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If you have form’d a Circle to go into,

Go into it yourself & see how you would do.

William Blake ’TO GOD’
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Some optical terms and definitions used in the thesis

FLUENCE is often expressed as the number of photons (or particles) moving

through a unit area (usually as photons/cm2). The corresponding ENERGY

FLUENCE can then be calculated by taking into account the photon energy

(units: Joule/cm2). In laser physics, FLUENCE conventionally refers to EN-

ERGY FLUECE.

INTENSITY is defined as the magnitude of the time average of the Poynting

vector per unit area, usually expressed as (W/cm2).

FLUX is defined as the number of photons (or particles) moving through a

unit area per unit time (usually as photons/cm2/s). The corresponding EN-

ERGY FLUX (i.e. photon energy summed over the number of photons pass-

ing through the unit area in unit time) is given in Joule/s/cm2or in Watt/cm2

(1 Watt = 1 Joule/s).

BRIGHTNESS is defined as the radiated power (usually in Watts) per unit

solid angle per unit area normal to the beam direction. In practice, brightness

is usually given as the number of photons emitted per second, per square mil-

limeter of source size, per square milliradian of opening angle. Brightness is

a measure of the concentration of the radiation and increases as the size and

divergence of the electron beam decrease.

BRILLIANCE, sometimes also called SPECTRAL BRIGHTNESS, is de-

fined as the brightness per unit frequency, or brightness within a given spec-

tral bandwidth. It is usually expressed as photons/s/mm2/mrad2/0.1%BW,

where 0.1%BW denotes a bandwidth 10−3×ω centered around the frequency

ω . As one can appreciate from the definition, brilliance puts a premium not

only on the photon flux (photons per second in a given bandwidth), but also

on the high phase space density of the photons, i.e. on being radiated out of a

small area and with high directional collimation. Liouville’s theorem ensures

that brightness and brilliance are properties of the source and not of the optics

of the beamline.

OPACITY of the sample κ relates to the absorption coefficient K (units:

cm−1) through the density ρ of the material as κ = K/ρ . Opacity is a measure

of the absorption by a given mass of material, or of that material in a certain

state, irrespective of its density.
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1. Introduction

Astrophysical conditions can be recreated on Earth at the focus of an intense

laser pulse. The electrons in an illuminated sample can be heated to millions

of degrees within femtoseconds; a period of time shorter than a single molec-

ular bond-vibration. Such a hot sample resembles that of a tiny star, emitting

radiation over a wide spectrum.

A free-electron laser (FEL) can deliver extremely intense femtosecond

pulses at X-ray wavelengths, and provide a remarkable tool for creating

and probing high energy-density matter. Furthermore, it has been suggested

[1] that these pulses can be used to determine the structure of single

biomolecules at a resolution approaching the wavelength of the radiation.

The achievable resolution of this method, referred to as diffractive flash

imaging, is dependent on the amount of radiation damage induced in the

particle during the pulse. A critical question thus becomes: how do pulse

parameters relate to achievable resolution?

The aim of this thesis is to investigate the limits of flash diffractive imag-

ing. Theoretical predictions are presented as well as results from the first ex-

periments at the first soft X-ray free-electron laser, the FLASH facility in

Hamburg[2, 3]. In less than 2 years from now, the first hard X-ray FEL is

expected to become operational; The Linac Coherent Light Source (LCLS)

will have a wavelength similar to the size of an atom, and may realize 3-

dimensional structures at atomic resolution of non-periodic samples like sin-

gle biological macromolecules. Conditions required for single particle imag-

ing can already be investigated using detailed models for X-ray material in-

teraction. Important FEL-experiments can also be performed at longer wave-

lengths, where concepts can be tested, and models can be evaluated.

The project of single particle imaging spans various instruments and brings

together different scientific fields, ranging from molecular biology and bio-

physics to optics, laser physics, and high-energy density science. In the study

of X-ray-sample interactions, the strong ionization and high final tempera-

tures necessitate the use of plasma models for describing the evolution of a

sample heated during an exposure. The modeling is complicated for several

reasons. The short time-scales often result in non-equilibrium conditions be-

tween electron- and ion temperatures, and in the atomic populations, affecting

the dynamical properties of the system. In addition, the solid density of the

sample complicates the picture, and a detailed treatment may necessitate par-

ticle codes or the use of a complicated equation of state. In the past, dense
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plasmas have to a large extent been experimentally inaccessible due to their

high opacity for optical light and to their short-lived nature in the laboratory.

Ultrashort X-ray sources offer a means of probing such extreme states of mat-

ter on the relevant depth and time scales, and provide material for fundamental

theoretical studies, that can now be performed hand in hand with applied ex-

periments.

Publications that form the basis of this thesis reflect the progress of the

plasma and imaging projects. I started my work with theoretical investiga-

tions to model hard X-ray-material interactions by implementing a model for

screening by free electrons in the GROMACS Molecular Dynamics package

[4]. This was followed by a study of laser heating at XUV wavelengths, using

a population kinetics plasma model. Our subsequent experimental work with

the first FEL in the VUV/XUV frequency regime produced data to refine this

model.

In the first flash-imaging experiments that followed, we used

two-dimensional test objects and spherical test samples, which were then

exposed to a single focused FEL pulse. The energy of the pulse heated the

samples to aboud 60,000 Kelvin, turning it into a plasma, but before this

happened, we were able to record an interpretable diffraction pattern from the

scattered photons. Computer algorithms successfully translated this pattern

back into the original image. The reconstructed image showed no measurable

damage, and the object could be reconstructed to the diffraction-limited

resolution of the camera. In addition, a novel time-delay technique was

used to follow the plasma expansion of nano-spheres on a femtosecond to

picosecond time-scale.

Finally, this thesis presents results from biological flash-imaging studies

of living cells. The model is based on non-LTE plasma calculations and

fluid-like motions of the sample, supported by the time-delay measurements.

Temperature-dependent scattering factors are also estimated from simulated

absorption spectra. This study provides an estimate for the achievable

resolutions as function of wavelength and pulse length. The technique is also

demonstrated, as shown in chapter 4, by an experiment where living cells

were exposed to a single shot from the FLASH soft X-ray laser, operating at

13.5 nm.

The thesis is organized as follows. Chapter 2 gives a description of ultra-

fast X-ray sources, with emphasis on function and current status. In chapter

3, an overview of the laser-material interactions for different wavelengths is

presented. Subsequently, important theoretical concepts for laser-plasma in-

teractions are derived, and their applicability to the ultrafast short-wavelength

regime is discussed. Chapter 4 summarizes the results from the theoretical and

experimental studies, and puts the articles in a larger context.
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2. Ultrafast X-ray sources

Since the first cathode ray generators of the late nineteenth century, X-ray

sources have constantly been developing, spawning new science and applica-

tions along the way.

Intense and tunable X-ray sources, like synchrotrons, have realized scien-

tific methods that reveal the electronic structure of atoms and molecules and

significantly expanded our understanding of the material and biological world

around us. Another type of light source that has seen a tremendous develop-

ment is the optical laser. Since the sixties, subsequent improvements in terms

of intensity, spatial and temporal coherence and pulse length has made the

laser an invaluable tool in industrial and medical applications as well as in

the fundamental sciences. Recently, the technique of mode locking in com-

bination with high precision optics have allowed the generation of ultrashort

photon pulses, even down to the attosecond regime. Ultrashort pulses have

opened a window to follow the spectral signatures of atomic and electronic

processes in unprecedented detail.

The time has now come to combine the short wavelength of synchrotron

radiation with the cohenrence and temporal compression of ultrafast optical

lasers. The free-electron laser at DESY in Hamburg has demonstrated lasing

with intensities in excess of 1014 W/cm2, in a 20 μm focal spot with a pulse

duration of 15 fs and at a wavelength of 13.4 nm [3]. The Linac Coherent

Light Source (LCLS) in Stanford is expected to provide ultrashort pulses of

hard X-ray radiation in 2009. The peak brightness of these free-electron lasers

is almost 10 billion times higher than the the peak brightness of synchrotrons.

In addition to these large-scale facilities, table-top sources driven by high-

intensity optical lasers, e.g. high harmonic generation and laser wake-field

accelerators, can increase the accessibility of novel applications.

The aim of this thesis is to study the physics as well as possible applications

that are emerging with the advent of intense ultrafast X-ray sources. This chap-

ter presents an overview of these light sources. First, the free-electron laser is

described, with focus on function, anticipated applications and current status.

This is followed by an example of a table-top source that generate ultrashort

X-ray pulses; a high harmonic source at Lawrence Berkeley National Labora-

tory. Finally, the principle of laser wake-field acceleration is discussed.
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2.1 The free-electron laser

The free-electron laser is frequently referred to as the 4th generation light

source. In several aspects, it is an improvement of the well established 3rd

generation synchrotron facility; the most decisive properties being the shorter

pulse length and the enormous peak power. It should be noted though that

such an enormous power is not a blessing for all types of experiments. The

synchrotron will continue to serve as an excellent light source for many tech-

niques, spectroscopy for example. On the other hand, for experiments that rely

on short pulses and high peak power, the FEL is a revolutionary device, that

will push physics, chemistry and biology forward.

Working principle

The working principle of the free-electron laser is similar to that of the syn-

chrotron; compressed electron bunches are accelerated to relativistic speed,

forced to oscillate in a periodic structure of magnetic fields, and hence emit

photons that can be focused and delivered to an experimental beamline. Due

to this similarity, the principle of the synchrotron will be discussed first.

Synchrotron radiation is typically generated by either a bending magnet,

a wiggler or an undulator. Bending magnets force the electron bunch into

a single curved trajectory, causing it to emit a broad spectrum of light in a

wide cone. The wiggler consists of a periodic structure of strong magnets that

force the electrons into large oscillations, resulting in a large photon flux with

a rather large divergence and bandwidth. The period of the magnets are com-

monly some centimeters, but from the electron frame of reference the structure

is relativistically contracted by a factor γ = 1/
√
1− v2/c2 where v is the rel-

ative velocity and c is the speed of light, causing a blue-shift of the radiation

to X-ray wavelengths. Another favorable relativistic effect is that the emit-

ted radiation is centered in a radiation cone in the forward direction. Due to

the relativistic Doppler effect, the shortest wavelengths are observed on axis,

while the off-axis radiation has longer wavelength and a broader spectrum.

In undulators the oscillations are smaller than in the wiggler (due to weaker

magnetic fields), so that the angular excursions of the electron bunch remains

within the natural radiation cone. This allows for interference between radi-

ation emitted from an electron at different stages of the undulator structure,

leading to a very narrow bandwidth and radiation cone. A critical feature in

this context is that the electrons in the bunch are uncorrelated, and hence radi-

ate incoherently with respect to each other. The total radiated undulator power

is the sum of the intensities, not the fields. However, if the electrons were

correlated, i.e. the radiation from different electrons would add in phase, the

resulting total power would be proportional to the number of electrons squared

(since the power is proportional to the field strength squared). The principle

of the free-electron laser is dependent on achieving such a correlation be-
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Figure 2.1: Snapshots in a simulation of micro-bunching though the SASE-process. At

the entrance of the undulator, the electron bunch contains some statistical variations

in the longitudinal electron density (left). When the electrons start to radiate in the

undulator, micro-bunching is stimulated by the coherent radiation from the regions of

increased electron density (middle). Eventually, saturation is reached at the undulator

exit (right). λ is the wavelength of the radiation emitted from the oscillating electrons,

and z is the distance along the undulator. (Figure adopted from the Tesla Design Report

[5].)

tween the electrons in the electron bunch, and the process is referred to as

self-amplified stimulated emission (SASE). Prior to the undulator, the elec-

tron bunch has some longitudinal structure due to statistical fluctuations (i.e.

shot noise). The regions of enhanced electron density emit radiation in a partly

coherent manner, and under the proper conditions, this radiation can in turn

interact with the electron bunch and stimulate micro-bunching, increasing the

coherence and the emitted intensity. Simulation of micro-bunching through

the SASE-process [5] is shown in figure 2.1. The left snapshot of the simula-

tion shows the density of electrons in the bunch at the entrance to the undula-

tor. In the exponential gain regime (middle) the micro-bunches can be clearly

distinguished, and at saturation (right) maximum bunching is achieved. This

self-amplification is similar to the stimulated emission in traditional lasers, but

works through free electrons instead of degenerate electrons that form a pop-

ulation inversion. It should be noted that SASE does not require a resonating

cavity, and is hence not limited by optics like a conventional laser. The photon

beam needs focusing, but this can be done at a distance from the undulator

where the beam spot is large.

There are many requirements that has to be met in order for the SASE to

work. First, the density of electrons in the bunch has to be high. The electro-

static repulsion is reduced to some degree by the increase in relativistic mass

of the electrons, but to ensure minimal spread, fast linear acceleration of the

bunches is essential. SASE also requires a high precision undulator section.

Furthermore, finding the optimal electron trajectory puts a high demand on

the precision of the magnetic fields and on the mechanical alignment of the

undulator components.

