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SUMMARY

The goal of the present work was to study the spectral and temporal properties of
photon echoes excited in dye-doped polymer films at liquid-helium temperatures,
by spectrally modulated ultrashort pulses.

In the cases of moderate excitation intensities, the two pulse photon echo’s,
(2PPE) spectral intensity, I ,(®), can be expressed as:

1(0)~1,(0) - I ()

where /,(®) and 1,(®) are the intensity spectrum component of the first and
the second excitation pulse. According to this formula, the echo spectrum can be
viewed as a direct multiplication of two input information bit vectors, A; ~ and

A, ", coded into the spectra of the excitation pulses.

AZYT = AT A (0.1)

where A, is the i bit of the output or the input vector. The upper index OUT,
correspond to the output vector, the echo, and the indexes IN1 and IN2 to the
temporal order of the input vectors, the excitation pulses. The bits, A ;> can have
the values O or 1. The coding algorithm can be of the form:

1 when [, (®;)21,

0 when [ (®;)<I,

for a suitable threshold intensity /,, see figure 0.1.

In this work we have studied the potential of spectral domain processing by
2PPE. We have performed 2PPE experiments with spectrally modulated excita-
tion pulses and demonstrated that the echospectra correspond to the product of
the input information.

To demonstrate the validity of equation (0.1), we have performed experiments
where the spectrum of the photon echo’s excitation pulses was modulated by



using a special setup consisting of a pair of diffraction gratings and a spatial light
modulator.

The laser system we use is a regeneratively-amplified Titanium:Sapphire laser,
CPA 1000 (Clark MXR), which generates pulse lengths of about 100 fs at a repe-
tition rate of 1 kHz and with a pulse energy of circa 1 mJ. Since the pulses are
that short in the temporal domain, their spectral width is in the order of 10 nm.
By using a grating pulse shaper setup, we can diffract the different frequency
components of the pulse at different angles. This transforms the pulse from the
temporal domain into the spectral domain. In the spectral domain we can cancel
certain frequency components, and thereby code the input information directly
into the spectra of the excitation pulses, E; (®) and E,(®). We have constructed
a special modulation setup, where both pulses passes through two equivalent but
spatially separated beam paths in the same modulator, so that both of them are
spectrally modulated independently of each other by two different amplitude
masks. The two modulated excitation pulses are hereafter directed onto a sample,
which consists of a thin polyvinylbutyral film, doped with molecules of a zinc-
naphthalocyanine dye and cooled to the temperature 7 = 2 K in a liquid helium
cryostat. The sample responds to the excitation by emitting an echo at the time T
after the second excitation pulse, where T corresponds to the time between the
fgst and t_l;e sgcond excgation wlse. The echo is emitted, in the direction:
ke =2- k2 - k1 , where k1 and k2 corresponds to the direction of the first and
the second excitation beam, respectively.

Figure 0.1 shows the result, where we perform spectral multiplication. The
input vectors, A and A", are coded into the intensity spectrum of the first,
1 %%, andI Nsleco%l, excitation pulse, [ 2(0)) , respectively. The product,
A, = A; - A, = appears as the intensity spectrum, I (®), of the echo sig-
nal measured with a monochromator. This result shows that we are able to carry
out femtosecond time scale multiplication of the input information coded into the

excitation spectra.
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Figure 0.1: Spectral multiplication by femtosecond 2PPE.

In addition, we investigated the intensity dependence of the echo spectrum in
order to estimate the suitable intensity range, for which equation (0.1) is valid. As
a result, we observed that for high excitation intensities the echo spectrum does
no longer correspond to the pure multiplication of the excitation spectra. Never-
theless, data processing can still be achieved by choosing the threshold level
more carefully.

The excitation and echo signal was detected time resolved and compared with
numerical simulation. For the spectral modulation performed with the liquid
crystal array, only the time traces of the excitation pulses were measured and for
these were only a good agreement obtained if the proper phase shift was included
in the simulation.
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Z USAMMENFASSUNG

Ziel dieser Arbeit war, das zeitlichen und spektrale Verhalten von mit spektral
modulierten ultrakurzen Laserpulsen in einem farbstoff-dotierten Polymerfilm
bei fliissig-Helium-Temperatur erzeugten Zweipuls-Photonechos zu unter-
suchen.

Bei mittleren Anregungsintensitidten ldsst sich die spektrale Intensitit des
Zwei-Puls-Photonechos I (®) durch folgenden Ausdruck beschreiben:

I,(0) ~T1(0) - Ty(0),

wobei /;(®) und /,(®) die Intensititen der spektralen Komponenten des
ersten und zweiten Anregungspulses sind. Das Spektrum des Echos kann daher
als eine direkte Multiplikation zweier Input-Vektoren dargestellt werden, die als
Intensititsverteilung in den Spektren der Anregungspulse codiert sind.

ATV 2 AN A 0.2)

Hierbei ist A; die i-te Vektorkomponente des jeweiligen Input- bzw. Output-
Vektors. Der Index OUT bezeichnet den Output-Vektor (im Experiment das
Echo), und IN1 und IN2 entsprechen der zeitlichen Ordnung der Input-Vektoren
(im Experiment den Anregungspulsen). Die Bits A; haben den Wert 0 oder 1.
Der codierte Algorithmus kann in der folgenden Form beschreiben werden:

SRR RACREIS
l .
0 fiir (o) <I,

fir einen geeigneten Schwellenwert /, (Figur 0.2).

In dieser Arbeit haben wir Moglichkeiten der Informationsverarbeitung mittels
2PPE auf spektraler Ebene untersucht. Wir haben 2PPE Experimente mit spektral
modulierten Anregungspulsen durchgefiihrt und gezeigt, dass die im Spektrum
des Echos codierte Information dem Produkt der Input-Informationen entspricht.
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Um die Giiltigkeit der Gleichung (0.2) zu demonstrieren, haben wir Experi-
mente durchgefiihrt, in denen Spektren der Anregungspulse des Photonechos
mittels eines speziellen Aufbaus, bestehend aus zwei Diffraktionsgittern und
einem raumlichen Lichtmodulator (SLM), spektral moduliert werden kdnnen.

Fiir unsere Experimente haben wir einen regenerativ verstirkten Ti:Sp Laser -
CPA 1000 (Clark MXR)- benutzt, der mit einer Repetitionsrate von 1 kHz
Pulsldngen von ungefihr 100 fs mit einer Pulsenergie von circa 1 mJ erzeugt.
Pulse dieser ldnge haben eine spektrale Halbwertsbreite von etwa 10 nm. Durch
Beugung dieser Pulse an einem Gitter konnen wir das Pulsspektrum rdumlich
auffachern, was einer Transformation von der zeitlichen in die spektrale Doméne
entspricht. Im spektralen Bereich konnen wir nun beliebige Frequenzkomponen-
ten ausloschen, und dadurch die Input-Information direkt in den Spektren E ()
und E,(®) der Anregungspulse codieren.

Zur spektralen Modulation der Anregungspulse haben wir einen Aufbau kon-
struiert, welchen beide Pulse auf zwei dquivalenten, aber rdumlich getrennten
Wegen passieren, sodas beide unabhéngig voneinander mit zwei verschiedenen
Amplitudenmasken moduliert werden konnen. Die beiden modulierten Anre-
gungspulse schickt man danach zeitverschoben auf einen Polyvinylbutyral-Film
der mit einem Zink-Naphthalocyanin-Farbstoff dotiert und in einem Kryostaten
in superfliissigem Helium auf einer Temperatur von 2 Kelvin abgekiihlt ist. Die
Probe reagiert auf die Anregung durch Emittieren eines Echos im zeitlichen
Abstand T zum zweiten Anregungspuls, wobei T deg Zeitabstand zwischen dem
ersten und zweiten Anregungspuls ist. Sind k; und k, die Richtunggvek{oren der
beiden Anregungspulse, so wird das Echo in Richtung ke = 2-ky—k, emitti-
ert.

Figur 0.2 zeigt, wie wir die spektrale Multiplikation ausfiihren, und das
entsprechende Echospektrum. Die Inputvektoren A und A sind in den
Intensitdtspektren des ersten (I ( 12,)1 bzw zwelten 04 2(c:))) Anregungspulses
codiert. Das Produkt, A, A A ; zelgt sich im Intensitétsspektrum
I (®) (gemessen mit einem Monochromator) vom Echosignal. Dieses Resultat
zeigt, dass wir eine Multiplikation der Input-Information, die in den Anre-
gungsspektren codiert ist, in einer Femtosekunden-Zeitskala durchfiihren kon-
nen.
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Figur 0.2: Spektrale Multiplikation bei Femtosekunden-2PPE.

Ausserdem haben wir die Intensitidtsabhingigkeit des Echospektrums von den
Anregungspulsen untersucht, um den Intensititsbereich, in dem Gleichung (0.2)
erfiillt ist, abzuschitzen. Dabei haben wir beobachtet, dass das Spektrum des
Echos bei hoheren Anregungsintensititen nicht mehr einer reinen Multiplikation
der Anregungsspektren entspricht. Durch eine geeignetere Wahl des Schwellen-
werts [ ist aber immernoch Informationsverarbeitung auf dieselbe Art moglich.

Auch die Zeitantworten der Anregungs- und Echopulse wurden detektiert und
mit einer numerischen Simulation verglichen. Fiir die spektralen Modulationen,
die mit einem Fliissigkristall-Array (LCA) ausgefiihrt wurden, wurden nur die
Zeitsignale der Anregungspulse aufgenommen. Unter Beriicksichtigung eines
inhérenten Phasenshifts des LCA’s erhielt man eine sehr gute Ubereinstimmung
dieser Zeitsignale mit den Simulationen.



1 INTRODUCTION

The idea for the experimental setup to my diploma thesis was given by Professor
Aleksander Rebane, at the laboratory of Physical Chemistry at ETH in Zurich.
The experiment continues the work performed by Jiirgen Gallus in his diploma
thesis, [GAL-96]. The experiments contain spectral modulations of pulses with a
duration of about 100 fs. Since the laser pulses are that short, their spectra are as
broad as 10 nm, which make them very suitable for spectral modulations. A grat-
ing and lens setup is used to transform the pulse out of the temporal domain and
into the spectral domain. The grating diffracts the different frequency compo-
nents in the pulse at different angles, whereby making the different colours in the
pulse spatially separated. By blocking certain frequency components, the pulse’s
spectral and temporal appearances are changed. A sample with an inhomogene-
ously broadened absorption band is then:exposed to the two excitation pulses
separated by the time T. The sample answers by emitting an echo pulse at the
time 7T after that the second excitation beam has hit the sample.

My task was to investigate the photon echo experimentally, if it is excited by
two pulses which have certain frequency components that overlap and some that
do not overlap, (figure 1.1.) The question to be answered in my diploma thesis
was: “Do the spectra of the echoes only consist of the spectral components that
exist in both pulses?”’

Will the echo spectrum look like this?

Wavelength

Intensity

Figure 1.1: Schematic diagram of the type of spectral modulations studied in my
diploma thesis.




2 THE FEMTOSECOND LASER SYSTEM

The laser system consists of a femtosecond oscillator and a regenerative amplifi-
er. In order to amplify the short pulses, they have to be stretched out in time be-
fore coupling them into the amplifier cavity. Finally, the chirped pulses are re-
compressed in a compressor stage.

