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Abstract

New generations of brilliant synchrotron radiation sources and intense X-ray and optical

lasers have opened unprecedent opportunities in linear and non-linear spectroscopies of

molecules. This together with new instrumentation calls for further development of theory to

explain observations and suggest new experiments. These two goals are the main objectives

of the present thesis.

In the first part of the thesis we study resonant inelastic X-ray scattering of the oxygen

molecule. Recent experimental data of O2 show the dependence of the vibrational profile

on the polarization of the X-rays. This vibrational scattering anisotropy is explained by the

interference of the resonant and nonresonant inelastic scattering channels in O2.

The second part of the thesis explores X-ray lasing caused by ultrafast dissociation of the

HCl molecule in a repulsive core-excited state pumped by an X-ray free-electron laser.

We show that the lasing efficiency is drastically enhanced due to the self-trapping of the

amplified pulse into the ridge of the gain.

The third part of the thesis is devoted to another non-linear phenomenon – optical limiting.

Our time-dependent simulations are in agreement with the experimental data and show

that phthalocyanines with heavy central metals exhibit good optical limiting properties for

nanosecond pulses.

Symmetry and the symmetry breaking are important fundamental concepts in physics,

chemistry and biology. In the next part of the thesis we study theoretically the novel

symmetry breaking mechanism in resonant Auger scattering. Both theory and electron-ion

coincidence measurements for the oxygen molecule evidence the symmetry breaking of the

oxygen cation caused by momentum exchange between the fast Auger electron and counter

propagating dissociating oxygen atoms.

The last part of the thesis is devoted to the role of the rotational degrees of freedom in X-ray

ionization of molecules. We present here new results related to the rotational Doppler and

angular recoil effects in X-ray ionization using the N2 and HCl molecules as illustrating

examples. The dependence of the ionization cross section on the direction of ejection of

fast electrons explains the sensitivity of the rotational broadening to the final state and to

the polarization of X-rays observed recently for the N2 molecule. The theory reveals the

novel effect of site-selectivity of X-ray valence ionization caused by the excitation of the

rotational degrees of freedom which is different for different ionization sites. Large recoil

angular momentum related to the ejection of an electron from the light hydrogen atom

results in a red shifted broad pedestal in the X-ray photoelectron spectrum of HCl.
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Andersson, B. Kennedy, J. Schlappa, A. Föhlisch, F. Gel’mukhanov, and J.-E. Rubensson,

Interference between Resonant and Nonresonant Inelastic X-Ray Scattering, Phys. Rev.

Lett., 110, 223001 (2013).
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Sandberg for careful reading the preprint and providing valuable suggestions.

Many thanks to my colleagues in the division: Dr. Ji-Cai Liu, Dr. Yu-Ping Sun, Vinicius

Vaz da Cruz, Dr. Guangjun Tian, Dr. Sai Duan, Dr. Weijie Hua, Dr. Yuejie Ai, Dr.

Johannes Niskanen, Dr. Xing Chen, Dr. Xin Li, Dr. Lili Lin, Dr. Xiuneng Song, Dr.

Qiong Zhang, Dr. Qiang Fu, Dr. Robert Zalesny, Dr. Li Gao, Dr. Zhijun Ning, Dr. Qiu

Fang, Dr. Bogdan Frecuş, Dr. Xiangjun Shang, Dr. Zhihui Chen, Dr. Junkuo Gao, Dr.

Liqin Xue, Dr. Kestutis Aidas, Dr. Guangping Zhang, Xiaofei Li, Keyan Lian, Xin Li,

Chunze Yuan, Xiao Cheng, Hongbao Li, Ying Wang, Junfeng Li, Yongfei Ji, Lu Sun, Wei

Hu, Rocio Sanchez, Ce Song, Ignat Harczuk, Irina Osadchuk, Yong Ma, Li Li, Jaime Axel

Rosal Sandberg, Jing Huang, Kayathri Rajarathinam, Guanglin Kuang, Lijun Liang, Xu



VI

Wang, Yan Wang, Xianqiang Sun, Xinrui Cao, and Zhengzhong Kang. Thanks for all your

help and friendship which made my life in Stockholm meaningful.

I want to acknowledge the financial support (2010-2012) from the China Scholarship Council.

Finally, I wish to express my deepest gratitude to my parents and my sister for the continuous

support and selfless love.

Quan Miao

Stockholm, 2013-10



Contents

1 Introduction 1

2 Basic principles 3

2.1 Low intensity X-ray spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 X-ray photoelectron spectroscopy (XPS) . . . . . . . . . . . . . . . . . 3

2.1.2 Electron-ion coincidence technique . . . . . . . . . . . . . . . . . . . . . 4

2.1.3 Resonant X-ray Raman scattering (RXS) . . . . . . . . . . . . . . . . . 4

2.2 Non-linear dynamics in strong X-ray fields . . . . . . . . . . . . . . . . . . . . 6

3 Interference of resonant and nonresonant inelastic X-ray scattering 9

4 Dissociative X-ray lasing 17

4.1 Theoretical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.2 Self-trapping of the X-ray pulse at the gain ridge . . . . . . . . . . . . . . . . 20

5 Optical limiting properties of peripherally substituted phthalocyanines 25

5.1 Outline of numerical solution of paraxial and rate equations . . . . . . . . . . 27

5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6 Symmetry breaking by site-dependent momentum exchange 31

7 Rotational Doppler effect 39

7.1 Quantum theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

7.2 Semiclassical approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42



VIII CONTENTS

7.2.1 N2: Dependence of the rotational broadening on the final state and

on the polarization vector . . . . . . . . . . . . . . . . . . . . . . . . . . 43

7.2.2 Site-selective ionization of the 5� MO of HCl molecule . . . . . . . . 47

8 Summary of results 53



Chapter 1

Introduction

X-rays were discovered by W. C. Röntgen in 1895. One of the main applications of X-rays

is the structure determination. Here one should mention three major methods: X-ray crys-

tallography (M. von Laue and W. H. and W. L. Bragg), ESCA (electron spectroscopy for

chemical analysis) and the EXAFS (extended X-ray absorption fine structure) technique.

Different X-ray spectroscopies like fluorescence, absorption, photoelectron and Auger spec-

troscopies are widely used in studies of electronic structure of molecules and solids.1 The

synchrotron radiation has triggered a fast development of resonant inelastic X-ray scatter-

ing (RIXS) and resonant Auger scattering (RAS). The reason why X-ray methods are so

powerful is that the interaction of X-ray photons with matter is site specific on the atomic

length scale and time specific on the timescale for nuclei (femtoseconds). It is important to

mention also that the drastic improvement of the spectral resolution of X-ray spectrometers

(E/ΔE ∼ 104) allows nowadays to resolve vibrational and fine electronic structure and to see

even rotational broadening. In this thesis, we theoretically study the X-ray photoelectron,

resonant Raman and Auger spectra of different molecules (N2, O2, C2H4 and HCl) in gas

phase measured recently with superhigh resolution. We pay special attention to the recently

predicted2 and observed3 rotational Doppler effect.

The recent accomplishments of X-ray free-electron laser (XFEL) techniques,4–8 have dramat-

ically changed the X-ray science. However, due to the shot-noise start-up in the generation

of XFEL radiation the pulses have inherent stochastic character. Rather large variations in

frequency and intensity from shot to shot constitute a serious obstacle for various applica-

tions. One way to solve this problem is to use XFEL pulses to pump a medium which then

acts as an X-ray amplifier.9–14 This idea based on atomic core level ionization suggested by

Rohringer and London14 has been recently implemented experimentally.13 An alternative

mechanism of X-ray lasing is the Raman X-ray laser based on resonant core excitation.9–11
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In this thesis we explore X-ray lasing based on the resonant core excitation of a molecule

to a state in which dissociation precedes the femtosecond core hole decay. Lasing based on

photodissociation has earlier been observed in the visible,15,16 UV and VUV17,18 spectral

regions. The high intensity of the XFEL radiation changes qualitatively the whole X-ray

spectroscopy and opens a new branch in physics, namely, strong field X-ray physics with

many applications and new effects. For example high non-linearity of the light-matter inter-

action changes the refraction index in X-ray spectral region and results in a strong slowdown

of X-ray pulse.9–11

Non-linear interactions of XFEL pulses with matter need modification of conventional the-

oretical tools. In the present thesis we solve Maxwell’s and density matrix equations. We

use the atomic units (a.u.) throughout the thesis unless stated otherwise.
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Basic principles

2.1 Low intensity X-ray spectroscopy

X-ray spectroscopy includes a variety of different experimental techniques like X-ray pho-

toionization, X-ray absorption, resonant and off-resonant X-ray Raman scattering, Auger

spectroscopy, different coincidence methods,1 and X-ray pump-probe spectroscopy. In this

thesis we study molecules in gas phase using three of these methods: X-ray photoelec-

tron spectroscopy (XPS),1 electron-ion coincidence technique19 and resonant X-ray Raman

scattering.20 X-ray spectroscopies are widely used in chemistry and material science to

determine the structure and element composition of matter. Let us outline briefly these

methods.

2.1.1 X-ray photoelectron spectroscopy (XPS)

When the molecule is irradiated by a monochromatic X-ray beam with the frequency !

larger than the ionization potential, it emits a photoelectron with energy E and momentum

k. The cross section of the photoionization is given by the Fermi Golden Rule1

�(E) ≡ d�(E)
dk̂

= 4�2�!∑
i

∣⟨0∣(e ⋅ r)e{(k⋅r)∣i⟩∣2Δ(E − ! + !i0). (2.1)

Here !i0 = Ei −E0, where Ei is the energy of the ith molecular level, e is the polarization

vector of X-rays, � = e2/ℎ̵c = 1/137 is the fine structure constant, Δ(�,Γ) = Γ/[�(�2 +Γ2)] is

the Lorentzian, Γ is the half width at half maximum (HWHM) of the XPS resonance. The

electron spectrometer detects the electrons with the energy E emitted at the angle ∠(k,e).
Because the molecules are randomly oriented, the cross section should be averaged over all
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molecular orientations. The peak position in XPS gives information about the electronic,

vibrational and rotational levels. One of the main applications of the XPS technique is

related to the ionization of core levels. The chemical shift of the core level gives information

about the structure of the molecule.1

2.1.2 Electron-ion coincidence technique

The ionized molecule decays to the final states emitting the photon or the Auger electron.

Usually, X-ray ionization is followed by the dissociation in one of the final states. The

detection of the photoelectron in coincidence with the charged fragment of the dissociation

gives a very powerful method, namely the photoelectron photoion coincidence spectroscopy

(PEPICO).19 In this method the constant extracting electric field is switched after the

detection of the photoelectron. Usually the delay time between the detection of the electron

and the ion is about 100 ns. The PEPICO technique gives a unique opportunity to study

fixed-in-space molecules because the orientation of the molecule is defined by the time of

flight of the ion. The theory for this method is based on the application of eq.(2.1) to an

oriented molecule.

