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OZET

UZAYSAL VE ZAMANSAL OLARAK MODIFIYE EDILMIS LAZER ALAN-
LARI iLE MOLEKULLERIN YONLU AYRISMASI
Bu tezde ultra-hizli fizigin dort temel konusuna dair sonuglar ile bu sonuglarin teorik
temelleri anlatilmaktadir. Bu konular ele alinirken lazer atmast hem uzaysal hem de
zamansal olarak cesitli sekillerde modifiye edilmistir.
Ayrismanin siddet bagimliliginda dncelikle basit olarak hangi ayrigsma kanalinin hangi
siddette ac1ldig1 gosterilmistir. Bu hesaplamalarda sistem bir nanotip civarina taginarak
bu nanotipin ayrisma kanallarina etkisi de incelenmistir.
Ikinci kistmda iki-dongiilii, gausyen zarfl1 lazer atmasina bir son-atma eklenmistir.
Burada motivasyon, gercek deneysel ortamlarda temiz bir lazer atmasinin olusturul-
masinin ¢ok zor olmasidir. Bu zorluk nedeni ile gorece zayif bir son-atma eklene-
rek bu atmanin sonuglara etkisi teorik olarak irdelenmistir. Bu son-atmanin, zaman
Ol¢eklerinin uzun olmasindan dolay1 BS ve 6zellikle ZPD kanallarini etkiledigi ve bu
iki kanalin iistiiste geldigi diisiik KER bolgesinde ayrismayi1 ve ayrigma asimetrisini
modifiye ettigi goriilmiistiir.
Cuviltili ultra kisa lazer atmalart konusunda “Atma Genisligi Korunan Civiltilama”
ismi verilmis olan civiltilama gekli teorik olarak dnerilmektedir. Bu yeni mekanizma
ile civiltilanmig lazer atmalarinin ayrigma verimini ve ayrigsmadaki asimetriyi kuv-
vetli bir gekilde modifiye ettigi bulunmustur. Civilt1 arttik¢a ayrisma veriminin arttigi
ve civiltr ile lineer bagimli sekilde diisiik enerjilere kaydigi goriilmiistiir. Bu pozitif
civiltt icin ATD kanalinin siddetlenerek diisiik enerjilere dogru kaydigini gostermek-
tedir.
Izotop etkisinin ayrintili arastirilmast ile ayrisma verimine ve asimetriye dair énemli
sonuclar elde edilmistir. Bu kisimda sistem metalik bir nanotipin civarina taginmagtr.
Bu sayede sistemin uzay-bagimli bir elektrik alan ile ayrigmasi saglanmistir. Kiitle-
nin artmasi ile ayrisma veriminin diistiigii, ancak ayrisma piklerinin daha yiiksek
enerjilere dogru, kiitle numarasina lineer bagiml olarak kaydig1 gozlenmisgtir. Tezde
ayrica uzay-bagiml yakin alanin sonucu olarak olugmus olan asimetri kontrasti da

ayrintili olarak incelenmistir.



ABSTRACT

DIRECTIONAL DISSOCIATION OF MOLECULES BY SPATIALLY AND
TEMPORALLY MODIFIED LASER FIELDS
In this thesis, the results of the four fundamental subjects of ultra-fast physics and
the theoretical foundations of these results are explained. In addressing these issues,
laser pulse has been modified in various ways, both spatially and temporally.
In the intensity dependence of dissociation, it has been shown in a simple way which
dissociation channel is opened at which intensity. In these calculations, the system
was moved around a nanotip and the effect of this nanotip on the dissociation chan-
nels was also examined.
In the second part, a post-pulse is added to the two-cycle, ultra-short laser pulse with
gaussian-envelope. The motivation here is that it is very difficult to create a clean
laser pulse in real experimental settings. Because of this difficulty, a relatively weak
post-pulse is added and the effect of this pulse on the results was examined theoret-
ically. This post-pulse has been observed to affect the BS and especially the ZPD
channels due to the long time scales and modifies the dissociation and asymmetry in
the low KER region where these two channels overlap.
In the case of chirped ultra-short laser pulses, the form of chirping, called ‘“Pulse-
Width Maintained Chirping”, is theoretically proposed. This shows that for positive
chirp, the ATD channel shifts towards low energies.
With detailed investigation of the isotope effect, important results were obtained re-
garding the dissociation yield and asymmetry. In this part, the system has been
moved around a metallic nanotip. In this way, the laser interacted with both the
molecule and the nanotip, and the system was dissociated by a space-dependent
electric field by creating a space-dependent near field around the nanotip. Both het-
eronucleus and homonucleus isotopes of the hydrogen molecule have been studied.
It has been observed that the dissociation yield decreases with the increase in mass,
but the dissociation peaks shift towards higher energies, with a linear dependence
on the mass number. In the thesis, the asymmetry contrast formed as a result of the

space-dependent near field is also examined in detail.
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CLAIM FOR ORIGINALITY

DIRECTIONAL DISSOCIATION OF MOLECULES BY SPATIALLY AND TEM-
PORALLY MODIFIED LASER FIELDS

In this thesis, four different problems subjected to atto physics and atto-nano physics are
discussed. These problems are intensity dependency of molecular dissociation, post pulse
effect on molecular dissociation, chirp effect on molecular dissociation and isotope effect
on molecular dissociation near metallic nanotips. In the first problem addressed in this
thesis, the intensity effect on molecular dissociation is clearly shown for the first time.
In second problem, new phenomena called as “Post-Pulse” is defined and investigated
for the first time. In third problem, a novel schema for chirping a laser pulse, called as
“Pulse-Width Maintained Chirping Schema”, is proposed and effects of this new schema
is investigated thoroughly. In the forth problem, for the first time, isotope effect is dis-

cussed in the perspective of molecular dissociation near metallic nanotip.
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ABBREVIATIONS

ADK Ammosov-Delone-Krainov

ATD Above Threshold Dissociation
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MO-ADK Molecular-Ammosov-Delone-Krainov
PES Potential Energy Surface
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QM Quantum Mechanics

TDSE Time Dependent Schrodinger Equation
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ZPD Zero Photon Dissociation
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SYMBOLS

D] Duterium Diatomic Cation
DT" Deuterium Tritium Cation
H; Hydrogen Diatomic Cation
HD*' Hydrogen Deuterium Cation
HT" Hydrogen Tritium Cation
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1. INTRODUCTION

The advent and steady evolution of ultra-short intense laser sources and momentum imag-
ing techniques, have placed the research in the fields of attosecond physics, especially the
ultrafast strong-field-matter interaction in general and photo-dissociation and ionization
processes in particular attention [2—15]. The simplest molecules available, i.e., the molec-
ular hydrogen, its isotopes and their ionic companions, have been used as standard mod-
els to examine the underlying complex dynamics arising when they are illuminated by
strong and short light fields. Particularly interesting phenomena, such as bond softening
and above-threshold dissociation have been experimentally demonstrated successfully in
these elementary molecular systems [5, 11, 12, 15-17]. Electron localization has been ob-
served in real time during molecule dissociation with recent experiments [18]. Amongst
the knobs available to manipulate and control these phenomena, laser peak intensity, car-
rier envelope phase, and pulse duration have predominantly been used [8, 19-21]. It
is possible, however, to manipulate the temporal and spectral shape of the driven laser
sources [22], thanks to the spectrally broad bandwidth of femtosecond pulses. Therefore
physics behind the strong-field-matter interactions for hydrogen molecule and its cation
is widely investigated [2—17, 23, 24]. Especially, the Bond Softening (BS) and Above
Threshold Dissociation (ATD) have been observed in the experiments for H, and H;“
[5, 11, 12, 15-17].

The hydrogen molecule has an interesting characteristic when it comes to the isotope ef-
fect. The hydrogen atom nearly doubles its mass by taking an additional neutron. There
is no other molecule in the universe that nearly doubles and triples its mass via its first
and second isotopes. This is the strongest isotope effect known by the human-beings and
both theory and experiment take advantages of this fact. Also, the isotopes of this tiny
molecule are the intermediate steps to the more complicated molecules, such as Lio, H>O,
CHy4, NH3, etc. In addition, there are ongoing investigations about photo-dissociation of

larger, organic molecules such as proteins, DNA, etc [25-34]. Many molecules, whether



they are diatomic or not, can be modeled as diatomic, with one atom on one side and
the remaining group on the other with suitable effective potentials. Therefore investi-
gating the phenomena with the heteronucleus isotopic molecules of hydrogen, namely
HD*, HT", D, DT* and T;, bridges the gap between hydrogen molecule and more
complex molecules and helps to understand and explain the physics behind several phe-
nomena. Thus, the control and manipulation of vibrational and electronic dynamics in
1sotope molecules of hydrogen are widely investigated [8, 35-38].

On the other hand, there is a research field called as nanoscale physics which studies to
understand and manipulate the physical phenomena occurs at nanoscale. This area of
research focuses on particles, molecules, materials, metamaterials, etc. One may check
references to reach some of recent reviews for the applications of nanoscience in opto-
electronics [39], nonlinear plasmonics [40, 41], surface plasmons [42], medical implants
[43].

Together with these, recently the two emerging research area, namely attosecond physics
and nanoscale physics begin to unite. Even though both attosecond physics and nanoscale
physics are well established, their emergence holds a lot of open questions. Some of these
questions are answered such as the dissociation of HQL in the vicinity of nanotips [44,
45], altering conductivity of dielectrics with ultra-short pulses [46], controlling driving
electron currents [47], managing electron emission induced by light from nanoparticles
and nanotips [48-52] and subcycle drive photoemission from solids [53-56], observing
dissociation of molecules near metallic structures real-time and real space [57].

In this thesis, we go beyond aforementioned phenomena and introduce new control mech-
anisms on directional dissociation during strong-laser-matter interactions. First we briefly
investigated the intensity-dependence of dissociation channels. Then we consider laser
pulse shapes modified in different ways, both spatially and temporally. One of the tempo-
ral modification is named as “Post-Pulse”. This kind of laser pulse consists of two succes-
sive ultra-short and strong laser pulses first of which is responsible to induce dissociation

in the molecule. The second laser pulse is created to mimic the noisy laser pulses in a



real experiment. Even though a clean, phase-stabilized ultra-short laser pulse is desired to
better understand the processes in molecules, this is often not the case in an experiment.
Therefore we begin to investigate the effect of a post-pulse theoretically to gain a better
understanding in the experimental results. Then we consider another temporally modified
laser pulse and study the outcomes from the interactions with phase-stabilized, ultra-short,
chirped laser pulses and molecules. To do so, we propose a new chirping schema [58].
Finally, we study a spatially modified laser field. In this case we move the laser-matter
system into the vicinity of a nanotip. This way the laser pulse interacts not only with the
molecule, but also with the nanotip, as well. Occurring from this interaction, due to the
surface plasmon resonance in the nanotip, a spatially-inhomogeneous field is shaped. We
systematically take this spatial inhomogenity into account in our calculations.

This thesis is arranged as follows: In second section, we revise the theoretical foundations
of strong-laser-matter interactions. In third section, our results are given. Conclusion is
discussed in the forth section. In appendices, vibrational level energies and KER-CEP

maps generated in this thesis are shown for all the molecules considered.



2. THEORY

In this section, we describe the fundamentals and theory of the ultra-short laser pulse and
molecule interactions we considered in the thesis. We first review the ultra-short laser
pulses and the laser-matter interaction dynamics and continue with the quantum mechan-
ical explanations of diatomic molecules. To make the process more realistic, we will as-
sume that the molecular cations occur dynamically by the ionization of parent molecules.
We calculate the ionization rates and ionization times and start the TDSE calculations at
these times. We prepare the initial nuclear wave functions as the superposition of different

vibrational levels by use of Franck-Condon coefficients.

2.1. Time Dependent Schrodinger Equation

Evolution of a quantum mechanical system over time is described by time dependent
Schrodinger equation (TDSE). It is a second order partial differential equation. In atomic
units (e = i = m, = 1) this equation is written as,

i%‘l’(ﬂt) = HY(¥,1) (2.1)

In this thesis this equation is used to determine the behaviour of molecules interacting
with laser pulses under different conditions. One of these conditions is the chirp, the
variating frequency of the laser pulse over time and the other one is near field effect
caused by a nanostructure interacting with a laser field. The other one of these conditions
is Post-Pulse (PP). PP is a satellite pulse following the ultra-short laser pulse. Lastly we

have investigated the isotope effect on dissociation near metallic nanotip.

2.2. Ultra-short Laser Pulses

An electric field pulse whose duration is equal or less than a picosecond (10~!2s) are
defined as an ultra-short laser pulse. This time-scale is less than the vibration period of

a molecule and is the order of electron ionization, resonant transition, etc. Ultra-short



pulses are sometimes called femtosecond pulses. Ultra-short laser frequencies cover a
broad spectrum, typically ranging between infrared and ultra-violet, and ultra-short pulses
are produced by various sources. Ti-sapphire lasers are amongst the most common ones
and emits tunable radiation between red and near-infrared (i.e., ~ 800-1000 nm) [59].
In a fundamental perspective, the time-scale of such pulses match well with the electron
dynamics of atoms, molecules and solids with which, e.g. time-resolved measurements
and inducing/probing electronic processes are performed. Therefore, the advances in
femtosecond lasers lead to the birth of ultra-short pulse, non-linear optics. And many var-
ious applications/technologies are made possible in fundamental research, materials and
biotechnology, etc., thanks to the ultra-short pulses. Some of the fundamental applica-
tion are; high-order harmonic generation [60—63], tomographic orbital imaging [64, 65],
attosecond metrology [66—68], coherent chemical reaction control [8], etc.

The mathematical form of the time-dependent laser pulse can simply be written as,

E(1) = Eof (1) cos(axt + §), (2.2)

where f(¢) is the pulse envelope (to encapsulate the ultra-short pulse) and cosine term
is the carrier of the pulse. @y is the angular frequency, where @y = 27/T, and ¢ is the
Carrier-Envelope Phase (CEP) of the pulse (see Figure 2.1). In case CEP is temporally
stabilized, becoming a transform-limited pulse, ¢ = ¢g is a constant. In order to reflect
the experimental measurements depending on the conditions, different functional forms
of f(¢) can be chosen as the envelope; such as Gaussian, sin-squared or trapezoidal, etc,

given as,



CEP

Figure 2.1 A diagram showing the carrier-envelope phase (CEP) between two ultra short

pulses.
(a) (b) (c)

Figure 2.2 Laser pulses with (a) Gaussian, (b) sin-squared and (c) trapezoidal envelopes.

Gaussian Envelope : ~ f(t) = exp(—t?/7?) (2.3)

Sin-squared Envelope :  f(t) = sin’(tm/7) (2.4)
sin®(tm/t), first n cycles

Trapezoidal Envelope :  f() = constant,  middle m cycles (2.5)

sin(tm/7), lastk cycles

One may change the rising and falling edges of trapezoidal envelope with Gaussian terms.
Pictorial representations with different envelopes of an ultra-short pulse is portrayed in
Figure 2.2.

