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Abstract

This thesis is devoted to theoretical studies of the role of nuclear vibrations on nonlinear

and linear absorption, pulse propagation, and resonant scattering of light. The molecular

parameters needed for the simulations are obtained through suitable quantum chemical

calculations, which are compared with available experimental data.

The first part of the thesis addresses to modeling of amplified spontaneous emission (ASE)

in organic chromophores recently studied in a series of experiments. To explain the thresh-

old behavior of the ASE spectra we invoke the idea of competition between different ASE

channels and non-radiative quenching of the lasing levels. We show that the ASE spectrum

changes drastically when the pump intensity approaches the threshold level, namely, when

the ASE rate approaches the rate of vibrational relaxation or the rate of solute-solvent relax-

ation in the first excited state. According to our simulations the ASE intensity experiences

oscillations. Temporal self-pulsations of forward and backward propagating ASE pulses oc-

cur due to two reasons: i) the interaction of co- and counter-propagating ASE, and ii) the

competition between the amplified spontaneous emission and off-resonant absorption.

In the second part of the thesis we explore two-photon absorption taking into account

nuclear vibrational degrees of freedom. The theory, applied to the N101 molecule [p-nitro-p’-

diphenylamine stilbene], shows that two-step absorption is red shifted relative to one-photon

absorption spectrum in agreement with the measurements. The reason for this effect is the

one-photon absorption from the first excited state. Simulations show that two mechanisms

are responsible for the population of this state, two-photon absorption and off-resonant

one-photon absorption by the wing of the spectral line.

In the third part of the thesis we study multi-photon dynamics of photobleaching by a

periodical sequence of short laser pulses. It is found that the photobleaching as well as the

fluorescence follow double-exponential dynamics.

The fourth part of the thesis is devoted to the role of the nuclear dynamics in x-ray spec-

troscopy. Our studies show that the vibronic coupling of close lying core excited states

strongly affects the resonant x-ray Raman scattering from ethylene and benzene molecules.

We demonstrate that the manifestation of the non-adiabatic effects depends strongly on

the detuning of photon energy from the top of photoabsorption. The electronic selection

rules are shown to break down when the excitation energy is tuned in resonance with the

symmetry breaking vibrational modes. Selection rules are then restored for large detuning.

We obtained good agreement with experiment. Finally, our multi-mode theory is applied

to simulations of the resonant Auger and x-ray absorption spectra of the ethyne molecule.
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step channels in electro-vibrational two-photon absorption, J. Phys. Chem. A 109, 9507-

9513 (2005).

Paper IV S. Gavrilyuk, S. Polyutov, P. Chandra, H.Ågren and F. Gel’mukhanov, Many-
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propagation in many-photon active media, published in ’Nonlinear optical properties of mat-

ter: From molecules to condensed phases’, Springer, 211-250 (2006).

Paper XI A. Kikas, T. Kaambre, A. Saar, K. Kooser, E. Nõmmiste, I. Martinson, V.
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My thanks go to Prof. Hans Ågren for inviting me to Sweden and for providing so wonderful

possibility to work in a warm atmosphere at the Theoretical Chemistry department.

I wish to acknowledge my collaborators with whom I had the pleasure to work: Prof. A. Baev,

Dr. V. Kimberg, Dr. I. Minkov, Dr. F. Guimarães, Dr. Prakash Chandra Jha, Yasen Velkov,
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Chapter 1

Introduction

1.1 Notes on optics, spectroscopy and x-ray science

Optics is an old science and the history of investigation of light and interaction of light with

matter has evolved over many centuries. The first ”modern” treatment of light (Newton’s

Optics, 1660) described light as composed of small particles. This was compatible with

the fact that light travels in straight lines, but there were phenomena difficult to explain,

such as interference. In 1666 Newton made split sunlight with help of a prism producing

a rainbow of colors. This array of colors he called a ’spectrum’. Newton’s analysis of light

really was the beginning of science of spectroscopy. In 1690 Huygens propounded his wave

theory of light that could explain some already known effects (double refraction, for exam-

ple). Further achievements were made by Joseph Fraunhofer who found certain regularities

in the sun spectrum (Fraunhofer lines, 1814) and provided the quantitative basis for spec-

troscopy. Further, in 1859 Kirchhoff and Bunsen postulated that each element has its own

unique spectrum, and that by studying the spectrum of an unknown source, it is possible

to determine its chemical composition. With these advancements, spectroscopy became a

true scientific discipline. We must mention here very many other giants such as Fresnel,

Young, Herschel, Talbot, Angstrom, Brewster, Becquerel and others who contributed to

spectroscopy both theoretically and experimentally during its ’classical era’. The incon-

testable authority of Newton led to that until Maxwell and his equations presented in 1873,

the ’particles picture’ of light was the generally accepted theory. Maxwell established that

light is an electromagnetic wave; therefore it interferes and diffracts. However, his theory

was also found not to be completely compatible with some experimental evidence, in par-

ticular Compton scattering. Finally, quantum mechanics, which was developed by Planck,

Bohr, Heisenberg, Born, Pauli, de Broglie, Schrödinger, Dirac and others, united the wave
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4 Introduction

and particle pictures of light and combined them into a new picture where light is composed

of particles which interfere at the individual level.

The scattering of light by various media had long been studied; by Rayleigh in 1871, Einstein

in 1910, J.J. Thomson in 1906 and by others. However, no change of wavelength had been

observed, with only one exception of certain types of scattering in the x-ray spectral region

observed by Compton. With this background, many scientists were cherishing the idea of

inelastic scattering. In 1923 A. Smekal predicted theoretically the scattering of monochro-

matic radiation with change of frequency. In 1928 Raman and Krishnan and simultaneously

Landsberg and Mandelstam made the first experiments on inelastic scattering of radiation.

Due to the absence of powerful light sources, optics (as well as spectroscopy) was mainly a

linear science until the invention of the laser in the 1960’s. Since that time nonlinear optics

has become a rapidly growing field of physics. Nonlinearities are found everywhere in life and

consequently in optical applications. Among well known effects are second (Franken et al.,

1961) and third (Terhune et al., 1962) harmonic generation, stimulated Raman scattering

(E. J. Woodbury et al., 1962), optical bistability (H. M. Gibbs et al.,1976), Bose-Einstein

condensation (E.A. Cornell , W. Ketterle, C.E. Wieman) and laser cooling (V.S. Letokhov,

A.P.Kazantsev, S. Chu, C. Cohen-Tannoudji, W. D. Phillips). As a remark here we have

to say that experiments with Raman scattering in the microwave region which were made

before the advent of lasers have a non-linear nature. Nowadays, many optical materials have

a special interest in information technologies, for example, for creation of high-density data

storage devices, improved surgical techniques in ophthalmology, neurosurgery, dermatology

and biology imaging and so on. Even greater potential applications of non-linear optics are

possible in the future for biophotonics, which involves a fusion of photonics and biology,

telecommunication and computer technologies. A key element for the success of these tech-

nologies is the availability of nonlinear optical materials that change upon ’sunshine’ their

optical properties and hence have a nonlinear nature.

A new branch of modern physics, x-ray spectroscopy, was started when x-rays were discov-

ered by Wilhelm Röntgen in 1895. Since the discoveries of nuclei by Rutherford in 1911

and x-ray diffraction by W.H.Bragg and W.L.Bragg in 1913 the use of x-rays became a

powerful tool for structure analysis of matter. Traditional sources of x-rays gave scientists

the opportunity to study elastic (Bragg) x-ray scattering. The modern history of x-ray

spectroscopy was started a comparatively short time period ago - after the development of

synchrotron radiation sources which play the same role (by mean of importance) as lasers in

nonlinear optics. These new sources of radiation provide highly monochromatic light with

high intensity (∼ 106 times the intensity of usual sources), and led to the observation of new

effects and gave good opportunities to study inelastic radiative (Raman) or non-radiative

(Auger) x-ray scattering processes.1
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Finally, the phenomena associated with interaction of radiation with matter are commonly

understood to include a wide variety of physical effects. The nature of these interactions

depends on the incoming type of radiation (for example optical or x-ray) and intensity

(that can result in nonlinearity). By means of these properties it is possible to speak about

optical or x-ray linear and non-linear spectroscopy. Optical spectroscopy is concerned with

transitions of valence electrons in a molecule, while x-ray spectroscopy is concerned with

transitions of inner-core electrons. This thesis deals with both of them. Generally speaking,

optics and spectroscopy has two main tasks: the first one is finding the properties of matter

via the spectra and the second one is how to control emitted or scattered light radiation

by a proper adjustment of a matter interacting with incident radiation. In this thesis we

solved both of these tasks.

The thesis is organized as follows:

We begin the next section (Sec. 1.2) by describing general theoretical tools of non-linear

optics such as the wave equation and the density matrix equations of matter. Here we

describe also general theoretical tools such as the Born-Oppenheimer approximation and

the Franck-Condon (FC) approach which were used in our work.

In Sec. 2 (Paper I) on the basis of general principles we develop a dynamical theory

which was used for explanation of unintelligible experimental results on multiphoton-excited

amplified spontaneous emission.

In Sec. 2.2 (Paper II) we describe the interesting effect of temporal self-sustained pulsation

of amplified spontaneous emission.

In Sec. 3 (Paper III) the theory of two-photon absorption is presented which is used

for explanation of the observed difference between spectral shapes of one- and two-photon

absorption. The role of the vibrational degrees of freedom in formation of the spectral shape

of one- and two-photon absorption is discussed.

In Sec. 4 (Paper IV) a dynamical theory of photobleaching by periodical sequences of laser

pulses is developed.

In Secs. 5 and 5.6.4 (Papers V, VI) we study the spectral features of resonant x-ray

scattering from ethylene and benzene molecules. Vibrational degrees of freedom and vibronic

coupling are taken into account.

In Sec. 6 (Paper VII) we apply the developed approach to resonant Auger spectra of ethyne

molecule.
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1.2 General theory of non-linear pulse propagation

1.2.1 Non-linear polarization

When light propagates through molecular media it can induce displacements of the charge

distribution in a molecule and as a consequence it changes the dipole moment of the

molecule. These induced dipoles oscillate and in turn produce a macroscopic polarization,

P, which can be expressed as a power series of the applied electric field E:2

P(r, t) = PL(r, t) + PNL(r, t) =

∫ +∞

−∞

dt

∫

dr P i(kω)e−ı(ωt−k·r),

P i(kω) = ε0

∞
∑

n=1

1

n!

∫ +∞

−∞

dω1 . . . dωn

∫ +∞

−∞

dk1 . . . dkn × (1.1)

χ
(n)
ij1...jn

(−kω; k1ω1, . . . ,knωn)E j1(k1ω1) . . .E jn
(knωn)δ(−k +

n
∑

α=1

kα)δ(−ω +
n
∑

α=1

ωα).

Here χ
(n)
ij1...jn

(−kω; k1ω1, . . . ,knωn) is the n-th order susceptibility. The δ-functions show

the momentum and energy conservation (phase matching): k =

n
∑

α=1

kα, ω =

n
∑

α=1

ωα.

The conventional formula for P(kω) follows directly from Eq. (1.1) when the fields are

monochromatic: E(k
′

ω
′

) = δ(k
′ − k)δ(ω

′ − ω)Ekω.

It is necessary to note here that the expansion (1.1) can break down for very high intensities

when various saturation effects come into play.

The fundamental property of induced polarization is that it acts as a new source for emis-

sion of a secondary electromagnetic wave. While the linear interaction of light and media

produces a wave which oscillates with the frequency of the incident radiation, non-linear

interaction can lead to a lot of new different effects 3,4 such as: generation of waves with

other frequencies (for example, with twice of the input monochromatic frequency and with

a zero-frequency component); energy transfer between different incident light beams (para-

metric amplification and Raman amplification); third-order nonlinear polarization, which

occurs in basically all media and which can lead to phenomena like the Kerr effect, Raman

scattering, four-wave mixing etc. One of the most important manifestations of the cubic

non-linearity is two-photon absorption.

The second (lowest) order of nonlinear polarization can occur only in crystal materials with

a non-centrosymmetric crystal structure and does not interest us here. Higher-order non-

linear effects are usually very small, but if the process is resonantly enhanced they can be
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detected.

1.2.2 Wave equations

The polarization expansion (1.1) over a power series of the electric field describes how

matter responds to the applied radiation. When the intensity of this radiation is high the

number of photons interacting with matter is large and it is possible to use the classical

representation of the electromagnetic field and describe the interaction of radiation and

matter with Maxwell’s equations. For homogeneous, non-conductive and non-magnetic

media Maxwell’s equations are reduced to the following wave equation for the electric field

without free charges (SI system of units):

−∆E(r, t) + ∇(∇ · E(r, t)) +
1

c2
∂2E(r, t)

∂t2
= − 1

ε0c2
∂2P(r, t)

∂t2
. (1.2)

A running wave representation of the electric field and polarization enables us to make the

following factorization:

E =
1

2

N
∑

j=1

E je
−ıωjt+ ıkj · r − ıϕj + c.c., (1.3)

P =< d(t) >= Tr(dρ) =
∑

βα

dβα(t)ραβ =
N
∑

j=1

Pje
−ıωjt+ ıkj · r − ıϕj + c.c.,

where E j, Pj and ϕ are slowly varying functions of position-vector and time, dβα(t) =

dβα exp(ıωβαt) is the transition dipole moment, ωβα = (Eβ − Eα)/~ is the frequency of

the quantum transition β → α, and ραβ(t) is the density matrix of the medium. This

Slowly-Varying Envelope Approximation (SVEA) is justified when the electric field and the

polarization amplitudes, as well as the phase ϕ(r, t), do not change appreciably in an optical

frequency period. SVEA breaks down in the case of ultrashort (τ ∼ 1 fs) pulses when the

inverse pulse duration becomes comparable with the carrier frequency.

