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Studies of biomolecules have recently seen substantial developments. New X-ray lasers allow
for high-resolution imaging of protein crystals too small for conventional X-ray crystallography.
Even structures of single particles have been determined at lower resolutions with these new
sources. The secret lies in the ultrashort high-intensity pulses, which allow for diffraction and
retrieval of structural information before the sample gets fragmented. However, the attainable
resolution is still limited, in particular when imaging non-crystalline samples, making further
advancements highly desired. In this thesis, some of the resolution-limiting obstacles facing
single particle imaging (SPI) of proteins are studied in silico.
As the X-ray pulse interacts with injected single molecules, their spatial orientation is
generally unknown. Recovering the orientation is essential to the structure determination
process, and currently nontrivial. Molecular dynamics simulations show that the Coulomb
explosion due to intense X-ray ionization could provide information pertaining to the original
orientation. Used in conjunction with current methods, this would lead to an enhanced threedimensional reconstruction of the protein.
Radiation damage and sample heterogeneity constitute considerable sources of noise in SPI.
Pulse durations are presently not brief enough to circumvent damage, causing the sample to
deteriorate during imaging, and the accuracy of the averaged diffraction pattern is impaired
by structural variations. The extent of these effects were studied by molecular dynamics.
Our findings suggest that radiation damage in terms of ionization and atomic displacement
promotes a gating mechanism, benefiting imaging with longer pulses. Because of this, sample
heterogeneity poses a greater challenge and efforts should be made to minimize its impact.
X-ray lasers generate pulses with a stochastic temporal distribution of photons, affecting
the achievable resolution on a pulse-to-pulse basis. Plasma simulations were performed to
investigate how these fluctuations influence the damage dynamics and the diffraction signal.
The results reveal that structural information is particularly well-preserved if the temporal
distribution is skewed such that most photons are concentrated at the beginning.
While many obstacles remain, the prospect of atomic-resolution SPI is drawing ever closer.
This thesis is but one of the stepping stones necessary to get us there. Once we do, the
possibilities are limitless.
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1. Introduction

Observing is a fundamental cornerstone of science. By simply looking, we
can obtain information crucial to understanding the world around us. In some
instances this is a fairly easy task; a pair of healthy eyes have little difﬁculties
distinguishing the prominent features of a plant or an animal. However, this
macroscopic view is limited and seldom enough to fully explain the underlying
mechanisms of the observed system. Seeing the green leaves on a maple tree
might tell you that the organism is capable of photosynthesizing, but leaves
you unable to explain how photosynthesis happens. Watching the musculature
of a gazelle provides insight into its remarkable running ability, but how its
muscles actually contract remains a mystery. There is clearly a need to go
beyond the imposed limits of human eyesight in order to accurately discern
the inner workings of nature.
To enter the microscopic world we have to rely on more advanced imaging techniques. These have their origins in the ﬁeld of microscopy, which
originally emerged with the advent of modern optical microscopes in the 17th
century. Since then, various novel approaches have been developed, and the
original method reﬁned, to enhance the attainable resolution of the imaged
sample. Following the discovery of X-rays, the last century saw the invention
of several X-ray based imaging techniques that offer remarkably high magniﬁcation powers. The perhaps most well-known is that of X-ray crystallography,
which is capable of imaging the individual atoms in a sample (referred to as
atomic resolution).
Conventional X-ray crystallography relies on coherent diffraction of X-rays
from a crystallized sample. Diffraction patterns are collected continuously
while the sample is being rotated, essentially producing images of the sample
from all angles. The ordered and repeating structure of a crystal enhances
the signal and makes it more resilient to the harmful radiation. Both of these
effects scale with the number of unit cells, the smallest repeating element of
the crystal. This means that there is an inherent minimal size requirement
for imaging to be viable. Unfortunately, acquiring crystals of appropriate size
is not always possible. For instance, a group of highly-promising drug targets
known as membrane proteins are notoriously difﬁcult to crystallize. Therefore,
in order to determine their structure, an alternative method must be employed.
In their pioneering work from 2000, Neutze et al. [1] predicted that using
high-intensity pulses on the femtosecond time scale produced by X-ray freeelectron lasers (XFELs) [2] would enable imaging of non-crystalline samples.
In this approach each X-ray pulse is intense enough (on the order of 1012 photons) to counteract the loss in signal compared to a crystal, but at the same
13

time brief enough to outrun damage processes. Following the exposure, the
sample is heavily ionized and quickly disintegrates in a violent Coulomb explosion, but only after diffraction data has been collected. The concept came
to be known as "diffraction before destruction" and was supported by further
theoretical studies [3, 4].
In 2006, diffraction before destruction was conﬁrmed experimentally with
soft X-rays (32 nm wavelength) at the FLASH free-electron laser in Hamburg, Germany [5]. Three years later, the ﬁrst XFEL matching the proposed
requirements to reach atomic resolution, the Linac Coherent Light Source
(LCLS) [6], became available. Within the ﬁrst two years of operation, imaging of biological samples unﬁt for conventional X-ray crystallography were
attempted. Chapman et al. managed to assemble diffraction patterns into a
three-dimensional volume from nanometer-sized photosystem I crystals, and
showed that it was comparable to known data obtained conventionally [7].
Seibert et al. collected diffraction patterns from single virus particles and reconstructed two-dimensional images to 32 nm resolution [8]. The latter was
later expanded to three dimensions by Ekeberg et al., albeit at a lower resolution of 125 nm [9]. Other non-crystalline, single particles were also imaged
using the same principle, such as RNAi microsponges [10], organelles [11]
and entire cells [12]. Each study utilized the same basic methodology; as the
samples were destroyed upon diffracting they were continuously replaced in
a serial fashion. This allowed for the accumulation of a large set of diffraction patterns from different orientations, which could then be combined to
ultimately retrieve the three-dimensional structure.
The approach has since become increasingly standardized. When applied
to crystalline samples it has been named serial femtosecond X-ray crystallography (SFX) and has been used to determine several biological structures
[13], up to resolutions as high as 1.20 Å [14]. However, in the case of noncrystalline single particles – referred to as single particle imaging (SPI) – the
success has been less pronounced. Resolutions of reconstructed images have
been limited to tens of nanometers [15, 16], which is far from the desired
atomic resolution of ~1.5 Å.
In this thesis we aim to address some of the obstacles holding SPI back.
Chapter 2 provides the necessary background to understand SPI and how it
compares to conventional X-ray crystallography. It also explains the physical
processes involved and how they are related to diffraction. Chapter 3 describes
the computational and mathematical methods employed in the presented studies. Lastly, Chapter 4 summarizes the results of those studies, where the following challenges in SPI were treated.
The orientation problem (Paper I)
Typically, the single particles are aerosolized with a gas-dynamic virtual nozzle (GDVN) [17] and delivered to the XFEL beam via an aerodynamic lens
stack [18] or a convergent nozzle [19]. As a result, the spatial orientation of
14

the sample at the time of X-ray interaction is random and unknown. Finding
the orientation is nontrivial but crucial to the successful three-dimensional assembly of diffraction patterns, and one of the major challenges of SPI. The
solution so far has been to orient the diffraction patterns algorithmically [20].
Another potential approach is to control the orientation pre-pulse using electric ﬁelds [21]. In Chapter 4.1, we investigate and discuss a third option: the
possibility of retrieving orientation data by mapping the ion trajectories of the
Coulomb explosion.
Radiation damage (Paper II, V)
Despite the ultrashort pulse durations offered by the XFELs in operation today, radiation induced damage cannot be circumvented entirely. Ionization
leads to diffuse scattering, while the following structural decay modiﬁes the
sample. Such effects bring about noise in the measured diffraction pattern.
However, some studies suggest that these processes may also promote a gating effect such that the effective pulse duration becomes artiﬁcially shortened,
for nanocrystals [22] as well as for single particles [23]. In Chapter 4.2, we
explore if a similar effect is observed when considering the Coulomb explosion and how the damage noise compares to other sources of noise. Moreover,
Chapter 4.5 presents a database containing radiation damage data for various
samples.
Sample heterogeneity (Paper III)
In SPI, each diffraction pattern is collected from a new sample. Ideally they
are all identical, but this is unlikely to be true in most cases. Especially biological molecules, which we are concerned with here, are known to exhibit
thermal variability, and some are even associated with ensembles of possible
functional conformations. The structural heterogeneity leads to a loss of coherence as diffraction patterns are averaged to improve the signal quality and
has profound negative impact on the achievable resolution [24, 25]. Chapter
4.3 explores how the signal loss due to sample heterogeneity relates to temperature and sample hydration.
Pulse proﬁle (Paper IV)
Current XFEL-facilities generate pulses through self-ampliﬁed spontaneous
emission (SASE), a process that is stochastic in nature. Consequently, the
time-distribution of photons is generally unknown and may ﬂuctuate greatly
between pulses. The temporal proﬁle of the X-ray pulse affects the evolution
of damage and therefore has a direct impact on the imaging quality. However,
the exact relationship between pulse proﬁle and imaging is not well known.
In Chapter 4.4 we delve deeper into this issue, which becomes increasingly
relevant as techniques for single-shot pulse characterization [26,27] and shaping [28] are being developed.
15

The aim of this work is to provide some results, ideas and insights in the
pursuit of atomic resolution X-ray imaging of single particles. And with its
vast potential applicability in the ﬁelds of materials science and structural biology, it is a worthwhile pursuit. The challenges are extensive, but despite
these hardships we are convinced that, once realized, SPI will have a tremendous impact. Just like X-ray crystallography before it, SPI promises to classify
as one of the most important scientiﬁc breakthroughs of its time.
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2. Background

In 1901, German physicist Wilhelm Conrad Röntgen was awarded the very
ﬁrst Nobel prize in physics for his discovery of X-rays [29]. It was a breakthrough that would provide the stepping stone for countless advancements in
various scientiﬁc ﬁelds. While the medical imaging applications were immediately apparent, the properties of the novel radiation would also open up
a new world of possibilities. The following years, methods utilizing X-rays
were developed and enabled unprecedented studies of matter at the submolecular level. For the ﬁrst time ever, scientists could reveal atomic-level details
about solids, liquids, gases and even speciﬁc molecules. A multitude of additional Nobel prizes were issued during the 20th century in connection to these
methods and ﬁndings attributed to them (see for instance [30], [31] or [32]),
and their use remain highly relevant even today.

2.1 Biomolecular imaging
While X-ray based methods can be applied to virtually any sample, in-depth
investigation of substances pertaining to life are of particular interest. Labeled
as biomolecules, this broad category encompasses all molecules found in organisms that are involved in life-essential processes or functions. It is commonly divided into four subgroups of macromolecules: lipids, carbohydrates,
nucleic acids and proteins. Some examples are the phospholipids that constitute the protective membrane around eukaryotic cells, the polysaccharides
that store energy and fuel cellular activity, and the DNA that carry genetic information. But the arguably most intriguing of biomolecules are the proteins.
Despite consisting of a mere 20 different building blocks known as amino
acids, proteins display an impressive range of varying biological functions.
Inside living organisms they have a crucial role in many important cellular processes, such as ion transport [33], immune response [34], cell signaling [35],
mitosis [36], gene expression [37], and more. Clearly, understanding proteins
is vital to understanding life.

2.1.1 Protein structure
What gives rise to this immense diversity? Much like how a spoon is more
suitable for eating soup than a fork is – despite both being made from the
17

same material – the answer lies in their design. It is the practically endless
number of unique conformations that is the secret behind the many different
functions of proteins. Their structures are divided into four distinct levels,
visualized in Figure 2.1, ranging from quaternary to primary. Typically, a
protein consist of a single chain of covalently bonded amino acids (a polypeptide). Some proteins, however, form aggregates of multiple polypeptide chains
that act in unison as a single entity. Each polypeptide chain in such complex
is referred to as a subunit, and the global three-dimensional conformation is
called the quaternary structure. This comprises the highest structural level.
For an isolated subunit, or a single-chained protein, the global conformation
is instead described by the tertiary structure. It is formed by a combination
of non-speciﬁc hydrophobic interactions and speciﬁc interactions such as hydrogen bonds, disulﬁde bonds and salt bridges within the chain. This is the
level that is typically implied when considering protein folding and the most
prevalent in regard to biological function.
Along the polypeptide chain we may ﬁnd local structural elements (such
as spiraling alpha helices or pleated beta sheets) that deﬁne the secondary
structure. They are formed spontaneously during polymerization through a
network of hydrogen bonds between amino acid residues, and aid the folding
into the tertiary structure from the initial random coil. These are, in turn,
highly correlated to the sequence of amino acids; the protein primary structure.

Figure 2.1. The four levels of protein structure. (a) Quaternary structure of protein
complex with four subunits. Two ribonuclease I molecules (green), each interacting
with a human ribonuclease inhibitor (grey). (b) Tertiary structure of ribonuclease
I. The global shape shows both alpha helices (green) and beta sheets (purple). (c)
Secondary structure element. An alpha helix formed by 14 amino acid residues with
sequence (from top to bottom) Met-Lys-Glu-Ser-Arg-Ala-Lys-Lys-Phe-Gln-Arg-GlnHis-Met. (d) Primary structure segment. The two amino acids methionine (top) and
histidine (bottom) sharing a covalent peptide bond (arrow). Colors indicate different
elements: grey, C; red, O; blue, N and yellow, S.

Because of their intimate connection to life, proteins have become especially interesting to life sciences and drug discovery, and determining the
structure is an integral part of that process. This has led to the emergence of the
ﬁeld of structural biology, and to the establishment of the Protein Data Bank
(PDB) [38] where biomolecular structures are stored. Finding the structure
18

is not an easy task, however. A hypothesis known as Anﬁnsen’s dogma [39]
states that in the native physiological environment, the primary structure will
uniquely determine the full three-dimensional conﬁguration of the protein. In
spite of this, it is as of yet impossible to deduce the tertiary structure with sufﬁcient accuracy based on the peptide sequence alone. Therefore, other methods
need to be employed in order to establish the detailed structure of the molecule
and consequently understand its underlying mechanisms.

2.1.2 X-ray crystallography
There are currently three predominant techniques in use for high-resolution
structure determination: nuclear magnetic resonance (NMR) spectroscopy [40],
cryogenic electron microscopy (cryo-EM) [41] and X-ray crystallography [42].
NMR spectroscopy employs magnetic ﬁelds to exploit the quantum mechanical properties of the nuclei within the molecule in order to retrieve data about
interatomic distances, movement and bonding. The information can then be
compiled to form a three-dimensional model of the sample. This method holds
the advantage of being able to study proteins in solution, which can be similar or identical to its native environment. On the other hand, because NMR
spectra become increasingly hard to interpret with molecular size, the technique is generally limited to smaller proteins. Advancements have been made
to counter this drawback, but the upper limit of single domain monomeric
proteins currently remains at ~80 kDa [43], which roughly corresponds to a
medium-sized protein with 700 amino acid residues.
An alternative to NMR spectroscopy that has gained considerable popularity in recent years is cryo-EM. By scattering electrons from frozen protein
samples and focusing them onto a detector using an electromagnetic lens,
structural data can be obtained. With recent advancements in detector technology and reconstruction algorithms, cryo-EM has managed to reach nearatomic resolution imaging of important single proteins such as ribosomes,
membrane proteins and hemoglobin [44–46]. As opposed to NMR spectroscopy, this method is not limited by large samples. Instead, the biggest
challenge currently facing developers of cryo-EM is to increase the achievable
resolution when the samples are particularly small. Another drawback is the
act of freezing, which renders direct studies of protein dynamics impossible.
The third technique for probing the three-dimensional structure of proteins
is X-ray crystallography, which so far is the most widely used. As of May
2019, about 90 % of the 140, 000 protein structures deposited into the PDB
have been solved by X-ray crystallography and the number keeps growing
by around 10,000 annually. Clearly, the importance of this method cannot be
overstated, and the mechanisms behind it (described below) constitute the very
foundation for the studies presented in this thesis.
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In conventional X-ray crystallography, a three-dimensional crystalline sample (see example in Figure 2.2a) is illuminated by a beam of monochromatic
and coherent X-rays. The incoming photons interact with the electrons within
the crystal and are reemitted without loss of energy – a process known as elastic scattering. While other processes may take place (see Section 2.2), elastic
scattering constitute the basis for crystallography. The scattered photons can
be viewed as spherical waves with well-deﬁned spatial origins corresponding
to atomic positions, which are repeating due of the periodic structure of the
crystal. Waves originating from repeating elements separated by distance d,
often referred to as the lattice spacing, will interfere constructively in speciﬁc
directions given by Bragg’s law [47]
2d sin θ = nλ ,

(2.1)

where θ is the incident angle of radiation relative to the crystal planes, n is a
positive integer and λ the wavelength of the X-rays. The result is a diffraction pattern with sharp, high-intensity spots called Bragg peaks (or sometimes
reﬂections) that can be measured. Knowing the position of these peaks and
their intensities it becomes possible to deduce the electron density, and ultimately the structure, behind the scattering material. Figure 2.2b below depicts
a schematic visualization of Bragg’s law.

