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Persistent spectral hole burning (PSHB) in organic molecules doped in a polymer matrix at low temperatures
allows optical recording of information in the dimensions of frequency and time, as well as in space and
externally applied electric field. We use this special property to demonstrate new types of holograms, which
extend conventional spatial-domain optical data storage into the new dimensions. Basic aspects of recording
and playback of holograms by persistent spectral hole burning, including relation between frequency- and
time-domain response function, is discussed. This paper is elucidating inherent relations between the time-
and frequency-domain versions of PSHB holography. We show that by multiplexing holograms in the frequency
dimension, we can store a large number (up to 12 000) of image holograms using a single spectral hole
burning sample. In the time domain, we show storage and reproduction of ultrashort time-space images on
the scale of 10-12-10-13 s. Experiments demonstrating unusual hologram properties, such as causality-related
asymmetry of diffraction, inversion of time coordinate, and ultrafast processing, are presented.

1. Introduction

In the 1960s and early 1970s, it was often envisioned that
emerging techniques of optical holography would take over
many functions associated with recording, storing, and process-
ing of information, which have been traditionally performed
by electronic devices.1 Today, however, semiconductor electron-
ics and magnetic storage are still dominating technologies, and
one may say that once high promises of optical holography have
materialized only to a certain extent. Nevertheless, the idea of
holography continues to attract much interest, especially as
demands for high-capacity, high-speed storage and processing
continue to grow.

There are two reasons holography still stands out as a viable
alternative to conventional technology. First, holographic storage
is using multiple dimensions, and offers, therefore, a potentially

very high capacity, which conventional magnetic and semicon-
ductor memories cannot achieve at present. Second, holographic
information may be accessed and processed in parallel, which
for conventional devices is another challenging task not realized
today. The effect of persistent spectral hole burning (PSHB),
which we will be using in this paper, has in that respect several
intrinsic advantages, which make it particularly well-suited for
holographic applications. To spell out how these advantages
occur, let us consider an inhomogeneously broadened absorbing
material, such as polymer activated with organic dye molecules
at low temperature (similar effects are present in dielectric
crystals containing ions of rare earth atoms as well as in some
other impurity doped solids). It is well-known that at liquid-
helium temperature, the inhomogeneous width of an absorption
band may be as much as 104-106 times broader than the
homogeneous line width of a single molecule. Upon illumina-
tion, such a medium acts similarly to an ensemble of harmonic
oscillators, where each oscillator resonates and, therefore,
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absorbs light at a slightly different frequency. With the use of
optically monochromic illumination, each frequency within the
inhomogeneous absorption band can be addressed indepen-
dently. This means that information may be recorded not only
in the dimensions of space but also in the dimension of
frequency, effectively increasing the storage capacity by a factor
of several thousands. What is even more remarkable is that
information may be recorded in the dimension of time. Because
a harmonic oscillator’s time response and frequency response
are intimately related to each other via Fourier transformation,
one has free parallel access to the recorded information by
simply using the conjoined dimension.

A possibility of time-domain holographic storage using an
ensemble of harmonic oscillators was considered theoretically
already in 1968.2 It was not, however, before the effect of PSHB
was discovered in 19743 that these ideas could be actually
implemented in optics. PSHB consists of permanent bleaching
of an inhomogeneous absorption band and, through this process,
provides a mechanism for persistent storage in the frequency
dimension. By illumination with a monochromatic laser, absorp-
tion may be bleached in a selected narrow frequency interval,
leaving behind a narrow spectral hole or a dip in the absorption
profile. This is possible because molecules possess narrow
homogeneous resonance absorption lines, called purely elec-
tronic zero-phonon lines.4 The frequency of the zero-phonon
line varies randomly from one chromophore to another because
of local imperfection of the host solid, which causes the
phenomenon of inhomogeneous broadening. A suitable com-
bination of SHB parameters creates a unique situation, which
has proven to be extremely useful for optical data storage5 and
especially for holography.6,7 For example, one 1× 1 mm2 area
and 100µm thick polymer film sample can be used to record
thousands of high-resolution image holograms with a minimal
amount of cross-talk by simply writing every hologram at a
slightly different frequency within an inhomogeneously broad-
ened band.8 For comparison, recording of an equivalent number
of holograms in a photorefractive material is a challenging task,
especially because all gratings are sharing essentially the same
volume (and dynamic range) of the material.9 By applying to a
hole burning sample an external electric field, it is further
possible to shift the frequency of the narrow resonances and
thus use the voltage as an additional control parameter.10 By
combining the conventional three spatial dimensions with the
several additional dimensions available through SHB, the
recording density may theoretically reach 1010 bits per λ3

volume. Let us note that at such high recording density the
memory capacity becomes limited by statistical noise caused
by a finite number of absorbing chromophores.

Because optics operates at a much higher frequency and may
provide a much broader bandwidth than electronics, a large
capacity optical memory may be potentially operated at a higher
data rate and with a shorter readout latency time than a
competing magnetic storage system. In particular, because the
frequency dimension is in a unique correspondence with the
time dimension via Fourier transformation, it is possible to write
and read out data from SHB holographic memory directly as a
series of time-domain pulses or images. The relation between
frequency domain and time domain is utilized in a method
known as time-domain holography.6,11 An interesting demon-
stration of this new type of holography is recording and playback
of complete time-and-space-domain images or events.12 Fur-
thermore, some organic SHB materials have a spectral band-
width exceeding several THz, which allows time-domain
holograms to be written and read with ultrashort pulses.13,14

The second reason that holography is attractive is because in
a hologram the information is distributed over the whole storage
medium rather than being permanently attached to any particular
spatial location or address. The advantage of such parallel,
distributed storage is that it can be used for correlation-based
associative recall of information. Parallel read-write and
associative recall are particularly instrumental for content-
dependent retrieval of information from large databases. SHB
has been used to demonstrate error-corrective and associative
recall of time-and-space-domain events.15,16 Time-domain as-
sociative recall is possible as long as coherently excited
molecules retain the information about the phase of the quantum
mechanical wave function. The last circumstance may prove
useful in the context of quantum computing, which was also
originally proposed to overcome intrinsic limitations of electron-
ics and to improve parallel algorithms.

This paper is organized as follows. In section 2, we discuss
the basics of spectral hole burning. We will also introduce some
specific practical aspects and requirements for SHB materials
used for holography. We illustrate our discussion of organic
SHB materials by referring to a model system of chlorin
molecules embedded in a polymer film. Besides recording of
2100 spectral holes at temperatureT ) 1.7 K, this material has
been used for high-resolution hyperspectral imaging of the suns
a demonstration of application of SHB in astrophysics. We also
introduce modulation of spectral holes by Stark shift, which
allows an external electric field to be used as an additional
storage parameter. We also describe an alternative way of
detecting spectral holes by using short laser pulses. The relation
between the frequency-domain and time-domain response
function of SHB medium is discussed.

Section 3 is devoted to different techniques used for frequency
multiplexing in holographic storage. The special role of the
hologram phase is elucidated by introducing the technique of
frequency and phase swept (FPS) holograms. We use FPS
holograms to show new diffraction properties depending on the
programmed frequency-phase relation.

In section 4, we discuss the basics of time-domain holographic
storage and time-and-space-domain holography of events. We
particularly focus on prospective applications of time-domain
holography for storage and processing on the time scale of
10-12-10-13 s. To achieve the performance on the ultrafast time
scale, we again utilize organic dye-doped polymer SHB materi-
als, which are distinguished by having up to 10 THz inhomo-
geneous bandwidth. We also discuss unusual properties of SHB
holograms such as causality-related asymmetry of diffraction
and inversion of the time coordinate, ultrafast frequency-domain
processing, and associative recall of events. The ultimate
advantage of ultrafast holography consists of how a massive
amount of data can be addressed and processed in parallel. The
holographic method provides a natural way to combine and
manipulate different optical degrees of freedomsthe three spatial
degrees of freedom, the frequency coordinate, and connected
to it via Fourier transformation the time coordinate. Time-and-
space-domain holography serves as a multispectral generaliza-
tion of conventional holography.