An extraction of the fast variables in equation (1.2) results in the following paraxial wave

equation, connecting the slow amplitudes E j and Pj:

(

k̂j ×∇ +
1

c

∂

∂t
− i

2kj
∆⊥

)

E j =
ikj

ε0
Pj. (1.4)

The cross Laplacian, ∆⊥, is important for narrow light beams, for systems with self-focusing.

It is worthwhile to stress here that most of the currently cherished approaches applied for

solving Eq. (1.4), are based on the power series expansion (1.1) of the polarization over the

electric field.
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1.2.3 Density matrix equations

The non-linear susceptibilities of the expansion (1.3) can be evaluated by means of the

density matrix formalism. Recall that the non-linear polarization of a non-polar medium

is equal to the induced dipole moment of a unit volume which, in turn, can be easily

represented by standard methodology of quantum mechanics as an expectation value of the

dipole moment Eq. (1.3). The density matrix of the medium obeys the following equation

in the interaction representation:

L̂ρ(t) =
ı

~

[

ρ(t), V (t)
]

, Tr
[

ρ(t)
]

= N, L̂ =
∂

∂t
+ v · ∇ + Γ̂. (1.5)

V (t) = eıH0t/~V e−ıH0t/~, V = E(r, t) · d(t).

Here V describes the interaction of the electric field with the molecule, N is the concentration

of the absorbing molecules, v is the thermal velocity of molecules, and the term v · ∇ is

responsible for the Doppler effect. The relaxation matrix, Γ̂, contains the rates of various

radiative and non-radiative transitions.

Equations (1.5) and (1.3) together with the paraxial wave equation2 (1.4) solve the prob-

lem of propagation of the strong multi-mode field through a nonlinear many-level medium

without restrictions on the mode intensities.

1.3 Computational methods

1.3.1 Born-Oppenheimer approximation

The total Hamiltonian of a molecule which contains n electrons and N nuclei reads:

Ĥ = −
n
∑

i=1

∇2
i

2
−

N
∑

α=1

∇2
α

2Mα
−
∑

i,α

Zα

riα
+
∑

i,j

1

rij
+
∑

α,β

ZαZβ

Rαβ
, (1.6)

where rij, Rij are the distance between two electrons and nuclei respectively, Mα is the mass

of the nucleus α in atomic units and Zα is its charge.

The electronic and nuclear subsystems in a molecule have different characteristic times due

to the big difference in their masses. The electronic motion has a characteristic timescale

of . 0.1 fs, while the typical time for a nuclear framework vibration is > 1 fs. Because of

this, the electrons respond almost instantaneously to displacements of the nuclei.
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This is the physical reasoning that allows separation of the total wave function of the system

in electronic (ψ) and nuclear (χ) parts:

Ψ(r; R) = ψ(r; R)χ(R), (1.7)

where r denotes all electron coordinates and R stands for all nuclear coordinates. This is

at the heart of the Born-Oppenheimer (BO) approximation. The wave function ψ(r; R) is

associated with solving the electronic part of the Schrödinger equation and depends para-

metrically on the nuclear positions. The electronic energy, Eel, combined with the nuclear

Coulomb repulsion determines the electronic potential energy surface (PES) of a given elec-

tronic state:

V = Eel +
∑

α,β

ZαZβ

Rαβ
.

Once solved and the electronic energy found, one can proceed with solving the nuclear part

of the equation and finding the nuclear wave functions in the field of the electrons. The

force acting on the nuclei is given by the Hellmann-Feynman theorem:

Fα = − ∂V

∂Rα
.

The Born-Oppenheimer approximation breaks down in the vicinity of electronic poten-

tial surface crossings and in the presence of degenerated electronic states (Jahn-Teller and

Renner-Teller effects). Corrections to it arise from the nuclear dependence of the electronic

wave function. Terms of the type 〈ψ|∇2
α|ψ〉 can be viewed as perturbation corrections and

the nuclear kinetic energy as a perturbation to the electronic energy. In section 5.2 this

situation will be addressed.

1.3.2 Normal coordinates

When we consider the molecular vibrations it is suitable to change from Cartesian coor-

dinates to the so called normal coordinates. Such a change helps simplify the problem as

described below.

The potential energy of a system, V , can be expanded in a Taylor series around the station-

ary geometry R0:
5

V =
1

2

∑

i,j

(

∂2V

∂Ri∂Rj

)

R0

RiRj, (1.8)

where the sums go over 3N Cartesian displacements, Ri, Rj of the N atoms in the molecule.

One can find a set of new coordinates, Qi, which are linear combinations of the mass-

weighted coordinates, qi = m
1/2
i Ri, so that the total classical energy expressed in them will
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Figure 1.1: Electronic vertical transition in a sin-

gle mode system. The dashed lines confine the

FC region, where excitation to a higher vibra-

tional state can take place. Qi0 and Qe
i0 denote

the minimum position of the ground the excited

state potential, respectively.

V
e

V

Qi

Q eQi0 i0

not contain any cross terms (Qi 6= Qj):

E =
1

2

∑

i

Q̇2
i +

1

2

∑

i

κiQ
2
i . (1.9)

Here mi is the mass of the atom being displaced by Ri, κ is the parameter we will introduce

in the next section. The coordinates Qi are called normal coordinates.

Now the nuclear Hamiltonian of the system has the following form, using normal coordinates:

Ĥ =
∑

i

(

−1

2

∂2

∂Q2
i

+
1

2
κiQ

2
i

)

.

The simplification introduced by the normal coordinates is obvious – the 3N-dimensional

Schrödinger equation is reduced to 3N-6 harmonic oscillator Schrödinger equations. This

means that the vibrational wave function of the molecule is a product of wave functions for

each normal mode.

1.3.3 Vibronic transitions. Franck-Condon approach

The lowest vibrational level of ground electronic state is usually populated at room tem-

perature. Due to that we will consider here only the case when excitation starts from the

ground vibrational state.

The FC amplitude < 0|νi >6= δνi,0 because the positions of the minima for the two potentials

differ, as well as their width. The amplitude of the transition probability from the ground
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electronic state, |00〉, to the νi-th vibrational level of the excited electronic state e, |eν〉, is

given by the transition dipole moment. In the framework of the BO approximation this is the

product of the electronic transition dipole moment, d0e, and the overlap of the vibrational

wave functions, 〈0|νi〉, of the ground and excited electronic states:

〈00|d̂|eνi〉 = d0e〈0|νi〉. (1.10)

Here, we neglect higher-order corrections from the Herzberg-Teller expansion of the transi-

tion dipole moment, (∂d0e/∂Qi)〈0|Qi|νi〉, as they are usually small. One can say that higher

overlap of the vibrational wave functions, and higher transition probability, respectively, will

be occurring at the vertical point, where the excited state vibrational wave functions have a

maximum. This is a main point of the FC principle, which claims that the nuclear positions

remain unchanged during the electronic transition (see Fig. 1.1). The FC amplitude is easily

evaluated:6

〈0|νi〉 = (−1)νie−Si/2S
νi/2
i√
νi!
, Si =

ωi(∆Qi)
2

2
, ∆Qi = Qe

i0 −Qi0, (1.11)

where Si is the Huang-Rhys parameter, Qi0, Q
e
i0 are the positions of the minima of the

ground and excited state potentials respectively, ωi is the vibrational frequency of normal

mode i and νi is the vibrational quantum number. It should be noted that the FC factor,

〈0|νi〉2, has non-zero values for all vibrational states νi that fall into the FC region.

In order to calculate the FC factor, we need to find the displacement of the two electronic

states, ∆Qi, which can be calculated through the first derivative of the excited state potential

V e at the ground state geometry:
(

∂V e

∂Q

)

Q0

= −κi∆Qi, κi = µiω
2
i , (1.12)

where µi is the reduced mass of the molecule corresponding to mode i (in atomic units). It

should be noted that the displacement ∆Qi, and consequently the Huang-Rhys parameter,

depends on the reduced mass implicitly through the normal coordinates: ∆Qi ∝
√
µi. Let

us to note that the Huang-Rhys parameter (in the Eq. (1.11)) as well as the Eq. (1.12) can

be used for calculation of FC factors between the excited states also.

The above-presented scheme can easily be generalized to the case of a many-mode molecule.

The total many modes FC factor is a product of FC factors of the individual modes:

〈0|ν〉2 =
∏

i

〈0|νi〉2 (1.13)

where |ν〉 is a vector: |ν〉 = |ν1ν2ν3 . . .〉.
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The approach for calculation of the FC factors and transition probabilities briefly described

above is the so called linear coupling model in the framework of the harmonic approxima-

tion.6



Chapter 2

Modeling of amplified spontaneous

emission in nonlinear media

2.1 Dynamics of cavityless lasing generated by ultra-

fast multi-photon excitation

In this section we will apply the general theory described in section 1.2 to modeling of

amplified spontaneous emission (ASE) induced by three-photon absorption in an organic

stilbene chromophore (APSS) molecule dissolved in a solvent (see also Paper I).

Multi-photon pumped frequency-upconverted lasing has become one of the most active top-

ics in nonlinear optics and quantum electronics since two-photon pumped stimulated emis-

sion in dye solutions and dye-doped polymer matrices was first observed in mid 1990’s.7–15

Not long ago, three- and four-photon pumped amplified spontaneous emission in solu-

tions was observed experimentally and analyzed theoretically.16–19 In the case of three-

photon16,19,20 and four-photon19,21,22 ASE, the pump mechanism requires ultra-short laser

pulse sources to provide high peak power.21 These recent experimental studies of stil-

bazolium dye solution19 showed an unusually strong dependence of the ASE spectral profile

on pump intensity: the peak position of forward ASE almost coincides with the maximum

of steady-state fluorescence for low pump levels, while it experiences a blue shift (20-30 nm)

relative to the fluorescence as well as relative to the backward ASE, when the pump exceeds

certain energy threshold. To explain this apparently new and surprisingly strong depen-

dence of the ASE spectral profile on the pump intensity, we have developed a dynamical

theory of ASE based on two different models, so-called molecular and solvent models. The

models take account of experimental data and show that the effect is essentially dynamical

13
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and is related to the relaxation of excited states.

2.1.1 Molecular model

In the molecular model, we assume that only the lowest vibrational level of the ground

electronic state of the molecule with many vibrational modes is initially populated. Fig. 2.1

shows the excitation of the molecule to the first excited electronic state S1. This excited

electronic state can be populated by two-, three-, four- etc. photon excitations, however, the

mechanism of population is not crucial for the physics of ASE formation. Because of this,

we discuss here only the case of three-photon population which was studied in the recent

experiment reported in Ref.19 Fig. 2.1 shows the excitation of a molecule with only one

vibrational mode, a simplification that allows the necessary compactness of our explanation

model while still retaining all essential physics.

At the beginning, only the group of vibrational levels near the point of the vertical tran-

sition is populated (level ν1 = 1, Fig. 2.1 (a)). The first ASE channel starts directly from

these pumped vibrational levels. At the same time, these pumped vibrational levels relax

nonradiatively to the bottom of the excited state potential due to intramolecular interac-

tions23–28 and due to interaction with the solvent.29 The radiative decay from the lowest

vibrational level (ν1 = 0) of the excited state also leads to ASE (Fig. 2.1 (a)). This second

ASE channel is delayed and red-shifted relative to the first channel. Both ASE channels

compete with each other and the appearance of each channel depends on the FC factors of

the decay transitions as well as on the pump level. When the pump intensity Ip is larger

than a certain threshold level I0, the ASE rate of the first channel exceeds the rate of non-

radiative quenching of the pumped vibrational levels and the first ASE channel starts to

dominate. Thus, the pump level strongly influences the relative intensities of these ASE

channels when the ASE rate approaches the rate of vibrational relaxation.

It looks reasonable to reduce the model depicted in Fig. 2.1 (a) to the scheme shown in

Fig. 2.1 (b). In the numerical simulations we use the energy levels scheme which implies the

same final state for both ASE channels (Fig. 2.1 (c)). Such an approximation is justified

when the population of the final state by channel 3 → 1 does not influence the ASE channel

2 → 1 and vice versa. This happens if the ASE channel 2 → 1 is delayed relative to the

ASE channel 3 → 1 (Fig. 2.1 (c)) with the delay time longer than the lifetime of the final

state 1, Γ−1
1 ≈ 3 ps.

