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Abstract

We demonsuate multiplication of two 8 bit binary words in less than 10 ps by generating two-pulse photon echo in
cryogenically-cooled polymer film doped with organic dye molecules. Input bits are coded in the intensity spectrum of 100
fs duration excitation pulses and the ourcome of the multiplication is obtained by measuring the intensity spectrum ol the
photon echo signal. We study the dependence of the echo spectrum on the energy of the excitation pulses and investigate
excitation conditions when the photon echo has maximum efficiency and minimum distortions. © 1998 Elsevier Science

B.V.

1. Introduction

Phoon echo [1.2] has been long considered as a possi-
ble method Tor future high-speed parallel optical data
storage and processing, including holography [3-7]. Practi
cal uses of photon echoa phenomena (as well as of related
methods ol spectral hole burning holography [8.9]) are
based on the fact that absorption bands of atoms or
molecules trapped in solids are strongly inhomogencously
broadened and comprise at low temperatures very narrow
homogeneous zero-phonon lines [10]. Materials like poly-
mers doped with dye molecules and crystals containing
rare-earth ions exhibit, especially at liquid-helium tempera-
tures, a ratio between the inhomogeneous and homoge-
neous line width as large as I3, /0 ~ 10710 Such
highly degree of selectivity in frequency domain allows
coherent optical responses or ccho to be excited simultane
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ously at a large number of different frequencies using 2
single focussed laser spot. By virtue of Fourier transformu-
tion, the frequency-domain response of zero-phonon lines
can be used to process time domain information and vice
versa — coherent superposition frequency-domain response
amplitudes can play back time-domain signals. The short-
est echo pulse duration is given by the inverse value of the
inhomogeneous band width, &7, ~ () . whereas the
maximum duration of the coherent response is determined
by the inverse value of the zero-phonon line width (optical
dephasing time), 7.~ T, = (7l )

Photon ccho has been used to convolute and correlate
time domain optical wave (orms [11,12], to perform bit-to-
bit multplication of time domain data trains [13] and to
carry oul time-domain associative recall and pattern recog-
nition [14]. On this basis it has been suggested that photon
echo devices could be used as building blocks for future
ultra high speed computers and data routers [15-17]

In Ref. [18] two-pulse photon echo was used (o perform
bit-to-bit multiplication of two 8 hit words ar 1 MHz data
rate in a Pri":YAIO, crystal. By using fuster modulation
techniques and shorter and more energetic excitation pulses
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parallel processing on nanosecond time scale has been
demonstrated [19-21]. However, the exploited two-pulse
or stimulated photon echo techniques enabled to perform
the processing in a single-shot [18=21]. However. because
the inhomogencous bund width of rare carth materials is
typically limited to a few hundreds of GHz. in order 0
achieve even faster processing at terahertz data rates,
alternative materials with considerably broader inhomoge-
neous band width are required.

Organic polymers doped with dye molecules have inho-
mogeneous band width typically in the range of 5-10 THz
[22]. By using polymer [ilms containing porphyrin-like dye
molecules photochemically accumulated stimulated photon
echo has heen applied 1o perform optical storage and
processing experiments with femtosecond time resolution
[23 251 In this paper we carry out real-time multiplication
of two 8 bit binury words at a terahertz data rate hy
generating two pulse photon echo in an organic dye-doped
polymer film. In contrast o carlier [emtosecond experi
ments, which used accumulated gratings and low intensity
high repetition rate laser pulses on the time scale of several
seconds, i the present experiment we apply energetic
femtosecond laser pulses and carry out parallel processing
in a single shot. We code the input bits into the intensity
spectrum of the excitation pulses by using a two-channel
pulse shaper and read out the result of the multiplication
by measuring the intensity spectrum of the photon echo
signal. We also carry out measurements 10 determine
optimal conditions for the multiplication process where
photon echo efficiency is maximal and distortions of the
echo spectrum are minimal.

