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ABSTRACT 

 

The SPECIFIC method a fast and accurate method for generating shaped 

femtosecond laser pulses.  The femtosecond pulses are user specified from pulse 

parameters in the temporal domain.  The measured spectral and recovered temporal phase 

and amplitudes from SEA TADPOLE are compared with the theoretical pulse profile 

from the user specified input.  The SPECIFIC method has been shown to be a technique 

that can generate a diverse array of spectral/temporal phase and amplitude as well as 

polarization pulse shapes for numerous scientific applications.   

The spatio –temporal –spectral properties of focusing femtosecond laser pulses 

are studied for several pulse shapes that are important for non-linear spectroscopic 

studies.  We have shown with scanning SEA TADPOLE that the spatio-spectral phase of 

focusing double pulse profile changes across the laterally across the beam profile.  The 

spectral features of the sinusoidal spectral phase shaped pulse has been shown to tilt at 

with a changing angle away from the focus of the lens.    

Using spatio-spectral coupling, we have shown that multiple spatio-temporal foci 

can be generated along and perpendicular to the focusing direction of a femtosecond laser 

pulse.  The spatial position of the spatio-temproal foci is controlled optically.   

Using sinusoidal spectral phase modulated pulse trains fragment ion production 

from Benzonitrile parent molecule can be controlled.  A spectral transmission window 

perturbed the temporal pulse amplitudes resulting in fragment ion production dependent 

on spectral window position.  The spectral window ion production was shown to also be 

dependent on temporal phase sequence. 



v 
 

ACKNOWLEDGMENTS 

I would like to acknowledge Mateusz Plewicki for his technical, experimental, 

and theoretical support on most of the work within this dissertation.  I would also like to 

thank Mateusz for valuable discussions regarding a wide range of topics scientific and 

non-science related.  I would also like to thank Professor Robert Levis for taking me into 

his research group as an undergraduate which eventually lead to the work contained 

within.   

  



vi 
 

 

 

 

 

 

 

 

 

 

 

 

This work is dedicated to my parents 

for their love and support. 

  



vii 
 

TABLE OF CONTENTS 

 PAGE 

ABSTRACT ....................................................................................................................... iv 

ACKNOWLEDGMENTS ...................................................................................................v 

DEDICATION ................................................................................................................... vi 

LIST OF TABLES ...............................................................................................................x 

LIST OF FIGURES ........................................................................................................... xi 

 

CHAPTER  

1. INTRODUCTION ...................................................................................................1 

REFERENCES CITED ......................................................................................................26 

2. EXPERIMENTAL .................................................................................................32 

2.1 Overview ..........................................................................................................32 

2.2 Lasers ...............................................................................................................34 

2.3 Pulse shaper .....................................................................................................44 

2.4 Pulse Measurement ..........................................................................................46 

2.5 SEA TADPOLE ...............................................................................................54 

2.6 Strong fields .....................................................................................................59 

REFERENCES ..................................................................................................................65 

3. SPECIFIC: PULSE GENERATION AND CHARACTERIZATION ..................70 

3.1 Overview ..........................................................................................................70 

3.2 Introduction ......................................................................................................71 



viii 
 

3.3 Experimental ....................................................................................................81 

3.4 Parametric pulse generation .............................................................................83 

3.5 Phase and amplitude data .................................................................................87 

3.6 Polarization pulse shaping .............................................................................101 

3.7 Conclusion .....................................................................................................106 

ACKNOWLEDGEMENTS .............................................................................................106 

REFERENCES ................................................................................................................107 

4. SPATIAL COUPLING IN COMPLICATED PULSES ......................................111 

4.1 Overview ........................................................................................................111 

4.2 Introduction ....................................................................................................112 

4.3 Experimental setup.........................................................................................122 

4.4 Experimental results and discussion ..............................................................124 

      4.4.1 Spatio-temporal coupling in the double pulse experiment ...................124 

4.4.2 Spatio-spectral and spatio-temporal scan of the pi-step .......................138 

4.4.3 Spatio-temporal coupling for multi-pulse trains, sine phase          

modulation  ...........................................................................................142 

4.5 Conclusion .......................................................................................................151 

ACKNOWLEDGMENTS ...............................................................................................152 

REFERENCES ................................................................................................................153 

5. CONTROLLING THE FOCUSING CONDITIONS OF ULTRASHORT 

LASER PULSES .................................................................................................158 

5.1 Overview ........................................................................................................158 

5.2 Introduction ....................................................................................................159 

5.3 Experimental setup.........................................................................................167 

5.4 Data and analysis ...........................................................................................169 

5.4.1 Characterization of temporal focusing  .................................................169 



ix 
 

5.4.2 Two pulses ............................................................................................176 

5.4.3 Two pulses with opposite second order phase ......................................182 

5.4.4 Three foci ..............................................................................................187 

5.5 Conclusion .....................................................................................................194 

ACKNOWLEDGMENTS ...............................................................................................194 

REFERENCES ................................................................................................................195 

6. ON THE CONTROL OF FRAGMENT ION PRODUCTION FROM 

DISSOCIATIVE IONIZATION 

6.1 Overview ........................................................................................................200 

6.2 Introduction ....................................................................................................200 

6.3 Experimental ..................................................................................................204 

6.4 Data ................................................................................................................209 

6.5 Results and Discussion ..................................................................................221 

6.6 Conclusion .....................................................................................................223 

REFERENCES ................................................................................................................225 

7. CONCLUSION ....................................................................................................229 

7.1 Conclusion .....................................................................................................229 

 

 

 

 



x 
 

LIST OF TABLES 

Table Page 

1. Spatial Coupling .....................................................................................................115 

2. Values employed in simulation...............................................................................135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

LIST OF FIGURES 

Figure Page 

2.1 Energy level diagram for lasers  ...............................................................................35 

2.2 Optical layout of femtosecond oscillator ..................................................................38 

2.3 Optical layout of chirped pulse amplifier. ................................................................40 

2.4 Optical layout of pulse shaper. .................................................................................44 

2.5 Pulse shaper calibration curves .................................................................................45 

2.6 Spectral interferometry diagram ...............................................................................48 

2.7 Autocorrelation diagram ...........................................................................................50 

2.8 FROG diagram ..........................................................................................................52 

2.9 SEA TADPOLE diagram..........................................................................................56 

2.10 Ion extraction ............................................................................................................59 

2.11 Ionization mechanisms .............................................................................................60 

2.12 Slit in ion extraction plates .......................................................................................61 

2.13 Intesity contour of focused laser beam .....................................................................62 

2.14 Coherent control closed loop ....................................................................................63 

3.1 SPECIFIC  ................................................................................................................84 

3.2 SEA TADPOLE measuring complex pulses ............................................................88 

3.3 Double pulse experiment ..........................................................................................90 

3.4 Double pulse different phases ...................................................................................93 

3.5 Triple pulse ...............................................................................................................96 

3.6 Triple pulse different phases .....................................................................................98 



xii 
 

3.7 Orthogonal double pulses .......................................................................................101 

3.8 3-d representation of orthogonal pulses ..................................................................104 

3.9 Colliding orthogonal pulses ....................................................................................105 

3.10 Double pulse elliptical ............................................................................................105 

4.1 Scanning SEA TADPOLE diagram ........................................................................125 

4.2 Theoretical double pulse .........................................................................................128 

4.3 Spatio-spectral-temporal scan of double pulse .......................................................128 

4.4 Theoretical spatial scan of double pulse .................................................................130 

4.5 Spectral analysis of double pulse spatial scan ........................................................133 

4.6 Theoretical spatio-spectral analysis of the double pulse ........................................133 

4.7 Spatio-temporal phase analysis of double pulse profile .........................................136 

4.8 Spatio-temporal-spectral scan of piphase step ........................................................140 

4.9 Spectral analysis of pi phase step ...........................................................................143 

4.10 Spatio-temporal phase analysis of pi phase step .....................................................144 

4.11 Spatio-temporal-spectral scan of sinusoidal spectral phase ....................................146 

4.12 Theoretical spatio-spectral-temporal sinusoidal pulse profile ................................148 

4.13 Spatio-spectral analysis of sinusoidal pulse shape .................................................149 

4.14 Theoretical spatio-spectral cross section of sine pulse shape .................................149 

4.15 Spatio-temporal phase analysis sine pulse ..............................................................150 

5.1 Temporal focusing ..................................................................................................162 

5.2 Scanning SEA TADPOLE setup ............................................................................168 

5.3 Temporal focusing unshaped pulse .........................................................................172 

5.4 Temporal focusing unshaped spectral .....................................................................174 

5.5 Theoretical pulse profile: double pulse ...................................................................177 

5.6 Spatio-temporal profile: double pulse.....................................................................177 



xiii 
 

5.7 Transverse beam shift .............................................................................................179 

5.8 Spatio-spectral profile .............................................................................................183 

5.9 Theoretical double pulse profile: opposite phases ..................................................185 

5.10 Spatio-temporal profile: double pulse opposite phases ..........................................186 

5.11 Spatio-spectral profile: double pulse opposite phases ............................................188 

5.12 Theoretical triple pulse profile ................................................................................190 

5.13 Spatio-temporal profile: triple pulse .......................................................................191 

5.14 Spatio-spectral profile: triple pulse .........................................................................193 

6.1 Theoretical sinusoidal pulse profiles: different relative phases ..............................206 

6.2 Theoretical pulse profile with transmission filter ...................................................207 

6.3 Theoretical pulse profile with transmission filter blocking bluer wavelengths ......208 

6.4 Benzonitrile mass spectrum ....................................................................................209 

6.5 Fragment ion power dependence ............................................................................210 

6.6 Fragment ion signal dependence on filter position .................................................212 

6.7 Fragment ion signal dependence for one relative phase setting .............................214 

6.8 Measured pulse profiles and comparison with theoretical pulses...........................216 

6.9 Fragment ion signal dependence for a second relative phase setting .....................218 

6.10 Measured pulse profiles and comparison with theoretical pulses...........................220 

 

 

 

 

 

 



1 
 

CHAPTER 1 

INTRODUCTION 

 Creating and characterizing the composition of new and old substances is a 

primary directive of chemical science.  One of the first steps in creating new substances is 

initiating a chemical reaction by supplying energy to reactants to sever and reform 

chemical bonds.  Energy in the form of heat is traditionally used to initiate reactions by 

delivering (wet chemistry) heat energy to the ensemble of reactant molecules.  Heat 

produces excitation in the translation, vibrational, and rotational degrees of freedom of 

the ensemble and increases the free energy of the system (1).  With an increase in the free 

energy, through heating, the reaction can now surmount the first barrier in forming 

products.  In addition to heat, quantities affecting the bulk ensemble of molecules such as 

pressure and volume are adjustable parameters used to tune and drive preferential product 

formation(2).  However, chemical reactions directed in this manner, are almost always 

less than one hundred percent product selective because in addition to the main product 

channel (which may or may not be the desired product) energetically accessible side 

channels are excited with significant probability.  Reactions carried out with heat usually 

result in the fissure of the weakest molecular bonds and the desired product(s) are 

difficult to attain because of unwanted product channels are energetically competitive 

with desired products.  To increase the yield of wanted products methods are needed that 

can direct energy into each molecule where the quantum mechanical dynamics drive 

product formation.           
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 One avenue to controlling product formation is to break specific bonds in a 

molecule (3).  By breaking a specific bond with directed energy, laser light, may result in 

molecules that will be highly reactive where the bond was broken.  In principal the bond 

to be broken has to be vibrationally excited to initiate nuclear motion (4).  In theory each 

bond between atoms in a molecule has a characteristic vibrational frequency and 

providing laser light that is intense and central frequency set at the vibrational frequency 

of the bond will produce vibrational excitation of the bond and result in dissociation.  

Bond selective chemistry should enable the fissure of bonds that under statistical 

excitation conditions (heating) are difficult to break and result in low product yield.  

However, since the advent of lasers that possess fundamental frequencies in the 

vibrational energy region of most organic bonds, experiments investigating bond directed 

dissociation have been implemented.  

Lasers supply radiation to molecules with enough energy to breach the 

dissociation threshold through single and multiphoton absorption and has produced 

systems with high levels of vibrational energy (5).  With monochromatic laser irradiation, 

the bandwidth of the laser spectrum spans the vibrational mode energy, single vibrational 

modes should be excited.  Single vibrational mode excitation resulting in bond selective 

fissure has been shown to be difficult to implement due to anharmonic coupling among 

normal modes in molecules (6-8).  When a molecule is excited to high vibrational states, 

the molecule itself acts in effect as a heat sink, where the vibrational energy of one mode 

leads to subsequent excitation of other normal modes in the molecule and the dissociation 

products are roughly similar to thermally excited unimolecular reaction.  The efficiency 

of the energy redistribution process has been shown to be dependent on the coupling 
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constants between vibrational modes and the difference in energy of the modes 

participating in the redistribution process.  The process of energy redistribution in 

molecules has been termed intamolecular vibrational energy redistribution.     

 Short pulse excitation was determined to be a requirement to single vibrational 

mode excitation (9-12).  For example in a simple case where we model the molecular 

system with two molecular Eignestates, each of the Eigenstates can then be defined as 

superposition of two normal modes of the molecule (4).  With short pulse laser irradiates 

the bandwidth of the laser should span multiple molecular Eigenstates where this 

configuration permits excitation of non-stationary states and single mode excitation 

becomes possible.  If a narrowband laser is used, where the coherence time of the laser is 

much longer than the inverse Rabi frequency, excitation of one eigenstate occurs and 

stationary mixed states are formed.  Narrow band laser irradiation will not result in 

excitation of one vibrational mode (13, 14).        

 The principals of single vibrational mode excitation have been demonstrated 

using picosecond pump and fluorescence probe spectroscopy.  In this example anthracene 

was prepared with a 1420cm
-1

 central frequency picosecond pump pulse in the S1 

electronically excited state using picosecond UV laser pulses.  Using the delayed probe 

laser, the laser induced fluorescence (LIF) from the decay of population in the 1420cm
-1

 

mode and a coupled mode was monitor as a function of delay and wavelength (6, 7).   

Out of phase oscillations in the measured laser induced fluorescence from mode |a> and 

|b> were observed, where the oscillation frequencies of the LIF and theoretical prediction 

(2Vanh/hbar) closely agreed.  The out of phase nature of the LIF signal oscillation 

demonstrates that the laser prepares certain modes through the anharmonic coupling and 
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coherence width of the laser.  The bandwidth of the laser excited multiple molecular 

Eigen states which evolve as a function of time, with an appropriately delayed probe 

pulse the molecule was observed in either the a or b state.  The use of delayed pulses was 

implemented to control the flow of energy between two vibrational modes of the 

molecule demonstrating that dissociation control could be implemented with a time 

domain approach.  Furthermore, controlling the excited state amplitude is crucial step to 

controlling energy flow.          

Controlling the final state population in the context of vibrational excitation is a 

key step to controlling bond selective photodissociation.  In addition to the time domain 

approach as previously discussed the spectral components of the laser are important in 

multiphoton absorption and can be manipulated to control the excited state population 

(15, 16).  Control of laser induced fluorescence intensity from atomic rubidium was 

accomplished through the control of excited state population transfer by manipulating the 

interference of multiple paths from the ground to the excited state (17).  To determine if 

an atom or molecule will absorb one photon one needs to consider several pulse 

parameters.  The first is the bandwidth of the excitation pulse and the pulse duration.  The 

bandwidth determines the span of photon energies the atom can absorb and the pulse 

which is controlled by the second order spectral phase determines the time ordering of the 

spectral components.  For single photon excitation the excited or upper state population 

transfer from multiphoton absorption is determined solely by the amplitude of the electric 

field.  For absorption of more than one photon, based on equation 6 in ref 10, spectral 

intensity and phase become important factors in transfer of population to the excited 

state.  For two photon absorption, the carrier frequency of the laser is exactly half the 
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transition energy and two photons add coherently to drive population to the upper excited 

state.  However, what is rarely considered is that photons of unequal length or pairs of 

photons with slightly different energies within the spectrum of the laser can also add to 

equal the transition energy.  When the spectral phase is flat all frequencies coherently add 

together and maximum population transferred is achieved.  In most cases, spectral phase 

continuous phase functions other than flat phase will be less efficient at transferring 

population to the excited state.  However, discontinuous spectral phase functions will 

produce deconstructive interference in the population transfer phase term (equation 6 ref 

10) for n>1 photon excitation generating transform limited population transfer efficiency.   

 To produce multipath interference during multiphoton absorption a step spectral 

phase function is generated with a Gaussian laser spectrum (18).  In the time domain a 

step function spectral phase with Gaussian spectra results in a temporally elongated 

double pulse like structure.  In principal, this temporal pulse structure because it is longer 

and less intense than the transform limit should produce less population transfer to the 

excited or upper state of the system.  However, when the spectral phase step is positioned 

or scanned across the spectral bandwidth, certain positions on either side of half the 

transition frequency (carrier frequency of the laser spectrum) results in no net absorption 

of photons with the observed result of no laser induced fluoresence (in the case of 

rubidium atoms).  In addition, at certain positions around the carrier frequency a region of 

near transform limited level of excitation can occur despite the longer pulse duration.   

 To test these theoretical principals rubidium atoms were irradiated with 800nm 

ultrashort laser pulses (15-17).  Rubidium has an electronic transition at approximately 

400nm, which is twice the carrier frequency of the 800nm central frequency of the laser.  
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Using pulses with an intensity of about 10
12

 W/cm
2
 lead to two photon absorption.  The 

ultrashort Gaussian laser spectrum was spectral phase shaped where a pi phase step was 

scanned across the bandwidth of the laser spectrum.  After Rubidium atoms are excited 

with two photons of 800nm the excited state decays to an intermediate state of lower 

energy and the intermediate state the population decays further to the ground via 

fluorescence at 600nm.  The pi spectral phase step programmed at different locations in 

the Gaussian laser spectrum change the laser population transfer to the excited and thus 

the intensity of the fluorescence from the intermediate state.  At different spectral 

positions of the pi phase step the laser induced fluorescence was shown to approach zero 

and transform limited pulse values.   

To understand how spectral phase steps controls two-photon absorption, one 

needs to examine the effect of the spectral phase step on the shape and amplitude of the 

second harmonic spectrum of the laser which in the case of rubidium atom is the two 

photon absorption frequency (17).  Calculations show that a pi spectral phase step 

changes the shape (spectral intensity profile) of the second harmonic spectrum of the 

laser.  When the pi spectral phase step is position in the spectrum of the laser where no 

laser induced fluorescence is produced by the rubidium atoms, the resulting shape of the 

second harmonic of the laser spectrum is Gaussian like with the central frequency of the 

spectrum shifted to shorter wavelengths.  For a pi phase step in this spectral configuration 

no laser induced fluorescence is a consequence of the phase step positioned in the 

spectrum, resulting (no laser induced fluorescence) in no second harmonic intensity 

around the narrow absorption line for rubidium at 400nm (the center of the second 

harmonic of the laser).  In addition, when the spectral phase step is positioned in the 
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center of the laser spectrum the laser induced fluorescence intensity approaches levels 

observed for transform limited pulses.  The result of which is due to the pi spectral phase 

step reshaping the second harmonic laser spectrum where the full intensity of the central 

wavelength of the second harmonic spectrum is centered at the two photon transition 

frequency.  Multipath interference has been shown to control weak field processes in 

atoms and extensions of these principals have been achieved for activating specific 

vibrational Raman modes in molecules.  Extending the principals of quantum interference 

to produce excitation of specific Raman active vibrational modes could in principal lead 

to bond specific dissociation as originally envisioned.   

Multiphoton multipath interference has been shown to excited specific Raman 

active modes which can be accessed with the bandwidth of the laser spectrum (19).  

Excitation of specific Raman modes was achieved with complex spectral phase patterns.  

To understand why specific Raman modes are excited with complex spectral phase 

patterns on must examine the Fourier transform of the electric field squared which for a 

Gaussian laser spectrum results in three frequencies.  The positive and negative high 

frequency peaks (on the positive and negative ends) are responsible for generating two 

photon transitions to an excited state or to drive two photon transitions to a lower state of 

the system.  A low frequency component of the electric field squared is responsible for 

driving two-photon Raman processes, where one photon excites to a virtual state and the 

second photon drives the excitation down to a lower real state.  The lower energy gap 

between the two states is within the bandwidth of the laser spectrum and on the order of 

vibrational frequencies of most organic molecules (depending on the bandwidth of the 

laser).    For a given Raman frequency Ω and a spectral amplitude |E(w)|, the excitation 
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amplitude is maximized when the phase all the two photon paths leading to the Ω level 

are constant.  Therefore, an Ω periodic phase function will produce a population 

amplitude of the Raman state compared to the transform limited value. To create the 

necessary Ω periodic phase function the spectral phase of the Gaussian laser spectrum is 

shaped with a sinusoidal phase function where the period of the sine is Ω
-1

 or the 

vibrational period of the Raman mode.  

Impulsive Raman excitation of specific vibrational modes can be viewed in the 

time domain.  For an impulsive excitation the pulse duration of the electric field needs to 

be on the order or shorter than the vibrational period of the vibrational mode to be excited 

(20).  Nelson and Weiner demonstrated that a pulse train is an efficient way of generating 

impulsive Raman excitation in molecules (21).  The advantage of using a multipulse 

sequence is the non-resonant signal produced during Raman excitation is reduced.   

The pulse train scheme has been shown a valuable method for producing selective 

vibrational mode excitation through the impulsive Raman process CARS (22).  In this 

example, the experiment was conducted with pure liquids and the high frequency end of 

the excitation spectrum is block so that the CARS signal can be observed.  To observe the 

selective excitation of vibrational wavepackets a sinusoidal spectral phase was imparted 

to the excitation spectrum creating a temporal multipulse sequence.  As the period of the 

sinusoidal spectral phase increased the temporal delay between the sub pulses in the 

multipulse sequence increased simultaneously.  The CARS signal intensity as a function 

of interpulse delay was recorded for a set of organic molecules.  For each molecule, a 

different periodic CARS signal intensity was observed as a function of interpulse delay.  

Upon Fourier transform of the temporal signal, several peaks are uncovered in the 300-
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1000cm
-1

 energy region, corresponding to Raman vibrational modes from each molecule.  

This single beam method of coherent excitation of individual Raman vibrational modes 

has demonstrated that coherent control methods can be used in the weak field to excite 

specific vibrational modes of molecules.  As intended with the Zewail et. al. experiments 

single beam coherent control methods could be used to produce bond selective 

dissociation.  One obstacle to this goal is producing pulses strong enough to induce 

dissociation.  These pulse are available in the strong field régime of which several realms 

exist and delineated based on ionization mechanism.   

 The progress achieved with selective vibrational mode excitation provides solid 

foundation to enable bond selective dissociation.  The step after exciting a specific 

vibrational mode is providing enough energy to the molecule so that the nuclei separate 

completely.  For diatomic molecules the dissociation threshold for the ground electronic 

state lies several electron volts above υ0 (ground vibrational state).  The energies required 

to reach the dissociation threshold in this case would require in general a single deep uv 

photon or absorption of several IR photons through multiphoton absorption (23).  The 

intensity needed to absorb multiple IR photons to breach the dissociation threshold would 

then be on the order of 10
12

-10
13

W/cm
2 

(24).  In this intensity regime ionization of the 

molecule would occur through multiphoton or tunnel ionization which mechanism is 

contingent upon pulse and molecular factors.  Thus highly reactive radical cations are 

created with the absorption of several IR photons which can lead to dissociative 

ionization (25, 26).  The use of ultrashort (<100 fs) strong field (>10
12

 W/cm
2
) pulses is a 

newly developed area of molecular science and their use is important in selective photo 

dissociation.       
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Using pulses with intensities on the order of >10
12

W/cm
2
 will first result in 

ionization of atoms and molecules in the focal volume of the laser (27, 28).  Pulses with 

intensities >10
12

W/cm
2
 the strong field regime of photophysics, is the absorption of n 

number of photons.  Three dominant ionization mechanisms can be reached in the strong 

field régime depending on the intensity inside the focal volume of the laser and the 

absorbing system.  Multiphoton ionization, occurring at approximately 10
12

-10
13

 W/cm
2
 

results in absorption of n photons breaching the ionization potential and liberating an 

electron from the atom or parent molecule (29).  In many cases an excess number of 

photons beyond the ionization potential can be absorbed by the electron where the excess 

energy is transferred to the kinetic energy of the photoelectron (30).  Multiphoton 

ionization can be observed through the photoelectron kinetic energy, where the kinetic 

energy of the observed photoelectrons are positioned in time of flight space at discrete 

whole integer number of excess absorbed photons above the ionization threshold.  Above 

threshold ionization has been observed in molecules and atoms.   

The second region of ionization 10
13

-10
14

W/cm
2
 is called tunnel ionization.  

Tunnel ionization begins with the absorption of n photons and distortion of the 

Coulombic potential barrier (31).  Because the intensity of the laser is relatively high at 

the beginning part of the electric field oscillation enough intensity is available for the 

absorption of several photons placing the system in an excited state.  Simultaneously, the 

intense electric field of the laser pulse suppresses the binding Coulomb potential (in this 

case atomic potential).  The intensity of the electric field dictates the extent the Coulomb 

barrier is supressed.  A suppressed Coulomb potential now provides the excited electron 

with a finite potential barrier (before the barrier was infinite), an electron in the vicinity 
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of a finite potential barrier will have a finite probability to tunnel through to the 

continuum.  The parameter which most influences the tunneling current or the rate of 

tunnel ionization is the intensity of the laser (which determines the area of the Coulomb 

barrier the electron has to tunnel through).  Tunnel ionization can be observed with 

conventional photoelectron spectroscopy and the signature of tunnel ionization in the 

photon electron spectra is typically a smooth decreasing distribution of kinetic energies.  

The distribution of photo electrons or energy spectrum of photo electrons is the result of 

the ionization time of each electron driven by the electric field oscillation.  Another 

indicator to the presence of tunnel ionization is generation of high harmonic radiation, 

where high harmonics are the generation of odd integer visible though deep UV photons.   

Through the Simple Man model of high harmonic generation, without tunnel ionization 

high harmonics cannot be generated.                   

When focal intensities reach above (approximately) 10
14

W/cm
2
 over the barrier 

ionization dominants where the barrier to ionization is suppressed below the excited state 

of the electron.  With no barrier to suppress the flow of electrons, the electric field drives 

electrons into the continuum with little to no resistance. 

Strong field multiphoton or tunneling ionization of the first electron occurs within 

the pulse duration of the electric field (29).  Dissociation of molecules in many cases 

proceeds after the formation of the parent molecular ion.  Strong field dissociation can 

proceeded to completion through several mechanisms.  In the first case the parent ion 

becomes highly charged through successive ionization events and non-adiabatic 

excitation of electronic states.  In this scenario, highly charged regions of the parent ion 

repel each other resulting in Coulomb explosion and the release of charged fragment ions 
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with high kinetic energies (32).  Bond softening (hardening) is another strong field 

dissociation mechanism where the potential energy surfaces of the molecule change after 

being dressed by the photons of the field (33).  Field dressed potential energy surfaces 

can increase or decrease the threshold for photo-dissociation.  Above threshold 

dissociation, another dissociation mechanism, results from integer number of photons 

from the field are absorbed above the dissociation threshold.  Above threshold 

dissociation can be observed through high kinetic energy atomic constituents.  The 

quantum mechanics of these processes is quite complex and nebulous due to the complex 

coupling of the degrees of freedom of the molecule with the photon states of the electric 

field.  Therefore bond selective dissociation schemes involving, for example, multipulse 

sequences with engineered spectral phases to initiate nuclear motion along a bond cannot 

be numerically or analytically calculated a priori due to the complex interaction with the 

high electric field.        

 The Hamiltonian for the interaction of an intense electric field and the quantum 

mechanical landscape of a molecule is complicate and many of the parameters are 

unknown(34).  To circumvent the difficulty of knowing the exact Hamiltonian for 

calculating dissociation pulses, learning algorithms were employed to optimize the 

spectral phase, amplitude and polarization of the electric field (35).  The learning 

algorithm is comprised of several important components which enable it to mimic the 

natural evolutionary process.  The major components or subroutines of the genetic 

algorithm are cloning, mutation, selection, and crossover.  In many cases of genetic 

algorithms for coherent control a generation is initiated from a random subset of laser 

pulses with randomly shaped spectral phases and amplitudes (polarization as well in 
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some cases) (36).  A generation of the genetic algorithm can be viewed as one full round 

of cloning, mutation, selection, and cross over.  The random pulses are graded or judged 

on how close the pulse reaches the final goal.  The judging criterion or fitness function 

has many formulations.  

 In the general case of bond selective dissociation, the ratio of peak areas (mass 

ion fragment) in the time of flight mass spectra serves as the fitness function.  The fitness 

is then judged on a pulse by pulse basis where a particular pulse’s fitness is tagged to that 

pulse.  The process of selection uses the fitness criterion as a probability weighting factor 

when choosing a subset of the population of a generation to pass their genetic makeup 

through the cloning, mutation, and cross over operations.     

 In the case of cloning the fitness criterion determines the probability that a laser 

pulse shape will be cloned and used in the next generation.  Cloning in an evolutionary 

sense is sending an identical copy of an individual in the population of a generation onto 

the next generation without any changes.  Cloning is important for evolutionary 

algorithms because this operation allows for superior individuals in a generation to 

evolve further in subsequent generations.   

 Mutation is another critical genetic algorithm operation.  Mutating an individual 

in a generation entails inserting random variations into parts of the individual’s genetic 

material so that the resulting offspring (pulse shape) contains mostly the original parent’s 

genetic material with some variations.  Depending on the mutation operation, the degree 

to which the mutation varies the child from the parent can be pre-programmed.  Mutation 

introduces random genetic material into subsequent generations, where there is a 
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probability that the genetic material of the child may not at first producing a more fit 

individual but could through successive generations.  Crossover is a similar operation to 

mutation however; this operation is more akin to reproduction from two parent 

chromosomes or pulses.  With the crossover operation two parents in the generation are 

choose and pieces of their genetic material are crossed or re-connected to create the child.  

In the case of creating optimal pulses, the algorithm divides the two parent pulse shapes 

in half at the central frequency of the laser and recombines them to create the child or 

new pulse shape.  Through the implementation of these genetic operations and several 

generations the fitness criterion can be optimized to a maximum value(s). 

 The experimental scheme for generating optimal pulses with genetic algorithms 

comprises two components in a novel series of experiments termed closed loop control 

(37).  The closed loop consists of a feedback from the experiment on the success of each 

pulse created by the genetic algorithm (38).  The first step in the closed loop experiment 

is the generation of random pulses by the pulse shaper.  The pulse shaper is one of the 

key pieces that enables optimal pulse searching and the device will described later.  For 

closed loop experiments in search of optimal pulses for bond selective dissociation, the 

random pulses generated by the pulse shaper and GA are typically directed into a time of 

flight mass spectrometer (39).  The interaction of the strong field pulses generates ions 

and fragments ions from neutral molecules in the focus of the laser inside the chamber.  

The mass spectrum of fragment ions created during the interaction of the shaped laser 

pulse with neutral molecules in the focus is analyzed by the algorithm.  The algorithm 

analyzes the mass spectrum as follows (in one general case), two ion fragments peaks 
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from the mass spectrum are integrated by the computer and the fitness function of the 

algorithm attempts to increase the area of one fragment ion versus another. 

  Several experiments have been conducted to demonstrate the principal of optimal 

pulse shaping to achieve bond selective dissociation (40).  Recently, a genetic algorithm 

with control of the spectral phase and amplitude of the laser pulse, found optimal pulse 

shapes which preferentially enhance fragment ion production (41).  Enhancement in ion 

fragment production was attributed to cleavage of specific bonds in amino acid 

complexes.  The optimal pulses generated by the genetic algorithm were characterized 

through the XFROG technique.  Optimal pulses created during genetic algorithm 

optimization, generally showed several common pulse characteristics these 

characteristics are noticeable in the temporal pulse structure.  The XFROG traces of the 

optimal pulses all contained a characteristic triple pulse structure.  In addition, the triple 

pulse structure had reproducible delay spacing.  The triple pulse structure with temporal 

delay spacing was attributed to the characteristic temporal spacing for impulsive Raman 

excitation of Raman vibrational modes.  The pulse delay spacing matches the vibrational 

period of Raman active modes of the amino acid complex.  Despite the correspondence to 

the period of Raman modes the genetic algorithm optimization of pulse shapes in general 

lack mechanistic information.  Furthermore the optimal pulses typically contain complex 

spectral phase and amplitude structure making them difficult to measure.  The pulse 

shaper, with freedom to manipulate 128 discrete portions of the spectral phase and 

amplitude from zero to 2pi radians of phase space allows the genetic algorithm the ability 

to produce complex pulse shapes.   
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 To understand how the optimal pulses are generated one must examine the pulse 

shaper device. The pulse shaper is comprised of a 4-f dispersionless compressor with a 

spatial light modulator placed in the Fourier plane of this compressor (42).  The spatial 

light modulator is a device comprised of a 128 100μm wide liquid crystal elements.  The 

liquid crystal elements, depending on the voltage applied, can retard the angularly 

dispersed electric field of the laser.  If the voltage response of the liquid crystals is known 

as a function of wavelength then programming specific phase patterns becomes possible 

for use in in spectroscopy, non-linear optics, and microscopy.  In addition to 

manipulating the spectral components of the pulse the relative phase between the x and y 

component of the electric field can be delayed creating pulses with pre-determined and 

complex polarization profiles.  

Because the spatial light modulator manipulates the spectral amplitude and phase 

in the spatial domain, complex evolution of the pulse in the space and time domain 

occurs (43).  Evolving pulse shapes can be potentially detrimental to experiments where a 

specific pulse profile interacts with a system of interest.  In many cases as for example 

bond selective cleavage, complex phase, amplitude, and polarization profiles probe the 

molecules in the focus of the laser pulse.  Due to coupling in the space and time domain 

of the pulse profile caused by the pulse shaper complex pulse profiles are created along 

the focusing direction of the laser propagation direction (44).  Complicated longitudinal 

pulse profiles can lead to additional or unwanted pulse shapes interacting with the 

samples in and around the focus of the experiment.  Changing pulse profiles as a function 

of position has been termed spatio-temporal coupling.   
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 Femtosecond pulse profiles can be satisfactorily characterized through the 

intensity dependence of the pulse in the temporal domain using common pulse 

measurement techniques.  However, distortions from many common optical elements can 

introduce a spatial dependence on the pulse profile in the time and spectral domain as in 

the case of the pulse shaper.  Several common spatio-temporal couplings have been 

investigated recently (44).  One of the major consequences of understanding spatio-

temporal coupling is that laser pulses quite often need two dimensional characterization, 

the spatial and temporal domain (45).   Two domains are required to fully describe the 

pulse profile and altogether there are four equivalent domains to describe the laser pulse: 

space-time, space-frequency, angular frequency spatial frequency, and spatial frequency-

time.  Optical elements such as prisms and gratings common in pulse compressors can 

cause spatial coupling in femtosecond laser pulses.  Gratings and prisms introduce 

angular dispersion into the laser beam where angular dispersion separates the colors in 

the laser bandwidth.  The separation of frequency components cause by angular 

dispersion from a diffraction grating is the result of interference of the grooves on the 

grating surface and the laser light.  The position of the far field constructive interference 

pattern, which makes up the diffraction orders, is dependent on the wavelength of the 

incident light.  Angular dispersion can be understood by examining a two dimensional 

representation of the angular frequency and spatial frequency domain (44).  Close to the 

grating surface another type of spatial-temporal coupling becomes important, spatial 

chirp.  Spatial chirp is the spatial separation of the frequency components of the laser 

pulses bandwidth.  Spatial chirp is typically characterized in the frequency versus space 

domain where the compliment pulse front tilt is a spatial and temporal distortion.  Pulse 
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front tilt can be easily understood when considering how a prism affects the spatial 

spectral content of the femtosecond laser pulse.  Due to the frequency dependent index of 

refraction the frequency components of the laser bandwidth travel through the prism 

material at different angles.  The path length of the frequency components depends on the 

different angles of refraction through the prism.  Due to the different path lengths redder 

colors take longer than bluer colors to emerge from the prism.  In the time domain the 

pulse front, the locus of amplitude maxima along the beam waist is tilted.  As one end of 

the pulse front emerges from the prism the other lag behind.  Another first order spatio-

temporal pulse effect in which the arrival time of the peak intensity is angularly 

dependent is known as time versus angle.  Most of the spatial couplings are deleterious to 

the quality of the femtosecond pulse as they can reduce the peak intensity, lengthen the 

pulse duration and increase the focal spot size.    

