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“The important thing in science is not so much to obtain new facts as to discover new ways of
thinking about them.”

Sir William Henry Bragg, Nobel Prize for Physics, 1915
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Abstract

In this work, optical systems such as special monochromators and spectroscopy elements for the
beam diagnostics and spectroscopy with free-electron laser (FEL) radiation are presented. Various
methods and optics for commissioning and measurement of the actually produced laser beam are
shown; finally the application of FEL-radiation at experiments is demonstrated.

The demands to the FEL X-ray optics are extremely high. They must be able to preserve the
properties of the new sources as good as possible; speaking not only of the enormous photon density
per time, but also of coherence and extremely low divergence, generated by the FELs. This occurs at
pulse repetition rates in the range of up to several kHz. Such high-energy pulses in the GW range
pose the question of whether the used optics is able to withstand these conditions (for a longer
time). Possible applications and limitations of modern optics such as reflection zone plates are
investigated and demonstrated here.

The present work involves both simulation and experimental tests. It is divided into four sub-
projects. Each one describes the different states of the FEL. The first sub-project with the European
XFEL GmbH in Hamburg includes the commissioning of the FEL. Here, two different methods for the
precise adjustment of the undulator segments of the long FEL undulators (200 m) are presented, by
measuring the so-called K-parameter, magnet field strength in the undulator, the product of magnet
field and period length of a magnetic structure. For that, a 2- or 4-crystal monochromator is used,
which is able to determine the K-parameters with an accuracy of 10 to 10°®. The proposed methods
were successfully demonstrated using undulator radiation at the PETRA Ill facility.

The second sub-project with European XFEL is dedicated to the measurement of the spectral
parameters of the actual resulting FEL radiation from pulse to pulse, single-shot spectroscopy. For
this purpose, various methods have been investigated that can register the spectral response with
sufficiently high precision. It was thereby demonstrated that resolutions down to 3.2 meV at the
pulse energy of 10 keV are feasible.

In a third project, with LBNL in Berkeley and at LCLS in Stanford, a new spectroscopic setup was
implemented, which is able to detect the fluorescence spectra from highly diluted elements under
interaction of FEL X-ray pulses with a liquid jet in vacuum. The signals, previously not measurable due
to low intensity in the complex context of photosynthesis spectroscopy were observed. The system
development and a successful improvement are presented.

The fourth project describes an X-ray transport line coupled with a spectrometer for conducting
cross-dispersive resonant inelastic X-ray spectroscopy (RIXS) experiments. This is theoretically
examined as a case-study. With this apparatus it is possible to achieve an energy resolution of E/AE =
30,000 in the soft X-ray regime (776 eV as an example) at simultaneous recording of the absorbed
and emitted radiation, which will enable a new class of fundamental research using RIXS
experimental studies.
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Kurzzusammenfassung

In dieser Arbeit werden optische Systeme wie spezielle Monochromatoren und spektroskopische
optische Elemente fiir Strahlendiagnostik sowie Spektroskopie mit Freie-Elektronen-Laserstrahlung
(FEL) dargestellt. Verschiedene Methoden und Optiken fir die Inbetriebnahme und Messung der
produzierten Laserstrahlung werden gezeigt; schlieBlich werden auch Experimente mit FEL-Strahlung
vorgestellt.

Die Anforderungen an die FEL Rontgen-Optiken sind extrem hoch. So miissen sie in der Lage sein, die
Eigenschaften der neuen Quellen bestmoglich zu erhalten. Dabei sprechen wir nicht nur von den
enormen Photonendichten pro Zeit, sondern ebenso von Kohdrenz und extrem geringer Divergenz,
die FELs erzeugen. Eigenschaften der neuesten Quellen wie Pulswiederholungsraten im Bereich
mehrerer kHz und hochenergetische Pulse im Gigawatt-Bereich werfen ebenso die Frage auf, ob die
verwendeten Optiken im Stande sind, diesen Bedingungen unbeschadet fir langere Zeit Stand zu
halten. Mogliche Anwendungen, sowie Grenzen der modernen Optiken, mit besonderem Augenmerk
auf Reflektionszonenplatten, werden hier untersucht und aufgezeigt.

Die vorliegende Arbeit beinhaltet sowohl Simulations- als auch experimentelle Ergebnisse. Sie ist in 4
Teilprojekte untergliedert. Ein jedes beschreibt Anwendungen in verschieden Status des FEL. Das
erste Teilprojekt mit der European XFEL GmbH in Hamburg beinhaltet die Inbetriebnahme des FEL.
Dabei werden 2 verschiedene Methoden zur prazisen Justage der Segmente der langen FEL-
Undulatoren (ca. 200 m) durch Messung des sogenannten K-Parameters vorgestellt. Dafir wird ein 2-
bzw. 4-Kristall-Monochromator eingesetzt, der in der Lage ist, den K-Parameter mit einer
Genauigkeit von 10 bis 10° zu bestimmen, um die spontane Strahlung zu untersuchen. Die
vorgeschlagenen Methoden zeigten sich bei Experimenten an PETRA Il als erfolgreich durchfiihrbar.

Das zweite XFEL-Teilprojekt widmet sich der Spektroskopischen Messung der FEL-Strahlung von Puls
zu Puls, der sogenannten EinzelschuB-Spektroskopie. Hierfiir wurden verschiedene Methoden
vorgestellt, die die vorhandenen Anderungen des Spektrums jedes einzelnen Schusses mit geniigend
hoher Prazision registrieren konnen. Es konnte dabei gezeigt werden, dass Energieauflosungen bis zu
3,2 meV bei 10 keV Photonenenergie moglich sind.

In einem dritten Projekt mit LBNL in Berkeley am LCLS in Stanford wurde ein neuartiges Spektroskop
realisiert, das in der Lage ist, das Fluoreszenzspektrum von Elementen in hdchstverdiinnten
Losungen, unter Nutzung von Wechselwirkung von FEL-Pulsen mit einem Flissigkeitsstrahl, im
Vakuum zu detektieren. Aufgrund zu geringer Intensitdt bisher unmessbare Signale im komplexen
Zusammenhang der Photosynthese konnten spektroskopisch erfasst werden. Die umfassende
Systementwicklung und eine erfolgreiche Verbesserung werden vorgestellt.

Im letzten Projekt wird ein Rontgenstrahlrohr, direkt verbunden mit Spektrometer zur Messung
resonanter, unelastischer Rontgenstrahlung (RIXS) theoretisch als Fallstudie untersucht. Mit dieser
Vorrichtung ist es moglich, eine Energieaufldsung von E/AE = 30000 im weichen Rdntgenbereich (bei
776 eV als Beispiel), bei gleichzeitiger Aufnahme der absorbierten und der emittierten Strahlung, zu
erlangen, was eine neue Klasse von Experimenten im Bereich der Grundlagenforschung mit RIXS-
Studien ermoglichen wird.
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1. Introduction/Motivation

The history of free electron light sources started in 1930, when Ernest Lawrence first proposed the
concept of a cyclotron. It was realized two years later together with Milton S. Livingston; they
accelerated protons to 1.2 MeV [1].

The first idea of a pulsed magnet ring appeared in a proposal in 1943 [2]. This was the foundation of
a synchrotron. Julian Schwinger published his development [3] and then in a revised form in 1949 the
theory for synchrotron radiation [4]. Consecutively, it was developed further by [5], [6] and [7] until
the first observation of synchrotron radiation happened accidentally in the year 1947 (24™ of April) at
the General Electric Research Laboratory in Schenectady, New York [8]. In this case “observation” is
meant literally, as they observed visible light. Actually, the radiation appeared parasitically on
accelerators for high-energy particle physics built to conduct primary experiments for the production
of X-rays via particle collisions. At this time, some of the old storage rings from particle physics were
altered for the production of X-rays [9]. Due to promising results using these X-ray radiation sources,
a second generation of sources was built in the 1980s. With these sources, generation of synchrotron
radiation was primarily based upon bending magnets.

A decade later third generation sources were developed: storage rings which were exclusively
designed and built for the purpose of producing synchrotron radiation, containing many undulators
and wigglers as primary light source.

The latest revolution in the development of free electron sources was the 4™ generation, the Free
Electron Lasers (FELs), invented and first built by John Madey [10] in 1970. The development took
another 31 years, until in 2001 [11] the first self-amplified stimulated emission (SASE) FEL went into
operation with FLASH at DESY in Hamburg [12] [13], working in the EUV/soft X-ray regime. Its
conceptual design report was already published in 1995 [14], User-operation started in 2005 [15].
Then, the development went further on, until “a milestone of paramount importance” [16] was
achieved with the first lasing (in the hard X-ray regime) of LCLS in 2009 [17] [18] and SALCA in 2011
[19].

The constant enhancement of free electron light sources gives rise to new exciting possibilities for
experiments which were never feasible before, maybe not even conceivable. This constantly leads to
new challenges, new demands on the optical elements, which were so far developed for synchrotron
sources. The newly developed sources offer extremely high peak brilliances (10 orders of magnitude
more than 3" generation synchrotrons), very short pulses (down to the fs-regime) but varying
spectra from shot to shot (if generated e.g. via SASE-principle). This requires a new level of X-ray
optics; especially for those dedicated to diagnostics and spectroscopy of the FEL beams and
corresponding experiments.

Simultaneously with the development of free electron sources, the development of X-ray optics
made a tremendous progress. X-ray Optics is the link between the source and cutting-edge
experiments to probe materials in spatial, electronic and temporal scales of nanometers and
femtoseconds. It is required to preserve the source’s brightness best possibly. The developments in
X-ray optics stays well behind the progress in source technology, by the ability to monochromatize,
focus and control the high-intensity beams in the required length- and time-scale. The optics



technology needs to meet the required precision in the range of sub-nanometer height deviation and
nano-radian slope errors, which needs to be preserved under high heat load, at length scales of the
optical element on the order of 1 m. This is quite challenging for the production process as well as for
their metrology. Modeling and simulation is the theoretical basis for the design of a diversity of
optical elements. So, as well simulation and characterization methods are necessary to approach the
complexity of modern beamline design, covering a large energy range from UV to hard X-rays; as it is
stated in the “Report of the DOE Workshop on the Basic Energy Sciences on X-ray Optics for BES Light
Source Facilities”, March 27 — 29, 2013, Washington DC, USA.

The development of new spectroscopic techniques using X-rays has engaged scientists since the
discovery of the unique properties of X-rays for investigation of matter. High-resolution
spectrometric systems based on diffraction gratings are extremely expensive and inefficient because
of their small angular acceptance, low diffraction efficiency and the high density of lines on the used
gratings. Even though, they are extensively used in VUV and soft X-ray optics in combination with
total external reflection mirrors. The reflectivity of applied coatings in this photon energy range is
also far from 100% and leads to a drastic reduction of the photon flux, if the beamline consists of
several optical elements. Recently, with the development of nano-technological methods, variable
line spacing (VLS) gratings have been implemented, which are able to focus dispersed X-rays one-
dimensionally onto the detector. That way, one reflection element (focusing mirror) is eliminated
and the sensitivity and accuracy of spectroscopic methods [20] is increased considerably.

In [21] and [22], for the first time a new optical element was described: the reflection zone plate
(RZP), which combines reflection, dispersion and focusing properties in one optical element and can
be used in the energy range from 0.1 eV to 100 keV. Later, this optical element, the RZP, was
successfully implemented into high resolution spectroscopy-setups for monochromatization [21] [22]
[23] [24] [25]. Recently — using nanotechnology methods like e-beam patterning, reactive ion etching
and metal coating — the production of optical elements with minimum structure periods down to 50
nm became realizable.

The RZP gratings do not have only two-dimensional groove spacing in the plane of diffraction, but
also an optimized groove depth along the direction of dispersion axis is currently under
development, which increases the efficiency. The RZP gratings were used for the construction of an
extremely high-efficient monochromator for the femto-second spectroscopy beamline at BESSY I,
which has up to 20 times higher efficiency than other optical beamline systems [25][26][27].

Moreover, a new generation of wavelength-dispersive parallel spectrometers with up to 5 times
higher angular acceptance compared with traditional spectrometers was developed [28][29]. All this
became possible due to rejection of multiple mirror reflections in the optical system. The new
developments in X-ray optics, described in this work, are of very high importance within the
development of X-ray free electron laser facilities. The unique time and spectral properties of these
modern sources, in fact, do not require the abandonment of traditional optical designs, but rather an
orientation towards new developments in optical elements, in order to avoid multi-element optical
schemes which suffer from low output efficiency.

A comprehensive analysis of options in the alignment process, preservation of the laser’s properties
and the transmission onto the experiment is obligatory. Following this intention, new ideas for
instrumentation and methods for XFELs are presented in this work. It is divided into 4 main chapters:
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Chapter 1 is the introduction and motivation behind the design and development of new optical
elements for devices meeting the demands rising from the challenging properties of state-of-the-art
free-electron light sources.

Chapter 2 provides the fundamentals of X-ray optical elements. The basics of generating X-ray
radiation and their properties are shown. The specific properties of modern X-ray free-electron
sources are summarized as development from Synchrotron sources to FELs. A short survey over
possible interaction of X-rays with matter is presented, to serve as a basis for possible experiments
using these sources. Based on this, X-ray optical elements and their properties are introduced.

Chapter 3 presents X-ray optical systems for diagnostics and analysis of SASE FEL sources. Two crucial
challenges on running this source are described. First, a spectrometer for commissioning of an
undulator and then the alignment of a chain of undulator segments is presented. This alignment is
essential to get an FEL (based on SASE-principle) into lasing-action. Secondly, as the FEL starts lasing,
the determination of the entire shot-to-shot spectrum comes into play. Regarding this, different
approaches in terms of commissioning as well as single-shot spectrometers have been proposed and
simulated and partially compared with experimental results.

Chapter 4 consists of the presentation of two experiments using X-FEL radiation. The first project
deals with spectrometry on a highly dilute solution in FEL radiation applying X-ray absorption
spectroscopy (XAS). Hence, a highly transmissive RZP spectrometer is used to meet the experimental
demands. It shows the development of a spectrometer for fluorescence detection at the Mn edge
from the first ideas to an extensive simulation and the first experiments with this spectrometer.
Furthermore, from the first experiment in 2012 ideas accrued on how to improve the efficiency of
the entire setup. The upgraded setup has already been tested in a follow-up experiment at LCLS at
the end of 2013. The second project is basically a case study on how to apply the gathered
knowledge to a resonant inelastic X-ray spectroscopy (RIXS) experiment. An entire beamline,
dedicated to highly efficient, high resolution RIXS experiments is proposed. It is capable not only of
providing information about energy-loss at a very precise level, but also about momentum-transfer
during the process. Considerations and simulations regarding these challenges are presented.

Within these two chapters, the characterization and diagnostics of an SASE-FEL is presented.
Hereupon, an actual experiment, using an FEL source is presented and finally a prospective
experimental setup as a case study is simulated and discussed.

Chapter 5 gives a résumé of the presented self-contained process from commissioning to analysis
and application to actual experiments of an XFEL. It summarizes the (experimental and) simulated
results and states the potential within the different projects presented as an outlook.

All the ray-tracing simulations from the single optical elements up to entire beamlines below are
conducted using the in-house developed software RAY [30].

This work was done in a collaboration project of the “Helmholtz-Zentrum Berlin” with the “European
X-ray Free Electron Laser GmbH” in Hamburg, Germany.



2. Fundamentals

In this chapter, the theoretical background is presented which serves as basis for the different
experimental demands that should be met and will be described more in detail in chapters 3 and 4
(by simulations and experimentally).

As shown in Figure 1, visible light represents just a small fraction of the entire spectrum of
electromagnetic radiation. Within this work, the spectral range of X-rays from its generation to
application to cutting-edge challenging experimental setups is examined and dedicated optics is
investigated.

The Electromagnetic Spectrum | kgTe -The thermal energy at room temperature
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Figure 1: overview of the electromagnetic spectrum. (Taken from http://en.wikibooks.org)

Radiation of lower energy up to the infrared range is mostly absorbed by matter via excitation of
molecular or atomic oscillations, which then produces heat. When applying visible light (VIS), shell-
electrons of molecules can be lifted to higher energy levels. The energy “stored” in this way, can be
released by fluorescence radiation, chemical reactions or other non-radiative decay channels.
Furthermore, ultraviolet light can even cause ionization (see photo-electric effect). Important
interactions of X-rays with matter will be described more in detail within the next chapter 2.2.1.

Electromagnetic radiation has both wave and particle properties. On one hand, it shows classical
wave behavior in Huygens’ and Young’s experiments involving diffraction and interference. On the
other hand, it shows the behavior of particles for example at Crookes radiometer, also known as light
mill, but also at experiments using double-slits (at which actually both properties could be shown).
Mathematically, electromagnetic radiation is described by Maxwell’s equations [31]:

st , which means, electrical field lines diverge in presence of electrical charge. The

charge is the source of the electrical field.

v .E = £ with E —electrical field, p — charge density. (2.1.)
&

2" Gauss’s Law for magnetism, magnetic field lines do not diverge, the field of magnetic flux
density is free of sources, and magnetic monopoles do not exist.

V-B =0 with B—magnetic field. (2.2.)

3" Faraday’s Law of induction: changes in the magnetic flux density lead to an electric vortex.
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vxE=-_B. (2.3.)
at

4™: Ampere’s circuital law: electrical current leads to a magnetic vortex.

VxB= ,UO(J +&, ‘i:] with J — electric current density; (2.4.)

with the universal constants & — permittivity of free space, and w1, — permeability of free space.

No matter if natural or artificial, electromagnetic radiation is always created by movement of
charged particles or magnetic dipoles.

The quantum mechanical properties of particles will be described more detailed within sub-chapter
2.2.1 (interaction with matter), but, in general, electromagnetic radiation consists of quantums called
photons. A photon has the energy E = hv (e.g. see photoelectric effect) and no mass (mg = 0),
propagates at the speed of light ¢ and is carrying the momentum p = hv/c = h/A (e.g. see Compton
Effect) and the angular momentum h/2x.

In the year 1895 Wilhelm Conrad Rontgen conducted several experiments using the newly
discovered cathode rays. For this work he received the Nobel-prize “in recognition of the
extraordinary services he has rendered by the discovery of the remarkable rays subsequently named
after him” in 1901. With the idea of the X-ray tube Rontgen laid the foundation for the most
common type of X-ray sources in even today’s laboratories. Nowadays though, there are much
larger, up to 22 orders of magnitude more brilliant X-ray sources available; without which modern
research in many fields would be impossible. The evolution of these sources will be described within
the subsequent chapter 2.1.

Generally, photon energies between 100 eV up to a few keV are considered as “soft” X-rays. Photon
energies up to a few 100 keV are called “hard” X-rays. Since most X-ray sources are based on the
acceleration of charged particles, the commonly used unit for the photon energies is electron Volt

[eV]; whereleV =g, -1V =1.626176-10""°J . The relation between the photon energy in eV and its

wavelength in nm is defined byE:%; a conversion can easily be done by the

L 1239.85
approximationE ,, = ———.
ﬂ’nm
2.1. Free electron X-ray sources

This section presents the development of modern large-scale X-ray sources in general — from
synchrotrons to the state-of-the-art generation, the Free Electron Lasers (FELs). The common
principle of these X-ray sources is the acceleration of unbound (“free”) electrons to nearly the speed
of light. The intensity (brilliance) of the emitted X-rays depends on the trajectory of these electrons
and the adjustment of the insertion devices (see following subchapters). The properties of FELs will
be described in detail within the subchapter 2.1.2. The principles described below are described
more in detail in [32], [33], [34], [35], [36], [37], [38], [39] and [40].



2.1.1. Synchrotron radiation sources

In principle, at a synchrotron radiation source, relativistic electrons (or positrons) are circulating on a
closed orbit. As mentioned above, accelerated charged particles emit energy in form of
electromagnetic radiation. The electrons are travelling at relativistic velocity and are kept on an
almost circular, polygonal track while producing synchrotron radiation — using electron optics like
bending magnets, dipoles for deflecting, quadrupoles for positioning and sixtupoles for focusing the
beam of electrons. In between the bending magnets, the electrons pass through wigglers or
undulators, which guide them on sinusoidal curves with high concavities (small radii), causing
synchrotron radiation of different energies (see below, further description of synchrotron light
production). Due to the flexibility of the undulators and wigglers, this type of radiation can cover the
entire range from infrared up to gamma radiation, depending on the machine parameters.

Typical electron energies of modern synchrotrons lie in the range of a few GeV, for instance BESSY Il
(HZB) operates at 1.7 GeV. Considering the relation between the speed of an electron and its
relativistic energy given by

E, = ym,c? with (2.8.)
1
y=-5%)7, (2.9)
v 1
=—x~1-— 2.10.
o Co 2y? ( )

and the rest mass of the electron m,, we see that the speed of the electrons at BESSY Il differs from
the speed of light by only about 13.5 m/s (they travel at 99.99999995% of c).

In the classical manner, the radiation originating from an electron moving in a magnetic field is
shaped in a dipole pattern (see Figure 2). Due to the Lorentz transformation, though, at a speed
closer to the speed of light this pattern changes to a conical form with the emission strongly beamed
along the direction of motion for an observer in rest. Its opening angle ©¢ can be calculated according
to the relativistic aberration:

v
cos®, ——
cos®, = V—C (2.11.)
1-—-cosO,
c

with v — the source velocity relative to the observer and an emission angle O, relative to the vector
from observer to source at the time when the light is emitted.
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Figure 2: radiation pattern from a charged particle travelling at different velocities (from speed far away
from speed of light — black curve — up to velocity very close to the speed of light — red curve, respectively,
dashed curve around reddish area) (picture taken from: RWTH Aachen).

Looking at this in three dimensions, Figure 3 shows the radiation pattern with respect to the orbit of

movement of the charged particle:

—— OTbit = ——
N
—~—

« Orbit

——

To observer

(a) opening angle: @ =y

Figure 3: radiation pattern from a charged particle on an orbit: (a) as seen from an observer at rest in the
laboratory at non-relativistic and (b) at relativistic velocity of the circulating electron (picture taken from

wikipedia.org).

Figure 4 shows schematically how the opening angle is transformed by changing the laboratory

frame.

o A
y y

i F F

C, =G

Cp=V
c ¢ =yl
]
o 0 =n/2
o on
\ y 0=y
x X
=

electron at velocity v

Figure 4: scheme of relativistic aberration: Lorentz transformation of the opening angle O in the frame of the
electron in motion (a) and the frame of reference in rest of the observer (b), respectively. c,, — speed of light,

ratio in each direction.



From that, the Lorentz transformation for the frames F’ and F reads:

X = y(x'+vt)) (2.12.)

y=yYy' (2.14.)

t= y[t'+izx']. (2.15.)
CO

Assuming x’ = const. it follows that cx’ = dx’/dt’ = 0 and dt/dt’ = y. Hence:

dt
c 2 W _C G 4ng (2.17.)
Yodt oy g
tan@=r G _ 1 (2.18.)
. W B

With the BESSY Il parameters y = 3332 and B = 1 from the last equation the emission angle can be

approximated:

tan@)z@zl. (2.19.)
Y

The concentration of the emitted photons into such a small cone, caused by the relativistic
aberration, is the reason for synchrotron radiation being such a powerful X-ray source. For very high
relativistic electrons the radiation is concentrated in a narrow beam with high photon density.

As mentioned above, storage rings are shaped polygonal. So they consist of straight sections and
bending magnets. The straight sections contain insertion devices, electron optical components and
radio frequency devices/cavities. Multi-pole electron lenses are used for focusing the electron beam.
The energy loss due to emission of radiation is compensated by radio frequency cavities.

13 ps (nat. bunch

bunch of length) = 3.9 mm
electrons ool

0 I
[
4 o— -—

\ >
X

Figure 5: acceleration of electron bunches by a radio-frequency wave. The electron bunches with the right
phase can “surf” on a wave and be thereby accelerated (parameters for BESSY ll).
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Figure 5 gives an idea of how a radio wave is used to re-accelerate the electrons. “To prepare an RF
cavity to accelerate particles, an RF power generator supplies an electromagnetic field. The RF cavity
is molded to a specific size and shape so that electromagnetic waves become resonant and build up
inside the cavity. Charged particles passing through the cavity feel the overall force and direction of
the resulting electromagnetic field, which transfers energy to push them forwards along the
accelerator. ...the ideally timed particle, with exactly the right energy, will see zero accelerating
voltage when the storage ring is at full energy. Particles with slightly different energies arriving
earlier or later will be accelerated or decelerated so that they stay close to the energy of the ideal
particle. In this way, the particle beam is sorted into discrete packets called “bunches”” (taken from:

[41]).

The electrons at the right phase can gain energy from the radio wave just like a surfer using water
waves. So to fulfill the phase condition, the electron beam consists of bunches, rather than being
continuous. The maximum number of bunches storable in a ring is defined by the ratio between the
circumference of the ring and the wavelength of the radio wave; the so formed bunches shape the
time structure on the resulting synchrotron radiation.

The experimental demands determine the mode of running the storage ring. So it could be varied
over the range from single bunch mode, providing low synchrotron flux only, but long time intervals
(for example to study dynamical processes), to a permanent filling up with high photon flux (topping-
up-mode).

As mentioned at the beginning of this chapter, X-ray radiation can be gained from the storage ring by
three main applications: bending magnets, wigglers and undulators.

2.1.1.1. Bending magnets
Between two straight sections of the ring the electrons are kept on their track by the application of a

constant, homogeneous magnetic field B . The radius of curvature of the trajectory of an electron
within a bending magnet is smaller than the radius of the storage ring. It can be calculated
considering the balance of the magnetic and the centrifugal force
2
Jymv

r-bend

=, VX Bl; (2.20.)

with the radius of the bending curve ry.nq, and the velocity v of the electron. So the radiation which is
emitted by a bending magnet is “collimated” to an angle of emission vy in the vertical direction (due
to the aforementioned relativistic aberration), but spreads over the full angle of deviation in the
horizontal plane (as shown in Figure 6).



electron beam radiation fan

bending magnet

electron beam

Figure 6: emission angle of a bending magnet, ;/'1 due to relativistic aberration (here perpendicular to the
image plane), a — opening angle “radiation fan” due to the deviation of the electron beam (picture from

[42]).

This spread of emitted radiation within the plane of the storage ring originates from the fact that the
electrons travel through the entire bending magnet and release radiation from the point of entrance
until the point of exit. As the electron emits radiation randomly, a broad continuous spectrum is
obtained. As depicted in Figure 6, there are always huge losses of intensity, due to the inevitable
slits, necessary for cutting out the part of the spectrum that is delivered to the experiment. The total
duration of a flash of synchrotron radiation originating from a bending magnet can be approximated
with the relation between the bending radius and the angle of emission ® = y'l, respectively.

2r-bend
3¢, }/3

(2.21.)

flash ~

The light flashes emitted in the single bunch mode are periodic with the repetition rate, depending
on the circumference of the storage ring and the speed of the electrons.
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Figure 7: sketch of total duration of a flash originating from a bending magnet in a synchrotron ring.

The duration of one flash of light T, equals the time of emission for a single photon; due to the fact
that the probability to emit a photon stays the same over the entire trajectory from entrance to exit
of the bending magnet. Hence, the frequency spectrum of a bending magnet can be obtained as the
Fourier-transformation of the time structure; so, that this spectrum frames about y3 harmonics of a
base frequency m,, up to a characteristic frequency w.:
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flash —
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For an experimental purpose, radiation generated by a bending magnet is much more intense than
that of any X-ray tube, of course. However, it is typically 2 orders of magnitude less brilliant than that
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of a wiggler, and 5 orders of magnitude less brilliant than radiation produced by an undulator, which
will be outlined in the following.

2.1.1.2. Undulators

In nowadays synchrotrons the so called insertion devices are the main application used as radiation
source. This name stems from the fact that they should not affect the optics of the electron
accelerator. They could be “inserted afterwards”, without changing the properties of the electron
beam. As seen in Figure 8, the field integral over the entire range is zero, as averaged over the
duration of passing the entire device there is no action of force on the electrons. So overall, this does
not influence the accelerator. These devices induce many bends of the electron paths to increase the
radiation flux compared to the single bend of a bending magnet. The flux is defined as the number of
photons per second at 0.1% bandwidth [1/s/0.1%BW]. They are called wigglers or undulators —
depending on their purpose and construction. Both of them steer the electrons onto oscillation
courses (sinusoidal). They consist of periodically arranged magnets, as shown in Figure 8.

magnetic period
~

\/

magnetic poles

Figure 8: schematic chart of an insertion device and the trajectory of electrons within the device (picture
adapted from wikipedia.org).

The oscillating magnetic field B along the path of the electrons can be written as:

B- (o,o, B, sin[i—ﬂxj]. (2.24.)

While the magnetic period (Ap) and the number of magnetic periods (Np) are fixed parameters, the
maximum magnetic field By as seen by the electrons can be slightly varied by changing the gap
between the two rows of magnets. So the motion of the electrons within the x-y-plane is then given

by
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The trajectory of the electrons is modulated in both x- and y-direction, respectively. So an observer
travelling at the speed of the electrons would see a movement of the electrons in the x-y-plane
which looks more like “8-shaped”. This would change for the same observer within a very weak
magnetic field, as it would become purely sinusoidal; but, with increasing magnetic field the sinusoid
gets more and more distorted, which gives rise then to higher harmonics.

