimentally demonstrated in our
work. A broadband laser is employed without frequency scanning. The data are
retrieved individually at a fixed temporal position.

In chapter 1, the principles of PSHB and holography are presented, as also their
application to frequency- and time-domain optical storage. Some essential properties of
the storage with several existing approaches are discussed. The interest of achieving a
fast random bit access is proposed.

Chapter 2 introduces the spectrally phase-encoding idea for data addressing.
This approach is applied to multiple binary data storage on Terahertz spectral scale in
a material, octaethylporphyrin-doped polystyrene, by the help of a subpicosecond pulse
shaping system and a field cross-correlator. A random access time shorter than 0.1
millisecond can be achieved.

However, the experimental results are spoiled by crosstalk between different
addresses, which is critical for storage capacity. Both the optical set up and the storage
material may contribute to crosstalk. The optical aspect has been studied in the works
of ref [73]. The understanding of the physical mechanism and the optical characters of
the material forms the subject of the main part of this thesis.
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Chapter 3 is devoted to the theoretical analysis of the storage procedure in an
optically thick medium with a simple medium model. Some general features are
disclosed.

Based on chapter 3, the spectral characters of the memory material used in our
experiment are studied in chapter 4. First, the contributions of the electron-phonon
coupling and the PSHB quantum yield to the holographic signal are studied by
comparing the theory and the experiment under the small exposure condition. Then, a
tautomeric model of light-induced molecular reaction is built to complete the theory in
the large exposure regime and is verified by the experiment.

The model is used to analyze the spectrally phase addressed multiple-bit
storage in chapter 5. An optimized recording condition is obtained under which the
crosstalks can be eliminated. Experiment results consist with our predictions, and the
storage quality is limited by the performance of the optical setup.

Finally, the presentation will be ended with a general conclusion.

10
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CHAPTER 1

SPECTRAL HOLE-BURNING AND TEMPORAL HOLOGRAPHY

1.1 Introduction

This chapter is devoted to the introduction of holographic storage in spectrally
selective materials. We give the basic concepts of spectral hole burning, and of optical
storage in frequency dimension in section 1.2. Conventional spatial holography in
frequency selective materials and its extension to the temporal frequency domain are
presented in section 1.3. The application of these techniques to the addressing of
binary data in a frequency selective memory is then discussed in section 1.4. With
spatial holography storage, each data is located at a specific position in frequency
domain. Conversely, data to be saved as spectral holograms are encoded as short light
pulses and their address is represented by their time delay with respect to the
reference. These two approaches can be considered as extreme opposite forms of
holographic storage. Intermediate methods are described in section 1.5. The
characteristic parameters, such as the storage capacity, the data transfer rate, the
diffraction efficiency and the random access rate, as well as the technical requirements
are compared for the different schemes. Finally, the conclusion in section 1.6 is
focused on the fast random access issue.
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1.2 Persistent spectral hole-burning and spectrally selective materials

in some solid state materials, where absorbing centers are embedded in a
matrix, monochromatic irradiation within an absorption band results in a transmission
increase at the excitation frequency, as if a spectral hole were burnt inside the
absorption profile. The notions of homogeneous and inhomogeneous width are
essential to understand the basics of this hole burning mechanism.

absorption

absorption

photoproduct

Figure 1.1  (a), (b) Inhomogeneous broadening.
(c) spectral hole burning.

Let us consider a set of identical absorbers dispersed in a perfect crystal. in this
ideal situation, all of them are in sites with identical local environments, and
consequently, have the same absorption spectrum with the same resonance frequency
and line width. The absorption profile of the ensemble is the same as that of any
individual absorbing center. The resulting spectral profile is called a homogeneous
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line because every absorbing center contributes to it in the same way and cannot be
distinguished from each other. Its width T'hom, called the homogeneous width, is
determined by the coherence lifetime of the corresponding transition. Actually, a real
crystal can not be considered as a perfect lattice structure due to defects such as local
strains, impurities, etc... Therefore different absorbers undergo different frequency
shifts depending on their local environments. The resulting absorption profile is then
inhomogeneously broadened due to the spread-out of the individual resonance
frequencies. This inhomogeneous profile is what one usually observes by
conventional absorption spectroscopy. The inhomogeneous width, I'i,, can be much
larger than T'hom. The spectral widths are defined as the full width at half maximum
(FWHM), if no other indications are given.

When a laser of line width ', smaller than T'hom, illuminates the absorbing
system, the specific subset of absorbing centers resonant with the laser line is pumped
to the excited state. Consequently, an absorption decrease corresponding to this
absorbing subset appears in the absorption profile. It can be detected as long as the
excited absorbers have not returned to their initial state. This detection can be done by
absorption, fluorescence, or excitation spectra and it can be shown that the measured
hole width is Thee=2hom. The burnt hole survives if selectively excited photoactive
centers do not come back to their initial state but reach a long-lived state with a
resonance frequency different from that of the laser excited transition. If the long-lived
state is only a metastable state (for instance, a triplet state in molecules, an hyperfine
sub-level in a rare-earth ion, etc...), we observe only a transient spectral hole. If the
final state is a stable one resulting from some photochemical changes of the excited
absorbers, then the burnt hole can last infinitely. The association of saturation
spectroscopy with photochemistry is known as photochemical hole-burning. Both
transient and photochemical hole-burning are powerful tools for the study of doped
solids because the lifetime of the hole is no more connected with the lifetime of the
initially excited state and can last for microseconds to years. Nowadays this technique
is called ‘persistent spectral hole burning’ (PSHB). The interest of ‘spectral hole

burning’ lies in the range, [in>>Thom, @s shown in figure 1.1, which usually occurs at

low temperature.
PSHB can occur in many kinds of impurity-doped solid systems. The absorbing
centers may be ions, molecules or color centers. The matrix may be crystalline (such
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as pure and mixed crystals), or amorphous (such as glasses, polymers, gels). The
mechanisms for PSHB are usually classified into photophysical type involving
photoinduced local rearrangements of the environment around the guest or guest
reorientation, and into photochemical type, such as proton tautomerization for porphyrin
and phthalocyanine-derivatives in a variety of matrices, donor-acceptor electron-
transfer for organic molecular systems, photoionization and electron trapping for color
centers, rare-earth and transition ions, hydrogen bond rearrangement, etc.!!

At low temperature, for an electronic transition, I'nom ranges from subkilohertz to
hundreds of megahertz. The decay rate [nom is expressed as a function of the energy

relaxation time T4 and phase relaxation time T',, by the following equation[3]:

11,
T[T2 27TT1 nT*z

Thom =

where T4 is the excited state lifetime. It includes both radiative and non-radiative

decays. T is related to all the pure dephasing processes which destroy the phase of
the initially created coherent state. The homogeneous line is governed by the excited
state coherent time T, and it is extremely sensitive to microscopic changes,
interactions and weak perturbations. By the mean of spectral hole burning, one can
extract a narrow homogeneous spectral feature buried in a broad inhomogeneous
spectrum and then obtain structural and dynamic information on the system. This
underfines the importance of this technique for high resolution spectroscopy of large

molecules embedded in amorphous solids®?™.

Vo N
| 'fyﬂaxmh
|

x,y,z,v)

>
v

Figure 1.2  Four-dimension optical storage.
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Besides its significance for fundamental studies, PSHB opens a way for a new
generation of devices for optical storage and processing with high access data rate and
capacity. The basic idea is to add the fourth dimension, frequency, to the three usual
spatial dimensions. On a broad inhomogeneous band, a binary datum can be stored by
burning a hole at one frequency. The existence or absence of a hole represents a bit ‘1’
or ‘0’, respectively. The spectral position of the hole can be regarded as the data
coordinate in frequency dimension, ie. a datum now is addressed by (xv,z,v)
corresponding to three spatial coordinates (x,y,z) and one frequency coordinate (v) as
shown in figure 1.2. Since each bit occupies a I'nom-wide spectrum, the upper limit of
the additional storage capacity in frequency dimension can be roughly estimated by the
ratio R=I'in/Thom that can reach 10% to 10° at liquid helium temperature depending on
the system. Based on this idea of spectrally selective storage, PSHB materials serve
the functions of a new class of optical storage media, spectrally selective materials.

Two classes of PSHB materials, rare-earth-ion-doped crystalline hosts and dye-
molecule-doped polymers have been widely studied for the aim of optical storage and
processing according to different requirements on spectral band width and bit transfer
rate.

A variety of recording and retrieval methods have also been proposed which
may be listed into a classic or a holographic catalogue. in the classic way, a narrow
laser line from a tunable monochromatic source is positioned in the 4-dimension
volume, and the data are recorded spot by spot as shown in figure 1.2, then retrieved
in the same way by detecting the transmission, excitation or fluorescence spectrum. In
this fashion, high storage capacity may be achieved, but the recording and retrieving
rates are intrinsically limited by spatial and spectral laser positioning. On the other
hand, holography is an attractive and rapidly developing part in PSHB applications. Its
advantages lie in its spatial and spectral parallelism and high signal-to-background
ratio.

In the next paragraphs we introduce the basic concepts of spatial and spectro-
temporal holography which are the key techniques used throughout this work.
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1.3 Holography

Holography is a well-known method of 3-dimension imaging. Generally, for a
given object illuminated by an electromagnetic field, the information on its geometrical
structure is carried by the wavefront of the illumination field after being reflected or
scattered by it. To reconstruct the image of an object means to recover the form of the
wavefront determined by the space- and time- dependent amplitude and relative phase
of the field. A photograph records a 3D object by only memorizing the light intensity of
the carrier field. Because the information on the phase is lost, the object can be merely
recovered as a 2D image. To reconstruct a faithful ‘stereoscopic’ image of the object,
the information on both the amplitude and the phase of the carrier field should be
recorded and recovered. Up to now, holography is the unique method to achieve this
goal, which utilizes the light coherence. A light beam scattered by the object is called
object beam. All the information on amplitude and relative phase of the object field is
collected in the form of interference fringes with the help of a reference beam coherent
with the object beam. The interference pattern may be recorded in a memory medium
through light induced modifications of some optical properties, such as absorptive or
refractive properties. The recorded interference pattern is called a hologram. When an
appropriate field, the probe beam (usually identical to the reference), irradiates the
hologram, the diffracted field retrieves the entire information on amplitude and relative
phase of the object field so as to reconstruct it. A hologram is usually formed and
recorded in spatial dimension, on a 2D photographic plate or in a thick 3D medium.
This is the conventional spatial holography that is presented in more details in sections
1.31 and 1.32. One can extend the concept of holography to the temporal frequency
domain, as explained in section 1.33, by taking advantage of the coherence properties
of the carrier field in the time-domain, and of the spectral selectivity of PSHB materials.

1.31 Spatial holography

To understand the spatial structure of a hologram, we consider a simple case
with a plane-wave carrier field. Two beams are split from a monochromatic laser
source, one is used as the reference beam, and the other as the object beam after
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being scattered by an object. The two beams, the object and the memory medium are

configured as in figure 1.3 (a). We write the scalar expression of the field as :

E;(F,t) =

ER;(F)e

i2nv0t—ii_{j T

j=1,2and 3

where subscript j denotes, respectively, reference, object and probe beams, vy, is the

common frequency of the fields, and Rj the corresponding wave vector. The

exponential term takes into account the time- and space- phase of the field. & and

Rj(F) represent the field amplitude and the spatial structure, respectively. For the

reference and the probe beam, Rj(F)=1, (=1,3).
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Figure 1.3  Spatial holography.
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For recording, the memory element is illuminated by the reference and the object
beam simultaneously. In an optically thin medium, the local field in the material is the
sum of the two incident fields as,

E(F,t) = E4q(F, ) + Eo (T, 1) (1.2)
In a photosensitive material, the interference pattern of the two fields is recorded as a
modification of the absorption coefficient and the refractive index. This recording is
known as a spatial hologram.

The stored information is retrieved with the help of a probe beam that is directed

to the medium along R1. The field propagation can be described by a complex

absorption coefficient o, the real and imaginary parts of which are linked together by
the dispersion relations. This field, which includes the probe and the diffracted modes,
is denoted as.

S(F H)= 5 (F,v)e@m™t-ikier (1.3)
The probe field propagation along z-axis is described by the following set of equations:
25 (%, V) O ~,-
=—— 1.4
pe 5 s(r,v) (1.4)
a(V)=ou(v)+icim(v) (1.5)
oim(V)= 1 I _“r,(" ) v (1.6)
T v—V

Let us restrict the discussion to absorption holograms, which are obtained when the
laser is tuned to an absorption band of the recording material. In addition, we only
consider the small exposure and small optical density limits.

When illuminated by the combined monochromatic object and reference beams,

the absorption coefficient undergoes a variation, Ao, that is proportional to the

interference pattern energy distribution:
. ~ 2 ~ - 2 ~ W~ o ik Ik oF
Ao (F,v) = -Baol |§] +|ERE)| + & ERMe T cc) (1.7)
Where B, oo denote the excitation factor and the initial absorption coefficient,
respectively. In this expression, the object spatial distribution R(¥) contributes as the

envelope of the interference grating factor e"i(krk‘)'F, the spacing of which is denoted

as A=2T£/'R2 - R1'
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We assume that the absorption coefficient is a symmetric function of v around
the laser frequency vo. Then the Cauchy principal value in equation (1.6) cancels at

v=vp and the propagation equation reduces to,

85(f,vg) g +Aoy g
oz
The modified absorption coefficient reacts on the probe field to generate diffracted

(F.vo) (1.8)

emissions in direction k, and 2k{—k,. The corresponding signal fields after a L-thick

sample are, respectively, given by:

st (r.t)= %BOL oLg1*§3ggR(F)eZith—iR2 T

st=1 (r,t)= yzBOLoLg1§3g2*R*(F)ezim_i(2R1 k)T (1.9)
The diffraction efficiency thus includes the two following contributions:
st(r t)2 arm o
nO=2 00 = 4/ 4BaglE ER(F] (1.10)
&3
2
ND¢r
ne0=S (RO} o (1.11)
&3

s (t,F) has the same spatial structure and relative phase factor as the object beam, it

can be seen as a faithful copy of the field scattered by the object. S(‘”(t, r) gives a

conjugated field. With the non-collinear scheme shown in figure 1.3, the different
components of the output field are spatially separated and can be detected separately.
Spatial holography can be applied to optical storage, data and image processing,
phase conjugation and so on. Taking data storage as an example, the holographic
method allows the storage with spatial parallelism since one ‘page’ of data can be
recorded simultaneously as an hologram. In the volume of a medium, the information
can be stored and retrieved ‘page’ by ‘page’ in 3D space. Bragg selectivity gives
access to the third dimension. In an angle-muitiplexed memory, the address of each
stored hologram is defined by the value of the reference beam angle of incidence and a
datum on the page has an address defined by a pair of x-y coordinates.
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1.32 Spectrally selective holography

In a PSHB material, optical frequency plays the part of a fourth dimension that is
added to the storage volume. At low temperature laser excitation of the chromophores
on their homogeneous line gives rise to a Lorentz-shape modification of the absorption
coefficient that reads as:

2
N I ~_ |2
Aae(F, v) =-Baig——1OM— [E(F, vo) (1.12)
(v—v0)® + I'hom

where v stands for the frequency of the burning laser and v for that of the probe beam.
According to the dispersion relations, the corresponding modification of the complex
absorption coefficient reads as,

. iThom [ P2
AafF,v) =-Poor— Som— EF. vo) (1.13)

Engraving of a spatial hologram at frequency vp , in the configuration depicted by Fig.
1.3, gives rise to the following diffraction efficiency coefficients in directions Ez and
2R1—R2:

2

n® (v)=1/4 —hom
(v-v0)* + T'hom

Diffraction efficiency reaches its maximum value at the burning wavelength. It vanishes

5 [Baol & ER(MI (1.14)

at a spectral distance much larger than the homogeneous width I'hom. Therefore, the

spatial hologram is located at the well specified position vo within the absorption band.

1.33 Temporal holography

A hologram can be formed not only in the spatial dimensions but also in the
frequency dimension. Two monochromatic beams may construct a spatial interference
pattern with a grating spacing determined by the wave vector difference. Similarly, in
frequency-dimension, a spectral interference pattern can be formed by two temporally
separated coherent pulses. Let us consider that pulses are substituted to the
continuous wave fields that we considered so far. The reference and the probe pulses
are represented by the following fields:
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2invo(t-tj) —ikj-F

E{(tT)= &(t-te j=1and3 (1.15)

where vg stands for the central frequency of the pulses which reach the sample at time
t. The object pulse, that carries the information to be stored as a hologram, is

conveniently described as:

E,(t ) = [5(t tp) OR(F, t- tp)le2 Vot~ 12) = ko7 (1.16)

Then the space dependent modification of the absorption coefficient reads as:
Aoty (7, v) =Boa{ &) (V& (VR(F, v)le 2t~ t)=ilka —k1)eT 4 ¢ (1.17)

where &(v) = [ g(t)e ™ dt.

a1 ) input pulses

reference object probe
pulse  pulse pulse
' L
// | >
t4 t2 ts 1/t
a, ) output pulses signal nf‘ /‘\;\)‘/\
st 5@ g NVVEV
/ J . \*’("\
i ﬂ ﬂ } t Z k> }
t3 -7 t3 h""l.‘ Y
(a) Timing of temporal holography (b) Spectral interference pattern

of a temporal hologram

Figure 1.4  Temporal holography.

It appears that the engraved spatial grating is now combined with a frequency
grating, the spacing of which equals 1/(t>-t1). This frequency structure can be stored as
a hologram provided its period exceeds the spectral resolution of the material, which is

given by I'nom. We assume that the spectral width of the pulses, A, is much larger than
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the modulation period 1/(t>-t1). In the time-domain this corresponds to an assumption of
non-overlapping pulses. This fast modulation imprinted on a slowly varying background
results in a simple expression of the modification of the imaginary absorption coefficient
for t;>ty as,

Actim(V)=iBao ;" (V)Eo (VR(F, v)e 22—t =ilke —kn) T gy (1.18)

Combining this expression with the real part of Aa given by Eq. (1.17), one obtains:
Aa=-2B00 ) (V)Ey (VR(F, v)e 2tz ~t)-ilka —ke)-T (1.19)

It appears that the elk2=K*T tarm vanishes, while the e ika—k1)*T torm is doubled.

When a probe pulse Ej(t, T) is directed to the grating along R1, no signal is diffracted

in direction 2kq — Ky, while that in direction k, reads as:

SNVF v)=Baols; (VE(VEs (VR(F, vie 2™t~ ti+ta) ke T (1.20)
Let us assume that the spectral amplitudes of the pulses can be regarded as constant
over the spectral width of the object ﬁ(F, v). Then the temporal amplitude of the signal

can be expressed as:

SO (7. 1)=Paold (vo)Ea(vo)Es (vo R(F.t -ty — (tz ~ty @™o 2T (1.21)
The recorded spatial and temporal object R(f,t—t,) is replayed by the memory. Its
delay t>-t; with respect to the probe pulse coincides with that of the object pulse with
respect to the reference. The timing diagram of storage and retrieval is depicted in Fig
1.4(a). The spectral profile of the holographic engraving is sketched on Fig. 1.4(b). The
diffraction efficiency, which reads as:

nW)=[BagLEy (WE (MR(F, v)12 (1.22)

is four times larger than on a frequency selective spatial hologram (see Eq. (1.14)).
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1.4 Binary data storage in spectrally selective materials

Frequency-selective holograms as well as spectral holograms in PSHB materials
can be applied to optical binary data storage. Based on frequency selective and
temporal holographic methods respectively, two basic storage schemes, frequency-
domain optical storage (FDOS) and time-domain optical storage (TDOS), were
proposed. Some combined approaches were also developed. Depending on the
storage scheme, data are addressed in different ways. For sake of simplicity, we
restrict the discussion to data without spatial structure. A binary ‘1’ is represented by a
plane wave object beam (or pulse). It is stored in the medium as a hologram and
retrieved as a diffraction signal. The absence of object corresponds to a binary ‘0. In
addition to the available capacity, two parameters are commonly used to characterize a
memory. The random access time represents the time required to recover a specific
data located at a given address. The bit rate, vy, denotes the rate at which contiguous
data can be transferred to or from the memory. The parameters values depend on the
addressing method.

1.41 Frequency domain optical storage (FDOS)

In frequency domain optical storage, one bit is stored as a spatial hologram with
the help of a tunable monochromatic laser. When the laser spectral width is narrower
than Thom, the diffraction efficiency is a Lorentz function of the probe frequency, around
the recording wavelength with a spectral width ~ T'nom. Therefore the storage frequency
is nothing but the spectral address where the recorded data can be retrieved
selectively. Many bits can be addressed at different burning frequencies within the
absorption band. The tunable laser has to be scanned over a I'j, range with @ I'hom
precision.

Since a PSHB spectrally selective material offers approximately R=Tin/T'hom
independent spectral channels on the absorption band, the capacity in spectral
dimension is estimated to be R, when the data are stored as spectral holes and are
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retrieved by the help of transmission or fluorescence spectra. The maximum capacity in
FDOS can be also characterized by R.

However, the situation has to be examined carefully. When a spectral hole is
detected by transmission or fluorescence spectroscopy, the signal is associated to the
real part of the absorption coefficient. But a holographic signal includes both real and
imaginary parts. The latter corresponds to the index of refraction grating contribution. It
exhibits a spectral dispersion shape that extends over a spectral range much broader
than Them. One hologram may suffer from the background caused by those stored in
the neighboring channels. Let us consider a sample where a large number of evenly
spaced holograms are stored. Let N be the number of holograms and & their spacing.
The phase between the recording beams is assumed to stay the same all along the
recording process. When one reads out the hologram that stands on the very edge of
engraved domain, most of the signal does not originate from the interrogated address.
The field that is radiated by the N-1 other holograms is about ThomIiN(N)/8 times larger
than the signal emitted by the readout address. One gets rid of the dramatic cross-talk
caused by the index of refraction grating by engraving each data over an interval of a
few homogeneous width over which the hologram phase undergoes a 2= shift™>®,
Another consequence of this phase and frequency scan is that the diffraction efficiency
is increased by a factor of four. It reaches its TDOS value (see Egs.(1.14) and (1.22)).

In a memory where the maximum capacity R is reached, the spectral separation
between adjacent data is reduced to about I'hom. Therefore, a lapse of time of Fhom'1 at
least is needed to readout one data without interference with its neighbors. In other
words the bit rate vq4 should satisfy v¢<I'nom. The lower limit of the random access time
is also Thom = since this is the minimum time required for a laser to jump at any spectral

position with resolution I'hom.

FDOS is a multichannel addressing method. A specific group of active centers
located at the relevant address frequency only participates to the storage of one
specific data. As a consequence, the diffraction efficiency on one hologram does not
depend on the number of the data that are actually stored in the memory.
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1.42 Time domain optical storage (TDOS)

Temporal holography can be applied to optical storage. One may use the
procedure that is presented in section 1.33. Let the object R(t-t), that is conveyed in
direction Ez, consist of a train of pulses. When read out by a probe pulse, the memory
plate restores the sequence of data pulses, as expressed by Eq.(1 .21). Therefore one
binary ‘1’ can be represented by a pulse in the train that reaches the PSHB material at
time t after a reference pulse. In the read out session, the corresponding recovered
data is emitted at delay t after the probe. The probe pulse and the signal pulse train
have the same timing as the reference and the object pulses. In this approach, the data
are addressed on the time-axis. A time-resolved optical gate is needed, in the retrieval
stage, to extract a specific signal from the restored data train.
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B sty
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Figure 1.5 Off-axis spatial-temporal holography.
(a): data recording, (b): data retrieval.

The maximal time interval between the reference pulse and an object pulse
should be less than the coherent time of the resonant hole burning transition, i.e.

1/Thom Sets a limit for the total temporal range for addressing. On the other hand, the

temporal (respectively spectral) width of the data pulses cannot be infinitely small
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(respectively large). The inhomogeneous width I'in defines a maximal spectral range. It
means that the duration and spacing of the data can not be smaller than 1/T;h. So the
maximal temporal storage capacity is also determined by the material parameter R. If
we want to use all the available spectral channels, TDOS should work at bit rate vq=Tin,

and the signal detector should have a precision ~T;! on a time range ~Thom . To attain
a specific datum, one is obliged to retrieve all of the data since they are restored in the
shape of a Thom | -long pulse train. Therefore the fower limit of the random access time
is Thom | @s in the FDOS situation.

When a single datum is recorded in the memory, diffraction efficiency is
expected to reach the same maximum value, either in TDOS or in FDOS (provided a
phase and frequency are scanned together as mentioned in section 1.41). However the
maximum signal amplitude is expected to be R times larger in TDOS than in FDOS,
since active centers from the entire absorption band coherently participate to the
emission. When R holograms are stacked on the same spectrum in TDOS approach,
the active centers are shared between the different stored holograms, and the
diffraction efficiency on each hologram is reduced by a factor of R?. The signal
amplitude then attains the same value as in the FDOS method.

1.43 FDOS and TDOS limitations

The common advantage of FDOS and TDOS is based on the use of the
frequency-dimension provided by PSHB media. The storage potential determined by
the material dependent parameter R is expected in both approaches.

In both cases one finds the same random access time lower limit which equals
Thom - . ON the contrary, we pointed out that very different bit rates are expected in both
methods. More specifically, neither of them gives access to the range comprised
bertween I'vom and T'in since the bit rate equals T in the TDOS memory, and is smaller
than Thom in the FDOS one.

In addition to fundamental limitations, one has to consider the requirements on
the laser source and the detection technique. FDOS (Figure 1.6(a)) requires a

monochromatic laser source with a linewidth narrower than I'hom, that should be

scanned within T}, interval. In some recently reported investigations, the ratio R is as
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high as 10%. It means that the linewidth and the tuning precision of the laser have to be
much smaller than the tuning range. The bit access rate is directly limited by the laser
scanning rate, and a fast random access to the data is difficult to achieve. TDOS
(Figure 1.6 (b)) can use a convenient stochastic broad band laser. However, a good
spectral stability and a relatively strong power are demanded. in the read-out stage, the

data are retrieved as a temporal bit train with a bit-spacing rd=1“in'1 and total duration

l“hom'1. Thus a fast time gate is required with a temporal width 1/T,. For random
access to any bit in the data train, a fast random positioning of the time gate should be
achieved within the range, 1/Thom. This is still a difficulty in present technique for the
signal shorter than nanosencond.

Actually, FDOS and TDOS can be considered as two extreme situations of how
to combine the holographic method with the use of spectrally selective media. With
both approaches, one has met some difficulties to achieve maximum storage capacity
with an arbitrary bit rate in the range, v¢<Tin, and with fast random access. Based on
available techniques, some other approaches have been proposed to work with the
intermediate situations. Two interesting examples are described in the following
paragraph.
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Figure 1.6 Comparison between FDOS (a), TDOS (b), combined (c)

and swept-carrier (d) approaches at maximal storage density.
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1.5 Two hybrid approaches

1.51 Combining TDOS with FDOS

To fulfill storage potential with a variable bit rate, an approach sketched in figure

1.6 (c) was proposed in ref. [7]. For storing R data with a bit rate, vq<<Iin, the
absorption band is divided into Ng=I'in/vq sections, each of them with a spectral width
vg. A tunable pulsed laser is required. Within each spectral section, the TDOS
approach is employed with a vg-wide laser tuned to the central frequency of the
section. A data train containing R/N4 pulses can be recorded in such a section. Another

data series can be stored by repeating the same process except for changing the
central frequency. For retrieval, the same laser source is tuned step by step to each
section and the recorded data trains can be played back. The advantages of this
approach are listed as follows,

i) a broad laser line vq, instead of <I'hom @s needed for FDOS.

i) a low precision on frequency tuning, which may be satisfied with several

lasers for broad-band media.

iii) a large range of flexibility on bit rates, which means that different data trains

can be treated with different bit rates by changing the data section width vg.

iv) a possibility to selectively playback a data train by frequency-positioning the

probe laser.

With this approach, 1.6 kbits were stored in one spatial location defined by a

laser spot!”.

1.52 TDOS with a frequency chirped laser

In ref. [8], swept-carrier time domain optical memory (SCTDOS) was proposed
and was experimentally demonstrated in rare-earth-ion-doped crystals®'". This
technique keeps the temporal addressing approach, where data are encoded as a train
of optical pulses. However, the key feature that it offers is to make the data rate
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adjustable over a broad range, without any consequence on the memory capacity. In
this way it differs from the basic TDOS method where maximum capacity is only

attained at the maximum transfer rate l“in'1.
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Figure 1.7  Frequency chirping in the swept-carrier approach.

Data are stored and retrieved with the help of the laser beams that are chirped
on frequency at rate rcy. The data train is imprinted on the object beam whose
frequency is shifted at vgp from that of the reference beam. In figure 1.7, where the
evolution of instantaneous frequency is represented, one notices that the frequency
shift vrp is equivalent to an instantaneous delay vrp/rcH. Let the instantaneous
frequency of the reference be v at time to. A datum with duration 1, that reaches the
material at time t,, engraves a sinusoidal structure with period rcu/vro within the
absorption profile around the spectral position vo+ren(tn-to)-vrp. When read out by a
beam that is chirped at the same rate, this engraved region emits a t-long signal pulse
at time t,+t,-to, Where t, represents the time when the readout pulse frequency equals
Vo.

Depending on the relative size of % and rcn, two situations can be distinguished.
When reut®>1, one calculates that the size of a spectral channel is rent. Let the time

separation between adjacent data also equal t. In other words, let the transfer rate vq
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be set equal to 7! Then, the frequency shift that builds up between two successive
data is reqt. Thus the spectral storage area is divided into non-overlapping domains
and this partition of the available spectral memory is very similar to what occurs in
FDOS. When rcut’<1, the size of a spectral channel is 7. Since the frequency shift
between adjacent data is still reut, the relevant engraved spectral regions tend to
overlap as in TDOS.

It may be shown that, in order to preserve the causal character of the engraving
sequence, the data duration t must be larger than veo . In addition, the spectral
modulation period reu/vkp has to be larger than the spectral resolution I'nom. Thus the
minimum shift between successive spectral channels is

(rer)min(Dmin=I'hom
Combining the width of the channels on the sides of the storage domain with the
elementary shifts, one obtains that the spectral width which is needed to accommodate
N data is given by: NIhom+7 . This quantity must not exceed the available width Ti,.
This condition entails the additional requirement v'<<T, that must be fulfilled at
maximum memory capacity for which N=Tin/Thom. However, half maximum capacity with
a transfer rate equal to I'ii/2 is consistent with the condition NI'hom*ve<Iin. This is the

only limitation on the transfer rate v4 which can be reduced as much as required.
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1.6 Conclusion

By adding a fourth dimension to the storage volume, PSHB materials
dramatically increase the potential capacity of optical memories.

Different approaches have been experimented to deal with this enlarged number
of addresses. They range from the local storage of each data at a specific spectral
position to broad band holographic multiplexing, where each data is spread over the
entire available spectral band.

We focused our discussion on the access time issue. Large transfer rates of
several hundreds of Gbits/second have been already observed in some experiments in
inorganic materials. However there is still a need for fast random access to data. The
most promising achievements that combine the frequency addressing and the spectral
holography approaches are either sequential in essence (as the swept carrier method)
or are limited by the poor precision of fast laser scans over large spectral intervals.

In this Ph.D. dissertation we present the first experimental demonstration of a
new data addressing concept that intends to reduce the random access time.
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CHAPTER 2

SPECTRAL-PHASE-ENCODING OF MEMORY ADDRESSES

2.1 Introduction

As discussed in Chapter 1, the minimum expected random access time in a
PSHB memory is on the order of Fhom'1, usually ranging from millisecond to
microsecond for inorganic systems, and microsecond to tenths of nanosecond for
organic ones. In rare earth ion doped crystals, where the laser has to be scanned over
a few hundreds of megahertz, large transfer rates were obtained, but the
corresponding random access rate was much lower. The situation is worse in organic
systems. In these materials, a FDOS approach requires the frequency scan of a laser
over several THz with GHz resolution and a TDOS addressing procedure demands the
mechanical displacement of an optical delay-line over several centimeters with a ten
micrometer resolution. Even random access to the stored images at video frame rate
has not been demonstrated in these systems.

To overcome these difficulties and to improve the random access rate, a new
scheme was proposed based on conventional TDOS 'L In this approach, one records
a binary datum by illuminating a PSHB medium successively with a reference and an
object pulse with a time interval t, and an echo signal is retrieved at the same time
delay t after a probe pulse. At this point it is exactly the same as in a classical TDOS
experiment, but the reference pulse is no longer short and structureless. The new idea
is that the address, for each datum carried by a short object pulse, is encoded as a
specific temporal shape of the corresponding reference puise. The shape of the
reference pulse is changed for each datum, but the time interval between the
reference and object pulses is set to a fixed value t. Thus the data as the diffracted
signals, recognized by their addresses (temporal shape) emerge at the fixed time
interval to the probe pulse. The key point in this approach is to avoid any mechanical
motion or laser scanning so as to permit the achievement of fast random data access.

The principle description of spectral-phase-addressing in TDOS was presented
in Ref. [1]. In this chapter, we give the first practical demonstration of this idea. In
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section 2.2, we survey the principle of the spectral-phase-addressing. Then we detail
our experimental configuration in section 2.3. The experimental results are presented

in section 2.4. Finally, the chapter is concluded in section 2.5.
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2.2 Principle of spectral-phase addressing

2.21 Addressing with a spectral code

The idea of spectral-phase-encoding for TDOS is reminiscent of a method that
has been proposed in the frame of angular muiltiplexing for conventional spatial
holography®. In volume holography, Bragg selectivity is used to disentangle the
holograms multiplexed within the third dimension ( thickness ) of the slab. Each stored
hologram is recorded and retrieved at a specific value of the reference beam angle of
incidence which represents the hologram address. There are as many reference beam
directions as different volume addresses. Instead of shining the reference in one
direction at a time, the phase encoding method proposes to keep reference beams
present in all directions simultaneously and to have the storage address represented
by the set of the relative phases of the combined reference beams. This phase-
encoding method is presently applied to the frequency dimension with the help of
spectrally selective materials.

The interference pattern engraved by temporal holography on the absorption
spectrum of a PSHB material and the temporal amplitude of the diffracted field
respectively read as (see section 1.33):

& (& (v)e 2™V

st = [ HWE MBMme?™! 13~ gy 2.1)

Where t=t, -t;, denotes the time interval between reference and object pulses. These
expressions remain valid under the following conditions,

i) optically thin medium,

i) uniform spectral distribution of active molecules over the laser spectrum,

iif) small burning dose, resulting in a small modification of the absorption profile.
No radiative saturation of the optical transition.

iv) no temporal overlapping between reference and object fields.

v) spectral modulation period 7 larger than the material resolution I'hom.

