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I

Abstract

The subject of this theoretical study is the role of electronic structure as well as of rotational

and vibrational motions on interactions between molecules and electromagnetic radiation,

ranging from optical to x-ray. The thesis concerns both linear and nonlinear regimes of the

light-matter interaction.

The first part of the thesis is devoted to propagation of optical pulses with different time-

structure through various nonlinear absorbers. First we explain the double-exponential

decay of fluorescence caused by photobleaching of pyrylium salt irradiated by a train of short

(100 fs) optical pulses. The main reason for this effect is the transversal inhomogeneity of

the light beam which makes the dynamics of the photobleaching differ in the core of the

pulse and on its periphery. We also explore the optical power limiting of C60 fullerene

irradiated by either microsecond optical pulses or a picosecond pulse trains. Enhancement

of nonlinear absorption is caused by strong triplet-triplet absorption that becomes important

due to elongation of the interaction time. Here we show the importance of the repetition

rate for the optical power limiting performance.

The second part of the thesis addresses the interaction of optical and x-ray fields with

rotational degrees of freedom of molecules. In this part the main attention is paid to the

rotational heating caused by the recoil, experienced by molecules due to the ejection of

photoelectrons. We have quantitatively explained two qualitatively different experiments

with the N2 molecule. We predict the interference modulation of the recoil-induced shift,

which is a shift of the photoelectron line caused by the rotational recoil effect, as a function

of the photon energy. The developed theory also explains the rotational heating of molecules

observed in the optical fluorescence induced by x-ray radiation. Based on this explanation,

we suggest a new scheme of the optical fluorescence induced by x-rays that allows to detect

the recoil effect via the recoil-induced splitting of the optical resonance.

The last part of the thesis focuses on multi-mode nuclear dynamics of the resonant Auger

scattering from the C2H2 molecule, that was the subject of a recent experimental study. Here

we develop a theory that explains the observed vibrational scattering anisotropy. We have

found that three qualitatively different mechanisms are responsible for this phenomenon.

The first mechanism is the interference of the direct and resonance scattering channels.

The second mechanism is the interference of the resonant scattering channels through core

excited state with the orthogonal orientation of the vibrational modes of core excited state.

The Young’s double slit like interference of the quantum pathways through the double-

well potential of the bending motion of core excited state is the third mechanism of the

vibrational scattering anisotropy.
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F. Gel’mukhanov, Many-Photon Dynamics of Photobleaching, J. Phys. Chem.A, 111,

11961, 2007.

Paper II S. Gavrilyuk, J.-C. Liu, K. Kamada, H. Ågren, and F. Gel’mukhanov, Optical
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Chapter 1

Introduction

From the early days of mankind, humans have paid attention to the scattering of light.

Some basic phenomena related to the light propagation, refraction and reflection were al-

ready recognized by the antique philosophers. However, a solid theoretical background of

the modern optics was created later by Galileo Galilei (1564), Pierre de Fermat (1601),

Isaak Newton (1642), Christian Huygens (1629) and many others scientists. A Scottish

physicist and mathematician named James Clerk Maxwell (1831) synthesized all previous

observations and created what became the modern theory of electromagnetic fields. Our

knowledge about the laws of particle motion also originates in the ancient world. However,

it was not until Galilei and Newton that the empirical laws were formulated as equations of

motion and the conservation laws.

The naive picture describing the nature as independently consisting of particles and waves

was refuted in the beginning of the XXth century. The founding father of the new theory

- quantum mechanics, was a German physicist named Max Plank (1858). He invented the

new concept of photons as quanta of the electromagnetic field. Planck’s work was advanced

by Albert Einstein in 1905 in his famous article devoted to the photoelectric effect. The

discovery of the wave-particle duality is attributed to Louis de Broglie, Nils Bohr, Erwin

Schrödinger and Werner Heisenberg who developed the quantum mechanics. The quantum

effects changed drastically both science and technology.

From the early days of wave mechanics, spectroscopy has been the main tool to study the

structure of matter. At the beginning, spectroscopy was linear due to the low intensities

of the incident light. The discovery of the laser inevitably changed both optics and spec-

troscopy, because the interaction between molecules and intense laser radiation has now

become nonlinear.

In this thesis we study both linear and nonlinear light-induced phenomena.
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1.1 Optical and x-ray spectroscopies

Spectroscopy studies the spectral transitions between quantum levels of molecules.1 The

electronic levels of molecules are schematically shown in Fig. 1.1. As one can realize from this

figure, transitions between the molecular levels can take place with absorption or emission of

photons.2 Contrary to the visible and ultra-violet (UV) spectral regions the decay transitions
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Figure 1.1: Scheme of electronic tran-

sitions in optical and x-ray spectral re-

gions.

in the x-ray region also include decay which is followed by emission of an Auger electron.

The electronic decay makes the lifetime of core-excited state much shorter in comparison

with the lifetime of valence excited state

τcore . 10fs, τvalence ∼ 1 ns− 1 ps (1.1)

The molecular spectra are more sophisticated than those of atoms. The molecules have

three qualitatively different degrees of freedom: electronic, vibrational and rotational ones

(see Fig. 1.1 and Fig. 1.2). The spacing between electronic levels (∼1-1000 eV) is much

larger than vibrational frequencies (. 0.1 eV). The spacing between rotational levels is even

smaller (. 1 meV). The different energy scale of electronic, vibrational and rotational levels

occurs because the electrons are much lighter than nuclei.

me

M
< 10−3 (1.2)

This allows one to exploit the adiabatic or Born-Oppenheimer (BO) approximation. Accord-

ing to this principle, the total molecular wave function is a product of electronic, vibrational
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Figure 1.2: Electronic transitions illus-

trating the Franck-Condon (FC) princi-

ple and rotational structure.

and rotational wave functions, respectively:

Ψi,ν,JMK = ψiψνψJMΛ, (1.3)

where J,M,Λ are the total angular momentum, its projection on the molecular axis, and

projection of the electronic angular momentum on the molecular axis, respectively. Here we

consider only diatomic molecules. The amplitude of spectral transition reads

e · Di,ν,JMΛ;i′,ν′,J ′M ′Λ′ = 〈JMΛ|e · dii′ |J ′M ′Λ′〉〈ν|ν ′〉 (1.4)

where e is the polarization vector of the photon, dii′ is the electronic transition dipole

moment, and 〈ν|ν ′〉 is the Franck-Condon (FC) amplitude of transition between vibrational

states.

1.1.1 Selection rules

An electronic-vibrational-rotational transition conforms to certain selections rules.3 For

example, the dipole selection rule for homonuclear diatomic molecules allows transitions

only between electronic states of opposite parities

g 
 u (1.5)

The FC amplitudes do not have any special selection rules except for the same potential

surfaces of initial and final states

〈ν|ν ′〉 = δν,ν′ (1.6)
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The vibrational quantum number does not change only in this special case. In contrast, the

rotational transitions have rather simple selection rules

J ′ = J, J ± 1, (1.7)

which allows three rotational band P (J ′ = J − 1), Q (J ′ = J), and R (J ′ = J + 1). The

Q-band is absent for transitions between two Σ states (Λ = Λ′ = 0).

When the spin-orbit interaction is small, transitions occur without change of the total spin.

In this case only singlet-singlet, triplet-triplet etc transitions are allowed. This simple rule

is broken in the case of x-ray transition involving the core levels with l ≥ 1 where the

spin-orbit interaction is strong (Fig. 1.1).

1.1.2 Absorption, photoionization, emission, resonant Raman and

Auger scattering

The physical picture of photoabsorption and emission is illustrated in Fig. 1.1 and Fig. 1.2.

The amplitudes of absorption and emission are given by eq.(1.4). It is important to mention

two significant differences between optical and x-ray emission. Typical value of the radiative

lifetime of a valence excited state is about 1 ns. This means that the radiative rate is much

smaller than the rate of nonradiative depopulation of vibrational level γvib in the excited

state. Due to this the optical fluorescence starts from the bottom of the potential curve

of the excited state4 (Fig. 1.2). The time hierarchy is opposite for a core excited state,

because the rate of depopulation of this state Γ is much faster than γvib. Due to this the

x-ray fluorescence is defined by the FC region of core-excitation. This is the first distinction

between optical and x-ray emission. The second difference is the lifetime broadening which

is much larger in x-ray spectroscopy than in the optical region (1.1). This is the reason why

rotational structures can not be resolved in x-ray spectroscopy.

When the photon energy exceeds the ionization potential of an occupied molecular level or

of a core-level, the electron is ejected in the continuum (Fig. 1.1) with the cross section 5

σ(BE) ∝ |〈ψ−
k |e · d|ψ0〉|2∆(BE,Γ), ∆(BE,Γ) =

Γ

π[BE2 + Γ2]
(1.8)

Here ψ−
k is the wave function of the photoelectron which is an ingoing spherical wave and

a plane wave at infinity, BE = ω − ωf0 is the binding energy and ωf0 = Ef − E0 is the

ionization potential of molecular level. The photoelectron spectroscopy is one of the most

powerful spectroscopic tools in physics, chemistry and material sciences.

There is another experimental technique widely used in different applications. This is reso-

nant Raman scattering2,6–8 shown schematically in Figs. 1.1 and 1.2. The double differential
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cross section of this process is given by the Kramers-Heisenberg (KH) formula2,6

σ(ω, ω′) ∝
∑

f

|Ff |2∆(ω′ − ω + ωf0,Γ), (1.9)

Ff =
∑

i

(e′ · dfi)(di0 · e)

ω − ωi0 + ıΓ

In this process the absorption is followed by the emission of the final photon with the

frequency ω′, polarization vector e′ and momentum p′.

The core-excited state has a competing decay channel. This is the ejection of an Auger

electron instead of a photon. The cross section of the resonant Auger scattering (RAS) is

similar to the KH formula (1.9) except

(e′ · dfi) → Qfi, ω → E (1.10)

where Qfi is the amplitude of the Auger decay and E is the energy of the Auger electron.

Quite often the resonant channel competes with the direct ionization channel. Thus, the

RAS amplitude is the sum of the amplitudes of these channels6 (Fig. 1.3)

Ff = A(dk0 · e) +
∑

i

Qfi(di0 · e)

ω − ωi0 + ıΓ
. (1.11)

We will study the resonant Auger scattering in Chapters 4 and 5.

1.1.3 Recoil and Doppler effects: photon and photoelectron mo-

menta.

Simple dipole selection rules get broken in x-ray region. One can see it clearly in the case of

resonant x-ray Raman scattering in the hard x-ray region,6,9 where the change of the photon

momentum q during the scattering process breaks down the electronic selection rules. The

formal reason for this is the phase factor6,9

eıq·R, q = p′ − p (1.12)

that has to be included in the scattering amplitude (1.9). Here R is the internuclear radius

vector. In the hard x-ray region (ω ∼3 keV) the large factor pR ∼ 3 opens up parity

forbidden scattering channels. This effect, predicted in ref.,9 was later confirmed in the

experiments with the Cl2 molecule.10

The momentum of the photoelectron or Auger electron k is much higher than the momentum

of the photon p

k =
√

2E � p =
ω

137
(1.13)
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Figure 1.3: Physical picture of the direct ioniza-

tion and resonant Auger scattering (participator

RAS).

Here E is the energy of the photoelectron. This means that one can expect the role of

the electronic momentum to be more important in Auger scattering than in x-ray Raman

scattering.

k

R/2 θ
Figure 1.4: Illustration of the rotational recoil

effect

This is indeed the case. It was predicted in 199811 that the RAS through the dissociative

core-excited state is strongly affected by the electronic Doppler effect. This effect can be

accounted for in the RAS cross section by the phase factor in the amplitude of the Auger
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decay (1.10)

Q→ Qeık·R (1.14)

which results in a large Doppler shift

kv ∼ 1eV (1.15)

where v is the speed of dissociating atom. This Doppler effect was observed using polariza-

tion anisotropy of core excitation that results in Doppler splitting of the RAS resonance.12–15

However, the effect of the phase factor (1.14) is very weak for the bound-bound vibrational

transitions in RAS.16,17 The role of photoelectron momentum gets strongly enhanced in

the case of core-ionization of symmetric molecules. The phase factor (1.14) results in an

interference modulation of the photoionization cross section of gerade and ungerade core

levels.18,19

Let us now say a few words about the recoil effect. A molecule experiences recoil when

a photoelectron with the momentum k is ejected. Due to the large momentum of the

photoelectron one can expect significant change in the momentum and angular momentum of

the molecule.19–23 This means that the recoil affects the translational and rotational degrees

of freedom (Fig. 1.4). Recently, the shift of the photoelectron line caused by translational

recoil effect was observed in solids.24 The rotational recoil effect of the same order of

magnitude as the shift caused by the translational recoil effect was detected in N2 molecules

in the gas phase .25 We will discuss the recoil effect in Chapters 4 and 5.

