Abstract

This diploma paper gives a survey of the possibilities to do optical processing and
data storage with the photon echo concept, and results from experiments and numeri-
cal calculations performed within this area of research. Bitwise logical 'and' opera-
tions of two eight-bit words has been performed experimentally. Optical pulse se-
quences have been reemitted from a sample unchanged, reversed, compressed and ex-
panded, and pulse sequences have been convoluted and correlated with each other
experimentally by means of the photon echo process.
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1. Introduction

Storage and processing of information are today mostly done by computers. The up-
per limitations of this technology based on electronics is set by the possibilities to
manufacture circuits with a very high resolution in order to squeeze in as many gates
or memory cells as possible per area unit, and the inherent parasitic capacitances and
inductances which limit the maximum speed at which information can be transmitted.
A way to get past these problems is to use light as the information carrier instead of
electrical currents. This should mean that the rate at which information can be carried
is limited by the velocity and bandwidth of the optical carrier wave, which is an
enormous yield in itself, as one can see from the superiority of the new optical cables
as compared to the old copper cables, used in the telecommunication area. For not
only transmitting information optronically but also store and process it one needs
some kind of medium to assist in the interaction between data units. Several possible
processes has been suggested for these purposes, among them is Persistent Spectral
Hole Burning (PHB) one of the most interesting possibilities for data storage (refs.
7,9,10,12). An other process is the photon echo concept, which has been studied
during this diploma work. The photon echo concept gives not only the ability to store
information optronically but it also gives several powerful ways to process data in
parallel, with a homogenous medium mediating the interaction between data units,
that is one does not have to imprint a detailed structure in the processing medium like
that needed to construct integrated circuits to be able to do processing of data. The
experiments performed here hasn't used the fact that the photon echo concept only
needs a small interaction volume in the three dimensional space to function, but this
fact means that one could actually use not only two dimensions ( as for electronic
chips today ) but three, to get massively parallel computing possibilities.

The photon echo concept is based on the ability of inhomogenously broadened media
to remember the time dependence of an optical pulse exciting it. By exciting the
sample a second time one can get a replica of the first pulse to be emitted from the
sample, or under normal circumstances some kind of function of the two pulses.
More complicated combinations of pulses, gives the ability to do complex processing
on input data.

2. Purpose of the diploma work

Theoretical analyses of the photon echo concept for arbitrary pulse sequences has
been made by e.g. W.R. Babbitt (ref. 1) as well as experimental tests of several dif-
ferent aspects of this concept. With these calculations as a basis for further analyses, a
few interesting possibilities have been examined experimentally and numerically, and
to be able to perform these experiments some fundamental characteristics of this par-
ticular experimental set-up has been measured or calculated. What really has been
the primary area of research is data processing, such as logical operations on data se-
quences, temporal data compression and expansion, and convolution/correlation of
pulse sequences with each other. Since the photon echo concept offers true parallel
processing, with several sources for the input data one could easily reach processing
rates of 100 operations per clock pulse at GHz frequencies. Many of these processes
require that the optical frequency of the signal is changed continuosly during the
reading/writing procedure (so called frequency chirping). Calculations and measure-
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ments concerning the effect of such frequency chirps have been made. The possibili-
ties for photon echo data storage have been analysed theoretically by P. Tidlund (ref.
3) and we have made some attempts to do experiments on data storage, but with
achievements far from the theoretical predictions.

3. Experimental set-up

3.1. Light source

Between 150mW and 450mW of continuous light of a frequency equal to an absorp-
tion peak of the studied crystal was emitted from a Coherent CR-699 Ring dye laser.
The appropriate wavelengh was found by observing the fluorescence light from the
species at an angle perpendicular to the laser beam. By slowly (0.1-1 Hz) sweeping
the wavelength of the light from the dye laser within the absorption peak, we changed
the frequency range of consecutive pulse sequences and thereby decreased the dete-
rioration of the signal due to Persistent Spectral Holeburning. The dye laser was
pumped by a model 171 Ar*-ion laser from Spectra Physics which emitted 7W to 9W
multi line. The continuous dye laser light was frequency-shifted and amplitude modu-
lated with an 1205C acousto-optic modulator from Isomet Corp. which recieved it's
input RF signal from a 322B driver, and then directed at the crystal through a colli-
mating lens.
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Fig.1. Experimental setup.
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We originally intended to let the diffracted beam from the AOM be reflected back
through the AOM and diffracted a second time, thereby causing the outcoming beam
to have the same direction independently of the frequency shift in the AOM. As we
had some practical problems making the two-pass set-up work in an appropriate way,

Two-pass setup. Utgoing beam always has the same direction.
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Single-pass setup. The beam hits the crystal at different angles.
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Fig. 2. AOM setup.



we did instead choose to use the single pass set-up, in despite of it's disadvantages.
The used single pass set-up has got the disadvantage of emitting the output beam with
a small frequency dependent displacement, which means that the beam after passing
the collimating lens hits the species at the same point in space but at a slightly differ-
ent angle, but this does not seem to have had an influence on the experiment. The
single pass set-up also have a lower signal to background ratio, but in return it lets
through a higher power.