2.1 THE TITANIUM:SAPPHIRE OSCILLATOR

In the femtosecond oscillator, a 20 mm long and 4 mm thick Sapphire crystal,
doped with Ti3* ions (Ti:S) is pumped by an argon ion laser. The energy level
diagram for the Ar*-laser, is shown in figure 2.1. The ionisation (a) of the argon
atom, and the excitation (b) of the argon ion, occurs through a gas discharge. The
electronic configurations, 3s3p54p and 3s3p54s, are in reality separated into
terms, which allows different transitions in the visible range. The strongest tran-
sitions are at 488 nm (blue-green) and 514,5 nm (green). The all-line continuous
(cw) output beam of the argon laser is focused on the Ti:S crystal (e). The crystal
responds by emitting fluorescence radiation in the wavelength range of 670 to
1070 nm, with a peak at 800 nm (figure 2.1). There are two reasons for the broad,
widely separated absorption and fluorescence bands. The strong coupling be-
tween the 3d-orbital of the Ti** ions and the Al,O5 host lattice and the different
surroundings for every Ti>* ion causes the inhomogeneous broadening of the
emission, [KNE-95], [KOE-96]. In Ti:S crystals, hardly any self-absorption oc-
curs within the emission range, which makes this gain medium superior to other
tunable solid-state lasers.

The Ti:S crystal is colinearly pumped by the argon laser, through a curved
dichroic mirror, with zero reflectance at the argon laser wavelengths, see figure
2.2. The fluorescence generated in the Ti:S crystal is then reflected back and for-
ward in the cavity by two mirrors, one high reflecting end mirror, and one 5%-
transmission output coupler. Free running, the resonator has two stable eigen-
modes, a continuous wave (cw) mode and a pulsed mode, which spatially differs
from each other. Two prisms are placed in the cavity in order to select the pulsed
mode. The main purpose of the prisms is to reduce the group velocity dispersion.
This is done by moving one of the prisms back and forward, so that the laser



pulse goes through more or less glass. The two prisms also work as spectral
wavelength separators. The required wavelength range can be selected by chang-
ing the position and the size of a slit, which is placed between the second prism
and the end mirror, see figure 2.2.

A Pump level

Energy

Ground level

3s23p® 13,

Ground level Ar

Art-laser Solid state laser

Figure 2.1: The energy level diagram for an argon ion laser (left), and a solid
state laser e.g. the Titanium:Sapphire (right, schematic).

The fast, additional, saturable absorber, usually needed as an additional com-
ponent in order to achieve the pulsed mode is not necessary here. The pulsed
mode is instead obtained by a combination of the nonlinear Kerr effect in the
Titanium:Sapphire crystal, and mode losses introduced by a spatial mask, here
the mechanical slit. In the crystal, the electric field of the beam creates a polariza-
tion in the electron orbitals of the ions. Because the pulse in the resonator is very
short and the curved mirrors focus the pulse onto a very small volume in the crys-
tal, the peak intensity of the electric field are high (average power in the cavity:
~8 W, Repetition rate: 100 MHz, Energy per pulse: 8%1078 J, Length of a pulse:
~70 fs, Maximum intensity: ~1 MW). Therefore is the refracting index of the
crystal slightly changed by the Kerr effect every time the pulse passes through the
crystal, forming a transient lens which focuses the beam. The part of the mode



that has the highest intensity, will therefore be more focused by the crystal and
have a smaller diameter at the slit. Thus, it will experience lower losses, com-
pared to the less intensive part of the mode at the slit. The pulse will this way be
shortened by each passage through the cavity.

End mirror Fold

. +-
mirror Art-laser
pump beam

g

£ .
Prisms

sit 7

- :
Output

coupler

Ti:S crystal
Curved mirror

Figure 2.2: Setup of the fs-oscillator.

This so-called Kerr-lens mode-locking has two big advantages. Firstly, it is a-
passive mechanism: No acousto-optical modulators or similar active devices are
needed. And secondly, the Kerr polarization of the crystal occurs at least a thou-

sand times faster than the formation of molecular dipoles in dye liquids [SCH-
94].

The output of the oscillator, is a pulse train with a repetition rate determined by
the cavity length, according to Av = 2L/c (here Av = 100 MHz which corre-
sponds to a temporal spacing of 10 ns between each pulse). The spatial mode of
the output is essentially a TEM,y,, with three weaker side lobes, forming a trian-
gle mode. The polarization of the beam is horizontal.

Pulse lengths down to Ar = 70 fs can be achieved with this laser system,
Clark MXR, CPA 1000. At is measured at full width at half maximum (FWHM)
of the autocorrelation trace, figure 2.3, under the assumption of a sechz-intensity
profile. Theoretically, this is an ideal shape for a passively mode locked pulse, in
contrast to a gaussian pulse shape for a typical actively mode locked laser.

The time and frequency domain are related to each other by the Fourier trans-
form. In consequence, the shorter a pulse is in the time domain, the broader its
spectrum has to be. This fact is expressed by the time bandwidth product of the



pulse: Atf-Av ~const.. The value of the constant depends on the amplitude
shape and phase of the pulse. It is equal to 0,31 for a I(t) ~ sechz(t/dt) transform-
limited pulse. Figure 2.3 shows the autocorrelation and the spectra of the oscilla-
tor pulse. The autocorrelation of a model sech?-intensity profile is also plotted in
the left graph in figure 2.3, which overlaps well with the experimental data. The
pulse length is calculated to 73 fs and the spectral width is 12 nm, which yields a
time bandwidth product of 0.45. This means that the oscillator pulse, at this cen-
tral frequency, is not fully transform limited. At 780 nm, which the oscillator and
the amplifier are optimized for, the pulse length is the same, but the spectral
width is only 10 nm, giving rise to a bandwidth product of 0.35, [GAL-96]. The
reason for working at this wavelength is that the absorption line of our sample is
at 770 nm, and since the amplifier causes a shift of 5 nm to the red, due to the
gain profile of the Ti:S crystal, we have to compensate for this shift.

i
©c o o =
AN o ® ©

Intensity [a.u.]

o
(S

o
o

400 200 0 200 400 750 755 760 765 770 775 780
Time profile [fs] Wavelength [nm]

Figure 2.3: Autocorrelation (left) and its spectra (right) of the oscillator pulse.The
dotted line is a sech? fit to the experimental data, yielding a FWHM of 73 fs. Be-
cause the fit so well corresponds to the measured signal, it has been lowered in
the graph.

In the next step, the laser pulses from the oscillator are amplified. The use of a
similar cavity as that of the oscillator for this purpose is not wise, because of the
poor net gain of some percent that can be achieved. In addition, the peak intensity
of ultrashort pulses are near the damage threshold of most of the optical elements
anyhow. To overcome this disadvantage, the technique of “chirped pulses” is
applied [MAI-88]. This concept means that the oscillator pulse is stretched out in
time. The energy of the pulse is then spread out over a far longer time. Thus the
peak intensity is lowered by the same inverse factor. This chirped pulse is ampli-



fied in another Ti:S gain crystal, and thereafter directed into the compressor
which compresses the pulse length more or less back to its original length.

The optical setup for these three steps (stretching, amplification, compression)
is optimally designed in a symmetric way, i.e. the output of each step is retrore-
flected into the same path as the input. This requires an optical switch that pre-
vents the input into any component already passed by. This is achieved by an
optical isolation system made up of two polarizing beamsplitters, a A/2-plate
and a Faraday-rotator. It is placed between the oscillator and the stretcher, see fig-
ure 2.4. The horizontally polarized light from the oscillator passes through the
beamsplitter. The polarization is then turned /4 rad by the A/2 -plate, but then
turned back the same amount by the Faraday-rotator, so that the horizontally
polarized light passes through the next beamsplitter and enters the stretcher. As
the stretcher output is reflected into the same path, the beam passes through the
second beamsplitter again and goes then the opposite way through the rotator and
the A/2-plate. This time the Farady rotator turns the polarization by /4 rad,
but now in the opposite direction as last time. By passing through the A/2 -plate,
the total amount of rotation is now 7/2 rad. This results in an output of verti-
cally polarized light which is reflected by the beamsplitter towards the amplifier,
thus prohibiting it to enter the oscillator again.

From the oscillator

BS1

M2-plate

To and from
the amplifier

To the compressor

Polarization: \ *

Pulse direction: 2~ —a

To and from
the stretcher

Figure 2.4: The optical isolator.




2.2 THE PULSE STRETCHER

After the pulse has passed through the optical isolator, a grating and mirror setup
with positive group velocity dispersion stretches the pulse to a length that is
about 2000 times longer than the oscillator pulse.

Symmetry

mirror, M4 Mirror
Optical isolator -—-E
Mirror
Plane mirror, M2 .
Grating
Concave
mirror, M1

Mirror, M3

Figure 2.5: Schematic diagram of the pulse stretcher.

By a grating with 1400 lines per millimeter, the pulse is being angularly dis-
persed into its different frequency components, see figure 2.5. It’s then reflected
by a concave mirror, M1, towards a plane mirror, M2, placed in the focus of the
concave mirror. This plane mirror reflects the pulse back on to the concave mirror
and the grating. Because the grating is slanted in reference to the two mirrors, as
shown in figure 2.5, the blue light travels a longer way then the red, so that the
different colours return to the grating separated in time. That means that the pulse
has been stretched out in time by its passage through the setup. The pulse then
hits another mirror, M3, which reflects the pulse once again back through the



whole setup. Finally, the symmetry mirror M4 is hit, which reflects the pulse
back again. So in total, the pulse is dispersed eight times by the grating. The
result is a chirped pulse, circa 2000 times longer then when it left the oscillator.
The pulse now passes through the optical isolator, whereby its polarization is
changed to vertical, as described in chapter 2.1, and is reflected towards the
amplifier.

2.3 THE AMPLIFIER

The gain medium of the amplifier is again a Titanium:Sapphire crystal. The de-
sign of the cavity is as simple as possible, only involving two curved mirrors.
There are two reasons for that. The most important factor is the quality of the
spatial mode of the amplified pulse, which is determined by the cavity. Since we
have an extreme nonlinear amplification, any spatial and/or spectral irregularity
in the pulse would increase further and become more pronounced. Secondly,
once the oscillator pulse is coupled into the amplifier cavity, no complicated ad-
justments are needed to optimize the amplification of the pulse.

* l Pockels cell
FM -+ N
g Polarizing BS s
- EM
Lens EM

Pulse direction: Te Polarization: *4—

Figure 2.6: Schematic diagram of the amplifier.

The beam path through the amplifier is shown in figure 2.6. We see that the
cavity is folded twice with a total resonator length of about 3 meter, which is sim-



ilar to the length of the oscillator cavity. Through a dichroic end mirror, of the
cavity, the Ti:S crystal is being pumped by a Q-switched, intracavity frequency
doubled Nd: YAG-laser. The pump pulses from the Nd:YAG-laser are circa 200 to
300 ns long, with a wavelength of 532 nm, an intensity of about 8-10 mJ and a
repetition rate of 1 kHz. The second end mirror has got 90% reflectivity for infra-
red light. This for detection measurements of how the amplification is building
up in the cavity. The output through this mirror can be used to monitor the pulse
train in the amplifier cavity, in order to optimize the amplification of the pulse,
i.e. the timing for the Pockels cell (see later).