2.1.2 Solvent model

Let us turn our attention to a more general model of ASE, namely, the solvent model19

(Fig. 2.2). Similar to the molecular model, the pump radiation promotes the molecules
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from the lowest vibrational level of the ground electronic state (Fig. 2.2 (a)) to the excited

electronic state S1. Usually, the laser frequency is tuned in resonance with the maximum

of photoabsorption, which corresponds to a vertical transition to vibrational level 4. The

pumped vibrational level 4 rapidly relaxes by nonradiative relaxation within ≤ 3 ps to the

bottom level 3 of the excited state S1. The first (fast) ASE channel 3 → 1 occurs due

to radiative transition from level 3 to vibrational level 1 of the ground electronic state S0

(Fig. 2.2 (a)). The mechanism of formation of the second (slow) ASE channel, following

Ref.,19 refers to the polarity of the solvent molecules utilized in the studied cases, in which

situation the interaction between the dye molecule and the surrounding solvent molecules is

comparatively strong. Upon electronic excitation, the dye molecules change instantaneously

the permanent dipole moment d0 → de. The excited state experiences a red shift ∆ω due to

relaxation of the solvent molecules around the newly formed dipole. This new relaxed state

is shown in Fig. 2.2 (a) as S̃1. This solvent relaxation may occur on a time scale ranging

from several tens to a hundred picoseconds, depending on the specific properties of the dye

and the solvent.30 After this time interval one can expect to observe the ASE with longer

wave length. Our simulations of the frequency splitting |∆ω| between levels 3 and 2 due to

solvation show ∆ω ≈ −379.7 cm−1 or ∆λ ≈ 13.5 nm for the PRL-L3 molecule (Fig. 2.3) in

DMSO solvent. This value is in a good agreement with the experimental value19 ∆λexp ≈ 20

nm.

We will also study the simplified energy level scheme shown in Fig. 2.2(b). The main

objective is to elucidate the role of the pump level on the competition between different

ASE channels. It is worthwhile to note that similar to the molecular model, ASE from

the pumped level 4 occurs also in the solvent model. The threshold pump level of the

4 → 1 ASE channel can be comparable with the threshold of the 3 → 1 channel. So in the

general case one can expect three ASE channels in the solvent model: first the 4 → 1 blue

shifted ASE pulse appears, followed by the 3 → 1 pulse. The 2 → 1 red shifted ASE pulse

experiences the largest delay caused by the solute-solvent relaxation of the excited state.

The role of the 4 → 1 channel is diminished when the vibrational relaxation Γ4 is faster

than the duration of the pump pulse. This can occur in the case of a fast (. 100 ÷ 500 fs)

intramolecular vibrational redistribution (IVR) depopulation of the pumped level.27 The

ASE channel 4 → 1 is neglected in our simulations.

2.1.3 Theory

Let us outline the theory of the molecular and solvent models in accordance with the schemes

of transitions depicted in Figs. 2.1(c) and 2.2(b), respectively. These simplified schemes

select the principal ASE channels.
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Rate and wave equations

The pump radiation selectively populates a certain excited electron-vibrational state with

probability P and initiates the ASE process. In the molecular model (Fig. 2.1 (c)), the ASE

dynamics can be described by three rate equations for the populations of levels 3, 2, and 1

(see Section 1.2):

(

∂

∂t
+ Γ3

)

ρ3 = P − γ31(ρ3 − ρ1),

(

∂

∂t
+ Γ2

)

ρ2 = Γ32ρ3 − γ21(ρ2 − ρ1), (2.1)

(

∂

∂t
+ Γ1

)

ρ1 = Γ31ρ3 + Γ21ρ2 + γ31(ρ3 − ρ1) + γ21(ρ2 − ρ1).

The rate equations are slightly different for the 4-level solvent model (Fig. 2.2(b)):

(

∂

∂t
+ Γ4

)

ρ4 = P − γ41(ρ4 − ρ1),

(

∂

∂t
+ Γ3

)

ρ3 = Γ43ρ4 − γ31(ρ3 − ρ1), (2.2)

(

∂

∂t
+ Γ2

)

ρ2 = Γ32ρ3 + Γ42ρ4 − γ21(ρ2 − ρ1),

(

∂

∂t
+ Γ1

)

ρ1 = Γ41ρ4 + Γ31ρ3 + Γ21ρ2 + γ41(ρ4 − ρ1) + γ31(ρ3 − ρ1) + γ21(ρ2 − ρ1).

Here

γn1 = pn1In1, n = 2, 3, 4 (2.3)

is the rate of ASE transition n → 1 and In1 = I+
n1 + I−n1 is the sum of the intensities of

the forward I+
n1 and backward I−n1 propagating ASE pulses of the ASE channel n → 1. Γi

are the rates of depopulation of the levels i = 4, 3, 2, 1, and Γij are the partial decay rates

of the nonradiative transitions i → j. Generally, the backward traveling component of the

ASE emerging in a real system16,19 interacts with the forward pulse through the term γn1 in

the rate equations. Although the intensity of this component I−n1 is usually smaller than of

the co-propagating one I+
n1, the interaction between the co- and counter-propagating ASE

pulses can be important as shown here and earlier.18

We assume that only a small part of the molecules is pumped into excited electron-vibrational

state. Due to this, we also assume that the ground state population is constant: ρ0 ≈ const.

According to our previous studies,17 this assumption is valid for the pump intensities used

in the studied experiment.19 Both models have two ASE channels. The first channel, 3 → 1,
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is fast and starts immediately in the molecular model and with a rather small delay time

Γ−1
43 ≈ 3 ps in the solvent model. The second ASE channel, 2 → 1, is delayed relative to

the first one because the population of the lasing level 2 takes some time to build up (few

Γ−1
32 ). The wave equations for forward (+) and backward (−) propagating ASE pulses are

the same for both models:
(

1

c

∂

∂t
± ∂

∂z

)

I±n1 = gn1I
±
n1, gn1 = Bn1(ρn − ρ1) − α, n = 2, 3, 4. (2.4)

These equations are written in the slow varying envelope approximation; we use SI units.

The ASE process is initiated by spontaneously generated noise photons with intensity17

I(0) ≈ 10−4 W/cm2. Here, Bn1 = 2~ωn1pn1 and pn1 = d2
n1/(Γ~

2cε0). The photoabsorption

on the lasing transitions 3 → 1 and 2 → 1 is included in the gains gn1. The remaining part of

the photoabsorption, α, being weak non-resonant absorption, is neglected in our numerical

simulations. Such an approximation breaks down for low pump intensities when Bn1(ρn−ρ1)

becomes comparable or smaller than α. However, the result is obvious in this region; indeed,

ASE is absent when gn1 ≤ 0. When the ASE starts, the threshold pump intensity Ip = I
(n)
th

is defined by the condition gn1(I
(n)
th ) = 0. The ASE threshold I

(n)
th is different for different

ASE channels, due to, for example, different transition dipole moments. We explore the

ASE induced by three-photon absorption, occurring with probability W = P/N0 = W3

where31

Wn =
σ(n)

n~ω
In
p (t− z/c, z) (2.5)

is the probability of n-photon transition, σ(n) is the cross section of n-photon absorption,

N0 is the concentration of the absorbing molecules in the ground state, and ω is frequency

of the pump field of Gaussian shape.

Here we would like to pay attention to the misprint in Eq. (8) of Paper I: the denominator

in this equation must be 3~ω instead of ~ω. This means that the pump intensities used in

the paper must be increased by 31/3 ∼ 1.4 times.

The cross section of the three-photon absorption is expressed through the three-photon

absorption coefficient γ as σ(3) = γ/N0 with17,19 γ ≈ (0.5/3) × 10−4cm3/GW2 = 1.67 ×
10−4cm3/GW2, N0 = 1.2 × 1025m−3.

The pump intensity Ip influences drastically the ASE dynamics. Indeed, when the pump

level is high, the upper state 3 (Fig. 2.1 (c)) is also depopulated with rate γ31 due to

stimulated emission which promotes the excited molecules to the final state 1. Apparently,

this ASE channel 3 → 1 suppresses the nonradiative population 3 → 2 of the lasing level

2. The nonradiative population of level 2 is almost quenched when the ASE channel is

faster than the nonradiative quenching of the pumped level 3 → 2: γ31 � Γ3. In this
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case, the double peak ASE spectrum is transformed to a single peak profile due to the

dominant contribution of the blue component 3 → 1. When the rate of stimulated emission

γ31 approaches the rate of nonradiative decay Γ3, the ASE spectrum changes qualitatively.

The threshold pump intensity of this effect, I0, is defined by the condition

γ31(I0) = Γ3. (2.6)

S1

3Γ

ν =2

ν =01

ν =11

ν =0
ν =1

0

0

0

∆ 1

∆ 0

S0

γγ

Γ

(a) (c)(b)

31 21

Γ2

1

2

3

1

0

Figure 2.1: The molecular model of formation of the ASE spectral profile.

Let us describe the results of numerical simulations of the three-photon pumped ASE dy-

namics, experimentally studied recently for stilbazolium dye solutions (PRL-L3, Fig. 2.3).19

In accordance with the studied experiment,19 the equations are solved for a cell of a length

L = 1 cm. All parameters used in the simulations, like the transition dipole moments dn1,

resonant frequencies ωn1, the homogeneous broadening, Γ, etc., are collected in the Tables

and in the figures captions of Paper I.

The corresponding spectra of forward and backward ASE for both molecular and solvent

models are shown in Fig. 2.4 and Fig. 2.6, respectively. One can see the suppression of

the blue peak 3 → 1 below the threshold I0 in agreement with the experimental results.19

Both forward and backward 2 → 1 ASE pulses experience a modulation in solvent model

(Fig. 2.7) similar to the molecular model. The origin of these oscillations is found in the

interaction of the forward and backward ASE pulses (see next section).
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Figure 2.2: The solvent model of formation of the ASE spectral profile.

Figure 2.3: The PRL-L3 molecule.

Role of the ASE channel from pumped level

As it was mentioned above the ASE channel 4 → 1 from pumped level 4 is neglected in

solvent model (the pumped level in molecular model is the level 3). However simulations

show that the peak intensity of the forward ASE channel from pumped level can be large (it

is comparable with intensity of the 2-1 ASE pulse) as one can see from molecular model (see
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Figure 2.4: Spectra of the forward and backward ASE (molecular model). (a) The same transition

dipole moments: d31 = d21 = 7.73 D; I0 = 217 GW/cm2. (b) Different transition dipole moments:

d31 = 5.67 D, d21 = 8.12 D; I0 = 276 GW/cm2.

Fig. 2.4). To understand why the stimulated emission from pumped level can be neglected

let us look on the temporal shape of the ASE pulse 3 → 1 in molecular model (Fig. 2.5).

What strikes the eye here is the small width of the 3-1 pulse, τ31 ∼ 10 fs, which is significantly

smaller than the duration of the 2-1 pulse, τ21 ≈ 2 ps. The experimental time resolution19 is

approximately τexp ≈ 2 ps. This implies a large experimental broadening of the short 3 → 1

pulse from the pumped level 3 and, hence, strong suppression of the peak intensity of this

ASE pulse, namely in
τexp

τ31
≈ 20. (2.7)

This means that the experimental time resolution19 did not allow to observe very narrow

ASE pulse from pumped level.

It is worth to note that forward ASE pulse of channel 3 → 1 appears immediately after the

pump pulse (Fig. 2.5) which leaves the cell at the instant tprop = L/c = 33 ps. This overlap

of pump and ASE pulses makes difficult detection of the 3 → 1 ASE pulse using the streak
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camera.19

2.2 Self-sustained pulsation of ASE

Both theory (Papers I, II, IX) and experiments16,19–21 show that under certain conditions

the ASE effect becomes oscillatory. Moreover, these temporal oscillation of ASE can be self-

sustained under specified conditions. We suggest here and in the Paper II two mechanisms

of the origin of such self-pulsations of the forward and backward propagating ASE pulses:

i) the interaction of co- and counter-propagating ASE (see previous section), and ii) the

dynamical competition between the stimulated emission and the off-resonant absorption.

In order to describe the dynamics of ASE we consider the energy levels scheme of ASE

shown on Fig. 2.8. This scheme generalizes the essential part of the energy level diagram

shown, for example, in Fig. 2.1,a. ASE process can be described by two rate equations for
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Figure 2.6: Spectra of the forward and backward ASE (solvent model). (a) The same transition

dipole moments: d31 = d21 = 7.73 D; I0 = 222 GW/cm2. (b) Different transition dipole moments:

d31 = 6.18 D, d21 = 7.73 D; I0 = 271 GW/cm2.

populations of level 1 (ρ1), and 0 (ρ0):

(

∂

∂t
+ Γ1

)

ρ1 = ΓNN − γ(ρ1 − ρ0),

(

∂

∂t
+ Γ0

)

ρ0 = Γ1ρ1 + γ(ρ1 − ρ0), (2.8)

and the wave equations for the intensity of the forward I+ and backward I− propagating

ASE fields
(

1

c

∂

∂t
± ∂

∂z

)

I± = gI±, g = B(ρ1 − ρ0) − α. (2.9)

Here g is the gain and α is the weak non-resonant absorption; N = N(z, t) is a population

of the pumped level created by the pump pulse (see Eq. (13) in Paper II); this state is

pumped with the rate ΓN (Fig. 2.8). The pump creates the population inversion between

levels 1 and 0. This triggers the ASE process in both backward and forward directions.
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Figure 2.7: Shapes of ASE pulses for forward and backward ASE for 3 → 1 and 2 → 1 channels

(solvent model). Ip = 1.09I0, I0 = 271 GW/cm2. The case B: d31 = 6.18 D, d21 = 7.73 D.