Thus, for weak magnetic fields, corresponding to small transversal movements, the coupling of the
movements in both directions could be neglected. So we assume that the electron velocity along the

x-direction is given by v = Bc,. Using

dy_dydx . dy )26

at " dxdt P dx (2.26.
d%y d?y

= dt2 :(ﬂCO)ZW (227)

and By ~y (2.28.)

the motion in y-direction can then be integrated as:

ﬂ = ECOS(Z—MJ =tana = o (2.29.)
dx ¥ ID
y(x) = Eﬂsin(z_”xj with (2.30.)
y 27m, ID
€,B,4
K =222 _0934-B,|T |- A [cm|. (2.31.)
o0l ] Alem]

Depending on the amplitude of the magnetic field and period length, the maximum possible
deflection of the electron beam is a.ma, = K/y. The K-parameter describes the optical properties of the
insertion device, it has no dimension. The undulator regime is characterized by a maximum angle of
deviation (Olmax) Of the same order or smaller than the angle of the emission cone (y7). So for an
undulator in general the relation [43]:

a. <= < K <1 applies. (2.32.)

max

X |~

Assuming this relation, the cones of the emitted radiation overlap and it is impossible to determine
at which magnet inside the undulator a specific X-ray photon is generated. So the quantum-
mechanical probability for the emission of a photon in the undulator is given by the modulus square
of all probability amplitudes to emit a photon at each magnet. This sum contains interferences, so
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that the intensity of the emitted radiation is proportional to Np? and the emitted spectrum can be
described by

1 = Aip

2
=5 [1+K—+;/2®2J withj=1, 2, 3,..,, and O = vertical angle of observation.
V)

2

From that can be derived that

2 2 -1
E.[kev]zwj 1+K—+7/2®2 . (2.33)
: Apem] 2

(Formulae and deduction as well as a more precise description can be found in section 2, Kwang-Je
Kim in [44] and at [43]). The highest possible energies are always observed on the x-axis, where @ =
0. y?©? provides a sharp edge at high energy and a continuous foothill at lower energies; for that
reason, as first optical element behind an undulator mostly pinholes or slits are installed.

Even and odd harmonics appear due to the acceleration of the electrons along the x-axis and y-axis,
respectively. So the even harmonics (at j = 2, 4, 6 ...) are radially emitted from the electron beam and
produce only weak radiation intensities. Odd harmonics on the other hand are emitted along the
electron beam; they produce high radiation intensities. Due to interference the angular divergence
Go of the odd harmonics is smaller than the cone y* of a single emission:

(2.34.)

A wiggler now on the other hand, is an insertion device similar to the undulator, but with a stronger
magnetic field, and the angle of maximum deviation om., is much larger than the emission cone:

Xy >>1 = K>>1. (2.36.)
Ve

From this property it follows that it is even possible (in principle) to determine exactly at which
magnet within the wiggler the emission of a specific X-ray photon occurs. Therefore, the quantum-
mechanical probability of the emission of a photon in the wiggler is given by the sum over the
squared probability amplitudes to emit a photon at each magnet. This sum does not contain
interference terms; the intensities of each magnetic pole have to be summarized to obtain the total
emission intensity of the wiggler. Hence, a wiggler emits a spectrum very similar to that of a bending
magnet, with an intensity of the emitted radiation proportional to 2N,;. The emission cone has a
vertical opening angle of v, similar to a bending magnet, and a horizontal opening angle of 2K/y.
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Figure 9: radiation emitted by different “decoupling devices”; top: bending magnet, center: wiggler, bottom:
undulator (picture taken from [45]).

The brilliance of X-ray sources — which is a parameter that reveals the number of photons per
second, per mrad® of the solid angle and per mm?® of the area within 0.1% of the bandwidth,

photons — has dramatically increased over the last 50 years. Its unit is called
s-mrad?-mm?-0.1%BW

“Schwinger” (Sch).
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Figure 10: brilliances survey; left: peak brilliance evolution over years (picture taken from [46] and [47]).

Whereas the brilliance of X-ray tubes barely exceeds 10® Sch, 1% and 2 generation synchrotron
sources reach around 10" to 10% Sch. X-ray FELs have increased or will increase further by a few
orders of magnitude, resulting in 10?2-10°® Sch in average. Even up to 10** Sch are expected in the
peak brilliances of the newest machines. These high brilliances and closely related very high
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intensities pose problems for the first optical elements and for some of the samples. So, great
caution has to be taken while designing experiments and beamlines for such outstanding photon
densities. As this work is strongly related to XFELs specifically, this kind of source will be presented
within the next subchapter.

2.1.1.3. polarization

Another key feature of synchrotron radiation is its polarization. By manipulating the magnetic field of
undulators and wigglers, any polarization could be generated, linear, elliptical or circular. This is
another big advantage over other X-ray sources. The polarization of electromagnetic waves can be
described by several different formalisms; in most of the synchrotron radiation literature the “Stokes
parameters” developed 1852 by George Gabriel Stokes (1819 — 1903) are used. They are derived
from the polarization expressed via the relationship between the two orthogonal components of the
electric field:

E, = E,, cos(at) (2.37))
E, = E,, cos(at + &)- (2.38.)

These two equations contain three independent parameters, the two field amplitudes E,, and E, as
well as the phase difference 9, ® - frequency. If there is 0 phase difference, then the light is linearly
polarized (the angle is then given by the relative field amplitudes). In case of a phase difference of
7/2 and if E,o equals E,q, the light is circularly polarized. However, as these quantities are not directly
measureable, Stokes created a formalism, which is based upon real observables, the Stokes
parameters. The intensity can be measured for different directions of polarization; linear
perpendicular is represented by intensities in x- and y-direction, I and |,, respectively, linear skew
parts by lss- and l13s¢, circular by I (clockwise) and I, (counter-clockwise). They are defined as:

So=l,+1, =l + 15 =l +1_ =(E} + E}) (2.39.)
S;=1,-1,=(El-E]) (2.40.)
S, = s — l55 = (2E,E, c0s &) (2.41.)
Sy=1lg—1_=(2E,E,sins)- (2.42.)

So these intensities are the measured after the light has passed an ideal polarizer for horizontally
(0°), vertically (90°), 45° and 135° oriented as well as circularly (right and left) polarized light.
Generally, the Stokes parameters are normalized on the incoming intensity by the division by Sy; used
as vector components they are called the normalized Stokes-vector:

The basic polarization (boundary) states of light emitted from any source are shown in Figure 11:
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Figure 11: possible polarization states with respective Stokes-vectors; (a): linear-horizontally, (b): linear-
vertically, (c): linear 45°, (d): circularly-clockwise, (e): circularly-counter-clockwise, (f): unpolarized.

The polarization rates P1, P2 and P3 are given by:

S S S

They are dimensionless and lie between -1 and 1, with the total polarization rate \/P? + P2 + P?, or,

for linearly polarized light, \/|P? + P? , respectively.

Totally polarized light means that S? = S” + S + SZ; totally unpolarized means that S, =S, =S, =0,

but S, #0.

However, in an undulator the permanent magnets are used to induce different periodic electron
trajectories through the entire device. Oscillations confined to a plane lead to linear polarization of
the radiation; so if the trajectory is helical, the radiation will be circularly polarized (the right- or left-
handedness will then be determined by this helix).

Regarding all considerations above, the properties of synchrotron radiation can be summarized as

follows:

- It provides a very broad continuous range of electromagnetic radiation, from terahertz over
infrared (IR), visible light (VIS), ultraviolet (UV), up to the hard X-ray range.

- It has a very high Intensity, compared to other radiation sources.

- Itis emitted tangentially to the direction of motion of the particles.

- Depending on the electron beam quality, it provides high Brilliance.

- Itis pulsed; the frequency and duration are selectable (within certain ranges).

- It is polarized; possible is both linearly and circularly as extreme cases of all intermediate

elliptical polarizations.

2.1.2. European X-ray Free Electron Laser

Free Electron Lasers are the 4™ generation of X-ray radiation sources. They are the logical evolution
of synchrotrons, as they provide advanced radiation properties, exceeding that of synchrotrons by
orders of magnitude, in terms of intensity/flux, brilliance, coherence and pulse length. There are 23
Free Electron Lasers currently operating worldwide; another 11 are under construction with an
additional 7 proposed (all numbers from [48]). In Hamburg, Germany a very powerful X-ray free
electron Laser is under construction, the European XFEL. It is planned to generate X-ray flashes at 27
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kHz with a peak brilliance of 5 x 10** Schwinger (the average brilliance will be in the range of 10%) at
pulse durations of less than 100 femtoseconds. The total length of the machine will have a very
impressive value of 3.4 kilometers. Its working principle, properties and requirements on X-ray optics
applied will be described within the next subchapters.

The electrons which produce the light within this laser, are free, not bound to atoms, as in
conventional lasers (solid-, gas-, liquid-based), hence the name. The idea of an FEL was proposed the
first time in 1971 by John M. J. Madey. The idea of the SASE-principle was discussed for the first time
in 1984 by Anatoli M. Kondratenko and Evgeni L. Saldin and elaborated in detail by Rodolfo Bonifacio,
Claudio Pellegrini and their coworkers.

2.1.2.1. The SASE principle

The working principle of an undulator was described within the precedent subchapter concerning
synchrotron/X-ray radiation produced from different kinds of sources. So in principle the highly
intense X-ray laser flashes are produced within a long undulator as well. In an FEL though, the
electrons are accompanied by a beam or flash of light. If this light matches the undulator radiation
wavelength, the electrons emit radiation in phase, which results in much more intense light (by
several orders of magnitude) than at a synchrotron source. The electrons actually interact with the
light.

At the frontend of the undulator all electrons possess the same (kinetic) energy. As mentioned
before, this changes, if they interact with the waves of light accompanying them. For any charge, this
light wave is “simply” an electromagnetic field, from which they can gain or release energy.
Generally, within an undulator at a constant magnetic field, each single electron energy results in a
certain trajectory; the higher the energy, the “flatter” the radii of curvature (the smaller the
amplitude, see Figure 12).

low electron energy

Figure 12: accelerated electrons of different energies travel on different trajectories within a certain
magnetic field (note, the electrons of each energy, depicted by red “balls”, started at the same time) (picture
adapted from www.desy.de).

The exchange of energy with the field actually changes the trajectory of the electrons. This effects
that some particles are decelerated, others get accelerated. The effect of the so called
Microbunching appears. Assuming the same energy for the incoming electrons, the electrons are
travelling at a certain trajectory at appropriate corresponding velocity. The electrons are slightly
slower than the speed of light. The velocity of the electrons and the magnetic field now are set up
and aligned such that the particles are back at the same situation after two changes of direction.
They drop back by exactly the amount of one wavelength of the undulator radiation (with respect to



the faster propagating light wave). Due to the periodicity of waves, the particles are in the same
situation as before in the sense that electrons which gained energy before, gain again even more.
Electrons which have lost energy before continue losing at that point. This effect happens until all
electrons are “shifted” into regions (relatively), where there is no energy exchange anymore. The
light arranges the moving electrons into little groups. The distance between these groups is exactly
corresponding to the wavelength of the undulator radiation. As groups, the electrons emit undulator
radiation like before, no more or less; but within the described microbunches they emit almost
exactly at the same time. The emitted light waves are perfectly superposed. Moreover, the distance
between the microbunches causes perfect addition of the radiation along the undulator. This is what
leads to coherent superposition, leading to very high intensities.

Incoherent emission: Coherent emission:
electrons randomly phased electrons bunched at
radiation wavelength

Figure 13: microbunching: electrons enter the undulator initially at random phases. Mostly incoherent
radiation is emitted at the resonant radiation wavelength. Due to interaction with the undulator radiation
sorting into bunches takes part. This collective process continues until the electrons are strongly bunched
towards the end of the undulator (on the right), where the process saturates and the electrons begin to de-
bunch (picture taken from [49]).

To initiate this whole process, the FEL needs at least a flash of light at the right wavelength, capable
of arranging the electrons. There are two options to produce this flash: one is to use an external light
source (so called “seeded FEL”); the other one is to use the light, which is produced spontaneously
(from the undulating electrons themselves). This effect is called Self Amplified Spontaneous
Emission (SASE) (see Figure 13 as well). Hence, the initial light pulse has to be produced at the
frontend of the undulator. It cannot be reflected back like in conventional VIS optical resonators or
lasers and in this way pass through the FEL several times (as a cavity containing the laser-medium at
VIS) — simply because there are no mirrors for such a high energetic X-ray radiation. So the entire
amplification needs to happen sufficiently within one single pass through the undulator. This requires
very long undulator lengths — the European XFEL will have an undulator length of about 200 m in
total at “SASE 1” and “SASE 2” (which are the branches planned for generation of hard X-ray
radiation), and about 136 m at “SASE 3” (branch planned for the soft X-ray radiation).
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Figure 14: microbunching at SASE effect. The more the electrons are perfectly arranged within the micro
bunches, the higher the emitted radiation power (picture taken from [50]).

The undulator needs to have the ideal length; otherwise, if it is too long, a saturation of the
microbunching effect happens. This then leads to less radiation power than possible at the perfect
length. In summary, the electrons carry initially energy slightly higher than resonance with the
undulator field; by energy transfer to the radiation field, the electrons finally get off resonance
condition, which is at the point of saturation.

2.1.2.2. Particular properties of FEL radiation

The properties of an undulator, which were described within the previous chapter 2.1.2, apply of
course for the undulator of an FEL. As described above, the process of microbunching arises after a
certain distance of undulator. The undulator of the European XFEL, of SASE 1 (and SASE 2), will have
a total length of about 200 m (33 undulator segments of 5 m length, each followed up by an
intersection of 1.1 m length for reshaping and refocusing of the electron beam — total magnetic
length of 165 m); SASE 3 will be 136 m long (containing 21 undulator segments and additional
intersections). From this length and the process of creating the lasing results the very small
divergence of the emitted X-ray radiation. Most of the radiation emitted by the electrons is not
directed along the undulator and gets either wasted within the walls or will not be amplified by the
microbunching effect. Of course, the strictest demand on the photons to contribute to this process is
that they need to stay within the electron beam, otherwise that simply cannot interact with the
electrons. This is a similarity to “conventional” laser systems (consisting of two reflective surfaces
and an active medium); here the amplification happens mostly in the ideal direction of motion
perpendicular to the mirrors at each end of the laser active medium.

The low divergence implies that ® ~ ltends to zero; this means y tends to very high values. The
Y

aforementioned relation

2rbend
3¢,

(see 2.21.)

flash ~



now results that, if y tends towards infinity, the time of the emitted flash Tg.s, tends to very small
values, meaning pulse durations in the range of picoseconds to femtoseconds at the European
XFEL.

Almost all the energy of the electrons is transferred into the “desired” energy by the microbunching
effect (until their energy drops down below resonance). In the ideal case, the electrons are perfectly
arranged within the bunches, which leads to the very high power (around 100GW/pulse) and
brilliance (10* peak brilliance) of the FELs.

The microbunching leads to highly coherent radiation. During this process the electrons ideally emit
at exactly the same time (at a spatial distance matching exactly the wavelength of the undulator
radiation), resulting in high spatial or transversal coherence of the flashes of light. The most intense
radiation arises at the point of perfect microbunching, ideally right at the end of the undulator.

Unfortunately, these properties only apply for the ideal case. There are different factors reducing the
beam quality (or properties of the emitted radiation) from SASE generated FEL-radiation.

First of all, the use of spontaneous radiation at the beginning of the undulator is a source of
imprecision. As the term “spontaneous” implies, the source point for this initiating flash is not
definite and influences the location of the ideal microbunching as well. Hence, the saturation point
can be at different positions, each for a different starting point of the initial flash. This means, the
source point of the entire device is not stable, which could then become an issue for the
experimental demands. Another consequence of the spontaneous emission is temporal spiking (see
below, Figure 16). Within those spikes the light is of very high longitudinal coherence, but in general,
SASE-generated FEL-light is not very highly longitudinal coherent.

Secondly, the emitted energies spread a little around the center energy from pulse to pulse. Shot
noise from random fluctuations within the electric current and within the photons emitted by the
electrons lead to fluctuations within the spectrum of the resulting light pulses.

A third source of instability and non-uniformity within the spectrum and actual point of impact of the
generated beam is the fact that the large undulator length is only “artificial” or rather “simulated”,
just an approximation of the real case. The real machine consists of several undulator segments
divided by intersections. In these intersections, the electron beam has to be reshaped, as the
electrons start to spread while losing energy.

2.1.2.3. Specific requirements on FEL optics

The above mentioned particular properties of FEL radiation lead to certain requirements concerning
the spectrometers for different purposes of using FEL radiation. The high coherence, high intensity,
high brilliance and the small divergence should be preserved as good as possible. Having such an
exceptional X-ray source inevitably gives rise to very high demands on the optics used, concerning
the conservation of these properties.

The quality of these properties could suffer from multiple scattering on many surfaces of numerous
optical elements. So, in general, it makes sense to minimize the number of optical elements within a
beamline as well as in an experimental setup. Additionally, every optical element absorbs a very high
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percentage of the photons passing it, with only a fractional amount reaching the actual experiment.
However, most experiments require high power at certain energies; hence, the optical element must
meet these demands. An example of such an optical element will be shown below at an actual
experimental setup which was designed, conducted and afterwards improved for a subsequent
experiment (PS-Il experiment, conducted at LCLS).

The energy and power distribution during a single shot within the SASE-resulting spectrum could vary
from shot to shot — typical SASE-FEL single shot spectra are shown in Figure 15:

A
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Intensity (arb. units)

137
Wavelength (nm)

Figure 15: typical SASE spectral distribution of a few shots (taken from [51])

Yet, in order to conduct experiments, one needs to know the exact spectral distribution of the
delivered radiation. Without sufficient knowledge about the actual energy transferred into an
experimental setup, the results could be falsified. This means, the information about the spectral
distribution has to be provided in situ, during the experiments. An appropriate project will be
presented below (high-resolution single-shot spectrometer proposed for the European XFEL). Only
this way the data coming out of measurements can be interpreted properly. Some experiments
demand in particular a very clear energy peak at a certain value, as they are performed in order to
detect weak spectral changes of vibrational state levels (regarding that demand, later in this work a
proposed beamline for RIXS is shown).

Furthermore, the applied optics must preserve the time structure of the X-ray pulses, or at least not
influence it more than to an absolutely minimal level.
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Figure 16: time distribution of a single shot — spiking appears (taken from: [52]).



Figure 16 shows what the power distribution within a single shot of around 300 fs could look like.
Here, the above mentioned spiking appears. Additionally, the high repetition rate (so far planned to
be in the order of 27 kHz) should not be destroyed by coalescence of the single shots. Moreover,
there are always time delays within a light pulse passing one of the X-ray optical elements, meaning
that the part of the light wave hitting the front part of the optics is of course temporally shifted with
respect to the part hitting the rear part — increased by the fact that these optical elements are mostly
used under grazing angles of incidence (see chapter 2.2). This could considerably influence the
property of temporal coherence. The time structure (single bunch, multiple bunches...) can be
worsened as well.

In addition, as described in another proposed scheme below (K-Monochromator, applied at the
European XFEL), the optics could meet the demand of conserving the spatial structure or rather the
distribution of the light emitted from the X-ray source.

Eventually, one needs to consider preserving the optical elements themselves as well. The very high
intensities mentioned above, especially the peak intensities in very short pulses, could destroy the
surfaces of the optical elements. So one needs to reflect about this carefully, if the optical elements
should be applied for example only for certain ranges of energy, or where (literally locally) they
should be placed; or if they should be covered with any kind of coatings or even shielding. Everything
means constantly finding a compromise between the actual optical demands and technically
contrivable opportunities.

Conclusion:

A new generation of free electron sources with improved properties demands new optical elements
for light handling. These optical elements must be capable of providing a high energy resolution as
well as of allowing ultra-high time resolved measurements. They also need to survive the ultra-high
power of the FEL radiation up to 100 GW per pulse. Furthermore, the optical elements have to be
able to preserve as much as possible of the unique characteristics of the FEL. In particular their high
brilliance and coherence should be transmitted loss-free to the samples. For the alignment of the FEL
as well as for experimental applications in spectrometers or other analytical tools, such new and
powerful optical elements are highly required.

2.2. X-ray Optics for Free-Electron Sources — basic principles

This chapter summarizes different interactions of X-rays with matter. This is not only intended for
experimental purposes, but as well the working principle of optics applied to influence X-rays is
based on these interactions. Hence, optical elements and its basic principles are presented here. The
principles described below can be found more in detail at [53], [54], [55], [56].

2.2.1. Interaction of X-rays with matter
Photons can interact with the core or an atomic shell of an absorber. As they do not possess an
electrical charge, they are not subject to Coulomb’s force, but rather transfer energy by direct
collisions mostly with electrons. The energy of a photon which does not collide remains constant. X-
rays, as well as y-rays, are among indirect ionizing radiation. As the interaction of photons with
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matter has a very low probability, compared to charged particles, this type of radiation is very
pervading with an exponential attenuation within the absorbing matter.

Rayleigh scattering — the effect, which is well known for causing the sky’s blue color appearance —
occurs when the X-ray photon interacts with the whole atom so that the photon is scattered without
any energy transfer.

To provide evidence of ionizing radiation, there are mainly 3 effects which play a role: the Compton
scattering, the photoelectric effect and pair production.

The first possible main interaction is elastic collision of the photon with an electron, the Compton
effect (or incoherent scattering). At photons of higher energies (between 100 keV up to around 10
MeV) only a part of their energy is used for the excavation of an electron. On the contrary to the
photoelectric effect (shown below), the photon remains, but changes its direction of motion and
releases a certain amount of energy to the separated electron. This effect mostly happens at the
outermost, weakly bound electrons from the shell of the absorber. The wavelength A¢ is called
Compton wavelength and is characteristic for a massive particles (as electrons). It is the value of
increase of the perpendicularly scattered photon. The Compton wavelength of an electron for
example is approximately 2.43 x 10™°m (picometers). The probability of appearance of Compton
scattering is simply reciprocally proportional to the photon energy.

Photoelectric absorption of X-rays occurs when the X-ray photon is absorbed resulting in the ejection
of electrons from the atom — resulting in the ionization of the atom. Subsequently, the ionized atom
returns to the neutral state by emission of an X-ray characteristic for the atom. Its energy is then split
into three parts: the energy needed to overcome the electronic binding energy as well as the
potential difference between the solid and the vacuum outside and the kinetic energy of the ejected
electron. Hence, there is a threshold energy (work function plus binding energy) — depending on the
properties of the solid — below which this effect cannot take place. This effect is the so-called
photoelectric effect.

The electron pair production describes the conversion of electromagnetic radiation into matter. At
even higher X-ray photon energies (sometimes already defined as gamma radiation) this effect
dominates. Here a photon interacts with the electrical field of the atomic core and decays into an
electron-positron pair. The threshold for this effect is set by the sum of masses of the two particles
(1.022 MeV). Energies higher than that are distributed into the kinetic energies of the electron and
positron. The core stays unchanged during this process. It serves only as buffer for the law of
conservation of energy (and momentum) during the creation of matter-antimatter.

If the hole left behind from a photo electron is filled by an electron from a higher shell, the energy
difference between the two shells is either transferred into characteristic photon radiation or to
another electron from the same atom. This process is called Auger-effect. The emittance of
characteristic photons competes with the Auger effect; for lighter elements, the Auger effect is
predominant.

Moreover, photons can interact with the electromagnetic fields of nucleons. The energy of the
incident photon is absorbed from the core and hence the core is lifted to a level of excitation. If the
excitation energy exceeds the threshold for the release of a nucleon (the bonding energy of it), the



emission of a neutron or proton is possible. This threshold for the most elements lies between 6 and
20 MeV. Analogically this is called photonuclear reaction.

Probability of occurrence

The probability of all types of possible interactions depends on the photon energy of the irradiating
photon and the atomic number of the absorber in a complex manner. The different areas, where
interaction processes each are predominant, are sketched in Figure 17.
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Figure 17: Area diagram of the probability of interaction of photons (dashed line at 1.24 MeV marks the
approximate border between X-rays and y—radiation).

Absorbers are used for technical (e.g. shielding) or experimental applications as Tungsten (atomic
number 74), Plumb (82) or Uranium (92); for example absorbers of medical interest are of very low
atomic numbers (e.g. Nitrogen, 7; Oxygen, 8). For heavy absorbers at photon energies up to around
500-700 keV the photoelectric effect is dominating. So the most important materials for shielding
operate mostly due to photo absorption, which is advantageous in terms of the nonexistent photon
scattering. But it produces still characteristic X-ray radiation. The Compton Effect is predominant for
a wide range of elements of low atomic numbers below 10. As mentioned before, the pair
production takes not place up to photon energies close to 1.022 MeV. Above photon energies
around 25 Mev and atomic numbers larger than 20 it is the predominating process.

2.2.1.1. Attenuation

As photons are neither charge-carrying nor massive, their general interaction with matter is very low.
The amount of ion pairs, which are produced in a certain way, is just a few percent of the amount
produced by B-radiation for example. During the passage of a photon of 1 MeV just around 1 ion pair
is produced per cm in air. Resulting from that very low specific ionization, the total ionization is
rather of secondary rank. On the contrary to heavier particles for example, which lose their energy
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usually via several collisions, photons are mostly stopped by just one (or very few). If we have a short
guantitative look at the attenuation, the particle rate can be written as

N — particlenumber _ An (2:50.
time At
and the intensity
energy _  E  respectively. (2.51.)

" area-time  AA-At
At mono-energetic radiation E = An X Ejhoton, We Obtain

Ephoton.An _ Ephoton N (252)

AA- At AA

which gives us a direct proportional relation between the intensity and the particle rate| « N .

Hence, for the intensity of a narrow mono-energetic ray of photons we obtain (after passing a
homogeneous absorber of thickness dx) the Beer-Lambert law of absorption

(assumingdN = —z- N -dx):

= NO) =Ny e (2,53
=>1(x)=1,-e*

With the linear coefficient of attenuation (dimension cm™) K, which is the sum of all the partial

coefficients Of attenuation Htotal = Tphoto+0coherent+GCompton+Xpair-core+Xpair—eIectron+KphotonucIear'

At a fixed energy we can generally assume (Z — probability of appearance of process):

dN = —/.t(X, Y, Ephotonv ,D,Z) N -dx

@dWN:—,u-dx
S T—dN :—j‘,u dx
No 0

From which the intensity can be derived as:

= 1x)=1, -e[i‘jﬂm}. (2.54.)

In general, the coefficients for photonuclear effects and pair production are negligible. A factor,
which describes the depth of photons travelling within a material, is the so called mean free path A:



w© g

L
J'e”“dx #
0

(2.55.)

(After passing through the length of x, the original intensity is decreased by a factor of 1/e.) To
account for the fact that different materials have different densities, very often instead of the linear
coefficient of absorption its division by the density p of the absorber is used, the so called mass
attenuation coefficient W’ = u/p [cm?/g]. It can be derived from the mass attenuation coefficients of
the different elements of an absorber and the respective percentage contained within a material.
The following Figure 18 shows the mass attenuation coefficient as a survey for lead (atomic no.82):
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Figure 18: mass attenuation coefficient of Pb as an example. Orange curve shows its total value; other colors
show partial attenuation coefficients (dashed line at 1.24 MeV marks the approximate border between X-
rays and y-radiation) (data generated using [57]).

The number of absorbed or rather scattered photons is proportional to the density of the absorber
itself. For compounds it is the sum of all elementary mass absorption coefficients (p; = mass fraction
of the i element):

w=3(5) »
Zi: p, =1.

To sum up in short, one can state that the attenuation of radiation is a combination of different
parameters and its influences. The attenuation increases proportionally cubic to the wavelength of
the photon and cubic to the atomic number of the absorber itself. It increases exponentially with the
density and thickness of the absorber. So, X-rays in general are attenuated by the density of
electrons. Regarding the cross-section one can state that not every invading quant of light (photon)
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has an effect, but direct collision is essential. The cross-section itself can be described roughly by

Ginteraction = l»linteraction/pa rtide denSity'

2.2.1.2. Secondary processes

If an X-ray quantum is absorbed in a solid by one of the former mentioned processes where electrons
are ejected, such an electron could release its energy via secondary processes to the atoms within
the atomic lattice. During this process, weakly 007-electrons are lifted from the valence band into the
conduction band. This leaves a hole within the valence band. Together with an electron it forms an
electron-hole pair. Since a part of the energy of the electron (created by X-ray interaction) is used for
excitation of phonons, the energy needed for the creation of such an electron-hole pair is higher than
the valence-conduction band gap. The number N of created electron-hole pairs could be calculated
by N = E/E;, where E is the absorbed energy and E; the mean energy necessary to create this pair.

