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Abstract — Quantum effects in nonresonant x-ray scattering

Due to their versatile properties, x rays are a unique tool to investigate the structure and dynamics
of matter. X-ray scattering is the fundamental principle of many imaging techniques. Examples
are x-ray crystallography, which recently celebrated one hundred years and is currently the leading
method in structure determination of proteins, as well as X-ray phase contrast imaging (PCl),
which is an imaging technique with countless applications in biology, medicine, etc.

The technological development of X-ray free electron lasers (XFEL) has brought x-ray imaging
at the edge of a new scientific revolution. XFELs offer ultrashort x-ray pulses with unprecedented
high x-ray fluence and excellent spatial coherence properties. These properties make them an
outstanding radiation source for x-ray scattering experiments, providing ultrafast temporal reso-
lution as well as atomic spatial resolution. However, the radiation-matter interaction in XFEL
experiments also advances into a novel regime. This demands a sound theoretical fundament
to describe and explore the new experimental possibilities. This dissertation is dedicated to the
theoretical study of nonresonant x-ray scattering.

As the first topic, | consider the near-field imaging by propagation based x-ray phase con-
trast imaging (PCI). | devise a novel theory of PCl, in which radiation and matter are quantized.
Remarkably, the crucial interference term automatically excludes contributions from inelastic scat-
tering. This explains the success of the classical description thus far.

The second topic of the thesis is the x-ray imaging of coherent electronic motion, where quantum
effects become particularly apparent. The electron density of coherent electronic wave packets —
important in charge transfer and bond breaking — varies in time, typically on femto- or attosecond
time scales. In the near future, XFELs are envisaged to provide attosecond x-ray pulses, opening
the possibility for time-resolved ultrafast x-ray scattering experiments. In the quantum theory
it has however been revealed that x-ray scattering patterns of electronic motion are related to
complex spatio-temporal correlations, instead of the instantaneous electron density. | scrutinize
the time-resolved scattering pattern from coherent electronic wave packets. | show that time-
resolved PCl recovers the instantaneous electron density of electronic motion. For the far-field
diffraction scattering pattern, | analyze the influence of photon energy resolution of the detector.
Moreover, | demonstrate that x-ray scattering from a crystal of identical wave packets also recovers
the instantaneous electron density. | point out that a generalized electron density propagator of
the wave packet can be reconstructed from a scattering experiment. Finally, | propose time-
resolved Compton scattering of electronic wave packets. | show that x-ray scattering with large
energy transfer can be used to recover the instantaneous momentum space density of the target.

The third topic of this dissertation is Compton scattering in single molecule coherent diffractive
imaging (CDI). The structure determination of single macromolecules via CDI is one of the key
applications of XFELs. The structure of the molecule can be reconstructed from the elastic
diffraction pattern. Inelastic x-ray scattering generates a background signal, which | determine for
typical high-intensity imaging conditions. | find that at high x-ray fluence the background signal
becomes dominating, posing a problem for high resolution imaging. The strong ionization by the
x-ray pulse may ionize several electrons per atom. Scattering from these free electrons makes a
major contribution to the background signal. | present and discuss detailed numerical studies for
different x-ray fluence and photon energy.



Zusammenfassung — Quanteneffekte der nichtresonanten
Rontgenstreuung

Aufgrund ihrer vielseitigen Eigenschaften ist Rontgenstrahlung ein einzigartiges Werkzeug zur Un-
tersuchung der Struktur und Dynamik der Materie. Rontgenstreuung ist das grundlegende Prinzip
vieler Abbildungsverfahren, wie z.B. die Rontgenkristallographie, gerade einhundert Jahre alt und
gegenwartig die filhrende Methode zur Strukturaufkldrung von Proteinen, sowie die Phasenkon-
trastabbildung, ein Abbildungsverfahren mit vielen Anwendungen in der Biologie, Medizin, etc.

Die technische Entwicklung der Réntgen-Freie-Elektronen-Laser (XFEL) ermoglicht eine Re-
volution in der Rontgenbildgebung. XFELs erzeugen ultrakurze Rontgenpulse mit beispiellos hoher
Fluenz und exzellenter raumlicher Koharenz. Diese Eigenschaften machen XFELs zu einer hervorra-
genden Lichtquelle fiir Rontgenstreuexperimente mit ultraschneller zeitlicher und atomarer raum-
licher Auflésung. Allerdings dringen die Licht-Materie-Wechselwirkung in XFEL-Experimenten in
ein vollig neues Regime vor. Zur Beschreibung und Erkundung neuer experimenteller Moglichkei-
ten wird daher ein tragfahiges theoretisches Fundament benétig. Diese Dissertation widmet sich
der theoretischen Untersuchung der nichtresonanten Rontgenstreuung.

Als erstes Thema betrachte ich die Nahfeld-Bildgebung mit propagationsbasierter Phasenkon-
trast-Rontgenabbildung. Ich entwickle eine neue Theorie fiir dieses Verfahren, in der Strahlung
und Materie quantisiert sind. Interessanterweise schlieBt der entscheidende Interferenzterm auto-
matisch inelastische Streuung aus. Dies erklart den bisherigen Erfolg der klassischen Beschreibung.

Ein zweites Thema dieser Arbeit ist die Abbildung koharenter elektronischer Bewegung, wo
Quanteneffekte besonders auffallig sind. Die Elektronendichte koharenter elektronischer Wel-
lenpakete — wichtig im Ladungstransfer und dem Aufbrechen von Bindungen — variiert in der
Zeit, typischerweise auf Zeitskalen von Femto- oder Attosekunden. In naher Zukunft werden
XFELs Attosekunden-Réntgenpulse generieren kdnnen und damit die Moglichkeit zeitaufgelos-
ter ultraschneller Rontgenstreuung erdffnen. Allerdings hat die Quantentheorie gezeigt, dass das
Streubild elektronischer Wellenpakete von komplexen Korrelationen in Raum und Zeit abhangt und
nicht von der instantanen Elektronendichte. Ich untersuche das zeitabhdngigen Streubild koharen-
ter elektronischer Wellenpakete eingehend. Ich zeige, dass mit zeitaufgeldster Phasenkontrastabbil-
dung die instantane Elektronendichte abbgebildet wird. Im Fall der Fernfeld-Abbildung analysiere
ich den Einfluss der Energieauflosung des Detektors. Zudem lege ich dar, dass Rontgenstreuung
an Kristalstrukturen von identischen Wellenpaketen die instantane Elektronendichte abbildet. Ich
zeige auf, dass man einen verallgemeinerten Elektronendichte-Propagator aus Streuexperimenten
rekonstruieren kann. SchlieBlich schlage ich zeitaufgeléste Comptonstreuung an elektronischen
Wellenpaketen vor. Ich zeige, dass Rontgestreuung mit groBem Energieiibertrag genutzt werden
kann, um die instantane Impulsdichte des Objekts abbzubilden.

Ein drittes Thema dieser Arbeit ist Comptonstreuung bei der koharenten Diffraktionsabbildung
von einzelnen Molekiilen. Die Strukturaufklarung von einzelnen Molekiilen mittels koh&renter Dif-
fraktion ist eine der Schliisselandwendungen von XFELs. Die Struktur von Molekiilen kann aus
dem elastischen Streubild rekonstruiert werden. Inelastische Streuung tragt ein Hintergrundsignal
bei, dass ich fiir typische Bedingungen der Hochintesitdts-Abbildung bestimme. Ich beobachte,
dass bei groBer Rontgenfluenz das Hintergrundsignal dominierend wird, was ein Problem fiir die
Abbildung mit hoher Auflésung darstellt. Die starke lonisierung durch den Réntgenpuls kann
mehrere Elektronen pro Atom ionisieren. Die Streuung an diesen freien Elektronen macht einen
groBteil des Hintergundsignal aus. Ich prasentiere und diskutiere detailierte numerische Studien
fiir verschiedene Rontgenfluenzen und Photonenenergien.
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Chapter 1.

Introduction

The Road goes ever on and on
Down from the door where it began.
Now far ahead the Road has gone,
And | must follow, if | can,
Pursuing it with eager feet,
Until it joins some larger way
Where many paths and errands meet.
And whither then? | cannot say.

(From J.R.R. Tolkien’s “The Lord of the Rings”)

1.1. X-ray free electron lasers and nonresonant x-ray
scattering

This dissertation uncovers fundamental and practical aspects of nonresonant x-ray
scattering with ultrashort, high-intensity x-ray pulses by means of a rigorous quan-
tum mechanical formulation.

X-ray free electron lasers (XFELs) have begun to influence many areas of sci-
ence in a revolutionary way. XFELs are an unprecedentedly bright source of co-
herent and ultrafast x-ray pulses. They offer new possibilities to explore atoms,
clusters, molecules, proteins, crystals, solids or plasmas. The ultrafast time resolu-
tion promises to glimpse into the microcosm through direct observation of nuclear
motion on the pico- to femtosecond time scale or even electronic motion on the
femto- to attosecond time scale. There is the ambition to shoot molecular movies,
i.e., to capture ultrafast physical processes and chemical reactions in real-time.
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Experiments at XFELs can exploit the ultrafast time-resolution as well as the
inherent properties of x rays: short wavelength, high penetration-depth, access to
core and valence electrons, element specificity up to orbital specificity, sensitivity to
chemical environment and molecular geometry, and sensitivity to orbital and spin
magnetic moment. The unprecedentedly high x-ray intensity offers novel opportu-
nities in x-ray imaging with atomic resolution. These properties make XFELs an
excellent tool to investigate the structure and dynamics of matter. The disciplines
with applications range from atomic and molecular physics, plasma physics, femto-
chemistry and chemical analysis to structural biology and biochemistry, etc. The
experimental methods to utilize XFEL radiation are manifold. To give a rough idea,
there are to name resonant, nonresonant and magnetic x-ray scattering, the mul-
tifaceted x-ray absorption and fluorescence spectroscopies, as well as photoelectron
and ion spectroscopies.

There are several XFELs in operation and some more under construction at
present [6—11]. In the hard x-ray regime LCLS (USA, since 2009) and SACLA
(Japan, since 2012) are in operation, while the European XFEL (Germany, ex-
pected 2017), the SwissFEL (Switzerland, expected 2017) and PAL-XFEL (South
Korea, expected 2015) are under construction. In the soft x-ray and VUV regime
FLASH (Germany, since 2005) and FERMI FEL (Italy, since 2010) are operational
with extensions in commissioning.

This dissertation focuses on imaging methods based on nonresonant x-ray scat-
tering. In the following, I introduce the three main topics of this dissertation.

Quantum theory of phase contrast imaging

In the recent past, the power of x-ray imaging has unfold with the emergence of
coherent synchrotron radiation at storage ring light sources. These third generation
light sources have spread globally and their number is still progressing. X-ray phase
contrast imaging (PCI) is among their outstanding scientific achievements. This
near-field imaging method has opened the road to image biological and medical
samples, which otherwise would be transparent to x rays. Organic matter mostly
consists of light elements which do not yield sufficient absorption contrast for x-
ray imaging. A quantum mechanical formulation of PCI has so far been missing.
A modern theoretical fundament is of interest on its own and it is indispensable to
fathom novel developments of this technique. Moreover, such a formulation provides
better understanding of the theoretical formalism itself. In this dissertation, I give
a rigorous quantum mechanical description of x-ray PCIL.
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Time-resolved imaging of coherent electronic motion

Since the technology of XFELs is rapidly evolving, XFELs are believed to produce
hard x-ray pulses with attosecond duration in the near future. The research field
of attosecond physics is still young and mostly taking place in the regime of optical
photon energies. Attosecond XFELs will make electron dynamics on the atomic scale
accessible to real-time and, possibly, real-space imaging. An imaginable application
is the direct investigation of electronic processes in chemical reactions, such as chem-
ical bonding. Unravelling the details of coherent electronic motion is scientifically
equally challenging and appealing, e.g., to understand the energy and charge trans-
port in light harvesting molecules. Because attosecond physics is a young research
field, technological and scientific progress are still two sides of the same coin. Thus,
theory is a valuable tool to gauge and steer upcoming scientific and technological
developments. As a consequence, the full potential of imaging methods should be
assessed from rigorous theoretical predictions. Recently, it was discovered by Dixit,
Vendrell and Santra that x-ray scattering of coherent electronic motion does not
recover instantaneous snapshots of the electron density. I analyze this surprising
effect in more detail. In this dissertation, methods for imaging coherent electronic
motion by nonresonant x-ray scattering are studied. Different methods to image co-
herent electronic wave packets in real-space and real-time are devised. For example,
time-resolved x-ray PCI of wave packets is explored. Moreover, I propose time-
resolved Compton scattering on electronic wave packets to obtain momentum-space
information in real-time.

Inelastic scattering in single molecule coherent diffractive imaging

The XFELs, that are already operational or under construction, offer new oppor-
tunities in nonresonant x-ray imaging. In particular, they facilitate imaging with
atomic spatial resolution. Nonresonant x-ray scattering is the basic principle of x-ray
crystallography and coherent diffractive imaging (CDI). X-ray crystallography, that
recently turned 100 years old, has been a tremendous scientific success so far. The
majority of known protein structures has been resolved by x-ray crystallography.
However, crystallography is suffering from a severe shortcoming: the unavailability
of crystals with sufficient quality for many interesting biomolecules. Serial femtosec-
ond crystallography (SFX) is a brand-new imaging method. SFX exploits the high
intensity of XFELs to image very small crystals that are easier to grow, but may
have only nanometer dimensions. Another key application of XFELs will be CDI
of single molecules. Imaging of single molecules promises to supersede the need
for crystals at all. These novel imaging methods are expected to have an enduring
impact on structural biology. It is commonly believed that from the knowledge of
molecular structures their function can be better understood and controlled. Hence,
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the basic research on molecular structures may ultimately have a profound impact on
society, e.g., through novel drugs targeting these molecules or through novel energy
harvesting materials.

In this dissertation, potential challenges and limitations for single molecule CDI
with atomic resolution are investigated. Any target in the highly intense XFEL ra-
diation field underlies strong ionization leading ultimately to its destruction. Thus,
the high intensity regime of XFEL radiation plays a crucial role and has to be con-
sidered in the theoretical modelling of single molecule CDI experiments. Moreover,
it is well known that the quantum mechanical formulation of nonresonant x-ray scat-
tering includes inelastic x-ray scattering. I fathom the role of this inelastic scattering
in coherent diffractive imaging. In numerical studies the x-ray scattering pattern in
typical CDI conditions is estimated. The background signal from inelastic scatter-
ing on bound and free electrons is quantified. By varying x-ray fluence and photon
energy optimal machine parameters for CDI are assessed.

1.2. QOutline of content and contributions

Content

This dissertation is organized in 9 chapters, which are grouped into 3 parts. The
main results can be found in Chapters 4, 5, 7, 8.

Part I is an introduction to the theoretical formalism. In Chapter 2 I recapitulate
the fundament of nonrelativistic quantum electrodynamics: the canonical quantiza-
tion of the coupled radiation matter system. Most importantly, the radiation-matter
interaction Hamiltonian is presented, which is used throughout the thesis. Moreover,
I summarize the treatment of dynamics, introducing the time evolution representa-
tions. In particular, the widely used perturbation theory in the interaction picture
is presented.

Part II deals with near field x-ray phase contrast imaging, it comprises Chap-
ters 3, 4, 5. More technically, I analyze in this part the (0,1) order terms of the
perturbation theory of the expectation value of intensity.

In Chapter 3 I present the classical theory of x-ray phase contrast. In this chapter
I put the classical theory on the basis of optical scattering. This approach is more
similar to the quantized theory than using diffraction or coherence theory. More-
over, I introduce the statistical properties of the x-ray pulse and anticipate some
calculations that are equal in the quantum theory.

In Chapter 4 I present the first! quantum theory of x-ray phase contrast imaging.

'To the best of my knowledge.
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This chapter is based on my published article [I]. As a suitable observable I in-
troduce the Poynting operator. Then, I calculate the (0,1)-term of the expectation
value and demonstrate that it recovers the phase contrast effect.

Chapter 5 extends the theory of phase contrast imaging developed in Chap. 4 to
time-resolved imaging of coherent electronic wave packets. This chapter is based
on my co-authored article [2]. Here, I present the extension of the theory to the
time-dependent case. I illustrate this case with the examples of the 3d-4f and 3p-4p
wave packets of hydrogen.

Part III turns towards the far-field x-ray imaging, in the Chapters 6, 7, 8. In
technical terms, the far-field scattering pattern arises from the (1,1) order terms of
the expectation value.

In Chapter 6 I demonstrate that the (1,1) term of the expectation value of the
Poynting operator agrees with the more standard differential scattering probability
from Fermi’s golden rule. Moreover, I show that the (0,1) term is negligible in the
far-field. This chapter establishes the tie between Parts II and III in terms of differ-
ent order of perturbation theory.

Chapter 7 deals with the time-resolved x-ray imaging of coherent electronic motion.
The chapter starts with a short motivation in Sec. 7.1 and recapitulation of relevant
results in the literature in Section 7.2. Sections 7.3 and 7.4 are based on my co-
authored article [3]. In Section 7.3 the influence of photon energy resolution on the
time-resolved diffraction pattern is investigated. Moreover, I demonstrate that, us-
ing a crystal of identical wave packets, time-resolved crystallography can recover the
instantaneous electron density of a wave packet. In Section 7.4 I extend the recon-
struction of the electron density propagator a la Abbamonte to the time dependent
case. The relation to the linear response of scattering induced density fluctuations is
discussed. Finally, I explore in Section 7.5 the prospects of time-resolved Compton
scattering. These results have not yet been published elsewhere. I demonstrate that
one can recover the instantaneous electron momentum density of a wave packet. I
illustrate these findings with the help of the 3d-4f wave packet of hydrogen, for which
I calculated the electron momentum density and the resulting scattering patterns in
Q-space.

Chapter 8 deals with inelastic scattering in coherent diffractive imaging of single
molecules imaging with atomic resolution. This chapter is based on my article [1]. I
examine the coherent and incoherent scattering signal from carbon atoms, including
the electronic radiation damage. In this chapter, I present results of my calculations
of the scattered photon spectrum, number of scattered photons for single carbon
atoms. These results are used to estimate the scattering pattern of carbon clusters.
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Contributions

[1] Slowik, Santra, J. Phys. B 46 164016 (2013):

I have performed the research and wrote the article under the supervision of Prof.
Robin Santra.

[2] Dixit, Slowik, Santra, Phys. Rev. Lett. 110, 137403 (2013):

This article is a joint work with Dr. Gopal Dixit and Prof. Robin Santra. I have
developed the theory for the article. Moreover, I have contributed to the writing of
the article.

[3] Dixit, Slowik, Santra, Phys. Rev. A 89, 043409 (2014):.

Another joint work with Dr. Gopal Dixit and Prof. Robin Santra. I have contributed
to formulate the theory in this article and I have contributed to the writing of the
article.

[1] Slowik, Son, Dixit, Jurek and Santra, New J. Phys. 16, 073042 (2014):

This work is a collaboration with Dr. Sang-Kil Son, Dr. Gopal Dixit, Dr. Zoltan
Jurek, and Prof. Robin Santra. I have programmed a compton scattering module
for the xATOM-toolkit. I performed the calculations, prepared the figures and wrote
the article.
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Chapter 2.

Theoretical formalism

In this chapter I introduce the theoretical framework and the notation used through-
out the thesis. I do not present proofs and only some intermediate steps. The theo-
retical framework has been presented in [12, 13], more information can be found in
the textbooks [14-22].

2.1. Theory of radiation-matter interaction

The formalism of second quantization offers for our purposes an elegant and simple
approach to the electronic many-body problem. In this thesis matter and radiation
will be treated as fields. Particles, the electrons and photons, are represented as
excitations of the fields. In this way, the formalism is very flexible. It does not
depend on a fixed number of particles. Moreover, calculations are simplified by the
introduction of creation and annihilation operators.

In this dissertation only situations are encountered, where relativistic effects play
no role. This is the case, when the x-ray photon energy is much smaller than
the electron rest mass (511 keV) and all considered nuclei are sufficiently light to
neglect relativistic electronic structure effects. Furthermore, we will assume that the
radiation interacts with the electrons only. This assumption relies on the fact that
nuclei are about 1000 times heavier than electrons; heuristically, they are too inert
to react with the field. Additionally, nuclear resonance absorption can be neglected
for light elements in the considered photon energy range.

If not mentioned otherwise we will employ atomic units, i.e., electron mass m, = 1,
electron charge e = —1, reduced Planck constant A = 1, and speed of light in vacuum
¢ = o~ !, with the fine-structure constant a ~ %7
2.1.1. Canonical quantization

I sketch the quantization procedure for the combined system of charges and radiation
field. For a detailed account of the quantization procedure I refer the reader to the



Chapter 2. Theoretical formalism

literature [e.g., 13, 14, 16, 18]. One starts from a classical system, where the charged
particles and the electromagnetic field are coupled by the Maxwell-Lorentz equations

V- -E=4mp, (2.1a)

V-B=0, (2.1b)

VXB:47raj+oz88];], (2.1c)
0B

E=—-a— 2.1d

Mpbn = en(E+ aq, x B), (2.1e)

where the last equation describes the Lorentz force acting on the particles, and the
first four equations are the Maxwell equations. Charge density p and current j are
given by

p(x,t) = Z en 0(x — an(t)), (2.1f)
j(th) = Zen Qn(t) 6(X_ qn(t))' (2'1g)

Mp, €n, dn, and ¢, denote the mass, charge, position, and velocity of the n-th
particle, respectively.

The quantization strategy is to determine the proper dynamical variables, then to
find a Langrangian such that the Euler-Lagrange equations reproduce the Maxwell-
Lorentz equations for the system. From this Lagrangian one obtains the so-called
minimal coupling Hamiltonian, to be quantized by promoting variables to operators
with a suitable set of commutation relations.

The dynamical variables of the system of charges are the particle positions q, and
velocities q,. The electromagnetic field is fixed by its vector potential A and scalar
potential U, which are required to satisfy

B=VxA, (2.2)
0A
E=-VU-aoa—. 2.3
5 (2.3)
In this way the electromagnetic potentials are defined uniquely only up to a gauge
transformation. Choosing a particular gauge is therefore necessary to obtain gauge
invariant results. Since we do not need a relativistically covariant theory, we will
from now on adopt the extremely useful Coulomb gauge

V-A =0 (2.4)

10



2.1. Theory of radiation-matter interaction

This gauge makes the vector potential purely transverse. Moreover, A is the dy-
namical variable of the radiation field. Note that the scalar potential is a redundant
variable, according to Egs. (2.1a) and (2.3), U can be expressed by Poisson’s equation

ViU = —47p. (2.5)

This also shows that the scalar potential corresponds to the Coulomb potential
generated by the particles. Therefore, we can include the Coulomb interaction into
the potential of the particle system. The Lagrangian of the coupled system can be
written as

L({cns én} £ A, A, {0;A0)) = Loare + / & Lrng + / Bl . (2.6)

Lpart and L, depend only on particles and radiation, respectively,

My, My, 1 exel
L art — 701721 VCoul = 7(1,21 . IR (27)
P zn: 2 zn: 2 2 k,l;zk:;él ‘qk - ql’
1 .
szgﬂﬁA%vaAﬂ. (2.8)

Lint determines the interaction of particle and field system, such that it reproduces
the equations of motion (2.1)

'Cint = Oéj . A . (29)
Note that we neglect the self interaction terms in the Coulomb interaction of the

particles. The conjugate momenta of the dynamical variables are

Pn = MpQn + enaA(qn), II = —A = —EEl (2.10)

From this Lagrangian one can construct the Hamiltonian

H=2

- enaA(qn))2 + VCoul

2mn

+ /& (“H Da%Vwaﬁv.

Observe that one would obtain exactly this Hamiltonian by substituting p, — pn —
enaA(qy) in the uncoupled Hamiltonians of particles and radiation. This procedure
and the resulting Hamiltonian have been named the principle of minimal coupling
and the minimal coupling Hamiltonian, respectively. The Hamiltonian can now
easily be written as a sum of the uncoupled particle and radiation Hamiltonians
plus an interaction term, coupling particles and radiation,

(2.11)

H= Hpart + Hrad + Hinta (212)

11



Chapter 2. Theoretical formalism

with
Hpart = Z 2pn + VCoula (213)
3 47r 2 2
Heaa = o [ @ ((ST160)" + (V < A) (2.14)
enQ e%on
Hiw == ﬁ(pn CA(an) T An) Pa) AN @), (215)

From the classical Hamiltonian we obtain the quantum theory by promoting
variables to operators and introducing canonical commutation relations between
the variables and the canonical momenta. This procedure yields time-independent
Schrédinger picture operators. For the particles we introduce the well known quan-
tization relations

[(@)is (@n);] = 0= [(Ba)i: (Bm)s] (2.16a)
[(Qn)u (ﬁm)j} = i57rz715i]' . (2.16b)

Before writing down the commutation relations for the radiation field we note that
because of the Coulomb gauge condition in Eq. (2.4) the three components of the
vector potential are not independent. Therefore, instead of a delta function the
transverse delta dyadic 6+ (x — x’) appears in the commutation relations. The com-
mutation relations read

Ai(x), Aj(x)] = 0= i), T (x)] (2.17a)

Ai(x), TL;(x)| =i (x — x') . (2.17b)

—

Like the classical Hamiltonian the Hamilton operator can be separated into H =
Hpart + Hrag + Hing. In the following, we analyze these three terms in more detail.

2.1.2. Quantized electronic system

Atoms and molecules consist of electrons and nuclei, which are charged particles
that interact via the Coulomb interaction. We will treat the electronic many-body
problem in the formalism of second quantization [13, 19, 20]. This has several
advantages, e.g., the number of electrons enters only in the state of the system, not
in the formalism. Moreover, the antisymmetry of fermionic wave functions can be
introduced via the anticommutation relations in the formalism and no additional
(anti)symmetry conditions for the states are required.

12



2.1. Theory of radiation-matter interaction

The particle Hamiltonian can be written as the sum of the nuclear kinetic energy
TN, the nucleus-nucleus repulsion VN ~ and the electronic Hamiltonian Hel

Hpart = Ty + Viyw + Ha, (2.18)
where
. 1 V2
N=—= Z —n (2.19)
\% 2.20

Here, R,,, M,,, Z,, are the position, mass and charge of the nth nucleus, respectively.
The kinetic energy of the electrons, the Coulomb attraction of electrons and nuclei
and the electron-electron repulsion are included in the electronic Hamiltonian

. . 1 Zn .
o= [t |59~ 3 Z | oo

(2.21)
[t 3 ()9 )

D )(x) -

|x — x|
The electron field operator has two-components

h(x) — 1@+1/2(X)
¥(x) <¢1/2(X)> ; (2.22)

with spinor-like behaviour under spin rotations. The operators ¥} (x) [, (x)] act on
the fermionic Fock-space and create [annihilate] an electron with spin o at position x.
Since electrons are fermions, the field operators satisfy the anticommutation relations

{06 (%), 10 (x)} = 0 = {9} (x), 8], (x')}, (2.23a)
{tho (%), 9], (x)} = 8, 008(x — x'). (2.23D)

Often the field operators are expressed in terms of creation and annihilation op-
erators for a given spin-orbital basis. The spin-orbitals ¢,(x) form an orthonormal
basis of the one-particle Hilbert space, the index p comprises a complete set of
spatial and spin quantum numbers. For example p = (n,l,m,s) with (n,l,m) as
spatial quantum numbers and s the spin quantum number. The spin orbital and its
conjugate transpose then have the form

8 ]
#p(X) = Pnm) (%) (5:32) and  9}(%) = Ol 1m) (%) (5s,+1/2, 65,_1/2) '
(2.24)

13



Chapter 2. Theoretical formalism

Here, we do not specify the nature of the spin-orbitals. Usually they are chosen
as eigenfunctions of a one-body operator, e.g., a mean-field operator such as the
Fock operator, to approximate the Ng-electron ground state. We can now define
the corresponding creation operator c;f) by its action on Slater determinants

i vace) = [gy). (225
é;rz’@@pl e Ppy) = |PpPpy o) - (2.26)

The adjoint operator of the creation operator ¢, = (ézt)T is called the annihilation
operator because

EplpPpy *+* Pon) = |Ppy *+ Ppy) - (2.27)

Using the completeness relation [ d3z|x)(x| = 1 we obtain
& ops - op) = | o)
plPp1 " Ppy PpPp1 " Pon
= V )72A( [ @) el lom o)
— (V1) / & (xlipg) A (R - oon)

— [0 500 e - )

where A is the antisymmetrization operator. Because this is valid for arbitrary basis
states, we obtain

= [ el 0 = [ o)1 0, (2.284)
and for the adjoint
Cp = /d  (pp|x)1) /d?’xcpp (x). (2.28b)

From the anticommutation relations of the field operators, one can now derive the
anticommutation relations of the creation and annihilation operators

{ep, 24} =0={él,el}, (2.29a)
{ep, el = 0pq. (2.29b)

Using the completeness of the spin-orbital basis yields the expansion of field opera-
tors

=> pl(x)el, (2.30a)

b(x) =" pp(x) &p. (2.30b)

14



2.1. Theory of radiation-matter interaction

2.1.3. Quantized radiation field

In Section 2.1.1 we have seen that the vector potential is the dynamical variable of
the radiation field. Recall that we have adopted the Coulomb gauge, see Eq. (2.4).
The Hamiltonian of the radiation field takes the form

Hroa = 87r/d3 ( (4= ))2+(VXA(X))2). (2.31)

In order to quantize the radiation field, we consider the free Maxwell-field in a
box of volume V with imposed periodic boundary conditions. Then the classical
vector potential can be expanded in terms of plane wave modes (k, ), called photon
modes. They are characterized by wave vector k and polarization vector €y (A =1
or 2). The wave and polarization vectors satisfy the transversality and orthogonality
conditions k - €, y = 0, and egl €k = 0.

Promoting the Fourier coefficients of the plane waves to operators ay ) and &I{ N
we can express the vector potential operator A in the Schrédinger picture as

Z

Vw a2 {(?Lk)\ek,)\ ek +(AIL>\ET(’)\ efik'x} . (2.32)
k

These operators can be expressed in terms of the vector potential and its canonical
momentum as

N N [wga? | 2t A e

Gkv\ = /Vdgilf Ek,)\ . ( WA(X) +1 WH(X)) (§] k s (233)
wka2

ak/\ = / a3 T€g ) 87rV —1i Vwka2H X . (2.34)

The quantum analogue of the mode expansion of the classical fields E = —a%’? and

B =V x A are

i n — . 2rw P ikx A * —ik-x
Ex)=E"(x)+E (x)=1) 4/ v k {akv)\ekvkek —aL)\ek)\e k } (2.35)
k,\

B*(x) + B~ (x)

= kZ \/; {ak,)\(k X €)X —&LA(k X €5 x) e—ik~x} - (2.36)

where B, B* denote the positive and negative frequency parts of the electric and the
magnetic field operator, respectively. The commutation relations of the operators

B(x)

15



Chapter 2. Theoretical formalism

ay,) and &L ) follow from the commutation relations of the canonical variables in
Eq. (2.17)

|| = 0= |al\af,]. (2.37a)

{dk,)\a &LJ = Ok,10A,1 - (2.37Db)

These are the commutation relations for bosonic creation and annihilation operators.
In fact, one finds that the quantized Maxwell field can be represented as an infinite
collection of independent harmonic oscillators. The Hamiltonian can be expressed
as

. o 1
Hyaa = Zwk (aLAak,A + 2) : (2.38)
k,\

There is one harmonic oscillator per mode (k, A), and &L ) [ax, ] is the corresponding
creation [annihilation] operator. The excitations of the Maxwell field are the photons
with energy wy. Usually we will neglect the last term in the Hamiltonian, which
gives the (infinite) vacuum energy.

