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PICO- AND FEMTOSECOND PHOTON ECHOES IN DOPED LOW-TEMPERATURE
ORGANIC POLYMERS AND APPLICATIONS IN TIME-SPACE OPTICAL

DATA PROCESSING

R. KAARLI, A. REBANE, K. REBANE and P. SAARI

Institute of Physies, Extoman Acad Secr, Tarfu 202400, USSR

The phenomenon of burning of persistent photochemical holes in inhomogeneously broadened spectra of molecular
impuritics allows doped low-temperature organic polymers to be used as a recording medium of spectrally sclective holograms.
Ultimate temporal resolution of time domain holographic storage, Fourier-related to the inhomogencous band width of the
storage media was investigated by using femtosecond pulses generated by a colliding pulse mode locked dye laser. Recall of
photochemically accomulated sumulated photon echo (PASPE) with pulse duranon shorter than 100 s was demonstrated in
polystyrene doped with protoporphyrine at 1.8 K. Experiments presenting, evidence of spectial diffusion in low temperature
polystyrene as probed by PASPE and two-pulse photon echa are also reported

1. Introduction

The low temperature homogencous absorption spec-
trum of an impurity introduced into solid matrices has
characteristic structures comprising, very narrow and
high peak intensity purely clectronic hines (PEL) which
are accompanied by much broader and less intense
phonon sidebands [1]. This description holds not only
for impurity 1ons in crystals but also for large organic
molecules in different solid matrices e.g. polycrystals,
glasses and organic polymers [1,2].

In real solids the impurity PEL spectra is usually
smeared by very large inhomogencous broadening (in
organic polymers 8,5 ~ 10°-10" (¢cm ') and (o study
these sharp spectral features (in organic polymers at
liqud He temperatures they are typically §pp ~
107210 * cm ') special spectroscopic methods such
as photoburning of persistent spectral holes (PIIB) [3]
and photon echoes [4.5] have to be used (for spectro-
scopic applications of PHB and photon echoes see
review papers [2,6-10] and [11,12]).

Actually, an inhomogencously broadened band of
purely electronic transitions is a quasicontinuum of well
defined and spectrally narrow (high Q-factor) optical
resonances and presents a number ol possibilities for
practical applications. Tt is important that this high
spectral selectivity can be achicved even in very small
volumes of the material at least as far as there are
enough impurity molecules to average out the statistical
fluctuations [13].

One of the most promising applications is the
frequency sclective opuical memory [14,15]. particularly
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in the presence of PHB which provides the permanent
storage of the data [15] The high spectral selectivity of
the media allows the data bits 1o be assigned not only to
different spatial locations but also to different frequen-
cies which can increase the storage density up to 1012
bits per c¢m’. Addiuonal possibilities arisc from
photon-gated hole-burning materials [16] as well as [rom
external electric field effects [17].

A tme-domain holographic approach o [requency
selective data storage has been suggested [18,19]. In this
case all the data bits assigned to a given spatial location
are written in parallel by a temporally modulated laser
pulsc. The ume-domain opucal storage has been ex-
plored with micro- and nanosecond timescale photon
echo experiments carried out in gaseous media [20] and
impurity crystals  [21]. PHB-acuve low-temperature
organic polymers provide several additional possibilities
such as ultraligh temporal resolution as well as perma-
nent storage of the data [18.22-25).

The purpose of the present paper is to survey the
experimental results on recording and playback of ultra-
short ume-domain signals by making usc of the phe-
nomena of PHB and photon echoes in low-temperature
doped organic polymers. In §2 we describe the photo-
chemically accumulated stmulated photon echo (PAS-
PE) and summarize the experimental results obtained in
the picosecond domain. In §3 we discuss the possibihity
of achieving the ultimate temporal resolution and pre-
sent experimental results on the S}ﬂf.’lgl‘. and recall of
femtosecond signals of duration less than 100 fs. In §4
experiments on probing spectral diffusion in an organic
polymer by picosecond two-pulse photon echoes and
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photochemically accumulated echoes are discussed. Fi-
nally we consider some practical applications of PAS-
PE-based data storage and processing.

