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ABSTRACT

FEMTOSECOND GAS-PHASE REACTION DYNAMICS: PUMP-PROBE
AND FOUR-WAVE MIXING EXPERIMENTS

By

Emily J. S. Brown

Time-resolved rotational anisotropy measurements can be used to obtain
rotational constants of molecules or information about the alignment and rotational
energy in chemical reactions. For some of the most common experimental configurations,
the well-known expression for obtaining the rotational anisotropy is not applicable;
unidirectional signal detection measurements can overestimate the parallel or
perpendicular components of the signal. New formulations that take into account
different unidirectional detection schemes and the f number of the collection optics are
given and demonstrated with femtosecond time-resolved anisotropy measurements on
iodine vapor. Fits to the calculated anisotropy are shown to provide quantitatively
accurate results. In addition, nonlinear saturation effects in ultrafast rotational anisotropy
measurements are observed as a function of increased pump laser intensity (ranging over
three orders of magnitude). These effects range from a mild reduction in overall
anisotropy to the loss of anisotropy at time zero and the appearance of additional
photochemical processes. At the highest intensities, the rotational anisotropy
measurements show an unusual initial dip followed by a rise near time zero that is due to

excitation of a weaker perpendicular state. Experimental results on molecular iodine,
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chosen as a model system, fit with the conventional anisotropy formalism result in
erroneous rotational populations. Incorporating the observation of the perpendicular state
into a mnonlinear rotational anisotropy model yields accurate rotational populations from

measurements with saturated transitions.

Time-resolved transient grating techniques (TG) arising from four-wave mixing
(FWM) processes are explored for the study of molecular dynamics in gas-phase systems
ranging from single atoms to large polyatomic molecules with nonresonant pulses.
Atomic species Ar and Xe show a peak only at zero time delay. For diatomic O; and N,

and linear triatomic CS; molecules, the TG signals exhibit ground state rotational
recurrences that can be analyzed to obtain accurate rotational constants. Both ground
state vibrational and rotational dynamics are observed in the heavier triatomic Hgl,. TG
measurements on larger polyatomic molecules (CH,Cl;, CH;Br,, benzene, and toluene)
show rotational dephasing. A theoretical formalism is developed and used successfully to
interpret and simulate the experimental transients. Four-wave mixing experiments with
resonant excitation allow us to select between measurements that monitor wave packet
dynamics, i.e. populations in the ground or excited states, or coherences between the two
electronic states. These cases are explored with the X— B transition in I,. Control of the
population transfer between the ground and excited states is reported using three-pulse
four-wave mixing. The inherent vibrational dynamics of the system are utilized in timing
the pulse sequence that controls the excitation process. A slight alteration in the pulse

sequence timing causes a change in the observed signal from coherent vibration in the

ground state to coherent vibration in the excited state.
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Figure 1.1. Obtaining vibrational information from the pump-probe technique. (a)
The pump pulse is resonant with the transition between Vo and V4. The wave
packet propagates on the V; excited state. At the Franck-Condon region, the
probe pulse excites the molecules to the V, state where they emit
fluorescence which is detected. The ground (Vo) and excited states (V; and
V) are all bound states in the case shown here. (b) The changes in the laser-
induced fluorescence as a function of the pump-probe time delay show the
time it takes for a full vibrational oscillation of the molecules in the V, excited
state. Rotational effects were neglected here. .................cccooiiiiiiiiinneennne. 10

Figure 1.2 Transient gratings formed in the forward-box configuration. (a) The
formation of the transient grating is due to interference by two interacting
electric fields. (b) The transient grating formed by fields E, and E, cause E. to
be diffracted in the ks = k, - ks + Kk direction; this is the signal beam. (c) The
signal beam in this case is formed by field E, diffracting off the grating formed
by E. and E,. (d) This is the pulse sequence that ieads to the generation of
the transient grating signal (TG) shown in (b). The pulse sequence here, with
the scanned field coming before the fixed fields, corresponds to the reverse
transient-grating signal (RTG) shown in (c). Fields E, and E, are coincident in
M NETE. ..ottt b b s s 14

Figure 2.1. Diagram of the colliding pulse mode-locked femtosecond laser
System used in these experiments. The femtosecond pulses are generated in
the CPM, then amplified and compressed to produce 60 fs, unchirped pulses
(average energy is about 300 wJ). The experimental setup shown here
(dotted boxed area) is for the pump-probe technique with two beam arms (d;
and d,, 622 nm and 311 nm) and fluorescence detected perpendicularly by
the monochromator. For the four-wave mixing technique (separate dotted
boxed area), two beam splitters are used to create three arms (one fixed (d),
VO variable - manual (d,) and automated (d;)) and the signal beam is

directed into the MONOCAIOMALOT. ...............eoveeeereeeseeresreoeeeeeesseeseseresseesseeees 20

Figure 2.2 Example of a FROG trace with time increasing from left to right and
Uency increasing from bottom to top. (a) The dotted line represents a
ne9““"'*%ly chirped pulse where blue wavelengths (high frequencies) precede
red Wavelengths (low frequencies). (b) Experimental FROG trace of an
unchirped pulse where all the wavelengths arrive at the same time. (¢c) The

xi
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dotted line represents a positively chirped pulse where red wavelengths
arrive before blue wavelengths. ..................cccoiiiiinic e, 27

Figure 2.3. Experimental setup for rotational anisotropy measurements with

unidirectional (X-axis) detection. The polarization of the probe beam remains
oriented along the Z-axis while the orientation of the polarization of the pump
beam can be rotated along either the X- (L) or Z-axis (||). LIF is collected

perpendicular to the propagation of the laser beams.. .................cccuvvennneeen. 31

Figure 2.4. Beam arrangement in the forward box configuration (see References

80 and 81). E, and E, are overlapped and fixed in time. For positive time
delays, these fields set up a transient grating in the horizontal plane off which
E. Bragg scatters to give the FWM signal. The time delay between E. and the
two other fields is varied to obtain the time-dependent dynamics of the
system. In our experiments, all beams were horizontally polarized. ............. 34