2. Persistent Spectral Hole Burning

In this paragraph, we will discuss basic properties of spectral
hole burning on an example of chlorin (2,3-dihydroporphyrin)
molecules. Figure 1a shows the absorption of a chlorin-doped
polyvinylbutyral (PVB) film in the spectral region 615-645
nm, corresponding to the electronic transition between the S0

ground state and the lowest excited singlet electronic state, S1.
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At liquid-helium temperature, the homogeneous absorption
spectrum consists of a high peak intensity purely electronic zero-
phonon line (ZPL, narrow vertical line) and of an accompanying
phonon sideband (black area).4 The sideband incorporates a
broad phonon spectrum along with some distinct peaks due to
intrinsic vibrations of the molecule. The Debye-Waller factor,
RDW, is defined as the ratio between the integrated intensity of
the ZPL and the overall integrated intensity of the homogeneous
spectrum and characterizes the coupling between the electronic
transition and the vibrational modes. In this regard, the ZPL is
analogous to the narrowγ-resonance line observed in Mo¨ssbauer
spectroscopy. In our present optical spectrum,RDW ≈ 0.7 atT
) 2 K, and decreases rapidly with increasing temperature, which
is characteristic of disordered solids such as polymers and
glasses. In Figure 1, the homogeneous ZPL line width is shown
to beΓZPL ≈ 160 MHz atT ) 2 K. At even lower temperatures,
the ZPL width decreases approximately asT1.3, and at few tens
of millikelvin, it starts to approach the limiting value,ΓZPL ≈
20 MHz, given by fluorescence lifetime of chlorin in PVB,τf

≈ 8 ns.17

The inhomogeneous absorption spectrum (bold curve) can
be obtained from the homogeneous spectrum by convolution
with a bell-shaped inhomogeneous distribution function (dashed
curve). The width of the inhomogeneous distribution is in the
present case aboutΓinh ≈ 7 THz (230 cm-1). The shaded area
shows which part of the total absorption is the contribution from

the nonselective part of the spectrum, that is, from phonon
sidebands and vibrational lines.18 The rest (unshaded) of the
area corresponds to the absorption by the ZPLs. The ratio
between the inhomogeneous and homogeneous line width isΓinh/
ΓZPL ) 4 × 105.

In general, spectral hole burning (SHB) consists of depleting
the absorption at one selected frequency within the inhomoge-
neous band. Depending on the mechanisms involved, such
change of absorption may be either short-lived (transient SHB)
or permanent (persistent SHB). Transient hole burning occurs
whenever the rate of excitation from the ground state to the
excited state exceeds the rate of repopulation of the ground state.
Transient hole burning may be achieved in many different types
of absorption spectra, especially if one uses a sufficiently intense
source of monochromatic excitation. Therefore, transient SHB
has many known examples in electronic transitions in the visible-
and near-IR range, in rotational-vibrational transitions in mid-
IR, as well as in radio frequency NMR/EPR spectra. However,
as soon as the monochromatic source is switched off, the system
rapidly returns to its initial equilibrium population distribution.
In contrast, PSHB requires that the system willnot return to
the equilibrium, at least for a time that is longer than the time
scale of the experiment. To achieve a permanent spectral
transformation, we use a photochemical reaction at low tem-
perature, called phototautomerization, known to occur in many
free-base tetrapyrrolic pigments including chlorin. Figure 1b
shows spectral transformation of chlorin-doped PVB at low
temperature. If the sample is first cooled from room temperature,
then the S1 r S0 transition band is centered at 635 nm. By
illuminating the sample at 635 nm, the intensity of the 635 nm
band decreases, while absorption of product S1 r S0 transition
at 570 nm increases. The insert shows that the tautomerization
reaction consists of switching the position of two central protons
inside the pyrrolic ring of the molecule. In chlorin, educt and
product of this reaction are both quite stable at low temperature,
and one can have spectral holes with a practically unlimited
lifetime, at least as long as low temperature is maintained.

In addition to tautomerization, several other photochemical
reactions leading to formation of long-lived spectral holes have
been studied in organic molecules. Nonphotochemical hole
burning is observed if absorption results in rearranging the local
surrounding of the molecule in a way that shifts the ZPL
frequency by an amount much larger thanΓZPL but still smaller
thanΓinh. Let us mention that in rare earth ions, such as Pr3+-
and Eu3+, doped into inorganic crystals, such as Y2SiO5 and
YAlO3, long-lived spectral holes are observed by virtue of
metastable hyperfine levels in the ion’s ground state.19,20For a
review of different SHB mechanisms, see ref 21 and references
therein.

2.1. Detection of Spectral Holes in Frequency Domain.
Consider a plate of thicknessd composed of a resonantly
absorbing inhomogeneously broad material, similar to that
shown in Figure 1a. The coefficient of absorption is given by
convolution of two functions:

whereΓ(ν) is molecule’s homogeneous line shape (assumed to
be the same for all molecules),g(ν,z) is inhomogeneous
distribution of the ZPL frequency, andz is the distance from
the front surface of the sample. Prior to illumination, the
inhomogeneous distribution is the same for all locations inside
the sample and is usually defined by a smooth, broad bell-shaped
function, g(ν,z) ) g0(ν). Now assume that the medium is

Figure 1. Absorption spectrum and low-temperature phototautomer-
ization of chlorin molecules in PVB atT ) 1.7 K: (a) internal
composition of inhomogeneous absoprtion band of S1r S0 transition;
(b) absorption spectrum of the sample in a broader range of wavelengths
before illumination (bold curve) and after illumination (thin curve).
Source of illumination was an incandescent lamp combined with an
interference filter with 625-645 nm pass band. Insert shows the
reversible photochemical reaction responsible for SHB.

R(ν,z) ∝ ∫-∞

∞
g(ν′,z)Γ(ν′ - ν) dν′ (1)
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illuminated with a stationary light source with a spectral intensity
function,IL(ν). Then, at timet after the illumination began, the
number of molecules is decreasing at a rate proportional to22

where η is the probability of photochemical transformation.
Solving of these equations requires, in general, an extensive
numerical computation. However, in case of a monochromatic
light source with a frequencyν0, IL(ν) ) ILδ(ν - ν0), small
optical density of the medium,R(ν)d e 1, and shallow depth
(small contrast) of a spectral hole,∆g < g0, it can be shown
that the change of the inhomogeneous distribution function is
simply proportional to the homogeneous spectrum of the
molecules:

Furthermore, in the experiments described in this paper, the
Debye-Waller factor is quite large,RDW > 0.5, and we can
assume that the phonon sideband is small compared to the ZPL.
In this case, the change of the absorption coefficient can be
readily expressed as

where

is a Lorentzian resulting from convolution of the homogeneous
ZPL line shape with itself. According to this simple description,
a nonsaturated spectral hole burned with a monochromatic laser
in a sample that has low optical density is an almost perfect
“negative” image of the homogeneous ZPL line shape. If the
illumination is performed at more than one frequency, then, in
the same approximation, the change of the absorption coefficient
is given by

In other words, in the simplest possible case considered
throughout this paper, the spectral profile of the holes is given
by convolution of the spectral intensity distribution of the
illuminating light with a narrow Lorentzian.

Figure 2 shows the absorbance of a chlorin-doped PVB at
temperatureT ) 2.0 K, in which we have burned a large number
of narrow spectral holes.23 Prior to the illumination, the spectrum
had a smooth profile with a maximum optical density OD)
1.0. The thickness of the PVB film wasd ) 0.2 mm. Spectral
holes were burnt by tuning the frequency of a single-mode dye
laser (∆νL < 1 MHz) in small steps of 3.1 GHz (0.003 nm),
starting from the high-frequency side of the band. Because of
a peculiarity of the scanning mechanism of the laser, the holes
are clustered in seven groups, each group comprising 300 holes.
The total number of the holes burnt in this experiment wasN
) 2100. After the writing exposure was complete, the transmis-
sion of the sample was measured by scanning the same laser
again over the whole absorption band. To avoid further burning,
however, the power of the laser was attenuated by a factor of
103. Maximum optical density change of each hole is about
∆OD ≈ 0.1. This means that only about 10% of the total number

of molecules was burnt out at each illumination frequency. The
inset shows an expanded view of a 75 GHz (0.1 nm) segment
of the spectrum. Note that the profiles of each individual hole
are clearly resolved. Note also that the width of individual holes,
∆νH ≈ 800 MHz, is about two times larger than expected from
the homogeneous ZPL width at this temperature. The broadening
of the holes in this experiment may be attributed to saturation
effects due to a high illumination intensity during writing
exposure.