An example of the position of the key components of an FEL is shown in

figure 2.2 (FLASH, Hamburg). The electrons are produced in a laser-driven
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Figure 2.2: Layout of the FLASH soft X-ray FEL in Hamburg

photo-injector, shown on the left-hand side. The bunches are then compressed,

and accelerated in a superconducting linear accelerator. In the next stage the

bunches are collimated and sent into the 30 m long undulator, typically work-

ing at a peak magnetic field of 0.5 T, and with an undulator period of 27.3

mm. On the right hand side, the electrons are deflected into a dump, while the

FEL radiation continues to the experimental hall.

2.1.1 Present status

The FEL-technology is in a phase of development, and the current FEL-

projects act as combination of user and test-facility. Bellow follows a short

description of existing and emerging free-electron lasers.

FLASH in Hamburg, Germany has developed into a user facility, and

has already provided unprecedented intensity at VUV and XUV wavelengths.

Results from recent experiments are presented in paper III and IV and in [6, 7,

8, 9]. Figure 2.3 shows a comparison of the peak brilliance between measured

values at FLASH, synchrotron facilities and upcoming X-ray free-electron

lasers. The stars correspond to measured values of the fundamental mode,

3rd and 5th harmonic. In terms of peak brilliance, the FEL-facilities are 5-

10 orders of magnitude above the 3rd generation light sources. (http://vuv-

fel.desy.de)

The free-electron laser at Spring-8, SCSS in Hyogo, Japan produced radi-

ation in the VUV in 2005, and is expected to reach the soft X-ray region in

2008. (www.spring8.or.jp)

LCLS, Stanford, USA is expected to be commissioned in 2009, and is

likely to be the first free-electron laser that provides pulses in the hard X-ray

regime. This will enable the first experiments on single molecule imaging at

near-atomic resolution described in paper I. For predicted pulse parameters,

see [10].

Construction of the XFEL in Hamburg, Germany is set to begin in spring

2008, and commissioning will start in 2013. The XFEL will provide hard X-

ray pulses at an even higher higher intensity than the LCLS, and below 0.1 nm

wavelength. (http://xfel.desy.de)

Fermi, Trieste, Italy will consist of two undulotor chains, covering a wave-

length region of 10-100 nm. The branch delivering 40-100 nm light will be
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Figure 2.3: Comparison of the peak brilliance of FLASH vs. bright synchrotron radi-

ation and upcoming free-electron lasers working in the hard X-ray regime. The stars

correspond to measured values at FLASH; fundamental mode, 3rd and 5th harmonic.

The unit for the peak brilliance is photons/s/mrad2/mm2/0.1%BW. (Data taken from

[3])

commissioned during the summer of 2008, and the 10-40 nm is planned to be

commissioned at the end of 2009 (www.elettra.trieste.it/FERMI).

2.2 High harmonic generation

The rapid developments in laser physics continue to push the laser related sci-

ences and applications. High harmonic generation (HHG) using femtosecond

laser pulses is a technique that has been developed during the last decade,

and is a promising candidate for table-top ultrafast X-ray lasers. In short, the

intense oscillating electric field of an optical laser interacts with the atoms

in a gas in a highly non-linear manner, producing harmonics of the pump

laser wavelength in the forward direction. The harmonic spectrum commonly

reaches into the XUV range, but under optimal conditions the generation of

soft X-ray radiation is feasible today.

The technique has been experimentally demonstrated [11, 12], and opti-

mized [13, 14] and a theoretical framework has been developed based on the

strong field laser-atom interaction [15, 16] that can explain key features of the

physics. During my one-year stay at Lawrence Berkeley National Laboratory

(LBNL) I participated in the construction of a high harmonic source. This sys-
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tem will be used to illustrate the working principle, and to show the typical

output of such a source.

Figure 2.4: Schematic drawing of the HHG setup. The optical pump beam (red) is

focused into the gas cell (green) where the harmonics are generated in the forward

direction (purple). After filtering out the pump beam, one harmonic is picked out and

focused by a concave multilayer mirror.

Figure 2.4 shows a schematic drawing of the experimetal setup. The laser

system driving the harmonic generation consists of a Ti:sapphire oscillator

laser that produce 35 fs pulses centered at 800 nm. The pulses are subse-

quently amplified to 30 mJ and focused by a concave mirror over 3 meters

into a gas cell where the harmonics are produced. To filter out the pump beam

(in red), the beams are reflected on a pair of silicon wafers. The beam spot size

is large, allowing the pump beam to be absorbed without exceeding the dam-

age threshold. The harmonics are reflected with an efficiency of 40% on each

wafer, and delivered to the experimental chamber where a multilayer coated

concave mirror is used to pick out a certain harmonic, which is simultaneously

focused onto the sample, situated a few centimeters from the mirror.

Figure 2.5: The position of the gas cell can be shifted downstream to induce an

intensity-profile that compensates for dispersion of the pump beam due to the pres-

ence free electrons.

HHG has demonstrated unique properties; short wavelength, high spatial

and temporal coherence and a pulse length determined by the optical pump

laser (few-fs to 100 fs). It has successfully been used in experiments for dense

plasma diagnostics [17, 18]. The current limitation is the low intensity, es-

pecially for harmonics reaching into the soft X-ray region. The conversion
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efficiency (pump energy to energy in harmonic) is typically 10−5 at 30 nm

and 10−7 at 13 nm, but the achievable intensity can be improved by phase-

matching of the pump pulse and the harmonics. The main reason for the de-

crease in efficiency at short wavelengths does not lie in the non-linear single

atom interaction, but is due to the ionization of the medium. An ionization of

a few percent will induce a dispersion from the free electrons that increases

the phase velocity of the pump beam with respect to the generated harmonics.

This puts a limit on the distance over which the harmonics can be generated.

Figure 2.5 shows how the position of the gas cell can be shifted downstream

from the focus of the pump beam to match the intensity profile with the phase

mismatch induced by the ionization. The gas further downstream in the gas

cell will feel a slightly lower intensity due to the larger beam spot, thereby

partly compensating for the optical dispersion. Given a certain intensity I (and
ionization), the Rayleigh range (depth of focus) has to be matched by choosing

a suitable focal length for the optical pump beam (6 m in this case). However,

this technique has been successful for low average ionization (a few percent),

and for harmonics with a photon energy less than 80 eV. For higher ener-

gies and high laser intensities, phase-matching becomes more involved. More

sophisticated methods for phase-matching have been experimentally demon-

strated using hollow fibers as waveguides [19] and counter-propagating laser

pulses [20].

Figure 2.6: Spectra of the HHG using argon (a) and xenon (b) as non-linear medium.

The red and blue vertical lines mark the first and second order reflections from the

spectrometer respectively. Due to the lower ionization potential in Xe, those harmonics

have more photons in lower orders.

The output from a HHG-source consists of a spectrum of discrete peaks

of radiation at odd harmonics of the pump laser. Figure 2.6 shows the out-

put spectra using argon (a) and xenon (b), measured with a Rowland circle

scanning monochromator. The red and the blue vertical lines mark the first

and second order grating reflections respectively. For example, the 19th har-

monic of a red pump beam corresponds to 1.55 ·19 eV, resulting in reflections
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at a wavelength of 42 and 84 nm. The Xe-gas starts to ionize earlier than Ar

due to the lower ionization potential, resulting in a suppression of the higher

harmonics (e.g. 19th-27th).

The energy of a certain harmonic can be optimized by regulating the laser

intensity, gas pressure, gas cell length, focal length and laser spot size. At the

current stage of development of this system, the power in the 27th harmonic

after the multilayer mirror has been measured to be 5 nJ, or 109 photons per

pulse. For a 30 fs pulse and a 2 micron focal spot, this corresponds to an

intensity of 1013 W/cm2 and a conversion efficiency of 10−6. According to

the measurements in papers V and X, this intensity is above the threshold for

melting and ablation in dielectrics like B4C and SiC. Note that such a pulse

could be utilized for probing and temporally resolving transient plasmas in

absorption/transmission measurements. With some further optimization to in-

crease the laser power, the harmonic pulse could be used as pump-beam in

XUV-created plasma experiments, and imaging/plasma experiments similar

to those described in paper III. Another interesting approach is pursued by

Zeitoun and coworkers [21], where a high harmonics source is used as a seed

for a laser plasma amplifier. Furthermore, Dromey et al. [22] have recently

presented evidence for generation of X-ray harmonic radiation at 3.8 keV (3.3

Å), by creating a "relativistic mirror" using a petawatt optical laser. This tech-

nique could realize bright attosecond X-ray pulses through reflection off rel-

ativistic electrons that cause frequency up-shift and temporal compression of

the reflected pulse.

In conclusion, HHG has developed into a wonderful source for intense

few-fs short-wavelength pulses with excellent coherence properties. Novel

promising techniques for phase-matching and quasi-phase-matching have

been demonstrated, increasing the intensity significantly in the soft X-ray

region. This is an active area of current research, and there are a number

of potential applications that could benefit from such a source; diffractive

FLASH imaging, holography, X-ray microscopy, plasma diagnostics and

possibly microprocessing of materials and surgery.

2.3 FEL driven by a laser plasma accelerator

Another highly interesting application that is a product of the dramatic in-

crease in performance of optical lasers is the laser plasma accelerator. By fo-

cusing a TW to PW optical laser into a gas jet, valence electrons are dragged

out from the region of interaction by the ponderomotive force, leaving a "bub-

ble" of ions behind the laser pulse. As the laser field is reversed, the electrons

are brought back into the bubble. This results in a region of high electron den-

sity inside the bubble of ions, as shown by the "reddish" region of high-density

inside the dark region in figure 2.7. The density-map corresponds to a snap-

shot in a particle-in-cell simulation [23]. This highly non-equilibrium state
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leads to strong electric field gradients that can accelerate the electron bunch to

relativistic speed. Leemans et al. [24] recently demonstrated acceleration to 1

GeV using a 40 TW laser peak power and a 3.3 cm long gas-filled capillary

discharge waveguide.

Figure 2.7: Snapshot of the electron density (in units of 1020 cm−3) in a particle-in-

cell simulation. The electron bunch (in red) brought back by the laser field is violently

pushed forward by the strong field (up to TV/m) from the ionic background in the

"bubble". The figure is taken from [23], courtesy of F. Greuer (LMU Munich).

Laser plasma acceleration of electron bunches is a potential source for an

FEL-undulator. It would reduce the size of the FEL-facility from kilometer

length to table-top, cutting the costs and increasing the accessibility dramat-

ically. Other advantages could be that the fast acceleration minimizes the

spread of the electron bunch due to Coulomb repulsion, and that the optical

laser beam is synchronized to the generated X-ray pulse and hence could be

used as pump or probe in an experiment. However, the physical mechanisms

behind laser plasma acceleration are complicated and a better understanding

is important to achieve control over the properties of the electron bunch accel-

erated in such systems.
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3. Theory and modeling

Pulsed X-ray sources described in the previous chapter are capable of deliv-

ering a substantial number of photons in a very short pulse into a tight focus.

Even though the energy of a typical pulse from a free-electron laser is on the

order of 40 μJ today, the extreme temporal and spatial compression results in

pulses that can heat the electrons in a solid sample to millions of degrees in

femtoseconds.

Measurements of the in situ properties of dense plasmas has been extremely

difficult due to the inability to perform in situ probing. This inaccessibility

has several origins. First, the high pressures result in a highly transient sys-

tem that typically has a lifetime on the few-picosecond timescale. Second,

the high density of free electrons prevents radiation with optical frequencies

from propagating into the plasma. This means that only short-wavelengths

can be detected from, or used for probing of, the interior of a dense plasma.

Finally, there are many atomic and collective phenomena at work simultane-

ously, making theoretical modeling inherently complex. Thus ultrashort in-

tense X-ray sources provide access to this regime, making for example time-

resolved measurements of electron density and temperature possible.

Due to the complexity an accurate model for the behavior of a dense plasma

requires substantial support from detailed experimental data. One path for-

ward is to use theoretical modeling valid for low-density plasmas, then include

modifications to account for X-ray absorption and the high density of the sam-

ple. In this thesis, papers I and IV deal with predictions based on plasma mod-

els while papers II, III and V provide comparisons between such models and

first experiments.

The interaction of femtosecond optical lasers with solids has been an active

area of research for some time, with several applications and an evolved the-

oretical development. These models can be partly adopted for shorter wave-

lengths, but there are important differences, both on the atomic level and in

the collective behavior. The fundamental problem is the same; the interac-

tion leads to significant ionization, where chemical bonds are broken by loss

of electrons to the continuum and strong Coulomb repulsions. To describe

such a system, one needs to treat the collective behavior of a large number

of charged particles. This is the field of plasma physics. In this chapter, the

key concepts used to describe the interaction are derived from the two-fluid

formulation. The reason for this is twofold; assumptions that determine the

regions of validity of a concept can be pointed out along the way, and the dif-
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ferent computational tools and applications can be discussed in relation to the

relevant theoretical framework. The derivation is also meant to tie together the

concepts that are frequently used in the field of laser plasma physics.

First, we describe the photon-atom interactions that govern the ionization

dynamics with different excitation wavelengths. This is followed by a brief

summary of the key electron-atom processes that are important in dense ion-

ized systems. Finally, the origin of the collective properties, like dispersion of

light and plasma expansion, is discussed in the context of illumination with

high-frequency laser light.

3.1 Ionization dynamics

Modeling of the ionization dynamics of the sample and the formation

of a plasma is critical for determining the material response to laser

radiation, and thus important for the development of novel applications.