2.2.1.3. X-ray fluorescence

X-ray fluorescence, simply put, is the emission of characteristic fluorescent (secondary) X-ray
radiation from an atom that has been excited via X-ray radiation. It is very similar to (or is in principle
the same as) the process of characteristic X-ray radiation (appearing in X-ray tubes); in the sense that
the X-ray photon directly hits an electron in the inner shell, so this electron is lifted to a higher state
or even liberated. By relaxing into the hole, another electron from an outer shell emits energy in
form of electromagnetic radiation. The amount of energy is equal to the energy difference of the two
shells involved. The term “fluorescence” is basically used for any phenomena, in which absorption of
radiation of certain energy comes down to re-emission of radiation of a different, generally lower,
energy. For incoming X-rays, this process is shown in Figure 19; a typical plot of radiation originating
from fluorescence (in this case, the K- and Kg-lines) is shown in Figure 20.
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Figure 19: principle of X-ray fluorescence; the possible case of K-lines is shown. An incoming X-ray liberates
an electron, which leads to “filling up” of the left over hole. This leads to element-specific, characteristic X-
ray radiation, which can be used to characterize any material applying this experimental technique.
Additionally, origins of different possible characteristic lines of X-ray radiation are indicated by small red
arrows.



If electrons are emitted from the inner shell (K-shell), all characteristic lines can appear. Concerning
the nomenclature of the lines, (K, L, M, and N) is the name of the shell to be filled. The index (a, B,
¥,...) means filling up from the 1% next, 2" next, etc. higher level (indicated by small red arrows within
Figure 19).
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Figure 20: possible element-specific, characteristic lines of X-ray radiation. The more intense peaks (marked
with red arrows) are mostly the K-lines, the other peaks (marked with green arrows) are the Kg-lines and
even some higher order K -lines (marked with yellow arrows) could appear.

2.2.1.4. Refraction and reflection

At large, as X-ray optical components suffer from the weak refraction of X-rays in matter and from
relatively strong absorption (as in comparison to that of VIS in combination with glass), the index of
refraction (IOR) for X-rays in matter can be written as n = 1-3, and is close to 1. Here, & is the so called
decrement, which is only in the order of 10 to 10° [58], four to six orders of magnitude smaller than
the decrement of 0.5 for VIS light in glass. The small decrements lead to an IOR (only slightly) smaller
than the IOR for vacuum, which is defined as 1. This is caused by the fact that the oscillation
frequency of X-ray radiation is larger than the resonant frequency of the outer electrons of atoms.
Remarkably enough this even results in group velocities higher than the speed of light in vacuum.

The IOR smaller than 1 has geometric consequences as well: If an X-ray coming from air or vacuum
permeates a liquid or a solid sample (where always n<1), it is refracted away from the surface normal
(see Figure 21, left), a, > oy, whereas VIS is refracted nearer to the normal, we get that incoming
light gets refracted closer to the normal (Figure 21, right), o, > a4, according to Snell’s law of

diffraction:

Sihey, _ v, _ My (2.56.)
sina, v, n
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with o, and o, — angles of entrance and exit, v, and v, — speed of travel within the area of index of
refraction n; or ny; n; = co/Vi.

Figure 21: refraction at a boundary surface. Left: at X-rays (o, > a;). Right: in VIS-region (a; < a).

For refractive X-ray optics this means that converging lenses must be shaped like diverging lenses for
the VIS. For every kind of electromagnetic waves there is a critical angle oy, above which the
incoming beam is not refracted anymore but completely reflected (total external reflection). At the
border angle (sin o, = 1, at 90°), the refracted beam propagates on the surface. As the decrement & is
very small, this angle a, is very large. Hence, reflective X-ray optical elements like mirrors or
reflection zone plates are very often used at grazing incidence.

2.2.1.5. Diffraction

Huygens-Fresnel principle

One of most important concepts of the wave theory of light is the Huygens-Fresnel principle. In
general, it states that every point of any wave front can be seen each as origin of a new
hemispherical wave — a so called elementary wave. The phase and the direction of propagation of
the newly generated wave front result from superposition of all the wavelets. Huygens principle
offers an explanation for many optical phenomena like diffraction and refraction (principles shown in
Figure 22) or any other occurrence involving the interference of electromagnetic waves (e.g. gratings
and zone plates).

Figure 22: left: refraction at a surface after Huygens-Fresnel. An incoming plane wave gets refracted at the
boundary surface of two media, in which it propagates. The direction of the refracted beam depends on the



(difference of) refractive indices. Right: diffraction at a slit according to Huygens-Fresnel principle. The
incoming wave leads to generation of wavelets at each point within the hole. The near-field interference
(Fresnel diffraction) close to the slit appears different than the far-field interference (Fraunhofer diffraction).
Focusing diffractive elements such as VLS gratings and Fresnel zone plates make use of near-field diffraction
(see chapter 2.2.2.4) (pictures taken from [59]).

Bragg- and Laue-case, respectively

Any periodic structure on nano scales — no matter if artificially made gratings or in single crystal
lattices — can be used to create far field X-ray diffraction patterns. In case of crystal lattices or
multilayer structures, the geometrical conditions for positive interference of the outgoing rays are
given by Bragg’s law of diffraction (as shown in Figure 23). Here, the distance d between the lattice
layers (or artificial nano-layers) is an important parameter. The angle © of positive interference is
given by

ni=2dsin 0O, (2.57.)

with the photon wavelength A and the integer n that defines the order of diffraction.

Figure 23: Principle of Bragg-diffraction in a crystal. Constructive interference occurs if: nA=2dsin@ (“Bragg’s
Law”)

A monocrystalline solid or multilayer structure can be used as a transmissive or reflective optical
element. In Figure 24 the diffraction processes in both cases (Bragg-geometry (left) and Laue-
geometry (right)) are illustrated by the k-vectors of the X-rays involved (ko — incident and transmitted
light paths, kg — diffracted beam, n — normal of crystal surface, y,, Y5 — angles between normal and
course of beam after “interaction” with the crystal):
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Figure 24: scheme of optical paths using crystals in Bragg-geometry (left) and Laue-geometry (right).

The considerations of Bragg-diffraction in reflection will be described in detail for crystals within the
following subchapter, as it will be needed to make considerations about the spectrometry of the
spontaneous undulator radiation (as to be seen and used for the K-monochromator — see below).

2.2.2. Optical elements

One of the first things as a basis for my work in the field of Synchrotron and X-ray radiation | learned
was: “the best optics for application with X-rays is no optics at all”. In general, this implies that many
of the produced photons are depleted within the experiments or even before, within the optical
paths of the beamlines at X-ray sources. In the following subchapters, the set-up and properties of
different X-ray optical devices typically used in beamlines are described. The principles of these
devices provide an important background for the ray-tracing considerations that will be presented in
chapter 3 and chapter 4.

2.2.2.1. Crystals

As described above, crystals can be arranged in reflection (Bragg-geometry) or transmission (Laue-
geometry), depending on the particular application. Due to the high transmission and absorption of
X-rays in matter, X-ray crystals in Bragg-geometry only make sense at grazing incidence, if one is
interested in having the highest possible throughput of the beamline, which means as many photons
reflected as possible. X-rays in general only interact efficiently with any optical element, if
illuminated at grazing incident angles; which is a major constriction in design of beamlines with high
efficiency.

Properties of a single crystal

The detailed shape of a peak of positive interference of a Bragg crystal is given by its so called
“rocking curve” (see Figure 25). As a visualisation of Bragg’s Law (nA = 2 d sin®, where: n — order of
reflection; A — wavelength; d — distance of crystal planes; ©® — glancing angle), the wavelength is
plotted over the glancing angle (top left). The natural width of these lines for different harmonics
(diffraction orders), the Darwin-width, is represented by the rocking curve around this glancing angle
(at a certain energy, looking at a certain plane of reflection within the crystal):
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Figure 25: Top left: plot of Bragg’s law for different harmonics (diffraction orders). Bottom left: a zoom into a
harmonic shows a certain natural width, the Darwin width. Right: Rocking curve around the Bragg angle at a
particular energy using the (333)-reflex of a single silicon crystal as an example.

The extraction of a rocking-curve is usually done as follows: assume a diffractometer with a fixed
source, a tiltable sample/crystal and a tiltable detector; fix a detector at a position of 20 (double of
Bragg angle of reflection, glancing angle) with respect to the lattice plane within a crystal under
examination. Then tilt the crystal by an amount of AO, starting from Bragg-angle ©. The resulting
curve of reflectance is the rocking curve. This recording technique is depicted in Figure 26, as an
example a sample containing 3 crystallites is shown.

Figure 26: a sample containing 3 crystallites within a crystal. The source and detector are at fixed positions at
angle O, the sample is tilted (depicted by the tilted surface line). The resulting curve delivers information
about uniformity of the crystalline sample.

If the detector is fixed at the Bragg angle © and the sample is tilted relative to the incoming ray of
light, then crystallite 3 fulfills the Bragg-condition. With further tilting consecutively crystallite 2 and
1 are in Bragg-condition. The selectivity of this tilt strongly depends on the size of the incoming
radiation. For precise measurements one tries to keep the width of the incident ray as small as
possible at the smallest possible divergence at the same time. Intensity and full width at the half
maximum (FWHM) of the resulting curve is a quantity of the uniformity of the lattice plane with
respect to the surface of the sample. With the help of the rocking curve and its FWHM the crystalline
quality can be described or quantified. The basic principles were taken from [60], [61] and [62].

Representation with DuMond diagram

A zoom into the plot of Bragg’s Law leads to the so called DuMond diagram, which is shown in the
left part of Figure 27. The DuMond diagram provides a relation between the accepted angular width
and the respective energy resolution/acceptance range.
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Figure 27: DuMond diagram and the Rocking-curve of the reflectance (showing the Darwin-width) for both
depending on the wavelength/energy (top right) and the rocking angle (bottom right) around the Bragg
angle, respectively.

2-crystals-combinations

It is possible to combine two crystals into two general configurations and any combinations of these
— dispersive and non-dispersive. Figure 28 shows a sketch of optical paths through these two
dispersive and non-dispersive arrangements of two crystals, at different wavelengths:

(b)
Ay <Acy <A< <Ay

A

Figure 28: (a): Two identical crystals used at the same reflection layers (e.g. Si (111/333/...) in dispersive
arrangement. All the wavelengths and the divergence of the beam, which are accepted (and then further
delivered), are accepted from the 1* as well as from the 2" crystal due to the parallel arrangement and
hence the same Bragg-condition and rocking curves or the crystals, respectively. The angle of emergence
from the 1% crystal equals the angle of incidence at the 2" crystal. (b): Two identical crystals in non-
dispersive arrangement. The band of energies around the center energy fulfilling the Bragg-condition at the
2" crystal is smaller than the energy acceptance of the 1* one.



The Bragg-condition and the corresponding DuMond representations (for the 2 crystals) are shown in
Figure 29 and Figure 30, respectively:
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Figure 29: (a): Bragg-condition of two identical crystals in dispersive arrangement is depicted by an
overlapped black and green line. (b): Bragg-relation of two identical crystals in non-dispersive arrangement.
It is conventional to flip the resulting curve around the ordinate and shift it to the right (or left respectively)
to the extent of the angle between the surface normals of the crystals.

The resulting DuMond-diagams (zoomed into the region of interest — as displayed in Figure 29 in the
form of a rectangle) are given in Figure 30:

(a)

(b)

8,y ' 6y

Figure 30: DuMond diagrams of two identical crystals. The blue double-headed arrow depicts AE, a certain
energy resolution. (a): arrangement in dispersive configuration. The curves of the 1** and 2" crystal overlap
perfectly, indicated by overlapped black and green curve of the two crystals. (b): arrangement in non-
dispersive configuration; the curves intersect at a certain angle according to the angle between the normals
of the crystals.

Here we see that at an equal energy resolution of both arrangements the A6 or Ay of the accepted
angles is smaller in the non-dispersive arrangement.

Due to the dispersive properties of single crystals and the optional filtering feature of arrangements
of multiple crystals, these devices are often used as beamline monochromators. The angle of
acceptance can be modified for the desired beamline purposes by using asymmetrically cut crystals,
with an angle between the surface and the reflecting lattice layers. Using DuMond diagrams as a
representation of the crystal monochromator properties the change of the angular acceptance using
these angles of asymmetry can be demonstrated as in Figure 31:
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Figure 31: (a): as reference both the incoming and outgoing rays as well as the associated DuMond diagram
are shown. Here the angles of incidence and emergence are the same. (b): the rocking curves of a Si (333)
single crystal (at 10 keV) and the influence of the angle of asymmetry on its width (simulation done using
REFLEC [30]) black: reference (without angle of asymmetry), green: asymmetry angle = +45°, red: asymmetry
angle = -45°. Bottom: influence of angle of asymmetry between crystal surface and reflecting lattice planes;
(c): negative angle of asymmetry leads to narrowing of the angle of accepted rays. (d): positive angle of
asymmetry leads to broadening of the angle of accepted rays.

As an intermediate conclusion it is clear that the angle of acceptance can be increased using
asymmetrically cut crystals, but at the same time we have a dramatic decrease of transmission,
which will be shown in chapter 3.

2.2.2.2. One- and two-dimensional gratings

Besides the natural periodicity of crystals, an artificial periodical structuring of a surface is a very
efficient method to cause diffraction patterns. For X-rays, one-dimensional gratings are commonly
used as dispersive optical elements. Together with focusing mirrors they can be used as
monochromators. However, these two functions — dispersion and focusing — can be combined in VLS-
gratings (focusing in one dimension) or Fresnel zone plates (focusing in two dimensions). This chapter
presents the principles of all types of these diffractive optical elements. As the name says, the
physical principle is diffraction. Particular attention is paid to reflective elements.

2.2.2.3. Gratings

An optical grating, so called diffraction grating, is simply said a sequence of slits of same width and a
constant distance to each another. Hence, it could be called multiple-slit. As every grating slit
diffracts the incoming light like a single slit, the interference pattern on a screen behind the grating
can be calculated as superposition of the interference patterns of all the slit elements. At high
numbers of slits, the sinusoidal pattern of a few slits merges into sharp diffraction peaks in the far
field. White light, containing different wavelengths or energies, is fanned out like at a prism; every
single energy is transmitted to another angle.



According to the principle of Huygens (see chapter 2.2.1), one can observe regions of bright and dark
fringes (maxima and minima) at positions y, respectively, on a screen at a certain distance z away
from a single slit (the principle condition for minima is shown in Figure 32):
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Figure 32: principle of obtaining the position y of the minima (correlated to the angle of deflection O),
depending of the wavelength A and slit size D (picture adapted from www.hyperphysics.phy-astr.gru.edu).

The positions of minima and hence the positions of maxima is obtainable for the case of a single slit
as shown in Figure 33; for the next higher number, double slit, it is shown below in Figure 34.
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Figure 33: positions of the local minima and maxima of intensity in case of passing through a single slit
(picture adapted from www.colorado.edu).

The width of the central maximum is 2 O, With

A

©,, =122~ . (2.58.)
D

min

Note here that the width corresponds to the FWHM of the peak in the middle (not the distance
between the first minimum and the according maximum).
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Figure 34: positions of the local minima and maxima of intensity in case of passing through a double slit
(picture adapted from www.colorado.edu).

Comparing the positions of the minima in the single and double slit patterns, one can see that the
intensity pattern for a single slit is an envelope for the next higher number of slits. This property
scales up with increasing number of slits (see Figure 35). The center peaks become higher and
sharper and the adjacent peaks lower up to very high intensities at the center positions and wider
regions of no or low intensity between them is formed. The peak positions are called diffraction
orders (0, £1, 2, %...), whereas the zero signifies the direct light (or, in case of reflective gratings as
explained below, direct or specular reflection) as labeled in Figure 35.
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Figure 35: survey of the intensity pattern (1-dimensional) after passing through multiple-slits. From top to
bottom the number of slits N is noted in boxes on the right (from double-slit to grating). The integer numbers
(0, £1, +2) depict the location of the respective diffraction orders (picture taken from [63]).

The interference patterns described so far for transmission of light through a slit or grating equal
those of light being reflected by a periodically structured surface. Figure 36 shows the equivalence of
diffraction induced by light passing through a slit and light being reflected by a mirror of the same

size.
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Figure 36: equivalence of the intensity pattern using the example of light in transmission (left) through a
single slit of size “b” and reflection (right) at a surface of the same size “b”. In case of transmission the slit is
illuminated by parallel light, so as the case of reflection. (courtesy of H. Loechel)

In other words, the grating in transmission with a certain line density shows equal optical properties
as a grating used in reflection with the same parameters (see Figure 37 and Figure 38).

AN

Figure 37: grating used in transmission with normal incidence. The path length difference As (depicted in
green color) needs to be an integer multiple of the wavelength for constructive interference at the screen

behind the transmission grating. (courtesy of H. Loechel)

In both cases, for normal incidence (used mostly on transmission gratings, see Figure 37), the grating
equation, which is the main relationship between the grating spacing d, the angle of incidence and
the angles of positive interference, can be written as (As is the path length difference, which needs
to be considered in order to obtain constructive interference of a certain wavelength A):

As=d-sin®@=m- A4, (2.59.)

with outgoing angle © and the diffraction order m.
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Figure 38: laminar grating used in reflection. (courtesy of H. Loechel)

For other angles of incidence than normal (mostly used in case of reflection), the grating equation is
extended by another term (a is the angle of incidence; [ is the exit angle of the diffracted beam):

As=d-(sina+sin f)=m- 1. (2.60.)

An important parameter for the characterization of a diffraction grating is its energy resolution. The
formal Rayleigh criterion, which is heuristically found, enables to make a statement about the
minimal distance of two sources of light, at which they can still be regarded as separated. It states
that this minimal distance is equal to the distance of the first minimum to the center of the
diffraction pattern by the simple relation:

A N, (2.61)
AL

with m as order of maximum and N the total number of illuminated lines at the grating.

A general property of diffraction of light is the fact that different wavelengths are diffracted to
different positions, which we call “dispersion”. As an example Figure 39 shows a schematic of
distribution of different wavelengths (in the VIS spectral region) diffracted by the same grating. It is
clearly visible that for the +1* order (to the right within the graph) the longer wavelengths (lower
energies) like red or orange are diffracted farer away from the center than the shorter wavelengths
like violet or blue, which are closer to the center. In the center, all the energies are diffracted into the
same spot (depicted by all colors together). Within the -1* order the distribution is vice versa.
Commonly, the intensity of the different orders of diffraction scales reciprocally proportional to the
square of number of order m:

P o=t (2.62.)
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Figure 39: distribution of different wavelengths within the +1% and -1 order of diffraction after having
passed a grating. Exemplarily it is shown with colors out of the visible spectral range (intensities are
normalized to show just the principle of separation). This effect is called “dispersion” (picture taken from
www.chemiephysikskripte.de).

Another parameter, which could influence the quality of a diffraction grating, is the depth of profile.
Usually on a reflection grating, just the upper part of the structure is used for forming the diffraction
pattern. But, actually, this is a waste of at least half of the reflecting surface. If the bottom part of the
structure would be used to contribute to the positive interference, the intensity and efficiency of this
optical element could be increased significantly. For positive interference at an angle of incidence ©
the ideal profile depth t must cause a path difference of /2 (see Figure 40), which corresponds to a
phase shift of T, which means

2tsin ®=i, (2.63.)
2
or
A .
t=—>—, respectively. (2.64.)
4sin®

Figure 40: scheme of the ideal profile depth of a reflective grating. The path difference (marked in red)
between two rays of light, which are reflected at the upper and lower structure level must correspond to half
of the wavelength 7 /2. (courtesy of H. Loechel)
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Figure 41: shadowing effect on laminar gratings: the lower level areas contribute only partially to the
interference of the incoming light (marked yellow), the other parts are lost due to shadowing (dashed
arrows) (courtesy of H. Loechel).

Obviously even with the ideal profile depth one cannot use the complete reflective surface of the
diffractive element, as every angle of incidence and emergence other than normal incidence (90°)
causes some parts of the lower surface to be shadowed (see Figure 41). The larger the angles
(measured from the surface normal), the higher are the intensity losses due to this effect.

Summarized in a few words, a grating used in reflection, or a grating-like reflective optical element,
can be optimized via the following parameters:

The angles of incidence and emergence are set by the maximum of the plain reflectivity of the
surface for the energy of interest. This leads to the corresponding grating period with an ideal depth
of the structure (profile depth), for which the effect of shadowing is minimized. For X-rays the angle
of incidence is best around grazing incidence (as explained in chapter 2.2). This influences the energy
band, which can be diffracted and reflected at all (as possible certain energies will not be reflected at
angles which either are not shielded or do not lead to any constructive interference at all). How
these parameters could influence the total efficiency and energy resolution, will be shown within the
description of the project of a single-element spectrometer in chapter 4.1.

2.2.2.4. VLS-gratings and Zone Plates

In general, zone plates are the next logical step of diffractive optical elements for X-rays — nowadays
state-of-the-art. They combine the imaging properties of a lens (leading to focusing) with the
dispersive properties of a diffractive optical element as described above. Starting with a normal
laminar diffraction grating, the next step towards a zone plate is the variation of the line density in
one dimension, which is, as will be shown below, actually a borderline case of a zone plate structure.
Basic VLS-principles are to be found in detail in [64], [65], [66], [67] and [68].

VLS-gratings

At a laminar grating with constant line spacing and slit width (applied in transmission) or grating
period (reflection), parallel rays of light are diffracted at different angles of positive interference. If
the line density of a grating, as described in detail in the previous chapter, is varied and if the light
source has a finite distance to the grating, the far-field diffraction becomes near-field diffraction. The
energies are distributed and focused at particular positions in the plane of observation. This property
of a so called “varied line spacing” (VLS) grating leads to the advantage that one can use it for
focusing of different orders and energies in one dimension onto an observational screen. In this way,
the different lines of energy are de-magnified and thus can be separated better than using a



plain/regular laminar grating. This again results in a higher possible energy resolution. And finally,
one can stint on additional focusing optical elements (which causes always additional loss of
photons).

The different diffractions (distribution of different energies at different angles) at a plain laminar
grating and a VLS-grating are shown schematically in Figure 42 and Figure 43:

Figure 42: diffraction of light from a regular laminar grating; the contained different energies which are
distributed to an observational screen are reflected at parallel rays of light (note, -1* order is depicted).

Figure 43: diffraction of light from a VLS-grating; the different energies which are distributed onto an
observational screen, are additionally focused at fixed distances between the grating and the screen (due to
different Bragg-condition at the different positions at the grating) (note, -1 order is depicted).

Fresnel Zone Plates

This principle of line width variation is applied in two dimensions at so called Fresnel Zone Plates. In
this case, the focusing of the different energies (and diffraction orders) happens in both directions in
the observational plane. In order to understand the mode of operation of such an optical device,
shortly the fundamental construction principle of Fresnel zones should be mentioned.
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By analogy with the technique of drawing an ellipse on a piece of paper (using only two pins, a thread
and a pencil), it is assured that the sum of the distances to the two foci has the same value on each
point of the generated ellipse. This way, one can generate the 3-dimensional version, the ellipsoids
around two focal points A; and A, (see Figure 44). The sum of the distances R; and R, to the foci is
constant as in the 2-dimensional case.

In an analogous manner, the two foci can be taken as a light source (e.g. A;) and a detector point
(A;). Then, the surfaces of the 3-dimanesional ellipsoids correspond to a particular path length which
the light travels from A; to A,.Diffraction takes place at the point at which the light touches the
ellipsoid’s surface. The actual Fresnel zones arise, if only a certain set of ellipsoids is assumed. This
set correspond to wavelengths that differ from the direct connection between A; and A, (the optical
axis) by integer multiples of A/2. The areas between those discrete ellipsoids are the so called Fresnel
zones. In this way, a phase shift of & is generated; hence, negative interference is induced between
two contiguous zones. Obstructing the light in every second zone produces only positive interference
in the detector point A,.

Fresnel zone plates can be recognized as cuts through these ellipsoids; both cuts through the optical
axis (transmission zone plates, TZP) and cuts outside the optical axis (reflection zone plates, RZP) can
be realized technically:

Figure 44: schematic view of Fresnel zones around two focal points A; and A, respectively. Fresnel zone
plates can be seen as cuts through the ellipsoids, as depicted each on the right. a) represents a cut through
the optical axis between A; and A, (used for transmission zone plates); b) represents a cut offside the optical
axis (used for reflection zone plates) (picture taken from [69]).

Zone plates are designed for perfect focusing of a fixed energy only as the sizes of Fresnel zones, and
thus the radii of the ellipsoids, are given by the path difference of nA/2 (n — integer) between the
edges of the zones. Consequently their design depends on the wavelength of the light that is emitted
from the source. This property causes the very useful dispersion, similar to VLS-gratings described
above, but in this case resulting in a two-dimensional focal spot.

In realistic cases no O-dimensional point in A, as focal spot, but a real image of the source. The image
size depends i.a. on the distances R; and R, (between the center and A; and A,, respectively). Let us
consider a transmission zone plate with a source at infinite distance, which is according to a concave
refractive lens that focuses parallel light into its focal distance. Parallel incoming light (diffracted by a



zone plate) produces a series of foci, corresponding to different diffraction orders, which are located
on the optical axis at distances f, to its center. For m > 1, foci are closer to the zone plate:

(2.65.)

The position of the first order focus corresponds to the focal position of the above mentioned
refractive lens and has the highest intensity. The intensity of all foci is reciprocally proportional to the
square of the number of the order m:

L (2.66.)

The focal length of a zone plate is determined by the wavelength of the incoming light and by the
radius of the innermost zone (the ellipsoid around the two foci with (R; + R,) differing just by 1A/2
from the direct connection):

rZ
f=iﬂ (2.67.)

R,

Figure 45: scheme of the imaging property of a TZP with a finite source at B of the size b. The paths of 3 rays
are charted; all three meet in point G, which sets the image size g (courtesy of H. Loechel).

Despite the fact that zone plates work only using diffraction and interference, they have the same
optical properties as refractive lenses. As shown in Figure 45, the imaging equation can be deduced
as:

1 1. 1 (2.68.)
R

The maghnification (or diminution) factor is:

Mol _Ri (2.69.)
g R,

The resolution of zone plates is defined by the width of the outermost zone; connected with that, the
minimum size of the image of a light source. This is caused by the Rayleigh-criterion, which states:
the angular resolution A®, of an optical element is given by

SinA®, :1.22~%, (2.70.)
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where A is the aperture of that element. In the case of a TZP a spatial resolution of

fA

Al=122.- 2, (2.71.)

results, because of sinA@, = Al/f (see Figure 46).

opt. element

X — Al

Figure 46: the angular resolution of an optical element can be transformed via sinA®, = Al/f into its spatial
resolution on a detector (courtesy of H. Loechel).

The aperture of a TZP can be conceived as its diameter (twice the radius of the outermost zone).
The spatial resolution of a TZP can finally be written as:

Al =1.22- 4,

n,max /

(2.72.)

with the zone width of the outermost zone dr,, ma.x. Due to technical limitations, zone plates can thus
only be fabricated up to a certain diameter (minimum zone width), which of course results in a
certain minimum spatial resolution. RZPs are used at grazing angles of incidence, which leads to a
great advantage of zone plates designed and used in reflection in comparison to the ones used in
transmission. The angular cut through the ellipsoids leads to a huge stretching of the zones. The
outermost zone for the same energy and zone number is much larger at an RZP than at a TZP (in
direction of the beam).

Technically, TZPs consist of zones with different materials — transmissive and non-transmissive for
the corresponding design wavelength (in this way the non-constructive interfering parts of the
radiation get suppressed). RZPs are, like other reflective gratings, two-height-level-structures; in
principle laminar gratings with a curved structure. Their structure is comparable to a superposition of
two VLS-gratings perpendicular to each other. Applying this assumption, the two dimensional
focusing is possible.

Conclusion:

An overview of interaction of X-rays with matter was given. Main effects like Rayleigh and Compton
scattering, Photo and Auger effects, pair production, and high energy interaction were described and
explained in detail and their probability of occurrence were given. The attenuation of light by
interaction with matter was explained. Secondary processes like X-ray fluorescence, and further,
refraction, and reflection were introduced and described. The Huygens-Fresnel principle as a
fundamental of the wave theory was used to explain diffraction. Based on this, optical elements are
described, as they are of central interest for guiding X-rays. Bragg crystals, gratings, VLS-gratings, and
zone plates were presented. Their construction, physical effectiveness, and their impact on X-rays
through the guiding process were presented.



3. X-Ray Optical systems for diagnostics and spectroscopy of Free
Electron Laser radiation

Within this chapter two types of spectrometers for XFEL beam diagnostics are described, which were
developed and simulated in this work.

In the first part, the spectrometer for spontaneous undulator emission diagnostics which will be used
during commissioning of the undulator sections of the European XFEL is described. This is of
particular interest, as the alignment is essential for the lasing-process to be initialized; geometrically
and, not less important, radiation parameter wise.