Based on perturbation theory, the laser field impacts matter via the coupling term P.E,
where p is the dipole moment of the matter and E is the field vector. If we assume that

E = Eycos(axt)é., i.e. a linearly polarized light, and p = 7, then j.E = zEqcos(wyt).
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(a) (b) (©)

Figure 2.3 Laser pulses with (a) linear, (b) circular and (c) elliptical polarizations.

2.3. Chirped Laser Pulses

Chirp is a spectral property of laser pulses which can be defined as the change of the fre-
quency over time. A laser pulse gains chirp during propagating a transparent medium due
to the nonlinearities and chromatic dispersion. In semiconductor lasers or amplifiers chirp
can be acquired from refractive index changes essential to density changes of the carrier
[69]. All in all to chirp a laser pulse, fibers and grating pairs can be used experimentally

[70]. Mathematically speaking chirp is the higher order term in the wave function.

E(t) =Eof(t)cos (a)ot + ¢o + (2.6)

4In(2) N ,
z ) ’
where Ej is the peak-intensity, f(¢) is the envelope, @y is the frequency, @ is the CEP,
7T is the duration of the laser pulse, respectively. 71 is a dimensionless parameter which
indicates the degree of frequency change over time, i.e. the chirp parameter. For posi-
tive values of 1, higher frequencies come later in the tail of the laser pulse whereas for
the negative chirp parameters the lower frequencies are in the falling edge of the pulse.
Therefore a blue(red)-shift occurs for positive(negative) chirp values. Figure 2.4 shows
the temporal shape of zero (Transform Limited Pulse, TLP), positive and negative chirped

laser pulses with Gaussian envelope.



(a) (b) (c)

Figure 2.4 Two-cycle laser pulses with (a) zero, (b) positive and (c) negative chirp values
with Gaussian envelope.

2.4. Numerical Solution of the Time-Dependent Schrodinger Equation for Diatomic

Cation

To solve the dynamics of laser-matter interactions we employed the numerical solutions
of the time-dependent Schrodinger equation (TDSE) based on the interaction of a linearly
polarized laser field with a molecule. This equation is written as,

HFR,Y(FR, 1) = i%‘I’(F,R,t) (2.7)

where r and R stands for the electronic and nuclear coordinates, respectively. In the
next sections, we introduce the approximations we made on Equation 2.7. Solution of
Equation 2.7 leads to electronic and nuclear dynamics of the diatomic molecules we con-

sidered.
2.5. Born-Oppenheimer Approximation: Field-Free Hamiltonian of a Diatomic
Cation

The field-free Hamiltonian of the diatomic cation (such as H;r ) contains kinetic and po-

tential energy terms for nuclei and electron:

)
I

T,(#) + T,(R) + V.(¥,R) + V,(R)

1 1 02 z z 72
_ v2_ _Z_Z4= 2.8
2.“6 2‘LLn ) " rn * R ( )
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Figure 2.5 Diatomic molecular cation system

where the first and second terms of the Hamiltonian is the kinetic energy of the electronic
and nuclear motion, respectively. u, = M,/2 and u, =2M,/(2M, + 1) are the reduced
mass of the nuclei and electron, respectively, and M), is the nuclear mass. Third and forth
terms in the Hamiltonian are electron-nuclei interaction potentials and the last term is the
Coulomb potential of the inter-nuclear interactions. Coordinate definitions are shown in
Figure 2.5.

We apply Born-Oppenheimer approximation to solve the time-independent Schrodinger
equation. Born-Oppenheimer approximation is the principle realizes that the time scales
of electron and nucleus motions are different, one is much faster than the other. Based
on this approximation, the total wave function of the system can be separated as the wave
functions of electron and nucleus as, W, >~ V.V, with which, we can write our total

wavefunction as

Wiotal (F,R) = We(F;R) Wu(R). (2.9)

Using this approximation in the Schrddinger equation yields the separation of field-free



Hamiltonian into electronic and nuclear parts as follows:

Hellle == Eel//ey (2.10)

Hn‘lfn = En‘l’n» (2.11)

- —+—} Ve(F;R) = Eo(R) Y. (F;R) (2.12)

[182

—merEe(R)} Yu(R) = En¥n(R), (2.13)

for electronic and nuclear Schrédinger equations, respectively.

2.6. Model Diatomic Molecule

To solve Equations 2.12 and 2.13 is very challenging even numerically due to the degrees
of freedom. Even for the simplest molecule on Earth, H-, there are 2 nuclei and an
electron ,i.e. there are 9 degrees of freedom of this system. Mathematically speaking,
these much degrees of freedom express the number of equations one has to solve. To
simplify this system, we may consider a model diatomic molecule. In order to modify the
Hamiltonian of the system first we shift the origin of the coordinate system (see Figure

2.6). Simplification will be done in electronic kinetic and potential terms.

Z Z Z Z
V=—=-=Z = _ _
rn.on VA2 4+ (2 +R/2)7 /X4y + (- R/2)?
a a
~ — — 2.14
Vb([R)+(z+R/2)2  /b(R)+ (z—R/2)? 214
2
T, = 1v2~ L g (2.15)

2, 2U, 07

Simplification in the kinetic term arise from that z-direction is chosen for the polarization

10
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Figure 2.6 Diatomic molecular cation system in shifted coordinates.

of the laser pulse. Therefore it is assumed that the electron has non-zero momentum only

in z-direction. Hence the Hamiltonian of this simplified model molecule is stated as,

By = Ty(R)+Va(R) = —— iy (2.16)
n — n n = 2,unaR2 R’ :
ﬁe = 7Awe(ZH’Ve(ZaR)
2
_ Lo a _ a .1

292 /- R/2P+bR) /+R/2FTb(R)

Please note that electronic Hamiltonian depends on R-coordinate, parametrically. There-
fore Equation (2.10) can be solved for a constant value of R to obtain electronic wave
function. By calculating electronic wave functions for all the possible nuclei arrange-
ments, nuclei solution can be introduced which is enacted from effective potentials, so-
called Potential Energy Surfaces (PES). These potentials result from the population and
the energy of the electronic eigenstates.

a = 0.251 is a scale parameter and b(R) is a function to accurately reproduce the three

dimensional potential energy curves of the molecular cation.

11



(a) (b)

Figure 2.7 Potentials formed by hydrogen molecule during the dissociation triggered by
a laser field. Molecular potential (a) before the laser pulse arrives. (b) when the laser
pulse is at its peak.

2.7. A Molecule Interacting with A Laser Pulse

When a laser pulse hits a molecule, it bends the potential created by the atoms in the
molecule according to the direction of the electric field. In Figure 2.7 (b) this bend is
shown. Since the electric field in a laser pulse changes both its magnitude and its direction
within time, this bend occurs as a shake of the molecular potential. And during this shake,
atoms begin to move away from each other.

The Hamiltonian for a molecule interacting with a laser pulse can be written as,
H =T,(2) + T,(R) + V,(R) + V.(z,R) + Vi(z,R,1), (2.18)

where the first two terms are the kinetic energy terms of electron and nuclei, respectively,
third term is the potential between two nucleus, fourth term is the potential between nuclei
and electron and the last term is the laser-matter interaction term. For uniform linearly

polarized laser field and matter interactions the last term can be written as [71],

m; —my my+mo+2

Vi(z,R,t) = E(t z
i ) ®) mi +mjp my+my+1

(2.19)

which also accounts the mass asymmetry. Here, m; and m, are the nuclear masses. In this

12



thesis, only the length-gauge representation of laser potential is in use unless otherwise

stated. To propagate the time-dependent wave-function we use,

W(z,R;t + 8t) = exp(—iH 8t)¥(z,R; 1) (2.20)

We have splitted the hamiltonian into nuclear and electronic parts,

A

W(z,R;t + 8t) = exp(—iH,&t) exp(—iH,8t)¥(z,R;t) + O([H,, H,]) (2.21)

and from Padé approximation we may rewrite the time propagation operator as,

1—iH,8t/21—iH,5t/2
1 +iH,8t/2 1+ iH,5t/2

Y(z,R;t + 6t) ~ Y(z,R;1), (2.22)

where H, is the nuclear and H, is the electronic Hamiltonian. At this point we need to
first update the wave function using only electronic Hamiltonian. Then we may apply the
nuclear Hamiltonian. The order of this operation does not matter since the commutator
of electronic and nuclear Hamiltonians vanishes. Let us give a name to the first update

operation as,

(14+iH,6t/2)¥ (z,R;t +6t/2) = (1—iH,5t/2h)¥(z,R;t), (2.23)

(14 iH,8t/2)¥(z,R;t +8t) = (1 —iH,5t/2h)¥ (z,R;t +8t/2), (2.24)

where W' (z,R;t + 61/2) is the intermediate solution step named as half-time wave func-
tion. Note that we have used an intermediate step to update the wave function. Now we
may apply the finite difference rule on a grid to obtain update equations for ¥. The 2nd

order finite difference rule for an ordinary function follows as,

df  fim1—2fi+fi-1

5= 52 +0(8x%) (2.25)

13



By applying finite difference rule one may get,

ot 1 . Ot
(1+l 2 (V T2 ))T§+1/z,j,k_l%—5z2(ws+l/2j+lk+lPs+l/2,/ 1)

Ot 1 )
(1 - l? (V + 52 )) ‘{]S,j,k+ZW(\PS,j+1,k+lPS,j*1,k) (226)
e

51‘ 1 . ot
< (V + 6R2>> ‘Ps+1,j7k—lm(q’s+l,j7k+l+lPs+1,j-,kfl)

1 . Ot
= (l—l < m))lP§+1/2,j,k+’W(T;+l/21k+1+\Ps+1/21k !
(2.27)

These equations are tridiagonal matrix equations. To visualize, we rewrite the first one in

matrix form as,

148 —a 0 0 - 1-B  « 0 0

—-a 1+ —-a 0 o 1-f « 0

0 —a 1+f —a - |¥= 0 a 1-B a - |Y¥,
0 0 - —a 1+p 0 0 - a 1-B

(2.28)

where B = i% (V + ) and @ = i, To write the second equation in matrix

2L, 6 211,622 4,672

form is simple with slightly different o and 3 values. Since we begin by the known time-
step, RHS of Equation (2.28) is straightforward. Therefore this equation can be solved by
diagonalisation of the LHS. After this step, one may apply the nuclear Hamiltonian to P/
similarly, to obtain the updated W in time.

In this thesis, the simulation box is z € (—100,100) a.u. and R € (0,25) a.u. withdz=0.1

a.u. and dR = 0.1 a.u.. Time propagation runs for ~ 37 fs with time step dt = 0.0135 a.u..

14



2.8. Two-Level System for Hydrogen Cation

Hydrogen cation is simple enough of a molecule that can be described with only its first
two PES levels, which is called as gerade (1sog) and ungerade (2po,) states [8]. This
is also realized from the fact that first two energy states are energetically well separated
from upper energy states. Gerade and ungerade states are shown in Figure 2.8. These
states are obtained by changing the distance between the nuclei and resolving the Hamil-
tonian for fixed intermolecular distance using Shooting method [72]. Using the two-level
simplification, one may expand the full wave function for the internuclear distance and

the electronic coordinate in terms of the lowest-lying electronic states, as,

Wiotal (1 R;t) = |8)We(Rs 1) + |u) Py (Rs 1), (2.29)

where |g) is 150y state,

u) is 2poy, state, ¥, nuclear wavepacket corresponding to 1sc,
state and W, nuclear wavepacket corresponding to 2po,, state. Here the molecule is as-
sumed to be aligned with the polarization axis of the laser field. Inserting this ansatz into

the TDSE one gets the coupled equations as ([73, 74]),

O WelRn) ) [ e tVe®  Val® k) |
I\ @ (R.1) Ve(R) LT V(R W, (R:1)

where V,(R), V,(R) are the potentials corresponding to the 1so, and 2po, states and
Vau(R) is the coupling between them.
2.9. Origin of Asymmetry: Two-Level Case

Considering the two-level model for directional control of dissociation, we can write the
electronic wave-function in terms of gerade and ungerade states, their relative populations

and phase as [75],

15
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Figure 2.8 Potential energy curves for hydrogen molecular cation. Only gerade and
ungerade states are shown.

W) = colg) +e " culu) (2.31)

where ¢, (E;t) = ¢, and c¢,(E;t) = ¢, are the probability amplitudes of the gerade and

ungerade states, respectively. For amplitudes of the left and right side dissociations we

have,

1 .

L = 5(cépueﬂd’cu), (2.32)
1 .

cR = E(cg—e*ld’cu). (2.33)

Therefore, the probabilities of finding the electron on the left/right are found from,

P

1 . .
ler)? = A—L(|cg]2 + Jeul? +c;§cue_’¢ +cgchel?), (2.34)

*

1 . .
lerl® = 3 (legl® + leul® — cgeue™ — ccie®), (2.35)
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Figure 2.9 Representative channel contributions to KER and the interference regions of
ZPD, BS and ATD channels.

where the third and forth are the interference terms in both equations. From Equations

2.34 and 2.35, total probability of directional dissociation is found to be,
Proval = P+ P = ~(lcg 2 2.36
Yotal = PR+ P = 2(‘Cg| +|Cu’ )7 (2.36)

and similarly the asymmetry of dissociation becomes,

_ P—Pr Re(c;cue_i‘i’)

= r . 2.37
PLtBr JcgP o+ el (2.37)

A(E,9)

Two fundamental pieces of information emerge from this expression. First of all, it fol-
lows that A o« cos(¢@), meaning that asymmetry of dissociation, in other words electron
localization, varies with the phase. Second, while the dissociation depends on the ampli-
tudes of electronic states, asymmetry is related to the interference (or level of mixing) of

different electronic-states, with the same energy, during dissociation.

2.10. Dissociation Channels and Asymmetry

When the time length of laser pulse is shortened, CEP becomes important and causes new
physical phenomena.

After directional dissociation, electron localizes to the one of the nuclei. There is no
asymmetry between the localization in left or right! nuclei if the pulse is long. But when

the pulse is shortened, the destiny of the electron is determined by the laser parameters.

ILeft and right labels are just our choice. One may prefer to label the nuclei as up-down or 1-2... etc.