For short-wavelength radiation, the ionization primarily proceeds by direct

photoionization of inner-shell electrons, which are well described by isolated

atom atomic physics. This is due to the fact that the photoionization cross

section has its maximum when the photon energy is close to the binding

energy of the electron, which for keV photons matches the inner-shell

ionization potentials. The data on the ionization cross-sections is found

largely by quantum mechanical calculations that is supported by experimental

measurements.

3.1.1 Photoionization of an isolated atom at UV and X-ray
frequencies

Figure 3.1 illustrates the interaction of a photon with an isolated carbon atom.

In figure 3.1(a) the photon energy is below the ionization potential of the core

electrons (below the K-edge of neutral carbon), leading to the emission of a

valence electron. In figure 3.1(b) the incident X-ray photon interacts with a

core electron (left), leaving a hollow ion (middle); an unstable state that can

relax either by fluorescence or by Auger decay. The Auger process is an ad-

ditional process for ionization in the X-ray regime. Relaxation is achieved

through a higher shell electron falling into the vacant orbital. In heavy ele-

ments, this usually gives rise to X-ray fluorescence, while in light elements,

the electron falling into the lower orbital is more likely to give up its energy

to another electron, that is then ejected in the Auger process (right). Auger

emission is predominant in light elements like carbon, nitrogen, oxygen and

sulphur (99-95%), thus, most photoelectric events ultimately remove two elec-

trons from these elements. These two electrons have different energies, and

are released at different times. Relevant K-hole lifetimes can be determined

from Auger line-widths, and are 11.1 fs (C), 9.3 fs (N), 6.6 fs (O) and 1.3 fs
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Figure 3.1: A photon interacting with an isolated carbon atom. (a) For photon-energies

below the ionization potential of the core electrons, the interaction typically results in

absorption of the photon, followed by emission of a photoelectron from the valence

shell. (b) X-rays typically interact with core electrons (left), leaving behind a hollow

ion (middle). In low Z atoms, the initial photo-emission is followed by the emission

of an additional electron through the Auger process, leading to a doubly ionized atom

(right).

(S). Note that the chemical environment of an atom will influence Auger life

times to some degree from isolated atom values. Shake-up and shake-off exci-
tations (multiple ionization following inner shell ionization, see, e.g. Persson

et al [25]), initial- and final-state configuration interaction and interference

between different decay channels will modulate this picture. The chemical

environment of atoms influences shake-effects to some degree. The release of

the unbound electron "competes" with Auger electrons. When the first elec-

tron velocity is low (at low X-ray energies), the slow electron can interact

with the other (valence) electrons on its way out and exchange energy. If the

energy of the first electron is above some threshold, the sudden approxima-

tion is valid, and in general terms, less shakeup will happen. We expect this to

be the case with biologically relevant light elements with primary photoelec-

trons of about 12 keV. Under these conditions, only a small shakeup fraction

is expected (about 10%, Persson et al. [25]).

The processes described in figure 3.1 together with the process of inverse

bremsstrahlung (described in section 3.3.2), constitute the dominant "primary"

photon-material processes. On the other hand, to describe the evolution of the

ionization of a dense plasma additional "secondary" processes are important.
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3.1.2 Ionization in a plasma

When a solid-density material is exposed to an intense ultrashort X-ray pulse,

the number density of free electrons grows rapidly, and a description of the

interaction of these electrons with the ions is important for modeling the tem-

poral evolution of the plasma. Below follows a qualitative description of the

most important processes involving free electrons and ions.

Electron impact ionization: The free electrons in a partially-ionized dense
system will experience frequent collisions with atoms and/or ions. These col-

lisions often leads to further ionization and excitation. Calculations indicate

that a single Auger electron in weakly-ionized solid-density carbon leads to

the creation of about 10-20 secondary electrons through this process [26].

Three-body recombination: free electrons can also recombine, usually

to an excited state of an ion. The binding energy is released through

electron-electron interaction in the Coulomb-field of the ion, where the

non-recombining electron gains kinetic energy that increases the electron

temperature of the system.

Pressure ionization: The field created by the free electrons reduces the ion-
ization potential of the bound electrons. Historically, pressure ionization has

been a topic associated with the physics of white dwarfs, where the enormous

pressure results in the overlapping of atomic orbitals and ionization. Today,

similar conditions can be reached in laboratories. The effect can be visualized

as a lowering of the continuum edge, where high-lying electronic states, i.e.

with low binding energy, disappear and are considered free. Experimental ev-

idence for this effect can be the cut-off of a series limit of absorption/emission

lines for a certain ion; e.g. the cut-off of the He-like series limit in a dense

carbon plasma [27]. Pressure ionization in a solid density plasma can be ex-

pected to increase with electron density and decrease with temperature (for a

fixed electron density), as a lower temperature results in a more pronounced

concentration of electron density around an ion, as will be discussed in rela-

tion to figure 3.6.

Plasma formation at different excitation wavelengths
Depending on the wavelength of the laser, different electronic processes deter-

mine the fate of a laser-excited plasma. Below follows a summary of the most

important mechanisms of ionization in biologically relevant materials, for the

different wavelengths regimes. The regimes are shown in figure 3.2(a) in re-

lation to the spectral opacity. The dominating ionization process is schemati-

cally depicted in figure 3.2 (b). The data correspond to an average composition

of bio-matter at an electron temperature of 10 eV and is calculated using the

opacity code HOPE [28].

Regime I corresponds to optical and UV-radiation. Although this thesis is

concerned with short-wavelength radiation, a discussion of this regime is in-
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Figure 3.2: The different wavelength-regimes of laser-material interaction. In (a) the

regimes are identified in the spectral opacity of typical bio-matter heated to 10 eV.

(b) shows a schematic illustration of the dominating processes of ionization in each

regime. For regime I and II, the radiation interacts with the valence electrons, whereas

for regime III and IV the inner-shell electrons have a much higher cross section for

excitation or ionization. The yellow and the blue arrows symbolize ionization and

excitation respectively.

cluded for comparison. For a review, see e.g. [29]. In this regime, the energy

deposition is limited to a small depth due to both the small absorption length

and because of the plasma critical density. The plasma critical density is the

electron density at which the frequency of the light is similar to the plasma

frequency (see section 3.3.1). Further, at this density the radiation may couple

to the normal modes of the plasma, i.e. be in resonance with these modes,

driving them non-linearly leading to plasma wave generation.

Avalanche breakdown (inverse bremsstrahlung on delocalized electrons) is

typically dominant for nanosecond/picosecond pulses, and leads to a stochas-

tic behavior in the ionization dynamics. This is because the formation of the

avalanche breakdown is dependent on a small number of free electrons ini-

tially present in the material (due to e.g. thermal excitation, crystal defects

etc). Also, ablation of solid material happens during the pulse, making the

absorption process more complex. For femtosecond pulses, the intensity is of-

ten high enough for multiphoton ionization (MPI) to dominate. In the optical

regime (I) in figure 3.2, the two yellow arrows symbolize a two-photon ioniza-

tion to a continuum state in the material. In fact, the MPI-process is inherently

more deterministic in nature than the process of avalanche breakdown due to

the "constant cross sections" for this process. Another feature of femtosecond
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irradiation is that no significant heat conduction takes place. The energy de-

posited in the material is released in the expansion of the vaporized/melted

material, and the energy has little time to diffuse into the material to heat it.

When the deposition of energy nears the melting threshold in dielectric ma-

terials, the optical photons can excite valence electrons to a conduction band

as illustrated by the blue arrow in figure 3.2(b), regime I. When the density

of free carriers becomes high, on the order of 1022 electrons/cm3, the material

can undergo ultrafast melting (often called non-thermal melting) on a time-

scale shorter than a single bond-vibration. This has been studied theoretically

[30] and experimentally [31, 32, 33].

When the electric field of the laser becomes comparable to the Coulomb

field of the atom, electrons can tunnel through, or be dragged out by the pon-

deromotive force from the strong field. This is illustrated by the curved yel-

low arrow in figure 3.2(a), regime I. The field-accelerated electrons can ionize

other atoms through impact ionization. In low density materials, e.g. a gas,

the electron can be brought back past the parent atom as in the case of high

harmonic generation.

Regime II includes the far-VUV to near-XUV range, and is here defined as

the spectral region where the photon energy is high enough to ionize the va-

lence electrons, but not the inner shell electrons in biologically relevant mate-

rials. In this regime, the ionization proceeds via direct photoionization, where

a photoelectron is emitted with energy equal to the photon energy minus the

binding energy of the electron as shown by the yellow arrow in figure 3.2(b),

regime II. For dense systems where the collision rates are high, it is common

to assume instant equilibration of the electrons, allowing the use of a well-

defined electron temperature. Deviations from an equilibrium distribution can

be studied using e.g. Fokker-Planck simulations [34].

Subsequently, the photoelectrons can cause further ionization through

impact ionization; a process that naturally results in a reduction of the

electron temperature. In this wavelength-regime the heating from inverse

bremsstrahlung (equation (3.16)) can lead to a substantial increase of the

temperature and cause further impact ionization. In region II of the opacity

plot in figure 3.2(a), the interaction of an intense photon pulse with material

is typically dominated by inverse bremsstrahlung at electron temperatures

above 30 eV. We also note that the inverse bremsstrahlung can result in

electron temperatures far above the initial energy of the photoelectron, which

can facilitate ionization of the K-shell.

At the FLASH-facility, Möller et al. have performed experiments at 98 nm

wavelength on rare gas atoms [35] and clusters [36], investigating plasma

heating effects and multiphoton effects.

Regime III corresponds to radiation that is resonant with the K-shell of

the atoms, e.g far-XUV and soft X-rays. In figure 3.2(a), regime III starts at

roughly 5 nm where the appearance of the carbon K-edge results in a dra-

matic increase of the opacity due to direct photoionization and excitation of
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inner-shell electrons. Thus, the Auger process becomes an important chan-

nel for ionization. K-shell transitions result in strong lines in the absorption

and emission spectra, and considerable line broadening can be expected for

dense systems of low Z elements. The electron temperature is to a large extent

determined by the energy of photoelectrons and Auger electrons, and by the

thermalization process that follows through impact ionization and recombi-

nation. In regime II, calculations and experiment (papers III and V) indicate

that the heating from inverse bremsstrahlung can have a significant effect at

the intensities reached at the FLASH-facility (≈ 1014 W/cm2). However, in

regime III this effect is reduced by the high frequency of the field, as will

be explained in more detail in section 3.3.2. Thus, we can expect the elec-

tron temperature to be limited by the energy of the electrons emitted from

the Auger process, at least for intensities where the contribution from inverse

bremsstrahlung and multi-photon effects are insignificant (simulation suggests

roughly < 1017 W/cm2).

Regime IV covers the hard X-ray wavelengths, where the photon-atom in-

teraction is almost exclusively governed by photoionization and subsequent

Auger (figure 3.2(b)) and shake off emissions. The ionization dynamics is to a

large extent governed by the rate of these processes, and by the generation of

secondary electrons by the emitted Auger electrons. At a wavelength of 1 Å,

the emitted photoelectrons have a kinetic energy exceeding 12 keV. At such

high energies, the photoelectron is likely to escape from a microscopic sam-

ple, resulting in a non-neutral sample which can affect the collective motions

during expansion.

3.1.3 Atomic kinetics

The absorption and emission of a plasma is dependent on the atomic pop-

ulation. For example, the cross section for photoionization and impact ex-

citation/ionization is sensitive to the number of bound electrons left on the

ions, and how these remaining electrons populate the energy levels. For X-

rays, which mainly interact with the bound electrons, modeling of the popu-

lation kinetics can often be crucial for reproducing the ionization dynamics.

The absorption and the corresponding emission processes are commonly di-

vided into bound-bound (bb), bound-free (bf) and free-free (ff) transitions.

The bb-transitions result in line radiation that form sharp peaks in a spec-

trum. In the case of solid density plasmas, these lines are often subject to

considerable broadening, as can be seen in the opacity plot in figure 3.2. The

bf-transitions correspond to ionization, and typically lead to "edges" in an ab-

sorption spectrum. In contrast, the ff-transitions has a continuous absorption

spectrum which comes from the absorption of photons in electron-ion colli-

sions. (often referred to as inverse bremsstrahlung).

The number of energy levels required to describe the system depends on

the type of application. For the phenomena relevant to this thesis, we believe
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Figure 3.3: The fractional populations of the different ion stages in a dense Si laser-

plasma. The ionization is stronger at later times in the pulse and when the effect of

continuum lowering is included (left).

that for an estimate of the average ionization of a system, a few energy levels

per ionization stage may be enough. On the other hand, for reproducing an

emission spectrum, l-splitting of the levels may be appropriate. Under exper-

imental conditions, the complexity of the system usually necessitates further

simplifications. First, it is not uncommon to consider a statistical average over

the states, where every ion stage and energy level is assigned a fractional pop-

ulation. This is referred to as the average ion model, and figure 3.3 shows a

histogram of the fractional populations of the different ion stages in a dense

Si plasma (14 corresponds to the neutral atom). It is clear that the distribu-

tion is shifted to higher ionization stages at later times in the laser pulse, and

that the ionization is considerably stronger with the continuum lowering effect

(section 3.1.1) turned on (left).