From the stretcher, pulses with a repetition rate of 100 MHz enter the ampli-
fier, But since the Nd: YAG-laser only pulses once every 1 kHz, only 1000 of the
10" pulses that enter the amplifier can be amplified every second. The KD*P
crystal in the Pockels cell is so adjusted that when the Pockels cell is not acti-
vated, (when no high voltage is applied to the crystal), the polarization of the
incoming pulse is turned 45° by each passage through the Pockels cell. When the
pulse now reaches the polarization beamsplitter, it is thus horizontally polarized
and passes through it and enters the cavity. It is there reflected by two fold mir-
rors and passes through the Ti:S crystal. It is then reflected back the same way by
the dichroic end mirror. When the pulse comes back to the Pockels cell, its polar-
ization is once again turned 45° by each passage, whereby it is reflected out of the
cavity by the polarizing beamsplitter. The two passes through the crystal, has not
at all, or only little, amplified the pulse, due to weather the crystal had an inverted
population or not. This happens to most of the pulses that enter the amplifier. To
be able to amplify a pulse, the Pockels cell has to be activated, so that the pulse
that is in the cavity when the Ti:S crystal is maximally inverted, is kept there. The
pulse is amplified by each passage through the crystal by stimulated emission
into the same photon states.

The procedure described above require a synchronization of the Q-switch in
the Nd: YAG-laser and the Pockels cell in the amplifier. This is accomplished by
an electronic timer, which is adjusted to activate the Pockels cell when the crystal
is inverted. When the Pockels cell is active, it turns the polarization of the pulse
90° by each passage through it, so that when the pulse hits the polarized beam-
splitter, it now has the same polarization as it had before it passed two times
through the Pockels cell. The pulse that was in the cavity, will thus keep its hori-
zontal polarization and stay within the cavity, while a pulse coming from the
stretcher is reflected out again without ever entering the cavity. The Pockels cell
now stays activated for about 100 ns. The pulse that is being amplified, is kept in
the cavity for the same amount of time. This is enough time for the pulse to pass
ten to twelve times back and forward in the cavity, and thus pass 20 - 24 times



through the Ti:S crystal. This gives us an amplification factor of 10° - 105, In this
time a TEM,y; mode is established in the cavity. After the 100 ns, the Pockels cell
is deactivated, and the polarization is then only turned 45° by each passage
through it. The pulse thus changes its polarization back to vertical by two pas-
sages through the Pockels cell and is reflected out of the amplifier by the polariz-
ing beamsplitter.

The time difference between two pulses coming from the stretcher is about 10
ns. The Pockels cell has got rise and fall times of 8 ns [CLA-95]. So if the Pock-
els cell is activated directly after that a pulse enters the cavity, and deactivated as
the amplified pulse has just entered the cavity for its last round, not more than
one pulse at a time is switched in and out without any losses. The exact time that
the Pockels cell is activated is therefore manually adjustable.

As the gain of Ti:S has its maximum at 790 - 800 nm, a seed pulse with a dif-
ferent wavelength will experience a shift towards that peak wavelength. This is
due to inhomogeneous gain for different spectral components in the amplifier
cavity. For seed wavelength around 770 nm a shift of about 5 nm to the red is
observed. This shift has to be compensated, if the amplified pulse wavelength has
to match a given value.

The amplified pulse now leaves the amplifier in the same direction as it came
in. When it comes back to the beamsplitter in the optical isolation system (BS 1
in figure 2.4) it is once again reflected to pass through the A/2 -plate and the Far-
aday rotator. Just as at its first passage through this setup in this direction, its
polarization is not changed. The amplified pulse is thus reflected by the second
beamsplitter, BS 2, prohibiting it from entering the stretcher again, and directed
towards the compressor.

2.4 THE PULSE COMPRESSOR

The total group velocity dispersion, that the pulse has gathered in the stretcher
and in the amplifier must now, as much as possible, be compensated. This is
done by the compressor, which consists of a grating and mirror setup, similar to
that of the pulse stretcher. This setup though, has a negative dispersion which re-
combines the chirped pulses to short once again.
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The efficiency of the compressor is about 0,65, which results in a pulse energy
of circa 1 mJ. The pulse is shortened to a length close to that it had after the oscil-
lator. The output from the compressor has finally a length of circa 110 fs. This
corresponds to a peak intensity of circa 10 GW. The beam profile is close to a
TEM,y mode. In figure 2.7, the autocorrelation and the spectrum of a pulse after
the compressor are shown. The bandwidth is circa 14 nm at the central wave-
length of about 770 nm. This is slightly more than the bandwidth after the oscil-
lator, compare with figure 2.3 in chapter 2.1, which indicates that most of the
energy that comes from the crystal in the amplifier is added to the short pulses
instead of being emitted as spontaneous emission. The time bandwidth product
for the pulse after the compressor thus adds up to 0,79. But as we can see, the
spectrum no longer looks like a smooth sechz—proﬁle and thus the two values for
the time-bandwidth product can not be compared directly for the seed and the
amplified pulse.

Autocorrelation ' ' Speptra
1.0 1.0 -
— 08 — 0.8 | FWHM -
= =) - 14 nm
S.0.6 | %06 -
204 204 -
2 I 2 I
£02¢r £02¢f -
0.0 0.0 - -
-400 -200 0 200 400 750 760 770 780 790 800
Time profile [fs] Wavelength [nm]
Figure 2.7: The time profile and spectra of the pulse after the compressor. The
measured FWHM of the autocorrelation must be multiplied by 0,66 in order to get
the correct pulse length.
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3 SPECTRAL-DOMAIN SHAPING OF FEMTO-
SECOND LASER PULSES

3.1 SPECTRAL MODULATION SETUP

In [WEF-95], M. Wefers and K. Nelson describe an experimental setup, which
performs spectral modulation of ultra short pulses. We make use of a similar set-
up, see figure 3.1.

Amplified
pulse
Delay line

To the autocorrelator

4
<
N

To the monochromator A

I

!

I
BS

Figure 3.1: The setup for producing spectral modulations. BS: Beamsplitters,
G1,2: Gratings, L1,2: cylindrical lenses, FP: Fourier plane.

Grating G1 diffracts the different frequency components of the pulse into dif-
ferent angular directions. The grating is placed in the backside focal plane of a
plano-convex cylindrical lens, L1. The lens focuses components with the same
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frequency to a common spot in its front side focal plane. Because it is a cylindri-
cal lens, the different frequencies will be focused into vertical lines. Each fre-
quency component is imaged to a different spatial position, which results in a
well separated spectrum. Thus, this setup constitutes a transformation of the
pulse from the time domain into the frequency domain. In the Fourier plane, FP,
an amplitude or phase mask can be introduced. A second lens, 1.2, is placed so
that its backside focal plane corresponds to the position of the Fourier plane, FP
(con-focal arrangement of L1 and L2). The second lens collimates the spectral
components and directs them toward a second grating, G2, placed in the front
focal plane of L.2. L2 and G2 thus recombine the spectrally modulated pulse into
a collimated output beam. By adjusting the position and angles of the two lenses
and gratings, (without any mask in the FP), the setup is optimized, by monitoring
the beam profile, the autocorrelation (the time profile) and the spectrum of the
pulse. The aim is to achieve the same parameters as for the input pulse, see figure
3.2.

Amplified pulse after the compressor After the modulation setup
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Figure 3.2: The autocorrelation and the spectra of the amplified pulse before and
after the modulation setup.




Using the monochromator and a CCD camera read out by an oscilloscope, see
figure 3.1, it is easy to see how the spectrum is changing in real time when an
amplitude mask is introduced and moved in the Fourier plane.

The spectral resolution in the FP can easily be measured by inserting an ampli-
‘tude mask of given dimensions. Using a calibrated slit with 1 mm aperture, the
width of the transmitted spectrum was 2,5 nm. The same value is obtained by
measuring the spectral shift of any feature of the amplitude mask (e.g. an edge) if
the mask is translated transversely in the FP by 1 mm.

3.2 SPATIAL LIGHT MODULATORS (SLM)

In the FP of the modulation setup, the pulse spectrum is spatially dispersed. Any
spatial amplitude or phase object can be introduced in this position in order to
modulate the spectral components. Such a device can be labelled as spatial light
modulator, SLM, and consist of a mechanical amplitude mask in the simplest
form. Other types of modulators can be static phase retarders (glass plate arrays),
mirror assemblies or birefringent components (wave plates, liquid crystal arrays).

3.2.1 MECHANICAL AMPLITUDE MASKS

The use of diapositive slides offers the possibility of varying the transmission by
applying grey scales. Some losses in the “transparent” regions still have to be
taken into account. If gradual attenuation of the spectral components is not re-
quired, a mechanical bar mask can be used which blocks the corresponding com-
porents totally. This type of mask was used in our experiment, see chapter 4.2.2
and 5.3.

The main drawback of using a mechanical amplitude mask is the lack of flexi-
bility. To achieve a different modulation pattern, the whole mask has to be
exchanged. The only degree of freedom consists in the transversal translation of
the mask in order to modify different frequency components. On the other hand,
their advantage consists in easy production and handling and in fact, that the
losses for the transmitted components are very small, or even zero.
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3.2.2 LIQUID CRYSTAL ARRAY (LCA)

An other type of a SLM is a liquid crystal array, LCA. The advantage of using an
LCA is the flexibility of setting up different amplitude patterns by electronically
addressing of individual LC cells. It also offers a very fine adjustment of the
transmission of the cells (about 3200 grey levels). The pixel array can be activat-
ed within 100 ms, which yields a maximum repetition rate of about 10 Hz for any
arbitrary sequence of modulation patterns.

In contrast to its flexibility there are two restrictions to be considered. Firstly,
the resolution of the spatial patterns is given by the finite size of the cells. Sec-
ondly, as the amplitude modulation is obtained by a transformation of the polari-
zation of the light, losses in the different optical elements (polarizers, LSA) occur
which reduce the efficiency of the modulator.

We used an LCA made by Meadowlark Optics (Model SLM2256, Type SSP-
128) for some of our experiments. It is made up of a thin nematic liquid crystal
material placed in between two silica substrates. These substrates are coated with
indium tin oxide, which is an optically transparent, electrically conducting mate-
rial. On one of the sides of the LC, the conducting material is divided into a linear
array of 128 electrodes (pixels). These pixels have a width of 100 um and a
height of 4 mm. The distance between them is 2 wm only. The width of 100 um
corresponds, in the Fourier plane of our setup, to a spectral distance of 0,25 nm.
The opposite silica substrate is not patterned, and is connected to ground.

The LC consists of rodlike molecules that tend to align in an external electric
field. The macroscopic orientation of the crystal leads to a birefringence which
therefore depends on the applied field. By changing the voltage the LC’s birefrin-
gence can thus be controlled for each pixel. Light passing through the different
pixels will then experience different phase shifts, modifying its polarization
from, e.g. being horizontal polarized, into an elliptic polarization By placing a
vertical polarizer directly after the LCA, only the vertical components of the now
elliptic polarized light is transmitted. Depending upon its amplitude, the intensity
of the transmitted light through the pixels will be changed, see figure 3.3.
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From the compressor To the experiment

Cylindrical lens Cylindrical lens

Liquid crystal array (LCA)

Figure 3.3: How the LCA modifies the pulse spectrum.