2.1.3 Resonant X-ray Raman scattering (RXS)

Resonant X-ray Raman scattering consists of two steps. The molecule is excited in inter-

mediate core-excited state ∣i⟩ in the course of the absorption of the incoming X-ray photon

with frequency !, momentum k and polarization vector e. Due to spontaneous and Auger

decays, the excited state has a finite lifetime 1/Γ. The core-excited molecule decays in the

final states ∣f⟩. The RXS is related to the radiative decay channel which is accompanied by

emission of the spontaneous photon (!1,k1,e1). Let us formulate the theory of RXS in the

framework of the Born-Oppenheimer (BO) approximation, where the total molecular wave

function is approximated by the product of the electronic and nuclear wave functions

∣i⟩∣�i⟩. (2.2)

This approximation is broken in the vicinity of the crossing of the potential energy curves.21,22

The theory of RXS is based on the Kramers-Heisenberg formula for the scattering cross sec-

tion20,23–25

�(!,Δ!) = r2
0

!1

!
∑
�f

∣F�f ∣2Φ(! − !1 − !f0 −Δf0, ), Δ! = !1 − !, (2.3)

where the magnitude of �(!,Δ!) is characterized by squared classical radius of the electron

r0 = �2 = 2.28 × 10−13 cm, Δij = ��i − ��j is the difference between vibrational energies of
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the electronic states i and j. The instrumental broadening as well as the spectral width

of incident light are included in the width  of the spectral function Φ. The “Thomson”

scattering (FT ) and the resonant scattering (FR) give the scattering amplitude F�f of the

RXS process:

F�f = FT + FR = (e1 ⋅ e)⟨f ∣∑ e{q⋅r∣0⟩⟨�f ∣�0⟩
(2.4)

+∑
i

!fi!i0 [∑
�i

(e1 ⋅ dfi)(di0 ⋅ e)⟨�f ∣�i⟩⟨�i∣�0⟩
!1 − !if −Δif + iΓ

−
(e ⋅ dfi)(di0 ⋅ e1)⟨�f ∣�0⟩

!′ + !i0
] .

Here q = k1 − k, the Franck-Condon (FC) amplitudes are given by the overlap integral

between the vibrational wave functions of the ground, core-excited and final states ∣�0⟩, ∣�i⟩
and ∣�f ⟩. The first term on the right-hand side of this equation deserves a special comment.

We name this term the “Thomson” amplitude because it describes the Thomson scattering

for f = 0 (X-ray elastic scattering). However, one should mention that this term results

in a qualitatively different phenomenon when the photon frequency is much larger than

the ionization potential of the bound electron. Now FT describes the inelastic scattering

followed by the ionization of the bound electron. This is well known Compton scattering

of X-rays from bound electrons.24,26 When ! is smaller than the ionization potential of

the core electron, the discussed “Thomson” term results also in inelastic X-ray scattering

accompanied by the excitation of a core electron into a bound state. We will come back to

this term in Chapter 3 where we will show that this term can compete with the resonant

inelastic contribution.

Duration of resonant scattering

Even though resonant scattering of continuum wave X-ray beams is the stationary pro-

cess, it allows to explore the femtosecond nuclear dynamics using the complex scattering

duration27–29

� = �(Γ,Ω) = 1

Γ − {Ω
(2.5)

which depends on the lifetime broadening of the core-excited state Γ and the detuning

Ω = ! − !i0 of the photon frequency with respect to the absorption resonance. The concept

of the scattering duration naturally arises in the time-dependent representation for the

resonant part of the scattering amplitude (2.4)

FR ∝∑
i,�i

⟨�f ∣�i⟩⟨�i∣�0⟩
Ω −Δi0 + {Γ

= ∫
∞

0
F (t)dt,

(2.6)

F (t) = −{e−t/� ⟨�f ∣ (t)⟩,
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where the projection of the wave packet of the intermediate state ∣ (t)⟩ = exp(−{Hit)∣�0⟩
to the final vibrational state ∣�f ⟩ is nothing else than the scattering amplitude in the time

domain. Here Hi is the nuclear Hamiltonian of the core-excited state. According to eq.(2.5),

the scattering duration ∣� ∣ decreases from 1/Γ up to zero when ∣Ω∣ is growing. The phys-

ical reason for such quenching of long term contribution (t > ∣� ∣) is the fast sign-changing

oscillations exp({Ωt) of F (t). Thus we have very practical and simple tool to control the

nuclear dynamics by changing the frequency of the light. Nowadays a number of different

effects are observed using such a camera shutter.20

2.2 Non-linear dynamics in strong X-ray fields

The recent accomplishments of XFEL techniques4–8 have dramatically changed the experi-

mental prospects of non-linear X-ray physics. The reason for this is the intensity of XFEL

I ∼ 1016 W

cm2
(2.7)

which is high enough to depopulate the ground state of molecules. This makes the interaction

between the field and the matter non-linear, and perturbation theory is not valid anymore

because the field-matter interaction is large

V (r, t) = −d ⋅ E(r, t). (2.8)

Here d = ∑
i
eiri is the total electric dipole moment of the molecule. Instead of the perturba-

tive approach one should solve the coupled equations for field and matter. This technique

is needed in Chapter 4 where we study X-ray lasing in a molecular medium pumped by the

XFEL pulse. We will treat the medium explicitly using the density matrix equations while

the evolution of the lasing field will be described semiclassically using Maxwell’s equations

(in SI units)

∇ ⋅D(r, t) = �0(r, t),

∇× E(r, t) = −�∂H(r, t)
∂t

,

∇ ⋅B(r, t) = 0, (2.9)

∇×H(r, t) = J 0(r, t) +
∂D(r, t)

∂t
.

Here we use the conventional notations E , H, D, B and � for electric, magnetic, electric

displacement, magnetic induction fields and the permeability of the medium, respectively.

The intense XFEL field, partially ionizing the molecules, creates the densities of free charges
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�0(r, t) and free currents J 0(r, t). In simulations, �0(r, t) and J 0(r, t) are neglected. The

electric displacement field depends on the light-induced polarization P :

D(r, t) = �0E(r, t) +P(r, t), P = NTr(�d), (2.10)

where �0 is the free space permittivity and N is the concentration of the molecules. The

dipole moment of the medium or polarization P(r, t) is a source term in the equation for the

X-ray field (2.9). It depends non-linearly on the electric field E(r, t). To find the polarization

P(r, t) (2.10) one needs to solve the equations for the density matrix of the medium �:

∂�ij
∂t

= − {
ℎ̵
[Ĥ, �]ij − ij�ij (i ≠ j),

∂�ii
∂t

= − {
ℎ̵
[Ĥ, �]ii + ∑

Ej>Ei

Γij�jj − ∑
Ej<Ei

Γji�ii, (2.11)

ij ≈
Γi + Γj

2
, Γi = ∑

Ej<Ei

Γji.

The diagonal �ii and the off-diagonal �ij matrix elements of � are the population of the ith

level and the coherence between the ith and jth quantum levels, respectively, and Γij is the

partial decay rate j → i of the population �jj.

Light-induced polarization P of the medium (2.10) couples the Maxwell’s equations (2.9)

and density matrix equations (2.11).
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Chapter 3

Interference of resonant and

nonresonant inelastic X-ray scattering

Introduction: As we have already pointed out, the amplitude of resonant inelastic X-

ray scattering (RIXS) F (2.4) is the sum of two qualitatively different contributions: the

nonresonant or “Thomson” term (FT ) and resonant term (FR). The Thomson scattering

can be much stronger than the resonant scattering in the case of elastic one.30 It is a rather

common belief31 that the nonresonant scattering is much weaker than the resonant one in

RIXS. The question which we would like to answer is “ can FT compete with the resonant

scattering FR in RIXS”?

To shed light on this fundamental problem, we study RIXS of the O2 molecule excited from

the ground state (X3Σ−
g :1�2

g1�
2
u⋯3�2

g1�
4
u1�

2
g ) to the dissociative core-excited state 1�−1

g 3�1
u,

which decays to the bound final state 3Σg(3�−1
g 3s1

g) emitting the spontaneous X-ray photon

(see Fig.3.1).

Before going into a detailed analysis of the symmetry forbidden channel, let us briefly

describe the total RIXS spectrum of the O2 shown in Fig.3.2 as the function of the energy loss

Δℎ̵! = ℎ̵!1− ℎ̵!. The RIXS spectrum (Fig.3.2) was recorded at the photon energy ℎ̵! = 539

eV in the vicinity of the crossing of the potentials of the dissociative 3Σ−
u(1�−1

g 3�1
u) and bound

Rydberg 3Σ−
u(1�−1

u 3s) core-excited states (Fig.3.1).32–34 One can see three molecular bands,

which are related to the scattering to the ground state X3Σ−
g (−12eV ≤ Δℎ̵! ≤ 0), to the

repulsive 3Πg(1�−1
u 3�1

u) state (Δℎ̵! ≈ −14 eV) and to the 3Σg(3�−1
g 3s1

g) state (Δℎ̵! ≈ −14.9

eV), respectively. The narrow resonance near Δℎ̵! ≈ −12.2 eV is the so called atomic

peak20,35 related to the decay of core-excited isolated oxygen atom in the region of the

dissociation36 (Fig.3.1).

The detector collected the scattered photons of all polarizations e1. The measurements were
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Figure 3.1: RIXS and NIXS scattering channels for the oxygen molecule. The scattering

to the electronic ground state X3Σ−
g results in the extensive vibrational profile (−12eV ≲

Δℎ̵! < 0) which ends up by a narrow atomic peak. The molecular band (Δℎ̵! ≈ −14eV ) is

formed by the scattering to the 3Πg final state. The RIXS channel to the 3Σg(3�−1
g 3s1

g) 3Σ−
g

final state is opened due to core-valence parity swap ∣1�−1
g 3�1

u⟩→ ∣1�−1
u 3s1

g⟩. Reprinted with

permission from Paper I. Copyright © 2013 American Physical Society.

performed at the ADRESS beam line30,36–40 of the Swiss Light Source for two angles between

the polarization vector of the incoming photons and the momentum of the scattering X-ray

photons

� =∠(e,k1) = 0○ and � = 90○, � =∠(k1,k) = 90○. (3.1)
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Figure 3.2: Experimental RIXS spectrum of O2 measured for � =∠(e,k1) = 0○ and 90○. The

frequency of incident X-ray photon is tuned in resonance with the dissociative 1s→ �∗ 3Σu

state (ℎ̵! =539 eV). The RIXS to the X3Σ−
g and 3Πg final states has opposite polarization

dependence, �R(Σ)∝ 1 + sin2 �, �R(Π)∝ 4 − sin2 �. One can see two molecular peaks (mol)

caused by the scattering to the X3Σ−
g and 3Πg states and only one atomic peak (at). This

is because the X3Σ−
g and 3Πg states converge to the same dissociative limit, as one can

see from Fig.3.1. Reprinted with permission from Paper I. Copyright © 2013 American

Physical Society.

Fig.3.3 (b) shows that the polarization of the incident radiation influences the vibrational

profile of the studied symmetry forbidden final electronic state 3Σg(3�−1
g 3s1

g). This channel

is symmetry forbidden due to the symmetry of the core hole

1�g → 3�u; 3�g
forb→ 1�g. (3.2)

We show in this Chapter that the observed vibrational scattering anisotropy is caused by

the interference between resonant (RIXS) and direct nonresonant inelastic X-ray scattering

(NIXS) channels40 (see Paper I).

Physical reason for the observed effect: 1) To see the role of the polarization, let us

look on the amplitudes of NIXS and RIXS which are given by the first and second term of

the interaction Hamiltonian, respectively20,41

V = �2(A ⋅A1) − �(p ⋅ (A +A1)). (3.3)
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Here A ∝ e and A1 ∝ e1 are the vector potentials of the initial and final photons, p is

the momentum operator of electrons. The final state can be reached via two interfering

scattering channels with a total scattering amplitude (2.4) which is the sum of NIXS and

RIXS contributions (Fig.3.3 (a))

F� = (e1 ⋅ e)FN,� + (e1 ⋅ n)(e ⋅ n)FR,� , (3.4)

where n is the unit vector along molecular axis. This equation explains why the RIXS and

NIXS channels have very different polarization properties.

2) Fig.3.3 (a),(c) shows that these scattering channels are characterized also by different

FC distributions. Contrary to the direct NIXS transition from ground to final state, the

RIXS channel is strongly affected by the nuclear dynamics in the core-excited state. Thus

the observed dependence of the vibrational profile on the polarization of X-rays is caused

by NIXS-RIXS interference which is nothing else than the entanglement of the nuclear

dynamics on potential surfaces of core-excited and final states.