As the echoes top amplitude has a maximum for certain values of the input pulse area
(defined in section 5.1), we wanted to be able to create such pulses in a reasonably
short period of time. By making the pulses longer one can increase the pulse area, but
as the pulse duration gets longer, different relaxation processes are becoming more
noticeable thus degrading the echoes performance. As these relaxation processes had
time constants of the order of several tens of microseconds, we would like to be able
to create m-pulses in about 10 s or shorter, a requirement which was achieved.

One factor limiting the dynamic range of the measured output signal was the signal-
to-background ratio. The steady state ratio was usually better than 1:1000 and was
often smaller than the noise introduced by electronics, photo multiplier tube (PMT),
e.t.c.

3.2. The crystal

The crystal, a Pr3+:YAlO3-crystal, 6.2 mm in diameter and 0.9 mm thick, doped
with 0.1% Pr, was immersed in a liquid helium bath in a cryostat. It was subjected to
the excitation pulses at liquid helium temperatures, and the photon-echoes were di-
rected to the detector-part of the set-up.

The reason we performed the experiments at this temperature range ( <4K) is that the
photon echo phenomena in the chosen species is very short lived above approxi-
mately 20K because increasing phonon interaction in the species at higher tempera-
tures makes the coherence decay rate increase. Accurate investigations of the coher-
ence decay rate as a function of temperature for the material used here can be found
in ref. 1. Hopefully the temperature requirements will not be this severe with the
crystals we will use in proceeding experiments, if for example it would be possible to
carry out experiments at liquid nitrogen temperatures this would make it easier to ac-
complish practically useful applications for the photon echo concept.

The transition used is that between the 3Hy4 and the 1Dy states of the Pr* ion at
610.53 nm. This is a transition between different 4f2 states of this rare earth ion, that
is between states within the f-shell which is shielded from the crystalline environment
by the outer 5s and Sp electrons. The f-shell is, however, only partially shielded from
being influenced by the surrounding atoms and an inhomogenous broadening of the
levels due to the different relative positioning of different ions gives an inho-
mogenous line width of this spectral line of 5 GHz. This is the frequency range avail-
able within which one can store and process data. On the other hand there is the ho-
mogenous line width acting to smear out the sharp edges of the Fourier transform of
the information stored in the population distribution, thereby limiting the amount of
information possible to burn into this population with a high resolution to Afpqm/A
finhom: The homogenous line width is affected by several factors (Ref. 2) some of
which can be controlled, and it is in this case around 10 kHz, making the ratio A

fhom/ Afinhom=3*105~



3.3. Detector set-up

To suppress the remainder of the partially absorbed excitation pulses copropagating
with the photon echoes, and lower the average input signal to the PMT thereby mak-
ing it possible to have a higher amplification in the PMT, the output signal from the
crystal was passed through an M-AR-50 acousto-optic modulator from Soro electro-
optics, with on and off switching times of 20ns and an overall input/output efficiency
of 80%. It attenuated the excitation pulses with a factor of 100 to 1000 as compared
to the photon echoes. This procedure demanded that the echoes were temporally
separated from the excitation pulses, which was sometimes quite tricky to achieve
and occasionally limited the possibilities to perform some measurements. The alter-
native procedure to separate the input and output pulses spatially by letting the differ-
ent excitation pulses hit the species under different angles, thereby causing the echo
to be emitted in yet another direction, do have the disadvantage of making the inter-
action volume smaller and making the experiment arrangement more complex. We
therefore chose the simpler method.

The signal was then detected with a EMI 9558 QA photo multiplier tube from EMI
Electron tubes. The set-ups bottleneck concerning the detected signals bandwidth was
this PMT, limiting the bandwidth to about 12 MHz, as it has rise- and fall-times of
about 40ns. This was not a problem though as the shortest pulses we used were of the
order of hundred ns. The PMT was protected from stray light by an interference filter
with a spectral width of 5 nm and a small aperture with a diameter of 200 pm. Except
for the measurements of long term pulse storage and retrieval where the echoes' in-
tensity finally got very small, the background light from lamps and windows were not
a problem and the experiments could be performed at normal daylight without any
need to protect the PMT from straylight.

Since the pulses during passage of the crystal were changed in shape and amplitude,
we recorded the optic signal impinging on the crystal with a photo-diode for refer-
ence purposes. The final output signals from the PMT and photo-diode were both
sampled with a 250MHz 243 1L Digital Oscilloscope from Tektronics and then trans-
ferred to a computer through a GPIB connection.

3.4. Control electronics

The frequency sweeping of the light was controlled by a Model DS345 Synthesised
function generator from Stanford Research Systems (SRS) which generated different
combinations of voltage ramps, proceeded by an amplifier. The pulse generation,
background signal suppression and overall synchronisation were in the different ex-
periments controlled by several different combinations of a model DG535 Digital
Delay/Pulse Generator from SRS, four computer controlled pulse generator cards
SRS DG135 coupled in parallel, a 8013B Pulse Generator from Hewlett Packard
giving pulse sequences consisting of several bits used in the AND experiments, and a
pulse generating device manufactured at the Department of Physics.



