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'Write in your notebook every day

even if you have to write

that you didn't do a damn thing.

It makes you know what you have done
and what you should do next.'

Willis R. Whitney (1974)






Kurzfassung

Die Rontgenfluoreszenzanalyse (XRF) ist eine der am weitest verbreiteten Methoden der
Elementanalyse. Die Beliebtheit der Methode ist vor allem darauf zurtickzufiihren, dass sie
eine von wenigen zerstorungsfreien Methoden zur qualitativen und quantitativen Analyse von
Spurenelementen ist. Eine weitere vielgenutzte und leistungsfahige Analysetechnik ist die
Rontgenabsorptionsspektroskopie (XAS). Hierbei werden die Absorptionskanten der Elemen-
te mit hoher Energieaufldsung untersucht, wobei Informationen tber das Umfeld des betrach-

teten Atoms wie z.B. Oxidationszahl oder Bindungsabstande erhalten werden.

Die Anderungen physikalischer und chemischer Eigenschaften von Materialien auf raumli-
chen Skalen im pum Bereich und darunter, fiihrten zu einer wachsenden Nachfrage nach Ana-
lysemethoden mit hoher Auflésung. Dies fiihrte zu einer rasanten Entwicklung von neuen und
besseren Rontgenoptiken, welche derzeit Brennfleckgroen im um Bereich fir Laborquellen

und im 10 nm Bereich fur Synchrotronguellen erreichen.

Die erreichbaren StrahlgréRen von den hier untersuchten Compound Refractive Lenses
(CRLs) liegen derzeit bei etwa 100 nm. Dies ist jedoch abhdngig von wéhlbaren Parametern
wie Fokusabstand und Apertur, sowie von vorgegebenen, wie Quellgroe und Strahldiver-
genz. Zudem sind Parameter wie Fokusabstand und Strahlgréf3e sehr stark energieabhéngig,
weshalb jede Linse nur fiir eine bestimmte Energie verwendet werden kann. Die Vorteile die-
ser Optiken sind die vergleichsweise geringen Kosten und die einfache Installation, wodurch
RFA-Messungen mit sub-pum Auflésung an praktischer jeder Beamline ermdglicht werden.

Die BAMline ist ausgelegt fur harte Rontgenstrahlung und verfugt tUber zwei optische
Elemente, einen Kristall- (DCM) und einen Multilayer-monochromator (DMM). Wéhrend der
DCM mit einer Energiebandbreite von AE/E = 0.02 % sich flir Messungen die eine gute
Energieauflosung erfordern (z.B. XAS) eignet, liefert der DMM (AE/E = 1.6 %) eine etwa
100-fach hohere Flussdichte und ist daher fir XRF-Messungen besser geeignet.

Die starke Energieabhangigkeit der CRLs, besonders hinsichtlich XAS Messungen, spricht
eigentlich gegen deren Verwendung fur diese Art von Messungen, die offensichtlichen Vor-

teile waren jedoch Anlass genug eine ausfuhrliche Untersuchung durchzufuhren.

Ein Satz von 16 Linsen montiert auf einem Si-Wafer wurde am IMT (Institut fir Mikro-
strukturtechnik) in Karlsruhe hergestellt. Voruntersuchungen an der BAMIine haben gezeigt,

dass mit den vorgegebenen Parametern die erreichbare SpotgroRe im Bereich von 1 pm liegt.



Das Ziel dieser Arbeit war es, die Linsenparameter, unter verschiedensten Strahlbedingungen
zu bestimmen, z.B. unter Verwendung des DMM und unterschiedlicher Vorfokussierung.

Desweiteren sollte die Verwendbarkeit fir XAS-Messungen ausgiebig gepruft werden.

Die Anderungen der Linsenparameter wurden mithilfe eines bildgebenden Verfahrens un-
ter Verwendung einer hochauflésenden CCD-Kamera ermittelt. Um die Anderung der Ab-
sorption in der Linse in Abhé&ngigkeit der Energie zu untersuchen und zu korrigieren, wurden
Messungen an Standards mit und ohne Linse durchgefuhrt und verglichen. Die Untersuchung
der Energieabhangigkeit der Linsen hat gezeigt, dass die Anderungen fiir den XANES-

Bereich gering sind, wéhrend sie flr den EXAFS-Bereich signifikant sind.

Es ist bekannt, dass der Wirkungsgrad von polykristallinen Solarzellen stark abhangig vom
Grad der Verunreinigung mit Metallen wie Kupfer und Eisen und deren Verteilung in der
Solarzelle ist. Mittels p-XRF konnten hochaufgeldste zweidimensionale Abbildungen der
Verteilung dieser Verunreinigungen erstellt werden. Zusétzliche Aussagen uber die Tiefe aus-
gewahlter Ausscheidungen in der Zelle konnten aus dem Verhaltnis des Cu-K,/Cu-Kg Signa-
les ermittelt werden. Mikro-XANES Messungen an den Cu-Ausscheidungen legen nahe, dass
unterschiedliche Cu-Verbindungen in Solarzellen vorkommen kénnen. Die untersuchten Aus-
scheidungen in dieser Probe bestanden hdchstwahrscheinlich aus Kupfersilizid (CusSi) und
Kupferoxid (Cu,0). Das Wissen um die rdumliche Verteilung und die Art der Cu-Verbindung
sind unverzichtbare Informationen, um ein erfolgreiches "defect engineering™ durchzufihren.
Das Ziel dabei ist es, trotz Verwendung von billigerem und daher "schmutzigerem™ Aus-

gangsmaterial, den Wirkungsgrad von Solarzellen zu erhéhen.

Eine weitere Anwendung war die Untersuchung von Keramiken aus Portugal, hergestellt
zwischen dem 16. und 18. Jahrhundert in Lissabon bzw. Coimbra. Das Ziel dieser Untersu-
chung war es, nicht die eigentliche Keramik, sondern das System Glasur und Dekoration zu
analysieren, um Angaben Uber die Produktionsweise der Keramiken machen zu kénnen. Mit-
tels Synchrotron p-XRF wurden Linienscans an Querschnitten verschiedenster Proben durch-
gefuhrt und Profile der Hauptelemente fiir Dekor, Glasur und Keramik erstellt. Hauptelemente
hierbei sind z.B. Co fur blau und Sb fir gelb sowie Pb fir die Glasur und Fe flr die Keramik.
Als genereller Unterschied konnte die Dicke der Glasur mit bis zu 200 um fir faiences (z.B.
Teller oder Vasen) und bis zu 400 um fir tiles (dekorative Wandfliesen) ermittelt werden.
Aulerdem konnten Unterschiede in der Verteilung der charakteristischen Elemente der Deko-
ration in der Glasur festgestellt werden, sowohl zwischen den Keramiken als auch zwischen

den Produktionsstatten.



Abstract

The X-ray Fluorescence analysis (XRF) is one of the widest spread methods for elemental
analysis. The popularity of the method is mainly based on the fact, that it is one of only a few
non-destructive methods for qualitative and quantitative trace element analysis. Another pow-
erful analytical technique is X-ray Absorption Spectroscopy (XAS). Thereby, absorption edg-
es of elements are examined with high energy resolution, providing information about the
environment of the probed atom like oxidation number or bond distances.

The changes in physical and chemical properties of materials, on spatial scales in the mi-
crometer range and below, resulted in a growing demand for analytical methods with a high
resolution. This led to a rapid development of new and better X-ray optics, which currently
achieve spot sizes in the um range for laboratory sources and in the 10 nm range for synchro-

tron sources.

The achievable beam sizes of the investigated compound refractive Lenses (CRLS) are cur-
rently at about 100 nm, but this depends of selectable parameters such as focus distance and
aperture, as well as given parameters like the source size and beam divergence. In addition,
parameters such as focus distance and beam size are highly energy dependent, so each lens
can only be used for a given energy. The advantages of these lenses are the relatively low
costs and the ease of installation, which allows XRF measurements with sub-pum resolution at

practical each beamline.

The BAMIine is a hard X-rays beamline and has two optical elements, a crystal (DCM)

and a multilayer monochromator (DMM). While the DCM with an energy bandwidth of
AE/E = 0.02 % is suitable for measurements which require a good energy resolution (e.g.

XAS), the DMM with a bandwidth of AE/E = 1.6 % provides an about 100-times higher

flux density and is therefore suitable for XRF measurements.

The strong energy dependence of the CRLs, particularly with regard to XAS measure-
ments, speaks actually against the use of this type of optics for this kind of measurements.

The obvious advantages, however, were reason enough to carry out a detailed investigation.

A set of 16 lenses mounted on a Si wafer was produced at IMT (Institute of microstructure
technology) in Karlsruhe. Preliminary investigations at the BAMline have shown, that with
the given parameters, the achievable spot size in the range of 1 um. The aim of this work was

to determine the lens parameters under different beam conditions of the BAMline as e.g. with
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the DMM and different prefocusing conditions. Furthermore, an extensive study regarding the

usability for X-ray absorption spectroscopy (XAS) was conducted.

The changes in the lens parameters were determined by using an X-ray imaging setup with
a high resolution CCD camera. The investigation of the energy dependence of the lenses
showed that there are only minor changes in the XANES region, while for the EXAFS region
the changes are significant. To examine and correct the changes due to the absorption within
the lens depending on the energy, measurements with and without lens were carried out on

standards and compared.

It is known, that the efficiency of polycrystalline photovoltaic cells is strongly dependent
on the degree of contamination with metals such as copper and iron, and their distribution in
the solar cell. The application of CRLs in pu-XRF analysis allowed a high resolution two-
dimensional mapping of relevant contaminations and localization of their sites of deposition.
Depth information for selected precipitates was obtained by the Cu-K.,/Cu-Kg ratio and p-
XANES measurements revealed that different Cu-compounds are present in the solar cell. The
investigated precipitates in this sample consisted most probably of copper silicide (CusSi) and
copper oxide (Cu20). The knowledge of the spatial distribution and the nature of the Cu com-
pound are essential to perform a successful "defect engineering”, with the aim to increase the

solar cell efficiency despite the use of cheaper but therefore dirtier feedstock.

Another application was the study of glazed ceramic fragments from Portugal, made be-
tween the XVI and XVIII century in Lisbon and Coimbra. The aim of this study was to inves-
tigate not the actual ceramic, but the system of glaze and decoration in order to gain data
about the production process. Synchrotron micro X-ray fluorescence analysis was used to
perform cross section scans on various samples to monitor the profiles of the key elements
from decoration, glaze and body. The key elements are e.g. Co for blue and Sb for yellow as
well as Pb for the glaze and Fe for the body. The general difference between faiences (con-
sumer goods like plates or vases) and tiles (e.g. decorative wall tiles) is the thickness of the
glaze, which is up to 200 um for faiences and up to 400 pum for tiles. Also differences in the
distribution of the characteristic elements from the decoration within the glaze were found for

the different kinds of ceramics as well as for the different production centers.
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1 Introduction

When matter is exposed to high-energy X-rays ionization in inner orbitals of atoms may
occur, leaving them in an unstable state. Reoccupying these holes with electrons from higher
orbital's takes place along with the emission of a photon with an energy equal to the energy
difference of the two involved orbitals. The energy of these photons is unique for each ele-
ment and therefore the phenomenon can be used for elemental analysis. H.G.J. Moseley
showed this relation between the wavelength (1) of the emission lines and the atomic number
(Z2) of an element in 1913 [1, 2]. Since then X-ray Fluorescence spectrometry (XRF) is used
in various scientific fields as a non-destructive and multi-elemental technique allowing to

perform not only qualitative but also quantitative analysis of trace elements.

The ionization process is the reason for abrupt raises in the absorption coefficient, which
are characteristic for each element and involved orbital as well. These so called absorption
edges are fundamental for an area of application called X-ray Absorption Spectroscopy
(XAS). A wide variety of methods are available to investigate physical properties such as the
electronic structure, the coordination geometry, bond length and angles in molecules. Investi-
gations of the X-ray Absorption Fine Structure (XAFS) provide information about the struc-
ture of matter at an atomic scale. For example, with X-ray Absorption Near Edge Structure
(XANES) information about the electronic states and coordination geometry is provided,
while with Extended X-ray Absorption Fine Structure (EXAFS) information about the bond

length and angles of the probed atomic species are obtained.

Some of these methods require a polarized or a monochromatic X-ray beam with high in-
tensity, properties that only Synchrotron Radiation (SR) offers [3, 4]. Synchrotron radiation is
electromagnetic radiation emitted from relativistic charged particles, typically electrons, when
forced on a curved trajectory by magnetic fields. The outstanding properties of this kind of
radiation source like high intensity over a broad spectral range, high brilliance and small di-
vergence of the beam are advantageous for all and even essential for some of the mentioned

methods.

Furthermore, to understand certain properties or phenomena of materials, it became neces-
sary to analyze samples with a high lateral or spatial resolution. This lead to a rapid develop-
ment of optical systems to focus or collimate X-ray beams. Nowadays a variety of X-ray opti-
cal systems, based on four physical principles: reflection, diffraction, refraction and absorp-
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tion, are available [5, 6]. Taking advantage of the properties of synchrotron radiation (SR),
particularly from the so-called third generation storage rings efficient X-ray focusing to beam
sizes down to a few nm is possible [7].

The 3" generation synchrotron source BESSY 11 in Berlin-Adlershof is due to its high bril-
liance a suitable source for any kind of X-ray focusing optics. The Federal institute for mate-
rials research and testing (BAM) operates a hard X-ray beamline at BESSY Il [8] using as
radiation source a 7 Tesla WLS (wave length shifter) [9]. For high lateral or spatial resolution
measurements a spot size in the um or sub-pum range is necessary and therefore a Compound
Refractive Lens (CRL) with a spot size of about 1 pum was obtained for the BAMIline. The
lenses from the Institute of Microstructure Technology (IMT) Karlsruhe consist of vertical
and horizontal stacks of planar parabolic lenses, made out of SU-8 polymer. Sixteen of these
lenses are mounted on a Si-wafer, each of them manufactured specifically to match the condi-
tions at the BAMIine and a certain energy. Preliminary studies [10] of this lenses showed that
under optimal conditions a spot size of about 1 um can be reached. These studies also
showed, although only in a very basic way, that p-XANES and p-EXAFS should be possible
which cannot be taken as granted since focal distance and spot size depend very strong on the

energy.

The present work is a study regarding the possibilities to use the CRL with different beam
conditions at the BAMIine, as for example when using the DMM (double multilayer

monochromator) instead of the DCM (double crystal monochromator) having a much higher
flux but an energy bandwidth of A?E = 1.6 % instead of A?E = 0.02%. Furthermore, an exten-

sive study regarding the possibility to use the CRL for X-ray absorption spectroscopy (XAS)
was conducted. For these measurements the energy of the incident beam has to be tuned over
an energy range from ~100 eV below to several 100 eV above the absorption edge of the
probed element. To prove that u-XAS analysis with CRL’s is possible, it was investigated

how far changes in the energy influence the beam parameters.
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2.1 Introduction

The theoretical basis for the energy loss of charged particles moving with relativistic speed
undergoing centripetal acceleration dates back to 1898 when A. Liénard presented a formula
showing that the radiated power is proportional to the particle energy E, its rest mass m and
the radius of its trajectory R [11]. After G.A. Schotts’ work from 1912 [12], which included
the calculations for frequency and angular distribution for this kind of radiation, there was no
further interest in this theory for the next three decades. Only when D.W. Kerst [13, 14] in
1940 started with the construction of high-energy (MeV) accelerators, the power loss due to
radiation became an important topic again, because it would limit the "maximal energy attain-

able in a betatron™, as D. lwanenko and I. Pomeranchuk pointed out in 1944 [15].

Based on this conclusions and taking the operating parameters of the General Electric 100-
MeV unit into account [16], J.P. Blewett refined the calculations and found that the theory is
in good agreement with the observations they made [17]. Following their assumption, that the
wavelength of the emitted radiation should be "between the first thousand or so harmonics”,
the scientists at GE searched the peak of the radiation in the microwave range but were not
able to detect it. While writing the article they found out and mentioned there that, according

to the theory of J. Schwinger, they searched the wrong wavelength region.

In 1945 J. Schwinger presented a preprint of his paper “Electron Radiation in High Energy
Accelerators” to some colleagues, resulting in an invited talk in 1946 at an American Physical
Society meeting [18], demonstrating that the radiated energy is in the IR and visible part of
the spectra. In 1949 Schwinger published the paper with the title "On the Classical Radiation
of Accelerated Electrons™ [19], presenting a full theory for the radiation loss from a accelerat-

ed high energy electron.

Also in 1945 McMillan proposed a machine he called "The synchrotron™ [20], meaning a
particle accelerator based on the principles of a cyclotron, which by either varying the mag-
netic field or the frequency could reach energies in the GeV range. He furthermore calculated
that the energy loss by radiation should not "seriously" affect the operation of the synchrotron
[21].
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At the laboratories of General Electric F.R. Elder [22] constructed and built in 1947 a
70 MeV Synchrotron. It was Elder, together with Langmuir R.V. and Pollock H.C. who re-
ported in 1948 the first observation of synchrotron radiation [23] seen through the glass walls
of their accelerating tube. They described the light starting as a "dull red spot” at about
30 MeV until a "brilliant bluish-white spot™ at an operating energy of 80 MeV. The measure-
ments of the spectral distribution at different energies showed a good agreement with the the-
ory of Schwinger.

The first synchrotron facilities, built as accelerators for high-energy physic, allowed lim-
ited access only to the SR for a few experiments to characterize it. Nevertheless, the results
gathered from several groups during the next eight years [24-26] increase severely the interest
in this radiation. In 1961 the National Bureau of Standards (today: National Institute of Stand-
ards and Technology - NIST) decided to modify their 180 MeV synchrotron, allowing the first
direct access to the radiation in this case in the UV region. The first synchrotron providing
radiation in the hard X-ray region (down to a wavelength of 0.1 A), was the 6 GeV -

Deutsches Elektronen Synchrotron (DESY) in Hamburg, which started operation in 1964.