Theory: The experimental spectrum displays the vibrational fine structure. This means

that the NIXS channel should be a bound-bound transition 3�g → 3sg instead of a bound-

continuum one 3�g → 3�u. The only final state which matches this constrain is the bound
3Σg(3�−1

g 3s1
g) state (Fig.3.1). This is consistent with the mechanism of a symmetry forbidden

RIXS channel (3.2). This RIXS channel is opened due to the hole-electron parity swap in

the core-excited state36,40 (� = ⟨1�−1
g 3�1

u∣H ∣1�−1
u 3s1

g⟩ ≠ 0)

! + ∣X3Σ−
g ⟩→ ∣1�−1

g 3�1
u⟩→ ∣1�−1

u 3s1
g⟩→ !1 + ∣3Σg(3�−1

g 3s1
g)⟩, (3.5)

where the potential surfaces of ungerade i = 1�−1
g 3�1

u and r = 1�−1
u 3s1

g states cross each

other32–34,42 (Fig.3.3 (c)). Let us look now on the interference of the NIXS (3�g → 3sg) and

RIXS (3.5) channels which end up in the same final state 3Σg(3�−1
g 3s1

g).

NIXS channel: The NIXS transition from 3�g to 3sg state is dipole forbidden. So in order

to describe this nondipole effect, we use the Taylor expansion of e{qr in the NIXS amplitude

FN,� = ⟨f ∣∑ e{q⋅r∣g⟩⟨�∣0⟩ ≈ ⟨3�g ∣e{q⋅r∣3sg⟩⟨�∣0⟩ up to second order,

FN,� ≈ −[�2p2 sin(q ⋅R
2

) ⟨2pz ∣q ⋅ r∣3s⟩ + �2sq
2⟨3s∣r2∣2s⟩]⟨�∣0⟩

(3.6)

≈ − [(q̂ ⋅ n)2F a
N,� + F is

N,�] .

The NIXS amplitude of molecule consists of anisotropic and isotropic contributions:

F a
N,� = �2pq

2Rd2pz ,3s⟨�∣0⟩, F is
N,� = �2sq

2⟨3s∣r2∣2s⟩⟨�∣0⟩. (3.7)
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(a)

(b) (c)

Figure 3.3: (a), The scattering anisotropy of the NIXS (�N ∝ sin2 �) and RIXS (�R ∝
(1 + sin2 �)) channels. (b) The experimental and theoretical polarization dependence of

X-ray scattering to the � = 0 and � = 1 vibrational levels of the 3Σ−
g(3�−1

g 3s1
g) final state.

(c) A detailed view on the interfering RIXS and NIXS (3�g → 3s) channels. The RIXS

process consists of three steps: 1�g → 3�u; ∣1�−1
g 3�1

u⟩→ ∣1�−1
u 3s1⟩; 3�g → 1�u. Reprinted with

permission from Paper I. Copyright © 2013 American Physical Society.

Here �i = C
(3�g)
i C

(3sg)
3s (i = 2s,2p) depends on the amplitudes C

(3�g)
i and C

(3sg)
m of the

atomic wave functions (m = 2s,2pz,3s) in the 3�g molecular and 3sg Rydberg orbital,

respectively, q̂ = q/q, and ⟨�∣0⟩ is the FC amplitude between the final and ground states.
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As seen in eq.(3.6), the dipole forbidden 3�g → 3sg NIXS transition is allowed due to

the quadrupole atomic transition 2s → 3s and due to the two-center interference given

by the factor sin (q ⋅R/2). This interference term results in a breakdown of the dipole

approximation when the wave length of X-rays is comparable with the size of the molecule

qR ∼ 1 (qR/2 ∼ kR ∼ 0.3 in our case). One should notice the similarity of this effect with

the nondipole behaviour of RIXS in hard X-ray region.20,43–45

The NIXS channel is important in our case because the RIXS amplitude FR,� is rather small.

Indeed, the ratio of the integral intensity of the symmetry forbidden transition to the total

integral intensity of the molecular and atomic bands is about 10−1.

The resonant propagator

Kri
n,� =

�⟨n∣�⟩
! − (Er,n −Eg,0) + {Γ

(3.8)

of a hole-electron parity swap from the dissociative i state to the bound r Rydberg state

modifies36 the conventional expression of the RIXS amplitude20

FR,� = !1!∫ d�
dfr⟨�∣n⟩Kri

n,�⟨�∣0⟩di0
! − (Ei,� −Eg,0) + {Γ

. (3.9)

Here � ≡ ⟨r∣r−1
12 ∣i⟩ ∼ 0.1 eV is the coupling constant in the vicinity of the crossing point, di0

and dfr are the transition dipole moments of the core excitation and spontaneous decay,

respectively, Ei,� is the energy of the dissociative core-excited state and Γ = 0.07 eV. The

transitions from the ground ∣0⟩ to the dissociative ∣�⟩ state, from the dissociative state to the

nth vibrational level of the bound Rydberg state, and from ∣n⟩ to the vibrational ∣�⟩ level

of the final state are described by the FC amplitudes ⟨�∣0⟩, ⟨n∣�⟩, and ⟨�∣n⟩, respectively.

Summation over polarizations of scattered photons and averaging over molecular orienta-

tions results in the following expression for the total scattering cross section,

�� =
r2

0!1

15!
∣FR,� ∣2(1 + �� sin2 �)Φ, �� =

1

∣FR,� ∣2
[5

4
Δ2
N,� +Δ2

NR,� + ∣F ′′
R,� ∣2] . (3.10)

Here FR,� = F ′
R,� + {F ′′

R,� , ΔN,� = F a
N,� −F is

N,� and ΔNR,� = F ′
R,� −

1
2(F a

N,� +5F is
N,�). The spectral

function Φ = Φ(Δ! + !f,�;0,0) includes both monochromator and spectrometer broadenings.

The NIXS channel

�N ∝ sin2 �, (3.11)

which vanishes when � = 0, displays qualitatively different dependence on the angle � =
∠(e,k1) than the RIXS channel36,45 (Fig.3.3 (a))

�R ∝ 1 + sin2 �. (3.12)
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However the different vibrational progressions of NIXS ⟨�∣0⟩ and RIXS ⟨�∣n⟩Kji
n,�⟨�∣0⟩ chan-

nels are also different. This is the reason for the strong �-dependence of the vibrational

profile (Fig.3.3 (b)). According to our simulations, the scattering anisotropy described by

the parameter �� is sensitive to the vibrational level of the final electronic state, �0 = 0.8,

�1 = 0.3.

Conclusion: We have shown for first time that resonant inelastic scattering can be strongly

affected by a nonresonant scattering channel. One of the important manifestations of the

NIXS-RIXS interference is the polarization dependence of the vibrational profile.
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Chapter 4

Dissociative X-ray lasing

The principle of self-amplified spontaneous emission (SASE) has been successfully imple-

mented in X-ray free-electron lasers (XFEL). However, the inherent stochastic nature of the

SASE generation is a serious obstacle in many applications due to the fluctuations of the

XFEL pulse from shot to shot. Rohringer and London suggested an X-ray laser14 where the

pump XFEL pulse core ionizing the atomic vapors creates a population inversion. Recently,

this mechanism was proved in the experiment with the Ne atoms.13 Alternative X-ray laser

based on the stimulated X-ray Raman scattering and four-wave mixing was suggested in

ref.11 In this Chapter, we suggest the molecular X-ray laser based on resonant core excita-

tion to a dissociative state followed by the lasing in the core-excited fragment of dissociation.

The principle of the dissociative X-ray laser(DXRL)46

ℎ̵!p +HCl →HCl∗ →H +Cl∗ → Cl + ℎ̵! +H (4.1)

is illustrated here for theHCl molecule in Fig.4.1. One should mention also another principle

of X-ray molecular laser based on core ionization.47 The advantage of the scheme (4.1) is

the dissociation in core-excited states which is a rule rather than an exception20,48 and a

large number of molecules can be used for the DXRL.

4.1 Theoretical model

Equations for the lasing and pump fields (SI units): The XFEL pulse promotes the

molecules with initial concentration N0 from the ground state to the dissociative core-excited

state 2p1/2 → 6� where the molecules dissociate into the hydrogen atom and core-excited

chlorine atoms Cl∗ with concentration NA. Apparently the population inversion (NA −N f
A)

takes place because the concentration N f
A of Cl atoms in the final state is equal to zero at
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Figure 4.1: Physical picture of the X-ray dissociative laser. The pump pulse promotes the

HCl molecule to the 2p−16�1 core excited state where the molecule dissociates. Reprinted

with permission from Paper II. Copyright © 2012 American Physical Society.

the beginning of the process. The spontaneous decay 3s → 2p1/2 of Cl∗ starts the lasing

described by the equation for the intensity of the DXRL field46,49

( ∂
∂z

+ 1

u(z, t)
∂

∂t
) IL = g(z, t)IL + J(z, t),

J(z, t) = ΓspNA(z, t)ℎ̵!
Ω

4�
, t = tℓ −

zℓ
c
, z = zℓ (4.2)

written in the local time frame (t, z), where the label ℓ marks the time and the coordinate in

the laboratory frame. The lasing is triggered by the spontaneous radiation as it is described

by the “source” term J(z, t) which is proportional to the rate of the spontaneous decay Γsp

and the solid angle of the gain region Ω ≈ �2
p/(�a2), where �p and a are the wavelength of

the XFEL field and the beam radius at the waist, respectively. The “group velocity” of the

DXRL pulse u(z, t) in the local time frame expressed via the group velocity of the DXRL

pulse in the laboratory frame50 vg

u−1 ≡ dt/dz = dtℓ/dz − c−1 = v−1
g − c−1 = g(z, t)/Γ, vg(z, t) = c/[1 + cg(z, t)/Γ] (4.3)

depends on the gain g

g = �A(!)[NA −N f
A] − �NRN − �ion

NRNion, �A(!) =
�AΓ2

(! − !res)2 + Γ2
. (4.4)
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Here �A is the absorption cross section on the lasing transition 3s → 2p. The last two

terms at the right hand side of eq.(4.4) describe the losses due to the absorption of the

lasing field by intact molecules and by ions created by pump pulse with the concentrations

N(z, t) = Ng(z, t) + Nc(z, t) and Nion(z, t) = N0 − N(z, t) − NA(z, t), respectively. The

corresponding absorption cross sections are denoted as �NR and �ion
NR ≈ �NR.

The pump field is modeled in simulations as the Gaussian pulse

Ip(z, t) = (I0
p/(1 + z2/z2

R)) exp (−t24 ln 2/� 2
p ) exp[−Λ(z, t)],

Λ(z, t) = �abs

z

∫
0

[Ng(z′, t) −Nc(z′, t)]dz, (4.5)

where the full-trip absorption Λ(z, t) takes into account the attenuation of the pump in-

tensity in the course of propagation, �abs is the 2p → 6� absorption cross section, �p and

zR = �a2/�p are the duration of the XFEL pulse and the Rayleigh range at the beam waist,

respectively.

Rate equations for populations: To find the gain (4.4) and NA(z, t), we need to solve the

rate equations for the populations of HCl in the ground Ng(z, t) and core-excited Nc(z, t)
states together with equation for NA(z, t) (see Fig.4.2)

((z, t) + ∂

∂t
)Ng(z, t) = −P (z, t),

(Γ(z, t) + d +
∂

∂t
)Nc(z, t) = P (z, t), (4.6)

(Γ(z, t) + ∂

∂t
)NA(z, t) = dNc(z, t).

Here Γ(z, t) = Γ + (z, t), (z, t) = �NRIp(z, t)/ℎ̵!p, P (z, t) = abs(z, t) [Ng(z, t) −Nc(z, t)],
and abs(z, t) = �absIp(z, t)/ℎ̵!p. The free Cl∗ atoms are produced with the rate d ≈ v/ΔR ≈
0.3fs−1 at ΔR ≈ 1.5 a.u. where the potential of the core-excited state is almost flat (Fig.4.1).