2. Theory

The origin of photon ccho is in coherent optical recall
or scaltering from an inhomogeneously broadened ensem-
ble of molecules as a response (o resonance excitution al
frequency v, of the transition from the ground state to an
excited electronic state. Different types ol echoes such as
two-pulse photon echo [26], three-pulse or stimulated pho-
ton ccho [27] and various accumulated photon echoes
[28.29] are observed depending on the time scale and on
the physical nature of the nonlinearity of the optical re
sponse [30]. In the case of two-pulse photon echo. if the
first excitation pulse 15 applied at moment /, = 0 propagat
ing in the direction of wave vector &k, and the second

pulse is applied at moment. 7, < 7,. m the direction of

wave veetor k5, then the echo is observed at time =21,
in the direction of wave vector &, =2k, k. Il the
intensity of the excitation pulses does not exceed

/

eoc [ h AI'P \e
{ , (n

N T

where d is the dipole moment of the electronic transition,

his Planck’s constant, Apyis the spectral width of the
pulses and &, is the vacuum permeability, then the echo
stgnal amplitude can be approximated by a linear superpo-
sition of the response amplitudes produced by cach Ire-
quency component ol the incident light. If the spectral
width of the inhomogeneous absorption band 18 large
compared to the spectral width of the pulses and provided
that the angle « between the excitation beams is small
enough to satisfy the wave matching condition [31]. then
the amphtude of the echo can be presented in the fre-
quency dimension as [4.15.30]

buhu(")ul'-|‘(“)E:(l'). (2)

where the [requency-domain amplitudes are defined by
Fourier transformation of time-domain pulse amplitudes
(i=1,2)

E(v)= f E()e 2=, (3)

Let us consider two pulses with intensity spectrum
A(e) and B(p) incident upon a sample with a broad
inhomogencous absorption speetrum, Ap, < 15, The in-
tensity spectrum ol the two-pulse photon echo 15 then
proportional to

/uln-( I’)u\( ,v)B?(p). (4)

This relation reflects the fact that at low excitation
intensities. 1f a certain [requency component is not present
in the intensity spectrum of one or hoth excitation pulscs.
then this frequency will be absent ulso from the intensity
spectrum of the echo signal. We divide the spectrum of the
excitation pulses into N frequency components, where we
assign bit value *17 (o a frequency component that is
present and bit value 0" 10 a frequency component that is
absent. If the ccho is excited with pulses corresponding to
two N-bit words. A — (r. »s. ,vy)and B=(r,. v,,

1y ). then the ith frequency component of the echo
intensity spectrum will be

[<W = AR, i=1.2,....N. (5)

i.e. the echo represents the result ol bit-to-bit multiplica
tion of the two input words. In this paper we use two-pulse
photon echo to carry out hit-to-hit muluplication on ultra-
fast time scale. In order (o determine the range of applica-
bility of Eg. (5) we investigate the relation between the
photon echo ntensity and spectrum (o the intensity of the
excitution pulses.

3. Experimental

As a laser source we use a commercial regencrative
Tizsapphire laser amplifier (Clark MXR CPA-1000). The
system comprises a self mode-locked femtosecond "T'isap-
phire laser oscillator, a grating pulse stretcher, a Tissap



FULL LENGTH ARTICI

Q. Ollikainen et al. ) Optics Commumications 147 (1998) 420435 43]

phire regenerative amplifier and graung pulse compres-
sor [32], The oscillator is pumped by a CW Ar-ion laser
(Spectra-Physics, BeamLok 2060) and provides 70 s dura-
tion pulses with a repetition rate of 100 M1z at a wave-
length of 770-780 nm. The regenerative amplifier is
pumped by a | kHz repetition rate Nd:YAG laser. The
compressed output pulses have a duration of 80—120 fs
and an energy ol 0.6-0.9 mJ per pulse.

A scheme of the experimental set-up 1s shown in Fig.
la. The beam from the femtosecond laser is split mto 1wo
equal parts which are then directed through a two-channel
pulse shaper which encodes data bits into the respective
ntensity spectrum of the two pulses. The frequency-coded
pulses are then superimposed on the sample positioned in
anoptical liquid-helium cryostat. The angle between the
excitation beams is w =4 To measure the spectrum of
the echo signal and of the excitation pulses we use a
gratng - monochromator SPEX 412 equipped  with a
CCD-urray parallel detector and a digital oscilloscope Tek-
tronix TDS S20A 10 read out the data. To obtain absolute
CHCTRY measurements, we use a pyroelectric joulemeter
Molectron J35-10. The temporal shape of the ccho and of
the excitation pulses is monitored by measuring second-
harmonic cross-correlation in a 0.5 mm thick LilO; crys-
tal.

