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Abstract

The arrival of 4th generation light-sources has opened up new regimes in
x-ray–matter interactions. A billion times spectrally brighter than the pre-
ceding x-ray sources, free-electron-lasers (FELs) can deposit large amounts
of energy into a system in less than 100 fs. Since the absorption of x-rays is
reasonably well understood and the pulse length is so short, the plasma con-
ditions created are well characterized. The work presented in this thesis re-
lates to a series of experiments where solid aluminium foils were heated with
the focussed FEL radiation. The way that the opacity of the FEL heated
foil would affect the observed emission spectrum is investigated. The extent
to which the opacity influences the emission spectra is found to have inten-
sity and photon energy dependencies. The transmission of the x-ray pulse
used to generate a solid-density aluminium plasma is studied in both sim-
ulation work using the collisional-radiative code SCFLY and experiment.
The phenomenon of saturable absorption is seen to occur, caused by the
system being ionized to such an extent that none of the ions present can
absorb the x-ray photons through K-shell photoionization. The use of the
FEL beam in a split and delay scheme was also explored. Simulations of
the time dependent changes in transmission and what may be observed were
performed.
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CHAPTER 1

Introduction

This thesis represents the work performed by the author on the interactions

between solid-density plasmas and the high intensity x-ray pulses from free-

electron-lasers that were used to generate them. This introductory chapter

contains a brief description of how these high intensity x-ray pulses are

generated in free-electron-lasers along with a description of some of the first

experiments performed at such facilities. The structure of the remainder of

the thesis is also outlined along with the contributions by the author to the

work presented within this thesis.

1.1 X-ray Free-Electron-Lasers

X-ray Free-Electron-Lasers (X-ray FELs) have given rise to a spectacular

increase in peak spectral brightness of x-ray sources by over 9 orders of
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Introduction

magnitude [3]. Such high brightnesses have opened up new regimes in x-ray–

matter interactions. The generation of such intense radiation is built upon

the technology used in synchrotron light-sources around the world. When

an electron accelerates it will radiate energy in the form of electromagnetic

radiation.

X-rays can be generated by passing an electron beam through an un-

dulator, which is a periodic structure of dipole magnets. The oscillatory

motion of the electron in the magnetic field generates synchrotron radiation

in a directional cone.

The radiation generated in an undulator has a wavelength of

λ =

(
1 +K2/2

)
2γ2

λu (1.1)

where K is the undulator parameter, γ is the electron energy in units of

rest mass (γ =
(

1− v2

c2

)−1/2
) and λu is the undulator period. The undu-

lator parameter is defined as K = 0.934λu[cm]B0[T] where B0 is the peak

magnetic field. The undulator parameter is a measure of how much the

electron beam is deflected in the transverse direction as it passes over the

undulator. The photon energy is dependent on the gamma factor squared,

this is due to the undulator period seen by the electron bunch being length

contracted (by a factor gamma) and when the radiation generated by the

electron is transformed to the laboratory frame it is Doppler shifted by a

second gamma factor. Since the photon energy of the radiation produced

is dependent on the energy of the electron bunch it is possible to tune the

radiation to an arbitrary photon energy by changing the electron energy.

In ordinary synchrotron sources each electron will emit independently

and with a different phase leading to incoherent radiation. The key to free-
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Introduction

electron-laser operation is that the x-ray light generated can interact with

the electron bunch. In the presence of the undulator field the (highly ener-

getic) electron bunch will oscillate in the transverse direction. The radiation

produced by the electron bunch is such that the magnetic field of the syn-

chrotron radiation is perpendicular to the electron transverse motion. Due

to the v ×B term of the Lorentz force, the interaction between the trans-

verse motion of the electron and the magnetic field of the currently present

radiation will lead to a longitudinal force on the electron, which leads to mi-

crobunching of the electrons separated by the wavelength of the radiation.

The microbunching leads to the electrons emitting synchrotron radiation in

phase with the current radiation which in turn leads to greater microbunch-

ing and the generation of a high intensity coherent light pulse. Over this

region the intensity of the radiation will increase exponentially.

Figure 1.1: Schematic of the FEL process. As the electron bunch progresses
through the undulator it forms microbunches, which generate coherent ra-
diation.

Obviously since the energy for the radiation comes from the electron

bunch the exponential increase can’t continue indefinitely. In fact saturation
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Introduction

of the radiation will occur at an earlier stage. The electron bunch does not

quite travel at the speed of light and so will slip in position relative to

the light pulse. After a certain amount of phase difference the electron

bunch will no longer give energy to the radiation, but in fact start taking

energy from the radiation pulse. Saturation of the FEL pulse will occur

after around twenty gain lengths [4], a number which was experimentally

realised at LCLS [5], with typically around 1012 photons in a single pulse.

In
te

n
s
it
y

Distance

SaturationExponential Growth

Figure 1.2: Initially the intensity of the radiation in an FEL will increase
exponentially, at greater distances the radiation will saturate.

FELs are designed such that the amplification up to saturation occurs

over a single pass of the undulator. There has been much success recently

in using the self-amplified spontaneous emission (SASE) method of opera-

tion [6, 7]. This process relies on random shot noise to generate the initial

spontaneous emission which is amplified through its interaction with the

electron bunch up to saturation. This produces a pulse that has a spiky

profile both temporally and spectrally. An individual temporal spike has
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Introduction

a sub-femtosecond duration. In this unseeded mode the radiation has a

bandwidth of 0.2–1.0% [5]. Seeding of the radiation, either through use of

a separate source (more common in the XUV regime where high-harmonic

sources can produce relevant radiation), or through monochromating the

initial radiation produced in the first stage of the FEL before amplifying

this (so-called self-seeding which is currently a possibility at the LCLS [8])

can be used to reduce the bandwidth of the emergent FEL radiation. At

LCLS using the self-seeded mode the bandwidth is reduced by a factor of

40–50 when compared with the normal SASE radiation. However, the op-

eration of the self-seeded mode at LCLS leads to a dramatic reduction in

the number of photons when compared to the SASE operation, and so in

the work described later in this thesis, where the concern is primarily with

having large numbers of photons rather than very narrow bandwidth, the

FEL is used in the SASE mode of operation.

Practical realisation of XFELs has only occurred recently with a hand-

ful of facilities currently operating. The Free-electron-LASer in Hamburg

(FLASH) [9], located in Germany, was the first such device to produce radi-

ation in the extreme ultraviolet (XUV) range (with photon energies in the

fundamental ranging between 26 and 180 eV [10]). The Linac Coherent Light

Source (LCLS) [5] based in Stanford, USA was the first to produce hard

x-ray radiation with the photon energy available at the experimental end-

stations varying between 280 eV and 10 keV (although specific endstations

have their own allowable range within this, due to the optics used in beam

transport). Further facilities in Trieste, Italy (FERMI) [11] and Kouto,

Japan (SACLA) [12], in the XUV and hard x-ray regimes respectively, have

also come online in recent years. More facilities are currently under con-

struction including the European XFEL in Hamburg [13] and SwissFEL in
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Villigen [14].

Figure 1.3 is an aerial view of LCLS, where the final kilometre of the

old LINAC has been converted to be the electron source for an FEL. As a

measure of scale the road that crosses over LCLS is the I-280 (an eight lane

highway). It uses an undulator which is 132m long, sufficient for the light

produced to be in the saturated gain regime.

Figure 1.3: Aerial view of LCLS in Stanford, USA

1.2 High intensity x-ray–matter interactions:

First experiments

The short pulse duration and high intensity pulses afforded by XFELs have

opened up new regimes in x-ray–matter interaction. The short pulse du-

ration, typically tens of femtoseconds though potentially down to sub fem-

tosecond, allow for the study of matter on timescales shorter than that of

atomic motion. Whilst much work has been performed using XUV sources,

the work in this thesis is primarily concerned with the processes that occur

with the x-ray photon energies accessible with LCLS. As such some of the

first experiments performed at LCLS are outlined in this section. One of

the first experiments performed at LCLS concerned the interaction between

the laser and isolated neon atoms [15].
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X-ray photons will typically interact with electrons deep in the atom.

The primary interaction is through photoionization, where an electron ab-

sorbs a photon with sufficient energy for it to escape the atom. The electrons

that are ejected are preferentially those that are most bound to the atom,

but with the energy required to ionize them less than the energy of the

photon. The inner-most shell of electron orbits is denoted the K-shell, with

those shells further out named alphabetically from there (i.e. the next shell

is the L-shell). The minimum photon energy to ionize an electron from the

K-shell is known as the K-edge energy.

In the experiment of Young et al. [15] the intensities of the x-ray radiation

were such that many photons could be absorbed by a single atom over

the duration of the x-ray pulse. It was found that when the FEL was

tuned significantly above the K-edge energy of Neon (870 eV) the absorption

process lead predominantly, at least for the lower charge states, to ions

of even charge state being produced. Initially the absorption of the x-ray

photon was accompanied by the ejection of an electron from the K-shell. The

resulting K-shell hole was filled by Auger decay, with an electron from the L-

shell falling into the K-shell and another electron in the L-shell being ejected,

leaving two holes in the L-shell. With the possibility of absorbing multiple

photons in a single pulse, and each photon, typically, leading to the ejection

of two electrons, ions with even charge states dominate. When the FEL was

tuned below the neutral K-edge energy copious ions with both even and odd

charge states were produced, due to the dominant absorption process being

L-shell photoionization and so L-shell electrons are sequentially stripped

from the atom.

The results of the experiment were in good agreement with both the

atomic-kinetics simulations performed by Young and co-workers [15] and
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also subsequently the work by Ciricosta et al. using the SCFLY collisional

radiative code [16]. The high intensities lend themselves to studying non-

linear phenomena in the x-ray regime [17].

In the experiment by Rudek et al. [18] the ionization of Xenon atoms

by the FEL was studied. Whilst their results for the charge state distri-

bution of atoms pumped with a photon energy of 2.0 keV agreed well with

their simulations, the results of pumping at a photon energy of 1.5 keV did

not. Their simulations used a simple model where they only considered di-

rect photoionization. This was sufficient to reproduce the maximium charge

state achieved in the 2.0 keV case and reproduced the overall charge state

distribution well. In the case of exciting with 1.5 keV photons this model

would only allow ionization up to a maximum charge state of 26+. How-

ever, in the experiment charge states up to 36+ were observed. By looking

at the energy of transitions between bound levels it was found that the

1.5 keV photons could be used to excite resonant transitions. This in turn

would lead to a state with core holes leading to further ionization through

Auger decay. This work highlighted the importance of including transitions

between bound levels in calculating the system evolution.

Further experiments were performed studying the interaction of the FEL

with molecules [19, 20, 21] and clusters [22, 23, 24]. The charge states ob-

served in the cluster experiments were seen to depend on the size of the clus-

ter, with the delocalization of the electrons in the x-ray induced nanoplasma

in larger clusters increasing the Auger lifetime, reducing the efficiency of ab-

sorption of the x-ray pulses [22].

Following on from the effects of x-ray radiation on isolated atoms and

molecules additional effects, such as collisional and opacity effects, will have

increasing influence on the system as the density and size of samples is
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increased. A logical regime to examine is that of solid-density samples,

since these can be readily produced and are well characterised.

The realisation of isochoric heating, where the density of the system

remains constant while the temperature is increased, has long been a goal in

plasma physics. By having well defined density the properties of such matter

can be examined and used to not only benchmark computer codes but is

also of immense physical interest. Such plasmas are found in astrophysical

objects, like stars [25], and have relevance in inertial confinement fusion

research [26].

One of the purported means of isochorically heating is through the use

of short pulse optical lasers [27, 28, 29]. If a solid density sample is heated

it will naturally want to expand due to hydrodynamic motion, the timescale

of which is on the order of picoseconds. So in order to isochorically heat

the energy would have to be deposited within this timescale. Short pulse

optical layers will deposit their energy in the skin depth of the sample, on

the order of a few nanometres. Hence the laser will only directly heat the

surface of the target. This will generate hot electrons which travel through

the sample to a depth according to their mean free path. This means there

are potentially large gradients in the temperature of the sample and so the

conditions of the regions which are emitting are not well defined.

By reducing the thickness of the sample the difference between the front

and the back will be reduced. In the initial interaction between the laser

and the surface of the sample the front surface will rapidly expand reducing

the density. To reduce this effect samples of the material under inspection

are buried in other materials. In the case of aluminium samples materials

such as carbon [28] and magnesium oxide [27] are used. The use of these

additional layer restricts the expansion of the material under study and
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mean that a thin foil can be used giving comparatively uniform conditions

for the emitting region.

The plasmas generated in these methods are often analysed through

examination of the K-shell emission. The emission will take place over a

number of picoseconds [30] and spatial variations in the temperature can

be quite large [31]. Since the method of energy deposition is not well un-

derstood, the emission spectra are the key diagnostic in determining the

temperature of the system. However, these are reliant on computer codes

to predict the emission from a sample of a given temperature and density.

In contrast, the absorption mechanism in x-ray FELs is well understood

and predictable, leading to well characterized plasmas. Also, since the source

of K-shell emission in the FEL case is that x-ray photons knocking out core

electrons, rather than collisions from a thermal bath of hot electrons the

emission from the plasma in the FEL case is limited temporally to the time

of the FEL pulse and by the K-shell hole lifetime. This gives a characteristic

timescale of femtoseconds, so there is no possibility of the emission being

altered due to hydrodynamic expansion. Also since x-rays have a frequency

much higher than the plasma frequency of the cold metal the photons are

able to penetrate directly into the sample.

The Oxford group has been at the forefront of investigating these inter-

actions in the solid-density regime. In the work of Vinko et al. [32] solid-

density aluminium foil samples were exposed to the LCLS x-ray beam. As

the photon energy of the FEL was increased emission from more charge

states was observed. The emission spectrum of the aluminium sample when

pumped at different FEL photon energies is shown in figure 1.4. In contrast

to the isolated Neon atoms, where even charge states were more prevalent,

the emission from the aluminium sample did not show an odd-even asymme-
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try. This indicated that the charge state distribution was not determined by

the x-ray pulse alone. Since the density of the sample is high, electron-ion

collisions rates are high.
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Figure 1.4: Emission from 1 µm aluminium sample as it is pumped with
FEL radiation at different photon energies. The Roman numerals indicate
the charge state from which the emission is observed, with blue indicating
emission from double core holes and the red indicating single core holes.
The K-edge for neutral cold aluminium (3+) is shown along with the line
indicating those transitions which are resonant with the FEL radiation. This
image is the combined results of Vinko et al. [32] and Cho et al. [33]

In order for an ion to emit a Kα photon it needs to have a vacancy

in the K-shell which can be filled by an electron from the L-shell. As the

number of electrons in the L-shell of an ion is decreased the energy of a

Kα photon emitted from that ion increases, due to increased binding of the

K-shell electrons. From the experimental results of Vinko et al. the K-edge

energy of a charge state can be derived. At this energy it is possible to

directly eject an electron from the K-shell to the continuum and so is the
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minimum FEL photon energy at which the charge state will start to emit.

These results are complicated through collisional processes, where an ion

which has a K-shell hole due to photoionization can be collisionally ionized,

removing an additional L-shell electron, such that it can emit a Kα photon

from a charge state with a K-edge energy greater than the photon energy

of the FEL [34]. However, there are sharp jumps in the amount of emission

from a charge state as the photon energy is increased, so the K-edge energies

of an individual charge state can be determined.

These measurements lead to the work of Ciricosta et al. [35], where it

was found that the K-edge measurements were more consistent, in this case,

with a model for the ionization potential depression by Ecker and Kröll [36]

than the model of Stewart and Pyatt [37] (the standard model used in the

community for 50 years).