Here v ≈
√

2ΔE/2� is the relative speed of the dissociating atoms, ΔE ≈ 4 eV20 is the kinetic

energy released under the dissociation.

Numerical scheme: We have solved eq.(4.2) for the DXRL intensity using the upwind

differencing scheme51 and the boundary condition IL(z = 0, t) = 0 while the predictor-

corrector method51 was used for the rate equations (4.6). The parameters used in the

simulations are collected in the Paper II.
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Figure 4.2: Time evolution of the populations at z = 0. The core-excited molecules are de-

composed into hydrogen and core-excited Cl atoms creating the inversion of the population.

The front of the pump pulse ionizes the molecule. This results in a shift of the maxima of

the populations Nc and NA relative to the top of the pump pulse (t = 0). Reprinted with

permission from Paper II. Copyright © 2012 American Physical Society.

4.2 Self-trapping of the X-ray pulse at the gain ridge

Let us look first on the 2D map of the gain (4.4) calculated using the rate equations (4.6).

We will use in our analysis both the strict solution of eq.(4.2) as well as a widely used

approximation for the amplified field

IL(z, t(z))∝ eG(z,t(z)), G(z, t(z)) =
z

∫
0

g(z′, t(z′))dz′. (4.7)

From the expression for the full-trip gain G(z, t(z)) we see that the amplification is very

sensitive to the trajectory of the DXRL pulse t(z). In Fig.4.3 (a) we show that the trajectory

of the gain does not coincide with the vertical white line which displays the trajectory of

the pulse propagating with the speed of the light c in the vacuum. This mismatch between
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Figure 4.3: The effect of self-trapping of the lasing pulse into the gain ridge. (a) 2D

distribution of the gain g(z, t). The self-trapping effect is explained in the insert for a

simplified situation: g(z, t) = 0 everywhere except at the gain ridge. The lasing pulse

tends to leave the gain ridge zridge(t) (solid arrow) because u(z, t) is smaller than the slope

dzridge/dt for the studied system. However, u = Γ/g → ∞ as soon as the pulse escapes

from the ridge. Due to this, it returns to the gain ridge (dashed arrow). (b) The intensity

distribution IL(z, t). The DXRL intensity profiles at z = 0 (Imax
L = 0.76W /cm2) and at

z =0.125 cm (Imax
L = 2 × 1013W /cm2) are shown by the curves 1 and 2, respectively. The

ridges of the gain (gR) and DXRL pulse (IRL ) are shown by the solid and dashed-dotted

curves, respectively. The vertical white trajectory passes the maximum of the gain at z = 0,

t = −239fs. We use here the same parameters as in Fig.4.2. Reprinted with permission from

Paper II. Copyright © 2012 American Physical Society.
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the gain and the amplified pulse results in small gain and full-trip gain if we ignore the

slowdown of the DXRL pulse in the medium vg = c (see dashed blue curves in Fig.4.4). The

full-trip gain significantly increases if we assume the same trajectories for the DXRL pulse

and the gain (see dotted curves in Fig.4.4). The only way to answer the question what is

the true trajectory of the DXRL pulse is to solve the coupled field (4.2) and rate equations

(4.6). The solution of these equations shown in Fig.4.3 (b) displays a surprising result: the

trajectory of the ridge of the DXRL pulse almost coincides with the ridge of the gain. This

gives strong amplification of the DXRL field. To explain the self-trapping of the X-ray pulse

at the gain ridge, let us consider a simplified situation: g(z, t) = 0 everywhere except at the

gain ridge (see insert in Fig.4.3 (a)). According to our simulations, u(z, t) is smaller than

the slope of the gain ridge. Therefore the pulse tends to leave the gain ridge (solid arrow).

However, as soon as the pulse escapes the gain ride, it comes back to the ridge (dashed

arrow) because u = Γ/g →∞.

0
1 0
2 0
3 0
4 0

0 . 0 0 0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 0
0

1 0 0
2 0 0
3 0 0

 

 

G(
z)

 ∆E = 5 e V
 ∆E = 2 . 5 e V
 v e r t i c a l  l i n e  t =  - 2 3 9 f s
 I n t e n s i t y  r i d g e

 

 

 

 

g a i n

p e n e t r a t i o n  d e p t h  z  ( c m )

g(c
m-1 )

Figure 4.4: Developments of gain (g) and full-trip gain (G) along the gain ridge for ΔE = 5

eV (solid lines) and for ΔE = 2.5 eV (dashed-dotted lines). The full-trip gain along the

intensity ridge is shown by the dotted line. Gain and full-trip gain going through the

maximum of the gain at (z = 0, t = −239fs, Fig.4.3) along the vertical white trajectory are

shown by the dashed lines. We use here the same parameters as in Fig.4.2. Reprinted with

permission from Paper II. Copyright © 2012 American Physical Society.
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Conclusion: The self-trapping effect strongly increases the amplification of the lasing field

and gives the energy conversion efficiency for the studied system of about 10−5 − 10−4. The

DXRL laser allows to create femtosecond coherent X-ray pulses. This is important in many

applications.
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Chapter 5

Optical limiting properties of

peripherally substituted

phthalocyanines

Let us now turn our attention to the two-photon absorption (TPA). The mathematical

treatment of the one-step TPA is very similar to the Raman scattering. One of the main

applications of the TPA is the optical limiting (OL) devices.52–58 Recently, peripherally sub-

stituted Phthalocyanines (Pcs) with different central metals (Al, Ga, In) and axial chloride

ligand were synthesized59(Fig.5.1). It was recognized that Pcs are good optical limiters.

The reason for this is the large TPA cross section caused by the two-dimensional highly

conjugated delocalized �-electron system and the metal-conjugant bond.60–63

One should remind that two qualitatively different processes contribute in the TPA.64–67 The

first one is the so-called one-step TPA with negligible population of the intermediate states.

The second TPA channel is described by the two-step model where the TPA is accompanied

by real population of the intermediate states.68–70 As it was shown earlier,71 the sequential

or two-step TPA is the main mechanism of non-linear absorption of long pulses. Following

the experiment of Chen et al.,59 we study in this Chapter the TPA of long pulses with

duration (FWHM) � = 7 ns. Due to this, the two-step TPA model is nicely suited for the

studied system.

We study the non-linear absorption of the electromagnetic wave E = E cos({(k ⋅r−!t)) with

the intensity I = c"0∣E ∣2/2. We use here SI units. The studied system is modeled by three

singlet and two triplet states shown in the Jablonski diagram, Fig.5.1. This five-level system

has two sequential TPA channels (S0 → S1)× (S1 → Sn) and (S0 → S1)× (T1 → T2) with the
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Table 1 Photophysical parameters of Pc1, Pc2, Pc3, Pc4, Pc5 and Pc6 and absorption cross 

sections [15]. 

Pcs 10SSE  

)(eV  

21TTE  

)(eV  

cγ  

)( 1−s  

1Tτ  

)( sμ  

10SSσ  

)( 2m  

21TTσ  

)( 2m  

expN  

)( 3−m  

1 1.7622 2.2185 8104.6 ×  251.9 221082.2 −×  211011.2 −×  2310037.1 ×

2 1.7449 2.1796 9109.3 ×  87.3 221071.3 −×  211058.2 −×  2310771.0 ×

3 1.7255 2.1057 11103.2 × 21.8 221024.2 −×  211069.1 −×  2310380.1 ×

4 1.7474 2.1796 8105.3 ×  140.9 221017.1 −×  221009.4 −×  2310585.2 ×

5 1.7303 2.1420 9108.2 ×  71.3 221094.2 −×  211015.2 −×  2310042.1 ×

6 1.7160 2.1057 10106.5 × 19.2 221037.5 −×  211094.3 −×  2310585.0 ×
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Figure 5.1: Jablonski diagram for Phthalocyanines (left) and the structures of Pcs (right).

Reprinted with permission from Paper III. Copyright © 2012 Institute of Physics and IOP

Publishing Limited.

total photoabsorption cross section

�tot = �(�S0 − �S1) + �S(�S1 − �Sn) + �T (�T1 − �T2), (5.1)

which consists of the ground state absorption S0 − S1 and the excited state absorption:

S1 − Sn, T1 − T2. Related rates of the one-photon transitions read

mn(t) =
�mnI(t)
ℎ̵!

. (5.2)

To describe quantitatively the photoabsorption, one should solve the paraxial equation for

the envelope of the field71

( ∂
∂z

+ n0

c

∂

∂t
− i

2k
Δ⊥)E = −

N�tot

2
E , Δ⊥ =

∂2

∂r2
+ 1

r

∂

∂r
+ 1

r2

∂2

∂'2
, (5.3)

and the rate equations for the populations of the singlet and triplet states

∂

∂t
�S0 = −(t)(�S0 − �S1) + ΓS1�S1 + ΓT1�T1 ,

( ∂
∂t

+ ΓS1 + c)�S1 = ΓSn�Sn − S(t)(�S1 − �Sn) + (t)(�S0 − �S1),

( ∂
∂t

+ ΓSn)�Sn = S(t)(�S1 − �Sn), (5.4)

( ∂
∂t

+ ΓT2)�T2 = T (t)(�T1 − �T2), ∑
k

�k = 1,

where c is the rate of intersystem crossing (ISC) transition S1 → T1; (t) ≡ S0S1(t),
S(t) ≡ S1Sn(t), T (t) ≡ T1T2(t); ΓS1 , ΓSn , ΓT1 , ΓT2 are the decay rates of the states S1, Sn,

T1, T2; k = n0!/c; n0 is the refraction index and N is the concentration of molecules.



5.1 Outline of numerical solution of paraxial and rate equations 27

To characterize the photoabsorption we compute also the transmittance of the total pulse

energy by setting the entry in the cell at z0 = −L/2,

T (L) = J(z0 +L)
J(z0)

, (5.5)

where

J(z) = 2�

R

∫
0

∞

∫
0

I(t, r, z)rdrdt, I = c"0

2
∣E ∣2 (5.6)

is the local pulse energy and L is the length of the absorbing medium.

5.1 Outline of numerical solution of paraxial and rate

equations

We simulate the propagation of a gaussian pulse with its focal point at z = 0. To reduce the

computational time, the rate (5.4) and the paraxial (5.3) equations are solved in the local

time frame (t, z)→ (T, z),

∂

∂t
→ ∂

∂T
,

∂

∂z
+ n0

c

∂

∂t
→ ∂

∂z
, T = t − n0

c
z, (5.7)

using the initial conditions (T=0: �S0 = 1, �S1 = �T1 = �T2 = 0) with the boundary condition

described in Paper III. The term ∂2/∂'2 is neglected in eq.(5.3) assuming a TEM00 gaussian

beam. Equations were solved using the Crank-Nicolson method51,72 for n0 = 1 and � =
532 nm (ℎ̵! = 2.33 eV). The ISC rate c, resonant transition energies and one-photon

absorption cross sections of studied compounds extracted from the experimental data59

are collected in Table 5.1. The calculations were performed using these data as well as

Γ−1
Sn

= Γ−1
T2

= 1 ps, ΓS1 + c ≈ c and �S1Sn = 10−21m2. A special comment deserves the

length of the medium L which was rather long in the experiment Lexp = 1 cm. In order

to reduce the computational time we reduced this length: Ltheo = 0.08 cm. To get the

same photoabsorption LtheoNtheo = LexpNexp we used higher concentrations than in the

experiment, Ntheo = NexpLexp/Ltheo = Nexp × 12.5 (see Paper III).

