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Abstract

The two-state field-aligned (1-D) model has been employed to investigate the dissocia-
tion dynamics of a hydrogen molecular ion and its isotopes under the Born-Oppenheimer
approximation without rotation. The emphasis of this work was on the role of mass dur-
ing the dynamical dissociation processes and on the laser-induced branching ratios between
different photon pathways.

Firstly, we have found that scaling the pulse duration of the laser pulse, applied to Hy
and Dj , by the square root of the mass ratio of these isotopes will produce similar structure
in the nuclear kinetic energy release (KER) spectra. In fact, the similarity of the spectra is
enhanced by including some averaging that is necessary for comparison with experiment. For
this to occur, the same broad initial vibrational distribution and a short pulse are preferred.
Using this scaling idea, it is possible to produce effectively shorter laser pulses by studying
heavier isotopes, like D3 .

Secondly, we have demonstrated analytically and numerically that there is a carrier-
envelope phase effect in the total dissociation probability (TDP) of Hy, and this effect grows
with nuclear mass. We further show that under the same laser conditions, the CEP effect
in the asymmetry between breakup channels decreases with mass. Our analytic expressions
enhance the idea that CEP effects can be understood as an interference between different
n-photon processes.

Thirdly, the trends in the dissociation dynamics of H and DJ in a 800nm ultrashort
intense laser field were demonstrated by studying the dissociation branching ratios of mul-
tiphoton processes as a function of the laser peak intensity (from 8 x 10 to 10 W/cm?) or

pulse length (5fs-7.5fs). Based on the two-state approximation, an energy-analysis method



(EAM) was employed to separate multiphoton processes. The results show that the one-
photon dissociation process dominates over all other photon processes under all the laser
conditions applied in the calculations and that the zero-photon process contributes to a
surprisingly large fraction of the total dissociation. T'wo- and three- photon dissociation are
weaker processes, but become more and more important as the laser peak intensity and pulse
length increases. A two-state Floquet method was used to check the accuracy of the EAM,
and good agreement between the two methods was found, demonstrating the reliability of
the EAM. In comparison with Hj, D] displays stronger two and three photon branching
ratios (above-threshold dissociation — ATD), which can be attributed to the late arrival of
D3 to the critical distance for ATD to occur due to its heavier mass. Therefore, this “mass”

effect can be used to steer the molecular dissociation pathways.
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Chapter 1

Introduction

1.1 First Brick: H; and Laser

Due to the simplest molecular structure in nature, the single-electron diatomic molecules,
Hj and its isotopes (D3, Ty, HDT), especially D3 , have drawn a great deal of attention over
the past two decades. In this time, substantial progress has been made (see, for instance,
the reviews in [1, 2]). This system serves as a starting point to test new theoretical models
or new experimental phenomena and as a benchmark that has already given us insight into
the response of more complicated molecules to ultrashort intense laser fields. Recently,
experiments on HJ and Dj molecular beams have also been carried out, making direct
comparison between theory and experiment possible [3-6].

On the other hand, the booming development of intense laser technology has been a
strong boost for the study of molecular dynamics. Nowadays, the production of a femtosec-
ond laser pulse, whose duration can be on the same time scale as the nuclear vibrational
motion and whose field strength can be comparable to the internal force fields binding elec-
trons to molecules, has become a routine technique. Meanwhile, researchers have been trying
to gain optimal controls over the dynamics of atomic or molecular systems by manipulating

the laser, such as its peak intensity [7—10], pulse length [8, 9, 11, 12|, pulse shape [7, 13],

1



2 Chapter 1. Introduction

wavelength [1, 2, 7, 14, 15], or carrier-envelope phase [16-26]. Also, more than one laser
pulse can be used in that process, for example, in pump-probe experiments where a pair of
laser pulses are used [27], or even a train of laser pulses can be employed [28].

In this thesis, the strong-field behavior associated with the one-electron diatomic homonu-
clear systems, Hy , and its isotopes, DJ and Ty, is investigated. Taking HJ as an example,

when this molecule is illuminated by an intense laser field, it will either dissociate,

Hi + nhw — p + H(nl) (1.1)

or ionize,

Hy +mhw —p+p+e . (1.2)

This thesis is focused on the dissociation mechanism (1.1), which dominates at intensities
less than about 10'* Wem 2.

Apart from the laser per se, it is possible to achieve control from the other factor involved
in the interaction: the atomic or molecular system itself. In other words, under the same
laser conditions, the properties of the atomic or molecular system can also be used to get,
or infer, the expected results. Among others, mass can be easily employed to realize the
goal. Sometimes mass plays quite an important role in a dynamical process, such as in
isotopic effects. More recently, it has been shown that the nuclear mass can be used to help
enable control of the electrons as well [29]. It has also been shown that mass can enhance

carrier-envelope phase effects [18] and above threshold dissociation [9].

1.2 Focus of this Thesis

The mass role in the dissociation of Hy in an ultrashort intense laser field (Chapter 4 and
Chapter 5) and branching ratios of different photon processes (Chapter 6) are the two major

aspects of this thesis. To be specific, a H molecular ion irradiated by an ultrashort intense
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laser pulse in the infrared absorption wavelength regime (800nm) is taken as an illustrative
example in the thesis. By the comparison of different hydrogenic isotopes, we try to trace
out the trends of the role of mass in the dynamical process and laser parameter dependencies
of the dynamics of the dissociation.

Relevant experimental techniques and procedures will be briefly stated in Chapter 2. The
theoretical models and relevant concepts used in this thesis will be interpreted in Chapter
3. The main conclusions for the thesis will be drawn in Chapter 7.

Atomic units are used throughout this thesis unless otherwise specified.



Chapter 2

Experimental Background

2.1 Experimental Tools

There are different experimental setups, which mainly consist of a laser system and ion
beam, that are designed to investigate the dynamics of Hy in an intense laser field. The
laser system is capable of producing intensities in the range of 10° — 10 Wem =2 which is
focused into an ultra-high vacuum system equipped with energy-resolved ion mass and/or
photoelectron spectrometers. The laser and ion beams are crossed in a reaction region
and fragments are separated by an electromagnetic field. The fragments are captured and

recorded as signals by electronics.

2.2 Laser Technology

First of all, let us discuss a laser system. In the past two decades, researchers were not
satisfied with CW lasers or “long” picosecond pulsed lasers. The higher requirement for the
understanding of the dynamics of small molecules in intense laser fields has pushed forward
the technology of ultra-short pulsed lasers to progress to such an extent that femtosecond

lasers are now routine tools in a laboratory. Recently, this momentum has even furthered
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2.2. Laser Technology 5

the technology to the attosecond kingdom, where it is hoped that the dynamics of electrons

can be finally resolved.

2.2.1 Ti:Sapphire Laser

To make an intense laser field in the laboratory it is necessary to have a laser that delivers
an appreciable amount of energy in a sufficiently short pulse. In the intense-field regime the
most versatile laser system is probably the femtosecond titanium sapphire laser (Ti:AlyO3),
which consists of two principle components, the oscillator and the amplifier. The material
Ti:sapphire has the largest gain bandwidth (235 nm FWHM) [2] compared with other com-
monly used laser media, therefore, it enables a very broad frequency spectrum yielding a
very short pulse. Moreover, it is a table-top system, meaning that the whole laser system
fits on one optical table. The systems are completely ‘solid state’, which render them user

friendly.

2.2.2 Pulse Length Measurement

A pulsed laser can be mainly characterized by its wavelength, pulse length (pulse duration),
peak intensity and carrier-envelope phase. Among others, the latter three are the parameters
that are most often measured and manipulated in a lab.

In the past, autocorrelation techniques were used to estimate the pulse length of a ultra-
short pulses. However, if pulse lengths are smaller than 50fs, autocorrelation is usually
unsatisfactory because the broad bandwidth of the pulses gives rise to problems due to phase
matching in the doubling crystals used to produce the pulses. For a-few-cycle-long pulse,
the pulse shape becomes important. In the past decade, the most commonly used tools to
characterize ultrashort pulsed lasers are frequency-resolved optical gating (FROG) [2, 30-32]
and spectral phase interferometry for direct electric-field reconstruction (SPIDER) [33-35].

FROG is an autocorrelation technique for the characterization of optical pulses in which

the frequencies in the second harmonic pulse are resolved with a spectrometer. FROG is
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based on the idea that a short pulse can be used to obtain a sample from a longer pulse
by nonlinear mixing in a nonlinear crystal material. Pulse shape can be retrieved using an
iterative algorithm, i.e. FROG actually uses the pulse itself for gating. This makes the
method simple to apply.

Different from FROG, SPIDER is a single shot technique and works with a non-iterative
algorithm capable of operating at tens of Hz, which makes real-time measurements practical.
The input pulse is divided by a beam splitter into two replicas: one passes through a Michel-
son interferometer, while the other goes through another arm and is stretched (chirped).
After recombination of the two beams, the two short pulses overlap with different frequency
components of the chirped pulse. The interaction of the two beams in the doubling crystal
produces two pulses with identical shape but different frequency shifted relative to each
other. The optical spectrum of the sum frequency signal reveals the temporally resolved
group delay. From the group delay, it is easy to retrieve the frequency-dependent spectral

phase, so that pulse characterization is achieved.

2.2.3 Focal Volume Effect —- Intensity Averaging

The high non-linearity of intense laser-molecule interactions makes it difficult to resolve the
dynamics due to spatial inhomogeneity of the laser intensity. It is because the molecular
beam overlaps not only with the center of the laser focus, but also with surrounding shells
where the laser intensity is lower [2]. So, to compare with experimental results, the focal
volume of the laser must be considered. In Sec. 3.1.3, we refer to this process as intensity

averaging and a detailed explanation will be given there.

