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During the late 80’s, Brumer-Shapiro1 and Rice-Tannor2 proposed the use of quantum 

interference of molecular processes to control the outcome of chemical reactions. With the 

development of femtosecond lasers and pulse shapers, it has become possible to experimentally 

select a specific reaction pathway from a pool of possibilities and consequently, to control the 

outcome of a photochemical process. This thesis focuses on controlling processes initiated by 

light and on the understanding of the dynamics that lead to the control. 

Many systems have been recently studied using closed loop optimization techniques. Most 

of them show only the proof of principle. In here the focus is rather on the understanding of the 

investigated process. The first part involves the design, construction, and characterization of the 

apparatus for carrying out optimal control experiments and the second part concerns the adaptive 

control of two-photon induced fluorescence, energy transfer, and molecular rearrangement in 

solution. 

In the first investigated topic, I present the adaptive control of the two-photon fluorescence 

of Rhodamine 6G in solution.  The second topic of quantum control addresses the energy transfer 

within a dendritic macromolecule with light-harvesting properties in solution. In this study, we 

show the optimal control of energy flow between coupled energy-donor and energy-acceptor 
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chromophores. We utilize phase tailored near IR excitation pulses to optimize the energy transfer 

process and amplitude tailored excitation pulses to learn about the nature of the involved 

pathways. In addition, statistical correlation analysis is used to investigate control mechanisms 

based on coherent superposition of states present in the dendritic molecule. This analysis 

provides information regarding pulse parameters that are critical to optimal control of excitation 

and energy transfer. 

The last topic describes preliminary measurements on azobenzene. It focuses on 

establishing if a two-photon excitation of azobenzene is possible and on the possible changes in 

the excited state dynamics caused by multiphoton excitation. The ultimate goal of this study is to 

set the foundation for a two-photon excitation for coherently controlling the photoisomerization 

of azobenzene with a modulated 800 nm excitation source. 
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CHAPTER 1 
COHERENT CONTROL 

Introduction 

Since ancient times, humans have been trying to control the transformation of matter; to 

some degree this has been achieved by chemistry. In order to produce the desired molecule, 

chemists know how to shift the equilibrium by varying thermodynamic properties of the system, 

such as temperature (average kinetic energy of the molecules) or solvent (interaction energy). 

These techniques involve synthesizing the proposed molecule by modifying the system energy 

on a macroscopic level. However, the reaction outcome depends upon the way in which energy 

is injected into the system, i.e. certain reactants attack specific molecular bonds. 

In principle, a similar methodology can be utilized in photochemical reactions. Vibrational 

spectroscopy reveals resonant frequencies associated with specific periodic motions of bonds in 

molecules. It is possible to think about selectively transferring energy to the molecules using 

these resonant frequencies. This concept, know as “mode-selective” chemistry, represents the 

first proposed way to control photochemical phenomena. This approach was experimentally 

realized by tuning a monochromatic laser light to the vibrational frequency associated with the 

bond where the rupture is expected.3, 4 Although the idea sounded plausible, those experimental 

trials only worked when the selected bond was the weakest in the molecule.5-7 The failure of the 

scheme was due to the coupling between the different vibrational modes which lead to a very 

efficient and fast intramolecular vibrational redistribution of the supplied energy.8 Scientists then 

understood that to control photochemical reactions it would be essential to know all of the 

processes affecting the dynamics.  

Time resolved and steady state spectroscopies are well established techniques that have 

been effectively applied to investigate the dynamical behavior of many molecular systems. 
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Today, countless molecular systems have been dynamically characterized from its early 

dynamics times (femtosecond time scale) to the end of the dynamics (microsecond/millisecond 

time scale). Thus, the paradigm of molecular spectroscopy has shifted from purely observing to 

observing and controlling the system dynamics. This perspective differs from the proposed mode 

selective chemistry because it takes into consideration not only specific molecular degrees of 

freedom, but the system as a whole. 

Atoms and molecules, like photons, present a wave-like behavior. This implies that 

interference phenomena observed in Young’s double slit experiments can be extended to 

molecules, opening the possibility to produce very interesting effects in matter, i.e. interference.9 

For instance, the population of a quantum state created simultaneously with two connected 

pathways will depend on the phase difference between the pathways used to generate it.1 Recent 

efforts have focused on using the coherent properties of laser radiation to produce these 

interference phenomena in matter.  

Single Parameter Quantum Control Schemes 

Based on spectral-temporal properties of coherent laser fields, quantum interference can be 

used to adjust the system from the initial to the desired final quantum state, i.e. quantum control. 

Since the introduction of the concept in 1978 by Yablonovitch, many different schemes for 

achieving this goal have been proposed and realized. 

One of the first schemes, as proposed by Brumer and Shapiro in 1986, is a frequency 

domain approach that uses the interference between two different excitations reaching the same 

excited state to manipulate the photoprocess.1, 10 Quantum control is experimentally produced by 

shining two continuous wave lasers with different center frequencies which simultaneously 

induce different excitations on the quantum system. Hence the population of the excited state has 

two dependent components, which are related through a phase term imposed by the phase 
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difference of the two excitation processes and the molecular phase associated with the final state. 

The modification of the relative phase between the two excitation pathways affects via 

interference the final population observed in the excited state (Figure 1-1). This scheme was first 

experimentally demonstrated by Elliot and coworkers with atomic mercury.11 Later, Gordon’s 

group used a similar concept to control the dissociation product of polyatomic molecules and 

ionization of polyatomic molecules.12-14  

 

Figure 1-1. Brumer-Shapiro phase control scheme. Adapted from work by Brumer et al.15 

A different approach was proposed by Tannor, Kosloff, and Rice in 1985. This 

methodology exploits the wave packet propagation in the time domain.2, 16 The scheme principle 

is based on creating a wave packet and modifying its evolution on the excited state potential 

energy surface (Figure 1-2). 

 

Figure 1-2. Tannor-Kosloff-Rice time-domain control scheme. 
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Tannor, Kosloff, and Rice’s scheme can be illustrated as follows. Upon excitation with a 

temporally short pulse, a wave packet is generated on an excited potential energy surface. After 

its formation, the wave packet starts to evolve in this potential well according to its specific 

shape. During its trajectory the wave packet covers many different molecular conformations. 

When the wave packet is localized in a point on the potential energy surface where the molecular 

conformation corresponds to that of the desired product, a second pulse is used to transfer the 

wave packet back to the ground state where no molecular rearrangement can occur. To achieve 

control with this scheme, the time delay between the two ultrafast laser pulses must be correctly 

timed. Gerber’s, Zewail’s and Wilson’s groups were the first groups able to demonstrate its 

feasibility for controlling small molecules in gas phase.17-19 

Tannor, Kosloff, and Rice’s scheme was further developed by Fleming and coworkers.20 

Fleming’s methodology not only uses the time difference between the two pulses, but also 

maintains a fixed phase relationship between the pulses to coherently control photochemical 

processes. Using this improved scheme, Fleming and coworkers demonstrated wave packet 

interference on molecular iodine.21 

 

Figure 1-3. Adiabatic rapid passage as proposed by Bergmann. Adapted from work by Gaubatz 
et al.22 

The third scheme is based on the adiabatic passage technique. Laser induced rapid 

adiabatic passage was first demonstrated in a population inversion experiment by Loy in 1974. 23 
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Later, Bergmann and coworkers applied this finding to show theoretically and experimentally the 

possibility of transferring a whole initial quantum state to a different final state using stimulated 

Raman adiabatic passage in a three state Λ-type quantum system.22 

This concept is illustrated in Figure 1-3. The aim is to directly transfer all the population 

situated in quantum state 1 to final state 3. If the population of the initial quantum state is first 

optically promoted to state 2, a dissipative process occurring in 2 will removed a part of the 

population decreasing the population that can be later transferred to state 3. Using Bergmann 

scheme, the problem is avoided because states 1 and 3 are optically coupled before transferring 

the population to any other state. When states 1 and 2 are optically coupled, the coupling directly 

promotes the population from 1 to 3 without any transient population in 2. This total population 

transfer only occurs if the adiabatic conditions are fulfilled and if the time ordering of the laser 

pulses is the appropriate (Figure 1-3). 

Multiparameter Quantum Control Scheme: Optimal Control 

All these methodologies have been optimized and many different examples can be found in 

the literature.24 In a more refined version of the Tannor-Kosloff-Rice scheme, the double 

femtosecond phase locked lasers are replaced with a single femtosecond laser including  

complex electric field features which enable control of a chemical reaction.2 Ideally, a more 

complex pulse can be constructed such that it can continuously interact with the wave packet and 

progressively modify its trajectory until it reaches the desired destination, or equivalently, the 

desired product. Moreover, this envisioned complex pulse could allow one to combine the wave 

packet interference with pump and dump or pump and pump schemes through the specific time 

ordering and phase relationship of its components. To produce these intricate electric fields, the 
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different components of the electric field must be codified with many independent and 

controllable parameters. 

Considering the ambition of this seminal scheme, it is not evident whether this control is 

possible in any complex molecular system and if so, how the electric field characteristics and 

correct femtosecond pulse parameterization can be obtained. The first indication of this 

approach’s feasibility was introduced by Clark and coworkers in 1983.25 Theoretically studying a 

quantum system with discrete spectral features, this group showed the possibility of transferring 

the quantum system to any proposed target state with a specifically designed electric field. 

However, they did not provide a way for finding the complex electric field necessary to achieve 

quantum control.  

The theoretical calculations of electric field components required to manipulate a wave 

packet during its evolution in the potential energy surfaces are not simple. They require a very 

precise knowledge of the molecular Hamiltonian. If the coupling to the environment is negligible 

a theoretical calculation might be possible for small molecule, but for large molecules in 

condensed phase where strong coupling with the environment is evident, the possibility of 

making such a detailed calculations are, up to date, impossible. 

To overcome the problem of knowing in advance the complex electric field components, 

Judson and Rabitz suggested a novel scheme where the complex electric field needed to reach a 

particular product is obtained experimentally without prior knowledge of the Hamiltonian of the 

system.26 Based on a closed loop optimization, this scheme uses an optimization algorithm and 

molecular signals to find the electric field arrangement capable of controlling the molecular 

system. By varying simultaneously many parameters of the laser field, the algorithm creates 

different electric fields which are tested on the quantum system. The signals produced by the 
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system for a given electric field, known as pulse parameterization, are sent back to the algorithm 

where they are evaluated. Following this evaluation, feedback is provided by the algorithm 

which suggests new and improved electric fields. After applying this process successively, the 

algorithm manipulates the many different electric field components to control the quantum 

system. This results in a shaped electric field with optimal pulse parameterization suitable for 

controlling the system under investigation. This concept is usually referred to in the literature as 

“optimal control” or “adaptive control.” Optimal control can be applied to any system as long as 

there is a signal characteristic of the desired product. The drawback of an input free optimization 

is the rather complicated arrangement of the electric field components, one from which the type 

of control scheme applied during the optimization is not easy to infer. This methodology leaves 

the possibility of producing any of the previously mentioned single parameter control scenarios 

and eventually new ones. 

To make optimal control possible, it is necessary to generate of numerous different electric 

fields in a very flexible manner. This has become possible with the advent of pulse shapers. 

Available pulse shapers can modulate the spectral27 and/or amplitude27 and/or polarization28 

characteristics of the electric field of laser pulses. The number of different fields that they can 

generate by current pulse shapers is on the order of 101000, making this technique suitable for 

studying the coherent light matter interactions in a systematic way with single parameter 

schemes as well as in an the adaptive way with a multi-parameter scheme. 

The first experimental demonstration of an optimal control study was performed by Wilson 

and coworkers in 1997.29 Later, different groups working in different areas demonstrated the 

control of other processes that include, but are not limited to, selective bond cleavage,30 
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molecular emission in solution,31 two-photon transitions in atoms,32 and high harmonics 

generation.33 

Optimal Control in Solution 

In the last decade many different coherent control experiments have been carried out for 

studying a variety of molecular systems in gas phase as well as in condensed phase.9, 15, 30, 34-39 

Despite the impressive number of controlled systems, the vast majority of them have been 

focused on molecules in gas phase. Therefore, solution phase control experiments are a natural 

area to investigate. Specific issues related to condensed phase limit the application of different 

approaches successfully; principally among these problems is the nonlinear response produced 

by the solvent in the presence of intense electric fields. 

In optimal control with strong laser fields, an intense electric field is employed to 

drastically change the potential energy surfaces of the quantum system with the goal of 

modifying its shape and therefore the wave packet dynamics. Several examples of this type of 

control in gas phase have been published.40 When this approach is used in the condensed phase 

the nonlinear susceptibility of the solvent induces effects that can hide or destroy the control 

quantum system signal. For instance, an intense laser pulse generates white light in condensed 

media. The white light generation threshold is given by the power required for self-focusing and 

by the material band gap, which in the case of water corresponds to an intensity on the range of 

1013 to 1014 W/cm2. 41 Thus if any electric field is applied to a water solution, its intensity can not 

overpass the constraint previously mentioned. This problem limits the possibility of producing 

strong field effects to control the dynamics or photoproducts of molecules in condensed phase. 

White light supercontinuum generation also detrimentally affects detection techniques 

commonly used for feedback.  
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Another challenge that has to be overcome in condensed phase is the rapid decoherence 

produced by the coupling of the molecular system with the solvent. Molecules in the gas phase 

are coupled to the environment through intermolecular collisions. Mean free paths on the order 

of meter, or equivalently milliseconds, are commonly found. In contrast, molecules in condensed 

phase are highly coupled to the environment through intra and intermolecular interactions and 

certain coherent processes can be rapidly destroyed by those interactions. Nevertheless, not all 

the coherences are quickly lost in solution phase. For example, the time scale of rovibrational 

molecular coherences is greatly diminished with the presence of a chaotic environment, but 

studies have shown rovibrational coherences lasting more than few picoseconds even under those 

conditions.24  

To achieve control over molecular dynamic processes in solution, the dephasing times of 

the photoinduced process have to be comparable to the temporal features produced in the 

modulated pulse. Systems undergoing very fast relaxations compared to the time scale of the 

pulse features will not be sensitive to the temporal pulse shape. At the other extreme, a system 

which relaxes to a state with very long residence time will loose all the coherences initially 

imprinted on it. 

Since the introduction of the concept of quantum control, many different studies have 

shown the possibility of controlling the behavior of matter. Most experiments are based on the 

modulation of the excitation source, although the number of electric field parameters modified to 

achieve control (single or multiple parameters) varies. Single parameter experiments are very 

valuable and many times they can provide a more intuitive picture of the process being 

controlled.  
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Single Parameter Control 

Wavelength control  

Wavelength control was the first proposed method to achieve selective bond cleavage, but 

because of the intramolecular energy redistribution this methodology did not work as expected.5-

7 Although, in some cases the correct selection of the excitation wavelength can still be used to 

control the photoproducts.24 Wavelength excitation control is produced when the ground state 

population is transferred to different places in the manifold of the excited potential energy 

surfaces. Considering the distinct shape of each potential energy surface, a different initial 

positioning of the wave packet will affect the evolution of the system. The probability of 

producing the excitation to different parts of the potential energy surfaces is given only by the 

Franck-Condon coefficients; therefore one can not acknowledge the change in wavelength as a 

quantum control scheme because no coherences are involved. The problem changes when the 

coherent properties of the excitation are intentionally modified to produce an effect in the 

molecular response. 

Spectral interference 

Another possibility involves the creation of spectrally interfered pulses. For example, a 

pulse sequence created by applying a sinusoidal spectral phase to a broad band transform limited 

pulse will not create interference fringes in its spectrum (Figure 1-4(A)), but will visibly do so on 

its second order power spectrum (Figure 1-4(B)). Spectral modulation will affect the excitation 

processes initiated via two-photon absorption, as the second order power spectrum is changed by 

the new phase function (Figure 1-4(B)).42 

The first experiment displaying spectral interference effects was performed by Silberberg’s 

group in 1998.32 In this work the effect of an odd pulse with a π step spectral phase function was 

investigated for the two-photon absorption process in cesium gas. In cesium, a system with 
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narrow absorption bands, the odd pulse with the π step centered at half the frequency of the 

transition gives the same emission as a transform limited pulse in a system with narrow 

absorption lines. 
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Figure 1-4. Spectral sinusoidal phase creating a pulse train. A) Spectrum (solid line) and spectral 
phase (dotted line). B) Second order power spectrum comparison between the 
modulated pulse (solid line) and a transform limited pulse (dashed line). 

This can be explained by observing the second order power spectrum. Positioning the π 

step at half the frequency of the transition, the second order power spectrum has its maximum in 

resonance with the electronic transition and consequently will produce the same effect as the 

transform limited pulse. In a later experiment, the same group showed that a similar pulse 

applied to a dye in solution does not induce the same effect as in the atom in gas phase.42 The 

difference between the two results was explained in terms of the width of the band involved in 

the transition. While in the cesium atoms there is only one defined resonant transition, in 

solvated molecules the bands are broad, which implies that many transitions simultaneously 

contribute to the excitation. Hence, in a system with broad absorption bands a change in the 

second order power spectrum will always lower emission compared to that observed for the 

transform limited pulse in which its second order power spectrum covers the maximum number 
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of possible transitions. These studies show that when the spectrum has broad inhomogeneous 

line shapes, the pulse intensity is the driving force in the two-photon initiated process. 

These results were confirmed by Joffree’s group in a study involving two-photon emission 

of different dyes in solution.43 By removing the intensity dependence of the excitation process, 

they showed that the fluorescence efficiency can be modulated by changing the second order 

power spectrum of the femtosecond pulse. Since the excitation is decoupled from the intensity, 

the emission will be given by the molecular population reaching the excited state. Thus, 

maximization of the emission efficiency will imply a maximization of the excitation efficiency.   

Two-photon excitation efficiency can be optimized by shaping the excitation source such 

that its second order power spectrum maximizes the overlap between the excitation source and 

the two-photon excitation spectrum of the molecule under investigation.43 This optimization 

scheme was used to explain the results obtained in an optimal control experiment involving the 

two-photon induced emission of a ruthenium complex in solution. 44 It is interesting to note that 

this was a multiparameter experiment, which was reduced to a single parameter optimization to 

understand the photophysical process. 

Dynamics interference and pump and dump 

Although the interference effect has been used in phase modulation studies to shape the 

second order power spectrum of the pulse, most studies focus its application on modifying the 

excited state wave packet dynamics rather than matching the excitation source to the shape of the 

potential energy surfaces. 

One way of modifying the system dynamics is by using a double pulse with a particular 

time separation. The parameter used to produce and modify the wave packet interference is the 

time delay between the pulses in the sequence. 
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Early ultrafast studies in stilbene,45 retinal,46 and yellow protein47 show that this 

manipulation is possible, but those studies were intended for studying the system dynamics and 

they did not emphasize the time delay as a source for controlling the outcome of the 

photochemical reaction. While this scheme has been extensively used in solids,47-49 only a few 

examples have been observed in solution photoprocesses.50 

One demonstration of coherent control using a wave packet interference scheme was 

performed by Wohlleben et al. in 2002.51 In this case, parameterization of pulses in the time 

domain was used after an early multivariable control experiment suggested that the system could 

be controlled with a train of femtosecond pulses.51, 52 The phase of the pulse was modulated to 

generate an equally spaced pulse sequence. After scanning the time delay and phase between 

pulses, they concluded that a 160 cm-1 frequency of the sinusoidal function was necessary for 

matching the vibrational deactivation coordinates in a natural light harvesting complex. 

Another example was performed by Gerber and coworker to study the control landscape of 

IR140.53 By searching the control landscape with colored double pulses, they show the 

possibility of controlling the molecular induced fluorescence in a similar manner as that 

observed with linear chirp. 

Linear chirp control 

Linear chirp has shown to be an important parameter in modulating the excited state 

population of many molecular systems in solution. In early experiments the quadratic spectral 

chirp, linear chirp, was generated either by two-grating compressors or simply by passing the 

femtosecond pulse through material with known index of refraction. 

The first experiments applying this effect to control a process in solution were performed 

by the Shank group in 1996.54 Using high intensity femtosecond pulses, the authors showed that 

the excited state population can be substantially enhanced or suppressed depending on the linear 
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chirp imposed on the pulse. This observation was interpreted within the pump and dump model. 

In molecules with different minimum positions on the ground state and excited state potential 

energy surfaces (Figure 1-5), the wave packet is created on the Franck-Condon region, located 

on one side of the excited potential energy surface (S1). When the non-equilibrium population 

evolves on the excited state, a dynamics Stokes’ shift where the population migrates from higher 

to lower energies is produced. This temporal evolution of the population causes a time-dependent 

change of the energy gap between the surfaces. An intense laser field exploits this energy shift 

by dynamically matching the frequencies components of the pulse with the temporal evolution of 

energy separation between the states. Since the energy gap between the potential energy surfaces 

decreases as the wave packet evolves on S1, the chirp necessary to produce this effect must be 

negative. Furthermore the matching of instantaneous energy implies that neither a transform 

limited nor a positively chirped pulse can exert this molecular response. Similar observations 

were obtained in many molecules as well as biomolecular complexes.24  

 

Figure 1-5. Pump and dump scheme for linearly chirped pulses. Adapted from work by Cerullo 
et al.22 

Modulation of two-photon excitation with linearly chirped intense laser fields has also 

been shown to work. The emission enhancement obtained in those experiments is produced via 

self phase modulation of the pulse in the sample.55 
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Other controllable processes using this type of mechanism have been demonstrated in 

coherent anti-Stokes Raman scattering (CARS). Besides the resolution improvement using 

femtosecond pulses with non-zero second order phase,56, 57 chirped pulses also permit the 

selective excitation of vibrational modes in CARS experiments. The Maternity and Kiefer groups 

presented a selective excitation study where the population in one mode of a diacetylene single 

crystal was varied by the amount of chirp present on the femtosecond laser pulse.58 

 

Figure 1-6. Ladder climbing scheme with tailored mid-infrared pulses. 

A totally different application of chirp control in solution involves selective excitation of 

vibrational modes in the ground electronic state to promote population to excited vibrational 

states within the same electronic surface. “Ladder climbing” in the condensed phase was first 

introduced by Heilweil’s group on tungsten hexacarbonil in n-hexane solution.59 Using chirped 

infrared pulses, they showed the modulation of population transfer up to the second vibrational 

level by climbing the vibrational overtone ladder. While transform limited pulses transfer a 

smaller population to the second vibrational level, positively chirped pulses leave the population 

in the ground vibrational level. Later experiments extended the ladder climbing up to the seventh 

level.60 

In addition, it has been shown experimentally in the gas phase that a selective bond 

cleavage is produced by populating the ladder vibrational levels above the dissociation barrier. 61, 
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62 Although dissociation using ladder climbing in solution samples with chirp pulses has not been 

demonstrated yet, these experiments leave open the possibility of producing this dissociation. 

Multiparameter Control 

After the proposal by Judson and Rabitz26 of using a multiparameterized electric field and 

closed loop optimization to control photochemical processes, the first multiparameter control 

experiment to study a molecular process in condensed phase was presented by the Wilson group 

in the late 1990s.29 This induced an avalanche of experimental studies in the following years. 

To simplify the description of these studies, they are divided according to their objective in 

three different groups: selective electronic excitation, vibrational dynamics, and complex 

molecular photoprocesses. 

Control of selective electronic excitation 

In the very first multiparameter control experiment, Wilson and Warren studied the electric 

field phase and amplitude effect on the excitation/emission of a dye molecule (IR125) using a 

closed loop feedback.29 The controllable parameters of this experiment were amplitude, second 

order phase, third order phase, center frequency, and spectral width of the femtosecond laser 

pulse. This study aimed to control two different objectives: maximization of fluorescence over 

the excitation energy ratio and of the fluorescence intensity. The first objective, maximization of 

the fluorescence for a minimum laser excitation power, was achieved by modulating the laser 

excitation source such that its spectrum matched the absorption features of the dye spectrum. The 

second objective, maximization of fluorescence regardless of laser excitation power, was 

attained with a modulated pulse with a strong positive chirp without any noticeable amplitude 

modulation. While the first experiment is a demonstration of a selective excitation control 

scheme, the second experiment represents the mechanism of intrapulse “pump and dump”. 
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A later study of two-photon induced emission in a ruthenium complex was carried out by 

Gerber and coworkers in 1996.31 They used intensity independent optimization objectives to 

perform the optimal control experiment and retrieve molecular information about the system. 

These objectives were generated by dividing the emission intensity with a second order intensity 

dependent process, thus removing the intensity dependence inherent to the two-photon 

excitation. The optimizations acknowledged the intensity decoupling by converging to 

modulated electric fields different from the most effective fields obtained for a non-linear 

excitation, a transform limited pulse.42 The particularities observed in the tailored femtosecond 

pulse were assigned to the molecular and dynamical properties of the system. A recent study 

performed by Damrauer’s group showed that the actual control mechanism of those experiments 

is based on matching the two-photon excitation spectrum of the complex rather than on 

dynamically controlling the system. 44 

In 2001, Gerber’s group also examined the selective excitation of two different dyes in 

solution.63 Their results indicated the possibility of selectively controlling a system consisting of 

components with very similar one and two-photon spectra using specially designed femtosecond 

pulses. Many different groups have exhibited in recent years the usage of this concept for many 

practical applications.64, 65 For example, Dantus’ group showed the possibility of modifying the 

emission ratio in biological tissue66 and in samples with different pH enviroments. 67 

Another example of selective excitation was performed by Wada and coworkers.  In this 

work, the two-photon excitation of α-perylene in a monocrystal, as well as an aggregated 

solution, was optimized.68, 69 A closer look of the two-photon excitation spectrum reveals that the 

temporal response is the product of modifying the excitation second order power spectrum to 

match the excitation spectrum of the aggregated system. 
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Control of vibrational excitation 

The use of simple parameter schemes in the mid-infrared region was successfully 

demonstrated in different quantum systems, i.e. W(CO)6,59 carboxyhemoglobin,70 and 

chloroform.71 Due to the lack of direct modulation in the mid-infrared spectrum, early coherent 

control experiments aiming to manipulate the vibrational excitation were performed with mid-

infrared shaped pulses in which the tailoring of the pulse was produced by transferring the chirp 

during the generation of the mid-infrared pulse, which only permit single variable studies.59 

In the late 1990s, Bucksbaum’s group performed multiparameter control experiments on 

stimulated Raman scattering of liquid methanol with a self phase modulated femtosecond 

source.72 Using a closed loop optimization, they effectively controlled the Raman scatter 

spectrum of liquid methanol corresponding to symmetric and antisymmetric carbon-hydrogen 

stretching modes. The optimization accomplished a high degree of control on the system, which 

permitted the suppression or enhancement of both modes simultaneously as well as individually. 

Following experiments on benzene, deuterated benzene, and deuteraed methanol they concluded 

that the control mechanism was intramolecular coupling rather than a change of the self 

modulated spectrum.38, 73 The optimal pulse was a pulse sequence whose separation coincided 

with the beating period of the two modes. This suggested that the control can occur by initially 

exciting a beat of the two modes followed by the impulsive redistribution of the energy. 

Materny and coworkers studied the improvement of the excitation step in coherent anti-

Stokes Raman spectroscopy by multidimensional adaptation. These optimal control studies 

produced, among other results, mode-selective excitation and suppression of certain modes. 74, 75 

Very recently Zanni’s group presented an acoustic optical modulator specifically designed 

for shaping the mid-infrared region of the spectrum.76 They used this pulse shaper to perform the 

first closed loop learning control experiments using shaped mid-infrared femtosecond pulses.77 
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The group reported the selective population of the excited vibrational levels in tungsten 

hexacarbonyl. The multidimensional searching iteration was successful in finding optimal pulses 

for populating specific vibrational levels by following the stimulated emission peaks as 

parameters of population inversion. 

Control of complex molecular processes 

With the advance of the optimal control field, the degree of complexity of the systems 

under study has increased too. In the last five years many optimal control experiments have been 

performed in very complex systems, i.e. biomolecular complexes. 

In 2002, Motzkus and coworkers published a study presenting the control of the energy 

flow in the bacterial photosynthetic system LH2.51 LH2 antenna complex presents well known 

dynamics:78-80 upon excitation with 525 nm light three different channels are opened. While two 

channels are responsible for the energy transfer from the periphery to the reaction center, the 

third is a deactivation channel given by internal conversion. Monitoring the transient absorption 

signals corresponding to internal conversion and energy transfer, shaped pulses obtained in a 

closed loop optimization changed the internal conversion to energy transfer ratio by more than 

30 %. This change in the ratio was produced with a modulated femtosecond excitation consisting 

of equispaced pulse sequences. Based on these results, an equispaced multipulse 

parameterization of the excitation revealed an anticorrelation between the energy transfer and the 

internal conversion channels when the phase relationship among the subpulses was varied.  

Other studies involving different biological complexes can also be found in the literature, 

e.g. green fluorescence protein81 and living organisms.64 

Besides the intense attention that biomolecules have drawn from the optimal control field, 

the quest of producing new photoproducts with shaped pulses is still to be demonstrated. Recent 
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demonstrations of control of molecular rearrangement in different system seriously support the 

possibility of achieving this goal. 

The first adaptive control experiment targeting isomerization in condensed phase was 

demonstrated in Gerber’s group on a dye molecule (NK88) in 2005.82 To modulate the 

isomerization, the excitation source was produced by doubling the near infrared tailored pulse. 

Detecting two different absorption signals, this experiment showed that the correct pulse 

modulation can enhance or suppress the isomerization efficiency. These experiments were done 

under intense laser fields inevitably inducing multiphoton interactions during the excitation; thus 

preventing the interpretation of the pulse temporal shape in terms of the induced dynamics on the 

system. A later computational study of this isomerization process produced similar modulated 

electric fields as in the experiment.83  

In 2006, a study on the isomerization control of a cyanine dye was performed by the 

Yartsev group.84 This study verified the controllability of the absolute quantum yield of 

isomerization which was achieved by modifying the initial momentum distribution of the wave 

packet on an excited state potential energy surface. The optimal pulse presented Fourier 

components of the torsional coordinate which is responsible for keeping the wave packet 

evolution parallel to the conical intersection. This coordinate induces the isomerization process 

and avoids the wave packet relaxation to the ground state before the isomerization, maximizing 

the isomerization. To decrease the isomerization the wave packet was pushed to evolve in the 

coordinates that drives the system to the conical intersection, avoiding its passage through the 

torsional coordinate. 

Another example of optimal control of isomerization was performed by Miller’s group, 

who investigated the retinal in bacteriorhodopsin.85 Using a closed loop control scheme with 
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phase and amplitude modulation, the group succeeded in enhancing or diminishing the amount of 

formed photoproduct by 20 %. These experiments were performed in a linear regime (low field 

intensities) in which the observed change corresponds to the optimization isomerization 

efficiency. 

The same system was also studied by Gerber and coworkers.86 Employing an unmodulated 

pump and a modulated dump, they investigated the deactivation rather than the excitation 

process. The study focused on modifying the wave packet dynamics close to the conical 

intersection since the tailored dump had a lower energy than the corresponding transition from 

the ground state of either isomer. Their results show that a delay of 200 fs in the tailored dump 

pulse was the most effective way to bring the system back to the ground state, preventing the 

isomerization. However, a question that the authors did not address is whether the time delay 

between excitation and dumping pulses or both delay and phase are the critical parameters for 

exerting control. 

All the presented studies show the significant progress achieved in the optimal control field 

in condensed phase. Now it is clear that the electric field can be obtained with a 

multidimensional optimization, but the challenge of understanding the process under control in 

terms of its molecular properties still remains. 

Optimal Control and Molecular Mechanism 

Closed loop experiments have been shown to be suitable techniques to control any 

molecular systems that generate a signal for the desired product, but they have a major 

drawback: only a few of those experiments lead to results that are explained in terms of the 

molecular properties of the system under investigation. The main reasons for this disadvantage 

are: a) the intricate relationship between the variables to be optimized and the molecular 

response, b) the arbitrary and random pathway followed by the optimal closed loop to produce 
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the manipulation, and c) the large number of parameters used for the generation of arbitrarily 

modulated pulses. In addition to the vast amount of data produced by the searching algorithm, 

optimization data can contain redundancies, i.e. same pulses tested more than once in the closed 

loop optimization, and/or physically meaningless variables, i.e. phase parameter without any 

important weight in the fitness. In addition, if we include the experiments performed using high 

intensity fields, an unknown number of multiphoton interactions prevent the correct correlation 

of the molecular response with the characteristic magnitudes of the field. 