Figure 3.1. Relevant potential energy curves for I,. Molecules in the X state can
be excited to the B state (parallel transition) and the A state (perpendicular
transition) with 622 nm laser pulses. Excitation with 311 nm probe pulses will
induce a transition between the B and f states (favored by parallel pump-
probe beams) and between the A and p states (favored by perpendicular
pump-probe beams). In both cases, LIF (f > B, p > A) at 340 nm is
detected. .........cccueiiiee e e 43

Figure 3.2. (a) Simulated rotational anisotropy graph at shorter time delays. The

distribution quickly changes from the initial alignment (A) to an isotropic
distribution (B) to a persistent alignment (C). Drawings of these distributions
as viewed from the X-Y plane are shown above the r(f) graph. (b) Simulated
r(f) at longer time delays. After the persistent alignment, a half-recurrence (D)
develops. The drawing of this distribution is shown from a view out of the X-Y
plane so that the sin?d shape (rotated around the Z-axis) is evident. Each r(f)
is labeled with the distributions that occur as time evolves. .......................... 50

Figure 3.3. (a) I and I, transients for I, with 550/311(340). (b) I; and I, transient

for |2 with 622/311(340). Vibrations are clear in both sets of transients.
Because different vibrational levels are reached on the anharmonic B state
by the two excitation wavelengths, (b) shows faster vibrational dynamics than
(a). For the same reason, the rotational constants are also different for the
two data sets resulting in a slight difference in the rotational dynamics........ 59

Figure 3.4. URA measurements for 550/311(340) on I.. Rotational anisotropy

values calculated from normalized experimental data and Equation (3.5) are
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shown as the scattered points. Fits to these values using Equation (3.8) are
shown as the solid lines. The measurement is best fit by a thermal
distribution of 294 + 12 K. Note that temperature is the only adjustable

[ 2= T 1117 (- SRR 61

Figure 3.5. Rotational anisotropy of I, in the low pump laser intensity regime.
Experimental data are shown by the square data points and the temperature
fits are shown with the lines. These URA measurements are fit without the
saturation parameter and accurately reflect the shape of the data. The
measurements are best fit by thermal distributions of 302 + 22 K and 290 +
12K respectively. Note that temperature is the only adjustable parameter. ..62

Figure 3.6. Rotational anisotropy of I, in the high pump laser intensity regime.
These URA measurements are fit with the saturation parameter, As. This
simple saturation model does not predict the observed dip in the data near
time zero and yields rotational temperatures with 6 - 22 % error. ................. 66

Figure 3.7. Parallel and perpendicular experimental transients obtained with
different pump laser intensities. As the laser intensity increases, there is a
significant increase in the LIF intensity of the first vibrational oscillation in the
perpendicular transients. The parallel transients do not show this pattern.
This increase is due to the contribution from the B-A-X excitation pathway at
high laser intensities when the polarization of the beams is perpendicular...69

Figure 3.8. Semiclassical calculations of the rotational component of parallel and
perpendicular transients and rotational anisotropy. (a) These calculations
include only the f-B-X excitation pathway (typical pump-probe experiment)
with weak laser intensity. (b) These calculations include both the f-B-X and p-
A-X excitation pathways as is possible here with strong laser intensity. The
preferential probing of the A state in the perpendicular pump-probe
arrangement leads to an increase in the signal near time zero. This creates
the dip that is observed in the calculated rotational anisotropy. The thin r(f)
line was calculated assuming equal populations of A and B states; the thick
line assumed a larger B state population. ..............c.cccocovveeiiiciiiiccecceeeen, 71

Eigure 3.9. Rotational anisotropy of |, in the high pump laser intensity regime.
The fits for these URA measurements include both the saturation effect, As,
and reactive state interaction, A,. The early time behavior is reflected well in
this model. The rotational temperatures for the data at the four laser
intensities shown are within 3.7 — 8.5 % of the laboratory temperature. ....... 73
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Figure 3.10. Rotational temperatures, T, obtained from the three models used to
fit the experimental rotational anisotropy data. The laboratory temperature,
Trr= 294 £ 3K is shown as the broad gray line. Error bars, corresponding to
one standard deviation, are shown for each fitted temperature. When
saturation is not included (squares), the model predicts only low intensity
regime temperatures well; the high intensity regime temperatures deviate far
above the actual temperature. When the model is based on the saturation of
the B<X transition, the temperatures are too low. When both saturation of the
B« X transition and the presence of the A state reactive path are included,
the fitted temperatures reflect the actual temperature (< 10% error) in the
high intensity regime. ..o 75

Figure 3.11. Dependence of the saturation (As) and perpendicular (A,)
parameters on the laser intensity. Both parameters show an exponential
trend with similar values for the saturation intensity, lo. .........c.ccccoeeeeenneeenn. 76

Figure 4.1. PS-1 shown at the top for the three-pulse FWM process. za is a fixed
time delay between fields E, and E, and zis a variable time delay between
fields Ep and E.. PS-ll shown at the bottom for the three-pulse FWM process.
ris a variable time delay between fields E; and E, and 7 is a fixed time
delay between fields Epand E,. ..........ccccoeeiieiiiieecieecreecctee e 82

Figure 4.2. Double-sided Feynman diagrams corresponding to four-wave mixing
processes observed for phase-matching condition ke = k, - kp + k. In all
cases the signal, emission from the ket side, has been omitted for clarity.
Based on the experimental constraints of our measurements, beams E, and
E, are overlapped in time and beam E; can be delayed or advanced with
respect to these beams. The label for each diagram, for example aby,
indicates the two beams that form the transient grating and the state in which
the population is formed. (a) For positive time delays, E, and E, form the
grating and cause a transformation of p% into g9y, or /@,y When E;
scatters from this grating, at positive time, ground state dynamics are
obtained. (b) Here E, and E,form the grating and cause a transformation of

04 into /2 or F2¢s. When E. scatters from this grating, at positive time,
excited state dynamics are obtained. (c) These diagrams contain beam E,
between fields E, and E, which are overlapped in time. Therefore signal is
only observed only for times within the laser pulse duration. (d) For these
diagrams E. arrives first and, if resonant, forms a coherence between the
ground and excited states of the form 5";. The coherence is allowed to
evolve for a time 7. The coherence dynamics are probed by the arrival of field
E,, which forms the grating, and field E, that scatters from the grating......... 86
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Figure 4.3. FWM signal from xenon and argon samples at 1 atm pressure. The
data are represented by triangles for Xe and by circles for Ar. The black lines
show Gaussian fits to the data. FWM signal from Xe is 14 times greater than
from Ar because of the increase in polarizability of Xe over Ar. The width of
the Gaussian fits for Aris 131 fsand 139 fs for Xe.........cccoeorriiiiiinnnnenne 108

