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Chapter

Introduction

1.1 Dream of laser control

Ever since the discovery of the laser in 1960, the dream oiguitie characteristics of
laser light to control chemical reactivity has fascinateiéstists. The ultimate goal of
chemistry is as old as chemical synthesis itself: Seldgtivihat is, to maximise the
yield of desired products and suppress formation of unwhhby@roducts. Tradition-
ally, the approach to chemical control has beassive, using macroscopic quantities
like temperature and pressure to influence the yields ofti@ss; in which wanted
and unwanted products are formed statistically accordindpé governing potential
energy landscapes. In other words, in passive control thiecgrment (i.e. the energy
landscape) of a reaction is manipulated and the reactiddsyi@ry accordingly. The
fundamental difference with the dream of laser control i &m foractive control
where chemical and physical processes are manipulatedesgheusing the micro-
scopic properties of the light-matter interaction. To camg

Passive control: Reactant molecules and any surrounding solvent molecuées a
not subjected to manipulation by external influences dutfiregevolution from
reactants to products. Further, the evolution of energisadtants is largely or
completely incoherent. Finally, the traditional role oétixperimenter is merely
to initiate the reaction without having any control of sutpsent evolution of the
system. Typical passive control knobs are concentrat@npterature, pressure,
pH, solvent, catalyst, synthetic design of reactants, etc.

Activecontrol: Molecular dynamics are manipulated externally to influethesevo-
lution of the reactant molecule to generate more or all of giqdar product.
The control knobs of active control relate to the used cdfiet and its inten-
sity, phase, polarisation, spectral content, time proéile,

The first attempts of using optical fields of lasers to contt@mistry focused on
bond-selective (mode-selective) reactivity by lasertligtonceptually, the idea is sim-
ple: To choose the light frequency to be in resonance withvibiational frequency
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of the bond to be broken. The resonant activation then actaiesuenergy into the
vibrational mode and leads to selective dissociation. Hewen practice the motion
belonging to the chosen vibrational mode is coupled to maoma within the mole-
cule and intramolecular vibrational redistribution leddls: loss of selective excitation
and ‘heating’ of the molecule. Hence, this simple approaorke/only for a limited
number of small prototype molecules [1, 2].

1.1.1 Coherent control

To overcome this hurdle, we need to consider the quantum amézdd nature of mat-
ter and make use of the coherence properties of laser lighbitrolling the reac-
tions. In other words, we seek coherent control which meaméral by exploiting
a broad range of quantum interference effects and utiligiegrelevant properties of
the molecular Hamiltonian. Coherent control can be redlisging different feasible
schemes in time domain, frequency domain, and adiabati@aitom

The multiple path interference control scheme works in tiegdency domain.
According to the scheme, the probability of forming a pradiepends on the relative
phase of two continuous-wave laser fields tuned to interfeexcitation pathways,
for example one-photon and three-photon excitation [3jeflB, we can postulate that
the solutions of the Schdinger equation (as a function of energy) provide a coraplet
description of the system, and that the solutions to the-tlefgendent Scidinger
equation can be represented as a superposition of the tidepéndent eigenstates.
Therefore, it is possible to uniquely correlate specificduat state wave functions
with the total system eigenfunctions. Now, if two indepemdgathways connect the
same initial and final states, the probability of forming adfic final state is propor-
tional to the square of the sum of amplitudes associatedthétimdividual transitions
from the initial to final states. Thus, depending on the igdgbhase between the two
fields we have constructive or destructive interferenceha pirobability of forming
the product. In practice, this means that by controllinggghase difference between
the excitation laser fields we can control the product yield.

The stimulated Raman adiabatic passage (STIRAP) schenseelesdric fields
large enough to generate many so called Rabi oscillatioMfR/AP uses a ‘counter-
intuitive’ pulse sequence where a Stokes pulse first creatasherent superposition
of two initially unpopulated states. When this coherent sppsition state is coupled
to a populated state by the pump pulse, a ‘trapped’ staterisefd and the pump field
cannot transfer population to the intermediate state [4].

The time domain control scheme uses femtosecond laseisthasause that is the
time scale of nuclear motion in molecules. In the time donmimp-dump scheme,
the reactant can form two or more different products on theugd state potential
energy surface (PES) [5, 6]. An electronic excited state wiodecule has generally
different conformation than the ground state such that theational wavepacket cre-
ated on the excited PES evolves by translation. Now, by priqpéng of a suitable fs
pulse we can interfere with the wavepacket evolution andpitiva molecule at a par-
ticular moment to the desired ground-state product. Natedbcording to the second
order perturbation theory the transfer of amplitude frorited to ground state is not
sensitive to the relative phase of the pump and dump laseegulFurther, the time
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and frequency tuning of the pump and dump pulses requireisgrenowledge of the
PESs of the electronic ground state and first electronidedatate.

The presented early strategies of coherent control hatkeafundamental limita-
tion that they require precise knowledge of the moleculanitanian and hence work
best on small model systems. We want to combine these sctardadilise a broad
range of quantum interferences to discriminate in the faxafudesired final states
over unwanted pathways when we manipulate the evolutioheo$ystem. Hence, we
ask: With a given target distribution of photoproducts ahe guantum mechanical
equations of motion, what are the characteristics of thetiédefield required to guide
the temporal evolution of the system appropriately? In othards, can we perform
control field design to find the right settings for the contabbs of active control:
intensity, phase, polarisation, spectral content, tinafilgy, etc.

Optimal control theory

Optimal control theory (OCT) aims to find these control fielysusing wavepacket
(or density matrix) propagations between initial and dssiiinal states in combina-
tion with an optimisation algorithm [7]. However, OCT hasmganherent difficul-

ties. First, it needs accurate PESs and molecular Hamaltanas input. Polyatomic
molecules are computationally heavy and PESs are rarelyhknespecially over all
range of nuclear separations necessary to describe aaeac8econd, the Born-
Oppenheimer approximation (which provides the basis fécutations) often fails

at numerous points on the multidimensional space. Thielmhltidimensional char-
acter of the PES3(V — 6 for polyatomic molecules wher® is the number of atoms)
makes the search space too large to be scanned completelgllyFthe predicted
fields are often difficult to reproduce accurately enoughentaboratory conditions.

1.1.2 Teaching lasers to control chemistry

To overcome the aforementioned difficulties, an experimleapproach was proposed
where femtosecond pulse shaping is steered by an optionsaljorithm and experi-
mental molecular feedback in an iterative learning loop 8}schematic representa-
tion of this approach is shown in Figure 1.1. The approachdakfundamental view
to the problem by making use of the fact that a molecule kn¢svavwn Hamiltonian:
For a given control fieldE(t), the molecule solves its own the Sotiinger equation
rapidly and the answer can be then read out by the experiBgriesting several pulse
shapes on the sample and creating new pulse shapes basexifeadback the lear-
ning algorithm tries to find important features of the cohtield. The loop proceeds
iteratively as better solutions are found.

The learning-loop approach offers several advantagesthEgurposes of biomo-
lecular control, the most important one is thatapriori knowledge of the Hamilto-
nian is necessary. This makes the learning-loop approactppealing tool for sys-
tems that are intractable on the quantum mechanical le\a. approach has proven
broadly applicable as coherent control by learning-loop been realised in several
successful studies on complex systems. Examples of piogeenrk include con-
trol over nuclear motion [9-14], electron dynamics [15] asllvas nonlinear optical
phenomena [16, 17].

3



4

Chapter 1. Introduction

Laser
Pulse Shaper <

b

2] .
& ¢ i
2 . Learning
Molecule | L. Algorithm
¢ Iteration
Detector

Figure 1.1: Teaching lasers to control molecules. Experimenter sets a controltiobjéar a
given molecular system. A learning algorithm steers laser pulse shapiag iterative loop
where new pulse shapes are created based on the feedback infarfraticthe molecule. A
fithess function is evaluated based on the feedback. As the pulse getgester a learning
curve shows the increase of the fitness.

In summary, coherent control of chemical reactions is adigExpanding field of
science. As a versatile approach the learning loop expetsrigold many promises
for studies of various kinds of systems. The existing litera already offers a great
deal of new knowledge on the properties of matter that isinbthusing the learning
loop. The field is rapidly developing and new leaps in underding the obtained re-
sults and deciphering control mechanisms are appearingftereanother as scientists
refine methodology, cultivate control objectives and maw#her towards increasingly
relevant and interesting molecular systems.

1.2 Biomolecular control

Biomolecules are here loosely defined as complex polyatamiecules that perform
specific biologically-relevant functions i.e. functiomablecules. The structural and
functional complexity of biomolecules presents a seridualenge for detailed spec-
troscopical studies. In this work we develop a novel appndacreducing biological
complexity. Our strategy is to apply the tools of coherenttoal to study biomolecu-
les in solution and especially make use of the versatilitheflearning loop approach.
Such optimal control experiments have a great potentiateal new functionally rel-
evant information, since finessed quantum mechanical méatipns can be used to
unravel interactions that govern molecular dynamics. Bglysing the pulse shapes
we aim to identify functionally relevant motions as well der microscopic proper-
ties that influence reactivity. In particular, we have apglihis approach to explore:

e Emission properties of fluorescent label molecules
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Acceptor

Biomimicking Dyad

Figure 1.2: Energy transfer process in light harvesting. Left: The structure oh#taral LH2
complex. Right: the structure of the artificial light harvesting dyad. Follgwihotoexcitation
by a laser pulse (green arrow) the excited donor molecules (greedgactivated via competing
pathways of energy transfer (red arrow) to acceptor molecule$ éwed internal conversion
(blue arrows).

Energy-transfer pathways in a bioinspired artificial ligtatrvesting complex

Efficiency of photoactive molecular switches

Emission yield of silicon nanocrystals
o Efficiency of sensitiser molecules for photomedical aggilans

In this thesis we focus on two of these studies, as introdbeéalv.

1.2.1 Artificial light harvesting

The first molecular application is on artificial light-hastsng and relates to one of
the important challenges of science and technology todapv€rsion of light energy

into chemical potentials using artificial photosynthe4®][ The design of such artifi-
cial systems takes inspiration from Nature and its comp#idaatural light-harvesting
complexes. By using this idea of biomimicry the structu@hplexity can be reduced
to the basic elements while the functionality is presendd].[

In this thesis, we study an artificial light-harvesting cdexgthat closely mimics
the photophysics of the LH2 complex from the purple bacterRhodopseudomonas
acidophila The chosen system is a dyad molecule consisting of a siglerdcaro-
tenoid) and single acceptor (purpurin) moiety, thus redg¢he structural complexity
significantly compared to the natural complex. Figurel@whthe structure of LH2
having several donor (green) and acceptor (red) molecuohddedded in a protein mat-
rix; alongside the structure of the dyad having only one @hezovalently bound with
an amide linker. In both systems the energy of blue-gredt Igfirst absorbed by
a donor molecule and then passed on to the acceptor by arfagtranergy transfer
process. Competing with the energy transfer (ET, red arpragess, an internal con-
version (IC, blue arrow) process leads to intramolecularctieation and further to

5
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Tissue Oxygen
E; e
(Singlet)

Cell Death

Photosensitiser
Excited State
(Singlet)

P :
Photosensitiser)y Tissue Oxygen
Ground State

(Triplet)

(Triplet)

Figure 1.3: Schematic representation of energy-flow pathways of photodynamiphePho-
toexcited sensitiser molecules trigger the formation of singlet oxygen hathn leads to cell
death.

energy loss by heat dissipation. It is this branching betwge functional (ET) and
the loss (IC) channels that we seek to manipulate by meanshafrent control. We
first resolve the intricate details of the photophysics ircamprehensive characteri-
sation study (Chapter 6) and then realise coherent contrehergy flow in the dyad
molecule using adaptive femtosecond pulse shaping (Ch&pte

1.2.2 Photodynamic therapy

Photodynamic therapy (PDT) is a fairly novel and promisithinique in cancer treat-
ment [20], in which so-called photosensitiser moleculeslise at tumour cells and,
upon optical excitation, facilitate the production of ditgoxygen which is toxic to
cancerous cells. Figurel.3 shows a schematic represantztthe PDT mechanism
via the so-called type 2 sequence. Briefly, photosensitisBecules are administered
and they concentrate in cancerous tissue. The photossEmnsii excited by a light
source from the ground singlet state to the first excitedlstrgtate from which it
undergoes intersystem crossing to the lowest lying exditiptet state. Oxygen is
abundantly available in the tissue and has a ground tripdeé€ s Therefore, as the
photosensitiser and an oxygen molecule come in proximityerergy transfer can
take place where the photosensitiser to relaxes to its greinglet state while oxygen
becomes excited to its excited singlet state oxygen. Sima{ggen is a very ag-
gressive chemical species and will very rapidly react witli aearby biomolecules.
Ultimately, these destructive reactions will result inlcdath.

The PDT reaction chain offers challenges along the wholegs® starting from
the synthesis of an optimal photosensitiser to deliveryhmmatsms localising the drug
to the proliferating tissue and to providing selective kptaf photosensitisers to par-
ticular tissue layers, as well as to precise delivery ofahlé light at the treatment
site. From the photophysical viewpoint, the efficacy of tleishnique depends on the
properties of the photosensitiser: the wavelength andhéxtieabsorption, quantum
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yields of excited state processes as well as the photodatipadate. Relatively little
is known about the excited state properties and intram&declynamics of photosen-
sitisers, and hence the molecular basis of the mechanisdeslyimg PDT is not well
understood.

We chose zinc phthalocyanine (ZnPc) in this study to sengerasdel photosen-
sitiser. ZnPc has been in clinical trials of PDT, it produséglet oxygen with high
yield and has a high absorption cross section in the far-aetdqf the spectrum where
human tissue is most penetrable. After characterisingytsem with techniques such
as steady state absorption, fluorescence and transienptbrcspectroscopies, we
ask if it is possible to find pulse shapes that enhance theifunad efficiency and
minimises the energy dissipation vie the competing lossicaks.

1.3 Thesis context and overview

Part | discusses the methodological aspects of coheretrtotohmolecular processes.
Chapter 2 earning loop and beyonds a conceptual chapter on the used experi-
mental approach and related techniques as well as on thiernpes$ related to them.
Chapter 3 Experimental setypdives deeper into the technical details of the used
experimental setup. The following ChaptersEvélution strategies for laser pulse
compressionpand and Chapter Setracing the pathways of evolutionary algorithms
present the novel results in the methodology development.

Part Il presents the biomolecular applications on the ahdse target systems:
an artificial light-harvesting complex and a photosensitfer photomedical applica-
tions. In Chapter 6Ultrafast energy transfer dynamics of a bioinspired dyademo
cule) the photophysics of the artificial light-harvesting comphre studied in detail
and in Chapter 7Goherent control of an artificial light-harvesting comp)axe show
how the branching between the competing energy-flow patewayanipulated by
adaptive femtosecond pulse shaping as well as by open-loaptgm control spec-
troscopy. Photophysics of the model photosensitiser zithglocyanine as well as
results of coherent control of the triplet yield of the phestasitiser are presented in
Chapter 8 Characterising and controlling photodrug efficiency






Part |

Methodology






e 2

Chapter

Learning loop and beyond

In this chapter we will take a closer look at the process oftieay lasers to control
molecular reactions. The experimental learning-loop apph is presented and its
basic elements are described in detail:

1. Adaptive femtosecond pulse shaping
2. Transient absorption spectroscopy
3. Evolutionary learning algorithm

A description of the electric field of a laser pulse is givegdther with an introduction
to optical pulse shaping in frequency domain. The basicsaokient absorption spec-
troscopy are given as well as how different processes amditisns express them-
selves in the measured transient spectra. A hypothetieaahple is used to explain
how transient absorption spectroscopy can be used to exti@ecular feedback for
the learning loop. Evolutionary algorithms and relatedtfike ‘learning curve’, ‘fit-
ness function’, ‘mutation rate’, etc. will become familidgturthermore, we will take
a look beyond the closed-loop control. Some fundamentdilpmas related to such
a black-box experiment are discussed as well as means toamerthese hurdles.
Finally, the idea of quantum control spectroscopy (QCS) bélintroduced.

11
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l

short light pulse  modulated puilse,

Voltages

Algorithm
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\ e
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e
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Figure 2.1: The basic elements of the learning-loop experiment. Voltages from thetalgo
are transformed into pulse shapes in the pulse shaper and tested ineaimexyp to obtain
molecular feedback. The algorithm creates new pulse shapes batesiranlecular feedback.

The optimal control experiments utilise a closed-loopmjation strategy [8, 21],
whose basic elements are presented in Figure 2.1. The ntalexystems studied
here are complex and available theoretical quantum mecakinformation is limited.
For instance, the potential energy surfaces belongingfterdnt electronic states are
unknown, which makes it impossible to determine the drivapgical field in advance.
Therefore, we begin with so-called ‘blind’ optimisationghich means that we start
without an initial guess, but rather a set of random phasteipet generated by the
pulse shaper. The shaper modulates the dispersed spedttheinput femtosecond
laser pulse to create the shaped pulses. These shaped gndsben tested on the
sample and a feedback signal is derived based on the maleesfaonse. The pulse
shapes are then ranked according to how well they achievdesieed objective. A
learning algorithm then uses the genetic information codetthe best pulse shapes
to create new generation pulse shapes. Another iteratithreatycle may now begin,
and the loop proceeds to search for pulse shapes that furttrease the value of
the feedback function, thus optimising the pulse shapesrditg to the set target
objective.
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Grating 1 Lens 1 Fourier Plane Lens 2 Grating 2

| s ) / | s , ;o

Ligquid-Crystal
Mask

Figure2.2: Schematic of the zero dispersion grating compressor layout of thpulse shaper
apparatus. An unmodulated pulse enters the shaper. Grating 1 and lmage the individual
frequency components onto the Fourier plane, where the shaping ésklyothe SLM mask.
Lens 2 and Grating 2 perform the inverse Fourier transform collectingdlairs spatially and
a shaped pulse emerges from the shaper.

2.1 Pulse shaping

A laser pulse is defined by its intensity and phase in eithetithe or the frequency
domain

E@t) = I(t)e ® (2.1)
Ew) = /Sw)e @ (2.2)

where E(t) and E(w) are the electric fields in time and frequency domain, respec-
tively. I(¢) is the pulse intensity envelope in time afilv) the pulse spectrum, and
w is the carrier frequencyp(t) is the phase of the electric field in time aafv) the
spectral phase.

Pulse shaping means manipulating the electric field acaegrig

Eout(t) = h(t) & Ezn(t) ) (23)

whereh(t) is the shaping function aneh marks convolution. However, since the
fastest electronic components operate with bandwidthisdbiaespond to time re-

sponses in the picosecond regime, the femtosecond pubséscafast to be manipu-

lated directly in time domain and the shaping must be doneeiguiency domain:

Eou(w) = Hw) @ Ein(w), (2.4)

whereH (w) is now the shaping function in the frequency domain.

Figure 2.2 shows a schematic of a standarfl ghaping arrangement for optical
pulses. The incoming unshaped pulse is dispersed by ag@tio a focusing element
that focuses the individual frequency components in theiBoplane of the shaper.
The phases and the amplitudes of the different frequencyooents are manipulated
by a computer controlled liquid-crystal spatial light mdator (SLM) that is placed
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Figure 2.3: Analogy between the acoustic and the optical domain. The stave degbettane
and the frequency information of music in the acoustic domain. Similarlycaveexpress a
shaped pulse in time and frequency in the optical domain.

in the Fourier plane. After the SLM, the colours are collddback into one beam and
the shaped output pulse exits the shaper. A more detailedlipiésn of a pulse shaper
is given in Section 3.7.

Generally, any continuous function can be used to desdnibspectral phase of a
laser pulse. Sometimes, a polynomial form is practical

P(w) = ap + a1 (w — wo) + az(w — wp)? + az(w — wp)* + ..., (2.5)

wherewy is the centre frequencyu is the absolute phase that describes the phase
of the carrier frequency with respect to the field envelope. oir pulses are many
optical cycles long we can use the slowly varying envelogg@gdmation and neglect
this contribution. The first order term produces a time delehile the quadratic term
creates a linearly increasing (decreasing) colour sweeperime domain, which is
more commonly known as the linear chirp. The following terdescribe what is
called higher order or nonlinear chirp.

Chirping of a bird is an useful analogy from the acoustic dioman that it de-
scribes well how the frequency (colour) of a laser pulse gearas a function of time
analogously to the frequency sweep of the pitch of a birdigisig. Taking this line
of thought further, Figure 2.3 shows how the familiar acaudbmain can generally
be used to illustrate the shaping of ultrafast laser pulses.

An ultrafast laser pulse is, in fact, a wavepacket that idetua spectrum of differ-
ent frequencies. In the discrete form, the frequenciesearsgiectrum can be regarded
as individual notes of a musical scale. In a transform-kahipulse where the(w)
is constant, these frequencies all occur at the same timiehvidlike a ‘cluster’ of
notes plucked at the same time. A linear chirp, correspanttithe quadratic term of
¢(w) in Equation 2.5, is in the time domain analogous to a constasep across the
scale. Finally, with a sophisticated pulse shaper we hawg@oover the ‘harmony’
and ‘melody’ of the laser pulses and we can write highly cawrpptical scores on
command.
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2.2 Transient absorption spectroscopy

An optimal control experiment imposes no restriction on lveg/communicate’ with
the molecular quantum system. In principle, the experinsantbe anything from flu-
orescence measurement comparing the average emissioadretaolecular species
[22] to mass spectrometric detection of photofragmentagimducts [12], etc. We
chose transient absorption spectroscopy to be the coreimaqre for extracting the
molecular feedback for the algorithm. The choice reliesniyabn three characteris-
tics of the transient absorption technique. First, ulisafaser pulses are the fastest
things created by man and by using these pulses to excite andanwe obtain a
‘camera’ with a shutter speed fast enough for assessingepses occurring on the
molecular timescales. Secondly, from all ultrafast teghes available nowadays,
transient absorption is perhaps the most versatile andbfeexeéchnique. It is capa-
ble of providing information on various different systemgepa broad range of fre-
quencies and on processes that occur on the ultrafast aasvefi slower timescales.
Finally, we want to utilise electronic resonances of molesuwhich occur with tran-
sition frequencies from 200 to 800 nm. Therefore, we needgisofrom the UV and
visible region of the electromagnetic spectrum of light,iathare readily available
with a conventional pump-probe setup. This flexibility isaafvantage in both the
characterisation experiments and the control experimdménsient absorption spec-
troscopy is introduced here conceptually, and the detéilseosetup are described in
Chapter 3.

2.2.1 Linear absorption

Macroscopically, the exponential Lambert-Beer law ddwsilinear absorption of
light passing through a medium as a transmission changeeitight. Accordingly,
absorption or optical density (OD) is defined by

A=0D=e¢Cl = —log(II(();\))> , (2.6)
0

wheree is the molar absorption coefficien, is the concentration of the sample, and
1 is the sample thicknes$.and I, are the transmitted intensities with and without the
sample, respectively.

The molar absorption coefficientin Equation 2.6 links the observed absorption
to a molecular quantity of absorption cross sectigrand further the quantum me-
chanical quantity of transition dipole moment[23]. p is a measure of transition
probability between molecular energy levels, and is linteethe molecular reference
frame wherea® relates to the laboratory frame and averages all molecuianta-
tions with respect to the polarisation of the excitationdieFurther, the magnitude
of the transition dipole moment belonging to a specific et transition depends
on quantum mechanical quantities like the overlap intagbatween the orbitals in-
volved, selection rules, etc. [24, 25].

A traditional linear absorption spectrum gives a time-aged picture of all the
possible transitions between all resonant energy levelsdmedium. Since, accord-
ing to the Maxwell-Boltzmann distribution at room tempeirat [26], all molecules
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Chopper

Figure 2.4: Transient absorption measurement. The pump pulses (green)extapped with
the probe pulses (orange) at the sample. Every other pump pulsekelbg the chopper. The
pump induced difference in the transmitted intensity of the probe ligHt) (s measured by a
photodetector.

are at their electronic ground states, the lifetimes ofdiamt energy levels or molec-
ular species are generally short, and the intensities ofiskeel electric fields are low,
the linear absorption spectrum is almost completely dotashay the resonances be-
longing to transitions from the electronic ground-state Tpgain information on the
transient molecular species and processes (e.g. popwatrdy levels, energy flow
between them, and processes involving nuclear degreesexfdm like bond making
and breaking, solvation, vibrational cooling, etc.), tinesolved spectroscopy must
be used.

2.2.2 Transient absorption

The aforementioned molecular processes occur on timesiaiging from femtosec-
onds to nanoseconds. For example, an energy transfer procéise inertial part of
dielectric solvation processes can take place in just few ¢ femtoseconds whereas
the lifetime of fluorescence emission is commonly some necmsds. Therefore,
the time resolution has to be fast enough to measure théadtraolecular processes,
while the temporal range has to be long enough to follow thesmof these processes
over longer periods of time.

Figure 2.4 shows the operational principle of the transadasbrption spectroscopy.
The ultrafast pump and probe beams are overlapped spatiathe sample and the
pump induced transmission change in the probe light)(is measured. The transient
absorption is given by

AA = AOD = —log(%) , (2.7)

whereI(\, At)°N andI(\)OFF are the transmitted probe intensities when the pump
pulse is ON or when pump is OFF, respectively. The differenesveen/©N and
IOFF depends on the wavelengths of the pump and probe pulseslesaomzentra-
tion, and the intensity of the pump pulse. Importantly, th®D is dependent on
the time differenceAt between the pump and probe pulses. The time sédi i€
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X*

A A X B

Figure 2.5: An energy-flow diagram and a transient absorption spectrum of athgpeal sys-
tem. Panel a: The pump pulse (black arrow, solid line) brings populatitinet@xcited state
X*. Energy flows via two competing pathways | and Il from X* to A and Bn Additional
radiative process lll is indicated by the wavy line. The coloured arrslaesv resonances be-
longing to transitions from A (blue) X* (green), and B (red). Panel beBpecies associated
spectra belonging to bleach of X (green line), and induced absorptiom & and B (blue and
red lines). The corresponding transient spectrum at a time delay (ltejks a superposition
of all contributing signals. The coloured bars represent the expetahfeedback signals that
can be used in the control experiments to monitor the populations in X, X&n4,B.

achieved by delaying the probe pulse with respect to the pputge by increasing
the beam path length with an optical delay lineufh ~ 3.34 fs). A transient spec-
trum simultaneously covering many transitions can be @by using spectrally
broad probe pulses. In summary, high resolution time scanoombined with the
extremely fast laser pulses and spectrally broadband puolses enables the desired
time-resolved spectroscopy on the timescales of moleputanesses.

2.2.3 Transient spectrum and molecular feedback

Panel a of Figure 2.5 shows a simplified energy-flow diagramtedt could be a can-
didate molecular system for coherent control experimeitss hypothetical system
has three competing pathways I, Il and IIl from the initiadiycited state X* taking
population to A, B, and X, respectively. A, B, X, and X* may shatise electronic
energy levels in the same or different molecules, or foransg, photoproducts of a
photoisomerisation, or donor and acceptor species in arggm@nsfer process, etc.
Similarly, I, 11, and Il can belong to a number of moleculaopesses. Generally, non-
radiative processes of internal conversion and intergystessing as well as radiative
processes of fluorescence and stimulated emission maylede if a donor/acceptor
system is present energy and/or charge transfer processs#satso be considered.
After the excitation, X has less population in its groundestnd a bleach/stimulat-
ed emission signal appears instantaneously (green arrdvban). In this simplistic
example, A and B have only induced absorption resonancegytehlying states
(blue and red arrows and bars, respectively). The corretipgrspectral bands appear
in time with rate constants belonging to | and Il. The magpets of the resonant
signals belonging to transitions between different endeggls are governed by the
corresponding populations and transition dipole momerggxplained above.
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Depending on the rate constants of the competing processestl 11l and spec-
tral signatures of X, X*, A, and B, a temporally and specirattsolved feedback
signal can be extracted for the control experiments as sheitinthe colour coded
bars in Panel b. These signals are then further used to dadigadback function,
for instance, to maximise the energy flow to channel | agaihatnel Il. In this case,
the fitness functiorf can simply be the ratiof = A/B at a chosen time delay. Af-
ter evaluating the feedback function, we are ready to pdssrtformation from the
molecule to the algorithm that uses it in creating more faable pulse shapes.

Even for a simple real molecule, the given example is an awgigfication. The
participating energy-flow pathways are often complicated the broad transient sig-
nals are overlapping each other. Furthermore, differentgsses related to solvation
and nuclear degrees of freedom might play an important rolleeé dynamics of mole-
cules. Therefore, real transient signals must be carestligied in order to understand
the details of the molecular dynamics and to resolve a plessibable feedback signal
for coherent control experiments.

2.3 Evolutionary algorithms

Evolutionary algorithms are stochastic search methods rthimic natural biologi-
cal evolution. Evolutionary algorithms operate on a popaiaof potential solutions
applying the principle of survival of the fittest to producetter and better approxima-
tions to a solution. At each generation, a new set of apprations is created. First,
by selecting individuals according to their level of fithésshe problem domain, i.e.
their position on the fitness landscape. Secondly, by bngetfiem together using
operators borrowed from natural genetics such as seleecgonmbination, mutation.
The optimisation process leads to the evolution of popatetiof individuals that are
better suited to their environment than the individuals thay were created from, just
as in natural adaptation.

Evolutionary algorithms can be divided into three main gate&s: evolutionary
programming [27], genetic algorithms [28], and evolutidrategies [29, 30]. Al-
though each has a different approach, they are all inspiye¢tidprinciples of natural
evolution. A good introductory survey can be found in refexes [31, 32]. In this the-
sis work, algorithms from the class of derandomised evolusitrategies are applied.