2.2.4 Carrier-Envelope Phase (CEP)

The carrier-envelope phase (CEP) (or absolute phase) of a laser pulse is defined as the
difference between the phase of the carrier wave and the envelope (see Fig. 2.1). With the

fast development of technologies for producing ever shorter pulses, CEP effects in intense
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Figure 2.1: Carrier-Envelope Phase

laser field-matter interactions have become more and more important. The corresponding
theoretical analysis and experimental measurements for the absolute phase have started [17,
36-38]. Recent experiments have confirmed that CEP can be determined by use of its
sensitivity on above-threshold ionization (ATI) [17] or high-harmonic generation (HHG) [39].

Due to pulse energy fluctuations and optical non-linearities in the cavity where the pulse
is produced, the CEP usually is not fixed but changed from one pulse to another. The
“f-to-2f” interferometry has been adopted to stabilize and lock the pulse-to-pulse shift in
the phase [40-44]. However, the disadvantage of the “f-to-2f” interferometer is that it is not
a reliable tool to measure the absolute value of the CEP, but only suitable for controlling
the pulse-to-pulse shift. The use of the sensitivity of multi-photon-induced photoelectron
emission from a metal surface to the CEP has recently been proposed to avoid this limita-
tion [45]. Unlike “f~to-2f” interferometric technique, this technique, combined with standard
pulse (envelope) diagnostic systems, is capable of precisely measuring and controlling the
electromagnetic field evolution of an ultrashort laser pulses since it can measure the carrier-

envelope phase directly [46].

2.3 H, vs Hj

There are a few advantages to the use of a Hy molecular ion beam as a target rather than

by producing Hj via ionization of Hy with the same laser pulse. These are as follows:
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(1) no rescattering electron is produced in an ion beam, so it makes the interpretation of
the experimental results easier than in a neutral Hy target; (2) the dissociation of Hy can
be studied at intensities lower than the appearance intensity for the single ionization of
a Hy molecule, and (3) in the Hj beam, higher vibrational states of Hj are significantly
populated (an incoherent Franck-Condon distribution) than the ones in Hy produced from
H, beam [47]. However, there are also some disadvantages: (1) the density of an ion target
is typically many orders of magnitude smaller than that of a neutral target, which makes it
much harder to collect statistically adequate data; (2) for an ion target, the measurement
of the photoelectrons is still an unresolved experimental problem due to the large number
of photoelectrons in the residual gas [48]. Thank to these significant differences, neutral
and ion beam target can serve as complementary methods for understanding the different
dynamical processes caused by the interaction between molecules and intense laser. Profs.
Figger and Hénsch’s group [5, 6] initiated the studies of the interaction of intense lasers
with HJ beams and soon afterwards followed by Prof. Williams’ group [4] and then Prof.

Ben-Itzhak’s group [3]

2.4 3D Coincidence Setup

Since the theory we have done is in collaboration with Prof. Ben-Itzhak’s group, this
section is used to briefly state their experimental setup. The setup used is a coincidence 3D
momentum imaging setup. A brief introduction to that setup is given in [3, 47, 48] and below.
In the setup, the Hy beam is created by electron impact ionization from Hy in an electron
cyclotron resonance (ECR) ion source. This ionization process gives rise to an approximate
Franck-Condon distribution, which is produced by a vertical transition, of the vibrational
states in Hy ground electronic state (1so,). The ion beam is accelerated by an electric
field and steered and collimated into the reaction region, where the ion beam is crossed

with a 790nm Ti:sapphire laser beam at roughly 90°. The charged fragments produced by
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Figure 2.2: Schematic view of the experimental setup. HWP: half wave plate, MCP:
microchannel plate. (Figure reproduced from [48]).
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Figure 2.3: (a) TOF spectrum and (b) coincidence TOF spectrum of Hj. Note the
TOF separation between the ionic and neutral fragments imposed by the spectrometer field
(Figure reproduced from [48]).
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the interaction between the molecule and the laser are accelerated by a weak electric field
parallel to the ion beam toward a detector. The process is sketched in Fig. 2.2. Due to the
electric field, different fragmentation channels are separated in the coincidence time-of-flight
(TOF) (Fig. 2.3(a)) measurement as shown in Fig. 2.3(b). The impact position and time
of those fragments on the detector are recorded. The desired three dimensional momentum

distribution can be derived from the recorded position and time of each fragment.



Chapter 3

Theoretical Background

3.1 Major Theoretical Methods

Two methods, i.e. the time-dependent Born-Oppenheimer method (TDBOM) and the time-
dependent Floquet-Born-Oppenheimer method (TDFBOM), are used in this thesis to resolve
the dynamics of Hf (and its isotopes) dissociation in an ultrashort intense laser field. To
give a little more details here, TDBOM is the general time-dependent Schrodinger equation
(TDSE) starting with a field-free molecular bound state or superposition of bound states,
while TDFBOM is based on Fourier transformation turning the TDSE into an infinite
number of coupled equations. The former is actually the most used and the most accurate
theoretical method to investigate the dynamics of Hy in a short pulsed laser field, while
the latter is usually applied to a long or intermediate pulsed laser field. However, with
some special mathematical transformations, the Floquet method can also be used to handle
short-pulse cases as elaborated in this chapter and demonstrated in Chapter 5 and 6.

The advantage of the TDBOM is that it is comparatively easy to implement numerically,
while the disadvantage is that it cannot explicitly be used to analyze multiphoton processes,
where an “energy analysis method” has to be used as a supplement to separate different

photon pathways as illustrated in Chapter 6. Conversely, the TDFBOM can explicitly

11



12 Chapter 3. Theoretical Background

separate multiphoton processes, in other words, the wavefunction can be expanded onto
photon states, while it is a bit of a headache to deal with tens of Floquet blocks to guarantee
convergence, especially when the laser peak intensity is high and the pulse length is short.

Both the TDBOM and the TDFBOM utilize the Born-Oppenheimer representation with-
out nuclear rotation and fix the molecular axis along the linearly polarized laser field (1-D

model, see following section).

3.1.1 Approximations used in this Thesis
Field-Aligned Model (1-D Model)

Hydrogen molecular ions subjected to a linearly polarized intense laser field have been ob-
served to dissociate preferentially in the direction of the polarization axis [14]. This allowed
theorists to discuss the dynamics using one-dimensional models where the diatomic molecule
is simplified to be totally aligned in the laser electric field, with its internuclear axis along
the polarization axis and the internuclear distance R as the only dissociation coordinate.
This phenomenon stems from experimental evidence [49] and later was confirmed by full
3D time-dependent calculations [50]. However, recent theoretical calculations by F. Anis
and B. D. Esry [51] show that rotation plays a role in Hy dissociation even if the pulse
duration is much shorter than the Hj rotational period (& 556 fs). For such a short pulse,
the different rovibrational states of the molecule are populated but significant rotation only
occurs after the pulse and angle-averaged aligned calculation, in which the angle between
the internuclear axis and the polarization direction of the laser field is fixed and the final
dissociation spectrum is obtained by averaging over the calculations with different angles,
gives a very good agreement with the calculation including nuclear rotation [52]. However,
as the pulse length become longer, the molecule is more aligned along the field direction
during the pulse and the agreement between the two model calculations will worsen, there-
fore, nuclear rotation must be considered to render closer comparison with experimental

observable.
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Figure 3.1: Born-Oppenheimer potential curves.

Two-State Model

After adopting the 1D model, the Born-Oppenheimer approximation is then employed to
set up a basis to expand the time-dependent wavefunction. The dissociation of Hy in strong
laser fields has been mostly described within the two-state model, i.e. the attractive ground
state 1so,, and the first repulsive 2po, state, which both asymptotically dissociate to H(1s)
+ H*. These two states are energetically well separated from any other higher states (see
Fig. 3.1). Therefore, the molecular basis may be limited to these two states as long as
the coupling between them is expressed in the length gauge and the applied laser field is
not too high (< 10W /cm?), while two-state velocity-gauge calculation yields unacceptable
results [1, 2, 53].

For the purpose of convergence, more electronic states (n > 2) were included in the
calculations, but after checking the contributions from these higher states, it was found
that the dissociation probabilities are less than (1%), so we drew the conclusion that the

two-state model is valid under the laser conditions involved in this thesis.
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3.1.2 Time-dependent Wavefunction and Two Methods for Solv-

ing the TDSE

In this thesis, the nuclear dissociation dynamics was modelled using the two-state time-
dependent Schrodinger equation (TDSE) in which the complete wave function ¥ (r, R, t) is
approximated as a superposition of two electronic eigenfunctions ¢,(r, R) and ¢, (r, R) (o
and o,) weighted by the corresponding nuclear amplitudes Fy (R, t), Fy,(R,t) (referred to as

radial functions later in this chapter):
Y(r, R, t) = Fy(R,t)py(r, R) + Fu(R,t)pu(r, R) (3.1)

The details of our implementation of the time-dependent Born-Oppenheimer method
(TDBOM) for solving the time-dependent Schrodinger equation are given in Ref. [48].
Briefly, the electronic degrees of freedom were expanded on the field-free Born-Oppenheimer

states, leaving coupled time-dependent equations in the internuclear distance R:

) 1 0°
iF (1) = | =5 T + UR) — E@D(R) | F(R.1). (3:2)

i

The matrix I is the unit matrix, U(R) is the diagonal matrix of Born-Oppenheimer poten-
tials, p is the nuclear reduced mass, D(R) is composed of the electronic dipole transition
matrix elements, which, in the present calculations, are just the parallel c—o couplings; and
F(R,t) is the column vector containing the radial wave functions in each channel, namely
F,(R,t), F,(R,t) for the two-state model. Equation 3.2 was solved using a split opera-
tor approximation to the short-time evolution operator [54], and the kinetic energy was

approximated with a generalized three-point finite differences formula [55].