1.2 Theoretical tools of nonlinear optics and spectroscopy

Linear optics studies the propagation of radiation with low intensity that can be character-

ized by linear dependence of the polarization on the field strength. In this case both absorp-

tion and refraction coefficients do not depend on the intensity of light. Discovery of the laser

has changed both spectroscopy and optics due to nonlinear response of media to the laser

light. The invention of lasers triggered fast development of nonlinear spectroscopy1,26–29

and nonlinear optics (NLO)30–33 as well as of interdisciplinary sciences.34–36 During the

last half-century nonlinear effects of various types have been observed: second and higher

harmonic generation, super-continuum generation, self-focusing and self-defocusing, optical

solitons, self-induced transparency, two- and many-photon absorptions, multiple photoioni-

sation, stimulated Raman scattering, optical phase conjugation, four-wave mixing etc. The

nonlinear optics has grown into a vast area with enormous technological applications. One

of the most important new branches of laser physics is generation of femto- and attosecond
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laser pulses which are vital to studying ultrafast processes in photochemistry, ultrafast x-

ray diffraction and spectroscopy, electron dynamics and such. Despite extensive research,

further efforts in theoretical modeling of nonlinear optical phenomena are required. For

example, in case of resonant propagation of laser pulses the microscopic structure of the

medium has to be taken into account explicitly.

1.2.1 Maxwell’s equations

When a light pulse propagates through a dielectric medium without free charges it excites

and polarizes the molecules. The microscopic properties of the medium thus change. In

turn, these changes affect the propagation of the light pulse. Indeed, the electromagnetic

field creates local dipole moments and induces a polarization field

P = ε0χ
(1) · E + ε0χ

(2) : EE + ε0χ
(3)...EEE + · · · , (1.16)

where ε0 is the permittivity of free spaceand χ(n) is the nth-order susceptibility. This induced

polarization changes the electromagnetic field as one can see from the right-hand sides of

the Maxwell’s equations

∇ · D(r, t) = 0,

∇× E(r, t) = −µ∂H(r, t)

∂t
,

∇ · B(r, t) = 0,

∇× H(r, t) =
∂D(r, t)

∂t
. (1.17)

where the displacement vector is directly related with P

D(r, t) = ε0E(r, t) + P(r, t). (1.18)

Here µ is the permeability of the media. The densities of free charges ρ0(r, t) and free

currents J 0(r, t) are absent for the studied system. For nonconductive and nonmagnetic

µ = µ0 media the Maxwell’s equations are reduced to the wave equation

−∇2
E(r, t) +

1

c2
∂2E(r, t)

∂t2
= − 1

ε0c2
∂2P(r, t)

∂t2
. (1.19)

because ∇ · E(r, t) = 0. Here µ0 is permeability of free space.
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1.2.2 Paraxial wave equation

Let us now take into account that electromagnetic field has the carrier frequency ω

E(r, t) =
1

2
E(r, t)e−i(ωt−p·r) + c.c,

P(r, t) =
1

2
P(r, t)e−i(ωt−p·r) + c.c, (1.20)

where E(r, t) and P(r, t) are slowly varying functions of r and t. Quite often the amplitudes

of the electric field and the polarization do not change appreciably in an optical frequency

period. This slowly-varying envelope approximation (SVEA) significantly simplifies the

wave equation (1.19) for a unidirectional propagating field (p = êzp)

(
∂

∂z
+

1

c

∂

∂t
− ı

2p
∆⊥)E(r, t) =

ıp

2ε0
P(r, t). (1.21)

Usually molecules are dissolved in a solvent and we have to take into account the change of

the light velocity caused by the refraction index of the solvent n. Thus, the paraxial wave

equation reads in this rather general case:

(
∂

∂z
+
n

c

∂

∂t
− ı

2p
∆⊥)E(r, t) =

ıp

2ε0
P(r, t). (1.22)

The real time representation (1.22) is rather expensive from the computational point of view

when we need to propagate a pulse during a long time period. The useful technique is the

local-time representation

t′ = t− nz/c, z′ = z, (1.23)

∂

∂t
→ ∂

∂t′
,

∂

∂z
+
n

c

∂

∂t
→ ∂

∂z
. (1.24)

Now the running time of the program decreases because the numerical grid moves together

with the pulse. The paraxial wave equation (1.22) in the local-time frame is significantly

simplified

(
∂

∂z
− ı

2p
∆⊥)E(r, t′) =

ıp

2ε0
P(r, t′). (1.25)

1.2.3 Density matrix equation. Polarization versus microscopical

structure of medium.

The Taylor expansion (1.16) of polarization in power series in E constitutes the background

of the phenomenological NLO theory. This approach is working well when the light does
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not change significantly the populations of quantum states. Quite often this approximation

is broken when the laser field is strong enough and its frequency is close to the resonance.

In this case we have to start from the microscopic equation for the polarization which says

that P is the expectation value of the dipole moment d

P = NTr(ρ̂d(t)), d(t) = eıH0tde−ıH0t (1.26)

Here N is the concentration of the molecules and H0 is the Hamiltonian of the molecule

with the eigenvalues En and eigen functions ψn. The density matrix of molecules ρ̂ obeys

the following equation in the interaction picture 27,28

∂ρ̂

∂t
=
ı

~
[V̂ , ρ̂] + Γ̂ρ̂ (1.27)

with dipole interaction

V̂ (r, t) = −d(t) · E(r, t), (1.28)

Now we have to solve the problem self-consistently

E → ρ̂→ P → E (1.29)

The density matrix was introduced independently by John von Neumann, Lev Landau and

Felix Bloch in 1927. The great advantage of the density matrix formalism is that relaxation

processes can be taken into account by a simplest and physically clear way via the relaxation

matrix Γ̂. The nth quantum state decays with the rate

Γn =
∑

Em<En

Γmn (1.30)

to the lower ones due to radiative (spontaneous emission) and nonradiative transitions.

Here Γmn is the decay rate of the level n caused by the population transfer to the lower

level m. The reasons for nonradiative transitions can be different. It can be Auger decay or

autoionization, decay caused by the anharmonical coupling of different vibrational modes,

the vibronic (VC) or spin-orbital (SO) coupling of electronic states. To better see the role

of relaxation, it is instructive to write down equations for the populations of the quantum

levels ρnn and for the coherences ρmn (m 6= n)

∂ρmn
∂t

=
ı

~
[V̂ , ρ̂]mn − γmnρmn (m 6= n),

∂ρnn
∂t

=
ı

~
[V̂ , ρ̂]nn +

∑

Em>En

Γnmρmm − Γnρnn. (1.31)
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The off-diagonal matrix element ρmn is responsible for the light-induced macroscopic dipole

moment. The decay rate of the coherence ρmn is a sum of two qualitatively different contri-

butions

γmn =
Γm + Γn

2
+ γdephmn , (1.32)

The last term γdephmn describes the quenching of coherence due to the dephasing collisions.26,27,29

So far our equations are exact. We now introduce an approximation that will be used

throughout the thesis and which is consistent with the paraxial equation (1.22), (1.25). This

is the rotating wave or resonant approximation (RWA).26,27 To illustrate this approximation

let us consider two-level system with ωnm = (En −Em)/~ > 0. Near the resonance one can

neglect the fast oscillating term in eq.(1.31)

e−ı(ω + ωnm)t

as compared to the resonant one exp(ı(ω − ωnm)t):

(

∂

∂t
+ ı(ω − ωnm) + γmn

)

ρ̃mn =
ı

2
Gmn(ρmm − ρnn), (1.33)

(

∂

∂t
+ Γn

)

ρnn =
1

2
= (Gnmρ̃mn) , Gmn = (dmn · E∗)/~.

Here Gnm is the Rabi frequency and ρmn = ρ̃mn exp(ı(ω − ωnm)t).
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Chapter 2

Photobleaching by periodical

sequence of short laser pulses

Pulsed lasers are widely used in optical devices, where the high brilliance of the pulse and

the accompanying multi-photon absorption strongly affect the photochemical properties of

the studied samples. In general, absorption and emission coefficients of a material as well as

its photostability determine its suitability for any kind of application. One of the processes

which weaken the photostability is photobleaching. The reason for photobleaching is pho-

tochemical reactions that remove molecules from the absorption-emission cycle. Often the

photobleaching is undesirable because of the decrease of the amount of fluorescence photons

and, hence, decrease of sensitivity of measurements.37–40 This is the case in fluorescence

based detection experiments. However, the photobleaching can be also useful. Several

groups41–43 employed the photobleaching as a recording mechanism in three-dimensional

optical memory materials. Spatial resolution of the writing depends on the nonlinearity of

excitation because the confinement is limited to a smaller volume for two- or three-photon

absorption.41–44

We should also mention the duration of the interaction between light and matter that

strongly affects pulse propagation and photochemistry of the medium. This duration is large

when a sequence of pulses is used. Now light can significantly populate the lowest long-living

triplet state. In fact, the dynamics of the interaction is also sensitive to the repetition rate

and to the width of a single pulse. Recently Polyzos et. al.45 have studied photobleaching

of different pyrylium salts using periodical short laser pulses. They observed a double-

exponential dynamics of photobleaching through fluorescence detection. Furthermore, they

showed that the photobleaching rates of different pyrylium salts had different intensity

dependencies. As the experimental data indicated, the photoexcitation to the lower singlet
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state occurs due to two-photon absorption. Then the light excites the molecule to a higher

singlet state or to a higher excited triplet state due to the rather strong population of the

lowest triplet state. The photobleaching can thus happen in the excited singlet states as well

as in the triplet states. To understand the dynamics of this photochemical process we have

performed numerical simulations of photobleaching in pyrylium salts. Our model based on

step-wise absorption includes the photobleaching in the first singlet and triplet states as

well as in the higher excited singlet and triplet states. Following the experimental article45

we select for our simulations the representative pyrylium salt, 4-methoxyphenyl-2,6-bis(4-

methoxyphenyl) pyrylium tetrafluorobate. To explain the observed45 double-exponential

decay of fluorescence we take into account the spatial inhomogeneity of the light beam. We

show that the mechanism of photobleaching is different in the high and low intensity regions

of the light beam.

2.1 Model and rate equations

Let us consider the interaction of a periodic sequence of short light pulses with a nonlinear

medium containing pyrylium salt molecules (Fig. 2.1a). We assume that the medium is thin

to neglect the propagation effects which we study in Chapter 3. This means that we do

not need to solve the paraxial equation. We start with a simplified scheme of transitions

depicted in Fig. 2.2. This scheme selects the principal channels playing the key roles in the

photobleaching process. The kinetics of spectral transitions accompanied by photobleaching

obeys the following rate equations for the populations of singlet and triplet states involved

in the studied process

∂

∂t
ρS0 = −γ(t)(ρS0 − ρS1) + ΓS1ρS1 + ΓT1ρT1,

∂

∂t
ρS1 = γ(t)(ρS0 − ρS1) − γS(t)(ρS1 − ρSn) − (ΓS1 + γis + kS1) ρS1 + ΓSnρSn,

∂

∂t
ρSn = γS(t)(ρS1 − ρSn) − (ΓSn + kSn) ρSn,

(2.1)

∂

∂t
ρT1 = γisρS1 − (ΓT1 + kT1)ρT1 + ΓT2ρT2 − γT (t)(ρT1 − ρT2),

∂

∂t
ρT2 = −(ΓT2 + kT2)ρT2 + γT (t)(ρT1 − ρT2),

∂

∂t
ρb = kS1ρS1 + kSnρSn + kT1ρT1 + kT2ρT2 .

Here ρS0, ρS1, ρT1, ρT2, are the S0, S1, T1, T2 level populations, respectively, ρb is the

concentration of bleached molecules, γ(t) - the rate of two-photon (TP) induced transition
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Figure 2.1: Chemical structure of the pyrylium-based molecules discussed in this work. Me

is the methyl CH3 group. The C1 molecule is 4-methoxyphenyl-2,6-bis(4-methoxyphenyl)

pyrylium tetrafluorobate (a). The energy level scheme of the C1 molecule (b).Taken from

Paper I. Reprinted with permission of the American Chemical Society.
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is
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Figure 2.2: Simplified scheme of transitions.

Taken from Paper I. Reprinted with permission

of the American Chemical Society.