Figure 2.2. Protein crystal and Bragg’s law. (a) Crystalline sample of a malic enzyme (image courtesy of NASA). Zoomed in is a conceptual illustration of a crystal
lattice at the atomic scale, showing the periodic arrangement of atoms. (b) Elastic
scattering from two parallel crystallographic planes separated by distance d. The coherent incoming X-rays (purple arrows) of wavelength λ interact with the atoms in
each plane at an incident angle θ and change direction without loss of energy. The
extra distance traversed by the lower beam is 2d sin θ , so the outgoing waves will remain in phase and add constructively if this distance is equal to an integer multiple of
λ , as stated by Bragg’s law.

Similarly to a multiple slit diffraction setup, the contribution to constructive interference will grow with the amount of equivalent scatterers. Hence,
by increasing the number of crystal lattice planes the intensity of Bragg peaks
will increase while their size narrows. In the case of three-dimensional protein crystals, the intensity scales with the number of unit cells squared. Since
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intensities drop with scattering angle [48], the enhanced intensity of a larger
crystal allows for diffraction up to higher angles θ , which translates to higher
resolution imaging. This follows from the fact that the 2θ change in direction
between incoming and outgoing photons correspond to the magnitude of the
momentum transfer |q| = q = 2π/d between the two. The inverse relationship implies that shorter interplanar distances require more momentum to be
transferred. Inserting this into Equation 2.1 for the lowest order n = 1 gives
q=

4π
sin θ ,
λ

(2.2)

meaning that the momentum transfer ranges from qmin = 0 to qmax = 4π/λ
with maximum at θmax = 90◦ . In real space representation, these limits map
to d = ∞ and d = λ /2, respectively, so the highest resolution information
theoretically obtainable through Bragg diffraction are on the length scales of
half the incoming wavelength. This sets an upper constraint on the chosen
wavelength to 2 − 3 Å, provided that atomic resolution is desired. However,
the resolution is more restricted in practice and it is common to use photon
energies on the order of 10 keV (λ = 1.24 Å).
As a consequence of the relations between scattering angle θ , momentum
transfer q and spatial coherence length d, the measured diffraction pattern is a
reciprocal space representation of the crystal’s periodicity. If a photon detector
is placed centrally downstream of the sample (measuring forward scattering,
see Figure 2.3a) in relation to the incoming X-ray beam, Bragg peaks encoding
for shorter length scales will appear further from the detector center.
The diffraction pattern from a stationary crystal subjected to an incoming
X-ray beam of constant incident angle will only give two-dimensional information about the electron density. This can be compared to how a regular photograph only shows a two-dimensional projection of three-dimensional space.
In order to determine the three-dimensional structure of the sample, diffraction patterns from different angles must be collected. This is usually done
by rotating the crystal during exposure while simultaneously measuring the
Bragg peaks. Once a full dataset has been recorded, the individual patterns
are assembled into a three-dimensional volume in reciprocal space, which is
mathematically linked to the electron density by the (inverse) Fourier transform.
It is worth noting that the structure retrieval process, as described here, is
immensely simpliﬁed. For instance, scattering from a sample is described by
its structure factor
(2.3)
F(q) = |F(q)|eiφ (q) ,
a mathematical complex function that includes both the amplitude |F(q)| and
phase φ (q) of the scattered wave in reciprocal space. F(q) is the threedimensional Fourier transform of the real space electron density, so in order to
determine the structure of the sample we ﬁrst need to ﬁnd this function. How21

ever, when measuring diffraction patterns we are limited to detecting intensities, which are proportional to the square modulus of the scattered amplitude,
|F(q)|2 . Information about the phase, on the other hand, is lost and needs to
be recovered before we can accurately reconstruct the electron density. This is
known as the phase problem and constitutes a considerable challenge in structure determination. One way of solving the phase problem is by estimating
an initial set of phases, for example using direct methods [49], and iteratively
reﬁning the calculated structure factor until it corresponds well to the observed
data.

Figure 2.3. Protein X-ray crystallography workﬂow. (a) An incoming beam of
monochromatic and coherent X-rays (represented by the wave vector k) is directed at
a crystallized protein sample. The outgoing waves (wave vector k ) produce a diffraction pattern that is sampled on the Ewald sphere with a photon detector. Positions
of the Bragg peaks are related to the momentum transfer q = k − k, the magnitude
of which is inversely proportional to spatial coherence in the sample. Hence, higher
resolution structural information is encoded in spots closer to the detector edge (as
indicated by the black arrow). The crystal is rotated during exposure to allow for
the collection of diffraction patterns from different angles. (b) The collected patterns
are combined to form a three-dimensional image of the reciprocal space. Applying
the inverse three-dimensional Fourier transform allows for the reconstruction of the
electron density, from which a structural model can be ﬁtted.

Another simpliﬁcation is the assembly of the three-dimensional diffraction
volume as depicted in Figure 2.3b. In X-ray crystallography, we are probing
the reciprocal lattice that represents the crystal. Elastic scattering results in
Bragg peaks at lattice points coinciding with the surface of a sphere centered
at the sample origin with a radius equal to the length of the wave vectors k and
k . This is known as the Ewald sphere [50]. A diffraction pattern will therefore
represent the two-dimensional slice in reciprocal space deﬁned by the sphere.
But while the Ewald sphere has a curvature, our detectors are ﬂat (as shown in
the ﬁgure), meaning that the recorded image is actually a gnomonic projection
of the spherical slice. The approximation becomes less accurate with smaller
sphere radius, i.e. shorter wavelengths, and at higher scattering angles, and
may need to be corrected for when assembling the three-dimensional volume.
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The aforementioned aspects of phase retrieval and Ewald sampling in X-ray
crystallography are important and involve challenges that are non-trivial. Regardless, they are less relevant to the scope of this thesis, where the presented
simpliﬁcations will sufﬁce.
The success of X-ray crystallography is highly dependent on the quality
and, as previously mentioned, the size of the sample crystal. Holton and
Frankel [51] estimated that a spherical lysozyme crystal on the order of micrometers in diameter is needed to obtain a complete dataset for structure determination up to 2 Å resolution. An even larger crystal is required when the
unit cell is bigger than that of lysozyme. The size-dependence is troublesome
since a signiﬁcant number of proteins are difﬁcult or even impossible to crystallize, a fact that holds especially true for the subgroup of membrane proteins.
It has been estimated that 20 − 30 % of all proteins in organisms are embedded
in the cell membrane [52], which makes them promising candidates as drug
targets. In fact, approximately half of all known targets for therapeutic drugs
belong to this subgroup [53]. But due to their limited ability to crystallize –
often yielding nanocrystals at best – membrane protein structures are severely
underrepresented in the PDB. As of 2019, less than 4 % of all proteins in the
database belong to this group.
The advantages of a large crystal is twofold. Apart from the repetitive elements contributing to a stronger Bragg signal, a bigger crystal is also less sensitive to the radiation damage induced by the X-rays. The damage processes
give rise to noise in the diffraction pattern, but as the effects are stochastically
spread over many copies of the protein, the noise is averaged and drowned
out by the signal. For smaller crystals, however, damage quickly becomes
problematic. With the combined issues of weaker signal and non-negligible
noise, the diffraction conditions become unfavorable and structure determination compromised. In the next section we will discuss the relevant physical
mechanisms behind X-ray–matter interaction and how they relate to radiation
damage.

2.2 Radiation damage
A sample, such as a protein crystal, will deteriorate over time when exposed to
X-rays. This is a result of the radiation damage induced by the photons as they
interact with the matter. In X-ray crystallography, these interactions happen
primarily with electrons through three distinct mechanisms1 . The three processes are shown visually in Figure 2.4. We have previously discussed elastic
scattering, the process that enables imaging by giving rise to the diffraction
patterns containing structural information. When elastically scattered, a pho1 For

a full description of processes omitted here the reader is referred to Hau-Riege, S. P.,
"High-Intensity X-Rays – Interaction with Matter: Processes in Plasmas, Clusters, Molecules
and Solids", John Wiley & Sons, 2012 (ref. [54]).
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ton simply changes direction by transferring momentum to the electron, without losing energy. Since the sample is left unaltered, this process is not a
source of radiation damage.

Figure 2.4. X-ray interaction with matter. A simple schematic showing the three
predominant mechanisms by which X-ray photons interact with electrons in matter.
Photons are visualized as purple arrows with energies indicated by their oscillating
frequencies, black horizontal lines show electron energy levels and the circles depict electrons (black) and holes (white). Elastic scattering (left): the photon retains
its energy but undergoes a change in direction of propagation through a transfer of
momentum. Inelastic scattering (center): the energy of the incoming photon is partially transferred to the atom, which becomes excited or ionized. The leftover energy
is emitted as a secondary photon. Note that this process is predominant for loosely
bound or quasi-free electrons. Photoelectric effect (right): the photon is absorbed
completely by an electron. The acquired energy is enough to eject the electron from
its bound state, leaving a hole behind.

However, a photon may also inelastically scatter. In such event, the incoming photon transfers part of its energy to an electron and the leftover energy
is incoherently emitted as a secondary photon. In this case the photon still
undergoes a change in direction, but the system becomes excited as a product
of the energy transfer. If the transfer is sufﬁcient enough to overcome the electron binding energy, the involved atom might even become ionized. Due to the
incoherence of the outgoing waves, inelastic scattering does not contribute to
the constructive interference forming Bragg peaks but instead generates noise
in the diffraction pattern.
Lastly, the photon may not scatter at all, and instead be completely absorbed
by an electron causing it to eject from the atom. This ionizing process is
known as the photoelectric effect and was ﬁrst explained by Einstein in 1905
[55]. The probabilities of the three processes taking place, described by their
cross sections, depend on the energy of the photon and the type of element
it interacts with. For carbon in the context of X-ray crystallography where
photon energies on the order of ~10 keV are used, the photoelectric effect is
the dominant process. At this energy, the cross section is over one order of
magnitude higher for photoabsorption than it is for either type of scattering
(see Figure 2.5).
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Figure 2.5. Photon interaction cross sections for carbon. The photoelectric effect
(dotted line) is dominating for photon energies around 10 keV relevant to X-ray crystallography with a cross section more than one order of magnitude higher than the
elastic (solid line) and inelastic (dashed line) scattering counterparts. Data retrieved
from the photon cross section database XCOM by the National Institute of Standards
and Technology (NIST) [56].

Ionization is the predominant antagonist of X-ray imaging. As we shall see
below, the release of electrons leads to a host of effects that affect both signal
strength and noise levels.

2.2.1 Direct photon ionization
While inelastic scattering contributes to ionization of the sample, it is the photoelectric effect that represents the main driver of damage. Being the dominant
process at the relevant energies, electrons are stripped from the constituent
atoms of the crystal on time scales of ~100 attoseconds [57]. This is problematic since the free electrons alter the electron density, while simultaneously
contributing to noise in the diffraction pattern. The change in electron density,
and consequently in the structure factor that relates the diffraction pattern to
the structure, blurs the Bragg peaks and causes detrimental artefacts. On top of
that, the released electrons give rise to diffuse scattering, which further masks
the signal and inhibits the obtainable resolution.
An electron ejected by the photoelectric effect, also known as a photoelectron, will have a kinetic energy equal to the difference between the incoming
photon energy and the ionization energy. Due to the energy conservation, the
photoelectrons generated by 10 keV photons in a protein crystal consisting
mostly of light elements will be highly energetic. In fact, this is true even
for the most tightly bound core electrons of the 1s inner shell of all relevant
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elements. For instance, a 1s electron of carbon has a binding energy of approximately 290 eV. A photoabsorption of a 10 keV photon would therefore
yield a 9.7 keV photoelectron. Unless the electron escapes, all of this energy
will be deposited into the sample, inducing further damage (see below). Left
behind is an ion with an inner-shell vacancy referred to as a core hole. Both of
these factors will promote additional secondary ionizations through the Auger
effect and electron collisions.

2.2.2 Auger decay and electron collision
An ion with a core hole generated by the photoelectric effect is in an excited
state. Within a few femtoseconds of being created, the ion will relax by ﬁlling
the vacancy with an electron from a higher-energy orbital. In doing so the energy of the system is decreased, and the energy gain is compensated for in one
of two ways. Either a secondary photon is emitted corresponding to the energy
difference, or another electron is released from binding (see Figure 2.6a). The
former process (ﬂuorescence) is more common for heavy elements and generates incoherent noise in the measurement similarly to inelastic scattering. The
latter, which is favored in light atoms, further ionizes the sample and is known
as Auger decay. Despite being independently reported by Austrian-Swedish
physicist Lise Meitner a year prior [58], it is named after French physicist
Pierre Victor Auger who discovered it in 1923 [59]. Electrons released this
way are referred to as Auger electrons.
So far we have discussed ionizations induced by photons, but electrons can
produce similar effects. If an electron with enough energy collides with an
atom, it may liberate another electron by transfer of energy (see Figure 2.6b).
All free electrons generated by the photoelectric effect and Auger decay will
therefore propagate further in the sample, releasing additional electrons along
the way. With each collision the energy is distributed between the two outgoing electrons, so the cascade is eventually terminated as the electrons become
thermalized. This happens on a 1 −10 fs time scale [60]. Cascades initiated by
photoelectrons are particularly damaging since they carry a lot of energy, and
it has been estimated that a single photoelectron may result in up to ~500 more
ionization events [61]. However, this number can be signiﬁcantly decreased if
the sample is small enough and the electrons escape. Simulations have shown
that the electron cloud generated from a photoelectron cascade in a biomolecular crystal have a spatial spread on the order of ~500 nm, so for samples of
smaller dimensions many of the electrons will initially leave the sample instead of causing further ionizations [62]. Although it should be noted that
damage generally cannot be fully avoided this way, as electrons eventually
become electrostatically trapped by the resulting net positive charge [63].
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Figure 2.6. Secondary atomic processes. Simple Bohr model of an atom with two
distinct energy levels illustrating secondary mechanisms contributing to damage and
noise. (a) A core hole is ﬁlled by an electron from a higher energy level, resulting in
emission of a photon (ﬂuorescence) or an electron (Auger decay). (b) A free electron
collides with the atom and liberates one of its electrons by transferral of energy.