At this point, it is interesting to compare the wavelength
resolution of a conventional color photographic film to that of
the PSHB material. Whereas a conventional color photograph
is composed of three basic colors, a “color” photograph captured
by a PSHB material could resolve thousands of wavelengths,
each corresponding to a narrow spectral hole. This unique
property may be used for hyperspectral imaging of various
physical phenomena, including astrophysical objects. Figure 3
shows an experiment in which a dye-doped polymer film,
analogous to that described above, was used to capture a highly
frequency-resolved picture of the sun.24 A coeleostatic mount
was used to project the image of the sun onto the sample inside
a liquid-helium cryostat. The illumination intensity, measured
in the plain of the image, was 25µW/cm2 per 1 GHz frequency
interval. An average exposure time was about 4 min. The
transmission of the sample was measured before and after the
exposure by shining a weak expanded beam of a single-mode
dye laser through the sample and by capturing the transmitted
image with a digital CCD camera. Figure 3a shows one of about
10 000 captured images. Each such image corresponds to one
“color” in the total scanning range of the laser, 630-640 nm,
and has a resolution of∆λ ≈ 10-3 nm. The power of the present
method consists of the fact that by a subsequent computer
analysis of the recorded images, it is possible to evaluate the
sun’s emission spectrum at each spatial spot of the sun disk.
Figure 3b shows one such spectrum, which was obtained by
averaging the signal fern in an area indicated in Figure 3a. The
distinct line structure comes from Fraunhofer lines in the
emission spectrum of the sun, which is superimposed with some
absorption lines in the earth’s atmosphere. It is now possible to
distinguish between these two to types of lines by simply noting
that the position of a Fraunhofer line should experience a
Doppler shift due to rotation of the sun, whereas atmospheric
lines are constant (Figure 3c). Let us note that an estimated
total amount of data, which was collected in the course of this

dg(ν,z,t)
dt

∝ -η e-∫
0

z

R(ν,z′) dz′ g(ν,z,t)∫-∞

∞
IL(ν′)Γ(ν′ - ν) dν′

(2)

∆g(ν) ∝ Γ(ν - ν0) (3)

∆R(ν) ∝ γ(ν) (4)

γ(ν) )
(2ΓZPL)

2

(ν - νL)2 + (2ΓZPL)
2

(5)

∆R(ν) ∝ ∫-∞

∞
IL(ν′)γ(ν′ - ν) dν′ (6)

Figure 2. Transmission of an inhomogeneous band after burning a
large number of spectral holes with a narrow-band dye laser. Total
number of holes is about 2100. Each hole is 0.1 cm-1 wide. The sample
is a chlorin-doped polymer film atT ) 2 K.
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experiment, was about 25 GB and that all of these data have
been recorded on a single 2× 2 cm2 piece of a dye-doped
polymer film. The corresponding data transfer rate, at which
all of this information was recorded on the PSHB film during
the 4-min exposure time, was about 100 MB/s.

2.2. Detection of Spectral Holes in Time Domain.Accord-
ing to basic Fourier theorem, any change made in the frequency-
domain transmission of the PSHB medium leads to a corre-
sponding change in the time-domain impulse response of the
sample. This kind of direct relation, which often exists in
coherent optics between frequency and time coordinates, can
be used as an alternative approach for burning and detection of
spectral holes.6,12-16 Two different kinds of experiments on time-
domain PSHB have been demonstrated so far. In the first case,
both the burning procedure and the detection procedure are
performed by using short laser pulses. As will be explained
below, this kind of “all time domain” is closely associated with
phenomena commonly known as photon echo, more specifically,
stimulated photon echo. In the second case, which we may call
also a “spectral synthesis” experiment, the holes are actually

carved in by a frequency-tuned, narrow-band laser source and
only the readout is performed with short pulses in time domain.
Below, we will give a brief theoretical introduction to time-
domain experiments described later in this paper.

In our experiments, laser pulses have a low or moderate
intensity, such that the rate at which molecules are excited is
always less than the saturation rate of the transition. Under these
conditions, the PSHB medium is acting in a similar manner as
a linear spectral filter, and therefore, its time-domain impulse
response function may be expressed as

Here,K̃(ν) is a complex frequency-domain response function,
which is related to the intensity transmission of the sample
according to

where æ(ν) is the phase shift associated with dispersion.
Whereas the intensity transmission function,T(ν), is often
readily available from the experiment by performing a direct
measurement of the spectrum, the associated phase function
cannot be easily obtained. This apparent difficulty may be
overcome, however, by noticing that for a passive absorbing
filter like a PSHB medium, the phase is given by the so-called
minimum phase condition (also called the Hilbert phase):25

whereP in front of the integral means principal value, and the
whole expression represents Hilbert transformation. The last
relation is well-suited for numerical evaluation of the phase in
case of an arbitrary transmission,T(ν), including for spatially
heterogeneous samples and for samples with large optical
density. Sometimes, however, it is still an advantage to have a
simple analytical expression for the phase. A particularly
physically transparent situation arises in connection with absorp-
tion coefficient, described by eq 6, where the hole profile is
Lorentzian and is invariant through the thickness of the sample.
In this case, the absorption coefficient and index of refraction
are given, correspondingly, by the imaginary and the real part
of the complex Lorentzian:

The phase change is then given by

wherec′ is the velocity of light in the medium and the refractive
index change,∆n(ν), is given by convolution of the hole profile
with the dispersive part of the Lorentzian:

Note that for a weakly absorbing medium, such as used in our
experiment, the minimum phase condition given by eq 9
becomes essentially equivalent to Kramers-Kronig dispersion
relations between the absorption coefficient and the index of
refraction.

Figure 3. Image of the sun at a single frequency (a). For the read-out
of one experiment, more than 10 000 images have to be read out. Panel
b shows the spectrum read out from the SHB sample after the exposure.
It covers a large part of the usable spectral range of the inhomogeneous
band. Panel c shows the spectra extracted from opposite limbs of the
solar equator containing solar lines that are mutually Doppler-shifted
(because of solar rotation). Note the fixed position of the lines that are
caused by the Earth’s atmosphere.

K(t) ) 1
2π∫-∞

∞
K̃(ν′) ei2πν′t dν′ (7)

K̃(ν) ) xT(ν) eiæ(ν) (8)

æ(ν) ) 1
π

P∫-∞

∞ lnxT(ν′)
ν - ν′ dν′ (9)

γ̃(ν) )
2ΓZPL

(ν0 - ν) - i2ΓZPL

(10)

æ(ν) ) 2πνd
c′ ∆n(ν) (11)

∆n(ν) ∝ ∫-∞

∞
IL(ν′) Reγ̃(ν - ν′) dν′ (12)
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Formulas 1-12 allow calculation of the coherent optical
response of a PSHB medium containing any arbitrary spatial-
spectral hole profile. As an example, let us consider that a PSHB
plate contains a single narrow spectral hole, which is centered
at frequency,ν1. Let us assume that the sample is illuminated
with a short bandwidth-limited probe pulse of amplitude,
Ein(t). At the output of the sample, the transmitted pulse
amplitude will be

where the frequency-domain amplitude is related to the time-
domain amplitude by Fourier transform:

Because frequencyν1 is transmitted more than all other
frequencies, the power spectrum of the output pulse will be, in
effect, narrower than the spectrum of the input pulse. Accord-
ingly, the temporal profile of the pulse will be also stretched
out in time. By measuring the change of the shape of the pulse
as it passes through the sample, we obtain an equivalent amount
of information, as by measuring the spectral profile of the hole
in frequency domain.