The fractional population of each ionization stage in figure 3.3 is further

distributed among the energy levels within that stage. From these popula-

tions, the respective energy levels could in principle be calculated from e.g. a

Hartree-Fock formulation. However, for the type of systems considered here,

such an approach would be too time-consuming, and further simplifications

are necessary. A relatively common model for calculating the levels in laser

plasma simulation is the screened hydrogenic model. In this model, the wave-

function of each electron is calculated under the assumption of a hydrogen-

like atom, with screening constants that approximately incorporates the effect

of the other electrons. This method was first proposed by Slater [37], and has

been refined by More [38], achieving an accuracy that is within 25% of the

values given by Hartree-Fock-Slater theory.

For a plasma in local thermodynamic equilibrium (LTE), the ion stage pop-
ulations and the atomic energy level populations can be calculated from the

Saha-Boltzmann relation, which gives the fractional populations for a known

electron temperature, electron density and with the relevant ionization and

levels energies, respectively.
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For a dense plasma, the electron-electron and the electron-ion collisions are

frequent, driving the system toward an equilibrium. However, for intense ul-

trafast laser pulses, there is reason to believe that even a solid density plasma

can be driven far from an equilibrium state, as discussed in paper V. Under

such conditions, the LTE-treatment is insufficient and all bb and bf transi-

tions have to be followed in detail. The rates for all process are calculated,

and a self consistent rate-equation is solved that determines the evolution of

the atomic populations. This approach is referred to as the collision-radiative

equation approach, which is the standard method to describe the population

kinetics in non-local thermodynamic equilibrium (non-LTE) plasmas. In the

articles in this thesis, LTE is assumed at laser intensities relevant for the ex-

perimental studies. The validity of this assumption is supported by detailed

non-LTE calculations in papers II and V. The predictions in papers IV and V

involve extreme intensities, and is modeled through the non-LTE capability

Cretin [39].

3.2 The Two-fluid plasma equations

Most plasmas can be treated classically. In the context of this thesis, there is

one regime where quantum effects may have a significant effect; the warm

dense matter region. Even if all laser-created plasmas have to pass through

this state which lies "between solid/liquid and plasma" during heating, the ap-

plications presented in this thesis mostly involve high electron temperatures

where the classical physics can be expected to be valid. However, some of

the experiments involve states of matter that extend into this region, thus con-

tributing to the forthcoming studies of this intriguing field. In studies of warm

dense matter, ultrafast X-ray lasers will provide a unique tool for validating

existing models and for the development of a new theoretical approach.

In the classical formulation, any system can in principle be described by

a set of charged particles with given positions and velocities. The electric

and magnetic fields can then be evaluated through Maxwell’s equations, and

new positions and velocities for the next time-step can be computed using the

Lorentz equation. This approach is limited to small systems (discussed later

in this section). However, in many cases "approximate models" can provide

insight into key phenomena, and can also reduce the computational effort dra-

matically. The first approximation is usually to average over all particles and

consider a continuous density of particles as function of space and velocity,

usually referred to as the kinetic approach governed by the Vlasov equation

(e.g. [40]). If the velocity distribution of the particles is not important for the

problem at hand, an average velocity can be used. This reduces the kinetic for-

mulation to fluid theory, from which we can derive many of the basic concepts

currently used in laser-plasma interaction.
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The two-fluid equation of motion for an unmagnetized collisionless plasma

and the corresponding equation of continuity can be derived by taking the ze-

roth and first moments of the Vlasov equation, resulting in two coupled differ-

ential equations involving the "non-thermal" part of the velocity u stemming

from the separation v = v′(x, t) + u(x, t), where v′ is the thermal "random"

part,

mσ nσ
duσ

dt
= qσ nσ E−∇Pσ , (3.1)

and

∂nσ

∂ t
+∇(nσ uσ ) = 0 (3.2)

where mσ , nσ and qσ is the mass, density and charge for particle species σ
respectively. E is the electric field and Pσ is the scalar pressure of species σ ,

assuming an isotropic pressure. The pressure is related to the thermal velocity

through Pσ = mσ
3

∫
v′ · v′ fσ dv′, where fσ is the distribution function. d

dt is the

convective derivative (for a thorough description see [41]). These equations

act as a starting point for understanding key concepts in laser plasma physics.

3.3 Derivation of dispersive properties

In the context of wave-propagation, a dispersion relation describes the re-

sponse of the material to a perturbation, and provide an analytical tool for

understanding the optical properties of the material. We begin by deriving the

Drude dispersion relation from the fluid equations. This is followed by a dis-

cussion of collisional absorption, as this process constitutes an important part

of the modeling in paper II, III and V.

3.3.1 Lossless dispersion; the Drude model

The optical properties dependent on the collective behavior of the particles can

be derived through linear response analysis (explained for example in [41]).

This procedure assumes small perturbations of the system, which is not always

true in laser plasma interactions. For example, in the case of extremely strong

optical fields, the electrons oscillate violently and can even be driven out of the

sample completely. This is the case in laser wake-field acceleration described

in the previous chapter, necessitating the use of particle codes. However, for

short wavelengths the absorption is lower, and the quiver velocity smaller due

to the high frequency of the field.

For studying the electromagnetic response of the plasma, we are interested

in the solenoidal (rotational) part of the vector fields that has coupled electric

and magnetic fields. Using Coulomb gauge, the solenoidal part can be isolated
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by taking the curl of equation 3.1,

d
dt

∇× (mσ nσ uσ ) =−qσ nσ
dB
dt

(3.3)

and noting that the pressure disappears due to the vector identity ∇×∇A =
0. Integrating over time, multiplying with qσ/mσ and identifying the plasma

frequency for species σ ,

ωpσ =

√
qσ

2nσ

mσ ε0
(3.4)

gives

∇× (qσ nσ uσ ) =−ε0ωpσ
2B. (3.5)

The plasma frequency provides a fundamental concept, and corresponds to

the natural oscillation frequency for electrons and ions respectively. qσ nσ uσ
can be identified as the current density, which also can be expressed through

Ampere’s law from Maxwell’s equations

J =
1

μ0
∇×B− ε0

∂E
∂ t

. (3.6)

Substituting equation (3.6) into (3.5) yields

∇×
(

∇×B− 1

c2
∂E
∂ t

)
=−ωpσ

2

c2
B. (3.7)

Making use of the vector identity ∇×(∇×A) = ∇(∇ ·A)−∇2A and Faraday’s

law ∇×E =− ∂B
∂ t leads to

∇2B =
1

c2
∂ 2B
∂ 2t

+
ωpσ

2

c2
B. (3.8)

To arrive at a relation for the dispersion, we consider a single Fourier compo-

nent (plane wave) eik·x−iωt where k is the wave vector. Taking the derivatives

in equation (3.8) results in the relation

ω2 = ωpσ
2 + k2c2. (3.9)

For optical fields, and for fields with higher frequency, the ion plasma fre-

quency is orders of magnitude smaller than the frequency of the radiation

ω >> ωpi leaving the electrons as the medium of interaction,

ω2 = ωpe
2 + k2c2. (3.10)

This is usually referred to as the lossless Drude model for free electrons. The

relation is frequently used in laser physics and good agreement with exper-

iments has been seen despite its simple form. The inclusion of streaming

instabilities can lead to Landau damping of waves through the appearance
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of a complex part in equation (3.10). However, for short-wavelength radia-

tion, absorption occurs mainly through atomic processes like photoionization

and excitation. An absorption process important for radiation at wavelengths

longer than X-ray wavelengths is collisional absorption, frequently referred

to as inverse bremsstrahlung. Collisions can be accounted for by including an

additional term in equation 3.1, resulting in a dispersion with a complex part.

This will be discussed later in this section.

Equation 3.10 can tell us several things that are very useful in laser plasma

experiments. One property of this dispersion relation is that if the frequency

of the radiation is less than the plasma frequency, then k becomes negative and

the wave cannot propagate. Under such circumstances the plasma is referred

to as overdense and the penetration depth is limited to the skin depth. As ωpe is

a function of the electron density only (equation (3.4)), the criterion for wave

propagation can be expressed in terms of a critical electron density

nc = 1.11×1021/λ 2, (3.11)

where λ is expressed in μm and nc in electrons/cm
3. In a solid density plasma

experiment, ne is typically around 1023. The Drude model tells us that only

fields with a wavelength in the XUV region (or shorter) can propagate through

such a plasma. This cut-off can be used to probe the electron density, as

demonstrated in [17], where a thin foil is pumped with an optical laser that

also drives a high harmonic source. Different harmonics can then be used to

probe the density by measuring the transmission through the foil.

Another method that is well established in the optical regime is interfer-

ometry that utilize the phase shift induced by the Drude dispersion. The total

phase delay Δφ due to a plasma of length L is

Δφ =− e2

2ωcmeε0

∫ L

0
nedx. (3.12)

Interferometry can be a powerful tool for studying dense plasmas. Fergott

et al. [42] report an electron density measurement of a solid density Al-plasma

using XUV-interferometry and high harmonics. Furthermore, when the ions in

a plasma are incompletely stripped, the bound electrons can have a consider-

able effect on the optical properties for short-wavelength radiation. Nielsen et

al. [43], investigate the bound electron contribution to the refractive index in

dense plasmas through the Kramers-Krönig relation, and by observing fringes

in interferograms that bend the "wrong way", pointing at a refractive index

greater than 1. A similar theoretical analysis is adopted in papers II and IV,

where the complex scattering factor is estimated from simulated absorption

spectra.
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3.3.2 Inverse bremsstrahlung

In high density plasmas, the electron-ion (e-i) collisions play an important

role, as it leads to ionization, excitation and reduction of the electron temper-

ature. However, elastic collisions can also lead to absorption where a photon

is absorbed by a free electron which is excited to a more energetic continuum

state in the Coulomb field of an ion. This "absorption through collisions" is of-

ten referred to as inverse bremsstrahlung. The e-i collisions can be taken into

account by adding a collision term in equation (3.1) nσ mσ νeiuσ , where νei

is the e-i collision frequency. Deriving the dispersion relation becomes more

involved, and results in

k2c2

ω2
= 1− ωpe

2

ω2 +νei
2

(
1+ i

νei

ω

)
. (3.13)

For all the phenomena under consideration we have ω >> νei, and the above

relation can be written as

k2c2 = ω2−ωpe
2
(
1+ i

νei

ω

)
, (3.14)

which is similar to the lossless expression in equation (3.10) with an additional

complex factor that results in damping of the propagating field, i.e. transfer of

energy from the radiation to the free electrons. This is an important process

for the absorption of optical laser light, but can usually be neglected in the

X-ray regime because the laser field is to fast for the electrons to respond.

Paper V suggests that inverse bremsstrahlung can be significant for heating in

the VUV/XUV range, where it may lead to electron temperatures that far ex-

ceeds the photon energy. The absorption coefficient can be obtained from the

imaginary part of the dispersion relation Kib =−2Im(k(ω)), and the collision
frequency from Spitzer’s formula [44]

νei =
e4ZnelnΛ

3(2π)3/2ε02m1/2(kBTe)3/2
, (3.15)

where Z is the ionic charge, kB is Boltzmann’s constant, Te is the electron

temperature and lnΛ is the Coulomb logarithm [41]. The Spitzer formula as-

sumes a Maxwellian electron energy distribution, and small-angle collisions.

The Coulomb logarithm can be expressed in terms of a maximum impact pa-

rameter bmax =
√

λD
2 +ai

2 suggested by [45] for dense systems. λD is the

Debye length (derived in section 3.4.2), ai = (3/4πni)1/3 is the ion sphere

radius and ni is the ion density. This yields a final expression for the inverse

bremsstrahlung originally derived by Dawson et al. [46]

Kib =
32π2

3

(
1

2πkBTe

)3/2 neniZ2e6

ω2cme
3/2

lnΛ√
1− ωpe2

ω2

. (3.16)
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This expression is commonly used in laser plasma simulations, and has a

different functional dependence than the traditional expression that can be

deduced from detailed balancing of the bremsstrahlung emission derived by

Kramer (see [47]). The dependence of these two formulations on the laser

wavelength in a dense plasma is illustrated in figure 3.4. Figure 3.4(a) corre-

sponds to heated boron carbide and figure 3.4(b) to silicon. The absorption

is expressed as the opacity κ which relates to the absorption coefficient K
through the density ρ of the material as κ = K/ρ . The difference between the
Kramer (red) and Dawson (blue) formulation is rather small, being less than

a factor of two for the wavelengths considered. At low photon energies, the

plasma is overdense, preventing the radiation from propagating, while at high

photon energies, the inverse bremsstrahlung decreases due to the rapid oscil-

lations of the field (small ponderomotive energy), and the absorption from

bound electrons starts to dominate. This can be seen by comparing the to-

tal opacity (black curve) with the inverse bremsstrahlung curves. The bound-

bound and bound-free transitions start to dominate at the K-shell (≈200 eV)

and L-shell (≈100 eV) for boron carbide and silicon respectively.
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Figure 3.4: The inverse bremsstrahlung contribution to the opacity as function of laser

wavelength in a 75 eV plasma created through vaporization of solid boron carbide

(a) and silicon (b). The red curve corresponds to Kramer’s formula, the blue to the

expression given by equation (3.16), and the black shows the total opacity. The inverse

bremsstrahlung contribution is important up to the K-edge in boron (a) and the L-edge

in silicon (b) where the atomic bound contribution takes over.