An ultimate goal in optimal control is to develop a procedure for gaining molecular 

information from the molecules under study, especially in processes where the photophysical or 

photochemical mechanism is unknown. A few research groups (including us) have taken the 

initial steps towards the development of general tools for inferring the control mechanism using 

the closed loop optimization data.33, 87-90 

One proposed way to extract the molecular information encoded on the data is by finding 

the parameters directly involved in the optimization procedure. The idea is to express all the 

independent electric field parameters used in the closed loop optimization as a collective set 

directly related to the studied molecular process and at the same time filter out or discard those 

variables with negligible or no effect on the molecular response. This is a commonly established 

problem in many different research areas and it is usually solved by statistical analysis.  

Bucksbaum’s group used principal component analysis to study the pulse parameterization 

space produced in the optimal control experiment of stimulated Raman scattering of liquid 

methanol.90 The authors demonstrated the possibility of simplifying the representation of the 

electric field by removing variables with no connection to the achieved control. They concluded 
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that statistical analysis can be used to extract the effective degrees of freedom optimized during 

the experiment. 

Damrauer’s group used partial least squares technique to explain the observations 

produced in a previously performed experiment of two-photon induced emission in solution.88-90 

With this methodology they extracted the collective variables and they linked them to the 

observed molecular response. In addition, they were able to reduce a 208 phase parameter 

problem into 7 fundamental dimensions in the phase space,88 and to simplify the multivariable 

control experiment into a single control parameter experiment.89 

Taking a completely different approach, Weinacht’s group has published two recent 

studies showing the viability of the parameter space reduction using simple algebra 

transformations.87, 89, 91 The first study focuses on reducing the complexity of the problem by 

including the parameters variability in the fitness of the experiment.87 The authors showed that a 

nonlinear change of basis can significantly reduce the dimension of the search space. The second 

study presented a simple linear transformation of used variables to transform the 

multidimensional space into a set of globally independent variables. The authors test successfully 

the transformation in closed-loop molecular fragmentation experiments.91 

Rabitz’s group presented a statistical correlation analysis to explain the attosecond 

dynamics of high harmonic generation.33 By examining the correlation behavior between the 

different harmonics produced and the optimization objective, the researches show that the 

experimental evidence corroborates the proposed theoretical mechanism for this phenomenon. 

Outline of the Dissertation 

The main scope of this work is to investigate coherent light matter interactions of 

molecular systems in solution. For this research study, we had developed and built a phase 

modulator apparatus and a pulse characterization apparatus. Using this novel apparatus, we have 
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conducted experimental studies to show the possibility of controlling different two-photon 

induced process in solution. These studies are not intended to be only a proof of principles, but a 

new way to understand the dynamics and electronic structure of the molecules under 

investigation.  

Chapter 2 summarizes the theoretical description of a femtosecond laser, its 

implementation in our laboratory, and the techniques necessary for its characterization.  

Femtosecond pulse shaping is described in Chapter 3. This chapter provides a theoretical 

description as well as the experimental implementation of femtosecond pulse shaping using a 

spatial light modulator. Different examples of shaped pulses are presented to show the 

capabilities of our design. 

Chapter 4 describes the closed loop optimization and the genetic algorithm used in all the 

optimal control studies presented in this dissertation. Besides describing the genetic algorithm 

and its implementation, this chapter evaluates the best algorithm parameters that can be used to 

optimize a 128 phase parameter space. In addition, a simple closed loop experiment involving 

pulse compression is presented. 

In Chapter 5, we study the phase effect on the two-photon induced emission on Rhodamine 

6G. In this particular system, a fitness parameterization is examined. 

Chapter 6 focuses on the control of energy transfer in dendritic macromolecular structures 

with light-harvesting properties. This chapter not only includes a closed loop optimization, but 

also a series of single parameter studies to discern which coherent control mechanisms are 

produced in the optimization. Chapter 6 presents an understanding of the energy transfer 

photophysics that could not be obtained via any other method. 
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The first part of Chapter 7 describes how variable space analysis, in conjunction with 

statistical analysis (correlation and multivariate), is used to extract a linear regression model of 

the genetic algorithm evolution during the optimization. The second part focuses on 

understanding what requisites are necessary for using statistical techniques to reduce the 

optimization variable space dimensionality. 

Chapter 8 addresses feasibility of the two-photon excitation of azobenzene, and outlines 

possible changes in the excited state dynamics caused by this type of excitation.
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CHAPTER 2 
FEMTOSECOND LASER PULSES 

Introduction 

Since the first realization of a laser system by Maiman in 1960,92 scientists have been 

interested in producing the shortest laser pulse for studying the dynamics of processes that occur 

in very fast times scales, being femtoseconds the time scale of nuclear motion. Recent 

technologic and scientific breakthroughs, such as modelocking,93 have changed laser technology. 

Today, it is possible to generate and characterize high power, high energy, and tunable 

femtosecond laser pulses. Hence, a broad spectrum of new spectroscopic applications has been 

opened in different fields of science including chemistry, physics, and biology.  

This chapter provides a brief introduction to the theory of femtosecond laser pulses and 

their realization followed by a short description of the femtosecond laser system used in our 

laboratory. At the end of this chapter, the two main characterization techniques of femtosecond 

pulses and our implementation are presented.  

Femtosecond Laser Pulses 

General Mathematical Description of a Femtosecond Laser Pulse 

The temporal and spatial dependence of a femtosecond laser pulse can be represented by 

its electric field, given by ( ), , ,E x y z t .94 To simplify the description of an ultrafast pulse, the 

spatial dependence of the electric field is assumed to be polarized in one dimension.  

( ) ( ) ( ) ( )ˆ, , , ,E x y z t E z t E t z E t= = =  (2-1) 

The electric field is a real physical quantity, but in many calculations a complex 

representation simplifies considerably the mathematical treatment. Thus, the complex spectral 
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intensity ( ( )E ω% ) is defined as the complex Fourier transform of the real temporal electric field 

( ( )E t ) 

( ) ( ) ( ) ( )ii tE E t e dt E e ϕ ωωω ω
∞ −

−∞
= =∫% % . (2-2) 

Here, ( )E ω%  denotes the spectral amplitude and ( )ϕ ω  its spectral phase. By definition of 

the Fourier pair, ( )E t  is computed through the inverse Fourier transform of ( )E ω%  

( ) ( )1
2

i tE t E e dωω ω
π

∞

−∞
= ∫ % . (2-3) 

The trade off of modeling the electric field in a complex form is that the complex spectrum 

( ( )E ω% ) has positive and negative frequencies with nonzero values. Negative frequencies have 

not physical meaning, so a more convenient representation ( ( )E t+% ) is employed, 

( )
0

1( )
2

i tE t E e dωω ω
π

∞+ = ∫% % . (2-4) 

Note that in this representation the Fourier transform is restricted to only positive 

frequencies. To further simplify the electric field description ( ( )E t+% ) is usually expressed in 

terms of amplitude and phase terms (Equation 2-5). 

( ) ( ) ( )1
2

i tE t A t e+ Γ=% , (2-5) 

where A(t) is the envelope and Γ(t) is the phase term. 

Generally the spectral amplitude is centered around the mean frequency, ω0, and it has 

nonzero values in a small frequency interval compared to the center frequency ( 0ω ωΔ ). This 

allows one to decompose the electric field in terms of an envelope and a carrier frequency 

(Equation 2-6). 
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( ) ( ) ( )0 0( )1 1
2 2

i t i ti tE t A t e e A t eω ωϕ+ = = %%  (2-6) 

where ω0 is the carrier frequency, ϕ(t) the time-dependent phase, and Α(t) and ( )A t%  are the real 

and complex field envelop, respectively. An example of this representation can be found in 

Figure 2-1. 
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Figure 2-1. Temporal electric field representation of a Gaussian pulse. Temporal electric field, 
E(t) (dash line), real amplitude, A(t) (grey line), and intensity (black line). 

This description is only valid when 0ω ωΔ  or equivalently, 0 1ω ωΔ . It is important 

to highlight that in pulses with few optical cycles this approximation might not be valid, and the 

electric field will not be described correctly in this representation. For pulses with carrier 

frequencies in the visible region of the spectrum, this assumption breaks down when their time 

duration is on the order of 2 fs.94 

Another important property to describe the electric filed is its instantaneous frequency. 

Instantaneous frequency is defined as the first derivative of the phase term, Γ(t) (Equation 2-5), 

( ) ( )
0

d t d t
dt dt

ϕ
ω

Γ
= +  (2-7) 

With this definition the carrier frequency is uniquely defined as the frequency that 

minimizes the time variation of the temporal phase. The time dependence of the phase 
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component, ϕ(t), defines whether the frequency has a time evolution or not. For example, 

if ( ) ( )d t dt f tϕ = , the carrier frequency changes with time and the pulse is said to be frequency 

modulated or chirped. In Figure 2-2, examples of the electric field modulation produced when 

( ) 2d t dt atϕ =  are depicted. 
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Figure 2-2. Temporal electric field for phase modulated ultrafast laser pulses. A) Pulse with 
positive chirp (a>0). B) Pulse with negative chirp (a<0).  

A similar decomposition of the electric field in terms of carrier frequency and a field 

enveloped can be performed in the frequency domain. The spectral envelope of the electric field 

can be calculated from its Fourier pair ( ( )A t% ) 

( ) ( ) i tA A t e dtωω
∞ −

−∞
= ∫% % . (2-8) 

Many times the measured observable is not the electric field, but the intensity and 

spectrum. These physical quantities are related to field envelopes with the following expressions: 

( ) ( )
20

04
cnS Aεω ω ω
π

= −%  (2-9) 

( ) ( ) ( )*0

2
cnI t A t A tε

= % % . (2-10) 
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In femtosecond pulses, the most commonly used envelope is a Gaussian profile (Equation 

2-11). 

( )2

0( ) GtA t A e τ−=% %  (2-11) 

In this representation, τG is defined as the full width at half maximum (FWHM) of the 

intensity profile (Equation 2-10). Similarly, GωΔ  represents the FWHM of its corresponding 

spectral intensity (Equation 2-9). 

For a given laser pulse, its temporal and spectral fields are related to each other through 

Fourier transforms. Because of this interconversion, the bandwidth, pωΔ , and the pulse 

duration, pτ , cannot change independently. This relation is expressed by the time-bandwidth 

product. 

2p p Bcω τ πΔ ≥  (2-12) 

Here, Bc  is a constant that depends on the shape of the pulse. The lower limit for this 

expression is observed in pulses without frequency modulation, ( ) 0d t dtϕ = , which for 

Gaussian pulses corresponds to cB = 0.441.  

A very important consequence of the time-bandwidth product is that temporally short 

pulses will have very broad spectra. Since matter has different refraction index values for 

different wavelengths, a spectrally broad ultrafast pulse propagating through matter will suffer 

changes in its electric field characteristics. 

Pulse Propagation 

To describe the effect of the pulse propagation through matter, spatial and temporal 

dependence of the electric field are necessary. Considering the electric field linearly polarized 
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and propagating in the z direction as a plane wave, the following wave equation for the electric 

field can be derived from Maxwell equations94 

 ( ) ( )( )22 2

02 2 2 2

,1 ,
z t

E z t
z c t t

μ
∂⎛ ⎞∂ ∂

− =⎜ ⎟∂ ∂ ∂⎝ ⎠

P
. (2-13) 

Here μ0 is the magnetic permeability on vacuum, and P is the polarization. The implication 

of this equation is that induced polarization is responsible for the effect of the medium over the 

incident electric field as well as for the medium’s response. Polarization can be decomposed in 

two terms: linear and nonlinear polarization.94 

L NL= +P P P  (2-14) 

While the first term ( LP ) is responsible for effects such as diffraction and dispersion, the 

second tern ( NLP ) is responsible for nonlinear phenomena such as harmonic generation.  

The pulse propagation through a medium is described by the linear term of the 

polarization, PL. The general solution of the wave equation (Equation 2-13) constrained to a 

linear polarization term is 

( ) ( ) ( ), ,0 ik zE z E e ωω ω −=% % . (2-15) 

Here, k(ω) is the wave vector and contains properties of the material in which the pulse is 

propagating, i.e. index of refraction, n(ω). 

( ) ( )2 2
2

2

n
k

c
ω ω

ω =  (2-16) 

The wave propagation vector, k(ω), can be expressed as a Taylor series around the central 

frequency, ω0, 

( ) ( ) ( ) ( )
0 0

2

0 0 0 02 ...dk d kk k k k
d dω ω

ω ω ω ω ω ω δ
ω ω

= + − + − + = +  (2-17) 
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where kδ contains all the Taylor terms except the constant k0. 

The temporal counter part of ( ),E zω% can be calculated through Fourier transform, 

assuming that the envelope slowly varies in time and space. 

( ) ( ) ( ) ( )( )

( )

( )0 0
0

1 1, ,0 exp exp
2

,

i t k zE t z E i kz i t d e

A t z

ωω δ ω ω ω
π

∞
− −

−∞

⎡ ⎤
= − − −⎢ ⎥

⎣ ⎦
∫%

144444444424444444443
%

. (2-18) 

From this result (Equation 2-18) and using the Fourier transform it is easy to demonstrate 

that if only the linear term of the Taylor expansion of the wave vector is included, the resulting 

electric field will have the following representation, 

( ) ( )0 0

0

1, ,0
2

i t k zdkE t z A t z e
d

ω

ωω
− −⎛ ⎞

= −⎜ ⎟⎜ ⎟
⎝ ⎠
%% . (2-19) 

Therefore in the time domain, the presence of a linear term in the wave vector propagation 

implies a temporal delay in the pulse which is proportional to the distance of propagation. 

The term responsible for the delay is the group velocity, 

0

1

g
dkv
d ωω

−
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

. (2-20) 

In the case where the quadratic term in the Taylor expansion of the wave vector is not zero, 

the group velocity will not be the same for all the frequencies. Hence, the different frequency 

components will be travelling at different speeds with respect to the group velocity producing a 

broadening in the pulse temporal profile, i.e. chirping the pulse (Figure 2-2). This effect, group 

velocity dispersion, is defined as 

( )2 2 2 22 3 2

2 2 22 2 2
g g gdv v vd k d n

d c d c c d
ω ωω λ

λ π ω π π λ
⎛ ⎞

= = ⎜ ⎟
⎝ ⎠

 (2-21) 
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and represents the second or higher order terms effect on the change in the group velocity. Since 

the wave propagation vector and the index of refraction are related (Equation 2-16), the group 

velocity dispersion can be interpreted as the change produced in the group velocity of the pulse 

due to a non constant change in the refraction index of the medium. 

Equivalently, the group velocity dispersion can be expressed in the frequency domain of 

the electric field as previously done. Discarding the first term of the Taylor series of the 

propagation vector (the delay in the pulse) we obtain 

( ) ( ) ( )( )

( ) ( ) ( )
0 0

2 3
2 3

0 02 3

, ,0 exp

1 1,0 exp ...
2! 3!

E z E ik z

d k d kE iz
d dω ω

ω ω ω

ω ω ω ω ω
ω ω

=

⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟= − − + − +

⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

% %

%
. (2-22) 

The group velocity dispersion produces a quadratic term in the spectral phase, which in the 

time domain gives also a quadratic term. This explains why temporal pulse broadening is 

observed when an initially transform limited pulse travels in a material where 2 2 0d n dλ ≠ , or 

equivalently group velocity dispersion is not zero. 

Nonlinear Optical Effects 

In the last section, we analyze the interaction of the linear polarization term with the 

electric field. However, when short and intense pulses propagate through material, the non-linear 

polarization produces very interesting effects, such as Kerr’s effect. These the nonlinear terms 

must be taken into consideration when solving the wave equation (Equation 2-13). 

( ) ( )( )1 2 2
0 ...L NL E Eε χ χ= + = + +P P P  (2-23) 

The second order induced polarization can be written in terms of E(t,z). 

( ) ( ) ( )2 2 2
0 ,E t zε χ=P , (2-24) 

and since E(t,z) is 
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( ) ( ) ( ) ( ) ( )0 0 0 0*1 1, , ,
2 2

i t k z i t k zE t z t z e t z eω ω− − −= Ε + Ε% % . (2-25) 

The effect of the second order induced polarization in a nonlinear medium can be seen as: 

( ) ( )

( ) ( ) ( ) ( )

( ) ( )
( ) ( )( )

0 0 0 0

2 2

2
*

2 2
0 0 0

2
0

0 0

,

1 1, ,
2 2

, cos

,
1 cos 2 .

2

i t k z i t k z

E t z

t z e t z e

t z t k z

t z
t k z

ω ω

ω

ω

− − −

∝

⎡ ⎤∝ Ε + Ε⎢ ⎥⎣ ⎦
∝ Ε − +

Ε
∝ + − +⎡ ⎤⎣ ⎦

P

% %

%

%

 (2-26) 

This result implies that the nonlinear polarization induced by two waves interacting in a 

medium produces two terms: a constant term and a term with double the frequency of the 

original waves. This second term is called the second harmonic of the incident wave. A similar 

derivation can be done for higher order nonlinear effects.  

The derivation of the second harmonic intensity in terms of the non-linear polarization and 

phase matching conditions is not a trivial demonstration, but it can be found in any non-linear 

optics book.95 The intensity of the second harmonic is given by 

( )( ) ( )2 222 2
02 2

2 3
0

sinc
2 2

I L kLI
c n

ω

ω
η ω χ Δ⎛ ⎞= ⎜ ⎟

⎝ ⎠
. (2-27) 

This result exhibits the second harmonic’s dependence on the intensity of the fundamental 

wave, Iω, the second order susceptibility, χ(2), the optical path, L, and the wave vector change Δk. 

Since the dependence of the wave vector change is through a sinc function square, the maximum 

second harmonic conversion that can be produced in a given material is obtained when Δk is 

close to zero. In second harmonic generation produced by two collinear beams, Δk can be 

expressed as 

( ) ( ) ( )3 0 1 0 2 02k k kω ω ω= + . (2-28) 
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Using its relation with the index of refraction (Equation 2-16), the condition can be 

rewritten as 

( ) ( )0 02n nω ω= . (2-29) 

To produced second harmonic, the fundamental wave and its second harmonic must travel 

with their relative phase constant inside the nonlinear medium. In most materials, this condition 

can not be fulfilled. However, birefringent materials can meet this constraint. Birefringent 

crystals are anisotropic mediums with two different optical axes, each characterized with its own 

index of refraction. If fundamental and second harmonic waves travel through the different 

optical axis of the materials, the phase match condition is fulfilled and second harmonic will be 

generated. 

Femtosecond Laser Generation 

Ultrafast laser pulses are generated with a mode-locked laser. Since its introduction in 

1986, Ti:Sapphire lasers have replaced dye lasers as source of femtosecond laser pulses because 

of their tunability, stability, excellent mode quality, high output power, and ultrashort laser 

generation.96 Today it is possible to buy commercially available Ti:Sapphire femtosecond laser 

sources with pulses as short as 6 fs and several watts of power output.97 Two main components 

are necessary to produce amplified femtosecond laser pulses: a femtosecond laser seed 

(Ti:Sapphire oscillator) and an amplifier (in our case, a chirped regenerative amplifier). 

Ti:Saphire Oscillator 

Ti:Saphire oscillators can produce pulses as short as 4.5 fs. Ultrashort pulses are generated 

by keeping all the longitudinal modes of a cavity with a fixed phase relationship, i.e. phase-lock 

or modelocked. Modelocked can be attained with two different techniques: active and passive 

mode locking. Active modelocking is produced by acousto-optical or electro-optical modulation 
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of the longitudinal modes inside the cavity.93 Passive modelocking can be achieved with 

saturable absorbers or by Kerr’s effect.93  

Briefly, modelocking with an acousto-optical modulator consists on producing phase 

locked modes by introducing an acousto-optic transducer into the cavity. This component has a 

small fused silica element with a piezo-electric transducer attached to it. The piezo-electric 

transducer produces a standing wave in the crystal, creating a transmission grating perpendicular 

to the longitudinal modes of the cavity. A fundamental mode passing through the optical 

resonator is amplitude modulated such that new modes appear in the cavity. These new modes 

have frequencies of the fundamental mode frequency plus/minus the frequency introduced by the 

transducer, typically MHz. The interaction of these new modes with the crystal produces more 

modes. After many passes, the different modes are phase locked and they add up coherently to 

form the femtosecond pulse. 

This modelocking technique adjusts the acousto-optical modulator frequency continuously 

to match the cavity round trip time, avoiding the necessity of a fixed cavity size.98 However, as 

the number of modes increases their relative phases start to change due to the intrinsic dispersion 

of the cavity elements. To avoid this problem, oscillator cavities also included a prism pair 

compressor and negatively chirped mirrors to keep all the longitudinal modes phase locked.  

In our laboratory, the Ti:Sapphire oscillator is a commercially available system (Tsunami 

Spectra Physics ®). The Ti:Sapphire rod is pumped with the second harmonic of a continuous 

wave Nd:YVO4 laser (Millennia Spectra Physics®). The oscillator cavity is actively modelocked 

with a regenerative modelocking mechanism. The Tsunami provides ultrashort pulses (>35 fs) in 

the near infrared region (tuning range from 710 to 980 nm) with a 80 MHz repetition rate. Since 
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the oscillator pulses have low energy (~5 nJ per pulse), its output is used as a seed for the chirped 

femtosecond amplifier. 

Femtosecond Amplifier 

Laser amplification is usually achieved by pumping an optically active material with a 

pump source. In the case of femtosecond laser amplification this process cannot be produced by 

direct amplification because the gain medium of the amplifier will be damaged by the peak 

intensities of an amplified femtosecond pulse. To produce the amplification of a pulse from the 

oscillator, a chirped regenerative pulse amplifier is used.99 

The chirped pulse amplifier uses a Ti:Sapphire medium pumped with the second harmonic 

of a Nd:YLF Q-switched laser. The oscillator serves as a seed for the amplification process. To 

avoid damaging the active medium, the oscillator femtosecond pulse is temporally broadened 

(chirped) in a stretcher, before coupling it with the amplifier cavity. In a regenerative amplifier, a 

pair of Pockels’ cells are used to trap the seed pulse it in the amplifier cavity until it reaches 

maximum amplification. Once inside the cavity, the amplification of the seed occurs with each 

pass through the Ti:Sapphire crystal. Upon reaching saturation, the pulse is released from the 

amplification process with the second Pockel cell and a polarization beam splitter. After the 

pulse amplification, the pulse is temporally compressed to the femtosecond time duration with a 

double pass grating compressor. 

In our laboratory, the Ti:Sapphire amplifier is a commercially available system (Spectra 

Physics, Spitfire®). The gain medium, a Ti:Sapphire rod, is pumped with a 7 W Nd:YLF Q-

switched laser (Spectra Physics, Evolution®) and seeded with the Ti:Sapphire oscillator 

previously described. The amplifier delivers ultrashort amplified pulses (45 fs) in the near 

infrared region (25 nm FWHM at 800 nm) with 1 KHz repetition rate. The amplification in this 
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chirped regenerative amplifier is more than 6 orders of magnitude yielding pulse energies up to 

850 μJ. 

Femtosecond Pulse Characterization 

To study light-matter interactions, it is necessary to have a correct description of the laser 

electric field, i.e. amplitude and phase. Two different types of diagnostic techniques are 

commonly employed to characterize completely the femtosecond electric field. The first type is 

the frequency resolved optical gating (FROG) technique which involves a frequency resolved 

autocorrelation.100 The second type is spectral phase interferometry for direct electric field 

reconstruction (SPIDER), and as its name indicates the technique is based on interferometry to 

measure the time-frequency profile of the laser pulse.101 The main advantages of each technique 

are: SPIDER is a real time characterization technique, and FROG is a technique with a simple 

implementation. Thus if the priority is to characterize in real time the ultrashort pulse SPIDER 

should be chosen and when the real time characterization is not a experimental priority, the 

FROG technique should be selected. The FROG technique was implemented since in our 

experiments the real-time characterization of the laser pulse is not mandatory. 

Frequency Resolved Optical Gating Technique 

Frequency resolved optical gating is based on measuring the spectrally resolved signal of 

an autocorrelation. As in the autocorrelation, the pulse is divided into two identical replicas 

which are recombined in a nonlinear medium. The signal produced in the nonlinear medium is 

later spectrally resolved with a spectrometer. Many different nonlinear properties of materials 

can be use, e.g. Kerr’s effect, second harmonic, third harmonic, self diffraction, etc. The FROG 

technique based on second harmonic generation, SHG-FROG, is the most widely used because 

unlike any other nonlinear processes the signal depends on the second order susceptibility 
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coefficient of the nonlinear medium, which is usually large. This makes SHG-FROG an 

extremely sensitive technique that can be used to characterize pulses down to 1 pJ of energy.  

The main limitation of SHG-FROG is that due to the time symmetry of the traces the time 

direction is unknown. In cases where the electric field consists of two or more pulses, the relative 

phase of the pulses has an ambiguity. Specifically, double pulses with a phase relationship 

between them of ϕ or ϕ + π will have the same FROG trace. 

In its important to note that the FROG technique was created to analyze well behaved 

pulses, close to transform limited pulses. For complex electric fields one should be careful in the 

interpretation of the phase retrieved by this technique.  

The usual realization of this technique is shown in Figure 2-3.100 

 

Figure 2-3. Experimental layout for a FROG apparatus using second harmonic generation. 

The FROG trace corresponds to 

( ) ( ) ( ) ( )
2

, expSHG
FROGI E t E t i t dtω τ τ ω

∞

−∞
= − −∫ . (2-30) 

A phase retrieval algorithm is used to retrieve the phase out of this trace. The phase 

retrieval problem is not a simple problem because it does not have an analytical solution and it 

gets even more complicated when the pulse gates itself, like in SHG-FROG. This problem is 

generated because the retrieval algorithm needs the gate function to retrieve the phase. Many 
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different algorithms have been developed to solve this problem. In fact, the commercially 

available program used to retrieve the phase and amplitude of a pulse out of its SHG-FROG trace 

implements various different algorithms.  

The basic idea of the two dimensional phase retrieval algorithm can be seen in Figure 2-4. 

This algorithm uses two constraints for solving the problem, i.e. it uses mathematical and data 

constraints.100 The mathematical constraint is related to the nonlinear property used to generate 

the trace. In SHG-FROG this constraint is represented by 

( ) ( ) ( ),sigE t E t E tτ τ∝ − . (2-31) 

The data constraint is implemented by replacing the square root of the amplitude of the 

experimental trace with the new field trace without modifying its phase, generating a new 

electric field. 

 

Figure 2-4. Schematic of a generic FROG algorithm. Adapted from work by Trebino.100 

The FROG algorithm starts with an initial guess of the electric field in the time domain. 

Using the experimental FROG trace and the Fourier transform of the guess into the frequency 

domain, a new and improved electric field is generated. This field is back transformed to the time 

domain. The last step of the cycle consists on using this new electric field to generate a new 

guess. The process is repeated until convergence has been reached, which is evaluated in terms 

of the root mean square difference of the measure traced and the trace obtained by the algorithm. 
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The program used for retrieving the phase of the SHG-FROG in our laboratory is the 

commercially available software FROG 3.2.2 by Femtosoft Technologies. 
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CHAPTER 3 
FEMTOSECOND PULSE SHAPING 

Introduction 

Envisioned two decades ago, one of the latest applications of femtosecond lasers is to 

control photochemical process.24 The manipulation of the temporal and spectral components of 

the ultrafast laser electric field is required to produce quantum control of molecular 

photophysics. Due to the lack of fast electronics, it is currently impossible to modulate a 

femtosecond pulse in the time domain. Modern technology takes advantage of the time-

frequency inversion by modulating pulses in the frequency domain. Optical devices capable of 

synthesizing different ultrafast pulse waveforms in the frequency domain have been proposed 

and realized, e.g. spatial light modulators, acoustics optics modulators, deformable mirrors, 

etc.27, 102, 103  

Originally develop by Weiner and coworkers, pulse shaping with spatial light modulators 

is a widespread technique because of its high transmission and its capability of shaping amplified 

laser pulses. 

Femtosecond Laser Pulse Shaping with Spatial Light Modulators 

The first spatial light modulator was experimentally realized by Weiner and coworker 

using a zero dispersion pulse compressor with a fixed mask in its Fourier plane.104 Later, the 

same group developed the first programmable spatial light modulator using a voltage controlled 

multi-element liquid crystal mask.105  

Nowadays, pulse shaping with liquid crystal masks has became a major methodology for 

tailoring femtosecond pulses because it allows for the arbitrary modulation of the “individual” 

frequency components of an ultrafast laser field. 
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In this section, a brief description of the basic principles of pulse shaping with spatial light 

modulator is provided, followed by the experimental realization of the pulse shaper in our 

laboratory and examples of its capabilities. 

Pulse Shaping in the Frequency Domain  

The concept of femtosecond pulse shaping is based on the application of a linear, time-

invariant filter.27 Linear filtering can be described either in the time or frequency domain. In the 

frequency domain, the filter’s frequency response function, H(ω), characterizes the effect 

produced by the filter on the input electric field , Ein(ω), so the output electric field , Eout(ω), is 

defined as 

( ) ( ) ( )out inE E Hω ω ω= ⋅  . (3-1) 

The time domain filter response can be computed using the Fourier transform of the filter’s 

frequency response function, H(ω).  

( ) ( ) i tH H t e dtωω
∞ −

−∞
= ∫ , (3-2) 

consequently 

( ) ( )1
2

i tH t H e dωω ω
π

∞

−∞
= ∫ . (3-3) 

The modulated output of the electric field in the time domain is 

( ) ( ) ( ) ( ) ( )out in inE t E t H t E u H u t du= ⊗ = ⋅ −∫ , (3-4) 

where the ⊗  denotes the convolution of the two functions. In the case where the input pulse is a 

delta function in the time domain, the input spectrum is unity 

( ) ( ) ( ) 1i t i t
in inE E t e dt t e dtω ωω δ

∞ ∞− −

−∞ −∞
= = =∫ ∫  (3-5) 

and the output spectrum is equal to the frequency response of the filter. 
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( ) ( ) ( ) ( ) ( )1out inE E H H Hω ω ω ω ω= ⋅ = ⋅ = . (3-6) 

For short pulses, specific temporal output pulses can be generated by calculating the linear 

filter with the proposed impulse response. A complex frequency response of the filter is given by 

 ( ) ( ) ( )iH T e ψ ωω ω −=  (3-7) 

where T(ω) and ψ(ω) are the real and imaginary parts of the filter response, respectively. The 

filtered electric field is then 

( ) ( ) ( ) ( )( )expout inE E T iω ω ω ψ ω= − . (3-8) 

In the previous section, it was shown that a pulse propagating in a medium suffers a 

change in its electric field (Equation 2-15) given by 

( ) ( ) ( ), ,0 exp
n

E z E i z
c

ω ω
ω ω

⋅⎛ ⎞
= −⎜ ⎟

⎝ ⎠
% . (3-9) 

If we compare the effect of propagation (Equation 3-9) with the output of the electric field 

when a filter is imposed on it (Equation 3-8) 

( ) ( ) ( ),0inE T Eω ω ω= % , (3-10) 

( ) ( )n
z

c
ω ω

ψ ω
⋅

= . (3-11) 

This result is the basis for pulse shaping with spatial light modulators. It shows that by 

controlling the filter’s refractive index for the input frequency components it is possible to 

arbitrarily modify its phase, and hence its temporal shape. Moreover, changing the real part of 

the filter function, T(ω), will produce spectral amplitude modulation on the input field. 

The phase of the filter can be expressed as a Taylor series around the pulse central 

frequency of the pulse (ω0) 
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( ) ( ) ( )
0

0
0

1
!

n
n

n
n

d
n d

ω

φ ω
ψ ω ω ω

ω

∞

=

= −∑ . (3-12) 

An arbitrary pulse in the time domain can be calculated from the electric field in the 

spectral domain (Equation 2-3) and filtered electric field (Equation 3-8). 

( ) ( ) ( ) ( )1
2

i i t
out inE t E T e e dψ ω ωω ω ω

π
∞

−∞
= ∫ . (3-13) 

Replacing the imaginary part of the filter’s response with the Taylor series, we obtain 

( ) ( ) ( ) ( ) ( )
0

0
0

1 1exp
2 !

n
n i t

out in n
n

d
E t E T i e d

n d
ω

ω

φ ω
ω ω ω ω ω

π ω

∞∞

−∞
=

⎛ ⎞
⎜ ⎟= −
⎜ ⎟
⎝ ⎠

∑∫ . (3-14) 

This expression shows that many different temporal pulses can be created depending on 

the function applied to filter the electric field in the frequency domain. Spectral filters capable of 

producing totally arbitrary functions, not necessarily smooth filters functions like the Taylor 

series, can produce pulses with the most unthinkable temporal shapes. 