 Pulse shapers, which are a zero dispersion compressors with a spatial light 

modulator inserted into the Fourier plane can from misalignment of the optics introduce 

spatial coupling in the laser beam (46).  However, the act of pulse shaping with the 

discrete liquid crystal array of the spatial light modulator will introduce unique spatial 

coupling in the beam.  Spatial coupling introduced by the pulse shaper is unique because 

this type of spatial coupling evolves as the pulse propagates. Spatial coupling introduced 

by the liquid crystal array arises from the spot size of the angularly dispersed frequency 

components of the pulse bandwidth overlapping more than one liquid crystal in the 

Fourier plane.  When there is a jump in phase from one liquid crystal component to 

another, this action reduces the transmission of a portion of the focal spot of the 

frequency component and creates a non-uniform spot intensity distribution.  
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Recombination and elimination of all the angular dispersion and spatial chirp caused by 

the first pass off the grating depends on the spot size each of the frequency components 

of the laser bandwidth.  Incomplete recombination of the angular dispersion and spatial 

chirp resulting from reduced spot sizes relative to the input spot, will result in diffractive 

effects in the recombined beam.  Diffraction in the beam has the effect of changing the 

lateral shaped pulse profile in the longitudinal direction in the focus of a lens.  The 

diffractive effects from phase jumps of the liquid crystals are mapped to position in the 

focus of a lens, which results in variations in intensity through the longitudinal and lateral 

positions through the focus of a lens.  The effect of the spatial diffraction pattern on the 

pulse profile can usually result in several effects of the pulse profile.  The first is beam 

relaying where the entire beam at the output of the pulse shaper translates laterally 

(left/right) about a far field point away from the last grating.   

The second effect is realized in the transverse spatial and temporal domain.  If one 

programs the pulse shaper to produce two pulses delayed in time by an amount δ, if no 

spatial coupling was present in the beam at the transverse pulse profile versus time should 

increase for both pulses equally to the transverse focal position and trail off after the 

geometric focus.  However, in the presence of spatial coupling, the maxima of each pulse 

is shifted from the geometric focus.  This can be realized from the fact that the pulse 

shaper creates two pulses which are essentially relaying in the transverse beam coordinate 

independently of each other.  Therefore at the focus of the lens a mismatch occurs in the 

spatial focus of each pulse.  Diffractive effects in shaped pulses have been predicted to 

create deleterious effects in multiphoton absorption experiments (43).  In such a case 

where the nth order power spectral content is important for an n-photon absorption 
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process, the phase of frequency pairs contributes to the efficiency of population transfer 

to the excited state.  If the spectral content of a spatial position through the focus is 

altered then the positions through the focus will contain regions where control is achieved 

and regions where control cannot be achieved due to the non-constant spectral content in 

the focus.  Spatial coupling and non-uniform spectral content through the focus occuring 

where a coherent control experiment is conducted relative to the geometric focus is 

important to demonstrating the final control objective was achieved.   In order to 

characterize the pulse of the laser to insure that the experiment receives the pulse shape 

that has been designed to produce the desired control results, techniques which can 

characterize the complex pulse shape are required.  In light of the spatial variations 

possible with shaped pulses an additional requirement of spatial measurements of the 

spectral and temporal pulse profile across the beam front should enable complete 

characterization of the pulse.  

For many years pulse characterization has been accomplished through 

autocorrelation (47).  However, autocorrelation does not provide enough detail about the 

pulse structure.  Laser pulses can be characterized in two domains temporal or spectral.  

Completely characterizing a laser pulse in one domain will facilitate conversion through 

Fourier transform to the complimentary domain.  Depending on the experiment 

interpreting the results of the experiment based on the parameters of the pulse may be 

beneficial from one particular domain.  Typically, measuring the laser in the spectral 

domain is rather simple and can be implemented quickly with a spectrometer and results 

in a measure of the spectral content of the pulse.  In addition, measuring the pulse in the 

time domain is slightly more complex but routinely achieved with delay lines in an 
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autocorrelator configuration and produces an approximate measure of the intensity 

envelope of the electric field through coherent addition of replica pulses in a nonlinear 

medium.  However, each measurement is not a complete characterization of the laser 

pulse.  To make a complete measurement of the laser pulse one needs to acquire the 

intensity in the spectral or time domain and the phase in either domain.  With a complete 

measurement of intensity and phase in one domain will permit Fourier transform to the 

complimentary domain.  Therefore methods that characterize the pulses intensity and 

phase are required to attain full knowledge of the laser pulse.   

One such method known as FROG frequency resolved optical gating is capable of 

measuring the intensity and phase of a femtosecond laser pulse (48).  FROG is a version 

of autocorrelation, where the second harmonic (in the common FROG configuration) 

beam resulting from the interaction of the replica pulses is spectrally resolved as a 

function of pulse delay.  Measuring the spectral content of the third beam as a function of 

delay is known as a spectrogram.  The spectrogram of FROG trace is a convenient tool to 

quickly asses the quality of the pulse because the spectrogram maps the instantaneous 

frequency versus time.  The single shot configuration of FROG Grenouille, is a 

convenient tool to asses pulse duration from the compressor of a regenerative amplifier.  

The FROG measurement does not directly produce the spectral phase due to the two 

dimensional phase retrieval problem and spectrogram inversion algorithms are required 

to generate the spectral intensity and phase.  Many variants of FROG have been created 

and have been shown to measure more complicated pulses such as XFROG.  Due to the 

use of a non-linear optical medium, delay line scans, and spectrogram inversion to 
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recover the phase, FROG and its variants can be prone to errors and are time consuming 

measurements.   

One solution to eliminating the need to use a non-linear optical medium is to 

measure the spectral interference from the spatial and temporal overlap of two pulses 

(49).  The problem with spectral interferometry is that high resolution spectrometers are 

required to fully resolve the spectral fringes.  In addition, the quality of the spatial profile 

of the beam will affect the recovery of the spectral phase as imperfections distort the 

fringes.  Therefore, a technique which utilizes the linear nature of spectral interferometry 

but removes the problem of needing a high resolution spectrometer and a uniform beam 

spatial mode will allow spectral interferometry to become more user friendly and 

measuring complex ultrashort pulses quicker and more accessible.  One configuration of 

spectral interferometry for measuring complex ultrashort pulses is SEA TADPOLE 

(spatially encoded arrangement for temporal analysis by dispersing a pair of light e-

fields).  SEA TADPOLE is spatially resolved spectral interferometry.  SEA TADPOLE 

eliminates the spatial beam quality problem by using a pair of single mode optical fibers.  

Single mode optical fibers transmit at the output a uniform spatial mode producing and 

eliminating the problem of spatial structures.  The need for large spectrometers with high 

resolution is corrected by spatially resolving the spectral fringes on an imaging device, a 

CCD camera.  By spatially resolving the spectral fringes, in this arrangement each 

wavelength now has several points to define the fringe location in the spectrum.  Fourier 

transforming the spatial spectral fringes results in high low and dc peaks in k and spectral 

space.  Fourier filtering is performed in the spatial domain which reduces the spatial 
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resolution without reducing spectral resolution this is the give SEA TADPOLE a 

resolution advantage over traditional spectral interferometry.   

SEA TADPOLE uses single mode optical fibers with a core diameter of 

approximately 5μm for fibers used with 800nm light.  The small core diameter of the 

single mode fibers gives SEA TADPOLE the ability to sample a 5μm diameter section of 

the input beam.  Scanning the optical fiber across and along the focus of an input laser 

beam gives SEA TADPOLE spatial resolution to characterize the complex spatial 

spectral coupling present in an ultrashort laser pulse.  Characterization of the pulse profile 

through the focus is important for experiments conducted in the focus of a lens where 

short pulses and mode quality are important for image quality.  SEA TADPOLEs ability 

to characterize the foci with high spatial resolution will allow experiments conducted for 

microscopy to be conducted with tighter foci and shorter pulses because SEA TADPOLE 

will identify any spatial or temporal aberrations present through the focus.    

Focal conditions are important for multiphoton microscopy, where small spot 

sizes and short pulses are needed to achieve high spatial resolution (50, 51).  Traditional 

confocal microscopy is implemented with a lens and when the laser is focused the sample 

resonantly absorbs one photon.  After the absorption of one photon the excited state 

decays back to the ground state via several processes including emission of a 

fluorescence photon.  The collective fluorescence from the sample is then recorded as a 

function of position and an image can be generated based on the intensity and position of 

the fluorescence from the emitting molecules in the focus.  Confocal microscopy suffers 

from emission of molecules located outside and inside the geometric focus of the laser.  

Because resonant one photon absorption is dependent on the intensity of the electric field 
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the threshold (probability) for excitation is high enough for regions outside the geometric 

focus.  For this reason confocal microscopy lacks the spatial resolution to perform high 

resolution measurements capable with two photon microscopy.  Two photon microscopy 

is experimentally the same as one photon resonant microscopy in that geometric focus of 

the laser is used to produce a spatially dependent map of the intensity of fluorescence 

emission.  The major difference in the two techniques is that absorption of two photons is 

dependent on the electric field squared which increases the threshold for excitation.  An 

increase in the threshold for excitation to spatial regions of the focus with higher intensity 

reduces the off axis fluorescence (fluorescence from species outside the geometric focus) 

and allows for probing of smaller volumes of fluorescence.  Therefore two photon 

microscopy can probe samples with significantly higher spatial resolution than confocal 

microscopy.  Two photon confocal microscopy is a technique which has been shown to 

have high spatial resolution laterally to the focusing direction of the laser beam.  To 

increase the penetration depth of two photon microscopy one can increase the power of 

the laser to counteract the effect of scattering by the sample.  Furthermore by using 

longer wavelengths penetration depths can also be increased as well.  However, if one 

had the ability to lengthen the pulse duration of the beam everywhere except the focus 

one could penetrate deeper into samples.  By delivering short pulses only to the focus of 

the laser scattering of photons is reduced which can also increase the penetration depth. 

One method to deliver short pulses to the geometric focus and long pulses 

everywhere else along the focusing path of the laser is called simultaneous spatial and 

temporal focusing (SSTF) (22, 52-55).  SSTF works by angularly dispersing and spatially 

chirping a femtosecond laser pulse off a diffraction grating.  The spatially separated 
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frequency components create a long pulse as a result.  In this configuration the wavefront 

of the pulse is coupled to the pulse front, where a long pulse creates a parabolic 

wavefront.  At some point after the grating a focusing lens is used to focus the pulse to 

the sample.  The lens then initiates spatial recombination of the frequency components.  

By spatially recombining the frequency components the bandwidth increases of the beam 

as the beam approaches the geometric focus.  Only at the geometric focus of the lens, 

where all frequency components are recombining is the pulse duration the shortest.   

The spatial resolution of SSTF has been demonstrated by measuring the two 

photon absorption induced laser fluorescence from rubidium atoms.  In addition to 

demonstrating the principal of SSTF as a way to deliver short pulses to the geometric 

focus of a lens the technique was also shown to eliminate the need for mechanical depth 

scanning.  By using a pulse shaper and programming second order phases to the input 

pulse, the authors demonstrate that depending on the sign and magnitude of the second 

order phase imparted to the input pulse the longitudinal position of the temporal focus 

could be position further or closer to the focusing optic.   
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CHAPTER 2 

EXPERIMENTAL 

 

 

2.1 OVERVIEW 

To induce photo-dissociation from nonresonant absorption, multiple internal degrees of 

freedom are typically excited during the dissociation process (1-3).  Electronic excitation 

can occur through the nonresonant absorption of photons, a nearly an instantaneous 

process, where orbital relaxation can evolve after nanoseconds from the initial excitation.  

Vibrational motion can range from a few femtoseconds (hydrogen) to several hundreds of 

femtoseconds (C-halogen) (4).  Investigating dissociation and the ensuing dynamics must 

be capable of measuring these processes with sufficient resolution for the time scales 

required.  Femtosecond laser pulses are employed to this end as the pulse width of the 

laser is usually shorter than the vibrational periods of most organic compounds.        

 Femtosecond laser science has been accelerated to the forefront of vibrational 

spectroscopy because the technology to produce these pulses is well known.  Strong 

femtosecond pulses have been used to initiate vibrational motion which results in 

dissociation.  Typically, cation fragments resulting from the dissociation of a parent 

molecule are detected from the femtosecond interaction with a molecule (5).  Therefore, 

the laser pulse must be strong enough to dissociate and ionize the molecule to detect 

fragment ions in a mass spectrometer.  For our laser source with a central wavelength of 

800nm non-resonant ionization occurs after absorption of  many photons (6).  Subsequent 
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to ionization, dissociative ionization occurs and mass fragments are produced and mass 

resolved based on the fragment time of flight.      

 Shaping the electric field of femtosecond laser pulses has been a method used to 

demonstrate control of the products of dissociating parent molecules.  Dissociation 

control is accomplished through the manipulation of the pulse profile interacting with the 

molecules in the focus of the laser beam (7).  Controlling the pulse profile is implemented 

with a pulse shaper apparatus consisting of a grating compressor and a spatial light 

modulator in the Fourier plane of the apparatus.  Calibration of the liquid crystal array 

generates specific pulse profiles that can be programmed onto the liquid crystal 

modulator.  Calibration is performed to ascertain the voltage and transmission response 

of the liquid crystal array.  Programmed pulse profiles can range in complexity from 

chirps to multipulse sequences.   

 The spatial light modulator and pulse shaper apparatus can generate complex 

spectral phase and amplitude profiles.  The complexity of the pulse profiles is 

characterized as a rapidly changing phase and amplitude profiles of the pulse (time 

bandwidth product).  Rapidly varying phases and amplitudes are difficult to measure with 

traditional pulse measurement techniques.  SEA TADPOLE, a linear pulse measurement 

technique was created with the intent to measure complicated pulse profiles.  SEA 

TADPOLE uses a spatially resolved imaging spectrometer which allows this device the 

high resolution and sensitivity to measure complicated pulse profiles.     

2.2 LASERS 
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Ultrashort pulses were generated for experiments described in chapters 3-5 with a 

femtosecond oscillator (KM Labs, Boulder CO).  In chapter 6 these femtosecond pulses 

are amplified as described later.  The first component of the laser system is the 

femtosecond oscillator, which provides the bandwidth for amplified short pulses.  The 

first component of the femtosecond oscillator is the continuous wave Verdi 5W diode 

pump solid state laser (Coherent, Santa Clara CA) with a wavelength of 532nm.  The 

Verdi through resonant one photon absorption excites the gain medium of the 

femtosecond oscillator, Ti:Sapphire.  The maximum absorption wavelength for 

Ti:Sapphire is approximately 500nm, however 532nm is used as the pump wavelength 

because the early diode pump solid state pump lasers were easy to make with an output of 

532nm.  The Ti:Sapphire gain medium is placed between two high reflector mirrors to 

create the resonator cavity of the laser.  Without proper optical alignment of the laser 

cavity will result in the Ti:Sapphire gain medium fluorescing at approximately 800nm 

(depending on the cavity alignment/misalignment).  To initiate population inversion, the 

excited state of the Ti:Sapphire must have a greater population (over 50%) of excited 

atoms than the lower energy state.  The laser cavity must be aligned so that the round trip 

path the photons takes from one end mirror to the opposite mirror is the same.  The 

equation underlying stimulated emission process was formulated by Einstein and shown 

in equation 1. 

   

 
 
   

 
     ( )          (1) 

 

In equation one ρ(υ) is the radiation density of the incident field at frequency υ and the 
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B12 proportionality constant is the probability per unit time that an electron in state two 

will with energy E2 will decay to state E1 and emit a photon with energy E2-E1=hυ(8).  

The equations for stimulated emission and excitation are combined in equation 1 where 

equation 1 predicts that a photon will be released into the field at the frequency hυ times 

the transition rate.  The process of stimulated emission is depicted in figure 2.1. 

 

Figure 2.1. a) a pump photon (green) ecites an electron to an upper excited state |u> which decays to a lower energy 

state and eventually relaxs to the ground state by emitting a photon b) after saturating state <u| some of the electrons 

decay in energy to state <i| because state <u| has a larger population than state <i| sets up the population inversion 

situation.  If a resonator cavity with end mirrors is constructed the emitted radiatoin in c) can build up by stimulating 

further emission through each subsequent round trip throuhg the gain medium. 

As the first fluorescence photon returns to the gain medium figure 2.1c), stimulated 

emission takes place and a second photon is emitted which is coherent with the first 

photon.  This process repeats and the laser builds power until the simulated emission 

process is saturated.  For a laser to lase, the resonator cavity (two flat mirrors and gain 

medium) must support an integer number of emitted frequencies (wavelengths) from the 

gain medium (9).  The supported standing waves within the cavity are called cavity 

modes, where cavity modes are the frequencies of the standing waves within the 

resonator cavity.  Cavity modes are separated by the frequency spacing c/2L where c is 

the speed of light and L is the distance between end mirrors (10).  The number of cavity 
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modes is also highly dependent on the emission profile of the gain medium.  Due to 

thermal fluctuations the cavity modes of the laser are not phase locked and the laser will 

emit at slightly different frequencies.  In the case of Ti:Sapphire lasers which support 10
4
 

cavity modes, the random fluctuations in the cavity modes will average out to produce 

near constant intensity output called continuous wave (CW) mode or long pulse 

operation.  To produce short pulses for coherent control of molecular processes or 

multiphoton imaging, the relative phases of the longitudinal modes of the cavity must be 

fixed in time with respect to each other.      

 Mode locking can be implemented several ways; however for the purposes of the 

laser system used in chapters 3-6 passive modelocking will be discussed (11).  Pumping 

the Ti:Sapphire gain medium with intense focused CW radiation produces a power 

density distribution within the crystal.  Because the intensity of the focused pump laser is 

relatively high, high order terms in the index of refraction become important as shown in 

equation 2 where n0 is the material dependent index of refraction, n2 is the n0 higher order 

term modified by the laser intensity I(r) (8). 

 ( )     
 

 
   ( )     (2) 

The I(r) term in equation two is dependent on the radius from the center maximum 

intensity of the pump laser.  The intensity term I(r) is an exponential function (8) as 

shown in equation 3.  

 ( )      
 
      (3) 
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In the case of the focusing pump laser through the Ti:Sapphire crystal the center of the 

crystal in the longitudinal direction (focusing direction) will contain the highest intensity 

laterally as well.  Away from the center in the lateral dimension the intensity of the pump 

laser decreases exponentially.  Therefore, the position dependent index of refraction due 

to the curvature of the intensity gradient creates a lens (higher index of refraction at the 

center and the power density decreases away from the center).  The higher power density 

in the center of the beam smoothly less intense away from the center forms a parabola.  

Modelocking occurs because self-focusing is wavelength dependent and as a result a 

wavelength dependent Gaussian window modulates all the longitudinal modes 

underneath the window (12).  The gain window produces a phase relationship between 

the longitudinal modes.  The longitudinal modes are separated by a frequency υ=c/2L 

where c is the speed of light and L is the distance from end mirror to end mirror.  Due to 

material dispersion caused by the short pulse passing through the Ti:Sapphire crystal, a 

prism pair is used for dispersion compensation for short pulse operation(13, 14).   

The shape and bandwidth of the locked longitudinal modes passing through the 

Ti:Sapphire gain window creates a short pulse in time because the gain window forces 

the modes to have a Gaussian amplitude profile and relative phase relationship. Figure 2 

displays the optical layout of the femtosecond oscillator.  The path from end mirror to 

end mirror of the modelocked (and CW mode) laser goes from optics 3-5 and then back.  

After the second trip through the crystal (3) the beam goes through optics 3->2 then 

optics 2->6 and finally 6-9.  The output coupler, optic 5, transmits approximately 5% of 

the total cavity power.         
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Figure 2.2. Femtosecond oscillator optical layout 1.focusing lens 2.spherical mirror 3.Ti:Sapphire Crystal  4.spherical 

mirror 5.output coupler 6.prism#1 7.Turning mirror 8.prism#2 9.end mirror 

The typical output power of the KM labs femtosecond Ti:Sapphire oscillator pumped 

with 5W 532nm Verdi is approximately 400mW at 800nm with a typical daily running 

bandwidth of approximately 25nm FWHM.  Typical output pulse duration is 

approximately 200fs with a repetition rate of 86MHz.      After the mode-locked laser 

pulse exits the output coupler the beam can be directed to the femtosecond pulse shaper 

apparatus or the chirp pulse amplification system. 

 To control dissociative ionization of molecules with ultrashort pulses focal 

intensities on the order of the binding energies of the valence electrons are required to 

initiate field ionization (~10
13

W/cm
2
) (15).   Therefore, pulses from the oscillator with 

energies in the nanojoule regime require amplification of approximately a million times 

to reach milijoulse per pulse.  Amplification of pulse energies of a factor of a million can 

be accomplished with chirped pulse amplifiers that are seeded with the nanojoule 

oscillator pulses (16).  The oscillator seed is required as a source of bandwidth because 

the amplifier cavity cannot produce amplified modelocked output.  In addition, 
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amplifying a femtosecond laser pulse will cause serious damage to the optics in the 

amplifier cavity, therefore chirping the seed pulse is required to lower the intensity of the 

seed before amplification(17).   

 The output of the oscillator is directed into the first stage of the amplification 

system known as the pulse stretcher.  The pulse stretcher is composed of a spherical 

mirror, diffraction grating, and high reflector mirror which together makes a dispersion 

delay line compensator to lengthen the temporal full width at half maximum of the seed 

pulse.  Typical pulse stretchers increase the seed pulse duration to several hundred 

picoseconds, reducing the peak power to around several hundred Watts.  The second 

stage of the system is the amplifier.  The amplifier is pumped with a diode pumped solid 

state laser with a gain medium Nd:YLF crystal.  The pump laser is Q-switched at 1kHz 

producing 527nm (double 1054nm) 1 nanosecond pulses at approximately 20W average 

power (Evolution 30, Coherent Laser Santa Clara).  The pump laser is then focused into a 

Ti:Sapphire crystal at Brewster’s angle.  The temporally stretched seed pulses are 

spatially and temporally overlapped with the cavity modes of the amplifier cavity.  

Spatial overlap is accomplished by directing the seed beam to the front face of the 

Ti:Sapphire crystal at Brewster’s angle where the seed beam propagates through the 

resonator cavity on axis.  The temporal overlap is implemented with electronics that step 

down the repetition rate of the seed pulses (86MHz) to 1kHz by timing the delivery of 

electrical current to a set of two Pockel’s.  Timing the voltage to the Pockel’s cells is 

controlled with the Coherent SDG II electronics.  Pockel’s cell number one allows one 

seed pulse into the regen. cavity, by rotating the polarization by half a wavelength.   The 

injection of the seed is timed to occur when the pump laser is pumping the Ti:Sapphire 
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crystal.  The seed pulse, while the nanosecond pump pulse is pumping the crystal, makes 

several round trips through the amplifier cavity.  Each pass through the crystal the seed 

pulse increases in energy.  The SDG II electronics are also responsible for rejecting the 

amplified pulses when the gain of the amplified pulses becomes saturated.  This is 

accomplished with Pockel’s cell number two, where this Pockel’s cell rotates the 

polarization to vertical.  The vertically polarized pulse is rejected from the cavity with a 

thin film polarizer.   

 

Figure 2.3. Amplifer Optical Layout 1) turning mirror for seed pulse 2) turning mirror for pump pulse 3) Ti:Sapphire 

crystal 4) Pockel’s Cell 1 (Seed Pulse injection into cavity) 5) Pockel’s Cell #2 (Pulse ejection)  6) Cavity end mirror 2 

7) Thin film polarizer (for pulse dumping) 

The amplifier pulse is then directed to the pulse compressor(18).  The pulse compressor 

is essentially the pulse stretcher, however the pulse compressor reduces the pulse 

duration.  The pulse compressor is a folded design and is composed of one diffraction 

grating, a dielectric coated wedge retroreflector and a diaelectric coated vertical wedge 

reflector.  Typical daily running output of the amplifier system is average power of 2.5W, 

40fs, central wavelength of 800nm, with 25nm of bandwidth FWHM and 1kHz repetition 

rate.  The optical layout of the amplifier system is depicted in figure 3(19-21).   

 The output of the oscillator and the amplifier system can be directed into the pulse 

shaper for controlling the foci for multiphoton microscopy or fragmentation distribution 
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through controlled photodissociation.  The input pulse to the pulse shaper has the form as 

follows in equation 4 (9): 

 ( )   ( )    ( )(           )     (4) 

Where S(ω) is the spectral amplitude and the exponential term is the spectral phase.  A 

filter function applied to the spectral domain of the input pulse can modulate the 

amplitudes of the individual frequency components of the pulse spectrum (22, 23).  In 

addition, retarding the relative phase of each frequency component will modulate the 

spectral phase of the pulse shape according to equation 5 below. 

 ( )   ( )    ( )     (5) 

 Where R(ω) represents the amplitude filter factor and Ψ(ω) is the factor responsible for 

relative phase delay amongst the individual ω’s in the laser spectrum.  Because of the 

Fourier relationship between time and frequency, pulse shapes created in the frequency 

domain will have a corresponding pulse shape profile in the time domain.   

In order to manipulate the spectral amplitude and phase of the input pulse represented by 

space and time domain has to be transformed to the space and frequency domain.  Access 

to the frequency components of the input pulse is implemented with a zero dispersion 

pulse compressor.  The unshaped beam diffracts off of a grating.  The grating, a 1inch x 

1inch fused silica substrate with a gold coated sinusoidal groove pattern with a groove 

density of 1200lines/mm.  The diffraction grating angularly separates the frequency 

components of the laser spectrum; the angular spread at a distance away from the grating 

depends on the groove density of the grating.  The angular separation of the frequency 
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components is then collimated with a cylindrical mirror placed a focal length away from 

the diffraction grating.  The focal length for the cylindrical lens is 20cm.  In addition to 

collimation, the cylindrical mirror focuses each frequency component a focal length away 

from the mirror.  This region is known as the Fourier plane (24).  Separating the 

frequency components of the laser pulse will allow their manipulation in the frequency 

domain where time domain techniques to manipulate pulse amplitude and phase have not 

been developed.   

 To manipulate the spectral phase and amplitude a liquid crystal modulator is set in 

the Fourier plane of the zero dispersion compressor.  The modulator is composed of two 

arrays of liquid crystals.  Liquid crystals are long chain molecules which are birefringent 

where calcite is an example of such a material.  The first liquid crystal array has the fast 

and slow axis of the crystals oriented 45 degrees to the input laser polarization (P-

polarized) and the second array is oriented 90 degrees with respect to the first liquid 

crystal array (-45degress with respect to the input laser polarization).  Therefore, the 

liquid crystals act as variable waveplates, with the unique attribute of using an applied 

voltage to change the index of refraction for the extraordinary axis.  Changing the index 

of refraction this way will retard the x and y components of the electric field of the laser 

pulse.  Therefore, the first array of liquid crystals can rotate the polarization from P 

polarized all the way to S polarized light (90 degrees).  Changing the retardance of the 

extraordinary axis with respect to the ordinary axis (changing the index of refraction) can 

be thought of as tilting the liquid crystal molecules by an angle θ with respect to the input 

laser polarization axis as shown in equations 6-7 (25): 



43 
 

  
  ( ( )   ) 

 
       (6) 

 

  ( ( ))
 
    ( ( ( )))

  
  

    ( ( ( )))

  
      (7) 

This action of changing the index of refraction of the extraordinary axis of the crystal 

affects the relative phase difference between adjacent frequency components passing 

through adjacent liquid crystals (26).  The amount of rotation of the incident lights 

polarization depends on the voltage V applied to the liquid crystal.  The second array of 

liquid crystals (oriented 90 degrees with respect to the first array) modulates the 

polarization of the incident light depending on the voltage applied to the liquid crystal.  

Therefore, the second liquid crystal array is responsible for amplitude modulation of the 

incident light after passing through a linear polarizer (27).   

 The liquid crystals of the spatial light modulator are constructed by sandwiching 

the liquid crystal array between two fused silica substrates, coated in indium tin oxide, 

which is optically transparent but electrically conductive.  There are a total of 128 liquid 

crystal elements making up each array where the individual liquid crystals are 

approximately 100 μm in width and an approximate interpixel gap of 3μm.     

 After the spatial light modulator shapes the incident laser spectrum, the spatial-

spectral beam is recombined back to the spatial-temporal domain.  This is accomplished 

by reversing the beam path back to the diffraction grating with a zero degree incidence 

mirror.  The pulse shaper design used in later chapters is a folded configuration where a 

zero degree high reflector is placed behind the spatial light modulator.  In addition, a 

polarizer is placed in the output beam path after the last pass off the diffraction grating.  

The polarizer is used to filter out all but P polarized light, where the pulse shaper changes 
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the polarization to modulate the spectral amplitude. A layout of the optical setup of the 

pulse shaper is shown in figure 2.4.  

 

Figure 2.4. Optical layout of femtosecond pulse shaper 1) diffraction grating (1200grooves/mm, gold coated) 2) 

Cylindrical lens (f=20cm) 3)Spatial Light Modulator 4) Cylindrical Lens 5)Diffraction grating (1200 grooves/mm, gold 

coated) 6)Polarizer (polarizing beamsplitter cube or thin film polarizer) 

 

2.3 PULSE SHAPER 

 The applied retardance to the frequency components of the input laser pulse from 

the liquid crystals is voltage dependant.  Therefore, the retardance applied to the pulse is 

also wavelength dependant.  Calibration of the voltage/transmision response of the 

modulator is crucial for ascertaining the applied spectral phase imparted to the input 

pulse.  Knowledge of the applied amplitude and phase to the pulse will render theoretical 

calculation of the pulse shape possible.  The applied transmission and phase filters are as 

follows in equations 8-9 (26, 27): 

 

      (
 

 
(  ( )    ( )))    (8) 

  
 

 
(  ( )    ( ))    (9) 
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Both equations are functions of Δφ, which is the retardance from liquid crystal array A 

and B.  The phase retardance φ for liquid crystal A and B is defined as follows in 

equations 10-11: 

    
 

 
       √     (10) 

    
 

 
       √     (11) 

To determine the phase retardance one can measure the transmission as a function of 

wavelength.  Experimentally this is accomplished by measuring the laser spectrum with a 

spectrometer for each liquid crystal drive setting.  The drive setting on one liquid crystal 

array is set to a constant drive voltage.  Then the voltage on the other liquid crystal array 

is ramped from the lowest voltage (zero) to the highest drive voltage (4096), this 

processes is reversed and repeated.   

 

Figure 2.5. Calibration of the spatial light modulator array 1 and 2.  Spectrometer measurement of the transmission as a 

function of drive voltage on liquid crystal array 1 and 2. 

Shown in figure 2.5, as the drive setting on one liquid crystal is held constant (4096) and 

the other array’s drive setting is ramped, the transmission of the modulator varies.  The 

transmission varies from the maximum value which is determined by the spectrometer.  

The transmission minimum does not reach zero as the interpixel gaps between liquid 

crystals allows laser light to pass through. 

2.4 PULSE MEASUREMENT 
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 Complicated pulse shapes require high resolution spectral phase and amplitude 

measurements to characterize accurately (28, 29).  In addition to spectral phase and 

amplitude measurements spatio-spectral-temporal coupling in femtosecond laser pulses 

requires spatial resolution of the focusing and propagating laser pulse.  SEA TADPOLE, 

which stands for Spatial Encoding of Arrangement for Temporal Analysis by Dispersing 

a Pair Of Light E-Fields was developed to address the difficulty in measuring complex 

pulse shapes and coupling of the pulse profile in the spatial-spectral-temporal domain 

(30).  SEA TADPOLE is a version of spectral interferometry where pulses overlapped in 

space and delayed in time produce a spectral interference pattern.  The interference 

pattern can result in the recovery of the unknown pulses phase and amplitude through 

Fourier inversion of the interference fringes.  Mathematically, spectral interferometry can 

be represented mathematically as follows (31):  

   ( )  | (    (   )      ( ))|
 

   (12) 

 |(    ( )           ( ))|
 

    (13) 

 |    ( )|
 
 |    ( )|

  |    ( )||    ( )|   (    ( )      ( )    )(14) 

 

The equations for spectral interferometry show that the interference of a known pulse 

Eref(t- τ) with some relative delay τ and an unknown pulse Eunk(t) produce an interference 

spectrum SSI(ω).  The interference spectrum contains several components the spectra of 

the known and unknown pulse Eref(ω) and Eunk(ω and does not provide any unique 

information regarding the unknown pulses phase .  The third term, the interference term, 
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does contain the spectral phase of the unknown and known pulses.  Interestingly, 

spatially and temporally (depending on the relative delay) overlapping two pulses results 

in an interferogram and when measured with a spectrometer results in interference 

fringes.  The separation between fringes depends on delay between pulses.  The fringe 

spacing is related to the temporal delay between pulses as 1/τ, therefore, the further the 

pulses are delayed from each other the smaller the spacing between spectral fringes. To 

recover the phase information embedded in the interferogram, the measured spectral 

fringes are Fouier transformed into the k and frequency space.  The Fourier transform of 

the measured interferogram results in three bands which represent the three terms from 

equation z.  By binning the positive (negative) high frequency AC term and inverse 

Fourier transforming back to the frequency domain leaves the last term in the last 

equation of equation 3.  Upon Fourier transforming back to the frequency domain the 

remaining spectrum contains information about the phase and the spectra of both electric 

fields.  Both electric fields can be separated by dividing the characterized reference pulse 

to the combined field.  Measuring the unknown pulses spectra is performed simply by 

blocking one arm of the interferometer.   

When Fourier filtering the side bands in the time domain the size of the bin is 

important, because a bin that is too small will result in a big lose in resolution when 

Fourier transforming back to the frequency domain (32).  Consider for example that the 

interferogram is measured with a spectrometer that has a resolution δλ with n points 

making up the spectrum.  When filtering in the time domain parsing out the whole array 

except one of the high frequency side bands results in a loss of points and is unavoidable 

with this procedure. The remaining points, n2, upon inverse Fourier transforming back to 
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the frequency domain has a resolution δλn2/n.  Therefore, to reconstruct a pulse with the 

highest possible resolution requires that the delay between the unknown pulse and the 

reference pulse should be as large as possible(33).  This means that the side bands are 

spaced as far apart as possible with the maximum number of points comprising the side 

band.  By increasing the delay between pulses the fringes are spaced closer together, 

therefore the furthest measurable delay between pulses is limited by the spectrometers 

ability to resolve the closely spaced fringes(32).  The experimental setup for spectral 

interferometry is displayed in figure 2.6. 

