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Abstract

Hard x-ray free-electron lasers are novel sources of coherent x-rays with unprece-
dented brightness and very short pulses. The radiation from these sources enables a
wide range of new experiments that were not possible with previous x-ray sources.
Many of these experiments require the possibility to focus the intense x-ray beam
onto small samples. This Thesis investigates the possibility to use di�ractive zone
plate optics to focus the radiation from hard x-ray free-electron lasers.

The challenge for any optical element at free-electron laser sources is that the in-
tensity in a single short pulses is high enough to potentially damage the optics.
This is especially troublesome for zone plates, which are typically made of high Z
elements that absorb a large part of the incident radiation. The �rst part of the
Thesis is dedicated to simulations, where the temperature behavior of zone plates
exposed to hard x-ray free-electron laser radiation is investigated. It is found that
the temperature increase in a single pulse is several hundred Kelvin but still below
the melting point of classical zone plate materials, such as gold, tungsten, and irid-
ium.

Even though the temperature increases are not high enough to melt a zone plate it
is possible that stresses and strains caused by thermal expansion can damage the
zone plate. This is �rst investigated in an experiment where tungsten gratings on
diamond substrates are heated to high temperatures by a pulsed visible laser. It
is found that the gratings are not damaged by the expected temperature �uctua-
tions at free-electron lasers. Finally, a set of tungsten zone plates are tested at the
Linac Coherent Light Source where they are exposed to a large number of pulses
at varying �uence levels in a prefocused beam. Damage is only observed at �uence
levels above those typically found in an unfocused x-ray free-electron laser beam.
At higher �uences an alternative is to use a diamond zone plate, which has signi�-
cantly less absorption and should be able to survive much higher �uence. Damage
in diamond structures is investigated during the same experiment, but due to a
remaining tungsten etch mask on top of the diamond the results are di�cult to
interpret.
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iv ABSTRACT

Additionally, we also demonstrate how the classical Ronchi test can be used to
measure aberrations in focusing optics at an x-ray free-electron laser in a single
pulse.

The main result of this Thesis is that tungsten zone plates on diamond substrates
can be used at hard x-ray free-electron laser sources.



Sammanfattning

Hårdröntgen-frielektronlasrar är en ny typ av röntgenkällor som producerar koher-
ent röntgenstrålning med oöverträ�ad ljusstyrka och mycket korta pulser. Strålnin-
gen från dessa källor möjliggör ett stort antal nya experiment som inte var möjliga
med tidigare röntgenkällor. Många av dessa experiment är beroende av möjligheten
att att fokusera den starka röntgenstrålen på små prover. Denna avhandling un-
dersöker möjligheten att använda di�raktiva zonplattor för att fokusera strålningen
från hårdröntgen-frielektronlasrar.

Utmaningen för alla optiska element som används på en frielektronlaser är att in-
tensiteten i en enda kort puls är hög nog för att eventuellt skada optiken. Detta är
speciellt problematiskt för zonplattor som vanligtvis är gjorda av ett material med
ett högt atomnummer som därmed absorberar en stor del av den inkommande strål-
ningen. Första delen av denna avhandling består av simuleringar där temperaturbe-
teendet hos zonplattor som exponeras för hårdröntgen-frielektronlaserstrålning un-
dersöks. Dessa simuleringar visar att temperaturökningen i en puls är �era hundra
grader men fortfarande under smälttemperaturerna för klassiska zonplattematerial
(guld, volfram, iridium).

Även om temperaturökningen inte är tillräcklig för att smälta zonplattan är det
möjligt att den termiska expansionen orsakar stress och påfrestningar som kan
skada zonplattan. Detta undersöks först i ett experiment där volframgitter på dia-
mantsubstrat värms upp till höga temperaturer med hjälp av en pulsad laser i det
synliga spektrumet. Detta experiment visar att gittrena inte skadas av tempertur-
�uktuationerna som kan föväntas på en frielektronlaser. Slutligen testas ett par
volframzonplattor på frielektronlasern Linac Coherent Light Source där de expon-
eras för ett stort antal pulser vid varierande intensitetsnivårer i en förfokuserad
stråle. Skador på zonplattorna observeras bara vid högre intensitetsnivåer än vad
som normalt åter�nns i en ofokuserad hårdröntgen-frielektronlaserstråle. Vid hö-
gre intensitetsnivåer är ett alternativ att använda zonplattor helt i diamant som
har betydligt lägre absorption och därför bör klara av betydligt högre intensitet-
snivåer. Under samma experiment undersöks därför också när diamantstrukturer
skadas men resultaten från denna undersökning är svåra att tolka på grund av att
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vi SAMMANFATTNING

volframetsmasken fortfarande var kvar på strukturerna.

Dessutom demonstrerar vi hur det klassiska Ronchitestet kan användas för att mäta
aberrationerna i ett fokuserande optiskt element på en hårdröntgen-frielektronlaser
i en enda puls.

Huvudresultatet i denna avhandling är att volframzonplattor på diamantsubstrat
kan användas på hårdröntgen-frielektronlasrar.
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Chapter One

Introduction

The �eld of x-ray science began more or less by chance when Wilhelm Conrad Rönt-
gen made his remarkable discovery in 1895. It was immediately appreciated how
sensational these new rays were, and within only a few years x-rays were widely
used in medical clinics throughout the world. Later, around 1906 Charles Barkla
discovered that x-rays could be scattered by gases and that each element emit
characteristic x-rays. His discoveries lead to the development of x-ray spectroscopy,
which makes it possible to �nd the elemental compositions in an unknown sample,
such as a rock on the surface of Mars. Max von Laue made the next major discovery
in 1912 when he observed di�raction of x-rays in crystals. His discovery together
with the work of, among others, William Lawrence Bragg paved the way for the
�eld of x-ray crystallography. Now it was possible to study the atomic and molecu-
lar structure of crystals. And since many materials can form crystals, such as salts,
minerals, metals and also organic and biological molecules, x-ray crystallography
became an important tool in a large variety of scienti�c �elds.

The development of new applications for x-rays progressed rapidly during the
decades after the discovery. However, the source of x-rays, the x-ray tube, re-
mained virtually unchanged for more than 60 years. Eventually it was improved
by the introduction of a rotating anode that distributed the heat load from the
impinging electrons on a larger area and thus allowed for higher operating pow-
ers. However, the real revolution in x-ray sources started with the discovery of
synchrotron radiation, which is emitted when charged particles are accelerated ra-
dially, for example in a storage ring. This discovery marked the beginning of an
era of extraordinary development of x-ray sources. The brightness of x-ray sources
increases with a rate even surpassing Moore's law. Following the initial synchrotron
sources came the development of the bending magnet, followed by the wigglers and
later the undulator sources.

The next big advance came recently with the invention of the x-ray free-electron

1



2 CHAPTER 1. INTRODUCTION

lasers (XFELs) which not only increase the peak brightness by many orders of mag-
nitude, but are essentially lasers and as such emit x-rays that are fully coherent.
Moreover, the radiation is also emitted in extremely short pulses, in the order of
femtoseconds, which is the same timescale as the motions of atoms in molecules.
It is therefore for the �rst time possible to imagine experiments where structures
of molecules can be studied both with an atomic resolution and a su�cient time
resolution to capture the dynamics of chemical reactions.

Due to the extremely short and intense pulses of x-rays emitted from an XFEL it is
possible to overcome the problem of radiation damage of samples. Even though the
energy in one pulse is enough to destroy the sample, the damage process is slower
than the length of the pulse and it is therefore possible to record the data before
the sample is destroyed.

Parallel with the development of x-ray sources there has also been an ongoing devel-
opment of optics for x-rays. Optics are needed for most experiments and are used to
shape the beam from the source and to focus it onto the often small sample. In the
same way as with visible light optics can also be used to form a magni�ed image of a
sample as in a microscope. In general there exist three main types of optics: re�ec-
tive mirrors, compound refractive lenses (CRLs) and di�ractive lenses (zone plates).

With the invention of the XFELs and the drastic increase in x-ray intensity a new
challenge for x-rays optics arose. Can the optics be exposed to the XFEL beam
without being damaged themselves? Depending on the geometry in which the op-
tics are used, and the material they are made of, the absorbed x-ray energy might
destroy the optics in even a single femtosecond pulse. It was early on realized that
mirrors made of low Z materials, which are used in a geometry where the x-ray beam
is distributed over an area larger than the beam should be relatively una�ected.
Zone plates and CRLs, on the other hand, are typically used in a simple geometry
where they are exposed to the full intensity of the beam. CRLs are typically made
of beryllium and thus have a low x-ray absorption, whereas zone plates for hard
x-rays are often made of high Z materials, such as gold or tungsten, which absorb
a signi�cant part of the incident beam. Zone plates therefore stand the largest risk
of being damaged by an XFEL beam.

In this Thesis we study the risk for damage of zone plates when they are used
at XFEL sources. The results of these studies is then used to give conditions
for safe operation. The outline of the Thesis is as follows. In Chapter 2 and
Chapter 3, we give a background to hard x-ray free-electron laser sources and
zone plates. In Chapter 4 we describe simulations of the x-ray induced heating
of zone plates under typical irradiation conditions at XFEL sources. In Chapter
5 we present a series of damage experiments. The �rst of these experiments was
performed on tungsten gratings and used a pulsed visible laser to heat the structures
to temperatures expected at XFELs. The last two experiments were performed at
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the Linac Coherent Light Source (LCLS) where zone plates were exposed to XFEL
radiation and the damage threshold was investigated. In Chapter 6, we demonstrate
how the so called Ronchi test can be used to measure the focusing aberrations of
x-ray optics at XFELs.





Chapter Two

Hard x-ray free-electron laser sources

XFEL sources are a new type of x-ray sources that provide unprecedented peak
brightness as well as high coherence and extremely short pulses. The �rst free-
electron laser (FEL) was demonstrated in 1977 [1] in Stanford and operated in
the infrared. Since then, FELs have continuously been pushed towards shorter
wavelengths. Today there are FELs operating in all the di�erent wavelength regimes
from infrared to hard x-rays. The �rst hard x-ray FEL was LCLS in Stanford which
began operating in 2009 [2]. Two years after that (2011) the XFEL SACLA in
Japan emitted its �rst light [3] and in a few years from now the European XFEL
in Hamburg is expected to begin its operation [4].