In addition to the TDBOM, we use another method to solve the TDSE (for Chapter 5
and 6): time-dependent Floquet-Born-Oppenheimer method (TDFBOM), which addition-

ally expands the nuclear wave functions on photon states using a Floquet-like approach
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appropriate for laser pulses.

3.1.3 Common Ideas in Both Methods

Before giving the details specific to the TDFBOM, we will discuss what is common to both.

Laser Electric Field

We take the laser’s electric field to be
E(t) = &(t) cos(wt + ) (3.3)

where w is the carrier frequency and ¢ is the carrier-envelope phase. The pulse enve-
lope is So(t):&)e’(%)Q with pulse length 7 related to the FWHM of the intensity enve-
lope by 7=Tpwnm/V2In2. The amplitude of the electric field in atomic units is & =

\/[/3.51 x 1016 W /cm® for a pulse with peak intensity I in W/cm?. Note that the DC
component of the pulse is practically zero (< 1071°&) for all ¢ so long as Tpwmw is roughly

two cycles or longer [56].

Franck-Condon Averaging

In order to determine whether the effect we predict might be experimentally observable, it is
necessary to specify the experimental set-up that we have in mind so that we can carry out
appropriate averages. The experimental arrangement we have in mind is described in detail
in Sec. 2.4. In that experiment, the H] was assumed to be produced in an ion source by
electron impact ionization, which usually leads to roughly a Franck-Condon distribution of
the vibrational states. The coherence of the vibrational states is assumed to be effectively
lost due to the distribution of travel times of the molecular ions from the source to the
reaction region since the distribution of travel times is much longer than the vibrational

period [48]. In other words, the HJ arrives at the interaction region in an incoherent
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Franck-Condon vibrational distribution, therefore, in our calculations, each vibrational state
is separately propagated until after its interaction with the pulsed laser. Then, an incoherent
sum of the desired physical observable over the initial vibrational states weighted by their
Franck-Condon factors is performed to construct the final observable for comparison with
experiment. We will refer to this procedure as Franck-Condon averaging (FCA). Although
we will present theoretical calculations for this particular experimental setup, we expect our

results will hold generally.

Intensity Averaging

To allow a more direct comparison with experiment, we also averaged over the laser’s inten-
sity distribution in the focal volume. In our calculations, we assume that the transverse size
of the molecular ion beam is much larger than the laser focal spot size, but much smaller
than the Rayleigh length of the laser beam. Since the ion and laser beams intersect at right
angles, we can assume the intensity within the laser-molecule interaction volume varies only

in the laser’s transverse direction, resulting in a two-dimensional averaging [48]:

dP(Iy) fo dP(I)dI
e > /0 dE 1’ (34)

assuming a Gaussian focal profile. The proportionality constant in the above equation
depends only on the laser focal parameters, but is not usually important since experiments
do not typically produce absolute measurements. The spectrum for the channel of interest
is dP(I)/dE at peak intensity I. The weight factor d//I in Eq. (3.4) emphasizes the
contributions from the lower intensities that occupy larger volumes in the focus. We refer
to this process as intensity averaging (IA) in the later chapters. Franck-Condon averaging
enhances the contribution from the low-lying vibrational states, while intensity averaging

emphasizes the low intensity contribution.
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Consideration for the Finite Energy Resolution in a Experiment

Finally, we will also take into account the finite energy resolution, which is a function of
kinetic energy release in a real experiment. We thus simply convolve the Franck-Condon
and intensity averaged results with a Gaussian resolution function as expressed in Eq. (3.5).
We will approximately take the resolution to be AE=0.1 eV, which we believe is a typical
energy resolution [57].

E—E,

P(Ey) = /O B P(E)e 55"V dE, (3.5)

Total Dissociation Probability and Kinetic Energy Release

The observables that we focus on are the total dissociation probability and the kinetic
energy release (KER) spectrum. The total dissociation probability (TDP) is calculated by
projecting the time-dependent wave function on all of the bound states and subtracting the
result from unity. The KER spectrum is calculated by projecting the time-dependent wave

function onto energy-normalized nuclear continuum energy eigenstates.

3.1.4 Time-dependent Floquet-Born-Oppenheimer

Since the number of photons exchanged with the laser field is not directly a physical observ-
able, we wanted to try to find a definitive measure of this quantity. One natural approach
is to utilize a Floquet method since it explicitly expands on photon channels. Normally, the
Floquet representation is considered appropriate only for CW lasers, although it has been
adapted to treat pulses in a few cases [58, 59]. We recently derived, however, a version of
Floquet that is exact even for short pulses [21, 60].

Our Floquet treatment rewrites the nuclear wave function F(R,t) as

F(Rt)= ) " ™'G,(R,1). (3.6)

n=—0oo

Substituting these into (3.2) and equating the coefficients of the linearly independent func-
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tions €Y gives

i%Gn = [(—i;—}; — nw) I+ U} G, — %Dé’o(t) (G1+ Gria) - (3.7)
Any physical observable can be calculated just as for the time-dependent Born-Oppenheimer
approach using Eq. (3.6).

In principle, we could have analyzed the nuclear wave functions from the solution of
Eq. (3.2) using Eq. (3.6) to extract the functions G,,(R, t). It was more convenient, however,
to simply solve Eq. (3.7) directly. We again used a split operator approximation with
generalized finite differences for the kinetic energy operator [54, 55|, using the radial grids
as described in the following section. At the highest intensities, 56 Floquet blocks distributed
roughly symmetrically about the initial n=0 state were needed to get the total dissociation
probability converged to four digits. Lower intensities did not require so many Floquet
blocks. Care was taken to ensure that the Floquet results agreed with the time-dependent
Born-Oppenheimer results: the total dissociation probability between the two methods agree

to four digits at the highest intensity and to six digits at the lowest intensity.

3.1.5 Numerical Parameters

The numerical methods employed in the thesis are elaborated in Ref. [51, 54, 55]. The three-
point finite differences method is implemented in a nonuniform radial grid. To represent the
rapid change of the vibrational wavepacket near the classical turning point and the shorter
wavelength in the potential well (1so,), slightly more than half of the total grid points are
used at R < 20 a.u. At large R, though, a linear grid is used to represent nearly free
motion of the molecule. To reduce reflection from the boundary at R,,.., a sufficiently large
grid is adopted in the calculations. No absorbing boundary is applied in the grid. R,z
is usually not longer than 100 a.u. and the number of grid points is around 3,000-6,000,

which is dependent on laser peak intensity and pulse duration used in the calculations, and
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the time-step is 0.5 a.u. to get sufficient 4-digit convergence for the slow nuclear dynamics.

Diabatic Picture vs Adiabatic Picture

The Floquet potentials have long been used to describe laser-induced dissociation of HJ into
p+H [59]. There are two kinds of Floquet potential curves: diabatic and adiabatic potential
curves. In the diabatic picture, the coupling, which is proportional to the laser-field strength
and the dipole matrix element between the two molecular states, is not included. It gives off-
diagonal elements in the total Hamiltonian (sometimes called dressed Hamiltonian). On the
other hand, adiabatic potential curves are obtained by diagonalizing the diabatic potential
curves which turns diabatic crossings into avoided crossings. The gap between the avoided
crossing is proportional to the applied laser intensity and the order of the crossing [1, 2]. The
adiabatic potentials can be used to identify the main physical mechanisms of dissociation

described in Sec. 3.2.

Nonadiabatic Picture

It is easy to mistake “diabatic” for “nonadiabatic”. Are they the same? The answer is
no. Under the Born-Oppenheimer approximation and in the Floquet picture, “nonadia-
batic” means any transition between different electronic channels which does not satisfy
dipole selection rules. Nonadiabatic effects usually result from very short rise times (a few
femtoseconds) of intense laser pulses. Zero-photon dissociation (ZPD) and below threshold

dissociation (BTD) belong to this category and will be elaborated in Sec. 3.2.

3.2 Common Terms for Molecular Dissociation and

Tonization

There are many mechanisms to interpret the breakup of molecules based on the Floquet

picture and the normal numerical integral of the time-dependent Schrodinger equation. To
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Figure 3.2: Bond-softening (BS), Bond-hardening or Vibrational Trapping (VT), Above
Threshold Dissociation (ATD) in Floquet Pictures

name a few here, (see Fig. 3.2), they are bond softening (BS) [47, 61, 62], vibrational trapping
(VT) or bond hardening (BH) [47, 62-64], above threshold dissociation (ATD) [1, 2, 65],
below threshold dissociation (BTD) [64, 66], zero-photon dissociation (ZPD) [64, 66, 67],
charge-resonance enhanced ionization (CREI) [68-72], high harmonic generation [73], and

laser-induced alignment [74-76].

Bond softening is a one-photon process in which a molecule’s bond “softens” in an
intense laser and the molecule comes apart. As Fig. 3.2 shows, the molecule, represented
by a wavepacket, passes through the avoided crossing formed between the 1so, — Ow and

2po, — lw and dissociates along the latter.