 

Figure 2.6. Blue region: Optical layout for spectral interferometry 1)Beamsplitter 2)delay stage 3)Beamsplitter 

4)Spectral intensity of delay pulses 5)Fourier transform of 4 6) Inverse Fourier transform of binned temporal region 

Spectral interferometry has a few limitations which make implementation of the 

technique cumbersome.  The first is that to combat the loss of resolution from the Fourier 

filtering step the fringe spacing must be made as small as possible.  Such fine spectral 

features demand a high resolution spectrometer to characterize.  Large spectrometers 

typically have a large spatial footprint on the optical table and can be expensive.  In 

addition the mode quality of the two spatially overlapped beams should each be free from 
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imperfections, as the mode quality affects the fringe amplitude and spacing.  Because this 

technique is interferometric, high mechanical stability is required to maintain overlap of 

thebeams.   

 In order to use spectral interferometry as a method to characterize an unknown 

pulse, this technique assumes that the reference pulse is well characterized a priori.  

Several techniques are available to fully characterize the reference pulse.  One of the 

most widely used techniques to characterize a laser pulse is intensity autocorrelation, 

which can provide a sense of the pulses intensity versus time profile.  To measure a 

pulse’s intensity versus time an optical medium that instantaneously responds to changes 

in intensity is needed. To perform autocorrelation, the pulse is 50/50 split to create a 

replica pulse.  Then the two pulses are spatially and temporally overlapped in a Beta 

Barium Borate crystals (type I or II) or some other SHG crystals.  Due to phase matching 

and conservation of momentum a third SHG beam is produced when the two pulses are 

temporally and spatially interacting.  By scanning the delay line of one pulse through the 

other, the intensity envelope of the two pulses is mapped by the intensity envelope of the 

third beams spectral intensity.  Mathmatically this situation can be written as follows in 

equation 15 (34): 

    
     ( ) (   )     (15) 

where τ is the delay between the two pulses.  The electric fields and the subsequent 

second harmonic are proportional to the intensity of the two electric fields.  The resulting 

measurement of the autocorrelation is represented below in equation 16 (31): 

  ( )  ∫  ( ) (   )  
 

  
     (16) 
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Equation k shows that as long as the two pulses are temporally overlapping, there will be 

a signal A(τ) produced.  However, the information about the pulse is limited, where the 

most reliable information recovered from this technique about the pulse is limited to the 

pulse duration.  However, in many situations the pulse duration cannot be ascertained 

accurately as many different spectral phase and amplitude permutations can yield the 

same autocorrelation profile.  In addition, autocorrelation is not capable of providing any 

information about the spectral phase of the pulse because of the one dimensional phase 

retrieval problem.  The one dimensional phase retrieval problem states that there are 

ambiguities associated with the phase retrieval from the Fourier transform through 

autocorrelation.  Essentially, autocorrelation does not provide enough information about 

the pulse to retrieve the phase.  Below is a schematic of a typical autocorrelation optical 

setup.      

 

 

Figure 2.7. Autocorrelation optical layout 1) Beamsplitter 2) Delay stage 3) Lens 4) BBO crystal 5) Intensity detector 

6) Computer/Oscilloscope readout 

The problem of characterizing the reference pulse can be overcome by obtaining more 

information about the laser pulse by spectrally resolving the autocorrelation.  Spectral 
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and temporal resolution provides information about the arrival time of the spectral 

components of the laser pulse.   

Frequency resolved autocorrelation uses a replica of the original pulse (as in 

autocorrelation) to gate or sample a small temporal region of the entire pulse.  The gate 

function for a particular time delay is then spectrally resolved where the culmination of 

the spectrally resolved autocorrelation makes up what is commonly used in acoustics 

known as a spectrogram.  A spectrogram, spectrum versus delay, is a useful tool in 

qualitatively assessing a pulse, as the shape of the spectrogram is linked to the 

instantaneous frequency of the pulse.  Mathematically acquiring the frequency resolved 

autocorrelation of a pulse (Frequency Resolved Optical Gating) is as follows in equation 

17 (31, 34): 

     
  (   )  |∫  ( )

 

  
| (   )      |  |    (17) 

E(t)E(t-τ) is the autocorrelation signal, where the autocorrelation is defined in equation 

18. 

    (   )   ( )| (   )|
     (18) 

Since the autocorrelation is spectrally resolved, FROG actually measures the frequency 

content of the gated function at a particular delay which is more accurately represented in 

equation 19: 

    (   )  ∫     (   ) 
      

 

  
    (19) 
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Upon substituting into      
  (   ) the following relationship between the FROG signal 

and autocorrelation signal shown in equation 20: 

     
  (   )  |∫ ∫     (   ) 

            
 

  

 

  
|
 
   (20) 

From the above equation two important factors arise, the first is that      
   is a two 

dimensional Fourier transform of Esig(t,Ω)where Esig(t,Ω) yields E(t).  However, the two 

dimensional Fourier transform of the equation above can be mathematically rigorous to 

solve (35).  Optically the above equation is measured with the optical setup in figure 2.8. 

 

Figure 2.8. Optical Layout for FROG apparatus 1) Beamsplitter 2) Delay stage 3) BBO crystal 4) Spectrometer.  (Inset) 

Note that the measurement produces a spectrogram, a measure of the time arrival of the second harmonic frequencies 

of the autocorrelation signal.   

Interestingly, solutions to the two dimensional integral are known and thus retrieval of 

the spectral phase is possible with algorithms that are designed to solve this two 

dimensional phase-retrieval problem.  With autocorrelation the solutions to the one 

dimensional phase retrieval problem resulted in numerous phase ambiguities. 

Ambiguities prevented a unique solution and thus limited autocorrelation to pulse 

duration measurements.  With the two dimensional phase retrieval problem many of the 
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problematic phase ambiguities vanish, much the same way algebraically one can solve a 

series of two equations with two unknowns.  With the two dimensional phase retrieval 

problem the phase ambiguities originate with the absolute phase factor, translation in 

time, and inversion through zero.  These ambiguities do not prevent determining the 

overall shape of the spectral phase.   The pulse recovery algorithm, once the spectrogram 

has been appropriately cropped and filtered, will search for a pulse matching the 

measured spectrogram.  The pulse retrieval algorithm works by first creating an initial 

guess as to the pulse shape for E(t).  Then from E(t) Esignal(t,τ) is generated which is then 

Fourier transformed to Esig(ω,τ)
’
 (the spectrogram).  The algorithm then applies Isig(ω,τ) 

to the guessed spectrogram.  The algorithm then judges how close the guess field lies to 

minimizing the distance between the constraints as shown in equation 21 (31): 

  ∑ |    
( )(     )      

(   )(     )|
 

 
        (21) 

Once     (  ) is found, the minimization of the previous equation is complete, then 

    (  ) is used as the starting point for the next iteration of the algorithm.  When the 

algorithm converges on a solution the result is the spectral phase and amplitude with high 

certainty produced the measured spectrogram.   

 In principal FROG can measure complex pulses (36).  Complex pulses are 

characterized with time-bandwidth products over 100.  However, in practice FROG 

struggles to produce meaningful results as pulse complexity increases.  FROG is a 

technique suitable for measuring transform limited pulses or pulses which contain smooth 

and continuous phase and amplitude profiles, making FROG an excellent technique for 

measuring reference pulses for spectral interferometry (37, 38).   
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2.5 SEA TADPOLE 

 Spectral interferometry is capable in theory of recovering complex pulse profiles.  

However, spectral interferometry requires mechanical stability and high resolution 

spectrometers for proper implementation.  FROG on the other hand is straightforward 

experimentally; however the pulse recovery algorithm cannot converge on meaningful 

solutions for complex pulses. Ideally, a method for measuring complex pulses would be a 

technique that combines the linear nature of spectral interferometry and the 

straightforward experimental setup of FROG.  The combination of these two elements is 

embodied in SEA TADPOLE (Spatial Encoded Arrangement for Temporal Analysis by 

Dispersing a Pair Of Light E-fields) (30).  SEA TADPOLE can be understood on a 

fundamental level as spatio-spectral interferometry.   

 To remove the need for sensitive mechanical stability SEA TADPOLE uses single 

mode optical fibers for coupling in the reference and unknown pulses.  Furthermore, the 

optical fibers have the added advantage of emitting a smooth spatial mode without 

defects, thereby eliminating spatial structure from the input beam known for degrading 

the fringe sharpness adding noise to pulse recovery.  A unique feature of SEA 

TADPOLE, which is the most important distinction from spectral interferometry and 

FROG, is the spatially resolved interference fringes.  Unlike spectral interferometry, SEA 

TADPOLE interferes the reference and unknown pulses in the spatial domain by crossing 

the two ends of the fibers at a small angle.  The spatial interferogram  (   ) is then 

spectrally resolved  (   ) with a charge coupled camera.  In addition, SEA TADPOLE 

is unique to spectral interferometry in that the reference and unknown pulses are 

temporally overlapped, creating high contrast fringes whereas spectral interferometry 
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needed closely spaced fringes and high resolution spectrometers.  To recover the 

complicated pulse phase and amplitude a Fourier filtering technique similar to traditional 

spectral interferometry is used, however the filtering is performed in the spatial domain.     

 A SEA TADPOLE measurement will result in a spectral phase measurement that 

represents the phase difference between the reference and unknown pulses.  To determine 

the phase of the unknown pulse the reference pulse must be characterized with an 

independent measurement and then subtracted from the recovered phase measurement.  

After the reference pulse has been characterized the reference pulse traverses an optical 

delay line to temporally overlap with the unknown pulse.  Both arms of the delay line are 

focused into separate optical fibers.  Each fiber is single mode for 800nm, which sets the 

core diameter to 5.6μm and the typical fiber length is about 20cm long.  At the output of 

each of the optical fibers, a diverging TEM00 spatial mode is emitted.  It is important to 

note that the angle of each optical fiber with respect to the optical axis is extremely 

important because the spatial fringe spacing is determined by the separation and angle 

between the fibers.  As shown in figure 8, the crossing angle between the two output 

beams is 2d/f, where f is the focal length of the spherical lens.   The typical operating 

distance between the two fibers is <1mm.  To collimate the diverging output of the 

optical fibers, a spherical lens (f=5cm) is place a focal length away from the optical fiber 

output.  The collimated beams are then diffract off an 1800 grooves/mm diffraction 

grating, mapping spectral content to position. The angular dispersion is then collimated 

along the diffraction direction with a cylindrical lens (f=5cm).  A focal length away from 

the cylindrical lens the frequencies of the laser spectrum, angularly dispersed by the 

grating, are focused in one dimension.  A focal length away from the diffraction grating a 
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CCD (charged coupled device) camera is inserted into the beam path to image the 

fringes.  The grating, cylindrical lens, CCD camera portion of the SEA TADPOLE 

together make up a spectrometer with a typical spectral resolution of about 0.14nm.   

 

Figure 2.9. SEA TADPOLE optical setup 1) Beamsplitter 2) Delay stage 3) Focusing Lens 4) Optical Fiber Input 5) 

Output of Optical Fibers 6) Collimating Lens 7) Diffraction Grating 8) Cylindrical Lens 9) CCD Camera.  Inset:   

Animation of raw SEA TADPOLE spatio-spectral inteferogram 

 To recover the pulse profile of the unknown pulse, the spatio-spectral 

interferogram has to be processed.  Processing the spatio-spectral interferogram is similar 

to Fourier filtering performed for traditional spectral interferometry. The spatio-spectral 

interferogram is represented by equation 22-24 below: 
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In the above equation the term k is the wavenumber, x is the vertical dimension and z is 

the propagation direction.  To extract the phase information from the spatio-spectral 

interferogram a similar procedure used in spectral interferometry, Fourier filtering, will 

be used.  An important difference between equation 90 for a spatio-spectral interferogram 

and spectral interferometry is that in the argument of the cosine in equation 90 has a 

linear dependence on position x, whereas spectral interferometry is linear with respect to 

ω (delay).  To process the interferogram we take a one dimensional Fourier transform 

with respect to the position axis of the two dimensional interferogram as outlined in 

equation 25. 

   (    )  |    ( )|
 
 |    ( )|

      
 ( )    ( ) (    

 

 
   ( ))  

    
 ( )    ( ) (    

 

 
   ( ))   (25)   

The interferogram is then transformed into k and ω space, with the original interferogram 

now containing only three peaks or bands.  The central band is the dc field or simply the 

spectrum of both the reference and the unknown field.  The side bands contain the 

complex field of the reference and unknown pulses and in the same manner as spectral 

interferometry, we bin one of the side bands.  The binned side band is then inverse 

Fourier transformed back to the x and ω domain.  The two dimensional data is averaged 

over x and the reference spectral phase and amplitude is divide from the complex field.   

            SEA TADPOLE is a very versatile technique because the device requires only 

that the reference and unknown pulses are coherent.  In addition, the spectra of the 

reference and unknown pulses must have the same spectral content otherwise no 
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interference will occur where the two spectra do not overlap.  In addition there is no 

direction of time ambiguity with SEA TADPOLE. 

 A second type of SEA TADPOLE has been developed for experiments 

investigating spatio-temporal distortions in femtosecond laser pulses. For this type of 

experiment, sampling the spatial cross-section of the beam is measured as spatio-

temporal coupling alters the pulse profile in this dimension of the beam (39).  In addition, 

spatio-temporal coupling affects the pulse profile as the pulse propagates away from a 

point, a lens for example.  Therefore to measure the change in pulse profile in both of 

these dimensions, longitudinal and lateral to the beam profile, a technique which is 

capable of sampling small portions of the beam cross section is necessary (40).   

   SEA TADPOLE is also for these types of experiments as the single mode optical 

fiber has a sampling diameter of 5.6μm.  Setting SEA TADPOLE into scanning mode 

allows for scanning across the beam spatial cross section (lateral dimension) and along 

the propagation direction (longitudinal dimension).  For the scanning SEA TADPOLE 

version the unknown pulse optical fiber is placed on two translation stages for the lateral 

dimension and longitudinal dimension.  To implement scanning SEA TADPOLE an 

algorithm controls the position of each translation stage.  For each movement in the 

lateral dimension a SEA TADPOLE interferogram is taken.  Then the program moves the 

optical fiber in the longitudinal dimension and the lateral scans are performed again.     

 

2.6 STRONG FIELDS 
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To control photodissocitation a qualitative knowledge of the pulse profile is important for 

generating specific pulses so the pulse parameters can be manipulated (41, 42).  

Manipulating the parameters of the pulse profile will provide a measure how pulse 

parameters effect the dissociation process.   The mass spectra fragmentation pattern is 

typically measured with time of flight mass spectrometer.  The mass spectrometer is in 

essence a mass chromatograph where the mass fragments resulting from the interaction of 

the ionizing source are detected based on their mass/charge. 

 Mass spectrometers work by accelerating charged particles toward a charged 

detector.  In principal if a charged particle is created while in an electric field, the particle 

will be accelerated in the direction opposite its polarity.  To arrange this situation two 

plates are place 1 cm apart from each other in the ionization region of the spectrometer.  

To accelerate a positively charged particle created between the plates, a positive voltage 

gradient is introduced between the plates.  To setup the voltage gradient, one of the plates 

(the repellor plate) is set to a high positive voltage.  The second plate is set to a lower 

positive voltage, than the first plate.  The voltage gradient also serves another purpose in 

that only ions with enough kinetic energy can breach the voltage barrier of the second 

plate and be accelerated further.   

 

Figure 2.10. Plate arrangement for accelerating positively charged particles in the direction of voltage gradient.  

Positive particle moves toward the lower voltage plate. 

 Creating ions can be achieved with several techniques, for our purposes ions are 

generated with an intense femtosecond laser pulse.  The intense ultra-short (<80fs) laser 

+3500 V +3000 V

+
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pulse is focused with a 15cm lens into the time of flight chamber through a fused silica 

window to a position between the two charged plates.  The intensity inside the Rayleigh 

range of the focus is typically 10
13

W/cm
2
.  Through the multiphoton absorption process 

several photons are simultaneously absorbed and enough energy is deposited to remove 

an electron from the molecules in the focal region of the laser pulse.  Figure 2.10 below 

depicts the three strong field regimes of field ionization of atoms and molecules (43, 44).   

 

Figure 2.11. a) Multiphoton ionization b) Tunnel Ionization c) Above-Barrier Ionization 

In the case of molecules, the electric field of the laser removes at least one electron and 

creates (in the case of single ionization) a molecular ion.  The last two mechanisms, 

tunnel ionization and over the barrier ionization, occur in a higher intensity regime than 

multiphoton.  In the tunnel ionization regime the intensity of the electric field is high 

enough to modify the Coulombic binding potential.  The electric field suppresses the 

binding potential, to the point that an electron in the excited state previously felt an 

infinite barrier and with the applied intense field a finite potential forms.  With a finite 

potential the electron now has a significant probability to tunnel through the barrier and 

be driven away from the parent ion by the electric field.  After ionization, the molecular 

ion can then undergo dissociative ionization forming radical cation fragments.  Ionization 
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and radical cation fragment formation is a very rapid process and occurs in nanoseconds, 

before the electric field gradient between plates in the ionization region accelerates the 

ions to the detector.   

To allow ions to propagate to the detector, the second charged plate (with the 

lower positive voltage than the repellor plate) has a small aperture cut into the center of 

the plate.  The geometric focus of the laser beam is positioned directly in front of the 

aperture, as a large portion of the total ions produced are produced in the most intense 

part of the focused beam.  Despite a lower intensity a significant number of ions are still 

produced in the regions of the focus outside the Rayleigh range.  The purpose of the 

aperture in the center of the second plate is to select ions from the geometric focus of the 

beam.  The reason for selecting only ions produced from the geometric focus is so that 

volume averaging is removed from the detected signal (45, 46).   

 

Figure 2.12. Focusing geometry into mass spectrometer. 

The volume of ions produced by the intense ultrashort laser pulse is the result of the 

spatial geometry of the focused laser pulse.  Ionization through the focal volume is 

dictated in equation 26: 

1 mm
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Where I0 is the peak intensity of the laser pulse ω0 is the minimum beam waist of the 

electric field and z0 is the Rayleigh range defined by z0=
   

 

 
.  Based on the previous 

equations the volume of ions produced as a function of spatial position in the focus and 

laser intensity is depicted in the following figure where yellow represents low intensity 

and pink high intensity.   

 

Figure 2.13. Intensity contour for a focusing laser pulse.  Highest intensity is pink, lowest intensity is yellow.  Seen 

from the illustration of equation 90 the lowest intensity occupies the largest volume. 

With volume averaging when the intensity of the laser pulse is increased the focal radius 

r in the previous figure increases. Typically, ionization rates are measured by changing 

the peak intensity of the laser and detecting the full volume of ions produced by the laser 

focus.  This procedure does not produce an accurate representation of the ionization rates 

because as the intensity of the laser increases so does the volume of the lower intensity 

regions outside the Rayleigh range.  Therefore, saturation intensities for various ions 

produced in the focus do not saturate because the volume of ions continually increases 

with the intensity.  To remove this effect the volume of measured ions is restricted to the 

most intense region, approximately one Rayleigh length with a slit or pin hole.  For 

experiments involving pulse shaping or a measurement where the intensity of the laser 

can vary, volume averaging can mask the response of the ions and intensity volume 

effects cannot be eliminated as a cause for a change in the ion signals. 
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 The time of flight chamber itself is constructed of stainless steel.  The pressure in 

the chamber is monitored with an ion gage.  There is two stages to the vacuum system, 

roughing pumps which bring the chamber from atmosphere to 10
-3

 torr.  Once the 

roughing pumps have evacuated the chamber to ~10
-3

 torr then Varian V301 turbo pumps 

bring the chamber to the operating base pressure of 4.0E-7 torr.  A schematic of the entire 

vacuum system is depicted below in figure 2.13. 

 

Figure 2.14. The strong femtosecond laser pulse creates ions in the focus of the lens.  The ions once they reach the drift 

tube are separated based on mass to charge ratio.  The ions are detected based on arrival time at the MCP detector 

 After the ions are accelerated through the slit, which is approximately 1mm in width, 

they are further separated based on their mass.  Mass separation is based on Newton’s 

equations of motions as follows: 
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In the equation above the flight time t is related to the mass of the particle and the charge.  

Therefore, mass separation occurs based on the time of flight to the detector.  The flight 
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distance d for the spectrometer used in the proceeding chapters is 1 meter, giving the 

spectrometer a mass resolution better than 1 amu.   

 The accelerated ions travel down the 1 meter flight tube toward -3.0kV voltage 

applied to the detector.  The microchannel plate detector is comprised of approximately 

one hundred micro-channels that are 10-100μm wide.  Each channel in the micro-channel 

array is itself an electron multiplier, where an electron ejected from the impact of a 

charged particle produces a cascade of electrons from subsequent acceleration and 

impacts.  The cascades of electrons are detected by anode at the bottom of the 

microchannel plate.  In the configuration used in our microchannel plate detector two 

microchannel plates are placed together with their angled microchannels orthogonal to 

each other, known as the chevron configuration.  Figure 14 depicts an illustration of the 

microchannel plate detector configuration.  The arrival times of the mass fragment 

cations are detected as a drop in voltage by the anode detector.  The detector is connected 

with a bnc cable to an oscilloscope, where the output of the oscilloscope is read by a 

computer through Ethernet or GPIB cables.      
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CHAPTER 3 

PULSE GENERATION AND CHARACTERIZATION 

 

 

3.1 OVERVIEW 

 Strong field control of photodissociation has been demonstrated with phase and 

amplitude pulse shaping where the pulse shapes are created with a genetic algorithm.  

The optimized pulses from these experiments are complicated and contain mechanistic 

information embedded in the pulse structure.  Accurately reconstructing the pulse shape 

from the optimized pulse structures will enable experiments to test each pulse parameter 

for the effect on the outcome control objective.  Pulse parameters to test the control 

objective outcome are delay, pulse amplitude, number of pulses, and chirps which are 

important in producing the final product distribution.  Accurate and fast recovery of 

complicated pulse shapes is now possible with SEA TADPOLE and will enable pulse 

parameter reconstruction for coherent control objective testing.  The key to SEA 

TADPOLE’s success is the linearity of spectral interferometry which enables SEA 

TADOLE to accurately recover arbitrarily complex pulses with time band width 

products >>5.  Previously, pulses with highly discontinuous phase and amplitude 

profiles were very difficult to measure and reconstruct accurately however the problems 

associated with measuring these pulses have been removed with SEA TADPOLE.  In 

addition, SEA TADPOLE’s capabilities can be extended further by measuring 

polarization shaped pulses.   

 The parametric pulse shaping algorithm can generate complicated user specified 

phase, amplitude and polarization pulse profiles.  The parametric algorithm takes a user 

specified pulse profile in the time domain (from a genetic algorithm optimization for 

example) and generates a phase and amplitude mask in the spectral domain.   
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When the output polarizer is removed from the pulse shaper, amplitude shaping leads to 

polarization pulse shapes. Combining the parametric pulse shaping algorithm and SEA 

TADPOLE creates a powerful pulse shaping method where pulse generation is 

immediately followed by measured feedback from the SEA TADPOLE.  This method is 

called the SPECIFIC method where SPECIFIC stands for shaped-pulse electric-field 

construction and interferometric characterization                      

 

3.2 INTRODUCTION 
 
In recent years, manipulating the spectral phase and amplitude of ultrafast laser pulses 

has enabled chemists and physicists unprecedented ability to control non-linear systems 

(1-5). In most of these experiments, the optimal pulses are generated by a search 

algorithm that results in complex pulse shapes where the complexity arises from 

modulation of hundreds to thousands of distinct spectral phases and amplitudes.  The  

complexity arising  from such modulation can be characterized by a large time 

bandwidth product (TBP), defined as the product of the root mean square of the 

temporal width and the root mean square of the spectral width of a laser pulse (6). 

Therefore, the ability to synthesize and characterize such complex laser pulses is of 

paramount concern for the coherent-control community. 

Femtosecond pulse shaping technology has been employed in many 

spectroscopic applications. For instance, shaping has been used as a means to enhance 

resonant versus nonresonant contribution to Raman signals or as a tool to extract 

information regarding a system of interest (7-11).   Femtosecond single beam CARS is 

now possible using pulse shaping technology to measure linewidths comparable to 

conventional CARS experiments with picojoule pulse energies (11). Using femtosecond 
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pulse shaping, vibrational modes in the Raman spectrum of β-carotene can be selectively 

excited (7). Tailored multipulse sequences with temporal spacing on the order of the 

period of the vibrational mode of interest, can produce Raman spectra filtered from 

unwanted excitation (9). From a spectroscopic standpoint, there is a need to generate 

temporal profiles that can be created, and verified on the fly according to a specified 

design. 

Generating pulses which have complex polarization profiles will allow for control 

of transitions to excited states which are not accessible from a pulse or sequence with a 

single polarization state (12).  Molecules are three dimensional objects and the efficiency 

of a transition is given by the transition dipole  ⃗   ⃗⃗( ).  The transition dipole is a three 

dimensional vector quantity and many times the multidimensional character of the 

transition dipole moment is neglected when discussing many spectroscopy and quantum 

calculations. Using the polarization of the pulse as another control parameter could be 

used to investigate the spatiotemporal nature of quantum wavepackets and allow for 

enhancement of coherent control objectives.  Polarization pulse shaping has been shown 

to optimize NaK dimer ionization from a three-step excitation process.  One of the 

driving forces behind the three step process is that polarization pulse shaping can adapt 

the electric field to time evolution of the polarization dependent transition dipole moment 

and enhance ionization.  Producing time dependent polarization pulse shapes with 

parametric pulse shaping will open up new photodissociation control routes by allowing 

access to forbidden transitions.   

The main principles underlying laser pulse shaping take root in electrical 

engineering, particularly linear filtering.  Linear filtering is a method used for processing 
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electrical signals and utilizes familiar components such as resistors, capacitors, and 

inducers to produce shaped electrical waveforms. In the frequency domain linear 

filtering can be represented by the following mathematical relations. First there is the 

frequency response H(ω) which is related to the linear filter output through equation 1. 

    ( )     ( ) ( )    (1) 

Where Eout(ω) and Ein(ω)  are the output and inputs of the linear filter, respectively.  

In the time domain the linear filter can be represented by the Fourier transform pairs in 

equation 2. 

 ( )  ∫   ( )         (2) 

where h(t) is represented by equation 3, 

 ( )  
 

  
∫   ( )        (3) 

Because of the Fourier relation of equations 2 and 3, a shaped optical waveform can 

be generated in the temporal domain by introducing a phase and amplitude filter in the 

spectral domain (13). Here we demonstrate a frequency domain approach to synthesize a 

required temporal sequence of pulses, each with a desired energy and phase profile. The 

design method evaluates the user-defined temporal pulse structure taking into account 

such parameters as the number of desired pulses, their relative energy, and temporal 

phase. To accomplish the design, a series of temporally separated sub-pulses are 

generated in frequency space, the spectral phases (expanded in Taylor series up to fourth 

order) and amplitudes are then super- imposed to obtain the appropriate pulse shaping 

mask to produce the desired temporal pulse structure. The parametrically designed pulses 

are then experimentally generated and verified.   

In addition to phase and amplitude profiles, polarization pulse shapes can be 
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generated from careful calibration of the transmission output of the pulse shaper.  The 

liquid crystal arrays of the pulse shaper act on the input pulse as a variable waveplates.  

The amount of voltage applied to the liquid crystals changes the index of refraction of the 

fast and slow axis of the crystal.  The first liquid crystal array is oriented 45 degrees to the 

input horizontally polarized light and acts as a half waveplate.  Depending on the applied 

voltage to the liquid crystals, the polarization can be rotated from horizontal to vertical.  

The second array, oriented -45 degrees with respect to the first array retards the x and y 

components of the incident pulse.  The incident polarization on the second array can be 

rotated from the principal axes of the liquid crystal.  Removing the output polarizer will 

permit polarization shaping.  Using polarization detection adapted SEA TADPOLE will 

extend the parametric shaping capabilities of this system into new realms of spectroscopy 

and coherent control.               

Parametric pulse shaping is important when a model resulting in a theoretically 

predicted shape can be verified by experimental generation and characterization of the 

pulse shape.  The key  to  parametric  shaping,  then,  is  the  generation  of  a  pulse  

shape  from  a  theoretical prediction with high fidelity. Previously reported pulse 

shaping algorithms provide the ability to implement a specified waveform in the time 

domain by calculating the necessary spectral amplitudes and phases for the laser pulse 

(14-18), in general for the case of small TBP, simple pulses. The paramount objective for 

parametric pulse shaping is that the generated pulse resembles the theoretical pulse. 

Therefore, the similarity of the calculated and measured temporal amplitudes is the 

indicator of success of the parametric pulse shape experiment. The components  of  the  

parametric  shape  in  terms  of  sign  and  shape  of  temporal  features 
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positive/negative, linear, quadratic, cubic chirp, polarization.), then qualify as an 

indicator of success. Measuring all of these components for a designed pulse shape 

represents a rigorous method of characterizing  and  determining  the  success  of  a  

parametric  pulse  shaping  system.  Pulse design, synthesis and measurement techniques, 

sensitive to the spectral phase and amplitude, as wells as the temporal envelope and 

phase, are necessity for quantitative parametric shaping experiments. 

Most methods for measuring ultrashort laser pulses fail for complex pulses. The 

oldest technique for measuring pulses is autocorrelation (6). Unfortunately, 

autocorrelation and the interferometric version yield no information regarding the actual 

temporal intensity and phase of a pulse and so have almost no utility for the pulse 

shaping community. 

The most popular pulse-measurement instrument for measuring temporal or 

spectral amplitude and phase is frequency-resolved optical gating (FROG) (6). The 

FROG setup is similar to non-collinear autocorrelation, with the addition of a 

spectrometer for detection. FROG can provide phase and amplitude information for 

simple pulses. However, for complex pulses (TBP  > 10), the FROG iterative 

reconstruction is time-consuming (seconds) and, depending on which version of FROG 

is used, results in convergence for such complex pulses only 90 to 95% of the time (18). 

Consequently, FROG works very well for moderately complex pulses but becomes 

increasingly inconvenient as the complexity of the pulses increases beyond a TBP larger 

than approximately ten (18). 

A version of FROG, called XFROG, which uses a well characterized reference 

pulse, very reliably measures even extremely complicated pulses, with TBP up to 100 
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(and probably higher)(18). But XFROG, like FROG, takes some time for its algorithm to 

converge. In addition, its non-linear optical interaction implies reduced sensitivity 

compared to linear methods. 

Another method for measuring shaped pulses, called MIIPS, was recently 

introduced (19), which involves using the shaper to add particular spectral-phase 

functions to the pulse and then measuring the second-harmonic spectrum as a function 

of the applied spectral phase. Thus far, MIIPS has been used only to measure simple 

pulses with minimal structure (20). Significant drawbacks to MIIPS, are that the method 

is inherently multi-shot and so requires time to generate a data trace, and it is also a 

nonlinear technique. The method also requires a stable input pulse train.   Finally, 

MIIPS does not constitute an independent measure of the pulse  shaper’s performance 

because the same  shaper that generates the pulse is also an essential component in 

the measurement of the pulse. 

Spectral interferometry (SI) is in principal the easiest, fastest, most reliable, and 

most sensitive pulse measurement technique because it is linear-optical, single-shot, and 

independent. Moreover, the measured trace can be directly inverted to reconstruct the 

pulse (21). However, traditional SI is a difficult experiment to implement, because the 

method requires precisely-aligned, interferometrically stable collinear beams, stable 

mounting of optical components, and stringent spatial mode matching. If any of these 

requirements is not satisfied, the interference fringes degrade (or disappear), and the 

error of the measurement increases significantly. Additionally, the most reliable 

reconstruction method for SI involves Fourier filtering the fringes along the frequency 

(or time) axis, and this process results in a large reduction of spectral resolution, (21) 
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usually by a factor of five. 

There is no secret that spectral interferometry by its self measures spectral content 

with higher resolution than the spectrometer used for the measurement.  Higher resolution 

results from the interference term in spectral interferometry which is approximately equal 

to Eunk(λ) whereas the spectrometer measures the intensity of the unknown spectrum 

|Eunk(λ) |
2
.  Higher resolution in this case comes from measuring the amplitude of the 

electric field rather than the intensity and as a result spectral interferometry yeilds a factor 

of 2
1/2

 better spectral resolution than a spectrometer. However, the 5 times enhancement 

in resolution of Eunk(λ) is lost with spectral interferometry due to Fourier filtering during 

processing of measured spectral interferogram.  To fully realize the resolution benefits of 

spectral interferometry and method of Fourier filter has to be implemented.      

A nonlinear-optical version of SI, called spectral shearing interferometry for 

direct electric field reconstruction (SPIDER), can, in principle, provide spectral phase 

and amplitude (22). Because SPIDER is nonlinear-optical, SPIDER is not as sensitive as 

a linear method. Finally, the method has extremely stringent calibration requirements 

with no feedback related to measurement accuracy (23). SPIDER and its variations are 

typically used for measuring ultrashort pulses.  

The polarization profile of ultra-short pulses can be measured with several known 

techniques.  To characterize the polarization profile of an ultrashort laser it is necessary to 

measure the electric field in the x and y directions Ex and Ey.  To completely characterize 

the polarization state of the laser pulse one must also measure the relative phase 

difference between the x and y component of the electric fields.  There are techniques that 

can measure the polarization state of a laser pulse such as POLLIWOG which stands for 
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Polarization Labeled Interference versus Wavelength of Only a Glint (24).  When using 

POLLIWOG to measure the polarization of a pulse or a polarization shaped pulse 

requires first that the beam is split with a polarizing beam splitter.  The split S and P 

components are then measured with spectral interferometry.  Because spectral 

interferometry is sensitive to the absolute phase of the pulse, the relative phase between 

the x and y components is easily recovered in addition to the relative amplitudes of the S 

and P components and spectral phases.  Using the relative phase and amplitudes the 

polarization state of the pulse can be represented along with the spectral phase profile.  

POLLIWOG suffers from the same spectral resolution issues as spectral interferometry 

and thus less accurate recovery of complex pulse profiles can occur.  In addition, to 

measure the absolute phase between the x and the y component of the electric field 

requires very high mechanical stability making POLLIWOG difficult to implement 

experimentally.  Therefore, a spectral interferometry technique which is not restrained by 

mechanical stability and spectrometer resolution would be ideal for measuring temporally 

evolving polarization pulse profiles.                 

Another technique known as TURTLE or Tomographic Ultrafast Retrieval of 

Transverse E-fields can measure the polarization of a laser pulse or shaped laser pulse 

(25).  TURTLE uses several FROG measurements to reconstruct the polarization state of 

the laser pulse.  Unlike POLLIWOG which measures the x and the y component of the 

electric field TURTLE requires the measurement of the x, y and x+y to reconstruct the 

polarization state.  TURTLE is restricted to at least three measurements of Ex, Ey, and 

Ex+y because FROG does not measure the absolute phase of the pulse.  A measurement of 

the absolute phase would allow for full determination of the polarization state of the 
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pulse.  To implement TURTLE the pulse is passed through a half waveplate and then a 

polarizer, to select Ex, Ey, and Ex+y which then enters the FROG setup.  After each 

component of the electric field is reconstructed the TURTLE algorithm uses a 

computational minimization technique to extract the relative phase difference from the 

three FROG measurements.  Because FROG is used to reconstruct the Ex, Ey, and Ex+y 

slices of the pulse, reconstruction is slow and is limited to pulses with TBP<5.       