The sample is a polyvinylbutyral film doped with Zn-
naphthalocyanine-type dye molecules (Ciba dye HW3463)
at i@ concentration of 107" mol /1 [33). The geometric
thickness and cross-section of the film are 100 pem and
I8 > 22 mm’, correspondingly. The optical density of the
sample is OD -~ 1.7 at the wavelength of 770 nm absorp-
tion maximum corresponding 1o the 8 =S, transition of

the dye molecules. The imhomogeneous band has a nearly
Gaussian shape with a width of 30 nm (~ 500 cm ).
which corresponds 10 an ultimate time resolution for
Gaussian-shaped pulses of about 30 fs. For our purpose it
Is important also that the absorption band overlaps with the
wavelength of the femtosecond excitation pulses and that
i this type of dye molecules mechanisms for permanent
hole burning are suppressed.

Fig. Ib shows the details of the pulse shaper device. It
involves two identical diffraction gratings (2000 lines /mm)
and two identical cylindrical lenses (/=150 mm) posi-
toned symmetrically with respect o the spectral plane
[34]. In this plane. the frequency components of the laser
pulses are spread out in space in horizontal direction. The
(wo laser beams pass ar different vertical heights. This
allows us to place two difTerent masks. MA and MB in the
spectral plane so that we can cul out different frequency
components of each ol the beams independently.,

4. Results and discussion

Qur first experimental task is 1o measure the spectrum
of the photon ccho signal. The excitation is carricd out
with two spectrally-coded pulses, A=(1,0, 1,0, 1.0, I.
0 and B=1(0.1.0,1,0.1,0.1). each containing one 8 bit
word. For this purpose the spectrum of the laser pulses 1§
moduluted at & prefixed frequencies. To minimize distor-
tions. only the central flat portion of the laser speetrum is
used. The hits are coded by two masks made ou of thin
opaque ribbons positioned in the spectral planc of the
pulse shaper. Frequencies of the excitation pulses corre-

(a)
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5{1\4’ o A s AV e
S N two-channel| ¢ 775 nm
e "\‘\JJ, A6 Bivy...vy) Ise sh 100 fs
L 7 pulse shapei 4
| ccD Ka ST % - an0 1J
- I |
mono- 1N e
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Fig. 1. Scheme ol the experimental set-up. (a) Optical layout. BS: 50% heam splitter: C: cryostat: CCD: detector array. (b) Scheme of the
pulse shaper. DG, DG2: diffraction gratings: L1 1.2: cylindrical lenses: MA. MB: spatial transimission masks; S: spectral planc.
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sponding o bit value 07 are blocked. while the frequen-
cies corresponding to bit value *1" are transmitted. Figs. 2a
and 2b show the mtensity spectrum of the first and the
second excitation pulse at the output ol the pulse shaper.
The itensity contrast berween the minima and maxima is
better than 1:10. At the sample the energy ol the excitation
pulses is 20 pt and the rotal illuminated area is about
cm’. We note thal in the present setup the frequency
resolution of the grating pulse shaper is about 2 em ™', The
spectral width of the modulated frequency channels is
mainly determined by the width of the opague ribbons
which is about 10 em ' To avoid overlap between neigh
boring bits we leave ample mtervals of 40 ¢m
the channels

Fig. 2¢ shows the intensity spectrum of the photon echo
signal. In agreement with Eq. (5), the spectrum contains
only those frequency components. which are present in
both excitation pulses. The excitation pulse speetra overlup
only in the narrow intervals between the bits and at the far
wings ol the laser spectrum. Accordingly. i all 8 specitied
frequencies the resulting bit value is *0" and we obtain us
result of multplication following 8 bit word, 75" = (0, .
0.0, 0, 0.0, 0).