Figure 2.6 shows the progress of an optimisation. At therbegg of the com-
putation, a number of individuals are randomly initialised/e call the number the
population size and the set of individuals a generation. #efis function is then
evaluated for these individuals, where fitness corresptmtiew well the individual
achieves the target objective. If the optimisation créexie not met, the creation of a
new generation starts. Evolutionary operations take plaside the loop: Individuals
are selected according to their fithess. The selected paseatthen recombined to
produce offspring and all offspring will be mutated with ateén probability. In case
elitism is in use, some parents may survive as the offspniagreserted into the pop-
ulation. The new generation has been now created and theditri¢he offspring can
be evaluated. This cycle is then repeated until the optiioisariteria are reached.
The learning curve describes the learning process andtdepifitness values of the
best individuals of each generation. Usually, in the experits the criterion for dis-
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Figure 2.6: A flow diagram of an evolutionary algorithm. After the initial guess, the legrn

proceeds iteratively in a learning loop until the convergence to the chasget objective has
been reached. The best individual of the last generation repreberigst approximation of a
result to the original problem. The learning curve shows the fithesswvalitbe best individuals

of each generation.

continuing an optimisation is simply a good enough convecgewhich is evaluated
and decided by the user running the experiment.

Selectiondetermines which individuals are chosen for matirec@mbinatiof and
how many offspring each selected individual produces. Tised$tep is fitness
assignment, which in this study was rank-based. In the rtext she actual

selection is performed.

Recombinatioproduces new individuals by combining the information eameéd in

the parents.

Mutation is performed for every offspring after the recombinatioregiion. Off-
spring variables are mutated by small perturbations with poobability. The
extent of mutation is determined by the size of the mutattep and the proba-

bility by the mutation rate.

2.3.1 Characteristics of evolutionary algorithms

As evolutionary algorithms are the engine drivers of clek®ip optimisation exper-
iments, it is worth discussing their characteristics adliftrther. Evolutionary algo-
rithms differ substantially from more traditional detenistic search and optimisation

methods:

19
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e Evolutionary algorithms search a population of points imafial, not just a
single point.

e Evolutionary algorithms use probabilistic transitionas) not deterministic ones.

e Evolutionary algorithms are generally straightforwardagply, because no re-
strictions for the definition of the target objective and fiieess function exist.

The complicated multidimensional fithess landscapes afieit control experiments
on molecular quantum systems are better explored by usiolgitenary algorithms
that sample the search space in parallel, rather than bsihech path from a single
point. The indeterministic nature of evolutionary algbnits is an advantage and a
drawback: Since evolutionary algorithms do not repeatéollpw the same search
path, a new experiment will scout new regions of the seareleespThis means that
just by repeating the experiment new regions of the searabesare explored, and for
instance a local optimum can be avoided. However, it alsoema&peating experi-
ments impossible, since the search path once taken is lynlikbe followed again in
a new experiment.

2.3.2 Used evolution strategies

For the experiments of this study, algorithms of the classvolution strategies (ES)
were applied. The most important feature of ES, distingangthem from other evo-
lutionary algorithms, is their ability to automatically &ot the distribution parameters
of the underlying stochastic search. Since all evolutigraedgorithms are stochastic
search procedures by nature, they all rely on more or lesarahd random search
methods, usually hidden within the recombination and nmtadperators. Yet most
of these random search methods are build using some disrifuinction like a uni-
form or Gaussian distribution, which by themselves havenitgfi parameters, for
instance, standard deviations for Gaussians. The actuss/af these parameters
trivially influence the course of an optimisation: A Gaussdistribution with wide
variances allows for big search steps, whereas a smallnaagaallow for fine tun-
ing. However, fixing parameters to one value for the entirénaigation may not
be appropriate for efficient search, since coarsely idgntif promising regions and
converging to an optimal solution require different seatdtribution characteristics.
This is commonly described as the contrast of exploratiahexploitation of search
methodologies. To overcome the weaknesses of fixed didtibstochastic search
algorithms ES are capable of adapting their search disioibs during the course of
evolution along with the actual optimisation variables. isTis commonly referred
to as self-adaptation strategy. Different variants of ESthoommonly differ in the
self-adaptation mechanisms used. Well known approachsslisdaptation are the
1/5-th success rule of + 1-ES and stochastic self-adaptation originally suggested
by Schwefel and Rechenberg [33] or, as used in this studgndemised adaptation
[34, 35].

The defining features of the derandomised ES used here,lated¢o the muta-
tion operation. Generally, derandomised ES use a detestitimidaptation mechanism
to derive new step size information from old step sizes arditagnitudes of success-
ful mutation events. The core idea of derandomised stepasiaptation is to compare
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the size of actual realisations of mutation events to theetqu value of the originally
proposed distribution. In the experiments we used two aiffeadaptation schemes
that are built on identical concepts but differ in the detaif how the new step sizes
are computed. The simple derandomised adaptation (DR2}dtlgsadapts the:
variances of am-dimensional Gaussian distribution [34], while the moreatted
covariance matrix adaptation (CMA) uses th@ + 1)/2 variances and covariances
[35]. A detailed description of the used algorithms can henfbin Chapter 4, where
the performance of DR2 and CMA is evaluated against a réaplysical problem
of optimal SHG in a nonlinear crystal, using simulations &#las laboratory experi-
ments.

In general ES can be used both in an elitist and non-elitshifm. The term
‘elitist’ refers to a detail of the selection mechanism thpécifies which individuals
can take part in the recombination process for creating riéspring individuals. If
an evolutionary algorithm has an elitist type of selectiddh parent individuals are
allowed to take part in creating new offspring as long asrtfigriess is better than
any other individual’s fitness. That means in an elitisttetygg some individuals may
survive forever. In a non-elitist strategy parent indivatkiare always discarded once
new offspring has been created from them. Thus, in a noistedirategy each parent
individual survives for exactly one generation. In commdhterms, the elitist strat-
egy is a(u + A\)-ES and the non-elitist strategy is(a, \)-ES. Hereu describes the
actual number of parents used akhdescribes the number of offspring derived from
the . parents. So the difference between the elitjst+ )\)-ES and the non-elitist
(1, A)-ES manifests in the set of individuals in generatiothat may become parents
in generatiom + 1: In a(u + lambda)-ES the best individuals of theu + A parent
and offspring individuals of generation will become the new parent of generation
n -+ 1. In a(u, A\)-ES only theu best individuals of the\ offspring of generatiom
may become parents of generation- 1. For this study only(u, A)-ESs were used.
This is for two reasons:

1. (i, M)-ES have advantages for self adaptation of strategy paeasndh an eli-
tist (1 + A)-ES individuals may survive forever that feature good ofgation
variable values but inappropriate search distributiorapaaters which will in-
hibit optimisation progress and convergence.

2. For the desired application of the optimisation algaritim the lab systematic
decay of equipment and other measurement noise must bedecedi In an
elitist strategy individuals might survive that were a@githlly conside rd too
good because of measurement errors. Using an €litist))-ES would require
time consuming reevaluations of allparent individuals in each generation.

ES are commonly considered to mainly be driven by the mutadjmerator which
is a contrast to e.g. genetic algorithms where the reconibmaperator is usually
seen as the most important search mechanism. Due to theilonutahtric search of
ES it is quite common to apply the extreme casé€lgf\)-ES, i.e. one parent search
strategies that solely rely on mutation for search. In galtérs is a very efficient and
usefull approach

1in fact the derandomised adaptation scheme originally asiblesidn [34] was originally suggested as
a(l,\) — ES
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Figure 2.7: The learning curves and the phase surfaces from the optimal corpetiments
on the triplet yield of a photosensitiser zinc phthalocyanine. Panel a: Optionsof the ratio
Triplet/Singlet. The fitness of the best individual of each generationgjretés), and unshaped
pulse (blue squares). Panel b: The phases of the best individealcbfgeneration. Panel c:
Optimisation of the ratio Singlet/Triplet. The fitness of the best individual chegeneration
(red circles), and unshaped pulse (blue squares). Panel d: Bsegbf the best individual of
each generation. The grey areas in Panels b and d show the pumpispectr

In the presence of noise and measurement error in the ei@ifahction though
using more than one parent is a promising approach to avdichgérapped in false
decisions. If no explicit noise control measures like npldtievaluations are imple-
mented in the objective function there is the chance of @temating the quality of
a proposed solution. This may mislead evolution to someneixéad therefore slow
down both search and self adaptatigii, A\)-ESs are unlikely to fail completely in
this situation, since mutation will gradually adapt to thitsiation. Yet, using multiple
parents with weighted recombination as suggested in [3%Big increase search effi-
ciency. One aspect of the optimisation experiments peiddrin this study is finding
good values foy, and\ for the optimisation problems under study.

2.3.3 Physical example

Figure 2.7 shows an example of an evolutionary learninggss a coherent control
experiment of a physical system. The optimisation of thesphaf the laser pulse
closes into the chosen molecular target objective, whichbeaseen in the increasing
fitness values of the best individuals of each generatiowsho Panels a and c (red
circles). The molecule here is a photosensitiser zinc pbtranine and the target
objective is to increase (decrease) the energy flow to thetifumal channel that brings
the photosensitiser to the excited triplet state of the gdentsitiser (see details in
Chapter 8). Molecular feedback is resolved in a transiesbgdtion experiment for

the triplet (T) and singlet (S) signals with the fitness fimetdefined to bef = T/S
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in Panels a and b, anfi = S/T in Panels ¢ and d. To verify that experimental
conditions remained constant, the fitness of the unshapiseé Bievaluated before
each generation (blue squares).

In 200 generations, some6% and~10% increase is found for the ratios T/S and
S/T, respectively. The initial searching by the algorithenclearly be seen in the
Panels b and d. The firts 50 generations show a lot of changes iphase shape of
the best individual. During this period the fitness landsdagbeing broadly searched
and some favourable phase features are found. These feareréhen further refined
as the algorithm approaches the best approximation to thé@a As expected, the
optimal features differ between the optimal solutions thatease the two competing
pathways.

One striking feature of the shown learning curves showngufé 2.7 is the noise.
Even the fitness found with the unshaped pulse seems vatiitesaglot. Obviously,
this presents a challenge for the algorithm in Hedectionstep, introducing uncer-
tainty to the ranking. Chapter 4 presents a detailed stugsgsaing this problem by
comparing the performance and robustness of the two usedtalgs using different
initial settings.

2.4 Challenges of black-box experiment

However promising this kind of a learning-loop approachngsevolutionary algo-
rithms might seem, it also has a number of drawbacks andafmits. A detailed
appreciation of the experiments and interpretation of #silts presents a great chal-
lenge for the scientific community. Coherent control of cistry is still a relatively
new and emerging field and many of the fundamental questemsin yet to be re-
solved. In this section we raise some of these points retattte black-box nature of
the closed-loop experiment.

Figure 2.8 shows the learning-loop experiment is actudihpp inside a superloop
that the user actively controls. In this scheme, the legrtmop experiment (recall
Figure 2.1) serves as a tool that is used to obtain optimafalonn other words, the
user has guestionand uses thblack boxto find the besanswerto it. The superloop
holds many fundamental issues concerning the differentetés:

Question Is the target objective well defined and physically feastCan we extract
an unambiguous physical feedback signal? Is the answeardedlin the given
search space? How can we avoid trivial answers?

The black boxAre the laser parameters adequate? Do the experimentditions
remain constant? Is the pulse shaper resolution sufficisritie S/N ratio large
enough? Is the algorithm smart enough?

Answer Is the result the global optimum? Is the result robust? Dtbesresult
answer the question?

How we phrase thguestionis crucial for a successfull experiment. In order to
choose criteria for the feedback signals and set the fe&diaction, the user must
know the quantum system in good enough detail. The type anditle of the search
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Figure 2.8: A flow diagram of an optimal control experiment that utilises the learnimglo
black-box tool. The experimenter has a problem (green box) andulates a corresponding
question After the decision to use thielack-box the experimenter initialises and starts up
the learning-loop experiment. A result (blue box) emerges when thedesédes to stop the
experiment and the quality of the obtainadswercan be evaluated. The red question mark
symbolises the numerous questions and challenges arising from usimg slack box tool. In
the case of an insufficient or incomprehensible answer, the user may @ise theblack box
tool again, perhaps with better initialisation (red-green arrow) or perfother investigations
(red arrow to outside the loop).

space must be carefully chosen to include the possible anbuieat the same time
taking care that the number of parameters does not sky-tockbe search space
usually includes several trivial answers, which need todken into account in the
initialisation step. Also, the initial parameter settifgs the algorithm must be set
right to ensure a learning process.

Operating theblack boxrequires attention for an almost countless number of ex-
perimental variables and conditions. Also the type and thpegrties of the algorithm
belong here. A great part of this thesis work was spend inavipg the experimental
techniques and details as well as developing the algorithm.

Due to the omnipresent experimental noise, dheweris always an approxima-
tion. The quality of the other parts of the experiment refiatitectly on how good
of an approximation we have obtained. Furthermore, thed#ttendscape may suffer
from ambiguities that are related to the physical probleselftand/or due to plain
experimental limitations. Thus, the experimenter oftgpices atanyresult as it is
often the only way forward and towards further learning byha@s complementary
techniques (see Section 2.5).



Section 2.5. Outside the box

It is the requirements for thquestionand theanswerthat ultimately define the
control experiment. After the proposal of the learningdaxperiment in 1992 [8],
a decade followed in the course of which a number of succklsdfaratory realisa-
tions of coherent control were reported. An overarchinddeaof all this work was
the question Can we control? During this period quantum systems witheasing
complexity relented to the coherent control and yieldedahswer Yes, we can!
However, it soon became clear that merely obtaining corddrivigs very little new
knowledge into the world and perhaps is not the most interggioal for coherent
control.

Today, as control has been succesfully imposed on varidigsetit quantum sys-
tems we are seeking answers to new questions. We now ask: €gam something
new? What, and especially how, can we learn from the contrbl®sTwe are search-
ing for answers beyond the learning-loop. The new goal isontt to obtain control
but to understand the control, and to extract physical hitsign the mechanisms be-
hind control. This takes us to methodology outside ltleck box and ultimately to
guantum control spectroscopy (QCS).

2.5 Outside the box

We now discuss the methodology that takes us beyond théngdoop. This is done
by presenting a brief overview of the existing methods thairie way or another can
be categorised as complementary techniques to the ledoopgexperiment. Where
some techniques take us back to the black box (Figure 2.8neh arrow), some take
us to new experiments and/or analytical tools (Figure 28,arrow). Nevertheless,
the common feature for the first three techniques is thatéinegoncerned in shedding
light on the learning-loop results, whereas the open-lawpratracing methods seek
answers also beyond the frame of optimal control.

2.5.1 Pulse characterisation

One result of an optimisation experiment is the best fourlsigpshape that in principle
includes the solution worked out by the learning loop. I.e.ate searching an answer
to an inverted problem: Can we extract microscopic infoforabf the molecular sys-
tem by analysis of the optimised laser field? Consequentstaadard’ closed-loop
coherent control research report includes pulse chaiaat@m using technigues like
auto- or cross-correlation, FROG, MIIPS, etc. [36, 37] a®@mon extra measure-
ment. However, the mechanism is not always apparent otivelyi derivable just by
analysing the pulse shape. As the systems become largeeshiting pulse shapes
become usually too complex to provide direct links to meé$rals). Furthermore, it
has been shown that even prominent pulse features may mespond to key controls
[38].

2.5.2 Analysing search

The resulting best pulse shape is just one outcome of therimgr@s. The pulse
shapes and the corresponding fithess values along therlganmive can also be con-
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sidered as a result. In fact, they map out the path througmth-dimensional search
space that is followed by the algorithm. A course analysistEaused to extract phys-
ically meaningful parameters like subpulse distanceserctiurse of the optimisation
[39]. A mathematical tool, principle component analysi€f) can be used to analyse
all pulse shapes in an optimisation to reveal principle @wtirections. PCA has been
used to interpret control results on selective excitatibmethanol vibrational modes
[40]. In same fashion, dimension reduction by partial lsggsiares regression analysis
of the normalised covariance matrix of the whole data seehasdated mechanisms
behind two-photon fluorescence yield [41]. Dimension reiducby analysing the
phases that were recorded along the learning curve in a fridmigation run was also
used in the preliminary analysis of the control results ira@ter 7.

2.5.3 Reducing search space

One way to track down mechanistic insights is a stepwiserarpat where the black
box is reused. We start with an unrestricted ‘blind’ optiatien and then, after some
analysis on the answer, return to the black box and conduetans optimisation.
The analysis step helps us to better phrase our questionrapdrp the next step. The
performed analysis can be for instance the aforementionkse @nalysis or the PCA.

A common outcome of the analysis step is a reduced paramedee §10, 42].
Reducing the dimensionality by describing the search spéitean analytical func-
tion may speed up the optimisation and, more importantijuce the complexity of
the obtained result. In case the simplified space still éostthe optimal solution
more insights about the system become available as the egitypbf the answer is
reduced. This approach has been successfully applied énerefes [43, 44] and is
used in Chapter 7. The importance of the basis of the seamtedpas also been
discussed relating to gas-phase fragmentation studiesdérences [45-47].

Another way to reduce the dimensionality of the searcheslad the running of the
black box. In this technique genetic pressure is appliechenspectral components
using cost functions during the search. This pulse cleahamybeen demonstrated
with simulations [38] as well as experimentally [48, 49].

2.5.4 Open-loop control

Open-loop control experiments take the aforementioneis begduction a step further.
They are also a natural extension to the parametrisatiomefsearch space. The
resulting simplified space may turn out simple enough to bpped entirely. Thus,
in the experiments we map the chosen space by scanning agtaraihe nature and
the dimensionality of these scans depends on the analftination describing the
reduced search space. Periodic, polynomial, and phase flumegions are typically
used. The power of these scans has been demonstrated byutatingpwave-packet
interferences in gas and liquid phase in references [50a51}ell as in Chapters 7
and 8.
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2.6 Quantum control spectroscopy

Coherent control is inherently sensitive to molecular dyits. Therefore, by realis-
ing control we open a door to new insights to the interatoroicds that govern the
function of molecular systems. However, as has been alrgagljed, a successful
closed-loop optimisation itself often tells us but littlbaat the underlying physics:
by running a learning-loop experiment it is perfectly pb#sito obtain control with-
out actually learning anything new as pointed out in refeeefl0]. Therefore, we
may argue that quantum control is only the first step on thé paward the more
general goal of extracting new information. Fortunatdtg above-described method-
ology provides several complementary smart-tools for thither investigations of the
control. To use these complementary tools together withehming loop to learn
about the most intimate molecular-scale interactions ipetdorm gquantum control
spectroscopy (QCS) [21, 52, 53]. Being sensitive to thetfonand the goncerning
microscopic-scale interactions hidden from conventigeehniques, QSC offers sev-
eral advantages and may ultimately take us closer to oneegbehultimate goals of
the field of coherent control: To find the coherent controléaiof thumb’, according
which a given shaped pulse produces a predictable and salvesponse [21]. We
conclude that the learning-approach and QCS are highlyngiatenovel ways to look
at the molecular world and the reviewed methodology beansemaus promises for
fundamental research.

From a more prosaic point of view, the aforementioned newrmétion and de-
rived rules of thumb have a potential to serve countlessiegtjdns [54]. Coherent
control using learning loop provides us a handle to the fioncof molecular sys-
tems. A way to utilise this handle is to derive new design ggles for chemical
engineering. For instance, the new information can be arcstrrally relevant mo-
tions that play an important role in the deactivation patysvaf the molecular system
[43]. Another practical aspect is to improve and refine éxgstnalytical techniques,
for instance to provide chemical selectivity for two-photmicroscopy through tis-
sue [55], or to realise coherent anti-Stokes Raman saagtericroscopy with a single
beam [56, 57]. Further, we can hypothesise ways of utilisiogtrol fields in direct
applications of imaging, photomedical therapies, and tuancomputing. Part Il
describes two applications relating to artificial light Yeesting and cancer treatment
photodynamic therapy.
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Chapter

Experimental setup

This chapter introduces briefly the experimental tools usetthis work. Designing
and building the setup and various components within itetiging the software, and
solving numerous fundamental practicalities formed aifigant part of this thesis
work. Therefore, we present an overview of these techniggaets of coherent control
laboratory work. The laser system, the detection systemi,cdiner components are
introduced. The key components — the noncollinear paramatnplifier and the
femtosecond pulse shaper — are described in more detag.eKkperimental part will
hopefully prove useful to experimental scientists aimingérform similar work. To
appreciate the following chapters, this technical chajsteiot an essential read, and
those who are more interested in the other aspects of the waykwish to skip these
experimental details.

29



30

Chapter 3. Experimental setup

Amplified Ti:Sapphire
Femtosecond Laser

a b Chopper
() ) A\ Noncollinear Optical ,7
44 W Parametric Amplifier C

Pulse Shaper

]
White-light Generation
E (-/)
Optical Moving  Dpiode Array
Delay Sample Cell
Line
NI Probe \
(@N \
) Pump

Figure 3.1: Schematic of the pump-probe setup.

3.1 Transient absorption setup

Ultrafast transient absorption spectroscopy is the copegment of this thesis. It
was the tool that provided both the molecular feedback irctirerent control exper-
iments as well as the spectrally and temporally resolved dséd to characterise the
dynamics of the molecular systems under study.

A schematic of the setup in Figure 3.1 shows the main comgsrrthe tran-
sient absorption setup. The laser system provides the foedtal femtosecond laser
pulses. The wavelength of the pump beam is tuned with a nlimeat optical para-
metric amplifier (NOPA) to the wavelength of a specific molacabsorption, which
in this work belongs to a transition between two electronétes. A synchronised
chopper blocks every other pulse to provide &' and 7°FF (see Section 2.2) for
the A-absorption measurement. The laser output, the outpuedfidPA, or a white-
light continuum (WLC), can all be used as the probe beam, déipgmon the spectral
region of interest and the required time resolution. Forezeht-control experiments
the pump beam is coupled into the pulse shaper in path a, vimicaditional pump-

1The pump-probe and coherent control experiments were comptethey other techniques like steady-
state absorption and fluorescence spectroscopies. Tresehiknown standard techniques, and are used
here only for coarse characterisation before experiments oheck-up techniques for sample degradation,
and therefore are not described here in detail.
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probe measurements is bypassed via path b. An optical dakayslused to vary the
time delay between the pump and the probe pulses. The pumihamobe pulses
are focused and overlapped at the sample that is usuallyikkegptotating cell or a
flow cuvette. After the sample, the pump beam is blocked aagtbbe coupled into
a house-build diode array detector via a spectrograph.

3.2 Laser system

The laser (CPA-2001; Clark-MXR Inc.) is actually three diffnt lasers in a single
box, and the creation of the fundamental laser beam prodeeitisee consecutive
steps. First, a seed beam is generated in the first floor odtiee housing by frequency
doubling the output of a mode-locked diode-pumped erbiwmed fibre laser, lasing
at 1548 nm. The resulting 774 nm pulses-@4 MHz repetition rate having a spectral
bandwidth of~5 nm and a pulse energy ef40 pJ are coupled into the second floor
to be amplified. In the second floor, a grating pulse stretstretches the so-called
injection pulses in time from-200 fs to few ps by introducing linear chirp, and then
passes the pulses to a chirped-pulse amplifier (CPA).

In the second step, pulses at 532 nm with a pulse duratie¢B6D ns are created
in a Q-switched, mercury arc-lamp pumped, and frequenablial Nd:YAG laser
providing approximately 7.1 W of average power at a repmtitiate of 1004 Hz.

In the third, and the final step the Ti:Sapphire crystal of @RA is pumped with
the high-power Nd:YAG beam in the cavity of the CPA. This isdyronised with a
Pockel’s cell pulse picker that picks one pulse every ngitsnd from the 34-MHz
pulse train of the injection laser for amplification. Aftesree 20 cavity round trips
the initial injection pulse is amplifieet 20 x 106 times in energy to-870 uJ/pulse.
Output of the CPA is then coupled out with another Pockeldto@ pulse compressor
that removes the introduced extra chirp. Finally, the afigalipulses are coupled out
from the box. All this is orchestrated by the control elentos and synchronised to
the frequency of the mode-locked fibre laser.

Owing largely to the temperature controlled, nitrogen atgall-in-one-box ar-
rangement, the output characteristics of the laser systemsaially stable and remain
constant from day to day. The spectral width of the CPA ouipw#.5 nm supporting
approximately 200 fs pulse lengths. Standard deviatioh@fulse energy is0.6%,
an important number for optimal control experiments thé&grathe laser use nonlinear
optical processes in creating the driving pump pulses akasghe probe pulses (see
Appendix A).

3.3 Noncollinear optical parametric amplifier

For the purposes of this work, the characteristics of thel&umental laser pulses are
insufficient. The need for improvement is twofold: in ordestudy different samples
we need the capability to tune the wavelength of the exoitagiulse to match the
desired electronic resonances of the different molecplecies under study. Secondly,
the spectral bandwidth supports onh200 fs pulses, which is not short enough for
the experiments. Short pulses are required because thegsexwe characterise and
control occur on molecular timescales and we seek better teémolution and more
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bandwidth to accurately resolve dynamical features of tlsdenules, as well as to
allow for several pathways in controlling the molecules.efidfore, we make use of
the noncollinear optical parametric amplifier (NOPA Clark-MXR Inc.) [58—60].

In order to provide spectrally broad and tunable outputgaithe NOPAM utilises
three different nonlinear optical processes: white-lighttinuum (WLC) generation,
second-harmonic generation (SHG) (i.e. frequency doghliand optical paramet-
ric amplification (OPA). These processes are introducedppehdix A. Inside the
NOPA™ box, 4% of the 25Q.J/pulse input is focused into a sapphire plate to gener-
ate WLC that is used as the seed beam in the first OPA step. Thebthe initial
input energy is frequency doubled in a thirbarium borate (BBO) crystal to create a
~80-uJ/pulse pump beam at 387 nm. The seed beam and 20% of the pampebe
overlapped in a 1-mm BBO crystal in space and time. The firgt @Bcess produces
spectrally broad signal pulses at a chosen centre wavélefgtincrease the output
yield these pulses are amplified further in a consecutive 6&dster stage using the
signal from the first stage as a seed and the main part of thel&d@® as a pump.

The characteristics of the NOPA output vary with the chosen output wavelength
and are always a subtle balance between output energy, ofidtie spectrum, beam
profile, spacial frequency distribution, and pulse-tosgustability. As is shown in
Figures 3.2, 3.5, and 3.4, optimising according to the meqoénts of different ex-
periments normally gives an output with 7—23/pulse energy, near-Gaussian beam
profile, and a 20-50 nm spectral width. According to the utadety principle, for
Fourier-transform limited pulses the minimum spectraltividith a pulse duration of
At is

AvAt = 0.441. (3.1)

If we assume a Gaussian shape for the spectral distributienshortest pulse sup-
ported by a pulse spectrum having a widthoX in nm, can be calculated from

0.441)2

At = ————
cAN

(3.2)

where) is the centre wavelength, anthe speed of light. Hence, a NOPAspectrum
can theoretically support sulh-fs pulses. In practice, pulse lengths are normally in
18-30 fs range, giving a time-bandwidth productd.5.

3.4 Delay line

To vary the time difference between pump and probe pulsegpticabdelay line is
introduced to the probe arm of the setup. In fact, the setugesiase of two different
delay lines in order to have a long time range and a good timaracy. The shorter
delay line (M-UTM150CC.1; Newport B.V.) has a 15 cm scanniagge and a mini-
mum step size of 0.m, whereas the longer one (M-IMS600CC; Newport B.V.) has
a 60 cm range and a minimum step size qfrh. The latter is used in a double-pass
configuration enabling scans upt@ ns at the same time with an accuracy of 0.668 fs
(=0.1um).
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Figure 3.2: The CPA (red) and a typical NOPK (black) output spectra. Spectra are over-
lapped using two x-axes.

3.5 Sample

To avert any accumulation to long lived states and/or unedwphotochemistry, the
samples needed to be moved during the experiments. Hereendlecules were
dissolved in appropriate solvents and placed in the ragagample cell or a flow cu-
vette. The rotating cell holder was designed and built indeouThe design used an
air bearing, which provided an extremely stable rotatiod ansured that the sam-
ple remained at the room temperature during the measureméng cuvette rotating
in the cell holder is a sandwich arrangement, comprising fsbat window, spacer,
and a back window. The front window is a thin microscope frglaiss to minimise
the dispersion effects to the pump and probe beams. The bmdow is a 1 mm
glass (BK7) window with a hole in the middle for injecting thguid sample into the
sample space. A ring of viton rubber having a thickness-6f5 mm is used as a
spacer between the front and the back windows. During thesamements, the speed
of rotation was adjusted so that each pump pulse sees a fokghe of sample.

The flow cell is a standard 1 mm thick quartz cuvette (QS-13W0;1 Hellma
Benelux B.V.) connected with Teflon lined tubing to a gear purAgain, the flow
speed is adjusted to provide a fresh sample volume for eatip jpulse.

3.6 Detection system

After the sample, the probe beam is coupled into the detesiigtem consisting of a
spectrograph (Acton-SP2150i; Princeton Instruments) land a house-built diode-
array detector (Diablo). The spectrograph has a focal keafjt50 mm and can house
different interchangeable gratings. Different gratings aeeded for different appli-
cations. For pump-probe experiments, we used a gratingttlaz 500 nm having a
groove density of 300 grooves/mm. For the pulse shaperraéilim and pulse charac-
terisation we used gratings blazed at 500 and 300 nm, havoayg densities of 600
and 1500 grooves/mm, respectively. The spectrograph igidgedispersed spectrum
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Fourier
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Figure 3.3: Schematic of the pulse shaper. An unshaped TL pulse enters the .shdper
individual frequency components are dispersed and imaged withtagtand a cylindrical
mirror at the Fourier plane, where the liquid crystal mask is placed. Aitemask, the colours
are recombined in a symmetric setup and a modulated pulse exits shaper.

onto the diode array.

Diablo has two arrays having 256 pixels each. The pixel wisi0 xm resulting
in a 1 nm/pixel resolution and in pump probe experiments tis&t WLC for prob-
ing. The sensitivity of the diode array provides a detectamge from~200 nm to
1100 nm. The electronic design allows for 1 kHz read out badthywhich makes it
possible to have shot-to-shot statistics for individuakes. This feature has a prac-
tical importance in day-to-day optimisation of the sigtminoise ratio. The feature
was also utilised in the evolutionary algorithm study présd in Chapter 4. The shot-
to-shot signal statistics provided information on the ekpental noise that was used
to model the experiment accurately in the simulations.