Figure 4.4. Experimental (positive) and theoretical (negative) TG transients of air,
nitrogen, and oxygen. Full rotational recurrences are observed at 4.15 ps for
N2 and at 5.77 ps for O.. Half recurrences are also observed. The peaks in
the air transient directly correspond to recurrences in the N> and Oz scans.
Simulated TG signals for these samples were calculated using Equation
(4.13) and are shown as the negative mirror image of the experimental data.
Note that in the simulations, the full and half recurrences are reproduced at
the same recurrence times and with the same intensity and shape as in the
experimental SigNal. ..............coocoeiiiieiiee s 110

Figure 4.5. TG transient of carbon disulfide. The half and full rotational

recurrences are observed at 38.2 and 76.4 ps respectively. The inset shows
a maghnification of the first full rotational recurrence (circles) with the
simulation calculated using Equation (4.13) (solid line). Notice that the x-axis
is not continuous; there are 30 ps gaps between each recurrence and the tick
size is 822 fs for each expanded region. The decrease in signal as a function
of time delay gives the overall rotational dephasing due to inelastic collisions
(SEEEEXE). ...t e et e e e s e e e e e e ane 112

Figure 4.6. Bottom: TG transient of mercury(ll) iodide. Ground state vibrations
and rotations can clearly be seen in the transient. inset: The Fourier
transform of the experimental transient is shown as line (b). The top Fourier
transform (a) corresponds to the experimental transient with the coherence
spike subtracted. The symmetric stretch of Hgl, has a frequency of 158.2 cm™
' The cross term resulting from Equations (4.13) and (16) causes the Fourier
transform to have peaks corresponding to 2ax (19.7 + 0.1 cm™), &, - ar
(148.4 £ 0.2 cm™), and a, + ar, (167.9 + 0.2 cm™) as seen. The 2, peak is
probably masked by the high frequencies from the experimental noise
because of the low signal to noise ratio. ..............ccccceerveriiencienieenieceee 115

Figure 4.7. Top: Experimental TG transient of Hgl.. Middle: Transient resulting
from z..(f) equal to the sum of /7(f) and »*(f). Bottom: Transient resulting
from z..(f) equal to the product of (f) and *(f). Notice that the product
transient (bottom) is out-of-phase with the experimental data but the
summation transient (middie) is in-phase with the experimental data for all
times (SE teXt). .....ccoiiiiieeere e 117
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Figure 4.8. TG transients of methylene chloride (upper) and methylene bromide
(lower). The experimental data are shown as circles and the simulations
calculated using Equation (4.13) are shown by the solid line. In both scans,
the time-zero coherence spike is observed and is more intense than the
rotational dephasing. As expected, the rotational recurrence is faster in
CH2CI2than in CH2Bra. .......ooeieeee e 120

Figure 4.9. TG transients of benzene (upper) and toluene (lower). The
experimental data are shown as circles and the solid line shows the
simulations from Equation (4.13). The intensity of the rotational dephasing in
benzene is stronger than the time-zero spike. However, in toluene the
intensities of the rotational recurrence and the time-zero spike are about
equal. The rotational recurrence time is similar for both compounds as
expected from their rotational constants. .................ccocooiiiiiiiiiiiiinie 122

Figure 4.10. Top: TG transient obtained for CS; near time zero. The
experimental data (circles) contain a very small coherence coupling artifact
followed by a large rotational dephasing component. The data has been
simulated using Equation (4.13) as shown by the solid line. Bottom: The
curve with the circles corresponds to the simulation of our gas-phase TG
signal for CS2 multiplied by a fast decaying function which simulates
inhomogeneous dephasing and by a slow decay function which simulates
diffusional dephasing (see text). The smooth line corresponds to a simulation
curve used by Nelson and coworkers to fit the liquid-phase experiments (see
References 54 and 216). ...........cccooiveeeeieieieeciecreecee et 125

Figure 4.11. Bottom: TG and RTG transient of iodine. Vibrations can clearly be
seen at both negative (left) and positive (right) time delays. Lasers with
central wavelength of 622 nm are resonant with the X < B electronic
transition. Left inset: Fourier transform of the data at negative delay times.
There is one main peak at 107.1 + 0.3 cm™ and another smaller peak at
209.9 + 0.3 cm™. Right inset: Fourier transform of the data at positive delay
times. The frequencies of the three main peaks are 107.8 + 0.4, 210.8 + 0.1,
and 312.0 + 0.2 cm™'. Taking these values and accounting for the
combination frequencies that should be observed in each Fourier transform
because of the summation of cosines, values for the excited vibrational
frequency (105 cm™), ground vibrational frequency (208 cm™), and average
rotational frequency (3 cm™) can be obtained..............c.cc.coovveveiurererecnnee. 128

Figure 4.12. Semiclassical simulation of the iodine signal for positive and
negative time delays (see text). The insets show the corresponding Fourier
transforms. The simulations agree well with the experimental results
presented in Figure 4.11. ..o 131
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Figure 4.13. Experimental transient for PS-I (only the first 5 ps are shown) where
7a = 460 fs corresponding to one and a half vibrational periods of iodine in
the excited state (3/2z). Observed vibrations have a period of about 307 fs.
The power FFT of the transient shows a predominant frequency of 107.7
0.2 cm™ corresponding to vibrations of the excited B *[1,, state of molecular
iodine. It reflects that the detected FWM signal is exclusively from the excited
state. The slow modulation with a dip near 1 ps is due to rotational
AEPhASING. ...ttt et 135

Figure 4.14. Experimental transient for PS-1 where 7., = 614 fs (only the first 5
ps are shown). This value of 74, is equivalent to two vibrational periods of the
excited state of iodine (27). Observed vibrations have a period of 160 fs. The
power FFT of the transient shows a predominant frequency of 208.3 £ 0.1
cm™ corresponding to vibrations of the ground X * Zo+g state of molecular
iodine. It depicts that the detected FWM signal is predommately from the
ground state. There is a minor peak at 107.1 £ 0.1 cm™ corresponding to a
small contribution from the excited state. Note that the slow dip in modulation
around 1.5 ps is due to rotational dephasing. ...........cc.cccoeviiiniiiiicnnicnnneen. 136