Vibrational trapping (VT), also known as bond hardening (BH), is another important
one-photon dissociation pathway. Contrary to BS, VT (BH) refers to the reduction in
dissociation probability of higher vibrational states due to their trapping in the laser-induced
well in the upper dressed Born-Oppenheimer potential curves (Fig. 3.2). This appears as a
counterintuitive result since the high-lying vibrational states live longer than expected given

their weaker binding.

Above threshold dissociation (ATD) occurs at the three-photon crossings (see Fig. 3.2),
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where the molecule absorbs more photons than needed to dissociate. If the wavepacket
follows the adiabatic pathway, i.e. 1so, — 2w, it will absorb net two photons (absorb three
photon and then emit one photon), while if it follows the diabatic pathway, i.e. 2po, — 3w,
it will absorb three photons.

Below threshold dissociation (BTD) is a nonadiabatic single-photon dissociation mech-
anism initiated by a photon carrying less energy than the minimum required for the dis-
sociation to occur. It results from the sudden switching on of a strong field so that some
vibrational states with energies above the single-photon dissociation threshold are temporar-
ily populated. On the falling stage of the laser pulse, such vibrational states decay to the
one-photon channel producing fragments with low velocity and that was referred to as be-
low threshold dissociation (BTD) as opposed to above threshold dissociation (ATD). For
H; and 800nm short laser pulse, net one-photon BTD very likely occurs to v = 4 and v = 5
states, which are located below the one-photon dissociation threshold (2po, —1w) as Fig. 3.2
shows.

Zero-photon dissociation (ZPD) is another important nonadiabatic process in which a
molecule dissociates by absorbing net-zero-number photons. This phenomenon is caused by
the partial escape of a vibrational wavepacket that is temporarily trapped in a laser-induced
well — a signature of vibrational trapping (see Fig. 3.2). For HJ and 800nm short laser
pulse, the higher vibrational states (v > 10) contribute most to ZPD. ZPD is a special case
for below threshold dissociation.

Meanwhile, some new terminologies and new technologies are extending existing nomen-
clature, like above threshold Coulomb explosion (ATCE) [62, 77], which is a kind of ion-
ization pathway with nuclear kinetic spectra having peaks separated by the photon energy;
high order ATD, which reveals an unexpectedly large contribution to ATD from highly

excited electronic states [9].



Chapter 4

Isotopic Pulse Length Scaling of H;

Dissociation in an Intense Laser Field

In this chapter, we will demonstrate an interesting isotopic effect that is extracted from the
analysis of the dissociation of Hj and its isotope D in an intense laser field. By only scaling
the pulse durations of the laser exerted on Hy and D3 by the square root of the mass ratio
between them (1/2), similar nuclear kinetic energy release (KER) spectra are produced and
after some necessary averaging for comparison with experiment, the resemblance becomes
more pronounced. This implies that effectively shorter pulses can be produced by using
heavier molecules.

This chapter is based on one of our published paper: [57].

4.1 “+v/2 Effect” and Analysis

Time-dependent Born-Oppenheimer method (TDBOM)(see Chapter 2) is used in this chap-
ter.
It is a well-known and well-used fact that the nuclei in heavier molecules tend to move

more slowly than in lighter molecules. This property has been used to “slow down” the

22
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Figure 4.1: /2 effect in the nuclear KER spectra of Hj and DJ. The pulse wavelength is
800nm; peak intensity is 10*W /ecm?, and pulse lengths are 8.8/6.2fs, 30/21fs and 135/96fs,
for panel (a), (b), and (c), respectively. The KER spectra are after Franck-Condon averaging
and intensity averaging for panel (a), (b), and (c).

nuclear motion so that it can be followed dynamically with femtosecond and picosecond

laser pulses for many years.

The argument that heavier nuclei move more slowly is based on the fact that at the
same kinetic energy, the more massive particles will have the lower velocity. When applied
to Hf and DJ, this argument suggests that D experiences an effectively shorter pulse than
Hy [22, 78]. This argument, however, is not typically taken any further than this qualitative

observation.

In this chapter, however, we point out the curious result that this argument can lead
to nearly quantitative agreement between the KER spectra when applied to Hj and Dj.
More specifically, we will show that the KER spectra for Hf and DJ nearly coincide for
pulse lengths of 7/v/2 and 7, respectively. The factor 1/4/2 is the ratio of the Hj relative
nuclear velocity to the D velocity at the same kinetic energy. In other words, it is simply

the square root of the mass ratio of the two species.
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Figure 4.1 presents the KER spectra after Franck-Condon and intensity averaging for
different pulse lengths. All spectra are for an 800 nm laser pulse with peak intensity
10" W/ecm?  We chose three sets of pulse lengths: short (8.8 fs/6.2 fs), intermediate
(30 fs/21 fs) and long (135 fs/96 fs). The ratio of the two pulse lengths in each set is
V2. Here “short”, “intermediate”, and “long” refer to their comparison with the typical
vibrational periods of the isotopes, which are around 15 fs. In each panel, we show both
Hi and DJ at the same longer pulse length, and in each case the spectra do not match. We
also show in each panel the Hy spectrum for a pulse length V2 shorter. Its similarity to the

D3 spectrum in Figs. 4.1(a) and (b) is clear.

In Fig. 4.1(a), the 8.8 fs D spectrum matches the 6.2 fs Hy spectrum almost perfectly.
The dominant dissociation pathway is bond-softening via a one-photon transition [1, 2, 48|
as manifested by the KER peak at 0.8 eV. The 8.8 fs Hy spectrum has a similar shape and
interpretation as the others, but is uniformly larger. Unless care were taken experimentally
to properly normalize these spectra, though, all three would appear to be the same since
they share the same shape. The fact that the 8.8 fs HJ spectrum is larger can roughly be
understood to be the result of the HJ travelling faster than D by a factor of v/2. More of
the Hy wavepacket can thus reach the one-photon resonance at R~4.8 a.u. in a given time

than for D .

As the pulse length becomes longer than the vibrational periods of the two isotopes,
more peaks emerge in the KER spectra as displayed in Fig. 4.1(b). Due to the longer pulse
length, there is a better chance of resolving the vibrational structure for both species [48].
The peak positions are clearly going to be different for Hj and DJ since their respective
vibrational spectra differ. Due to its heavier mass, the energy gaps between neighboring
vibrational states in the ground electronic state of D5 are smaller than the ones in Hy, so
the intervals between the peaks are also smaller. Nevertheless, the resemblance of the 30 fs

D3 and 21 fs Hf spectra — and difference from the 30 fs H spectrum — is clear.

If the pulse length is lengthened to an order of magnitude greater than the vibrational
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Figure 4.2: /2 effect in the nuclear KER spectra of Hf and DJ after Franck-Condon
averaging, intensity averaging and convolution. The same laser conditions as in figure 1 are
applied.

periods of the two species and beyond, almost all the initial population has the chance to
dissociate. The KER spectra are then dominated by the vibrational structure, removing
any chance of similarity between the DI and scaled HJ spectra. Figure 4.1(c) illustrates
this case and shows that the 96 fs Hy spectrum is most similar to the 135 fs Hj spectrum
not to the 135 fs D spectrum.

The domain for which this scaling works can be expanded somewhat when finite exper-
imental resolution is taken into account. Figure 4.2 shows the spectra from Fig. 4.1(b) and
(c) for a resolution of 0.1 eV. Figure 4.1(a) is not shown since it is relatively structureless
and convolution has little effect. The intermediate pulse length from Fig. 4.1(b), however,
retains some vibrational structure, so convolution does have an effect as shown in Fig. 4.2(a).
In fact, convolution makes the 30 fs D and 21 fs HJ spectra a much better match than
in Fig. 4.1. For the long pulses of Fig. 4.1(c) and Fig. 4.2(b), though, convolution is not
sufficient to bring the D5 and scaled Hj spectra into agreement.

This pulse length scaling works because Hi and Dj share the same Born-Oppenheimer
potential curves and dipole coupling elements. By itself, though, this is not sufficient. The

other two contributing factors are the initial distribution of vibrational states and the broad
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bandwidth of the laser pulse. Since both species are initially in an incoherent Franck-Condon
distribution determined by their respective neutral ground vibrational states, they have
essentially the same vibrational state distribution as a function of the vibrational energy.
Still, as we have seen, if the pulse length is long, the spectra will simply reflect the vibrational
structure. Only when the pulse is short, such that its bandwidth is comparable to the level
spacing, will the spectra look similar. For instance, the spacing between the vibrational
states nearest the one-photon 1so,~2po, resonance is 0.0057 a.u. and 0.0042 a.u. for Hj
and Dy , respectively. Requiring the bandwidth to be at least half this spacing implies that
pulses shorter than roughly 10 fs will yield spectra without vibrational structure. This is a
low laser intensity argument that does not take into account any intensity-dependent shifts
of the vibrational states which will tend to blur the spectrum even further after intensity
averaging. At higher intensities, then, similar spectra can be expected for pulse lengths

longer than 10 fs.

4.2 Summary

We have shown that the KER spectra for dissociation of D and Hj can be made to match
nearly quantitatively for the same peak pulse intensity when the HJ pulse length is v/2
shorter than the Dj pulse length. We discussed the conditions under which this is true,
namely when they have the same broad initial vibrational distribution and are exposed to
a short pulse. Under these circumstances, we can use this scaling to produce effectively
shorter pulses by using D . For instance, a 5 fs pulse for D5 would be equivalent to a 3.5 fs
pulse for Hj .