The next major step on the way to modern synchrotron radiation sources was the develop-
ment of storage rings, where the beam circulates for a long period continuously in the ring
providing amongst other things the possibility of a higher current and hence higher radiation
fluxes. In 1953, a high-current synchrotron for particle physics having an additional 240 MeV
storage ring to test new accelerator concepts was proposed. In 1968, after a long and turbulent
history [27], the Tantalus storage ring became the first reporting a stored electron beam as
well as the first facility used only to produce synchrotron radiation.

In the following years, due to its special properties, SR was demanded more and more as
radiation source for experiments, leading to the commissioning of beamlines at existing syn-
chrotrons and new storage rings. Beginning of the 1980°s facilities dedicated to synchrotron
radiation, so-called second generation sources, were built all over the world, as e.g. the Na-
tional Synchrotron Light Source (NSLS) in Brookhaven in 1981, the Photon Factory in Tsu-
kuba or the Berliner Elektronen Speicher SYnchrotron (BESSY) in Berlin both in 1982.

Some years later, it turned out that for many experiments the spectral brightness (in [pho-
tons/sec/mrad?/0.1% bandwidth/mA]) of the light is essential. Since the brightness (or bril-
liance when divided by the size of the source) of the SR is only dependent on the size and
divergence of the electron beam in the storage ring, special care has to be taken in alignment

and strength of the magnets who are forming the beam. Already in 1975 Chasman and Green,
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working at the Brookhaven National Laboratory, suggested for the arcs of the planned NSLS
a lattice out of small achromatic bends [28]. This so-called Chasman-Green lattice is the basis
for most of the today’s third generation synchrotron sources. The first to go operational was
the European Synchrotron Radiation Facility (ESRF) in Grenoble in 1994, followed by the
Advanced Photon Source (APS) in Argonne (1996) and Spring-8 in Harima Science Garden
City (1997). Next to this large sources, having 30 or more insertion devices, many smaller but

therefore less expensive machines were built and are planned all over the world.

The best chance to become the fourth generation source seems to have the Free Electron
Laser (FEL), in principle a long undulator in a high-energy linear accelerator, promising a

several orders of magnitude higher brilliance than 3" generation sources.

The superiority of synchrotron radiation over other X-ray sources allowed experiments
with high spectral resolution, a necessity for X-ray Absorption Spectroscopy (XAS) or high-
resolution crystallography of small crystals and proteins, among others. Nowadays the im-
portance of SR for the improvements in various fields, as e.g. material sciences, arts, geology,
biology and medicine, is an incontrovertible fact since its properties make it an ideal X-ray

source.
The most important properties of synchrotron radiation are:

e Polarization

e Collimation (divergence in the mrad range)

e High photon intensity

e Time structure (pulse lengths down to 100 ps)
e Broad spectral range (IR to hard X-ray region)

e Small source size (size and divergence of the electron beam)

A more detailed overview on the history of SR can be found in the article "The discovery
of synchrotron radiation™ from H.C. Pollock (1982) [29].
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2.2 Radiation from moving charged particles

In the following only a brief summary on the theory of the synchrotron radiation is given.
More detailed information can be found in the original work from J.A. Schwinger [19] and in
several books on the topic, as e.g. in the "Handbook on synchrotron radiation” by Koch E.
[30], "Synchrotron Radiation” by Wiedemann H. [31] or "Synchrotron radiation: Production
and properties” by Duke J.P. [4].

2.2.1 Electromagnetic waves from moving charges

Starting with the Maxwell equations for charges p and currents J

V-E=2 and V-B=0
€0

0B OE
VxE=-30 and VxB =y, (] +23) 2.1)

and introducing a scalar potential @ and the vector potential A for the dynamic case
Y
E=-V®-— and B=VxA4 (2.2)

the inhomogeneous wave equations are

2y _ L0 _ _p 29 _10°A_
Vo —5Se=—2 and V2A-555=—uo) (2.3)
with py = ? (2.4)

Observer P

(0)
Figure 2.1 Sketch of a moving electron and an observer in P.
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Figure 2.1 indicates the geometric relationship between an electron moving on a trajectory
with radius r and an observer in point P. Where R is the vector from the electron to the ob-
server, with R being the length and n the unit vector of R and g is the normalized electron

velocity defined as

R=7r-r and n=— and ﬁ'=§

and y = 1
IR| V=T

Since the observer in P sees the distribution of charge not as it is at the moment, but like it

was at an earlier time, the so called retarded time

dt 1 dR(tr)

_ 1 R(tr)
der 1+ c dx

Cc

=1-n-f and t=t"+ (2.5)
has to be taken into account to calculate the potentials.
Using the localized charge and current densities of a single electron

p(x,t) =e 8@ (x—71(t)) and J(x,t) =ev(t) §@(x—71(t)) (2.6

the inhomogeneous wave equations have as solution the so called Liénard-Wichert potentials

_ 1 e _ Mo ef
P(x,t) = 4meg [(1—n-B)R]ret and A(x,t) = 4m [(l—n-ﬂ)R]ret 2.7)

where the index ret means that the expression has to be calculated with the retarded time.

Inserting these potentials into (2.2) leads to equations for the electric and magnetic fields
called Liénard-Wichert fields

BOo0) = 2 [t ) 2| (2.89)

4meg L\ y2(1-n-B)3R? c\ (-np3rR /.

B(x,t) =-[n X E(x,t)]ret (2.8b)

QR

It is evident that E and B are coupled together, as well as normal to the radius vector r and
normal to each other. Furthermore, it is obvious that the expressions consist of two terms,
where the first depends on the velocity B (velocity field) and the second on the acceleration 8

(acceleration field).
The power radiated from a moving electron observed at the point P at a distance of R from
the charge is

dzp

=L =R[s-n](5) = RS m)(1-n-p) (2.9)

aQ dtr

where S is the so-called Poynting vector.
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S = E:—B |E|2 = yc|E|?n. (2.10)
0

For large distances between the observer and the moving charge, the second term of the
equations (2.8) dominates, since it decreases linear with R while the second term decreases

by the square of R.

For further calculations it will be assumed that R > 1 and the velocity term of the equa-

tions (2.9) will be neglected (indicated by the index ac).
2.2.2 Radiation from a non-relativistic electron

Leaving aside the velocity field and having the electron moving at a velocity much lower

than the speed of light (v <« ¢ —» B ~ 0 ) the Liénard-Wichert fields reduce to

Eqe(x t) = —— [ 8] 2.11)

4TEQC ret

and the radiated power is

d
d

P = R2(§-m) = gyc|RE 4. |? = Inx (nxp)|* (2.12)

(471)25 c
Using 6, the angle between the unit vector of R the acceleration @ as indicated in fig. 2.2,
the equation can be rewritten as

2P = 18| sin? 6 (2.13)

ao (471)25 c

Figure 2.2 Sketch of the radiation emission pattern in the -v-plane on the left and the 3 dimensional distribu-
tion on the right (3D-sketch from [31])

Figure 2.2 shows on the left a sketch of a non-relativistic moving electron in his reference
system. The spatial distribution of the radiation emission as shown on the right corresponds to

that of a Hertz dipole and is the result of the ¢ rotation around f3.
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Integrating equation (2.13) over the whole solid angle 4w with (dQ = sin8 d6 dg),

gives the total amount of power radiated by a non-relativistic electron as

e?

Pp=——|p|" (2.14)

6TTEGC

Equation (2.14) is also known as Larmor formula.

2.2.3 Radiation from a relativistic electron

Having the electron moving at a velocity near the speed of light (v ~ ¢) and neglecting

again the velocity field, the Liénard-Wichert fields reduce to

[ nx(n-p)xp (2.15)

e
Eqc(x,t) = a-np)B3R I o

4mEgC

and the radiated power is calculated by

arp _ 2 _ e [nx[a-pxB]’
d.Q - SOCIREacl - (47T)2€0C (1—n'ﬁ)5 (2.16)

and the integration over 4m gives the power radiated by a relativistic electron as

p=ye [ - (g i) @17)

6TTEQC

The dominating factor in equation (2.15) is (1 —n-B)> = (1 — B cos8)°, which for
(IBl — 1) leads to a emission pattern strongly collimated in the direction of B (figures 2.3
and 2.4)

Sy

o

Figure 2.3 Coordinate system of an electron on a circular orbit (left) and the emission pattern (right) in the la-
boratory frame. The angles 0 and ¢ define the direction of observation.



10 Chapter 2 Synchrotron radiation

Electron
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“ W= = v=0.9c

Figure 2.4 3D-sketch from the radiation pattern emitted by an electron moving at non-relativistic (left) and rela-
tivistic speed (right).

For an electron at a circular orbit it applies, that at all times B L B, hence the radiated

power is

a*p _ é? B2 _ _sin?6cos? ¢

dQ ~ (4m)2goc (1-p cos6)3 [ y2(1- cos 6)2] (2.18)

Applying the small angle approximation for 8

(1 - cosh) = #(1 +9260%) and sin?6 =~ 62 (2.19)
gives for the radiated power

dz_P ez 8y%|B|? _ 4y202 cos? ¢

ao (4m)2gqc (1+y292)3[ (1+y262)2 ] (2'20)

showing that (y0) is the important parameter for the angular distribution.

Therefore it is not a big surprise that calculating the mean square value (8)? (the mean an-
gle between the direction of emission and ) gives

0y = (2.21)

as characteristic opening angle for synchrotron radiation.
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IVI

Integrating equation (2.18) over the whole solid angle 47 and using |B| with

. 2 . 1 d . . s
lv| = v? and v = de_z , gives the total amount of power radiated by one relativistic electron
0
as

D12 4 e?c p* e?

P=cclBlyt = vt =

Clt| 2 (2.22)

6TEQM2C3

Taking as an example a bending magnet (E = 0 and B L V) to accelerate the electron the

Lorentz equation

2] = (5 22) =2 225

c
and the energy of the electron E = ymc can be used to calculate the radiated power as

402
p=—2F8 [pop2 (2.24)

6megmy*cS

Equation (2.22) shows that the radiated power is proportional to the bending radius (riz),
and (2.24) shows the dependency on different factors like the magnetic field (B?) or the rest

mass of the particle (#).
0

Comparing the rest mass of an electron with the one of a proton
mec? = 0.511MeV to mzﬁ,c2 = 938.3MeV (2.25)
and calculating the quotient of the radiated power for them under the same conditions (E and
B) gives

4
Pe _ (—mecz) =1.13-10'3 (2.26)

2
Pp mpyc

which clearly shows the advantages when using electrons.
2.2.4 The time structure of SR

Figure 2.5 shows a part of the trajectory of an electron moving at relativistic speed Sc at a
circular orbit with radius R. Due to the strong forward collimation with a cone angle of @, an
observer at point P only sees photons emitted between the points A and B of the trajectory,
hence only a short pulse of radiation. The length of the pulse equals the time difference be-
tween the first (emitted at A), and the last (emitted at B), photons arriving at P.
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electron
trajectory

» m

At

>t

Figure 2.5 Origin of the time structure of synchrotron radiation

Taking into account the additional distance AB the photon emitted at A has to travel this

gives
2RO 2Rsin®
AtztB—tAzﬁ—Tl (2.27)
3
with sin® = 0 — % (suitable for small angles @) and equation (2.21) follows
2R( 1 1 1 4R . 1 1 1
At_?(ﬁ_;+6_y3)~3cy3 with ﬁ'v)—/-i‘ﬁ (228)

The frequency spectrum is obtained by a Fourier transformation and gives a typical fre-

quency of
__2m _ 3mcy’
Weyp =37 = 2r (2.29)
with the critical frequency defined as
w 3cy3 3

where w, = % is the angular frequency from the rotation of the electron.

The critical frequency divides the radiations frequency spectrum in two regions with equal
power and equation (2.30) furthermore shows that a relativistic particle emits at a broad

range of frequencies.
2.2.5 The frequency distribution of SR

The calculation of the frequency spectrum was first done by J. Schwinger [19] and can also

be found in various book about synchrotron radiation or electrodynamics (e.g. [4]).
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For the case of an electron in the field of a bending magnet, hence the electron trajectory is
an arc of a circle, and under the assumptions that the observer is far from the source so that
the velocity field can be neglected the frequency and angular distribution of the energy is

a1 e? (ZwR) (1 +y26?2)2 [K2/3(f) +— e 292 K1/3(SZ)] (2.31)

dQdw  16m3eoc \3cy2

with & = 292)3/2 (2.32)

and the modified Bessel functions K,,3(¢), corresponding to the radiation polarized in the

orbital plane, and K, /5(&) corresponding to the one perpendicular to that plane.
The most important conclusions from these calculations are, that:

¢ the radiation intensity is negligible for large angles 6.
e the radiation is mainly restricted to the plane of motion (forward collimation)

e Dby increasing the frequency w the critical angle 6, decreases,

The critical angle, defined as the angle beyond which the radiation is negligible, is:

6, = 1(%)1/3 (2.33)

Y
Integrating equation (2.31) over the whole solid angle gives

dl _ +3e? 13) foo
dw  4meyc Y we'w/we

Ks/3 (x)dx (2.34)

and building the limit for low- an high-frequencies gives

dil e? [wR\1/3

do > ameec (T) for w < w, (2.35)
dil ’37r e? w\1/2 —0/o

E = 7?&5()6‘(;5) e ¢ for w> We (236)

A universal distribution, only dependent on the critical frequency and the mathematical
Bessel functions but not on the actual particle energy, is achieved by normalizing ;—; to the
critical frequency

S(w/wy) =282 [

8T w. W/W¢

Ks/3 (x)dx (2.37)
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with the conditions

fOOOS (x)dx =1 and folS (x)dx = % (2.38)

which show that the critical frequency divides the spectrum in two parts of equal power.

Figure 2.6 shows the universal function with x = — and indicated low-frequency (red)

Wc

and high-frequency (blue) limits.

S(x)

o 1.3333x

DT TR e™
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/
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Figure 2.6 Normalized universal function S(w/w,) of the synchrotron radiation spectrum.

The peak of S(x) is at about x = 0.3 and the green line at the critical frequency divides

the area under the curve in equal parts.
2.2.6 The brightness, flux and brilliance of SR

Defining the critical energy and the critical wavelength and calculate them using practical

units leads for electrons to

3
g = hw, =22y ~ 2.218= = 0.665 E? B (2.39)
21cC 41T R R 1

with . in[keV], A, in Angstrém, R in meters, E in [GeV]and B in Tesla.

Up to now the calculations are for a single electron only. In the case of a particle beam the

total radiated power is proportional to the number of electrons that pass the observer. With I,
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in [A] being the average current of the beam, the radiated power per second in [W] can be

calculated by

ap ddl I

dQdw ~ dQdw e (2.41)
and by using the practical units and the photon energy ¢ in [eV] this becomes
2P _ 2124103 B2, (Si)2 (1+y26%)2 -
[K2a(9) + L K2 (9] (242)
with & = 3‘;’; (14726232 and 3‘;’; =t =r= 2 (2.43)

Another way to express the synchrotron intensity is the by the so called "spectral bright-
ness", the number of photons emitted per second, per 1 mrad? solid angle, per 0.1 % band-
width and per mA

d*N A\2
Ftanar = 3-46 - 103 )/2 (7) 1+ VZQZ)Z .

A

(K320 + im ks (9] (2.44)

which in the orbital plane (6 = 0) at the critical wavelength (A =41, = ¢ = %) IS

[ d*N

- 103 v2
dtdﬂdl/l]gzo,)t:lc— 5.04-103y (2.45)

When (2.44) is integrated over all angles the so called "spectral flux™ in photons per se-
cond, per unit bandwidth and per mA beam current is obtained. Integrating this over all wave-

lengths, leads to the "total flux" in photons per second and per mA beam current.

Since the trajectories of the electrons in storage rings show some aberration from the ideal
circular orbit, the size and angular spread of the electron beam has to be taken into account.
This leads to another characteristic value for a radiation source called "spectral brilliance",
defined as the brightness divided by the source size S (e.g. electron beam cross section)

d°N

dtdQdSdA/A (2.46)

in [photons/sec/mrad?/mmz/0.1% bandwidth/mA].



16 Chapter 2 Synchrotron radiation

2.2.7 The polarization of SR

As mentioned above, the modified Bessel functions in (2.31) can be associated with the
polarization parallel (P) and normal (N) to the orbit plane. Defining P, as the degree of linear
polarization, with I, and Iy being the intensities of the two polarization directions, it can be

written as

py = et _ O i® 2.47)
Ip+in K22/3(f)+ 292K1/3(f)

1+y

It is obvious that P; depends on the angle 6 (angle between orbital plane and observer) and
that for (6 = 0) follows that P, = 1 and Iy = 0, meaning that in the orbital plane the emitted

radiation is entirely linear polarized.
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2.3 Synchrotron radiation facilities

The main devices of a synchrotron source are an electron gun, a primary accelerator, a
booster ring (the synchrotron), a storage ring, the beam lines and the experimental work-
stations. The electron gun consists typically of a tungsten plate (anode), heated to a tempera-
ture above 1000°C, where valence electrons are released and accelerated to the cathode. After
the electrons leave the electron gun with an energy in the order of 100keV (v[igokev] =
0.548 c), they are injected into the primary accelerator, typically a Linear Accelerator
(LINAC) or a microtron, and accelerated to an energy of several tens to hundreds of MeV
(Y[100mev] = 0.999 987 ¢). With this energy the electrons enter the synchrotron where they
are  further accelerated until they reach energies in the GeV region
(Vi1gevy = 0.999 999 869 c) and afterwards are injected into the storage ring where they are
kept on a circular orbit for several hours. To accomplish this, a synchrotron storage ring needs
to consist of several devices, the most important are dipole (bending) magnets to force the
beam on the circular orbit and produce SR, quadrupole and sextupole magnets to stabilize and
focus the electron beam and radio frequency (RF) cavities to compensate the energy loss due

to the emitted radiation.