2. Photochemically accumulated stimulated photon echo
(PASPE) and picosecond time- and space domain ho-
lography

In ref. [18] we demonstrated experimentally that
time-domain storage can be carried out in spectrally
selective PHB media by sequence of pairs of coherent
picosecond pulses, with the spectral width two orders of
magnitude larger than the homogeneous hole width
(0.05 em™'). As the duration of each of the applied
burning pulscs is less than the impurity-molecule phase
relaxation time 7, the complex shape of the resulting
hale corresponds to the Fourier spectrum of the pulse
pair, i.e. the width of the hole envelope is the reciprocal
of the pulse width, whereas the fine spectral structure
(containing up 10 100 peaks) of the hole originating
from the interference of (he burning pulscs is de-
termined by the interval between the pulses (fig. 1).

We have also shown [22,23] that passing a single
arbitrarily weak probe picosecond pulse through the
sample with such a broad structured spectral hole in 1t
inhomogeneous absorption spectrum will result in u
delayed ccho pulse that reproduces the burn-in-pulse
shape (directly or temporally reversed). These delayed
pulses were interpreted as the temporal response of the
sample acting as a lincar filter with a burned-in per-
sistent ground state population grating. In terms of
time-domain cohierent phenomena, the physical nature
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Fig. 1. Transparency spectrum measured after PHB exposure
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and fermtosecond photon echoes

of these coherent optical responses lies in the free-in-
duction decay under weak excitation. The observed
phenomenon was called a photochemically accumulated
stimulated phonon echa (PASPE) because it is most
closely related 1o the accumulated three-pulse stimu-
lated photon echo [26]). However, PASPE displays several
special features. First, whereas the conventional three-
pulse stimulated echo can be recalled only within the
relaxation time limits of light-induced transient fre-
quency-domain  population gratings, the lifetime of
PASPE is determined by the very long lifetime (at least
several hours, maybe years) of PHB photoproducts, and
S0 the time available (o recall the echo is practically
unlimited. This allows the spectral gratings in PASPE (o
be accumulated with high contrast by repeating the
excitation pulses many times which results in very high
relative intensity echo signals. Sccond, becausce of the
accumulation ¢ffect (it is not the intensity of the photo-
burning light but its dose that counts!), PASPE can be
performed well even under modest excitation condi-
tions. In a first approximation, a simple theory based
on a linear dielectric susceptibility approach has been
established [27]. Third. since only weak rcadout pulses
are required. the replica of the signal, once it is stored.
can be recalled from the sample many times before
distortion appear.

As a result the spectrally selective PHB media may
be considered as a special kind of light-sensitive material
for information storage. The tume-domain storage cun.
in this context, be described in terms of optical hologra-
phy rather than in terms of nonlinear optics. Taking,
this simple approach we have performed model experi-
ments demonstrating time-domain holographic storage
and time reversal of complicated  picosecond signals
along with the storage and wavefront conjugation of
holographic spatial images [25].

3. Storage and recall of femtosecond signals

In the previous experiments the temporal resolution
ol the time domain storage has heen limited by the
duration of the laser pulses to about 2 3 ps. In princi-
ple, if one considers the reciprocal value of the inhomo-
geneous bandwidth of typical presently available poly-
meric PHB systems, 4 temporal resolution of about 0.1
ps should be feasible. Such a time resolution would
permit optical data processing at rates up to 10" 10"
hits per second and increase. simultancously, the length
ol the optical code. This simple up-scaling is based.
however, on the unproven assumptions that: (1) the
hole-burning cfficiency 15 almost constant across the