S0 → S1, γS(t) and γT (t) - the rates of one-photon induced transitions S1 → Sn and

T1 → T2, γis - the rate of intersystem crossing (ISC) interaction, ΓS1, ΓSn, ΓT1, ΓT2 - the

decay rates of the S1, Sn, T1, T2 states, respectively; kS1, kSn, kT1, kT2 - the bleaching rates

from the corresponding states. The initial concentration of the molecules ρS0(t = 0) = 1 is
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normalized to one, except in the field equation (2.26). The rate of the TP population of the

S1 (or S2) level is defined by the cross section of two-photon absorption (TPA) and depends

quadratically on the radiation intensity I(t)

γ(t) =
σ2I

2(t)

2~ω

Γ2

(2ω − ωS1S0)2 + Γ2
, (2.2)

where the photon frequency is tuned in resonance with the TPA transition ω ≈ ωS1,S0/2,

and where Γ is the homogeneous broadening of the spectral line. The rate of the T1 − T2

one-photon transition depends linearly on I(t)

γT (t) =
(e · dT2T1)

2 I(t)

~2cε0

Γ

(ω − ωT2T1)2 + Γ2
≈ σ1I(t)

~ω

Γ2

(ω − ωT2T1)2 + Γ2
, (2.3)

dT2T1 is the dipole moment of the transition T1 − T2. The rate of the S1 → Sn one-

photon transition γS(t) is given by the same expression (2.3) after the following substitu-

tion: dT2T1 → dSnS1, ωT2T1 → ωS1Sn. As we study randomly oriented molecules we have

to perform orientational averaging of the transition dipole moment relative to the polar-

ization vector of the light e. We approximately replace (e · dT2T1)
2 by d2

T2T1/3 and use

conventional orientationally averaged cross sections46 of two-photon (σ2) and one-photon

σ1 = d2
T2T1ω/(3~cε0Γ) absorption.

2.1.1 Solution of the rate equations

The simulations are performed using the parameters collected in Tables 1, 2 and 3 of Paper

I. Equations (2.1) are solved for the periodical sequences of short pulses with the repetition

rate f = 82 MHz. We model the single pulse by a rectangular shape with the duration

τ = 100 fs shorter than all characteristic times. The rectangular shape of a single pulse allows

to solve the kinetic equations (2.1) analytically. Let us introduce the auxiliary functions

ρi = (1 − ρb)Ri, i = S0, S1, Sn, T1, T2. (2.4)

The rate equations (2.1) result in the following invariant

R ≡ RS0 +RS1 +RSn +RT1 +RT2 = 1 (2.5)

and an equation for ρb

∂

∂t
ρb = (kS1RS1 + kSnRSn + kT1RT1 + kT2RT2) (1 − ρb). (2.6)
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Due to photobleaching the concentration of photobleached molecules increases

ρb = 1 − exp

(

− t

τB(t)

)

(2.7)

with the time of the photobleaching

1

τB(t)
=

1

t

t
∫

0

(kS1RS1 + kSnRSn + kT1RT1 + kT2RT2) dt′ (2.8)

In general τB(t) depends on the time t. However, this weak dependence can be neglected as

it shown in Paper I.

To solve equations for Ri (see Paper I) we use the fact that the studied system is char-

acterized by fast relaxation of the excited singlet and T2 states and slow relaxation of the

T1 state, τST ∼ Γ−1
T1 � Γ−1

s1 ,Γ
−1
Sn,Γ

−1
T2. The dynamics of photobleaching characterized by the

time τB is much slower, τB � τST . Equations for Ri are solved inside of the n-th pulse

assuming that all levels (except S0 and T1) are depopulated during time interval between

pulses ∆

Rn
S1 ≈ Rn

Sn ≈ Rn
T2 ≈ 0. (2.9)

Here ρni = (1−ρnb )Rn
i is the population of the i-th level at the instant t = n∆−0 just before

the n-th pulse. Equations for Ri are the same eq.(2.1) as for ρi. The population dynamics

of the ground and the first triplet states are described by a recurrent equation (see Paper

I)

Rn+1
S0 − Rn

S0 =
(q − Rn

S0)∆

τ̄ST
, Rn

T1 ≈ 1 − Rn
S0 (2.10)

The ground state is depopulated during the time

τ̄ST =
∆

1 − e−∆/τST
(2.11)

which is close to the time of population transfer from the S0 to T1 level

τST ≈ 1

ΓT1 + kT1 + (γφisc + γTæT2)τ/∆
< 1/ΓT1. (2.12)

because quite often ∆ � τST .

The recurrent eq. (2.10) provides the following expressions for the populations of the lowest

singlet and triplet states

ρnS0 =
[

1 − p
(

1 − e−n∆/τST
)]

(1 − ρnb ), ρnT1 = p
(

1 − e−n∆/τST
)

(1 − ρnb ). (2.13)
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The parameters

q =
eΓ̃T1∆ − 1

φiscγτ + eΓ̃T1∆ − 1
≈ (ΓT1 + kT1)∆ + γTæT2τ

(ΓT1 + kT1)∆ + (γφisc + γTæT2)τ
, p = 1 − q (2.14)

get simple physical meanings when the photobleaching is neglected: q is the ground state

population while p is the population of the T1 state for t→ ∞. Here

φisc =
γis

ΓS1 + γis + kS1
, æT2 =

kT2

ΓT2 + kT2
(2.15)

Eq. (2.13) says that the quasi stationary distribution of populations ρS0(t) ≈ q(1 − ρb(t))

and ρT1(t) ≈ p(1−ρb(t)) is settled during τST (2.12). Later on the photobleaching decreases

the number of resonant molecules. All molecules are photobleached ρS0(t), ρT1(t) → 0

(ρb(t) → 1) when t→ ∞.

2.1.2 Rate of photobleaching

The solution (2.13) of eq.(2.10) shows an increase in the number of photobleached molecules

ρb(t) = 1 − exp

[

− 1

τB
(t− χ(t))

]

, (2.16)

where the rate of photobleaching

1

τB
= p

(

kT1 + æT2γT
τ

∆

)

+ q
γτ

∆
(æS1 + γSτæSn/2) (2.17)

=
γτ [φisc (kT1 + æT2γT τ/∆) + (ΓT1 + kT1 + æT2γT τ/∆) (æS1 + γSτæSn/2)]

∆ [ΓT1 + kT1 + (γφisc + γTæT2)τ/∆]
.

is the sum of the effective rates of photobleaching in the T1, T2, S1 and Sn states. One

should note that the photobleaching is characterized by a single time of photobleaching

which includes the photobleaching in all states. Here

æS1 =
kS1

ΓS1 + kS1 + γis
, æSn =

kSn
ΓSn + kSn

(2.18)

are the branching ratios (relative rates of bleaching processes from the S1 and the Sn levels,

respectively). A similar branching ratio æT2 for the T2 state is defined by eq. (2.15).

The duration of population of the T1 state (τST ) only slightly affects the dynamics of the

photobleaching through the term

χ(t) = τST
(

1 − e−t/τST
) 1 − µ

1 + µq/p
, µ =

γτæS1 + γγSτ
2æSn/2

kT1∆ + æT2γT τ
.
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Indeed, χ(t) ∝ τST is important only at the initial step t . τST , where ρb(t) � 1. This means

that the long range dynamics of the photobleached and intact molecules by a periodical

sequence of the pulses is defined by the equation

ρb(t) ≈ 1 − e−t/τB , ρ(t) ≈ e−t/τB , τST � τB. (2.19)

2.1.3 Photobleaching of many-level molecules

Until now we used the few level scheme (Fig. 2.2). However, simulations (see Table 3 from

Paper I and Fig. 2.1b) indicate that the studied molecule is essentially a many-level system.

Apparently, the absorption by a manifold of excited triplet states T2 (see Fig. 2.1b) has to

be taken into account. This is important for the one-photon T1 → T2 transitions. Let us

generalize eqs. (2.1) for ρT1 and ρT2 for many excited triplet states neglecting the saturation

∂

∂t
ρT1 = γisρS1 − (ΓT1 + kT1)ρT1 +

∑

T2

ΓT2ρT2 −
∑

T2

γT (t)ρT1,

(2.20)

∂

∂t

∑

T2

ρT2 =
∑

T2

γT (t)ρT1 −
∑

T2

(ΓT2 + kT2)ρT2.

Assuming that the relaxation constants ΓT2, kT2 (kT2 � ΓT2) are the same for all T2 levels,

we again obtain eqs. (2.1) where ρT2 and γT are now the total population of the excited

triplet states. The total rate of one-photon transitions is then

ρT2 →
∑

T2

ρT2, γT (t) →
∑

T2

γT (t). (2.21)

This means that the results previously obtained for a single T2 level are valid for the many-

level case as well after replacement of γT (t) (2.3) by the total rate of the T1 → T2 transition

(2.21).

Similarly, we can take into account one-photon transitions from S1 to higher excited singlet

states Sn via substituting ρSn, γS(t) by the total population of Sn levels and the total rate

of the S1 → Sn transition:

ρSn →
∑

Sn

ρSn, γS(t) →
∑

Sn

γS(t). (2.22)

2.1.4 Nonlinear absorption

The experimental data (see Paper I) show both quadratic and cubic dependencies of the

effective photobleaching rate on the intensity. The reason for this is that the two-photon
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absorption S0 → S1 is accompanied by the two-step three-photon absorption: S0 → S1

followed by T1 → T2 and S1 → Sn. This means that the Sn and T2 are populated because

of the three-photon absorption

∂

∂t
ρT2 = −(ΓT2 + kT2)ρT2 +WT (t)ρS0,

(2.23)

∂

∂t
ρSn = −(ΓSn + kSn)ρSn +WS(t)ρS0

The rates of the three-photon population of the Sn and T2 states form the total rate of the

three-photon absorption during a pulse

W3 = WT (t) +WS(t) =
τφiscγ(t)γT (t)

Γ̃T1∆
+ γ(t)γS(t)δt (2.24)

=
σ2

2~ω

(

φiscpT2T1

Γ̃T1∆
τ + pS1Snδt

)

I3(t).

Here pT2T1 = γT (t)/I(t), pS1Sn = γS(t)/I(t), δt = t − n∆. To obtain the cross-section of

three-photon absorption σeff3 we use the relation between the rate of three-photon transition

W3 = σeff3 I3/(3~ω) and σeff3

σeff3 =
3σ2τ

2

(

φiscpT2T1

Γ̃T1∆
+ pS1Sn

)

. (2.25)

Thus the intensity of the light decreases

(

∂

∂z
− 1

c

∂

∂t

)

I = −N (σ1I + σ2I
2 + σeff3 I3) = −N (σ1I + σ(I)I2) .

due to one, two and three photon absorption with the cross sections, σ1, σ2, and σeff3 ,

correspondingly. Here N is the concentration of intact molecules per unit volume. In the

studied system the TPA is accompanied by three-photon sequential absorption. To see how

the three-photon absorption (2.25) affects the two-photon absorption, it is convenient to

introduce an effective cross section of nonlinear absorption (2 + 3 photon absorption)

σ(I) = σ2 + σeff3 I. (2.26)

The increase of nonlinear absorption due to strong population of the lowest triplet state is

clearly important to optical power limiting.
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2.1.5 Two reasons of double exponential decay of fluorescence

The photobleaching decreases the number of intact molecules due to the increase of ρb(t).

Thus the photobleaching is not a desirable effect in fluorescence microscopy.

We are now at the stage to discuss the earlier observed 45,47 double-exponential decay of

the fluorescence. So far the physics of this effect has been unclear.

The fluorescence from the first excited state S1 is proportional to the population of this

state (see eqs. (2.13) and (2.19))

ρ
(e)
S1(t) ≈ γτ

(

q e−t/τB + p e−t/τST
)

, τST � τB (2.27)

This equation displays a double-exponential decay. Here ρ
(e)
S1(t) is the envelope of ρS1(t),

ρ
(e)
S1(n∆ + τ) ≡ ρS1(n∆ + τ) ≈ γτρnS0. (2.28)

Let us compute the number of fluorescence bursts nf (t) induced by the n-th pulse t ≈ n∆

using the rate equation
∂nf (t)

∂t
= ΓrS1ρS1(t) (2.29)

Here ΓrS1 is the rate of radiative decay of the S1 state which usually gives the dominant

contribution to ΓS1 = ΓrS1 + ΓnrS1, where ΓnrS1 is the rate of nonradiative decay or the rate

of internal conversion. Integration of this equation from n∆ + τ till n∆ + ∆ (neglecting

fluorescence during the pulse) results in

nf (t) ≈ φfρ
(e)
S1(t) = φfγτ

(

q e−t/τB + p e−t/τST
)

, ∆ � (ΓS1 + γis + kS1)
−1. (2.30)

The fluorescence yield

φf =
ΓrS1

ΓS1 + γis + kS1

(2.31)

varies in the interval φf = 0.22−0.76 for molecules studied in ref.44 We would like to pay at-

tention to the fact that the number of fluorescence bursts nf(t) decays double-exponentially

in contrast to the concentration of photobleached molecules ρB(t) (2.19).

The first impression is that two characteristic times τB and τST are the reason for the

observed double-exponential decay of the fluorescence. However, the time of the population

transfer from the S0 to T1 level is too fast (τST . 10−5 s) and p � 1 is too small. Thus

the double-exponential law given by (2.30) can not explain the experiment.45 There is

another reason for the double-exponential decay,48 namely the intensity dependence of the

photobleaching rate and the spatial inhomogeneity of the illumination.49,50 The spatial

distribution of the light pulse is not homogeneous due to two reasons. The first one is
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τ
B1τ

B2

I(r)

Figure 2.3: Double-exponential photobleaching caused by the inho-

mogeneous transverse distribution of the light pulse: τB1 < τB2.

