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Abstract

The work presented in this thesis addresses the possibility of trapping water
molecule in a linear geometry in the presence of high-frequency, high-intensity
electromagnetic radiation. Chapter 1 of the thesis starts with a basic review
of the literature, giving a description of Multiphoton ionization, Above-threshold
ionization, Tunnel ionization and Higher harmonic generation in strong field in-
teractions in molecules, together with a motivation of the problem . In Chapter
2, the reason for the question is analyzed. Using solutions of time independent
Schrodinger equation in the oscillating frame of reference, it is shown that a linear
geometry of water molecule is favoured over the bent geometry. The reason for this
stabilization is then analyzed in terms of Kramers-Henneberger(KH) potential and
orbital interactions as a function of laser parameters and geometry. Using Hartree
Fock and Configuration Interaction Singles calculations at a converged all electron
basis set, it is found that the stabilization of the linear goemetry is 23.89 eV. In
Chapter 3, time dependent calculations using a modified (¢,¢') method has been
done in presence of electric field with aforementioned laser parameters in a sin?
envelope with the Continuous Wave region in between the rise and fall of pulse.
Electronic wavepacket dynamics of water molecule is done with a realistic laser
pulse of peak intensity 2.2464 x 10 WW/cm? and frequency of 431 nm. The time
average of the energy over the Continuous Wave region of the pulse is found to
be lesser for the linear geometry indicating its stabilzation. In contrast to 800 nm
and a similar intensity giving ionization, in the off resonant 431 nm pulse with a
rise time of 0.96 fs and pulse duration of 2.88 fs the stabilization is achieved and

maintained.



Chapter 1

Introduction

1.1 Atoms and molecules in a strong laser

The interaction of light with quantum matter made of atoms and molecules has
received much attention, both from experimentalists and theoreticians since the
last few decades. The phenomena associated with light-matter interactions change
as the laser intensity is increased. For a very long time, effects such as single pho-
ton absorption, electronic excitation and photo-ionization have been well studied
when light with very low intensities interacts with atoms and molecules. The pho-
tons absorbed by atoms and molecules are resonant with excited energy levels or
continuum state leading to excitation or photo-ionization.

Later in 1970’s, as the laser intensities were further increased reaching the order
of 1011-10 W /em?, the usual pertubative treatment of light with atoms became
inadequate because the field strengths at these high intensities were comparable
to the internal electric fields of atoms and molecules. Therefore, non-perturbative
electronic dynamics such as multi-photon ionization, above-threshold ionization,
tunnel ionization[l, 2| and higher-order harmonic generation (HHG)[3, 4] were
new phenomena that emerged.

Multi-Photon Ionization (MPI) is a process in which the electron absorbs multiple

photons each of energy less than the atomic ionization potential from the intense
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laser field to undergo ionization.[5] In MPI, the electrons absorbed only the min-
imum number of photons required for it to ionize and escape the parent atom.
This could not explain the presence of periodic oscillations in the photo-electron
spectra, since the electrons were found to absorb more photons than what was
required for them to ionize and escape the atom in the case of Xenon atom.[6]
This phenomenon of electrons absorbing more than the required number of pho-
tons for ionization was termed as Above- Threshold Ionization(ATI). The difference
between MPI and ATT is in the number of photons absorbed for ionization. While
in MPI, the absorbed photons energy is equal to the ionization potential of the
atom, in ATI more number of photons are absorbed to ionize the atom.

If the field strength is further increased, it can change the Coulombic potential
felt by electron leading to barrier suppression in the laser polarization direction.
At particular parameters, this suppressed barrier may lead to tunneling electrons
which dominates the ionization process. This is termed as tunnel ionization. If
the barrier is suppressed further the initially bound electron becomes a metastable
state with energy above the barrier from one side and can escape from the po-
tential. This is termed as Over-the-Barrier Ionization (OTBI) or Above-Barrier
Tonization(ABI) or Barrier-Suppression Ionization. A quantitative picture of the
mechanism can be derived using Keldysh parameter[7] which decides whether the
system will tunnel ionize or ionize from above the barrier.

In all the effects above, the state of the electron after it gets ionized is unclear. One
could think of possibilities of the electron, which is ionized, leaving the parent ion
or remaining in the field oscillating in the laser polarization direction. The recolli-
sion model proposed by Corkum|8] is based on a classical picture which states that
the electron oscillates in the field after getting tunnel-ionized and then can com-
bine with the parent ion during the oscillation. This can lead to a recombination
with the parent ion or can stimulate ionization or excitation of inner-electrons by
collision. The three step model given by Corkum|8] states that, first the electron
tunnel-ionizes, then accelerates in the field and after which it recombines with
the parent ion. The recombination leads to the generation of photons at higher

order multiples of the carrier frequency. This process is called Higher Harmonic
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Generation. The first spectra was recorded [9] in 1987 by A. McPherson.