One usually considers the classical TDOS situation where the temporal profile

of the diffracted signal replays the data train, £,(t), containing many bits which have
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been encoded on its spectral shape, 52(\;), with the help of a short reference/probe

pulse.

Now we consider a different configuration. A short object pulse represents a
single datum, while the reference/probe pulse is no longer spectrally (or temporally)
structureless. Let object, reference and probe beams come from the same pulsed laser

source with a spectrum g,_(v). The object pulse carries a binary 4=1 or 0. The

reference and the probe spectra are respectively shaped by the phase factors fi(v) and
fi(v). The engraved spectral structure l§|_(v)|Z(Zifi(v)*e‘zi’WT carries the information of
the binary datum, as well as the spectral shape of the reference pulse. Probed by a
pulse with a spectrum fj(v) §L(v), the temporal profile of the diffracted field reads as,
~ 2 ~ * i —ts—
si() = 4J |E P & 0T f(e? ™t Tgy (2.2)

Under the assumption that the field amplitude is constant and equal to é]_(vo) over the

excitation spectral range , the signal becomes,
~ 2 ~ * i —ta—

5i(t) = 68 (o) &L (vo) § e ™t ~%gy (2.3)
Further, let the two shape factors belong to a family of orthogonal functions {fn(v)}, in
such a way that j fi*(v)fj (v)dv =3;. The signal at a time interval © after the probe
pulse reads as:

~ 2~
silts + 1) =|&.(vo)| &L(v0) 48 (2.4)
It replays the stored datum 4 when the probe spectrum has the same structure as the
"~ 2 P~

reference and vanishes otherwise. The factor \sL(vo)l & (vo) depends on the laser

energy both in recording and retrieving.
To store another datum ¢, we chose a different spectral function fi(v) from the
same family to modify the reference pulse spectrum. We keep the same time-delay

~ 2 . o
between reference and object pulses. The grating pattern, \a_(v)i it (V) & =im

formed by the second reference-object pair is piled upon the previous pattern within

the same spectral region in the medium. For readout, all the function fi(v) of the set
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{f.(v)} are successively used to shape the probe pulse that illuminates the memory

element. The temporal amplitude of the signal that emerges at t=ts+1 reads as,

[lgL(Vo)\zg.(Vo)Ji j=i

Sits+0) =00 o) b =k (2.5)
0 j#i k
(a)
address 'K’ address 1
m ¥

l,/
|

object storage
medium.

address 'l (b)

/
probe B 0

fixed time-delay t
related to probe pulse

storage medium

Figure 2.1 Spectrally/temporally addressed storage, (a) recording of two binary
data ¢, 4. represented by short object pulses with the corresponding
addresses ¥ and ‘k’, respectively, in the same 4-D volume. (b)
selective retrieval of datum ¢ with address 7.
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The signal selectively replays the stored data at a fixed detection time t after the
probe pulse, i.e. a datum recorded with a reference code can be uniquely read out
when the same code is applied on the probe pulse. If we are able to build N orthogonal
spectral functions and to imprint them on the reference beams, we can stack N
independent data in the memory. Since the spectral codes are used to identify the data
in the engraving and retrieval steps, they can be regarded as the data addresses in the
spectral memory.

From expression (2.3), we see that the temporal feature of the signal is
characterized by the inverse of the spectral width of the recording range (or the
spectral encoding range denoted as A). As in classical TDOS, the signal characteristic
time equals Fin'1 when the total inhomogeneous band is used for storage. It requires

that the signal detection system exhibits subpicosecond time-resolution for organic
molecule-doped amorphous materials. This exceeds the capabilities of existing
electronic detectors. An interference cross-correlator device is well suited to achieve

the needed optical gating.

2.22 Signal detection by field cross-correlation

The correlation function G(T) between two fields s(t) and E4(t) is measured as,
w 2
(M=) gt-T)s ot/ |g5(t] ot

- ~* ; ~ 2
G(M)=[ Z5(wF (vie ™ Tav/ [|Z5(v)|dv (2.6)
In our experiment, £4(t) is called the gating field. It is a beam split from the

pulse that is then shaped and used as a probe. By adjusting the optical path lengths
we control the time delay T between the gate and the probe. For a signal as in (2.3),
the cross-correlation reads as,

. 4 . :
18 (vo)| 6§ (Mi(ve 2™ T Dy
~ 2
|8 (vo)"av
The T-dependence of G(T) coincides with the t-dependence of the signal field. At a

Gi(T)= (2.7)

time point T=t, the correlation function exhibits the orthogonal law of the addresses

and the retrieved signal is detected as,
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Gj(‘c)= g ¢ Sij (2.8)
= 4 [o)~ 2
where the factor g is given by: g=.sL(v0)) / I \EL(vo)i dv. For multiple storage, where

the signal amplitude is depicted by Eq.(2.5), the cross-correlation is measured as:

g6 j=1

Gj(1) =49 4 j=k

0 j#i k
C / . spectral | D
4 | shaper | \

reference beam

w1 AL 8 1\
source | S i B A 7 Rl
object beam 22{2?;2; F
ok !‘delay-line 2 —~

gating beam

Figure 2.2  Diagram of the complete experimental setup.

Multiple storage and fast random data retrieval based on the ideas of spectral-
phase-addressing and cross-correlation detection can be effectuated with the
experimental arrangement drawn in figure 2.2. A beam from a laser source is split by
two beam-splitters at A and B in three parts, the object, the reference (probe) and the
gating beams. The spectral shaper imprints the orthogonal spectral codes on the
reference beam. The delay-line 1 (DL1) is adjusted to make the object pulse incident
onto the memory material at E with a time-delay t after the reference pulse. During
recording, the shutters 1 and 2 are, respectively, open and closed. The PSHB material
acting as a memory element is illuminated by these two pulses successively. A spatial-
spectral grating is recorded as a population modification of PSHB molecules in the

47




SPECTRAL-PHASE-ENCODING OF MEMORY ADDRESSES

memory material. A series of data can be stacked in the same spatial-spectral-volume
by changing the corresponding codes. In the retrieval step, the object beam is blocked
by shutter 1. The probe beam goes through the same path as the reference, but with a
weaker intensity. Shutter 2 is now open and the signal diffracted by the memory
element propagates in the same direction as the object beam. The delay-line 2 (DL2)
on the gating beam is adjusted to make the optical path BGHF equal to BEF. The field
cross-correlation function between the gating and the signal fields is finally detected at
F. Thus each stored datum can be randomly accessed by loading an appropriate code

on the probe pulse.

2.23 Biphase encoding: storage capacity, access time and limitations

in amorphous materials, the storage interval A spans several Terahertz. In this
bandwidth range, spectral-phase-encoding is performed with the help of a spatial light
modulator (SLM) inserted between two diffraction gratings (see section 2.32). This
shaper enables us to control the relative phase of N evenly spaced slices into which
the spectral interval A is divided. The width of each spectral slice is 5=A/N and the
central frequency of the storage window is denoted by vo. In each slice the relative
phase can be set equal to 0 or n. A spectral code fi(v) is specified by the sequence of

phase shifts that are assigned to the N spectral slices. It can be written as:

NZ’% b_(p)recrv_@o +p5-8/2)]
I

1
fi(v) = 5 B 1 5 (2.9)

where the rectangle function is defined as rect[x]= ! MS”Z b-(F’)=+i
i 0 {>1/2" ' YN

corresponds to a relative phase 0 or =, respectively. With the help of N spectral slices,
N addresses can be constructed and the orthogonality condition reads as:

J‘vo +A/2

N/2
L ar2 i)V = Y bi®b;P) = 5; wherei,j=1..N. (2.10)

p=1-N/2
In particular, when N equals 2" (n is a integer), we construct the codes in the form of N
orthogonal Hadamard functions, which will be detailed in section 2.32.
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The storage capacity in this approach is determined by the number of
orthogonal address functions (or the number of the spectral slices). The maximal
spectral width available for phase-encoding is restricted by the inhomogeneous width

Tn, and the minimal spectral slice can not be narrower than Thom. The maximal

number of spectral slices is then determined by the ratio T'in/Thom, Which gives the
maximal number of orthogonal addresses. So the possible storage capacity for this
approach equals that for conventional FDOS and TDOS methods.

The field cross-correlation technique is used to detect the signal at a fixed delay
T=1r. Once the delay-line is adjusted to a correct position, it keeps fixed there for
detecting the data at any address. Thus this approach does not involve laser scanning
(as FDOS) or mechanical motion (as TDOS). It is free from the technical restrictions in
those two aspects. The random access time is only determined by the switching time
of the encoding system from one address code to another. It takes less than 100us to
enter any specific phase code on a ferroelectric liquid-crystal SLM. This can be
regarded as the random access time of the memory.

Since a phase encoding technique is used, there is no energy loss. The light
energy that is available to store a single datum does not depend on the number of the
addresses in the memory.

With the spectral phase-encoding technique, the selective access to the
addresses is guaranteed by the orthogonality between the spectral code structures
carried by the reference/probe pulses. In practical storage, the distortion of the code
structures should be avoided. Ideal experimental conditions would meet all the
prerequisites of expression (2.7). They include optically thin material with narrow
homogeneous width, uniform spectral distribution of molecules and laser energy within
the recording window, weak burning energy, and temporal separation between the
reference and object pulse. Unlike most of the previous conditions, the latter is easy to

satisfy. It requires that the delay time 1 be set larger than the inverse width &' of

elementary spectral slices.
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2.3 Experimental set-up

2.31 Laser source and the field-correlator

In the above discussion, it is admitted that the duration of the object pulse is not
longer than I“in'1. For an organic PSHB material, it means a time scale of hundreds of
femtoseconds. The production of such short pulses requires sophisticated
femtosecond lasers. At present time, the use of such kind of lasers does not seem
quite pertinent because the quantity that has to be smaller than Fin'1 is not the pulse
duration itself but the coherence time of the light. A broad band stochastic light source
can also conveniently satisfy the requirement. In our experiment, the light source is a
broad band dye laser pumped by the second harmonic of a YAG laser. It delivers 7ns
duration pulses at a 15Hz repetition rate; the pulse spectrum is centered at 620nm and
spreads over approximately 1.4THz.

The field-correlator has been described in ref[5] and the arrangement used is
plotted in figure 2.3. Young's interference fringes between signal and gating beams are
formed on a coupled charge device (CCD) linear array that consists of 1000 pixels of
the size of 13x39um and exhibits a dynamic range of 256. The readout time of the
CCD array amounts to a few milliseconds. A microcomputer synchronizes the laser
shots, the motion of the translation stage in the delay line and the signal detection on
the CCD array. Fast Fourier transform of the intensity distribution provides us with the
fringe contrast that coincides with the correlation function. For measuring the contrast
of the interference pattern, about 20 fringes are formed on the CCD array. Therefore
the delay between the edges of the interference pattern is about 20(A/c)~ 50fs, which
represents the temporal resolution of the method. According to theoretical estimations,
we find that the narrowest temporal structure A"'~800fs is much larger than the
temporal resolution offered by the correlator.

The laser coherence time can be measured with the help of the correlator. In
the setup represented on figure 2.2, the memory element is removed and the
reference arm is blocked, The light intensity is equally shared between the gating and
the object beams. The latter plays the role of the signal beam. On figure 2.4 is
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displayed the auto-correlation function of the laser source detected with this system,
from which the coherence time of the source light is measured to be about 650 fs.

signal beam CCD array

——h \ ¥
gatlng | __PC 1
oo \‘ | = \
| ‘ ! control of | ‘ — | control of }
\7/ $ translation stage ~——— | CCDarray ||

DL2 “ video signal

Figure 2.3  The field cross-correlator.

auto-correlation function

|

l
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O
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Figure 2.4. Auto-correlation function of the laser source.
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2.32 Spectral shaper

Linear spectral filtering has proved to be a powerful tool for temporal shaping of
ultrashort light pulses®'". The technique consists in spatially dispersing the frequency
components of a short pulse in order to filter its spectral components through phase or
amplitude masks. The recombination of the filtered components gives the desired
temporal shape. The technique has been used to synthesize femtosecond waveforms
in experiments on dark soliton propagation in fibers 1 pulse coding for communication
1l all-optical switching ' and holographic data processing and image storage "',

For spectral-phase encoding of reference and probe beams for holographic
binary data storage, we follow a spectral shaping procedure developed by Wiener "
and sketched in Figure 2.5. A pair of diffraction gratings works as a light dispersion-
recombination device and a series of orthogonal biphase codes are generated by a

liquid-crystal SLM inserted between the pair of dispersion gratings.

2.321 Two-grating device

In our spectral shaping apparatus, two identical lenses L1 and L2, with a focal
length f=25cm, are set as a telescope with a magnification equal to 1. Two identical
diffraction gratings G1 and G2 are respectively placed at its input and output focal

plane. An incident beam regarded as a plane wave with a central frequency vo IS
angularly spread horizontally by dispersion on grating G1. We denote the incident and
dispersive angles on G1 by ¢ and 6, respectively. The diffraction law reads as,
sin(p)+sin(6)=mc/av (2.11)

where m is the diffraction order, c the light velocity, and a is the grating parameter. In
our current experiment, G1 is set as m=1, a '=2400 grooves/mm with maximal
diffractive efficiency for an horizontally polarized field. For a pulse with an incident
angle ¢,=33° and a central frequency vo=c/(620 nm), a dispersion angle 00=70° for vg
can be calculated from (2.11). When the pulse spectrum ranges within a narrow band

with respect to the value of the central frequency, i.e. v—vo<<vy, the dispersion law for

the frequency components can be described as, 6-80=p(v-vo) where the angular

dispersion coefficient B=? =0.009rad/THz. The dispersed light is focused by L1 in
A\ vo
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the confocal plane F, where each spatial position x corresponds to a spectral
component of the incident beam. The central frequency is adjusted to go through the
point x=0, and the frequency-to-space relation thus reads as,

X-Xo=Y(Vv-vo) (2.12)
00

=f ]
ov

=2.25mm/THz. The second
Vo

where the spatial dispersion coefficient is, y=§§

Vo
lens L2 and the grating G2 are symmetric of L1 and G1 with respect to the confocal
plane F. The spatial dispersion of the spectral components produced by G1 and L1 is
compensated by L2 and G2. The output pulse is identical to the input one without the
SLM inside the apparatus. If a relative phase shift is introduced onto each spectral
component by the SLM according to a code function, then the output pulse from G2
has a temporal profile corresponding to the spectral-phase code.

memory
element
es’\‘

Figure 2.5 Optical configuration of the pulse shaper for spectral-
phase encoding.
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The spectral resolution of this system depends on the relative sizes of the input
beam spot at F and of the SLM pixels. The spectral resolution of the holographic
process is improved when the output beam from G2 is focused on the memory

element in the plane P with the help of a lens Lg. Indeed, if the planes F and P are

optically conjugated through lenses L2 and Lg, this spectral resolution does not depend
on the size of the incident beam on G1. It is only affected by the limited diameter of the
optics between F and P e, Comparing the diameters of the optics and the beam size
that results from diffraction through one SLM pixel, one concludes that this effect can
be ignored.

2.322 Liquid crystal spatial light modulator (SLM)

The SLM in our light shaper device was built at the Ecole Nationale Supérieure
des Télécommunications-Bretagne. A 2um-thick layer of a smectic c liquid crystal is
set under a linear array of 128 electrodes as shown in Figure 2.6 (a).

The orientation of the liquid crystal molecules depends on the electric field
polarity between the electrodes. As illustrated in Figure 2.6 (b), the smetic cone axis is

aligned along the first polarizer direction I_:"1, which is set vertically in practice. The
molecular director determines the extraordinary index axis ne which stays 22.5° from

I51. The crystal thickness ¢ is adjusted in such a way that |(n0 - Ng). e| =A/2. The driving

electric field E is orthogonal to the picture plane. The permanent molecular dipole,
which is tangent to the cone and perpendicular to the director, is oriented to the
position (1) or (2) respectively, depending on the electric field signs. The second

polarizer is set horizontally in direction I52 J_I51. The field emerges from the polarizer

IE’2 with a phase shift that depends on the molecular orientation. The switching of the
applied electric field polarity results in a =n phase shift of the transmitted
electromagnetic field. The device transmission is then maximum when the liquid crystal
behaves as a half wave plate. The ~2um matches this requirement in the spectral
region of operation. The energy transmission factor is then 0.5. The crystal molecules
can be switched from one direction to another in less than 100us. The SLM was built

with a size 40umx128. When the beam with a central wavelength at 620nm is
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dispersed by G1, then focused on the SLM by L1, each pixel of the SLM corresponds
to a spectral unit of 17.5GHz and the total spectral window spreads over 2.25THz.

(@) liquid crystal _
b i = _"__'}';k
s — Ay A
e > X
500 = . el
Hm | LT
A | o T
=i - ’.--),i % @ « I{
2um 3.5um eledrodg !
| ;—> |
)T -
conductor film f'- liquid crystal
(b)
_)
(1) ® } 2 Py
(2) |
Ne ..
() Kol (2)
\22.59 '
. \\,l / fx;,'
'/,_,..f\x,
—— / FAR
no - o

Figure 2.6. (a) Structure of the SLM.
(b) Orientation of the smetic C’ liquid crystal molecule in
the presence of an electric field, orthogonal to the figure

plane, and birefringence principal axes.

The diffraction efficiency on the gratings Gy and Gz is maximum when the light
polarization is oriented in the plane of incidence (that means horizontal polarization in
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our setup). Preferred polarization on the gratings has to be made consistent with the
SLM action. The horizontally polarized field that emerges from the grating Gy
undergoes a 90° rotation provided by a half wave plate inserted before the liquid
crystal cell. This device acts itself as a half wave plate that makes polarization return
to horizontal direction. A polarizer inserted before the second grating G selects this
polarization component. In the frame of our work, we notice that the SLM is not
perfect. Mechanical stresses on the glass windows of the cell induce a small
birefringence. We compensate it by inserting a properly oriented quarter wave plate
before the SLM.

2.323 Encoding functions
The Hadamard functions are used to generate the biphase codes. A Hadamard
matrix is constructed from a 2x2 seed matrix,

11
Ho=
with the following recursion method:

ey e
20 2L
The elements obey orthogonality in both rows and columns. We selected the rows to
compose the phase code functions.

In our experiment, we actually use only one half of the SLM window because of
a narrow laser spectrum, which means that no more than 64 pixels of the SLM are
activated. The total width is then A=1.1THz. Furthermore, for the sake of simplicity, 32
orthogonal functions are employed as phase codes. So the SLM can be regarded as
an array of 32 spectral units, but with a double pixel width =35GHz for each unit. The
code functions are built and named as that in Figure 2.7. A value ‘1’ of the matrix
element corresponds to an electric field between two electrodes charged with a certain
voltage level, a value -1’ to the same voltage, but with an opposite sign. In other
words, they represent the relative phase shifts ‘0’ or ‘z’ between the spectral units. The
function N°0 with the same phase on all pixels is named the gate function. The
function N°16 with the same phase on the first half of the pixels and a = shift on the
other half part is called the step function. The product between two functions still
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belongs to the same function set. A function multiplied by the gate function equals the
function itself (see table 2.1). The square of a function equals the gate function.

The temporal structures of the spectral phase functions can be calculated by
Fourier transform. The modules representing the temporal amplitudes of each function
are plotted in Figure 2.8. The characteristic of their temporal profile is determined by
the width of each peak 1/A=800fs and the total extension, 1/6=26ps. The temporal
structure of a code function can be detected by the mean of the field cross-correlation
between two pulses encoded, respectively, by the function itself and by the gate

function.

Function N°0

u— T [ [

-1

T TR ) O
1 [ R A
-0 R BT
— 1 [ R (T
TFC AT TR T
1) T TR M
A AR T (i

Figure 2.7. The structure of the 32 Hadamard functions (numbered 0~31). The
spectral width of each spectral unit is 35GHz and the total window
spans 1.1THz.

57



SPECTRAL-PHASE-ENCODING OF MEMORY ADDRESSES

58

N°0 8 i
L i/, ! i i i
el H‘ A /A 1 ‘E‘]‘JI ‘\ AN
1 { "
1 I-.l 9 i ;."‘1] |t
i U il ~ 0 AN A A |

A __rvrl'l Yo .»\n"ll s AN

\ A
3 DA ,,m"/ \{\,w m'/ v solda

1%/\__ = / W\f K JAWAY ,J[‘W\ﬁ'\ A

11 AN /\j\l\/A N ,/WWAU/\ ALor

4 | I

il |
.’-' | \
i L AV b S A A

5 , |

\ N
. [ \
LA j \ -..-‘f\,- / b|'\J\.'\m!\j b

£y -’/\xrw-/‘f ‘/\ i {‘;:w.«ﬁ[\- A Fa¥

LA N |
L= A ."I k“meu\:a'h'\ | [ Il‘ww-.f\.’\ \-._ _ﬁm |

-26ps 0 26ps

Time

12 ]

A b
AEAYTAY / \"!nll[ b 1";"5'- Do e

13 \
MJ \, / \W\/\ Neels Dl ./\JW/\. /\M

14
o e

15 A _
& Loal /\NJU\M A U/\W\ Lo\




CHAPTER 2

16 'rl._a _ 24
| fa. 3 A A
17 25 )
- Al Vit nmeaonn il 1 /‘j\,v!l‘l\(\ AN A A A /ﬁ\ll \I\/ﬂ\f\
18 0 p, 26 ‘
AAY < ,\/ \f \\/\,r\f\!\_/\ /\fx -,"\\,_ _ A PAVAE i ﬁjﬂ!\) \"ﬁ'\ AR //\ { L\il\[\ AN
19 -\ \. 27 & P
A aAYA \/\ \t{\r ; /\/ \!\/\/\ P TAT AP ARAR ‘j“ill I'I'L_.' L-_. - “I \_!II 'I.i‘\_ A ar VAL
20 q "
L Y | M
21 - 29
B, AT ( N __/\p\/\/\_:‘A\A all /4\/\ DN N J\/\‘\ Na.
D /AJP\ A /ﬁ‘\} \l'\ o ApJ\/\/\A/\' A JAV N ARN A/V\ /\f \[ \l\ /\{\/ \(\ N\[ EVATSPAN
23 A 31
A L f]il W/ -'(;'." 1 "'.'fl‘ nA \'”l M. L ATAN J\A{\ /\{\f\ /\N\ /\{\/\A AVAT
-26ps 0 26ps
Time
Figure 2.8 Temporal profiles of spectral-phase codes calculated by Fourier

transform corresponding to the 32 Hadamard functions defined within
1.1THz spectral window.
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2.33 PSHB material : octaethylporphyrin in polystyrene (OEP/PS)

Holographic storage basically requires a medium with high optical quality.
Among the PSHB materials, organic dye-molecule-doped polymers and rare-earth-ion-
doped crystals, can satisfy the requirement. These two classes of media work on
rather different spectral scales with different spectral resolutions. With rare-earth
ion/crystal systems, one has made some success using hybrid approaches on the GHz
scale at liquid helium temperature. On the other hand, applying PSHB at higher
temperature, we should consider a much larger spectral range because the hole width
broadens with the temperature according to a T'> power law in amorphous hosts [23.26),
Dye/polymer systems offer us a material model on a THz scale. Porphyrin-
derivatives/polymer systems are a kind of relatively well-studied materials **. Some of
them have been widely used in holographic FDOS and TDOS for their long-lived
spectral holes and easy fabrication with high optical quality and stability [17-22)

in our experiment, we use one of this material family, octaethylporphyrin doped
in polystyrene (OEP/PS) as the memory element. Usually, the porphyrin/polymer is
made in a simple way, dissolving the dopants and polymer in a solvent, then the
mixture solution evaporates naturally at room temperature and finally forms a slab of
polymer doped by porphyrin molecules. The structures of the dopant and of the
polymer host used are illustrated in Figure 2.9. A 1mm-thick piece of OEP/PS is cooled
down to 1.7K in a liquid-helium bath cryostat (from SMC-I'Air Liquide). The processes

of data-recording and data-recovery are carried out at this temperature.

CH,CH3 H CH,CH3

CH,CH; H CH,CH4
Polystyrene
Octaethylporphine

Figure 2.9.  Molecular structure of octaethylporphyrin and polystyrene.
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Figure 2.10. Energy diagrams for OEP/PS and the light-induced proton
transfer process.

The PSHB mechanism in this sample, as well known for porphyrin/polymer
systems, is attributed to the tautomeric photoreaction involving the two inner protons of
the porphyrin ring ©?*. The rotation of the proton pair forms two stable tautomers of
porphyrin molecules which absorb at different frequencies in a solid host and can be
then distinguished. At room temperature, the proton pair rotates nearly freely between
the two positions at a rate of about 6000s™" . When the sample is cooled down
gradually to liquid helium temperature, the proton transfer is frozen for the ground
state, and the molecular distribution between the two tautomers reaches an
equilibrium. However, proton transfer can still occur in excited states 41 A simple
diagram of molecular energy levels and light-induced proton transfer is sketched in
Figure 2.10. A molecule in one of its tautomeric forms (called educt) is excited from its
initial ground state to an excited state, where the proton transfer is active, the molecule
transforms into another tautomer (product), and finally relaxes to its stable ground
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state. The energy level shift between educt and product results in the difference of

resonant frequencies, thus a dip appears on the original absorption band.

The lowest singlet-singlet absorption band (labeled as Qx(0-0)) of an OEP/PS

sample is shown in Figure 2.11. The full width at half maximum of the inhomogeneous

line is Ty,~4THz, with a maximal optical density O.D.~1.8 at 618.7nm. The

homogeneous width measured at 2K under weak excitation is Thom~0.5GHz ]

2
a) -.
o 1.5 |
c 618.7nm
o
8 1
o
3
o 0.5
O N L : L T T

45 -30 -15 0 1.5
frequence (THz)

Figure 2.11. The absorption profile of the lowest singlet-singlet electronic
transition band of OEP in PS, centered at 618.7nm.

In the actual storage experiment, we use an optically thick sample with an

optical density O.D. ~5 at the maximum of the absorption band. The spectral window

for recording (A=1.1 THz ) is several times narrower than I'n. The width of the

elementary spectral slice in the encoding functions (8=35GHz) is much larger than

rhom-
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2.4 Experimental results

2.41 Test of the encoding and the detection systems

In order to test the encoding and the detection systems, we measure the
temporal profiles of the 32-Hadamard functions as follows, with the correlator shown in
figure 2.3. The sample is removed and the object path is blocked. The laser beam is
split equally into reference and gating beams. The gating beam directly issued from the
laser is regarded as a gate function (function 0), while the reference beam passes
through the pulse shaper and is encoded by one of the Hadamard function fn(v). The
cross-correlation function between the two pulses reads as,

J'V0+A/2

* —2invT
vo—Alzfo (Vfa(v)e dv (2.14)

~ 2
Gu(T)=|EL (vo))

Thus the temporal profile of a given Hadamard function is measured in term of T-
dependent cross-correlation by scanning DL2. In figure 2.12, we present the spectral
structures of several code functions (figure 2.12(a)), their temporal profiles calculated
by Fourier transform (figure 2.12(b)) and those measured in term of cross-correlation
(figure 2.12(c)). The good coincidence between the theoretical and experimental
profiles verifies that the pulse shaper and correlator combined system works well. All
the encoded functions f,(v), with n= 0, are orthogonal to fo(v). In our experiment it is
crucial that this orthogonality property is correctly transferred to the pulse spectra and
correctly detected by the correlator. According to Eq. (2.14), the orthogonality of f,(v)
and fy(v) is revealed at T=0. This is properly verified on the experimental data of

Figure 2.12 (c). Such a good result is based on the correct adjustment of the optics
including two-grating system, SLM, and the correlator. Details can be found in the

Ph.D dissertation of Frangois Grelet?’,
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Figure 2.12 (a) Spectral structure of code functions.
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Figure 2.12 (b) Calculated temporal profile of codes.
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2.42 Data storage and retrieval

The optical configuration for spectral-phase-encoded storage is presented in
Figure 2.13 and 2.14. The SLM is programmed with 32 Hadamard functions as

spectral biphase codes. The spectral window is A=1.1THz and the pixel width
5=35GHz. The optical delay-lines DL1 and DL2 have a mechanical precision of
1um/step. The time-delay between the reference and object pulses is set
approximately to 1=26ps by adjusting DL1. The DL2 is precisely adjusted to make T=1
where maximal auto-correlation function of code N°0 and minimal cross-correlation
function between code N°0 and N°16 can be obtained.

DL1 Grating 2

N
.é\?
I F
\ R @
> ¥
o &
N4
~
k& Y
D
L
S
Reference Grating 1
—
BS1
Laser OEP/PS

1.7K

Cryostat

Figure 2.13  Experimental setup for recording spectrally phase-
encoded binary data. BS: Beam Splitter, Sh: Shutter, L:
Lens, DL: Delay-line.
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Figure 2.14 Experimental setup for the retrieval of spectral-phases
encoded binary data, with the same notations as in
Figure 2.13.

We first store a binary ‘1’ with the arrangement shown in Figure 2.13. The SLM
is set to the step function. The datum is recorded in the OEP/PS sample by reference
and object beams with an areal exposure dose of about 20 mJ.cm™. In recovery step
presented in Figure 2.14, the object beam is blocked by Sh1 and the probe beam goes
through the same way as that of the reference. The 32 code functions are charged
successively to the SLM at the rate of one function every 20 laser shots. in the
meanwhile, the correlation function between the gating and diffracted fields is recorded
by the CCD array. The experimental data displayed in Figure 2.15 results from the
average of the correlation signal amplitude over 20 laser shots at each read-out
address. A peak is observed when the readout code coincides with the recording one
(N°16). Readout with the 31 other address codes gives rise to a background that
defines the binary ‘0’ level.
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Figure 2.15
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Figure 2.17 Storage of six bits ‘1’ addressed by the functions
N° 4, 8 10 16, 22, 28 respectively. Same
notations as in Figure 2.15.

In storing several data, we meet the problem of spectral hole erasing. When a
new hologram is written in the medium, it eliminates the previously recorded one. In
order to keep an equilibrium between the diffracted signal from each stored datum, we
use a cyclic procedure in recording. During one cycle, the data are successively
addressed to the memory. Each datum is exposed for 2 seconds per cycle, and the
cycle is repeated 28 times. The read-out signals after the storage of four bits 1’
(addressed by the codes N°4, 16, 22, 28) and then six bits ‘1’ (addressed by the codes
N°4, 8, 10, 16, 22, 28) are presented, respectively, in Fig 2.16 and 2.17. The
incremental recording procedure yields a good balance between the different bits.

2.43 Discussion

In the experiment, distinct data can be observed at their corresponding
addresses. But sighals are also detected at other empty addresses. The crosstalks
between different addresses result from these unexpected signals which are due to the
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distortion of the orthogonality between the addresses. Crosstalks form a background
as level ‘0’ with respect to level ‘1°. For a single datum storage, we have an acceptable
ratio between the amplitudes of ‘1" and ‘0’. But this signal to background ratio
decreases rapidly with the number of recorded data. When the total exposure energy
is kept at the same value for a M-data storage, the energy devoted to each datum is

proportional to M. So the stored data signal decreases with M, in the meantime the

background of the ‘0’ level coming from crosstalk between different addresses keeps
the same level, or even becomes higher. Under this condition, we cannot achieve the
expected storage density. In fact, the background at some addresses already reaches
60% of the signal in the case of 6-bit storage. It is necessary to optimize the
experimental conditions to attain higher storage density, and this optimization has to
be based on a systematic study on the sources of the crosstalk in our present
experiment.

Any distortion of the engraved structure, in recording or in retrieval steps, can
destroy the orthogonality between the address codes and then generates crosstalks.
The encoding device and the cross-correlation detector have been tested in section
2.41. According to this test, their contribution to the cross-talk is expected to be small.
Therefore the observed crosstalk in our experiment is likely to result from the violation
of the prerequisites of the principle description (section 2.2). They include optically thin
material with narrow homogeneous width, uniform spectral distribution of molecules
and laser energy within the recording window, weak burning energy, and temporal
separation between the reference and object puise

Only the last condition was surely satisfied in the experiment. The remaining
ones were, more or less, disobeyed. The spectral width of the laser source used in
experiment was measured to be about 1.4THz, by the help of auto-correlation function.
Considered as a Gaussian distribution, the laser intensity undergoes a ~34% variation
from the center to the edge of the 1.1THz spectral window. The non-uniformity of the
laser spectrum distorts the address structure through recording, probing and signal
detection. We realized that we cannot simply broaden the laser spectrum to make it
uniform within the SLM window because we need the reference, object and gating
bandwidths be similar. When the laser spectrum is much broader than the spectral
window of the SLM, the object beam has many spectral components beyond this
window, and this affects the structure of recorded holograms. Besides, the gating
spectrum is much broader than that of the retrieved signal and this reduces the cross-
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correlator sensitivity. A nearly rectangle spectrum of the laser source could be
obtained by adding a spectral filter on the laser beam. The consequences of such
filtering will be presented in chapter 4.

In our experiment, the poor sensitivity of the detection system caused by the
spatial non uniformity of the gating beam intensity on the CCD array forced us to resort
to large exposure and large optical density so that we could boost the diffracted signal
intensity. It is doubtable that the material works in a perturbation regime. As the
engraved spectral shape after a multi-bit storage has a gray-scale structure, it suffers
from the distortion caused by the PSHB saturation effect. Furthermore, we used an
optically thick sample. The optical density of the sample was measured to be OD~5 at
the central absorption. The storage was effectuated in the wing of the absorption band
where OD was estimated to be 1~2. The optical thickness of the medium affects the
propagation of recording, probing and signal fields, and may result in spectral
distortion.

The material model has to be studied also when we consider the complexity of
the mechanism of photochemical PSHB and the related microprocesses in OEP/PS
sample.

The medium properties and their consequences in the recording/retrieval step
will be discussed in the following chapters.
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2.5 Conclusion

We have presented a spectral-phase-encoded time-space-domain holographic
technique for fast random data access in frequency selective materials. The
experimental arrangement was built up for this approach. Single binary bit and multi-bit
storage have been practically demonstrated, which can be regarded as a preliminary
work of one point-image storage. It should open the way to fast random access
retrieval of images in spectral selective materials.