Figure 4.15. Close-up of the power FFT for the transients shown in Figure 4.13
and Figure 4.14. When Ta = 614 fs (gray line), the data show a small
contribution at 107 cm™ and a prominent peak at 208 cm™, corresponding to
the vibrational frequency of the ground state When 74, = 460 fs (black line),
the data show a prominent peak at 108 cm™ correspondmg to the vibrational
frequency of the excited state, and a mmor peak at 218 cm™ which is most
likely a second harmonic of the 108 cm™ peak. The insert shows the enlarged
region at low frequencies with peaks at 16 + 1 and 11 + 1 cm™. These
correspond to the different rotational dephasing dynamics occurring in the X
state (7 = 614 fs) and the B state (7. = 460 fs), respectively. The difference
in the frequency is caused by the difference in the moment of inertia between
these two states. These data confirm the ability to select ground or excited
state dynamics based on the choice of 7y in three-pulse FWM.................. 139

Figure 4.16. Experimental transient for PS-Il where 7., = 460 fs (only the first 5
ps are shown). Notice the well-resolved oscillations with a period of 307 fs
The power FFT of this transient shows a predominant frequency of 108 cm™
correspondlng to vibrations of the excited state. A mmor contribution at 218
cm™ is most probably a second harmonic of the 108 cm™ component. ...... 142

Figure 4.17. Experimental transient for PS-1l where za, = 614 fs (only the first 5
ps are shown). The power FFT of this transient shows frequencies at both
108 cm™ and 208 cm™. Note that for this value of 7, there is an increase in
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1. INTRODUCTION

1.1. MOLECULAR DYNAMICS

Understanding chemical reactions — bond breakage and formation, orientation
and alignment conditions, time of reaction, mechanism, transition state, and vibrations,
rotations, and torsion before and after the reaction — is one of the fundamental areas of
chemistry. For instance, the partition of energy among the products in a chemical reaction

can be used to learn about the forces involved during the formation and breakage of
chemical bonds.

In the late 1800's, Arrhenius introduced his kinetic equation

k(T) = Ae Ea'*T (1.1)

Reproduoed in part with permission from E. J. Brown, 1. Pastirk, and M. Dantus, J.
Phys Chem. A 103, 2912 (1999). Copyright 1999 American Chemical Society.

" Reproduced in part with permission from E. J. Brown, I. Pastirk, and M. Dantus, J.
Phys Chem. A, in press. Unpublished work copyright 2001 American Chemical Society.
' Reproduced in part with permission from E. J. Brown, Q. Zhang, and M. Dantus, J.

Chem. Phys. 110, 5772 (1999). Copynght 1999 American Institute of Physics.
™ Reproduced in part with permission from E. J. Brown, I. Pastirk, B. I. Grimberg, V. V.
Lozovoy, and M. Dantus, J. Chem. Phys. 111, 3779 (1999). Copyright 1999 American
Insutute of Physics.
¥ 1. Pastirk, E. J. Brown, B. I. Grimberg, V. V. Lozovoy, and M. Dantus, Faraday
Discuss. 113, 401 (1999) - Reproduced in part by permission of The Royal Society of
Chemistry.
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where k(7)) is the temperature-dependent rate constant of the reaction, E, is the activation
energy (the minimum energy required to reach the transition state and allow the reaction
to go forward), k is the Boltzmann constant, and T is the temperature. The frequency of
collisions that lead to a reaction are included in the pre-exponential factor A4; this was
later replaced by the expression z*P, where z is the number of collisions and P is the
probability of reaction (also called a steric or orientational factor). The probability is
usually less than 1 unless the reaction includes a catalyst or ionized species that have a
greater attraction for each other. This equation advanced our understanding of kinetics of
an ensemble and reactions in bulk matter, but it provided statistical information about a

thermal distribution of molecules rather than information about individual molecules.

In the early 1900's, London and Eyring and Polanyi worked on the development
of potential energy surfaces (PES) that would provide a path for molecules to follow in
order to proceed from reactants to products. These PES eventually led to the calculation
of reaction rates, translational and vibrational motion of molecules on these surfaces, and
activation energies and transition states. With the development of the molecular beam,
molecules would collide only once with a given energy in a particular angular
arrangement and the orientational dependence of the reaction could be studied. Rotational
information also aided in determining the lifetime of the intermediate species. Lasers
advanced this area of research eveﬁ more by providing discrete amounts of energy to

deposit into a molecule and polarization to study orientational effects. Energy level
spacings and the shape of the PES could be determined with frequency-resolved
spectroscopy using continuous wave and nanosecond lasers. As the time duration of

lasers progressed from nanosecond to picosecond to femtosecond, the shorter pulse
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provided a method for studying molecular dynamics that were on the same time scale as
the pulse temporal width. Femtosecond transition state spectroscopy (FTS) is a technique
developed by Zewail and co-workers at Caltech to investigate the dynamics of the
transition state!-2; in 1987 they made the first real-time observation of a transition state in
a dissociation reaction.3 This technique can be utilized to gain information about the
transition state, time of reaction, vibrational and rotational nds of species involved
in the reaction, and potential energy surfaces.!46 This work has laid the conceptual
framework for the studies conducted by our group at Michigan State University,
including the concerted molecular photoelimination reactions of CH,I, and the related
CX,Y; compounds (CX,Y, 2 CX; + Y,) (bound-to-free transitions)’-12 as well as the

photoassociation reaction to form Hg, (free-to-bound transition).13-15

1.1.1. Wave Packet Motion

With resonant excitation, a photon is absorbed by a molecular system in a ground
€lectronic state (Vo). This absorption causes a vertical transition to an excited electronic
State (V). By the Uncertainty Principle, we know that a pulse that has a short temporal
duration will have a large spectral bandwidth; for most molecular systems and ultrafast
Pulses, the frequency spread of the pulse is wider than the vibrational energy spacing.
Thus, a number of quantum states are populated on V, by the absorption of a short laser