As the laser technology advanced, the lasers became ultra-fast and ultra-strong,
the consequence of which being not only an intensity increase but also an increase
in stable duration of the laser pulse from pico-seconds to femto-second and now
atto-seconds using HHG.[10]

In 2000’s, apart from the usual intuition of ionization of molecules in presence
of laser in the high frequency regime. stabilization of atoms and molecules in
presence of very high laser field strength has been proposed. When a strong field
laser is shined on an atom or molecule the Coulombic potential combined with the
intense fields interacts to create a new effective binding potential. The electrons
become free from the Couloumbic forces and they oscillate with the laser field.
At very high frequencies and intensities the perturbative treatment of light with
the atom becomes inconvenient because of strong electromagnetic forces becoming
comparable to the nuclear binding potential experienced by the electron. A refor-
mulation of the problem consisting of a transformation to an accelerated frame of
reference called as the Kramers-Henneberger(KH) frame of reference has given a
better understanding to the problem.[11]

New discrete bound states are formed. The new system -the laser-dressed atom, is
thus stable against ionization. Theoretical calculations have shown an increase in
lifetime of atomic Hydrogen in high intensity of circularly polarized laser.[12] This
KH state has been realized for Hydrogen atom in linearly polarized laser where a
dichotomy behavior in its orbitals is found as the laser parameters are varied.[13]
The dichotomy behavior refers to the splitting of the initial Coulomb potential into
two such that it looks as if there are now two nuclei rather than one. The idea of
a KH atom is not just left in theoretical realm, signatures of stabilized atoms have
been found experimentally in intense fields. Acceleration of neutral Helium atoms
in their metastable states, as opposed to ionization have been found in intense
short-pulse linearly polarized laser with intensity of order of 10"°W /cm?.[14] KH
atom has been imaged using photoelectron spectra for Potassium atom in linearly
polarized light with intensity of order of 10¥W/cm?.[15]

The next section describes the semi-classical treatment of Hamiltonian for an atom
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in presence of electromagnetic field and its transformation to the KH frame of ref-

erence.

1.2 Kramers-Henneberger atom

The interaction of hydrogen atom, a one electron system, with an external classical
electromagnetic field can be written in the form of a non-relativistic Hamiltonian

within the Born-Oppenheimer approximation as:

1 |[hs e - 2 o
— | =V — —A(rt o t) —ed(r,t b \%4 rt) = th——(r,t 1.1
o |59 = S| 0l w0060+ VIR = ) (L)
Here, %6 is the momentum operator, A(7,¢) and ®(7,t) are the vector and scalar
potentials respectively. Here, V(7) is the potential term comprising of an electron-
nucleus attraction potential and (7, t) represents the wave function for an elec-

tron. The electric field E(7,t) and magnetic field B(7,¢) can be written in terms

of the scalar and vector fields [16] as:

E(7F,t) = =V®(F,t) — ‘957;’5) (1.2)
B(7,t) =V x A(7t) (1.3)

The fields E and B are invariant under the classical gauge transformation. On
doing gauge transformation: A — A = A+ Vy, & — & = & — d,y, and
introducing phase change to the wave function 1)’ = e~1), one can see that the

Hamitonian in Eq. [1.1] can be rewritten as:

om | i c ot

! lhﬁ—eﬁ(f,t)] 1/)(7?,15)—e@(F,t)w(F,t)JrV(F)zﬁ(F,t):iha—w(ﬁt) (1.4)

One can see that the Hamiltonian remains invariant even after gauge transforming
the vector and scalar potentials. Since only a phase change is introduced to the
wave function, it remains unchanged.

In regions far from electrical charges the scalar potential can be taken to zero,
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called the radiation gauge. Therefore, ® = 0 and A is chosen such that V.A=0

which is the Coulomb gauge condition. Thus, the applied electric field can be

dA(t)

written as: E(t) = — o

. By taking these gauge transformations one can write
the semi-classical Hamiltonian in Eq. [1.1] in a much simpler version which looks
similar to TDSE.

For a typical linearly polarized light polarized along Z-direction in the lab frame,

the vector potential is given by:
A(Ft) = Aozsin(wt — k), Ao = —FE,jw (1.5)

where, F, is the peak electric field stregth, w is the frequency of light used, k is the
angular wavenumber given as 2w/\ 7, 7 being along the propagation direction
and 7" being the position vector. In general, the wavelength of light used is very
large compared to the size of an atom and therefore, the k.7 term is much less than
1 and thus can be dropped to get A(7,t) = A(t) = A.Zsin(wt) which is spatially
independent. This is known as the Dipole approximation.

Using the Coulomb gauge condition and dipole approximation one can re-write

the Hamiltonian for an Hydrogen atom in presence of an electric field as:

;nﬁﬁ—i&ﬂfw )+ V1) = (7 (1.6)
Or,
[—;7162 - 27761(:2&02 + miﬁ.ﬁ(t)] V(7 t) + V(P)(F,t) = m?;f( 1) (L.7)

The Eq. [1.7] is a look-alike of a TDSE if the second and the third term can be

removed. To do this we introduce a unitary transformation to the wave function:
Uyep (7,1) = OU(F, 1) (1.8)

where the Unitary operator is given by:

- ea:p{h/ lme v

2(t)| dt} (1.9)
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Ui p (7, 1) is the wave function in a new frame of reference named as the Kramers-

Henneberger frame of reference. Applying this transformation in Eq. [1.6], we

get:
1h6—62@26w; (7. t) + V (7)ot (fﬂ—ﬂﬂég%ﬂiﬁ<1m)
2m | i c FOHAT FHAT ot '
On solving the right hand side of Eq. [1.10] one gets:
—hQ = o A A oA 8\IJKH
—V2O! N Wy =0T —= 1.11
Let,
: I 21 5t
Hiyi=|— 1.12
= | om0+ V8] (112
Applying transformation to H;
Hypy = O©H,,; (1.13)
Using the Baker-Hausdorff-Campbell[17] formula to H
~ N ~ N NN 1 N ~ A
eX-Y-e‘X:Y+[X,Y]—|—§[X,[X,Y]+--- (1.14)
We get:
. —R? ., o

where the time dependent potential is the Kramer-Henneberger potential and

awz—/—#wmt (1.16)