Taken from Paper I. Reprinted with permission of the American

Chemical Society.

the attenuation of irradiance due to absorption, the second reason refers to the Gaussian

distribution of the light

I(r) = I(0)e−r
2/a2 (2.32)

where a is the radius of the light beam. Due to this transverse inhomogeneity the illuminated

region can approximately be divided in two parts (Fig. 2.3). The first one is the focal region

with high intensity and hence large photobleaching rate 1/τB1. However, the photobleaching

rate is significantly smaller (1/τB2) in the outermost low intensity region (Fig. 2.3). Thus

the inhomogeneity of the light beam leads to a breakdown of the single exponential decay

of fluorescence and photobleaching. To analyze strictly the role of beam inhomogeneity

we have to integrate nf (2.30) over the whole light beam. The photobleaching rate (see

sec. 2.1.5) depends quadratically on the intensity 1/τB(r) = 1/τB(0) exp(−2r2/a2) as well

as the prefactor γq ≈ γ ∝ I2(r) in (2.30). This allows to obtain an analytical expression for

the fluorescence integrated over the full cross section of the light beam

n̄f(t) = 2π

∞
∫

0

nf (t)rdr =
π

2
φfτγ(0)a2 1 − exp(−t/τB(0))

t/τB(0)
(2.33)

where γ(0) = γ(r = 0). One can see that the long time asymptotic limit is not exponential,

n̄f(t) ≈ const/t. However, the simulations indicate that the fluorescence can be fitted nicely

by a double-exponential function

n̄f (t) ≈ A1e
−k1t + A2e

−k2t, t < T (2.34)

when the time of observation T is restricted. The fitting parameters A1 , k1, A2 , k2 depend

on T . Following the experiment45 we use T = 30 s. The results of simulations based on the
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Figure 2.4: The rates of the photobleaching k1

(a) and k2 (b). Triangles mark k1 and k2 cal-

culated for a Gaussian beam using the double-

exponential fitting (2.34). The experimental data

of Polyzos et. al.45 based on the double-

exponential fitting (2.34) are shown by dashed

line. a) Solid line shows the photobleaching rate

k1 = 1/τB calculated for a homogeneous light

beam (2.17). b) Solid line is drawn through the

theoretical curve to display the slope. Taken from

Paper I. Reprinted with permission of the Amer-

ican Chemical Society.

fitting of the double-exponential expression (2.34) are shown in Fig. 2.4. Our calculations

of k1 are in reasonable agreement with the experimental data.45 The agreement is worse

for the rate k2 which mimics the slow power-law decay (t−1) by the exponential function,

exp(−k2t).

Competition between photobleaching from the T1, S1 and T2, Sn, states

It is worth to clarify the role of the photobleaching in different excited states. In the studied

region of peak intensities I the relaxation rate ΓT1 gives a dominant contribution in the

denominator of the expression for the bleaching time (2.17). This allows to understand the

intensity dependence of the photobleaching bearing in mind that the rate of the two-photon

transition S0 − S1 depends quadratically on intensity (γ ∝ I2) contrary to the one-photon

transitions S1 − Sn, T1 − T2 (γT , γS ∝ I). We assumed for the numerical simulations

kS1 = kT1, kSn = kT2, and ΓS1 � kS1 + γis, ΓSn = ΓT2 � kSn, kT2. Taking this into account

and collecting terms with quadratic and cubic intensity dependencies in equation for 1/τB
(2.17) one can get the following equation for the interface between the quadratic and cubic
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gions (see eq. (2.35)): The
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S1 levels dominates in the up-

per region, while the lower

region corresponds to photo-

bleaching mostly occurring in

the higher excited states T2,

Sn. Taken from Paper I.

Reprinted with permission of

the American Chemical Soci-

ety.

laws for the photobleaching rate 1/τB: (see Fig. 2.5)

kT1

kT2

=
(2γisγT + ΓT1γSΓS1∆)

2ΓT2(γis + ΓT1)

τ

∆
. (2.35)

The results of the simulations display a quadratic dependence of the rate of the “fast”

photobleaching with kT1/kT2 = 1.07 × 10−4 in agreement with Fig. 2.5.



Chapter 3

Optical power limiting of microsecond

pulse and of picosecond pulse train

High intensity of laser pulses poses a potential hazard for eyes and optical sensors. Therefore,

optical power limiting has attracted a great deal of attention because of the needs for

automatic protection of optical sensors against intense laser radiation. Several nonlinear

mechanisms can lead to optical limiting behavior, such as reverse saturable absorption,51–53

two-photon absorption,54–60 nonlinear refraction, and optically induced scattering.61 We

focus our attention on optical limiting performance induced by the two-photon processes,

including two-step TPA.

3.1 Optical power limiting of microsecond pulses

ΓT1

ΓSn

γ (t)

sγ (t)

T
γ (t) ΓT2

ΓS1

γis

S0

S1

Sn

T2

T1

Figure 3.1: Scheme of transitions of the C60 molecule.

Here γc ≡ γis is the rate of intersystem crossing.
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Here we study nonlinear propagation of a long laser pulse with the pulse duration longer or

comparable with the lifitime of the lowest triplet state. Contrary to the scheme (Fig. 1.1)

studied in previous Chapter 2, the first excited state is populated due to one-photon ab-

sorption (Fig. 3.1). This is the case of fullerene C60. The scheme shown in Fig. 3.1 selects

the principal channels that play the key role in the nonlinear absorption of a long pulse:

The one-photon transitions S0 → S1, S1 → Sn and T1 → T2 form two sequential TPA

channels (S0 → S1) × (S1 → Sn) and (S0 → S1) × (T1 → T2). The coherent TPA channels

are ignored in our simulations because the frequency of the light is tuned in the vicinity of

resonances with the one-photon transitions, S0 → S1, S1 → Sn, T1 → T2. However, the

coherent TPA is also resonantly enhanced in the studied system due to the same reason.

At the same time our analysis shows that the resonant one-step TPA starts to compete

with the sequential TPA at the intensities too high to be of a relevance here (see Appendix

A in Paper II). Electronic transition between the ground state S0 and the first singlet

excited state S1 is symmetry forbidden.62 This explain the rather weak absorption cross

section of the one-photon transition S0 → S1 (Fig. 3.2) which is allowed only due to the

vibronic-coupling. The triplet state plays an exceptional role in sequential TPA because
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Figure 3.2: Experimental

cross sections of S0−S1, S1−
Sn and T1 − T2 one-photon

transitions in toluene.63 The

scales of the cross section

for S0 − S1 and for (S1 −
Sn, T1 − T2) transitions are

different as shown on the

left and right axes, respec-

tively. Taken from Paper

II. Reprinted with permission

of the American Institute of

Physics.

of its long lifetime (∼ 1µs − 1ms). When the duration of the pulse or of the pulse train

is comparable with or longer than the time of population transfer into the triplet state,48

the excited-state absorption through the population of the triplet state strongly affects the

nonlinear absorption. In fact, when the pulse duration is sufficiently long, the population of

the ground state can be transferred almost completely to the triplet state by a rather weak



3.1 Optical power limiting of microsecond pulses 27

field if the lifetime of the triplet state is also long. Consequently, the sequential (singlet-

singlet)×(triplet-triplet) absorption can result in nonlinearities even in a rather weak field.

This mechanism of TPA has attracted a lot of attention because of its importance in optical

power limiting, photochemistry and photobleaching.37,43,47,48,63–66 Apparently, the T1 → T2

absorption must be stronger than the S1 → S2 one to make the sequential TPA efficient in

optical limiting. Fig. 3.2 shows that this is valid near λ = 433 nm and λ = 650 nm.

There appear to be an impression that a significant part of the pulse passes the media

without attenuation due to long response time of the triplet state. This can be a serious

obstacle for the use of two-step TPA in optical limiting devices. Fortunately, our simulations

show that the major part of the pulse is strongly absorbed and only a tiny front part of the

pulse is transmitted without significant absorption (see Fig. 7 from Paper II).

The kinetics of spectral transitions (Fig. 3.1) induced by the incident laser field obeys the rate

equations for the populations of the singlet and triplet states (2.1), where photobleaching

is neglected. Due to this the total population is normalized to unity

∑

k

ρk = 1. (3.1)

The incoming radiation populates the excited states via the one-photon transitions S0 → S1,

S1 → Sni, and T1 → T2i with the rates γ(t), γSi(t), γT i(t), respectively. It is convenient to

recast the rates of these one-photon transitions m→ n

γmn(t) =
σmnI(t)

~ω
=

|dmn|2I(t)

3~2cε0

Γ

Ω2
mn + Γ2

, I =
cε0

2
|E|2. (3.2)

through the partial cross sections of the one-photon absorption

σ ≡ σS1S0, σS ≡ σSnS1, σT ≡ σT2T1. (3.3)

Here Ωmn = ω−ωmn is the detuning of the light frequency from the resonant frequency. We

assume below that the lifetime broadening Γ is the same for all transitions. Quite often the

molecules of a sample are randomly oriented, which has been accounted for in eq 3.2 using

the following substitution |E · dmn|2 → |E|2|dmn|2/3.

3.1.1 Adiabatic solution of the rate equations

Contrary to the previous Chapter here we study the propagation of a single long pulse.

Due to this the method of solution of the rate equations is different. The system under

consideration can be divided into fast and slow subsystems according to the rate equations



28 Chapter 3 Optical power limiting of microsecond pulse and of picosecond pulse train

(2.1), (3.1). The spectroscopic constants collected in Table I of Paper II indicate that the

relaxation rates of the excited singlet (ΓS1 + γc, ΓSn) and triplet (ΓT2) states are the largest

ones. However, as we will see below, the dynamics of the ground and the lowest triplet

states are the slowest ones and are characterized by the duration of the pulse τ and by the

time48 τST of population transfer S0 → T1, which we will define explicitly below in eq. (3.8).

This condition indicates that the populations of the excited states follow adiabatically the

slow dynamics of the S0 and T1 levels. Mathematically this means that one can neglect the

time derivatives in eqs. (2.1) excluding the equation for the ground state population. In

fact, the time derivative must be also kept in the equation for the T1 state. However, one

can use the particle conservation law (eq. (3.1)) instead of this equation. Eq. (3.1) and the

last three equations in eqs. (2.1) result in

ρS1 = w(t)ρS0, ρSni = wSi(t)ρS1,

(3.4)

ρT1 = P (t) −Q(t)ρS0, ρT2i = wT2i(t)ρT1

with

P (t) =
1

1 + wT2(t)
, Q(t) = P (t)[1 + w(t)(1 + wS(t))],

(3.5)

wS(t) =
∑

i

wSi(t), wT2(t) =
∑

i

wT2i(t).

The auxiliary quantities

w(t) =
γ(t)

ΓS1 + γc + γ(t)
, wSi(t) =

γSi(t)

ΓSn + γSi(t)
, wT2i(t) =

γT i(t)

ΓT2 + γT i(t)
(3.6)

have the physical meaning of relative probabilities of radiative one-photon transitions S0 →
S1, S1 → Sni, T1 → T2i, respectively. Substitution of the populations given by eqs. (3.4) in

the eq. (2.1) for ρS0 gives the following equation for the ground state population:

∂

∂t
ρS0 = −γ0(t)ρS0 + ΓT1P (t) =

q(t) − ρS0

τST (t)
. (3.7)

Here q(t) = τST (t)ΓT1P (t). The dynamics of depopulation of the ground state is defined by

the time of population transfer between S0 and T1 levels

τST (t) =
1

γ0(t)
, γ0(t) = γ(t)Φ(t) + ΓT1Q(t). (3.8)
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In fact this time and the rate γ0(t) depend also on the spatial variables r through the

intensity of the field. The first term in equation for γ0(t) has a simple physical meaning,

namely that the population transfer S0 → T1 is equal to the pump rate γ(t) times the

probability of intersystem crossing

Φ(t) =
γc

ΓS1 + γc + γ(t)
, (3.9)

where the denominator is the total rate of depopulation of the S1 level. It is worthwhile to

pay attention to the fact that eq.(3.7) is a continuous version of eq.(2.10).

3.1.2 Scheme of solution of coupled paraxial and rate equations

Due to the photoabsorption the incident field changes during propagation through the non-

linear medium. This means that we have to solve eqs. (3.4) and (3.7) self-consistently with

the paraxial equation in the local-time frame [(t, z) → (T = t− n/z, z)] (1.25)

(

∂

∂z
+
n

c

∂

∂t
− i

2k
∆⊥

)

E = −Nσtot

2
E, ∆⊥ =

∂2

∂r2
+

1

r

∂

∂r
+

1

r2

∂2

∂ϕ2
(3.10)

For the studied system the total photoabsorption cross section

σtot = σ(ρS0 − ρS1) + σS(ρS1 − ρSn) + σT (ρT1 − ρT2) (3.11)

includes the ground state absorption S0 − S1 and the excited-state absorption (S1 − Sn,

T1 − T2) with the partial cross sections (3.3).