Pulse which produces a coherent superposition of states. The laser pulse is assumed to be

Gaussian, &, exp[—t2 / arz]cos(a)t) , where & is the amplitude of the field, & is equal to

2n%/In(2), 7 is the full width at half maximum (FWHM) of the temporal duration, and w is
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the central frequency of the pulse. The resulting wave function is a sum of all the possible

states @, in V, with amplitudes a,,

Y=Y a,p,. 1.2)

If only one a, # 0, then ¥ = a,¢, and is a stationary state. If more than one a, # 0, then a
nonstationary state results that can evolve in time. These amplitudes, a,, can be calculated

by using first-order perturbation theory,!6

a, = C(¢),, %(0)) I exp[ —i(E, - E(,)t/h]cos(a)t)expl:—t2 /arz]dt (1.3)
—0

where C is a constant that includes the amplitude of the electric field and the transition

dipole moment, qao‘o) is the ground state wave function, E, is the energy that corresponds

to the state @,, and % is Planck constant divided by 2n. Integrating this equation yields

a,=C <¢,, q)((,o))exp[—(w,, —ao)zazt2 / 4] (1.4)

where o, = (En -Ey )/ h and Eq' is the energy corresponding to the ground state.

Notice that as the temporal duration increases (7 - ) in Equation (1.4),

ay = C (04|00 6(@, - ). (1.5)
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The delta function in this equation ensures that only one a, # 0 when @ = @,. Thus, there
will be only a single eigenstate ¢, (stationary state) and no possibility for time
dependence or evolution with long pulses. Examining Equation (1.4) again for the case of

very short pulses (7> 0),

a, = C<(p,,

(/70(0)) (1.6)

which correspond to the Franck-Condon factors. Therefore, the wave packet on V) is

%), (1.7)

¥=CY (o,

and at ¢ = 0, the wave packet on V, is a reproduction of the ground state wave function.
This wave packet can now evolve in time according to the time-dependent Schrodinger
equation
oy(t) -
i “'—()=Hy/(r). (1.8)
ot
The general solution to this differential equation is

Wn (t) =@, exp[~iE,t/ h); (1.9)

therefore, the wave packet on V is
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¥ (t)=> a,exp[—iE,t/ k)@, . (1.10)

We can imagine this wave packet as a classical particle oscillating on the excited
potential energy curve showing the periodic nature of the molecular vibrations on this
curve. Classical and semiclassical descriptions of the temporal evolution of this wave
packet are available and can be applied to ultrafast spectroscopy, for example see
References 17-22 and a review in Reference 23. The laser induced fluorescence (LIF)
signal from the excited V, state corresponds to the dynamics (time evolution of the wave
packet) on the excited V, state. In the case of non-resonant excitation with ultrashort laser
pulses, a coherent wave packet is produced in the ground electronic state due to
impulsive stimulated scattering24 and similar wave packet dynamics can be calculated
and discussed.

1.1.2. Time-Resolved Spectroscopy

High-resolution frequency-resolved spectroscopy can provide information about
the molecular dynamics of the system. However, under certain conditions such as high
temperatures, large polyatomic molecules, and mixtures, spectral congestion complicates
the spectroscopic analysis. Molecular dynamics can be obtained from frequency-resolved
spectra by taking the Fourier transform of the data; similarly, the Fourier transform of
time-resolved data yields the frequency information about the molecular system (vide
infra). Although frequency-resolved spectroscopy can be used to obtain the dynamics, it

seems more intuitive to consider these dynamics in the time-resolved domain where the
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dynamics can be observed directly ("snapshots") by the femtosecond pulses. There are
other advantages of ultrafast time-resolved spectroscopy. The ease of nonlinear
processes, including multiphoton excitation due to high peak intensities allows for
additional reaction pathways that may not be seen otherwise. In time-integrated
(frequency-resolved) experiments, the short lifetimes of intermediate species lead to very
low spectral intensities for these species compared to the reactants and products. In time-
resolved experiments, the selection of the detection wavelength can discriminate against
other species and results in an increased signal-to-noise ratio for the intermediate species.
In gas-phase samples, collisions occur on a time scale much greater than the ultrafast
laser pulse; therefore, collisions do not affect these measurements. In addition, the
characteristics of the ultrafast laser pulse (such as phase, frequency components, and

chirp) can be manipulated (or "tailored") to control chemical reactions (vide infra).

The past decade has witnessed rapid growth of real-time molecular dynamics
investigation using ultrashort laser pulses.!-46 Most ultrafast experiments on molecular
dynamics in the gas phase have been carried out using the pump-probe technique.
Various probing techniques have been exploited in this endeavor. More recently, third- or
higher-order nonlinear techniques have been employed increasingly for studying
molecular dynamics in the gas-phase environment; one of these nonlinear techniques is
four-wave mixing (FWM). The focus of this research is to examine the extraction of
rotational and vibrational information from pump-probe and four-wave mixing

experiments conducted with femtosecond pulses.
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1.2. PUMP-PROBE TECHNIQUE

Pump-probe techniques, in which a process is initiated by a burst of light and is
monitored by a subsequent burst of light aimed at the sample some time later, have been
employed for over a hundred years. The advantage of this technique is that the time
resolution of the measurement depends only on the duration of the pulse and the degree
of control over the time delay, which can achieved by the use of a Mach-Zehnder
interferometer.25:26 Around the middle of the twentieth century, pump-probe techniques
were used with microsecond pulses27-28 and today can be used with pulses as short as 5 or

6 £.29.30

Pump-probe spectroscopy using ultrafast lasers has advanced our understanding
of molecular dynamics and chemical reactions in real time. Studies have been done on
non-reactive systems where vibrational motion is observed as well as on reactive systems
where bond dissociation and formation take place.l4.5:3! In the following studies we
concentrate on the angular motion of gas-phase molecules which reflects the rotations of
the parent and daughter species. Polarized lasers are used in these measurements to
follow the time evolution of the rotational alignment of the isolated molecules.32-35 For
reactive systems, one learns about the rotational impulse during the chemical reaction as
well as the emergence of the final rotational population,2!-33 which in some cases can aid
in the determination of a reaction mechanism.89:15 Rotational anisotropy techniques are
well established for the study of molecular structure as in rotational coherence

spectroscopy.36:37 The measurements are relatively simple and can yield quantitative
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information on the molecular structure of the molecule studied in addition to information

on the overall rotational population.