In an actual experiment, it is often easier to measure the time
response of not just one spectral hole but a set of multiple holes
separated in frequency by a constant interval. Such a frequency
“comb” is created, for example, if hole burning is performed
with a periodic train of pulses. Figure 4 shows an experiment6

in which the PSHB material was illuminated with a train of
picosecond pulses with an interval of∆t ) 80 ps. The pulses
had an overall spectral width of∆νL ) 150 GHz. After the
burning exposure, the spectral transmission was measured by a
scanning narrow-band laser. The period of the hole pattern,∆ν
) 0.42 cm-1, was equal, as expected, to the inverse value of
the time delay. Figure 4b shows the result of probing the periodic
hole structure with a picosecond pulse. The transmitted pulse
shape comprised a series of pulses, which were delayed by time
intervals ∆t, 2∆t, 3∆t, etc. The pulse at zero delay may be
identified with the directly transmitted laser pulse, while the
pulses at 80 ps and 160 ps are the time-domain manifestation
of the spectral holes.

2.3. Spectral Holes in External Electric Field.Molecules
that have a static electric moment are often used in spectroscopy
as sensitive probes of electric field. If placed in an external field,
the transition frequency of such molecules may experience a
shift due to Stark effect. In the kind of organic dye molecules
studied in this paper, the dominant contribution to the shift
comes from linear Stark effect:

where EB is the electric field strength and∆µb is difference
between the electric dipole in the ground and excited states.
Note that the inhomogeneous line broadening itself may be
considered as resulting from random frequency shifts induced
by different local electric fields. We can estimate the magnitude
of ∆νStark if we note that a typical value for dipole moment
difference in dye molecules in a solid is about 1 D. In laboratory
conditions, maximum applied electric field strength is about 107

V m-1. Accordingly, the largest Stark shift that we can expect
to obtain in our experiments is on the order of 10 GHz. This
value is more than 10 times the value ofΓZPL at low temperature
but is still several orders of magnitude less than inhomogeneous

broadening. As we will show below, this combination of
molecular parameters turns out to be well-suited for manipulat-
ing spectral holes and holograms with externally applied electric
field.

Figure 5 shows the transmission of a narrow hole at different
values of EB.26 The hole was burnt in the center of the
inhomogeneous band atEB ) 0. When the field was applied,
the hole profile broadened and eventually split into two
components, which then gradually faded out as the field strength
was increased further. When the field was turned off again, the
initial hole shape was immediately restored. On a qualitative

Eout(t) ) 1
2π∫0

∞
Ein(ν′)K(ν′) ei2πν′t dν′ (13)

Ein(ν) ) ∫-∞

∞
Ein(t′) e-i2πνt′ dt′ (14)

∆νStark∝ (EB‚∆µb) (15)

Figure 4. Time-domain detection of spectral holes with picosecond
pulses: (a) transmission spectrum of the sample with a “comb” of
periodic spectral holes. The dashed line is the transmission before the
hole burning exposure; the insert shows the low-resolution envelope
shape of the hole. The zero-phonon hole and pseudophonon sideband
are visible. Panel b shows the time-domain transmission of the sample
measured with a picosecond streak camera. Pulses at 80 and 160 ps
correspond to the coherent response of the holes; the pulse at zero time
is the transmitted laser pulse.

Figure 5. Spectral transmission of a single spectral hole measured at
different values of applied external electric field.
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level, this behavior may be easily understood, if we consider
that, prior to the burning, the inhomogeneous band consists of
molecules with all possible orientations in space. Therefore, in
an unburned sample, the Stark shifts are random and do not
change the absorption profile, because for every number of
molecule shifting to the higher frequency, there is a statistically
balanced number of molecules shifting in the opposite direction.
Illumination with a linearly polarized monochromatic light
disturbs this balance by bleaching out preferentially those
molecules that have their optical transition dipole moment,dB,
oriented parallel to the optical polarization vector,nb. On the
other hand, the relative orientation ofdB and∆µb is determined
by the molecule’s structure. Therefore, PSHB creates also a
deficiency of molecules with certain orientations of∆µb, and as
external field is applied, the shape of the hole starts to deform.
A detailed quantitative analysis of hole shape as a function of
electric field may be found in ref 27, which also describes
various spectroscopic applications of this effect. In this paper,
we utilize Stark effect mainly to manipulate properties of
diffraction gratings to perform optical calculation and signal
processing.

3. Frequency Domain Holography

An elegant way to perform a PSHB experiment is to create
a spatial grating pattern by using interference between two
monochromatic waves.10 Figure 6a shows two linearly polarized
monochromatic light waves of frequencyν0 and with intensities
I1 andI2, propagating in thex-z plane and crossing at an angle
of 2θ. Normalized spatial-spectral intensity, measured in the
x-y plane is

whereΛ ) c/(2ν0 sin θ) is the spatial period of the fringes and
V ) (2xI1I2)/(I1 + I2) is the fringe visibility function. Phaseφ
describes the shift of fringe maxima with respect to the origin

of thex-axis. Note that, in principle, all of the three parameters,
Λ, V, andφ, may vary as a function of frequency. For now, we
will assume that all of these parameters are constant and leave
a more general discussion for later. Because the illumination
intensity varies periodically with thex-coordinate, the depth of
the burnt hole will also vary accordingly in space with the period
Λ. We can say that the interference pattern is “imprinted” into
the PSHB medium, giving rise to diffraction grating in space
and in frequency dimension.

If the sample is illuminated with a monochromatic read beam,
then such periodic grating will give rise to diffracted waves, as
is shown in Figure 6b. However, unlike conventional gratings,
the diffraction will be present only in the narrow interval of
frequency in the region of the spectral hole. Therefore, by
measuring the diffraction intensity as a function of frequency,
one can effectively eliminate background and improve the
detection of shallow holes by several orders of magnitude.10

Even more important is that by this technique one can record
and read out in the same sample many holographic images with
no or very little cross-talk between different holograms. This
is in a sharp contrast to recording of multiple holograms by
conventional spatial gratings, which always degrade as the
number of holograms increases.

3.1. Diffraction from a Simple Spatial-Spectral Grating.
Our next task is to evaluate the diffraction amplitude from a
simple spatial-spectral grating. Provided that the thickness of
the hologram is much less than the spacing between the fringes
in the x direction, d < Λ, the amplitude of the transmitted
monochromatic wave immediately after the plate can be found
using the frequency-domain coherent response function defined
by eq 8:

Here, we are considering the simplest case, where the grating
has a low contrast and the contribution of the phonon sideband
to the absorption is neglected. Then the frequency domain
coherent response may be reduced to

By substituting eq 16 into eq 18, we find that the output
amplitude consists of two amplitudes diffracted in complemen-
tary directions and a nondiffracted (but attenuated) read wave.
The diffracted amplitude propagating closest to the positive
x-axis direction may be expressed as a sum of two terms:

where

This relation shows that diffraction from a spatial-spectral
SHB structure has a contribution from both absorption index
grating and the refraction index grating. It is a most remarkable
property of PSHB that it allows changing the absorption
coefficient and, correlated to it by Kramers-Kronig dispersion
relations, the index of refraction with a high precision in the
frequency dimension, as well as in space. Note that amplitudes

Figure 6. Principle of holographic recording (a) and read out (b). The
recording of a second hologram with slightly shifted phase shows how
the phase of the object wave is transferred to the hologram and,
subsequently, to the diffracted light wave.

IL(ν,x,y) ) [1 + V cos(2π(x/Λ) + φ)]δ(ν - ν0) (16)

Eout(ν,x,y) ) Ein(ν)K̃(ν,x,y) (17)

K̃(ν,x) ∝ ∫-∞

∞
IL(ν′,x)γ̃(ν′ - ν) dν′ (18)

Edif(ν) ) ER(ν) + iEn(ν) (19)

ER(ν) ) Im γ̃(ν) )
2ΓZPL

(ν0 - ν)2 + (2ΓZPL)
2

En(ν) ) Reγ̃(ν) )
(ν0 - ν)

(ν0 - ν)2 + (2ΓZPL)
2

(20)
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scattered by refractive grating and absorption grating are shifted
in phase with respect to each other byπ/2. The total diffracted
intensity is given by superposition of the two contributions.