To demonstrate the speed of the multiplication process,
we measured  the time-domain mtensity  protile of the
excitation pulses and of the photon echo signal. Fig. 2d
shows that the overall duration of the puolse sequence
consisting of the photon echo and the excitation pulses is
about 25 ps, while the duration of individual pulses is
about 4-6 ps. Because 8 bits are processed in parallel, we
can estimate that the bit rate in this multiplication process

" between

O Ollikamen et al, / Opties Communications 147 ( 198429435

15 over 1 THz As compared to the previous hit-to-bit
multiplication experiments performed with rare-carth mate-
rials [18], our result represents an increase of 6 orders of
magnitude in the speed of processing per bit i one spatial
channel.

The energy density of the excitanion pulses at the
sample is 20 wJ em 7. The maximum relative efliciency
of the echo observed at frequencies where the \'pcclrn of
the excitation pulses overlap is about 0.1-0.2%. Since our
present experiment is carried out with unfocused beams.
we can estimate that the energy needed to excite the echo
with the is ubout 10"
1. The other mteresting point to notice is that as long the
homogeneous line width (17, ~0.01 cm " at T=2 K)
is. much less than the width of the frequency interval
assigned o one bit, the etficiency of the echo remains
constant it the number of bits is increased. This means
that. in principle, we can multiply 107107 bits in a single
shot by using the same amount ol luser energy, provided
that we are able 1o efficiently modulate the spectrum of the
pulses with a precision ol .01 ecm ' We can estimate that
the minimum amount of energy needed to multiply two
bits in this case will be as low as 10~ "=10 ' I which
corresponds to about 10°=10" photons.

The muluphcation procedure by photon echo incorpo-
rates o time delay that needs 1o be introduced to prevent
the excitation pulses from overlapping in time. In the
present experiment the peaks of the excitation pulses are
separated by 12 ps, while the trailing end ol pulse A und
the front end of pulse B have a separation of a few
picoseconds. I the pulses A and B overlap i ume. then
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some part of the echo signal propagates in a conjugated
diffraction dircction instead of the present detection direc-
tion. 2k, — k. [35]. This leads 1o a loss of signal intensity
and. more important, causes distortions of the echo inten
sity spectrum (see Rel. [24] for more detailed discussion).
Another reason why temporal overlap has to be avoided. is
because at small delays 7 <2 0.5 ps not only the zero-pho-
non line. but also the accompanying phonon side bund
contributes to the echo signal [35.36] If the delay is too
short, then the echo signal orginutmg from the broad
phonon side hand eives rise to a broad background in the
measured intensity spectrum which can eventually distort
the outcome of the bit-to-bit multiplication.

It can be noticed from Fig. 2¢ that the overall echo
intensity drops at the shorter wavelength side of the spec-
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Fig. 3. Energy of the photon echo pulse as a function of the

trum. Although in the present experiment this small distor-
tion does not alfect the fidelity of the muluplication, we
can explain this asymmetry by noting that in our sample
the relative contribution of zero-phonon lines to the overall
absorption is larger at the longer wavelength side of the
spectrum. whereas at the shorter wavelength side the largest
contribution comes from the phonon side bands (composi-
tion of inhomogeneous absorption bands in dye-doped
polymers is discussed i Ret. [37]). Although in our exper
iment the echo signal was restricted 1o the zero-phonon
lines. the absorption by phonon side bands is still responsi-
ble for the slight distortion of the spectrum at the short
wavelength side of the inhomogeneous band.

Further we mvestigate the dependence of the photon
ccho signal on the energy of the excitation pulses. In order
1o guarantee uniform intensity over the illuminated area,
we restrict the cross-section of the excitation beams by
placing a 0.1 ¢cm? pinhole in front of the sample in the
center ol the beam. ‘The excitauon pulse energy is varied
by using a set of neutral-density [ilters. We measure the
energy of the echo pulses as we change the energy density
of one ol the excitation beams by keeping the eneroy
density of the other beam constant. In this measurement
we remove the speetral shapig masks so that hoth excita
tion pulses have smooth spectral profile with 170 ¢m
width and a duration of 100 fs.