The accuracy can be improved by using more sophisticated and computa-

tionally expensive models. For dense plasmas with strong coupling between

the particles (low temperatures), the Spitzer formulation can be improved by

using quantum approaches within the Born approximation or the T-matrix

method. A comparison between different models for e-i coupling is presented

in [45].

Another issue that can complicate the modeling is that a strong inverse

bremsstrahlung can affect the electron energy distribution fe. By comparing
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the electron-electron collision rate with the electron-ion collision rate, a rule

of thumb can be derived [42]; Iλ 2 < 1, where I is the intensity in units of 1014

W/cm2, and λ is the wavelength in μm. The strong dependence on wave-

lengths indicates that this issue is less critical at short wavelengths.

3.4 Collective motions of a plasma

The interaction of an intense laser-beam with material leads to extreme pres-

sures that trigger motions on a nano- to femtosecond time-scale. The speed

of the motions depend on the density, temperature, mass and the processes

responsible for the acceleration. The typical course of events is illustrated

in figure 3.5, where spherical solid-density sample is irradiated with a fem-

tosecond pulse (figure 3.5a). During the pulse (figure 3.5b), two fundamental

mechanisms can be identified. The first mechanism dominates for large sam-

ples, or at relatively low photon energies, where the sample stays close to

neutral and the motions are governed by the electron and ion hydrodynamic

pressures. The second mechanism dominates for smaller samples and at short

wavelengths, where photoelectrons are expected to escape, resulting in elec-

trostatic effects that can induce a rapid Coulomb explosion of the sample. For

samples larger than a few nm in diameter, this effect tends to be located at

the surface (see paper I and [48]). After the pulse (figure 3.5c), the induced

pressure/electrostatic gradient results in complete explosion of the sample. A

more detailed description of the two mechanisms of sample deformation fol-

lows below.

Figure 3.5: Course of events in ultrafast laser-heating. (a): an ultrashort laser pulse

incident on a spherical sample of solid density. (b): the sample is heated through ion-

ization and possibly collisional heating, causing some initial expansion at the surface.

(c) The laser pulse has left the sample, but the pressure and/or Coulomb effects result

in expansion of the outer regions and compression of the sample core. The dashed

circle shows the initial size of the sample.
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3.4.1 Hydrodynamic speed of expansion of a quasi-neutral
plasma

The first mechanism of plasma motion is described by the hydrodynamic

equations. Amulti-dimensional general formulation that is coupled to the laser

absorption and radiation fields becomes a very complicated problem. How-

ever, there are codes that can handle such situations numerically, and under

certain physical assumptions, as will be shown in chapter 4. In this section we

derive the speed of expansion into vacuum for a 1-dimensional plasma. The

equation of continuity (3.2) and equation of motion (3.1) constitutes conser-

vation of mass and momentum respectively. We consider isothermal electrons

at a constant spatial temperature in an initial phase of the expansion, and ions

that expand in an adiabatic manner. Also, the plasma can be assumed to stay

neutral at all times, fulfilling

ne = Zni. (3.17)

As the speed of expansion is dependent on the inertia of the ions, the velocity

term in the electron equation will be small, leaving

neeE =−∂Pe

∂x
. (3.18)

For the ions we have
∂ni

∂ t
+

∂
∂x

(niv) = 0 (3.19)

and

mi

(
∂
∂ t

+ v
∂
∂x

)
v = ZeE− 1

ni

∂Pi

∂x
. (3.20)

To solve the density and the velocity we need an equation of state for the

system. The adiabatic condition yields

dP
dn

=
γP
n

(3.21)

and

Pσ = nσ kBTσ (3.22)

The ideal adiabatic equation of state can be expected to be an acceptable first

approximation outside the warm dense matter region. A more involved model

is adopted in papers II and III: the quotidian equation of state (QEOS) [49].

This model is developed for hydrodynamic simulation of hot dense matter, and

the electronic properties are obtained from a statistical Thomas-Fermi model,

with an additional correction for chemical binding.

It is interesting to note that the hydrodynamic equations contain the average

velocity, but does not assume an equilibrium velocity distribution for the par-

ticles. However, equation (3.22) is obtained by integrating over a Maxwellian

40



velocity distribution in the expression for the scalar pressure. This should be

a decent approximation at this level of accuracy, but the extreme conditions in

ultrafast laser irradiation may result in deviations from an equilibrium distri-

bution, demanding a more involved treatment. Using equation (3.22), we can

express the pressure gradient occurring in equation (3.18) and (3.20) as

∂Pσ

∂x
= γkBTσ

∂nσ

∂x
, (3.23)

resulting in an equation of motion for the ions

mi

(
∂
∂ t

+ v
∂
∂x

)
v = ZeE− γkBTi

ni

∂ni

∂x
. (3.24)

The electric field E can be substituted using the equation of motion for the

electrons (equation (3.18)),

mi

(
∂
∂ t

+ v
∂
∂x

)
v =−(ZγkBTe + γkBTi)

1

ni

∂ni

∂x
. (3.25)

For pulses shorter than 100 fs, it is usually safe to assume that the electron tem-

perature is considerably larger than the ion temperature. This can be checked

using equation (3.15). Te >> Ti gives(
∂
∂ t

+ v
∂
∂x

)
v =−v2exp

1

ni

∂ni

∂x
. (3.26)

where vexp is identified as the speed of expansion

vexp =
√

ZγkBTe

mi
. (3.27)

To stay concise, we conclude that the solutions v = vexp + x/t and

ni = Ni0e−x/vexpt satisfy the equation of motion and continuity for the ions,

motivating the identification of vexp and showing that the sample expands

into vacuum with an exponential density profile in this approximation. As an

example, a solid density carbon plasma heated to 50 eV will expand into

vacuum at an initial rate of 4.4 nm per every 10 femtoseconds, corresponding

to a speed of 44000 m/s.

3.4.2 Particle approach and electron screening

The second mechanism that leads to motions in a laser irradiated sample orig-

inates from electrostatic fields arising from the expulsion of electrons from a

region. These non-neutral effects are usually caused by strong optical fields

(i.e. plasma wake-field acceleration) or high photon energies (see paper 1).

Such non-Maxwellian and non-neutral conditions are a formidable challenge

for theory. Kinetic theory can in principle be used, but strong deviations from
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equilibrium complicates the numerical computation, and particle codes are

usually adopted. By following the trajectory of every particle, non-neutral and

non-equilibrium conditions are automatically included without appreciable

numerical complications. The drawback is the computational time, limiting

the size of the system.

The computational scheme for particle codes can differ quite a lot, and a

discussion of the different features is included in chapter 4. In this section we

give a brief description of the basic physical principles of a particle code for

the movement of atoms and ions, often referred to as Molecular Dynamics.

First, a starting structure ri with initial velocities vi is required with a set of

known conservative additive force fields. By calculating the electrostatic po-

tentialV (ri) from all particles in the system (using relevant cut-offs), the force

Fi on any atom can be computed as

Fi =−∂V
∂ ri

. (3.28)

The movement of the particles can then be calculated by integration of New-

ton’s equation of motion
d2ri

dt2
=

Fi

mi
. (3.29)

The above treatment does not include the effect of magnetic fields. In laser

plasma applications that involve high speed particles, like wake-field acceler-

ation, inductive fields have to be included, making the calculations expensive

computationally.

Molecular Dynamics has developed into an important tool in many areas

of science, for example for simulating structural changes in biomolecules and

solids. However, for plasma applications, the free electrons complicate the

picture. Here, we give the theoretical background for a continuous treatment

of the electrons as described in paper I.

Again starting from the fluid equation of motion (3.1) for the electrons, a

number of assumptions are made. First, we drop the velocity-term, meaning

that the electrons reach an equilibrium infinitely fast around the ions. Also, by

assuming a Maxwellian distribution we use the ideal gas law and express the

pressure term as 1
ne

kBTe∇ne. Secondly, we assume negligible inductive fields

E ∝ ∇φ . Thirdly, the system is assumed to remain in equilibrium through out

the perturbation. The equation of motion can now be reduced to

nee∇φ − kBTe∇ne = 0 (3.30)

where φ is the total potential from ions and electrons. This expression de-

scribes the balance between the electrostatic fields and the pressure gradient

from the electrons. Solving this standard differential equation yields the Boltz-

mann relation

ne = ne0exp(−eφ/kBTe) (3.31)
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where ne0 is a constant that corresponds to the average electron density. We

are interested in how the electrons respond to a positive point charge inserted

into a uniform density of electrons and ions. Such a "test charge" is expected

to polarize the electron gas, resulting in a self-consistent problem. Poisson’s

equation relates the charge to the potential. Without inductive fields we have

∇2φ =−nσ/ε0. (3.32)

Inserting the density for the stationary ion and the polarizable electrons gives

∇2φ =−(ni +ne0e−eφ/kBTe)/ε0. (3.33)

This relation describes how mobile electrons react to an inserted test charge

under the assumptions described above. Figure 3.6 shows an isometric plot of

the electron density around four +4 charges, solved by iteration of equation

(3.33) on a grid with a spacing of 1 Å, covering 40 grid-point in each direc-

tion. Figure 3.6(a) and (b) corresponds to an electron temperature of 100 and

250 eV respectively. At the lower electron temperature the electronic pres-

sure is lower, resulting in a more pronounced polarization of electron density

around the ions. Note that for strong ionic potentials the non-linearized equa-

tion (keeping the exponential) leads to a more pronounced polarization than

in the linearized case. This approach is utilized in paper I to estimate the
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Figure 3.6: x-y slice of the electron density around four +4 ions at an electron temper-

ature of 100 (a) and 250 eV (b). The x and y-axis marks the 40 grid-points, separated

by a distance of 1 Å. In the case of the lower temperature (a), more electron density is

gathered around the ions due to the lower pressure.

effect of electron screening in an expanding nanoplasma. For cases where the

condition |eφ |<< kBTe is met, linearizion of equation (3.33) gives

∇2φ =− 1

λD
φ (3.34)

where λD is identified as the Debye length

λD =

√
ε0kBTe

ne0e2
. (3.35)
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Solving the linearized equation results in an expression for the total potential

as a function of radial distance from the test charge

φ(r) =
qi

4πε0r
e−r/λD . (3.36)

Equation (3.36) shows how the potential from the ion is screened by the polar-

ization of mobile electrons. At distances from the test charge larger than the

Debye length, the potential is effectively screened out by the electrons. The

Debye length is a commonly used concept in many areas of plasma physics.

For example, it is used as a cut-off distance for describing Coulomb collisions

and for estimating over what length-scale the plasma can be non-neutral.
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4. Results

The fast development of light sources with intense and ultrashort pulses in the

X-ray regime acts as a powerful fuel-injection for research in physics, chem-

istry and biology. Novel scientific constallations and methods are emerging to

explore untried frontiers at the physical limits of imaging together with many

other new areas.

Depending on the type of application, the resulting modification of the sam-

ple during X-ray irradiation is referred to differently. In imaging, radiation
damage limits the achievable resolution. In material processing with lasers,

ablation describes the process of material motion. In high energy-density ap-

plications the situation is the opposite of that in imaging; one strives to maxi-

mize the energy deposition into the sample to achieve ignition, heating, com-

pression, etc. However, from a theoretical point of view, these systems are

governed by the same physics. The importance of a well-established theory

can be further emphasized by the fact that the outcome of an experiment is

dependent on a large number of variable parameters. First, beam parameters

like wavelength, intensity, pulse length, and coherence. Secondly, sample pa-

rameters like material composition, density, temperature and sample size. To

experimentally test a method, a careful theoretical investigation is important,

where these parameters are considered, and if needed, can be optimized.

The current chapter deals with results from theoretical investigations and

experiments that exploit these light sources, with the focus on imaging of bi-

ological samples. The chapter starts with a discussion of the first experiments

at the FLASH-facility and the relevant models that can be used to understand

the results. This is followed by a description of the next set of experiments

that deals with the imaging of test objects. These experiments provide proof

of principle results of flash-imaging in the XUV/soft X-ray regime as well as

the first important steps toward validation of the models that have been de-

veloped. Finally, the theoretical predictions for imaging of biological samples

are summarized and discussed in relation to the theory described in chapter 3,

and in light of recent experimental results.
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Figure 4.1: Opacity at the laser wavelength (32.5 nm) as function of depth in the

material at the end of a 25 fs pulse. The fluence is 200 and 500 J/cm2 for B4C (a) and

Si (b) respectively. At such high fluences and short time-scales an non-LTE treatment

is necessary.