The number operator of photons occupying a given mode (k, A) is simply dL NOSY
Its eigenstate |ny y) is a singlemode Fock state with ny » photons in the mode Kk, A).
We will often use the multimode Fock states as a basis for the photonic Fock space.
Let {n} = {nk, 1,nK, 2, %k,,1,Mk,2, - -- } be a sequence of occupation numbers for
all photon modes, with total photon number N = 3y y nx x. The corresponding
multimode Fock state is defined by

{n}) = ] Inacn)- (2.39)
k,\

2.1.4. Radiation-matter interaction Hamiltonian

The interaction Hamiltonian of classical fields has been introduced in Eq. (2.15).
Before writing down the corresponding Hamilton operator, we observe that within
the Coulomb gauge

iV [A)p()] = —iAG) - Vox) ~1 [V AR)] plx) = —ARx) - Velx) |

and consequently the particle momentum p = —iV and the vector potential operator
commute

[p,A] =0. (2.40)

Furthermore, recall that we neglect any interaction of the radiation with the nuclei.
Thus, we will only write down the Hamilton operator for the interaction of electrons

16



2.1. Theory of radiation-matter interaction

(charge e = —1) and the radiation field. The interaction Hamilton operator has the
form

a? A A A
i =a [ 03160 - A 000+ 5 [ @i (0 A0 060, (241

We call the first term on the right hand side the “p- A” Hamiltonian. To the second
term we refer as the “A2” Hamiltonian.

To develop some intuition of their physical consequences we have a closer look at
these terms. The “p - A” Hamiltonian

=a [ @260 Y A d6 (242)

is linear in the vector potential. The vector potential A is a sum of a photon cre-
ation d;r( , and an annihilation operator a » (see Eq. (2.32)). In perturbation theory

(cf. Sec. 2.2.2) the first order is linear in the interaction Hamiltonian fAIf), - Con-

sequently, there are terms proportional to é;équ y and é;f,éq&k, A\, i.e., one photon is
created or annihilated and one spin-orbital is changed. In fact, the “p - A” interac-
tion in first order perturbation theory describes the x-ray absorption and emission
by bound electrons. The second order perturbation theory can be thought of as a
two-step process involving a (virtual) intermediate state. First, one photon from a
mode (k, \) is absorbed and secondly a photon is emitted in the mode (1, x). In this
way, the “p - A” Hamiltonian induces x-ray scattering in second order perturbation
theory. Because an intermediate state is involved this kind of scattering is called
“resonant x-ray scattering” [21, 23-25].

The “A2%” Hamiltonian
= /d%w ) A%(x)9)(x) /d3 A2(x) n(x) (2.43)

is, in contrast, quadratic in A. This Hamiltonian couples the radiation field directly
to the electron density operator 7(x) = f(x){(x). In first order perturbation
theory there appear terms proportional to

2
el (ak " A) e =12 (@Lxdb + i na) o+ B i + ak,/\&k)\>éq :

Terms where two photons are created or annihilated constitute nonlinear two-photon

contributions. More importantly, this Hamiltonian describes the processes where a

photon in the mode (k, \) is created and a photon in the mode (1, x) is annihilated.

Hence, this term describes x-ray scattering in first order perturbation theory. The

x-ray scattering may be elastic or inelastic because the electronic state may remain

17



Chapter 2. Theoretical formalism

unchanged (p = ¢) or may change (p # ¢). The “A? scattering” is also called “non-
resonant scattering”, because it is a first order process involving no intermediate (or
resonant) electronic states.

Finally, there remain some remarks on the interaction Hamiltonian. In quantum
optics it is usually convenient to make the long-wavelength approximation and, in-
troducing gauge transformations to velocity or length gauge (Goppert-Mayer gauge),
to obtain the electric dipole (or higher-order multipolar) Hamiltonian [14, 18, 20].
We avoid the long-wavelength approximation, because the wavelength of x rays is
on the order of atomic dimensions.

Moreover, there are no interaction terms involving the electron spin. The min-
imal coupling Hamiltonian considered here couples only charges to the radiation
field. Terms coupling spin and magnetic field, as well as terms involving spin-orbit
coupling can be derived from a fully relativistic treatment [21, 27, 28]. They give rise
to magnetic scattering, an interesting x-ray technique to investigate spin systems.
However, because these terms appear only in higher order perturbation theory, they
will not be considered in this dissertation.

2.2. Time evolution

2.2.1. Schréodinger and Interaction picture

In this section I discuss the dynamics of the system, for details I refer to Ref. [20].
So far, we have used the Schréidinger picture, where the time evolution of the system
is completely represented by the time dependence of the states. In the Schréodinger
picture the time evolution is governed by the Schréodinger equation

.0 -
i U() = AU (D). (2.44)

For a time-independent Hamiltonian one readily defines a time evolution operator

Us(t, tg) = e Ht=t0) (2.45)
such that ﬁg(t, to) evolves states from time £y to time ¢:
[W(t)) = Usl(t, to)|¥(to)). (2.46)

This operator has several properties that are required to induce a physical time
evolution:

e It satisfies the initial condition Us(to, tg) = 1.

18



2.2. Time evolution

e It has the group property Us(t, tl)ﬁs(tl, to) = Ug(t, to), i.e., the time evolution
can be applied consecutively.

e It is a unitary operator ﬁg(t,tg) = Ugl(t,to) = Us(to,t). Thus, it preserves
the norm of the states and the transition probabilities (scalar product) between
the states.

If the state of the system at time ¢ is specified by a density matrix operator p(tg) =
>ij Pil¥5(t0))(Wi(to)| the density matrix operator evolves in time according to

A

p(t) = Us(t, to) plto) UL(t, o) - (2.47)

In this thesis we will usually encounter the case that the Hamiltonian can be
separated into two parts
H = Hy+ Hiy , (248)

a simple Hamiltonian Hy that can be easily solved or has known solutions, usually
describing the free or unperturbed system, and an interaction Hamiltonian Hiy that
induces a perturbation and causes the interesting time evolution. In this situation
the interaction picture turns out to be very useful. We define the interaction picture

state vector ;
(1)) = e [W(1)) (2.49)

which results in the equation of motion

21w (0) = ot (e + i 2 ) 2.50)
_ oiffot [_ iy + Iﬂ o—iflot W (1) (251)
= Hine (1) V(1)) . (2.52)

In the last equation we have introduced the time-dependent interaction Hamilto-
nian f]int(t) — eiflot Hine e—iflot | In general operators become time dependent in the
interaction picture R R

O;(t) = elflot =it (2.53)

This definition is made plausible by writing out an arbitrary matrix element in the
Schrédinger picture

(@(1)|O()) = (@1(1)| 0 O e w (1)) (2.54)
= (21(t)|Or(1)|¥1(t)). (2.55)
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Thus, states and operators depend on time in the interaction picture. The equation
of motion for operators in the interaction picture follows directly from Eq. (2.53)
P L
1a01(t) = [O;(t), Ho]. (2.56)
As in the Schrodinger picture, we introduce a time evolution operator that satisfies
the initial condition, group property and unitarity mentioned above. The time
evolution operator propagates vector states

A

Ur(t, to)[W1(to)) = ¥1(t)) , (2.57)
and density matrix operators
pr(t) = Ur(t,to) prto) U (t,to) - (2.58)

From Eq. (2.52) follows the equation of motion

1 04t t0) = B ()01 1) (2.59)
There is a crucial difference to the Schrédinger picture: The Hamiltonian is time
dependent. The key advantage of the interaction picture is the separation of free time
evolution and interaction induced perturbations. The time evolution of operators
depends only on lEIO, whereas states are propagated with respect to the interaction
Hamiltonian ﬁmt.

Typically, the interaction picture is used with an initial state that has been pre-
pared at ty) — —oo without the influence of any interaction. To turn off the interac-
tion we introduce a switching function fc(¢) in the Hamiltonian

FI = ]fl[) + fg(t)ﬁint . (260)

The switching function should be chosen such that f. — 0 for ¢ — £o0, so that the
interaction part in the Hamiltonian vanishes. At time ¢ = 0 we wish to have the
full interaction strength, thus we require f.(0) = 1. Finally, we need 212% fe(t) =1
because we want to obtain the original Hamiltonian. Of course, all physical quanti-
ties should be calculated in the limit € — 0. We will use the very common adiabatic
switching

fe(t) = e~ (2.61)

In the limit that ¢y approaches —oco the Hamiltonian becomes simply Hy. Assume
that we can choose the eigenstate |®) of the free Hamiltonian Hy, with energy Fj,
as the initial state. Then the initial state in the Schrédinger picture is

1T (to)) = e iE0to @) . (2.62)
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2.2. Time evolution

In the interaction picture this is simply the time-independent eigenstate of the free
Hamiltonian

W (t)) = 100 |W (1)) = |@). (2.63)

When the interaction is turned on the state evolves with respect to the interaction
fe(t)Hing. Since the previous steps also hold for time-dependent interactions one
only needs to solve the Eq. (2.59). The state at finite times is then obtained from

W1 (1)) = Us(t, t0)|®) . (2.64)

In the following we will assume that all states are well defined in the limit ¢ — 0, a
problem that is accounted for by the Gell-Mann and Low theorem [20]. In the case
of x-ray pulses it is often not even necessary to introduce a switching function. The
electric field of the pulse is vanishing at infinite times at the position of the sample,
i.e., the interaction is automatically switched off.

2.2.2. Perturbation theory

In the previous section we have seen that the crucial problem in interaction picture
dynamics is to solve the equation of motion (2.59). We need a time evolution
operator! that satisfies

.0 - - -

1aUe(t,t0) = fe(t)Hint (t)Ue(t, to) . (2.65)
Using the initial condition of U,, we can reformulate the last result as an integral
equation

A t A A
Udt,to) =1—i [ dt' fe(t')Hine (U, t0) - (2.66)

to
Taking care of the operator ordering the integration can be iterated

A t A
Uc(t,to) =1—i [ dt’ fo(t')Hin(t) (2.67)
to
t t! R .
472 / A’ [ Q" F1) £ () B () Fline (87 (2.68)
to

0

to
t t t! “ " "
_ / a / A [ A" Lot fo(t") fo (") Et (¢) s () Elin (27" (2.69)
to to t
+ ...

Introducing the time-ordering symbol 7 the expansion can be written as [20]

Ue(t,to) = T exp <—i tdt’ fe(t’)ﬁint(t’)) . (2.70)

to

'From now on we work exclusively in the interaction picture. Thus, we drop using the index I.
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However, for our purposes it is sufficient to consider only the first order expansion
in Eq. (2.67).

We can now expand the expectation value of an observable in first order per-
turbation theory. The most general initial state at {9 — —oo is a density matrix

Pin = Z pij| P
Z'7j

where ®; are eigenstates of Hy. The expectation value of the (Schrodinger picture)
observable O at a time t is

(2.71)

(0 =Tr (p(1)O(1)) (2.72)
=l lm Tv (Ot t0) pinl1 (2, 10) O(1) ) (2.73)

Inserting the first order expansion of the time evolution we obtain

(0" = lim [Tr (mO®) + (2.74)
+1/dt fot pm Hi () O(t )) Tr( int(t/)ﬁin@(t))} (2.75)

+ /dt/ /dt” fe )fe(t”) Tr (Hmt( )Pm Amt(t”) @( ))] (2'76)

—0o0

To simplify the second term on the right hand side, note the trace property
Te(ApnB) =323 pij (@ar| A @5)(®i[ BlOr)

M i
=3 oy @il BAR;) = 3 i (25 ATBT|8;))
4,J ,J
= (3 pia (@) (@, AT B |04r)) = Tr(pATBY)*
1,J

where the star denotes complex conjugation. Hiy and @(t) are self-adjoint operators
enabling us to rewrite the second term in the fashion i{z — 2*} = 2Re(iz). Then,
we get for the first order perturbation theory expression of the expectation value

<@>1“—g%[ﬂ(ﬁm@<t>)+2Re (i [ 4t £ T (i (#) O >))
o (2.77)

t t
- / dt’ / At” fo(t') fo(t") Tr ( Hlint (') pin Hi (2) @(t))} .

22



2.2. Time evolution

We denote the terms on the right hand side by

1st

O = (00 4 (OO + (O (2.78)

and refer to them as the (0,0), (0,1), and (1,1) term, respectively. One immediately
sees that the (0,0) term represents the expectation value of O in the initial state,
without any interaction. The physical meaning of the (0,1) and (1,1) terms will be
discussed in the next chapters in the context of x-ray scattering.

2.2.3. Fermi’s golden rule

A quite generally used method to calculate transition rates between different states is
Fermi’s golden rule. Assume that initially ({9 — —o0) the system is in an eigenstate
of I:IO

lim |¥(ty)) = |P1) (2.79)

to——o0
which is a stationary state. We are interested in transitions, where long after the
scattering t — oo the system is found in an eigenstate |®p) of Hy, that is different
from the initial state, i.e., (Pp|®;) = 0. The probability amplitude for such a
transition is

Spr = lim (p[P(2)) = (@p|U(t,to)| 1) - (2.80)

lim
t——+o00

Employing adiabatic switching and first order perturbation theory this expression
becomes

[o.¢]
Spr=—ilim [ dt Er=ENt o=eltl(§ o] Hypy | @) (2.81)
—
‘ —00
= 271 6(Ep — Ep){(®p|Hing|®1) . (2.82)

Before we can obtain a probability |Sp7|? from this amplitude, we have to explain
how to handle the delta function. The delta function ensures that the total energy
in the transition is preserved. In all realistic experiments, however, the transitions
occur in a finite time interval 7. Thus one may use the following trick[12, 29]

T2 at T
§(BEp — E)]° =6(Ep — E / — Er=EDt = §(Ep — EBy)— . 2.
[0(EF — Er)]” = 0(EF — Er) ppomt (Er = Br)o- (2.83)

Finally, we obtain a formula for the transition rate, known as Fermi’s golden rule,

Sprl?
Lpr= 1Sr1

(2.84)

R 2
=2 §(Er — EY) ‘<(I)F‘Hint’(pl>‘
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We could also express the initial state as a density matrix pi, = |®7)(P;| and
we can consider the projection onto the final state as an observable O = |®g)(Pp|.
Then the last expression becomes

Lrr = 27 6(Er — Er) Tr(Hingpin Hins O) . (2.85)

Using Eq. (2.83) one finds that the transition rate I'p; from Fermi’s golden rule
corresponds to the (1,1) term in first order perturbation theory for the projection
operator observable divided by the interaction time T

Jim Oy = / dat’ / dt” Tr (ﬁim(t’)pmﬁmt(ﬂ’) (9) (2.86)

:‘/dﬂeﬂEF—E&ﬁC/dﬂ/e—“EF—Eﬁfquqfﬁmy@ﬁ<@,uzm4@F>(287)

=Tp T. (2.88)
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Near field imaging:
x-ray phase contrast
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Chapter 3.

About x-ray phase contrast imaging

In this chapter I introduce x-ray phase contrast imaging. The classical expressions
for propagation-based x-ray phase contrast imaging are derived for pulsed x-ray
sources. The derivation is based on an optical scattering scheme.

3.1. Introduction and applications

Several imaging methods exploit the phase variation of coherent radiation propa-
gating through an object. These phase contrast imaging (PCI) methods provide
images irrespective of the absorption properties of the target. Different concepts of
PCI have been established, such as propagation based PCI, Zernike PCI, differen-
tial PCI, interferometric PCI, etc. Different types of radiation may be used, e.g.,

x rays [30, 31], visible light [32-35], electrons [36, 37], and neutrons [38, 39]. The
invention of optical phase contrast microscopy earned F. Zernike the Nobel prize in
1953 [10, 41]. This technique has also been extended to electron [12] and soft x-ray
microscopy [13].

Microscopy techniques are, however, not easily transferable to hard x-ray imaging,
because of the difficulties in producing suitable x-ray focusing optics. For hard x rays
the propagation based PCI scheme is more convenient. The principle of this setup
is simple: The wavefront of an x-ray pulse will be distorted, when it propagates
through an object. After free propagation for some distance, these phase changes
may cause intensity variations of the wave field. Typically, Fresnel diffraction of
the radiation field describes this effect, see Fig. 3.1. Even completely transparent
(nonabsorbing) objects may be imaged.

Since its discovery in 1995 [15, 16] using synchrotron radiation, hard x-ray PCI has
seen a rapid development. Along with the advent of coherent x-ray sources, it has
spread into many areas of science and become an indispensable tool in nondestructive
imaging. Very soon after its discovery, it was also realized that spatial coherence is
crucial, opening the way to use conventional laboratory x-ray sources [17]. X-ray PCI
has been accomplished using synchrotron radiation [15—17], x-ray microscopes [13],
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Diffraction patterns

Far Field
Near Field

Objects

(disks, diameter 5 um)

red: fully absorbing
blue: phase shifting

Figure 3.1.: Sketch of the principle of propagation based x-ray PCI. The Fresnel
diffraction pattern is shown after some propagation distance: directly behind the
object only absorbing samples show any contrast, after some propagation distance
the shape of the phase shifting objects become visible.

Simulations for fully absorbing and purely phase shifting disks with 5 um diameter
and a monochromatic plane wave with 12.4 keV photon energy [14].
Images adapted from Timm Weitkamp (under CC BY 3.0 DE license).

and x-ray tubes [18]. Because organic materials often contain few heavy elements
and consequently are highly transparent to x rays, x-ray PCI has proven to be
particularly useful in the biological and medical sciences [30, 19]. The vast amount
of applications of x-ray PCI range from computed tomography of biological tissue
[50], mammography [51], imaging of lipid monolayers [52, 53], in vivo studies of
muscle complexes in insects [54], to studies of paleontological fish [55, 56], and
revealing letters in archaeological papyri from Herculaneum [57].

3.2. Classical theory of phase contrast imaging

The classical formulation of x-ray phase contrast imaging is commonly based on the
macroscopic index of refraction and scalar diffraction theory [31, 58], the propagation
of coherence functions [30], or the transport-of-intensity equation [59-61]. I present
a theory of propagation based PCI in terms of optical scattering. This approach
is closely related to the formalism of photon scattering in the next chapter. In
particular, the appearance and treatment of the correlation functions is revealed.
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3.2. Classical theory of phase contrast imaging

3.2.1. Classical scattering of a light pulse

The scattering of a classical electromagnetic field is treated in [31, 62]. The scat-
tering medium is described by a time-independent complex refractive index ny,(x).
Moreover, it is assumed that: (i) the medium is non-magnetic; (ii) the electrical
permittivity, and therefore the index of refraction, is time-independent and slowly
varying over spatial lengths comparable to the wavelength of the field; (iii) we can
describe the radiation by a scalar field E(x,t).

Let the light pulse be described by the complex scalar function Fi,(x,t). The
physical electric field is real. The function FEji,(x,t) is the corresponding complex

analytic signal [15], which can be spectrally decomposed into its monochromatic
components
1 o0
Binl,t) = = O/ Fin (%, w) 0 du . (3.1)

Each monochromatic component satisfies the inhomogeneous Helmholtz equation

31, 62]
(V2 +#) B(x,w) = K (1-n2(x)) B(x,w) (3.2)

where k£ = aw. Within the first Born approximation, we find the solution to the
inhomogeneous Helmholtz equation

ik|x—x'|

7 (126 Fulx ). (33

n 3,16
4m v |x —x

E(x,w) = Fip(x,w) —

Recall that the correlation function I'(ri,re,t1,t2) and the cross spectral density
W (r1,r2,wi,w2) of the light field are defined by [15]

[(r,ro,t1,t2) = (B (r1, t1) E(r2, t2)) (3.4)
— //dwldwg I‘1, wl)E(I‘g, WQ)> efi(w2t27w1tl) (35)
=5 //dwldeW(rl,rg,wl,wg) e i(wat2—wity) (3.6)

™

where (-) denotes an average over the ensemble of pulses. The intensity at position
r is

I(r,t) =T (r,r,t,t) = (E*(r,t) E(r,t)) (3.7)
= <2177/ dwidwy E*(r,wl)E(r,wg)ei(w"’wl)t> . (3.8)

The target is assumed to scatter weakly and to absorb no radiation. In this case
the index of refraction is ny,(x) = 1 — §,(x), where d,, is typically very small for
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x rays [03]. Thus, only terms of first order in d,, need to be considered. This means
1 —n?2(x) ~ 26, ( ), and

/ dwidws (B (r,w1) Ein (v, we)) e~ i(wa—wi)t

1k2|r x|

x (B (r,w1) B (X, w2>e“’2 wl)t}
iko|r—x’|
(§]
= Iin(I',t) ﬁ Re { / dCL)]_d(JJQ /dsxl k% W(SWQ (X/)
(3.10)
X W(r,x',wbwg)e_i(“’rwl)t } ,

where i (r,t) denotes the intensity of the unscattered pulse.

3.2.2. Quasi-stationary pulses

In the following, let us consider a plane-wave x-ray pulse and let us assume that
its intensity profile varies on a much longer timescale than its temporal coherence
properties. Then we can make the assumption that the statistical properties of the
x-ray pulse have a quasi-stationary form [(4, 65]. For x1,x3 in the common plane
;1 = 0 = x,2 (orthogonal to the propagation direction and at the origin), we
assume

F(le X2, t1, t2) = I(tlJQFtZ ) 'Ysp(xly X2) th(tl - t2)7 (3'11)
where 75, describes the transversal and «yp, the longitudinal correlations and I is an
intensity envelope. We will assume the following transversal (or spatial) correlation
function with the coherence length [,

~op (%, X7) = e PR (3.12)

where x = (x1,0).
Write t = % and 7 =t1 — tg, as well as w = % and w = wy — wy. Then the
cross-spectral density becomes [(]

W (x1, X2, w,w) = ysp(x1, X2) W1 (w) W2 (@) , (3.13)

where we have introduced the Fourier transforms
Wi (w #/’yt e“Tdr, (3.14a)
p

Wo (@) = t) et dt . (3.14Db)

m/“

30



3.2. Classical theory of phase contrast imaging

From these equations we see, that for very long pulses
Wy (w) — §(w), for T'— oo, (3.15)

i.e., for long pulse duration T" we recover the case of a stationary field, where the
frequency components are uncorrelated. We assume a Gaussian shape of the longi-
tudinal (or temporal) coherence function

72

1 -5

T) = e T eilme s 316
7tp( ) m ( )
where the width 7. of the temporal coherence function is called the coherence time.
From the Fourier relationship in Eq. (3.14a) follows that the spectral bandwidth of
the radiation field is Aw = 1/7.. For sufficiently long coherence time 7, one recovers
the (quasi)monochromatic case (Aw < wip)

Wi(w) = d(w — win) , for 7, = o0 . (3.17)

In the following we will always assume the pulse duration 7" to be much larger than

the coherence time 7.
T T. (3.18)

3.2.3. Propagation and intensity in the Fresnel regime

When the field E(x,w) is known in the plane x, = 0, the field can be calculated at
position r by the Rayleigh-Sommerfeld diffraction integral [31, (2]

—1 N o eilc|1r'—x|
E(r,w) = o /d xE(x,w)a l]r—x\} . (3.19)
z,=0
Consequently, there is also a propagation equation for the cross-spectral density
[15]. This is particularly helpful because the correlation function and cross-spectral
density are typically known only in the interaction region. Combining this with the
definition of the cross-spectral density, it follows that W can be propagated from

the plane z, = 0 to the point r

(3.20)

, L _i / ) , ~ 2 e—ia(w+&1/2)\r—x|
W(r,x' ,w,w) = - de(x,x,w,w)az

r — x|
x,=0

Now, inserting the last result into in Eq. (3.10), the term in braces becomes
1 - o2 (w _ @/2)2 .y eia(w—w/2)|r—x’\ )
9 [e—ia(w+w/2)|r—x‘| St (321)

-1 2 / -
X 5 /d xW(x,x,w,w)E

r — x|
x,=0
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At this point, we have to introduce the essential requirement for phase-contrast
imaging. The detector at r = (ry, z) must be placed in the near field, also called
the Fresnel regime. We introduce the Fresnel approximation
) ) ;e —x 2
e—1k|r—x’| e—lk(z—:pz+ 5 )
~ (3.22)

e—x| ~ ’

z

where x’ = (x|, #}) is a point in the target. As a rule of thumb, the Fresnel regime

is characterized by the Fresnel number

2
F > 1, where F:D—,
~ zZA
with D the characteristic size of the object, A the wavelength.

Moreover, we will use the projection approximation. This means we assume that
the sample is so thin that the field propagating through the sample is not deviated
much from the path of a plane wave. Thus, we will consider the cross-spectral
density only in a single plane. Let the plane z = 0 be directly behind the sample.

For all points x” of the sample and x = (x,,0), we set

W(x,x',w,@) = W(x,,x|,w,o) @@/ (3.23)
With these approximations and inserting the cross-spectral density W (x,x',w,®)
from Eq. (3.13), the term in (3.21) becomes

vy —x', |12

ia3 — @ w io w—Q z
gﬂgzz/ dwde (w = §)* (w+ 5)/d390'6 Pl O(w—w/2) (%)

\rfoLF) .

X /dgx Yep (%, X' YW1 (W) Wa (@) e_io‘(w+%)('z+

x,=0

For long pulse duration Wa(w) — 0(w). Thus, we consider only terms with w = 0,

when performing the w integral,

ﬁ I(t — az) /d?’x' /d2x Yep (%, %)
z,=0

72
[rp —x | 7\rJ_—xJ_\2)

1 .
X \/ﬂ/dw w3 Wy (w) §,(x) gl (2 2z

1(t) is the intensity envelope of the pulse. Finally, we have to perform the w integral.
The phase factor can be regarded as constant, due to the small bandwidth of a quasi-
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monochromatic pulse. Hence, we obtain

N
I(r,t) = Lin(r,t) — I(t — az2) (2]{:;) 2Re {i/dgzv' Kin 0, (X))

(3.24)

X /dzxvsp(x,x')eigfzn(m’xUQ"”*xl'Q) } .
x,=0

The intensity of the beam without any scattering can be calculated analogously,

yielding the intensity envelope at the retarded time t — az

In(r,t) = I(t — az) =: Ln(t). (3.25)

The spatial coherence function from Eq. (3.12) is independent of z/,. The intensity
in Eq. (3.24) depends only on the projection [ dz’, d.,, (x’) of du,,. We can introduce
the phase shift function ¢ (cp. Eq. (2.40) in Ref. [31])

plx,) =~ [ a8, (x). (3.26)

The expression for the intensity at the detector simplifies to
k: 2
I(r,t) = Lin(t) <1 + (271;) 2Re {i/dsz_/dQX'J_ o(x)

X Yep(xL — ) oo (e x| [P—jr—x.[?) }) :

(3.27)

3.2.4. Phase contrast

The phase contrast effect is not obvious from the final expression for the intensity in
the Fresnel regime. This subsection presents a derivation (based on [30]) that results
in an expression that makes this effect more obvious. We define new variables

1
a:= E(X/J_ +x]) b:=x, —x, (3.28)

that have the useful property
It —x P —rL—x P=a7 22 —2r, - (x| —x1)=-2(@a—ry)-b. (3.29)

Inserting the the new variables into Eq. (3.27) we obtain

I(r,t) = Iin(t) (1 + (;1112)2 /d2bfysp(b)

: kin

X i/d2a {gp(a — %b) e imt(@-rL)b —p(a— %b) eikizn(a_ri)'b} )

(3.30)
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This can be significantly simplified by redefining the variable a := a — %b, and by
subsequently redefining b := —b in the first summand only

kin 2 kin
I(r,t) = Lin(t) (1 + (271’2’) /de Ysp (D) e imtrLb

x (—=2) sin(%‘bz) /d2a o(a) eikizna'b> . (3.31)

Evaluating the last integral yields an expression depending on the Fourier transform
Fo(k) of the phase function

I(r,t) = Iin(t) (1 — 47 <2kin )2 X

Tz

/ A2b p(b) sin(hnb?) Fop(tinb) o~ b) . (3.32)

We linearize the sine to simplify the previous expressions

I(r,t>—fm<t>( m / A?be P/ p? Fo(kub) e b) (3.33)

The linearization is justified because for a given pixel size p of the detector one can
only image spatial frequencies up to 7 /p in reciprocal space. ¢ will then only be
measured up to a maximal spatial frequency |b| < %. The argument of the sine
ZAn . The resolution for imaging in the Fresnel regime
is limited by the pixel size. Requiring the smallest resolvable feature D ~ p to be in
the Fresnel regime D?/2\;, = 1, yields that the argument of the sine is less than Z

5
The last equation can then be expressed as

I(r,t) = () (1 -

and since the Fourier transform takes products into convolutions the last integral
evaluates to

z 2z
I(r,t) = Iin(t) <1 - /d2y oY’ Vzgp(rL T y)> . (3.35)

The intensity depends on a convolution of the Laplacian of the phase function and a
rapidly decaying Gaussian. In order for the convolution to be constrained to a single
pixel of size p, the spatial coherence length [. of the pulse has to be sufficiently large

9 2
<k' Zp) < 2. (3.36)

has then a maximal value of g

S / d%b e #PY/RLE F(V20)(b) eirrb> (3.34)
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3.2. Classical theory of phase contrast imaging

When the convolution evaluates the Laplacian of the phase shift Ay only within a
single pixel, we can set the Laplacian of the phase function constant within the pixel

g2 2
/dzy e Vip(r, — kiicy) R~ Vch(rl)/dee Y = 7V%p(r,). (3.37)
The final result for the intensity in the Fresnel regime is

z

I(r,8) = Ln(t) (1 -

V%(u)) : (3.38)
We have obtained the common expression for the intensity in the Fresnel regime [30,

]. The intensity is time-dependent but otherwise the result is equal for stationary
radiation. We encounter the phase contrast effect, because the Laplacian highlights
edges in the phase shift function. There is an intensity pattern, that reflects the
shape of the target, although x-ray absorption by the target has been completely
neglected. The distance of the detector to the target is important, because the
contrast vanishes for z — 0, when the propagation distance is too small.
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Chapter 4.

Quantum theory
of x-ray phase contrast imaging

In this chapter, I present the quantum theory of PCI published in the article [1]:

SLOWIK, SANTRA J. Phys. B 46 164016 (2013).

4.1. Motivation

The tremendous scientific impact of x-ray PCI has been presented in the last chapter.
Despite its success there has been no quantum formulation of PCI available. In the
last chapter a theoretical formalism for a pulsed x-ray source based on optical scat-
tering was presented. The classical formalism incorporates the matter through the
macroscopic index of refraction, disregarding its quantum nature. The interactions
of radiation and matter are often subsumed in a phase shift function. The classical
formulations of PCI [30, 31, 58—(1] have been quite successful so far. However, they
completely neglect physical effects like inelastic x-ray scattering. A thorough com-
prehension of all physical effects certainly makes a modern theoretical fundament
of x-ray PCI highly desirable. Only within a formalism without internal contradic-
tions, all possibilities and limitations of the technique may be explored. However,
the classical and the semiclassical description of radiation-matter interaction cannot
properly account for all physical effects [66, 67]. Most notably, the semiclassical
theory cannot correctly describe inelastic Compton scattering [68, 69]. On the other
hand, at first thought one might wonder whether the quantum formalism requires a
phase operator. From quantum optics it is, however, well known that an observable
phase operator is not trivially defined [15, 17].

In this chapter, the theoretical description of PCI is based on a full quantum theory
of matter and radiation. The full quantum theory yields an elegant and rigorous
formulation of PCI. Thus, the subject whether a semiclassical description may suffice
is not touched on. Treating imaging in the near-field (Fresnel) regime by photon
scattering is in itself conceptually interesting. The standard approach for x-ray
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scattering uses Fermi’s golden rule. In this way, the correct scattering probabilities
are obtained, but no distinction between near-field and far-field observation is made.
How to distinguish between near-field and far-field regime? Why do the transition
probabilities from Fermi’s golden rule work very well for far-field scattering? A
careful analysis of the formalism will clarify these questions. In particular, the
crucial role of the observable will be revealed. In the process we will identify suitable
observables to describe x-ray PCI.

4.2. Formalism and intensity observable

The theoretical formalism introduced in Chapter 2 is used [12, 13]. Before defining
the observable, I recall the major points for the reader’s convenience.