Another variation of SI, called SEA TADPOLE or Spatially Encoded 

Arrangement for Temporal Analysis by Dispersing a Pair of Light E-Fields, has recently 

been demonstrated as a simple and robust variation of spectral interferometry for laser 

pulse shape characterization (26). The advantages of SEA TADPOLE over traditional SI 

originate from the use of optical fibers, and the two-dimensional interferogram which is 

made using temporally overlapping and crossing beams (27-31). The optical fibers 

perform the essential functions of desensitizing the device to optical and laser 

instabilities, and ensure that the spatial modes of the interfering beams will be identical 

and overlap spatially. The 2-D fringes allow for recovery of the spectral phase with high 

spectral resolution as a result of a zero temporal delay and Fourier filtering along the 

spatial axis of the camera rather than the frequency axis (27). SEA TADPOLE has been 

used to measure very complex pulse shapes typically generated in an optimal control 

experiment (32) with TBP as high as several hundred. SEA TADPOLE recovered phase 

information that was discontinuous (i.e. had large phase jumps) and therefore can 

reliably characterize the highly complex pulses expected from pulse shapers. As a result, 

we have chosen SEA TADPOLE for the measurement of shaped pulses in our 

apparatus. Other researchers using other methods of pulse shaping have shown that SEA 
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TAPDOLE is a useful tool for characterizing shaped pulses (27, 33, 34) (though they 

do not use fiber optics in their experimental setup).  SEA TADPOLE also has an 

approximate factor of 5-7 better spectral resolution than spectral interferometry.  Spectral 

interferometry results in a factor of five increase in spectral resolution from the 

interference, however recovery of the spectral phase reduces the resolution through 

Fourier filter by approximately a factor of 5.  By utilizing interference in the spatial 

domain the need to Fourier filter the spectrum is eliminated and the factor of five increase 

in spectral resolution can be realized.  One drawback to the SEA TADPOLE resolution is 

if the complexity in the pulse profile comes from the spectral phase.    Because the 

spectral resolution from SEA TADPOLE comes from the interference term the smallest 

feature that limits the resolution can come from the spectral phase or the amplitude of the 

spectrum.  The flip side is that a spectrometer does not suffer from this potential problem 

as spectrometers cannot measure phase information.       

Here, for the first time we combine an algorithm for complex parametric pulse 

generation with a laser pulse shaping system and SEA TADPOLE to provide a new 

parametric pulse shaping and pulse shape confirmation apparatus, which we call the 

SPECIFIC (shaped-pulse electric-field construction and interferometric characterization). 

Using the SPECIFIC method we demonstrate a systematic and accurate way to engineer 

laser pulses by calculating, applying, and measuring a series of desired pulse shapes 

by comparing the measured and specified temporal phase and intensity. 

 

3.3 EXPERIMENTAL 

We performed measurements to demonstrate the accuracy and precision of the 
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SPECIFIC method for pulse shaping using parametric pulse shaping of the output of a 

KM:Labs Ti:Sapphire  oscillator  in  conjunction  with  SEA TADPOLE  interferometric  

analysis.  The parametric pulse masks were applied to a CRI (Cambridge Research 

Instruments) SLM-2 X 128 spatial light modulator in reflective geometry. The reflective 

geometry consists of a grating (1200grooves/mm), a cylindrical mirror (f=210mm) and a 

pulse shaper which has a high reflective dielectric mirror placed after the second array of 

the spatial light modulator. The  spatial  light  modulator  is tilted  down at  a  slight  

angle  to  allow  the  laser  beam to propagate below the incoming beam. The SEA 

TADPOLE experimental apparatus (35) consists of a two equal length single mode 

fibers, one for the reference and one for the unknown pulse.   The beams emerging from 

the fibers cross at a small angle after being collimated by a spherical lens placed a 

focal length away from the fibers’ ends. A CCD camera is placed at the beams’ 

crossing point in order to record their interference. 

We map wavelength to the horizontal dimension of the camera using a diffraction 

grating and a cylindrical lens and in the vertical dimension the pulses cross. The pulse 

shaper was placed in one arm of the interferometer. The other arm of the device contains 

a delay line to compensate for the distance traveled through the pulse shaper so that the 

interfering pulses temporally overlap at the camera. 

To reconstruct the shaped pulse’s electric field from the interferogram we use a 

standard Fourier filtering algorithm that has been discussed in detail in previous papers 

(26, 29). This inversion algorithm is potentially very fast (video rate speed or better). All 

other experimental details about SEA TADPOLE can be found in these references (26, 

32). 
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Polarization detection is performed by taking slices of the electric field components of the 

unknown shaped pulse.  Polarization state of a pulse can be detected with SEA 

TADPOLE by taking measurements of Ex and Ey.  However, without the relative phase 

the polarization state of the pulse cannot be determined.  SEA TADPOLE cannot 

determine the relative phase between the two electric field components because thermal 

fluctuations randomize the relative phase difference between measurements.  Therefore, 

measurements of Ex,Ey, and Ex+Ey will allow isolation of the relative phase between 

components and reconstruction of the polarization state of the pulse as shown in equation 

1. 

   ( )  [√  ( )   (  ( )      )  √  ( )   (  ( ))]     (     ) (3) 

In equation one the term Sx(ω) and Sy(ω) are the spectra of the x and y components of the 

electric field.  The φx(ω) and φy(ω) terms are the spectral phases from the x and y slices 

of the electric field and φrand(ω) is the random spectral phase accumulated between 

measurements.  φrel(ω) is the relative phase between the x and y components of the 

electric field.   From equation one, one can determine the relative phase through the use 

of an appropriate minimization algorithm.  Experimentally, the cuts of Ex,Ey, and Ex+Ey 

components of the electric field are implemented by rotating the axes of the electric field 

with a half waveplate.  The rotated electric field is then passed through a p polarizer and 

directed into the SEA TADPOLE.  

 

3.4 PARAMETRIC PULSE GENERATION 

The principal of parametric pulse generation comes from the use of a “filter function,” 

H(ω), which is a complex quantity satisfying the relation of Equation 4. In the filter 
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function Eout(ω) and Ein(ω) describe the desired output and input pulse in spectral 

domain. Thus, the filter function is directly calculated and decomposed into the real 

component and complex part, where R(ω) describes the amplitude and φ(ω) corresponds 

to the phase filter as described by equation 4. 

 ̌  ( )  ̃   ( )   ̃( )   ( ) 
  ( )   (4) 

An electric field consisting of any number of sub pulses can therefore be written as 

    ( )   ̃  ( ) ̃ ( )   ̃  ( ) ̃ ( )    

  ̃  ( ) ̃ ( )     ( )∑   ( )      (5) 

where the Hi(ω) characterizes the individual, complex sub pulse filter functions. These 

filter functions can be simply added in order to generate a train of pulses. The algorithm 

based on the filter function is depicted in Figure 3.1. The number of sub-pulses in the 

pulse desired pulse shape are first defined with specific temporal positions and 

corresponding relative energies. The first temporal position is chosen as the first 

parameter and is translated into the spectral domain by adding a linear phase ramp 

defined as ϕ1 (ω) =ω*T. This can be regarded as a first order phase, where T is the 

temporal position. Next, the desired higher order spectral phases (GVD, TOD and etc.) 

are included for the first sub-pulse. The remaining sub-pulses are then treated in the same 

manner, defining a temporal shift and higher order phase functions as desired. The 

complex electric fields of the sub pulses are superimposed in the spectral domain, thus 

creating an elaborate and often non- intuitive interference containing real and imaginary 

components. The absolute and argument of the complex interference directly specifies 

the modulated spectral amplitude and phase. 
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Figure 3 . 1. Schematic description of the parametric construction of the  desired sub-pulses. The algorithm is 

based on: a), specifying the  temporal  separation and the spectral phases of the pulses; and b), generating the phase 

and transmission filters. 
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Given the specified spectral amplitude and phase, the filter function to be applied to 

the shaper, H(ω), can be calculated to produce the desired pulses. The amplitude 

modulation, R(ω),  is given by ratio of the calculated and input spectra, whereas the 

phase filter φ(ω) is simply the difference between the input field phase and that 

specified. In the case of a transform limited pulse as an input where the initial spectral 

phase is constant, the phase filter becomes the phase obtained from the interference of 

the all sub pulses, as shown in Figure 3.1. In such situation the measurement of the pulse 

structure becomes equivalent to measuring the filter function.  The advantage of 

calculating the parameters in the spectral domain involves the intuitive picture of each 

sub-pulse with regard to higher order phase, timing and spectral content. These are the 

parameters that form the natural basis for physical interpretation, dispersion 

management in optical calculations, and human insight into photochemical mechanism, 

and thus a valuable perspective for parametric pulse shaping. 

 By shaping the polarization molecular transitions can be excited which are 

sensitive to the direction of the field oscillation and can be used as an addition control 

parameter.  Polarization pulse shaping is performed by taking the parametric pulse 

shaping algorithm and adapting the mode of operation to polarization pulse shapes.  In 

addition, the polarizer after the pulse shaper is removed to allow all polarizations to reach 

the sample.  Due to the orientation of the liquid crystal arrays with respect to one another 

and the input laser polarization, the output polarization of the pulse can be calibrated 

through the transmission output of the shaper with the polarizer inserted into the beam 

path.  As shown by equation 6, the level of transmission through a polarizer directly 

reflects the phase difference between arrays.   
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      [
     

 
]      (6) 

Equation six is the main reason why with one pulse shaper one can perform phase and 

polarization shaping only.  The phase difference through the transmission of the shaper 

can be calibrated when using a p polarizer.  Full transmission indicates that no phase 

difference exists between the axis and the pulse is p polarized.  When the transmission is 

zero the pulse is fully S polarized indicating that the phase difference is 180 degrees.  A 

percent transmitted between 1<0.5>0 indicates elliptical polarization and fifty percent 

transmission through the polarizer is circular polarization.  To program the polarization, 

the user inputs the temporal pulse profile design to the algorithm including the 

polarization state (S,P, elliptical, circular).  The polarization of the subpulse is another 

parameter just like chirp or delay.  The algorithm as with phase and amplitude operation 

will create each subpulse independently.  The polarization pulse shape is generated 

through equation 7. 

 ( )     ( )   ( ) 
(   )(  ( )   ( ))     (

  ( )   ( )

 
)  (7) 

In equation 7 Ein is the input field, R(ω) is the amplitude filter, the argument of the 

exponential is the phase shape, and the cosine function is the polarization of the pulse.  

The complicated electric field designed in the temporal domain is then superimposed and 

Fourier transformed into the spectral domain for fields Ex and Ey.  Then a filter function 

is generated and applied to the input pulse.   

 

3.5 PHASE AND AMPLITUDE DATA: 

When measuring shaped pulses with any spectrally resolved technique the resolution of 
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the spectrometer is an important parameter for an accurate recovery of the pulse shape.  

Pulse shapes produced with spatial light modulators routinely contain sharp spectral 

phase and amplitude features.  Pulse profiles containing sharp features in either the 

spectral phase or amplitude can be difficult to accurately measure because fine features 

are problematic for a spectrometer to resolve.  In addition, converging on a solution for 

pulses with fine phase and amplitude features is difficult for most pulse measurement 

techniques.  Because SEA TADPOLE is a spatio-spectral interferometric technique 

spectral resolution is typically 5 times better than an equivalent spectrometer and spectral 

interferometer therefore complex spectral phase and amplitudes can be recovered 

accurately.  Figure 3.2 displays a measurement with SEA TADPOLE of a complicated 

spectral phase and amplitude profile to demonstrate the recovery capabilities of the 

system with shaped randomly shaped pulses.          

Figure 3.2 a shows the spatio-spectral interferogram for a the shaped laser pulse.  

Note that the shape and curvature of the spatio-spectral fringes resemble the applied 

spectral phase in figure 3.2b.  The accuracy of the recovery is embodied in the 

reconstructed spectral phase, which is nearly identical to the applied phase.  The resulting 

pulse profile in the temporal domain is displayed in figure 3.2d, where the temporal 

amplitude is displayed in blue and the temporal phase green.  The temporal amplitude can 

be characterized as complicated because the profile contains many small sharp features 

and the temporal phase has several rapidly changing regions.  Recovery of rapidly 

changing spectral phase features as well as fine spectral amplitude features were 

recovered accurately because of SEA TADPOLEs high spectral resolution and linearity 

in the measurement.   
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Figure 3.2. a) Spatio-spectral interferogram measured from the CCD camera in the spectrometer of SEA TADPOLE b) 

Reconstructed spectral phase (top) and applied spectral phase from the pulse shaper (bottom) c) Spectra of unknown 

pulse measured with SEA TADPOLE spectrometer (blue) and recovered spectra from SEA TADPOLE interferogram 

(green) d) Recovered temporal phase (green) and intensity (blue).  
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Figure 3.2d displays two measurements, the blue is obtained by simply blocking 

the reference arm of SEA TADPOLE and measuring the unknown pulse with the SEA 

TADPOLE spectrometer.  The green overlay is the measured spectrum of the shaped 

pulse.  Figure 3.2d demonstrates that the SEA TADPOLE measurement is higher 

resolution because the modulation in the spectral amplitude features is deeper from the 

SEA TADPOLE measurement than the equivalent spectrometer.  The higher resolution is 

a result of the spatio-spectral interference fringes.  Figure 3.2 also demonstrates that SEA 

TADPOLE is a technique that can accurately measure shaped pulses.     

As a first example we design, synthesize, and measure a two pulse structure 

with flat phase and a separation of 400fs as shown in Figure 3.3(a).   Applying the 

SPECIFIC algorithm we calculate the required phase and spectral intensity profile that 

must be generated by the spatial light modulator as shown in Figure 3.3(b). The 

calculated spectral phase of Figure 3 . 3(b) is a periodic step function, which varies by 

π phase steps. The phase across each spectral fringe is flat. 

The temporal profile measured by SEA TADPOLE shown in Figure 3.3(c) 

displays high correlation to the desired time-dependent pulse shape (Figure 3.3(a)) in 

both intensity and phase. While the profile of the calculated and recovered temporal 

intensities is highly correlated, there are small satellite pulses at +/- 550fs. The unwanted 

replica pulses are a common difficulty with parametric shaping. Their origin is most 

likely attributable to imperfect transmission control. This allows some spectral 

components to be transmitted instead of being completely suppressed. One could 

imagine this situation being analogous to a half waveplate/polarizer combination, where 

the half waveplate is unable to completely convert P polarization to S polarization.  
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Figure 3.3. a), The specified temporal amplitude and phase for a two pulse sequence. b), The target pulse shape’s 

spectral phase (green) and intensity (red). c), The measured temporal intensity and phase from the pulse sequence 

generated by the SPECIFIC algorithm as measured by SEA TADPOLE. d), The measured spectral phase (green) and 

amplitude (red) of the target pulse shape. 
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Furthermore, the transmission of S polarization through the P polarizer is not 

completely suppressed due to the polarizer having less than 100 percent extinction of S 

polarization. Another contributing factor is the assumption of a perfectly Gaussian 

spectrum used in calculating the spectral filter function. The shape and smoothness of 

the shaped pulses spectrum is crucial for the generation of the proper temporal profiles. 

Unwanted modulations and a less than perfect Gaussian spectrum envelope, will result in 

unwanted and unavoidable additions to the retrieved temporal profiles. The phases of 

both the specified and measured temporal intensities are flat. The calculated and 

measured temporal separation of the intensity maxima are 400fs as required. The 

measured spectral phases and amplitudes are shown in Figure 3 .3(d) and these 

correspond well to the required phase and spectral intensity shown in Figure 3.3(b).  The 

measured spectrum has the same number of amplitude oscillations compared to Figure 

3.3(b) and the amplitude of the fringes is also in agreement. The measured phase in 

Figure 3.3(d) is also a periodic step function and the phase is flat across each of the 

spectral modulations. 

To illustrate our ability to control more complex aspects of an ultrafast laser 

pulse shape, we designed temporal features that have ever increasing complexity. Figure 

3.4(a) shows one example of a desired temporal pulse shape where the two pulses are 

separated in time by 800fs with a particular chirp on each pulse feature. We specify that 

one pulse should be linearly chirped by -4x103fs2 and the other quadratically chirped by 

4x105fs3. 

The spectral intensity calculated by the SPECIFIC algorithm required to produce 

the temporal features is shown in Figure 3 .4 (b). The required spectral intensity is 
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again sinusoidal with a Gaussian envelope, and there are a series of phase steps. In this 

case the phase steps have a sigmoidal modulation and there is a higher complexity as can 

be seen. The spectral phase is no longer intuitive. 

The temporal phase and amplitude corresponding to the pulse shape specified in 

Figure 3.4(b) is shown in Figure 3.4(c) as measured by SEA TADPOLE. Comparison of 

Figure 3.4(a) with 4(c) reveals that the experimental pulses are in excellent agreement 

with the specified temporal phase, amplitude, and feature positions. The temporal 

positions of the intensity maxima are at their prescribed positions -400fs and +400fs.  

The shape of the recovered temporal amplitudes for the -400fs feature are in excellent 

agreement with the specified amplitude of Figure 3 .4 (a). The measured temporal 

intensity spans from -600fs to -200fs in agreement with the specified pulse. The 

measured temporal amplitude at the 400fs position has the same intensity modulations 

which span into positive time, denoted by the black arrows in Figure 3.4(c). 

The temporal phases of the recovered pulses display the same characteristic 

contours for the specified spectral chirps. In Figure 3.4(a), the temporal phase of the 

intensity maxima at the -400fs position is parabolic and positive. Indeed, the recovered 

temporal phase in Figure 3.4(c) at -400fs is a positive parabola. There is strong 

agreement of the temporal phases for the pulses predicted at the 400fs position. As 

shown in Figure 3.4(a), the intensity maxima at 400fs has a flat phase, with satellite 

pulses that extend into the positive temporal domain. The satellite pulses also have flat 

phases. Furthermore, these satellite pulses have π phase modulations.  This is also the 

case for the recovered pulse and its satellites around the 400fs feature in Figure 

3.4(c).  
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Figure 3.4. a), The target pulse shape is temporal phase (green) and amplitude (red).  b), The target pulse shape 

spectral phase (green)  and  amplitude  (red) c),  The measured  temporal phase (green) and amplitude (red). d), The 

target pulse shapes spectral phase (green) and amplitude (red). 
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The main pulse’s phase is flat and the satellite pulses have flat phases which alternate by 

π, as denoted by the blue dashes.   

The complexity of the temporal shape of the pulse has increased; therefore 

intuition predicts that there should be a correspondingly higher degree of modulation in 

the spectral amplitude and phase. One can see that both the calculated (Figure 3.4(b)) and 

measured (Figure 3.4(d)) spectral components overlap with regard to the fringe spacing 

and the number of relevant spectral fringes. Furthermore, the measured spectral 

interference fringes have the correct amplitudes. In an effort to push the limits of 

previous SEA TADPOLE [35] measurements, we have increased the complexity of our 

pulse shapes by generating a sequence of three pulses. Figure 3.5(a) contains the 

theoretical temporal pulse profiles, which have temporal positions of -300 fs, 0 fs, and 

400 fs.   In addition, the pulse at 400fs has been linearly chirped by 5x103fs2. The 

SPECIFIC algorithm generates the spectral intensity and phase required for this sequence  

as shown in Figure 3 . 5(b). In comparison with the previous calculations, both the 

spectral intensity and phase are unintuitive and complex. The prescribed temporal phase 

of Figure 3.5(a) is in good agreement with the phase measured in Figure 3.5(c). The 

temporal positions of the features (Figure 3.5(c)) are measured by SEA TADPOLE to 

occur the specified positions of -300 fs, 0 fs, and 400 fs.   The shape of the measured 

temporal intensities, Figure 3.5(c) at the -300fs and 0fs positions strongly coincide with 

the specified intensities in Figure 3.5(a); and are Gaussian in shape.  The intensities at 

the position 400fs is consistent with the specified pulse in Figure 3 . 4(a), and is 

stretched temporally as specified. 

The temporal phases of the recovered pulses are in good agreement with the 
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structure specified in their specified counterparts.  In Figure 3.5(c) the temporal phase 

for the intensities at the -300fs and 0fs positions are virtually flat, mirroring the same 

composition as their corresponding equivalents of Figure 3.5(a). The pulse at 400fs has a 

positive parabolic temporal phase (denoted by the yellow bar), as is expected from the 

linearly chirped pulse from Figure 3.5(a). 

  The spectral phase and intensity components show a higher degree of modulation 

in comparison to the previous demonstrations.  Both the calculated spectral intensity and 

phase shown in Figure 3.5(b) and the measured spectral components shown in Figure 

3.5(d), are in accord with  respect  to  the  fringe  spacing  and  the  number  of  relevant  

interference  fringes.  

Furthermore, the measured spectral interference fringes have the correct 

amplitudes. Correct spectral fringe spacing and amplitude will produce a more accurate 

recovered temporal pulse profile. 

Figure 3.5(b) and d have a complex spectral phase. We specified three pulses one 

of which has a linear chirp.  The linear chirp requirement will be embodied in a 

quadratic spectral phase; however, beyond this the overall spectral phase contour is 

unintuitive. Despite the unintuitive spectral phase of Figure 3.5(c), the measured spectral 

phase shown in Figure 3.5(d) agrees very well with the calculated spectral phase. 

Figure 3.6(a) details an experiment where three pulses are specified with 

temporal separations of -400fs, 0fs, and 400fs. The pulses at +/- 400fs have quadratic 

chirps valuing +/- 4000fs2, respectively. The spectral intensity and phase modulations 

calculated by the SPECIFIC algorithm are shown in Figure 3.6(b). Again these are non 

intuitive and complex. 
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Figure  3.5.  a),  The  target  pulse  shape’s  temporal  phase  (green)  and  amplitude  (red).    b), Recovered pulse from 

spectral components in d,  the  phase (red) and amplitude (green).   c), Target  pulse shapes spectral  phase (green) 

and amplitude (red). d), The target pulse shapes spectral phase (green) and amplitude (red). 
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The temporal phase and amplitude measured by SEA TADPOLE is shown in Figure 

3.6(c). The temporal profiles shown in Figure 3.6(a) and c are similar. The temporal 

positions of the recovered intensities are at the positions stipulated by Figure 3.6(a), -400 

fs, 0 fs, and 400 fs.  The recovered temporal intensity maxima for the -400fs, 0fs, and 

400fs features in Figure 3.6(c), are in good agreement with the calculated intensity 

profiles shown in Figure 3.6(a). The intensities at the -400fs and 400fs features in 

Figure 3 . 6(a) are both stretched in time, as expected for linearly chirped pulses. The 

intensity profile at the position 0fs of Figure 3.6(a) is consistent with the measured pulse 

in Figure 3.6(c), this feature is a near transform-limited pulse. The temporal distributions 

for Figure 3.6(a) and 3.6(c) reveal that the phase for the features at - 400fs and 400fs 

exhibit a quadratic behavior. The parabolic phases in Figure 3.6(a), are different by a 

minus sign, and the measured phases in 3.6(c) are in accord. The pulse in 3.6(a) at 0fs 

has a flat phase, as expected the recovered feature in 3.6(c) at 0 fs is effectively 

transform-limited as well. 

As is shown in Figure 3.6(b) and 3.6(d), the spectral modulations are also in 

good agreement; their spectral oscillations in intensity and phase have similar character.  

Figure 3.6(b) and d have a complex spectral phase signature. The spectral phase for 

Figure 3.6(b) and (d) are consistent in their step function character and their profiles 

superimpose as well. 

As  a  final  test  of  the  SPECIFIC  technique,  we  generated  more  complex  

three-pulse sequence. In this sequence, the pulses are temporally positioned 

asymmetrically at delays -700fs, -400fs, and 400fs as shown in Figure 3.7(a).   
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Figure. 3.6. a), Target pulse shapes temporal phase (green) and amplitude (red). b), Recovered pulse from spectral 

components in d, the phase (red) and amplitude (green).  c), Target pulse shapes spectral phase (green) and amplitude 

(red). d), The target pulse shapes spectral phase (green) and amplitude (red). 
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The pulse’s complexity is increased further with the additional requirement that the 

pulse at -400fs has a linear chirp of 4000fs2   and the pulse at 400fs has a quadratic 

chirp of 8x105fs3   while the feature at -700 fs has flat phase.  Figure 3.7(b) shows the 

corresponding calculated spectral intensity and phase modulation returned from the 

SPECIFIC algorithm.  

Figure 3.7(c) displays the temporal intensity and phase for the experimentally 

shaped pulse as measured by SEAPOLE. The positions of the temporal intensities for the 

-700 fs, -400 fs, and 400 fs features are shown in Figure 3.7(a) and are accurately 

reflected in the SEA TADPOLE measurement shown in Figure 3.7(c). The shape of the 

temporal intensity in 3.7(a) at -700fs is Gaussian, as is the measured profile in 3 .7(c). 

The temporal feature in 3 .6(a) at the position -400fs, is lengthened, as is the 

corresponding measured profile in 3.6(c). Furthermore, temporal profiles in both 3.7(a) 

and 3.7(c) extend in time space from ~ -600fs to -200fs. The temporal intensities at the 

position 400fs in 3.7(a) and 3.7(b) both have an intense feature followed by satellite 

modulations, characteristic of cubic spectral phase. The shape and intensities of these 

modulations correlate well between specified and measured pulses. As for the temporal 

phase distributions, Figure 3 . 7(a) displays a flat phase for the feature specified at -

700fs, the corresponding measured feature in 3.7(c) has a flat phase as well. The 

feature at -400fs has a positive quadratic temporal phase in 3.7(a), the corresponding 

feature in 3.7(c) has a phase with a strong positive parabolic character. The temporal 

phase for the feature at 400fs in 3.7(a) has a flat phase for the main pulse and satellite 

pulses. The absolute phase also exhibits π jumps.   The phase for the measured pulse 

shape in 3.7(c) demonstrates the same satellite pulses and phase character for the 
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measured feature at 400fs. 

Figure 3.7(b) and d display the calculated and measured spectral amplitudes.  As 

is evident from b and d, the fringe spacing and amplitudes for the specified and 

measured pulses coincide. The sub-pulses in Figure 3.7(b) and 3.7(d) have quadratic and 

cubic spectral phases, respectively. The spectral phase for Figure 3.7(b) and 3.7(d) are 

consistent in their profiles.  Again neither the spectral intensity nor phase is intuitive for 

the desired shaped pulse. The ability to accurately measure these profiles suggests that 

we are constructing time dependent electric fields with high fidelity. 

3.6 POLARIZATION PULSE SHAPING 

Because molecules are three dimensional objects, the light that they interact with must 

also contain multi-dimensional character through the polarization state.  We demonstrate 

with our first polarization pulse shape that polariztation pump probe studies with 

orthogonally polarized pump and probe pulses is possible with our shaping algorithm.  In 

addition the pulse shaping algorithm and SEA TADPOLE combined can create and 

characterize polarization shaped pulses with high fidelity and accuracy.  The first 

polarization pulse shape is a double pulse profile with a relative delay between pulses of 

600fs shown in figure 8. Both pulses have equal intensities, flat temporal phases and 

orthogonal polarization (S and P polarized).  As demonstrated by figure three, a double 

pulse profile in the temporal domain has periodic spectral amplitude, where the period of 

the spectral features are (1/delay). The spectra for S and P polarized pulses measured by 

rotating the half waveplate from zero for p polarized to 90 degrees for S polarized is 

shown in figure 3.8b.  The spectra for waveplate orientation 45 degrees, Ex+y is shown in 

figure 3.8 c and d.   
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Figure 3.7. Double pulse temporal profile. B) measured spectra for p and s polarizations c) spectra for Ex+y and 

minimizations 
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The spectra for 45 degrees orientation should contain both Ex and Ey and is the 

reason why there are interference fringes in 3.8c/d and not 3.8b, with the fringe spacing is 

equal to 1/delay between pulses.  From the spectral measurements in figure 3.8b the 

temporal amplitudes are recovered and displayed in figure 3.8a.   As is shown in figure 

3.8a two temporal amplitudes, p polarized in green and S polarized in blue of nearly 

identical intensities are recovered with approximately 600fs delay.  The minimization 

calculation of the relative phase from equation 1 displayed in 3.8 c and d overlaps (green) 

nearly identically with the correct/measured spectral amplitude (blue) demonstrating that 

the algorithm can correctly converged on the relative phase for the polarization pulse 

shape of figure 3.8.   Once the minimization has converged on a solution to the relative 

phase a plot of the polarization state in the x, y, and z (time) domain can be generated.   

Figure 3.8 is generated by taking the recovered pulse and plotting each time point on the 

polarization ellipse according to equation 8 and 9.   

  ( )  |  ( )|   (       ( )   )   (8)                                         

  ( )  |  ( )|   (  ( )   )    (9) 

l in equation 8 and 9 is the orientation of the polarization ellipse in space which is a 

parameter of the ellipse ranging from 0 to 2π which.   

 Polarization pulse shapes were optimized to produce enhanced multiphoton 

ionization of potassium dimers.  These polarization pulse shapes were produced by 

allowing the genetic algorithm control over phase, amplitude, and polarization of the 

pulse creating a complicated theoretical projection of the pulse shape.  Temporally 

dependent polarization states have been shown to enhance ionization and dissociation 

control in molecules.  Therefore, to demonstrate the power of polarization SPECIFIC to 
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generate and characterize this additional dimension of the pulse, we design a double pulse 

profile where both pulses have the same relative intensity.  The separation between pulses 

is approximately 200fs and the pulse at -100fs is P polarized and the pulse at 100fs delay 

is S polarized.  The measured P and S spectra are shown in figure 3.9a.  Figure 3.9a 

shows the spectra for the S and P double pulse profile.  Figure 3.9b shows the temporal 

reconstruction from the recovered spectra in figure 3.9a.  Notice that the two pulses are 

overlapping at zero delay.  Figure 3.9c is the reconstruction of the pulse shape using the 

polarization ellipse equation 8 and 9.  Figure 3.9c demonstrates that pulses complicated 

pulses where the polarization is changing as a function of time can be generated and 

produced with polarization SPECIFIC.  

There is a seemingly endless number of polarization pulse shapes that can be 

created by pulse shaping optimizations.  To determine if there are any limitations of 

polarization SPECIFIC a double pulse profile is programmed into the pulse shaping 

algorithm where the delay between pulses is approximately 600fs.  The pulse at -300fs is 

linearly chirped (second order phase) and the polarization is set to circular.  The second 

pulse at 300fs is quadratically chirped (third order phase) and the polarization is set to S.  

The recovered polarization pulse profile is displayed in figure 3.10. 

 



104 
 

 
Figure 3.8. a) double pulse profile delayed by 600fs.  The pulse at -300fs is S polarized and the pulse at 300fs is P 

polarized.  The color represents the instantaneous frequency obtained from the spectral phase. 

   

Figure 3.10a displays the measured S and P components of the pulses spectrum.  

There are noticeable fringes in the S polarized spectra.  This is due to one of the pulses 

having a polarization component in more than one of the polarization axes.  Figure 3.10b 

displays the recovered temporal profiles.  The pulse at delay -300fs has a longer pulse 

duration and is less intense than the pulse at 300fs due to the applied linear chirp in the 

spectral domain.  For the pulses at positive delay, several smaller pulses precede a major 

temporal feature at 300fs.  This temporal amplitude structure is characteristic of cubic 

spectral phase.   After minimization of the relative phase figure 3.10c was constructed 

where figure 3.10c displays temporal features at positive delays with S polarization.  An 

S polarized pulse with a cubic spectral phase was originally designed for this temporal 

delay at the beginning of the experiment.  This is confirmation that the correct temporal 

profile for positive delays was generated.  However, the algorithm was programmed to 

produce a linearly chirped circularly polarized pulse at a delay of -300fs.  At delay -

300fs in figure 3.10c a linearly chirped elliptically polarized pulse is recovered.   
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Figure 3.9. a) S (red) and P (black) spectra b) Temporal reconstruction of retrieved spectra from a) c) polarization 

reconstruction after minimization algrothim. 
 

The reason that a circularly polarized pulse was not measured is attributed to the phase 

shifts from other optical elements such as dielectric coated reflective mirrors shifting the 

relative phase after the liquid crystal array.      

 
Figure 3.10. a) P (black) and S (red) components of the pulse spectrum b) temporal pulse reconstruction of the P and 

S components of the temporal pulse profile c) pulse reconstruction using the recovered relative phase minimization 

 

3.7 CONCLUSION 

This paper demonstrates that the SPECIFIC method can produce, apply, and measure 

complicated pulse shapes in the ultrafast regime. The recovered temporal phases and 

intensities from SEA TADPOLE are excellent evidence that the SPECIFIC algorithm 

can control the fine details of the temporal pulse profile. Furthermore, our open loop 

method further validates the ability of SEA TADPOLE to characterize and verify 

complex pulse shapes. The SPECIFIC method will be useful in the fields of coherent 
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control, high harmonic generation, and optical metrology.  In these fields there is a huge 

demand for a technique that can produce a complex pulse and simultaneously verify the 

pulse shape interacting with the physical system.  In this way we anticipate measuring, 

mining, and enhancing physical insight for a multitude of pulses interacting with 

molecular systems. 
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CHAPTER 4 

SPATIAL COUPLING IN COMPLICATED PULSES 

 

4.1 OVERVIEW 

Spectroscopy, materials imaging, non-linear frequency generation, and coherent 

control all interrogate molecules and atoms in the focal plane of a lens.  Interpretation of 

experimental results assumes that the molecules and atoms experience a smooth and 

continuous intensity and phase profile of the focusing laser pulse.  However, due to the 

bandwidth of ultrashort pulses, propagation effects, and optical elements focusing can 

result in complicated space and time/frequency profiles through the focus.  Complicated 

profiles can reduce the resolution of materials imaging, produce false negatives during 

semiconductor wafer inspection, complicate interpretation of spectroscopic results, and 

degrade the dynamic range of fragment enhancement and suppression during phase 

driven coherent control of dissociative ionization.   

The spatial component of the electric field of a femtosecond Gaussian laser pulse 

is usually thought of as a separate quantity from the temporal/spectral domain of the 

pulse.  Thus the spatial component is typically neglected from consideration and the 

electric field is written to show the time (or spectral) dependence of the electric fields 

amplitude.  This assumption is maintained because until recently the complicated 

coupling between the space and time components of the electric field has been thought to 

have only a minor effect on the results of ultrafast science experiments.  The effect of the 

space time coupling on ultrashort laser pulses has been emphasized through 

measurements of pulse profiles which are capable of simultaneous spatial and temporal 
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resolution.  Here we measure the spatio-temporal coupling of shaped laser pulses which 

are typically used for coherent control and spectroscopic interrogation of molecules 

using scanning SEA TADPOLE as a function of propagation distance through the focal 

region of a plano-convex lens.  A double pulse sequence is measured to have a changing 

spectral phase across the beam front as a function of propagation distance. After a 

sinusoidal spectral phase is applied by the pulse shaper to the input pulse and is focused 

by a lens, a saw-tooth spectral amplitude is measured across the beam front before and 

after the focal plane of the lens. The measured spatio-spectral phase and amplitude for 

these two common pulse shapes are consistent with the predictions of a theoretical 

model. 