3.7 Femtosecond pulse shaper

The pulse shaper comprises of a dual-stack spatial lightatal (SLM-1280-VN-R;
Cambridge Research & Instrumentation, Inc.), two 180@ges/mm gratings, fold-
ing mirrors, and cylindrical mirrors withf = 500 mm in a symmetric lay out shown in
Figure 3.3.

The SLM placed in the Fourier plane has two liquid crystalksagith 640 10Q:m
wide pixels each. This leads to a theoretical resolution bf @m/pixel. The response
time of the crystals is+35 ms, and in the experiment a new phase pattern can be
loaded every~50 ms. The gap between the pixels is only® and the SLM has a
low attenuation of approximately 6%. The main losses in tiepsr come from the
gratings and the throughput of the shaper is, dependingewdvelength,~50%.

The liquid crystals in the two masks are orientedh° with respect to the direction
() of the polarisation of the electric field of the input lasatges ¢;,,). The emerging
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field is given by [61]

Eout = Einei% {i cos <Z(A¢1A¢2)> +igsin <Z(A¢1M2)ﬂ )

2 2
(3.3)
whereA¢; » are the retardation of the frequency components when gassiough
the first and second layer. Using a polariser plate albaffer the SLM enables phase
and amplitude shaping. The transmission of a frequency ocoent then becomes

Apy — Ay
2
As we can see from equation 3.4, the difference between thehases takes care of

the rotation in the (x,y) plane and therefore of the ampbtmdodulation. The total
output phase phase of a frequency component is

T o cos?( ). (3.4)

6= 3(A61 + Ad). (35)

Thus, the sum of the phases introduces a common phase, tndeigy. These two
degrees of freedom make it possible to achieve at one tintedroplitude and phase
modulation of the spectrum of the input pulse.

3.7.1 Calibration

To realise such uncoupled phase and amplitude control beespiectral component
of the input field the SLM must be carefully calibrated. Edigly, the calibration
means finding a relation between the amount of phase reiandatd the input voltage
that is controlled by the computer. Only a careful calilmatcan ensure that the
shaping introduces no unwanted amplitude shaping to theoguise. Therefore, we
developed a robust calibration method, where each SLM xalibrated.

We map the 640 SLM pixels to the 256 pixels of the spectrog(apl Section 3.6)
and work on each separate color in the bandwidth of the inpld iy scanning the
voltage of the whole mask at the same time. The resolutioniahl®is good enough
to resolve the SLM pixels within the optical resolution oftshaper setup. In practice,
a small ‘smoothing’ is present, which however does not redihe quality of the
calibration significantly.

In a calibration scan, one mask is fixed to the maximum voltzgjee and the
voltage of the other mask is scanned over the necessary.rahgepectrograph reads
the amplitude variations in the output spectrum. After obtey the cos?()-shaped
curve for each pixel, we extract the monotonic curve for espbctrograph pixel by
an automated data processing, which also fits the resultinges with a polynomial
function to get a smooth calibration curve for each pixel.e dbtained polynomial
parameters are then interpolated to get the calibratiomesufor each SLM pixel.
The quality of the calibration is verified by observing thakage power when the
amplitude shaping is set to zero over the whole SLM. Valuss than 1% leakage at
the worst wavelength are routinely recorded.

Following the calibration routine, the phase distortiomghie input beam and the
phase anomalies introduced by the shaper setup are conipen$ae compensating
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Figure 3.4: Beam profiles at the sample position. Panel a: The pump beam profilel iPahe
probe beam profile. The ‘stripes’ in Panel a are due to a read-autiarthe untriggered CCD
imaging that interferes with the 1 kHz laser frequency.

phase pattern is found by optimising SHG efficiency using arhBBO crystal (see
Chapter 4 and Appendix A).

3.8 Pulse characterisation

Naturally, the pulses from the laser, NOPAand the shaper need to be characterised.
A fibre spectrometer provides (AvaSpec-2048; Avantes Bavgpectrum measure-
ment at any position on the optical table. For intensity meaments a power meter
(3sigma; Laser2000 Benelux CV) with various sensors (PNBI@, and J5-09B) are
used. Especially useful is the pyro detector (J5-09B) ciepabsampling at 1 kHz
repetition rate providing statistic on the pulse energy.

The beam profile, the pump and the probe beam sizes as wedl apdbial overlap
between them at the sample position are determined by caupie beams onto a
CCD surface of a beam-profiler camera (Beam Profiler Syste®;Mécrosystem).
This information is used to verify that the beams are optiynaberlapped, and that
the probe spot size is small with respect to the pump beamsipmtand thus sees a
uniform pump intensity. Further, the pump beam profile al@ecurate calculations
of pump photon fluxes. An example of the pump and the probe Ipeafites is shown
in Figure 3.4.

Pulse lengths are measured with an autocorrelator (N®F2al; Clark-MXR,
Inc.) using a split-mirror arrangement to provide two repl of the original pulse that
are then crossed in a BBO crystal to create the autocowalaignal. Using a scanning
stage with a piezo motor, the autocorrelator can make atiraalmeasurement of the
autocorrelation function

AC(T) = /00 I, (t,7)dt = /OO I,(t)1,(t —7)dt, (3.6)

— 00 — 00

wherel, is the intensity of the input field ang},, the intensity of the SHG autocor-
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Figure 3.5: Typical autocorrelation of the NOPX output. The measured trace (circles) is
fitted (grey line) with a Gaussian having a fwhm of 25.8 fs, which cowadp to a~18 fs
pulse length.

relation signal. An example of a typical autocorrelationaoi8 fs NOPA output is
shown in Figure 3.5.

The shaped pulses are characterised more thoroughly u$requency-resolved
cross-correlation measurement (X-FROG)

F(T):/ rShaped (X O ITE (Nt — 7)dt, (3.7)

whereI5hared js the intensity of the shaped pulse, affd the intensity of the trans-
form limited gating pulse. For X-FROG measurements the $anspreplaced with

a 10um BBO crystal, and the cross correlation signal is resolygztgally with the

detection system. Figure 3.6 shows examples of experitamissimulated X-FROG
traces.
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Figure 3.6: Examples of X-FROG traces of the shaper output. Panel a: SHG-optiigse.
Panel b: An example pulse train. Panel c: X-FROG simulation of the puase tr
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Chapter

Evolution strategies for laser pulse
compression

This study describes first steps taken to bring evolutiomgtymisation technology
from computer simulations to real world experimentatioplysics laboratories. The
approach taken considers a well understood laser pulseressipn problem accessi-
ble both to simulation and laboratory experimentation asafunction for variants of
evolution strategies. The main focus lies on coping withuthavoidable noise present
in laboratory experimentation. Results from simulations eompared to previous
studies and to laboratory experiments.
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4.1 Introduction

The use of evolutionary algorithms (EAS) is already widespkin several branches
of science and engineering, whenever a process or prodsgrdevolving highly
nonlinear and complex operating conditions needs to benigxid at a pre-production
stage of modelling or planning. In some cases, however e to be optimised
cannot be adequately modelled or it needs to adapt to soovelyykchanging external
parameters that cannot be predicted at a design stage.d@ thses, when feedback
is measured directly from the physical system, fitness ewmos will always be pol-
luted by noise. The effect of this noise on the performancthefEAs needs to be
minimised as much as possible. Generally speaking, onectexgi#ferent EAs to re-
spond differently to noise, and even the same EA will dis@adifferent degree of
robustness to noise depending on the values of certaialis#itings. In the present
paper we report for the first time a study on the effect of realldynoise on two com-
monly applied variants of EAs, namely evolution stratedS) using the CMA and
the DR2 selfadaptation scheme.

Taking advantage of a physical experiment of laser pulsepcession through
optimisation (maximisation) of the intensity of secondrhanic generation (a well
understood process and an experimental set-up where ramsée monitored and
controlled), we have run theoretical and experimental canspns of CMA and DR2
as well as among different parameter settings of both alyos.

Similar studies based on simulations of pulse shaping @xgets have been per-
formed in [62, 63]. However, in contrast to the work presdrttere, the earlier sim-
ulations did not consider noise. Comparing results canalewehow far algorithm
performance changes due to the addition of noise. Addiligria this study results
of simulations are verified in the laboratory by physical esimentation.

4.2 Second harmonic generation as fitness function

The goal of our optimisations is to make the pulses comingbatr laser as short as
theoretically possible. In order to do that we send the lpatses through two devices
that, at this point, we will consider as black boxes. Firstpatrol box (pulse shaper)
acts on the pulses to lengthen or shorten them dependingoa otimisation param-
eters [61]. Second, a monitoring box (non-linear crystatdoices light at double the
frequency of the input pulses by a process called seconddmecrgeneration (SHG)
[64]. As we will see in more detail later, the stronger thesirgity of the SHG pulses,
the shorter the initial laser pulses will be. This allows asise the intensity of the
SHG pulses as the fitness function for our EAs. Next we willigo & little more de-
tail about the system, the way to achieve control over thatipplses and the creation
of second harmonic light.
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4.3 Introduction to optical second harmonic generation

4.3.1 Conceptual approach

The effect of SHG of a laser beam through a crystal can be mquaguite simply
once some basic terminology is introduced. Whenever a puidssst is considered
one refers to its shape and duration in time domain to cheriaetit. Imagining a
plane being transversed by the laser pulse and recordingiowethe intensity of the
light going through such a plane, the resulting plot of isignvs. time is what is
called the shape of the pulse in time domain. Now, to explandoncept of SHG,
we will start from the idea that a pulse of light can be destilas a superposition
of sinusoidal functions with different frequencies and g®(Fourier description or
description in frequency domain). The number of frequen¢ie. colours) that are
required to describe the pulse depends on its duration arttieonomplexity of its
shape. The set of necessary frequencies is called the badthdofithe pulse. The plot
of the amplitude of these sinusoidals vs. their frequenajeifined as the spectrum
of the pulse, while the dependence of the phase term insicle ®ausoidal on its
associated frequency is the phase profile of the pulse. Téwrsin tells us how much
weight each sinusoidal has in describing the pulse, whieptihase profile has to do
with the relative delay of each frequency component witipeesto a fixed reference
(usually the frequency with the highest amplitude).

For our purpose a so called SHG crystal can be regarded aslaldga in which all
frequency components within the pulse spectrum are cordlitlngive new sinusoidal
components characterised by a frequency that is the sumeoihtfut frequencies.
When combining all these frequencies, the phase in eachas@taigunction plays a
crucial role in determining the intensity of the SHG lightdatput.

4.3.2 Mathematical approach

Defining the pulse shape in time domain/a&) and its corresponding spectrum as
E(w), the SHG pulse in output from the crystal is given simply by:

Esua(t) = E*(t) (4.1)

In frequency domain, one can use the property of the Foudesforms that relates a
simple product of two functions in one domain to the convoluintegral of the two
functions separately transformed in the other domain:

+oo
ESHg(w) = / E(w — w/)E(w’) dw’. (42)

If we change variable’ = % we find that Equation 4.2 can be rewritten as:
+oo

Pone(w) / B (‘” ‘2“") B (” *‘;’) " 4.3)
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Equation 4.3 highlights better the fact that every freqyesmmponentv in the Es ¢
spectrum is the result of the combination of a (infinite) nemdaf frequency couples

Wiept = “= andwrign = “I2— whose center is located in

4.4 Role of the phase

The last step to understand our experiment of SHG optinoisatbnsists in recognis-
ing the importance of the phase of the input pulse for thensitg of the SHG pulse
in output. In our mathematical approach to SHG, the phasestéiave been hidden
until now in the function& (w).

In the next equations we pull the phases out.

+oo

Banalo) = [ 1B (255 )15 15 (L) 1) agray

pw) = ¢o(w)+ dsn(w) (4.5)

In Equation 4.5, now, the phase profile of the input pulse @iexly written as the
sum of two conceptually very different terms, the naturaite,(w) and a computer-
controlled term¢,y, (w) introduced by means of our pulse shaper. The effect of the
phase terms on the integral can be immediately understaee iegard the amplitude

of the integrand as the length of a vector (length dependeni)and the phase as
the direction of such vector (also dependent.gn The best scenario that optimises
the output of the integral is then clearly when all the veste pointing in the same
direction. This case translates in all the vectors havigstdime phase (modul@s),
which is tantamount to having a constant phase praffle) in the input pulses. In

an ideal pulse the term,(w) should be constant as all frequencies should have the
same phase when coming out of the laser. Unfortunately,ahlife applications, as
the pulse travels through optical tools like amplifiers, #imear crystals for frequency
tuning, simple lenses, beam splitters etc., it picks up rmifsggnt frequency-dependent
phase profile that severely reduces the amount of SHG lightrapout of our moni-
toring black box.

4.5 Fitness and free parameters

We define the fithess parameter for our evolutionary seartestotal intensity of the
SHG light generated in the crystal. In mathematical terrswiould be:

+oo
F= / |Esma(w)?dw (4.6)

—0o0

This function needs to be optimised by adding an adequatseppeofile ¢, (w)
with our computer-controlled pulse shaper. In both our expents and simulations,
this additional phase functiog,;, (w) is described by 320 parameters free of vary-
ing within a [0, 2] range. The result of optimising a fitness functiBn as defined
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above, is to make the total phase functitfw) = ¢o(w) + ¢sp(w) a constant (mod-
ulus 27), which, in return, yields the shortest possible pulse ffier given bandwidth
(transform-limited (TL) pulse).

4.6 Properties of fithess function, search landscape, noise

In this special case it is easy to prove that, mod@us there is only one optimal
solution with no local solutions. This lack of false diregts or secondary solutions
would seem to make the problem easy to solve. However, as vshaiv both with
simulations and laboratory data, the most commonly uselliggonary algorithms do
not always converge to the optimal, constant phase, salufftnis behaviour is ex-
pected in the presence of noise in the fitness funckioin the following sections we
will show a comparison between CMA and DR2 algorithms and wktry to find
their best settings to handle a (realistic) noise leveleAdistimating the noise level of
the fitness functiod in the laboratory, we modelled the SHG process based on Equa-
tions 4.3 and 4.6 and we introduced a random noise on top df fa@ction according
to Equation 4.7 and 4.8. Due to software requirements tiggnali problem had to be
turned from a maximisation problem to a minimisation prableEquation 4.8 also
expresses the fact that ' was used as a fitness function

5 0.05
~ . 1 ~—_— 1 4.7
T, 9 U0,1), n, 59 U,1) 4.7)

29
Fopt = F~'-(1+n.)+n, (4.8)

wherel/ (0, 1) denotes uniformally distributed random numbers from therival (0, 1).

4.7 Evolution strategies

For this study two algorithms from the class of derandomisedlution strategies
(ES) were applied. The defining feature of derandomisedutienl strategies is a
deterministic adaptation mechanism that derives new stepirsformation from old
step sizes and the magnitudes of successful mutation events

The two variants applied here differ mainly in the distribatinformation that is
adapted and used for creation of new offspring individu@itee simple derandomised
adaptation (DR2) as suggested in [34] basically adapts tlagiances of am-dimen-
sional Gaussian distribution while the more advanced ¢amee matrix adaptation
(CMA) as in [35] uses the(n + 1)/2 variances and covariances. Though the details
of the two adaptation schemes differ they are built on idehttoncepts. The core
idea of derandomised step size adaptation is to comparézihefsactual realisations
of mutation events|£|) to the expected value of the originally proposed distiiout
(E[)#]]). Leto denote a parameter of the mutation distribution , and'let A(o, z, 0)
be the adapted parameter derived from themlthe successful mutation evenand
some internal parametefs Then a derandomised adaptation functibrii.e. here

LFor future studies we would rather choosé", but sinceF is strictly positive using” 1 is a feasible
approach.
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either DR2 or CMA) basically implements a deterministic hwet that ensures the
following conditions:

Elz]] > 2] — o>0 = A(0,2,0) (4.9)
Ellz]] <|2| — o<’ = A(o,2,0) (4.10)

That means that wheneversaiccessfumutation is observed whose magnitude is
smaller than what would be expected from the current step tie step size will
be reduced and vice versa.

To stabilise the adaptation process both DR2 and CMA usecheept ofcumu-
lation pathwhich means that the random variablesed for adaptation is not directly
the latest single successful mutation event but a weighteda$ successful mutations
stretching over multiple generations. Therefeneeeds to be updated with successful
mutation eventsn by

Z=cem+(1-c)z (4.11)

wherec € [0, 1] is an algorithm specific const&nt

The implementations of DR2 and CMA used for this study alsarethe use of
weighted recombination as introduced in [35]. AlthoughB{#@2 algorithm was orig-
inally suggested as @, \) strategy without recombination the adaptation scheme is
sufficiently general to allow application of weighted redaimation, i.e. new individ-
uals are created by recombination

¥ =z, w (4.12)

wherez ., denotes the matrix of the best column vectors of design variables and
is a weights vector with

_ log(p + 1) — log(0)

w; S , 1<i<up. (4.13)

After recombination individuals are mutated by
m ~ N(0,%) (4.14)
2 = 2 +m (4.15)

wherem ~ N(0,Y) denotes sampling: from a Gaussian distribution with expecta-
tion 0 and covariance matriX.

4.7.1 Handling box constraints

As already mentioned in Section 4.6, optimal solutions €03KG problem are unique
modulus2z. This introduces a certain difficulty for derandomised ewioin strategies,
since a successful mutation event might appear to be big strsfght, but reduce to
a small change moduluxr. In this situation the ES will falsely consider a too big
mutation as a successful event. To avoid this kind of sitbmatthe Gaussian mutation

2¢is usually assumed to depend on problem dimensionality.
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operator was slightly extended to ensdrec x; < 27 for all optimisation variables
Zj.

The basic idea of a mutation is a small change to the origiaia, duch that evolu-
tion proceeds as a series of minor changes rather than argjglar, dramatic change.
This is one of the main reasons for using Gaussian distobatas mutation opera-
tors in evolution strategies [33]. Since Gaussian distiiins are at least theoretically
unbounded the usual mutation operators as defined in Egqsadid4 and 4.15 can-
not assure upper or lower bounds on the outcoming, mutatgghisption variabler.
Assume box constraints of the forth < x < ub, wherelb andub denote lower and
upper bounds on, respectively. We propose a repair method working on toghef t
usual Gaussian mutation, where the following conditiorsusdhhold:

1. Whenever an infeasible Gaussian mutation event is deffgtie new mutation
operator should yield a mutation that is smaller or equahto Gaussian mu-
tation event. By doing so, we assume that the Gaussian mitatient always
classifies as a small change, and ensuring that the new onutatent is even
smaller and therefore qualifies as a mutation like small ghan

2. Whenever an infeasible Gaussian mutation event is detetbi new mutation
operator should create a mutation in the same direction,ii.the Gaussian
mutation event increased then the new mutation event should also do that
and vice versa. This is different from a simple resamplingrapch, where
Gaussian mutations are performed repeatedly until a feagitue is generated.
Resampling biases resulting values away from the intergahts, which is
undesirable.

To implement this we suggest to mutate Gaussian first, andeviee that yields infea-
sible values, to replace the Gaussian sampling by a unifampsng in the interval
given by the originalkz and the respective bound violated by the Gaussian mutation
event. E.g. if the Gaussian mutation violatéeshe mutation samples uniformly in
the interval[lb, z]. Doing so of course assumes thats always feasible, but that
should not be problematic by initialising feasibly. Thigapach is formalised in the
following equations:

mo ~ N(0,1) (4.16)
T+ s-myg if b<z+s-mg<ub

= x+U0,1)-(z—1b) if x+s-mo<Ib (4.17)
x—U0,1)- (ub—z) if x+4+s-mg>ub

m = (2'—x)-s! (4.18)

wherel{(0, 1) denotes sampling uniformally fror, 1). Equation 4.18 is required
for path accumulation (Equation 4.11) during derandomizédptation. For CMA
and DR2 the repair mechanism simply pretends that the muatatient was originally
created by Gaussian mutation, such that search distritgitian be adapted appropri-
ately.
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4.7.2 Derandomised adaptation

The derandomised adaptation approach (DR2) used in thdy stas first introduced

in [34]. For ann-dimensional optimisation problem it uses+ 1 strategy or step
size parameters, where ong)) defines the global width of the Gaussian search dis-
tribution and the remaining ones;( 1 < ¢ < n) define the variances of indepen-
dent Gaussian distributions used to mutate the correspgndiptimisation variables.
Equation 4.19 shows the working principal of the adaptaticimeme using the accu-
mulated path: as defined in Equation 4.11.

o =ovesp (e (L= B1:0) ). ol =ave (o (2= Blal) ) @19

where E[|z|] and E[|z;|] denote approximations to the expected value of the length
of the z vector and the absolute value of its components, respégtavedc, . 4 are
normalisation constants. For further details sees [34.65]

.....

4.7.3 Covariance matrix adaptation

The following equations give a bird’s eye view of the mainexdp of the covariance
matrix adaptation (CMA) scheme. Further details, esplctad the vastly simplified
setting of the various normalisation constants, can bedanrj35]. Consider: the
covariance matrix to be adapted aBdhe corresponding matrix of eigenvectors and
D the corresponding eigenvalues, and\éfy:, 3) denote a Gaussian random variable
with expectation: and covariance matriX. The eigenvectors and eigenvalues are
used for rotation and scaling such that a vector of indepethdd/ (0, 1) distributed
Gaussian random variables can be turned into a vectdi(6f ) distributed Gaussian
random variables and vice versa. Assume further th@g is the vector of\/ (0, 1)
distributed Gaussian random variables that happened tsbec@ssful mutatidn

CMA first of all adapts a global scalar step sizg that determines the overall
width of the next search distribution. To do so CMA compates length of the
accumulated successful mutation information vector texisected valué’[|z, |[].

/ , |25, |

2y = C12g, + C2Bmg 1, 0y = 0pexp <03 <E[|z’ i — 1>> (4.20)

[ef0]

The actual covariance matrix is adapted after accumuldyosdding a rank one mat-
rix yield from multiplying the accumulated path informatidy itself.

ps = caps +csBDmg 1, ¥ =X + erpsps (4.21)

4.8 Second harmonic generation: Simulations

The simulation study considers the following parametershef optimisation algo-
rithms:

3In [34] the adaptation of the local step sizgin Equation 4.19 has a slightly different form, yet in our
experience both versions perform equally well.
4In accordance with Equations 4.14 and k5= BDmg,1 holds true.
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Adaptation Mechanism
The core method implementing self adaptiveness of the gualstrategy.

Number of Parents
Thep parameter in &y, \) evolution strategy

Number of Offspring
The X\ parameter in &y, \) evolution strategy

Initial Step size
The magnituder of the initial step sizes, i.e. width of the search distribnt

These parameters are probably the most frequently usethptaes to tune evolution
strategies. Although by now there are useful suggestioadadle for automatically
setting population sizes [35] these heuristics are notgsazdy applicable for noisy
functions. It has been observed before [66] that populatipes are highly influential
for noisy fitness functions. From early on the numbers of p@rand offspring have
not been considered as independent parameters (see e}y, if3fs rather been
assumed that the ratio @f and ) is a key parameter. Therefore, in this simulation
study, combinations of a number of parept@nd the parent to offspring numbers
ratio u/\ were tested rather than combinationspofind A directly. The following
parameter values were combined for the simulation study:

e {1,5,10, 20}, % c {;i 110} o0 € {0.2,0.1,0.01}

Table 4.1 summarises some of the results achieved with ationlruns. First of
all the table contains the best parameter sets detectedudisygmeasure the median
of the best fitness value recorded in 15 repetitions of theesaptimisation run was
used. Table 4.1 also shows the mean, minimum, maximum, andiatd deviation
of the 15 best fitness values associated with each paranetteAdditionally some
of the worse results are listed for reference. Due to lim@pdce not all results can
be given. It is obvious from the table that with the exceptidrihe last row there
are no trials listed using the smallest initial step sizesgf= 0.01. It turned out
that almost all optimisations using this small step sizéeagd only very bad results.
This can be seen in Table 4.2, where performance metrics aggeegated over all
results with identical initial step size. The aggregativarages over very differently
performing strategies, as can be seen from the respectienonin, maximum, and
standard deviation columns. Still there seems to be a dramifference in the mean
and median values far, € {0.1,0.2} on the one hand ang, = 0.01 on the other
hand.

Coming back to the results of Table 4.1 significant diffeenbetween the SHG
problem with and without added noise can be seen. While intlé8)1,10)-ES us-
ing DR2 adaptation outperformed a (1,10)-ES using CMA aatagpt, which itself
outperformed an (8,17)-ES using CMA, the addition of noikmady discards the
(1,10)-strategies, which finished with ranks 35-38. Indérgly though, within the
set of (1,10)-strategies DR2 still performs better than GM@ one might conclude
that DR2 manages the basic characteristics of the SHG proflere successful than
CMA, without noise changing this big picture for a (1,10)-ES
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From Table 4.1, no clear answer to the question of which adigpt scheme to
prefer can be deduced. Although the table contains more pegfbrming results
based on CMA than on DR2, the second best performing strategg DR2. The
fact that there are more rows filled with CMA results than WitR2 results basically
means that CMA is less sensitive to its parameter settingsijtiis less critical to
determine good population sizes for CMA than it is for DR2. general, a certain
improved reliability turns out to be an advantage of CMA tlsahlso visible in the
standard deviation column of Table 4.1. Apart from less gagarameter settings
CMA's higher reliablity can also be seen in smaller varianE®ptimisation results.
With the exception of the (10,40)-ES using DR2 all CMA resuiaive considerably
less spread than their DR2 counterparts.

4.9 Second harmonic generation: Laboratory

One of the main motivations for this study apart from studyihe influence of lab-
oratory noise on optimisation performance was to assestahsfer of knowledge
gained from simulated optimisation runs to real world laiory experimentation.
This is largely because laboratory time is considerablyemexpensive and restricted
than computation time. A single optimisation run in the lattory takes up to 30
minutes, neglecting considerable time to set up the exgarirmorrectly. Due to lim-
ited laboratory infrastructure optimisation runs cannetgarallelised which is most
easily done with simulations. So in the light of limited expgentation time available
for this study we decided to trade widespread parameténtekir statistical signif-
icance, and ran multiple repetitions of a limited number afgmeter settings in the
laboratory. In order to not bias results by selecting only tiest parameter settings
for both CMA and DR2, the best, a mediocre, and a rather baithgets found in the
simulations were tested. In Table 4.1 these settings arkadavith ax.

Table 4.3 summarises the results achieved in the labor&tgsther with the re-
spective simulation experiments. For technical reasoasithmerical values for sim-
ulations and experiments in the table do not match exacttyextract more mean-
ingful information on the link between simulations and expents, we separately
normalised both type of results to their best value. Conmggtfiese ratios in the last
two columns of Table 4.3 we can see how the results of sinanlatand experiments
are strikingly similar.

In contrast to the simulation results, though, CMA yield&dreresults than DR2,
except when used with the much too small step size,of= 0.01. The issue of too
small initial step size is likely to be more problematic iretlaboratory than it was
for simulations, since there are potentially additionalrses of noise acting on the
inputs that were not covered during simulations. Too smilhil step sizes may easily
lead to variable changes on the same scale as the noise, whioes optimisation
practically impossible.

4.10 Conclusions and outlook

In this study we compared two different adaptation schenfievaution strategies,
namely DR2 and CMA, together with variations of their paréensettings in a proto-
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type laboratory situation. We found significant differesdetween simulations with
and without added noise. Nonetheless, the results fromdisy isimulations trans-
ferred nicely to the laboratory, as verified by a humber ofegipents. Although
both variants of the evolution strategy in principle proddgood results both in sim-
ulations and in the laboratory, CMA turned out to be the maie@ble algorithm.
Since reliability is of fundamental importance in the ladtory, CMA is considered
the method of choice for future experimentation.

The results of this study suggest that Second Harmonic @8aercan be used as
a prototype application for online control of laboratorypeximents by evolutionary
algorithms. The obvious next steps are improvement of alyorperformance for
the targeted noisy fitness functions on the one hand, using 8sla primary test
function. On the other hand, more challenging applicaticas be addressed with
the knowledge gained by the SHG experiments. Especiallyrédbry optimisation
experiments for which today no feasible computer simutetiare available, may be
tackled using the methods and insights available from nairig improvement of the
algorithms.

49
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Table4.1: Performance of different parameter settings after 5000 evaluathawgisg mediank edian), mean M ean), minimum (Min), maximum Max),
and standard deviatiors(d) of the best fithess values of 15 repeated optimisation runs Rkheolumn indicates the position of the row if ordered by the
respective value. Rows marked witlwere tested in the laboratory.

Alg 7 A oo | Median Rk Min Rk | Max Rk | Mean Rk | Std Rk
* CMA | 20| 40 | 0.10| 2.471 1| 2.207 2 | 3.117 2 | 2.525 110229 4
+ DR2 | 20| 80 | 0.20| 2.703 2 | 2.073 1| 3.932 9 | 2.834 310532 13
CMA | 20| 40 | 0.20| 2.716 3| 2441 4 | 3.114 1| 2.747 210210 3
CMA | 10| 40 | 0.10| 2.876 4 | 2515 6 | 3.928 8 | 3.024 51 0.462 11
CMA | 10| 20 | 0.10| 2.937 5 | 2.453 5| 3.291 3| 2981 410237 5
DR2 | 10| 100 | 0.20| 2.938 6 | 2.432 3| 6.258 22| 3.248 8 | 0.988 27
CMA | 10| 20 | 0.20| 3.018 7 | 2.635 7 | 3.759 7 | 3.047 6 | 0.355 8
DR2 | 10| 40 | 0.20| 3.125 8 | 2.740 8 | 3.613 4 | 3.192 710271 7
CMA | 20| 80 | 0.10| 3.336 9| 2989 13| 3.739 6 | 3.317 910188 1
CMA | 5| 20 | 0.10| 3.340 10| 2.797 9| 5156 15| 3543 11| 0.588 15
CMA | 10| 40 | 0.20| 3.415 11| 3.165 17| 3.719 5| 3446 10| 0.193 2
DR2 | 20| 40 | 0.20| 3.607 12| 3.093 15| 6.656 23| 4.014 16| 1.130 30
+« DR2 | 5| 50 | 0.10| 4.043 18| 2.963 12| 5537 16| 3.969 15| 0.733 21
+ CMA | 5| 10 | 0.10| 4.256 21| 3.835 24| 4970 12| 4275 20| 0.266 6
+ DR2 | 20| 40 | 0.10| 7.256 32| 5.025 30| 12.497 31| 7.477 32| 2.010 42
DR2 | 1 | 10 | 0.20| 9.886 35| 7.269 35| 12513 32| 9.993 35| 1.669 40
DR2 | 1 | 10 | 0.10| 10.308 36| 7.254 34| 13.978 35| 10.168 36| 1.974 41
CMA | 1 | 10 | 0.10| 11.282 37| 8.758 39| 16.961 38| 12.198 37| 2.336 44
CMA | 1 | 10 | 0.20| 13.553 38| 9.254 40| 15.974 37| 13.032 38| 2.195 43
+ CMA | 20| 40 | 0.01| 16.967 42| 14955 45| 18.409 40| 16.747 40| 1.030 28
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oo | Median Rank | Min Rank | Max Rk | Mean Rank | Std Rank
0.10 5.16 1 2.21 2 7446 2 | 15.08 2 20.67 3
0.20 5.52 2 2.07 1 7240 1 | 14.75 1 20.13 1
0.01| 26.97 3 13.15 3 83.11 3 | 35.84 3 20.28 2

Table 4.3: Performance of different parameter settings in laboratory expetatien. L. de-

note average performance of laboratory experimesitslenotes average performance of simu-
lation experiments{.S, L}* denote the best average performance achieved with the respective

adaptation scheme.