To experimentally realize the pulse shaping of a femtosecond pulse in the frequency 

domain two important components are necessary: a zero dispersion compressor and a spatial 

light modulator. 

Zero Dispersion 4f Compressor 

A zero dispersion compressor consists of two gratings and two lenses arranged in a line 

(Figure 3-1).105 Each grating is located in the front focal plane of one lens and the distance 

between both lenses is twice their focal length. An incident beam is dispersed in its frequency 

components and then focused into the back focal plane of the first lens. In this plane, the Fourier 

plane, all the frequency components are spread along the horizontal axis. A second lens grating 

pair recombines all the pulse components into a single pulse. This spatial arrangement can be 

understood as the first lens-grating pair performing the spatial Fourier transform on the incident 
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pulse and the second grating-lens pair performing the inverse Fourier transform on the 

components located at the Fourier plane.  

Any phase or amplitude filter placed at the Fourier plane will modulate the individual 

frequency components of the input pulse. As a result, after the inverse Fourier transform the 

output pulse will be modulated in phase and/or amplitude. 

 

Figure 3-1. Basic layout for a zero dispersion compressor. G: grating, L: lens, FP: Fourier plane. 
Adapted from work by Weiner et al.27 

Without a filter in the Fourier plane, this type of optical arrangement produces an output 

pulse with the same temporal shape as the input pulse (zero dispersion compressor). This 

configuration is the standard setup used to compress ultrafast pulses because the displacement of 

the second grating compensates for the second order phase component of an input chirped 

pulse.106 

Spatial Light Modulator 

The spatial light modulator used in this work is based on utilizing a liquid crystal to 

produce a filter function in the Fourier plane of the zero dispersion compressor. To understand 

the basic functioning characteristics of our spatial light modulator a brief introduction on liquid 

crystal mask properties is provided in the next subsection. 
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Liquid crystal mask characteristics 

The liquid crystal mask consists of a linear array of independent pixels. Each pixel has its 

own control which permits the generation of totally arbitrary filter responses. One of the most 

important characteristics of these devices is their operation over an extensive range of 

temperatures without the need of a temperature controller.107  

A liquid crystal can present different phases, e.g. smetic, nematic, and chiral.107 Each 

different phase is characterized by the type of ordering in its cell volume. Liquid crystal masks 

use the properties of the nematic phase to control the index of refraction of the pixels.  

Liquid crystal molecules are elongated rods. In a nematic liquid crystal phase, all the rods 

are vertically oriented without any type of ordering in the other two axes, i.e. distance between 

rods is not constant (Figure 3-2). Due to its elongated shape, these nematic materials are 

optically anisotropic leading to birefringence. These birefringent materials are optically 

characterized by their anisotropic dielectric tensor, in which the extraordinary index of refraction 

coincides with the long axis of the rod. Their dielectrically anisotropic tensor makes the nematic 

molecules’ orientation susceptible to the presence of an external electric field.108 Hence, liquid 

crystals are materials with a controllable birefringence. 

 

Figure 3-2. Cartoon of a nematic phase liquid crystal. ea: extraordinary axis. 

Liquid crystal masks are fabricated by rubbing a window substrate with a fine polishing 

compound along one specific direction. When liquid crystal molecules are sandwiched in 

between one rubbed and one flat surface, they automatically align in the rubbing direction.107 By 
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coating the two surfaces of the containing cell with a thin, transparent, and electrically 

conductive film of indium tin oxide (ITO), the liquid crystal orientation can be controlled with an 

externally applied field between the electrodes. 

A B 

Figure 3-3. Side view of a single nematic crystal pixel. A) Without electric field. B)With an 
external field applied. Adapted from work by Weiner et al.109 

The liquid crystal mask operates as follows (Figure 3-3): when no electric field is applied, 

the liquid crystal molecules are oriented with their long axis parallel to the grooves (z axis) 

created in the window (Figure 3-3(A)). When the electric field is turned on, the molecules rotate 

so that their long axis is aligned parallel the direction of the field (Figure 3-3(B)). This rotation 

changes the refraction index along the rotation axis (z axis). For light propagating through the 

mask with a polarization at 45 degrees with respect to the liquid crystal elongated axis, the 

component along the extraordinary optical axis will be delayed with respect to the component 

propagating parallel to the ordinary axis.  

The change in the index of refraction, or retardation, can be calculated using the following 

relation:110 
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where, θ  represents the angle of inclination of the liquid crystal which is a function of the 

external applied field, V.111 

A series of consecutive pixels form a discrete variable retarder perfectly suitable for 

filtering the electric field of an ultrafast pulse in the Fourier plane of a zero dispersion 

compressor. In addition, the use of a double mask with a special configuration permits the 

modulation of the electric field in phase and amplitude. 

The spatial light modulator 

The liquid crystal based spatial light modulator used in this work is a commercially 

available model (CRI Inc. SLM-640-D-VN®). The mask consists of two linear arrays with 640 

pixels each (Figure 3-4(A)). Each liquid crystal array is composed of two glass substrates coated 

with ITO. While one substrate acts as ground, the other is lithographically patterned into a linear 

array of 640 electrodes each with 5 mm height and 97 μm width. Each electrode is connected to 

its own voltage controller, which produces 640 independent pixels on the mask. The separation 

between pixels is 3 μm and as no electric connector is present in this region the refraction index 

can not be controlled, leading to an interpixel gap. 

A B 

Figure 3-4. Schematic of spatial light modulator mask. A) Front view. B) Lateral cut. Adapted 
from work by Weiner et al.27 
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To make the phase and amplitude spatial light modulator, two liquid crystal arrays are 

glued together such that the pixels of the first array spatially coincide with the pixels in the 

second array. The space between masks is held constant (1.02 mm) by adding little quartz rods in 

between the arrays (Figure 3-4(B)). The glue used is a refraction index matching epoxy to 

minimize loses due to surface reflections. 

The spatial light modulator is controlled with an electronic driver located inside the 

housing of the apparatus, which provides an independent voltage control for each of the pixels in 

the mask. This driver is computer controlled through a USB port. The voltage adjustment 

dynamic range of the driver is 12 bit or 4096 discrete levels, where the maximum level 

corresponds to 10 V (level 4095) and the minimum to 0 V (level 0). To avoid electromigration 

effects produced by DC sources, the controller source is an alternating current source (3.3 kHz 

square waveform).112 The usual response time of the liquid crystal mask in our system is close to 

50 milliseconds.  

In each side of the double mask there is a thin polarizer limiting the use of the mask to the 

488-900 nm region. The damage threshold for 900 nm is 200 μJ/cm2 (50 fs pulse, repetition rate 

1kHz). If the mask is used without the polarizers the spectral working range extends up to 1620 

nm. In addition, by replacing the output polarizer with a specially designed mirror the spatial 

light modulator can be used in a reflective mode, which presents many important advantages. 

This spatial light modulator operates onto the polarized incident light. In our system, the 

extraordinary index of refraction of each mask is +45 degrees and -45 degrees with respect to the 

entrance horizontal polarizer, which permits phase and amplitude modulation of the incident 

light. 
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Pulse shaping with LC masks 

Introduced in previous chapters, the phase produced by ultrafast pulses propagating in a 

material is (Equation 2-22) 

( ) ( ) ( ) ( )2n n
z or z

c
ω ω π λ

φ ω φ λ
λ

⋅ ⋅
= =  . (3-16) 

The index of refraction in a liquid crystal can be modulated by applying an external 

voltage, thus 

( ) ( )2 ,
,

n V
V z

π λ
φ λ

λ
⋅

= . (3-17) 

The difference in phase, Δφ, produced by a change in voltage (ΔV) is 

( ) ( )2 ,
,

n V
V z

π λ
φ λ

λ
⋅Δ Δ

Δ Δ = , (3-18) 

where Δn is the change in index of refraction due to a ΔV change in voltage. This change in 

refraction index of a liquid crystal can be expressed in terms of its ordinary and extraordinary 

components 

( ) ( ) ( ), , ,0o
LC LCn V n V nλ λ λΔ Δ = −  (3-19) 

where nLC is 

 
( )

( )( )
( )

( )( )
( )

2 2

2 2 2

cos sin1
, o e

LC LC LC

V V
n V n n

θ θ
λ λ λ

= + . (3-20) 

The change in phase, or retardation, is only applied to the polarization component of the 

incident wave parallel to the optical axis of the liquid crystal pixel. In the spatial light modulator, 

the liquid crystal optical axis on each mask is at +45 and -45 degrees with respect to the vertical 

axis of the array (Figure 3-5).113 
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Figure 3-5. Setup for dual mask spatial light modulator. 

The extraordinary and ordinary axes of the liquid crystal for each mask can be expressed as 

( ) ( )1 1
1 1 and 
2 2

LC LCe X Y o X Y= + = −
r uur ur r uur ur

 (3-21) 

and 

( ) ( )2 2
1 1 and 
2 2

LC LCe X Y o X Y= − = +
r uur ur r uur ur

, (3-22) 

where e
r

 and o
r

 are the extraordinary and ordinary axis, and LC1 and LC2 are the first and 

second liquid crystal masks, respectively. For an incident electric field, 0E
uur

, polarized in the X
uur

 

direction, its electric field can be expressed in terms of the extraordinary axis of both masks 

( )0
1 20 0 2

LC LC
EE E X e e= = +

uur uur r r
. (3-23) 

The retardation and the electric field observed after passing both masks will be 

( )1 20
1 21 2

LC LCi i
LC LC

EE e e e eφ φΔ Δ= ⋅ + ⋅
uur r r

, (3-24) 

where LCiφΔ is the retardation produced by the ith mask. Expressing the electric field back in 

terms of the X
uur

 and Y
ur

 axis 

 ( ) ( )( )1 2 1 20
1 2

LC LC LC LCi i i iEE X e e Y e eφ φ φ φΔ Δ Δ Δ= + + −
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. (3-25) 
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By Euler’s formula, it can be expressed as 

1 2 1 2 1 2
1 0 exp cos sin

2 2 2
LC LC LC LC LC LCE E i X iYφ φ φ φ φ φΔ + Δ ⎛ Δ − Δ Δ − Δ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞= +⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠

uur uur ur
.  (3-26) 

In the spatial light modulator the input and output polarizer set the polarization in the x 

axis, thus  

1 2 1 2exp cos
2 2

LC LC LC LC
xE E i φ φ φ φΔ + Δ Δ − Δ⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

ur
. (3-27) 

The output electric field, which is tailored after propagating through both masks, has two terms: 

the first one, an exponential function, is imaginary, while the second one, a cosine function, is 

real. While the imaginary term will only change the phase of the transmitted electric field, the 

real term will produce amplitude modulation over the spectrum of the pulse. Phase and/or 

amplitude modulation will be imprinted on the pulse depending on the applied voltage on each 

mask. This modulation can be expressed in terms of the filter’s frequency response (Equation 3-

8) 

( ) ( ) ( ) ( )( )expout inE E T iω ω ω ψ ω=  (3-28) 

where ψ(ω)  is the phase filter function and T(ω) is the transmission filter function. Comparing 

with the above result (Equation 3-36) we obtain 

( )1 2

2
LC LCφ φ

ψ
Δ + Δ

=  (3-29) 

( )1 2cos
2

LC LCT
φ φΔ − Δ⎛ ⎞

= ⎜ ⎟
⎝ ⎠

. (3-30) 

Note that this result present two special cases, 1 1 0LC LCφ φΔ + Δ =  and 1 2 0LC LCφ φΔ − Δ = . 

While the former case corresponds to amplitude modulation only, the latter corresponds to phase 

modulation only. 
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If the transmission and phase filter functions to produce a certain pulse are known, the 

phase applied to each mask can be calculated as 

( ) ( )1 arccos arccosLC T Aφ ψ ψΔ = + = +  (3-31) 

( ) ( )2 arccos arccosLC T Aφ ψ ψΔ = − = − . (3-32) 

The Pulse Shaper  

Geometrical Configurations 

Pulse shapers can be implemented in several different configurations. The first proposed 

configuration is depicted in Figure 3-6(A). In this configuration, the beam propagates through 

the Fourier plane to the other side of the pulse shaper, which is a mirror image of the first side. If 

a mirror is positioned at the Fourier plane of the pulse shaper, another possible configuration is 

obtained, Figure 3-6(B). The former implementation, transmission mode, is the most standard 

methodology found in the literature; the later, reflective mode, provides unmatched advantages 

such as smaller footprint size and lower cost. 

A B 

Figure 3-6. Basic layout of a pulse shaper. A) Transmission mode configuration. B) Reflective 
mode configuration. 

Figure 3-7 shows many previously implemented27, 114-117 and newly proposed pulse shaper 

geometries.I Each of these configurations has its advantages and drawbacks. A detailed analysis 

of each of the possible implementations was used to determine the most suitable realization for 

our pulse shaper. 

                                                 
I All configurations can be converted to reflective mode by setting a mirror in their corresponding Fourier plane. 
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The first setup (Figure 3-7(A)) has the advantage of having all the optics positioned along 

a line, but the use of lenses introduces chromatic aberrations especially in pulses with very broad 

spectrums (temporally short), thus a configuration with reflective focusing optics is preferred.  

 

Figure 3-7. Top view of different design types for pulse shapers based on an optical Fourier 
transform. 

The remaining configurations (Figure 3-7(B)-(E)) can be categorized in two groups: those 

with (B) and those without (B,C) a folding mirror. A pulse shaper without a folding mirror 

creates spatial aberrations since its focusing element reflects the beam in a direction out of its 

optical axis, producing astigmatism. This type of aberration is very difficult to compensate. 

The remaining configurations introduce at least one folding mirror (Figure 3-7(C)-(E)). 

When the dispersed beam is reflected such that the angle between incident and reflected beam is 

A B 

D C 

E 
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non zero and the height of the reflected beam is also changed (Figure 3-8(C),(E)), a tilt on the 

beam in the Fourier plane is observed (Figure 3-8). 

 

Figure 3-8. Tilt in the Fourier plane produced by a mirror at 45 degrees with a vertical tilt. 

 The other two possibilities (Figure 3-7(D)-(E)) are very similar. In both cases the tilt of 

the Fourier plane is minimized either because the reflection angle is zero and only the height is 

changed (Figure 3-8(D)) or a very small angle is used in the folding mirror (Figure 3-8(E)). The 

apparatus depicted in Figure 3-7(E) needs a bigger folding mirror than the one observed in 

Figure 3-7(D). Large good quality mirrors are usually more expensive and difficult to get. For 

these reasons, we chose the design in Figure 3-7(D) for constructing our experimental setup. 

To increase the input power in the pulse shaper, cylindrical optics are preferable to 

spherical optics. In cases where the output power of the pulse shaper is not critical or is not 

required, the use of spherical lenses is preferable because they have smaller fabrication 

aberrations than cylindrical optics. We choose to use spherical mirrors because of the above 

reasons and because our studies do not need high energy pulses. 

h 

a’ 

b’ 

a b a b 

a’ 

b’ 
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Reflective Mode Pulse Shaper 

Due to the difficulties in its implementation, only the transmission mode configuration had 

been successfully realized with liquid crystal mask based pulse shapers. With the recent 

development of large mirrors (needed for a 64 mm spatial light modulator) the experimental 

realization of the reflective mode geometry setups is possible. We demonstrate the feasibility of 

a reflective mode configuration using the new 640 pixels CRI’s spatial light modulator. One 

limitation of the reflective mode geometry is the required separation between input and output 

beams. Since both beams must travel through the same optics, it is necessary to develop a way to 

separate the beams. One possibility is to change the height of the input and output beams. As it 

was mentioned before, this can lead to aberrations on the beam focusing. To minimize beam 

aberrations and front wave tilt, we have developed a new geometry that uses collinear 

input/output beams. This innovative geometry uses polarization to separate input and output 

beams. To our knowledge, it is the first reflective mode collinear phase and amplitude modulator 

setup constructed to date (Figure 3-9). 

 

Figure 3-9. Diagram of the experimental setup in a reflective mode configuration. 

Our setup presents important advantages over the transmission mode. First, the number of 

optical components is reduced to half: one spherical mirror, one folding mirror, one back mirror, 

and one grating. Second, the total phase achieved in our setup is higher than any transmission 

mode setup because the beam travels twice through each phase mask. Third, the collinear 

geometry simplifies the alignment reducing the distortions produced by misalignment. Fourth, 
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there is only one grating angle to align. Last but not least, the footprint size of this setup is half of 

that observed in a transmission pulse shaper which is a critical constraint for a large mask. 

Design Characteristics 

In the design of the pulse shaper, the objective is to have the maximum spectral resolution 

so more complex filters can be produced without significantly cutting the spectrum of the laser 

pulse. To find what are the best components for constructing the pulse shaper, we will assum that 

the mask needs to hold at least three times the spectral FWHM maximum of our laser source and 

that the incident and diffracted angles are the same (Littrow configuration). While fitting three 

times the spectral FWHM of the laser spectrum warrants that the mask can accept 98.8% of the 

spectrum, it loses only frequencies with intensities of less than 0.2% of the maximum intensity. 

The Littrow configuration keeps the diffracted beam centered on the spherical optic, avoiding 

astigmatism. 

Our femtosecond laser source delivers pulses with a temporal duration (FWHM) of 42 fs 

and a bandwidth of 25 nm (FWHM), thus the necessary spatial dispersion is given by 

75 1.1
64

d nm nm
dx mm mm
λ

= = , (3-33) 

where 75 nm corresponds to the three spectral FHWM and the 64 mm to the width of the mask. 

The grating equation establishes that for Littrow configuration the angle of diffraction is111 

arcsin
2
G

o
λθ ⋅⎛ ⎞= ⎜ ⎟⋅⎝ ⎠

, (3-34) 

where G is the groove density in mm-1, λ is the wavelength diffracted, and o is the diffraction 

order. The linear spatial dispersion in the Fourier plane of the compressor is given by105 

( )cos dd
dx G f

θλ
=

⋅
 (3-35) 
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where θd is the diffraction angle and f is the focal length of the focusing optic.  

The relationship between the grating groove density and the focal length becomes 

cos arcsin
2
G

of dG
dx

λ

λ

⎛ ⋅ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟⋅⎝ ⎠⎝ ⎠=

⋅
. (3-36) 

 An additional important parameter that needs be taken into consideration in this design is 

the spot size of each wavelength at the Fourier plane. Each wavelength of the pulse spectrum 

produces an image on the Fourier plane of the compressor. The size of this spot must be similar 

to the pixel size, neither smaller nor larger. If the spot size of a given wavelength is larger than 

the pixel size (97 μm), the pulse shaper will lose resolution as each wavelength will be spread 

over more than one pixel. If the spot size is comparable to the gap between pixels (3 μm) some 

wavelengths will not be modulated. For a spot size of 40 μm only 7 % of its intensity will not be 

modulated. It is therefore critical to consider this parameter when choosing the focusing optics. 

For a Gaussian beam, the spot size at the focus plane as a function of the focal length for a given 

optic is110 

0
s

f λω
ω π

=  (3-37) 

where ωs is the waist spot at the focusing optic, f is the focal length, and λ the wavelength. 

Both effects, resolution and spot size, must be considered in the design. We find that using 

the relationship between grating groove density and beam waist versus focal length gives the 

possible combinations for a grating lens pair. 

For a Gaussian input beam with 3 mm beam diameter a beam waist size from 40 to 70 μm 

is produced with a focal length of 200 to 400 cm (see Figure 3-10). The corresponding grating 

groove density necessary to keep the spatial dispersion close to 1.1nm/mm is between 1750 and 
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2100 mm-1. A combination of grating lens in that range is suitable for building a high resolution 

pulse compressor. 
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Figure 3-10. Grating groove density and beam waist versus focal length. Grating groove density 
effect (solid line). Beam waist effect (dashed line). 

In our designed, we selected a grating of 1800 mm-1 groove density in combination with a 

focusing optic of 300 mm. The selection took into consideration the commercial availability of 

the parts. The summary of the theoretical pulse shaper characteristics for this configuration is 

presented in Table 3-1. 

Table 3-1. Theoretical zero dispersion compressor characteristics. 
Parameter Value 
Grating groove density 1800 mm-1 
Grating Littrow angle 46.05 degrees 
Mirror focus 300 mm 
Theoretical spatial dispersion  1.285 nm/mm  
Theoretical spectral window accepted by the SLM 82.24 nm 
Raleigh length 32 mm 
Beam waist 56.6 μm 

 

Reflective Mode Experimental Realization 

Our reflective mode phase and amplitude pulse shaper is presented in Figures 3-11 and 3-

12. To obtain phase modulation in the frequency domain the optical setup is arranged in a folded 

zero dispersion compressor (Figure 3-11). This type of configuration reduces the setup size by 

half. 
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In our folded configuration, the zero dispersion compressor is composed of: a gold 

spherical mirror (Edmund Optics, f =300 mm), one folding gold mirror (half of a two inch 

diameter mirror, CVI Inc), one inch diameter gold steering mirror, one gold-coated holographic 

grating (Richardson Gratings, 1800 groves/mm 30x30 mm), and the mask back mirror (CRI 

Inc.).  

B 

Figure 3-11. Top and side views of the built pulse shaper. SM: spherical mirror; G: grating, M: 
mirror; P: polarizer; WP: λ/2 waveplate; FR: Faraday rotator, CP: cube polarizer. 

 

Figure 3-12. 3D Sketch of the built pulse shaper. SM: spherical mirror; G: grating, M: mirror; P: 
polarizer; WP: half waveplate; FR: Faraday rotator, CP: cube polarizer. 
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This optical configuration provides a spectral resolution of 0.129 nm per pixel with a 

bandwidth window of approximately 83 nm (see wavelength calibration section). All the 

compressor elements are arranged in a line with the beam traveling slightly out of the plane 

parallel to the optical table to avoid spatial distortions in the mask (Figure 3-11, side view). 

While the folding mirror is mounted on a standard mirror mount, the rest of the components are 

mounted on special custom-made mounts to meet the necessary degrees of freedom (see 

alignment procedure, Appendix A).  

A critical component of our apparatus is its collinear optical path. This configuration 

requires a polarization method to separate the unmodulated (incoming) from the modulated 

(outgoing) pulse. Based on the same principle of pulsed regenerative amplifier cavities, the 

experimental arrangement uses a cube polarizer (Optics for Research, PH-8), a Faraday rotator 

(Electro-Optics Technology, BB8-8R), and a λ/2 waveplate (Karl Lambretch, MWPAA2-22-

HEAR800) (Figure 3-13). The cube polarizer acts as a polarization beam splitter, the Faraday 

rotator as a cumulative retarder, and the λ/2 waveplate as a polarization corrector.  

 

Figure 3-13. Polarization splitting of the incoming and the outgoing pulse. Incoming and 
outgoing polarizations are represented with a black and red arrow, respectively. 

Its operation can be described as follows: the incoming beam (black arrow, +90 degrees) 

crosses the Faraday rotator and its polarization is tilted by +45 degrees. Since the waveplate 

CP FR WP 

x 

y 
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produces the same effect over the pulse as the Faraday rotator, the electric field accumulates +45 

degrees yielding an electric field with a 0 degree orientation inside the pulse shaper. The 

outgoing beam (gray arrow, +0 degree) crosses the waveplate and its polarization changes to +45 

degrees. However, when the pulse propagates through the Faraday rotator the polarization 

changes -45 degrees to 0 degrees and the cube polarizer splits the different polarization, 

separating the incoming (unmodulated, 90 degree polarization) from the outgoing (modulated, 0 

degree polarization) beam. 

This arrangement allows a collinear path, simplifies the alignment procedure, minimizes 

temporal dispersions, and provides a very compact and less expensive setup instead of the large 

setup usually used in high-resolution pulse shapers. 

Our dual mask system has a high average transmission (>94%). Our setup is configured to 

produce amplitude and phase modulation using an entrance polarizer (transmission <80% from 

750 to 850nm) and a returning mirror (transmission <95%). Due to the double pass, these 

components reduce the overall transmission to less than 55 %.  

The overall pulse shaper transmission is 30%, which is mainly determined by all the 

polarization optics and the efficiency of the grating. 

Pulse Shaper Phase Calibration 

The spatial light modulator should be placed at the Fourier plane of the 4f compressor to 

modify the temporal and spectral characteristics of the incident pulse. The phase control in the 

modulator is obtained by changing the applied voltage to each pixel in the individual mask. 

Before an experiment, a calibration of the pixel response using applied voltage must be 

performed to control precisely the phase imposed by each pixel. 

The index of refraction of the liquid crystal is voltage and wavelength dependent. A pixel 

by pixel calibration can take too long to be performed as a daily routine, since there are 1280 



 

85 

(640 in each mask) independent pixels. Instead, all pixels of each mask of the spatial light 

modulator are calibrated simultaneously with the corresponding wavelength by measuring the 

spectrum of the modulated pulse with a spectrometer, greatly reducing the time of the phase 

calibration and avoiding the individual pixel by pixel calibrations. 

The phase introduced by a change in the applied voltage is given by Equation 3-18. 

Assuming that the dependence on wavelength and voltage can be treated independently, the 

change of refractive index can be written as 

( ) ( ) ( ), ,0 .n V n f Vλ λΔ = Δ , (3-38) 

where the first term (Δn(λ,0)) represents the change in the index of refraction as a function of 

wavelength alone and the second term ( f(V)) models the voltage response for a liquid crystal 

pixel. If the mask pixel inhomogeneity is neglegible, a calibration of one pixel as a function of 

wavelength can be used to extrapolate to the rest of the pixels in the array. The change of the 

refraction index as a function of wavelength can be calculated from the corresponding ordinary 

and extraordinary index of refraction (Equation 3-20). 

While characterizing the spatial light modulator we found that the pixels in both masks are 

not truly uniform. From one pixel to the next there are changes on their refractive index even for 

the same wavelength when no voltage is applied. This complicates the calibration of our spatial 

light modulator. The same model (Equation 3-38) can be used to calibrate the birefringence of 

the mask, considering that Δn(λ,0) is an effective refraction index. To achieve the spatial light 

modulator calibration a spectrometer is set at the output of the pulse shaper and the whole 

spectrum of the beam is measured after passing through the masks. This calibration not only 

includes the wavelength dependence of the refractive index, but also takes into consideration the 

pixel inhomogeneity. The calibration setup is depicted in Figure 3-15. 
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To perform the calibration a home written program in Labview (National Instrument TM) is 

used. This program measures the output pulse spectrum while the voltage of one of the masks is 

varied every 10 bit (2.5 mV) and the other mask voltage is kept constant at the value of 

maximum transmission.  

 

Figure 3-15. Experimental setup used for the masks calibration. 

When the spectrum is measured, only the real part of the spectral filter response is 

measured: 

( ) ( ) ( )2
out inS S Tλ λ λ= ⋅ , (3-39) 

where T(λ) is the real part of the filter response function (Equations 3-7 and 3-30).  

Under these conditions, the transmission A(λ) is 

( ) ( ) ( )
( )

2 out

in

S
A T

S
λ

λ λ
λ

= = , (3-40) 

and the difference in phase applied by the mask is 

( )( )1 2 2arccosLC LC Tφ φ λΔ − Δ = . (3-41) 

Since only one mask is modulated during the phase calibration, the phase produced by the 

this mask is 

Laser 

Spectrometer 
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( )( ) max2arccosLCi LCjTφ λ φΔ = + Δ , (3-42) 

where LCiφΔ  is the change in phase produced at each wavelength of the spectrum for a given 

voltage, and max
LCjφΔ  is a phase constant. This phase constant will be discarded by setting the 

phase of the calibrated mask at zero when the voltage applied is 10 V. 

The phase curve for each wavelength is calculated using Equation 3-42. The calibration 

results are shown in Figures 3-16 and 3-17. 
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Figure 3-16. Phase calibration curves of: A) front mask and B) back mask. 
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Figure 3-17. Phase at 700 counts (1.71 V) for: A) front mask and B) back mask. 
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Since the phases corresponding to different wavelengths at a given voltage do not follow 

the expected Sellmeirs’ refractive index behavior (Figure 3-17), the phase values for each curve 

at 700 counts (1.71 V) are normalized with respect to the phase of 799.666 nm and used as a 

correction factor for the phase curves. The phase at 799.666 nm is used as the only phase 

calibration curve and its phase correction factor is used to correct the deviation to the calibration 

curve of other pixels due to pixel inhomogeneity and wavelength index of refraction dependence. 
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Figure 3-18. Phase calibration of front mask. A) Corrected curves. B) Comparison between the 
average of all the curves and calibration curve at 799.66nm (inset: correction factor). 
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Figure 3-19. Phase calibration of back mask. A) Corrected curves. B) Comparison between 
average of all the curves and calibration curve at 799.66nm (inset: correction factor). 
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The corrected phase calibration shows a maximum retardation of 8π (25 radians) for both 

masks. The maximum dynamic range for a 2π modulation is produced between 1250 and 4095 

driver counts (corresponding to 2.5 V and 10 V, respectively). The wavelength correction factor 

does not show the expected dependence for the index of refraction versus wavelength 

(Sellmeier’s equation). This difference can be attributed to the inherent inhomogeneity of the 

mask. The maximum change in the retardation for a 1.71 V (700 counts) observed on either mask 

is on the order of 10 % with respect to the normalization wavelength (center wavelength, 

799.666 nm). The inhomogeneity of the mask has enormous consequences on the performance of 

the pulse shaper setup because it imposes a residual phase on the input pulse which reduces the 

dynamic range of the spatial light modulator. In addition, this residual phase must be 

compensated to produce transform limited pulses and to relate the output pulse modulation of an 

arbitrary pulse to the applied voltage. 

Pulse Shaper Wavelength Dispersion Calibration 

A wavelength calibration of the spatial light modulator must be performed to assign the 

wavelength correction factor to each pixel. The way to produce this calibration is similar to the 

voltage calibration, but in this case instead of varying the voltage of both masks, the pulse shaper 

is set to produce amplitude modulation. By imposing in some pixels of the first mask a 

retardation of π and leaving the other entire mask at a retardation of 0 radians (10 V), holes will 

be observed in the spectrum of the output pulse. Since the position of the pixels with π phase is 

known, the holes in the spectrum are directly assigned to them. 

The wavelength versus pixel calibration curve is 

( ) 0
dp p
dp
λλ λ= + ⋅  , (3-43) 
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where the observed experimental values are: λ0 = 843.36 nm and dλ/dp = -0.12896 nm/pixel. 

Since the pixel size is 100 μm, the spatial dispersion in the Fourier plane is 1.29 nm/mm which 

agrees with the theoretical spatial dispersion for this zero dispersion compressor apparatus (Table 

3-1). 
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Figure 3-20. Dispersion calibration. A) Unmodulated and modulated spectra (red and black lines, 
respectively). B)Transimission produced by holes in the profile. C) Wavelength 
calibration curve. 

Residual Phase 

The pixel inhomogeneity in each mask produces a residual phase in the modulator. This 

background phase is amplified in our double pass implementation of a reflective mode 

configuration setup. To observe, characterize, and correct this effect, the zero dispersion 
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compressor was modified by replacing the spatial light modulator back mirror with an external, 

independent mirror (Figure 3-21). The effect produced by putting the double mask in the zero 

dispersion compressor could be observed with this modified configuration. The modulator’s 

residual phase was measured by collecting the pulse autocorrelation with and without the mask. 

A B 

Figure 3-21. Pulse shaper setup using an external mirror. A) Without the spatial light modulator. 
B) With the spatial light modulator. 
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Figure 3-22. Phase mask effect on the temporal profile of the pulse for A) Zero dispersion 
compressor without the spatial light modulator in place. B) Zero dispersion 
compressor with the spatial light modulator in place. 

Figure 3-22 shows that the spatial light modulator has an important residual phase that 

should be compensated to modulate pulses. One way to compensate for this residual phase is by 

measuring the phase of the output pulse and imposing the same phase, but with opposite sign on 

the pulse shaper.  

Laser Laser 
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We use multishot SHG-FROG and commercially available software (Femtosoft FROG 

3.2) to retrieve the phase out of the generated FROG trace. 