As can be seen in figure 1.4 the FEL can excite transitions that are

resonant with the energy of the FEL, such that Kα emission is observed

below the K-edge of neutral cold aluminium. It is this emission which has

been studied by the author and is described in chapter 3.

One of the main driving forces behind the advancement of XFELs has

been that of biological structure determination [38, 39, 40, 41, 42]. The

high intensities achievable in XFELs result in a paradigm shift in the way

that x-ray crystallography is performed. Whilst in a typical synchrotron

experiment the same (large) crystal is used for a long time and the key

quantity in determining the damage it has undergone is the accumulated

x-ray dose, in XFEL experiments many small samples are subjected to the

x-ray beam where the dosage is such that the sample is destroyed. However,

as the pulse lengths of the FEL pulse are very short the sample is able to

diffract prior to the system blowing up, preserving the diffraction pattern.
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In the case of crystals the increasing disorder in the electronic structure over

the duration of the pulse reduces the intensity of the Bragg peaks, effectively

meaning the observed peaks are only generated by the undamaged crystal

early in the pulse [43].

Many proteins that would be interesting to study do not readily crys-

tallize and so by reducing the size of crystal required many more proteins

can be studied. Since the FEL ‘diffract before destruction’ crystallography

method inherently far exceeds the damage thresholds for protein crystals

methods for reducing the destruction, such as keeping sample at cryogenic

temperatures, are no longer required. This means that the proteins which

are analysed are closer to the natural state in which they would be found.

In fact, in a recent experiment by Sawaya et al. live bacteria, within which

a protein naturally crystallizes, were injected into the FEL beam and the

structure of the protein determined [44].

One of the main fundamental problems in structure determination is

that of the phase problem, since only information on the intensity, which

is dependent only on the modulus squared of the electric field, is measured

the information contained in the phase of the electric field is lost. The

multiwavelength anomalous diffraction (MAD) method is a way of gaining

this information. Near to an atomic absorption edge the atomic form factor

will vary as a function of photon energy. This provides a means of deter-

mining the position of the anomalous scatterers and from this the phase

of the remaining structure can be determined. In the high intensity condi-

tions caused by FELs the samples will rapidly ionize, altering the position

of the absorption edge and changing the anomalous scattering factor. This

situation is discussed in more detail in section 4.8.

The short pulse length and large photon flux afforded by FELs have
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allowed for increased temporal resolution of dynamical processes. The large

number of photons in a single bunch allow for diffraction measurements to

be made despite low scattering cross section, and the femtosecond length

bunches mean that structural evolution on the timescale of picoseconds can

be observed. The coupling of additional drivers, such as optical lasers, to

systems under examination with FELs allows for the measurement of the

response of the system.

The structure of photosystem II, a protein central to the oxygen fixa-

tion process in photosynthesis, was one of the first to be examined with

FELs [45]. During photosynthesis this protein will absorb four photons over

the Kok cycle. By examining the systems after different numbers of flashes

from optical lasers changes in the structure can be observed through x-ray

diffraction as well as x-ray emission spectroscopy giving information on the

state of certain atoms within the complex [46]. Although at the current

resolution changes in the structure between the different stages were not

observed.

An experiment was also performed to observe a catalysed chemical re-

action occurring on a surface. The reaction between oxygen and carbon

monoxide will occur on a ruthenium surface when driven by an optical laser,

and occurs within a few picoseconds [47]. In the experiment of Öström et

al. x-ray absorption spectroscopy around the oxygen K-edge was used to

identify which states the oxygen atoms were in after different times after

the exciting laser pulse. Through this method a short lived transition state

was identified. These kinds of time dependent measurements allow for un-

derstanding of chemical processes.

The use of a pump-probe situation with the x-ray FEL as both the pump

and the probe is discussed in chapter 5.
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1.3 Structure of thesis

Chapter 1 is an introductory discussion on x-ray free-electron-lasers and

how these novel high-intensity x-ray sources can be used in studies of x-ray–

matter interactions and plasma physics.

Chapter 2 contains a detailed description of the collisional-radiative code

SCFLY, which is one the main tools used throughout the thesis to under-

stand the experimental results and predict future results. The various atomic

and plasma processes that are included within the code are outlined.

The next three chapters form the bulk of the thesis and research work

involved.

Chapter 3 is mostly focussed on simulated results of opacity effects in

an aluminium plasma heated with an FEL. By using an FEL tuned to a

transition between the K-shell and the L-shell it is possible to generate

copious Kα radiation even when pumping below the K-edge. However, due

to the method by which this radiation is produced the effect of opacity on

the emergent radiation is complicated, and it is this which is discussed in

chapter 3. The results of this chapter formed part of a publication in Physical

Review Letters in 2012 [33] with the full results of the chapter published in

High Energy Density Physics in 2014 [1], with the author here being the

lead author of that publication.

Chapter 4 consists of the description of another experiment on FEL

heated aluminium where saturable absorption was observed. When the high

intensity x-ray pulse interacts with the aluminium foil, the foil is ionized to

such an extent that it is no longer possible for it to absorb x-rays through

photoionization of a K-shell electron, leading to a reduction in the absorp-

tion rate and an increased transmission. The results of this chapter were

published in Physical Review Letters in 2015 [2], with the author here as
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first author of that work.

Chapter 5 is a description of simulation work on what could possibly be

observed with a split and delay FEL setup measuring transmission. Follow-

ing on from the work of the previous chapter where the transmission was

experimentally seen to change as function of photon energy, chapter 5 is a

discussion on what might be observed if a separate probe beam is propa-

gated through the sample at various delays from the strong pump pulse.

From this measurement the possibility of deriving the full time evolution of

the sample is discussed.

Chapter 6 is a summary of the work presented and discussion of possible

future work.

1.4 Author contributions

Due to the complex nature of FEL experiments the experimental results

presented in this thesis were by necessity gathered through working as part

of large collaborations, and it is important to clarify the role of the author

in the work presented in this thesis.

The SCFLY code used throughout the thesis was written by H.-K. Chung

and R.W. Lee, with some modifications made by O. Ciricosta.

All of the SCFLY simulations presented in this thesis were performed by

the author. The codes written to generate the results in chapters 3 and 5

were written by the author.

The experiment which is referred to in chapter 3 was performed prior to

the commencement of the author’s DPhil, and so the author was not involved

in the collection of the experimental data. Those responsible for the data

collection and analysis are detailed in the author list of [32]. However the

author did perform further analysis of the individual shot data shown in
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section 3.5, and performed all of the theoretical analysis.

The author was part of the experimental team for the results in chapter 4.

The full list of people involved in the experiment is in the author list of the

Physical Review Letters publication [2]. The experiment was led by Orlando

Ciricosta, who also performed much of the analysis of the spectroscopic

data. However, the author performed all of the analysis of the diode data as

described in section 4.2, along with its simulations which is the main data

used in the major first-author publication resulting from the experiment.
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CHAPTER 2

SCFLY

Throughout this work one of the primary tools has been the collisional-

radiative code SCFLY. This chapter contains a description of the workings

of this code and how this is useful in the diagnosis of hot dense plasmas.

2.1 Overview

When a high-intensity x-ray pulse from an FEL interacts with a sample, the

sample will undergo a very rapid evolution. The absorption of x-ray photons

is dominated by atomic transitions, particularly those of photoionization of

core electrons. At the high-intensities of FELs many x-ray matter interac-

tion events will occur in a short period of time. The excited configurations

generated can decay through radiative and non-radiative processes, leading

to a mixture of many possible configurations existing at a given time within
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the sample. In SCFLY the populations of configurations are determined in a

time-dependent manner through evaluating the rate of transitions between

different configurations.

SCFLY uses the concept of super-configurations [48], where groups of

atomic configurations (of similar energy) are collected into a single su-

pershell. In SCFLY atomic levels are grouped according to the principle

quantum number n. As an example the super-configuration (1s)2(2s2p)6

contains the configurations (1s)2(2s)2(2p)4, (1s)2(2s)1(2p)5 and (1s)2(2p)6.

Since the supershells, in this case, are defined by the principle quantum num-

ber, throughout the remainder of this work the super-configurations will be

denoted by the occupation of the K-, L- and further shells (i.e. (1s)2(2s2p)6

is denoted K2L6).

The number of possible configurations, and therefore transitions, in-

creases with the number of electrons within an atom. The use of super-

configurations allows for the number of transitions to be tractable for mod-

erate Z elements. In SCFLY the maximum principle quantum number is

limited to 10, however in practice in near-solid samples the highest of these

levels will be removed due to ionization potential depression.

The configurations used in SCFLY is extended from those used in the

widely available code FLYCHK [49] to include multiply excited configura-

tions from inner-shells of the ground configuration. As an example SCFLY

includes configurations that have a fully depleted K-shell, a series of species

which have been observed emitting experimentally in samples heated by

XFELs [32].

Broadly speaking SCFLY in the time-dependent mode solves the neq
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coupled rate equations for each atomic level

Ni(t+ dt)−Ni(t)

dt
=

neq∑
j 6=i

Rji(t)Nj(t)−
neq∑
j 6=i

Rij(t)Ni(t) (2.1)

where Rij is the transition rate from a state i to a state j and Ni is the

population of state i.

Another advantage SCFLY has over the FLYCHK code is that it calcu-

lates the temperature self-consistently using the energy of the transitions,

including absorption of the laser, and the populations of ions and elec-

trons [16]. Thus the time evolution of processes which are temperature

dependent can be used to generate the evolution of the system given just

the initial conditions and an input radiation field.

2.2 Atomic processes

Since SCFLY is a collisional-radiative model it uses the rates of the different

transitional processes to determine the populations in a time dependent

manner. To do this the code has to be provided with the relevant atomic

data. Outlined below are the various types of atomic processes that occur

and how the rates for each of them are calculated.

2.2.1 Radiative processes

In non-LTE situations the interactions with radiation fields are of great im-

portance. The radiation generated by electrons transitioning in a sample can

be categorized into three types; bound–bound, where an electron moves from

one bound state to another, bound–free, where a free electron radiatively

recombines with an ion, and free–free, where a free electron loses kinetic

energy in a collision with electrons and ions (known as Bremsstrahlung ra-

20



SCFLY

diation). Radiation can be absorbed by electrons through the inverse of

these processes.

Bound–bound transitions occur when an electron transitions from one

bound state to another, accompanied by the release or absorption of a pho-

ton. The energy of the photon has a peak intensity at the energy difference

between the two bound levels. The spontaneous emission rate from a level j

to a level i is denoted Aji. The stimulated emission and absorption processes

are dependent on the radiation field as well as the coefficients Bji and Bij

respectively. These two are related to each other by giBij = gjBji, where g

is the statistical weight of the respective levels.

Bound–free transitions occur between the bound levels and the contin-

uum. The energy of photons emitted in radiative recombination is equal to

the sum of the energy of the free electron and the binding energy of the shell

that the electron falls into. Correspondingly there is a minimum amount of

energy that can be released from a radiative recombination event, that be-

ing the binding energy of the relevant shell. The inverse of this process is

photoionization. In SCFLY the cross-sections used for photoionization are

a fitted expression which have the form

σ ∝ exp

[
c1 +

hν

Ip

[
c2 +

hν

Ip

[
c3 +

hν

Ip
× c4

]]]
(2.2)

where hν is the photon energy, Ip is nominally the ionization energy and the

various values of c are given in the atomic data file used by SCFLY. These

fits are used since they match the values for the photoionization rate on the

CXRO website [50]. Though the ionization potential depression will cause

the ionization energy to shift, the value of Ip used to calculate the cross-

sections is fixed (but the minimum photon energy where the transition can
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occur is allowed to shift).

2.2.2 Collisions

In cases of high-density collisional processes will have a greater impact on

the population distributions of ions. In the assumption of Local Thermo-

dynamic Equilibrium (LTE) the populations of all possible excitation and

ionization states are determined by the local temperature and density. The

populations are determined by the Saha and Boltzmann equations. The par-

ticles will have a Maxwellian velocity distribution. For this framework to

hold every process must be in detailed balance i.e. the number of processes

from one state to another must be exactly balanced by the number of inverse

processes [51]. In the case of radiative transitions this would require the ra-

diation field to have a Planckian distribution and the photons be unable

to escape. Since the systems described in this thesis are driven by x-rays

from an FEL, the system will not inherently be in LTE. The x-ray photons

lead to the generation of core hole states that are statistically unlikely at the

temperatures achieved. In this sense the excited state populations cannot be

described by an LTE formalism. However, if the collision rate is high some

of the populations (such as the charge state distribution) will approximate

to LTE levels.

The electrons generated by the x-ray interactions with the system are

non-thermal. The electrons generated through photoionization will have an

energy equal to the difference between the ionization energy of the electron

released and the photon energy of the FEL. Electrons generated through

Auger decay will have energies equal to the difference between the energy

released by the electron that fills the core hole and the ionization energy of

the electron released.
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In SCFLY the electrons are assumed to be instantly thermalized, so the

collision rates used are those of a thermal distribution characterized by a

single temperature. If this assumption were not, at least partially, valid it

would cast doubt on current simulation work and much more computation-

ally intensive complex treatment of the electron energy distributions would

need to be undertaken.

Work by Orlando Ciricosta using a simple model for the non-thermal

Auger electrons in a modified form of SCFLY has shown that the approxi-

mation provides an accurate description of the system [52]. Work has also

been performed by de la Varga et al. [53] using their bigbart code [54] to

examine the effect of a non-Maxwellian electron distribution. They tracked

the electron population in energy bins treated in the Fokker-Planck approx-

imation [55] with some additional inelastic terms. In their simulations at

near solid density with neon atoms they observe that thermalization of the

electrons only occurs at the end of the FEL pulse. However, the populations

of non-thermal electrons is small compared with the thermal electrons, ex-

cept for at the very start of the pulse. The work in this thesis is concerned

with solid-density aluminium which has a higher density than that simu-

lated by de la Varga et al. and so thermalization times would be expected

to be even less. Indeed through unpublished work by de la Varga and Ve-

larde it is known that the thermalization of electrons in solid aluminium is

rapid [56]. So throughout this thesis the free electrons are assumed to be

instantly thermalized and characterized by a single electron temperature.

Collisional processes can lead to excitation of an electron, or the ioniza-

tion of an electron from a bound level. In SCFLY the rates for collisional

ionization used are those of Burgess and Chidichimo [57]. For a Maxwellian
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distribution of free electron this has the form

Ri,i+1

ne
= 2.1715× 10−8Cξ

(
IH
Te

)3/2(In
Te

)3/2

E1

(
In
Te

)
w

(
In
Te

)
(2.3)

where

w

(
In
Te

)
=

[
log

(
1 +

Te
In

)]β/(1+Te/In)

, (2.4)

β = 0.25

([
100z + 91

4z + 3

]1/2

− 5

)
, (2.5)

E1 is the exponential integral of the first kind, IH is the Rydberg constant,

Te is the electron temperature, In is the ionization energy of the level, ξ

is the number of electrons in the shell that is being ionized and C is a

constant. The value of the constant used is 2.3, though recent work has

suggested this should be increased by a factor of three to five for solid

density aluminium [34].