2.2.3 Atomic displacement
The formation of ions is the next side effect that is potentially detrimental to
diffractive imaging. When electrons are removed, the positively charged ions
will exhibit repulsive Coulomb forces on each other. This triggers movement
of the nuclei that cause the molecular structure to gradually degrade. As the
crystal periodicity is disrupted the signal deteriorates and is eventually lost,
starting at high scattering angles. The time scales at which atomic displacement manifests is in the 10 − 100 fs range and the effects can be marginally
delayed by cryogenic cooling [64]. While displacement happens at a slower
rate than ionization and electron cascades, it is still relevant in the context of
X-ray crystallography. A large crystal is less sensitive since the damage is
spread over the unit cells, allowing for doses up to 30 MGy if the sample is
cooled [65], so the diffraction pattern will not be signiﬁcantly impacted. But
in cases where the crystal size is limited the loss of spatial coherence quickly
becomes substantial, especially if the incoming photon ﬂux is high.

2.2.4 Long term damage processes
Radiation damage also extends to longer time scales. Heavy ionization of
the sample will lead to the formation of radicals that diffuse within the crystal. Due to their unpaired valence electron, radicals are highly reactive and
will therefore interact with the surrounding molecules and further degrade the
sample. Free electrons may also recombine with ions and thereby alter the
structure factor. Lastly, the deposited energy leads to an inevitable increase in
temperature. Proteins are often sensitive to heating and are likely to undergo
denaturation, a process that disrupt their structure. All these effects ﬁrst become relevant in the regime of picoseconds or longer [61]; considerably later
than previously discussed processes.
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In summary: radiation damage in a crystal illuminated by X-rays is the product of primarily two processes, inelastic scattering and the photoelectric effect.
The result is a combination of incoherently scattered photons (from inelastic
scattering and ﬂuorescence) that reach the detector and mask the desired elastic scattering signal, as well as the release of energetic electrons. Secondary
ionizations follow through Auger decay and electron collisions, generating
even more free electrons. These contribute to noise in the form of diffuse Xray scattering and simultaneously suppress the signal as the electron density is
changed. Energetic electrons propagate though the sample, and the positively
charged ions left behind start to repel as a consequence of the Coulomb forces.
The structural degradation leads to further loss of coherence causing the signal
levels to drop.
Given long enough exposure time, damage will manifest to the extent where
noise overtakes signal, at which point structural data collection no longer
is possible. Luckily, the resilience of large and cryocooled crystals effectively keeps noise levels down during the time needed to acquire a full threedimensional dataset. This is not true in the case of small crystals, especially
since the beam intensity needs to be increased to counteract the weaker contributions to constructive interference from elastic scattering. For this reason,
when attempting to image more radiation sensitive samples, managing the
damage effects is paramount. One such approach is to use ultrashort X-ray
pulses, which we will discuss next.

2.3 Diffraction before destruction
Since radiation damage in a crystal evolves over time, the effects can be limited by reducing the time of X-ray exposure. A usable diffraction pattern can
still be obtained, provided that the photon ﬂux is increased accordingly to
compensate for the briefer interaction window. Ideally, we want such X-ray
pulse to have a duration that is in the same regime as the timescales of the
damage processes, or shorter. While damage still commences in this setup,
its effects does not extensively manifest until after the pulse has passed and
a diffraction pattern has been recorded. However, this concept – known as
diffraction before destruction [66] – relies on the existence of a light source
capable of producing such ultrashort, ultraintense pulses.
Conventional X-ray crystallography experiments are usually carried out
with a synchrotron light source. At a synchrotron facility, electrons are accelerated in bunches to relativistic speeds around a closed-loop trajectory in a
storage ring using magnetic ﬁelds. The ﬁeld is synchronized to accommodate
for the increasing kinetic energy of the electrons as they accelerate, hence the
name synchrotron. Once the electrons have reached the desired speed, they
are guided through an insertion device where the X-ray radiation is produced.
This device (a wiggler or an undulator) consist of periodically arranged dipole
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magnets of alternating polarity that force the electron beam into a sine-like oscillatory motion along the path of travel. The repeating transverse acceleration
is an effect of the Lorentz force and results in emittance of the desired photons.
While the product is an intense beam that does have pulsing properties due to
the bunched electrons, the pulses are neither intense enough nor brief enough
to enable damage-free imaging of nanocrystals.
To accomplish this feat, the pulses used need to be shorter than 100 fs (1
fs = 10−15 s) while simultaneously delivering 1012 coherent photons of appropriate energy. Producing such extreme light is not trivial, however. Shorter
pulses can be attained at a synchrotron by using a slicing source to extract
small portions of the electron bunches, but fewer electrons also equals fewer
photons. With the already limited photon count of approximately 106 photons per synchrotron pulse [67], the intensity provided by only a fraction of
the electrons would be many orders of magnitude below what is needed. This
approach is clearly not feasible for our purposes.
Other potential alternatives are high-harmonic generation (HHG) or using
laser induced plasmas. In HHG, a pulsed laster is used to excite a gas resulting in emittance of higher harmonics of the incoming beam. The generated
pulses are both spatially and temporally coherent and can be extremely short,
reaching into the sub-femtosecond domain [68]. Unfortunately, the energies
and intensities provided both fall short when it comes to diffractive imaging.
The energy aspect can be mitigated by instead inducing plasma formation of
a liquid or a metal with a powerful femtosecond laser. But while the burstwise emission of photons from such plasma may reach energies well into the
hard X-ray regime, the pulse lengths are undesirable. Additionally, the issue
of intensity remains with ﬂuxes being too low within a given bandwidth.
The only light source offering pulses meeting the proposed criteria currently available are X-ray free-electron lasers (XFELs). Relying on principles
related to synchrotrons, they are able to generate femtosecond pulses of unprecedented intensities.

2.3.1 X-ray free-electron lasers
As opposed to the storage ring in a traditional synchrotron, free-electron lasers
instead utilize linear acceleration of electrons to relativistic speeds. Along the
path is an undulator where synchrotron radiation is emitted (see Section 2.3
and Figure 2.7 below). As more photons are created, the electromagnetic ﬁeld
grows stronger until the electric component of the ﬁeld eventually starts to interact with the charged electrons. As a result, some of the electrons slow down
while others to speed up, essentially compressing them spatially into distinct
clusters. The phenomenon is known as microbunching, and neatly separates
the clusters exactly one wavelength apart. In this conﬁguration, monochromatic X-rays emitted from the microbunches as they continue through the un29

dulator will be in-phase. Photons will therefore interfere constructively and
give rise to a non-linear increase in beam power, enabling XFELs to generate
laser-like pulses with peak brilliances many orders of magnitude above those
of synchrotrons.

Figure 2.7. Self-ampliﬁed spontaneous emission. The accelerated bunch of randomly distributed electrons enters the undulator, a structure of periodically arranged
magnets with alternating polarity. Upon the inﬂuence of the magnetic ﬁeld, the electrons start to oscillate and emit synchrotron radiation. The produced photons interact
with with the electrons, giving rise to microbunching, which in turn enhances the coherence and intensity of the beam. (Image courtesy of European XFEL.)

A light source utilizing the described process, self-ampliﬁed spontaneous
emission (SASE), was proposed already in the early 1970’s [2]. But it was not
until nearly 40 years later that the ﬁrst XFEL capable of producing hard X-rays
at ~10 keV came online. Construction of the Linac Coherent Light Source
(LCLS) at SLAC National Accelerator Laboratory in Stanford, California was
ﬁnalized in 2009 [6] and contributed to hundreds of scientiﬁc publications
within the ﬁrst ﬁve years of operation [69]. Numerous other facilities with
similar capabilities have been built since – SACLA in Japan [70], PAL-XFEL
in South Korea [71], SwissFEL in Switzerland [72] and the European XFEL in
Germany [73] – while others are underway, for instance the upgraded LCLS-II
in the US [74] and SHINE in China [75].
While the sub-100 femtosecond pulses from XFELs indeed are short enough
to outrun many of the damage processes and intense enough to produce a
proper diffraction pattern from weakly scattering samples, one key issue remains. After interacting with the pulse the sample is invariably destroyed,
meaning that the collected data only allows for structural reconstruction in
two dimensions. To extend this to three dimensions the crystal need to be replaced continuously, which is a central concept behind the method of serial
femtosecond crystallography (SFX).
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2.3.2 Serial femtosecond crystallography
In SFX, many copies of the small sample crystal are delivered in a steady
stream to the X-ray focus. This creates a narrow interaction point of both
beams. As a crystal cross this interaction point, it is hit by an XFEL pulse
and diffracts onto the detector located downstream in the X-ray direction. The
sample quickly disintegrates from the exposure while it continues its trajectory
and is soon replaced by a new, undamaged copy. The recorded pattern is saved,
and the process is repeated with the next crystal. Each crystal is randomly
oriented in space, so collecting a large number of patterns allows for a full
three-dimensional dataset to be obtained.
This novel method of protein structure determination was ﬁrst demonstrated
experimentally by Chapman et al. in 2011 [7]. In their setup, 0.2 − 4 μm photosystem I crystals were introduced to the XFEL interaction point by a liquid
water microjet and the patterns were measured with two p-n junction chargecoupled devices (pnCCDs). Using 70 fs pulses of 1012 photons at 1.8 keV, they
managed to collect enough patterns to assemble a three-dimensional diffraction volume and calculate an electron density map. The map corresponded
well to the density determined by conventional X-ray crystallography up to a
resolution of 8.5 Å – the theoretical maximum of their setup. Clearly, SFX
was a force to be reckoned with, as was further validated by the results it
contributed to the following years [76].
SFX offers the possibility of imaging crystals too small to provide enough
signal at synchrotrons. But is there a limit to how small they can get? Theoretically, no, since even single molecules have an electron density that scatters
X-rays. However, due to the lack of repeating units, such samples are significantly more sensitive to radiation damage and produce only a fraction of the
signal. Despite this, the prospect of single particle imaging (SPI) with X-rays
has long been viewed as the holy grail in structure determination, and with the
advent of XFELs we are closer than ever to making this dream a reality.

2.4 Single particle imaging
Since many proteins cannot be crystallized, the potential for SPI is virtually
limitless. Being able to establish the structure of any biomolecule would have
a profound impact on structural biology and medical sciences. The technique
has been demonstrated to produce damage-free renditions of particles up to
resolutions of tens of nanometers [8, 77], but a range of challenges need to be
overcome to achieve atomic resolution [15].
The idea is identical to SFX, where particles are continuously introduced to
the XFEL beam in vacuum and allowed to diffract. However, the low scattering signal generated by individual molecules makes the technique extremely
noise sensitive. This puts constraints on how the sample is delivered, since
for instance a liquid jet easily can produce enough extraneous noise to drown
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out the signal. Alternative sample delivery schemes have been developed for
both SPI and SFX, such as aerosolization by a gas-dynamic virtual nozzle
(GDVN) [17] or electrospray injection methods [78], that aims to reduce the
amount of residual water around the samples. While noise levels are drastically decreased, the obvious downsides to such implementations is the change
from a potentially native environment of the biomolecule, and what structural
repercussions the change might entail. Although, at least for some proteins,
the effects are seemingly minor [79, 80].

Figure 2.8. Single particle imaging. Aerosolized identical particles are continuously delivered to the XFEL beam in random and unknown orientations. As a sample
reaches the interaction point it is intercepted by a femtosecond pulse, giving rise to
a continuous diffraction pattern. The exposed sample is heavily ionized and rapidly
disintegrates in a violent Coulomb explosion as it exits the beam focus. It is then replaced by a new, undamaged copy of the same molecule and the process is repeated.
Once enough patterns has been collected, they may be combined to determine the
three-dimensional structure of the sample.

There is also a distinct difference between diffraction patterns from crystalline and single particle samples. A crystal produces a discrete pattern with
high-intensity Bragg peaks due to its periodicity, but such periodicity is missing in a single particle. Instead, the resulting pattern is continuous with intensity variations arising from interference of coherent waves from within
the same molecule. These features, called speckles, fortunately encode for
the same structural information the Bragg peaks do in the crystalline case,
so structure retrieval is still possible. However, with a considerably lower
signal-to-noise ratio, this task becomes substantially more difﬁcult and usually requires many patterns to be averaged before they can be used in structural
determination.
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In the following sections, we will introduce the challenges currently facing
SPI and, to some extent, SFX, which are the focus of this thesis. But to illustrate the complexity of these novel techniques, and to make clear that the
list is in no way exhaustive, we ﬁrst dedicate a few paragraphs to examples of
other areas where improvements are necessary.
In both methods, there is currently no practical way of synchronizing the
arrival of sample molecules with the XFEL pulses. Whether a given particle
in the constant stream is intercepted by a pulse is simply a matter of probabilities, commonly called the hit rate. As a consequence, only a fraction of the
particles yield useable diffraction patterns. An increased hit rate would make
SPI more time efﬁcient and reduce sample consumption, which can be limiting for samples that are expensive or otherwise hard to acquire in the needed
quantities. A slower ﬂow of particles or using higher sample concentrations
are two options, but both run the risk of clogging the injection system, and the
latter might have a negative impact on the total amount of sample used. The
increased number of unwanted multiple hits and a greater risk of sample freezing are other side effects that would need to be taken into consideration [81].
Instrumental development constitute another avenue for ameliorating structural studies at XFELs. Upgrades to the X-ray source to allow for even shorter
pulses and higher intensities would better circumvent radiation damage and
yield higher signal levels. An increased repetition rate of pulses would also be
beneﬁcial, as hit rates would increase and data collection could be carried out
faster. The latter is already underway, with the newly inaugurated European
XFEL offering a pulse repetition rate of 27, 000 Hz – 225 times higher than the
LCLS – and the upcoming LCLS-II promising to boost this number to one million shot per second. To take full advantage of these higher rates, the detectors
that record the diffraction patterns need to be developed in tandem. The two
types of detectors suitable for diffraction experiments used at the LCLS are
p-n charge coupled devices (pnCCDs) and Cornell-SLAC pixel-array detectors (CSPADs). These are found at the atomic, molecular and optical science
(AMO) beamline [82] and the coherent X-ray imaging (CXI) beamline [83]
respectively, and both offer a readout rate matching the 120 Hz of the pulses.
By comparison, the single particles, clusters, and biomolecules and serial femtosecond crystallography (SPB/SFX) beamline at the European XFEL houses
the so-called adaptive gain integrating pixel detector (AGIPD) [84]. While it
vastly outperforms the LCLS detectors in terms of frame rate at 4, 5 MHz, it
relies on storing a maximum of 352 images to an analog memory that are read
out between pulse trains. So in a sense, is unable to utilize the full repetition
rate of the X-ray source. Clearly, new detector technologies to accommodate
for the improved capabilities of both current and future XFELs are highly desired.
Lastly, algorithm development plays a huge role in the success of SPI. Robust software is an absolute necessity in order to successfully identify and
sort suitable diffraction patterns, correctly assemble them in three dimen33

sions, solve the phase problem, and ultimately retrieve the molecular structure. While such algorithms have been developed and applied to single particle diffraction data, such as the expectation maximization compression (EMC)
algorithm for orientation recovery [20] and the hybrid input-output (HIO) algorithm for phase retrieval [85], further advancements are needed. A deeper
summary of the current status of available computational resources for SPI
(and of the method in general) can be found in a recent review article by Sun
et al. [86].
We reiterate that all these aspects are of vital importance to both SPI and
SFX, and should not be neglected. However, in this work we limit ourselves to
the challenges of orientation recovery, noise contributions from the Coulomb
explosion and heterogeneous samples, as well as the temporal proﬁle of the
XFEL pulse.