We consider the propagation of a gaussian pulse with its focal point at z = 0 through a C60

absorbing cell of length L. The center of the medium is localized at z = 0 and so the entry

of the pulse into the cell is at z = z0 = −L/2. The paraxial equation 3.10, was solved using

the Cranck-Nicholson method67 together with the rate equations (3.4) and (3.7) using the

initial conditions (T=0: ρS0 = 1, ρS1 = ρSn = ρT1 = ρT2 = 0) and the boundary condition

rE(r, z, T ) = 0, for r = 0,R, (3.12)

E(r, z0, T0) = E0(T0)
w0

w(z0)
exp

(

− r2

w2(z0)

)

exp

(

ik
r2

2R(z0)
− iζ(z0)

)

,

w(z) = w0

√

1 +

(

z

l0

)2

, R(z) = z

[

1 +

(

l0
z

)2
]

, ζ(z) = arctan

(

z

l0

)

,

where T0 = t − nz0/c; w(z) is the beam width at the point z, the minimum value of the

beam waist is w0 = 1 mm, R ≈ 5w(z). The longitudinal extent of the focal region of the
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gaussian beam or the Rayleigh length l0 = πw2
0/λ is about 6 m for the wavelength of the

light λ = 532nm. Assuming a TEM00 gaussian beam we neglect ∂2/∂ϕ2 in the paraxial

equation. The incident pulse is modeled by a gaussian

E0(t) = E0e
−

1

2
((t− t0)/τ)2 ln 2

(3.13)

with the half width at half-maximum (HWHM) τ = 0.5 µs. The simulations were performed

using the experimental values of the photoabsorption cross sections σ, σS and σT (Fig. 3.2)

and the experimental relaxation rates collected in Table 1 of Paper II. We use in calculations

n ≈ 1.5 (toluene) and neglect the nonlinear part of the refraction index.

3.1.3 Transmittance

Figure 3.3: 2D map of the output field

intensity after passing through the ab-

sorbing medium (z=L/2 = 0.5 mm).

The concentration of the absorber C60

is N = 1020 cm−3. λ = 650 nm,

w0 = 1.0 mm, I0=10 MW/cm2, τ =

0.5µs, t0 = 2.0µs. Taken from Paper II.

Reprinted with permission of the Amer-

ican Institute of Physics.

A two-dimensional (2D) map of the intensity at the end of the absorbing cell is shown in

Fig. 3.3. One can see that the field intensity decreases strongly because of the nonlinear

sequential absorption except for the front of the pulse. The light is absorbed more strongly

near the axis of the beam, where the intensity of incident pulse is larger and hence the

population of the lowest triplet state is higher. The strong absorption near the axis of the

beam makes both the field (Fig. 3.3) and the transmittance (Fig. 3.4)

T (r, z, t) =
I(r, z, t)

I(r, z0, t)
, z0 = −L/2 (3.14)
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T (r, L/2, t) = I(r, L/2, t)/I(r,−L/2, t)

(eq 3.14) after the absorbing medium

with the same input parameters as

in Fig. 3.3. Taken from Paper II.

Reprinted with permission of the

American Institute of Physics.
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Figure 3.5: Energy transmittance (eq. (3.15))
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line). N = 1018 cm−3. The other input parame-

ters are the same as in Fig. 3.3 Taken from Paper

II. Reprinted with permission of the American
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smaller near the axis of the beam than at the periphery. The energy transmittance (Fig. 3.5)

T (L) =
J(z0 + L)

J(z0)
, J(z) = 2π

∞
∫

0

R
∫

0

I(t, r, z)rdrdt (3.15)

shows the optical power limiting is better for λ = 650 nm where the T1 → T2 absorption

is much higher than the S1 → S2 one (see Fig. 3.2). The nonlinear absorption starts from

linear absorption S0 → S1 for low intensity where the transmittance is exactly equal to

TS0S1 = exp(−NσL). The absorption increases due to the population of the lowest triplet

state accompanied by strong T1 → T2 linear absorption. The transmittance is saturated

and approaches the lowest limit TT1T2 = exp(−NσTL) when intensity is high enough to

populate the T1 level.

3.2 Optical power limiting of picosecond pulse trains

In this Section, we study the optical power limiting of a pulse train with picosecond subpulses

I(t) =

ntot−1
∑

n=0

In(t). (3.16)

To exemplify a theory we select the C60 molecule and the pulse train with the duration of

single rectangular pulse τ = 100 ps and the spacing between adjacent pulses ∆ = 12 ns.

The envelope of the incident pulse train is modeled by the Gaussian at the cell entry is

modeled by the train of the rectangular pulses

In(r) = I0 exp

[

−
(

n∆ − t0
τe

)2

ln 2

]

exp

[

−
(

r

r0

)2

ln 2

]

. (3.17)

Here t0 = [(ntot − 1)∆ + τ ]/2, τe = 10∆/3 is the HWHM of the envelope, r0 = 2 mm is

the beam size. The total number of subpulses used in simulations is ntot =20. The entry

of the cell is at z0 = 0. The parameters of simulations for λ = 650 nm are the same as

in previous Section (see Paper III). The attenuation of each subpulse is described by the

wave equation in the local time frame

∂

∂z
In = −N (σSρ

n
S0 + σT1ρ

n
T1)In. (3.18)

Here we neglected rather weak population of the S1, Sn and T2 levels. We solve this equation

together with equations for the ground state population (the population at the end of the

n pulse)

ρn+1
S0 − ρnS0 = (q − ρnS0)∆/τ̄ST , ρnS0 + ρnT1 ≈ 1, (3.19)
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which strongly resembles eq.(2.10). Here

q =
τ̄ST
∆

(

1 − e−ΓT1∆
)

, φisc =
γis

γis + ΓS1

, (3.20)

The time

τ̄ST =
∆

1 − e−ΓT1∆ [1 − (fS1 + fSn)φisc]
(3.21)

has the same physical meaning as the time (2.11): This is approximately the time of the

population transfer from the singlet state to the lowest triplet one. The populations ρnS0

and ρnT1 depend on z via the parameters q = q[In] and τ̄ST = τ̄ST [In]. One should mention

one significant difference between the case of 100 ps pulses and 100 fs pulses studied in Sec.

. Now the duration of the pulse is comparable or longer than the relaxation times. Due to

this the dynamics of the populations inside of the pulse is calculated more accurately taking

into account long duration of the interaction via the quantities (see for more details Paper

III)

fS1 =
γγS

ΓSn + 2γS

[(

1 +
ΓSn
γS

)

τ +
1 − e−τ(ΓSn+2γS)

ΓSn + 2γS

]

,

fSn =
γγS

ΓSn + 2γS

[

τ − 1 − e−τ(ΓSn+2γS)

ΓSn + 2γS

]

. (3.22)

3.2.1 Role of the triplet state absorption on optical limiting

The distribution In/I
0 of the transmitted pulse train is shown in Fig. 3.6 for different input

intensities I0. The minor changes are seen for the front of the pulse train. Here the intensity

is weak and therefore the population transferred to the lowest triplet state is small. Due

to this the front subpulses of the pulse train is attenuated mainly due to the weak linear

S0 → S1 absorption. The following subpulses with higher intensities populate significantly

the triplet state T1 and the T1 → T2 absorption becomes important. The cross-section of the

T1 → T2 transition is much stronger (71 times) than that of the linear S0 → S1 absorption

(see Fig. 3.2 for λ = 650 nm). Thus the later subpulses are attenuated mainly due to the

strong excited state T1T2 absorption.

The laser field is not homogeneous in the transverse direction. A 3D map of the pulse

intensity at the end of the absorbing cell is shown in Fig. 3.7 One can see that the field

intensity decreases strongly due to the excited-state T1T2 absorption except for the front

subpulses. The dynamics of the population transfer and, hence, the sequential T1 → T2

absorption is different for different r (see Fig. 7 in Paper III). The region near the axis

r = 0 is mainly affected by strong nonlinear absorption. The light is absorbed more strongly
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Figure 3.6: The relative intensity

distributions In/I
0 of the transmitted

pulse train for various peak intensities

I0. ∆ = 12 ns. r = 0, z = L =1 cm,

N=1018cm−3, I0 = 1GW/cm2.

Figure 3.7: 3D map of the

transmitted field intensity.

z = L = 1 cm, N=1018cm−3,

I0 = 1GW/cm2.

near the axis of the light beam, where the intensity is higher and hence the population of the

lowest triplet state is stronger. The different absorption mechanisms result in different radial

distribution of the transmitted field intensity for different subpulses. The strong sequential
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absorption near the axis of the beam for the later subpulses (n ≥ 12) makes the field smaller

near the axis of the beam than at the periphery (similar to Fig. 3.3). The reason for this is

the higher population of the T1 state for these subpulses.
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Figure 3.8: The integral transmittance T (0, L)

(3.24) versus the relative repetition rate ν =

f/ΓT1 (a) and the relative illumination pause

1/ν = ∆ΓT1 (b). L=1 cm, N=1018cm−3, I0 =

1GW/cm2.

3.2.2 Optical limiting versus the repetition rate

The relaxation rate ΓT1 of the lowest triplet state is a decisive parameter in the studied

excited-state absorption. Indeed, decreasing of the repetition rate f = 1/∆ below ΓT1 allows

the relaxation of the triplet state to the ground one before the next pulse is absorbed. This

prevents significant population of the triplet state. The excited-state T1T2 absorption is

suppressed in this case. This absorption becomes the major absorption channel for higher

repetition rate f = 1/∆ > ΓT1. Such a strong dependence of the optical limiting on the

dimensionless repetition rate

ν =
f

ΓT1

≡ 1

∆ΓT1

(3.23)

is seen directly from Eqs. (3.20) and (3.21) that show exponential dependence of the dy-

namics on ν. According to the calculations the dynamics of photoabsorption can be divided

into two qualitatively different regions. The excited-state T1T2 absorption is quenched when

ν . 0.4. In this region, the triplet state is not populated and due to this the light is absorbed
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only because of the linear S0 → S1 absorption. To quantify the role of repetition rate let us

look at the integral transmittance at r = 0

T (r, z) =
J(r, z)

J(r, z0)
, J(r, z) = τ

∑

n

In(r, z). (3.24)

Fig. 3.8(a) shows that the one-photon S0 → S1 absorption is followed by the excited-state

T1T2 absorption when the repetition rate f passes the decay rate of the lowest triplet state

ΓT1. Thus the optical limiting takes place only when the illumination pause ∆ is shorter

than lifetime of the triplet state. This means that one can use the ν dependence of the

transmittance to define the decay rate of the triplet state. It looks like the dependence

of the transmittance on the relative illumination pause 1/ν = ∆ΓT1 is more appropriate

because this dependence is much sharper near region of our interest f ∼ ΓT1. Fig. 3.8(b)

shows that the transmittance is almost saturated near 3 < ∆ΓT1 < 4. This allows to define

ΓT1 with the accuracy of 20-30%.



Chapter 4

Recoil induced rotational heating

In this chapter we study another nonlinear process, namely, optical fluorescence induced by

x-ray photoionization. Rotationally resolved fluorescence spectrum is strongly affected by

x-ray photons. The reason for this is the high energy of the photoelectrons.

A molecule experiences the recoil when a photoelectron with momentum k leaves the

molecule. The recoil affects translational, vibrational and rotational degrees of freedom.

Here we pay attention to the rotational recoil effect which we studied both theoretically.

Two qualitatively different techniques can be used to study recoil induced excitation of the

rotational degrees of freedom. The first one is the direct measurement of the rotationally

resolved photoelectron line. Such an experiment needs superhigh resolution and the cor-

responding measurements were performed for low photon energies. Öhrwall et al68,69 have

recorded angle-resolved He I photoelectron spectra of the three outermost valence states in

N+
2 (X2Σ+

g , B2Σ+
u , and A2Πu) with high enough resolution to observe rotational line profiles.

Unfortunately, the resolution of X-ray photoelectron spectra (XPS) is not high enough to

see rotational structure for higher photon energies. However, in this case one can observe

the shift of the photoelectron line caused by excitation of higher rotational levels. The al-

ternative technique to study the recoil induced rotational heating is based on the detection

of dispersed fluorescence from the excited ions. Such kind of measurements were performed

for the N2 and CO molecules by Poliakoff et al.70,71

We analyze here two kind of the measurements performed with N2 molecule:72 the recoil-

induced shift of the XPS line and the rotational structure of the x-ray induced optical

fluorescence (see Paper IV and Paper V). The incident VUV or x-ray photon populates

the outermost state B2Σ+
u of N+

2 via the direct photoionization of the 2σu molecular level

when the photon energy is below the resonant frequency 400.88 eV of the 1σu → 1πg
transition. The B2Σ+

u state is populated mainly due to the resonant Auger scattering (RAS)
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when ω approaches the resonant energy 400.88 eV. Due to this we consider separately both

the direct and RAS population of the B-state which is followed by the optical fluorescence

B2Σ+
u (ν = 0) → X2Σ+

g (ν ′ = 0) (see Fig. 4.1).
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Figure 4.1: The channels of

the direct and resonant ion-

ization in N2 molecule fol-

lowed by the optical fluores-

cence.