The electrons of the system are governed by the electronic Hamiltonian ﬁel, see
Eq. (2.21). Hy comprises the kinetic energy of the electrons, the electron-nucleus
attraction and the electron-electron repulsion. In second quantization the electrons
are excitations of the quantum field 1ﬂ The nuclei are assumed to be fixed in space
and we exclusively focus on electron-photon interactions. The Hamiltonian of the
free radiation field is Hyaq, see Eq. (2.38). The radiation field is described by the
vector potential operator A, which can be expressed in terms of photon creation
and annihilation operators as

2T

T Lo e Hal e e (4.1)
k el

Ax) =)
Kk,

The radiation-matter interaction is governed by the minimal coupling Hamiltonian,
see Eq. (2.41). At hard x-ray photon energies the scattering is dominated by the A2
term. Therefore, we consider the interaction Hamiltonian

~ a2 3 4t A9 ~
i = / Bz P () A2(x)d(x) . (4.2)

Because in a scattering process the number of photons is conserved we take only
the photon-number-conserving parts of A? into account. We may neglect the p - A
term, since in first-order perturbation theory it describes photon absorption, but
phase contrast imaging is usually utilized with weakly absorbing samples. As was
discussed in Sec. 2.1.4, in second order perturbation theory the p- A term gives rise
to resonant scattering or dispersive corrections. However, at sufficiently high photon
energy, away from inner-shell absorption edges, resonant effects are negligible [12].

We describe the evolution of the system in the interaction picture, introduced in
Sec. 2.2. We describe the state of the radiation-matter system by a density matrix
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p, which follows the interaction picture time evolution

pt)y = lim Ut to)pmU (¢, t0) . (4.3)
to——o0

The radiation and matter systems are prepared independently long before the scat-
tering at tg — —oo in the initial state

Pin = Pin © P - (4.4)
Take the initial state of the electronic system to be a pure state |¥e)
5 = W) (W (45)

This may either be a stationary state (e.g. the molecular ground state) or a non-
stationary state (e.g. an electronic wave packet). The generalization to mixed
states (e.g. thermal equilibrium states) is straightforward. The density operator of
the incoming x-ray pulse is [12, 17, 70]

= X P ml R, (46)
{n}{n}

where [{n}) = [y [nx) denotes the basis of multimode Fock states. {n} =
(Miey 15 Nk 25 Mo 1> Ty 2, - - - ) 18 the set of occupation numbers of all photon modes.
The total photon number is N = 37y 3 nx x. The basis of multimode Fock states is a
basis of energy eigenstates Hyaq|{n}) = By {n}). At this point it is not necessary
to specify the exact form of the density operator for the x-ray pulse. The statistical
properties of the x-ray pulse will be specified by the first-order correlation function.

As mentioned in the introduction the choice of the observable is essential for de-
scribing x-ray PCI. In a typical experimental situation of PCI a Pixel array detector
is placed in the x-ray beam. The detector measures incoming intensity or the ra-
diation energy that irradiates each detector pixel. The Poynting operator measures
the incident energy per unit area and unit time. The quantum-mechanical Poynting
operator is defined by the Hermitian operator [17]

11
Cdra 2

$(x) (B=(x) x BY(x) - B~ (x) x B¥ () , (4.7)
where E* and B¥ are the the positive and negative frequency parts of the electric
and the magnetic field operator as defined in Egs. (2.35), (2.36). In terms of creation

and annihilation operators the Poynting operator may be written as
1

$(x) = = 02 Va1 + ex) (€ €)X (4g)
k) Ly
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where e, = ‘% The energy flux through the surface of a detector pixel is a well-
motivated choice for an observable. To describe the effective area of the pixel in the
incoming radiation beam, let the unit vector d be a normal vector to an infinitesimal
pixel on the detector. We describe intensity measurements of the detector at position
r by the observable

O=S8(r)-d. (4.9)

This observables evolves in time according to O(t) = eiffraat 9 g=ifraat| The expec-
tation value at time ¢ is

() = Tr (H()O()) - (4.10)
In the following, we use the short-hand notation
I(r,t) = (S(r)-d); (4.11)

for the expectation value of the intensity observable.

Note that this observable is in general different from the usual photoelectric de-
tection probability E-Et [15, 71] because it depends on the propagation direction
of the photon modes. However, under the assumptions made in this work the dif-
ferences in the result are negligible [17].

4.3. The (0,1) term of the Poynting operator

The time evolution operator U (t,t) satisfies i%[j(t,to) = Hin (1)U (t,t0). We em-
ploy first-order perturbation theory with respect to Hiy as introduced in Sec. 2.2.2.
The first-order perturbation theory corresponds to the first Born approximation in
the classical derivation. In consequence x-ray photons are scattered only once from
the electronic system, which is a useful approximation for weak scatterers. The time
evolution operator expanded to first-order is

lim U(t to) —171 / At eifot’ fr Hine e_iﬁot/, (4.12)

to——0o0

where Hy = Hy+H,q. The expectation value of the intensity observable O = g(r)-d
becomes, cf. Eq. (2.77),

I(r,t):Tr(f)in@(t))—i—2Re{i / dt’Tr[ﬁinﬁint(t’)@(t)]}

. (4.13)
o [ [t Tl () Hine (#)O(0)
= Iin(t) + 1,(t) + higher order terms. (4.14)

40



4.3. The (0,1) term of the Poynting operator

We remark that setting the adiabatic switching parameter e to zero does not affect
the results.

The (0,0) term is the first term in Eq. (4.13), denoted by Iin(t). We can directly
identify Ij,(¢) as the expectation value of the (instantaneous) intensity in the initial
state. Because there is no interaction or scattering involved, Ij,(t) describes the
intensity of the incoming x-ray field.

The (0,1) term is the second term in Eq. (4.13), denoted by I,(t). We will demon-
strate that I,(t) accounts for the phase contrast effect. In particular, we will show
that the expectation value I(r,t) = Lin(t) + I,(t) depends on the electron density of
the sample and how it is highlighted when the detector is placed in the near-field.
Matrix elements of the form (S|O(t)|I) describe the measurement of the interference
of the two states |I) and |S) by the observable O. I, describes the intensity pattern
due to the interference of the incoming and scattered x-ray fields. In order that
I, does not vanish, it is crucial that the observable can simultaneously detect the
incoming and the scattered fields.

The (1,1) term is the last term in Eq. (4.13). It is a term of higher order in o?.
Thus, with respect to the (0,0) and (0,1) term, the (1,1) term can be neglected. This
is consistent with the physical situation of near field imaging, where the detector is
placed in the illuminated beam. However, it is important to note that this term is
responsible for the intensity distribution of the scattered light in the far field, as will
be discussed in Chapter 6.

Now, we demonstrate that I, describes the phase contrast effect. Because the
electronic state of the system remains unobserved we can separate electronic and
radiation degrees of freedom. Inserting the Hamiltonian, the initial state, and the
observable — given in Egs. (4.2), (4.4), (4.9) — the matrix element can be written

A - a2

T s (1)0(0) = 5 [ d%a’ (Bl 0 ()b (') e )

: R R (4.15)
x Tryad (Pfg oiHraat! A2(X/) o~ iHraa(t'—1) S(r)‘de—iHradt> ’
where Tr,,q denotes the trace of the radiation system only. As a first result, we

obtain that I, depends on the electronic system only via the electron density
p(X, 1) = (W] 0t () (') e ) (4.16)

This means electronic excitations do not contribute to the interference term I,,.
Therefore, I, contains only contributions from electronically elastic scattering. Re-
markably, for this interaction Hamiltonian this is a simple consequence of the fact
that the observable does not act on the electronic state.

The right hand side of (4.15) can be related to the statistical properties of the
incoming radiation field. Assuming that a scalar description of the radiation system
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is sufficient, let the incoming x-ray field have a mean wave vector k;, with |ki,| =
kin = awi, and a mean polarization vector €, = €, \;,- Then we can use the
simplified first-order correlation function of the incoming radiation field [15, 17, 70,

]

GO e, t) = Tr (Y B~ (x, ) Bt (x,1)) (4.17)
27w, L
_ W‘;Jm Z Z Ty (ﬁi)ria;[(,)\dl,u) el(wit' —kx') (—i(wit—lr) (4.18)
kA Ly

Furthermore we assume: i) that the incoming x-ray field has a small bandwidth; ii)
that all modes propagate with small angular spread in the direction e;, = “l:ﬁ, and
iii) that they are equally polarized, i.e.,

Wk ~ Win & W , ex X e X e, €k )\ N €ip N €], . (4.19)

Now, we can express (4.15) in terms of the first-order correlation function:
Te(un Hn ()0()) = 3 [/ pla! #) 707 i)

X ’6?1’1 ’ ek,/\’2 (ek + ein) -d (42())
1
4V kin

The detailed derivation of this expression can be found in Appendix 4.A.

From (4.20) it follows that the interference term I, depends on the correlation
function at position and time of the scattering event (x’,t') and the measurement
(r,t). We encounter the same problem as in the classical derivation in Chapter 3,
namely that this correlation is usually unknown. Typically, only the correlation
function in a plane can be determined experimentally. However, as in Sec. 3.2.3,
we can use the propagation properties of G(M) [15, 72] to determine G (x/,# r, ).
We then only need to know G in one plane. We call this plane the exit plane,
and choose it perpendicular to the propagation direction and close to the object, see
Fig. 4.1. We think of the exit plane to be right behind the object for macroscopic
(or mesoscopic) objects. For continuous electron densities of microscopic objects
like single atoms or molecules, we may use any plane that is close to (or within) the
maximal density. We choose the coordinates system such that the exit plane has
x, = 0. The projection of any vector x = (x4, 2,,2,) = (x1,x,) onto the exit plane
is (x,0).

As in the previous chapter, we use the correlation function of a quasi-stationary,
quasi-monochromatic field, see Sec. 3.2.2. This is a good choice for x-ray free electron
laser pulses or synchrotron radiation. In the exit plane it has the form [(4]

X G(l)(x’,t',r,t) .

GO (x' 1, X, 1) = dma I(BER) vy (%1 — X/, |) vp(t1 — 1) (4.21)

42



4.3. The (0,1) term of the Poynting operator

Exit plane

i Detector plane
z, =0

Electron density

Figure 4.1.: An illustration of the chosen coordinates. Position vectors within the
electron density distribution of the sample are denoted by x’, and their projection
onto the exit plane directly behind the object is denoted by x’,. The detector is
placed at r, at a distance z in the direction of propagation and r, perpendicular
to it. R/ is the direction from the point of scattering to the detector.

Figure taken from (Slowik, Santra J. Phys. B 46, 164016) [1].
(© 2013 IOP Publishing Ltd.

where I denotes the average intensity, and 7, and ¢, denote the spatial and tempo-
ral coherence functions, respectively. Recall, we assume the coherence time 7. to be
much shorter than the pulse duration. The spectral bandwidth of the radiation field
is Aw = 1/7.. The width of the spatial coherence function is called the coherence
length [..

Let the detector be placed at the position r = (r,,z). It is crucial that the
detector is in the near-field (Fresnel) regime of the object. Then, GM(x/, ' r, )
[see (4.34)] can be determined by Fresnel propagation.

The sum over all photon modes (k, A) in (4.20) describes photons scattered in all
directions. This is a consequence of the Poynting operator, which is able to detect
all photon modes. We make no assumptions on the scattering angles of the photons.
In general, there is no constraint to small scattering angles following from the form
factors of single atoms. A careful analysis of (4.20), performed in Appendix 4.C,
reveals that only photon modes contribute, that are scattered directly towards the
detector. That is, in the limit A\, < z, the wave vector points directly to the detec-
tor. Moreover, polarization effects are negligible if the detector is placed paraxially
(at small angles from the optical axis) downstream from the sample. In case the
initial electronic state is not a stationary state, we assume the electron density to
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Chapter 4. Quantum theory of x-ray phase contrast imaging

vary slowly on time scales of the coherence time of the pulse.

Finally, we insert the model for G and (4.20) into the expression for I, in
Eq. (4.13). This yields the phase-contrast term

2k"
I,(t) =2Re {ic;rzl; Iin(t) /d?’a:/p(xl,t —az)
ikip /
X /dQ«TL'Ysp(’XL — X/J_D e2z (JeL—x1P=lri—x ) } , (422)

where I, (t) = I(t — az)eiy, - d is the intensity of the incoming radiation. Observe,
that finally we have obtained an expression for I, that is equivalent to the classical
expression, cf. Eq. (3.24). According to (4.22), PCI encodes the projection of the
expectation value of the electron density p, (x1,t) = [ dz.p(x,1).

As in the classical theory, one can recast (4.22) into a term that highlights the
density distribution of the target. The same arguments as in Sec. 3.2.4 yield (cf.
Sec. 4.2 in [30])

2ma’z
I,(t) = 71} V2o (r,t —az). (4.23)

PCI yields a real space image, where edges of the projected electron density dis-
tribution are particularly emphasized. We may express the electron density by the
phase shift function ¢ [31, (3]

kin
,[)J_(I‘J_,t) = _27ra2 SO(I'J_,t) . (424)

This recovers the classical expression of PCI (Eq. (3.38)) as the expectation value
of a suitable intensity observable in the full quantum theory

I(58) = In(t) + L (t) = In(?) {1 - (et - az)} L (4.25)

m

4_.A. Calculation of the matrix element

In this appendix, it is shown how the right hand side of Eq. (4.15) can be expressed
in terms of G, To simplify the trace term

Trpag (Pl)ﬁ oiHraat! A2(x’) o iHraa(t'—1) S(r) d e—iHmdt)
we insert the expansions of A2 and S(r) - d in terms of creation and annihilation

operators, given in (4.1) and (4.8). We express the initial state in the basis of
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4.B. Propagation of the correlation function

multimode Fock states, see Eq. (4.6). Moreover, we consider only the normal ordered
one-photon contributions from AZ2.
The matrix elements that appear have the form

> Py {{i}] e A2y e a0 §(r) - d e Hheat | {n})
{n},{n}

Wk Wi ol o i(k=D)r (i(Emyt' —Epnyt)
V2a32222\/wpwq e = Eet (4.26)

p,@ q:ﬁ k >\ 17N
E (' —t)
x e (Bpny et <{”}’ ap 00q, 5alT< /\alu’{”}>
* *
X (Ep,a ’ Eq,ﬂ) (ek,)\ ’ 617”) (ek + el) -d .
The nonzero contributions give rise to phase factors

el(Bayt —Egnyt) o =1(Egny—wrtwi) (' —t) _ oi((wp—wa)t' +(wk—wi)t) (4.27)

Applying the commutation relations from Eq. (2.37) yields
(s (1)00) = 575 SN N3 [ d! ol t)
2V
P qf kA L

WkWi ei((wpqu)t’+(wk7w1)t) ei(qu)-x’ efi(kfl)-r
WpWq

(4.28)

X [Tr (pm ap, aak g a1, u) + Ok,q0r 5 Tr (ﬁﬂi&;a&],u)}
X (€p.a - €q,8) (€ \ - €1) (e +e1)-d .

First, we take a look at the term with dy 40 g Tr(ﬁﬂgfzi,,afzw). The summation over
q, 8 can be performed. Combined with the assumptions in (4.19)) the trace term
gives the first order correlation function of the field G(V). Thus, this term yields
the desired Eq. (4.20). Finally, we analyze the term with Tr (ﬁfg&;a&;ﬁ)\dq,gdl,“)
One finds that an interchange of the indices (p, ) with (q, 3) and (k, X) with (1, )
corresponds to complex conjugation of the summand. In the last step, one uses the
trace property Tr(ﬁfl) = Tr(ﬁfﬂ)*, where A is any operator. As a consequence, each
summand and its complex conjugate are added, resulting in a real sum. This term
does not contribute to I,, because of the imaginary factor in the real part.

4.B. Propagation of the correlation function

The Fourier transform of G() is called the (two frequency) cross spectral density

[73]
W(l) (X,,wl,X,WQ) = 2i / dtldtg G(l) (X/,tl,X,tQ) ei(thz_wltl) . (429)
™
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Chapter 4. Quantum theory of x-ray phase contrast imaging

We recall from Sec. 3.2.2 that the cross spectral density in the quasi-stationary
model has the form [64, (5]

WO w0+ §,x,0 - §) = dmarpllxs — X, JWi@)Wa@),  (4.30)

where W7 is the Fourier transform of v;,, and Ws is the Fourier transform of the
pulse I(t).

In vacuum the cross spectral density W) (x’,wy, 1, ws) has to satisfy the homo-
geneous wave equation, like the classical cross spectral density. We can describe
the propagation of W) in the second pair of variables by a Rayleigh-Sommerfeld
diffraction integral [15, 72]. We use this to determine W) at the point r = (r_, 2)
from its values in the exit plane

elk2 |r—x]|

WO (K wi,r,w,) = —Qi /dza:l 1/\/(1)(x',wl,x,cug)2 [
T

o ] S (4.31)

r— x|
x,=0

In analogy to the classical theory, we assume the detector in the Fresnel regime

. e 2
B elkin|r—x| ikiy ikin <z+ Iry 2xi_l )
~ e z

_—— 4.32
0z |r — x| z ’ (4:32)

is valid for k;j, = awi,. We assume as well a thin object
WO wi, v, wy) = e *1 7 W (k) Wy ws) . (4.33)

Moreover, we assume that the coherence time is large enough that the pulse is
B 2
quasi-monochromatic Aw/wi, < 1 and that aAw% < 1. Combining these

assumptions we get the first-order correlation function from W)

k" s / /
GOt r,t) = —21045 e thinth p(E—azyp (1 — t 4 az)
(4.34)

ik
% / APy yep(|xy — X ) e el

x,=0

4.C. Calculation of the phase contrast term

We calculate the phase-contrast term I,

L(1) :2Re{i / dt’Tr[ﬁinﬁim(t’)@(t)]}.
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4.C. Calculation of the phase contrast term

The appearing trace term has been simplified in Eq. (4.20) and depends on the first-
order correlation function G(l)(x’ ,t/,r,t). In Appendix 4.A we have determined
G (x/,t',r,t) from its values in the exit plane given in Eq. (4.21).

When inserting the correlation function in Eq. (4.34) into Eq. (4.20) the time
integral has the form

¢
/ dt’ p(x/, t’)I(itH/{az) Yip(t — t + az) ext=t)
—00

The temporal coherence function ~y, vanishes for times much larger than 7.. We
assume that the pulse intensity and the electron density vary slowly on the time
scale 7.. Then we have I(MT_O‘Z)p(X’,t’) ~ I(t — az)p(x/,t — az), because vip is
centered around t' = ¢t — az. Moreover, the temporal coherence function 7, decays
fast enough to treat the time integral as the Fourier transform W; of 7tp. The fast
decay of 7, in the last step is satisfied if the distance of the detector is much larger
than the path covered by the radiation in the time 7, i.e., az > 7.

Letting the quantization volume approach infinity, we replace ) by # [ d3k.
Thus

o/ 2T

I, =2Re {Wl(t —az) /d?’x'p(x', t—az)F(x) /dgk G(k, x')} . (4.35)

where
/ 1 ik, [ 2k P /
F(x')=2z"e ' Z/d ) e g (|x — %) (4.36)
Gk, x') = W (wi) e e ED § ™ ex gy (|2 (e + en) - d (4.37)
)

Finally, we only have to perform the integration over all wavevectors k, which repre-
sent photons scattered in all directions. We will now see that only photons scattered

directly into the detector contribute. Because we consider only forward scattering,

. _ . 2 2 . _ k. _ k)y
we can write k = awy (Fax,ny, 1— K2 Iiy), with Kk, = T and Ky = o The

integral over k becomes
/dgk‘ G(k,x) = /dwk QBWEW (W) eWK?
% // dkzdky 2 |€;kn €k, § (ex +ein) -d e lawi R ex-egy )

2 2
A /ﬁ%+n§§1

1 — K3 — Ky

(4.38)
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Chapter 4. Quantum theory of x-ray phase contrast imaging

where we denoted R’ = r — x’ and R’ = |R/|. The double integral can be treated
with the method of stationary phase [e.g., see Sec. 3.3.4. in [I5]]. In the limit
awyx R — oo, when the detector is many wavelengths away from the object, we find
that only the wave vectors k pointing in the direction R’/R’ contribute. We obtain

/d3k: Gk, x') = 27Ti/dwk 2w Wi (wy) eWk?
. efiozka’ (439)
X Z |€in . 6Rl7)\‘2 (eR/ + ein)-d T
A

In the last expression, we used that the polarization vectors ey y and the directions
ek depend only on k/k. We denote by er/ \ and ey the polarization and direction
vectors for a wave vector k pointing in the direction R’/R’. Because the x-ray pulse
is sufficiently monochromatic Wy (wy) is centered at wi, with narrow width Aw, such

! |2
that aAw% < 1. Application of the Fresnel approximation

. . e —x/, |2
I / 1 YT~ EL
R/ 1e iawyg R ~ 1e iy (z—a,+ 22 ) , (440)

yields
/dgk G(k X/) = (\/%)3% eikinaxlz e—iawin ‘rL;:/J_‘2
| : 2 (4.41)
X Y l€h - eral’ (ers +en)-d
A

Making the paraxial approximation, suitable for typical experiments, we assume
R =r—x'"=r, —x| + (2 —2))ein = zey,. This means er: ~ ej, and we can
neglect the contributions from polarization and propagation direction

> l€n - eral’ (ers +em) - d ~ 2ei, - d (4.42)
y

because they vary slowly with the angle between er/ and ej,. Inserting Eqs. (4.41)
with (4.42) into (4.35), we obtain (4.22).
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Chapter 5.

Time-resolved phase contrast imaging
of wave packets

In this chapter I present the proposal of time resolved PCI for imaging coherent
electronic motion, published in the article [2]:

DixiT, SLOWIK, SANTRA Phys. Rev. Lett. 110, 137403 (2013).

5.1. Motivation

An electronic wave packet is a superposition of stationary electronic states. The
wave packet is nonstationary and gives rise to ultrafast electronic motion. Electronic
motion has a wide range of applications and implications in ultrafast science [71—

|. Recently, the first experiments, using attosecond light pulses, have been able to
investigate electronic motion in real time [78-87], cf. Sec. 7.1.

In this work, I investigate the application of x-ray imaging to investigate electronic
motion. Fundamental understanding of imaging techniques is vital to identify suit-
able methods for investigation of electronic motion. A great advantage of ultrafast
x-ray scattering would be the access to simultaneous real space and real time in-
formation. Surprisingly, the far-field scattering of nonstationary electronic states is
more involved than in the stationary case. In Ref. [3%] it was demonstrated that the
far-field diffraction pattern of an electronic wave packet does not encode the instan-
taneous electron density. (An in-depth discussion of the far-field imaging problem
of electronic wave packets is given in Chapter 7.) Thus, the question is brought up
whether it is possible at all to recover the instantaneous electron density of electronic
wave packets by x-ray scattering. In this chapter, I demonstrate that time-resolved
x-ray phase contrast imaging does not suffer from the limitations of far-field x-ray
imaging. In Section 5.2, I demonstrate that time-resolved x-ray phase contrast imag-
ing can — in principle — recover the instantaneous electron density. In particular,
I present the example of an electronic wave packet in hydrogen. In Section 5.3 I
will discuss the formidable challenges that an experimental realization will have to
overcome.
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Chapter 5. Time-resolved phase contrast imaging of wave packets

5.2. Time-resolved PCI: theory and examples

5.2.1. Theory of time-resolved PCI

I present the theoretical description of an ultrafast phase-contrast imaging experi-
ment using the pump-probe scheme, aiming at real-time and real-space information
of an electronic wave packet [2]. The pump-probe scheme is the prevalent method to
investigate ultrafast processes. First, one triggers the dynamics to be investigated
in the pump step. Subsequently, the dynamics is examined by another interaction
with an ultrafast radiation pulse in the probe step. Performing the measurement
repeatedly, one gains access to the evolution of the system by controlling the time
delay between pump and probe interaction.

The scope here is to image electron dynamics with an ultrafast x-ray pulse in a
pump-probe setup. The details of the pump step are not considered, typically, an
attosecond laser pulse is used as the pump. An ultrashort x-ray pulse serves as the
probe pulse. There have been several proposals how to generate attosecond x-ray
pulses with x-ray free-electron lasers [89-93]. Thus, in the foreseeable future such
x-ray light sources should become available.

The quantum theory of phase contrast imaging has been presented in Chapter 4.
I recall the main points, placing more emphasis on time-dependent electronic states.
There are two important assumptions: First, the x-ray photon energies have to
be far-away from all inner-shell absorption edges. Secondly, the photon counting
detector has to be placed in the near-field. The attentive reader may have noticed
that nonstationary states were not explicitly excluded in the last chapter. The initial
state of the electronic system has been simply assumed to be a general pure state

lé1er11 = |\Ije1><\1’el| y (5.1)

which are not necessarily stationary. For example, we may consider an electronic
wave packet composed of the coherent superposition of two energy eigenstates

’\Ilel> = C1|(p1> + CQ’QDQ> , with ’61’2 + ‘62‘2 =1, (5.2)

where ffellgoi) = FEi|p;) for i = 1 or 2. The electron density of this superposition
oscillates with a period T, = 27 /|Fy — E1|. For simplicity, let us assume here a
superposition of two energy eigenstates.

Remarkably, any inelastic transitions were excluded from the phase contrast term
in Eq. (4.15). This is of particular interest for time-resolved imaging because the
inelastic transitions are the root of the problem in the far-field imaging of electronic
motion, see [$8] and Chapter 7. In time-resolved PCI only the instantaneous electron
density

p(x, 1) = (Tal! (', ) e(x', 1) Vo)
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5.2. Time-resolved PCI: theory and examples

contributes to the phase contrast term
t A A
I,(t) = a®Re {i / dt’ / &% p(x 1) Trina (pS A2 1)8(x, 1) - d)} . (53)

According to the pump-probe scheme, we assume that the x-ray pulse is short enough
to “freeze” the wave packet dynamics. Concretely, we require the x-ray pulse dura-
tion T;,q to be much shorter than the oscillation period of the electron wave packet

Trad < Tel- (54)

Furthermore, we assume that the x-ray probe pulse probes the electronic wave packet
after a pump-probe delay time 7. In Chapter 4 the expectation value of the Poynting
vector in the Fresnel regime has been calculated. This expectation value describes
the instantaneous intensity observed by a detector at a distance A in the near field
(cf. Eq. (4.25))

A

I(r,t) = Lin(t) {1 + Qﬂaszval(rJ_, t— aA)} . (5.5)
in

In contrast to the previous chapter, here the x-ray pulse is chosen to propagate in

y-direction. In this way, the quantization axis for the wave packet in the example

is the more usual z-axis. The electron density is integrated along the propagation

axis of the x-ray pulse

pr(ry,7)= /dyp(rx,y,rZ,T). (5.6)

The signal measured by the detector is the integration of the instantaneous signal
over the pulse duration. The x-ray pulse has to be sufficiently short (T},q < Te1) to
image the wave packet “frozen” at the pump-probe delay 7. Thus, time-integration
yields
A
I (r) = iot {1 + 27TO¢2]<:2V2pJ_(I‘J_,T)} : (5.7)
in
Remarkably, the result depends on the Laplacian of the projection of the instan-
taneous electron density p, (ry,7). The phase contrast image of a nonstationary
electronic state is not fundamentally different from the image of a stationary state,
it only has an additional dependence on the pump-probe delay 7.

5.2.2. Application to hydrogen wave packets

To breathe life into the previous discussion, I consider concrete wave packets. I use
the same wave packet as in [88], in order to facilitate direct comparison with the
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Chapter 5. Time-resolved phase contrast imaging of wave packets

far-field image. Considering a coherent electronic wave packet in atomic hydrogen
has the advantage that multiparticle contributions have not to be taken into account
[94]. Specifically, take the coherent superposition of the hydrogen 3d and 4f states
with vanishing magnetic quantum number

1 1
Uy) = — + — . 5.8
|Wer) \/5\90372,0> \/ils%&o) (5.8)

This is the example that has been used in [2]. The energy spacing of the 3d and 4f
states (0.66 eV) amounts to an oscillation period of T¢) = 6.25 fs of the wave packet.
This oscillation period is of the order of typical time scales of electronic motion in
complex molecular systems [95-97]. The instantaneous electron density of this wave
packet is

1
p(x,7) = 5 (|903,2,0(X)|2 + |g0473,0(x)\2)
+ Re {e*i(Egd*Ez;f)T 9023,0(}() 03,20 (X)} .

Fig. 5.1 shows a two-dimensional slice of the instantaneous electron density. The
projected electron density p, (x,7) is obtained by integration along the propagation
direction of the x rays, here the y-direction. Fig. 5.2 shows the projected electron
density p, for different values of 7. The structure of the wave packet is encoded
in the phase contrast image through the Laplacian of the projected electron density
V2p1 (x,7), cf. Eq. (5.7). This Laplacian is displayed in Fig. 5.3. Clearly, the Lapla-
cian follows the time-evolution of the wave packet. The projected electron densities
at times 7 = T'/2 and 7 = 3T'/4 coincide and consequently also their Laplacians are
indistinguishable. As one would naively expect, VZp, (x,7) at 7 = 0 and 7 = T/2
are clearly distinguishable from each other. This shows that, from the PCI image
alone, one can recover the oscillation period. Although not surprising, this behaviour
is in stark contrast to the far-field image of the wave packet [33], see Chapter 7.

(5.9)

In the same way, one may also treat the hydrogen 3p-4p wave packet, which has
served as an example for ultrafast electron diffraction in Ref. [98],

1 1
Vo) = ——|p310) + —= . 5.10
| 1> \@‘90371,(» \/§|804,1,0> ( )

This wave packet has the same oscillation period of T' = 6.25 fs as the 3d-4f wave
packet. The oscillation of the electron density can be described as a “breathing
motion”. The electron density expands and contracts. Fig. 5.4 shows 2-d slices
through the instantaneous electron density. The integrated electron density of the
wave packet (along the x-direction in this case) is shown in Fig. 5.5. Finally, the
Laplacian of the integrated electron density is presented in Fig. 5.6. As in the
previous example, the PCI image reflects the wave packet oscillation.
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Figure 5.1.: 2-d cut (y = 0) through the instantaneous electron density p(x,t) of
the 3d-4f wave packet of atomic hydrogen, at five instants in steps of fourths of
the oscillation period T'. The x, z-axes extend from -15 to 15 atomic units.

z[a.u.]

Figure 5.2.:

p1(rp,t) of the 3d-4f wave packet of atomic hydrogen.
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Figure 5.3.: The Laplacian of the integrated instantaneous electron density

V2p1 (ry,t) of the 3d-4f wave packet of atomic hydrogen.
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Figure 5.4.: 2-d cut (y = 0) through the instantaneous electron density p(x,t) of
the 3p-4p wave packet of atomic hydrogen, at five instants in steps of fourths of
the oscillation period T'. The z, z-axes extend from -20 to 20 atomic units.
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Figure 5.5.: The (along the y-axis) integrated instantaneous electron density
p1(rp,t) of the 3p-4p wave packet of atomic hydrogen.
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Figure 5.6.: The Laplacian of the integrated instantaneous electron density
V2p1 (ry,t) of the 3p-4p wave packet of atomic hydrogen.
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5.3. Challenges and opportunities of time-resolved PCI

The experimental realization of time-resolved PCI of electronic wave packets faces
some serious challenges. In the introduction it was already mentioned that ultrafast
x-ray sources have yet to be developed. Proposals to generate attosecond sources
from free electron lasers exist [89-92]. The recent technological progess in x-ray
sources, such as free electron lasers or x-ray plasma sources, has been rapid. Thus,
the radiation source seems not to be the major bottleneck for experimental realiza-
tion of this imaging scheme.

A serious issue of time-resolved PCI appears to be the availability of suitable x-ray
detectors. The problem is that phase contrast imaging produces real space images,
which are of the size of the object. Obviously, the hydrogen wave packet serves as a
toy model, as it would require detector pixels of (sub)atomic size. Thus, one would
even reach the physical limit of detector size. Yet, for larger (macro-)molecules the
extension of coherent electronic wave packets would be on the (sub-)nanometer scale.
Nowadays, the available detectors have pixel sizes on the order of hundred microns
(um) [99, ]. A glimmer of hope may be the use of diverging x-ray beams to
gain some magnification on the detector plane [17]. However, this would require an
extremely fine x-ray focus. Moreover, the detector distance may become extremely
small. In order for the detector to be in the near-field, one should have a Fresnel
number F' = g—i 2 1, where D is the extension of the wave packet and A the detector
distance. In the case of D = 1 nm and assuming the x-ray wavelength of A = 1 A
(0.01 A) the detector distance should be less than 10 nm (1 pm).