total extension of the absorpuon band (some previous
work has been done along these lines [28]); and that (2)
nonlinear interactions between the different frequency
components in the PHB medium are negligible.
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To study these fundamental questions, experiments
in Professor J. Kuhl's laboratory were performed in
Stuttgart [29] using a colliding pulse mode-locked (CPM)
dye ring laser which generated almost band-width
limited pulses as short as 45 {s with a spectral band-
width of 250 em ™" at a repetition rate of 110 MHz. The
CPM laser comprised a standard 4-prism configuration
for intracavity dispersion compensation and delivered
60 mW average power for cach of the two output
beams. The pulse duration was adjusted to about 70 [s
and the laser wavelength was tuned to 621 nm in order
{0 achieve optimum overlap of the laser spectrum with
the PHB absorption band of the samples. For the
recording of holograms, samples were used which were
similar to those of the carlier picosecond work and
which consisted of 0.7 mm thick polystyrene plates
doped with molecules of octaethyporphine (OEP) or
protoporphyrine (PrP) at a concentration of 10-*-10"*
mol /1. The maximum of the PHB active impurity ab-
sorption at low temperature (7'= 1.8 K) occurred at 619
and 622 nm for the OEP-doped and PrP-doped sample,
respectively. The FWIHM of the absorption band
amounts to 130 em ™' for both types of samples.

The experimental arrangement was similar to that
used in standard picosecond work and is described
elsewhere [29]. Wriling the hologram required an ex-
posurc level of 100 mJ /em?, corresponding to an ex-
posure time of about 100 s for the CPM laser pulse
energy of the order of 100 pJ or roughly 10" writing
pulse sequences.

The temporal analysis of the recalled signals was
accomplished by measuring the cross-correlation profile
using noncollinear sum frequency generation in a 0.7
mm-thick LilO, crystal with an additional reference
beam, split off from the CPM laser output.

Fig. 2 depicts cross-corrclation traces corresponding
to the PASPE signal recalled from a hologram in a
Pri’-doped sample with delays of 30 and 400 ps between
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Fig. 3. Spectra of the laser pulse. PHB sample transmission,
and the recalled PASPE signal. (a) PrP-doped sample; (b)
OFP-doped sample.

the signal and reference pulses. The curve at zero ume
represents the cross correlation with the reading pulse.
Compared to the original signal the images reproduced
by PASPE exhibited about a 10-20% broadening. As-
suming a scch® pulse shape, we obtained, after decon-
volution. 75 fs duration for the PASPE signal, instead
of the 66 fs obscrved for the original. Fig. 3(a) shows
the spectra of the PASPE signal and the original to-
gether with the transmission of the sample. The maxi-
mum of the PASPE spectrum coincides with the absorp-
non maximum and its width is equal to the 130 ecm™!
width of the impurity absorption band. This width is
roughly 10% narrower than the width of the original
laser pulses and is in accordance with the broadening
observed in the ume domain. In fig. 3(b) the same
spectra is presented but obtamed with an OEP-doped
sample. In this case the PASPE spectrum was distorted
due to the formation of PHB photoproduct of OEP-
molccules which absorbed hght in the same spectral
region. As a result of these spectral distortions the
temporal shape of the PASPE signal was also distorted
and broadened to about 200 fs.

These experiments indicate that efficient hole burn-
ing can be achieved over a broad inhomogeneous ab-
sorption band (at least in the PrP-doped system) and
that no essenual intermixing of spectral components
takes place. The present experiment also achieves the
ultimate temporal resolution, less than 100 fs, provided
by the present storage media. Composite samples con-
taining several overlapping absorption bands may be
suggested as a way (o further increase the temporal
resolution.

The potential of PASPE for storing the detailed
temporal structure of a femtosecond pulse 18 depicted in
fip. 4. To produce a femtosecond pulsetrain. a 0.25
mm-thick salid quartz plate etalon was inserted into the
input signal beam. Tius PASPE signal was obtained
from a OEP-doped sample. The cross correlation shown
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Iig. 4. Cross-correlation traces of the pulse trains, recalled
from the burned-in PASPL holograms: (A) recorded with a
leading reference pulse: (B) recorded with a trailing reference
pulse; (C) recorded with a trailing reference pulse and read-out

with a pulse train.

in fig. 4(a) proves the excellent reproduction of the
temporal profile of the niual signal pulsetrain. Inser-
tion of the etalon in the beam of leading pulses, i.e.
reversing the delay between the signal and reference
pulses during the burn-in exposure, allowed the tempor-
ally reversed replicas of the onginal signal to be recalled
(fig. 4(b)). This last result provides also a possibility for
time-domain correlation analysis of femtosecond oplical
signals previously demonstrated on nanosecond [30)]
and picosecond [31] timescales.