Although we have used Hj and D3, this pulse length scaling should hold for other
molecular isotopes as well so long as they share the same Born-Oppenheimer potentials and
dipole matrix elements. The effect for just about any other molecule will be smaller, of

course, since the fractional change in mass will be smaller than for Hf . On the other hand,
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the range of pulse lengths over which the scaling holds will be larger since the vibrational

energy spacing of heavier molecules tends to be smaller than for Hj .



Chapter 5

The Role of Mass in the
Carrier-Envelope Phase Effect for H;

Dissociation

In this chapter, we use the 1-D two-state model to study CEP effects in the dissociation of Hj
and its isotopes Dy and T3 in an intense, few-cycle laser pulse, focusing in particular on their
differences in order to identify the role of mass. In addition to examining mass’s effect on the
CEP-dependent asymmetry between dissociation to p+H and H+p along the polarization of
the laser electric field, we demonstrate here CEP effects on the total dissociation probability.
For this observable, we find that the magnitude of the CEP effect grows with mass for the
same laser pulse. We further show that the CEP effects in the kinetic energy release (KER)
spectra grow with mass from Hj to D3, and from D to T5. In both the dissociation
asymmetry and the total dissociation, we will show that the recently-developed theory in
[21] provides a convenient and insightful description. An alternate, simpler derivation of the

latter theory is also provided.
This chapter is based on one of our published paper: [60].

28
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5.1 Simplified Derivation for the General CEP Effect

Theory

Time-dependent Floquet-Born-Oppenheimer method (see Chapter 2) is used in this chapter.

A general theoretical framework for understanding CEP effects was recently presented
in [21]. At its core, the picture developed there relies on a Floquet representation of the
wave function. Consequently, CEP effects are described as interference between different
multiphoton pathways. One might be concerned with using the Floquet representation for a
laser pulse, but [21] showed that it can be done ezactly utilizing a two-time (¢,t') approach.
To set the stage for the discussion in the next section, we rederive the results of [21] here,
but will use an alternative approach that some might find more accessible. We note that

the present derivation confirms all of the results in [21].

The derivation follows Eq. 3.6 and Eq. 3.7. There are several important features of
Eq. 3.7 [21]. First, it is exact — no approximations have been made in the derivation.
Second, it is independent of . Thus, solving it once is sufficient to generate the full CEP
dependence of any observable via Eq.(3.6). Third, since the amplitudes G,, are associated
with the time dependence e~ they can be interpreted as n-photon amplitudes. Fourth,
the only time dependence in the effective Hamiltonian is the relatively slow variation of the

pulse envelope.

For the two-state model we will use, one further simplification of Eq.(3.7) is possible.
Using the dipole selection rules, the system of equations in Eq.(3.7) can be split into two
uncoupled spaces. For instance, the 1so, state with n=0 (zero photons) only couples to the
2po, states with n==%1 and not to the 2po, state with n=0 or the 1so, states with n==1.
The latter three states can thus be treated separately from the former three. Plus, for each
n, only a single electronic state is available. We note that the initial state for the present

purposes is 1so, with zero photons.

Finally, while this derivation has been specialized to the present problem of Hj | it can
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be easily generalized for any problem in the same way as the derivation in [21].

5.2 Results and Discussion

Past studies of CEP effects in molecules have focused on the asymmetry between different
dissociation or ionization pathways. In this chapter, however, we will show that even the
total dissociation probability — i.e. the sum of dissociation probabilities from all possible
channels — displays CEP effects. Before we show the numerical results, though, it will be
helpful to analyze these physical observables in the framework of the Floquet representation

presented in Sec. 5.1.

The most general analysis begins with the atomic channel KER spectra. That is, the
spectra for each of the channels p+H and H+p. It is the difference between these channels
that gives the asymmetry reported in previous CEP studies [18, 20, 22, 23|. Following the
analysis of [1], we label the vibrational continuum eigenstates at energy E in the molecular
basis |gE) and |uFE) for the 1so, and 2po, channels, respectively. The scattering states that
we must project onto to find the atomic channel KER spectra are |Ak) and |Bk) where
k? = 2uE. The label k reminds us that these must be states that asymptotically become
an energy normalized outgoing plane wave, \/meim. Physically, |Ak) corresponds to
p+H; and |Bk), to H+p. We can easily calculate |gF) and |uFE), from which |Ak) and |Bk)

are obtained using

|(A, B)k) = % (e7™|gE) £ e " |uE)) (5.1)

where 44, are the energy-dependent scattering phase shifts in each channel. The atomic
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channel KER spectra are thus

Pap(E) = [((A, B)k|F)[?

2

> e (gB|F,) £ Y e (uE|F,)| . (5.2)

n even n odd

1
2

It follows that the total dissociation probability is, after expanding the square and simpli-

fying,

P(E) = Pa(E) + Pp(E)

=" [BIE)P+ Y [(uB|F) P

n even n odd

+2ZRe( in=ne(4E|F, ><gE]Fn/>*>
n#n’ even

+23 Re <e n=n¢ (y B| F, >(uE\Fn/)*>, (5.3)
n#n’ odd

while the asymmetry is

A(E) = PA(E) — P3(E)

_ QZRG <6i(n—n')@€i(5g—5u) <gE|Fn> <UE|Fn/>*> ‘ (54)

n even

n’ odd

Several important points emerge from these expressions. First, the only CEP dependence is
clearly displayed analytically. Second, the CEP dependence of P(E) only has contributions
with period 7/m, m=1,2,3,...since n—n' must be an even number in each sum. Conversely,
the periodicity of the contributions to A(E) must be 27 /(2m-1), m=1,2,3,.... Third, the
scattering phase shifts do not contribute to P(F), but do contribute to A(F). Fourth, to
have any CEP dependence in either P(E) or A(E) requires the amplitudes ((g,u)E|F,)

for different photon processes n to contribute at the same energy. It is primarily this
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requirement that leads to the need for broad bandwidth, intense laser pulses. For P(F), it
is the interference between different photon processes in the same molecular channel that
is important, but for A(F), only the interference between different photon processes of

different molecular channels is important.

One can gain complementary insight by splitting F,,(R,t) into its bound FZ(R,t) and
continuum F¢ (R, t) components and writing the integrated total dissociation probability

P=[dEP(E) as

P= Z/dR\Fﬂ? + > e"("—”’)@/dRFg*F,?

n#n’ even

+ 3 ei(”‘”')‘P/dR FSFC. (5.5)

n#n! odd

These relations, written in the coordinate representation rather than the energy representa-
tion, show that P can vary with CEP only if the dissociating wavepackets for different n —
but the same electronic state — overlap spatially. For H] at moderate intensities, the most
likely scenario is that mainly n=0, 1, 2, and 3 are populated. Equation (5.5) then predicts
that the ¢ dependence of P should be a linear combination of sin2¢ and cos 2y on top of

a p-independent background, in agreement with the discussion of Eq.(5.3).

The coordinate and energy representations provide, of course, completely equivalent in-
terpretations of the results. Specifically, the only way for two n-photon channel wavepackets
to overlap spatially at t—o0 is if they have energy components in common by simple kine-

matic arguments.

Figure 5.1 shows the Franck-Condon averaged P calculated from the solution of Eq.(3.2)
for a pulse with peak intensity 1014 W/cm?. From the figure, it is clear that one need not, in
principle at least, observe an asymmetry or even a differential quantity to find CEP effects.
It is also clear that the main components of P are indeed sin2¢ and cos2¢ as predicted.

To facilitate the quantitative comparison of the CEP effect between the isotopes, we define
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Figure 5.1: The energy-integrated total dissociation probability P (see Eq.(5.5)) in a 5.9 fs,
10 W /cm? laser pulse for (a) H, (b) D and (c) T4 with contrasts (see Eq.(5.6)) of 0.0139,
0.0411, and 0.0581, respectively. Note that the vertical scale covers the same range in each
panel.

a contrast parameter C,

Pmax - Pmin

C =
2P ’

(5.6)
where P and Py, are the maximum and minimum of P as a function of ¢, respectively,
and P,y is the average of P over [0,27]. By this measure, the CEP effect grows with increas-
ing mass, with more than a factor of 2 jump from HJ to D, since C increases from 0.0139 to
0.0411 (0.0581 for T3 ). Interestingly, the contrast for the heaviest isotope, T3 , increases by
only about 50% over Dj. It is worth noting that even with the intensity averaging required
to compare with experiment [48], both the CEP variation and the relative magnitude of
the effect survive, giving, for example, OH;:0.OO58 and CD;:O.OHB (C’T;:O.Ol54). Con-
vergence testing showed that these results are accurate to four significant digits, giving us

confidence that these small CEP effects are real.
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A similar trend was seen in [18] where HDT was shown to have a larger CEP effect than
H . That comparison was complicated, however, by the fact that HD* not only has a larger
mass, but also has a permanent dipole moment. We examine only the homonuclear isotopes
here to avoid this complication. The dipole couplings are thus identical and any differences

must be due to mass.

We expect the CEP effects to become stronger as the peak intensity grows. Since the
two-state model employed here neglects ionization, however, we kept the peak intensities
below 10* W/em?2. Although we could not reliably treat higher intensities, we did check
a range of lower peak intensities, from 8x10° W/cm? to 10 W /cm?, and found that the

CEP effects become numerically significant above 5x10' W /cm?.

While we have shown that P does vary with the CEP, its small variation makes it a
challenge to observe experimentally. Larger CEP effects can be expected, however, for more
differential quantities [19, 20], so we show the Franck-Condon averaged P(FE) in figure 5.2
under the same laser conditions as for figure 5.1. Each panel is normalized by its overall peak
value to emphasize the qualitative differences. The change in the KER spectrum between
H and Tj is actually rather dramatic. Heavier mass clearly produces a stronger CEP
effect. Figure 5.2(d) quantifies this statement with the contrast parameter Eq.(5.6) plotted
as a function of KER.