The rate for collisional recombination, with a Maxwellian electron dis-

tribution, is related to the ionization rate by detailed balance as

Ri+1,i = 1.66× 10−22ne
gi
gi+1

e
In
Te

T
3/2
e

Ri,i+1. (2.6)

Collisions can also lead to excitation and de-excitation of electrons in an

ion. For a Maxwellian electron distribution the collision rate for a transition

with a threshold energy of Eij is given by

Rij
ne

= 1.581× 10−5 ḡ(Eij/Te) exp(−Eij/Te)
Eij
√
Te

fij (2.7)

where ḡ(y) = 0.15 + 0.28eyE1(y) is the averaged gaunt factor and fij is the

oscillator strength for the transition.
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The rate for the inverse process of collisional de-excitation is given by

Rji = Rij
gi
gj

exp

[
Eij
Te

]
(2.8)

from detailed balance.

As the work later in this thesis is concerned with plasmas of a finite

size, care must be taken to ensure that the electrons do not travel far before

undergoing a collision. Electrons with a higher energy will travel further

before colliding. For an electron with an energy of E the collisional ionization

cross-section is given by

σii+1 (E) = πa2
0Cξ

[
IH
In

]2 [In
E

]
ln

[
E

In

]
W

[
E

In

]
(2.9)

where W
[
E
In

]
=
[
ln
(
E
In

)]βIn
E

if E > In and zero otherwise [57].

For In = 73 eV (the cold L-edge energy), E = 1400 eV (the typical energy

of an Auger electron), z=3 (the charge on the ion) and ξ=8 (the number

of electrons in the L-shell of a 3+ ion) gives σ=1.188×10−17 cm2. If the

ion density is n = 6 × 1022cm−3 (solid-density) the mean free path of the

electron is around 14 nm, and given the speed of the electron this gives a

timescale of less than a femtosecond. This distance is much less than the

size of the plasmas in this work and so the use of a zero-dimensional code is

justified.

2.2.3 Non-radiative processes

Also included in SCFLY are the processes of autoionization and electron

capture. When an electron is removed from an inner shell, the vacancy can

be filled by an electron in a higher shell falling into the vacancy and the

excess energy removed by the ejection of another electron, this is the Auger

25



SCFLY

process. Autoionization can also occur if two or more valence electrons are

excited. The rates for these processes are in the data file used by SCFLY.

From this rate the rate for the inverse process (electron capture) can be

computed.

2.3 Plasma effects

2.3.1 Ionization potential depression

The energy required to remove an electron from an atom is known as the

ionization potential. In a finite density plasma the energy required to ionize

an electron from an ion will not only be influenced by the electrons in that

ion but also by the free electrons and neighbouring ions. By having these

perturbers present the maximum energy which an electron can have and

still be considered bound is reduced, the lowering of this energy means that

the ionization potential is reduced. In a simplistic view it can be thought

of that when ions are brought closer together the number of outer electron

which can be singly assigned to an ion is reduced. Since there is a lowering

of the energy required to remove an electron the charge state distribution

will be altered.

In SCFLY two possible models for the Ionization Potential Depression

(IPD) are available. Firstly the model of Stewart and Pyatt [37], which has

been the standard model used in the community, gives the IPD as

∆ISP =
kBT

2 (z∗ + 1)

{(
3 (z∗ + 1) ze2

λDkBT
+ 1

)2/3

− 1

}
(2.10)

where λD is the plasma Debye length including both ions and electrons, z

is the charge of the ion after the ionization has taken place (i.e. z = 1 for a

neutral atom), z∗ is defined as
〈
z2
〉
/ 〈z〉.
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Through the work of Ciricosta et al. [35] it was found that an earlier

model of the IPD by Ecker and Kröll [36] gave a better correspondence to

their experimental data, at least for solid density aluminium. The model

of Ecker and Kröll takes different forms depending on whether the local

electron density is more or less than a critical value, ncrit = 3
4π

(
kBT
Z2e2

)3
,

where Z is the maximum ion charge possible (i.e. Z = 13 for aluminium).

Below this density the IPD follows that of Debye-Hückel i.e.

∆IEK(ne < ncrit) =
ze2

λD
(2.11)

and above this density having the form

∆IEK(ne > ncrit) = C
ze2

rEK
(2.12)

where C is a multiplicative factor, z is defined as in the Stewart-Pyatt model

and rEK is defined by 4πr3
EK = 1/[ne+ni], with ne and ni being the density

of electrons and ions respectively. The value of C is chosen to be equal to

1, though this does not provide continuity in the IPD it does reproduce the

experimental results.

Recent work on the IPD using density functional theory has been shown

to successfully reproduce the results that questioned the use of the Stewart-

Pyatt model [58]. However the computation time associated with such cal-

culations is unfeasible to be used within a collisional-radiative code, so the

more simple models are used. Since the Ecker-Kröll model has been shown to

reproduce experimental results for solid-density aluminium it is this model

that is used for the IPD throughout this work.
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2.3.2 Opacity effects

In a plasma that has spatial extent it is possible for a photon that is emitted

to be reabsorbed elsewhere in the plasma before it can escape. To account

for this codes such as SCFLY make use of the escape factor formalism.

In this the spontaneous decay rates are modified to account for some of

the emission being reabsorbed, thus impacting the populations. This is a

computationally efficient way to include the effects of radiation trapping.

In SCFLY the escape factor for Voigt line profiles used is that of Apruzese

[59, 60]. For Voigt profiles there are two regimes, where the Doppler part

dominates and where the Lorentzian part dominates, which is determined

by the Voigt factor a = Γ
4π∆νD

, where Γ and ∆νD are the Lorentizian and

Gaussian widths respectively.

The probability of emission from a single depth within the plasma es-

caping to an optical depth of τ is approximately given by the following.

If a < 0.49

Pe(τ) =


(1 + 1.5τ)−1 τ ≤ 1

0.4τ−1 1 < τ ≤ τc

0.4 (τcτ)1/2 τ > τc

(2.13)

where τc ≡
0.83

a(1 + a1/2)
(2.14)

and if a > 0.49

Pe(τ) =

 (1 + τ)−1 τ ≤ 1

0.5τ−1/2 τ > 1
(2.15)

Since emission will occur from all depths within the plasma the total
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escape factor is given by evaluating

∫ τ0
0 Pe(τ)dτ∫ τ0

0 dτ
(2.16)

where τ0 is the optical depth at the line centre for the relevant spatial dis-

tance.

Escape factors are a useful means of coupling the radiation field and

populations, but are most effective when plasmas are homogeneous and so

do not have large gradients in temperature and density. As will be shown

later in this thesis, the atomic populations are predominantly determined

by the intense FEL radiation, and thus opacity effects are mainly confined

to the subsequent radiation transport, rather than the atomic kinetics.

2.4 Spectral module

SCFLY uses super-configurations to evaluate populations, however radiative

transitions between these levels would not give the level of detail that is

observed in an experiment. Therefore to give a better representation for

the simulated emission spectra a more detailed set of atomic levels is used

in the spectral module, which post-processes the populations output by the

main SCFLY code. The various subshells are populated statistically from

the super-configuration populations.

The emissivity for a bound–bound transition between an upper level, u,

and a lower level, l, is given by

εν = NuAul (hνul/4π)φ(ν) (2.17)

and is in units of erg cm−2 s−1 Hz−1 srad−1.
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The opacity for the same transition is given by

κν = Nl

(
1− Nugl

Nlgu

)
πe2

mc
fluφ(ν) (2.18)

and has units of cm−1. The quantities Aul and flu are the spontaneous

emission rate and oscillator strength of the transition respectively.

The emission and opacity from bound-free transitions are treated as

they are in the population determining part of SCFLY, albeit with more

transitions.

2.5 Radiation transport

Having generated photon energy dependent emissivities and opacities it is

possible to synthesize the emergent radiation.

The standard equation of transfer relating the intensity Iν , the source

function Sν = εν/κν and optical depth τν at a given frequency is

∂Iν
∂τν

= Sν − Iν . (2.19)

With some manipulation this can be rearranged to give

Iν =

∫ L

0
εν (y) e−

∫ y
0 κν(x)dxdy, (2.20)

assuming that there is no radiation other than that emitted. The quantity

L is the geometric path depth. This can be understood as any emission from

a depth y will have to pass through an optical depth of τν(y) =
∫ y

0 κν (x) dx

before exiting the plasma.
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In the case of a homogeneous plasma the expression simplifies to

Iν = Sν

(
1− e−τν(L)

)
(2.21)

In the limit of τν(L) → ∞ the emergent radiation is just that of a black

body. In the optically thin case, where τν(L)→ 0, the radiation is given by

Iν = ενL.

In chapter 3 the situation where the plasma is not homogeneous will be

explored, with the emission from one region experiencing differing levels of

opacity as it traverses the plasma.
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CHAPTER 3

Opacity effects in FEL heated aluminium

With the arrival of 4th generation light-sources and intensities in the x-

ray regime of > 1017 W cm−2 becoming a reality, the way has been opened

for investigations into non-linear phenomena in this range. In this chapter

simulation work on the opacity broadening of spectral lines generated by an

x-ray free-electron-laser heated aluminium plasma will be presented.

3.1 Resonant pumping of Kα experiment

The experiment to which the simulations pertain was performed on the SXR

beamline of the LCLS in 2010 [33]. An image of the experimental hutch is

shown in figure 3.1. The experiment involved directing the focussed radia-

tion of the XFEL onto a 1 µm thick sample of aluminium. The wavelength

of the FEL was scanned through a range, and it was found that when it was
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resonant with a transition between the K- and L-shells of the atom copious

amounts of Kα radiation was produced. When irradiating with a more con-

ventional x-ray source Kα radiation will only be produced when the sample

is irradiated with x-rays of a photon energy greater than the K-edge energy.

With this amount of energy a single photon can eject an electron from the

K-shell into the continuum. The resultant hole in the K-shell can be filled

by an L-shell electron decaying radiatively, producing Kα radiation.

Figure 3.1: A photo of the SXR beamline. Image taken by Sam Vinko.

In contrast, to generate the Kα below the K-edge requires a multi-stage

process. As the photon energy of the FEL is insufficient to directly ionize

electrons from the K-shell, the FEL radiation will initially be absorbed pri-

marily through photoionization of the L-shell. This process leaves a hole in

the L-shell, and the possibility to excite an electron from the K-shell to the

L-shell. If the FEL is tuned to the energy of this transition then a photon
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may be absorbed. Subsequent to the absorption, the atom will be in a state

where it now has a hole in the K-shell. This K-shell hole is filled by an

electron falling from the L-shell. This process of decay will either release an

L-electron (Auger decay) or a photon (Kα radiation). The electrons released

through the photoionization and Auger processes can have energies in the

region of 1400 eV. In the solid-density target these will undergo collisions

and rapidly thermalize, raising the electron temperature of the system. As

the temperature is raised it becomes possible for ionization of the ions to

occur due to collisions. At the temperatures achievable in the experiment

only L-shell electrons can be stripped off the ions. Through the collisional

ionization other atoms may be brought into a state where they can absorb

the FEL photons on a resonance. As the cross-section for absorbing the x-

ray photons through the excitation process is very high, when the relevant

ionization stages are present the x-ray-matter interactions will be dominated

by the photo-excitation process. The process for generating Kα radiation,

when the FEL photon energy is equal to the energy of the transition, is

shown pictorially in figure 3.2.

For the experiment the FEL photon energy was scanned from 1480 eV up

to 1580 eV. The photon energies were chosen such they start just below the

energy of the Kα radiation and end just above the K-edge of cold aluminium.

The x-ray pulses are quasimonochromatic, with a bandwidth of about 0.5%.

The aluminium sample was a 1 µm thick foiled oriented at 45° to the beam

direction. The pulse length of the LCLS pulse was estimated to be less than

80 fs. The pulse was focussed to a spot of around 3 µm diameter on target.

The plasma created was diagnosed through emission spectroscopy, using a

flat ammonium dihydrogen phosphate (101) crystal and an in-vacuum x-ray

charge-coupled device (CCD).
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Auger (KLL)

Kα emission

K → L PEL-shell PI

L

K

Multi-photon process

e- transition

X-ray

Figure 3.2: Diagrammatic representation of how Kα radiation can be pro-
duced from a 5+ aluminium ion, with an FEL tuned to the energy of the
K- to L-shell transition.
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An accurate knowledge of the fluence distribution of the FEL focal spot

is essential in being able to accurately reproduce the experimental results.

The focussed FEL radiation will have a range of intensities, each leading to

varying levels of emission. Whilst the highest intensity regions will likely

give large amounts of emission, it is conceivable that the regions with lower

intensities will contribute more to the total emission of the sample due to a

greater spatial weighting.

The method of determining the spatial distribution used was the so-

called fluence scan (or f-scan) [61, 62, 63]. In this method the FEL beam is

focussed onto a target which has a sharp and invariable ablation threshold.

Above this threshold the target will be ablated whilst below the threshold it

will not. In essence this will give a contour of where the FEL beam fluence

is above the threshold. By varying the energy of the FEL pulse, through the

use of gas attenuators, the contours for higher fluences can be determined.

For example, if the FEL is attenuated by a factor of two, the contour of the

ablation will correspond to a fluence in the unattenuated beam of twice the

threshold fluence.

Using the contours a distribution can be built up that relates the area

of the contour to the fluence of the x-ray beam. This gives a fluence dis-

tribution as a function of area (denoted f(S)). The normalized fluence

distribution is the fluence distribution divided by the peak fluence such that

it has a maximum value of one at the peak. The effective area of the beam is

obtained by integrating the normalized fluence distribution, or equivalently

it is the energy of the pulse divided by the peak fluence. In the case of a

Gaussian beam the effective area is equal to the area at which the fluence

is 1/e of the peak fluence. In the case of a beam that is made of the sum

of two Gaussian modes, i.e. f(S) = f1 exp(−S/A1) + f2 exp(−S/A2) (where
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f1 + f2 = 1), the effective area is given by Aeff = f1A1 + f2A2. This form

of distribution is a model that can be exploited for cases where there is a

broad background in addition to the main peak.

Since this only gives a relation between the fluence and the area in the

remainder of the work presented here the distribution is assumed to be

radially symmetric. In the experiment being described here the f-scan mea-

surements lead to the derived distribution of f(S) = 0.888 exp(−S/4.96) +

0.112 exp(−S/41.2), where S is the area in microns squared. The measured

contours and the derived distribution using two Gaussian modes is shown

in figure 3.3.
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Figure 3.3: The FEL fluence as a function of area. The measured points are
the area of ablated regions of the target when experiencing the FEL beam
attenuated by various amounts.

When the FEL is tuned to the photon energy of the cold Kα at 1487 eV,
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the absorption initially proceeds through photoionization of an L-shell elec-

tron. This state, with a hole in the L-shell, persists for around 40 fs (the

Auger lifetime) and during this time can absorb another photon by exciting

an electron from the K-shell into the hole in the L-shell. The resulting state,

with a hole in the K-shell, will decay radiatively in about 3% of cases, the

fluorescence yield [64], with the remainder decaying by the Auger process.

As the method described to produce Kα radiation requires multiple x-ray

photons, the probability of generating Kα will be intensity dependent. At

the centre of the focal spot multiple ions will be able to produce Kα radia-

tion, whereas in the wings of the focal spot ions may only absorb one photon

during the pulse. Therefore in the peripheral regions it will be possible that

there are many ions with L-shell holes, that can not only absorb the radia-

tion from the FEL, but also the Kα radiation from emitted by ions in the

centre of the focal spot. Due to this reabsorption optical depth effects will

influence the observed spectrum. These opacity effects are a complicated

function of both spatial and temporal distributions, and it is this that is the

subject of the simulations later in this chapter.

3.2 Simulation setup

The simulation work was performed using the SCFLY collisional-radiative

code [65, 16], which is an extension of the commonly used FLYCHK code [49].