At present time, we meet the problem of the competition between signal
intensity and storage density. More efforts are needed to enhance the signal-to-noise
ratio to achieve high density storage. Since the analysis in the optical aspect has been
presented by ref [27], we will engage our main work in the aspect of material. The next
three chapters are devoted to understanding the microprocesses in our medium and

researching the optimized storage condition.
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CHAPTER 3

SPECTRAL HOLOGRAPHY: A PORTABLE MODEL

3.1 Introduction

The large cross-talk that we observed in the experimental investigation of
phase-encoded addresses incites us to clarify our understanding of spectral holography
in PSHB materials. Without further investigation we know that uniform spectral
distributions of molecules and burning energy over the storage window are required to
encode addresses in the way outlined in Chapter 2. From our elementary description of
the recording process, we also know that the phase-encoded addresses are orthogonal
under small exposure and small optical density conditions. However, according to
theoretical investigations [1-4] one expects much larger diffraction efficiency by heavily
burning spectral holograms in large optical density samples. Unfortunately, these
theoretical predictions do not simply apply to our problem since the burning pulses they
consider do not carry any spectral structure. Besides, they assume that burnt
molecules disappear from the excitation spectral window, which is not true in
octaethylporphine-doped polystyrene. In a previous calculation[5], the spectral phase-
encoding structure was included but it was assumed that the burning energy was
evenly distributed within the depth of the sample. The validity range of this
approximation is restricted to optical densities smaller than unity.

In order to elucidate the influence of the burning dose and of the optical density
on the crosstalk between phase-encoded addresses, we have undertaken a two-step
investigation. A simple model is first developed. It aims at drawing a few general
properties of the signal formation in a large optical density material. This model is
exposed in the present chapter. In chapter 4, with these properties in mind, we build a
more refined model that includes the tautomerization mechanism of hole burning and
we compare theoretical predictions with experimental data.

The model that we develop in chapter 3 relies on the following assumptions:
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(i) Accumulated recording is a gradual burning procedure with a large number of
weak pulse pairs. Each pulse pair propagates through a medium that has been altered
by the previous pairs, but one ignores the feedback of the current pair burning effect on
its own propagation.

(i) A small angle between the reference and object pulses guarantees that a
large number of coupled waves are phase-matched for propagation through the
sample.

(i) The time interval between two writing pulses is large enough to avoid
overlap.

(iv) The PSHB medium is regarded as an assembly of photosensible grains with
a uniform initial spatial distribution. The size of the spectral grains 'hom is smaller than
the period of spectral interference structure 7! The photochemical products disappear
from the spectral region occupied by the hologram.

After an outline of the coupled-wave theory in section 3.2, we calculate the
expression of the stored hologram in section 3.3 and the signal amplitude in section
3.4. In section 3.5, we discuss the signal behavior under different recording energy
dose. We end this chapter with a conclusion in section 3.6
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3.2 Coupled-wave theory

As depicted in figure. 3.1, a grating is engraved in a PSHB sample by
sequences of reference and object pulses that propagate along directions k 1 and K o,

respectively, with a small angle 6 in x-z plane. Since the field does not take any pattern

in the y-direction, this coordinate can be ignored in the present discussion.

>

R 1 15+
‘ T 0 L Z
«—>

Figure 3.1 Space-time holography. The reference, object,
probe and signal pulses propagate along k1, kaz,
k 5, and k 4 respectively.

According to the dispersion relations!*, the space and frequency dependent
relative dielectric permittivity can be expressed as the following function of the

absorption coefficient oz, x,v) :

ex(z.%,v)=1-ikg " (1+iH Yoz, X, V) (3.1)

2
where ko= 72)0, is the wave vector length, vo denotes the central frequency of the

propagating field, and the Hilbert operator H is defined by:
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H [f(v)]= %f LAN (3.2)

vV =V

The imaginary and the real parts of &(zx,v) correspond to the absorption and
the refraction, respectively. When a population grating is generated in the medium, an
absorption grating is formed and it is accompanied by a refraction one. Both of them
act on the electric field E(F,t) in the medium. The spectral components of the field
satisfy the wave equation:

AE(T V) + & V) ko E(f,v)=0 (3.3)
The spatial population grating engraved by the impinging fields is a x-dependent

periodic function. Its period equals 2n/K, where K= lRZ—RJ. Thus we can expand

a(x,z,v) as a Fourier series:

alzx,v)=Y &P (z v) e P (3.4)
p

where: aP)(z v)= K I on 0z, % v)ePr¥dx (3.5)
2n <—>

and p numbers the different spatial modes of the grating.
The propagating field is also a periodic function of x and it can be expanded as
the following series of spatial modes:

E(7,v)= P (2 v) o THoK (36)
P

where: (z v)= K E(F, v)ei(E*F’Lpr)dx (3.7)

I<21tIK>
Substituting (3.5) and (3.6) into the wave equation (3.3), we obtain the equation

of the coupled waves [6]:

(kg +pK)? —ko? gP)
2k

0

—E (z v)+ (1+|H)a(0)(z v) (z V) -i (zv)=

% TIa+iE Qe MET Y@y @8)
q=0

The different contributions to the z-variation of E (z v) can be identified as damping,

dephasing, and coupling terms. The third component on the left-hand side of the
equation accounts for the phase shift that builds up between the propagating field and
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the periodic structure that generates it. The phase shift per length unit is

[(Kq +pK)2 —ko2)/2kg . In the limit of a small angle 6 between k1 and ky, the phase

shift accumulated through the sample thickness L reduces to np(p — 1)—;':92. The waves

p=0 and p=1 undergo no phase shift.
The coupled-wave equation is used to describe the propagation of the engraving
fields and the diffraction of the probe pulse.
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3.3 Accumulated storage

A set of M holograms is stored in the PSHB sample. Each hologram is defined
by a pair of reference and object pulses. A pulse-pair impinges on the medium after the
molecules excited by the previous pulses return to the stable state, and before the
accumulated engraving disappears. In our case, the minimal and the maximal time
intervals between two adjacent pairs are determined, respectively, by the life time of
the triplet state (~10ms) and by the life time of the hole ( several hours ). One pair of
pulses is insufficient to store a detectable hologram. The stability of the spectral holes
in this time range allows one to repeat a large number of the same pulse pairs for
storing a single hologram. The spatial-spectral interference pattern constructed by each
pulse pair is accumulated in the material by the successive modifications of the
molecular population by the PSHB reactions. As a consequence, the diffracted
holographic signal is enhanced. The accumulation proceeds until the PSHB process is
saturated.

We assume N pairs are needed for storing one hologram. For M-hologram
storage, the sample is illuminated by MxN pairs successively. In order to average
undesired laser-induced erasure, it is preferable to engrave M holograms with a train of
M different pairs, each pair corresponding to one hologram, and to repeat this M-pair
sequence N times.

We denote the energy spectrum of the mth pulse-pair as, W(0, x, v,m). It can be
written as:

W(0, x, v,m)=Wo(v)[1+ (V) - cos(Kx + 2nvt) ] (3.9)
where the energy spectrum of the laser source, Wq(v), is evenly shared between the
reference and the object arms. The time interval of the two pulses is denoted by . The
spectral function encoded on the reference pulse is represented by the shape factor
fa(v). In Eq.(3.9), the cosine function describes the space-frequency interference
pattern that is built by the fields. Its period is 2n/K in the x-direction and 1/t in the
frequency dimension. The energy with a spatial and spectral distribution of the

interference pattern burns a population grating of PSHB molecules in both the spatial
and the spectral dimensions.
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For each spectral component, the spatial grating is recorded in the medium as a
conventional hologram. However, the spatial and spectral grating are always linked to
each other in the spectrally selective medium. The space and frequency independent
contribution on the right hand side of Eq.(3.9) only bleaches the molecular population.

In an optically thick sample, the burning energy decays in the z-direction
because of absorption.The frequency-and-space energy distribution of the mth pulse
pair in the excitation pulse train is denoted as,

Wi(z,x,v,m)= | E(z,x,v.m)l > (3.10)

where E(z,x,v,m) is the amplitude of the field in the sample. The sinusoidal structure of
the interference term in (3.9) may be deformed when the incident energy propagates
through an optically thick medium.

The burning effect is depicted by a simple exponential decay law that will be
refined in Chapter 4. According to this simple model, the persistent holes burnt by m
pairs of pulses affect the molecular distribution and the absorption coefficient in the
foliowing way:

~Bv) 2 W(zxvm)

m
n(z,x,v.m)= no(v) | [ e PVIWEXM) _npvje — m=t (3.11)
m'=1

m
-B(v) ZW(zxym')
a(z,x,v,m=og(vie ™= (3.12)
where, no(v) and ag(v), respectively, denote the initial values of the molecular

distribution and of the absorption coefficient. B(v), a factor representing the hole
burning efficiency. As they propagate through the sample, the burning fields are
diffracted on the grating that they are building. The multiple components in which they
divide themselves obey the coupled-wave Eq.(3.8). In the following we assume that the
phase-matching condition:

p(p - 1)%92 <<1 (3.13)
is satisfied by the most significant waves. We shall check the validity of this assumption
in section 3.54. Then Eq.(3.8) reduces to:

E(zx v,m) _ 1

— (1+iF)oz,x,v,m-1) E (z,x,v,m)=0 (3.14)
oz 2
where: E(z X, v,m) = E(z. XV, m)eiR"F (3.15)
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We consider that each individual pulse pair is weak enough in writing. The mth pair
propagates through a medium that has been modified by the m-1 previous ones.
Derived from Egs (3.10) and (3.14), the energy density propagation equation reads as:

aiW(z,x,v,m)+ o(z,x,v,m-1)W(z,x,v,m)=0 (3.16)
z
The total exposure energy conveyed by the incident pulses is defined as,
MxN
Y(zxv)= 2. W(z x vum) (3.17)
m=1

Considering Y(z,x,v) as a sum of infinitesimal quantities, we integrate Eq. (3.16) over

W and finally obtain:
B(v) % Y(zxv)=-ag(v)(1 - e BMY(ExV) (3.18)

This equation describes the propagation of the total energy of the pulses in an optically
thick medium, and its solution reads as,

Y(zx,v)=B(v) In{1+ e %0(M)Z[g PO YOXv)_q7, (3.19)
where Y(0,x,v) is the total incident energy. Taking the optical thickness into account
results in the local energy varying in the z-direction. We plot the z-dependent energy for
different incident energy dose denoted by BY, in figure 3.2(a). A weak energy dose
decays exponentially with the depth from the front side of the sample and is completely
absorbed after a certain distance. When the incident dose increases, a portion of it
bleaches the sample on its way and makes the rest pass through without absorption so

that it can propagate further.

Figure 3.2 (a) Energy propagation in thick sample.
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The local absorption coefficient modified by the burning energy can be rewritten

as,

oz, X, v)= og(v)e PV (ZXY) (3.20)

N ao(v)
R N LY (T (3:21)

Figure 3.2(b) depicts the local absorption coefficient within the sample under different
incident dose. The material is burnt firstly on the surface by the small dose, and one
can see a steep slope between the burnt and unburnt parts within the material. The
bleached area expands with the dose, in the meanwhile the shape of the slope does
not change, but its position shifts in the direction of the energy propagation. More
precisely, from Eq.(3.21) the position where a(z,x,v) is reduced by a factor of two can

be expressed as:

BY(0,xv)  In(1—e FY(OxV))

21912 (3.22)
ag(v) ag(v)
which is a linear function of the dose when BY(0,x,v) >>1.
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Figure 3.2  (b) Local absorption coefficient modification in thick sample. The
vertical solid, doted and dashed lines, respectively, specify the
initial optical densitys equal to 2,4,6 (see figure 3.2c).
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For a L-thick sample, we calculate the optical density: OD=[J16a(z)dz]/|n(1O).

The z-integrated absorption coefficient reads as:

A(x.v) = J(I)'a(z,x, Vdz=In[1+ ("0 — 1)eBYOxV) (3.23)

=Ag(v) = BY(0,x v) +In[1+e Ao (PYOXV) _ ) (3.24)
which is expressed as a function of the space and frequency distribution of the total
incident energy. The relative reduction of optical densities are plotted as a function of
incident dose in figure 3.2(c) for three different values of the initial OD, larger than
unity, namely 2, 4 and 6. Each evolution curve exhibits a linear variation over a dose
range which by far exceeds the perturbation region BY(0,x v)<<1. The size of the linear

zone increases with the optical thickness. The energy limit for the linear zone can be
estimated from Eq.(3.24). Indeed, if e~ Polv) (eBY(O'x"’) —1) << 1, the last term in (3.24)

can be ignored and the optical density varies linearly with the dose. For an optically

thick medium, this condition keeps valid for BY(0,x v) < A (v), which is consistent with

figure 3.2(C).
©
0.8 |\
s 08 '
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Figure 3.2 (c) Relative reduction of optical density as a function of
incident dose, OD=2, 4, 6 (Ao~ 4.6, 9, 14, respectively).
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This linear behavior is closely connected with the linear character of the hole
burning process. As long as the incident dose (BYo) is less than A;=0D*In(10), it is
completely absorbed by the medium, so that the depletion of the absorbing molecule
population is proportional to the total incident energy. Thus the optical density reduction
is linear with the dose. When the dose is as large as ~A,, it reaches the exit surface,
which means that a part of incident energy passes through freely and does not modify
the medium. Then the evolution curve of optical density is in the non-linear region.
When the energy is strong enough the sample is finally bleached completely.

It should be noticed that the linear regime energy range of the optical density is
much broader than that of the local absorption coefficient. Indeed, the region close to
the front side of the sample is burnt much earlier than those buried deeply inside the
medium. For these early burnt regions, the linear behavior fails in the very energy
range where the optical density varies linearly. However, in this energy range, only the
first order expansions of the absorption coefficient, at any depth in the sample,
contribute to the expression of the optical density. This paradoxicat property will prove
useful for the calculation of the holographic signal.
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3.4 Diffraction on the engraved grating

3.41 Index of refraction and absorption gratings

After the hologram is engraved, a probe field is directed to the sample and a
diffracted field is detected. The signal amplitude is calculated with the help of the
coupled-wave equation (3.8). It is known that any hologram is twofold. It includes an
index of refraction component and an absorption one. This is apparent in Eq.(3.8)

where the waves are diffracted on iﬂ&“"(z, v) and on &(Q)(z, v) which respectively

represent the index of refraction hologram and its absorption companion.

One may take advantage of the spectral modulation of the engraved holograms
to calculate the Hilbert transform of the absorption coefficient and to clarify the
connection between the two holographic contributions.

For recording data at M different addresses, one irradiates the memory element
with the following total energy:

MxN
Y(0.x,v)= 2 W(O,x v,m) (3.25)
m=1
Y(0,%,v)=Yo(v)< 1+ v cos(2nvt +KxX) D bnfin(V) (3.26).
m=1

From Eq.(3.21) we know that the structure engraved in the PSHB material is not
proportional to Y(0,x,v). However, the absorption coefficient a(z,x,v) can be expressed

as a function of Y(0,x,v). As such, it depends on x through cos(2nvt +Kx). Thus the
absorption coefficient can be denoted as a(z,¢,v), where ¢ = 2nvt +Kx. It results that

the Fourier coefficients of a(z,x,v) read as:

= 1 o
&P (z,v) =56 2™ [ " a(z0. V) cos(poldo (3.27)

We have assumed that the engraving pulses do not temporally overlap. The temporal
extension of the spectrally encoded reference pulse is determined by the inverse of an
elementary spectral slice 1/5. The duration of the object pulse is much smaller since it

equals the inverse laser bandwidth. Thus the assumption of non overlapping pulses

implies that ©>1/5. Therefore, the frequency-dependent variations of &(p)(z. v) reduce
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to the oscillation of the phase factor e 2PV in any interval narrower than d. As a

result, the Hilbert transform of a® (z, v) can be expressed as:

25P(zv) if p> 0
if p<O (3.28)
&Pzv) ifp=0

A+ &Pz, v) =

(=e]

It appears that the p>0 Fourier coefficients of the index of refraction hologram coincide
with those of the absorption one while the p<0 coefficients cancel each other. The
coupled-wave equation (3.8) can be rewritten as:

o gl
oz~

(kq +PK)? —kg? ~(p)
2o

EP v)+2a‘°)(zv)E (z,v)-i (zv)=

Y E3zvE” Y2y (3.29)
g>0

The last term on the right hand side of equation (3.29) shows the coupling effects that
generate a field mode. According to Eqs(3.27) and (3.29), the pth order component of
the field can be characterized as follows: (i) it is generated only by the lower order
modes, which entails that, if the wave p=0 alone is present in the front side of the
sample, its propagation is not affected by that of other waves. (i) it emerges at a time

delay pt with respect to the probe field, in direction kp = k; +p(ky —kj). (i) the
dephasing effects in a geometrical thick medium may prevent the radiation from the
high order modes since the signals emitted at different points within the medium may

contribute destructively to the output field. Modes p=0,1 are always phase-matched
according to Eq.(3.13).

3.42 Signal amplitude

Let the probe pulse be directed along K; = k;. The field diffracted in direction k,

is the solution of the foIIowing set of coupled-wave equations:

‘a“E \z )+ 50z wE (zv)=0 (3.30)
aiE (z,v>+;a<°>(zv>E z v+ (zv) E%zv=0 (3.31)
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with the initial conditions:
EP o,v)=0, if p=0 (3.32)

A 0 ~

£ 0.v)= ELv) (). (3.33)
The incoming probe pulse spectrum is expressed as the product of the laser spectrum
g «(v) with the encoding function f(v) which belongs to the family of orthogonal

functions already used to encode the reference pulses.
Solving equations (3.30) and (3.31) we obtain:

~(0) N Y

E (zv)= EL(v) fi(v). e 2 (3.34)
1%(0)

~ ~ -—A ) ~

Ev= Emime 2 AW (3.35)

where:
AP =X | ipKx
AP (Vy=—1] o A(xVv)eT dx (3.36)
2n  <—>

K
The z-integrated absorption coefficient A(x,v) is defined in Eq.(3.23). Except for the
numerical factor In10, it coincides with the optical density.

Expression of the signal in terms of the first two Fourier coefficients of the optical
density only relies on the assumption that a(z,x,v) is a function of cos(Kx+2nvt), and
that the v—dependence described by this cosine is much faster than any other. Thus
Eq.(3.35) can be regarded as a general description of a spectral hologram retrieval
process in a persistent spectral hole burning material. The hole burning model
proposed in section 3.3 only goes into the expression of absorption coefficient. It is
used in section 3.5 to discuss the variation of the signal amplitude as a function of the
burning dose, and to examine implications on the cross-talk between phase encoded
addresses.

92




CHAPTER 3

3.5 Discussion

3.51 Connection with the elementary description

In Section 2.2 we proposed the principle of phase-encoded addresses within the
limits of small optical density (Ao(v)=cw(v)L<<1) and small burning dose (BYo<<1). In
order to connect the present theory with this early description, we expand Eq. (3.35) to
lowest order in the optical density and the burning dose, with the help of Egs. (3.24)
and (3.26). It leads to:

~(1) -4 1 = * -2itvt

E™ 2.v)=- EL06) 50 Aov) BYol) iy Lt (V) (3.37)
The diffracted field is detected through its correlation with a gating field delivered by the
laser. The correlation signal reads as:

M
Gi(0= [dv | E10) 12 Aov) BYolv) o1 Lo 010 @39
m=

which, as expected, reduces to Eq.(2.10) when the active molecules and the laser
intensity are uniformly distributed over the storage spectral window.

In practice, the conditions, Ap<<1 and BY<<1 lead to the difficult detection of the
extremely weak signal. We should consider to augment the optical density and the
recording energy to get a detectable signal.

3.52 Linear regime and beyond

In section 3.3, we noticed that A(x,v) can be expressed as a linear function of
the dose in an optically thick medium as long as BY(0,x v) < Ag(v). Fortunately the
diffracted field amplitude can be expressed as a function of the Fourier coefficients of
A(x,v). According to Eq.(3.24) the linear approximations of A(x,v) and of its first two
Fourier coefficients respectively read as:

A(x,v)=Ao(v) - BY(0,x V) (3.39)

AL (v)=Ag(v)-B(V)Yo(v) (3.40)
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M |
A (v) = -1728(v)Yo() ﬁ S brnfin(v) €2 (3.41)
m=1

According to Eq. (3.26), the maximum value of BY(0,x,v) is 2B(v)Yo(v). Therefore, in an

optically thick medium, the signal amplitude can be replaced by its linear approximation
provided:

B(V)Yg(v) < 1/2A0(v) (3.42)

As an illustration of this feature, we have plotted the exact expression of K“)(v)
together with its linear approximation on Fig. 3.3, as functions of the burning dose. The
initial optical density is set equal to 1.5 and it is assumed that a single data is stored in
the PSHB medium at an address that is represented by a rectangular spectral code:

M=1, épfn(v)=1.

1

0,8 |
= 06}
S Ag ~ 3.45

04

02t

0 i 4 5 L " L i L N
0 1 2 3 4 5
dose (BYp)

Figure 3.3 Fourier coefficient A( (v) as a function of the
burning dose. The initial optical density equals 1.5,
(ie. Ay(v)= 3.45). solid line: exact calculation.
dashed line: linear approximation, valid up to
BYp(v) = 0.5A0(v) =17.
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The signal amplitude is plotted on fig 3.4 under the same conditions. It confirms
that the linear regime approximation keeps close to the exact calculation as long as
BYg(v) < 0.5Aq(v). It should be stressed that when 0.5Aq(v)>1, the validity range of
the linear regime by far exceeds that of the first order perturbative expansion which is
only valid when BY,(v) <<1.

When the burning dose B(v)Yo(v) exceeds 0.5Aq(v), non linear effects can no
longer be ignored. Their contribution entails two consequences. Firstly, the part of the
higher order gratings in the engraved structure increases with the energy. They diffract
an increasing fraction of the readout pulse and decrease the usable signal generated
by the first order grating. Secondly, the recording bleaches the sample and decreases
the absorption modulation. As the result of the combined effects, the diffracted signal
saturates, then decreases with the energy, as illustrated in Fig.3.4.

l«<— BYo<0.5A,

0.6
)
:g ——
£
E
©
©
c
2
»
6 8 10

dose (BYo)

Figure 3.4 Diffracted field as a function of the burning dose. The
initial optical density equals 1.5, (i.e. Ay(v)= 3.45). Solid
line: exact calculation. Dashed line: linear
approximation, valid up to BYqg(v) = 0.5Aq(v) =17.
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3.53 Crosstalk between addresses

The discussion of crosstalk is restricted to the linear regime. Expressions (3.40)

and (3.41) are substituted for A (v) and A (v) in Eq.(3.35). Thus the correlation

signal reads as:

M w
Gy(9)= [ dVF(V)x 2 b (¥ (3.43)
m=1
1 1
where: F(v) = o.5|§L(v)|23(v)Yo(v)e PAUFLMCAY (3.44)

Therefore the address orthogonality is preserved provided the active molecules and the
laser intensity are uniformly distributed over the storage spectral window. It is
noteworthy that one is faced with the same orthogonality conditions as in the small
optical density, small burning dose limit (Cf. Section 3.51). This feature is connected
with the phase-encoding character of the addresses: the 0-order Fourier coefficient of
the optical density, which determines the absorption decay of the signal, is not affected
by the spectral structure of the filled addresses.

3.54 Phase-matching requirement

The modes that do not satisfy the phase-matching condition expressed by
Eq.(3.13) can not propagate through the sample. This condition becomes more and
more stringent for higher order waves. During the buring process, the impinging
beams are diffracted on the grating that they are building up and they transfer a part of
their energy to high order waves. In section 3.3 we assumed that all the generated
waves are phase-matched. This assumption is valid if only low order waves
significantly contribute to burning. In order to check this hypothesis, we allow a limited
number of waves to participate to the hologram engraving, and calculate the signal
amplitude. First we assume that a very thick grating is engraved so that only the p=0
and p=1 waves can propagate. Then, an additional p=2 wave is allowed to contribute to
energy transmission. Results are plotted on Fig 3.5. together with the curve with no
phase-matching restriction. It appears that, in the dose range of interest, very few
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waves contribute to burning and that energy propagation is correctly described by

Eq.(3.16) provided:

Eez <<1 (3.45)
A
0.6
——— (a)
() T — —
2 04 f s e )
a / e S
; .
c /
0 / .
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dose (BYo

Diffracted field as a function of the burning dose.
(a) no phase-matching restrictions.

(b) Waves p= 0, 1, 2 can propagate.

(c) Waves p= 0, 1 can propagate.

Figure 3.5
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3.6 Conclusion

Relying on a simple hole burning model, we have brought a few features to light.
We have shown that, under quite general conditions, the retrieved data can be
expressed as a function of the first two Fourier coefficient of the optical density. We
have disclosed a linear regime that results from the linear character of the hole burning
process and that ranges a broad burning dose domain in optically thick samples. We
have checked that, when a very few spatial waves satisfy the phase-matching
conditions, the burning energy propagation is not affected by Bragg selectivity in the
dose range of interest. Finally, the conditions required to eliminate cross-talk between
the memory addresses appear to be the same in the linear regime as in the small
optical density, small burning dose, limit. In Chapter 4 we take advantage of these

results to build a more sophisticated model.
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CHAPTER 4

PHOTOPHYSICS AND BROADBAND HOLOGRAPHY

4.1 Introduction

Our investigations on spectral phase encoding also open new experimental
ways for approaching the hole burning process. Additional informations are added to
our knowledge of this mechanism. It implies that its theoretical description has to be
consistent, not only with the standard burning of a spectral hole in the absorption
profile by a monochromatic laser, but also with hole burning by broad band sources
and with diffraction on a hologram engraved over a broad spectral window.

In order to complement the hole burning model we have to clarify the electron-
phonon coupling which affects the homogeneous line structure, the frequency
dependence of the PSHB quantum yield B(v), and the spectral distribution of the
phototransformed molecules.

In addition we have to build a unified analysis of light propagation in a PSHB
material that relates the hole depth measured in conventional experiments with the
diffraction efficiency on a broad band spectral hologram. The unified theory is derived
from the model that we developed in chapter 3. We relax the two following
assumptions that underlie this model:

(i) optical absorption does not depend on the relative orientation of light polarization
and of molecular optical dipole.

(i) the absorption spectrum of the photoproducts is situated out of the initial
inhomogeneous absorption band.

Section 4.2 is devoted to the electron-phonon coupling and to the frequency
dependence of the PSHB quantum yield. The hole burning model is presented in
section 4.3. The hologram engraving calculation is outlined in section 4.4. The
experimental data are examined in the light of the theoretical achievements in section
4.5. Results are summarized in section 4.6
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4.2 Phonon side band, burning efficiency

The hole burning process includes an optical excitation step followed by an
engraving mechanism. All the active centers interact with the light in the same way,
irrespective of their local environments and of their transition frequencies. On the
contrary, the reactive channels which are opened in the upper level of the optical
transition may depend on the local environment. The reaction in the excited state is
characterized by the burning efficiency. We investigate the frequency dependence of
this parameter in the present paragraph by exploring the spectrum of the light
diffracted on a PSHB-engraved grating. This hologram is recorded over the entire
inhomogeneous width, which emphasizes the frequency variation of the burning rate.
Our description of the homogeneous line includes the zero-phonon component and
the phonon side-band that describes the matrix excitation through electron-phonon
coupling. The experiment is performed in OEP-doped polystyrene. As noticed in
section 2.33, burning is caused by a tautomerization process. As a consequence, the
burning products may fall within the inhomogeneous band. In order that the observed
signal be not affected by the secondary photo excitation of the photoproducts, we
perform the experiment under small exposure condition.

4.21 Absorption spectral structure and burning efficiency

The optical properties of dye-doped polymers are determined by both the
dopant and the matrix. The absorption spectra are due to electronic transitions, inter-
or intra-molecular bond vibrations and also contain guest-host interactions. At low
temperature, a dopant molecule can be optically excited on its zero-phonon line (ZPL)
coming from the 0-0 pure electronic transition. On account of the inhomogeneity of
the host matrix, guest molecules located at different positions exhibit different ZPL
transition frequencies. A ZPL frequency-dependent dopant distribution ng(v) can thus
be defined as the inhomogeneous distribution function. In a simple model it can be
described by a Gaussian function centered at v,

v—Vvp

~ Y 4In2
no(v)=C,e Tin (4.1)
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where C, is a normalization constant. In addition to the ZPL component denoted as
kzpL(v-v'.I'p), the absorption spectrum of each single set of molecules with the same
ZPL resonance frequency v' includes a blue-shifted broad phonon side band kpsg(v-

v,I'p), which is caused by electron-phonon interaction. The resulted absorption

spectrum reads as:

k(v-v‘) = kzpL(v-V', Tg) + Kpsp(v-V', I'p) (4.2)
At low temperature, the line shape of the ZPL can be described by a Lorentzian
function:
1 T
kzpL(v, o) = OtDw-—-z—o—z (4.3)
T ve+1g

where T =1/2 Thom is the HWHM of the ZPL, and apw, the Debye-Waller factor. To

simplify the mathematical description of the PSB, three assumptions, harmonic
potential, low temperature and linear electron-phonon coupling were introduced in
ref.[1], which are also satisfied in the cases we are interested in. Then, the PSB line
shape can be expressed as:

v

v T
kpsg(V, rp)=(1—0‘DW)-}‘2‘-e P (4.4)

p

where T, equals the half Stoke’s shift, which is usually two or three orders of
magnitude larger than I'hom in porphyrin-derivatives/polymer system. The relative
intensity of the ZPL and PSB of the homogeneous line depends upon the linear
electron-phonon coupling strength which is measured by the Debye-Waller factor apw
defined as the relative integration area of the ZPL to the total homogeneous spectral
area including the ZPL and PSB. When the coupling is weak (or strong), apw is close
to unity (or zero).

The profile of the whole absorption spectrum a(v) can be described as the
convolution of ng(v) with k(v), i.e.:

a(v) = ap no(v) D k(v) (4.5)

where oo denotes the initial maximal absorption coefficient, ng(v) is normalized such
that ap(v)=0,, at the maximal absorption. These spectral structures are schematically

depicted in figure 4.1.
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Figure 4.1 (a) Underlying structure of the absorption profile.
(b) Hole burnt by a weak monochromatic laser.

Based on this feature, we consider the spectral hole profile which may be
rather complicated and strongly depends on laser line width, exposure intensity and
time. First, we assume a monochromatic laser line 8(v-v.) as the burning light. In
addition to the molecules which have their ZPL’s exactly in resonance with the laser
frequency at v|, the off-resonance molecules which are located on the red side of v

and whose PSB's overlap the laser line are burnt through their phonon side bands.
When the energy is weak enough, hole burning is in the linear regime, the resulted
depletion of the molecular distribution is proportional to the burning energy Yo, the

homogenous line shape k(v_-v) and the burning efficiency (v) as,

n(v)=no(v)[1-B(v)Yo k(vL-v)] (4.6)
The disappearance of the molecules undergoing PSHB through their ZPL’s form a
sharp ZPL hole and a relatively broad blue-shifted phonon side hole, while the
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molecules burnt through their PSB’s give rise to a red-shifted pseudo-phonon hole as
shown in figure 4.1 (b).

In an optically thick sample, the propagation of the incident light field through
the absorbing sample reduces the burning intensity. We restrict our discussion to the
weak energy region where the sample is not bleached in the burning process. At a
depth z from the surface of the sample, the modified distribution function reads as:

no()[1-B(v)Yo e %M )Z k(v -v)] 4.7)

4.22 Broad band engraving of a space-and-frequency grating

Instead of a Dirac peak, let the incident energy have a spatially and spectrally
structured spectrum described by,

Y(0,xv)= Yo (v)(1+ 1/ 262 KX 4 ¢ 0 ) (4.8)
where Yo(v) stands for the spectral energy dose delivered by a broad band source

IL(v), and K=lk{-k2| Then, the modified molecular distribution and absorption
coefficient can be expressed, respectively as:
n(zx,v)=no(v).[1- B(v).Y(z,x, v) ® k(-v)] (4.9)
oz, X, v)=a, N(z,x,v)QK(V)
In the frequency domain, the grating period equals the inverse of the time
separation between the recording pulses. However, the period cannot be arbitrary
small. It cannot be smaller than the width of k(-v), which can be regarded as the grain

size of a frequency domain photographic plate and which limits the resolution of the
plate. As a matter of fact, the grain structure includes two components with very
different sizes. In dye-doped polymers at low temperature, T'in is several times larger
than I'p , and Iy is two or three orders of magnitude larger than I'hom. In the regime
l“in>r'1 >Tp, both kinds of grains contribute to the grating structure. If T'p >>t the
PSB component, with its T, wide grain, no longer contributes to the grating. The zero
phonon line contribution survives alone, as long as I'homt<1.

In our storage approach, the time interval t is adjusted in such a way that,
l“hom<<t'1<<1“p. Since the only surviving component in k(-v) is much narrower than

a(v) and Yq(v), the engraved structure can be simplified as:
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N(z, % v)— N (V) & —ng(v)Yo(V)B(v). e~ %02 (e 2mviikx o ¢y (4.10)
a2, %, v) — ag(v) & —Ng(V)Yp(V)B(v).e *o(MZ (g 2mviikx L ¢ oy (4.11)

Then the zero- and first- order Fourier components of the z-integrated
absorption coefficient read as,

AO)(z,v) =ag(v)L= Ao(v)

A (z, v) acno(v)B(v) Yo(v) (1-e~AeMyiAg(v) (4.12)

4.23 Diffraction spectrum

We use the same broad laser as a probe beam. According to expression
(3.35), the diffraction spectrum has the profile as,

F(v) o O 4 g RolMye=112A0() B(y)Yo(v) & (v) (4.13)
Ag(v)

Where §L(v) denotes the laser spectrum. Here the PSB components do not
participate to the signal emission. It can be explained by the principle of the SPE
process. When the probe field excites the optical dipoles either through their ZPL's or
through their PSB’s, an interval 1 elapses between the excitation of the dipoles and
the moment when their relative phase shifts cancel and they emit a coherent signal.
Since 1 is adjusted in such a way that 'yt >> 1, the PSB dipoles decay before the
emission time. So in summary, PSB’s participate neither to the grating etching nor to
the signal emission. The signal is radiated only from zero phonon lines. The existence
of PSB'’s affects the signal spectrum in term of absorption.