3.5. Pulse generation and modulation

By passing the dye-laser light through the acousto-optic modulator we were able to
control its amplitude and frequency. Through a TTL-input at the RF-generator gen-
erating the acoustic wave we could switch the light on and off by turning the acoustic
wave on and off. This procedure gave the pulses rise- and fall-times of 30 to 50 ns.
We also frequency modulated the light, and were able to sweep the frequency up to
46MHz. The rate at which the sweeping was made, was limited by the RF-generator
to a maximum of 10MHz/us. As the sweeping of the frequency decreased the average
intensity per wavelength interval, we only used sweeping rates far less than this upper
limit. We had no direct way of measuring the laser lights frequency deviation from
it's nominal value during the performance of an experiment, so the only estimate of
this variable we got from the electric signal at the frequency modulation input to the
RF-generator. As the manufacturers specifications indicate a tuning linearity of +1%
from a straight line, we have in computer simulations based on this electric signal as-
sumed a zero deviation from linearity. Since the acoustic wave caused by the RF-
generator has a velocity of 3.63 mm/us, there is a time difference between the input
electrical signals and the output optical pulses of 1us.

4. A physical description of photon echoes

A simple description of photon echoes for the case of two excitation pulses separated
T units of time, is based on a few assumptions about the mediums response to optical
pulses. The medium consist of atoms with two levels, with an energy difference be-
tween the levels described by a distribution with an average value of E. This distri-
bution is the inhomogenous broadening. The atoms are originally all in the ground
state and are excited to the upper state by a time dependent electromagnetic field, in
proportion to the intensity of the field at the atoms respective nominal absorption fre-
quencies. This means that a picture of the Fourier transform of the electromagnetic
field, that is, it's frequency composition, will be burnt into the upper state population
distribution. As the time after the first pulse goes by, the atoms excited to the upper
state are gaining phase relative to those in the ground state, because of the time de-
pendence of the excited state wave function

e (F)=e Y, (F) (eq. 1)

upper
relative to the ground state wave function

Yoo =Fie (F) (eq. 2).

The second pulse excites a part of the ground state population, and deexcites a part of
the upper state population to the ground state. These parts, who lies after respectively
before the rest of the populations in the two levels in phase, are now starting to gain,
respectively loose phase relative to each other and at a time 27, they rephase with
each other again, giving rise to an echo.

What is really causing the echo is the polarisation of the medium. The polarisation of
the medium is the sum of the atomic dipole moments

D(F,t)=(¥(7,0)|d[¥(7,1)) where d is the dipole operator,



that is, the polarisation is

P(t)= j D(F,t)dr’ (eq. 3).
Vv

The relation between the polarisation and the emitted lights intensity is

1(t) < |P(®)’ (eq. 4).

The reason we have mentioned that the upper states are in fact described by a distri-
bution of frequencies, is that the upper and lower states gets in and out of phase with
each other every time wt=2nn, but the whole distribution of atoms with slightly dif-
ferent frequencies all gets in phase simultaneously at time t=27.

An alternative simple description of two-pulse echoes can be found in ref. 8.

5. Theory of photon echoes and experimental results

5.1. Theoretical description of photon echoes

The pulses causing the echoes are described as plane wave electromagnetic fields” :

E.(t) = A, (£)e" @+ F 7 hr (eq. 5)
where A(t) is the envelope of the field, which can be controlled electronically by
amplitude modulating the pulses with e.g. an AOM. The pulses intensity is

L) =|E@f = A1 ®) (eq. 6).

An other way of expressing a pulses ability to excite an atom is it's pulse area 0, de-
fined as

O=dEt/h (eq. 7),

where d is the electric dipole matrix element, E is the electric field and t the pulses
duration. The pulse area tells to what extent the atoms are in the upper/lower states; if
0 e.g. is equal to m/2 then the atoms are in a 50/50 superposition of the two states.

f;(t) describes the frequency modulation of the optical carrier wave. This function can
also be controlled with an AOM. Throughout this work f(t) has been either zero or a
linear function.

To get the absolute value of the echoes intensity one needs the absorption coefficient
(Ref. 1, eq. 2.47):

2 2
_ An°Ng(w)wld] ©

a(w) >

q. 8),
where N is the number of atoms, g(w) is the normalised inhomogenous frequency

distribution ( J g(w)dw =1) and d is the atomic dipole matrix element.

—oc0

* The physical quantity E(t) is of course the real part of the following definitions, but I haven't
bothered to write that out here.



In the theoretical description of the echo phenomenon it is often convenient to use the
pulses Fourier transform. The Fourier transform of a pulse is here consistently being

denoted as X, (), that is:

3 ()= TEI(t)e'i‘”‘dt (eq. 9)

A few rules for Fourier transforms which are used in this work are mentioned below
as a reminder:

Tzl (0)Z,(@)e”"dw=E,(tH)*E,(t)  (eq. 10),

where * denotes a convolution (the convolution theorem), and

j N W)Z, (@) dw = E,()®E,()  (eq. 11),
where ® denotes the correlation operator. Also, a function translated relative to an
other, otherwise identical function

E(t)=E(t-t) (eq. 12)
has the Fourier transform
2, ()= e (o) (eq. 13).