Second and third generation synchrotrons have, beside of the above mentioned elements,
specially designed sections to setup so-called insertion devices. These are magnetic structures
designed to produce SR with a different characteristic than the one emitted by bending mag-
nets. The most common of these devices and their properties are described briefly in the fol-

lowing sections.
2.3.1 Wavelength shifters (WLYS)

These are devices used to shift the emitted spectrum, radiated from electrons with moder-
ate energies, to higher energies in comparison to the spectral distribution when using a bend-
ing magnet (see figure 2.7). To accomplish this, the electron beam passes a linear array of
three dipole magnets with alternating field directions. The radiation is emitted at the central
dipole of the wavelength shifter. The other two dipoles only compensate the deflection of the
electron beam from its orbit (see figure 2.7 upper right corner), so that the electrons leave the
device in the same direction as they entered. For the production of hard X-rays a strong mag-
netic field in the order of several Tesla is necessary which is why the dipoles of wavelength

shifters are usually made of superconducting magnets.
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Figure 2.7 Spectral Photon Flux of a 1.3T bending magnet and a 7T wavelength shifter (adapted from [8]). In
the upper right corner, a schematic view of the electron trajectory in a WLS is shown.
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2.3.2 Wigglers and Undulators

Wigglers and undulators work at the same principle as wavelength shifters, but instead of
only three there are many dipole magnets with alternating field directions aligned. The
strength of the magnetic fields is the same for all center dipoles forcing the electron beam on a
sinusoidal trajectory within the device. Again, the first and the last dipole in the device only
compensate the deflection of the electron beam, with respect to the geometry of the beam path
through the storage ring. All other dipoles are sources of SR producing a short pulse of radia-
tion, which when superimposed lead to an increase in the photon flux by a factor of N, when

(N + 2) is the total number of dipoles in the device.

An important parameter characterizing the electron motion is the deflection parameter K,

which is defined as

— €Boko (2.48)

2nmce

where B, is the magnetic field of the dipoles and A, the magnetic period, defined as the dis-
tance between two neighboring dipoles having their magnetic field in the same direction (see
figure 2.8).
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electron beam

radiation cone

Figure 2.8 Principle of multipole wiggler or undulator devices (source [32])

Knowing the deflection parameter, the maximum deflection angle of the beam is given by

§==% (2.49)
14
To distinguish between wiggler and undulators the K parameter is used so that one speaks

of an undulator for K smaller than 1 and of an wiggler when K is much bigger than 1.

For wigglers (K > 1), which is the case for strong magnetic fields B, and long magnetic
periods A, the superimposition of the radiation is incoherent and the spectral distribution is

similar to the one of a WLS (see figure 2.9).

In undulators (K < 1), which have weaker fields and shorter magnetic periods, the deflec-
tion angle is smaller than the opening angle of the synchrotron radiation and therefore the
emitted radiation is coherent superimposed. Due to this strong interference the spectral distri-
bution shows sharp peaks with discrete wavelength dependent on 8, the angle between the

observation direction and the z-axis

Ao
2jy?

1=

(1+3K2+7202) with j=1,23,.. (2.50)

Figure 2.9 shows the brilliance of different undulator beamlines at third generation syn-

chrotron sources compared with free electron lasers.
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3.1 Introduction

Analyzing samples with a high lateral or spatial resolution is necessary to help understand
certain properties or phenomena. Due to the growing interest in high-resolution imaging, a
fast development in X-ray optics has emerged, hence the field of X-ray optics has grown
enormously in the past decades [7, 34]. Nowadays the developments in focusing X-ray optical

systems provide appropriate beam sizes for almost every requirement.

The unique properties of synchrotron radiation, as described in Chapter 2, particularly the
high brilliance and coherence, allow even more efficient X-ray focusing. Especially at third
generation storage rings, it is possible to focus X-rays from a broad energy range with the
respective optical device to a beam size in the nm region [35, 36].

Focusing X-ray optical systems can be divided by the three physical principles: reflection,
diffraction and refraction. The most common optical devices based on this three principles are
described in detail in various books and articles as e.g. in [5]. Furthermore there are a number
of different devices within each class, a good overview not claiming to be complete can be

found at [37], each one having advantages and disadvantages.

Reflective optics work under the principle of total external reflection, meaning that X-rays,
which hit a surface under an angle smaller than the critical angle 6., are reflected from the
surface. The critical angle 6. only depends on the refraction decrement § of the mirror mate-

rial given by Snell’s law:
0. =26 (3.1)

The most common optics in this category are Kirkpatrick-Baez mirrors [38] and capillar-
ies, mostly polycapillary optics, also known as Kumakhov lenses [39]. Since polycapillaries
are practically the only feasible optics to be used with an X-ray tube they are widely used in

laboratory devices while K-B mirrors are mainly used at synchrotron radiation sources.
A diffractive optics works under the principle of Bragg’s law, given by:

ni=2d sin (3.2)
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where d is the spacing of the periodic lattice, A the wavelength of the photon, & the inci-
dent angle and n the order of the diffraction [40]. The most common optics of this type is the
Fresnel Zone Plate (FZP). A FZP consist of concentric rings of alternatively transparent and
opaque material. If the switching between the different zones is at well-defined diameters, the
rings build a diffraction grating so that the diffracted X-rays interfere constructively at the

focal point.

Refractive optics work under the principle of refraction at the interface of two media de-

scribed by the index:
n=1-6+if (3.3)

where & characterizes the refraction and g the absorption. Since § is small for X-rays n dif-
fers only by a factor of 10™ to 107 from unity, which is why such a lens only provokes very
little changes in the direction of the X-rays. Therefore and due to absorption Kirkpatrick and
Baez [38] stated in 1948, that they consider focusing X-rays with refractive optics as "dis-
couraging”. Although & is very small it is also positive, which leads according to equa-
tion (3.3) to a refractive index n which is less than unity. This means that one has to use a
concave lens to focus X-rays. Due to this shape the central thickness of the lens can be made
very small - limited by the stability of the lens material and the technological feasibility - to
reduce the absorption losses within the lens material. The promising brilliance of the upcom-
ing third generation synchrotron sources lead to reconsider the use of refractive lenses to fo-
cus X-rays. In 1991, Suehiro et.al. [41] suggested the use of single lenses made out of high-Z
materials with a long focal distances. In 1996, Snigirev et.al. [42] proposed the use of a low-Z
material to minimize the absorption, and align several lenses in a linear array to get a shorter
focal distance. His group drilled 30 closely spaced holes with 0.3 mm diameter in an alumi-
num block of 19 mm length, fabricating the first Compound Refractive Lens (CRL) for high-
energy X-rays. Tests showed that this CRL had a spot size of about 8 um with a focal distance
of 1.8 m for 14 keV X-rays. In table 3.1 an overview of the most common X-ray optical sys-
tems is given. As one can see a big variety of CRL designs was developed in the last years,
starting with simple holes drilled in an Al-block manufactured by Snigirev et.al. in 1996 [42].
Shortly after parabolic refractive lenses [43, 44], bubble lenses [45] and alligator lenses [46],
where basically just two pieces of an long-play vinyl record are putted together to form a lens,
were designed. The most recent development are rolled X-ray prism lenses which were intro-
duced by Nillius in 2011 [47].
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Table 3.1 Focusing systems for X-rays (references to the sources are next to the pictures).
_ _ Kirkpatrick- ,
Mirror optics )
Baez mirrors
polycapillary (full lens)
Reflecting Xy o
. Polycapillar o
Optics ycapiiiary ‘
Capillary op-
tiCS mono-capillary
Monocapillary
Diffracting | Fresnel Zone . |
Optics Plates fi (4]
Hole array a8
lenses g -
Parabolic Wﬁ/ ,
1\
(crossed planar) il A\“ [37]
Bubble
_ Compound
Refracting _ lenses
Onti Refractive
ptics :
Lenses (CRL) Alligator R
lenses [37]
Rolled X-ray 2

prism lenses

[37]
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3.2 Refraction index

After W.C. Rontgen discovered the X-radiation in 1895, he could not distinguish that the
beam was refracted and concluded that the index of refraction must be less than 1.05 [49]. In
1916 Barkla showed that there should be refraction with n in the order of 0.999995 to
1.000005 [50]. The refraction index for X-rays can be derived from the interaction between a
photon and a bound electron using the forced oscillator model, where an elastically bound
electron is forced to oscillate in the electric field of the impinging photon. The detailed deri-
vation can be found for example. in the work of R.W. James from 1954 [51]. An important

result of this theory is that it leads to a complex index of refraction for X-rays, given by:
A2 pN
n=1- —nrO—A f®) (3.4)

with the wavelength of the photon A, the scattering length r,, the density of the matter p, the

Avogadro constant Ny, the molar mass A and the atomic scattering factor
fey=Ffomytw+if (3.5)

where K is the scattering vector between incident and scattered beam. Since for refractive
optics only scattering in forward direction is beneficial, while the rest is attenuation, the atom-

ic scattering factor, using the atomic number of the scattering element Z, can be rewritten as

f =7+ fl()t) + i f”(l) (36)

This leads to equation (3.3) with § characterizing the refraction and the imaginary part 5

characterizing the absorption as

A2 N ' A2 Na rnir
§==n=2(Z+fw) and B=n"2f"y (3.7)

The value of the decrement & is in the order of 10™ to 107 and depends on two factors, the

energy of the X-rays (g) and the material of the lens via the scattering length, the number of

relevant electrons per atom (Z + f” (1)) and the density of atoms (p%) Since 4§ is positive the

real part of the refraction index is less than unity, which leads to the interesting effect that at
the intersection from vacuum (air) to matter X-rays are refracted - on the contrary to what
happens with visible light - towards the surface, which also leads for very small angles of in-

cident to total external reflection which is e.g. used to build mirrors for X-rays.
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The value of the imaginary part § depends also on the energy of the X-rays and the materi-

al of the lens and can be related to the attenuation coefficient u by
u=4nt (3.8)

In the energy range we are dealing with the attenuation coefficient consists of three parts,
the photoabsorption coefficient t, the elastic ugz (Rayleigh) and the inelastic u. (Compton)
scattering. When an X-ray beam with an intensity of I, passes through matter of a thickness d
the attenuation coefficient can be used to calculate the intensity I 4y according to the Lambert-

Beer law

Ig) = loe ™ (3.9)
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3.3 Theory of a parabolic refractive lens for X-rays

A detailed theory for refractive lenses for X-rays can be found in the work of Snigirev
et.al. [44], Protopopov et.al. [52], Elleaume [53] and others. In this chapter only a brief sum-
mary with some fundamental equations regarding this kind of lenses will be given, with em-
phasis on planar parabolic Compound Refractive Lenses (CRL’s) since they were used in this
work. Compared to lenses with cylindrical holes, parabolic shaped lenses are more difficult to
fabricate, but since this lenses have among others the advantage that they are practically free
of spherical aberration, great efforts were made in developing new manufacturing processes.

A cross section of a parabolic lens with the main dimensions is shown in figure 3.1.
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Figure 3.1 Schematics of a parabolic lens with encoded dimensions.
The surface for a parabolically shaped lens is given by
x = *V2Rz (3.10)

with the curvature radius R and z = 0 at the apex, the focal length for the lens can be calcu-
lated with

f=5 (3.11)

The aperture of such a lens is limited only by the absorption of the beam and can be written

with the attenuation coefficient u as

A=2x, = 2\/% (3.12)
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and the thickness of the lens is given by
x2
do = FO +d (3.13)

Snigirev et.al. [44] give an example for a lens made of boron for 30 keV photons with an
requested aperture of 1 mm and focal length of 1 m. Such a lens would have a curvature radi-
us R of about 1 um and a thickness d, of 25 cm which is very difficult to fabricate. The idea
to overcome this problem was to use N lenses in a row which allows increasing the curvature
radius while simultaneously the lens thickness decreases. For a lens with the same characteris-

tics as above the radius R; of a single lens is
R
Ry=5==~ (3.14)

The thickness d,; of a lens thereby becomes N times smaller leaving the total length of the

compound lens approximately the same as for the single lens (d,).
3.3.1 Focal length of a parabolic refractive lens

As illustrated in figure 3.1 when a parallel incoming beam hits the lens, it gets refracted at
the interface between air and lens material (z,), passes the lens and refracts again when it

passes from the lens to the air (z,).

For the calculation of the focal distance, the minimal thickness of the lens d can be set to

zero without effect on the result.
d=0 (3.15)

To calculate the focal length, the optical length of two different paths reaching the focal
spot, have to be equal. Choosing one path along the optical axis and another like indicated red
in figure 3.1, with the refractive indices n’ = 1 for air and n = 1 — § for the lens. Since the
refraction is low and the thickness of the lens is small (I, <1mm), assumptions like

cosa =~ 1,sina = 0, z; = z, and therefore x; = x, can be made to simplify the calculation.

The optical length of two possible paths has to be equal for constructive interference at the

focal point and a comparison gives

2
2

2z, — 22,6 + f 1+;—2—21=zl+f (3.16)
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The square root term can be expanded in a series

Vitx=3%r, (17/12) X" = Xn=o (Zn) i (3.17)

n / (1-2n)4an

and since f > x, the series can be truncated after the second term giving

x5
221_2Z16+f(1+ﬁ) _lezl‘l'f

2
- ’2‘—; = 22,6 (3.18)

and with the formula for a parabolically surface (3.10) this leads to equation (3.11).
3.3.2 Derivation of the main parameters of a parabolic CRL

Due to the weak refraction the focal length can, depending on material and photon energy,
reach hundreds of meters. Building a Compound Refractive Lens (CRL) by placing N of

those single lenses together in a properly aligned stack, the focal length can be reduced to

f R
fO = N = % (319)

This equation is valid as long as the thin lens limit f; > L is fulfilled, where L is the total
length of the lens stack (see figure 3.1). The basis of this approximation is that the ray, by
passing through the lens, changes his direction but not his position in the x-direction. With
lenses used for energies higher than about 20 keV, or a short focal length is required, the total
length L of the CRL has a comparable size to the focal length f;, and the thin lens approxima-
tion is not longer valid. Due to the curved X-ray path caused by the continuous focusing of
the lenses the x-position cannot be seen as constant (cf. x, < xy in figure 3.2) and correc-

tions to the equations above have to be made.

HY‘!‘mH‘w‘y‘u
L S
W =

p r
L rs

Figure 3.2 Geometry of the beam in a thick parabolic compound refractive lens
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To achieve this either ray-tracing methods as the ones used by Protopopov et al. [52] and
Pantell et al. [54], for example, or analytical methods using a propagator similar to the free
space Kirchhoff propagator - as done e.g. by Kohn [55] - can be used to derive the main lens

parameters for a thick parabolic CRL.

3.3.2.1 Ray-tracing method

The relevant parameters are indicated in figure 3.2 being x the distance and 6 the angle of
the ray in relation to the optical axis of the lens. With the assumption that the lens elements
are sufficiently close to each other so that the focusing can be seen as continuous the change

in angle and x-position can be written as

dd ==dz and dx=-60dz (3.20)
foL

The matrix formulation for the values of x and 6 from the front surface (z = 0) to the back

surface (z = L) is given by

XN _ ., [¥0
[ow] = 5, (3:21)
cos Ly — foLs sinLg
with M=]1 _ (3.22)
L)Lf sin L¢ cos Ls ]

I R )
and Lf_\/;o_ 37 (3.23)

For a thick lens principal planes can be defined (see Born et al. [56]), in a way that when
the distance to the source r; is measured from one and the distance to the image r; from the

other (see figure 3.2) the thin lens relation
S==4 = (3.24)

is fulfilled with the according matrix

iy

The principle plane can be found as the intersection point of the linear extensions from the
incoming and outgoing rays, where d,, is the distance between this plane and the end of the
lens. For a linear ray it becomes

;] (3.26)
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and therefore in matrix formulation

1 dp] 1 d ] [ 1 0]
M Pl = 3.27
[o 1 0 1 1/f 1 (3:27)
with the solution
f__Lr
Py (3.28)
dy, = f (1—cosLy) (3.29)

For a thick lens f can get smaller than d,,, which means that the focal point is within the

f

lens. From equation (3.29) the ratio - can be calculated leading for f < d,, to limits for L,
14

from
3T T
- > Lf — 2mm > Py (3.30)

with m being a positive integer. Provided that the image plane has to be outside the lens

(r; = d,) the maximum value for the distance source to lens is given by

Ts _ 1

(3.31)

f max cos Ly

The fact that . might have a maximum has also consequences on the achievable gain of
2
the CRL since the one-dimensional gain G for r; < % (for cylindrical holes) is given by

_ TAO Ts

G=—22 (3.32)

where T represents the transmission, A, the aperture and o the size of the source [42].

For a lens where the thickness is assumed negligible, the aperture A, is given by

Ay = 4 /% (3.33)

where & is the decrement of the refraction index and u the absorption coefficient of the ac-
cording lens material. For a thick CRL, where the x-position of the ray through the lens is no

longer constant, the aperture becomes

A X0

A_o = —2 (334)
f()Ldz?

with the radius at the beginning of the lens x, and also as a function of the distance z within
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the lens being

_ z foly .z ) (foLf .z )
Xcn = Xo | COS —=sin -5 sin 3.35
@) 0 ( foLy + To foLf To foLf ( )

with the distance between source and beginning of the lens r, and the x-position of the ray at
the source s and in case the lens is far from the source, so that fiﬁ « 1, the aperture becomes
0

only a function of L.

With increasing thickness of the CRL the maximal aperture increases as well since the rays
are on a curved trajectory towards the optical axis where the lenses get thinner and the losses

diminish. Due to the restriction that the image plane has to be outside the lens the maximum

of the ratio Ai and also the increase in the gain is 1.4 for (L; = g).
0

3.3.2.2 Analytical method
The general solution of the Maxwell equation is given by
By = " At (xy0) (3.36)

where k = % is the wave number in vacuum and the function A; (., ) describing the radial

dependence of the wave field from the z-axis. A paraxial approximation, neglecting the se-
cond derivative of A; (, ,, ) With respect to z, still gives good results since the radiation inter-

acts very weakly with the lens material leading to a parabolic equation for the function

At (xy,2)

dAe xy.z) __ : i (d?A; (x,y.2) d?A; (x,y.2)
T = —lkT]S(x’y'Z)At (x,9,2) + Z( A2 + dy? ) (337)

wheren =1 —n=§ —if and s, is unity within the material and zero outside.