Whereas FLYCHK is mainly used in matching simulated spectra with ex-

perimental spectra for a single temperature and density, SCFLY contains a

means of calculating a self-consistent temperature and can do this in a time

dependent manner, given an input radiation field. Other differences include

that there are a greater number of possible configurations in SCFLY, includ-

ing configurations with an empty K-shell, that are not included in FLYCHK.
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Using the SCFLY code time-dependent populations, emissivities, opac-

ities and temperatures can be generated, given an external radiation field.

The temperature is determined by working out how much energy is ab-

sorbed from the radiation field, and then assuming instant thermalization

of all the free-electrons generated (whether they are generated in photoion-

ization, collisional ionization or Auger decay). Since the FEL does have a

finite bandwidth, when considering the absorption and transmission of the

FEL through the sample, the frequency dependent opacities must be used.

These allow the spectrum of the FEL to alter as it traverses the target. The

SCFLY code is a zero-dimensional code, however the energy deposited in a

thin layer can be calculated using Beer’s law. Throughout the remainder of

the work it is assumed that the ion populations are determined only by the

external radiation field, and not by emission from the plasma itself, though

this assumption will be justified in the next section. By making this as-

sumption it is possible to model the full, spatially non-uniform pulse as a

series of separate SCFLY simulations.

The full FEL-target interaction is modelled by dividing the 1 µm tar-

get into a series of ten layers, each 100 nm thick (such that they are small

compared with the absorption depth at the FEL wavelength). Each of the

layers is then divided into a grid of 100 nm by 100 nm squares, giving a three-

dimensional array of cells. Each of the cells is associated with an SCFLY

simulation, given by the radial distance from the centre of the focus (deter-

mining the intensity at the surface) and the depth within the target. As the

FEL traverses the target the absorption will change, so the input intensity

for each layer is equal to the transmitted intensity from the previous level,

calculated using a frequency dependent Beer’s law. The photon energies of

1487 eV and 1580 eV were chosen such that they matched the experiments
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of Cho et al. [33] and Vinko et al. [32]. The temporal profile chosen initially

was a Gaussian shape with a full width half maximum (FWHM) of 80 fs,

and the spatial profile was chosen to match the profile given by imprints

taken during the experiment. The geometric setup used for the simulation

is shown in figure 3.4. The target is oriented such that the FEL beam arrives

at a 45° angle to the target normal.

Figure 3.4: Geometry considered for the simulations. Each cell is simulated
for an FEL intensity based on the radial profile of the beam, and attenuation
due to the preceding layers. The emission is attenuated along the line of
sight to the detector.

The SCFLY simulations give the emissivities and opacities of each of the

cells. The emissivities are used to calculate the spectrum emitted from each
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cell. To calculate the experimentally observed spectrum, the emission from

each cell is multiplied by a factor of the form e−
∑
i κiai , where i indicates

the cell the emission passes through from the centre of the emitting cell to

the detector, κi is the opacity of each cell passed through, and ai is the

distance travelled within the cell. Summing the emission from all the cells

gives the emission rate at a given time. The procedure is repeated for each

timestep and integrating the resulting rates gives a total emission to be

compared with the experimental spectrum. Each ray is assumed to pass

instantaneously from the sample, as the time for escape is less than the time

between timesteps.

3.3 Self-emission

The scheme outlined previously is reliant on the assumption that the dynam-

ics within a cell are purely determined by the incident local FEL radiation,

and neglects the possibility that emission from other regions of the target

will significantly alter the plasma conditions. Often in zero-dimensional

codes the effects of self-absorption of the emission is treated through the use

of escape factors [66]. These allow for a computationally efficient means to

evaluate the effect on the evolution of the plasma of any radiation produced.

Escape factors are implemented by modifying the decay rates of radiative

transitions to account for the radiation that is produced but reabsorbed be-

fore it can escape. The escape factor used in SCFLY is that as described by

Apruzese [59, 60]. Escape factors are of greatest use in situations with high

symmetry and absence of gradients in the plasma conditions. In SCFLY the

escape factor formalism can be used in a single simulation where opacity

effects are important, and relies on providing the pertinent spatial dimen-

sion, which has been shown to be the mean chord for calculation of atomic
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populations and the physical line-of-sight length for spectra synthesis [67].

However, in the situation here the FEL radiation intensity is many orders of

magnitude greater than the self-emission of the plasma. Due to this it is as-

serted that the evolution of the populations within the system is dominated

by the interactions between the FEL radiation and the sample, and the spec-

tra observed are largely unaffected by the interactions of the self-emission

within the plasma. Consequently, the effect of trapping the self-emission

on the atomic populations is neglected in the later simulations shown here.

This leads in to the major assumption of this work: that emission from

the plasma of one cell will not effect the populations of a neighbouring cells,

and the observed spectrum can be calculated by summing the emission from

each cell, taking into account the absorption along the line-of-sight to the

detector (but not allowing the absorption to modify the plasma conditions in

the cells traversed), i.e. opacity affects the line widths via radiation transfer,

but not the populations.

In order to justify this assumption, it needs to be shown that the evo-

lution of the system is sufficiently dominated by the FEL radiation that

the effect of self-emission on populations that are spatially separated can

be neglected. When pumping above the K-edge it is possible to justify this

with an order of magnitude calculation. At a photon energy of 1560 eV the

absorption length, when cold, is 0.9 µm. Thus, following Beer’s law, around

67% of the photons that impinge on the target would be absorbed. As the

K-shell fluorescence yield of aluminium is 3.6% [64], the number of photons

emitted is around 2.4% of the number of photons originally passing through

the sample, and 3.6% of the number that are originally absorbed. The pho-

tons that are emitted are emitted into 4π steradians and are thus further

diluted at distances far from the central FEL focal spot.
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The simple estimate just described will not be valid when pumping res-

onant with the Kα. At low intensities it would be expected that very little

reemission will occur due to few L-shell holes being created, whereas at

higher intensities there will be many more L-shell holes created and much

greater possibility to absorb and subsequently reemit. As an effort to judge

the validity of the assumption, the following simulations were set up. A

simulation at the maximum intensity, with a depth of 1.5 µm, pumped at a

photon energy resonant with the Kα energy (1487 eV) was performed and

the emission spectrum generated. The emission spectrum is added to the

input FEL radiation and another simulation is performed with this new ex-

ternal radiation field. The spectra produced in these two situations are are

shown in figure 3.5 as lines (a) and (b). The fractional difference between

the two spectra is also shown. From this it is very clear that there is little

difference between the two spectra produced.

As the plasma is not actually spatial uniform, it may be expected that

emission from a region of high FEL intensity will have more influence over

the conditions in regions with a lower FEL intensity. So further simulations

were performed using half the FEL intensity, the sum of the emission from

the full FEL intensity simulation and half the FEL intensity, and the sum of

half of the emission from the full FEL intensity simulation and half the FEL

intensity. The emission spectra from these three situations are also shown in

figure 3.5, labelled as (c), (d) and (e) respectively. Once again it can be seen

that the difference in the emission spectra due to adding the self-emission

of the plasma into the input radiation field is very small. Because of this

neglecting the effects of the plasma self-emission on the state populations of

neighbouring cells appears to be a valid assumption in this case of having

an FEL that will determine the populations.
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Figure 3.5: Bottom shows emission from a variety of situations. (a) Irradi-
ated with full FEL intensity, (b) Irradiated with sum of full FEL intensity
and emission from (a), (c) Irradiated with half FEL intensity, (d) Irradiated
with sum of half FEL intensity and emission from (a), and (e) Irradiated
with sum of half FEL intensity and half of the emission from (a). The top
shows fractional differences between emission from certain pairs of simula-
tions
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These checks have dealt with the effect of reabsorption of the K-shell

emission. The L-shell emission be an additional cause for concern. In cold

aluminium the L-shell emission (which is bound-free emission) has an ab-

sorption depth of about 30 nm, which is about 30 times smaller than the

sample size. This emission could cause redistribution of the L-shell holes

however given the short range of the radiation and the low fluorescence

yield of L-shell holes (0.075%[64]) this effect will be small.

3.4 Intensity dependent opacity broadening

Having justified the main assumption in the simulations, in this section

simulated spectra from pumping at FEL photon energies of 1487 eV and

1580 eV will be presented. The setup used is that as in section 3.2. The

simulations that are compared with experimental data are convolved with a

1.3 eV Gaussian to represent the experimental broadening effect and finite

resolution of the x-ray spectrometer employed. The simulated spectra match

both the above (figure 3.7) and below edge (figure 3.6) experimental data

well. From the experimental data it was found that the main Kα peak had

a different width when being pumped with 1487 eV photons compared with

1580 eV.

Without the imposed experimental broadening the simulated Kα peak

is well fitted by a Lorentzian lineshape. By comparing the width of the Kα

with and without considering the reabsorption as the emission transits the

target to the detector, the extent of opacity broadening can be quantified.

Although the main focus of this work is on the main Kα peak, it is worth

noting that the other Kα peaks are also opacity broadened, but as they are

weaker than the main peak and not present in all the simulations the effect

is less easy to quantify. The width of the opacity broadened profiles was
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Figure 3.6: Simulated and experimental spectrum when pumping with the
FEL tuned to 1487 eV, resonant with the Kα.
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Figure 3.7: Simulated and experimental spectrum when pumping with the
FEL tuned to 1580 eV, above the K-edge of cold aluminium.
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seen to vary with the FEL intensity (figure 3.8). The variation in width is

particularly prevalent below the K-edge, when pumping resonant with the

Kα transition. At very low intensities the width of the opacity broadened

line is very similar to the width of the line produced when neglecting the

opacity. As the intensity is increased the width of the Kα increases, and then

levels out. The species of critical importance in broadening of the main Kα

peak is those with a full K-shell and a single hole in the L-shell, as these

are the species that will resonantly absorb the radiation by a bound–bound

transition. As the absorption length is related to the population density of

this species, the spatial distribution of the ions with single L-shell holes is

shown in figure 3.9. The figure shows the distribution at a series of times

within the FEL pulse for two different peak intensities.

When pumping resonantly with the Kα, generating emission requires

ions with single L-shell holes to absorb the FEL photons. The L-shell holes

are generated by photoionization, however this has a long absorption length

at 1487 eV of around 10 µm. The 1487 eV photons are resonant with the

transition between the K- and the L-shell, when there is a single hole in the

L-shell. When these species are dominant the absorption length for 1487 eV

photons decreases dramatically to around 100 nm, increasing significantly

how many photons are absorbed from the FEL and from the Kα emission.

At low intensities the Kα peak is narrow due to there being very few

atoms generated which can absorb the radiation, so very little reabsorption

occurs, leading to little opacity broadening. As the intensity is increased

the number of ions which have a single L-shell hole increases, increasing

the likelihood of absorbing the Kα radiation, broadening the peak. At the

highest intensities the ions in the focal spot can be heated such that they

have multiple L-shell holes, so are no longer resonant with the Kα radiation.
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Figure 3.8: Simulated width of the Kα peak as a function of intensity with
and without considering opacity when pumping with the FEL tuned to
1487 eV and 1580 eV. Also shown are the spectra produced for different
intensities at a photon energy of 1487 eV.
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Figure 3.9: Simulated spatial distribution of ions with single L-shell holes in
the central slice of the sample, when pumping at two intensities at different
times in the pulse. The FEL is tuned to 1487 eV in this case.
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The spatial distribution of the ions with many holes in the L-shell is such

that a lot of radiation will pass through, but due to no longer being resonant,

there will not be much reabsorption. This leads to there being a limit to the

amount of opacity broadening that will occur.

In figure 3.10 the optical depth is shown for radiation of different photon

energies when emitted from the centre of the target as a function of time. It

can be seen from this that the optical depth of the Kα emission from each of

the charge states increases rapidly when they are the dominant charge state

of the system and then decreases again as the system evolves to a higher

charge state.
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Figure 3.10: The simulated temporal evolution of the optical depth for a pho-
ton with a given energy emitted at the centre of the sample, when pumped
with FEL radiation tuned to 1487 eV.

In the simulations that were performed with the FEL above the K-edge

(1580 eV) the width of the Kα also shows a trend of increasing width with

intensity (figure 3.8), however the broadening is not to the same extent as the

below edge case, and there also isn’t the same levelling of the width observed

in the below edge simulations. When pumping above the K-edge it is possible
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for Kα to be generated without the prerequisite for there to be ions with

L-shell holes present. However as ions with L-shell holes will be generated

due to collisional ionization by photoelectrons and Auger electrons (both

when pumping with the FEL photon energy above and below the K-edge

energy), there will be an intensity dependence to the opacity broadening in

both cases.

As the FEL pulse traverses the target it is absorbed and so the inten-

sity experienced by regions deeper in the sample will be less. However, as

the rate of absorption will vary depending on what ion species are present

the transmitted intensity has to be calculated self-consistently within the

calculation. The intensity of the 1487 eV FEL pulse at a series of depths

within the sample is shown in figure 3.11. From this figure certain features

of the plasma evolution can be determined. At early times there is very

little absorption due to the only absorption process that is available being

L-shell photoionization which, at this photon energy, has a long absorption

length. Around the peak of the pulse there are many ions with single L-shell

holes which can resonantly absorb the FEL photons, leading to rapid atten-

uation through the sample. At later times the system has evolved such that

ions with multiple L-shell holes are the dominant species, and can no longer

resonantly absorb the FEL radiation. This leads the reduced absorption at

the end of the pulse in figure 3.11.

Whilst emission from a homogeneous optically thick plasma will reach

the black body limit, in the case of a non-homogenous plasma the phe-

nomenon of self-reversal of emission lines can occur [68, 69, 70, 71]. So

called because the line shape displays a dip at the line centre. In a standard

laboratory plasma this will occur as radiation is generated and propagated

through a hot region, before passing through a cooler region where less

51



Opacity effects in FEL heated aluminium

0 20 40 60 80 100 120 140 160 180

Time (fs)

0

1x1016

2x1016

3x1016

4x1016

5x1016

6x1016

7x1016

Front of target
Back of target

F
E

L
 i

n
te

n
si

ty
 (

W
 c

m
-2

)

Figure 3.11: The simulated evolution of the temporal profile of the FEL
pulse, tuned to 1487 eV, as it traverses the 1µm sample in 100 nm steps.
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emission will occur but more absorption will occur due to many of the ions

being in the ground state of the pertinent charge state. In addition, due

to Doppler broadening, the line-shape of the emission from the hot region

may be wider than the absorption line-shape of the colder region, enhancing

the self-reversal that occurs. It is interesting to note that, although large

optical depths are involved in the experiment, there does not appear to be

any reversal occurring. This phenomenon can be understood by referring

to figure 3.12. In part (a) the schematic for the situation of a standard

thermally driven laboratory plasma is shown. The radiation from a bound–

bound transition (in this case Helium-α) passes from the hot region through

a cooler region. In the hot region there are many atoms in the excited state,

whereas in the cooler region many atoms are in the ground state and so able

to absorb the radiation leading to the self-reversal of the emission line. The

situation is very different in the FEL excited case, as shown in figure 3.12 (b

and c). In situation (b) the FEL is tuned to be in resonance with the He-α

radiation, for the plasma to emit radiation of this wavelength it must be ion-

ized such that there is a significant population of ions in the He-like ground

state. These ions can then absorb the FEL radiation to subsequently emit

He-α radiation. For this radiation to be reabsorbed it must encounter an

ion in the He-like ground state, the population of these states will be located

in regions very similar in conditions to those from where the radiation orig-

inated. Generation of the He-α radiation in the final case, where the FEL

photon energy is tuned above the K-edge energy of the Li-like ion proceeds

through the mechanism in part (c) of figure 3.12. In this case an electron

from the K-shell of a Li-like ion in the ground state (this has one electron in

the L-shell) is ejected through photoionization. The resulting ion is He-like

in the excited state and can emit He-α radiation. For this radiation to be
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reabsorbed it will have to encounter an ion in the He-like ground state (i.e.

with no electrons in the L-shell), however these will be located in regions

hotter than those where the radiation is emitted from, as these are domi-

nated by Li-like ions, and subsequently as the radiation will traverse cooler

regions, very little reabsorption will occur. So in complete contrast to the

standard laboratory case these plasmas generated by creation of core-holes

by the FEL are very unlikely to suffer the same effects of self-reversal.