In our pump-probe studies, a linearly polarized femtosecond pulse (Apump) €xcites
a molecule from its (bound) ground electronic (Vo) state to an excited state (V;) where a
wave packet is created (see Figure 1.1a). In these experiments, a pump laser initiates the
dynamics of a system typically through a one-photon excitation process. In a few studies
multiphoton excitation by the pump laser has been utilized to access higher-lying
electronic or vibrational states.”-8:38-40 After a variable time delay, a second femtosecond
pulse (Aprobe) then causes a transition to another excited state (V) either higher or lower
in energy than the first excited state (V). If this excitation process causes the molecule to
break into fragments, the process is called photodissociation (reactive system). For the
probe process, various techniques have been used; examples include absorption,
emission, laser induced fluorescence (LIF), fluorescence up-conversion, coherent anti-
Stokes Raman scattering (CARS), and multiphoton excitation followed by
photoionization or photoelectron detection.!4:5.23.41 We have generally measured LIF of
the excited molecule or one of its fragments, from either V, or V,, to monitor the

dynamics. In Figure 1.1a, LIF is detected from the second excited state.
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Figure 1.1. Obtaining vibrational information from the pump-probe technique. (a)
The pump pulse is resonant with the transition between V, and V,. The wave
packet propagates on the V; excited state. At the Franck-Condon region, the
probe pulse excites the molecules to the V, state where they emit fluorescence
which is detected. The ground (Vo) and excited states (V1 and V) are all bound
states in the case shown here. (b) The changes in the laser-induced
fluorescence as a function of the pump-probe time delay show the time it takes
for a full vibrational oscillation of the molecules in the V; excited state. Rotational
effects were neglected here.
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As the wave packet on V, propagates, the Franck-Condon factor of the transition
varies and the ability of the probe pulse to cause an excitation to V; changes. Thus the
amount of LIF that can be detected oscillates with the pump-probe time delay. Thus in
Figure 1.1a, when the wave packet is at the inner turning point, the Franck-Condon
overlap is minimized resulting in a decrease in the LIF signal. Conversely at the outer
turning point, the Franck-Condon overlap is maximized resulting in an increase in the
signal. Thus, the vibration dynamics of the V, surface are measured as a function of the
pump-probe time delay and are equal to the summation of cosines.42 The vibrational
oscillations of the wave packet on the V, potential energy curve are shown in Figure

1.1b; from these oscillations, we can determine the excited state vibrational frequency

(avib = 27/ Tyiv).

As the molecule vibrates, it also rotates in space. Thus, the ability of the probe
pulse to induce a transition is also affected by the relative alignment of the excited
species on V,; with the polarization of the laser. When the dipole moment of the molecule
is well aligned with the probe laser polarization, the LIF signal is high. As the molecule
rotates, the overlap of the polarization of the probe and transition dipole of the molecule
decreases, resulting in a decrease in the LIF signal. So, underneath the fast vibrational
oscillations will be a slower undulation corresponding to rotations in the experimental
transients. Thus, as the fragment rotates, rotational anisotropy effects can be observed as
a function of the pump-probe time delay and will be discussed in detail in Chapter 3. In
addition, the separation of the rotational and vibrational dynamics in the data will be

discussed in Chapter 3. The formalisms for quantitative analysis of these measurements,

11
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i.e. the extraction of vibrational and rotational populations, are well known2!:42.43 and we
have investigated recently how these formulae may change for unidirectional detection

and intense pump lasers.44.45

1.3. FOUR-WAVE MIXING TECHNIQUE

Techniques similar to coherent transient birefringence in vapor samples,
pioneered by Heritage et al. in the picosecond regime,%6 were recognized by Fayer and
coworkers for their potential for probing gas-phase dynamics.4749 Although time-
resolved third-order nonlinear optical techniques have long been used in condensed
phases,24.50-66 only recently have these novel probes been applied to the study of
femtosecond dynamics in the gas phase.67-70 Hayden and Chandler used femtosecond
time-resolved CARS to study coherent rotational dephasing of large gas-phase
molecules.6”7 Zewail and coworkers used degenerate four-wave mixing (DFWM) for
probing real-time reaction dynamics.58 They demonstrated three types of arrangements:
DFWM, pump pulse followed by DFWM probing, and pump pulse followed by a control
pulse with the depletion dynamics probed by DFWM. Schmitt e al. have studied iodine
vapor using time-resolved CARS and DFWM.5%-72 By varying the time delay of one of
the incident pulses while maintaining the other two incident pulses fixed, they showed
that vibrational and rotational dynamics can be observed for both the ground and excited
electronic states. Here, the different types of dynamics that can be observed by time-
resolved transient-grating (TG) techniques, involving four-wave mixing (FWM)

nonlinear optical processes, are examined. The name “transient grating” is used here to

12
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highlight the fact that most of the information obtained in these experiments derives from
the time ordering of various ultrashort pulses and not from high-resolution frequency
tuning. One of the goals of this work is to gain an increased level of understanding of the
quantitative analysis of ultrafast molecular dynamics measured by gas-phase transient

grating experiments arising from four-wave mixing nonlinear processes.

One of the most physically intuitive explanations of time-resolved four-wave
mixing techniques is based on the formation of transient gratings by the incident
lasers.47.73.74 Consider three incident light pulses with electric fields E,(f), Ex(f) and E(f)
interacting with a medium. From here on we will assume that the three fields are identical
in terms of pulse envelope and frequency components, i.e., they are degenerate; however,
this is not to be considered as a necessary condition. At the crossing of two beams, the
spatial modulation of their electric fields varies due to constructive and destructive
interference (see Figure 1.2a). The molecules in the interaction region experience varying
electric field intensities according to their position, and this leads to the formation of a
transient grating of polarized molecules in space. The transient grating formation can be
probed easily by the detection of Bragg scattering of a third laser beam.47.73.74 The
formation of the grating does not require that the two crossing beams coincide in time as
long as the coherence is maintained in the sample.”S This property has been exploited in
photon echo experiments where the time delay between the lasers is used to probe the