For lasers, generally, the time dependent electric field is given by:
a(t) = dysin(wt)

Now that we have transformed the Hamiltonian as well as the wave function, it is
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viable to write:

OVky
ot

" K2
HKH\I[KH = %VQ + V(?T—f- &’osm(wt)) \IIKH =1h (117)

This transformation has been done without any approximation to Eq. [1.6]. Eq.
[1.17] looks similar to a TDSE except that the Hamiltonian is time dependent as
can be seen from the potential term. The semi-classical Hamiltonian in Eq. [1.6]
is now written in an accelerated electronic frame of reference from a laboratory
frame of reference. This frame transformation is helpful in converting the TDSE
into a time independent Schrédinger equation discussed later in this thesis.

The current work looks at the states of water molecule in the KH frame and
develops an understanding of its dynamics. The next section, therefore describes

the electronic structure of water molecule.

1.3 Water molecule- Geometry and electronic

structure

The experimental geometry for water molecule in its gas phase has been found
with O-H length 0.957 A, H-O-H angle to be 104.47° [18] as compared to MP2
calculations showing O-H bond length to be 0.957 A and H-O-H angle to be 104.2°.
The geometry for water molecule can be explained using the Valence Shell Electron
Pair Repulsion (VSEPR) theory.[19] The Oxygen with two bond pairs and two lone
pairs make the hybridization of water molecule to be sp? which gives a tetrahedral
geometry with bond angles to be 109.5°. But the lone pair-lone pair repulsion
being more than the lone pair-bond-pair repulsion, the lone pairs push the bond
pairs even more and hence the bond angle becomes 104.2° as shown in Fig.(1.1).
Another explanation for the equilibrium geometry to be bent for water molecule
can be given through Walsh diagram.[20] By looking at the Molecular Orbitals for
bent and linear water molecule, one can see that most of the MO’s are stabilized
in the bent geometry. The Walsh diagram is discussed in details in the second

chapter of this thesis. Therefore, water is bent in equilibrium geometry as shown
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0.934 A

180.0°

- (b)

FIiGure 1.1: (a) Equilibrium geometry for water molecule with angles and
distances marked in figure, computed with geometry optimization using Moller-
Plesset(second) order(MP2) method with coemd-ref basis set. MP2 energy is
-76.06689 Hartree (b) Optimized linear geometry for water molecule with an-
gles and distances marked in figure, computed using Moller-Plesset(second) or-
der(MP2) method and coemd-ref basis set, MP2 energy is -76.01557 Hartree.

in Fig.(1.1a). There is another geometry of water molecule as a transition state
which is linear in fashion shown in Fig.(1.1b) optimized using MP2 method and
coemd-ref basis.[21]

By calculating the 1-D potential energy surface for bent to linear transition, the
energy difference between the linear and bent water was found to be 1.394 eV
shown in Fig.(1.2).

The CIS calculation for energies of the excited states for water molecule with
the varying coordinates has also been computed as shown in Fig.(1.3) with the
excitation energy marked in the plot for the bent geometry and matched with
experimental data.[22] The frequency of light that should be used on the molecule
should be non-resonant to any of the frequency for excitation. This will ensure that
the molecule has been probed in its ground state without exciting or eventually
exciting the molecule.

The ionization potential for water molecule in bent geometry is 11.12 eV calculated
by computed ground state energy for H,OT using MP2 method and coemd-ref

basis.

1.4 Objectives and Overview

The absorption spectrum for water molecule shows a minimum in absorption at

418 nm.[23] This implies that at this wavelength the transition dipoles for water
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FIGURE 1.2: Barrier for water inversion for H-O-H angle variation from bent to
linear geometry computed using MP2 method and coemd-ref basis. The energy
difference between the bent and linear geometry using MP2 method is 1.394 eV
with equilibrium geometry being bent and transition state being linear.

molecule are minimum due to which molecule has the least chance of getting ex-
cited or ionized at this frequency. Therefore, intensity of light can be kept high
at this frequency without bringing much destruction to the molecule. When the
field reach the order of 10" — 10'® W/cm?, it exerts a force that is comparable
to electron-nucleus Coulombic forces. Such strong fields trigger nuclear motion of
atoms and molecules. Various phenomenon associated with nuclear motion apart
from vibrational excitation have been found. Structural deformation like bond
softening can occur.[25] Intense laser fields could cause sudden ionization, inter-
nuclear potentials can become repulsive leading to Coulomb explosions and flying
of molecular fragments.[26] Geometry modifications happen in molecules as they
adapt themselves in the presence of high frequency and high intensity laser.[27]
Experiments have shown the bent structure of CO5 molecule as opposed to linear
and linear structure of SO molecule before dissociating in presence of laser.[28§]

Water molecule taken in an intense femtosecond laser pulse where the molecule is
found linear followed by ionization and subsequent Coulomb explosion, have also
been found experimentally using ion momentum imaging technique.[29] Results
from this ion momentum imaging experiment shows O-H bond stretching in pres-

ence of field, alignment of H-H axis and laser polarization direction and increase
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FIGURE 1.3: Excited states of intermediate geometries from bent to linear
calculated using MP2 method and coemd-ref basis with varying coordinates
from bent to linear geometry along with the ground state energy(brown plot).
The excitation energy for bent geometry has been marked in the plot.

in H-O-H angle with maximum probability at 140 — 180°. They concluded that
water molecule is found to linearize prior to Coulomb explosion into its constituent
ions in 790 nm, 3 x 106 1W/cm? laser. Our objective in the study is to mimic this
straightening of water molecule but the intensity should be kept in such a way
that the molecule does not ionize or get dissociated in presence of the field unlike
the experimental indication.