 

4.2 INTRODUCTION 

The electric field of a femtosecond Gaussian laser pulse can be written with a spatial and 

frequency or temporal dependence.  In the spatial-frequency representation of the 

electric field, the electric field vector is written as  ⃗⃗⃗(x,ω).  For the purposes of modeling 

Gaussian pulse propagation, the electric field of a laser beam is considered spatially 

uniform and the bandwidth of the laser pulse evenly distributed throughout all spatial 

regions of the beam.  A uniform spatial-spectral profile of the pulse leads to the 

assumption that the spectral and spatial components of the electric fields are uncoupled 

which produces an electric field with two separate quantities describing the space and 

frequency E(x) E(ω).  When the beam experiences diffraction the previous assumption 

becomes invalid and a complicated evolution of the spatial profile occurs as the beam 

propagates away from the point of diffraction.   
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 There are many forms of spatial coupling where some forms are needed to 

compress pulses after amplification  (1).  In many cases spatial coupling is intentionally 

introduced by optical systems with components such as gratings and prisms.  Gratings 

and prisms are the primary optical components in pulse compressors.  A pulse 

compressor reduces the pulse duration of a pulse from hundreds of picosecond down to 

tens of femtoseconds by introducing negative group velocity dispersion to compensate 

for positive group velocity dispersion introduced to the pulse before amplification (2).  

Negative group velocity dispersion is introduced through angular dispersion, where 

angular dispersion is the spatial separation of the bandwidth of the laser by a grating or 

prism.  The angle that each color of the laser bandwidth diffracts off the grating is 

frequency dependent and therefore the distance that each frequency components travels 

to a point away from the grating will be different.  In this case a linear time dependence 

(lag) of the blue side of the spectrum to the red side of the spectrum is produced, 

negative group velocity dispersion (blues behind the reds).  In addition, angular 

dispersion introduces an angular spatial spread of the frequency components of the laser 

pulse and the electric field of the laser can be written in the k and ω domains.   

After the beam propagates a short distance away from the grating or prism 

another type of spatial coupling occurs, spatial chirp (3).  Spatial chirp can be viewed as 

a spatially dependent frequency distribution of the laser beam and has an x and ω 

dependence.  Spatial chirp also signifies the presence of several other spatial couplings in 

the beam.   

After compensating for negative temporal chirp a second prism or grating is 

introduced into the beam which reverses the angular dispersion.  With this optical layout, 
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the beam after the second prism/grating will still contain spatial chirp.  To remove the 

spatial chirp, the beam is typically reflected back into the prism/grating pair.  Spatial 

chirp from the compressor optics is removed from the beam through two successive 

diffractions off the gratings to recombine the bandwidth of the laser.  If the compressor is 

misaligned, spatial chirp will not be fully removed from the exiting beam.  Spatial chirp 

is detrimental and unwanted because focusing a laser pulse with spatial chirp increases 

the shortest possible pulse duration in the focus of the lens.  In addition, a spatially 

chirped beam will not focus to a diffraction limited focal spot, which could reduce the 

spatial resolution for imaging and limit the highest attainable focal intensity (4).  Another 

cause of spatial chirp and angular dispersion in femtosecond laser pulses can be 

introduced into the laser beam through nonlinear frequency generation, the origins of 

which are from the angular phase matching requirements.   

 When examining spatial coupling from the time domain pulse front tilt has the 

most significant effect on the overall pulse profile (5, 6).  Pulse front tilt occurs when one 

side of the beam arrives at a point in space before the other side.  This spatial distortion 

can result from angular dispersion and or simultaneous spatial and temporal chirp (7, 8).  

Pulse front tilt is detrimental to ultrafast experiments because the overall pulse duration 

in the presence of pulse front tilt cannot reach transform limited.  Another lesser known 

spatial coupling called time versus angle coupling has been determined to be present 

when spatial coupling such as pulse front tilt and spatial chirp are present (9).  

Compressors are a common source of spatial coupling in femtosecond laser pulses and 

their proper alignment will prevent unwanted effects from hindering experiments.   

 To model the spatio-temporal -spectral electric field of a laser pulse to predict the 
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effects of an optical setup on the spatio-temporal/spectral profile, ray-pulse matrices 

were constructed using the Kostenbauder approach (3, 9).  Briefly, a Kostenbauder 

matrix is a ray-pulse which contains both the spatial parameters of a ray and spectral 

parameters of a Gaussian pulse.  The electric field is first expressed in terms of the ray-

pulse matrix which contains spatial coupling information in the cross terms.  The real 

and imaginary parts of the cross terms represent the spatial couplings.  Table 1 column 1 

catalogues the different types of amplitude coupling and the associated phase coupling in 

column two (3).   

Table 1. Spatial Coupling 

Beam Spot Size (x,x) Wavefront Curvature 

Temporal Pulse Width (t,t) Temporal Chirp 

Pulse Front Tilt (x,t) Wave-front Rotation 

Bandwidth (ω,ω) Frequency Chirp 

Spatial Chirp (x,ω) Wave-front Tilt Dispersion 

Angular Divergence (k,k) Angular Phase-Front 

Curvature 

Bandwidth (ω,ω) Frequency Chirp 

Angular Dispersion (k,ω) Angular Spectral Chirp 

Time vs Angle (k,t) Angular Temporal Chirp 

 

A theoretical model of Gaussian laser pulse propagation can be generated through optical 

systems using this approach.  In principal these models can show the presence of spatial 

coupling induced by the optical layout. 
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Laser pulses which propagate through optical setups that introduce spatial coupling can 

affect dynamical process in biology, chemistry, and physics resulting in unexpectedly 

spectroscopic responses.  Two common spectroscopic techniques, CARS and 

multiphoton microscopy, require the smallest possible spatial foci and those foci must 

not contain any spatial aberration to produce optical signals used to image or probe the 

spectroscopic response of fluorophores attached to biomolecules such as proteins or 

DNA molecules.   In addition, the use of nonlinear spectroscopic techniques also requires 

high intensities to induce multiphoton absorption (10).  To achieve the required tight 

focal volume requirements, the input spatial profile of the beam must be free of spatial 

distortions, spatio-temporal coupling, and the focusing lens system must not distort the 

spatial profile through the focus (11).  To model the focal conditions for laser scanning 

microscopy a femtosecond laser pulse is often reduced to the monochromatic plane wave 

approximation which is not an accurate representation for focusing femtosecond laser 

pulses (4).  Several effects unique to femtosecond laser pulses have been overlooked by 

oversimplifying the nature of femtosecond laser pulse focusing using monochromatic 

planes waves.   

 Lens aberrations such as spherical and chromatic aberrations play a major role in 

the spatial intensity distribution in the focal plane of a lens for femtosecond laser pulses 

(12).  Chromatic and spherical aberrations are easily understood when considering how 

monochromatic light rays focus when these aberrations are present.  However, 

femtosecond pulses under the influence of chromatic and spherical aberrations take on 

additional spatial complexity resulting from group velocity dispersion accumulated as 

different regions of the beam pass through the lens material (13).  When attempting to 
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model the effects of aberrations on a femtosecond pulse the beam can be broken up into 

an array of beamlets or ray-pulses, which considers the spatial extent of the beam as 

individual rays.  Ray-pulses also include the pulse character of the ray and each have a 

bandwidth and pulse length.  In the first scenario attempting to model lens aberrations, 

the array of beamlets pass through a biconvex lens.  However, due to the curvature of the 

lens the beamlets passing through the center of the lens pass through the most material 

relative to the beamlets closer to the edge of the lens (14).  As a result the bandwidth for 

the beamlets that pass through the center of the lens are temporally chirped the most 

relative to the beamlets near the edges of the lens.  This first situation produces what is 

known as propagation time difference, where the pulse front lags behind the phase front 

leading up to the geometric focus.  As a result the pulse front is flat behind the focus.  In 

addition, beamlets passing through different amounts of material can also create complex 

spatial structures in the focus of the lens where the ray pulses intersect. 

   When modeling lens aberrations without considering group velocity dispersion 

accumulated in different spatial regions of the beam, the spatial structure in the focus is 

attributed to the arrival times of the beamlet to the geometric focus (15).  Group velocity 

dispersion (time ordering of the bandwidth of the laser) is taken into account in the lens 

system by showing that the beamlets passing through the center of the lens experience 

more temporal dispersion than beamlets passing through the edges of the lens.  Lens 

material is the predominant source of spatio-temporal structure in the focal plane of the 

lens and is the result of a general focusing effect known as chromatic aberration (16).  

These effects can be minimized with the use of an achromatic lens, however, the focal 

spot cannot reach diffraction limited without the removal of all spatio-temporal coupling.   
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Diffraction limited focusing is required to achieve the highest spatial resolution for 

spectroscopic imaging of materials and biological samples.  A focusing laser pulse can 

experience chromatic aberration, in addition spherical aberrations can also be present and 

will increase the spot size in the focus and broaden the pulse duration.  Spherical 

aberrations occur when light rays that pass through the lens near the edge of the lens and 

the rays that pass through the center of the lens focus to different positions in the focal.  

The focal plane corresponding to the rays passing through the lens near the edges are 

called the marginal focus and the focal plane from rays passing through the center of the 

lens form the paraxial focus.  Because the rays focus to different spatial positions, the 

pulse front at the focus is curved resulting in lengthened pulse duration in the focus.  

Most common focusing lenses can create complex spatio-temporal profiles which will 

decrease the spatial resolution of imagining experiments, decrease the intensity of the 

focus, and broaden the pulse length.  In order to understand the complicated coupling 

that can occur from lens systems, characterizing the intensity and phase in either the 

spectral or temporal domain is not sufficient to determine the presence of these 

distortions.  Furthermore, the spectroscopic response of a system could be influenced by 

local intensity and time modulation caused by coupling in the spatio-temporal profile.  

Therefore, characterization of the spatio-temporal focus should be undertaken to 

determine the conditions of the beam where the sample will be interrogated.       

Femtosecond laser pulses are characterized by their intensity and phase in either 

the temporal or spectral domains.  However, due to the need for diffraction limited foci, 

high intensity, and spatially uniform intensity profiles in the focus the spatial domain 

must be added to the list of routinely characterized pulse parameters.  Most pulse 
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characterization techniques are insensitive to the spatial-temporal/spectral profile of the 

laser pulse.  Recently, an adapted version of SEA TADPOLE has been shown capable of 

characterizing the spatio-temporal/spectral profile of a focusing femtosecond laser pulse 

(17).  With scanning SEA TADPOLE the lateral cross section of the beam perpendicular 

to the propagation direction has been characterized with spatial resolution of 

approximately 5 microns (18).  For each 5 micron step a spatial and temporal profile is 

compiled across the entire beam diameter.  With scanning SEA TADPOLE the spatio-

temporal progression of the pulse through the focus is measured by moving the scanning 

SEA TADPOLE fiber to different positions along the focusing direction of the laser 

beam.  Using scanning SEA TADPOLE the evolution of the spatio-temporal focal profile 

of the femtosecond laser pulse through a plano-convex lens can be measured and 

compared to theoretical ray-pulse calculations.  The theoretical spatio-temporal profiles 

were in excellent agreement with the spatio-temporal profile measured with SEA 

TADPOLE.  The scanning SEA TADPOLE measurement demonstrated that due to 

chromatic aberration introduced by the lens, the pulse front is curved at the geometric 

focus and is flat behind the focus.  This produces longer pulse duration at the geometric 

focus resulting from group velocity dispersion.  In addition to chromatic aberration, the 

plano-convex lens also introduces modulations in the spatial intensity profile across the 

wavefront.  The intensity ripples in the wavefront at different longitudinal positions are 

the result of spherical aberrations.  The presence of chromatic and spherical aberations 

measured with SEA TADPOLE demonstrates the importance of characterizing the 

spatio-temporal focus, because spatio-temporal coupling could effect experimental 

results.         
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Spatio-temporal coupling in focusing ultrashort laser pulses can alter the temporal profile 

during propagation through the focal plane of a lens. While beam relaying and pixelation 

effects have been theoretically predicted to change the spatial intensity distribution 

through the focal volume (19), experimental measurements of the spectral phase and 

amplitude of the pulse profile through the focal plane reveals even more exotic features 

(20). Spatially-resolved pulse characterization is of interest to the fields of quantum 

control, multiphoton microscopy, and spectroscopy where atoms and molecules are often 

probed in the laser focal volume. The outcome of these experiments can be sensitive to 

inhomogeneous phase profiles caused by pulse shape distortion in the focal plane (19) 

and to the spatial intensity as the pulse propagates through the focus (21). Here we 

consider spatial spectral and spatial temporal inhomogeneities for shaped laser pulses as 

a function of propagation distance through a focus. 

Pulse shapers commonly used in coherent control have been shown to have 

space-time profiles that depend on the propagation distance from the last grating of the 4-

f compressor (22). In the first theoretical calculations illustrating space-time coupling 

(23) a desired space-time profile was produced using an appropriate spectral filter in the 

Fourier plane of a 4-f shaper. The filter was calculated using a model based on 

Martinez’s treatment of the grating (1), followed by a Fourier optical analysis. Phase-

shaping of the spectrally dispersed beam in the Fourier plane in a 4-f pulse shaper results 

in wavefront modulation and affects the beams spatio-temporal profile. Theory 

describing space-time coupling resulting from wavefront modulation has been presented 

previously (23-25) and the resulting space-time coupling has been addressed 

theoretically (20, 22) and experimentally (22, 23, 26, 27). For instance, the dual spot 
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ablation profile created when a double pulse sequence (created in a 4-f pulse shaper) was 

focused onto a metal surface reveals evidence for spatio-temporal coupling (26, 27). 

Such indirect investigations into spatio-temporal coupling motivate direct measurement 

of the spatio spectral phase and amplitude of the shaped pulse during focusing. 

One widely used pulse shape involves the generation of a pump and time-delayed 

probe pulse to investigate the temporal dynamics of molecules and atoms in laser fields. 

Pump probe spectroscopy has been used, for example, to study the interaction of ionic 

wavepackets (28, 29), the polarization of high harmonic generation (30), and the 

tomographic reconstruction of the highest occupied molecular orbital of nitrogen (31). A 

4-f pulse shaper has been shown by Präkelt (32) to produce nearly identical experimental 

pump probe results when compared with those obtained using an optical delay line. 

Creating an optical delay line with a pulse shaper requires extensive modulation of the 

spectral phase to create a pi phase step and an cos
2
 transmission filter applied to the input 

pulse. We will show that such shaping provides the potential for spatio-temporal-

coupling-induced distortion of the pulse shape in the vicinity of and at the focus. 

Another widely used pulse shape is sinusoidal spectral phase modulation. Sinusoidal 

spectral phases have been utilized to control and investigate wavepacket dynamics of 

polyatomic molecules and atoms (33-36). The characterization of the spatio-spectral and 

temporal pulse structure as the laser focuses is motivated by the need for the intended 

pulse shape to interact with the medium. 

The spatio-temporal profile of focusing laser pulses is important in strong and 

weak field approaches to quantum control and pulse shaping has been employed to 

manipulate systems ranging from isolated atoms (37-39) to biomolecules in solution 
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(40). The detection region must be restricted to the Rayleigh range of the focus to ensure 

that no volume averaging occurs within the focal plane of the ultrashort laser pulse (21). 

Volume averaging can overwhelm the nonlinear response of the sample masking the 

coherent phenomena. A flat intensity profile in the interaction region is achieved by 

inserting a small slit or aperture transverse to the propagation to the propagation 

direction to restrict the focal volume observed (21, 41). Pulse shape averaging may be 

similarly problematic during propagation through the focus and could also serve to mask 

controllability. 

In this paper we analyze and measure space-time coupling from spectral phase 

and amplitude modulated pulse shapes for two cases, double pulse and a multipulse pulse 

train. These pulses are generated by applying a pre-calculated phase and amplitude mask 

to a transform-limited pulse via a spatial light modulator. We investigate a double pulse 

sequence where the spectral phase is modulated by a pi phase step and a cos
2
 

transmission filter (38, 42). The multipulse train is generated using a sine function in the 

spectral phase modulation (43-47). We completely characterize the focus by measuring 

the spatio-temporal coupling using scanning SEA TADPOLE to determine the two 

dimensional spatial-spectral content of the pulse propagating through the focus of the 

lens. Fourier analysis is employed to show full analytical solutions for the electric field 

after passing through the 4-f zero-dispersion compressor with the SLM in its Fourier 

plane. Accurate mapping of the dispersed frequencies components in the Fourier plane 

onto the SLM liquid crystals reduces diffraction effects on the beam profile but still 

produces unpredictable spatio-spectral patterns through the focus. 
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4.3 EXPERIMENTAL SETUP 

The experimental setup is shown in Figure 4.1. A Ti:Sapphire oscillator delivers ~20 nm 

of phase locked bandwidth centered at 800nm with ~5nJ energy per pulse at a repetition 

rate of 80MHz. The laser beam is first collimated by a telescope to ~2mm 1/e spot size. 

The femtosecond pulses traverse a 4-f pulse shaper consisting of a 1200 l/mm gold 

coated-grating followed by a 210 mm reflective focusing element and a CRI (Cambridge 

Research Instruments) SLM-2 X 128 modulator in the Fourier plane. Just behind the 

modulator is a retroreflector that is slightly offset in the vertical direction to return the 

beam vertically offset by a few mm to clear an input mirror. Following the shaper, a 

scanning SEA TADPOLE (fiber mode diameter ~5μm) is used to characterize the spatio-

temporal features of the generated pulse shapes (48). The measurements are taken at two 

positions before the geometric focus, at the geometrical focus and two positions after the 

geometric focus of the lens. At each position, the measurement consists of scanning the 

SEA TADPOLE fiber across the beam. The data obtained in this fashion can be used to 

plot the complex spectrum as a function of spatial coordinates, and the Fourier transform 

of the data yields the spatio-temporal intensity distribution. A flip mirror mount can be 

used to redirect the shaped beam into the beam profiler mounted on the rail, as indicated 

on Figure 4.1. The beam profiler is used to directly determine beam waist and any 

changes in the transverse beam profile throughout the focal region as a function of the 

applied pulse shape. 
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4.4 EXPERIMENRAL RESULTS AND DISCUSSION 
 
 

4.4.1 SPATIO-TEMPORAL COUPLING IN THE DOUBLE PULSE 

EXPERIMENT 

 
 
The double pulse temporal structure is the first example we investigate for spatio-

temporal coupling. To generate a double pulse sequence a pi step phase modulation and a 

cos
2
 transmission filter were programmed onto the liquid crystal arrays to generate two 

near transform limited pulses delayed in time by 800fs as shown in Figure 4.2. We 

characterize the pulse as it propagates through the focus with a series of scanning SEA 

TADPOLE measurements. Figure 4.3 consists of transverse spatio-temporal and spatio-

spectral Wigner distributions (Fourier transform pairs) for 5 consecutive longitudinal 

positions after propagating through a f = 50mm focal length lens. The focusing lens is 

placed many focal lengths after the final shaper grating (22). The geometric focus is 

determined from a measurement of the spot size using a beam profiler. Due to beam 

divergence after the shaper the exact geometric focus is between f-2zr and f, where zr is 

the Rayleigh length of the focused beam. Thus, there are two length scales of 

importance: the position of the beam waist (which depends on the beam divergence), and 

the geometric focal length (where spatio-temporal coupling is minimized). The top 5 

panels in Figure 4.3 show the measured transverse spatio-temporal Wigner distributions 

as a function of propagation distance. Note that for all positions out of the geometric 

focus, the two pulses are displaced along the transverse beam coordinate. Before the 

geometric focus (4 zr and –2 zr) the pulse at negative 400fs is shifted to positive 

transverse coordinates and the pulse delayed to 400fs is shifted to the negative transverse 

coordinates.  
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Figure 4.1. Experimental setup including an all reflective pulse shaper, lens and scanning SEA TADPOLE 
with an optical fiber. 
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After the geometric focus, the pulse delayed to 400fs time shifts to positive transverse 

position and the pulse delayed to positive time shifts to negative transverse position. 

Shifting spatio-temporal pulse features through the focal plane have been predicted by 

Sussman et al., and Frei et. al. (19, 22) with one measurement showing evidence of 

spatio-temporal coupling in the focal plane (26). Here we show the first complete 

characterization of the spatio-spectral distributions shown in the lower set of panels in 

Figure 4.3 and these reveal the expected spatial focusing with no apparent changes in the 

interferometric pattern as a function of transverse position. Figure 4.3 demonstrates that a 

continuum of different shapes are present in the vicinity of the focus of a shaped laser 

pulse. The changing pulse shape near the focus provides one more reason for sampling a 

small section of the focal volume for any experiments employing pulse shaping to avoid 

averaging the response of atoms and molecules near the focus. Sectioning the focal 

volume can be implemented with pinholes and slits as are routinely used in the extraction 

region of a time of flight mass spectrometer (49).   

Wigner functions are calculated to model the space-frequency and space-time 

coupling in the pulse after propagation through a pulse shaper. Phase or wavefront 

modulation paradigms can be used to describe the mode of operation of a pulse shaper 

and each has a different effect on spatio-temporal coupling. Pure phase modulation is 

only feasible mathematically and is not possible in practice due to space-frequency 

mapping in the Fourier plane of the pulse shaper. However, we model the spatio-spectral 

pulse distributions through the focus with Fourier optics to compare the (abstract) effect 

of pure phase modulation to wavefront modulation (24, 50). Analytical solutions are 

obtained for a shaped pulse propagating through the focus of a lens. For these 
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simulations, pixelization of the SLM is neglected and smooth functions are used to obtain 

analytic solutions. The methods used to obtain the electric-field description after each 

optical component have been described previously (19, 22, 24, 25, 50) and will be only 

briefly summarized here. 

The electric field incident on the first grating of the 4f shaper setup is described 

by Eq. (1), 

  (    )       ( 
   

  
)    (

  

  
)   (1) 

where A0 is a normalization constant, Ω (2ln2)
1/2

 is the FWHM of the bandwidth of the 

pulse, and s(2ln2)
1/2

 is the FWHM transverse beam diameter. Next, following [9], the 

grating is included in the form in Eq. (2): 

  (    )  √ (     )   (     )   (2) 

with grating parameters b=cos(θ)/cos(γ0), and G=2π/cos(γ0)ω0d, where γ0 and θ are 

incidence angle and diffraction angle of the center wavelength, respectively, ω0 is the 

central frequency, and d is the grating constant. Next, the field is propagated by a 

distance f to the first cylindrical lens by integrating (3):   
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The first cylindrical lens is included in Eq. (4): 

  (    )    (    )   (
     

  
)    (4) 

The resulting field is further propagated to the Fourier plane in similar manner as in Eq. 

(3). 
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Figure 4.2. Theoretical spectral phase and amplitude for a double pulse sequence. A) Spectral phase (green) 

and amplitude (blue). B) Temporal phase (green) and amplitude (blue) for a double pulse separated by 800fs. 

 

 

Figure 4.3. Spatio-temporal and spatio-spectral scans of the double pulse performed with the 5cm focal 
length lens. 
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The exponential function in Eq. (5) consists of three terms. The first term is the spectral 

envelope, the second term describes the frequency mapping onto the transverse spatial 

coordinate x, and the last term is the phase accumulated by propagating a distance of 2f.  

Wavefront modulation shaping is described by A6x(x,ω), whereas pure spectral phase 

modulation is shown by A6ω(x,ω) in Eq. (6-7). 

   (   )    (    )   (  (       
 ))   (6) 

   (    )    (    )   (  (       
 ))   (7) 

Both A6x(x,Δω) and A6ω(x,Δω) are then propagated to the lens, through it, and to the 

grating using the equations introduced above. The last grating in anti-parallel geometry 

[9] is included by Eq. (8): 
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The outcome for spectral phase shaping is described by Eq. (9): 

    (    )       ( 
   

  
)    ( 

  

  
)    (  (         

 ))   (    )( ) 

When one considers pulse shaping from a pure phase modulator, there are no mixed 

linear, δω, or quadratic, βω, phase terms in the transverse position coordinate x and hence 
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Figure 4.4. Theoretical spatio-temporal and spatio-spectral Wigner distributions in a focusing beam with phase mask 

corresponding to double-pulse structure. The figure shows the case for the focusing element placed at the distance 10f. 

Columns, from left to right, present distributions for longitudal positions 2 and 1: x Rayleigh range before focus, at the 

focus, and 2 and 1 x Rayleigh range after the focus, respectively. 
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no spatio-temporal effects. Pure phase modulation is an oversimplification of the action 

of the spatial light modulator of the shaped pulse through the focal plane of a lens. When 

wavefront modulation is considered, spatio-temporal effects like those measured in 

Figure 4.3 are present in the shaper output. The expression for wavefront modulation is 

shown in Eq. (10). 
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The expression can be divided into three terms: the complex amplitude, an exponential 

function of real arguments, and an exponential function of imaginary arguments. The 

second term in the first exponent (real arguments) contains the undisturbed spectral 

distribution and spatial distribution as a function of linear spatial phase δx and quadratic 

spatial phase βx, respectively. The new beam spatial distribution previously centered on x 

= 0 coordinate can now be shifted by tuning δx. This effect is called beam relaying [1]. 

The quadratic phase factor βx appears in both the numerator and the denominator of the 

expression. The term in the denominator introduces spatial beam broadening along x 

transverse coordinate. βx is coupled with angular frequency, which, for sufficiently high 

βx values, will lead to spatial chirp in an outgoing beam. The last term, with the 
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imaginary arguments of the exponential function, describes the phase as a function of 

both spatial position and angular frequency. The first two arguments describe the result of 

spatial shaping in Fourier plane on the spectral phase. Since δx and βx act like linear and 

quadratic spectral phases, respectively; we will refer to them as linear phase and 

quadratic phase through the rest of the paper. The next argument of the exponent is a 

function of both position and frequency, which will lead to spatio-temporal coupling of 

the spectral and spatial phases. Furthermore, the remaining two terms are functions of 

position that can be regarded as a wavefront description. The last three arguments of the 

exponent are constant with respect to position and frequency and we can therefore omit 

them in any further analysis. The impact of each of the arguments will scale with their k 

coefficients.  

Equation (10) describes the spatio-spectral properties of the field directly after the final 

pulse shaper grating. The equation is useful for demonstrating the origin of spatio-

spectral coupling but, practically speaking, experiments are usually carried using a 

focusing geometry. The electric-field for a focusing geometry is obtained by propagating 

the field to and through a lens, including the lens-induced wavefront curvature, and then 

propagating to the focus. 

The Fourier transform of the spatio-spectral electric-field yields spatio-temporal 

distribution. An analytical solution for the electric-field in both the spectral and temporal 

domains with first- and second-order phase parameters allow for a theoretical 

examination of spatio-spectral and spatio-temporal coupling effects. We also analyzed 

the impact of the position of the focusing element relative to the position of the last 

shaper element. A lens placed at the focal distance (f) from the grating directly images 
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Figure 4.5.  (a)  Experimentally  recovered  cross  section  of  the  focusing  beam  2zr   before  the  focus. 

(b) Spectral phase and amplitude for different transverse positions in part a. 

 

 

Figure 4.6. (a) Spatio-spectral cross section of the focusing pulse at focal position z = f-zr from. (b) Spectral 
phase and amplitudes (normalized to the cut at zero microns) at different positions for a focusing beam at f-

zr. 
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the pulse at the output grating of the shaper onto the focal plane of the lens (22).  

Regardless of any preexisting spatio-temporal coupling in the laser beam, 

propagating the beam through a lens modifies the spatio-temporal profile of a shaped and 

unshaped pulse. When a linear phase is applied in the shaper Fourier plane the beam is 

relayed in the transverse coordinate after the pulse shaper. Translation of the beam on the 

face of a lens, after the shaper, will not affect the transverse spatio-spectral profile at the 

focus, but the beam outside the focal plane will be shifted off the center line of the lens. 

Moreover, beam relaying has unexpected consequences for the generating of multiple 

pulses, as they can be described as a superposition of pulses with different linear spectral 

phases (20). Each pulse will be vertically shifted in proportion to their relative delay 

outside the focal plane and only in the focal plane will the intended spatial pulse structure 

be present.  

The comparison of the consecutive Wigner functions along the beam focus for a 

focusing geometry where the lens is placed a distance of 10f is shown in Figure 4.4. The 

simulation and experimental parameters match and are summarized in Table 2. The 

focusing geometry affects only the beam divergence compared with a lens placed one 

focal length from the shaper grating (not shown). The spectral plots show the 

characteristic amplitude modulation of a double-pulse. The space-time plots show the 

measured shift from Figure 4.3 of the pulses in transverse coordinate before and after the 

focus. The magnitude of the shift is proportional to the delay and changes sign after the 

focal point.  
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Table 2. Values employed in the simulation 
 

Center wavelength ë0 800 nm   

     

Bandwidth Äë 20 nm   

     

Beam spot size 2s 2 mm   

     

Grating density d 

1/1200 

mm 
1  

  

     

Grating incident angle ã0 34.73°   

     

Grating diffraction angle è 22.96°   

     

Shaper focusing element focal length f 20 cm   

     

Lens focal length fl 5 cm   
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Fig. 4.7.  (a)  Experimentally  recovered  cross  section  of  the  focusing double pulse temporal structure at focal 

position 2zr before  the  focus.(b-d) Temporal phase and amplitude for different transverse positions in from a. 
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To gain a better understanding of the evolution of the spectral phase in the 

presence of spatio-temporal coupling, Figure 4.5a displays the measured spatio-spectral 

distribution of the beam at 2z before the focus. The insets in Figure 4.5 are slices of the 

spectral phase and amplitude at different transverse positions indicated by the solid red 

line. The spectral fringes in Figure 4.5 do not tilt. The spectral phase is not constant 

across the transverse coordinate of the beam cross section and reflects the shift in 

position of the temporal sub pulses as seen before and after the focus in Figure 4.3. 

To model the measurements displayed in Figure 4.5 the Wigner distributions 

(Figure 4.4) are calculated and displayed in Figure 4.6 for comparison. The spectral 

fringes of Figure 4.6 do not shift along the transverse beam position in agreement with 

measured cross section in Figure 4.5. The sign of the spectral phase is shifted from the 

top half of the beam relative to the bottom half. Figure 4.6 is in good agreement with the 

measured cross section of Figure 4.5 for both phase and amplitude.   

To control the efficiency of multiphoton absorption the constructive and 

destructive interference of multiple photon pathways to the excited state can be controlled 

with the spectral phase.  Controlling the interference is achieved through shifting the 

relative spectral phase of the blue side of the spectrum out of phase with the red side of 

the spectrum with a pi spectral phase step scanned across the bandwidth of the excitation 

spectrum.  The spectral intensity of the second harmonic laser spectrum shifts away from 

the two photon absorption line of the atom or molecule, when the pi spectral phase step is 

detuned away from the two photon absorption line.  Destructive path interference occurs 

when shifting spectral intensity with the spectral phase away from the two photon 

absorption line.  Likewise, a pi phase step centered on the two photon absorption 
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frequency will spread the energy of the pulse over time but produce transform limited 

pulse excitation efficiency.   

Figure 4.6a displays the transverse beam temporal pulse structure in order to 

illustrate space-time coupling in the temporal phase.  Figure 4.6 b-d display the temporal 

intensity and phase for three different transverse beam positions, to show the evolution of 

the temporal phase of the laser pulse.  The spatio-temporal phase should be examined 

across the transverse beam position because the temporal phase structure has been shown 

to be an important parameter in controlling population transfer to excited electronic states 

of atoms via multiphoton absorption.  For the temporal intensity structures at -400 and 

400 fs in figure 4.6b-d) the temporal phase is positive and second order.  The absolute 

position of the temporal phase shifts where the shift originates from the phase 

unwrapping algorithm.  Despite the unavoidable shifting of the absolute position of the 

temporal phase the shape (curvature) of the temporal phase remains constant at each 

transverse beam position.  When considering that the spectral content of the pulse is 

unchanged across the transverse beam position this result is expected.     

 

4.4.2 SPATIO-SPECTRAL AND SPATIO-TEMPORAL SCAN OF PI-PHASE 

STEP MODULATION 

The concept of spectral phase control of multiphoton processes through multipath 

interference depends on generating and delivering to molecules of interest a pi spectral 

phase step modulated femtosecond pulse.  As mentioned previously, phase control of 

population transfer to excited electronic states depends on the phase structure and relative 
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phase difference between sub-pulses. Spatio-spectral/temporal distortions through the 

focus caused by the liquid crystal modulator which alter the control electric field have 

been predicted to prevent the control of multiphoton absorption processes.  Pulse shapes 

such as the pi-spectral used to control multiphoton multipath interference have been 

predicted to have spatial distortions though the focus caused by diffractive effects from 

the liquid crystal spatial light modulator.  Because of the importance of the pi-spectral 

phase step for coherent control, scanning SEA TADPOLE space-time and space-

wavelength measurements were taken for the pi phase steps.   

The phase step with a modulation frequency of 250fs was measured through the 

focus of a 5cm focal length lens. The space-time profiles for the pi phase step modulation 

are displayed in figure 4.8a.  Outside of the focus, the double pulse profile is sheared 

spatially where the shearing is the shift in the maxima of the double pulses around zero 

temporal delay.  As the pulse approaches the geometric focus, the spatial shear decreases 

and the pulse maxima are aligned in the spatial domain.  As the pulse moves away from 

the focus the spatial shear increases but the pulse maxima move apart in the opposite 

spatial directions.   

Figure 4.8b contains the spectral pulse profile through the focus of the lens.  All 

positions through the focus, contain approximately five cuts through the spectral-spatial 

domain, which are the result of the liquid crystal phase modulation and not a transmission 

filter.  The spatial-spectral profile remains unchanged through the focus, with the 

exception of the beam diameter.  Intensity modulations were not observed through the 

focus as previously predicted, however greater spatial resolution may be required to 

realize these spatially fine effects on the pulse through the focus.   
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Figure 4.8. Spatio-temporal (top row ) and spatio-spectral (bottom row) scan of the pi-phase step (period 250fs) 

modulation performed with a 5cm focal length lens. 
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Changing the spectral phase profile at any position in the focus or any position in the 

beam cross section will change the pulse shape a molecule or atom sees during a coherent 

control experiment.  Different pulse shapes through the longitudinal position through the 

focus or at any positions through the transverse beam cross section will produce spatially 

dependent results and the robustness of the control pulse will be reduced or eliminated.  

Due to shearing in the spatio-temporal pulse structures around zero delay, we measure the 

spectral phase at different points in the beam profile at the focal position 2zr.  We analyze 

the spectral phase to determine if diffraction effects from the spatial light modulator 

combined with the focusing lens affects the spectral phase at any position on the beam 

cross section.   

Figure 4.9a displays the spatio-spectral profile for the longitudinal focal position 

2zr.  For each transverse beam position the spectral phase measured in figure 4.9b-d 

matches the spectral phase step designed by the shaping algorithm (see figure 4.2).  In 

figure 4.9b-d the spectral shape remains the same for each spectral profile.  The spectral 

in figure 4.9b-d possess a steep linear ramp with the pi phase modulation superposed on 

top.   The steep linear ramp is attributed to the phase unwrapping algorithm and does not 

affect the pulse shape.  Therefore, the spectral phases can be considered the same for 

each cross section position.  Pi-spectral phase steps with no amplitude shaping therefore 

result in no noticeable spectral phase or amplitude changes across the cross section of the 

beam and through the focus of the lens.   