Another challenge to be faced is the problem of sufficient contrast. From Eq. (5.7)
one sees that the Laplacian of the projected electron density is added to the intensity
signal of the incoming beam. Usually, one would need very intense x-ray beams to
collect sufficient scattering data. The phase contrast signal may be much weaker
than the beam. In practice, it may become extremely difficult to subtract the
background signal.

Moreover, radiation damage in form of photoionization is a problem that has been
neglected so far. This is, however, a problem that is independent of the imaging
technique and has to be faced in the far field as well.

Having mentioned the obstacles, it remains to offer some incentives to overcome
them. The direct imaging of the Laplacian of the projected instantaneous elec-
tron density V2p (x,7) has already been highlighted. Obviously, p(x,7) is of more
direct physical interest. Solving the Poisson equation yields the projected (2d) in-
stantaneous electron density p (x,7). It is possible to reconstruct the complete
3d instantaneous electron density p(x,7) by using tomographic methods [101]. To-
mography requires individual images corresponding to rotations of the wave packet
around the quantization axis. The (3d) instantaneous electron density can also be
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Chapter 5. Time-resolved phase contrast imaging of wave packets

directly reconstructed from a set of the 2d projections pg, (0 labels the rotation
angle) [102]. The reconstruction algorithm has the form of a filtered backprojection.
According to the Fourier projection theorem [103], the Fourier transform of a data
function g9 = V2pg, corresponds to a rotated plane in Fourier space of the 3D
object. The 3d electron density is recovered by integrating over all rotation angles,

pe7) = 15 [ 07 QF gl (w0 ). (5.11)

after multiplication with the filter function Q(kuy, ky) = |ku,|/(kZ, + k) in Fourier
space. Here, x9 = x cosf + zsin 6 and F denotes the 2d Fourier transform.

Interestingly, a set of 2d phase contrast images also opens a possibility to obtain
the 3d Laplacian V2p(r,7) of p(x,7). This can be achieved by a filtered back-
projection with Q(kz,,ky) = |kz,|. The 3d Laplacian contains important physical
information. It highlights internal and external boundaries of the wave packet, e.g.,
boundaries of zero electron density flux. According to Bader’s theory of atoms in
molecules [104, | this is a useful quantity that carries information about the
complex bonding and topology of the charge distributions in molecules.
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Chapter 0.

X-ray scattering and
the far-field diffraction pattern

This chapter is a technical preparation for the following chapters and connects Part 11
and Part III. Previously, near-field imaging has been considered. In this part, I
analyze the far-field scattering pattern, especially needed for coherent diffractive
imaging and inelastic x-ray scattering. In this chapter, I present the far-field ex-
pectation value of the Poynting operator and compare it to the transition rate from
Fermi’s golden rule. This chapter is rather technical, the physical consequences and
applications are in the focus of the following chapters.

6.1. The (0,1) term of the Poynting operator

In Chapter 4, I have introduced the Poynting operator as the observable for x-ray
photon detection. For phase-contrast imaging in the near-field, the lowest order
perturbation theory term, the (0,1) term, turned out to be the relevant term. In
this section, I demonstrate that the (0,1) term vanishes in the far-field.

The (0,1) term of the Poynting operator results in Eq. (4.22) to

042]{1

_ . & Rin 3
I,(t) =2Re {1 52 Iin(t) /d 2 p(x',t — az)

| (6.1)

. /dQ:BJ-'YSp(‘XJ_ —x/|)e 2 (r—xu Pofrr = %) } :

The final phase factor results from the Fresnel approximation for the near-field. The
Fresnel approximation has been applied once in propagating the correlation function
yielding Eq. (4.34). The Fresnel approximation had to be used a second time, when
all scattered photon modes were integrated to obtain Eq. (4.41).

In the far field the quadratic phase terms are negligible. Then all integrands are
real and the phase contrast term vanishes. In more detail, the far-field approximation
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Chapter 6. X-ray scattering and the far-field diffraction pattern

is [62]
eikin’r‘

eikin|r7x\ /‘I‘ o X’ s efikins-x , (62)

r

where r = |r| and s = r/r. Using the paraxial approximation s, ~ 1, and introducing
£ =x, —x/, we find

2. .
I,(t) = 2Re {izé:;l; Iin(t) /d3x'p(xl,t —az) /d2£L75p(|£J_\) elhinSL-81 } (6.3)
. Oézk’in —
= 2Re IW Ii (t) Nel ’ysp(kinSL) . (64)

The number of electrons Ny results form the integral over the electron density.
The Fourier transform g, is real because the spatial coherence function is radially
symmetric. Consequently, the real part vanishes and I, = 0. This term is negligible
even for not perfectly radially symmetric spatial coherence. If the coherence length
is sufficiently large, 75, has basically only contributions in the forward direction.
In summary, the (0,1) term can be completely neglected in the far-field intensity
pattern.

6.2. The (1,1) term of the Poynting operator

In first-order perturbation theory, there is also the (1,1) term. In this section, I
demonstrate that this term accounts for the far-field x-ray diffraction pattern. Com-
monly, the method to derive the far-field diffraction pattern is to chose a projection
operator as the observable. However, it has some conceptual shortcomings. The
projection operator does not at all specify the position of the detector and is not
obviously limited to the far-field. Here, the Poynting operator is used again as the
observable. The connection between both approaches will be clarified in the next
section.
As in Section 4.2, the operator

O=S(r)-d (6.5)

serves as the observable for the intensity at the detector at position r. The (1,1)
term has been established in Eq. (2.77) and takes the form

<g(r).d>i1’”: / dt’ / At Tr (Fine (") Bl (1) S()-d (D)), (6.6)

—00
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6.2. The (1,1) term of the Poynting operator

where it is again appropriate to set the adiabatic switching parameter € to zero. As
before, we consider the A2-interaction

2
A = 5 [a*e A2 i) (6.7

assuming that the x-ray photon energy is sufficiently far above all absorption edges.
The initial state of the radiation and matter system is

Pin = fin © Ph - (6.8)
This yields
11 t t
<S(I‘)-d>( 1) _ <%2)2 /dt, /dt” / A3/ 32" Try (ﬁ(xll’t//) ﬁill ﬁ(X,,t/)>
“o0  —oo

t (6.9)

Treaa (A2(x", ) iy A2(x,¢) S(r)-d(1)) .

Expressing A and S in terms of photon creation and annihilation operators (see
Egs. (4.1), (4.8)), the matrix elements are of the form

{ }Z{:_}pfi},{ﬁ}<{ﬁ}\aL,Aal,“a;aaq,ﬁa;,cam\{n}> . (6.10)

Normal ordering yields
afaalagal,an = alandy04.m
+alal, a0, + afalaindem + ahalagdndym
+ajalal,aiagan.
Photon scattering in first order perturbation theory is a single photon scatter-
ing theory. In particular, we neglect all terms where more than one photon has
been changed from the incoming beam. Thus, only the term stemming from the
&Ldnép’léqm part of the matrix element is considered. Physically, we neglect all terms
where the detector measures vacuum fluctuations instead of scattered photons. In
this way we avoid to deal with the infinities that arise from vacuum fluctuations.
Eventually, we find the expression for the trace of the photonic system

Treaq (A2(x", ") ik A2(x,¢)8(r)-d (1))

in

2
=22 (V2§ " 01+ eq) - d T X iax giaa(t=1) (1)
(6]
Ly q,8 (6.11)

1 3 ! s / 3 1" H "
XAt o4 iwgt’ —ik-x' _iwnt” +in-x
X E E Trrad ( Pinly £\ Gnyy ) €% e n
N ,
k,\ n,n n

X (61*()\ : 61,#)(6T,u : eqﬁ)(eg,ﬁ : Gn,n) .
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Chapter 6. X-ray scattering and the far-field diffraction pattern

We assume that the x-ray pulse has a narrow bandwidth as well as a small angular
spread in the interaction region and is linearly polarized. Then, the second line
of the right hand side can be expressed by the first order correlation function G
of the radiation field [15, 17, 70, 71]. G has been defined in Eq 4.18. Relabel
(L) = (ki, M), and (q,8) = (ka, A2) and replace Yy y by XA 3 [d3k. After

some trivial steps we obtain
Trraa (A2(x",1") ik A2(x, )8 (x)-d(1))
=2m) P a” wif G )(X',t’,x”,t")
« / Bk / APy @ik (r=3) g —ikea: (1) itiey (£=1) ity (t—1")

X (ekl + ek2) -d (eiin,mn ’ €k17)\in)(€1t17)\in ’ €k2:)\in)(€1*(27Ain : Gkim/\in) .

(6.12)

Now, we can use the dispersion relation for photons |k| = awy to introduce coor-

dinates (kg, ky,wi) with d3k = o? e dwidk,dky. Then, we can perform the ky, ko-
integrations. The k;-integral from Eq (6.12) has the form

iwkl (t—t") . ,
/ duwy, o%w, / Ayl — e ek (r=x)
=2 \/a wi, — kg — Ky (6.13)
X (ekl + ek2)‘d(€kin,)\m : ekh/\in)( k1 k27/\1n) °

In the far field, this integral can be treated with the method of stationary phase
[15]. This method gives an asymptotic formula for integrals of the type

I(z,y,2) = // a(p, q) eko@rravtma) qp dq | (6.14)
p2+¢2<1

where z > 0and m = /1 — p? — ¢2. In the limit kgr — oo, where r = /22 + y2 + 22,

this integral yields

2 o lko’r’
I(w,y,z)wkzlia(f,i)er , for kor — oo . (6.15)

In the limit awy, |r — x’| — oo, we obtain for the integral in Eq. (6.13)

efiawkl R

/dwkl a2wk1(—2ﬂ'i)T(eR + ekz)'d(eik(in,)\in . ER’Ain)(EE’)\m . €k2,/\in) y (616)
where R = r — x/;, R = |R|. We remark that, in order to obtain this result,

we have performed the k-integral over all possible scattered photon modes with
all possible directions. In the limit that the detector is far away from the object
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6.2. The (1,1) term of the Poynting operator

(w.r.t. the wavelength of the incoming radiation), we find that only one photon
mode contributes. A far-field detector at a given position will only be sensitive to
the photon modes scattered into the direction of the detector.

Performing the k1 and the ko integration Eq. (6.12) becomes

Treaa (A2(x", ") iy A2(x,¢)8(r)-d (1))

1
= Gryia O X e+ o) - d
(6.17)
X (eiin,)\in ’ GI‘—X’,Ain)(E:fx/,)\in ’ er‘—x”,kin)(eﬁfx”,)\in ’ Ekirn)\in)
. ’ . "
Wi, Wi e—lawk1|r—x | elaka\r—x | NI _
X //du)kl dU.)k2 12 2 |r_x/‘ |r_x,/| elwk1( )e 1wk2( ) .

in
For a small object that is far away from the detector, the direction pointing to the
detector does not change much within the object. Then, we can make the simplifying
assumptions
r —x|~r—-s-x, where s =r/r,
€r_x ~ €g,

~
6r*x)\in ~ ESy)\in'

Finally,

in

Trraa (A2(x", ") pil A2(x,#)8(x)-d(1))

1 2
~ 1 Y/} *
- (27)3« Gt )(X T, X7, t7) 2e5 - d ‘ekim)\in " €sin (6.18)
(Wi, —wie )7 . .
X // del dka wkl(;kQ € 22 ! ela(wk1s~x’—wk2s-x”) el (t—t") o Wiy (t—t'") )
r

in
At this point, we need to specify the concrete model for the correlation func-

tion of the radiation field. We use the same quasi-stationary, quasi-monochromatic
correlation function as in Sec. 3.2.2 and 4.3

G(l)(Xl,t/,X”,t//) — dra I(tl;t//)’)/sp(‘xﬁ_ — X ) yp(t — 1) o ikin(x'—x") (6.19)
We assume that the spatial coherence length of the radiation is much larger than
the object, such that for all points within the object

Yop(|X = x[)) = 1.
Moreover, we introduce

B t/ + t”

=73

and =t —t", (6.20)
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Chapter 6. X-ray scattering and the far-field diffraction pattern

and assume that, within the object, the correlations propagate like plane waves,
such that

G, x",0,7) = 4w 1(0) e T /TE gl gmikin(X'—x") (6.21)

where 7. is the coherence time of the radiation field.
Inserting the trace term (6.18) into Eq. (6.9) yields

A (171) Oé4 * 2
<S(I‘)d> = m 2es -d ‘ekin)\in * €s \in // d3$,d3$//

t
X Tr (55 (X, 0+ 3) A", 0 — 5)) e~ Hon( ")

t
x / a0 / Ao I(0) ¢~ 1@0-tHar—§s (< +x") (6.22)

ok
- a1 e — _ 2 2 . e a—
/dT /dw — 4 l(wln w)T e~ T /TE plaws (x'—x )’
1n
where we have introduced the variables
Wk T Wk,
2

For the purpose of this chapter we assume the electronic system is in a pure, sta-
tionary state |¥,),

and W= Wk, — Wk, - (6.23)

pielll = |\Ija><\1’a| . (6'24)

Thus, we can simplify the trace of the electronic system
Tra (pf) 2(x, 0+ 5)A(x",0 = 3)) = (Ral(x', 0+ 5)a(x",0 = 3)|Ta)  (6.25)
= > FmEIT (W | (x) [ W) (U [A(x) | Ty) (6.26)
f
where we have introduced a summation over a complete, orthogonal basis of sta-

tionary states.
The Fourier transform of I(6) was defined in in Eq. (3.14b). We find
A (L,1) o
<S(r)-d> 2eg - d ‘Ekm)\m €s\in

822 /d3/d3/1
t T

% Z ] ‘n |\I/f <\I’f‘n( //)"l’ > 71km(x X”)

(6.27)
/ do V2 Wy (@) ei-ortas (XHxT)
2 — @7 1 ’ "
x [ 4w T VBRI — i+ By — Ba) 0
W
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6.3. The projection observable

For a sufficiently large pulse duration we can neglect all frequency correlations and
Wy becomes very narrow and centered around w ~ 0. Also, we assume that the
detector is so far away that s - &QXN) < r. Furthermore, we require the pulse to
be quasi-monochromatic. This means W7, representing the bandwidth of the pulse,
can be assumed to be a delta function, implementing the energy conservation during

the scattering process. Thus,

<S(r)-d>(17l) _ ((c:llg) e, -d I(t ;2047“)
(6.28)

XZ f//d3 A (Wal ()0 ) (0 gl (x")| ) RO

where the final photon energy is wy = wi, — Ef — E,, the momentum transfer is
Q = kiy, — ky = ki, — awys, and the Thomson cross section is

do 4l 9
<dQ>Th =« ‘eki‘“)\in “€kpAin| - (629)

It should be emphasized that in the case of elastic scattering, when |V ;) = |U,), we
have found the well-known relationship of scattering pattern and Fourier transform
of electron density

<S(r)-d>(1’1) = (j;) I(t_o” ’/d?’ (x)|W,) «* (630

t

(g(r)d)gl’l) is the expectation value at the instant ¢. It depends on the retarded
intensity at the time of scattering, ar is the time a photon travels from the target
to the detector. Any real measurement would correspond to a time-integration of
such instantaneous expectation values. Moreover, this expectation value depends
on the inverse square of the detector distance. This expresses the intensity fall off
of a spherical wave upon propagation. Moreover, the orientation of the detector
influences the size of the area which the radiation propagates through. The term
es - d reflects that. Note, we have not made any a priori assumption on the direction
of scattered photons.

6.3. The projection observable

In this section I derive the (1,1) term for the projection operator onto a scattered
photon mode. Using the projection operator is the common approach to calculate
the far-field diffraction pattern [21, 63, 70, |. In the previous section we have
used the Poynting operator as the observable. Its expectation value gives the value
of the energy flowing through a unit area per unit time. The energy of the radiation
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Chapter 6. X-ray scattering and the far-field diffraction pattern

field is transported in form of photons and, thus, it is a reasonable observable for
photon detection. This poses the question, what the (1,1) term of the projection
operator corresponds to.

In the last section, we learned that for each given point in the far field only
one photon mode is crucial for the intensity of the radiation field. Therefore, it is
crucial to determine the populations of the photon modes in the scattered radiation
field. In other words, we ask what is the probability that an incoming photon is
scattered into a final photon mode. As we have seen in Sec. 2.2.3, one can calculate
transition probabilities by Fermi’s Golden Rule. It was demonstrated that these
transition rates correspond to the (1,1) term of a projection operator. In short,
we consider projection operators to determine transition rates to scattered photon
modes. Because the intensity at each point on the detector depends only on a single
mode, we obtain the diffraction pattern from this quantity.

We employ the same formalism as in the previous section. The projection operator
is defined by

0= Pks)\s ® 1q. (6.31)

For the projector we may use the short hand notation

B, x, = o) (e | (6.32)

where |1y, »,) is the Fock state with one photon in the mode (kg, As), for the mul-
timode Fock state expression Py, y, = 2wy {1 ({n'}], where {n'} are the multi-
mode Fock states with ny, y, = 1. A single photon in the scattered mode is sufficient
because we assume that the scattering occurs only into previously unoccupied modes.

According to Eq. (2.86), the transition rate I'py for a scattering a photon into the
mode (kg, \g) satisfies

Trr T = (P x, ® a5 (6.33)

This yields the differential scattering probability (DSP) to scatter a photon into a
given solid angle df2, where we have to sum over all wave vectors k pointing into
the direction of df2

dP R X
TR > B @ia)hl (6.34)
ks—dQ A,
Va3 . R
=2 Gy / i, done (P x, © L) (6.35)
As
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The crucial expression for the DSP is

t t
A A (1,1 . 22
(P, @ La)(B = Jim () / / &' a3 / dt’ / dt”
A

Tra (A(x",t") i 2(X ) Tryaa (A2<x”,t">ﬁf§A2<x’,t/>f’ks,xs(t)). (6.36)

In the case of the projection operator, the expressions become simpler than in the
previous section

Trraq (A2 (X ) Pin A2(X 3 ) Pks,)\s (t))
= <1ks AS|A2 (x",t") pin AQ(X t) [ 1i, 0, -

s ko Lp wkw

<> iy (el v A {n ) (R} af ,ai, x, T, )
{n}.{n}
—i(k-x" —wit") ei(l~x’—w|t’)( *

*
€, 2. €k (€1, - €k
87T : " / : "_gt
_ 2 1 "oy —iks-(x" —x iy, (t""—t
= Valtor w2 €, €l G (KX 7)o 07X gl (1)
s lIl

X e

where in the last step we have made the same assumptions on the pulse as in the
last section. Consequently, the DSP becomes

dpP 043 * 2 / Wk,
T € ' €kina)\in dwks
dQ N (27r)2win | ks, ’ in

X // d32'd32"” /dt’ /dt” G(l)(xl,t/,xﬁ,t”) (6.37)
X Tre ( ( )ﬁfrll N (X/7 t/)) e*iks-(x”fx’) eiwks " —t") '

As in the previous section, we assume that the x-ray pulse is quasi-stationary, quasi-
monochromatic and introduce new variables

G(l) (X/, X”, 0, ’7') = 4o 1(9) e_7—2/’rc2 eiwinT e—ikin(x’—x”) :
also we assume again that the electronic system is in a stationary state
P = 1Wa)(Wal.

Under these assumptions the DSP becomes

dP o dO' (JJkS Te *Tcz(win*wk *(Ef*Ea))Q/‘l
E F(dQ) / deS Z (§

x [[ @ B (WalaG ) SR (638)
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where (92)tn = ot 3, €k, €k A, |2 18 the Thomson cross section and F =
Jdo @ is the photon fluence of the incoming x-ray pulse.

Neglecting the bandwidth of the pulse, yields wi, = win — (Ey — E,) and

dP _ do wyr 3 ~ iQ-x 2
w7 (dQ)Th 2 [ e (6.59)
For elastic scattering, we obtain the DSP
dP do 3 oxl?
— =F(-= W, |7(x)| W) QX 4
67 (55), | [ Cawancom e (6.40)

Finally, we can compare the (1,1) term of the Poynting operator in Eq. (6.28) with
the present result in Eq. (6.39). First, one notices that the latter yields an expression
that is already time-integrated, whereas the former yields an instantaneous intensity.
More importantly, the Poynting operator depends on the detector orientation d
and the detector distance r. This reflects that the Poynting operator models a
detector placed at a given position, in contrast to the projection observable that
analyzes the mode composition of the scattered radiation field. Moreover, there is
a difference of prefactors between the two results. The expectation value of the
Poynting operator gives an energy flux. Thus, the energy flux of the incoming
beam I(t) is multiplied with the energy ratio ws/win. The DSP, on the other hand,
corresponds to a probability and is a number. The time integrated flux [ d#1(0)
is the energy Np,win per unit area, such that the DSP depends on the number of
photons Ny, in the incoming pulse.
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Chapter [ .

Time-resolved imaging of coherent
electronic motion

In this chapter I scrutinize the time-resolved x-ray scattering from ultrafast coherent
electronic motion in the far-field.

In Sec. 7.2 T introduce the problems emerging in time-resolved x-ray diffraction
experiments.

In Sections 7.3 and 7.4 I present results that were obtained in collaboration with
G. Dixit and R. Santra. These results were published in the article [3]:

DI1xXiT, SLOWIK, SANTRA Phys. Rev. A 89, 043409 (2014).

In Sec. 7.3 the influence of photon energy resolution is investigated. In Sec. 7.4
I discuss the connection to the time-resolved imaging scheme by Abbamonte and
coworkers.

Finally, in Sec. 7.5 I propose time-resolved Compton scattering in the regime of the
impulse approximation to investigate electronic wave packets. The results of this
section are not yet published.

7.1. Motivation

Coherent electronic motion is a fundamental electronic processes in ultrafast sci-
ence [71]. It is, for example, held responsible for charge and energy transfer in
molecules like biological light-harvesting complexes. Moreover, coherent electronic
motion plays a leading role in chemical bond breaking and formation during chem-
ical reactions. A thorough understanding of coherent electronic motion requires to
unravel the electronic dynamics in real-time. The electronic structure of atomic
and molecular systems can be studied with x-ray radiation. With the advent of
X-ray free-electron lasers, a radiation source emerged that combines ultrafast time-
resolution with atomic spatial resolution. The imaging of coherent electronic motion
in real-time has recently seen a lot of progress in experiment [78-87] and in theory

[7 ) ) ’ o ]
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Chapter 7. Time-resolved imaging of coherent electronic motion

In this chapter, x-ray imaging of coherent electronic motion in real-time and real-
space is investigated. X rays are a versatile tool to image electronic structure of
atomic and molecular systems. X-ray scattering is a well-established and widespread
method to explore atomic-scale structure of matter in real-space. X-rays have a
sufficiently small wavelength to gain atomic resolution. The field of x-ray crystallog-
raphy, for example, is an extremely fruitful application of x-ray diffraction [113, ]
that yields atomic resolution images of molecules. Even single molecule imaging
with atomic scale resolution is envisaged in the near future. Moreover, the appeal
of x-ray diffraction to gain atomic-scale structural information is the relation of the
diffraction pattern with the electron density of the target. In Eq. (6.40) we found
the diffraction pattern of elastic scattering from a stationary electronic state

()
This diffraction pattern encodes the modulus square of the Fourier transformation
of the electron density. In many cases this allows the reconstruction of the electron
density.

Furthermore, ultrashort x-ray pulses broaden the horizon of x-ray imaging to the
time domain. Ultrafast XUV-imaging experiments have been performed in the en-
ergy domain [79, 87] yielding ultrafast time-resolution. Ultrafast x-ray diffraction to
image ultrafast molecular dynamics has been proposed more than fifteen years ago
[115, ] for imaging nuclear dynamics in chemical reactions. First formulations
with a quantized radiation field were given in [107, 117]. Time-resolved x-ray diffrac-
tion of nonstationary states differs drastically diffraction off stationary states. In the
nonstationary case, inelastic scattering is not negligible and changes the diffraction
pattern [117, |. X-ray scattering experiments with ultrafast time-resolution are
typically performed in a pump-probe setup. The principle of the pump-probe scheme
is very simple. In a first step, the dynamics are triggered by exciting the sample into
a nonstationary state. Typically, this is done using an ultrashort optical or x-ray
pulse, called the pump pulse. In the second step, one performs the measurement
after a well-defined delay time. Here, we consider x-ray diffraction of an ultrafast x-
ray pulse, called probe pulse. This pump-probe experiment is performed repeatedly
for different delay times. For each delay time one records the diffraction pattern.
Evaluation of the diffraction data for different delay times yields the information on
the dynamics.

One strives for time-resolved real-space information of coherent electronic dynam-
ics. Surprisingly, the real-space and real-time imaging of electronic wave packets by
coherent diffraction of x-rays or electrons turned out to be more difficult than the
imaging of stationary electronic systems [38, 91, 98]. This situation is even more
intricate than in the case of nuclear dynamics. The time-scale of electronic motion is
typically so fast that ultrafast pulses with a considerable bandwidth are inevitable

2
/ B (W, (x)| V) Q| (7.1)
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and whether transitions occurred elastically or inelastically becomes energetically
indistinguishable. The first analysis of the x-ray diffraction pattern from a coher-
ent electronic wave packet was presented in Ref. [38]. Subsequently, the result was
extended to a two-electron system [94]. A comparable result was established for
electron diffraction [98]. The diffraction pattern does not simply encode the instan-
taneous electron density, but more complicated spatio-temporal electron density-
density correlations [3, 88, 98, ]. Even mimicking the case of elastic scattering by
high energy resolving detectors, one does not recover the simple classical diffraction
pattern. This chapter is intended to shine some light on the question which physical
information is encoded in the diffraction pattern of time-resolved x-ray diffraction.

7.2. The time-resolved x-ray scattering of electronic wave
packets

7.2.1. Theory of time-resolved x-ray scattering

The differential scattering probability

In this paragraph, I recall the derivation of the differential scattering probability
(DSP) from [38]. Assume the wave packet has been created by a suitable pump-
pulse and is specified by the density operator

/3?111 = ’\I'el> <\I}el‘ = sz‘,j
1,5

i) (5 - (7.2)

The DSP in Eq. (6.37) contains the crucial term Tre (R(x”, ") pS A(x/,#')) which
t/+t//

after the usual change of variables §# = “&~ and 7 = ¢’ — ¢”, becomes

> ATyla(x",0 = 5) [Wer) (Wa| A(x', 0 + 5)[ W)
f

= 3" BT [ (x") e AT/ 1@ ) (W | IO/ () |0y (7.3)
f

One of the premises for the pump-probe scheme is that the probe pulse duration is
much shorter than the dynamics one wishes to snapshot. Consequently, we require
the x-ray pulse duration T},q to be short enough to “freeze” the wave packet, i.e., we
assume that wave packet dynamics can be neglected on time scales of T1,4. As before
(see Sections 3.2.2 and 6.3), we assume a quasi-stationary, quasi-monochromatic
correlation function for the x-ray pulse that is coherent over the extent of the object

W', x",0,7) = 4na 1(0) e T gt o~ikin(x'=x") (7.4)

71



Chapter 7. Time-resolved imaging of coherent electronic motion

Note that in Ref. [38] an ensemble of coherent Gaussian pulses was used, which has
a very similar correlation function

GY (' x",0,7) = 2ra I() e 227/ TRy giwinT o=ikin:(x'=x") (7.5)

However, for the quasi-stationary ensemble of partially coherent pulses the coherence
time 7. is much shorter than the pulse duration. In both cases, the correlation
function vanishes for 7-values that exceed the pulse duration.

It is assumed that the probe pulse intensity I(6) is centered at the pump-probe
delay time Tgelay. We denote exp(—iﬁeleelayﬂ\IJel} by |Wel(Tdelay)). Let Eo denote
the expectation value for the energy of the wave packet. If the pulse duration is
short enough to freeze the wave packet, then |E; — E;| < 1/7. must hold for all
energies F;, F; of eigenstates contained in the wave packet. Then this must also
hold for the expectation value |E; — E¢j| < 1/7.. Consequently, the time-evolution
of the wave packet can be approximated

/2 |y (| /2 — S piy @ EEET2 ) (0| (7.6)
ij
~ e BT |0 ) (W] (7.7)

From (6.37) one obtains the DSP

dpP do Wik Te 2, _ 2
— =F () / * dwy, o T Win—wi +HBa—Ep)”/4 // d3a’ d32”
R R 78)

X (W (X" We (Tdelay ) ) (Wer (Taelay ) [A(X)) |0 ) Q=)

Introducing the function of the Hamiltonian C(Hy) = % e~ T (win—wicy +Ba—He)?/4

the last result takes the form

dP do Wi,
ao d (dQ>Th/ Win Ak

8 // d®2’ 32" (Ve (Taelay) [(xX) C(Het) 2 (X") | Wet (Taelay)) ')

(7.9)

In the case of a stationary electronic state, a simple Fourier transform relationship
between the DSP and the electron density holds, see Eq. (6.40). The preceding
results, however, lead to the surprising conclusion that the simple Fourier transform
relationship is not valid when imaging coherent electronic wave packets. In the
present case of time-resolved imaging of ultrafast coherent electronic dynamics the
situation is more intricate. There is an essential difference: the ultrashort probe
pulse unavoidably requires a broad bandwidth. As a consequence, the bandwidth
of the pulse cannot be neglected. At least the inelastic scattering where the energy
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7.2. The time-resolved x-ray scattering of electronic wave packets

transfer is smaller than the bandwidth of the pulse has to be taken into account.
Can one somehow select only the elastic scattering contributions? Consider the case
of energy filtering the final photon energy or measuring the final electronic state.
This would not completely exclude inelastic scattering, because it could only reduce
the set of final electronic states to all states in the subspace spanned by the states
|W;) contained in the wave packet |[Ue) = >, ¢;|¥;). Recall that the pulse was
required to “freeze” the wave packet, i.e., |E; — Ej| < Aw. Going a step further,
consider the case where the scattering does not affect the wave packet, i.e., after the
scattering process the electronic system is still in the wave packet state W) = [Wq).
Is the scattering process then purely elastic? No, electronic transitions between the
states of the wave packet may have occurred in the scattering process. The energy
transfer from these transitions to the photon lies within the bandwidth of the pulse.
Although this is a case of coherent scattering, it does not need to be elastic, see
Sec. 7.3.2.

Measurements with photon energy resolution

In order minimize the contributions of inelastic scattering, the authors of Ref. [38]
assumed the photon detector to be energy resolving and considered only quasielastic
scattering. Emnergy resolution can be incorporated in the model by introducing a
spectral window function Wag(wy,) into the observable

@ = WAE(wks)Pks,/\s & iel- (7.10)

The spectral window function Wag is centered at wi,, has a width AFE, and takes
values between 0 and 1. Wag(wy,) is zero if the detector is completely unresponsive
to photons of the given photon energy and is equal to one if the detector counts all
photons of the given photon energy.

Introducing a spectral window function with AF much narrower than the band-
width reduces the contributions from inelastic scattering. Only the scattering events
with final photon energy wy, in the interval wi, £ AE are accepted. The final ex-
pression in Eq. (7.9) simplifies to the main result of [¢5]

P do
a0~ (i

where (---)r, .. denotes the expectation value with respect to |We(7gelay)) and

A

) / a2 (A (%) C(He)(X")) rypy €70, (7.10)
Th ‘

A

C(Ha) = % e~ Te(Ba—Ha)?/4 In the next subsection we illustrate the consequences
of this DSP by means of a concrete example.

Uniqueness of pixels in reciprocal space

The x-ray scattering pattern contains information about the reciprocal space of
the target (Q-space). The scattering pattern is sampled by the detector pixels.
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Chapter 7. Time-resolved imaging of coherent electronic motion

If the scattering is purely elastic, the size of the target determines the required
sampling frequency in reciprocal space. In coherent diffractive imaging the pixel
size determines the field-of-view, which obviously should comprise the complete wave
packet. This constrains the Q-space pixel size to AQmax = 75, for an object of size D.
Thus, the detector geometry and the detector pixel size limit the maximal extension
of the target, cf. [119].