The second part presents different options for spectroscopic inspection of the entire XFEL spectrum.
The process of lasing, especially using the SASE principle, leads to completely different radiation
spectra from shot to shot. In order to cover this problem, a spectrometer is required, which extracts
the full spectral information for each single shot coming from the European XFEL. Different designs
are analytically compared.

3.1. Inspection of spontaneous radiation of undulator segments to
align the SASE undulators of the European XFEL (K-monochromator)

General considerations

This chapter is focussed on considerations and ray tracing simulations which were done within the
scope of this project. Different proposed solutions how to determine the K-parameter (definition see
in chapter 2.1.1.2) of the undulator segments are examined — in order to get them aligned not only
geometrically but also to match the K-parameters (of the single undulator segments) sufficiently to
start the lasing process.

Taking the considerations of the previous paragraph (2.3.1) into account, we started with simulation
of the energy resolution and transmission of double-crystal-monochromators (DCM) and four-crystal-
monochromators (FCM); first using a simplified source, then using source-files as output of the
program WAVE [70]. These source files, designed especially from the undulator parameters provided
in the CDR of the European XFEL X-ray Optics and Transport [72], were used as input for our
simulation. The programs RAY and REFLEC, developed at BESSY, have been used for the simulations.

K-monochromator layout

The optical layout of the beamline is shown in Figure 47, a simple sketch of the beamline at SASE1
and 2, respectively, using the DCM/FCM or so called K-Monochromator. The monochromator
consists of two channel-cut crystals mounted on two independent goniometers. The crystals were
fabricated by Dr. Horst Schulte-Schrepping at the DESY workshop. Their topography and quality were
tested at the BESSY || KMC-2 beamline and BAM-beamline, respectively.
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Figure 47: simplified sketch of the K-Mono beamline. The SASE1 and 2 undulators are shown as 35 segments.

Depending on the undulator which is switched on, the source point is assumed to be located each at the end
of one of the single undulator segments; to cover the full range of possibilities, the parameters for distances
used for the following simulations are 450m from the very first undulator segment, 250m from the very last
segment, respectively — as assumed in the year 2011.

Firstly, the case of the simplified source parameters of a source size of (16x16) um? (o) and
divergence of (2x2) urad? (o) are used. The first crystal stands at 500 m behind the supposed source
point. The following simulations were done for the case of SASE 1 and SASE 2 respectively.
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Figure 48: footprint of the ray tracing through a DCM (output from the RAY [30]) (a): source point ((16x16)
um? (o); (37x37) um? (FWHM)). (b): cross section of the photon beam 100 m after source — (44x44) um?
(FWHM). (c): footprint at the crystal surface (Si (111) @ 5keV) — (2.9x1.16) mm?. (d): footprint at the crystal
surface (Si (444) @ 30keV) — (4.43x1.16) mm?>. (e): cross section of the photon beam 1 m after having passed
the DCM - (1.17x1.16) mm?2,



The goniometers are mounted in a vacuum chamber to avoid X-ray beam scattering in the
atmosphere.

Crystal optical scheme analysis
As general information, a first survey of the intrinsic energy resolution of the different reflection

planes of two silicon crystals in dispersive arrangement (DCM) is shown in Figure 49.
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Figure 49: survey of the intrinsic energy resolution depending on the incident photon energy of different
reflection planes in a silicon crystal (DCM). The curves are generated using REFLEC [30].

From Figure 49 it is evident that use of higher indexed reflection planes of a silicon crystal result in
better energy resolution; but, of course, for lower energies (below 7 to 10 keV) only lower indexed
planes lead to any reflection at all. As general information about the required precision of the used
goniometer, the Rocking-curves as a comparison for three reflection planes, at the minimum (best
possible), medium and maximum (worst) intrinsic energy resolutions are displayed in Figure 50. (The
corresponding parameters can be found in Table 1):
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Figure 50: Rocking-curves of three reflection planes of a single silicon crystal (generated using [30]). In each
case, the black curve corresponds to the Si (111) reflex, red curve to Si (333), blue curve to Si (444) reflex. (a):
around the best energy resolution. (b): around the medium energy resolution. (c): around the worst energy
resolution.
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The resulting FWHMs of these different rocking curves (Figure 50) around the Bragg reflexes each are
summarized in Table 1:

Table 1: survey of the FWHM of the rocking curves of different silicon crystal reflexes at three different
remarkable points of the intrinsic energy resolution. In the table at each cell the following parameters are
given: photon energy (and the corresponding Bragg angle), FWHM of the rocking curve around this angle,
relative energy resolution.

used reflex| bestenergyresolution | medium energyresolution| worst energy solution
1.978 keV (90°) 5keV (23.295°) 10 keV (11.404°)
Si (111) 125 arcsec (FWHM) 10.2 arcsec (FWHM) 4.8 arcsec (FWHM)
1x10™* (AE/E) 1.2x10™ (AE/E) 1.4x10™ (AE/E)
5.931 keV (90°) 18 keV (19.239°) 30keV (11.403°)
Si (333) 7 arcsec (FWHM) 0.6 arcsec (FWHM) 0.3 arcsec (FWHM)
8.8x10°° (AE/E) 9.4x10°° (AE/E) 9.3x10°® (AE/E)
7.908 keV (90°) 25 keV (18.441°) 40 keV (11.146°)
Si (444) 4 arcsec (FWHM) 0.3 arcsec (FWHM) 0.2 arcsec (FWHM)
5.1x10° (AE/E) 5.6x10° (AE/E) 5.8x10° (AE/E)
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From Figure 50 and Table 1 can be derived that of course the energy resolution is much better for
the higher indexed reflection planes. The widths of the Rocking-curves are quantities for the required
goniometer precision which will be applied in the chamber at the K-mono crystal.

A next idea to improve the energy resolution even more, was to make use of an asymmetrically cut
crystal. So, in the following we take a look at the energy resolution and transmission of a DCM and a
FCM with respect to different angles of asymmetry:
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Figure 51: (a): absolute energy resolution of DCM and FCM arrangements at different energies inspected
using 3 different reflection planes. (b): transmission of DCM and FCM at different energies inspected using 2
reflection planes.

From Figure 51 we obtain that the use of an angle of asymmetry leads to a fast decrease of
transmission. Furthermore, the energy resolution does not increase significantly. Therefore, an
asymmetrical cut crystal is not recommended to improve the energy resolution in this case.

In the next step, the energy resolutions using a collimated beam, and a simplified source (slightly
divergent — (2x2) prad?), respectively are compared (using RAY, solid and dashed lines, and REFLEC,
open and full bullets):
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Figure 52: survey of the energy resolution of DCM and FCM arrangements as function of the irradiated
photon energy. Filled bullets (calculated using RAY) and solid lines (calculated using REFLEC) respectively
correspond always to DCM; open/empty bullets (RAY) and dashed lines (REFLEC) correspond accordingly to
FCM arrangement. (a): using a collimated beam. (b): using a “divergent” beam (of being (2x2) urad?). (c): the
respective relative energy resolution at three different Si-crystal reflexes (black: Si (111), red: Si (333), blue: Si
(444)).

From these figures one can see that the energy resolution of the device seems to be independently
the same for each a DCM and FCM arrangement in case of a perfectly collimated source. But, if a very
slight divergence is applied (as certainly will be the case at the European XFEL), the energy
resolutions improve remarkably at higher indexed reflection planes in the hard X-ray regime above
10 to 15 keV. For Si (111) reflex in the regime between 2.4 keV up to roughly 10 keV there is no
apparent difference. The results of the simulations using the simplified source can be summarized as
follows:

» The best obtainable energy resolution for the DCM case is 50 meV at 8 keV using a Si (444)
reflection plane; the best for the FCM case is 35 meV at 8 keV ((AE/E)pcmbest = 6.25x10°%;
(AE/E)rcmybest = 4.38x107).

» The worst energy resolution for the DCM case is 600 meV at 5 keV using the Si (111)
reflection; the worst for the FCM case is 500 meV at 5 keV ((AE/E)ocmjworst = 1.2x10™;
(DE/E)ecmmorst = 1x107).



» The transmission using Si (444) at 9 keV is 4.3% at DCM, and 2.4% at FCM; it is, using Si (111)

at 5 keV, 44% at DCM, and 26% at FCM. (these values are obtained using RAY with the
parameters listed in the annex (table: Si investigation in Annex))

It is not recommended in this case to use asymmetrically cut crystals. It causes more
complicated alignments. The manufacturing of the crystals is too hard in terms of precision
and very time consuming to be worthwhile. Separate crystals for different energy-sets would
be required. Moreover, there must be a certain inclination of the second crystal, which
causes an even more complicated alignment process. By use of an angle of asymmetry the
transmission of the monochromator is reduced dramatically and there is no significant gain
in terms of resolution. The only Pro-criterion seems to be that it increases the angle of
accepted incoming rays.

Regarding the use of a DCM in comparison with a FCM it was discovered that the
transmission of a DCM arrangement is roughly twice as much as at FCM. At the same time
the energy resolution (AE/E) of the device is e.g. (using Si (333)-reflex at 20 keV) 5x10°® in
case of FCM or 2x10~ in case of DCM, respectively. As the energy resolution even at the
“worst point” is in the range of 10™ using DCM arrangement, this should be already
sufficient, if the proposed method (see below, within the part about obtaining the K-
parameter theoretically) would be applied.

In the following an output file from the program WAVE [70] is used as source file for our simulations.

Source and Beamline Parameters

For this purpose considerations were made on what should be expected if the spontaneous radiation

from just one single undulator segment is inspected. For the simulation the following parameters
(electron beam parameters for SASE 1 and SASE 2, see table 2) are used:

Table 2: electron beam parameters for SASE 1/2 as taken from the open announcement of simulation code
benchmark [71] and personal communication with Michael Scheer.

Electron energy 14 GeV
Emittance 0.97 mm mrad
Betafunction 32m
Period length 40 mm
No. of periods 125
Gap-range 10-28 mm

And as electron source parameters:

Ox = 0, =34 pum

7

Ox~=

’v=1prad (use of o always corresponds to rms-values)

Using the formulae for the photon source size a/ioiﬁaj} (each in x- and y-direction), for the
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source divergence = /{G'X?y +o } (v.s.) and for the undulator radiation
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With the length L =5 m of one single undulator segment, one obtains the following properties:
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Figure 53: the photon source size (red dotted curve) and divergence (blue broken curve) of the calculated
undulator, using the parameters mentioned above.

Figure 53 shows that the source size stays stable over the range of 1 to 13 keV, whereas the source
divergence decreases exponentially.

Determination of the K-parameter

This part presents the proposed procedures to obtain the K-parameter by using the channel-cut
crystal monochromator. This will be followed by experimental results from beam time at PETRA Il at
DESY in Hamburg.

Photon-based commissioning of the European XFEL undulators will require a precise adjustment of
the K-parameters of all undulator segments and the phasing between these segments. The LCLS
approach with a double channel-cut monochromator was found to be a good starting point. In the
case of the European XFEL, the large gap setting range and wavelength ranges have to be taken into
account. The undulator commissioning spectrometer — the K-monochromator - will analyze
spontaneous radiation from single segments up to the full undulator length.

The K-monochromator will be used to select a narrow bandwidth of the X-ray photon beam in order
to tune individual undulator segments. This process is called photon beam-based alignment and will
minimize the difference in the K-parameters of the undulator segments and optimize the phases
between segments. The photon source can be a single segment, two adjacent segments, two distant
segments, and up to all undulator segments at once. In case lasing cannot be immediately
established, the only way to measure and tune the undulator K-parameters in-situ will be with the K-
monochromator [72].



The process in theory

Inspection mode I: fixed K, varied E

A general property of the spontaneous radiation of an undulator is that the flux and the on-axis flux
density vary over a certain energy range around the resonance of the undulator; a change of the
undulator gap results in changes of the distribution and intensity of the white beam and
monochromatic cone, respectively. For linearly polarized X-ray radiation, the undulator radiation
intensity distribution (white beam) is a Gaussian. Changing the gap strongly affects the x-ray
distribution in the polarized direction. The distribution of monochromatic power is generally a
Gaussian (at the first harmonic energy), but narrower than the total power. The central cone width
decreases with increasing undulator gap, but not as rapidly as the total power width decreases.
Hence, the central cone width takes up an increasing percentage of the total power width as the gap
is increased. In case of linear polarization, the width in polarization direction changes, meaning, it
gets broader and the peak intensity decreases at the same time. In case of circularly polarized light,
the Gaussian broadens in both directions, until one obtains a Donut-kind structure (see figure 62).
So, the generated monochromatic energy changes its shape and intensity significantly with change of
the undulator gap [73]. This was observed in two ways. First, keep the K-parameter constant (by
fixing the undulator gap) and vary the photon energy (by scanning with the monochromator) (Figure
54), second, the other way around (Figure 55):
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Figure 54: Flux and on-axis Flux density depending of the inspecting energy with fixed K-parameter and the
respective shape of the footprint at three different energies as an example.

From this we see, that, if the K-parameter is kept fixed and we inspect the Flux by varying the
monochromator (the energy), the Flux decreases exponentially and the on-axis Flux density does not
have its maximum at the maximum Flux position. The “on-axis Flux” here means the flux through a
pinhole of certain width located at the centre of the X-ray beam. Obviously the on-axis flux changes
remarkably during this scan — until we obtain a donut-kind of structure inspecting off-resonance of
the undulator.
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Inspection Mode ll: fixed E, varied K

The same beam shapes appear, if we keep the inspecting energy fixed with the monochromator and

vary K.
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Figure 55: (a): Flux depending on varying K-parameter at a fixed energy. (b): the respective horizontal/cross-
sectional beam profile at distinguished points at the Flux curve.

In Figure 55 (right) the different shapes of the horizontal/cross-sectional beam profile at different
points at the Flux curve are shown — changing from Gaussian to the donut shape as within the other
inspection mode.

In the following we will use this information and propose three different methods of determination
of the K-parameter using this mode of inspection (fix monochromator at certain inspection energy,
vary the K-parameter).

Method (a): Insertion of a Pinhole

The first idea is to apply a very “direct method” inserting a pinhole of a certain width (in our case we
decided to use a pinhole of (1x1) mm?2) mounted on axis into the beam in front of the K-Mono. From
our simulations we get the result that even at 80% of the maximum the width of the resulting curve
is in the range of AK/K = 2.7x10, which is not sufficient (regarding the required precision of AK/K
being in the range of 10™). The resulting flux curve is shown in Figure 56:
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Figure 56: Flux curve, into an undefined but sufficiently large detector, straight through a pinhole of size (1x1)
mm?. The arrows mark the position of around 80% of the maximum - from that method we obtain only AK/K
= 2.7x10°,



Method (b): “Donut” method

The next idea is to use a more “geometric” method, applied already at SACLA in Japan. The idea is to
kick the electron beam right between the two undulator segments under inspection. In this way the
light, which will be produced from the two consecutive or adjacent undulators, will be appearing at
two different points. The light will then be analyzed; the K-Mono will be set slightly below resonance
in order to use the aforementioned property of the donut structure for each of the two/X sources. So
the transferred light through the K-monochromator should result in two structures close to each
other (see Figure 57). This method has the advantage of being capable to inspect two segments at
the same time and compare them directly.

top view

electron kick”
” to spectrometer/screen

undulator segment 1 undulator segment 2

Figure 57: ,electron-kick“-method in principle. The electron beam is slightly displaced between two
subsequent undulator segments, but as much as is needed to separate the resulting spot on and after having
passed the K-Mono.

Here, two undulator segments will be inspected and compared at the same time (the diameter of the
donut-structure will be compared and tuned, whereas no information about the electron beam is
needed during the measurement):

position sensitive detector

Figure 58: picture on a detector after the “electron-kick” or “geometric method”: the K-parameter of two
inspected undulators should be matched only by detection and analysis of the diameter and shape of the
“donut”-structure coming through the monochromator.

For this method no precise estimations exist, yet. In recent publications the following statements are
found:

Tanaka [19] states: “...we roughly have criteria on the tolerance...AK<10...”

Freund [72] states: “...it is sufficient to measure and compare the K parameter between the
segments. ... As we are mainly interested in the measurement of AK, the ...quadrupole kick
method...will be not sensitive to the absolute electron energy... Following table gives maximal AK/K
for FEL operation...: AK/K = 2.4 (at 1A).
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Method (c): Post-processing

As a last method we propose the use of a “mathematical/post-processing” method which will be
sketched shortly in the following. The maximum position of the flux-curve of an undulator is most
likely not easy to be determined, as it could be a broader plateau, rather than a sharp peak. On the
other hand, the flux curve itself and its slope is certain for each fixed setting of the undulator
parameters (as K-parameter fixed or energy fixed with the monochromator).

The procedure in short is: Fix the energy (set the monochromator at a certain energy) and vary K.
Then the Flux curve will be inspected using the K-Mono. Derive the Flux curve and then fit the
resulting curve with a Gaussian (Figure 59). As the derivative of the Flux curve has a Gaussian-like
shape, it is fit with a Gaussian and its minimum value gives the point of the steepest slope in the flux
curve — which then can be compared with the one of the next curve at a different energy. For the
second curve (red in Figure 59) we have inspected the same method with all the very same
parameters except using a second, different photon energy — in order to see if these two flux curves
and the respective post processing parameters are sufficiently distinguishable.
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Figure 59: “mathematical/post-processing method”: (a): use the measured flux curve of the undulator. (b):
derive it, and then fit the resulting curve with a Gaussian. From this fit the centroid is obtained, which
corresponds to the point of the steepest slope of the flux curve.

Table 3: the resulting AK/K resolution and the corresponding energy resolution (AE/E) (in order to obtain the
desired resolution for AK/K an energy resolution of 8x10™ is needed - intrinsically the energy resolution of
the crystal (Si (111)) is even better (1.2x10‘4), which means, from simulation this method should result in
determination of AK/K with the desired/demanded precision):

Ephy = 12400 eV Center @ K = 2.34649
Eonz = 12410 eV Center @ K = 2.34519
AE/E = 8x10** AK/K = 5x10*

With this method and the energy resolution of the monochromator being better than 8 x 10™ (it is
around 1.2 x 10™), which is necessary to get a AK/K = 5 x 10, we derive that the K-monochromator
using the Si (111) reflex is capable to measure or determine the K-parameter in the range of AK/K =
10 and possibly better.



Intermediate result:

Based on the considerations and the simulations which were carried out in the scope of this project,
one can conclude that a device consisting of a Si (111) double crystal monochromator arranged in
dispersive configuration results in a sufficient energy resolution to determine the K-parameter to a
precision of AK/K = 10™ and better. This comes from the property of the crystals’ intrinsic energy
resolution, combined with the beamline parameters and using a realistic (including emittance
effects) source file, based on the SASE 1 undulator parameters. So the post-processing method
results in a determination of the K-parameter to the aforementioned precision. Hence, this could be
the recommended method to determine the K-parameter for each of the undulator segments
separately.

The other method, the “donut” method, is proposed, because in this way it is not necessary to have
information about the electron beam properties during the measurement (determination of the K-
parameter of the undulator segments under inspection), as it would be necessary within the post-
processing method. Simulations show that the spatial distribution of the emitted radiation is
preserved throughout the monochromator.

Experimentally

In order to check the different proposed procedures to obtain the K-parameter to a sufficient
precision, we checked the principles and feasibility at the PO1 beamline at PETRA Ill in Hamburg,
Germany. PETRA Il (in operation since 2009) is the most brilliant storage-ring-based X-ray radiation
source at Germany’s research centre DESY. This facility operates in top-up mode, the storage ring
current is kept constant to within 1% or less via frequent injections of particles. The beamline offers
high energy resolution in the range from 1 meV to about 1 eV and high spatial resolution in the (sub-)
micron regime. The unique possibility that it is equipped with two adjacent undulators, individually
tuneable, gives rise to the ideal capability for us to check exactly the proposed schemes mentioned
above. In the following, the experiments which were conducted to obtain at least some evidence are
described.

The beamline after the two undulator segments and beam-shaping slits is shown in Figure 60. From
the left (entrance of the beam) there is a high-heatload (crystal) monochromator (HHM), which is
capable to resist the high intensity of the entire X-ray radiation. After that another pair of beam-
shaping slits is situated, followed by an lon chamber, which basically serves for the analysis of the
incoming beam. Then there is a High-resolution monochromator (HRM), which consists of crystals as
well, but operating at very high Bragg-reflexes. In the end the K-monochromator (chamber
containing a channel-cut Silicon crystal) is installed.
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Figure 60: beamline testing setup at P01 (courtesy of [74], C. Ozkan and W. Freund, European XFEL).

As first experiment, the HHM was used, together with the HRM, in order to check, if the Flux-curve
could be recorded and distinguished from each other. In general, this very rare opportunity of having
two individually tuneable undulator segments should serve as testbed for the electron beam-kick
method for inspecting and direct comparison of both at the very same time. Additionally, the
procedure to obtain the point of steepest slope from the experimental data should be tested. In
principle the setup as shown in Figure 61 is used for this purpose.

variable
slits High-resolution

high-heatload monochromator

monochromator lon e . on
chamber .~ . _chamber Detector

Figure 61: setup as for the first proof of principle if the flux curves of the undulators are recordable to a
sufficient precision (picture adapted from [74]).

As outcome of these first measurements we obtained the flux curves of the two different undulators,
which are presented in Figure 62.



- Gap =14.047 Gap=14.081
il Radiation
damage
(1 e
s 139 14 4.1 142 143 144

Gap (mm)

Figure 62: resulting curves of gap scanning of the two adjacent undulators (for simulation of two undulator
segments as needed for proof of principle of the proposed procedures for obtaining the K-parameter). At
these curves, the point of steepest slope is calculated, too — see circles and numbers within the graph
(courtesy of [74]).

As a result from this first test we obtain that the two undulators are obviously not in the same
condition. The first undulator (U1) shows already radiation damage, as it is the first insertion device
in the 14 PETRA Ill beamlines. Thus, it is most exposed and most likely to suffer from radiation
damage to its magnetic structures. Therefore, for the following undulator scans, only the undulator
U2 is used. Unfortunately, because of this difference, the case of having two undulator segments
tuned to the same parameters could not be tested at PO1.

In the following, the two principles mentioned above should be tested. In order to simulate the 4-
bounce-case of the K-monochromator, the HHM and the channel-cut crystal are used (see Figure 63).

variable

slits second mount

K-Monochromator
for FCM-case

high-heatload
monochromator
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channel-cut
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Figure 63: setup as for simulation the 4-bounce-case (FCM) — only HHM in combination with the channel-cut
crystal of the K-monochromator is used. This setup is the same for the “post-processing” method as well as
for the imaging method (picture adapted from [74]).

At first, the post-processing method was examined. In this case, the monochromators were set to a
specific energy and the gap was scanned. The resulting flux signal is shown for 4 settings as to be
seen in Figure 64. Here, one can see four different curves. Then the point of steepest slope is
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obtained (see inlay in Figure 64, left. The different energy-settings and the corresponding values for
the k-parameters (obtained from a table of gap-distance correlated to the k-parameter) are listed in
the table on the right.
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Figure 64: Gap-scans at fixed monochromators (HHM + K-Mono). The inlay represents a zoom into the region
of points of steepest slope of each individual Flux-curve (marked each with a circle). On the right side the
energies at which the monochromator is set and the corresponding k-value is depicted.

From these curves and the corresponding k-parameters we obtain that the energy difference BE/E in
the range of 10™ relates to a AK/K between 2.5 x 10” to 5 x 10™ This correlates well to the
simulations described above, as the crystal is capable to resolve AE/E within this range at least.

As second approach it was tested if the shape of the beam could be transmitted sufficiently, so that
imaging the beam could be used for the alignment procedure proposed for the inspection of two (or
even more) undulator segments simultaneously, without knowing the electron beam parameters
(which must be considered for any serial examination). So the setup simply contains the HHM in the
beam, the undulator is slightly detuned away from the maximum flux by up to 2%. The resulting
image is shown on the right in Figure 65. It shows the circular shapes with local maxima in the
horizontal when observing the second harmonic at 10keV, as expectable from simulation using
SPECTRA [SPE]. (When we observed the fundamental at 10keV, we obtain the local maxima in the
vertical; unfortunately we did not record a good image from that.)



SPECTRA-Simulation

2.7mm

6.5mm

Beam spot size: 2.52 mm x 5.62 mm

Figure 65: picture on the imager. On the left side the shape of the PO1 undulator radiation is simulated using
SPECTRA [SPE], on the right side the image at the scintillator is shown (the line in the middle is a result of the
fact that the first slits before the HHM (in the left before HHM, not shown in figures 68, 69, 71) are set to
Imm. Thus, the slit needed to be scanned over in order to obtain the full image. The resulting two images are
clipped together.) (courtesy of [74]).

With this result it can be stated, that the shape of the beam can be transferred via the crystal
monochromator. Hence, the crystal does not influence the shape significantly, the electron-kick-
method, described above could be applied to tune the gaps, thus the K-parameter, of the undulator
segments sufficiently to get the lasing process started.

Finally, the particle beam could not be changed at this beamline, of course, as it would have
influenced all the subsequent beamlines. So it could not be evaluated experimentally the influence
on any of the above proposed methods. More simulations about the influence of this parameter will
be done in the future. Furthermore, it should be mentioned that the crystal monochromator will be
stable enough for the entire purpose. It will surely survive as only spontaneous radiation of a single
or two adjacent undulator segments are inspected. Possibly, the radiation of more than two
segments should be investigated, but for sure, crystals are the best choice for this purpose anyway.
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Conclusion:

The undulator segments of a long FEL undulator can be aligned by matching their K-factor. In order to
obtain this matching, the K-factor has to be matched to a precision of AK/K in the range of 10™. Only
optimally aligned undulators guarantee a maximum photon flow in the FEL. An advanced method for
the optimizing procedure using a 2- or a 4-crystal monochromator is proposed. Both methods were
analyzed by ray tracing simulations and by measurements at the PO1 beamline at the PETRA Il ring at
DESY in Hamburg. Simulations as well as measurements at PETRA |ll showed the applicability of the
proposed methods for the optimization of the K-factors at FELs. It could be shown that the
application of Si (111)-crystals in the K-monochromator fulfils the demands and the K-factor was
determined to a precision 5 x 10™. The photon energy range, which could be covered, reaches from
2.4 keV up to 40 keV — depending on the reflection plane or higher-order reflexes of the Si (111)
used. Si (333)- or (444)-crystals as monochromator crystals improve the situation and deliver K-
factors to a precision in the range of 10°°.

Another possibility of taking measurements of the K-parameter is using the “donut”-method, as
applied at SACLA at Spring-8 near Osaka for a precise adjustment of FEL undulators. Using this
method the K-monochromator was set slightly below the resonance of the undulator, kept constant,
and the gap of the undulator was varied. At photon energies below the resonance the lateral
intensity distribution of light forms a “donut” like ring-shape. In the simulation, using two undulator
segments and applying an electron kick to the beam after the first undulator to form two adjacent
beams; two different donut rings were produced. Experimentally, at PETRA Ill only one undulator
was used by modifying the undulator gap until the donut ring shows. This proves that the K-
monochromator does not destroy the expected shape of the light.

Parts of the project results are published in:

[Rehanek_SPIE]: J. Rehanek, F. Schéafers, A. Erko, M. Scheer, W. Freund, J. Griinert, C. Ozkan, S.
Molodtsov, “Simulations of diagnostic spectrometers for the European XFEL using the ray-trace tool
RAY“, Proceedings of the SPIE, Vol. 8141, 814109, pages 1-15 (2011)

[Rehanek_pDR]: J. Rehanek, F. Schéfers, A. Erko, “preliminary design report: Design considerations
and simulation on the K-Monochromator”, technical reports XFEL (2012)

[Ozkan_SPIE]: C. Ozkan, W. Freund, J. Rehanek, J. Buck, I. Zizak, J. Grinert, F. Schafers, A. Erko, S.
Molodtsov, “Initial evaluation of the European XFEL undulator commissioning spectrometer with a
single channel-cut crystal”, Proceedings of the SPIE, Volume 85040, pages 1-7 (2012)

(poster XFEL-User’s meeting 2012)



3.2 Entire spectrum European XFEL (Single Shot Spectrometer)

Once the FEL undulator segments could be matched in this way as described in the previous project
chapter, the actual lasing-process starts, the generated radiation needs to be inspected. As described
above, the resulting spectrum could vary from shot to shot. In order to cover these variations, X-ray
optical elements are required that are capable to deliver/result a spectrum which contains the
information with a sufficient energy resolution. At the same time the entire spectrometric system
needs to work at very high temporal resolution, meaning that it should result the spectral
information from each single shot. Best case, one could obtain this information right during
performing experiments, in the sense of an online-device, able to deliver most of the XFEL-generated
radiation towards the experiment while getting spectral information instantaneously. This chapter
will present the results of considerations and simulation of different approaches to meet the demand
of obtaining an image of the entire European XFEL spectrum in a single shot.