The second Chapter of this thesis includes the electronic structure time indepen-
dent calculation in the Kramers-Henneberger frame of reference with respect to
the varying laser parameters. The KH nuclear potential for water molecule aver-
aged over one pulse cycle is shown. The Walsh diagram for AH, kind of system
gives the reasoning for the geometry of water molecule to be stabilized in bent
fashion. The same has been computed in presence of the field which gives a better

understanding of the stabilization of linear geometry. These calculations are a
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FIGURE 1.4: Absorption spectrum for water molecule in 400 — 700 nm

range with a minimum in absorption at 418 nm. At this fre-
quency, the transition dipoles are minimum and thus intensity can be
cranked up at this frequency without destruction of molecule. Im-

age taken from https://upload.wikimedia.org/wikipedia/commons/b/b5/
Water_absorption_coefficient_large.gif

good motivation for observing the time dependent dynamics of the molecule as
they provide estimate of laser parameters and reasons for the linearization of bent
geometry.

The third Chapter deals with the time dependent electronic dynamics for bent and
linear geometry of water in presence of sine” envelope with Continuous Wave(CW)
region in between the rise and off time. We have used a modified algorithm for
solving Time dependent Schrodinger using (t,t") method.[30]

The thesis ends with results and discussion of the work done along with summary
and appendix including the codes and supplementary information used through-

out the work.


https://upload.wikimedia.org/wikipedia/commons/b/b5/Water_absorption_coefficient_large.gif
https://upload.wikimedia.org/wikipedia/commons/b/b5/Water_absorption_coefficient_large.gif
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Chapter 2

Why water should linearize in a

linearly polarized light?

The electronic structure for water molecule has been studied using the Hartree
Fock method and coemd-4 basis [1] in the high frequency regime of Kramers-
Henneberger(KH) frame of reference and time averaged physical properties have
been computed. These calculations support the fact that linear geometry for
water molecule should get stabilized than the bent geometry in presence of the
field. These calculations also help us finding the laser polarization direction and

the parameters of the laser to be used in actual time-dependent dynamics.

2.1 Split states

The KH hamiltonian for an atom followed from Eq. [1.17] is given by:

—h? =, L L OVky
HKH\I]KH: %V —|—V(7“—|—Ol(t)) \I/KH:ZFL 815

15
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Extending this to molecules, the potential term will a have nuclear-electron at-

traction term and an electron-electron repulsion term, given by:

V(7 + Z:VNez F+a) 4+ Y Ve, (),

iJ, 1<J

where i,j are electron index and N is nucleus index.
As can be seen above, the transformation to an accelerated frame takes place only
in the Nuclear-electron attraction term. This term can be further expanded using

a Fourier expansion giving:

Z Ve, (F+ @) = Vo + Y Vicos(kwt) +14 > Visin(kwt),
k=1 k=1

where,

1

Vi 2—/ Ne (T + ascos(T)dr
1

Vsl

o b
2m

Vi = (T + ascos(T))sin(nT)dr.

ZV
%: (7" + abeos(T))cos(nT)dr
%: N

/-

The sine term goes to zero in the integration. Therefore, we are left with only the

cosine term in the expansion.
1 2
Vne(F4+a)=Vo+ Y 2*/ > Vel + dscos(T))cos(nt)drcos(kwt)
k=1 4T 70 n;

In the high frequency regime, the high order terms in the expression become very
small as compared to the zeroth order term[2] and therefore can be neglected.

Thus, we can write the final Hamiltonian as:

—hK%
HKH: 227771V62+ Z VNANB / ZVne T+()éd7+ Z‘/;ej ’F]

7 AB,A<B 17,8<]

(2.2)
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Since the Hamiltonian is time independent, separation of variables 7 and t can be

done to get a time independent eigenvalue problem of the form:

HKH\IJKH = EKH\IJKH

Furthermore, methods like Hartree-Fock and Configuration Interaction can be ap-
plied to such equations to get the eigenvalues and eigenfunctions for the molecule in
presence of oscillating fields in the high frequency regime in Kramers-Henneberger
frame.

The typical laser linearly polarized in the Z-direction that is used has the form:
E(t) = 2E,cos(wt); E, = a,w?

The frequency of the laser is w and the max field strength is E,. The intensity of
laser is given by I = %eO|E |?c, where c is the speed of light and ¢, is the vacuum
permittivity.

The electronic cloud in an oscillating temporal field of very high strengths, will
oscillate with the field in the laboratory frame of reference. On going to the elec-
tronic frame of reference, the potential due to the nucleus can be seen to oscillate
with the frequency and a, of the field. This frame is the Kramers-Henneberger
frame of reference. One can compute the time averaged zeroth order KH potential
to find that the original Coulombic potential shows a dichotomic behavior as if
there are now two nucleus present rather then one. This frame-transformed po-
tential gives rise to what are called the Split states in an atom which are separated

by 2 X a,. The newly formed split potential will have its own bound states.