2.1 General principle and radiation properties

An XFEL consists of three main parts: an electron emitter, a linear electron ac-
celerator, and an undulator. The �rst part, the electron emitter, is typically a
radio-frequency photocathode electron emitter and emits small bunches (in size)
of electrons. The next part of the XFEL is the linear accelerator that compresses
the electron bunches and accelerates them to relativistic energies. The �nal part
of the XFEL is the undulator, which generates a periodic magnetic �eld with a
period in the range of a few centimeters and an amplitude around 1 Tesla. Once
the electrons enter this magnetic �eld they begin to oscillate and travel in a sinu-
soidal path. Doing so the electrons emit electromagnetic radiation with a period
equal to the undulator period, reduced by a relativistic contraction factor, which is
proportional to the square of the inverse electron energy. By using a high electron
energy (GeV) it is possible to generate electromagnetic radiation with hard x-ray
wavelengths.

At �rst, the electrons are randomly positioned within the bunch and the radiation
from each of the individual electrons is out of phase with the radiation from the
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Electron

beam

Undulator

X-rays

Beginning of undulator: End of undulator:

Random position of electrons.

Incoherent emission
Microbunches at radiation nodes.

Coherent emission

e-

Figure 2.1: The basic principle behind the generation of coherent x-rays in an XFEL
source. An electron beam is passed through an undulator which forces the electrons to move
in a sinusoidal path and to emit x-ray photons. At �rst, in the beginning of the undulator,
all electrons are randomly distributed and the emitted photons are out of phase with each
other. But as the electrons move along the undulator, they will be a�ected by the emitted
x-ray electromagnetic �eld and begin to form micro bunches at the nodal positions of the
electromagnetic wave. At the end of the undulator, all electrons are emitting in phase and
the resulting x-rays are coherent.

other electrons. However, as the bunch travels along the undulator the electrons
are a�ected by the electromagnetic �eld from the other electrons. This causes the
electrons to move closer to each other in many smaller bunches, separated by the
wavelength of the emitted x-rays. Once this happens the radiation from the elec-
trons becomes more in phase and as a result the amplitude increases. This in turn
makes the force moving the electrons closer together more e�ective. The electro-
magnetic �eld then grows exponentially until all electrons eventually are grouped
together in microbunches separated by the wavelength of the light. Now, all elec-
trons are emitting in phase and the result is a coherent laser beam of x-rays. This
process is started from the shot noise in the electron bunch and is called self am-
pli�ed spontaneous emission (SASE). Fig. 2.1 shows a sketch of the undulator and
the microbunching. A deeper explanation of the SASE process is given in Ref. [5].

The resulting XFEL radiation is unique in that it is spatially coherent, has a very
low divergence and a high degree of monochromaticity [6]. Furthermore the ra-
diation is pulsed with a typical pulse length somewhere between 10 and 100 fem-
tosecond, but the pulse length could also be as low as attoseconds under certain
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conditions [7]. The wavelength can be tuned by changing the electron energy, in
the case of LCLS from around 2 nm to 0.12 nm [2]. Each pulse typically contains
around 1012 photons, which corresponds to a total energy in the order of 1 mJ or
higher. The repetition rate is dependent on the speci�c source. As an example,
LCLS can operate at 120 Hz, but the European XFEL will produce up to 27 000
pulses/s in ten pulse trains per second with MHz repetition rate within the short
train of pulses.

2.2 Challenges for optical elements

XFELs provide x-ray radiation with higher peak brightness than any other x-ray
source. Moreover, the radiation is pulsed and each pulse contains a few mJ of x-ray
energy. Combined with the small beam size of an XFEL, the radiation is intense
enough to potentially damage anything that is placed in the beam, including optical
components such as mirrors or lenses. If the intensity in a pulse is high enough the
optical component might be damaged by a single pulse. The component might still
be damaged when the absorbed energy is lower, over time, from either the ionizing
e�ect of the x-rays or the thermally induced stresses from successive heating and
cooling cycles.

2.2.1 Radiation damage

Hard x-ray photons carry enough energy to ionize atoms in materials, which can al-
ter the chemical composition and structure of the material. This is something that
always has to be taken into consideration when working with x-rays. The problem
is not unique for XFELs and exists for all x-ray sources. It is perhaps most thought
of in relation to sample damage where radiation damage, for instance, can limit the
achievable resolution in a crystallographic experiment.

Even though the peak brightness of an XFEL is extremely high, the average bright-
ness is often higher at a modern synchrotron source, especially in the front end be-
fore the beam has been monochromatized. Nevertheless, radiation damage can be
a concern at XFEL sources and special care has to be taken when choosing mate-
rials for optical elements. The material used should be radiation resistent, i.e. not
a�ected by the ionizing radiation to a large extent. Furthermore, the optics should
be used in vacuum to prohibit reactions at the surface with organic molecules in the
air [8]. The latter requirement is normally met by default since all components of
an XFEL typically operates in vacuum to avoid absorption and scattering of x-rays
in the air.

Zone plates normally consist of a structured layer of metal on top of a substrate.
Most metals are reasonably radiation resistant and the substrate is typically made
of silicon or diamond. Both silicon and diamond are used as monochromators at
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synchrotron sources with good success and should therefore be able to handle the
XFEL beam. The main concern for zone plates is that some fabrication schemes
use organic materials as a mold for the zone plate pattern during fabrication. If
not all of this material is removed before the zone plate is used it can cause damage
to the zone plate when irradiated by intense x-rays for prolonged times. A study
made at the Swiss Light Source showed that gold gratings where the mold was not
removed were severely damaged by the beam [9]. The same study showed that if
the mold was removed the damage was much less severe. Moreover, a di�erent type
of gratings where iridium was deposited on a silicon grating mold showed no signs
of damage.

The zone plates investigated in this Thesis consist of either tungsten on a diamond
substrate or only diamond where the structure is etched directly in the substrate. It
is therefore believed that radiation damage is less of a problem than the signi�cant
heating caused by the short and intense XFEL pulses, especially for the tungsten
zone plates.

2.2.2 Heating

At XFEL sources the problem of heat load for optics is a serious concern. Given
the high intense pulses and the fact that most optical materials absorb at least
some part of the radiation, the heating in a single pulse can be signi�cant. If the
intensity is high enough, the material might even be ablated completely in a single
pulse. Moreover, at future sources such as the European XFEL the high repetition
rate can also lead to a large temperature increase over time.

Given that the energy in a pulse is not high enough to ablate or evaporate the ma-
terial the absorbed energy will result in a drastic, and more or less instantaneous,
temperature increase. Most common materials for hard x-ray zone plates have high
atomic number Z, such as gold, tungsten and iridium, and as such will absorb a
signi�cant portion of the incident x-ray radiation. As an example, a 1 µm layer
of tungsten absorbs 28% at an x-ray energy of 8 keV. For a typical XFEL pulse
energy of around 1 mJ this results in a temperature increase of several hundred
Kelvin. Even though this is not enough to melt tungsten, the temperature increase
induces stress and strain in the zone plate, which have the potential to damage the
structures. After the pulse, the energy has to be conducted away from the zone
plate through the substrate. At a low repetition rate XFEL, such as LCLS, the
time between successive pulses is long enough for all heat to be conducted away
before the next pulse. In this case, the zone plate will undergo a temperature cycle
from the ambient temperature to several hundred Kelvin for each pulse. Over time
the zone plate can then be damaged by fatigue.

In the case of higher repetition rate XFELs, such as the European XFEL, the time
between pulses is much shorter. Fig. 2.2 shows the pulse structure for the European
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Figure 2.2: Pulse structure at the European XFEL. Ten pulse trains per second con-
taining 2700 pulses with an individual pulse length of around 100 fs.

XFEL. Here, the time between pulses in a pulse train is not su�ciently long for all
of the heat to be conducted away to the surroundings between pulses and as a re-
sult the temperature will increase for each new pulse. It then becomes increasingly
important to use a substrate with good thermal properties, for instance diamond.

Using a zone plate made of a low Z material can reduce the heat load problem. One
alternative is to directly etch the zone plate pattern in a diamond substrate. In this
way the absorption is drastically reduced and thus the heat load. Even though the
absorption is low, the high repetition rate of the European XFEL is still a concern
that has to be taken seriously even for diamond. Also as the XFEL sources evolve
it is possible that the intensity will increase to levels where the heat load in a single
pulse becomes signi�cant even for diamond.





Chapter Three

Zone plate optics

In this chapter zone plate optics are introduced and their basic properties are
explained. Speci�c requirements for XFELs are discussed and the choice of zone
plate material and substrate for XFEL applications is explained. The last part
of this chapter deals with some common aberrations that can be present in zone
plates.

3.1 Imaging properties and resolution

Zone plates use di�raction of x-rays to form a focus. Fig. 3.1 shows an image of a
zone plate in its simplest form. It is essentially a circular di�raction grating with
alternating opaque and transparent zones. The pattern is designed in such a way
that the path di�erence to a point F always increases by λ/2 when moving from an
opaque zone to a transparent zone, and vise versa. Hence the optical path length
from each transparent zone to the point F will be an integer number of λ and the
individual contributions can interfere constructively to form a focus. The condition
for constructive interference is met for more than one point along the optical axis
and as a result a zone plate have several foci. Fig. 3.2 shows a zone plate with a
few of the lower di�raction orders illustrated.

The relation between the position of the zone boundaries rn and the focal length
fm is given by [10]

r2n = nmλfm +
m2n2λ2

4
, (3.1)

where n is the zone number and m is the di�raction order. At x-ray wavelengths
the last term can be dropped because nλ/4 << fm. From this simpli�ed expression
a number of useful relations can be derived. The diameter D of a zone plate can

11
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Figure 3.1: Illustration of a zone plate. The grating period decreases towards the edge
in such a manner that the optical path from each transparent zone to the focal point F is
an integer number of λ, thus creating constructive interference.
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Figure 3.2: A zone plate with rectangular zone pro�les have many di�raction orders. If
the opaque and transparent zones cover the same area only the odd di�raction orders are
present. For clarity, only a few of the lower orders are illustrated (m = -1, 1 and 3)
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be calculated from

D = 4N∆r, (3.2)

where ∆r is the width of the outermost zone and N is the total number of zones.

The focal length of a zone plate is given by

fm =
D∆r

mλ
(3.3)

The focal length is inversely proportional to the wavelength, meaning that zone
plates are chromatic and focus di�erent wavelengths at di�erent distances from
the optic. To avoid chromatic aberrations it is therefore necessary to use nearly
monochromatic x-rays. The number of zones determines the degree of monochro-
maticity that is needed and for di�raction limited focusing the following relation
has to be satis�ed

λ

∆λ
> mN (3.4)

where ∆λ is the wavelength spread of the x-ray source.