In the context of the Floquet analysis of Eq.(5.3), the figure shows the expected 2y
periodicity, although with an energy-dependent phase shift. Equation (5.3) shows that
these phases must come from the amplitudes ((g, u) E|F,,) since they contain all of the energy
dependence. The vertical yellow stripe common to all isotopes between 0.5 eV and 0.75 eV
is the one-photon, bond-softening peak. Since the contribution at these energies is almost
entirely from n=1, there is little CEP variation. The second vertical red and yellow stripe
present in figure 5.2(c) for Tj around 1.7 eV is predominantly three-photon dissociation.
The strong CEP variation just above 1 eV is thus due to interference between the one- and

three-photon pathways to the 2po, channel where their amplitudes are comparable and thus
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Figure 5.2: The total dissociation probability P(E) as a function of CEP and KER in a
5.9 fs, 10 W/cm? laser pulse for (a) Hy, (b) DF and (c) T5. Each panel is normalized
to unity at its overall peak value to facilitate qualitative comparison. Panel (d) shows the
contrast defined by Eq.(5.6) as a function of KER.
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Figure 5.3: The dissociation asymmetry A(FE) as a function of CEP and KER in a 5.9 fs,
10" W/cm? laser pulse for (a) Hy, (b) D and (c) Ty. The asymmetry is divided by
2P, (E) to give a CEP-independent normalization.

produce the highest contrast. Figures 5.2(a) and 5.2(b) show variation in the same energy
range due to the same interference, but have a smaller three-photon contribution [9]. The
increased CEP variation near zero KER is due to interference between zero- and two-photon

dissociation to 1soy.

We complete our discussion of mass’s role in the CEP effect with the asymmetry A(E).
Figure 5.3 shows A(E) normalized at each energy by 2P,,,. We use this CEP-averaged
normalization, which is the same as in Fig. 5.2(d), instead of the more standard P(F) nor-
malization [22] to avoid introducing the CEP dependence of P(FE) into the plot. Curiously,
increasing the mass decreases the CEP effect for the asymmetry — opposite the behavior

for the total dissociation probability. The figure does bear out our expectations from the
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Floquet analysis (see Eq.(5.4)). Since we expect n=0, 1, 2, and 3 to be the primary chan-
nels, (see Eq.(5.4)) predicts that the dominant terms should behave as cos ¢ and siny in
agreement with the figure. We note that the tilt of the features as a function of energy
is opposite to those for P(E). Equations (5.3) and (5.4) make it clear that the energy
dependence of P(F) and A(FE) have different origins, however, with the latter depending
on the time-independent scattering phase shifts in addition to any laser-induced energy

dependence.

5.3 Summary

We have demonstrated both analytically and numerically that there is a CEP effect in the
total dissociation probability of Hy. The analytical treatment gives considerable insight
into the physical processes involved, and the numerical results show that the effect increases
with nuclear mass across the isotopes of Hj . We further show that under the same laser
conditions, the CEP effect previously identified in this system — the asymmetry between
breakup channels — decreases with mass. Our analytic expressions reinforce the idea that
CEP effects can be understood as interference between different n-photon processes, and

show how differential measurements might begin to help us unravel their relative phases.



Chapter 6

Laser—Induced Multiphoton
Dissociation Branching Ratios for H;

and D7

In this chapter, we will study the branching ratios for multiphoton dissociation of Hy into
p and H. Even though ATD is now a common part of many researchers’ intuition, surpris-
ingly little work has been devoted to calculating these branching ratios and quantifying the
contributions of one-, two-, and three-photon processes to Hy dissociation — especially for
the short pulses now available. Miret-Artés et al. calculated branching ratios for a CW
laser using a coupled-channel method combined with an artificial-channel technique for a
wide range of intensities (from 10® to 10 W/cm?) at 329.7 nm [79]. Yang and DiMauro
calculated the branching ratios for various multiphoton processes as a function of intensity,
but focused on the narrow range of intensities from 4x10'? to 10 W/cm? at 532 nm for
pulses longer than 100 fs [80]. More recently, Maruyama et al. studied the dissociation
dynamics of Hf in a 100 fs laser pulse at 800 and 1200 nm, with peak intensities ranging
from 10'?-10' W/cm? using the quasi-stationary Floquet approach [58].

Although people question applying the notion of “photons” to few-cycle laser pulses,

38
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many still interpret the dynamics in terms of multiphoton transitions such as ATD. To
investigate whether multiphoton processes can still be identified theoretically and experi-
mentally in these short pulses, we calculate the nuclear kinetic energy release (KER) spectra
for Hy and DJ in 5-7.5 fs pulses. At the 800 nm wavelength we use, these are 2-3 cycle
pulses and are shorter than the typical vibrational period of either species by roughly a fac-
tor of two. We extract the contributions of different multiphoton processes from the KER
spectra using two different methods. The first is based solely on the KER; and the second,
on the population of Floquet components in the wave function. Only the first method —
or the equivalent time-of-flight spectrum — is, of course, available to experiment. We will
compare these and discuss to what extent the KER alone can actually be used to determine
the number of photons involved. It is important to note that the experimental arrangement
we analyze is that of an H] beam target so that the initial nuclear wave packet is an in-
coherent sum over vibrational states [48] not the coherent wave packet appropriate to an

experiment starting from neutral Hs.

This chapter is based on one of our submitted paper: [81].

6.1 Laser Conditions and Observables

Time-dependent Born-Oppenheimer method (TDBOM)(see Chapter 2) and time-dependent
Floquet-Born-Oppenheimer method (TDFBOM) are used in this chapter.

We carried out calculations for an 800 nm laser pulse with peak intensities ranging from
8x10° W/cm? to 1014 W/cm? and pulse lengths from 5 fs to 7.5 fs. At the highest intensities,
we tested the convergence with respect to the expansion on electronic states by including
all of the states up to those converging to the n=3 manifold of H in the separated atom
limit. It turned out, though, that all of the states in the n=2 and n=3 manifolds together
contributed less than 1% to the total dissociation probability at 1014 W /ecm?. Consequently,

we considered no intensities higher than this and included only the n=1 states, i.e., 1so,
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and 2po,, in the results presented here. This simplification is consistent with our goal of
determining whether KER alone is sufficient to identify the probability of different photon

processes.

From the total dissociation probability and the KER spectrum, we obtain the multipho-

ton branching ratios.

6.2 Analysis

Above threshold dissociation was so-named by analogy with above threshold ionization
(ATI). In ATI, the photoelectron spectrum typically shows well-defined peaks separated by
the photon energy. The peaks can thus be labelled by the number of photons absorbed by
the electron with high confidence. Even though the nuclear KER spectrum for dissociation
of H hardly ever shows clearly separated peaks identifiable with a particular number of
photons, different n-photon contributions are still often identified in spectra based on their
KER only. As the pulse length gets shorter — and the bandwidth larger — both the ATI
and ATD spectra increasingly lose whatever structure they do have, making an energy-based
identification of photon number even more difficult. Figure 6.1 shows the calculated KER
spectrum for H in a 5 fs, 800 nm, 5 x 10'® W /cm? laser pulse. It shows one broad peak
that cannot obviously be connected to a specific number of photons. Defining the n-photon
dissociation probabilities P, in our non-perturbative calculations is thus the key problem to

be solved.

In our Floquet-Born-Oppenheimer representation, the definition is straightforward: P, is
the dissociation probability for a given n-photon channel. The language of the Floquet rep-
resentation can also be useful, however, for defining P, from the solutions of Eq. (3.2). The
diabatic Floquet potentials, which are the field-free Born-Oppenheimer potentials shifted by
integer multiples of w (in atomic units), are shown in Fig. 6.2. The diabatic potentials can

be identified as the diagonal elements of the effective potential matrix in the Floquet-Born-
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Figure 6.1: (Color online) The Franck-Condon averaged nuclear kinetic energy release
spectrum and the contributions from 1so, and 2po, for Hy in an 800 nm, 5 fs laser pulse
with peak intensity 5 x 10'®* W/cm? from (a) Born-Oppenheimer and (b) Floquet-Born-
Oppenheimer.

Oppenheimer equations (3.7). Also sketched in Fig. 6.2 are the adiabatic Floquet potentials
which are obtained from the diabatic potentials by diagonalizing the potential matrix in-
cluding the dipole coupling due to the laser field. As discussed in Sec. 3.1.1, only the lowest
two Born-Oppenheimer potentials, 1so, and 2po,,, are shown since they are sufficient at the
intensities considered here. The dynamics of the system can thus be understood in terms

of the usual curve-crossing physics familiar from collisions studies.

Figure 6.2 helps us to quickly identify which KER one should expect for n-photon dis-

sociation of a given vibrational level v since energy is approximately conserved in the plot.
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Figure 6.2: (Color online) Diabatic Floquet potential curves for Hf in a linearly polar-
ized 800 nm intense laser field (thick solid lines). The adiabatic Floquet potentials are also
sketched (thick dashed line). Different processes are indicated by blue arrows: vibrational
trapping (VT), bond-softening (BS), and above threshold dissociation (ATD). The horizon-
tal dotted lines through the 1soy, — Ow—2po, — lw and 1so, — Ow—2po, — 3w crossings
indicate typical dissociation energy. The KER expected in each case is also shown.