According to expression (4.13), the contributions of molecular distribution, PSB
components, and quantum efficiency can be studied experimentally. The signal
intensity can be expressed as,

2
|§(v)|2 “{22,((1))} (1-e~Ao)2Z g=AolM) [g(v))2 13(v) (4.14)

where IL(v)=|§L(v)|2 .
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In this expression, the quantities Ag(v), I(v) and |§(v)|2 can be accessed

directly by standard spectroscopy techniques. apw, I'p, and I'g may be referred to

some literature ['"®!. With these parameters, we may get no(v) and B(v) by simulating

absorption, signal spectra and comparing them with experimental results.

4.24 Experimental

The experiment relies on the spectral analysis of SPE. This can be achieved in
a conventional way by probing the engraved grating with a broad band pulse and by
directing the signal to a spectrometer, at the expense of important energy losses. In
addition, a high sensitivity detector array is required in order to simuitaneously
analyze all the radiated signal and to avoid the damage to the stored grating with an
excessive exposure of the readout field. We prefer to analyze the signal spectrum by
probing the engraved grating with the help of a narrow band tunable laser. Then all
the radiated energy is directly detected on a photomultiplier, and the signal spectrum
is obtained by scanning the laser frequency.

A scheme of the set-up is plotted in Fig. 4.2. The laser source is a Nd:YAG
(with second harmonic generation) pumped dye-laser, delivering wide band chaotic
pulses with 10 ns-duration at 15 Hz repetition rate. The spectrum of the source is
centered at 620 nm and covers a 9 THz bandwidth approximately. The laser beam is
split into reference and object beams with equal intensities. On the reference arm,
pulses go through the spectral shaping device. This device is the same as described
in chapter 2 and figure 2.5, except that an adjustable slit replaces the SLM in the
focal plane. In the recording stage (figure. 4.2 a), the slit is opened to let all the
spectral components of the laser source pass through so that the reference beam
holds the same broad band spectrum as the object pulse. In the readout stage (figure
4.2 b), the slit is adjusted to be as narrow as possible. in our experiment, a minimum
slit width of 0.16 mm corresponds to a spectral width 80 GHz. A tunable probe beam
is prepared by scanning the slit in the focal plane with the additional benefit that the
probe pulse propagates exactly along the same direction as the reference pulse, so
that the phase matching condition is automatically satisfied. The diffracted signal is
detected in the direction of the object beam by a PM (RTC XP101, with S20R
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photocathode). The time separation between the object and the reference pulses is
set to 20 ps throughout the experiment.

The tunable beam is also used to obtain the absorption spectrum of the
sample. When the object beam is blocked, the reference beam through the narrow
spectral slit, is directed to the sample with an attenuated intensity. The transmitted
light is detected on the same PM in the direction of reference beam. We detected

also the laser spectral profile in the same way after removing the sample.
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Grating 2 :
DL1 >

Object
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Laser BS1
Sh2

OD  Cryostat

(b)

Figure 4.2 (a) Experimental setup for broad band recording. DL1 adds a
6mm delay on the object path with respect to the reference.
(b) Analysis of the signal spectrum, with the help of a movable slit.

The sample is an 0.5mm-thick OEP/PS slab with initial optical density OD~2
and the concentration ~ 6x10° mol/l. Firstly, we analyze the ZPL and PSB
components on the absorption spectrum as shown in figure 4.3. The absorption
profile does not depend on the value of Thom @s long as Thom << T, [in. ON the
contrary, the parameters T'p, I'in, apw affect the absorption profile in such an intricate
way that one cannot derive their values from the analysis of this single spectrum.
Fortunately, the parameters I', and apw have been measured by means of time-
resolved PE and temperature cycling hole burning for the same porphyrin-

derivative/polymer system 41 according to which we can fix I'p=0.45THz, apw=0.9

for our situation. Figure 4.3(c) gives a simulated absorption with Iin=4THz which

coincides with the experimental profile (a). The slight deviation on the blue side is
assigned to the effect of high energy vibrational modes which are not taken into
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account in our model. The curve (b) in the same figure gives an absorption spectrum
of the sample after being irradiated by the reference and object beams with a very
weak exposure dose. The rather slight modification of the absorption spectrum shows

that the PSHB memory element works in the perturbation regime.

2.0
1.5
1
Q 0.5 a
S b
5
= 2.0
2
?
a 15¢
(4]
1 L
05¢

0 i A i i i i i A L i i " i .
45 -35 -25-15-05 05 15 25 35 45
frequency (THz)

Figure 4.3 Absorption before (a), after (b) recording, and simulated one (c).
The fitting parameter values are: apw = 0.9, I'p = 0.45 THz,
r|n=4THZ

Then we turn to B(v). At the present time, there is a little information on the
value and the wavelength dependence of this quantity. If the quantum efficiency is
assumed to be uniform over the inhomogeneous width, figure 4.4(b) gives the
simulated signal spectrum with the following relevant parameters values obtained in
last paragraph,

apw = 0.9, Ip = 0.45 THz, I'in= 4 THz
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Figure 4.4 (a) Experimental spectrum of signal intensity.
(b) Simulation of signal with the fitting parameters of figure 4.3(c)
and uniform f(v).
(c) Simulation of signal with the fitting parameters of figure 4.3(c)

and B(v)=po.[1-0.112(v-vp)].
(d) Laser intensity spectrum I (v).

which shows a large discrepancy with the experimental curve 4.3(a). So the
assumption of a constant hole-burning efficiency over the entire inhomogeneous
width appears as non-realistic and on the contrary, we have to consider its
wavelength dependence. In order to eliminate the discordance, the simplest
hypothesis is to assume a linear dependence of $(v) on the wavelength. The best fit
of the theory to the experimental data is drawn in figure 4.3(c) and corresponds to the
following relation,

B(v) = Bo.[1-0.112(v-vp)] (4.15)
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where f¢ is a proportionality factor and v is in THz.

Horie et al. © reported that the quantum efficiency decreases by about one
order of magnitude from the red side to the blue side of the inhomogeneous
absorption band. These measurements were made point by point for several systems
like tetraphenylporphyrin (TPP) or sulfonated TPP in PMMA and poly(vinyl)alcohol
(PVA) at 20 K. The covered range was about 490 cm” (20 nm). For methylene blue

in PVA at 4K a one order of magnitude decrease was also observed for a covered

! (50 nm). From our experiment, we obtain a reasonable

range of 1000cm’
understanding of our data only if we introduce a continuous variation of the excitation
factor B(v) over the whole inhomogeneous band. The slope of the variation of B(v)
versus the wavelength is obtained and we observe that B(v) changes by only a factor
of 2 over 180-200 cm™' in OEP/PS. Our result agrees with the general observation
fact that PSHB is less efficient on the blue edge than on the red edge of the
inhomogeneous band. A possible reason is that off-resonance excitation processes
through phonon side bands and energy-transfer which both contribute to the
diminution of the probability for a photochemical event in the molecules excited at
resonance have a higher rate at higher energies.

4.25 Discussion

We have investigated the diffraction spectrum affected by the homogeneous
line structures and quantum efficiency. This study gives a general view over the
signal spectrum on the scale of the whole inhomogeneous band under weak
recording. More importantly, we proposed a novel method, by adopting a spectral
approach for describing a time-resolved coherent transient process, to study electron-
phonon coupling and frequency dependence of relative quantum efficiency of
photochemical reaction in a low temperature dye-doped amorphous material. Based
on these parameters, we can estimate the situation of our realistic material. Firstly,

we noticed that the factor ng(v)/A(v) for our sample is close to unity because of the

weak electron-phonon coupling. So the effect of PSB on the temporal holographic
signal is of little importance under the condition of large time interval between
reference and object pulses. Furthermore, The slow frequency variation of the
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burning rate should be neglected in our spectral storage experiment (chapter 2) since
the encoding window spans a 1.1THz interval which is much narrower than 4THz-
wide absorption band. With these two approximations, the consideration of a more
complicated mode! of spectral redistribution can be facilitated and effectuated.
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4.3 Tautomerization model in OEP doped polymer

The PSHB mechanism for free-base porphyrin-derivative doped solids is
usually well understood as a light-induced tautomerization reaction at low
temperature. The displacement between the resonant spectra of the two tautomers
depends on both dopant molecules and matrix. Distinct hole burning product spectra,
called antiholes, have been experimentally observed for porphyrin-doped crystalline
matrices in which the tautomers have well-separated absorption peaks because the
spectral separation is larger than the inhomogeneous broadening. In those
observations, one also noticed that a narrow hole always corresponds to a relatively
broadened antihole and the inverse tautomeric process from the product to the educt
can occur provided one irradiates at the product resonant frequency. Comparatively,
the measurement of antihole structures for a symmetric molecule in amorphous hosts
is rather difficult since the spectral shifts of the products from the reactants are
usually less than the inhomogeneous width. No clear spectral distribution of PSHB
products for OEP/PS has been found so far. However, some observations indicate
that a widely spread product spectrum exists and overlaps with that of the educt (7,101,

The spectral distribution of photoproducts is a crucial issue since under large
burning exposure conditions a molecule may undergo successive photo-
tautomerizations if the photoproduct frequency falls within the laser bandwidth.

An OEP molecule may exist in one of two tautomeric forms according to the
position of its inner protons. The aromatic delocalization path is defined by a 18-
annulene system of isolated double bonds on the porphyrin periphery and changes
with the different position of the pair of inner proton-nitrogen bonds as shown in figure
4.5. For the light-excited electronic transition on Q,(0-0) band, a molecule can be
regarded as an oscillator whose optical dipole is directed along the long axis of the
electron delocalization path. The optical dipoles corresponding to the two tautomeric
forms are oriented perpendicularly to each other in the molecular plane. In other
words, when the molecule swings from one form to another, its optical dipole
undergoes a 90° rotation in the molecular plane!'?. A coordinate system (XY,Z) is
attached to each molecule in such a way that the Z axis is normal to the molecular
plane and the two tautomeric dipoles directions are labeled as X and Y, respectively.
In the laboratory frame (ijk), the external electromagnetic field is polarized along the z-
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axis unit vector &, (see figure 4.5(b)). The Euler angles of an optical dipole oriented
along X and Y are respectively denoted as (¢, 6, w) and (9, 6, w+1/2). The unit vector
& can be expressed in the molecular frame as:

sinfsiny
&, =|sinbcosy | (x.Ey.8z) (4.15)
cos 0

Considering that the molecules are randomly oriented in the amorphous host, the

angles ¢, 6, v range, respectively, in [0,2x], [0,n/2], [O,n].

(@)

Figure 4.5 (a) Optical dipoles corresponding to two tautomers.
(b) Coordinate systems for sitting a molecule: (X, Y,Z)-molecular
coordinates, (ijk)-laboratory coordinates. A dipole in X or Y

direction is respectively labeled as (¢, 6, y) or (4,6, y+7/2).
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Now we take the molecular resonant frequency into account. The energy
states of the two tautomers are diagrammed in figure 4.6 as two level systems m
(TLS) consisting of double-well potentials. For an isolated molecule, the double-well
potential has a symmetric structure which implies an identical resonant frequency for
both forms. But this is not true when the molecule is embedded in an amorphous
host. The guest/host interaction which is rather complicated and locally-dependent,
usually deforms the potential wells, and results in a splitting of the resonant

frequencies of the two tautomers.
(a) (b)

\ A transform
— state

transforn
state

/ /
fmf

ground
state

educt product educt product

/. —3 / >
79

q >

Figure 4.6 Energy levels of an isolated molecule (a), and of a molecule
doped in an amorphous matrix (b).

The PSHB model that we propose relies on the two following assumptions:
(1) When a group of molecules is burnt at an initial state (6,0,y,v), the photo-product
dipoles are switched into direction (¢,8,y-+n/2), with various resonant frequencies v'.
For sake of convenience, the directions (¢,0,y) and (¢,0,y+n/2) are denoted,
respectively, by Q and Q' hereafter.
(2) If a molecule burnt at (Q,v) relaxes to its tautomeric form at (Q',v"), it comes back
to its initial form when it is re-burnt at v'.

Let n(Q, 7,v | V') represent the distribution of molecules at position r within the
sample, resonant at v, heading in direction Q, which can be converted into a

tautomeric form heading in direction ', resonant at v'. When the molecular system is
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burnt by a light field E(f,v) polarized in direction&, the kinetic equation of the
photochemical reaction is written as:
dn(Q, 7, V|v')
dt
The first term on the right-hand side is the result of a population decrease caused by

= —k(Q, T, V)N T, vlv' )+, (Q, T, v )In(Q',T, v'|v) (4.16)

the molecular transformation from (Q,v) to (Q',v)), the second term represents the
reverse process that increases the population. The transformation rates for the two
processes respectively read as:

- =~ =2 . _ _
x(Q, r,V)=c‘E(r.v)-P‘ =p(v) I(F,v) sin®0 sin*y, (4.17)
Q) T .V)=RO) I(F,V) sin’6 cosy, (4.18)
~ 2
where B(v) represents the burning efficiency, and I(r,v)= |E(F, v)‘ is the spectral

intensity of the burning light. One implicitely assumes that the photochemical process
has enough spectral resolution to imprint the spectral profile of the burning light into
the photosensitive material. We admit that this resolution is given by the
homogeneous width of the transition, Thom, Which is supposed to be smaller than the
narrowest spectral structure in I(7,v). This description also requires that the optical
excitation is not hampered by radiative saturation. More precisely, one assumes that
the relative population in triplet state is smaller than unity.

The molecule conservation is written as:

n(Q, F,vIv)+ (€, T.v' 1 v)=no(v| v+ ne(v'l v) (4.19)
where no(v | v') represents the initial distribution of the molecules that swing from v to
v’ when they undergo a tautomerization reaction. This initial distribution is assumed to
be isotropic with respect to dipole orientation. Substitution of Eq.(4.19) into Eq.(4.20)

leads to the following equation for n(Q, ¥ ,v | v):

En_(‘l;r_"l.v'_) _ (@ V)N (V) + o (VM = (@ F, V) +K(Q T V)N L vV)

(4.20)
The solution of this equation is then integrated over v’ and one gets the density

of molecules heading in direction Q at frequency v:

nQ,7.v) =] n@F, vv)dv (4.21)
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Angular averaging finally leads to the following expression of the absorption

coefficient for a field polarized in direction € :
(X( r ,V)=(X.0 (n(Q, F, V)(éx . ék )2>Ql(<(éx . ék )2>Q,[ no(Volv' )dV') (422)
where, 8 - & =sin6.siny, ((Ex - ék)z)Q =2n%/3, and oo is the initial absorption

coefficient at the line center vo.

In order to proceed further, one has to specify no(v | v'). We assume that the
tautomeric forms have the same spectral profile and that the molecules which are
resonant at frequency v, with their optical dipole oriented in direction Q, are evenly
redistributed over the entire bandwidth if they undergo a tautomerization reaction,

irrespective of their initial frequency v. Then no(v | v') reads as:
no(v| v)= no(ving(v')/ [ no(v)dv (4.23)

where ng(v) represents the initial molecule density. The latter function is represented

by a Gaussian profile,

_4In2(Y Y0 y2

no(v) =e Tin (4.24)
where the inhomogeneous width T, is taken as the full width at half maximum of this
function.

The tautomerization model connects the spectral density of fluence with the
spatial and spectral distribution of the absorption coefficient. The equilibrium spectral

distribution no(v | v') contains the crucial assumptions of the model. It determines the
evolution of the system exposed to the burning light. We have to check that the
postulated shape of ng(v | v') is consistent with the measured efficiency of diffraction

on a broadband spectral hologram. In order to connect the microscopic model with
hologram readout, one has to describe the propagation of light fields through the
photosensitive material. This is achieved with the model developed in chapter 3.
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4.4 Holographic recording and diffraction efficiency

4.41 Writing beams

We check the tautomerization model in the simple situation where no spectral
phase code is imprinted on the engraving beams. On the front side of the sample, the
energy distribution in each elementary pulse pair is described as:

W(z=0, x, v)=W) rect]~ -

] (1+cos o) (4.25)

1 [q=<1/2

0 | XI 51/9 and o= Kx+2nvt. The width of the excitation spectrum,

where rect[x]= {

A, is assumed to satisfy the condition,

1t << A (4.26)
As energy propagates through the material, its spectral and spatial distribution is
modified. Indeed the progressive bleaching affects the sample transmission in a
space and frequency dependent way. As in chapter 3, we consider that very few
waves contribute to energy propagation through the PSHB plate. Then the phase
matching condition reads as:

£92 <<1 (4.27)
A
and the energy transmission can be described by:

Y4 ] ]
Wiz, x, v)= W(0, x, v)e 0@ XV (4.28)
where the absorption coefficient a(z, x, v) reflects the etching action of the previous

pulse pairs.

4.42 Formal expression of the diffraction efficiency
In order to calculate the engraved structure, one has to solve the coupled

equations (4.20-22) and (4.28) with the initial conditions n(Q, T ,v V)= no(v V') and the
boundary value condition given by Eq. (4.25).
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In a tentative solution, let us assume the energy remains a function of cos¢ as
it propagates through the sample. Then, the driving factors k(Q,T,v) and k(2 T,v) in
equation (4.20) are respectively functions of cose and cose’ ( where @'=2nv't+KX). It
results that the population n(Q, ¥ ,v) is a function of cose, except for a slow variation
as a function of v. So the bleaching modified absorption coefficient is also a function
of cose, which, according to equation (4.28), is consistent with our initial assumption
of the cosp-dependence of the propagating energy. As a consequence, in the Fourier
series expansion of a(T,v):

a7 ,v)=3 5P (z,v)e KX,
p

the frequency dependence of the coefficient &(p)(z, v) is mainly contained in an

oscillating factor g2iPmve (refer to section 3.3). Then, diffraction in direction Rz is

described by expression (3.35) and the diffraction efficiency on the engraved
hologram reads as:

~ )
n(v)= |A(1)(v)| e=AT () (4.29)

Within the limits set by Eq.(4.27) this model is valid for arbitrary optical density,
dose and excitation bandwidth. However, an analytical solution of the equation set
does not seem to be feasible and we have to resort to a numerical calculation.

4.43 Computation of the diffraction efficiency.

We divide a PSHB sample into R identical 5z-thick slices. Each one is thin

enough so as to satisfy the small optical density condition adz<<1. A sample with
arbitrary optical density may be dealt with this method by changing the total slice
number. The burning energy is also divided into small units Wy. During the time
separation between two bursts of energy the molecule returns to a stable state. Each
elementary dose can be regarded as a perturbation, i.e. BWo<<1. A single hologram
recording requires the accumulation of a certain number of elementary doses.

The elementary step of the calculation describes the action of one elementary
dose within one elementary slice of the PSHB material. The procedure is depicted in
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figure 4.7. One starts from an initial value of the molecular distribution n(Q,rdz,x,v | v))

and a boundary value of the elementary dose Wo((r-1)3z,x,v) on the front side of the

elementary slice. The initial value of n(€,réz,x,v | v') is the result of the previous dose

transmission and the front side value of Wo((r-1)dz,x,v) is nothing but the energy

distribution on the backside of the precedent slice. The absorption coefficient at réz,

a(rdz,x,v), and its z-integrated value up to réz, A(rdz,x,v), are computed from

n(Q,réz,x,v | v)). From the first two Fourier coefficients of A(réz,x,v), the diffraction

efficiency n(rdz, v) of a rdz-thick slice is computed with the help of Eq.(4.29). This

quantity is saved to data files.

W(0x.v)

initial :
value "°M_v)
72

n(Q,rézxMv')

boundary
value

W, (- 1)8zX,v) > o (rézx,v) AW 9[ W (rézx,v) -l-—

K9rsz,v)
AN (rszv)

"

n(rdz,v) | data output

An

n(Q,rdz x,yv')

<

v propagation loop
—>

dose accumulation loop

Figure 4.7 Numerical procedure for computing diffraction efficiency. The

value of Wy((p-1)dz,x,v) on the back side of the slice #p-1 is
used as the input value of the energy distribution in the front
side of slice #p. The output value of n(£2pdz,x, v#) is used as
the input value of the calculation with the next elementary dose.

121




PHOTOPHYSICS AND BROADBAND HOLOGRAPHY

Then the absorbed energy is calculated as:
AW= - Wy((r-1)dz,x,v) a(rdz,x,v) 6z, (4.30)
and is used to obtain the output energy Wy(rdz,x,v). One also computes the burning
action of Wo((r-1)8z,x,v). The resulting modification of the molecular distribution reads
as:
An= 2B(v) Wo((r-1)8z,x,V') sin%0 cos®y no(v | v')-

- B(v) sin®0[Wo((r-1)5z,x,v) sin®y+ Wo((r-1)8z,%,v") cos®y] n(Q,rdz,x,v|v) (4.31)
The molecular distribution is updated as n(2,réz,x,v | v)+An. The calculation is
iterated from the front side of the PSHB plate to the distance L=R&dz. Then an
additional elementary dose is directed to the front side of the plate.

4.44 Numerical results

The saved values of n(rdz,v) form a 2-dimensional array. One dimension
represents the initial optical density oo(v)pdz /In10 of the sample that gives rise to the
signal. The other dimension corresponds to the dose mpW, that has been used to
engrave the diffracting hologram. Therefore, for various initial optical densities, and
various excitation bandwidths, we can plot the diffraction efficiency as a function of
burning dose. Two of these curves are displayed on figure 4.8. The initial optical
density is OD=1.5 and the burning bandwidth has been set equal to A= 80GHz (curve
a), and 1.56THz (curve b).

These two cases are studied as the examples of narrow and broad band
storages. The 80GHz-wide recording can be regarded as a case of non-redistribution
since A<<Ti,. Except for the molecular orientation dependence of the interaction with
the polarized pulses, this situation is correctly described by the simple model of
chapter 3. Hologram engraving over a 1.56THz-wide window is a situation similar to
that of our preliminary experiment presented in chapter 2. The storage bandwidth is
on the order of magnitude of I, and the spectral redistribution has to be taken into

account.
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Figure 4.8 Numerical computation of the diffraction efficiency
with 80GHz (a) and 1.56THz (b) recording bandwidth.

According to Fig 4.8 the diffraction efficiency does not depend on the burning
bandwidth in the small dose region. As the burning energy is increased, the diffraction
efficiency grows less rapidly in the broadband recording situation than in the narrow
band burning conditions and it saturates at a lower value. In order to get a physical
picture of these features, let us consider the class of molecules with resonant
transition frequency v. Broadband excitation of the sample makes some molecuies
leave the frequency class at v while some molecules from various frequency classes
v' inside the excitation bandwidth are transfered to v. Departure from v results in the
etching, inside the molecular distribution, of the spectral structure conveyed by the
burning light. This is the hologram that diffracts the probe pulse. On the contrary,
molecules that arrive at v originate from different phase regions in the writing beam
interference pattern. The scrambled spectral structure that they build at frequency v
does not contribute to the diffracted signal. Therefore the diffraction efficiency does
not depend on the storage bandwidth in the small dose region. As doses are
accumulated, the sample is more deeply bleached and the signal is less absorbed.
However, the molecules that arrive at v from v, in the broadband situation partly
compensate for the absorption reduction. At a given spectral density of burning
energy, the signal is thus expected to decrease as the storage bandwidth is enlarged.
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4.5 Experimental

4.51 Experimental setup

We designed an experiment to check our redistribution model. The same
OEP/PS sample as that in section 4.2 was used as memory medium. lts maximal
absorption (OD=1.8) is located at 618.7nm.

A setup drawn in figure 4.9 and similar to that used in section 4.2 is employed
for hole burning and holographic experiments with an adjustable spectral window.
Two differences have to be pointed out. First, a Lyot spectral filter has been inserted
in the optical path just after the dye-laser. One equalizes the spectral distribution in
the excitation beam by adjusting the orientation of the birefringent plate. Second, the
reference and object pulses are both split from the beam that emerges from the
spectral shaper device so that they both exhibit the same spectral and spatial

distribution.
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Figure 4.9 (a) Experimental setup for arbitrary band recording. A 2cm
delay is added on the object path with respect to the reference.
(b) Setup for signal spectrum analysis.

The spectral width and the central position of the writing and readout beams
are controlled with an adjustable slit (with a precision of 80GHz around 620nm),
mounted on a translation stage, that is positioned in the focal plane of the two-
gratings spectral shaper. The optical path of the object pulse is 2cm longer than that
of the reference one. Therefore a time interval t~60ps is maintained between the
pulses. The angle 6 between the two beams is adjusted to be ~0.01rad. In our sample
with thickness L=0.5mm, the phase matching condition 02L/A << 1 is satisfied.

For recording a hologram, one sets the slit position to 618.7nm and one
adjusts its width to A. The shutter before the sample is removed. The engraving
processes are accumulated by successive pairs of pulses at a repetition rate of 15Hz.
The energy of the pulse-pair wp (in Joule) is measured with a pyroelectric Joule meter
(Molectron JOLP) placed just before the cryostat where the sample is immersed. The
incident energy dose per spectral unit during t seconds is calculated as,

Qexp=15wotIA (in J/THZ)
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For probing, one sets the slit to its minimal width (80GHz) and the object beam
is blocked. A neutral density filter (usually OD~3) is inserted before the cryostat to
attenuate the probe intensity. The diffraction spectra are detected on a photomultiplier
in the object direction while the translation stage is scanned. In summary we are able
to vary the width of the storage window and the exposure dose, and to spectrally
analyze the engraved holograms

4.52 Diffraction spectra

Two series of recordings are achieved. In the first one, the spectral width of the
recording window is set equal to 80GHz. It is much smaller than the inhomogeneous
width (4THz). In this situation, most of the burnt molecules fall out of the excitation
region and can not be switched back to their original frequency by the driving field.
The diffracted signal is recorded as a function of the exposure. The same quantity is
monitored in the second series of experiments, but the recording window is enlarged
to 1.56THz which is close to the size of the spectral encoding window in the storage
experiment described in chapter 2.

The narrow and broad band holograms, at a given dose spectral density value,
are both recorded on the same sample spot. In this way the comparison of their
respective diffraction efficiencies is not spoilt by a possible homogeneity defect of the
sample. A narrow band hologram is recorded and detected first. Then it is overwritten
by a broadband one. Due to the great difference of bandwidths between two
recordings, the broadband hologram is hardly affected by the previously engraved
narrow band one. The average pulse-pair energy spectral density is adjusted to
0.86pJ/THz/shot for all recordings. The exposure dose is controlled by the exposure
time. 16 holograms are recorded on 8 spots corresponding to the exposure times
from 30 seconds to 16 minutes. After each recording, the attenuated reference beam,
with its spectral width reduced to 80GHz, is directed to the engraved hologram. The
diffracted energy is measured as a function of the probe beam wavelength which is
scanned over a 2THz interval. The diffracted signal spectra are plotted in figure 4.10.
At each sample spot, a narrow peak on the broad spectrum is the remnant of the
narrow recording. The broad spectra are interpolated at this frequency.
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Figure 4.10 Diffracted energy, for narrow and broad band engravings.
Exposure spectral density of energy: 0.8(a), 1.6(b), 3.2(c),
4.6(d), 6.2(e), 7.2(f), 8.6(g), 9.9(h), 11.3 mJ/THz(i).

Figure 4.10 shows the common evolution trend of the signal for both recording
widths. It increases with the dose at the beginning, then reaches saturation. But,
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depending on the storage width, it evolves at different rates and saturates at different
levels. For quantitative analysis, the experimental and theoretical evolution curves
have to be compared.

The theoretical evolution of the diffraction efficiency in section 4.4 is expressed
as a function of the dimensionless parameter BY,. Comparison with experimental
results requires that we find the relationship between this dose parameter and the
measured spectral density of energy. This is done with the help of a simple hole

burning experiment.

4.53 Calibration of the dose scale by hole burning

According to Egs.(4.22-24), the z-integrated absorption in the small dose,
narrow band limit, reads as:

AW)=Advr 3 BYo (1-67Ad) (4.32)

which expresses A(v) as a linear function of the dose parameter BYp. In a narrow
band hole burning experiment we plot the hole depth vs the burning dose. From the
slope of the curve at the origin, with the help of Eq.(4.32), we relate the dose
parameter BY, to the experimental energy scale.

The hole burning experiment is performed with the setup depicted in figure 4.9
where the reference path is blocked. The object beam alone is used alternatively as
the burning beam and as the probe beam with an intensity attenuated by the neutral
intensity filter OD=3. The slit is always set to its minimal width. The pulse average

energy is adjusted to wp=0.4uJ/shot corresponding to a spectral intensity

5.1uJ/THz/shot. Before burning, the initial transmission spectrum Tpefore(v) Of the

sample is detected by scanning the probe beam frequency. Then the position of the
slit is fixed at 618.7nm and the sample spot is illuminated by the burning beam for 30

seconds. The transmission Taner(v) is recorded after burning. The frequency

dependent modification of the optical density is calculated as:

1 Taft
D)= | after
A(OD) in10 °9 Toefore

The hole depth is given by A(OD) at 618.7nm. Then the same spot is exposed to an
additional dose and the hole depth is detected again. With this method we get a curve
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of dose dependent hole depth as plotted in figure 4.11. The hole depth first increases
linearly with the burning energy, then saturates at higher energy. From the slope at
the origin, we conclude that:

Qexp=1 .22 (BYo)(mJ/THz) (4.33)
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Figure 4.11  Evolution of the hole depth with the dose at
618.7nm, with a 80GHz-wide burning band.

The hole depth maximum does not exceed ~1.5 at the center of the line where
the initial optical density is ~1.8. We attribute this incomplete bleaching to the
existence of photo-inactive molecules and regard the maximal optical density as
OD=1.5 in our calculation.

It should be noticed that the numerical parameter Y, actually represents a
spatial and spectral density of energy, while the measured quantity Qeyp is integrated

over the laser spot surface. It does not matter provided the same beam size is used
in both the hole- burning and the holography experiment.
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4.54 Diffraction efficiency as a function of the exposure dose

The measured diffraction efficiency at 618.7nm is plotted on figure (4.12) as a
function of the burning dose. We have also plotted the diffraction efficiency that is
measured at 618.7nm at the end of the two-step engraving process and that results
from the accumulation of successive narrow band and broadband recordings. The
theoretical curves corresponding to the three situations are drawn on the same figure.
They are calibrated to the experimental energy scale with the help of Eq.(4.33). Curve
(a) is for the narrow band, (b) for the broad band, and the (c) for the mixed one. The
precision on the absolute value of the measured diffraction efficiency is rather poor.
Therefore the experimental data scale on the vertical axis is adjusted by fitting the
narrow band data to the corresponding theoretical curve.
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Figure 4.12  Evolution of the diffraction efficiency with the incident dose.
Solid lines: computed curves for 80GHz-wide burning (a),
1.56 THz-wide burning (b), and for successive burnings over
80GHz and 1.56THz (c). Square dots, circles and crosses
respectively represent the experimental results for 80GHz,
1.56 THz and mixed burning conditions.
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From the coincidence between the experimental results and the computed
curves, we may conclude that the redistribution model correctly describes the hole
burning mechanism in our material. However, the absolute value of the experimental
diffraction efficiency is about one order of magnitude smaller than expected from the
theory. The origin of this discrepancy is not clear. The energy, the spectral and spatial
distribution of the beams were carefully controled. Their superposition on the sample
was checked. The mechanical stability of the setup during hologram recording could
be called into question but the theoretical profile fits the experimental data over an
exposure range that spreads from 30 seconds to 2x16 minutes. Mechanical vibrations
should affect the long exposure data more seriously.

4.55 Radiative saturation

Our description of holographic recording relies on the assumption that each
elementary pulse pair slightly affects the molecular distribution. According to the hole
burning experiment discussed in section 4.53 the relative variation of the optical
density produced by a single pulse is indeed about 107. This actually represents the
photochemical final balance of the excitation process, after the molecules have
returned to steady state. It does not reflect the transient modification of the molecular
population that is caused by radiative transfer to excited states and that is erased
after a few tens of milliseconds. In this section, we check the effect of radiative
saturation on the experimental results. Then we elucidate the conditions that avoid a
large transient depletion of the ground state.

We measure diffraction efficiency as a function of energy per pulse-pair at a
constant energy dose. In the absence of radiative saturation, the diffraction efficiency
is independent of the pulse energy. Figure 4.13 represents the variations of the
measured diffraction efficiency as a function of the energy per shot, for both narrow
and broad band storage. Spectral dose is kept constant at 1.85mJ/THz by adjustment
of the exposure time. The normalized values of the two curves are extrapolated to 1
when the pulse energy is zero. The diffraction efficiency decreases with the pulse
energy, and the decreasing rate is more rapid for the broad hologram. The recording
energy in the experiment of section 4.54, 0.7uJ/THz/shot, is close to the extrapolated
point. So the data on Figure 4.12 are not affected by radiative saturation effects.
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Figure 4.14 Light-induced transition, relaxation and chemical

reaction processes in a three-level system.

In order to analyze radiative saturation, we describe OEP molecules as three-
level systems. In figure 4.13, level 1 (2) represents the ground (excited) state where

the molecular population is denoted as nq (nz). Molecules are excited by a light with

spectral intensity I(v) from level 1 to level 2 where a part of them undergoes
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photochemical hole burning with a quantum efficiency n. The rest relaxes to an
intermediate level 3 and finally returns to the ground state. The light-induced
transition and the relaxation rates are denoted by Einstein's coefficients, respectively,

as B, Ay1, Ags, Azq. The dynamic functions of the system are expressed as:

dny I{v)
=A-no + —=B(no — nq¢) + Azqn
raiaviL: 5 Blnz —ne) + Aging
ang _ Ii"_)B(nz = ny) = (1+ M) (Azq + Agz)n2
dt c
dn
d—t3 = A3 - Azn3 (4.34)

In our system, the process from level 2 to 3 is much faster than the light-induced
transition and the relaxation from 2 to 1. Thus level 2 can be regarded as vacant at
any time and the absorption of the system depends only on the population of the
ground state. Since the lifetime of level 3 is rather long (~ms) compared to the
duration of one pulse-pair (~ns), but shorter than the time interval between two pulse-
pairs, the ground state population during the pulse-pair reads as,

n=nge © (4.35)
where ng denotes the initial molecular populr_.-ltion, and wo(v)= j I(v)dt represents here

the energy of one pulse-pair. The subscripts labeling the energy levels are removed
since we are only interested in the population variation of the ground state. Within the
duration of one pulse-pair, a few excited molecules are transformed by photochemical
reaction and disappear permanently, while most of them stay on the intermediate
level 3 so that the ground state is bleached exponentially. Just before the arrival of
the next pulse-pair, the molecules excited by the last pulse-pair have all relaxed to the
ground state. The population then reads as:

n=ngl-nl-e ¢ )] (4.36)
And the number of the molecules contributing to engraving is expressed as,
B
An=ng-n=ngn(1-e ¢ ) (4.37)

The excitation by a pulse-pair results in a permanent and a transient bleaching terms
among which only the permanent part contributes to recording. The transient one will
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cause a radiative saturation of the transition. In our sample, Ax;=6x10%s™" ! The

3
parameter B can be calculated from the relation B=;—hA21 where A is the wave
n

length of the light field, h is the Planck’s constant h=6.62x10"*Js. Then we have

B/c=28.6x10"°’m?Hz/J.