Here, we discuss an additional limitation on
the target size. Each detector pixel detects the
scattering signal of photons with ks pointing into
the pixel, cf. Chap. 6. The momentum transfer
vector Q = kj, — ks depends on the direction

and magnitude of kg. This means, the signal in
a given detector pixel may correspond to vectors
Q that cover a large region in reciprocal space.
As a consequence, the signal of a detector pixel
may not correspond to a single Q-space pixel (see
Fig. 7.1). For a meaningful mapping between re-
ciprocal space and scattering signal one needs a
one-to-one correspondence of Q-space pixels and
detector pixels. Hence, we require sufficiently
large Q-space pixels, such that the scattering sig-
nal in one detector pixel corresponds to only one
Q-space pixel. However, the maximal Q-space
pixel size is AQmax = 7;- Thus, the wave packet
has to be sufficiently small for both conditions to

Figure 7.1.: Momentum transfer
vectors of elastic Qelastic and
inelastic scattering Q: Q does
not point into the same Q-

space pixel as Qelastic-

be fulfilled.
I present a simple estimation of the maximal extension of the wave packet. In
the case when a spectral window function with width AFE is used, we have at worst

ks = |ks| = kin — @AE and Q = |Q| = \/klzn + k2 — 2kinks cosf. The momentum
transfer change AQ = |Qelastic — Q| is

A — leastic glastic ? 2 2
Q= 2kin 2k; ~ Welastic + @2, (7'12)

n in

where the momentum transfer in elastic scattering is Qelastic = 2kin sin(6/2). From
the condition that the maximal AQ should be less than half the maximal pixel size

AQ < % : (7.13)

one obtains the maximal possible size of the wave packet D. Consider a 4 keV x-ray
pulse and a maximal scattering angle of § = 60° and AF ~ 1 eV, corresponding
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Figure 7.2.: The hydrogen 3d-4f wave packet: the instantaneous electron density
sliced in the z, z-plane for y = 0. (Figure identical to Fig. 5.1)

to the bandwidth of a 1 fs pulse. The condition (7.13) is then fulfilled for D up to

about 300 nm.

The situation is different without energy resolution. In this case one needs to es-

timate the maximal photon energy shift. The photon energy of the peak of the

spectrum can be estimated by Compton’s formula [120]:
Win

. 14
1 4 o?win (1 — cos6) (7.14)

Wpeak =

Because the spectrum is approximately symmetric one may take Aw as twice the
Compton shift win — wpeak. With the same parameters, condition (7.13) is valid only
for wave packets up to about 10 nm.

7.2.2. Application to the hydrogen 3d-4f wave packet

In Ref. [38] the DSP of a coherent electronic wave packet was explicitly calculated for
the 3d-4f wave packet of hydrogen, which we have already encountered in Sec. 5.2.2.
The wave packet is an equal superposition of the 3d and 4f eigenstates of atomic
hydrogen with vanishing magnetic quantum number

1 1
Uo) = ——|p320) + —=|pas0) - 7.15
[Wer) \/Q|8032,0> \/5|804,3,0> (7.15)

The wave packet has rotational symmetry around the quantization axis (here z-axis).
A two-dimensional slice through the origin of the instantaneous electron density of
the wave packet is shown in Fig. 7.2. The electron density of the wave packet
oscillates with a period of T' = 6.25 fs up and down along the z-axis. The wave
packet has an extension of about 14-17 A along the z-axis and 7.5-9 A along the -
and y-axes.

This wave packet is a convenient choice to illustrate the consequences of the dif-
ferential scattering probability from quantum theory

ap _
daQ

A

d (da) / &3z’ 2" ((x)C (He) (X)) 7y €F )0 (7.16)
dQ /), y
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Chapter 7. Time-resolved imaging of coherent electronic motion

In Ref. [88] the quantum theory has been compared with the semiclassical expression
2

dP_ do 3 N iQ-x
G0 =7 (55). [ a6, ¥ (7.17)

which depends only on the instantaneous electron density of the wave packet. Note
that simply inserting the instantaneous electron density of the wave packet into DSP
of a stationary target, Eq. (6.40), also yields Eq. (7.17).

The main result of Ref. [88] is shown in Fig. 7.3, where a 1 fs x-ray pulse with
4 keV photon energy and ~ 1 eV bandwidth was assumed. To reduce contributions
from inelastic scattering a spectral window function with width AE = 0.5 eV was
used. The upper panel in Fig. 7.3 shows the DSP from Eq. (7.16) calculated for
values in the @, @Q,-plane. The lower panel shows the DSP from Eq. (7.17). One
immediately notices that quantum and semiclassical theory yield completely different
scattering signals. The scattering signal from Eq. (7.16) exhibits higher intensities
due to inelastic scattering contributions. More importantly, the two results differ in
the oscillation period of the patterns. The diffraction pattern in the upper panel has
the same oscillation period as the wave packet, whereas the signal from Eq. (7.17)
in the lower panel has half the period. Moreover, the signal from Eq. (7.16) is,
unlike the semiclassical scattering signal, not centrosymmetric, i.e., it does not obey
Friedel’s law. In conclusion, Fig. 7.3 shows that the scattering pattern from an
electronic wave packet encodes complex electron density correlations and not simply
the Fourier transform of the instantaneous electron density.

7.3. Unravelling the time-resolved diffraction pattern

7.3.1. Dynamical structure factor and influence of energy resolution

In the previous section, it was demonstrated that the x-ray scattering pattern of
electronic wave packets is more complex than the x-ray scattering pattern of sta-
tionary systems. Unfortunately, we have no direct physical interpretation of the
scattering pattern at hand. Moreover, it is not clear how to reconstruct the wave
packet from the scattering pattern. The aim of this section is a better understanding
of the scattering pattern in physical terms. In the example of the last section, the
spectral window function was chosen to mimic elastic coherent diffractive imaging.
I explore the consequence of this energy resolution.

The DSP for the time-resolved imaging of a coherent electronic wave packet has
been derived in Eq. (7.8). Introducing the spectral window function Wag(wy,) and
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Figure 7.3.: Scattering patterns in the Q,-Q. plane (Q, = 0) of the 3d-4f wave
packet at pump-probe delay times 0, T/4, T/2, 3T/4, and T.
(A) QED scattering patterns obtained from Eq. (7.16),
(B) Instantaneous electron density (isosurface enclosing ~26% of the total prob-
ability), and
(C) Semiclassical scattering patterns obtained from Eq. (7.17).
The wavepacket is exposed to a 1 fs X-ray pulse with 4 keV photons. A spectral
window function with width AE = 0.5 eV is assumed. The intensities of the
patterns are shown in units of (33)ry, in both cases.
Figure taken from (Dixit, Vendrell, Santra PNAS 109, 11636) [33].
(© 2012 Dixit, Vendrell, Santra.
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Chapter 7. Time-resolved imaging of coherent electronic motion

rearranging the expression, it can be written as

dP do Wk,
E = .F (dﬂ) /dwks WAE(wks)wm

_7— wln Wks+Eel Ej) /4

2 (7.18)

/d3 \Iff|’l’L(X 7—delay)‘\I’el> iQx

The last equation suggests the definition of a generalized dynamical structure factor
(DSF) [3]

2
c e*‘ff(win*wksJrEel*Ef)Q/4

S(Q, w, 7_delay) =

)

/ A (U £7(X, Taetny )| Wel) XX

such that the DSP becomes

dP )
10 ]:< > /deS WAE(WkS)wl:n S(Q,w, Tdelay) - (7.19)

The generalized DSF depends on the momentum transfer Q, the energy transfer
W = Win — Wk,, and the pump-probe delay time 7qelay-
In the case of a stationary target the DSP expressed in terms of S(Q,w) is [21]

dpP
dig f ( > /dwks WAE‘ (wks) wl:n

The DSF of a stationary target is time-independent. In fact, the DSF is the Fourier

S(Q,w). (7.20)

transform of the van Hove correlation function [121] and
) 2
S(Quw) = 6w+ Ei — Ey) ’/d% (WAt x| L (r.21)
f

Note that in the case of a stationary target, the x-ray pulse does not need to be
ultrafast. By making the pulse duration and the coherence time 7. sufficiently large,
the bandwidth of the pulse can, in principle, be made arbitrarily small — recall that
Aw = 1/7., cf. Sec. 3.2.2. In this limit the generalized DSF recovers the usual DSF
for stationary targets

5(Q,w, Tdelay) T 5(Q,w) for a stationary target. (7.22)

In the following, we analyze the role of the spectral window function, i.e., the role
of photon energy resolution in the measurement.
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7.3. Unravelling the time-resolved diffraction pattern

No energy resolution

The case of no energy resolution is certainly the easiest to realize experimentally:
the x-ray photon detector counts the photons, but does not resolve the photon
energy. Typically, the pixel array detectors used for coherent diffractive imaging at
x-ray free electron lasers fall into this category [99, |. In the formalism, this case
corresponds to a constant spectral window function. Thus, let us assume AFE to
be broad enough to include all scattered photon energies and Wag(wy,) constant
over the range of AE. Moreover, let us assume the target size and the spectrum
of scattered photon energies to be such that the uniqueness of pixels in Q-space is
guaranteed, cf. the last paragraph of Sec. 7.2.1. Since we consider x-ray pulses with
photon energies far above the absorption edges of the system, we may assume the
photon energy to be much higher than the energy transfer wi, > |Eq — Ef|. The
crucial integral over photon energies in Eq. (7.18) may be approximated

o0
/dwks ks Te —m2(win—wi,+Ea—Ef)?/4 1 (7.23)
0

Win ﬁ
From Eq. (7.18) we obtain the DSP [3]

dar do 3 . iQ-x 2
=7 (dQ)Th Ef: ‘/d 2 (W (X, Taetay) [ Wel) €Q%| . (7.24)

Observe that this result depends on the pump-probe delay Tgelay, otherwise it equals
the result for the stationary case. This is remarkable because it opens the possibility
to measure wave packet dynamics without energy resolution. In particular, it is
well-known that the stationary DSP encodes the pair-correlation function of the

system [121]. Electron-correlation effects have been investigated experimentally by
inelastic x-ray scattering [21, —125]. First ultrafast time-resolved measurements
have been performed on phonons [126]. The result in Eq. (7.24) suggests that time-

resolved measurements of time-dependent electronic correlations in electronic motion
are feasible.

High energy resolution

Consider a setup where the photon detector measures, in addition to the scattering
pattern, spectral information with high photon energy resolution. In particular, let
us consider the case where the energy resolution is finer than the bandwidth of the
incoming x-ray pulse. Let the photon energy that the detector observes be wgps.
This situation is modelled by a spectral window function Wa g (wk, — Wobs) With

/dwks WAE(WRS - wobs) = AF. (725)
0
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Chapter 7. Time-resolved imaging of coherent electronic motion

Because we consider the energy resolution AE much finer than the bandwidth, we
may assume for the detected photon energies |wy, — wobs| < AFE that

echz(winfwkS#’Ee]fEf)?/ﬁl ~ echz(winfwobs‘i’Eel*Ef)Q/zl )

This yields the approximation for the photon energy integral

oo

Wk Te  —72(win— _E.)2
/ dwie, Wap (Wi, — Wobs)—= —= ¢ Te (Win—wis = Ep)*/4
0

win /T (7.26)

~ AE Te echQ(winfwobs+Eelef)2/4

NG ,

where wops & win was used. Substituting into Eq. (7.18) yields the DSP [3]

dP do
C_F (%) aE
dQ2 <dQ>Th
. ) ) o2 (7.27)
x Yy —e (Win—wobs+Eer—By)"/4 /d3x<\I/f\ﬁ(x,7de1ay)|‘1’e1>elQ'x
7
do -
_r (Gm) AE 5(Q, win — wobs: Taelay) (7.28)
Th

This result shows that with high energy resolution one can measure the general-
ized DSF S (Q,w, Tdelay) by varying wops. In the case wops = win one measures
S (Q,0,7delay). This special case of quasielastic scattering comes closest to what
could be considered as time-resolved coherent diffractive imaging of the wave packet.
However, this special case does not recover the elastic diffraction pattern of the
instantaneous electron density. As demonstrated in the last section, due to the
unavoidable inelastic transitions within the inevitable bandwidth of the pulse, the
scattering signal depends on the spatio-temporal density-density correlation of the
wave packet.

7.3.2. Crystals: Recovering the instantaneous electron density

Is there no way to recover the instantaneous electron density by x-ray scattering
from a coherent electronic wave packet? If the wave packet is not disturbed by the
scattering, i.e., the initial and final state of the scattering process are equal, the
scattering pattern depends only on the instantaneous electron density. However, in
Section 7.2.1 we have already stated that it is impossible to filter out these terms
energetically. But there is another way to select the scattering terms for which initial
and final state are indistinguishable. X-ray diffraction from a crystal can distinguish
the coherent from the incoherent scattering terms, as will be shown in the following.
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Figure 7.4.: A two-dimensional view of a crystal made of identical atoms prepared
in exactly the same quantum superposition and with identical phase.”
Figure taken from (Dixit, Slowik, Santra, PRA 89, 043409) [3].
(© 2014 American Physical Society.

Assume we are given a crystal, where at each lattice site a realization of the
wave packet is prepared. Let all these wave packets be excited simultaneously, all
with the same phase. Furthermore, we assume that all sub-units of the crystal are
noninteracting.

To select the coherent and incoherent scattering signal, we decompose the final
states into projections onto the wave packet and the orthogonal complement. We
project states onto the wave packet with |WUq) (W | and onto the orthogonal comple-
ment with 1 —|We)(¥e|. Thus, from the set of energy eigenstates {|¥ )} s we obtain
another complete set of final states {|¥)), ]\I/]%)} #, containing the wave packet |U)
and the orthogonal vectors \\Ilﬁ, obtained from normalizing (1 — (Ue|W)) [Wer).
We do not require photon energy resolution in the measurement. Inserting the new
basis of final states into the DSP of a single wave packet from Eq. (7.24), we separate
the terms where the final state is still the wave packet or the electronic state changes

dP do
a0 =" (30).,
do 3 RPN iQx

L F <dQ>Th ; ‘/d £ (T, Taetay) [ Te) €

2

/ B2 (Wl (X, Taelay )| Wer) Q%

) (7.29)

The sub-units of the crystal are assumed to be mutually independent. The electronic
state of the entire crystal factorizes into the states of the individual wave packets.
Let there be N lattice sites, specified by the lattice vectors R,,. Then the initial
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Chapter 7. Time-resolved imaging of coherent electronic motion

state is given by
N
’\I/el>crystal = ® ’\Ilel> 5
n=1

and the final states can be expressed as

O Yoyt = 1) @ - @B ") @ ) @ W) @ 0 [97)

el

From this we find the DSP for the entire crystal [3]

dP do
-7 <dsz>Th

N 2
Z elQ'Rn /dgl' <‘1Jel|ﬁ(X, Tdelay)|qjel> elQ.x
1

- . (130)
do A .
+ F () Z Z ’/d?’flj <\Ilj%|n(x, Tdelay)|\l’,(31)> e Q- (x+R,)
dQ ), =5
The first term on the right hand side gives rise to Bragg reflections [63, ]. Tt

describes coherent scattering because initial and final state are equal and it is im-
possible to decide from which lattice site the scattering occurred. According to the
Laue condition the lattice sum allows scattering only at momentum transfer Q that
is equal to a reciprocal lattice vector, and one has € @B» = 1. Hence, the Bragg
intensity of the coherent scattering signal scales with N2.

The second term in Eq. (7.30) describes the incoherent scattering signal. An elec-
tron transition to a state different from the wave packet is induced at a particular
lattice site. Therefore, the sum over final states in Eq. (7.30) involves a sum over
the different lattice sites. Because the site where the wave packet was destroyed
can be distinguished from the other sites, the corresponding contributions sum up
incoherently. Consequently, the intensity of the incoherent signal scales with N.
Thus, for sufficiently large crystals (large N) the time-resolved x-ray scattering sig-
nal is dominated by the coherent scattering signal. Therefore, the scattering signal
is the typical Bragg diffraction pattern from the instantaneous electron density.

In the previous discussion we have made the very strong assumption that in the
pump step all lattice sites are excited to the wave packet. Fortunately, this may not
be necessary in experiment. In fact, it has been argued that weak excitation may be
even advantageous [127]. The signal from the excited system may be heterodyned
against the background signal from the ground state. Experiments have shown
that in certain cases even very small fractions of excitations are sufficient to image
ultrafast electron charge relocalizations in crystals [$2, 83, ]. To sketch the basic
idea of this approach, assume only a small fraction of the sub-units has been excited
into the wave packet state and the majority of sub-units is in the ground state. In
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7.4. Recovering the electron density propagator

this case we start from a mixture of ground state and wave packet state as inital
state

Ao = n|Wel) (Tar| + (1 — )| Wo) (To|, (7.31)

where n < 1 is the fraction of excited unit cells. The intensity of the coherent
scattering is then proportional to

11 Fwp(Q, Taclay) + (1 — 1) Fo(Q)* = ‘n/dgl' (Wl (X, Tdelay) | Wel) € X*
2
+ (1 —n)/d3x<%m(x)y%>eiq'* . (7.32)

We assume the form factor of the ground state Fy(Q) to be known. Taking the
difference of measurements with and without excitation, one may recover the change
of the form factor AF(Q, Tqelay) = Fwp(Q, Tdelay) — Fo(Q). When the fraction of
excited unit cells is small, we may take from Eq. (7.32) only the part linear in 7.
This yields an implicit equation for AF(Q, Tqelay) [52, 83, ]

Fop+ (1 —n)F | = |F|? i
|7 Wp+( FZ) 0l | Fol %n(AF+AF*e2MO) 7 (733)
0

where g is the complex phase of Fy and we have omitted the arguments. In some
circumstances (e.g., when ground and excited state have inversion symmetry) the
phase of AF can be reconstructed, which makes it possible to recover the change of
electron density An(x, Tdelay) = (Vel|1(X, Tdelay )| Pe1) — (¥o|R(x)|¥o).

7.4. Recovering the electron density propagator

7.4.1. Motivation: The time-resolved imaging by Abbamonte

In Sec. 7.3.1 I have demonstrated that time-resolved x-ray scattering with high
energy resolution yields the generalized DSF S(Q, w, Tdelay)- 11 the case of stationary
targets, it is well known [21, 129] that the DSF S(Q,w) is related to the propagator
of the electron density of the system by

Im[x(Q,w)] = —7(5(Q,w) — 5(Q, —w)). (7.34)

For a target in thermal equilibrium this is a formulation of the Fluctuation-Dissipation
theorem [21, 129]. Abbamonte and co-workers have devised a method to recover the
electron density propagator from measurements of the DSF S(Q,w) [130]. This
propagator determines the complete linear response behaviour of the system to dis-
turbances of the electron density. This method accomplishes a temporal resolution
of 20 as (1 as = 107!® s) and has measured the valence plasmon in liquid water
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[131] and the charge-transfer exciton in LiF [132]. Notably, this makes it possible to
investigate processes that are faster than the imaging x-ray pulse duration. In the
next subsection I will explore the content of information that can be extracted from
the generalized DSF S(Q, w, Tdelay )-

7.4.2. Relation of electron density propagator and generalized DSF

The (retarded) electron density propagator
X0, 1%, 1) = =i (0] [a(x, 1), i(x, )| [9) Ot — 1), (7.35)

propagates disturbances in the electron density from x’,#' to x,¢. The propagator
characterizes electron dynamics of the system. The Heaviside step function © (¢t —t')
ensures causality. To connect the dynamical properties of the system with the
temporal coherence of the probe pulse, we define the generalized propagator

R X ) = —ip(t = ) (U] [0, 0), A ) [W) Ot~ 1), (7.36)
where yp(t —t') = e~ (=1)?/72 describes the temporal coherence of the x-ray pulse.
Observe that this propagator vanishes when ¢ — ¢’ is much larger than the coherence
time 7. of the pulse, in particular when ¢ — ¢’ is much larger than the pulse duration.
For the case of a coherent electronic wave packet |Uq), we assume that we image
the system at a pump probe delay time 7qelay With a pulse duration short enough to
freeze the wave packet. Moreover, we consider only the propagation of disturbances
on time scales much shorter than the wave packet motion. That means we assume
|t — Tdelay| and [t — Tgelay| to be small with respect to the wave packet motion. We
introduce the coordinates 7 =t —t' and § = (t +t')/2 & Tqelay- Then we can write
the generalized propagator

X(Xa le T, 7—delay) =

= —iyp(7) O(r) Z (<‘I’ellﬁ(><7 Tdelay)’\ijM\IIfM(X/a Tdelay>‘\1’el> el(Fa—Ep)T
f (7.37)

_<\I/el|ﬁ(xl’ Tdelay)‘\pf> <\Iff‘ﬁ(x, Tdelay) |\Ijel> e_i(Eel_Ef)’T> .

FEq is the energy expectation value of the wave packet. Fourier transformation with
respect to x,x’ and 7 yields

X(Q, Ql,w,Tdelay) = // dr d3x d3x’ @7 Q@ (iQ" X X(x,x', T, Tdelay) (7.38)
_ _12// Px dx ol Q@x+Q ) /OO dre /7
7 0

x (e BB (W |1(X, Tactay )| W 1) (W £ (X', Tactay )| er) — c:c.).

(7.39)
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7.4. Recovering the electron density propagator

Now, one can easily determine the imaginary part of x(Q, —Q,w, Tdelay)

2

Im [)Z(Qa —Q7Wa7'delay)} = _WZ
f

/ d’x <‘1’f!ﬁ(xv Tdelay)‘q/el) el

Te
N3
% (e—Tf(w+Eel—Ef)2/4 _ e—Tf(w+Eel—Ef)2/4)

= _W(S(Qv W, Tdelay) - S’(Q; —Ww, Tdelay))- (741)

This establishes the relation between the generalized DSF, which can be measured in
experiment, and the imaginary part of the generalized density propagator. The rela-
tion has a close similarity to the Fluctuation-Dissipation theorem, although the wave
packet is not in a thermal equilibrium state. Im[x(Q, —Q,w, Tdelay)] is experimen-
tally accessible. To obtain the full ¥(Q, —Q,w, Tdelay) one can apply Abbamonte’s
four step recipe [130, ]. If the temporal coherence function is known or if the
time propagation is much shorter than the pulse duration (7 < 7;) the exact density
propagator x can be recovered.

In order to reconstruct the propagator in real space one has to perform the inverse
Fourier transform. However, the generalized DSF only provides the diagonal terms,
where Q' = —Q. From the diagonal terms one recovers the full electron density
propagator for homogeneous systems [133]. In the case of an inhomogeneous system
one obtains the generalized propagator X(x,x’,T, Tgelay) averaged over all possible
source locations x’ [133]. A method to measure the nondiagonal terms was proposed
in [134]. Thus, in principle it is possible to reconstruct the generalized electron
density propagator in real-space.

(7.40)

7.4.3. Linear response theory and scattering induced dynamics

The DSP for the x-ray scattering pattern of the wave packet, given in Eq. (7.3),
depends on electron density fluctuations of the form

(Wer| (%", 0 + Z)A(x",0 — 3) [We1) =t neorr (X', x",0,7) . (7.42)

This expression describes the correlation of the electron density at position x’ at
time 6 + % and position x” at time § — 7. In the stationary case the crucial term
is the van Hove correlation function (¥|a(x’,0) A(x”,7) |¥) [21, 121]. In the case of
the wave packet, neorr correlates two points at time difference 7, i.e., on a time scale
much faster than the x-ray pulse duration. The electron density propagator is only

related to the imaginary part of the correlation function
x(x',0+%,x".0—-%)=20(r)Im (nmrr(x',x", 9,7‘)) . (7.43)

On the one hand, the propagator contains not enough information to fully recon-
struct the correlations. On the other hand, one may regard the electron density
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Chapter 7. Time-resolved imaging of coherent electronic motion

fluctuations in the DSP as partly due to (scattering induced) electron density dy-
namics. But, the propagator characterizes the electron dynamics on time scales
faster than the pulse duration. Therefore, one may ask whether the electron density
propagator obtained from experiment through S(Q,w, Tdelay) Can be used to calcu-
late the electron density dynamics induced by the scattering process. We determine
the linear density response of an electronic wave packet to the scattering process [3].
The linear density response can be written as

In(x,t) = Tr[n(x,t) dp(t)], (7.44)

where dp(t) is the change of the system within linear response theory. According to
usual perturbation theory (see Eq. (2.75)), we can write the first order terms of the
electronic state as

ap(t) = pOM (1) + M0 (1) (7.45)
t t
= / dt’ pin Hine (') + / At Hing (t') pin - (7.46)

In the present case of A2 scattering the interaction Hamiltonian is
A O[2 A
Hi = = / 3z A?(x) n(x) , (7.47)

and the linear-order density response becomes
o? /
on(x,t) = —i— / dt’ / A3z’ Tr[pRrd A2 (x, )] (Wa| [A(x,1), (X, )] |Ta). (7.48)
—00

Expressing the vector field in terms of BEE, defined in Eq. (2.35), we obtain trace
terms with BE(x/, ' )EF (x', #') and trace terms with B=(x/, #')E*(x/,t'). The former
yield the usual correlation function G of the radiation field, whereas the latter
correspond to nonlinear two-photon effects and yield even order correlation functions
[71]. Even in the extremely well-behaved case of a completely coherent pulse the even
order correlation functions are vanishing, except one has complete control over the
phase of the pulse. Typically, storage-rings and free-electron lasers produce rather
chaotic x-ray beams that are not phase-stable. Hence, we neglect the two-photon
contributions.

On the other hand, the field correlation functions (BE+(x’,#)E¥(x/,t')) are pro-
portional to I(t'), see Eqgs. (7.4), (7.5), where we assume that the spatial variation of
the intensity (the beam profile) is negligible. Finally, this yields the density response
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7.5. Momentum space imaging: Ultrafast time-resolved Compton scattering

up to a prefactor
t
Sn(x, t) = / ar'I(t') / B x(x, %, 1, 1) (7.49)

t
_ / A I(¢) (ol [A(x. 1) / &' w(x, 1) [Wa). (7.50)

On performing the integral over x’ in the last expression, one finds that dn(x,t) = 0.
Thus, the linear density response of the A2 scattering process itself vanishes. There-
fore, the fast electron density dynamics induced in A2 scattering cannot be captured
by the linear response electron density propagator y. This finding expresses the fact
that x describes linear-order density fluctuations, whereas the density response to
non-resonant x-ray scattering is, in general, a higher-order process.

7.5. Momentum space imaging: Ultrafast time-resolved
Compton scattering

7.5.1. Introduction

The scattering signal of time-resolved x-ray diffraction from a wave packet was de-
termined in Sec. 7.2. The example of a hydrogen wave packet illustrated that the
diffraction pattern encodes spatial and temporal correlations of the wave packet (see
Fig. 7.3). Sec. 7.3 analyzed the role of energy resolution and established the con-
nection of this diffraction pattern with the generalized dynamic structure factor of
the electronic wave packet.

However, the question whether the wave packet can be reconstructed in real-
time and real-space is still unanswered. The previous results focused on the case of
quasi-elastic scattering, in order to come as close as possible to coherent diffractive
imaging. In the present section, I take a different approach to this problem. This
Section is devoted to a study of the regime of inelastic scattering. It is well known
that Compton scattering can recover the electron momentum distribution for sta-
tionary electronic systems [21, 120, 135-138]. Ultrafast time-resolved electron (e,2e)
spectroscopy of electronic wave packets has been analyzed in Ref. [139]. Here, I
propose ultrafast time-resolved Compton scattering (or x-ray (7,ey) spectroscopy)
to unravel electronic wave packet dynamics in momentum space. This approach
recovers the wave packet in real-time and momentum-space. Yet, the reconstruction
in real-space is not possible. The derivation follows closely the derivation for the
stationary case in Ref. [110].
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Chapter 7. Time-resolved imaging of coherent electronic motion

7.5.2. Time-resolved Compton scattering

Compton scattering is a well-known tool to investigate the electron momentum den-

sity of a many-body systems [21, |. Moreover, Compton scattering has been
proposed as a mean to characterize ultrashort x-ray pulses by means of a Compton
attosecond streak camera [111]. A typical Compton scattering experiment involves

the angle- and energy-resolved measurement of inelastically scattered x-ray photons.
Energy-resolved photon scattering measures the double differential scattering cross
section (DDSCS). The DDSCS is the probability that a photon is scattered into a
given solid angle and a given photon energy interval. Typically Compton scatter-
ing is treated within the impulse approximation [135]. In this approximation the
electrons are treated as free electrons with a given momentum distribution, which
is determined by the atomic or molecular potential. The DDSCS is then propor-
tional to the Compton profile, which is a projection of the 3D electron momentum
distribution along the direction of the scattering vector. Here, the electrons are not
assumed to move freely, i.e., the impulse approximation is not used. Coincidence
measurements of scattered photon and recoil electron are considered, i.e., measure-
ments accessing the triple differential scattering cross section (TDSCS). This allows
us to directly obtain the 3D electron momentum distribution [140]. If the recoil
electron is not observed, one recovers the Compton profile by averaging over recoil
electron measurements. The derivation employs the Dyson orbitals (defined below),
as in Ref. [110].

The differential scattering probability dP/d2 and differential scattering cross sec-
tion do/dQ2 differ only by multiplying the incoming photon fluence

dP do

Thus, one can easily obtain the DDSCS from the DSP in Eq. (7.8)

do do Wk
=7 (22 : Eq—E
.~ () 2 Wil + Ea = )

) (7.51)

X

[ & (160 Va(rany))

where w = wi, — wk, denotes the energy that is transferred from the photon to the
electronic system during the scattering process. The function

Wi(w) = —= e oW/

determines the spectral density, and accordingly the bandwidth, of the x-ray pulse.
From the DDSCS, one can infer the TDSCS by restricting the summation over final
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7.5. Momentum space imaging: Ultrafast time-resolved Compton scattering

states to those states, where a recoil electron is emitted into the solid angle df2..
This yields the TDSCS

do do Wk
% _ (<2 © N Wi(w+ By —E
A0 done, A9, (dQ)Th o f% 1w+ Eo = Ey)

) (7.52)

< | [ @ (10 W (g ) 2

In the following, let us make the “sudden approximation”, i.e., we assume that the
recoil electron leaves the system so quickly that the remaining electrons suddenly
relax into an ionic state of N — 1 electrons. This means that the recoil electron is
not correlated with the electrons in the remaining ion. The recoil electron occupies
an unbound state in the potential of the ion. This approximation is justified if the
kinetic energy of the recoil electron is large. Thus, we can assume the final state to
be of the form

[Wy) ~ el N1, (7.53)

where éip is the creation operator for the unbound recoil electron in the potential
of the ion, with kinetic energy ¢, spin o € {1, |}, and propagating in the direction of
Q. The remaining ion is in the (N — 1)-electron state |\Il,]X}1>, where & denotes the
spin opposite to o, and the quantum number n characterizes the excitation of this
state (particle-hole excitations in the independent particle picture, but also higher
terms when electron correlations are considered). The final state energy is

Ef~e+ EY L (7.54)

Inserting final states of the form of Eq. (7.53) into the TDSCS in Eq. (7.52) yields

Y (L © N Wy (w— e+ By — EN-
A0 dwr, A, (dQ)Th i nzg 1w = et Ba = E)

/de <\I’£LV:<;1 ée,alﬁ(x)@(x)‘\I"el(Tdelay)>eiQ.x
Observe that E, — EN~1 corresponds to the binding energy of the recoil electron

before it was released. We have assumed that the recoil electron leaves the system
very quickly, i.e.,

) (7.55)

X

e> Eq— EN-L (7.56)

Thus, we will neglect the binding energy in the following. We expand @Z(x) in a
basis of IV electron spin orbitals |p,) such that

&(X> = Z‘Pq(x) Cq- (7.57)
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Chapter 7. Time-resolved imaging of coherent electronic motion

Moreover, the recoil electron state is not occupied in the initial wave packet. As a
consequence, the matrix element in the TDSCS is only nonzero if ¥ (x ) creates the
unbound recoil electron state. Thus, we can replace ¢f(x) by ¢? co(x )él  such that

(W5 el 0T (x) = 02 o (%) (U5
Using the time-dependent Dyson orbitals gp +(X, Tdelay), defined by

gna X 7—delay Z(pq, \I’N 1‘cq70’\11e1(7-delay)> (758)

we can express the TDSCS by (Cf. Ref. [110])

d?o do Wk
49 _ R s W —
dQ dwy, Q2 (dQ) Th Win rgjo 1w =)

, (7.59)
< | [0 6200 Y 0 (W5 e Wt (Tacey) 2
q

do Wk,
=(30), o Z W9

2

(7.60)

/de 90:,0' (X) In,o (X7 Tdelay) QX

In the following, we make the strong — but extremely useful — assumption that the
recoil electron can be described by a plane wave state. Let the recoil electron state
be the plane wave

Peo(X) = \1FV exp(ipe - x)a(o), (7.61)

with momentum p. pointing to the solid angle element df), and kinetic energy
¢ = p2/2. Substituting this unbound state into Eq. (7.60), the spatial integral yields
the Fourier transformation of the Dyson orbital g, ,(Q — pe). In the continuum
limit we can replace the summation over the kinetic energy by

%
E%W/de@.