Finally, the Rayleigh resolution of a zone plate is given by

∆Rayleigh =
1.22∆r

m
(3.5)

From this formula it can be seen that the resolution of a zone plate is determined
by the width of the outermost zone. This means that the resolution of zone plates is
limited by the smallest feature size that can be fabricated with current nanofabrica-
tion methods. Much e�ort has been devoted to improve nanofabrication techniques
over the years and currently the highest resolution achievable is around 10 nm [11�
13].

3.2 Di�raction e�ciency

For many applications the most important property of a zone plate is its di�raction
e�ciency ηm, which is de�ned as the fraction of incident light that is focused to a
di�raction order m. For a zone plate with opaque and transparent zones and equal
width of the opaque and transparent zones the di�raction e�ciency is given by [10]
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ηm =


0.25 m = 0

1/(m2π2) m odd

0 m even .

As can be expected, 50% of the incident radiation is absorbed in the opaque zones.
Of the remaining light, 25% is in the 0th order and only 10% is focused to the �rst
order focus. For higher di�raction orders the e�ciency decreases rapidly, as 1/m2,
and none of the even orders are present if the width of the opaque and transparent
zones is equal.

The di�raction e�ciency can be improved by using phase shifting zones instead of
absorbing zones. In this way the �rst order di�raction e�ciency can be increased
to 40% [14]. However, there is no purely phase shifting material for x-rays as all
materials absorb and phase shift x-rays at the same time. A general expression for
the di�raction e�ciency of a zone plate is given by [15]

ηm =
sin2(rmπ)

(mπ)2
[1 + e−4πβh/λ − 2e−2πβh/λcos(2πδh/λ)] (3.6)

where r is the line-to-period ratio, h is the thickness of the zone material, and δ
and β corresponds to the real and imaginary part of the complex index of refrac-
tion n = 1 − δ + iβ of the zone material. Fig. 3.3 shows the �rst order di�raction
e�ciency as a function of zone thickness for some commonly used materials.
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Figure 3.3: Di�raction e�ciency as a function of zone thickness for di�erent zone plate
materials at 8 keV photon energy.
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The highest di�raction e�ciency is achieved for low Z elements where the absorp-
tion is smaller and phase shift dominates. On the other hand they interact more
weakly with x-rays and therefore require a much higher thickness. Considering that
the outermost zones at the same time must have a small width to produce a small
focus it is often not possible fabricate zone plates with a thickness su�cient to
reach the maximum theoretical e�ciency. The achievable ratio between the zone
thickness and zone width, the so called aspect ratio, depends on the material and
fabrication technique but is often limited to somewhere between 10 and 20. This
means that it is often preferable to instead use high Z materials that have higher
e�ciencies for lower thicknesses.

3.3 Zone plate material and substrate choice

For XFEL applications it is important to use a substrate with good thermal prop-
erties. We have therefore opted to use CVD diamond, which have exceptionally
high thermal conductivity while, at the same time, being relatively transparent
for hard x-rays. When choosing the substrate thickness the bene�t of having a
thick substrate with a large thermal bulk has to be balanced against the increased
transmission of a thinner substrate. We have decided to use a 100 µm thick sub-
strate, which has good thermal properties and transmits about 96% of the incident
radiation at 12.4 keV, i.e. the wavelength of SASE1 at European XFEL. For the
slightly lower x-ray energies at for instance LCLS, which operates around 8 keV,
the transmission is reduced to around 85%, which is still an acceptable value.

For the zone plate material we have chosen to primarily use tungsten because of
its high melting temperature and our group's previous experience with nanofabri-
cation in tungsten [13]. Tungsten provides good di�raction e�ciency at hard x-ray
wavelengths and narrow zone widths are achievable, giving high resolution [16].
Fig. 3.4(a-b) shows an illustration of a tungsten zone plate on a diamond substrate
and an SEM-image of a fabricated zone plate.

In addition to tungsten zone plates we have also developed a process for fabrication
of diamond zone plates [17], where the zone plate pattern is etched directly in the
diamond substrate. Absorption of x-rays in the zone plate is drastically reduced
and the heat load problem almost non-existent for many cases. These types of zone
plates also have the potential for the highest e�ciencies, provided that the struc-
tures can be etched deep enough. Fig. 3.4(c-d) shows an illustration of a diamond
zone plate and an SEM-image of a fabricated zone plate.
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Figure 3.4: (a) Illustration of a tungsten zone plate on a diamond substrate. (b) SEM
image of a tungsten zone plate on a diamond substrate. The smaller inset shows a test
grating at higher resolution. (c) Illustration of a diamond zone plate. (d) SEM image of a
diamond zone plate. The smaller inset shows a test grating where the remaining tungsten
etch mask is visible on the top of the diamond structures.

3.4 Aberrations in zone plates

If a zone plate is correctly fabricated, in accordance with the pattern described
by Eq. 3.1 the only aberration present is chromatic aberration. The presence of
chromatic aberration is inevitable since zone plates use di�raction to focus light.
As is described in Chapter 3.1 chromatic aberration can only be avoided by using
a su�ciently monochromatic x-ray beam.

However, any deviations in the zone position might introduce additional aberra-
tions. It can be shown that the zone positions should not deviate more than 1/3 of
the zone width if di�raction limited focusing is to be achieved [18]. This criterion
is most challenging for the outermost zones, where the zone width often is below
100 nm. The zone plate pattern is typically de�ned by electron beam lithography,
where a focused electron beam writes the pattern in an electron sensitive resist.
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This pattern is then transferred to the �nal zone plate material in one, or several,
process steps. As an example, the fabrication process for a tungsten zone plate is
described in Ref. [17].

Figure 3.5: (a) Zone plate without any aberrations, (b) zone plate with elliptic zones
causing astigmatism, and (c) zone plate with shifted zone centers causing a coma-like
aberration.

The critical step for pattern accuracy is the electron beam lithography where any
beam instabilities or drifts of the sample during exposure will result in a distorted
zone plate pattern. A common error is that the written zone plate pattern is elliptic
instead of round, see Fig. 3.5(b). Since the focal length is directly proportional to
the diameter of the zone plate this error will result in an astigmatic zone plate, with
slightly di�erent focal lengths for the two main axes of the ellipse. However, when
using the zone plate this can be corrected for, by tilting the zone plate slightly such
that the projected shape is a circle.

Another error that can occur during writing of the zones is that the centers of
the zones are not in the same point. This can happen if the sample is moving,
for instance because of thermal drift, in one direction during exposure. Then the
substrate will have moved slightly when the next zone is drawn and the result is a
drifting pattern as shown in Fig. 3.5(c). This type of distortion will give a focus with
a shape similar to the classic coma aberration. In general, many more positioning
errors can occur and for a more thorough discussion see Ref. [18].





Chapter Four

Heat transfer simulations

This chapter describes how the heat load problem can be simulated using a relatively
simple �nite element model (FEM). First, the absorption of x-rays in the material
and the resulting heating from a single XFEL pulse are discussed. After this, the
simulations are expanded to handle multiple pulses and the gradual temperature
increase over time is investigated. This is done for the operation parameters of two
speci�c XFELs, the LCLS in Stanford and the high repetition rate European XFEL
under construction in Hamburg.

4.1 Heating in a single pulse

The intensity in an XFEL pulse is potentially high enough to heat the zone plate
material to temperatures well above the melting temperature. In fact, the technical
design report of the European XFEL states that �The lifetime of zone plates may
turn as short as a single pulse� [4]. This is of course both impractical and expensive,
and it is therefore interesting to �nd materials that should not be destroyed in a
single pulse. It is clear that, for this to be true the temperature increase in a single
pulse must be well below the melting temperature.

The interaction of an XFEL pulse with a material can be very complex and is an
interesting �eld of research in itself [19]. However, in this study we will disregard
all of the processes taking place on ultrafast time scales during, and shortly after,
the pulse, and simply consider the XFEL pulse as an instantaneous heat source. In
general, when an x-ray photon is absorbed in a material it transfers its energy to
the electrons in the material, for instance in the form of photoelectrons or Auger
electrons. After a few picoseconds the electrons will excite phonons and a state of
local thermal equilibrium is reached. Before thermalization has occurred there is
the possibility of non-thermal damage, but this is only expected to be relevant if the
absorbed energy is close to the melting dose [20]. This has also been experimentally

19
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veri�ed at soft x-ray wavelengths at the soft x-ray FEL FLASH in Hamburg [21]
and at hard x-ray wavelengths at LCLS [22]. For typical experimental conditions
at current XFELs, the absorbed dose for most common materials is well below the
melting dose. We can therefore consider the XFEL pulse as a classical heat source
and use classical thermodynamics to calculate the temperature evolution.

The temperature increase from a single XFEL pulse is calculated from the amount of
absorbed energy as a function of radius r and depth z. Assuming a Gaussian beam,
the distribution of absorbed energy is determined by the FWHM, pulse energy of
the beam, and the absorption length labs in the material. The temperature increase
is then found by integrating the relation ∆Q = mCp∆T , where m is the mass, T
the temperature and Q the absorbed energy. Doing so give the following relation
for the temperature increase in a pulse ∆Tpulse

∆TPulse =

∫ Q0

0

Q

2πσ2labsρCp(T )
e−r

2/2σ2

e−z/labsdQ (4.1)

where Q0 is the pulse energy, σ = FWHM/2.35 and Cp(T ) is the temperature
dependent heat capacity.

4.1.1 Results for some zone plate materials

Using Eq. 4.1 it is now possible to calculate the temperature increase in a single
XFEL pulse for some commonly used zone plate materials. This temperature in-
crease is mainly dependent on the absorption in the material and pulse energy and
transverse size of the XFEL beam. Instead of describing the beam by these two
properties it is useful to characterize the beam by the �uence which is commonly
measured in mJ/cm2. Fig. 4.1 shows the maximum temperature after illumination
by a single XFEL pulse as a function of the beam �uence for some common zone
plate materials, at two di�erent photon energies, 8 keV and 12.4 keV.

The expected �uence at an XFEL depends on the facility and the experimental
station. Most experimental stations are located several hundred meters from the
source where the beam size is relatively large. A typical beam size is around 1 mm
and the pulse energy is normally around 2 mJ. This gives a �uence of 175 mJ/cm2.
Even though the beam might be smaller and the �uence a few times higher in some
cases, the temperature is still below the melting temperature of all materials except
gold. Since gold is most likely to be heated to its melting temperature, it is not
likely the best candidate for XFEL applications. Experiments at LCLS showed
that even though gold was not melted in a single pulse the XFEL beam was intense
enough to severely damage the gold structures after as little as 1000 pulses [23].