3.2.1. Mirror-crystal Design (Yabashi, Spring-8)

The first design, which is described, is a combination of a curved focusing mirror and a crystal. It is a
setup proposed by M. Yabashi et al. [75], tested at Spring-8 FEL and now applied at the SACLA XFEL
(see Figure 66). The proposed scheme consists in total of two optical elements: the XFEL-beam is
delivered directly onto a plane elliptical mirror, which focusses the beam. From the focal point it
travels directly to an analyzer crystal; the (555) — Bragg reflex of a silicon crystal is used to have the
highest possible energy resolution, expectable as well for the hard X-ray region (see survey in Figure
49, chapter 3.1). By this big divergence delivered into the silicon crystal, ideally all different energies
should be dispersed, which results the entire spectrum of the single shot. This scheme was simulated
using RAY [30].

plane elliptical
mirror — Xaggector

b.‘>°(f*/

3 /
\

source e

/ Xcrystal

analyzer

crystal
Si (555)

Figure 66: schematic sketch of the top view of the design as proposed by Yabashi et al. [75], using the
approximate distance between the source and the device at the European XFEL. The slits are just put during
simulation for inspecting the cross-section of the X-ray beams; they are of no importance for the entire device
itself.
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The parameters of the setup which were used for the simulations are given in Table 4:

Table 4: Parameters for simulation of the design proposed by M. Yabashi

Source Plane elliptical mirror Crystal
size (XxY 2
Cyy | 17pum — _( ) (500 x 60) mm material |Silicon (555)
' grazing incidence angle 0.4°
entrance arm length 450 m .
c' 1.1 prad size (XxY 2
©Y H exit arm length 0.5m (Xx¥) |(30x 5) mm
photon coating platinum 30 nm .
10 keV Bragg angle 81.3
energy roughness 0.3 nm (rms)

There different ways of declaring or rather determining the achievable energy resolution: on very
limiting factor is always the detecting or imaging device. More precisely, the detector pixel size is
mostly a crucial factor of an entire spectrometric device. So one way of simulating the “real” energy
resolution of a system is to “feed” into the simulation a so called “white band”, a broad band of
continuous energies, and put a slit of the size of a single detector pixel at the detector position. After
ray-tracing this setup, a certain bandwidth is delivered through the entire setup and finally through
the slit. This, or rather then for example it's FWHM, could determine the value of energy resolution.
If the detector pixel size is no question, as for example the image is far beyond being at the limit of
the pixel size itself, one could trace more than one discrete energies through the setup and have a
look at the image. As long as they are well distinguishable on the imager, the energy spacing
between these could be a value of possible energy resolution.

In this case, the idea is: as soon as the dispersed energy spots are not anymore clearly
distinguishable, this should mark the ultimate energy resolution of the spectrometer. A common
approach is to decide for “separability” is the FWHM of a single broadened energy peak at the
imager. From all previous simulation we obtain some scaling, how many millimeters or even
micrometers correspond to how many electronvolts or millielectronvolts and by simple combination
of this knowledge with the obtained FWHM of the traced single energy, a value for possible energy
resolution is finally determined (see Figure 68 (b)).

Hence, the simulation to determine the ultimate energy resolution of this proposed setup was
strated, using RAY [30], at energies of 10 keV * 50 meV, then slightly scaling down the differences of
the discrete energies, to compare directly with the results of Yabashi’s results (see Figure 67).
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Figure 67: Beam image at the detector located at a distance of 1 m after the analyzer crystal. (a): the
energies inspected are 10 keV + 50 meV — marked by the red numbers of 10,000 eV in the center, + 0.05 eV
right and left. (b): the minimal energy difference of AE = 30 meV, where energies are still clearly
distinguishable — this number is a totally subjective perceived value as it comes simply from “looking at the
resulting ray tracing image”.

Additionally the influence of slope errors (during manufacturing of the mirror) on the resolution was
investigated, as this is often a possible source of degradation of the best possible energy resolution
(see Figure 68 (a)):
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Figure 68: (a): beam footprint at the detector for E,poton = 10 keV + 30 meV. Applied slope errors (@mirror):
0.5” x 1.5” (saggital x meridional), which are reasonable slope errors, taken from personal communication
with Frank Siewert at BESSY Il in 2011. (b): intensity distribution of the single “dispersed” energy of 10 keV as
function of x-position at the detector. The FWHM yields the minimum possible energy spacing which should
be distinguishable, hence, it results the energy resolution of the entire system.

In order to compare these results with the ones from Yabashi’s paper, one simply has a look at his
experimentally found results (see Figure 69):
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FIG. 3. Spatial profile of dispersed beam (lower axis). The
corresponding energy scale is shown on the upper axis.

Figure 69: for comparison of the simulation with the actual data, obtained experimentally. (picture taken
from [75])

From these simulations a limiting energy spacing of 30 meV was obtained (for the distance of 1 m
after the analyzer crystal). The FWHM of the intensity distribution at 10 keV was measured to be 16.5
meV, which is comparable with the FWHM = 16.9 meV obtained experimentally by Yabashi et al. [75]
(see Figure 69).

This apparent discrepancy (between the statement of limiting energy spacing of 30 meV and
resulting possible energy resolution of 16.5 meV) comes from the fact that at the ray tracing resulted
image simply the “points of impact” of a photon are shown, without giving a weighting intensity
wise, yet. In the graphs below and at the side of the simple distribution a simple addition of the
channels (vertically for the graph below, horizontally for the graph on the side) is represented, which
could in lead to misunderstanding in some cases. One needs take care clearly how to determine the
ultimate energy resolution; best, always the procedure of how to obtain any value should be stated
and communicated with all them it may concern for any project.

From further variation of the influence of slope errors, one can state that the slope errors of the used
mirror should be smaller than 1.0 arc seconds, so these errors would have no significant influence on
the resolution. The current state of the art is around 0.3 arc seconds [76].



3.2.2. RZP-Design (Erko, HZB)

The second design considered for the single shot spectrometer applies a reflection zone plate (RZP),
which combines focusing and reflection in one element. Additionally its application results dispersion
as it can be considered as VLS-grating, focusing in two dimensions (see chapter 2.3.2.2).

Detector
Source

Reflection Zone Plate (RZP)

Figure 70: Simplified sketch of the working principle of a reflection zone plate. Illlumination of an off-axis part
of the zone plate suppresses the 0" order and helps obtain the spectrum (indicated by 3 different beams) at
the detector. This is done simply by delivering the light of the specular reflection to another point in the
detector plane than this of any higher reflected order of diffraction.

The working principle of a RZP is shown in Figure 70. An off-axis part of the zone plate is illuminated
in order to suppress the influence of the 0" order reflection in the detector plane. Its contribution is
suppressed simply in that way that the light originating from the specular reflection of the surface
(0™ order) is delivered to a different position in the detector plane than that of any reflected
diffraction order of the structure on the surface itself. (The detector plane is assumed to be
perpendicular to the incident ray of the design energy.) The term “off-axis” means in this context the
use of a part of the entire RZP-structure, which does not include the center of the design structure
(see Figure 70, here it is depicted by the black area illuminated). In this case, the +1* order of the RZP
is used. This method allows obtaining the spectrum of the incident beam at an imaging-detector. The
zone plate is optimally designed for one certain energy, which is then focused at the desired point
(green lines from the illuminated area to the detector). It focuses the differing energies around this
“center energy” at different points in space (red and blue lines, red gets focused before, blue behind
the detector plane; note, the differences are dramatized). The design of the reflection zone plate can
be described by the following formulae (coming from geometry):

R,.sin ®
Input angle: a=tan?| ————
P & R,.cos ® + x
Exit angle: pB=tan™ _Rp:SING _ :cos’l(cosafij
R,.c0s ® — x d
A

Average grating period: d=—F%-———
(cos a —cos f3)
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For the ray tracing simulations a symmetrically designed zone plate (R, = R;) was considered. Figure
71 shows a detailed sketch of geometrical parameters of the RZP as it is necessary to simulate an RZP
used as dispersing element, not simply as focusing element reasonably.

| i
Smo=—)

Figure 71: side view; in order to illuminate the off-axis part, the source is turned by an angle of y (here only
the center wavelength is depicted): the determination of the parameters for simulation.

The displacement of the incident X-rays for simulation with RAY needs to be figured out, previously
to any simulation made. The mentioned displacement needs to be applied to the simulation by
displacement or rather “angular misalignment” of the source. There were different methods tried
out to “illuminate” an off-axis part of the structure during simulation. One possible option is to leave
the source stable but shift the RZP. But this means a more complicated movement of the entire
setup: as the simulation code RAY assumes always the center of the designed RZP as “
everything (all distances and angles) relates to it geometrically. So then the distance to the detector

‘used”,

could be slightly shifted, the incoming angles at the actually illuminated part of the structure can be
changed. Another method would be to increase the entire angle of emitted rays from the source by
increasing the source divergence and then placing a slit of the right dimensions and at the
appropriate position to “cut out” the desired divergence and position at the RZP-structure as
wanted. But this gave rise to other problems: as RAY is designed to simulate X-ray optical beamlines
as realistic as possible, the optional slit has as well diffractive properties included. So the incoming
light gets diffracted at the edges of the slit, which then led to images at the detector which required
interpretation in a more complex manner than necessary. Another disadvantage of this method is
that a lot of rays are lost as cut out by the slit. This leads to a very high number of rays in order to get
any reasonable results from the simulation (otherwise it would result bad statistics, the result could
be questionable as not enough rays could be traced...).

Hence, in this specific case, one starts with the following parameters, which were used to define the

setup:
o (actual angle of incidence at the zone plate part) = 0.2°
E (photon beam energy) = 10 keV
d., (average grating period) = 100 nm
d= (c030z/—1cosﬂ)'2 /= 28617
results in: L
® =arctan .= .0 =0.3739°

{0,5(1&)}
tana tanpg



B - actual exit angle
© - angle of incidence at the center of the zone plate for the design

For the design of the reflection zone plate for our simulations (of the displacement or turning angle
of the source y) we obtain the geometrically derived parameters (from Figure 5) simply by following
these steps:

R,sin®

X=—2"——
tana
a=Xxsina

—R, cos®

sin -2
e R,

And the actual distances R;" and R’ respectively:

R — R, sin®
sina

. R,sin®

Ry =—2 =%
sin g

v (angle of turning the source for simulations) = 0.1739° = 3.039 mrad
Ry =280 m
R, =20 m.

As source, the aforementioned parameters used for simulating the Yabashi design were applied here
as well (o, = 17um; oy,’ = 1.1 purad) — for the sake of comparability. These values are given as rms, as
RAY calculates mostly with them. Ray tracing delivers the 2D scatter (distribution) of the beam at the
imaging detector. The results for Ephoton = 10 keV + 10 meV are shown in Figure 72 as footprint at the
detector plane and the respective intensity distribution:
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Figure 72: (a): Footprint at the detector for the photon energies of E = 10 keV * 10 meV. (b): intensity
distributions along Y-position (of the corresponding energies).

Assuming an average grating period at the zone plate of 0.1 um, a minimal energy spacing of 10 meV
/ 60um (which is clearly distinguishable at a distance of 20 m after the zoneplate) and a FWHM of 3.2
meV, were obtained.
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The same simulations for the lower energy of 1 keV and a zone plate with an average grating period
of 1 um delivered a minimal energy spacing of 1 meV / 60um (clearly distinguishable at distance of
20 m after the zoneplate) and a FWHM of 0.327 meV.

This shows that the zoneplate for the lower energies could be designed with the very same
parameters (as these two are exemplarily chosen by construction to be applied for two ranges of
energies of just an order of magnitude difference). The only difference in this case is, in fact, the
assumed average grating period for simulations; which however certainly needs to be adapted for
the real fabrication. Zone plates for both (lower and higher energies) can be placed at the identical
position after the beam, while the detector position remains the same. These shall be realized in
different ways. The reflection zone plate for the high-energy range could be manufactured using
(diamond or probably DLC- coated) multilayers. The low-energy reflection zone plate can use a total
external reflection silicon substrate with probably another appropriate coating. The matter of coating
of X-ray optical elements will be described in detail within the next sub-chapter about an RZP
spectrometer with certain requirements. First successful tests for hard X-ray RZPs were conducted at
synchrotron radiation (BESSY Il) in 2011 [77].

A short comparison of these two designs of the single shot spectrometer is given in the Figure 73 (for
the sample energy of 10 keV):

Crystal design RZP design
resolution AE 30 meV /100 um 10 meV / 60 um
) ) 300 meV / mm 167 meV / mm
dispersion

(1 m after Crystal) (20 m after RZP)
FWHM 16.5 meV (55um) 3.2meV (20um)
< 1.0arcsec (state of the 0.1-0.2 arcsec

slope errors .

art: 0.3 arcsec) (estimated)

Figure 73: comparison of the different designs for the single shot spectrometer (@10 keV)

The ray tracing tool RAY was successfully used to perform simulations of the possible diagnostic
spectrometers for the European XFEL. For the single shot spectrometer two setup designs were
simulated so far. The calculations of the crystal design in a highly convergent beam resulted in a
resolution of FWHM = 16.5 meV (at a photon energy of 10 keV), which is in accordance with the
experimental results obtained by Yabashi et al [75]. A set of reflection zone plates could cover the full
energy range of the SASE 1, 2 (Ephoton = 3 - 25 keV) and SASE 3 (Epnoton = 0.28 - 3 keV). Their
performance is shown in principle at photon energies of 10 keV and 1 keV respectively. The energy
resolutions (FWHM) are 3.2 meV at the photon energy of 10 keV and 0.327 meV at the photon
energy of 1 keV.

Actually, there is another possible option for application of this device. The principle is shown for the
case of soft X-ray radiation (see Figure 74). Basically, the idea is to make use of a RZP for online
diagnostics of the FEL pulses at the European XFEL in Hamburg. The SASE 3 undulator delivers soft x-
ray radiation in the energy range between 0.26 keV and 3 keV. A double (plane) mirror arrangement



at a variable grazing incidence angle creates a vertical offset from the direct FEL-pulse. It leads the
beam to the monochromator as well as the user experiment.
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Figure 74: (Left): schematic setup of the RZP spectrometer for single shot diagnostic of XFEL pulses; (Right):
result of ray tracing simulation. (Ray trace-parameters: point source with the size of (34um)? (FWHM) and
with divergence of 1 urad? RZP: R; = 253m, R, = 80m, “d,,” = 160 lines/mm, length = 155mm) Spot pattern at
the detector for three energies of 1 keV + 25 meV). A detector with a pixel size of 20 um is sufficient to obtain
an energy resolution E/AE = 40 000 (picture taken from [78]).

When the second mirror is structured with a zone plate, the zero-order beam path to the experiment
is not affected. The 1* order diffracted beam will be spatially separated from the zero-order beam
and the dispersed radiation hits a detector array. To prevent damage of the detector, the diagnostic
spectrometer structure should have low diffraction efficiency. Therefore, the modulation profile of
the mirror surface should only be on the order of 1-2 nm. Low efficiency of the RZP will not affect the
primary beam too much, but is sufficient for the monitoring purpose. In this way one could obtain a
very useful device for getting the entire spectral information from shot-to-shot of the XFEL, without
damaging the detector.

Another emerging option of the use of an RZP-structure with higher efficiency would be conceivable
in combination with a slit. This slit would be positioned in the focal plane of the RZP, which then is
acting as an exit slit of a monochromator to select a certain wavelength out of the dispersion plane.
In this case, most likely the energy resolution must not be that high.

In Figure 74, right side, the calculated energy resolution of such a device is plotted. This result was
obtained by raytracing [30] the proposed optical setup. Three closely spaced energies of 1000 eV +
25 meV are spatially separated at the detector by 20 um. Hence, a moderate detector pixel size of 20
um in dispersion direction is sufficient to obtain an energy resolution of E/AE = 40,000. Nevertheless,
to provide necessary time resolution, the energy resolution of the spectrometer must be optimized
to the FEL pulse duration.
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3.2.3. Bent crystal (Zhu, LCLS)

A third option is currently still under investigation and will be fully developed and documented within
a follow-up project in collaboration with the colleagues of the European XFEL GmbH within the year
2014. In figure the setup in principle is shown as proposed by [79]:

high resolution
spectrograph

e

Si(111) _y

/
full range

FEL beam
/ spectrograph

Si(333)

Figure 75: bent crystal setup as proposed by D. Zhu for an online single shot spectrometer at the European
XFEL (picture taken from [79]).

This setup would allow for a possible full spectral range by diffraction from the second Si (111) crystal
at lower energy resolution and at the same time spectral information of very high resolution by
turning the Si (333) crystal into the beam. So far this is proposed for the hard X-ray range, but this
will be further investigated within the mentioned collaboration project within the next year (2014).

Conclusion:

Lasing FELs produce pulsed radiation with ultra-high intensity in a broad spectral composition. The
spectrum varies from shot to shot. In order to monitor the spectrum simultaneously, special optical
devices are necessary. Three different optical approaches of such a High-Resolution Single-Shot
Spectrometer (HR-SSS) were tested by simulation to operate as analyzing tool for XFEL radiation.
Within the conducted simulations, the RAY software was tested extensively.

A curved mirror-crystal based installation was used at the SPring-8-FEL SACLA in Japan. The
simulation was performed using the BESSY raytracing program “RAY” and delivers a limiting energy
spacing of 30 meV and an energy resolution of 16.5 meV for the SACLA spectrometer. Experimental
measurements result in a possible energy resolution of 16.9 meV. Hence, a good agreement of
simulation and experimental results could be shown.

A Reflection zone plate (RZP) spectrometer designed and produced at the HZB in Berlin is much more
compact and easier to handle. It is proposed for the first time as a spectrometer for Free Electron
Laser sources. It is characterized by a limiting energy spacing of 10 meV and delivers an energy
resolution of 3.2 meV.



A bent crystal spectrometer proposed at the LCLS in Stanford is under development. Extensive
simulations will be carried out in the near future. A resolving power of 42000 is reported at a photon
energy of 8.3 keV [79].

Further testing of an RZP-structure brought directly into the FEL beam is inevitable; to preserve the
structure from damage, coating of DLC (diamond-like carbon) or direct writing into a diamond crystal
are potential approaches.

Parts of the project results are published in:

[Rehanek_SPIE]: J. Rehanek, F. Schafers, A. Erko, M. Scheer, W. Freund, J. Grinert, C. Ozkan, S.
Molodtsov, “Simulations of diagnostic spectrometers for the European XFEL using the ray-trace tool
RAY“, Proceedings of the SPIE, Vol. 8141, 814109, pages 1-15 (2011)

[Rehanek_SRI]: J. Rehanek, F. Schéafers, H. Léchel, A. Firsov, J. Grinert, W. Freund, C. Ozkan, S.
Molodtsov, A. Erko, “A case study of novel X-ray Optics for FEL sources”, Journal of Physics:
Conference Series, Volume 425, 052013, pages 1-4 (2013)

Poster: Rehanek, J; Schéafers, F; Firsov, A; Griinert, J; Freund, W; Ozkan, C; Molodtsov, S; Erko, A: “A
case study of novel X-ray Optics for RIXS experiments at the European XFEL”, DESY/XFEL Users’
meeting Hamburg, Germany, 25.01.2012 - 27.01.2012 (2012)
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4. X-ray Optics for spectroscopy with Free Electron Laser radiation

This chapter concentrates on experimental challenges during developments and experiments using
FELs. It presents two applications of RZPs for totally different purposes.

The first part presents the application of a Reflection Zone Plate as the core of a spectrometer, which
is designed to address a single element (energy) or dedicated parts of the spectrum of an
experiment, which is conducted at the Linac Coherent Light Source (LCLS) in Stanford. The challenge
of that described spectrometer is to obtain a spectrum out of a low quantum vyield fluorescence
experiment.

The second project deals with the application of RZPs as sole elements forming an entire beamline,
which allows for obtaining the spectrum of Resonant Inelastic X-ray Scattering (RIXS) experiments.
The demands to be met in this specific case are obtaining a broad range of energy at a very high
resolution at the same time. The advantages and disadvantages of “classical optics” on the one hand
and the RZP-solution on the other hand are presented. Additionally, the limits which are generally
possible to reach with these optical elements are discussed.

4.1. Spectrometer for highly dilute materials using FEL radiation

This chapter describes the development of a high transmission RZP spectrometer for fluorescence
detection at the Mn edge from first ideas to extensive simulation to first experiments with this
spectrometer; furthermore, from the first experiment in 2012 accrued ideas on how to improve the
entire setup efficiency wise. This was then further developed and already in a follow-up experiment
at LCLS tested and applied in the end of 2013. Hence, this chapter presents an actual experiment and
the demands/requirements which should have been met with the shown device.

“Although the global demand for energy is steadily increasing, most of the current sources of energy
are either nonrenewable, nonsustainable, or contribute toward greenhouse gases in the
environment. In addition to wind power and biofuels, solar energy is a renewable and clean
alternative energy source, but current methods used to convert it into transportable fuels are costly
and inefficient. However, solar energy is used efficiently in Nature via the process of photosynthesis
in plants, cyanobacteria, and algae.” [80] — This is the motivation for the next project which will be
described here.

The evolution and detection of O, within the process of photosynthesis is under investigation for
several decades already. Research results regarding this process can already be found in publications
of P. Joliot and A. Joliot in 1968 [81] and 1969 [82]. Their colleague B. Kok finally proposed in his
publication of 1970 [83] the steps of development until the release of Oxygen from photosynthesis as
a series of electronic states S;*.

To summarize, the overall process of photosynthesis can be shown by the simple equation:



6CO, +12H,0 +light — C H , 0, +6H,0 + 60,

carbon water glucose water  oxygen
dioxide

Even if all life on earth is depending on this process, only a small part of the incoming energy is
actually used for photosynthesis. Roughly 50% of the energy coming from the sun is lost for
evaporation of water, 15% is reflected and approximately 32% passes through the leaves just
untouched. Hence, only 2% to 3% of the incoming energy can be trapped and finally used for
photosynthesis. But still, “the photosynthetic splitting of water (i.e. oxygen evolution) is the source of
nearly all of the O, in the atmosphere, and takes place in the oxygen evolving complex (OEC), which
is located in the multisubunit membrane protein complex Photosystem Il (PSIl). The OEC is a cluster
of four Mn atoms and one Ca atom (Mn,Ca0Os) ...The critical questions that remain to be answered
involve how the Mn,CaO; cluster changes structurally and electronically as the OEC proceeds through
the S-state Kok cycle (see Figure 76)” [80]
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Figure 76: Kok-cycle of the S-states (green) of the Mn,CaO; cluster, leading to release of Oxygen; explicitly
containing questionable Manganese electronic states (in red) and each the respective lifetime (in blue) of the
states of Mn during this process (picture adapted from [80]).

These states of the Manganese cluster can each be investigated by examination of the Mn L; edge
which is at 638 eV [84]. We apply X-ray absorption spectroscopy (XAS) by detection of fluorescence
at the Mn-edge. This is done within a solvent in order to keep it in its most realistic environment,
and, convolved with that, not to destroy it. Other methods are not yielding results; as for example
measurement in transmission is simply not feasible due to the very low concentration or Auger
electron spectroscopy would be only examining the surface of the sample. “It is clear that Mn
complexes play crucial roles in the metabolism of O, in many biological systems. In the Kok cycle, O,
is not released until the transition from S, to S, whereas the release of protons occurs along the
cycle starting from S,. There is no doubt that this process is critical for keeping the oxidation
potential of the OEC low enough so that subsequent oxidation events can occur. Although the
formation of the O-O bond during photosynthesis has been extensively investigated via a number of
methods, the mechanism of this process is still under debate.” [80]
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From previous experiments, the group of Vittal Yachandra and Yunko Jano could form the following
demands on a spectrometer capable to investigate the different states of Manganese, which are
addressed in the setup:

- The experiment will be basically a liquid-jet setup running both at room temperature and
cooled down.

- The energy of interest is the L;-edge of Manganese (> 638 eV)

- Both energies will be present; as oxygen in the solution is present in the solvent and in the
protein complex, as well, so the signal of O will be at least of two or three orders of
magnitude higher than that of Mn. Both signals should be well distinguishable, Mn needs to
be made clearly visible above the level of noise.

- As the number of photons in general decreases exponentially with the distance and the
fluorescence process itself is of very low efficiency (quantum vyield of ca. 0.01), the optical
element should be brought as close as possible to the source of X-ray radiation in order to
“catch” as many photons of the energy of interest as possible. The solution is of very low
concentration (10° molar).

These requirements led to the following considerations: the demand of separating the two existing
energies is basically addressed by using a reflection zone plate. In this case, an off-axis part shall be
used to first, separate the specular reflection (0™ order of the RZP surface structure) from the signals
of interest and second, sufficiently separate the two signals spatially from each other. The RZP
structure is be designed to focus the energy of the Manganese L-edge (640 eV) well, whereas the
energy of the Oxygen K-edge (525 eV) will be focused just worse or just distributed apart from Mn
due to the achromaticity of RZPs. As well the use of a single RZP has the advantage that the solid
angle and the transmission of the spectrometers can be maximized in comparison with for example
XES, which is typically further away from the source and very likely contents more optical elements
(which then would deplete precious photons). Additionally, by applying simply one single optical
element, the throughput of photons is expected to be the highest possible.



Optimization of the diffraction spectrometer

Spectrometer design

A simplified setup is shown in Figure 77:

th

Figure 77: optical layout of the spectrometric element, the reflection zone plate. The green frame represents
schematically the used area (off-axis — away from the center of the “entire” RZP) for suppressing the zeroth
order by separating it (in this case) from the minus first order spatially.

The main dispersive element of the spectrometer is a reflection zone plate (RZP), a projection of a
transmission Fresnel zone plate on the plane surface. To provide the necessary value of dispersion in
the focal plane of the RZP, a periphery part of the RZP structure is used, as shown in Figure 77. In this
case, the radiation reflected and diffracted on the surface of the RZP, will be focused on the optical
axis of the element. The focal distance will be linear dependent on the radiation wavelength as:

F() = F(AO)%‘) (4.1.)

Where F(,), the focal distance, corresponds to the design wavelength A,. The input beam emitted by
the source S will be dispersed along the optical axis. This phenomenon can be used for recording of a
spectrum by use of a spatially resolving detector placed in the focal plane of the RZP. The same
phenomenon is used in VLS gratings in one dimension to provide spectral dispersion of the input
radiation.

The center of the working area of the RZP is located outside of the optical axis. This offers two main
advantages of the optical element: (1) the zeroth diffraction order is directed out of the optical axis
and does not add background noise on the detector; (2) spectral selection could be done using a slit,
placed in the focal plane perpendicular to the optical axis. All the other energies will be dispersed in
the focal plane and will not be transmitted through the slit.
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Figure 78: working principle of the RZP spectrometer (side view).

The spatial linear dispersion in the plane perpendicular to the optical axis can be calculated using the
so called grating formula

d(cos & —cos B) =nA (4.2)

where d is the grating period, a is the input angle on the RZP area and f is the diffraction angle (see
Figure 78). The boundaries of the working area are indicated as the coordinates X; and X,. The
corresponding diffraction angles (B4, B, B,) and input angles (o, a, o) as well as the grating periods
can be obtained using the mentioned grating equation. Using a simple transformation, we can
derivate the angular dispersion of the grating in the middle of the working area (Xo):

__A 4.3
A'H_dsinﬂ 43)

with AX — wavelength bandwidth.

Using this equation, one can calculate the energy resolution, which corresponds to a defined slit size
Ah, or pixel size on the detector in the focal plane:
A R', 4

A Rl it apsas B2 (4.4)
AA  Ahdsin g R,

where Ah is the slit width, R," and R,’ the corresponding source-grating and grating-focus distances,
AS is the source size. The last equation indicates the role of the geometrical magnification factor,
which is the limit of the minimum size of the slit width. Therefore, the resolution can be varied by the
value of the diffraction angle B, the period of the structure and the slit (focal) size.

dsin g = RlAzh/I (Ajj (4.5)

Equation (4.5.) indicates that the product of the local grating period and the sinus of the diffraction
angle is constant for the defined geometrical parameters and energy resolution of the experiment.
By combination of equations (4.2) and (4.5) one can calculate the local grating period on the optical
element:



\ 2
\/1+sin2 a(i;Ajj —Ccosa (4.6)

Using this equation, the design parameters of the RZP can be calculated; the angle between the
optical axis and the RZP surface (0) and the distances R; and R, centre of the RZP - source and center
—image, respectively (Figure 78).

0 — atan R, sina+R', sin g (4.7)
R', cosa+R', cos B

R, =asin m » R, =asin w (4.8)
sin@ sin @

RZP spectrometer for 638 eV (Mn L-edge)

As an example of the spectrometric structure one can calculate a spectrometer, designed for the
energy 638 eV with the maximal possible angular acceptance of the diffraction grating with defined
aperture: length L and width H. The reflectance of the grating coating to be chosen depends on the
grazing incidence angle a and the grating’s length as:

R = Lsin a/R(@)R(p) (4.9)

where R(a) and R(p) are the reflectance at a grazing incidence and diffraction angle, respectively. the
corresponding optimization curve for Si surface, Au and Ni coating at 640 eV is shown in Figure 79.

60
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Figure 79: reflectance of the incident angle range for 3 coating materials (on a plane mirror surface): gold,
silicon and nickel at 640 eV — needed for the process of optimization of the optical device’s parameters.