5.2 Discussion

Table 5.1 shows that the triplet-triplet one photon absorption �T1T2 is one order of mag-

nitude larger than �S0S1 . This determines the OL properties of the studied system. More
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Table 5.1: Photophysical parameters of Pcs 1-6.59 Reprinted with permission from Paper

III. Copyright © 2012 Institute of Physics and IOP Publishing Limited.

ES0S1 ET1T2 c �T1 �S0S1 �T1T2 Nexp

Pcs (eV ) (eV ) (s−1) (�s) (m2) (m2) (m−3)
1 1.7622 2.2185 6.4 × 108 251.9 2.82 × 10−22 2.11 × 10−21 1.037 × 1023

2 1.7449 2.1796 3.9 × 109 87.3 3.71 × 10−22 2.58 × 10−21 0.771 × 1023

3 1.7255 2.1057 2.3 × 1011 21.8 2.24 × 10−22 1.69 × 10−21 1.380 × 1023

4 1.7474 2.1796 3.5 × 108 140.9 1.17 × 10−22 4.09 × 10−22 2.585 × 1023

5 1.7303 2.1420 2.8 × 109 71.3 2.94 × 10−22 2.15 × 10−21 1.042 × 1023

6 1.7160 2.1057 5.6 × 1010 19.2 5.37 × 10−22 3.94 × 10−21 0.585 × 1023

Fig.2  Energy transmittance (a) as a function of the peak intensity of the incident field 

through the absorbing medium (z=L/2=0.4mm) and (b) as a function of the thickness of the 

medium at  for the Pc1, Pc2, Pc3, Pc4, Pc5 and Pc6. 213
0 /104 mWI ×= nm532=λ . 
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Fig.3.  Response time of the population transfer between the singlet and the triplet states    

 for the Pc1, Pc2, Pc3, Pc4, Pc5 and Pc6 neglecting the propagation effects of the pulse 

when the incident peak intensity is . 
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Fig.4.  Dynamics of the populations of the energy levels on the axis of the light beam  

without considering the propagation of the pulse. 

)0( =r

nm532=λ . The initial pulse intensity is 

(a) , and (b) . 212
0 /101 mWI ×= 213 /104 mW× ns0.7=τ ， nst τ5.20 = .  

 

Figure 5.2: The time of the population transfer S0 → T1 for the Pcs 1-6 at the entry in the

cell: z = −L/2. I0 = 4 × 1013W /m2. Reprinted with permission from Paper III. Copyright

© 2012 Institute of Physics and IOP Publishing Limited.

precisely, the transmittance should decrease when the population of the T1 level increases.

The population transfer S0 → T1 is defined by the competition between the time71 �ST ∝ I

of the population transfer S0 → T1 and the lifetime Γ−1
T1

of the T1 level (see Table 5.1 and

Fig.5.2). The pulse transfers all molecules in the lowest triplet state only when the intensity

is high enough I0 ∼ 1012W /m2 (Fig.5.3) to make the population of this state faster than its

depopulation: �ST < Γ−1
T1

. This explains the dependence of the energy transmittance T on
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Fig.2  Energy transmittance (a) as a function of the peak intensity of the incident field 

through the absorbing medium (z=L/2=0.4mm) and (b) as a function of the thickness of the 

medium at  for the Pc1, Pc2, Pc3, Pc4, Pc5 and Pc6. 213
0 /104 mWI ×= nm532=λ . 
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without considering the propagation of the pulse. 
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nm532=λ . The initial pulse intensity is 

(a) , and (b) . 212
0 /101 mWI ×= 213 /104 mW× ns0.7=τ ， nst τ5.20 = .  

 

Figure 5.3: The population dynamics at (r = 0, z = −L/2) for Pc 3. (a) I0 = 1 × 1012W /m2.

(b) I0 = 4 × 1013W /m2. Reprinted with permission from Paper III. Copyright © 2012

Institute of Physics and IOP Publishing Limited.

the initial intensity I0

T = { exp(−N�S0S1L), I0 → 0,

exp(−N�T1T2L), I0 →∞. (5.8)

One should notice that the excited state absorption S1 → Sn is not important due to the

negligibly small population of the S1 state (Fig.5.3). As it is expected, the transmittance is

defined by the one-photon absorption S0 → S1 when I0 is small. T decreases with increase

of intensity due to the population of the T1 state. The transmittance is saturated and it is

defined by the T1 → T2 absorption when intensity is high enough to transfer all molecules in

the lowest triplet state (Fig.5.4 (a)). Thus to select the molecule with better OL properties

we need to look for the molecules with higher ratio �T1T2/�S0S1 . According to Table 5.1 this

is the molecule Pc 3.

Conclusion: The system has good OL properties when the cross section of excited state

absorption is larger than one of the ground state. The main mechanism of the excited state

absorption is the triplet-triplet absorption due to the negligible population of the S1 state

and due to almost complete population transfer to the T1 state. We have found that this

population transfer is faster for Pcs with heavier central metals. The reason for this is the

large rate of ISC arising from the enhanced spin-orbit coupling caused by the heavy atoms.
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Figure 5.4: (a) Transmittance T (L) (5.5) as a function of the peak intensity of the incident

field I0 (L = 0.8 mm). (b) T (L) as a function of the thickness of the medium L for Pcs

1-6 ( I0 = 4 × 1013W /m2). Reprinted with permission from Paper III. Copyright © 2012

Institute of Physics and IOP Publishing Limited.



Chapter 6

Symmetry breaking by

site-dependent momentum exchange

Symmetry is a fundamental property in science. For example, symmetry gives conservation

laws and selection rules in quantum transitions. However, there is a variety of physical

situations where symmetry is broken.73 In this Chapter we discuss a new symmetry break-

ing (SB) mechanism, where the symmetry is broken due to a site-dependent momentum

exchange between a fast photoelectron and a dissociating oxygen molecule. Here the SB of

the O+
2 cation is demonstrated by a direct measurement of the momenta of co- and counter

propagating O+ ions with respect to the momentum of the photoelectron electron k.

In the experiment O2 molecules are core excited by X-ray photons into the ungerade, dis-

sociative �∗: 1�−1
g 3�u (ℎ̵! = 539 eV) or bound Rydberg: 1�−1

g 4p�u (ℎ̵! = 541.8 eV) states.74

The polarization of X-ray photons e is parallel to the ion spectrometer axis and hence to

the molecular axis R. Apparently the symmetry of the core-excited molecule is preserved

in the course of nuclear dynamics and the 1�−1
g core hole is delocalized. The core-excited

molecule decays in the final dissociative state and emits the Auger electron detected in co-

incidence with fragment ions. When O2 is excited in the bound Rydberg state, the Auger

electron is ejected near the equilibrium (R0). These decays form a molecular band (MB)

(Fig.6.1 and Fig.2 from Paper IV). The picture is qualitatively different for the dissociative

�∗ core-excited state. Now Auger emission occurs any time while the oxygen atoms fly

apart. Early decays form a MB (Fig.6.2 a). Late Auger decays give rise to a sharp atomic

peak (AP).20,35,75 This relaxation takes place far away from R0 where the two oxygen atoms

propagate almost freely in the dissociative core-excited state (Fig.6.1 a c (Fig.2 a c from

Paper IV) and Fig.6.2 a). One should notice that they are still in a coherent state with a

delocalized core hole.
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Figure 6.1: Electron energy/ion energy and ion energy/angle correlation maps

for the dissociative �∗ and bound Rydberg core-excited states. a, The (Eel,Eion)
correlation for the dissociative �∗ state has a slope approximately two times steeper in the

case of the AP (6.7) as compared to the MB (dashed-dotted lines). This correlation for the

MB follows the law Eel + 2Eion = ℎ̵! − ℎ̵!∞f0 −
k2

2m −ku cos � ≈ const, because the Doppler shift

is much smaller than the width of the MB (ΔEel ∼ 10eV ). b, The (Eel,Eion) correlation in

the case of the MB for the bound Rydberg 1�−1
g 4p�u state. c, The (Eion, �) correlation for

the dissociative �∗ state shows the Doppler effect. The slope for the MB (6.11) is two times

smaller than for the AP (6.5). The reason for this is the site-dependent momentum exchange

for the AP, while for the MB the momentum k is transferred to the whole molecule, as to

the rigid body. d, The (Eion, �) correlation of the bound Rydberg 1�−1
g 4p�u state for the

MB is similar to that for the dissociative �∗ state (see panel c). (see Fig.2 from Paper IV)

The main question which we would like to answer is the symmetry of the cation O+
2 , which

is obtained in the photoreaction at the instant of ejection of the photoelectron

! +O2 → O∗O −OO∗ → e− + { O+O ±OO+?

O+O?
(6.1)

Namely, is this symmetry preserved O+O ±OO+ or it is broken O+O?

To shed light on this problem, let us pay attention to the momentum exchange between



33

Figure 6.2: Momentum exchange near the equilibrium differs qualitatively from

one in the dissociative region. a, MB: near R0, the momentum of the Auger electron k

is transferred to the molecule as a whole. As a consequence its symmetry is preserved. Here

E = Edis is the sum of the kinetic energies of the O+ ion and the O atom. AP: the Auger

electron transfers momentum exclusively to the “left” or to the “right” atom because the

chemical bond is broken in the dissociation region. Now the symmetry of the O+
2 cation is

broken because the energies of the O+O and OO+ configurations are different. b, Symmetry

is broken in the classical region where 2∣ku cos �∣ > Γ ≈ 0.07eV . The opposite situation takes

place in a narrow quantum region � ≈ 90○ where 2∣ku cos �∣ < Γ (2ku ≈ 1eV ). Here the “left”

and “right” ions are not distinguishable and the symmetry is preserved. (Paper IV)

the Auger electron and the molecule which is qualitatively different for the AP and the MB

regions.

Momentum exchange in the far region of dissociation (Fig.6.2 a): The Auger decays

which form AP take place far from the equilibrium where the bond is weak. Therefore, the

emission of the electron from the “right” atom does not change the momentum of the “left”

atom and vice versa. The cross section for the AP in the coincidence experiment

�at ∝
� (Eion + ku cos � + k2

2m − D
2 )

(Eel − ℎ̵!∞cf − ku cos � − k2

2m)2 + Γ2
(6.2)

is a function of the electron Eel = k2/2, and of the O+ ion Eion = mu2/2 kinetic energies,

and the angle � =∠(k,u). To explain the energy conservation laws shown in the numerator

and denominator of this equation, one should apply the momentum conservation law for
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the situation when the electron is ejected say from the “right” oxygen atom

pc = pR + k =mu + k, −pc = pL,

(6.3)

Edis =
p2
R

2m
+
p2
L

2m
= mu

2

2
+ m

2
(u + k

m
)

2

= 2Eion + k ⋅ u + k2

2m
,

where the momenta of the left −pc and the right pc atoms in core-excited state have the

same absolute value. Only the right atom changes the momentum in the final state pR =
mu = pc − k. Here Edis is the kinetic energy release or total energy of dissociation, which is

the sum of the kinetic energies of the O+ ion and of the neutral O atom. To get the energy

conservation laws described in eq.(6.3) by the � function and the Lorentzian, we use the

energy conservation laws for the Auger decay process (c→ f) in dissociation region (R =∞)

and for the whole scattering process (0→ f):

Ec(∞) + p2
c

2m
+ p2

c

2m
= Eel +Ef(∞) +Edis,

(6.4)

ℎ̵! +E0(∞) = Eel +Ef(∞) +Edis, ℎ̵! ≈ Ec(R0) −E0.