4.1 Fundamental investigations of structural and
optical changes during an FEL pulse.

This section discusses fundamental experiments and predictions that have

been used to measure and understand the response of material during an FEL

exposure. Even if changes in the atomic density are insignificant during ir-

radiation, the absorption in the material can change due to changes in the

electronic populations. Figure 4.1 shows a simulation of how the opacity of

two different dielectric materials, B4C (a) and Si (b) changes as a function

of material depth during exposure to a 25 fs pulse, at a wavelength of 32.5

nm. The material surface thus corresponds to the left side of the plots, and

the depth was sampled by 40 zones that absorb and emit radiation. The flu-

ence was 200 J/cm2 for (a) and 500 J/cm2 for (b), but due to to the lower

absorption in Si, the materials reach a similar electron temperature at the end

of the pulse. Simulation was performed in Cretin [50, 39], a non-LTE plasma

code with radiation transfer, which follows the atomic populations in time

through an average ion model (described in section 3.1.3). To investigate the

mechanisms of absorption in the materials, the total opacity is separated into

bound-free (black) and free-free (blue) contributions. The former is calculated

from the photoionization cross sections in the average ion model, and the lat-

ter is modeled through equation 3.16. The bound-free contribution constitutes

the total opacity at a large depth, where the incident fluence is attenuated sev-

eral times. Closer to the surface, the density of free electrons is high and the

free-free contribution partly makes up for the decrease in bound-free opacity.

To emphasize the importance of a non-LTE treatment at such short time-scales

and high intensities, the magenta crosses show the total opacity assuming LTE

(and at the same temperature as in the non-LTE case). The LTE formulation

yields a significantly higher average ionization at high temperatures, resulting
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in a dramatic increase in the free-free contribution, especially in the case of

Si. We note that a transmission measurement of a thin foil at different inten-

sities and wavelengths could give valuable information about the mechanisms

of absorption and on the electronic populations.

Figure 4.2: The first indication that optical properties remain close to constant during
a 25 fs pulse, and for intensities up to 1014 W/cm2. In the high-fluence case, the foil

vaporizes in a few picoseconds after the exposure. Courtesy of R. Sobierajski and J.

Krzywinski.

The model described above predicts the opacity to stay close to constant

(within 25% of the cold value) up to a fluence of 5 J/cm2 and 20 J/cm2

for B4C and Si respectively. This is just above what has been reached at the

FLASH-facility so far. Figure 4.2 shows the result of an early measurement

at FLASH performed by R. Sobierajski and J. Krzywinski. The transmission

through thin foils was measured at low and high (2.5 J/cm2) fluence for Si

(green) and Al (blue). The measurement shows no significant change in the

transmission, indicating that the opacity at the laser wavelength is close to

constant during the pulse. In the high-fluence case, the foils are disintegrated,

but that happens after the exposure. Significantly, this experiment constitutes

the first "hint" that the major electronic rearrangements, affecting the propa-

gation of the pulse, happen after the pulse.
Figure 4.3 shows a photograph of a polished surface of silicon carbide (SiC)

which has been exposed to a single 32 nm FEL pulse. The intensity was 1014

W/cm2, and the resulting crater depth is about 140 nm. The heating under

these conditions can be simulated using the same method as in figure 4.1, i.e.

following the ionization and heating of electrons and atoms/ions as function

of depth during the pulse. Furthermore, a depth can be found in the simulated

heating profiles where the density of free electrons and the temperature coin-

cides with the threshold for ultrafast melting [33] and the critical temperature

of solids [49, 51], respectively. This depth could be interpreted as an estimate
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Figure 4.3: Photograph taken through a Nomarski microscope of a SiC surface hit by

a single 32 nm FEL pulse at 1014 W/cm2. The crater is about 20 μm in the horizontal

direction.

of the final crater depth, assuming that further heating from conduction and

recoil pressure after the pulse is small. Such a comparison is presented in pa-

per V, where a decent agreement is reported for B4C and SiC. In the case of

Si, however, the simulated depth is significantly smaller than the measured

depth above a fluence of ≈1 J/cm2. This discrepancy is attributed to "post-

heating" and expulsion of melted material, a process that has been suggested

by Stojanovic et al. [9] for Si under these pulse conditions.

The simulations in figure 4.1 indicate that changes in the electronic struc-

ture can affect the optical properties when the sample is heated to a high

electron temperature. Such modifications put limits on an imaging experi-

ment. However, more important in a flash-imaging context are changes of the

atomic positions. Paper III describes an experiment that measures the degree

of atomic motion during irradiation by exploiting a multilayer mirror. As the

mirror reflectivity is very sensitive to imperfections of the layers, diffusion of

atoms between the layers as well as collective motion of the whole structure,

would affect the measured reflectivity. The experiment shows that the reflec-

tivity decrease slightly; between 7% and 41% for the highest fluence of 6.6

J/cm2. Detailed simulations of the hydrodynamic expansion and electron-ion

coupling (using the HYDRA code [52] and the QEOS equation of state [49])

suggest that the atomic movements are small, and that the observed decrease

in reflectivity is likely due to the slight increase in free-free opacity in Si. This

would attenuate the fields further in the deeper layers, and result in a decrease

in the resonant reflection.

This experiment is important for several reasons: First, the very limited

movements in the sample during the exposure is promising from an imag-

ing perspective. Second, together with the experiment in supporting paper IX,

this result acts as a first validation of the computational damage models pre-

sented in papers I and IV. Even though the theories need to be further tested
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at shorter wavelength and higher intensities, these first experiments constitute

an important proof of principle. Third, the experiment in paper III shows that

optical components can be used with little degradation due to damage during
the pulse. This property has been exploited in supporting paper XII, where

"single use" multilayers allowed us to perform time-delay holography exper-

iments. Paper II presents additional predictions of multilayer reflectivity at

shorter wavelengths in the soft X-ray region, and concludes that this type of

optical component can be used with small impact on the reflectivity, at least

up to 64 J/cm2.

Figure 4.4: Demonstration of single-pulse flash imaging at 32 nm wavelength. Top

left: A diffraction pattern recorded with a single 25 fs long FEL pulse at 32 nm wave-

length from a test object placed in the 20 micron focus of BL2 at the FLASH facility.

Top right: The diffraction pattern recorded on the second pulse some 20 seconds later,

showing diffraction from the hole in the sample created by the first pulse. The sample

was a pattern cut into a 20-nm thick silicon nitride membrane, shown at the bottom left

from scanning electron microscopy (SEM). Bottom right: The image reconstructed to

the resolution limit of the detector at 32 nm wavelength (corresponding to 62 nm

resolution) from the single-shot diffraction pattern using the SHRINKWRAP phase

retrieval algorithm. The algorithm only used the measured diffraction intensities and

the knowledge that the diffraction pattern was over-sampled. We did not use the SEM

image in the reconstruction.
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4.2 Imaging of test objects

There are several aspects in the development of the flash-imaging technique

that demand a careful study, the critical being the reconstruction of the object

from the diffraction pattern and the modification of the object during irradia-

tion. Both of these problems constitute novel scientific projects where experi-

mental validation is crucial. Initial tests where performed on relatively simple

geometrical samples in two and three dimensions with a simple and homo-

geneous composition. The 2-dimensional samples consisted of thin films (20

nm) of silicon nitride that had been cut using a focused ion beam. An im-

portant step is reported in supporting paper IX, where a more complicated

2-dimensional structure is reconstructed using a single 32 nm FEL pulse. Fig-

ure 4.4 shows that an interpretable diffraction pattern could be obtained before

the sample turned into a plasma when exposed to an intense 25 fs long pho-

ton pulse at 32 nm wavelength (top left). In these experiments the beam was

focused to a peak intensity of up to 1014 W/cm2. We estimate that the ab-

sorbed energy density was approximately 20 eV/atom in the silicon nitride

and that the material reached a temperature of about 60,000 K before vapor-

izing. Significantly, the image obtained by phase retrieval and inversion of the

diffraction pattern (bottom right) shows no discernible sign of damage, and the

object can be reconstructed to the resolution limit of the detector. Measurable

damage occurs only after the pulse traverses the sample. A second exposure

shows scattering from the hole that was created by the first pulse (top right).

These results provide the first experimental evidence for the basic principle

of flash imaging, and this is the very technique we expect to lead to atomic

resolution studies when hard X-ray FELs become available.

4.3 Fluence-dependent Mie scattering

Results from the first ultrafast imaging experiment show no measurable dam-

age to the sample. The two figures etched into the silicon nitride membrane

could be reconstructed to the diffraction limited resolution of the camera. A

question that arises is the bahavior of organic material under similar condi-

tions. To study the process of radiation damage during exposure in more detail

on samples that resemble a biological specimen, we chose spherical particles

consisting of carbon and hydrogen in equal amounts (polystyrene), with a di-

ameter in the region 50-200 nm. Even though no significant structural changes

(on the order of the wavelength) can be detected during the pulse, the damage

that occurs on a longer time-scale is highly interesting as a means of validating

damage models in the fluid-like regime.

The scattering from homogeneous spheres can be described analytically us-

ing Mie theory (see e.g. [53]). Figure 4.5 shows the result from calculations

of the scattered intensity as function of scattering vector q for three different

sphere sizes (a-c), and three different size distributions. The incident pulse has
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Figure 4.5: Calculated scattered intensity (at 32 nm) as function scattering vector for

polystyrene spheres with three different diameters, and for three different size distri-

butions. In (c) the spheres are large compared to the wavelength resulting in a finer

structure whereas when the spheres have size approaching the wavelength most of the

scattered intensity is confined to a single lobe. The latter situation is similar to the

scattering of hard X-rays off atoms. (Calculations performed using the code Miex by

Sebastian Wolf)

a wavelength of 32 nm and the detector is situated in the plane of polarization.

For a beam of particles with a wide size distribution (20 % spread in diam-

eter D), the structure in the Mie pattern is almost flattened out, even though

the slope of the curve still corresponds to a certain wavelength-diameter ratio.

However, by exploiting state of the art techniques for size-selection of small

particles [6], a distribution as narrow as 2% can be achieved in the case of

polystyrene spheres. Figure 4.5 also suggests how an expansion of the parti-

cles affects the scattering pattern: the lobes of scattered intensity are confined

to smaller scattering vectors, and hence smaller scattering angles. For a given

laser wavelength, the Mie pattern is determined by the the size and optical

properties of the spheres. Thus, modifications such as expansion and plasma

dispersion (described by equation 3.10) would affect the position of the peaks

in the pattern, and could in principle be estimated by comparison to simulated

patterns. Figure 4.6 shows a set-up (left) that was used at the FLASH-facility

to measure the Mie-scattering of a single 32 nm FEL pulse from polystyrene

spheres. The plot on the right shows the recorded signal as function of scat-

tering angle for full fluence (red) (1014 W/cm2), and for a fluence that is 30%

lower (blue). The position of the peaks in the Mie pattern indicates that at this

fluence, no modifications of the particles can be discerned during the pulse.

We know that the particles explode at some point after the exposure. The ques-

tion is when?

4.4 Time-delay holography to follow sample expansion

There is a need to be able to follow the fate of the sample after exposure to

an ultrashort pulse. This is achieved using a novel time-delay technique pro-
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Figure 4.6: Left: Set-up for measuring Mie scattering from polystyrene spheres (in

red) attached to a silicon nitride window. The dotted blue lines show the two positions

of the multilayer mirror that reflects the pattern onto a CCD. Right: The radial average

of the scattered signal as function of scattering angle. The peaks in the low-fluence

curve (blue) and the high-fluence curve (red) are situated at the same scattering angles,

indicating that there is no significant expansion or change in optical properties during

the pulse. The strip at the bottom of the plot shows a cut-out of the recorded Mie

pattern.

posed by H. Chapman (supporting paper XII), which exploits the fact that a

multilayer mirror reflects once when hit by an X-ray pulse. A diagram of the

set-up is shown in figure 4.7(a). The incident FEL pulse enters the system

through a hole in the detector mirror. The 140 nm polystyrene spheres that sit

on the membrane are first hit by this incident pulse, generating "promt diffrac-

tion", and then again by the beam reflected by the backing mirror, generating

"delayed diffraction". The diffracted light from the prompt and the delayed in-

teractions interfere, and the resulting pattern is projected onto a CCD detector.

The dynamics of the exploding particles can be followed by repeating the ex-

periment with different distances between the membrane and the backing mir-

ror, corresponding to different time-delays. This requires a new surface area

on the mirror as the pulse destroys it after reflecting back from the mirror. It

is interesting to note that there is no need to measure the distance between the

membrane and the backing mirror since the time-delay is encoded in the inter-

ference pattern (manifested as "ripples" in the image on the detector in figure

4.7(a)). By simulating the density-profile of the exploding particles using the

hydrodynamic models described in paper II, the expected diffraction pattern

can be calculated from scalar diffraction theory. A comparison between the

measured (red) and simulated (blue) radial intensity as function of scattering

factor q is shown in figure 4.7(b). The curves are unchanged up to a delay of

about 1 picosecond. For longer delays, the structure factor becomes narrower,

indicating an expansion of the spheres. Note that the detector records the scat-

tering that corresponds to the first lobe in figure 4.5. However, the curves at
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later times deviate from the Bessel functions that describes the scattering in

the Mie regime, due to the non-symmetric explosion. Discrepancies between

simulated and measured scattering may be due to uncertainties in the equation

of state and the complex index of refraction.

Figure 4.7: (a) Time-delay holography set-up. The particles on the membrane are

hit twice; by the direct beam incident from the left and by the same beam reflected

from the backing mirror. The distance between the membrane and the mirror is ad-

justable, allowing to probe the temporal evolution of the exploding spheres through

the recorded pattern. (b) Comparison between the experimental and simulated curves

for the radially scattered intensity.