Thus, under the plane wave assumption, the TDSCS becomes

/dE\/> Wl W — € Z ‘gn o Q Pe, 7_delay)‘Q . (7.62)

d3o B ( do )
dQdwy, dQe  \dQ) mp win
Defining P := Q — p. and exploiting the completeness of the (N —1)-electron states
in the (N — 1)—electr0n subspace the crucial expression becomes

Z |gno P 7—delay 271_ // d3 dST/ elp ¥'-r) ZZ(‘O% (pq U )

n,o n,0 q,q’ (7.63)
x <\I’el(7delay)’é \I/N*_1><‘I/N l‘cq | Vel (Tdelay))

= (et (Taetay) |91 (PYD(P) [ Wer (Talay ) (7.64)

= p(P, Taclay) - (7.65)
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7.5. Momentum space imaging: Ultrafast time-resolved Compton scattering

Remarkably, we have found the crucial expression in Eq. (7.62) to be simply the
instantaneous electron momentum density of the wave packet. As a consequence,
the TDSCS depends on the three-dimensional instantaneous electron momentum
density, smeared out by the bandwidth of the pulse

d*o do Wk
Yo _ (4 . 5 B - | |
dQ dwy, dQe (dQ)Th Win / dev2e Wi(w — €) p(Q — Pe; Taelay) (7.66)

Observe that P = Q — pc is the momentum that has been transferred to the ion.
In order to connect this result with the usual impulse approximation picture [21],
we can define the initial momentum of the recoil electron (before the scattering) by
Po = Pe — Q. Then the connection is simply pg = —P [110].

Experiments where only scattered photons are detected are of course much simpler
to conduct than performing coincidence measurements of scattered photons and
recoil electrons. When only solid angle and energy of the scattered photons are
measured, the crucial quantity is the DDSCS. In the following, we will average the
TDSCS over all possible recoil electron directions, thereby recovering the DDSCS.
In this way, we will find the usual Compton profile. For simplicity, we choose
the coordinate system in direction of the photon momentum transfer, such that
Q = (0,0,Q)”. Then the momentum P := Q — p, has the squared modulus

PP=p*-Q*+2P Q. (7.67)

From Eq. (7.66), we see that

d2U do Wk
do.d.  \dQ - [ 8 2 — ) p(P, .
dwdeQkS (dQ)Th Win /d /deﬁ W1 (w 6) :0( 7_delay) (7 68)

do pg
= Q _ Pe P .
(dQ>Th Win /d /pedpe Wi(w 9 =) P(P, Tdelay) (7.69)

P2 2
( )Th Win /d3P Wilw =5 - % + P.Q) p(P, Tdelay) - (7.70)

Recall that W is the Fourier transform of the temporal coherence function ~ip(t),
cf. Sec. 3.2.2. Defining Wg(w) as the Fourier transform of 74, (t/Q) and using the
scaling properties of the Fourier transform, we have

d’c do Q P?
Qo A0~ BP = Wo(Pot 5 =% = =) p(P Taaay) - (771
dwkskos <dQ>Th Win / WQ( + Q 2 2Q) p( » Tdel y) (7 7 )

We will neglect P?/2Q in the following. This is justified because the binding energy
of the recoil electron was already neglected. In a simple picture, we may regard
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Chapter 7. Time-resolved imaging of coherent electronic motion

P?/2Q as the initial kinetic energy of the electron, which may be as well neglected
when the binding energy is negligible. We obtain the final expression for the DDSCS

d20' do Q
dee, A, dSP Wo(P:+ 5 — 3 ) P(P, Tacia 7.72
dwdeQkS (dQ>Th Win / Q( + Q 2 ) ( » Tdel y) ( )

In the case of a stationary target, one may choose a monochromatic pulse, such that
W can be represented by a delta function. In that case, the last equation yields the
usual expression for the Compton profile in the impulse approximation [21, ].

7.5.3. Connection of real- and momentum space densities

In the last section, it was shown how the TDSCS is related to the instantaneous
momentum-space density (IMD) of electrons. Measuring the TDSCS yields the
IMD, where for the moment we disregard the smearing by the bandwidth of the
pulse. What does this result imply for the measurement of the instantaneous real-
space density (IRD) of electrons? Recall the definition of the IMD from Eq. (7.65)

p(PaTdelay) = <\Ijol(7'delay)’¢T( ) ( )|‘I’cl(7'dclay)> (7‘73)
_ (271-)3 //d3l‘ d3$/ e1P'(X fx)<\1’el(7'delay)|w (x)@z(xl)PlJel(Tdelay»- (774)
The Fourier transform of the IMD is

PR, Taelay) = pmg /2 / P PR p(P, Taelay) (7.75)

(2r) 3/2 /d x el(Tdelay)‘ ¢ (x) (X-I-R) |\I’e1(7'delay)> (7.76)

Obviously, the Fourier transformation of the IMD does not yield the IRD. Inserting
a complete basis of N — 1 electron states [¥}/-1) one can express p(R, Tdelay) in
terms of the Dyson orbitals

p(R, 7'delay) = (2%)73/2 Z / 4’z gZ,a(x, Tdelay) gn,a(x +R, Tdelay) (7.77)
= (2m) 23" R, . (R), (7.78)

where R, , is the autocorrelation function of the Dyson orbital g, ,. The Fourier
transform of the IMD is the sum over autocorrelation functions of the Dyson orbitals.
The IRD, in contrast, is given by the absolute square of the Dyson orbitals

p(xa'rdelay) = <\I/el(7_delay)‘wT( ) ( )|\Ijel(7—delay = Z |gn,U(Xa 7—delay)|2~ (779)

n,o

This demonstrates that one does not recover the IRD from the IMD, cf. the discus-
sion in Ref. [21].
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Figure 7.5.: The hydrogen 3d-4f wave packet.
Upper panel: Instantaneous real-space electron density (IRD) p(X, Tdelay). Shown
are 2d slices in the (z,0, z)-plane at times Tgelay in steps of fourths the oscillation
period T'. (Identical to Figs. 5.1 and 7.2)
Lower panel: Instantaneous momentum-space electron density (IMD) p(p, Tdelay)-
Shown are two-dimensional slices in the (p,, 0, p,)-plane for at the same time steps
as above.

7.5.4. Application to hydrogen 3d-4f wave packet

In this subsection, time-resolved Compton scattering is applied to the hydrogen
3d-4f wave packet, already familiar from Sec. 7.2.2. Calculating the instantaneous
momentum density, we determine the DDSCS of Eq. (7.72) for this wave packet.

The IMD of the wave packet can be directly calculated from the analytical ex-
pressions of the hydrogen wave functions in momentum space ¢y, 1.m(P) = (P|¥n,i,m)-
Expressed in spherical coordinates (p, ¥, ¢) of the momentum vector p, the momen-
tum space wave functions of hydrogen are [112, ]

Pntm(P) = Foi(p) Yim (9, ¢) (7.80)

where

) 2 (n—1—1)12 nlp! n?p? — 1
7 () 29204 { } +1 (npm -1
ml(p) ( 1) n l T (n+l)' (n2p2 + 1)l+2 Cn—l—l n2p2 +1 ’

and C% (z) denote the Gegenbauer polynomials. Note that the factor —(—i)! con-
tributes a phase factor to the wave packet and cannot be omitted. The 3d-4f wave
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Figure 7.6.: Double differential scattering cross section d?c/dwy, d€), for time-

resolved Compton scattering from the 3d-4f wave packet of hydrogen: (Q,0,Q)-
plane in Q-space in units of (%)Th. The Energy transfer is w = 10 eV (upper

panel) and w = 20 eV (lower panel). The Q,, Q.-range extends from —3 to 3 A

packet in momentum space is given by

(p[¥el) = \2903,2,0(13) + \2@4,3,0@) :

(7.81)
The lower panel in Fig. 7.5 shows 2d slices the instantaneous momentum-space elec-
tron density p(p, Tdelay) at different times. Comparing with the real-space electron-
density in the upper panel in Fig. 7.5, one sees how the momentum space density
reflects the oscillation of the real-space density. When, at first, electrons are con-
centrated in the upper region in real-space, their momentum is rather weak and
balanced. While the real-space density flows down in the second step, the mo-
mentum density reaches its maximum in the down direction. When, at half the
oscillation period, the electrons are concentrated in the lower region, the momen-
tum distribution has become balanced again because the momentum is changing its
direction.

In the following, we are going to make the restrictive assumption that the x-ray
pulse is sufficiently monochromatic to treat Wy as essentially a delta function. This
means we simplify the DDSCS in Eq. (7.72) to the usual expression [21, 135]

= *p = p(ps,py, & —
= (0), [ 0 g e 4

d2o
dwks ko

@

) 7_delay) ) (782)
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where we also used wy, /win = 1. To justify this simplification, note that the error
in replacing Wj by a delta function in Eq. (7.70) is small. In Ref. [38] a 1 fs x-ray
pulse was used to image the 3d-4f wave packet. This pulse length corresponds to a
bandwidth ~ 1 eV or .037 a.u., a scale on which the IMD varies slowly. Furthermore,
the width of W is proportional to Q2. This means Wq approaches a delta function
for sufficiently large ). Thus, the approximation introduces only small errors. Using
the approximation one acquires a notion of the scattering pattern from time-resolved
Compton scattering.

Recall that Eq. (7.82) has been formulated in a coordinate system in Q-direction,
such that Q = (0,0, Q). One needs to perform a coordinate transformation to calcu-
late the DDSCS for momentum transfer vectors in the (@, 0, Q,)-plane. Expressing
(Qz, Q-) in polar coordinates (Q, ), we can write Eq. (7.82) as

d?o do 1 1
dow dOv  \dQ d md N 1 ama Al x>y Py s Tdelay ) » 7.83
deSkos (dQ>Th // DzAPy Q |COSI,0| ,O(p Py, PQ> Tdel y) ( )

where pg = (% — %)/(COS ©) — ps tan .

In Fig. 7.6, the DDSCS is shown for energy transfer w = 10 eV and w = 20 eV.
The DDSCS reflects the oscillation of the wave packet. Observe that for ¢ = /2
and 37 /2 the division by the cosine causes a singularity that causes the bright spots
on right and left in the figure. The calculations have been performed on a uniform
Q-space grid, with 30 x 30 grid points. The p, and p,-values have been discretized
with 60-grid points in the range from —1.2 to 1.2 atomic units.

In Fig. 7.7, the DSCS do/d€), is shown. The DDSCS is integrated over a wy,-
interval corresponding to a energy resolution of Aw = 1 eV and Aw = 10 €V,
respectively. This result corresponds to the intensity pattern in x-ray scattering
experiments.

It is interesting to compare Fig. 7.7 with Fig. 7.3. These figures result from
two completely different approaches: in [88] the crucial transitions were bound-
to-bound transitions, whereas in the time-resolved Compton scattering we consider
only bound-to-free transitions. In particular, we have made a plane wave assumption
for the recoil electron state. In Ref. [38] the energy transfer was minimized by the
spectral window function, whereas the Compton scattering relies on a large energy
transfer. Yet, both patterns match conspicuously, in the sense that the scattering
signal at the large Q values in Fig. 7.3 resembles the Compton scattering pattern.
It has a ring-like structure that oscillates up and down, like the pattern in Fig. 7.7
(note the different Q range in the figures). The elastic scattering signal in Fig. 7.3
is concentrated in the center of the diffraction signal [88]. This similarity may be a
peculiarity of atomic hydrogen: the Rydberg states converge for n — oo to unbound
Coulomb states for £ — 0, and in a single-electron system the recoil electron is never
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Figure 7.7.: Single differential scattering cross section do/dY, for time-resolved
Compton scattering from the 3d-4f wave packet of hydrogen: DDSCS integrated
over a wg, -interval (corresponding to energy resolution), (Q,0,Q,)-plane in Q-
space in units of (S—S)Th. Upper panel: 1 eV interval, centered at w = 10 eV. Lower
panel: 10 eV interval, from w = 10 eV to w = 20 eV.

correlated to the remaining ion, i.e., the sudden approximation is always valid.
Heuristically, it has always been plausible that Fig. 7.3 reflects the electron mo-
mentum. Finally, a rigorous explanation for this effect is offered by the striking
similarity with the scattering signal from time-resolved Compton scattering. Most
importantly, the connection of inelastic scattering with the momentum density of
the wave packet explains the oscillation period of the diffraction pattern and the

violation of Friedel’s law.
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Chapter 8.

Compton scattering in single molecule
coherent diffractive imaging

In this chapter I present a rigorous ab initio treatment of incoherent scattering under
typical single molecule imaging conditions. My extension of the XATOM toolkit to
include incoherent scattering has been used to calculate the presented data. This
chapter is based on the article [1]:

SLOWIK, SON, DIXIT, JUREK AND SANTRA New J. Phys. 16, 073042 (2014).

8.1. Introduction

Basics of single molecule imaging with XFELs

One of the groundbreaking applications of x-ray free-electron lasers (XFELs) is
expected to be the imaging of the structure of single molecules with atomic resolution
[144-146].

Why the necessity to resolve molecular structures with atomic resolution? At the
root lies the structure-function relationship: The structure of a molecule defines its
function. Being of particular importance for biological systems, this relationship
is the cornerstone of the field of structural biology. To comprehend the function
of biological macromolecules it is essential to unravel their structure. A potential
application is the design of new drugs targeting these molecules. A further applica-
tion may be the understanding of energy harvesting molecules with the prospect of
designing better photovoltaic devices.

Why the necessity to image single molecules? In fact, x-ray and electron crystal-
lography have been extremely successful in the last 100 years [1 13, ]. X-ray crys-
tallography has resolved the majority of currently known protein structures [1417].
However, the success of crystallography is irrevocably subject to the availability
of crystals. Unfortunately, numerous interesting proteins, such as membrane pro-
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Particle stream %
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Classification Averaging Orientation Reconstruction

Figure 8.1.: Scheme of single molecule CDI experiment at an XFEL.

(A) The x-ray beam hits the target, scattered photons are detected with a pixel
array detector. The target is so strongly ionized that it Coulomb explodes after
each shot. (B) The data from many shots is classified into images from similar
orientation of the target, averaged and the orientation is determined. Finally,
phase reconstruction yields the 3d structure.

Taken from (Gaffney, Chapman Science 316, 1444) [1141]. Reprinted with permission
from AAAS. (© 2007 American Association for the Advancement of Science.

teins, do not form crystals. A recent breakthrough is the novel technique of serial
femtosecond crystallography (SFX) using XFELs [1158-150]. It has lead to the de-
termination of a previously unknown biomolecular structure [151] and has paved the
way to time-resolved studies with Angstrom resolution [152-155]. SFX promises to
mitigate the problem of crystallization by requiring smaller crystals, which are often
easier to grow. The imaging of single molecules would make the difficult crystalliza-
tion completely unnecessary. So far, imaging of non-crystalline targets with XFEL
radiation has been demonstrated with about 30-40 nanometer resolution on single
viruses [150] and living bacteria [157].

Why the need for XFELs? In crystallography the x-ray radiation scatters on
crystals, which results in a diffraction pattern of sharp Bragg spots. X rays generated
by synchrotron radiation at storage rings have the necessary fluence and degree of
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8.1. Introduction

spatial coherence. In single molecule imaging there is solely the x-ray scattering
from a single molecule. Consequently, the scattering signal is continuous and very
weak. The emerging x-ray free-electron lasers (XFELs) [(—11] offer coherent x-ray
pulses with unprecedentedly high fluence. In this way one expects to obtain enough
x-ray scattering signal from single molecules. Moreover, XFELs feature ultrashort
x-ray pulses with a few-femtosecond pulse duration. This permits one to outrun the
Coulomb explosion [158, 159].

What is the Coulomb explosion? The Coulomb explosion is the ionization-induced
dynamics of the atoms in the molecule during and after the x-ray pulse [158-162].
Due to the extremely high intensity of XFEL pulses, many x-ray photons are ab-
sorbed causing a cascade of ionization events in the molecule. The remaining pos-
itively charged ions repel each other, which causes the molecule to disintegrate on
an ultrafast time scale of tens of femtoseconds [158, 160-162]. Hence it is named
Coulomb explosion. There are several ionization mechanisms that play a role. The
most important ones are direct photoionization with subsequent Auger decay and
electron impact ionization. Further ionization mechanisms are shake-up and shake-
off processes [163-165], internal field ionization [166-168] and Compton scattering
[155].

How does radiation damage affect the imaging? It is believed that with sufficiently
fast x-ray pulses one can outrun the Coulomb explosion [158—-162]. In this so-called
“diffract-before-destruct” approach, one collects the diffraction data before the nu-
clear dynamics changes the molecular structure sensitively. The degradation of the
scattering pattern due to electronic rearrangements caused by ionization is called
electronic radiation damage [169-172].

What is the imaging method? Coherent diffractive imaging (CDI) is a lensless
imaging technique for the 3-dimensional reconstruction of nanoscale structures [111-

, ]. CDI can reach a spatial resolution on the order of the wavelength of
the radiation. Since we consider spatially coherent hard x rays, atomic resolution
(of about 1 A = 10710 m) is feasible. It is noteworthy that electron diffraction
is a complementary and competing technique, especially for very small molecules
[175, ]. The simple basic principle of single molecule x-ray CDI is illustrated in
Fig. 8.1. The target molecule is injected into a highly coherent XFEL beam. When
the beam scatters from the molecule the diffraction pattern is recorded. During this
measurement process the molecule is destroyed by the Coulomb explosion. To gain
sufficient diffraction data from all orientations of the molecule, many diffraction
patterns from identical copies of the target molecule have to be collected. The
reconstruction of the 3d structure can then be performed numerically.

How can one reconstruct the structure? The elastically (or coherently) scattered
photons are related to the structure of the target. We found in Eq. (6.40) that the
scattering pattern is the squared modulus of the Fourier transform of the electron
density. The diffraction pattern of each orientation yields a 2d cut of the 3d sphere of
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Figure 1 from O M Yefanov and | A Vartanyants 2013 J. Phys. B: At. Mol. Opt. Phys. 46 164013

)

(a)

Gx

(b)

Figure 8.2.: Coherent diffractive imaging. (a) Diffraction from the sample in real-
space results in a 2d diffraction pattern. (b) The diffraction pattern lies on the
Ewald sphere in reciprocal space and is a cut of of the 3d intensity pattern.
Figure taken from (Yefanov, Vartanyants J. Phys. B 46, 164013) [173].

(© 2013 IOP Publishing Ltd.

intensities in reciprocal space, see Fig. 8.2. Because one measures only intensities in
reciprocal space, the phases are lost. Collecting measurements from all orientations
one may sample the entire 3d Fourier space. Because the orientation of the sample
is typically unknown, one needs to retrieve the sample orientation [173, 177—179)].
Finally, the missing phases in reciprocal space have to be recovered. This is called
the phase-problem, familiar from crystallography [180]. In single molecule imag-
ing one may exploit the continuous diffraction pattern to solve the phase-problem.
By oversampling the diffraction pattern one may extract sufficient information to
reconstruct the phases [145, 181-183]. Inverse Fourier transformation then yields
the electron density, from which one deduces the atomic positions. In this way, the
previously unknown structure is reconstructed from many the diffraction patterns.

Motivation for studying Compton scattering in CDI

Information about the structure of the target is encoded in the coherent x-ray scat-
tering pattern.! Surprisingly, the unavoidable incoherent x-ray scattering signal in
a single molecule imaging experiment is usually completely neglected. Carrying
no structural information, incoherent scattering degrades the quality of the signal.
There are probably two main reasons that incoherent scattering has not been a mat-

!Note that in this chapter we may use coherent and elastic scattering interchangeably, as well as
incoherent and inelastic scattering.
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8.2. Formalism of high-intensity x-ray scattering

ter of interest in most of the literature. First, in crystallography there are Bragg
reflections, which strongly enhance the coherent scattering signal. As a consequence,
one can safely neglect the incoherent scattering in crystallography. In single molecule
imaging the diffraction pattern is continuous. Thus, there is no reason to neglect
the incoherent scattering a priori. Second, CDI experiments performed on mesoscale
targets have not suffered from considerable background. But these experiments have
been performed at a resolution of several tens of nanometers [156]. Estimations of
the incoherent scattering contribution in hydrodynamic models of carbon clusters
have indicated its influence at higher resolution [184, ]. In fact, we will find that
there is a strong incoherent background at atomic (Angstr('jm) resolution. Unfor-
tunately, the presently used imaging pixel array detectors [99, , , ] are
not designed to energetically distinguish the coherent scattering from the incoher-
ent scattering, which is shifted in photon energy. Consequently, filtering out the
coherent signal in experiment is not feasible in the near future.

In summary, incoherent scattering degrades the quality of the signal for CDI
experiments. This means quantitative understanding of the incoherent scattering
signal is indispensable for future experiments, facility design, and development of
data processing algorithms. The present results may contribute some new facets to
discuss which XFEL machine developments are beneficial for imaging [188, ]

8.2. Formalism of high-intensity x-ray scattering

8.2.1. The regime of ionization induced extreme matter states

The x-ray wavelength determines the regime of possible spatial resolution in CDI.
Since 12.4 keV photon energy correspond to 1 A wavelength, several keV photon
energy are required for imaging with atomic resolution. CDI is based on the nonres-
onant scattering formalism from Sec. 2.1.4 governed by the A2-interaction Hamilto-
nian

OéQ A~
e =% / &z A%(x) A(x). (8.1)

At the given photon energies it is justified to neglect resonant scattering for biological
molecules. Biological molecules consists mostly of light elements, carbon being the
most abundant after hydrogen These elements have typically K-shell binding energies
of several hundred eV. Consequently, the photon energy for CDI imaging lies far
above the absorption edges.

However, XFELs break new grounds in x-ray-matter interactions because of the
unprecedented high x-ray fluence. The dominating process at several keV photon
energy is photoabsorption, see Fig. 8.3. The ionization dynamics (during and after
the x-ray pulse) expose matter to extreme conditions far from equilibrium [22, ].
Consequently, we have to include the ionization and relaxation dynamics in our
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Giot, experiment

Cross section (barns/atom)
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Figure 8.3.: The total photon cross section oo in carbon as a function of incom-
ing photon energy. The contributions of different processes are distinguished: 7
photoabsorption, o..n coherent (elastic) scattering, oincon incoherent (Compton)
scattering. Processes irrelevant for this thesis are: e*-e~ pair production in the
nuclear field «, and electron field k. (triplet production), as well as nuclear pho-
toabsorption opp.

Reprinted with permission from (Hubbell, Gimm, @verbg, J. Phys. Chem. Ref.
Data 9, 1023) [190], cf. x-ray data booklet [191]. (©1980, AIP Publishing LLC.

model to obtain realistic results. The situation is dramatically different from third-
generation synchrotron-radiation sources, where the probability that a single atom
absorbs more than one x-ray photon is negligibly small. In contrast, XFEL pulses

naturally achieve the saturation x-ray absorption [172, —196].  Atoms exposed
to XFEL radiation are excited to highly charged states, it is even possible that all
electrons are subsequently stripped off the atom [193]. In an experiment on xenon

[194], charge states of Xe3%t were formed with 1.5 keV photons. Remarkably, the
absorption of a single photon may lead to the ejection of several electrons. The
absorption of a photon results in a cascade of (ultrafast) relaxation processes. Most
importantly in light elements (Z < 30), K-shell holes decay via Auger decay. In
the high-intensity case of XFEL pulses, additional photons may be absorbed during
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8.2. Formalism of high-intensity x-ray scattering

a decay cascade. The complex nature of all possible pathways is a challenge for
numerical simulation [197]. A realistic simulation of CDI experiments has to take
these ionization dynamics into account. This demands a suitably chosen formalism.
The applicability of perturbation theory is questionable under conditions where the
ground state may be completely depleted. This chapter serves as an outline of a
formalism for nonresonant x-ray scattering in a strongly ionization driven system.

8.2.2. Differential scattering probability

The system is strongly driven by the dominating photoabsorption process. This is
described by the "p- A” Hamiltonian, defined in Sec. 2.1.4. Note that the alteration
of electronic structure — the so-called electronic radiation damage — has to be dis-
tinguished from the Coulomb explosion (the disintegration of molecular structure).
Here, we assume a sufficiently short pulse duration to neglect structural dynamics
[158]. We consider only electronic radiation damage, which cannot be avoided at
high x-ray fluence.

We will consider the scattering induced by the ”A2” Hamiltonian as a small per-
turbation. In this subsection, an expression for the scattering probability similar to
the ionization-free case will be derived. The practical treatment of the ionization
dynamics is described in the following subsection. We write the total Hamiltonian
as

ﬁ:ﬁel+ﬁrad+ﬁﬁ,A+ﬁA2:}AIO‘F}AIA% (82)

Let us assume for the moment that we have solved the time-dependent Schrodinger
equation for the driven system. Then we have found the time evolution operator
U()(t, tm) with

d - A A N
aUO(tatin) = —iH()Uo(t,tin), with Uo(tin;tin) =1. (83)

Treating the scattering in first order perturbation theory, the full time evolution
operator U (t,ti,) is

t
Ut tm) = Dol tin) — i / At To(t, ') H > Uo (1, tn). (8.4)

tin

The system is prepared long before the scattering (¢, — —o0) in the initial state
Pin = ﬁﬁg ® ﬁfrll In a typical experimental setup the incoming beam is filtered out
and only scattered photons are measured. As in Sec. 6.3, we employ the projection
operator onto a scattered photon mode as observable

Ok, = pks,)\s ® 1. (8.5)
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Chapter 8. Compton scattering in single molecule coherent diffractive imaging

]31(5, ). is the projection operator onto all multimode Fock states with one photon in
the mode (ks, As). The differential scattering probability is given by

dpP Va?
As

Pks) = Tr (ﬁf@ks) is the expectation value of @ks in the state py of the total
system, given by

A

43
pr=lim /dtldtgUo(tf,tl)ﬁAgﬁo(tl,tm)ﬁinUg(tg,tin) Ul 1), (87)

tg—00
tin——00 tin
So far the derivation has been analogous to the ionization-free case in Sec. 6.3. At
this point, it is important to emphasize the differences. In the case with ionization,
the time-evolution can entangle the electronic and radiation systems. This is most
easily understood for the case of a single incoming photon: if the photon is absorbed
and an electron ionized the state of the radiation system changes drastically. In this
case the radiation and electronic system are strongly correlated. In the following,
we will see that under typical experimental conditions the photonic and electronic
degrees of freedom can be disentangled. The detailed derivation is performed in
Appendix 8.A.
Let us assume, for simplicity, that the molecule is initially in its electronic ground
state
P = [o) (T . (8.8)

We express the initial state of the radiation system in a coherent state representation

Pin :/ I Pacr PHerca}) Houea}) o, (8.9)

(k)
where P({ay \}) is the Glauber-Sudarshan P-function [198]. We assume that the
P-function has Gaussian form [71]
1 _\Oék7>\|2
P{ax,}) = ——e (kX 8.10
(o) =TT (8.10)

)

Glauber has shown that the P-function takes on such a Gaussian form, with increas-
ing number of statistically independent, arbitrary, stationary sources which excite
multiple modes of the radiation field [198]. Because of the random excitation of the
field the corresponding density operator describes a chaotic radiation field; in fact,
it cannot have second or higher order of coherence. Most importantly, it has been
shown that the x-ray radiation field produced by a SASE FEL can be described by
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8.2. Formalism of high-intensity x-ray scattering

a Gaussian P-function [199, |. The Gaussian P-function has the useful property
that all higher-order correlation functions can be expressed in terms of the first-order
correlation function. The first-order correlation function of the SASE FEL can be
modelled as quasi-stationary and quasi-monochromatic. This means we can describe
the pulse by the average intensity I(¢) and the temporal coherence function ~(7),
ie.,

G(l’l)(tl, tg) = 4ﬂa[(t1;t2 )’ytp(tg — t1> s (8.11)

where the temporal coherence function 7, (7) = e~ T/ ¢lwinT defines the coherence
time 7. of the pulse. In particular, we will assume that the coherence time is so
short, the temporal coherence function is essentially a delta function in time. This
assumption is justified by the fact that SASE FEL pulses have a spiky structure with
coherence time in the subfemtosecond regime. Moreover, we assume only sequential
one-photon absorption, which is a reasonable approximation [192, ]. Note that
the scattered photons must interfere coherently, thus ¢; and to must lie within the
coherence time.

Finally, from a lengthy derivation (see Appendix 8.A) the scattering probability
is obtained

Plles) = i Z @ // d3$1d3$2wkslwm a|€;kn.€ks>)\s|2 el Q (x1-x2)

tf—00
tin——00 s
te oo
X / dt I(t) /dT e77-2/7'c2 ei(win*Wks)T (812)
tin win —0o0
% Tr (ﬁel(t) eiHe1T/2 ﬁ(x2) e—iﬁelT ﬁ(Xl) eiHelT/2>
where
4 a t ta, ta,
A yiyes
pat) =3 <2> /tha /tha_1 / dta, I(ta,)---1(ta,)
s\ /o . p (8.13)

% e—iHel(t—tin)j(tAa) .. 'f(tAl) RORN jT(tAl) .. .jf(tAa) eillel(t—tin)

The electronic state includes any numbers of photoionization events. The resulting
relaxation processes are included in the interactions through the electronic Hamil-
tonian. Note that in this approach we have rigorously performed the ensemble
average over the field. No separation of the ensemble average for the scattering and
the ionization dynamics has been necessary. Most importantly, we have found an
expression for the x-ray scattering probability that is similar to the ionization-free
formulation. The final expression exhibits the familiar density-density correlations,
the time-dependence on the system is contained in the electronic state of the system.
In the next subsection, a practical method for the calculation of the electronic state
is considered.
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8.2.3. Rate equation approach for electronic system

The previous subsection has shown that x-ray scattering at high-intensity depends
on a complex electronic state, depending on the electronic dynamics induced by
photoabsorption and relaxation processes in the molecule. It is still an open question
to find rigorous and numerically feasible methods to determine the electron dynamics
resulting from a strong driving by a high-intensity x-ray pulse. Possible approaches
for a rigorous treatment are the theory of open quantum systems [201, | and
quantum kinetical approaches [203-208], based on density matrix theory or the
nonequilibrium Green’s functions technique.

However, empirical evidence shows that rate equation approaches successfully
reflect the experimental situation [160), , , ]. Thus, we employ a rate equa-
tion approach for the electronic dynamics, tracking the populations P; of electronic
configuration I. The transitions between the possible electronic configurations {I}
are represented by a set of coupled rate equations (also known as “Pauli master

equation”)
d
aPl(t) = > [CroiPr(t) =T Pi(t)], (8.14)
4T

where I';/_,; is the rate for a transition from configuration I’ to I. The Pauli
master equation for the x-ray interaction with molecules can be derived from the
Bloch-Redfield equation under certain assumptions [209]. In general, rate equations
emerge in many physical situations. The validity of the Pauli master equation is
often derived from the averaging over many degrees of freedom (e.g., the bath in an
open system) [201, —212]. For systems with many degrees of freedom it can also
be derived from certain assumptions on the interactions [213, ]. Recently, the first
investigations on the role of atomic coherences and consequences of non-markovian
behaviour were carried out [215-218]. A crucial assumption in the presented deriva-
tion has been the incoherence of the x-ray pulse. With the emergence of coherent
self-seeded FEL sources, non-markovian behaviour that cannot be captured by the
rate equation approach may become important. This has to be analyzed elsewhere.