2.2.1 Self-pulsation of ASE caused by competition between stim-

ulated emission and off-resonant absorption.

One of the possible mechanisms of the self-pulsation is the dynamical competition between

the stimulated emission and absorption α. It is necessary to note that the absorption by

active molecules on ASE transition 1 → 0 is accounted for in the term γ(ρ1−ρ0) (Eq. (2.8)).

Thus, α includes the non-resonant absorption by active molecules as well as a possible

resonant excited state absorption. We assume that the solvent contains some admixture

of the buffer molecules that absorb resonantly the ASE radiation. Thus, the absorption

coefficient

α ≡ α(I) = α0/(1 + I/Is), (2.10)

depends on the ASE intensity when I approaches the saturation value Is. Here α0 is the

absorption coefficient at zero intensity. The saturation intensity Is can be changed by

variation of the concentration of the buffer molecules.

Fig. 2.9 A shows the self-pulsation of the ASE caused by saturable absorption. We neglect

here the propagation effects in Eq. (2.9) assuming ∂I/∂z = 0. Due to the pump, stimulated
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Figure 2.9: (A) Self-sustained pulsation of ASE. The ASE intensity, gain and populations of levels

1 and 0 are depicted in the plots (a), (b) and (c), respectively. (B) Physical picture of the origin of

self-pulsations. The ASE intensity (a), the gain (b), α and B(ρ1 − ρ0) (c) in the region of steady

state self-sustained pulsations (panel A).

emission B(ρ1 − ρ0) exceeds the losses (α) and the gain (g) becomes positive (Fig. 2.9 B).

The ASE intensity grows, reducing the inversion (ρ1−ρ0) until the gain comes to zero: g = 0

(Fig. 2.9 B, plot (b)). At this time the ASE intensity and the absorption coefficient have

maximum and minimum values, respectively, because İ ∝ α̇ ∝ g = 0. But the derivative of

the inversion (2.8) is not equal to zero here. This results in a shift of the minima of α and

B(ρ1 − ρ0) relative to each other (Fig. 2.9 B, plot (c)). Due to this circumstance the gain

becomes negative later on, and the ASE intensity, I = I0 exp(
∫ t
g(τ)dτ), starts to decrease.

A smaller ASE intensity lowers the saturation of the ASE transition and the inversion

increases. After a while the gain begins to grow and becomes positive again (Fig. 2.9 B,

plot (b)). The scenario is then repeated. The detailed stability analysis, that explains all

main features of self-pulsation of ASE has been done in Paper II.
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Figure 2.10: Map of the gain (g = B(ρ1 − ρ0)).

Physical picture of the self-sustained pulsation

caused by the interaction of co- and counter-

propagating ASE pulses.

2.2.2 Oscillations caused by interaction of co- and counter prop-

agating ASE pulses

Let us describe another mechanism of self-pulsation of ASE caused by interaction of co- and

counter-propagating pulses neglecting the photoabsorption (α), assuming the smallness of

Γ1, and using the map of the gain (g = B(ρ1 − ρ0)) shown on Fig. 2.10.

The inversion between lasing levels 1 and 0 leads in general to two contrary propagating

ASE pulses:
(

± ∂

∂z
+

1

c

∂

∂t

)

I± = gI±. (2.11)

These two ASE pulses interact with each other, because the inversion ρ1 − ρ0 defined by

(2.8) depends on the total ASE intensity I = I+ + I−. The effect of self-pulsations occurs

both for co- and counter-propagating ASE pulses (see Figures in Paper IX).

After pump pulse creates the inversion (and hence, the gain) between levels 1 and 0, the

intensity of backward ASE increases when the time approaches t = Γ−1
N . Then the backward

ASE pulse starts to saturate the 1 → 0 transition decreasing the gain (see region B1 in

Fig. 2.10).

The gain increases as the time runs from 0 to Γ−1
N . Due to this the intensity of forward

ASE increases faster along the pathway corresponding to longer time. Strong suppression

of the gain in the region F1 (by the forward pulse) shortens the enhancement length of the
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backward pulse. This explains the quenching of counter-propagating ASE in the region B2

(Fig. 2.10). Similar, the region B1 makes shorter the enhancement length of the forward

ASE. This explains the minimum of the forward ASE in the region F2 (Fig. 2.10). The

inversion is restored after time Γ−1
0 ∼ t due to fast decay of the level 0 and the scenario is

repeated.



Chapter 3

Role of vibrations and two-step

channel in two-photon absorption

This chapter deals with the formation of two-photon absorption (TPA) spectrum of some

chromophores in solution by the example of di-phenyl-amino-nitro-stilbene molecule, called

N-101 (Fig. 3.1).

The spectral profile of TPA can be defined by the FC factors between the ground and the

final electronic states (see Sections 1.2, 1.3). This means that the TPA profile has to copy the

profile of the one-photon absorption (OPA) on the transition from the ground state to the

same final electronic state. However, experiments with different molecules32,33 show strong

violation of this rule: the TPA spectrum is deformed compared with the OPA spectrum and

the lower energy edge of the TPA profile is red shifted. Our explanation of these is based

on the excited state absorption (see Paper III and below).

Figure 3.1: N-101 molecule.

27
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Figure 3.2: Scheme of transitions for a short (dashed line) and long (solid line) pulses: A) two-

photon coherent absorption; B) two-photon sequential off-resonant absorption; C) three-photon

sequential resonant absorption.

3.1 Model

The conventional TPA channel is the coherent two-photon absorption (see Fig. 3.2, A), the

spectrum of which copies the OPA profile. This OPA 0 → i can be accompanied by a 2-step

TPA process, with off-resonant population of the first excited state and then excited state

absorption i→ α of the second photon (see Fig. 3.2, B). The two-step TPA can has the same

order of magnitude as one-step or coherent TPA. This because weak off-resonant population

of the first excited state i, can be compensated by resonant excited state absorption i→ α.

Figure 3.2 panel C shows another possible mechanism of nonlinear absorption - two-step

three photon absorption: resonant TPA population of the first excited state i with forthcom-

ing excited state absorption i → α of the third photon. The difference of this process with

the mechanism shown on a panel B is that the first step of absorption is TPA compared to

OPA in panel B . Due to this the process in panel C needs rather high intensity. According

our estimations both mechanism has similar order of magnitude in experiments .32,33

In both mechanisms the spectral profile of nonlinear absorption is given by the product of

the FC factors of the 0 → i and i → α sequential transitions contrary to the 0 → i FC

distribution in one-step TPA. According to our simulations the difference between these FC

distributions explains the experiments .32,33 Because both two-step mechanism are related

to quite similar FC distributions we will focus here only on the two-step TPA based on

off-resonant one-photon population of the first excited state.
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Our explanation of phenomenon is based on a few notions: First of all, the conventional

coherent TPA absorption ( 3.2, panel A) are formed by a resonant transitions to a set of

excited electronic states, each with its particular cross section. Secondly, the conventional

coherent TPA is accompanied by a two-step absorption, which can has the same order of

magnitude as the one-step TPA and which in general distorts the profile of the particular

band.

3.1.1 Role of collisions

The absorption profile strongly depends on real system parameters. First of all we assume

that the pulse is long and the molecule has time to relax to the lowest vibrational level of

the electronic level i (Fig. 3.2, B, C non-dashed arrows). The case of short pulse differs

qualitatively as illustrated in Fig. 3.2, B, C, dashed arrows on a transition i→ α.

In accordance the Weisskopf-Wigner theory34 the spectral line broadening, Γij, for transi-

tions between electronic states j and i, with finite decay rates Γj and Γi, is equal to half

the sum of these decay rates: (Γi + Γj)/2. This approach, which neglects collisional or im-

pact broadening, is justified in the optical region for rarefied gases. The situation changes

drastically for molecules in solutions, where the concentration of buffer (solvent) particles

is much higher than in the gas phase and where the collisional mechanism dominates. The

impact broadening is very important in this case.

Physical reason of collisional broadening is change of the resonant frequency during fast

collisions, ωji(R) = Uj(R)−Ui(R) 6= const. The instantaneous change of resonant frequency

results in a broadening and a shift of spectral lines for optical transitions between electronic

states. The broadening caused by elastic collisions can be small under certain conditions for

spectral transitions between fine levels in the same electronic state (infrared and microwave

spectroscopy). The collisional broadening can be expressed by the simple formula

γji = Ntotv̄σji, (3.1)

where σji is the cross section of dephasing collisions, Ntot is the concentration of buffer

particles and v̄ is the thermal velocity. The total spectral line broadening now reads:

Γij =
Γi + Γj

2
+ γij. (3.2)

In solutions, the dephasing rate, γij, makes the rate of relaxation for the polarization large

compared to the decay rate of the population: Γij � Γii. We consider the quite common

case of a pump pulse with a duration, τ , longer than the time of decay of polarization, Γ−1
ij

and ω−1
ij .
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We have to stress here that the results of the experimental measurements of γ are rather

vague. A commonly used electronic dephasing rate for large conjugated organic molecules

in solution is γ = 0.1 eV.35 Photon-echo measurements give γ ≈ 0.01 eV for the same

compounds,36,37 while according to another experimental technique38,39 γ ≈ 0.02− 0.06 eV.

Furthermore, as it is seen from numerous experiments, the far red wing of the absorption

profile of chromophores in solutions does not appear to follow Lorentzian decay, as imple-

mented in the conventional expression for the frequency dependent linear absorption cross

section, but rather some kind of fast exponential, Urbach-like, decay.40,41

To model this non-Lorentzian decay we introduce a homogeneous broadening which depends

on the wave length of the exciting light, or, equivalently, on the detuning from resonance:

Γij(Ω) = Γ
(0)
ij + γ(Ω), (3.3)

where we the natural broadening Γ
(0)
ij does not depend on the detuning from resonance

Ω = ω − ωij and collisional broadening γ(Ω) which depends on the detuning:

γ(Ω) = γ(0) e−(λ− λij)/a, λ > λij (3.4)

where a has dimensionality of the length and can be treated as fitting parameter. Here

λ = 2πc/ω and λij = 2πc/ωij Let us note that Eq. (3.4) is only valid for λ > λij, the Ω-

dependence for λ < λij is weaker. One can see from Eqs. (3.3) and (3.4) that Γij decreases

in the red wing:

Γij(Ω) → Γ
(0)
ij , |Ω| � γ(0), (3.5)

which can be easily understood in terms of scattering duration time. The process of pho-

toabsorption from the ground state is necessarily followed by the decay to the same ground

state, either radiative or non-radiative. In case of pure radiative decay, the entire process

can be considered as elastic photon scattering. The scattering duration time is inversely

proportional to the photon detuning from the molecular resonance, τscat ∼ 1/Ω. When the

detuning is large, the scattering time can be shorter than the time of collisions and hence,

the natural broadening dominates.

The theory was developed in Paper III for the pulse duration lying in the interval: τ &

Γ−1
V V > Γ−1

10 (ω10), |ω − ω10|−1. The pulse duration τ = 0.85 ps used in the experiment32,33

satisfies this requirement.

3.1.2 TPA cross section

Using standard techniques and the above statement about the time derivatives, we solve

the density matrix equations (see Paper III) and find the total polarization including one-
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photon (∼ E) and two-photon (∼ |E|2E) contributions. The final equation for the intensity,

or irradiance, is the following
(

∂

∂z
+

1

c

∂

∂t

)

I = −N(σI + σ(2)I2), σ(2) = σ
(2)
1 + σ

(2)
2 , (3.6)

where σ(2) is the effective TPA cross section, σ is 1-photon absorption cross section.