The experiments performed so far at the first soft X-ray free-electron laser

suggest that the radiation damage in a solid sample can be described by fluid-

theory. Thus, for XUV-wavelengths and sample sizes larger than about 50 nm,

the expansion is driven mainly by the first mechanism described in section 3.4

(fluid-like expansion where the plasma is close to neutral). Preliminary studies

at 13 nm suggest that the mechanisms are the same.

4.5 Imaging of biological specimen

Imaging of biological specimen is one of the fields where ultrashort X-ray

pulses is expected to have a considerable impact. This is due to the identifi-

cation of a new threshold for radiation damage. On a femtosecond time-scale,

the motion of the atoms is impeded by atomic inertia. Simulations in the hard

X-ray regime ([1] and Paper I) suggest, and experiments in the XUV-region

(Paper III and IV) confirm, that it is possible to beat radiation damage by

exploiting pulses of femtosecond duration. This is a remarkable finding that

may realize structure-determination at atomic resolution of reproducible non-

periodic objects.

A method that could provide structures at atomic resolution without the

need for a crystal would have several clear advantages. First, it would grant

access to important classes of proteins such as membrane proteins which are
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exceptionally hard to crystallize. Also, a sample that consists of a single par-

ticle would facilitate the imaging of a molecule in its true environment. Fur-

thermore, flash-imaging also opens up the possibilities for time-resolved mea-

surements.

Figure 4.8: Diagram of the planned experimental set-up for the single particle imaging

experiment (http://www-ssrl.slac.stanford.edu/lcls/downloads).

Figure 4.8 shows the experimental set-up of the planned single molecule

imaging experiment. A beam of identical molecules are injected from the top

using electro-spray technology. The direction and density of the molecular

beam is adjusted so that on average a single molecule coincides with the XFEL

pulse. In this set-up, the continuous diffraction pattern is recorded on two

detectors to optimize the dynamic range; the first for the weak high angle

scattering, and the second for the strong small-angle scattering. The atomic

structure of the molecule is then retrieved through classification, orientation

and reconstruction (see [54]).

There will be several factors that put limits on the achievable resolution: the

number of shots, the quality of the reconstruction algorithms and the amount

of radiation damage induced in the sample during the pulse, the latter being

the focus of this thesis. In this section, we will first look closer at the hard

X-ray case, followed by a summary of the feasibility of flash imaging in the

soft X-ray region.

4.5.1 Radiation damage in the hard X-ray regime

The final goal of the experiment described in figure 4.8 is to resolve the in-

dividual atoms in a single biomolecule or protein complex. Each molecule

that passes into the beam will contribute with a diffraction pattern recorded

from a single femtosecond pulse. Each pattern corresponds to a certain orien-
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tation, and a 3-dimensional structure may be achieved through classification,

orientation and reconstruction [54]. The upcoming XFEL sources described

in chapter 2 are expected to deliver an intensity that could provide atomic or

near-atomic resolutions [54] (≈ 3 ·1012 photons per pulse). When such a large

number of photons are temporally compressed into a femtosecond pulse, and

spatially compressed in a focal spot approaching 100 nm diameter, the atoms

will rapidly ionize and a dense plasma is formed. The resulting radiation dam-

age can be divided into several contributing mechanisms that are summarized

below.

The first mechanism for radiation damage is the reduction of the atomic

electron density due to ionization. As described in chapter 2, ionization of

light elements in the hard X-ray regime is dominated by the Auger process,

where a photoionization event is followed by the emission of a valence elec-

tron. As the Auger decay time is typically 5-15 fs for the biologically relevant

elements, the amount of damage can be significantly reduced by using a pulse

with a similar or shorter duration. For hard X-rays the photon energy is much

higher than the binding energies of the electrons, meaning that the scattering

is non-resonant and that all the bound electrons give roughly an equal con-

tribution to the scattering factor. Simulations indicate that most of the Auger

electrons will be caught in the sample already at sample sizes that exceed

roughly a thousand atoms [55]. For a large spherical sample with a diameter

of 12 nm, even photoelectrons (≈ 12 keV) are caught by thermalization and

the strong electrostatic potential at the end of a 20 fs pulse [48].

The trapped electrons will cause further ionization through impact ioniza-

tion, meaning that there will be a large number of free electrons in the sample.

The effect of these electrons is investigated in paper I, using the formulation

described in section 3.4.2 where the the ions are treated as particles within

the GROMACS Molecular Dynamics package [4], and the electrons as a con-

tinuous gas following a Poisson-Boltzmann distribution. Figure 4.9 shows the

result of a simulation of a water cluster containing a hundred molecules, dur-

ing irradiation with a Gaussian hard X-ray pulse (σpulse=10 fs, FWHM=23.5

fs). The electron density in a slice through the middle of the spherical cluster

is shown in the top plots, and the position of the nuclei for the three snapshots

are shown in the bottom plots. In (a), the atoms start to ionize and the elec-

trons that do not escape are concentrated in the electrostatic potential in the

core of the intact cluster. In (b) the electron density has increased with about

a factor of 10, and is concentrated around doubly and triply charged oxygen

ions. The hydrogens at the surface have moved out, leading to significant av-

erage expansion, and leaving the heavier oxygens behind, near their starting

positions. In (c) the whole cluster is exploding, and oxygen ions surrounded

by free electron density can be identified near the box boundary. There are

also other processes that affect the ionization state of the atoms, and that are

strongly dependent on the density of free electrons in the sample. Dielectronic
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Figure 4.9: Top: isometric plot of the electron distribution at (a) the beginning of the

pulse (-10 fs), (b) the peak of the pulse, and (c) at the end of the pulse (15 fs) for a

water cluster of 100 molecules. Bottom: snapshots of the atomic structure at -10, 0

and 15 fs. Red: oxygen, white: hydrogen.

and three-body recombination leads to a re-localization of the free charge to

the ions, which is favorable from an imaging perspective.

The second mechanism of radiation damage is related to the movement of

the atoms. In the context of a conventional plasma formulation, the velocity

of the nuclei can be divided into a random part that relates to the pressure, and

a non-thermal part used to describe collective motions. From this perspec-

tive, the movement of atoms typically has one component that comes from

the ion temperature and another stemming from the collective motion of the

plasma, like the hydrodynamic speed of expansion derived in chapter 2. How-

ever, when studying the movement of individual ions in a dense plasma the

ions may be coupled, and the Coulomb interaction between the ions is impor-

tant for estimating the displacement from their initial positions. The expansion

of samples with a diameter up to a few nanometers have been suggested to be

dominated by Coulomb effects; as discussed in chapter 2. Figure 4.10 shows

the radius of gyration as function of time in two water clusters of different size,

irradiated with a hard X-ray pulse (σpulse=10 fs, I = 1012 photons/100 nm2).

The screening of the Coulomb interactions from the free electrons is more

pronounced for the larger cluster, as can be expected when a larger fraction of

the free electrons are caught in the sample. It is also interesting to note that

the radius of gyration of the oxygen atoms is significantly lower compared to

the average over both species. At t=10 fs, 95% of the pulse has passed, and the
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Figure 4.10: The expansion, measured as relative radius of gyration (Rg), as function

of time for two water clusters containing (a) 660 and (b) 1320 molecules. The average

Rg for both species is shown with and without the screening effect from the free

electrons. The Rg for the heavier oxygens is significantly lower, which is promising

from an imaging perspective

average expansion of the oxygens corresponds to 0.3 Å, which is a promising

result for potential atomic structure-investigations with such pulses.

This example shows how a particle code can be exploited to estimate struc-

tural changes on an atomic level in a sample irradiated by an XFEL beam.

However, the approach described above is computationally expensive, and

limits simulations to systems of about 104-105 particles. In fact, to simulate

larger systems (several tens of nanometers and up), further assumptions are

necessary. A spherical continuum model based on the two-fluid equations is

presented by Hau-Riege et al. [48]. They follow rates of the important atomic

processes, and monitor the expansion and compression of the spherical shells.

Such a model is capable of simulating the collective motions of large sam-

ples, but does not capture the motions of individual atomic species. Both of

the models described above assume an instant equilibration of the free elec-

trons. Jurek et al. [56], models the dynamics of a small sample by following

the trajectories of the ions as well as the electrons, capturing features such as

a non-Maxwellian electron distribution and the recapturing of electrons that

left the sample.

4.5.2 Flash-imaging of living cells with soft X-rays

Just as atoms can be resolved by diffraction of hard X-rays, larger regions in a

biological specimen characterized by different scattering factors can in prin-

ciple be reconstructed using diffractive imaging in the soft X-ray regime. The

best achievable resolution is ultimately determined by the diffraction limit, at

about half of the wavelength of the light. By taking radiation damage into

account, the achievable resolution will be further limited by energy depo-

sition in the sample. Figure 4.11 shows how the absorption (red), coherent

scattering (blue) and incoherent scattering (magenta) cross section of a living
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cell vary over the X-ray wavelengths. The coherent scattering cross section is

fairly constant, but absorption increases significantly at the resonant region.

It should be noted that at short wavelengths, each absorbed photon deposits

more energy into the sample, and a detailed analysis of the ionization dynam-

ics as well as the optical contrasts are necessary to find the most promising

wavelengths for flash imaging.
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Figure 4.11: Cold X-ray cross sections for a wet cell with an average composition

of H23C3NO10S. During ionization and plasma formation, the cross sections of the

sample may change. Red curve: photoionization, blue: coherent scattering, magenta:

incoherent scattering. Atomic scattering factors used for calculating these curves were

taken from [57]. Resonant structures in the photoabsorption curve mark the water

window (2.33 to 4.37 nm). This wavelength range is used in conventional X-ray mi-

croscopy.

Diffractive imaging in the soft X-ray region could be particularly useful

in the case of non-reproducible samples, where the resolution is determined

by the quality of a single shot, or possibly several simultaneous shots. In this

case, the pattern would contain information about the projection image of the

sample, and possibly also valuable depth-information that could be retrieved

through propagation of the complex-valued wavefront (e.g. see paper II and

[58, 6]). Living cells represent a conceivable class of samples with important

applications in the life sciences. For wavelengths much longer than about 0.1

nm, atomic resolution is unattainable and the feasibility of imaging is depen-

dent on a contrast in the scattering factors of the different components in the

cell. The scattering and absorption properties in the X-ray regime can be es-

timated from the atomic composition of a cellular component. Figure 4.12(a)

shows a simplified illustration of a cell with a cellular component character-

ized by a scattering factor f2(λ ) immersed in a background cytosol character-

ized by f1(λ ) where λ indicates the dependence on wavelength. The photon

flux I0Δt required to achieve a certain resolution (with an average of 5 pho-

tons per pixel in the outermost resolution shell) through oversampling of the
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recorded diffraction pattern can be estimated using the relation derived by

Shen et al. [59]

I0Δt =
20π2

3re
2Ln02d3 f 2λ 2

, (4.1)

where re is the classical electron radius, L is the thickness of the sample, n0 is
the atom number density, d is the highest resolution, f is the scattering factor

of an average atom in the region and λ is the wavelength. Results from this

derivation may be modulated by radiation-induced sample movements during

exposure. Note also that while the coherent scattering cross section in figure

4.11 shows almost a flat dependence with wavelength λ , the required fluence

in equation 4.1 has a λ−2 dependence, coming from the requirement for an

oversampled diffraction pattern [59].

Figure 4.12: (a) A simplistic illustration of a cell containing a single internal com-

ponent immersed in a continuous medium. The two regions are characterized by the

wavelength-dependent scattering factors f1(λ ) and f2(λ ). (b) During laser exposure,

the sample is heated and the pressure from the electrons leads to movement of the

regions. The dotted circle marks the initial position of the internal cellular component,

and shows how it moves outward during expansion. The plasma formation may also

lead to modification of the scattering factors, introducing a temperature-dependence.

The ionization process in the soft X-ray region is discussed in section 3.1.1,

under regime III. The mechanisms for radiation damage are similar to those

described in the hard X-ray case above. Radiation-induced expansion of large

samples, like cells, can be modelled by the hydrodynamic formulation, which

is supported by the results in section 4.4. The electronic structure on the other

hand, has to be treated differently; as the wavelength is longer than the atoms,

the scattering factors are not determined by the number of bound electrons on

an individual atom, but rather on the combined electronic structure within a

(nearly) uniform region. Thus, estimating the scattering factor in the plasma

phase becomes a complicated problem. Papers II and IV utilize the Kramer-

Krönig relation to estimate the scattering factors from the spectral absorption
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of the plasma. Figure 4.12(b) illustrates how the cell in figure 4.12(a) is heated

through X-ray irradiation. The plasma formation may modify the cold scatter-

ing factors, resulting in a temperature dependence in the scattering factors of

the two regions; f1(λ ,T ) and f2(λ ,T ). Due to the recoil effect of the expan-

sion of the outer part, regions in the center of a sample will be subject to

compression, as shown in the 2-dimensional hydrodynamic simulations pre-

sented in paper II. Within the hydrodynamic formulation, we can estimate the

speed of these movements through the ion sound speed in the plasma. This is

the same quantity as the speed of expansion that is derived in section 3.4.1.
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Figure 4.13: (a) Estimated achievable resolution as function of pulse length for dif-

ferent wavelengths in the X-ray region. (b) The corresponding number of photons per

pulse and per μm2 for the resolutions in (a).