 The spatio-temporal pulse profile changes significantly though the focus of the 

lens.  The changes in the spatio-temporal pulse profile are the combination of diffraction 

effects (not directly detected by our SEA TADPOLE device) from the liquid crystal 
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modulator coupled with changes in the wavefront and pulse front induced by the focusing 

lens.  Predictions have not been made regarding the combined effect of the pulse shaper 

and the focusing lens on the temporal phase.  One result of a changing temporal phase is 

a change in the time ordering of the laser bandwidth through the instantaneous frequency 

(second derivative of the temporal phase).  Such an effect can change the efficiency of 

excitation of atoms and molecules and affect spectroscopic interrogation.  The temporal 

profile in figure 4.10a is measured at the 2zr focal position.  The temporal phases shown 

in figure 4.10 b-d are from three spatial positions in the 2zr focal position (+/-1,0 mm).  

The three phases contain a parabolic shape around the temporal pulse structures. In 

addition to the parabolic shape of all three temporal phases, there is a steep linear phase 

ramp, which is an artifact of the phase unwrapping algorithm used by SEA TADPOLE.  

One major difference in the temporal phases as a function of position is the relative phase 

difference from -250fs pulse to the 250fs pulse which is approximately 2π.  As a result, 

the temporal phase at different positions in the along the transverse beam position 

through the focus remains constant for a pi spectral phase step with no amplitude mask 

applied to the pulse.   

4.4.3 SPATIO-TEMPORAL COUPLING FOR MULTI-PULSE TRAINS, SINE 

PHASE MODULATION 
 
The measurements of the spatio-spectral and temporal amplitude of a sinusoidal phase 

modulation (spectral phase amplitude of +/π) are shown in Figure 4.7 as a function of 

propagation distance through the focus. The upper panels display the measured space-

time profiles and reveal a transverse shift in the spatial position of the pulse train across 

the beam front. The shift decreases as the beam approaches the geometric focus and at the 

focus, the maxima in the pulse train are aligned through the zero spatial position. On 
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Figure 4.9.  (a)  Experimentally  recovered  spectral cross  section  of  the  pi-phase step modulated focusing  beam  2zr  

before  the  focus.  (b) Spectral phase and amplitude for different transverse beam (+/-1,0mm) positions in part a. 
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Figure 4.10. Temporal beam profile cross section of the pi phase step modulation for the 2zr focal position (blue).  

Temporal phase and amplitude for beam positions -1.5mm, 0mm, 1.5mm.  
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  the positive side of the focus transverse shifting occurs in the opposite direction in 

comparison to the negative side. 

The spatio-spectral features shown in the lower panels of Figure 4.7 reveal a tilt 

with respect to the transverse coordinate before and after the focus. The tilt of the 

spectral features can be attributed to the addition of the parabolic wavefront from the lens 

with the maxima and minima of the sinusoidal spectral phase. In the spectral domain the 

tilt angle in the transverse beam coordinate of each feature decreases as the beam 

approaches the focus. As the beam defocuses, the features in the spectrum again acquire 

a tilt in the transverse position however, and are inverted with respect to the tilt before 

the focus.  

To simulate the propagation of the sinusoidal spectral phase through the focus 

Fourier optical analysis is used to calculate an analytical description of the field with the 

Jacobi-Anger identity in Eq. (11) (51): 

   (     (  ))  ∑   ( )   (    )
 
       (11) 

A sinusoidal spectral phase modulation can be simulated by summation of pulses with 

linear phase ramps defined as    (    ) and amplitudes given by the Bessel function 

Jn(π).  Because Jn(π) decays very rapidly as |n| →∞ it is reasonable to limit summation to 

|n|≤15.  The results from the simulations are present in Figure 4.8. The upper panel of 

Figure 4.8 displays the calculated space-time Wiger distributions before at, and after the 

geometric focus.  The superposition of phase ramps described by Eq. (9) leads to 

displacement of the sub-pulses across the transverse beam coordinate similar to the 

double-pulse experiment. The space-frequency Wigner plots presented in Fig. 8 also 
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contain the saw-tooth like spectral features which evolve through the focal plane. The 

saw tooth distribution can be derived from the interference of series of pulses equally 

spaced in time, shifted in transverse coordinate and with the intensity governed by a 

Bessel function. The space-time Wigner plot at z = f + zr can be obtained by reflection of 

the distribution at z = f-zr through the t = 0 plane. The spatio-spectral features on the –zr 

side of the geometric focus are the reflection around ω0 frequency of the features at the zr 

side of the focal plane, which is in qualitatively agreement with the experimental results 

in Figure 4.7. 

 

Figure 4.11. Spatio-temporal and spatio-spectral scan of the sine phase modulated pulse performed with the 

5cm focal length lens. 

 

The measured spectral amplitude as a function of transverse position for the sinusoidal 

spectral phase shaped pulse at a position before the geometric focus is shown in Figure 

4.9a. Figure 4.9b displays spectral phase and amplitude lineouts for three different 

transverse beam positions highlighted by the red lines in 9a. Each transverse position 
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contains a different spectral amplitude distribution and the spectrum changes as the beam 

propagates through the focus. The spectral phase lineouts remain constant as a function 

of transverse beam coordinate. Using the Wigner distributions of Figure 4.8, a cross 

section of the sinusoidal phase distribution at one focal position is shown in Figure 4.10 

to qualitatively compare with experimental results in Figure 4.9. 

The simulations reveal that the spectral amplitude is not constant as a function of 

transverse coordinate, as shown in Figure 4.10b. The spectral features in 10b and d, 

increase in modulation depth, as the distance from the center of the transverse position in 

the beam increases. In addition the spectral features also gradually shift spectral position 

as a function of the spatial position in the transverse direction across the beam. Each half 

of the transverse direction across the beam is shifted by an equal amount in the spectral 

domain; however the shift is in the opposite direction in frequency space. Despite the 

non-constant spectral amplitude across the beam front the spectral phase remains 

unchanged regardless of position in the beam showing good agreement between the 

simulation and measurement.   

The tilted spectral features are an unintuitive effect and are qualitatively the result 

of the addition of the parabolic wave front from the lens with the sinusoidal spectral 

phase. Each spectral phase peak and trough roughly approximates a parabola, and may 

add with the parabolic wave front of the lens to produce a local lensing effect. Addition 

of the spectral phase to that of the lens may lead to the saw-tooth like pattern in the 

spatio-spectral cross sections. Our measurements and calculations demonstrate that the 

spectral phase of the pulse and wave front of the lens are tightly coupled. 
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Figure 4.12. Theoretical spatio-temporal and spatio-spectral intensity distributions in a focusing beam with 

sine wavefront modulation. The upper part of the figure shows the temporal distributions and the lower part 

shows the spectral distributions for the focusing element placed one focal length away from the grating. 

Columns, from left to right, present distributions for longitudal position in the Raleigh range before focus, at 

the focus and in the Raleigh range after the focus, respectively. 
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Figure 4.13. Experimentally recovered cross section of the focusing beam before the focus. b-d) Spectral 

phase and amplitude for different transverse positions of a. 

 

 

Figure 4.14. (a) Cross section of the beam before the focus b-df) Spectral phase and amplitude (each is 

normalized to zero micrometers) cuts from the cross section in (a) at different transverse positions. 
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Figure 4.15. Temporal beam profile cross section of the sine spectral phase modulation at the 2zr focal position.  

Temporal phase and amplitude for beam positions -1.5mm, 0mm, 1.5mm.  
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Figure 4.15a displays the spatio-temporal intensity profile for the lens focal position 2zr. 

The spatio-temporal pulse profile changes significantly though the focus of the lens in 

addition the sub-pulses structures shift in position across the transverse beam position.  

Three cuts figure 4.15 b-d from different positions across the transverse beam position 

display how the temporal intensity profile changes across the transverse beam position, 

where the pulses at negative time delays have a greater intensity than positive delay.  The 

higher intensity pulses switch to the positive delay for positive transverse beam positions.   

 The temporal phase for figure 4.15b-d is parabolic around each temporal 

subpulse.  This is due to residual second order phase from the optics before the lens.  The 

overall structure of the temporal phase is the same from figure 4.15b-d, where the phase 

is flat at negative time delays and at -1000fs time delay the phase increases linearly.  The 

phase structure in figure 4.15b-d is typical and expected for a sinusoidal spectral phase 

shaped pulse.    There is a shift in the temporal phase for positive temporal delays, 

however, the shift is approximately 2π.  Therefore, across the transverse beam position 

the temporal phase does not change shape.  This result is somewhat unexpected and 

emphasizes the point that coupling that is present in one domain, saw-tooth spectral 

features, does not always have an obvious effect in the complimentary domain.   

 

4.5 CONCLUSION 

We have theoretically and experimentally investigated focusing shaped pulses. The 

experimental measurements were performed using scanning SEA TADPOLE to 

determine the temporal electric-field intensity distribution as a function of transverse and 
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longitudinal position. We have shown that shaped pulses have significant spatio- 

temporal and spatio-spectral coupling through the focus. For example, spatio-temporal 

coupling leads to a gradually changing spectral phase through the focus resulting in 

translation in the transverse position as a function of propagation length. Consequently, 

the desired double pulse structure is present in the immediate region of the focus and a 

continum of pulse shapes dominate the regions outside the focus. We observe for the first 

time that pulses with sinusoidally-modulated spectral phases result in a saw tooth spatio-

spectral pattern. The saw tooth pattern gradually corrects as the beam approaches the 

focus and the spectral features are vertical in the vicinity of the focus. After the focus the 

features again tilt in the spatio-spectral domain. The spatio-spectral saw-tooth pattern is 

inverted through the zero transverse position in the beam. The spectral phase, however, 

does not change in the transverse beam coordinate. 

The spatio-temporal coupling of focusing of shaped laser pulses is important to 

characterize for extracting mechanisms from coherent control experiments. The spatial 

profile of the pulse shape should be taken into consideration when considering 

mechanisms for coherent control experiments. Care should be taken to actively select the 

most constant portion of the focusing beam with respect to the changing spatio-spectral 

beam profile for example, by using an aperture. 
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CHAPTER 5 

CONTROLLING THE FOCUSING CONDITIONS OF ULTRASHORT LASER 

PULSES 

 

5.1 OVERVIEW 

 Using parametric pulse shaping coupled with simultaneous spatial and temporal 

focusing multiple foci are created and characterized in the spatial, spectral, and temporal 

domains with scanning SEA TADPOLE.  Simultaneous spatial and temporal focusing 

occurs when a femtosecond pulse is angularly dispersed by a diffraction grating (or 

prism), columnated, and then focused with a lens.  When a femtosecond pulse is 

angularly dispersed with a diffraction grating, the grating introduces spatial and temporal 

chirp.  Focusing the angularly dispersed and columated beam images the beam right 

before the diffraction grating and therefore at the geometric focus the spatial and 

temporal chirp is equal to the pulse before the grating.  As the pulse moves away from the 

geometric focus the pulse duration increases (increase in the curvature of the second 

order phase), where the colors leading the advance away from the focus depends on the 

side of the geometric focus the pulse is observed. 

We create multiple foci with optically-controlled longitudinal and transverse 

spatial positions by coupling parametrically generated pulse shapes and temporal 

focusing.  Each temporal pulse profile is designed with an amount of quadratic temporal 

phase, which cancels at a position in the focus, with an equal and opposite quadratic 

phase.  When the temporal phases cancel out the result is a transform limited pulse (short 

pulse) at the cancellation position in the focus.  Multiple foci spatially separated in the 
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transverse focal position can also be created by controlling the amount of positive or 

negative linear phase (pulse delay) for each pulse.  The characterized foci are in 

agreement with the predictions of a Fourier optics model. The measurements reveal 

significant pulse front tilt resulting from the simultaneous spatial and temporal focusing 

optics. 

5.2 INTRODUCTION 

Acquiring a high resolution image in the shortest amount of time is desirable for 

many applications including whole cell analysis, materials characterization, optical 

sectioning, and tomography. In addition to increasing the raster scan rate and signal to 

noise level, this can be accomplished by multiplexing multiple foci (1-7). The latter 

represents a challenging task and is an active area of current research. For example, 

multiple transverse foci can be generated using a microarray lens (1) or by generating 

multiple beam positions on an output coupler in a Ti:Sapphire oscillator cavity (7). Two 

longitudinal foci have been generated using a Michelson interferometer with one arm 

containing a deformable mirror to modify the beam divergence (2). After recombination 

and passage through a microscope objective, two different focal lengths are produced. 

We report here a new method to produce multiple longitudinal and transverse foci with 

tunable separation by combining laser pulse shaping with spatial temporal focusing. 

Confocal microscopy has been routinely employed to probe, characterize, and 

image laser processed materials, solid state surface properties, and biological samples (8-

11).  Confocal microscopy typically has two modes of imaging wide field and point 

scanning where each mode has a trade off in resolution or acquisition time (12, 13).  

Wide field imaging uses a wide focal volume to sample a large area/volume, typically 
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using illumination from an arc lamp source of radiation (14).  The arc lamp radiation 

excites fluorphores in the sample and the resulting fluorescence is collected with a 

photographic plate.  The advantage to imaging with the wide field approach is to collect 

the entire sample image at once.  Point scanning confocal microscopy uses tightly 

focused light rays to excite fluoraphores within a confined spatial region in the focus 

(15).  Complete images of the sample are constructed from a raster scan grid pattern with 

the focal spot and each point source fluorescence intensity is stored based on position.  

Point scanning microscopy has the advantage of producing high resolution images of 

biological samples for studying cell composition and functionality.  One of the major 

accomplishments in the early days of confocal microscopy is the use of a pinhole or 

aperture in front of the detector to reduce the out of focus fluorescence increasing image 

resolution.     

Out of plane fluorescence, fluorescence from spatial regions outside the Rayleigh 

length of the focusing beam, significantly reduces the resolution of confocal microscopy 

(16).  Confocal microscopy typically excites fluorophore molecules through resonant one 

photon excitation.  After one photon absorption the electronically and vibrationally 

excited fluorophore relax in the excited state after a period of time and emit a photon to 

return to a state of lower energy (17).  The photon emitted by the fluorophore is detected 

by the microscope detector (18).   Fluorescence is generated from resonant one photon 

excitation because outside the focal spot (Rayleigh length) of the lens there is enough 

intensity in the beam to excite the one photon transition.  The out of focus fluorescence is 

due to the one photon excitation cross section that scales with the laser intensity to the 

first power (19).  Because one photon excitation scales with intensity to the first power, 
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limited spatial discrimination can be achieved once the intensity reaches the one photon 

absorption threshold.   

To reduce the out of focus fluorescence an experiment should be designed where 

only the center and most intense part of the focus excites the fluorophores.  Non-resonant 

multiphoton absorption has been employed successfully to reduce the out of plane 

fluorescence and increase imaging resolution to the submicron range (20).  Multiphoton 

absorption is the simultaneous absorption of more than one photon to promote an electron 

to an excited state of energy Eexcited=Ehv+Eground.  Resonant multiphoton excitation is the 

simultaneous aborption of multiple photons such that Ephoton=(Eexcited-Eground)/n where n is 

the number of photons absorbed.  Therefore, several photons of an integer value of the 

transition energy can be absorbed to promote the system to the excited state.  Because 

multiphoton absorption requires the simultaneous absorption of more than one photon, 

the probability for multiphoton absorption is much smaller than one photon absorption 

and scales as the number of photons absorbed raised to the intensity of the laser pulse 

S=αI
n
.  High intensities found in the focus of the lens are therefore required to produce 

significant levels of two photon absorption to produce fluorescence for imaging.  

Therefore, excitation can be confined to a small volume in the center of the focus of the 

objective lens where enough intensity is available to multiphoton excites molecules 

within.     

Ultrashort near-IR femtosecond lasers have found much success in producing 

significant amounts of multiphoton absorption resulting in fluorescence for imaging.  

These laser systems have specifications that are needed for multiphoton imaging because 

ultrashort pulse durations have high peak intensities, low average power, and therefore 
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have low probability of damaging biological samples.     

Spatio-temporal pulse shaping was first demonstrated with real space and 

wavevector shaping in a BBO crystal (21). An input pulse was modulated using a two-

dimensional liquid crystal array to produce an electric field with a spatially variable 

spectral phase (21, 22). Spatio-temporal focusing of a femtosecond laser pulses was then 

developed in two groups to provide scanningless depth-resolved images of biological and 

material samples by imaging two-photon laser induced fluorescence with a CCD camera 

(4, 23). Spatio-temporal focusing or simultaneous spatial and temporal focusing (SSTF) 

occurs when the bandwidth of a spatially chirped beam is combined through the process 

of focusing to create a transform-limited pulse at the focal position as shown in Fig. 1. 

The optics required to create spatio-temporal focusing consist of a diffraction grating, a 

collimating lens, and a focusing lens, see Figure 5.2. The combination of a diffraction 

grating and collimating lens serves to 

 

Figure 5.1. Relation between position in the spatial focus and pulse duration. The three colors represent 

different spectral components of a spatially and temporally chirped beam. 

 

spatially separate the frequency components (in a spectrometer configuration). This 

necessarily increases the pulse duration for any given spatial area of the beam. The 

spatially and temporally chirped pulse is then focused by an objective lens, and as the 

pulse propagates to the focus the spatial and temporal chirp is subtracted at a rate 
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proportional to the curvature of the objective lens. The temporal focus forms at the spatial 

focus (assuming a transform-limited input pulse) when the spatially separated frequency 

components are recombined at the focus of the objective lens. This increases the 

bandwidth of the pulse, resulting in temporal compression. 

Plasmas created with intense ultrashort laser foci have been used to ablate 

material and scribe structures on the nanometer scale for microlfluidic device production 

and microelectronic chips (24, 25).  Intense ultrashort laser foci producing transient 

plasmas are used to form fluid channels in bulk material for microfluidic devices (26).  

An important result when machining structures in substrates is producing a high contrast 

ratio between structures.  During channel formation the contrast ratio can be affected by 

several factors such as top to bottom or bottom up focusing into the bulk material.  In top 

to bottom focusing, which is the most common method, each time the plasma ablates the 

substrate debris is left behind where each successive pulse interacts with the debris from 

the previous pulse (27).  This leads to successive pulses eventually interacting with the 

walls of the channel creating a tapering effect, limiting the achievable aspect ratio of this 

method.  Vitek et al showed that a 50μJ, 60fs pulse focused with a 0.05NA lens into a 

6mm thick fused silica sample generated self-focusing in the substrate before the 

geometric focus (27).  The self-focusing generated in the bulk material which eventually 

collapsed into a filament reduced the aspect ratio and ablation selectivity was lost 

because the filament caused ablation along the entire focusing beam.    

High intensity femtosecond laser pulses could be used to ablate more material at a 

quicker rate if out of focus nonlinear interactions such as self-phase modulation and self-

focusing did not produce filaments before the focus (10).  Out of focus nonlinear 
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interactions have been shown to be eliminated in the SSTF optical arrangement because 

the spatially and temporally chirped pulses outside of the geometric focus.  The 

geometric focus therefore is the only spatial region of the focusing beam with enough 

intensity to produce a plasma to ablate the substrate material.  Vitek et al demonstrated 

that temporal focusing can be used to produce single step fabrication low numerical 

aperture high aspect ratio (26) material machining for producing microfluidic channels 

(27).   

Intense laser pulses have been shown to produce novel nanoscale patterns and 

optical properties in substrate material for optofludic device, laser lithography 

applications and electronic device production (11). Site specific optical properties in 

nanostructure bits can be produced in doped glass with an intense femtosecond laser 

pulse where the laser pulse foci creates bits approximately 150nm apart for memory 

storage (28).  The site specific optical properties arise from three laser foci intensity 

regimes where each regime modifies the material differently (29).  Recently, through 

material modification an intense laser foci induced birefringence with anisotropic 

scattering which acted as a polarization selective optical router (28).  Another material 

property observed when nanoscale patterning is coupled with intense femtosecond pulses 

is nonreciprocal writing, where the scanning direction of the laser determines the type of 

material modification (type 1 modification in one direction and the reverse produces type 

2) (30-32).  The directional anisotropy was attributed to the intensity gradient of the 

lasers pulse front tilt funneling and trapping electrons in different crystal configurations 

via the pondermotive force.  SSTF is an ideal technique for nonreciprocal writing in 

materials because the optical arrangement produces pulse front tilt, required for 
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nonreciprocal writing.  SSTF was shown to maintain a greater range of focal depth 

(230μm to 500 μm) of nonreciprocal writing with more than two orders of magnitude less 

fluence needed than previous attempts.  The SSTF technique demonstrated that patterned 

microfluidic structures and channels can be created with a single pass reducing 

production time and increasing efficiency.   

The unique optical and focal properties of SSTF have been found very useful for 

imaging.  SSTF with two photon excitation is highly dependent on the longitudinal 

position in the focusing beam, essentially occurring at the focal plane. This is due to the 

temporal compression occurring as the pulse approaches the spatial focus, with 

subsequent stretching after the focus. This effect was confirmed by measuring the cross-

correlation through the SSTF focus (33, 34). A 4-f pulse shaper was then used to 

longitudinally translate the spatial position of the temporal focus (35). Longitudinal 

spatial control of a dark temporal focus was demonstrated by adding together second 

order spectral phase with a π step (centered on the fundamental two-photon absorption 

frequency). Simultaneous spatial and temporal focusing pulses have also been used to 

spatially discriminate weak and strong field quantum processes (36). In such experiments 

it was shown that as the intensity of the pulse is increased, effects such as power 

broadening and Stark shifting break the spatial symmetry of the two-photon laser induced 

fluorescence in atomic cesium and rubidium. These experiments demonstrate that SSTF 

is much more versatile and can be used for other applications besides imaging. 

The excitation of multiple imaging regions has been reported, using wavefront 

beam shaping of a femtosecond laser pulse with a liquid crystal spatial light modulator 

followed by a spatio-temporal focusing (5, 37). Spatially shaping the input beam creates 
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an intensity pattern that is imaged at the focal plane of an objective lens. By positioning a 

sample of interest in this region, multiple sections of excitation for multiphoton imaging 

can be produced. Combining spatial shaping and temporal focusing generates depth-

resolved images of samples of interest. 

In this work, we report that pulse shaping with carefully programmed waveforms 

in the temporal domain can be directly mapped to spatial position within the focus of an 

imaging system. Second order spectral phases can move the position of single foci in the 

SSTF imaging setup. Moreover, we report that this concept can be scaled up to a train of 

pulses with varying amounts of second order phase and relative delays predetermined by 

the user. We show that each pulse in the pulse train can have differing amounts of second 

order phase which permits the user to specify where that pulse is to compress within the 

focus of the objective lens. These conditions generate multiple longitudinal foci in the 

focus of the objective lens. We demonstrate that the linear phase, determining the pulses 

temporal delay, also separates the pulses laterally in the focus of the objective lens. 

Therefore the amount of linear phase of a pulse is directly mapped to transverse position 

of the focusing pulses of the objective lens. We confirm theoretically that linear phase 

ramps applied by the pulse shaper translate the focal spot laterally in the focus of the 

objective lens. The driving pulses are designed using a parametric pulse-shaping 

algorithm combined with the standard 1 dimensional 256-element pixilated liquid crystal 

modulator. The evolution of the spatio-temporal intensities along the focusing beam path 

are characterized using scanning SEA TADPOLE measurements (38-40). This 

characterization reveals several new features including pulse front tilt and the ability to 

control both longitudinal and lateral focal spot position.  
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This feature opens the possibility for multiplexed multiphoton microscopy studies and 

scanning a sample in two dimensions without any moving parts. 

5.3 EXPERIMENTAL SETUP 

The optical system for generating and characterizing multiple temporal foci is 

illustrated in Figure 5.2. The laser source was an 86MHz Ti:Sapphire femtosecond 

oscillator producing pulses with approximately 20nm FWHM of bandwidth centered at 

800nm and ~5nJ energy per pulse. The laser beam is first collimated by a telescope to 

~2mm 1/e spot size. Next, a small portion of the beam is split off as a reference beam for 

the SEA TADPOLE detection, whereas the main part is directed to the pulse shaper. The 

shaper is an all reflective folded design (symbolically depicted in Figure 5.2 as standard 

transmissive 4-f setup) including 1200 l/mm gold coated grating followed by 200 mm 

focusing element and CRI (Cambridge Research Instruments) SLM-2 X 128 modulator in 

the Fourier plane. The modulator is a 128 pixel device with phase and amplitude shaping 

capability, 97µm pixel size, and 3µm interpixel gap. Given the ~2mm spot size on the 

grating the single frequency component focal spot size at the Fourier plane is on the order 

of ~100µm which is the size of a single pixel. 

Theory [19] predicts that pixilation effects and side pulses should be diminished 

for our optical setup. Replica pulses are present in our experiments, as they are difficult 

to completely remove, and have an intensity of <10% of the main temporal features 

maximum intensity. 

The SSTF apparatus consists of a 1200 l/mm grating followed by a 15cm focal 

length cylindrical lens and 5cm focal length spherical lens.  
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Figure 5.2. Experimental multifoci setup with elements described as follows: G1 1200 grooves/mm 

diffraction grating, CL Cylindrical Lens (f=15cm), SL1 Spherical Lens (f=5cm), SL2 Spherical Lens 

(f=10cm), TS X/Z scanning translation stage. Single mode optical fibers (core diameter = 5.6µm) are used in 

SEA TADPOLE and a linear translation stage is adjusted the proper temporal overlap between reference and 

shaped pulses. 
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In the present experiment the pulse shaping and spatio-temporal focusing are separated 

for two reasons. The shaper is well-calibrated for obtaining the required high quality 

pulse shapes. Separation of shaping stage from spatio-temporal focusing also allows for 

manipulation of the frequency spread in the SSTF Fourier plane by changing either the 

cylindrical lens or SSTF grating. 

Parametric pulse shaping is used to calculate a user-specified pulse shape in the 

spectral domain, for application to the spatial light modulator (41-44). SEA TADPOLE is 

employed to characterize the parametric pulse shapes. The SEA TADPOLE system was 

operated in scanning mode with the input fiber tip placed on a computer-controlled stage 

scanning in a direction transverse to the laser pulse propagation direction. For each 

longitudinal position of the scanning fiber tip, zero delay was reset with the reference 

pulse. The temporal field was recorded at each transverse position and compiled to 

generate a plot of temporal delay versus transverse position. This procedure was 

performed for each longitudinal position in the objective lens focal volume. 

 

5.4 DATA AND ANALYSIS 

5.4.1 CHARACTERIZATION OF TEMPORAL FOCUSING 

The lateral and longitudinal electric field characterization of the spatially and temporally 

focusing pulse is displayed in Figure 5.3 for the case of flat phase and amplitude on the 

pulse shaper. The visualization of the following SSTF experiments is presented in series 

of five panels for longitudinal positions (z coordinate) of −1mm −0.5mm, 0mm, 0.5mm, 

and 1mm with respect to the focus. The negative values correspond to longitudinal 

positions that occur before the focus. Each panel is a 2-dimensional representation of the 
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temporal evolution of the electric field as a function of transverse position across the 

beam (x coordinate). At the longitudal position 1 mm before the optical focus, panel a, 

the pulse duration is approximately 1 ps and has considerable pulse front tilt. The pulse 

front tilt is illustrated by the fact that the left side (x = −0.2mm) of the pulse arrives at the 

−1mm plane approximately 5ps before the right side (x = 0.2mm). A pulse front with no 

tilt would be represented by a vertical intensity distribution at time zero with the 

thickness of the line representing the pulse duration. The panels in column II display a 

section through the center transverse beam position of the pulse front through the focus.  

Note that column II in addition to the temporal intensity, the temporal phase is displayed 

in green where the pulse in panel a has a negative quadratic phase.  The negative 

quadratic phase at this position in the focus goes concurrently with a long pulse width.  

The ordering of the spectral components as a function of time, the instantaneous 

frequency, indicates the blue side of the spectrum precedes the red side of the spectrum.  

The instantaneous frequency of the pulse can only be realized when the temporal phase 

and amplitude of the pulse are recovered.  At −0.5mm before the temporal focus, panel b, 

the pulse duration is 500fs with no apparent change in pulse front tilt.  Pulse front tilt is 

defined as the difference in the arrival time to a spatial plane orthogonal to the 

propagation direction. In the apparatus employed here, the angular dispersion introduced 

by the diffraction grating together with the finite incident beam diameter results in 

differing path lengths in the transverse direction. The telescope in the SSTF optics later 

magnifies the pulse front tilt. The magnitude of the pulse front tilt is a function of the 

incidence angle and the spot size on the grating, grating density and the telescope 

parameters (45-47). The spatio-temporal measurements in Figure 5.3 provide a clear 
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indication that there is a linear relationship between the pulse arrival as a function of 

transverse position in the beam. 

Panel b column II displays the temporal phase in green, where the curvature of the 

phase is closer to zero than the phase in panel a.  At the approximate temporal focus, 

panel c column II, the pulse duration converges to 100fs as expected.  For this position in 

the focus the pulse front tilt is unchanged and the temporal phase is flat.  At the temporal 

focus (panel c column II) the temporal phase is constant with no ordering of spectral 

components as a function of time resulting in a short pulse (smallest possible temporal 

full width half maximum).  Beyond the temporal focus, the pulse duration increases as 

seen in panels d and e. The curvature of the temporal phases for positions past the focus 

(furthest from the lens) is negative, the opposite sign relative to position before the 

geometric focus.  The increase in negative quadratic temporal phase indicates that red 

side of the spectrum precedes the blue as a function of time.   

The measurements in Figure 5.3 reveal that the temporal width decreases as the 

pulse propagates to the temporal focus and then increases thereafter. This process is a 

consequence of the spatially dependent spectral overlap of each dispersed frequency 

component depicted in Figure 5.1, and the spectral phase evolution along the beam 

propagation axis. The later is due to coupling of the spectral phase with the wavefront at 

the Fourier plane of the SSTF setup. The objective lens modifies the pulse wavefront, 

creating a parabolic curvature, which subsequently yields an overall quadratic spectral 

phase and lengthens the pulse duration. During the propagation to the focal plane, the 

wavefront curvature approaches zero, resulting in maximal compression  
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Figure 5.3. Measurement of S.S.T.F. without pulse shaping. Column  I pulse structure for all transverse beam 

positions a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a focal length. Column II 

pulse phase and intensity for the center beam position (0mm) for focal positions a) z=f-1mm b) z=f-0.5mm c) 

z=f d) z=f+0.5mm e) z=f+1mm 
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of the pulse. After the temporal focus the process is reversed, the second order phase 

changes sign and the duration of the pulse increases again (inset in Figure 5.1). 

Figure 5.4 displays the spectral phase and amplitude through the temporal and 

geometric focus of the SSTF setup.  To completely characterize a pulse profile one must 

measure both the spectral phase and amplitude (or temporal phase and amplitude) in 

order to transform from time to spectral domain.  In addition, characterizing the spatio-

spectral domain can reveal the source of temporal pulse effects such as spatial chirp 

which cannot be determined through the temporal domain alone.  In figure 5.4 panel a 

column 1 displays the spectral content as a function of transverse beam coordinate.  

Figure 5.4 panels a-e displays a spectral amplitude tilt where the spectral amplitude tilts 

at an angle with respect to the transverse beam coordinate.  Spatio-spectral tilting or an 

angular dependence in the spectral and spatial domain, indicates the presence of spatial 

chirp where spatial chirp is an expected consequence of the SSTF optical setup. Panel a-e 

also shows the spatio-spectral tilt at different positions through the focus where the 

spatio-spectral angle approaches zero degrees at the geometric and temporal focus.  After 

the focus the tilt angle increases again as the pulse moves away from the focus.  Spatio-

spectral tilt or spatial chirp is consistent with spatially separated spectral components 

before and after the geometric focus.  The side panels in figure 5.4 column II display an 

amplitude (blue) and phase (green) slice through the center of the spectral profile at the 

zero transverse spatial position.  The green curves in figure 5.4 column II panels displays 

the spectral phase for the center transverse spectral beam position.     
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Figure 5.4. Spectral measurements of S.S.T.F. without pulse shaping. Column  I spectral intensity profile for all 

transverse beam positions and focal positions a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a 

focal length. Column II the spectral phase and intensity for the center beam position (0mm) for focal positions a) z=f-

1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm 
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The spectral content remains the same however the spectral shape goes through minor 

changes through the focus of the lens. The change in spectral shape at the center 

transverse beam position is attributed to the spatio-spectral tilt through this transverse 

position.  The spectral phase changes magnitude and sign through and after the focus, 

consistent with the changes observed with the temporal phase.  Changes in the absolute 

position of the spectral phase can be attributed to the unwrapping algorithm used to 

recover the spectral phase.   

 

5.4.2 TWO PULSES 

Using the parametric shaping algorithm, two pulses can be produced with a well-

defined temporal delay. Two temporally separated pulses traversing through the SSTF 

optics and focusing though the objective lens would result in two pulses that temporally 

compress and stretch equally through all spatial coordinates. With parametric shaping the 

pulses can be temporally and spatially decoupled at the temporal focus. Scanning SEA 

TADPOLE measurements can be used to reveal the spatio-temporal electric field 

evolution of the SSTF pulse. The calculated spectral and temporal phase and amplitude 

mask for the multiple foci pulse is shown in Figure 5.5. Figure 5.5a shows the 

characteristic π step spectral phase pattern resulting from the superposition of two phase 

ramps. The spectral intensity profile is the interference pattern of two pulses. The 

temporal intensity profile shown in Figure 5.5 b consists of two sub-pulses with an 

interpulse delay of 1.4 ps, with flat temporal phase for both pulses. The SEA TADPOLE 

measurements of the evolution of the spatio-temporal electric field for this pulse shape in 

the vicinity of the focus are shown in Figure 5.6. Figure 5.6a clearly shows that there are 



176 
 

two pulse fronts as expected from the predicted parametric pulse shapes displayed in 

Figure 5.5. The 1.4 ps delay between the two pulses is also manifested in the separation 

of the pulses along the x-axis transverse to the propagation direction. The physical 

separation of the pulse fronts is a result of the linear spectral phase term applied to each 

sub pulse. The linear spectral phase, defining the temporal delay between the two pulses 

adds to the parabolic phase from the spherical lens. The result is a shift in the focus of the 

delayed pulse along the x-axis for each plot in Figure 5.6. This would be equivalent to 

translating the lens in the x direction in Figure 5.1. One conclusion from this experiment 

is that spectral phase manipulation will allow for both depth and lateral scanning of the 

sample with no moving parts. In addition, when using the pulse shaper, pulse structures 

can be generated with individual and independent phase characteristics for each sub pulse 

resulting in the ability to manipulate each sub pulse’s spatio-temporal position 

independently. Figure 5.6 demonstrates the ability to focus two pulses to the same 

longitudinal position. 

 Figure 5.6 also displays in column II two slices through the transvers spatial beam 

position.  These slices show the progression of the center intensity and phase profiles for 

the two pulse fronts separated by the transverse beam dimension (blue and green).  In 

addition, each temporal amplitude profile has the temporal phase for each transverse 

amplitude profile overlaid in the corresponding pulse amplitude color.  As the pulse 

approaches the geometric focus (panel a through e) each transverse slice contains 

successively shorter pulse durations. Successively shorter pulse durations are a consistent 

result with the evolution of the pulse through the focus in figure 5.5.   
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Figure 5.5. Spectral and temporal profile designed and applied by the shaping algorithm. Two pulse separated 

by 1400fs with flat phases. 