17



For the dissociation process triggered by short laser pulses, an asymmetry occurs in the
localization of electron. This asymmetry stems from the interference of different dissoci-
ation channels. When laser pulse is short enough, dissociation occurs through more than
one channel and these channels get round to mix with each other. This way gerade and
ungerade levels blend and asymmetry happens. This asymmetry is calculated by the flux

through two virtual detectors placed on the left and the right of the molecule, as,

(2.38)

where Py, is the directional dissociation probability through the right and the left virtual
detectors and subscripts R and L stand for right and left, respectively. Different dissocia-
tion mechanisms abovementioned are the Above Threshold Dissociation (ATD), the Bond

Softening (BS) and the Zero Photon Dissociation (ZPD). ATD, BS and ZPD occur via,

ATD: 1sog+3w — 1po, — lso, + O, (2.39)
BS: lso,+®— 2po,, (2.40)
ZPD: 1so,+0w — 1sog, (2.41)

respectively. Interferences of ATD - BS and BS - ZPD occur in 1.0 - 1.5 eV and 0.0 -
0.3 eV energy intervals for hydrogen cation. At these energy values, dissociation occurs
more powerfully and also the asymmetry is observed [8, 76, 77].

In Figure 2.10, ATD, BS and ZPD channels are shown diagrammatically. Here, laser
field dressed electronic states become adiabatic due the high intensity, allowing efficient

dissociation via different channels, as demonstrated in Figure 2.10.

2.11. Vibrational Levels of H}, D; and T, and Adiabatic Energy Curves

Adiabatic energy curves are formed when a laser pulse hits the molecule. During this

interaction, the ungerade state is down-shifted by number of the photon energy according
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Figure 2.10 Diagram for dissociation channels.

to the dissociation process and an avoided crossing between gerade and ungerade states
is shaped. This case called as “diabatic process”. The avoided crossing is being opened
as the intensity of the pulse increases. Thereby the dissociation processes can occur adia-
batically.

In Figure 2.11, vibrational levels of hydrogen, deuterium and tritium (orange lines) are
shown as well ass the gerade-ungerade states (blue lines), shifted-ungerade state by one-
photon (black line) and adiabatic curves (grey lines). Vibrational states are obtained by
Fourier Grid Hamiltonian method [78, 79].

Adiabatic curves are obtained as [80],

1
Ve=> (Vg +V,—ho+ \/(Vg —Vu+hw)*+ (hwR)Z) : (2.42)

where hag = (150, |E .d|2pc,), wg is Rabi frequency [81-83], d is transition dipole mo-
ment, E is laser pulse. Rabi frequency is a measure to identify the strength of radiative

coupling which can be used for high intensity regime.
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Figure 2.11 Vibrational levels, gerade state, ungerade state, diabatic and adiabatic poten-
tial curves for hydrogen, deuterium and tritium. Laser form is same as Figure 2.2 (a) with
intensity is 7 = 10 TW/cm?.

2.12. Permanent Electronic Dipole Moments of Heteronucleus Isotopes of Hydro-

gen Molecular Cation.

For molecules considered in this thesis, there are no charge difference in their nuclei. But
for heteronucleus molecules, masses of the nuclei are different from each other. This
makes the geometrical center and charge center different for heteronucleus molecules.

Therefore the molecule gains a permanent electronic dipole moment which enables the
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transitions between same electronic state [84, 85]. The transition moment elements are
given by,

Uy yr = — <V/|R|V>» (2.43)

where my /r 1s the mass of Left/Right nucleus and v is the vibrational level. To obtain the
transition dipole moment between the same electronic state one should consider v = v/

and this yields,

mp — mg

e ) (e £ m) (2.44)

Hyy = —

For homonucleus molecules, this expression obviously vanishes and for heteronucleus

molecules, the corresponding numerical values are given in Table 2.1.

| Molecule | Dipole Moment (De) |

HD™ (left oriented) || 0.85
HD™ (right oriented) || -0.85
HT™ (left oriented) 1.27
HT™" (right oriented) || -1.27
DT™ (left oriented) || 0.51
DT (right oriented) || -0.51

Table 2.1 Permanent dipole moments for heteronucleus molecules.

2.13. Initial Nuclear Wave-packet of the Molecular Cation

Another result from the fact that the electronic processes occur much faster than the nu-
clear one in the hydrogen molecule is that one can assume that the first ionization from the
parent molecule occurs instantaneously in comparison with the nuclear motion. There-
fore the transition is vertical from the ground state of hydrogen molecule to the ground
state of the hydrogen molecular cation as shown in Figure 2.12(a). As a consequence,
the wavepacket is populated on certain vibrational levels with different probabilities as
given in Figure 2.12 (b). Franck-Condon (FC) principle determines how likely to lo-

cate the wavefunction to which vibration level. The FC factors are determined from
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Figure 2.12 (a) Scheme for transition from the gerade state of hydrogen molecule to
the gerade state of hydrogen molecular cation. (b) Franck-Condon coefficients for the
transition of hydrogen, deuterium and tritium molecules to their cations. (c) Initial wave
functions for hydrogen, deuterium and tritium cations.

|(HJ, v|Hy,0)|? for Hj and then the FC-weighted initial wave-function becomes,

W) =Y A [Py), (2.45)

where |Wy) is the vibrational state of molecular cation and |0) is the ground level of parent
molecule. After the first ionization of the parent molecule, the cation is created and we
start the TDSE calculations at this time point. Based on Equation 2.45, the initial nuclear
wave-packet of the molecular cation is constructed as a superposition of the wave function

of vibrational states with use of the probabilities (see Figure 2.12(c)).

2.14. Molecule Ionization

In some experimental scenarios interaction with laser pulse begins with the molecule not
the ion. Ion, or the cation in our case, is produced during the interaction with laser pulse.
To imitate this situation, one may begin to model the dissociation process from the birth

of the cation. To determine the birth moment of the cation Ammosov-Delone-Krainov
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method extended for molecules can be used. Ammosov-Delone-Krainov (ADK) method
is the model to calculate the ionization probabilities in time for ionization of atoms via
tunnelling [86] during the interaction with a laser pulse. In 2002, [87] extends this model
to the tunnelling ionization of the molecules. This extended model is called as Molecular-
Ammosov-Delone-Krainov (MO-ADK).

The tunnelling ionization rate in a static field is obtained as [87],

B*(m) 1 (21(3

27, /k—|m|—1
) exp(—2x> /3Ey), (2.46)
Ep

Witar (Eo) = 2|m"m|' (2Zo K1

where E is the peak field strength of the field, m is the magnetic quantum number, Z, is
the effective Coulomb charge and k = /21, where I, is the ionization potential. Here

B(m) is calculated as,

B(m) =Y CiO(l,m), (2.47)
l

where Q(/,m) is the coefficient of the spherical harmonics along the direction of 6 ~ 0,

0(1.m) = (—1)'"\/ s (2.48)

with / being the angular momentum quantum number of the electron. Equation 2.46 can

be generalized to the nonstatic electric fields as follows,

3Ey

1/2
M3) witar (Eo). (2.49)

wiEw =

2.15. Accumulation of Ionization Rates

In this thesis, we use MO-ADK to determine how strong and when the first ionization
occurs in parent molecule. We have started TDSE calculations at these time points and
mix their results by using the ionization rates at relative times. There are two different
aspects to mix the results. One of which is the incoherent calculations. We have consid-
ered that the first ionization finished before the dissociation begins. In this aspect, the two

physical phenomena are independent from each other. Therefore the calculations started
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from different times and the results are summed via mixture rates, as follows;

Ol ()= [ wiont) 0L, 1) @50

where O is any physical observable.
In the opposite extreme, we consider a maximal coherence between the launched wave-

packets. Hence, we calculate an approximate H; wave-function as

Y(r,R;t) =Y (r,R,t;t1)+

/Wion,rel (t)H(t —1;)¥i(r, R, 1:1;)dt; (2.51)

as the coherence accumulation, where W;(r, R, t;1;) is the wave-function of H;“ launched at
t;, H(t —1;) is the Heaviside step function and wjoy rei (i) = Wion(ti) /Wion(t1) is the relative
ionization rate of Hp. However, as we approximate the integration in Equation 2.50 with
a summation, it is also convenient to approximate the integral in Equation 2.51. In this

case, Equation 2.51 can be written as,

lP(I‘,R,l‘) :‘Pl(r,R,t;tl)

+ Zwion,rel (tn)H(t - tn)\Pn(r; R,1; tn)
n

(2.52)

where 7, = nT(t) /2. Thus, the energy-dependent dissociation probability for a maximal

coherent case is calculated from
Ptot,coh(E) o< Wion(tl)P(E)- (2.53)

We base the first part of our calculations and results on the incoherent accumulations of
the wave-packet by eliminating the interference of the wave-packets in order to elaborate

the impact of individual cations. In the second part we calculate the impact of coherent
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Figure 2.13 Near-field effect due to the laser-nanotip interaction near the nanotip. The
arised electric field depend on the distance. The gradient in the nanotip represents the
charge distribution.

accumulation of the wave-packets. In all cases, we assumed that launched wave-packets

are initially in the FC distributed vibrational levels on the 150, states.

2.16. Enhanced Near-Fields of The Metallic Nanotips

In the vicinity of a metallic nanotip, the laser field not only interact with the molecule
but also interact with the nanotip itself. This interaction creates an additional electric
field due to the cumulative movement of the free electrons inside of the metallic nanotip.
The laser field wafts the free electrons inside of the metallic nanotip to the one side of
the nanotip. This situation creates charge excrescence at both side of the nanotip, one of
which is negative and the other is positive. In consequence of this charge excrescence
an extra, distance-dependent electrical field arises. Hence this electric field is spatially
inhomogeneous. This electrical field is called “The Near-Field” and is visualised in Figure
2.13. This electrical field contributes to the laser field and creates a distance dependency
in the total electrical field.

To mathematically express the near-field one may use the formula, E(z) ~ exp(—z/d),
where d is the decay length [88-90]. As d goes to infinity, the electrical field becomes

less and less inhomogeneous.
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Figure 2.14 Alignments for different molecules subjected to this thesis. (a) (b) (c)
Homonucleus (d) (e) (f) left oriented heteronucleus (g) (h) (i) right oriented heteronu-
cleus molecules.

2.17. Potential Term in The Vicinity of A Metallic Nanotip

When an additional electric field occurs in the surrounding of the molecule we study, we
need to take into account this field, as well. To do so, we have to modify the electric field

part in the Hamiltonian such as [91],

Z R
Vi(e,1) = /0 E(Z,1)d7 — /0 E(Z/2,1) — E(—7/2,1)]dZ. (2.54)

In this thesis, the decay length is treated as the inverse of the inhomogenity parameter, i.e.
the curvature radius of the metallic nanotip and inhomogenity parameter is scanned from

0.000 au~!, no inhomogenity, to 0.032 au™!, max inhomogenity.

2.18. Molecule Alignments with respect to the Nanotip

In this thesis, molecules are assumed to be aligned with the polarization direction of the
laser pulse. This is also the direction of the nanotip strike.

In Figure 2.14 alignments for all the molecules subjected to this thesis are shown. Het-
eronucleus molecules are considered in two different alignments, one of which is named

as “left-oriented” and the other one is “right-oriented”. Left-oriented molecules are the
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ones with the heavy atom placed closer to the nanotip (see Figure 2.14 (d) (e) (f)) and for
the right-oriented ones, heavy atom placed further away from the nanotip (see Figure 2.14
(g) (h) (1)). The system with the most anisotropy is left-oriented HT ™. For this molecule,
heavy atom is subjected to higher electric field and this is the molecule with most mass

difference.

2.19. Molecule Ionization in Near Field

Because of the fact that the electric field is modified by the near field effect in the vicinity
of a nanotip we need to revise the MO-ADK calculations. Due to that the near field
depends on the spatial coordinate, we average its contribution over the space as a first
order approximation. The position of the nanotip and the calculation grid is shown in
Figure 2.15.

Near field of a nanotip is mathematically represented as [88-90],

Epear field < e_ROZa (2.55)

where R is the inhomogenity parameter defined as,

Ry=1/d. (2.56)

Here d is the decay length. Other part of the electric field depends on the time and acts

like constant for near field. If we average the near field over the space we get,

1 Zmax B 1 .
(Enear field) o / e Roigy = sinh(RoZmay)- (2.57)

2Zmax —Zmax 0<max

For the full electric field used in isotope effect calculations, we get,

/2
(27)?

(E) =

Sinh(R0Zmax ) exp (—4 In(2) ) cos(wt+¢). (2.58)

0<max

For the cases with nanotip, inhomogenity parameter is showed up in the equation.
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2.20. Extracting Physical Observables

To extract physical observables related to the directional control of dissociation such as
kinetic energy release and momentum distribution, we use virtual detector method [92,
93]. This method considers the time-dependent behaviour of the wavepacket at a fixed
space point, R;, which can be defined as “position of virtual detector”. In this method,
the spatial array needed to extract the momentum distribution is reduced significantly.
Also this method is faster than Fourier Transformation (FT).

In the viewpoint of Quantum Mechanics (QM), the wavepacket in any representation con-
tains all the necessary information about a physical system. For example, the momentum
distribution of a system is given by the FT of the wavefunction that expresses the system,

such as;

1

P (k) = W/‘P(r)exp(—ikr)dr. (2.59)

According to this formula, the momentum distribution depends on the global behaviour
of the wavefunction. Therefore, the momentum distribution information can be extracted
from the time dependence of an outgoing wavepacket at a fixed point in coordinate space.
Here by ““space point”, one should deduce a literal grid point for a 1D problem, an array

for a 2D problem and a hypersurface for 3+ dimensional problems.
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Let us rewrite the wavefunction as,
W(7,t) =A(F t)exp(i¢(F,1)), (2.60)

where A(r,1) is real, time-dependent amplitude and ¢ (r,7) is a real time-dependent phase.
To extract the information at a given position r; which is contained by the wavefunction,

one can consider current density, j, at r; of an outgoing particle of mass m, in general;
2 - 1 — = — — = —
7ty = 5. (‘P*(rd,t)V‘P(r,tﬂ;:,—;l - ‘P(rd,t)V‘P*(r,tﬂ;:;d) . 2.61)

One may substitute Equation 2.60 in above formula to get,

—

= 1
j(féz,t):ﬁp(fé],t)V(P(lﬁ,t), (262)

where p(7y,t) is the density probability. The momentum in terms of the phase is,

k(7. 1) = Vo (7,t). (2.63)

Now we may apply a binning/histogramming procedure to acquire the momentum dis-
tribution. The probability of finding the number of events AN with momenta k within a
small momentum interval Ak around a momentum value k; is given by,

Ak Ak

AN (k;) = Ak / dtj(rat), fork € k= ki+ =) (2.64)
0

In the limit of infinitesimal momentum intervals, this equation contains a Dirac delta

function and becomes,

dN <o /
T /Odt](rd,z)é(k—k(rw)
© (8t —t)
— dtj(rg,t)—m————, (2.65)
;/0 ‘ ‘%(tm)‘
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where k’ is the momentum at 7,,. To obtaion Kinetic Energy Release KER distribution,

P(E), we have used the following formula;

P(E) gy [ trat) (K~ k(ras1). 2.66)

2.21. Contrast

When the directional control of dissociation process is transferred to the vicinity of a
nanotip, the asymmetry is effected from the resultant local near field and “asymmetry
in asymmetry”, i.e. the contrast occurs [45]. Contrast is directly proportional to the

difference between the maximum and the minimum of the asymmetry and is defined as,

(2.67)

2.22. Volume Averaging

In a real experiment laser pulse is focused to a really small area, yet its intensity changes
within that area. Therefore not all of the molecules are subjected to the laser pulse of the
same intensity. The ones that relatively away from the focal center are interacting with a
relatively less intense laser field. This effect is called as “volume effect” (see Figure 2.16)
and to compare the theoretical results with experimental ones in a healthier way, theorists
should emulate this effect as well [94, 95].