When damage is taken into account, the photon flux at a certain pulse length

can be "too high" because it induces fast movements in the sample that blur

the diffraction pattern and hence limits the resolution drastically. Thus, find-

ing the optimal number of photons becomes a self-consistent problem with a

complicated chain of dependences that is described in detail in paper IV. It can

be solved through iteration, and the resulting resolutions as function of pulse

length for different wavelengths is shown in figure 4.13(a). (b) show the num-

ber of photons per μm2 that corresponds to the resolutions in (a). Clearly, re-

ducing the pulse length is beneficial for the resolution, and for pulses as short

as 5-10 fs this model predicts a resolution close to 1 nm for pulses with a wave-

length of about 1-2 nm. It should be noted though, that the amount of depth

information that can be extracted in the case of a complex non-reproducible

sample like a cell has to be further investigated. A set-up that could be of in-

terest, albeit technically non-trivial, is the use of several simultaneous beams

(possibly with different wavelengths) that scatters to different detectors. Such

a set-up would improve the depth-resolution considerably, and a technical so-

lution may become feasible considering the rapid development of table top

sources described in chapter 2.
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Figure 4.14: Diffraction pattern from a prokaryotic cell at a wavelength of 13.5 nm and

a pulse length of 10 fs. In-set: Reconstructed projection. (Courtesy of Filipe R.N.C.

Maia, Uppsala University)

The model described above predicts wavelengths suitable for flash-imaging

of cells. In the soft X-ray regime, these are 4.8, 3.2 and 2.5 nm. This technique

has already been tested by our team at FLASH at a wavelength of 13.5 nm

and a pulse length of 10 fs. The recorded diffraction pattern from an injected

prokaryotic cell is shown in figure 4.14. The non-centrosymmertic pattern is

a signature of absorption, which complicates the reconstruction process. The

in-set shows a reconstructed projection of the cell, solved by Filipe R. N. C.

Maia (Uppsala University). This is a very promising result which motivates

experiments at shorter wavelengths, where more favourable conditions have

been predicted.
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5. Conclusions

Free-electron lasers as well as table-top light sources are providing intense ul-

trashort pulses with shorter and shorter wavelength. Such "bullets of X-rays",

compressed in time and space, are highly interesting tools in many areas of

research. The behavior of the exotic states of matter which are created when

these pulses interact with material is to a large extent unknown. However, pre-

dictions can be made based on plasma theory and modeling concepts that have

been validated for optical laser light.

This thesis presents predictions of the interaction of ultrashort X-ray pulses

with materials, with focus on investigating the conditions required for single

shot imaging. A critical issue is the validity of the models used for describing

the interaction and the temporal evolution of a sample under these unique

beam conditions of extreme intensity, short time-scale and high frequency.

Fundamental experiments at the first soft X-ray FEL have been performed on

the laser-material interaction as well as on the imaging of test objects. These

experiments provide the first model validation, and show that the principle of

FLASH-imaging works in the soft X-ray region.

The next stage of the FLASH facility at the end of 2007 will provide pulses

at a wavelength of 6 nm, and possibly below. In this range, photoexcitation

and photoionization of the core electrons in the biologically relevant elements

can result in resonant scattering, and a favorable contrast for scattering exper-

iments. This motivates further studies of the optical properties of heated ma-

terials, and subsequent imaging experiments on simple objects as well as on

reproducible biological specimens (e.g. a virus) and non-reproducible spec-

imens (e.g. a cell). In addition, at these photon energies, a transition in the

explosion dynamics from hydrodynamic to more Coulomb-like behavior can

be expected for small samples. Experiments that can probe such effects will

be important for further model validation.

In less than two years (2009), the Linac Coherent Light Source (LCLS)

is expected to provide hard X-ray pulses that may realize atomic resolution

imaging of single biomolecules through flash-imaging. The best achievable

resolution will be strongly dependent on the pulse length, and simulations in-

dicate that to resolve individual atoms, a pulse length of 10-20 fs is required.

Results presented in this thesis show how the screening from quasi-free elec-

trons slows down the explosion of a sample, and how atomic species with a

large mass remain close to their initial position during the pulse, while protons

expand much faster in a Coulomb-driven expansion. Furthermore, it seems
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likely that the method could be improved through complementary informa-

tion from both additional measurements and from simulation. For example, a

detailed knowledge of the ionization and expansion process could possibly be

utilized to partly correct for damage [60].

Results described in this thesis have implications for studying non-periodic

molecular structures in biology, or in any other area of science and technol-

ogy where structural information with high spatial and temporal resolution is

valuable. They also point to the viability of nanometer- to atomic-resolution

imaging of non-periodic and non-crystalline objects with hard X-ray FELs.
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6. Sammanfattning på svenska

Växelverkan mellan ultra-korta röntgenpulser och materia - en studie som ba-
nar vägen för avbilding av icke-kristallina biologiska prover med atomär up-
plösning med hjälp av fri-elektronlasern.

Många livsviktiga biologiska processer styrs på molekylär nivå. Därför är

kunskap om dessa processer, t.ex hur enzymer och andra proteiner fungerar,

av största vikt inom många tillämpningar. Grundläggande för dessa studier är

strukturen hos komponenterna som ingår i en sådan biologisk process. För att

kartlägga dessa strukturer används idag ett antal olika metoder, varav den som

producerat i särklass flest proteinstrukturer på atomär nivå är röntgenkristal-

lografi. Som namnet antyder, förutsätter denna metod att proteinet, under väl

kontrollerade förhållanden, kan bilda en kristall av periodiskt ordnade iden-

tiska kopior. Exponering av en sådan kristall för röntgenljus av en våglängd

motsvarande storleken av en enskild atom (hårdröntgen), resulterar i diffrak-

tion av det spridda ljuset som kan registreras på en detektor. Med vissa förkun-

skaper om proteinet, t.ex sekvensen för de ingående aminosyrorna, kan den

atomära strukturen beräknas från en uppsättning diffraktionsmönster registr-

erade från olika infallsvinklar. Denna framgångsrika metod har dock sina be-

gränsningar: alla proteiner bildar inte kristaller. En viktig grupp av proteiner

som är synnerligen svåra att kristallisera är membranproteiner. De fyller en

avgörande funktion som informations- och substanstransportörer från det inre

av cellen till dess omgivning, och strukturell information om dessa molekyler

är värdefull i många medicinska tillämpningar.

Om proteinkristallen är liten, dvs består av ett begränsat antal identiska

proteiner, krävs mycket ljus för att nå en hög upplösning i den rekonstruerade

bilden. Detta motsvarar ett större antal fotoner, vilket också leder till mer

absorberad energi och därmed till mer strålskada i kristallen. Strålskadorna

leder till en begränsad upplösning som ytterst beror på att atomerna i

proteinet rör på sig under exponeringen. Om man bortser från dessa

strålskador, skulle ett enskilt protein i princip kunna avbildas genom så

kallad översampling [54]. Emellertid finns det idag goda utsikter för att inom

en snar framtid kunna generera ultra-korta röntgenpulser med hjälp av en så

kallad fri-elektronlaser. Denna nya strålkälla erbjuder fantastiska möjligheter

inom många vetenskapliga områden, inte minst inom strukturbiologi. Det

har föreslagits att pulserna från en sådan ljuskälla skulle kunna användas

för att avbilda enskilda proteiner [1], dvs i icke-kristallin form. Den enorma

65



ljusintensitet som krävs leder obevekligen till plasmabildning och ultra-snabb

förgasning av provet, men beräkningsmodeller indikerar att röntgenpulser

med en pulslängd i storleksordningen 10-100 femtosekunder kan föregå en

sådan explosion av provet. Under sådana extrema omständigheter skulle

värdefull strukturell information kunna registreras innan provet förintas av

strålskador. Denna princip har kommit att benämnas FLASH-avbilding.

Syftet med denna avhandling är att presentera och sammanknyta resultat

från beräkningar och experiment som utförts med avsikten att undersöka väx-

elverkan mellan sådana ultra-korta röntgenpulser och materia. Dessa resultat

utgör en viktig del av det projekt som syftar till att undersöka och utveckla

metoder för avbildning av enskilda biologiska prover med ultra-korta rönt-

genpulser. Kunskapen om denna växelverkan är idag begränsad av den enkla

anledning att inga strålkällor med dessa extrema egenskaper tidigare funnits

tillgängliga. Projektet innebär således att mer grundläggande studier utförts

parallellt med tillämpade experiment.

Figure 6.1: (a) En liten ansamling av atomer (kluster) som bestrålats med en ultra-

kort, högintensiv laserpuls. (b) Efter ett tiotal femtosekunder har klustret expanderat,

och informationen om dess ursprungliga struktur har gått förlorad.

När ett prov exponeras av en puls från en fri-elektronlaser sker kraftig jonis-

ering - elektroner frigörs från atomerna och uppgår i ett hett, gasliknande till-

stånd som omger de positivt laddade jonerna. Under pulsens gång sker en

fasövergång i provet, från fast kropp till plasma. Dynamiken hos detta täta

plasma och dess växelverkan med laserljus kan beskrivas med hjälp av teorier

från plasmafysik, elektrodynamik och atomfysik. De rörelser som orsakas som

en följd av plasmabildningen sker på samma tidsskala som pulslängden; en

tidsrymd kortare än en bindningsvibration i en molekyl. Detta innebär att om

rörelserna i plasmat kan uppskattas genom beräkningar så kan även den er-

fordeliga pulslängden för att möjliggöra avbilding uppskattas. Figur 6.1(a)

visar ett litet kluster av atomer som joniserats och bildat ett plasma. De fär-

gade sfärerna symboliserar joner med olika laddning; brun=+1, grön=+2 och
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gul=+3. Den röda färgskalan motsvarar densiten av fria elektroner som po-

lariseras runt joner och i klustrets centrum. De svarta pilarna visar repellerande

krafter som verkar mellan alla närliggande joner (Coloumb-effekten), medan

de röda pilarna visar de tryck som de energirika elektronerna utövar på jon-

erna (hydrodynamiska effekten). Dessa två krafter har väsentligen samma ef-

fekt - provet expanderar, och några tiotals femtosekunder senare har den ur-

sprungliga atomära strukturen gått förlorad, vilket illustreras i figur 6.1(b).

Simuleringar visar att Coulomb-effekten är snabb och dominerar för mindre

prov (t.ex ett protein) och kort våglängd, medan den hydrodynamiska effek-

ten är långsammare och dominerarar för större prov (t.ex en cell) och längre

våglängder.

Artiklarna i denna avhandling speglar utvecklingen av det övergripande

projektet, dvs att avbilda enskilda makromolekyler. Resultaten består delvis av

beräkningar som uppskattar de pulsparameterar som krävs för att studera biol-

ogisk materia med en upplösning i nanometer- till Ångström-området (atomär

upplösning). De experimentella resulteten från den första fri-elektronlasern i

mjukröntgenområdet kompletterar studien genom modellutvärdering. Vidare

visar avbildingsexperiment på enkla objekt (etsade tunna filmer och nanos-

färer) att principen för FLASH-avbildning fungerar i mjukröntgenområdet.

Avslutningsvis antyder simuleringar att även levande celler kan avbildas med

nanometerupplösning med hjälp av ultra-korta mjukröntgenpulser, vilket nyli-

gen också demonstrerades i ett experiment där en encellig organism projek-

tionsavbildades med en enda puls från en fri-elektronlaser.
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Encapsulation and diffraction-pattern-correction methods to reduce the effect of

damage in X-ray diffraction imaging of single biological molecules. Phys. Rev.
Lett., 98:1983021, 2007.

76





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 356

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-8274

ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2007


	Abstract
	List of Papers
	List of Supporting Papers
	Comments on the author’s contribution

	Contents
	Some optical terms and deﬁnitions used in the thesis

	1. Introduction
	2. Ultrafast X-ray sources
	2.1 The free-electron laser
	Working principle
	2.1.1 Present status

	2.2 High harmonic generation
	2.3 FEL driven by a laser plasma accelerator

	3. Theory and modeling
	3.1 Ionization dynamics
	3.1.1 Photoionization of an isolated atom at UV and X-ray frequencies
	3.1.2 Ionization in a plasma
	3.1.3 Atomic kinetics

	3.2 The Two-ﬂuid plasma equations
	3.3 Derivation of dispersive properties
	3.3.1 Lossless dispersion; the Drude model
	3.3.2 Inverse bremsstrahlung

	3.4 Collective motions of a plasma
	3.4.1 Hydrodynamic speed of expansion of a quasi-neutral plasma
	3.4.2 Particle approach and electron screening


	4. Results
	4.1 Fundamental investigations of structural and optical changes during an FEL pulse.
	4.2 Imaging of test objects
	4.3 Fluence-dependent Mie scattering
	4.4 Time-delay holography to follow sample expansion
	4.5 Imaging of biological specimen
	4.5.1 Radiation damage in the hard X-ray regime
	4.5.2 Flash-imaging of living cells with soft X-rays


	5. Conclusions
	6. Sammanfattning på svenska
	7. Acknowledgments
	Bibliography
	Acta Universitatis Upsaliensis