For a compound lens with many elements the thin lens approximation can be assumed as

fulfilled for a single lens element and therefore the function s, ,, .y can be averaged over the
period p and replaced by the function

s =2y
S = 5 T or T or) (3.38)

With the initial wave field at the entrance of the lens as Fourier integral

dqg,dq, ~ :
A (xy,0) = 4o xy) = f (zﬁ;)zyAO (qx,qy)el(qxx+qyy) (3.39)

and its solution in form of a plane wave
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. d
4 —ikn=z =~ ~
Py (qxy.ay2) = € P Py P (,4y.2) (3.40)

The partial function ﬁ(x,qu) has to satisfy the equation
.k _ B ;
— = —lp—XZP +i—— with Pygqq) = €' (3.41)
and with an approach in form of a Gaussian function (reasonable because of the initial func-
tion)

] — i(agp+aq i x+ay x>
Pt xqxy.ay2) = € (Go@ ¥ @)X+ a2)*7) (3.42)

where the complex coefficients for z = 0 have the values ay ) = ay) = 0 and a; ) = q .

Equation (3.41) can be rewritten as a system of ordinary differential equations

da .a a? da 2a,a da k 2a?
o _ ;%2 4 4 24l g %2 _ 2% (3.43)

dz k 2k’ dz k dz PR; k

which for any initial conditions have an analytical solution in the form of

_ _ il ( cosa ) _ af(o)zc tan(z/z;)
o) = Go0) 2 n cos(a—z/z;) 2k[1+tana tan(z/zc)]
_ cosa _ tan(a-z/z.)
Q@) = U0 foxtazrzy M %2@) = Q20 g (3.44)

. z k R
with tana ==, z, = and z, = [
Zc Zaz(o) 27]

Using these relations and the initial conditions, the partial function can be written as

Lkt
_ an(Z/Zc)xz

1
2z¢

cos(z/zc)

t cos(z/z¢) - 2k

e.( x than(z/zc)qz)

Pxan =e (3.45)

From the general solution in integral form (see egn. (3.39)) the integral transformation for a

parabolic compound X-ray lens can be obtained
A xyz) = f dx,dy, P, (x,x',y,y’,z)At (x",y’,0) (3.46)

o d
- - k —
where the propagator is Py ey =€ 7

_i T tan(z/zc)xz 1 i (x—x’cos(z/zc))2
P(x'x,,z) =e Az¢ /m e Azccos(z/z¢)sin(z/zc) (347)

with the X-ray wavelength A = 27"

Pixx' 2 P,y .z @nd the partial propagator is

For the propagation in air where n = 0 the limit |z.| — oo in equation (3.47) leads to
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_ 1 in—(x_x,)z
P(x,x’,z)mpl( (x-x'2) = |52 € Az (3.48)

Considering the radiation transfer in air from the source to the lens over a distance of r, the
passing through the lens with a length of L and to a point after lens in a distance of r; , the

propagator can be written as

G(x,x',ro,L,rl-) = f dx,dx; Pk (x—xz,rl-)P(xz X1 ,L)PK (x1—x"10) (3.49)
Sincey = % « 1 the parameter z. can be written as z, = \/pf (1 + l%/) and the propagator

in the thin lens limit (L < \/pf) is

2
—i ms—(1-iy)
Py (xx,L) — € T Py (x—x",L) (3.50)
leading for the focal length £, to the already known equation (3.19).

Due to absorption within the lens the plane wave obtains a Gaussian shape intensity distri-
bution considered to be the effective aperture of the lens with a half-width of

AF
a, = 0.664 \g (3.51)

Z

A . Z _
For L, = 1/pf; , sin - = 1 and cos

tor can be written as

= iy% in the linear approximation in y the propaga-

c

2
_; 2T ., T 2 2
1 (l—AZCXX +)/4AZC(X +Xx ))

P(x,x’) = (3.52)

ilz,

From this expression it follows that the plane wave after the lens has a Gaussian intensity
distribution leading to a focal spot diameter with a half-width of

s, = 0.47\/[ALoy (3.53)

and an effective aperture of

— ALo
a, = 0.846 / : (3.54)
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3.4 Properties of a parabolic compound refractive lens

3.4.1 Aberrations

For an ideal parabolic refractive lens the spherical aberration, astigmatism and coma can be
neglected since the paraxial approximation is fulfilled, meaning that the geometry is very nar-
row due to the straight optical path and the small field of view. The chromatic aberration is
the only one remaining for parabolic refractive lenses due to the fact that the focal length f
depends on decrement & (see egn. (3.11)) and & depends on the photon wavelength 4 (see
eqn. (3.7)). Due to this effect a parabolic refractive lens cannot focus a polychromatic X-ray

beam in a point and the difference in the focal length depending on the energy bandwidth can

be written
Af _ 5 AE
- = 2 - (3.55)
( f-Af f f+Af
XO (12 —~
ué o o
+H
XAE X
(| E:

—

Figure 3.3 Chromatic aberration of a parabolic compound refractive lens

Figure 3.3 shows the geometrical situation when a polychromatic beam hits a parabolic re-

fractive lens, creating a blur of width x,z which can be derived by trigonometry

Af=2eE_1 | Fap_ 1

2 tana; 2 tana,

(3.56)

giving

Xpp = 2x0¥ = 40 (3.57)
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3.4.2 Transmission and gain

The transmission of a CRL with N lenses and a thickness of d between the apices can be
calculated (see e.g. Lengeler et al. [57]) according the Lambert-Beer law (see equation (3.9)).
For lenses where the surface roughness can be neglected the transmission parameter a,, can be
written as

_ _KXxp
2a, = uN2z, = > 20 3 (3.58)

and this leads to the expression for the transmission

_.-2a
T =e Vel T (3.59)

2a,

with the first term representing the absorption within the material and the second term consid-
ers the varying thickness of the parabolas. It is evident that the transmission increases with

decreasing mass absorption coefficient and x,.

The gain of a CRL is defined as the ratio of the intensity in the focal spot and the intensity
behind a pinhole of the same size as the spot of the lens. With s, as the full width half maxi-
mum (FWHM) size of the beam in vertical and s;, in horizontal direction the gain of a CRL

can be written as

G=T2% (3.60)
3.4.3 Lateral resolution and depth of focus
The lateral resolution of an X-ray lens is given as (see Lipson et al. [58])
d, = const - (3.61)

2AN
with the numerical aperture Ay and the constant of order 1 varying slightly depending on the

geometry of the setup. Since « is small for refractive lenses we can write

d
Ay =sina = tana ~ Ze;f (3.62)

and with the effective aperture d, s for a parabolic refractive lens in the form

1—e” %

deff = sz (363)

ap
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the lateral resolution is

Af
eff

d, = const (3.64)

with const = 1.

In beam direction a length called depth of focus df,.,s , Where the lateral beam size does

not significantly exceed the spot size given by s,, and s;,, can be defined as

_ 4 Sy f
dfocus T 2VZInz def (3.65)

Since for compound refractive lenses the effective aperture is much smaller than the focal

distance the depth of focus is in the range of millimeters up to some centimeters.
3.4.4 Surface roughness

The surface roughness of the lens causes a blur of the spot and therefore influences the lat-
eral resolution. Other than for high quality X-ray mirrors, where the roughness has to be kept
in the Angstrom range, the performance of lenses is only affected when the roughness reaches
the 103 Angstrém range.

3.4.5 Lens material

The material used for a refractive lens has to fulfill various requirements which are briefly

discussed here. As already seen above one of the most vital parameters is the

mass absorption coefficient of the lens material due to the fact that the transmission in-

creases with decreasing %. Therefore low-Z elements like Li, Be, B, C and so on or materials

composed from low-Z elements like polymers should be used as lens materials. Another im-
portant feature is the

homogeneity of the lens material since every variation in density or composition leads to
small angle X-ray scattering (SAXS) and the scattered photons do not contribute to the fo-
cused beam but to the background. Since inhomogeneity is a consequence of the bulk material
fabrication process and not a characteristic of an element, the amount of inhomogeneities in
the bulk material has to be evaluated for every new batch of bulk material. Especially for the

use at synchrotron beamlines with their high photon flux the

durability of the lens material in the beam is an important feature. There are two factors
to consider, the first is that the radiation is ionizing the matter so that to replace the knocked-
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out electrons the material should not be an insulator. The second factor is that the absorbed

radiation creates a heat load in the material of the lenses. The lenses have to withstand this

heat without becoming deformed. Furthermore a very important factor for the production of

the lenses, is the

machinability of the lens material. Depending on the manufacturing technique the mate-

rial has to have certain qualities like ductility for stamping techniques or grindability for drill-

ing holes.

In the following a short list of suitable materials for refractive X-ray optics is presented.

Lithium (Li):

Beryllium (Be):

Boron (B):

Boron carbide (B4C):

Carbon (C):

Aluminum (Al):

Polymers:

I+ 1+ 1 +

H+ |1+

I+

—+

transmission
very corrosive (only in oxygen free environments)

transmission, durable
no ductility at room temperature, toxic

weak scattering, durable
extremely hard, not easily machinable

as hard as B but due to spark erosion it is better machinable
scattering is far too strong

durable

scattering and machinability dependent on the structure:
Diamond: weak scattering but hard to machine
Glassy carbon: easier to machine but strong scattering

ductile, machinability, weak scattering, durable
low transmission for photons with E < 20 keV

transmission, machinability, homogeneity, costs
durability in the beam
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4.1 X-ray fluorescence analysis

X-ray Fluorescence Analysis (XRF) is a well known spectroscopic technique suitable for
qualitative and quantitative elemental analysis of unknown samples. The big advantages of
XRF, compared with many other methods, are its non-destructiveness and capability of de-
tecting all elements from Boron (Z=5) upwards. Furthermore, samples can be analyzed at any
aggregate state and a sample preparation is in many cases not necessary at all. Disadvantages
are the poorer limits of detection (LOD) compared with e.g. mass spectrometry methods and a

small information depth which is depending on the analyzed element and the matrix.

XRF is based on two basic principles, the photoelectric effect and the emission of fluores-
cence radiation with an energy characteristic for the emitting element. The energy of this

characteristic radiation can be measured with a wavelength or energy dispersive spectrometer.
The wavelength dispersive detector is based on Bragg's law,
nd = 2d sin @ (4.1)

where n is the order of the reflex, d the spacing between the planes in the atomic lattice, A the
wavelength of the radiation and 6 the angle between the lattice plane and the impinging radia-
tion. Using a crystal with well known d the wavelength of the emitted radiation can be deter-
mined by scanning the angle 6. Depending on the crystal and the wavelength, the energy reso-
lution of this method is about 10 times better than the one of an energy dispersive detector.
The big advantage of an energy dispersive detector is that an energy range from less than one

up to tens of keV can be measured simultaneously.
4.1.1 Qualitative and quantitative X-ray fluorescence analysis

The foundation for the qualitative analysis of an unknown sample was laid in 1913 and
1914, when Moseley [1, 2] discovered the correlation between the energy of the fluorescence

radiation E and the atomic number of the emitting element Z given by
E =K(Z —0)? (4.2)

with K and o being constants depending on the observed fluorescence line
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Figure 4.1 shows a sketch of the geometrical conditions of a standard XRF setup.
Detector X-ray Source

To(Eq)

40

@O

| Sample

Figure 4.1 Sketch of a standard XRF setup.

Besides of a qualitative analysis of the elements composing the sample, XRF is also a
quantitative method, since there is a correlation between the intensity of the fluorescence sig-
nal I and the concentration of the emitting element within the sample c;. But the intensity of
the fluorescence signal is not only depending on the concentration but also on several other
factors. Taking all relevant factors into account the equation for the fluorescence intensity of

an element i is

Eaps sinyg p

_d0ydQ; (Emax T p 1)/t
IEi,j,k - —:-TL' 1f dE fo dx IO(E) (1 - ;J) (_)l '

CCi D W v _(FEuik e 43
Ci Pijk WijEE; fEi,j‘k exp Dsinws | psing px|. (4.3)

with: Io(g)...photon intensity emitted from the source in a solid angle of d(,
d();...solid angle of the detector
E,ps...absorption edge energy of the element

<1 - i) (1) ...probability for excitation of element i in shell j
Sij) \p/;

Dij k ---probability for transition from shell k to j

w; ; ...fluorescence yield

EBy - .detector efficiency

fEi,j,k ...absorption between sample surface and detector

V.. .factor for secondary excitation by elements with high fluorescence energy
exp|... ]...attenuation of the fluorescence and primary beam in the sample

where 7; is the photo absorption coefficient from shell j of element i and S; ; the absorption
edge step.
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Under the presumption that the sample is homogeneous the integral over dx can be calcu-
lated and when the primary radiation is monochromatic with an energy E, equation (4.3) can

be written as

_dQydQ P 1
IEi,j,k - :n : Toczy) sin g (1 - ;]) Ci 04, j k(Eo) €Ey j i fEi,j,k VT A,y  (44)

with Acg,y including all absorption factors and o;  x(g,) including the parameters for the fluo-
rescence cross section.
In case of a infinitely thin sample, where the sample thickness is less than Tqq¢, With
—1n0.99

T o —
99% ”Ei,j,k+ Ug
psinty psinty )P

(4.5)

the absorption and the secondary excitation effects can be neglected. The intensity of the fluo-
rescence radiation depends in this case on the fundamental parameters and the measurement
conditions. Therefore the intensity measured on a on a thin sample is directly proportional to

the concentration of the element in the sample and given by
IEi,j,k = Ci Si m (46)

where S; is the sensitivity of the spectrometer for the element i, c; the concentration and m the

mass of the sample.
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4.2 X-ray beam induced current

X-ray beam induced current (XBIC) is a method developed for the analysis of solar
cells [59]. The principle of XBIC is similar to the earlier developed methods EBIC (Electron
beam induced current) or LBIC (Laser beam induced current). The only difference between
these methods is that instead of an electron or laser beam a focused X-ray beam generates the
minority charge carriers within the Si-wafer. The efficiency of the solar cell is characterized
by the minority carrier diffusion length, which is determined by measuring the current in-
duced by the beam. Having a beam scanning across the solar cell, an image of the minority
carrier diffusion length can be made showing the electrically active defects within the solar
cell. The big advantage of XBIC is that, in comparison to the other methods, a p-XRF map-
ping of a solar cell is made simultaneously, allowing a direct correlation between the recom-

bination activity and the distribution of metal impurities within the solar cell.
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4.3 X-ray absorption spectroscopy (XAS)
4.3.1 X-ray absorption

This chapter only gives a brief overview of the theory of X-ray absorption spectroscopy,
based on the more detailed work of Lengeler [60] or Baumgartel [61], the review of Rehr and

Albers [62] or the paper of Yano and Yachandra [63].

The first recorded observation of absorption effects by P. Bouguer date back to the year
1729 [64]. Lambert in 1760 [65] and Beer in 1852 [66] published their work where they for-
mulated the law for the absorption of light, nowadays named after them Lambert-Beer-law

I(E) = I,(E)e H®* (4.7)
where I(E) is the intensity of the beam after passing the absorber, when I,(E) is the incoming
intensity, x the thickness of the absorber (see figure 4.2) and gy the absorption coefficient of
the material at the according energy. The absorption coefficient of a material consisting of a

single element as function of the energy looks typically like drawn in figure 4.2 (right), show-

ing that the general decrease of u, is interrupted by step-function like increases at certain

energies.
L L L
X

@ K
3
I I o
o

log E
Figure 4.2 Schematic view of the Lambert-Beer law (left) and the absorption coefficient as function of the pho-

ton energy (right).

These phenomena are well understood, so is the decrease due to the absorption of X-rays
by atoms well described in standard texts of quantum mechanics (e.g. Messiah, 1996) by
Femi’s "golden rule”. The sharp raises at certain energies, the so-called absorption edges,
arise from the ejection of core electrons into the lowest unoccupied molecular orbit (LUMO)
or to the continuum producing a photoelectron. These edges are labeled according to the core
level the electron was ejected from, as e.g. when the photoelectron originates from the 1s or-
bit the edge is called K-edge and L-edge when from (2s) or (2p). The L-edge splits in three
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parts, according to the different orbital-quantum numbers (I = 0 or 1) and total angular mo-

. 1 3 .
mentum quantum numbers (j = S or 5) of the involved electron;

.1 .1 . 3
L,:(l=0,]=E),L,,:(l=1,]=5)andL,,,:(l=1,]=5).

A model of the core electron energy levels is shown in figure 4.3.
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Figure 4.3 Model of the core electron energy levels and the excitations corresponding to K-, L- and M-edge.
(energy levels are not drawn to scale)

The arrows indicate the energy difference for the excitations corresponding to the K-, L-
and M-absorption edges. The energies of these edges are as unique for each element as the
energy of the fluorescence radiation since each absorption edge is related to a transition of a
specific core electron from a particular element. The energy of the impinging photons at the
absorption edge thereby corresponds exactly to the energy difference between the according
core level and the Fermi energy (Ergra;) Which is called binding energy of the core electron
(Eyp). Figure 4.4 shows, schematically, the absorption of an X-ray through the photoelectric
effect on an isolated atom. When the X-ray has energy equal to the binding energy of the core
electron (E,) the absorption probability shows a sharp rise (figure 4.4 on the right) and a pho-
toelectron is created. If the impinging photon energy is higher than this, the emitted photoe-

lectron has a kinetic energy Ey;, or when seen as a wave a wave number A of

Eyin=E —Ey=hv—E, or A .[E—E, (4.8)
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photoelectron - Eyj,=hv-Eqy or A~(hv-Eg)'?
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Figure 4.4 X-ray absorption by a core electron from an isolated atom
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For energies below this threshold the absorption is defined by excitation of higher levels

and other processes like Compton- or Rayleigh-scattering.

The relaxation of the excited atoms happens by refilling the core hole with an electron of
an outer shell. The difference in the binding energies between the two involved core levels
has to be emitted and this can occur in three ways, as characteristic fluorescence radiation, in
form of Auger-electrons or via secondary-electrons. The intensity of the emitted fluorescence
radiation (Ir) or Auger-electrons (I,) is directly proportional to the absorption probability of

the impinging photons and can be used to determine the absorption coefficient.