2.4.1 The orientation problem
The currently most viable means of introducing single particles to the beam
relies on aerosolization of the particles, producing small droplets containing
individual molecules. Once in vaccum, much of the noise-causing solvent is
ideally evaporated without forcing structural modiﬁcations. A key drawback
to this approach, however, is the lack of control over the spatial orientation of
the sample. Recovering the orientation from the diffraction pattern a posteriori
can be done with a number of different algorithms [20,87–90], but the process
is oftentimes troublesome and can deem patterns that are too noisy unusable.
This may be rectiﬁed by regulating the orientation through the use of external
electric ﬁelds [21], but this has yet to be veriﬁed experimentally.
In Paper I, we explore the possibility of orientation determination from the
XFEL-initiated Coulomb explosion (see Figure 2.9). By mapping the ion trajectories predicted by molecular dynamics (MD) simulations of a realistic SPI
setup, we investigate the reproducibility of the explosions of four different proteins. This presents a new potential approach to the orientation problem where
ion map data could be combined with the measured diffraction patterns to aid
the orientation recovery process. Depending on the level of reproducibility,
such joint concept could signiﬁcantly improve the quality of the assembled
three-dimensional volume, reduce time needed for data collection, and ultimately yield higher resolution structures.

2.4.2 Coulomb explosion
In the context of short-pulse imaging, long term damage processes (see Section 2.2.4) become largely irrelevant and can usually be disregarded. In some
cases, this may extend to electron collision events as well. Simulations have
shown that for sample sizes < 500 nm diameter, many of the photoelectrons
34

Figure 2.9. XFEL-induced Coulomb explosion. Molecular dynamics simulation of
a single ubiquitin protein (white, H; grey, C; blue, N; red, O; yellow, S) exposed to
an XFEL pulse. The X-ray interaction strips the sample of electrons, resulting in an
explosion driven by Coulomb forces. Most of the damage happens after the pulse
peak intensity at t = 0 fs, showcasing the diffraction before destruction concept. The
simulated pulse (yellow arrow) consisted of 1012 photons at 8 keV and had a Gaussian
temporal proﬁle with a full-width at half maximum (FWHM) duration of 50 fs. The
photons were uniformly distributed in space over a 100 nm diameter focal spot.

freed by an XFEL pulse are able to escape the sample entirely [62]. This is
beneﬁcial since it limits the extent of damage by secondary ionizations; once
an electron has left it can no longer collide with atoms within the sample. On
the other hand, a deﬁcit of electrons invariably leads to a net positive charge.
For this reason, the smaller samples relevant to SPI are bound to quickly deteriorate in a Coulomb explosion, as illustrated in Figure 2.9.
The Coulomb explosion mechanism is fundamentally different from the dynamics of atomic displacement in a larger sample. By contrast, in a bigger
sample volume, released photoelectrons become trapped and distribute their
energies through collisions and heating. The accumulation of free electrons
inside the material leads to a form of layering effect where the outer shell
peels off due to positive charges, similarly to the previous case, and the inner
core undergoes a hydrodynamic expansion from the increased electron pressure [4,63]. While the largest known human protein, titin, has a length of 1 μm
and a width of 3 − 4 μm, most biomolecules are considerably smaller than the
500 nm cited above. Hydrodynamic expansion effects therefore become inconsequential in SPI for most proteins, but may need to be taken into account
in the SFX analog. This size-dependence of the displacement is important to
consider when modeling the two scenarios.
The onset of atomic displacement from a Coulomb explosion happens on
time scales comparable to currently available pulse durations (10 − 100 fs).
Consequently, it is a source of noise that is expected to manifest in the diffrac35

tion pattern. However, the nature and extent of this noise is not well understood, and it remains an open question whether the atomic motion necessitates even briefer pulses. In fact, for nanocrystals this is not the case. Barty
et al. showed that the disruption of the crystalline order provides a gating
effect such that the diffraction signal is terminated prematurely, making the
pulse appear shorter [91]. A later simulation study supported the result and
concluded that pulse duration is not a limiting factor in SFX, given sufﬁcient
X-ray ﬂux [22]. Moreover, a similar gating effect has been suggested for single molecules based on a model taking spatially correlated damage processes,
but not the Coulomb explosion, into account [23].
In Paper II, we investigate the noise caused by the Coulomb explosion of a
single particle. Diffraction patterns are calculated and analyzed to determine
both the severity of the noise and whether a gating effect is observed. The
prospect of SPI with longer pulses is intriguing since sub-10 fs pulses are yet
unavailable at the intensities and photon energies required.

2.4.3 Sample heterogeneity
One of the principal challenges facing SPI is the low signal yield. Because a
biomolecule is weakly scattering, a single diffraction pattern from each molecular orientation does not provide sufﬁcient signal for structure determination
to high resolution. To mitigate this deﬁciency known as shot noise, many patterns from the same orientation must be averaged. Provided that all recorded
patterns come from identical samples, the averaging is well-motivated and will
have no impact on the resolution limit. But especially large biomolecules are
known to be dynamic and undergo constant structural adjustments. Some even
take on several distinct conﬁgurations. This gives rise to the issue of sample
heterogeneity.
If individual imaged molecules exhibit a structural variation, averaging of
their patterns will result in a lowering of the speckle contrast. The consequent
loss in resolution is worse than the root-mean-square deviation (RMSD) of the
atomic positions [24]. With current aerosol injection schemes used in SPI, this
situation is highly probable. Suggestions to counteract the problems of sample heterogeneity, while simultaneously repressing radiation damage, includes
encapsulation by a hydration layer [79, 92] and cooling of the sample.
In Paper III, we study how the noise from sample heterogeneity is related
to temperature and level of hydration. A lower temperature and the presence
of a protective water layer is expected to cause less structural variability of a
protein in vacuum. The impact of these two factors on the diffraction pattern
is analyzed, with the goal of understanding their importance and identifying
the optimal conditions for SPI. Such information is likely to be valuable to the
further development of sample delivery systems and techniques.
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2.4.4 Pulse proﬁle
As a side effect of the SASE process, XFEL-pulses have a stochastic distribution of photons in time [93]. Since the X-rays both promote the onset of
damage and generate the diffraction signal – two time-dependent processes –
it is fair to suspect that the temporal proﬁle will affect the quality of the measurement. With emerging techniques to both shape [28] and characterize [94]
XFEL pulse proﬁles, understanding this relationship is vital.
In Paper IV, we evaluate the effects of the temporal structure of the pulse
in a SFX experiment. Simulations are carried out to predict the evolution of
radiation damage within a protein nanocrystal for various pulse proﬁles. The
output is then analyzed to determine the rate of decay of the Bragg signal,
and thereby identify ideal pulse proﬁles for imaging. Our ﬁndings can be applied to at least two different routes towards improving diffractive imaging at
XFELs. Firstly, they provide guidelines for pulse shaping before sample interaction. Secondly, if a suboptimal pulse is used, a combined understanding the
damage evolution and characterization of the pulse may allow for corrections
of the diffraction pattern to be made. This way, the signal quality can be improved despite an imperfect temporal distribution of photons. While the study
centers around crystalline samples, we expect the results to extend to single
particles.
Lastly, in Paper V, we present a database of radiation damage simulations
available to the public. It contains calculations based on a non-local thermodynamic equilibrium radiation transfer plasma code for a variety of materials
exposed to an XFEL pulse. Speciﬁc pulse parameters such as photon energy,
ﬂuence and duration are included, and the returned plots show the time evolution of average ionization levels, electron and ion temperatures, and atomic
displacement during exposure. While not explicitly applicable to SPI, the simulations have value to the SFX community as well as to others utilizing XFELs
in their research.
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3. Methods

In this section we describe the tools used to collect and analyze data in the
presented papers. All studies are solely based on simulations employing three
separate theoretical frameworks. Molecular dynamics was utilized in papers
I–III to describe spatial atomic movement over time. These simulations were
combined with diffraction pattern calculations in papers II and III based on
scattering theory. Lastly, a plasma radiation transfer code was used in papers
IV and V to estimate the evolution of radiation damage.

3.1 Molecular dynamics
A common protocol used to study the atomic motion of systems such as proteins is molecular dynamics (MD). Based on classical mechanics, it relies on
solving Newton’s equations of motion in an iterative manner. While it neglects quantum effects, MD is a good approximative numerical approach that
allows for simulations of systems too complex and time spans too long for the
problem to be solved analytically.
The general workﬂow for MD is illustrated in Figure 3.1. The initial state
(time t = 0) is given by the starting positions ri and velocities vi of all atoms
i = 1, 2, . . . , N in the system. In the case of proteins, the positions are usually
given by a structure ﬁle obtained from crystallographic data, and the velocities
are generated from a Maxwell-Boltzmann distribution deﬁned by the speciﬁed
temperature and randomly assigned to the atoms. The ﬁrst iteration of the
simulation commences by calculating the net forces Fi acting on the individual
atoms based on an interaction potential V ,
Fi = −

∂V
.
∂ ri

(3.1)

The potential is a function of atomic positions outlined by user-determined
interaction parameters known as a force ﬁeld (see Section 3.1.1 below) that
is unchanged throughout the duration of the simulation. Once the forces are
known, the atomic accelerations ai are determined by Newton’s second law.
With mi being the mass of atom i, its acceleration is
ai =
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Fi
mi

(3.2)

1. Specify positions ri and velocities vi at t = 0

2. Calculate forces Fi = −∂V /∂ ri
3. Determine accelerations ai = Fi /mi
Iterate
steps 2–6
4. Update positions and velocities based on ai
5. Increase t by Δt

t <T

t =T
6. Return full trajectory of the system

Figure 3.1. The global MD algorithm. The simulation starts at time t = 0 with a
system of known atomic positions ri , usually given by a structure ﬁle. Velocities vi
are determined from a Maxwell-Boltzmann distribution and an interaction potential V
is speciﬁed by a force ﬁeld. Newton’s equation of motions are solved to determine
the forces Fi acting within the system, and subsequently the accelerations ai of each
atom. Applying the accelerations for a small time window Δt yields new positions
and velocities that describe the time-evolved system. Lastly, the time parameter is
progressed by Δt, ﬁnishing the ﬁrst iteration of the algorithm. Using the new coordinates and velocities, the process is repeated until the desired simulation length T is
achieved.

from which new atomic positions ri and velocities vi can be computed by
numerical integration of the differential equations
dvi
dri
and
vi =
.
(3.3)
dt
dt
Various integration schemes exist for this purpose, with the one employed
in all MD simulations presented here being known as leapfrog integration.
The main idea behind this method is to determine positions and velocities in
an alternating manner, using the recursive equations
ai =

1
r(t+Δt) = r(t) + v(t+ 2 Δt ) Δt

(3.4)

v(t+ 2 Δt ) = v(t− 2 Δt ) + a(t) Δt,

(3.5)

1

1

where atomic indices have been dropped for clarity and exponents have been
added to denote timesteps. Since positions are calculated at times t = nΔt,
while velocities are evaluated at the midway points t = 12 nΔt along the same
timeline (with n ∈ Z+ ), the two are continuously overtaking each other throughout the simulation, similarly to a game of leapfrog.
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With each iteration, the updated values are saved and the time variable t is
advanced by Δt. If t matches or exceeds the full simulation length T , the simulation is terminated and the full time evolution of atomic coordinates (called
the trajectory) is returned. If not, the next iteration of the algorithm is initiated
utilizing the new positions and velocities.

3.1.1 Force ﬁelds
To determine the net forces that drive the dynamical behavior of the system in
a MD simulation, a force ﬁeld must be speciﬁed. There are numerous force
ﬁelds available and selecting a suitable one simply depends on the nature of the
simulation. For biomolecules, some commonly used force ﬁelds are AMBER
(assisted model building with energy reﬁnement) [95], CHARMM (chemistry
at Harvard macromolecular mechanics) [96, 97] and OPLS (optimized potentials for liquid simulations) [98–100]. In the MD-based studies presented here
(papers I–III), the latter is exclusively used.
A force ﬁeld deﬁnes the interatomic potentials of the system based on equations and parameters derived from experiments. Typically, energy contributions from bonded and nonbonded interactions are treated separately. The
total potential energy is therefore given by
V = Vbonded +Vnonbonded ,

(3.6)

although it may sometimes contain additional terms to include other contributions such as restraints or external forces.
The bonded interactions speciﬁcally model covalent bonds and are generally decomposed into three potential energy terms,
Vbonded = Vbonds +Vangles +Vtorsions ,

(3.7)

which are functions of bond lengths, angles and dihedral angles, respectively.
The former two are commonly represented by quadratic functions, for example derived from Hooke’s law, which gives a good estimation of the chemical
properties as well as a high computational efﬁciency. However, such model for
Vbond does not accommodate bond breaking since these functions grow indefinitely as the bond stretches (or compresses) from its equilibrium distance. In
situations where breaking is necessary, such as in papers I and II, we instead
employ a Morse potential [101]
Vbonds =

∑

Dr (1 − e−βr (r−r0 ) )2 ,

(3.8)

bonds

where Dr is the depth and βr is the steepness of the potential well, r is the
bond distance and r0 is the equilibrium distance (where the potential is minimized). The remaining bonded terms used in aforementioned papers are unal40

tered from the OPLS-model, where they are deﬁned as
Vangles =

∑

kθ (θ − θ0 )2 ,

(3.9)

angles

where kθ is the angular spring constant of the bond, θ is the bond angle and
θ0 is the equilibrium angle, and


4
Vn
(3.10)
Vtorsions = ∑
∑ [1 + cos(n · φ )]
torsions n=1 2
where Vn are Fourier coefﬁcients and φ is the dihedral angle.
Nonbonded interactions encompass long-range electrostatic forces and van
der Waals forces. In OPLS, they are evaluated for all intermolecular atoms and
intramolecular atoms separated by at least three bonds. Similarly to above, the
nonbonded contribution to the total potential can be additively written as
Vnonbonded = Velectrostatic +Vvan der Waals .

(3.11)

The electrostatic term is computed using Coulomb’s law, summed over atom
pairs i j in the system. Denoting the Euclidian distance between two atoms by
ri j , and their respective charges by qi and q j , it is implemented in OPLS as
1 qi q j
,
4πε
0 ri j
j<i

Velectrostatic = ∑ ∑
i

(3.12)

where ε0 is the electric constant. Analogously, the van der Waals interactions
are modeled using the Lennard–Jones potential
 
 6 
σi j
σi j 12
.
(3.13)
−
Vvan der Waals = ∑ ∑ 4εi j
r
ri j
ij
i j<i
Here, ε is the well depth and σ the Lennard–Jones radius, i.e. the (ﬁnite)
distance at which the potential is zero. Both parameters are associated with the
√
√
standard geometric combining rules εi j = εii ε j j and σi j = σii σ j j . While
the long-distance van der Waals attraction is approximated by the (σ /r)6 term
in expression 3.13, the (σ /r)12 term is included to account for Pauli repulsion
at short interatomic distances. A 50 % scaling of Vnonbonded is applied to the
special case of 1-4 interactions, where i and j are the distal atoms of a dihedral
angle. This is to allow for the same set of parameters to be used for both interand intramolecular interactions. It also bears mentioning that OPLS does not
include an explicit description of hydrogen bonds, since they already are well
approximated by Coulomb and Lennard–Jones terms [102].
Taken together, the full interaction potential V is calculated from the parameters Dr , βr , r0 , kθ , θ0 , Vn , q, ε and σ . To accurately reproduce experimental results, these parameters must be ﬁtted not only to speciﬁc elements,
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but also to their chemical environment. There exists several parameterizations for OPLS, but one of the most widely used is the all-atom (OPLS-AA)
model. OPLS-AA lists the parameters for all atoms in different environments
explicitly. The parameters have been continuously reﬁned over the years, most
recently by Robertson, Tirado-Rives and Jorgensen [103], to better predict the
behavior of peptides and proteins. In papers I and II we apply the version
known as OPLS-AA/L, as designed by Kaminski et al. [100].