Iridium and tungsten on the other hand have much higher melting temperatures
and should therefore be more likely to withstand the XFEL beam without dam-
age. Silicon and diamond, absorb signi�cantly less of the XFEL beam and are only
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Figure 4.1: Temperature after a single XFEL pulse at (a) 8 keV photon energy and (b)
12.4 keV photon energy. The temperature before the pulse was 300 K and the temperature
was only calculated up to the melting point of each material.

heated a few degrees. For these materials it is interesting to look at even higher
�uences, which could be reached by either prefocusing the beam or at future next
generation XFEL sources. Fig. 4.2 show the temperature in silicon and diamond
for �uences up to 106 mJ/cm2.

Using the simple calculations in this chapter it is possible to �nd a �rst estimate
of the limiting �uence for di�erent zone plate materials. However, it is desirable to
use a zone plate for much more than one pulse, preferably for several months or at
least throughout the duration of an experiment. In this case, where the zone plate
will be exposed to a large number of pulses, it is likely that the damage thresh-
old is lower than the melting threshold. The zone plate will experience drastic
temperature �uctuations for each new pulse, which will result in stress and strain
in the zone plate structures that can damage the zone plate through fatigue over
time. Chapter 5 and Papers 3 and 4 describes a series of experiments, both using
a visible laser and XFEL radiation, designed to �nd this threshold level at which a
zone plate can be operated at long periods of time without being damaged.
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Figure 4.2: Temperature after a single XFEL pulse for higher �uences. The temperature
before the pulse was 300 K and the temperature was only calculated up to the melting point
of silicon and the graphitization temperature of diamond.

4.2 Many pulses: transient thermal analysis

If either the repetition rate of the XFEL is high enough, or the cooling of the zone
plate is not su�cient, the zone plate will not have time to cool down between suc-
cessive pulses. When this happens the temperature in the zone plate will increase
for each new pulse until a state of thermal equilibrium is reached. This means that
even if the temperature increase from a single pulse is not high enough to melt the
zone plate, melting as a result of this average temperature increase over time can
still damage it.

This chapter describes simulations where zone plates of di�erent materials are ex-
posed to multiple XFEL pulses. The simulations are performed in the �nite element
method (FEM) software COMSOL and use the beam parameters of both the LCLS
and the SASE1 undulator at the European XFEL.

4.2.1 Finite Element Method solution of the heat equation

When an XFEL pulse irradiates the zone plate and substrate, the temperature is
increased rapidly in the materials as described by Eq. 4.1. After the pulse, heat
begins to �ow from the hot zone plate into the cooler substrate and then towards the
cooled edges of the substrate. This �ow of heat is described by the heat equation,

dT

dt
− k

ρCp
∇2T = Q (4.2)

where t is the time, T is the temperature,Q is heat, k is the thermal conductivity
and Cp is the heat capacity. This equation can be solved numerically by use of the
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�nite element method (FEM) [24]. Given a speci�ed geometry and mesh, boundary
conditions, initial conditions, and a heat source the temperature evolution in the
zone plate and substrate is computed.

4.2.2 Simulation geometry and boundary conditions

A zone plate is circularly symmetric and this symmetry is possible to use in the
simulations and the zone plate is de�ned in a 2D geometry, as a function of r and
z. In this way the number of mesh points, and computation time, is drastically
reduced, compared to simulating the zone plate in a 3D geometry. Fig. 4.3 shows
an example of the geometry including the mesh for a zone plate on a substrate.

Figure 4.3: Simulation geometry and mesh for a tungsten zone plate on a �at diamond
substrate. The arrow indicates the point on the zone plate where the temperature is highest
and this is the point for which all simulation results are plotted.

Furthermore, the actual zone plate pattern was replaced by a circular grating with
a constant period. This was done to simplify the generation of the geometry and
the mesh. The circular grating has the same obscuring area as a zone plate (50%)
and therefore absorbs the same fraction of the incident radiation as a zone plate.
Simulation results for a circular grating are therefore also valid for a zone plate.

Material parameters for the metals and silicon were taken from the material library
included in COMSOL. For diamond, the material parameters were provided by the
supplier of CVD diamond substrate, Diamond Materials GmbH. All material pa-
rameters are temperature dependent and bulk values were used since the size e�ect
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of the structures is expected to be small. As an example, theory and measurements
predict a reduction in thermal conductivity of gold to about 60% of the bulk value
for zone widths around 100 nm [25, 26]. Although this is a non-negligible decrease
it has a small impact on the general behavior of the heat transfer since the main
bottlenecks are the interface between the zone plate and the substrate, and the heat
transport within the substrate.

The interface between the zone plate and the substrate will give an added resis-
tance for heat �ow, a so-called thermal boundary resistance (TBR). The result is a
discontinuity in temperature across the interface. The heat �ux across the interface
is given by

dQ

dt
= hBd∆T (4.3)

where ∆T is the temperature di�erence over the interface and hBd is the thermal
conductivity of the boundary in units of W/m2K. The origin of this thermal re-
sistance is a mismatch in thermal and acoustical properties between the metal in
the zone plate and the diamond in the substrate. In general, there exist various
models to describe and calculate this resistance, of which the acoustic mismatch
model (AMM) and the di�usive mismatch model (DMM) are the most commonly
used [27]. The �rst model uses the di�erence in acoustical impedance between the
two materials to calculate the probability for a phonon to cross the interface. The
second model calculates the probability from the phonon density of states in the
two materials. If the phonon spectrums are similar, it is more likely that a phonon
can cross the interface and the thermal resistance is low.

Since the acoustical properties and phonon spectrums in metals and dielectrics are
quite di�erent it is expected that a signi�cant TBR exists between zone plate and
substrate. The exact magnitude of this resistance is however hard to predict since
it is highly dependent on the quality of the interface, which in turn is dependent
on the speci�c conditions under which the bond was formed [27]. The value of
the conductivity (inverse of TBR) used in these simulations was 40 MW/m2K, and
should represent a reasonable value given the experimental data available in the
literature [28].

In general, the zone plate can be cooled by radiation to the surroundings, con-
vection by air and conduction through the substrate. However, the zone plate is
operated in vacuum so convection is non-existent and of the two remaining pos-
sibilities, conduction through the substrate is by far most e�cient and dominates
over radiative cooling.

In Paper 1, the substrate was assumed to have a conical shape towards its edges.
The edge was assumed to be cooled by liquid nitrogen and the boundary condition
used was that of a constant temperature of 77 K at the edge. This gives a very
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e�ective cooling, but it is not realistic to keep the boundary at a �xed temperature
of 77 K. In Paper 2, the boundary condition was improved to more accurately rep-
resent a realistic operation condition. Here the substrate was a 100 µm thick disc
with a diameter of 10 mm, where the outer parts of the substrate were assumed to
be cooled from both sides by a cooled copper piece. The copper piece was �xed at
a temperature of 300 K and a heat transfer coe�cient of 0.04 MW/m2K between
copper and diamond was used. In the same way as between zone plate and sub-
strate, this coe�cient is introduced to take into account the fact that heat transfer
from the diamond substrate to the copper piece is non-perfect [29]. This more
realistic boundary condition results in a higher temperature, which can be seen in
Figure 4.7 where the results of simulations with di�erent boundary conditions are
compared for a constant heat source.

4.2.3 Heat source

The heating in an XFEL pulse is implemented as an instantaneous temperature
increase. The simulation steps forward in time and when a new pulse arrives the
temperature in each mesh point is increased by the appropriate amount in a single
time step. For each mesh point, the current temperature dependent values of k, Cp
and T are used to evaluate the integral in Eq. 4.1 and the result is added to the
current temperature to give the temperature after the pulse.

An alternative to this rather time consuming implementation is to, instead of simu-
lating every single XFEL pulse, simply use a constant heat source corresponding to
the average intensity of the XFEL source. Then the the time steps can be increased
and thus the simulation speed is drastically increased. The result of this simulation
is the average temperature without the temperature spikes, which can be seen as
the black line in Fig. 4.5 and Fig. 4.6. Even though the latter method does not
give a complete description of the pulsed nature it is still useful. The magnitude of
the superimposed temperature spikes can be calculated separately as is described
in Chapter 4.1 and conclusions about the damage risk can be made.

4.3 Results for several pulses

The simulation method described in the previous sections has been used to simulate
the temperature in zone plates for illumination conditions that can be expected at
current and upcoming XFEL sources. To begin with, it is interesting to look at the
temperature after a single isolated XFEL pulse. Fig. 4.4 shows the temperature
evolution in the center of a zone plate, where the temperature is highest, after a 2
mJ XFEL pulse at 8 keV photon energy.
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Figure 4.4: Temperature in the center of a tungsten zone plate after a single 8 keV
XFEL pulse with 2 mJ pulse energy in a 750 µm (FWHM) large beam, corresponding to
a �uence of 312 mJ/cm2. The temperature before the pulse was 300 K.

The temperature curves consist of two main parts, a fast decrease before t = 4×10-7
s and a slower process after that time. The fast temperature decrease occurs when
the heat �ows from the zone plate down into the substrate. After that, heat �ows
in the substrate to the cooled edge. This process is signi�cantly slower because of
the long distance from the zone plate to the edge of the substrate.

4.3.1 LCLS

LCLS is the �rst hard x-ray FEL and has a relatively low repetition rate of 120
Hz. Table 4.1 and Table 4.2 summarizes the beam and zone plate parameters used
in these simulations. The monochromaticity limits the number of zones to a max-
imum of 500, and combined with an outermost zone width of 100 nm this gives a
zone plate diameter of 200 µm. This is signi�cantly smaller than the beam size
and hence the zone plate would actually only focus a small part of the incident
radiation. Nonetheless, the simulation gives a good indication of the temperature
behavior to expect at LCLS. Fig. 4.5 shows the maximum temperature in a tung-
sten zone plate for 5400 pulses.

The temperature increase, in Fig. 4.5, is 320 K in each pulse, but the heat is quickly
conducted away through the substrate and hence the average temperature of the
zone plate only increases a few degrees. It should also be noted that for the case of
LCLS it is still satisfactory to use a silicon substrate, with only a slightly increased
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Table 4.1: Beam parameters for the two free electron lasers used in the simulations.