1 2
Vo / Z Ve(T + daicos(T)dT (2.3)

2w Jo N

The split potential can be computed for molecules using Eq. [2.3]. The zeroth
order KH potential for linear geometry water molecule is shown in Fig.(2.1). The
black curve in the figure is the Coulomb potential without the field. As the laser

parameter «, is increased the split states are formed and separate in distance of
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FIGURE 2.1: Coulomb potential(black curve) for linear geometry water
molecule in presence of oscillating field with varying laser parameter .
Coulomb potential gets split into two as a, is increased. Value of a, marked in
plot. Separation between the newly formed split states is 2 X aw.

2 X «, as if there are two nuclei rather than one. The potential energy surface
for zeroth order KH potential has also been computed for bent geometry with
and without the field as well as for the linear geometry water molecule shown in
Fig.(2.2). As can be seen the potential without the field, it is the usual Coulomb
potential concentrated on the atom centers. The 2-D plot shows a large peak for
Oxygen atom and a small peak each for Hydrogen atom. As the laser is applied
with polarization direction perpendicular to dipole and along the dipole of bent
water molecule, the Coulomb potential gets split evenly on both sides of the Oxy-
gen atom and Hydrogen atom with 2 X a, separation along the laser polarization
direction. Similarly for the linear geometry, when the laser is applied with polar-
ization direction along the O-H axis the potential splits into two along the laser
polarization direction.

In Fig.(2.2a), the 2-D plot of Coulomb potential for bent water molecule is
shown. It has a larger peak due to potential of Oxygen atom and smaller peaks
due to potential of Hydrogen atom. When laser is applied with polarization di-
rection perpendicular to dipole with laser a, = 3 a.u., the electronic potential
for individual atom gets split into two. As can be seen in the Fig.(2.2b), new

lobes that are formed in presence of the laser showing dichotomic behavior of split
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FIGURE 2.2: (a) 2-D and 3-D plot of Coulomb potential for bent water molecule
with large peak due to potential of Oxygen atom and small peaks due to poten-
tial of Hydrogen atom. (b) Split states potential energy surface of zeroth order
KH potential for bent geometry in presence of laser with polarization direction
perpendicular to dipole with laser a, = 3 a.u.. The electronic potential for
individual atom gets split into two. The lobes shown dichotomic behavior of
split states. (c) Split states potential energy surface of zeroth order KH poten-
tial for bent geometry in presence of laser with polarization direction along the
dipole with laser parameter a, = 3 a.u. The electronic potential for individual
atom gets split into two. The lobes shown dichotomic behavior of split states.
(d) Split states potential energy surface of zeroth order KH potential for linear
geometry in presence of laser with polarization direction along O-H bond axis
with laser o = 3 a.u. The electronic potential for individual atom gets split
into two. The lobes shown dichotomic behavior of split states.

states. Fig.(2.2c) shows the split state potential energy surface for bent water with
laser polarization direction along the dipole. The electronic potential gets split in
direction of laser polarization direction with new lobes showing the dichotomic
behavior. In Fig.(2.2d), split states potential energy surface of zeroth order KH
potential for linear geometry water molecule in presence of laser with polarization
direction along O-H bond axis with laser a, = 3 a.u. is shown. Similar to bent

water, the potential for individual atom gets split into two and the newly formed
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lobes show the dichotomic behavior of the split states.

2.2 Electronic structure in presence of field

The Hartree Fock(HF) method and Configuration Interaction Singles(CIS) method
has been used on Hamiltonian given by Eq. [2.2] with Kramers-Henneberger poten-
tial using coemd-4 basis set to compute the electronic structure for water molecule
in linearly polarized light. The calculation has been done using KH approximation
of very high-frequency of light and therefore only the zeroth order term is taken
in the KH potential.

The HF ground state energy of bent and the linear geometry using coemd-4 basis
set has been computed using KH potential with laser polarization direction per-
pendicular to dipole of bent geometry and along the O-H axis of linear geometry
with varying laser parameter o, as shown in Fig.(2.3a). One can see that while
initially without laser the bent was more stable than linear but as a, is increased,
from a, > 0.151a.u. the energy of the linear geometry becomes lower than the
bent geometry. The energy separation is quite significant for 2a.u. < a, < 8a.u..
Similar calculation has also been done but with different laser polarization di-
rection as well. HF ground state energy of bent and the linear geometry using
coemd-4 basis set has been computed using KH potential with laser polarization
direction along the dipole for bent geometry and perpendicular to the O-H bond
axis for linear geometry of water molecule. As can be seen in Fig.(2.3b), the
linear geometry stabilizes over the bent geometry for a small range of a,, given
0.132 a.u. < a, < 0.264 a.u.. On increasing the «, laser parameter, the bent ge-
ometry stabilizes again in the laser field over the linear geometry. The basis set
used is the standard basis set available on the EMSL basis set library. The elec-
tron density in water molecule is present mostly on the Oxygen atom due to its
high electronegativity and thus the Hydrogens are delta positively charged. The
dichotomic behavior of the Oxygen and Hydrogen atom can be seen in electronic
potential in presence of the field as shown in Fig.(2.2). One would expect the delta