The effective TPA cross section σ(2) is the sum of one-step (coherent):

σ
(2)
1 =

k

cε2
0~

3

∑

i

〈Si0〉
∑

νi

Γi0(ω)〈00|νi〉2
(2ω − ωiνi,000

)2 + Γ2
i0(ω)

,

(3.7)

〈Si0〉 =
1

15

∑

nm

(snnsmm + snmsnm + snmsmn),

smn =
∑

α

d
(m)
iα d

(n)
α0

ω − ωα0

+
d

(m)
i0 ∆d

(n)
ii

ω − ωi0

, ∆dii = dii − d00,

and two-step contributions for a long light pulse:

σ
(2)
2 =

k

cε2
0~

3

∑

i,ανα

<i,α
Γαi(ω)〈0i|να〉2

(ω − ωανα,i0i
)2 + Γ2

αi(ω)
, (3.8)

<i,α =

[

d2
i0d

2
αiΛ

i0
iαPi0(ω)

Rii

Γii
+
∑

β

d2
β0d

2
iαΛβ0

iαPβ0(ω)
Rββ

Γββ

Γβi

Γii

]

. (3.9)

Here, ωανα,iνi
is the frequency of electron-vibrational transition |iνi〉 → |ανα〉; 〈νi|να〉 is

the FC amplitude between vibrational states νi and να of electronic states i and α; Rjj =

(Γjj/I(z, t))e−Γjj t
t
∫

−∞

eΓjjτI(z, τ)dτ ; the probability of non-resonant absorption Pi0(ω) and

the anisotropy factor Λβ0
iα are

Pi0(ω) = Γi0(ω)

[

1

(ω − ωV
i0)2 + Γ2

i0(ω)
+

1

(ω + ωV
i0)2

]

, Λβ0
iα =

1 + 2 cos2(dβ0,diα)

15
. (3.10)

The vibrational profile of one-photon absorption

σ =
k

3~ε0

∑

i

d2
i0Γi0〈00|νi〉2

(ω − ωiνi,00)
2 + Γ2

i0

(3.11)

copies the vibrational profile of one-step coherent TPA (3.7) for the same final electronic

state. This fact means that one-step coherent TPA cannot explain the experimental TPA

profiles.
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As one can see in the expression for the 2-step cross section (3.8), the σ
(2)
2 ∝ 〈0i|να〉2

and depends only on FC factors between excited states i and α and not on a FC between

ground and first excited states, if the pulse is long. When the intensity is rather large

the three photon 2-step process (Fig. 3.2, C) starts to compete with the TPA process:

σ
(2)
2 → σ

(2)
2 + σ

(3)
2 I. However the spectral shape of the three-photon 2-step process

σ
(3)
2 ∝

∑

i,ανα

σ
(2)
1 (v, i)

Γαi(ω)〈0i|να〉2
(ω − ωανα,i0i

)2 + Γ2
αi(ω)

(3.12)

copies the spectral shape of σ
(2)
2 . Due to this we will focus our attention on calculations

of the 2-step TPA cross section. Here σ
(2)
1 (v, i) is the cross section of 1-step TPA for the

vertical transition.

It is possible to show (see our Paper III) that two-step TPA for the case of short pulse

(Fig. 3.2, B, C dashed arrows) must be described by the following FC distribution:

σ
(2)
2 ∝ 〈0|νi〉2〈νi|να〉2

(ω − ωανα,iνi
)2 + Γ2

αi(ω)
. (3.13)

Now the cross-section also depends on the FC factors between ground and first excited

states.

Finally, we have to mention that vibrational profile of two-step TPA (3.8) differs qualitatively

from one-step TPA profile due to the difference of the FC factors distribution in Eqs. (3.8)

and (3.7). This difference leads to explanation of investigating experimental and theoretical

inconsistency.

3.1.3 Relative contribution of two-step channel

Eqs. (3.7) and (3.8) give the following estimation

σ
(2)
2

σ
(2)
1

≈ 4

(

dα1

∆d11

)2

× P10(ω)(ω − ω10)2

Γ11

× R11 ×
ΓR

10

ΓR
α1

(3.14)

≈ 4

(

dα1

∆d11

)2

× R11Γ
NR
10

Γ11
× ΓR

10

ΓR
α1

.

Here, ΓR
10 ≡ Γ10(ω10) and ΓR

α1 = Γα1(ω) are the values of the broadenings near the resonances

of the Lorentzian’s at the right-hand side of Eqs. (3.7) and (3.8) respectively. ΓNR
10 ≡

Γ10(ω10/2) is the non-resonant value of Γ10(ω) in the probability (3.10) of non-resonant

population of the first electronic state, P10(ω).
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Figure 3.3: Absorption spectrum of Rhodamin B in ethanol (solvent). Used for extraction of

ΓNR.

According to our simulations (see Table I in Paper III) (dα1∆d11)
2 ≈ 10−2. We estimate

ΓNR
10 making use the results in Sec.3.1.1 and the experimental data for Rhodamin B in

ethanol.42 For the ratio of non-resonant to resonant absorption in the vicinity of λ = 900

nm: PNR
10 /PR

10 ≈ 10−4 (see Fig. 3.3). On the other hand, Eq. (3.10) means that PNR
10 /PR

10 =

ΓR
10Γ

NR
10 /(ω − ω10)

2. For ΓR
10 ≈ 0.03 eV and ω10 − ω ≈ 1.5 eV, we get ΓNR

10 ≈ 0.008 eV.

The pulse used in the experiment32 (τ = 0.85 ps) was much shorter than the lifetime

of the first excited state, Γ−1
11 ≈ 1 ns. Due to this fact, the efficiency of non-resonant

population of this electronic state is suppressed by the factor R11 ≈ τΓ11 � 1. This gives

R11ΓNR
10 /Γ11 ≈ τΓNR

10 ≈ 10. Taking into account that ΓR
10/Γ

R
α1 ∼ 1 we finally conclude

that even for rather short pulses (τ = 0.85 ps) the two-step and coherent channels give

comparable contributions to the total TPA cross-section: σ
(2)
2 /σ

(2)
1 ∼ 1.

3.2 Computational details

Our simulations are based on response theory in the framework of the Hartree-Fock (HF)

method, outlined in ref.43 In the simulations we take into account the first five excited

electronic states. The important parameter is the energy of the vertical transition from
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Figure 3.4: The cross section of the one-photon absorption. Solid lines display the theoretical

spectra calculated for ΓR
10 = ΓR

40 = 0.01 eV, ΓR
10 = 0.05 eV and ΓR

40 = 0.025 eV. Experimental

spectra taken from ref.32

the ground to the first excited electronic state, ωV
10. The HF calculations overestimates

this value (ωV
10(HF ) =4.22 eV) while the DFT calculations (that we used for calculation

of the energy of the vertical transition) give a smaller value (ωV
10(DFT ) =2.52 eV) than

the experiment. In the calculations of the TPA cross sections, we used the intermediate

value ωV
10 =3.01 eV as motivated in Paper III. Another fitting parameter we used is the

ratio Γ10(ω10/2)/Γ11 ≈ 10−3. We extracted this value from the experimental profile of the

one-step absorption measured in a broad energy region.42 The width of the spectral line

near the resonance is assumed be equal to Γij(ωres) = 0.01 eV.

The many-mode FC amplitudes were computed in the framework of the Born-Oppenheimer

approximation as the product of the FC amplitudes of each normal mode q (1.13).

The FC amplitude, 〈0i,q|να,q〉, of the qth mode (1.11) is calculated in the harmonic approxi-

mation through the Huang-Rhys (HR) parameter: Sq(iα) = F 2
q (iα)/2ω3

q . We assumed that

the vibrational frequencies ωq do not change under the electronic excitation. The excited

state gradients, Fq(iα) = ∂(Eα −Ei)/∂Qq, are obtained making use of a code for analytical

derivation of the excited state gradients, implemented in the DALTON suite of programs.

See Paper III and Sec 1.3.3 for other details.

3.3 Results of simulation

First of all we simulated the spectra of one-photon (Fig. 3.4) and coherent two-photon

absorption, (see Fig. 3.5, top panel).

One can see that the one-photon spectrum consists of two vibrational bands related to
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Figure 3.6: Total spectrum of TPA absorption of the N101 molecule. ΓR
10 = 0.05 eV, ΓR

31 = 0.02

eV, ΓR
51 = ΓR
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10 = 10. The simulated total, coherent and two-step

cross-sections are enlarged in 10 times. Experimental spectra taken from ref.32 PNR
10 /P R

10 = 10−4.

transitions to the first 0 → 1 and the fourth 0 → 4 electronic states. This is in agreement

with experiment.32 The coherent TPA cross section is formed mainly due to the TPA

transition to the first electronic state 0 → 1. One can see clearly that this band strictly

copies the 0 → 1 band in the OPA (Fig. 3.4) in accordance with Eqs. (3.11) and (3.7).

One-step TPA cannot explain the long wavelength band in the experimental spectrum32 as

well as the spectrum broadening.

As one can see from our simulations, this band appears when the two-step TPA process is

taken into account (Fig. 3.6). The origin of this band is the electron-vibrational transitions

0 → 1, 1 → 2 and 0 → 1, 1 → 3 to the second and the third electronic states. The central

part of the TPA profile is influenced by the two-step TPA transitions from the first excited

state to the electronic states 2, 3, 4 and 5. The TPA transitions to higher electronic states

give negligible contribution. Thus, the two-step TPA absorption and taking into account

vibrational transition explains the general red shift of low energy edge of the TPA spectral

profile comparing to the one-photon absorption. As one can see the theoretical profile is

almost copy the experimental one except the magnitude of absorption. This discrepancy

of absorption magnitude can be explained by taking into account the role of collisions in a

solvent and with help the theory which was shortly described in the Sec. 3.1.1.



Chapter 4

Multi-photon dynamics of

photobleaching

In previous sections we studied the interaction of short laser pulses with molecules neglect-

ing absorption from the lowest triplet state T1. This approximation is justified when the

duration of the pulse is shorter than the time of intersystem crossing. The dynamics of

the photoabsorption changes qualitatively when the triplet level has time to be populated

during the interaction time with the light (Fig. 4.1). This is the case for a long pulse or a

periodical sequence of short pulses. Let us consider the dynamics of light-matter interac-

tion in the case of a sequence of short pulses interacting with the representative pyrylium

salts, 4-methoxyphenyl-2, 6-bis(4-methoxyphenyl) pyrylium tetrafluorobate recently studied

experimentally44 (see Paper IV).

The interaction of the light is accompanied by photodamage (photobleaching) of the molecule

in the excited electronic state. Photobleaching has been used by several groups45–47 in recent

times as the recording mechanism in 3D optical memory materials. However, the photo-

bleaching is not a desirable effect in single-molecular detection48–50 since the efficiency of

many-photon induced confocal fluorescence microscopy may be limited by increased photo-

bleaching.51,52 These and other important applications need a detailed dynamical theory

which takes into account parameters of the laser beam and of the sample. The starting

point of such a theory is the rate equations for the population of the singlet and triplet

37
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Figure 4.1: a) Real scheme of the levels involved in the photobleaching of pyrylium tetraflu-

orobate; b) Simplified scheme of transitions.

states of a simplified energy level scheme (Fig. 4.1 b)

∂

∂t
ρs1 = γ(t)(ρs0 − ρs1) − (ΓS + γis) ρs1, (4.1)

∂

∂t
ρT1 = γisρs1 + ΓT2ρT2 − (ΓT1 + kb1 + γT (t))ρT1,

∂

∂t
ρT2 = −(ΓT2 + kb2)ρT2 + γT (t)ρT1,

∂

∂t
ρb = kb1ρT1 + kb2ρT2, ρs0 + ρs1 + ρT1 + ρT2 + ρb = 1,

with ρs0(t = 0) = 1. Here ρs0, ρs1, ρT1, ρT2 are the S0, S1, T1, T2 level populations

respectively and ρb is the concentration of bleached molecules, γ(t) is the rate of two-

photon induced transition S0 → S1, γT (t) - the rate of one-photon induced transition T1 →
T2, γis is the rate of intersystem crossing interaction and ΓS,ΓT1 are the fluorescence and

phosphorescence rates, respectively. The rate equations (4.1) only take into account the

photobleaching (with the rates kb1 and kb2) in the triplet states T1 and T2 (see Paper IV).

The rate γ(t) of the TPA population of S1 (or S2) level is defined by the TPA cross section

(σ2) and depends quadratically on the intensity of the radiation I(t). On the contrary, the

rate γT (t) of the T1-T2 one photon transition (with cross section σ1) depends linearly on

I(t)

γ(t) =
σ2I

2(t)

2~ω

Γ2

(2ω − ωS1S0)2 + Γ2
, γT (t) =

σ1I(t)

~ω

Γ2

(ω − ωT2T1)2 + Γ2
, (4.2)

where the photon frequency is tuned in resonance with the TPA transition ω ≈ ωS1,S0/2.
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Figure 4.2: The time of settling of ST equilibrium (a) and the time of photobleaching (b)

become shorter for larger irradiance I.

Solution of kinetic equations (4.1) displays the two-exponential dynamics of the photo-

bleaching (see Paper IV)

ρb(t) = 1 − exp

[

− 1

τB

(

t + τST

(

e−t/τST − 1
))

]

, ρ(t) = 1 − ρb(t). (4.3)

Here ρ(t) is the concentration of the intact molecules. The time of photobleaching

τB ≈ (∆/τ)2

τSTγ$(γT$T + kb1∆/τ)
, τST ≈ 1

ΓT1
+ kb1 + (γ$ + γT$T )τ/∆

� τB (4.4)

is significantly larger than the equilibrium settling time τST of the S0 → S1 → T1 transition.

The time τST characterizes the duration of the population transfer from the ground state

to the lowest triplet state. It should be mentioned that the solution (4.3) is valid for a real

energy level scheme (Fig. 4.1 a) after replacement of the rate γT by the rate (4.2) summed

over all T2 levels. As one can see from Fig. 4.2 the photobleaching as well as the settling

of the ST equilibrium are faster when the peak intensity is larger. Here τ and ∆ are the

duration of the single pulse and the spacing between adjacent pulses, respectively; γ and

γT are peak values of γ(t) ∝ I2(t) and γT (t) ∝ I(t), respectively; $ = γis/(ΓS + γis) is

branching ratio of intersystem crossing, while $T = kb2/(ΓT2
+ kb2) is branching ratio of

photobleaching.