A useful empirical formula to calculate the absorption coefficient was given by
J. A. Victoreen in 1949 [67]

%= 613 —DA4+O'KN¥ (49)
with the element specific constants C and D, the density p, the Klein-Nishina coefficient ok y
the Avogadro constant Ny, the atomic weight A and the atomic number Z. The constants C
and D, which are changing abrupt at the absorption edges, and oy, are tabulated in the "Inter-

national tables for crystallography, Volume C (2006)".
4.3.2 X-ray absorption fine structure (XAFS)

For non isolated atoms the absorption coefficient shows (beside this "rough" structure) os-
cillations at energies near and above the edge, which is called X-ray absorption fine structure
(XAFS). This structure occurs because the photo-electron when scattered from a neighboring

atom can return to the absorbing atom and modulate the amplitude of the photo-electron
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wave-function at the absorbing atom. This in turn modulates the absorption coefficient u(E)
as shown schematically in figure 4.5. These oscillations depend on the local atomic coordina-

tion and oxidation state of the atom providing a unique signature for a given material.

photoelectron - Ey,=hv-Eq or A~(hv-Ey)"? ’
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Figure 4.5 X-ray absorption fine structure caused by scattering from neighboring atoms

The X-ray absorption spectra can be divided into two parts as shown in figure 4.5 on the
right side, the first covering an energy range from ~100 eV below to some tens of eV above
the edge is called XANES (X-ray absorption near edge structure) and the second called
EXAFS (extended X-ray absorption fine structure) ranges from some tens to several 100 eV
above the edge. The borders of these regions are not fixed but depending on the dominant
scattering process of the photoelectron. For low kinetic energies the so called X-ray absorp-
tion near edge structure (XANES) this is multiple scattering, while for the higher kinetic en-
ergies in the extended X-ray absorption fine structure (EXAFS) region the back scattering

from the next neighboring atoms dominates.

4.3.2.1 XANES

The region around the absorption edge provides information about the oxidation state and

the coordination geometry of the probed atom.

In an atom with many electrons the outer ones are attracted to the positive charged nucleus
but also repelled by the negative charge of the inner electrons. A positive oxidation state
therefore means a more positive overall charge of the atom, which causes a stronger attraction
on the inner electrons. Due to this stronger bond of the core electrons a higher energy is need-
ed to remove them and the oxidation state of the atom can be determined by the energy shift

of the edge as shown in figure 4.6 a.
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Figure 4.6 Structures at the Cu-K-absorption edge depending on oxidation state (a), coordination number (b),
LMCT (c) and s — d transitions (d).
For K-edge spectra the dominant transitions are the (1s — np), where (np) is the lowest
unoccupied (p)-orbital. This transition is very intense since it is a quantum-mechanically al-

lowed electric dipole transition (41 = +1).

Figure 4.6 b shows the influence of the coordination number of the probed atom. The dif-
ferences in the spectra of the three Cu complexes with the same oxidation state are evident
and caused by different coordination numbers. In figure 4.7 the influence on the (4p) energy

levels of Cu(l) complexes with different coordination number is shown.

Coordination number: 2 3 4
2 | |
Cu \Cu— Cu
' -/ 7/ \\
X
Pz Pyz —— L
4px,y,z Pxy — — P — Pxy,z

Figure 4.7 Effect of the coordination number on the 4p orbital of Cu
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Furthermore charge-transfer bands in transition metal compounds, resulting from a shift of
charge density between molecular orbitals (MO) that are predominantly from the probed atom
and those that are predominantly ligand in character, alter the shape of the edge (see fig-
ure 4.6 c). If the transfer occurs from the MO with ligand-like character to the metal-like one,
the complex is called a ligand-to-metal charge-transfer (LMCT) complex. Figure 4.8 illus-
trates the energy levels of probed atom and ligand in ground state (a), direct (1s — 4p)-

transition (b) and (1s — 4p) plus ligand-to-metal charge transfer transition (c).

ground state 1s —=4p 1s = 4p + LMCT

4p 4p
i 3p 3p 3p
3d 3d
18% 15‘—# 15‘—#
a

b c
Figure 4.8 Illustration of the energy levels involved in LMCT

4p
3d

When probing atoms with unoccupied d orbitals (1s - (n — 1)d)-transitions can be ob-
served in the XANES spectra at an energy slightly below the edge (figure 4.6 d). Although
this transition is forbidden by dipole selection rules, it can be observed due to (n — 1)d + np
mixing and electric quadrupole allowed transitions. This so called pre-peak has a lower inten-
sity; roughly two orders of magnitude lower than the edge, but can strongly increase in suita-
ble coordination geometries. The sensitivity to d + p mixing can be used as probe of the ge-
ometry since the intensity increases with the distortion form a centro-symmetric environment
as for example shown in figure 4.9 by means of the octahedrical manganese oxide (MnQ)

without and the tetrahedrical sodium permanganate (NaMnQ,) with distinct pre-peak.
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Figure 4.9 XANES spectra of the Mn-K-edge on a octahedral (dotted) and tetrahedral (solid) compound. [61]
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4.3.2.2 EXAFS

The EXAFS region typically starts some tens of eV above the absorption edge, when the
de Broglie wavelength becomes comparable with the interatomic distance. The
photoexcitation cross-section is then modulated by the interference between the outgoing and
backscattered photoelectron waves as illustrated in figure 4.10.
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Figure 4.10 Origin of the EXAFS oscillations

At energy E; the absorption coefficient has a local maximum since the outgoing wave and
the backscattered wave are in phase and interfere constructively, while at energy E, the pho-
toelectron has a higher energy (shorter wavelength) and the waves interfere destructively re-

sulting in a local minimum of the absorption coefficient.

Since XAFS is an interference effect it is better to think in terms of wavenumbers

2m,(E—Eo)
k= /% (4.10)

rather than in energy.

The EXAFS (xx)) is typically defined as the modulation in the absorption coefficient

_ FE"HouE)

4.11
Ho(E) ( )

X (K[ED)

where gy is the observed absorption coefficient and () the one from an isolated atom (see
figure 4.11). Since po gy usually cannot be measured it is approximated by fitting a smooth
spline function trough the data. The division by u,z) normalizes the oscillations "per atom"

and the EXAFS then represents the average structure around the absorbing atoms.
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Figure 4.11 The EXAFS oscillations for a "isolated" atom in blue and for a bound atom in red.

X o typically looks like shown in figure 4.12 when multiplied with k3 to enhance the os-

cillations for higher k.
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Figure 4.12 Normalized EXAFS oscillations multiplied by k*.

The important features of this spectra are:

e the amplitude - proportional to the number of scatterers (coordination number)
e the frequency - inverse proportional to the distance absorber to scatterer

¢ the shape - depending on the identity of the scattering atom.

For quantitative analysis an equation for y 4, including the summation over all scattering
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atoms (j) near the probed atom can be derived as
2R;

N;iS2A; L _ok2s? .
X)) = Zj%}z_](k)e e 2k%aj Sln(ZkRj + d)j(k)) (412)

with the primary parameters of interest for the coordination chemistry N; as the number of

scattering atoms and R; as the distance between absorber and scatterer.

The amplitude A and the phase ¢;() contain the information to identify the scattering
atoms, but unfortunately the dependence is very weak and thus a precise identification is often
difficult. For example it cannot be distinguished between oxygen and nitrogen or sulfur and

chlorine while it can be distinguished between oxygen and sulfur.

Limiting factors for the distance that can be sampled by EXAFS is the decreasing ampli-
tude of the photoelectron (%) the (S2)-term and the two exponential amplitude reduction

terms. The (S&)-term considers the inelastic loss processes and is typically taken as constant
in a range 0.7 < S < 1.0 for a given absorbing atom. The first exponential term arise from
the mean free path of the photoelectron A, while the second - expressed by the Debye-
Waller factor o; - results from the fact that there is more than one absorber-scatterer distance
and each distance contributes slightly different to . With this terms the EXAFS infor-
mation is limited to atoms in the near neighborhood (typically within about 54) of the absorb-

ing atom.

Equation (4.12) is based on a plane-wave approximation, which for energies far above the
edge and long absorber scatterer distances is a reasonable assumption, however for most of
the useful EXAFS region it is not. Nowadays various corrections as e.g. a spherical wave cor-

rection to amplitude and phase are made leading to a distance dependency of 4; and ¢;.

Another important correction is to take into account the possibility of multiple scattering.
Multiple scattering pathways like A - S; —» S, - §; — A, as illustrated with green arrows in
figure 4.13, are of particular importance for low energy photoelectrons and can contribute
much stronger to the EXAFS oscillations than single scattering pathways A — S, — A (illus-

trated with grey arrows).

o-—©
A S1

Figure 4.13 Illustration of multiple (green) and single scattering pathways (grey).
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Other corrections to equation (4.12) like multiple electron excitation from the absorbing
atom creating a double-hole configuration [68, 69] or the scattering at potential barriers from
free atoms embedded into the condensed phase [70, 71]. These effects are only visible in the
region near the edge which is very sensitive to the background subtraction. Thus it is not al-
ways possible to know which phenomenon is responsible for the oscillation. Anyway, since

this effects are typically very weak they can be ignored most of the times.

4.3.3 Micro-XRF and micro-XAFS

X-ray absorption spectroscopy (XAS) became one of the most common methods to deter-
mine the chemical and structural properties of matter by measuring the spectral features of the
X-ray absorption coefficient (u). These measurements are performed by using a mono-
chromator to tune the energy of the X-ray beam around the absorption edge energy of the

studied element.

Due to the analytical power of this method it is not surprising that many synchrotron
sources around the world are operating beamlines with high resolution monochromators
which provide the possibility of XAS measurements for almost every element. Since the en-
ergy resolution of the monochromators is better at lower energies and the lifetime of the ex-
cited state it shorter, the XAS measurements for higher Z elements are often conducted at the

L-edge, while for medium and low-Z elements the K-edge is used.

As already mentioned in the beginning of this chapter X-ray fluorescence spectroscopy
(XRF) is a powerful tool for chemical analysis, which due to the development of new X-ray
optical systems [5, 35, 72] during the last years, gained importance as a tool for analyzing
samples on a micrometer and sub-micrometer level called micro-XRF. The high spatial reso-
lution has proven to be essential for understanding material properties and for monitoring bio-
logical, chemical and physical processes [73-75]. With third generation synchrotron sources
micro-XRF setups, having focusing optics with beam sizes down to tens of nm, the analysis

of the composition of very small structures is possible.

Combining a focused beam with a high resolution monochromator allows to perform mi-
cro-XAS measurements, which is particularly useful in many fields of science as e.g. in geo-
chemistry [76], biology [77] and others [78-80]. The focusing optics used for micro-XAS
measurements are capillary lenses [81] or Kirkpatrick-Baez-mirror systems [82-84], and Fres-
nel zone plates [78] for the sub-um regime.
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Compound refractive lenses (CRL) are also able to produce sub-pum spot sizes but each
lens is designed for one certain energy with a narrow bandwidth and therefore the spot size is
sensitive to changes in the energy. Preliminary measurements at the BAMline already showed
that this obstacle may be overcome by accepting a slightly enlarged beam or by adjusting the

distance between CRL and sample continuously [10].






5 EXxperimental setup

5.1 Berliner Elektronen Speicher SYnchrotron (BESSY)

Nineteen-Ninety-Four was the groundbreaking year for the electron storage ring
(BESSY Il) at the Science and technology park WISTA (Wissenschafts- und
Wirtschaftsstandort Adlershof) in Berlin-Adlershof. BESSY Il is a 3™ generation synchrotron
source consisting basically of an electron gun, a microtron, an injector, the synchrotron with
96 m and the storage ring with 240 m circumference shown in figure 5.1.
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Figure 5.1 Main components and dimensions of BESSY II. (adapted from [85])

The electrons coming from the electron gun with 70 keV are accelerated in a microtron to
50 MeV and reach their final energy of 1.7 GeV within the synchrotron before they are inject-
ed in the storage ring where they are permanently accelerated to keep their velocity of
v=299 792.44 kml/s (cp. c=299 792.4581 km/s).

The storage ring is usually operated in three different modes, the

e Multibunch mode: This is the most used operation mode where about 360 elec-
tron-bunches are circling the storage ring. The bunches are filled in a so called hy-
brid mode which means that there are about 360 equally filled bunches with a time
gap of 2 ns while there is one more intense bunch in the middle of a 100 ns gap.
The interval for the injections is usually eight hours and the ring current after the
injection is about 300 mA.

e Singlebunch mode: In this mode only one bunch of electrons is in the storage ring

passing each station once every 800.5515 ns according to ring energy and circum-
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ference. This mode is offered about 4 weeks per year and well suited for time re-
solved measurements. The interval for the injections is usually 4 hours and the
maximal ring current is about 20 mA.

Low-Alpha mode: This mode can be operated in a single- or multi-bunch form.
The individual bunches contain only a small amount of electrons but therefore they
are spatially concentrated so that the radiation is emitted in very short pulses of
1-2 ps compared to 50 ps in the normal modes. While in Multi- and Singlebunch
mode all insertion devices are active, in Low-Alpha mode only a few can be used
and therefore this mode is only offered occasionally mostly on Sundays with
0.1 mA per bunch.

During normal operation the 46 beam holes at the undulator, wiggler, and dipole sources

emit radiation pulses which are extremely brilliant and range from the long wave terahertz

region to hard X-rays (6 meV-150 keV). BESSY |1 offers users a big variety of energy ranges

and polarizations at more than 50 beamlines each with their own outstanding properties. In

addition, as a result of the radiometry activities of the Physikalisch-Technische-Bundesanstalt

(PTB), BESSY |11 is the European radiation standard for the calibration of light sources and

detectors.

Experimental stations at BESSY offer a big variety of methodical possibilities as e.g.:

X-ray fluorescence analysis (XRF)

X-ray absorption spectroscopy (XAS)

X-ray diffraction (XRD)

X-ray microscopy

X-ray lithography

X-ray emission spectroscopy (XES)
Photoelectron spectroscopy (PES)

Photo emission electron microscopy (PEEM)

Femtoslicing
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5.2 BAMIine

The Bundesanstalt fir Materialforschung und -prifung (BAM), the German Federal Insti-
tute for Materials Research and Testing, and the Physikalisch-Technische Bundesanstalt
(PTB), the German National Institute for Metrology, have built the first hard X-ray beamline
at the storage ring BESSY 11 [8]. While most of the beamlines at BESSY Il use bending mag-
net radiation with monochromatic energies up to 10 keV, the usable energy range at the
BAMIline is about 5 to 60 keV for monochromatic radiation and up to 200 keV for undis-

persed radiation.

A schematic overview of the elements in the BAMIline is shown in figure 5.2.
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Figure 5.2 Schematics of the BAMIline @BESSY-11. The red marked area is the part of the beamline within the
storage ring walls, the orange area the so called optical hutch and the green area the experimental hutch.

The beamline can be divided in 3 areas; the first part (marked in red) is within the storage
ring wall and includes the X-ray source for the beamline - the superconducting 7 T wave-
length shifter (WLS) - and the main beam shutter. This part is only accessible by BESSY per-
sonal and only during a complete shutdown. The main beam shutter guaranties the access to
the second part of the beamline even if the Synchrotron is operational. This orange marked
part is called the optical hutch and contains the main optical elements of the BAMIline, a dou-
ble-multilayer-monochromator (DMM) and a double-crystal-monochromator (DCM). Next to
these devices there are also two racks of filters (F1, F2), two slit systems to form the beam
and block scattered radiation (Slitl, Slit 2) and another beam shutter. This beam shutter al-
lows accessing the experimental hutch without closing the main shutter, which has the ad-
vantage that the heat load on the optical elements due to the radiation does not change every
time this hutch is opened. The green marked part of the beamline has as fixed elements the
radiation exit window, another slit system (Slit3) and an ionization chamber. The BAMIine is
designed as a multipurpose beamline [86] with the possibility of mounting different setups
for: X-ray fluorescence analysis(XRF) and u-XRF by using a CRL, X-ray absorption fine
structure (XAS) [87, 88] X-ray diffraction (XRD), absorption topography [89], reflectometry
[90], detector calibration and characterization [91], dosimetry [92], u-CT (Computed Tomog-
raphy) [93] and more.



58 Chapter 5 Experimental setup

5.2.1 The superconducting 7 T wavelength shifter

The WLS is integrated in a straight section of the storage ring and shifts the emitted spec-
trum, radiated from electrons with moderate energies, to higher energies. For electron ener-
gies of 1.7 GeV the characteristic energy of the 7 T WLS at the BAMline is 13.5 keV while
for a 1.3 T bending magnet it is only 2.5 keV. This leads for a ring current of 100 mA to cal-

culated spectral photon flux densities as shown in figure 5.3.
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Figure 5.3 Spectral Photon Flux of a 1.3T bending magnet and a 7T wavelength shifter. The inset shows a pic-
ture of the WLS installed in the storage ring of BESSY II.

From the three poles of the WLS, only the central pole has a 7 T high magnetic flux densi-
ty (homogeneity of 10™ at 7 T) and is used for the generation of SR. The two side poles
should only compensate the deflection of the beam and there magnetic field should be chosen
as low as possible to reduce the contribution of the so-called “second source”. The side poles
of the BAMIine WLS have about 1.5 T and therefore they radiate a spectrum comparable with
the one of the bending magnets. The use of three-pole wigglers cause for example a deviation
of the equilibrium electron orbit and a shifting of the radiation point and therefore two addi-
tional usual steering magnets are placed at the both ends of the straight section to compensate

the orbit deviation.

The iron yoke is designed to keep the whole magnetic flux inside of the magnet so that the
stray field cannot influence other elements of the storage ring. The coils of the superconduct-
ing central pole are reeled out of an Nb-Ti wire impregnated with an epoxy compound. The

wire has a diameter of 0.85 mm and its critical current is 360 Aat7 T.
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The WLS magnets are integrated into a liquid helium cryostat. The liquid helium filled in-
ner vessel is surrounded by two screens (20 K and 60 K) consisting of several layers of super-
insulation to reduce the heat flux into the helium volume. The helium vessel is isolated from

the external vessel by a 10" mbar vacuum insulation.

The main parameters of the wavelength shifter are:

e Maximum field (central pole): 7 Tesla

e Field at side poles: 1.5 Tesla
e Liquid helium consumption: 0.2 1/h

e Total radiated power (@ 1.9 GeV, 500 mA): 13 kW

e Field stability (@ 7 T): 10

e Field homogeneity (@ 7 T): 10™

A more detailed description of this particular wavelength shifter can be found at
Borovikov et al. [9].