Figure 3-23 shows the SHG-FROG trace measured for the output pulse shaper pulse with 

no phase applied. The retrieved trace of this pulse presents a good agreement with the 

experimental SHG-FROG trace (Figure 3-23(A) and (B)). From the retrieved electric field we 

can extract the phase needed to achieve the residual phase correction in the spatial light 

modulator. Knowing the phase needed to generate a transform limited pulse, we use the previous 

calibration to generate the voltages required at each pixel. After applying the phase opposite in 

sign to the one measured, we collect the SHG-FROG traces again (Figure 3-24). 
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Figure 3-23. SHG-FROG trace of the unmodulated pulse. A) Experimental trace. B) Retrieved 
trace. C) Temporal intensity (black line) and phase (red line). D) Spectral intensity 
(black line) and phase (red line). 
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Figure 3-24 shows that the phase can be successfully reduced from 20 radians to less than 

1 radian by applying the opposite phase in the pulse shaper. The new SHG-FROG trace and the 

retrieved electric field show pulses very close to the transform limited pulse with an almost flat 

phase across the spectrum. 

The lack of zero residual phase in the corrected pulse is a product of the phase 

determination via FROG. To improve this phase retrieval a technique like MIIPS can be used.118 

This technique has been shown to produce transform limited pulses with a phase error of less 

than 0.01 rad. The other possibility is to compress the pulse with a closed loop optimization. 

Implementation of this technique will be shown in the following chapter. 
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Figure 3-24. SHG-FROG trace of the phase corrected pulse. A) Experimental trace. B) Retrieved 
trace. C) Temporal intensity (black line) and phase (red line). D) Spectral intensity 
(black line) and phase (red line). 
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Frequency Nonlinearity Correction 

For the sake of simplicity, a linear change of frequency from one pixel to the next is 

assumed in the pulse shapers (Figure 3-26, dotted line). For non-complex pulses, this assumption 

works well. However, when the output phase modulated pulses are very complicated, this 

assumption fails and leads to spatio-temporal distortions which deviate the results from the 

theoretical prediction. Figure 3-25(A) show the SHG-FROG trace of a sequence of pulses 

generated by applying a sine function to the spectral phase. This type of modulation creates 

equispaced subpulses. The SHG-FROG trace in panel A shows an additional distortion with 

tilted traces that are also broader in time (phase modulated). 

A B 

Figure 3-25. Effect of the nonlinear frequency calibration in the pulse modulation. A) Sinusoidal 
phase pulse without frequency nonlinear correction. B) Sinusoidal phase pulse with 
nonlinear frequency correction. 

The pixel versus frequency plot presented in Figure 3-26 shows a small non-linearity that 

needs to be taken into account. The periodicity in time is no longer constant for all the 

frequencies, and the output pulse presents broader replica pulses with more time delay. 
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When this correction is accounted for and the pulses are codified linearly in frequency, the 

same modulated pulse does not present any distortions on its replica pulses. This can be observed 

in Figure 3-25(B) where all the replicas are narrower and the tilt is removed. 
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Figure 3-26. Frequency calibration curve of the pulse shaper. Dots experimental points, dotted 
line linear fit, a solid line: second order polynomial fit. 

Modulation Examples 

Finally, we chose some masking operations using amplitude and phase modulation to 

check the performance of our experimental setup. An example of a pulse with π step phase 

modulation is presented in Figure 3-27. 
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Figure 3-27. Odd pulse (π step). A) Spectral intensity (black line), retrieved phase (red squares), 
and target phase (red line). B) Temporal intensity (black line) and phase (red 
squares). 
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In Figure 3-27, red squares correspond to the experimental results, whereas the red line is 

the proposed target phase. In all cases, the calculated waveforms agree with the experimental 

pulses. Nevertheless, the difference between the analytical waveform and the experimental 

results shows some temporal pulse distortions. This difference can be attributed to uncertainties 

in the compensation of the residual phase in our modulator and/or mask calibration errors. 
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Figure 3-28. Sinusoidal phase modulation. A) Spectral intensity (black line) retrieved phase (red 
squares), and target phase (red line). B) Temporal intensity (black line) and phase 
(red squares). 

Other examples using only phase modulation were successfully implemented: sinusoidal 

spectral phase pulse, quadratic phase pulse, and zero phase double pulse. 
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Figure 3-29. Quadratic phase pulse (4607 fs2). A) Proposed phase (red line), and retrieved 
spectral intensity (black line) and phase (red squares). B) Temporal intensity (black 
line) and phase (red line). 
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Figure 3-30. Temporal double pulse with a 200 fs separation. A) Proposed temporal intensity 
(open circles) and phase (red line), retrieved temporal intensity (black line) and phase 
(red line). B) Spectral intensity (black line) and phase (red line). 

Spatial Light Modulation Limitations 

The physical limit of the maximum phase modulation of the spatial light modulator is 

given by the thickness of the liquid crystal used in the mask (Equation 3-18). In our pulse shaper, 

this limit is ~25 radians (see phase calibration curves, Figures 3-16 and 3-17). To overcome this 

physical limitation, phase wrapping is used. Due to the definition of phase, it is possible to 

arbitrarily add or subtract any multiple of 2π without physically affecting its value (phase 

wrapping). An example of phase wrapping is presented in Figure 3-31. 
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Figure 3-31. A) Phase unwrapped. B) Phase wrapped. 
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Figure 3-31(A) shows phase values that cannot be achieved with our pulse shaper. Using 

the phase wrapping treatment, the new phase (Figure 3-31(B)) is physically equivalent to the 

unwrapped phase (Figure 3-31(A)) which then can be applied with our pulse shaper because its 

values do not pass the pulse shaper phase limits. Phase wrapping solves the limited dynamic 

range produced by birefringent materials utilized in spatial light modulators. 

Another limitation of the spatial light modulator is given by the discrete nature of the 

spatial light modulator masks. This constrains the accessible phase modulations to the Nyquist’s 

limit. The Nyquist theorem states:119  

“If a function f(t) contains no frequencies higher than W cycles per second, it is completely 
determined by giving its ordinates at a series of points spaced 1/(2W) seconds apart” 

This theorem implies that the sampling must be made twice per period, or twice in the 

working phase interval. Since the phase working interval for the spatial light modulator is from 0 

to 2π, the maximum change phase that can be produced without aliasing is 

φ πΔ <  (3-44) 

An example of the aliasing effect is presented in Figure 3-32. 
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Figure 3-32. Quadratic phase of 10-3 pixel2/rad A) Sampled every 10 pixels B) Sample every 10 
pixels (black squares) and every pixel (black line). 



 

99 

Figure 3-32(A) shows that for a sampling of 10 pixels a quadratic phase of 10-3 pixel2/rad 

starts to be undefined below the pixel 200 and above the pixel 440. A comparison with the phase 

sampled at every pixel (Figure 3-32(B) black line) reveals that outside the 200-440 pixel range 

only one point is used for defining the phase within each 2π phase interval, producing aliasing on 

the phase. 

Using the limits imposed by the Nyquist limit, it is possible to calculate the maximum 

phase coefficients that can be applied if the phase is codified using a Taylor expansion. The 

different terms of a Taylor expansion of the phase in the frequency are 

( ) ( )0!
ii i

n
b
i

φ ω ω= ⋅ − , (3-45) 

where ω is the frequency, ω0 is the frequency at the center of the array, and i is the Taylor 

polynomial order. Using the frequency calibration of the pulse shaper at each pixel the Taylor 

coefficients are expressed in terms of the discrete pixel number 

( )

! 2

ii
i i

n
b Nn

i
ωφ ⋅Δ ⎛ ⎞= ⋅ −⎜ ⎟

⎝ ⎠
, (3-46) 

where Δω is the linear frequency change in each pixel, n is the pixel number, and N is the total 

number of pixels (640 in our spatial light modulator). The phase difference between two 

consecutive pixels is 

( ) ( ) ( )
1 1

! 2 2

i ii
i i i i

n n n
b N Nn n

i
ωφ φ φ+

⎡ ⎤⋅Δ ⎛ ⎞ ⎛ ⎞Δ = − = ⋅ + − − −⎢ ⎥⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

. (3-47) 

For the linear coefficient of the expansion, the Nyquist limited coefficient is 

( )1 max
max 1bφ π ωΔ = = ⋅Δ , (3-48) 

where 
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2
max 0

1 2
b

c
λπ

ω λ
= =

Δ ⋅Δ
. (3-49) 

Similarly the second order phase coefficient is 

( ) ( )
max

2 22
max 2 1

2
b n Nφ π ωΔ = = ⋅Δ ⋅ − − . (3-50) 

Since discrete polynomial functions present their maximum changes for the highest values 

of the independent variable, the maximum difference will be obtained for pixels N and N-1, thus 

the Nyquist limited coefficient is 

( ) ( )
max

2 22
max 1

2
b Nφ π ωΔ = = ⋅Δ ⋅ − , (3-51) 

( ) ( )
4

max 0
2 2 2 2

2
1 2 1

b
N c N

λπ
ω π λ

= =
Δ − ⋅ ⋅Δ −

. (3-52) 

All the other Nyquist limited coefficients can be calculated in a similar manner. The 

calculated Nyquist’s limits for the linear and quadratic phase for our setup configuration 

parameters (Table 1) are ±8269 fs and ±68010 fs2, respectively. By applying a linear phase to the 

incident pulse, pulses are shifted in time (see Chapter 2). Within the Nyquist’s limit of ~8ps the 

linear modulations will not distort the original pulse structure. This limit constrains the 

modulator to an effective delay range of 16 ps (±8 ps) with a resolution of 18 fs (minimum slope 

created by changing the minimum phase step in our phase modulator). This time resolution (18 fs 

or 5.4 μm) is comparable with the time step resolution of any commercially available stepper 

motor translation stage used for optical delay lines. As a result, the pulse shaper can be used as a 

delay generator for pump and/or probe experiments with the capabilities of phase and amplitude 

modulation of its pump pulse. 
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In addition, the Nyquist’s theoretical predictions state that the designed pulse shaping 

apparatus can stretch pulses from 42 fs (FWHM) to close to 4.5ps (maximum quadratic phase 

possible) without producing any measurable distortion.  

The Nyquist theoretical limits in our pulse shaper apparatus are constrained by the residual 

phase of the mask, thus the real Nyquist limits must be calculated numerically including this 

residual phase term. 

Summary 

We have constructed a state of the art pulse shaper with many important improvements 

with respect to literature implementations. Among those improvements, it is important to 

highlight its small footprint and easy alignment achieved without compromising its high 

resolution. In the following chapters this apparatus coupled to a genetic algorithm is used for 

scientifically relevant problems. 
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CHAPTER 4 
CLOSED LOOP OPTIMIZATIONS AND GENETIC ALGORITHMS 

Introduction 

Femtosecond laser pulse shaping has been shown to be the most promising technique to 

produce quantum control because it can create electric fields capable of affecting the molecular 

excited state wave packets during their evolution in their molecular potential energy surfaces.2, 

120  

Since molecular evolution is governed by the system Hamiltonian, the possibility of 

knowing which laser field parameters can control a certain molecular system is very limited for 

all but few very simple systems. In particular for strongly coupled systems, such as large 

molecules in condensed phase, the complete Hamiltonian is either unknown or too complicated 

to use for electric field calculations. Researchers have been using optimal control experiments to 

control photoinduced processes without prior knowledge of the molecular quantum properties.  

First proposed by Judson and Rabitz, optimal control involves an iterative closed loop 

optimization with feedback signals arising from the molecular process to be controlled (see 

chapter 1).26 Ideally, closed loop optimization will optimize the electric field without requiring 

any prior knowledge of the molecular system, requiring only a measurable signal from the 

desired photoproduct. Closed loop optimizations require an optimization algorithm capable of 

optimizing many independent variables simultaneously. This algorithm should be able to find the 

optimum solution in surfaces with many different local optima and in the presence of 

experimental noise. Genetic algorithms can fulfill these requirements because they are non local 

searching algorithms capable of handling rough variable spaces in the presence of noise.121 

In this section, an introduction to genetic algorithm is provided, followed by a description 

of its implementation to compress chirped femtosecond pulses. 
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Genetic Algorithms 

Genetic algorithms are an heuristic search technique used to find approximate or exact 

solutions to given problems. These searching procedures are suitable for problems where the 

solution space is too large for exhaustive search. They have been successfully applied in many 

different research areas to solve a great variety of problems involving a large number of variable 

parameters.122 

Based on the principle of biological evolution, genetic algorithms rely on inheritance, 

natural selection, and variability to search the solution space.123, 124 In nature, a given species has 

a certain number of individuals from which new offspring is born. The natural selection principle 

states that only those individuals who by random variations on their genome become adapted to 

the environment will, on average, leave more offspring. Less apt individuals will not survive 

long enough to be involved in the reproduction process. Natural selection does not provide all the 

necessary ingredients for biological evolution, inheritance and variability are also needed. 

Inheritance is the individual’s capacity of transmitting part of the individual characteristics 

to his offspring. As demonstrated by Mendel and Watson and Crick,125 the characteristics of each 

individual that pass from generation to generation are encoded in their genome. Variability is 

responsible for maintaining the diversity of the population genome, otherwise, inbreeding will 

take place and the population will be stacked in terms of evolution. There are two sources of 

variability: crossover and mutation. Crossover represents descendant’s genome as combination 

of pieces from both parents genome. Mutation symbolizes the variability in the genome of 

individuals due to errors in the duplication and occasional random alterations of the genome. 
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Genetic Algorithm Code 

The basic idea of a genetic algorithm is to mimic natural evolution in a computer 

algorithm. During the optimization, the algorithm simulates natural selection, inheritance, and 

variability. A pseudo code of this algorithm is presented below: 

0 Begin genetic algorithm; 

1  If generation=0; 

2   Initialize population P(generation); 

3  While not optimized do; 

4   Get population P(generation) fitness; 

5   generation = generation +1; 

6   Select parents from population P(generation -1); 

7   Generate offspring P(generation); 

8  End while; 

9 End GA; 

This algorithm can be summarized as follows; the solutions (individuals) to particular 

problems are represented as a one-dimensional array of parameters (genes). An initial population 

of random solutions with random parameters is generated and the fitness (adaptability) of each 

individual is measured. Those solutions (individuals) with the highest fitnest (adaptability) will 

be selected for reproduction (natural selection) and they will pass to the next iteration loop 

(natural selection). Since the new set of solutions (offspring) is generated from the solution of the 

previous round, the new solutions will have better optimization parameters for a particular trait 

(phenotype) than its predecessors. Each new solution is generated by recombination (crossover) 

of the fittest solutions. Since cloning is allowed, the new solutions will have to compete with the 

best solutions of the previous generations to be allowed to reproduce and/or to pass to the next 
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optimization loop step. The new set of solutions is passed through a mutation step, where some 

of the parameters of each solution are changed. In principle, this new solution set has the best 

variables for solving the problem; and in terms of fitness, they will probably outperform the old 

solutions (evolution). This new generation is evaluated and the cycle continues until a certain 

termination criterion is met, e.g. maximum number of generations, a given value for the 

measured fitness, etc. 

Genetic Algorithm Implementation 

Since the initial implementation of genetic algorithm for quantum control,29 several 

different optimization algorithms have been implemented.126-128 Our genetic algorithm code is 

based on previously published algorithms.129 It uses roulette wheel parent and elitism for parent 

selection, random initial population, and special floating point genetic operators for reproduction. 

Among the various advantages, these genetic operators yield a fast convergence with a small 

number of individuals per generation. 

Parent selection 

In genetic algorithms, the parent selection provides individuals with higher fitness a greater 

probability of reproducing. There are several different ways to implement this selection. In our 

algorithm, the roulette wheel parent selection is used to select from the elite population those 

individuals apt for reproduction. 

 

Figure 4-1. Roulette wheel. Adapted from work by Xiufeng et al.129 
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The roulette wheel is composed of slots sized according to the fitness of each individual 

(Figure 4-1). Elitism is achieved by including only the best individuals in the roulette wheel. In 

Figure 4-1, fi represents the fitness of each individual and the size of the wheel slots is 

proportional to the fitness value. The roulette wheel is constructed as follows, 

1. Determine the fitness, fi,, of the ith individual in one generation. 

2. Calculate the total fitness of the elite population: 

epop

i
i

F f= ∑ . (4-1) 

3. Calculate the probability of selection for each individual according to, 

i
i

fp
F

= . (4-2) 

4. Calculate the cumulative probability of selection for each individual, qi, of the elite 

pool. 

epop

i i
i

q p= ∑  (4-3) 

The selection process is based on spinning the wheel as many times as there are individuals 

in the elite population; each time one parent is selected in the following manner, 

1. Generate a random number, r, from 0 to 1. 

2. If r < q1 then select the first individual; otherwise select the ith individual such that qi-

1<r < q1. 

Genetic operators 

Genetic operators represent the different forms of reproduction. While numerous genetic 

operators are found in the literature,122 only a few of them have been demonstrated to be highly 
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efficient. The classical genetic operators can be divided in three: cloning, crossover, and 

mutation.  

The first operator, cloning, represents an exact copy of the individual and it is mainly used 

because of its robustness against experimental noise.  

Crossover involves the creation of a new individual with the genetic code of two parents. 

In our algorithm, two types of crossover operators are used: two-point crossover and two-point 

arithmetical crossover.  

The last operator, mutation, is utilized to provide new individuals to the population 

avoiding the inbreeding problem found in a closed population. Inbreeding leads to unwanted 

convergence towards a local minimum. Three different mutation operators are used: uniform 

mutation, non-uniform mutation, and non-uniform arithmetical mutation. While the first type of 

mutation produces a real change of the population, the other two operators are important for the 

fine tuning capabilities of the algorithm. 

An individual Gi in generation k is represented with a vector of n parameters (genes)  

( )1 2 3, , ,...,ind
generation nG g g g g= . (4-4) 

Here, each gene is represented with a number from the domain of the corresponding 

parameter [L,U], where L and U represent the lower and upper limit of the domain, respectively. 

The number of parameters codified in one individual depends on the problem itself and not on 

the algorithm. 

Each genetic operator can be represented as follows: 

1- Crossover: It occurs when parts of the parent’s genomes are swapped in randomly 

selected points, generating two new individuals with a mixture of the parent’s genotypes (Figure 

4-2).  
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Figure 4-2. Crossover operation. 

Two-point crossover involves the selection of two random numbers from 1 to the size of 

the parameter space (n). To avoid copying the whole genome from a single parent (cloning) the 

random numbers are selected such they are not equal and their sum is bigger than n+1. The 

individuals are generated as follows, 

( )1 1 1 1 1
1 2 3, , ,...,old parmG g g g g=  (4-5)  

( )2 2 2 2 2
1 2 3, , ,...,old parmG g g g g=  (4-6) 

for 1 i j n≤ < ≤ , where i and j are random numbers delimiting the position of gene swapping in 

each individual. This leads to two new individuals of the form 

( )1 1 1 2 2 1 1
1 1 1,..., , ,..., , ,...,new i i j j nG g g g g g g− +=  (4-7) 

( )2 2 2 1 1 2 2
1 1 1,..., , ,..., , ,...,new i i j j nG g g g g g g− += . (4-8) 

Two-point arithmetical crossover is similar to the two-point crossover, but instead of 

directly replacing the genes, the genes are calculated as a linear combination of the parental 

genes. Starting from the same parent (Equation 4-5), the individuals are generated as follows: 

( )1 1 1 1 1
1 1 1,..., , ,..., , ,...,a a

new i i j j nG g g g g g g− +=  (4-9) 

( )2 2 2 2 2
1 1 1,..., , ,..., , ,...,b b

new i i j j nG g g g g g g− +=  (4-10) 

where each element a
ig and b

ig  is calculated as a linear combination of the old genes, 

( )1 2
, ,1a

i i old i oldg ag a g= + −  (4-11) 

( )2 1
, ,1b

i i old i oldg ag a g= + − . (4-12) 

Crossover 
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The parameter a is calculated as in the non-uniform mutation 

0.8ta
T

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (4-13) 

2- Cloning: this operator is responsible for passing old individuals to the new generation 

by directly copying the individual without changing its genetic material (Figure 4-3).  

 

Figure 4-3. Cloning operator. 

A mathematical description is 

( )31 2, , ,...,old new nG G g g g g= = . (4-14) 

3- Mutation: when this operator is applied over an individual, one of its genes is changed 

to a different number (Figure 4-4). 

 

Figure 4-4. Mutation operation. 

Mathematically it can be represented as follows: 

Individual before mutation: ( )1, 2, , ,, ,..., ,...,old old old i old n oldG g g g g=   (4-15) 

Individual after mutation: ( )1, 2, , ,, ,..., ,...,new old old i new n oldG g g g g=  (4-16) 

While all mutation operators consist of replacing a gene with a new one, each mutation 

operator produces a different new gene. 

Uniform mutation consists on replacing the old gene with a new random number, r, 

belonging to the domain of the parameter, where 

, ,      and    [ , ]i old i newg g r r L U→ = ∈  (4-17) 

Cloning 

Mutation 
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This operator is responsible for searching vast regions of the variable space, since this 

mutation produces a stochastic operation. 

A secondary type of mutation is the non-uniform mutation in which a random number, r, 

from [0,1] is selected, followed by the calculation of the new gene, 

( )
( )

, ,

,

, ,

,    if  0.5

,    if  0.5,

i old i old

i new

i old i old

g t U g r
g

g t g L r

⎧ + Δ − <⎪= ⎨
− Δ − >⎪⎩

 (4-18) 

where the function Δ(t,y) returns a value within [0,y] such that the probability of a smaller 

change of the gene increases with the generation number. This function, Δ(t,y), is defined as 

( ) ( )(1 / ), 1 t Tt y y r −Δ = − , (4-19) 

where r is a new random number from [0,1], t is the generation number, and T is the total number 

of generations used in the optimization. Since its action is linked to the generation number, at the 

beginning of the optimization this mutation will act as a random operator. As the optimization 

proceeds, this operator will only produce small changes in the genome leading to fine tuning of 

the overall solution. 

Finally, non uniform arithmetical mutation is also designed for local tuning. The gene 

mutation is generated as follows: 

( ), , 1i new i oldg ag a r= + − , (4-20) 

where r is a random number from the domain [L,U] and a is a generation variable parameter 

0.8ta
T

⎛ ⎞= ⎜ ⎟
⎝ ⎠

. (4-21) 

Our algorithm code 

Our adapted genetic algorithm has been implemented in a LabView (National Instrument) 

programming environment. A representation of its code can be observed in Figure 4-5. 
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Figure 4-5. Implemented genetic algorithm. 

Some special rules are included in this algorithm: 

• The total number of generations is a user defined parameter. 

• The initial random population is produced by randomly selecting the initial genes for each 
individual, although a starting point with a particularity designed individual can also be 
used. 
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• The population size is a user defined parameter. 

• The number of crossover children is a user defined parameter 

• Parent selection is performed with elitist roulette wheel. 

• Two parents form two children via crossover, but only one, randomly selected, will form 
the offspring kept for the new generation. 

• The number of cloned individuals is calculated from the difference between population 
size and number of crossover children. 

• All the individuals are subject to mutation. 

• The probability of mutating one of the genes is defined by the user. 

• The mutation operator is randomly selected among the three possibilities. 

• The termination of the algorithm is defined by the number of generations. 

The role of the genetic algorithm parameters 

Our adapted algorithm presents the following controllable parameters: number of 

generations, number of individuals, number of elite parents, number of cloned kids, and 

probability of gene mutation. 

The number of generation depends upon how long experimentally it takes to run each 

optimization loop and how long it takes to reach convergence. Since genetic algorithms are 

nothing but an optimized variable space sampler, the higher the number of trials the higher the 

possibility of finding a true maximum. Thus, the number of generations should neither be too 

small nor too big.  

During the optimization loop, the time for finding the fitness of one individual is limited 

by the time that it takes to transfer a phase from the computer to the spatial light modulator 

(~300 ms), and the number of average laser shots used for the feedback signals (~150 ms). It 

takes approximately 450 ms to evaluate each individual. Since the reproducibility of the result is 

very important in these experiments, many successive repetitions have to be performed for each 



 

113 

optimization. The stability of our laser system can be maintained for approximately 24 hours 

straight, limiting the number of experiments that can be performed. An optimization lasting for 3 

hours, 180 min, implies that 8 to 9 experiments can be performed while the laser system remains 

stable. This 3 hour limit is a reasonable time only if the achieved answer is reproducible. With a 

180 min optimization, the algorithm can try approximately 24000 individuals. Usually, the 

number of individuals used in one population is 80. Thus in 180 min, 300 generations can be 

evaluated. To restrict the problem to shorter times, in this work the selected number of 

generations is 200 or 120 min. This time constraint can be modified for special cases where 

noisy signals are used or when more laser shots need to be averaged. 

For this selected time, it is possible to optimize the remaining parameters to produce 

maximum achievable fitness. As stated before, each experimental optimization will take 120 

minutes, making it unfeasible to optimize the remaining parameters experimentally. Therefore, 

the rest of the parameters are optimized using a theoretical simulation of the experiment. The 

advantages of the optimization simulations are: short run time, usually between 1 or 2 min, and 

independence from environmental conditions, e.g. temperature change. 

Optimization of Genetic Algorithm Parameters 

The aim of this simulation is to find the optimal genetic algorithm parameters to perform 

real optimization experiments. A simulation of pulse compression using our genetic algorithm 

with different algorithm parameters was performed to find the best set of conditions yielding the 

best optimization performance of the algorithm within an experimentally reasonable time.II The 

experiment consists of compressing a chirped pulse back to its transform limited form (Figure 4-

6). 

                                                 
II The software to perform this simulation can be freely obtained in www.lab2.de. 
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Figure 4-6. Simulated experimental setup. The femtosecond pulse is modulated in the glass rod 
(BK7) and its second harmonic intensity is produced in a non-linear crystal (NLC).  

The chirped pulse is obtained by passing a transform limited pulse with a known Gaussian 

temporal shape through 10 cm of glass (BK7). As presented in Chapter 3 (Equation 3-9), 

propagation through this glass produces a modulation of the incident electric field: 

( ) ( ) ( )
0, 0 expi t n

E E e i z
c

ω ω ω
ω ω

⋅⎛ ⎞
= −⎜ ⎟

⎝ ⎠
% , (4-22) 

consequently the pulse gets broader in time. Assuming that the BK7 glass only impose quadratic 

chirp, the following expression can be derived130 

( )2 2

0 4
0

16ln 2
1t t

t
ϕ

Δ = Δ +
Δ

 (4-23) 

where Δt0 is the FWHM pulse duration of the transform limited pulse, ϕ is the second order 

spectral coefficient, and Δt is the FWHM of the pulse after propagating through the glass. The 

signal used for feedback is the second harmonic generation produced by the pulse. Since second 

harmonic generation is proportional to the integrated intensity squared (Equation 2-26 and  4-23) 
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A chirped pulse generates less second harmonic signal than a transform limited pulse. 

After the BK7 glass, the pulse is sent into the ideal pulse shaper where the quadratic phase can 

be compensated. Considering Equation 3-8 for the pulse shaper as a filter mask in a zero 

dispersion compressor, the output is 

( ) ( ) ( ) ( )0 7
7,0 expi t BK

out BK applied

n
E E e i z

c
ω ω ω

ω ω ψ ω
⎛ ⎞⋅⎛ ⎞

= − +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
% , (4-25) 

where ψapplied is the phase applied by the filter mask, and nBK7 and zBK7 are the refractive index 

and thickness of the glass, respectively. 

In the case where 

( )7
7

BK
applied BK

n
z

c
ω ω

ψ
⋅

= , (4-26) 

the output pulse will have the same second harmonic signal as the transform limited pulse. 

The idea of this simulation is to find the best phase variables that maximize second 

harmonic generation, or equivalently find the necessary phase to compensate the glass 

dispersion. The spectral phase is codified in 128 discrete variables that can vary from 0 to 2π. 

Genetic algorithms can produce similar but not identical solutions for consecutive optimizations; 

thus each optimization is performed five times and the fitness values of the best individual 

fitness are recorded. For comparison, the average, best, and worst fitness corresponding to the 

best five individuals in each set of simulations are presented. 

The initial conditions for this optimization are summarized in Table 4-1.  
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Table 4-1. Initial genetic algorithm parameters. 
Parameter Value 
Number of individuals 80 
Number of elite parents 16 
Number of crossover kids 75 
Number of cloned kids  5  
Probability of gene mutation 0.03 

 

Mutation probability 

The mutation effect on the optimization of second harmonic is studied. This parameter is 

optimized by changing the mutation probability while keeping all the other initial parameters 

constant. The effect produced by the different mutation probabilities on the achieved fitness is 

illustrated in Figure 4-7. 
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Figure 4-7. Influence of probability of gene mutation on the achieved fitness. Average best 
fitness (black squares). Overall best fitness (open circles). Overall worst fitness (open 
triangles).  

As observed in Figure 4-7, the optimal mutation probability is found to be close to 0.02. 

The achieved fitness is very similar (>98 %) for the mutation rates from 0.01 to 0.03 and is 

greatly reduced when the mutation probability becomes larger. These results agree well with the 

expected behavior for the operator. When the mutation probability is too small only a few 

numbers of genes will be changed in each individual and the population variability will rapidly 



 

117 

decrease, leaving the algorithm stacked in a local minimum. In contrast, a large gene mutation 

probability produces too many new individuals in each generation removing the population 

inheritance and transforming the genetic algorithm in a trial and error search.  

Number of elite parents 

We performed similar simulations varying this parameter while keeping all the others 

constant to choose the optimal number of elite parents. Figure 4-8 presents the effect produced 

on the best individual fitness by selecting different numbers of elite parents. 

The plot shows that the fitness is a decreasing function of the number of elite parents. This 

dependence is produced because increasing the number of elite parents includes individuals with 

lower fitness values in the roulette wheel of parent selection, resulting in a less apt offspring.  
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Figure 4-8. Influence of the number of elite parents on the achieved fitness. Average best fitness 
(black squares). Overall best fitness (open circles). Overall worst fitness (open 
triangles). 

For less than 12 elite parents, the algorithm recovers 99 % of the second harmonic 

independently of the number of selected parameter. Thus, any number of elite parents of less 

than 12 produces almost equal results. If the number of elite parents is too small, the roulette 

wheel selection will be formed with individuals of very similar genomes. This type of elitism 

will transform some operators like two-point crossover into a cloning operator.   
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Number of crossover children 

In this optimization the number of crossover kids is changed while keeping all the other 

genetic algorithm parameters at their initial values. Figure 4-9 shows the fitness as a function of 

the number of children for this simulation. 
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Figure 4-9. Influence of the number of individuals generated by crossover on the achieved 
fitness. Average best fitness (black squares). Overall best fitness (open circles). 
Overall worst fitness (open triangles). 

Comparing with other genetic algorithm parameters, the effect on achieved fitness for 

different numbers of crossover children is not very pronounced (Figure 4-9). We conclude that 

this parameter does not change substantially the result of the optimization and that the specific 

chosen value is not critical. 

The optimal number of crossover children is 70, but its difference with the fitness obtained 

using 75 elite parents is not considerable (<0.2 %). Therefore either one of them can be used. 

Number of cloned children 

Since the number of cloned children is obtained from the difference between the 

population size and the number of crossover children, this parameter is optimized simultaneously 

with the number of crossover children. 
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Optimized Genetic Algorithm Parameters and Noise 

From the previous results, it is possible to extract the best genetic algorithm parameters for 

compressing a pulse (Table 4-2) with an initial population of 80 individuals. 

Table 4-2. Optimized genetic algorithm parameters. 
 Parameter Initial values Optimal values 
Number of individuals 80 80 
Number of elite parents 16 4 
Number of crossover kids 75 70 
Number of cloned kids  5 10  
Probability of gen mutation 0.03 0.02 
Average Fitness 98.7 99.8 

 

An optimization with the chosen values is performed to confirm the correct selection of 

parameters. In this case the achieved fitness is more than 99.8 % (Table 2), which shows that the 

chosen values are excellent for phase compensation. In general the algorithm has a remarkable 

performance because even for initially selected parameters, such as those of the above 

experiments, the optimization always compresses the pulse to 95 % of its transform limited 

pulse. 

The limitation with these simulations is the lack of noise. Noise is one the biggest 

constraints in closed loop optimizations.131 Rabitz and coworkers studied the noise effect in 

several two-photon processes. The main conclusion of that work is that noise can significantly 

change the quality of the achieved objective. We decided to investigate the noise effect produced 

on the achieved fitness with the parameters chosen before by performing optimizations in which 

the fitness values have noise (as it would be for experimental data). The fitness is calculated 

using  

( )1noisef f r noise= ± ⋅  (4-27) 

where f is second harmonic signal and r is a random number from 0 to 1. The investigated noise 

values are: 5 % and 10 %.  
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Each optimization is performed five times and the fitness value of the best individual 

fitness is recorded. For comparison, the average, best, and worst fitness corresponding to the best 

five individuals in each set of simulations are presented. 