Figure 7 shows the amplitudes diffracted from the absorptive
and refractive grating as a function of frequency. Note that the
sign of the refraction index part changes to the opposite in the
vicinity of exact resonance. Also, the refractive part falls off
much slower with frequency than the corresponding absorption
part. For this reason, a certain amount of diffraction may be
detected even if the frequency offset is as large as several line
widths. This peculiarity determines interaction and cross-talk
between holograms, especially if many holograms are recorded
at adjacent frequencies.

If the sample is geometrically thick, such thatd g Λ, then
the output of the hologram will depend on wave matching
conditions similar to that of conventional thick volume holo-
grams. In particular, Figure 6 shows only one diffracted wave
because the conjugated wave is strongly attenuated by the wave
matching condition. In that case, the hologram’s diffraction
efficiency may be calculated using a modified Kogelnik’s
coupled wave theory.

3.2. Frequency and Phase Swept Spatial-Spectral Grat-
ings. Let us now consider two gratings at frequenciesν1 and
ν2. If the separation between the frequencies is much larger than
the homogeneous line width, (ν2 - ν1) , Γhom, then each grating
will diffract in a different frequency. However, if the frequency
separation becomes comparable to the line width, then the
diffracted amplitudes will start to interfere with each other.
Because the spatial phases of the two gratings,φ1 andφ2, are
not necessarily the same (in fact, the phase of each grating may
be arbitrary), a rather involved behavior of destructive and
constructive interferences, which occur between absorption and
refraction parts of different gratings, arises. These interferences
were first studied in ref 28, and also in ref 29, in which the
dimension of an external electric field was added to the picture.
It was noticed that if many holograms were recorded at adjacent
frequencies, then the interference had an accumulating effect,
especially because of the far-reaching “tail” of the index of

refraction. Such accumulated interference reduced the efficiency
of the hologram readout. It also significantly impaired our ability
to store a large number of holograms in the frequency dimen-
sion. In the studies described below, we have investigated in
detail the cause of such interference and have found ways to
overcome these negative effects.

The key to solution of the problem consists of controlling
the relative phase,∆φ ) φ2 - φ1, between the gratings. This
idea was first introduced when we found that diffraction from
a thin grating, which is normally symmetrical in positive and
negative scattering directions, becomes asymmetrical if two
adjacent gratings are recorded with a certain frequency-
dependent phase shift.30 By sweeping the frequency of the
burning laser over a range of a few homogeneous line widths
and by varying the phase between the writing object and
reference beams as a linear function of frequency,∆φ ) Const‚
ν, we observed that the efficiency of diffraction in one scattering
direction increased, while signal diffracted in the conjugated
direction practically vanished. What is even more important,
the undesired interaction between gratings in the amplified
diffraction direction was reduced by controlling the phase. The
physical reason, which is connecting the asymmetry of diffrac-
tion with the reduced cross-talk, consists of the principle of
causality and is discussed in refs 12 and 30. Here we are
interested in using this approach for optimizing the diffraction
properties of PSHB holograms. Gratings, which are written by
manipulating the frequency-dependent amplitude and phase, are
called in the literature frequency and phase swept (FPS) gratings.

A FPS grating is typically described by two functionss
amplitude profile,A(ν), and phase profile,φ(ν). The amplitude
profile can be implemented by modulating the intensity of the
writing beams as the frequency of the writing laser is changed.
Correspondingly, the phase profile may be implemented by
modulating the retardation between the object and reference
beams. As a result, the PSHB medium will contain a compli-
cated continuously varying spatial-spectral grating, which may
be different at every frequency. Note that, because amplitude
and phase functions may be chosen independently, one may
create, in principle, a great variety of different FPS gratings.31,32

Formula 8 gives a quantitative description of diffraction from
any arbitrary spatial-spectral structure, including FPS gratings,
if the corresponding spatial-spectral transmission function,
T(ν,x), is known. For a simplified qualitative description, it is
better to use expressions similar to eqs 19 and 20. In this
approach, the amplitude diffracted by a FPS grating may be
expressed as

whereEdiff(ν) is amplitude-scattered by a simple one-frequency
grating andS̃(ν) is a so-called complex “sweep” function,

It turns out that by choosing specialA(ν) and φ(ν), it is
possible to improve the diffraction efficiency, to reduce the
crosstalk between spectrally adjacent holograms, and to improve
the stability of the holograms against bleaching during read,
which all amounts to controlling the diffraction in various
important ways. Figure 8 shows spectral intensity profiles of
different FPS gratings. The integrated exposure used to write
each hologram was held constant. The single-frequency holo-
gram (I) represents a trivial case with no FPS. Here, the
holographic grating was written while the laser was parked at
one frequency, that is,A(ν) is essentially aδ-function and the

Figure 7. Light amplitude diffracted from the absorption grating and
the refractive index grating (a), associated with a single narrow spectral
hole and (b) frequency dependence of the phase of combined diffracted
amplitude from both gratings.

E′FPS(ν) ) ∫-∞

∞
Ediff(ν′)S̃(ν′ - ν) dν′ (21)

S̃(ν) ) A(ν) eiφ(ν) (22)
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associated phase is a constant. The diffraction efficiency of such
a straightforward grating never exceeded 0.5%, independent of
the writing exposure. Furthermore, holograms recorded without
using the FPS technique are subject to saturation, which is
manifested as a pronounced dip at the center of the spectral
profile. As we have mentioned before, for high-density storage,
such simple holograms are of limited utility because of strong
cross-talk between adjacent frequencies. In three other holo-
grams, the writing laser is scanned uniformly over a frequency
interval of about 1 GHz, while the phase is modulated in various
fashions. This frequency scan corresponds to an amplitude
function in the form of a rectangle such that inside the burning
interval A(ν) ) 1 and outside of this intervalA(ν) ) 0.

In case II, the phase is also kept constant, with an exception
of an abrupt phase jump ofπ at the center frequency. The type,
which we call aπ-jump hologram, may be viewed as consisting
of two spectrally adjacent partial holograms, each of them
recorded over a few line widths. The purpose of theπ phase
shift is to achieve constructive interference of the refractive
index contributions at frequencies between the two partial
holograms and especially at the center frequency. At frequencies
outside the burning interval, the refractive indexes interfere
destructively. At the same time, the absorption contributions
interfere destructively at all frequencies, including at the center
frequency. The destructive interference at outside frequencies
suppresses cross-talk between adjacent gratings. The diffraction
efficiency peaks at the center of the hologram and has there a
higher value than the non-FPS hologram. What is more
important, however, is that such a “pure” refractive index
hologram turns out to be very robust against bleaching during
the read-out (see below). In case III, which we call linear FPS,
the phase of the grating is altered as a linear function of
frequency such that the total phase shift between minimum and
maximum frequencies amounts to 2π. Such holograms have a
markedly higher diffraction efficiency and practically no cross-
talk. Let us note that a linear phase shift may be implemented
by introducing a suitable optical path length difference between
the interfering beams. Like in pulsed SHB experiments described
below, this leads to an amplification or suppression of particular
diffraction orders, depending on the sign of the delay. Finally,
in case IV, the phase is changed according to an arctan function,
which appeared previously in Figure 7. The idea behind the
arctan sweep function is to bring both contributions, from
absorption as well as from refraction, to a constructive inter-
ference at the center frequency. This results in the peak
diffraction efficiency as high as 4.8%.31

Figure 9 displays another special aspect of FPS holograms,
which consists of improved endurance with respect to a
degradation caused by illumination during read-out. A set of
holograms were written in with equal burning energy in a
frequency interval of six holewidths. After the writing exposure,
the holograms were read out at their center frequency with the
same intensity, and the change of the absolute diffraction
efficiency was measured as a function of the read out time. For
a direct comparison, the time axis is presented in units of the
time interval used for writing. The plot shows that a trivial
single-frequency hologram degrades rapidly and its diffraction
efficiency drops to about 20% of the initial value when it is
illuminated with the same total amount of energy as that used
for writing. In contrast, various FPS holograms degrade much
more slowly and in some cases even show at first an increase
or amplification. Such markedly improved endurance may be
explained if we consider that by illuminating a FPS grating at
the center frequency, we are decreasing loss due to absorption
while retaining the refractive index part of the grating. This
latter part is formed mainly by molecules at the wings of the
burning range. Note that the refractive index contribution is most
dominant for theπ-jump grating and as expected, this type of
hologram provides the best read-out stability of all examples
shown here.