The transmitted intensity as a function of the voltage over the pixel, has been
measured, [GAL-96]. To be able to do a correct simulation of its operation, we
have to take into account how the phase of the spectral component changes, when
passing through the LCA. The simulation of the resulting pulse amplitude in the
time domain corresponds well to the experimental data only if this phase shift is
included in the calculation. In figure 3.4, figure 3.5 and figure 3.6, some spectral
modulations that were realized with the LCA, the measured crosscorrelation for
these modulations, and the simulation of the corresponding time signals, are
shown.
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Type of Spectral Modulations
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Figure 3.4: The two types of single rectangle modulations, with 5 and 10 pixels
opened respectively, that were performed with the LCA, the measured time sig-
nal for these modulations, and the simulation of the time signal, corresponding-
ly. The time signals have also been enlarged 40 times, to show how well the

experimental and the simulation do correspond.
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Figure 3.5: The four types of rectangle modulations with an area of 10 pixels
opened and a gap of 1, 5, 10 and 20 pixels, respectively that were set up with the
LCA. The measured crosscorrelation for these modulations, and the simulation of
the time signal for these rectangular modulations. For the 1 and 20 pixel gaps, the
time signals have also been enlarged 40 times, to show the correspondence of
the experimental data with the simulation.
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Type of Spectral Modulations
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Figure 3.6: The four types of rectangle modulations with an area of 5 pixels
opened and a gap of 1, 10 and 20 pixels, respectively that were performed with
the LCA. The measured crosscorrelation for these modulations, and the simula-
tion of the time signal for these rectangular modulations. The time signals have
also been enlarged 40 times, to show how well the experimental data and the sim-
ulation do correspond.
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4 FEMTOSECOND TWO PULSE PHOTON
ECHO

4.1 THEORY

4.1.1 DENSITY MATRIX FORMALISM

It is known from quantum mechanics that we can describe the state of the atomic
system by a wavefunction: ¥ (r, t). The wavefunction describes the probability
of finding the state at time ¢ at the position r.

The process of measuring a physical quantity of the system (energy, momen-
tum etc.) corresponds to operation on the state vector by the operator correspond-
ing to the physical observable. These types of operators are called Hermitian
operators and they have the characteristic that the adjoint of the operator is equal
to the operator itself, A=A [YAR-89]. '

Let A be a Hermitian operator corresponding to some observable in the sys-
tem. The effect of Hermitian operators in space, is to alter, in general, the direc-
tion and magnitude of the vectors on which they operate. The eigenvectors of a
given operator, say A, are those vectors whose direction in space are not altered
when operated on by A.

An example of a Hermitian operator is the total Hamiltonian H.If¥(r,1) is
an eigenfunction to A, (this will be explained later), we get the time dependent
Schrodinger Equation, S.E., when letting the total Hamiltonian operate on the
wavefunction W(r, t):

~ L d¥Y

We see that letting the Hamiltonian operator operate on the wavefunction,
means in fact not much more than a time derivation of the wavefunction. We can
compare the calculation for obtaining the solution to the wavefunction, with any
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other linear, homogenous first order differential equation in one variable, for
example:

dN
— = -AN
dt
We make an ansatz, consisting of a time dependent part, ¢~ and a time inde-
pendent part, N ;, made up by the solution to the time independent equation:

N = Ny-e M
and try it

dN _ o N Mo
dt—?uNOe = —AN

Our ansatz was a correct one, and thusis N = N 0 e~M 3 solution to the time

derivative equation. In the same way the solution for the Hamilton operator,
equation (4.1), is found.

A Lad¥Y
H‘I’ = lha
Our ansatz:
i-H-t
¥() = ¥(0)-e 7 (4.2)

consists of a time dependent part, exp—(i - H - t)/#, and a time independent
part, ¥ (0), made up from the solution to the time independent S.E. This latter
part makes up the basis function, or rather, the eigenfunction of the time-inde-
pendent Hamiltonian. Inserting our ansatz in the differential equation gives:

. i-H-t
ih-[—f'h—HﬂP(O)-e K ):Pf‘l’
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This means that our ansatz was correct and that equation (4.2) is a solution to
the S.E.

The wave function itself can be expanded in terms of any basis function, ?;
and @ ., which describe its position in space. If these functions are chosen in such
a way that they are the eigenfunctions of an operator A, ¢i and ¢ ., one gets a

) ) g ) .. J
simplified, straightforward mathematical description of how the operator affects
the system.

Here we introduce the Dirac Notation. This is a mathematical abbreviation so
to say, because it is written in the same way, but is calculated differently depend-

ing upon if the operator is operating on a function or a vector. Dirac notation for a
function is written and means:

(PIA|P) = j W (r 1) AP (r 1) dr (4.3)
and for a vector:
a a C
CHIANY) = [y || 12|
ar1 942212

By using Dirac Notation, we don’t have to care about whether the operator is
operating on a function or a vector. The formalism is the same.

In general, any arbitrary set of basis functions are not orthogonal to each other.
This written with Dirac Notation is:

(00, # 5,
but for a basis of eigenfunctions, when A is taken to be Hermitian, they are:
<¢l|¢]> = 8,']' 4.4)
Where 81‘ i is the Kronecker delta which is:

8U=O for i # j and
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8ij= 1 fori=j

What also is true for any basis function in general, is that a; is not an eigen-
function to A:

A|(Pi> % a;|0,)
while for a basis of eigenfunctions, it is:
Alo;) = ajlo) (4.5)

To see how the operator affects the wavefunction, we, for now, postulate that
all we need to calculate are the different matrix elements in the matrix:
A, = [{(0,1A1¢ )]1... That this is true will bee shown from equation (4.8). The
calculation of tf{e different matrix elements is done in the following way for func-
tions [ YAR-89]:

A= j(¢,~* A-9)) (4.6)
Using (4.5) in (4.6) yields:
— X .
Aij = ajj(q)i ¢j)dx
And after making use of (4.4), the equation has been reduced to
Aij = 4a;- <¢l|¢]>

Which gives us a diagonal matrix:

n a; 0
a.
1

Considering this short and schematic survey of what happens, one can con-
clude that it is smart to choose to expand the wavefunction in terms of the eigen-
functions, U, of the operator A, that is:
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Y1) = Y, (Du,(r) (4.3)

All the spatial information lies now in the different u,’s, while the temporal
information is found in the c,’s. The spatial information depends on the exact
nature of the state, e.g., as described by its quantum numbers: S, P, D, F, etc.

As assumed above, the u s are eigenstates of A:
Al = a,lu) 4.9)

The eigenvalues, a,, constitute the set of all possible measurements of the
observable A. The probability that any given value, a,, is found by the measure-
ment at time t is |cn(t)‘2 , where:

¢ (t) = Jun*(r) W (rt)dr (4.10)
According to this interpretation, the expectation value of A is:

(A@) = Y ay|e, )

n

which leads to:
(AWD) = Y a, J’ (P (rf) - un(r))dr'[(‘}‘(r',t) cu *(r'))dr’
Using (4.9) we get:
(A(1)) = J'(llf*(r,t) : A)(I WY u, () un(r)dr’)dr 4.11)

The summation in the end of the equation above is equal to the Dirac delta,
compare with (4.4) This turns the second integral in the equation above into:

j (P@'0) - 8(r—r'))dr’ = ¥(r, 1)
giving that (4.11) results in:
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(A(t)) = j P (r ) AW (r 1) dr (4.12)
The equation (4.12) can be rewritten in Dirac Notation, see equation (4.3), as:
(4) = (Y (rnlAY(r.0)
which was postulated before, see equation (4.6).

Insertion of (4.8) gives us:

(A) = Y ¢, *(Ouy, (NIAu, (r)e, (1)

n,m

By making use of (4.6), we obtain:

(A) = c,fA, ¢, = Zcm*anmn (4.13)
n,m

n, m

Now suppose that the precise state of the system is unknown, or that we have -
to describe an ensemble of quantum mechanical systems. This lack of knowledge
is reflected in an uncertainty in the values of the ¢, ’s in equation (4.8). We
assume, however, that we have enough information to calculate an ensemble
average for ¢, *c, . The average will be denoted by a bar over the quantity in
question. Thus one can compute an average value over the expectation value of
A according to:

(A) = Y ¢, c A, (4.14)
n,m

See [BOY-92] and [YAR-89]. By convenient reasons, p m is defined as:

= ¢ _*c (4.15)

pnm m n

The matrix formed by the values of p_ 1is known as the density matrix. By
using the definition of product of matrices:

25



(AB); = D ApmBomi
m
We obtain:

(&) = Y (pA),,

This computation is indicated by the trace, abbreviated “tr.”’. Thus,
(A) = tr(pA) ' (4.16)

It follows from its definition thatp = p,*.

In the physical interpretation, the density matrix represents certain probabilis-
tic aspects of the ensemble. Notice that the elements on the diagonal of the den-
sity matrix, p, , are real numbers which correspond to the probability of being
in the different states. The sum of the diagonal elements should be one, which
follows from the normalization criterion of the wavefunction W(r,?). Thus:

trp = Zc ¥ = (4.17)

The off-diagonal elements, p e OD the other hand, are complex numbers
whose meaning is related to the phase of transitions between m and n. They give
the “coherence” between the levels n and m, in the sense that p, = describes the
transition between the states. This means a coherent superposition of the two
eigenstates n and m.

But the density matrix does not give us information about how the system is
changing in time. For this we need the time evolution of the density matrix. From
the definition of the density matrix, (4.15), we get:

apnm d acn
[— = * *
ot n gm T Cm ot (4.18)
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Now what does this mean? For this we need to develop the Schrédinger equa-
tion, (S.E.). Since the wavefunction of every systems in the ensemble satisfies the
S.E., then:

ry s O
HY = zhé—t‘P(r,t)

is true for the whole ensemble. By substituting the expanded wavefunction
(4.8) for ¥(r,1), we get:

i3 D, (D) = Y e, (O, 1)

n

which is reduced to the equation

in %cm(t) = ZCn(t)Hmn

n

by taking the inner product of the last equation with u (r) and using the
orthonormality of the u,’s . Alteration gives:

%cm(t) - %izcn(t)Hmn (4.19)

To easily compare (4.19) with (4.18) we change the index of the equation
(4.19) into:

cH (4.20)

_ i
ot hk

and

d ac,, i £ i
St = (g ] = (% ckak) = ﬁzck*Hmk* = %ch*Hkm (4.21)
k k k
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The last step follows from the fact that the Hamiltonian is a Hermitian opera-
tor. By combining the equations, (4.20), (4.21) and (4.18), we get:

apnm -1
5 _h Cnl Hi hZanCkC

Because of the definition of p, , equation (4.15), we get:

: .
5 At~ D) = §Putl o) = P (422

This time dependent Schrodinger equation is called the Liouville-von Neu-
mann equation.

The two-level approximation

Now we choose to introduce the assumption that only two levels, let us say the
ground and an excited state of a dye molecule, are involved in the interaction.
These two levels: level a and level b, have got two different energies: £ and E,,
as shown in figure 4.1. A transition between two levels in an atom or in a mole-
cule occur when the atom/molecule absorb a photon with an energy equal to the
energy difference between the two levels, from an external electrical field. Thus
is the assumption that only two levels are involved in the interaction justified only
when the angular frequency @ of the field has got the suitable energy for the
transition only between level a and level b. The external fields frequency must
thus satisfy @ ~©, = (E, - E_)/%. As aresult, the density matrix is reduced to
a 2 X2 matrix with the elements p ., P, Py, and Py -
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Figure 4.1: A two-level system interacting with a radiation field whose frequency
o fulfils: 0 ~® 0= (E, - E )/h. Other levels that are nonresonant (shown here
by broken lines) are assumed to play no role in the interaction.

When the unperturbed Hamiltonian H , operates on its eigenfunctions, the
eigenvalues corresponds to the energy of the states. The matrix representation of
H  is diagonal in the basis of its eigenfunctions, that is: H =E_ -0
compare with equation (4.7).