Table 4-3. Fitness results for simulations with noise. Set 1 represents the initial and set 2 the 
optimized genetic algorithm parameters. 

Fitness Noise 
0.00 0.05 0.10 

 Average Best Fitness Average Best Fitness Average Best Fitness 
Set 1 98.7 96.8 94.4 
Set 2 99.8 97.0 96.1 
ANOVA testIII Statistically no different Statistically no different Statistically no different 

 

Table 4-3 shows the results obtained in the pulse compression simulation with noise. The 

noise in this simulation does not change significantly the performance of the algorithm: for a 10 

% noise the recovered pulse has ~95 % of the second harmonic observed for the transform 

limited pulse (Table 4-3). However it is important to notice that when the noise is included with 

the first set of coefficients (set 1 for initially chosen values) we have the same performance as 

with the optimized parameters. This is confirmed with the ANOVA statistical test which shows 

that with 99.0 % confidence the two results are not statistically significantly different. 

Summary 

From this part we can conclude that this genetic algorithm is very impressive in terms of 

efficiency and robustness in the presence of noise. Laser amplifiers usually have a noise less than 

2 %, thus the intensity squared noise is approximately 4 %, either set of parameters (1 or 2) 

found in this optimization can be used in a closed loop optimization. It is important to note that 

from the number obtained in Table 4-3, the larger the noise the more critical is the correct 

                                                 
III This test was performed using the best five fitness for each set of parameters. 
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selection of the optimization parameters. Thus for experimental situations with large noise these 

optimization parameters should be reevaluated. 

Experimental Pulse Compression 

Implementation of Genetic Algorithms in Pulse Shaping Experiments 

In pulse shaping experiments, the individual genetic code is represented by an array of 

spatial light modulator voltages or phases. Given the large size of the parameter space (640 

pixels per mask) simultaneous optimization of all parameters becomes impossible to pursue (and 

provides no physical insight into the dynamics of the molecular system). Instead we parameterize 

each array with a function of 128 variables. The same parameterized function (linear or spline 

interpolation among 128 pixels) is applied to both masks to produce a phase only modulated 

pulses. The selection of feedback signals used to generate the fitness and the fitness function 

chosen in each optimization procedure depends on the desired experimental objective. 

Optimization Problem 

The spatial light modulator in our laboratory produces temporal distortions to the input 

pulse because of the inhomegeneity of the pixels. To test our genetic algorithm, we performed an 

optimization experiment with the aim of compensating this residual phase and achieving a 

transform limited pulse. As we showed in the previous section, the pulse compression problem is 

equivalent to the maximization of a second order dependent signal (Equation 4-24). 

Setup and Optimization Conditions 

The used experimental setup is shown in Figure 4-10. In this experiment, the feedback 

signal is a two-photon photoinduced current, which is obtained by softly focusing a laser beam 

on a GaAsP photodiode with a 100 mm focal lens. Since GaAsP band gap is 680nm and our laser 

beam has a spectrum centered at 790 nm, the photocurrent generate is a two-photon intensity 

dependent process.132 In contrast to the second harmonic generation in doubling crystals, the 
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generated electric signal does not have the constraints observed in nonlinear materials, such as 

short pulses’ bandwidth phase matching and acceptance angles.110 Two-photon induced current 

signal is processed with a boxcar integrator and acquired with a PC based data acquisition card. 

 

Figure 4-10. Experimental setup used in pulse compression. 

An average of 150 laser shots is used to generate the fitness value of each individual in 

each generation, and since the noise to signal ratio for our laser system is better than 3 %, no 

corrections are made for energy fluctuation. 

The genetic algorithm parameters used in this experiment are presented in Table 4-4. 

Table 4-4. Genetic algorithm parameters. 
Parameter Value 
Number of generations 200 
Number of individuals 80 
Number of elite parents 16 
Number of crossover kids 75 
Number of cloned kids  5  
Probability of gen mutation 0.03 
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Multishot SHG-FROG is used to fully characterize the optimization results. The electric 

field is retrieved from the experimental traces with commercially available software (FROG 

Femtosoft Technologies®).  

Results 

Figure 4-11 shows the fitness evolution curves obtained by optimizing the two-photon 

process at the photodiode. 
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Figure 4-11. Evolution of the two-photon induced current as a function of the generation. 
Average (open triangles), best (full squares), and worst (open circles) fitness values 
for each generation are plotted. 

Three different evolution curves are presented corresponding to the best, average and worst 

individual’s fitness for each generation. All these fitness curves show a monotonic increase of 

the fitness value during the optimization. Starting from a photocurrent signal of 0.5 the best 

fitness of the individuals evolves to a signal value of 3 after 200 generation. This change 

represents an increment of the two-photon current intensity of approximately 600 %. From these 

plots we can also observe that at ca. 100 generations the best individual fitness reaches 83 % of 

the optimized value suggesting that the genetic operators providing the fine tuning are critically 

important on the 100 final generations of the optimization. 
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To confirm the quality of the optimization results, SHG-FROG traces of the initial and 

final pulses are analyzed. The initial pulse is shown in Figure 4-12 in which a strong modulation 

is observed. Figure 4-13 shows the temporal and spectral characteristic of the pulse retrieved 

from the analysis of the experimental traces. 
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Figure 4-12. Uncompressed pulse. A) Spectral intensity (black line) and phase (red line). B) 
Temporal intensity (black line) and phase (red line). 
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Figure 4-13. Compressed pulse. A) Spectral intensity (black line) and phase (red line). B) 
Temporal intensity (black line) and phase (red line). 

As seen in the temporal and spectral intensities of the optimized pulse, the phase change in 

both domains in less than half a radian for the spectral and temporal FWHM. This indicates that 

the algorithm is capable of compressing the pulse to a transform limited one, starting from a very 
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far position in the phase variable space (Figure 4-12). Some residual phase is observed after the 

optimization. This residual phase is probably produced by the lack of compensation of the 

different dispersive optics presented in the FROG and second order intensity signal setups. The 

pulse temporal FWHM is 47 fs, which is only 5 fs away from the theoretical limit for a 25 nm 

FWHM spectral bandwidth pulse. 

Summary 

From all the above results we conclude that our home-written algorithm is suitable for 

performing experiments involving a large number of variables in closed loop optimizations. 

Moreover, this compression is substantially better than the phase compensation presented in the 

previous chapter.
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CHAPTER 5 
QUANTUM CONTROL OF TWO-PHOTON INDUCED FLUORESCENCE OF 

RHODAMINE 6G IN SOLUTION 

Introduction 

Many systems have recently been studied using the closed loop optimization technique.24 

Most of them have been focused on a proof of principle rather than on an understanding of the 

process investigated. In this chapter, we present the adaptive control of the two-photon 

fluorescence of Rhodamine 6G in solution.  

Rhodamine 6G is a relatively simple quantum system in which both molecular dynamics 

and electronic structure133 are well known, making it a good candidate to find the components of 

the optimal laser field directly related to its molecular properties. The motivation for these 

experiments is not only to show control over a simple system, but also to gain molecular 

information about the possible excited state processes occurring in Rhodamine 6G. To achieve 

these goals, adaptive control experiments are performed in our home-built femtosecond pulse 

shaping setup.  

Molecular System and Control   

Rhodamine 6G is a yellow emitting dye with a xanthane core structure (Figure 5-1(A)). 

Among its various molecular properties, it has high photo-stability, high extinction coefficient, 

and high fluorescence quantum yield. Due to these properties, Rhodamine 6G is commonly used 

as a laser dye134 and as a biomolecular probe in microscopy studies.135 

Steady state spectroscopy of Rhodamine 6G is presented in Figure 5-1(B). The absorption 

spectrum shows two distinct absorption maxima at 350 and 530 nm, and a third absorption band 

at 390 nm with a low extinction coefficient (inset Figure 5-1(B)). The emission spectrum 

manifests the typical mirror image observed in molecules with similar potential energy surfaces 

in the ground and first electronic excited states. A fluorescence excitation anisotropy study 
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performed by Eggeling et al. reveals the presence of three distinctive electronic transitions at 450 

to 550 nm, 375 to 425 nm, and 325 to 375 nm, confirming the band assignment made in the 

absorption spectrum.136 This assignment shows that the first two bands, 350 and 530 nm, are one 

photon allowed and the third, 390 nm, is one photon forbidden (two-photon allowed).  
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Figure 5-1. A) Rhodamine 6G molecular structure. B) Absorption spectrum (black line) and 
emission spectrum (dashed line). Inset contains a zoom of the absorption spectrum 
from 360 to 445 nm. 

Rhodamine 6G two-photon cross section in the 700 to 850 nm spectral region has been 

measured by different authors.135, 137 All these studies show a large and featureless cross section 

in that region of the spectrum.  

Fluorescence studies show that the fluorescence spectrum shape and quantum yield are 

excitation wavelength independent,137 indicating a strong coupling between different excited 

states, Sn, and the first excited state, S1. No evidence of phosphorescence is found in the emission 

spectrum, thus ruling out the possibility the presence of intersystem crossing leading to triplet 

states. Rhodamine 6G’s quantum yield of triplet state formation was measured to be less than 

0.005.138 
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A Jablonski diagram of Rhodamine 6G is represented in Figure 5-2. Disregarding triplet 

states, this diagram shows four electronic states, S0 to S3, with fluorescence arising exclusively 

from the S1 state.  

Time-resolved experiments show a simple deactivation mechanism (Figure 5-2).139-145 

Upon excitation to Sn>1, the system relaxes to the vibrational ground state of S1 in a 

subpicosecond time scale. Strong coupling among the excited states leads to an ultrafast internal 

conversion.139 Once in the first excited state, the system relaxes from S1 to S0 via emission or 

internal conversion.139 The quantum yield of the emission from S1 is 95 %,146 and its life time is 

3.9 ns.136 

 

Figure 5-2. Jablonski diagram of Rhodamine 6G. 

The emission quantum yield from Sn>1 depends on the coupling between the Sn>1 and S1 

states and on the non-radiative deactivation pathways that directly transfer the system to the 

ground state. This study aims to control the coupling between S2-S1 using the phase-modulation 

of the two-photon excitation pulses thus controlling the quantum yield. If quantum control of the 

process is achieved, it will indicate a control over the coupling between S2-S1 and/or S1-S0 states. 

The motivation for this experiment is not only to show control over a simple system but also to 

gain molecular information of the various deactivation processes occurring in Rhodamine 6G’s 

excited states. 
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Experimental 

The experiment setup used in the optimal control experiments is depicted in Figure 5-3. 

This apparatus consists of a femtosecond laser source (described in Chapter 2), a pulse shaper to 

produce arbitrary phase-modulation (described in Chapter 3), a detection system to reveal the 

molecular response to the tailored pulses, and a genetic algorithm to modify the pulses according 

to the molecular response (described in Chapter 4). 

 

Figure 5-3. Experimental setup for controlling molecular fluorescence. L: lens. NLC: nonlinear 
crystal. PD: photodiode. PMT: photomultiplier tube. 

Rhodamine 6G sample was purchased from Exciton. Samples are prepared in methanol 

(spectroscopy grade) with concentrations below 10-5 M (OD of 0.25 mm-1 at 520 nm) to avoid 

any aggregation.147 The sample’s photo-stability is checked by steady state absorption before and 

after each set of experiments. 
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In this study two signals are monitored simultaneously, namely the two-photon induced 

emission from the sample and the second harmonic generated in a nonlinear crystal. The phase 

modulated beam is split into two new beams with one beam used to excite the chromophore and 

the other one to generate the second harmonic.  

To induce excitation the sample, pulses with 300 nJ of energy are focused on the sample 

with a 100 mm lens to c.a. a 40 μm diameter spot size. The sample is held in a 2 mm path length 

quartz cell with magnetic stirring to ensure identical experimental conditions for each laser 

excitation pulse. Two different photomultiplier tubes (Hamamatsu H5783), each at 45 degrees 

with respect to the excitation beam, collect the two-photon induced emission of Rhodamine 6G. 

Two-photon absorption is a nonlinear process that will occur at the focus of the excitation beam., 

The sample is correctly placed at the focus of the lens by maximizing the fluorescence signal. 

BG-39 color filters are used to avoid having straight excitation light hit in the detector. 

Simultaneously, second harmonic signal is produced with a collimated 30 nJ beam on a 

100 μm β-BBO crystal and detected with a photodiode (Thorlabs DET210). As with the other 

detectors, a BG-39 filter is used to eliminate residual fundamental light.  

The two signals, fluorescence and second harmonic, are used as feedback in the closed-

loop optimization. A boxcar integrator (Stanford Research System, SR250) and PC based data 

acquisition card (National Instrument, PCI-MIO-16E-4) are use to integrate and digitalize the 

signals, allowing coupling between the signals and the genetic algorithm. The genetic algorithm 

uses the average of the signal produced by 150 laser shots. 

In the genetic algorithm, the pulse shaper phase is codified by 128 independent parameters, 

which are transformed into the corresponding 1280 mask pixel phases by linear interpolation 

between adjacent points. The algorithm starts the iterative search with a population of 80 random 
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individuals, each consisting of 128 genes, and finishes the search optimization after 200 iterative 

loops.  

Due to the large size of the search space, experimental reproducibility is used as a way of 

demonstrating that the system evolved to a global extreme of the searched space. Optimization 

experiments are reproduced at least three times; also for each experiment the laser stability is 

followed by simultaneously measuring the raw feedback signals for the unmodulated pulses 

(phase coefficients in zero phase). 

In order to fully characterize the modulated pulses obtained in the closed loop experiments, 

a second harmonic FROG trace is collected after each experiment. This trace is acquired in a 

home-built FROG setup with a 12-bit resolution fiber optic spectrometer (Ocean Optics). 

Results 

Emission maximization can always be produced with a transform limited pulse. In samples 

with broad absorption bands this effect occurs because the transform limited pulse has the 

broadest spectrum leading to the maximum overlap between its second order power spectrum 

and the molecular absorption coefficients for the two-photon transition.42 In addition, two-photon 

processes depend on the intensity squared: the maximum value of which is achieved with 

transform limited pulses. In this work, the aim is to control the two-photon induced emission of 

Rhodamine 6G in methanol beyond this trivial solution. The intensity dependence of the 

excitation is removed by experimentally working with the ratio of two signals with the same 

intensity dependence.63  

The process utilized to represent the two-photon excitation intensity dependence is second 

harmonic generation. As any second order intensity process, second harmonic generation is 

sensitive to the change of the phase of the electric field. In addition, second harmonic conversion 
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efficiency is wavelength independent for many nonlinear materials in the spectral window of our 

laser excitation (770-830 nm).148 

Fluorescence Efficiency Optimization 

 The first set of experiments aims to optimize fluorescence efficiency, which is defined as 

the ratio of fluorescence over second harmonic signals. This ratio physically represents the 

fluorescence intensity normalized by the intensity used to induce it. 
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Figure 5-4. A) Fitness evolution of typical experiments of maximization of fluorescence 
efficiency. B) Experimental convergence reproducibility. 

Figure 5-4(A) shows typical evolution curves obtained during the maximization of 

fluorescence efficiency, where solid black squares, open triangles, and open circles correspond to 

the fitness measured for the best individual, the average of all individuals, and the worst 

individual fitness in each generation, respectively. Starting with low ratio values (for pulses with 

randomly generated phases), the curves exhibit an improvement of the ratio after 200 

generations. In contrast to the smooth changes observed for the individuals with the average and 

best fitness values as a function of generation, fitness values for the worst individuals show 

strong oscillations. This is a normal effect exhibited in genetic algorithms where very unfit 

individuals are created by the different reproduction operators in each generation. 
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In heuristic searches, the convergence of the optimization is given by the stability of the 

solution. This stability is represented by the evolution of the average of the fitness for all 

individuals, because ideally, the average fitness values should asymptotically reach the solution. 

Figure 5-4(A) shows that stability is reached in the 125th generation indicating the presence of a 

possible maximum in the fluorescence efficiency. This maximum reaches a value for the fitness 

35 % higher than that obtained when exciting with a transform limited pulse (FL/SHG~1.4).  

Figure 5-4(B) shows the convergence reproducibility. Three different experiments show a 

good reproducibility in terms of the achieved objective, but a forth experiment deviates by 10 % 

from the average. Since the stability of the laser did not show any important fluctuation, this 

difference can not easily be explained.  

The autocorrelation of the best excitation pulse for all the experiments is also examined as 

an independent check of convergence reproducibility (Figure 5-5).  
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Figure 5-5. A) Optimal autocorrelation for different experiments. B) Typical SHG-FROG trace 
of the optimum pulse. 

All autocorrelations present similar complex temporal structures (pulses with a subpulse 

structure) indicating a convergence towards a non-trivial solution. The similar resemblance of 

the pulse temporal shapes reveals that the outlier optimization did not reach a new solution, but a 
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solution similar to the rest. This is also observed in their corresponding SHG-FROG traces (not 

shown), confirming the reproducibility of the global solution. 

The second experiment presented here focuses on the minimization of fluorescence 

efficiency. As in the previous experiment, the ratio shows an evolution of the fitness of the 

individual pulses with the generation. A typical fitness evolution plot with the FL/SHG ratio of 

the best individual (black full squares), the one for the worst individual (open circles), and the 

ratio average over all individuals of a given generation (open triangles) as a function of 

generation is presented in Figure 5-6(A). From the initial random phase to the optimized pulse, 

the efficiency ratio for the best individual of each generation decreases to a value close to 1.15, 

which compared to the transform limited pulse (~1.4) represents a reduction of 20 %.  
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Figure 5-6. A) Fitness evolution of typical experiments of minimization of fluorescence 
efficiency. B) Experimental convergence reproducibility. 

In the evolution curves, the average ratio becomes constant after approximately 50 

generations, indicating that the algorithm found a minimum. When compared to the previous 

experiment, the curve corresponding to the ratio values of the best individuals shows a larger 

noise to signal ratio. This could suggest a solution trapped in a local minimum. However, the 

analysis of the convergence reproducibility (Figure 5-6 (B)) for experiments starting with very 
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different pulses (different fitness) clearly shows that another optimization produces the same 

effect excluding the previous possibilities. Again, one experiment did not converge to the same 

objective, although no laser stability issues were observed during the optimization. 
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Figure 5-7. A) Optimal autocorrelation. B) Typical SHG-FROG trace of the optimal pulse. 

Agreeing with the observed convergence, the autocorrelation of the optimal pulse shows 

that the minimization of the fluorescence efficiency is not achieved by modulating the pulse to a 

very long featureless pulse, instead, by modulating it such it converge to a relatively short 

complex pulse. Similar to the fluorescence maximization experiments, the optimal pulses present 

a subpulse structure.  

Interestingly, a comparison between the optimal pulse for the maximization or 

minimization of fluorescence efficiency reveals a counter intuitive result: the pulses that 

maximizes efficiency is significantly longer than the one that minimizes the process, suggesting 

solutions specifically designed to match molecular properties of Rhodamine 6G. A similar effect 

has been observed in an analogous study performed by Brixner et al.31  

The optimal control of the fluorescence efficiency manipulates the photophysics of 

Rhodamine 6G, but it does not provide direct information about the process(es) being controlled. 

To understand where or how the quantum control is achieved, it is necessary to investigate the 
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nature of the states involved in the photoprocess, which can be inferred from power dependence 

studies. 

Power Dependence 

Since this study is based on populating an excited state via multi-photon absorption, a 

power dependence study will reveal which singlet state is initially populated. It is important to 

note that even in the case of third interaction with the electric field, the power dependence will 

not show this interaction, if the 3rd interaction follows a two-photon resonant process. The 

intensity of the excitation source is enough to produce high order interactions, considering that 

excited electronic state populations usually have a large and reachable manifold of higher 

electronic excited states where they can be further transfered. In this case the excitation energy is 

not in resonance with the S1 to S0 transition, so a third interaction will only promote the already 

excited state to a higher excited state, but it will not increase or decrease the population in the 

initially excited state. Another case, contemplates the possibility of creating two or more wave 

packets in the same excited state. As stated before the formation of those wave packets depends 

on the square of the excitation and so does the emission produced after their interaction. The 

two-photon stimulated emission is not considered to play a major roll in this process because it 

has only been observed at very high field intensities.55 

The states that can be reached with this source are only those whose energies are resonant 

with two or three photon transitions since the near infrared source can only induce the emission 

of Rhodamine 6G through a multi-photon excitation. The laser intensity on the sample is high 

enough to produce a three photon excitation, therefore we measure the power dependence of 

each of the optimized pulses. For comparison purposes, the power dependence corresponding to 

a transform limited pulse is also investigated.  
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Figure 5-8 shows the dependence of the fluorescence and the second harmonic signal to 

power of the excitation pulse for the experiments performed with a transform limited pulse (open 

triangles), the pulse obtained after maximization of fluorescence efficiency (solid black squares), 

and the pulse obtained after minimization of fluorescence minimization (black stars).  
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Figure 5-8. Power dependence of the different pulses. Top panel, fluorescence intensity 
dependence. Lower panel, second harmonic intensity dependence. 

A linear fitting of the intensity dependence trend for each curve exhibits slopes always 

close to 2 (Table 5-1), confirming the two-photon behavior in both fluorescence and second 

harmonic signals for each particular pulse. 

Table 5-1. Power dependence linear fit results. 
 Linear fit     
Pulse Slope y intercept ( )log10 a b  
 FL SHG FL (a) SHG (b)  
Transform limited 1.97 1.81 -4.14 -4.09 0.89 
Maximization experiment 1.97 1.97 -4.35 -4.79 2.75 
Minimization experiment 2.29 2.01 -5.49 -5.09 0.25 

 

This second order intensity dependence confirms that the state reached with the 800 nm 

excitation corresponds to a state located at 25000 cm-1 above S0, which is the dark state S2.  
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In contrast to the slope values, y-interceptions of the linear fittings (Table 5-1) have 

different values for each curve, showing a change in the response between the investigated 

signals of fluorescence and second harmonic. A second order response can be expressed as 

( )2 2r aI= , (5-1) 

where a represent a proportionality constant which is strictly related to the process and the 

detection, and I is the intensity of the excitation pulse. In the log-log plot, the intercept is the 

log(a) and is represented by the y interception. When the two responses are plotted against each 

other, the obtained slope is given by the ratio of these proportionality constants. Those slopes can 

be evaluated using the intercepts from the linear fit of the power dependence. 

The different y intercepts indicates that the optimum pulses should have different slope in 

a fluorescence-second harmonic representation.  
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Figure 5-9. Power dependence in fluorescence-second harmonic space. Fluorescence 
maximization (squares). Fluorescence efficiency maximization (stars) and 
minimization (triangles). Zoom of the lower left corner of the plot (inset). 

The representation of the optimal pulses in the [SHG, FL] space is shown in Figure 5-9. It 

shows that each optimization of a different goal presents a different slope, and that they evolve in 

different zones of this variable space. Since these signals represent the molecular and field 

responses, the magnitude of the slope provides insight into the optimization process. For 
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instance, comparison of maximization and minimization of the fluorescence efficiency reveals 

that the former explores a region of higher intensity of the laser field while the latter stays within 

regions of lower electric field intensities and emission. 

Optimization Analysis 

As shown in the previous section, a good representation to study the evolution of the 

optimization process is the fluorescence versus second harmonic signal space. Figure 5-10 shows 

the second harmonic signal and fluorescence intensities for all the tailored pulses tested in the 

optimization of the fluorescence efficiency. In addition to theses two optimizations, the 

experiment in which only the fluorescence is optimized (equivalent to pulse compression) is also 

included. 
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Figure 5-10. Variable space. A) All individuals of each experiment: maximization of 
fluorescence (blue squares), maximization of fluorescence efficiency (green 
triangles), and minimization of fluorescence efficiency (grey circles). B) Fitness for 
the best individuals on each generation of each experiment and fitness for individuals 
with random phases. 

Looking at Figure 5-10(B), the data presented in this variable space can be separated in 

three distinctive regions. The center region corresponds to fitness arising from pulses with 

random phases and pulses leading to the optimization of fluorescence alone. Below that region 

are the best individuals corresponding to the optimization in which a maximum of fluorescence 
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over second harmonic signal ratio was sought and above all are the individuals corresponding to 

an evolution in which the goal was the minimization of the ratio. These three regions denote the 

physical limits of the searched space because each fitness goal is specifically designed to reach 

the extremes of this space. In addition, it confirms that each optimization reaches an independent 

solution (red stars). The extreme slopes show in Figure 5-10 are related to the optimization 

improvement with respect to the experiment with a transform limited pulse. 

Although this representation shows the correlation between the variables and the achieved 

objective it does not reflect either the attained convergence or the generational evolution of the 

optimization variables. The region explored by each optimization appears as a delocalized area 

where more than one solution for each problem can be found. A new representation is necessary 

to better understand the evolution of the fitness. We plot the ratio of fluorescence over second 

harmonic signal (fitness) value versus the difference in the signals. 
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Figure 5-11. Variable space in using ratio and difference of signals. Inset shows a zoom of the 
left corner of the plot. Individuals corresponding to the fluorescence efficiency 
maximization (triangles) and minimization (circles). 

Figure 5-11 shows the new space for the coordinates of the best individual in each 

generation (solid shapes) and for the coordinates of random initial pulses (open shapes).  
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The evolution of the chosen variables for both experiments displays different optimization 

mechanisms. The pathway corresponding to the maximization exhibits a complex optimization 

route: starting with a random pulse (see label 1 on Figure 5-11) the data moves horizontally with 

changes occurring mainly on the “difference” axis. This is followed by a simultaneous change in 

both axes reaching an area in which the difference in signals is not pronounced, but in which the 

ratio has been improved. In contrast the minimization shows evolution only on the difference 

axis while keeping the ratio constant. This implies that both variables are changing their 

magnitude approximately by the same amount in the minimization. 

Although the optimization starts in the same area of the explored space (open circles, 

Figure 5-11), the convergence zones for each objective are clearly delimited in opposite regions. 

Also, the convergence zone for the maximization of the fluorescence efficiency is localized and 

the zone reached by the minimization is not. This suggests that the variable space landscape has 

local extremum zones with different shapes: the maximization falls into a well while the 

minimization remains in a more shallow area.  

Fluorescence Spectrum Control 

In this thesis we shall try to develop new experiments that can provide insight into the 

quantum control mechanism. With this goal in mind, we performed an optimization experiment 

with the objective of controlling the final Franck-Condon state localization in the first excited 

state. The proposed experiments optimize selectively the low energy region of the emission 

spectrum. The new fitness function, defined as the ratio of the intensity of the red side 

fluorescence (Figure 5-12) over second harmonic, biases the optimization towards those 

transitions with lower energies. The fluorescence spectrum shape is given by the overlap of the 

wavefunction of the vibrational ground state of the first electronic excited state with the various 

wavefunctions of the vibrational states of the electronic ground state. An optimization of only the 
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red side of the emission spectrum could only be produced by an important modification of the 

potential energy surfaces (strong field control) or by affecting the wave packet evolution such 

that the internal vibrational relaxation promotes the excited state to a different region of the 

excited state inevitably changing the Franck-Condon coefficients and consequently the 

fluorescence spectrum. 

To acquire only the red side of the emission spectrum (grey area, Figure 5-12), a 550 nm 

long-pass filter is placed in front of the photomultiplier.  
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Figure 5-12. Spectrum measured with the cutoff filter (grey area). 
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Figure 5-13. FROG traces for different experiments. A) Maximization of fluorescence efficiency 
when the whole spectrum is collected. B) Maximization of red side fluorescence over 
second harmonic. 

These experiments produce ratio performances similar to those optimizations in which the 

total fluorescence over second harmonic is measured. Also, the FROG traces of the optimal 

pulses have a strong resemblance to their counterpart on the experiments with the total 
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fluorescence. Therefore, we discard a control mechanism based on changing the final position of 

the wave packet or a strong field control. 
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Figure 5-14. FROG traces for different experiments. A) Minimization of fluorescence efficiency 
minimization when the whole spectrum is collected. B) Minimization of red side 
fluorescence over second harmonic. 

Relationship between Objective and the Genetic Algorithm Solutions 

We performed an experiment in which the cost function only includes signals from 

different regions of the emission spectrum to confirm the lack of control over the spectrum. The 

proposed fitness is the intensity of the red side of the emission spectrum over the total 

fluorescence intensity.  
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Figure 5-15. A) Fitness evolution of maximization of spectral control. B) Evolution of the cost 
function for minimization of spectral control. 
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Two photomultiplier detectors with different combinations of band pass filter are 

employed to collect the different signals. Due to the lack of control over the spectrum observed 

in the previous experiment, we expected that the fitness function will oscillate and change 

randomly without ever converging to any solution. 

Instead, both experiments present an optimization of the fitness which contradict our initial 

speculations (Figure 5-15). Two possible scenarios can be occurring during the optimization. The 

first involves an actual optimization of the spectrum, which is discarded due to the results 

previously obtained. The second possibility concerns the role of noise and its optimization in an 

evolution process. The cost function used is 

red

total

Ff
F

= , (5-2) 

where Fred, Ftotal represent the low energy region of the fluorescence and the overall 

fluorescence, respectively. The error in the cost function is 

2

1 red
red total

total total

Ff F F
F F

Δ = Δ + − Δ . (5-3) 

The fitness error function might explain the pseudo optimization achieved in these 

experiments. In Equation 5-2 and 5-3, it is observed that as the fluorescence is either 

minimized(maximized), the fitness noise is increased(decreased). Assuming a constant error in 

all the ranges of fluorescence integrated intensity, this error optimization is due to the inverse 

relation with the fluorescence value, which produces the above inverse relationship in the error 

function. 

To avoid this problem a function where the noise does not increase when the magnitude of 

the signals goes to zero is created. The new cost function is 
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( ) i
i j

j

Ff F F
F

= − . (5-4) 

Note that the error function for this fitness function is 

2

2

2 1i i
i j

j j

F Ff F F
F F

Δ = − Δ + − Δ . (5-5) 

Comparing with the other fitness error (Equation 5-3), this fitness error is not 

maximized(minimized) when fluorescence signals decrease(increase). 

Two experiments are performed with this new noise independent cost function. Here the 

feedback signals are the blue and red side intensities of the emission spectrum. In the first 

optimization Fi is the blue side and Fj is the red side, and in the second their role is reversed. 

Since the optimization aims to optimize one side of the spectrum at the expense of the other, both 

experiments seek the maximization of this new cost function. 
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Figure 5-16. A) Fitness evolution of the cost function (FR-FB)FR/FB (black line) and simulated 
evolution of the cost function (FR-FB)FR/FB with the data corresponding to 
maximization of (FB-FR)FB/FR (red line). B) Fitness evolution of minimization of 
spectral control (black line). 

Again, the experimental results using the new fitness function (Equation 5-4) show 

optimization, i.e. an increase in the value of the cost function (black lines, Figure 5-16(A) and 
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(B)). To understand which process is being optimized, we use the raw data collected in the 

optimization of (FR-FB)FR/FB and use it to simulate the evolution of the function (FB-FR)FB/FR. A 

perfect agreement between both fitness is found (red line, Figure 5-16(A)). This implies that 

even though we discard fitness noise optimization during the experiments, two different 

optimizations with opposite objectives are producing the same effect. 

To find out why the fitness is optimized in all these experiments, the raw signal 

corresponding to the first spectral control (cost function intensity of the red side over the whole 

spectral intensity) experiment is analyzed (Figure 5-17). 
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Figure 5-17. Signal of fluorescence spectral control experiments. A) Maximization, fluorescence 
(black line) and second harmonic signals (red line) B) Minimization, fluorescence 
(black line) and second harmonic signals (red line). 

From Figure 5-17, it is possible to observe that both signals have exactly the same noise. 

As expected, these signal trends contradict the noise optimization model because for noise 

maximization the minimization of both variables is required, and vice versa. Depending on the 

experiment, second harmonic signal presents higher values than the red side for the 

maximization, and vice versa. This implies that a crossing in the magnitude of the signals is 

taking place. 
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A simple mathematical model can be used to describe the optimization effect. The 

fluorescence signal can be expressed as 

( ) 2
i i iF I a b I= + , (5-6) 

where I represents the intensity of the excitation laser, a is the response of the detector for zero 

intensity, and b is a parameter that includes the detector response, the transmission of the color 

filter, and the two-photon fluorescence quantum yield. Using that the intensity is the same for 

both fluorescence signals (red and total), and a mathematical relationship between the 

fluorescence signals is obtained 

red total total
total total red red

red red

a b bF a F a b F
b b

′ ′= − + = + . (5-7) 

Since the fitness is defined by the ratio of fluorescence intensities (Equation 5-2), replacing 

the relation between the detector signals we obtain 

 red red

total red

F Ff
F a b F

= =
′ ′+

. (5-8) 

This fitness function depends on the value of the red fluorescence intensity. To understand 

its behavior the limits of the function can be analyzed. 