In conclusion, these experiments have demonstrated
the potental of the PHB-based holographic techniques
for time- and space-domain storage and the processing
of optical data on femtosecond timescales.

4. Investigation of optical dephasing via two pulse photon
echo and PASPE

Two pulse photon echoes (2PPE) yield information
about optical dephasing (phase relaxation time 75 ) dur-
ing the short excited state lifetime (for organic mole-
cules the energy relaxation time is typically 7, ~ 10"
s). The study of homogeneous linewidths via PHB, and
hence also via PASPE, gives basically the same informa-
tion but averaged over a long interval (seconds) needed
for the burning (accumulating) and detection of spectral
holes.

The question of the correspondence between the
homogencous dephasing times obtained by these two

different techniques has been discussed by several
authors [12.32]. The concept of spectral diffusion [33]
implies that the structural changes occurning during the
slow PHB procedure should broaden the photochemical
hole [34] and shorten the calculated value of 7, as
compared to the ‘true’ value obtlained via 2PPE.

In [35] experimental results on 2PPIE and PASPE
measured under identical conditions for the system
octaethylporphine in polystyrene matrix were reported.
Actually PASPE provides the same data as PHB but
through a photon-echo-type time domain measurement
[22]. In this expeniment, performed in Professor Ilaarer’s
labaratory in Bayreuth, the ratio ol the intensity decays
ol two different signals, 2PPIE and PASPE, was directly
obtained, ¢liminating possible systemauc errors due to
different experimental conditions in conventional PHB
and photon echo experiments.

First experimental results obtained at 1.9 K showed
that both echoes had a different decay behavior: whereas
2PPE decayed with a time constant of 1300 ps, the
PASPE decayed with a shorter time constant of 600 ps.
This difference in temporal behavior of both signals can
be tentauvely attributed to spectral diffusion and is in
qualitative agreement with recent experiments on tem-
perature cychng of photochemical holes [36].

In the same experiment 1t was also observed that
2PPE signals were capable of reproducing the spatial
structure of the picosecond excitation pulses and that
the repetition of the two pulse cxcitation (about 10
times) was enough to accumulate a high contrast perma-
nent hologram. For the details of the experiments see
ref. [35]).

5. Conclusions

In conclusion we present a list of experiments dem-
onstrating further possible uses of PASPE and holo-
graphic time- and space-domain data storage:

(1) PHB filters and filter-holograms can be used to
compensate ime- and space-domain phase and am-
phtude distortions of ultrashort signals. Recovery of
temporal profiles of picosecond signals distorted
due to group velocity dispersion has been demon-
strated [37).

(2) Associative optical memories [38] offer several use-
ful features such as highly parallel data storage and
address-ability of the data due to its content. PHB
can supply an associative memory with a new (spec-
tral) dimension which can be used as an extra
parameter 1o discriminate between different por-
tions of data as well as to increase the parallelism of
the storage and readout processes. Experiments have
been performed to model an associative recall
scheme by picosecond time- and space-domain ho-
lograms [39].
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(3) Recall and phase conjugation of arbitrarily polarised
picosecond time-space signals has been demon-
strated [40].

(4) Storage of multiple time—space images on a single
PHB hologram plate provides a means for the inter-
ferometric analysis of ultrashort optical signals in
the spatial and frequency domains [41]. Experi-
ments have been carried out demonstrating the
feasibility of holographic time—space interferometry
on the picosecond umescale [42].
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