positive Hydrogen atoms to be attracted towards the newly formed lobes and thus
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FIGURE 2.3: (a) HF ground state energy using coemd-4 basis set of bent(blue
plot) and linear(red plot) in KH frame in presence of laser with polarization
direction perpendicular to dipole of bent water molecule and along the O-H
axis for linear geometry with varying laser parameter a,. At ao, > 0.151 a.u.
linear geometry stabilizes over the bent geometry. (b) (a) HF ground state
energy using coemd-4 basis set of bent(blue plot) and linear(red plot) in KH
frame in presence of laser with polarization direction along the dipole of bent
water molecule and perpendicular to the O-H axis for linear geometry with
varying laser parameter a,. At range of ao, 0.132a.u. < a, < 0.264 a.u.
linear geometry stabilizes over the bent geometry but on increasing o, beyond
0.264 a.u. the linear geometry destabilizes over bent geometry.

the linear structure of water should get stabilized in presence of the field. For the
direction of laser polarization along the dipole for water molecule, the Hydrogen
atoms will be attracted equally towards both the newly formed split state lobes
shown in Fig.(2.2c) due to which they will try to remain stabilize in the middle
such that the Hydrogens and Oxygen fall on a single line making the linear geom-
etry stabilized in this laser polarization direction as well. But the HF' calculations
shown in Fig.(2.3) show that the direction of the electric field should be such that
it is perpendicular to the dipole for bent geometry water molecule to favor the
stabilization over a large range of a,. Due to which the calculation hereafter are
all done with the favored polarization direction perpendicular to the dipole of bent
water and along the O-H axis of the linear geometry of water molecule.

The HF ground state energy has been computed with varying coordinates from
bent to linear transition in KH frame averaged over one pulse cycle with direction
of polarization of light taken in direction perpendicular to dipole for bent geometry

water molecule. The linear geometry has now been found to become a minima as
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FiGUuRrE 2.4: The 1-D potential energy space curve for varying H-O-H angle
in presence of laser with o = 4 A with direction perpendicular to dipole for
bent geometry of water molecule calculated in KH frame using HF method and
coemd-4 basis. The linear geometry which was a transition state without the
laser has now become the equilibrium geometry in presence of linearly polarized
laser and the bent geometry has been destabilized.

shown in Fig.(2.4), thus stabilization over the top of the barrier has been obtained

while the bent geometry now destabilized in presence of the field.

The stability of bent geometry over linear geometry for water can be rationalized
using the orbital pictures in the Walsh diagram.[3] The diagram represents the
qualitative picture of the Molecular orbitals along the coordinates.

From the Fig.(2.5a) , with the state symmetries marked, one can see that most
of the orbitals are stabilized for bent geometry without the laser. This is the rea-
son why equilibrium geometry of water has is found in bent fashion. The Walsh
diagram for water molecule has been computed in presence of the field as shown
in Fig.(2.5b) with HF method and coemd-4 basis. The energy of the MO has
been plotted with respect to varying coordinates for intermediate geometries from
bent to linear. The new plot obtained has all the molecular orbitals for linear
geometry stabilized over the orbitals of bent geometry. Therefore, we can expect
the molecule to linearize in presence of the field. The direction of polarization of
light is taken to be perpendicular to the dipole for bent geometry water molecule.
The energy of MO using HF method and coemd-4 basis has been computed in
presence of laser with polarization direction perpendicular to dipole for bent ge-

ometry and parallel to O-H bond axis in linear geometry with respect to varying
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FIGURE 2.5: (a) Walsh diagram for water molecule. Most of the molecular
orbitals are stabilized in bent geometry, therefore bent geometry is equilibrium
geometry. Symmetries and orbital pictures have been shown in the plot. (b)
Walsh diagram for water molecule in presence of the field with laser polarization
direction perpendicular to dipole of bent water molecule and along the O-H axis
for linear geometry and o, = 4 A. All the MO’s for linear geometry are now
stabilized over the MQO’s for bent geometry. Symmetries and orbital pictures
have been shown in plot.

laser parameter a, as shown in Fig.(2.6). It can be seen that all the MO at very
large a, becomes nearly degenerate but still the energy of the orbitals remain neg-
ative. Electron density computed using HF method and coemd-4 basis for both
linear and bent geometry with respect to varying a, has been plotted with laser
polarization direction perpendicular to dipole of bent geometry and parallel to
O-H axis of linear geometry as shown in Fig.(2.7). As the laser parameter « is
increased, the electron density gets concentrated near the newly formed sites of
split states as discussed in first section of this chapter. The electron density gets
smeared from the atom center in the laser polarization direction as can be seen
on increasing the isovalue. The separation between the newly formed split state

center is 2 X ag
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FIGURE 2.6: (a) Molecular orbital energy calculated using Hartree Fock
method, coemd-4 basis using KH potential for bent with laser polarization di-
rection perpendicular to dipole. (b) Molecular orbital energy calculated using
Hartree Fock method, coemd-4 basis using KH potential for linear geometry
with laser polarization direction along O-H axis, with respect to varying laser
parameter o,. At higher oo, MO’s become degenerate.