In order to place our experimental conditions with respect to the saturation
regime, we have to estimate the spectral density of one pulse. We illuminate the
sample with one beam, insert a lens ( with 10cm focal distance ) after the sample and
get the image (~25mm2) at 1m after the lens. Thus we know that the spot area on the
sample is approximately 0.25mm?, and the spectral energy density used in our
experiment is about 0.35mJ/THz/cm?/shot. This corresponds to a factor woB/c~1.

In a thin medium, this energy density would cause a noticeable transient
saturation effect and make the diffracted signal shrink to 0.4 times the extrapolated
value. As a matter of fact, saturation effect is not so severe in the optically thick
sample that we use. First, the saturation parameter woB/c rapidly drops under unity as
the pulse propagates through the absorbing medium. In addition, two saturation
features exhibit contradictory effects. Let us consider a thin slice within the sample.
Due to the transient depletion of the ground state by the front edge of a saturating
pulse, the hologram engraving is reduced. In compensation, the transmitted energy is
less absorbed within this slice, which enlarges the engraving dose in the next slice.
The balance between these two effects results in total diffraction efficiency decaying
slower than the estimation, and makes our experimental conditions acceptable. This
is confirmed by numerical simuiation.
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4.6 Conclusion

The tautomerization hole burning mechanism in the OEP/PS system is a well
known process. However, it has been mainly investigated under monochromatic
burning conditions. In this chapter we extend investigation to broadband excitation,
keeping in mind that we need a model to describe the storage and retrieval of spectral
holograms.

Two points are elucidated. First, the tautomerization quantum efficiency weakly
depends on the transition frequency. It can be considered as constant over a 1.1THz-
width window. Second, we have checked the photoproduct spectral distribution.
Random distribution over the absorption band profile is consistent with experimental
results.

With these informations, we have built a theory that connects conventional
narrow band hole burning with the engraving and retrieval of broadband holograms.
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CHAPTER 5

PHASE ENCODED SPECTRAL HOLOGRAMS IN OEP

5.1 Introduction

With the theoretical model that has been tested in chapter 4, we are able to
predict the burning energy range that makes minimum crosstalk consistent with
maximum signal, in a phase-encoded spectral memory. However the computation in
section 4.44 is restricted to the buildup of holograms that do not carry any spectral
phase code. We do not extend the computation to the complex structures that one is
faced with when the spectral phase codes are imprinted on the reference beam.
Instead, we try to extend the notion of linear regime, first discussed in chapter 3, to the
present context of tautomerization engraving. Minimum crosstalk energy range is
expected to coincide with the linear regime domain. In this dose range it is an easy
matter to include the spectral shaping of the reference beam. Predictions regarding
crosstalk are checked in a new series of phase-encoded storage experiments.

Section 5.2 is devoted to the discussion of the linear regime. In section 5.3, the
optimized burning dose conditions are summarized and they are experimentally tested.
The chapter is concluded in section 5.4.
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5.2 Linear regime

Within the frame of the simple model in chapter 3, we discussed a linear regime
approximation in optically thick medium. We noticed that the optical density
modification remains proportional to the incident dose over a burning energy range that
by far exceeds the validity domain of a first order expansion. Since the linear character
of the hole burning process underlies this approximation, we expect that it can be
extended to the more complex model developed in chapter 4. We check that guess in
the present section.

In order to calculate the linear regime approximation of the diffraction efficiency,
we have to express the molecule density to the lowest order in powers of the burning
dose. To the first order, the energy received by the molecules within the sample is

given by,
Y(z.x,v)=Y(0,x,v)e 0V (5.1)
where the incident energy is given by Eq.(4.25). The kinetic equation (4.22) can be
solved as:
N(Q,2,%,v,v')=No(v,v')[1-B Y(0,x,v) sin®0 sin®y e %0V}
+ B Y(0,x,v) sin%0 costy e *0(V)?] (5.2)

With the help of Eqgs (4.23) and (4.24), we obtain the absorption coefficient that is then
integrated over the sample's thickness to give the total absorption and its zero- and

first- order Fourier components, as:

A Y)=Ao(v)-< BYo (140050} Aov)BYop(4) (5.3)
70) () =A (V). S 1
AT (vV)=AovV)¢ BYo + 5Ao(v) p(A)B Yo) (5.4)
A (y) .- BY (5.5)
10 " °° '
y _ a—Po(V)
where p(A)= JIVLLjfllzz o(v')1—;)(—\j)—dv', A is the storage spectral width and where

Jin2 (V0 24102
po(v))= 24/In2 e I '
\/EFm
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Finally, substituting Egs (5.4) and (5.5) for A'(‘”(v) and for I&(l)(v) respectively in

Eq.(4.29), one obtains the expression of the diffraction efficiency.

<— BYo<Ao/2

0.25
g 02 ©/d (a
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Figure 5.1 Diffraction efficiency. (a) and (b). numerical computation with
80GHz and 1.56THz recording bandwidth, respectively.(c)
and (d): corresponding linear regime approximation.

The linear approximation values of n(v) are displayed on figure 5.1 (curves c and
d). Agreement with the numerical computation is satisfactory within the validity range
(BYo< Ao(v)) that has been established in chapter 3. The broadband curves do not
significantly depart from the narrow band ones over this interval, due to the parameter
set we elected for the calculation (OD=1.5, A< Tin/2).

As expected, the signal emission term K(l)(v) is proportional to the incident

dose and is independent of the recording width A. The absorption term K(O)(v) is also

a linear function of the dose, but its slope depends on A. In fact, the absorption term
represents the hole burning and the erasing processes with the simple rectangle-
shaped laser. We rewrite Eq. (5.3) in the form of the hole depth as:

Ao(v)- AO(v)= BYo[3-Ag(v)p(a)]/5 (5.6)

The resonant burning part and the redistribution part contribute to the hole depth in
opposite ways, and the latter depends on the burning bandwidth. A broad-band
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excitation results in a relatively shallow hole since it corresponds to a large
redistribution factor p(A). Some slopes of the curves of hole depth vs (BYo) for thick

samples (OD>1) with different A values are given in table 5.1.

A(THz) slope of the slope of the resulting slope
burning term erasing term
0 0.6 0 0.6
0.078 0.6 0 0.6.
1.1 0.6 0.05 0.55
1.56 0.6 0.07 0.53
>>4(~0) 0.6 0.28 0.32

Table 5.1: Slopes of [Ao(v)- A% (v)] vs (BYs) for OD>1 with different
burning bandwidths.

It appears that the erasing effect is small when A is narrower than the
inhomogeneous width Ti,. This is valid in the linear regime and it is reflected in the
coincidence between the narrow band and the broad band values of the diffraction
efficiency in this regime on Fig. 5.1.

Substituting PYo=A¢/2 into expression (5.6), we obtain that the maximal
absorption reduction in linear regime equals ~0.3 A,. It gives us a practical criterion to

identify the upper limit of this regime.
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5.3 Crosstalk of phase-encoded addresses

5.31 Data retrieval in the linear regime

The recording/retrieval procedure of a spectral-phase encoded multi-bit storage
can be summarized as follows: the holographic structure conveyed by the incident field

is expressed as,
1& .
Y(0,x,v)=Yo(V) 1+—Z:¢fmfm (v)coso (5.7)
IVIm=1
where a binary ¢4, is addressed by a spectral phase function fm(v) belonging to a

orthogonal family, M is the number of the restored bits. The diffracted signal spectral
amplitude can be described as,

B)=-F.(v) fiv). RO (v) & 1AV (5.8)

where the Fourier components of the z-integrated absorption A(x,v) are given by:

APy =2 [ 2n Al vIePdx (5.9)
2 Y <>

The retrieved signal is measured by the correlation function:

G(0)=)1Lv) fi(v) A (v) e "2AVM) gy (5.10)

In chapter 3, in the framework of a simple hole burning model, we showed that
the holographic structure conveyed by the incident field may be recorded in the material
without distortion when exposure the dose BY, is less than ~0.5A¢. The recorded
structure A(x,v) is a linear function of incident energy Y(0,x,v). In section 5.1, we
verified that the linear relationship keeps valid with the tautomerization model.
According to Egs (5.2-5.5), the signal absorption and emission terms can be expressed

as.
RO =Ad)- BYalv) +2 Adlv) p(8) BYo() (5.11)
/31(1)(v)=-i BY (V) %4 7 (v) (5.12)
10 " %' m S '
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The absorption term K(o)(v) is modified by the bleaching effects accumulated by the

storage of all the bits at different addresses. It is determined by the total energy dose,
but is independent of the address codes since the spectral codes are modulated on

phase, not on amplitude. The emission term Al (v) has the spectral structure of the

holograms, i.e. the data bits and their addresses. Then the retrieved signal reads as:

(0= — de [ i’; F(v)fi (V) (V)Y (5.13)

where the non-uniformity of the factor:
F(v)=IL(V)BYo(v) e-}é{Ao(V)—BYo(V)[0-6-0-2 Ao(v) p(A)]} (5.14)
is the main cause of the crosstalk.

If the recording energy is stronger than the limit of linear regime, the effects of
higher order terms [BY(0,x,v)]" (n>1) make the engraved structure deviate from the
structure originally conveyed by the incident field Yo(0,x,v). In this case, the distortion of
the hologram is intrinsic and the resulted crosstalks cannot be avoided by spectral
adjustment. For high signal-to-background storage, the high energy situation should be
excluded.

5.32. Optimized exposure conditions

In order to work in the linear regime, where no saturation of the photochemical
burning process has to be feared, one has to satisfy the condition BY0<0.5A0. The link
between the numerical dose parameter BY, and the amount of light energy that is
forwarded to the sample is determined with the help of a side hole-burning experiment,
as we did in section 4.53. If the size of the laser spot is the same in both hole-burning
and holography experiments, it does not need to be precisely measured. One simply
gets the burning energy as a function of the dose parameter. In section 4.53 we
obtained: Qgxp=1.22 (BYo)(MJ/TH2). in our polystyrene plate, with A;=1.5 In10, the

linear regime extends up to an exposure dose of ~2-2.5mJ/THz. Since the spot area is
about 0.25mm?, the upper limit of the linear regime corresponds to a spectral and
spatial density of the exposure dose of ~10J/T Hz/cm?.
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Another conditon has to be fulfilled to avoid radiative saturation. In
octaethylporphine-doped polystyrene, the spatial and spectral density of energy per
shot has to be less than ~0.35mJ/THz/cm?/shot.

Finally, from the expression of F(v) given by Eq. (5.14), one can evaluate the
optical density that leads to a maximum signal at the upper energy limit of the linear
regime. Substituting 0.5A, for BYo , one gets that the signal is maximum when Ag = 3,
which is OD= 1.3.

5.33 Spectrum of the holographic signal in the linear regime

We experimentally check the spectral uniformity of the holographic signal in the
linear regime. A single hologram is engraved in the material. Then according to Egq.
(5.8), the spectral distribution of the holographic signal intensity reads as:

|5 sl (BYo(Ee Ao+ BY(I06-02 A A= [F( ) I (v) (5.18)

where F(v) is defined in Eq. (5.14). Provided the molecules and the laser energy are
uniformly distributed over the storage window, the signal spectral intensity is expected
to be uniform too.

With the method described in section 4.51 and the setup represented on figure
4.9, we engrave a hologram within a 1.1THz spectral window as shown in figure 5.2 .
The average pulse energy and the exposure dose are respectively set equal to
~0.5uJ/THz/shot, and ~2.7mJ/THz.

The laser spectrum and the absorption profile are displayed on Figures 5.2 (a)
and 5.2 (b, ¢). They appear to be nearly uniform over the storage window. As expected,
the holographic signal spectrum, drawn on Figure 5.2 (d), is also uniform.

This result leads us to conclude that Eq (5.15) correctly describes the spectral
distribution of the diffracted signal. The spectral shape factor F(v) is uniform under
optimized conditions, which guarantees the orthogonality between the different
addresses. So we can expect a realistic storage with a high signal-to-background ratio.
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recording width

laser indensity
spectrum (a.u.)

optical density

intensity (a.u.)

signal

frequency (THz)

Figure 5.2 (a) Laser spectrum.
(b) Optical density of the sample before engraving.
(c) Optical density after engraving within a 1.1THz window,
with an average laser energy of 0.7uJ/THz/shot for 6 minutes.
(d) Diffracted energy spectrum.

5.34 Phase-encoding experimental test

With a better understanding of the engraving condition, we return to the storage
experiment as described in chapter 2. The same setup as in figure 2.13 and 2.14 is
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employed with the exception that a Lyot filter is now used to equalize the laser
spectrum. This spectrum is made nearly flat within the 1.1THz-wide SLM window and is
about 4THz wide at half maximum intensity. The optics are readjusted in such a way
that the beam area on the sample is about 4 times smaller than in section 5.33.

The reference and object beam intensities are balanced so that they evenly
contribute to the spatial and spectral energy density on the sample. Dose calibration is
effected by monitoring spectral hole depth, as explained in section 4.53. A dose of
0.63mJ/THz is needed to achieve a 0.5 reduction of the optical density, that initially
equals1.5. This is consistent with previous data. The holographic storage dose is set
equal to this value which represents the linear regime upper limit. The burning window
is centered at the top of the absorption band.

A single bit ‘1’ is stored at address #16. The burning dose is provided by a 2
minute pulse sequence, with a repetition rate of 15pulses per second. The average
pulse energy on the sample amounts to 0.44pJ/T Hz/Pulse. The 32 addresses of the
memory are successively read out by a conveniently spectrally shaped probe beam.
The result is given in figure 5.3 where the stored ‘1’ is retrieved at its address #16. In
comparison with our previous result (see figure 2.15b), the crosstalk is remarkably
decreased and the signal to maximal crosstalk ratio reaches about 15 instead of 3.
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Figure 5.3  Storage at address #16, at the upper limit of the linear regime.

The most important crosstalk occurs at addresses #0 and #24 in figure 5.3. For
a single bit ‘1’ storage, the spectral structure of the diffracted field results from the
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product of the occupied address spectral shape factor with that imprinted on the read
out pulse. As explained in chapter 2, the square of a shape function equals the gate
function (#0) and the product between any two different shape functions is another
function in the same family. At address #0, the diffracted field spectrum should be given
by the product of functions #0 and #16, which coincides with the shape factor #16. In
the same way, the emission spectrum at address #24 should be described by function
#8, which results from the product of functions #16 and #24 (see the multiplication table
2.1, in chapter 2). One detects the cross-correlation of the diffracted and gating fields
at zero time delay. This cross-correlation function is nothing but the frequency-to-time
Fourier transform of the emitted field spectral amplitude. At zero delay it coincides with
the integral of the spectral amplitude over the frequency-domain storage window.
Among the 32 shape factors that label the addresses, functions #8 and #16 exhibit the
narrowest Fourier transform structures at zero time delay (see figure 2.8). When the
diffracted field is spectrally shaped by these functions, the correlation signal is very
sensitive to the source uniformity and to the adjustement of the delay line.

The same crosstalk feature is observed when a bit is stored at other addresses.
For instance, figure 5.4 represents the memory readout when a bit ‘1’ is stored at
address #12. Then the largest crosstalk is found at address #28. The product of
functions #12 and #28 again gives the function #16.
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Figure 5.4  Storage at address #12, at the upper limit of the linear regime.
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With a ‘1’ bit stored at address #12, and keeping the probe beam shaped by
function #28, we record the correlation between the signal and the gating fields as a
function of the time delay. The resulting profile is displayed on figure 5.5(a). The
amplitude at t=0 corresponds to the crosstalk at address #28. In the same way, one
records the time-delay dependence of the correlation signal when readout is effected at
address #12 (see figure 5.5(b)). As expected, these profiles are close to the cross-
correlation of functions #16 and #0, which are plotted on figure 2.8. The ratio of data
‘0. retrieved at address #12, to the ‘0’ signal at the empty address #28 is estimated
from the ratio of the amplitudes of the two profiles at zero time delay, which is about 17.
Surprisingly, this is two times better than the ratio observed on figure 5.4, when all the
addresses are successively interrogated at constant delay. This is the more puzzling as
the delay has been adjusted by monitoring the variations of the signal represented on
figure 5.5(a).
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Figure 5.5 (a) and (b): Correlation between the gate and the sample diffracted
field, as a function of the time delay. A ‘1’ bit is stored at address
#12. Readout is performed at addresses #28 (a), and #12 (b).
(c) and (d): Correlation between the gate and the reference modulated
by codes #16 (c), and #0 (d).
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Section 2.41 of chapter 2 reports on the experimental test of the encoding and
detection systems. For that purpose, one recorded the correlation of the gate and the
reference on which a phase code was imprinted (see figure 2.12(c)). Correlation
profiles obtained with function #16 and #0 are plotted on figure 5.5(c) and (d)
respectively. They can be compared with the diffracted field correlation data diagramed
on figure 5.5 (a) and (b). On figure 5.5(c), the correlation signal at t=0 for function #16
is not zero. Therefore the code structures themselves, the laser spectrum or the
detector still have some defects. The ratio of the correlation amplitude at zero delay
with code # 0 (figure 5.5(d)) to that obtained with code #16 (figure 5.5(c)) is about 16.
This is consistent with the ratio of the occupied and empty memory address signals, as
observed in figure 5.5(a) and (b).

Therefore, in the linear regime, the material contribution to the crosstalk seems
to be eliminated. The experimental performance is now limited by some part of the
setup. Residual distortion is at least partly attributed to the non-uniformity and
uncontrollable instability of both spatial and spectral distributions of the laser beam.
The SLM interpixel dead zones also result in a crosstalk up to ~5% at some addresses
for one bit storage. Finally, the laser spectrum is still much broader than the SLM
window. This damages the sensitivity of the correlator.
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5.5 Conclusion

Some theoretical and experimental findings can be highlighted. First, within the
framework of the theoretical model presented and checked in chapter 4, a linear regime
dose condition has been disclosed. A complete description of spectral phase encoded
storage is achieved within the limits of this regime, where it is shown that engraving
and propagation processes do not damage the orthogonality of the memory addresses.

It is predicted that maximal diffraction efficiency within the linear regime should
be attained in a sample with an optical density of about 1.3. This a posteriori justifies
our investigations on optically thick samples. The linear regime dose condition is easily
controled experimentally by limiting the burnt hole depth to about one third of the initial
optical density.

Experiments confirm that the material contribution to crosstalk has been
dramatically reduced. The residual signal collected in empty addresses probably results
from imperfections of the source, the spectral shaper and/or the detection device,
which still have to be cured.
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Aiming at the achievement of fast random access optical data storage in
spectrally selective organic materials, we have conducted the first time and space
holography experiment with spectral phase encoding of memory addresses. The
storage of one bit and the multiplexing of several bits have been effectuated in an
octaethylporphyrin doped polystyrene sample. A broad bandwidth (several THz)
stochastic source is used to deliver light pulses that are spectrally shaped by a
ferroelectric liquid crystal modulator array. We have attained a random access time of
about 0.1ms.

In the preliminary experiment, the retrieved data are spoilt by an important
crosstalk between the memory addresses. After the optical device has been
optimized, as reported on by Frangois Grelet in his PhD dissertation, we concentrate
on elucidating the material contribution to crosstalk.

In a first step, using a simple model to describe the spectral hole burning
engraving process, we disclose the existence of a «linear regime » where the
address orthogonality is preserved. In an optically thick sample, with initial optical
density larger than unity, this regime spans a much broader burning dose range than
the perturbative expansion.

In an actual material, the hole burning mechanism involves complex features.
Optical excitation drives the host matrix vibrations together with the electronic
transition of the guest molecule. This electron-phonon coupling damages the spectral
selectivity of the burning process. In addition, the persistent burning efficiency may
depend on the spectral position within the absorption band. In octaethylporphyrin
doped polystyrene, it is known that, at liquid helium temperature, ninety per cent of
the optical transition proceeds through the pure, zero-phonon, line. We have
experimentally verified that the frequency dependence of the burning process can be
neglected over the storage window. In the material under investigation, persistent
hole burning results from a photochemical tautomerization transformation of the
absorbing molecule. We have included a microscopic model of this process in the
coupled-mode equations that describe the propagation of the burning light pulses
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through the sample and the engraving of their interference pattern in the shape of a
space and frequency hologram. We experimentally test the validity of this realistic
theory, varying the burning bandwidth from a small fraction of the absorption
bandwidth up to nearly half of it. The computed and experimental results are again
consistent with the existence of a linear regime of bleaching and engraving, just as in
the case of the simple hole burning model. The optical density can be reduced to its
lower order expansion in powers of the burning dose, far away from the perturbative
approximation energy region. Within the limits of the linear regime, the holograms
should not be distorted by the material and the address orthogonality should be
preserved.

Reiterating the phase encoded data storage experiment after elucidation of the
material behavior, we observe a dramatic improvement of the crosstalk. The
subsisting undesirable signal from the empty addresses probably originates from
imperfections of the optical set up, including the light source, the spectral shaper and
the detection. Indeed, the spectral shape functions that mainly contribute to the
crosstalk already manifested themselves in a similar way when we recorded the
cross-correlation profiles of the gating and the shaped reference pulses, in the
absence of the memory material.

A superluminescent diode should be prefered to the present Neodymium YAG
pumped dye laser source, since a much better spectral and spatial stability should be
expected. However, different materials, such as phtalocyanin derivatives should be
used instead of porphyrin, in order to match the emission wavelength of existing
diodes. With a superluminescent diode the signal detection should be improved too
since the main limitation of the correlator sensitivity presently results from the spatial
fluctuations of the gating pulse. For better sensitivity, useless energy must not be
conveyed to the detector by the gating pulse. Thus the gating pulse band width has to
exactly match that of the hologram diffracted field. With the combination of an
interference bandpass filter and of a birefringent one it should be possible to shape
the needed spectral profile.

The redistribution of burnt molecules over the initial absorption spectrum is
generally regarded as a inherent drawback of symmetric porphyrin systems in the
context of frequency selective data storage. Asymmetric molecules such as chlorine
are prefered. We disagree with this assessment. In our investigations on the
symmetric octaethylporphyrin molecules, we did not observe dramatic signal
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reduction caused by intraband redistribution, as long as the width of the storage
window is kept smaller than half the absorption bandwidth.

Among the unsolved problems met in this work, we have to mention the
unexpected low experimentally observed diffraction efficiency on the engraved
holograms, irrespective of the storage band width. Neither the finite size of the laser
spots nor the wavefront distorsion seem to be enough to account for a discrepancy of
more than one order of magnitude with the predictions.

The interest of spectral phase shaped holograms exceeds the field of optical
data storage. Applications should be found in an extended domain of optical
information processing, including interconnects, computing, pattern recognition.
Finally, spectral holography is not confined to low temperature, frequency selective
materials. It can be extended to spectrally non-selective materials such as the
photorefractive ones. The spectral components of a hologram are then recorded in
the form of their frequency-to-time Fourier transform. Indeed, the axial spatial
coordinate plays the role of the time in counter-propagating configuration.
Spectro/temporal holography in different kinds of media is analyzed in paper 4. As an
illustration, we performed an optical routing experiment in a Fe*": LiNbO; crystal, a
femtosecond sub-coding of the data pulses carrying their address. This work is
reported on in paper 5.
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Abstract. A spectral holography experiment is performed in a hole-buming material. A
shaping device is used to tailor the spectrum of the pulses which engrave the hologram. The
resolution of the spectral shaping technique is investigated both theoretically and expe_rimenully.

Linear spectral filtering has proved to be a powerful technique for temporal shaping of
ultrashort light pulses [1~7]. The technique consists of spatially dispersing the frequency
components of a short pulse in order to filter the components through phase and amplitude
masks. Recombination of the filtered components then gives the desired temporal shape. The
technique has been used to synthesize femtosecond waveforms according to specifications
in experiments involving all-optical switching (6], dark soliton propagation in fibres (4] and
pulse coding for communication [5].

Recently Weiner et al demonstrated a spectral holography technique which allows the
recording and non-linear filtering of temporal waveforms {7]. A hologram is recorded as a
spatial interference pattern on a conventional holographic plate placed in the filtering plane
of a pulse shaper. Time-reversal, convolution and corrclation of femtosecond waveforms
have been demonstrated with this technique. Spectral holography can also be performed
in a frequency selective recording material through the processes of time-delayed DFWM
and spectral hole-burning [8-10]. For recording, the hole-burning material is illuminated
by two pulses separated by the time delay T. One is a short pulse that serves as a time-
domain reference. The other is the temporally structured object pulse. Thus the spectral
interference pattern between the object and the reference pulses is stored as a modification
of the inhomogeneously broadened absorption band of the material. The engraved spectral
pattern is the spectral hologram. Subsequent excitation of the material by a short reading
pulse gives rise to cmission of a signal after a delay equal to T. The shape of the emitted
signal is that of the recorded object pulse or its time-reversed version depending on the
time order of the object and the reference pulses. With a temporally structured reading
pulse the emitted signal waveform is the result of the convolution or the correlation of
the reading and the object temporal shapes (11]. The development of spectral holography
in hole-burning materials is limited by the necessary cryogenic technique. In addition the
excitation spectrum must match the absorption band of the material. On the other hand,
holc-buming materials’ make it possible to record and process both spectral and spatial
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structures which is not the case with the above holographic technique [7]. For this reason
hole-buming materials are attractive for high-density image storage and parallel processing
[12-15].

Pulse shapers may prove useful in the development of hole-burning memories and
processors. A spectral encoding technique using a pulse shaper has recently been proposed
for addressing images stored as spectral holograms [16]. The development of such
techniques is conditioned by their spectral resolution, that is, by the width of the smallest
spectral feature that can be processed in the experiment. The spectral resolution of a
pulse shaper was studied both theoretically and experimentally [2]. It was found that this
resolution was limited by the size of the diffraction spot produced by the input beam on
the filtering plane. This letter shows theoretically that a resolution below this limit can be
obtained with a pulse shaper. A spectral holography experiment in a hole-burning material
is reported which demonstrates the theoretical conclusions.
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Figure 1. Sketch of the optical system. The grating pair G and G2 together with the mask and
the lenses Ly and Ly form the puise shaper. The leas L together with the optical combination
L3 form an imaging system that conjugates the mask and the X-plane.

Let us consider the optical system sketched in figure 1. It consists of a pulse shaper
followed by an optical combination that focuses the beam on a plane (X-plane), where the
shaped pulses are observed. The pulse shaper device is that first proposed by Froehly and
further developed by Weiner ef al [1, 7]. It is made of a unit magnification telescope with
a pair of gratings placed in its outer focal planes. The spectrum of the input pulse spreads
in the plane situated midway between the lenses. Phase and amplitude masks placed in this
plane filter the spectral components of the pulse. These components are recombined together
by the output lens and grating, symmetric with the input dispersing system. The output lens
of the telescope together with the combination L; form an imaging system that conjugate the
mask and the X-plane. The puise entering the shaper is described by the spectral amplitude
Ei(x; @) = E(w)E;(x) of the optical field. The variabie w is the frequency shift with
respect to the central frequency Qo of the puise spectrum. The function E;(x) gives the
beam shape in the grating plane of incidence. The beam shape in the perpendicular direction
is not considered since it is not affected by the gratings. The action of the gratings on the
above field is described following Martinez [17]. The relevant parameters are the angular
dispersion coefficient 8 = —36/3w of the gratings and the coefficient @ = —36/dy which
gives the relative variations of the diffraction angle and of the incident angle on the first
grating (i.c. the angular magnification of the first grating). Accounting for the gratings,
and describing the propagation of the pulse through the optical system with the diffraction
theory, one finds that the field E(X; w) on the X-plane is expressed as

u—fBfw

E(X;w) = E(w)[dum(u)E,-( arf

)R(u—ﬂfw+aX/g) n



where A = 2rc/Qo, f is the focal length of the telescope and g is the transverse
magnification of the imaging system. The function E;(§) = fdx Ei(x) exp2inx§ is the
spatial Fourier transform of the input field E;(x). It describes the diffraction spot produced
by the input beam on the mask (for one frequency component). The function R({u) is the
impulse response function of the reversed imaging system, accounting for its apertures:
it describes the diffraction spot that the imaging system would produce on the mask in
response to a point source located on the X-plane (if the light direction of propagation were
reversed). The mask is represented by the function m(«). The integral is the effective
spectral mask as seen by the point X on the observation plane. It is the convolution of the
physical mask with the product of the impulse response and of the input beam diffraction
spot. This means that the spectral resolution of the device is determined by the width of the
input beam diffraction spot or by that of the impulse response, depending on which is the
smallest. The size of the input beam diffraction spot depends mostly upon the transverse
coherence length of the beam. In an experimental situation it is rather difficult to achieve a
large spatially coherent beam and therefore a small diffraction spot. On the other hand, the
impulse response width only depends upon the apertures of the imaging system and can be
made very small. As a result the spectral resolution of the system is in practice determined
by the impulse response width and is independent of the input beam coherence length.
It follows that in order to produce a faithful spectral image of the physical mask in the
spectrum E(X: w), it is only required that the impulse response width be much smaller than
the size d of the smallest mask feature. In our device, the aperture of the imaging system has
an O = 25 mm diameter and lies in the plane of the telescope output grating. The above
condition therefore gives d 3> Af/O = 6 um (f = 250 mm). With 1800 grooves/mm
gratings giving a 2500 rad nm™! angular dispersion and a typical 5 nm input bandwidth,
this allows the synthesis of spectral patterns with several hundred independent features.
Under the above condition the field in the X-plane reads as

E(X;w) = E(@)Ei(~X/gAf)m(Bfw —aX/g). 3]

In this expression the spectral mask depends upon the position in the X-plane. But this
dependence is a mere shift in frequency. At every point of the X-plane, the shape of the
spectral mask is that of the physical mask whatever the input beam shape. The frequency
shift can be understood with geometrical optics considerations. Let us consider the frequency
component @ of the pulse. This component is focused on the mask around the point
u = Bfw. It spreads over an area whose typical size wp is the input beam diffraction spot
width. The image of this spot on the X-plane spreads over an area of width wog/a centred
on the point X = 0. The central point of the X-plane is the image of the central point of
the spot on the mask. For this point the filtering mask is therefore m(8fw). But at distance
X from the central point one observes the image of the point located at « = Bfw —aX/g
on the mask. Hence the point X sees a shifted mask, as indicated by (2).

The above discussion assumes that the mask and the X-plane are perfectly conjugated
by the imaging system. In an experimental situation it might not be casy to fulfil this
condition. Failure to do so results in enlargement of the impulse response and deterioration
of the spectral resolution. Let us consider a default € (conjugation default) between the
position of the mask and the position of the X-plane conjugate. The angular aperture of the
beam leaving the mask is A/d. The image of a point of the sample on the mask therefore
spreads over a spot of size eA/d. For the conjugation default not to spoil the spectral
resolution of the system it is necessary that this geometrical spot be much smaller than the
size d of the smallest mask feature. This condition demands that the default £ be much
smaller than d2/A that is ~3.3 mm with d = 45 um. This means that in a practical situation
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the conjugation default is the key parameter to achieving a good spectral resolution. If care
is not taken in this parameter, one may reach the situation when the width of the impulse
response is larger than the input beam diffraction spot, in which case the spectral resolution
is determined by the input beam diffraction spot. This may explain the results found by
Weiner in his early works on pulse shaping devices [2].

In order to check the validity of.the above analysis we have performed a spectral
holography experiment in a hole-burning material (octacthylporphine in polystyrene at
1.4 K). This experiment is related to our interest in the storage capabilities of such materials
[18, 19, 16]. The experiment is the following. First the spectral structure of an object pulse
which has been synthesized with the pulse shaper is recorded as a spectral hologram in the
hole-buming material. Then the stored structure is probed by a test pulse which has also
been structured by the pulse shaper and the energy of the holographic signal recorded.

The holographic signal is described by the amplitude Es(X; ) of the corresponding
ficld on the sample. This amplitude can be expressed as

Es(X: w) = E{(X; @) Ey(X; 0) E3(X; w). 3)

In this expression, the field E;(X; w) describes the short unstructured pulse used as a
reference for the holographic recording. The field E(X; w) describes the object pulse
whose spectral shape is stored in the sample while the field E3(X; w) is that of the reading
pulse used to probe the hologram. The mask used to shape the object pulse is an amplitude
mask which consists of ten transparent ~45 um width slits separated from each other by
the periodic distance p = 400 um. The same .mask is used for shaping the test pulse
except that it is shifted by the distance ug with respect to the recording mask. The width
of our imaging system impulse response is typically 6 um. As a consequence it can be
neglected at the scale of the mask slits. Therefore, if the sample is perfectly positioned
with respect to the mask plane and the spectrum E(w) is flat other the mask width, the
energy W (ug) = [dX fdw|E(X; w)|? of the holographic signal, recorded as a function of
the mask shift o, is proportional to the autoconvolution function of the mask:

W (ug) /dwm(ﬂfw)m(ﬁfw - ug). . 4)

This function consists of 2d-width triangles spaced by the distance p. The amplitude of
the triangles decreases as the shift ug increases due to the finite width of the mask. It
should be pointed out that (4) relies on the assumption that the sample is not translated
in the X-direction between the recording and the reading steps. Translating the sample by
the distance Xg is equivalent to shifting the mask by «Xo/g. This is not significant in this
particular experiment because the whole convolution function W (ug) is recorded. But this
feature should be considered in experiments such as the one proposed in [16], where the
hole-burning matenal is used to process one specific point of the convoluuon function of
the recording and the reading mask.

We have not tried to measure the spectral resolution limit of our device. Instead, we
have measured the cross-talk between the spectral slices cut in the field specuum by the
mask slits. The cross-talk is defined by the ratio W (ug = d)/ W(0). It is the value of the
signal energy in the wings of the triangle relative to the peak energy value. This parameter
measures the independence of the spectral slices. It is related to the spectral resolution of
the experiment. [t approaches zero when the spectral resolution is much better than the
spectral width of the mask slits.