Here D = Ec(R0) −Ec(∞), ℎ̵!∞cf = Ec(∞) −Ef(∞), Ej(R) is the potential energy of O2 in

the ground and the core-excited states (j = 0, c). The final state energy of the O+
2 cation

is denoted as Ef(R). According to eq.(6.2) the electron energy Eel is shifted by ku cos �

(ku ≈ 0.5 eV ) due to the Auger-Doppler effect76,77 and by k2/2m ≈ 17 meV due to the

translational recoil effect.78,79

Let us turn our attention to a crucial fact. The numerator of eq.(6.2) shows that the ion

energy

Eion(�) = −
k2

2m
+ D

2
− ku cos � (6.5)

is also Doppler shifted in full agreement with the experimental correlation map (Eion, cos �)

for AP (Fig.6.1 c and Fig.2 c from Paper IV)). Due to this Doppler shift, the energies

of the “left” (� = 180○) and “right” (� = 0○) ions are different and they are separated by

≈1 eV, These opposite Doppler shifts (Fig.6.2 a) make the “left” O+O and “right” OO+

configurations distinguishable

Edis ≡ EOO+

dis =D − ku cos � − k2

2m
, EO+O

dis =D + ku cos � − k2

2m
. (6.6)

Such a large energy separation destroys the coherence between O+O and OO+ and allows

for observation of these asymmetric configurations separately (Fig.6.1 c d and Fig.2 c d
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from Paper IV). The physical reason for the SB of the O+
2 cation is the asymmetry of the

momentum exchange on the “left” and “right” atoms. This SB for the AP is also sustained

by the absence of a Young’s double-slit (YDS) interference pattern45,80–83 (see below and

Fig.6.3 e f). As is seen from eq.(6.2) the ion kinetic energy has opposite Doppler and recoil

shifts with respect to the electron energy (see eq.6.2). This is in nice agreement with the

experimental energy-energy correlation (Fig.6.1 a and Fig.2 a from Paper IV)

Eel(�) +Eion(�) = const. (6.7)

One should point out that the O+O and OO+ configurations are indistinguishable in the

narrow quantum region � = 90○

2∣ku cos �∣ < Γ (6.8)

shown in Fig.6.2 b, where the lifetime broadening Γ ≈ 70 meV masks the Doppler label k ⋅u.

Momentum exchange close to equilibrium where the molecule behaves like rigid

body (Fig.6.2 a): A qualitatively different physical picture depicts the Auger transitions

occurring near the equilibrium geometry R0. These decays form the broad MB observed for

both �∗ and Rydberg core excitation processes (Fig.6.1 and Fig.2 from Paper IV). Due to

the strong interatomic interaction, the electron momentum k transferred to the molecule as

to the rigid body is shared equally between the atoms. Now the momenta of the “left” and

“right” dissociating in the final state atoms (at R =∞) differ from the AP case (6.3)

pL = −pc −
k

2
, pR = pc −

k

2
. (6.9)

Apparently, the momentum transfer to the “rigid” molecule does not break the symmetry

of the molecule. Indeed, the kinetic energies of the OO+ and O+O structures are the same

and they do not depend on the Doppler shift

Edis = ℎ̵(! − !∞f0) −Eel = const, ℎ̵!∞f0 = Ef(∞) −E0(R0) (6.10)

contrary to the AP case (6.6). However, both experiment and theory (Fig.6.1 c d and Fig.2

c d from Paper IV) clearly show a Doppler shift −(ku cos �)/2 of the ion kinetic energy

Eion =
1

2
(ℎ̵! − ℎ̵!∞f0 −Eel −

k2

2m
) − 1

2
ku cos �, (6.11)

which is now half of that observed for the AP (6.5). One should notice that the Doppler

shift will always be present regardless of the bound or dissociative nature of the core-excited

state potential. We would like to point out that this Doppler shift (Fig.6.1 c d and Fig.2 c

d from Paper IV) has nothing to do with the SB discussed for the AP because the electron
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Figure 6.3: The (Eel, cos �) correlation maps. The experimental data and theoretical

calculations are shown on the left and right panels, respectively. a, and b, MB related to

the bound core-excited Rydberg state: 1�−1
g 4p�u. Experiment displays a symmetric YDS

interference pattern. The simulations are based on the multiple scattering theory82 and the

scattering amplitudes from Ref.84 c, and d, MB related to the dissociative core-excited

�∗ state: 1�−1
g 3�u. Experiment displays a slightly asymmetric YDS pattern. e, and f,

AP related to the dissociative core-excited �∗ state: 1�−1
g 3�u. The reason for the linear

energy dispersion is the Auger-Doppler effect.76,77 In contrast to the MBs, the YDS pattern

is absent here. Instead, a stronger angular asymmetry is observed. The reason for this

asymmetry is the scattering of the Auger electron (see Fig.6.4). (Paper IV)

momentum, transferred to the whole molecule, is shared equally by both sites. Therefore,

for the MB neither the total kinetic energy Edis (6.10) nor the electron energy76 Eel exhibits
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a Doppler shift.

Young’s double-slit (YDS) interference: We use also the YDS pattern as an alternative

tool to explore the symmetry of the final state cation (O2)+. Due to symmetry preservation

at the instant of the Auger decay for the MB, one should expect the YDS interference

pattern,20,80,81 which is direct evidence of the photoionization from two indistinguishable

atoms. Fig.6.3 a-d nicely confirm this anticipation

�mol ∝ 1 − Pf cos(kR cos �). (6.12)

Here Pf = ±1 is the parity of the gerade/ungerade final states, respectively. This interference

pattern is absent for the AP (Fig.6.3 e f) where the Doppler label breaks the symmetry

between the “left” and “right” ionization channels as demonstrated above.

Figure 6.4: Physical reason for angular asymmetry of the atomic peak. a, The

Auger electron counter-propagating (black arrow) with respect to the ion (red) experiences

a strong forward scattering by the neutral oxygen atom (blue). b, In contrast, only a weak

backward scattering takes place when the Auger electron and the ion propagate in the same

direction. The reason for an angular asymmetry in the (Eel, cos �) correlation maps (see

Fig.6.3) is large difference between the amplitudes of the forward scattering and of the

backward scattering ∣f(�)∣ ≪ ∣f(0)∣. (Paper IV)
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Angular asymmetry: Let us turn to another important observation. Fig.6.3 e f shows

an angular asymmetry of the AP: its intensity is stronger at � = 180○ in comparison with

� = 0○. The reason for this asymmetry is electron scattering by the neutral oxygen atom

that is sensitive to the ionization site, which we know when the symmetry is broken (AP)

(Fig.6.4). The picture is qualitatively different for the MB, where the symmetry is preserved

because the ionization site is unknown and, hence, the angular asymmetry is absent (Fig.6.3

a b).

Conclusion: We demonstrate for the first time that the momentum exchange between the

Auger electron and the molecule preserves the molecular symmetry near the equilibrium

geometry, while the symmetry is lost in the dissociation region, where large Doppler shift,

2ku ≈ 1 eV, of the ion kinetic energy allows to distinguish the O+O and OO+ configurations.
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Rotational Doppler effect

An electron carrying the momentum k induces a momentum transfer in the molecule, which

results in a shift of the XPS line due to the translational Doppler k⋅v effect and the recoil

Δtr = k2/2M effect.

The electron ejected from the nth atom of the diatomic molecule A1A2 transfers an angular

momentum,

jn = [Rn × k], jn = �nkR sin �, �1 =
m2

M
, (7.1)

where � = ∠(k,R), and Rn = �nR is the coordinate of the ionized atom relative to the

center of mass. R is the internuclear radius vector, k =
√

2(ℎ̵! − Ii), M = m1 +m2 is the

mass of the molecule, and Ii is the ionization potential of the ith molecular level. Similar

to the translational Doppler and recoil shifts, this leads to additional broadening and shift

of the XPS line because of the rotational Doppler jn ⋅w and recoil j2/2I effects (Fig.7.1), as

predicted in ref.2

D
(n)
rot (�) = jnw, Δ(�) = j2

n

2I
. (7.2)

This effect of the same order of magnitude as the translational counterpart

D
(1)
rot =Dtr

√
m2

m1

, Dtr = kv (7.3)

was later confirmed in the experiment with nitrogen molecules.3 Here, v =
√

2kBT /M and

w =
√

2kBT /I are the thermal velocity and angular velocity, respectively. I = �R2 is the

moment of inertia, and � =m1m2/M is the reduced mass. With the recent discovery of the

rotational Doppler broadening in XPS, one is forced to carefully look at the spectral shape
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Figure 7.1: Site-selectivity of the valence X-ray ionization caused by the dependence of the

rotational excitation in the ionization site. The rotational Doppler broadening is larger for

the hydrogen atom than for the chlorine one jHw ≫ jClw, since the recoil angular momentum

is much larger for lighter atoms, jH = kRmCl/M ≫ jCl = kRmH/M . (Paper VI)

of the individual vibrational XPS resonance2

�(n)(ΔE) =
�

∫
0

d� sin �
1

Dn(�)
exp

⎡⎢⎢⎢⎣
−(ΔE +Δ

(n)
r (�))2

D2
n(�)

⎤⎥⎥⎥⎦
,

(7.4)

D1(�) =
√
D2

tr +D
(1)
rot

2
(�) =Dtr

√
1 + m2

m1

sin2 �,

Δ
(1)
r (�) = Δtr +Δ

(1)
rot(�) =

k2

2M
(1 + m2

m1

sin2 �).

Here ΔE = E − (ℎ̵! − Ii), Δ
(1)
r (�) is the shift caused by the translational and rotational

recoil effects. Apparently, the total recoil shift Δ
(n)
r (�) also results in the broadening of the

XPS line due to the �-dependence. This equation shows that the rotational Doppler and



7.1 Quantum theory 41

recoil effects are sensitive to the ionization site. Let us briefly outline the derivation of the

semiclassical equation (7.4), starting from strict quantum theory of rotational broadening.

7.1 Quantum theory

We consider the X-ray photoemission transition of the electron from the valence orbital  i
of the diatomic molecule A1A2 to the high energy continuum state  k

 i = ∑
n=1,2

(a(n)i 2s(n) + b(n)i 2p
(n)
z ) ,  k(r) = ∑

n=1,2

�
(n)
k (rn)e{k⋅Rn ,

�k(rn) ≈∑
lm

�
(n)
kl (rn)Y ∗

lm(r̂n)Ylm(k̂), (7.5)

where rn = r −Rn, Rnn′ = Rn −Rn′ , R̂ = R/R, �
(n)
kl (rn) is the solution of the Schrödinger

equation near the nth atom. The amplitude of X-ray ionization

F = F1 + F2 (7.6)

is the sum of the partial ionization amplitudes for each atom

Fn =
⟨J∣dne±{�nk⋅R∣J′⟩

√
Γ/�

ΔE − k ⋅ v + k2

2M +EJ ′ −EJ + {Γ
, ∣J⟩ ≡ ∣JM⟩, dn = ⟨�(n)i ∣e ⋅ rn∣�k⟩, (7.7)

where EJ = BJ(J+1), and B = 1/2I is the rotational constant which is inversely proportional

to the moment of inertia, �
(n)
i = a(n)i 2s(n) + b(n)i 2p

(n)
z . To get the ionization cross section

�(ΔE), the squared scattering amplitude ∣F ∣2 should be convoluted with the Boltzmann

velocity distribution W (v) = exp(−v2/v̄2)/
√
�v̄)3/2, and summed over the final and initial

rotational states with the initial rotational distribution �(J)∝ exp(−EJ/kBT ):

�(ΔE) = �(1)(ΔE) + �(2)(ΔE) + �int(ΔE) = ⨋ ∑
J′

(∣F1∣2 + ∣F2∣2 + {F ∗
1 F2 + F1F

∗
2 }),

�(n)(ΔE) = Γ

� ⨋ ∑J′
⟨J∣dne±{�nk⋅R∣J′⟩⟨J′∣e∓{�nk⋅Rd∗n∣J⟩

(ΔE − k ⋅ v + k2

2M +EJ ′ −EJ)2 + Γ2
, (7.8)

�int(ΔE) = Γ

� ⨋ ∑J′
⟨J∣d1e{�1k⋅R∣J′⟩⟨J′∣e{�2k⋅Rd∗2 ∣J⟩ + ⟨J∣d2e−{�2k⋅R∣J′⟩⟨J′∣e−{�1k⋅Rd∗1 ∣J⟩

(ΔE − k ⋅ v + k2

2M +EJ ′ −EJ)2 + Γ2
.