To model this effect, we can average the results of different volumes where the intensity

of the laser pulse is assumed to be constant.

_ [P()dl - P(I)
Proal = / N v At (2.68)

where P is the dissociation probability of molecules and 7 is the intensity of laser pulse.
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Figure 2.16 Visualization for Volume Effect. (a) Sketch for an experimental setup. (b)
Cross-section of laser pulse.

2.23. Semi-classical model

Yavuz et al. have recently devised a simple semi-classical model to complement the
underlying mechanisms of molecular dissociation. The model is based on the dynamics
of a model “classical” particle driven by the electric field, however certain “non-classical”
electronic transitions due to quantum-mechanical photon absorptions are allowed([45]).

The classical equations of motion are defined as follows:

)

k=~ LW (RA) =~ (Ve (R) + V(R) (269)
R 'R

Here p,, is the reduced proton mass, D, (R) and D, (R) are the gerade and ungerade states,
respectively, and V(R,7) is the field-matter interaction potential. We solved 2.69 by
velocity-Verlet algorithms. The model enables classical simulations of dissociation via
different channels. For each case, the non-classical transitions are allowed at the critical
dynamical bond length, R’, at which the energy difference matches the multiple of the
incident photon-energy, i.e. V,(R') — V,(R') = nhiwy. To simplify the problem we solely
focused on the diabatic transitions. For each dissociation channel certain level of bond
stretching is required. For diabatic BS; net one photon transition (g — u) occurs at 4.7 A.
For diabatic ATD; three photon transition occurs first at 3.3 A (g — u), followed by a one
photon release at 4.7 A (u — g). Finally ZPD is the dissociation channel via stretching
the bond distance with no net photon absorption.

As an example, we studied the field-induced semi-classical dissociation dynamics of H2+

via BS channel. The results are shown in Figure 2.17. Here we assumed that the particle
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Figure 2.17 Field-induced semi-classical dissociation dynamics of Hzr via BS channel.
(a) Time-dependence of the bond distance. Bound and dissociated regions are indicated.
The electric field used is also shown. (b) Corresponding trajectory of the semi-classical
particle. For R > 10 a.u. distances dissociation occurs with kinetic energy of ~ 0.6 eV.
A gaussian pulse with two-cycle duration at FWHM and intensity of 10 TW /cm? is used.
An initial velocity of 1.24 x 107?a.u. is taken (see text).

is initially in the non-classical v = 9 vibrational state. For H2+ this corresponds to a
E = 1.91¢V energy and 1.24 x 102 a.u.. In our simulations, during the motion of the
initially bound semi-classical particle, once R = 4.7 A, then (g — u) transition occurs at
t = 0. This means that the particle subsequently experiences a repulsive force resulting
in an induced dissociation as shown in Figure 2.17(a). The corresponding kinetic energy
of dissociation is found to be ~ 0.6 eV, as shown in Figure 2.17(b). Quantum mechanical
calculations as well as experimental measurements have shown that kinetic energy release
from the v = 9 vibrational state of H2+ via BS channel is around 0.8 eV. Thus, our simple

semi-classical simulation agrees fairly well.
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3. RESULTS AND DISCUSSION

3.1. Dissociation of H2+ by Femtosecond Pulses

We first calculate the KER of dissociation of H2+ by a femto-second pulse. We used a two-
cycles Gaussian-type pulse with 800 nm wavelength. This corresponds to a pulse with a
5.4 fs duration at FWHM. Figure 3.1(a)-(b) show the KER spectra of the Hj molecule
for two different laser intensities, namely I = 20 TW/cm? and I = 300 TW/cm?. The
initial vibrational state is chosen to be the lower vibrational state, v = 0. For the low laser
intensity case, e.g. [ =20 TW/cm?, the initial-state, v = 0, lies well below the threshold
for the 1w-crossing (i.e., BS), which is the dominant dissociation channel. Thus, in the
KER plot of Figure 3.1(a) we observe only contributions from vibrational-excitations.
For I = 20 TW/cm?, the adiabatic threshold for KER is v = 5 (corresponding to a ~ 0.1
eV) and higher v levels are hence allows the molecule to dissociate. As seen in Figure
3.1(a), a more or less continuous P(E) distribution in the region of energies 0 ~ 1.5 eV
are observed. They primarily originate from BS channel, where these indistinguishable
peaks, with an increasing trend, come from v ~ 5-9 vibrational level dissociations. Here,
v =9 is also the threshold for the diabatic BS. Beyond 0.8 ¢V, i.e. for v > 9, KER of
dissociation again decreases as these levels are non-resonant and, more importantly, prone
to vibrational-trapping (see Figure 3.1(c)). On the other hand, the weak shoulders above
1.5 eV are either from higher-order dissociation channels or due to the broad spectral
width of the pulse (vide infra). At higher laser intensities, e.g. I = 300 TW/cm? (Figure
3.1(b)), the influence of the plasmon-enhanced field on the KER spectra is much more
pronounced. The adiabatic potential surface of the 1soy state is highly suppressed and
the initial level v = 0 can easily undergo to a dissociation via tunneling. Namely, the
dissociation probability P(E) is greatly enhanced in the KER range 1 — 2 eV, which may
originate from the ATD channel. The broad spectral bandwidth of a 2-cycle fs pulse
(see Figure 3.1) leads to sampling of continuous photon energies within Awy ~ 0.2 eV for

a central 1.55-eV pulse. This results in contributions to KER from different vibrational
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Figure 3.1 KER distribution of the dissociation of H; at low (a), and high (b) intensities.
Red vertical lines in (a) represents the BS-channel vibrational comb. A Gaussian-type
laser with a two-cycle pulse at FWHM and CEP ¢ = 0 is used. (c) Diabatic and adiabatic
potential curves at low and high intensities. (d) Spectral distribution of a two-cycle and
eight-cycle pulse.

channels with continuous distributions with AExgg(v) = hAay, instead of discrete KER
peaks (here, AExgg 1s the broadening in KER). This is the source of indistinguishable
distributions we observed in Figure 3.1(a)-(b).

The intensity dependence of KER of H;“ dissociation exhibit interesting phenomena, as
shown in Figure 3.2(a). The graph clearly show the emergence of the higher order chan-
nels with increasing intensity. For relatively weak fields within 10 — 20 TW /cm?, one
can see that BS channel contribute predominantly to KER, evident from the maxima oc-
curring around 0.8 eV and the span of dissociation upto ~ 1.5 eV. To support this finding
we calculated the dissociation probabilities for fixed field intensity as a function of initial
vibrational level. The results are shown in Figure 3.2(b). We see that the maximum dis-
sociation occurs at v =9, corresponding to KER at 0.82 eV in the diabatic limit, which is
consistent with our findings for low intensities. As the intensity is increased upto around
200 TW/cm?, the KER range is still within 0-1.5 eV, suggesting that BS channel is still

the dominant one. But the maxima is reduced to lower KERs, for instance, around 100

TW/cm? intensity the maximum is ~ 0.5 eV. This can be attributed to lowering of the
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Figure 3.2 (a) Intensity dependence of the KER of dissociation of H;“ . (b) Dissociation
probabilities as a function of the initial vibrational state. (c) Intensity dependence of the
KER of dissociation asymmetry. Volume averaged asymmetry, based on (c). (d-top) A
diagram representing the possible distributions of ZPD, BS and ATD channels with their
interferences leading to KER dependence of asymmetry. A Gaussian-type laser with a
two-cycle pulse at FWHM and CEP ¢ = 0 is used.

adiabatic potential barrier with increasing intensity (see the diagram in Figure 3.1(c)), al-
lowing dissociation even from lower vibration levels. Finally, there is an obvious opening
of the ATD channel above 300 TW/cm?, since strong dissociation occurs between 0-3 eV
for this region.

Figure 3.2(c) shows the intensity dependence of asymmetry of H;“ . Since asymmetry is

established when different dissociation channels interfere, we see that for low intensities
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there is weak asymmetry at very low KER due to overlap of ZPD-BS channels. As the
intensity is increased we see that asymmetry is increased and due to the emergence of
BS-ATD channel overlap asymmetry occurs around 1 eV. We also calculated the volume-
averaged asymmetry and the results are shown in Figure 3.2(d). The graph shows that
the asymmetry is enhanced when ZPD-BS and BS-ATD channels interfere (see also the

diagram on top of Figure 3.2(d).

3.2. Influence of Post-Pulse on Directional Control of Dissociation

To better understand/characterize the electronic processes in molecules, a single, noise-
free, clean and phase-stabilized ultra-short pulse is often desired (see e.g. Figure 3.3(a)).
However, this is a major challenge experimentally and, therefore, we first attempted to
theoretically understand the influence of a post-pulse to directional dissociation [96].
With this, we anticipate that if a satellite (pre- or post-pulse) pulse could be used in a
controllable manner, their presence can be engineered for the electronic processes, which
adds a new dimension to the field. The mathematical form of the laser field we prepared

is as follows:

E(t) = Eofo(t)cos(wot + @) +E,p fpp(t — At)cos(wot + @pp), (3.1)

where the first term is the main pulse and the second term is the post-pulse; At is the
time-delay between pulses. Ep and E,, are the field amplitudes, fo(z) and f,,(t + Af)
are the pulse envelopes and ¢ and ¢,, are the CEP of the main pulse and post-pulse,
respectively. We chose a main pulse with 5.7fs and a post-pulse with 8fs duration and
time-delay is chosen to be 18 fs, as shown in Figure 3.3(a)-(b). The intensity of the main
pulse is 150 TW/cm? and the amplitude of the post-pulse 5 fold weaker then the main
pulse, corresponding to 1,,, = 6 TW/cm?. Comparing Figure 3.3(c) and (d), we observed
that with the presence of a post-pulse, dissociation is coherently enhanced in the low KER
region, for which ZPD and BS channels are responsible. High KER regions, where ATD

is effective, are clearly not effected by the post-pulse.
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We then calculated the dissociation asymmetry of directional control. The results are
shown in Figure 3.4. We observed that high KER regions are typically not effected by
the post-pulse, whereas there is a systematic variation in the low KER regions with the
inclusion of the post-pulse. Specifically, near 0.2 eV there is a substantial increase in
directional asymmetry with the post-pulse. Since the overlap of ZPD-BS channels are
responsible for the observed asymmetry in this region, the results suggests that both chan-
nels are collectively affected by the post-pulse. We suspect that the moment of electronic
transition and the stretching of the molecule at this moment is the reason for the observed
variation in directional dissociation. To support this finding we performed semi-classical
simulations introduced in 2.23.. As shown in the Figure 3.5, ATD channel is activated ear-
liest and BS channel comes later, since in the diabatic limit ATD starts at around R = 3.3
A and BS starts at around R = 4.7 A (see Figure 3.1(c)). Since no net photon is absorbed, a
classical bond-breaking occurs in ZPD. Therefore considering the time-scale of dissocia-
tion; ATD<BS<ZPD, e.g. the time-scale of ZPD is the slowest. Thus, we see from Figure
3.5 that the reason why the ATD channel (or high KER regions) are not effected by the
post-pulse is that, dissociation via ATD occurs so early that it finishes already before the
post-pulse comes in. In contrast, ZPD occurs in a longer time-scale that it continues as
long as the post-pulse sweeps the molecule. Since both BS and ZPD channels are effected
considerably by the pulse-pulse, the variation in directional asymmetry in the low KER

region due to the BS-ZPD overlap.

3.3. Directional control of Dissociation via CEP-Controlled Chirped Laser Pulse

In this section, the directional dissociation via CEP-controlled chirped laser pulses will
be discussed under two main titles. First we investigated two-level system for Hydrogen
molecular cation with CEP-controlled chirped laser pulse to gain preliminary understand-
ing about the system. Then we solved the TDSE to fully analyze the chirp effect on

molecular dissociation.

38



30 T T T T : 30 — T T T T
——27PD
25 | -
20 | | -
—_— ; :
= s 15 .
o

0 1 2 3 4
Kinetic Energy (eV)

time (fs)

Figure 3.5 Post-Pulse (PP) simulation results with the semi-classical model of different
dissociation channels; ZPD, BS and ATD. (a) Variation of the dynamical inter-molecular
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3.3.1. Analyze of the chirped laser pulse

Due to the group-delay dispersion (gdd), i.e. derivative of the group delay with respect to

the frequency,

gdd(o) = B/2(0 — ay)?, (32)

chirping a laser pulse introduces polychromy and increases the temporal pulse bandwidth
by,
t=(1+1%)m, (3.3)

and reduces the intensity by,

I=I/(1+n?), 34

with 7y being the total duration and Iy being the intensity of the transform limited pulse
and n is the chirp parameter (see Figure 3.6). Diminution in intensity and elongation
in pulse duration is something we don’t desire. Because in this case total dissociation

is suppressed due to pulse-elongation [1] and lower intensities suppress ATD channel.
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Also, this factor hinders the CEP-control which is crucial for observing the asymmetry.
To overcome these issues, as shown in Figure 3.6, we keep the temporal duration and the
intensity of the chirped pulse constant in our calculations. The mathematical forms of our

transformations are shown by,

I
1+ =1, — T

(1+n?) G

The graphical representations of the procedure we introduce, namely pulse-width main-
tained chirping, is shown in Figure 3.7. Therefore, if one wants to perform the experiment
of the calculations in this thesis, the individual need to begin with suitable intensity and
duration values to end up with 150 TW/cm? as intensity and 5.4 fs as duration. The initial
duration and intensity values are shown in Figure 3.7. The Fourier Transform (FT) of the
wavefunction yields its spectral form. To analyze spectral forms, we have performed a
Fast Fourier Transform (FFT) on the chirped laser pulse. The FT of a function, f(¢) is

given as,

Flo) = / Z Flt)exp(—iwt)dt. (3.6)

Here we consider the waveform as the function we want to transform. Therefore, the

function we get is,

F(w) = /oo Egexp(—41n(2)t*/(27)%)cos (a)t + o+ W) exp(—iot)dt. (3.7)
When FT applied to the chirped pulses we used in our calculations, optical shapes are
obtained as given in Figure 3.8. We only consider the second half of the laser pulse for
Fourier Transform due to that we started the TDSE calculations from the peak of the laser
pulse. Because we only consider the half of the laser pulse, the shapes in Figure 3.8 are
not an exact Gaussian rather a disturbed one. Also peaks in Figure 3.8 shift to lower

wavelength or higher angular frequency by chirp.
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Because we use chirped laser pulses, phase of the pulse changes over time with,

¢(t) = ¢o+

4 In(2)nt?
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Figure 3.9 Spectral forms of pulses with different chirp values.