0
lim 0
red

red

F
red

F
a b F→

=
′ ′+

 (5-9) 

and 

1lim
red

red

F
red

F
a b F b→∞

=
′ ′ ′+

. (5-10) 

These limits show that the fitness is modulated by the intensity of the red fluorescence and 

the actual cause of the optimization is the a’ term in the fitness, which is given by the difference 

in background signals produced by both detectors. This simple model explains the observed 



 

148 

trends of the fitness and the crossing between the signals with different intensities. To avoid this 

pseudo optimization, it is necessary to make the background signals as close to zero as possible 

and to maintain both detectors in similar gains. 

Discussion 

Physical Interpretation of the Fitness 

Besides the mathematical description of the fitness of the fluorescence efficiency, we can 

also try to interpret fitness in terms of the physics of the process. Since fluorescence and second 

harmonic signals depend on the square of the intensity, a long temporal pulse not only leads to 

small fluorescence signals, but also minimizes the second harmonic signal. When the ratio of 

these signals is minimized, the changes are compensated preventing the system from evolving 

towards a long structureless pulse. A similar conclusion is observed with the maximization of 

second harmonic signal and the effect of pulse compression. If no molecular property of the 

system is involved in the optimization, the fluorescence efficiency cannot be optimized because 

both fluorescence and second harmonic signal follow the same intensity dependence. This can be 

observed using the model previously described (Equation 5-6). Consider a simple case in which 

the detectors do not have a background signal (a=0) and the measured signals are fluorescence 

and second harmonic; the fluorescence over second harmonic fitness becomes: 

2 2

2 2

1FL

SHG

S a bI bIf
S a b I b I b

+
= = = =

′ ′ ′′+
. (5-11) 

Thus no matter what type of optimization is performed all the solutions will be located in a 

line with constant fitness. As observed in the variable space as well as in the power dependence 

experiments, a slope change in the fluorescence-second harmonic optimization is observed when 

this fitness function (Equation 5-11) is optimized, confirming the control of molecular properties 

of Rhodamine 6G. 
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Molecular Interpretation of the Fitness 

All the experimental evidence points to a control of the fluorescence efficiency with pulses 

specifically adapted to match certain molecular properties of Rhodamine 6G. It is useful to 

describe fluorescence/second harmonic fitness in terms of molecular and laser field properties to 

understand the molecular manipulation produced in the optimization. Using perturbation 

analysis, a simple model can be derived. This perturbation model was first developed by 

Silberberg et al.42 and later extended by Gerber et al..31 

Perturbation Analysis 

Time dependent perturbation theory can describe the two-photon absorption process. A 

quantum system originally located in the stationary state g  can be promoted to the final state 

f  with an electric field interaction at time t0. In the limit of a small perturbation and assuming 

no resonance with any real intermediate or final state, the amplitude of the final state can be 

expressed as (see Appendix B for full derivation)42 

( ) ( ) ( ) ( )1
1 2

1 2 1 22

1 fn ng

tt
i t t

f
n

a t f n n g E t E t e dt dtω ωμ μ +

−∞ −∞

= − ∑ ∫ ∫h
. (5-12) 

Here, i jμ  are the dipole matrix elements between the i  and j  states, and ωij is the 

corresponding energy difference between those states,  

( )ij i jE Eω = − h . (5-13) 

In the case of short interaction, the coherent contribution of all intermediate levels will also 

be short, hence it is possible to approximate the summation term in the amplitude (Equation 5-

11) by 
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( )
( )

( )

1

2 1

2 1
1

2 1

, 2
exp

0, 2 .

ng
n

fn ng n

ng

f n n g t t
iE t t

t t

μ μ ω ω
μ μ

ω ω

−

−

⎧ − < −
⎪− =⎡ ⎤ ⎨⎣ ⎦
⎪ − ≥ −⎩

∑
∑ h  (5-14) 

The transition probability for the two-photon process is 

( )
2

2
2

4

1 exp( )
2TPA fg

ng fg

f n n g
p E t i t dt

μ μ
ω

ω ω
∞

−∞
=

−∑ ∫h
. (5-15) 

The frequency domain representation of the probability is 

( ) ( )
2

2

4

1
2TPA fg

ng fg

f n n g
p E E d

μ μ
ω

ω ω
∞

−∞
= Ω − Ω Ω

−∑ ∫h
. (5-16) 

This last expression shows that the two-photon absorption process can be decomposed in 

two independent factors. 

2

4

1
2TPA

ng fg

f n n g
g

μ μ
ω ω

=
−∑

h
 (5-17) 

( ) ( )
2

2 fgS E E dω
∞

−∞
= Ω − Ω Ω∫  (5-18) 

While the former represents the properties of the molecule, the later shows the electric 

field characteristics. The presence of the electric field in Equation 5-18 is one of the most 

important results of the perturbation model because it demonstrates that the two-photon 

transition probability can be modulated by varying the second order power spectrum of the 

excitation source, S2.  

In the limit of very broad inhomogeneous lines, the transition probability is the summation 

over all the possible states63 

( ) ( )2TPA TPAp g S dρ ω ω ω≈ ∫ , (5-19) 

where ρ(ω) is the excited state density of states.  
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Second harmonic intensity as a function of the fundamental electric field can be expressed 

as110 

( )
( )

( ) ( )
22 2 2

22
2

2 2 1

1 12 sinc
4 2SHG

L LI k E E d
c k v v

χ ωω ω ω
∞

−∞

⎧ ⎫⎛ ⎞ ⎡ ⎤⎛ ⎞⎪ ⎪= − − Δ Ω − Ω Ω⎜ ⎟ ⎨ ⎬⎢ ⎥⎜ ⎟⎜ ⎟ ⎝ ⎠⎪ ⎪⎝ ⎠ ⎣ ⎦⎩ ⎭
∫ , (5-20) 

where χ(2) is the second order susceptibility, L is the crystal length, ω is the fundamental 

frequency between the fundamental and second harmonic fields, Δk is the phase mismatch, and 

v1 and v2 are the group velocities of the fundamental and second harmonic wave, respectively. 

Similarly to the two-photon absorption probability, second harmonic generation can be 

decomposed into two terms: gSHG and S2:31 

( )
( ) 22 2

22
2

2 2 1

1 1sinc
4 2SHG

L Lg k
c k v v

χ ωω
⎧ ⎫⎛ ⎞ ⎡ ⎤⎛ ⎞⎪ ⎪= − Ω − Δ⎜ ⎟ ⎨ ⎬⎢ ⎥⎜ ⎟⎜ ⎟ ⎝ ⎠⎪ ⎪⎝ ⎠ ⎣ ⎦⎩ ⎭

   (5-21) 

and 

( ) ( )
2

2 fgS E E dω
∞

−∞
= Ω − Ω Ω∫ . (5-22) 

The first term depends on the properties of the nonlinear material while the second term is 

the integrated second order power spectrum. The signals measured in this experiment are then 

( )FL m TPA FLI N pω = ⋅ ⋅Φ  (5-23) 

and 

( )SHG SHGI I dω ω′ = ∫ , (5-24) 

where Nm is the total number of molecules present in the irradiated volume, pTPA is the two-

photon absorption probability, ΦFL is the quantum yield of two-photon induced fluorescence, and 

I’SHG is the second harmonic intensity integrated over the fundamental wave. The fitness 

becomes 
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( ) ( )
( )

2

2

m FL TPAm TPA FLFL

SHG SHG SHG

N g S dN pIf
I I g S d

ρ ω ω ω

ω ω

ΦΦ
= = =

′ ′
∫
∫

. (5-25) 

Removing all the constants and assuming the second harmonic generation efficiency (gSHG) 

to be constant across the laser excitation spectrum, the fitness can be described by 

( ) ( )
( )

2

2

TPAg S d
f

S d

ρ ω ω ω

ω ω
∝ ∫

∫
. (5-26) 

This model of the fitness expresses the possibility of controlling the molecular system by 

changing the second order power spectrum, S2(ω).  

The validity of this simple model was demonstrated by Joffre and coworkers using a 

second order interferometric autocorrelator in different dye samples in solution.43 They prove 

that the two-photon excitation spectrum ( ( )TPAg ρ ω ) is the main controllable feature within the 

optimization process. 

There is experimental evidence that supports a flat two-photon cross section of Rhodamine 

6G in the spectral region of our excitation source.135, 137 If this is the case, this optimization step 

can be discarded from the control steps because it will imply a constant ( )TPAg ρ ω . This suggests 

that control over the two-photon absorption is not the critical component. Furthermore, our 

spectral control experiments confirm the lack of control in the relaxation process in S1, which 

agrees with the ultrafast internal vibrational relaxation times observed in this system. 

Summary 

In this work, Rhodamine 6G two-photon induced emission is successfully controlled using 

phase modulated femtosecond pulses. In the performed experiments, the closed loop 

optimization produces phase adapted femtosecond pulses. The adaptation can be driven by 

stationary, two-photon excitation spectra, as well as dynamic properties of the system. 
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Interestingly, the pulses that optimize the fluorescence efficiency are not necessarily the shortest 

ones. The presence of a specific time distribution of the different frequencies within each 

excitation pulse might signify the control over the wave packet dynamics in the excited state. 

The multipulse structure observed in the optimization of the fluorescence efficiency might be 

associated with the optimization of a specific deactivation channel (vibrational mode) in the 

molecular electronic manifold, indicating that when the power dependence is removed, the 

algorithm finds a new solution which contains molecular properties. To confirm this possibility, 

different studies using pulse sequences are necessary. 

Finally, spectral control experiments have shown how important the selection of the fitness 

and the conditioning of the feedback signals are to avoid fake optimizations. 
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CHAPTER 6 
COHERENT CONTROL OF ENERGY TRANSFER 

Introduction 

Optimal control using pulses with phase, and/or amplitude, and/or polarization modulation, 

has been successfully used to govern a variety of processes.24, 51, 77, 85  Many of theses 

experiments involved the simultaneous measurement of two signals arising from independent 

processes.63 In this work, we explore the optimal control of energy transfer between donor and 

acceptor moieties. Moieties with efficient energy transfer must have a strong electronic coupling; 

thus their states can not be independently modulated, but one state can be modulated at the 

expenses of the other.  

Resonance energy transfer involves Coulombic coupling between an excited state donor 

and an acceptor.  The relative strength of the coupling between donor and acceptor compared to 

their spectral overlap (the resonance condition) defines the efficiency and mechanism of the 

energy transfer process.149 Arbitrary preparation and manipulation of the donor’s excited state 

can then influence the coupling strength, and therefore manipulate the energy flow. One possible 

way of influencing the donor’s excited state is by negatively interfering those relaxations 

pathways that do not contribute to the energy transfer, indirectly increasing the coupling 

efficiencies. Depending on the control objective, optimal control can be used to enhance the 

system’s absorption or to prepare a particular coherent superposition of states that will optimize 

(maximize/minimize) the moieties coupling. However, molecular systems with energy transfer 

present other properties that can change the energy transfer efficiency and consequently make its 

manipulation difficult. One important property is the rigidity of the donor-acceptor system. 

Energy transfer efficiency depends on the donor-acceptor distance and their transition dipole 

moment orientation. Many molecular systems including those generally used for fluorescence 
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resonant energy transfer (FRET) have flexible backbones, thus their energy transfer efficiency is 

also governed by their molecular dynamics. To prevent this problem, a molecule with a constant 

donor-acceptor distance should be used. The other important property is the acceptor excitation 

cross section. To avoid direct excitation, the acceptor cannot have a significant one or two-

photon cross section in the wavelength region of the excitation source or, if excited, it has to be 

uncontrollable. This guarantees that the acceptor emission (and its modulation) is arising 

exclusively from energy transfer. These two properties are intrinsic to the molecule, so special 

care should be taken when choosing a system to perform quantum control. 

This study is focused on controlling the energy transfer process in 2G2-m-Per using phase 

modulated two-photon excitation pulses. We investigate the control of the energy transfer 

process by preparing and controlling those coherent states that lead to the coupling from donor to 

acceptor purposely avoiding optimization of the absorption process. The motivation for these 

experiments is not only to prove that control over the energy transfer process is feasible, but also 

to understand the important frequency and time domain parameters that induce the change in the 

energy transfer process. In addition, we use the results from a closed loop experiment to find the 

crucial parameters to be explored in an open loop experiment.  

Donor Acceptor System 

The system under investigation is a phenylene ethynylene dendrimer, 2G2-m-Per,IV which 

was specifically designed to mimic light harvesting systems.150 Phenylene ethynylene 

dendrimers are rigid donor/acceptor macromolecules with an extremely high quantum yield for 

energy transfer.150, 151 2G2-m-Per architecture is designed such that the donor is the dendrimer, 

                                                 
IV 2G2-m-Per a second generation dendrimer with two monodendron on meta positions and a ethynylene perylene 
trap. 
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and the acceptor is an ethynylene perylene covalently bond to the dendritic backbone (see Figure 

6-1(A)).152 
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Figure 6-1. A)Chemical structures of phenylene ethynylene dendrimer: 2G2-m-Per. B) 3D model 
of the 2G2-m-Per. C) Absorption (green line) and emission (grey area) spectra of 
2G2-m-Per, and absorption of 2G2-m-OH (black line) and ethylene perylene (red 
line) 

The dendrimer presents a folded spatial arrangement with all the dendritic branches packed 

in a bouquet-like 3D spatial arrangement.151 The energy transfer donor consists of two identical 

and indistinguishable monodendrons that in the ground state are electronically decoupled 

because of their meta connectivity. However, within the monodendron the different length 

phenylene ethynylene units are bonded in ortho and para substitution creating extended π 

conjugated electronic states with broad absorption bands.151 A phenylethynylene perylene 

acceptor is bonded to the donor’s backbone in meta position, which creates donor and acceptor 

moieties with only a weak coupling in the ground state. This weak coupling results in an 
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absorption spectrum for the whole molecule which is approximately equal to the sum of 

absorption spectra of its moieties (Figure 6-1(C)).151   

In 2G2-m-Per, an initial excitation is delocalized within each monodendron and the donor-

acceptor meta connectivity confines the exciton within the monodendrons until it is further 

transferred to the acceptor. Time resolved spectroscopy previously performed in our group 

showed that upon single photon excitation the exciton migrates from the initially excited state 

through two different pathways to the acceptor (Figure 6-2). 151 While one pathway consists of 

an initial step within the dendrimer backbone and a final transfer to the acceptor, a parallel, direct 

energy transfer involves direct exciton migration from donor to acceptor. Both pathways are 

completed in a subpicosencond time scale.151 Indirect energy transfer (a funnel type process) 

involves an incoherent process, but the direct pathway is not understood and it might involve a 

different initially excited state. This initial state might be a coherent state originated by 

superposition of spatially close phenylene ethynylene states of the donor. 

 
Figure 6-2. Energy diagram and dynamics of 2G2-m-Per. τ1, τ2, and τ3 are ~0.4ps, ~0.5ps, and 

~0.8ps, respectively. 
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The calculated quantum yield for energy transfer, using experimental kinetics times of 

2G2-m-Per is greater than 99 %, where approximately 60 % and 40 % of the energy transfer 

occurs via the direct and the indirect processes, respectively.151 

 
Experimental Section 

Our experimental setup (Figure 6-3) produces the shaping of pulses generated by a 

femtosecond amplified laser. The laser source is a Ti:Sapphire amplified system (Spectra 

Physics, Spitfire®) pumped by a Ti:Sapphire oscillator (Spectra Physics, Tsunami®), operated at 

1 kHz repetition rate. This source delivers pulses with 25 μJ energy, Gaussian spectrum centered 

at 800 nm, a pulse width of 28 nm (FWHM), and temporal duration of 45 fs (FWHM). To avoid 

energy loss generated by small apertures in some pulse shaper components, a Galilean telescope 

is used to reduce the beam size to a final 3 mm diameter. 

 
Figure 6-3. Coherent control setup. 

Arbitrary phase and amplitude modulation is achieved with a spatial light modulator based 

pulse shaper. Our pulse shaper setup is arranged in a folded zero-dispersion compressor, and it 

has been described elsewhere.153 The compressor is constructed in a quasi Littrow configuration 
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(46 degrees for 800 nm) with a 300 mm spherical lens and an 1800 groves/mm holographic 

grating. This optical configuration has a resolution of 0.13 nm/pixel and a maximum spectral 

window of ca. 84 nm.105 The spatial light modulator is a CRI Inc., SLM-640-D-VN®, which has 

640 individual pixels, and phase and amplitude modulation capabilities.  

Figure 6-3 shows the experimental configuration. Tailored pulses are split twice: a small 

amount (<4%) is used to generate two-photon induced current in a GaAsP photodiode and the 

rest is used either to produce the sample excitation or to characterize the pulse’s electric field in a 

multishot SHG-FROG setup. Modulated excitation pulses with an energy of 330 nJ per pulse are 

focused on the sample with a 50 mm lens which yields a experimental ~24 μm diameter and a 

Rayleigh length of 420 μm, and produces intensity of 6.8x1011 W/cm2 on the sample. The lens 

position is carefully set to maximize the emission produced by the sample.  

The sample is held in a 2 mm optical path quartz cell with a magnetic stirrer to ensure fresh 

sample for each excitation pulse. Since the two-photon cross section is much smaller than the 

linear cross section, higher sample concentrations (OD=0.4) are used in the region equivalent to 

one photon excitation (400 nm). The emission signal is collected front face at 45 degrees with 

respect to the excitation beam with a photomultiplier tube (PMT) to avoid self absorption. A 

two-photon induced signal is obtained by focusing the laser beam on a GaAsP photodiode. Since 

GaAsP’s band gap is 680nm, the generated photocurrent is a two-photon intensity dependent 

process similar to second harmonic generation.154 In contrast to the second harmonic generation 

in doubling crystals, the generated photocurrent does not have the constraints present in these 

nonlinear mediums, such as short pulses’ bandwidth phase matching and acceptance angles. 

Fluorescence and two-photon induced currents are processed with a boxcar integrator and 

acquired with a PC based data acquisition card. 
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A home written genetic algorithm is used to produce the closed-loop optimization. Our 

genetic algorithm is based on previously published algorithms and uses roulette wheel for parent 

selection, random initial population, and special floating point genetic operators for 

reproduction.129 Among their various advantages, these genetic operators yield a fast 

convergence with a small number of individuals per generation. We used 80 individuals per 

generation, from which 16 are selected as parents for the next generation. Each new generation is 

originated through crossover (75 individuals) and cloning (5 individuals). All the individuals are 

subject to a possible mutation after their creation. Each individual has codified 128 genes (phase 

parameters) and the 640 phase pixel values are generated through linear interpolation. The 

genetic pool is optimized for 200 generations.  

In the following experiments, the feedback signals are fluorescence and two-photon 

induced current. The fitness or objective function is defined in the experiments as either the 

emission or the ratio of emission over two-photon photodiode response. An average of 150 laser 

shots is used to generate the fitness value of each individual in each generation. Since the noise 

to signal ratio from our laser system is lower than 3 %, no corrections are made for energy 

fluctuation when fluorescence is used as fitness. When the ratio of emission over two-photon 

photodiode response is used, no corrections for power fluctuations are necessary because the 

two-photon induced current and the fluorescence have the same quadratic intensity dependence. 

Optimization experiments are repeated at least three times to assure experimental reproducibility. 

During each experiment we monitor the laser stability by collecting the signals for an extra 

individual with all its phase coefficients set to zero. This individual is not included in the 

optimization of the population. 
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A multishot SHG-FROG is used to fully characterize the optimization pulses (phase 

modulated pulses) and their electric field is retrieved with commercially available software, 

FROG Femtosoft Technoligies®.155 

Dendrimer samples, 2G2-m-Per and 2G2-m-OH, were synthesized by Z. Peng (University 

of Missouri, KA) and their synthesis has been described elsewhere.152 Perylene sample was 

purchased from Sigma Aldrich Corporation. All the samples are prepared by making 

dichloromethane (spectroscopy grade) solutions at concentrations below 10-6 M (OD less than 

0.2 mm-1
 at 470nm, acceptor’s wavelength) to avoid any aggregation or excimer formation.156, 157 

The sample’s photostability is checked by steady state absorption spectrum before and after each 

set of experiments.   

Results 

Two-Photon Cross Section 

This work is focused on studying the quantum control of energy transfer using a modulated 

two-photon excitation. Since the spectrum of the laser source is in the near IR region (760 nm to 

840 nm) and selection rules are different for one and two-photon transition, the accessible 

electronic states reached after a two-photon excitation could be different from those accessed by 

a one photon transition with equivalent transition energy (400 nm). We evaluate the two-photon 

excitation response using the two-photon fluorescence over second harmonic technique 

presented by Montgomery and Damrauer.44 

Figure 6-4(A) shows the two-photon excitation response of 2G2-m-Per. The 

macromolecule presents a flat two-photon excitation response, which agrees with early 

experiments performed by Melinger and coworkers on a family of similar phenylene ethynylene 

dendrimers.150 That study showed that the two-photon cross section for different phenylene 

ethynylene dendrimers varies with the structure and connectivity of the dendrons. Interestingly, 
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up to the third generation they all present a flat two-photon cross section in the region of our 

excitation source (760 nm to 840 nm) regardless of their internal coupling and conjugation 

length.150  
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Figure 6-4. A) Two-photon cross section of 2G2-m-Per (squares) and excitation laser spectrum 
(gray area). B) Sprectral windows used to measure the two-photon cross section. 

Investigation of the perylene’s two-photon cross section shows that the trap does not 

contribute significantly to the system’s two-photon cross section, since the integration of its two-

photon induced fluorescence (after excitation with a transform limited pulse) is more than nine 

times smaller than that for 2G2-m-Per for similar absorptions conditions (OD=0.21 and 

OD=0.22, respectively, at 470 nm, perylene absorption region), which for this decoupled system 

gives the same concentrations. 

Closed Loop Experiments 

Typical experiments compare the optimization of a pure excitation process (pulse 

compression) on 2G2-m-Per with the optimization of the combined excitation-dynamics-

relaxation process. Figure 6-5 presents the fluorescence signal emitted from the energy acceptor 

in 2G2-m-Per as a function of the two-photon induced current generated by the excitation pulse. 

Each point corresponds to the best individual in a given generation of the optimization algorithm.  
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When the fitness function is the fluorescence intensity, the genetic algorithm will only 

optimize the excitation process. Since the dendrimer backbone is excited through two-photon 

absorption, the process of optimization is equivalent to compressing the excitation pulse.32, 158 

When the fluorescence is plotted against the two-photon induced current signal, the best 

individuals follow a straight line with slope of 1.02. The result of this optimization is a transform 

limited pulse (τFWHM = 45 fs). 
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Figure 6-5. Best individual evolution for the different optimizations: maximization of 
fluorescence (red squares), maximization of the ratio (green squares) and 
minimization of the ratio (blue squares). Inset shows an expanded view of the 
maximization region. 

We carry out optimizations where we use the fluorescence over the two-photon dependent 

GaAsP signal as the fitness function to explore the control of processes beyond the two-photon 

excitation.31 As expected, the plot of the best individuals as a function of the two-photon induced 

current signal reveals a new evolving pathway (Figure 6-5, green squares). This new path is 

significantly different from the first experiment as the evolution of the best individuals departs 

from the linear response obtained in the previous optimization. The best individual of the last 

generation has a fluorescence over GaAsP photodiode signals ratio close 1.17, and for an 
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excitation pulse that generates considerably less fluorescence and two-photon induced current 

intensities. 

One way to differentiate an optimization due to pulse compression from the optimization 

of the overall process is seen in Figure 6-6. Figure 6-6 shows the ratio of the fluorescence to 

GaAsP two-photon signals for optimization based on two different fitness functions: 

fluorescence only and fluorescence over two-photon induced photodiode signal. 
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Figure 6-6. Fitness evolution for the maximization of fluorescence over two-photon induced 
current. Open squares and full circles represent the best individual for the ratio 
maximization and the calculated fitness using the values of the FL only 
maximization, respectively. 

Open squares correspond to the ratio of fluorescence over two-photon induced current 

when the objective is chosen to maximize only the fluorescence. After approximately 10 

generations, the ratio reaches a saturation point, which is the same ratio obtained for the last 

generation where the transform limited pulse is located and the total fluorescence signal is 

maximized. After the 10th generation, the intensity of fluorescence keeps increasing (see Figure 

6-5). The final fluorescence is five times larger than the intensity in generation 10, but the ratio 

of fluorescence over two-photon induced current signals at generation 200 has the same value as 

in generation 10. These optimized pulses present almost the same ratio value of their pulse 
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spectral phase. The average and dispersion of the calculated ratio are approximately 1 and 0.05, 

respectively.  

A more interesting case is observed when the objective is set to maximize the ratio of 

fluorescence over two-photon GaAsP signals (full circles). After 200 generations the fitness 

reaches a plateau zone indicating the existence of an optimum. This optimum represents a 15-20 

% fitness increase with respect to the previous experiment. The intensity of fluorescence is about 

60 % smaller than the intensity of fluorescence obtained before, but the efficiency of photon 

emitted per excitation pulse intensity has been improved. This experiment proves that the 

attained solution cannot be achieved by setting the genetic algorithm to maximize the emission 

alone, and that the optimal solution can not be a consequence of noise optimization. 

FROG traces of critical pulses were measured and their spectral and temporal electric field 

profiles reconstructed (Figure 6-7). Figure 6-7 shows that the system did not converge to the 

trivial solution (a transform limited pulse), but to a pulse with a well defined temporal shape. 
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Figure 6-7. Retrieved (A) Temporal intensity and phase and (B) Spectrum and spectral phase. 

This pulse temporal intensity (Figure 6-7(A)) has an asymmetric profile with two 

distinguishable main features: a spike component (~50 fs time scale) and a long component (~2 

ps). The long component is temporally delayed with respect to the short component. In addition, 
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the spectral phase observed in the retrieved electric field presents a step, which is directly related 

to the control mechanism (see following section). 

We also performed an optimization in which we tried to minimize the ratio of the 

fluorescence over two-photon induced current. A new zone of the variable space was explored 

by the individual pulses (Figure 6-5, blue squares), but no evolution of the optimization process 

was observed and the optimum zone reached fits within the linear dependence region. 

Comparison of the autocorrelation of the optimal pulses with autocorrelation of the transform 

limited pulse shows that this optimization leads to a broad and featureless pulse (Figure 6-8). 
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Figure 6-8. Autocorrelation of the pulse observed after the minimization and of the transform 
limited pulse. 

We independently investigate the coherent control of acceptor and donor-acceptor 

molecules to further explore which process is being affected by the phase modulation of 

excitation pulses. A solution containing the acceptor moiety (perylene) in dichloro methane was 

excited at the same wavelength and the emission and two-photon induced current signals were 

recorded for excitation with pulses having the same modulated phase as those individuals that 

lead to the maximization of the emission over the GaAsP signal for the 2G2-m-Per molecule in 

dichloro methane. As stated before, the two-photon cross section of perylene is almost ten times 
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smaller than that of 2G2-m-Per, thus to obtain a reasonable noise to signal ratio we average over 

a larger number of shots. For comparison, signals are normalized with respect to the perylene 

fluorescence and two-photon induced signal obtained with a transform limited pulse. 
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Figure 6-9. Variable space for acceptor and donor-acceptor system. Full squares and black stars 
correspond to the optimization experiments on the donor-acceptor system and using 
those phase modulated that optimize 2G2-m-Per to induced excitation on the acceptor 
molecules alone, respectively. 

With these excitation pulses, the ratios lie within the linear region determined by the 

fluorescence maximization. This indicates that the deviation from a unity slope in the 

optimization of 2G2-m-Per obtained is not due to a direct excitation of the acceptor, but instead, 

it involves the excitation of the donor followed by energy transfer to the acceptor. 

Open Loop Experiments 

Genetic algorithms are an easy and fast way to optimize an ultrafast laser pulse to achieve 

a given goal, e.g. molecular energy transfer. The solution obtained in these types of experiments 

usually is an electric field with very complicated phase features (Figure 6-7); thus the possibility 

of gaining any molecular insight into the dynamics of the process is limited.88 We will show here 

how certain features of the optimal pulse can be recognized and extracted to be used to simplify 

the solution with the goal of getting a single knob control system. Chapter 7 presents a series of 
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statistical analysis used to extract those phase components that most affect the optimal pulse. The 

experimental retrieved phase leads to Figure 6-7, while a deeper investigation including 

statistical analysis is presented in Chapter 7. 

The spectral phase of the optimal pulse presents a step-like change at 810 nm (Figure 6-6). 

A step phase function produces an asymmetric temporal pulse. According to Brumer-Shapiro 

asymmetric time pulse profiles have an effect on closed systems interacting with two or more 

photons.55 To explore the role of asymmetric electric fields on the excited state dynamics, we 

investigate the response of 2G2-m-Per to excitation with time asymmetric pulses (step-like 

phase) and time symmetric pulses (quadratic phase).  
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Figure 6-10. A) Fluorescence second harmonic ratio versus the step size of the spectral phase for 
2G2-m-Per (stars), 2G2-m-OH (open triangle), Perylene (crossed circle). Inset shows 
the applied phase. B) Experimental (squares) and calculated (line) TPIC. 

The experiment consists on measuring the ratio of emission over two-photon induced 

current signals following the two-photon excitation of the different samples. The excitation 

pulses are modulated with a step-like phase function in which the depth of the modulation is 

continuously varied.  The experiments do not provide a feedback signal and they are not 

optimized in any way. They represent the testing of what we learned from the previous 
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optimization experiments. The experimental result is the raw response of the excited sample to 

an applied π phase. The choice of the phase function (step-like function from 0 to 2π radians) 

was governed by the result of the initial retrieved phase.  

. Figure 6-10(A) exhibits the phase effect over the generation of the two-photon 

photodiode response. The two-photon absorption signal in GaAsP produces the expected 

symmetric well that can be modeled by calculating the two-photon absorption in the GaAsP 

photodiode of pulses with a step phase function plus a residual cubic phase.  

Figure 6-10(B) shows the effect produced by a variable amplitude step function centered at 

a fixed wavelength (800 nm) on 2G2-m-Per (DA), 2G2-m-OH (D), and perylene (A). The 

perylene sample shows a symmetric response to the scanning of the applied phase. The emission 

over two-photon induced current ratio is maximum for an applied phase of 0 (or the equivalent 

2π) and minimum for 0.8π. This is the expected response for a system in which the phase only 

affects the two-photon excitation process. The small shift of the position of the minimum of the 

response curve (0.8π instead of 1π) is probably due to solvent effects on the phase of the 

excitation. 

Quite different is the response observed for the 2G2-m-OH and 2G2-m-Per samples. In 

both cases, the measured ratio does not follow the expected behavior for a simple two-photon 

process. The variable step function with step size between 1.2π and 1.8π clearly outperforms the 

response from the transform limited pulse (phase of 0π or 2π). For these particular phases, the 

ratio reaches values close to 1.1 and 1.05 for 2G2-m-Per and 2G2-m-OH, respectively. These 

differences represent a 10 and 5 % increase with respect to the transform limited pulse (ratio=1). 

It is important to highlight that the maximum position is located where the step size is ~4.5 rad 
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(1.4π) for both samples. This phase position not only represents a double pulse with a certain 

delay, but also determines their relative intensity. 
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Figure 6-11. Spectrally modulated pulses. A) Spectrum (red line) and spectral phase. B) Second 
harmonic spectrum (blue line). C) Temporal intensity (black line). From top to 
bottom: transform limited, 0.4π step, 1.4π step, linearly chirped 2000 fs2, and linearly 
chirped -2000 fs2 pulses. 

The signal obtained for perylene and two-photon induced current trends can be explained 

with the theoretical treatment develop by Silberberg’s group, where the absorption of a 

multiphoton transition without a resonant intermediate state only depends on the excitation 

intensity and not on its phase.32 2G2-m-Per and 2G2-m-OH do not follow this model, strongly 

suggesting that a different mechanism must be taking place. This mechanism yields a 

fluorescence efficiency larger than the one obtained with a transform limited pulse, and the 

optimization is phase since the response at πx(1-0.4) is opposite to the signal at πx(1+0.4). 