Alg [ n | A oo L S [L/L* | 5/5
CMA [ 20| 40| 0.1 | 70.42 | 2.47 | 1.00 | 1.00
CMA | 5 | 10| 0.1 | 142.86| 4.26 | 2.03 | 1.72
CMA | 20 | 40 | 0.01 | 500.00| 16.97| 7.10 | 6.87
DR2 | 20| 80 | 0.2 | 156.25] 2.70 | 1.00 | 1.00
DR2 | 5 | 50| 0.1 | 222.22| 4.04 | 1.42 | 1.50
DR2 | 20 | 40| 0.1 | 250.00| 7.26 | 1.60 | 2.68
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Chapter

Retracing pathways of evolutionary
algorithms

We have developed an experimental technique to expand uptimisations using

stochastic search methods. The technique is based onimgttae search path taken
by a learning algorithm in a closed-loop optimisation expent. In a study on the

control of the energy-transfer process in an artificial figarvesting complex, we use
repeated measurements to disentangle two control mechsnissponsible for the
learning curve. In another example, we use repeated maasate to compare fithess
landscapes between variant systems. A solvent dependéttoy fluorescence yield

optimisation result in a model dye, Coumarin 6, reveals adirtrend in the control

amplitude while preserving the general features of theniegrcurve. In addition, the

repeatability of closed-loop optimisations is discussed.
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5.1 Introduction

Traditionally, the process of physical learning by expexnial research proceeds with
controlled experiments in which a problem of interest igigd as a function of one
or more relevant experimental variables. The analysis@gttperimental results then
provides further understanding of the system by providimgights into the specific
roles of these variables. One famous example of this apprisgrovided by Galileo.
In his book ‘“Two new sciences’ he demonstrates by a seriexpdraments how the
distance travelled by a falling object is proportional te Hyuare of the time [67]. This
approach has led to a wealth of accumulated knowledge. Hmwesg the systems
grow in complexity, it becomes increasingly difficult to ¢ooi all factors in an exper-
iment, simply because the experimenter may not accountliféaciors. To establish
causation the experimenter needs to have a control groupevaimdy one variable —
the variable of interest — is changed, and all other varmble held constant. The
difficulty lies in how to control all other variables when tkecould potentially be an
infinite number of variables.

Le Chatelier’'s principle can be used to further exemplifg thsue of controlled
variables. The principle states that "If a chemical systéegailibrium experiences a
change in concentration, temperature, volume, or totadqune, then the equilibrium
shifts to counteract the imposed change”, and can be usdutkimistry to predict the
effect of a change in conditions on a chemical equilibriure; ias a tool to explain
and predict ‘passive’ control of the outcomes of reversiBlctions. It has been suc-
cessfully applied for instance in chemical industry to pygie product yields. How-
ever, couplings between variables, extra factors or agttifichanges in the conditions
will cause such predictions to fail. One example of a comglgstem and failure to
model it wrongfully assuming a set of controllable variabie shown in Figure 5.1.
Modelling macroeconomical systems that have interdepgnggiables and in which
organisations change, unexplored opportunities arisg:n@w choices are made, by
using such models is not straightforward [68] and can ultétydead to serious mis-
judgements. In general, applying simple principles like tme of Le Chatelier or
using overly simplified models like the one in Figure 5.1 fgstems that cannot be
described by a set of independently controllable variabtesdoomed to provide an
unrealistic picture of the system.

These days, such complex problems with large number ofhl@saand unknown
factors are encountered also frequently in natural scenBxamples of such prob-
lems are numerous, including scientific, engineering antlpms of commercial na-
ture concerning product design and optimisation of indalsproduct lines, optical
applications, acoustic problems, etc. etc [69—73]. In ganthe realisation that a sys-
tematic variation of all parameters in a many-parametesjaay system is not feasible
has strongly motivated the use of alternative ways to aidldressing these problems.
Making approximations and conducting experiments withpdified model systems
that mimick the physics of the real systems are common sfieentethods to tackle
this problem of complexity. Another approach to such maltgmeter problems is
to use stochastic search methods like evolutionary algyostthat allow for a large
number of variables in finding the right combination to a giypegoblem.
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MACHINE DESIGNED TO SHOW THE WORKING OF THE ECONOMIC SYSTEM

Phillips" mae
appeared in P

Figure5.1: Moniac, a peculiar contraption that most resembles the work of a detgrigmber.
Yellow tubes connect together a number of tanks and cisterns, arduintl eoloured water can
be pumped. Sluices and valves govern the flow of liquid and makesh#rsrecord the water-
levels. The plumber responsible for this device was William Phillips. His magliirst built in
1949, is meant to demonstrate the circular flow of income in an econastyols how income
is siphoned off by taxes, savings and imports, and how demand is rtedjeia exports, public
spending and investment. It is perhaps the most ingenious and bedtdbeeonomists’ big
models. The figure shows a cartoonist’s interpretation that appearednichRnagazine 15
April 1953.

The problem under study

In this chapter we discuss the implications of using evohdry algorithms in the
field of laser control. Coherent control using laser lighhaito steer physicochemi-
cal processes of atomic and molecular systems on the mapastevel [74]. For a
limited number of simple systems, a driving field that takess $ystem from its ini-
tial state to the desired target state can be found by meamgtiofial control theory.
However, in polyatomic systems insufficient explicit knedtje of the system Hamil-
tonian prohibits calculation of the optimal control fieldo Fesolve this problem, a
practical approach incorporating adaptive pulse shaping ¢losed loop guided by
a learning algorithm was developed [8]. This learning-l@mmtrol technique lets a
physical quantum system solve its own Sidinger equation in real time in labora-
tory, thus evading the problem of inaccuraciea joriori calculations due to inevitable
approximations. Today, optimal control using adaptiveri@ay-loop technique is well
established and the number of systems brought under caginopressive and rapidly
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increasing [75, 76].

Performing such black-box experiments, however, comes edgttain drawbacks.
First, realising control by closed-loop optimisations ydes but little knowledge
about the instigating mechanisms behind the control. TheFgit is possible to reach
the control objective without actually learning anythingawnabout the system [10].
It can be argued that a successful optimisation is only cetadlby solving of the
corresponding problem of inversion. Thus, to resolve theessary and/or essential
control knobs and their settings, more often than not exeasurements are needed
as discussed in Section 2.5. The second drawback relatée t@producibility of
the experiments. One key characteristic of the learningrilyms used in the closed-
loop optimisations is that, unlike traditional search aitpons relying on derivative
methods, they are indeterministic. In principle, this nsmkémpossible to ‘repeat’ an
optimisation since there is no guarantee that the algoritlilirfollow the same path
on the multidimensional fitness landscape. This disagreesgly with one of the
basic methodological principles of experimental sciertbe: measurements must be
reproducible.

In this chapter we propose a simple idea on how to expand uljpsed:-loop ex-
periments by retracing the pathways taken by the algorithra fepeated measure-
ment. First, we demonstrate how the aforementioned drakwbaeproducibility can
be avoided and the repeatability of results can be verifieztogdly, we show how
the found control results can be further utilised. A closeab optimisation actually
provides us a limited map of the fitness landscape. Reusenghtained optimisation
results by retracing the pathway in a series of measurenusintg a set of controlled
variables can provide insights to the importance and thaenfie of a particular vari-
ables to the control. Hence, the repeated measurementsatlyabe used to bring
optimal control results from the learning-loop approachkotm the realm of Galilean
hard science. The technique is demonstrated by two casestuiche control of en-
ergy flow in an artificial light-harvesting complex, and cahtof emission yield of
Coumarin 6. However, we emphasise that this technique isrgeand can be applied
to the result of any optimisation involving a stochasticreba

5.2 Experimental

The experiments make use of a pump-probe setup with a tdilouenp pulse and
an unmodulated probe pulse as described in Chapter 3. Innig\eflow study,
the pump spectrum was tuned to the first optically alloweddition (S — S, Fig-
ure 5.2) of the carotenoid moiety of the artificial light-i@sting complex. In the
solvation study the pump spectrum was located at the redaditiee linear absorp-
tion band of Coumarin 6 dye overlapping with the emissioncbaithe dye. In these
studies only phase shaping was used.

The experiments begin by recording a successful learningedn a learning-loop
optimisation experiment using an evolutionary searchritlym. During the optimi-
sations, the best pulse shape out of each generation is abe@thg us to remeasure
the obtained learning curve, which is then subsequentlypeoed to the original.
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Figure 5.2: Structure (a) and the simplified energy-level diagram (b) of the artifiajat-
harvesting dyad.

5.3 Results and discussion

5.3.1 Energy transfer yield

The first sample is an artificial light-harvesting compleattblosely mimics the early-
time photophysics of the LH2 complex [77, 78]. The artifidight-harvesting com-
plex consists of a single donor (carotenoid) and single @tocgporphyrin) moiety
[77] (see Figure 5.2a), thus reducing the structural corifylsignificantly compared
to LH2 [79]. In the original optimal control experiments tterget objective was to
manipulate the branching ratio between the functional@n#&ansfer (ET) channel
and the internal conversion (IC) loss channel. The signalisrging to ET and IC are
resolved from the transient spectrum measured at 8 ps titag ded used as feedback
for the optimisation (see Figure 5.2b, and for more detaliajier 6).

Figure 5.3 shows the learning curve from the original opsiation (filled circles)
having a total increase of the IC/ET ratio of some 20%: afahjiimp of ~10% and a
gradual learning part providing further 10% improvemertie Tepeated measurement
recorded two days later (open squares) shows a good matottheitobtained result
thus verifying the repeatability of the obtained result.

The learning curve presented here is one of many closedéptimisations on
the ratio IC/ET, all sharing two characteristic features.idFigure 5.3, we invariably
observed an initial ‘jump’ after which, if the optimisatiomas successful, a gradual
rise to a further enhancement of some degree. To better stadher these common
characteristics of the obtained learning curves we nowgedavith simulations and
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Figure 5.3: Original optimisation and the repeated experiments of the IC/ET ratio in artificia
light harvesting complex. Original (filled circles) repeated same powaperf squares), and
repeated with half of the laser fluence (filled triangles). The grey linew ghe fit for the
repeated measurements with full and half power, normalised to the ingtrgtion

repeated measurements.

The optimal control experiments were done using laser flegtitat partially satu-
rate the carotenoidS— S, transition when using a short unshaped pulse. Therefore,
we wanted to simulate if this saturation plays a role in thesoeed IC and ET sig-
nals and/or in the control results. In general, using a psiepe that is stretched in
time will give the photons in the trailing end of the pulse alpability to re-excite
molecules that have had time to relax back to the ground &ateFigure 5.2). In the
case of signal saturation, the number of excitation prasesan this way be increased
leading to an increase in the measured time-integratedls@mpared to the short
pulse. Since the pulse analysis of the optimisations redempulse-train structure we
simulated the magnitude of the IC and ET signals using a prdgewith 7 subpulses
together with the experimental saturation curves of IC afid(Egure 5.4, inset).
Note, that the same transition (carotenojd-S S,) is responsible for the saturation
of both signals and an increase in the time-integrated bigfn& would be matched
with an increase of ET. Nevertheless, Figure 5.4 shows thatatio IC/ET increases
as a function of the subpulse spacing. At the intensity wtteeriginal optimisation
was made, the jump is approximately 10% for a total pulse tp&n (= subpulse
spacingx number of pulses) of few picoseconds, which is an average stnetch for
a random pulse with the used experimental parameters. Thease originates from
the difference between the lifetimes of the two signals.ummary, assuming partial
saturation, and compared to the TL pulse, the pulse stretebngially causes a time
shift for the ‘free’ evolution of the signals: the long-lité=T is invariable to this time
shift at 8 ps, whereas IC shows an increase.

To verify that a trivial mechanism that avoids the partialusation by stretch-
ing the pulse in time is behind the observed jump in the le@riurves and, more
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Figure 5.4: Simulated IC/ET ratio taking saturation into account. Ratio IC/ET as a function
of pulse separation with increasing pulse pulse energies: 50, 10052801000, and 2000
nJ/Pulse (asterisk, square, delta, triangle, circle, and diamond,cteghg. Inset: Experi-
mental saturation curves for IC (circle) and ET (square) together witlexiponential fit (grey
lines).

importantly, is not the cause of the subsequent gradualtyroivthe IC/ET ratio, we

conducted repeated measurements. The recorded pulse$iapéehe IC/ET optimi-

sation were tested with the full fluence (Figure 5.3, operaseg) used in the original
optimisation as well as only half the fluence (Figure 5.3ediltriangles). Data from
the repeated measurements was fitted with a simple expahé&mtiction, showing

how the same curve fits both measurements, when normalisitige tfirst generation
(Figure 5.3, grey lines). This shows how the jump and thetlegy’ part have different

fluence dependencies: the initial jump decreases to appetgly half of its ampli-

tude whereas the learning part amplitude remains the sah@2). We conclude that
the initial jump observed in the optimisations is due toaatiand incoherent control
mechanism that merely avoids saturation, and that theitgaoriginates from an ac-
tive control mechanism over the branching of the energy flowhe dyad which can
be separated from the trivial control mechanism.

In summary, using the energy transfer example we demoadtradw the retrac-
ing technique can be used to overcome the drawback relatieé teproducibility of
experiments. By repeating the recorded pulse shapes thigyaity is avoided and
results can be directly compared. To verify the repeatghélind robustness of opti-
mal control results, we further showed how it is possibleitedtangle two different
mechanisms underlying the fithess curve by monitoring hosvathape of the lear-
ning curve reacts to the varying pulse intensity. This elat@s the power of repeated
measurements as a complementary technique to learnipgelqeriments.
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Figure 5.5: Normalised emission yield curves for Coumarin 6 with different solvestsahe
(triangles), octane (squares), and decane (circles). The dasked &fl six curves is the same
polynomial function only scaled in amplitude.

5.3.2 Emission yield

In the second example, we demonstrate how repeated measeoan be used to
explore fitness landscapes. We study the effect of the sobrea control experiment
by repeating a learning curve obtained by closed-loop dpétions on Coumarin 6
fluorescence yield and varying the solvent. The originalmijsation was made in
cyclohexane where the feedback signal was stimulated &migsobed by a white-
light pulse at 1 ns delay. In the repeated measurements wkausgnge of linear
alkanes (hexane, octane and decane) as solvents.

To reduce the experimental time, the remeasured fithessswere undersampled
by only using the pulse shape from every 8th generation. iMaltuns at varying laser
intensities were performed to check the power dependenteafptimisation result.
The fitness curves for the repeated optimisations in themifft solvents were nor-
malised to the fitness of the transform-limited pulse, aifmyfor direct comparison.
The resulting curves were fit with a polynomial function thadps out the ridges and
valleys in the traversed fitness landscape. Remarkablysdahee polynomial shape
fits all curves; only a scaling factor is adjusted. Hence, mectude that the fithess
landscapes of the dye in the different solvents are comparabhe magnitude of
the scaling factor shows how well the system can be contratiehe corresponding
solvent. We indeed see that the ability to control the intgrmd the stimulated emis-
sion strongly depends on the solvent. The enhancement dtithelated emission
compared to excitation with the transform limited pulseieafrom 40% in decane to
145% in hexane.

We stress that due to the indeterministic nature of evahatip algorithms, this
trend could only be found with the use of repeated measuresredra single lear-
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ning curve. Further, the repeated curves indicate that thess landscape is the same
across all systems and that the result of the optimal pulapesban be directly com-
pared. Although in some cases comparing the transformdonfTL) pulse to the
obtained best pulse may suffice and bring further understgraf the control [14] we
have shown that also the shape of the learning curve is signifi The saved pulse
shapes map out the path through the multidimensional sespate and the fitness
curve depicts the value of a chosen physical parameter aliagath. Generally,
variations in the shape of the fithess curve in the repeatpdrgrents indicate that
the fitness landscape is different, and therefore the uyidgrphysics have changed.
Itis hence essential to retrace the shape of the learning cas changing a parameter
might still result in a different value between TL and thetlfesnd pulse, but perhaps
not due to the same mechanism.

5.4 Conclusions

We have presented a simple technique that complementsiasiégntosecond con-

trol experiments and can ultimately be used to utilise thaiolkd optimisation results
further. The power of repeated measurements is demordiréiie two examples, and

the results show how the technique allows for a direct commparbetween the results
when a parameter is systematically varied. The repeateduraaents allow for the

quantification of the robustness of optimisation resultarttiermore, by reapplying

recorded pulse shapes along the learning curve, it is dedsilsystematically eluci-

date the influence of a single parameter (laser fluence, IHoWscosity, temperature,
pressure, etc.).
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Chapter

Ultrafast energy transfer dynamics of
a bioinspired dyad molecule

A carotenopurpurin dyad molecule was studied by steadg-ated pump-probe spec-
troscopies to resolve the excited-state deactivation mhjeeof the different energy
levels as well as the connecting energy flow pathways aneésgponding rate con-
stants. The data were analysed with a two-step multi-paemgéobal fitting proce-
dure that makes use of an evolutionary algorithm. We fouiadl fitllowing ultrafast
excitation of the donor (carotenoid) chromophore to ifsstte, the energy flows via
two channels: energy transfer (70%) and internal converéd®%) with time con-
stants of 54 and 110 fs, respectively. Additionally, soméhef initial excitation is
found to populate the hot ground state, revealing anothatdtion to the functional
efficiency. At later times, a back transfer occurs from theppun to the carotenoid
triplet state in nanosecond timescales. Details of theggnidow within the dyad as
well as species associated spectra are disentangled fexaded-state and ground-
state species for the first time. We also observe oscillatigith the most pronounced
peak on the Fourier transform spectrum having a frequen&g86fcnt . The dyad
mimics the dynamics of the natural light-harvesting complel2 from Rhodopseu-
domonas acidophiland is hence a good model system to be used in studies aimed
to further explain previous work in which the branching caietween the compet-
ing pathways of energy loss and energy transfer could be pn&ied by adaptive
femtosecond pulse shaping.
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Figure 6.1: Structure of LH2 pigments as compared to the dyad. Panel a: LH2| Pang-
pansion of two highlighted pigments in Panel a (the carotenoid donor in hilitha porphyrin
acceptor in red). Panel c: schematic structure of the carotenopurgysd; the donor and
acceptor are chemically bridged by an amide link.

6.1 Introduction

In photosynthetic plants and algae, the early time enemgyster (ET) between two
chromophores (from carotenoid molecules to the porphytecules) is the key step
in making use of the energy of the blue-green photons of gin in photosynthesis
[80]. In a photosynthetic light-harvesting complexRtiodopseudomonas acidophila
a photosynthetic purple bacteria (Figure 6.1a), energyaissferred from rhodopin
glucoside carotenoids to bacteriochlorophg/linolecules. In this particular system,
the efficiency of ET from the donor (carotenoid) to the acoefthacteriochlorophyll)
is about 56%, while the rest of the harvested energy is disipvia the intramolec-
ular process of internal conversion (IC) [81-83]. Previlguslerek and co-workers
demonstrated that, by using adaptive femtosecond pulsenghat is possible to at-
tain coherent control over the branching ratio between W dompeting pathways
[43]. The relative efficiencies of the two processes, thecfiomal pathway (energy
transfer, ET) and the loss channel (internal conversiol, ¢Guld be manipulated by
30%. The features of the potential energy surfaces, anddtaled pathways of the
energy flow in the natural light-harvesting complex LH2, an¢ical factors in under-
standing the mechanisms leading to this control. Howehés,gystem is comprised
of several chromophores of both types, embedded in a lameipr and the size be-
comes a problem in describing the system by means of molesuddelling. In this
work, to better understand the mechanism of coherent donte proposed an ex-
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Figure 6.2: Upper panel: absorption spectra of the dyad (solid line), carotenoghédbdotted
line), purpurin (dashed line), and excitation spectrum of the dyad (gmey. Lower panel:
absorption spectrum of the LH2 complex frdRa acidophila

perimental method to investigate the mechanisms behind ke control study by
controlling a simpler model system, comprised of only areptor and a donor mole-
cule [84]. As a preparatory step to the coherent-controkexrpents we performed a
detailed ultrafast transient-absorption study of a car@tpurpurin dyad model system
(Figure 6.1c), and compared the structure, spectra, andrdigs to that of LH2. We
begin with a structural description of LH2 and the dyad. Thestal structure of the
LH2 has already been determined to an atomic resolution [A9P consists of nine
subunits, arranged in a ring structure, each includingethia@cteriochlorophyll (Bchl)
molecules and one rhodopin glucoside carotenoid (Car) entde all embedded and
noncovalently bound to the surrounding protein. The Bchletwles are arranged in
two rings that are physically and spectrally different. Arting to the maxima of their
Q, absorption peak, they are called the B800 and B850 BChish Eamtenoid has
an S-like conformation and interacts with the neighbouiails in two protomers.
The distance from the carotenoidconjugated stem to the Bchl-B800 macro cycle
is ~3.4A, and~3.6 A to the Bchl-B850. In comparison, the dyad has only a single
carotenoid and a single purpurin, covalently linked togethy an amide group (Fig-
ure 6.1c). The distance from the edge of the pi-conjugatfathe carotenoid to the
edge of the pi-conjugation of the purpurin ring«iﬁ.?ﬁ\.

Despite these structural dissimilarities, the dyad minties major spectral fea-
tures of the LH2 complex well. The steady-state spectra ¢ bgstems consist of
overlapping carotenoid and purpurin (Bchl in LH2) bandsgideng their well-known
features (see Figure 6.2). Both LH2 and the dyad show a desistec three-peak
structure in the region of 400-550 nm, corresponding to tmetenoid absorption.
The peak of the 0-0 vibrational band of the carotenagigtte in the dyad~<520 nm)
is slightly blue shifted relative to that of LH2625 nm), and the same trend is seen
in the purpurin/Bchl Q bands (583 nm vs. 590 nm). In LH2, the position of the Bchl
Q, band is strongly dependent on the embedding of the pigmethieitiwo distinct
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binding sites of the protein (800 or 850 nm). Further, extitacoupling in the B850
ring affects the line shape of the absorption band [81]. Int&m the difference is
much less: Bchl absorbs at770 nm, while the purpurin tetrapyrrole is a700 nm.
More important is that the Qbands, which are primarily involved in the ET process
from the carotenoids (see below), are overlapping.

To probe the degree of similarity between the LH2 and the dwadfocused on
the function of LH2 as a light-harvesting complex. Only bpwing a similarity in the
internal dynamics of ET in the two molecules, can we reallyatode that our model
system is a good candidate for investigating the previosglig of coherent control.
Critical in this analysis are details of carotenoid photggbs, that were proposed to
play a crucial role in the control experiments in LH2 [44]. ride, we made it our
priority to identify the spectral signatures belonging lie different species involved
in the dynamics and to understand the pathways, and thairesfies, related to the
ET from the carotenoid to the purpurin.

In the case of LH2, the pathways and related rate constamésbeen previously
described in detail by many studies [81, 82, 85]. Accordinghe generally ac-
cepted energy-flow model, about 51% of the absorbed enertjysmparticular light-
harvesting complex is transferred to the accepting Belstéo B850 Bchls in about
190 fs, and to B800 Bchls in about 280 fs). The ET process cateberibed to be
first-order by a Brster mechanism [81]. The rest of the energy is from theteamd
S, state and is dissipated via intramolecular vibrationaisteitbution within about
120 fs down to the so-called dark 8xcited electronic state of the carotenoid. This
process is enhanced by a conical intersection between,thadsthe $ states of the
carotenoid [86]. In the LH2 complex, about 20% of the enesyyansferred from the
carotenoid $ state to the B800 Bchls, and about 31% to the B850 Bchls. Tamygn
transferred to B800 will subsequently arrive to the B85@rBchls. In addition, a
small amount of the energy (about 5%) is transferred from3hstate of the carote-
noids to the B800 Bchils, giving a total efficiency of about 5&%the ET from the
carotenoid to the Bhcls [82].

The biomimetic dyad molecule has been characterised prelyidy Macpherson
et al., by using pump-probe, fluorescence up-conversion tiame correlated single
photon counting techniques [77]. Results show that in treddgpproximately 70%
of the energy is transferred to the purpurin moiety afteritexion of the carotenoid
portion of the molecule with a 488 nm laser pulse. Accordmgheir analysis, all of
the energy is transferred from the State of the carotenoid. Unfortunately, the time
resolution in these experiments was about 3 times longertttefastest resolved rate
constant. In similar systems, it was shown that some of tleeggris also transferred
from the S state of the carotenoid, depending on the conjugation leoigghe carote-
noid [87]. Since the publication of ref [77] in 2002, congigele interest in carotenoid
reaction dynamics has shifted to the presence and role di@ual (dark) states (i.e.,
the hot ground state or fleeting intermediate states) [8B—BO date, no discussion
on the involvement of the hot ground state or additional &aroid excited states and
their role in the photophysics of the dyad has been presentachas any previous
study extracted the spectra belonging to the differenttsplespecies involved in the
dyad photophysics.

In the LH2 coherent-control experiments, a possible meishais the activation of
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a backbone vibrational mode of the carotenoid favouringahe channel by directing
the wave packet on the excited state toward the conicaketéion betweensSand S
states [44]. Carotenoid molecules in LH2 are embedded ipribiein by noncovalent
interactions, which may lead to augmentation of the imparteof such skeletal modes
on the branching of the energy flow. This raises the questiao avhether the dyad
exhibits similar low-frequency modes, and if so, what rolglmthey play in the early
time photophysics? Further, is the efficiency of ET from theotenoid to the purpurin
in the dyad in solution dependent on these modes? Is it jedeibctivate such modes
of the dyad by impulsive Raman scattering (IRS) as is the icetbe LH2 complex?

In the coherent-control experiments, the feedback sigieah fthe molecule will
be resolved by means of pump-probe spectroscopy. Theirgstritinsient-absorption
spectra are a sum of many overlapping signals, originatiog fexcited-state absorp-
tion, stimulated emission, and bleach signals of diffeisgdctral species, each de-
picting unique spectral and temporal characteristicsviBusly, the data analysis of
the pump-probe data was based on so-called single traceyfjiti’], and no global
analysis of transient-absorption data has been reportéd®system. A thorough un-
derstanding of the interplay of different signals conttibg to the transient absorption
is essential for any future studies that utilise these $syrfeor example, for the pur-
poses of the coherent-control experiments, it is impotiaektract a reliable feedback
signal that correlates with the process(es) one aims toaonit this study, we used
a global fitting procedure to unravel the complex data by gisirspectro-temporal
model [91].

The caroteno-purpurin dyad (Figure 6.1) is a model systetrttimics the salient
features of the natural photosynthetic complex well, whileserving structural sim-
plicity. A complete/global characterisation of the phdigpics of this system is de-
scribed in this article; it will be advantageous in the iptetation of the coherent-
control experiments.

6.2 Experimental procedures

The caroteno-purpurin dyad was prepared according to ghuddi procedures [77].
Steady-state absorption spectra were measured with aVi&@spectrophotometer,
with the sample in a 0.5 mm rotating cuvette (built in-houssgd in the pump-probe
experiments. Corrected fluorescence excitation and emnispectra were obtained
using a SPEX Fluorolog 112 and optically dilute samplds< 0.07 in toluene).
The excitation spectrum was corrected using a correctierofitained with the parent
purpurin methyl ester by assuming that the absorption aratdicence excitation
spectra were identical [79].

The pump-probe setup was as follows: Part of the output ofrgplified Ti:sapphire
(Clark CPA-2001) laser was coupled into a non-collineaiagtparametric ampli-
fier (NOPA), which produced-10 ;:J near-transform-limited pulses at 510 nm with
~28 nm fwhm and 18 fs pulse duration; these pulses were uség asinp pulses. A
small fraction of the residual fundamental light was foait®ea 2 mm sapphire win-
dow to create a white light continuum (WLC) that provided gty broad probe
pulses ranging from 450 to 710 nm. To avoid any anisotropgot$f the polarisation
angle between the pump and the probe pulses was set to the amage (54.7). The
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two beams were focused and overlapped at the sample positi@re the fwhm of
the Gaussian intensity profile of the pump beam was 250 The pulse energy was
set to 100 nJ with an adjustable filter, givingox10** photons cm2. The sample
cuvette was rotated sufficiently quickly to provide a fresimple for every pulse to
avoid sample degradation or the accumulation of long-¢j\dtates. The probe pulses
were coupled into a spectrograph (Acton), and individugcs@l components were
focused onto a 256 pixel diode array. Diode signals were oesaéind AD converted
at a rate of 1 kHz, thus obtaining shot-to-shot statisticsefich measured spectra.
Spectral resolution of the detection system was approxipatnm/pixel.

The time resolution of the pump-probe experiments as weh@samount of spec-
tral dispersion in the WLC was determined by measuring the-Baguency-mixing
signal of the pump and probe pulses at the sample position2# @an thick BBO
crystal. The wavelength to be mixed from WLC was selected mntuthe phase
matching angle of the crystal; in this way, the mixing of difint wavelengths of the
WLC could be measured. The time resolution wa#&) fs across the spectrum, and
the overall time delay between the blue and the red partsedfthC spectrum (chirp)
was approximately-300 fs. The measured chirp curve was used to remove the WLC
dispersion from the data prior to analysis.