After the FT, one may extract the phase by using the imaginary and the real parts of the

transformed function as,

0(w) = Arctan (?(Fﬂ) : (3.9)

We have shown the @ variation of the phase in Figure 3.9. For 1 = 0 we have got a

constant line at ¢g = 0. For other 1) values shape is negative-quadratic.
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3.3.2. Two-level model calculations

For a preliminary understanding of the chirp effect on CEP-controlled directional disso-
ciation, we first investigated the two-level model for the dissociation of H; with chirped
laser pulses, based on the ansatz that the wave-function is expanded in terms of attractive
ground 150, (gerade) and repulsive first excited 2po, (ungerade) states. Here we consider
a perturbative chirping, i.e. |d@(t)/dt| < 1. For a clear understanding, we take the initial
wave-packet to be at the electronically excited ungerade state, since, otherwise a large
residue of the initial state would remain in the ground state. We start the calculations
on the peak of the envelope of the laser pulse because of the fact that we know from the
MO-ADK calculations that the 1st ionization of a neutral hydrogen molecule occurs at the
peak time with most probability. This means that the hydrogen cation molecule is mostly
created at the peak time of the laser pulse. As we can see in Figure 3.10 for negative chirp
values the temporal width of the pulse gets narrower and for positive chirp values it gets
wider. To determine the inter-state transitions and dynamical origin of such transitions
(i.e., adiabatic, diabatic, or mixed dynamics), we calculate the avoided-crossing passage

probability by the Landau-Zener formula as

Pdiabatic(R7t) = exp(_ﬂvug(R)z/(47ra)ON(R)E(t»)a (3-10)

where V. (R) is the coupling between states such as,

Vig (R) = V(R) — Vi (R). (3.11)

When Vi, (R)? > a1 (R)E(t) the transition is fully adiabatic and when V,¢(R)? < wopt (R)E ()
it is fully diabatic. Figure 3.10 shows that, the fully adiabatic part, where the wave-packet
stays in the ungerade state, finishes at ~ 2.5 fs and fully diabatic part starts at ~ 6.2 fs
for the TL pulse, where the wave-packet occasionally jumps between the states, i.e. at the
zero-crossings of the field (see Figure 3.10(c)). For positive(negative) chirp values, these

happen earlier(later). For positive chirp, higher frequencies appear later in the falling
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edge, resulting in a more rapid change per cycle (see Figure 3.10(a)). Electronic transi-
tions happen earlier, maximum transition probability per-cycle is reduced and localization
is established in the left nucleus (A < 0), after when the electron population freezes out
(see Figure 3.10(d)). For negative chirp, falling edge is at lower frequencies; the elec-
tronic transitions happen later and maximum transitions per-cycle are increased, resulting
in an increased asymmetry in the mixed(adiabatic+diabatic) dynamics part (i.e., within
2 — 6 fs). The electron localization is therefore established in the right nucleus (A > 0).
Regardless of the sign of chirp, absolute asymmetry is enhanced relative to that of the TL

pulse and a linear variation of asymmetry with chirp in the form of A «< —n is found (see
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Figure 3.10(d)) [58].

3.3.3. MO-ADK calculations for neutral hydrogen molecule

By using Equation 2.49, we obtained the peak ionization rates and their occurrence mo-
ments. Then we have started the TDSE calculations at these moments and we combined
the results via ionization rates in both coherent and incoherent manner. Figure 3.12 shows
the time-dependent ionization rates, wjy, (), of Hp, forming H, subjected to an ultra-
short chirped laser field. We have found that the first ionization from the neutral hydrogen
molecule occurs mainly at three moments one of which corresponds to the peak time and
the other two correspond to the second-most-strong time of the laser field. The ionization
appears to have three peaks separated by a half-cycle. There are two second-most-strong
peaks in a whole laser pulse and we name the ionization probability peaks corresponds
to these moments as “satellite peak”s. Main peak is at r = 0 and two satellite peaks at
the rising and falling edge of the laser field. The ionization rate at peak time is relatively
stronger then the other two satellite peaks (see Figure 3.11 (a)). With change of the chirp
from negative to positive, while the main peak stands steady, both of the satellite peaks
slide linearly to a later time. On the other hand, for earlier satellite, the height gets higher
and for the later satellite, it gets shorter as the chirp changes negative to positive. Figure
3.11(b) shows the CEP dependence of the ionization time, ¢;, of the main and the second
main peak for TL and a positively chirped pulse, n = 0.7. As CEP variates, main peak
and satellite peaks shifts to later times with the carrier’s peak and while main peak looses
power, first satellite peak gains it. When CEP is equal to 7, the power of main peak and
satellite peak are met. And for CEP values greater than 7, satellite peak becomes main
peak. As shown in Figure 3.11(c), the instantaneous ionization rate at f;, i.e. Wiop(t;), of
the main and second main peak oscillate with ¢y with 7 periodicity. The oscillations of
the main peak are almost unaffected by the chirp, except around ¢ = /2, but the second
main peak signally left shifted. The peaks unite at ¢ = 7 /2 since these two peaks become

identical (due to the time profile of the laser field at ¢ = 7/2) and are separated by a
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Figure 3.11 MO-ADK calculated time-dependent ionization rates of Hy, forming H,
by a chirped laser field. (a) Temporal variation of the ionization rates, wio,(t), in —2 fs
<t < 2 fs for different chirp values. Inset is a zoom to the temporal range 1 fs <7 < 1.6
fs. (b) Ionization time, #; of the main and second main peak as a function of CEP for TL
and positively chirped pulse. (c) Ionization rates of the main and second main peak at
t =t; as a function of CEP. “total” corresponds to the sum of the ionization rates of these

two peaks. An 800 nm Gaussian pulse with two-cycles at FWHM and I=150 TW/cm? is
used.

half-cycle at this phase.
Figure 3.12 shows the time variation of the ionization probability. We see that ionization

probability for hydrogen molecule begins to increase when first second-most-strong peak
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Figure 3.12 First ionization probability of H, obtained by MO-ADK calculations with
chirped pulse and TLP

time arrives. Then a plateau occurs for a short period of time. When the peak of the pulse
turns to come, raising in the ionization probability boosts and gets even higher. And after
a small plateau again, for the second second-most strong peak time, we see another gain in
first ionization probability. Due to the delay in the second-most-peaks for chirped pulse,
the increment for these parts starts a little bit later for chirped pulse. The important thing
here is that, first ionization probability goes upper for chirped pulse then TLP around the
first second-most-strong peak time, resulting in a higher population on H;“ vibrational
levels. Because of this difference, the first ionization probability ends up at a little bit

higher value for chirped pulse.

3.3.4. TDSE results for the CEP-controlled chirped laser field

In this section the results for chirped-field-induced directional dissociation obtained from
Time Dependent Schrodinger Equation (TDSE) is discussed. We first calculate the tem-
poral variation of the dissociation asymmetry for different chirp values relative to the
values obtained by the TL pulse. As shown in Figure 3.13, we first assume that H; is

populated by the ionization of H; at the peak of the pulse at r = 0 for each case for a
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Figure 3.13 (Top) time variation of transform-limited (TL) pulse and chirped pulse for
zero CEP case. (bottom) Variation of asymmetry with respect to time for different chirp
parameters.
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Figure 3.14 Snapshot of the wave-packet probability distributions near the maximum
intensity instant, for the case of (left) transform-limited pulse 1 = 0, and (right) chirped
pulse, 1 = 0.7. Horizontal dashed lines indicated the position of the virtual detectors.

rational comparison. With the TL pulse, asymmetry oscillates starting from t = 12 fs and
converges beyond t = 25 fs, at which the asymmetry is established. The time difference
between the peak of the pulse and the time when sizable asymmetry occurs, results from
the fact that it takes some time for the dissociative wave-packet to reach the detector at

R =10 a.u. (see Figure 3.14 for a clear understanding). With chirp, the wave-packet os-
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Figure 3.15 KER-CEP maps of directional dissociation for different values of chirp; from
negative to positive values.

cillations are disturbed, relative to the TL pulse, and we observed a linear increase in the
amplitude of the initial sizeable asymmetry around ¢ = 13 fs. This causes different levels
of oscillations at later times resulting in chirp dependent asymmetry. Figure 3.14 shows
the snapshots of the wave-packet distribution for TL vs. chirped pulse when ¢ ~ 15 fs.
The figures show that, while the large portion of the incoming dissociating wave-packet
is localized at the right-side for the TL pulse driving case, the situation is reversed and the
localization occurs at the left-side for the chirped pulse. This leads to asymmetries with
opposing signs for TL vs. chirped pulse, which supports our findings in Figure 3.13.

Figure 3.15 shows KER-CEP maps of dissociation probability for various chirp values.
For each case, we see peaks around KER=1.3 eV osciallating with CEP. The periodicity of
these oscillations are 7, as expected. Starting from zero chirp, we see that the dissociation
increases(decreases) with increasing positive(negative) chirp. Interestingly, the diagonal
stripes lean towards the right-side with positive chirp, whereas it leans towards the left
side with negative chirp. The figure clearly shows the strong coherent control over the

dissociation reaction in molecules with chirped pulses.

3.3.5. Directional Dissociation and asymmetry in incoherent accumulation

There is a linear increase in the directional dissociation probability by chirp which can
be seen in Figure 3.17(a). The increase is even more dramatic within the KER range of
1.0-1.3 eV. The maximum of the distribution appears to be left shifted, consistent with the
recent experiments for longer pulses [97, 98]. To understand such variations, we have cal-

culated the level-resolved contributions to dissociation. Different channels, launched by
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Figure 3.16 A diagram showing our procedure for the calculations: starting from the
ionization of H, modelled by MOD-ADK, we simulate the dissociation of H; by TDSE.
Different strong channels leading to wave-packet dissociation and KER spectrum by ab-
sorbing different number of photons are also shown.

photon transitions between electronic states and at different vibrational states, contribute
to dissociation, as shown in Figure 3.16. Identification of these channels through KER is
necessary to determine the physical mechanism responsible for dissociation [16]. Typi-
cally, in the low (i.e., 0 — 3 eV) KER region three major electronic transitions between
the ground (1soy) and the first excited state (2po,) lead to dissociation; (i) zero-photon
dissociation (ZPD): 156, + 0w — 150, transition, i.e., absorption of net zero-photons,
(i1) bond softening (BS): 1so, + ® — 2p0,, i.e., absorption of net one-photon and (iii)
above-threshold dissociation (ATD): 1so, +3® — 2po, — 1s0g + @, i.e. absorption of
net two-photons. Therefore, Exgr = n® — |Ey | yields the energy of the dissociating wave-
packet from different channels, where E, is the vibrational energy and 7 is the number of
net absorbed photons. Here, to eliminate the time-dependence of the laser frequency due
to chirp, we considered a time-averaged frequency as, (@) = @y + 1 /7 for the analysis of

the results. First, (Exgg) = n[wy+1n/t| — |Ey|, in fact, enounce that the kinetic-energies
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Figure 3.17 (a) Variation of CEP-integrated KER spectra of dissociation by chirp. Inset:
Zoom in to the 0.1-0.3 eV interval. (b) Contributions to the dissociation from different
vibrational levels. Inset: Zoom in to the 5-7th vibrational states. (c) Energy curves of
diabatic (grey) gerade and ungerade states (green) and possible BS and ATD dissociation
channels. Diagram also illustrates how positive (+), transform-limited (0) and negative (-)
chirp influence vibrational population transfer to the same vibrational state, based on (b).

of the dissociating wave-packet is independent of chirp, since lower(higher) vibrational
levels would in turn contribute to KER if positive(negative) chirp is used. To demostrate;
for a TL pulse (n/7 = 0) with A = 800 nm (and wy = 1.55 €V), the KER of H;r dis-
sociation through the BS (n = 1) channel is launched from the v =5 and higher levels.
But when /7 = 0.1 ¢V and @y = 1.55 €V, this threshold becomes v = 4. Therefore,
the variation of KER spectra with chirp is caused by the variations in vibrational excita-
tions. To support this, we calculated the chirp-dependence of the dissociating vibrational
population rates based on the projections of the dissociating wave-packet to each vibra-
tional state, v, for positive, TL and negative chirp values. As shown in Figure 3.17(b),
and with the help of the diagram in Figure 3.17(c), we find that the vibrational levels are
coherently de-populated with positive(negative) chirp relative to the TL pulse. Its effect
is more pronounced within the KER range 1.0-1.3 eV, since both v > 9 rendering the BS
channel and first few v rendering the ATD channel (of which are at high populations)
collectively contribute this KER range (see Figure 3.17(a)-(c)). We also calculated the
chirp-dependent dissociation probabilities by simulating wave-packet propagation at dif-

ferent initial vibrational levels. As shown in Figure 3.18, further increase in positive chirp
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Figure 3.19 CEP variations of KER-integrated directional dissociation probability for
different chirp parameters. The KER range is chosen to be 1.0-1.5 eV. The colour scheme
for chirp parameters is the same as in Figure 3.17.

results in slight relative increase in the dissociation from the v = 5 level. Dissociation
from this level is weak in all cases since, it lies slightly above the dressed electronic states
(hwp = 1.55 eV, | E5 |= 1.44 eV). In contrast, dissociation increase from v = 6 with chirp
is more pronounced (| Eg |= 1.24 eV). For higher levels v > 7, dissociation is decreased
with increasing chirp. To conclude, the variation of KER in the dissociation probability
is directly related to the variations in vibrational population transfer by chirp and to the
dissociation channel.

When we average the directional dissociation probability within the 1.0-1.5 eV interval,
we obtain the CEP variation of dissociation probability, which is given in Figure 3.19.
Dissociation probabilities oscillate with CEP and the amplitude of the oscillations in-
crease with increasing chirp as well as the phase of the CEP (namely, phase-of-phase)
dependence increase with chirp. Both BS and ATD channels contribute to dissociation in

this KER region.
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Figure 3.20 KER-CEP maps of asymmetry for (top) TL pulse, (middle) positive (n =
0.7) and (bottom) negative (n = —0.7) chirp values. At the top of each figure, a scenario-
wise distributions of channel contributions leading to the calculated KER-CEP maps are
shown.