We also performed an experiment in which double pulses with different phase relationship 

between the pulses is codified to investigate the phase effect rather than the time ordering of the 
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pulses. In this experiment a double pulse with zero phase relation and a train of pulses with a π 

phase relation between the two consecutive pulses are examined. 
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Figure 6-12. A) Temporal autocorrelation of the pulse codified with a zero phase difference, 
where each color represent pulses separated by a different delay. B) Ratio of 
fluorescence over two-photon induced current versus the time delay between 
subpulses for zero phase relation (black line) and π phase relation (red line). 

Figure 6-12 presents the results of these experiments. In the case of pulses with zero phase 

relationship the ratio is increased (ratio ~1.07) above the value observed for the transformed 

limited pulse (ratio 1). In contrast, when the pulses have a π phase relationship no improvement 

of the ratio is observed. It is interesting to note that the transform limited pulse does not yield the 

highest response. Also, the delay for the maximum response (~70 fs) coincides with the delay 

between pulses found in the step phase function experiments. Experiments with 2G2-m-OH yield 

a similar response. 

To further prove the uniqueness of the step-like phase function we perform an experiment 

in which a different phase function is scanned, yielding always a symmetric temporal profile and 

a second harmonic spectrum similar to that observed for a transformed limited pulse (Figure 6-

13). Application of a quadratic phase only produces broadening of the pulse width while 

maintaining its symmetric temporal shape. We investigate the quadratic phase effect over the 
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donor-acceptor excited state dynamics with pulses with temporal widths (FWHM) ranging from 

42 fs (0 fs2 phase) to almost 600 fs (4600 fs2 phase). Figure 6-13 shows the results of time 

symmetric pulses applied to the excitation of 2G2-m-Per. 
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Figure 6-13. Fluorescence-TPIC ratio versus variable quadratic phase for 2G2-m-Per. 

The fluorescence over second harmonic response of 2G2-m-Per is a nearly symmetric bell.  

In contrast to the phase response observed with the step phase function, the quadratic phase does 

not yield any improvement in the response with respect to the transform limited pulse. The small 

shift on the position of the maximum is due to the lack of compensation of the phase produced 

by the solvent. This behavior was predicted by Brumer-Shapiro theory and it agrees well with 

Silberberg’s two-photon absorption theory and previously published results in Rhodamine B.32, 55  

 Discussion 

Closed loop and open loop experiments suggest that control of the energy transfer in 2G2-

m-Per is exerted over the dynamics of the excited state. To confirm if the system is dynamically 

controlled, we must analyze all possible processes involved and whether these processes can be 

controlled or not within our experimental conditions. For instance, a mechanism in which the 

population is dumped from the excited state is not feasible because the respective emission 

wavelengths (420 nm for the donor and 520 nm for the acceptor) do not match with the spectrum 
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of the excitation laser (near IR, centered at 800 nm). Recent experiments on Rhodamine B 

performed in Dantus lab show that if the peak power density is smaller than 1015 W/cm2, 55 two-

photon stimulated emission does not play an important role. Our experiments conditions provide 

a peak power density ~7x1011 W/cm2, ruling out contribution from two-photon stimulated 

emission. Also, the experiments presented here for linearly chirped pulses present a symmetric 

response. This response would not be expected if stimulated emission played a role in the 

mechanism.54 These considerations eliminate the possibility of producing a control mechanism 

base on a pump and dump scheme.  

Another uncontrollable process is the last step of the dynamics: emission from the 

acceptor. In addition to the difference in energy between excitation and emission (1/2 eV), the 

population in this state has a decay time of 2 ns; thus all coherences initially created are 

completely erased by vibrational energy redistribution, and consequently no control can be 

exerted on this step. 

The two-photon absorption process can be modeled in terms of two components: power 

spectrum of the second harmonic wave and two-photon excitation response (see Chapter 5 for a 

full description)65  

( )
( )

2

2

TPAg S d
f

S d

ω ω

ω ω
∝ ∫

∫
 (6-1) 

where gTPA is the two-photon excitation spectrum of the molecule and S2 is the second harmonic 

spectrum of the laser. While the component S2 is a property of the laser electric field, the gTPA 

component is an intrinsic molecular property. Theoretically demonstrated by Silberberg and 

coworkers and experimentally realized by Gerber and coworkers, at a given energy and power 

spectrum the two-photon transition probability for molecules without any intermediate resonant 
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state is maximized by the pulse with the shortest time duration.32, 63 In addition the experiments 

presented here for linearly chirped pulses present a symmetric response. We observe this 

behavior when the optimization is set to maximize solely the 2G2-m-Per emission. The 

transform limited pulse produces the highest population transfer of the donor via two-photon 

excitation. As a consequence the energy transfer process and acceptor emission are increased, 

but not due to the control of the excited state dynamics. A smart choice for the fitness function 

can remove this dependence on the excitation source. In this thesis, it was accomplished by using 

the ratio of emission over two-photon induced current in a GaAsP photodiode. The optimization 

process is decoupled from the intensity dependence of the two-photon absorption and it evolves 

to a new distinct solution.  

The new solution is independent of the peak power but it can still depend on the frequency 

response of the two-photon excitation process (g(ω), ρ(ω), see Chapter 5 for a complete 

description). In experiments involving two-photon emission processes from Damrauer’s and 

Joffre’s groups the maximization/minimization of the two-photon excitation response was 

responsible for most of the control mechanisms.43, 89 If the two-photon excitation response for a 

given molecule is not flat, the most effective excitation will be obtained with tailored pulses 

whose second harmonic spectrum matches the molecular regions of high two-photon cross 

section and will be minimum or negligible in those spectral regions with lower two-photon 

absorption cross section. In the closed loop maximization experiment presented in this thesis, we 

do not observe any significant changes in the spectrum of the second harmonic of the optimal 

pulse compared to the transform limited pulse. This lack of spectral selectivity in the excitation 

agrees well with flat two-photon cross section measured for 2G2-m-Per (Figure 6-4). An 

experiment that confirms the control beyond the trivial of spectral control mechanism is shown 
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in Figure 6-10 and 6-11. Pulses with identical second harmonic spectra yield very different 

signal values. For example, application of a 0.6π step-like function to a transform limited pulse 

generates the same second order spectrum as that with a 1.4π phase function (see Figure 6-11). 

However, the measured values for emission over two-photon induced current are strikingly 

different. The former yields a 0.725 signal whereas the later yields to optimum value of 1.08. 

Since different pairs of pulses with “identical” second harmonic spectrum have different 

molecular response, the molecular response must be governed by time ordering and relative 

phase of the double pulse. A step phase function produces a pair of pulses, where the intensity 

relation between them depends on the size of the step. Modulation with a 0.6π step phase creates 

a double pulse in which the amplitude of the first pulse is smaller than the second. Modulation 

with 1.4π step phase creates the mirror image in time. A similar observation is made on the 

optimal pulse. The optimum temporal intensity presents a short time component followed by a 

long time component. The optimal pulse can be explained in terms of two separated and 

controllable processes occurring during the energy transfer: first the population transfer and then 

control over the excited state dynamics. Population transfer is directly controlled with a short 

early pulse. Control over the molecular energy transfer (represented by the temporal intensity’s 

long time component) strictly depends on the molecular properties of the system, e.g. vibrational 

relaxations channels, coherent states, etc. The single knob experiment clearly demonstrates that 

the time profile of the laser pulse is the one producing the effect. In addition, the double pulse 

experiments show that not only the time ordering of the pulse is important but also the phase 

relationship between the pulses. We conclude that both temporal and phase features of the 

electric field are the actual knob of the control mechanism.  
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Multipulse structure has been previously observed in other control experiments.51, 82, 85 

Many of them have presented strong evidence of a control mechanism involving molecular 

coherences, e.g. vibrational mode selection.50 In our case the dynamics is finished in a couple of 

hundred femtoseconds leaving the possibility of producing control on the coherences lasting 

hundreds of femtoseconds. 

Last but not least, in our control experiment we rule out the possibility of producing 

control based on matching the second order power spectrum of the excitation source with the 

potential energy surface. To our knowledge this is the first experiment which uses the different 

pulse modulation to rule out this type of control mechanism.  

Summary 

We successfully control the energy transfer process of a 2G2-m-Per in solution. Using 

closed loop experiments we found that the optimal control mechanism is based on two different 

components: population transfer control and energy transfer control. These components represent 

different processes, but they do not have independent evolutions during the optimization, 

indicating a dependency between them. Moreover, we show that the features of the phase of the 

pulse leading to maximization of the energy transfer can be extracted and used to simplify the 

optimal control experiment into an open loop single variable experiment. The results of this open 

loop experiment show that the system has coherences which are controlled with specific tailored 

pulses. The single variable experiment presents strong indications of coherences present in the 

donor moiety only. 

Although the optimal control pulse has been successfully simplified with phase step, a 

closed inspection of the optimal electric field phase shows two jumps in the phase profile 

suggesting that an experiment in which the pulse is codified with a double step phase function 

should produce a higher degree of quantum control of the energy transfer. Hence, a future 
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experiment using a phase function with a double step (centered at different wavelengths) could 

verify the degree of control achieved with the optimal solution in the closed loop optimization 

experiment.
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CHAPTER 7 
STATISTICAL ANALYSIS OF THE RESULTS OF THE QUANTUM CONTROL OF 

ENERGY TRANSFER EXPERIMENTS 

Introduction 

Adaptive quantum control, introduced by Judson and Rabitz,26 has been proposed as an 

effective methodology to control a large number of photoprocesses without previous knowledge 

of the quantum properties of the system. Since its introduction in 1992, many molecular systems 

have been quantum controlled using this scheme. These breakthroughs range from selective bond 

cleavage of small molecules in gas phase to energy transfer control in complex biological 

systems in liquid phase.51, 84, 159 Nevertheless, only a few of those experimental demonstrations 

led to results explained in terms of the process under investigation.51, 160 The intricate 

relationship between the pulse parameterization variables and the molecular response, the 

arbitrary and random manipulation of the pulse parameterization during the optimization, and the 

large number of pulse parameterization variables available make the interpretation of the results 

difficult and challenge the application of simplified schemes, e.g. Taylor phase parameterization. 

To infer from experimental data the molecular properties involved in the optimization, 

researchers must overcome the inherent heuristic character of the optimal control technique. For 

instance, optimization results contain not only redundancies, e.g. same pulses tested more than 

once in the closed loop optimization, but also phase parameters that do not contribute 

significantly to the optimal outcome. The question on how to gather molecular properties from 

the closed loop optimization data must be acknowledged, if optimal control is to be implemented 

to investigate properties of quantum systems.  

Statistical analysis has been successfully used in many different areas to reduce the 

dimensionality, to remove unnecessary data and/or noise, and to extract important experimental 

parameters. Considering the similarities of problems solved by statistical analysis, these 
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exploratory approaches are logical methodologies to extract the molecular quantum information 

encoded in the optimal control data. Finding ultrafast pulse parameterization variables directly 

related to the molecular response opens the possibility of determining unknown molecular 

characteristics from the quantum control optimization.  

A couple of examples of these methodologies have been recently implemented in the 

optimal control field.88-90 Using principal component analysis, Bucksbaum and coworkers 

extracted and explained what components of the phase parameterization are important in 

controlling stimulated Raman scattering in liquid methanol. The authors noted the capabilities of 

this exploratory analysis to remove extraneous phase features out of the optimal phase 

parameterization.90 However, principal components analysis does not link the characteristic 

features of the experiment with the induced molecular response, e.g. Raman scattering. 

Damrauer suggested the additional use of a partial least squares methodology to uncover a 

model that explains the optimization response in terms of the optimal electric field variables.88, 89 

In their work, they used this statistical methodology to model the phase variable space in terms 

of a set of simple collective variables,88 and to reduce a 208 variable optimal control problem 

into a single control knob experiment.89  

Analysis of statistical methodologies and their application to the energy transfer efficiency 

control on a dendritic macromolecule is presented in this chapter. We focus on the understanding 

of the genetic algorithm evolution during the optimization and on the reduction of the number of 

laser field variables needed to produce molecular control.  

In the first part, we present a variable space analysis in conjunction with statistical 

correlation and multivariate analysis to model the evolution of the genetic algorithm during the 

optimization. The correlation analysis is used to uncover a characteristic pathway in optimal 



 

180 

control experiments and it is followed by partial least squares analysis to extract the principal 

laser field characteristics affecting the 2G2-m-Per fluorescence efficiency. The partial least 

squares method aims at reducing the optimization variable space dimensionality.  

Several questions regarding the reduction of the space dimensionality have not yet been 

addressed and they can help us gain insight into these statistical methodologies. For example, is 

it necessary to use all the tested phase parameterizations to extract global variables from the 

experimental data? Do the answers change when different multivariate statistical techniques are 

used to reduce the complexity of the problem? In the case of phase parameterization, is it the 

same to analyze the phase in the 0 to 2π space (phase wrapped) as it is without constraints (phase 

unwrapped)?   

Experimental 

This study aims to model the data produced in the optimization of the energy transfer 

efficiency of 2G2-m-Per. This molecule harvests light with an extremely efficient energy transfer 

process (quantum yield >0.98).151, 152 Optimal control experiments were set to optimize the ratio 

of molecular emission over two-photon induced current in a semiconductor diode for different 

spectrally phase modulated pulses with a home written genetic algorithm. 

The setup used in these experiments is described in detail in previous chapters. In brief, 

ultrafast laser pulses centered at 800 nm and modulated using a 640 pixels spatial light 

modulator are used to control the efficiency of the energy transfer process in 2G2-m-Per. Each 

pulse shape is codified with 128 phase parameters which cover the whole spatial light modulator 

array. The modulated excitation beam is split by a small amount (>10 %) is used to produce the 

two-photon induced current on a GaAsP photodiode. The rest is used to excite the dendritic 

sample in solution at room temperature. The integrated emission is recorded with a 
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photomultiplier tube. The second harmonic spectrum and autocorrelation of the modulated pulses 

are recorded to obtain the ultrafast pulse characteristics related to the two-photon process. While 

the second harmonic spectrum is measured with a spectrometer by generating second harmonic 

in a β-BBO 100 μm crystal, the autocorrelation of the modulated pulse is determined with a 

home made multi-shot SHG-FROG. 

As previously discussed (Chapter 6), the control of energy transfer in this macromolecule 

is produced via modulated electric fields with phase steps at 805 and 810 nm which correspond 

to pulses with a short and a long temporal component. 

Partial Least Squares Regression 

Closed loop optimization experiments manipulate enormous femtosecond pulse 

parameterization spaces to induce different molecular photoresponses. Partial least squares can 

link the effective changes in the laser parameterization with the system photo-response. In partial 

least squares, the nexus is expressed on a set of latent variables, i.e. global variables. Latent 

variables represent the actual coordinates where the optimization algorithm is evolving because 

they are selected such that they provide the maximum correlation with the molecular response. 

Latent variables are abstracted entities that acquire physical meaning only when they are 

projected back to their original space. However, the features observed in these global variables 

do not depend on the projection coefficients. So they are useful to correlate the electric field 

modulation with the molecular property under control. 

Optimal Control Theory establishes that the set of independent laser field variables which 

optimizes a given molecular or laser field property is the optimal solution.90 This optimal 

solution contains the effective control Hamiltonian, which has encoded the molecular statistical 

and/or dynamical properties of the system.90 Partial least squares can extract these molecular 
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components from the molecular response produced by the system. This methodology not only 

reduces the variable dimensionality but also removes any data redundancy by selecting the 

minimum number of latent variables that explains most of the phase parameterization and fitness 

evolution. 

The closed loop experiment data can be modeled into independent (X) and dependent (Y) 

variables 

Y = A + BX , (7-1) 

where A and B represent the coefficients of the linear model. Bold letters express the 

multidimensional nature of the variables. Implementing this representation to optimal control 

experiments, the variables in Equation (7-1) become 

[ ] [ ]ikx φ= =X  (7-2) 

and 

[ ]imy f= =Y , (7-3) 

where f represents the fitness and φ the phase parameterization. In phase modulated experiments, 

the phase is a matrix with [generations, phase parameters] dimensions and the fitness is a vector 

of [generations] dimension. The linear model attained with partial least squares is 

[ ] ik km im
k

f b aφ φ ⋅ +∑= B + A = , (7-4) 

where B contains the model regression coefficients, and A contains the residuals of the linear 

model. In this expression (Equation 7-4), the index k represents the number of phase components 

which are used to produce the linear regression of the fitness.  

The phase variables, φik, can be expressed as a linear combinations of global variables 

†
ia ik ka

k
t wφ ⋅∑= , (7-5) 
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where wka are the weight of each phase component φik in the global variable, tia. 

The aim of this linear combination (Equation 7-5) is to model simultaneously the phase 

parameterization and fitness; hence the new global vectors have to be good estimates of the 

phase parameterization and fitness  

ik ia ak ik
a

t p eφ ⋅ +∑=  (7-6) 

and 

im ia am im
a

f t c g⋅ +∑= , (7-7) 

where pak and cam are coefficients of the linear decomposition and eik and gim are the residuals of 

the decomposition. 

Up to this point partial least squares and principal components analysis are the same. The 

difference between the methodologies arises from the way that the weight vectors (wka) are 

found. In principal component analysis, the weight vectors (wka) are selected to maximize only 

the covariance of the phase matrix. In contrast, partial least squares calculates the weight 

coefficients (wka and cam) such that the covariance of the phase and the fitness are simultaneously 

maximized. As a consequence, the new basis set models both the phase variables and the fitness 

evolutions. 

It is important to note that this statistical analysis can be extended to any problem in which 

a set of independent and dependent variables are to be linearly modeled. A more complex model 

can be obtained by purposly including nonlinear terms in the dependent variable rather than by 

assuming a simple linear model.161 
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Genetic Algorithm Evolution Analysis 

Statistical Analysis 

Maximization of the ratio of fluorescence over second harmonic and maximization of 

fluorescence directly are analyzed to find out which variables are controlling the energy transfer 

process. These experiments typically describe the optimization of the combined excitation-

dynamics-relaxation on 2G2-m-Per and the optimization of the excitation process alone. Figure 

7-1 shows all individuals (light and dark grey squares) and the individuals with the best fitness 

(red and green lines) for these experiments in two different spaces: fluorescence versus two-

photon induced current (Figure 7-1(A)), and ratio of fluorescence over two-photon induced 

current versus two-photon induced current (Figure 7-1(B)). 
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Figure 7-1. Variable space evolution and sampling for 2G2-m-Per energy transfer optimal 

control. A) Typical representation of the molecular signal versus two-photon signal. 
B) Ratio versus two-photon induced current for each experiment. Red line (grey dots) 
and green line (dark grey dots) lines correspond to the best (all) individual for each 
generation of the ratio of fluorescence over two-photon signal and the fluorescence, 
respectively.  

The usual representation of the fluorescence versus two-photon induced current space 

(Figure 7-1(A)) does not provide enough information of the pathway followed by the genetic 

algorithm to produce the desired objective. Although the slopes of both experiments are different 
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(see Chapter 5) the change is not that pronounced and the evolution is not clear. The difference 

in the pathways followed during each optimization is better described when the space is 

represented in terms of the ratio of fluorescence over two-photon induced current versus two-

photon induced current. In this new representation, the fluorescence maximization experiment 

(when the two-photon signal is measured but not included in the cost function) evolves by 

essentially keeping the ratio constant. Although the intensity of the excitation source keeps 

increasing, the ratio remains constant because the gain in the fluorescence is solely due to the 

increase in of the number of excited molecules without controlling the excited state dynamics. In 

contrast, the maximization of energy transfer efficiency achieves its objective by modifying 

mainly the ratio and only slightly increasing the two-photon induced current. During the first 

fifteen generations both optimizations share a common pathway although after that they diverge. 

This behavior suggests that the optimizations make similar changes to the initial random pulse 

phase to achieve their respective objectives. After the separation of the pathways, each 

optimization modifies distinctively the phase parameterization to proceed towards its own 

optimum region on the surface. The final attained position in this space is unique for each 

optimization, corroborating the idea that fluorescence and fluorescence over two-photon induced 

current maximization aim to control very different molecular processes. 

Analysis of the correlation between fluorescence and two-photon induced current for all 

the individual pulses within one generation gives signals which remain highly correlated for all 

generations (Figure 7-2, full squares). Similar results are observed whether optimizing 

fluorescence (black squares) alone or fluorescence over two-photon signal (red squares). This 

strong correlation agrees with the second order intensity dependence of both signals. A similar 

correlation study using the ratio and the two-photon induced current exhibits a completely 
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different behavior (Figure 7-2, open squares). Initially, the optimizations have similar 

correlations, but as the generation number increases, the correlation between the energy transfer 

efficiency experiments remains constant (Figure 7-2, red open squares), while the correlation in 

the fluorescence maximization spreads in the range of 0.6 to -0.4 and in the last 10 generations 

has negative values (Figure 7-2, open black squares). Again, this agrees with the different 

pathways followed by each population in the different experiments. 
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Figure 7-2. Generational correlation between fluorescence and two-photon induced current (full 
squares) and between the ratio and two-photon induced current (open squares) for 
energy transfer efficiency maximization (red) and fluorescence maximization (black). 

 The pathway for the optimization of the energy transfer efficiency has a clear evolution in 

the 50 first generation, and after that we do not observe major changes in this space, indicating 

the presence of a local optimum (Figure 6-6 and 7-1). This trend is also observed in the electric 

field characteristics, i.e. second harmonic spectrum and temporal pulse autocorrelation presented 

in Figure 7-3. 

Spectra of the second harmonic produced by the excitation source and autocorrelations of 

the fundamental pulses suffer their greatest changes during the first 20 generations. After the 20th 

generation, neither their second harmonic spectrum nor their corresponding autocorrelations 

show substantial variations of their profiles. The second harmonic spectrum remains center at 
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~403 nm during most of the optimization steps. This does not directly correspond with the fitness 

evolution for this experiment (Figure 7-2) where the fitness suffers the major changes (~40%) in 

the first 50 generations and later only small adjustments are produced. In the 20th generation, the 

autocorrelation already has the main feature found in the last generation, but the fitness values 

still show a significant change, going from ~1.03 in the 20th generation to ~1.15 in the 200th 

generation. 
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Figure 7-3. Pulse characteristics for the fluorescence for generation 1, 10, 20, 50, 100, and 200. 
A) Second harmonic spectra. B) Autocorrelations. C) Fourier transforms of the 
autocorrelations. 

In contrast to the autocorrelation of the fundamental pulse and the second harmonic 

spectra, the evolution of the Fourier transform of the autocorrelation (Figure 7-3(C)) exhibits an 

initial recovery of the missing frequencies and then a narrowing in the frequency spectrum with 

some of 300 cm-1 contributions disappearing after 100 generations. This change indicates that the 

fine structure of the autocorrelation is still changing in the generations where the autocorrelation 

and second harmonic are not significantly varied, i.e. from the 50th generation and above. A 
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correlation between the fitness of the optimization and the real amplitude of the frequency 

components (Figure 7-4) reveals three main regions of the frequency domain correlated with the 

evolution of the fitness. The frequency components between 40 to 130 cm-1 and between 190 to 

250 cm-1 are positively correlated with the fitness function. There is also a negatively correlated 

region with frequencies between 0 to 20 cm-1.  
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Figure 7-4. Correlation between Fourier frequency amplitude and fitness. Three regions with 
correlation are observed: between 0-20 cm-1 (negative), 40 to 130 cm-1(positive), and 
190 to 250 cm-1(positive). 

Partial least squares analysis of the evolution of the spectrum of the second harmonic 

displays one latent variable explaining almost 100 % of the spectrum and fitness variances 

(Appendix D). This implies that the optimization can be described within a very good degree of 

approximation as a system evolving through only one dimension. However, the predicted linear 

model of the fitness with only this latent variable is very poor (R2= 0.1), and it can be greatly 

improved with the addition of a second latent variable (R2=0.8). While the first latent variable is 

a featureless broadband second harmonic spectrum very similar to the transform limited pulse 

spectrum, the second latent variable is a non symmetric broad spectrum with a 5 nm dip in the 

center (see Appendix D). A similar result is obtained when the autocorrelation evolution is 

statistically modeled with partial least squares.  



 

189 

Partial least squares analysis of the phase evolution displays once more an explained 

variance of almost 100 % using only the first global variable. Figure 7-5 shows the first and 

second latent variables.  
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Figure 7-5. A) Latent variable 1 (black line). B) Latent variable 2(black line). Spectrum of the 
excitation (grey area) pulse. 

The first phase latent variable shows two important phase features at 805 and 815 nm, 

while the second phase latent variable has a spectral phase with no recognizable features are 

observed. Although both components contribute significantly to the partial least squares model 

of the fitness, the first phase latent variable represents the process with the greatest influence 

over the fitness. The second phase latent variable is needed to produce the initial changes 

observed in the fitness. The regression model found by partial least squares for the phase agrees 

with the models that are found with the same methodology to describe second harmonic 

spectrum and temporal autocorrelation evolutions. Moreover, the first latent variable agrees with 

the spectral phase retrieved from the experimental optimal pulse (see Chapter 6), corroborating 

that these pulse features are responsible for achieving quantum control. 

Discussion 

All the statistical analysis results agree with the experimental observations presented in 

Chapter 6. For instance, it has been demonstrated that the process is phase dependent and that the 
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second order spectrum of the excitation does not play a major role in the energy transfer 

efficiency optimization. This is also observed in the evolution of the spectrum of second 

harmonic of the best pulse, since no shrinking or shifting of the spectrum of the second harmonic 

is observed during the optimization. In addition, the Fourier transform analysis of the 

autocorrelation reveals subtle changes in the temporal profiles of the autocorrelation. These 

changes observed over the autocorrelation are the actual control features that the genetic 

algorithm is optimizing, confirming that the achieve control mechanism is not based on 

modulating the second order power spectrum of the excitation source. 

While the change in the frequency components of the autocorrelation are well correlated to 

the changes in the experimental fitness, the initial randomness of the optimization does not allow 

us to confirm whether those frequency components must be optimized to achieve control or 

whether they are optimized because the initial random population does not have them. In other 

words, is the critical step just moving a random phase to a well defined smooth function? Would 

we obtain the same frequency components if we were starting from a non-random pulse (e.g. 

transform limited pulse)? These questions need to be addressed in future work. 

The trends of the best individual spectrum of second harmonic, applied phase, and 

autocorrelation statistically modeled with partial least squares have to include a second latent 

variable to produce a correct partial least squares model of the fitness. Since partial least squares 

produces local models,89 the second latent variable is always necessary to explain the outliers, 

i.e. points far away from the center of the hyperplane defined by the global variables (see 

Appendix C). In our experiments, these outliers represent the initially random pulse created in 

the optimization. This implies that the system must be optimizing two different processes that 

they are not strictly correlated with the process investigated. For instance, in the evolution of the 
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spectrum of the second harmonic, the system finishes with a second harmonic spectrum with a 

bandwidth close to that of a transform limited pulse, but because of the genetic algorithm is 

initiated with a random set of pulses, the optimization must first compress the pulse to produce a 

second harmonic spectrum close to one of a transform limited pulse and then the modifications 

necessaries to achieve control. This evolution model strongly agrees with the pathway observed 

in both optimizations, where the optimizations initially share a common pathway in the variable 

space and then they separate to accomplish their own objective. 

Summary 

We have applied statistics tool to evaluate the results observed in the experiments of 

quantum control of the energy transfer. These results not only provided new insight into the 

process (e.g. Fourier components of the autocorrelation) but also confirmed the conclusions 

obtained from the experimental data. This indicates that statistical analysis is a great tool to be 

used in the analysis of data produced by closed loop optimizations. 

Variable Space Reduction 

To further understand how to utilize statistical data reduction analysis, this section aims to 

investigate how different effects (e.g. phase unwrapping) affect the predicted model when the 

multivariate analysis is used. The goal of this section is to use multivariate analysis to reproduce 

the experimental results of the energy transfer optimal control experiments. 

Variable Space Size Effect 

In a recent work by Damrauer and coworkers, all the phase parameterizations tested during 

a closed loop experiment were used to infer a set of global variables that control the two-photon 

induced emission of a ruthenium complex in solution.88, 89 The question that arises from this 

study is whether the total number of tested phase parameterizations is truly necessary to extract 

the global variables affecting the experiment. To investigate this effect we apply partial least 
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squares to all the phase encodings (all individuals in all generations) as well as to only the phase 

parameterization of best individuals of each generation tested during the experiment of 

maximization of energy transfer efficiency presented in Chapter 6. The effect of the sampling is 

inferred by comparing the global variables obtained with each different set of parameterization. 

The results of this analysis are presented in Figure 7-6. 
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Figure 7-6. Latent variables for the best individuals of each of the 200 generations (red line) and 
total population (black line and squares). A) Latent variable 1. B) Latent variable 2. 
C) Latent variable 3. D) Latent variable 4. 

Figure 7-6 presents the first four latent variables. The latent variables obtained with both 

analyses have the same features, suggesting that the statistical analysis can be performed directly 

on the best pulses parameterization of each optimization. 
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Statistical Methodology Effect 

The next investigation involves the study of the different statistical techniques to model the 

data. As stated before, partial least squares differs from principal components analysis because it 

includes the correlation with the molecular response. It is expected that principal component 

analysis will be outperformed by partial least squares methodology in data modeling.  

To investigate whether those two statistical methodologies produce different factorizations, 

a model produced with only one global component is compared for the two multivariate analysis 

techniques (partial least squares and principal components). In this test the wrapped phases of the 

best individuals in each generation are analyzed. The results of this analysis are presented in 

Figure 7-8 (A). 
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Figure 7-8. Comparison of the model predicted by different statistical methodologies and the 
optimal phase. A) Energy transfer optimization. B) Fluorescence maximization. Each 
graphs shows: original data (black line and squares), the partial least squares model 
(green line), and the principal component analysis model (red line).  

Principal components as well as partial least squares model accurately the optimal phase. 

Surprisingly, the root mean square error is higher for partial least squares than for principal 

components analysis (Table 7-1). 
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Table 7-1. Root mean square for the different statistical methodologies. 
Statistic methodology Root mean square error 
Principal components analysis 4.10-4 
Partial least squares 0.8 

 
To discard a possible effect over the statistical factorization produced by the large data 

redundancy observed in experiments with the rapid convergence, such as maximization of the 

energy transfer efficiency, a similar analysis is performed with the data of the maximization of 

fluorescence alone. In this particular case the fitness changes significantly in at least 130 of the 

200 generations. Analysis of this data set displays a similar result, thus discarding an effect due 

to any rapid convergence which could favor the localization of the partial least squares model. 

Since the two statistical analyses perfectly match the experimental data, principal component 

analysis as well as partial least squares can be used to model the data in terms of global 

variables. To conclude which one produces better phase predictors, it is necessary to perform an 

experiment where the experimental value of the fitness corresponding to the predicted phase for 

both methodologies are measured and compared. 

Theoretical Phase Unwrapping Effect 

The last analysis involves the effect of the unwrapping of the phase before performing the 

statistical analysis. The closed loop optimization with spatial light modulators explores the effect 

produced by phases with values in the range from 0 to 2π (see Chapter 3). Unwrapping the phase 

(so it goes from 0 to nπ) produced in the optimization experiments causes many problems 

associated with the statistical factorization. For example if a pixel with negligible contribution to 

the fitness suddenly produces a jump in the phase bigger than π, the unwrapping process will 

take it into consideration and will increase the variability of the phase parameterization even 

though this points does not contribute to the fitness. To correctly analyze the optimal phase 

obtained by the algorithm we need to consider only those parameters in which the spectral 
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intensity is appreciable, otherwise the phase unwrapping cannot be applied before performing the 

statistical studies. Most times it is difficult to determine which pixels have sufficient intensity to 

contribute to the optimization or whether the pixels with low intensities have any effect on the 

fitness or not. 

We use all the phase variables (128 for the energy transfer experiment) to show how the 

effect of the unwrapping over the phase parameterization results when the statistical analysis is 

performed. The model of the phase using only one global variable is compared to the actual 

phase of the 200th generation.  
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Figure 7-9. Comparison between the model of the optimal phase (red line) and the experimental 
optimal phase (black line and points). A) Without phase unwrapping. B) With phase 
unwrapping. 