Spectroscopy-grade toluene was purchased from RiedebBeHd used without
further purification. The optical density used in the punmpke experiments was
0.3 0D at 510 nm in the 0.5 mm path-length rotating cuvettechiexk for any sample
degradation, the steady-state absorption spectrum wasumeehbefore and after the
measurements. No changes in the OD or spectral shapes wazsvet, indicating
sample stability. All measurements were performed at roemmperature.

6.2.1 Data analysis

Temporally and spectrally resolved data were analysedafjiolising analysis soft-
ware developed in-house. The principles of the method wesedescribed by Holz-
warth [91] and further refined and used by van Grondelle'sugr92]. Recently, a
development adding the use of evolutionary algorithms tavel the deactivation
pathways in LH2 oRhodopseudomonas acidophilas reported by Wohlleben et al
[93]. Here, we further extend this approach by introducingosverful covariance-
matrix adaptation of an evolutionary algorithm allowingaage number of parameters
[35, 94].

In the first step, the data are fitted using a so-called segembdel where the 2-
D surface is described by a number of evolution associaféetelnce spectra (EADS)
that evolve sequentially and irreversibly from one to aeathThe free parameters
in this step are the rate constants (i.e., the lifetimes)acheEADS and their spec-
tral shapes. This provides us with preliminary informatmnthe timescales that are
involved in the kinetics as well as where they are represespectrally.

In the second step, various, more elaborate models aredtéstget analysis).
The goal of the target analysis is to resolve the SAS thatrigeio each excited state
that depicts a transient spectrum, and the rate constadithameactivation pathways
connecting these states. These models are comprised ofi@@rs for the initial dis-
tribution of population (states (de)populated by the etwin pulse), rate constants
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connecting the states and species associated spectra. (SB)nd-state bleach sig-
nals are described by inverted absorption spectra, havihgtbeir amplitude as a
free parameter. The spectral profiles of the rest of the SA® wach described by
50 parameters, using a small weighting factor, based ongbensl derivative of the
spectra, to favour smooth spectral shapes.

The fitting proceeds within a learning loop, where the taagective is to find
the spectro-temporal model that, together with correspanrate constants, best fits
the data. The quality of the fit is evaluated byjtsvalue. The program employs an
algorithm based on evolutionary principles. We start witheaeration of 20 random
sets of parameters, corresponding to 20 simulated sutfecegparing the surfaces to
the measured data, and evaluating theivalues. On the basis of this information,
a new generation of individuals is created by the algorithithe iteration is then
left to run until convergence to an acceptalfevalue is reached and the measured
data are simulated sufficiently. Details of the fitting prmrand examples will be
presented elsewhere. The errors in the resolved time aassi@nd quantum yields)
were determined using the variance in several fits resuitimgpmparabley? values.

6.3 Results

6.3.1 Steady-state measurements

Absorption spectra of the dyad, the reference carotenoid tiae reference purpurin
(all dissolved in toluene) are shown in Figure 6.2, alonchwite LH2 spectrum for
comparison. Essentially, the dyad spectrum is a sum of tkerption of the two
contributing chromophores, showing the first optically®aléd transition of the caro-
tenoid from the ground state to thg State between 350 and 550 nm with its vibra-
tional substructure, as well as thérgt, Q, and Q, absorption bands of the purpurin
with maxima at 439, 583, and 699 nm, respectively. In the dy@damplitude of
the Q, band is slightly enhanced and shifted 5 nm to the red as cadgarthe iso-
lated purpurin in solution. Also, thed®et band shows a minor red shift in the dyad.
The vibrational substructure in the absorption of the ecarotd moiety is reduced as
compared to the free Car in solution.

The fluorescence excitation spectrum of the dyad was mehsudetermine the
efficiency of the singlet-singlet ET. Figure 6.2 shows therfiscence excitation spec-
trum of the dyad, normalised with the linear absorption spec at the maximum of
the Q, band (583 nm), where all of the absorption is due to the pumplrom the
ratio between these normalised spectra, in the region wtherearotenoid absorption
dominates (460-515 nm), the yield of the ET is on average 67%.

6.3.2 Time-resolved measurements

To characterise the energy flow pathways following the exicih by the pump pulse,
we performed spectrally resolved ultrafast transienbghition measurements, where
the time delay between pump and probe pulses was scannecégative times to
6.2 ns and the broad band probe light was detected from 4700@mn. The resulting
2-D pump-probe data are shown in Figure 6.3. After the eloitafive major contri-
butions are visible. At early times, the negative signaltantilue side of the measured
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Figure 6.3: Pump-probe data as a function of time (y) and wavelength (x). Thexctaaistic
features of Car bleach (1), Cak &SA (2), Pur Bleach (3), Pur ESA (4), and Car triplet ESA
(5) are indicated. Note the three different time axes. a: 0-2 ps, lineas39 ps, linear; and c:
50 ps to 6.2 ns (logarithmic).

spectral range coincides spectrally with the carotenaedd-sate absorption (1); the
strong positive signal in the central region of the measspattral range (2) is due to
an excited-state absorption; and the negative signal7@0 nm, originates from the
bleach of the Q transition of the purpurin moiety (3). Further, the bleagnal due
to the Q, band of the purpurin is seen as a crevice carved at 580 nm gposigve
excited-state absorption extending from 520 to 690 nm.

A major part of the positive excited state absorption (ES&\eell as the caro-
tenoid bleach signal decays during the first 20 ps. A broadvezak positive signal
in the central region remains together with the featurehefgurpurin bleach (4). A
small rise of the negative signal at 700 nm can be seen. Aatbetimes, as the posi-
tive signal between 600 and 690 nm and the negative sign@0atm both decay on a
nanosecond timescales, a new positive band arises, peatdd nm (5). This is ac-
companied by a slight increase of the negative signal onltreedide of the measured
spectrum (Figure 6.3c, top left corner).

Itis evident that various signals are superimposed. Thigestion and/or overlap
of signals causes difficulties in the data analysis. For gamhe so-called single-
trace fitting results in a multi-exponential function, of s physical interpretation
may become an intractable problem [91, 92]. To extract dtaive and physically
interpretable information out of the measured pump-proai,dwe made use of a
global fitting procedure described in the Experimental Bdures.

To determine the number of time constants involved in thealspectral evolu-
tion, the data were fitted using a simple sequential modek mbdel consists of a
number of states evolving subsequently to the next one wwith.t The related spec-
tra are left to develop without any constraints as the fitfingceeds. In principle,
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Figure 6.4: Results of the global analysis using the sequential model. The followingE#B
shown: 40 fs (dark blue), 200 fs (green), 1.1 ps (red), 7.8 pbt(biue), 1.58 ns (magenta), and
inf. (beige)

this approach is purely mathematical, and requires no phyituition or previous
knowledge of the system, both of which may well be a hindran@n objective data
analysis. Hence, this approach provides a beneficial wagdinito unravel the ki-
netics of any molecular system. In this first step, the pumgb@ surface is expressed
by so-called evolution-associated difference spectrallEAand the corresponding
lifetimes that link the spectra together (e.g., the thirdE3\ises with the second life-
time and decays with the third). The found EADS (Figure 614) @sed in concert
with the experimental data to provide the first insights itite kinetics of the dyad
molecule. To aid the description of the rich dynamics, dépicfeatures ranging from
femtosecond to nanosecond timescales, the data are medant in three different
time regimes: early (0-2 ps), medium (2-50 ps), and late tamges (50 ps to 6.2 ns).
The pump-probe surface and the temporal cuts are plotteatdingly (regions a, b,
and c in Figure 6.3 and Figure 6.6). From the pump-probe serfgigure 6.3), ac-
companying spectral and temporal sections (Figure 6.5 agudré-6.6) as well as
EADS (Figure 6.4), the following characteristic temporabdaspectral features, are
qualitatively recognisable.

Early timerange. Located spectrally in the blue end (from 480 to 525 nm) lies
the instantaneous negative carotenoid bleach.(Blsignal, which is partially over-
lapped by the negative signal originating from the stimeda¢mission (SE) from the
carotenoid $ state between 500 and 620 nm (Figure 6.4, blue line). TheH&8S
lives only some tens of femtoseconds before the strongip@siarotenoid $— S,
ESA dominates. This broad band at 530—-700 nm is superimpaibdhe negative
purpurin bleach (Bd,,), with its characteristic features originating from the énd
Q, bands peaking at 583 and 699 nm, respectively (Figure 6egngline). Note,
that also the features of the purpurin bleachs(B) appear during the first few tens of
femtoseconds, revealing that at least part of the ET promess occur rapidly right
after the excitation.

Medium time range. The S-S, ESAc., band first narrows and then decays in
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Figure6.5: Spectral sections of the pump-probe data (symbols) at selected tinys tieg@ther
with the fit (solid line): 420 fs (circles), 7 ps (squares), 50 ps (diarsprahd 6.2 ns (triangles)

picosecond timescales. This is accompanied by the padidiie of B, (Figure 6.4,

red line and cyan lines). Note here, that even after the ipesstignal due to the
ESACar around 550 nm has disappeared, there clearly is sddiBomal transient
state giving rise to the positive signal that lies betweed &3d 680 nm (Figure 6.4,
magenta line). The features of thepBl remain clear.

Late timerange. Here, a positive signal between 520 and 570 nm, belonging to
the carotenoid triplet =T,, ESAr, rises in nanosecond timescales. At the same time,
corresponding growth of B}, at the blue end of the spectrum and recovery f Bl
at the red end can be seen.

6.3.3 Oscillations

At the pump intensity used in the pump-probe scans (100 r&lao detect subtle
signatures of coherent wavepacket oscillations. Thelaticihs have their maximum
amplitude on the red side of the carotenoid ground-staterpbien at 520-560 nm,
and disappear within a few picoseconds. To further studgetmscillations, scans
with increasing pump intensities up to 1000 nJ/pulse werdenarhe oscillations
were analysed by fitting a simple exponential function togady time data at 546 nm
(Figure 6.7, left panel, red curve). The resulting curve W subtracted from the
data, and FFT was then applied to the residual signal, rexgal Fourier spectrum
comprised of four frequencies contributing to the osaillgtpattern, 217, 530, 795,
and 1012 cm!, with periods of 150, 63, 42, and 33 fs, respectively. Thetrpos-
nounced peak is at frequency 530 thh whereas the other peaks were discernible
only at higher pulse energies. The amplitude of the ostiltatincreases linearly with
the increasing pump energies, as shown in Figure 6.7 (seeahthe right panel).
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Figure 6.6; Time traces of the pump-probe data (symbols) at selected wavelenggesher

with the fit (solid line): 478 nm (diamonds), 546 nm (squares), 610 rirolés), and 700 nm
(triangles). Note the three different time axes. a: 0-2 ps, linear; 0 @s5linear; and c: 50 ps
to 6.2 ns (logarithmic).

6.4 Discussion

The sequential model served as a first step in the data asafyging information
on the rate constants and general spectral features of tae ldeother words, by re-
solving and comparing the energy-level diagram of the dyetthé¢ one of LH2, it is
possible to understand how well the dyad mimics the saleatties of the kinetics in
LH2. In addition to the branching ratio between the funciochannel (energy trans-
fer, ET) and the loss channel (internal conversion, IC) sshguestions remain. Are
there additional dark states involved in the kinetics? Dosese evidence of impulsive
Raman scattering (IRS), possibly populating the hot grasiate (Hotg)? Is it feasi-
ble to resolve a clean enough molecular feedback for thailegrloop experiment as
used in LH2 coherent-control experiments? What wavelengtialstime positions, if
any, are suitable to detect signatures of the IC and ET psesé&s

6.4.1 Target analysis

With the previous discussion in mind, the results of a taayedlysis are discussed
here. In this second step of the data analysis, assumptasesilon physical intuition
and previous knowledge are put to use, some of which weradlrpresented in the
Results section, when assigning molecular states to nestmctral features that are
depicted by the experimental data and in the EADS. The go#ieotarget analysis
is to find the energy-level diagram, the species-assocsgedtra (SAS), connections
and rate constants, which best describe the measured dal@aing that, one may refer
to results previously reported for similar molecules angsthssign certain constraints
that are based on information already available.

In principle, target analysis is model testing. Also hegrjaus models, including
models with different numbers of states and connectionadet them, have been
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Figure 6.7: Coherent wave packet oscillations. Left panel: pump-probe traithsnereasing
pump energies (100, 250, 500, and 1000 nJ/ pulse) at 546 nm. [Rigkt. FFT of the oscilla-
tory pattern at the highest pump energy showing peaks at 217, 530a@@ 1012 cm®. Right
panel inset: linear pump-energy dependence of the 530 graak amplitude.

tested on the dyad pump-probe data. In the following disonsshe results of the
analysis are further elaborated, together with a more léetaliscussion over previ-
ously presented models for the carotenoids and LH2 complex.

The best model is comprised of seven energy levels (i.ectspespecies): the
ground states of carotenoid and purpurin (Figure 6.8, branah black lines, respec-
tively); five carotenoid and one purpurin excited statesptesoid S, HotS), HotS,,
S, and the triplet (Figure 6.8, blue, purple, red, cyan, antbines, respectively);
and purpurin $ (Figure 6.8, green line). The resolved time constants aeequted
in the Table 6.1. For clarity, the discussion proceeds withhelp of the three time
regimes already introduced in the previous section.

Early timerange. The carotenoid $Sand the carotenoid HogSare populated by
the laser pulse. Thus, the model includes two states thanhgialy populated by
the pump pulse (Sand Hot3). The initially excited population from the,Sstate
decays to the vibrationally HotState by internal conversion with a rate constant of
1/110 fs™!, from which it further undergoes a cooling process that ltssn the §
population with a rate constant of 1/290fs

A competing pathway branches from the initially excitedsfate toward the pur-
purin excited states. This carotenoid-purpurin singietiet ET has a rate constant of
1/50 fs~! and gives an ET/IC branching ratio of 69:31 between ET anavi@igh is in
good agreement with the ratio determined by the steadg-siaitation measurements
(ET/IC is 67:33).

The carotenoid Sexcited state has a stimulated emission spectrum locabethiy
where the carotenoid fluorescence is previously reportexits [80]. The exact fea-
tures of the resolved ultrafast spectral band are slightlyréd due to the limited time
resolution and a small coherent artefact present in the data

The vibrational-cooling process of thg State is described by including an ad-
ditional HotS level into the model. Accordingly, the algorithm finds a SA® this
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Figure 6.8: Species associated spectra (SAS) obtained by the target analysis ieqpley

energy-flow diagram of in Figure 6.9. The following spectral speciegpaesented for the ca-
rotenoid moiety: bleach (Bl,), S; — Sy stimulated emission €3, HotS, — S, excitedstate

absorption (Hotg), HotS) — S, excited-state absorption (Hafs Si — S, excited-state ab-
sorption (S), and T, — T, excited-state absorption ¢I,). For the purpurin moiety: bleach
(Blpur), S1 — S excited-state absorption (PuyQ

intermediate state that extends more broadly than the d&ISAS, in consequence
describing spectral narrowing. The spectral narrowinghef § ESA and the corre-
sponding rate constant is congruent with the work by Polald85]. In their study

on rhodopin glucoside in benzyl alcohol and in LH2, they fotimat S decays to hot
S, that cools sequentially with two time constants: 50 and S00Folli et al. used
~10 fs pulses, and likely, the rate constant determined herg@fasts the lower time
resolution used in this study.

Table 6.1: Rate constants of energy-flow pathways

kic keT k1 ) ks kisc + ka
(fs™) (E) (fs™) (ps ) (ps) (ns )
1/110+5 1/50+4 1/290+15 1/7.8+0.1 1/8.3+0.1 1/1.5+0.2

It is generally known that the;SESA band of carotenoids contains a pronounced
shoulder on the blue side of the peak [80]. This spectralifedtas recently come into
focus by several groups, and various models (includingtemidil dark states [88—90]
or alternatively a hot ground state [95, 96]) have been mteskefor carotenoids in
solution as well as for the LH2 complex [93, 97]. The previstisdy of the dyad by
Macpherson et al. preceded this development and hence tatldeess these aspects
of the carotenoid photophysics. Here, the model of Figudeiricludes a carotenoid
hot ground state (Hot3, which is populated instantaneously within the excitatio
pulse by an impulsive stimulated Raman scattering (ISR&3qss [98]. The popu-
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lation of HotS) by ISRS has been previously reported by Wohlleben et al [00],1
and by Andersson and Gillbro [95]. Attempts to fit the datahwnitodels including an
additional dark excited state, lying energetically belbw & state, and being popu-
lated from the $ state, were also made. However, the algorithm was unabledo fi
any fit with a comparablg? value as was reached by the model of Figure 6.9. In light
of these results as well as the previous results from usingusultrafast techniques
[101] that claim that the general dynamics of the carotemaiek best explained by
a model with a Hot$ state, we conclude that the carotenoid in the bioinspireatidy
system behaves more as a carotenoid in the solvent; no@ualigxcited states were
found nor any ultrafast triplet formation via these statedetected as is the case in
the LH2 complex [93].

Medium time range. The vibrational cooling from the Ho{Sto the S state is
followed by the decay of the carotenoig Sate to § state by internal conversion with
a rate constant of 1/7.8 pS. The hot ground state of the carotenoid decays slightly
slower (1/8.7 ps'). In this time regime, the purpurin QESA, present already at
early times, remains effectively unchanged.

The S spectrum has its maximum at 600 nm, and the shape with itswong
extending toward the red is familiar from previous studiestloe carotenoid excited
state. In natural light-harvesting complexes, both thar®l the $ states act as donors
in the ET. In the case of the LH2 complex, it has been shownttiemajor part of
the energy is transferred directly from the initially exagdtcarotenoid Sstate and that
only a minor part £0.5%) of the energy is transferred from the carotenqidtate to
the B800 molecules [82]. The stepwise CarS B800 — B850 is seen as a rising
bleach signal at 860 nm in the pump-probe data. Previoudigs been reported that
in the dyad, all of the ET occurs directly from the carotenBidstate [77]. The rise
of the negative bleach signal in LH2 at 860 nm may originadenfthe ET from the
carotenoid $ state, increasing the amount of excited Bchl moleculesyamn fthe
intramolecular internal-conversion process occurrirapfrthe carotenoid Sstate to
the carotenoid ground state. The latter case is naturaligipte only if the wing of
the positive carotenoid;S— S,, excited-state absorption band extends to overlap with
the Bchl bleach, which is not likely the case in LH2. Howewethe dyad, the bleach
of the purpurin is located some 150 nm closer to the peak o6tHeSA, at 700 nm.
Hence, it is impossible to say, as to whether the rising bléadhe dyad originates
from ET from the carotenoid;Sstate, or if it is merely a signature of the decaying wing
ofthe § — S, ESA. Therefore, even using sophisticated global analgsisrtiques,
we cannot rule out the possibility of ET from the carotenoidstte. However, the
contribution of this channel would be small: at most onlyw feercent.

Late time range. After the population in the carotenoid; &ind Hotg states
has decayed, the excess energy left in the system is locatbd purpurin Q state.
The ESA spectrum of the purpurin,Gtate spreads across the spectrum from 500 to
700 nm. From this state, part of the population is relaxednt@rnal conversion to
the ground state, and part of the population undergoes anrsgstem crossing (ISC)
process from purpurin Qto the purpurin triplet state and further a triplet-tripleT
from purpurin to carotenoid d,;, — Tc.: ET. The carotenoid triplet ESA band arises
with a rate constant of 1/1.5 n§. The ET from the purpurin triplet state to the caro-
tenoid triplet state is fast as compared to the ISC; thus,apuiation is accumulated
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Figure 6.9: Energy-flow diagram of the bioinspired dyad system.

in the purpurin T state. Consequently, no spectral signature of the purfdyristate
can be resolved from the data.

6.4.2 Comparison: Natural versus artificial

The early time dynamics plays the most important role wharsittering the dyad as
a model system to mimic the dynamics of the LH2 complex. Theiat branching
occurs from the initially excited $Sstate in less than 100 fs. In LH2, the ratio is known
to be 50:50, where as the dyad shows a 70:30 branching ratie. rite constants
are comparable; in both systems, the internal conversioarsedn little over 100 fs.
Better efficiency of the ET in the dyad is due to faster ET, e@ugh there is only
one chromophore accepting the energy (Table 6.2).

According to the Brster mechanism, the efficiency of the ET depends on the inte
chromophore distance, the relative orientation of the ttu@mophores, and the over-
lap between the absorption and the emission spectra. Thexios of the carotenoids
is at the same wavelengths in both systems, as are tHsfds of the accepting mo-
lecules (purpurin and Bchls). Accordingly, the rapidly dgitig S emission spectra
are also likely to exist at the same wavelength in both systelfence, the spectral
overlap between the donor emission and the acceptor aimogre of the same order
in both systems. The edge-to-edge inter-chromophorerdistain LH2 are slightly
shorter, and the orientation of the dipoles is fixed in thegiromatrix. The fact that
the dyad depicts faster ET suggests a more favourable averg@ntation between
the chromophores. The involvement of other mechanismsilplgsmediated by the
bridge atoms, has also been discussed [77].

The proposed mechanism behind the enhancement of IC in LHshayed laser
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pulses involves the excitation of a specific low-frequena@dmby an ISRS process
[44]. A multi-pulse laser field is synchronised to a critig@irational frequency, or an
integer multiple of it, whose activation leads to more rajpitrnal conversion, thus
increasing the efficiency of the loss channel. Interesyintle dyad depicts coherent
wave packet oscillations in the spectral region where th&SHis located. Such os-
cillations have previously been observed in carotenoidsassigned to ground-state
wavepacket motion due to the ISRS process within the purmge8b, 102]. This is
one feasible explanation here as well, andf80 cnT ! peak could be assigned to
the beating between the C—C and the C=C stretching mode®4atat@ 1539 cm'.

Another interpretation could be the involvement of the salv(toluene) vibra-
tional modes that are somehow coupled to the solute cariotefbe resolved wave-
numbers of the detected three bands agree well with the khalwene FT-IR Raman
spectrum, although differing in their relative amplitude& similar observation of
solvent modes was made by Shimada et al. in a hyper-Raman g¢#REring ex-
periment ons-carotene solvated in cyclohexane [103]. As is the casedmpthsent
study, a mode attributed to the solvent was only detectetiérptesence of the so-
lute 5-carotene but was missing in the neat solvent. The authoribed this effect
to a solvent induced molecular near field, giving rise to ameellR band. Accord-
ing to their interpretation, the mixing of the carotenoigaéhd S states is influenced
by the solvent vibrations, intervening with the HR proceldswever, HR scattering
is a two-photon process, and the mechanism cannot be the sarce the intensity
study (see Figure 6.7) clearly reveals that the amplituddede oscillations depends
linearly on the pump intensity, as expected for an ISRS m®¢€04]. Possibly, the
mechanism here can be thought to be analogous to surfae&e@thRaman scatter-
ing, in that it requires the presence of carotenoid modeslagid near-field coupling
to the solvent. However, studies varying the concentradimhincluding experiments
with deuterated solvents are needed to confirm such a mesrhaii/e also note that
a further influence of the contributing electronic resoreisccrucial, since a similar
solvent band in cyclohexane as detected in a degeneratevéaugr mixing (DFWM)
experiment [51] was only to be detected under resonantagiaitconditions and was
missing when the soluté-carotene was excited non-resonantly.

6.5 Conclusions

We present a detailed time-resolved spectroscopic studiiehioinspired dyad mo-
lecule, comparing its structure, spectrum, and dynamichéoLH2 complex from
R. acidophila Regardless of the structural simplicity, the dyad mimies major
spectral and kinetic features of the LH2 complex well (se@d8.2). The major dif-
ference found in the photophysics is the energy flow in theteaoid moiety, which
is consistent with the photophysics of carotenoids in smtutather than in the protein
environment of the LH2 complex. In addition, the newly foundolvement of ISRS
process in the photophysics of the dyad arouses furtheresttén using the dyad in
mimicking the coherent control results obtained in LH2, véhkSRS is the proposed
contributing mechanism.

The caroteno-purpurin dyad is an ideal case for a cohe@mtra study, having a
clear branching of the energy flow between two competingwayis leading to two
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different processes: IC and ET. With the aid of a global fiftprocedure, the under-
lying spectral and dynamical contributions of the processere resolved from the
data in detail. On the basis of the analysis, clear signalth®ET and IC can be re-
solved in a pump-probe experiment. The amount of energy figwo the ET channel
can be probed around 700 nm and to the IC channel around 610 hensufficient
time window for these signals extends from short times t@ess#picoseconds. This
provides a reliable and well-characterised feedback sfgnéuture coherent-control
experiments, which aim to manipulate the efficiency of theseesses.
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Table 6.2: Structural, Spectral, and Dynamical Comparison between LH2 and BioéusDyad

LH2 dyad

Structure

donor carotenoid carotenoid
rhodopin glucosider( = 11) [-carotene derivativen(= 10+ benzene ring)
acceptor bacteriochlorophyll purpurin
linkage none amide bridge
neighbours 9 repeating units in ring structure none
surrounding protein solvent (toluene)
inter-chromophore distance 3.4 Car-B800 3.7
(edge-to-edge)X) 3.6 Car-B850
Spectra (absor ption)
donor (nm) 450-540 450-540
acceptor (nm) Bchl-B800 £ 800; Q,: 592 Q,: 699; Q,: 583; Soret: 439
Bchl-B850 Q: 850; Q,: 592

Dynamics

k'S, — acceptor{®gr)(fs™1) S, — Bchl-B800 1/280; (0.2) 1/50; (0.7)
S, — Bchl-B850 1/185; (0.3)

kic (S2 — S1); (Prc)(fs™) 1/120; (0.49) 1/110; (0.3)
krc (S1 — S); (P1c)(ps™h) 1/14.2 1/7.8
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Chapter

Controlling the efficiency of an
artificial light-harvesting complex

Adaptive femtosecond pulse shaping in an evolutionaryniegrloop is applied to

a bioinspired dyad molecule that closely mimics the earhetphotophysics of the
LH2 photosynthetic antenna complex. Control over the thangcratio between the
two competing pathways for energy flow — internal convergi@) and energy trans-
fer (ET) — is realised. We show for the first time that by pulkaing it is possible

to increase independently the relative yield of both chérieT and IC. The opti-

misation results are analysed using Fourier analysis, wjiices direct insight to the
mechanism featuring quantum interference of a low-frequemode. The results from
the closed-loop experiments are repeatable, robust andrustrate the power of co-
herent control experiments as a spectroscopic tool (i.aniyum control spectroscopy)
capable of revealing functionally relevant molecular muigs that are hidden from
conventional techniques. Finally, open-loop control eipents provide first experi-

mental evidence of the involvement of a hot ground stateerctintrol mechanism.
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7.1 Introduction

Artificial photosynthesis is an important challenge of acie and technology today.
Numerous applications include solar cells and other asilfisower sources, light-
emitting materials, sensor systems, and other electramicpdnotonic nanodevices
that utilise the conversion of light energy into chemicalgrdials [18]. Over the last
decade, major technological advances have been made usmupiicry, an approach
making use of teachings from studies on Nature’s wide-ragngielection of highly
efficient pigment-protein complexes [105]. It has been ghtivat integrating light-
harvesting antennae with electron-transfer relay systsnaspotent way to emulate
photosynthesis [19]. Thus, biomimicry has inspired systéaised upon complicated
natural light-harvesting complexes (LHCs) reduced torthasic elements, and effi-
cient antenna systems based on polymer polyenes covastabhed to tetrapyrroles
have been synthesised [106, 107].

The antennae are responsible for the first step of the phatiosyis, capturing
energy of the sun and transferring it to subsequent photbsyin structures where
the energy is transformed in chemical potential. Withineas natural and synthetic
LHCs, blue-green photons are absorbed by carotenoid mekeduwom which the en-
ergy is transferred to neighbouring porphyrin molecule][8This energy transfer
(ET) step from the carotenoid donor to the accepting modecspecies is the primary
process in utilising energy in the window 450-550 nm, andriloutes significantly to
the functioning of the complex. The efficiency of ET over catipg loss processes,
such as internal conversion (IC) is a crucial factor in therall quantum vyield of
(artificial) photosynthesis. Hence, a high priority is giv® understanding the mech-
anisms of energy flow and mediating processes in order twvaévelopment of more
efficient artificial systems.

In this study, we use a novel approach: Adaptive femtosegaihsk shaping in
a learning loop [8, 21] to control the pathways of energy flowan artificial LHC.
This closed-loop optimisation technique has producedrabgeiccessful examples
in obtaining control over various physicochemical reatsiin complex molecules in
liquid phase without prior knowledge of the molecular Haomian [21, 108]. Exam-
ples extend from control of energy transfer [43], fluoreseeyield [109], population
transfer [110], selective excitation of vibrational mod&%1], and isomerisation re-
actions [14, 112, 113]. However, in such complex systemslherithm has to nav-
igate through a multi-dimensional parameter space anddhels often results in a
complicated, highly modulated pulse shape. This makestieepretation of the ob-
tained pulse challenging and often leaves the physical amesim unresolved. Here
we show how coherent control techniques can teach us morg #imintrinsic prop-
erties and interactions of molecular systems, i.e. we perfguantum control spec-
troscopy (QCS) with pulse shaping [21, 52, 53]. For artifiplaotosynthesis the goal
is to reveal mechanisms and related design criteria thagrlindbptimal performance
for light harvesting.

The system we study is inspired by the LH2 complex from theleubacterium
Rhodopseudomonas acidophilehere many carotenoid and porphyrin pigments are
embedded in a ring structure within a protein [79]. Our bépined dyad molecule
consists of a single donor (carotenoid) and single accgptopurin) moiety, thus the
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structural complexity is reduced significantly. Previgysletailed ultrafast studies
revealed that the dyad mimics the salient features of théopihgsics of the natural
photosynthetic complex [77, 78].