All channels below the initial vibrational energy in the 1so, — Ow curve are energetically
accessible making them possible final states. For instance, vibrational states with energies
near the crossing between 1so, — Ow and 2po,, — lw will dissociate primarily to 2po, — 1w
with a KER given by the difference between the initial vibrational energy and the asymp-
totic 2po, — lw threshold. This process is usually called bond-softening. Those vibrational
states lying between the 1soy — Ow—2po, — lw and 1so, — Ow—2po, — 3w crossings will
dissociate primarily to the 1so, — 2w and 2po,, — 3w channels, resulting in ATD. Different

initial vibrational states thus lead to different KER ranges for the same n-photon process.

If the laser were on continuously, energy would be strictly conserved in Fig. 6.2. Since we
are treating a laser pulse, however, energy is only conserved to within roughly the bandwidth
of the pulse. Consequently, vibrational states can dissociate to n-photon thresholds that
lie energetically higher via processes generically labelled below threshold dissociation. One
way to understand the mechanism producing below threshold dissociation is to imagine

the adiabatic Floquet potentials varying in time according to the instantaneous value of
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Eo(t) [59]. In this picture, the gaps at the avoided crossings grow on the leading edge of
the laser pulse and shrink on the trailing edge. In particular, the potential well above
the 1so, — Ow—2po, — lw crossing can trap some part of the vibrational wave function
on the leading edge of the pulse. As the intensity grows towards its maximum, the gap
grows and the well is lifted. If the intensity is high enough, the well can disappear entirely,
depositing anything trapped in it above the dissociation limit of the 1s0, —Ow channel. The
potential well most efficiently traps the vibrational wave function in short laser pulses since
the coupling to it is related to the time-derivative of &(t). Below threshold dissociation

thus becomes increasingly enhanced as the pulse length is shortened.

Below threshold dissociation can be understood from Fig. 6.2 by first noting that the
gaps at the avoided crossings of adiabatic curves grow with &y(¢). For instance, parts of
the vibrational states lying above the 1so, — Ow—2po, — lw crossing become trapped in
the adiabatic potential well above the crossing. As &y(t) increases, this trapped wavepacket
is carried upward with the adiabatic potential. For large enough &y(t), the well disappears
entirely and the trapped wavepacket dissociates to the 1so, — Ow channel. This particular
outcome has received a special name: zero-photon dissociation [64]. This outcome is es-
pecially surprising since it represents dissociation with zero net photons absorbed [see, for

example, Fig. 6.1(b)].

Since KER spectra like the one in Fig. 6.1 — and similar experimental spectra — do not
show a nice comb of peaks separated by w, information in addition to the energy must be
used to define P,. Unfortunately, this information is only available to theory at this point.
Our procedure consists of three basic steps: (i) use the dipole selection rules to associate
even-number photon processes with 1so, and odd-number processes with 2po, and analyze
them separately; (1) analyze the spectra originating from different initial vibrational states
separately; and (4ii) apply energy criteria. We will refer to this procedure as the energy

analysis method.

The dipole selection rules in our approximation just require that g states only couple
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to u states and wvice versa. With an initial g state, the u state is populated only by odd
numbers of photons. Similarly, starting from g, only even numbers of photons can lead to a
final g state. If we analyze the KER spectrum for each molecular state separately, then any
ATD peaks should be separated by 2w, making them easier to identify. Figure 6.1 shows
the 1so, and 2po, KER spectra in addition to the total. Unfortunately, they do not show
substantially more structure than the total. The reason is that these spectra have already

been averaged over the Franck-Condon distribution of vibrational states (as is appropriate

for comparison with experiment).
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Figure 6.3: (Color online) The nuclear kinetic energy release spectrum for Hj dissociation
in an 800 nm, 5 fs laser pulse with peak intensity 5 x 10 W/cm?. (a) and (b) are for

an initial v=3 state; and (c) and (d), for v=9. In (a) and (c), the Born-Oppenheimer
spectra are shown with the individual molecular state contributions; in (b) and (d), the
Floquet-Born-Oppenheimer spectra for each photon channel are shown.

To see separate peaks for different photon processes, we must look at the spectra for each
initial vibrational state independently. Figure 6.3 shows the KER spectra in both the Born-

Oppenheimer and Floquet-Born-Oppenheimer representations for v=3 and 9, respectively,
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under the same conditions as Fig. 6.1. The v=3 state is the state nearest the 1so, —
Ow—2po, — 3w crossing in Fig. 6.2, and v=9 is nearest the 1so, — Ow—2po, — lw crossing.
Even for this two-cycle laser pulse, the ATD structure is more clearly produced for each
individual initial vibrational state than for the Franck-Condon-averaged total KER spectra.
The different photon processes can thus be separated by energy if we analyze the KER
spectra for each initial vibrational state independently, using the breakdown by molecular
state. Note, however, that the 1w KER spectrum from the Floquet-Born-Oppenheimer
calculation in Fig. 6.3(d) shows two quite distinct peaks. This indicate how complicated the
nonperturbative mechanism is due to such a ultrashort (broad bandwidth) and intense laser
pulse. Without the clear definition of P, made possible by the Floquet approach, these would
almost certainly be labelled different photon processes although they are separated by only
about 0.6w. More generally, the KER spectra for individual initial vibrational states at the
highest intensities for these short pulses can still make identifying P, based on energy a bit
ambiguous. Our calculations indicate that the Franck-Condon averaging will help improve

the comparison between Born-Oppenheimer and Floquet-Born-Oppenheimer results. The

Table 6.1: Energy Criteria of multiphoton dissociation processes for HJ

1so,
0w 2w
v=0-28 N/A 0 < E<0.0875
v=9-19| 0<E<0.05 | 0.05 < FE <0.0875
2poy
1w 3w
v=0—4 N/A 0< E<0.116
v=5—-8 |0<FE<0.105|0.106 < E <0.116
v=9—-19 | 0< EF<0.105 | 0.106 < E <0.116

energies used to define different multiphoton processes are given in Tables 6.1 and 6.2. As
can be seen in the tables, it was not necessary to define unique ranges for each vibrational
state. Rather, we could define energies appropriate for a group of states. To convince

ourselves that the choices in the tables were not unreasonably sensitive to our definition,
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Table 6.2: Energy Criteria of multiphoton dissociation processes for Dy

1soy
0w 2w
v=0-11 N/A 0< E<0.0725
v=12-27 | 0< E <0.06 | 0.06 < E <0.0725
2poy,
1w 3w
v=0—-5 N/A 0<E<O0.15
v=6—11 |[0<FE<0.12| 012< E<0.15
v=12-27 | 0< E<0.12| 012< E<0.15

we varied the energy criteria by £5% and checked the variation in the resulting P,. If the

relative change in P, was less than +1%, the energy criteria were deemed acceptable.

Note that in our analysis we only consider zero- to three-photon processes because they
account for more than 99% of the total dissociation probability. Our calculations show that
the probabilities of these four photo processes are roughly one order of magnitude higher
than the contributions of n > 2 electronic channels. This verifies again that two-state model
is valid under the laser conditions used in our calculations. While we do not calculate P,
for higher-order multiphoton processes, their effects are included in the time-dependent cal-
culations. Except for the zero-photon dissociation channel, we do not separately identify
below-threshold dissociation in our energy analysis either. Since below-threshold dissoci-
ation is initiated from more-or-less the same vibrational states as three-photon ATD and
their energy spectra overlap, it is difficult to separate them. For example, vibrational states
just below the 2po, — 1w threshold, near the 1so, — Ow—2po, — 3w crossing, can dissociate
to the 2po, — 1w channel via below-threshold dissociation. Their contribution would tend
to appear at low KER. The 1w Floquet spectrum in Fig. 6.1(b) shows very little contribu-
tion at low KER, suggesting that below threshold dissociation is negligible for these pulse

parameters.
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6.3 Results and Discussion

6.3.1 Comparison with Floquet Approach

Before discussing the results of the calculations and analysis, we will show that the two meth-
ods for obtaining P, discussed above do give agreement. More specifically, the less rigorous
energy analysis method agrees with the Floquet approach. Since the Born-Oppenheimer
calculations are much simpler — two channels rather than tens of channels for Floquet-
Born-Oppenheimer — this agreement reduces the computational burden significantly. All
of the results in later sections will thus be based on the Born-Oppenheimer calculations

combined with the energy analysis described in Sec. 6.2.
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Figure 6.4: (Color online) Comparison of Franck-Condon-averaged multiphoton dissoci-
ation probabilities P, calculated by the energy analysis method (EAM) and the Floquet
method (FM) for an 800 nm, 5 fs laser pulse. The error bars, shown in red, indicate the
difference in the total dissociation probability from the two methods. Zero, one, two and
three photon dissociation probabilities are shown in (a),(b),(c) and (d), respectively.

Figure 6.4 compares the Franck-Condon averaged P, from the two methods directly as
a function of peak intensity for 5 fs, 800 nm laser pulses. Since these were obtained from

two distinct calculations, there is some numerical error associated with each. We estimate
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this error from the difference in the total dissociation probabilities from the two methods
and display it in the figure as the error bars shown for each P,. Numerical convergence
of the two calculations was separately checked with respect to the density of radial grid
points, size of the radial grid, and the time step. As stated previously, the total dissociation
probabilities thus obtained from the two methods agree to six digits at the lowest intensity
and four digits at the highest intensity. Consequently, only differences in P, larger than

these error bars should be regarded as arising from the energy analysis.

From Fig. 6.4, it can be seen that the agreement between the Floquet analysis and the
energy analysis is best for the larger channels: Ow and lw. The agreement for the weaker
2w and 3w channels is still quite good, and the agreement for all channels degrades with
increasing intensity. Based on this agreement, we will only use the energy analysis to define

P, in the remainder of this work.