3.1.2 Water models
A standard way of enhancing the performance of the simulation is to treat
commonly occurring molecules separately, in particular water. By assigning
an independent force ﬁeld to the water molecules, their properties can be accurately represented while remaining simple enough to lower the computational demands. Such force ﬁeld is called a water model. The simplest water models are rigid, meaning that covalent bond lengths and angles are kept
ﬁxed. Nonbonded interactions, on the other hand, are usually implemented
with Coulomb and Lennard–Jones potentials as described above. While more
complex models that include for instance ﬂexible bonds and polarization effects exist, the rigid models provide an accurate enough description for the
relevant studies presented here.
Rigid water models may be further categorized by the number of interaction sites they employ. In this work, depending on the simulation type, we have
used both a three-site and a four-site model (see Figure 3.2). With three sites,
there is a direct correspondence to the atoms of the water molecule. The sites
are distributed to match the water geometry and assigned with point charges
to mimic the dipole nature of water. A well-known rigid three-site model is
TIP3P (transferable intermolecular potential with three points) [104]. In it, the
O-site has a negative charge of −0.843 and is chemically bonded to two Hsites with charge +0.417 each. Both OH bonds have a constant length of 0.96
Å and the rigid HOH angle is 104.5◦ . Lennard–Jones parameters are only assigned to the O-site in the original version of TIP3P, meaning that hydrogens
are treated as points with no extension in space. However, a modiﬁed version
optimized for the CHARMM force ﬁeld includes additional Lennard–Jones
parameters for hydrogen atoms. Such model is more suitable for the presented
simulations of single molecule Coulomb explosions, and was therefore chosen.
A related four-site model is TIP4P. The general geometry is identical to
TIP3P, but it has an added fourth site located 0.15 Å from the O-site along the
bisector of the HOH angle, towards the two hydrogens. The model also has
a slightly different distribution of charges; the negative charge is changed to
−1.04 and placed at the fourth site rather than the oxygen, and the positive
charges at the H-sites are adjusted to +0.52 each. These alterations allow
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Figure 3.2. Geometries of the TIP3P and TIP4P rigid water models. [left] In
TIP3P, the oxygen site (red) has a charge of −0.843 and is covalently bonded to two
hydrogen sites (grey) at an angle of 104.5◦ . The bond length is 0.96 Å and the respective charges at the H-sites are +0.417. [right] In TIP4P, the overall geometry in
terms of bond lengths and angles is identical to TIP3P. However, the charge distribution is modiﬁed by inclusion of a fourth site (purple) 0.15 Å away from the oxygen
along the bisector of the HOH angle toward the two H-sites is included. It hosts a
negative charge of −1.04, while the O-site is neutral. The charges at the H-sites are
also changed to +0.52.

for a more favorable model of the electrostatic distribution over the molecule
and generally yield results more consistent with measured data. TIP4P was
implemented in the vacuum simulations carried out in papers I–III.

3.1.3 GROMACS and XMD
Several software packages have been developed to perform MD simulations.
Some of the most frequently used are the large-scale atomic/molecular massively parallel simulator (LAMMPS) [105], nanoscale molecular dynamics
(NAMD) [106] and Groningen machine for chemical simulations (GROMACS)
[107]. Each program suite comes with varying functionalities and optimizations, but ultimately produce the same results if the speciﬁed simulation parameters are identical. All MD simulations presented in this work was carried
out using GROMACS, for mainly two reasons. Firstly, the general experience with MD within the research group was most profound with GROMACS,
which circumvented the need to adopt the technicalities of a different software
from scratch. Secondly, an earlier version of GROMACS include the extension program XMD that provide code crucial to the Coulomb explosion studies
(see below).
Historically, the ﬁrst publicly available version of GROMACS was released
in 1991. At the time it was developed at University of Groningen, Netherlands,
but has since 2001 been primarily managed jointly between Uppsala University and the Royal Institute of Technology, Sweden. Over the years, it has
become an immensely popular choice for conducting MD studies likely due
to its impressive speed, often outperforming similar programs by a factor of
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two or more. Additionally, GROMACS offers support for a large collection of
force ﬁelds and water models.
The speciﬁc version chosen for the presented studies was GROMACS 3.3.3,
originally released in 2008. It hosts XMD, an extension that enables the simulation of ionizing effects triggered by X-rays, that was removed from later
releases. With XMD, the user can deﬁne the parameters of an X-ray pulse
interacting with the system of interest, making it well-suited for SPI-related
studies. These parameters include pulse duration, intensity, photon energy
and size of the focal spot. XMD implements the predominant ionizing processes by dividing atom bound electrons into two levels, valence and core.
It allows for the direct removal of a core electron (photoelectric effect) or a
valence electron (inelastic scattering) and if a core hole is present it may be
ﬁlled by one valence electron while releasing another (Auger decay). Ionization events are distributed stochastically over the atoms in the system based on
the pulse parameters and cross sections taken from the NIST XCOM database.
Throughout the simulation, the electron conﬁgurations of all atoms are monitored and their respective cross sections updated. The resulting positive ionic
charges are included in the dynamics calculations and the free electrons are
treated as a homogeneously distributed background charge. As such, XMD
does not consider secondary ionizations by electron collision, which is assumed to be a fair approximation in the context of SPI (see Section 2.2).

3.1.4 Ion mapping
Analysis of the ion distribution from the simulated Coulomb explosions in
Paper I was carried out as follows. The positions and velocities of all atoms
of a chosen species (in particular carbon and sulfur) in the sample molecule
were extracted from the ﬁnal frame of each simulation. Using these values,
the atoms were projected onto a unit sphere centered at the origin deﬁned by
the initial center of mass of the biomolecule. A grid of points were distributed
across the sphere by equal splitting of the polar and azimuthal angle intervals,
and spherical caps of a set radius were centered around each point. The result
was a network of circular detection areas covering the sphere and allowed for
the ion distribution to be binned into pixels around the interaction point. Such
setup mimics an idealized setup of commercially available microchannel plate
(MCP) detectors covering the full spatial angle, with an increased resolution
by ﬁner sampling due to the detector overlap.
The binning enables easy plotting of the ion distribution by equirectangular
projection, similarly to a world map, which helps in visually interpreting the
data. Moreover, it samples the two-variable ion distribution function so that it
can be described as a Fourier sum of spherical harmonics. The corresponding
Fourier coefﬁcients deﬁnes a power spectrum, which combined with a condition derived from the Nyquist–Shannon sampling theorem gives insight into
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the angular resolution of the data. In other words, the accuracy of orientation
determination by ion mapping can be evaluated.

3.2 Calculating diffraction patterns
Papers II and III investigate how various noise sources impact the single particle diffraction pattern quality. To do so, structures from MD simulations were
extracted and fed into a program referred to as DiffSim developed by Martin et al. [23]. DiffSim calculates the diffraction pattern based on the input
structure (the elements and their positions) and user-speciﬁed experimental
parameters. These parameters include both intensity, energy and focus of the
X-ray pulse, as well as placement, pixel count and size of the detector. The
calculated patterns are instantaneous and noiseless, and therefore represent an
idealized case. Instantaneous means that there are no dynamics involved; this
can be viewed as a simultaneous arrival of all photons, or equivalently, that
the structure remains static during exposure. Noiseless refers to the absence
of shot noise. Recall from Section 2.4.3 that shot noise arises from the fact that
a biomolecule is weakly scattering. As a consequence, a single measured pattern will not provide sufﬁcient signal, which necessitates averaging of many
patterns. Patterns determined by DiffSim correspond to the convergence of
such averaging where the number of included patterns approaches inﬁnity, all
from identical samples in the same orientation. However, the program does allow for generation of noisy patterns by estimating shot noise through Poisson
sampling of the individual pixels in the noiseless pattern.
Diffraction patterns are calculated by standardized methods originating from
scattering theory. X-rays are weakly scattering, meaning that the wave propagating through the sample does not signiﬁcantly differ from the incident wave.
Assuming that they are equal is known as the Born approximation and provides a description good enough for our needs. Starting from a single atom j,
the elastic X-ray scattering amplitude is then given by the Fourier transform
of its electron density ρ(r), commonly called the atomic scattering factor
f j (q) =



ρ(r)e−ir·q dr.

(3.14)

Here, r is a position vector in real space from the center of mass of the atom
and q = k − k is the momentum transfer between incoming and outgoing
photons with wave vectors k and k , respectively. Assuming that the electron
density is spherically symmetric, which is commonly done in crystallography,
we can write it as ρ(r) = ρ(r), where r = |r|. Deﬁning the magnitude of
the scattering vector similarly, q = |q|, and Θ as the angle between the two
wave vectors, the scalar product in the exponential becomes r · q = rq cos Θ.
Introducing these relations into Equation 3.14 in spherical coordinates, the
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expression simpliﬁes to
f j (q) =

 ∞  π  2π
0

4π
=
q

0
0
 ∞

ρ(r)e−irq cos Θ r2 sin Θdφ dΘdr
(3.15)

rρ(r) sin(qr)dr.
0

Clearly, with a spherically symmetric electron density, the scattering factor is
also spherically symmetric and solely determined by the magnitude q of the
momentum transfer vector. It is common to denote the scattering angle by
θ = Θ2 such that the relationship between q, the wavelength λ of the incident
(and elastically scattered) light, and the scattering angle is
q = 4π

sin θ
.
λ

(3.16)

DiffSim determines these element-speciﬁc and angle-dependent scattering factors at the relevant photon energies by applying a correction term to tabulated
forward scattering values, as described by Henke, Gullikson and Davis [108].
It also employs Slater orbitals [109] to calculate the corresponding ionic scattering factors whenever ions are present in the system.
The scattering factor describes the amplitude of the scattered plane wave,
which therefore can be written as
ψ j (q) = f j (q)e−iq·R j ,

(3.17)

where R j is the position vector of the atom. Knowing the individual f j (q)
for all j = 1, 2, . . . , N atoms of a system, such as a molecule comprised of
independent scatterers, we can extend the theory by writing the resulting wave
as a vector sum of the individual waves:
ψ(q) =

N

∑ f j (q)e−iq·R j .

(3.18)

j=1

However, we cannot directly measure the total scattering amplitude in experiments, and phase information is lost entirely. The detector instead captures
the intensity, which is proportional to the probability
N

∑

|ψ(q)|2 =

f j (q)e−iq·R j

j=1

=

N

N

∑ fk (q)eiq·Rk

k=1

N

∑ ∑ f j (q) fk (q)eiq·(Rk −R j )

j=1 k=1

=

N

∑

j=1

46

f j2 (q) + 2

N j−1

∑ ∑ f j (q) fk (q) cos[q · (R j − Rk )].

j=1 k=1

(3.19)

The last step follows from dividing the double sum into one set of terms where
j = k and another where j = k. In the latter, the imaginary parts vanishes when
terms of interchanged values for j and k are added, hence the cosine replacing
the exponential. This further highlights the fact that phases are lost.
By implementing the theoretical derivation above, DiffSim is able to output
a pixelated diffraction pattern in the form of a matrix. The input structure ﬁles
contain both the atomic species, allowing for calculation of the proper atomic
scattering factors for the chosen photon energy, and the atomic positions R j .
Based on the given detector geometry, the software determines relevant scattering vectors q pointing to the center of each pixel along with corresponding
solid angles dΩ. The ﬁnal intensity measurement is then computed as


I(q) = re2 P(q)dΩI0

N

N j−1

j=1

j=1 k=1

∑ A j (q) + 2 ∑

∑ B jk (q)

,

(3.20)

where re is the classical electron radius, P(q) is a polarization factor and I0
is the intensity of the incident X-ray pulse. A j (q) and B jk (q) are deﬁned as
the respective summation terms in Equation 3.19. An example output of such
calculation can be seen in Figure 3.3.

Figure 3.3. Single particle diffraction pattern and corresponding radial proﬁle.
[left] Logarithmic heat map visualizing a noiseless diffraction pattern from a single
ubiquitin molecule calculated by DiffSim, with colors indicating photon intensities.
A virtual detector with 1516 × 1516 pixels with a size of 110 × 110 μm each was
placed 50 mm behind the sample in the calculation. The X-ray pulse consisted of
1012 photons at 8 keV (λ = 1.55 Å) distributed over a circular spot with a diameter
of 100 nm, fully engulﬁng the sample molecule. [right] The corresponding radially
integrated proﬁle of the pattern. A dashed line has been added at q = 0.5 nm−1 ,
representing the black circle enclosing the central speckle in the diffraction pattern.

3.2.1 Radial proﬁle and SNR
In a diffraction pattern such as the one above, the momentum transfer vector
q can be thought of as a vector pointing outwards with origin at the center
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of the pattern. We can therefore write it in polar coordinates as q = (q, ϕ),
with q being the magnitude and ϕ the polar angle from a reference axis. The
magnitude corresponds inversely to distances in real space, explaining why
the circle of radius q in the pattern is usually called a resolution shell. An
assumption we make in papers II and III is that the spatial coherence of the
proteins under study do not inherently have a strong directional bias. It is
unlikely that the electron density of large, folded biomolecules would exhibit
a repeating structure that is signiﬁcantly overrepresented in certain directions.
By comparison, the following would not be a viable approach for a saturated
long-chained fatty acid due to its linear shape. Based on this assumption, the
diffraction pattern I(q) can be condensed into a one-variable radial proﬁle by
averaging the intensities over the full angle ϕ:
1
I(q) =
2π

 2π

(3.21)

I(q)dϕ.
0

The radial proﬁle is, in other words, a function describing the intensity expectation value over all resolution shells covered by the detector (see Figure
3.3). One of its uses is for estimation of the q-dependence of both shot noise
and signal strength in I(q). Because the former can be modeled as a Poisson
process, the mean shot noise level is simply proportional to I(q). As for the
signal, we deﬁne

σI (q) =

1
2π

 2π
0


I 2 (q)dϕ

− I 2 (q),

(3.22)

which is the standard deviation of the intensity in each resolution shell. Interference between outgoing waves give rise to the speckles seen in the pattern
that hold the structural information, and σI (q) is a measure of the contrast
of those speckles. A higher value suggest larger intensity ﬂuctuations, meaning that speckles at the given resolution are more discernible from noise and
therefore that the signal strength is higher.
In the papers, the integration scheme of Equation 3.21 is applied to an averaged pattern μ(q) and a variance pattern σ 2 (q), calculated from a number
of individual diffraction patterns. The averaging mimics an SPI setup where
patterns must be summed to enhance the signal-to-noise ratio (SNR), and the
two quantities outlined above can be inferred from μ(q) and its radial proﬁle μ(q). However, another source of noise emerges if the summed patterns
deviate from each other, for instance due to structural heterogeneity or damage dynamics. Such variational noise is captured well by the variance pattern
σ 2 (q), so we quantize it as the square root of its radial proﬁle:
σ (q) =
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1
2π

 2π
0

σ 2 (q)dϕ.