As mentioned above the photobleaching is not a desirable effect in confocal fluorescence

microscopy due to quenching of the intact molecules ρ(t) (see Eq. (4.3)). The decrease of

intact molecules reduces the number of the fluorescence photons per pulse nF (t) and the
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Figure 4.3: A) The dependence of the total number of fluorescence bursts (4.5) on time.

B) Double-exponential photobleaching caused by inhomogeneous transverse distribution of

the light pulse: τB1 < τB2.

integral fluorescence signal NF (t) =
∑

nF (t) (see Fig. 4.3, A)

nF (t) ≈ $Fγτ
(

(1 − p) e−t/τB + p e−t/τST
)

, NF (t) ≈ NF (∞)
(

1 − e−t/τB
)

. (4.5)

One can see that the fluorescence decay is essentially double-exponential.

However, the physics of this effect (which was observed earlier44,48) has been unclear until

now. Our analysis shows that a rather short time τST in double-exponential decay (4.5)

can not explain the experiment since usually the T1 state has rather small population,

p � 1 (see Paper IV). Another reason of this effect is a strong intensity dependence

of the photobleaching rate and a spatial inhomogeneity of the illumination. The spatial

distribution of a light pulse is not homogeneous due to two reasons. The first one is the

attenuation of irradiance due to absorption. Let us consider the second reason caused by

Gaussian distribution of the light I = I0e
−r2/a2

, where a is the radius of light beam. Due

to this transverse inhomogeneity the illuminated region can be divided into two parts. The

first one is the focal region with high intensity and hence with a large photobleaching rate

1/τB1. However, the photobleaching rate is significantly smaller (1/τB2) in the outermost

low intensity region (Fig.4.3, B). Thus the inhomogeneity of light beam leads to double-

exponential fluorescence decay and photobleaching

ρb(t) = 1 − A1e
−t/τB1 − A2e

−t/τB2 . (4.6)



Chapter 5

Non-adiabatic effects in resonant

x-ray scattering of C2H4 and C6H6

Resonant inelastic x-ray scattering (RIXS), also known as x-ray Raman scattering (RXS)

has evolved into a widely used spectroscopic tool to study electronic structure of matter.1

This development has been promoted by the rapid evolution of high brilliance soft x-ray

sources. The Raman selection rule in this photon-in/photon-out spectroscopy gives a high

degree of polarization anisotropy and reveals symmetry-information of the systems under

investigation. This is also true for the optical dipole transitions underlying the separate x-

ray absorption and emission steps. Soft x-ray spectroscopies they are element and chemical

state selective. In the case of RIXS these features are strongly enhanced due to the selective

excitation of a particular intermediate core-excited state of defined symmetry.

In this chapter we aim to disentangle the electronic and vibrational contributions to RIXS

spectra and investigate the interplay of electronic structure and nuclear dynamics of ethylene

and benzene molecules (see Paper V, Paper VI and Figs. 5.2, 5.9).

5.1 Kramers-Heisenberg formula for scattering

Among all x-ray scattering processes in a molecules there are two important processes,

namely radiative and the non-radiative (Auger) scattering that we study here. Both of

them starts by absorption of an initial x-ray photon and molecule get excited from the

ground state to core-excited one. The core-excited state can decay further by two ways:

either due to vacuum zero fluctuation (non-radiative channel) or due to Coulomb interaction

(radiative channel). For first type of these processes the electron is emitted. By the second

41



42 Non-adiabatic effects in resonant x-ray scattering of C2H4 and C6H6

process the final x-ray photon is emitted.

The mathematical model taking into account all main features of x-ray scattering and treat-

ing the excitation and decay of core-excited state as one non-separable scattering process

can be obtained with help of second order perturbation theory34.

The interaction Hamiltonian Vint, between the molecular electrons and the radiation field is

given by,

Vint = V1 + V2, V1 = −1

c

∑

k̂ · A, V2 =
1

2c2

∑

A · A. (5.1)

It consist of linear term V1 and quadratic one, V2. Here the sum is over all electrons with

the operator of momentum k̂ = −ı∇ and radius-vector r.

The solution of Schrödinger equation with this Hamiltonian give us the following relation

for the cross section of scattering;

dσ(ω′, ω)

dω′dO′
= r2

0

ω′

ω

∑

f

|Ff |2∆(ω′ − ω + ωf0,Γf). (5.2)

Scattering amplitude (the Kramers-Heisenberg (KH) scattering amplitude) is given in res-

onant approximation by

Ff =
∑

i

{(e′ ∗ · K′
fi)(e · Ki0)

ω − ωi0 + ıΓi
− (e · Kfi)(e

′ ∗ · K′
i0)

ω′ + ωi0

}

. (5.3)

Here,

Kij = 〈i|
∑

k̂eıK·r|j〉, K
′
ij = 〈i|

∑

k̂e−ıK′·r|j〉, (5.4)

ω′, K′, e′ and ω, K, e are the frequencies, wave vectors, polarizations of scattered and

incident x-ray photons respectively. Indexes 0, i, f corresponds to ground, core-excited and

final states.

Further we will study also the resonant Auger scattering (RAS) which is rather similar

to RIXS. The main difference is that the RAS process is related to emission of an Auger

electron with energy E and momentum p, instead of a final photon with frequency ω ′ and

momentum K′. For the purpose of describing an Auger process, the decay RXS amplitude

in the KH formula (5.3 ) should be replaced by the Coulomb inter-electron interaction53

Q = 1/r12.
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5.2 Vibronic coupling

Usually x-ray spectra are described in the framework of the Born-Oppenheimer (BO) ap-

proximation. However, the separation of electronic and nuclear degrees of freedom or the

BO approximation breaks down in core excited states of symmetric molecules.54 The reason

for this general effect is a quasi-degeneracy of core levels. More precisely, this is because of

small spacing 2∆ between core levels of different parities in comparison with the vibronic

coupling (VC) interaction V ,

∆ � |V |. (5.5)

The asymmetric vibrational mode QA mixes core excited states of different symmetry. This

non-adiabatic mixing leads to the violation of the selection rules in x-ray Raman scattering.

However, both VC and RXS are dynamical effects. Indeed, VC occurs during period of

vibration, while duration of RXS is characterized by the scattering duration1

τ =
1√

Ω2 + Γ2
, (5.6)

where, Ω is the detuning of the excitation energy (ω) from the photoabsorption resonance

and Γ is the lifetime broadening of core excited state.

Quasi-degeneracy of core levels is the foundation of the so-called localized representation

as shown in Fig. 5.1. Naturally, linear combination of the two localized (diabatic) states

will produce two delocalized states, also eigenfunctions of the molecular Hamiltonian –

delocalized representation (adiabatic potentials). The localized approach has the drawback

of breaking the inherent symmetry of the molecule, but restores some of the hole-electron

correlation energy. The vibrational structure calculated on the basis of one or the other

model can substantially differ. This can be easily understood by comparing the two cases

in Fig. 5.1. A vertical transition to the localized potential curve provides an appreciable

gradient of the excited state potential surface and thus, developed vibrational structure

emerges. The situation is quite different when exciting to the delocalized potential – its

gradient at the vertical point is close to zero and no vibrational structure comes out of

the simulations. It has been noted55,56 that in some cases, when the splitting between the

gerade and ungerade adiabatic potentials is small, the vibrational structure is described

much better in the localized representation. However, to approach the problem strictly one

needs to consider the vibronic coupling mechanism explicitly.

In common case, the separation of electronic and nuclear degrees of freedom is impossible.

Due to this we will find the solutions of the Schrödinger equation as superpositions of BO

electronic states, Ψi(r,Q):

Ψ(r,Q) =
∑

i

Ψi(r,Q)χi(Q),
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Figure 5.1: Localized (diabatic poten-

tials) and delocalized (adiabatic poten-

tials) representation of a core-excited

state in symmetric molecule with equiv-

alent atoms C1 and C2. Q denotes

a symmetry breaking vibrational mode

which provides the vibronic coupling; 0

refers to the ground state reference ge-

ometry.

Q

Q

C2

g u

localized

delocalized
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where r ≡ (r1, . . . , re) and Q ≡ (Q1, . . . ,QN) are the vectors of electron and of normal

coordinates respectively. The coefficients χi(Q) obey the following set of equations:57

(TQ + Ei(Q) − E)χi(Q) =
∑

j

Λijχj(Q), Λij = −
∫

dr Ψ∗
i [TQ,Ψj] , (5.7)

where TQ is the nuclear kinetic energy operator, Ei(Q) is the energy of the ith electronic

state, Λij is the non-adiabatic operator, the square brackets denote a commutator.

To first order in the perturbation Λij, the expansion of the electron-vibrational wave function

has the form

Ψ(r,Q) ≈ Ψiχ
0
iνi

(Q) +
∑

j,νj

〈χ0
jνj

|Λij|χ0
iνi
〉

E0
jνj

− E0
iνi

χ0
jνj
ψj, (5.8)

where E0
jνj

is the total electron-vibrational energy of state j and χ0
jνj

is the respective

vibrational wave function with vibrational quantum number νj. It can be clearly seen that

the electronic states Ψj and Ψi are coupled through the vibrational motion of the nuclear

framework.

To understand which states can mix together, we need to consider their symmetry properties.

In order to keep the perturbation correction non-zero, the matrix element should span the

totally symmetric representation Γ(s): Γ(χ0
jνj

)⊗Γ(Λij)⊗Γ(χ0
iνi

) ⊃ Γ(s). Transitions between

states satisfying this condition are allowed. Note that asymmetric vibrational motion could

change the spatial symmetry of a particular electronic state, and thus allow for a dipole

forbidden electronic transition.
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Figure 5.2: a) The ethylene molecule with the coordinate system used in our work. b)

The energy levels of ethylene involved in the scattering process (in eV). The two inner shell

orbitals (2Ag and 2B3u) are omitted as irrelevant.

As we said early when the electronic levels are close in energy and the denominator at the

right-hand side of Eq. (5.8) is small VC becomes important. This is the case, for instance,

of electronic potential surface crossings58 and the case of a molecule containing equivalent

atoms. The core shell of such molecules is strongly degenerated due to small overlap of core

orbitals at different equivalent atoms. Due to degeneracy of core shell of such molecules the

non-adiabatic parameter
∣

∣

∣

∣

∣

〈χ0
jνj

|Λij|χ0
iνi
〉

E0
jνj

− E0
iνi

∣

∣

∣

∣

∣

> 1 (5.9)

becomes large and closely lying core-excited states interacts strongly through vibrational

modes with respective symmetry.

The excitation of non-totally symmetric modes destroys the symmetry of the delocalized

core hole electronic states. This means that the vibronic coupling leads to localization of the

core hole. A related phenomenon is the so-called dynamical core hole localization.1,55,56,59

Vibronic coupling in C2H4

The core shell of C2H4 consist of two close lying levels originating from the 1s orbitals of

two equivalent Carbon atoms. In delocalized representation it reads as 1Ag and 1B3u (see

Fig. 5.2) states.

The Coulomb interaction between core excited states which are localized in different carbons

∆ = 〈1s−1
1 ψ(1b2g)|H|1s−1

2 ψ(1b2g)〉 (5.10)
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delocalizes core holes (Fig. 5.3)

ψ(1a1g) ≈ 1√
2

(1s1 + 1s2) , ψ(1b3u) ≈ 1√
2

(1s1 − 1s2) (5.11)

with the corresponding core excited states Ψg = |1a−1
1g 1b2g〉 and Ψu = |1b−1

3u 1b2g〉. The

splitting between these state is rather small, 2∆ = 0.01 − 0.1 eV. The vibronic coupling

mixes the delocalized core excited states Ψ1 = a1Ψg + a2Ψu and Ψ2 = b1Ψg + b2Ψu

H

(

Ψ1

Ψ2

)

= E

(

Ψ1

Ψ2

)

, H =

(

Hg V

V Hu

)

. (5.12)

We consider here quite often situation (5.5) when the Coulomb splitting ∆ is smaller than

the VC interaction54

V ≈ λQA. (5.13)

Here, QA is the mass-weighted normal coordinate of asymmetric mode (this mode is b3u in

the case of ethylene). In this case Hg ≈ Hu ≈ H0 = Eel + h with the nuclear Hamiltonian

h = − ∂2

2∂Q2
A

+
1

2
ω2

AQ
2
A. (5.14)
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Figure 5.4: Scheme of transitions.

Due to vibronic coupling through the

asymmetric mode B3u we have two

core excited state localized in carbon

1 and carbon 2. The scattering hap-

pens through these interfering scatter-

ing channels.