3.4.1 Geometric considerations

Up until this point the only geometric configuration that has been considered

is that as described in section 3.2. In this subsection the effects of the

thickness of the target and the position of the detector shall be examined.

Reducing the thickness of the sample shifts the intensity at which the

opacity broadening is greatest to a lower intensity. This shift is due to a

lower intensity being required to force the rear of the sample to a highly

emitting (and absorbing) state. As can be seen in figure 3.9, at the rear of

the sample of the lower intensity case, even in the focus, the sample has not

gone beyond having single L-shell holes. This reduces the depth from which

the emission observed will come from in the sample, reducing the observed

optical depth. In regions closer to the front surface of the sample this stage

has been passed. So when the samples of reduced thickness are used the

opacity broadening will peak at lower intensities, due to it requiring a lower

intensity to force the rear of the sample (for which the emission has the

largest physical distance to travel through) to go beyond the stage where it

emits Kα.

The position of the detector will determine the distance within the sam-

ple that the radiation will have to traverse through. Furthermore, the regions
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Figure 3.12: The mechanisms by which He-α is produced and absorbed in
three regimes, (a) a thermally driven plasma, (b) a plasma driven by an
FEL with the photon energy tuned to the He-α energy, (c) a plasma driven
by an FEL tuned to a photon energy above the K-edge energy of Li-like
ions. Comparisons between the temperatures at which the initial species for
emission and the absorbing species are made in each case.
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through which the radiation will now travel are different altering the absorp-

tion rate along the line of sight for the radiation that is detected. Figure 3.13

shows how the Kα peak is opacity broadened when observing the emission

from different angles at different intensities. The emission back along the

direction of the FEL has its maximal broadening at a lower intensity than

any of the other detector angles considered. As the detector is moved away

from this line the intensity of the FEL where the greatest opacity broad-

ening is seen increases. Figure 3.14 shows how the Kα emission through

the surface would appear from a few of the detector positions at different

times in the pulse. This, in conjunction with figure 3.9, allows for under-

standing how the intensity at which the greatest broadening occurs changes

with viewing angle. As the Kα is generated by exciting ions in the same

state as those which are responsible for the reabsorption of the radiation,

the emitting regions are nearly coincident with the regions of single L-shell

holes. Radiation generated in certain regions, particularly towards the rear

of the sample, will have to pass through multiple highly absorbing regions

along its path to the detector. At higher intensities the highly absorbing

regions get more spread out, leading to less of the emission passing through

multiple highly absorbing regions. The shape of the highly absorbing regions

will then determine the intensity at which the broadening is greatest for a

given viewing angle.

3.4.2 Pulse duration effects

Given that the radiation generated by XFELs is produced through the self-

amplified spontaneous emission (SASE) process, the temporal profile of each

shot is not predetermined, and is random in nature. The profile is made up

of sharp spikes, although the temporal profile of the electron bunch can give
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Figure 3.13: The simulated effect of changing the angle from which the
sample is viewed on the opacity broadening of the Kα peak. Here angles are
taken with respect to the normal of the sample, with the FEL beam direction
being +45°. Example detector positions of +60° and -45° are shown in the
diagram on the right. In the figure on the left, the solid symbols represent
the intensity at which the broadening is greatest for a given viewing angle.

bounds as to the overall length of a pulse. Measurements of the temporal

structure of FEL pulses remains an active field of research [72, 73, 74], but

for these experiments still represents a source of uncertainty.

Due to this uncertainty all of the previous simulations were performed

with a Gaussian temporal profile with a FWHM of 80 fs, i.e. a duration

equal to the electron bunch length. However as some studies have shown

the duration of the x-ray pulse length to be significantly shorter than the

electron bunch length [73], additional simulations using a FWHM of 40 fs

were performed and the results compared with the 80 fs cases.

Additional simulations were performed using a rapidly varying intensity

within a Gaussian envelope. These simulations consisted of a series of pulses

with duration of a few femtoseconds, with the peak intensity adjusted such

that the fluence was the same as the smooth Gaussian pulses. The results of

these simulations were almost identical to those of the smooth equivalents

and so, given that a series of simulations using spiky pulses would require
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Figure 3.14: The simulated temporal evolution of the Kα radiation emerging
from the surface as viewed from 45°(i.e. back along the FEL direction), 0°(the
surface normal) and -45°(the original detector position), with the photon
energy of the FEL tuned to 1487 eV.
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significantly more computational resources without any gain in information,

the work is focussed on the smooth pulses. The reason that these rapid

variations can effectively be ignored is that the timescale of the evolution

of the charge state distribution is on the order of tens of femtoseconds,

so the variations of the intensity on the femtosecond and sub-femtosecond

timescales will be averaged out [75]. The timescale of the evolution of the

charge state distribution is around that of the total length of the FEL pulse.

When comparing pulses of different durations, it is important to discern

whether any differences that arise are due to the intensity being changed,

or whether it is the amount of energy incident (or equivalently the fluence)

on the sample that alters the resultant spectrum observed. To this end,

shown in figure 3.15 are comparisons between the emission from simulations

with pulse lengths of 40 fs and 80 fs. The left column shows cases where the

peak intensity of the two simulations are equal (and consequently the 40 fs

pulse has half of the total energy of the 80 fs pulse), whilst the right column

shows cases with equal fluence (i.e. the two pulses have equal total energy).

From this figure it is clear that when the FEL is tuned to the Kα photon

energy the intensity is the key determining factor on the resultant emission

spectrum. When examining the extent of opacity broadening of the Kα in

both cases it is again the intensity that is the determining factor, as can be

seen in figure 3.16. The maximum amount of broadening occurs at the same

intensity in both cases.

It is possible to understand why it is that intensity is the key quantity

in this situation. As the FEL radiation is resonant with the Kα the ions

that will absorb the FEL radiation are those with single L-shell holes. The

majority of the absorption of the FEL pulse occurs when this population

is at a maximum. During this time a lot of high energy electrons will be
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generated through Auger decay of ions excited by the FEL, increasing the

temperature and shifting the charge state distribution through collisional

ionization. The number of ions that are able to emit Kα radiation is directly

related to how many photons are absorbed at this time. So, the quantity

of importance is how many photons reach the target over the duration of

this process, i.e. the intensity. This is in contrast to what happens when the

FEL photon energy is tuned above the K-edge. In the above edge case the

spectra produced with identical fluences of FEL radiation are very similar,

due to the emission not being reliant on a resonant process with a transient

species [52].

3.5 Comparison with experiment

In this section comparisons of the simulations performed with experimental

results will be made. In the experiment, as described by Cho et al. [33],

in addition to pumping the sample with the FEL photon energy tuned to

resonance with the Kα photon energy, the FEL was tuned to photon ener-

gies that were off-resonance. For each shot of the FEL there is an associated

photon energy and pulse energy, and the experimental spectra were recorded

on a single-shot basis. The x-ray photon energy is not directly measured,

though it is well-correlated with the energy of the electron beam and from

this the photon energy deduced. The pulse energy is measured through the

use of a gas monitor detector (GMD) upstream of the final x-ray focussing

optics. This number is converted to a pulse energy on target using a beam-

line transmission of approximately 30–34% [76]. The Lorentzian widths of

Voigt fits to the first Kα peak are shown as a function of pulse energy on

target in figure 3.17. The Gaussian part of the Voigt fits was taken to be

1.3 eV as in the work of Cho et al. [33].
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Figure 3.15: Simulated emission spectra in cases of equal peak intensity
(left) or fluence (right), with pulse lengths of 40 fs (solid) and 80 fs (dashed).
The FEL photon energy is 1487 eV.
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Figure 3.16: The simulated width of the main Kα as a function of intensity
for pulse lengths of 40 fs and 80 fs when pumping with the FEL tuned to
1487 eV.

From this experimental data, a few observations can be made. Firstly,

by pumping the system with FEL radiation at a photon energy below the K-

edge of cold aluminium at 1560 eV, the line-widths of the main Kα peak are

significantly greater than those when pumping with photon energies above

the K-edge. In the below edge case the line-widths are around 2–4 eV,

whereas they are about 0.7 eV for the above edge case. Secondly, when the

pumping is resonant with the Kα (a photon energy of 1490 eV) the width of

the Kα does not appear to change much with the pulse energy. Although

when pumping slightly off-resonance (at a photon energy of 1495 eV) there

does appear to be a linear trend of increasing line-width with pulse energy,

and given that the photon energy of LCLS is not likely to be known to

much better than 0.5%, it cannot be ruled out that there is some trend on

resonance. However, as can also be seen in figure 3.17, when the photon

energy is increased to be even further off-resonance (a photon energy of

1505 eV) there is a statistically significant increase in the line-width as a

function of pulse energy, and the line-widths are significantly greater than

those when pumping on resonance. It can also be seen that there is a
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considerable spread in the line-widths in all the cases of pumping below the

cold K-edge.
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Figure 3.17: The Lorentzian part of the widths of Voigt fits to the first
Kα peak of experimental single shots at the indicated photon energies, with
linear fits to the data. The Gaussian part of the Voigt fit is taken to be
1.3 eV. The pulse energies are calculated to be those on target given the
beamline transmission.

To compare with these other situations further simulations were per-

formed with photon energies of 1495 eV, 1500 eV and 1507 eV. For all of

these simulations a pulse length of 40 fs was used. The width of the Kα

peak as a function of intensity is shown for each of these along with the

on-resonance, 1487 eV, and above edge, 1580 eV, cases in figure 3.18.

By studying figures 3.17 and 3.18, some good qualitative agreement can
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Figure 3.18: The simulated width of the first Kα peak as a function of peak
FEL intensity (or equivalently pulse energy), when pumping with the FEL
tuned to various photon energies.

be seen. Firstly, when pumping above the cold K-edge, both show little

variation in the width of the Kα line. This is much as would be expected, as

when pumping above the edge the main mechanism of absorption is K-shell

photoionization, a process which is an order of magnitude more probable

than L-shell photoionization. The production of K-shell holes, thus precedes

the generation of the L-shell holes, leading to a smaller optical depth for the

Kα emission at the time of greatest emission. Secondly, when pumping

resonant with Kα photon energy, the line-widths are much greater due to

the opacity broadening. The line-width when pumping at 1487 eV peaks at

around 1.8 eV. This is lower than the 2.2 eV observed in the experiment,

though there is quite a spread in the experimental values.

Perhaps the most interesting result is that in both the experiment and

the simulations, when pumping about 15–20 eV above the resonance the

line-width is noticeably increased. In the experimental case, at 1505 eV, the

line width shows a clear trend of increasing with pulse energy, with typical

values being around 4–5 eV at the highest intensities. In the simulations the
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same trend is observed, though the large line-widths are not reproduced. In

figure 3.18 it can be seen when pumping at 1507 eV the line-width peaks at

close to 3 eV, in contrast to the 1.8 eV found when pumping on-resonance.

An explanation of this increased width is due to there being an increased

build up of L-shell holes prior to the emission of Kα in the off-resonance case.

The photons in this case are still below the energy of the K-edge, and so

initially the main absorption mechanism is L-shell photoionization. As they

are not resonant with the main Kα the process of generating K-shell holes

is much less likely than in the resonant case, when there are single L-shell

holes. However, as the photon energy is greater these photons are closer to

the Kα transition of the charge state above, i.e. those with two holes in the

L-shell. As higher charge states are now the main absorbers, they are also

the main emitters, which is reflected in the emission spectra as seen in figure

1.4 where when pumping with a photon energy of 1507 eV there is clearly

more emission from the next charge state up than the ‘cold’ Kα. In this

situation it is possible to emit photons at the cold Kα energy, for example,

if an ion with two L-shell holes is excited by the FEL, so that it has one

K-shell hole and one L-shell hole and then collisionally recombines with a

free electron filling the L-shell hole. However, due to the large number of

ions with single L-shell holes, the optical depth will be large. To illustrate

this, figure 3.19 shows how the ions with single L-shell holes are spatially

distributed, when pumping with the FEL tuned to 1487 eV and 1507 eV,

at the respective times of greatest emission of cold Kα. Both are pulses of

0.4 mJ with durations of 40 fs. The snapshot for the 1487 eV case is taken at

43 fs and the 1507 eV case is taken at 56 fs. It can be seen that the regions

with the highest density of ions with single L-shell holes are much thicker

in the non-resonant case than in the resonant case. Which leads to the
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emission experiencing a greater optical depth before escape, and hence is

broadened more. It is also worth noting that the time of greatest emission

of the cold Kα is different, with the non-resonant case peaking later. This

delay is due to the need for ions to have two, rather than one, L-shell holes

before they can start significantly absorbing the FEL radiation through a

resonant channel.

Figure 3.19: A temporal snapshot of the spatial distribution of density of
ions with single L-shell holes for a 40 fs pulse (centred at t = 40 fs) containing
0.4 mJ of energy, with FEL photon energies of 1487 eV (left) and 1507 eV
(right). These snapshots are taken at the time of greatest Kα emission,
which is 43 fs when pumping with 1487 eV and 56 fs when pumping with
1507 eV.

3.6 Remarks

Through this chapter simulations have been presented of the opacity broad-

ening of the main Kα emission peak from aluminium samples irradiated

with intense FEL radiation at a variety of photon energies. The resultant

simulations show good qualitative agreement with experimental data. It has

been shown that the Kα line is broadened more by opacity when pumping

with the FEL photon energy tuned to below the K-edge than when it is
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tuned above the K-edge. The degree to which the broadening of the radia-

tion occurs when pumped below the K-edge is dependent on the intensity,

more so than the fluence. The positioning of the detector was found to

effect the extent of the broadening due to the spatial distribution of the

absorbing species, those ions with single L-shell holes, determining the ab-

sorption rate along the line of sight to the detector. As it is the population

of ions with single L-shell holes which determine the amount of reabsorption

it was found, through extending the treatment to photon energies that were

not resonant with the cold Kα, that the opacity broadening is even greater

when pumping at photon energies 15–20 eV above the resonant photon en-

ergy. This was found to be due to there being a greater build up of ions with

single L-shell holes by the time of peak emission. Whilst the simulations are

generally in agreement with the experimental results, when pumping be-

low the K-edge the simulated line-widths are somewhat smaller than those

found experimentally. A possible explanation for this would be that in all

of the simulations presented a Gaussian temporal profile has been assumed,

though as previously mentioned in section 3.4.2, the actual temporal profile

may differ from this. Though given its random nature quantifying the exact

effect is difficult and time-consuming with possibly little benefit.
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CHAPTER 4

Saturable absorption of Hot Dense
Aluminium

The content of this chapter will deal with results of measuring the trans-

mission of an aluminium foil when exposed to intense FEL radiation. The

experiment to which these results relate was performed after the experiment

described in the previous chapter. Though the setup was broadly similar,

the specifics of the setup were slightly different.