LCLS European XFEL (SASE1)

Photon energy [Wavelength] 8 keV [0.15 nm] 12.4 keV [0.1 nm]
Pulse energy 2 mJ 2 mJ
Repetition rate 120 Hz Trains of 2700 pulses in 0.6 ms
Beam size at lens position 750 µm (FWHM) 982 µm (FWHM)
E/∆E 500 1000

Table 4.2: Zone plate parameters for the two di�erent XFEL sources. The zone thickness
is only relevant for the tungsten zone plates. The diamond zone plates are equal to a
diamond substrate without anything on top and are simulated as such.

LCLS European XFEL

Diameter 200 µm 400 µm
Outermost zone width 100 nm 100 nm
Number of zones 500 1000
Zone thickness 1 µm 1 µm
Substrate diameter 10 mm 10 mm
Substrate thickness 100 µm 100 µm
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Figure 4.5: Simulated temperature in a tungsten zone plate on a diamond substrate
during exposure to radiation from LCLS. The inset shows a close-up of the temperature
spikes causes by individual pulses. The black line is the result of using an average heat
source instead of individual pulses.
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average temperature.

If the tungsten zone plate is replaced by a pure diamond zone plate, the tempera-
ture spikes are reduced to only a few degrees and the average temperature increase
is, as expected, negligible.

From these simulations it is clear that average temperature increases are not an
issue at low repetition rate XFELs. However, the problem of fatigue over many
temperature cycles should still be taken seriously for tungsten, especially if the
beam is prefocused to better match the size of the zone plate, in which case the
�uence might very well become high enough to damage the zone plate in a single
pulse.

4.3.2 European XFEL

The main di�erence between the European XFEL and other XFEL sources is the
extremely high repetition rate. Fig. 2.2 shows the pulse structure of the European
XFEL, which consists of 10 pulse trains per second with 2700 pulses in each 0.6 ms
long train. This pulse structure is very demanding for a zone plate since the short
time between pulses makes it di�cult to conduct away enough heat between pulses.
Table 4.1 shows the rest of the beam parameters used in these simulations. Since
the monochromaticity is higher than at LCLS it is possible to use a slightly larger
zone plate with a 400 µm diameter. Fig. 4.6 shows the temperature in a tungsten
zone plate for one pulse train. The �gure also includes the result of a simpli�ed
simulation where the average intensity was used instead of the full pulse structure.

The temperature increase in each pulse is 277 K and comparable to the LCLS but
the average temperature at the end of a pulse train is as high as 1280 K. If the sub-
strate is changed to silicon the temperature reaches several thousand Kelvin long
before the end of the pulse train. This is mainly a result of the higher absorption
in silicon and it is clear that for the European XFEL, diamond is the only viable
substrate material.

In order to determine the in�uence of the cooling temperature and the heat transfer
coe�cient h between diamond and the cooled copper piece a series of simulations
were performed. Fig. 4.7 shows the result for two di�erent cooling temperatures,
77 K and 300 K, and three di�erent values of h, 0 W/m2K, 0.04 MW/m2K and
∞. A conductivity of 0 represents a thermally insulated substrate and an in�nite
conductivity is the same as having the substrate boundary �xed at either 77 K or
300 K. It is interesting to note that the temperature in the zone plate is almost
independent of h, except for the unrealistic case where the boundary is �xed at
77 K. This means that during a pulse train heat has no time to reach the cooled
boundary and the important parameter is instead that the substrate should have a
large thermal bulk where heat can be distributed and stored during the pulse train.
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Figure 4.6: Simulated temperature in a tungsten zone plate on a diamond substrate
during exposure to one pulse train from the European XFEL. The inset shows a close-up
of the temperature spikes causes by individual pulses. The black line is the result of using
an average heat source instead of individual pulses.

This means that the only requirement on the e�ciency of the cooling is that it is
good enough to cool the substrate to ambient temperature during the relatively
long time of 0.1 s between two pulse trains. This is easily achieved for h = 0.04
MW/m2K, which represents a realistic value for diamond cooled by a copper piece
with GaIn as an interstitial material [29].

One thing not investigated in detail here is the in�uence of the geometry of the sub-
strate. It is, however, clear that this can play an important role and one obvious
way to improve the e�ciency of the cooling is to move the cooling of the substrate
as close to the zone plate as possible. One problem with doing so is that the XFEL
beam should be able to pass through the substrate without being absorbed in the
substrate holder. Another way to improve the cooling is to gradually increase the
thickness of the substrate outside of the zone plate and in this way create a very
large thermal bulk in the substrate. In essence, the problem of cooling a zone
plate on a diamond substrate is the same as that for a diamond monochromator,
and any cooling scheme used for a monochromator can also be used for a zone plate.

Even though the temperature in these simulations is below the melting temperature
of tungsten, other e�ects could still limit the use of tungsten zone plates at the
European XFEL. Similar to the case of LCLS the �uctuations in temperature might
result in fatigue, which would happen after a shorter time in this case since the
repetition rate is increased. Moreover, the diamond substrate could potentially
undergo a phase transition to graphite at elevated temperature [30]. And �nally,
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Figure 4.7: In�uence of cooling temperature and heat transfer coe�cient on the tem-
perature during a pulse train of 2700 pulses at the European XFEL for a tungsten zone
plate on a diamond substrate and a pure diamond zone plate. The plotted temperature is
the average temperature in the center of the zone plate.

when the zone plate is heated it will expand and the pattern will be distorted. To a
�rst order, this distortion will result in an increase of the focal length. If this change
is larger than the depth of focus it is not hard to imagine the complications it will
introduce for any experiment. For these reasons, it is possible that the repetition
rate might have to be lowered if a tungsten zone plate is to be used.



Chapter Five

Damage studies

This chapter describes a series of experiments where the goal is to �nd the damage
threshold for zone plate optics when they are subjected to a large number of XFEL
pulses. The �rst experiment was performed on linear tungsten gratings in our own
lab at KTH, where the temperature �uctuations were created by a pulsed visible
Nd:YAG laser. The experiment was designed in such a way that the temperature
in the grating was as similar to the real XFEL case as possible, and provided a
valuable estimate of the damage threshold for tungsten. Subsequently, two tungsten
zone plates were tested at LCLS under normal operation conditions with no sign
of damage. Finally, a more extensive damage experiment was performed at LCLS
where zone plates were exposed to various �uence levels in order to �nd the damage
threshold. During the same experiment, a set of diamond gratings was also exposed
to the XFEL beam in an attempt to �nd the damage threshold for diamond zone
plates.

5.1 Heating with a visible laser

Paper 3 describes an experiment where tungsten gratings were exposed to a large
number of pulses from a visible Nd:YAG laser in order to investigate the ther-
mal stability of tungsten nanostructures. Since we believe that the temperature
�uctuations is the most important challenge for zone plates at XFEL sources this
experiment gave the �rst valuable insight into the damage process of zone plates at
XFEL sources.

The radiation properties of an XFEL and a visible Nd:YAG laser are drastically
di�erent but they can nontheless create similar temperature �uctuations in tung-
sten nanostructures. The �rst, and most obvious, di�erence is the di�erence in
wavelength. An XFEL emits light with a wavelength around 0.1 nm whereas the
Nd:YAG laser emits light at 532 nm. This di�erence translates into di�erent ab-
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sorption depths in the tungsten material. The x-rays are absorbed more or less
uniformly throughout the depth of the structures, whereas the green light is ab-
sorbed in the �rst few tens of nanometers. The second di�erence is the pulse lengths,
which are around 100 fs at an XFEL and a few ns for the visible laser used in these
experiments. However, this longer pulse length of the visible laser turns out to be
advantageous, since the light is absorbed at the surface of the structures, and the
longer pulse length allows for the heat to �ow down into the structures during the
pulse. The result is that after the pulse the tungsten structures have a temperature
distribution quite similar to that from an XFEL pulse. It is therefore reasonable
to assume that the two heating methods create similar stresses and strains in the
sample. In fact, the method has previously been used successfully to �nd the dam-
age threshold of mirror materials used at LCLS [31].
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Figure 5.1: Simulated temperature in a tungsten grating on a diamond substrate when
heated either by a visible laser pulse (blue lines) or an XFEL pulse (red lines). The gray
dotted line indicates the pulse duration of the visible laser pulse.

In order to compare the expected heating from an XFEL and a visible laser a
simulation was performed to compare the temperature in a tungsten grating after
illumination by the two sources. Fig. 5.1 shows the temperature in the top and
bottom of a tungsten grating, and in the top of the substrate as a function of
time for the two pulses. In the case of an XFEL pulse the temperature increase
is instantaneous, while for the visible laser the temperature increase is gradual
during the pulse. The �uence of the visible laser has been adjusted to give the
same temperature after the pulse as the XFEL case. Comparing the two heating
mechanisms it can be seen that even though the properties of the radiation and pulse
lengths are vastly di�erent, the resulting temperature pro�les are still similar.



5.1. HEATING WITH A VISIBLE LASER 33

5.1.1 Experimental arrangement

Fig. 5.2 shows a schematic illustration of the arrangement used in the damage exper-
iment. The light from a Quantel Brilliant Q-switched frequency doubled Nd:YAG
laser was focused to a 100 um (FWHM) spot on the sample. The grating samples
had a thickness of 350 nm and were placed in a vacuum chamber to best replicate
the operation conditions at an XFEL.

Laser pulses

Focusing

lens

Vacuum

chamber

Sample

Figure 5.2: Sketch of the experimental arrangement used in the visible laser damage
experiment.

The gratings were exposed to varying �uences and number of pulses and later
examined by scanning electron microscopy (SEM). In addition to visual inspection
the di�raction e�ciency of the gratings was measured before and after exposure.
This measurement was done using a liquid-jet gallium microfocus source [32] and a
Photonic Science x-ray camera.

5.1.2 Results for tungsten gratings

Fig. 5.3 shows the gratings after exposure to three di�erent �uence levels, where
the damage ranges from no observable damage to severe signs of damage and melt-
ing. Fig. 5.4 shows the measured di�raction e�ciencies for the same grating after
completion of the damage experiment. The �rst grating was exposed to a �uence
level of 100 mJ/cm2 for 1.72 x 106 pulses and no damage is observed in either the
SEM images or the di�raction e�ciency measurements. The calculated tempera-
ture after a pulse is 1500 K at this �uence. The second grating was exposed to 180
mJ/cm2 and temperatures of 2500 K, and at this �uence level cracks begin to form
in the grating lines. As a result of these cracks the local absorption of the laser
increases and the grating begins to melt at the position of the cracks. This can also
be seen in the di�raction e�ciency measurement as a 30% drop in the e�ciency.
At the highest �uence of 360 mJ/cm2, and a temperature increase of 4300 K, the
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grating is almost completely melted after as few as 1200 pulses and the di�raction
e�ciency is close to zero.