6.3.2 Hj

Figure 6.5 shows the multiphoton dissociation branching ratios as a function of laser pulse
length for Hj at two different laser peak intensities: 10'* W/cm? and 10* W/cm?. The

branching ratios are defined as
P

o n
- I
Zn/ P"/

where R, is the branching ratio for an n-photon process. The top row of the figure includes

Ry (6.1)

only Franck-Condon averaging, and the bottom row adds intensity averaging. Overall, the

figure shows that multiphoton processes are more significant at higher intensity as expected.

Figure 6.5 shows that the Ow and 3w branching ratios trend generally downward with
increasing pulse length, while the reverse is true for the lw and 2w branching ratios. Since the
mechanism for zero-photon dissociation can be thought of as non-adiabatic, it is suppressed
as the pulse length grows. Conversely, the adiabatic pathways will grow more dominant in

this limit, and the adiabatic pathways lead to the 1w and 2w channels. These trends are
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Figure 6.5: (Color online) Multiphoton dissociation branching ratios R, for Hj at two
different peak laser intensities: 10 W /cm? (left column) and 10 W/cm? (right column).
(a) and (c) have been Franck-Condon averaged, while (b) and (d) are also intensity averaged.
In the figure, zero, one, two and three photon branching ratios are represented by red pluses,
black circles, blue asterisks, and green diamonds, respectively.

thus understandable qualitatively from the common picture of Hy dissociation.

Quantitatively, the overwhelming dominance of the lw channel is expected, but the
magnitude of the Ow channel is not. Also a bit surprising is the fact that Ow goes from
the second largest channel to essentially the smallest channel when the intensity is changed
from 10 W/cm? to 10" W/cm?. Upon reflection, however, this intensity dependence can
be understood by recognizing that the higher intensity pulse is effectively much longer since
it spends a longer time at and above the intensities important for vibrational trapping and
thus zero photon dissociation [67]. Longer pulses, of course, favor the adiabatic pathways
over non-adiabatic ones, suppressing Ow and 3w as mentioned above. The suppression of the
latter is also shown in the higher intensity results in the figure, supporting this interpretation.

The intensity-averaged results shown in the bottom row of Fig. 6.5 show that the Ow
channel is enhanced relative to the other channels. This is because intensity averaging em-

phasizes the contributions from lower intensities. Lower-order processes are thus enhanced
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by this averaging procedure. Using the perturbative result P, oc I", Fig. 6.4 shows that
zero photon dissociation is approximately a one photon process. The 2w channel, however,
requires roughly four photons; and 3w, three photons. The former sounds counterintuitive,
but inspection of the Floquet potentials in Fig. 6.2 shows that a wavepacket must first exit
the 1s0, — Ow channel via a three-photon transition then undergo an additional one-photon
transition back to the 1so, — 2w channel — giving four photons in total. The fact that the
2w channel is actually higher-order than the 3w is reflected in the relative enhancement of

the 3w channel in the intensity-averaged panels of Fig. 6.4.
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Figure 6.6: (Color online) Multiphoton dissociation branching ratios R,, as a function of
the laser peak intensity for HJ in 800 nm, (a) 5 fs and (b) 7.5 fs laser pulses. (a) and (b)
have been Franck-Condon averaged and intensity averaged. In the figure, zero, one, two and
three photon branching ratios are represented by red plusses, black circles, blue asterisks,
and green diamonds, respectively.

Taking another cut through parameter space, Fig. 6.6 shows the intensity dependence
of the branching ratios for two different pulse lengths, including Franck-Condon and in-
tensity averaging. As expected, the one-photon process is dominant at all intensities.
The zero-photon process is larger than the two- and three-photon processes until about
7 x 10" W/em?, where the two-photon process takes the lead. The branching ratios for
both pulse lengths behave essentially the same way as a function of intensity. The most
substantial difference is the relative suppression of the Ow channel in the longer pulse which

was discussed above.
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Figure 6.7: (Color online) Multiphoton dissociation branching ratios R, for Dy at two
different peak laser intensities: 10'* W /cm? (left column) and 10 W/cm? (right column).
(a) and (c) have been Franck-Condon averaged, while (b) and (d) are also intensity averaged.
In the figure, zero, one, two and three photon branching ratios are represented by red plusses,
black circles, blue asterisks, and green diamonds, respectively.
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Figure 6.8: (Color online) Multiphoton dissociation branching ratios R,, as a function of
the laser peak intensity for D in 800 nm, (a) 5 fs and (b) 7.5 fs laser pulses. (a) and (b)
have been Franck-Condon averaged and intensity averaged. In the figure, zero, one, two and
three photon branching ratios are represented by red plusses, black circles, blue asterisks,
and green diamonds, respectively.

To check the effect of nuclear mass on the multiphoton branching ratios, we also cal-
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culated R, for DJ. Figure 6.7 shows R, as a function of the pulse length using the same
parameters as for Hy in Fig. 6.5. Any differences from Hj can be assigned to the mass dif-
ference which leads to a slower Dy wavepacket — or to an effectively shorter laser pulse [57].
Given the interpretations above based on adiabatic pathways and non-adiabatic transitions,
we expect that DJ will show differences from Hj. Indeed, the 2w channel is suppressed
relative to Hy. The pulse length at which the 3w channel overtakes the non-adiabatic Ow
channel shifts to larger values for D as well, which is also consistent with Dj experiencing
an effectively shorter pulse. To complete the comparison, Fig. 6.8 shows the branching ratios

as a function of intensity for D .

6.4 Summary

We have studied the multiphoton dissociation of Hy and Dj in an intense ultrashort laser
pulse using the Born-Oppenheimer representation. In particular, we focused on the branch-
ing ratios for different n-photon processes, trying to (7) establish a well-defined procedure for
identifying them in the KER spectra, (ii) understand their systematic behavior for few-cycle
pulses, and (#4) uncover the role of the mass in determining the probability of multiphoton
transitions. Since the intensities used in the calculations cover quite a wide range — from
8 x 109 W/cm? to 10 W/ecm? — and the pulse lengths are short (5 fs up to 7.5 fs), this
work extends previous studies of the branching ratios.

The behavior of the branching ratios can be understood by utilizing the standard picture
of Floquet-Born-Oppenheimer potentials. The essential question to be answered is whether
the system should follow the adiabatic pathway. To do so requires the laser pulse to be on
when the wavepacket passes through each crossing. The adiabatic pathway is thus favored
in longer pulses, and our calculations show that higher peak intensities are equivalent to
longer pulses.

The issue of adiabaticity was also the determining factor in understanding the role of
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mass for these branching ratios. The heavier mass of the Df means that the nuclei move
more slowly than for Hj , pushing their behavior closer to the adiabatic limit in the same
laser pulse.

Because the HJ targets available currently have a wide range of vibrational states pop-
ulated, it is essentially impossible to use only simple energy criteria to identify n-photon
peaks in the total KER spectrum. By using additional information available in the calcula-
tions and comparing with a Floquet calculation, we validated a scheme appropriate to the
commonly-used two-channel Born-Oppenheimer approach. Until experiments can prepare
Hj targets in specific vibrational states, however, it is unlikely that a similar scheme can

be applied experimentally.



Chapter 7

Conclusions and Vista

In this thesis we present our studies for the dissociation of Hy and its isotopes under an
ultrashort intense laser. This one-electron system has been one of the much-studied subjects
in the field in the past two or three decades due to its simplicity and importance as a bench-
mark. The study of Hj holds the hope of being able to extend our understanding of more
complex systems where full-degree-of-freedom calculations are beyond present computing

capabilities.

7.1 Main Conclusions

The main conclusions can be drawn as follows:

(7) Scaling pulse duration between different isotopes by the square root of their mass
ratio can produce similar nuclear kinetic energy release spectra and is a way to produce
effective shorter pulses.

(#7) Carrier-envelope phase effects exist not only in the common experimental observable
— asymmetry — but also in the total dissociation probability, i.e the total yield from
all dissociation channels. Among others, mass is a controllable factor to manipulate the

CEP effect. Our calculations show that CEP effect in asymmetry decreases with increasing
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mass, while increases in the total dissociation probability. We attribute this effects to the
interference between different n-photon processes.

(#i7)The “energy analysis method” holds for the overall spectra after some necessary
averaging due to experimental effects, so that it can be used to separate different multiphoton
pathways under the assumption that one can look at individual vibrational states. Mass can
also be used to control the dissociation pathways: diabatic vs. adiabatic or the extent of
adiabaticity. The slower motion of DJ due to its heavier mass than Hj , makes its behavior
closer to the adiabatic limit under the same laser pulse. Our calculations show that higher

peak intensities are equivalent to longer pulses.

7.2 Vista

All the calculations involved in this thesis are limited to the simplest molecular systems
Hy and its isotopes D and T3 . They will be instructive calculations for more complex
molecular system so that a general conclusion about the role of mass in the dynamics
of intense laser-molecule interactions can be drawn. For example, testing the validity of
“V/2 effects” in heavier molecules like Oy and N3 will further explore the possibility for
producing effective shorter pulses (< 5fs). For the CEP effect, the conclusion reached in
Chapter 5 will be more significant if we use the results as a motivation for further exploring
the possibility for seeing CEP-effects in larger molecules, which is one of the big goals in
the atomic-molecular-optical physics and will facilitate CEP control experiments. For the
multiphoton branching ratio calculations, it will be beneficial to use the “mass” effect to

steer the molecules on different dissociation pathways.
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