The present study also expands upon previous work where@uoheontrol was
used to manipulate the branching ratio between two competiergy-flow pathways
in LH2 [43]. In that study the relative efficiency of the lodsaninel (internal conver-
sion, IC) was improved over the functional pathway (energgdfer, ET) by 30%. The
proposed control mechanism [44] involves an excitation epecific low-frequency
C-C-C bending mode enhancing the energy flow to the IC chaduelording to this
mechanism, a multi-pulse laser field is synchronised totecativibrational frequency
(~160 cnT!) on the electronic ground state, whose activation leadsci@mapid in-
ternal conversion, thus increasing the energy flow to the ¢bnnel [44].

To control the pathways of energy flow in the dyad molecule veet dlindly,
without restricting the optimisation to any particular i@g of the search space. We
then extract recognisable features from the resultingepslsapes, simplify the pa-
rameter space accordingly and test whether a similar rissaiilable using a smaller
number of parameters [10, 42]. This strategy provides a polgpectroscopic tool
that is sensitive to the function of the artificial LHC, thieyaevealing important char-
acteristics affecting the efficiency of the light-harvagtiprocess. Furthermore, we
show that it is possible to enhance or suppress the fundtibr@anel by pulse shapes
exploiting different control mechanisms. Ultimately, dlapproach may lead to the
discovery of new design principles to aid the developmenhofe efficient artificial
light-harvesting systems.

7.2 Materials and methods

The control experiments utilised a closed-loop optim@mattrategy [8, 21], whose
basic elements are presented in the Figure 7.1a. The optionisis ‘blind’ in that it
begins with no initial guess, but rather a set of random ph#sat corresponds to a
generation of different pulse shapes. The individual phpegterns are applied to the
SLM, which modulates the dispersed spectrum of the femtosktaser, tuned to the
first optically allowed transition of the carotenoidy(S5; in Figure 7.1b) at 510 nm.
The resulting pulse shapes are then successively testér gample and a feedback
signal is derived using transient absorption. Based orsibisal, a fithess function is
evaluated according to the target of the optimisation, &edndividual pulse shapes
are ranked. A learning algorithm then selects the best mhapes for reproduction
and creates a new generation of pulse shapes. Anotheidtedtthe cycle begins,
and the loop proceeds to search for pulse shapes that furtrerase the value of
the feedback function, thus closing in on the target objectiA robust calibration
method, where each SLM pixel is calibrated and correctiomfty phase distortion is
made by optimising second-harmonic generation in a nagalicrystal, ensured that
the shaping introduced no effect on the amplitude of the ppuaige; the fluencies of
the excitation pulses were kept moderate, at abot#-1M'> photons/cr at 510 nm
excitation wavelength.

The target objective is to manipulate the pathways of enélayy in the dyad
(Figure 7.1b). Two competing channels, labelled (ET) a@y,(&re resolved from the
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Figure 7.1: Optimisation of the energy-flow in a learning loop. Panel a: Elements of the
learning-loop experiment. Panel b: Simplified energy-flow diagrantiowing excitation, en-
ergy transfer (ET) from the carotenoid State to porphyrin takes place in 54 fs. Simultaneously,
the first excited state ($ of the carotenoid is populated via hot &ate by a competing internal
conversion (IC) process in 110 fs, resulting in a 30/70 branching ratiwden IC and ET. The

S, state decays to the ground state in 7.8 ps. The lowest excited energgfiéhrelporphyrin

is deactivated on nanosecond timescales.

transient spectrum at 8 ps time delay, and used as feedbatkef@ptimisation. A

10 nm band cantered at 610 nm corresponding to the exciééd-absorption of the
S; state was used to monitor the loss channel (IC); and a 10-mah &@und 700 nm,
corresponding to the bleach of the acceptor, for the funaetiohannel (ET). The pump
spectrum was cantered at 510 nm and had a full width-é5 nm. The algorithm

used was a covariance-matrix adaptation (CMA) of the deleamsed evolutionary
strategy [35, 94].

7.3 Results

For the blind optimisation, a large search space descrilyedO8 parameters was
chosen in order not to limit the complexity of the pulse shapee search space was
described by a basis having three different frequency ufg@, 20, and 40 pixels)
over the pulse shaper window, and the spectral phase wapadidted between these
frequencies. The shaping was done only to the phase and ndwdBashaping was
used.

Figure 7.2 shows a learning curve of a blind optimisation hicl the target was
to maximise the ratio IC/ET, the pathway successfully ofgtéd in LH2 [43]. A total
of 15% increase of the ratio was obtained after 108 genewmtidhe fithness values
of the best pulse shapes (red circles) reveal that after ifialijump of about 5%,
the algorithm explores the search space<$@0 generations before finding a feasible
route on the fitness landscape, which gradually results inrtadr ~10% increase
of the IC/ET ratio, though the optimisation likely has not genverged. The fitness
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Figure 7.2: A closed-loop optimisation of IC/ET. The learning curve shows an imprae
of ~15% in the fitness value of the best individuals (red dots) compared tottiesdiof the
TL pulse measured prior to each new generation (blue squares). ¢nsss correlation (upper)
and FFT of the cross correlation (lower) of the best pulse of generafién

value of the TL pulse (blue squares) was determined prioratheew generation,
providing an excellent indicator that the experimentalditons remained constant
during the optimisation.

The optimal pulse shape of the generation 108 (Figure 7s&tirspreads as a
complicated pulse-train like structure over several ptoosids. The power spectrum
of the cross-correlation of the pulse (Figure 7.2, insetyaha major peak at a period
of ~300 fs corresponding to a frequency within the complex ptiaim structure of
~110 cnT!. The initial jump between the first and the second generatidoe to an
artefact as will be further discussed in the following sewati

According to our strategy, the following step was to move toae restricted pa-
rameter space. Since the first results hinted that pulsestve¢re a key characteristic,
we then used a Fourier-series parameterisation consistifg sinusoidal and 20 co-
sine functions. In this optimisation the number of paramsateas 40, still sufficiently
large to allow for complex pulse shapes. The results of thismisation are shown
in Figure 7.3; now the learning is much faster, such that \ji#t 31 generations a
~10% increase of the fitness value IC/ET is again found (Pgné&ligure 7.3b shows
the optimal phase pattern (blue line) overlapping the pupgzsum (grey area) and
Panel c the corresponding experimental cross-correlafitime resulting optimal con-
trol field. The power spectrum of the cross-correlation @& tiptimal pulse is shown
in Figure 7.3d. The figure indicates that the major featuspoasible for the increase
of the IC/ET ratio is indeed a pulse train with a sub-pulsecsgpof ~300 fs. This is
in agreement with the aforementioned experiment on LH2 revttee optimised pulse
shape showed a strong periodic modulation with spacing 0ffg2

We also explored a target objective aimed to improve thetivelgyield of the
energy transfer, using fithess function ET/IC. Figure 7 Hawss an example of a le-
arning curve of an ET/IC optimisation. Initially, the fitreegimps downwards-8%,
but grows to a final improvement e¥13% higher. Notably, during the learning pro-
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Figure 7.3: Optimisation of the ratio IC/ET using the Fourier-series parameterisatiorel Ba
The learning curve shows an improvementaf0% in the fitness value of the best individual
(red circles). Blue squares indicate the fithess of the TL pulse, mehpu@ to each new
generation. The initial (from TL to the first generation) increase of thedgnvalue due to the
stretching of the pulse is subtracted from the data. Panel b: The optiraségrattern (blue
line) and the pump spectrum (grey area). Panel c: Cross correldttba optimal pulse shape.
Panel d: The power spectrum of the cross correlation.

cess a non-flat phase pattern having an equal fitness valie d4 tpulse is found

at around the halfway point of the optimisation. Howeveteathe crossing point,

more favourable pulse shapes are found that lead to an iraprent of the efficiency

of the energy transfer process over the competing interalarsion process by 5%,
compared to the TL pulse. As in the case of the IC/ET optirisathe optimal phase
pattern, shown in Figure 7.4b (blue line), results in a mpltise structure shown in
Panel c of Figure 7.4. The four-pulse structure has a totaltiun that is significantly

shorter than the best pulse from the IC/ET optimisation,therdnost pronounced sub-
pulse spacing is approximately 200 fs. The power spectruthetross-correlation

of the best-found pulse shape in Figure 7.4d shows a majde gtea period around

200 fs.

7.4 Discussion

The experiments show that both product channels (ET andltBgiartificial LHC are

susceptible to coherent control. Using the strategy of eetially moving from blind

optimisations to a restricted parameter space and anglysa optimisations using
Fourier analysis, we find that for both product channels agtiain structure with
varying sup-pulse spacing (around 300 fs for IC and 200 f&fDris responsible for
the control. The large parameter space gives a lot of freddothe learning process,
but the result is very difficult to interpret. We show that mpler parameterisation
makes optimisations faster while preserving the amplitafi¢he learning process
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Figure7.4: The closed-loop optimisation of the ratio ET/IC. Panel a: The learningecshews

an improvement of~5% in the fithess value of the best individual (red circles). The blue
squares indicate the fitness of the TL pulse, measured prior to eachamtagjon. Panel b:
The optimal phase function (blue line) and the pump spectrum (grey.aRsmel c: Cross
correlation of the optimal pulse shape. Panel d: The power spectrtime afoss correlation.

(10%). Thus, we have found important directions on the féasdscape describing
a smaller search space still containing the optimal satutio

The initial jump observed in the optimisations is due to wialiand incoherent
control mechanism that simply avoids saturation by pulsetcting, a phenomenon
previously discussed for LH2 by Papagiannakial. [114]. The effect stems from the
fact that the signals for IC and ET have very different lifadis. Effectively, this means
that when the excitation pulse gets longer we observe mgnakin IC compared to a
transform limited pulse that can readily saturate the earoid S to S, transition. We
used the measured saturation curves (data not shown) inicatiamn with the kinetic
model of the system [78], and the measured cross-corrakid the pulse shapes
along the learning curve to model the effect. The simulaishow that compared
to the TL pulse the first shaped pulse is invariably stretdhnetime, resulting in a
higher fitness value for IC/ET (or lower in the ET/IC optimtis®). This contribu-
tion remains constant (fluctuating less than 0.5%) over thiese of the optimisation,
creating a step that underlies the exponential growth cdoeeto real learning. In
addition, we experimentally tested the recorded pulseesh&pm the IC/ET optimi-
sation in a repeat measurement using only half the energgorling to the data (not
shown) the jump and the ‘learning’ part have very differartensity dependencies;
the initial jump decreased by approximately half of its aitojle whereas the learning
part remained the same-10%). We conclude that the initial jump observed in the
optimisations is due to a trivial and incoherent control heedsm that simply avoids
saturation and that the learning originates from an actirgrol mechanism over the
branching of the energy flow in the dyad.

The control mechanism may involve dynamics in an excitedanthe ground
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state of the dyad. Following excitation of the carotenoidigtoto its S state, a
rapid internal conversion via a conical intersection cotapavith the energy trans-
fer to the porphyrin [78]. This competition results in a vesigort lifetime of the
S, state 40 fs). Considering that the pulse separations in the founsepshapes
are substantially longer, control mechanisms involvingyevpacket dynamics in the
S, state during the interaction with the pulse can be excludeckgopulation (and
thereby also the electronic coherence) decays completdlyden the sub-pulses. On
the other hand, the,Sifetime of the carotenoid is 7.8 ps, and one possibilityhiatt
the found pulse shapes are promoting constructive (destediinterferences between
wavepackets that are evolving on the |$otential energy surface. While in some
systems vibrational coherence may be preserved duringaaatbn between elec-
tronic states , previous reports on carotenoids show thedguee through the conical
intersection between the,&nd S occurs most likely incoherently [52, 102, 115].
The observations in the pump-probe experiments show vuimailtcoherence only in
ground-state potential energy surface, indicating thatvibrational wavepacket cre-
ated in the g state does not survive the IC process to the&ential energy surface
[102].

In a recent study on all-trans-carotene in solution, Lustrest al. described a
strongly over-damped oscillation between theaBd S states that causes a recurrence
of population in the $potential energy surface with 300 fs period [116]. Interegy,
this matches the found time separation in the found pulse itnahe IC/ET optimisa-
tion. Involvement of such a dynamical feature cannot elgtive excluded, but again
the lifetime of S state suggests that influence of the recurring feature woeiidery
small. Only a minor part of the carotenoid still has excdatisince 70% flows to
the purpurin with ultrafast timescales. Further, it is uta@ whether this recurrence
exists in the dyad and with what efficiency.

We now consider a mechanism that incorporates impulsiseutdited Raman scat-
tering (ISRS) of low frequency skeletal modes in the groutadies[117]. In the fol-
lowing, we use a pathway approach with potential energyased and wavepackets to
describe the multidimensional photophysics of the dyadvéffacket generation on
specific vibrational modes by shaped pulses [9, 118, 119kwurns into enhance-
ment of vibrational coherence under near-electronic rasbcondition [51, 120, 121],
has been demonstrated in various molecules including eaoats. By periodically
modulating the phase of the laser pulse over its spectrum fossible to prepare
wavepackets selectively, and under near-resonant condito enhance wavepacket
excitation of Raman-active modes. The leading pulses peepavavepacket in the
vibrationally hot ground state of the carotenoid. By matchthe frequency of the
pulse train to a ground state vibrational mode, for instamdew frequency twist-
ing of the backbone, we introduce momentum along a trajgedtmat may take the
wavepacket towards Franck-Condon regions not accessedroyréer-limited pulse.
Subsequently, this leads to an altered evolution on theexkstate, either towards or
away from the conical intersection betweenahd S. In the former case, an exci-
tation of vibrationally hot ground state modes could leaa tmore efficient internal
conversion process, averting the energy transfer pathway.

Observing the population transfer fromy S, for the two investigated con-
trol scenarios, namely IC/ET or ET/IC optimisations, sabsiates this mechanism.
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Figure 7.5: The transient spectra at 8 ps probe delay using TL pulse (red line) arfduhd
optimal shapes (blue line). Panel a: IC/ET optimisation. Population tnaimsfeeases, I1C
increases and the ET reduces slightly. Panel b: ET/IC optimisation. Rigouteansfer de-
creases, IC decreases and the ET increases. Insets: Zoom-in tgrals ait~700 nm. The
arrows indicate the change from the TL to the optimal pulse shapes.

The former case (IC/ET) brings upon an increased populdtamsfer compared to
Fourier-limited excitation (see Figure 7.5). The pulseiropt for the ET/IC shaping
goal results in a reduction of population transfer (PT) 4d”gure 7.5b). This can be
attributed to a modulation of the population transfer froraund to excited state due
to the multipulse interaction [120]. In the case of IC/ET thereased population has
momentum along the reaction coordinate leading to wavegigmopagation along a
trajectory that brings the wavepacket faster to the conitatsection between,&nd
S, hence the improved population transfer almost entirelyslto the S state. This
mechanism is mediated by a pulse-train like structure widbrainant sub pulse spac-
ing of ~300 fs that matches to a Raman-active mode accordig=tonT,;,, with
T, as the vibrational period of the mode, ands an integer number. The opposite
holds for the ET/IC optimisation; the pulse train witf200 fs pulse separation is out
of phase with the multipulse optimal for the other scenatiavoids the aforemen-
tioned build-up of momentum along the low-frequency modgcisan excitation laser
field is more favourable for the ET process by lacking momenalong the trajectory
towards the conical intersection. Therefore, through #auced population transfer
we gain a slight increase of energy transfer as illustrateligure 7.5. The amount
of total population transfer can be estimated from the blostmegion of the bleach,
where no pump scattering is observed. In the case of IC/Eimggattion PT and IC
are increased and ET slightly reduced. In ET/IC optimiga&d is increased and IC
and PT decreased.

As a further test of the ISRS mechanism, we monitor how thETCGAtio evolves
when the parametérof a periodic phase functioasin(27z/b + ¢), is scanned. In
time domain, this so-calledscan renders a pulse train with varying time separdation
between the sub pulses. In thecan, the parametessandc are kept constant atand
0, respectively, producing a pulse envelope profile havihgub pulses. Figure 7.6a
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Figure 7.6: Results of the pulse-train scan. Panel a: Ratio IC/ET as a function of the su
pulse separation (black circles). To guide the eye, a frequency filtemed is shown (grey

line). Panel b: The power spectrum of the pulse-train scan. The twa m@jtributions are at
periods of 55 and 68 fs.

shows the result of thé scan after the aforementioned incoherent contribution due
to the pulse lengthening has been removed from the data. pected for the ISRS
hypothesis, we observe a maximum at the pulse separatiof®fs3 The power
spectrum of thé-scan trace (Figure 7.6b) reveals two major contributioitls periods
of 55 and 68 fs. This suggests that the optimal control fielshébin the closed-
loop optimisations employs higher harmonics of more thaemlRaman-active modes,
most pronounced having frequencies~g00 cnT ! and~600 cnT!. These periods
may correspond to low-frequency structural modes as pexpasthe work on LH2
[43, 44]. We note that the control amplitudebat 300 fs is lower than the 10% that
was found in the closed-loop optimisations. This may be duled lower pulse energy
used in theé scan, reducing the amount of ISRS. Also, the possible ilagtpetween
several modes in the control mechanism might be betteseitilby the optimal control
field found in the closed-loop experiments than the ‘cleard the equidistant pulse
train used in thé scan. The underlying physics are likely to incorporate duismn
interferences whose manipulation requires more sophistitpulse shapes than are
available using a simple sinusoidal phase function.

To test whether the pulse-train control is sensitive to #lative phases between
the subpulses we measured acan. In the: scan, theh parameter was fixed to a
maximum ath = 300 fs (see Figure 7.6a) andwas scanned from O todradians.
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Figure 7.7: Results of thec scan wherb is set to the maximum a = 300 fs. Panel a:

Normalised IC (red circles) and PT (black diamonds) signals. Panibbmalised ET (blue

squares) signal. Panel c: the resulting IC/ET ratio (green triangle®) gfidy curves are sinu-
soidal functions overlayed on data.

As can be clearly seen in Figure 7.7, the signals vary peasadlgi as a function of
the parametee. A simple sinusoidal function is overlayed on the data singwand
excellent match. The sinusoidal function has phase shift between the ET and IC
channels and the amplitude of the fluctuation-&% for the IC and PT signals and
~1% for the ET adding up to a 3% amplitude of the IC/ET ratio. Pphase sensitivity
of the control suggests that coherence is preserved in gtemsyfor at least 300 fs.

We also studied the effect of linear chirp to the ET signagufé 7.8 shows how
ET shows an antisymmetric behaviour. We used a densitybxagiproach [120] with
three energy levels to simulate the population on the hatrpiestate. The left panel
of Figure 7.8 shows how the diagonal element of density mationging to the hot
ground state that describes the population varies as admrmftchirp and demonstrate
good qualitative correlation with the data. We recognisg Huch a simple model is
an oversimplification of the complex dyad system, howeverghod correlation with
the data indicates that the essential features of the syatemescribed. The results
show how the ET yield correlates with the hot ground stateufadjon, illustrating the
involvement of such a higher-lying ground state in the ogintnechanism. Hence,
the open-loop studies presented here are the first direriexpntal proof for the
mechanism that was previously proposed for LH2 in refer¢adgand earlier in this
chapter for the artificial light-harvesting complex.

7.5 Conclusions

We have shown how the energy flow in the artificial LHC can be imaated by
femtosecond pulse shaping, to both suppress and for theifirstto enhance the
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Figure 7.8: Effect of chirp to the ET channel (left) and the simulated hot ground piapela-
tion.

ET yield. Many repeated runs of the recorded phase shapestfre optimisations
were performed indicating that the results are robust. Tiei@ency of ET in the
dyad depends strongly on the photophysics of the carotenoidty. By reducing the
parameter space in combination with a Fourier analysis tdinbd results we were
able to track down the functionally important features @ timolecular system. A
mechanism based on the periodic excitation pulse enharlgibrational coher-
ence of low-frequency wavepackets via ISRS process is niady Iresponsible for
the control, analogous to that proposed earlier for therobimt LH2 [44]. However,
in the dyad the observed effect is smaller, perhaps illtinyahe fact that the dyad
in solution has more degrees of freedom and possible comafiiwns in the ground
and/or excited states [122, 123]. The low-frequency mode ithinvolved is not re-
stricted by the environment and may gain energy due to irdtacular vibrational
redistribution freely, hence leaving the effect of the stl@ excitation smaller than
in LH2 complex, where such a mode is probably more inhibitednature, the pro-
tein environment/structure seems to aid the ET by posirtgetiens to the carotenoid
conformational degrees of freedom. This is an importanbippehen considering the
design of artificial light-harvesting systems. It appedat ttoupling to the environ-
ment and the restricted conformation and movement haveeiméel on the quantum
yield. In future, this will lead to novel design principlesrfbuilding more efficient
artificial solar energy harvesting systems for various @pgibns.
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Chapter

Characterising and controlling
photodrug efficiency

A promising photosensitiser, zinc phthalocyanine, is atigated by means of steady-
state and time resolved pump-probe spectroscopies. @pgcasolved pump-probe
data are recorded on time scales ranging from femtosecomisnoseconds. Global
analysis yields the excited-state absorption spectraitatiries, as well as the path-
ways and efficiencies of the competing relaxation proceeasthe initially excited
S, state. In addition to the expected nanosecond-scale meses fluorescence, in-
ternal conversion and intersystem crossing that followgeeerally accepted kinetic
scheme, we also resolve ultrafast dynamics. The natureesktfast processes and
their implications to the functional pathway involvinggiet formation are discussed.

Optimal control experiemnts show that it is possible to fintsp shapes that ma-
nipulate the triplet yield of the model photodrug ZnPc. Tokustness of the obtained
results is verified by repeated measurements and triviahem@ésms due to saturation
are excluded based on careful intensity studies. Furthepérformed open-loop con-
trol experiments strongly suggest that one possible méstmaimfluencing the triplet
yield involves a sequential resonant two-photon transitioa higher-lying state lead-
ing to an increased probability of inter-system crossinthtotriplet manifold.
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8.1 Introduction

The functionality of photosensitiser molecules arisesnfibeir ability to react with
molecular oxygen to produce highly-reactive singlet oxygad other radical species.
Among the applications are photodynamic therapy, bloodlistgtion and sunlight
activated herbicides and insecticides [124, 125]. A gooat@densitiser should have
a high absorption cross-section at a wavelength suitablthéapplication, e.g. the
optical window of tissue in photodynamic therapy [126]. @&t oxygen species are
created by the interaction between a photosensitiser itrifiet state and oxygen
molecule, hence the quantum vyield of the triplet state isyaf&etor when searching
for or designing new photosensitisers. Other importantofacinclude the rate of
photodegradation, solubility, and the tendency to agdesd26].

In the end, the efficiency of all these applications dependthe photophysics
of the photosensitiser molecule. Improving the photosisesito enhance the func-
tional pathway and suppress loss channels is an attractiste to explore by coher-
ent control experiments using shaped ultrafast laser puie In this approach, an
optimisation experiment is designed with the goal of findingulse shape that will
improve the yield of a chosen photophysical process in coisqato that obtained
with a transform-limited (i.e. unshaped) laser pulse. lowprg the triplet yield, and
correspondingly the efficiency of the photosensitiser malle in generating singlet
oxygen, is a clear target for an optimisation experimentplootosensitisers. How-
ever, prior to these experiments a detailed understandipgaophysical processes
involved in the excited state deactivation, as well as thenifestation to the tran-
sient spectral signals used as feedback in the control empets, must be acquired.
Here, we report transient absorption experiments and lddtgiobal analysis to ex-
tract the pathways, spectral signatures and efficiencienefgy flow in a prototype
photosensitiser molecule.

Amongst the most promising second-generation photoseasiffor photodynamic
therapy (PDT) are the phthalocyanines [124]. In this studyc phthalocyanine
(zZnPc) is chosen to serve as a model photosensitiser to shedgfficiency of the
triplet yield as well as other processes occurring afteirtftel excitation of the chro-
mophore (see Figure 8.1). ZnPc has been in clinical trié2g [128], is easy to ob-
tain, stable, produces singlet oxygen with high yields [1a8d has a high absorption
cross-section in the far-red part of the visible spectruoselto the optical window of
tissue. To fully explore the photosensitising qualitieZoPc, a detailed description
of the intramolecular processes, occurring on time scaleging from femtoseconds
to microseconds, is required. We begin by reviewing redubis related studies ob-
tained during the last decade, which we will later compareuicown results.

Several experimental studies on the photophysics of ZnBsianilar compounds
(derivatives or different metallophthalocyanines) ingimin have been reported [130—
141], but so far the results fail to depict a coherent pictfrine overall photophysics.
The generally accepted energy-flow model includes threemiraramolecular relax-
ation pathways from the initially excited; State. The competition between these
processes can be summarised by the modified Gouterman’say[isi2]:

O + Pic + Prsc =1, (8.1)
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where®y, ;¢ and®sc are the quantum yields of fluorescence, internal conversion
and inter-system crossing, respectively.

For the most part, first excited state, {Jifetimes (often called fluorescence life-
time (rr) due to the direct relation between detected fluorescerteasity and $
population) and fluorescence quantum yields, obtained fiaorescence measure-
ments in different environments, are consistent, and aimiblues are reported in
various studies. Measured $fetimes are in the order of few nanoseconds, for ex-
amplerr ~2.88 ns with a quantum yield dfr ~0.277 for zinc phthalocyanine tetra
sulfonate (ZnPcTS) in DMF [128]. For the sample used in thisyg ZnPc in DMSO,

a ¢ of 0.20+ 0.03 is reported by Ogunsipe al. [140]. Fluorescence yields and
decays of the same order have been reported in differentcemaents like proteins,

cell suspensions and in vesicles [143, 144], and they aredftaibe dependent on the
surroundings of the chromophore, yet always displayingpsanond-scale behaviour.

A more complete picture of the nanosecond dynamics is degblry Bishopet al.
in a study of ZnPc (and its 16-deuterated derivative) ingnkiby various photophys-
ical methods [145]. The authors report rate constants of8,138.5 ns, and 5.6 ns,
with corresponding quantum yields of 0.340.03, 0.08+ 0.11 and 0.58t 0.08 for F,

IC and ISC, respectively. However, as an example of the wadiation in the reported
nanosecond dynamics, we note a study by Frackoeialt. These authors found the
quantum yield for the inter-system crossing to be even asdwsg).98+ 0.18 for ZnPc
in air-saturated DMSO [134], using a photothermal measergrtechnique.

The triplet-state lifetimer) is strongly affected by the presence of molecular
oxygen, which drastically reduces due to efficient intermolecular energy transfer.
Grofscik et al. [131] find a7 of 220 + 22 ns for ZnPc in air saturated ethanol;
Langet al. [144] report 1.6us for ZnPcg in aerated aqueous protein solution and
205 s without the presence of oxygen.

In addition to the nanosecond dynamics described abovefatsosecond and pi-
cosecond processes have been reported. Th&g8me of ZnPc in toluene is claimed
to be~35 ps by Rao and co-workers, a value obtained by degeneratevive mix-
ing using incoherent light [135]. The setup used, howevas imadequate to quantify
components exceeding 100 ps. In addition, the authorstrepeB.5 ps component
that is assigned to vibrational relaxation in thesate, as well as a,8lephasing time
of <170 fs. Howe and Zhang report an Bfetime of ~160 ps and an Slifetime
of ~10 ps for tetrasulfonated ZnPcS4 in DMSO [132]. The data vebtained by
femtosecond pump-probe measurements, where excitatisrtonthe second excited
state. In explaining the multi-exponential behaviour @ Kinetics authors introduce
an energy-flow model that includes an uphill climb fromt6 the S state at room
temperature and an inverse saturable absorber model. Redea study of artificial
light-harvesting complexes where ZnPc is covalently lohite a carotenoid mole-
cule, ultra-fast branching of the energy flow in the singletifiold with time scale of
<100 fs has been reported by Berera and co-workers [87].

Collectively, the various observations from the ultrafsstdies suggest that the
conventional energy-flow model (Equation 8.1) fails to deffie entire picture of the
kinetics, and that faster processes may also play an impgorbe in the photophysics
of ZnPc and its derivatives. However, the previous resutimfthe ultrafast studies
performed on ZnPc in solution are extremely divergent, awotivate further studies
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in order to resolve the intramolecular dynamics of this sgst

Here, we employ pump-probe spectroscopy from femtoseamndriiosecond time
scales in order to deliver a more consistent picture of thetié processes following
the excitation of the photosensitiser. Using a state-efdaht pump-probe setup and
global analysis of the spectrally broad data we focus on br@rolecular dynam-
ics of ZnPc in DMSO, determining the excited state specteactivation pathways,
time constants and efficiencies. Besides resolving thesemomd scale dynamics that
follow the conventional energy-level scheme, we show thetd indeed are ultrafast
processes present. In this context, we also address thefrthe solvent, and how
solvation dynamics may complicate the analysis of dynamiicaltrafast time scales
[146-151]. Global analysis of the temporally and spectredsolved data allows us
to extract a complete picture of the branching ratios betwtbe three competing in-
tramolecular energy-flow pathways as well as the specieseaed spectra (SAS).
We present an energy-flow model used in the analysis andstigbe origins of all
observed dynamics.

8.2 Experimental

Steady-state absorbance spectra were measured with a\388€ospectrophotome-
ter, with the sample in a 1 mm quartz cuvette (Hellma). Fofflierescence measure-
ments, a Jobin Yvon Spex Fluorolog Tau-3 system was usedflOtmescence spec-
trum and quantum yield were measured by the ratio method [d$i@g chlorophyll-a
in water as a reference sample. Fluorescence lifetimesmweasured in the frequency
domain using the modulation technique as described inepber[153]. Fitting soft-
ware supplied by the manufacturer was used to obtain theeffaence lifetime.

The pump-probe setup was as in Chapter 6 with minor variatibd©PA produced
~10 p1J near-transform-limited pulses at 672 nm witB0 nm FWHM and 22 fs pulse
duration (pump pulses). The pulse energy was set to 50 nJanithdjustable filter,
giving a peak power 08.4 x 10° W cn? (3.4 x 10'* photons cm?). The sample
was circulated in a 1 mm quartz flow-cell to provide a fresh glanfor every pulse to
avoid sample degradation or accumulation of long-livirajess.