Having determined the populations of the electronic configurations from the rate
equation approach, the differential scattering signal is defined by

d?lzks = [atjto) ZI:PI(t)d?Z(S . (8.15)

Here, j(t) is the photon flux at time ¢ of the incident x-ray pulse and d%—‘;| 1 the
differential scattering probability of the I-th electronic configuration. In addition
to photoabsorption the accompanying relaxation processes Auger decay and fluores-
cence are included in the model. We neglect the ionization by Compton scattering
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in the rate equation description because the population dynamics are clearly dom-
inated by photoabsorption. In the regime considered here, this is justified because
the photoabsorption cross section is about one order of magnitude larger than the
total Compton cross section. For example, at wi, = 10 keV we obtain from our calcu-
lations for a neutral carbon atom in its ground state configuration a total Compton
scattering cross section ocompton = 2.7 barn (cf. [219]) and a total photoabsorption
cross section oaps = 41.6 barn.

In large molecules or clusters electron impact ionization can become a major
source of ionization [160, , 220-224]. We do not treat electron impact ionization.
Thus, our present results rather underestimate the scattering signal from ionized
electrons (see below). We also neglect electron recombination that might attenuate
the ionization [160, , 226).

Altogether, the differential scattering cross section of the I-th configuration con-
tains the coherent and incoherent scattering from bound electrons (see Eq. (8.22)
below) and the Compton scattering from free electrons (see Eq. (8.27) below),
cf. [ ’ ’ ) ]7

d?zi = (j?z)Th (1/(Q) + S1(Q) + Nj=). (8.16)

Here, N}ree denotes the number of free electrons in configuration I. f;(Q) and
S1(Q) are the atomic form factor and the static structure factor of configuration I,
respectively.

8.3. Form and structure factors

8.3.1. Formalism

As already mentioned, the nonresonant scattering is governed by the AZ-interaction
Hamiltonian

2
i = % / &z A%(x) A(x). (8.17)

Because in the rate equation approach only the populations of electronic configu-
rations are considered, we may consider the electronic system to be in a stationary
state |¥p) (at the instant of the scattering event). Moreover, according to Eq. (8.12)
the differential scattering probability can be calculated for this state as in the sta-
tionary case. After the scattering event the electronic system will be in the state
|¥r). An incoming x-ray photon of energy and momentum (wip, kiy) transfers en-
ergy w = wip, — ws and momentum Q = k;, — k, to the electronic system, thereby
making the transition to the scattered photon state (ws, ks). As described in Sec. 6.3
one obtains the double differential scattering cross section (DDSCS) from Fermi’s
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golden rule [21], yielding

A, dws =Y 0(Ep — By —w) | [ & (Tpla(x)|[To) ™| . (8.18
kosde <dQ>Th Win ZF: ( F 0 CU) ‘/ $< F|H(X)‘ 0> € ( )

Recall, (92)rn, =Y, €k, Ay €kin Ain |2 denotes the Thomson scattering cross sec-
tion (TSCS). In this chapter we will assume that the x-ray pulse is sufficiently
monochromatic to neglect the bandwidth of the x-ray pulse.

Within the independent-particle approximation there is only one electron involved
in the scattering process. This electron is independent from the other electrons, i.e.,
there are no correlations. Within this approximation the final electronic state can
be written

U ) = ;| Wo). (8.19)

We have used the creation (annihilation) operator é}; (¢p) of the spin-orbital |py,)
with energy €, see Sec. 2.1.2. Furthermore, we assume the initial state to be a single
Slater determinant

[Wo) =éf, ...e}.10). (8.20)

Expanding the electron density operator fi(x) = >, cpp( Jpq(x )cch, we can ex-
press the DDSCS in terms of the spin orbitals

d%o B (do’) Wy
dQy, dwg - \dQ/ 1y, win

+ 225 f—sz—w‘/dga:npf )IQX

2
7] (X)) 2

2
), (8.21)

where the index i runs over all occupied spin-orbitals in the initial state |¥y), and the
index f over all unoccupied spin-orbitals in [¥p). Keeping the solid angle element
dQy, fixed, the DDSCS determines the spectrum of the scattered radiation.

The photon detectors used in coherent diffractive imaging experiments are not
designed to resolve the photon energy [99, , , ]. Consequently, only the
energy integrated DDSCS is experimentally accessible. Integrating the DDSCS over
ws yields the differential scattering cross section

o= (%) (r@F+s@). (5.22)

Coherent (elastic) scattering is governed by the form factor

occ.

/d3 Zcp x)pi(x) el QX (8.23)
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Incoherent (inelastic) scattering is characterized by the static structure factor

unocc. occ.

w . 2
5@ = [dw. 237 Y dles i) | [ @00 L (820
n f i

Wi

The free electrons that are created during the pulse by photoionization or relax-
ation processes will also contribute to the scattering signal [158, , ]. In general
the free electrons have a highly nonthermal kinetic energy distribution [2241]. The
fast photoelectrons with 10 keV energy have a velocity of ~600 A /fs, which means
they stay inside a 1 pum? focal spot for several femtoseconds. Keeping in mind that
a free electron with 100 eV energy travels about 60 A/ fs, it becomes apparent that
the free electron cloud will expand during the pulse to a volume with a radius much
larger than 10 A. Consequently, coherent scattering from the free electrons will only
be important at very low resolution. Here, we make the assumption that unbound
electrons are well described by plane wave states @unn(x) = V—1/26Px . Scatter-
ing without changing the plane wave state can occur for zero momentum transfer
Q = 0 only. Thus, neglecting the small scattering angle regime, we can neglect
elastic scattering from free electrons.

On the other hand, incoherent scattering from free electrons is possible for all
scattering angles. Replacing 3, by # [d3p’ the static structure factor of an
unbound electron with momentum p follows from Eq. (8.24)

2
/ Bz (QPP)x| (g 95)

ws V 1
S(Q) = /dws %W/dgp, 6(81)/ —€p—UJ)W

Using the trick |[ d®z ¢i(@+P—p)x
ws integral with e, = p®/2 yields

. 2 2 . N2
S(Q):/d3p/ Win + P /.2 p /25(Q+p_p/):wm P-Q-Q /2. (8.26)

Win Win

2
‘ =V(271)35(Q+p—p’) [12] and performing the

The final photon energy is ws = win —p- Q — Q?/2. There are two energy shifts. The
usual Compton shift Q?/2 for a resting electron [12]. At XFEL photon energies of
several keV photon, the Compton shift is negligible ws ~ win[1+a?wiy(1—cos )]~ ~
win- Moreover, there is an electron momentum dependent Doppler shift p - Q. For
slow electrons this induces also a very small change in the final photon energies.
For the fast photoelectrons it becomes measurable if p and Q line up. We will
assume that ws; =~ wj,. Under these approximations, the static structure factor of
configuration I counts the number of unbound electrons

S(Q) = Nfree, (8.27)
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8.3.2. Static structure factor in the Waller-Hartree approach

Calculating the static structure factor can be quite cumbersome because it involves
unoccupied spin-orbital calculations. For small energy transfers the Waller-Hartree
approximation [229] can simplify the calculation of Eq. (8.24) significantly. Let the
energy transfer w be small with respect to wj,, then one may assume wg/wi, ~ 1.
Moreover, the change of the momentum transfer vector due to the change of w; is
minute. Approximately Q is the same as in elastic scattering Q ~ ki, — kinks/ks.
The static structure factor then reads

unocc. occ.

/dw Z 2(5 €f —51—(.«) / d3xd3;];/go )901( )pr( )SDI( )eiQ-(xfx’).
(8.28)

Using the completeness of the spin-orbitals 377" [or) (0| = 1 — 327° ;) (5],
one finds

unocc. ocCcC.

Z <p}(x)cpf(x (x —x') Z <pj (8.29)
f
Finally, we obtain the static structure factor

/dgxap] ) iQ-x

OCC. occC.

ZZZ

where Z denotes the number of electrons in |¥g). Remarkably, the final electronic
states do not enter in this equation; all summations are carried out over spin-orbitals
occupied in the initial state |¥q).

Introducing a suitable averaging over initial Slater determinants the static struc-
ture factor can be transformed into a form suitable for numerical implementation.
The details are given in Appendix 8.B. One finds

(S@ae =2 =2 3 5 (rmdase L+ (2l + 1) [0 (@ O 0]

nj,lj il

: : (8.30)

(8.31)

where n; € {0,1} denotes the occupation number or spin-orbital ¢;, Cllngo is a

Clebsch-Gordan coefficient, and Rn 1;n.1; (@) (defined in Eq. (8.86)) is an integral of
the radial wave functions and the spherlcal Bessel functions.

8.3.3. Static structure factor from explicit integration

Without making the Waller-Hartree assumption, the static structure factor can be
calculated directly by performing the wg-integration in Eq. (8.24). As in the previous
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8.3. Form and structure factors

subsection we average over the inital Slater-determinants and recast Eq. (8.24) into
a form that can be readily evaluated numerically, cf. Appendix 8.B. This subsection
is an extension of Ref. [230].

Introducing as before the occupation numbers, averaging Eq. (8.24) over all pos-
sible initial Slater determinants for open shells yields

W 2

(S(Q))det = /dws — Z«l — 77f)77i>det5(5f —& —w) ‘/d?’x @}(x)(pi(x) elQx

)

(8.32)

Observe that 1—n; gives only a nonzero contribution if [¢¢) is an initially unoccupied
orbital. We need to determine the average of the probability that |¢;) is occupied
(“a particle”) while |py) is unoccupied (“a hole”)

(L =) ni)aer = (Mi)det — (Nf Mi)det - (8.33)

The average of pairs of occupation numbers has been determined in Eq. (8.79).
For bound-to-free transitions we have the simple relation ((1 — 1f) 7i)det = (7i)det
because |pf) has 7y = 0 in all initial states. The same holds for bound-to-bound
transitions where the shell of ¢ is empty in all initial states. However, for bound-to-
bound transitions where ¢ lies in a initially open shell we have to take the (17 7;)det
term into account. As an example, consider the bound-to-bound transition of a 1s-
electron into an empty 2p-orbital in 1s22s22p? carbon: ((1 — 92p) Mis)det = 1 — %,
which is not equal to (915)get = 1.

The matrix element in Eq. (8.32) is evaluated in Appendix 8.B, see Eq. (8.88).
Finally, the averaged static structure factor reads

Ws
(S(Q))det = /dwsw—‘2 Z Z S(ws —win — € +€7) (1 = 0f) i) det
nply midi (8.34)
L 150 |2
X Z(2L + 1)(2l1 + ]‘) ‘Rnflfnili (Q) CliOLO‘
i3

Compare this result with the Waller-Hartree approximation in Eq. (8.31). The
crucial difference is that in the Waller-Hartree approximation only initially occupied
orbitals play a role. Here, in contrast, the sum over ny, [y extends over all unoccupied
states. Additionally, there is the integral over the final photon energy. However,
the delta function restricts w, to a fixed value for a given ¢y; or vice versa, when
integrating over a ws-grid the delta-function restricts the possible final states ¢y.
Moreover, we have made no approximation about the momentum transfer vector Q.
In the Waller-Hartree approximation @Q is approximated by the elastic scattering
momentum transfer, where ks = ki,. Here, we use the exact Q = ki, — k.
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Chapter 8. Compton scattering in single molecule coherent diffractive imaging

In the special case that one considers only bound-to-free transitions one can further
simplify Eq. (8.34). For bound-to-free transitions one has

(1= 1) M)t = (1= {17)ace) (mdaer = (1= somsle ) s (g 55
Nf)Ti)det = Nf)det) \Thi)det = 2(2lf T 1) 2(2l7, + 1) ) .
where N, ;. is the total number of electrons in the (n;,[;) subshell. This results in
free an |
- s 1 Nn l—
))det = /dw ng;z;é — €+ €p) M( 2(21f+1>>
Tefaby ok (8.36)

2
X Z (2L +1) ’Rnfzfnz (Q) CllifoOLO‘

8.3.4. The XATOM toolkit

The expressions of the form and structure factors depend on the electronic wave
functions. Thus, one needs to solve the electronic structure problem. The electronic
structure calculations in this chapter were performed using the XATOM toolkit [231].
XATOM has been presented in Ref. [172]. This code for x-ray atomic processes
calculates photoabsorption cross sections, fluorescence rates, Auger decay rates, as
well as coherent scattering cross sections.

For the present work, we have extended the XATOM to calculate inelastic x-ray
scattering cross sections. We have implemented the static structure factor within
the Waller-Hartree approximation Eq. (8.31), as well as full energy integrated one

Eq. (8.34).
XATOM solves the electronic structure problems for x-ray atomic processes using
the Hartree-Fock-Slater model [172, , ]. In this independent-particle model

the mean-field Hamiltonian is

Hyps = *VQ d3 "+ Vi(%), (8.37)

IX! |A
where Z is the nuclear charge, the electron density n(x) =3 gpj(x)gpi(x) is a sum
over occupied spin-orbitals, and V is the Slater exchange potential

3773 1/3
Vi(x)=—=|—n(x .
L) = =5 | 2]
Furthermore, the Latter tail correction [234] is applied to the potential. Making
the central field approximation, the Hamiltonian is angular momentum averaged to
impose spherical symmetry. Thus, the solution of the Schrédinger equation can be

expressed by a radial term w,;, a spherical harmonic Y},,, and a spin function

Uy (7 O
pramst) = "y, 0 (5 +;> , (5.39)
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8.4. Coherent and incoherent scattering from atomic carbon

where u,; with n = 1,2,... characterizes bound states and continuum states are
given by a ug with € > 0. The radial wave function u,; for bound states is calcu-
lated by the XATOM code using the generalized pseudospectral method on a nonuni-
form grid. For unbound states u,; is determined by numerically solving the radial
Schrodinger equation for given e with the fourth-order Runge-Kutta method on a
uniform grid. To evaluate integrals with bound and unbound wave functions XATOM
uses a spline interpolation to map wave functions from the nonuniform to the uni-
form grid. For more details consult Ref. [172]. Open-shell systems, like carbon, are
treated by averaging over all possible Slater determinants associated with an initial
configuration.

8.4. Coherent and incoherent scattering from atomic carbon

I investigate the nonresonant incoherent x-ray scattering from atomic carbon, which
is after hydrogen the most abundant element in biomolecules.

8.4.1. The spectrum of scattered photons

Fig. 8.4 shows the spectrum of x rays, scattered incoherently from a neutral carbon
atom, for an incoming photon energy of 10 keV and a scattering angle of § = 60°.
Note that the detector geometry in coherent diffractive imaging experiments at
XFELs allows scattering angles up to maximally 6 < 70° [180, ]. The spectrum
was obtained from calculating the integrand in Eq. (8.36). Fig. 8.4 shows the contin-
uous Compton spectrum of ionizing bound-to-free transitions. The next subsection
shows that at 8 = 60° the bound-to-bound transitions are negligible. At slightly
less than 300 eV energy transfer one clearly identifies the carbon K-edge. K-shell
Compton scattering only plays a minor role. The spectrum is peaked at a photon
energy shift of about 100 eV, and scattering events with an energy shift of less than
200 eV are dominant. As a result it seems to be nearly impossible to filter out
the incoherently scattered photons, because the Compton spectrum largely overlaps
with the ~ 0.1% — 1% bandwidth of the x-ray pulse. This implies that only the
static structure factor is accessible in experiment.

8.4.2. Comparison of Waller-Hartree approach and direct integration

The static structure factor can be calculated within the Waller-Hartree approxima-
tion as explained in Sec. 8.3.2 or by direct integration of the DDSCS as described
Sec. 8.3.3. Fig. 8.5 compares the results of both methods, which show a good
agreement. The slight deviation at large scattering angles is a direct result of the
Waller-Hartree approximation. Both results coincide, when one replaces the exact
Q in the integrated DDSCS with the elastic Q. In contrast to the Waller-Hartree
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Figure 8.4.: The continuous Compton spectrum of ionizing bound-to-free transitions
for wi;, = 10 keV and 6 = 60°, contributions of the atomic orbitals are distin-
guished. Determined from the double differential scattering cross section (DDSCS)
of a carbon atom in the ground state in units of the Thomson scattering cross
section (TSCS).

Figure taken from (Slowik et al., NJP 16, 073042) [4] (line styles adapted).
(©2014 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft.

approach one has to determine all final states to use Eq. (8.34). This allows, how-
ever, to separate the contribution of bound-to-free and bound-to-bound transitions
[235]. We find that bound-to-bound transitions play a minor role, although they are
not negligible. The present result for carbon agrees with the exact analytical cal-
culation for hydrogen in Ref. [135]. Moreover, the integration of the DDSCS allows
a simple model for a photon energy resolving detector. Assuming that the detector
accepts only photons up to a maximal energy shift w one may simply integrate the
DDSCS from wj, to wiy, — w. The incoherent scattering signal with and without
energy resolution is shown in Fig. 8.6. For this calculation the effect of electronic
radiation damage has not been included. Fig. 8.6 shows the effect of photon en-
ergy resolution, however it becomes noticeable only at very large scattering angles
and for high photon energy resolution. A relative bandwidth of 1% corresponds to
100 eV in the present case, such that higher energy resolution is not desirable. This
result confirms the conclusion of the last subsection that one cannot filter out the
incoherent scattering. Anyway, existing pixel array detectors are not designed for
energy resolution [99, , , ]. Accordingly, we employ the Waller-Hartree
approach, which is numerically much more favourable, to perform the calculations
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Figure 8.5.: The static structure factor for neutral carbon with wy, = 10 keV. The
Waller-Hartree approach is compared with numerical integration of the DDSCS.
The contributions of bound-to-bound transitions for the latter method are shown.
The inset shows the incoherent scattering S(Q) compared to the coherent (elastic)
scattering |f(Q)|?. Adapted from Fig. A1 from (Slowik et al., NJP 16, 073042) [1].

in the remainder of this chapter.

8.4.3. Scattering pattern of a single carbon atom

Finally, we are in the position to determine the scattering pattern of a carbon
atom according to Eq. (8.15). Fig. 8.7 shows the scattering pattern of a carbon
atom resulting from a 10 fs long, flat top x-ray pulse with w;, = 10 keV. The
total scattering pattern is decomposed into a coherent scattering signal and the
incoherent background signal. The incoherent background has two contributions,
which are distinguished in the figure. First, the Compton scattering on electrons
that are bound in the ionic configurations during the ionization dynamics. Secondly,
scattering on unbound (“free”) electrons that are emitted from the atom during the
pulse.

Fig. 8.7(a) shows the scattering pattern for a fluence of 10 photons/um?. This
fluence is particularly interesting because it corresponds to the currently available
fluence at LCLS of 10'? photons per pulse focused to 100 x 100 nm?. The background
signal becomes substantial at high resolution. In fact, the background becomes
stronger than the signal at a scattering angle 6 = 55°, corresponding to 1.36 A
resolution. At this fluence, the background signal is dominantly caused by inelastic

014
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Figure 8.6.: The incoherent scattering signal of a carbon atom for w;, = 10 keV,
a 10 fs pulse with 10'* photons pum™2. Here, the effect of electronic radiation
damage is not yet included. Photon energy resolution is modeled by integrating
the DDSCS from wij, — Wyes t0 win, with wyes =100 or 200 eV.

scattering from bound electrons. Absorption is not strong enough to strip many
electrons off the carbon atom at this fluence. The mean charge of the carbon atom
after the pulse is +0.75.

Fig. 8.7(b) shows the same graph for a fluence of 10'® photons/um?. Increasing
the fluence increases the background signal from free electrons.

Fig. 8.7(c) shows the case of very high fluence of 10'® photons/um?2. With recently
proposed schemes this fluence might be available at future facilities [188, ]. In
this regime the scattering pattern changes dramatically. The background signal
dominates practically throughout the pattern, for scattering angles larger than 6 =
20° (3.6 A resolution) the background makes > 50% of the total signal. At this
extreme fluence, most electrons are stripped off the atom by the end of the pulse (the
mean charge after the pulse is 45.37). The dominant contribution to the background
signal is caused by scattering on free electrons. At higher scattering angles there is
also a strong contribution from inelastic scattering on bound electrons.

Fig. 8.7(d) shows the percentage of coherently scattered photons in the total scat-
tering signal for all three cases.

In Fig. 8.8 the scattering pattern is presented for photon energies 12.4 keV and

3.5 keV. The fluences and other parameters are the same as before.
Fig. 8.8(a) shows the scattering pattern for wy, = 12.4 keV. We find a substantial
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8.4. Coherent and incoherent scattering from atomic carbon

signal degradation at large scattering angles for all fluences. Increasing the fluence
degrades the quality of the coherent signal also at small scattering angles. The per-
centage of the coherent signal drops below 50% at a scattering angle corresponding
to 1.3 A resolution at a fluence of 10 photons/um?, and already 2.9 A resolution
at 106 photons/um?.

Fig. 8.8(b) shows the scattering pattern for wi, = 3.5 keV. Interestingly, the de-
pendence on the fluence is even more drastic. This can easily be understood from
the photoabsorption cross section, which is about 50 times larger at 3.5 keV than
at 12.4 keV. Thus, the strong photoionization gives rise to a strong scattering signal
from free electrons. Already at a fluence of 10 photons/um? there is a strong
background at small scattering angles. In the forward direction (§ = 0) only about
82% of the scattering signal originates from coherent scattering. But the coherent
scattering signal is still prevailing (larger than 60% up to 6 =~ 90°, i.e., 2.7 A reso-
lution). In contrast, for 10'® photons/um? the coherent scattering signal makes up
less than 60% of the total signal and drops below 50% at 0 ~ 50° (4.2 A resolution).
The most drastic situation is found at a fluence of 10'® photons/um?. The back-
ground signal is dominating the scattering pattern. Throughout the entire range,
the coherent scattering signal contributes less than 40% to the scattering pattern.

In Fig. 8.9 the pulse duration is varied from 0.1 fs to 100 fs for wy, = 10 keV at
10'6 photons/um?. At large scattering angles the scattering pattern suffers from
a dominating background irrespective of the pulse duration. Interestingly, shorter
pulses improve the percentage of coherent scattering at small scattering angles or low
resolution. This may be considered counterintuitive because a shorter pulse duration
at fixed fluence means a higher intensity. In fact, the ionization is decreased, by
outrunning the Auger decay and by the production of double core holes, so called
“hollow atoms” [172, , |. For the present case of a single atom, however,
making the pulse shorter than one femtosecond has very little consequence.
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Figure 8.7.: The number of photons dZ/d} scattered from a carbon atom into a
solid angle element df2 for wj, = 10 keV. The x-ray pulse is 10 fs long (flat top)
and the fluence is (a) 10'* photons pm =2, (b) 10! photons um =2, (c) 106 pho-
tons pum~2. The total scattering pattern and its contributions from coherent and
incoherent scattering are shown. The incoherent scattering is further decomposed
into contributions from bound electrons in the ionic configurations and ionized
free electrons. Panel (d) shows the percentage of coherently scattered photons in
the total scattering.
Figure taken from (Slowik et al., NJP 16, 073042) [1] (line styles and key adapted).
(©2014 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft.
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Figure 8.8.: The scattering pattern for wiy, = 12.4 keV (panels (a) and (b)) and
win = 3.5 keV (panels (c¢) and (d)). Panels (a) & (c) show scattering patterns
for fluences of 1014, 10, and 10'® photons um =2 and 10 fs pulse duration. The
number of photons is scaled by 100 /fluence (in ph pm™2) to fit all lines in the
same plot. The contribution of the background from incoherent scattering is
shown. Panels (b) & (d) show the percentage of coherently scattered photons.
Figure taken from (Slowik et al., NJP 16, 073042) [] (line styles adapted).
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8.5. Coherent and incoherent scattering in single molecule
imaging

This section addresses the background scattering from large molecules. The recon-
struction schemes of single molecule CDI require the mean photon count to exceed
a certain threshold. Typically the scheme for structure determination of a single
molecule proceeds in three steps [144, 177]:

1. Classification of scattering patterns from the same molecular orientations and
averaging patterns of the same class,

2. Determining the relative orientations of the classes,
3. Phase retrieval and reconstruction from the reciprocal space data.

Averaging many images from the same molecular orientation is one way to improve
the signal to noise ratio [173, , , —238]. Other methods merge classification
and orientation into one step [179, , ]. In any case, dealing with low number
of scattered photons is a big challenge for all methods. A mean photon count on the
order of 0.1 photons/pixel was indicated as necessary for a successful reconstruction
with about 2-3 A resolution in Refs. [177, 178]. Ref. [179] argued that for small
molecules a mean photon count on the order of 0.01 photons/pixel suffices. A com-
mon shortcoming of all these thresholds is that they were predicted under simplifying
assumptions. In particular, these algorithms completely neglect any electronic radi-
ation damage and any background signal. In this section, I present calculations to
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8.5. Coherent and incoherent scattering in single molecule imaging

assess the impact of the background scattering on the mean photon count. More-
over, | investigate the dependence of the photon count and the signal quality on the
photon energy and x-ray fluence. A systematic determination of optimal machine
parameters is important for individual experiments as well as the development of
machine upgrades. The problem is to maximize the coherent scattering signal while
minimizing the radiation damage and the background signal. Improving the signal
to background ratio is also important because we have completely neglected any
noise of the signal (See Appendix 8.D.) The noise and the associated photon count
distribution are important quantities in the reconstruction algorithms [177, .
Moreover, in practice it may be beneficial to use the lowest necessary fluence on the
target. In this way, any available surplus power in the XFEL beam could be used
to increase the focal spot size of the x-ray beam. A larger focal spot of the x-ray
beam improves the hit rate, leading to more efficient use of the XFEL beam and
more rapid accumulation of statistically significant data.

Let us estimate the mean photon count scattered by a single molecule into inde-
pendent pixels (speckles) at high resolution. An independent pixel is the resolution
element that corresponds to independent data according to the sampling theorem
[145]. Fitting the molecule inside a cube with side length 2R, an independent pixel

corresponds to a Q-space area of (w/R)? [177]. For x-ray wavelength A\ the solid
angle corresponding to an independent pixel is
A 2

Qp=(—=) . 8.39

»=(57) (339

For sufficiently short x-ray pulse duration we may neglect any nuclear motion and
assume the positions of the atoms to be fixed. In biomolecules such as proteins,
carbon is the most abundant element after hydrogen. Consequently the scattering
signal will dominated by the scattering from carbon. Accordingly, we model the
molecule as a random distribution of N¢ independent carbon atoms. (For details
see Appendix 8.C.) Moreover, we denote the average over independent pixels in the
annulus of scattering angle 6 by (-)g. The scattered intensity into a given independent
pixel is considered to be approximately constant over the pixel. At sufficiently high

resolution — in the regime of Wilson statistics [211] — the average photon number
dIm01> dZ
=QpNo—— 8.40
< dp /oAy (840)

is proportional to the single atom scattering pattern dZ/d{y given in Eq. (8.15). A
detailed derivation is presented in Appendix 8.C. Not surprisingly, the mean number
of scattered photons depends on the number of atoms in the molecule. But because
the independent pixel (speckle size) also depends on the size of the molecule this
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Chapter 8. Compton scattering in single molecule coherent diffractive imaging

dependence is not direct proportional. Let the molecule have a spherical shape with
radius R and carbon atom density pc, then the mean photon count is proportional
to QpNg = %pc)\QR o Né/g.

Fig. 8.10 illustrates an example with typical parameters for a protein, a molecule
of R = 10 nm radius with a carbon atom density of pc = 1/15 A3 It presents
the mean photon count per independent pixel of coherently scattered photons and
background scattering for wj, = 10 keV and 15 keV.

Fig. 8.11 analyzes the mean photon count for different photon energies and x-ray
fluences. Moreover, the percentage of the coherent signal in the total scattering
signal is shown. As before R = 10 nm and pc = 1/15 A=3. In this figure the
resolution is fixed at 3 A and 1.5 A.

Fig. 8.11(a) shows the average photon count for 3 A resolution. It shows that
a fluence of 10'* photons/um? is sufficient to achieve a mean photon count of 0.1
photons/Qp in the photon energy range of 3-11 keV. An even lower fluence of 103
photons/um? could be used, provided that 0.01 photons/2p suffice for a successful
reconstruction. The effect of electronic radiation damage is also reflected in this
figure. Without radiation damage the coherent scattering signal is independent of
win. The mean photon count per pixel would then be proportional to wglz, reflecting
the size of p. Only the lowest fluence case exhibits this behaviour. At the higher
fluences the mean photon count is almost constant, with a small peak at 5 keV.
The ionization, which is even more pronounced at low photon energy, reduces the
coherent scattering. Another sign for the influence of radiation damage is the fact
that an increase of the fluence by an order of magnitude does not increase the
scattering signal by the same factor.

Fig. 8.11(b) shows that the signal quality deteriorates at high fluences. Incoher-
ent scattering on bound electrons sets an upper limit on the percentage of coherent
scattering. At higher fluences the background scattering on free electrons worsens
the signal quality. Interestingly, the signal quality is much better at higher photon
energies, reflecting the lower ionization cross section. Imaging might therefore bene-
fit from using a higher photon energy, because of the improved signal to background
ratio.

Similar results are found for imaging with 1.5 A resolution.

Fig. 8.11(c) shows that in order to reach a mean photon count of 0.1 photons/Qp
a fluence of 10'® photons/um? is necessary. The average photon count is not very
sensitive to the photon energy, but shows a maximum at 10 keV.

Fig 8.11(d) shows that the percentage of coherent scattering at 1.5 A resolution
is much lower than at 3 A resolution. At a fluence of 10 photons/um? there
is less than 30% coherent scattering signal in the total photon count for the entire
photon energy range of 7-15 keV. For 10'® photons/um? the background scattering is
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dominating up to 12.4 keV photon energy. Using higher photon energies significantly
improves the (fairly low) percentage of coherent scattering. This suggest that using
photon energies of about 12.4 keV and higher may be beneficial for high resolution
imaging (cf. [188, 189, 242]).
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Figure 8.10.: The mean photon count per independent pixel at high resolution. Cal-
culated according to Eq. (8.40). The molecule is modeled by radius R = 10 nm

and carbon atom density pc = 1/15 A%
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Figure 8.11.: “Left panels show the average number of coherently scattered photons
from a molecule (pc = 1/15 A=3 radius R = 100 A) at a fixed resolution, plotted
versus the incoming photon energy, for four different fluences. Right panels show
the percentage of the coherent scattering signal in the total scattering signal. The
resolution is fixed to 3 A in panels (a) & (b), and to 1.5 A in panels (c) & (d).’[/]
Figure taken from (Slowik et al., NJP 16, 073042). (©2014 IOP Publishing Ltd and
Deutsche Physikalische Gesellschaft.
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8.A. Differential scattering probability considering
high-intensity ionization dynamics

As mentioned in the main text, we write the total Hamiltonian as
H = Ho+ Hyaa + Hy g + Hzo = Ho+ Hy,. (8.41)

Let us assume for the moment that we have solved the time-dependent Schrodinger
equation for the p - A-driven system. Then have a time evolution operator Uy(t, tiy)
that satisfies

d A PN ) N
aUO(tatin) = —lHoUo(t,tin), with UO(tinytin) =1. (8.42)
Treating the scattering in first order perturbation theory, the full time evolution
operator U (t,ti,) is

t
Ut tin) = Uo(t, tin) —i [ dt' Up(t,t") Ha2 Up(t, tin). (8.43)

tin

The system is prepared long before the scattering (¢, — —oo) in the initial state
Pin = ﬁﬁg ® ﬁfrll In a typical experimental setup the incoming beam is filtered out
and only scattered photons are measured. As in Sec. 6.3, we employ the projection
operator onto a scattered photon mode as observable

Ok, = P, ® Lo (8.44)

ka, ), 1s the projection operator onto all multimode Fock states with one photon in
the mode (ks, As). The differential scattering probability is given by

dpP Va?
e / w2 dwy, P(k,). (8.45)
As

Pks) = Tr (ﬁf@ks) is the expectation value of Oy, in the state p; of the total
system, given by

A

te
ps= lim // dtydty Uo(tr, 01 ) H 4200 (1, tin) fin U3 (t2, tin) H 42 U (tr, 1) (8.46)

tf—00
tin—>—00 ti,
So far the derivation has been analogous to the ionization-free case in Sec. 6.3. At
this point, it is important to emphasize the differences. In the case with ionization,
the time-evolution can entangle the electronic and radiation systems. This is most
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easily understood for the case of a single incoming photon: if the photon is absorbed
and an electron ionized, the state of the radiation system changes drastically. In this
case the radiation and electronic system are strongly correlated. In the following,
we will see that under typical experimental conditions the photonic and electronic
degrees of freedom can be disentangled.