4.1 Recoil-induced shift of the XPS line

To give an insight into the physics of the effect it is instructive to start with a classical

calculation of the shift of the XPS line caused by the recoil effect.

4.1.1 Classical theory. Recoil angular momentum

The ejected photoelectron with momentum k and energy E transfers both the momentum

and angular momentum to the molecule

k, J =
1

2
[R × k], J =

kR

2
sin θ (4.1)

where θ = ∠(k,R). The binding energy of the B2Σ+
u state increases due to the recoil effect.

The shift of XPS line has two contributions

∆E = ∆Etr + ∆Erot (4.2)

The first one is the recoil energy related to the translation motion while the second contri-

bution is caused by the rotational excitation of N2 (Fig. 1.4)

∆Ec
tr =

k2

4mN
=

E

2mN
, ∆Ec

rot = BJ2 (4.3)
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The upper-script c means classical calculation. The rotational constant B = 1/2I = 2.492×
10−4 eV is inverse proportional to the twice momentum of inertia I = mNR

2/2, where R is

the bond length and mN is the mass of the nitrogen atom. The averaging of the rotational

shift over the directions of emission of the electron results in

∆Ec
rot =

2

3
∆Ec

tr =
E

3mN
, J2 =

(

kR

2

)2
1

4π

∫

sin2 θdΩ =
2

3

(

kR

2

)2

=
2

3
J2
r . (4.4)

Here we introduce the recoil angular momentum

Jr =
kR

2
, (4.5)

which is the key parameter of the rotational recoil effect. The rotational recoil energy grows

when the photon energy (and hence E) increases because

k =
√

2E. (4.6)

The recoil shift ∆Erot is also calculated using the quantum distribution function ρ(J) over

rotational levels of the B-state (see below and Paper IV)

∆Erot = EB(E) − EB(0). (4.7)

Here

EB(E) =
∑

J

EJρ(J) (4.8)

is the mean rotational energy of the B-state which corresponds to the kinetic energy of the

photoelectron E. The distribution function was calculated theoretically and also extracted

from the fluorescence spectra using the Hönl-London formula (4.15).

Classical calculation is already in a good agreement with the experimental data (Fig. 4.2),

where the translation recoil shift is subtracted. However, both experiment and quantum

calculation (see below) show a modulation of the shift.

4.1.2 Semi-classical theory: YDSE interference

The classical theory ignores the interference of wave emitted coherently from indistinguish-

able nitrogen atoms which gives an intrinsic Young’s double slit (YDSE) interference pattern

in the cross section of the 2σu ionization

σion(θ) ∝ |g−|2 ∝ 1 − cos(k · R), g− = (e · k̂)
[

eık·R/2 − e−ık·R/2
]

(4.9)
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Figure 4.2: Mean binding

energy72 of the B2Σ+
u (ν =

0) state of N+
2 as a func-

tion of photoelectron ki-

netic energy E (Paper

IV). Solid circles, left-

hand axis: From photoelec-

tron spectroscopy. Squares

and triangles, right-hand

axis: From fluorescence

measurements. Triangles

are from this work and

squares are from Ref.71 The

solid line represents a least-

squares fit of a straight

line to the photoelectron

data. The dotted line

shows the predictions of a

quantum-mechanical theo-

retical model. Taken from

Paper IV. Reprinted with

permission of the American

Physical Society.

Let us compute the rotational shift in the semi-classical approximation (J ∼ kR � 1) as

an expectation value of the classical rotational energy Ec
rot(θ)

∆Ec
rot =

∫ π

0

Ec
rot(θ)P (θ) sin θdθ, Ec

rot(θ) = BJ2 =
1

4
Bk2R2 sin2 θ, (4.10)

where

P (θ) =
σion(θ)

σion
, σion =

∫ π

0

σion(θ) sin θdθ (4.11)

is the photoionization probability normalized to one. The semi-classical approximation

(4.10) results in the interference modulation of the rotational shift seen in Fig. 4.3 (see also

Paper IV and Paper V)

∆Erot =
〈Ec

rot(θ)[1 − cos(k · R)]〉
〈1 − cos(k · R)〉 ≈ 〈Ec

rot(θ)〉
〈1 − cos(k · R)〉 ≈ ∆Ec

rot

(

1 +
sin(kR)

kR

)

. (4.12)
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Figure 4.3: Role of the

YDSE interference (4.12)

and of the scattering (4.14).

The circles and straight

solid line show the XPS

experimental data and the

classical calculation (4.4),

respectively.

However, the phases of both the semi-classical and quantum interference fringes are shifted

from the experimental one. The reason for this is the scattering effect which is ignored in

our simulations. Let us now improve the amplitude (4.9) of photoionization of the first N

atom taking into account the scattering of the fast photoelectron by the second nitrogen

atom18–20

(e · k̂)eık·R1 → (e · k̂)eık·R1 + (e · R̂12)f
(2)(k̂ · R̂12)

1

R
eıkR+ık·R2 . (4.13)

Here R12 = R1 − R2, R1,2 = ±R/2 and f (2)(k̂ · R̂12) is the scattering amplitude of the

photoelectron by neutral nitrogen atom. The scattering results in a phase shift of the

YDSE interference pattern (4.12): sin(kR) → sin(kR + 2δ) (see Paper V),

∆Erot ≈ ∆Ec
rot

(

1 +
sin(kR + 2δ)

kR

)

, (4.14)

where δ is the phase shift of the p electronic wave by the nitrogen atom. This phase shift

inverts the interference pattern (4.12) in agreement with the measurements (see Fig. 4.3).
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4.2 Optical fluorescence induced by x-ray photoioniza-

tion

In this section we are not going to analyze the raw fluorescence data. Instead, we extracted

the normalized populations of the rotational levels of the B-state from the fluorescence

spectra using the Hönl-London formula73

ρ(J) = IJ→J∓1 ×K ×
{

2J+1
J
, J → J − 1 (R− band)

2J+1
J+1

, J → J + 1 (P − band)
(4.15)

Here K is the constant which includes electronic and vibrational matrix elements and IJ→J∓1

is the fluorescence intensity.

4.2.1 Rotational distribution in ground and ionized B-state

Thus, our aim is to find the populations of the rotational levels of the B-state (see Paper

V). First of all we need to calculate the rotational distribution in the ground 1Σ+
g -state.

The ground state rotational distribution ρ(J0) is governed by the supersonic expansion

conditions. However, in the simulations we ignore possible alignment of the ground state

molecules and assume the Boltzmann distribution over rotational levels ε0(J0) = BJ0(J0+1).

The nitrogen atom 14N is a boson with nuclear spin s = 1. Hence the total nuclear spin

of the N2 molecule can be odd (1) or even (0,2). The total wave function of the molecule

should be symmetric relative to the permutation of nitrogens. This means that the odd

rotational states have nuclear spin 1, while the even rotational states have two spin states

0 and 2, because the gerade electronic wave function of the 1Σ+
g ground state is symmetric.

Due to this distinction in statistics for odd and even rotational levels73

Λ(J0) =
1

2

[

3 + (−1)J0

]

(4.16)

the equilibrium ground state distribution is

ρ0(J0) =
Λ(J0)

Z
(2J0 + 1) exp

(

−ε0(J0)

kBT

)

. (4.17)

Here Z =
∞
∑

J0=0

Λ(J0)(2J0 + 1) exp(−ε0(J0)/kBT ). The normalized rotational distribution of

the B-state which is defined

ρ(J) =
σ(J)

∑

J

σ(J)
(4.18)
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by the total cross section of the transition to the rotational level J in the course of pho-

toionization

σ(J) =

∞
∑

J0=0

σ̃(J0, J)ρ0(J0), σ̃(J0, J) =
σ(J0, J)

2J0 + 1
, (4.19)

where σ̃(J0, J) are the partial cross sections (per magnetic sub-level) of the J0 → J transition

caused by the direct photoionization or by resonant photoemission (Fig. 4.1).

4.2.2 Cross-section of rotational transition

The amplitude of rotational transition from the ground X1Σ+
g (ν = 0) state to the final

B2Σ+
u (ν = 0) state is the matrix element 〈J0M0Λ0|F |JMΛ〉 of the electronic amplitudes

(4.23) or (4.25). The projection Λ of the electronic angular momentum on molecular axis is

equal to zero in both states (Λ0 = Λ = 0). Due to this the rotational wave function |JMΛ〉
is the spherical function |JM0〉 = |JM〉 = YJM(R̂). Thus, the amplitude of the transition

between initial |J0M0〉 and final |JM〉 rotational states is the matrix element of electronic

amplitude of the XPS or the RAS processes

〈J0M0|F |JM〉 (4.20)

The cross section of the rotational transition J0 → J is

σ(J0, J) =
∑

M0M

∫

|〈J0M0|F |JM〉|2dk̂ (4.21)

The electronic amplitude of direct photoionization (e· d̂2σuψk
) is given by the matrix element

d2σuψk
between the 2σu orbital

2σu = a(2s1 − 2s2) + b(2pσ1
+ 2pσ2

) (4.22)

and the wave function of the photoelectron, where e is the polarization vector of the X-ray

photon. This amplitude has the following anisotropy

FXPS ∝ (e · d̂2σuψk
) ∝ (e · k̂)g− + [q(e · R̂) + p(e · k̂)(k̂ · R̂)]g+ (4.23)

The factor

g± = eık·R/2 ± e−ık·R/2 (4.24)

takes into account the interference of the electronic waves emitted from two nitrogen atoms

in the N2 molecule. This factor is responsible for rotational heating caused by the recoil

effect. The first term at the right-hand side of eq.(4.23) is due to the 2s contribution in the

2σu MO.



44 Chapter 4 Recoil induced rotational heating

The probability of ionization of the 2σu electron is resonantly enhanced when ω approaches

the frequency 400.88 eV of the 1σu → 1πg transition. Now the final B-state is populated

mainly due to the RAS with the amplitude

FRAS ∝ (e · d̂π)[1σu2σu|1πgψk] ∝ (e · d̂π)(k̂ · d̂π)
[

g− + η(k̂ · R̂)g+

]

. (4.25)

where [1σu2σu|1πgψk] is the Coulomb integral

∫

2σu(r1)1σu(r1)
1

r12
1πg(r2)ψk(r2)dr1dr2. (4.26)

The dipole moment dπ of the 1σu → 1πg transition is perpendicular to the molecular axis.

The first and the second terms at the right-hand side of equation for FRAS (4.25) are caused,

respectively, by the 2s- and 2pσ-contributions in 2σu molecular orbital (4.22). Comparison

of eqs.(4.23) and (4.25) shows that XPS and RAS processes have qualitatively different

anisotropies and, hence, different rotational distributions in the final state.

The partial cross section (4.21) can be obtained using eqs.(4.23), (4.25) and the expansion

of the plane wave exp(ık · R/2) over the spherical functions.

Direct photoionization

The cross section (4.21) of the direct ionization takes the form

σXPS(J0, J) =

J0
∑

M0=−J0

[

{|fz|2 + |a|2(|f−
x |2 + |f+

x |2) + |b|2|f ′
z|2}

]

, (4.27)

where

f±
x = − 1

2Jr

J+J0
∑

l=|J−J0|

ℵl±1

√

l(l + 1)jl(Jr), fz =

J+J0
∑

l=|J−J0|

ℵl0jl(Jr),

f ′
z =

J+J0
∑

l=|J−J0|

ℵl0
ljl−1(Jr) − (l + 1)jl+1(Jr)

2l + 1
,

ℵlæ =
√

(2J0 + 1)(2J + 1)ıl−1
[

1 − (−1)l
]

C l0
J00J0C

læ
J0−M0JM0+æ,

and C lm
J0M0JM

is a Clebsh-Gordon coefficient. The first term at the right-hand side of eq.

(4.27) corresponds to the channel of the 2s→ εp ionization, while the second and the third

terms are the channels of the 2pσ → εs, εd ionization.
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Resonant photoemission

Core-excitation followed by the Auger decay makes the cross section of the rotational tran-

sition (4.21) different in comparison with the direct photoionization (4.27)

σRAS(J0, J) = σ2s(J0, J) + ζ2pσ2p(J0, J),

(4.28)

σ2s(J0, J) =

J0
∑

M0=−J0

[

2(|f+1
x |2 + |f−1

x |2) + |fz|2
]

.