coherence dephasing time.76-81

13
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Figure 1.2 Transient gratings formed in the forward-box configuration. (a) The
formation of the transient grating is due to interference by two interacting electric
fields. (b) The transient grating formed by fields E, and E, cause E. to be
diffracted in the ks = ko - kp + k. direction; this is the signal beam. (c) The signal
beam in this case is formed by field E, diffracting off the grating formed by E. and
E,. (d) This is the pulse sequence that leads to the generation of the transient
grating signal (TG) shown in (b). The pulse sequence here, with the scanned
field coming before the fixed fields, corresponds to the reverse transient-grating
signal (RTG) shown in (c). Fields E, and E, are coincident in time here.
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Experimentally, there are various configurations that can be used to observe the
FWM signal. For our studies, we have chosen the forward box arrangement as shown in
Figure 1.2 because it provides the best temporal resolution and phase matching between
the incident fields.32.83 For all cases, the FWM signal that is detected at the upper right
corner of the forward box, as shown in Figure 1.2, is defined by the wave vector ks = k,—
k; + k. Note that other FWM signals are possible and they are observable in other
directions. In our studies we restricted our measurements such that within an
experimental scan E, and E, are fixed in time and E. is scanned. When fields E, and E,

precede E., it is called positive time; negative time refers to field E. preceding E; and E,.

Based on the relative timing of the three fields, one can envision three types of
gratings being formed.?3:74.84 The first one, shown in Figure 1.2b, involves E, and E,
forming a grating in the horizontal plane from which E. scatters for positive delay times,
7. In this case (TG signal), fields E, and E, are overlapped in time and arrive before E. as
shown in Figure 1.2d. The second arrangement, shown in Figure 1.2c, involves E. and E;
forming a grating in the vertical plane with subsequent scattering of E,. More information
about this latter configuration, known as a reverse transient grating (RTG), will be given
later;35 here, fields E, and E} are coincident in time but arrive after E. as shown in Figure
1.2e. The third grating is formed by E, and E. in a diagonal plane, but scattering of E,
takes place in the direction ks = k, — k. + k; which does not coincide spatially with k;= k,
- k; + k.. The medium that constitutes the gratings discussed so far is composed of the
sample molecules that in the gas phase move freely. Therefore, molecular dynamics
cause the decay and reformation of the transient grating. Our group has theoretically and

experimentally explored the ground and excited states vibrational and rotational

15
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populations and the coherence dynamics from gas-phase samples by these time-resolved
four-wave mixing techniques.36:87 The theoretical considerations and experimental
demonstrations of the quantitative extraction of rotational and vibrational molecular

dynamics of various molecular systems from these experiments are shown in Chapter 4.

1.4. CONTROL OF MOLECULAR DYNAMICS

In the past decade, we have witnessed tremendous progress in the experimental
demonstration of laser control of chemical reactions. This area of research has been
reviewed recently88.89 and includes wide-ranging techniques such as "Coherent Control",

"Pump-Dump", "Mode-Selective Control", "Quantum Control", and "Optimal Control".

The probability of excitation from the ground, |g>, to the excited state, |e>, in a

two-level system is expressed quantum mechanically as
eln-E@)|2)" = (eln-E()|&)(g|n-E()'|e). (L.11)

where p is the transition dipole moment and E(f) is the applied electric field. This
expression implies that two interactions with the electric field are required, one with E(¢)
and one with E(¢)", to transfer part of the population from one state to the other. The
excitation process, as measured in all linear spectroscopy methods, is a good example of
this type of population transfer. Although both interactions are with the same field for a

general excitation process, the two interactions do not imply that it is a two-photon
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process. Population inversion is not usually achieved because of the competition between
the rates of absorption and stimulated emission. The possibilities for influencing the
excitation process with a simple laser pulse are minimal. However, if one had individual
control over each of the electric fields involved in the excitation, full control could be
achieved. Control of the population transfer can be achieved if the two electric fields
involved in the transition probability in Equation (1.11) are different and are correlated in

time or in phase.

It has long been recognized that in order to optimize the transfer of population
between two states sophisticated electric fields are required.88:90-92 One can create such
electric fields by a combination of phase and amplitude masks,%3-95 or one can combine
phase-locked laser pulses to achieve the desired field. Scherer et al.% showed that when
two phase-locked laser pulses were combined in-phase, the excited state dynamics of
molecular iodine could be observed as fluorescence enhancement; however, when they
were combined out-of-phase, the signal is observed as fluorescence depletion. Coherent
control of chemical reactions depends on the relative phase of two different laser pulses
that interact with the sample. The relative phase of the pulses can be used to control the
population transfer from the ground state to two different excited states.97-99 A different
approach to controlling population transfer!® and enhancing reaction yields!!;101 uses

chirped laser pulses.

Three-pulse four-wave mixing (FWM) is a nonlinear spectroscopic method that
combines the interaction of three laser pulses in a phase-matched geometry with a well-

defined time sequence of the pulses. The principles of transient gratings apply here as

17
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well; the differences are that the molecular system being studied must have an electronic
transition that is resonant with the frequency of the laser pulses and fields E, and E; are
not overlapped in time. The signal from these measurements arises from a third-order
polarization resulting from the interaction of the three electric fields and is itself a
coherent beam corresponding to a fourth electromagnetic wave. Three-pulse FWM is
similar to the pump-probe technique in that a preparation step is followed, after some
variable time delay, by a probing step.192 However, three-pulse FWM allows for a greater
degree of control over the preparation and probing processes. Thus, the three-pulse FWM
technique allows individual manipulation of the electric fields E(#) and E(r)" and can be
used to gain control over the transfer of population between the ground and the excited
states. This technique allows one to combine three non-phase-locked electric fields in a
phase-matching geometry. The first two fields cause the population transfer and the third
field probes the system. The specific timing between the pulses can be used to achieve
near-unity or near-zero values of diagonal (population) and off-diagonal (ro-vibrational
coherence) matrix elements of the molecules that interacted with the two electric fields.
Our group has explored this technique as an ideal tool to learn about and manipulate the
quantum mechanical processes involved in laser control of chemical reactions.8!,103-109
Demonstrations of this control involving two of the possible pulse sequences are shown

in Chapter 4.
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2. EXPERIMENTAL

2.1. LASER SETUP

A number of different types of femtosecond laser systems are available for
studying chemical reactions. At Michigan State University, there are two different laser
systems used by the Dantus research group — a titanium-sapphire laser (Ti-sapphire)
producing 13 fs pulses centered at 805 nm and a colliding pulse mode-locked laser
(CPM) producing 50 fs pulses centered at 622 nm. All of the experiments described here

were conducted using the CPM laser system; it is described in some detail below.