(3.23)

The established measures can eventually be combined to compute the expected SNR from the data. Since shot noise and variational noise are treated
separately, their contributions to the SNR can be evaluated independently.
These ratios can be written
SNRshot (q) =

σI (q)
μ(q)

and

SNRvar (q) =

σI (q)
σ (q)

(3.24)

respectively, and show the impact of each noise source over the relevant resolution span. Since the two generally cannot be distinguished in experiments,
we also treat the noise collectively to form a total ratio, SNRtot (q). It provides
a more complete picture of the SNR we can expect and is calculated as
SNRtot (q) =

σI (q)
μ(q) + σ 2 (q)

,

(3.25)

where the denominator is the combined standard deviation of the two independent noise variables given by the square root of the sum of their variances.

3.2.2 Pearson correlation
A simple way of comparing the similarity between two calculated diffraction
patterns is by Pearson correlation. It is a common statistical tool that provides a numerical measure of the linear correlation between two datasets. The
returned value, sometimes referred to as Pearson’s r, may take on any value
between −1 and 1, with the two extremes indicating total negative or positive
correlation, respectively. A value of r = 0 is the result of two uncorrelated
sets.
In the presented papers the Pearson correlation has two implementations.
In the ﬁrst, the correlation is applied to two diffraction patterns in a pixel-wise
fashion, allowing for the complete datasets to be correlated. In this case, a
single r-value reﬂects the similarities between the two patterns. In the second,
the intensity data is divided into subsets corresponding to different resolution
shells, which are correlated independently. This yields a range of r-values that
gives insight into the q-dependence of the correlation coefﬁcient.
Mathematically, the ﬁrst implementation is carried out as follows. Let A(q)
and B(q) be two diffraction patterns of equal size to be correlated, with q
representing the different pixels. Next, let A(q) and B(q) denote the mean
intensity over all pixels in each pattern. We ﬁrst normalize the patterns by
subtraction of their respective means from all pixel values to obtain
Ã(q) = A(q) − A(q)

(3.26)

B̃(q) = B(q) − B(q).

(3.27)

and
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The normalized datasets have an arithmetic mean equal to zero, securing the
correlation measure to be scale invariant. This is important since the total
intensity recorded in each pattern may differ. Pearson’s r is then calculated as
r=

∑q Ã(q)B̃(q)
∑q Ã2 (q) ∑q B̃2 (q)

.

(3.28)

It is worth mentioning that calculation of the correlation coefﬁcient only is carried out after a circular section in the center of both patterns has been removed.
The reason is because this area largely overlaps with the incident (unscattered)
X-ray beam and will therefore report intensities many orders of magnitude
higher than other sectors of the detector. Correlating patterns without ﬁrst applying this mask would consequently return values close to 1 and not reﬂect
the true correlation of the structural features. This also makes the theoretical
approach more realistic as experimental detectors are equipped with a central
hole or beamstop to protect the instrument from the unscattered beam, setting
a limit to the minimum scattering angle at which data can be collected.
Evaluating r as a function of q is done similarly by correlating each resolution shell separately. Because the patterns are pixelated, the shells are discretized by dividing q into steps equal to the pixel size. As a result, every
pixel coinciding with a horizontal ray from the detector center will belong to
different resolution shells. To perform the correlations, we rewrite the pixel
positions in polar coordinates, q = (q, ϕ), and normalize the subsets individually:
Ã(q, ϕ) = A(q, ϕ) − A(q),

(3.29)

B̃(q, ϕ) = B(q, ϕ) − B(q).

(3.30)

Here, A(q) and B(q) are the radial proﬁles as calculated in Equation 3.21.
The correlation value at different resolutions q is then computed as before,
where the sums span the full polar angle ϕ to include all pixels at the relevant
distance,
r(q) =

∑ϕ Ã(q, ϕ)B̃(q, ϕ)
∑ϕ Ã2 (q, ϕ)

∑ϕ B̃2 (q, ϕ)

.

(3.31)

This measure, sometimes referred to as the Fourier ring correlation (FRC)
function, gives a more detailed picture of how the similarities between two
diffraction patterns vary as we transverse the resolution shells. Hence, it can
be helpful when investigating how pattern deviations limits the obtainable resolution.
50

3.3 Non-LTE plasma simulations
The last two papers focus on the intricacies of SFX, in contrast to SPI, and employ a different theoretical framework to evaluate effects of radiation damage.
In these studies, we chose to adopt a non-local thermodynamic equilibrium
(non-LTE) plasma code known as Cretin [110]. Such approach is necessary
when investigating samples that are considerably larger than single molecules.
Even in a crystal of a few hundred nanometers, electrons released by the X-ray
interaction will no longer escape the conﬁnes of the sample to the same extent
as in a lone molecule. Consequentially, more energy is deposited into the sample by secondary electron collision cascades – an effect that is disregarded in
the MD simulations discussed previously. Moreover, with the increased rate of
ionization the sample rapidly undergoes a transformation into a plasma, which
gives rise to a host of additional properties that need to be taken into account.
A plasma is a highly ionized state of matter, where chemical bonds are
broken and unbound electrons and positively charged ions remain. In this
state, various processes that impact the diffraction measurement become increasingly relevant. Apart from further ionization from colliding electrons,
recombinations where electrons are recaptured into vacant atomic orbitals accompanied by emission of photons may take place. The movement of free
electrons also generate magnetic ﬁelds, which alters the kinetics of the system.
These ﬁelds, along with electric ﬁelds arising from charges, can furthermore
cause emittance of Bremsstrahlung upon interaction with energetic electrons,
and thereby contribute to both noise and additional ionization.
While these effects theoretically could be included in a MD description of
the system, it is not really viable in practice. Plasmas induced by an XFEL will
not be in a thermodynamic equilibrium, even locally, during the short time
scales considered. The temperature of ions and electrons can vary greatly
throughout the system, and change over time due to radiative transfer. This
impacts the cross sections of the different processes, making them difﬁcult to
accurately predict at an atom-by-atom level with MD. On top of that, since
the studied systems are large in terms of number of atoms, the computational
cost would be tremendous. Instead, we use Cretin that allows for a collective
treatment of the atoms.
Cretin is a multi-dimensional non-LTE plasma simulator speciﬁcally designed to model accretion disks around stars, but has proven to also be wellsuited for laser-induced plasmas. It is based on a previously published code
by the same author [111], and has been successful in reproducing experimental results from XFELs [91, 112]. As opposed to MD, Cretin does not take
the atomic structure of the sample into consideration; a sample is instead generalized by its elemental composition and density. The initial geometry is
constructed as a number of equally sized adjacent continuum zones deﬁned
by the sample, each with identical pressure, temperature and electronic populations. During the simulation, transferral of heat and radiation across shared
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zone boundaries is allowed, but mass transfer is not. This ensures that the elemental composition remains intact. However, the density may still change as
Cretin allows for independent hydrodynamic expansion (or compression) of
the zones.
How the simulation evolves depends on the user-deﬁned X-ray pulse parameters. Once set, Cretin tracks the time evolution of atomic kinetics, ion
and electron temperatures, radiative transfer and X-ray absorption throughout
the simulation. Atomic kinetics entail the electron conﬁgurations and transition rates, and are evaluated by solving rate equations. Most ionization and
excitation processes, as well as their inverses, are included, and their rates are
calculated from tabulated data, equilibrated electron and ion temperatures and
the speciﬁcations of the XFEL pulse. Solving the atomic kinetics allow for
prediction of the time evolution of the system, which is returned in terms of
electronic states, ion temperatures and ion–ion collision frequencies.
Generally, utilizing a plasma approach allows for calculations of ultrafast
energy deposition and sample response during XFEL exposure, which is valuable for data analysis. For instance, the output from such simulations were
used in Paper IV to study the change in Bragg peak intensities throughout the
pulse. Plasma code may also provide beneﬁcial predictions related to experimental design. For this reason we carried out Cretin simulations for a variety
of different materials, both organic and inorganic. The obtained data were analyzed and collected in a freely available database, as outlined in Paper V,
with the intention of assisting the construction of future XFEL experiments.
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4. Results and conclusions

The following subsections present the main results from the individual studies.
We also discuss the general conclusions that can be drawn from them. Note
that the texts merely serve as condensed summaries of the respective papers.
Enclosed in this thesis are each publication, which the reader may consult for
a more detailed view of the analyses.

4.1 Reproducibility of Coulomb explosions (Paper I)
The ﬁrst paper investigates the reproducibility of the Coulomb explosion in
SPI. MD simulations predicting the explosion dynamics of four single protein
samples, each with three different levels of hydration, were performed. The
average spherical ion distribution for different atomic species was then calculated from 150 separate explosion events, where initial samples were heterogeneous but in the same spatial orientation. Pulse parameters were representative of current XFEL sources and unchanged between simulations. Figure
4.1 displays the obtained distribution maps of carbon ions in the form of heat
maps, with an additional column representing a fully irreproducible explosion
behavior for comparison.
Deﬁnite signs of directional bias of the carbons can be seen in the ﬁgure.
Most of the maps contain clear hotspots of ion densities signiﬁcantly higher
(and lower) than the random case. Hydration seems to enhance this effect, as
the hotspots grow increasingly distinct with thickening of the water shell. This
suggests that the surface-bound water molecules provide a shielding mechanism that limits the accessible trajectories of the ions. Further analysis of the
lysozyme sample (bottom row in Figure 4.1) revealed that the fraction of the
map where ion densities measure ﬁve standard deviations outside of the mean
of the random case increase from 2 % to 13 % when the hydration shell is
changed from 0 Å to 6 Å.
The shielding effect has bearing on the angular resolution of the ion distribution. When projecting the 6 Å lysozyme carbon data onto spherical harmonics, we found from the power spectrum that orientation recovery should
be viable up to a resolution of 40◦ with respect to an equatorial line. While a
higher-resolved orientation is needed for accurate merging of diffraction patterns in SPI, the improvement from the 120◦ analog of waterless lysozyme is
still remarkable. As one might expect, the middle level of hydration yielded
an angular resolution between the extreme cases with an estimated value of
72◦ .
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Figure 4.1. Carbon ion maps. The distribution of carbon ions averaged over 150 simulated Coulomb explosions. Rows represent different proteins and the three leftmost
columns the various hydration layers. The fourth column serves as a control, where
the relevant number of ions have been uniformly spherically distributed and averaged
150 times. Areas of higher or lower concentration of ions compared to the random
case can clearly be distinguished for most of the samples. The color scale indicate the
average number of ions, ranging from red (high) to blue (low).

To further investigate the shielding by water, ion maps were plotted for solvent oxygen only, omitting oxygen atoms bound to the protein. These can be viewed in Figure 4.2 and show a striking complementarity to the carbon maps. Apparently, carbons tend to migrate in
directions where water oxygens are
not, and vice versa. This is in accordance with the suggested shielding mechanism, which likely relates
to the structural arrangement of solvent molecules around the sample. If
so, we would expect these maps to
remain fairly stationary between repeated measurements, provided that
the level of hydration is similar, as
simulations suggest that the hydro54

Figure 4.2. Solvent oxygen ion maps. The
average distribution of oxygens found in
the hydration shell shows an inverse relationship with the corresponding carbon
maps, strengthening the notion of a shielding mechanism.

gen bonding network of the solvent is highly reproducible [80]. By extension,
a comparable robustness of the carbon maps should follow. The cited study
also concluded that dehydration negatively affects the stability of the protein,
indicating that the encompassing water provides a scaffold that restricts structural alterations. This is certainly beneﬁcial for SPI, where sample heterogeneity is a key issue, and combined with the increased angular resolution of
the carbon ion map a larger hydration shell may seem preferable. However,
excess water lead to higher noise levels in the diffraction pattern and both applicability and experimental implementation of measuring ion maps remains
unclear.
A similar analysis was conducted for the distribution of sulfur ions, where
all samples but lysozyme were excluded due to their limited sulfur content. Interestingly, these heavier elements show exceptional explosion reproducibility
with little angular spread, as visualized by the sharp hotspots in Figure 4.3.
Close to the entire sphere records a statistically signiﬁcant signal outside a 5σ
interval around the random case mean for all samples, although the fraction
decreases slightly as the solvent layer is expanded (from ~100 % for 0 Å to
96 % for 6 Å). This is in direct opposition to the behavior of carbon, possibly
indicating that the same shielding effect does not apply to the heavier sulfur
atoms. Carbon maps also displayed large changes with hydration, which is not
the case for sulfur. Hotspots instead remain in similar positions regardless of
water content, again suggesting a negligible interference from the solvent.

Figure 4.3. Sulfur ion maps of lysozyme. Clear hotspots indicate high levels of
reproducibility of sulfur trajectories, consequently yielding good angular resolutions.
The distributions remain largely unchanged over all hydration shells, dismissing the
signiﬁcant impact by water seen in the corresponding carbon maps.

Both sulfur maps of hydrated lysozyme display an angular resolution of at
least 12.4◦ , which is the upper limit of our analysis. For the dry protein, the
analogous value was estimated to 14.4◦ . Clearly, sulfurs provide considerably more reproducible explosion patterns and should be superior to carbon
for orientation determination. Again the solvent seem to improve the resolution, something that likely is a consequence of the increased structural stability
discussed previously.
In our analyses, we treat atoms of the same element as indistinguishable
and measure their distribution by binning. However, to gain a deeper under55

standing of the explosion dynamics we also examined the exact trajectories of
each individual sulfur atom. Figure 4.4 (bottom pane) below shows the sulfur
angular trajectories extracted from all 150 explosions of waterless lysozyme
with the different sulfurs indicated. While all sulfur ions exhibit reproducible
explosion patterns, forming concentrated clusters around the sphere, some of
them aggregate pairwise. These dual clusters also tend to have a smaller angular spread than those formed by single sulfurs. From the initial structure
of the molecule (see Figure 4.4, top pane) it becomes apparent that the paired
clusters arise from atoms involved in disulﬁde bonds, suggesting that such interaction contributes to a higher explosion reproducibility. Disulﬁde bonds are
exclusively formed between the sulfurs of cysteine residues in proteins – the
only other amino acid containing sulfur, methionine, cannot form these bonds.
For this reason, explosion mapping of sulfur ions may be particularly suitable
for orientation of cysteine-rich samples.

Figure 4.4. Connecting the sulfur ion trajectories to the structure of lysozyme.
[top] A representation of the tertiary structure of lysozyme with the individual sulfurs
highlighted and distinguished (numbered yellow spheres). Colored sticks outline the
two sulfur-containing amino acids, cysteine (magenta) and methionine (orange). [bottom] Combined results of the 150 MD simulations of dehydrated exploding lysozyme.
Narrow clusters are formed by disulﬁde bonded sulfurs of cysteine (purple and yellow), while the lone sulfurs of methionine (green and blue) exhibit a wider spread.
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4.2 Radiation damage in SPI (Paper II)
Collecting high-quality single-particle diffraction patterns is a cumbersome
endeavor. Not only is the signal weak due to the small elastic X-ray interaction cross sections, but it is also masked by noise stemming from various
sources. In the second paper, we estimated the severity of noise caused by
the Coulomb explosion and compared it to the effects of sample heterogeneity and shot noise. By calculating and averaging noiseless diffraction patterns
from every frame of the simulated lysozyme explosion events in one orientation, we obtained a pattern representative of what we ideally can expect to
compile from many shots. Since this pattern contained both the interference
from the Coulomb explosion and structural variability between samples, we
correlated it to the averaged pattern from initial structures to isolate and measure the impact of damage. Six different sets of pulse parameters were used;
each combined from two intensities (1012 and 1013 photons) and three pulse
durations (5, 25 and 50 fs FWHM). Figure 4.5 shows the results from the pixelwise Pearson correlation, with central pixels omitted, from the lower intensity
pulses.