According to the graph shown in Figure 79, the maximum efficiency can be obtained at the grazing
incidence angle o, = 2.18° (if only pure silicon substrate is used), which corresponds to the optimal
use of the RZP area at the photon energy of 640 eV. The angle o, corresponds to the beam which hits
the middle of the diffractive optical element (see Figure 78). The limiting incidence angle on the
structure a; and o, are calculated from geometrical considerations as:
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o
(0]

0_/12 =atan w . (410)
’ R cosa,£L/2

The corresponding diffraction angles at a fixed 3, are calculated using a similar equation:

ﬁlz =atan M . (411)
' R',cos g, £L/2

Finally, the design parameters for the spectrometer structure are shown in Table 5. Here is assumed
that the working length of the diffraction structure (X,-X;) is equal to 80 mm. In Table 5 A/AX is the
energy resolution, o, and B the input and corresponding diffraction angles and dy is the local grating
period in the center of the spectrometer area; R’; and R’, are the respective entrance and exit arm
lengths to the center. The geometrical parameters of the off-axis spectrometer part:

Table 5: spectrometer design parameters

MAA |, (deg) | Bo (deg) |R'y (mm) R, (mm) | E (eV) | do (um) |L (mm)
100 | 2.2 1 90 400 | 640 | 35 | 80

The spectrometer area is only an (off-axis) part of the entire zone plate as it is shown in Figure 77.
The design parameters for the initial RZP are calculated using equations (4.7) and (4.8). The distance
between the RZP center “0” and the spectrometer area X, is derived from the geometrical
parameters of the zone plate and position of the spectrometer area as:

X, =R’ cosa—R, cosb. (4.12)

Table 6: corresponding design parameters of the actual RZP-structure

0 (deg) [R; (mm) (R, (mm) [ X; (mm)| X, (mm) [ X, (mm)
1.22 161.12 | 328.9 31.2 71.2 111.2

Table 7: the limiting angular ranges and corresponding local grating frequencies

o, (deg) B, (deg)| o, (deg) | B, (deg)|a., (deg) | B, (deg)
3.92 0.9 2.2 1 1.5 1.1
density (I/mm) 79 285 1156

Order of diffraction

The design parameters are chosen in this way that an optimum is found between a large solid angle
and high diffraction efficiency (which is strongly dependent on the surface reflectivity of the Si-
substrate at the desired energy of interest). The energy resolution was set to only E/AE = 100, which
does not allow to resolve the sub structure of the Manganese fluorescence. But, it has the
advantages that the grating has in general not those high line densities, which means intrinsically a
bigger solid angle and higher efficiency. Furthermore, it is sufficient to discriminate spatially the
fluorescence signal at the L-edge of the Manganese from the overwhelming Oxygen K-edge
fluorescence. Figure 80 shows a comparison of the diffraction efficiency of the +1* and the -1* order,
respectively. Applying the geometric parameters and taking the different considerations into



account, the curves are produced using the code REFLEC [30]. In this case, the grating parameters are
fed into the simulation as grating period at specific positions on the optical element, angle of
incidence, material and roughness. This leads to a certain value of reflectivity and efficiency which is
then plotted versus the position at the optical element (RZP). The overall efficiency is then obtained
by integrating the resulting curve.

0.3
? 0.24 — -1 order
@ +1 order
Q
b

0.1 1

0.0 T T T

0 20 40 60 80
mm

Figure 80: simulated diffraction efficiency at 640 eV along the middle of the RZP for the first negative (black
curve) and first positive (red curve) order of diffraction. For this simulation the REFLEC code was used, in
combination with the looping-code LOOPER [85]; this results that the -1* order yields higher diffraction
efficiency than the +1°" order (picture taken from [86]).

Within the experimental conditions, the highest integral diffraction efficiency can be achieved for the
-1** order. This results from the fact that for the +1* order the exit angle increases drastically
compared to the use of the -1* order; hence, in the end the integral efficiency is about 7 to 8 times
higher in the -1* order (ca. 16%) than at the +1* order (ca. 2%).

Another advantage of the application of this RZP-structure for this experiment appears as follows:
the efficiency comparison of the minus first order for the simple Silicon surface of both present
energies results the following feature:

0.35 3 Si- 640eV

0.30 4

0.25

0.20 4

0.15 4

maxEfficiency

Si - 538eV

0.10 4

0.05

0.00

6 é 1'0 1'5 2'0 2l5 3I0 3I5 410 4’5 SIO 5I5 GIO 6I5 7‘0 7I5 8l0
X (mm)

Figure 81: comparison of the efficiency of simply the structure on Silicon resulted that the efficiency of the
structure for the energy of 538 eV (Oxygen edge) is zero for almost the first third of the RZP. This means that
the higher intensity present of Oxygen is even suppressed a bit during the experiment. This comes simply
from the fact that the geometrical conditions fit perfectly for transferring the energy of Mn and a little bit of
suppression of the energy of O at the same time, meaning that there is no reflection of 538 eV at these
angles and line densities.
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Figure 81 one can compare even with the very first ray tracing simulations (see Figure 82 (b)) and see
that in fact the structure does not reflect the energy of Oxygen during the beginning — visible at the
little jump of the intensity at the projection in dispersive direction of the incoming rays at the RZP.
This way, at the beginning of the RZP structure closer to the radiation source, the signal of the
Oxygen fluorescence is suppressed. In due consideration of the fact that the number of photons
decreases reciprocally with the increasing distance from the source, this yields higher relative
efficiency for 638 eV than for the energy of the Oxygen K-edge.

In the following, simulation of all possible misalignments of the RZP-structure using the software Ray
[30] is presented. This is necessary to design and construct the entire setup (vacuum-chamber,
detector, RZP-mount and utilized motors) around the RZP. Thus, information about the positioning
accuracy, necessary for obtaining best possible images at the CCD detector as well as best possible
spectral information from the measurements will be gained. Additionally the results of ray tracing
should help to interpret and understand the obtained images during the alignment process and
possibly later from the actual experiment.

Raytracing simulation for the reflection zone plate as imaging optics for the LCLS-experiment L632

Actually, the parameters which are needed for simulation are the parameters with respect to the RZP
structure as the center position of the entire zone plate. So in order to have the right structure
simulated, the “real” simulation parameters are shown in Table 7, the illumination of the desired
region of the RZP is done by misaligning of the source (as described in chapter 3.2.2).

One begins simply with the ray tracing of the three energies, extracted from an experimental
fluorescence spectrum of a PSII solution (640 eV — center of Mn flourescence, 570 eV and 520 eV —
center of O), being of the same amount of intensity. The source size is of 10 um x 10 um (FWHM).
From that we see that the design energy (640 eV, meaning, for which the zoneplate is designed to
focus it) is focused best by the reflection zone plate (RZP). The footprint/distribution of rays at the
source, the distribution on the zone plate and finally the distribution at the detector are displayed in
Figure 82 —as it is in the perfectly aligned case:
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Figure 82: results of ray tracing simulations. (a): footprint of the source. (b): footprint on the zone plate (c):
distribution at the detector; the three energies which are of interest (indicated by curly brackets) are
differently highly focused.

In the next step, the simulations are modified according to the aforementioned assumptions, as the
intensity distribution (in matters of proportions) of the different energies under investigation is
anticipated.
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Figure 83: Intensity distribution. (a): 3D distribution in the source and (c): respective intensity distribution,
projection dependent of the y-position. (b): 3D distribution in the focal plane and (d): respective intensity
distribution, projection with respect to the y-position.
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From Figure 83 we learn that even if the intensities, after having passed the zone plate, are still much
higher for the lower energies, the Mn fluorescence at 640 eV is well separated from lower energies.
For the next simulations, except as an example again for a single misalighment, the results are
presented only quantitatively (without weighting the intensities) in order to show simply the (optical)
effects. As a result of the simulations (and the experimental confirmed experience as well) both the
tilt around x- and y-axis (the normal of the zone plate) turned out to be the most critical, because
most sensitive. Exemplarily these two tilts will be shown in the next Figure 84 and Figure 85.
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Figure 84: Top: footprint at the detector after tilting the zone plate around x-axis (as depicted in the
simplified sketch of the “entire setup” (a)): (b): tilt of -1 mrad. (d): tilt of +1 mrad with respect to the perfect
aligned (c). Bottom: the respective 3D representation of the weighted intensity distribution. (e): tilt of -1
mrad and the respective projection of the intensity distribution with respect to the y-position (g). (f): tilt of +1
mrad and respective projection (h).

From Figure 84 we learn that one could possibly almost “gain” in resolution — by separation of the
intensity peak of the main energy of interest, see (b) and (g) — but only in one direction, because if



we tilt it the other way around the energies will be mixed up, see (d), (f) and (h). Unfortunately, the
total intensity of the peak of 640 eV would decrease, though, as it broadens; this could give rise to
the problem that it could dissolve itself within the background noise.
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Figure 85: footprint at the detector after tilting the zone plate around the y-axis (as depicted in the simplified
sketch of the “entire setup” (a)). Tilt around the y-axis is symmetrical in the sense of that the image looks
exactly mirrored, if tilted the other direction than depicted here; so only one direction is shown. (b): perfectly
aligned (for comparison). (c): tilt of +1 mrad. (d): tilt of +3 mrad; this leads to a complete mess up of the
image at the detector.

As the fluorescent scattered light coming from the jet-source is in principle equally distributed, one
can assume that a tilt around the z-axis (which is parallel to the propagation direction of the light)
does not influence the focusing property of the zone plate at all — of course apart from a rotation of
the entire image around this axis, which will be clearly apparent at the detector. Next, the influence
of horizontal, vertical and longitudinal misalignment of the RZP is simulated.

The results are shown in Figure 86, Figure 87 and Figure 88 respectively:
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Figure 86: horizontal misalignment (along the x-axis) of the zone plate; as the effect on the imaging/focusing
property is highly symmetrical, just the displacement in one direction is shown: (a): simplified sketch of the
“entire setup”. (b): displacement of 100 um. (c): displacement of 200 um. (d): displacement of 1000 um.
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From Figure 86 we learn that at a shift of 200 um horizontally, the different energies merge and
cannot be easily discriminated anymore. It appears as well to be at least a very similar change of the
optical image as with a tilt around the y-axis (compared with Figure 85).
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Figure 87: vertical misalignment (along the y-axis) of the zone plate. (a): simplified sketch of the “entire
setup”. (b): displacement of -200 um. (c): displacement of -100 um. (d): displacement of -10 um. (e):
displacement of +10 um. (f): displacement of +100 um. (g): displacement of +200 um.

In Figure 87 it is obvious that a shift of 100 um vertically leads to the shade of the design energy into
the other present energies. On the other hand, a vertical shift of -100 um shows very similar behavior
as with a tilt around x-axis of the RZP (compare Figure 84).
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Figure 88: longitudinal misalignment (along the z-axis) of the zone plate. (a): simplified sketch of the “entire
setup”. (b): displacement of -1000 um. (c): displacement of -200 um. (d): displacement of -100 um. (e):

displacement of +100 um. (f): displacement of +200 um. (g): displacement of +1000 um.

As a result of Figure 88 we obtain that even at a shift of 200 um along the z-axis (parallel to the
propagation direction of the light) we can still clearly resolve the focal spot of the design energy and
it could be separated from the other energies.

As a result of these simulations we get that the critical tilts can get compensated using combinations
of x-, y- and z-translations of the zone plate — as the optical effects are similar and we need to save
space inside the experimental chamber. Related with that, the number of stages could be kept at the
minimum number of three; no rotational stages will be necessary for alignment.

In the end, simulation of a misaligned detector is done and the results are presented in the following
Figure 89 and Figure 90.
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Figure 89: detector longitudinally misaligned (along the z-axis). (a): simplified sketch of the “entire setup”.
(b): displacement of -100 mm. (c): displacement of -50 mm. (d): displacement of -10 mm. (e): displacement of
+10 mm. (f): displacement of +50 mm. (g): displacement of +100 mm.

In total one can state that a longitudinal displacement of the detector does not influence the quality
of the image remarkably, if the misalignment stays in the range of a few millimeters. As expected,
the focal spot of the design energy of 640 eV broadens as soon as it is displaced from the optimum
position to both sides. The other energies are narrowed in the one and broadened in the other
direction; this is as well in good agreement with expectations because the focal position for these
other energies is at another position than that of the design energy (see Figure 77). As the
misalignment of the detector in the direction of both x and y does not result in any change of the
distribution (will only change location of the spots but in the very same plane), the other directions
of misalignment do not affect the image.

A tilt of the detector around the z-axis will also simply cause displacement in the very same place and
the tilt around the x-axis will simply broaden the spots (possibly lower energies could be “focused”
better, but not of a remarkable amount), the results are not shown here. But there is one important
tilt left, the one around the y-axis, which has at least a measurable effect on the image at the
detector. The result is shown in Figure 90:
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Figure 90: detector tilted (around the y-axis). (a): simplified sketch of the “entire setup”. (b): tilt of -10°. (c):
tilt of -5°. (d): tilt of -1°. (e): tilt of +1°. (f): tilt of +5°. (g): tilt of +10°.

In Figure 90 we see that rotating the detector leads to tilt of the resulting image of the focused
energies, as a simple geometric projection is expectable.

The deduced requirements on precision of positioning of the RZP are summarized shortly:
horizontally: some 10um-step-wise, pre-positioning at least few mm; vertically: a few um-step-wise,
pre-positioning at least within 1 mm; longitudinally: 10um or even 100um-step-wise, pre-positioning
in mm-range. All these values are RZP vs. source. As from simulation of detector misalignment
obvious, it should be placed at the right distance within very few mm, tilts around the x- and z-axes
do not affect remarkably, and around y-axis it should be well alighed around very few degrees.
Hence, the RZP-structure could be fixed/rigidly coupled with the detector after pre-alignment with
respect to each other using an auto-collimator. The axes are depicted in Figure 100.

Efficiency optimization

The overall maximum efficiency can be achieved by adjusting the appropriate profile depth. But, as
the RZP is a grating of variable line spacing or local grating frequencies (here just the line densities in
the middle of each of the structures is considered), and the angle of incidence varies over a certain
range (see Table 8), it is obvious that the efficiency cannot be the same over the entire structure of
80 mm length (see chapter about gratings, 2.3.2.1).

The general idea is to vary the depth of profile in this way that it is perfect for each case of line
density and angle of incidence to result the best possible efficiency of the RZP (see Figure 91):
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Figure 91: general idea of adaption of the profile depth according to the line density. In principle, the higher
line density should give higher efficiency at lower profile depths than the lower line density (see red line on
the right).

Table 8: variation of the structure parameters, which leads to different possible efficiencies over the entire

optical element
angle of exit angle i
incidence g local grating
B; frequency
O

1.5° 1.1° 79 lines/mm
2.2° 1.0° 285 lines/mm
3.9° 0.9° 1156 lines/mm

The optimal profile depth for the entire variation of the line widths and the corresponding angles of
incidence to achieve everywhere the highest possible efficiency locally was simulated (see Figure 92).
This led to a variation of the profile depth each at the different positions of the RZP structure (see
Figure 93 and Table 9). The simulation was carried out in this way that each a specific grating of a
certain line density is chosen. Then the depth of profile is varied and the respective efficiency value
at the design energy of 640 eV is obtained. This is done for the entire range each every four
millimeters over the entire length of the structure. This way, curves are obtained (plotted in Figure
92) with the respective first maximum of efficiency at certain depths of profile. Resulting from that,
the local optimum depth of profile over the entire structure is obtained for the device to result
highest possible integral efficiency.
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Figure 92: simulation of variation of the depth of profile each for the different line densities and the
corresponding angles of incidence to obtain the optimal profile depth for each position of the RZP-structure.
The point of first maximum at each curve represents the optimal choice which should be taken in order to get
the best possible resulting integral efficiency (courtesy of [87] and [88]).
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Figure 93: the resulting depths of profile (DoP) at the respective real position on the RZP-structure (courtesy

of [87]).
The corresponding parameters are shown in Table 9:

Table 9: result of simulation parameters for the optimal depth of profile (DoP) at the specific line densities
(left and right row, respectively); the corresponding position at the RZP-structure is depicted in the second
row, the respective efficiency in the third row (courtesy of [87]).

lines |x-position|efficiency] DoP
/mm | (mm) (%) (nm)
1156.21 0 2.64
979.55 4 3.22
837.75 8 3.95 10
722.15 12 4.94
626.58 16 6.39
549.60 20 8.98 125
478.94 24 13.08
421.12 28 17.56 15
371.26 32 22.29
327.92 36 25.86
289.94 40 28.88 17.5
256.42 44 30.11
226.65 48 30.28
200.03 52 29.59
176.08 56 29.36 20
154.42 60 30.17
134.72 64 31.70
116.71 68 32.99 295
100.14 72 30.76
84.84 76 28.25 20
70.64 80 27.46

According to this result, the overall integral efficiency of the device with the perfect profile depth at
each position could be simulated. This is done by taking the results of simulation of the efficiency of a
grating each at the position of the RZP-structure with the appropriate parameters as line width, angle
of incidence, depth of profile all at the design energy of 640 eV.
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Coating

One parameter, which can be optimized and which influences the efficiency of an X-ray optical
element remarkably, is the application or coating of different materials. The reflectivity of a surface is
depending on the applied energy and strongly associated geometric parameters as angle of incidence
(at specific energies) and, for example at a grating, line density. So the idea came up to apply some
higher reflective material than pure silicon, of which the substrate of the RZP-structure is made.
From tables and experience of colleagues inspired, typical materials for coatings were simulated:
pure silicon (as comparison), then with exactly the same geometrical and structural parameters the

IH

other materials were applied. The “classical” materials like Gold and Platinum were taken into
consideration as well as Nickel. In case of Nickel it is well known that it oxidates very fast when
exposed to air. So the combinations NiO and Ni,O; were simulated as substrates as well. In the end,
the most realistic case for simulation of the case of Ni coating was, to use pure Ni as substrate and
put on top a monolayer of 3nm thickness to cover the case of ongoing oxidation the best. Overall a

roughness of 0.5 nm (rms) was applied in all cases. The resulting curves are displayed in Figure 94:
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Figure 94: resulting curves of ray tracing simulation of the same structure with different materials applied
considerable as coating for increasing the device’s integral efficiency. Each, the maximum efficiency versus
position on the RZP is shown. The integral efficiency is depicted as inlay in each case. As a result, NiO coating
(as most realistic) yields the highest efficiency at around 19% (courtesy of [87]).



Here one obtains as a result that a coating with oxidized Nickel gives the highest possible integral
efficiency; it yields an increase of approximately 14% with respect to use of pure Silicon (non-coated
substrate) — in case of pure Nickel one gets even an increase of around 21%.

Having a deeper look into the resulting curves of simulation, some noteworthy advantages of coating
the substrate in this case with Nickel become evident. There are two facts which are present in this
experiment: the intensity (equal to number of photons) decreases exponentially with distance, which
means that unfortunately at the end of the optical element the number of photons is anyway much
lower than at the beginning, which leads unfortunately to the fact that one cannot leverage the very
high efficiency at the end of the structure. On the other hand is the solid angle, which is synonymic
with number of photons, as well in this case is very much higher at the beginning of the structure
simply by geometrical reason; the angle of accepted rays/photons is at the beginning higher with
respect to the illuminated length of the surface than at the end, just because the angles here are
steeper than at the end. Inspection of the curves results that the local efficiency of pure Silicon is
dramatically lower at the beginning, until almost half of the device, than that of NiO. Right in the
middle it seems to be of almost the same local efficiency. We keep this in mind for interpretation of
the further experimental results.

Experimental measurements of the RZP efficiency

Then, the different options for coating should be further investigated. At first, thin Silicon wafers
were coated with evaporation technology at the HZB (thanks to Ivo Rudolph and Adrian Polok).
Technologically, fabrication of the Platinum coatings was the most difficult as it has a very high
melting point (1,768 °C) compared to the others (Ni: 1,455°C, Au: 1,064°C), which led in several cases
to burning of the tiny crucible, containing the evaporating material. This is the reason why the
thickness of the Platinum-coatings is not as regular as in the two other material cases. In total, there
were three wafers coated with Gold, three with Platinum and three with Nickel. Then at first the
roughness of the surface was diagnosed using AFM (thanks to Johannes Wolf and Christoph
Waberski). As a hint of quality of the coatings, the roughness of the different used Silicon wafers was
diagnosed as well. The respective results are shown in Table 10:

Table 10: resulting roughness values from AFM measurements. These values are a quantity of the coating’s

quality.
material |thickness roughness
(rms-value)
Ni 10nm 0.2nm
Ni 30nm 0.2nm
Ni 44 nm 0.3nm
Pt 11nm 0.2nm
Pt 13nm 0.2nm
Pt 33nm 0.3nm
Au 10 nm 0.3nm
Au 20nm 0.15nm
Au 40 nm 0.25nm
Si (wafer)| 500nm | 0.082nm
Si (wafer)| 1000nm | 0.126 nm
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As Table 10 shows, the coatings were already of very high quality concerning their surface roughness.
Then, the reflectivity of the produced coatings was investigated using the Reflectometer at BESSY I
(thanks to Andrey Sokolov, Friedmar Senf and Franz Schéfers). As result of the measurements, one of
the actual RZP-structures for the second experiment at BESSY Il was coated with Nickel, but using
sputter-technology by a collaborating company. This technique has the advantage that the material
which is deposited should at least by construction be more stable than any evaporating technology
as the material simply hits the surface at very higher energies than possible applying evaporation.
This surface was then examined with the same procedure. The AFM measurement resulted in a
roughness of about 0.2 nm to 0.3 nm (rms) at a thickness of around 30 nm, both examined at two
different positions at the surface.

Technologically, nowadays a variable profile depth especially for this kind of complex (curved)
surface structure cannot be fabricated, yet. First attempts and test of a machine, capable of etching
different depths of profile (by varying the etching exposure time of the written structure over the
entire length) are currently ongoing and conducted by Alexander and Anatoly Firsov at the HZB and
could not be applied during the previous time. Other ideas as different masking and coating of the
structure during development are under investigation by Max Schdngen, Jirgen Probst and Heike
Lochel and will be presented in subsequent theses of my colleagues.

The prototypes of RZP were fabricated by A. Firsov and M. Brzhezinskaya according to the procedure
described in Appendix 1 with a constant depth profile optimized for the overall RZP length.

Then the structure was investigated as well using the Reflectometer at BESSY Il. The procedure is an
angular scan basically at the center of the structure (at a line density of approximately 285 |/mm) at a
fixed photon energy. The efficiency is obtained by normalization of the measured intensity Iz with the
parallel recorded I.

As an example, the result of the efficiency measurements for Si coating is plotted in Figure 95. The
optimal calculated depth of profile for the 285 I/mm and the photon energy of 640 eV was 17 nm.
The measured maximum of efficiency for the minus first order of diffraction of this structure is not at
640 eV, as by design assumed, but rather at 740 eV, which corresponds to the fabricated profile
depth of 12 nm.
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Figure 95: the resulting efficiency curves for the examined RZP-structure. The result is that the efficiency
maximum of -1* order is at 740 eV, not at 640 eV — due to the depth of profile (12nm) (data as a courtesy of
[89]). A surface roughness of 1 nm rms was used for theoretical simulations using [30] of the efficiency.



The fit parameters for the simulation, the depth of profile (12 nm) and the accuracy of the depth
(1 nm rms), were put into the calculation with REFLEC [30]. The respective measured efficiency

parameters for the different diffraction orders are shown in Table 11:

Table 11: the resulting values of efficiency for the different orders of diffraction (specular/Oth, -1%, +1%)

(courtesy of [89])
Efficiency |Efficiency| Efficiency
hv (eV) Oth order |-1storder| +1st order
(%) (%) (%)
525 15,1 7,4 21,5
580 10 11,4 16,4
640 6,8 15,7 11,7
660 6,1 17,9 10,9
700 4,2 20,2 8,7
740 3 21,1 6,5
780 2,9 19,3 4,2
820 3,3 15,8 2,1
860 3,6 13,8 1
950 4,4 11,9 0,2

This was further investigated and from AFM-measurement of the examined RZP-structure, the actual
value of depth of profile was approximately 13 nm. This of course shifts the maximum of the
efficiency towards higher energies, as expectable from simulation (see Figure 96):
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Figure 96: simulation of efficiency versus photon energy using different profile depths. As a result, one can
see that the maximum of efficiency for a profile depth of 12.5 nm (which is close to the actually measured
value) is shifted clearly to a higher energy than that of a profile depth of 17.5 nm (as originally designed)

(courtesy of [87]).

Actually, the following needs to be taken into consideration: if the maximum of efficiency of the
structure is shifted towards the lower energy of 640 eV, as well the intensity for the “non-desired”
energy of Oxygen at 538 eV is increased. Hence, in this way the error of fabrication at a different
profile depth leads finally to the advantage that the intensity of Oxygen is relatively lower than it

—————
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would be at the first considered profile depth.
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In the end, the Nickel sputter-coated structure was investigated and its efficiency was compared to
the value of last time’s structure (the three RZP-structures as used at the experiment at LCLS in 2012)
and found to be of the same value approximately.

This might astonish as the simulation of efficiency shows some remarkable increase of efficiency (as
described before). But, as described already, the technique of obtaining the value of efficiency
experimentally using the reflectometer has the slight disadvantage that the value of reflectivity is
simply examined at a single spot around the center position of the optical device. The simulations
make a statement about the integral efficiency. However, of course the value of local efficiency can
be extracted from the simulation as well, which gives as result, that the efficiency for the Silicon
substrate exactly in the middle of the structure has the value of approximately 28%, whereas the
value for the NiO coating is approximately 25%. Hence, the overall integral efficiency should still be
better in case of NiO.

Another result of the AFM-measurement was that the rising angle of the lamellar structure of the
RZP was actually 7° — the simulations so far have always been done with a lamellar angle of 90°. So
this was suspected to be another source of diminution of the efficiency of the RZP-structure. But, it
needs be taken into consideration that very likely that this angle could be already within the
limitation of accuracy of the AFM. Feeding the simulations again with the newly measured
parameters (depth of profile: 13 nm; roughness: 0.3 nm (rms); lamellar angle 7°/90°) resulted the

following:
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Figure 97: simulation of the influence of low rising slope angle of 7° at the lamellar grating on the integral
efficiency. Top left: 640 eV on pure Si (integral efficiency 14.6%); top right: 740 eV on pure Si (int.eff. 16%);
bottom left: 640 eV on NiO-layer (int.eff. 16.9%); bottom right: 740 eV on NiO-layer (int.eff. 18.9%) (courtesy
of [87]).
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Figure 98: survey of the overall efficiencies at the lamellar angle of 90° and 7°, respectively. Left: on pure
Silicon; right: applied on Nickel Substrate with additional layer of 3 nm of NiO (courtesy of [87]).

As the result of this simulation, Table 12 gives the values. One can state that the rising angle at the
slope of the grating structure does not influence remarkably the integral efficiency of the entire
device:

Table 12: results of simulation of the influence of angle at the slope of the grating structure

integrated efficiency
energy Si at 90° Siat7° Ni+NiO at 90° | Ni+NiO at 7°
525eV 7.12 7.16 8.05 8.31
640eV 14.32 14.56 16.87 16.88
740 eV 15.48 15.97 18.57 16.86

Spectrometer tests at the BESSY Il facility

The structure described here was made using high-voltage electron beam lithography (VISTEC EBPG
5000plusES) and reactive ion etching techniques. A super-polished silicon substrate, with 0.2 nm rms
roughness and slope error smaller than 0.6 mrad rms war used. An RZP with lateral dimensions of 80
mm x 2.4 mm, lamellar profile of 13 nm and the minimum zone width of 70 nm was produced on the
surface of the substrate. Figure 99 shows an image of the RZP (actually, already the second evolved
version containing 3 zone plate structures is shown, but the parameters for the first tests at BESSY Il
and LCLS were the same). The optics was tested using the X-ray reflectometer at the BESSY Il optical
test beamline. The parameters of the structure, the depth of profile (13 nm rms) and the accuracy of
the depth (1.2 nm rms) were measured at the BESSY |l optics beamline. The energy resolution of the
spectrometer was expected to be of A/AA = 63 with 150 um slit size and 10 um source size (see figure
below; an optical image of the spectrometer element structure (Si substrate, Au coating). The size of
the substrate is 100x30x10 mm?®.)
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Figure 99: the three RZP-structures and the respective line widths at the different positions (courtesy of A.
Firsov and M. Brzhezinskaya). These very high variations especially the high number of more than 6000 lines
per mm at the brinks of each of the structures causes very low efficiency locally at these positions.

All RZP structures described within this project were manufactured within our institute by Alexander
Firsov, Maria Brzhezinskaya and Heike Lochel. The technological process is summarized in the Annex.
The resulting image of the first experimental test at BESSY Il is shown in Figure 102. The actual setup
as initially planned in principle is shown in Figure 100. At BESSY Il no jet was used, but a solid
sample, as it has a high Mn concentration (compared to a jet) and thus a relatively high fluorescence
signal. This allows for a quick and fast-forward adjustment.
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Figure 100: setup for the proposed partial fluorescence yield spectrometer as it is used at LCLS. On the right
the jet is shown (green) — at BESSY Il, no jet was used, but a solid sample at the same position — the RZP-
structure is on the surface of the optical element, the image on the CCD-chip of the camera is shown in the
back (picture adapted from [86]).