2.3 Conclusion

The HF calculation using KH potential on both linear and bent as well as the
intermediate geometry provides a good estimate of the laser parameters and laser
polarization direction. The stability of linear geometry in KH frame is applicable
to high-frequency regime of electromagnetic spectrum and at a, > 0.151 a.u..
With these parameters, one can perform the time dependent calculation on the
bent, linear, and the intermediate geometries using a high-frequency laser. The
energy separation between the bent and the linear geometry in KH calculation is
significant for a, between 2 a.u. to 8 a.u. and therefore any «, between 2 a.u. to
8 a.u. can be chosen. The direction of laser polarization in which the stabilization
can be achieved is perpendicular to the dipole of bent water molecule and parallel

to the O-H bond axis for linear water.
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FIGURE 2.7: (a)Electron density for bent geometry with laser in direction per-
pendicular to dipole with varying laser parameter «,. The electron density gets
smeared along the laser polarization direction and electron accumulate at new
split state centers separated by 2 X a,. (b)Electron density for linear geometry
with laser in direction along O-H axis with varying laser parameter a,. The
electron density gets smeared along the laser polarization direction and electron
accumulate at new split state centers separated by 2 X ao.
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Chapter 3

Linearizing water molecule

The Kramers-Henneberger calculation has provided a good estimate of the direc-
tion and the laser parameters that can be used for the light. We have calculated
the time dependent electronic dynamics of both the bent, linear geometry, and all

2 envelope with 120 optical cycles,

the intermediate geometry in presence of a sine
120 a.u. duration with a Continuous Wave(CW) region of 40 a.u. duration in be-
tween the rise and fall of the laser using a modified algorithm for the (t,t') method
discussed below. The direction of polarization is taken to be perpendicular to the
dipole for bent geometry and along the O-H axis of linear geometry and the geom-
etry is kept fixed during the dynamics. The light used has a wavelength of 431 nm
and an intensity of 2.2464 x 10 W/cm? with a 120 a.u. duration. The frequency
used is close to the least absorbing frequency for water molecule and non-resonant
to any of the transition for water molecule from ground to excited state. The

physical properties like energy and population have then been computed as well

during the dynamics.

27
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3.1 (t,t') method for time dependent Schrédinger
equation

The time dependent dynamics can be done using various methods available to

solve the time dependent schrodinger equation: HYU = zha‘l’ One such method

is the (t,t')[1] formalism where a new coordinate-t’ is introduced in an extended

Hilbert space such that the TDSE becomes,

o 0 o /
ih [81& 875/] U(r t,t') = H(r,t")V(rtt) (3.1)

Or we can write above equation as:

L0 N 0
zhaﬁf(r,t,t) = [H(r,t) 81&’] U(rt,t) (3.2)

On the contour t=t/, this equation can be written in the form of the general TDSE

given as:

A ov(xz,t, t

He(r, )0 (r,t, 1) = h(xat) (3.3)
where, Hp(r,t') = H(r,t') — 2 is the floquet Hamiltonian in t' coordinate.

By floquet theorem, for time periodic Hamiltonians, the time periodic Fourier
basis functions along with the spatial functions can be taken as a basis. The
Hamiltonian for system in oscillating field is time periodic, therefore we can write

initial wave function as:

[e.o]

U(t) = D aen(t);  n(t) = e n5 fey (i) (3.4)

k=—o0

Here, E,? are Quasienergies and ¢, are time periodic wavefunctions.

On substituting this in Eq. [3.3] we get:

Hp(r,t)ou(r,t) = lH(r t) — aﬂ or(r.t) = B ¢ (r,1) (3.5)
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As can be seen from Eq. [3.5] that quasi-energies are the modified energy eigen-
value of floquet Hamiltonian for the modified system in oscillating fields.

Now we expand the floquet Hamiltonian eigenfunctions into a new basis of or-
thonormal time periodic functions with spatial part being the set of functions of
field free Hamiltonian and temporal part by set of exponential function given by
e where n is the floquet channel index.

Therefore, we can write:

A

b= S S xalPE™:  HoxalF) = Baxal) (3.6)

n=—oo «

Where, H, is the field free Hamiltonian and Xa(7), Eq are the eigenfunction and
eigenvalues respectively of field free Hamiltonian.

The full wavefunction can now be written as:

g - - Y inw
V()= > D > ap(t)e wB Ty, (F)e™ (3.7)
k=—ocon=—00 «
The time evolution is of the form:

\P(T,t, tl> _ e*(i/h)ﬁp(r,t’)(t*to)\I;(r’ to,t/)

From the solution physical properties can be calculated putting t=t’.
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3.2 Electronic dynamics

The electronic dynamics of the linear and the bent geometry have been computed

2 envelope with 120 optical cycles, 120 a.u.

as shown in Fig.(3.1) in presence of a sine
duration with a Continuous Wave(CW) region of 40 a.u. duration in between the
rise and fall of the laser with wavelength of 431 nm and an intensity of 2.2464 x
10 W/em?2. The time dependent energy of the geometries have been calculated
averaged in the CW region of the pulse. The results obtained show that the time
averaged energy of the linear geometry is lower than that of the bent geometry
by 0.04572 Hartree or1.24 eV. This supports the fact that the linear geometry
has been stabilized in the CW region of the pulse over the bent geometry. The
time dependent calculation is done with fixed nuclear coordinate and therefore
time averaged energy for the complete CW region of the pulse is required to
characterize the stabilization. The max field strenght is 0.08 a.u..