Another simplifying fact is that the E-fields taking part in this correlation/convolution
include the factor describing the rapid oscillations at the optical signals nominal
value, o), but this factor can be taken out of the integral describing the echo, thus
one has to deal only with the pulses amplitude and possibly its deviation from (), as
shown below. If the electric fields are described by a function E(t) which is a product
of another function E'(t) (see eq. 5) and the part oscillating at frequency g

E.(t)=eE,(t) (eq. 14)
then according to a standard formula for Fourier transforms
T(0)=%,(0-0,) (eq. 15).

As the echo according to section "N-pulse echoes" can be described as a product of
Fourier transforms, with the terms raised to n; (where n; is the number of photons
extracted from the E; field) and with the number of complex conjugated terms ex-
actly one less than the number of terms not complex conjugated then

-10-



since a product of funcions of the variable
E(t)= J HZ "j (w)dw = ,f HE " (0— ®y)dw =| ®— o, also is a function of ), then |=

0 0’
—oo | —o ] according to eqs. 14 and 15:

0’ an J(w)da) (eq. 16)

._ooj

which shows the above statement. The above definition of the expression for the

photon echo also shows that the ik -7 part of the phase dependence of the pulses is
not necessary to insert in the formulas because it is independent of the integration
variable t, which means that the product of these elKI parts can be taken out of the
integral describing the echo. As the integrand describing the echo is a product of
%, (w) terms, where the number of complex conjugated terms exactly one less than
the number of terms not complex conjugated, this product will be exactly elKT and the

ik -7 part can therefore be left out of the calculations.
If more information about the theory behind photon echoes and their possibilities is
needed, the reader is recommended to read refs. 5,6 and 11.

5.2. Two-pulse echoes

If the two pulses have a pulse area much smaller than the area needed to saturate the
transition, then according to ref. 1 the echo is described by the following integral:

E(t) o< Tz}‘(w)zg(w)e‘““’dw (eq. 17).

Fig. 3. Echo generated by two input pulse sequences
First input sequence Second input sequence Echo
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If one instead wants to look at the pulses in the time domain, one can express the
above integral as the correlation of pulse one with the convolution of pulse two with
itself, that is:

E(t)< E,(1)®E,(t*E, (1)  (eq. 18).



This fact can be derived from eq. 10 and eq. 11. Figs. 3 and 4 shows a simple exam-
ple of this this kind of echo formation process.

Fig. 4. Simulated echo from two input pulse sequences.
First input sequence Second input sequence Simulated echo
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From the above Fourier integral one can see that the echo will be emitted at time 2t)-
t1, if one consider the following facts. Pulse one can be described as a function with
it's centre around t=0 but delayed t{, which means that the Fourier transform of the

signal will be multiplied with a factor e"®1, and the same with pulse two. Mathe-
matically this means that if functions with a prime denotes functions centred at t=0
that is

E(t)=E/(t—t)and E,(t)=E,(t—t,) (eqs. 19a,b)
then
T (0)=e "Z (0) and Z,(0) =2 (0). (egs. 20a,b)

As the Fourier transform of pulse one is complex conjugated this term will have a
positive exponent, and since the second term is being squared it's exponent will be
doubled. This term affects the time dependent function by moving it's centre to 2ty-t]
as shown below:

E(t) o J.(e—imtl Zl ((D))* (e—imtzz‘z(m))zeimtdw —

—oo

je_imatz—mz'l (0))2'; (W)e™do=E (t—2t,—1)) (eq. 21)

—o0

Here E' (1) = [ 2,(0)Z; (0)¢“do.

This means that if pulses one and two are separated a time T, the echo will emanate ©
after the second pulse.

If one of the pulses is approximately constant in the frequency interval over which
the integral describing the echo has to be evaluated, its contribution can be taken out
of the integral. If its pulse area is big enough not to let one use the linearised form of
the expression one has to take into account that the echoes' electrical fields are pro-
portional to sin20,/2 and sinB] respectively, that is (acc. to ref. 1):

-12-



E(t) = adsin(6,) j (@) M dw = oL, j ()™ dw  (eq. 22)

—oo

or

E(t) = aLsin®(8, /2) [ ;@)™ do = oL / 4 [2i @) P do =

—c0

=ol(0) /HE 2t,—t,—t)  (eq. 23)

The last equality can be shown by

Re [Z](@)e™ *do =Re( [ Z,(@)e " *?dw)’ =Re E (21, —1t,~1) =E,(2t,-t,-t) (eq. 231)

Here L is the sample length. This means that under these circumstances in the first of
the above cases the echo will be a time reversed replica of the first pulse, delayed 27.
Since the echo for these two-pulse echoes will be delayed a period of time equal to
the time that has passed since the first pulse, it is not a practical way to recall the
stored information, but it does at least show the possibilities of the photon echo con-
cept.