 

 

Figure 5.6. Temporal structure for the double pulse profile during S.S.T.F.focusing. Column I temporal intensity profile 

for all transverse beam positions and focal positions for the double pulse profile a) z=f-1mm b) z=f-0.5mm c) z=f d) 

z=f+0.5mm e) z=f+1mm, where f is a focal length. The green and blue arrows connect the temporal intensity and phase 

in column II  back to the transverse spatial positions in column I.   Column II displays two temporal intensity and 

phases profiles for two transverse beam positions for the double pulse profile (+/-1mm) for focal positions a) z=f-1mm 

b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm 
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In addition, the temporal phase for each pulse front center slice (column II) becomes 

successively flatter as the pulse approaches the geometric focus; consistent with shorter 

pulse durations found previously as the pulse approaches the focus.  As the pulses move 

away from thefocus, the temporal separation remains the same and the full width at half 

maximum increases.  The sign of the temporal phase flips on the far side of the focus and 

the curvature increases as the pulses move away from the focus.   

The effects of the spectral phase and amplitude masks on the spatio-temporal 

electric field propagating to the temporal focus can be understood using Fourier optics 

[28]. We build on the mathematical description of the SSTF pulse propagation as set 

forth previously [10–12] The laser field at the Fourier plane of the objective lens can be 

represented by equation 1: 

  (   )        
  

  
    

(    ) 

  
   (  (      )) (1) 

where  A0 is a normalization  constant,  Δω=ω0-ω is  the  relative  frequency,  Ω (2ln2)
1/2

  

is  the FWHM of the bandwidth of the pulse, s(2ln2)
1/2

 is a transverse beam FWHM for a 

given frequency Δω, αΔω describes the shift from the optical axis of the lens of the 

frequency component Δω, δ describes the linear phase and β describes the second order 

phase. The linear phase term has not been considered in previous Fourier description of 

the SSTF field. Propagation of the pulse and Fourier transforming the result to the 

temporal domain leads to a description of the intensity of the field in the form of I(x,z,(t-

δ)) as a function of spatial coordinates x, z, and time. It is important to note that the linear 

phase term δ is only coupled to time and there are no mixed terms of linear phase with 

transverse position, thus the linear phase influence is limited to shifting the pulse in time. 
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Figure 5.7. Simulation of spatio-spectral distribution (top row) and spatio-temporal pulse structure (bottom 

row) at the wave front modulation on beam corresponding to (a and b) no phase ramp, (c and d) phase ramp 

corresponding to delay 1.5ps (c and d), and −1.5ps (e and f). 
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The function for I(x,z,(t-δ)) correctly describes spatio-temporal position for the 

longitudinal focus via dispersion control through the quadratic phase parameter β [12].  

However, this expression implies that the transverse spatial coordinate cannot be changed 

because δ is not coupled to the x (transverse) dimension.  

To illustrate the longitudinal and transverse position of maximum spatial intensity 

distribution we consider the case of two-photon excitation (TPE). The TPE probability is 

given by equation 2: 

   (   )  ∫ ( (    (   )))
 

  
 

  
    (2) 

Due to coupling of the linear phase term only with temporal coordinate, the TPE spatial 

distribution will not change as a function of delta. This implies that the assumptions used 

in previous treatments [10–12] for SSTF used in Eq. (1) are insufficient to model 

transverse motion of the focus with linear phase ramp, as seen in Fig. 6. The coupling 

between δ and x can be modeled mathematically using wavefront modulation (φ(x)=δx x 

+βx x
2
) in the Fourier plane of the SSTF setup instead of spectral phase modulation 

(φ(ω)=δω Δω +βx Δω
2
). In fact, pulse shaping is achieved by control of the spatial phase 

which, due to the separation of spectral components in the Fourier plane, translates into 

spectral phase control [29]. Our model assumes that the Fourier plane of the pulse 

shaping system is imaged in the Fourier plane of the SSTF setup by the intervening optics 

(cylindrical lens, grating pair, and cylindrical lens). Thus, the wavefront modulation in 

the Fourier plane of the shaper is translated into the Fourier plane of the SSTF setup. 

Application of Fourier optics [10,28,29] to the SSTF setup with a wavefront modulation 

leads to the calculated spatio-spectral and spatio-temporal distributions shown in Fig. 6. 

The spatio-spectral and spatio-temporal profiles were calculated for phase ramps 
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corresponding to an unshaped pulse advanced by 1.5 ps and delayed by 1.5 ps. The 

spectral and temporal distributions for an unshaped pulse are centered at x=0 coordinate 

whereas application of the phase ramp shifts the center of the beam down (negative x 

coordinate) for a positive 1.5ps phase ramp and up (positive x coordinate) for a negative 

1.5ps phase ramp. Replacing the spectral phase term with a spatial phase term in the 

Fourier plane of the SSTF results in correct prediction of the shifting of the beam in 

transverse direction, as observed in Figure 5.6. This is in addition to shifting the spatio-

temporal focus by tuning the second order phase β parameter (not shown). The SSTF 

optical arrangement, in combination with parametric laser pulse shaping, should be useful 

for discrimination of features transverse to the beam path. Interestingly, this effect is 

observed for a double pulse structure when an opposite sign phase ramp are 

superimposed to create the desired temporal profile. Thus, the simulation results 

qualitatively agree with all aspects of the experimental data including the pulse front tilt.  

 In addition to the transverse shift, both pulses shown in Figure 5.6 a-e experience the 

influence of compression up to the temporal focus in a manner similar to the single pulse 

experiment presented in Figure 5.4. Both pulses have a temporal duration of 

approximately 300 fs at a position 1 mm before the focus, they both compress to a 

duration of 100 fs at the focus and then disperse to a duration of 1 ps, 1 mm after the 

focus. The small ghost pulse observed at time zero in Figure 5.6 a-e could result from 

incomplete modulation of the phase and transmission in the pulse shaper and 

transmission through interpixel gaps. In panels a and e of Figure 5.6, the center ghost 

pulse interferes with the two main pulse fronts, resulting in interference along the pulse 

fronts. 
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Figure 5.6 also shows some asymmetry in the temporal pulse compression and 

stretching. The asymmetry is due to slight mis-alignment between the position of the 

temporal focus and the position of the measurements. The temporal focus was determined 

by locating the most intense portion of the focus with CCD camera in the SEA 

TADPOLE while scanning the z translation stage. This method determines the position of 

the spatial focus and since the pulse that enters the SSTF setup contains some GVD, the 

spatial and temporal foci do not precisely overlap, causing the asymmetry in the temporal 

compression and stretching of the pulse around z=0. 

The measured spectral phase and intensity for the double pulse profile in figure 

5.6 is displayed in figure 5.8.  Each panel in the first column represents a position in the 

focus of the focusing laser pulse.  The first column of panels (a-e) show the spectral 

amplitudes which contain periodic intensity modulations through all transverse beam 

positions and all positions through the focus.  The frequency of the intensity modulations 

in figure 5.8 column 1 and 2 match the theoretical pulse profile in figure 5.5.  Column 

two in figure 5.8 displays the spectral intensity profile (blue) from the center transverse 

beam position (0mm).  In addition, the spectral phase from the center transverse beam 

position is also displayed in green.  The shape of the spectral phase, a periodic step 

function, matches the theoretical spectral phase in figure 5.5.  The shape of the spectral 

phase remains constant through most measured positions through the focus.  

5.4.3 TWO PULSE WITH OPPOSITE SECOND ORDER PHASE 

Recent experiments have shown [6] that achieving a high degree of depth resolution in 

microscopy experiments enhances the investigation of biological samples. Multiple foci 

have been shown to improve such imaging capabilities [1,30].  



183 
 

 

 

 

 

 
 

Figure 5.8. Spectral measurements the double pulse profile during S.S.T.F.focusing. Column I spectral intensity profile 

for all transverse beam positions and focal positions for the double pulse profile a) z=f-1mm b) z=f-0.5mm c) z=f d) 

z=f+0.5mm e) z=f+1mm, where f is a focal length. The green and blue arrows connect the spectra and phase in column 

II  back to the transverse spatial positions in column I.   Column II displays two spectral intensity and phase for two 

transverse beam positions for the double pulse profile (+/-1mm) for focal positions a) z=f-1mm b) z=f-0.5mm c) z=f d) 

z=f+0.5mm e) z=f+1mm 
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We next demonstrate that multiple longitudinal foci can be generated in the SSTF 

apparatus by combining parametric pulse shaping with SSTF through independent optical 

manipulation of the second order phase in each pulse comprising the pulse train. To 

demonstrate dual longitudinal temporal foci in a single laser beam, we designed two 

pulses with second order spectral phases of equal magnitude but opposite sign. Each 

pulse, with a different second order phase profile, compresses at a different spatial 

coordinate, and thus two spatio-temporal foci are produced at different longitudinal 

positions.  The theoretical pulse shape designed for dual foci is illustrated in Figure 5.9.  

This pulse shape was chosen to create the same temporal separation as in Figure 5.6 

(1.4ps), with the addition of quadratic phases with opposite signs. The resulting evolution 

of the spatio-temporal profile was measured using SEA TADPOLE is shown in Figure 

5.10. The measurement demonstrates that the different phases applied to each sub-pulse 

results in temporal compression at specific longitudinal positions during propagation 

through the focus. In Figure 5.8a, the pulse to the left (centered at x = −0.1 mm at 0 fs) is 

compressed and subsequently stretches in the remaining panels. The pulse to the right 

(centered at x = 0.0mm at 0fs) compresses to the shortest duration in panel c and then 

stretches. The longitudinal distance between the pulses can then be controlled by 

changing the second order phase. The second column in figure 5.10 displays the temporal 

profile (phase and intensity) for two transverse beam positions through the lens focus 

(blue and green arrows).  The full width at half maximum for all focal positions before 

the geometric focus is shorter for the blue pulse profile.  The blue pulse profile eventually 

compresses to a transform limited pulse at a predetermined position in the geometric 

focus of the lens panel a.  The predetermined temporal focal position for the blue pulse 
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profile occurs in panel a of figure 5.10 because the temporal phase of the pulse cancels 

with the equal but opposite second order phase added to the pulse due to compression 

through the focus.  The spectral phase also shows pulse compression has occurred in 

panel a because the spectral phase is constant (flat) at the temporal focus.  The green 

pulse profile focuses on the far side (side of the focus furthest from the lens) of the 

geometric focus where the applied temporal phase and the 

 

 

Figure 5.9. Theoretical a) spectral phase and intensity and b) temporal phase (+/− 7000fs2) and temporal 

intensity shape. 

equal but opposite phase imparted to the pulse from the lens and diffraction grating 

cancel at this specific focal region.  The temporal focus in panel d is also where the green 

temporal phase is constant.  Generating pulses with opposite temporal phases allows for 

control of the temporal focusing position in the geometric focus of a lens, where pulses 

can be programmed to focus or defocus through optical control of the second order phase 

parameter.     

The spectral profile for figure 5.9 column 1 and 2 is displayed in figure 5.11.  The 

spectral intensity modulations in column I and II match the interference modulations 

programmed to the pulse shaper transmission filter by the pulse shaping algorithm to 

create a double pulse profile separated by 1.4ps.  Figure 5.11 a displays two faint spatio-

spectal tilts where each tilted is centered on beam position (800, 1) and (800, -1mm).   
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Figure 5.10. Temporal structure for the double pulse profile with opposite second order phases during S.S.T.F.focusing. 

Column I displays the temporal intensity profile for all transverse beam positions and focal positions for the double 

pulse profile a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a focal length. The green and 

blue arrows connect the temporal intensity and phase in column II  back to the transverse spatial positions in column I.   

Column II displays two temporal intensity and phases profiles for two transverse beam positions for the double pulse 

profile (+/-1mm) for focal positions a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm 
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The spatio-spectral intensity tilt approaches zero degrees with respect to the 

spatial axis at the geometric focus and an increasing inverted tilt angle proceeds after the 

geometric focus.  On the positive side of the focus the tilted intensity features point 

toward negative transverse beam position.  The negative focal positions (closer to the 

lens) display the tilted intensity features pointing toward the negative transverse beam 

position on the blue side of the spectrum.  This is consistent with figure 5.4 where the 

spatio-spectral tilt changed with the position of the pulse through the focus.  Two tilted 

spectral features can be linked with the temporal double pulse profile where the 

separation of the two features in the spatial domain corresponds to the spatial separation 

of the pulse fronts in the temporal domain.   

Column II of figure 5.11 displays the center transverse beam intensity slice for 

each pulse front.  The spectral intensity modulations (green and blue curves) as displayed 

in the second column of figure 5.11 are nearly identical as shown by the overlay of the 

two spectra.  Furthermore, the shape of the spectral phase is unchanged through each 

focal position, where a slight difference in the amount of linear character is due to the 

phase unwrapping algorithm.  Quadratic spectral phase character for all focal positions 

(a-e) is expected and consistent with the theoretical spectral phase.    

5.4.4 THREE FOCI 

We next consider the formation of three foci from one beam. Such a pulse might 

be useful for spatio-temporal sensing. To accomplish this, we construct three sub-pulses 

having negative, zero, and positive second order quadratic temporal phase, respectively. 

The parametrically designed pulse is illustrated in Figure 5.12. The calculated spectral 

amplitude and phase to produce the necessary temporal features is shown in Figure 5.12a.  
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Figure 5.11. Measurement of the spectral profile for the double pulse structure with opposite phases during 

S.S.T.F.focusing. Column I displays the spectral intensity profile for all transverse beam positions and focal positions 

for the double pulse profile a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a focal length. The 

green and blue arrows connect the spectra and phase in column II  back to the transverse spatial positions in column I.   

Column II displays two spectral intensity and phase for two transverse beam positions for the double pulse profile (+/-

1mm) for focal positions a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm 
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The temporal domain picture reveals that there are three pulses, as illustrated in Figure 

5.12b. The delay sequence is −700fs, 0fs, and 700fs. The pulses at −700 and 700fs are 

specified in the parametric program with positive and negative second order phases. The 

spatio-temporal characterization of the triple foci experiment using SEA TADPOLE is 

shown in Figure 5.13.  Figure 5.13a column I reveals that the duration of pulse 1 is 

compressed to approximately 100fs while the second and third pulses have much longer 

duration.Furthermore, the temporal focus for pulse 1 occurs at the shortest longitudinal 

position in the geometric focus. In Figure 5.13b column I, pulse 2 has the shortest 

duration, while pulse 1 is temporally stretching and pulse 3 is in the process of temporal 

compression, but is not fully compressed. Panel d column I in Figure 5.13 shows that 

pulse 3 is temporally compressed while pulses 1 and 2 are temporally expanding. The last 

panel shows that all pulses have moved passed their respective spatial temporal foci, all 

pulse fronts have increased FWHM from their shortest value from preceding panels. In 

addition to the three pulses focusing at different spatial positions along the axis of 

propagation (z axis of Interference effects are observed in Figures 5.13a, d, and e 

wherever the pulse fronts temporally overlap. The user-defined temporal phases of the 

individual sub pulses lead to defined spatio-temporal interference patterns, with regions 

of constructive and destructive interference. 

Column II in figure 5.13 shows the temporal amplitude and phase profile for two 

transverse beam positions through the focus of the lens.  Column II shows that there are 

several separate positions through the geometric focus where the three pulses each with 

different temporal phases temporally focus.  The temporally focused pulses also all 

contain constant temporal phases.  The second column in figure 5.13 also demonstrates 
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that the contrast between the temporally focused pulse and the unfocused pulses can 

reach a factor of 7. The contrast ratio is defined as the difference between the intensity of 

the temporally focused and defocused pulses.  The extent to which to spatio-temporal 

control  

 

Figure 5.12. a) Theoretical spectral phase, intensity and b) temporal phase and intensities. The pulses at (+/−) 

700fs have an applied second order chirp of (+/− 7000fs2) and the pulse at 0fs has no applied chirp. 

can shift the longitudal or transverse position of a foci depends on the ability to produce 

steep phase functions. The difference between two neighboring pixels should not exceed 

value at which phase wrapping occurs (in our case 4π) due to pixelization. Therefore, 

there is a maximum lateral and consequently a longitudinal separation that can be 

achieved with this setup, as quadratic phase profiles will be limited by the same reasons.  

Another limitation of this technique is the focal spot resolution. Traditional confocal 

microscopy has the advantage of spatial resolution in the lateral direction of the focusing 

beam, as the tighter foci produce spot sizes typically around 20-100nm. With SSTF 

longitudinal resolution will be orders of magnitude larger because lateral resolution is lost 

in the wide field technique due to the spatially and spectrally dispersed. However, SSTF 

benefits in the longitudinal dimension as the temporal compression leads to a thin circular 

slice through the sample in this dimension. 

A spatio-temporal pulse shape which generates 2-3 SSTF foci will permit imaging 

at different focal planes along the longitudinal focal coordinate. In addition images from 

laterally displaced focal planes can be obtained with the use of linear phase ramps.  
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Figure 5.13. Temporal structure for the triple pulse profile during S.S.T.F.focusing. Column I displays the temporal 

intensity profile for all transverse beam positions and focal positions for the double pulse profile a) z=f-1mm b) z=f-

0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a focal length. The green and blue arrows connect the temporal 

intensity and phase in column II back to the transverse spatial positions in column I.   Column II displays two temporal  

intensity and phases profiles for two transverse beam positions for the double pulse profile (+/-1mm) for focal positions 

a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm 
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The image would be acquired without the use of moving parts, which may enhance the 

resolution offered by SSTF by reducing the mechanical noise. Multiple foci will also 

simultaneously produce images from different longitudinal and lateral focal planes. 

Figure 5.14 displays the spatio-spectral phase and amplitude evolution through the focus 

of the lens.  In column I of figure 5.14 the spacing between adjacent spectral intensity 

modulations for a triple pulse profile are unchanged through the geometric focus (panels 

a-e).  There are no noticeable spatio-spectral tilt features, which is an unexpected result.  

The spatio-spectral tilt features in figure 5.14 column I are nearly undetectable due to the 

extensive amplitude modulation needed to generate a triple pulse profile.  The second 

column in figure 5.14 displays the intensity and phase for two slices through the 

transverse beam position (green and blue arrows).  The intensity profile for both slices 

through the transverse beam position for figure 5.14 column II panel a-e) closely match 

the theoretical shape and frequency separation in figure 5.12.  Furthermore, the shape of 

the spectral phase closely matches figure 5.12.   

Our technique offers two dimensional scanning capabilities by combining a one 

dimensional liquid crystal array standard pulse shaping with and SSTF optics. The 

scanning domain could be easily extended to three dimensions using a two dimensional 

liquid crystal modulator in our pulse shaper. This setup would be comparable to the three 

dimensional scanning offered by a series of acousto-optic deflectors [6] with the 

additional benefit of spatio-temporal focusing for multiphoton microscopy. 
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Figure 5.14. Measurement of the spectral profile for the triple pulse structure during S.S.T.F.focusing. Column I 

displays the spectral intensity profile for all transverse beam positions and focal positions for the double pulse profile a) 

z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm, where f is a focal length. The green and blue arrows 

connect the spectra and phase in column II back to the transverse spatial positions in column I.   Column II displays 

two spectral intensity and phase for two transverse beam positions for the double pulse profile (+/-1mm) for focal 

positions a) z=f-1mm b) z=f-0.5mm c) z=f d) z=f+0.5mm e) z=f+1mm 
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5.5 CONCLUSION 

These experiments, based on the of the initial studies by Durst et al. [10–12], 

demonstrate that complex spectral phase and amplitude profiles yields control over the 

number of foci and the respective transverse and longitudinal positions. The spatio-

temporal focusing of a femtosecond pulse has been completely characterized using 

scanning spectral interferometry.  

Multiple foci were produced in the transverse and longitudinal directions with 

respect to the propagation of a single laser beam. The absolute positions of the foci can 

be controlled using parametric pulse shaping. Multiple temporal foci produced through 

parametric pulse shaping provide longitudinal and transverse scanning capabilities 

without the need for mechanical motion. 
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CHAPTER 6 

 

ON THE CONTROL OF FRAGMENT ION PRODUCTION FROM 

DISSOCIATIVE IONIZATION 

 

 

6.1 OVERVIEW 
  

 The control of strong field dissociative ionization channels in gas phase 

benzonitrile is demonstrated via parametric pulse shaping using a sinusoidal spectral 

phase with a period of 250fs applied to unshaped femtosecond laser pulses.  Control of 

CnHn fragment ion production is achieved by scanning a 5 pixel zero transmission filter 

across the laser spectrum to manipulate the relative amplitudes of the pulse train while 

maintaining the temporal phase nearly constant.  Enhancement and suppression of CnHn 

ions arises from a specific combination of relative temporal phase and temporal 

amplitude profile.   The scanned spectral filter does not change the duration of the pulse 

and minimally alters the intensity. 

 

6.2 INTRODUCTION 

Uncovering the mechanism(s) driving bond selective control of photodissociation 

relies on understanding the important parameters of the femtosecond laser pulse that 

influence the strong field induced photo-dissociation.  Strong field dissociation often 

occurs after excitation of electronic (1), vibrational (2), and rotational (3, 4) degrees of 

freedom with ultrashort pulses.  For molecules, short intense pulse excitation may result 

in electronic excitation as well as highly charged parent ions that may undergo 

subsequent Coulomb explosion (5-7).  Coupling between electronic and nuclear degrees 

of freedom from strong electric field excitation of polyatomic molecules can initiate bond 

softening (8) or hardening (9) in which the electric field altering the anharmonic 
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molecular potential energy surfaces leads to a lower or higher energy threshold for 

dissociation.  Above threshold dissociation, which is analogous to above threshold 

ionization, occurs when an excess of photons are absorbed above the dissociation 

threshold resulting in ions with high kinetic energy of release (10).  Approaches that have 

attempted to understand and control the complex photo-dissociation pathways include 

pump probe (11-13), parametric pulse shaping (14-16), and trains of pulses (17) have 

been used to uncover how energy deposition from the laser field results in molecular 

fragmentation.     

 Strong field pump probe represents perhaps the simplest form of coherent control 

where two pulses have been used to initiate vibrational and electronic excitation with the 

probe pulse driving the system to the final state which leads to fragment ion formation(2, 

12). In such experiments, a vibrational wavepacket is created upon formation of the 

parent ion in the intense laser field. Ionic ground state vibrational wavepackets leading to 

bending motion of the halogen carbon bond create time dependent signal modulations of 

the fragment ions corresponding to the vibrational period of the bending vibrational 

motion.  Fragment ion intensity modulation occurs because of time dependent 

wavepacket motion that changes the overlap between one and two photon transitions at 

the wavepacket outer turning points to the higher energy dissociative state. Another 

strong field approach to pump probe control of photodissociation, intense laser field 

induced coupling between electronic and nuclear degrees of freedom was utilized to 

control the dissociation yield of iodine monobromide (18).  In this three pulse 

configuration a resonant pump pulse initiates a wavepacket on an excited neutral IBr 

potential energy surface.  A delayed second intense IR pulse is used to Stark shift an 
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avoided crossing between an upper state and first excited state of IBr.  Stark shifting the 

avoided crossing with the second pulse was shown to change the branching ratio of I and 

Br atoms depending on the delay between the pump and IR pulses. Stark control of 

photodissociation demonstrates how complex the quantum molecular environment can be 

and strong fields increase the dissociation process. Understanding the quantum and 

optical components involved in dissociation may lead to more robust control schemes.       

Laser pulse shaping provides a general approach to strong field control and 

typically produces complicated pulse trains and phase profiles (19). An important scheme 

for developing control pulses employs feedback optimization where analysis of the 

dissociation products provides a means to refine pulse shape (11, 20-22). Recently, 

Laarmann et. al. demonstrated that a genetic algorithm could be used to optimize laser 

pulse shapes to control the fragment ion production for complex molecular systems 

including model dipeptide systems (17, 23). After closed loop optimization of the pulse 

shape for various dissociative ionization control objectives, the pulses were analyzed 

using X-FROG and were observed to contain a series of three pulses with a definite 

relative temporal delay and phase relationship between pulses. Interestingly, the optimal 

pulse structure could be created with a sinusoidal spectral phase modulation and using the 

relative phase parameter for this pulse shape increase the production of one of the amino 

acid ion fragments.  Control using multi-pulse excitation suggests that the relative phase 

between subpulses plays an integral role in controlling ion fragment formation.  

However, the mechanism for control of fragment ion formation through the phase and 

amplitude of the pulse has not been directly addressed.     
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 The role of phase during multipulse excitation of a model two level system was 

investigated for the case of two photon excitation of Na atoms at 800nm (24, 25).  Pulse 

parameters such as relative phase, delay, and pulse to pulse amplitude were found to 

effect the intensity of two photon-induced fluorescence from sodium atoms.  The change 

in 2-photon induced fluorescence was attributed to constructive and destructive 

interference of the time dependent excited state population.     

Sinusoidal pulse shape control has been investigated for more complex 

interactions through the excitation and ionization of sodium atoms with strong field 

pulses (26-29).  A femtosecond pulse with a sinusodially modulated spectral phase 

generates a multi-pulse sequence, with a well-defined relative temporal phase between 

subpulses.  For one interpulse delay the relative phase of the subpulses was shifted 

resulting in enhanced (diminished) photoelectron signal from atomic sodium (29).  As 

with weak field excitation, the relative phase of the strong field pulse train can be tuned 

to permit full or partial population transfer to the excited state.  Population transfer was 

controlled through interference of the optical phase of the pulse sequence with the 

quantum mechanical phase of the excitation.  

A general control scheme has been proposed and investigated using selective 

population of dressed states (SPODS)   (28, 29).   In this control scenario an intense pulse 

in the pulse train prepares an initial state of maximum coherence.  A second intense pulse 

then transfers population to a set of field-dressed states.  The SPODS process can be 

probed by projecting the field dressed states population into the continuum as a free 

electron wavepacket.  Control of the population of the field dressed states was 

demonstrated by manipulating the relative intensities of the sub-pulses in the pulse train 
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demonstrating that in some cases weak field principals of coherent control are applicable 

in the strong field regime.  The investigation revealed that the degree of multiphoton 

excitation is sensitive to the relative phase, delay, and pulse to pulse amplitude as 

anticipated for excitation within the Bloch sphere picture.     

 In this paper we show that the fragmentation pattern of the molecule benzonitrile 

can be manipulated with control over phase and amplitude of the excitation pulse 

sequence.  We employ a sinusoidally modulated spectral phase applied to a laser pulse 

shaper.  The shaped pulse excites, ionizes, and dissociates the benzonitrile molecules in 

the focus.  A rectangular zero transmission filter (5 pixels wide) is scanned across the 

spectrum of the laser with the pulse shaper.  Based on the position of the filter window, 

enhancement or suppression of fragment ions is observed. The control is attributed to the 

relative phase and amplitudes of the subpulses generated.            

 

6.3 EXPERIMENTAL 

 Laser pulses are generated by seeding a regenerative amplifier, Coherent Legend 

with a K.M. Labs femtosecond oscillator (86MHz). The amplifier system produces pulses 

at 500Hz with approximately 1.5 mJ per pulse and 60fs full width at half maximum.  The 

amplified pulses are directed into a 4-f all reflective pulse shaper. The shaped pulses are 

focused with a 15 cm lens between repeller and extraction plates placed 1cm apart inside 

a time of flight mass spectrometer.  The polarization of the incident laser field is parallel 

to the time of flight axis.  To limit volume averaging effects (30, 31) and to sample the 

applied pulse shape in a region smaller than the Rayleigh range of the focus (32), a 
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rectangular aperture (1 mm width) is cut into the center of the extraction plate.  This 

aperture is directly in the ion flight path to the detector.       

Calculated pulse profiles are produced using a calibrated 256 element spatial light 

modulator (14, 15, 33).  The modulator is programmed to apply a sinusoidal spectral 

phase in the spectral domain with the electric field given by: 

    )sin(   Tni

shaped eEE                                               (1) 

where the exponential term represents the complex spectral phase, the n parameter 

manipulates the amplitude of the sinusoidal spectral phase, T corresponds to the period of 

the sinusoid which determines the subpulse separation in time.  The temporal domain 

pulse profile follows the solutions to Bessel’s functions of the first kind as given by: 

       





n

Tin

unshapedn

ti

shaped enTtEAJetE 0                             (2) 

where n controls the number of pulses in the resulting temporal pulse train [Baumert 

PRA],   controls the relative phase of the pulses in the pulse train. Changing the   

parameter shifts the entire sine wave spectral phase by a displacement of δ from the 

central wavelength of the spectrum. In the temporal domain shifting the spectral phase by 

δ alters the relative phases of the various subpulses.   

Figure 6.1b displays the fast Fourier transform calculations of the sinusoidally 

shaped spectral phase with a Gaussian laser spectrum. Figure 6.1b displays temporal 

intensity with pulses located in time at position 1 (-250fs), position 2 (0fs), and position 3 

(250fs). In addition the relative phase difference between pulse 1 and 2 is approximately 

3 radians, and no phase difference between pulse 2 and 3 at this value of φ.   
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Figure 6.1.  Panel a) Gaussian laser spectrum (blue) and sinusoidal spectral phase (green) (250fs period) phi parameter 

4.0 radians.  b)  Temporal pulse sequence (blue) separated by approximately 250fs and temporal phase (green). Panel c) 

Gaussian laser spectrum (blue) and sinusoidal spectral phase (green) (250fs period).  d  Temporal pulse sequence (blue) 

separated by approximately 250fs and temporal phase (green). 

 

To manipulate the temporal amplitudes of the pulse train, while minimally 

perturbing the relative phases, a zero transmission filter is scanned across the liquid 

crystal array.  The spectral filter removes approximately a 3nm region of the excitation 

spectrum.  The position of the spectral filter changes the temporal intensity profile, 

leaving the relative temporal phases of the pulse sequence unaltered. The temporal 

amplitudes of the pulse are a direct consequence of the argument of the exponential and 

the Eshaped term in equation 2.  Filtering a portion of the laser spectrum creates an 

interference pattern in the temporal profile, similar to sending the beam through a sharp 

spectral filter or aperture.  When the filtered spectrum is Fourier transformed into time, 

the resulting temporal amplitude resembles an interference pattern with a main peak and 

pedestals on either side of the main feature, where the pedestal contains periodic 

amplitude modulations (sinc(x) function).  These modulations multiplied by the Bessel 

function Jn(A) produce the amplitude modulated pulse train shown in figure 6.2.  In 
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addition, spectral filtering introduces an interference phase term in the electric field 

Eshaped which slightly alters the relative phases of the sub-pulses.  

 Figure 6.2 displays a calculation of the spectral and temporal pulse profile for a 

pulse with a sinusoidal spectral phase modulation with a period of 250fs, a phi parameter 

setting of 2.6 radians, and a 5 pixel zero transmission filter applied from pixels 54 to 59.  

Comparing the unfiltered pulse sequence of figure 6.1 (with a 2.6 radian phi parameter 

setting), the pulse sequence with the filter contains pulses with ascending intensity.  The 

pulses at -250fs and 0fs are about 25 percent and 10 percent less intense than the third 

pulse at 250fs.  In addition the relative phase difference between pulses 1, 2, and 3 is 

changed only slightly from the unfiltered pulse.   

 
Figure 6.2.  Panel a) Gaussian laser spectrum (blue) and sinusoidal spectral phase (green) (250fs period) with 

transmission 5 pixel filter applied to pixel 54 phi parameter 2.6 radians.  b)  Temporal pulse sequence (blue) 

separated by approximately 250fs and temporal phase (green). 

 

 Figure 6.3 displays calculations for a sinusoidal spectral phase modulation with a 

period of 250fs and phi parameter set to 2.6 with a 5 pixel spectral filter applied from 

pixel 41 to 46.  As can be seen from figure 6.3 such a filter position results in pulse 

sequence where pulse 2 at 0fs has approximately fifteen percent more intensity than pulse 

1 (-250fs) and pulse 3 (250fs).  These calculations demonstrate that the spectral filter will 

change the temporal amplitude and phase in a controlled fashion.   
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Figure 6.3.  Panel a) Gaussian laser spectrum (blue) and sinusoidal spectral phase (green) (250fs period) with 

transmission 5 pixel filter applied to pixel 41 phi parameter 2.6p.  b)  Temporal pulse sequence (blue) 

separated by approximately 250fs and temporal phase (green). 

 

 

The triple pulse temporal amplitudes were characterized using cross correlation 

with an unshaped pulse of approximately 65fs.  A beam splitter diverted a portion of the 

unshaped pulse into an optical delay line to form an unshaped reference pulse.  The 

shaped and reference pulses propagate parallel with respect to each other.  The parallel 

propagating shaped and reference beams are spatially overlapped at the focus of a 15cm 

focusing lens between the repeller and extraction plates of the time of flight mass 

spectrometer.  The power of the shaped and reference pulses are reduced to 

approximately <10mW and the ion intensities are measured as a function of delay. The 

intensity of the molecular ion channel is well below the saturation regime for ionization, 

so the temporal (spatial) overlap of the reference and shaped pulse produces additional 

multiphoton ionization signal when the two pulses are overlapped. The unshaped beam is 

temporally scanned through the shaped pulse structure using a motorized translation stage 

while the molecular ion signal is integrated to reveal the temporal pulse structure as a 

function of delay. This method provides an experimental advantage in comparison with 

conventional pulse measurement techniques because the pulses are measured at the focus 

of the shaped pulse.          
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6.4 DATA 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4. Non-resonant multiphoton mass spectra of benzonitrile using a ~100μJ, 800nm laser 

pulse of duration 50fs. 

 
 

The mass spectrum resulting from the interaction of an intense unshaped 65 

femtosecond pulse with benzonitrile is shown in figure 6.4.  The interaction of 

polyatomic molecules with ultrafast, intense laser fields often produces mass spectra with 

the molecular ion signal as the most prominent spectral feature (5-7, 34-36).  Figure 6.4 

reveals that the unshaped laser pulse produces large amounts of molecular ion and atomic 

hydrogen.  In the spectra there is significant production of doubly charged parent 

molecular ion.  The dissociative ionization process produces a fragmentation manifold 

resulting in phenyl ring cleavage with subsequent ejection of protons.  The interaction of 

the unshaped laser pulse with the molecule results in breakdown of the phenyl ring to 

produce C6-iHn-j
+
 fragments.   
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Figure 6.5. Power dependence for ion fragments C6H3
+, C4H2

+, C2H2
+, C2H

+.  The inset displays the parent 

molecular ion signal power dependence. 
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To show the power dependence of the benzonitrile fragment ions, intensity 

dependent measurements of several ion channels are shown in figure 6.5.  The inset in 

figure 6.5 shows the power dependence of the molecular ion channel where saturation is 

reached around 40mW.  The ion signals in figure 6.5 after approximately 50mW have 

minimal to no dependence on power, with the exception of C2H
+
 ion.  