Figure 5.3: SEM images of tungsten gratings after laser exposure to (a) 100 mJ/cm2 for
1.72×106 pulses, (b) 180 mJ/cm2 for 7.2×104 pulses and (c) 360 mJ/cm2 for 1.2×103
pulses. The scale bar is 1 µm long.
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Figure 5.4: Measured di�raction e�ciencies for the exposed gratings.

Using the calculated temperature increase it is possible to calculate a corresponding
x-ray �uence for which no damage is expected. A visible laser �uence of 100 mJ/cm2

gives a temperature of 1500 K at the top of the grating and 1300 K at the bottom.
The same temperature pro�le is achieved by using an x-ray �uence of 590 mJ/cm2

at 6 keV in our simulation model. The x-ray energy was chosen to be 6 keV to
match the energy used in the �rst LCLS damage experiment, which was published
in the same paper as the visible laser damage study, i.e. Paper 3. This energy is
slightly lower than the 8 keV used in the later experiment, i.e. Paper 4. However,
the absorption in tungsten is lower at 8 keV, which means that a �uence that is
safe at 6 keV should also be safe at 8 keV.
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5.2 Experiments at LCLS

This section contains two di�erent damage experiments performed at LCLS. The
�rst experiment is described in Paper 3, and was performed at the x-ray pump probe
(XPP) instrument, where two tungsten zone plates were exposed to the unfocused
XFEL beam for 104 and 105 pulses. This simple and quick experiment con�rmed
that tungsten zone plates can be exposed to an XFEL beam without being damaged.

The second experiment is described in Paper 4, and was performed at the matter
under extreme conditions (MEC) instrument, where the XFEL beam was prefo-
cused in order to increase the intensity and reach the damage threshold of tungsten
zone plates. In addition, also diamond gratings where exposed to the prefocused
beam with the goal to �nd the damage threshold for diamond zone plates. Unfor-
tunately, the diamond structures had a thin tungsten layer on top of them, which
had been used as an etch mask during fabrication. This complicated the analysis of
the damage and more experiments should ideally be performed on structures where
the etch mask has been properly removed.

5.2.1 Experiment 1: Experimental arrangement and results

During this experiment two tungsten zone plates on diamond substrates were ex-
posed to 104 and 105 pulses of the unfocused XFEL beam at the XPP instrument at
LCLS. The zone plates had a thickness of approximately 200 nm and an outermost
zone width of 50 nm. The energy of the x-rays was 6 keV and the pulse energy
was 1 mJ with a beam size of 500 µm (FWHM). This corresponds to a �uence
of 350 mJ/cm2 which is below the damage threshold expected from the previous
visible light experiments. During the exposure, an x-ray camera downstream of
the zone plate monitored the di�raction e�ciency of the zone plate in order to
detect any damage during the exposure. After the experiment, both zone plates
were examined in an SEM for any visible signs of damage. Atomic force microscopy
(AFM) and x-ray energy dispersive spectroscopy (EDS) were used to check for any
contaminations on the surface of the zone plate.

The SEM analysis of both zone plates revealed no signs of damage and the di�rac-
tion e�ciency was constant throughout the exposures, and the conclusion is that
both zone plates were completely undamaged. The �uence in the experiment was
high enough to create a maximum temperature of 1040 K in the zone plate in each
pulse. However, it was noticed that the surface of the zone plate and the surround-
ing tungsten had some discolorations in the shape of the beam pro�le. The EDS
and AFM analysis con�rmed that the discoloration was a thin layer of carbon. The
zone plates were used in a relatively rough vacuum of 10-2 mbar and this type of
carbon depositions is typical for exposure to x-rays of high intensity in the presence
of air [8].
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This �rst experiment, although not very extensive, con�rmed that tungsten zone
plates can indeed be exposed to an XFEL beam for a large number of pulses without
being damaged.

5.2.2 Experiment 2: Experimental arrangement

The second damage experiment at LCLS was performed at the MEC instrument
where a set of beryllium compound refractive lenses (CRLs) could be used to focus
the beam in order to increase the intensity on the sample. During this experiment
both tungsten zone plates and diamond gratings were exposed to multiple pulses
of the 8.2 keV XFEL radiation at varying �uence levels.

Fig. 5.5 shows a sketch of the experimental arrangement. Table 5.1 shows the de-
tails for the di�erent CRLs used for the tungsten and diamond damage experiments,
as well as the resulting beam size and �uence on the sample. In the case of the
tungsten damage experiment the irradiated area is found by looking at the size of
the damaged area, which also is in good agreement with simple geometrical optics
estimations.

Figure 5.5: Experimental arrangement for damage experiments. The XFEL beam was
prefocused by a set of CRLs onto the di�ractive optics under test, and an x-ray detector
downstream of the sample measured the di�raction e�ciency during the exposure.

Table 5.1: Focusing lens parameters (number of lenses and radius of curvature) and
resulting beam parameters at the sample position for the tungsten damage experiment
and diamond damage experiment.

Pulse CRL Beam size Total Max.
energy con�guration (µm) transmission �uence
(mJ) (N × µm) (mJ/cm2)

W samples 1.24 3×100 60×90 0.088 2 000
C samples 1.24 6×300 + 1×200 20×20 0.17 220 000
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For the diamond experiment the sample was closer to the focus and a geometrical
optics calculation is not accurate any more. Instead an imprint technique was used,
where a series of imprints at varying �uence were made in a layer of tungsten. In
each imprint the area, where the tungsten has melted, is identi�ed and the outline
of this area, in each imprint, can be used to create a contour map of the intensity
distribution. Fig. 5.6 shows some of the imprints and the resulting �uence distri-
bution. It can be seen that the beam is highly non-uniform. This inhomogeneity is
caused by the non-uniform illumination of the CRLs and the presence of spherical
aberrations in the CRLs.

Figure 5.6: Single pulse imprints at (a) 59 000 mJ/cm2, (b) 99 000 mJ/cm2, and (c)
170 000 mJ/cm2. The reconstructed beam pro�le is shown in (d).

The exposed tungsten zone plates were etched in a 1 µm thick tungsten layer and
had a outermost zone width of 50 nm and a diameter of 75 µm. The substrate was
a 100 µm thick piece of CVD diamond. The diamond grating was etched in the
same type of 100 µm thick CVD diamond and had a period of 200 nm and an etch
depth of 1.4 µm. Unfortunately, the tungsten etch mask had not been removed so
there was a 200 nm thick layer of tungsten on top of the diamond structures. This
complicated the analysis of the damage analysis, as is further discussed in section
containing the results.

A high-resolution x-ray detector, positioned 1 m downstream of the samples, recorded
the di�raction signal after the samples. After the experiment, the structures were
examined in an SEM for signs of damage. The diamond structures were also ex-
amined by Raman spectroscopy for any signs of phase changes from diamond to
graphite.

5.2.3 Experiment 2: Results for tungsten zone plates

Fig. 5.7 shows SEM images of tungsten zone plates exposed to 105 pulses at four
di�erent �uence levels. The �rst zone plate was exposed to 500 mJ/cm2 and shows
no signs of damage. The �rst damage appears at a �uence of 900 mJ/cm2 where
small regions in the outer parts of the zone plate is damaged, see Fig. 5.7(e) for
a close-up view. In the damaged areas small pieces of grating lines are missing.
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The third zone plate which was exposed to a �uence of 1600 mJ/cm2 is more or
less completely damaged and parts of the tungsten layer have vanished. For the
highest �uence level of 2000 mJ/cm2 the damage is even worse and nothing of the
tungsten remains within the footprint of the XFEL beam. The close-up in Fig.
5.7(f) is taken at an edge of the damaged area in Fig. 5.7(d) and shows that the
grating lines have disintegrated rather than melted. This indicates that the damage
is caused by mechanical failure, most likely as a result of the drastic temperature
�uctuations. Calculating the temperature increase for the four �uence levels gives
the result in Table 5.2. The temperature is below the melting temperature even
for the highest �uence level, which further supports that the damage is mechanical
rather than melting.

Figure 5.7: SEM images of tungsten zone plates exposed to 105 XFEL pulses at a �uence
of (a) 500 mJ/cm2, (b) 900 mJ/cm2 (cross indicates position of image in (e)), (c) 1600
mJ/cm2, and (d) 2000 mJ/cm2 (cross indicates position of image in (f)). The images
in (e) and (f) shows close-ups of the positions marked by crosses in (b) and (d).

The recorded images from the x-ray detector gave additional information about the
damage process. For the lowest �uence level of 500 mJ/cm2 the di�raction e�-
ciency of the zone plate was unchanged throughout the exposure. The di�raction
e�ciency was also more or less constant for the zone plate, which was exposed to
900 mJ/cm2 even though some damage was visible in the SEM images. The reason



5.2. EXPERIMENTS AT LCLS 39

Table 5.2: Temperature in tungsten zone plates after an XFEL pulse for di�erent �uence
levels.

Fluence Absorbed Temperature Melting
level (mJ/cm2) dose (eV/atom) after pulse (K) temperature (K)

500 0.15 940 3695 K
900 0.27 1340
1600 0.47 2000
2000 0.59 2430

is most likely that the damaged areas are only a small fraction of the total zone
plate area, and it is therefore di�cult to detect in the di�raction signal. The most
interesting data is from the third zone plate which was exposed to 1600 mJ/cm2.
Here the di�raction e�ciency remained unchanged for the �rst 1000 pulses, after
which damage �rst appears at the edges of the zone plate and progresses towards
the center of the zone plate as the number of pulses increase. This indicates that
the outer parts of the zone plate is more easily damaged, which also seems reason-
able since the structures are thinner and have a higher aspect ratio.

The conclusion from this damage experiment is that the damage in tungsten zone
plates initiate at a �uence level of 900 mJ/cm2. This �uence gives an absorbed dose
of 0.27 eV/atom in the tungsten structures, which give a temperature of 1340 K in
the tungsten. This �uence level is above typical �uence levels in unfocused XFEL
beams and tungsten zone plates can therefore be safely used at XFEL sources.