Here

fæ
x =

J+J0
∑

l=|J−J0|

ℵlæ
√

l(l + 1)

2(2l + 1)

[

jl(Jr)
2l + 1

(2l − 1)(2l + 3)
+ jl+2(Jr)

l + 2

2l + 3
− jl−2(Jr)

l − 1

2l − 1

]

,

fz =

J+J0
∑

l=|J−J0|

ℵl0
[

jl(Jr)
2(l2 + l + 1)

(2l − 1)(2l + 3)
(4.29)

+ jl+2(Jr)
(l + 1)(l + 2)

(2l + 1)(2l + 3)
+ jl−2(Jr)

l(l − 1)

(2l − 1)(2l + 1)

]

.

According to eq.(4.22) the cross section is the sum of contributions from photoionization of

the 2s and 2pσ atomic orbitals. The partial RAS cross section σ2p(J0, J) for the 2pσ atomic

orbital is given by eqs.(4.28), (4.29) after the following substitution

jl(Jr) → ij ′l(Jr) = i
djl(Jr)

dJr
. (4.30)

The rotational heating or the recoil effect is described by the spherical Bessel function jl(Jr),

which takes an extremum when l ≈ Jr and drops down fast when l > Jr. This immediately

gives an approximate value of the recoil induced shift of the center of gravity of the initial

rotational distribution

J0 → J0 + Jr. (4.31)

The recoil angular momentum Jr = kR/2, introduced above by eq.(4.5), also defines the

effective rotational temperature Trot ≈ BJ2
r /kB.

4.2.3 Comparison with experimental data

The experimental data which we analyse are obtained in a rather wide range of the photon

energies ω = 100, 150, 200, 395, 400.88 eV. The studied B2Σ+
u state is populated mainly due
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to the resonant Auger scattering when ω approaches the resonant energy 400.88 eV. This

state is reached by the direct ionization for another excitation energies. Our simulations

are compared with the experimental rotational distributions extracted from the B2Σ+
u (ν =

0) → X2Σ+
g (ν ′ = 0) fluorescence spectra as it was described in Sec. 4.2.

We performed the simulations assuming that the 2s orbitals give the major contribution to

the 2σu MO. One can see a good agreement between the theory and the experimental data

(see. Figs. 4.4, 4.5, 4.6)
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Figure 4.4: Comparison
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tional distributions of the

B-state. XPS channel.

ω =100 eV.

0 1 2 3 4 5 6 7 8 9
0

0.05

0.1

0.15

0.2

0.25

J

P
op

ul
at

io
n

theory

experiment

ω=395 eV

Figure 4.5: The same as in
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4.3 Rotational temperature of the B-state versus the

excitation energy

The recoil effect results in rotational heating and a shift of the center of gravity of the

rotational distribution.

4.3.1 Rotational temperature versus the excitation energy

Figs. 4.4, 4.5, 4.6 show the blue shift of the centroid of the rotational distribution with

increase of ω. This shift results in a shift of the XPS line (Fig. 4.2). One can also see

strong broadening of the rotational distribution for higher energies of x-ray photons ω. This

is direct evidence of the recoil effect warming up the rotational degrees of freedom. One

can calculate the effective rotational temperature as the root mean square deviation of the

rotational distribution. We choose alternative way and fit the rotational distribution ρ(J)

(4.18) by the Boltzmann function with the effective rotational temperature Trot

ρB(J) ≈ A(2J + 1) exp (−BJ(J + 1)/kBTrot) (4.32)

The dependence of the slope

ln

(

ρB(J)

2J + 1

)

≈ − B

kBTrot
J(J + 1) + lnA (4.33)

on J(J+1) gives the rotational temperature. Eq.(4.32) is an approximation: Indeed, the

simulations show that left-hand side of eq. (4.33) does not follow strictly the linear depen-

dence on J(J + 1). This happens for & 400 eV. Fig. 4.7 displays linear dependence of the
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rotational temperature on ω. Until 400 eV it is in agreement with the classical theory

Trot ≈
BJ2

r

kB
∼ E ∼ ω − IB (4.34)

where IB is the ionization potential of the 2σu level.
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4.4 Recoil-induced splitting of the x-ray induced opti-

cal fluorescence

Let us now focus on an alternative idea for observation of the recoil effect, namely, on optical

fluorescence induced by the x-ray photoionization (see Paper VI). We will consider the

fluorescence from supersonically cooled atoms or molecules. Due to the x-ray photionization

the photolectrons are ejected anisotropically with respect to the polarization vector of the x-

ray photons. The photoelectron transfers its momentum to the target and warms the atoms.

However, the recoil-induced heating is essentially anisotropic due to the anisotropy of the

ejection of photoelectrons. This means that the velocity distribution of the photoionized

atoms is strongly anisotropic. The anisotropy of the velocity distribution affects strongly

the optical fluorescence from the excited cations. The reason for this is the Doppler effect

which “burns the hole” in the fluorescence spectrum and results in a Doppler splitting of

the fluorescence line.
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4.4.1 Anisotropy of recoil-induced velocity distribution
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Figure 4.8: Anisotropy of the recoil-induced velocity distribution results in strongly

anisotropic recoil-induced Doppler broadening.

Let us consider rotational line B2Σ+
u → X2Σ+

g of the x-ray induced fluorescence of the N+
2

ion. All numerical estimations below have been performed for this molecule. We already

studied this transition 3σg → 2σu in Chapter 4. Qualitatively this transition is equivalent

to the atomic 2p→ 2s fluorescence because the 2σu and 3σg MOs are formed mainly by 2s

and 2p atomic orbitals, respectively (Fig. 4.8).

An x-ray photon with the frequency ω and polarization vector e photoionizes the electron

from the 2s atomic orbital (AO), which has the ionization potential I2s. The probability of

the photoionization being proportional to

(e · d2s,ψk
)2 ∝ (e · k)2 (4.35)

depends strongly on the angle θ = ∠e,k between e and the photoelectron momentum k.

This high energy photoionization is followed by the optical fluorescence 2p → 2s. The

emitted photon has the frequency ωL and the momentum kL. We assume that the atoms

are cooled down using supersonic jet expansion to the temperature T of around 10 K. This

means rather low initial speed of the atoms v0. As it was shown in Paper VI the anisotropy

of the ejection of the photoelectron and the recoil effect result in strong anisotropy of the

velocity distribution of the molecules Initial molecular jet is split into two beams. This

immediately leads to an idea of detection such an anisotropy using the Doppler effect.
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4.4.2 Doppler splitting

Let us assume for a while that the molecules were immobile before irradiation by x-rays, v0 =

0. The molecule with the mass M experiences the recoil due to ejection of the photoelectron

with the momentum k. The typical energy of the photoelectron E = ω− I2s ∼ 800 eV gives

large momentum of the photoelectron k =
√

2E ∼ 8 a.u. According to the momentum

conservation law, the ionized atom getting the recoil momentum −k has the recoil speed

vR = − k

M
(4.36)

The effective temperature (TR = ER/kB ∼ 100 − 200K), which corresponds to the recoil

energy ER = Mv2
R/2 = E/M , is much higher than initial temperature T = 10K. This

explain strong broadening of the recoil-induced velocity distribution in comparison with

initial Maxwell-Boltzmann distribution (see Paper VI Let us now look at the fluorescence

spectrum which is given by the probability of fluorescence

P ∝
∫

dk̂
(e · k)2

(ΩL − kL · vR)2 + Γ2
=

∫

dk̂
(e · k)2

[ΩL + (k̂L · k̂)kLvR]2 + Γ2
. (4.37)

The natural width of the fluorescence line (Γ ∼ 108s−1 ∼ 0.07µeV ) is much smaller than

recoil-induced Doppler shift (kLvR ∼ 3µeV ) ((kL · vR) = −(k̂L · k̂)kLvR)

Γ � kLvR. (4.38)

This allows to replace the Lorentzian by the Dirac δ−function and to get the fluorescence

spectrum for two experimental geometries

P ∝



















2
(

ΩL

kLvR

)2

, e ‖ kL

1 −
(

ΩL

kLvR

)2

, e ⊥ kL,

0, |ΩL| > kLvR.

(4.39)

This equation shows the recoil-induced splitting and broadening of the fluorescence for

parallel and orthogonal orientations of e and kL, respectively. Strict calculation that takes

into account initial Maxwell-Boltzmann distribution and finite value of Γ shows almost the

same spectra (Fig. 4.9).

The spectral resolution has to be high enough to measure the recoil-induced Doppler split-

ting. One can use the Fourier transform spectroscopy74 which has the resolving power about

106. Alternative technique is the laser spectroscopy28 of the absorption transition from the

B-state (see Paper VI).
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Figure 4.9: Recoil-induced splitting and broad-

ening of the fluorescence line for the parallel (a)

and orthogonal (b) orientations of kL and e.

kLvR = 3.5µeV . T = 10K, 100K. Γ = 108s−1 ≈
0.07µeV . λ = 390 nm.
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Chapter 5

Vibrational scattering anisotropy

Let us turn our attention to the vibrational degrees of freedom and let us consider the reso-

nant Auger scattering (RAS) from the C2H2 molecule. Although the anisotropy of nuclear

motion is at the heart of many phenomena, it has been ignored up to now in RAS, espe-

cially since it cannot be accounted for within the Born-Oppenheimer (BO) approximation.

Indeed, the scattering anisotropy measured using angularly resolved RAS6 should lose any

vibrational dependence in this naive picture. Here, we study anomalously strong vibra-

tional scattering anisotropy (VSA) of RAS. The essence of this phenomenon is interplay

of nuclear and electronic motions in the course of RAS. The VSA effect provides another

kind of quantum eraser experiment: whether which-path information is available or not

depends on the final vibrational state serving as which-path detector. The RAS anisotropy

observed until now was exclusively associated to the electronic degrees of freedom. There

is only one known effect that results in a large RAS anisotropy caused by the dissociative

nuclear motion: this is the Auger-Doppler effect6,11 which leads to the Doppler splitting of

the fragment lines.12,13,15 It worth to mention also the vibrational anisotropy observed in

photoelectron spectra of core levels. This effect is related to low energy photoelectrons near

the shape resonance75 which are sensitive to the bond length.

5.0.3 Experimental data

The absorption of an X-ray photon 1σu → 1πg by acetylene (Fig. 5.1d) is followed by the

decay to the one-hole state 1π−1
u with ejection of an Auger electron with momentum k and

kinetic energy E into the continuum ψk. The RAS cross sections σθ(Eb) were recorded

(Fig. 5.1a-c) for two scattering angles θ = ∠(k, e) = 00, 900 with respect to the polarization

vector e of the linearly polarized X-rays, and for three photon energies ~ω around the top
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Figure 5.1: Comparison of the experiment and theory. Experimental RAS cross section at

0◦, σ0 (triangles) and 90◦, σ90 (circles) normalized to the maximum of isotropic cross section

σ(0) = (σ0 + 2σ90)/3 are compared to the normalized theoretical profiles (solid lines) σ0 and

σ90; a), ~Ω = ~(ω − ωtop) = 0.406 eV, b), ~Ω = 0, c), ~Ω = −0.25 eV; here ~ωtop = 285.69

eV is the top of the X-ray absorption spectrum. d), 1s → 1πg X-ray absorption spectrum:

experiment (circles) and theory (solid line), the major FC factors are shown as blue stems.

η0 = −1, η2 = −1, ∆ = δ2 − δ0 = −95◦ (Ref.76), P0 = 5, P2 = −20, ~Γ = 0.05 eV. Full

width at half maximum (FWHM) of the spectral distribution of incident X-rays and the

instrumental broadening are ~γphot = 0.1 eV and ~γinstr = 0.05 eV, respectively.

of the X-ray absorption peak (Fig. 5.1d). Here Eb = ~ω − E is the binding energy.

At first glance, the nuclear dynamics is not affected by the polarization of the incident light,

resulting the same scattering anisotropy for various vibrational states. Indeed, within the

BO approximation the electronic and nuclear motions are decoupled and only the electronic

part depends on the orientation of the transition dipole and shows anisotropy with respect
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to the polarization of the X-rays.

However, the measurements presented in Fig. 5.1 show a breakdown of this naive pic-

ture: different vibrational states of the same final electronic state have different scatter-

ing anisotropies. This results in anomalously strong energy dependence of the anisotropy

parameter

β(Eb) =
2[σ0(Eb) − σ90(Eb)]

2σ90(Eb) + σ0(Eb)
(5.1)

on Eb in the vicinity of each RAS vibrational resonance (Fig. 5.2). Moreover, the zigzag like

spectral profile of β(Eb) qualitatively differs from the shape of σθ(Eb) and its peak positions

are shifted (Fig. 5.2).