0,nm nm’

[OJH [0 )]..= Ea 0
TN o E,

The unperturbed Hamiltonian, H ,» describes the stationary state of the sys-
tem, but it can’t describe the effect of an external field. This is described by an
other time dependent Hamiltonian, V(¢). The external forces on the system must
be known in order to derive the interaction Hamiltonian. The external force is:
F = e- E(r,t), where e is the charge of the electron, r is the position vector in
the three dimensional space, and E is the electric field. The electric field is:

E(rt) = Ejcos(or) (4.23)

Using F = —VV and that the electric dipole moment is | = —er, the external
potential can be expressed as:
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V =-u-E(rgp) (4.24)

This potential is the interacting Hamiltonian, where 1 is the component of the
dipole operator along the direction of the field E(r,t) . The total Hamiltonian is
thus the sum of the unperturbed Hamiltonian and the interaction Hamiltonian:

H(t) = Hy+V(2) (4.25)
The diagonal matrix elements of V are taken as zero
uaa = ubb = O (4.26)

so that the matrix description of the interacting Hamiltonian is the following:

0 V(1)
V(0 0

V(t) =

This, equation (4.26), is true for atoms and for molecules, without permanent
dipole moment. For these types of systems, this can be shown by including the
phase in the wavefunction:

W, = j\ya* (e—i(Paf)* }fL‘Pa(e-i(p“t)dr

When the states have got definite parity, we are allowed to write the equation
as,

Mog = [N, dx = 0

because the integral over an odd function is always zero. The same argument
follows for W, , . For the off diagonal elements, the same argument need not be
true. If the two wavefunctions have got different parity, then the integral:

Hap = [¥,5 (€70 AF, (P dx %0

If the phases @ a and @ p are, without loss of generality, taken to be equal, then
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Hap = Hpg = 1 (4.27)

By calculating the ensemble average (), we’ll get information about how the
molecules interact with a field E(r,t) . The value of () is given according to
(4.16) by

(W) = 1r(PL) = PypMpy * Ppalap + Pagtan + PrpMpp
Using (4.26) and (4.27), we get:
(W = W(P,p+Ppg)

As we can see the induced electric dipole moment is proportional to the off-
diagonal elements of the density matrix.

We can now calculate how the different density matrix elements change in
time, by inserting the total Hamiltonian, equation (4.25) in the Liouville-von
Neumann equation (4.22).

gba = ;%(%Pkaka‘zk‘,kuPka) =

= %(Pba‘Haa+Pbb'Hba)‘;%(Hba’Paa+be‘Pba) =
= ;%(pba Byt Ppp- Vba)_;%(vba PaatEpPpg) =

= S Ep)opa+ ViPpy = Pag)]

The time derivation of the three other density matrix elements is calculated in a
similar way, and the four equations read [MUK-95]:

P 44

i
7 = 7VabPra= VeaPan) (4.28)
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dppy,

i
7 = 75 VbaPab~ VarPpa) (4.29)
dpab [ i
ar —ﬁ(Ea_Eb)pab_;ZVab(Pbb— Paa) (4.30)
dpba i i

We see that the solutions to our equations (4.30) and (4.31) would contain a
time varying factor of the type: expti® ;¢ (compare with equation (4.2)). What
we want is a time-independent, or at least slowly varying solution when the fre-
quency of the perturbing field is close or equal to the transition frequency
0~wo, =(E,—E))/h. A smart way of accomplishing that is to multiply the
off-diagonal elements in our time-depending equations (4.30) and (4.31) with the
complex conjugate of their time depending factor, but substituting the field fre-
quency ® for the resonant frequency ®, . Our new density matrix elements are
defined:

Pap=e" 20 p (1) (4.32)

Ppa=€" 2" py, (1) (4.33)

Let us now compute the time derivative of our new density matrix elements,
(4.32) and (4.33).

dﬁab _
yrili

dpab

S —IOF -t .
—i-e pab(t)+e T

(2)

Insertion of (4.32) and (4.30), and the resonance frequency into this relation
gives us

dpab_ -0 . +e 0 i - _£V ( - )
rril —l0-p,,te 1O, Pap K ab Pbb~Paq
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By introducing the Rabi frequency Q

Vab _ Vba _ - E(ry)

Q = =
h h h
and the fact that ® ab = ~Op, WE reduce the equation to
APy -
-c_i—t-a = —i(@=0p,) P yp - e Q- (Ppp~Pad)

Since the electric field is oscillating harmonically with frequency ® according
to equation (4.23), the Rabi frequency can be written as a cosine frequency:

Q1) = 510 (e + e7iot)

and by defining
Q(t) = Q-0 = % QI - (1 + e~2i0n (4.34)
and the frequency detuning as
A=0-0,,

our equation is reduced to:

The same transformation is easily done for d/dt p pa(?) and it is also neces-
sary to rewrite d/dt(p ag\®))and d/di(p bb(t)), since these equations also con-
tain p,, and p, . As planed P qp a0d P pa are slowly varying for a near resonant
field.

The Liouville-von Neumann equation can now be rewritten in a matrix form as
the following:
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Fﬁab- A 0 -Q@) Q(t)_rﬁab_
d |Ppa 0 A QFe QF Ppa 4.35)
a5 . O Q1) 0 0 ||Pa

P Q*) Q1) 0 0 | |Psa)

fl(t) , see equation (4.34), contains a time-independent term and a term oscil-
lating on twice the field frequency, 2®. The effect of the later term is expected to
be small since it oscillates much faster than any other frequency in the system.
We thus neglect the time-dependent part. This approximation is called the rotat-
ing wave approximation (RWA), and write Q(¢) =€, [MUK-95]. The resulting
Liouville-von Neumann equation can now be recast in the form

d ~ 2N ~
EP = _%[Heff’p]

where we have introduced the effective Hamiltonian

The big advantage with the effective Hamiltonian is that it is time independent.
It is thus easy to let it operate on the density matrix, that is still time dependent.

Since p,,+p,, = 1 (conservation of probability, see equation (4.17)), we
can eliminate one population variable and use three instead of four elements of
the density operator. We further separate p 4p 1Nto its real and imaginary parts
and define:

U=Papt Ppg
V= i(ﬁab - 6ba)

W=Dua " Pop
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Notice that u, v and w are real. w represents the population difference and u
and v are the real and imaginary parts of the off-diagonal elements in the density
matrix, and thus represents the real and imaginary parts of the optical coherence.

The time behaviour of the variables u, v and w is given by that of p, which is
a solution to the Liouville-von Neumann equation. In this model, no relaxation is
introduced so far. Now we introduce relaxation by two phenomenological con-
stants, T1 and T2. The relaxation effects are due to interactions between the
members of the ensemble.

The relaxation times are the following:

T, describes the energy lifetime of the ensemble in the excited state.

T,, describes how fast the coherence is lost. This relaxation happens due to
phonons in the molecule. T, is called the irreversible loss off coherence time.

T,' is a combination of the two relaxation times above according to:

1

1 + L
see [MUK-95]. This relaxation time is called the coherence decay rate.

By differentiating u, using the equations implied by (4.35), and concluding
from the rotating wave approximation, that 2 = Q = QF , we see that the deri-
vation can be rewritten in terms of v as

du _ @ab_{_@ba _
dt ~ \dt ~“dt |~
= - i(Aﬁab - Q‘Saa + Qﬁbb) —i(= Af)ba - Q>kfsbb t Q*ﬁaa) =

= - iA(ﬁab - ‘Sba) + i(fsbb - 6aa)(Q -Q) =-Ay

By doing so for u and w too, and by introducing the relaxation using the defi-
nitions:
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N

and

1
F "= P
2 T2

we can finally write the Bloch equations:

u=-Av-T,'u (4.36)
v = Au-2Qw-T,'v (4.37)
w o= 2Qv-T(w-wy) (4.38)

where w,, means the initial population. Since all the coefficients are time inde-
pendent, we can obtain a general solution for any arbitrary field strength.
Because of the relaxations included in the Bloch equations, the nature of the time
evolution changes dramatically and the system reaches a steady state very
quickly, which is obtained by setting # = v = w = 0. But by prolonging the
lifetime of our system by, as in our experiment, cooling the sample to 2,3 K, we
can get some other types of results, as photon echoes, which we can understand
by solving the Bloch equations. To make it easier to survey, the three Bloch equa-
tions are described as the three components of a vector, which’s movement can
be described in a cartesian coordinate system, see chapter 4.1.2.

4.1.2 BLOCH VECTOR FORMALISM

To make the Bloch equations more easy to survey, the Bloch equations are de-
scribed in a three dimensional graph, where the different axis are made up by the
three variables, u, v and w, [KRO-96]. This three dimensional graph will be
called the Bloch diagram. The Bloch vector, R, pointing out from the origin in
the Bloch diagram is defined as:
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R = (u,y,w)

The length of the Bloch vector is thus,

Rl = Ju2 42 ewd) = 1

which we get from taking the time derivative of the three Bloch equations,
(4.36), (4.37) and (4.38), neglecting the relaxation processes and the knowledge
that at time ¢+ = 0, the whole population is in the ground level. The Bloch vector
is thus, when the relaxation processes are neglected, a vector pointing out from
the origin at some coordinate in the (u, v, w)-space with a length of unity, see
figure 4.2.

w
A
{PHho

- U

Figure 4.2: The Bloch vector, R, pointing out with the length one in the space
made up by the three coordinates u, v and w.

The whole Bloch diagram is rotating around the w-axis at the field frequency
, see equation (4.34), where the RWA is introduced. In our case, when the exci-
tation pulse consists of many different frequencies, the Bloch diagram is chosen
to rotate around the w-axis at the central field frequency.

When the whole population is in the ground level, the arrow points to

w = —1. This, since we then don’t have any off-diagonal elements in the density
matrix, and thus no coherence between the two levels.
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How do the relaxation processes alter the direction and length of the Bloch
vector? The factor T"; relaxes the component in the w-direction towards the
value w = w, = —1. The factor ', strives to let # — 0 and v — 0. The latter
leads to a decrease of the length of the Bloch vector.

Let us now examine the Bloch equations: (4.36), (4.37) and (4.38). How is the
Bloch vector changed by an external field, and what happens after the field is
turned off?

When the system is effected by a field (characterized by Q#0 and
Q» A, 1"1, F2) the Bloch vector starts to move away from R = (0, 0,-1). If the
detuning factor, A, is equal to zero, we see from the three Bloch equations,
(4.36), (4.37) and (4.38), that the Bloch vector will move only in the (v, w)-
plane. We define the pulse area of an excitation pulse to be the number of degrees
it forces the Bloch vector to turn around the u -axis.

If A # 0, the Bloch vector will also be influenced by equation (4.36) and rotate
around the w-axis, which can be seen in figure 4.3. Here a simulation of the
movement of the Bloch vector in time is shown, when the detuning, A, is set to
58,9 cm’l. The trace of the vector tip in time is drawn in the upper figure to the
left, a). The thicker line-width in the beginning marks the movement of the Bloch
vector during the excitation (FWHM = 100 fs of the excitation pulse). Figure c)
shows the Bloch diagram from a top view. Figure b) shows the Bloch vector’s
coordinates in the three different direction, red for u, green for v and black for
w, and finally, d) shows how the absolute length of the Bloch vector is changing
1n tiume.