We next calculate the CEP-dependence of dissociation probability and electron-localization
asymmetry in ultra-short chirped laser pulses. The energy-resolved electron-localization
asymmetry, A(E, ¢), is computed from A = (Pg — P)/(Pg + Pr) with the help of Equa-
tion 2.7, where Py /L(E, ¢) corresponds to directional dissociation through the right/left.
Chirped CEP is indeed time-dependent having the analytical form ¢ (¢,1) = ¢ +nt% /72,
where 1¢? /7% can be considered as the instantaneous phase variation in CEP, i.e. “phase-

of-phase” [99]. To comprehend how chirp affects the CEP dependency of dissociation
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Figure 3.21 Averaged asymmetry plots over different KER regions. (a) High (1.3 - 1.5
eV) (b) middle (0.8 - 1.0 eV) (c) low (0.1 - 0.3 eV) energy regions.

probability and asymmetry, we time-averaged the chirped CEP as a first-order approx-
imation and found that (¢(z,m)) = ¢o +4n/3. This indicates that the phase-of-phase
typically varies linearly by 41 /3 with chirp [58].

We calculate the KER-CEP maps of the dissociation and asymmetry for various chirp val-
ues and present CEP variation of asymmetry results with KER integration over different
energy ranges presented in Figure 3.21. First, Figure 3.20 shows the impact of zero, pos-
itive and negative chirp values on asymmetry. One can see a strong chirp modulations in
the CEP-dependent asymmetry. Asymmetry maps for the negative chirp consists of uphill
diagonal weak stripes modulating with CEP and increasing KER as shown in Figure 3.20
(a). However, these stripes appears to be downhill for the positive chirp with enhanced
asymmetry (vide infra).

Figure 3.21 shows the CEP variations in the chirp dependent KER-integrated asymmetry

for different KER regions. For high-energy region the amplitude of asymmetry of direc-
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tional dissociation linearly decreases and CEP-dependence right-shifts for both positive
and negative chirps. For the mid-energy region the amplitude linearly enhances and the
CEP-dependence right-shifts from negative upto positive chirp. Finally, in contrast to the
mid-energy case, for low-energy region the amplitude of asymmetry reduces and right-
shifts. Specifically, a linear-fitting of the 1 variation in the CEP positions of the maxima
for the 1.3-1.5 eV region, 0.8-1.0 eV region and 0.1-0.3 eV region (see Figure 3.21) gave
aslope of 1.214+0.09, 1.40+0.12 and 1.92£0.45, respectively, which are consistent with
4/3 (~ 1.33) in the first-order approximation for CEP, i.e. (¢(¢,1)) = ¢ + 41 /3. Based
on these considerations, one can, in general, approximate the CEP variation of asymmetry
for a certain chirp in the form of A(¢, 1) ~ Ag(1n)cos(¢), where ¢ = ¢(n) (see Figure
3.21).

Even though there is a linear relationship between the chirp and the CEP-dependence
of asymmetry, it is clear that the mechanism behind the right-left shifts and the varia-
tion in the amplitudes for different chirp values and for different KER regions is much
more complicated as presented in Figure 3.20. But, apparently, from our analysis of
the dissociation probability and its relation to the dissociation pathways show that they
are playing the central role here. Besides, in general, interferences between states with
different parity, e.g. between gerade and ungerade states in case of H, are needed to
achieve asymmetry in electron localization [37]. Such superpositions can be reached by
interferences of different dissociation paths such as ZPD and BS or BS and ATD. How-
ever, as in our case, this asymmetry can also be established in a single dissociation path
with varying photon-transition energies in chirped pulses. The ZPD-BS interference and
BS-ATD interference produce asymmetry in the low and the remaining (mid and high)
regions, respectively. For the low KER (0.1-0.3 eV), v ~ 5-7 levels contribute to BS
and very high v values contribute to ZPD in ultrashort pulses, but their probabilities are
low (see Figure 3.17(b)). The decreasing amplitude in the asymmetry from negative to
positive 11 observed for the low KER in Figure 3.20 is due to the systematic increase

in the dissociation from BS relative ZPD in this KER region. In other words, increasing

55



—~ 4 \ w -1

a2 ot » e (@), L (b)

R -. 1 10 ‘-

By o “l 1L 110 "‘-‘

=0 .- 1L 10 -

51 » | Lo

QO "I‘ 1.‘-..‘—'.-'

0 0.5 1 15 20 20 0.5 1 1.5 2

KER (eV) KER (eV)
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dissociation from BS relative to ZPD results in an overall decrease in the overlap of ZPD-
BS KER regions. This is also evident from the systematic increase in the dissociation
in the low KER region shown by the inset of Figure 3.17(a). For the high KER range
(1.3-1.5 eV) the asymmetry of the negative chirp (in Figure 3.20(a)) decreases relative
to TL pulse, which can be attributed to the decreasing dissociation rate for both BS and
ATD in this region. The decrease in the asymmetry for the positive chirp — even though
dissociation rate increases — is due to the shift of ATD to lower KER region, resulting
in reducing BS-ATD overlap. These are also in compliance with increasing asymmetry
around mid KER region 0.8-1.0 eV for positive chirp as well as weak asymmetry for the

negative chirp in the same region relative to the TL pulse, as shown in Figure 3.20.

3.3.6. Asymmetry in coherent accumulation

In this part, with the aid of Equation 2.52 and Equation 2.53, we calculate the dissocia-
tion and asymmetry of H2+ in chirp pulses by considering a coherent accumulation of the
wave-packets, i.e., assuming that the individually launched Hzr wave-packets dynamically
interfere within the laser pulse. We calculated the dissociation using Equation 2.66 and
the asymmetry via A = (Pg — P.)/(Pg + P). The KER-CEP maps in Figure 3.23 shows
that the overall appearances for different chirp values are similar to those we obtained
for the incoherent case shown in Figure 3.20, which suggests that the energetic contri-
butions of the dissociating pathways responsible for the KER-CEP maps in the coherent
accumulations are nearly the same as of the incoherent case. However, looking at the fine

structures and comparing them with those in Figure 3.20, we observe that there are slight
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differences in asymmetry between incoherent and coherent cases around half integer 7
values of CEP but the difference is less for the integer 7 values. This stems from the fact
that for the latter a sole strong peak at t = 0 predominantly contributes (see Figure 3.11)
to the dissociative ionization process.

There is still CEP-dependent oscillations in asymmetry for different KER regions and we
observed a linear relationship between 1 and CEP for the coherent case, as shown in Fig.
Figure 3.23. Fit results in consequence of coherent calculations give slopes 2.77 4+ 0.32,
1.94 £0.29 and 3.38 +-0.70 for high (1.3 - 1.5 eV), middle (0.8 - 1.0 eV) and low (0.1
- 0.3 eV) KER regions, respectively. The results are systematically higher than those of
the incoherent accumulation and also the first-order approximation for the phase-of-phase
(i.e., (§(¢,m)) = ¢po+4n/3) appears to underestimate the slopes (i.e., 4/3) for the coherent
case. Specifically, the correlation between 17 and asymmetry seems to be relatively weak
in the low energy range for both incoherent and coherent accumulations due to very fine-
scale oscillations and complexity in the asymmetry with KER in this range.

In conclusion, we have investigated the chirp effect on CEP-controlled dissociation and
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Figure 3.24 MO-ADK ionization rates in the vicinity of a nanotip. Inset is the zoom for
right additional satellite peak. See the text for details.

asymmetry and found that exploiting the chirp modulates electron localization during
dissociation. Dissociation is enhanced by chirp and CEP dependence of both the dis-
sociation and the asymmetry shift with the chirp parameter. We find that ZPD, BS and
ATD pathways are selectively induced depending on the sign and value of chirp and their
interferences alternatively contribute to the KER spectra. We explored the dissociation
dynamics in the context of incoherent and coherent accumulations of the individual H;“
wave-packets launched at different phases, arising from the strength of the wave-packet
interferences. We found a linear relationship between the chirp and asymmetry in electron
localization for both cases. We anticipate that our results for the chirped pulses provide
an alternative perspective in the sub-cycle control of electron dynamics in molecular re-

actions.
3.4. Isotope Effect on Dissociation in the Vicinity of a Nanotip

3.4.1. H; ionization in the vicinity of a nanotip

In this section MO-ADK calculations with a nanotip are under discussion. In Figure 3.24,
we see the first ionization rate of hydrogen molecule and its isotope molecules variated
in time. Unlike the case in plain laser pulse [87], there is additional two satellite peaks

shows up for Ry = {0.024, 0.028, 0.032} au~! and in total, there are five peaks for these
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Figure 3.25 CEP variation of MO-ADK ionization rates in the vicinity of a nanotip.
Increase in the nanotip inhomogenity results in a boost in the strength of ionization rate.
See the text for details.
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inhomogenity values. The reason behind these occurrence is the order of stiffening in
electric field for these inhomogenity values. The order of strengthening is so high that
even for the descending and ascending parts of the laser pulse is enough to ionize the base
molecule. Other than that, there are three peaks for all of other inhomogenity values. And
in general, we see a boost in all of the peaks by the rise of the inhomogenity values.

In Figure 3.25 we see the CEP variation of MO-ADK rates for all the isotope molecules
and the hydrogen molecule. Main peak and second peak show opposite characters by
CEP variation. While main peak is in its maximum, second peak minimizes and vice
versa. On the other hand, there is a strong shift in ionization rate with inhomogenity to

higher values.

3.4.2. Isotope effect on directional dissociation

In this section, we present the results for dissociation for HEL and its homonucleus iso-
topes. We begin our calculations with a relatively weak intensity case (10 TW/cm?) to

explain the physics behind the dissociation. For such low intensities typically BS channel

59



is dominant. In this preliminary calculation, we have not considered ionization from par-
ent molecule. Therefore we assume that the cation is populated before the interaction with
few-cycle laser field (i.e., at t = —o0). We consider an initial FC-averaged wave-function
as the nuclear wave-function. Under these conditions, the adiabatic energy curves take
the form as shown in Figure 2.11. This makes it possible for H;“ to dissociate from
v = 6th level to v = 12th level. This is compatible with the dissociation profile we see
in Figure 3.26 for hydrogen. Also we see from Figure 3.26 that the KER of dissociation
maximum corresponds to that from the v = 8th level. For deuterium, we observe disso-
ciation within 0.2-1.2 eV which results from the dissociation from v =8th-18th levels.
For 0.5 eV, there is a maximum in Figure 3.26 and this maximum is connected with the
dissociation from the v=10th level. Finally, for tritium we observe that the dissociation
predominantly occurs at ~1.15 eV and the lower energy channels are suppressed. Based
on the analysis shown in Figure 2.11 we see that no vibrational levels can contribute to
this dissociation via BS. Therefore we speculate that the source of dissociation is the ATD
channel from the v=5th-10th levels. On the other hand, there is a dramatic decrease in
dissociation yield as the reduced mass increases. This can simply be explained by the
increasing mismatch between the timescale of laser pulse period (2.7 fs) and molecular
vibrational period of a cation (T >~ 27 \/% ~ 14 fs ‘%, where u and A are the reduced
mass and mass-number for the diatomic cation.). In order to complement our findings, we
also performed two level model calculations for isotopes presented in Section 2.8. Figure
3.27 shows the time-dependent wave-packet probability distributions of H, D; and T;
cations. We assume that in all cases the wave-packet is initially in the ungerade state and
the field-induced ionization occurs at the peak of the field and dissociation is established
for R > 10A. With these, Figure 3.27 clearly shows that the dissociation of H2+ occurs
faster and that of T2+ slower.

Next we consider the full-size case, i.e. we include the field-induced ionization of parent
molecule into our calculations and perform volume averaging to mimic a realistic experi-

mental case. The intensity range is chosen from 10 TW/cm? to 150 TW/cm? for volume
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averaging with a total of eight steps within this range. For each intensity value we scan
forty CEP values between 0 and 27z. For each intensity and CEP values, two main start-
ing times are considered. For each case, 10 inhomogenity values are used. In total, we
considered 9 different isotopes. Thus, a total of 57600 TDSE calculations are done in
parallel. Each calculation takes ~4.5 hours, which corresponds to nearly 30 CPU years
of run time.

The CEP-KER maps for dissociation of HJ, D;F and T;r are given in Figure 3.28. Be-
fore we dive deep into the inhomogenity effect we would like to analyse the isotope ef-
fect with a perturbative inhomogenity. Therefore we choose to present the KER-CEP
maps of dissociation with homogeneous field, i.e. inhomogenity is zero, and perturbed-
inhomogeneous field, i.e. inhomogenity is relatively small, 0.008 a.u.~!.

For hydrogen, we observed that the maximum of dissociation is around 1.2 eV and the

CEP variation has a,

P(E,¢)=P(E,¢ +7), (3.12)

periodicity. Also, there are small bumps at around 0.7 eV and 0.2 eV for hydrogen. Dis-
sociation yield systematically reduces as the reduced mass increases as shown in Figure
3.28 (a), (c), (e), which can again be attributed to the increasing mismatch between the
timescales of laser-field and vibrational periods. The maximum of dissociation shifts to

higher KER with increasing reduced mass. For deuterium, it is 1.4 eV and for tritium,
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it is 1.6 eV, consistent with the literature [100]. Also, the dissociation yield in low KER
regions are systematically suppressed as the reduced mass increases. These observations
can also be seen in the CEP-integrated plot for hydrogen, deuterium and tritium in Figure
3.29. Similar to hydrogen, the CEP variations of deuterium and tritium both have a &
periodicity. However, we observed that, the CEP oscillations become more strong as the
reduced mass increases. To quantify this effect, we used a contrast parameter in the form
(Pnax — Pnin) / (Pmax + Pin), similar to Hua ef al. [100]. We found that the contrast is
0.07, 0.19 and 0.42 for hydrogen, deuterium and tritium cations, respectively.

When the field inhomogenity is perturbatively incorporated, as shown in Figure 3.28 (b),
(d), (f), we first observed that the position of the maxima are largely maintained and the
dissociation yield increases in all cases with field inhomogenity. Similar to the homo-
geneous case, the dissociation from lower KER is suppressed. On the other hand, field
inhomogenity has a dramatic effect on CEP variation [45]. The m-periodicity is clearly
broken and the periodicity manifests itself as 2. Although, this is not clear from Fig-
ure 3.28 (b) and (d), the break in the 7-periodicity can be seen from Figure 3.28 (f). To
demonstrate the 27-periodicity for all isotopes, we calculated the KER-integrated CEP
variation of dissociation yield within KER ranges 1.0-2.0 eV. To better visualise this ef-
fect, we employed the formula, (P(@) — Puyg)/Pavg, max- The results are shown in Figure
3.28 (g) and (h). Again, Figure 3.28 (h) clearly shows that a conventional 7-periodicity is
broken and it manifests itself with different variations for different isotopes. We also cal-
culated the contrast in CEP variation with field inhomogenity using the aforementioned
contrast parameter and found values as 0.05, 0.17 and 0.45 for hydrogen, deuterium and
tritium cations, respectively. Thus, our results show that field inhomogenity and isotopes
are both have strong controls over the directional dissociation.