Figure 4.5. Pearson correlation of diffraction patterns. Vertical lines show the correlation values (given above each line) between the average time-integrated patterns
and corresponding average initial structure patterns for the different pulse durations.
Heterogeneity effects are captured by both patterns, and hence diminishes by the correlation procedure, while explosion dynamics only affect the former. Deviations from
perfect correlation scores of 1 are consequently due to the Coulomb explosion. Included are also density plots from 50, 000 pairwise correlations of noiseless patterns
from heterogeneous structures (orange) and Poisson sampled patterns from a single
structure (grey), with numbers showing the correlation value with highest probability.
The density plots were smoothened using a standard Gaussian kernel and illustrate
expected correlation values in the presence of sample heterogeneity and shot noise,
respectively. The simulated pulse had a total of 1012 photons at 8 keV, uniformly distributed in space over a focal spot of 100 nm in diameter. X-ray pulse durations are
given in FWHM of the Gaussian temporal proﬁle.
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For reference, we performed two separate sets of 50, 000 correlations each.
In the ﬁrst, noiseless patterns from randomly chosen heterogeneous structures
of lysozyme were correlated. In the second, the pattern of a single structure
was repeatedly Poisson sampled to emulate shot noise before correlating the
noisy patterns. This yielded two distributions of correlation values (visualized
as orange and grey density plots in Figure 4.5), allowing for comparisons between noise contributions from damage, heterogeneity and shot-to-shot ﬂuctuations.
A signiﬁcant difference in correlation coefﬁcients can be seen in the lowerintensity pulse data presented here. For the shortest pulse the r-value is close
to 1, indicating that almost no changes can be seen in the pattern due to the
Coulomb explosion. As the pulse grows longer, damage has time to manifest
to a greater extent and the correlation value subsequently decreases. Omitted
here is the data from the higher-intensity pulse of 1013 photons, which shows
a similar trend but with lower values overall. This difference is to be expected
as more photons invariably lead to higher ionization levels and more damage.
However, in both cases all calculated coefﬁcients stay above the peak value of
the distribution from heterogeneous samples. It is a remarkable result since
it suggests that sample variation cause more noise when averaging patterns of
the same orientation than the Coulomb explosion does, even at longer pulse
durations of 50 fs. The comparably low peak value for shot noise is unsurprising since very few photons are scattered in these patterns, highlighting the
reason averaging is necessary in the ﬁrst place. The distribution is slightly
shifted toward the right with a peak at r = 0.045 when the photon count is
increased tenfold, but still remain far from overlapping with the other data
points.
We investigated the resolution-dependence of r by correlating resolution
shells individually. As can be seen in Figure 4.6, the values tend to decrease as
we approach higher resolutions, with the decrease becoming steeper as longer
pulses are employed. However, the loss of correlation is not as severe as for
the heterogeneous dataset, which undergoes a signiﬁcantly sharper drop – in
particular around the 2.5 nm−1 mark. As a result, the exploding patterns remain above the values of the heterogeneous patterns over the entire resolution
span covered by the detector, excluding the central speckle that was omitted
from the pixel-wise analysis. This relationship generally holds for the higher
intensity pulses as well, except for in the low-resolution region up to q = 1.8
nm−1 where the two longer pulses approximately match the heterogeneous
case. At higher resolutions, the difference becomes tangible for all pulses.
Apparently, the ﬁne structure information at high scattering angles remains
largely intact compared to when averaging heterogeneous patterns, even when
using longer pulses, despite the sample experiencing damage in the form of a
Coulomb explosion during the imaging procedure.
Similar effects have been observed in simulations of small crystals [22, 91]
and in single particles with an alternative damage model [23], where they have
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Figure 4.6. Pearson correlation of individual resolution shells. Plots showing how
the correlation coefﬁcient varies with q. Black, purple and green lines are the correlations between the average time-integrated diffraction pattern of exploding lysozyme
and the average initial structure pattern for three different pulse durations. The remaining lines represent the mean of the same analysis carried out with noiseless diffraction
patterns from heterogeneous lysozyme (orange) and noisy patterns of a single structure (grey), with shaded areas indicating one standard deviation above and below each
calculated value. The pulse parameters used here were identical to those speciﬁed in
Figure 4.5.

been attributed to pulse gating. The theory is that damage lead to deterioration
of both signal and noise throughout the pulse, resulting in saturation of the
signal-to-noise ratio and diffraction patterns akin to those arising from shorter
pulses. To determine whether a similar effect can be seen in our model, we
truncated the temporal sum of diffraction patterns at each time step and calculated the accumulation of SNRtot (q) as described in Section 3.2.1. The timeevolution at q = 6.67 nm−1 (corresponding to 1.5 Å resolution) for all pulses
are shown in Figure 4.7.
A few interesting points can be made from the ﬁgure. Firstly, the highest
SNRtot at pulse termination is achieved with the shortest pulse at the highest intensity. Considering that a high intensity facilitates the scattering signal
while a short duration allows for circumvention of damage, this is not surprising. However, as the pulse duration is increased, damage eventually becomes
inevitable and the higher photon count less favorable. In other words, with a
longer exposure time, additional photons seemingly do more harm than good.
While a short, high-intensity pulse is ideal it is not easily attainable at the necessary energies, so the tradeoff between the two parameters should be considered. Secondly, changes to SNRtot diminish during the latter half of the pulses;
even for the longest pulse durations it converges to a nonzero value. This implies that the structural signal at 1.5 Å resolution is not entirely drowned out
by noise in the integrated pattern, and should be recoverable given enough
patterns for averaging. Following the evolution of any of the plots, we initially see a rapid increase in SNRtot while the sample is still largely intact.
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Figure 4.7. Signal-to-noise ratio accumulation. SNRtot at q = 6.67 nm−1 calculated
from diffraction patterns integrated up to each time point and plotted for the duration
of the pulses. A gating effect driven by radiation damage cause the longer-pulse lines
to plateau and converge to a nonzero value before the pulses are terminated. Numbers
indicate the concluding values. All pulses simulated had a Gaussian temporal proﬁle
with maximum at t = 0 and FWHM durations as shown. The photon energy was ﬁxed
at 8 keV and the focal spot size 100 nm in diameter.

As damage starts to manifest, noise contributions eventually catch up with the
signal and the line reaches its peak. At this point the structure factor is becoming compromised and noisy scattering overtakes signal, causing a following
SNRtot decline. But somewhat surprisingly, the decline is not entirely detrimental since it is soon abated and the plot plateaus. For the longest pulses, this
happens when a comparatively large fraction of photons still remain to interact
with the molecule. Such artiﬁcial shortening of the pulse is the hallmark of the
gating effect mentioned previously, and we can conclude it to be apparent in
our model – in agreement with the ionization and ion diffusion approach by
Martin et al. [23] – as well.
Lastly, numerical calculations of shot noise and damage noise from timeintegrated patterns showed that the former is signiﬁcantly more prominent than
the latter. Throughout the full resolution span, disregarding the central speckle
region, shot noise measured at least one order of magnitude higher than corresponding damage noise values. Taken together, these results suggest that damage might not be as disadvantageous as previously thought. Other sources of
noise studied here (sample heterogeneity and shot-to-shot ﬂuctuations) seem
to have a more profound negative impact on the structure signal, while damage
actually invokes a beneﬁcial gating effect. Further investigations are required,
in particular on the repercussions of heterogeneous samples where the literature currently is sparse, but the conclusions from Paper II nonetheless support
the possibility of successful SPI with longer pulses.
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4.3 Sample heterogeneity in SPI (Paper III)
Expanding upon the preliminary ﬁndings regarding sample heterogeneity, the
third paper explores how temperature and sample hydration relates to heterogeneity and the subsequent impact on image reconstruction in SPI. MD simulations were carried out to represent the structural variability of two protein
samples (ubiquitin and lysozyme) in three states of hydration (dehydrated, 3 Å
water shell and 6 Å water shell, see example structures in Figure 4.8) at eight
different temperatures in increments of 50 K ranging from 0 to 400 K, with
the exclusion of 50 K. Atomic displacement within the proteins was evaluated
by measuring the root-mean-square ﬂuctuations (RMSF) of the constituent
atoms throughout the simulations. It is related to the more common RMSD,
but instead of measuring the collective deviation of all atoms between two
structures, the RMSF describes the displacement of a single atom from its average position over all simulation frames. Figure 4.8 shows the distributions
of RMSF-values seen in lysozyme at four selected temperatures.

Figure 4.8. Positional ﬂuctuations of atoms. To the left are surface representations
of lysozyme with the different levels of hydration used in the simulations, where grey
represents the protein and blue indicates water. Density plots to the right show the
distribution of RMSF values of all atoms in the corresponding lysozyme samples.
Colors here represent different temperatures. Atomic displacement increases with
temperature, but less so whenever surface-bound water is present. Note that solvent
molecules are excluded from the distributions.

Presence of surrounding water suppresses the atomic motion, adding to the
structural stability of the protein [80], which is clearly seen here. As a consequence, hydrated samples will exhibit less heterogeneity compared to their dry
counterparts, which is beneﬁcial for SPI. However, excess water will simultaneously contribute signiﬁcantly to noisy scattering, especially since oxygen
is a stronger scatterer than carbon. In order to examine the interplay between
these opposing effects, we studied the diffractive capabilities of the samples.
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Instantaneous and noiseless diffraction patterns were calculated and averaged
using DiffSim from the heterogeneous MD structures, aligned in the same
spatial orientation. The resulting patterns of lysozyme are shown in Figure 4.9
where a signiﬁcantly higher speckle contrast can be observed for the hydrated
samples, in particular with the 3 Å water coverage. Speckles become increasingly blurred when patterns from samples with a greater structural variance
are averaged, explaining why more contrast is lost at higher temperatures. In
the case of fully dehydrated samples, such variance corresponds to the heterogeneity inherent to the protein. Whenever water is present, this still holds true,
but may also be an effect of structural changes of the solvent itself around
the molecule. If the water molecules are more loosely bound and not welllocalized, the variation in their positions will cause additional noise. So while
the enhanced structural stability of both proteins is comparable between the
two levels of hydration, it is likely the greater mobility of water molecules in
the 6 Å-samples that hinders signal strength in comparison to the 3 Å-samples.

Figure 4.9. Averaged diffraction patterns of lysozyme. Each logarithmic heatmap
corresponds to the average of 500 noiseless diffraction patterns from heterogeneous
lysozyme, generated from 1012 photons at 8 keV uniformly distributed over a circular
spot with a diameter of 100 nm. Rows indicate hydration levels and columns the sample temperature. The color scale shows measured intensities as number of photons.

The parameters used in the calculations allowed for diffraction up to 1.4
Å resolution. However, with enough noise the attainable resolution will be
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lower. We employed the method of Fourier ring correlation (FRC) with a
ﬁxed-value cutoff – see for instance [113] – to our datasets to assess the relationship between sample heterogeneity and resolution limit. The FRC function
of q was calculated by randomly dividing the set of noiseless patterns into two
equally-sized subsets and correlating the resolution shells of their respective
averages. The resolution corresponding to the smallest scattering magnitude
at which FRC(q) = 0.5 was deﬁned as the resolution limit. Obtained resolution limits for the different samples and temperatures are plotted in Figure
4.10. At temperatures below 200 K, no change is observed and the experimental setup remains the bottleneck in terms of resolution when heterogeneity
is the only source of noise. But as we go toward higher temperatures, atomic
displacement increases (Figure 4.8), speckle contrast is lost (Figure 4.9), and
our structural data yield a lower-resolution image at best (Figure 4.10). In particular, both dehydrated samples suffer a signiﬁcant setback with resolutions
restricted to 2.5 − 3 Å at 400 K. At room temperature, which is more feasible
for experimental conditions, lysozyme shows a 20 % gain in resolution upon
addition of a 3 Å water layer. For ubiquitin, the impact is even greater with a
resolution-increase from 1.8 to 1.4 Å.

Figure 4.10. Highest attainable resolution in reconstructed 2D image. Resolution
limits for the various samples and temperatures based on the averaging of 250 individual diffraction patterns. Note that sample heterogeneity is the only noise source
considered.

Clearly, the stabilizing effects of a surrounding hydration shell offer beneﬁts
to SPI, despite the extraneous noise generated by the water. Optimally the
shell should be small, as samples with 6 Å water does not perform as well.
We would expect this development to continue as even more water is added,
eventually being limited to even lower resolutions than the dry sample, as
scattering from water starts to dominate the diffraction pattern.
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4.4 Pulse proﬁle effects in SFX (Paper IV)
As a result of the SASE process, the time-distribution of photons in an XFEL
pulse is highly stochastic. How these ﬂuctuations affect the imaging process
is not well understood, and therefore the central question in Paper IV. Four
different temporal pulse proﬁles with photon distributions as shown in Figure
4.11 (left pane) were studied by plasma simulations in Cretin designed to represent a SFX experiment. While the variation in ﬂux differed, total ﬂuences,
photon energies and durations were unchanged between pulses. Total accumulated Bragg peak intensities from a 700 nm crystalline photosystem I sample
(Figure 4.11, right pane) was found to attain intensities optimally surpassing
noise whenever the pulse used is front-loaded.

Figure 4.11. Temporal proﬁles and Bragg intensity accumulation. Simulated pulse
shapes and the resulting accretion of Bragg signal from carbon atoms in a 700 nm
photosystem I crystal. [left] The time-distribution of photons for the various pulses, all
with a photon energy of 6 keV and an intensity of 2·106 J cm−2 . [right] Accumulation
of intensity in Bragg peaks as a function of time at momentum transfer q = 0.62 Å−1 .
Color coding is consistent between both panes. (Figure reproduced from Paper IV.)

If the number of photons arriving early is maximized, they will encounter
an undamaged sample and therefore contribute more to the Bragg signal. Conversely, an initially lower ﬂux will produce less signal and simultaneously onset ionizing processes that change the structure factor and impair the desired
scattering of impending photons. With the following progression of damage,
the pulse will be gated as atoms are displaced and spatial coherence in the crystal is lost. The loss in constructive interference of scattered waves terminates
the accumulation of Bragg peaks, and the integrated signal becomes saturated.
Photons interacting with the sample after this point are essentially wasted in
terms of Bragg diffraction and may contribute to noise. A front-loaded pulse is
therefore more suitable for bypassing the effects of both ionization and atomic
displacement, even if the pulse duration is long (100 fs), as the bulk of photons
will interact with the pristine crystal.
Figure 4.12 shows how ionization and displacement independently affect
the scattering signal from carbon throughout the pulse at momentum trans64

fer q = 0.62 Å−1 , given the four different temporal proﬁles. The functions
shown are normalized such that 1 corresponds to the signal obtained from
the undamaged crystal and 0 indicates a total signal termination. Atomic displacement (left pane) is less affected by pulse shape, where the decay remains
fairly consistent between the four. The small difference that can be observed
is expected, since the front-loaded pulse deposits more energy into the sample
during the ﬁrst 20 fs of exposure compared to the other pulses. This guarantees a rapid plasma formation and a quicker increase in ion temperature and
ion–ion collision rate, which drive the atomic displacement. By comparison,
for a pulse with a single peak in ﬂux between 40 and 60 fs the effects will not
be as immediate, and signal loss from displacement will be delayed.

Figure 4.12. Bragg signal deterioration. Graphs showing the simulated loss in
diffractive capability of carbons during a 100 fs pulse of varying temporal proﬁle
in a 700 nm photosystem I crystal. Values range between 0 and 1 and correspond to
the fraction of total Bragg intensity obtained at q = 0.62 Å−1 in comparison to that of
a perfect crystal. [left] Decay due to the displacement of atoms and loss of structural
coherence. [right] Decay due to ionization and consequent altering of the structure
factor. All pulses had the same photon energy (6 keV) and intensity (2 · 106 J cm−2 ).
Plot colors represent different temporal proﬁles as depicted in the inlet.