The following results from an echo experiment with two square wave pulses, shows

how the echoes' dependence of the contributing pulses take three different forms as

the pulse areas are

Fig. 5. Peak intensity, t1 constant, ~changed. In fig. 5 pulse

area one is held constant

001 and small, 'in fig: 6 pulse

8 area two 1s being held

constant and small. The

pulse areas were controlled

. 8 by changing the pulses du-

0 l l | ration, t| and tp, and the

0 2 4 6 area is proportional to the
duration.

2 (us) In the small signal interval

the echoes peak intensity is

Peak intensity
(a.u.)
:
= gy
B

proportional to (6, /2)* and 912, respectively, since in these cases

2 2

I(£) < |E(t)| =sin*(8, /2) =03 /4 (eq. 24)

Tz;(w)ei‘”’dz TZf(w)ei“”dt

or
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2

Hﬂxﬁ@fzﬂﬁ@ﬂjﬁ@@f%f

= 0}| [ 2 (w)e™

2

(eq. 25).

As the small signal interval is exceeded, diagrams 5 and 6 instead show sin*(6, /2)-

and sin”(6, )dependence, as predicted by theory.
As the pulse areas grow even more, depending on the long duration of the respective
pulses, none of the above approximations (eqs. 24, 25) can be used due to relaxation

processes (see section 5.6).

Fig. 6. Peak echo intensity, t2

constant.

Peak intensity
(a.u.)
]

An other interesting fea-
ture of the two-pulse
echo is the fact that if one
defines the presence of
light as a binary "one"
and the absence as a

8 "zero", it can work as a

tl (us)

Fig. 7. 848 bit AND operation.

Word 1 Word 2

Intensity
(a.u.)

el

logical AND function.
Two pulses give rise to
an echo, and no other
combination of "ones"
and "zeroes" does, just as
the AND function is de-
fined. ANDing more than
one pair of binary vari-
ables does demand that
the individual digits in a
binary number don't in-
terfere with any other bits

w B

Echo

o [Tyl o
oJ L

Time (us)

than the corresponding
digit in the other number.
A way of achieving this
is by giving the different

digits different frequencies. This can be done by chirping the frequency of the laser
light as the different bits are written into the sample, and performing an identical
chirp during the second word. We did this experimentally with four and eight bits, as

is shown in fig. 7.

Fig. 8. Max intensity of echo for two
chirped input pulses, as a function of
chirping rate.

=)

Intensity.
Log scale.

Tl P o) pm T

Chirping rate.Logarithmic scale.

The constraint on the sweeping ratio as
compared to the ANDed pulses lengths
is that the pulses' widths in the fre-
quency plane must be smaller than the
frequency difference between
succeeding bits. If the frequency width
of a square pulse is approximated by 4/t
, where T is the pulse width, and the
frequency is swept at a speed of a Hz/s

then this constraint can be expressed as a>4/t2. (The difference in frequency between
two pulses is at, and since aT must be >4/t then a>4/12). Unfortunately, for constant

-14-



bit energy the echoes intensity decreases rapidly as the sweeping rate is increased
according to both computer simulations and experimental data, so the only possibility
to AND many bits is to spread them out temporally. In fig. 8 results from numerical
calculations is presented showing the echo intensity decay with increasing chirping
rate. The upper limit to this solution are the dephasing times Ty, and T, which has
limited the number of bits to about 20 in our experiments.

If the first

Fig. 9. Compression of three bit pulse sequence. pulse-sequence

Input sequence  Chirped pulse  Ech s swept o e
nput sequence lped puise ¥0 scribed above,

but the second
is swept at a
different speed
(and constantly
held "on", see
fig. 9) the out-
J [L put signal will
be a compres-
Time (a.u.) sed  respec-
tively ex-
panded version of pulse one, depending on whether the sweeping rate is higher
(compression) or lower (expansion). A great deal of distortion is though added with
this simple companding” method, and we didn't manage to perform it experimentally
with a good signal to noise ratio until after the completion of the experimental part of
this diploma work, so only computer simulations of these operations are presented
here. If pulse sequence one is T long and the second pulse is aT, and swept within the
same frequency interval as the first then the echo will be (2a-1)T long, as long as the
frequency sweeping rate is fast enough to allow a one to one correspondence between
the frequency intervals contributing to the echo. This means that if a=1 the echo is as
long as the first pulse; if it's in the range Y2<a<l the echo will be a compressed ver-
sion of the first pulse and if a>1 it will be expanded. If a is exactly ' then all the fre-
quencies contributing to the echo will contribute to the echo at the same instant and
give rise to a pulse of high intensity. If a<!s the echo will be a reversed version of the
input pulse sequence. (Simple algebra shows the above statement. If pulse one is T
long, starting at t=0 and pulse two is aT, starting at time t=S, then the echo start at
t=2S and ends at t=2(S+aT)-T. The echoes' duration will be (2a-1)T.). Figures 9 and
10 show pulses companded with this method.

N
/

Intensity (a.u.