In order to generalize, we also calculated the dissociation from heteronucleus isotopic
cations in addition to the homonucleus ones. As shown in Figure 3.30, the reduction
in dissociation yield with increasing reduced mass can be clearly seen for homogeneous

case (Ry=0.000 a.u.~!). Dissociation is systematically enhanced with different field inho-
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mogenities and the reduction in the dissociation yield is maintained.

Figure 3.30 (b) shows the KER position of the maximum dissociation as a function of
reduced mass. The results show that there is an almost linear increase in KER position.
Therefore we fit the values to a linear function and found that it is in the form A/10+ 1,
where A is the mass number of the diatomic cation.

Dissociation in homonucleus molecules:

We calculated the CEP integrated KER distributions of diatomic molecules near the nan-
otip. The full maps of these results are shown in the Appendix section. Figure 3.31 shows
the escalating dissociation probability with rising field inhomogenity values. For all val-
ues, there is a peak arising from the intersection of two dissociation channels, namely ATD
and BS around 1.15 eV for hydrogen. And there is a second rise in low energy regime
which corresponds to BS and ZPD channels around 0.2 eV. With increasing field inho-
mogenity, the dissociation is systematically enhanced, but the KER profiles are largely
maintained for hydrogen cation. The influence of field inhomogenity is more apparent
for deuterium and tritium cations as shown in Figure 3.31 (b)-(c). First the peaks of the
dissociation are shifted by 0.2 eV and 0.5 eV for deuterium and tritium relative to that of
hydrogen cation, respectively. Similarly, the dissociation is enhanced with increasing field
inhomogenity. However we observed that there is a clear evidence that field inhomogenity
has a strong control over the dissociation at low-KER region for deuterium and tritium. In

addition, dissociation is also dramatically enhanced for high KER of tritium. The strong
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control of field inhomogenity at low KER is attributed to the longer length scale of ZPD
channel that decently matches with the length scale of spatial field inhomogenity [45]. In
other words, for ZPD channel, the molecule is so stretched that it feels the field enhanced
by the plasmonic field. On the contrary, the apparent modification of field inhomogenity
at very high KER in tritium led us believe that the dissociation is influenced by field inho-
mogenity when the dissociating wave-packet is in gerade state which is the case for ZPD
and ATD channels.

Dissociation in heteronucleus molecules:

Figure 3.32 shows the CEP integrated KER distributions of dissociation for heteronu-
cleus molecules. Due to broken mass symmetry, we calculated cases where either the

lighter or the heavier atom is close to the nanotip. We called these as “left-oriented” or

65



HD

a b
1.00E+8 @) 1.00E+8 ®)
) )
S 1.00E+5 S 1.00E+5
o o
° °
o Q
s 1.00E+2 5 1.00E+2
@ Q
(=) (=)

1.00E-1 1.00E-1
HT*

c d

1.00E+8 © 1.00E+8 C)
3 el
S 1.00E+5 S 1.00E+5
o o
o °
o Q
s 1.00E+2 5 1.00E+2
@ 2
(=} (=}

1.00E-1 1.00E-1
pT*

e f

1.00E+6 () 1.00E+8 U]
E El
& 1.00E+3 £ 1.00E+5
5 8
o a
g TOOE+0 g TOOE+2
a a

1.00E-3 1.00E-1

0.0 05 1.0 15 20 25 0.0 0.5 1.0 1.5 20 25
KER (eV) KER (eV)

Figure 3.32 KER variations of dissociation yield for left-oriented ((a)-(c)-(e)) and right-
oriented ((b)-(d)-(f)) HD™ ((a)-(b)), HT™ ((c)-(d)), DT ((e)-(f)).

“right-oriented” cases. We observed that increasing field inhomogenity always enhances
dissociation but for some cases it obviously effects the KER profile of dissociation at dif-
ferent KER regions. This difference is relatively small for both HD* and HT* as shown
in Figure 3.32 (a)-(d). For left-oriented DT the dissociation is typically 2 orders of mag-
nitude lower than the right-oriented case (see Figure 3.32 (e)-(f)), since in the former case
tritium atom is closer to the nanotip. For right-oriented DT, the dramatic modification
in high KER (> 2.0 V) is due to the ATD channel and comparing left- and right-oriented

DT, there is an apparent difference in the low KER region caused by the ZPD channel.

3.5. Isotope Effect on Asymmetry

Next we calculated the directional control of dissociation in different isotopes and fo-

cused on asymmetry based on the full numerical solution of TDSE presented in Section
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2.7. The incoming laser pulse couples with the nanotip and creates a local, spatially in-
homogeneous field due to surface plasmon resonance. Therefore, the field is enhanced
near the nanotip surface. This causes potentially an alternative dissociation control in
molecules, since the molecular motions (vibrational, electronic, etc.) are coupled with the
spatial inhomogenity. When the main axis of the diatomic molecule perfectly aligns with
the apex axis of the nanotip, the dissociation will be maximized. These effects have been
first demonstrated by Yavuz et al. [44, 45]. In this thesis, we go beyond and explored the
isotope effect of such process. First, we investigated the dissociation triggered by laser
pulse in H, D; and T;r molecules with only their first two levels. These two levels are
called as gerade and ungerade states. The initial wave function is assumed to be in unger-
ade state. This choice is made due to the fact that, otherwise, much of the wavefunction

stays at gerade state and it becomes hard to observe the process and the physics behind it.
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We have calculated the diabatic probability by use of the Landau-Zener formula and see
that the beginning of the mixed state (diabatic and adiabatic state) shifts to later times
as the reduced mass increases. During mixed era (adiabatic-diabatic mixed), transitions
between gerade and ungerade state causes the asymmetry. Because the starting time of
mixed era shifts to later times as the reduced mass increases, the settlement in asymmetry
occurs later times for Deuterium and the latest for Tritium. Such as in the chirped pulse
case, we see instantaneous downs in diabatic transition probability at the moments when
the intensity of laser pulse is zero which indicates that the adiabatic transitions occur
transiently at these moments. Also the intensity of these downs gets bigger as the reduced
mass decreases, meaning the transitions happens more dramatically for molecules with
higher mass. Because the adiabatic transitions end earlier for hydrogen molecule (at 5 fs,
see Figure 3.33), the gerade and ungerade states do not find time to get mixed one more
time which eventuates in the negative asymmetry sign. But for deuterium and tritium,
adiabatic-diabatic mixture lasts longer and thus the sign of asymmetry is positive for
these molecules.

Asymmetry in homonucleus molecules:

We then calculated the time variation of asymmetry and the results are shown in Figure
3.34 using the full numerical solution of TDSE. For a homogeneous field (Ry = 0), we
observed that the asymmetry first oscillates roughly for 15 fs for hydrogen, 20 fs for deu-
terium and 25 fs for tritium. This can be attributed to the slowing timescale of molecular
motions. The starting time of the oscillations are also shifted which is again related to
the slowing wave packet motion. We found that the asymmetry of directional dissocia-
tion significantly reduced by increasing isotope mass. We suggest that the reduction in
asymmetry is due to the weakening in the field strength at the moment of dissociation
for increasing isotope mass. When we shift the CEP by 7, we observed that for all iso-
topes the variation of asymmetry is exactly the same as that of zero CEP, but the direction

of dissociation is opposite. In other words, there is a A(¢ = 0) = —A(¢ = 7) inversion
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Figure 3.34 Asymmetry variation in time for Hydrogen, Deuterium and Tritium cations
for CEP = 0O (solid-lines) and CEP = 7 (dotted-lines), without (grey) and with (colour)
nanotip.

symmetry, which means that a & change in CEP fully drives the dissociation in the op-
posite direction for homogeneous fields. When we incorporated the field inhomogenity
(Ro = 0.008 a.u.~!) we saw that its impact systematically decreases for increasing mass.
The time profile of these asymmetry oscillations are modified and the aforementioned
inversion symmetry is broken. Based on the parameters we chose, we observed that the
asymmetry is dynamically modified in the vicinity of a nanotip, but the asymmetry is es-
tablished nearly in the same direction in all cases. This can be due to the field parameters
we chose. In the next sections, we will comprehensively show that the field inhomogenity
typically enhances the dissociation asymmetry. For homogeneous fields, it should be ob-

vious that A(¢ =0) — (—A(¢ = 7)) = 0, meaning that the inversion symmetry is fulfilled,
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Figure 3.35 KER-CEP maps of asymmetry in the dissociation of H; (1st-row), DEL (2nd-
row) and TIL:r (3rd-row) without nanotip (Ist-column) and with nanotip (2nd-column).

in other words the contrast in asymmetry is zero. However, as Yavuz et al. [45] showed

field inhomogenity introduces asymmetry contrast due to non-uniform spatial distribution
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of the plasmon enhanced field near the nanotip. We found that the contrast in asymmetry
reduces with isotope mass, i.e. H;“ >D; >T§r (see Section 3.5.1. for details).

Figure 3.35 (a), (c) and (d) show the KER-CEP maps of directional asymmetry in H D2+
and T;r in homogeneous fields, respectively. We found strong variation in asymmetry with
isotope mass. Typical asymmetry is maximum for H; and it decreases with increasing
isotope mass. We observed that the strong CEP variation in asymmetry is around 1.2-
1.3 eV consistent with the maximum KER position of dissociation in H;“ shown in Figure
3.28 (a). This asymmetry is caused by the BS-ATD overlap. Weak variation in asymmetry
near 0.7 eV and 0.2 eV is also consistent with the dissociation yield shown in Figure 3.28
(a). For D;“ and T;“ we observed almost no apparent asymmetry in low KER regions,
since dissociation vanishes shown in Figure 3.28 (c) and (d). The field inhomogenity
(Ro = 0.008 a.u.”!) enhances asymmetry in all isotopes, but the difference between the
homogeneous and inhomogeneous cases increase with isotope mass. In other words, we
observed a large impact on asymmetry of T2+ even with a low Ry. We also observe that the
Ry also breaks the m-periodicity in absolute asymmetry, which also introduces contrast in
asymmetry [45]. We found that the contrast in asymmetry reduces with increasing isotope
mass.

Next, we calculate the KER integrated CEP dependent asymmetries for H; , D; and TEL
and for various values of field inhomogenity, Ry, over different energy regions. The entire
set of KER-CEP maps are shown in the Appendix section. The results are shown in Fig-
ure 3.36. In all cases, one can clearly see that the asymmetry is more rapidly enhanced
in one direction than the other. For instance, for T; in high energy region, asymmetry
is increased up to 0.003 in the positive direction whereas the asymmetry is increased up
to 0.001 in the negative direction. Normally, for either direction the magnitude of asym-
metry should be the same for homogeneous fields. Therefore we observed again that
the asymmetry has contrast for inhomogeneous fields. The asymmetry is systematically
reduced for increasing isotope mass. This can be due to the reduction in either the dissoci-

ation yield or the overlap of ATD-BS for the high KER regions and BS-ZPD for low KER
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Figure 3.36 CEP variation of asymmetry in electron localization during dissociation of
hydrogen cation in (a)/(c)/(e) high and (b)/(d)/(f) low energy intervals.

regions. We also observed that, interestingly the asymmetries for homonucleus molecules
are shifted as the mass increases. Relative to H;’ , the “phase-of-phase” of D2+ is roughly
7/2 and of TEL is roughly 7. This corresponds to A¢ = m(A — 1/2), where A is the mass
number.

Asymmetry in heteronucleus molecules:
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In this section, we studied directional control of dissociation in heteronucleus diatomic
molecules where the masses of the left and the right nucleus are different. This mass
asymmetry manifests itself as a different way of directional control. For instance, the in-
version in dissociation asymmetry is broken with the inversion of the laser field (shifting
CEP by 7) even in the homogeneous case. We can consider this mass asymmetry as a
prototype of more complex systems, where typically mass distribution around a chemical
bond is not homogeneous. One simple example can be methane (CH4) molecule where in
one bond there is CH3 group on one side and H on the other side. Therefore there is a 15:1
mass ratio around the bond for CHy. Then, for instance, an efficient abstraction of hydro-
gen in such complex molecule can be controlled by ultra-short lasers. To demonstrate the
effect of mass asymmetry in directional dissociation, we calculated the time dependent
asymmetry in HD™" in a homogeneous field. The results are shown in Figure 3.37 with
grey lines. Here one can first see that for a fixed orientation of the molecule (either left- or
right-orientation) the time variation of asymmetry for zero CEP is clearly different from
that with 7. For the left-oriented case, where the deuterium is on the left side, asymmetry

is converged to 0.08 for zero CEP, meaning that dissociation occurs dominantly to the
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Figure 3.38 KER integrated CEP variations of asymmetry for heteronucleus molecules
in high KER region.

left, i.e. via deuterium side. However, when CEP is shifted by 7, asymmetry converges
to -0.10, via hydrogen side. When the orientation of HD™ is reversed, the asymmetry for
zero and 7w CEPs are also reversed. In other words, if A7 and Ag are the asymmetry for
left- and right-orientation, then one can see that Az (¢) = —Ag(¢ + 7). This symmetry
again is clearly broken by field inhomogenity as shown in Figure 3.37.

Figure 3.38 shows the KER-integrated CEP variation of asymmetries for HD™, HT' and
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mass. For heteronucleus molecules, no dramatic change with mass is observed. See the
text for detail.

DT cations interacting with an inhomogeneous field. The inhomogenity values are cho-
sen between 0.000 to 0.032 a.u.~!. Since there is a mass asymmetry in these diatomic
molecules, we considered cases where either heavier nuclei or lighter nuclei is closer to
the nanotip. The former case is called as “left-oriented” and the latter is called as “right-
oriented”. Comparing Figure 3.38 (a) and (b), we observed that there is a dramatic differ-
ence in asymmetry variation in HD™. The right-orientation asymmetry is systematically
enhanced in the positive direction. As the mass of the heavier nuclei is increased from D
to T, the asymmetry variation is reduced both for left- and right-orientation as shown in
Figure 3.38 (c) and (d). Also the phase of asymmetry oscillations is shifted by 7. The

asymmetry variation is further reduced for DT both for left- and right-orientation.

3.5.1. Contrast analysis

Contrast analysis is done following the Equation 2.67 for two different energy regions.

Ry variation in contrast for all molecules in high and low energy regions are shown in
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Figure 3.39. For homonucleus molecules, variation in contrast by R is exponential and
the increase in contrast is observed for all cases, contrast variation is more rapid as the
isotope mass increases for both high and low KER regions as shown in Figure 3.39 (a)
and (d). On the contrary, the variation in contrast by Ry for heteronucleus molecules is
typically weak for both low and high KER regions and left- and right-orientations. We
suspect that for heteronucleus molecules the permanent dipole plays the central role here

and compensates the dramatic variation in contrast.