5.2.4 Experiment 2: Results for diamond gratings

Fig. 5.8 shows SEM images of the diamond grating exposed to 105 XFEL pulses
at three di�erent �uence levels, 59 000, 99 000, and 220 000 mJ/cm2, respectively.
In all three cases the �uence is high enough to damage the tungsten layer on top,
and nothing of this layer remains after the exposures. At the lowest �uence of 59
000 mJ/cm2 (Fig. 5.8(a)) the grating lines appear to be intact but they are tilted
and joined together at many positions. This joining of grating lines creates lower
spatial frequencies in the gating which also was observed as di�racted light at lower
angles in the x-ray images taken during the experiment. At the two higher �uence
levels (Fig. 5.8(b-c)) another type of damage is observed in the form of craters in
the center of the gratings, see Fig. 5.8(d) for a close-up image of one of the craters.
At these positions the grating lines are severely deformed or even completely van-
ished. We believe that this damage is caused by graphitization, where the original
diamond structure has undergone a phase transition to graphite. This was sup-
ported by Raman spectroscopic analysis of the damaged areas, where a graphite
signal was present in areas with the crater-like damage. In the same way as for
the tungsten zone plates it is possible to calculate the temperature increase in the
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diamond gratings, and the result is shown in Table 5.3. Because of the much lower
absorption coe�cient of diamond, the temperature increases are still moderate even
though the �uence is considerably higher than for the tungsten exposures.

Figure 5.8: SEM images of diamond gratings (with a tungsten etch mask on top) exposed
to 105 XFEL pulses at a �uence of (a) 59 000 mJ/cm2, (b) 99 000 mJ/cm2, and (c) 220
000 mJ/cm2. A close-up of the damaged area at 220 000 mJ/cm2 is shown in (d).

Hence, even the estimated temperature in the exposed diamond gratings at the
highest �uence is below the expected graphitization temperature of 1800 K [30].
This might lead one to the conclusion that the phase transition was non-thermal
and caused by the interaction with the intense femtosecond XFEL pulse. The
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Table 5.3: Temperature in diamond after an XFEL pulse for di�erent �uence levels.

Fluence Absorbed Temperature Graphitization
level (mJ/cm2) dose (eV/atom) after pulse (K) temperature (K)

59 000 0.027 570 1800 K
99 000 0.046 700
220 000 0.10 1010

problem is that the presence of the tungsten layer on top of the diamond structures
complicates the interpretation of the damage process. This tungsten layer would
have absorbed a large part of the incident x-ray energy, energy which might then
have been transferred down into the underlying diamond structures. Hence, it is
quite likely that the dose deposited in the top of the diamond structures and the
resulting temperature was higher than the estimated values in Table 5.3, where
only x-ray absorption in diamond itself was considered.

Because of the presence of the tungsten layer it is di�cult to draw any certain
conclusions about the damage threshold for diamond zone plates at XFEL sources.
In this experiment the graphitization of the diamond structures was �rst observed
at 99 000 mJ/cm2 at an x-ray energy of 8 keV. Gratings exposed to a lower �uence
of 59 000 mJ/cm2 showed no signs of graphitization and the grating lines were
intact, apart from a tilting of the lines, which we believe is due to the presence
of the tungsten layer. It is likely that pure diamond structures have a higher
damage threshold than what was observed in this experiment and ideally further
experiments should be performed.

5.3 Summary and discussion of damage studies

This chapter summarizes the result of the various damage studies. Table 5.4 shows
the results of the three tungsten damage experiments, one experiment performed
with a Nd:YAG laser and two experiments performed at LCLS. The Table gives
the �uence for which no damage was observed for a large number of pulses. Con-
sidering the calculated temperatures in the tungsten structures after one pulse, we
conclude that it is around 1000 K for both of the LCLS experiments and slightly
higher for the visible light experiment. All temperatures are well below the melting
temperature of tungsten.

When the �uence is increased above these levels the structures begin to show signs
of mechanical damage in the form of cracks in grating lines. This damage is most
likely caused by mechanical stress in the zone structures, as a result of the drastic
temperature increase. This con�rms our initial guess that the largest problem for
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metal zone plates at XFEL sources is the thermal cycling caused by the absorbed
energy in each pulse.

Table 5.4: Summary of tungsten damage studies.

Experiment Photon Safe Temp. in Comments
energy �uence tungsten

Nd:YAG Laser 2.33 eV 100 mJ/cm2 1500 K Visible laser �uence
LCLS - Exp. 1 6 keV 350 mJ/cm2 1040 K No other �uence tested
LCLS - Exp. 2 8.2 keV 500 mJ/cm2 940 K

The interesting question is now how these safe �uence levels compare to the �uence
levels at today's, and future, XFEL sources. The pulse energy of most XFELs is
around 2 mJ but the size of the beam can vary depending on the distance from the
source, from around 500 µm (FWHM) to several millimeters, which gives a �uence
in the range from around 50 mJ/cm2 to 700 mJ/cm2. Hence, tungsten zone plates
can be safely used for most of this range. The risk for damage is only for the small-
est beam sizes. It should also be noted that a zone plate large enough to collect
the full beam typically has too many zones to be used without a monochromator.
If a monochromator is used the main part of the energy in the XFEL pulse is lost
and the �uence on the zone plate is signi�cantly reduced.

In the case of diamond structures the expected damage threshold is much higher
than the �uence at any existing, or planned, XFEL. Because of the presence of
a tungsten layer on top of our diamond structures, it is hard to say where the
actual damage threshold is. Even at the lowest �uence of 59 000 mJ/cm2, some
damage was observed in the form of tilted grating lines. At higher �uences of 99
000 mJ/cm2, and higher, we observed graphitization of the diamond grating with
severe structural damage as a result. However, it is possible that both types of
damages were caused by the tungsten layer and more experiments on pure diamond
structures is therefore needed before any further conclusions can be made.
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Ronchi test

This Chapter describes an experiment performed at LCLS where the classical
Ronchi test [33] was used to measure aberrations in a large diameter zone plate.
Given that the position of the zones in a zone plate is accurate enough it can be
used to focus x-rays to a di�raction limited focus. The Ronchi test provides a fast
and simple way to detect any aberrations present in a zone plate, or any other type
of focusing optics. Since many experiments rely on a clean wavefront at the sample
position it is important to verify that the focus is di�raction limited. In general
there exist several methods to characterize the focus after an optical element. The
perhaps most commonly used method at XFEL sources is the imprint technique
where a series of imprints are recorded in a metal layer [34, 35]. The drawback of
this technique is that the analysis of the imprints has to be done afterwards. An-
other technique that recently was successfully used at LCLS is ptychography where
a set of di�raction images from a test sample were used to numerically reconstruct
the focus [36]. However, the reconstruction process is not always successful and
can be time-consuming. The Ronchi test is an alternative to these methods, since
it is simple to perform and can give instant feedback about the aberrations in the
focusing optics.

The �rst part of this chapter goes through the basic principle of the Ronchi test
and gives a brief historical background. After this, the experimental arrangement
used at the LCLS experiment is explained and �nally results for a zone plate are
presented.

6.1 Basic principle

The Ronchi test was invented by Vasco Ronchi in the 1920s as a method to test
the quality of mirrors and lenses for telescopes. He measured the focal length of a
mirror by placing a grating in the center of curvature and thus imaging the grating
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on itself. When the grating was placed in the correct position, the image of the
grating would be of the same size as the grating itself. But when he then looked
through the grating at the mirror he saw a large number of irregular fringes on
the mirror and realized that these must be due to imperfections in the mirror. He
called these fringes combination fringes, nowadays they are known as Moiré fringes,
which are formed from the grating and the distorted image of the grating. The
shape of the Moiré fringes depends on the type of aberration and thus it is possible
to characterize the aberrations in the mirror, or lens. A more detailed description
of the history of the Ronchi test, together with a large number of typical fringe
patterns, is given in Ref. [33].

Focusing optics

Grating

Detector plane

0th

+1st

-1st

Figure 6.1: Basic experimental arrangement for the Ronchi test. The incident radiation
is focused by the optical element under test and a grating is placed close to the focus. The
di�erent di�raction orders after the grating overlap on the detector and give interference
fringes that contain information on the aberration in the optical element.

The original Ronchi test used gratings with rather large periods, making it possible
to interpret the results in a purely geometrical way. However, if the illumination
is coherent enough it is also possible to perform the test in a slightly di�erent way,
which was done in our experiment. In this case the basic experimental arrangement
is as in Fig. 6.1. Here, the lens is coherently illuminated and a grating with a much
smaller period is placed close to the focus. The grating then di�racts the beam in
its di�erent di�raction orders, of which the 0th order and the two �rst orders are
of interest for the Ronchi test. The period of the grating is chosen such that the
di�raction angle for the �rst order is equal to the divergence angle of the optics.
Hence, the �rst orders will overlap only with the 0th order but not with each other,
generating the situation shown to the right in Fig. 6.1. The 0th order will then
interfere with the two �rst orders and produce interference fringes. If the lens is
aberration free it will produce a spherical wave that interferes with a shifted copy of
the same spherical wave. Provided that all angles are small, which is almost always
the case for x-ray optics, the result will be a set of perfectly straight fringes in the
region of overlap between the 0th and 1st orders. If the lens on the other hand
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has some aberrations the beam will deviate from a spherical wave and the result is
bent fringes. The shapes of the fringes for the di�erent aberrations is the same as
in the original Ronchi test and these characteristic fringe patterns are commonly
referred to as ronchigrams. Fig. 6.2 shows some simulated ronchigrams for the most
common aberrations at di�erent grating-to-focus distances.

Gra�ng in focus Gra�ng a er focusGra�ng before focus
Perfect lens

Lens with spherical aberra�on

Lens with coma (parallel to gra�ng lines)

Lens with coma (perpendicular to gra�ng lines)

Figure 6.2: Simulated ronchigrams for a lens with no aberrations, a lens with spherical
aberration, and two lenses with coma in di�erent directions.

The strength of the Ronchi test is that it can provide information on the aberra-
tions in focusing optics in a single image, without the need for any computations or
computer algorithms. If the fringes are straight, the wavefront is a perfect spherical
wave and the optics has no aberrations. However, it should be noted that since a
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one-dimensional grating is used, the test is only sensitive to aberrations in the di-
rection perpendicular to the grating lines, thus astigmatism can be hard to detect in
a single measurement. If the astigmatism is in the direction of the grating, it is not
possible to detect it without an additional measurement where either the grating,
or the optic, is rotated. An alternative method is to use a 2D pattern, for instance
two crossed gratings or a checkerboard pattern [37] and thus record information in
two directions simultaneously. This will, on the other hand, generate more complex
interference patterns, which might be harder to directly interpret visually. Hence,
it might be necessary to rely on methods such as Fourier �ltering of the measured
ronchigrams to isolate di�erent di�raction orders [38].