Figure 7-9(A) shows that the phase is well reproduced with only one global variable when 

the phase is not unwrapped. In contrast, when the phase is unwrapped before the analysis, the 

model presents very different features compared to the actual phase (Figure 7-9(B)). The phase 

unwrapping clearly induces more variability in the sample. A similar behavior is obtained for the 

phase analysis of the unwrapped and wrapped phases even when only the phase variables with 

more than 5 % of the intensity at the maximum are considered (Figure 7-10). Hence, phase 
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unwrapping introduces an unnecessary variability to the phase which affects the performance of 

the statistical analysis. 
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Figure 7-10. Comparison among modeling of the optimal phase without unwrapping (red line) 
and with unwrapping (blue line), and the experimental optimal phase (black line). 

Experimental Phase Unwrapping Effect 

We present here an experimental implementation to show the effect of the number of 

components used to reconstruct the data with or without phase unwrapping.  

First we run an optimization and then we use principal component analysis to extract the 

principal components of the wrapped or unwrapped experimental phase of the best individuals of 

each generation. Choosing the first, the second, or both principal components that explained the 

phase, we reconstruct the experimental phase data. We apply each of the reconstructed optimal 

phases (phase of the 200th generation) to the phase modulator. The signals obtained by the real 

optimal phase are compared with those obtained by using one or two components.  

Table 7-2 and Table 7-3 show raw results and results normalized to the transform limited 

pulse, respectively. 
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The fitness is perfectly reproduced with models containing one or two components when 

the phase is wrapped. On the contrary, the fitness is poorly predicted when the phase is 

unwrapped, which agrees with the theoretical unwrapping effect previously presented. 

Table 7-2. Experimental signal and fitness values for multiple components.  

Pulse 
Signal 

SHG σSHG FL σFL FL/SHG σFL/SHG 
Transform limited 3.56 0.06 4.40 0.11 1.24 0.04 
Optimal 1.00 0.03 1.41 0.05 1.41 0.07 
PC1 unwrapped 0.98 0.03 1.31 0.05 1.34 0.06 
PC2 unwrapped 0.57 0.02 0.68 0.04 1.20 0.07 
PC1 and PC2 unwrapped 0.47 0.01 0.54 0.03 1.15 0.07 
PC1 wrapped 1.12 0.03 1.60 0.06 1.44 0.06 
PC2 wrapped 1.10 0.02 1.53 0.05 1.40 0.06 
PC1 and PC2 wrapped 0.99 0.02 1.38 0.05 1.39 0.06 

 
Table 7-3. Experimental normalized fitness values for multiple components. 

Pulse Response normalized with respect to transform limited pulse 
FL/SHG 

Transform limited 1.00 
Optimal 1.14 
PC1 unwrapped 1.08 
PC2 unwrapped 0.96 
PC1 and PC2 unwrapped 0.92 
PC1 wrapped 1.16 
PC2 wrapped 1.12 
PC1 and PC2 wrapped 1.12 

 
Discussion 

In this section, we demonstrated that the dimensionality reduction is not affected either by 

considering only the best individuals of the population instead of the total population or by the 

selected multivariate analysis chosen to reconstruct the optimal phase. Since both methodologies 

are based on correlating the change on the covariance matrix, it is not expected that principal 

components will produce different results than partial least squares. The reason for this behavior 

is the heuristic algorithm used for the optimization. Genetic algorithms are based on inheritance 

and natural selection. Extrapolated to the optimal control experiments, it means that the 

algorithm is indeed evolving through a space in which the best variables are kept until new and 
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improved variables are found. It is not surprising that the fitness of the best individual has a 

monotonous improvement in the space of variables, ultimately causing a matching between the 

phase optimization direction and the fitness change. 

Finally, the phase unwrapping effect is demonstrated to have detrimental characteristics if 

applied before performing the statistical analysis. It is known that phase wrapping produces 

errors in the ultrafast generated laser field, which can be exploited by the genetic algorithm to 

optimize the photoprocess.55, 162 We conclude that phase unwrapping should not have to be 

performed before the statistical analysis. 

Summary 

We have demonstrated the utility of multivariate data analysis to extract the global 

components affecting the evolution of the phase variables during the optimization. Surprisingly, 

neither the selected methodology nor the number of individuals used in the analysis affect 

significantly the result of the global component analysis. Also, we find that the phase 

unwrapping process not only is unnecessary but also complicates the statistical factorization of 

the data. Finally, a very challenging and yet very interesting experiment should be an 

optimization in which after a certain number of generations without reaching convergence the 

global variables obtained from a global analysis of the phases are used as a basis set to continue 

the optimization.   
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CHAPTER 8 
AZOBENZENE EXCITATED STATE DYNAMICS WITH TWO-PHOTON EXCITATION 

Introduction 

Azobenzene and its derivatives are photochromic molecules exhibiting a trans-cis 

photoisomerization. Their photochromism makes azobenzene-like compounds very attractive to 

investigate fundamental photochemistry processes and to industrial and scientific applications. 

Some of the proposed applications include light-triggered optical switches and optical data-

storage media.163 Recently, an azobenzene derivative has been successfully used as an ultrafast 

molecular trigger in protein folding.164 To further develop the applications of azobenzene, its 

molecular rearrangement process needs to be understood. 

Azobenzene dynamics have been extensively investigated using many different time 

resolved as well as steady state spectroscopic techniques.165-172 However, the mechanism and 

dynamics of the molecular rearrangement are still controversial. The most debated question in 

the azobenzene rearrangement is whether the isomerization takes places through an inversion or 

a rotation pathway.173, 174 New experimental approaches are necessary to investigate this 

molecule and solve the longstanding controversy.  

Several experiments have probed the possibility of coherently controlling isomerization 

processes.82, 84-86 While some of these studies were focused on proof of principle,82, 85 others used 

the coherent control methodology to gain insights on the molecular process.84, 86 For instance, 

using an unmodulated pump and a modulated dump pulse Gerber and coworkers studied the 

dynamics of bacteriorhodopsin isomerization in the excited state potential energy surface close to 

the conical intersection.86 Another optimal control study focused on the isomerization of cyanine 

dye has uncovered the molecular motion produced in the excited state, and consequently the 

understanding of the cyanine isomerization process.84 The maturity of the coherent control field 
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has reached a point in which we can envision using modulated pulses to further understand 

molecular processes in which molecular rearregements are involved. 

The following chapter describes the preliminary experiments performed to seek the 

feasibility of quantum control of the isomerization of azobenzene. It focuses on establishing if a 

two-photon excitation of azobenzene is possible and on studying possible changes in the excited 

state dynamics caused by multiphoton excitation. The ultimate goal of this study is to set the 

necessary foundations of a two-photon excitation for coherently controlling the 

photoisomerization of azobenzene with a modulated 800 nm excitation source. 

Azobenzene 

Azobenzene has two benzene rings linked via two double bonded nitrogen atoms, the azo 

group. The molecule presents two possible conformations: the thermally stable trans form and 

the metastable cis form (Figure 8-1(A)).175 
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Figure 8-1. A) Isomerization of azobenzene. B) Ground state absorption of azobenzene samples: 
trans (black line) and cis (red line).  

Since the azo group presents a lone pair of electrons on the nitrogen atoms, the molecule 

exhibits two low lying electronic transitions, nπ* and ππ*, found in the UV-visible spectral 

region. In the trans isomer the two transitions are located at 440 nm (nπ*) and 330 nm (ππ*), 
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while for the cis isomer the nπ* transition is observed at the same wavelength and the ππ* 

transition is shifted to the blue (Figure 8-1(B)). The cause of this spectral shift is the non-planar 

structure of the cis isomer which decreases p-orbital overlap responsible for π conjugation. The 

ππ* transition is one photon allowed in both isomers (εcis~104, εtrans ~3x104 M-1cm-1) whereas the 

nπ* transition is one photon forbidden for the trans isomer (εtrans~400 M-1cm-1) and allowed for 

the cis isomer (εcis~1500 M-1cm-1).166 

Due to the similarities with stilbene two possible mechanisms of isomerization have been 

proposed for azobenzene: one is based on the inversion around one nitrogen atom while 

maintaining the rings in the same molecular plane; the other involves a rotation of a benzene ring 

around the nitrogen double bond (Figure 8-2).175 
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Figure 8-2. Rotation and inversion pathways of azobenzene isomerization. Adapted from work 
by Diau.176 

Early steady state measurements of the trans to cis isomerization quantum yield showed an 

excitation wavelength dependence in which the rearrangement quantum yields are 0.23 and 0.12 

for the nπ* and ππ* transitions, respectively.172 The wavelength dependence of the quantum 

yield of the isomerization indicates diverse isomerization mechanisms and/or deactivation 

pathways taking place on different excited states. Rau and coworkers performed a quantum yield 
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study on a rotationally blocked azobenzene. In those experiments the isomerization quantum 

yields did not vary significantly (φisom(nπ*) is 0.24 and φisom(ππ*) is 0.21).173 Since the bridge 

blocking the rotation pathways did not produce significant changes in the electronic structure of 

the azo derivate, the authors proposed a mechanism in which the trans to cis isomerization 

proceeds through inversion and the rotation coordinate serves for the excited state relaxation 

without isomerization. 

Recently, several time-resolved experiments have been carried out to study the dynamics 

of this photoisomerization. These experiments focused on the trans to cis isomerization 

dynamics exciting the molecule in either the nπ* or ππ* transitions. Ultrafast studies on the 

deactivation dynamics after an nπ* excitation showed biexponential decay kinetics in which the 

time constants were solvent dependent.171 All studies agree on biexponential dynamics with time 

scales of the subpicoseconds (~0.3 ps in ethanol) and picoseconds (~2.1 ps in ethanol).166 The 

ultrafast dynamics component is assigned to the initial evolution of excited state out of the 

Franck-Condon region and the picosecond component is due to a diffusive motion of the excited 

state wave function towards the conical intersection where the system will transfer back to the 

electronic ground state.171 In addition, a slower process with a time scale of 5 to 20 ps was 

observed in some studies177 and this has been assigned to the vibrational cooling of vibrationally 

hot ground state molecules.171 

The dynamics following the ππ* excitation have also been investigated.171The general 

picture of the dynamics includes four different relaxation constants. The first time constant 

represents the radiationless relaxation process from the second excited state, S2, to the first, S1, in 

a subpicosecond time scale ( ~120 fs).171 Due to the similar time values (τ2 ~0.5 fs, τ3~3 ps and 

τ4~20 ps) all the other constants have been assigned to processes occurring in the first excited 
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and ground states. The amplitudes of these kinetic steps significantly differ with those observed 

after the nπ* transition.171 These differences led researches to conclude that the deactivation of 

the S2 state involves a population transfer to S1 where the isomerization takes places. In addition 

the difference in quantum yield is explained with the difference in the amplitude values of 

different processes, which is interpreted as different positioning of the excited state wave 

function upon relaxation to the first excited state.171 

All these studies have shown the time constants of the photoprocess but they do not 

discriminate between an isomerization occurring through an inversion or a rotation mechanism. 

Two experimental studies supporting an inversion pathway are time resolved picosecond 

Raman168 and steady state spectroscopy using rotationally blocked azobenzenes.173 The first 

study shows that the N-N double bond character is maintained during the photoprocess.168 The 

second study demonstrates the lack of wavelength dependence of the isomerization quantum 

yield when a rotational block azobenzene is excited using either transition, nπ* or ππ*.173 

With these experimental precedents, most of the experimental literature considered the 

isomerization to occur via the inversion pathway. However, the isomerization through the 

rotational mechanism has been gaining support from numerous theoretical studies.176, 178-181 In 

these studies, the inversion coordinate is challenged as the isomerization coordinate because it is 

not predicted to be energetically barrierless.180 In addition, the barrierless rotational coordinate is 

inferred to lead the excited state close to a conical intersection between S0 and S1, near to the 

midpoint of the rotation pathway. From the theoretical point of view, this suggests a propitious 

isomerization via the rotational pathway. A time resolved fluorescence study supports this 

theoretical prediction for solvents with low viscosity and suggests an inversion mechanism in 

high viscosity solvents.182 
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Recently, two experiments add more confusion to the unsolved isomerization problem. 

Using sub ten femtosecond transient absorption experiments with chirped pulses, Kobayashi and 

coworkers followed the isomerization of an azobenzene derivative (DMAAB).183 The 

experiments indicate that the N-N and C-N stretching modes are coupled through at least one 

vibrational mode. The authors concluded that the isomerization mechanism cannot be described 

either as a pure rotation or pure inversion, but both happening simultaneously. Stollow and 

coworkers used time resolved photoelectron spectroscopy exciting at 330 nm to study the 

molecule in the gas phase.184 Two photoelectron bands with distinct lifetimes were identified 

(170 fs and 420 fs) and assigned to degenerate excited ππ* states. Following the mechanism 

proposed by Tajara,169 Stolow suggested that one of these degenerated states leads to the 

deactivation of the S2 to S1 and the other directly relaxes the system from Sn≠1,2 to S0, explaining 

the difference in the isomerization quantum yield. 

Experimental 

Transient absorption experiments were performed using a two-photon excitation. 

Azobenze sample was purchased from Aldrich Corp. (~99% purity) and used without further 

purification. Azobenzene solutions with a 5.2 mM concentration are prepared with n-hexane 

(Fisher, HPLC grade). The sample is held in a 2 mm optical path quartz cell with magnetic 

stirring to ensure fresh sample for each excitation pulse. Since the two-photon cross section is 

much smaller than the linear cross section,185 high optical densities (OD=0.45 in 2 mm) at the 

probe wavelength 440 nm were used. In addition, the solutions were checked for photoproduct 

build up before and after the experiments by measuring their absorption spectrum. 

The experimental setup utilized in this experiment is a femtosecond time resolved 

transition absorption setup (Figure 8-3). 
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Figure 8-3. Experimental setup for transient absorption experiment probing with UV. nIR pump 
pulses are obtained from the residual fundamental of the OPA. A chopper wheel is 
used to compare the signal with and without pump. 

The laser source is commercially chirped pulse amplifier system (Spitfire, Spectra 

physics®), which delivers sub 45 fs pulses centered at 800 nm with a repetition rate of 1kHz and 

a pulse energy of 800 μJ. Approximately 350 μJ of this laser source are used to pump an optical 

parametric amplifier (OPA) which generates the probe wavelengths used in this experiment, 440 

nm and 480 nm. A 65 μJ excitation beam is obtained from the leftover fundamental beam of the 

OPA. An optical chopper is placed in the excitation pathway to perform double referenced 

experiments. 
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The sample is excited with 800 nm and the transient absorption signals are measured with 

a single color probe and reference in two independent photodiodes (Thorlabs 210). To avoid the 

detection of scattered light from the sample, color filters (BG39) are used. The photocurrent 

produced in the detector is further processed with a boxcar gated integrator (SRS 250) and 

acquired with a data acquisition card (National Instruments®, PCI-MIO-16E-4). 

In the data presented herein every point at a fixed delay time is the average of 16000 

individual laser shots. The transient absorption signal produced by the pure solvent is later 

subtracted from the sample signal. Characterization of the instrument response function is 

achieved using the Raman signal arising from methanol as well as dichloromethane. 

Results and Discussion 

The dynamics of the transient absorption signals of azobenzene following two-photon 

excitation (220 fs FWHM, 800 nm) and probe at 440 nm and 480 nm are investigated. This 

excitation frequency does not induced one photon absorption: the excitation occurs via two-

photon absorption in the spectral region equivalent to 25000 cm-1 which correspond to the blue 

side of the nπ* transition of trans azobenzene. 
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Figure 8-4. Transient evolution of the absorption changes for azobenzene where open circles and 
black line represent the data and fitting model and the grey plots show the instrument 
response function. A) Probe at 440 nm. B) Probe at 480 nm. 
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Transient absorption data of trans-azobenzene with the two probe wavelengths are shown 

in Figure 8-4. The signals depicted in these experiments correspond to the excited state 

absorption following formation of the excited state, S1. At both probe wavelengths, the initial 

absorption is followed by a fast decay. Photoinduced excited state absorptions completely vanish 

after 1 ps. The model used to describe this data includes two independent decay times convoluted 

with the instrument response function. 

( )A IRF f tΔ = ⊗  (8-1) 

 ( )2expIRF IRFIRF A t σ= −  (8-2) 

( ) ( )expi i
i

f t A t σ= −∑ , (8-3) 

where ΔA is the transition absorption signal, IRF is the instrument response function, AIRF and 

σIRF are the amplitude and standard deviation of the instrument response function, Ai and σi are 

the amplitudes and decay times of the model. The time evolution probed at 440 nm has to be 

modeled with a biexponential function; the decay probed at 480 nm is correctly modeled with a 

single exponential. The results of the modeled dynamics as well as literature reported values are 

presented in Table 8-1. 

Table 8-1. Experimental and literature decay times. 
Excitation λexc (nm) λprb (nm) τ1 (fs) τ2 (ps) IRF Solvent 
Two-photon excitation* 790(395) 440 150 2.5 220 Hexane 
Two-photon excitation* 790(395) 480 150 -- 200 Hexane 
One photon166 435 440-750 320 2.1 500 Ethanol 
One photon170 480 370-590 340 3.0 80 DMSO 
One photon167 420 350-550 600 2.6 180 Hexane 

*from this work 

Our results show good agreement with the literature values indicating that the dynamics 

are independent of the type of initial excitation used in the experiment (one-photon or two-
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photons). This result suggests a similar localization of the one and two-photon Franck-Condon 

areas which would result in similar dynamics.171 

The lack of a biexponential behavior at 480 nm shows that this wavelength only probes the 

excited state population close to the initial Franck-Condon area. In contrast at 440 nm, the 

excited state is probed during the whole residence time in the excited state, which includes the 

initial Franck-Condon region and the wave packet movement towards the conical intersection. 

This interpretation agrees with the most accepted kinetic model of trans-azobenzene. 

Summary 

We employ two-photon excitation transient absorption to investigate the excited state 

dynamics of azobenzene in hexane. The transient signal reveals similarities between the 

dynamics observed with one-photon and two-photon excitations. This allows us to infer that the 

system reaches the same potential energy surfaces as well as similar Franck-Condon regions for 

the two different excitations. This opens the possibility of using a two-photon excitation source 

to coherently control the isomerization rearrangement in azobenzene.



 

209 

APPENDIX A 
PULSE SHAPER ALIGNMENT 

The quality of the modulation for this apparatus strongly depends on the quality of the 

alignment. Because of the reflective mode configuration, the alignment procedure is highly 

simplified (i.e. only one grating angle is necessary to be aligned). The experiment has two 

distinctive parts: the polarization splitter and beam steering, and the compressor. 

The polarization splitter must be setup in a linear arrangement of the following elements: 

polarizer, Faraday rotator, and λ/2 waveplate. After these parts are aligned, two mirrors are setup 

to steer the laser into the compressor. Two iris apertures are set up in between these mirrors for 

the alignment of the compressor.  

The compressor alignment is a difficult task because it involves the construction of a zero 

dispersion compressor with a 4f configuration. Therefore, a recipe for the alignment is given 

below. 

Define the Fourier plane (mask position) and place a translation stage (S1) away from that 

position at a distance equal to the cylindrical mirror focal length (f). Place an aperture (A1) at the 

end point of this stage. 

1. Place the grating’s rotation stage (RS) close to S1. To meet the 4f configuration, a 

second translation stage (S2) must be set such that the distance from the grating to this stage plus 

the distance from S2 to the cylindrical mirror is approximately f. Place another aperture (A2) on 

one side of S2. 

2. With the help of a He-Ne laser place two more apertures (A3 and A4) in the back of the 

mask (one close to the back of the mask and the second one as far away as possible) position and 

check that the aperture height is the same for all of them (beam path parallel to the table).  



 

210 

3. Place the steering mirrors to bring the femtosecond laser beam into the compressor and 

align the laser beam through A1 and A2.  

4. Place the grating in the RS and check that the grating surface and the rulings are 

perpendicular to the plane of the optical table. This can be achieved by setting the height of all 

the grating diffraction orders to the same height at different distances (parallel to the optical 

table). Align the angle of the grating with A2 and then remove A2.  

5. Place the folding mirror in S2 without changing the rotation angle of RS, tilt the vertical 

angle of the grating such that the beam is reflected in this mirror. 

6. Place the cylindrical mirror in S1. Use aperture A3 and A4 to align the folding mirror 

and the cylindrical mirror. To check the position of the cylindrical mirror, place a regular mirror 

where the back of the spatial light modulator will be placed, and make the incoming and 

outgoing beams to be the same size. Having the incoming and outgoing beams collimated and 

with the same size guarantees that the distance between the cylindrical mirror and the mask’s 

back mirror is equal to f. 

7. Block the beam (be careful, it is focusing at the mask position) and place the spatial light 

modulator in the Fourier plane. Before allowing the beam in the pulse shaper rotate the grating to 

the Littrow angle (this angle can be calculated using the grating equation). Unblock the beam and 

place the first diffraction order close to the middle of the mask array. Rotate the mask array until 

the outgoing beam goes through the entrance aperture (A5). 

8. With an autocorrelator or other technique (i.e. FROG), slowly move the first stage to 

minimize the pulse width. If the pulse presents a lot of temporal structure, minimize the pulse 

width and then rotate the grating. This rotation will minimize the temporal distortion. Repeat this 

step until the shortest structureless pulse is obtained.  
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9. After this alignment, the pulse must be analyzed spatially to verify that the beam does 

not have spatial chirp. If spatial chirp is present, rotate the optical axis of the cylindrical mirror 

until the effect disappears. 

 

 Figure A-1. Scheme of the setup with the apertures and translation stages. S1 and S2: translation 
stages; RS: rotation stage; A1, A2, A3, A4, and A5: iris apertures; M1, M2 steering 
mirrors; FM, folding mirror. 
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APPENDIX B 
TIME DEPENDENCE PERTURBATION THEORY 

A quantum system in the absence of any interaction can be described by the time-

independent Hamiltonian 

0 0 0 0ˆ
k k kH Eψ ψ=  (B-1) 

where E0
k and ψ0

k are the eigenvalues (energies) and eigenfunctions (wave functions) of H0. 

When a time-dependent perturbation is applied to the system, the time dependence wave function 

evolution is expressed by the time-dependent Schrödinger equation 

Ĥ
i t

∂ Ψ
− = Ψ

∂
h  . (B-2) 

Here, H is the total Hamiltonian and contains both the unperturbed and the perturbation 

operators. Thus, 

0ˆ ˆ ˆH H H ′= + . (B-3) 

Assuming no perturbation, the time-dependent Schrödinger equation is 

0Ĥ
i t

∂ Ψ
− = Ψ

∂
h  (B-4) 

0
k k

k
c ψΨ = ∑  (B-5) 

Since Ψ can always be expressed in the complete basis set of ψ0
k  

0

0 0 0 0ˆ
k k

k
k k k k k

k k

c
H c E c

i t

ψ
ψ ψ

∂
− = =

∂

∑
∑ ∑h . (B-6) 

Projecting this equation in the basis set of ψ0
k 

0 0

0 0 0
k k k

k
k k k k

k

c
E c

i t

ψ ψ
ψ ψ

∂
− =

∂

∑
∑h  (B-7) 
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0
k

k
k k

k

c
E c

i t

∂
− =

∂

∑
∑h . (B-8) 

This differential equation can be solved for each coefficient individually 

( ) ( )0expk k kc t c iE t= − h . (B-9) 

Replacing this result in equation B-5, we obtain 

( ) ( ) ( )0 0 0expk k k k k
k k

t c t c iE tψ ψΨ = = −∑ ∑ h . (B-10) 

Now the Schrödinger equation with the perturbation is 

( ) ( )
( ) ( )

0 0

0 0
exp

ˆ exp
k k k

k
k k k

k

c t iE t
H c t iE t

i t

ψ
ψ

∂ −
− = −

∂

∑
∑

h
h

h . (B-11) 

Note that because the Hamiltonian is time-dependent, the state function will evolve with 

time and the coefficients of the linear combination have to evolve with time, too.  

Equation B-11 can be simplified to 

( ) ( ) ( ) ( )0 0 0 0ˆexp expk
k k k k k

k k

c t
iE t c t iE t H

i t
ψ ψ

∂
′− ∂ − = −

∂∑ ∑h
h h . (B-12) 

Again projecting in the complete basis set ψ0
k 

( ) ( ) ( ) ( )0 0 0 0ˆexp expk
k mk k k m k

k k

c t
iE t c t iE t H

i t
δ ψ ψ

∂
′− ∂ − = −

∂∑ ∑h
h h . (B-13) 

Since δmk is 1 when k is equal to m, the sum of the left side reduces to 

( ) ( ) ( )( )0 0 0 0ˆexpm
k m k m k

k

c t i c t i E E t H
t

ψ ψ
∂ − ′= −

∂ ∑ h
h

. (B-14) 

Thus the Nth order solution is 

( ) ( ) ( ) ( ) ( )( )
1

0 0 0 0ˆexp
N

Nm
m m k m k

k

c t i c t i E E t H
t

ψ ψ
+∂ − ′= −
∂ ∑ h

h
. (B-15) 
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Assuming that the system is unperturbed in a state ψ0
i  before the perturbation, the solution 

of these equations are, 

( ) ( )0
m mkc t δ=  (B-16) 

( ) ( ) ( )( ) ( )1 0 0 0 0ˆexp
t

m m k m k
ic t i E E t H t dtψ ψ

−∞

− ′ ′ ′ ′= −∫ h
h

 (B-17) 

( ) ( ) ( )( ) ( ) ( ) ( )2 10 0 0 0ˆexp
t

m m n m n n
n

ic t i E E t H t c t dtψ ψ
−∞

− ′ ′ ′ ′ ′= −∑ ∫ h
h

. (B-18) 

Then the second order time dependent perturbation theory coefficient is 

( ) ( ) ( ) ( ) ( ) ( )2
2

1 exp exp
t t

m mn mn nk nk
n

c t i t H t i t H t dt dtω ω
−∞ −∞

− ′′ ′′ ′ ′ ′ ′′= ∑ ∫ ∫h
 (B-19) 

where 

( ) ( )0 0ˆ
ij i jH t H tψ ψ′=  (B-20) 

( )0 0
ij i jE Eω = − h . (B-21) 

For an ultrafast laser field, the perturbation is expressed as 

( ) ( )ˆ
i iH t Q x E t′ = . (B-22) 

Thus, replacing the perturbation on the second order coefficient, the following expression 

is obtained  

( ) ( ) ( ) ( ) ( ) ( )2
2

1 exp exp
t t

m fn ng mn nk
n

c t E t E t i t i t dt dtμ μ ω ω
−∞ −∞

− ′ ′′ ′′ ′ ′ ′′= ∑ ∫ ∫h
. (B-23) 
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APPENDIX C 
PARTIAL LEAST SQUARES 

Partial least squares, PLS, is a multi-dimensional linear regression. Like any linear 

regression, partial least squares describes the relationship between the variable predictor, X, and 

variable response, Y, so that,  

=Y XB+F  (C-1) 

where B represents the matrix of regression coefficients, and F the residual matrix. Like 

principal component analysis, partial least squares is a matrix orthogonal linear transformation, 

which relies on diagonalizing the X matrix, or its covariance matrix, to extract a new orthogonal 

basis set based on its variance. Each eigenvector (latent variable) in the basis set is a linear 

combination of the independent variables, xi. As any basis set, the latent variables do not have 

correlation among them. Therefore, X is decomposed in, 

 T=XW  (C-2) 

Here, T and W are matrices containing the collective variable coefficients and their 

weight, respectively. T elements are selected such that they represent good approximations of X 

and Y. 

′=X TP +E  (C-3) 

′=Y TC +F  (C-4) 

Here, the regression coefficients of P’ and C’ are calculated so that they make the matrices 

E and F small. 

Y = XWC' + F = XB + F  (C-5) 

However, unlike other multilinear regression methods such as principal component 

regression, PLS finds the minimum number of independent variable sets by including the 

covariance structure between X and Y in the calculation of the weight matrix, W. In other words, 
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the criteria for selecting latent variables not only includes the maximization of the explained 

variance in the independent variable data, X, but also the maximum possible correlation with the 

dependent variables, Y. Hence, partial least squares as multivariate data analysis models 

dependent variables, Y, in terms of a set of independent variables, xi, with the maximum 

correlation with Y.  

Topologically, this represents a projection of the nth-dimension of the laser 

parameterization to a hyper-plane with N dimensions (or N latent variables) in such a way that 

the projection coordinates are good approximations of the molecular response. In other words, 

latent variables are a new set of coordinates in the independent variable space, where the 

projection of the actual xi components points to the direction with maximum correlation with the 

values of Y (Figure C-1, d vector).  

 

Figure C-1. Geometrical representation of partial least squares model. 
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APPENDIX D 
PARTIAL LEAST SQUARES ANALYSIS RESULTS 

Partial Least Squares Regression for The Autocorrelation Evolution 
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Figure D-1. A) Variance explained by each latent variable. B) Cumulative variance explained. 
Autocorrelation model (Blue bars). Fitness model (red bars). 
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Figure D-2. A) RMSE error and B) Linear correlation (R2) for the fitness model versus the 
number of latent variables used in the model. Autocorrelation model (Blue bars). 
Fitness model (red bars). 
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Figure D-3. Error of the fitness model: A) Linear correlation and B) Chi square. 
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Figure D-4. Chi square error of the autocorrelation model. 
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Figure D-5. Autocorrelation latent variables: A) First and B) Second. 
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Figure D-6. Autocorrelation latent variables: A)Third and B) Forth. 
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Figure D-7. Fitness (blue line) and PLS linear model (green line). A) With one latent variable. B) 
With two latent variables. 
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Figure D-8. Fitness (blue line) and PLS linear model (green line). A) With three latent variables. 
B) With four latent variables. 

Partial Least Squares Regression for the Spectral Evolution 
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Figure D-9. A) Variance explained by each latent variable. B) Cumulative variance explained. 
Spectral model (Blue bars). Fitness model (red bars). 
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Figure D-10. A) RMSE error and B) Linear correlation (R2) for the fitness model versus the 

number of latent variables used in the model. Spectral model (Blue bars). Fitness 
model (red bars). 
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Figure D-11. Error of the fitness model: A) Linear correlation and B) Chi square. 
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Figure D-12. Chi square error of the spectral model. 
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Figure D-13. Spectral latent variables: A) First and B) Second. 
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Figure D-14. Spectral latent variables: A) Third  and B) Forth. 
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Figure D-15. Fitness (blue line) and PLS linear model (green line). A) With one latent variable. 
B) With two latent variables. 
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Figure D-16. Fitness (blue line) and PLS linear model (green line). A) With three latent 
variables. B) With four latent variables. 

Partial Least Squares Regression for the Phase Evolution  
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Figure D-17. A) Variance explained by each latent variable. B) Cumulative variance explained. 
Phase model (Blue bars). Fitness model (red bars). 
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Figure D-18. A) RMSE error and B) Linear correlation (R2) for the fitness model versus the 
number of latent variables used in the model. Phase model (Blue bars). Fitness model 
(red bars). 
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Figure D-19. Error of the fitness model: A) Linear correlation and B) Chi square. 
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Figure D-20. Chi square error of the phase model. 
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Figure D-21. Phase latent variables: A) First and B) Second. 
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Figure D-22. Phase latent variables: A) Third and B) Forth. 
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Figure D-23. Fitness (blue line) and PLS linear model (green line). A) With one latent variable. 
B) With two latent variables. 

20 40 60 80 100 120 140 160 180 200

0.7

0.8

0.9

1

1.1

1.2

Generation

Fi
tn

es
s 

(a
rb

. u
ni

ts
)

A 20 40 60 80 100 120 140 160 180 200
0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

Generation

Fi
tn

es
s 

(a
rb

. u
ni

ts
)

B 

Figure D-24. Fitness (blue line) and PLS linear model (green line). A) With three latent 
variables. B) With four latent variables.
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APPENDIX E 
SPATIAL LIGHT MODULATOR CHARACTERIZATION 

 

 

 

 

Figure E-1. Spatial light modulator mask pixel inhomegeneity for mask 1 at level 4095 and mask 
2 and level 600. 
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Figure E-2. Spatial light modulator mask pixel inhomegeneity for mask 1 at level 600 and mask 
2 and level 4095. 
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Figure E-3. Spatial light modulator mask pixel inhomegeneity for mask 1 at level 3500 and mask 
2 and level 4095. 
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Figure E-4. Spatial light modulator mask pixel inhomegeneity for mask 1 at level 4095 and mask 
2 and level 3500. 
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Figure E-5. Spatial light modulator mask pixel inhomegeneity for mask 1 at level 4095 and mask 
2 and level 4095. 
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