* A ‘compander’ is an electronic circuit capable of compressing or expanding the dynamic range of an
input signal. The word companding is used here as a synonym for 'expanding or compresssing a
signal temporally'.
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An other in-

Fig. 10. Expansion of three bit pulse sequence. teresting fea-
Input sequence Chirped pulse Echo ture of the

¢ photon  echo

/ / concept is the
possibility to

look at the
fingerprint of
a pulses
Fourier trans-
form in the

Intensity (a.u.)

Time (a.u.) population
distribution
. . and through
Fig. 11. Echo from one short pulse and one chirped that get indi-
pulse. rect informa-

tion of it's

(Very) short pulse Chirped pulse Echo
* time-depend-
ence, even if
: the pulse itself
J is too short,
temporally, to
A /\A A/\ N be  detected

Time (a.u.) with a high
temporal

resolution (see fig. 11). By letting the short pulse excite the medium and then reading
it out with a second swept pulse, pulse one can be reconstructed from the echo with
knowledge about the behaviour of the second pulse. Pulse two must be swept over a
frequency interval larger than 2/t, where t is pulse ones width, and as can be seen
from the convolution integral, the echo will have a duration approximately equal to
twice the length of pulse two and start at time 2T, where T is the time difference be-
tween pulse one and pulse twos beginning. As the inhomogenous broadening of the
medium in this case is of the order of gigaherz one could reconstruct the time de-
pendence of pulses as short as parts of nanoseconds even though the electronic
equipment used in the experiment limits the upper time resolution to tenths of
nanoseconds. This should in principle be applicable to even shorter pulses for media
with an even broader inhomogenous line width and a dephasing time long enough to
let one sweep over this broader interval with unchanged sweeping rate. Organic
molecules often have inhomogenously broadened absorption peaks with a width of
the order of teraherz, theoretically making it possible to reconstruct pulses with a
time resolution of less than picoseconds. This method has the advantage to e.g. streak
cameras that it can see in two dimensions spatially.

Intensity
(a.u.)
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5.3. Three-pulse echoes

Fig. 12. Three pulse echo.

Input E ahges \

Time (us)

Intensity (a.u.

o

In the case of three exciting pulses, four echoes are emitted (fig. 12). One is caused
by pulses one and two, the other by pulses two and three, the third by pulses one and
three, and the fourth is a stimulated echo caused by all three pulses. Here we are only
interested in the three-pulse echo and neglect the two-pulse echoes. If the pulses
occur at times t{,tp and t3, the echo is emitted at t=t3+t)-t{, as can be seen from a
calculation similar to that in section "two-pulse echoes". By arranging the pulses
temporally in a suitable fashion, one can see to that the different echoes don't overlap.
For pulses with an energy much smaller than the energy needed to saturate the
species, the following equation holds for the emanating echo (ref. 1):

Apfol 1 7. o
B0 =20 L 5 )5, @5, @e®do  (eq. 26).
o 2w
Fig. 13. Read pulse + echo of the word
1010101010101010.
5
8
fay
=
Time (us)

If the product of two of the pulses' Fourier transforms is approximately constant
within the frequency interval the Fourier transform of the third pulse is to be inte-
grated over, this product can be taken out of the integral. If the pulses' pulse areas are
small enough, one can approximate the influence of these Fourier transforms by their
respective pulse areas, otherwise one has to consider the echoes non linear depend-
ence on the pulse areas, in a fashion equal to the one used in section "two pulse ech-
oes". E.g. if the product of pulses two and three is approximately constant over the
frequency interval that the transform of pulse one is appreciably large then

E(t) e<sin(0,)sin(0,)E (—(t—(t; +1, = 1,))) (eq. 27)
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There are two possible ways of making a pulses Fourier transform approximately
constant within a certain frequency interval. One is to make the pulse short enough,
thus obtaining a Fourier transform approximately constant over a broad range. The
other is to linearly sweep the pulses frequency around its nominal value. In this work
the second method was used consistently throughout the experiments.

The Fourier transform of the pulse remaining in the integral, causes the echo to be-
come shaped as this pulse, but time-reversed if the transform is complex conjugated.
This means, that the shape of this pulse is remembered by the sample, and it can be
read out from the sample at any time, not considering decay processes mentioned in
5.6. Experimentally, we have only managed to resolve a pulse sequence consisting of
twenty-two bits in the echo, and here we present a figure of the sixteen output data
bits preceded by the third, read pulse (fig. 13). This output pulse sequence is pre-
ceded by a first, swept, write pulse, and a second pulse consisting of sixteen input
data bits. Difficulties to produce write and read pulses short and intense enough to
make the echo a copy of the input sequence, caused us to choose to sweep these
pulses' frequencies instead but this also has the disadvantage of limiting the number
of bits that can be resolved to about the value calculated for multiple bit logical
ANDing.