Measurements carried out by S. Zabler [94] using an imaging setup and different gratings
showed an average angular divergence of 1.16+0.21 prad in the vertical and 4.69+0.17 urad
in the horizontal plane. Corresponding to this, the size of the beam at the source is
40.6£7.2 um in the vertical and 164.0£5.8 um in the horizontal plane which matches very
good with the calculated values. The three-dimensional Gaussian profile in figure 5.4 shows

the simulated X-ray intensity distribution at the source.
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Figure 5.4 Simulation of the X-ray source intensity distribution for the BAMline (from S. Zabler [94])
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5.2.2 The beam shutter

The beam shutters are massive blocks of tungsten built to completely absorb the radiation
from the WLS. The shutters are part of the radiation protection system and therefore integrat-

ed in the interlock system which only allows access to the hutches when there is no radiation.
5.2.3 The slit system

Slitl is the first optical device of the beamline accessible by the user. The system consists
of four independent moveable tantalum plates which are attached to water cooled copper
plates to remove the heat load from the impinging radiation. The plates are mounted one after
another to avoid collisions of the plates due to handling errors. The last optical device in the

hutch is Slit 2 and it is built in the same way.
5.2.4 The filter rack

There are two independent moveable and water cooled filter racks each of them can hold
five filters of different material and thickness. The filters are necessary to eliminate low ener-
gy photons or generally reduce the photon flux on the sample which is needed for some ex-
periments. The filters chosen for the BAMline are listed in table 5.1 and the spectral photon
flux density calculated for a ring current of 100 mA and an area of 1 mm2 at the place of the

experiment is shown in figure 5.5.

Table 5.1 Materials and thicknesses of the filters at the BAMline.

Position 1 2 3 4 5
Rack F1 Be 0.6 mm Cu 0.2 mm Al 0.2 mm Al 1.0 mm no filter
Rack F2 Be 0.2 mm Cu 0.05 mm Cu 1.0 mm Al 0.5 mm no filter

The filters can be used separately but also every combination of F1 and F2 is possible. For
example in the lowest energy range usually both Be filters are used, for the next energy range
the Be 0.2 mm plus the Al 0.2, and so on.
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Figure 5.5 Photon flux density after the WLS and with the different filters

5.2.4 The double multilayer monochromator

The mirrors of the DMM consist of a 300 mm x 60 mm single crystalline Si substrate cov-
ered with a W/Si multilayer (ML) coating. The thicknesses of the single layers are 1.2 nm for
the W- and 1.68 nm for the Si- layers resulting in a 2d spacing of 5.76 nm. The ML mirrors
are mounted on separate goniometers and the second mirror additionally on a translation stage
of 1m range. This allows to operate over a broad energy range with a constant offset (fixed
exit mode), e.g. in the range from 8 keV to 35 keV the offset is fixed at 12 mm. Moreover, the
second ML it is mounted on a meridional bending mechanism developed at BAM where the
radius can be varied from >10 to 1.5 km in order to collimate or focus the beam to a minimum

vertical focus size of less than 0.1 mm.

Figure 5.6 shows the calculated spectral photon flux density of the DMM with 100 mA

ring current on a 1 mm? area at the site of the experiment.

The black line shows the photon flux density of the WLS calculated with a bandwidth of
2 % and the blue line the one with the DMM (A?E = 1.6 %). The red graph shows the spectral

distribution of the photon flux at an angle of 1.58° or 8 keV (1% order) with the second and
third order reflection. The green graph shows the calculated energy resolution of the ML as a
function of the energy. Since the transmitted power is proportional to the area under the red
curve, while the rest is absorbed within the first ML, the necessity of cooling the mirror is
obvious. The strong changes in the reflectance around 10 keV are a consequence of the W-L

absorption edges of the ML coating.
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Figure 5.6 Flux and resolution of the BAMIline DMM

5.2.4 The double crystal monochromator

The two crystals of the DCM are mounted on the same goniometer, where the first crystal
is fixed and the second crystal can be moved in x-y-direction to achieve a fixed exit mode.
Since the Bragg condition has to be satisfied for both crystals and the energy bandwidth of the

crystals is very low (A?E ~ 0.02 %), a very precise alignment of the two crystals is necessary.

Manufacturing tolerances of the linear stages and other mechanical parts can cause a reduc-
tion of the photon flux or even the loss of the beam when the energy is adjusted. To compen-
sate this, the second crystal has additional actuators installed (pitch and roll) which allow tilt-
ing crystal relative to the first. The angle between the two crystals (pitch) can be also fine-
adjusted by a piezo translator which is also used as part of a monochromator flux stabilization
scheme called MOSTAB (Modular Stability Derivative Program, a HASYLAB concept). Ad-
ditionally the second crystal is mounted on a sagittal bender (ESRF type) allowing a bending
radius down to a minimum value of 1 m leading to a minimum horizontal focus size of about
0.25 mm.

Due to the smaller bandwidth the heat load on the first crystal is even higher than on the
first ML and therefore it is mounted on a water-cooled Cu block. To reduce the heat load on
the first crystal when using high energies the water-cooled filters can be used to absorb the
low energy photons and for lower photon energies the DMM can be used as a pre-
monochromator. Next to the reduction of the heat load the DMM also reduces the higher har-

monics very effectively. Also it can be used as a collimator by bending the second mirror and
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thus improves the energy resolution of the DCM, which is dominated by the divergence of the

incident beam.

The calculated photon flux density of the DCM with the two at the BAMIine available

crystal pairs is shown in figure 5.7.
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Figure 5.7 Flux and resolving power of the BAMIline DCM

It is obvious that the photon flux is much lower than with the DMM but therefore the re-
solving power is much better.

When bending the second mirror of the DMM and the second crystal of the DCM a fo-
cused beam with a size of about 0.25 mm in horizontal and 0.1 mm in vertical direction can

be reached. The beam paths are shown in figure 5.8.
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Figure 5.8 Schematics of the beam path of a unfocused (gray) and a focused beam (red) at the BAMline in side
and top view.
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5.3 The imaging setup

The micro-imaging setup (a detailed description can be found at Rack et al. [95]) is mount-
ed on a table which can be moved in and out of the experimental hutch for a fast exchange
with other setups. The table includes a five axis motorized sample stage, a 1.1 m travel range

airbeared linear stage and a detector system (see figure 5.9).
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Figure 5.9 Picture of the imaging setup at the BAMIine with the sample manipulators, the 1.1 m linear stage and
the imaging optic.

The whole setup can be lifted or lowered as well as pivoted to adjust pitch and yaw in or-
der to align the camera translation parallel to the beam. For high resolution imaging a com-
mercial microscope system is used, designed in close cooperation between the 1D22 group of
the ESRF and Optique Peter (Optical and Mechanical Engineering, France) [96]. The micro-
scope is comparable to a common light microscope with a motorized revolver objective hold-
er for up to three different objectives to obtain resolutions from several micrometers down to
the sub-micrometer range. The CCD camera is directly mounted on the microscope, which is
attached to a linear stage (Johann Fischer Aschaffenburg, Germany) allowing a precise posi-

tioning of the optic at any distance up to 1100 mm from the sample.

The camera used for this work was the high resolution 14 bit Peltier cooled CCD camera

system pco.4000 (PCO AG, Germany [97]). Important features of the camera are:

e aresolution of 4008 x 2672 pixel

e apixelsizeof 9 um x 9 um

e low noise down to 11e-rms

e fast image recording with 128 MB/s

e exposure times from 5 ps to 49 days
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5.4 The X-ray fluorescence setup

The X-ray fluorescence (XRF) setup is mounted on an optical table and consists of a 4-axis
motorized stage to adjust the sample, a long range microscope to observe and position the

sample and an energy dispersive detector to collect the spectra.
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Figure 5.10 Schematics and photograph of the X-ray fluorescence setup at the BAMIine with the CRL

A top view of the setup is shown in figure 5.10, where the CRL located at the left side fo-
cuses the X-ray beam (displayed in red). The focused beam irradiates the sample mounted on
the sample stage equipped with three high precision linear manipulators and a rotation table
(X-, y-, z- and w-axis). With these manipulators the sample can be moved through the beam
while the fluorescence radiation from the sample (displayed in blue) is collected with an ener-

gy dispersive detector, in this case with a silicon drift detector (SDD).

At the BAMline different Peltier cooled silicon drift detectors, as well as a Si(Li)- and a
Ge-detector - both liquid nitrogen cooled and mainly used for high X-ray energies - are avail-

able.
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5.5 The Color X-ray Camera

The BAM, the Institute for Scientific Instruments GmbH (IfG), the PNSensor GmbH, and
the Institut fur Angewandte Photonik e.V. (IAP) have developed and tested a novel X-ray
detector system. The idea was to combine an energy dispersive array detector for X-rays the
pnCCD [98], with polycapillary optics [99] to a so called Color X-ray Camera (CXC), a
fullfield XRF imaging device.

The pnCCD chip has a sensitive thickness of about 450 um and an area of
12.7 mm x 12.7 mm, divided into 69696 (264 x 264) pixel of about 48 pum x 48 um each. The
split frame mode allows a high frame rate of 400 Hz with an energy resolution of 152 eV for
Mn-K,, (5.9 keV) at 450 kcps. The pnCCD is sensitive to photons up to 40 keV with a quan-
tum efficiency of more than 95 % for energies until 10 keV and still more than 30 % for
20 keV photons. Due to its good spatial an energy resolution the chip was already used as

detector in diffraction and scattering experiments.

In order to obtain a fluorescence image of an object an X-ray optic has to be placed be-
tween the detector and the object. This optic has to assure that photons originating from dif-
ferent spots on the sample are “guided” to the corresponding pixel of the chip. This can be
achieved by a simple pinhole with a diameter in the order of (or smaller than) the pixel size. A
big advantage of using such optics is that the magnification can easily be changed by varying
the distances between sample, pinhole and detector. The disadvantage is that it leads to a sig-
nificantly reduced photon flux at the detector chip. For the CXC, a polycapillary optic is used
which contains a large number of straight channels to obtain a 1:1 image on the detector. The
optics made by the IfG typically has a transparency in the order of 75 % to 80 %, leading to
acceptable intensity losses. To magnify images another polycapillary has to be used, consist-
ing also of a bunch of capillaries but conically arranged. Figure 5.11 shows e.g. a photograph

of the CXC with a 1:6 magnifying polycapillary optic.

Further information about the Color X-ray Camera including a more detailed description of
the pnCCD chip, the optics, the software and first test results can be found in the articles of
Scharf, et al. [100] and Ordavo, et al. [101].
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Figure 5.11 The Color X-ray Camera with a 1:6 polycapillary optic
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6 Characterization of the CRL

6.1 Polymeric crossed planar parabolic CRL

The lenses used in this work were produced by the Institute of Microstructure Technology
(IMT) Karlsruhe[102] using the so called LIGA-process, which is an acronym for
Lithographie, Galvanik und Abformung (German for: lithography, electroplating and mold-
ing). With this process micro-structures can be manufactured in polymers or metals by elec-
tron beam lithography and deep X-ray lithography. The advantages of LIGA compared to
other production techniques like embossing are that hundreds of well aligned lenses with a
small curvature radius in the micrometer range and a smooth surface with a roughness in the
10 nm range can be made in only one step. The disadvantage is that only planar lenses can be
produced by lithographic methods so that, to obtain a point focus, two sets of lenses are nec-
essary. These two sets have to be tilted by 90° to each other (crossed) so that one can focus

the beam in horizontal and the other one in vertical direction as shown in figure 6.1.

I\
Figure 6.1 Two sets of planar lenses 90° tilted to each other to form a point focus. Source: [37]

The lenses from IMT consist of a stack of vertical and horizontal elements made out of
SU-8 polymer, a widely used negative resist. The advantage of SU-8 is together with the
transparency for X-rays (high transmission) its durability against radiation damage. More de-
tailed information about the LIGA-process and this kind of compound refractive lenses in

general can be found at the Homepage of the IMT (http://www.imt.kit.edu/) the webpage of
Arndt Last [37] and in various papers like e.g. in Nazmov et al. [103-105].

For this kind of X-ray lenses the reachable focus size is in the 100 nm region depending on
several factors like the size of the source, the distance between the source and the lens, the
focal distance and the aperture of the lens. Many of these factors are predefined as for exam-
ple the source size depends on the synchrotron parameters, the distance between lens and
source is given by the beamline design and the apertures of the lenses are defined by the man-

ufacturer.
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At the 3" generation synchrotron facility BESSY Il the source size is 120 pm in horizontal
and 50 um in vertical direction and the distance between source and lens at the BAMline is
about 37 m. After defining the energy for the lenses the focal distances can be chosen, only
limited by the number of single lenses which fit on the lens plate or by the absorption losses

through the lenses.
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Table 6.1 Dependencies of focal length, spot size and gain on aperture and energy.

Table 6.1 shows the dependence of focal length and spot size on the aperture and energy
for the 8 different apertures on a standard CRL-plate from IMT. As one can see for the three

smallest apertures at 9 keV the focal length is limited by the length of the lens plate.

An upper limit for the focal length does not exist since (as shown in chapter 3) this, for a
given material, depends only on the radius of the lens. Nevertheless for decreasing focal dis-

tances also the spot size decreases (see table 6.1) and therefore shorter foci are usually chosen.

The compound refractive lens plate #08-762P-JW13 a (see figure 6.2) consists of 16
lenses which are mounted on a silicon wafer, custom-made by the IMT, to match the condi-
tions at the BAMIine. Each lens was designed for a specific energy in the range of 5 keV to
33.2 keV chosen according to the absorption edges of the metallic impurities in solar cells like
Ti, V, Cr, Mn, Co, Ni, Fe and Cu and other elements frequently measured in applications at
the BAMline.
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Figure 6.2 Photography of the CRL-plate used at the BAMline
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Due to the distances at the experimental station, particularly the distance between beam ex-

it window and sample stage the focal length for all lenses was aimed to be about 350 mm.

This leads to a spot size of about 0.5 um in vertical and 1.2 um in horizontal direction. The

key parameters of the lens plate like focal distance, focal size or number of single lenses can
be found in table 6.2.

CRL-Plate #08-762P-JW13 a

o < ® = | 8 e | 8| E_| @ s | =€ | ¢ .

25| B | Eg |95 | 25|38 |2s| 2R EF |25 |25 |88
E-|E8 | E® | a8 | T | 05|55 |2 |§8|<ca|c3|¢

c 2 22| o cg |l o€ | | 2 e ES| Eso | 2

8t 9.0 350 21 -4.0 19 8.5 369 13900 0.50 1.21 Cu
7t 7.1 349 10 -1.0 9 9.5 279 10000 0.54 1.21 Fe
6t 8.3 348 10 10.0 10 6.5 215 13000 0.53 1.25 Ni
5t 7.7 359 6 -0.5 6 4.5 157 11300 0.56 1.19 Co
4t 6.5 318 4 0.5 4 9.0 129 9200 0.55 1.07 Mn
3t 6.0 341 2 3.0 2 6.0 85 5600 0.61 1.17 Cr
2t 5.5 400 1 3.5 1 6.0 60 2600 0.73 1.38 \Y
1t 5.0 220 1 2.5 1 5.5 41 2900 0.52 0.83 Ti

ADJUSTMENT DEVICE

1b 13.4 317 5 1.5 5 0.5 41 3400 0.44 1.03 Ir-L
2b 33.2 350 43 0.5 41 4.0 60 4900 0.47 1.18 |

3b 29.2 350 48 3.5 45 -0.5 85 10000 0.47 1.16 Sn
4b 25.5 350 58 4.0 54 -3.5 129 18000 0.46 1.17 Ag
5b 20.0 350 43 3.5 40 -3.0 157 22000 0.46 1.18 Mo
6b 11.6 350 20 8.0 18 -5.0 215 19000 0.48 1.21 Pt-L
7b 11.9 350 27 7.0 25 -4.5 279 19600 0.48 1.19 Au-L
8b 9.7 350 24 7.5 22 -5.0 369 15000 0.50 1.21 Zn

Table 6.2 Key parameters of the lens plate #08-762P-JW13_a.
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6.2 Alignment of the CRL at the beamline

A precise alignment of the CRL according to the beam is crucial to achieve the best possi-
ble focus and therefore the lens plate has an adjustment device consisting of 2 vertical and 3
horizontal microstructures. To adjust the lens the vertical structures have to lie precisely on
top of each other, while the 3 horizontal structures should not overlap. A radiograph of the

well aligned lens plate is shown in figure 6.3.

Adjustment device

13.4 keV

33.2 keV

Figure 6.3 Radiograph of the adjusted lens plate. The two vertical structures (marked in red) lie on top of each
other, while the three horizontal structures do not overlap and appear only as one structure.
For a precise alignment the compound refractive lens plate has to be mounted on a stack of
5 motorized stages (see figure 6.4), including two horizontal stages, one in direction (z-axis,
E) and one perpendicular to the beam (x-axis, D), and a vertical stage (y-axis, C) as well as a
circle goniometer (B) and a rotation stage (A) for the alignment of the horizontal plane and

vertical plane of the lens respectively. In principle the precision of the linear stages which
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Fire 6.4 Photography of the moori;ed stager he djusmet of the CRL.
move the lens in front of the beam does not have to be too good, but since it is sometimes
necessary to move the lens unobserved in and out of the beam stages with repeatability in the
pm range should be chosen. Hence the alignment of the vertical and horizontal plane is much
more crucial, the precision of the goniometer and the rotation stage should be in the range of
0.001° (~17 prad).

Worth mentioning for figure 6.3 is that this picture was captured with the monochromator
set to 13.4 keV which is the nominal energy of the lens 1b and therefore this lens produces a
very well formed focal spot. Looking at the 33.2 keV lens (2b) in this radiography it is to see
that the lens is opaque for the 13.4 keV photons, while the lenses for 5 keV and 5.5 keV seem
completely transparent. This is of course just a matter of the focal distance which for these
lenses would be about 1.8 meters at 13.4 keV, while the picture is taken in a distance of
317 mm from the center of the lens.
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6.3 Focal distances of the lens plate

Because of the strong energy dependence of the refractive lenses they have to be operated
with a monochromatic beam to reach the smallest possible spot size. At the BAMline two
monochromators are available, a Double Crystal Monochromator (DCM) and a Double Multi-
layer Monochromator (DMM). As shown in section 3.4 the spot size of refractive lenses is
very sensitive to the photon energy bandwidth and therefore the DCM with an energy band-

width of A?E ~ 0.02 % should be used. Because of this small energy bandwidth the photon

flux density of the DCM at 9 keV is about 5 x 10° s* mm™? (Goerner et al. [86]) which is
about 100 times smaller than the one of the DMM with 7 x 10'° s* mm™ (Rack et al. [95]).