The control experiments make use of the same pump-probe séth a pulse
shaper introduced into the pump beam path. In the pulse shdjpiid-crystal spa-
tial light modulator (SLM; Cambridge Research Instrumgrgplaced in the Fourier
plane of a 4f zero-dispersion compressor having two 1800-grooves/natings and
cylindrical mirrors (f = 500 mm). A robust calibration method, ensured that the
phase and amplitude shaping were uncoupled. The optimnsatvere performed at a
moderate laser fluences.

ZnPc and DMSO were both purchased from Sigma-Aldrich and us#nhout fur-
ther purification. The optical density used in the pump-prekiperiments was 0.3 at
672 nm in a 1 mm path-length flow cuvette, giving a concerdratif ~12.6 uM (ac-
cording toe = 2.38 x 10° mol~! cm~2, reported by Ogunsipet al. [140]). To check
for any sample degradation, the steady-state absorptiectrsj;m was measured be-
fore and after the measurements. No changes in OD or spsh&pés were observed,
indicating sample stability. All measurements were penfed on aerated sample at
room temperature.
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Figure 8.1: Absorption (solid curve) and fluorescence (dashed) of ZnPc in DMRD the
latter, the excitation wavelength was 660 nm. Inset: chemical structureRd.Z

8.2.1 Data analysis

The temporally and spectrally resolved data were analy$siohly using software
developed in-house, in which the measured 2D-surface isritbesl by a spectro-
temporal model. The model comprises of parameters for thialinlistribution of
population (states (de)populated by the laser), rate aatstonnecting the states and
species associated spectra (SAS) belonging to the states.grbund-state bleach
signal is described by inverting the measured absorpti@ctspm, leaving only its
amplitude to evolve as a free parameter. In a similar manherstimulated-emission
signal was fitted using the inverted fluorescence spectrabwéas scaled with a factor
of 3. In the fit this spectrum had its amplitude and spectral jwsis free param-
eters. The spectral profiles of all other SAS were describe8Mfree parameters,
which independently represented spectral amplitudes erfyesth pixel. A spline in-
terpolation was made between these points; hence, no agsarop spectral shapes
was made. A small weighting factor, based on the secondatesvof the spectra,
was used to favour smooth spectral shapes. The fitting malesfuan evolutionary
learning loop, where the target objective is to find the ptgismodel that, together
with corresponding rate constants, best fits the data. Thktgof the fit is evaluated
by its x? value. The program employs an algorithm based on evolutjgomanciples.
We start with a generation of 20 random sets of parametengsymonding to 20 simu-
lated surfaces which are each compared to the measuredattetmine a2 value.
The best fitted surfaces are then used to create a new gemnecdtparameter sets.
The loop is then let to iterate until convergence to an aet#pt? value is reached
and the measured data are simulated sufficiently. Detailkeofitting program and
examples will be presented elsewhere.

For the time-window 0—7 ps we also made use of standard diingdetrace fitting
at the selected wavelengths. The fine features at the eamdsthave low amplitudes
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Figure 8.2: Pump-probe data as a function of time (y) and wavelength (x). Thexcteaistic
features of stimulated emission and bleach (A), singlet ESAg®] B;) and triplet ESA (C)
are indicated. Note the two different time windows, and non-linear intenséiing), used to
emphasise the ultrafast dynamics.

and the global-analysis program failed to resolve them aaledy. In the single trace
fitting a sum of exponentials was used as the fitting funcfidre errors in the resolved
time constants (and quantum yields) were determined ukngdriance in several fits
resulting in comparablg? values.

8.3 Characterisation results

8.3.1 Steady-state and fluorescence measurements

The steady-state absorbance spectrum of ZnPc in DMSO isrsimoligure 8.1. The
Q-band (§ — S;) has a sharp maximum at 672 nm [154], as well as a vibrational
progression to the blue side with a shoulder at 645 nm and 8 peek at 606 nm.
The shape of the Q-band spectrum and the positions of theglmsomaxima indicate
that the ZnPc sample is in a monomeric form [140]. Furtheh@éultraviolet, the Soret
or B-band can be seen (.. = 345 nm), which we label the;S— S, transition.

The fluorescence spectrum (Figure 8\1, = 660 nm) shows an almost perfect
mirror image of the absorption spectrum in the Q-band regioduding the vibra-
tional progression. The maximum of emission at 680 nm cporeds to an 8 nm
Stokes shift. The fluorescence quantum yield was deterntméeé 0.34+ 0.2. Re-
trieval of the lifetime components, according to the motlatatechnique used [153],
returned only one 3.4 0.2 ns component with substantial amplitude.
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Figure8.3: Early time transient traces (symbols) and fits (solid curves) at seleceel@engths.

Left: 466, 472 and 486 nm (circles, triangles and diamonds, respggtin blue; 532 nm (plus

sign) in red; and 612, 620 and 639 nm (asterisk, crosses, andesquespectively) in green.
Right: 668 (circles) and 686 nm (squares) in blue.

8.3.2 Time-resolved spectroscopy

The 2D-transient surface (Figure 8.2) features broad ipestixcited-state absorption
(ESA) bands, superimposed with a deep negative signalpdhe ground-state bleach
and stimulated emission (SE). These signals are identifietjure 8.2 where they are
most pronounced as Bleach + SE (A), S S,; ESA (B,), S1 — Sy2 ESA (By), and
T, — T, ESA (C).

Directly upon excitation, an instantaneous bleach is pitess well as other over-
lapping signals. The negative band originally centred &ti&m broadens and the cen-
tre of mass moves towards the red. This behaviour is expldiyea dynamic Stokes
shift: the solvent molecules redistribute in response ¢t electron distribution in
the excited state of ZnPc, which lowers the energy of thisestad correspondingly
red shifts the SE signal. These dynamics are more clearlydstrated in Figure 8.3
(right panel), where transient traces show a rapidly degayiegative signal on the
blue side of the band (668 nm) and rapidly growing negatigaai on the red side
of the peak of the bleach band (686 nm). The decay is found toile&ponential
and is fitted with time constants of 250 30 fs and 2.5+ 0.2 ps. Further ultra-
fast dynamics can be resolved in other regions of the trahsiesorption spectrum
(Figure 8.3, left panel). The initial decays of the ESA bamdthe spectral regions
460-490 nm and 615-645 nm are mono-exponential and can & With a time
constant of 456t 50 fs, and 250t 30 fs, respectively. Likewise, the trace at 532 nm
requires a 25@ 30 fs component, but here with a negative pre-exponentitbfdi.e.
arise).

In the later time window extending to nanoseconds, the datimg negative bleach
band narrows and the centre of mass moves towards the blineatdly reaching per-
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Figure 8.4: Transient spectra (symbols) and the fit (solid curves). Time positibps:(circles)
and 7 ns (squares). Inset: selected transient time traces and fits (soéb)at wavelengths
486 nm (circles), 607 nm (squares), 631 nm (diamonds), and 67drimmgles; scaled by 0.1).

fect overlap with the steady-state spectrum.,{x = 672 nm). The ESA band at
~630 nm decays completely, while below 500 nm the signal gestsCareful inspec-
tion of this region shows that maximum, however, is shiftedFigure 8.4, spectral
cross-sections reveal that at 7 ps the ESA band on the bluieadbe spectrum has
its maximum at 486 nm, while at 7 ns the band peaks at 480 nmoukting for the
effective fluorescence lifetime (the lifetime of the 8ate) of 2.9+ 0.2 ns, and the fact
that ISC process must occur on the same time scales to allosvdignificant triplet
guantum yield, we assign the band in the early time windowéo§ — S, ESA and
the band at later times to thg = T,, ESA. Time evolution in this time window across
the measured spectrum is shown by time traces at selectezlemgths (Figure 8.4,
inset).

Table 8.1: Lifetimes, and quantum yields

F IC ISC
QY 0.28 0.10 & 0.02 0.64 £+ 0.02
Life time (ns) 10.1 + 0.3 38 £1 4.5 £ 0.2

) from reference [155]

The late time window of the 2D surface (from 7 ps to 7 ns) can kéd fitted
according the kinetic model corresponding to equationi@.fyhich three competing
processes (F, IC and ISC) account for the deactivation ofth&tate. The resulting
SAS are shown in Figure 8.5 and quantum yields and lifetimegizen in Table 8.1.
Note that in the global fitting, the depopulation of S described by two pathways
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Figure 8.5: Resolved Species-Associated Spectra (SAS) from the late time fitting using th

model of Figure 8.1. S(solid), T; (dashed), Bleach (solid, grey), and SE (dash-dotted). For
comparison see the original combined transient spectra at 7 ps and Figsire 8.4.

with rate constants KISC and (KIC + KF). Hence, in order tohesall three quantum
yields we make use of equation 8.1, the separately-deterhfloorescence quantum
yield [155], and the following three equations:

P
ko=
]
kisc = ?FT (8.2)
1-— ((PF + CI)F)
kIC = ? 9

wherekr is the measured fluorescence rate constantkage and ki are the rate
constants of inter-system crossing and internal conversespectively.

From the SAS (Figure 8.5) it is clear that the ESA bands arg bevad and also
overlap the bleach/SE signals. The ESA in the singlet mihgbows two distinct
bands peaking around 490 nm and 640 nm, whereas the tripfehBSonly one clear
maximum at about 480 nm. This difference explains the sfifhe maximum of the
ESA signal in the blue region of the measured spectrum, wisiclue to the decay
of population in the g state, concurrent with the population growth in thestate.
The 2.8 ns lifetime of the Sstate determined from the fit matches well with previous
studies [128, 137, 155], and the effective fluorescencertifemeasured in this study.
The position found for the SE spectrum is red shifted by 8 niith wespect to the
peak of the bleach (672 nm), congruent with the Stokes shiftd in the steady-state
fluorescence measurements. Furthermore, the strong vegagnal is first broadened
on the red side due to SE and then narrows to the width givehéogure bleach signal
when § state is fully depleted.
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Figure 8.6: Schematic of the proposed new energy-level diagram for ZnPc shdwdth the
singlet (S) and triplet (T) manifolds and the deactivation pathways fransitstate: fluores-
cence, F; internal conversion, IC; inter-system crossing, ISCpaondphorescence, Ph. Newly
found states and energy spacings are shown in bold.

The ultra-fast dynamics observed in the first few picosesomhepict additional
processes that cannot be accounted for with such a simpi&tikischeme. Hence,
accurate modelling requires a more elaborate descriptiearing in mind that the
measured data is a superposition of overlapping signalstetdhe bleach signal oc-
curs instantaneously, the ultra-fast evolution of thegramt 2D-surface must be due
to excited-state processes, such as energy flow betwedroelecstates, vibrational
wavepacket dynamics and/or solvation processes. To hietezpret these fast com-
ponents we refined the kinetic model, as discussed in thesly section.

8.4 Discussion

Based on our global analysis of the data, we aim to updataige-level diagram of
ZnPc. As a caveat, we note that the excited-state absodpiods are very broad and
the density of states is high; hence, such a simplistic lesteéme is likely inadequate
in describing the real molecule in solution. This disclairigealso important in the
assignment of energies to the excited states, which ara fedw® the maxima of each
broad transition. Nevertheless, such a model is a good asdiscussion and is
useful in providing organised information, once its lintikes are recognised.

The ESA signal from the Sstate allows us to identify two distinct higher-lying
states in the singlet manifold (S and S, see Figure 8.6). ,S is accessed from
the § state with probe wavelengths in the range of 460-490 nm, gnéh$he range
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615-645 nm. Taking the centre of these ESA bands, we put #irgies of these levels
at 35 500 and 30 800 cm from the ground state. In addition, the observed ultrafast
components indicate the presence of short-lived procesgelsed in the early-time
dynamics of the system. To our knowledge, these processesiodbeen previously
reported for ZnPc. However, other molecules in DMSO havewsigimilar dynamics
attributed to solvation processes [151].

It is well known that solvation dynamics can occur on sevéraé scales [146—
151]. For example, dielectric relaxation (i.e. the Stolaft)sgenerally takes place in
picoseconds, while inertial components of the solvent dyina occur on femtosec-
ond time scales. Hence, it is no surprise that these diff¢ime scales also show up
here. The solvation process is nonexponential in natugecan be characterised only
approximately by a set of exponential decay times. In a stidlye solvation dynam-
ics of coumarin 153 in DMSO [151], the spectral solvatiompmsse function could be
fitted with time constants of 214 fs, 2.29 ps and 10.7 ps. Th®& component was
assigned to the inertial component of solvation followedtty dielectric nature of
the solvation processes. In light of this, we are inclinedttdbute the 250 fs and the
2.5 ps components to inertial and dielectric solvation dyica of the DMSO solvent.
The 450 fs time constant, while not directly correspondingme of the previously
determined time constants for DMSO solvation dynamics [16tay also have the
same origin. Alternatively, it could reflect intramoleculiynamics occurring in the
ZnPc deactivation, such as relaxation or equilibratiomieen energy levels. Likely
targets would be the two degenerate Q states in ZnPc, whicspactroscopically in-
distinguishable upon excitation, or an independent psamenergy level that rapidly
decays to the Sstate. Even though the ultrafast components can be clebskgreed
in the data over a wide spectral range (see Figure 8.3), timgfiprogram was un-
able to extract neither unique spectral bands nor conmextm other states for these
features without substantial initial input and fitting résions. Unfortunately, the
data offer no decisive evidence for assigning the 450 fs aorapt; nonetheless, the
existence of ultrafast dynamics that cannot be explainethbygenerally accepted
energy-flow scheme is evident, and furthermore is not witlpoecedent.

Previous studies fail to paint a clear picture of the ultsafdynamics of ZnPc.
Bearing in mind that some of these studies were on ZnPc diega(i.e. tetrasul-
fonated ZnPc), we nonetheless feel a comparison is wortbwRiur justification is
based on ab initio calculations that indicate the primargtpphysics originate from
the central conjugated ring structure of the ZnPc molecl#®| 157].

Howeet al. [132] have suggested a model including an energy-flow dayutilin
between $and S states in tetrasulfonated ZnPc. At room temperatéi@,is ap-
proximately 200 cm! where as the energy separation between tharsl S states
is 14100 cnt!. Hence, we find it unlikely that a molecule in the &ate could gain
enough energy to jump to the, State, or that there could ever be an equilibrium
between the two excited states. Furthermore, the 10 pamigetor the S — S
internal conversion seems rather long, especially whenpeoimg to the work by
Fournieret al. [136] where a lifetime 0k 210 fs is reported for the same transition
in NiPc and in CuPc. Also problematic here is that the data bywéland co-workers
shows a 160 ps component, which is assigned to the decay frootise ground state.
We find no evidence of this component in our measurements amglaering that the
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fluorescence lifetime is in the order of 3 ns it should simpdy be possible to have
such a fast decay pathway from the Sate.

Using degenerate four-wave mixing with incoherent lighaoret al. found three
different time components [135], which were assigned tesphralaxation of $states
(<170 fs), vibrational relaxatiom{3-5 ps), and population relaxation from thets
the ground state (35 ps). Again, such a fast relaxation fris 8nrealistic, consider-
ing the known fluorescence quantum yield and lifetime. Hawethe 3-5 ps found for
the vibrational relaxation is of the same order as was foariteé present study. Their
assignment to a solvation processes is consistent withesatution of the dynamic
Stokes shift.

Berera and co-workers studied ZnPc photophysics in andatifight-harvesting
complex where excitation energy is transferred from the&tPa carotenoid moiety
[87]. To explain the ultrafast dynamics observed in thisdiggstem, they suggest a
model that includes branching from an initially excitedqresor state to two different
S, states. The origin for the proposed deactivation schentériswged to ground-state
heterogeneity. Only one of the States connects to the triplet state, while the other
channel leads to energy transfer to the carotenoid molecule

The discrepancies in the measured fluorescence lifetingg@mtum yields can
likely be explained by sample concentration effects. Is thork, the lifetime deter-
mined in the fluorescence measurements (3.4 ns) is somewigdrithan was found
in the pump-probe measurements (2.9 ns), which is mosylike to the higher con-
centration used in the pump-probe experiments, leadinglfegsenching of the S
population and re-absorption of emitted photons. Thesaqhena are frequently
seen in fluorescent molecules with relatively small Stokeéfissand high absorption
cross-sections [153]. The lifetimes and quantum yieldsntegl in the literature vary
from 2.88 ns to 3.4 ns, and from 0.18 to 0.34, respectivelB[134, 139, 145]. The
cause of this variation likely also stems from the differemmcentrations and solvents
used. In calculating the values for Table 8.1 we chose tohes#iiiorescence quantum
yield of 0.28 [155], corresponding to the lifetime of 2.88foand in this study.

Perhaps the most important photophysical parameter is tlamtgm yield for
triplet formation, which is directly related to the funatial photosensitising appli-
cations. The found quantum yield of 0.640.02 for the inter-system crossing is only
slightly higher than reported by Bishagt al. (0.58 &+ 0.02) [145], which might be
due to the different solvent used. In contrast, a quanturid gi®se to 1 as reported
by Frackowiaket al. seem unrealistically high [134]. It is important to notetttize
ambiguity of the fluorescence quantum vyield discussed atloes not affect our de-
termination of the quantum yield of triplet formation, whics resolved directly from
the fit of the data with the kinetic model. Hence, the fluoreaseequantum yield is
only used to calculate the quantum yield of internal coriearprocess.

Finally, the possible existence of ultra-fast intramolacdynamics and branching
in the deactivation of the ZnPc photosensitiser molecuknemew opportunities for
coherent-control experiments [158, 159]. In further stsdive will explore the possi-
bility to find a laser pulse shape that leads to enhancemehédiinctional channel in
which excitation energy flows to the triplet state. Successld/further imply that it
is possible to enhance the efficiency of this photosenstigeneans of pulse shaping.
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Figure 8.7: Optimal control results on the triplet yield of the model photosensitiser ZnPc

Panel a: The obtained learning curve (red circles) for the ratio T/S &mek§ of the TL pulse
measured before each generation (blue squares). Panel b: HROX surface of the best
pulse. Panel c: The obtained learning curve (red circles) for the réfia& fithess of the TL

pulse measured before each generation (blue squares). Panleé X-FROG surface of the
best pulse.

8.5 Coherent control results and discussion
Optimal control experiments

In the optimal control experiments, the singlet (S) signakwbtained by integrating
a 10 nm band from the transient spectrum at 20 ps time deldeantximum of the
found S ESA band centred at 490 nm. The feedback signal for the ti{p)estate was
measured at 25 ns using an extra photodiode and additionBAN@ned to the max-
imum of the triplet ESA at 480 nm with a bandwidth of 15 nm. Thedss function
wasf = T/Sandf = S/T of the triplet yield and singlet yield optimisations, respe
tively. We used this pump-probe-probe arrangement andsitfignctions to aid the
algorithm to focus on finding solutions that manipulate thenlohing ratio between T
and S rather than solutions that vary the extent of the Irptigulation transfer from
the ground state. The initial pulse energies were kept nateext 500 nJ/pulse. We
chose a large search space having 250 pixels where the phdseplitude were de-
scribed independently by 500 parameters. Hence, in theieyar optimisations we
also used amplitude shaping of the pump spectrum as digtirstiee following.
Figure 8.7 shows learning curves from such optimal contxpkeeiments together
with the X-FROG traces of the resulting best pulse shape®lPa and c of Figure 8.7
show that it is possible to manipulate the triplet yield bgremsing it some 10% and
decreasing it a few percent with respect to the singlet chlanis is often the case
in closed-loop experiments on real molecules in conden$edq) the found pulse
shapes show complicated structures that are difficult eyjimet directly (Panels b and
d). In this particular study we moved directly to open-lognmtrol experiments, rather
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Figure 8.8: Repeated measurement of the T/S optimisation. Panel a: The ratio T/® (blac
triangles) and normalised actinic energy (red squares). The grey kngdklynomial fit to guide
the eye. Panel b: The triplet signal (blue circles) and the singlet sigregif squares).

than performing more elaborated pulse analysis and fughgmisations.

To verify the robustness and to further understand the obthbptimal control
results we conducted repeated measurements where theséisnesthe found best
pulse shapes were remeasured. The black triangles in PahEigure 8.8 show how
the optimisation indeed is robust and repeatable. Howelerfinal and somewhat
sharp increase in the fithess around the generation 200 urd-By7 is missing from
the repeated results, which implies that some experimeataimeter(s) had changed
during the last part of the original optimisation, whichthresulted in an experimental
artifact that is not repeatable and thus not an interestamtyqgd the found control.

The red squares in Panel b of Figure 8.8 indicate the soetatignic energy of the
best individual pulses along the optimisation. Actinic gyeis simply an integrated
sum of the pump spectrum, amplitude mask, and the absogpectrum of the ZnPc.
The shown values are normalised to 100 for the flat amplituaglkwith no amplitude
shaping. The actinic energy first dropstd7% of the initial value, which is expected
for the random amplitude mask of the first generation. Froardton the actinic
energy stays fairly constant varying in total some 13%. fnteresting to compare
how the actinic energy relates to the fithesses. The inaiabf ~53% in the actinic
energy results in an increase of the T/S ratio~@%. Later, along the optimisation
such correlations cannot be found. For instance, from geioer 50 to 100 the T/S
ratio raises with the slightly increasing actinic energyeneas between generation
150 and 200 the opposite holds: increasing fitness with dstrg actinic energy. In
conclusion, the data show that the control involves othatuiees than trivial solutions
related to the pulse intensity.

Panel b of Figure 8.8 shows how the individual signals belamgp T (blue cir-
cles) and S (green squares) behave during the repeatedneraasii shown in Panel a.
The overall population transfer decreases as both of thenghs show decreasing sig-
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Figure 8.9: Intensity dependence of the feedback signals using TL pulse. Singksgn(g
squares) and triplet (blue circles) show slightly different behaviosulteg in a decreasing
ratio T/S with pulse intensity. The grey area indicates the actinic energy ragsea by the
algorithm in the course of the optimisation.

nals. However, itis evident that the difference betweenwloesignals is shows a jump
with the initial fall of the actinic energy and then slowlypands along the learning
curve.

To further investigate the importance of the pulse intgrtsitthe control, we con-
ducted intensity dependence measurements using TL putkevarying intensities.
Figure 8.9 shows how the magnitude of the S and T signals depethe pump inten-
sity with a TL pulse. A difference in the shape of the sataraturves of S (squares)
and T (circles) is reflected in the fithess value as an increftde ratio T/S (triangles)
with decreasing pump intensity. This is in good agreemettt what was observed
in the T/S optimal control experiments: an initial drop i thump intensity to some
47% of the initial energy of 500 nJ/pulse results in a stepevimcrease of the fitness
value in the beginning of the optimisation. However, quatitiely the jump from 500
to 235 nJ/pulse with TL pulse causes a largel {%) jump in the fithess compared
to the one observed in the optimisation and the repeatedureasnt (6%, see Fig-
ure 8.7 and 8.8). Further, as is shown in Figure 8.9 the fitmasation of the TL pulse
in the actinic energy range of the optimisation is less thresd cannot therefore be
behind the learning process. This indicates that the ashebe of the pulse bears
importance implying the involvement of more complicatedchemisms than signal
saturation.

Open-loop control

Open-loop phase scans were performed using the amount thigp and the spectral
location of ar phase steps as variables. First, we tested how a linearidfiugnces

the triplet and singlet yields. Panel a of Figure 8.10 shoaw § and T decrease
similarly when introducing more negative chirp. Positiva@rp leads to a different
behaviour: S remains constant whereas T grows graduallyis Vdriation can be



110

Chapter 8. Characterising and controlling photodrug efficiency

-500 -250 TL 250 500 650 660 670 680 690
a ity R ey b
B 50 s a5
¢ e i ¢ Bt
Es E 50
o
D 46 o W
=43 Wm B 4 &%%%%%‘g% .y
o oS Q g, PRy
g4 3 £ %y &0
= g = o S S
s ° Fa @
A*}
) 0.6 44 A, " A A aa A
2 o] ettt o, F oL a, At 4 s
o 085 N s L0 g A:é“ ““Wm‘ i,
3 M A’i 3
S o84 “;A:‘: s & 0.83 “ﬁ“é AA“A‘;A*A“‘A
0.83 A Aa 4
-500 -250 TL 250 500 650 660 670 680 690
Chirp (fs?) Wavelength (nm)

Figure 8.10: Open-loop control results. Panel a: Chirp scan, the feedback si§n@eeen
squares), T (blue circles), and the T/S ratio when a linear chirp is sdafinom negative to
positive. The grey line indicates a TL pulse. Panelrgphase jump scan where the feedback
signals S (green squares), T (blue circles), and the T/S ratio are redasten the spectral
position of a step function havingraphase jump is scanned over the pump spectrum. The grey
line indicates the peak of the resonance.

seen in the asymmetric shape of the ratio (triangles). Tleeadivshape of the chirp-
scan traces points to a pump-dump mechanism that reducgmfhdation on the
excited state demonstrated previously in a study on thedho@nce emission yield of
the green fluorescent protein (GFP) [109]. As the initiakgited wavepacket slides
down the potential energy surface of the first excited statesgatively chirped pulse
can dump it back to the ground state whereas a positivelypetipulse is not able
to produce such an effect, or might even reduce it compardd_tpulse. However,
this well established mechanism does not explain the diffiebehaviour of the two
channels i.e. the gradual growth that was observed for theadet Therefore, we
also tested how the chirp scan results react when the puisesity is varied (data
not shown). Unlike in the GFP study, the same overall featueenained (less S and
T with negative chirp), but the difference between T and Sistsed with reduced
intensity. This could be an indication of a multiphoton mes involving higher-lying
excited states. The evolution of the wavepacket on the fatesmergy surface of
the first excited state can vary the transition probabdité possible sequential two-
photon absorption processes. By following this evoluti@h&ped pulse can enhance
the yield of such processes, which then lead to more effitigai¢t formation.

To further test the involvement of multiphoton processdbléncontrol of the yields
of T and S we used-phase-jump scanning where the spectral position of a step-
function with an amplitude ofr is scanned over the pump spectrum while recording
the feedback signals. The results in Panel b of Figure 8.dvghat the T and S
signals are dependent on the location of the phase jump. Fémlbshape of the
S and T traces resembles the imaginary part of resonancel¢latibes absorption.
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The phase profile of the pulse modulates the populationfeabg compensating the
natural phase flip occurring at resonance. Furthermoreratie T/S has a different
shape having a maximum at the peak of the absorption ban®atr7and U-shaped
features symmetrically around it. The ratio trace (blagkrtgles) bears a striking re-
semblance to previous results on multiphoton transitid@]. The T/S trace is an
intermediate example between a narrow atomic transitioheaoroad molecular tran-
sition of a multiphoton control curve. Qualitatively thisakes sense as the width of
the ZnPc absorption band is between the widths of Cesium anun@rin 6H used
in reference [160] In conclusion, thephase jump scan supports the hypothesis that
multiphoton processes are involved in the control mectmaniginally, it has previ-
ously been shown that unlike in the case of nonresonant tvatep absorption TL
pulses are not optimal for two-photon transitions invofygn intermediate resonant
state [161]. Considering this together with the resultsrfrtihe chirp andr-jump
scans we propose a control mechanism that utilises muttyphgathways to higher-
lying states from where the inter-system crossing is mogobable, thus leading to
the enhancement of the triplet yield. Similar mechanismdiss been proposed in a
previous study on the triplet yield ifi-carotene by Buckupt al. [53].

8.6 Conclusions and outlook

We conclude that by combining fluorescence and pump-prolesunements with
global analysis of the data we can describe the excite@-stgtamics of ZnPc in
detail. Once the fluorescence lifetime and quantum yielch@al, careful transient-
absorption measurements combined with global analysesderinformation about
the kinetics of the molecular system, ranging from femtoseélcto nanosecond time
scales. With this, we are able to resolve the lifetimes arghtium yields of flu-
orescence, internal conversion, and inter-system crggsiocesses, determine the
species-associated spectra belonging to the excited staig extract dynamics due to
solvation. We suggest a new energy model, comprising nesdgived excited states
in the singlet manifold accessed by the probe pulse.

The presented optimal control experiments together wighctbmplementary in-
tensity studies show that it is possible to manipulate thgetr yield of the model
photodrug ZnPc, and further that the control mechanisniiseitinore elaborate fea-
tures of the optimal control field than merely the pulse istgn Based on the open-
loop scans we propose that the control mechanism involveguesitial resonant two-
photon transition to a higher-lying state, which leads tarameased probability of
inter-system crossing to the triplet manifold. We note tihaise ideas need yet to be
better substantiated by more analysis as well as new expetim However, these
further studies will greatly benefit from these preliminaesults. For instance, the
parameterisations for serch space reduction could indhigleer order chirp terms as
well as phase steps. The future studies will also take adgantf the emission prop-
erties of the photosensitiser and the actual target maesinglet oxygen. In a simple
emission detection scheme we will optimise the relativddyaf the photosensitised
singlet oxygen fluorescence and the ZnPc fluorescence ihgtebe singlet oxygen
fluorescence at1270 nm and photosensitiser fluorescence around 690 nm.
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Nonlinear optical processes

Nonlinear optical processes inside the NOB/ox as well as elsewhere in the setup
are an essential part of the experiments and are therefivoeluced in this Appendix.
In order for nonlinear processes to occur, high enough sitiels are required, the
light entering the media should be coherent, the media max the right proper-
ties, and the phase-matching condition must be satisfiedcéjén every-day life we
don’t observe nonlinear optical processes happening. Menvéhe high intensities
and coherent nature of ultra-short laser pulses fill thegairements, and therefore
cause nonlinear processes readily, especially when cduptie carefully selected and
aligned birefringent crystals. There are several textisablat describe nonlinear op-
tics in depth and for more detailed discussion the readeeferned to the existing
literature [162, 163].

Generally, nonlinear optical processes occur when theorespof the medium to
the electric field of the light becomes nonlinear. In otherdsy when the induced
polarisationP(t) in the medium has contributions from the higher order terfithe
Taylor expansion

P(t) o XV P(t) + xPP2(t) + xOP3(#) + ... (A.1)
We now consider the case where we have two fiéldsaind F» present:
E(t) = By exp(iwit) + Ef exp(—iwit) + E9 exp(iwat) + Ej exp(—iwat), (A.2)
which can lead to so-called®, or three-wave mixing processes:
P(t) E? exp(2iwit) + c.c. +
E3 exp(2iwst) + c.c. +
Ey E5 exp(2i(wy + wat) + c.c. + (A.3)
Eq Es exp(2i(w1 — wat) + c.c. +
2E} +2E%2,
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where the corresponding processes are called SHJiéld), SHG - field), sum-
frequency generation (SFG), difference-frequency gditerdDFG) and optical dc
rectification (OR).