When the excitation is turned off, the Bloch vector, which now is pointing in a
certain direction, starts to move according to the Bloch equations, with Q = 0.
So, as time goes by, and if no further perturbation (field interaction) of the system
occurs, e.g. a second pulse, the coherence decay rate, 1"2' , describes the move-
ment towards the w-axis, and the inverse lifetime, Fl , that the Bloch vector
strives towards the point R = (0,0,—1). We see the influences of the relaxation
on the Bloch vector by observing the trace of the vector tip after the thicker line-
width in figure 4.3. In this simulation, the relaxation times are set to T; = 3 ns
and T, = 750 fs.
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Figure 4.3: A simulation of how the Bloch vector is affected by the relaxation proc-
esses. Figure a) shows how the Bloch vector is moving in the Bloch diagram. b):
How the Bloch vector’s length in the u (green), v (red) and w (black) direction. c):
Top view of figure a). d): How the absolute length of the Bloch vector is changing.

If the lifetimes I"; and T, are very long, as for our cooled sample in our
experiment, the significance of these factors in the Bloch equations is tuned
down. The Bloch vector will instead move according to the other parameters.
That means e.g. that if the electric field has moved the Bloch vector in such a way
that it lacks a component in the w-direction, it will stay in this (u, v, 0)-plane.
Because of the detuning factor A though, it will start to smear out like a fan in the
(u, v) -plane. See figure 4.4. This happens since all the different molecules in our
ensemble have slightly different excitation energies, due to individual surround-
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ings, interaction with the matrix, etc. Because the Bloch diagram is rotating
around the w-axis on the field frequency ®, a molecule excited with a slightly
different frequency, ., will have its own Bloch vector rotating on the detuning
frequency A = ®, -, with respect to the coordinate system.

U

Figure 4.4: The Bloch vector starts to smear out in the («, v)-plane, because of
the slightly different excitation energies of the molecules in our ensemble.

4.1.3 I1- AND I1/2-PULSE EXCITATION

An electric field turns the Bloch vector around the u-axis by a certain amount of
degrees depending on its integrated intensity. A /2 -pulse has therefore got its
name from the fact that it is a pulse which causes the Bloch vector, see chapter
4.1.2, to make a /2 rad (900) turn around the u-axis. A m-pulse is thus, in a
similar way, a pulse that turns the Bloch vector © rad (1800) around the u-axis,
see figure 4.5, [ALL-87].

A /2 -pulse applied when all the systems are in the ground state therefore
leads to an excitation, homogeneously spread over all the frequency components

in the pulse, to a completely coherent state, compare with figure 4.5.

A T -pulse, on the other hand, applied under the same circumstances leads to a
100% excitation to level b of all the molecules, see the same figure. The area of
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the pulse, that means, the electromagnetic field integrated over the pulse dura-
tion, determines the rotation angle of the Bloch vector.

>

> U

T/2-pulse

T-pulse

Figure 4.5: How the Bloch vector is turned when a /2 -pulse, respectively a n-
pulse is interacting with the ensemble of molecules, all in the ground level.

- U

If we first apply a m/2-pulse, and then directly afterwards, a m-pulse, we
reach the situation shown in figure 4.6. We see that the m-pulse continues to turn
the Bloch vector in the same direction around the u -axis.

> 3

> U

Figure 4.6: A n-pulse applied directly after a ©/2 -pulse. The nt-pulse continues
to turn the Bloch vector in the same direction as the /2 -pulse did.
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4.1.4 TwO PULSE PHOTON ECHO

We observe that when our cooled material is being exposed to two, in time sepa-
rated pulses, in the way later described in chapter 4.2, it responds by emitting an
echo. The echo is emitted at the time T after the second pulse, where T corre-
sponds to the time difference between the two pulses. This phenomena can be un-
derstood by representing the two pulses by a - and a /2 -pulse and analysing
their effect on the Bloch vector. To get an echo signal with as much intensity as
possible, then theoretically, the first excitation pulse should be a 7t/2 -pulse, and
the second a m-pulse, which we will see.

In chapter 4.1.3 we saw that a 7t/2 -pulse is defined as a pulse that excites all
the molecules that have their resonant frequency within the pulse spectrum into a
coherent state. We also saw that this was described in the Bloch diagram as a 90°
turn of the Bloch vector around the u-axis, see figure 4.7a. All the excited mole-
cules can be represented by such a vector which signifies that they have been
excited into the same phase by the coherent source. In the same picture, the elec-
trical field of the excitation is represented by an arrow along the u-axis. As it is
proportional to the matrix elements describing the interaction with the system, it
must point in the same direction as the real part of the off-diagonal elements in
the density matrix.

During the time T between the two excitation pulses, the excited states starts to
dephase, due to their different excitation frequencies. This is shown in the Bloch
diagram as a smearing out, like a sun-feather, in the (u, v)-plane, see figure 4.7b.
Compare this picture with figure 4.8 of the race track, when the cyclists just have
been started. The second excitation pulse is needed to act as the “ghost inter-
rupter”, telling all the cyclists to turn around and return back to the starting point
keeping their original speed. This makes them all return to the starting point at
the same time. The ideal pulse type for the second excitation pulse is thus a 7-
pulse. It turns all the individual frequency components 180 in the same direction
as the m/2-pulse, around the u-axis, see figure 4.7c, so that the different Bloch
vectors end up being flipped in the (u, w)-plane. When the individual Bloch vec-
tors continue their movement in the (u, v)-plane, see figure 4.7d, they will actu-
ally recombine again after the time T, just like the cyclists, and give rise to a
macroscopic polarization, which results in a coherent output signal, see figure
4.7e.
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Two-pulse photon echo (2PPE)

0
Aw R : Bloch vector
rotating coordinate system
with excitation frequency ®
/]
’ R w : degree of excitation
A A A A

a b c d e
~— T > T time
/,-pulse m-pulse 2PPE

Figure 4.7: How the Bloch vectors change according to the excitation pulses sepa-
rated in time by 1. ‘

The direction in which the echo_) 18 enn'_t)ted, k_; , is determined by the wave vec-
tors of the two excitation pulses, k,and k,, according to the following equation:
- - -

k, =2 ky—k; (4.39)

See also figure 4.9. Here the index i = 1, 2 represents the time order of the two
excitation pulses. In the experiment an angle of 3.6 between the two excitation
pulses was used. The advantage of this is a background free detection of the echo
signal. We conclude from equation (4.39) that when the time order of the two
excitation pulses are changed, the diffraction of the echo will occur in an other
direction, corresponding to the dashed line in figure 4.9. I will give the two direc-
tions names, depending upon which excitation pulse that hits the sample first.
When the reference pulse is first, then the echo appears in the 1% diffraction

order, and when the reference pulse comes as second pulse, the echo appears in
the -1%t diffraction order.
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Figure 4.8: The cyclists, all starting at the same time and with an individual con-
stant speed (the ©/2-pulse). After the time t, the starter signals to them all to
change direction and head back to the starting point again (the m-pulse). They re-
turn back with the same individual speed as before, returning all at the same time at
the finishing line the time t after the return signal, establishing the echo. Figure
found in [BLU-90].




Figure 4.9: The echo is admitted in the above shown direction. The direction is
given by the two excitation pulses wave vectors. If the temporal order of the two
writing beams is changed, the echo is emitted in the direction implied as a dashed
arrow above.

Equation (4.39) has the form of a momentum conservation criterion. It can be
obtained by calculating the direction of the emitted radiation of the polarization
created by pulse no 1 and 2 in the sample. On the other hand, we have seen that
the Bloch equations are linear in frequency, i.e. that they don’t describe any inter-
action between different frequency components. Since the wave vectors are pro-
portional to 1/A, we see that the linearity of the Bloch equations and equation
(4.39) can only both be fulfilled if the angle between the two excitation beams are
0°. If the angle is not zero, the equation (4.39) implies the variation of the echo-
frequency from those of the excitation. The Bloch equations can’t explain this. If
the mixing of frequency components is allowed to happen, then a shift of the ech-
oes spectrum must occur for large angles. This has been experimentally
observed, and a different model has been proposed to describe this phenomena
[ZUI-96]. On the other hand we can regard equation (4.39) to be phenomenolog-
ical, i.e. that it is gqod for small angles, and that we will find an echo signal in the
experiment in the k. -direction. For small angles though, no changes in the echo
spectrum is observed either.

If the intensities of the excitation pulses are low, (i.e. if the pulse areas are
small compared with t/2), two pulse photon echoes could be described simi-
larly to the accumulated photon echo, by a linear approach [SAA-86]. The model
treats the sample as a spectral-spatial-domain filter, where the electric field
strength of the echo in the spectral domain, E,(®,), only depends on the excita-
tion fields, at the same frequency, o, and not on the excitation fields at the other
frequencies, E(®) where ® # ®,. The advantage of the linear description is that
it permits to find the amplitudes as well as the phases of the echo signal by simple
calculations. According to the linear approach, the electric field strength of the
2PPE is given by:
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Epcno(®)~E (@) E%(w) (4.40)

where E 1(®) and E,(m) are the electric field strengths in the first and in the
second pulse, respectively. For intensity spectrum components, ,(®), of 2PPE
the similar relation is valid:

1(0)~1,(0) - I() (4.41)

Equation (4.40) and (4.41) are the explanation for finding only those frequency
components in the echo signal which are present in both the excitation pulses. It
shows again the linearity in the frequency domain implied by the Bloch model.

From equation (4.41) we see that the echo’s intensity for a certain frequency is
also dependent upon the temporal order of the excitation pulses. The only time
that a change in the temporal order don’t changes the intensity of the echo signal
in the two directions, is when the same frequency components in both excitation
pulses have equal intensity.

Since equation (4.40) is only valid for low intensities, the maximum intensity
of the echo signal (for /2 - and m-pulses) can never be optimized anyway. So
what happens with our Bloch vector model when the two excitation pulses do not
correspond to a /2 - and a T -pulse respectively? We have seen that the electric
field turns the Bloch vector by some degrees in the (v, w)-plane. But regardless
of how much the Bloch vector has been turned in the Bloch diagram, see figure
4.10, it can always be split into a component in the (u, v)-plane, and a compo-
nent in the w-direction. Thus, there are always some molecules that have experi-
enced the pulse as if it was a /2 -pulse. The same is true for the second pulse.
There will always be molecules that experience it as a -pulse, and thus there
will always be an echo, regardless of whether or not one has optimized the exper-
iment so that the first is a /2 -pulse, and the second a m-pulse, except when
both the pulses are m-pulses. By not optimizing the pulses intensities that we
excite our sample with, the intensity of the echo will be lower than optimum
though, but on the other hand is multiplication of the two pulses possible.
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Figure 4.10: The applied pulse is no n/2-pulse, but it has a vector component in
the (u, v)-plane, and thus does some of the molecules experience the pulse as a
n/2-pulse.

4.2 EXPERIMENT

In order to answer the question asked in the introduction, we have to perform a
two pulse photon experiment, where the two excitation pulses have different
spectra. This implies two different experimental approaches discussed below.

4.2.1 MODULATION OF ONE EXCITATION PULSE

For the modulation of one of the excitation pulses, the pulse was split by a beam-
splitter. One of the beams was directed into the modulator, the object pulse, and
the other, the reference pulse, into a delay line corresponding to the average
length that the other pulse travels through the modulator, see figure 4.12. In the
modulator, a liquid crystal array was placed in the FP providing different modu-
lation patterns, according to the description in chapter 3.2.2.
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4.2.2 MODULATION OF BOTH EXCITATION PULSES

In order to modulate both excitation beams, the initial beam is split into two, by a
beamsplitter. The two beams are made parallel and guided into the modulator at
different heights. The vertical separation of the beams is large enough in order to
modulate them independent of each other, see figure 4.11. Thus, we have also
modulated the reference pulse. In order to distinguish them from each other, the
pulse that passes the upper way through the modulator will be called the object
pulse, and the one that takes the lower path, the reference pulse. The definition of
the echo’s directions, will thus be the same as given in chapter 4.1.4.