The higher flux is caused by the much broader energy bandwidth of AFE ~ 1.6 % of the DMM

and therefore it is not the suitable device for reaching the smallest possible spot size. Since for
many applications a smaller resolution might be sufficient and a higher flux preferred the in-
fluence of both monochromators was investigated.

To measure the focal distance of the lenses the imaging setup described in chapter 5 was
used. Due to its design with the long linear stage aligned in direction of the beam is perfectly
suitable for measurements of the spot size as a function of the distance. Even if the spot size
cannot be distinguished as precise as with for example knife edge scans it does not matter

since for this measurement only the changes in the spot size are relevant.

To conduct this investigation the CRL-plate was mounted on the sample stage (see figure
6.5) and adjusted using the adjustment device and the camera picture (see figure 6.3). The
actual distance between the center of the lens and the scintillator was determined as precise as
possible with a measuring tape and the motor position of the linear stage was correlated to this

value by applying an offset.

To measure the focal length of the lens the camera unit was positioned according to the
nominal focal distance of the lens and scans along the optical axis in a range of 50 mm with
2 mm step width and +25 mm with 1 mm step width were performed. At each point of the
scan a picture was recorded with an exposure time between one and five seconds. The spot
size was then calculated from the 16 bit pictures recorded from the camera as the sum of the
pixels in the image where the grayscale value was higher than 50 % of the maximum

(FWHM) under consideration of the background value.
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g‘

Figure 6.5 Imaging setup with mounted CRL-plate.

To analyze the images a program written in IDL (Interactive Data Language) was used to
fit the brightness distribution with a 2 dimensional Gaussian distribution curve. The full width
half maximum (FWHM) of the Gaussian distribution in horizontal and vertical direction was

then assigned to be the spot size.

The size of the spot in each position was plotted as function of the distance and the dis-
tance where the smallest spot size was measured was assigned to be the focal length of the

according lens.
6.3.1 Focal length of lens 8t

The lens 8t is the lens for the Cu-K absorption edge with a nominal energy of 9 keV, a
nominal focal length of 350 mm and an estimated beam size of 0.5 um times 1.21 um.

Since the aim here was to monitor the change in the spot size it was sufficient to just sum
up the pixel with a brightness higher than the threshold. The analysis of the pictures resulted
in a certain number of pixel for each position which was divided by the smallest value of the
according set of values.
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The left graph in figure 6.6 shows a scan of lens 8t from position 300 to 400 in steps of

2 mm while the right graph show a narrower range (325 mm to 375 mm) with a higher resolu-

tion of 1 mm steps.
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Figure 6.6 Scans of the spot size with 100 and 50 mm range from lens 8t
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Figure 6.7 provides a detail of the region around the minimum of the spot size and shows

the smallest spot size of this lens at position 353 mm which was defined as the measured focal

length.
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Figure 6.7 Detail of the region around the focal length
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If a change of the spot size of 10 % or even 20 % - corresponding to a spot size of

1.32 pm x 0.55um or 1.4 um x 0.6 pm, respectively - is seen as not significant the focal
length of this lens can be defined as 352.5 mm £3.5 mm or 352 mm +5 mm.



Chapter 6 Characterization of the CRL

77

6.3.2 Measured focal lengths of lens plate #08-762P-JW13_a

The data for the other lenses on the lens plate were collected in the same way and for the

values given in the following paragraph the threshold for the change of the spot size was set to

20%. The signal to noise ratio in the pictures were especially for the lenses for low energies -

due to the absorption in air - not very good but sufficient. For the lens 1t with a nominal ener-

gy of 5 keV the focal spot could not be defined properly because of a too low signal to noise

ratio. Figure 6.8 and figure 6.9 show the spot size as function of the distance for the upper and

lower half of the lens plate.
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Figure 6.8 Scans to determine the focal distance of the lenses from the upper half of the lens plate
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Lens 8t |7t |6t |5t |4t |3t |2t |1t | 1b |2b|3b | 4b |5b | 6b | 7b | 8b
nominal focal | 5o | 315 1348|359 318|341 | 400 | 220 | 317 | 350|350 | 350 | 350 | 350 | 350 | 350
length [mm]
measured focal | 3o, | 360344354 (311 334|382 | x | 297 | 336|333 341|345 | 352|352 | 349
length [mm]
range [mm] 5126 |27 26| £5[+£9|+£15] X [£10(+£9 | +6 [£5|+6[£8|+£8[+6
difference [mm]| -2 | -1 4 5 7 7 18 | X [ 20 (14 | 17 | 9 5 2| -2 1

Table 6.3 The nominal, the measured focal length and the difference between these values and the range.

In table 6.3 a summary of the measured values for the focal length of the different lenses is

shown together with the range for a threshold of 20 % of the spot size. Comparing these val-

ues with the nominal values it is to see that for the inner lenses the difference between the

values gets quite big, even exceeding the range of the 20 % threshold.

By the date this work was presented the origin of this discrepancy was not known, but the
investigation was still ongoing.
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6.4 Spot size and spot geometry

As shown above and in chapter 3 the size of the spot depends on various factors. Some of
these factors are fixed like the source size and the distance between source and lens which
depend on the synchrotron facility and the design of the beamline. Other parameters of the
lens, like the aperture sizes, are given by the producer of the lens, while the energy and the
focal distance can be chosen by the customer.

For a given lens changes in the spot size and geometry may occur due to differences in the
beam characteristics. The results from investigations using different settings at the BAMIline

are shown below.
6.4.1 Influence of the DMM on the spot size

The originally calculated flux densities for the beamline were confirmed by measurements
with a calibrated ionization chamber provided by the Physikalisch-Technische Bundesanstalt
(PTB - the national metrology institute of Germany). The flux on the sample after the DMM
and DCM respectively, was calculated for different apertures and the CRL. Table 6.4 shows
as an example the lens 8t which has a nominal intensity gain of 13900 leading to a flux of
5.84 x 10° (4.2 x 10° for the DCM) photons per second in the spot of the lens.

Aperture [um] | Flux DMM [ph/s] | Flux DCM [ph/s]
1000 x 1000 7.0 10" 5.0 10°
360 x 360 9.0 10° 6.510’
1.2x0.5 4.2 10" 3.0 10
CRL (1.2 x 0.5) 5.84 10° 4.17 10°

Table 6.4 Calculated flux densities after different apertures and the CRL 8t.

As already mentioned before this about 100 times higher flux of the DMM may be pre-

ferred for some applications and therefore the influence of this monochromator was studied.

The graphs in figure 6.10 show the size of the focused beam as a function of the distance
between the CRL plate and the sample. Though the nominal spot size, specified by the manu-
facturer, is 1.21 pm x 0.5 um - which would give (5.5 and 2.25) ~ 12.4 pixel - the solid line in
the figure shows that the spot size with the DMM is about 25 pixel at a focal distance of about

352.5 mm (compare table 6.3). The reason for the increased spot size is the broad energy

bandwidth of A?E ~ 1.6 % (Gaussian distribution with 144 eV FWHM at 9 keV) of
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Figure 6.10 Spot size after the DMM in pixel as function of the distance

the DMM photons compared with the DCM with a bandwidth of only A?E ~ 0.02% (1.8eV

FWHM). This means that the DMM transmits a significant amount of photons with lower and
higher energies than the nominal. Since photons with lower energies have a shorter and with
higher energies have a longer focal distance they produce a bigger spot at the nominal dis-

tance.
6.4.2 Changes of the spot geometry due to prefocusing

A big advantage of the DMM is that the second mirror is mounted on a meridional bending
mechanism which allows varying the radius of the multilayer in order to achieve a focused or
collimated beam. By bending the DMM to provide a parallel beam the impinging photon flux
is increased by a factor of 2 - measured with the ionization chamber - to about
1.8 x 10" photons s™ through the lens aperture and 1.16 x 10° photons s in the spot. The
blue lines in figure 6.11 show the spot size of the CRL when using the DMM and the red lines
after parallelizing the beam by bending the second multilayer. When looking to the solid lines
for the horizontal axis it is to see that the spot size increases only from about 1.5 um to
1.6 um, while the enlargement in the vertical axis - the dashed lines - from about 0.8 pm to
1.45 um is significant. This behavior was predictable since the bending of the DMM only
parallelizes the beam in the vertical direction. Two magnified details of recorded pictures, one

with and the other without bended multilayer, are shown on the right side of figure 6.11.
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6.4.3 Spot size depending on the energy

Figure 6.12 shows the spot size as a function of the distance for four different energies

which were chosen to cover the interval used for XANES measurement.
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Figure 6.12 Influence of different energies from a narrow range on the spot size

The spectra are normalized to the measured spot size of 1.3 um x 0.6 um for the DCM. It

is obvious that within this energy region the best achievable spot size keeps the same, only the
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focal distance changes from -4 mm at 8.9 keV to +3 mm and +8 mm for 9.1 keV and 9.2 keVV
respectively. If the distance between sample and lens is adjusted accordingly the spot size is
constant within the energy range needed for XANES measurements. Defining ranges in which
the spot size does not change significantly leads to a range of 4 mm for 9.0 keV around a
focal distance of 352 mm or £4 mm at 361 mm for 9.2 keV as indicated in figure 6.12 by the
cyan rectangles. With the gray dotted lines marking the focal distance of 352 mm the red dot-
ted lines mark the corresponding spot sizes at the different energies. These markers show that
for energies between 89 keV and 9.1keV the spot size changes less than 15 %
(~1.5 um x 0.7 pm).

A more detailed measurement for the near edge energy region between 8.95 keV and
9.25 keV at a fixed distance of 352 mm between the lens and the scintillator is shown in fig-
ure 6.13.
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Figure 6.13 Spot size at the focal distance of 352 mm as a function of the energy.

This particular lens (8t) has a nominal energy of 9 keV which was chosen to perform
XANES measurements at the Cu-edge. The XANES region for Cu compounds usually ends
before 9.1 keV where the spot size of the lens is 1.4 um x 0.75 um. For many applications
this increase of the spot size can be seen as not significant since the samples are homogeneous

over an area of at least this size.

This result is one of the most important from the present work, namely that XANES meas-

urements can be performed without adjusting the distance between sample and lens [106].
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6.4.4 Spot size for energies much higher than the nominal

Figure 6.14 shows the spot size of the CRL with a nominal energy of 9 keV as function of

the distance when using a monochromatic beam with 9 keV, 11keV and 13 keV, respectively.
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Figure 6.14 Spot size of the compound refractive lens (8t) at high energies

The spot size at 9 keV is, as already mentioned above, 1.3 um x 0.6 pum at a focal distance
of 352 mm. There is a slight shift of about 2 mm noticeable between the vertical and the hori-

zontal focus but this does not have any effect on the spot size.

Using the same lens to focus photons with 11 keV the spot size increases to 1.9 um in hor-
izontal and 0.9 pum in vertical direction, unfortunately at different distances of 520 mm and
509 mm respectively. Here the shift is about 11 mm and already affects the spot size. The
smallest spot with respect to the area is at 509 mm with 2.3 um % 0.9 um (~2.0 um?) while at

520 mm distance the spot is about 1.9 um % 1.5 pym (~2.8 um?).
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When the energy is increased to 13 keV the lens can produce a spot with a size of 2.8 um
in width and 1.2 um in height at distances of 730 mm and 688 mm. This 42 mm shift influ-
ences the spot size significantly, as e.g. at the position of the vertical foci (688 mm) the hori-
zontal spot size is 4.2 um while at 730 mm (horizontal foci) the height of the spot is 3.9 um.
On the right hand side of figure 6.14 details are shown from the spot at 688 mm (a), 718 mm
(b) and 730 mm (c) distance from the lens. The gray value of the original pictures are for bet-
ter illustration converted into color while the values of the color bar on the right show the

original gray values.
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6.5 Influence of the CRL on the features of XAFS spectra

As shown in chapter 6.4.3 the spot size after the CRL does not change significantly within
the energy range for Cu-XANES measurements, but there are also other parameters which
may influence the measurement as for example changes in the absorption. To study whether
the CRL influences or not the shape of the XAFS spectra several different Cu compounds
were chosen to analyze. The standards were prepared by simply applying a thin film of pow-
der on scotch tape and cover it with another stripe of the tape to assure that the sample kept in

position during the measurement.

The standards could have been measured in absorption mode, but since most of the sam-
ples which should be analyzed at this beamline are too thick to be measured in absorption
mode the XAFS measurements on the standards were also conducted in fluorescence mode.
Figure 6.15 shows a comparison of the XAFS spectra - recorded with and without the CRL -

of the six standards:

a) Cu (metal): Copper metallic - foil with a thickness of 0.45 um
b) Cu(Cys)s: Copper-cysteine complex
C) CuSO4(5H,0): Copper sulfate pentahydrate (Chalcanthite)
d) CuCOs: Copper carbonate
e) K2Cu(OX),: Dipotassium bisoxalato copper
f) CuO: Copper oxide
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Figure 6.15 Normalized spectra of six different Cu-standards measured with and without lens. The insets (high-
lighted in gray) show an enlargement of the EXAFS region.
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The solid lines represent the spectra collected with the lens and the dashed lines the ones
recorded with a slit aperture. In order to have equal excitation conditions the size of the slit
aperture was chosen to be the same as for the lens, which was about 360 pm x 360 pm.

Using the software ATHENA [107], included in the package IFEFFIT the spectra shown in
figure 6.15 were normalized using a pre-edge and post-edge line. In the XANES region from
about 8.9 keV up to 9.1 keV a good correlation of the spectral features is observed, although
the graphs from the measurement with the CRL show an overestimation of the count rate. The
oscillations in the EXAFS range on the other hand do not coincide that well, as shown in the

gray highlighted insets in figure 6.15.

A general problem with the sample preparation for high resolution analysis is that
inhomogeneities on a sub-micrometer scale already influence the measurement. Since the
used standards were prepared from powders a sub-pum homogeneity was almost certainly not
given. This in combination with tiny instabilities of the beam position on the sample and/or
the changes in the spot size lead to fluctuations in the quantity of the illuminated sample and
most probably caused this behavior. In the XANES region, due to the small changes of the
spot size and the higher amplitudes of the oscillations, these effects are not visible, but due to
the lower amplitudes and the bigger changes of the beam size in the EXAFS region they get
evident. The fact that the best match in the EXAFS range is found for the rolled Cu-foil (sam-
ple (a)) - which is the most homogeneous of the samples - hardens this theory. Further inves-
tigations with much more accurate prepared samples should give a better understanding of
these phenomena. At the time the work was presented this investigation was still ongoing,

while the main focus of this work was on other influences.

Figure 6.16 shows the comparison of the two XANES spectra recorded with a slit aperture
and the CRL, on a dipotassium bisoxalato copper(ll) tetrahydrate (K,Cu(OX),) sample. In
figure 6.16a the spectra, normalized using a pre-edge and post-edge line, show an overestima-
tion of the count rate in the XANES region for the measurement with the CRL. Since this
behavior could not be explained, the spectra were displayed normalized to match the count
rates in the near edge region (see figure 6.16b). This “normalization” shows up to about 9075
eV a very good correlation between the two graphs, from 9075 eV to higher energies the CRL
overestimates the count rate compared to the one with the aperture. This behavior however
can be easily explained as an influence of the lens, since the absorption decreases with higher
photon energies which is why the photon flux increases and so does the fluorescence signal.
Anyway, this effect of the CRL can be compensated, as shown in figure 6.16c¢, by calculating
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the change in the absorption and correct the measured signal. Another possibility is to meas-
ure the photon flux between the lens and the sample, e.g. with an ionization chamber, and use

this signal for the correction of the spectra.
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Figure 6.16 Comparison of XANES spectra from K2Cu(OX)2 with CRL and Slit.

In figure 6.17 the six different Cu samples are shown again. The spectra are normalized to
1 and additionally the spectra obtained with the CRL are corrected regarding the changes of
absorption within the lens. Anyway, for all cases, even the ones without correction, a good

agreement of the features in the XANES region can be observed (see figures 6.15 and 6.16a).
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6.6 Conclusions and outlook

In chapter 6.4.3 it was shown that for the near edge energy region the spot size does not
change significantly and the results presented in chapter 6.5 showed that it is possible to con-
duct these measurements without taking into account the change in the absorption of the lens.
Therefore it can be concluded that, on samples only slightly bigger than the spot size of the
lens, XANES measurements can be performed with compound refractive lenses without the
necessity to adjust the distance between sample and lens or consider the absorption of the lens

material.

For samples smaller than the spot size XANES analyses should also be possible, but for
this purpose reference materials with appropriate well known sizes smaller than 1 um have to
be produced and measured. With the data of these measurements a correction of the spectra

from unknown samples can be made.

For the higher energies, needed for EXAFS scans, the distance between sample and CRL
has to be adjusted simultaneously to the tuning of the energy and the absorption of the lens
has to be taken into account. While the absorption correction is a solvable problem, the cor-
rection of the distance is a technical challenge. To correct the distance either the lens or the
sample and the detector has to be moved along the beam. Having a beam with a Gaussian
distribution and a particle size in the range of the beam size already little differences in the
position how the beam hits the sample can change the signal significantly. These changes in-
fluence the results of the measurement since the can be easily bigger than the changes in the
EXAFS signal which are often very small. This means that only tiny imperfections in the me-
chanical parts or in the alignment of the whole system can be tolerated. Solving this problem
is difficult but once it is overcome EXAFS measurements with compound refractive lenses

are possible. The size of the sample thereby has to be at least two times the spot size.
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This chapter gives an overview of applications of the compound refractive lens at the
BAMIine. A big part of the applications during the last years was the investigation of poly-
crystalline solar cells [108], but also samples from scientific fields like geology, biology, cul-
tural heritage and others were examined. Most of this work is still ongoing and not published
yet except of the investigation of Portuguese glazed ceramics from the XVI™ to XVI11™ centu-
ries by Guilherme et al. [109].