It should also be noted that the Ronchi test is essentially a shearing interferometer
[39]. Shearing interferometers exist in a wide variety, some of which are commonly
used at hard x-ray wavelengths to measure the wavefront, either for phase contrast
imaging [40] or for beam characterization [41, 42]. The similarities between these
methods and the Ronchi test is perhaps most striking for the original Ronchi test
with low shear and large grating periods. There are also similarities to the well
known Hartmann test, where a pattern of small holes is placed in the beam and the
deviation of the projected holes on the detector is used to calculate the aberrations
in the optics or the beam [43].

6.2 Measurement of aberrations in a zone plate at LCLS

The Ronchi test described above was demonstrated at the MEC instrument at LCLS
where the aberrations in a tungsten zone plate were measured. The zone plate had
a diameter of 500 µm and an outermost zone width of 100 nm, giving a focal length
of 334 mm at the used photon energy of 8.194 keV. Because of the large diameter,
the zone plate had 1250 zones, which was more than the natural monochromaticity
of the XFEL beam. Therefore we had to use a silicon monochromator to ensure
su�cient monochromaticity and avoid chromatic aberrations. Because a zone plate
has several focusing orders a 100 µm diameter central stop and a 20 µm diameter
order sorting aperture had to be added. The central stop was placed in close prox-
imity to the zone plate and the order sorting aperture a short distance before the
focus.

The Ronchi grating was 1.5 µm thick and made of diamond [17], with an addi-
tional 250 nm thick tungsten layer on top, giving a �rst order di�raction e�ciency
of 13%. The grating period was 200 nm to match the numerical aperture of the
zone plate and to give optimum overlap between the �rst and 0th di�raction orders.
A Princeton Instrument PIXIS-XF 2048B �ber-coupled phosphor camera recorded
the resulting ronchigrams at a position 4 m after the focus. The intensity in a single
XFEL pulse was high enough to record a ronchigram, but at the same time low
enough to not cause any damage to the grating. However, the method also works
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for situations where the grating is destroyed in a single pulse. This is possible be-
cause a single pulse is enough to record a ronchigram.

Simulation (Perfect ZP) Simulation (Perfect ZP)

a b

c d

e f

Simulation (Aberrated ZP) Simulation (Aberrated ZP)

Measurement Measurement

Defocus = 0 mm Defocus = 1.65 mm

Defocus = 0 mm Defocus = 1.65 mm

Defocus = 0 mm Defocus = 1.65 mm

Figure 6.3: Comparison of measured and simulated ronchigrams at two di�erent grat-
ing positions. (a-b) Measured images. (c-d) Simulated images with aberrations. (e-f)
Simulated images for a perfect lens. The dark circle and cross in the images is the central
stop in the zone plate plane.

During the experiment several ronchigrams were recorded at di�erent grating-to-
focus distances. Fig. 6.3(a,b) shows two of the measured ronchigrams, at 0 mm



48 CHAPTER 6. RONCHI TEST

defocus and 1.65 mm defocus. By looking at the fringes, and noting that they are
far from straight, it is clear that the zone plate has some rather severe aberrations.
The pattern can be compared to simulated ronchigrams for an aberration free zone
plate in Fig. 6.3(e,f). Furthermore, if the measured ronchigrams are compared to
the simulated ronchigrams in Fig. 6.2 it is clear that the elliptical fringe pattern is
caused by a coma-like aberration at a direction perpendicular to the grating. The
reason to call it coma-like instead of coma is that coma normally arises when a lens
is used o� axis. In this case, the zone plate is used on axis and the coma is instead
caused by an error in the zone plate pattern itself. From the number of visible
fringes in the ronchigram without defocus it can be concluded that the magnitude
of the coma is roughly 2λ. Moreover, the fringes are not centered in the up-down
direction, but rather shifted downwards. This indicates the presence of astigmatism
in a direction close to that of the grating lines.

In an attempt to further quantify the aberrations we performed simulations where
aberrations were added to the zone plate and the resulting ronchigrams were com-
pared to the measured ones. The best agreement was found when adding 2λ (peak
wavefront error) of coma at 90 degrees and 1.8λ (peak wavefront error) of astigma-
tism at 10 degrees (0 degrees is along the direction of the grating lines). Fig. 6.4(a)
shows the optical path di�erence (OPD) that was used in the zone plate plane
during the simulation and Fig. 6.4(b) shows the intensity in the plane of highest
intensity after the zone plate. The intensity distribution has the characteristic
comet-like tails of a coma aberration. Finally, Fig. 6.3(c,d) shows the simulated
ronchigram where aberrations have been introduced.
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Figure 6.4: (a) Simulated OPD in the zone plate plane. (b) Simulated intensity distri-
bution in the plane with the highest intensity.
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The cause of the aberrations in the zone plate is most likely positioning errors in
the electron-beam lithography patterning process. Astigmatism is simply caused
by deviations from a perfectly circular zone plate shape. Coma can be introduced
if there is drift of the zone plate sample during the exposure. The pattern is drawn
zone by zone and if the sample moves during the exposure this will cause the center
position of the zones to change slightly for each new zone. Fig. 3.5(c) in Chapter 3
shows a sketch of a zone plate with such a coma-like aberration.

To summarize, the main bene�ts of the Ronchi test is the simple experimental ar-
rangement and the straightforward interpretation of the ronchigrams. The method
only requires an x-ray detector and the possibility to position a grating close to the
focus. It can give information on focusing aberrations on a single shot basis at an
XFEL source. If the ronchigram has perfectly straight fringes, or zero fringes when
the grating is placed in the focus, the optic is di�raction limited in the direction
perpendicular to the grating direction.





Chapter Seven

Conclusion and Outlook

When this thesis work began there were no XFELs operating at hard x-ray wave-
lengths and whether traditional metal zone plates could be used at such facilities
was an open question if. In fact, the general belief was probably that they would
not be able to survive the intense x-ray pulses produced at XFELs.

At the end of this work it is now clear that metal zone plates can indeed be used
to focus XFEL radiation without being damaged. The simulations in Paper 1 and
Paper 2 showed that the zone plates would have to be able to withstand signi�cant
temperature �uctuations. The �rst experiment in Paper 3 veri�ed that tungsten
structures could indeed survive temperature �uctuations of several hundred Kelvin
for a large number of pulses without damage. However, this experiment was not
performed at x-ray wavelengths and further experiments were therefore needed.
These �nal tests of the zone plates were later performed at LCLS and are described
in Paper 3 and Paper 4. Here it was �nally proven that tungsten zone plates are a
viable option for focusing of XFEL radiation.

From the experiments it could also be seen that damage occurs at temperatures
lower than the melting point of tungsten. Instead of melting, the zone plates ap-
pear to be mechanically damaged by fatigue from the large and rapid temperature
�uctuations. It is therefore important to point out that the experiments were per-
formed for a limited number of pulses and that damage might occur if zone plates
are used for prolonged times.

The experiments in this thesis were performed at LCLS where the repetition rate is
rather low. In a few years from now the European XFEL will become operational.
This source has signi�cantly higher repetition rates, and will thus be even more
demanding for the zone plates. At these repetition rates there is a possibility that
a metal zone plate might reach its melting point due to a successive increase of
temperature over many pulses. Diamond zone plates will therefore be an attractive
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option for high repetition rate sources.

As it appears today, the most popular focusing optics at XFELs are mirrors. This
is not surprising since it was clear from the beginning that they are not easily
damaged by the radiation and can provide a high focusing e�ciency. Mirrors will
most likely remain the �rst choice for most experiments. However, zone plates can
hopefully prove to be a useful alternative for some more specialized experiments.



Summary of Papers

This Thesis is based on the following papers. The author is the main responsible
for the work presented in the Papers 1, 2, 3, and 5, including simulations and cal-
culations, preparation and execution of experiments, analysis of results and writing
of papers. The work for Paper 4 was to a large extent performed by the author,
he took a large part in the planning and execution of the experiment as well as
analysis of the results and calculations. He did not take part in the analysis of
the damage done to the diamond structures and the paper was mainly prepared
by others. The fabrication of x-ray optics for Papers 3, 4, and 5 was done by others.

Paper 1 investigates theoretically the temperature behavior of metal zone plates
on diamond substrates when they are exposed to hard x-ray free-electron laser radi-
ation from the European XFEL. This is done by solving the transient heat equation
with the �nite element method. The main result is that the temperature in the zone
plates should remain below the melting point for all investigated cases. However,
they will be subjected to large temperature �uctuations of several hundred Kelvin
in each pulse.

Paper 2 presents a continuation of the simulations described in Paper 1. The
impact of the e�ciency of the substrate cooling on the zone plate temperature is
investigated in more detail. Furthermore, the paper presents simulation results for
diamond zone plates and metal zone plates for both LCLS and the European XFEL.

Paper 3 presents the results of two damage experiments where the thermal sta-
bility of tungsten nanostructures were investigated. The �rst experiment used a
pulsed visible Nd:YAG laser to heat tungsten gratings to temperatures expected at
XFEL sources. The main result of this experiment was that tungsten nanostruc-
tures can withstand the expected temperature �uctuations. The second experiment
was performed at LCLS where two zone plates was exposed to 104 and 105 pulses
at 6 keV x-ray energy without being damaged.
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Paper 4 presents the results of a damage study performed at LCLS where tung-
sten and diamond x-ray optics were exposed to a prefocused 8 keV x-ray beam in
order to �nd the respective damage thresholds. For tungsten it was found that
damage occurs above a �uence level of 500 mJ/cm2. This �uence level is above
typical operation conditions and it could therefore be concluded that tungsten zone
plates can be safely used at XFEL sources. The results for the diamond optics was
hard to interpret because of the presence of a tungsten etch mask on top of the
diamond. Damage was found to occur at �uence levels much below what would be
expected from theoretical calculations. It is therefore likely that energy absorbed
in the tungsten contributed to damage in the underlaying diamond.

Paper 5 reports on measurements of aberrations in a zone plate at an XFEL by
the Ronchi test. The Ronchi test was implemented by placing a diamond grating
close to the focus of the zone plate and observing the resulting interference fringes
in the far �eld. An aberration free lens produces perfectly straight fringes and any
deviations from that indicates the presence of aberrations. Hence, aberrations in a
large diameter tungsten zone plate could be determined.
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