The ionization cross section consists of the partial ionization cross sections �(1)(ΔE),
�(2)(ΔE) and the interference term �int(ΔE). Here we used the notation

⨋ ≡ ∫ dvW (v)∑
J

�(J).
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Using

Γ

x2 + Γ2
=ℜ

∞

∫
0

dte{(x+{Γ), Ĥf(Â)Ĥ−1 = f(ĤÂĤ−1), (7.9)

eq.(7.8) can be rewritten as

�(n)(ΔE) =ℜ⨋
∞

∫
0

dte{(ΔE−k⋅v+
k2

2M
+{Γ)t⟨J∣dne±{�nk⋅Re∓{�nk⋅R(t)d∗n(t)∣J⟩,

�int(ΔE) =ℜ⨋
∞

∫
0

dte{(ΔE−k⋅v+
k2

2M
+{Γ)t (7.10)

× [⟨J∣d1e
{�1k⋅Re{�2k⋅R(t)d∗2(t)∣J⟩ + ⟨J∣d2e

−{�2k⋅Re−{�1k⋅R(t)d∗1(t)∣J⟩] ,

where R(t) = e{HrottRe−{Hrott, Hrot = BĴ2, Ĵ = −{R ×∇.

7.2 Semiclassical approximation

We study the process of X-ray valence ionization at room temperature T = 300K, which

corresponds to a population of rather high rotational levels in the ground state,

J = Iw =
√

2IkBT ≈ 3 − 10. (7.11)

The recoil angular momentum the molecule gets in the course of the ejection of fast electron

is also large

jn ≫ 1. (7.12)

Similar to the ref.,2 one can get the following equations in the semiclassical approximation

which is valid in the limit J, j ≫ 1

e±�n{k⋅R(t) ≈ e±�n{k⋅Re{j
2
nt/2Ie

{t
I
jn⋅Ĵ, jn = ±�n[R × k], (7.13)

where the angular operator Ĵ can be replaced by classical angular momentum J = I!, which

is a product of the moment of inertia and angular velocity in the ground state. Here +/-

corresponds to n = 1,2, respectively. Using

∑
M

∣YJM ∣2 = 2J + 1

4�
≈ J

2�
, �(J) ≈ e

−w2/w̄2

I2w̄2
, J = Iw ≫ 1, (7.14)
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we get

�(n)(ΔE) = − 1

4�
ℑ⨋ ∫ dR̂

∣dn∣2

ΔE − k ⋅ v + k2

2M + j2

2I − jn ⋅! + {Γ
, (7.15)

�int(ΔE) = − 1

4�
ℑ⨋ ∫ dR̂

×
⎡⎢⎢⎢⎢⎣

d1d∗2e
{k⋅R

ΔE − k ⋅ v + k2

2M + j2

2I − j2 ⋅! + {Γ
+ d2d∗1e

−{k⋅R

ΔE − k ⋅ v + k2

2M + j2

2I − j1 ⋅! + {Γ

⎤⎥⎥⎥⎥⎦
.

The calculations similar to ref.2 give the following expression for the cross section

�(ΔE) = �(1)(ΔE) + �(2)(ΔE) + �int(ΔE),
(7.16)

�(n)(ΔE) =
�

∫
0

d� sin �
�n(�, �)
Dn(�)

exp
⎡⎢⎢⎢⎣
−(ΔE +Δ

(n)
r (�))2

D2
n(�)

⎤⎥⎥⎥⎦
.

This equation differs from eq.(7.4) by the “atomic” ionization cross section

�n(�, �) = ∣dn∣2, dn = ⟨�(n)i ∣e ⋅ rn∣�k⟩, (7.17)

which depends on the angles � =∠(k,e) and � =∠(k,R). The interference term �int(ΔE) is

discussed below. The dependence on � makes the rotational Doppler and recoil broadenings

sensitive to the polarization of X-rays.

Anisotropy of X-ray ionization of atom: To see this let us look on the k-dependence

of the atomic transition dipole moments d2s = ⟨2s∣r∣�k⟩ and d2pz = ⟨2pz ∣r∣�k⟩ (z ∥R)

d2s ∝ k, (e ⋅ d2s)∝ (e ⋅ k), (7.18)

d2pz ∝ (R̂ ⋅ k̂)k̂ − R̂

3
, (e ⋅ d2pz)∝ (R̂ ⋅ k̂)(e ⋅ k̂) − (e ⋅ R̂)

3
.

Here we assume that the main contribution in d2pz comes from the harmonic l = 2 of �k

(7.5), when the energy of the photoelectron is large.85 One can see that contrary to the 2s

electron, the ionization probability of the 2pz electron ∣e ⋅ d2pz ∣2 ∝ (e ⋅ R̂)2 takes maximum

value when the molecule is aligned along the polarization vector e for both e ⊥ k and e ∥ k.

7.2.1 N2: Dependence of the rotational broadening on the final

state and on the polarization vector

Let us explore the rotational broadening of single vibrational resonance in the valence X-

ray ionization of the N2 molecule X1Σ+
g (1�2

g , 1�2
u, 2�2

g , 2�2
u, 1�4

u, 3�2
g). The experimental
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Figure 7.2: Experimental X-ray photoelectron spectra of N2 and Kr. (Paper V)

spectrum of N2 (Fig.7.2) shows three electron-vibrational bands

B2Σ+
u(2�−1

u ), A2Πu(1�−1
u ), X2Σ+

g(3�−1
g ). (7.19)

We skip the analysis of the rotational broadening of the A(1�−1
u ) lines, which are con-

taminated by large spin-orbital splitting of the 1�−1
u state86 ΔSO = 9.25meV . Table 7.1

collects the experimental and theoretical broadenings for different excitation energies where

� =∠(k,e) = 0○,90○, �M = 54.7○. This broadening was calculated as full width at half max-

imum (FWHM) using eq.(7.16), including both transitional and rotational broadenings. To

get “pure” total Doppler broadening, the instrumental broadening was eliminated from the

total spectral line width using the data for Kr atoms, which were deliberately added in the

cell with the nitrogen molecules. For example, the total instrumental broadening was ≈58

meV for ℎ̵! = 455 eV. Since the lifetime broadening of the final cationic state was much

smaller than the Doppler width, it did not affect our analysis. To get better spectral reso-
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Table 7.1: The total Doppler broadening (FWHM) Ddop(�) (in meV ) [experiment/theory

(7.16) and (7.21)] of the lowest vibrational resonance of X(3�−1
g ), and B(2�−1

u ) electronic

states of theN2 molecule at T = 300K. The instrumental broadenings for each photon energy

ℎ̵! and angle (� = 0○,90○, �M = 54.7○) are subtracted using the corresponding experimental

Kr data. The total instrumental broadening (FWHM) is ≈ 58 meV, ≈ 17 meV, and ≈ 13

meV for ℎ̵! = 455 eV, 200 eV, and 100 eV, respectively. �2p/�2s = 0.7593, 0.3267, 0.1268 for

ℎ̵! = 100, 200, 455 eV, respectively. (Paper V).

ℎ̵! state: width � = 54.7○ � = 90.0○ � = 0.0○ Ddop(90○) −Ddop(0○)
3�−1

g : Ddop 27.2/27.0 32.3/31.3 25.8/25.7 6.5/5.6

100 eV 2�−1
u : Ddop 26.9/27.4 35.8/35.5 27.0/27.3 8.8/8.2

D�u
dop −D

�g
dop -0.3/0.4 3.5/4.2 1.1/1.6

3�−1
g : Ddop ⋯/39.5 46.1/44.1 40.2/38.2 5.9/5.9

200 eV 2�−1
u : Ddop ⋯/40.7 49.1/46.7 42.6/40.7 8.5/6.0

D�u
dop −D

�g
dop ⋯/1.2 3.0/2.6 2.4/2.4

3�−1
g : Ddop 61.9/61.8

455 eV 2�−1
u : Ddop 66.0/63.8

D�u
dop −D

�g
dop 4.1/2.0

lution, the tiny energy shifts of different sets of measurements were eliminated by adjusting

the peak positions of the Kr lines. One can see a rather unexpected result. The measure-

ments (Table 7.1) show that the width of the resonance is different for different final ionic

states, and that it strongly depends on the angle � = ∠(k,e) of ejection of the photoelec-

tron relative to the polarization vector of the light e (Fig.7.3). To explain this effect, we

should take into account the structure of the � orbital for homonuclear diatomic molecules

(�1 = �2 = 1/2). Due to the symmetry, the molecular orbital (7.5) reads

 i = ai(2s(1) ± 2s(2)) + bi(2p(1)z ∓ 2p
(2)
z ). (7.20)

The physical reason for the polarization dependence is as follows. Despite of the similar-

ity between the translational and rotational Doppler broadenings, the qualitative difference

between these two types of the broadenings exists. Contrary to the translational Doppler

broadening Dtr = kv, the rotational Doppler broadening Drot(�) = jw heavily depends on

the angle � between the direction of ejection of the photoelectron k and the molecular axis

R. However in the case of � ionization, X-ray photon preferentially ionizes only molecules

aligned along the polarization vector (see eq.(7.18) and Fig.7.3). The origin of the sensi-

tivity of rotational broadening to the molecular orbital (MO) comes from the structure of

ionization cross section �(�, �) = �1(�, �) + �2(�, �) + �int(�, �) (see eqs. (7.16), (7.17) and
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Figure 7.3: The rotational Doppler broadening for � ionization depends on the angle � =
∠(k,e). X-rays preferentially ionize molecules with R ∥ e due to the 2pz contribution in

the � MO (7.20). When R ∥ e, there is no rotational Doppler broadening jw when � = 0○

since j = 0. The rotational Doppler broadening jw takes maximum value when � = 90○,

because the angular recoil momentum j = (kR/2) sin � ≈ (kR/2) sin� is the largest in this

case. (Paper V)

(7.18))

�i(�, �) = �i(90○, �) sin2 � + �i(0○, �) cos2 �, (7.21)

which depends on the coefficients ai and bi in MO  i (7.20)

�i(0○, �) = �0i(0○)[1 + �0i cos2 � ± �i], �0i =
2b2
i�2p

a2
i�2s

, (7.22)

�i(90○, �) ≈ �0i(90○) sin2 �(1 ∓ cos(kR cos �),

where �0i(0○) = a2
i�2s, �0i(90○) = b2

i�2p/4, the upper/lower sign corresponds to the ger-

ade/ungerade MO, respectively. The YDS interference is described by the terms �i (see

Paper V) and cos(k ⋅R). We calculated the ionization cross sections of 2s and 2p levels of

the N atom using the data from ref.87 The Doppler broadenings computed using eqs. (7.16)

and (7.21) are collected in Table 7.1. Both theory and experiment show the dependence of

the rotational Doppler broadening on the molecular orbital  i. A special comment deserves

the case � = 90○ where the difference in the Doppler broadening D�u
dop−D

�g
dop for 2�u and 3�g

molecular orbitals is caused solely by the YDS interference as one can see from eq.(7.22) for

�i(90○, �).
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To conclude we point out that contrary to translational Doppler effect, the rotational

Doppler broadening is different for different final electronic states and it depends on the

polarization of X-rays.

7.2.2 Site-selective ionization of the 5� MO of HCl molecule

A wide array of different laser-based multi photon experiments88–90 with molecules show that

one can achieve a significant degree of angular momentum transfer by climbing the molecules

up a rotational ladder. The molecular centrifuge effect88,90 allows even to break a chemical

bond. In contrast to multi photon rotational heating, one can look for an opportunity to

increase the angular momentum of the molecule in the course of single photon absorption.

This idea traces back to Archimedes famous remark based on the concept of the torque: Give

me a place to stand on, and I will move the Earth. We increase the amount of the angular

momentum transfer in the course of single photon X-ray ionization, taking the momentum

of fast electron ejected from the site of light hydrogen atom in hydrogen chloride molecule.