5.0.4 Intrerplay of electronic and nuclear degrees of freedom via

channel interference

To understand the physics, we developed the theory of RAS taking into account all vibra-

tional (three stretching and two doubly degenerated bending |νy, νz〉 (Fig.5.3b)) modes and

different scattering channels in C2H2 (Paper VII). The |1σ−1
u 1πg(z)〉 excited state is two-

fold: one stabilized and one destabilized states against bending motion. Due to its vibronic

coupling with bending modes the stabilized core-excited state is bent (Renner-Teller effect).

The potential corresponding to the bending mode lying in the plane of the excited 1πg(z)

molecular orbital (MO) changes qualitatively and becomes a double-well (Fig. 5.3a). For

this reason the in-plane bending mode is excited in the core-excited and, hence, in the final
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state, too (νz = 0, 1, · · · ). In contrast, the out-of-plane bending mode is not excited (νy = 0),

because its potential is unchanged (Fig. 5.3a,b). The population of the final bending states

|νy, νz〉 is inverted |νy, 0〉 for the orthogonal intermediate state |1σ−1
u 1πg(y)〉. Our theoretical

model explains the VSA effect by the interplay of three coexisting effects (Fig. 5.4): 1) the

interference between two resonant (R) and a direct (D) photoionization 1πu → ψk channels:

ω + |Ψ0〉
↗ R : |1σ−1

u 1πg(z)〉 ↘
D :=⇒

↘ R : |1σ−1
u 1πg(y)〉 ↗

e− + |1π−1
u (z)ψk〉, (5.2)

2) the YZ-interference of the resonant scattering channels through the core-excited states

with orthogonal orientations 1πg(z) and 1πg(y) vacant MOs, similarly to Young’s Double-

Slit Experiment (YDSE) except that the slits are orthogonal here and 3) the RAS through

the two wells/slits of the bending mode potential (Fig. 5.3) resulting in the YDSE-like

interference which opens symmetry forbidden scattering channels for the bending modes.

The RAS cross section is given by the square modulus of the scattering amplitude to the

final vibrational state |νf 〉

σ(Ω, EB) ≡ d2

dk̂dE
σ(Ω, EB) =

∑

νf ,n

|F |2Φ(Ωνf
, γ), (5.3)

where sum is over final vibrational states (νf ) and over two orientations (n = z, y) of the

final state |1π−1
u (n)〉. The overline means the averaging over molecular orientations. In

the numerical calculations the spectral distribution of incident X-rays is approximated by

the Gaussian with FWHM= γ. The total scattering amplitude is the sum of the partial

amplitudes of direct and two indistinguishable resonant channels (5.2)

F = FD + FR(z) + FR(y), (5.4)

written in the molecular frame (Fig. 5.3) as:

FD ∝
(

A(e · ẑ) +B(e · k̂)(k̂ · ẑ)
)

〈0|eık·R|νf〉,

FR(z) ∝
∑

νz

d1πg

3Zνz

(e · ẑ)
[

q0 − 2q2P2(k̂ · ẑ)
]

〈0|νz〉〈νz|eık·R|νf 〉, (5.5)

FR(y) ∝ −
∑

νy

d1πg

Zνy

(e · ŷ)q2(k̂ · ẑ)(k̂ · ŷ)〈0|νy〉〈νy|eık·R|νf〉.

These channels have qualitatively different scattering anisotropy. The reason for this is

the electronic transition matrix elements which are different for direct ionization and for



57

-2
 0

 2

-2
 0

 2
 285

 286

 287

-2
 0

 2

-2
 0

 2
 0

 1

 2

QAQS

QS
QA

−e

1πg

1πg

E
ne

rg
y 

(e
V

)

~

Bending modes

ba

Molecular frame

in−plane

out−of−plane

ground state

final state

y

1πg

x

z

L RL R

Figure 5.3: The interference of the quantum pathways through the two wells of the core-

excited bending mode potential generates an anisotropy pattern similar to YDSE. a) Po-

tentials of the ground and core-excited states versus normal coordinates of symmetric (QS)

and antisymmetric (QA) bending modes are computed using the configuration interaction

method.77 The potential surface of the final state is almost parallel to the ground state

potential surface. b) The equilibrium geometry of the ground, core-excited and final states.

Arrows show the direction of the symmetric bending motion of the hydrogen atoms. The

core-excited state equilibrium geometry is bent for the in-plane vibration of 1πg MO, and

linear for the out-of-plane vibrations. The two wells of the in-plane 1πg state correspond to

two bent conformations (L and R) in the core-excited state.

resonant Auger decay channels. After taking into account the orthogonality of the 1πg(z)

and 1πg(y) MOs, the distinct anisotropy of the Y and Z resonant channels becomes obvious,

too. Here R is the coordinate of the carbon atom, |νm〉, m = y, z is the vibrational state

of core-excited state |1σ−1
u 1πg(m)〉 whose lifetime broadening is Γ, ql = ηl exp(−ıδl), ηl

is the atomic amplitude of the Auger transition in the continuum state with the orbital

momentum l, and δl is the phase shift of the photoelectron wave function. The direct

photoionization is defined by the radial transition dipole moments Pl in the l-th continuum

channel: A = P0 exp(−ıδ0) + P2 exp(−ıδ2), B ∝ −3P2 exp(−ıδ2), Zν = ω − Eb − ωννf
+ ıΓ

where ωννf
is the frequency of transition between core-excited and final states, Pl(x) is the
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Legendre polynomial. According to the described scattering channels (5.2), the RAS cross

section based on the amplitudes (5.5) can be divided in four parts

σ = σD + σR + σRD + σY Z (5.6)

with σR = σY Y + σZZ. Although the direct photoionization is weak (σD/σR < 10−1), the

RD-interference of resonant and direct channels σRD is significant, especially in between

the maxima of vibrational resonances, where strong vibrational anisotropy is observed. To

explain the VSA effect let us consider scattering by a molecule with special orientation

z ‖ e ignoring for a while the nuclear motion. The strongly anisotropic YZ-term vanishes

for this orientation σY Z = 0. The resonant cross section σR and the RD-interference term

σRD have qualitatively different angular distributions of the electron (see Paper VII). But

these scattering channels have also different vibrational profiles because, in contrast to the

direct channel, the resonant scattering is strongly affected by the nuclear dynamics in the

core-excited state which has a very different potential as compared to the final state. This is

clearly seen for the bending motion: the direct channel allows transition only in the lowest

final bending state |0, 0〉 because of very similar final and ground state potentials, unlike

resonant scattering channels populating a few of them. Contrarily to the resonant contribu-

tion, the RD interference term can only end up in the |0, 0〉 final bending state because only

scattering channels leading to the same final state can interfere (Fig. 5.4b). Thus, the indis-

tinguishable direct and resonant channels interfere for the |0, 0〉 final state where which-path

information is erased, while this coherence is quenched for higher vibrational states where

which-path information is available because the direct channel is blocked. Similarly to σRD,

the YZ-interference is non-zero only for the |0, 0〉 final bending state, because which-path

information introduces decoherence of the Y- and Z-scattering channels for higher vibra-

tional states |νy, 0〉 and |0, νz〉 (Fig. 5.4). The stretching modes, especially the C-C stretch,

additionally affect the anisotropy profile, which results in manifestation of the RD- and

YZ-interferences not only in lowest, but also in few higher final vibrational states (Fig. 5.2).

Thus, the total spectrum being the sum of three different vibrational profiles σR, σRD, and

σY Z, is sensitive to the scattering angle which changes the relative weight of these distinct

vibrational profiles. An essential property of acetylene is the scattering through the in-

termediate state with double-well bending potential. This resembles the YDSE scattering

through two slits/atoms:6,10,78,79

|〈0|ν〉〈ν| exp(ık · R)|νf〉|2 ≈ 〈0|ν〉2〈νL|νf 〉2 [1 ± cos(k · ∆Q)] (5.7)

where |νL〉 is the bending state |ν〉 in the left well (Fig. 5.3), while ± corresponds to the

gerade/ungerade final bending state. Let us recall that the wavelength of the Auger electron

is comparable with the spacing ∆Q between wells in the bending mode potential (Fig. 5.3a),
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k∆Q ∼ 1. Eq.(5.7) shows that the YDSE-like interference on two wells opens parity forbid-

den RAS transitions into ungerade final bending states (Fig. 5.4a, c), which are not allowed

when k∆Q � 1. Thus, the YDSE-like interference on two wells can be another reason of the

Figure 5.4: Three reasons for the vibrational scattering anisotropy. a) Interference of

the resonant (R) and direct (D) scattering channels. b), YZ-interference of two pathways

through indistinguishable core-excited states with 1πg orbital oriented along y and z axis.

c), YDSE-like interference: constructive interference of electron waves ejected “in-phase”

by two slits/wells (gerade final vibrational state) creates strong Ψ+ wave; destructive inter-

ference of waves ejected “exactly out-of-phase” (ungerade final state) results in weaker Ψ−

wave which oppens symmetry forbidden scattering channels (dashed line in a).

VSA because the strength of these symmetry forbidden transitions strongly depends on the

angle between k and ∆Q. The physical picture of the VSA effect and the experiment are

nicely confirmed by ab initio all-mode simulations of the RAS from randomly oriented C2H2

molecules (Fig. 5.1 and Fig. 5.2). The role of the particular vibrational modes is shown in

Fig. 5.5. One can see that three physical mechanisms affect the anisotropy parameter β(Eb)

in different spectral regions. The RD-interference, being the main reason for the VSA effect

below 11.8 eV (Fig. 5.2), vanishes with increasing Eb since the direct channel can only reach

the very few lowest final vibrational states. At slightly higher binding energy (Fig. 5.2), the

dominant contribution is given by the YZ-interference of the scattering channels through the

bending states with orthogonal orientations. The origin of the vibrational anisotropy in the

high energy part of the spectrum (Fig. 5.2) is almost exclusively the YDSE-like interference

(5.7) on two wells (Fig. 5.3), which opens symmetry forbidden RAS channel in ungerade

final vibrational states (Auger electron wave Ψ− in Fig. 5.4c).
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Chapter 6

Summary of results

The thesis contains the following main results:

Photobleaching and optical power limiting

• A theory of nonlinear propagation of pulse trains accompanied by photobleaching has

been developed.

• The theory suggests two mechanisms for double-exponential decay of the fluorescence

and photobleaching. The first mechanism is based on competition between the photo-

bleaching time and the time of population transfer from singlet to triplet states. The

second reason for the double-exponential law, that explains the experimental data

with pyrylium salts, is nonlinearity of the photobleaching which is different on the

axis and on the periphery of light beam.

• An adiabatic theory of the optical power limiting of microsecond pulses and of short

pulse trains has been developed and applied to nonlinear pulse propagation in fullerene

C60.

Recoil effect and photoemission

• A theory of the rotational recoil effect for x-ray photoionization and resonant Auger

scattering has been proposed. The theory explains quantitatively the evolution of the

experimental spectral shape of the X-ray induced optical fluorescence with the growth

of the excitation energy.

• Both quantum and semiclassical simulations attribute the observed energy dependence

of the shift of the x-ray photoelectron line to the translational and rotational recoil

effects.
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• The oscillatory behavior of the recoil induced shift has been predicted. The reason for

this modulation is the Young’s double slit like interference.

• It has been shown that the scattering of fast photoelectron by the adjacent atom

results in a phase shift of the Young’s double slit like interference pattern.

• We show that the anisotropy of the recoil-induced velocity distribution of X-ray ion-

ized atoms or molecules leads to observable Doppler splittings in subsequent optical

fluorescence or absorption.

Angularly resolved Resonant Auger scattering

• A theory of angularly resolved resonant photoemisson of multi-mode molecules has

been developed. We show that different vibrational levels have different scattering

anisotropy. The good agreement between the experiment and theoretical simulations

for the C2H2 molecule demonstrates the robustness of our multichannel theory of

resonant Auger scattering from molecules.

• The effect of vibrational scattering anisotropy is the interplay of three types of the

interchannel interference: The interference of the direct and resonant scattering chan-

nels, the interference of the scattering channels through the orthogonal intermediate

core-excited states, and the interference of the scattering channels on the double well

potential of the bending mode.

• The main physical reason for the vibrational scattering anisotropy is different scatter-

ing anisotropies of the interfering scattering channels with different nuclear dynamics.
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2005.

[47] C. Eggeling, J. Widengren, R. Rigler, C.A.M. Seidel, Anal.Chem., 70, 2651, 1998.

[48] S. Gavrilyuk, S. Polyutov, P.C. Jha, Z. Rinkevicius, H. Ågren, and Gel’mukhanov, F.
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daroglu, R. Flesch, E. Rühl, S. Gavrilyuk, F. Gel’mukhanov, A. Lindblad, L.J. Sæthre,

Phys. Rev. A 79, 022506 (2009).

[73] G. Herzberg, Spectra of Diatomic Molecules, Krieger, Malabar, FL, 1989.

[74] N. de Oliveira, D. Joyeux, D. Phalippou, J.C. Rodier, F. Polack, M. Vervloet, and L.

Nahon, Rev. Sci. Instrum. 80, 043101, 2009.
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