Displayed in figure 6.6 to show the dependence of the narrow 5 pixel zero 

transmission spectral filter on the ion fragmentation distribution are the integrated ion 

signals for several benzonitrile fragment ions and the intact molecular ion.  The ion 

signals in figure 6.6 are shown as a function of the position of the filter on the liquid 

crystal array with no additional spectral phase or amplitude shaping. Based on the 

position of the spectral filter the ion signal decreases to a minimum value around the 

center of the liquid crystal array. As the filter moves away from the center position of the 

array (~pixel 61), all ion signals increase back to their transform limited values. The 5 

pixel zero transmission filter maps out the spectral intensity profile of the laser. The 

spectral intensity of the laser is Gaussian-like and is aligned with the central frequency of 

the laser spectrum passing through the center of the liquid crystal array.  Thus the ion 

signal in figure 6 traces out an inverted Gaussian, mapping the spectral intensity at a 

particular position on the liquid crystal array.  The small increase in the ion signals 

around pixel 22 is attributed to imperfections in the shape of the laser spectrum around 

that pixel position.   
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Figure 6.6. A scan of the 5 pixel zero transmission filter across the SLM liquid crystal array for ions C6H3
+ 

(green), C4H2
+ (red), C2H2

+ (light blue), C2H
+ (purple) and molecular ion (blue). 
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Selective excitation of large amplitude vibrational motion could be a route to 

selective bond cleavage given that multipulse control of strong field dissociation has been 

demonstrated and sinusoidal spectral phase shaped pulses have been shown to control 

impulsive Raman excitation. Benzonitrile has several vibrational modes from 200cm
-1

 to 

600cm
-1

 which could be impulsively excited within the bandwidth of the laser. We select 

a triple pulse train sequence where the pulses are separated by 250fs delay which 

corresponds to a time interval where each pulse interacts with the molecule after three 

full vibrational periods of the a1 406cm
-1 

Raman mode (37).  The relative phase between 

the subpulses can be set by the φ spectral phase parameter, and for the first series of 

experiments φ is set to 2.6 radians.  We choose 2.6 radians to demonstrate that a sub 

pulse sequence with large relative phase variations are needed to control enhance or 

diminish fragment ion production.  The 5 pixel zero transmission spectral filter is scanned 

across the liquid crystal array to determine the effect of re-shaping the temporal 

amplitude of the pulse train.  Figure 6.7a displays the result of the filter scan for the 

C2H2
+
, C2H

+
, molecular ion, and C6H3

+
 fragment ions.  These ions increase in integrated 

peak intensity in the regions around pixel 40 and 70.  Pixel 40 and 70 are important 

because this region contains unique pulse shapes which produce enhancements for all 

observed ions.  Control of ion fragment formation is shown by the suppression of C2H2
+
 

and C2H
+
 and enhancement of molecular ion, C6H3

+
, fragment ions occurring at filter 

positions 35, 55, and 75 as seen in figure 6.7a.   
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Figure 6.7. a) 5 Pixel zero transmission filter scan across SLM liquid crystal array  for ions C6H3
+ (green), 

C2H2
+ (red), C2H

+ (light blue) and molecular ion (blue). b) Molecular ion signal divided by fragment ions 

C6H3
+, C2H2

+, C2H
+ d) ratio of fragment ions. 

 
 

Figure 6.7b and c displays the ratios of the various ions as a measure of 

fragmentation controllability.  Figure 6.7b displays the ratio of molecular ion signal to the 

other ions.  The ratio for molecular ion with respect to C6H3
+
 fragment shows little 

change for all spectral filter positions.  However, the ratio of molecular ion to C2H2
+
 and 

C2H
+
 display large changes at spectral filter positions 35, 55, and 75.  The greatest 

change in for figure 6.7b occurs for the ratio of molecular ion and C2H
+
 fragment, where 

an enhancement of molecular ion and suppression of C2H
+
 fragment of approximately a 

factor of 1.3, 1.7, and 1.5 for spectral filter positions 35, 55, and 75 are observed.  The 

molecular ion channel is anti-correlated with C2H2
+
 and C2H

+
 fragment ions. In addition, 

figure 7c displays the ratios of C2H2
+
 and C2H

+
 with respect to C6H3

+
 fragment ion.  The 

greatest variability occurs for C2H
+
 versus C6H3

+
 fragment ion.  The ion ratios for filter 

position 35 and 75 are approximately 1.3 and 1.5 and for filter position 55 an increase of 
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1.85 is observed.  Spectral filter positions of 35, 55, and 75 favor production of parent ion 

and C6H3
+
. 

 The first step to uncovering the control mechanism usually begins with inspection 

of the temporal pulse profile.  We perform cross correlation measurements of the 

molecular ion signal versus pulse delay to obtain a qualitative measure of the shaped 

pulse temporal profile.  This method of measuring the shaped pulse profile was 

implemented due to the ease, reproducibility, and location to the actual experiment in 

addition to the consideration of the spatio-spectral coupling of shaped pulses through the 

focus of the shaped laser pulse (32).  Pump probe cross correlation provides a measure of 

the shaped pulse intensity profile through the measurement of ion signal resulting from 

the nonlinear multiphoton absorption process.  As shown in Figures 6.2 and 6.3, the 6.5 

pixel zero transmission filter changes the relative amplitudes of the temporal pulse train.  

The pulse profile was measured by setting the 5 pixel zero transmission filter at positions 

of maximal enhancement or suppression of particular fragment ions as shown in Figure 

6.7.  Then the molecular ion signal was plotted as a function of cross correlation delay 

between the 65fs reference pulse and the filter/sinusoidal spectral phase shaped pulse.  

The cross correlation measurements for 4 different filter positions are shown in figure 6.8 

along with theoretical pulse shape calculations.  For filter position 44 and 54 (where all 

ions experience enhancement) there are similar temporal pulse profiles as seen in Figure 

6.8 a and c.  The pulse profiles for these measurements closely resemble the calculated 

temporal pulse profiles at positions 40 and 53. There is a slight mismatch in filter position 

and pulse profile between the measurements and theoretical pulse profiles.   
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Figure 6.8. Theoretical pulse temporal pulse profiles for spectral filter position 40 and 53. 5 Pixel zero 

transmission filter cross correlation for filter position: a) 44; b) 54; c) 65; and d) 77 
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The mismatch could be attributed to the spectrum of the laser not possessing an exact 

Gaussian profile (Gaussian profile uaed in calculations), where the spectral intensity 

profile around the filter is one of the factors that contribute to the pulse to pulse 

amplitude modulation.  The pulse sequence combined with the relative phase of each 

pulse produces enhancement of all ions. 

Filter positions 54 and 77 suppress the formation of C2H2
+
 and C2H

+
 ions and 

enhances the molecular ion, C6H3
+
, and C4H2

+
 fragment ions.  The pulse profile for 

enhancement and suppression of ion channels is shown in figure 6.8b and c and is in 

excellent qualitative agreement with the theoretical profile.  However, figure 6.8b and d 

differ significantly in the temporal pulse intensities from figure 6.8 a and c where the first 

two pulses are of approximately equal intensity and the third and pulse is less intense.  

Figure 6.8 b and c demonstrates that suppression and enhancement of ion production can 

be achieved with these pulse amplitude combinations and relative phase arrangements.   

 To demonstrate that relative phase of the subpulse sequence is an important 

parameter for the control of dissociative ionization, the relative phase parameter φ is 

increased to 4.0 radians to change the relative phase of the subpulses.  4.0 radians was 

selected to provide a nearly constant relative phase contrast among the first 3 pulses and a 

large phase difference for the last two pulses to demonstrate that pulse to pulse phase is 

important for control of fragment ion production.  Figure 6.9 displays the result of the 5 

pixel zero transmission filter scan for a sinusoidal spectral phase with φ parameter set to 

4.0. 



218 
 

 

 
Figure 6.9. a) 5 Pixel zero transmission filter scan across SLM liquid crystal array  for ions C6H3

+ (green), 

C2H2
+ (red), C2H

+ (light blue) and molecular ion (blue). b) Molecular ion signal divided by fragment ions 

C6H3
+, C2H2

+, C2H
+ d) ratio of fragment ions. 

 
 

As can be seen from figure 6.9a several regions of enhanced dissociative ionization occur 

in the spectral transmission filter scan.  The positions where C2H
+
 and C2H2

+
 signals 

increase relative to the base line occur at liquid crystal positions 40, 61, and 81.  In 

addition, figure 6.9a displays similar increases in ion production for parent and C6H3
+
 

ions at liquid crystal positions 50 and 71.  Figure 9b displays the ratio of the molecular 

ion with respect to the other measured ion channels. In figure 9b the ratio of C6H3
+
with 

respect to the molecular ion remains unchanged for all spectral filter positions but at filter 

positions 40, 61, 81 both C2H
+
 and C2H2

+
 ions experience an approximately twenty 

percent enhancement relative to the molecular ion.  Conversely, at filter positions 50 and 

79 the ratio of molecular ion to C2H
+
 and C2H2

+
 increases by a factor of 1.6 and 1.4 

respectively.  Figure 9c displays the ion ratios for all fragment ions with respect to each 

other.  Enhancement of the ion ratios for C2H
+
 and C2H2

+
 with respect to C6H3

+
are seen 
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for spectral filter positions 40, 61, and 81 where the ratios decrease approximately by 

thirty percent at filter position 61.  Increases in the ratio of C6H3
+
 with respect to C2H

+
 

and C2H2
+
 are seen at spectral filter positions 50 and 79 where the ratios increase by a 

factor of 1.6.           

The ion enhancement and suppression observed in Figure 6.9 presumably arises 

from the temporal intensity and phase profiles produced as a function of the spectral filter 

position.  The theoretical and cross correlation profiles for several filter positions are 

shown in figure 6.10.  Figure 6.10 c displays the pulse profile for a 5 pixel zero 

transmission filter inserted into the liquid crystal array at position 40, where C2H
+
 and 

C2H2
+
 fragment ions are enhanced relative to parent, C6H3

+
, and C4H2

+
 ions.  The pulse 

profile of figure 6.10a, similar to figure 6.8a, and contains three pulses where the first 

pulse is the weakest in relative intensity.  The second pulse in the pulse train has the 

greatest relative intensity, and the last pulse an intermediate intensity between the first 

and second pulse. The theoretical prediction of the measured amplitude and phase are 

shown in figure 6.10 a, b.  The measured cross correlation profile and theoretical pulse 

profiles are in good agreement for all four filter positions. Note that while the amplitudes 

between 6.8a and 6.10 c are similar, the sub pulse phases are different and this results in 

the marked difference in C2H
+
, C2H2

+
 and parent ion signals between the φ settings of 2.6 

and 4 radians.   In a similar fashion figure 6.10d displays a similar pulse profile for 

enhancement of C2H
+
 and C2H2

+
 and a decreased production of parent, C6H3

+
, and C4H2

+
 

ions when the filter position begins at pixel 61.   
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Figure 6.10. Theoretical temporal pulse profiles for pixel 40 and 53.  Cross correlation of sinusoidal spectral 

phase shaped pulse with unshaped reference pulse of 65fs.  a) zero transmission filter position at pixel 40 b) 

pixel 49 c) pixel 61 and d) pixel 71. 

 
 

 

 

 

-1500 -1000 -500 0 500 1000 1500
0

0.5

1

-1500 -1000 -500 0 500 1000 1500
-3.14

-2

-1

0

1

2

3.14

-1500 -1000 -500 0 500 1000 1500
0

0.5

1

-1500 -1000 -500 0 500 1000 1500
-3.14

-2

-1

0

1

2

3.14

In
te

n
s
it
y 

(a
rb

)

P
h

a
s
e

 (
ra

d
ia

n
s
)

Time (fs)

-600 -400 -200 0 200 400 600
20

40

60

80

100

 

 

Pixel 40

-600 -400 -200 0 200 400 600
20

40

60

80

 

 

Pixel 49

-600 -400 -200 0 200 400 600
20

40

60

80

100

 

 

Pixel 61

-600 -400 -200 0 200 400 600

20

40

60

80

 

 

Pixel 71

Time (fs)

Io
n
 S

ig
n

a
l 
(a

rb
)

a) b) 

c) d) 

e) 
f) 



221 
 

 

 

For enhancement of the parent, C6H3
+
, and C4H2

+
 ions and suppression of C2H

+
 

and C2H2
+
 fragment ions similar cross correlation profiles for filter positions 49 and 71 

are observed.  The cross correlation profiles observed for the enhancement of parent, 

C6H3
+
, and C4H2

+
 ions from figure 6.10d and e are also similar to those observed for 

enhancement of these ion observed from figure 6.8a and c.  Changing the relative phase 

from φ = 2.6 to 4.0 for measurements at filter positions 50 and 71 in figure 6.9, 

suppresses the C2H
+
 and C2H2

+
 fragment ions and enhance parent, C6H3

+
, and C4H2

+
 ion 

production.  Comparison of the theoretical pulse profile with the measured cross 

correlation signal, reveals good agreement.  Spectral filtering demonstrates that both sub 

pulse intensity and relative phase manipulation between sub pulses can be used as a 

control parameter to selectively enhance or suppress ion signal production.         

6.5 RESULTS AND DISCUSSION 

Several possible control scenarios may be at play for this set of experiments.  The 

first is selective excitation of vibrational modes where a series of impulsive kicks leads to 

energy deposition into a molecule.  The temporal spacing of the impulsive kicks (pulse 

sequence), for maximum coherence accumulation, should correspond to the vibrational 

period of the mode excited.  The relative phase (φ parameter) of the sub pulses 

determines the interference of the two photon absorption frequency pairs and thus the 

energy of the mode excited within the bandwidth of the laser.  Using these pulse control 

parameters in conjunction with intense energy deposition into a particular vibrational 

mode may lead to bond fissure selectivity during the dissociation process.         
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Control of dissociative ionization was demonstrated with sinusoidal spectral phase 

shaping along with spectral filtering, control was implemented by either changes in the 

pulse to pulse amplitudes of the multipulse sequence or relative phase between sub 

pulses.  Wollenhaupt et al. showed that sub-pulse intensities controls the orientation of 

the angular velocity vector in the two level Bloch sphere representation of the potassium 

system and can lead to preferential population of upper or lower field dressed states.  

Ionization from the upper or lower field dressed states leads to production of higher or 

lower kinetic energy photoelectrons.  The idealized case of the two level potassium atoms 

could be applied to the case of benzonitrile where experimental evidence suggests that 

the area of each sub-pulse is as an important parameter for the enhancement or 

suppression of fragment ion production.    In this situation a set of dissociative states 

producing one fragment over another could be preferentially populated depending on the 

intensity of the sub pulses in the sub pulse sequence.  This would allow for the 

production of one fragment ion versus another.  A pulse sequence containing a weaker 

pulse initially followed by two more equally intense pulses (figure 6.8 b and d and 6.10 b 

and d) was shown to favor the production of molecular ion and larger mass fragments for 

both relative phase settings and suppresses production of C2H
+ 

ions.  A pulse sequence 

which contains two less intense pulses which interact with benzonitrile before and after a 

central intense pulse (figures 6.8 a and c)was shown to enhance the production of C2H
+ 

ions depending on the relative phase setting.  In the Bloch sphere picture the relative 

phase of each sub pulse determines the distribution of excited state population and in this 

case the relative phase setting may allow for an excited state distribution favoring C2H
+
 

production.  For a relative phase setting of 2.6, this triple pulse sequence (a spectral filter 
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position of 44 and 65 for figure 6.7) favors the production of all ions, where as a setting 

of 4.0 (a spectral filter position of 40 and 61 in figure 6.9) favors the production of the 

C2H
+
 ions over the molecular ion and larger mass fragments. 

 In addition to the pulse to pulse amplitude, the relative phase is important for the 

enhancement and suppression of fragment ions of benzonitrile.  As discussed from the 

context of a the two level atomic system the relative phase parameter of the pulse 

sequence determines the orientation of the angular velocity vector and Bloch vector 

(under the electric field envelope oscillation) which can lead to preferential population of 

upper and lower field dressed states.  The concept of preferential population of states 

through the relative phase could be applied to benzonitrile where preferential population 

of one or more dissociative states leads to enhancement or suppression of fragment ion 

channels of the parent molecule.   

 

6.6 CONCLUSION  

 Here we have shown that pulse to pulse amplitude is an important pulse parameter 

for the production of fragments of benzonitrile when using a train of pulses.  In addition, 

the relative phase of the pulses in the pulse sequence also provides another degree of 

control over the production of ion channels of the parent molecule.  Two possible control 

scenarios could be at work leading to the selectivity of fragment ion production.  The first 

is selective excitation of vibrational modes where the pulse train temporal spacing 

provides kicks to the molecule at the mode frequency building coherence amplitude each 

time a pulse kicks the vibrational mode.   
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In the second scenario the amplitude of the sub pulses and the relative phase determine 

the mixing of field dressed states which can lead to selective state excitation.  In this 

Bloch sphere representation selective excitation of a set of dissociative states may lead to 

enhanced and suppressed production of ions in benzonitrile.   
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7.1 CONCLUSION 

The focus of this thesis is coherent control and developing technological methods 

for controlling the quantum state of molecules and photons.  We have extended the 

technology of pulse shaping by developing pulse shaping algorithms that can generate 

complicated pulse profiles for multiple scientific applications.  Furthermore, we have 

shown that the spatial domain of a complicated laser pulse, should also be included in the 

list of characterized pulse parameters for ultrashort experiments.  Complete 

characterization will show that signals from experiments are not due to spatio-temporal –

spectral pulse structure.  Simultaneous spatial and temporal focusing has demonstrated 

that the lateral and longitudinal focusing conditions of a shaped laser pulse can be 

controlled optically.  Optically controlling the focusing conditions of a femtosecond laser 

pulse will allow for multiplexing multiple foci for rapid image acquisition.  The 

enhancement and suppression of fragment ion production from benzonitrile molecules by 

spectral filter shaping has shown that phase and amplitude are important pulse control 

parameters.  Understanding the important pulse parameters and mechanisms behind 

controlling strong field dissociative ionization will lead to a better understanding of 

strong field dissociation process and resulting higher product yields for technological 

development. 

One of the most widely used tools to investigate coherent control is the spatial 

light modulator.  The spatial light modulator is typically placed in the Fourier plane of a 

zero dispersion compressor.   In this configuration the spatial light modulator can 

manipulate the relative phase and amplitude of the frequency components of the laser 

spectrum.  Upon recombination of the dispersed spectrum on the second grating of the 
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compressor, complicated temporal pulse structures are formed which can be used to 

control the breakup of molecules during strong field dissociative ionization.  The 

complicated pulse structures created to control strong field dissociative ionization and the 

location of temporal foci must be measured so that the phase and amplitude profiles can 

be verified.  Pulse verification, from genetic algorithm optimizations, is important so that 

mechanisms for the control process can be formulated from the recovered pulse profiles.  

Furthermore, pulse verification is needed to confirm the generated pulse profiles which 

are used for multiplex multiple temporal foci multiphoton microscopy.  Typical pulse 

measurement techniques such as autocorrelation measure the time dependent pulse 

intensity through a non-linear medium.  The resulting autocorrelation contains many 

ambiguities in the phase and amplitude, where many spectral phase and amplitude 

profiles can produce the same or similar pulse profile.  In addition, autocorrelation cannot 

measure the spectral or temporal phase of the pulse profile.  Thus autocorrelation is 

limited to measuring the pulse width of pulses that are known to contain little phase and 

amplitude structure.   

Frequency resolved optical gating (FROG) and (X-FROG) are two techniques 

similar to auto- and cross- correlation in that two pulses are spatially and temporally 

overlapped in a frequency doubling crystal.  The major difference between FROG and 

autocorrelation is that the optical spectrum as a function of temporal delay is detected 

with FROG.  By resolving the spectrum as a function of temporal delay and applying a 

phase recovery algorithm the spectral phase and amplitude can be reconstructed.  Many 

drawbacks exist with FROG and XFROG measurements such as ambiguities in the 

recovered phase profile and relying on a non –linear intensity response from a doubling 
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crystal (typically BBO).  This can diminish the sensitivity to the fine structure in the 

temporal profile.  To address the problems with FROG, spatially encoded arrangement 

for temporal analysis by dispersing a pair of light E-fields (SEA TADPOLE) was created.  

SEA TADPOLE uses single mode optical fiber inputs for the unknown and reference 

pulses.  SEA TADPOLE is a spinoff version of spectral interferometry where this version 

of spectral interferometry requires that the reference and unknown pulses stay temporally 

overlapped.  The output of the optical fibers and the temporal overlap of the reference 

and unknown pulses are spatially offset resulting in spatio-spectral fringes.  The 

spatiospectral fringes are then imaged with a charged coupled device for analysis and 

pulse reconstruction.  Spatio-spectral fringes allow SEA TADPOLE the benefit of the 

linear response from the interference process, which eliminates the need for a doubling 

crystal.  In addition, the spatio-spectral fringes enhance the spectral resolution of the 

spectral interferometry process because Fourier filtering is performed on spatial fringes.  

As a result SEA TADPOLE has demonstrated how complicated pulse structures can be 

characterized from coherent control experiments.   

 Coherent control experiments using genetic feedback algorithm driven pulse 

evolution, pulses for pump probe, and CARS experiments require that the pulses reaching 

the molecules and atoms are the pulses designed by the user.  Therefore, a feedback 

mechanism is needed where the pulse structure (phase and amplitude) is deigned by the 

user and followed by simultaneous experimental confirmation of the pulse phase and 

amplitude.  We have demonstrated that our pulse shaping algorithm has the capability of 

creating a wide array of user defined pulse structures by specifying individual pulses and 

their amplitude, phase, and relative delay.  Also, the common double pulse profile can be 
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quickly designed by our pulse shaping algorithm and subsequently confirmed by the SEA 

TADPOLE apparatus for rapid measurements as a function of delay.  Our results from 

application of the SPECIFIC method shows that the measured modulated spectral profile 

matches the theoretical sin
2
 spectral amplitude profile.  Furthermore, the measured 

spectral phase of the double pulse profile, a pi step function with period corresponding to 

the delay between pulses, matches the theoretical spectral phase.  

 To demonstrate the robustness of the SPECIFIC technique the complexity of the 

pulse was increased by designing each pulse structure with different temporal phase 

profiles.  Pulses with specific temporal phases are useful in controlling selective 

population of field dressed states.  The first pulse is designed to have a positive quadratic 

phase.  A quadric temporal phase profile increases the pulse full width half maximum, 

making a longer than transform limited pulse in time.  The second pulse contained a third 

order spectral phase which produces an interference pattern from the quadratic 

instantaneous frequency and results in a series of sub-pulses.  The first pulse in the 

subpulse sequence is always the most intense and the direction in time of the pulse train 

is determined by the sign of the third order spectral phase.  The temporal phase profile 

from the third order spectral phase is an alternating sign pi step function.  When the 

spectral pulse profile was confirmed by SEA TADPOLE the theoretical temporal pulse 

structure closely agrees with the measured temporal pulse profile confirming that our 

method is an excellent candidate for selectively populating field dressed states (SPODS) 

because of its accuracy.       

To mimic optimized pulse shapes from genetic algorithm driven coherent control 

experiments, SPECIFIC is tasked with designing a triple pulse structure that could be 
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manipulated to determine important pulse parameters for the coherent control process.  In 

addition to specifying three delayed temporal pulse structures, by specifying the temporal 

phase for each pulse increases the complexity of the overall pulse shape.  The spectral 

profile for the triple pulse has no intuitive spectral shape. However, upon close inspection 

and comparison the measured and theoretical spectral phase and intensity match closely.  

Close agreement of the theoretical and measured profile demonstrates that SPECIFIC can 

be used for perturbing pulse parameters in a known and controlled way for understanding 

how these parameters affect the coherent control process.      

The three dimensional structure of molecules creates unique selection rules for 

molecules with three atoms or more.  These selection rules dictate how an electric field 

vector must be aligned relative to the direction of the transition dipole to transfer 

population to specific excited states.   As a result experimental evidence suggests that 

polarization pulse shaping may provide an additional degree of control because the 

components of the electric field vectors can be rotated in space to excite transition dipoles 

which lie outside of the plane of molecular excitation. With the SPECIFIC method we 

have shown that our method is capable of generating phase, amplitude, and polarization 

shaped pulses.  The first example of phase, amplitude, and polarization shaped pulses 

demonstrates that with SPECIFIC we can generate delayed orthogonally polarized pulses.  

Pulse structures with time dependent polarization states have been shown to control 

molecular processes and with the SPECIFIC method we have shown that we can design 

and characterize pulses with precise time dependent polarization states.    

Controlling femtosecond pulse profiles in the time and spectral domain have led 

to a number of ground breaking experiments on quantum control.  Typically quantum 
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control experiments are performed in the focus of the laser beam this is also where 

multiphoton imaging is performed.  The focusing conditions of femtosecond pulses has 

become an important subject due to the need for diffraction limited focusing to produce 

high intensities for multiphoton imaging and coherent control.  Multiphoton imaging 

requires tight foci in order to attain the highest possible spatial resolution to produce clear 

images of biological samples.  In addition, multiphoton absorption initiated control of 

dissociative ionization requires spatial filtering in order to avoid the signal response 

effect of spatial averaging in the focus.  Stolow et al also demonstrated theoretically that 

the spatial profile through the focus of pulses that contain diffraction, generate complex 

spatial profiles through the focus.  The spatial structures were shown to create a spatially 

dependent multiphoton absorption profiles through the focus.  

Until recently, most pulse measurement techniques could not measure the 

spatially dependent pulse profile.  SEA TADPOLE uses single mode optical fibers as 

inputs to the spatial imaging spectrometer where the core diameter of the optical fibers is 

approximately 5μm.  Therefore, 5μm sections of the (un)focused beam can be 

characterized to show spatially depend intensity, phase, and polarization profiles.   

The first spatial-spectral –temporal pulse profile measured with scanning SEA 

TADPOLE is the double pulse profile.  For the first time our measurements show the 

evolution of the spatio-temporal phase and amplitude of the focusing pulse shape.  The 

spatio-temporal pulse evolution through the focus shows a distinct and predictable shift in 

the temporal pulse features in the spatial domain as the pulse approaches the focus.  At 

the focus the pulses are equal to the theoretically predicted pulse profile through all 

transverse beam positions, where the pulse maxima are aligned through the center 
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transverse beam position.  The temporal phase maintains a constant flat curvature through 

all focal and transverse beam positions.  Similarly the spectral intensity features also 

maintain the spacing and shape through all longitudinal and transverse beam positions.  

The constant spectral profile is an unexpected result as the source of the changing 

temporal amplitude profiles is the result of diffraction.  Interestingly, the shape of the 

spectral phase was shown to be dependent on the transverse beam position.    The 

spatially dependent shape of the spectral phase demonstrates the need to spatially filter 

the focus during spectroscopic and coherent control experiments in order to deliver the 

correct pulse shape to the molecules.  The spatial profile for the amplitude and phase 

shaped double pulse profile and the pi phase step shaped pulse display very similar 

spatio-temporal –spectral phase and amplitude profiles through the focus in the transverse 

and longitudinal directions. 

Next we measure a sinusoidal spectral phase shaped pulse that has been used in 

several studies involving the control of vibrational wavepackets in molecules for 

selective excitation of vibrational modes.  With scanning SEA TADPOLE the spatio-

spectral –temporal pulse profile was measured and shown to contain unexpected 

evolution of the spatio-spectral structures through the focus.  The fast change in the 

spectral phase from adjacent liquid crystals creates spectral amplitude modulation.  The 

spectral amplitude features shown in the scanning SEA TADPOLE measurements 

acquire an angle in the transverse spatio-spectral domain.  The spatio-spectral tilt angle 

across the transverse beam position changes as the pulse approaches the geometric focus 

of the lens where the tilt angle in the spatio-spectral domain is zero.  The spatio-spectral 

features on the other side of the focus tilt with an increasing angle in the spatio-spectral 
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domain as the pulse moves away from the focus.  Upon closer inspection of the 

transverse coordinate for focal position 2zr, no change in the spectral phase was observed, 

which is unexpected due to the changing spectral features.   

The temporal pulse features, resulting from sinusoidal spectral phase modulation, 

shift in transverse beam position through the focus in a similar manner to the double 

pulse profile.  As the distance from the focus increases so does the shift in the temporal 

features along the transverse beam position.  The order of the shift is inverted when 

observing the beam on either side of the geometric focus.  Close inspection of the 

transverse beam position temporal phase at a focal position of 2zr shows that the temporal 

phase remains unchanged through the transverse beam positions.   

Spatio –spectal –temporal coupling can complicate pulse profiles through the 

focus of a lens.  Spatio- spectral –temporal coupling in focusing femtosecond pulses can 

result in a loss of resolution in laser scanning microscopy and complicate interpretation 

of spectroscopic experiments.  Typically, phase and amplitude are considered adequate 

quantities needed to fully characterize a femtosecond pulse.  However, femtosecond 

pulses as shown here can spatially evolve in a complicated manner through the focus of a 

lens.  Therefore, the spatial domain of the femtosecond pulse should be included as a 

parameter when characterizing pulses to determine the pulse evolution through the focus 

of a lens.  

Multiphoton microscopy and material imaging applications use intense ultrashort 

pulses to excite and produce fluorescence from fluorophores.   The position sensitive 

fluorescence signal is collected to form an image of the sample.  Multiplexing multiple 
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foci to generate multiple regions of emitting fluorophores at varying depths in the sample 

would significantly decrease data acquisition time and enable spatial pump probe studies.  

Simultaneous spatial and temporal focusing has been used to acquire depth resolved 

images of Diosporilla eggs because short intense pulses are generated in a confined 

region within the geometric focus of a lens.  Utilizing the spatially dependent second 

order spectral phase through the focal plane of the objective lens we programmed the 

pulse shaper, with our pulse shaping algorithm, to generate pulses with varying amounts 

of linear and second order phase. 

The first pulse that the user defined algorithm generated was the double pulse 

profile (800fs delay) and scanning SEA TADPOLE characterized the double pulse 

traversing the SSTF focusing optics.    Unexpectedly, the linear phase or the delay 

between pulses was shown to change the separation of the pulses in the transverse beam 

dimension.  In addition, the spatio-temporal pulse structures tilt in the temporal and 

spatial domain.  The tilted pulse front was determined to be pulse front tilt and is the 

result of angular dispersion from the diffraction grating.  Upon examination of the spatio-

spectral double pulse profile through the focus, a spatio-spectral intensity feature was 

observed in the transverse beam position.  The spatio-spectral intensity feature is tilted in 

the spectral and transverse spatial domain.  As the pulse approaches the focus the tilt 

angle of the spatio-spectral feature approaches zero and increases again on the other side 

of the geometric focus.  The source of the spatio-spectral feature is the changing amount 

of spatial chirp due to recombination of the frequency components of the laser as the 

pulse geometrically focuses.  
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To create multiple temporal foci at different positions through the geometric focus 

the double pulse profile (delay 800fs) was adapted with pulse structures with equal but 

opposite (sign) second order phases.   Due to the 800fs delay the two pulses are displaced 

along the transverse beam position.  Furthermore, the equal but opposite second order 

phases for each temporal pulse structure are added to the second order phase from the 

SSTF focusing process.  When the temporal phase of each pulse structure is cancelled out 

by the temporal focusing second order phase, the pulse features temporally focus at the 

phase cancellation position in the focus of the lens.  The temporally focused pulse front is 

characterized by having the smallest possible full width half maximum and highest pulse 

intensity.  Here we demonstrate control over the focusing condition of femtosecond 

pulses by using delayed shaped pulses with equal and opposite second order phases.  We 

show that control over the longitudinal position creating multiple temporal foci is 

possible with the second order phase parameter and the transverse beam position can be 

controlled with the linear phase (temporal delay).   

To demonstrate that multiple pulses can be used to image different layers of a 

biological sample we generate a triple pulse profile.  In order to image multiple depths 

each temporal pulse profile is given different temporal phases.  Two of the pulses in the 

triple pulse train have equal and opposite second order temporal phases.  The third pulse 

(zero delay) has a constant temporal phase.  The three pulses each with different 

transverse beam positions temporally focus to different positions along the longitudinal 

beam position.  With three temporal foci we show that our pulse shaping algorithm 

coupled with temporal focusing successfully demonstrates that the focusing conditions of 

a femtosecond laser pulse can be controlled optically.  Furthermore, multiple foci can be 
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generated and controlled optically by multiplexing foci for multiphoton imaging 

experiments.   

Shaped pulses have been used to demonstrate that control of photodissociation 

processes is possible.  The pulses that control photodissociation can vary in phase and 

amplitude complexity.  One pulse shape which has been used to demonstrate control over 

fragmentation production of amino acid complexes is the sinusoidal spectral phase.  

Changing the relative phase of the sinusoid relative to the central frequency of the laser 

spectrum produced enhancement in several ion channels.  Therefore, we attempt to 

control the fragmentation pattern in benzonitrile to demonstrate that pulse parameters 

such as phase and amplitude can be used to enhance and diminish the production of ion 

channels during strong field dissociative ionization.  Furthermore, we show that by 

applying a small pulse perturbation through a several nanometer wide zero transmission 

filter, we can enhance and diminish production of ions.   

The first pulse profile contains a specific pulse to pulse temporal delay and each 

pulse has a specific temporal phase.  The pixel filter window is scanned across the 

spectrum resulting in the pulse to pulse temporal intensities changing depending on the 

position of the filter in the spectrum.  The ion channels from benzonitrile fragmentation 

decrease as the filter window is scanned across the spectral intensity.  The shape of the 

signal decrease directly corresponds to an inverted spectral intensity, as expected.  

Superimposed onto the ion signal mapping the spectral intensity are regions where the 

ion signals of specific channels are enhanced or suppressed.  When the relative phase of 

the sinusoidal spectral phase (keeping a constant interpulse delay) is changed and the 

filter window is scanned across the laser spectrum a new distribution of enhanced and 
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suppressed benzontirile ions is produced.  Therefore, there is a correspondence between 

the relative phase of the subpulses (sinusoid in the laser spectrum) and the pulse to pulse 

amplitudes.  The interpulse separation, matching a vibrational mode period, could be 

impulsively exciting specific vibrational modes of benzonitrile and enhancement and 

suppression of fragment ions is the result of photodissociation from specific vibrational 

modes.  Changing the pulse to pulse amplitude and relative phase of the pulse sequence 

could change the amplitude of vibrational coherence of the vibrational modes involved 

thus changing the fragment ion yields.  An alternative mechanism using the Bloch Sphere 

model shows that the pulse train and relative phase between pulses permits population 

transfer among field dressed states of the molecule.  The dress-state Bloch Sphere model 

can be used for sinusoidally modulated spectral phases because the excitation and 

ionization pulses are present in the same pulse train.  For one particular relative phase 

setting excited state population is either allowed to fully, partially, or not transfer to one 

of the field dressed states.  Excitation to one of the field dressed states results in one 

fragmentation pattern versus fragmentation from the second field dressed state.  

This dissertation is the evolution of science and technology developed to 

understand the optical properties of femtosecond pulses.  The beginning of this 

dissertation is the development of technology to understand complicated femtosecond 

laser pulses.  The understanding of the phase and amplitude of the femtosecond laser 

pulses used in coherent control is expanded to the spatial domain where we measure the 

spatial evolutions of pulses used in coherent control.  We observe several new optical 

phenomena related to the spatial properties of femtosecond pulse that expands the 

knowledge of how focusing pulses should be viewed and measured.  The lessons 
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achieved from understanding the focusing conditions of femtosecond pulses resulted in 

the development of coherent control method for focusing laser pulses. The science behind 

controlling the spatial properties of femtosecond laser pulses has resulted in new 

technology which will decrease multiphoton imaging acquisition times.  Pulse formation 

is further applied to controlling strong field photo dissociation.  With the knowledge of 

how to generate specific pulse shapes, we have shown that the interplay of these pulse 

parameters are coupled and each affect the final mass spectral product distribution 

demonstrating that the final state of the molecule can be controlled through these pulse 

parameters.    

 