We study the X-ray ionization of the valence 5� MO of HCl

 5� = aH�H + aCl�Cl (7.23)

with the ionization potential I5� = 16.3eV for the vibrational level � = 0 using photons

with ℎ̵! = 100 eV (E = ℎ̵! − I5� ≈ 84 eV). Here the key role is the site-dependent rotational

excitation because the torques created by the expelled electron on the hydrogen and chlorine

sites differ more than one order of magnitude (Fig.7.1). This effect allows to unambiguously

identify the site from which the electron was ejected in spite of the delocalized initial state.

The reason for this is that the large torque on the H site creates shifted and very broad

rotational pedestal related to the hydrogen atom (Fig.7.4), where the shift is due to large

angular recoil effect (j2
H/2I) while the broadening is caused by both the rotational Doppler

(jHw) and angular recoil effects. This allows to separate the H rotational band from narrow

and intense Cl rotational band. Thus this site selectivity allows to look on the molecular

orbital from different sites and hence, in principle, to map MO. The HCl molecule has

also another important peculiarity. The effective bond length in the final 5�−1 state is

significantly longer than equilibrium one.91 This makes the moments of inertia in ground

(I) and final (If ) states different and changes qualitatively the energy conservation law

E0 − Ef = 0:

ΔE − z = −�
2
I

⎧⎪⎪⎨⎪⎪⎩
(w∥ −

j̃(�)
�I

)
2

+w2
⊥

⎫⎪⎪⎬⎪⎪⎭
+ j̃

2(�)
2�I

,

j̃(�) = j(�)
√

1 + �, � =
I − If
If

, (7.24)
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which we get using the momentum (Mv =Mvf+k) and angular momentum (Iw = Iwf+jf)
conservation laws. Here j(�) = �HkR sin �, ΔE = E − (ℎ̵! − I5�), z = kv∥ − j2(�)

2I − k2

2M ,

(k ⋅ v) ≡ kv∥, w∥ and w⊥ are the parallel and perpendicular components of w with respect

to the recoil angular momentum j = [RH × k] = �H[R × k] of hydrogen atom. The change

of the moment of inertia � modifies the Doppler shift

w∥j(�)→ w∥j̃(�). (7.25)

The rotational recoil shift j2(�)/2I results in a shift as well as the broadening caused by the

angular dependence of the recoil angular momentum. Since � ≠ 0 (Fig.7.5 B), the dispersion

law deviates from (Fig.7.5 A)

ΔE − z = j(�)w∥, for � = 0. (7.26)

This effect resembles strongly the Fortrat effect92 for the rotational excitation by photons

where ΔJ ≡ Jf − J = ±1.

Taking into account the energy conservation law(7.24) and �(x2 − a2) = (�(x − a) + �(x +
a))/2∣a∣, one can find the ionization cross section for fixed velocity v of the molecule (v∥ = 0)

�(ΔE) = ∫ dwe−w
2/w2

�(E0 − Ef) (7.27)

=
∞

∫
−∞

dw∥

∞

∫
−∞

dw⊥e
−(w2

∥
+w2
⊥)/w

2

�(�Iw2
⊥ + �Iw2

∥ − 2(j̃(�)w∥ −Δ0)),

�(ΔE) =
�

∫
0

d� sin �
Θ[x]
∣�I ∣

w+(�)

∫
w−(�)

dw∥

exp(−2 ∣ j̃(�)w∥−Δ0(�)

w2�I
∣)

√
∣(w∥ −w+(�))(w∥ −w−(�))∣

,

where Θ[x] is the step function and

x = sgn(�) (j
2(�)
2I�

− k2

2M
−ΔE) ,

w±(�) =
j̃(�)
�I

±
RRRRRRRRRRR
( j̃(�)
�I

)
2

− 2Δ0(�)
�I

RRRRRRRRRRR

1/2

, (7.28)

Δ0(�) = ΔE + j
2(�)
2I

+ k2

2M
.

One should notice that eq.(7.27) coincides with eq.(7.4) when � = 0. To make the comparison

with the experimental data, the cross section (7.27) �(ΔE − ") was convoluted with the

gaussian exp(−4"2 ln 2/2) where  = FWHM = 26 meV includes the total instrumental

and translational Doppler broadenings.



7.2 Semiclassical approximation 49

600

500

400

300

200

100

0cr
os

s 
se

ct
io

n 
[a

rb
. u

ni
ts

]

84.284.083.883.683.483.2
kinetic energy [eV]

hydrogen contribution
——— theory
     +     experiment

12x10
3

10

8

6

4

2

0

cr
os

s 
se

ct
io

n 
[a

rb
. u

ni
ts

]

84.284.083.883.683.483.2
kinetic energy [eV]

total cross section
——— chlorine
——— hydrogen
    O     experiment

=6 =5 =4 =3 =2 =1 =0

A

B

Figure 7.4: A) Each spectral profile of the XPS lines for final vibrational states � = 0,⋯6

consists of narrow (blue curve) Cl rotational band. The black curve shows the red shifted

broad pedestal related to ejection of the photoelectron from light hydrogen atom. The

circles show the total experimental profile measured for ℎ̵! = 100eV (E ≈ 84eV ). B) The

experimental and theoretical profiles related to the hydrogen atom are shown by crosses and

black solid lines, respectively. (Paper VI)

The key result of our work is shown in Fig.7.4. The experimental data shown in Fig.7.4 by

circles display the sequence of the vibrational peaks from � = 0 to � = 6. Each vibrational

profile consists of narrow peak attributed to the ejection of electron from of Cl site (blue

curve) and broad pedestal related to the hydrogen atom (black curve). To extract the broad

pedestal from the total spectrum, we take into account that the excitation of the rotational

levels of the Cl peak is due to the transfer of the photon momentum S = 1 to the molecule.
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Figure 7.5: The change of the moment of inertia under photoionization results in a qualita-

tively different dispersion law. Indeed, the dispersion surface being the plane for � = 0 (A)

is transformed into the paraboloid for � ≠ 0 (B). The bottom of the paraboloid for � = −0.5

has the following coordinates: (ΔE = −42meV, w⊥ = −2.0 × 10−9 a.u., w∥ = −1.0 × 10−5a.u.).

The top of the paraboloid for � = 0.5 is in the point (ΔE = 124 meV, w⊥ = −2.0 × 10−9a.u.,

w∥ = 0.001 a.u.). C) The rotational Doppler broadening D (FWHM) and the shift Δ caused

by the rotational recoil effect are computed for hydrogen atom of HCl (T = 300K) as the

width and the shift of the rotational profile (7.27). (Paper VI)

Thus the Cl profile was simulated using the rotational distribution for P and R branches

using low energy photoelectron spectra91 as it is shown in Fig.7.6. The subtraction of the

Cl profile with the FWHM=32 meV (which includes the rotation broadening, translational

Doppler and instrumental broadenings) results in an experimental profile of the H band

shown in Fig.7.4 B by crosses. The simulations of the H profiles were performed using the

semiclassical theory of the rotational Doppler and recoil effects2,3 (see eq.(7.27)). This theory

is in nice agreement with the experimental data (Fig.7.4 B). The theoretical simulations

take into account both the translational Doppler broadening (FWHM=18.8 meV) and the

instrumental broadening (FWHM=18 meV). The asymmetry toward the low energy region

is caused by the dependence of rotational recoil shift j2(�)/2I on the angle � = ∠(k,R)
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Figure 7.6: The rotational profile for the final vibrational state � = 3 (see Fig.7.4 A) consists

of the narrow Cl peak and broad pedestal related to H. The Cl peak is formed by the P and

R rotational branches caused by the angular momentum exchange between X-ray photon

and molecule while the broad H band is mainly due to the angular momentum transfer from

fast photoelectron ejected from the hydrogen atom to the molecule. (Paper VI)

between k and the molecular axis. Both simulations and experiment show narrowing of

the H profile (FWHM=88 meV and 83 meV) on the way from � = 0 to � = 6. The reason

for this is the increase of the moment of inertia for larger � due to the elongation of the

effective bond length for higher vibrational levels. The best agreement with experimental

data was obtained for the following parameters � =-0.297, -0.334, -0.361, -0.387, -0.419,

-0.446, -0.468 which correspond to the vibrational levels � = 0,1,2,3,4,5,6. These values of

� are in perfect agreement with the previous low electron energy measurements.91

To conclude we have given a first example of a general phenomenon site selectivity of the

valence X-ray ionization, namely the ejection of electron from light atom of molecule creates

the broad pedestal of XPS band shifted relative to narrow peak of heavy atom. The present

results open the way to extensive investigations of such phenomena in a wide range of

molecules containing light atom like hydrogen.
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Chapter 8

Summary of results

The main results of this thesis are summarized as follows:

1. Interference of resonant and nonresonant inelastic X-ray scattering

• We explain the observed polarization dependence of the vibrational profile of the
3Σg(3�−1

g 3s1) RIXS band of oxygen molecule by the interference of the nonresonant

(NIXS) and resonant (RIXS) inelastic X-ray scattering channels. The origin of this

vibrational scattering anisotropy is qualitatively different polarization dependence of

the NIXS and RIXS channels which have different nuclear dynamics.

• It is shown that the change of the propagation direction of the scattered photon with

respect to the polarization vector of the incoming photon allows to monitor the NIXS-

RIXS interference.

2. Dissociative X-ray lasing

• We predict X-ray lasing when molecules are core excited into dissociative state by an

X-ray free-electron-laser with rather large variations in frequency and intensity. The

X-ray lasing mechanism is based on the population inversion created in the neutral

dissociation product.

• The effect of self-trapping of the lasing pulse at the gain ridge is predicted. This

effect dramatically increases the energy conversion efficiency of the X-ray lasing as it

is shown in our simulations for the HCl molecule pumped at the 2p−16�1 repulsive

state.

3. Optical limiting in phthalocyanines
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• We study the optical limiting effect in phthalocyanines by solving coupled two-dimensional

paraxial field equation and the rate equations. According to our simulations, peripher-

ally substituted phthalocyanines exhibit good optical limiting properties for nanosec-

ond pulses.

• It is shown that phthalocyanines with heavier central metals show better optical limit-

ing performance due to the faster intersystem crossing which is caused by the enhanced

spin-orbit coupling by heavy atom.

• In the case of long pulses, the main mechanism of optical limiting in phthalocyanines

is the sequential singlet-singlet and triplet-triplet non-linear absorption.

4. Symmetry breaking by site-dependent momentum exchange

• It is shown that the site-dependent momentum exchange at the instant of Auger decay

in the region of dissociation breaks the symmetry of the O+
2 cation. This is supported

by the experimental observation of the opposite Doppler shifts of the energies of OO+

and O+O structures. In contrast, the symmetry is preserved for the Auger decays near

the equilibrium which form molecular band (MB).

• The symmetry breaking is confirmed by the absence of the Young’s double slit (YDS)

interference pattern for the atomic peak. The YDS interference fringe seen nicely for

the molecular band evidences the preservation of the symmetry for the MB.

• Both the theory and the experiment show the angular asymmetry for atomic peak,

where the ionization site is known due to the symmetry breaking. This asymme-

try is caused by the scattering of ejected electron by nearby oxygen atom. Angular

asymmetry is absent for molecular band, where the ionization site is unknown.

5. Rotational Doppler effect

• The rotational Doppler broadening strongly depends on the final state and on the

angle between the momentum of photoelectron and the polarization of X-ray photon.

The reason for this is the dependence of the rotational Doppler shift on the angle

between the momentum of photoelectron and molecular axis. Results of simulations

are in agreement with the experimental data for the nitrogen molecule.

• It is shown that the rotational Doppler broadening is sensitive to the change of the

rotational constant in the course of ionization. This makes the rotational Doppler

broadening different for different vibrational levels. Theoretical results are in good

agreement with the experimental data for the HCl molecule.
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• We show, in agreement with the experiment, the site sensitivity of valence X-ray

ionization caused by the rotational Doppler effect. The ejection of the photoelectron

from light hydrogen atom results in a broad pedestal of the 5� resonance in the HCl

molecule, which is shifted due to the rotational recoil effect.
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