5.4. N-pulse echoes

We haven't had any reason to use pulse sequences consisting of more than three
pulses during these experiments, but the formula for the echo from N pulses, where N
is odd, is presented here for completeness:

E(t) < [2](0)Z,(@)Z;(@)Z,(0) 0, (0)Z,, @)Z, (0)e”do  (eq. 28)

One sees from the above formula that the echo will emanate at t=tN+(tN-1-tN-2)+..
.. +(t4-t3)+(t2-t1). One also sees that the number of complex conjugated terms is ex-
actly one less than the number of terms that are not complex conjugated, a fact that
have already been used. Echoes are also formed for every permutation of the sub-
scripts, provided that the new t>ty.
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time eliminated this problem, but since the echo decreases exponentially with an in-

itial decay rate of 4-10 us‘l, the echo/background ratio has a maximum when the

echo occurs a few tens of ps after the last excitation pulse.

Beat oscillations sometimes appears in the output signal, and this phenomenon has

two quite different causes, which might take on a similar appearance. By exciting the
medium by a square pulse, with a rapid change in light frequency during the pulse,

the output signal from the crystal right after the change in frequency will be a mixture

of the FID light induced by the first part of the pulse, and the light from the second

part of the pulse. These two light sources, both coherent and with a narrow frequency
distribution, will as they are mixed give rise to a beat oscillation in the signal with a
frequency equal to the change in frequency during the pulse (fig. 15). This means that

the beat frequency is continuously variable, which is not the case for the second phe-
nomenon.

This second phenomenon has it's origin in the hyperfine structure of both the ground

state and the excited state. These two levels are in this case both split in three hyper-

fine levels, with different splittings (see fig. 16),

where all three ground state sub levels are about Fig.1 6 Hyperfine structure of prtd3varo
equally populated. The selection rules for the F 1

quantum number (AF=0) gives three possible » Blem™)

transition frequencies between the ground and
excited state hyperfine levels. Thus an input sig- 1D
nal which has a broad enough frequency distri-
bution, can excite atoms between two or more
combinations of these levels giving rise to beats

in the FID light and the echoes. L

1.365 MHz
0.923 MHz

6105 A

5.6. Decay processes

Initially we have discarded all relaxation and 14100 MHz
homogenous decay processes that may diminish 7.057 MHz
the echo intensity. It is a reasonable approxima- Crystal Hyperfine

tion to do so as long as certain constraints which field structure

will be defined are fulfilled, but in the general

case it has to be taken into account. The homogeneous relaxation time T5, has two
different kinds of effects on the echoes. It acts to smooth out the copy of the Fourier
transform burned into the population distribution, by convoluting it with a distribu-
tion function representing the effect of the homogenous decay time. This means that
details in the transform can't be resolved with a resolution higher than about y=1/T>. I

the time plane this means that pulses longer than Ty will be distorted, as can be seen
from figs. 5,6. If, however, the pulses lengths don't exceed T, one can choose to dis-

card this effect. The terms X, (@) in the equations describing the echo (egs. 17,21-
26,28) should therefore be replaced by

Z,(w)*D(w) (eq. 29)

where

=3

D(w)= [ e dr =—22l— (eq. 30)
Y+

2

—o0
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and the integral for the inverse Fourier transform multiplied with a

P

term. The other effect of the relaxation processes is that the coherences that are the
origin of the photon echoes are decreasing with time. Even if the pulse duration is
<T9, one has to take into account that during the periods between the pulses the co-
herences will decrease exponentially. Only if the whole pulse sequence don't exceed
T», one can totally discard this effect.

The mechanism mentioned above is the reason why fig. 5 looks the way it does. As

the length of pulse two increases the pulse area should increase linearly, the Y
term makes the pulse area asymptotically go towards a finite value, and this is why
the curve seems to end at a constrant value instead of oscillating in a sine-like fash-
ion.

The mechanisms affecting the homogenous relaxation time are the lines natural life-
time which here is long relative to other effects and not possible to influence; phonon
interactions in the crystal which are temperature dependent, interaction between ex-
cited atoms, frequency drift of the laser and nuclear spin flips due to spin flips among
the surrounding atoms. This last effect can be suppressed by applying an external
magnetic field to the species, thereby breaking the degeneracy of hyperfine levels
with oppositely directed nuclear spins. A fourth, yet not fully explained mechanism,
seems to have a pulse intensity dependence (refs. 4,15) and has been suggested to
arise from optical density effects or instantaneous spectral diffusion.

The natural relaxation processes affects the optical coherences, just by diminishing
the number of atoms in the upper state, thereby cancelling the valleys in the ground
state population distribution with the peaks in the excited state population distribu-
tion. One would think that the atoms relaxing back to the ground state from the upper
state with a half intensity time Ty, should mean that the peaks in the upper state
population distribution would exactly cancel the valleys in the ground state distribu-
tion. There does though exist a possibility € that the atoms relaxing will end up in a
different hyperfine structure level than they were originally excited from, thereby
leaving a part of the population distribution burned into the ground state unaffected.
The fact that the atoms relaxes back through several different other levels increases
the possibility for such a change of the hyperfine structure level, and it has in this
particular case been calculated to €=0.066 (ref. 3 p. 26 and ref. 14). This initial re-
laxation process then leaves the ground state population unaffected after a few Tjq,
which in this material is 180 ps.