Figure 2 shows experimental profiles of the signal energy W(ug). The first one
(figure 2(a)) gives the overall characteristics of the profiles. The imegular variation of
the peak amplitudes is probably due to the fact that the spectral bandwidth (FWHM ~ 3 nm)
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Figure 2. Experimental records of the holographic signal energy as a function of the shift
ug between the rocorded and the testing masks: (a) geaeral aspect of the records. (b) first
three central peaks recorded with optimal conditions (the arrow indicates where the cross-talk
is measured), (¢) with a S mm conjugation default. (d) with a 5 mm conjugation default and a
2 mm aperture on the input beam and (e) with a 2 mm" aperture on the input beam but a zero
conjugation default.

of the laser is not uniform over the mask width (5.8 nm). Figure 2(b) shows the first
three central peaks recorded when the conjugation between the mask and the sample plane
is optimally adjusted. This corresponds to optimal conditions to achieve good spectral
resolution. This profile shows the triangular shape of the peaks. The cross-talk is best
measured on the ceatral peak because the others are affected by the irregularity of the mask
pattern. The FWHM of this peak is 41 um which is close to the expected value. The cross-
talk value is 3.8%. Figure 2(c) shows the influence of the conjugation default. For the
recording of this profile, the parameter £ was set to 5 mm. This results in broadening of the
peaks and an increasc of the cross-talk. The FWHM of the central peak is 69 um and the
cross-talk value measured on this peak is 32%. With such a large conjugation default onc
would expect a larger cross-talk value. This indicates that the spectral resolution is actually
determined by the width of the input beam diffraction spot as confirmed by figure 2(d). This
profile was recorded with the same conjugation default. but in addition, the input beam was
limited by 2 2 mm diameter aperture on lens L;. The result is a considerable increase of the
peak width (125 um) and of the cross-talk, the latter now reaching 70%. For the profile of
figure 2(e), the same limiting aperture was used but the conjugation was best adjusted. The
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FWHM of the peak (38 um) is now again close to the theoretical value and the cross-talk
value is only 3.4%. This shows that the spectral resolution is indeed independent of the
input beam size provided that the sample is in the image plane of the mask.

In summary this letter demonstrates that the spectral resolution of a pulse shaper is
independent of the input beam size when the shaped pulses are observed in the image plane
of the shaping mask. The spectral resolution is then determined by the width of the imaging
system impulse response. We have also demonstrated the storage and readout of a spectrally
shaped hologram in a frequency selective material. These results are encouraging for the
development of pulse shaping techniques in hole-burning memory devices.
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We prupose to use a broad-bandwidth laser source for storing and retrieving mu.lt-iple holograms in a photo-
refractive material. Each storage address is defined by a specific spectral encoding of the reference beam.
The validity of the spectral encoding method is tested in a preliminary experiment. © 1996 Optical Society of

America.

1. INTRODUCTION

Holographic materials are well known for their ability to
record phase laws, and holograms can act as phase filters.
Moreover, many holograms can be recorded in the same
sample. These properties have been used for data stor-
age. One problem is to retrieve selectively each piece of
recorded information without any cross-talk effect.

Cross-talk effects can be avoided by use of various
methods. The most widely used methods take advantage
of the Bragg selectivity of thick holograms. Independent
addresses can be specified by the angle of incidence of the
reference beam! or by its temporal frequency.>® In this
case, spectrally selective materials can also be used.

A spatial phase-encoding method has also been pro-
posed in which, for recording each datum, a set of refer-
ence beams with different angles of incidence simulta-
neously illuminates the storage material. Each beam is
affected by a phase shift. Orthogonal phase sets guaran-
tee the independence of the data addresses.*®

We propose a spectral phase-encoding method. The
necessary broad-frequency spectrum is obtained by use of
oplical pulses of short coherence time (in the picosecond
or the femtosecond range). A previous study®’ examined
this method in the case of spectrally selective materials.
Here we consider the case of nonfrequency-selective ma-
terials (thick holograms in photorefractive crystals).

2. GENERAL PRINCIPLE OF DATA
.STORAGE AND ADDRESSING BY A
SPECTRAL PHASE LAW

This principle has already been presented in Ref. 6. Let
us briefly review it. ;

The object and the reference optical pulses have the
same spectral amplitudes, denoted by a(). On the refer-
ence pulse the spectrum has been encoded, and its spec-
tral amplitude becomes a(#)C;(v). By holography®? it is
possible to realize the spectral filter

0740-3224/96/1002229-06$10.00

a(v)(a*(»)C*(M)].

Several object pulses can be recorded in the same holo-
graphic material, acting as a multiple phase filter for the
different codes. In the readout step this hologram is il-
luminated by one of the reference beams, of spectral am-
plitude a(»)Cj(v). The spectral amplitude of the recon-
structed beam for the ith hologram is given by

a(¥) = la(MFa(MC*(C(»),
corresponding to a temporal signal

Slt) = f a,(viexp(j2mst)dv.

In the considered picosecond or femtosecond range, the
temporal signal cannot be directly studied. Instead, we
record the field cross correlation of the signal with a time-
delayed replica of the object field %1® Asa function of the
delay 7, the cross-correlation function is expressed as

A(r) = f la(v)|‘C.-‘(v)Cj(v)exp(jZ1rv1')dv.

The rdependence of the cross-correlation function reflects
the temporal evolution of S,;(t). Cross correlation works
as an optical sampling procedure that is gated by the
time-delayed replica of the object field. The time resolu-
tion of the technique is given by the coherence time of the
light, which coincides with the inverse spectral width of
the laser.

Let us assume that the spectral intensity has a con-
stant value, limited by a spectral window of width A,
over the useful part of the encoding function. At zero de-
lay we obtain

A(0) = I C:*(vICj(v)dv = Bp&i — j) 1)
if we assume the encoding functions to be orthogonal.

The signal recovered at 7 = 0 is well selected: Each re-
corded hologram can be read only by its own reference

© 1996 Optical Society of America
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beam. Note that such a method does not impose coherent
Fourier-transform pulses because the result depends only
on the spectrum intensity.

Practical Realization of the Spectral Phase Encoding

We use a method previously applied by Wiener!! for pulse
shaping (Fig. 1). The laser beam is angularly dispersed
by a diffraction grating Gi set in the object focal plane of
a lens L1. Because of the finite size of the laser beam,
each spectral frequency gives a diffraction pattern
plX — K(v — vp)] in the image focal plane of L1, where X
is the abscissa in this plane, », is the central frequency of
the spectrum, and K characterizes the spectral dispersion
of the grating. In this plane a phase shaper based on a
spatial light modulator is inserted to encode the pulse
spectrum. The spatial light modulator acts as a spectral
aperture of width Au. This mask is a set of M jointed
slits of identical width, which gives rise to a spatial dis-
tribution of 0 and 7 phase shifts (transmission factor of
+1 and —-1). The ith reference beam is then encoded by
a mask

Ai(X) = f(X)*2 expjd, - &X — pAX), (2)

where fiX) represents a slit of width equal to AX, with
&,; being the 0 or 7 phase shift corresponding to the pth
slit in the ith code. The resulting amplitude in the focal
plane can be written as

A (X)p[X = K(v = v)].

If the spectral dispersion is exactly compensated by a sec-
ond grating, which stays in the image of the first one, for
example, in a 4f setup (Fig. 1), the equivalent amplitude
in the X plane becomes

PX)A[X + K(v — w)).

PIX - k(v - vo))

Hi1 image plane

Fig. 1. Experimental setup for spectral encoding. The mask is
set in the spectrum angularly dispersed by the grating G1. The
angular dispersion is compensated by a second grating G2 in the
image of G1.
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If the width of p(X) is small compared with that of A(X),
the field amplitude can be written as

P(X)A K (v = v)),

and the encoding function is Cilv — v
= #;[K(v - vy)]. It does not depend on the geometri-
cal position of the hologram. In contrast, if the width of
p(X) cannot be neglected, the encoding function depends
on the position of the plane.

Just behind the second grating, or in any plane in the
parallel beam beyond this grating, the encoding function
is given by the convolution of the mask function by the
diffraction spot on the mask.

In the image of the X plane, the encoding function is
well defined by .#; but varies with X as

Ci(v — vy, X) = p(X)M[X + K(v — vp)].

The resolution of this spectral shaping technique as a
function of the conjugation default of the mask is fully
discussed in Ref. 12.

For such an array of M jointed elements, it has been
shown that M orthogonal sets can be generated, satisfy-
ing the orthogonality condition as specified by relation (1).
Thus the number of independent addresses with which
data can be stored is given by M.

Note that each address spans the entire spectral stor-
age domain. The multiplexing character of this approach
has to be distinguished from multichannel procedures in
which each datum is stored at a specific position in the
memory space. What is known as wavelength multiplex-
ing is actually an intrinsically multichannel procedure
even if it can be regarded as a spatial multiplexing tech-
nique.

In Sections 1 and 2 we have reviewed some general
properties. In the following sections we consider the spe-
cific case of a photorefractive material. ’

3. REALIZATION OF A SPECTRAL PHASE
FILTER IN A PHOTOREFRACTIVE
MATERIAL

A. Recording of Uniform-Contrast Sinusoidal Fringes
Such fringes describe the hologram that is formed by
plane waves in monochromatic light. The intensity spa-
tial distribution can be written as

I(z) = Ig[1 — m cos(27/d)z],

where z is the coordinate on an axis perpendicular to the
fringes; d, the fringe spacing; and m, the contrast of the
fringes. The response of a photorefractive material is a
spatial variation of the refractive index n, whose ampli-

" tude is usually written' as

An = Anyll - exp(—t/T1)],

where ¢ is the exposure time and Any and r are constant
parameters determined by the material and the charac-
teristics of the fringes.
Any , the saturation index, does not depend on I and
is equal to mAN, where AN is a constant of the material.
7 does not depend on m and is proportional to 1/].
Note that such a law can be understood as a competi-
tion between the increase of An by the modulated part of
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the intensity and an erasing effect related to its constant
part, resulting in a saturation value of the refractive-
index variation. Note also that, despite saturation, the
value of An always remains proportional to m, regardless
of its value.

B. Interference Fringes between Two Beams with
Broad-Spectrum Pulses

Let us consider two counterpropagating beams (Fig. 2).
One of them is the object pulse, and the other is the spec-
trally encoded reference pulse. The holographic material
is located in (or near) an image plane of the mask. We
assume that inside the crystal the diffraction effects can
be neglected. Then the temporal signal on the two beams
can be written as

Eq(t, X) = p(0explj2wwo(¢ =~ z/v)] f a(n)

X exp(j2mwu(t — z/v)ldp,

Eg(t, X) = p(X)exp[j2myo(t + z/v)]

X J’ a(p)Ci(w)explj2mu(t + z/v)]du,
respectively, where x = v — g, v is the light velocity in-
side the material, and p(X) denotes the transversal field
variation and does not vary inside the crystal.

As the holographic material has a response time that is
long compared with the pulse duration, it is sensitive to

the time-integrated intensity of the interference signal.
The equivalent interference fringes are given by

W(z, X) = p(X)z[f la(u)|?du + J'la(.u)lzc.-(#)zdﬂv
+ exp—j21rvo(2z/u)f la(p)*Ci*(x)

x exp[ —j2mu(2z/v)]du + c.c.]. 3

The interference term in Eq. (3) can be characterized by a
complex visibility function V(z):

Viz) = f|a(#)|2Cz"(#)eXP[-J'27m(2z/v)]d#

= on(t - 2Z/U)ER‘(t)dt<

The constant part of the exposure is

AX
Eo(t) ER()

A,

- — >

Fig. 2. Hologram recording with two counterpropagating beams
near a focus.
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Wo = J la(u)|?de + J’Ia(l‘)lzlci(ﬂ-)'zdﬂ-

= flEo(:)sz + flEg(t)I’dt.

and the contrast m(z) = 2V(z)/W,.

Note that at any point inside the hologram the buildup
occurs during the overlap time, i.e., the ghort-pulse dura-
tion, whereas erasing occurs during the entire duration of
pulses. This means that if, for identical pulses, the con-
trast factor m becomes equal to 1 nearz = 0, this value
can never be reached if one of the pulse is encoded. We
shall show in Subsection 3.C that this effect is compen-
sated by the larger extension of the visibility curve and
does not affect the diffraction efficiency, which is the same
for any encoded readout beam.

C. Reconstructed Signal in the Image Plane z = 0
Let us consider a readout beam (identical to one of the ref-
erence beams), encoded by C;(u). Note that calculating
the reconstructed field for each frequency and coherently
adding the corresponding fields is equivalent to directly
calculating the temporal reconstructed signal. We used
the first method. -

If we neglect the depletion and the absorption of the
beam, the spectral amplitude field at a position (z, X) in-
side the crystal, for a specific readout beam j, is

a;(p, X, 2) = p(X)a(n)Cj(x, X)exp j2m(vo + r)(z/v).

Assuming low efficiency, we can consider the engraved
hologram as a collection of contiguous thin gratings of
identical thickness dz, each modulated by the term
exp —j27vo(2z/v), with a diffraction efficiency propor-
tional to V(z). According to Kogelnik,'* the diffraction
efficiency of an elementary reflective grating is given by

tanh(wAndz/\) = wAndz/\,

where An is proportional to m(z) and A is the wavelength
inside the crystal. In the case in which the saturation in-
dex modulation has been reached,

An(z) = 2ANV(z)/W,.

By adding the contributions of the elementary gratings,
we find that in the plane z = 0, the frequency spectrum of
the reconstructed field spatially limited by |p(X)|%p(X) is

a.(uz, X) = (27/\)(AN/W) j ai(un, X, 2)V(z)

x exp[ —j2mvo(22/v)]
X explj2w(vo + n)X(2z/v)ldz.
It bec(omes

\

e, X) = (27/ANAN/Wo)wi2)a(w)?
x a(u)Ci*(p, X)Cj(m, X) (4)

if the length of the crystal can be considered as infinite,
that is, much larger than the useful length of V().
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We have seen that the spectral code for the image plane
depends on the position X in this plane. C(ux, X) can be
replaced by #(X + Kpu), and the frequency spectrum be-
comes

a (p, X) = (2w\)(AN/Wo)(v/2)|a(n)|*a(n)
X X+ Ku) (X + Kp).
The frequency spectrum of the field cross correlation is
la(p, X)X + Kp) X + Kp).

Then the field cross correlation A(0) at a zero delay, for a
constant value of the spectral density, is

A(0) « Jp(X)‘[f AHX + Kp)A{(X + Ku)dp|dX.

By substituting X + Ku with ', we can see that the in-
tegral on u' does not depend on X, which confirms that
the finite dimension of p(X) does not impose any limita-
tion on the spectral resolution in our experiment, pro-
vided that the image of the mask is positioned inside the
recording material.

4. DISCUSSION

A. Diffraction Efficiency

Let us first consider the energy that is diffracted by an en-
graved hologram that is read by an encoded field. The
diffracted signal S, is given by

Sa= f o )P = j IE(e)7s.

Below we assume that the light-source intensity is uni-
formly distributed over the spectral bandwidth Au. By
using expression (4) for a,(u), we obtain

Sq = (1r/2>\)2(v/A#)2AN2Wo/2f ICi*(1)Cj(w)|*du/Ap.

IfC;, C; are constant or pure phase laws, then the inte-
gral is equal to Au, and the signal is the same for any ;.
The resulting efficiency is written as

n = (wAN/2\)?(v/Ap)?
(wANL/\)Y(vr/2L)?
= NewvT/2L)?,

where 7. = 1/Au is the coherence time of the pulse; L,
the crystal length; and 7, the cw diffraction efficiency.
One of the major differences between cw and pulsed re-
cording lies in the hologram dimension. It is limited by
the crystal length or by the pulse coherence length v 7, for
cw or pulse recording, respectively. For femtosecond
pulses this length becomes much shorter (roughly 10 zm)
than L (several millimeters).

Note that, as the crystal length determines the spectral
resolution (minimal value for one.element of the mask),
the ratio of the crystal length to the pulse coherence
length is the maximum number M of possible addresses.
This recording scheme can be compared with the angular
phase-encoding technique.*® In the latter approach the
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readout beam intensity is shared among M reference
beamlets, the field amplitude of which is \/A—l lower than
that of the initial beam. M holograms are coherently re-
corded; the available refractive-index modulation of each
of them is AN/JVM. Each beamlet is diffracted on a
single hologram. The resulting M signals combine into a
single field that represents the retrieved data. The re-
sulting diffraction efficiency is

7 = [(wL/\)(AN/VM)(M/VM)]? = (mANL/\)2.

Thus, for the same number M of addresses, the signal dif-
fraction efficiency in our method is approximately M?
times lower than in the angular phase-encoding method.
This result can be ascribed to the mutual incoherence of
hologram recordings at different wavelengths. Although
the storage material is simultaneously illuminated by the
object and the reference pulses, each spectral component
of the object pulse interferes with a single spectral com-
ponent of the reference. In'contrast, in the case of angu-
lar phase encoding, the entire object field interferes with
any reference beamlet.

Assuming that the saturation value was reached—1073
for LINbOj—we calculated a theoretical diffraction effi-
ciency (for one recorded hologram) of a few 1072 for a
phase mask, 1072 for the amplitude mask that we used,
and a spectrum width of 5 nm.

B. Selectivity

We have seen that the orthogonality of the encoding func-
tion results in the perfect selectivity of addressing if the
engraved spectral filter is exactly proportional to the
mask function. The conditions to be fulfilled are

1. uniform spectral distribution of the laser intensity
over the encoding mask,

2. positioning of the recording material inside the im-
age plane of the mask, and

3. crystal length much larger than the spatial exten-
sion of the visibility curve (approximately the equivalent
length of the encoded pulse).

The first condition can be satisfied at the expense of en-
ergy loss. In our experiment some nonuniformity re-
mains, and its effect is shown in the experimental data
(Section 5). The important point is the finite length of
the crystal.

We have seen [Eq. (2)] that the encoding function can
be written as

f(n)*Z(expjéy)8p — pAn) = f(n)*Cilp).

“The visibility curve is obtained as a Fourier transform

(FT) of this encoding function as
V(z) = {FTf())[FTC;(u)] = sinc(b22/v)[FTC,(x)].

Because of the finite length of the crystal, which can be
written as a rectangle function R(z), the equivalent vis-
ibility curve is

[R(z)sinc(b2z/v)][FTCi(u)],

which means that, in the engraved spectral filter, f{u) has
to be replaced by a convolution with a sinc function of the
crystal length. It results in an enlargement of each spec-
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tral element, which is a cause of cross talk, as discussed
in Section 5. One can avoid this cross talk by increasing
the distance between the mask slits.

Note that the role of this sinc function is well known in
the case of wavelength multiplexing, where f{u) is & &
function and one avoids the cross talk by placing the suc-
cessive wavelengths in the zeros of the sinc that is cen-
tered on one of them.

5. EXPERIMENTAL METHODS

To check this principle of storage and addressing, we per-
formed a preliminary experiment in which we used an
amplitude mask instead of a spatial light modulator, with
the aim being to check the spectral resolution of the sys-
tem. The setup can be described as follows.

The laser source was a dye laser pumped by a YAG la-
ser delivering broadband chaotic pulses at 620 nm of
10-ns duration and 5-nm bandwidth at a 15-Hz repetition
rate. The coherence time of the pulse is thus 7, = 250 fs,
which corresponds to a coherence length I of 80 um.
The laser beam is split into an object pulse, which is sent
directly to the sample, and a spectrally shaped reference
pulse. The spectral shaping device is identical to the one
developed by Weiner ef al.’! (see Fig. 1). The shaped
spectrum presents a grooved structure with 0.05-nm-wide
bright elices every 0.4 nm. The two beams counterpropa-
gate (Fig. 2), and the delay is adjusted so that they inter-
fere at zero delay at the center of the sample, a 6-mm-
thick Fe:LiNbOj, crystal. A chaotic pulse can be regarded
as a train of elementary uncorrelated components of du-
ration 7,. After shaping by the 0.05-nm-wide slits of the
spectral mask, each 80-um-long subpulse in the reference
beam is expanded into a 7.7-mm-long structure. In the
crystal, it shrinks into a 3-mm-long hologram because of
the counterpropagating scheme and because of the refrac-
tive index of LiNbO; (n = 2.5). Each stored hologram
spans the same spatial domain. However, owing to the
multiplexing character of the storage, the memory capac-
ity is given by 2nL/l, = 400. During readout the object
beam is blocked, and the spectrally shaped reference
pulse is diffracted on the engraved hologram. The dif-
fracted signal energy is collected by a photomultiplier
(Subsection 3.C) and is written as

def la (u)I®1C:i(1)Ci(p) 2 dp.

The same mask is used for readout. One varies the
readout function C;(x) by scanning the mask position
along the X direction in the focal plane of L1. Figure
3(a) represents the signal intensity as a function of the
spectral distance of the readout mask from its recording
position. The irregularities in the variations of the peak
intensities most probably arise from the nonuniformity of
the spectral intensity over the 5-nm bandwidth. The
constant background is ascribed to scattering of the read-
out beam on the beam splitter through which the dif-
fracted beam is detected. .

Figure 3(b) shows the signal intensity for the central
peaks as a function of the spectral shift. The triangle
width is close to the expected value. The signal intensity
at a distance of one slit width from the recording position
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represents the cross talk. It appears to amount to ap-
proximately 3% of the peak signal intensity. This can be
explained by the finite length of the crystal. For an
infinite-length crystal, the signal intensity is an exact tri-
angular function. The effect of finite crystal length, as
was already explained above, is to convolve the slit func-
tion f(x) by a sinc function, which for an equivalent erys-
tal length of 6 mm X 2.5 mm is 0.025-nm wide. The net
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Fig. 3. (a) Hologram readout by a spectrally shaped reference
pulse. The hologram was stored by illumination of the sample
by an unshaped object pulse counterpropagating with a shaped
reference pulse, Spectral shaping is realized by a mask consist-
ing of ten 0.05-nm-wide rectangular slits placed every 0.4 nm.
The readout mask is the same, and it can be spectrally shifted
with regard to the recording position. Signal energy is detected
as a function of the shift. (b) Signal energy as a function of the
spectral shift for the three central peaks. Signal intensity at
one slit width from the recording position corresponds to the
cross-talk level between adjacent slits.
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effect is a widening of the slits. In other words, the slits’
edges are smoothed because of cutoff of the high-
frequency components of the visibility function.

6. SUMMARY

We have experimentally verified a temporal spectrum-
shaping technique for addressing data in a photorefrac-
tive material. This technique has been previously used
in persistent-spectral-hole-burning materials working at
low temperature. Formal comparison has been worked
out between the explored spectral phase encoding and the
angular phase encoding. The scattering efficiency ap-
pears to be less affected by the number of the storage ad-
dresses in the latter case.
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Spectral phase codes are used as storage addresses in a frequency-selective optical memory. Data are engraved
over a 1.5-THz-wide spectral interval. With the help of a ferroelectric liquid-crystal modulator it takes less
than 100 us to retrieve any spectrally addressed data. © 1996 Optical Society of America

The persistent spectral hole-burning property is
known to add a fourth dimension to the optical data
storage volume. One could take full advantage of this
large memory capacity and of its optically inherent
parallelism in an application such as image storage.
Two main classes of persistent spectral hole-burning
materials have been investigated. In rare-earth
ion-doped crystals, data are stacked within a typically
1-GHz-wide absorption band. With a homogeneous
width vj in the megahertz range or smaller, these
crystals can accommodate more than 1000 spec-
tral addresses within their absorption bands. In
dye-molecule-doped amorphous polymers, the absorp-
tion bandwidth grows to several terahertz, and the
homogeneous width, which determines the spectral
extension of elementary stored information, reaches
several gigahertz. A few years ago the storage
of 2000 images within the absorption band of a
chlorin-doped polyvinylbutyral sample was demon-
strated.! However, the readout rate was dramatically
limited by the frequency scan speed of the laser,
which had to be tuned over the 1.5-THz-wide spectral
domain occupied by the images. Much faster sequen-
tial readout of stored images was achieved recently
in crystals, for which the absorption bandwidth is
smaller.? However, the wavelength sweeping rate
has not yet been large enough to permit the rapid
long-distance spectral jumps that are required for
fast random access. In addition, one has to keep in
mind the problem of working at the helium tempera-
ture. Practical applications probably cannot tolerate
this temperature constraint. It is expected that any
material working at a higher temperature will exhibit
a large homogeneous width and that a larger memory
capacity will be kept only at the expense of a larger
absorption bandwidth.® This should stimulate efforts
to develop fast readout techniques in materials in
which the inhomogeneous absorption bandwidth »;
exceeds 1 THz.

We report the experimental demonstration of the
addressing procedure that we proposed in a previ-
qus theoretical work.® It is reminiscent of a recently
investigated technique for angular multiplexing in
space-domain holography.*® This method should give
random access to stored images at video rates in
persistent spectral hole-burning materials with an
absorption bandwidth of several terahertz. It is de-
rived from the three-pulse photon echo process and can
be regarded as a time-and-space holography technique.
The memory element is illuminated by the combination
of the reference and the object pulses, which propa-
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gate along the wave vectors k; and ko, respectively

- (see Fig. 1), and which are separated in time by the

delay 7. The interference pattern engraved at posi-
tion r in the material can be expressed as the prod-
uct E; (v)Ex(»)P(r)expli(k; — ki) - ¥ — 2imv of the
corresponding space- and frequency-dependent field
amplitudes. The r dependence of the object field
E3(v)P(r)exp(—iks - r) conveys the two-dimensional
spatial image to be stored, and its spectral profile
E,(v) is assumed to be a slowly varying function of
the frequency » over the absorption bandwidth. In
other words, the duration of the object field is sup-
posed to be smaller than »; ! (that is, <200 fs in an
amorphous material). Conversely, the reference field
is a spatial plane wave, and the characteristic scale
of variation of its profile E;(v) is as small as vj. In-
deed, the »-dependent shape E;(v) encodes the address
of the recorded image. A specific address code corre-
sponds to each stored image. At readout, a probe field
E4(t - t3)exp(—ik, - r) reaches the memory element
at time ¢ and is diffracted by the engraved hologram.
Provided that 7 is large enough to prevent temporal
overlap between the object and the reference pulses,
the temporal profile of the radiated signal reads as’

E.(r, t) = P()Ea(v0) [ dvE} (v)Es(v)
X exp[2iwv(t ~ t3 — 7], 1)

where the slow » variation of E5(v) is ignored and E3(v)
stands for the time-to-frequency Fourier transform
of Es(t). At time ¢t = t3 + 7, Eq. (1) reveals the
inner product | dvE; (v)E3(») of the reference and the
readout spectral shapes. If E;(v) and E3(v) belong
to the same set of orthogonal functions, the stored
image is retrieved if and only if the readout code E3(v)
coincides with the memory address code Ej(v). More
generally, when several images are stacked into the
memory, the spectral shape E,(v) is no longer a single
code but a linear combination of the orthogonal address
functions. Again, any stored image can be retrieved
with the help of its own code.

We follow the spectral encoding procedure developed
by Weiner et al.® The spectrum of the reference and
readout pulses is spectrally shaped by a liquid-crystal
spatial light modulator (SLM) that is inserted within
a pair of dispersion gratings. The spectrum is divided
into N slices that can be selectivity affected by a 0 or
a = phase shift. In this way, a set of N orthogonal
spectral shapes can be built. Each element of the set
is defined as an array of phase shifts that affect the N
spectral slices. '

© 1996 Optical Society of America
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Fig. 1. Schematic of the experimental setup.
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The proposed approach is free from the limitations
imposed by laser frequency scanning. It takes only
10-100 us to set the configuration of a ferroelec-
tric liquid-crystal modulator, depending on the ap-
plied voltage. This is the access time for any stored
information.

The cost of this fast retrieval technique is the
excellent time resolution that is demanded from the
detector. Indeed, Eq. (1) reduces to the inner product
between the reference and the readout field spectral
shapes during a very short time, of the order of »;:.
Only an ultrafast optical gate is able to pickup the
signal. An interference cross-correlator device? is well
suited to achieving the needed optical gating with high
repetition rate (see Fig. 1). One records the cross-
correlation function G(r, T) of the signal field E,(r, )
and of a gating field Eg(t):

Gr,T)= f Eg(t - T)EX(r, t)dt / f |Eg(£)i2dt .
(2)

Let the gating field time variation coincide with that
of the object field. Then Eg(t) = E3(t — t3), and the
cross-correlation function reads as

G(x, T) = P(r)|Ea(vo)l? f EX()E{(»)
X exp[2imv(r — T)]dt/f 1Ec(»)I2dv .

The T dependence of G(r, t) coincides with the ¢ depen-
dence of the signal field. At T = 7 the integral over v
reduces to the inner product of the reference and the
readout spectral shape, giving access to the selective
retrieval of the engraved data. It should be stressed
that, unlike previous cross-correlation techniques,'*!!
the present technique is operated at fixed delay. It
does not require any mechanical motion of the trans-
lation stage. Indeed, the only element that has to be
configured to permit access to an image is the SLM
used to generate the address code.

Finally, the duration of the initial pulses has to be
considered. In the above discussion, it is admitted
that the duration of the stored images is not longer
than »;'. Production of such short pulses involves
sophisticated femtosecond lasers, the use of which does
not seem to be pertinent in an experiment in which
data are finally retrieved at video rates. Indeed, the
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quantity that has to be smaller than »; ! is not the pulse
length but the coherence time of the light. Broad-
bandwidth light sources can deliver pulses that satisfy
this condition.

We are currently experimenting with the storage of
one-point images with the help of the spectral phase-
encoding technique. The experimental setup is shown
in Fig. 1. The light source is a broadband dye laser
pumped by the second harmonic of a YAG laser. It
delivers 7-ns-duration pulses at a 15-Hz repetition
rate; the pulse spectrum is centered at 620 nm and
spreads over approximately 1.5 THz. The sample is
a 1-mm-thick piece of octaehylporphine-doped polysty-
rene, which is cooled to 1.4 K. The optical density of
the sample at the center of the absorption band is ap-
proximately 2. The reference pulse, which propagates
along k;, illuminates the memory element together
with the object beam, directed along k,. The address
is encoded by a spectral phase shaper that is inserted
into the path of the reference pulse. The smectic C*
liquid-crystal, 128-pixel, linear-array SLM used in the
shaper was built at the Ecole Nationale Supérieure des
Télécommunications—Bretagne. A pair of holographic
gratings with 2400 grooves/mm is used to disperse
the reference pulse spectrum on the SLM array and
to recombine the spectral components. With a pixel
period of 40 um, the spectral window selected by the
SLM spreads over a bandwidth of 2.5 THz. The dead
zone between adjacent pixels is approximately 4 pm.
Each active spectral pixel is 17.5 GHz wide and can
be independently affected by a 0 or a = phase shift.
During the recording step, shutters Sh; and Sh; are
open and closed, respectively. The reverse position
applies for readout. The typical exposure fluence is
10 mJ ecm™2 min~!. All the beams used in the ex-
periment are provided by a single laser source. The
cross correlation between the signal and the gating
pulse is derived from the contrast of their interference
fringes. The interference pattern is formed on a CCD
linear array that exhibits a dynamic range of 256. A
fast Fourier transform of the intensity distribution pro-
vides us with a fringe contrast that coincides with the
cross-correlation function.

The present laser spectrum appears to be too narrow
for performing uniform excitation of the sample over
the window defined by the SLM. Hence, a slit is set
on the spectral shaper to reduce its aperture by a factor
of 2. With the remaining 64 pixels we experimentally
test the phase-encoding technique for N = 32. The
relevant width of each independant spectral slice is
thus given by v, = 385 GHz. The time delay 7
between the reference and the object pulses is set to
26 ps. The product v,z = 1.00 is large enough to
eliminate the cross talk that could be caused by the
writing pulse overlap.*

Each address is allocated to a binary 0 or 1. The
j-labeled address is defined by the N-phase-factor
array {¢;}. We say that a binary 1 is stored in j when
the sample is illuminated by the {¢;}-encoded reference
pulse, followed after a delay 7 by the object pulse.
When no hologram is engraved with the {¢,} code, the
binary 0 is said to be stored at address j.

The 32 spectral shapes composed by the SLM
belong to a family of Hadamard orthogonal func-
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tions.** Figure 2 presents the results obtained when
a single binary 1 is stored. The recording step lasts
for 2 min. For the readout step the delay T is set
equal Lo 7 and the correlation function is recorded
while the SLM configuration is scanned through the
32 address codes at the rate of one address every
20 laser shots. The experimental data displayed
in Fig. 2 results from the average of the correlation
signal amplitude over 20 laser shots at each readout
address. A peak is obtained when the readout code
zoincides with that of the stored binary 1 (address 16
in the figure). Readout with the 31 other address
todes gives rise to a background that defines the
dyinary 0 level. For storing several data, we use a
yclic procedure. During one cycle, the data are
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successively addressed to the memory. Each datum
is exposed for 2 s per cycle, and the cycle is repeated
28 times. The readout signal after storage of four
and six binary 1's is represented in Fig.3. The
incremental recording procedure yields a good balance
between the engraved data. The cross-talk observed
in Fig. 2 can be explained by the nonuniformity of the
laser spectral distribution, in accordance with Ref. 4.
The -cross-talk size is consistent with the measured:
1.2 ratio of the laser bandwidth to the width of the
engraved spectral hologram. Other features are
likely to contribute to the cross talk observed in Fig. 3.
We have noticed that the exposure used to engrave
the data is large enough to erase previous recordings.
This means that, contrary to the assumption of Ref. 4,
the recording of each datum cannot be regarded as
a small perturbation of the active molecule spectral
distribution. Besides, because of the large optical
density of the sample, the assumption in Ref. 4 of
uniform excitation throughout the sample is not valid.
It is the low dynamic range of our CCD array detector
that forced us to resort to large exposure and large
optical density so that we could boost the diffracted
signal intensity. Both result in the distortion of the
engraved spectral addresses and especially affect the
gray-scale spectral shapes that encode the multiplexed
addresses of Fig. 3.

In summary, we have experimentally demonstrated
a new method for storing data in frequency-selective
materials. It should open the way to the random-
access retrieval of images at video rate in spectrally
selective optical memories, but the cross-talk back-
ground must be reduced.