As the horizontal plane is a symmetry plane for the modulator setup, the two
beam paths are equivalent. Therefore, with no mask in the FP, the resulting pulses
should be the same for both beams, which was verified experimentally.

As our LCA does not have another array section in the vertical direction,
which allows to be addressed individually for a different amplitude pattern, we
need to use a simpler method. Instead we placed two slides with different pat-
terns in them, above each other in the Fourier plane, see figure 4.11. This allowed
us to modulate the two beams independently. By using different patterns at the -
two positions, and moving them perpendicular to the beam, we could achieve dif-
ferent modulations of the two excitation beams.

For this experiment we tried to make the patterns in the two empty slide frames
as identical as possible. Four copper wires, each with a diameter of 0,2 mm and
with a distance to the next wire of circa 0,6 mm, were placed vertical and parallel
to each other in each frame. The bar masks were placed above each other in the
modulator so that their patterns overlapped in such a way that the frequencies
blocked by the wires in one of the masks were not blocked by the other mask.
The spectra of the excitation pulses can be seen in figure 5.2 in chapter 5.3.

48



B

& N
\_ |

Figure 4.11: Modulation of two input beams in the modulation setup.

4.2.3 EXPERIMENTAL DETAILS

In the experiment, we expose a sample made of organic dye molecules in a poly-
mer matrix to two pulses, separated in time. One or both of the two pulses are
spectrally modulated, as described in chapter 4.2.1 and 4.2.2. The sample re-
sponds by emitting an echo, at the time T after the second excitation pulse, where
T corresponds to the time delay between the two excitation pulses. The direction
in which the echo is emitted, is given by equation (4.39) in chapter 4.1.4. The ex-
perimental setup is shown in figure 4.12.

For our experiment, we use the femtosecond Titanium:Sapphire laser system
CPA 1000 described in chapter 2. This provides pulses with an intensity high
enough to excite photon echoes efficiently. The ultra short pulses provide a broad
spectrum which can easily be modulated using SLM’s, (chapter 3).
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Figure 4.12: The whole experimental setup for modulation of one of the excitation
pulses.

The sample is a circa 100 wm thin film, (lateral geometry 2*2 cm), produced
from polyvinylbutyral and doped with molecules of a zinc-naphthalocyanine dye
(Ciba 3463) at a concentration of 10> mol/l. The absorption spectrum of this
material at room temperature is shown in figure 4.13. We can see that the peak of
the inhomogeneously broadened absorption band is at 770 nm and that the
FWHM value of the band is about 40 nm. With respect to the experience made
with several similar compounds, the inhomogeneous band hardly depend on the
temperature, i.e. the low temperature spectrum is expected to be very close to fig-
ure 4.13. At the absorption maximum, the optical density (O.D.) of the sample is
1,7.
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Absorption spectrum of Ciba 3463
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Figure 4.13: The absorption spectrum of the sample used for these experiments.
The sample is made up of polyvinylbutyral, doped with molecules of a zinc-naph-
thalocyanine dye (Ciba 3463).

In order to increase the coherence decay rate T, (see chapter 4.1.1), the pho-
non interaction must be reduced drastically. Therefore, the sample is cooled
down to cryogenic temperatures. The sample is immersed in liquid helium in an
optical bath cryostat. The cryostat used is a handy UTREX-A2 (“Sputnik”,
Ukraine) which allows cooling to 2 K within about 2 hours. First the nitrogen
chambers are filled with liquid nitrogen, and thus cooled to the temperature of 78
K. Between the nitrogen and the helium container there is a vacuum chamber,
that guarantees a good thermal isolation. When the cryostat has been cooled to
the liquid nitrogen temperature, the cryostat is filled with liquid helium (4,2K).
By pumping the helium chamber, the temperature is decreased to 2 K (below the
A -point), at which the helium is in a super fluid state.

Independent upon whether one or two of the excitation beams were spectrally
modulated, the two 2PPE-experiments are carried out the same way. The two
excitation spectra are measured with a monochromator. To destroy the spatial
appearance of the pulses, we placed a diffuser in front of the slit to the monochro-
mator, in the cases where we had enough intensity to do so, e.g. for the excitation
pulses. The excitation amplitude in the time domain are determined by measuring
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the crosscorrelation of the pulse with a reference pulse that hasn’t passed through
the modulator.

Modulated
Modulated pulse #1
pulse #2

Delay line

To the Crosscorrelator -

Cryostat with sample

Figure 4.14: The setup to create and detect the two pulse photon echo.

The two excitation beams overlap at the sample under an angle of ca 3.6, see
figure 4.14. The intensity of the echo depends on the time delay, T, between the
two excitation pulses, on their intensities and on the amount of their spatial over-
lap on the sample.

In the case where one of the beams was modulated with the help of the LCA,
we recorded the spectra using the monochromator and a CCD-array connected to
an oscilloscope. When all measurements that were depending on each other have
been made, we recorded a calibration spectrum, by scanning the monochromator.
The reasons for not using the monochromator for the spectral measurements
were two. Firstly, the monochromator has a random fault of circa 0,5 nm which
originates from the scanning mechanics, see chapter 6.5. The scan-free measure-
ment with the CCD-array does not have this drawback. But the scale on the
CCD-array was unknown, so we had to make one calibrating spectrum scan. But
by only scanning once, the formerly performed spectral measurements that
depended upon each other, have at least the same random spectral shift. The sec-
ond reason was the advantage of saving time by using the oscilloscope.

For the experiment with two modulated excitation beams, we measured both
the spectra and the time profiles of the echoes. The spectra were measured by
scanning the monochromator without a diffuser placed before it, since the inten-
sity of the echo was too low. The time profile was measured by performing a
crosscorrelation with an unmodulated reference pulse (as for the time resolved
measurements of excitation pulses).
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5 RESULTS AND DISCUSSION

5.1 THE ECHO INTENSITY DEPENDENCE OF THE TIME
DELAY BETWEEN THE EXCITATION PULSES

We measured the intensity and spectrum of the echo for different time delays be-
tween the excitation pulses, T, when the spectra were not modulated. Near the
zero-delay, (time delay: |T| <200 fs), we observed high intensity echo signals.
This can be explained by the fact that also states that are affected by the broad
band phonon interaction can contribute to the echo formation at this timescale.
The coherence of excited states interacting with phonons, decay with the phonon
lifetime, which is in the order of some 100 fs. Therefore, those states can not con-
tribute to the echo formation at a time exciting this limit. In analogy we can say
that only the zero phonon line of the homogeneous spectrum is responsible for
the echo at long timescale. For short time delay, T, however, the echo intensity is
increased by the contribution of the states with phonon interaction. The amount
of this increase should correspond to the ratio of the zero phonon line to the pho-
non sideband in the homogeneous spectrum. As a consequence of the broad band
phonon interaction, the spectrum of the photon echo at zero delay, is thus more
complicated than for longer time delays. To simplify the analysis of our experi-
mental results, we therefore later chose to work at delays T » 200 fs, but yet
much shorter then the coherence decay rate, T2' .

5.2 MODULATION OF ONE EXCITATION PULSE USING AN
LCA

The pulse from the amplifier was split into one reference pulse and one object
pulse that passed through the setup to be modulated by the LCA, as described in
chapter 3.2.2.

The LCA was programmed with different rectangular functions, and the total

time average continuous wave intensity of the reference pulse and the unmodu-
lated object pulse were both set to 30 mW. The spectra of the echoes in both
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directions and of the excitation pulses for these patterns were recorded. Some of
the results from these measurements are shown in figure 5.1. The graphs, A to D
show different spectral modulations. The labels for the spectra are ® for the mod-
ulated excitation pulse @ for the echo in the 1% and ® for the echo in the -1% dif-
fraction order (chapter 4.1.4), respectively.

O]

1 1 1 1 1 2 1 1 1 - 1 L 1 I | BN 1 R

1 I 1 ' 1 1 1 I 1 L 1 L 1 a. 1

766 768 770 772 774 776 778 780 782 .766 768 770 772 774 776 778 780 782
wavelength [nm] wavelength [nm]

Figure 5.1: Amplitude modulation of the spectra of excitation and echo pulses.
Spectral modulation of one excitation beam (@) causes the same modulation in the
spectra of the echoes in the 15t (@) and -1t (@) diffraction order.

The graph A shows the spectra of the unmodulated excitation pulse that went
through the setup, @, and of the echoes in the two directions, @ and ®. We see
that when the sample is excited by two unmodulated pulses, the echo spectrum
does not correspond well to that of the excitation, see figure 5.1. This can be
explained by that the pulse has not fully been transformed back during its pas-
sage from the Fourier plane and out of the modulator. We thus have a pulse with
an inhomogeneous spectral distribution in its beam profile.
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This was verified experimentally by observing the change in intensity over the
beam profile after the modulator, when more and more of the spectral compo-
nents were blocked in the Fourier plane. By eye we saw a clearly non uniform
change of the spatial intensity distribution. We therefore conclude that a pulse
that passes through the modulator setup is not fully transformed back into a mode
with homogeneous distribution of all frequency components. When the object
pulse and the reference pulse overlap at the sample, some of the frequency com-
ponents can be missing in the area of the overlap region, and others can be over
represented. The ratio of intensity of a given spectral component in the two exci-
tation pulses also shows an inhomogeneous spatial distribution in the overlap
region. Because of the asymmetry of equation (4.40) chapter 4.1.4, with respect
to the temporal ordering of the excitation pulses, the echo spectra in the two dif-
ferent orders do not need to be identical. In fact, we observe asymmetric echo
spectra in case of unmodulated excitation, spectra ® and @ in A, as well as asym-
metric spectral envelopes in all of the following modulations, B, C and D, in fig-
ure 5.1.

5.3 MODULATION OF BOTH EXCITATION PULSES USING
TWO BAR MASKS

To spectrally modulate both excitation pulses, the pulse from the amplifier is
split into two, and directed through the modulator at different heights. By placing
two masks with certain patterns at different height in the Fourier plane, as de-
scribed in chapter 4.2.2, an independent modulation of the pulses is achieved.
The pulses in the upper and lower beam are named object and reference pulse, re-
spectively.

For this experiment we produced two bar masks, made as identical as possible.
Each mask consists of an empty slide frame, in which four copper wires were
fixed, as described in chapter 4.2.2. The spectra of the reference pulse and the
object pulse are shown in figure 5.2 as @ and @, respectively. By this type of
modulation, we expect an echo spectrum with eight dips, according to the multi-
plication of the two excitation pulses, ®, shown in the same figure. This is what
we actually found in both directions. The echo in the 1% and -1 diffraction order
are represented with @ and @, in figure 5.2, respectively.
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Figure 5.2: Spectra of the modulated excitation pulses, the echo spectra in both
directions and the multiplication of the two excitation spectra. We see that the
echo spectra are only made up by the frequency components that exist in both the
excitation beams, and look very similar to the multiplication of the two modulated
excitation pulses.

The asymmetrical spectrum of the echo in the -1%t diffraction order, @, is most
likely due to accidental changes of the wires positions in the masks during the
measurements.