Fig. 17. Initial relaxation rate.
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The relaxation processes directly affecting the optical coherence decay, are not those
that limits the possibilities for long term storage of information (ref. 2), but sets the
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upper limit to how detailed the copy of the pulses' Fourier transform can be resolved.
This decay time, T9, is in the material used in these experiments about 10 us and it
increases rapidly with temperature. A measurement of the echoes maximum intensity
as a function of the time between pulses two and three, for a three pulse case, initially
showing an exponential decay of the intensity with a decay time of Ty, and asymp-
totically showing a decay time of Tpeax, Where Tre]ax is defined as the inverse of the
sum of all contributing relaxation processes affecting the echo, is presented in figure
17. As indicated by the above discussion the decay should look like this:

E(t) o< e o/l ((1 e )e—Azz/Tl + gze_AZTs/Trdax) (eq. 32),

where Aij is the time between pulses i and j.
6. Numerical calculations

For the computer simulations I have used the program Mathcad on different PC-com-
patible computers. Several properties of the real world optical signals have had to be
"guessed", linearly interpolated from experimental data or ignored. Noisy parts of ex-
perimental data, which according to our intentions are supposed to be zero, have been
replaced by the value zero, a procedure which shouldn't affect the simulated results
otherwise than to lowering the background noise level. Also, known properties of the
crystal which affects the output signal, like it's time- and intensity dependent absorp-
tion coefficient, FID from the exciting light pulses, the effect of the homogenous
dephasing time and it's hyperfine structure affecting the output, have been neglected
in order to make computations easier. Several deficiencies of the properties of the
laser light, which were not possible to measure directly like phase- and frequency
noise, have been neglected as well.

As the Rabi solution indicates (for a derivation of this, see e.g. ref. 13), the integral
expressions describing the echoes are not linearly dependent on the input signals.
Throughout these simulations we have used the linearised versions of these expres-
sions, which in some cases might explain differences between calculated and meas-
ured results, since we during the experiments have tried to maximise the input pulses
intensity and not to keep them within the linear regime.

The calculated signals are not to scale and I have not tried to get accurate information
of the absolute intensities of the echoes, only about their temporal dependence.

The discrete fast Fourier transform algorithm used for the calculations require that the
bandwidth of the transformed signal is less than half the sampling rate. The data
taken from the oscilloscope is supposed to be low pass filtered to fulfil this demand,
but concerning information about the frequency shift which we have added to the
signal afterwards, we had to take care of this demand separately. The curves from the
oscilloscope showing the pulses' amplitude, had to be multiplied with an sinusoidal
term describing the sweeping of the frequency. This term oscillates at up to the fre-
quency at2, where a is the sweeping rate and t the duration of the pulse, and we had
to see to that this frequency didn't exceed the limits. Describing pulses swept at a
high rate and/or with a long duration, put high demands on the computing speed and
the capacity of the math program.

To get an estimation of the differences between simulated and measured echoes in a
more complex case I present in fig. 18 experimental data from an experiment where
one chirped input pulse is followed by two three-pulse input sequences, and the
echoes caused by these input pulse sequences. The output is consisting of three
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groups of pulses with declining intensity, due to the effects of relaxation processes.
The fourth echo (a two-pulse echo caused by input pulses one and two) emanates
between input pulses two and three and can not be seen in this scale. By eliminating
one input pulse sequence at a time, one can experimentally determine which parts of
the echo belongs to which input pulses. Numerically one has to calculate the different
echoes separately, add the contributions to the output electric field and then take the
absolute square of it to get the intensity. Even though I have used an approximation
of the lowest possible order, one can see that this gives quite good results (fig. 19).

Fig. 18. Echoes from three input pulses. Experimental data.
Input pulse sequences: Echoes:
1 2 3 14243 2+3 1+3

Intensity (a.u
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Time (us)

Fig. 19. Simulated output from input
sequence given i fig. 18.
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7. Conclusions

As has been shown in this diploma work, the photon echo concept is a very promising
candidate for future optical processing units or optical memories, in some form. A
few of the simplest data processing possibilities have been performed experimentally
with reasonably good results, and some interesting aspects of the concept has been
analysed analytically and numerically, which has given a few promising ideas for
proceeding investigations. One way to perform the logical operation 'and' by chirping
the frequency of the input optical signal during write of the two words to be 'and':ed
has been tried out experimentally for word lengths of up to sixteen bits. This method
for performing logical operations on several proceeding bits has also been studied
numericallly considering number of bits per time interval depending on the chirping
rate and the effects limiting the total number of bits possible to 'and' have been stud-
ied. The results indicate that in the crystal used for the experiments logical operations
on words of lengths equal to commonly used word lengths used in computers are eas-
ily achieved with a good signal to noise ratio.

An interesting method for temporally compressing or expanding an input pulse se-
quence has been studied mainly numerically, giving a means of expanding
/compressing pulse sequences and, at least theoretically, a possibility to resolve the
time dependence very short pulses using reasonably slow detecting equipment.
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