4.1 Experimental setup

The experiment was performed on the SXR beamline at the LCLS. The pho-

ton energy was tuned between 1540 eV, just below the K-edge of cold alu-

minium, and 1870 eV. For this experiment the electron bunch had a length
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of 100 fs, which gives an approximate upper bound to the duration of the x-

ray pulse. The photon energy of the x-ray pulse has a bandwidth of around

0.3%. As the x-ray pulse is generated through the SASE process, the number

of photons in each pulse fluctuates by about 15% from shot to shot. However

this can be accounted for as the energy of each pulse is measured using a

gas monitor detector (GMD), which is positioned upstream of the focussing

optics of the beamline. The energy of each pulse was approximately 2 mJ

prior to transmission through the focussing mirrors. The x-ray beam was

focused using Kirkpatrick-Baez mirrors. The distribution of intensities at

the focal spot was diagnosed by analyzing the craters ablatively formed in

a suitable material that strongly absorbs the LCLS radiation [62, 63]. The

focal spot was found to have an effective area of 7 µm2. The distribution

of the intensities was well approximated by a super-Gaussian. The primary

diagnostic for the work discussed here was a photodiode placed some way

downstream of the target. The analysis of the signal from the diode will be

discussed in the next section. A diagram of the setup is shown in figure 4.1.

Figure 4.1: The LCLS beam is focussed onto an aluminium sample and
the transmission recorded with a diode after the signal has been attenuated
through a filter.

The irradiated sample was a 1 µm thick aluminium foil, which was ori-

ented at 45°to the FEL beam. The foil was supported by a nickel mesh

that covered around 10% of the rear surface area of the target. The foil

69



Saturable absorption of Hot Dense Aluminium

was moved to a fresh region for each shot, due to the damage caused to the

sample by the FEL. However, the distance moved was not related to the

spacing between the lines of the mesh and as such it would be expected that

the true transmission would not be shown in around 10% of cases due to the

x-ray beam hitting the supporting mesh.

4.2 Diode analysis

The primary diagnostic for the work described here was a photodiode placed

behind the target. An example of the signal generated by the photodiode is

shown in figure 4.2. From this it is clear that the raw signal has an offset

for the zero signal level. The signal itself is also quite noisy. To calibrate

the signal a number of runs were taken where the target was removed, these

would give the signal for 100% transmission. During these runs the pulse

energy was altered by using a gas attenuator located upstream of the GMD.

The signal from the diode was integrated to give a value that was compared

with the energy measurement of the pulse energy by the GMD. To remove

the zero offset two approaches were tried. The first approach was to evaluate

the offset on a shot to shot basis, as the first section of the trace represents

zero signal, averaging this part of the trace should give the zero offset for that

shot. The second approach was to use a single value for the zero offset, so

assuming that the offset does not change shot to shot. The second approach,

where a constant offset is assumed, gave less spread in the distribution when

compared to the respective GMD values. Because of this result the constant

offset was applied to all of the experimental signal results.

In order to prevent saturation of the diode, attenuating filters were

placed in front of it. The energy content of a single pulse of the LCLS

was such that the pulse needed to be attenuated by about 104. Specifi-
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Figure 4.2: An example of the signal generated by the photodiode. Note
there is a large amount of noise around the zero signal level and there is an
offset to the zero level.
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cally, the three filters used were a 72.5 µm carbon filter and two aluminium

filters with thicknesses of 12.5 µm and 16.5 µm. These filters were used in

the photon energy ranges 1540–1680 eV, 1670–1800 eV and 1800–1870 eV,

respectively. Due to the high level of attenuation care must be taken in in-

terpreting the photon-energy-dependent structure in the experimental data.

Over the range of the photon energies used for the carbon filter, the amount

of attenuation provided by the filter changes by an order of magnitude. This

is further complicated in the case of the aluminium filters by the presence

of EXAFS (x-ray absorption fine structure), where the absorption displays

modulations. Whilst in terms of opacity these modulations are only a few

percent, as the filters used are many absorption lengths thick, the transmis-

sion of the filter is modified by factors of 2 or so. In the analysis here the

mass absorption coefficient of Barkyoumb and Smith [77] has been used to

calculate the transmission of the aluminium filters. A comparison between

the transmission of the aluminium filter using the EXAFS absorption rate

and using the attenuation length found on the CXRO website are shown in

figure 4.3.

A possible concern when calculating the transmission of the filters is the

presence of harmonics in the x-ray beam, with the most common being the

3rd harmonic. These would cause issue as they would experience much less

attenuation through the filters than the main pulse and thus alter the diode

signal. However, as the mirrors transporting the x-ray beam to the end

station have a sharp cutoff in transmission above photon energies of around

2.2 keV [78], they do not need to be worried about in this case.

The result of the calibration runs is shown in figure 4.4. The pulse energy

on diode is the product of the GMD measurement of the pulse energy, the

transmission of the filter in front of the diode and the beamline transmission
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Figure 4.3: The two curves show the transmission of the 12.5 µm aluminium
filter based on the absorption coefficients of CXRO [50] (green) and Barky-
oumb and Smith [77] (blue), i.e. without and with considering the effects of
EXAFS.
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from Ref. [76]. The two colours of dots represent the two photon energies at

which the calibration runs took place, 1480 eV (green) and 1557 eV (blue).

The red line is a fit to the data and is used for converting the diode signal

to the pulse energy on the diode in the experiment.
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Figure 4.4: Data points from the diode calibration runs at photon energies
of 1480 eV and 1557 eV, along with the fit to the data. There are 10,621 and
4,356 data points for each of the photon energies respectively

The calibration runs allowed for converting the diode signal to an equiv-

alent GMD value, and thus give the transmission. Within this there was

still a 5% fluctuation of the diode signal relative to that deduced from the

GMD reading.
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4.3 Modelling setup

To simulate the experiment the collisional-radiative code SCFLY was used.

Simulations were performed with intensities ranging over 5 orders of magni-

tude. At each time the photon-energy dependent opacity is calculated and

used to give the transmission at that time for a given intensity. The opacity

will vary as the XFEL beam traverses the sample. To account for this the

sample was split into four laminae, with the transmitted intensity from one

layer used as the input intensity for the next lamina. The results of each

intensity were added together according to the spatial distribution derived

from the ablative measurements.

For the temporal structure a flattop pulse with a duration equal to the

length of the electron beam was used. As transmission is achieved when the

total number of photons in the pulse exceeds the number to strip the sample

of electrons to the relevant charge state, the results are largely insensitive

to changes in pulse duration and shape.

4.4 Experimental results

The experimental results are shown in figure 4.5 along with simulation re-

sults and the cold transmission curve from CXRO. The general trend of the

experimental results is shown by the red line, this neglects those which are

far from the trend, with those above the trend posited to be due to the

FEL beam passing through partial windows or small holes in the target,

and those below being due to the FEL beam hitting, or partially hitting,

the supporting nickel mesh of the target.

When crossing the K-edge it might be expected that there would be a

large drop in the transmission, as the cold absorption length at this photon
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Figure 4.5: The transmission of a 1 µm thick aluminium sample oriented at
45°to the FEL beam. The red line shows the experimental trend, neglect-
ing data points far from the majority. The green line is from the SCFLY
simulations of the transmission, and the blue line shows the transmission as
given by CXRO for the cold transmission.

energy shortens by about an order of magnitude. However, in the experiment

the drop is not as severe as the cold case, a feature which is reflected in the

simulations. This relatively high transmission occurs because although ini-

tially the absorption length will be short and a large number of photons will

be absorbed, later in the pulse the population of those ionic species which

can absorb a photon through K-shell photoionization will have diminished

due to heating and ionization. This reduces the possible absorption mecha-

nisms to primarily L-shell photoionization, which has a smaller cross section,

giving a greater transmission.

In the cold case, above the edge, when the photon energy is increased

the transmission gradually increases. However, the experiment and the sim-

ulations show the opposite trend with the transmission decreasing as the

photon energy is increased. For an ion to become largely transparent to the

FEL pulse, it will need to be ionized to such a degree that the K-edge energy
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of the ion is greater than the photon energy of the incoming x-ray beam. As

the photon energy is increased it is possible to ionize more and more charge

states, so the ions will become transparent later in the pulse because they

will need to undergo more ionization events before they become transparent.

This leads to the transmission approaching the cold value at higher photon

energies.

There is also some fine structure in the transmission in both the ex-

periment and the simulations. When the K-edge energy of the next higher

charge state is reached, a new absorption pathway is opened, which leads

to the K-shell photoionization process continuing longer into the pulse, re-

ducing the transmission. The position of the drops agrees roughly with the

K-edges shown in the work of Ciricosta et al. [35]. However, due to the

EXAFS effects that have been previously discussed, care should be taken

in this interpretation especially above 1670 eV, where the aluminium filters

were used. Although the EXAFS has been taken into account in the analy-

sis, any inaccuracy in the amplitude as measured by Ref. [77], would result

in some structure in the observed transmission.

4.5 Modelling results

Having seen that there is good agreement between the experimental and sim-

ulated results, it gives confidence that the simulations accurately reflect the

physics of the experiment. Through the simulations the physical processes

at work can be discerned. Figure 4.6 shows how the effective attenuation

length changes for different fluences of the FEL radiation. As the attenu-

ation length varies over the duration of the pulse, the effective attenuation

length is calculated from the total amount transmitted during the pulse and

assuming that the attenuation length was constant throughout the pulse.
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From the figure a number of features can be seen. At low fluences the ab-

sorption length is that of cold aluminium, as would be expected due to the

system being only lightly perturbed. Also at photon energies below the

K-edge energy of cold aluminium the attenuation length is long for all the

fluences simulated, due to the only absorption mechanism available being

L-shell photoionization.
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Figure 4.6: The effective attenuation length for an FEL pulse at a range of
photon energies as a function of fluence. The actual attenuation length will
vary over the duration of the pulse.

For a given photon energy, above the cold K-edge, there will be a fluence

where the effective attenuation length will increase above the cold value. The

fluence at which this induced transparency occurs increases with increasing

photon energy, due to it being possible to K-shell photoionize more charge

states at a higher photon energy. Also for the same reasons, at a given

fluence the attenuation length (above the edge) decreases as the photon

energy is increased.

Greater physical insight can be gained by examining the time dependent
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behaviour of the system in the simulations. Figure 4.7 shows how the opacity

of the sample changes in time when heated by the FEL tuned to a photon

energy of 1670 eV. The contributions towards the total opacity by each of

the charge states is shown as well as the charge state distribution itself. The

simulations chosen for this figure have FEL intensities equal to the peak

intensity and 20% of the peak intensity, as these show how the process is

dependent on the intensity. As can be seen the opacity is dependent on which

charge states are present, with the higher charge states being generated later

in the pulse. The opacity due to each charge state tracks the proportion of

ions in that charge state, due to the opacity being directly related to the

population.

At an FEL photon energy of 1670 eV it is possible to ionize, through K-

shell photoionization, all charge states up to and including 6+. At the start

of the pulse the opacity is equal to the cold case, as would be expected as

the sample is cold to start with. In the simulation with the intensity of 20%

of the peak intensity the opacity remains approximately constant at the cold

value for the first 30 fs, after which it starts to drop, whereas when pumping

with the full intensity the drop in opacity is very rapid indeed. This delay in

change of opacity is due to it taking time for the system to be ionized such

that there are significant numbers of ions in charge states of 7+ and above.

At lower photon energies the time for the opacity drop will decrease due to

the charge state that needs to be achieved for transparency being lower and

therefore populated earlier in the pulse. Equally, at higher photon energies

the drop in opacity occurs later in the pulse as it is possible to ionize higher

charge states, so it will be later in the pulse when the relevant (higher)

charge states are populated.

In the two intensity cases shown in figure 4.7 the opacity asymptotes to
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Figure 4.7: Time-dependent opacities, with contributions from individual
charge states, and charge state distributions from simulations at a photon
energy of 1670 eV at 20% of the peak intensity (top two panels) and the full
peak intensity (bottom two panels). The FEL pulse is constant in intensity
for the first 100 fs and is then turned off.
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a value, though the reason is different in the two cases. In the peak intensity

case after about 50 to 60 fs the opacity levels off due to the ions of charge

state 6+ or below being burnt through in the early stages, meaning at the

latter end of the pulse the only ions remaining are unable to absorb through

K-shell photoionization. In contrast, in the 20% intensity case there are still

significant numbers of 6+ ions in the sample at the end of the pulse and the

opacity asymptotes due to the FEL being switched off at 100 fs. The value

to which the opacity in the 20% case asymptotes is correspondingly higher

than that of the peak intensity case.

4.6 Comparison with other experiments

The increase in transmission owing to a high incident x-ray fluence is an

example of saturable absorption in the x-ray region of the spectrum. In this

section comparisons will be drawn between the results of this experiment

and the results of other experiments with similar phenomena observed.

Saturable absorption in aluminium has previously been observed in the

XUV region with the FLASH FEL [79]. In this situation the FEL was tuned

to just above the L-edge of aluminium so that it was only energetically

possible to create single L-shell holes. When an electron was photoionized

from the L-shell to the continuum, the L-shell hole has a lifetime of around

40 fs [80]. This rapid recombination process leaves the ion in its original

state, which is in contrast to the situation described earlier in this chapter.

Due to the recombination process, saturable absorption in the XUV case

is achieved through the photoionization rate directly competing with the

Auger recombination.

Previous experiments at the LCLS using atoms, molecules and clusters

showed decreases in absorption with very short pulses [15, 19, 22]. In these
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examples the number of highly charged ions was reduced for the shorter

pulses. This reduced absorption was attributed to the lifetime of the inner

shell vacancy generated by photoionization by the FEL radiation being of

comparable duration to the pulse length of the FEL pulse.

These situations are different to the experiment described in this chapter,

as in these other cases the reduction of absorption is due to having the

absorbing processes competing with the recombinational processes. In the

experiment of this chapter the K-shell hole lifetime is significantly less than

the duration of the FEL pulse, and the saturation of absorption is due to

the sample being heated such that the final ionization states have K-edges

lying higher in energy than the FEL photon energy.

An experiment which is more comparable to the current work was per-

formed on the Japanese FEL, SACLA [81]. In this experiment they tuned

the FEL photon energy to 7.1 keV which is in the vicinity of the iron K-

edge (7,113 eV). This was focussed to a 50× 50 nm2 spot using a two stage

focussing system. The x-ray pulse had an energy of 20 µJ and a duration

of 7 fs. This gave a maximum intensity of around 1020 W cm−2. The beam

was directed onto a 20 µm thick iron foil. A spectrometer placed behind the

sample was used to measure the transmitted spectrum. By moving the sam-

ple along the beam axis they were able to change the spot size on target and

thus change the intensity. In this manner they varied the intensity between

1015 W cm−2 and the peak. By analysing the transmitted spectrum they

found that at 7,130 eV the transmission of the peak intensity was 10 times

that of the cold solid. They also found that at an intensity of 1019 W cm−2

the transmission was 3 times that of the cold condition.

One of the main claims that they make is that from this change in trans-

mission they can measure the lifetime of the K-shell hole, since the experi-
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mental results do not match their simulations with the accepted value of the

K-shell hole lifetime, but do fit simulations with a longer living K-shell hole.

However, the change in transmission cannot be a measure of the lifetime due

to the recombination process. When a K-shell hole is generated it will be

filled through either Auger decay or radiative decay (the fluorescence yield

of iron is 34% [64]). The K-shell hole lifetime according to ref. [82] is 500 as.