Before we determine the action of the time evolution operator on the density
operator, we study the action of the p - A term on a state vector. First of all, we
assume that x-ray fluorescence is negligible. This is justified if the x-ray photon
energy is much higher than any resonant excitations of the target and the electronic
system relaxes predominantly via Auger decay. Consequently, we neglect the terms
in ﬁf)_ A that contain the photon creation operator. Let |¥;) be an eigenstate of

A

H. and let [{ax x}) be a multimode coherent state [17, ], i.e., a collection of
eigenstates of the photon annihilation operator. Under these conditions, the action
of Hy 4 on the state [¥;)[{oxr}) is
~ 2 A o V -
pal¥i){ona}) = a/d% P (x)A(x) - T U&) W) {ax}) (8.47)

27T A~ V ikin-x 7
i T [ 20160 e 60 [l (548)
Win A 1

where we also have assumed that the radiation has a small relative bandwidth, the
polarization €;, and a mean wavevector k;j,. Observe, that the free time evolution
of this state factorizes

e—i(HC1+Hrad)t |\I/z'>|{ak,)\}> _ e—iEit ’\I/i>|{ak,/\ e—iwkt}> . (8.49)

The time evolution of the state |¥;)|[{ax »}) is given by
t
Uo(t, tin)| W) [{ag 1 }) = e et =tin) Toxp [ dt'HL 5 (¢) ) 193) {aucp})  (8.50)
tin

= Vaalt, ti) W) e e 01 (8.51)

T exp(-) denotes the time-ordered exponential and we have introduced the short
hand notation for the action on the electronic part

t

~ . 2 . , N

Var(t, tin) = eflaC=tn) Texp [ —i / at'y [ -2" S anepe Wl Ty | (8.52)
N Vi i3

which still depends on the state of the radiation field (through the ax ) and the
operator that induces the ionization has been abbreviated

Z(t) = iftma / d%aﬂ(x)?em elkin X () @71 hmart” (8.53)
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8.A. Differential scattering probability considering high-intensity ionization dynamics

Note that this decomposition is not true in general, we have exploited the properties
of the coherent state.

To use the properties of the coherent states, we express the initial state of the
radiation system in a coherent state representation

i = [ TI @ore PAescah) Howa}) anal. (854

(k)

where P({ax \}) is the Glauber-Sudarshan P-function [198]. For simplicity, let us
assume that the molecule is initial in its electronic ground state

P = [Wo) (W . (8.55)

Recall that according to Eq. (8.45), the differential scattering probability depends
on

P(ks) = lim Z/ dt1dty ( % //d3331d $2/ H d2ak)\ P({akA})

tg—00

tin——00 FXs 1y (kA) (8.56)
< (Lie, | (W] Uo(tr, t1) A% (x1)A(x1)Uo(t1, tin) |Wo)|{ouep})
2
(x

x ({ar (o] UJ(t2, tin) A >< 2) 03 (t,t2) |W,c) 1, ),

where we have inserted a complete set of electronic eigenstates 1 = >, [Vy) (Vs
Recall that the observable only counts states with one photon in the mode k. Using
the completeness of coherent states, we can write

ESCAEDY [T (d m) e L) (B . (857)

X U 1k,

where [{3,}) is any mulitmode coherent state with Sy, , = 0, i.e., no photons in
the scattered mode. The crucial matrix elements in the last expression can thus be
factorized into the electronic and photonic subsystems

(T, [0 \UO(tfatl)A (x1)7(x1)Uo(t1, i) [Wo)l{arn})

— . e
% VOZ2 \/('T ks,>\s €q,8

X (W | Vet t1)A(x1) Ver (1, tin) [Wo) - ({BryuH{auen el )y (8.58)

—i(ks—q)-x1 eflwq(tlftm) o Wk (te—t1) g8

Inserting this result into Eq. (8.56) and using again the completeness for {5 ,})

127



Chapter 8. Compton scattering in single molecule coherent diffractive imaging

yields the differential scattering probability

P(k,) = Jim Z/ dtrdty (%) //d3x1d3:r2/ I P P{ax})

tin—>—00 5 tin (k >‘)

—iks-(x1—x%2) eiwks (t1—t2)

ZZ (VaQ) wksdwpwq €p,a’ Eks As k As €a,p €

b« q75
a; aaq,ﬂ eiwp(tz—tm)—ipvxz e_in(tl_tin)+iq~X1
<\:[10’ 1(t27t1n) ( )‘/}ji(tf’t2)f7€1(tf’tl)ﬁ(xl)‘/}é](tl,tln)|\po> (859)

At this point, we must not forget that Val depends on the properties of the radiation
field. Before we can trace over the photonic system (i.e., perform the integral over
d2a) we have to make this dependence explicit.

Recall that V, involves a time ordered exponential and can be expressed by

N A n/2
Vaalt, tin) = o~ iHel (t—tin) Z(,ia) (V 2> /dt /dtn - /dt1 Z Z

kn,An ki,\

’Vl/2 —lwkntn .

(Wi, = Wi ) e, © SO e R T () I(t)

(8.60)

To simplify the expressions, we introduce a more compact notation so that the last
line is written

t

~ o n n/2 n Apn)  _jw () n
Va(t, tin) = e 1lalt= tm)z )" () / dt™ 3" ﬁe R,
E(n) "

tin
(8.61)

Using this short-hand notation, we now inspect the matrix element in the Eq. (8.59)
more closely

(Wo|V, 1(t27 tin)P(x2) Vel (t2, t1) (%1 ) Ver(t1, tin) [ Wo)
(atbi)/2 | 7 i
a+b+c
- XS et (35) " fa fa) [l 562
tin t1 tin
% ZZZ a k(a)ak(b)ak((‘) e—iwk(a)tgqa) e—iwk(wtg) e—iwk(c)tg)

k<a) k(b) k<c) wk(a)wk(b)wk(c)

% (\IJOIi'T(tEZ)) oiflei(t2—tin) f(x2) o~ iHel(t2—t1) i'(tg;)))ﬁ(xﬂ o iHei(t1—tin) f(t(cc))|\110> _

We found the dependence of the electronic state on the photonic state in the last
expression. This can now be used to trace out the photonic degrees of freedom, i.e.,
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8.A. Differential scattering probability considering high-intensity ionization dynamics

perform the integral over d?a in Eq. (8.59). At this point, we have to specify the
state of the radiation system. We assume that the P-function has Gaussian form

[71]

lage A1
1 k,\

e (e (8.63)

P({ak,)\}) 11:{ 7T<7A"Lk’)\>
Glauber has shown that the P-function takes on a Gaussian form, with increasing
number of statistically independent, arbitrary, stationary sources which generate the
radiation field [19%]. Because of the random excitation of the field, the corresponding
density operator describes a chaotic radiation field. Most importantly, it has been
shown that the x-ray radiation field produced by a SASE FEL can be described by a

Gaussian P-function [199, 200]. The correlation function of order (N, M) is defined
by
N.M . . . N+M)/2
GNM (xy b5 XN N YL Ty T) = YL Y (=D ()M (Z)WEM/
ki-ky li-1ps
AX A AT A ~
X \/ujk1 wk]\]\/wll wlM T‘I‘(pinaii.(l ...aLNall . . alM)
< e—i(k1x1 —wi, t1) |, e_i(kNXN—WthN) ei(11x1 —wy ) L. ei(lMxM_wlMTM) . (8.64)

We consider the bandwidth to so small that we can replace the prefactors /wy by
Win. Inserting the P-function of Eq. (8.63) into the state of the radiation pulse in
Eq. (8.54), we obtain

N,M . . . . N+M
G( )(X1,t1,...,XN,tN,yl,Tl,...,yM,TM Z Z —1 )
kikynlilps
N+M 2
X Win / H d ak)\ P({O{k A})akl, Ain OékN,)\m 117)\111 ’ a1M7)\1n
(k,A)
% e*i(klxlfwkltl) . e—i(kNXN—wthN) ei(llxlfwllTl) . ei(lMxM—wlMTM) . (8_65)

Finally, we exploit the Gaussian form of the P-function by employing the very useful
identity [71]

/d2a e Clof? (@)™ = 8 VUM 07D, C>0. (8.66)
From this last identity follows that only terms with N = M contribute
GNM (x5 xN ENi Y, Ty i) = v (3E)Y Z >
~ky P

X/ [T P P D)long xl® - lasy anl?

X eiwkl (tl_Tp(l)) e_ikl(xl_xp(l)) . -eiwkN (tn—T (N)) e_ikN(xN_xp(N)) ’ (867)
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where we sum over all N! permutations of the arguments 1,..., N. Moreover, from
Eq. (8.66) follows that in the case of a single mode with Gaussian P-function P(«a) =
ﬁe"ap/m) one has the moments (|a|?”) = n!{|a|?)”. As a result higher-order
correlation functions can be reduced to sums of products of the first-order correlation

function [71]

N

GOM (@, oty mv) = 3 [T GV (5.8, Yoy To)- (8.68)
j=1

P
Substituting Eqgs. (8.68) and (8.62) into Eq. (8.59), we obtain

P(ks) = lim Z//dgmd?’ 2* € - €k A, e ~ika-(x1—x2)

tg—00
tin——00 As

X Z 0q btc (7 a+l //dtldtQ/dt(a)/dt / c) 1wk5(t1 t2)

a,b,c

/ (8.69)
a+1
1
X Z H el ’1)(Xj7tj’3’p(j)’7p(j))
P j=1

% <\I/0‘j:T (tgl)) eiﬁel(tz—tiu) TAL(Xz) e—iﬁel(tz—h) f(tg))ﬁ(xl) e—iHel(tl_tin) f(tg':))’ql0> ,

where in the argument of the correlation function we have t; € {t2,ta,,...,ta,} and
all (b+ ¢+ 1)! permutations of 7; € {t1,tB,,...,tB,,tcy,- - tc, }-

The first-order correlation function of the SASE FEL can be modelled as quasi-
stationary and quasi-monochromatic. This means we can describe the pulse by the
average intensity I(t) and the temporal coherence function «(7), i.e.,

G (x1, b1, %o, t2) = dmal (BE2 )y (ty — 1) elFmba—2) (8.70)

where the temporal coherence function v, (7) = e~ 7/7¢ elvnT defines the coherence
time 7. of the pulse. We assume that the radiation is spatially coherent in the entire
interaction volume, such that the averaged intensity I(¢) does not depend on X1, X3.
Moreover, we assume that the ionization process is only sensitive to the temporal
properties of the plulse, so that G™M) depends only on the time variables of the
ionization processes. Thus, we set xa,...,XN,¥2,...,ya = 0. In the following we
will assume that the coherence time is so short, the temporal coherence function is
essentially a delta function in time. This assumption is justified by the fact that
SASE FEL pulses have a spiky structure with coherence time in the subfemtosecond
regime. Note that the scattered photons must interfere coherently, an consequently
t1 and to must lie within the coherence time. Moreover, the ionization is assumed to
be a sequential process, by choosing all times t4,,...,t4, to be mutually different.
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This is justified because in the hard x-ray regime each single-photon absorption leads
to the population of real atomic states. Thus, we neglect any statistical enhancement
of multiphoton absorption, which is a reasonable approximation [192, .

Finally, we obtain the scattering probability

tf—00
tin‘> oo As

P<k8) B hm Z @ / d3x1d3x2 Wk 1win a’6;k1’1 .ekS))\S ’2 eiQ'(Xl—Xz)
A s

/ dt — / dr o 7/7 ellom—wc)T (8.71)

% Tr (ﬁel(t) echl’T/2 ﬁ(XQ) e—chlT ﬁ(Xl) eiﬁclT/Q)

where

4 tAa tAQ

T

po(t /th/tha : /dt I(ta)--I(ta,

pei(t) = 2 ( m) ‘ . A L(tay) - 1(ta,) 8.72)

e A Tt ) D(ta,) (o) (Wo| T (tay) -+ T (ta,) ).

8.B. Averaging of S(Q) and simplification for numerical
implementation

We recast Eq. (8.30) into a from that can be readily evaluated numerically. If the
spin-orbital |¢;) is occupied in the initial Slater-determinant |¥y) the occupation
number 7; is unity 7; = 1, otherwise the occupation number vanishes 7; = 0. Intro-
ducing the occupation numbers the static structure factor becomes

=Z-=> > nmi
P

/d?’x w}(x)gpi(x) elQx ’2. (8.73)

In the following we introduce an additional averaging (- )4et over the initial Slater
determinants |¥(). We have assumed the initial state to be a single Slater-determinant.
For open-shell atoms we will average over all possible initial occupations of orbitals
in the open subshell. Physically, this means we neglect any anisotropy of the initial
state, as well as we do not require particularly selected initial states. For exam-
ple, in carbon we do not consider the spatial orientation of the p-orbitals, instead
we average over all possible initial occupations of p-orbitals. The averaged static
structure factor is

<S(Q)>det =7 - Z Z<nj77i>det
i o1

/d?’x ga} (x)pi(x) e!Q* ‘2. (8.74)

131



Chapter 8. Compton scattering in single molecule coherent diffractive imaging

Before we calculate the static structure factor, we analyze the averaged occupation
numbers. First, we determine (1;)qet-

The simplest case is when the (n;,[;) subshell is a closed subshell, i.e., it holds
2(2l; + 1) electrons. Then we have (7;)qet = 1.

In the case of an open (n;,[;) subshell the number N of possibilities to distribute
Ny, 1, electrons onto the orbitals in the (n;,l;) subshell is

(2020 + 1)
(%)

The averaged occupation number is

1 Si
<77i>det - <77ni,li,mi,si>det - N %nni,li,mi,si = NZ' ) (875)

where S; denotes the number of initial Slater determinants. There are

2(20; +1) —
g — ( (2 +1) 1)
Ny, g, — 1

possibilities that ¢y, 1, m,.s;) is occupied. This yields

Si Nni i,

(Mi)aer = 37 = S 1 1) (8.76)

Now we may look at the average of products of occupation numbers (17;7;)det. In the
simple case j = i we have (n?)det = (9i)det, because n; € {0,1}. When |¢;) belongs
to a closed shell we have 7; = 1 and thus (9j7;)det = (7)det. Finally, consider the
case i # j and |p;) and |p;) belong to open shells. If ;) and |¢;) belong to different
subshells, i.e., n; # n; or l; # [; the average factorizes

(M3Mi)det = (M) det (M) det - (8.77)
If [¢;) and |p;) belong to the same subshell,

_ 1 _ Sij _ Nni,li(Nm,li - 1)
i)t = %"’"‘j’”’mﬂ*sj Thadimiss = 3= (g 4 2) (4l + 1)

(8.78)

where S;;

o _ (2@i+1) -2
TN Ny -2
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is the number possibilities to distribute N, ;, electrons in the subshell, such that
N limiysi = 1 = My 1;m;,s;- I summary, we have

1, ©i, j in closed shells,
%, ¢; in open shell, ¢; in closed shell,
Ny, 1, .
(n7i) det = 2(Ti1)7 i = pj in open shell, (8.79)

Nnv,l~ N”'si .

2(215+]1) 2(21;+l1)7 $i, Y5 1 Open shell, (nja lj) # (nulz)
Noit; (N 1;,—1) —

m, (nj,1;) = (ni, l;) open, mj # m;.

We observe that as long as (m;, s;) = (mj, s;) the average (1;7;)det depends only on
ng, li and ni, lj.

Similar to Ref. [230] we can now simplify the matrix element in Eq. (8.74). We
choose the coordinate system in Q-direction. This means the Q-direction serves as
the quantization axis. Then we can expand the exponential term in terms of the
spherical Bessel functions j; and the spherical harmonics Y}, [213], with r = |x|,

QX = l@reos? = Nl JAr (2L + 1) 5(Qr) Yio(Qx) - (8.80)
L=0

Assuming a spherically symmetric electronic Hamiltonian (cf. Sec. 8.3.4) the spin-
orbitals with quantum numbers (n,, m, s) can be decomposed in radial and angular
part

U (7 O
Guims) = Y, () ( ’ *12) | (8.81)

The crucial matrix element then becomes
il @) = [ Al ) E Pt () (8.82)
= 05,5, \/4m(2L + 1) > iF / dr a1, (1) GL(Qr) n, 1,(7)

L

(8.83)
%[ A Vi, (920) Yio(620) Yiom, ()

We can simplify the last equation to

iQ-x . (2L +1) 10 Limns
(0 €' ¥ i) = 0550 D 1" (2L +1) Ry p 0 (Q) mczfom Cilmlro» (8.84)
L
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where C’llfgf’lym are the Clebsch-Gordan coefficients and we have used the following

identity for the angular integral [213]

: LA D@D wo am,

Moreover, we have introduced the radial integral

njl il Z /dr unj ) JL(Qr) Up,, (1) - (8.86)
The expression for the squared modulus of the matrix element becomes
(il | = (g 1@ \¢j><m G2 ) (5.87)
:5 Zzl ln“(Q)RLlnllz<Q)
L (8.88)

L0 dima
x (2L+1)(2L" +1) Cz OLOClJrTrZJLOOI or0Cr, Z Lo -

The Clebsch-Gordan coefficients are only nonzero for m; = m;. Thus, the aver-
aged occupation numbers are independent of m;, m;. Inserting Eq. (8.88) into the
expression (8.74) of the averaged static structure factor yields

(S(Q))act = Z — > 655,81 > > (0;"i)det

535584 nj,l- Tbi,li
X Z Z n]l mlz(Q) Rﬁjljnili (@) (8.89)
L L
1;0 L im;
x 2L+ 1)(2L" + 1) ZOLOCZ o0 2 Cilmiro lﬁ Lo -
mgj,mg
From the properties of the Clebsch-Gordan coefficients [213] we obtain two useful
relations
20; +1)(21; + 1)
Limi  lim z-—z-\/( ¢ J
Cilmin0Clime o = (1) oL (8.90)
m;% lim; L 2L +1
and

l -0 L 2l + 1 liO
Ciloro = (=1)%/ 2lz 1 Coso- (8.91)

Using these relations we obtain the final result

(SQaee =223 (s detz (2L + 1)(20; 4+ 1) [RE 1,0, (Q) C0, |

nj,lj ng,l;

(8.92)
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8.C. Molecular scattering pattern

To a first approximation we can think of complex biomolecules (up to ~ 10° atoms)
as a random distribution of N independent carbon atoms. For very short pulse du-
ration the atomic positions R; are fixed during the pulse. We assume that scattering
at different times adds up incoherently and we average over the populations Pr(t)
of the global electronic configurations I = (Iy,...,In,), where I; is the electronic
configuration of the jth atom. The intensity scattered into a given solid angle d{2y
can be written

2
dImOl do . & 1 j
No
+ Z (SIJ(Q) + Ngee) ] ) (893)
j=1

Assuming that the ionization in one atom is statistically independent of the other
atoms, the global population factorizes into the individual atomic populations [2414]

N¢
Pi(t) =[] P, (). (8.94)
j=1

Under these assumptions the scattering intensity depends only on the single carbon
atom population dynamics, see Ref. [214]. Therefore, we need to consider only elec-
tronic configurations I of a single carbon atom, instead of the global configuration I.

The last term in Eq. (8.93) characterizes incoherent scattering on bound and ion-
ized electrons. The incoherent summation over single atoms contains no information
on the molecular structure. The resulting background signal is

:éig - (ccilgl)Th Nc/dtj(t)ZI:Pz(Sz(Q) + Nfee). (8.95)

On the other hand, the first term in Eq. (8.93) derives from the coherent scattering
on bound electrons. It reduces to

dIel . di . 9
koS - (dQ)Th/dt](t) [NCXI:PI|fI(Q)|
12 Pf(lt)ff(Q)]2 > eiQ"Rf‘R”] . (8.96)
T i
i#£]
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The first term is exactly Ngo-times the coherent scattering signal of a single atom.
Furthermore, note that f;(Q) and S;(Q) are independent of the azimuthal angle
and only depend on @, because in our approach is the atom spherically symmetric.

Taking the average (ﬁﬁ; only affects the last term in Eq. (8.96). We consider

sufficiently high resolution ryes = 27/Q. That is, we assume that 7.5 is smaller than
almost all atom distances R; ; = |R; — R;j| > 71es. For atom distances larger than
the resolution, the phase-factor Q - (R; — R;) > 27 oscillates strongly and thus
(elQ®R;—Rai)yy — (0. On the other hand, we assume that there are no atom distances
R; j < 7Tres, for which the phase factors would add up coherently. This means, we
consider a resolution on the order of the nearest-neighbour distance. In this case we
have random phase factors, and their sum corresponds to the average position of a
random walk in the complex plane. This results in

< S QR R > =0. (8.97)
Y] 0
i#]
We considered the case of molecule with 10 nm radius and atom density 1/15 A3,
corresponding to ~ 2.7 - 10° carbon atoms in total. This means there are about
~ 8 atoms within a radius of 3 A resolution. The nearest-neighbour distance is

~1.5A. Assuming that the signal does not vary much over the independent pixel,
and combining Eqgs. (8.95), (8.96), and (8.97) one obtains Eq. (8.40)

<C1.1Iglgn; >9 = pNo (%)Th/dtj(t) ZI:Pz(t) (1£1(Q) + 81(Q) + Nf*<], (8.98)
- QPNC(E' (8.99)

8.D. Photon count distribution

In this appendix we take a look at the probability distribution of the photon count.
Several stochastic processes have to be considered. So far we have always taken the
average of the molecular scattering pattern over a given scattering angle annulus.
Considering a random distribution of atoms the intensity in the diffraction pattern
is given by a probability distribution. Moreover, the actual number of scattered
photons is a stochastic process and consequently subject to noise. The photon count
distribution of the coherently scattered photons is a crucial statistical quantity for
the image classification in Ref. [177].

Given a random distribution of atoms the probability distribution for the coherent
scattering intensity has been given by Wilson [177, ]

p(I) = — o=/ eon(0)

NG) ’ (8.100)
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Figure 8.12.: The probability distribution of the photon count at § = 60° and
win = 10 keV for different x-ray fluences. Assuming a random distribution of
carbon atoms with R = 10 nm and pc = 1/ 154", Shown are the probability dis-
tributions of photon counts of coherent scattering, background, and the combined
total photon count (see Egs. (8.102), (8.103), (8.104)).

where (I.on(0)) is the average intensity over the annulus of scattering angle 6. Mod-
elling the molecule by a radius R and a carbon atom density pc, we have

(Len(8)) = 20 No 552 =02, po RE 3,
where (Ion(0)) denotes the expectation value of coherently scattered photons from
a single carbon atom.

Because the sequential scattering of photons is a fundamentally stochastic process
the actually detected number of photons is subject to Poisson noise. Combining
the Poisson distribution with the intensity distribution in Eq. (8.100) we arrive
at the probability distribution to count K elastically scattered photons in a given
independent pixel [177]

1 ey \"
pCOh(K)_1+<Iel(0)><1+<Iel(0)>> | (8.102)

Finally, we have to combine this with the probability distribution of the back-
ground signal. Being isotropic the background is only subject to Poissonian noise

(8.101)

K
({Tog(00)) ™ _

Pog(K) = =5 e osl0), (8.103)
where (Ipg(6)) = QpNe (ji%; = PCR)\?H%(;%E- Because elastic and background scat-
tering are statistically independent the probability distribution p(K) to detect K
photons is the convolution of the coherent and background distributions [245)]

K
ptotal(K) - Z pcoh(K - Z) pbg(Z) . (8104>
Z=0
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Chapter 8. Compton scattering in single molecule coherent diffractive imaging

As before we consider the example with R = 10 nm and p¢o = 1/ 15A_3, and
assume win = 10 keV. The average number of photons scattered into an independent
pixel Qp is shown in Fig. 8.10. The probability distribution of the photon count
at 8 = 60° is presented in Fig. 8.12. In Fig. 8.12 we observe that only in the
low fluence case the combined probability distribution resembles the photon count
distribution of only coherent scattering. In particular at the highest fluence we find
that including the background the photon count distribution is governed by the
background scattering.
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Chapter 9.

Summary and final remarks

The Road goes ever on and on
Out from the door where it began.
Now far ahead the Road has gone,
Let others follow it who can!
Let them a journey new begin,
But | at last with weary feet
Will turn towards the lighted inn,
My evening-rest and sleep to meet.

(From J.R.R. Tolkien’s “The Lord of the Rings”)

In this dissertation, I scrutinized nonresonant x-ray scattering. Using radiation
from x-ray free electron lasers (XFELSs), nonresonant x-ray scattering is a promising
tool for x-ray imaging with atomic spatial and ultrafast time-resolution. XFELs
offer completely new perspectives in imaging with atomic resolution. Examples are
serial femtosecond crystallography of nanocrystals and coherent diffractive imaging
of single molecules, which are expected to have an enduring impact on structural
biology. Moreover, the technology of XFELSs is rapidly evolving. Attosecond hard
x-ray pulses are expected to be available in the future. They will facilitate new
experiments on the time-scale of electronic processes in atoms in molecules. The
research field of attosecond physics is still young and mostly taking place in the
regime of optical photon energies. The direct investigation of electronic processes by
transient x-ray spectroscopy or time-resolved x-ray scattering imaging are exciting
potential applications of XFELs in this field.

A thorough understanding of the fundamental aspects of ultrafast nonresonant
x-ray scattering is necessary to gauge the full potential of present and future x-
ray light sources. This dissertation has discussed fundamental as well as practical
aspects of nonresonant x-ray scattering.
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Quantum theory of near-field and far-field imaging

I analyzed the theory of propagation-based phase contrast imaging (PCI), which is
a near-field imaging method. In Chapter 3 the classical theory of PCI has been
adapted. Based on optical scattering, the present approach is conceptually close to
the formulation in quantum theory. Moreover, the theory has been formulated for
x-ray pulse with quasi-stationary, quasi-monochromatic statistics.

In Chapter 4, I based the theory of phase contrast imaging on quantum theory for
the first time. The quantum theory is a rigorous validation of the classical expression,
which it fully recovers. Interestingly, there are automatically only contributions from
electronically elastic x-ray scattering. The expectation value of a suitable observable,
here the Poynting operator, has been determined in first order perturbation theory.
The (0,1) term has been demonstrated to fully account for the phase contrast effect.
This term, which cannot be obtained from transition probabilities, accounts for
the interference of scattered and unscattered photons. The consequences of this
quantum theory have been exploited in Chapter 5 for time-resolved imaging.

In the last three chapters, I investigated x-ray scattering in the far-field. In Chap-
ter 6, I uncovered the relation of the expectation value of the Poynting operator with
the commonly used transition probabilities. The (1,1) term of perturbation theory
has been demonstrated to be responsible for the far-field scattering pattern. This
term includes inelastic scattering, which cannot be properly described in classical
theory.

Time resolved imaging of electronic motion

Optical and x-ray imaging of electronic wave packets have recently seen a rapid
progress. In anticipation of further developments of femto- and attosecond x-ray
sources, I surveyed possibilities to image coherent electronic wave packets via non-
resonant x-ray scattering.

In Chapter 5, the quantum theory of phase contrast imaging has been applied
to the imaging of electronic motion. It turns out that PCI recovers, in contrast to
far-field methods, the instantaneous electron density. Examples for wave packets in
the hydrogen atom have been illustrated. Moreover, this method allows, by using
tomographic methods, the reconstruction of the 3d electron density and its Lapla-
cian, which contains information on the topology of the electron charge distribution.
Future experimental setups might satisfy the technological requirements to perform
such experiments.

In the near future, far-field x-ray imaging of coherent wave packets is expected to

become feasible. In Chapter 7, I have explored several imaging methods. As was
recently discovered, the far-field scattering pattern of electronic wave packets does
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not encode the instantaneous electron density, but complex spatio-temporal density
correlations. Here, an analysis of the role of photon energy resolution in the mea-
surement is provided. In the case of very high resolution, one measures a generalized
dynamic structure factor. In the case of no energy resolution, one measures a gen-
eralized static structure factor. For static targets the structure factor is known to
give information about electronic correlations. Interestingly, it may thus be possible
without energy resolution to probe time-dependent electronic correlations.

Moreover, it was demonstrated how time-resolved x-ray scattering experiments
can be used to reconstruct a generalized electron density propagator. The full prop-
agator, which characterizes the complete linear response behaviour of the system,
may be recovered in special cases. Additionally, a possibility to recover the in-
stantaneous electron density was discovered. X-ray crystallography from a regular
arrangement of wave packets automatically filters out the coherent scattering con-
tribution.

Finally, I proposed time-resolved Compton scattering of electronic wave packets. 1
demonstrated that coincidence measurements of the scattered photon and the recoil
electron yield direct access to the instantaneous electron momentum density. If the
recoil electron is not observed, the measurement yields the time-dependent Compton
profile. Hence, this method gives a direct access to the instantaneous momentum-
space density. In many cases imaging in momentum space is equally desirable as
imaging in real-space. I illustrated this method in the case of a hydrogen wave
packet. Further studies will certainly test the method on more complex systems.
Simulations on complex systems should also be easier to perform than simulations
of the quasi-elastic diffraction patterns.

Incoherent scattering in single molecule imaging

Coherent diffractive imaging (CDI) of single molecules is one of the key applications
of x-ray free electron lasers. It promises to supersede the often impossible crys-
tallization of biomolecules. XFELs offer the required ultrashort x-ray pulses with
unprecedented high intensity. CDI relies on the connection of the elastic (coherent)
diffraction pattern with the electron density. Inelastic (incoherent) scattering causes
an undesirable background signal.

Chapter 8 presents an ab initio study of incoherent x-ray scattering under typical
single molecule imaging conditions. Due to the high-intensity regime, the target
will be ionized strongly. Here, electronic radiation damage of the strongly driven
electronic system is treated in a rate equation approach. Calculations have been
performed with the XATOM-toolkit, which I have extended to comprise inelastic
scattering. I calculated the elastic and inelastic scattering patterns of the carbon
atom for different photon energies and photon fluences. From these results, I es-
timated the scattering patters of typical biomolecules. Remarkably, the scattering
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patterns exhibit a strong background signal at high fluence and high resolution.
Especially, the scattering from unbound electrons is responsible for a large part of
the background signal. Therefore, the results recommend higher photon energies
for imaging, due to the reduced photoabsorption. Moreover, the results suggest to
make the molecular classification and orientation algorithms, which are needed in
the reconstruction procedure, ready for strong background signals. With respect
to the expected huge impact of single molecule imaging, further refined studies are
indispensable. A logical next step would be to include the inelastic scattering cross
sections into molecular dynamics simulations of XFEL irradiated systems. More-
over, the scattering from unbound electrons, which has shown its crucial role, has to
be investigated in more detail. From a suitable model of the nonequilibrium state of
the electron plasma, one could obtain a more refined Compton spectrum from the
free electrons.

Outlook

For such a new method like XFEL imaging and in such a young research field like
attosecond physics, there remain many open questions. The results presented here
are a first step.

Most urgently, the inelastic background in CDI should be further investigated and
the algorithms should be adjusted. Moreover, further studies of Compton scatter-
ing in the high intensity regime, on heavy elements, are interesting. Possibly, the
Compton spectrum could be used as an online analysis tool. It is conceivable, that
it contains information about the ionization dynamics and may serve as a mean to
reduce the influence of volume integration.

Time-resolved imaging of electronic wave packets is an important aspect in the
long-term. Future studies will involve more complex wave packets. Compton scat-
tering is very promising, simulations seem feasible as they do not involve unoccupied
states. It would be interesting to analyze the importance of the plane wave assump-
tion, for instance, with TDCIS calculations. In the future, it will also be important
to include ionization into the models.

An important development for theory will be to devise a rigorous and practical
treatment of the ionization dynamics. A compelling question will be to bring to light
the importance of atomic coherences and statistical properties of the radiation pulse
in the ionization dynamics. With the emergence of seeded XFEL light sources, it
will prove important to quantify the effects of coherent light on the imaging process.
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