The energy of the bent and linear geometry has remained below their respective
ionization energy supporting the fact that no ionization will take place during the
dynamics. The new states that are formed for the molecule in presence of the field
are linear combinations of the excited states of field free molecule. During the
propagation all the states are lifted in energy compared to the initial states for the
field free molecule. The frequency used is non-resonant to any of the transition
from ground electronic state to an excited electronic state of the molecule and the
frequency is close to the minimum in absorption spectrum for water molecule thus

achieving stabilization at high intensity regime.
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FIGURE 3.1: Time dependent electronic dynamics using modified algorithm of
(t,t') method of bent geometry(blue plot) and linear geometry(red plot) in sine?
envelope pulse with CW region with laser polarization perpendicular to dipole of
bent geometry and along the O-H axis for linear geometry. The field(black plot)
used has wavelength of 431 nm and a peak intensity of 2.2464 x 10 W /cm?.
The time averaged energy has also been marked for CW region of pulse. The
linear geometry has been stabilized over bent geometry in CW region. The
energy of the bent and linear geometry has remained below their respective
ionization energy supporting the fact that no ionization will take place during
the dynamics.

The dynamics of the intermediate geometries from bent to linear have also been
computed as shown in Fig.(3.2) with the laser direction perpendicular to dipole of
the geometries and laser with wavelength of 431 nm and an intensity of 2.2464 x
10 W/em?2. The energy of some of the intermediate geometries have been shown
below. The H-O-H angle has been marked in the dynamics. The energies of some
intermediate geometries gets higher than their respective ionization potential like
as shown for geometries with H-O-H angle 172.8°, 149.7°, 142.1° and 126.9°. For
the other geometries the energy in dynamics is oscillatory and energy doesn’t rise
much in number. This again shows stability for some geometries in laser while

instability of others.
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FIGURE 3.2: Time dependent electronic dynamics of some intermediate ge-
ometries(green plot) from bent to linear in sine? envelope pulse with CW re-
gion. The field(black plot) used has wavelength of 431 nm and an intensity of
2.2464 x 10 W/cm?. The energy of geometry with H-O-H angle 172.8°, 149.7°,
142.1° and 126.9° goes very high than their respective ionization potential de-
picting their instability in laser.

The population of the ground and excited states has also been plotted for bent
shown in Fig.(3.3a)and linear shown in Fig.(3.3b) geometry for the dynamics along
with the laser field. The initial population resides in the ground state for both
bent and linear geometry but as the field strength increases the excited states
starts to populate. Since the frequency is chosen to be non-resonant to any of the
excitation, the chances of population inversion decreases. But as the laser is intense
the shifting of states in energy takes place. This shifting can lead to altering of
energy levels and excitation energies leading to increase in population of excited
states which takes place in the bent and linear geometry during the dynamics, but
is more prominent in the bent geometry as can be seen in the plot. This is because
the bent geometry energy level during the dynamics become resonant to to laser
wavelength and therefore some population of ground state excites to those levels.
But, still the ground state is mostly populated in both the bent and the linear
geometry. This suggests that no excitation or ionization is taking place during the

dynamics.
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FIGURE 3.3: (a) Population of the ground and excited states for bent geometry.
The red plot is the population for ground state and is highly populated during
the dynamics. The black curve is the electric field with field strengths marked.
The red plot is the population for ground state while the other plots are the
excited states population. The population of some excited states increase during
the dynamics after around 20 a.u. while ground state population declines. (b)
Population of the ground and excited states for linear geometry. The red plot
is the population for ground state while the other plots are the excited states
population.

3.3 Conclusion

The time depenedent electronic dynamics support the fact that the linear geometry
has been stabilized over the bent geometry in the CW region of the laser. The di-
rection of polarization is taken to be perpendicular to the dipole for bent geomtery
and along the O-H axis of linear geometry. The field has 120 optical cycles, 120 a.u.
duration with 431 nm wavelength and an intensity of 2.2464 x 10 W/cm?. The
energy in the dynamics has remained below ionization threshold. The ground state
has also remained populated. This implies that a very small fraction of molecule
is being ionized. The results from these calculations not only support the fact that
lasers can be used to modify the structure or geometry of molecules but also that
the transition states can be stabilized on top of the barrier in presence of intense

oscillating fields.
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Appendix A

Numerical Method to solve Time

dependent Schrodinger equation

A.1 Split operator method

For atom in electromagentic radiation linearly polarized in z direction, the elec-

tronic Schrodinger equation in atomic units would be written as:

0w

T+ Ve + Voo + > é..Teocos(wt) | U (7, t) Y

i=1

(A.1)

The wavefunction can be expanded in the basis of time independent field free

eigenfunctions. Thus,

W7 1) = 32 C5(0)05(7) (A2)

The time dependent coefficients of the field free states propagate as,

Ci(t + At) = e HED A (1) (A.3)

Now the time dependent part of the hamiltonian can be taken as perturbation. It

is viable to write:

35
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A A

H(Ft) = Ho(F) + H'(7,t)
By Trotter theorem we can write the time evolution operator as,

— lim [efiﬁoAt/M'efiﬁ/At/M M (A.4)

Using a higher order split we can get better approxiamtion to the time evolution

operator. Here we have used a 7 order split. Using this we write.

o tH(F)at —iay He(F)At ,—iby H' (7t) At ,—iaz He ()t ,—iba H' (7t it

~ e

% efiaQHE(F)Atefibl fI’(F,t)Atefial H.(7)at
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