*Permanent address, Institute of Physics, Estonian
Academy of Sciences, EE2400 Tartu, Estonia.

tPermanent address, Changchun Institute of
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Time-encoded spatial routing in a photorefractive crystal
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The spatial routing of a temporally encoded stream of optical pulses is experimentally demonstrated.
The holograms that link the temporally shaped addresses to the deflection directions are engraved in a
photorefractive crystal. © 1996 Optical Society of America

After the holography concept was clearly extended
from the space to the time domain,! it appeared dif-
ficult to cope experimentally with the fast flow of
short signals that represents the restored image of
a temporal hologram. For instance, when such a
hologram is engraved in a persistent spectral-hole-
burning material embedded in an amorphous ma-
terial, the retrieved temporal recording can include
>1000 subpicosecond pulses, which are sequentially
emitted at a rate greater than 1 Thit/s. Fast op-
tical gating techniques were necessary for sampling
the temporal structure of the signal flow,>® but they
were not appropriate for simultaneously analyzing a
spatial image. Only recently was a fast stream of
two-dimensional spatial images successfully stored and
retrieved within the frame of space and time hologra-
phy.* Meanwhile, the idea also emerged of consider-
ing space and time coordinates to be on an equal footing
and of designing experiments in which a steady-state
spatial image is transformed into a stream of pulses
and vice versa.’® This is achieved at the expense of
the information content of the data, because one of
the spatial dimensions has to be exchanged with the
temporal one. This study also aims at combining the
spatial and the temporal dimensions in a holographic
recording. .

Recently® a scheme was proposed “to direct tem-
porally structured optical signals originally propa-
gating along a common direction into different and
distinct output directions according to the precise tem-
poral waveform encoded onto each signal.” A detailed
explanation of the process, making use of holograms
engraved in frequency-selective materials, is given in
Ref. 9. However, it has been suggested that the same
routing process could be implemented in materials
that possess no intrinsic frequency selectivity. Here
we usc a nonfrequency-selective photorefractive crystal
to demonstrate experimentally the routing of data in
temporally encoded spatial directions. Also, we show
that, despite the subpicosecond scale of the address
code, long-duration pulses can be processed in such
a material, if their coherence time is short enough to
match the time-scale requirements of the router.

The storage of a temporal structure in a three-
dimensional holographic material relies on time —space
conversion®'" Becausc a single spalial dimension is
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used to store the temporal information, two dimensions
are left for the engraving of spatial data. Using the
same notation as that in Ref. 9, we denote by E1,(r, ¢)
and Eqy(r,t) two plane waves that illuminate the
material. They counterpropagate in the respective
directions k; and k; and are defined as follows:

E.(r,t) = E.(t — ke - v/v) exp2imv(t — ke - ¥/v),
(1)

where v is the light's velocity within the active ma-
terial. These fields are used to program the routing
device. A time-encoded address is conveyed by th.e
temporal envelope of the address pulse, Eq. The di-
rection of propagation k is the spatial information that
is conveyed by the direction pulse Ezs. The address
and the direction are linked together by the interfer-
ence pattern, which reads as

exp — 2inrvK - r/v)f deE () Faalt — K - x/0),
' (2)

where K = Eg — k. The interference pattern lis en-
graved in the crystal as a space-dependent variation
of the refractive index, which leads to a Bragg grating
of vector 27#K /v. In the counterpropagating configu-
ration, the grating period is close to A/2. Let Zau(t)
be a brief pulse that peaks at ¢ = 0. The time inte-
gral expresses the sampling analysis of the tempgral
shape F,.(¢) through the gate Fzs. The gate location,
t = K - r/v, is scanned as a function of the spatial po-
sition along direction K; i.e., the temporal shape E1a(2)
is recorded as the spatial envelope Eo(K - r/v) of the
Bragg grating. An entire address pulse of duration T
can be recorded if its spatial extent vT'/2 is smaller
than the length of the engraved interference pattern.
In an exact collinear configuration, the sample thick-
ness L limits the address duration to 2L/v. Stgrage
is still possible when the waves depart from collinear
propagation. Then the condition v[7 — (&1, k2)]T <
2d expresses the trade-off among the maximum object
duration T, the collinear propagation angular defect
w — (ky, k2), and the beam diameter d.

After the programming, the crystal is illuminated by
a plane-wave inpul beam of unit wave vector ky = ky,

© 1996 Optical Society of America
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which is diffracted on the Bragg grating in backward
direction k,. At time ¢, the input field is represented
by E3(0) at position r = 0. The spatial and temporal
structure of the deflected beam can be expressed as

exp 2imy(t — ty — ky - r/v)f dr'/ de'En(t' + K
v Ju)Fog(t)VEs(t — ty — ko r/u+ K -r'/v).  (3)

If the direction-programming pulse is brief, the signal-
field temporal profile reduces to the cross correlation
between the temporal envelopes of the address-
programming and the input beams. )

Let E.(f) represent the time-frequency Fourier
transform of the field F.(¢). According to expres-
sion (3) the diffracted signal amplitude in direction k2
reads as

[ arEripEaa D)

X exp[2iw(v + f)(t — ts — ko - x/V)]. (@)

Phase-only shaping of the pulses in the spectral domain
gives rise to sharp correlation peaks. We assume that
the envelopes E1,(f) and E3(f) result from the spec-
tral shaping of an initial brief pulse by N-element
pseudorandom binary phase codes and that the energy
spectral density |E.(f)|? is uniformly distributed over
the storage bandwidth. One code that appears suit-
able is the so-called maximal length sequence.!! One
can build a set of cross-correlation orthogonal codes
by circular permutation of a single sequence. The to-
tal diffracted energy, as derived from expression (4),
does not depend on the relative spectral phase shifts
of F1o(f) and F3(f). But when E,(f) and E3(f) be-
long to the same set of orthogonal functions, most of the
diffracted energy is_concentrated within a correlation
peak if and only if E,(f) coincides with F3(f). Then
all encoding spectral phase shifts cancel one another
so the correlation peak can be regarded as a replica
of the initial input pulse, as it was before spectral
shaping.

As explained in Ref. 9, the spatial routing of optical
data is carried out as follows. During the program-
ming process, the crystal is successively illuminated by
pairs of address and direction pulses. Each address
beam propagates in the common direction £, and has a
temporal shape (or address) different from that of any
other address beam. The ith-direction beam propa-
gates in a direction I.z«(z' ' different from that of any of the
other programming beams and is temporally shorter
than any of the temporal features encoded onto the ad-
dress beam with which it is paired. By doing this, one
creates multiple three-dimensional holograms. Each

hologram corresponds to a specific pair of program-
ming pulses. The ith hologram is matched to deflect
a correlation peak into the direction iz'z' ' when an input
pulsc, incident along k;, has the same temporal shape
as the ith address beam. In the operational phase, an
optical input stream is directed to the programmed ma-
terial along &y = k. Whenever a temporal segment
of the input data stream matches the ith address, a
pulse is deflected in the direction Eg'. Its duration is
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as short as the inverse storage bandwidth, and it can
be detected with a fast discriminator.

Experimental demonstration is achieved in a
6-mm-thick iron-doped LiNbO; crystal. The maxi-
mum length of the address code, as imposed by the
crystal thickness, is 2L/v = 100 ps. All the different
beams are split from a single initial beam (see Fig. 1).
To build the temporal envelope of the address pulse
we follow the spectral encoding procedure developed
by Weiner et al.}*** The spectrum of the pulse can
be phase shaped with a liquid-crystal spatial light
modulator array that is inserted into a pair of dis-
persing gratings.!* However, in this first experiment
we simply detect the total energy of the diffracted
signals, so we lose the spectral phase information
and are able to separate only routing addresses with
mutually exclusive spectra. Thus we substitute for
the phase modulator a transmission mask comgosed of
five evenly spaced transparent rectangular slits. At
the output of the shaper the pulse spectrum, centered
at A = 570 nm, exhibits a grooved structure, with
a 70-GHz-wide bright slice that is repeated every
0.55 THz. A stepping motor translation stage is used
to vary the spectral position of the mask, witl; 0.7-GHz
precision. Addresses are orthogonal, provided that
the bright spectral slices of the ith address pulse fall
onto dark regions of the other address codes.

During the programming the delay between the
address and the direction pulses at the center of
the crystal is adjusted to zero. The shaped add-re'ss
pulse, with its 70-GHz-wide spectral slices, exhibits
a 9-mm-long coherent structure that, owing to the
counterpropagation of the direction beam and to the
2.5 refraction index of LiNbOs, shrinks to a 1.8-mm-
long hologram. Two holograms are g(:;]graved in the
crystal. The angle between B and k3 is 100 mrad.
With a beam diameter of 250 «m on the crystal, this
angle is small enough to allow all the temporal codes to
be stored. ’

The bright spectral slices of address code 2 are set
halfway between those of code 1. This configuration
is illustrated in Fig. 2,in which the corresponding tem-

k
2 LiNbO, o2

Fig. 1. Diagram of the experimental setup: .'lI;:avo ha_Ig:
grams are sequentially recorded. Then beams k; and k&
are blocked and the diffracted signals are simultancously
detected on photodiodes Dy and D, through the beam split-

ter (B.S.).
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22551 frequency v V v

Fig. 2. Spectral slits used to encode the address beams.
One obtains the corresponding temporal developments by
Fourier transform of the spectral shapes. The code 1
center is set to coincide with that of the laser spectrum.

deteclor # 1
direction £V
3
s
> ;
0 .
c
(] % P
k] d
S H detector # 2
7] ! direction &Y
AN
0 ———
0 x 2x
relative phase of two successive peaks
in the input train

Fig. 3. Experimental data: A spectrally encoded pulse
stream is directed to the programmed optical processor
along k,. Diffracted energy is simultaneously detected in
directions k' and kY as a function of the spectral position
of the shaping mask. The position scan is equivalent to the
scan of the relative phase of two successive peaks within the

temporal profile of the input pulse. The detector zero level
is represented by 0 on the vertical axis.

poral profiles are also shown. With an appropriate
choice of the origin of energy, there is no phase shift
between the peaks that comprise the time-domain rep-
resentation of code 1, and there is a = phase shift be-
tween two successive peaks in the train that describes
code 2. After the recording, the direction beams are
blocked. A spectrally shaped beam is directed to the
engraved hologram along k,. The diffracted energy
is simultaneously detected on two avalanche photodi-
odes in directions I-z'(zn and .E;Z)_ The experimental data
are displayed in Fig. 3 as a function of the spectral
position of the shaping mask. This spectral scan is
-regarded as the scan of the phase shift between two
successive peaks in the temporal development of the
input pulse. The background, which is observed out-
side the matched filtering regions, is caused mainly
by the scattering of the input beam in the beam split-
ter through which the diffracted light is detected (see
Fig. 1). The measured cross talk between the routing
addresses is smaller than 10~2. The matched tempo-

ral shapes are diffracted onto the engraved gratings
with an efficiency of ~1075. It can be observed that
the full width at half-maximum of the recorded pro-
files (Fig. 3) is larger than expected. As expressed in
terms of phase shift, it amounts to ~1/6 of 27, instead
of 1/8 of 27, which is the ratio of the spectral slit size
to their period. To focus the spectrally shaped beam
upon the crystal we were obliged to depart from the ex-
act position of imaging of the mask upon the sample,
As explained in Ref. 15, this results in the observed
broadening of the recorded profiles.

In the above discussion, we considered temporal pro-
files that exhibit subpicosecond peaks. Their three-
dimensional hologram recording results from their
sampled analysis by use of an optical gating pulse that
has to be shorter than the profiles. However, a chaotic
nanosecond source (pulse width =7 ns) has been used
instead of a femtosecond laser in this experiment.

To take full advantage of the time-encoding proce-
dure, one has to detect the correlation peak that is
deflected in the matched direction. Interferometric
cross correlators similar to the one used in Ref. 14 could
operate as discriminators in each routing direction.
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Abstract We review recent works on temporal frequency holograms. The role of
white light excitation is stressed. The interferometric data retrieval technique is
emphasized. Both the photorefractive crystals and the persistent spectral hole
burning amorphous materials are considered as spectral holography media.

INTRODUCTION

In the framework of optical data storage, we have been developing techniques for
engraving and retrieving temporal ﬁ'equenq'r holograms, and for using them as fast
optical processors™. The holographic « plates » that we consider have a spectral size of
a few Terahertz. We have encountered this recording spectral width in two different
classes of materials. The first class is represented by the persistent spectral hole burning
(PSHB) materials that are made up of active centers embedded in an amorphous host
matrix. The second class is represented by photorefractive (PR) materials in the
counterpropagating-beam configuration®. Although their spectral coherence must be
preserved over a very broad frequency domain, the holograms have not to be stored with
the help of subpicosecond laser pulses. We have been using a white light source to

engrave and retrieve them.

STORAGE OF A SPEQTRP;L PHASE FACTOR: STIMULATED PHOTON ECHO

Let a PSHB sample be illuminated bv two pulses, which issue from the same source and
that propagate along k; and k; respectively. One can vary the time separation T between
the pulses by adjusting their path length difference. The spectral amplitudes of the two

179



180

J.-L.LEGOUET et al.

fields in the sample can be represented by E(v) and E(v)exp(-2irvT) respectively. Their
interference term reads as: S(v)exp(-2intvT), where S(v)= l E(v) [2is the energy spectral
density of the pulses. Provided T is smaller than the inverse homogeneous width Ay, this
interference structure is engraved over the width Ay, of the absorption band W(v). The
recorded hologram is described by the expression W(v) S(v) exp(-2irtvT). The original
idea of holography is to store the thorough structure (holos: « entire ») of an object field,
given a perfectly known reference one. The present process is slightly different since the
recorded spectrum S(v) does not keep any memory of the spectral coherence properties
of E(V). The phase object exp(-2invT) is conveyed to the memory material by the carrier

field E(v). The phase object alone is stored while the phase structure of the carrier is

NN

lost.

< N
[ ] adjustable
/ T | delay
line
N\ ki k, interference

N> —> N\ detection

sample

FIGURE 1 Interferometric analysis of the spectral holograms
The sample radiates a field:
Ey(v)= Eg(v)S(v)W(v)exp(-2invT) ey

in direction k,, when probed by E,(v) propagating along k; . The temporal structure of
this signal reflects the spectral shape of the engraved hologram. However, since it
coherently spreads over the THz-wide absorption band, the sample response may exhibit
subpicosecond features that are not resolved by conventional detectors. In addition, the
temporal behavior of the signal is affected by the probe field spectral coherence

properties. Interferometric analysis offers an efficient way to recover the originally
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recorded phase object’. The device is sketched on Fig.1. The sample is inserted in one

arm of the interferometer. One detects the interference between the signal and a time-
delayed replica of the probe field. As a fonction of the delay T, the contrast of

interference fringes reads as:

C(v) = [ E, *(v).E, (V) exp(~2imvr)dv @)
Substitution of Eq.1 into Eq.2 leads to:

Cr)= I[S(v)]’ W(v)exp[-2inv(t - T)]dv 3)

which is rid of the probe field spectral coherence structure. If the source bandwidth is
larger than A, C(%) exhibits a peak of width Ag? that is located at ©=T. As a function of
T, one recovers the temporal shape of the stimulated photon echo that would be
generated by a sequence of femtosecond pulses. However, the validity of Eq. 3 is not
conditioned by any assumption on the pulse duration. Any source that delivers
broadband pulses should work, whether or not pulses are Fourier transform limited.
Holograms with different T values can be multiplexed in the sample. In the framework of
data storage, each hologram is regarded as a stored information® the address of which is
represented by T. Interferometry spectroscopy proves efficient to retrieve the stored
informations’. However, access to data is hampered by the slowness of the optical delay
scan. One can improve the random access rate by taking advantage of the processing

capabilities of the spectral holograms™ 2,

RETRIEVAL OF DATA THROUGH SPECTRAL PATTERN RECOGNITION

Let the pulse propagating along k; be shaped by a phase-only filter which converts its
spectral amplitude into E(v)f” (v) where |fP(v)|2=1. Then, the stored hologram reads
as: S(v)[f(')(v)] *W(v)exp(-2irvT). The readout pulse along k; is assumed to be shaped
by the phase factor f2(v). Then, according to Egs 1-3, the interferometer detected signal

reads as:
C(z) = J.[S(v)]z.W(v)[f“)(v)] * £2) (v) exp[—2imv(t - T))dv 4)

The spectral density S(v) can be adjusted so that [S(v))? W(V) is constant over the width
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A of the shaping window. Then, at 7= T, the contrast C(t) can be expressed as:
o = [(FV ) £ (vyav 5)

which is nothing but the scalar product of the shaping factors. This function is optically
computed by the combination of the holographic memory and of the interferometer. Let
the shaping factors belong to a set of orthogonal functions that satisfy the following

property:
JtE*fmav=sa, ©

A signal is detected only if the readout shape factor coincides with the recorded one. The
shape factor can be regarded as a data address in the spectral memory®. Holograms
which are built with different shape factors can be multiplexed in the memory. Each
address only responds to the matched readout key. All the stored data are retrieved at
the same fixed delay T of the interferometer, in contrast with temporally addressed data.
In order to retrieve a data one has to compose its address phase factor. This can be
accomplished within a few hundreds microsedonds with the help of a liquid crystal
modulator®. The optical processing capability of spectral holograms is not specific to
PSHB compounds. It can be adapted to PR materials™*, with the additional attractive

property of working at room temperature.

SPECTRAL HOLOGRAMS IN PHOTOREFRACTIVE MATERIALS

Let two counterpropagating monochromatic beams, directed along k) and k= -ki,
overlap in a L-thick PR crystal (Fig.2). In this material they form a standing wave that
engraves a refractive index Bragg grating of period ¢/2nv, where v represents their
common single frequency. The grating spreads over the entire length L of the crystal.
After recording, a beam of frequency v, that is directed to the crystal along k; , is
diffracted along k; provided [v-v’ | <c/anL, according to the phase matching condition.
Bragg gratings engraved at different wavelengths can be multiplexed in the crystal. Data
that are recorded in the shape of these gratings are thus selectively retrieved at addresses
represented by their storage wavelength®.

A wavelength multiplexed memory ignores the relative phase-shift of the different
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gratings: the spectral addresses are mutually incoherent. However a coherent set of
gratings is engraved when finite bandwidth pulses are substituted for the monochromatic
ones. Let z be the space coordinate along k. Let the origin located at the center of the
crystal. The two pulses are split from the same beam, with a time-shift T at z= 0. Their
bandwidth is denoted by A,. The grating they engrave at frequency v is proportional to

S(v) exp[2inv(~T + 2nz/c)] . The gratings associated with the different frequencies

single frequency grating

—_—"
im0 |11 Bl T
pisioin | Sopadsm i,
———> kT/2n e—
k, o k,
[ Evyexpl2imvit-2/c)ldv || JEexpl2imv-T+/e)ldv
| /2nA,
coherent superposition of gratings

FIGURE 2 Spectral hologram in a photorefractive crystal

combine in a thin spatially modulated structure, the extension of which is ¢/2n4,. It is
located around z=cT/2n. When probed along k; the sample radiates a signal in direction
k2 . Interferometric analysis of the emitted field is again described by Eq. 2. The fringe

contrast on the interferometer is:
C(v) = [[S(V)]*. exp[-2imv(x - T))dv D

As in a PSHB material, the parameter T can be considered as a storage address"". The
spatial position where a data is recorded can be identified with a temporal coordinate.
The number of independent addresses is about 2nLAy/c. This is the number of non-
overlapping elementary gratings that the sample can accomodate. The storage of broad
bandwidth fields illustrates the spectral coherence properties that underlie the optical
processing capabilities of spectral holograms. The retrieval efficiency of broad bandwidth

pulses thus appears as a critical issue in the context of optical processing.
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DATA RETRIEVAL EFFICIENCY

The data retrieval efficiency can be characterized by the signal-to-probe field ratio n=
IE,(V)/E,,(V) | (Table 1). In both PR and PSHB materials we consider the recovery ofa
single narrowband storage as a reference to which we ultimately compare the readout of
multiple broad bandwidth pulses. We first examine the local storage of a single data
within the absorption band of a PSHB material. The light source bandwidth A; is
assumed to be much smaller than the absorption width A. In order to avoid causality
effects we assume that the delay T of the two pulses involved in the storage satisfies the
condition A, T>1. The data is engraved at spectral position vqover the spectral domain
A;. The maximum corresponding value of | E{V)EXV) | is denoted Mipss. In order to
stack different data in the material, one assigns each information to a specific address vy,
while T is kept constant. Then the maximum 7 value remains equal to s for each
recovered data, irrespective of the data number which is <Aw/A,. Indeed, different data
stand on different molecules. Let us now examine the storage of a single T-addressed
data. The data is represented by a spectral hologram that spans the entire absorption
band. The maximum 1) value still equals T)p. In order to record M T-addressed data
within the memory, one has to multiplex M holograms. Each one, that spreads over the
same spectral domain, is labeled by a specific value of the frequency period 1/T. Since
the same molecules are shared between the M different data, the maximum 7 value
drops to Tism /M. This reduction occurs when the data are sequentially recorded. A less
important reduction factor of M’ 12 can be obtained when all the data are simultaneously

recorded with random relative phase-shift.

TABLEI Data retrieval, Ratio of the signal to the readout fields. The
memory capacity and the number of occupied addresses are denoted N and M.

v-addressing T-addressing
PSHB TpsB Nean/M
ER Ter/M Ner/(MN)

As for storage in a PR material, it can be shown that data are restored with the
same diffraction efficiency, whether one uses the wavelength multiplexing"’ approach or
the more conventional angular multiplexing technique. Let Tjer represent the maximum 1

value when a single monochromatic data is recorded in a PR material. This value is
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reduced to Npr/M when M data are wavelength multiplexed in the crystal, since the
maximum refractive index variation is shared between the different holograms. When
data are T-addressed, each information is engraved in the shape of a ¢/2nA,-thick
grating. The the number of addresses N is close to 2nLAy/c. Thus, the spatial thickness of
a monochromatic data is N times larger than that of a Ap-broad recording. It results that,
in a PR memory where a single T-address is occupied, the maximum 7} value is about
Ner/N. This dramatic ratio between T-addressing and wavelength multiplexing persists
when several data are stored. Indeed, when a data is locally recorded, it is gradually
erased by the subsequent storage of additional data at different positions. When T-
addressing is used to store M data in a N-address memory, the maximum 1 value turns
out to be about r(NM)™. Above we considered holograms that are engraved when the
pulse along k; is spectrally shaped by the phase factor fi(v). Comparison with wavelength
multiplexing leads again to the same 1/N reduction'?. This questions the adequacy of PR
-c.:-r.ystals to the storage of broadband spectral holograms. However operation at room
temperature is a decisive advantage that can pay for the small size of the signal. In
addition, one must keep in mind that Npsm and Mpr can reach quite dissimilar values.
While a diffraction efficiency of one hundred per cent can be attained on a refractive
index grating stored in a transparent PR material”, the absorption character of the
gratings engraved in 2 PSHB medium imposes an upper limit of about 0.37 to Tipsm™*.
Further experimental investigation is required to decide between those two classes of

materials.

CONCLUSION

With the help of a chaotic light source, we have been able to store and retrieve
multiplexed THz-wide spectral holograms in PR and PSHB materials. When the
temporal frequency address of the holograms is shaped by a liquid crystal spatial
modulator, the random access to any stored page does not exceed 1 ms. In addition to
their application to data storage, spectral holograms offer attractive prospects in the field
of real time ultrafast optical processing where both PR and PSHB materials could play a

role.
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Abstract

A spatial and frequency grating is engraved in a hole-buming material at 1.8 K by two spectrally broad pulses issued
from the same incoherent laser source. A scanned monochromatic beam is diffracted by the engraved spatial-frequency
grating. A theoretical approach of the analysis of the spectral distribution of the diffracted beam is presented, from which
information on the electron—phonon coupling or the wavelength dependence of the hole-burning efficiency can be deduced.

© 1997 Elsevier Science B.V.

1. Introduction

Spectral hole buming in a chromophore-doped
host matrix opens the way to high density optical
data storage by adding a fourth dimension to the 3D
spatial memory voiume [1]. Holographic recordings
in these materials also prove attractive as fully opti-
cal data processors [2]. However, the development of
applications depends on the photophysical properties
of the persistent spectral hole-burning (PSHB) mate-
rial. Among important characteristics to know are the
linear electron phonon coupling and the quantum
efficiency of the photoprocess for hole-burning. one
challenge being to find out PSHB materials that
work as optical memories at high above liquid he-
lium temperature.

The individual absorption spectrum due to an
electronic transition in a molecule trapped in a solid
host at low temperature contains a zero phonon

.- -electronic line (ZPL) and a broad phonon side band

(PSB) on its higher energy side. The ZPL is the
optical analogue of the recoilless Mdssbauer line of

jons in solids. The linear electron—phonon coupling
is measured by the Debye-Waller factor apy, which
is defined as the relative integrated arca of the ZPL
to the total homogeneous spectral area including the

* ZPL and the PSB. When the coupling is weak, apw

is close to unity. An important parameter is the
energy difference between the PSB band maximum
and the ZPL. This energy difference I, measures
the average energy of phonon modes coupled to the
electronic transition. For high temperature storage.
the value of I; should be as high as possible [3].
Among new materials, molecular doped zeolites {4]
or inorganic sol-gel hosts with grafted organic
molecules [5] have been shown to fulfill conditions
for high temperature spectral hole-burning.

Another important parameter is the PSHB quan-
tum efficiency @ which measures the ratio between
the number of selectively phototransformed
molecules and the number of incoming photons. The
measurement of @ is usually based on the approach
of Moemer and al. [6]. Based on this approach,
Horie et al. [7] evaluated the wavelength dependence

0009-2614 /97 /S17.00 © 1997 Elscvier Science B.V. All rights reserved.
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of @ for different systems. At present time, there are
only a few examples of similar information on other
systems.

In the present work. we propose a new method
which is based on the spectral analysis of a time-de-
layed four wave mixing signal. A space and fre-
quency grating is engraved within the whole inho-
mogeneous band of a PSHB material. A read-out
pulse is then diffracted on the engraved grating and
the signal spectrum is analyzed. The time-delay be-
tween the recording pulses is adjusted in such a way
that the diffraction signal is only radiated by the zero
phonon line. As it propagates through the sample,
the signal is affected by an absorption profile which
includes contributions from both the ZPL and the
PSB. In other words, the ZPL spectrum of the signal
is intrinsically compared with the combined spec-
trum of ZPL and PSB. This is reminiscent of the
comparison of absorption and fluorescence profiles
with a view to Stokes shift measurement. However,
in the present approach, an experimental profile di-
rectly reflects the spectral shift between the emission
and the absorption of the signal. The combination of
the information derived from the absorption profile
and from the diffracted signal spectrum makes this
method quite sensitive to parameters change.

This new way is useful to determine experimen-
tally a proper value of ap,, if the frequency depen-
dence of the PSHB quantum efficiency is known. In
an opposite way, when ap,, is known from the
literature. then the frequency dependence of the
PSHB efficiency is measured.

The reader is reminded of the basics of spectral
hole burning in Section 2, where various underlying
assumptions are specified. The theory of the coherent
transient process under investigation is presented in
Section 3 and Section 4. In Section 5 we compare
the theory with the experimental data we have ob-
tained in a sample of octa-ethylporphyrin doped
polystyrene (OEP/PS). Conclusion is given in the
last Section 6.

2. Basics of spectral hole-burning
The optical properties of dye-doped polymers are

determined by both the dopants and the matrix. The
absorption spectra are due to electronic transitions.

188

inter- or intra-molecular bond vibrations and also
contain the interactions between guest and host
molecules. At low temperature, a dopant molecule
can be optically excited on the zero-phonon line
(ZPL) coming from the 0-0 pure electronic transi-
tion. On account of the inhomogeneity of the host
matrix, guest molecules located at different positions
exhibit different ZPL transition frequencies. A ZPL
frequency dependent dopant density n,(») can thus
be defined. It is known as the inhomogeneous distri-
bution function. In a simple model it can be de- -
scribed by a Gaussian function centered at »,. In the
following, its half width at half maximum (HWHM)
is denoted by I,. In addition to the ZPL component
k(v — '), the absorption spectrum of each single
set of molecules with the same ZPL resonance fre-
quency »’ includes a blue-shifted broad phonon side
band kpsp(v— '), which is caused by electron—
phonon interaction. The resulting absorption spec-
trum reads as: '

k(”‘”')=kDL("""')+szn(V‘"')- (n

The line shape of the ZPL can be described by a
Lorentzian function:

1 r,
where I, is the HWHM of the ZPL, and apyw the
Debye—Waller factor. To simplify the mathematical
description of the PSB, three assumptions, harmonic
potential, low temperature and linear electron—pho-
non coupling were introduced in Ref. [10], which are
also satisfied in the cases we are interested in. Then,
the PSB line shape can be expressed as

(2)

kzp (V) = apw

v

kesa(v) =(1-—aDw)F:-e"’/rv. (3)
P

where I, equals the half Stokes shift. The profile of

the whole absorption spectrum A(») can be de-

scribed as the convolution of ny(v) with k(v), i.e.

A(v) =ng(v) @ k(v). 4)

We assume that n,(») is normalized in such a way
that A(») maximum equals unity.

If a homogeneous set of molecules excited by an
extremely narrow laser finally reaches a photostable
product state through a photochemical reaction, a
persistent spectral hole caused by the absence of the
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initial molecules appears in the absorption band. In
fact, the profile of such a hole can be rather compli-
cated and strongly depends on laser line width,
exposure intensity and time. First, we assume an
ideal narrow laser 8(v— v ). In addition to the

molecules whose ZPL is at v, , those that stay on the '

red side to ¥, and whose PSB's overlap the laser
line. are burnt. In the linear regime, the resulting
depletion of the molecular distribution is propor-
tional to k(v — v). Propagation through the absorb-
ing sample reduces the intensity of the burning beam.
On the other hand. the bumning bleaches the sample
and affects its absorption coefficient. In the follow-
ing we assume that the bleaching is weak enough so
that it does not affect the absorption of the bumning
beam. Then, at depth z from the surface of the
sample, the modified distribution function reads as

no(¥){1 = B(v)k(, — v) exp[ - @y A(¥,) 2]}
(5)

where the excitation factor B(v) accounts for the
burning process and where a, represents the linear
absorption coefficient at the maximal absorption fre-
quency ¥,,.

Let the laser be represented by a finite width
spectrum W, (»), instead of a Dirac peak. According
to Eq. (5), after irradiation by the laser the popula-
tion distribution can be expressed as

no(v){1 = B(¥) [exp(— ag A(¥) 2)Wi( v)]
ok(-»)). (6)

Factor B(v) represents several parameters of the
PSHB process: ’

B(v) =alym(v).

where o is the absorption cross-section of the
molecule, n(»), the quantum efficiency for the pho-
tochemical transformation of the PSHB process and
I,t, the burning fluence. Among these parameters,
7n(v) is the unique quantity depending on the fre-
quency. '

3. Broadband engraving of a space-and-frequency
grating

The medium with persistent spectral hole property
is now illuminated by a pair of reference and object

line Grating 2

(
id @

Objoct

A Reference !

Fig. 1. The experimental set-up (a) in the configuration for
engraving a spatial-frequency grating; (b) in the configuration for
reading the diffracted signal of a monochromatic beam.

pulses which propagate along k, and k,. respec-
tively. Both pulses are split from a single initial
beam. The object pulse is delayed by an adjustable
time interval 7 from the reference pulse, as shown in
Fig. 1. On the input side of the sample, the spectrum
of the composite field reads as

Wo(v)[1 +exp(=2imvr+iK-r)] +cc..  (7)

where W,(v) stands for the spectrum of the source
and where K =k, — k,. Then, according to Eq. (6).
the modified molecular distribution can be expressed
as

no(»)[1 = B(v)W(r.v) @ k(-»)]. (8)
where
W(r.v) = Wo(v)exp[—aoA(v):]

X [1 +exp(=2iwvr+iK-r)] +cc.

(%)
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The factors exp(iK - r) and exp(—2imwvT), respec-
tively, represent the spatial and the frequency struc-
tures of an engraved grating. In frequency domain,
the grating period equals the inverse time separation
between the recording pulses. However the period
cannot be arbitrary small. It cannot be smaller than
the width of k(—v), which can be regarded as the
grain size of a frequency domain photographic plate
and which limits the resolving power of that plate.
As a matter of fact, the grain structure includes two
components with very different sizes. In dye-doped
polymers at low temperature, I,  is several times
larger than I}, and I, is two or three orders of
magnitude larger than I,. If I 7> 1, the PSB
component, with its I, wide grain, does not con-
tribute to the grating. The zero phonon line contribu-
tion survives alone, as long as Io7< 1.

In the following we assume that I 7>> 1 and that
the laser bandwidth is larger than I7,. Since the only
surviving component in k(—v) is much narrower
than A(v) and W(v), the expression of the engraved
grating can be written as

n(r,v)= ﬂ(v)no(v)Wo(v)exp[—aoA(v)z]
Xexp(=2imvr+iK-r) +cc.  (10)

In the next paragraph we examine the diffraction of a
probe beam on this grating.

4. Diffraction on the engraved grating

When a probing pulse is directed along k, to the
engraved medium, it is diffracied in direction k..
The probe field excites optical dipoles either on the
zero phonon line or in the phonon side band. As
usual in a time-delayed four wave mixing process, an
interval 7 elapses between the excitation of the
dipoles and the moment when their relative phase
shift cancel and they emit a coherent signal. Since T
is adjusted in such a way that I v> |, the PSB
dipoles decay before the emission time. In summary.
PSB participate neither to the grating etching nor to
the signal emission. The signal is radiated only on
the zero phonon line and this is the only contribution
that we have to calculate. Let E,(v) represent the
spectral amplitude of the probe field. Then, accord-
ing to Eq. (10), a dz-thick slice of the sample
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contributes in the following way to the signal ampli-
tude Eg(v):

dEs(z.v) a B(¥)ng(v)Wy(v)exp[ —ag A(v) <]
Xexp[ ~ hao A(¥) L] Eq(¥) dz.
(1)
where
exp[ — sy A(v) L]

represents the absorption of the probe and the signal
fields through the L-thick sample. The signal inten-
sity spectral distribution Wg(») is calculated by
squaring the field amplitude after integration over :.
We assume that the spectrum of the probe beam
coincides with that of the recording pulses. Finally
one obtains

-

Wy(v) @ { A(()) B(»(1 -e'“o“‘"*)}

X e~ ol AW (p), (12)

All the quantities which are involved in this expres-
sion, except ny(v), can be accessed directly by
standard linear spectroscopy techniques. In standard
spectra ny(v) occurs through its convolution with
k(v). The presence of n,(v) alone reflects the fact
that the phonon side band does not contribute to the
signal which only brings the zero phenon line into
play.