3.3. Image Holograms and Holographic Movie.One of the
main applications of the recording techniques described above
consists of storage and reproduction of multiple image holo-
grams. By rapidly reading out a series of holographic images,
one can create an impression of a three-dimensional movie.
Figure 10 shows a setup used in our image storage experiments.
The output of a frequency-tunable single-mode dye laser
(Coherent CR 899-29) with a line width of∼1 MHz is split
into reference and object beams, which then overlap at a SHB
sample inside a helium bath cryostat. The object beam comprises
either an interchangeable slide mask or a liquid crystal spatial
light modulator. The object image was focused on a 16-bit CCD
camera (Astromed CCD 2200). The relative phase between the
object and the reference beams was controlled by a mirror
mounted on a piezo-electric transducer and was monitored by
detecting the position of spatial interference fringes with a
photodiode array detector. To write an image hologram, the
sample was illuminated simultaneously with reference and object
beams. Reconstruction was accomplished by illuminating the
sample with the reference beam only. The SHB sample consists
again of chlorin-doped polyvinylbutyral film at a temperature

Figure 8. Relative diffraction efficiency of various types of FPS
gratings (see text).

Figure 9. Comparison of bleaching behavior of the different FPS
gratings as a function of relative readout energy.
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of 1.7 K. The sample was pressed between glass plates covered
with semitransparent electrodes.

Figure 11 shows 25 image holograms recorded by using five
different burning frequencies and five different values of applied
voltage.33 At each laser frequency, five different images were
stored by changing the applied field strength in the range(150
kV cm-1. Writing of each hologram required an irradiance of
50 µW cm-2 and an exposure time of 5 s. The overall spectral
bandwidth utilized in this experiment was only 1 cm-1 (30
GHz), which is only small fraction of the overall inhomogeneous
bandwidth available in this material. In the next experiment,
the laser was scanned over the whole inhomogeneous band,
which allowed storage of a much larger number of holograms.
Figure 12a shows selected images from a series of 2100 stored
holograms.8 For writing the holograms, individual frames of
an 80 s segment of an animated cartoon were displayed on an
8-bit 350× 280 pixel LCD positioned in the object beam. Here,
we used the FPS technique described above, consisting of a
linear 2π phase change per 1 GHz interval. Electric field
multiplexing provided the storage of seven cartoon frames plus
one blank image at every spectral hole location. The holograms
were read out by parking the laser frequency in the center of
the FPS region and by setting the appropriate electric field value.
This experiment demonstrated that a large number of quality
image holograms may be recorded by PSHB in a single sample
without cross-talk. Figure 12b shows a slightly different
experiment in which the object was a true 3-D toy bunny.
Multiple views were recorded by rotating the bunny. Sequential
read out created a complete impression of a rotating 3-D object.

We have further investigated quantitative limits to the storage
capacity of this material and have shown that 6000 image
holograms can be recorded using frequency and electric field
multiplexing.34 Finally, we have recorded 12 000 images using
the whole absorption band, thus reaching the ultimate theoretical
limit defined by the ratio of the inhomogeneous and homoge-
neous line width.35 It is interesting to note that in the last

experiment the estimated average number of dye molecules per
1 µm2 of every hologram is as small as 500. At the same time,
the average number of photons diffracted from this area in one
second is about 102-103, corresponding to an absolute diffrac-
tion efficiency on the order of 10-5. The calculation yields a
result of 60-600 photons per second in a spot of 1µm2 in size.
Our data shows that we have actually approached the limit
minimum number of 100 photons per bit, which is needed for
reliable detection.

Let us also note that in our experiments the image resolution
is limited by the properties of LCD and other optical components
rather than by the spatial resolution of the PSHB material. For
our current optical system, we estimate that the upper limit for
the storage density is 1010 bit/cm2. With an area density of the
dye molecules of about 3× 1016 cm-2 and provided that high-
quality diffraction-limited optics would be used, we estimate
that an area storage density of more than 1012 bit/cm2 is possible.
A further consideration of the data storage capacity should
include bit error rate and error-reduction algorithms.

3.4. Frequency-Domain Processing by Stark Effect.Con-
ventional optical processing is founded on interference and other
coherent properties of monochromatic light. A PSHB-based
optical processor makes, in addition, use of spectroscopic
properties of molecules, especially of the behavior of energy
levels in an external electric field.36 As we have shown before,
holograms with specific relative phase may be recorded at
different frequencies. Spectral overlap and therefore interference
between the holograms may be switched on and off by applying

Figure 10. Experimental setup used for holographic image storage.
Abbreviations are as follows: BS) beam splitter; PMT) photo-
multiplier; HV ) high voltage.

Figure 11. Storage of 25 images (stickmen) in a plane given by
wavelength and electric field. To avoid cross-talk, a phase shift ofπ
was applied with respect to nearest neighbors.
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an external electric field. In this sense, the molecular system
itself acts as a parallel information processorsa molecular
computer.

Figure 13 shows how logical operations may be performed
by switching the electric field strength in a “molecular com-
puter”. The system consists of two PSHB holograms, burned
in at the same laser frequency,ν, but at different electric field
strengths,E1 andE2. At an intermediate electric field value,E
≈ (E1 + E2)/2, the frequency profiles of both holograms are
split into two peaks, each shifted by(∆ν. If the frequency of
the read out laser is tuned toν +(-) ∆ν, then one can observe
interference between the two holograms. Depending on the
relative phase, either constructive or destructive interference may

be obtained. As a further development based on the same
switching principle, Figure 14 shows a coherent superposition
of two different 20× 20 binary image patterns. If at a given
spatial location both holograms have a bright pixel, and if the
phase difference between the holograms is an integer number
of 2π, then one observes constructive interference and a bright
pixel. If the phase difference is 180°, then destructive interfer-
ence results in a dark pixel. By discriminating between bright
and dark pixels, it is possible to implement logical operations
such as “AND”, “OR” (from constructive interference), and
“XOR” (from destructive interference).

Another potential application of PSHB consists of imple-
menting neural networks and error-corrective memories. The
possibility of addressing data in frequency dimension is again
an important advantage over conventional techniques because
it allows multiple independent interconnects using the same
spatial channel.

4. Time Domain Holography

The term “time domain holography” refers to recording of
optical amplitudes that vary in time. A remarkable property of
PSHB medium consists of its ability to record and play back
such time-domain signals. As we discussed above, for a
geometrically thin medium, linear coherent optical responses
in frequency domain and in time domain are related to each
other by Fourier transformation, and both functions may be
calculated from known spatial-spectral intensity transmission
of the medium,T(ν,x,y). One purpose of this paper is elucidating
the connection between the time- and frequency-domain versions
of PSHB holography and showing that, in fact, these can (and
should) be viewed as complimentary manifestations of the same
phenomena, inherent to inhomogeneously broadened systems.

Figure 12. Images used in the holographic image storage experi-
ments: (a) Popeye; (b) bunny, used for the real time holographic movie.

Figure 13. Illustration of the interference regions (squares) of
holograms recorded in the frequency-electric field plane. Different
holograms were recorded in the electric field dimension. Recording
positions are indicated by black circles.