Fig. 3 shows the result of the measurement. The data
points marked by asterisks are obtained by varying the

|

encrgy ol the first excitation pulse and open circles corre
spond to data points, where the energy ol the second pulse
was varied. It the energy of the second pulse is 1200 m)

3

cm L then below 100-200 pd ¢m 2, the dependence of

the echo signal on the energy density of the first excitation
pulse is close 1o a hinear function. At the same time. if the
energy of the first pulse is 300 wJ cm ., then at enerey

densities below 500- 1000 pd ¢m 2. the dependence of

the echo on the second pulse 15 closer 1o a quadratic
function. These observations are qualitatively in agreement
with Egs. (1) und (4). which predict this type of depen
dence for low and moderate-intensity excitation pulses.
By inserting mto L. (1) the estimated value of the transi-

energy of the excitation pulses, (a) The energy of the first pulse is
varied, while the energy of the sccond pulse is a constant.
Iy = 1200 ) em ™. (b) The energy of the second pulse is varied.
while the energy ol the first pulse is a constant, [, =300 )
cm L The solid curves are the results ol the simulations based on
numerical solution of the optical Bloch equations.

tion dipole moment of the dye molecules, ¢ = 10" € m,
we obtain for the critical maximum illumination intensity,
e = 015 GW em ™~ Fig. 3 shows that the experimental
dependence on the intensity ol the first excitation pulse
begins 1o deviate from linear at a slightly higher value.
I = 1.0 GW cm =, which 15 sull in reasonable agree-
ment with the approximate formula of Ey. (1). Fig. 3 ulso
presents the results of the theoretical calculations of the
echo intensity that we performed based on the numerical
soluton of oprical Bloch equations. Considerable deviation
from the theory oceurs at very high excitation ensities.
where the echo signal starts to decrease with increasing
excitanon cnergy density. To account for these effects
more elaborate calculations will be carried out i the
future.

Fig. 4 shows the spectrum of the echo, when we use
again the spectral modulation ol the excitation pulses
deseribed above. but with the energy density increased to
80w em ' We see that at high excitation intensities we
start 1o observe frequency components in the intensity
spectrum o the echo. which were not present if the
intensity of pulses was low. This result shows that at high
mtensity of the excitation pulses the hehavior of the pho
ton echo considerably deviates from the dependence de-
scribed by Tl (1) in the sense that the echo spectrum
contains frequency components that are not present in hoth
excitation spectra. From our present results we can con-
clude that opumum conditions for high-speed bit-to bit
multiplication in the present dye-doped  polymer  are
achieved at spectral excitation energy density ol 20
cm oper 170 em ! frequency interval,
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Iig. 4. Solid line-intensity spectrum ol the photon echo at high
excitation intensity £, = /,, = 80 wJ cm . Dashed line: intensity
speetrum at low excitation intensity £, = 1, =20 pJ em 7. Ar-
rows indicate frequency components that are not present in the
niensity spectrum ol both excitation pulses.

5. Conclusions

We have performed an experiment where we demon-
strate parallel bit-to-bit multiplication of two 8 bit binary
words in less than 10 ps, which corresponds to a bit rate of
about | THz. This is achieved by generating a two-pulse
photon echo in a cryogenically-cooled polymer film doped
with orgamie dye molecules usig intense 100 s duration
pulses for excitation. We have shown that information can
be coded by modulatng the mtensity spectrum ol the
excitation pulses and the result of the multiplication proce-
dure can bhe read out by measuring the intensity spectrum
ol the photon echo signal,

We have also studied the dependence of the echo
spectrum on the energy density of the excitaton pulses. At
low energy density. the echo intensity is a linear function
of the energy of the first excitation pulse and a quadraric
function of the energy of the second excitation pulse. Al
high excitation energy density, above 80 pJ cm =, satura
tion and decrease of the echo intensity is detected. We also
show that at high excitation intensity the echo spectrum
contains frequency components that are not present in the
mtensity spectrum of the excitaton pulses. We determine
that optimum conditions for parallel bit-to-bit multiplica-
tion are achieved at enerey densities of about 20 pd em <.

Our results demonstrate that the low-temperature dye-
doped polymers are suitable materials for ultrafast parallel
frequency-domain optical data processing on the time scale
of 10710~ 5 per bit.
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