In order to investigate the electron—phonon cou-
pling, one determines the three spectra W,(v), Ws(v),
A(v) and the absorption parameter a, L experimen-
tally. Then one adjusts the values of the parameters
aow. I, and I, so that the experimental spectra
W,(v) and A(v) coincide with their theoretical pro-
files which are given by Egs. (5) and (12).

5. Results and discussion

The experiment relies on the spectral analysis of a
four wave mixing signal. This can be achieved in a
conventional way by probing the engraved grating
with a broadband pulse and by directing the signal to
a spectrometer. at the expense of important energy
loss. In addition. a high sensitivity detector array is
required in order to simultaneously analyze all the
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radiated signal and to avoid to damage the stored
grating with an excessive exposure to the readout
field. We have preferred to analyze the signal spec-
trum by probing the engraved grating with the help
of a narrow band tunable laser. Then all the radiated
energy is directly detected on a photomultiplier, and
the signal spectrum is obtained by scanning the laser
frequency.

A scheme of the set-up is plotted in Fig. 1. The
laser source is a Nd:YAG (with second harmonic
generation) pumped dye-laser. delivering wide band
chaotic pulses centered at 620 nm with 10 ns-dura-
tion and spreading over 9 THz bandwidth approxi-
mately at 15 Hz repetition rate. The laser beam is
split into reference and object beams with equal
intensities.

On reference arm. pulses go through the spectral
shaping device that is described in Ref. [8.9]. In the
recording stage (Fig. 1a), all the spectral components
are transmitted so that the reference beam holds the
same broad band spectrum as the object pulse. In the
readout stage (Fig. 1b), one inserts a narrow slit in
the median focal plane of the spectral shaper. A 0.07
THz wide tunable source is prepared in this way (slit
width = 0.16 mm), with the additional benefit that
the probe pulse propagates exactly along the same
direction as the reference pulse, so that the phase
matching condition is automatically fulfilled. The
time separation between the object and the reference
pulses is adjusted with the help of an optical delay
line with a 6.7 fs resolution. The delay is set to 20 ps
throughout the experiment.

The tunable source is also used to obtain the
absorption spectrum of the sample. Then the object
beam is blocked. The reference beam, shaped by the
narrow spectral slit, is directed to the sample. The
transmitted light is detected on the PM (RTC XPI01.
with S20R photocathode). One analyses the laser
spectral profile in the same way. after removing the
sample.

The sample is a 0.5 mm thick slab of polystyrene
doped with octa-ethylporphyrin cooled to 1.8 K. The
line under investigation is the 0—0 transition of the
lowest Q-band of the porphyrin dopant molecules.
centered approximately at 620 nm with an optical
density of about 1.8 at its maximum (Fig. 2).

By comparison between the experimental absorp-
tion profile and wavelength dependence of the

diffracted signal with the theoretical shapes. one can
determine the relevant parameters. The absorption
profile does not depend on the value of I'y as long
as I'y < I, and TI,,. On the contrary, the parameters
I,. I, apy affect the absorption profile in such an
intricate way that one cannot derive their value from
the analysis of this single spectrum. Fig. 2b and 2c
show the calculation from Eq. (4) with two different
sets of these parameters (see figure caption) which’
give nearly identical profiles. The slight deviation
between theoretical and experimental curves on the
high energy side is assigned to the effect of high
energy vibrational modes which are not taken into
account in our simple model. Combining the signal
spectrum with the absorption one, we can fix the
parameter configuration in a more reliable way pro-
vided that B(v) is known.

1.0

05k 620nm

Laser Intensity (a.u.)

2.0
15|
10}
0.5 a

0

157

Absorption (O.D.)

1.0

0.5 2]

0
45 -35 -25 -15 05 05 15 25 35 45

Frequency (THz)

Fig. 2. Comparison of the experimental absorption profile (a),
dotted line, with the theoretical simulation. solid line. using Eq.
(4) with different set of parameters. (b) apy =0.58. [ =045
THz. [, =1.93 THz. (c) apw =09. [, =045 THz, [, =20
THz. On 10p. the curve {(d) is the experimental spectral profile of
the excitation laser source.

c
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Fig. 3. Comparison of the experimental diffracted signal (a). solid
line, with the theoretical simulation of the diffracted signal, open
dots. using Eq. (12), (b) with B(») =1 and the parameters used in
Fig. 2b: (c) with B(v)= Bo[1=0.112(v — vy)] (» in THz) and
the parameters used in Fig. 2¢; (d) with B(»)=1 and the
parameters used in Fig. 2c. the large discrepancy proves the high
sensitivity of the experiment on parameters change.

When the quantum efficiency is assumed to be
uniform over the inhomogeneous width ( B(v) = 1),
Fig. 3b gives the simulated signal with the following
relevant parameters values (the same as determined
in Fig. 2b):

@pw = 0.58. I = 0.45THz, I, = 1.93 THz.

The resulting value for the Debye—Waller factor
anw = 0.58 is now precisely determined but is rather
different from that obtained by other authors in the
same material. For instance. the most precise deter-
mination of agp, in OEP/PS has been reported to
be 0.85 at 10 K by Saikan and al. {10] using accumu-
lated femtosecond photon echoes.

In Fig. 3d. another fit is achieved where ap,y, is
set equal to 0.9 in accordance with Saikan measure-
ments. Notice that the set of parameters is the same
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as in Fig. 2c. with B(v) = I, but now, the same set
of parameters which gave an excellent fit of the
absorption profile, produces a large discrepancy
shown in Fig. 3d between the simulated signal and
the experimental data: This result underlines the high
sensitivity of our approach on the change of parame-
ters.

Then the assumption of a constant hole-buming
efficiency over the entire inhomogeneous width ap-
pears as non-realistic and on the contrary, we have to
consider its wavelength dependence. In order to
eliminate the discordance, the simplest hypothesis is
to assume a linear dependence of B(v) with the
wavelength. The best fit of the theory to the experi-
mental data is drawn in Fig. 3c and corresponds to
the following parameter values (the same as deter-
mined in Fig. 2¢):

apw = 0.9 (fixed), I, =0.45THz, I}, = 2THz,
with B(v) defined as
B(v) = Balt - 0.112(v = wy)]

where B, is a proportionality factor and v is in THz.

Horie et al. [7] reported the quantum efficiency @
decreases by about one order of magnitude from the
red side to the blue side of the inhomogeneous
absorption band. These measurements were made
point by point for different systems like tetraphenyl-
porphyrin (TPP) or sulfonated TPP in PMMA and
poly(vinyDalcohol (PVA) at 20 K. The covered range
was about 490 cm ™' (20 nm). For methylene blue in
PVA at 4 K. a one order of magnitude decrease was
also observed for a covered range of 1000 cm ™' (50
nm). From our experiment. we obtain a reasonable
understanding of our data only if we introduce a
continuous variation of the excitation factor B(v)
over the whole inhomogeneous band. The slope of
the variation of B(») versus the wavelength is pre-
cisely determined and we observe that B(v) changes
by only a factor of 2 over 180-200 cm™' in
OEP /PS. Our result agrees with the general observa-
tion fact that PSHB is less efficient on the blue edge
than on the red edge of the inhomogeneous band. A
possible reason-is that off-resonance excitation pro-
cesses through phonon side bands and energy-trans-
fer which both contribute to the diminution of the
probability for a photochemical event in the
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molecules excited at resonance have a higher rate at
higher energies.

6. Conclusion

By adopting a spectral approach for describing a
time-resolved coherent transient process, we have
been able to propose a novel method to study elec-
tron-phonon coupling in a low temperature dye-
doped amorphous material. Our spectral analysis of
an holographic signal can also be considered in the
perspective of frequency-domain storage applica-
tions. Indeed we have summarized the influence of
various factors on the spectral distribution of this
signal, namely the optical density of the sample, the
laser spectrum, the spectral inhomogeneous distribu-
tion of the molecules, the ZPL and PSB structures.
In order to decrease the cross-talk in the situation of
broad band spectral phase-encoded time-holographic
storage [9], a nearly uniform signal distribution is
preferable. Our study gives a clue to realize it by
improving the spectral uniformity of the laser source
and searching for samples with a suitable concentra-
tion to balance signal emission and its re-absorption.
In this work we have concentrated on the situation
where the time delay between the engraving pulses is

much longer than the inverse Stokes shift. and where
only the ZPL's contribute to the signal emission.
Small time delay will be examined in a future work.
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Résumé

Introduction

Le « hole burning » spectral persistant (PSHB) et 'holographie sont les deux
pierres angulaires de ce travail. Aprés en avoir retracé I'histoire paralléle au cours de
ces cinquantes derniéres années, Nous passons en revue les travaux récents ou ce
processus physique et cette technique d’enregistrement optique se rejoignent dans de
nouvelles applications. La présente thése s'inscrit dans ce contexte sous un double
aspect. D'une part, elle propose une nouvelle approche de [Ienregistrement
holographique d’information dans un matériau PSHB. D’autre part, tirant parti de
I'éclairage nouveau porté sur le « hole burning » spectral par I'holographie en bande
large, elle I'utilise comme moyen d'investigation des mécanismes photophysiques dont
le matériau PSHB est le siége. Elle compléte ainsi le modéle de la photo-
tautomérisation de I'octaéthylporphine dispersée dans du polystyrene.

1. « Hole burning » spectral et holographie spectro-temporelie

A trés basse température, dans un matériau solide ou sont dispersés des
centres absorbants, la largeur de la bande d'absorption est en géneral tres supérieure
3 la largeur homogéne T'nom de la transition optique mise en jeu. L'inhomogénéité de
l'environnement autour des centres actifs disperse en effet la fréquence de transition
sur un grand intervalle, appelé largeur inhomogéne et noté Ti,. L'excitation
monochromatique du matériau se traduit par une diminution locale de I'absorption a la
fréquence de I'excitation. Produit par saturation de la transition dans les centres actifs
en résonance avec l'onde incidente, ce phénoméne est appelé «hole burning »
spectral. Lorsque des voies réactives s‘ouvrent dans le niveau supérieur de la
transition, les centres actifs, en se relaxant, ne reviennent pas tous a leur état initial. La
réduction locale d’absorption subsiste alors pendant un temps qui peut n’'étre limité que
par le maintien en froid de I'échantillon. On est alors en présence de « hole burning »
spectral persistant.
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Nous montrons comment ce mécanisme de gravure permet d’imprimer un
hologramme spatial dans un tel matériau. Le hologramme, enregistré a I'aide d’un laser
monochromatique, n'occupe qu’'une étroite fenétre spectrale de I'ordre de I'nom au sein
de la bande d’absorption inhomogéne. La notion méme d’holographie, en tant qu'il
s’agit de I'enregistrement de la distribution d’'un champ électromagnétique, est ensuite
étendue a la quatrieme dimension que constitue les fréquences temporelles. Il ne s’agit
plus seulement d’enregistrer la distribution spatiale du champ lumineux comme en
holographie spatiale conventionnelle, mais de saisir en méme temps la répartition
spectrale de ce champ, reflet de son évolution temporelle. Cette extension de
I'holographie s’appelle I'holographie spectro-temporelle.

L’application au stockage de données binaires dans un matériau PSHB est alors
décrit. A rholographie conventionnelle correspond la possibilité nouvelle d'un
adressage spectral (Stockage Optique dans le Domaine Spectral ou SODS), chaque
donnée étant repérée par la position qu'elle occupe dans le spectre d’absorption. A
Iholographie spectro-temporelle est associée un adressage temporel (Stockage
Optique dans le Domaine Temporel ou SODT). Chaque donnée se présente alors sous
la forme d’'une impulsion bréve, dont le retard par rapport a l'impulsion de référence
dans la phase d’'écriture, ou par rapport & impulsion sonde dans la phase de lecture,
constitue l'adresse. Nous présentons également des schémas intermédiaires ou
combinatoires entre ces deux approches extrémes.

Dans une mémoire de capacité potentielie élevée, il importe de réduire le temps
d'accés aux informations enregistrées. Alors que des vitesses de transfert trés
encourageantes ont été observées par quelques groupes, le temps d’accés aléatoire
reste trés long, en particulier dans les matériaux organiques ou les enregistrements
s’étendent sur de trés grandes largeurs spectrales.

Nous proposons une méthode d’adressage originale qui devrait permettre de
réduire le temps d’acces aléatoire.

2. Codage de phase spectral des adresses de la mémoire

Dans un hologramme on enregistre simultanément les champs « objet » et
« référence ». C'est sur cette propriété que repose le principe du codage d'adresse.
Comme le montre la figure 2.1, le faisceau référence porte un motif temporel qui se
grave en méme temps que I'image spatiale transportée par le faisceau objet. Lorsqu’on
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dispose d’une famille de motifs orthogonaux, on peut empiler dans le matériau autant
d'images différentes qu'il y a de motifs orthogonaux. Chaque motif temporel constitue
ladresse de limage a laquelle il est associé. Pour interroger sélectivement une
adresse, on charge le motif correspondant sur le faisceau de lecture. L'étendue
spectrale de chaque motif temporel est limitée par la bande passante de la mémoire,
c’est a dire par la largeur inhomogéne du matériau memoire.

a
addresse 'k’ @)

m_ )

©

addresse 'i'

Objet Mémoire
addresse "I (b)

Retard 1 fixe par rapport
a l'impulsion 'sonde'

Mémoire

Figure 2.1:  Principe de l'adressage spectro-temporel. (a) Enregistrement
de deux données ¢, et é représentées par des impulsions
bréves aux adresses T et 'k, respectivement dans le méme
volume 4D. (b) Lecture sélective de la donnée ¢ & l'adresse T.

Ce principe d’adressage évite les écueils rencontres par les approches SODS et SODT
évoquées au chapitre précédent. A la différence de I'adressage spectral, cette méthode
n'utilise pas de laser accordable. La source large bande couvre en permanence toute
la bande spectrale d’enregistrement. On n'a donc pas a balayer sa fréquence. A la
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différence de V'adressage temporel, ce codage est effectué a retard fixe et ne requiert
donc pas la modification mécanique d’'un chemin optique.

Ce sont des distributions de champ et non d'intensité qu'on enregistre. On tire
parti des propriétés de cohérence qui en résultent en choisissant des codes d’'adresse
définis par des facteurs de phase. Le dispositif utilisé pour fagonner les faisceaux
référence et sonde est représenté sur la figure 2.2.

% élément
&° mémoire

Figure 2.2: Fagonnage spectral. Les composantes spectrales du faisceau
faisceau incident, dispersées sur le réseau G, traversent le
modulateur spatial de lumiére (SLM) puis sont rassemblées et
recollimatées par le réseau G,. Le SLM permet de contrbler
électroniquement la phase relative des composantes spectrales.

La barrette SLM constitue I'organe d’adressage. Composée de 128 pixels, elle
pourrait permettre de définir 128 adresses distinctes. Nous n’en utilisons que 32 dans
ce montage de démonstration. Il faut moins de 100 psecondes pour charger un code
d’adresse dans le SLM. C’est le temps d’accés aléatoire de la mémoire ainsi codée.

L’orthogonalité des adresses se maintient sur un intervalle de temps trés court,
défini par l'inverse de la dimension spectrale de la mémoire. Dans notre montage, ou la
fenétre délimitée par le SLM s’étend sur une largeur de 1,1THz, on dispose seulement
de 800 femtosecondes environ pour recueillir les données restituées. Ceci dépasse la
résolution des détecteurs électroniques. On procéde donc par corrélation. La figure 2.3
illustre ia qualité du fagonnage spectro-temporel et de la détection par corrélation. Elle
représente la distribution spatiale du facteur de phase chargée sur le SLM, le profil
temporel du code d’adresse ainsi construit, et le résultat de son analyse par corrélation.

iv
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Figure 2.3: Test du fagonneur spectral et de la détection par corrélation.
(a) Distribution spatiale du facteur de phase chargé sur le
SLM. (b) Profil temporel théorique du champ a la sortie du
fagonneur. (c) Profil temporel expérimental, enregistré a
I'aide du corrélateur.

Dans ce premier montage l'objet spatial mis en mémoire se réduit a une onde
plane. Dans un échantillon d'octaéthylporphine dispersé dans du polystyrene, on
enregistre d’abord une seule donnée puis on relit le contenu de la mémoire en
interrogeant une a une les 32 adresses disponibles. Le résultat de cette expérience est
présenté sur la figure 2.4. Un signal non nul est recueilli dans chaque adresse, la
réponse la plus importante étant produite par 'adresse n°16 ol une donnée a été
enregistrée. '
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Figure 2.4:

Figure 2.5:

On tente ensuite de multiplexer plusieurs données dans la mémoire (figure 2.5). Mais la
diaphonie entre les adresses vides et occupées augmente rapidement. Il semble
difficile d'utiliser plus de six adresses sur les trente deux disponibles. L'origine ne
semble pas devoir étre recherchée du coté des dispositifs de codage et de détection
qui ont été testés par ailleurs (voir figure 2.3). En revanche plusieurs hypotheses ont
été requises pour établir le principe de I'adressage par codage de phase et la plupart
d’entre elles ne sont pas satisfaites. |l s’agit en particulier des conditions de faible dose
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de gravure, de faible densité optique initiale, d'uniformité de la distribution spectrale
des centres actifs et de lintensité lumineuse sur la fenétre de stockage. La suite de
cette étude est consacrée a la recherche des conditions optimales de fonctionnement
de la mémoire. Pour ce faire, nous devons préciser le mécanisme de gravure et de
lecture d’un hologramme spectral dans une lame de polystyréne dopé par des
molécules d’octaéthylporphine.

3. Holographie spectrale: un modéle portatif

La diaphonie importante observée dans nos expériences sur le codage de
phase nous incite & clarifier notre compréhension de I'holographie spectrale dans les
matériaux PSHB. Sans investigation plus approfondie, nous savons que la technique
d ’adressage proposée dans le chapitre 2 requiert une distribution spectrale uniforme
des molécules et de I'énergie lumineuse sur toute la largeur de la fenétre spectrale de
stockage. D’aprés l'analyse élémentaire du mécanisme d’enregistrement, nous savons
aussi que les adresses codées en phase sont bien orthogonales dans les conditions de
faible exposition et de faible épaisseur optique. Cependant, des travaux théoriques
montrent qu'on devrait atteindre des efficacités de diffraction bien plus élevées en
gravant fortement des hologrammes spectraux dans des échantillons de grande
densité optique. Malheureusement ces prédictions théoriques ne s’appliquent pas
simplement & notre probléme car les impulsions de gravure mises en jeu ne
transportent aucune structure spectrale. D'autre part ils supposent que les molécules
« bralées » disparaissent de la fenétre spectrale d’enregistrement, ce qui n'est pas vrai
pour I'octaéthylporphine dispersée dans le polystyrene. Dans un calcul antérieur, la
structure spectrale de codage de phase avait été inclue mais on avait supposé que
Pénergie lumineuse était également répartie dans I'épaisseur de I'échantillon. Cette
approximation n'est pas acceptable lorsque la densité optique dépasse l'unité.

Nous entreprenons une étude en deux temps, afin d'élucider linfluence de la
dose et de I'épaisseur optique sur la diaphonie. Un modéle simple est d’abord mis au
point. Il a pour but de dégager quelques propriétés générales concernant la formation
du signal dans un matériau de grande densité optique. Ce modéle est exposé dans le
chapitre 3. Il sert de fil conducteur a la mise au point d’'un modéle plus élaboré preésente
au chapitre 4. |
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La configuration considérée est représentée sur la figure 3.1. On suppose que la
répartition spatiale et spectrale de I'énergie lumineuse de gravure sur la face d’entrée

de I'échantillon s’écrit sous la forme:
1 M
Y(0,%,v)=Yo(v){ 1+ —cos(2nvt +Kx) ) i (V)
M m=1
ol les fonctions f,(v) représentent les codes de phase spectraux utilises comme
adresses des données représentées par ¢4,,. La période de modulation spectrale 1/t

est supposée beaucoup plus petite que le pas 3. Les impulsions lumineuses impriment

dans le matériau ce réseau spectro-spatial.

A X
k\> [
1
—
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| | >
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T / 0 L 2
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Y

Figure 3.1:  Holographie spatio-temporelle. Les impulsions reférence,

objet, sonde et signal se propagent suivant K 1, Ko, k3, et k4
respectivement.

Nous montrons que si le coefficient d'absorption a(z,x,v) présente, aprés gravure, une
modulation spatiale qui s’exprime en fonction de la variable 2zvi+Kx alors les
équations d’'onde couplées qui décrivent la propagation et la diffraction du champ
sonde sur le hologramme enregistré s’écrivent:
(kq+pK)
2Kg

9 gz v) +% 5O (z,v) EP(zv) +

—ko? ~(p)
E =
o E (zv)

Y#9zvEP V)
g>0

ou les ondes E(p)(z v) résultent d’'un développement du champ sous la forme:
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E(F.v)= Z E(P) zv) e—i(R1 T+pKx)
p

et ol les coefficients de Fourier de a(z,x,v) sont représentés par &p(z, v). Le résultat
important est que chaque mode alimente exclusivement les modes d'ordre supérieur, a
la différence de ce qui se produit dans le cas d’'un hologramme conventionnel. Il en

résulte que, lorsqu’'un champ EL(v) fi(v) est dirigé sur I'échantillon suivant R3 = El, le
champ diffracté dans la direction k, sécrit:
= B e 2 RO
ou K(p)(v) est un coefficient de Fourier de I'absorption intégrée sur I'épaisseur de
I'échantillon (celle-ci coincide & un facteur In(10) prés avec la densité optique).
Dans I'hypothése ou les molécules « brilees » disparaissent de la fenétre
spectrale d’enregistrement, on montre alors que les coefficients K(O)(v) et 7\(1)(\;)

s'expriment simplement comme des fonctions linéaires de la dose regue sous la forme:

A (vy=Ag(v)-B(v)Yo(v)
M .
A (v) =% B(v)Yo(v) ﬁ 3 i) €27
m=1

a condition que:
BYo(v) < J5Ap(V)

A titre d'illustration de cette propriété, on a tracé sur la figure 3.2 les résultats d'un
calcul exact de 'amplitude du signal et son approximation linéaire. La densité initiale
est supposée égale a 1,5 et une seule donnée est enregistrée a 'adresse représentée
par un code spectral rectangulaire: M=1, épfn(v)=1. Il faut souligner que
Iorsque%Ao(v)>1, le domaine de validité du régime linéaire s'étend bien au-dela de
celui du développement perturbatif au premier ordre, pour lequel on doit vérifier:
BYo(v) <<1.

Dans le cadre du régime linéaire on peut discuter simplement la diaphonie. En
utilisant les expressions précédentes, on montre que dans ce régime l'orthogonalite

des adresses est prééervée tant que les molécules actives et I'énergie du laser sont
distribuées de fagon uniforme sur la fenétre spectrale d'enregistrement. Il est
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remarquable qu'on retrouve ainsi la méme condition d’orthogonalité que dans la limite
de faible dose et faible épaisseur optique. Ceci est di au caractére de codage de

phase des adresses.
l<— BY0<0.5A0

0.6
S
2 04
a
5
= 02}
c
D
92
0 1 A A 1

0 2 4 6 8 10
Dose (BYo)

Figure 3.2:  Champ diffracté en fonction de la dose. Trait plein: calcul

exact. Pointillés: approximation linéaire. %Ao(v) =17.

L’expression du signal en fonction des deux premiers coefficients de Fourier de
la densité optique et I'existence d'un régime linéaire ou l'orthogonalité des adresses est
préservée sont les deux principaux résultats qui, obtenus dans le cadre d'un modéle
simple, serviront de fil d'Ariane dans la suite du travail.

4. Photophysique et holographie en bande large

Les méthodes que nous avons élaborées pour coder les adresses spectrales ont
des retombées dans I'étude du processus de « hole burning » lui-méme, en proposant
de nouvelles approches expérimentales. De nouvelles informations deviennent
accessibles. Cela implique que la description du mécanisme doit rendre compte d'un
ensemble plus large d’observations qui ne se limitent plus au creusement d’'un trou
dans le profil d’absorption par un laser monochromatique mais doivent inclure
également le creusement par une source large bande ainsi que la diffraction par un
réseau graveé sur une large fenétre spectrale.
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Afin de compléter le modéle physique, nous devons clarifier le role du couplage
électron-phonon, connaitre plus précisement la dépendance en fréquence du taux de
« hole burning » B(v), ainsi que la distribution spectrale des molécules qui ont subi une
transformation photochimigue.

De plus, nous devons construire une analyse unifiée de la propagation de la
lumiére dans un matériau PSHB, susceptible de relier la profondeur de trou spectral
mesurée dans les expériences conventionnelles et I'efficacité de diffraction sur un
hologramme spectral large bande. Cette théorie unifiée est dérivée du modéle
développé au chapitre 3.

2.0 -
'®) .
g 19 /p\\
é 1 / \
g- I Jj’/ ‘-;-\?'
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Fréquence (THz)

Figure 4.1.  Absorption: profil expérimental (a), profil simulé (b).

Une premiére expérience est destinée & étudier I'évolution de B(v) en fonction
de la fréquence. Elle consiste a confronter le profil d’absorption de 'échantillon ala
distribution spectrale de I'efficacité de diffraction sur un réseau gravé par un laser trés
large bande sur toute la largeur de la raie d'absorption. Une densité optique élevée est
favorable dans cette expérience car elle fait apparaitre plus nettement le décalage
entre ces deux spectres. On enregistre le profil spectral du laser I (v), le profil
d'absorption de I'échantillon Aq(v), et la distribution spectrale d’intensité Is(v) du signal
diffracté sur le hologramme, gravé dans des conditions de faible dose.
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Figure 4.2 (a) Spectre du signal diffracte.
(b) Simulation du signal avec B(v)=p.[1-0,112(v-vp)]

L’expression théorique de cette derniére quantité s’écrit:

2
(V) o {%:)%} (1= e PoMy2 g=RolV) gy (v)

ol ng(v) désigne la distribution spectrale des molécules en fonction de leur fréquence
de transition sur la raie a zéro phonon. Les fonctions Ag(v) et ng(v) sont reliée entre
elles par:

Ao(v) = Ao No(v) ® k(v)
ol Ap et k(v) représentent respectivement |'absorption au centre de la raie et le profil de
raie homogéne. Ce dernier étant connu par d’autres expériences, on déduit no(v) de la
confrontation du profil expérimental de Ag(v), représenté sur la figure 4.1, avec son
expression mathématique. Il ne reste plus alors qu'a substituer, dans I'expression
théorique de Is(v), les fonctions Ag(v), no(v) et IL(v), et a ajuster la forme de B(v) pour
faire coincider les profils théorique et expérimental de Ig(v). Ceci est illustré sur la
figure 4.2. Le meilleur accord est obtenu pour:

B(v) = Bo.[1-0,112(v-vo)]

ol Bg est un facteur de proportionnalité et ot v est exprimé en THz
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L’étape suivante du travail consiste & décrire la cinétique du mécanisme de
tautomérisation. Ce dernier se traduit par un déplacement de la fréquence de
résonance des molécules. Dans la configuration habituelle ol la phototransformation
est produite par un laser monochromatique, seules sont atteintes les molécules situées
a la fréquence du laser, et chacune d'elles n'interagit qu'une fois avec lui. Dans une
situation d’excitation large bande, il faut exprimer le bilan détaillé des échanges entre
les différentes classes de fréquence en présence de I'excitation lumineuse, sachant
que la réaction de tautomérisation se traduit a la fois par un changement de fréquence
et par une rotation de 90° du dip6le optique dans le plan de la molécule. Nous sommes
amenés a définir la densité n(9,0,y, T,v,v)) des molécules de fréquence de résonance
v, dont le dipdle optique est orienté dans la direction (¢,6,y), et qui passent a la
fréquence v' lorsque leur dipble bascule dans la direction (6,0,y+n/2). Cette quantité
vérifie I'équation cinétique suivante:

dn(g,d_f} v, V') - 2K(Q', F: V' )nO (V, V') - [K(Q, F, V) + K(Q‘,F, V')]n(Q, F, v, Vl)

ol Q= (6,0,y) et Q'= (¢,0,y+n/2), et ou les taux d’excitation sont définis par:
K(Q, T,v)= BM) I(F,v) sind sin’y,
K(Q, F,v)=p(v) [(F,V) sin’0 cos?y,

ou I(F,v) représente l'intensité lumineuse.

Le coefficient d’absorption est lié a cette densité par la relation:
o V)0 ([ dv'R(Q.F, v,v')(sing.siny)?) /{(sinG. siny)?)q

On dispose donc d’une description microscopique de la modification du coefficient
d’absorption par phototautomérisation.

L'hypothése photophysique que nous cherchons a tester est contenue dans la
distribution initiale no(v,v'). Nous supposons que chaque classe, de fréquence v et

d'orientation dipolaire Q, est composée de molécules qui, lorsque leur moment est

tourné dans la direction Q', se retrouvent distribuées sur toute la bande d’absorption du

matériau. Ceci s'exprime sous la forme suivante:

24In2
JTin

ou no(v) représente la distribution d'équilibre de largeur I'in.

no(v,v')= No(v)no(v')
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Dans un processus de gravure holographique, les équations du matériau sont
couplées a I'équation de propagation de I'énergie lumineuse a travers le matériau.
Nous supposons que le hologramme est formé par deux impulsions de largeur
spectrale A. Aucune structure spectrale n'est imprimée sur les impulsions mises en
oeuvre hormis la modulation de période 7! qui résulte du décalage temporel T qu'on a
ménagé entre elles. Nous résolvons numériquement le systéme d’équations couplées.
Nous en déduisons la valeur des deux premiers coefficients de Fourier de la densité
optique. A l'aide des résultats obtenus au chapitre 3, nous calculons alors I'efficacité de

diffraction sur le hologramme.
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Figure 4.3:  Efficacité de diffraction en fonction de la dose. En traits pleins: courbes
calculées pour une largeur de fenétre de 80GHz (a), 1,56THz (b), et
dans le cas de deux gravures successives sur des bandes de 80GHz
et 1,56THz (c). Résultats expérimentaux: les carrés, les cercles et les
croix représentent respectivement les gravures sur une largeur de
bande de 80GHz, de 1,56THz et la gravure mixte.

Le calcul est confronté a I'expérience dans un échantillon de densité optique
utile de 1,5. La calibration en énergie est réalisée a I'aide d’'une mesure de « hole
burning » conventionnel qui permet d’établir une correspondance entre le parametre de
dose du calcul numérique et la quantité d’énergie recue par I'échantilion dans
I'expérience. Données expérimentales et courbes théoriques sont portées sur la figure
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4.3 qui représente lefficacité de diffraction en fonction de la densité spectrale
d’énergie.

Les courbes théoriques reproduisent fidélement le comportement des points
expérimentaux. Cependant l'accord n'est pas bon en valeur absolue. Un facteur
d’échelle a été appliqué a toutes les données expérimentales de fagon a faire coincider
expérience et théorie dans le cas de I'excitation en bande étroite. Un ordre de grandeur
environ sépare l'efficacité de diffraction prévue de sa valeur mesurée. Ce désaccord
n‘a encore trouvé aucune interprétation satisfaisante.

5. Hologrammes codés en phase dans Ioctaéthylporphine/polystyréne

A l'aide du modéle mis au point dans le chapitre précédent, nous precisons le
domaine d'énergie de gravure qui permet d'éviter les phénoménes de saturation
sources de diaphonie. Par ailleurs nous vérifions, en nous plagant a la limite supérieure
du domaine d'énergie exempt d’effets de saturation, que la distribution spectrale du
signal holographique est bien uniforme lorsque molécules et intensité laser sont elles-
mémes distribuées uniformément.

Les limites de fonctionnement de la gravure holographiques étant bien précisées
désormais, nous entreprenons une nouvelle série d’expériences d’adressage par
codage de phase spectral. La diaphonie entre les adresses est sensiblement
améliorée. Les défauts qui subsistent semblent liés au dispositif optique, tout
particuliérement aux instabilités spatiales et spectrales de la source lumineuse.

6.Conclusion

Nous avons réalisé la premiére expérience de stockage optique avec adressage
par codage de phase spectral. L’amélioration du montage optique, menée a bien dans
la thése de Frangois GRELET, puis linvestigation approfondie des propriétés
photophysiques du matériau photosensible décrite dans le cadre du présent mémoire,
ont permis d'atteindre un niveau de diaphonie qui devrait permetire une bonne
exploitation de la capacité de la mémoire optique. Une meilleure source lumineuse
améliorerait sans doute encore sensiblement ces résultats. De fagon plus générale
nous avons exploré les perspectives offertes par le traitement optique de l'information
dans le domaine spectro-temporel.







Résumeé

Nous proposons une nouvelle méthode d’holographie spectrale pour stocker des
données dans un matériau doté de la propriété de « hole burning » spectral persistant.
Dans ces matériaux, 'information est enregistrée comme une forme spectrale imprimée
dans le profil d’'une raie d'absorption optique. De la sorte, une quatrieme dimension,
celle des fréquences temporelles, est ajoutée au volume tridimensionnel de
I'holographie conventionnelle. Nous proposons, et démontrons expérimentalement, une
approche originale pour adresser les données dans le domaine spectral. Elle s’appuie
sur un phénoméne d'interférence spectrale étendu a une fenétre de gravure qui couvre
plusieurs Térahertz. Une source chaotique large bande délivre un faisceau lumineux
pulsé qui est partagé entre les voies réference et objet. Les données a enregistrer sont
codées sous la forme d’une modulation spatiale du faisceau objet. Chaque adresse est
caractérisée par un facteur de phase dépendant de la fréquence qui est transporté par
le faisceau référence et qui est gravé dans le matériau mémoire en méme temps que
Pinformation & sauvegarder. Pour lire une adresse spécifique, on utilise un faisceau
sonde qui est fagonné par le facteur de phase correspondant. Bien que P'adressage
seffectue dans le domaine spectral, la gravure et la lecture des données ne
nécessitent ni balayage en fréquence de la source ni ajustement de ligne a retard
optique. Par conséquent, le temp d'accés aléatoire aux données devrait étre court. Ce
mémoire est principalement consacré a un examen détaillé de la contribution du
matériau a la diaphonie entre les adresses. Dans le passe, le mécanisme de photo-
tautomérisation, qui est impliqué dans le processus de « hole burning », a été
principalement étudié a l'aide de sources spectralement étroites. Nous étendons sa
description aux conditions d’excitation en bande large. Nous développons un modéle
théorique qui inclut le processus photochimique, la propagation des impulsions large
bande, et le stockage holographique. Nous en déduisons la condition de dose qui
permet d'éliminer la contribution du matériau a la diaphonie. La démonstration
expérimentale de 'adressage par codage de phase confirme nos prédictions.
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