3.5.2. Semi-classical dissociation calculations

From our previous quantum mechanical calculations, we showed that dissociation is pri-
marily effected by the isotopes; (i) dissociation is reduced as well as (ii) dissociation
occurs at higher KER ranges with increasing nuclear mass. Also, (iii) the asymmetry in
directional dissociation is observed at higher KER values as well as (iv) variation in asym-
metry is reduced with increasing mass. To complement these four findings and to address
the mechanism behind the channel-dependent of dissociation by different isotopes, we
employed the semi-classical model we mentioned in Section 2.23. The system is assumed
to be in the R = 2a.u initially with a sufficient initial momentum. The semi-classical dy-
namics are solved for different dissociation channels. All channels are activated in H2+ at
a very short time frame, i.e. within 2 — 3 fs. ZPD exhibit a slow dissociation dynamics
resulting in a small momentum. We observed no ZPD for D2+ and T, most likely due
due to the field parameters we picked. BS occurs almost at the same time for different
isotopes but, in contrast, ATD occurs very early for both DEL and T;r comparing with the
ATD of H;“ which occurs at the rising edge of the pulse. Even so, the momentum of both
BS and ATD channels are systematically increased with isotope mass. We observed a
strong overlap in dissociating momentum values in BS-ATD channels for HEL around p =
10 a.u., corresponding to 1.5eV, consistent with TDSE calculations shown in Figure 3.15
and Figure 3.35. The overlap is systematically reduced for D2+ and T, which may be the

reason for reduced asymmetry for these systems relative to H2+ shown in Figure 3.35.
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4. CONCLUSION

In this thesis, photo-separation of molecules is the subject. Researched phenomena can
be grouped under four subjects. First of which is the dependence of dissociation channels
to the intensity of laser pulse. We observed that certain dissociation channels are opened
as the intensity increases.

The second main subject is the influence of Post-Pulse on directional control of disso-
ciation. The motivation here is to gain a deeper understanding about the experimental
results. Essentially, a clear, ultra-short, phase-stabilized laser pulse is desired to control
the dissociation in molecules. However, this is experimentally challenging and there usu-
ally is a satellite pulse following the main laser pulse in an experiment. Therefore we
focus on the effect of this satellite pulse on the dissociation. We observed that the overlap
of ZPD-BS channels is influenced by the presence of post-pulse and the effect manifests
itself as increment in dissociation yield in the 0.0-0.5 eV KER region. Also, asymmetry is
modified by the post-pulse and the tilted stripes change in this low KER region. While for
no post-pulse case the tilts are to the right, when the post-pulse introduced the direction
of tilts become to the left. This tells us that the post pulse modifies the KER dependence
on asymmetry for a certain CEP value.

Third subject of this thesis is the influence of chirped pulses on the dissociation channels.
Chirping a laser pulse weakens and elongates the laser pulse which is the case results
in very low dissociation yield. To overcome this issue, we propose an alternative way
of chirping called as “Pulse-width maintained chirping schema”. In this schema, the ex-
perimentalist should begin a narrower and more intense laser pulse to obtain a suitable,
chirped laser pulse. The desired pulse width is 5.4 fs at FWHM and the intensity is taken
to be 150 TW cm 2 in this thesis. We begin our analysis by calculating the first ionization
rates and times using chirped laser pulses. We see that the main peak in the ionization rate
is not affected by chirp, but the satellite peaks shifts to later times as the chirp parameter

decreases. CEP variation of the peak ionization times is nearly linear. After designated
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the first ionization times and rates we numerically solved the TDSE for ultra-short, phase
stabilized, chirped laser-matter interaction. We assume that the cationic hydrogen is pop-
ulated at peak times obtained from the first ionization calculations. We accumulate the
results in two different ways, one of which is coherent and the other is incoherent. We
systematically consider the chirp values from -0.7 to 0.7 and investigate the change in
dissociation yield and asymmetry. We observed that the dissociation yield linearly in-
creases as the chirp value changes from negative to positive. We showed that this is due
to the systematic increase in the populations at vibrational levels by chirp parameter. CEP
variation of dissociation is sinusoidal for all chirp values. But its amplitude is suppressed
as the chirp value decreases. For asymmetry, we begin to analyze how the time variation
is affected by chirp. We see a strong modification depending on chirp parameter. Even
though the oscillations begin at the same time for all of the chirped laser pulses, the time
profiles of them are quite different and asymmetry settles down at different values for dif-
ferent chirp parameters. Asymmetry even changes sign for certain chirp values. Thereby,
our chirping schema provides a strong directional control on dissociation. We also inves-
tigate the KER-CEP maps with positive chirp, TLP and negative chirp cases. We observe
that the dissociation channels are suppressed by negative chirp. Then we integrate the
asymmetry over different energy regions to analyze the CEP dependence of it. We see
that the maximum of asymmetry shifts with chirp parameter and the relationship is lin-
ear, meaning the “phase-of-phase” is a 1st-order polynomial of chirp parameter. We also
showed that the coherence and incoherence accumulation yields the similar results.

Finally we investigate the isotope effect on the directional control of dissociation in the
vicinity of a nanotip. Again, we begin with the ionization from neutral parent molecules.
We observed that, as the inhomogenity increases, the ionization rates enormously en-
hanced whereas the ionization times at peak ionization rates stay same. Also, two ad-
ditional, considerably large satellite peaks occur for inhomogenities greater than 0.024
a.u.”!. Then we numerically propagate the the system using TDSE and Pade approxi-

mation with a two-cycle laser pulse of relatively low intensity (10 TW/cm?). For such
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low intensities, BS is the typically dominant channel for dissociation. In this preliminary
calculations, we have not consider the first ionization from parent molecule and volume
averaging. Under these circumstances, for H, dissociation from v = 6 — 12 levels, for
D2+, dissociation from v = 8 — 18 levels are possible. These are compatible with the dis-
sociation profile seen in Figure 3.26 for hydrogen and deuterium. But for tritium, we see
that the dissociation occurs around 1.15 eV and lower energy contributions are highly
suppressed. Therefore we see that there is no contribution via BS channel from vibra-
tional levels. Thus we speculate that the dissociation occurs via ATD from v =5 — 10
levels. Also we see that the dissociation yield dramatically decreases as the reduced mass
increases which can be explained by the increasing time-scale mismatch between the laser
and the molecular vibrational period of the cation. To support this, we have considered
two-level calculations for H2+ and homonucleus isotopes and see that the dissociation
occurs slower for molecules with higher total (or reduced) mass. Finally, we address the
full-size problem with high intensity laser near a metallic nanotip. This time we have con-
sidered the first ionization from neutral parent molecule for all of the homonucleus end
heteronucleus isotopes. We have assumed that the main peak intensity of the Gaussian-
type, two-cycle at FWHM laser pulse is 150 TW/cm? and that the intensity decreases
as the molecule moves away from the focus of the laser and include the volume averag-
ing to our calculations. We start the simulations at the ionization times corresponding
to the peaks of the main and the first-satellite ionizations from parent molecules and we
accumulate the results incoherently using the ionization rates. We systematically change
inhomogenity from 0.000 a.u.~! to 0.032 a.u.~!. We first observed that the dissociation
is highly decreased as the reduced mass increases. However, for all molecules, as inho-
mogenity increases, the dissociation yield increases as well. Also the KER position of
peak of the dissociation yield shifts to higher KER values with increasing reduced mass.
The relationship is almost linear and fits to the form of A/10+ 1, where A is the mass
number of the molecule. We also see that the ZPD and BS channels are modified by the

field inhomogenity as the reduced mass increases. This can be attributed that for ZPD,

80



the molecule is so stretched that it is more effected by the field inhomogenity and for both
ZPD and ATD channels, we speculate that the gerade state is the state influenced by field
inhomogenity. For asymmetry, we again begin with two-level calculations. Se see that
the adiabatic transitions open later as the molecular mass increases. Populations during
the transitions are massively modified and so that the asymmetry. Next we consider sim-
ple case TDSE solutions. In homonucleus molecules, asymmetry has 7-anti-symmetry,
1.e. shifting CEP by 7 do not variate the asymmetry, only changes its sign. Introduc-
ing the field inhomogenity breaks this symmetry. This causes a contrast in asymmetry.
And we found that the contrast in asymmetry reduces with isotope mass. Next we calcu-
lated the KER integrated CEP dependence of asymmetries and we see a “phase of phase”
roughly A¢ = (A —0.5) where A is the mass number of the molecule. For heteronu-
cleus molecules, there is Az (@) = —Ag(¢ + m) symmetry, meaning that the asymmetry
for left oriented molecule is anti symmetrically equal to the asymmetry for right oriented
molecule with a shifted CEP by . We show that this anti symmetry breaks once the
inhomogeneous fields introduced. We also see that, when the heteronucleus molecule is
turned around from one orientation to the other, the asymmetry shifts by 7. For con-
trast in asymmetry for homonucleus molecules, we show that the contrast reduces as the
molecule mass increases. However, for heteronucleus molecules we see more or less
same characteristic in contrast of asymmetry. We think that this modifications root from

the permanent dipole moments of heteronucleus molecules.
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Appendices

A Vibrational Energy Levels and KER Values of H;

Vibrational energy levels and KER energy values for hydrogen for different processes are
given in Table A.1. The KER values in Table A.1 are calculated for 800 nm photon.

Table A.1 Vibrational level energies and contributions to KER from vibrational levels
for 1-photon and net 2-photon dissociation channels for hydrogen induced by two-cycle
at FWHM laser pulse with wavelength of 800 nm.

vibrational level | vibrational level energy (eV) | KER (1-photon) (eV) | KER (2-photon) (eV)

0 -2.647 - 0.453
1 -2.373 - 0.727
2 -2.114 - 0.986
3 -1.870 - 1.230
4 -1.641 - 1.459
5 -1.427 0.123 1.673
6 -1.227 0.323 1.873
7 -1.043 0.507 2.057
8 -0.873 0.677 2.227
9 -0.718 0.832 2.382
10 -0.578 0.972 2.522
11 -0.453 1.097 2.647
12 -0.343 1.207 2757
13 -0.247 1.303 2.853
14 -0.167 1.383 2.933
15 -0.101 1.449 2.999
16 -0.050 1.500 3.050
17 -0.014 1.536 3.086
18 0.007 1.543 3.093
19 0.014 1.536 3.086
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B Vibrational Energy Levels and KER Values of D;r

Vibrational energy levels and KER energy values of deuterium for different processes are
given in Table B.1. The KER values in Table B.1 are calculated for 800 nm photon.

Table B.1 Vibrational level energies and contributions to KER from vibrational levels for
1-photon and net 2-photon dissociation channels for deuterium induced by two-cycle at
FWHM laser pulse with wavelength of 800 nm.

vibrational level | vibrational level energy (eV) ‘ KER (1-photon) (eV) ‘ KER (2-photon) (eV)

0 -2.688 - 0.412
1 -2.491 - 0.609
2 -2.302 - 0.798
3 -2.114 - 0.980
4 -1.946 - 1.154
5 -1.427 - 1.321
6 -1.227 - 1.480
7 -1.468 0.082 1.632
8 -1.323 0.227 L7717
9 -1.186 0.364 1.914
10 -1.056 0.494 2.044
11 -0.934 0.616 2.166
12 -0.819 0.731 2.281
13 -0.711 0.839 2.389
14 -0.611 0.939 2.489
15 -0.519 1.031 2.581
16 -0.434 1.116 2.666
17 -0.356 1.194 2.744
18 -0.285 1.265 2.815
19 -0.222 1.328 2.878
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C Vibrational Energy Levels and KER Values of T;r

Vibrational energy levels and KER energy values for tritium for different processes are
given in Table C.1. The KER values in Table C.1 are calculated for 800 nm photon.

Table C.1 Vibrational level energies and contributions to KER from vibrational levels
for 1-photon and net 2-photon dissociation channels for tritium induced by two-cycle at
FWHM laser pulse with wavelength of 800 nm.

vibrational level ‘ vibrational level energy (eV) ‘ KER (1-photon) (eV) ‘ KER (2-photon) (eV)

0 -2.706 - 0.394
1 -2.545 - 0.555
2 -2.388 - 0.712
3 -2.236 - 0.864
4 -2.090 - 1.010
5 -1.948 - 1.152
6 -1.811 - 1.289
7 -1.679 - 1.421
8 -1.552 - 1.548
9 -1.430 0.120 1.670
10 -1.313 0.237 1.787
11 -1.201 0.349 1.899
12 -1.094 0.456 2.006
13 -0.991 0.559 2.109
14 -0.894 0.656 2.206
15 -0.802 0.748 2.298
16 -0.714 0.836 2.386
17 -0.632 0918 2.468
18 -0.554 0.996 2.546
19 -0.482 1.068 2.618
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D KER-CEP Maps of H
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Figure D.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse
with nanotip for H;r .
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Figure E.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse

with nanotip for left-oriented HD™.
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Figure E.2 KER-CEP maps of asymmetry in dissociation induced by two-cycle, 800 nm
laser pulse with nanotip for left-oriented HD™.
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Figure F.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse

with nanotip for right-oriented HD ™.
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Figure F.2 KER-CEP maps of asymmetry in dissociation induced by two-cycle, 800 nm
laser pulse with nanotip for right-oriented HD .
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Figure G.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse

with nanotip for left-oriented HT™.
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Figure G.2 KER-CEP maps of asymmetry in dissociation induced by two-cycle, 800 nm

laser pulse with nanotip for left-oriented HT .
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Figure H.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse

with nanotip for right-oriented HT™.
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Figure H.2 KER-CEP maps of asymmetry in dissociation induced by two-cycle, 800 nm
laser pulse with nanotip for right-oriented HT .
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Figure 1.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse

with nanotip for D;F .
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Figure 1.2 KER-CEP maps of asymmetry in dissociation induced by two-cycle, 800 nm
laser pulse with nanotip for D;“ .
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Figure J.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse

with nanotip for left-oriented DT .
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Figure J.2 KER-CEP maps of asymmetry in dissociation induced by two-cycle, 800 nm
laser pulse with nanotip for left-oriented DT .
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Figure K.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse
with nanotip for right-oriented DT .
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Figure K.2 KER-CEP maps of asymmetry in dissociation induced by two-cycle, 800 nm
laser pulse with nanotip for right-oriented DT™.
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Figure L.1 KER-CEP maps of dissociation induced by two-cycle, 800 nm laser pulse

with nanotip for T; .
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Figure L.2 KER-CEP maps of asymmetry in dissociation induced by two-cycle, 800 nm
laser pulse with nanotip for T; .
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