2.1.1. Oscillator

The laser system used for these experiments is a home-built colliding pulse mode-
locked dye laser!10-112 (CPM), which is a ring cavity consisting of 7 mirrors (M and SM),
4 prisms (P), and 2 dye jets (J). (See Figure 2.1.) A gain laser dye, rhodamine
tetrafluoroborate (R6G), is dissolved in ethylene glycol (stock solution is 1.0 g /100 ml
and is further diluted by a factor of 10) and flows through one of the dye jets (Jg). The
514 nm line of a continuous wave Coherent Argon ion laser (typically 4-6 W across all
lines) is used to pump the R6G dye optically to an excited vibrational level in the first
excited singlet state. This wave packet then decays to the bottom of the excited state and
then emits broad-band fluorescence centered around 590 nm due to numerous transitions

to vibrational levels in the ground state.
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The three mirrors (M) form a ring for the cavity while two of the spherical mirrors
(SM) collimate the fluorescence generated by the R6G gain dye. Notice that this cavity
arrangement allows light to travel in both clockwise and counter-clockwise directions;
thus, we can think of two “arms” or oppositely propagating beams. Note that mirror at the
right edge of the CPM cavity is only partially reflective; some light is allowed to escape
the cavity and light from one arm enters the amplifier and light from the other arm can be
used to monitor the pulse characteristics. With this laser cavity and gain dye, we obtain a

continuous wave laser with wavelengths in the range of 580-630 nm.

The length of a laser cavity defines the specific frequencies of light that can exist
in that cavity. In the ring cavity, constructive interference of the radiation is required to
sustain the laser; the phase must be reproduced after each pass around the ring. These
observations are described by the equation v, = gc/L where v, are the frequencies of light
sustainable in the cavity, g is an integer, c is the speed of light, and L is the entire length
of the cavity. The light in the laser cavity consists of a number of different frequencies all
oscillating with unrelated phases (multimode). In this case, the laser is continuous wave
and there is not a series of laser pulses. In order to produce pulses, the phase relationship
between all the different frequencies must be constant in time. When the initial phases of
all the oscillations are equal, we obtain Fourier transform-limited pulses and the laser is
"mode-locked". Equations (as well as figures) describing this change from a multimode
continuous wave laser to a mode-locked pulsed laser can be found in Reference 41 in

addition to other advanced laser books and ultrafast laser articles.
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In order to obtain femtosecond pulses from the continuous wave laser (generated
by R6G), we introduce a saturable absorber dye, 3,3’-diethyloxadicarbocyanine iodide
2,3 (DODCI) dissolved in ethylene glycol (stock solution is 0.50 g /100 ml and is further
diluted by a factor of 10) in the other dye jet (Jsa). The saturable absorber dye has an
intensity-dependent absorbance. When the light intensity is low, all the radiation is
absorbed and no light passes through the saturable absorber. If there is a higher intensity
of light, e.g. a spike due to a noise fluctuation in the laser, the spike saturates the
absorbance transition and allows partial passage of light through the saturable absorber.
This signal passes through the gain dye and is amplified and then easily passes through
the saturable absorber on the next trip around the cavity. This pattern through the gain
and saturable absorber dyes repeats until the gain dye is saturated. As this alternating
process of gain-saturable absorber occurs, the leading edge of the pulse is absorbed by
the saturable absorber (because of the low intensity) while the trailing edge is not
amplified by the gain dye (because of saturation). Note that the maximum of the pulse is
not affected by the saturable absorber while it is increased by the gain dye. The
consequence of these properties is that the time duration of the pulse narrows and we
obtain femtosecond pulses. The final shape of the pulse is obtained when the pulse does
not change as it propagates through the cavity. This steady state condition is obtained
because the duration of the pulse in time is inversely related to the spectral width
(uncertainty principle) and a point is reached where the time duration cannot decrease

any farther due to the spectral width limit.

Recall that we have two counter-propagating pulses; they must collide in time and

space at two points in the cavity. If they collide at the saturable absorber dye, there will
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be less loss of the intensity of the pulse than if they pass through the saturable absorber
individually; thus, colliding at the saturable absorber jet is the optimal situation. If they
collide at the gain dye, each pulse will be amplified less than if they separately passed
through the gain; therefore, this is the worst situation. So to allow for the maximum
recovery time for the gain dye while having the pulses collide at the saturable absorber
jet, the two jets should be placed at a distance apart equal to Y4 of the length of the cavity.
The clockwise propagating pulse is used in the experiment because it last passed the
saturable absorber dye; the counter-clockwise propagating pulse is used to monitor the
pulse characteristics in the CPM by diffracting off a grating (G) and displaying the
spectrum (it last passed the gain dye and is broader in time). When the saturable absorber
dye is added to the ring cavity, the central wavelength of the radiation from the gain dye
moves from about 590 nm to 622 nm with an increase in the bandwidth from 0.2 nm to
10 nm. This change in the laser can be observed while adding DODCI by observing the
spectrum off the diffraction grating. Note that there are other possible gain dye-saturable
absorber dye pairs to generate femtosecond pulses; others can be found in Reference 41

along with their corresponding wavelength range.

The four prisms (P) in the cavity are used to compensate for temporal broadening
of the pulses which is introduced by transparent media in the ring cavity, e.g. ethylene
glycol and mirror coatings. The indices of refraction of different materials vary
differently with respect to frequency (wavelength). The consequence of this behavior is
known as group velocity dispersion (GVD); different wavelengths travel at different
velocities in a particular medium. This phenomenon is also referred to as chirp. The

“bluer” wavelengths are slowed down by these transparent media more than the “redder”
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wavelengths are, resulting in a temporal broadening of the pulse. Equations that define
GVD can be found in advanced optics or laser books, for example References 41 and
113. Various prism arrangements can correct for this “positive” GVD (or chirp) by
introducing “negative” GVD where the wavelengths towards