5.3 One-mode case

To focus our attention on the physics, let us take into account only asymmetric mode. Later

on we generalize this simplified picture on many-mode case. The orthogonal transformation

(

Ψ2

Ψ1

)

= U

(

Ψg

Ψu

)

, U †HU =

(

H+ 0

0 H−

)

(5.15)

diagonalizes the Hamiltonian

h± = Ho ± V ≈ Eel −
1

2

∂2

∂Q2
A

+
1

2
ω2

AQ
± 2
A , Q±

A = QA ± λ

ω2
A

(5.16)

and establishes a transition to the localized core excited states

Ψ1 =
1√
2

(Ψg + Ψu) , Ψ2 =
1√
2

(Ψg − Ψu) . (5.17)

As one can see from Eq. (5.16) VC leads to potentials diagonalized in a different sites Q±
A

(see Fig. 5.4).
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5.3.1 RXS cross section for one-mode case

This means that the total Kramers-Heisenberg amplitude is the sum of amplitudes which

correspond to the scattering through the carbon 1 and carbon 2

Fνf
= F (1)

νf
+ F (2)

νf
, F (n)

νf
=
∑

νi

1

Zνi

〈ψf |e1 · r|1sn〉〈ψi|e · r|1sn〉〈νf |νi, n〉〈νi, n|0〉, (5.18)

where,

Zνi
= ω − ωe

i0 − ωiνi,00 + ıΓ, (5.19)

ωe
i0 is the difference between minima of ground and excited states potentials (frequency of

adiabatic transition), ωiνi,00 is the frequency of vibrational transition |iνi〉 → |000〉. Taking

into account Eq. (5.11) and the selection rule 〈ψLUMO(1b2g)|e · r|ψcore(1a1g)〉 = 0, we get the

following expression for the partial scattering amplitudes

F (n)
νf

=
1

2
〈ψLUMO(1b2g)|e · r|ψcore(1b3u)〉 (5.20)

× (〈ψf |e1 · r|ψcore(1b3u)〉 ± 〈ψf |e1 · r|ψcore(1a1g)〉)
∑

νi

1

Zνi

〈νf |νi, n〉〈νi, n|0〉.

Here + and − correspond to n = 1 and 2, respectively. Finally

Fνf
=

1

2
〈ψLUMO(1b2g)|e · r|ψcore(1b3u)〉

∑

νi

1

Zνi

(5.21)

×(δf,g〈ψf |e1 · r|ψcore(1b3u)〉[〈νf |νi, 1〉〈νi, 1|0〉 + 〈νf |νi, 2〉〈νi, 2|0〉]
+δf,u〈ψf |e1 · r|ψcore(1a1g)〉[〈νf |νi, 1〉〈νi, 1|0〉 − 〈νf |νi, 2〉〈νi, 2|0〉]).

As one can see from this expression only scattering to the gerade final state

f = g (5.22)

for studied C2H4 molecule is allowed when the displacement of core excited potentials (VC)

is neglected

〈νf |νi, 1〉〈νi, 1|0〉 = 〈νf |νi, 2〉〈νi, 2|0〉. (5.23)

The scattering into symmetry forbidden ungerade final state is allowed when the VC inter-

action is taken into account. The FC amplitudes for core-excited states localized in different

carbons become different for odd final vibrational states because of opposite signs of the

displacements ∆Q+
A = −∆Q−

A 6= 0 (see Eq. 5.16)

〈νf |νi, 1〉〈νi, 1|0〉 = (−1)νf 〈νf |νi, 2〉〈νi, 2|0〉. (5.24)
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Figure 5.5: The molecule, energy levels scheme and Illustration of selection rules of ethylene

molecule.

When the detuning from photoabsorption resonance is large one can extract 1/Zνi
from the

sum in Eq. (5.21). In this case due to closer condition1 the last term in Eq. (5.21) is equal to

zero. This means that symmetry forbidden peak arises only near the top of the absorption

resonance and it vanishes for large detuning (see Fig. 5.5). It is interesting to note that this

effect is essentially the dynamical one. Indeed, large detuning means fast scattering (5.6)

comparing with the period of asymmetric vibration during which VC coupling occurs.

5.4 Many-mode case

5.4.1 Monochromatic excitation

Raman scattering cross section for the monochromatic excitation (with the frequency ω)

reads

σ0(ω, ω1) =
∑

f

σ0
f(ω, ω1), σ0

f (ω, ω1) = ζf0

∑

νf

|Fνf
|2δ(ω1 − ω + ωe

f0 + ωfνf ,00). (5.25)
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The anisotropy factor

ζf0 = (dfi · e1)2(di0 · e)2 = (d2
fid

2
i0/9)

[

1 + (1/10)(3 cos2 ϕf0 − 1)(1 − 3 cos2 χ)
]

averaged over molecular orientations and polarization vectors, e1, of the scattered x-ray

photon and depends on the angle χ between the momentum of the final photon k1 and

polarization vector of incident photon e as well as on the angle ϕf0 between the dipole

moments of core excitation, di0, and emission, dfi, transitions. In the experiment χ =

900 − magic angle = 35.2640 where, the magic angle = arccos(1/
√

3) = 54.7360.

Here, the transition matrix elements of core excitation of C2H4 (1b3u → 1b2g) :

di0 ≡ 〈1b2g|r|1b3u〉 6= 0 (5.26)

and the nonzero transition dipole moment of the emission transition

dfi ≡
{

〈ψf |r|1b3u〉, if f = g

〈ψf |r|1ag〉, if f = u.
(5.27)

It is possible to generalize the resonant x-ray scattering amplitude (5.21) for many modes

case. Now, amplitude reads1

Fνf
=

1

2

∑

νi

Λ(N−NA)(νf , νi)[Λ
(NA)
2 (νf , νi) + PfΛ

(NA)
1 (νf , νi)]

ω − ωe
i0 − ωiνi,00 + ıΓ

. (5.28)

Here

Pf =

{

1, f = g,

−1, f = u
(5.29)

is the parity of the final electronic state (the parity of the valence molecular orbital ψf). We

extracted (from the total N-mode FC amplitude) the multimode FC amplitude of the NA

asymmetric modes (which result in complete localization of core hole) and the multimode

FC amplitude of the rest part of the vibrational modes:

Λ(N−NA)(νf , νi) =
∏

q*A

〈νf,q|νi,q〉〈νi,q|00,q〉,

(5.30)

Λ(NA)
n (νf , νi) =

∏

q⊆A

〈νf,q|νi,q;n〉〈νi,q;n|00,q〉, n = 1, 2.

Here, |νi,q;n〉 is the vibrational wave function of the q th asymmetric mode of core excited

state with the core hole localized on the n th atom; νi ≡ (νi,1, νi,2, · · · νi,N) is the vector of

vibrational quantum numbers νi,q of different modes q; ωe
i0 and ωe

f0 are electronic energies

of the adiabatic transitions from ground to core excited state and from ground to final

state respectively (transitions between bottoms of the corresponding potentials), ωανα,iνi
=

Eανα
− Eiνi

is the difference of the vibrational energies of the electronic states α and i.
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5.4.2 Instrumental broadening

We ignore in simulation the spectral broadening of the incident light. We take into account

only the instrumental broadening

Φ(ω′
1 − ω1, γ) =

1

γ

√

ln 2

π
exp

(

−
(

ω′
1 − ω1

γ

)2

ln 2

)

(5.31)

with HWHM γ. Now the RXS cross section σ0(ω, ω1) has to be convoluted with the instru-

mental function

σ(ω, ω1) =

∫

σ0(ω, ω′
1)Φ(ω′

1 − ω1, γ)dω′
1. (5.32)

This results into the following expression for cross-section of RXS

σ(ω, ω1) =
∑

f

σf (ω, ω1), σf (ω, ω1) = ζf0

∑

νf

|Fνf
|2Φ(ω1 − ω + ωe

f0 + ωfνf ,00, γ). (5.33)

5.5 Computational details

Computations of the valence and virtual transition moments were performed in the dipole

approximation and have been done within the framework of the density functional theory

(DFT) using the STOBE code.60 The transition energies were taken directly from the Kohn-

Sham orbital energies. Numerical analysis of the FC amplitudes reveals that only four in-

plane vibrational modes,61,62 three ag (C-C stretch, H-C-H scissor, and C-H stretch), and

one b3u (C-H asym. stretch), give major contributions to the x-ray absorption and RIXS

spectra; therefore, only these four modes were taken into account in the simulations. The FC

amplitudes have been computed in the harmonic approximation (see section 1.3.3) without

consideration of changes in the vibrational frequencies due to the electronic excitations.

5.6 The main characteristic features of RXS from C2H4

Fig. 5.6 shows the vibrationally resolved C 1s → π∗ x-ray absorption spectrum of ethylene

which was computed according to the following expression for the x-ray absorption cross

section:

σabs ∼ di0

∑

νi

Γi0〈00|νi〉2
(ω − ωe

i0 − ωiνi,00)
2 + Γ2

i0

.

The excitation energy was tuned onto the vibrational modes of the first core excited elec-

tronic state 1s→ π∗(1b2g).
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Figure 5.6: X–ray absorption spectrum of ethylene in the region of the π∗–resonance. Four

modes are taken into account (see Paper VI for details): The numbers denote the following

transitions: 1) 0→0; 2) ν5(0→1); 3) 60%: ν3(0→1) / 40%: ν4(0→1); 4) 60%: [ν5(0→1) +

ν3(0→1)] / 40%: [ν5(0→1) +ν4(0→1)]; 5) ν3(0→1) + ν4(0→1).

The calculated RXS spectra of ethylene is shown in the Figs. 5.7 and 5.8. Let us to look at

these figures more closely.

5.6.1 Restoration of selection rules

When the detuning from photoabsorption resonance

Ω = ω − ωe
i0 (5.34)

is large, the scattering amplitude (5.28) becomes

Fνf
≈ 〈νf |00〉

2Ω
(1 + Pf ), τωA � 1. (5.35)

where, ωA is the vibrational frequency of asymmetric mode. One can see the restoration of

the selection rules63 for large Ω: Fνf
= 0 if f = u. The simulations (Fig. 5.7) as well as the

experiment (see Papers V,VI for details) show clearly the suppression of the symmetry

forbidden peaks for large detuning (in another words, the restoration of the selection rules).

The physical reason for this is that the symmetry breaking caused by vibronic coupling

(VC) is the dynamical effect and it takes time which is equal to the period of asymmetric

vibration 2π/ωA. However the RXS duration τ (5.6) 1,65 can be shortened by tuning far
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Figure 5.7: Partial RXS cross sections from ethylene (theory).

away from the top of x-ray absorption. When τωA � 1 (5.35), the scattering is faster than

asymmetric vibration and the molecule has no time to perform antisymmetric vibration.

In another words the asymmetric vibration has no time to mix gerade and ungerade core

excited electronic states (has no time to break symmetry of core excited electronic state).

5.6.2 Collapse of vibrational structure for elastic band

The final electronic state for elastic scattering is ground electronic state f = 0. Due to this

〈ν0|00〉 = δν0,00
. This and Eq. (5.35) mean that the elastic scattering for large detuning is
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Figure 5.8: Elastic RXS from ethylene (theory). Labels R and V mark the resonant and the

vertical scattering channels.64

allowed only to lowest vibrational state (collapse effect1,66)

Fν0
≈ 1

Ω
δν0,00

, τωA � 1. (5.36)

The collapse effect is also dynamical effect related directly to the duration of the scattering.1

This collapse effect is confirmed nicely by the measurements (see Papers V, VI) and by

the simulations Figs. 5.7 and 5.8.
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Figure 5.9: The benzene molecule with coordinate system used in our simulations.

Elastic band

We calculated elastic band using vibronic coupling(VC) according to Eq. (5.28) and using

ordinary RXS expression (without VC)

Fν0
=
∑

νi

〈ν0|νi〉〈νi|00〉
ω − ωe

i0 − ωiνi,00 + ıΓ
. (5.37)

We got almost the same results. This means that the VC influences strongly only symmetry

forbidden bands.

5.6.3 Resonant and vertical scattering channels

Fig. 5.8 displays two qualitatively different bands which correspond to the so-called vertical

(V) and resonant (R) scattering channels.64 Contrary to the resonant scattering channel the

vertical band follows to linear dispersion (Raman law). The vertical channel corresponds to

fast scattering. This channel is quenched for large detuning.

5.6.4 Role of vibronic coupling in RXS from benzene

Let us consider the dynamics of RXS from benzene molecule (see Paper VI). The benzene

molecule has D6h symmetry (Fig. 5.9) and its electronic configuration in the ground state
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is:

Core : (1a1g)2(1e1u)4(1e2g)4(1b1u)2 = ψcore

[...]

Valence : (2e1u)4(2e2g)4(3a1g)2(2b1u)2(1b2u)2

(3e1u)4(1a2u)2(3e2g)4(1e1g)4

The HOMO (1e1g) is a π orbital. The lowest unoccupied molecular orbital (1e2u) has also

π∗ character. We use the symmetry notations from ref.67

We discuss here RXS for excitation energy ω tuned near the C 1s → π∗(1e2u) transition of

X-ray absorption spectra (XAS) (panel 1 of Fig. 5.10). The fine structure represents the

vibrational progression of the π∗ resonance. Following the discussion summarized by,68 we

can assign the top of resonance to the 0 → 0 transition and while high energy part to a e2g

CH bend and to an e1u ring stretch and deformation.