Figure 14. Two input patterns recorded at equal frequencies and
adjacent electric fields. In the lower row, the superposition of the images
with different phase shifts is shown. By appropriate discrimination,
the logical operations AND and XOR can be obtained from the
interfering images.
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In time-domain storage, the information occurs as a continu-
ous chain of scenes or events. Instead of writing a separate
holograms for every scene, a whole set of holograms at different
frequencies is written in at once and in parallel. Also, during
the read out, different holograms are played back in one single
coherent laser flash. This is possible because the PSHB
hologram contains information about both the amplitudes and
the relative phases of the spectral components of the signal. As
we will now show, a time-and-space-domain hologram recalls
both the spatial structure and the complete temporal shape of
the object amplitude.

Maximum duration,∆tmax, of the recorded time-and-space-
domain scene is fundamentally limited by optical coherence time
(also called optical dephasing time),T2. The value ofT2 is given
by the inverse of the homogeneous ZPL line width,T2 )
(πΓZPL)-1. In the organic systems used in our experiments,T2

≈ 1 ns. On the other hand, the inhomogeneous bandwidth
defines the shortest duration of an event that can be recorded,
∆tmin ≈ Γinh

-1. This allows us to make full use of the fact that
in dye-doped polymers the inhomogeneous width is as large as
5-10 THz, and apply it for recording and play-back of optical
signals with an unprecedented femtosecond resolution in time
domain.

4.1. Recording and Playback of Time-Domain Holograms.
Figure 15a shows one possible arrangement for recording of
time-domain holograms. Following refs 12 and 37, consider that
a geometrically thin plate of PSHB material is illuminated with
an object beam of time-space amplitude

wherenbs is unit vector in the direction of propagation of the
object pulse and with a plane wave reference beam of amplitude
propagating in thez-axis direction

The object amplitude may have an arbitrary structure both in
time and in space, whereas the reference is assumed to be a
shortδ-like pulse. Propagation directions of the two beams are
divided by an angle,θ, and also their arrival times at the plate
are divided by time delay,∆τ. As in conventional holography,
the role of the angle is to allow separation of the diffracted
light from the directly transmitted read beam at the output of

the hologram. The role of the time delay, however, is unique
and is due to the principle of causality, as will be explained
below.

The illumination alters the spatial-spectral absorption (and
associated refraction) of the medium in proportion to absorbed
power. The incident power density in thex-y plane may be
found, if we present the object and reference amplitude by their
corresponding frequency Fourier components:

Then, the spatial-spectral intensity incident on the PSHB plate
is given by

If the combined duration of the object pulse and the delay,
∆τ, is much less than dephasing timeT2 and if the spectral width
of the incident spectrum (eq 24) is much narrower than the
inhomogeneous band, then the change of the transmission will
be directly proportional to eq 26. In the approximation that we
used earlier, the coherent frequency response of the hologram
may be found by substituting eq 26 into eq 18. Further, we
evaluate the time response of the hologram. For this, we
illuminate the PSHB plate with a plain waveδ-like short pulse,
identical to eq 25, as depicted in the right-hand side of Figure
15. Equation 13 gives the amplitude at the output of the plate
as a convolution of three pulse amplitudes. Again, we find that
the scattering amplitude comprises three components, one of
which corresponds to transmitted probe wave, which will be
neglected. The other two terms can be written as

where causality is preserved by the Heavyside step function

Notice that because of causality these two terms cannot be
both present in full simultaneously. Figure 15b shows how the
output of the hologram depends on the relative temporal ordering
of object and reference pulses during the recording. Three
different cases are considered. If the reference pulse precedes
the object pulse, then the hologram plays back a replica of the
object including its temporal structure. However, if the temporal
ordering of the writing pulses is reversed, that is, if the object
pulse is applied before the reference pulse, then the hologram
plays back the conjugated wave front of a time-inverted replica
of the object. In the intermediate case, if the reference arrives
simultaneously with the object pulse, the recalled signal is split
into two parts, which are propagating in conjugate directions.
The earlier part is recalled as a conjugated time-inverted replica,
whereas the later part is reproduced as a noninverted replica.

This peculiar dependence of diffraction on delay occurs
because causality serves as an intrinsic “time arrow”, which

Figure 15. Scheme of recording (a) and play-back (b) of time-and-
space-domain holograms (see text for explanations).

S(t,rb) ) s(t -
nbs‚ rb

c
- ∆τ,x,y) ei2πν0(t-(nbs‚ rb/c)-∆τ) (23)

R(t,rb) ) R0δ(t - z
c) ei2πν0(t-(z/c)) (24)

R(ν,x,y) ) ∫-∞

∞
R(t) ei2πνt dt

S(ν,x,y) ) ei2πν((θx/c)-∆τ)∫-∞

∞
s(t,x,y) ei2πνt dt (25)

IL(ν,x,y) ) |R(ν,x,y) + S(ν,x,y)|2

) (R0
2 + |s(ν,x,y)|2 )+ R0

/s(ν,x,y) ei2πν((θx/c)-∆τ) +

R0s
/(ν,x,y) e-i2πν((θx/c)-∆τ) (26)

Eout(t,x,y) ∝ 2Θ(t)s(t + θx
c

- ∆τ,x,y) ei2πν0(t+(θx/c)-∆τ) +

2Θ(t)s/(-t + θx
c

- ∆τ,x,y) ei2πν0(t-(θx/c)+ts) (27)

Θ(t) ) {0 if t < 0
1 if t > 0

(28)
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distinguishes between what part of an object arrives before and
what after the reference pulse. Recently, we have used this effect
to study “time edge” holograms in which the direction of
diffraction changes abruptly as a function of the delay38 and
have shown that such holograms can be used to measure the
homogeneous spectrum of the chromophore molecules in a very
short interval of time. Causality can be also used as a “time
shutter” for viewing objects hidden behind an opaque screen.39

Figure 16 shows an experiment40 in which we record an image
of a coin illuminated with 70 fs duration pulses from a mode-
locked Ti:sapphire laser. For this experiment, we use a 200-
µm-thick polyvinylbutyral film activated with special phtha-
lonaphthalocyanine dye molecules absorbing at the 750-780
nm wavelength of the Ti:sapphire laser. The solubility of these
molecules in polymer was chemically enhanced by introducing
the 2,4-dimethyl-3-pentoxy substituents. The sample was con-
tained at temperatureT ) 2 K in an optical cryostat. It is
significant that the illuminating light had a coherence length of
only 20µm, which was 2 orders of magnitude less than would
be normally needed to record an image hologram. The time
delay was∆τ ≈ 100 ps, which excludes any conventional
interference between the beams. This experiment showed that
high-resolution image holograms can be recorded even if the
light shows no interference in the conventional sensesall of
the interference occurs in the spectral dimension of the PSHB
medium.

Figure 17 shows an experiment that illustrates the effect of
inversion of the time shape of the object pulse. Trace a shows
the writing object pulses consisting of a train of picosecond

pulses, followed by a single reference pulse. The object pulse
train starts at timet ) 0 and extends over 1 ns, whereas the
delay of the reference pulse is 400 ps. Trace b shows the signal
obtained from the hologram in the conjugated diffraction
direction. The hologram reproduces a time-inverted replica of
that part of the object that preceded the reference during writing.