Experimental testing of the different variations of structures has been done at BESSY Il. The
spectrometer chamber was constructed by Christian Weniger at HZB and the actual experiment was
conducted; first, experimental testing at BESSY Il, second, actual experiment at LCLS. The
spectrometry bank is shown in Figure 101:

-

Al filter
(to block VIS
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Figure 101: photograph of the entire spectrometer. Top: “entire setup” with the RZP-mount in front of the
CCD. Bottom: The mount of the Si-substrate (the inner part of the spectrometer) is seen, the RZP-structures
for the ViIS-range are in the green frames, the walls of scattering reflections are depicted by the yellow
arrows, the area of the X-ray RZP-structure(s) (which serves as scattering reflective surface for the visible
light, too) is charted by the red frame.

The tests were performed at the beamline PGM1-U49 using a solid sample irradiated with
synchrotron radiation. The CCD back-illuminated ANDOR camera was used for the spectra detection
in the focal plane of the RZP. Resulting images is shown in Figure 102.
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Figure 102: images at the CCD of the designed RZP, recorded at BESSY Il using the fluorescence signal of a
solid MnO sample. In the left image, the brightest spot is the focused signal of the energy of 640 eV. On the
right side, the same image is recorded, but with excitation below the Manganese edge; so one can see the
broader spot of Oxygen. Note that the regions of the broad Oxygen spot are actually of the same intensity in
both cases; the background is almost mostly black in the left image as the scaling was adjusted. The
remaining spot at Mn-position in the right image comes from higher harmonics of the beamline itself so that
slight excitation at this energy still took place. At the lower edge one could identify as well the specular
reflection of the RZP structured surface (brighter regions at the bottom) and the shadow of the RZP structure
itself (darker region between brighter lines at the bottom).

For illustration, Figure 103 shows a spectrum of the first test measurements at BESSY Il from the solid
sample using a single RZP. The positions of the peaks are as expected, but the intensities are strongly
distorted by saturation effect; but this will not be discussed here.
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Figure 103: first spectrum of the test experiments at BESSY Il in 2012. Clearly the Mn edge at 640 eV is
recognizable (courtesy of H. Schréder and R. Mitzner).

As written above, the more detailed description of the different used structures at different stages of
the project will be presented in my colleagues’ (Heike Loechel) thesis. But, in short, these different
structures under examination were: two VLS kind of structures, following the idea of minimizing the



parts of lower local efficiency by using only center parts in direction of the dispersion (see Figure
108); a substrate containing 40 single RZP-structures, whereas the outer parts (containing the very
high and thus, very inefficient line density) are minimized and in this way each of the single RZP-
structures is brought closer to each other than in the first experiment at LCLS using three single RZP-
structures; as last option, the very first single RZP-structure was examined, in order to compare
directly the different structures and make conclusions about the outcome of structural and surface
changes with respect to the efficiency of the devices. As the outcome of these measurements it was
shown that the different structures did not differ very much in efficiency — except for the one which
was coated with Nickel. It resulted in a few times higher efficiency value than all the other structures.
Hence, it was decided to coat all the structures for the second actual experiment at LCLS with Nickel.

Experimental test at the X-FEL laser facility LCLS
The actual setup as initially planned in principle is shown in Figure 100.

For the first experiment at LCLS in 2012 was then decided to make use of a broader solid angle (angle
of accepted rays/radiation) than possible to exploit using a single zone plate structure: simply by
placing three RZP structures on the very same substrate and improve in this way the number of used
photons. The actual setup at LCLS in principle is shown in Figure 104:
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Figure 104: schematic setup at LCLS in the end of 2012 (courtesy of W. Quevedo). On the right side the actual
structure is shown (courtesy of A. Firsov and M. Brzhezinskaya).

With this setup the following images were recorded at LCLS in 2012:
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Figure 105: images at the CCD from the actual experiment at LCLS in 2012. On the left side clearly the three
spots of the three RZP structures are visible (as red dots. Red means highest intensity); on the right side the
sample was excited below the Mn edge so the spots clearly vanished as no fluorescence energy of 640 eV is
present (courtesy of R. Alonso-Mori). The spots of Mn and O were that well separated that those of O are not
in the image anymore. Note the images are tilted by 90°. On the left side the specular reflection of the silicon
surface containing the shadows of the RZP structures is visible. (Note, the shape of the brighter regions
between the shadows comes from the fact that the outer regions of the three RZP-structures themselves
touch each other at a certain position — accidentally generated simply during fabrication of the structures.)

From this experiment already some spectra could be extracted, which were then used for the follow-
up project application and published within 2013, see [86]. The procedure for the measurement was:
first pre-alignment of the spectrometer on a solid sample (for example as well on a Mn-coated part
of the jet-fiber, then go on with more precise alighment on the actual jet running with a solution
containing highly concentrated Mn, finally keep the alignment and continue running the jet with the
actual low concentrated Mn containing solution. Only one resulting spectrum should be shown here
as an example. Due to strong fluctuations of jet and FEL (essentially to overlap both spatially),
normalization is essential. It is obtained by subtracting the intensity values of the area between the
bright Mn spots from the intensity of the Mn spots themselves (as background correction) and the
resulting intensity then divided by the intensity of the horizontal stripes (see Figure 105) as a kind of
I (as normalization). The resulting curve is shown in Figure 106:
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Figure 106: first/preliminary spectrum extracted from the experimental data of beamtime L632 in November
2012 at LCLS. Here, the spectrum (of L, and L; lines) of the cubane complex Mn,"Mn,"0,(OAc); is shown
(data as a courtesy of J. Yano and R. Mitzner).



Nevertheless, the device was not totally capable to obtain all the very low signals of Mn during the
actual measurement of PSll-samples at the jet experiment. Of course, this was a combination of the
fact that the jet was not stable during the entire time and additionally the overall-efficiency of the
entire device was not exhausted, yet. Hence, considerations arose on how to improve the device in
total for the next upcoming experiment already partly on-site at LCSL by discussing the different
issues with our collaborating groups, more in detail then back at our home institutes. Considerations
about coating and depth of profile optimizations were already mentioned; concerning the
diffracting/dispersing structure itself will be mentioned in short in the following.

Improvement of the entire device

During the first beamtime at LCLS it was very obvious that the alignment procedure should be
improved, in order to save very precious time, as the alignment procedure using the LCLS X-ray beam
is time-consuming and in this way burns money every moment which is not used for the actual
experiment. So a first idea in the beginning of 2013 was to bring additionally to the X-ray RZP-
structure some substructures designed for a source of visible light, which then should serve as good
pre-alignment before the actual beamtime. The principle of one idea is shown in Figure 107.

The practicability of the auxiliary RZP-structures for the visible light was tested during the second
beamtime at BESSY Il. The outcome of that testing was that the actual signal (focus of green light on
the CCD) was a lot superimposed with stray light being reflected and scattered by all the inner walls
of the RZP-substrate containing chamber (see Figure 101). As well, the X-ray RZP-structure itself
might have caused a lot of scattering light delivered onto the detector, as it is simply a scattering
reflective surface for the green light. But finally, one could find the focal spots of the VIS RZP-
structures.

RZP structure (640 eV)
with 2 (/3) substructures (VIS, e.g. Detector (e.g. sensitive
532 nm/2.33 eV) additionally in both X-ray and VIS)

T
o
i

| i

—

VIS laser
(e.g. @exact same
position as X-ray
source)

"

i
(i
i
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Figure 107: possible solution as pre-alignment sub-structures on the substrate containing the X-ray RZP-
structure as well to save time during the actual experiment at LCLS.

At LCLS there is an alignment laser anyway installed at the SXR beamline, which could possibly be
used for this purpose as well in our case. The principle idea would be to bring some scattering source
right in place of the actual experiment/jet, illuminate it with the alignment laser and then collect the
light using additional RZP-structures on the same substrate surface. Either for example in the
compilation as the three (or maybe just the two outer ones, as the X-ray structure should not be
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influenced too much by diffraction on the borders between the VIS and the X-ray structures) red sub
structures or as the compilation of the yellow ones. All the structures should have its focal position at
the same detector. The number three and position is chosen, as this could be a hint during alignment
that at least the direction of movement and positioning might be right or wrong. These ideas were
not or just partially adapted as finally it was decided to use one structure in front before the X-ray
structure and one in the end behind the X-ray structure. These two additional structures were made
of the very same design, so they should focus into the same point at the detector.

The design of a single RZP with large solid angle has intrinsic limitations. Namely, the very high
variation of line density over the entire optical element results in some problems. Figure 99 gives an
overview of the different line densities contributing to the efficiency of the entire RZP-structure. One
can guess that the very high number of 6000 lines per mm already results efficiency in the range of
only per mill. This posed the idea to try to avoid them and to make use of the surface with an actually
higher efficient structure. In principle, the outer regions should be “cut out”, simply the inner core,
which is as efficient as possible, should be left over and then multiplied. One could possibly cut out
the outer structure to the maximum possible amount of simply keeping one point each in the middle
remainder at each structure, which would lead to some VLS-kind of structure. The principle is
sketched at Figure 108:
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Figure 108: first ideas how to improve the efficiency of the RZP-structure for this specific experiment. Left:
AFM picture of the actual structure (courtesy of A. Firsov and M. Brzhezinskaya). Right: the centering
structure (marked with a red frame in both cases) should be multiplied; either by multiplying them simply by
leaving out the outermost regions of very high line densities, or by choosing actually only small parts or a
single point of each of the resulting structures and combine them reasonably.

The above described structure should lead to a remarkable improvement of the overall efficiency of
the RZP-structure, by increasing the solid angle and improve the diffraction efficiency. Further
developments are presented in this work only shortly. The principle idea is to multiply either the
more efficient parts of the structure and in this way to create an array of more than three RZPs, each
of them of higher overall efficiency than the former ones, leading to a row of focal spots on the
detector. Or, to minimize the cut out region so far that finally an almost 1D VLS-kind of structure will
arise, leading to a line focus at the detector — probably of the length of the used CCD, ideally.
Anyway, the entire solid angle should be used and covered with as much highly efficient structure as
possible.

As result of the preliminary experiments at BESSY Il, the multiple RZPs containing structure (Ni-
coated) was decided to be used at the second actual experiment at LCLS in December 2013. As it was
originally designed for the use of a detector of 100 mm size, at the 28 mm sized detector only 16



spots could appear. It was found to be the easiest to be aligned; as well known resulting images are
expected, such as clearly focused spots of minus first order at the position of Mn, broader spots of
minus first order at position of O and an overlay of zero order and shadows of the illuminated RZPs
below the Mn signals (see Figure 109).
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Figure 109: resulting image from the LCLS-beamtime in December 2013. Here a picture during alignment
using a solid sample is shown. The different regions of interest are described within the image exemplarily.
Using this kind of alignment the energy scans at the different model compounds were made (courtesy of J.
Yano and R. Mitzner).

At Figure 109 one can see that the alignment is not perfectly done, yet. The shadows and the focal
spots are tilted a bit (the inclination angle is increasing from the center to the outer parts), which
embodies that the distance to the source is either not perfect or the structure itself is not perfectly
applied to the substrate. This is not totally improbable as it is extremely complicated to keep the
conditions during e-beam writing of such a big, sophisticated structure totally stable; in addition, the
minimal angular tilt of only very few milliradian (or transversal misalighment relating to the source
point of only a few 100 um) already leads to a tilt of the resulting image — clearly visible as well at the
patches of Oxygen on top of Figure 109 (compare with simulation Figure 85 and Figure 86).

In this figure it is obvious that the resulting image at the CCD seems to be rotated by 90° compared
to the original design. This is actually a real image, as it was during the improvement process decided
that in this way the size of the source in dispersive direction of the RZP-structures should be
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minimized (kept more stable) compared to last year’s experiment. It was not mentioned so far, but
the simulations were originally made for a source size of 10 pm times 10 pm (FWHM). This was
assumed to be the real source size as the jet itself should have a diameter of 10 um, the same as the
LCLS-beam should have. During the first beamtime at LCLS in 2012, in order to prevent saturation
effects in the sample, the beam size of the FEL was set to approximately 20 um (10 pum jet, still)
horizontally and 100 um vertically. This led to an effective source size in dispersive direction of the
RZP-structures of this order. Of course, the dispersive direction is the most important if good
separation of the different energies or high energy resolution is aspired (see next project chapter
4.2). This caused broadening of the Manganese focal spot and possibly could lead to merging of the
two energies as well.

One needs to understand that the alignment procedure during beamtime at LCLS is not as easy as for
example at a synchrotron source. The first difference is of course the much lower peak intensity at a
synchrotron, which leaves a lot of time to do proper alignment, without burning for example any
alignment sample used for pre-alignment of the spectrometer itself. As the signal of Manganese in
case of PSIl compounds (which are of very high interest) is so small that one can barely see it at the
CCD image, pre-alignment is inevitable. This specific beamtime in 2013 has furthermore suffered a
lot from instabilities of the FEL itself. Several times, the X-ray itself got lost during alignment
procedure; several times it has even never appeared at all. The three components, LCLS, jet and
spectrometer needed to be in perfect interplay, which simply did not happen very often.

Conclusion:

Spectrometers and strategies for analyzing FEL light are of increasing interest. Especially
spectroscopic approaches using time resolved methods are demanded. Reflection Zone Plates (RZP)
are in the focus of present developments.

A special zone plate spectrometer built at the HZB was used at the Linac Coherent Light Source (LCLS)
in Stanford. The single-element spectrometer consists of an array of single RZPs. The aim of the
experiment was to receive the highest possible optical intensity in a fluorescence experiment in the
energy range of the Mn L-edge. The challenge was to separate the Mn signal from the very intense O
K-edge signal on a CCD camera.

Investigations concern a solar energy experiment. Only 2 — 3 % of incoming sun light is used from the
leaves of plants for photosynthesis with chlorophyll. The oxygen evolving component in this reaction
is @ manganese cluster. Its electronic state can be analyzed by measuring the Mn Ls-edge (638 eV) in
absorption mode. To improve the spectrometer efficiency, a relatively low energy resolution of E/AE
= 100 in minus first order was chosen. A low energy resolution decreases the number of the grooves
(Lines/mm) and leads to a higher efficiency of the optical element. The properties of such an RZP
were simulated extensively for the manufacturing of the entire spectrometer setup. All possible
misalignments of RZP and detector were simulated. As a result, the parameters for the construction
of the chamber, containing the mounts and motors were finalized. After first tests at BESSY Il, the
first actual experiment at LCLS was conducted in 2012. After a subsequent improvement of the
optical system’s efficiency, a follow-up experiment was then conducted successfully in 2013.



The photosynthesis reaction takes place in water, so that a liquid jet experiment had to be arranged,
in order to stay as close to the natural process as possible. Hence, some of the measurements should
be done at room temperature as well. In 2013, three model compounds could be examined. It could
be proved that, since the compounds (being) yield such a low Mn signal caused by a very low molar
concentration, the improved device in its current state should be absolutely capable of yielding
significant results from the actual photo component system. As a result of these experiments it will
be possible for the first time to understand the electronic structure of the different states of the
photo component protein complex of Photosystem Il (PS Il) in the Kok-cycle.

Parts of the project results are published in:

[29]: A. Firsov, A. Erko, F. Senf, J. Rehanek, M. Brzhezinskaya, R. Mitzner, Ph. Wernet, A. Fohlisch,
“Novel wavelength-dispersive X-ray fluorescence spectrometer”, Journal of Physics: Conference
Series, Volume 425, 152013, pages 1-5 (2013)

[86]: R. Mitzner, J. Rehanek, J. Kern, A. Féhlisch, A. Erko, U. Bergmann, V.K. Yachandra, J. Yano et al.,
“L-Edge X-ray Absorption Spectroscopy of Dilute Systems Relevant to Metalloproteins Using an X-ray
Free-Electron Laser”, Journal of Physical Chemistry Letters, Volume 4, pages 3641-3647 (2013)

[Kern]: J. Kern, J. Hattne, R. Tran, R. Alonso-Mori, H. Laksmono, S. Gul, R. Sierra, J. Rehanek, A. Erko,
R. Mitzner, P. Wernet, U. Bergmann, N.K. Sauter, V. Yachandra, J. Yano, “Methods development for
diffraction and spectroscopy studies of metalloenzymes at XFELs”, Philosophical Transactions of The
Royal Society B, Vol. 369 no.1647 20130590 (2014)

[Braig]: C. Braig, H. Lochel, R. Mitzner, W. Quevedo, P. Loukas, M. Kubin, C. Weniger, A. Firsov, J.
Rehanek, M. Brzhenzinskaya, P. Wernet, A. Fohlisch, A. Erko, “Design and optimization of a parallel
spectrometer for ultra-fast X-ray science”, Optics Express, Vol. 22, Issue 10 pp. 12583-12602 (2014)
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Results for Fluorescence Experiments at LCLS”, European XFEL Users’ Meeting, Hamburg, Germany,
January 23 -25"2013
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4.2. RZP technology for cross-dispersive RIXS measurements at
synchrotron- and FEL-sources — a case study

One leading goal for researchers nowadays is the understanding of the physics of matter on
fundamental dimensions. The properties of materials are closely related to the energies for the low-
lying excited states of atomic, electronic and magnetic degrees of freedom, etc. Inelastic scattering
techniques for spectroscopy probe these in the most direct way by using energy transfer during
scattering processes. Moreover, by determining not only the energy but also the momentum
transfer via variation of the detection angle, the dispersion of collective excitations in solids and the
symmetry of low-energy excitations in molecular systems can be mapped.

Resonant inelastic X-ray scattering (RIXS) is what is called a photon-in/photon-out experimental
technique, based on synchrotron radiation. It provides the user with information about charge-
neutral excitations. It is called “resonant”, as the energy of the incident X-ray is chosen so that it
coincides with one of the X-ray absorption edges of the atoms within the system under examination;
so it resonates with the system. For example at the Co 2p->3d resonance (776 eV) a Co 2p core-hole
electron is excited to an empty 3d state. In the following, this core-hole can be refilled e.g. with an
electron from the occupied valence band. Figure 110 shows a sketch of such a process:
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Figure 110: example for a RIXS process: electronic interband excitation. It is a second-order optical process, in
which a core electron is resonantly excited to absorption threshold by an incident X-ray. Then, an electron
from an occupied valence band is de-excited (by emission of an X-ray of lower energy). The absorption
process (which energy excites the electron from the core hole) reveals information about the empty
electronic states of the system. The emission on the other hand results the information about the occupied
states.

Due to this energy selectivity, RIXS is sensitive to a wide range of elementary excitations in solids,
liquids and gases, like inter-band and crystal-field excitations [90], but also charge-transfer
excitations of electronic nature, magnetic excitations [91], phonons in solids and vibrational
excitations in molecular systems [92], [93], [94]. The wealth of the physical information available
from RIXS depends strongly on the resolution and detection efficiency.
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Figure 111: demonstration of the demand for high-resolution momentum resolved RIXS data. Survey of
current state of the art instruments (SAXES in operation at PSI, RICXS commissioning at HZB). These cannot
resolve fundamental energy scales in correlated-electron system solids sufficiently. This is addressed by
different synchrotron facilities (e.g. €RIXS at ESRF) (and our proposed cd-RIXS; cross-dispersive RIXS). At the
bottom excitations of interest and the connected energy losses are depicted (based on [95]).

At the bottom of Figure 111 a survey is presented, which would be the possible components (elastic
peak, magnon peak, multi-magnon continuum and (multi-)phonon components) of excitations for a
correlated electron system, which are addressed to be resolved clearly.

For RIXS it is exceedingly important to propose approaches for an energy resolution as high as
possible (see Figure 111) with the smallest possible amount of losses in photon flux. As
demonstrated in the previous chapters, an RZP is well applicable as a soft X-ray monochromator and
fluorescence spectrometer; though up to now for a rather low energy resolution of E/AE = 100. It is
already proposed to apply the RZP as a monochromator for the European XFEL (see chapter 3.2.2).
Actually, it is already applied in the broadest sense as a monochromator in the precedent project
(chapter 3.3): the both present energies of interest (640 eV and 538 eV) are clearly separated
spatially and in that sense analyzable individually, and both present at the same time on the
detector. So it comes to mind to use the diffraction and focusing ability property of RZPs for soft X-
rays in the function of a monochromator and fluorescence spectrometer within a proposed scheme
for resonant inelastic X-ray scattering (RIXS) experiments. The RZP as a monochromator in the
previous project worked very well, but is presented so far at very big energy distances. The question
for the following will be: is it as well capable of resolving very small energy differences (energy
resolutions in the range of E/AE = 20,000 — 40,000).

cd-RIXS at the proposed undulator UE30 at BESSY Il

In this work, a particular case will be presented exemplarily for a synchrotron source; as well design
and simulation for the European XFEL are currently ongoing. The conceptual designed RIXS beamline
is proposed to be set up at a newly proposed UE 30 undulator beamline. It will be installed at the
low-B section LO6, which provides a small emittance and is therefore ideally suited for high-brilliance
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applications. Additionally, the intended sector provides enough floor space to install a 7 meter long
detector arm that can be rotated horizontally around the sample. It enables an angular detection
range of at least 20 to 160 degrees for detection/measurement of momentum transfers.
Furthermore, since the monochromator is supposed to be used without exit slit, it enables the
horizontal dispersion of the spectrometer; this opens the option of “multi-color” RIXS by placing the
sample in the position of the focal plane of the design energy of the RZP-Mono. Thus, different spots
on a sample are exposed to different photon energies. A parallel detection of these spots provides
simultaneous RIXS spectra for different excitation energies [96]. Figure 112 shows a sketch of the
planned RIXS (METRIXS) beamline at BESSY II:
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Figure 112: Floor plan of the LO6 sector at the BESSY Il storage ring with the X-ray microscope and the
planned/proposed RIXS (METRIXS) station (courtesy of [97]).

The HZB undulator department is currently developing an in-vacuum APPLE Il undulator UE30. Its
properties are summarized in table 1. Figure 2 shows the flux/energy characteristics of the undulator
for different harmonics.

Table 13: BESSY Il machine parameters at the low-f section

BESSY Il UE30
Ring energy E [GeV] 1,70 Period length [mm] 30
Critical energy € [keV] 2,50 Periods 50
Bending Radius [m] 4,359
Magnetic Field R 1] 13 Total length L [mm] 1500
Ring current | [mA] 300,00
(top-up)
Source size hor.
(UE30) Oy [um] 71,60
vert. (¥ [um] 9,90
Divergence hor. ,
(UE30) Oy [prad] 74,60
vert. G, [prad] 8,10
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Figure 113: Flux curves for the in-vacuum UE30 undulator (calculated for a ring current of 200mA) (courtesy

of [98]).

Knowing these parameters, and having a look at the flux curves, as the main energy of interest for
this case study is 776 eV (the ColLa-edge randomly chosen as soft X-ray), the third harmonic of this
undulator is chosen and a source file for simulation with RAY is generated, using the code WAVE.
Hence, simulation of the proposed beamline can be started.

“classical” — SGM approach for monochromator

The first approach, which means one step back in terms of modern optical elements (meaning RZP
and its applications), is to have a look at a “classical” but state-of-the-art monochromator beamline,
a spherical grating monochromator (SGM) (according to [99]). The goal of this beamline design is to
have a focus (on the sample), which is horizontally approximately 2 um (and possibly variable) and
vertically images the largest possible part of the undulator harmonics into an energy dispersed line.
This number arose from the simulations shown below about the actually proposed RZP-RIXS-
beamline — to be specific, its RZP-spectrometer contained.

In order to avoid complications with inhomogeneous samples, the energy dispersion should be as
small as possible but still compatible with the vertical detector resolution of the spectrometer. For
high-resolution applications, a spherical grating monochromator is usually the best choice. The
usable energy range for a single grating is smaller than for a plane-grating monochromator. However,
with a combination of different gratings the whole energy range of interest can be covered with high
energy resolution. The peak resolving power is of the order of 40,000. The energies for the optimum
resolving power can be chosen to match relevant energies. A solution with five gratings, optimized
for the C K-edge, N K-edge, O K-edge, Mn L-edge or Fe L-edge, Ni L-edge, is exemplified in Figure 114:
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Figure 114: Energy dependence of the resolving power of a spherical grating monochromator in principle. It is
shown to present capability of the monochromator to cover the entire energy range of interest. The resolving
power decreases as 1/e (courtesy of [97]). (Five gratings can be fitted in a standard BESSY grating tank.) This
means that for the SGM design the used gratings could be exchanged; each according to the energy range of
interest in the different possible particular cases.

A layout for an SGM is shown in Figure 115; the parameters are listed in Table 14.
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Figure 115: spherical grating monochromator beamline as a possible monochromator considered for RIXS
experiments (top view).

Table 14: beamline parameters of the SGM-design

TO SGM EL1 (KB-mirror 1) EL2 (KB-mirror 2)
toroidal mirror spherical grating mono ellipsoidal mirror 1 ellipsoidal mirror 2
grazing angle 2° Entrance length 3000 mm grazing angle 2° grazing angle 2°
sagg. Entrance length 12000 mm | Exit length 8000 mm entrance length 10000mm |entrance length 18650mm
sagg. Exit length 5000 mm 1%t order of diffraction exit length 1000mm exit length 350mm
mer. Entrance 12000 mm Grating radius 100000 mm
mer. Exit 8000 mm normal incidence a 88.96
normal incidence B -85.03
2250 lines/mm

From ray tracing simulation we obtain an energy resolution of about 40,000 (applying slit sizes of 8
pUm entrance and exit slit, respectively) from that SGM beamline and a distribution in the focal plane
of the following form:
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Figure 116: Distribution in the sample plane of the beamline at 776eV +2.5eV (left), +1eV (middle), £260meV
(right). (Note the different scale, focal spot of 776eV — which is in each case in the middle — is of the same
size. The slit is fully open for simulation and display of these distributions.)

RZP-RIXS-beamline

After simulation of this “classical” solution for a monochromator, one can make considerations on
how to apply the knowledge about RZPs onto this concept. But, one needs to keep clearly in mind,
that this SGM-beamline is build especially for the purpose to obtain really monochromatized light of
one specific energy. The RZP approach, which is now presented, is of course totally different from
that. The idea is to have a certain range of energy transferred into the sample but with a specific,
well known distribution within this plane. This demand can be met with application of a RZP, as it has
this required distribution intrinsically by its property of dispersion and focusing.

A novel conceptual design for an especially dedicated beamline for RIXS is proposed. The optical
scheme of the beamline consists of only one mirror and two reflection zone plate arrays (RZPA),
instead of nine optical elements in a previously reported “standard” design [96], providing imaging
and dispersion actions in two orthogonal planes. With the application of RZP-arrays one could cover
as well the entire energy range of interest by either changing each time to the specifically designed
RZP-monochromator and its appropriate RZP-spectrometer; or keep them all right in place already
from the beginning. Due to the reduction of the number of optical elements the proposed
conceptual beamline is expected to have several times higher transmission at the energy of 776 eV
(Col,). Figure 117 shows the setup for this kind of solution. The first RZPA is used as dispersive
monochromator focusing the desired energy range onto the sample plane; the second one operates
as spectrometer, using the scattered light from the sample. The two RZPAs are arranged orthogonal
to each other — so the dispersion directions of those are orthogonal, too.

Lately, two new optical systems were developed based on total external Reflection Zone Plates (RZP).
The first system, an RZPA monochromator, was successfully used at the BESSY Il femtosecond slicing
beamline [100]. The photon flux of this monochromator is on the order of 20 times higher compared
to conventional optical systems with the same energy resolution. The second system is an RZPA
spectrometer prototype successfully tested at the BESSY Il beamline UE52 [28]. It is designed for
parallel registration of fluorescence spectra in the energy range of 100-500 eV.

Hence, by use of combination of these two systems, we could get very promising results from our
simulations for the optical scheme of a RIXS spectrometer. Figure 117 shows the sketch of the
proposed RZP-beamline:
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Figure 117: sketch of the cross-dispersive spectrometer setup. At the location of the “monochromator”-side it
is indicated that different RZPs could be placed and replaced easily (RZP-arrays; RZPA) — in order to cover
different energy ranges and obtain for each the desired high energy resolution. Same could be applied on the
spectrometer side.

The monochromator side of the (entire) beamline consists of a single mirror (M1) and a RZP as
dispersive and focusing element. M1 is part of the switching-mirror unit, which will be installed
anyway at LO6. It distributes the beam into two planned beamline branches (RIXS beamline and a
scheduled microscope-beamline, respectively). Here, exemplarily the properties for the energy of
776 eV (Col,) will be presented, as the different other energies of interest will be addressed each by
particularly designed zone plates for those. The input parameters for design of the RZP must be
optimized as it is described above already in chapters 2.3.2.2 and 3.3 and published in [101]. The
actual zone plate parameters for the RZP-Monochromator are listed in Table 15.