Fig. 5.10 shows the resonant scattering data for condensed benzene. High energy band near

∆ω1 = 0 eV is the ”‘elastic peak”’. The RXS spectral distribution changes strongly with

excitation energy. When the photon energy is tuned in the Rydberg region all occupied

valence MOs are seen in the spectrum (Fig. 5.11). The reason for this that the molecular

selections rules are absent in off-resonant region. The selection rules are important near the

resonance region C 1s → π∗(1e2u). Electronic selection rules for Raman scattering near this

resonance are shown schematically in Fig. 5.12. According to these selection rules lower

energy (2e2g, 2a1g) and high energy (1a2u, 3e2g, 1e1g) RIXS bands are symmetry forbidden.

Symmetry analysis says that the excitation of vibrational modes B1u, B2u and E1u allows

the transitions from occupied MOs e2g, a1g and e1g symmetry. The transition from 1a2u MO

is allowed due to E2g vibrational mode. Strong VC in core excited states opens symmetry

forbidden transition as one can see from the experimental spectra. Similar to ethylene we see

the quenching of forbidden transition (restoration of the selection rules) when ω is tuned

below the C 1s → π∗(1e2u) resonance and scattering becomes fast. To see the effect of

restoration of the selection rules we need the RXS amplitude of fast scattering. We can not

use Eq. (5.35) for polyatomic molecules like benzene because it is valid only for molecules

with two equivalent atoms. Therefore is useful to write down also general expression for the

RXS amplitude in the limit of fast scattering

Fνf
≈ 〈νf |00〉

Ω + ıΓ
〈f |(e1 · r)(e · r)|0〉, τωq � 1. (5.38)

One can see that in general case the fast scattering is not affected by VC in core excited

state and the RXS follows to the electronic selection rules for the scattering tensor. Such a



5.6 The main characteristic features of RXS from C2H4 57

� �
��
�� ��
�� �
	 ��

 ��
��

� �
��

���
� � �
	 �
��� 	

���
����
� ��
	 ��

�����! #"%$'&)(+*-,/.1024365879365#3;:=<>���@?A3#BDC8EGFIH

J
K

J
K

LNMPOIQSRITVUGW

MYXZQ
[ X]\

^_

[ W
`aW
b W
c'W
M'W
d W
e W

f1gihkjIh)l!mnloMYp ekqsrut dvd M'pwM'l b Myx#z{R|Mo}/W~���� ~��A� ~���� ~���� ~�� ~�� ~v� ~v� �

�����
�

�� �N�
�

�� �N��

�� � ��

��� ���
�S�i� �

� �i� �

� � ���
�S� ���

�N� � �� � ������ � �

Figure 5.10: RIXS of benzene at the C K–edge in the region of the C 1s → π∗ resonance.

Panel (1): Absorption spectrum with partly assigned vibrational states; (2): RIXS spectra

(exp.) with excitation at the energies indicated. RIXS spectra are plotted vs. the energy

difference of outgoing and incoming photon ∆ω1 = ω−ω. The spectra are arbitrarily scaled

to equal maximum height.

selection rules are given by the matrix element of quadrupole operator

(e1 · r)(e · r) (5.39)

between ground and final electronic states. Eq. (5.38) similar to Eq.(5.36) shows the collapse

of the vibrational structure of elastic band (f = 0) in agreement with the experiment for

large negative detuning.
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Figure 5.11: RIXS of benzene at the C K–edge in the Rydberg region. Panel (1): Absorption

spectrum; (2): RIXS spectra (exp.) with excitation at the energies indicated, plotted vs.
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non–resonant calculations from.69 The spectra are arbitrarily scaled to equal maximum

height.
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Figure 5.12: Scheme of allowed RIXS transitions in benzene under core excitation of LUMO

π∗(1e2u) . Dashed lines show symmetry forbidden transitions, which are allowed due to

excitation of corresponding vibrational modes Q.



Chapter 6

Multimode nuclear dynamics in

resonant Auger scattering from

acetylene

Let us study now the role of nuclear motion in the XAS and resonant Auger (RAS) spectra

of the acetylene (ethyne) molecule (see Paper VII). The XAS spectra of this molecule was

studied both experimentally and theoretically earlier.70 The role of the vibronic coupling

effects in x-ray photoelectron spectra of ethyne was investigated experimentally and theo-

retically in.55 Here we present results of the simulations of the C 1s → πg XAS band and

the RAS spectra related to electronic decays to the final 1π−1 (X̃2Πu) ionic state.

The ethyne molecule has three stretch Σ modes and two double degenerated Π bending

modes (Fig. 6). Ethyne is linear in the ground electronic state and has the D∞h symmetry.

The geometry of the core-excited state differs considerably from the linear ground state

geometry and has a strongly trans−bent conformation C2h .70 Since the molecule during

the absorption and emission process experiences the transition from the linear to the bent

conformation and finally back to the linear conformation (in the final state) again, different

numbers of vibrational degrees of freedom occur in the initial, core-excited and final states.

Indeed, one of the Π vibrations becomes a rotation because the molecule is not anymore

linear in the core excited state. The other Π vibration is replaced by an out-of-plane vibra-

tional mode. In our calculations this problem is circumvented by neglecting the degeneracy

of the Π bending modes. To do this we skip the rotation and neglect out-of-plane vibra-

tional motion in the core-excited state. This approximation gives reasonable agreement with

quantum dynamical simulations and experiment.71

The x-ray absorption spectrum is computed using the Fermi golden rule for the photoabsorp-

59
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Figure 6.1: Panel A: The ethyne molecule with the coordinate system used in our simulations.

Panel B: Vibrational modes of the ethyne molecule.

tion cross section72 while the RAS cross section is simulated using the Kramers-Heisenberg

formula (see Sec 5.1). X-ray spectra are calculated within the linear coupling model, ignor-

ing vibronic coupling of the adiabatic states70 along bending modes. All calculations were

performed using a modified version of the deMon code,60 employing the PW91 density func-

tional for both exchange and correlation. The gradients of the core-excited state potential

along the normal modes were computed using a numerical differentiation scheme. An effec-

tive core potential for the non-excited carbon atoms was also used, thus effectively localizing

the core hole at the desired atom. The core excited atom was described by a rather large

IGLO-III basis set. In simulations, we use HWHM = Γ = γ = 0.04 eV. The parameter

γ is the instrumental broadening (HWHM) which we modeled by gaussian function. We

have taken into account all C2H2 vibrational modes and performed our calculations with

different sets of vibrational quantum numbers (see Paper VII for details). FC amplitudes

were computed in the harmonic approximation making use of the gradient Fiq = −dEi/dQiq

(or via displacements ∆Qiq between the minima of core-excited and final states potential

relative to the ground state potential minimum) along the normal mode q in the equilibrium

geometry of the ground state as it was described in the Sec. 1.3. We found that vertical

excitation energy for the ground to core-excited state transition is ωv
i0 = 284.79 eV and for

the core-excited - final state transition is ωv
if = 273.46 eV. The changes of the vibrational

frequencies under electronic excitations are ignored in our simulations.
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6.1 X-ray absorption spectra

The theoretical absorption spectra for stretching and bending modes are shown on Fig. 6.2,

Panels III) and II). The partial spectrum of the stretching modes is in agreement with

the previous calculations.70 However, the absorption profile related to the bending modes

displays a slightly different structure. The main reason for this slight disagreement is that

our simulations ignore the vibronic coupling effect.

One can see in Fig. 6.2 that the 0 → 0 transition dominates for the stretching modes. The

vibronic transitions 0 → 1 for these modes give rise to peaks in the absorption spectrum that

are one order of magnitude smaller than for the 0 → 0 transition. These weak transitions

are responsible for the high energy shoulder (A) in the total XAS profile (Fig. 6.2, Panel

I). Excitation of bending modes occurs mainly through the 0 → 4 transition. The vibronic

excitations up to the fourth vibrational level (νi = 4) are important for these modes. The

simulation with different sets of vibrational quantum numbers of the bending modes results

in rather similar profiles of absorption (Fig. 6.2 Panels I, II). The increase of the number of

these vibrational levels leads only to a small deformation of the spectrum (see Paper VII).

6.2 Resonant Auger scattering

Although the absorption intensity for the stretching modes is small compared to the absorp-

tion intensity for the bending modes, nevertheless our simulations show that role of these

modes is very important in RAS. The total theoretical RAS spectra are shown in Fig. 6.3.

The Figure shows that RAS spectra become narrower for a large detuning. The transitions

without excitations of vibrational levels form the first peak. The second strong resonance

is caused mainly by 0 − νi − 1 transition of CC-stretch Σg (ν2) mode accompanied by an

excitation of other modes in 0−νi−0 transitions. This mode has a large displacement of the

final state potential minima relative to the ground state geometry. Due to this, the intensity

of the main peak is reduced. The weak shoulders between the first two strong resonances

arise due to one-phonon excitation of the ν4 Πg trans and ν5 Πu cis-CH bending modes.

Many-pnonon excitations of the C-C stretching mode and of the bending modes form the

third and subsequent resonances. The contrast of peaks is stronger when the excitation

energy is tuned above the top of x-ray absorption.
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Figure 6.2: 1s → πg absorption spectrum of ethyne with different sets of core excited

state vibrational quantum numbers. Solid line: ν1, ν2, ν3, ν4, ν5 = 3, 3, 3, 4, 4; Dashed line:

ν1, ν2, ν3, ν4, ν5 = 3, 3, 3, 4, 3. Dash-doted line: ν1, ν2, ν3, ν4, ν5 = 3, 3, 3, 3, 2. Panel (I):

Absorption profile for all modes. Panel (II): Absorption profile for the bending modes.

Panel (III): Absorption profile for the stretching modes. All panels are matched to get the

same positions of 0 → 0 transitions.
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Figure 6.3: RAS spectra of ethyne for different excitation energies for two sets of core-

excited state vibrational quantum numbers. Solid line: ν1, ν2, ν3, ν4, ν5 = 3, 3, 3, 4, 3; Dashed

line: ν1, ν2, ν3, ν4, ν5 = 3, 3, 3, 3, 2. Vibrational quantum numbers of the final state are

ν1 = ν2 = ν3 = 5, ν4 = ν5 = 12. Panels (A), (B), (C), (D) correspond to excitation energies

marked in Fig. 6.2, Panel I by arrows and the corresponding letters; Ω = ω − ωtop is the

detuning from the top of photoabsorption; BE = ω − E is the binding energy.
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Chapter 7

Conclusions

The following main results have been obtained during my PhD studies:

Amplified spontaneous emission in nonlinear media

• A theory of ASE induced by many-photon absorption was derived. The interaction of co-

and counter-propagating ASE pulses affects the efficiency and dynamics of nonlinear con-

version. The efficiency of conversion strongly depends on the cell length and concentration

of active molecules.

• The threshold behavior of the ASE spectral profile is explained by competition of different

ASE channels and non-radiative quenching of the lasing levels. The ASE spectrum changes

strongly when the pump intensity approaches the threshold level, namely, when the ASE

rate approaches the rate of vibrational relaxation or the rate of solute-solvent relaxation in

the first excited state.

• The ASE effect is found to be oscillatory. Temporal self-pulsations of forward and back-

ward propagating ASE pulses occur due to: 1) the interaction of co- and counter-propagating

ASE, and 2) the competition between the amplified spontaneous emission and off-resonant

absorption.

Two-photon absorption

• A theory of TPA is derived that takes into account vibrational degrees of freedom. The

theory is used to rationalize the observed differences between the spectral shapes of one-

65
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and two-photon absorption.

• The theory applied to N101 molecule [p-nitro-p’-diphenylamine stilbene] showed that two-

step electro-vibrational absorption results in a spectrum deformation and in a red shift of

the absorption spectrum. These observations are in agreement with the measurements.

Multi-photon photobleaching and laser-induced fluores-

cence

• We develop a dynamical theory of multi-photon induced fluorescence accompanied by

photobleaching. Our model includes a manifold of singlet and triplet states.

• It is found that the sequence of periodical short pulses, strongly enhances the photobleach-

ing from the lowest and excited triplet states.

• Our theory displays a double-exponential dynamics of both photobleaching and laser-

induced fluorescence with two characteristic times; the equilibrium settling time between

singlet and lowest triplet states and the duration of photobleaching. The second reason for

a double-exponential photobleaching is the spatial inhomogeneity of the laser beam.

Nuclear dynamics in x-ray absorption and resonant x-

ray Raman scattering

• We found the importance of non-adiabatic effects in resonant soft x-ray Raman scattering

from ethylene.

• The electronic selection rules are shown to break down when the excitation energy is tuned

in resonance with the symmetry, breaking B3u vibrational mode. Selection rules are then

restored for large detunings. Excellent agreement with experiment is obtained.

• It has been found that spectral profiles of the resonant Auger and x-ray absorption spectra

of the ethyne molecule are strongly affected by nuclear dynamics.
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[54] H. Köppel, W. Domcke, and L.S. Cederbaum, Adv. Chem. Phys., 57, 59 (1984).

[55] K. J. Børve, L. J. Sæthre et al, Phys. Rev. A, 63, 012506 (2000).

[56] W. Domcke and L. S. Cederbaum, Chem. Phys., 25, 189 (1977).
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