Nonlinear processes are typically realised in the laboyalby coupling a beam
into a birefringent crystal, for instance BBO, that has atramdinary and ordinary
axes that have different refractive indices for differentapisations. This makes it
possible to find a certain phase-matching angle where théceud polarisation and
the second-harmonic frequencies have the same effecfirgctige indices and the
process may continue throughout the crystal length. Inrotferds, at the phase-
matching angle the phase-matching condition is satisfiedinstance,

npkp = nsks + ngks, (A.4)

is the phase-matching condition for DFG. The fields, refvacindices, and wave
vectorsk have been renamed as pump, signal, and idler, correspotalitige high
frequency field, intermediate frequency field and the loegtrency field.

An important phenomenon called the group-velocity mism#@&\VM) due to the
general dispersive property of matter must be consider&d Gcecurs because fields
having higher frequencies see generally a higher refradtiex and therefore travel
slower in the crystal than fields having lower frequencidsis phenomenon results in
a so-called bandwidth limit, which depends on the crysiakiiess, the material used,
and the wavelength of the initial field. In practice, we areefhwith a compromise:
shorter the pulses thinner the crystal. But, thinner thestaly lower will the output
intensity be.

Optical parametric amplification, OPA

OPA is a special example of @2 process, where the intensity of the signal field
is weak. A field with the difference frequency between the pwand seed fields;
begins to form in the front end of the crystal. This field irtets with the pump field
having a frequency, and generates the difference frequengy As the beam prop-
agates, these interactions are repeated and ttemdw; fields get amplified gaining
energy from thev, field.

In other words, in OPA, the high-energy pump photegdsrom the SHG are split
into one signal photow, (visible) and one idlet; (near-infrared, NIR) photon each.
The conservation of energy gives us:

wp = ws + Wi s (A.5)

wherew,, ws, andw; are the pump, signal (and seed), and idler frequenciesecesp
tively.

As mentioned above, the phase velocities of pump, signaidiadare matched
by proper orientation of the birefringent crystal for eféiot conversion. Since the
peak intensities of the ultra-fast pulses are very highnevhen the pulse energies
are relatively low, it is possible to reach considerablengaithe OPA process without
destroying the crystal. OPA is schematically illustratadPanel a of Figure A.1.
Unfortunately, the three fields propagate with differereexgs inside the crystal, and
GVM introduces a limit for how broad spectra and how shorspslcan be amplified.
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Figure A.1: Schematic representation of the OPA and NOPA processes. Panet quuiip
photons are split into signal and idler photons, while the splitting is guided bsete photons.
Panel b: The noncollinear arrangement NOPA with the noncollinearitied@hg

As a result of GVM the typical practical limit for the pulsenigth of the amplified
signal field is in the order 0f-100 fs for the collinear configuration in a 1-mm BBO
crystal.

The aforementioned limit can be overcome by introducingrecodiinearity angle
between the seed and the pump beams [164]. This means thaglencan be found
between the pump and the seed, so that the projection of ledgdup velocity
matches the signal group velocity.

GV(w2)cosd = GV(wy), (A.6)

whered is the angle between the two input beams (see Figure A.1)s flikes it
possible to amplify very broad spectra and as a consequpalses out of NOPA can
be compressed to pulse lengths as short as 10 fs[59].

White-light continuum, WLC

WLC is used inside the NOPA' box to provide the seed beam for the first OPA step
as well as in the setup to provide the broad-band probe puttigher order terms of
the induced polarisation (Equation A.1) are required tacdbs the WLC generation.

A major contribution occurs due to a third-order nonlinegtical process, which is
usually called optical Kerr effect or, when the effect asif®m a single pulse itself,
self-phase modulation. Generally, in any media, if intgnef the incident field is
high enough, the refractive index becomes a function ofrthi&lent intensity.

In WLC generation, self-focusing readily causes the beanrd¢akbup into fila-
ments that interfere and make the white light output extigraestable. In practice,
this limits the amount of energy that can be used to feed thegss. Therefore, In or-
der to create as much and as stable as possible WLC the eneagy,vaist (depth of
the focus) and the position of the focus in the crystal musigienised. This is done
with a gradient neutral-density filter, an adjustable apertand moving the focusing
element or the crystal carefully with a so-callech stage.
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Summary

Coherent control of biomolecules

This thesis presents new strategies for optimal controegxrpents and beyond. Di-
vided in two parts, it proceeds by first describing the methogical developments
and then moves to the studies on functional molecules fificéat photosynthesis and
photomedical therapies, demonstrating the power of theemapproach for complex
systems.

The dream of laser control of chemistry has inspired sciewvee since the advent
of the laser. Traditionally, the approach to obtain chefnioatrol has been passive,
utilising macroscopic entities like pressure, tempemgic., but recently active meth-
ods based on manipulating microscopic properties of the-ligatter interaction have
emerged. The general goal is to find laser pulse shapes thalriw reactions to de-
sired products and avoid unwanted products. However, thgptax molecular world
is still a big challenge for theory and accurate predictiohsontrol pulse shapes are
not available. To answer this call, an experimental teammigvolving adaptive fem-
tosecond pulse shaping in a learning loop (see Figure A) wasoged in 1992, and
soon followed by numerous successful applications.

In this work we make use of the versatility of this learnirmgpp technique to study
biologically-relevant functional molecules. Our apprids top-down: rather than

using simple model systems, we study real molecular sysitethe condensed phase.

We use the means of laser control as a novel spectroscopimtonravel functionally
relevant information of the molecular systems. In otherdgoour aim is not only to
control, but to understand the control and to extract newrmation from it. Since
the laser control relies on the quantum-mechanical detditeolecular systems we
call this quantum control spectroscopy.

The first part of the book discusses challenges and opptigsrihat follow the
use of such a black box approach. In Chapter 2 we describe ¢tleoaology and
the existing techniques involved. Chapters 4 and 5 presamtwork concerning the
methodological aspects of coherent control. First we famusmproving the black-
box tool by comparing two evolutionary algorithms and shayhow well they func-
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tion in solving a real-life physical problem. Second, wenthbeyond the loop and
show how the obtained control results can be utilised to fyather knowledge on the
systems.

In the second part we move to the molecular applications. Hap@er 6 we de-
scribe the photophysics of an artificial light-harvestimgnplex in detail and provide
a clear temporal and spectral picture of the different epdggels and pathways in-
volved. Chapter 7 presents coherent control results on ileegg transfer process
taking place in the biomimicking light harvester (see FegBr, panel a). Furthermore,
we perform quantum control spectroscopy which leads to peteenderstanding of
the control mechanism and sheds light to the functionallgvent motions that influ-
ence the efficiency of the energy transfer process.

Chapter 8 is on a model photosensitiser ZnPc for emergingoptedical appli-
cations like photodynamic therapy. Relatively little isokn about the molecular
level photophysics of photosensitisers for these apjtinat Thus, we characterise
the photosensitiser thoroughly in ultrafast transientogtion studies and then use
the gained knowledge in subsequent coherent control @rpats. Our control target
is to enhance the triplet yield by improving the efficiencytoé intersystem cross-
ing process that is an essential step in Type 2 reaction gathatodynamic therapy
(see Figure B, panel b). After demonstrating control in etboop experiments we
conduct open-loop control experiments, which lead to a @seg mechanism for the
enhancement of the efficiency of the model photodrug.

In conclusion we have built a state-ot-the-art laboratdeyeloped methodologies
and applied them to realise coherent control of biomolexulée power of the used
tools in bringing new insights to photophysics of complesteyns is demonstrated.
From characterisation using transient absorption spgotqoy via the learning loop to
performing quantum control spectroscopy is a long pathweihave demonstrated
here that this approach is capable of providing informatiwet is hidden from tra-
ditional techniques. Ultimately, these teachings may leadesign principles for
chemical engineering as well as practical applicationshaped laser pulses, which
makes our approach increasingly appealing.

Janne Savolainen
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Laser pulses
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Figure A: The learning-loop experiment

Phase and amplitude patterns (described in Voltages) fnerevolutionary algorithm
are transformed into pulse shapes in the pulse shaper tttatlaies the spectral com-
ponents of short input pulses to produce modulated puldesshiaped pulses are then
used as pump pulses together with spectrally broad prolsepin a transient absorp-
tion experiment, which provides spectrally resolved molacfeedback. According
to the feedback the algorithm creates new pulse shapesasargtions based on evo-
lutionary principles. A new round can now begin and the lo®get to run until the
experiment has converged to the chosen molecular targettils.

Figuur A: Het leerlus experiment

Fase en amplitude maskers (uitgedrukt in voltages) gegdwenhet evolutionaire al-
goritme worden omgezet in pulsvormen door de vormer, diepgetsale componen-
ten van een korte ingangspuls moduleert om in tijd gemodadéeigulsen te verkrijgen.
De gevormde pulsen worden dan gebruikt als pomp-pulsergrsanet een spectraal
brede probe-puls in een overgankelijke absorptie experimBit experiment geeft
spectrale feedback van het molecuul. Gebaseerd op dezeafdedenereert het al-
goritme nieuwe pulsvormen volgens evolutionaire prinsipEen nieuwe ronde kan
nu beginnen. De lus wordt doorlopen tot dat het experimegeconvergeerd op het
gekozen moleculaire doel.
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Figura A: O laco de aprendizagem

Os padbes de fase e amplitude (descrito em Voltagens) do algorvoéutivo §0
transformados em impulsos modelados no modelador de imguids impulsos mo-
delados espectralmentasenéo utilizados como impulsos de excidacjuntamente
com impulsos de prova espectralmente amplos, numa éxuigi de excitéfp e de
prova. Dependendo do feedback experimental, o algoritiaoerrfio impulsos com
novos perfis, usando opefss baseadas em pripios evolutivos. Um novo ciclé
iniciado e 0 processo repete-sé ge a expedncia convirga para o objectivo defi-
nido.

Kuva A: Oppimisluuppikoe

Evolutionaarisen algoritmin tuottamat vaihe-ja amplikuyiot (kuvattu gnnitteird)
muunnetaan pulssinmuodoiksi pulssinmuokaajassa, joldulmiolyhyen siganme-
nopulssin spektrikomponentteja muokattujen pulssiettaotseksi. Mita muokattu-

ja pulsseja kytetian sitten pumppupulsseina pumppaa ja koeta -kokeessasghdes
erittain laajaspektristen koetinpulssien kanssa. Koe tarjpaktsaalisesti eritellyn
molekyylisen palautteen, jonka mukaisesti algoritmi lugia pulssinmuotojadytiéen
evolutionaarisiin periaatteisiin perustuvia periaagteusi kierros voi nyt alkaa ja op-
pimisluupin annetaan dyia kunnes koe on tarpeekahell valittua molekyylish ta-
voittetta.



135

Figure B: Molecular applications

Panel a: We use shaped laser pulses to control the ratio éetthe energy trans-
fer (red arrow) and internal conversion (blue arrow) pre@essthat take place in the
artificial light-harvesting complex. Panel b: In photodgmia therapy, photoexcited

sensitiser molecules go through an intersystem crossB@)(process to the triplet
state (big blue ZnPc structure) that trigger the formatibsinglet oxygen (red mo-

lecules), which is highly reactive and causes cell deathu¥¢epulse shaping to find
pulses that improve the functional triplet formation ove tompeting loss channels.

Figuur B: Moleculaire toepassingen

Paneel a: We gebruiken gevormde laser pulsen om de verlptalsen energie-
overdrachts (rode pijl) en interne conversie (blauwe pifjcessen die voorkomen in
een kunstmatig licht-opvang-complex te sturen. Paneehlfotbdynamische thera-
pie gaan gefotoexciteerde moleculen over in de ‘triple¢'stand (grote blauwe ZnPc
structuur) van waaruit de formatie van ‘singlet’ zuurstadde moleculen) wordt ge-
start. Zuurstof in deze toestand is erg reactief en zorgi@rdat de cel sterft. We
gebruiken de leerlus om pulsvormen te vinden die de formaiede ‘triplet’ toe-
stand verbeteren ten opzichte van concurrerende verliesdea.

Figura B: AplicagBes moleculares

Esquema a: Usamos impulsos LASER modulados para contrat@zia entre os
processos de transfaicia de energia (indicados pela seta vermelha) e de caavers
interna (seta azul) que tem lugar no complexo de colheitiéicat de luz. Esquema b:

Na terapia fotodiamica, as mdculas sensibilizadoras fotoexcitadas passam ao es-
tado tripleto (representado pela estrutura de ZnPC em paulym processo the cru-
zamento singuleto-tripleto. Este estado tripleboatigeméa forma@o de oxi@nio
singuleto (mokculas em vermelho), altamente reactivo e letal pareééhsas. Nos
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usamos a modelag de impulsos LASER para encontrar impulsos cujos perfis pro
movam a formago de ZnPC no estado tripleto relativamente aos mecanidteasaa
tivos.

Kuva B: Molekyylisovellukset

Paneeli a: hytamme muokattuja laserpulsseja keinotekoisessa valgaisgomplek-
sissa tapahtuvan energiansiirtoprosessin (punainem feuslsaisen konversion (sini-
nen nuoli) \alisen haarautumiskertoimen kontrolloimiseen. Panedhdiodynaami-

sessa terapiassa viritetyt valoherijamolekyylit lkayvat lapi spinkielletyn konver-

sion (intersystem crossing, ISC) triplettitilalle, joteaavat singlettitilaisten happi-
molekyylien (punaiset molekyylit) tuoton. Singlettihapgm erittain reaktiivinen ja

johtaa solun kuolemaan riétvina pitoisuuksina. ytamme &s& vaitdskirjassa puls-

sinmuokkausta pulssien, jotka parantavat toiminnallisiptettikanavan tehokkuutta,
|[oytamiseen.



Samenvatting

Koherente sturing van biomoleculen

Dit proefschrift beschrijft nieuwe stratedie voor experimenten met optimale sturing
en resultaten van de toepassing hiervan. In het eerste deét de ontwikkeling van
deze methoden beschreven, waarna het proefschrift veeddrayer de toepassing
op functionele moleculen voor kunstmatige fotosynthesttmedische therapie.
Deze toepassingen demonstreren de kracht van de gekozkeadeertvoor de studie
van complexe systemen.

De droom om chemische reacties te besturen met behulp varhkeft de we-
tenschap gaspireerd sinds de uitvinding van de laser. Traditionesidin de che-
mie de controle passief aangepakt, veelal microscopisicienschappen zoals druk
en temperatuur worden gebruikt. Meer recent zijn er ookegetcontrole mechanis-
men ontwikkeld, gebaseerd op de microscopische interaatidicht met de materie.
In het algemeen is het doel om een laser pulsvorm te vindedelreactie naar het
gewenste product stuurt, terwijl de vorming van ongewildiprbducten vermeden
wordt. De complexe wereld van moleculen is nog steeds eda gitolaging voor the-
orie en nauwkeurige voorspellingen van de benodigde puiseo zijn niet te maken.
Als mogelijk antwoord op dit probleem werd in 1992 een methgdbaseerd op een
flexibele pulsvormen in een leerlus (zie Figuur A) voorglesea al snel volgden vele
succesvolle toepassingen van deze techniek.

In het werk dat voor u ligt maken we gebruik van de veelzijdigepasbaarheid
van de leerlus methode om biologisch relevante moleculbagtideren. In plaats van
simpele modelsystemen bestuderen we echte moleculaitenssis in oplossingen,
de omgeving waarin deze moleculen functioneren. We gebnude middelen van
laser sturing als een nieuwe spectroscopische methodeformattie relevant voor de
werking van deze moleculaire systemen te achterhalen. ©uedsturing afhangt van
de microscopische details van de moleculaire kwantum systekunnen we zeggen
dat we ‘Kwantum Sturing Spectroscopie’ uitvoeren. Dus,dwl is niet sturing op
zich, maar om nieuwe fysica uit de sturing te halen.

Het eerste deel van dit boek beschrijft de moeilijkheden egetijkheden ver-
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bonden aan het gebruik van deze ‘zwarte doos’ aanpak. Inwestde hoofdstuk
beschrijven we de methode en al bestaande technieken. Ddshddken vier en vijf
presenteren nieuw ontwikkelde methoden betrekking heddoep coherente sturing.
Eerste focussen we op het verbeteren van de zwarte dooskadomahet vergelijken
van twee evolutionaire algoritmen. We laten zien hoe degeréimen functioneren in
de aanpak van een echt fysisch probleem. Ten tweede denkegrder dan de lus en
laten zien hoe de behaalde resultaten gebruikt kunnen wangienieuwe kennis over
het systeem te verkrijgen.

In deel twee van het boek stappen we over naar toepassingaolepulaire sys-
temen. In hoofdstuk zes wordt de foto-fysica van een ariidicht-opvang-complex
in detail beschreven. Een duidelijk beeld van de spectrayaardica wordt gegeven
door door het toekennen van de verschillende toestandea @egen waarin ze ver-
bonden zijn. Hoofdstuk zeven presenteert de resultatercametrente sturing van het
energie overdracht proces in het artiild complex (zie Figuur B, paneel a). Verder
doen we kwantum sturing spectroscopie die leidt tot eenedibpgrip van het stu-
ringsmechanisme en belichten de relevante bewegingeredigndtionaliteit van het
energie overdracht procesibeloeden.

Hoofdstuk acht gaat over een model fotogevoelig medicijni? &, dat toegepast
wordt in nieuwe fotomedische therapie Relatief weinig is bekend over de foto-
fysica van fotogevoelige moleculen in deze toepassingemstEvordt het molecuul
dus grondig gekarakteriseerd in een overgankelijke aligospudie, waarna we deze
kennis gebruiken in een sturingsexperiment. Ons sturivgjsid het vergroten van
de opbrengst in de ‘triplet’ toestand door de effitiie van de overgang naar deze
toestand te verhogen. Dit proces is een es8knstap in het type 2 reactie pad van
fotodynamische therapie (zie Figuur B, paneel b). Na demnatis van sturing in
een gesloten lus experiment voeren we open-lus experimerttelie leiden tot een
voorstelling van een mechanisme voor de verhoging van daéaffie van het foto-
medicijn.

Concluderend, een laboratorium volgens de modernsteitda@mis door ons op-
gebouwd. Nieuwe methoden zijn ontwikkeld en toegepast ohem@mte sturing op
bio-moleculen te bereiken. De kracht van de nieuwe methodenieuwe inzichten
te geven in de foto-fysica van complexe systemen is gedameend. Van karakte-
risatie in overgankelijke absorptie spectroscopie viaegglls naar kwantum sturing
spectroscopie is een lange weg, maar we hebben laten zideztatveg kan leiden tot
nieuwe informatie die verborgen blijft voor traditionekectnieken. Uiteindelijk kun-
nen deze lessen leiden tot principes voor chemische ongliigkals ook praktische
toepassingen van gevormde laser pulsen. Dit maakt de deoingaslagen richting
meer en meer aantrekkelijk.

Janne Savolainen



Resumo

Controle coerente de biomoléculas

Esta tese introduz e aplica novas e€mis de controle coerente. Na primeira de
duas parteg& apresentado o desenvolvimento da metodologia e na sedeadato

0 estudo de mélculas activas em processos fotasiitbs ou na fototerapia @dica
demonstrando o potencial da aplidgagdos netodos desenvolvidos a sistemas com-
plexos.

O sonho de controlar reaes qimicas utilizando o LASER tem inspirado a
ciéncia desde o advento do mesmo. Tradicionalmente, o cemjtrhico é feito de
forma passiva, variando Enetros macro$picos como a temperatura e a peess
No entanto surgiram recentementétodos de controle activos com base nas propri-
edades da intera@ag entre luz e a matia. O objectivo gerad de encontrar impulsos
LASER cujas formas sejam capaz de controlar réasgromovendo a formag de
compostos alvo e diminuindo a fornég de produtos secuados indesejados. No
entanto o complexo mundo molecuiainda um grando desafio para a teoria, impos-
sibilitando desta forma catculo de impulsos de controle. Como resposta a este desa-
fio uma €cnica experimental de modefaxadagivel de impulsos de femtosegundos
baseado num lago de aprendizagem (ver Figura A) foi prepest1992 encontrando
logo aps numerosas aplicaes.

O trabalho aqui apresentado faz uso da versatilidade degtele aprendizagem
adapével no estudo de metulas de impoéncia biobgica. A nossa aproximag é
top-down, i.e. em vez de usar um sistema modelo simple, @&stosl sistemas mo-
leculares complexos reais em fase condensada. O contmienteé aqui utilizado
como uma nova ferramenta espectiysca para obter e resolver infornés; sobre
a funcionalidade do sistema molecular em estudo. Por optatasras fazemos es-
pectroscopia de controle gatico. O nosso objective, rBo somente o controle mas
tamkem uma melhor compreefs do processo de controle.

Na primeira parte da tese discutem-se os desafios e opatlgsdntinsecos a
esta aproxima®o black-box. No cdpulo 2 é descrita a metodologia usada e a tecno-
logia existente. No cafulo 4 e 5 apresentam-se novos resultados no que diz regpeit
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metodologia de controle coerente. Primeiramente coremmos sobre o melhora-
mento da ferramenta black-box atesvda compar@p de dois algoritmos evolutivos
e demonstrando a sua &f@ia na resoluigo de um problema real espigco.

A segunda parte da tegededicada aplica@o a sistemas moleculares. No Eap
tulo 6 descreve-se em pormenor a figafa de um complexo de colheita artificial de
luz bem como os diferente$ueis de energia e mecanismos involvidos. Noittdp 7
apresentam-se os resultados de controle coerente de gwecds transféncia de
energia que ocorrem no complexo biwnico da colheita artificial de luz (ver Fi-
gura B, Esquema a). Em seguiédeita a espectroscopia de controléigtico que
permite um conhecimento mais aprofundado do mecanismordet®e esclarece os
processos que influenciam a eficcia da transfé@ncia de energia.

O captulo 8 é dedicado ao modelo de fotosensibilizador ZnPC com gjglicam
fototerapias como por exemplo a terapia fot@aimica. No contexto destas apliéas
teraputicas, pouco se sabe ainda sobre os processosfobsfque envolvem fotosen-
sibilizadores a tvel molecular. Por esta ram procuramos aqui caracterizar porme-
norisadamente a fuli@ destes fotosensibilizadores aéawo estudo das absoes
transientes ultra@pidas e da aplicdp do conhecimento adquirido em subsequentes
experéncias de controle coerente. O objectévde aumentar o rendimentoaqtico
do estado tripleto atrés do melhoramento da efeicia do cruzamento singuleto t-
tripleto, passo essencial no mecanismo tipo 2 da terapdifémica (ver Figura B,
Esquema b). Uma vez demonstrado o controle em edpers de laco de aprendiza-
gem fechado passa-se &nta expe@ncias de laco de aprendizagem aberto que permi-
tem a proposta de um mecanismo para o melhoramento dargfigido fotohrmaco
modelo.

Concluindo, constfmos um labordirio que reflecte o mais altdvel de conhe-
cimento actual, desenvolvemos metodologias e apla:las ao controle coerente de
biomoleculas, demonstrando assim a capacidadeétascas utilizadas na compre-
ensio da fotofsica de sistemas complexos. O percurso que vai da carciaidos
sistemas atras de espectroscopia de ab&ar¢ransiente pelo lago de aprendizagem
ate a espectrocopia de controleanticoé longo, mas conseguimos aqui demostrar que
a nossa aproximap fornece informa#o que Ao é aceskvel pelos écnicas tradicio-
nais. Os metodos aqui apresentados pdaeeventualmente levar ao desenvolvimento
de novos prinipios no campo da engenharidpica, bem como a aplicaes péticas
da modelago de impulsos LASER, tornando a aproxifha@qui proposta bastante
atraente.

Janne Savolainen
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Biomolekyylien koherentti kontrollointi

Tama \aitdskirja Kasittelee uusia strategioita molekyylien optimaalistatkmilointia
varten. Kirja on jaettu kahteen osaan ja etenee kuvaten saavutetut metodologiset
edistysaskeleet joita seuraa niiden soveltaminen toialiisten molekyylien kontrol-
lointiin. Valitun lahestymistavan tehokkuus monimutkaisten biologistetesysien
tutkimuksessa havainnollistetaan keinotekoisen vaémupsiajakompleksin sakoto-
dynaamisendakemolekyylin avulla.

Unelma kemian kontrolloimisesta laservalon avulla onirput tiedett laserin
keksimisesi lahtien. Perinteisesti kemiallinen kontrolli on ollut piagsta, kayttaen
hyvakseen makroskopisia suureita kuten painegtaybtilaa jne., mutta nyt on alka-
nut ilme& uusia aktiivisia menetelf@iotka perustuvat valon ja aineen vuorovaikutus-
ten manipuloimiseen. Laserkontrollin yleinen tavoite ogtda sellaisia laserpulssin
muotoja, jotka ajavat reaktiota kohti haluttuja tuottetamalla w@lttaen ei-haluttujen
sivutuotteiteiden muodostumista. Molekyylien monimirlesn maailma on kuitenkin
viela suuri haaste teoreettisille menetelmille, joten tardkepnustuksia tarvittavista
pulssinmuodoista ei yleeasnle saatavilla. @man ongelman ratkaisemiseksi esitel-
tiin 1992 kokeellinen meneteln joka perustuu femtosekuntipulssien mukatutuvaan
muokkaamiseen oppimisluupissa (katso Kuva A) ja jota penasivat lukuisat on-
nistuneet sovellukset.

Tasé vaitoskirjatydoss hyddynneéan oppimisluuppi-tekniikan moniytbisyyta
biologisesti &rkeiden toiminnallisten molekyylien tutkimisess@Hhestymistapamme
on ‘top-down’: Sen sijaan eitkayttaisimme yksinkertaistettuja mallisysteeene
tutkimme varsinaisia toiminnallisia molekyyéejestefaasissa. Mé&ktamme laser-
kontrollimenetelmi uutena spektroskooppisenakpluna molekyylien toiminnalle
tarkeiden ominaisuuksien seldthiseksi. Toisin sanoen tavoitteenamme ei ole ai-
noastaan kontrollointi, vaan rg kontrollin ymnértaminen ja uuden informaation
uuttaminen saavutetuista tuloksista. Koska laserkdntrokiippuvainen molekyylien
kvanttimekaanisista yksityiskohdista me kutsuméi@ #hestymistapaa kvanttikont-
rollispektroskopiaksi.
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Taman kirjan ensimrainen osa &sittelee haasteita ja mahdollisuuksia jotka liit-
tyvat edelmainitun ‘black-box’ Ahestymistavandytthon. Luvussa 2 kuvataaray-
tetty metodiikka ja olemassa olevat tekniikat. Luvut 4 jesitévat koherenttiin kont-
rollointiin liittyvi & uusia metodologisia kehitysaskelia. Ensin keskitymrtectbox’
-tydkalun kehithmiseen vertailemalla kahta evolutionaarista algoritseida esithmal-
la kuinka ne suoriutuvat toséhan fysikaalisen ongelman ratkaisemisestardn
jalkeen katsomme oppimisluupin ulkopuolelle ythmme kuinka saavutettuja opti-
maalisen kontrollin tuloksia voidaaréyttaé systeemien edelleen tutkimisessa.

Kirjan toisessa osassa siirrymmasdittelendan kontrollimenetelmien sovelluksia
molekyyleihin. Luvussa 6 sehdmme keinotekoisen valonsieppaajakompleksin fo-
tofysiikkaa yksityiskohtaisesti séakannamme sellém aika- ja spektrikuvauksen eri
energiatasoista ja niihin liittyvigt energiavirtapoluista. Luvussa 7 @sitme keino-
tekoisessa valonsieppauskompleksissa tapahtuvan angiigbprosessin koherenttia
kontrollointia (katso Kuva B, paneeli a)dféan lisaksi suoritamme kvanttikontrol-
lispektroskopiaa, joka johtaa kontrollitulosten parempgmmnértamiseen ja valaisee
toiminnallisesti &rkeiden vapausasteiden vaikutuksia energiansiirtessis tehok-
kuuteen.

Luku 8 kasittelee valoherkigfamolekyyla fotoliaketieteellish sovelluksia var-
ten. Valoherkistjamolekyylien molekyylitason fotofysiikasta tieéah &han asti suh-
teellisen vahan, joten me ensin karakterisoimmaytemolekyylin huolellisesti pump-
paa ja koeta -spektroskopian avulla. Saavutettuja tuhdkgiynnetan taman jalkeen
kontrollikokeissa. Kontrollitavoitteenamme on parantégaletti-tilaisen valoherkisi-
jan saantoa edistrélla spinkiellettya konversiota, joka on olennainen askel fotody-
naamisen terapian tyypin 2 -reaktioketjussa (katso Kuvaaeeli b). Osoitamme
ensin, eth optimaalisen kontrollin avulla suhteellista triplestistoa voidaan l&a.
Taman jlkeen suoritamme avoimen luupin kokeita, jotka johtavatatetuun mah-
dolliseen kontrollimekanismiin tutkitun fotéhkkeen tehokkuuden bgksen takana.

Olemme rakentaneet huippulaboratorion, kéiniget metodiikkaa ja soveltaneet
niité biomolekyylien koherenttiin kontrollointiin, ja&inollen havainnollistaneetly-
tettyjen tydkalujen tehokkuutta uuden tiedon ja oivalluksien tuottsmssa. Tie karak-
terisoinnista pumppaa ja koeta -kokeen avulla oppimishukputta kvanttikontrol-
lispektroskopiaan on pitk mutta s Vaitdsirjassa esitetyty tulokset osoittavataett
tama lahestymistapa pystyy tuottamaan informaatiota, joka dogsia perinteisit
tekniikoilta. Viime kddesa rama opit voivat johtaa uusiin synteettisiin sunnitteluperi-
aatteisiin kemiallista teollisuutta varten gakuokattujen laserpulssieayanrollisiin
sovelluksiin, mila tekee dhestymitavastamme &tkiinnostavamman.

Janne Savolainen
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