Decay due to ionization (right pane in Figure 4.12) is considerably more
sensitive to variations in photon ﬂux. A front-loaded pulse seems to be at a
disadvantage since the initial heavy X-ray exposure cause a rapid decay in
diffractive potential. However, these photons encounter a largely undisturbed
crystal and therefore ensure a substantial contribution to Bragg scattering. So
while the diffraction is terminated earlier with this pulse shape, the bulk intensity of the pulse has already intercepted the sample once this happens. It
clearly demonstrates the power of the diffraction before destruction principle.
In the case of a delayed intensity peak, the situation is reversed. The low initial ﬂux generates little signal while inducing radiation damage that, despite
evolving at a slower rate, undermines the signal yield from the higher-ﬂux
peak.
The main conclusion of this paper is that the temporal proﬁle indeed has
a signiﬁcant impact on nanocrystalline imaging. From Figure 4.11 it is evident that the total signal obtained post-pulse varies greatly between proﬁles.
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Furthermore, the relation to different scattering angles and photon energies is
not linear. Understanding how these parameters are related, combined with
novel techniques for experimental pulse proﬁling and/or shaping, will allow
for better predictions of damage dynamics in terms of ionization and atomic
displacement. In turn, this information can be used to properly rescale collected diffraction data to aid the structural determination from nanocrystals.
The presented effects should extend to the single particle case where the same
processes apply, and likely prove to be particularly relevant as these samples
are especially prone to damage.

4.5 The FreeDam database (Paper V)
Results presented in the previous section were based on non-LTE simulations
carried out with the Cretin software. Cretin is described in detail in Section
3.3 and monitors the evolution of radiation damage in XFEL-induced plasmas. Since any material composition can be speciﬁed, Cretin is not limited
to only biomolecules and can therefore be aidful in XFEL-based ﬁelds other
than protein imaging. The output encompass average ionization, ion and electron temperatures and atomic displacement as functions of time. FreeDam
(free-electron laser damage simulation database), outlined in Paper V, is a
free-to-use online resource hosting such data.
Simulation results in FreeDam can both be viewed visually and downloaded
as text ﬁles for post-processing. An array of samples for a range of XFEL
pulse parameters have been added to FreeDam thus far, and the selection is
planned to be expanded upon in the future. Most relevant to biology are the
currently available data ﬁles for water, lysozyme and photosystem I, while examples of other materials are graphite, silicon and boron carbide. The user
may deﬁne the X-ray pulse in terms of duration, photon energy and total ﬂuence and immediately retrieve the simulated data.
As of now, FreeDam does not support a direct pipeline to Cretin for ondemand simulations. Although such functionality is under consideration and
will likely be added in a later update, for now simulations has to be manually
uploaded by the hosts. Scripts have been developed to perform this task, and
we encourage the scientiﬁc community to submit requests of materials and
pulse speciﬁcations they would like to see added to FreeDam.
The purpose behind FreeDam is to make simulations of radiation damage
readily available to everyone. Access to the theoretical calculations is beneﬁcial both for planning and designing XFEL experiments, as well as aiding
the preprocessing of data obtained experimentally. For instance, the evolution
of ionization and temperature in water during an XFEL-pulse presented in
FreeDam could be highly relevant to both SFX and SPI, as samples typically
are delivered to the interaction point in jets or droplets of water. The database
can be found at https://freedam.desy.de/.
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5. Outlook

Structural determination of noncrystalline samples with XFELs at atomic resolution remains an elusive pursuit. Since the introduction of the diffraction before destruction approach back in 2000, considerable progress has been made
to overcome the many obstacles inherent to SPI. Improved sample delivery
schemes, upgraded laser sources and enhanced algorithms are but a few of
the recent advances that have brought us closer to this ultimate goal. But key
issues remain and we still have a ways to go.
This thesis aims to address some of the challenges holding SPI back, in
particular those related to radiation damage, given the current capabilities of
ultrafast X-ray sources. Granted, some of them could likely be overcome by
achieving hard (~10 keV) X-ray pulses in the sub-5 fs duration regime without loss of intensity, an undertaking that should therefore remain a priority.
However, a viable setup to consistently generate such extreme pulses have yet
to be demonstrated, despite several decades of awareness of their potential.
Alternative solutions rely not on the prevention of radiation damage, but on
understanding, or even utilizing, its effects.
All the results presented here are based on theoretical simulations and need
to be validated experimentally. This is in itself a challenge, as the necessary instrumentation in some cases is lacking. For instance, measuring the
full ion distribution map from a Coulomb explosion would require a spherical
detector accepting the full 4π solid angle while resolving the molecular orientation. Conventional MCPs mounted around the interaction point would only
partially cover the sphere due to space limitations. While this may be mitigated by velocity map imaging (VMI), a technique where charged particles
are projected onto a detector using an electrostatic lens [114], the orientation
problem remains unsolved. Similarly, investigating the impact of the temporal
pulse proﬁle would require accurate diagnostic tools and pulse-shaping protocols. The latter is the main bottleneck as current methods relies on truncating
the pulse intensity, which at this point is detrimental to SFX and, in particular,
SPI. But regardless, these experimental limitations should in no way hinder
studies seeking to complement the in silico observations. Measuring partial
ion distribution maps or using lower-intensity pulses of well-deﬁned temporal
proﬁle may still provide valuable insight.
When ﬁndings are based on theoretical models, their validity directly relies
on the accuracy of those models. It is consequently of vital importance that
the models are constantly evaluated and reﬁned. Adaptation to better reﬂect
experiments, as discussed in the previous paragraph, is one way. Another is
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to adjust the approximations made to emulate the true underlying physics to a
greater degree. In the context of MD simulations this could mean the inclusion
of quantum effects, which is becoming increasingly feasible with the rapid
advancement of computational power.
To a large extent, papers I–IV each focus on a singular issue pertaining to
SPI and SFX, while neglecting others. Isolating a speciﬁc part of a greater
question certainly allows for a deeper investigation of that particular aspect,
but runs the risk of jeopardizing the complete picture overview. In the worst
case, the results may even no longer remain true to the initial problem. For this
reason, it is important that future studies both (i) treat the issues covered here
simultaneously, and (ii) combine them with other known aspects of SPI and
SFX. One example could be to examine sample heterogeneity concurrently
with varying pulse proﬁles, another to include the resolution-limiting effects
of orientation recovery in addition to the other noise sources considered in
Paper II. Ultimately, to enable continuous development of these promising
techniques, the aforementioned complete picture needs to be established.
Lastly, data accessibility is essential. To maximize the likelihood of reaching atomic resolution with SPI, and to further improve SFX, all relevant ﬁndings need to be available to researchers worldwide. A good example is the
coherent X-ray imaging data bank (CXIDB) [115] where results from diffractive measurements at XFELs are stored. The same holds true for simulation
results. Ideally, developed software should be open source and numerical data
should be stored in databases to be expanded upon. FreeDam of Paper V is
but one attempt to establish a representative of the latter. The more information we can collect, the more sophisticated our future pursuit, and subsequent
progress, will be.
Personally, I believe SPI to be well within reach and its capabilities to be
virtually limitless. In particular, the prospect of imaging proteins that so far
have eluded structural studies is indeed exciting. I have little doubt that once
we get there, this novel technique will revolutionize structural biology and
medical sciences in an unprecedented manner. I would even go as far as to
say that it will become one of the most important scientiﬁc discoveries of the
century.
And we are getting ever closer.
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7. Sammanfattning på svenska

Proteiner är en grupp av molekyler som ofta kallas för livets byggstenar. Anledningen är att dessa molekyler är intimt sammankopplade till de cellulära
funktioner som utförs i en levande organism. Immunförsvar, celldelning och
energiproduktion är bara några exempel på processer där proteiner har en nyckelroll. Liv skulle helt enkelt inte kunna existera utan dem. Trots att de fyller
så otroligt många och varierade funktioner består alla proteiner av samma
20 grundenheter. Dessa kallas för aminosyror. Varje protein består av en
lång kedja av aminosyror som kan variera i längd, och det är den speciﬁka
sekvensen av aminosyror som skiljer mellan olika proteiner. Detta ger upphov
till en enorm diversitet, fastän antalet unika aminosyror är tämligen begränsat.
Varje protein har en tredimensionell struktur som uppstår när aminosyrakedjan veckas och binder till sig själv. Strukturen, som brukar kallas proteinets
tertiärstruktur, är karaktäristisk för varje protein och av central betydelse för
dess funktion. Så för att fullständigt förstå hur ett visst protein fungerar måste
vi veta hur det ser ut – information som sedan kan användas för utveckling av
exempelvis nya läkemedel.
Även om proteiner relativt sett är stora molekyler är de fortfarande alldeles
för små för att urskiljas i ett vanligt ljusmikroskop. Därför krävs andra metoder
för att bestämma tertiärstrukturen. Ett ﬂertal tekniker ﬁnns tillgängliga, men
den hittills vanligaste och mest framgångsrika heter röntgenkristallograﬁ. Som
namnet antyder används röntgenljus för att "fotografera" proteinet, som först
måste kristalliserats. En proteinkristall består av många identiska kopior av
proteinet som är placerade på ett ordnat vis i förhållande till varandra. När
röntgenljuset träffar kristallen så sprids det och ger upphov till ett så kallat
diffraktionsmönster. Mönstret är direkt kopplat till proteinets struktur och
representerar alltså en tvådimensionell bild av molekylen (likt ett fotograﬁ).
Genom att rotera kristallen samtidigt som den bestrålas kan många diffraktionsmönster samlas in från olika vinklar, vilket gör det möjligt att återskapa
hela proteinet i tre dimensioner.
Den största nackdelen med röntgenkristollograﬁ är behovet av en kristall.
Många proteiner är mycket svåra att kristallisera; i vissa fall är det endast
möjligt att framställa mycket små kristaller, i andra fall går det inte alls. Och
ju mindre kristallen är, desto otydligare blir diffraktionsmönstret. Teoretiskt
sett skulle man kunna göra mönstret från en liten kristall tydligare genom att
öka röntgenljusets intensitet, men eftersom strålningen är joniserande leder
det samtidigt till att provet snabbt förstörs. Så är hoppet helt ute för att avbilda
dessa mer problematiska proteiner?
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Inte nödvändigtvis. Under de senaste årtiondena har en ny typ av röntgenkällor utvecklats. Frielektronlasrar, som de kallas, har kapaciteten att generera mycket korta pulser av intensiv röntgenstrålning. Pulsens intensitet är så
hög att den kompenserar för provets ringa storlek, samtidigt som den är så kortvarig att provet helt enkelt inte hinner gå sönder innan ett diffraktionsmönster
har uppmätts. Visserligen fås endast ett tvådimensionellt mönster från provet
innan den förstörs, men genom att kontinuerligt ersätta det med ett nytt kan
diffraktionsmönster från olika vinklar erhållas. Resultatet är en fullständig uppsättning mönster för att återskapa strukturen i 3D, precis som när kristallen
roteras i konventionell röntgenkristallograﬁ.
Tillvägagångssättet har kommit att döpas till serial femtosecond crystallography (SFX) och har visat sig fungera väl för proteinkristaller som tidigare har
varit för små. Namnet kommer av tidsskalan för laserpulserna som typiskt sett
är under 100 femtosekunder. De är alltså otroligt korta – en femtosekund är
en miljondels miljarddels sekund och förhåller sig till sekund som en sekund
förhåller sig till 32 miljoner år. Förhoppningen är att SFX ska kunna utvecklas för att hantera mindre och mindre kristaller, för att eventuellt eliminera
behovet av kristallisering helt. Provet skulle då bestå av en enstaka proteinmolekyl och metoden kallas därmed för single particle imaging (SPI).
Båda dessa tekniker är under pågående utveckling och behöver förbättras
betydligt innan de helt kan ersätta den vanliga röntgenkristallograﬁn. Framförallt SPI står inför många utmaningar som måste övervinnas. Den här avhandlingen presenterar totalt fem artiklar med forskningsresultat baserade på simuleringsstudier, och syftar till att bemöta följande av dessa utmaningar:
- Molekylens orientering vid avbildningstillfället.
- Brus i diffraktionsmönstret från strålskada och heterogena strukturer.
- Pulsens tidsberoende.
Artikel I undersöker spridningen av joner när ett enstaka protein exploderar
från att ha exponerats för en ultrakort röntgenpuls. Vid SPI injiceras provet
som ska avbildas i en slumpmässig orientering, vilket gör det svårt att avgöra
från vilken vinkel diffraktionsbilden är tagen. Vi fann att explosionen i hög
grad är reproducerbar och därför kan ge information om just orienteringen när
laserpulsen träffar. Detektion av jonfragmenten skulle därför kunna underlätta avsevärt vid hopsättningen av diffraktionsbilder and därmed effektivisera
avbildningsprocessen.
Artikel II och III utforskar problematiken med brus i diffraktionsmönstren
från enskilda proteiner. Även om de röntgenpulser som ﬁnns tillgängliga idag
är väldigt korta så är exponeringstiden fortfarande för lång för att helt unvika laserns skadande inverkan. Att provets struktur förändras något under
avbildningen kommer således att reﬂekteras i diffraktionsmönstret i form av
brus. Detta kan jämföras med att ta ett forograﬁ av något i rörelse med en
lång slutartid – bilden blir suddig. Brus uppstår också när diffraktionsbilderna
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kombineras om de olika kopiorna av proteinet inte har varit helt identiska,
vilket typiskt sett är fallet. Artiklarna fokuserar på båda dessa källor till brus
med syfte att avgöra hur stor inverkan de har för strukturbestämningen. Det
huvudsakliga resultatet var att strukturell varians bland proverna tycks utgöra
ett större problem än den nuvarande pulslängden för SPI, eftersom strålskadan
virtuellt förkortar exponeringstiden genom en så kallad "gating"-effekt.
Artikel IV granskar hur pulsens fördelning av ljuspartiklar över tid påverkar
avbildningen. Frielektronlaserpulser har typiskt en slumpmässig tidsfödelning av fotoner, vilket misstänks ha en betydande inverkan på det resulterande
diffraktionsmönstret. Våra simuleringar visade att skadeutvecklingen i provet
varierar kraftigt med pulsens tidsproﬁl, även om det totala antalet fotoner och
pulslängden är oförändrade. Det leder vidare till kvalitetsskillnader i diffraktionsmönstret. Optimala förhållanden erhålls om majoriteten av fotoner är
fördelade tidigt i pulsen, då provet fortfarande är intakt.
Artikel V presenterar en webbdatabas med simuleringsresultat för diverse
material. Simuleringarna beskriver strålskadeutvecklingen när materialet utsätts för en röntgenpuls med given intensitet, energi och varaktighet, och förmodas vara av stor nytta till forskare välden över. Tillgänglig data är i nuläget
aningen begränsat, men planeras att utökas i framtiden.
Resultaten utgör små men väsentliga aspekter för utvecklingen av SPI och,
till viss del, SFX. Även om många utmaningar kvarstår så har vi redan kommit
långt i jakten efter kristallfri avbildning med röntgenljus. Och jakten fortsätter,
för få potentiella metoder utlovar en så omfattande belöning som SPI. Väl där
kommer den sannolikt att revolutionera hela den medicinska vetenskapen, och
tvivellöst utgöra en av de absolut mest betydelsfulla genombrotten i modern
tid.
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