Table 15: RZPMono parameters of the structure, using only pure Silicon

entrance arm |exitarm | Positionon o[ | BT line density depth of eifxi?:]e;
length [m] length [m] RZP [mm] [1/mm] profile [nm] [%]
-50 2,003 | 2,809 370 12,5 6,117
-40 2,002 | 2,881 409 12,5 7,007
-30 2,002 | 2,957 451 12,5 6,807
-20 2,001 | 3,037 497 12,5 6,517
-10 2,001 | 3121 547 12,5 6,181
35 0,35 0 2 3,21 601 12,5 5,844
10 1,999 | 3,305 660 12,5 5,499
20 1,999 | 3,405 724 12,5 5,148
30 1,998 | 3,511 794 12,5 4,804
40 1,998 | 3,624 871 12,5 4,453
50 1,997 | 3,745 956 12,5 4,108




From these parameters we learn, if we have a closer look into the last column — which represents the
theoretically expected efficiency — that we have an optical element of just very low efficiency
(integrated efficiency is about 5%). Similar considerations as in the precedent chapter lead to the
idea to have this element covered with some coating, which could raise efficiency at this specific
design energy (applying the corresponding grating parameters). So the coating of Nickel was taken
into simulations in that way that as Substrate bulk Ni is used with a monolayer of NiO of 3nm
thickness on top of it. All applying a roughness of 0.2 nm rms, which was an experimentally obtained
value (see chapter 3.3). The influence of choosing the appropriate depth of profile was as well
simulated, as so far assumed to be the same over the entire optical element. So the optimal values
regarding perfect depth of profile and coating each at the specific position at the RZP is shown in

Figure 118 and Table 16:
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Figure 118: result of simulation to obtain the perfect depth of profile for the structure; already Ni-coating is
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taken into consideration (courtesy of [87]).

With the choice of the appropriate depth of profile and adding the Nickel coating, one obtains the

integrated efficiency of the entire zone plate structure (see Figure 119 and Table 16).
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Figure 119: simulation of the integrated efficiency over the entire optical element; left: different depths of
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profile (as in the Table 16); right: constant depth of profile (10nm) (courtesy of [87]).
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Table 16: RZPMono parameters of the structure applying a coating of NiO monolayer on top of Ni bulk
substrate.

entrance arm |exitarm | Positionon «l | BI] line density depth of eefinF():eiZ;ecdy
length [m] length [m] RZP [mm] [1/mm] profile [nm] [%]
-50 2,003 | 2,809 370 10 24,107
-40 2,002 | 2,881 409 10 24,277
-30 2,002 | 2,957 451 10 22,055
-20 2,001 | 3,037 497 10 19,213
-10 2,001 | 3,121 547 10 16,195
35 0,35 0 2 321 601 10 13,529
10 1,999 | 3,305 660 10 11,399
20 1,999 | 3,405 724 75 9,789
30 1,998 | 3,511 794 75 8,568
40 1,998 | 3,624 871 75 7,614
50 1,997 | 3,745 956 75 6,846

Thus, one obtains a theoretical value of integrated efficiency for this specific optical element which is
optimized (depth of profile, entrance angle, proper coating) for this specific design energy of 776eV.
The integrated efficiency after all optimization steps will be around 15% in theory (3 times as high as
in case of pure Si). For other energies, which should be covered, the same considerations should be
made each for the different desired high resolved energy range. In this case, the integral efficiency of
the element does not differ so much for the cases of having different profile depths and of having it
constant. This relieves the possible actual fabrication.

As a result of the simulations, Figure 120 shows the energy distribution in the sample plane (after the
RZP Monochromator) for 776 eV and two energies around this central energy. The energy interval
(776 eV £ 26 meV, +260 meV, + 1 eV, + 2.5 eV) is depicted at the left; which (approximately)
corresponds to the width of the undulator harmonic. The entire size of the dispersion within this
energy range onto the sample plane is around 50 um. The simulation shows that the energy
resolution will be very high (around the corresponding design energy of the RZP), as small energy
differences like 26 meV can be well distinguished (see Figure 120, right) — this equates an energy
resolution of E/AE = 30,000. Accordingly, spots that originate from the sample serve as new source
points for the following RZP spectrometer. For the spectrometer, a rotated horizontal dispersion
direction is projected with the RZP positioned at 2m away from the sample.
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Figure 120: left: Distribution at the sample plane of the RZP monochromator at 776eV * 2.5eV, + 1 eV, + 260
meV and * 26 meV. Right: zoom in at the sample plane at energies very close to the design energy of interest
(Note that these 2 pictures have different scales. The spot in the middle is always of the same size.) (The



broadening of the energies “far away” is an optical effect of high focusing/diminution (imaging) of 100:1;
seen as well for the SGM design in dispersive direction.)

As mentioned before, the source size in dispersive direction of the RZP matters significantly in the
sense of bigger size means worse energy resolution. So it is obvious that the change of size of the
resulting image of the RZP-monochromator at greater energy distances could influence the energy
resolution capability of the RZP-spectrometer in a negative manner.

The above described properties are only applicable for narrow energy ranges around the central
energy; as a consequence of the achromaticity of a RZP. Energies further away from that design
energy are spread wider in the horizontal direction in the sample plane, which serves as new source
point for the RZP-spectrometer. As easily comprehensible, having a look at Figure 77 in chapter 4.1,
the optimal focusing plane would be tilted (around the “x-axis” of the image of the RZP-
monochromator) whereas, however, the sample plane is necessarily vertical to allow a variable
momentum transfer. Generally, in order to keep the source for the RZP-spectrometer still small as
necessary, the sample could for example be structured in a way that its horizontal extension is small
enough — e.g. by using a jet or any sample of just 2 um or by inserting a 2 um wide slit right in front
of the sample. However, in both solutions the flux into the sample decreases with the distance
(spatially as well as energetically) to the central energy. The resulting transmission through a slit of 2
pum is shown in Figure 121. Thus, one loses orders of magnitude of intensity if broader energy ranges
are examined with the same RZP of this very high energy resolution. In order to overcome this
problem, mirror M1 could be a toroidal mirror to focus those spots small enough to obtain good
source points for the RZP spectrometer.
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Figure 121: intensity/total flux through a slit of 2 um size (horizontally) in the sample plane without
additional horizontal focusing. (The 3 arrows indicate the energy distances of +2.5eV (top), £5eV (middle),
+10eV (bottom).)

For the next simulation of the spectrometer, we took a source point with the dimensions of the
focused energies in the sample plane (0.2 um x 2 um; horizontally x vertically) and apply different
energies around this central energy of 776 eV again. The result of ray tracing simulation of the RZP-
spectrometer side is shown in Figure 122:
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Figure 122: left: distribution at the sample plane of the RZP spectrometer at 776eV + 2.5 eV, + 1 eV, + 260
meV and + 26 meV. Right: zoom into the focal plane of the RZP spectrometer. (Note that these 2 pictures are
of different scale.)

Figure 122 shows the distribution of simply the spectral properties of the RZP-spectrometer. The

source point is in case of simulation for Figure 122 all the time the perfectly focused spot in the

middle of the RZP-Mono sample plane. Still at energy distances of + 26 meV the spots corresponding

to these three energies (centering and differing energies) could be very well separated. The

parameters for this simulation are summarized in Table 17:

Table 17: design parameters for the RZP-spectrometer

entrance . entrance . , |average line
exitangle , | exitarmR, .
angle a armR, density
5° 2° 2m 5m 0.5um

footprint in detector plane
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Figure 123: distribution in the detector plane (focal plane of

Using the spots (distribution and size)
coming from the RZP-Mono and the
sample, respectively, at an energy
range of around 100 meV around 776
eV in the following simulations, leads
to a certain distribution in the sample
plane of the spectrometer. In this case
we assume the different positions of
the different energies after being
focused from the RZP-Mono. So we
get in the end the photon-in — photon-
out information in the detector plane
of the RZP-spectrometer. Figure 123
shows the ray tracing simulation
results of the different energies

through the entire beamline (RZP -

monochromator and RZP-spectrometer, respectively). The energies are distributed along the
diagonal line of the detector. An energy difference of 26 meV translates into a spatial offset of 18 um



horizontally and 20 um vertically, which can be well resolved with existing detectors. From these

simulation results, we obtain a total resolving power in the order of 30,000.

The above described seems so far to be quite reasonable, with a remarkably high energy resolution.

But, if one has a deeper look into the parameter to manufacture this kind of RZP-structures, one gets
easily an idea of difficulties regarding the actual parameters. So the question about the RZP-
spectrometer leads to unfortunate results so far. Further simulation regarding the device's
parameters showed that with the given parameters, the RZP-spectrometer yields only very low

efficiency (see Figure 124 and Table 18):

Figure 124: efficiency curve over the entire optical element of the RZP-spectrometer; this device obviously
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results only the very low efficiency of 1.1 % (courtesy of [87]).

Table 18: RZP-spectrometer parameters; minus first order of diffraction, energy of 776 eV, NiO monolayer on

Ni-bulk-substrate used for simulation.

entrance arm lexit arm position on ol | B[ line density depth of eeﬁxiieig:]ec(:/
length [m] length [m] RZP [mm] [I/mm] | profile [nm] [%]
-25 5,063 | 4,338 649 35 1.18
-20 505 | 4,342 634 35 1.22
-15 5,038 | 4,346 618 35 1.25
-10 5,025 | 4,351 602 35 1.28
-5 5,013 | 4,355 586 35 1.27
2 5 0 5 4,359 571 35 1.22
4,988 | 4,364 555 35 1.12
10 4,975 | 4,368 540 35 1.01
15 4,963 | 4,373 525 35 0.88
20 4951 | 4,377 510 35 0.75
25 4,938 [ 4,381 494 35 0.65

This comes of course from the fact that at these angles of incidence and exit, combined with this

energy of interest, the reflectivity tends to zero (see Figure 125).
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Figure 125: reflectivity of a (mirror) surface at 776 eV for Silicon (red line), Ni (blue line) and Molybdenum
(black curve) (data generated using [102]); in all cases layers of 30 nm on top of bulk Si-substrate, with an
roughness of 0.3 nm (rms) are represented.

So, of course, the idea came up to change the parameters. The distances should be kept the same, in
order not to shift the optical element even further away from the source (as described in chapter 3.3
already, the intensity decreases exponentially with the distance). But, the angle of incidence is
changed to 2°. A change of parameters lead to the following better integrated efficiency (see Figure
126 and Table 19), but, having a look specifically at the line density in the table, one gets to mind the
rough thumb-rule about potential energy resolution of a grating: “you need to illuminate at least this
number of lines, which you aspire for energy resolution” (see chapter 2.3.2.1). Simply following this
rule, this device would not be capable at all to result an energy resolution even close to the expected
30,000.
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Figure 126: angle of incidence in the center changed to 2° (higher reflectivity); left: simulation to obtain the
optimum profile depth (most efficient at 15 nm for the entire length); right: integral efficiency, over the
entire device, of approximately 30 % (courtesy of [87]).

Table 19: RZP-parameters at 2° as angle of incidence at the center of the device; higher expected efficiency,
but improbable to obtain the desired very high energy resolution.



entrance arm lexit arm position on « [ B[] line density | depth of ei)f(i?g;ec(i/
length [m] ~ |length [m] RZP [mm] [I/mm] | profile [nm] %]
-25 2.025 1.420 199 15 30.30
-20 2.020 1.422 196 15 30.32
-15 2.015 1.423 194 15 30.26
-10 2.010 1424 12 15 29.57
-5 2.005 1.426 190 15 29.32
2 5 0 2 1.427 187 15 29.16
1.995 1.429 185 15 29.04
10 1.990 1.430 183 15 28.94
15 1.985 1432 180 15 28.85
20 1.980. 1.433 178 15 28.77
25 1.975 1434 176 15 28.70

As another idea, in order to keep the RZP in principle the same (line density of 571 |/mm in the
center of the device) as for the first case at an incidence angle of 5°, the two parameters depth of
profile and angle of incidence were varied. This result the following parameters (see Table 20):

Table 20: in order to obtain a reasonable combination of line-density and length of the device, the angle is
set again to 5° (resulting most probably almost zero efficiency); the entrance and exit arms change as well)

entrance arm| exitarm position on @[] B[] line density de_pth of
length [m] length [m] RZP [mm] [1/mm] profile [nm]

-25 5.031 3.951 924 10

-20 5.025 3.957 913 10

-15 5.019 3.964 902 10

-10 5.013 3.970 891 10

-5 5.006 3.977 881 10

4.38 2.62 0 5 3.984 870 10
4.994 3.990 859 10

10 4.988 3.997 848 10

15 4.981 4.004 837 10

20 4.975 4,010 826 10

25 4.969 4.017 815 10

Now, checking the line densities, at least in principle this device could result an appropriate energy
resolution. Further development needs still to be done, in order to yield finally the realistic
parameters for setting up a beamline at BESSY Il and probably the European XFEL, capable to deliver
the very high energy resolution in order to meet all the demands of the RIXS-user community in
future. Unfortunately, in this case the distance from the source of X-rays is amplified; again the
additional disadvantage comes into play that the intensity of light will be vanishing.

As a last possible option for coating, which comes to mind from looking at figure, would be
Molybdenum. By keeping the grating parameters the same as in the first case, but applying
Molybdenum as coating, resulted that the optimum depth of profile would be 25 nm. The simulation
of the entire device finally showed some enhancement of the integral efficiency by a factor of 3.5.
The result is shown in Figure 127, with the respective parameters as in Table 21:
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Figure 127: efficiency curve over the entire optical element of the RZP-spectrometer applying Mo as coating
at a constant profile depth of 25 nm; this device obviously results at least a gain of integral intensity by the
factor of 3.5 (integral efficiency = 3.9%) (courtesy of [87]).

Table 21: RZP-spectrometer parameters; minus first order of diffraction, energy of 776 eV, Mo coating is used
for simulation (courtesy of [87]).

. - . . expected
entrance arm| exitarm position on @[] B[] line density depth of efficiency
length [m] | length [m] RZP [mm] [1/mm] profile [nm] [%]
-25 5,063 4,338 649 25 0.039
-20 5,05 4,342 634 25 0.04
-15 5,038 4,346 618 25 0.041
-10 5,025 4,351 602 25 0.041
-5 5,013 4,355 586 25 0.041
2 5 0 5 4,359 571 25 0.04
4,988 4,364 555 25 0.039
10 4,975 4,368 540 25 0.037
15 4,963 4,373 525 25 0.035
20 4,951 4,377 510 25 0.033
25 4,938 4,381 494 25 0.032

As described in the beginning, the energy resolution and beamline efficiency (in the sense of photon
transmission) are mostly important for RIXS experiments. By using only just two elements, the
transferred amount of energy is expected to be as high as possible. For an installation at the
European XFEL, which is currently under construction in Hamburg, Germany, we assume an
exceedingly high beam quality, as the source size and divergence will be by a few orders of
magnitude smaller. From that we can expect at least the same possible resolutions and, what is even
more significant, a lot more intensity. Most notably the beam will have the properties of a laser. A
brilliant, coherent source such as the European XFEL will be conserved very well by using only a very
small amount of optical elements in the beamlines. Of course, extensive tests of the auspicious
properties have to be prepared and carried out now under real conditions.

Conclusion:

An innovative application of RZPs as singular optical elements was presented; considerations and
simulations were done. For the first time, an all-RZP solution for cross-dispersive RIXS measurements
was proposed. This system is capable of determining not only the energy loss but also the



momentum transfer within the sample. It was shown that the RZP-monochromator as well as the
RZP-spectrometer were both capable of yielding an energy resolution in the range of E/AE = 30,000.
This means that here, it was possible to resolve the energy around 776 eV (Co 2p->3d resonance)
with a precision of 26 meV. For the RZP monochromator side, an integral efficiency of around 14-15%
could be expected after coating with Nickel. The advantage of using just this single optical element is
to transmit a very high photon flux onto the sample. It is a small disadvantage that energies, away
from the designed energy, broaden. This is due to the geometry of the RZP. This effect could possibly
be compensated by an additional use of a focusing mirror prior to the RZP. For the RZP-spectrometer
side, so far an integral efficiency of roughly 4% was calculated, applying a molybdenum coating to the
optical element. This was proposed, because Silicon as well as Nickel have a reflectivity of almost 0%
around the desired angles of incidence and exit. Further developments need to be done to increase
the efficiency towards its maximum. This could probably be done by changing the geometry of the
RZP. Here, the line density is a limiting factor; it strongly depends on the geometric parameters
(angles and distances).

The use of an RZP and RZP arrays is a very good approach to obtain very high energy resolutions. On
the other hand the same structure quickly leads to a larger broadening of the diffraction spots at
greater ranges of energy. These two effects need to be balanced in order to optimize the RZP and
compare them with conventional optics for specific cases of use. The SGM-beamline shows rather
strong broadening in dispersive direction, but not so much in the perpendicular direction. The
disadvantage of conventional optics is that they cannot focus the energies as well as an RZP-
monochromator, which means that the illuminated spot in a sample would be larger (in the range of
5 um (FWHM) compared to roughly 2 um (FWHM) using an RZP). This spot serves as a new source for
the RZP-spectrometer and would mean a worse energy resolution, as the source size in dispersive
direction is a crucial parameter for RZP’s energy resolution.

So far this is a case study. However, the idea was already accepted in the Scientific Advisory
Committee at BESSY Il and taken into consideration to be implemented at BESSY II, and probably at
the European XFEL GmbH as well.

Parts of the project results are published in:

[Patent]: ,DE 10 2012 013 530 B3“ — “Vorrichtung zur Messung resonanter inelastischer
Réntgenstreuung einer Probe”, application date: June 5th 2012, patent granted: August 29th 2013 —
international application pending

[Rehanek_SRI]: J. Rehanek, F. Schéafers, H. Lochel, A. Firsov, J. Grinert, W. Freund, C. Ozkan, S.
Molodtsov, A. Erko, ”“A case study of novel X-ray Optics for FEL sources”, Journal of Physics:
Conference Series, Volume 425, 052013, pages 1-4 (2013)

[Rehanek_manu]: J. Rehanek, J. Schlappa, M. Scheer, F. Schéafers, C. SchiRler-Langeheine, A.
Fohlisch, A. Erko, ,Conceptual design of a specialized beamline for cross-dispersive RIXS
measurements”, <in manuscript> (2014)
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5. Conclusions — Outlook

Within the scope of a collaboration project with the European XFEL GmbH in Hamburg and with
LBNL/LCLS in California, different kinds of spectrometers for X-ray Free-electron sources were
conceptualized, designed and partially tested — especially for very high brilliance state-of-the-art
facilities, namely X-ray Free Electron Lasers. In this work, two different fields of research have been
covered: theoretical modeling and experimental testing of different optical schemes.

The overview of existing and future X-ray light sources — from synchrotron radiation (SR) to free
electron lasers (FELs) — and their properties, led to the conclusion that conventional methods and
optics used for SR have very limited use at the new FEL generation. New challenges and
opportunities arise for the optical elements with these sources due to the extremely high intensities
(peak brilliance in the order of 10** photons/s/mrad’/mm?/0.1%bandwidth are expectable). It is very
important to preserve as many photons as possible and to prohibit surface damage at the optical
elements as good as possible. Additionally, energy resolutions (E/AE) in the range of a few tens of
thousands are inevitable (see below). Furthermore, the opportunity of ultra-fast measurements (as
e.g. planned at the European XFEL repetition rates of 27 kHz; pulse durations in the order of 100 fs)
gave rise to new requirements concerning the time resolution of these optical elements. New ideas
need to be developed.

The theoretical analysis of existing X-ray optics in chapter 2 indicates a great potential of 2D and 3D
variable line spacing (VLS) gratings (meaning focusing in a line and focusing in a single spot) for the
soft energy range.

Commissioning — K-Monochromator Spectrometer (K-Mono):

The challenging commissioning of a SASE FEL, using a double-crystal or four-crystal monochromator,
was described. Thus, two different methods of aligning the undulator segments of the entire FEL
undulator were proposed. An experimental proof of principle of the two methods was shown.
Simulating the K-Monochromator using the Si (111) channel-cut crystal an energy difference in the
order of AE/E = 10* could be resolved, which agrees with the experimental K-parameter
determination (AK/K) in the range of 2.5 x 10“ to 5 x 10™. This meets the demand which was initially
made — it should be determinable in the order of 10™, as restriction from our partners from European
XFEL. In other simulations using (333)- or (444)-reflex, AE/E could be resolved even in the range of
10°, which means that the K-parameter will be determinable at an even higher precision than
required. These new methods will be applied at the commissioning of the European XFEL.

High-Resolution Single-Shot Spectrometer (HR-SSS):

Two diagnostic systems for measurements of the shot-to-shot spectral intensity distribution of SASE
X-FELs were compared. For the first time a single-shot spectrometer on the basis of a Reflection Zone
Plate was suggested and simulated. The comparison with a conventional answer to the problem
showed that both systems are capable of resolving the XFEL spectrum sufficiently (10 meV at 10



keV). The first scheme consists of the combination of a focusing mirror and a crystal, which is used at
a high index of lattice reflection plane to yield a high energy resolution. It is an offline-device. The
second one — a spectrometer, consisting of only one single Reflection Zone Plate — melts focusing and
dispersion into one step, thus, the number of optical elements is reduced. It is capable of both
offline- and online-application. The high energy resolution is attainable with the presented schemes,
as the huge distances and small source size (of 17um x 17um (fwhm)) at European XFEL help to focus
individual energies; thus, achieving a very good separation.

High-transmission partial fluorescence yield XAS (Spectrometer):

For the first time, a new optical system has been conceptualized and realized for partial fluorescence
yield XAS measurement at the L; absorption edge of Manganese in a highly dilute solution. So the
main demand was high a throughput at simultaneous separation of the energy of the Mn-L-edge
(above 638 eV) from the O-K-edge (around 525 eV). The problem was to get a signal out of a 107
molar concentrated solution. By focusing the energy of interest (Mn) with a dispersive RZP the signal
could be separated from the energy of Oxygen. In addition, it was amplified sufficiently (to a small
area) so that it could be measured at all, as above the noise-threshold. The RZP was used at a low
energy resolution of E/AE = 100, as consequently the line-density of the grating is comparatively low,
resulting in a higher integral efficiency. The parameters of this spectrometer were designed and its
properties regarding misalignments were simulated. It was tested at first at BESSY Il and then used
at the FEL facility LCLS in Stanford. The outcome of these first measurements posed the question if
the overall efficiency of the device could be improved furthermore. The process of improving the
overall efficiency of the spectrometer by simulation and experimental testing is described in detail.
The influence of the depth of profile and the coating on the integral efficiency was simulated and
tested at BESSY Il, using different measurement opportunities (AFM, Reflectometer). Additionally, a
pre-alignment technique of the optical element was developed. Structural modifications of different
types of VLS-gratings are summarized. Finally, the improvement led to a significantly higher
efficiency. For the first time, measurements of a highly dilute solution within the experimental
enhancements of PS Il measurements could be carried out. This will help to understand the function
of PS Il within the process of photosynthesis.

High-resolution energy- and momentum transfer measurement (RIXS):

A fundamental new optical system has been proposed and simulated for the first time. It comprises
basically of two RZPs oriented perpendicular to each other. The first one acts as a monochromator.
Its direction of dispersion is vertical, so that a certain energy distribution is delivered into a sample.
The second one serves as a spectrometer, it catches the emitted light from the sample. Its direction
of dispersion is horizontal. The purpose of this setup is to have a 2-dimensional scheme on a detector
for the incident/absorbed and fluorescent energy for RIXS experiments at Synchrotron Radiation and
Free Electron Laser sources as well. Additionally, the spectrometer arm will be swivel-mounted. With
this setup, not only the energy change, but also the momentum transfer can be studied
experimentally at very high resolutions. Such an apparatus will be able to provide the users with an
energy resolution of E/AE = 30,000 (26 meV at 776 eV). Additionally, by the reduction of the number
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of optical elements — compared to other state-of-the-art conventional methods — the throughput is

expected to be higher.

In summary, within this work, the potential and the limitations of applications of Reflection Zone
Plates were explored. It is a very powerful approach to reduce the number of optical elements by
melting the intrinsic properties of focusing and dispersion into one step. Used as a single element
spectrometer for measurements of very low signals (as applied in the XAS project at LCLS), such an
optical element can provide a sufficient spectrum out of an initially very low (fluorescence) signal.
This is done by separating the energy of interest very well from other present energies and
simultaneous by focusing and therewith intensification. Regarding very high energy resolutions (as
presented in the European XFEL project HR-SSS) these elements are very promising. Nevertheless,
due to the geometry and a-chromaticity of an RZP, energies away from the design energy will be
broadened (as shown in case of the RZP-monochromator) significantly, if very high energy
resolutions are demanded. In case of the RIXS RZP-spectrometer there are still a few developments
necessary, which will be depleted in near future.
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9. Annex - EBL — Electron Beam Lithography

a) e e e b)
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Figure 128: flow chart of the fabrication process for grating structures (e.g. RZPs) in principle (courtesy of H.
Léchel and adapted in parts from [77]) (descriptions in text).

The fabrication process for Reflection Zone Plates is depicted in Figure 128. In step a) some
preparatory steps are summarized: a silicon wafer serves as substrate (blue layer in all steps). A
liquid photo resist, in this case the positive resist Poly(methyl methacrylate) 950k (PMMA, red layer)
is spin-coated onto the silicon substrate. The polymer PMMA comes in a solvent. The solution
possesses a certain value of viscosity, regulated by the included amount of PMMA in the solvent.
Depending on this viscosity and the rotation velocity used during spin coating, the desired resist layer
thickness and homogeneity is adjusted.

After coating, the wafer gets baked on a hotplate, in order to vaporize the remaining solvent. In the
next step the e-beam writer (VISTEC EBPG 5000+, running at an accelerating voltage of 100 kV) is
used to literally write the designed structure, by deflecting an electron beam according to a CAD file.
In this process, the primary electrons from the machine (which are too fast to directly interact
efficiently) generate secondary electrons of lower energy inside silicon and resist, which then crack
the long carbon-chains within the resist polymer efficiently. A correction of proximity effects can be
done before e-beam writing with the structure calculation software (Nanomaker, Interface Ltd.).
Proximity effects are resulting from back-scattered electrons exposing a wide area around a written
feature, decreasing the exposure dose needed for subsequently written feature inside this area.

Step b) shows the process of the resist development. As mentioned above, PMMA is a positive resist.
This means, the long and stable carbon-chains are destroyed (cracked) during the interaction with
radiation. (Negative resists, which are also available for e-beam writing, apply the process vice versa,
meaning that the initially shorter oligomers are merged to more stable long polymer chains.) The
cracking process of the polymer produces molecules with lower molecular weight in comparison with



unexposed resist. In a bath of developer (AR600-56) mainly the resist parts of less molecular weight
get dissolved. The optimal duration of development depends on resist thickness, developer
concentration and temperature and is specified in the data sheet of the supplier, but needs to be
adjusted with the exposure dose in preparation of writing.

Step c) illustrates the process of reactive ion-etching (RIE). It is best described as a combination of
both physical and chemical etching. The written and developed sample is transferred to a vacuum
chamber at the electrical grounding plate of a capacitor. The chamber is subsequently filled with a
Fluor-based gas at low pressure; usually for Si etching SFe, C,Fs, CHF; or a combination of these. The
capacitor generates a radio-frequency field which produces plasma. Very reactive fluoride radicals
and ions are formed in this plasma. These are accelerated towards the silicon surface. They etch the
silicon in the resist grooves while the resist covered areas are protected against the attack. A high
acceleration voltage between the two electrodes increases the anisotropy of the Si etching process;
i.e. very straight and vertical side walls can be generated.

At step d), after Fluor-etching, the remaining resist gets incinerated, removed by application of an
oxygen-plasma. A clean silicon surface remains, structured with lines and spaces as designed. (As a
side note: oxygen-plasma is sometimes used for a few seconds already before Fluor-etching, in case
that some residual of the low-molecular-weighted resist should appear still after development.)

(After step b), the sample can also be coated with a thin metal layer instead of etching. If the sample
is placed in Acetone, the resist will dissolve, leading to the metal layer on top of the resist lifting off,
hence the name of the process “Lift-Off”. Only the parts of the metal layer in direct contact with the
substrate, which is in the areas that have been written and removed during development, will stay.)

Depending on application, the resulting surface can be coated, in order to improve the reflectivity,
hence efficiency, of the optical element (see LCLS-project, chapter 4.1, and RIXS-project, chapter 4.2).
To deposit coating layers, two different processes are available at the INT laboratories: the
deposition by evaporation of the coating-material (steaming), or transferring the coating material by
ion bombardment of a target (sputtering, the atomized material condenses on the sample). The
advantage of the latter is that the material is packed denser and stays more stable on the surface.
Sputtered layers have higher adhesion to the substrate.

Sophisticated processes to produce RZPs with different depths of profile are currently under
development at the INT laboratories. All presented processes are described in detail at [103], [104]
and [105].
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