4.2. Associative Recall of Time-Space Events.Time-and-
space-domain holograms can be recorded also in an associative
manner, without using a separate reference pulse. In this case,
the recollection of the information is performed by illumination
with a selected fragment of the original object.41 Figure 18a
shows a beam of a picosecond laser that passes through a stack
of optical delays of 0, 34, 68, and 102 ps. Subsequently, the
beam scatters from a ground glass plate in the forward direction,
reaching the SHB hologram plate inside a cryostat. The writing
procedure was accomplished simply by illumination with the
object beam, without using any special reference. The readout
was performed by illuminating the hologram with a part of the
attenuated object beam. Figure 18b shows the original spatial
image of the object observed with a photographic camera and
the corresponding temporal intensity profile measured with a
picosecond time resolution streak camera. The arrows indicate
which part of the object in the time-domain corresponded to
which part of the spatial image. Figure 18c shows the result of
associative read-out with an interrogating “key”, which consisted
of the three first pulses. The hologram recalls by association
the image and the temporal shape of the missing fragment.
However, if we used a “key” that was the last fragment, then
the hologram did not play back any of the missing parts of the
object. This demonstrates again that the causality-related “time
arrow” depends on the relative time ordering of the illuminating
light signals, which is prohibiting associative recall of those
parts of the scene that are in time later than the “key” fragment.
Gabor has pointed out early on that this property of time-domain
holograms resembles the functioning of human memory.42

A digital version of associative PSHB memory was studied
in ref 43. In this case, the holograms served as programmable
multidimensional (spatial, frequency, and time dimension)
interconnecting optical elements between arrays of digitally
coded input and output signals. PSHB materials allow the
increase of the dimensionality of optical interconnections and
were used to implement error-corrective autoassociative memory
in time and frequency dimension.

4.3. Spectral Programming of Femtosecond Pulses.In this
experiment, we show that it is possible to produce arbitrary time-
domain pulse shapes by using PSHB holograms synthesized in
the frequency dimension.44 We recorded a set of PSHB gratings
at different frequencies with variable, predefined relative
amplitudes and phases by using a narrow-band tunable laser.
We then applied a short subpicosecond pulse to generate a
photon echo signal and measured its intensity profile in time
domain. As the tunable narrow-band laser, we utilized a dye
laser with the line width of 0.5 cm-1. The SHB material was
chlorin (H2-dihydroporphyrin) in PVB at temperature of 2 K.
The maximum diffraction efficiency of the recorded gratings
was on the order of 1%. The readout was carried out by 200-
fs-duration white light continuum in the wavelength range 630-
635 nm generated with the help of an amplified femtosecond
Ti:sapphire laser system. The time profile of the hologram signal
was measured by cross-correlation with Ti:sapphire laser pulses.

Figure 19 shows different pulse trains that were synthesized
by this method. For each pulse train, a separate set of frequency-
domain gratings was recorded according to a given calculated
amplitude and phase algorithm. The measured duration of the

Figure 16. Experimental arrangement for writing holograms (a) with
70-fs-duration pulses, (b) original image, and (c) image produced from
the hologram.

Figure 17. Time reversal by time-domain PSHB hologram.
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Figure 19. Spectrally programmed time-domain SHB holograms: (a) quasi-three-dimensional representation of one possible time-domain response
function. The axis perpendicular to the time coordinate represents the diffraction angle. Panel b shows the calculated spatial-spectral structurethat
has to be written into the absorption spectrum of the SHB plate to produce the desired response function in the time domain; panels c-e show three
different time response functions implemented in the experiment. The synthesized holograms are producing different series of subpicosecond pulses
with predefined amplitudes and phases.

Figure 18. Associative recall of a time-and-space-domain event.
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individual pulses in the train was about 350 fs, which gives the
time resolution of the synthesized signals. The maximum time
span of the pulse trains was about 0.5 ns and was limited by
the finite homogeneous ZPL line width. The potential practical
application of ultrafast synthesized pulse trains is in transmission
and routing of data in optical fibers links and in ultrafast optical
processors.

In all experiments described above, the recorded holograms
are gradually erased by illumination with the read-out light. In
certain applications such as permanent memories and pulse train
generators, it is required that the recorded holograms are resistant
with respect to irreversible erasure during the read-out. To
resolve this problem, it is of great interest to use two-color
photon-gated PSHB materials.45 In these materials, permanent
holes are produced only if an additional illuminating beam,
typically of a different color or wavelength, is added. Read-out
with only one color will not cause irreversible erasure. We have
shown recently that photon-gated hole-burning allows practically
nondestructive read-out of time-and-space-domain holograms.46

It also allows read out of holograms with a much higher intensity
than during the writing, without actually destroying the recorded
information.

4.4. Time-Domain Holograms and Stark Effect.Earlier in
this paper, we showed that Stark effect can be used to change
the diffraction from narrow frequency-domain holograms. In
this section, we will show how Stark effect changes the response
of spectral holes in time domain. A simple qualitative explana-
tion of anticipated effects may be given in terms of a spectral
grating: because every narrow hole splits and broadens by the
same amount, if the splitting becomes equal to half of the grating
period, then the grating vanishes. Correspondingly, one may
expect that the intensity of the time-domain response signal
should also go to zero. With further increase of the Stark
splitting, the contrast in the grating increases again and the time-
domain signal should reappear again.

A quantitative consideration47 yields that the time domain
response function in an applied external electric field is given
by

where the time-domain function,GStark, is a characteristic of
the molecular properties of the medium:

HeredB is the optical transition dipole moment vector,nb is the
polarization vector of the optical field, and the integration is
carried out over all solid angles and orientations. Function 30
depends on the static dipole properties of the impurity center
and on the relative orientation of optical field polarization and
the E-field vector but is universal in the sense that it does not
depend either on the particular time profile (and spectrum) of
the excitation pulses or on the width (and shape) of the
homogeneous spectral line.

Let us note also that the external field does not alter the
causality-related asymmetry of diffraction direction. Figure 20
shows an experiment demonstrating the effect of external electric
field on a time-domain hologram comprising a train of
picosecond pulses. During writing exposure, the voltage was
zero. To generate an object pulse train (time delay between two
adjacent pulses 120 ps), we used Fabry-Perot Etalon placed
into the object beam before the cryostat. The time resolution is
∼30 ps, which is less than the actual duration of the laser pulses
(<5 ps). When no voltage is applied during the read out, then

the hologram reproduces the time profile of the pulse train.
When the voltage is applied, we observe that the shape of the
time domain signal changes dramatically. The trace a was
measured at zero voltage, the curves b-e are presented in the
order of an increasing voltage (up to 16.5 kV cm-1). The first
pulse in the echo pulse train, which corresponds to a delay close
to zero, exhibits almost no variation with the electric field. With
all other pulses, however, we can clearly observe a dependence
that resembles an oscillating function superimposed upon the
original pulse train profile. The pulses with the largest delay
are most sensitive to the applied voltage. We conclude that
external electric field can be utilized to alter the time response
of ultrafast holograms. Another application of this technique is
measuring the static dipole moment of molecules using a broad-
band laser source and a variable voltage source.

5. Summary

In summary, we have shown that light-sensitive materials,
based on the effect of persistent spectral hole burning, can be
used for recording of holograms with fascinating properties. Two
different approaches to PSHB holography are described. In one
case, the recording and readout of the holograms is performed
by tuning a narrow line width laser in the frequency dimension.
In the second case, these functions are accomplished in the time
domian by using short pulses. In our discussions of PSHB
holography, we have emphasized the intimate connection that
exists between the time- and frequency-domain phenomena. The
theoretical treatment that we have presented underlines common
aspects of interference and diffraction in frequency-selective
medium.

Advantages of PSHB come from the fact that high spectral
selectivity is an intrinsic property of the recording material. We
used this property to increase dramatically the number of image
holograms recorded at one spatial location and showed that
interference in the frequency dimension can be used to eliminate
cross-talk between adjacent holograms. PSHB holography holds
great promises for future generation ultrafast storage and
processing devices. The special properties of PSHB open up
principally new ways of recording and manipulating broad-band
optical signals. The important fact is that the frequency
selectivity is not restricted to any specific beam propagation

EStark(t,x,y) ) Eout(t,x,y)GStark(t,EB) (29)

GStark(t,EB) ) ∫ΩB
(dBnb)4 e-i2π∆νStark(EB, ΩB )t dΩB (30)

Figure 20. Time-domain response of a PSHB hologram at different
applied electric field strength.
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direction or spatial location. This allows us to speak about true
multidimensional optical recording, where the spatial coordinates
are fully independent from the frequency or time coordinate or
both. Currently available organic PSHB materials such as dye-
doped polymers provide at liquid helium temperature up to tens
of thousands of frequency channels within inhomogeneous
bandwidths of 5-10 THz. This matches well the bandwidth
required for operation on a femtosecond time scale.
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