If the ground state of iron were to replenish at this rate then the intensity at

which the transmission starts to change from the cold value would be higher

than the experimentally observed value. However, the decays do not leave

the iron in its natural cold configuration. Instead the radiative decays would

leave a hole in the L-shell, whilst the Auger decays would, typically, lead to

two holes in the L-shell. Due to the reduced number of L-shell electrons,

the K-shell electrons are more tightly bound, leading to an increased K-edge

energy. Using the Los Alamos atomic codes [83] an estimate can be made

as to the amount the K-edge energy will shift. For a single L-shell hole the

K-edge energy will increase by 89 eV, whilst if there are two holes in the

L-shell (owing to Auger decay) the K-edge energy is increased by 184 eV

from the cold value. Given that the bandwidth of the FEL is around 40 eV

it would not be possible to ionize an electron from the K-shell of atoms in

these configurations. So the only way that this experiment could be a mea-

sure of the lifetime would be if these states with L-shell holes only existed for

times much shorter than the K-shell holes. However, according to ref. [84]

the L-shell holes have a lifetime of 2 fs so the experiment cannot measure

the lifetime of the K-shell hole. To fully analyse the results would require

self-consistent atomic-kinetics calculations to be performed, since they have

very high intensities simply looking at the K-shell levels is not really enough.

In contrast, in the work presented in this chapter, self-consistent atomic-
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kinetics simulations have been performed which do agree with the experi-

mental results and the reason behind the onset of saturable absorption is

observed and understood.

4.7 Ionization processes

Since the saturation in the experiment described in this chapter is achieved

owing to ionization, it is important to understand which ionization processes

are contributing and to what extent. While the primary interaction of the

FEL with the sample is through the ejection of an electron from the K-shell

to the continuum, the subsequent hole in the K-shell can be refilled. Most

readily this is through Auger decay of L-shell electrons, where one L-shell

electron will fill the K-shell hole, whilst another is promoted into the con-

tinuum with a large energy. The timescale of this Auger process is very

fast when compared with the duration of the FEL pulse, in contrast to the

XUV case. The energetic electrons promoted to the continuum through the

photoionization and Auger processes will heat the free-electron gas. This

thermal bath of electrons can itself cause ionization via electron-ion colli-

sions.

As an example, figure 4.8 shows the rates of ionization of the 4+ ion

by various processes, and how these rates change over the duration of the

FEL pulse. The excited state population, i.e. those ions with a hole in the

K-shell, is generated through the photoionization by the FEL of the charge

state below, and thus its population peaks prior to the population of the

ground state of the same charge state. Through the photoionization and

subsequent Auger decay processes, the free electrons are heated as the x-ray

pulse is absorbed. Consequently the collisional ionization rate increases such

that, in this example, it is greater than the photoionization rate within the
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first 10 fs and in about 30 fs exceeds the Auger decay rate of the excited state.

It is interesting to note that these timescales are dependent on the intensity,

and as such a shorter, more intense, pulse would lead to correspondingly

reduced times. The dominance of the collisional ionization rate over the

other ionization rates indicates that at these high intensities the final charge

state distribution is determined by collisional processes. Since the collisional

processes are determined by the temperature of the free electrons, the final

charge state distribution and therefore whether saturable absorption occurs

is ultimately determined by how much energy can be absorbed by the sample

during the pulse.

Figure 4.8: The rates of ionization of the 4+ charge state through photoion-
ization (P), Auger (A) and collisional (C) processes. Also shown are the
populations of the two super-configurations of the 4+ charge state.
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4.8 Possible application to MAD

In the publication [2] it was posited that the photon energy dependent trans-

mission as shown in figure 4.5 has possible application to the MAD method

of phase determination, this statement will be further explored in this sec-

tion.

MAD, or Multiwavelength Anomalous Diffraction, is a method for the

solving the ‘phase problem’ in diffraction. Since diffraction patterns are

formed from the intensity they will intrinsically lose the information held

within the phase of the electric field, many possible solutions to the phase

problem have been used over the years.

The MAD approach is based on the fact that in the vicinity of an atomic

edge the atomic scattering factor is modified in a frequency dependent man-

ner. As such, resonant elastic scattering causes the scattering factor to take

the form f(Q, E) = f0(Q) + f ′(E) + if ′′(E), where Q is the photon mo-

mentum transfer and E is the photon energy. The imaginary part of the

scattering factor, f ′′(E), is intrinsically linked to the absorption rate.

Given the transmission, T , (which is a function of photon energy, E),

the density, ρ(g cm−3), and the thickness, x(cm), the imaginary part of the

scattering factor can be calculated.

T (E) = e−µ(E)ρx (4.1)

µ(E) = − ln(T (E))

ρx
(4.2)

µa(E) =
ma

NA

(
− ln(T (E))

ρx

)
(4.3)

where µ is the mass absorption coefficient, µa is the cross-section per atom,

ma is the atomic mass and NA is Avogadro’s number. From the paper
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by Henke et al. [85], this quantity is related to the imaginary part of the

scattering factor

f ′′(E) =
π

2
CEµa(E) (4.4)

Thus

f ′′(E) =
π

2
CE

ma

NA

(
− ln(T (E))

ρx

)
(4.5)

where C = (πr0hc)
−1 = 0.9111 (eV Å

2
)−1. In the case of aluminium, where

ma = 26.98 and ρ = 2.69 g cm−3, this gives the relation,

f ′′(E) = (−2.375× 10−7)
E ln(T )

x
(4.6)

where E is measured in eV and x is in cm. The real part of the anomalous

scattering is related to the imaginary part by,

f ′(E) =
2

π

∫ ∞
0

εf ′′(ε)∂ε

E2 − ε2
(4.7)

Using these relations it is possible to derive f ′ and f ′′ from a transmission

experiment, or through a similar relation with a fluorescence measurement.

If a sample is made of a species that anomalously diffracts and the rest

of the system diffracts normally the resultant intensity diffracted, in the

Karle-Hendrickson derivation, is given by

I(Q) ∝ |F (Q)|2 = |F 0
T |2 + a(E)|F 0

A|2

+b(E)|F 0
T ||F 0

A| cos(φ0
T − φ0

A)

+c(E)|F 0
T ||F 0

A| sin(φ0
T − φ0

A). (4.8)
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In this form F 0
T = |F 0

T | exp(iφ0
T ) is the total scattering factor from all atoms

considering only the normal term (f0), and F 0
A = |F 0

A| exp(iφ0
A) is the normal

scattering component from the anomalous scatterers. So from the previous

equation,

a(E) =

(
f ′2 + f ′′2

f02

)
, (4.9)

b(E) = 2

(
f ′

f0

)
, (4.10)

c(E) = 2

(
f ′′

f0

)
. (4.11)

All the quantities on the right side of these equations are quantities

that are either known, can be found experimentally or can be calculated.

Thus, the only unknowns of equation 4.8 are |F 0
T |, |F 0

A|, and(φ0
T −φ0

A), so by

measuring the diffraction from some reflections at a couple of frequencies

the position of the anomalous scatterers can be deduced and then the full

structure determined [86].

Whilst this kind of method has been used in the past with 3rd generation

light sources [87, 88], it is not immediately obvious that the MAD method

is applicable to the high intensities of XFELs, where multiple ionization

events will modify the scattering factor in a time-dependent manner. How-

ever, work performed by Son and colleagues [89] has shown that there are

analogous relations to the MAD coefficients that can be derived in the high

intensity case. Since the anomalous scatterers (i.e. the heavy atoms) will

undergo ionization events, which will alter their normal scattering as well as

anomalous scattering, it is not appropriate to follow the previous treatment

of separating the normal and anomalous scattering parts. Instead the scat-

tered intensity is deduced by separating the contributions from those that

have no anomalous scattering and the full contribution from those that do.
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The molecular form factor for those atoms that scatter normally is

F 0
P (Q) = |F 0

P (Q)|eiφ0P (Q). If we define the normal scattering of undam-

aged neutral heavy atoms as,

F 0
H (Q) = |F 0

H (Q)|eiφ0H(Q) = f0
H (Q)

NH∑
j=1

eiQ·Rj , (4.12)

where f0
H (Q) is the atomic scattering factor for a neutral atom in the ground

state configuration and Rj is the position of the j-th heavy atom.

This leads to the scattered intensity being proportional to

|F (Q)|2 = |F 0
P (Q)|2 + ã (Q, E))|F 0

H (Q)|2

+b (Q, E) |F 0
P (Q)||F 0

H (Q)| cos(φ0
P (Q)− φ0

H (Q))

+c (Q, E) |F 0
P (Q)||F 0

H (Q)| sin(φ0
P (Q)− φ0

H (Q))

+NH |f0
H (Q)|2 {a (Q, E)− ã (Q, E)} , (4.13)

where the quantities a (Q, E), b (Q, E), c (Q, E) and ã (Q, E) are defined by

a (Q, E) =
1{

f0
H (Q)

}2

∑
IH

P̄IH |fIH (Q, E)|2, (4.14)

b (Q, E) =
2

f0
H (Q)

∑
IH

P̄IH
{
f0
IH

(Q) + f ′IH (E)
}
, (4.15)

c(Q, E) =
2

f0
H (Q)

∑
IH

P̄IHf
′′
IH

(E) , (4.16)

ã (Q, E) =
1{

f0
H (Q)

}2

∫ ∞
−∞

dtg(t)|f̃IH (Q, E, t)|2 (4.17)

Here IH denotes the electronic configurations of the heavy atom and PIH

is the population of a given configuration with g(t) the normalized pulse

shape of the FEL pulse, hence P̄IH =
∫∞
−∞ dtg(t)PIH is the pulse shape
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weighted configuration population average. In the coefficient ã, the quantity

f̃IH (Q, E, t) is defined as f̃IH (Q, E, t) =
∑

IH
PIH (t) fIH (Q, E), which is

required due to the different heavy atoms being ionized to different extents

at specific times.

Through measuring the transmission of the high intensity FEL pulse and

using the relations derived earlier in this section the quantity
∑

IH
P̄IHf

′′
IH

(E)

can be found, which is relevant to the c coefficient and is denoted c̃ (Q, E) [90].

From this it is also possible to get the related quantity
∑

IH
P̄IHf

′
IH

(E).

These quantities for the cold and simulated hot cases of FEL heated alu-

minium are shown in figure 4.9, where the hot case has been extended using

the cold values outside of the experimental range.
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Figure 4.9: The pulse averaged anomalous scattering factors for cold alu-
minium (using CXRO website) and the FEL heated aluminium from the
simulations of earlier in the chapter.

Though measuring these quantities for aluminium does not have imme-
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diate implications for MAD (since heavier atoms are typically used), the

fact that it is possible to well simulate the effects of the ionization on the

absorption is encouraging.
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CHAPTER 5

Split and delay transmission studies of Hot
Dense Aluminium

In the previous chapter the transmission of an FEL-heated piece of alu-

minium was determined through looking at the signal from a diode posi-

tioned behind the target and comparing this value with the energy of the

pulse prior to transmission through the sample. This method successfully

determined how much of the initial pulse had been absorbed by the sam-

ple and was in good agreement with the simulated results. However, this

method is fundamentally limited since it can only determine the time inte-

grated transmission of the FEL pulse, and so the time-dependent evolution

of the system cannot be determined experimentally, but assumed from the

simulation work (which however, does give accurate results for the time-

integrated data).
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To measure time-dependent phenomena it is useful to set up some form

of split and delay system. Within this some of the energy of the pulse is

split off from the main pulse and delayed with respect to the main pulse so

that evolutions in the behaviour can be observed with this delayed pulse.

Through varying the delay of the probe with respect to the pump the full

time evolution can be derived, however this is reliant on the process being

reproducible, which with the random temporal structure of FEL pulses this

may not be true.

5.1 Diffraction based split and delay

A method of generating a split and delay system at the high photon energies

at LCLS has been developed by Christian David and team [91]. This method

allows for many delays to be measured from the same FEL shot, potentially

giving the time evolution on a shot by shot basis. The system is based on

diffraction gratings, and shown in schematic form in figure 5.1. A beam

splitter grating of different separations will diffract a small fraction of the

pulse into a fan of beams. A second set of gratings halfway between the

interaction point and the splitting gratings are used to redirect the fan of

beams such that they will impinge on the target at the same position as the

undiffracted beam.

Some of the beams will be diffracted by greater amounts, leading to the

path length for these pulses being longer and so they will arrive at a later

time. The probe beams are directed in different directions to one another

and the pump beam, and so after the sample they will diverge from one

another and be separately diagnosed.

In the experiment performed by David et al. [91], they used the split

and delay system to examine how the diffraction intensity changed as a
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function of time after a strong FEL pulse. The experiment was setup as in

figure 5.1, with a Bismuth crystal as the sample. The sample was oriented

such that the < 111 > plane would satisfy the Bragg condition for all of the

probe beams. The experiment involved exciting the sample with the main

FEL pulse and through observing the diffraction from the probe beams the

evolution of the diffraction intensity could be derived. When the pump

pulse was greater than the damage threshold for Bismuth the diffraction

signal from the probe beams died out with a decay time of about 50–70 fs,

which is longer than the nominal pulse length that they used of 40 fs. The

expected result was that the reflection would diminish with time after the

initial FEL pulse, as the level of disorder in the system would increase, which

was confirmed by the experiment.

Figure 5.1: Split and delay setup used by C. David and team. The FEL
beam has a small proportion of the energy in the pulse diffracted into a
fan, the diffracted beams are recombined with the main pulse at the target.
Image taken from C. David et al. Sci. Rep. 5, 7644 [91]

5.2 Description of model

If this split-and-delay system is used in a transmission geometry, results akin

to those discussed in the previous chapter might be achieved. To investigate

what these results may look like, and what could potentially be learned from
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them, a series of simulations were performed.

The system that was modelled was one of a 1 µm thick aluminium sample

positioned such that the FEL beam was normal to the surface. For the

simulations the sample was split into ten 100 nm layers with the radiation

transmitted through each layer used as the input radiation for the next layer.

Using the time dependent opacities generated by these simulations, probe

beams are propagated through the FEL excited sample. Each of the probe

beams have the same temporal and spectral profiles as the original exciting

pulse. The probe beams are temporally displaced from one another by 10 fs.

The transmitted pulses are temporally and spectrally integrated to give

a spatially dependent transmitted fluence. By dividing this fluence by the

input fluence a spatially dependent transmission for each of the probe pulses

can be derived.

5.3 Results

The simulation results shown in figure 5.2 are the transmissions through

20 µm by 20 µm square samples when pumped at different photon energies

with probe beams at varying delay. These results use a flattop temporal

shape with a duration of 100 fs, the pump beam has a total energy of 0.8 mJ.

The spatial distribution of the pump beam is the same as the experimental

distribution of the previous chapter (i.e. a 7 µm2 spot). The probe beams

are assumed to be sufficiently weak as to not effect the sample and so the

calculation of the opacities using SCFLY is performed with only the pump

pulse.

The transmission at the focal spot in all cases is the greatest, as might

be expected from the results of the previous chapter. At the lowest inten-

sities the transmission is roughly constant for all delays and increases as
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Figure 5.2: The transmission of 20 µm squares as diagnosed by probe beams
at different delays relative to the pump pulse. The pump and probe beams
are all temporally flattop pulse with a duration of 100 fs. The photon energy
of the pump beam and probe beams are the same as each other.

96



Split and delay transmission studies of Hot Dense Aluminium

the photon energy is increased, in line with the cold transmission curve. In

general at later probe times more of the radiation is transmitted. The atten-

uation decreases over the duration of the pump pulse, and so consequently

the later probe pulses will experience less of the relatively high attenuation

of the early times.

More information can be gleaned by taking the difference between two

sequential pulses, and so indicating how the transmission is changing in

time, as shown in figure 5.3.