These results were achieved when the intensity of the excitation pulses were
reduced to 22 mW for the object beam and 26 mW for the reference. For the ech-
oes in the 1% diffraction order, spectral measurements of the echo at higher inten-
sities of the excitation beams (65 mW for the object beam and 77 mW for the
reference) and at lower intensities (12 mW for the object beam and 14 mW for
the reference) were also made. This was done to make sure that we are working
in the linear regime where the equation (4.40) is valid. The results from these
measurements are presented in figure 5.3. We see that for the two lower excita-
tion intensities the spectra corresponds well to our expectations, while for high
intensities, the echo spectrum differs from the pure multiplication of the two
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excitation spectra. The dips in the spectrum are filled up to a higher extent, i.e.
the echo spectrum now contains spectral components which were present in one
of the excitation pulses only. Thus, for intensities above a certain value, the linear
approach leading to equation (4.40) is no longer valid. In conclusion, in order to
carry out correct spectral domain multiplication, we should work at low intensi-
ties.

Spectrum
4.0 ; — - : —

— Echo, low intensity
— Echo, medium intensity
— Echo, high intensity

3.0

o
o

Intensity [a.u.]

-
o

0.0

765 770 775 780 785
Wavelength [nm]

Figure 5.3: Echo spectra in the 13! diffraction order at different intensities of the
excitation beams. The high intensity excitation does no longer correspond to the
linear regime and thus the echo spectrum differs more and more from the net mul-
tiplication of the excitation spectra.

5.4 TEMPORAL MEASUREMENTS OF SPECTRALLY MODU-
LATED PHOTON ECHOES

We performed time resolved measurements of the excitation pulses and of the
echo by crosscorrelation with a reference pulse, split off before the modulator
setup. The spectra of the excitation pulses and the corresponding crosscorrela-
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tions can be seen in figure 5.4. In the same figure, a spectrum similar to that of
the excitation pulses has been simulated and is shown above the experimental da-
ta, ®. The crosscorrelation trace of the pulse corresponding to this spectrum was
calculated too and is shown, @, on top of the right column in figure 5.4. In order
to do this, we made the assumption that the phase for the excitation pulses does
not change when passing through the mask in the setup, and therefore set the
phase to zero. The spectrum @ was multiplied by the spectrum of a simulated ref-
erence pulse, and the product was Fourier transformed into the time domain. The
simulation of the crosscorrelation trace fits quite well with the experimental data.
The temporal separation, T, of the satellite peaks corresponds to the inverse dis-
tance of the dips in the spectrum. However, the ratio of the peak intensities is not
well reproduced, as well as the width of the pulses. This will be discussed below.
On the other hand, the position of the dips in the spectrum hardly affect the simu-
lated crosscorrelation, as one may would expect. The asymmetry in the crosscor-
relation for the lower pulse is probably due to detection problems, rather then a
correct result.

Spectra Time signal
il T T T T T T T T T T T T I
ﬂ — Reference pulse
m — Object pulse
— Simulation

N\
|| Ny

760 770 780 790 4 3 2 10 1 2 3 4
Wavelength [nm] Time [ps]

Figure 5.4: The measured and the simulated spectra and time signals of the exci-
tation pulses.
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The spectra and crosscorrelation of the echo in the 1% diffraction order are
shown in figure 5.5. The intensity of the excitation pulses was about 25 mW.
Above the experimental data, a simulated echo spectrum, @, and a simulated
crosscorrelation, @, are shown. We see that the simulated crosscorrelation is
again quite similar to the measured ones. The time distance between the central
peak and the closest satellite, is twice as long for the echo signal as it is for the
excitation pulses. This is in agreement with the decrease of the distance between
the dips by a factor of two with respect to the excitation spectra. The differences
in intensity and the width of the peaks can be attributed to at least four things.
Firstly, the simulated spectrum has a slightly larger FWHM than that measured in
the experiment. The simulated crosscorrelation should thus have a narrower peak
width. Secondly, the reason for the different intensity ratio between the central
peak and the satellite peaks in the experiment and in the simulation may be due to
saturation of the detector at the central peak. We later performed new crosscorre-
lation measurements with lower excitation intensities and got better agreement
with the simulations. For the third, the phase may be changed by the mask, so
putting the phase to zero in our simulation may not be correct. And last but not
least, the excitation pulses may not be transform limited, as we have seen in
chapter 2.4. Thus the measured time signals must not fully correspond to the
Fourier transform of the spectra.

Spectra Time signal
ﬂ | ) :Eicmhglation
@ @
JUUl A J\
ﬂ
217

765 770 775 _ 780 785 4 3 2 -1 0 1 2 3 4
Wavelength [nm] Time [ps]

Figure 5.5: The measured and the simulated spectra and time signals of the echo
in the 15t diffraction order
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5.5 DISCUSSION OF ERROR SOURCES

We observed a random frequency shift of our monochromator. To check this, we
made ten measurements of the emission spectrum of a HeNe-laser, at a very slow
scanning speed of the monochromator. A diffuser was placed before the entrance
slit of the monochromator to scatter the light. The wavelength of a HeNe-laser is
known to be 632,8 nm. The measurements are shown in figure 5.6. Note that the
starting-point and speed of the monochromator scan was the same within opera-
tor handling precision. Nevertheless, we get ten different emission peaks. We
conclude that our monochromator has an internal offset of circa -1,2 nm and a
random error of about 0,5 nm.

Measurements made with the monochromator
of the wavelength of a HeNe-laser

1.5

—
o
T
—_—

o
(¢,
T
1

Intensity [a.u.]

o.o; il )J Y/,

6310 6312 6314 6316 6318 632.0
Wavelength [nm]

Figure 5.6: Ten measurements of the emission wavelength of the HeNe-laser
with identical parameters for the wavelength scan of our monochromator. We
see that the monochromator has a random error of circa 0,5 nm and an inter-
nal offset of about 1,2 nm.

The synchronisation of the scan of the monochromator and the data acquisition
with a PC is done manually. The resulting frequency shift is therefore propor-
tional to the reaction time of the operator (me!). The error here can be as big as
0,1 nm.
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As the excitation beams have an inhomogeneous distribution of frequency
components across the beam profile, the echo will have that too. To average this
distribution, the use of a diffuser before the entrance slit of the monochromator
would have been necessary. This was not possible on account of the low intensity
of the echo signal. Therefore, the measured echo spectra depend on the coupling
into the monochromator, which can not be reproduced perfectly.

The local heating of the sample due to the high intensity of the excitation
pulses can lead to boiling of the helium. Diffraction on the bubbles lead to ran-
dom changes in the echo intensity during the measurement of the spectrum. To
avoid this, we always blocked the excitation pulses before the cryostat when no
measurements were made.

The dye molecules in our sample are chosen to have a low tendency to be
affected by spectral hole burning, SHB. The contribution of SHB to the echo sig-

nal has been measured, and is in the order of 10%.

The grating in the modulator are rather old and partly damaged, which can be
seen by eye. This damage may cause some amount of incorrect dispersion.
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6 CONCLUSIONS

6.1 BIT MULTIPLICATION IN THE SPECTRAL-DOMAIN

Our experimental data demonstrate that, in the limit of low excitation intensities,
the structure of the echo spectrum can really be described in terms of a multipli-
cation of the spectral components of the excitation pulses. In the experiments
where only the object pulse was modulated, the echo spectrum exhibits the same
structure as the object pulse, whereas in the second type of experiment with both
pulses carrying spectral modulation, the echo inherits the structure from both.
However, if the echo spectra in the two different diffraction orders are compared
with the structure expected according to equation (4.40), we observe a narrowing
and an asymmetry of the spectral envelope. We have experimental evidence that
this result is due to a slight misalignment of our modulator setup which leads to a
non-uniform intensity distribution of the frequency components across the beam
profile. With an ideally operating modulator, however, the echo spectra are at
least expected to be symmetric in both diffraction directions.

Despite of this asymmetry of the envelopes the main experimental goal is
achieved. The structure of the echo spectrum corresponds to a formal multiplica-
tion of the excitation spectra, i.e. only those spectral components are present in
the echo which do not vanish in either of the excitation pulses. This is true for
moderate excitation intensities, for which the linear approach that lead to equa-
tion (4.40) applies. The experiment shows the failure of this linear model if the
excitation intensity is too high.

Based on these properties of the photon echo spectrum we can interpret the
experiment as an implementation of a multiplication in the spectral domain). We
were able to establish eight spectral dips of finite size in the echo spectrum which
can be easily detected by conventional spectrally selective detection methods. If
we measure the signal intensity at the frequency position of the dips only and

1. To our knowledge, all the nano- to femtosecond time scale photon echo data process-
ing experiments, which have been done so far, use temporal domain processing,
where the similar data multiplication is not feasible. It has been performed in the mik-
rosecond time scale though [KRO-93]. Here, the dividing into the spatial and spectral
domain processing is not absolute as the spectrum and temporal shape of an optical
signal is not independent. It indicates in which domain the data are decoded and
detected.
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assign "zero" to intensity values smaller than a given threshold and "one" to
higher values, the echo spectrum corresponds to the eight-bit vector
(0,0,0,0,0,0,0,0). In analogy, the excitation pulses represent the vectors
(1,0,1,0,1,0,1,0) and (0,1,0,1,0,1,0,1), respectively (see figure 6.1). The vector
represented by the echo spectrum is equal to the product of the vectors corre-
sponding to the excitation pulses. We can use a general formulation by writing

where A; is the i bit of the output or the input vector, see figure 6.1. The
upper index OUT, correspond to the output vector, the echo, and the indexes IN1
and IN2 to the temporal order of the input vectors, the excitation pulses. The bits,
A;, can have two values: 0 or 1. This means that we can carry out the femtosec-
ond time scale multiplication of the input information coded into the excitation
spectra at a repetition rate of 1 kHz.

AMNT =(0,1,0,1,0,1,0,1) ACUT=A/NT pAIN2
0 2
Il(w) Ie((D)=Il((D)I 2((,0)
PE4
] _ - - 21(2-1(1
> = >
AMN? =(1,0,1,0,1,0,1,0) ko
1 ... )
0-- o
I (w) Sample kq

Figure 6.1: Spectral multiplication by femtosecond 2PPE. The input vectors Ai”‘”
and Ai'N2 are coded into the intensity spectrum of the first Il(m) and the second ex-
citation pulse l>(®), respectively. The product A, - All.N -AfN is coded into the
echo spectrum I (o).
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6.2 FUTURE APPLICATIONS

As we see in figure 6.1, it is possible to store eight bits of information in the
echo. How can our results be discussed with respect to possible applications in
the future?

For example, by using a frequency detector which is able to measure in paral-
lel the intensities at eight different frequencies and at a repetition rate in the order
of kHz, it should be possible to use this spectrally modulated pulses to transfer
digital data, i.e. in a computer.

Actual state of the art of regenerative amplified femtosecond laser systems is
about 10 kHz. An other bottleneck is the repetition rate of the LCA. Our LCA has
a maximum repetition rate of about 10 Hz. Other types of SLM’s might be faster,
1.e. an acousto-optical modulator, but these repetition rates are anyway far from
that of the laser system.

With higher spectral resolution, it would be possible to store more bits in the
echo spectrum. The information density could also be increased if the detector
can distinguish between different intensities for any frequency component (bit),
e.g. if it is able to detect zero, half-maximum and maximum intensity, which can
be assigned to the bit information 0, 0.5 and 1 respectively.
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