Figure 5.3: The difference in transmission of two sequential probe pulses.
The circled example is shown in a larger form in figure 5.4.

At later times the difference between sequential pulses at the centre

of the pulse is almost zero, implying that the transmission has reached a

steady value at a reasonably early time. Further out from the centre the
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transmission has not reached a steady value so is still changing.

By using a temporally flat pulse the results shown in figure 5.3 are the

difference between the transmission of the first 10 fs of the earlier probe

beam and the final 10 fs of the latter probe beam. This is due to the rest

of the pulse being common between the two pulses and so cancels out when

one is subtracted from the other.

One of the more interesting features of the transmission differences is that

in some cases there appears to be two rings of larger changes in transmission.

A closer examination of the difference map for pumping at a photon energy

of 1680 eV with probes with delays of 60 fs and 70 fs shows essentially five re-

gions (this is shown in larger form in figure 5.4). The central region has very

little change, this is surrounded by a ring of large change in transmission,

which is followed in turn by a ring of lesser change in transmission. Further

out from this is another ring of large change in transmission, the regions

furthest from the centre of the FEL show very little change in transmission.

The cases of the central region and the very outer region are the easiest

to explain. In the centre of the FEL focus the transmission doesn’t change

as saturation of the absorption has occurred early in the pulse, and so the

attenuation experienced by both of the probe beams is essentially the same.

The far outer region experiences a pumping FEL intensity that is insufficient

to induce saturable absorption, so there isn’t a change in transmission over

the duration of the pulse.

The other regions are experiencing an FEL intensity that will induce a

change in opacity, however they have not absorbed sufficient energy for the

absorption to be saturated. In essence the appearance of the rings is due to

the absorption length changing between the start and the end of the probe

pulses. The reason behind there being multiple rings is caused by the way
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Figure 5.4: The time dependent opacities, with contributions from the 6+
and 7+ charge states, of the sample at different intensities. The intensities
are chosen to reflect the different regions of change of transmission between
probe delayed by 60 fs and 70 fs (shown in the centre). Clockwise from the
top left the intensities are 100%, 37%, 20% and 14% of the peak intensity.
The arrows indicate the opacity at the start and end of the first probe pulse.
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that the ionization potential depression is treated in the code.

In the version of SCFLY used for these simulations the IPD model of

Ecker and Kröll is used. As the sample absorbs more of the energy from the

FEL the electron density increases, leading to an increase of the IPD. As

such the K-edge energy will decrease, this is the origin of the multiple rings.

In the example chosen for figure 5.4, the photon energy of 1680 eV is less

than the initial K-edge for 7+ ions, however by the end of the pulse in the

most intense regions the photon energy is greater than the K-edge energy

for the 7+ ions.

The ring closest to the centre in figure 5.4 has experienced an intensity

such that the 7+ can be ionized by the central photon energy of the FEL,

however the intensity is still low enough that the absorption has not satu-

rated by the time of the start of the probe pulse, leading to a change in the

transmission over the duration of the probe pulse.

The outer ring of larger change is at a position where by the time of

the end of the later probe pulse there has not been enough energy absorbed

from the FEL for the K-edge energy of the 7+ ions to be less than the

photon energy of the FEL. As such the change in transmission is due to the

reduction of absorption due to the 6+ ions.

The ring of lesser change in transmission occurs at the intensity where

the 7+ ions are starting to absorb throughout the depth of the sample. The

total transmission of the sample at later stages of the pump pulse remains

approximately constant. At the front the higher charge state can absorb

quite strongly, leading to little transmission, whilst in the rear of the sample

these ions are not able to absorb through K-shell photoionization, and so

transmit more. At slightly later times there will be less of the higher charge

state at the front, reducing the absorption, but the rear will be excited to
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such a state that the higher charge state ions can absorb the FEL radiation

strongly.

These kinds of results should allow for further information to be obtained

about the IPD. For example, if the IPD is fixed for each charge state then

rather than there being two rings, as in certain cases in figure 5.3 (e.g. the

case shown in figure 5.4), there would only ever be one ring, because there

would not be a transition between a certain charge state becoming strongly

absorbing of the FEL radiation.

As mentioned earlier, when using a flattop pulse, the differences shown

in figure 5.3 are due to the difference between the transmission for the time

between the first probe pulse starting and the second probe pulse starting

and the transmission between the first pulse ending and the second pulse

ending. Using this and the assumption that the transmission will not change

after the end of the pump pulse, it is possible to get the full temporal

evolution of the transmission. The final probe pulse is delayed such that it

has no overlap with the pump pulse, giving a final value for the transmission,

and from this the rest of the time evolution can be derived by using the

differences and iterating backwards in time.

The results of iterating backwards from the simulated probe beam trans-

missions are shown in figure 5.5 as circles, along with the transmission at

each time from using each of the time dependent opacities of the various lay-

ers of the sample. The two results are in good agreement, and this suggests

that it may be possible to derive the full time dependence of the transmission

from the transmission of the probe pulses.
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Figure 5.5: The simulated transmission as a function of time for various
intensities (solid lines), along with those derived from the transmission of
the probe pulses.
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5.4 Importance of pulse shape

The work so far in this chapter has used a flattop temporal profile, which

may not be the true temporal shape of the x-ray pulse. The flattop shape is

particularly useful in these types of measurements, as taking the difference

between two successive probe pulses leads to the majority of the transmission

cancelling out. In addition the regions which don’t cancel out are quite

localized temporally and separated by almost the duration of the pulse. Due

to the combination of these properties iterating backwards, as in figure 5.5,

is effective.
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Figure 5.6: Comparison of flattop and Gaussian probe pulses. If the trans-
mission of two probe pulses separated by 10 fs is subtracted from one another
then the result is due to the contributions of the input fluences coloured in
blue (from the earlier pulse) and red (from the later pulse). The black
sections are those which would cancel out.

With a Gaussian shaped pulse the difference is not so simple. As can be
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seen in figure 5.6, the difference between the transmission of two Gaussian

shaped pulses extends over a long time and the two non-cancelling regions

are in contact. In this example, with a FWHM of 50 fs and a separation of

10 fs, around 80% of the probe pulse transmission will cancel out, but the

remaining 20% is spread across half of the pulse.

Given that the temporal structure of the pulse would appear to be sig-

nificant in how much information can be gained from the transmission mea-

surements, it is worth examining the current state of methods and mea-

surements of the pulse shapes generated by FELs. A number of methods

have been implemented to examine the temporal structure of x-ray FEL

pulses [73, 72, 92].

The methods described in refs. [73] and [72] are broadly similar in setup

albeit in different regimes. In these schemes an infrared laser pulse is ap-

proximately synchronized with the FEL pulse and both beams are spatially

overlapped on a Ne gas target. The photoelectrons generated by the FEL

are ‘dressed’ by the infrared laser field. In the case of ref. [72] the duration

of the x-ray pulse is less than the period of the infrared laser. This is the

so-called streaked regime, where the energy shift experienced by the pho-

toelectrons generated depends on the vector potential of the infrared laser

at that time and as this varies over the duration of the FEL pulse the dis-

tribution of energies of photoelectrons will be redistributed. Depending on

the exact moment of ionization compared to the IR laser the photoelectron

spectrum may be upshifted or downshifted from the undressed spectrum.

If the x-ray pulse is equally distributed over the zero-crossing of the vector

potential of the IR laser, the centre of the spectrum will not shift but the

distribution will be broadened due to the range of vector potentials experi-

enced. The temporal structure of the x-ray pulse is therefore mapped onto
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the photoelectron spectra. This method is only valid with pulses shorter

than a single cycle of the infrared laser (around 8 fs) so is not applicable to

the pulses that have been discussed in the work of this thesis.

The regime where the duration of the x-ray pulse is longer than the pe-

riod of the infrared laser is the ‘sideband regime’. Here the electron spectrum

is surrounded by distinct peaks symmetrically separated from the main peak

by the photon energy of the infrared laser [73]. Observation of this, in the

case of photoelectrons, is complicated by the bandwidth of the FEL being

large when compared to the photon energy of the infrared laser, meaning

the peaks would not be observable. To counter this the electrons which

are analysed are those generated through Auger decay [73]. These have an

initial energy which is determined by the properties of the Ne atom rather

than by the incoming FEL beam. This gives a relatively narrow peak and

so the effect of the infrared laser can be observed. Due to the resolution of

their experiment the authors of ref. [73] were not able to directly observe

the individual sidebands, but rather observed a broadening of the Auger

electron spectrum. This spectrum agreed well with simulations giving x-ray

pulse durations of 40 fs and 120 fs for electron bunch lengths of 75 fs and

175 fs respectively. To augment these results they simulated the FEL using

the GENESIS code [93], which gave results with similar lengths to those de-

rived from the experiment. However the shape of the simulated x-ray pulse

with the 175 fs electron bunch was more triangular than Gaussian. This

shape would give the same experimental result as a Gaussian shape.

The method used by Behrens et al. [92] uses the electron beam to deduce

the x-ray pulse structure. The FEL process leads to the electron bunch los-

ing energy and the spread of electron energies increasing. An RF deflector

downstream of the undulators is used to induce a spatial-temporal corre-
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lation in the electron bunch, such that those electrons which are earlier in

the bunch are spatially separate from those at the end of the bunch. The

‘streaked’ electron beam is passed through a vertical bend dipole magnet.

The beam density distribution is then passed onto a screen monitored by a

camera. The resulting image is analysed to give the electron energy distribu-

tion as a function of time, and by comparing this with the profile when the

lasing is turned off the full x-ray pulse temporal structure can be derived.

An example of the single-shot images is shown in figure 5.7. This pulse,

which has a length of around 100 fs, is not far from a flattop pulse. The two

methods of recovering the pulse shape, by the average energy loses and the

energy spread, give almost the same result. The method is also applicable

to much shorter pulse lengths

Figure 5.7: The results of phase space analysis on the electron beam with
the FEL lasing turned off (a) and on (b). The position of the centroid
energy and the spread of the energy provide two routes for determining the
x-ray pulse structure. The reconstructed pulse shape is shown in c along
with the electron beam current. Taken from Behrens et al. Nat. Comm. 5,
3762[92]

Given the information on the pulse shape from these experiments, further

simulation work could be performed to see how that will affect the results

of the split and delay transmission scheme.

The work in the previous chapter showed that the increase of transmis-

sion is a fluence effect. This combined with the transmission of a probe

pulse, temporally separated from the pump pulse, would allow for the time
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evolution to be derived due to the spatial distribution of intensities, i.e. the

transmission at the location which experiences 20% of the intensity corre-

sponds to the transmission of the region that experiences the peak intensity

20% into the pulse. This method would not require detailed knowledge of

the temporal structure, but does make an assumption on the evolution of

the system.
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CHAPTER 6

Conclusions and future work

Throughout this thesis the materials under investigation have been the ex-

otic form of solid-density aluminium plasma generated by an x-ray FEL.

These new light-sources with exceedingly high spectral brightness have al-

lowed for the generation of very well characterised plasmas. Since the ab-

sorption of photons at x-ray wavelengths is dominated by atomic transitions

and the duration of the interaction is less than the timescale of atomic

motion, the modelling of these systems is both relatively simple and infor-

mative.

In chapter 3 the role of opacity in how the emergent radiation from the

sample was altered was examined. Through this it was found that the width

of the first Kα peak, when the FEL photon energy was tuned to above

the K-edge energy, did not vary much with intensity in both experiment
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and simulation. However, when the FEL was tuned to below the K-edge

energy the width of the first Kα peak was found to have a dependence on

the intensity of the FEL. The broadening of the peak was due to opacity

broadening.

Further simulation work on the below K-edge pumping showed that the

key quantity in determining the emission spectrum and the opacity broaden-

ing was the intensity rather than the fluence. Since the emission spectra, in

this case, are reliant on a resonant process, that is only available for a short

period within the FEL pulse, the number of photons that impinge on the

target in that time is an important quantity. Hence intensity is the primary

determining factor. Additional simulation work showed how the geometry

of how the sample is observed will change the recorded spectra due to the

regions which the emission will pass through, and thus be attenuated by,

varying with viewing angle.

Chapter 4 was based on another experiment at LCLS, in which the trans-

mission of the FEL used to generate the plasma was analysed. The resulting

photon energy transmission curve was found to differ significantly from the

transmission for cold aluminium. However the resulting curve did agree well

with the simulation work.

Through the simulation work it was possible to find the mechanism

through which the saturable absorption occurs. The sample will become

largely transparent to the FEL radiation when it has been ionized to such

an extent that the remaining ions have a K-edge energy greater than the

photon energy of the FEL. The mechanisms by which the ionization occurs

were further examined and it was found that the collisional ionization rate

was the dominant means by which the sample was ionized.

The rapid change of ionization state has implications for the MAD
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method of structure determination. As heavy ions are ionized the anomalous

scattering factor will change, altering the MAD signal. To accurately use

the MAD method this change in anomalous scattering must be known. In

this manner being able to match simulations to experimental measurements

of the transmission is useful. In a protein, where these methods would be

useful, the number density of the heavy elements will be much less than in

a solid of that element. A possible future direction to investigate would be

to look at how much the plasma conditions would affect the MAD signal.

In a protein many of the atoms are light elements such as hydrogen, carbon,

oxygen, and nitrogen. These elements have a much lower chance of absorb-

ing x-rays than heavy ions like iron, which are used in MAD measurements.

Previous work with simulating iron in high intensity FEL fields have only

considered isolated ions whereas the work described in section 4.8 considered

aluminium ions in a dense plasma of aluminium ions. The real situation is

likely somewhere between the two situations, although the exact results are

something that will require further investigation.

In chapter 5 simulations of an x-ray pump x-ray probe system were

presented. These showed how the transmission of the sample seen by probe

pulses delayed by 10–100 fs changed as a function of delay.

By taking the difference between two successive probe pulses the regions

which have the biggest change between the start and the end of the pulse are

revealed. Regions which show less change have three possible causes. Firstly

in high intensity regimes saturation of the absorption will occur early in the

pulse, so probes which are reasonably delayed from the pump pulse will

not see much change in transmission over their duration. Secondly in the

positions that experience very little FEL intensity the FEL is not strong

enough to induce the saturable absorption process and so there isn’t any
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change over the duration of the probe pulse. The final cause for a lesser

change in transmission has its roots in the way IPD is dealt with in the

code. Over the duration of the pulse it is possible for an ion that previously

was not possible to photoionize from the K-shell to become accessible due

to the increased IPD at later times. The difference between the opacity

at the start of the probe pulse (when the pertinent charge state can’t be

photoionized) and the end of the pulse (when it can be photoionized) can

be relatively small, leading to a small change in the transmission seen by

two successive probe pulses.

From the work in section 5.4 it is evident that the accurate temporal

profile of the x-ray beam is required to get the most information from the

split and delay system. On the simulation side further work could be done

in extending the work to other pulse shapes. The most likely candidates for

further investigation would be Gaussian, triangular and two peaked (as in

figure 5.7) pulse shapes.

Ultimately justification of the simulation work will come from experi-

mental realization. With the increasing knowledge of the pulse shape these

types of measurement will have increasing weight. Even without precious

knowledge of the exact temporal pulse shape these measurements would

allow for some understanding of how the transmission changes with FEL

fluence.

In conclusion, the arrival of 4th generation light-sources has opened the

opportunity to study novel, well characterised plasmas with exquisite tem-

poral precision. The absorption properties of these dense plasmas are an im-

portant aspect when analysing how much energy is deposited within them.

This in turn affects the response of the material to further x-rays. Through-

out this thesis the way that the sample responds to this intense irradiation
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and what could and is observed has been explored.
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