Increasing requirements for accurate measurements of trace elements in many areas of dai-
ly life, for example, the analysis of toxic elements in food and environmental samples [110] or
in industrial applications such as semiconductor-grade silicon [111, 112], has stimulated a
rapid improvement in highly sensitive analytical methods. It has been shown that the LOD
values are in the order of a picogram per gram (pg-g™) for neutron activation analysis (NAA),
synchrotron radiation-induced total reflection X-ray fluorescence (SR-TXRF) and mass spec-

trometry (MS) - in particular, for inductively-coupled plasma mass-spectrometry (ICP-MS).

Mass spectrometry techniques are destructive since the samples have to be dissolved. On
the other hand, separation and removal of matrix elements make LOD values below pg-g™
available. In contrast, conventional XRF is a non-destructive technique for trace element
analysis with an LOD in the order of pg-g™. Despite this drawback of a six orders of magni-
tude larger LOD, XRF is widely used because it is non-destructive and requires no sample

preparation.

The analysis of inhomogeneous samples is always problematical especially if the applied
analytical method does not allow processing of large specimen sizes. Inhomogeneous samples
are typically homogenized by dissolving them in an acid or by milling them to a fine powder.
In cases of very large samples, where only selected parts of a specimen can be homogenized,
the selection of the specimen for analysis can dramatically influence the results. On the other
hand, cases in which only small amounts of sample are available also exist. For example, one
can only remove tiny pieces from hidden parts of an object when analyzing art objects, which

can result in non-representative results and misinterpretations.

Analysis with high spatial resolution is often essential for the understanding of material
properties and in monitoring biological, chemical and physical processes [73-75]. In the last

several decades, great improvements have been achieved in focusing X-rays for this purpose.
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Today X-ray beams are available with sizes in the order of several micrometers for laboratory
sources and down to nanometers for synchrotrons [5, 35, 72]. As a result of these develop-
ments, XRF has gained increasing importance for analyzing samples on a micrometer and
sub-micrometer level in material and art research [113-115], in geology and environmental
science [116-118], in biology and medicine [119-121] or in forensics [122]. High-resolution
line scans on the cross sections of layered samples with a micro focus can provide information
about production of and diffusion processes in ceramics [114]. Furthermore, two- and three-
dimensional mapping is used to better understand, e.g., the role of trace elements in cancer
biology [121] and osteoarthritis [123]. In addition to the fact that the knowledge of the locali-
zation of trace elements in the sample is important, the use of micro-sized beams has the ad-
vantage of an increased sensitivity, which results from a smaller irradiated volume with a

higher flux density when using focusing X-ray optics.
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7.1 Polycrystalline solar cells !

When a photon hits a solar cell it can be absorbed by the silicon, when its energy is higher
than the energy difference between the silicon bands. The energy of the absorbed photon is
then transferred to an electron which is excited into the conduction band where it is free to
move within the semiconductor. The removed electron leaves a "hole" in the valence band
which allows a bonded electron of a neighboring atom to move there while leaving behind
another hole and so on. The basic structure of a Si based solar cell and its working principle is

shown in figure 7.1.
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Figure 7.1 Basic structure of a silicon based solar cell and its working mechanism

An upper theoretical limit for the efficiency of silicon based p-n junction solar cells has
been calculated by Shockley and Queisser in 1961 [124]. They calculated the so called de-
tailed balance limit of efficiency for the ideal case to be about 30 % for an energy gap of
1.1 eV. There assumptions were that the sun and the cell are blackbodies with temperatures of
6000 K and 300 K respectively and the only electron-hole pair recombination mechanism is
radiative. One reason for the low efficiency value is that for the calculations the whole solar
spectra (blackbody) is used where a part has too low energies to create electron-hole pairs,
while on the other hand the probability for the interaction of photons with electrons becomes
smaller the higher the energies are. Nowadays the value for the Shockley-Queisser limit is
33.7% for a single p-n junction with a band gap of 1.1eV. The IEC (International
Electrotechnical Commission [125]) standard 61215 is used to compare the performance
(power and efficiency) of solar cells, using terrestrial standard temperature and conditions
(STC): irradiance of 1 kW/m?, a spectral distribution close to solar radiation through AM
(airmass) of 1.5 with a cell temperature of 25 °C. The resistive load is varied form short cir-

cuit (R = 0 ) until the maximum of the power output called Watt-peak (Wp) is achieved.

It is common knowledge that recombination of electron-hole pairs takes place on crystal
impurities which dramatically lowers the efficiency of solar cells, and therefore silicon of
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high purity is required. However, for financial reasons, solar cell manufacturers must use
"dirty" silicon, so-called solar-grade silicon (SoG-Si), for the production of polycrystalline
solar cells. It contains impurities with concentrations in the order of 10 to 100 ng-g™. In con-
trast, the much more expensive semiconductor-grade silicon displays total contamination lev-

els of one ng-g™ and below.

More specifically, tolerable impurities of copper are approximately 10*° atoms per cm2. To
achieve an acceptable energy efficiency level in polycrystalline solar cells, only 2 x 10' iron
atoms per cm3 (0.4 ng-g?) are permissible [126]. However, the iron content in multi-
crystalline silicon, where typical concentrations of 10*° to 10 iron atoms per cm? are found
depending on the feedstock and purification method - is much higher than this threshold. Ob-
viously, these high levels of impurities must result in very low solar cell efficiencies if the
iron is homogeneously distributed throughout the entire wafer volume. Fortunately, most met-
al impurities are located at grain boundaries of silicon crystals or cluster within crystals. This
means that the impurities in the wafer are locally concentrated. The resulting inhomogeneity
of impurity distribution has the advantage that a sufficient charge carrier lifetime may remain
in the silicon allowing a solar cell efficiency of about 20%. Thus, it is obvious that the
knowledge of the spatial distribution of relevant impurities is even more important than their
total quantity for understanding and optimizing solar cell efficiency. Due to its good sensitivi-
ty and high resolution, synchrotron based pu-XRF was often chosen to study the metal impuri-

ty distribution in polycrystalline solar cells.

In the scope of a long-term project, the objective in the present study was to localize these
contaminations within solar cells using high resolution p-XRF. In performing such measure-
ments on multicrystalline silicon wafers (mc-Si), the spatial (3-dimensional) and not only a 2-
dimensional distribution of impurities, as already investigated and reported by several other

groups [127-131], should have been determined.
7.1.1 Theoretical considerations

A typical texture of a multicrystalline silicon wafer in which impurities, for example, iron,
nickel, copper and other elements accumulate in precipitates is shown schematically in fig-
ure 7.2. A standard XRF setup, in which the incident X-ray beam illuminates a large volume
of the microcrystalline silicon wafer, is illustrated in the upper part (A) of figure 7.2, where
the particle occupies only a small fraction of the illuminated volume. The XRF conditions

when using focusing optics is shown in the lower part (B) of figure 7.2. In this case only a
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small total volume is illuminated, and the relative volume occupied by the metallic particle is
much larger. It is obvious that the relative fluorescence signal intensity from an included par-
ticle is much higher in scenario B than in A.

Primary beam Detector

g ===ty - /
silicon 1 \ ’
1~ >
. : Precipitate -
' w & §
1 g
KRR N

Grain boundaries

Primary beam Detector

Silicon

Figure 7.2 Schemes of the analysis conditions of a silicon wafer with standard XRF and pu-XRF (A and B, re-
spectively). The specimen is illuminated without (A) and with (B) a focused beam. Grain boundaries and pre-
cipitates of impurities are shown in black. Fluorescence light from the impurity is depicted as blue and fluores-
cence from the matrix elements as yellow lines. The dotted red box in the upper and the dotted blue box in the
lower scheme indicate regions with the same volume but impurities of different quantities and sizes.
Based on the work of other groups like Buonassisi et al. [130] or Macdonald et al. [131],
showing that the size of the precipitates is within a range of several nanometers up to tens of
micrometers, the precipitate size for Cu was assumed to be about 1 pm3. With 10* copper
atoms per cm? in a multicrystalline silicon wafer (~45 ng-g™*) this would give 10* precipitates
in a volume of 10" pm3 and only one per 1 mm? area in a wafer with a thickness of 100 pm.
Table 7.1 shows the calculated concentrations for 1 um? copper in a 100 pm thick silicon wa-

fer when irradiated with different aperture sizes.
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Table 7.1. Apparent copper concentrations in a silicon wafer when using different XRF beam size apertures
corresponding to defined illuminated sample volumes. The copper is assumed to be present as a precipitate with
a volume of 1 um? located in a silicon wafer with a thickness of 100 um.

Beam size Illuminated volume Cu [ug/gl]
(3.162 x 3.162) mm? 1 mm?3 0.0038
(1 x1) mm? 0.1 mm3 0.038
(400 x 400) pm? (CRL) 0.016 mm? 0.24
(100 x 100) um? 0.001 mm3 3.8
(50 x 50) pm? 250000 um? 15
(30 x 30) um? 90000 pm? 43
CRL (1 x 1) pm? 100 um? 37366

Given the detection limits of an XRF spectrometer, which are on the order of pg-g™, it is to
see that the spot size has to be approximately 100 um x 100 um or smaller to detect the Cu
precipitate. In figure 7.3 the relative concentration of different Cu precipitates in a 100 um

thick wafer is plotted against the spot size.
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Figure 7.3 Relative concentrations for different copper impurities as a function of the spot size of the X-ray

beam on a 100 pm thick wafer (weight-averaged copper per weight of silicon).

The copper is assumed to be present in form of discrete particles or crystals with volumes
of 100 pm® (blue), 1 pum?® (red), 102 pm® (green) and 10 um® (orange), respectively. The
vertical line indicates the spot size of the CRL; the horizontal line (solid), the detection limit
of XRF for laboratory sources; the dashed line, the detection limit (DL) for Synchrotron radia-
tion X-ray fluorescence analysis (SRXRF) (e.g. at the BAMIine) without focusing optics; and

the dotted line, the bulk concentration of solar grade silicon.

The LOD (Limit Of Detection) for XRF methods using laboratory sources is on the order

of 1to 100 pg-g?, whereas at synchrotron beamlines the limit is much lower due to the higher
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flux density, which depends on the synchrotron source, for example, on the order of ng~g‘1.
For laboratory sources focusing optics are available with a beam size on the order of 10 pm;
this means that the minimum detectable size of a copper particle would be about 0.01 pmsa.
Focusing optics for synchrotron beamlines producing smaller beams down to the order of
10 nm, and due to the higher fluxes, the limits of detection are extended down to the pg-g™

region.

Measurements to distinguish the LOD were carried out using a 0.45 pum thin Cu-foil and
monochromatic excitation with 9.7 keV. With this setup, the detection limits using the DMM
at the BAMline could be calculated with 130 pg and combined with the CRL the limit is at
5 fg, both with a 95 % level of confidence. In table 7.2 the average values from 5 measure-
ments are shown together with the results of the calculation for the minimal detectable precip-

itate size.

Table 7.2 Detection limits at the BAMIine with and without CRL (Aperture 360 pm x 360 um)

Live- Cu-foil Density Cu-K, Cu-K, back- | Detection | Precipitate g;bs

time | thickness | [g/um3] | net-signal ground limit size in pm3 &
length
Slit| 60 0.45 8.96E-12 | 1007345 6597 130 pg 14.71 2.4 um
CRL| 60 0.45 8.96E-12 175480 921 5fg 0.00056 80 nm

Practical areas for p-beam scans are in the order of about 100 % 100 points. In this case this
would give a scan area of about 150 pum x 150 um and with a thickness of 100 um a volume
of 2.25-10° mm®. Assuming one 5 fg Cu precipitate in this volume leads to a LOD of about
250 pg-gt.

7.1.2 Sample and sample preparation

The sample used for this investigation was the fragment of a solar cell which is shown in
the photograph in figure 7.4. The size of the piece was about 8 mm times 10 mm.

When performing XBIC studies the electron-hole pairs are created very locally around the
area where the focused beam hits the sample. Since the diffusion length for electrons and
holes is short it necessary to apply a contact over the entire surface of the sample to keep the
ways as short as possible. A proper ohmic contact can be made e.g. by rubbing gallium or
indium on the surface of the sample, which is possible and was made for the back contact.
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Figure 7.4 Photography of the investigated fragment of a solar cell

For the front contact on the other hand it has to be considered that the radiation has to pass
through the contact to reach the sensitive volume of the wafer. Furthermore, if combined
XBIC/uXRF studies should be conducted, also the fluorescence radiation has to pass to this
contact. To keep the absorption low a thin layer of a low Z material has to be applied and
therefore an only about 20 nm thick Aluminum layer was applied as front contact. The ad-
vantage of having a Schottky contact on the front of the sample and an ohmic contact on its
back surface is that no external bias needed to be applied to the contact since the built-in volt-
age of the Schottky diode was used to collect the charge carriers. To measure the current in-
duced in the cell the contacts were connected with thin gold wires to a sensitive current ampli-

fier.
7.1.3 Preliminary investigations

To save valuable synchrotron beamtime preliminary LBIC (Laser Beam Induced Current)
measurements were performed and showed that an interesting area of the piece is near the
grain boundary marked in figure 7.5 with the red circle.
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Figure 7.5 Area of interest marked with red circles at a photograph of the oIr cell fragment (Ie) and a detail
of the area (right). On the right picture the grain boundary is due to skillful illumination very well visible.

The results of the electron beam induced current (EBIC) measurements and a picture taken
with a scanning electron microscope (SEM) are shown in figure 7.6.

s 2!

Figure 7.6 SEM picture on the left and the according EBIC mapping on the right hand side.

The EBIC map is scaled from low minority carrier life time in black to maximum lifetime
for this cell in white. It is to see that there are some dark spots within the crystal and an almost
continuous line of low efficiency along the grain boundary which also can be identified easily
in the SEM picture. For this investigation the black area (marked by the orange arrow) near
the grain boundary was chosen to investigate more detailed.
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7.1.4 XBIC and XRF measurements

Since mainly the transition metals until copper were of interest in this study the CRL de-
signed for a nominal energy of 9.0 keV was chosen. This particular lens has a focal length of
350 mm and a focal spot size of 1.2 um x 0.5 um, as well as the biggest aperture of all availa-
ble lenses with 370 um x 370 um. For large area scans the measuring time per point has to be
as short as possible and therefore the highest possible flux through the CRL is needed. This
was obtained by bending the second multilayer of the DMM to parallelize the beam in the
vertical direction. In chapter 6 it was shown that under this conditions the photon flux on the
sample increases by a factor of 2 (~1.16 x 10° photons's™) leading to a spot size of about

1.6 pm x 1.5 um, which was acceptable for this study.

A restriction when making high resolution measurements is that within reasonable time
frames only small areas can be investigated. To cover large areas of the sample a lot of time
has to be invested, as for example, to scan an area of 1 mm x 1 mm with 1 um x 1 pm resolu-
tion (10° points) and a measuring of 1's per point would take approximately 12 days. New
developments in silicon drift detectors allowing much higher pulse loads, leading to measur-
ing times in the order of milliseconds per point when combined with very intense, focused X-
ray beams. For these scans the sample is moved continuously through the beam and spectra
are taken in synchronization with the sample movement ("on the fly"). Using arrays of such
fast detectors, the measuring time per pixel can be reduced down to 50 ps [132], if the primary
flux and the concentration of the element in question are sufficiently high enough.

A recently developed detector - termed Color X-ray Camera (CXC) [100] - is able to map
an area of 12 mm x 12 mm with a resolution of about 50 um x 50 um in a single shot meas-
urement. The measuring time for this map is less than one hour, while to scan the same area
point by point at intervals of 1 s each would take about 20 hours. Due to an ongoing develop-
ment of magnifying polycapillary optics for the CXC a resolution of 10 pm x 10 um is al-

ready available. As an example a fluorescence mapping of the solar cell taken with the
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Figure 7.7 Mapping of the solar cell with the color X-ray camera and a 1:1 polycapillary optic.

CXC using a 1:1 optic is shown in figure 7.7. The signal of the Cu-Ka,; is plotted in red, the
Fe-Ko; in blue and the Ni-Kay in cyan. The upper left mapping shows these elements
superpositioned with the picture of the sample and the Zn-Ka, signal from the sample holder.
The picture of the sample is distorted since the mappings are recorded under an angle of 45°.
It is obvious that there are many areas with high Cu concentration as well as some with high
Fe and Ni concentration. That Fe and Ni is found in bigger amounts on the borders of the
fragment might be due to a contamination from the many times the fragment was handled
with a pair of tweezers. The orange arrow points to a bigger Cu precipitate which is in the low

efficiency area indicated in figure 7.6 also by an orange arrow.
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As mentioned above the amount of Cu precipitates in a solar cell is very low and for a
fragment of this size (80 mm?) there should be about 80 precipitates, assuming a volume of
1um? each and therefore it is necessary to scan large areas of the sample to find them. Beside
of that a fraction of the copper is not detectable since the local concentration is to low as e.g.
at the grain boundaries or in very small precipitates. Therefore the mapping in figure 7.7

shows only about 40 precipitates which is just half of what was expected.

When attempting to develop a procedure for locating precipitates in multicrystalline silicon
and considering the values in table 7.1, a scan with a 100 um x 100 pm aperture provides

initial screening and at a measuring time of 5 seconds per pixel and a scan of 1 mm x 1 mm
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Figure 7.8 Fluorescence spectra of the highest Cu signal with different square apertures and the CRL

is completed in less than 9 minutes. Since the background of these spectra is practically ze-

ro (see figure 7.8 left hand side) it is appropriate to just add up all the counts in a ROl around

the Cu-K, energy to obtain a fast online analysis.

In figure 7.8 the spectra of measurements with square apertures with an edge length of
100 um (A), 50 um (B) and 30 um (C) and with the CRL (D) are shown, representing the
spectra with the highest Cu signal from the according scans shown in figure 7.9. For the map-
pings the spectra were normalized with the ionization chamber current and the sum of 7 chan-

nels (£80 eV) around the Cu-K, energy was plotted.
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Figure 7.9 Fluorescence mappings with different square apertures with an edge length of 100 um (A) and
50 um (B) measured for 5, and 10 seconds, respectively.

Figure 7.9A shows the mapping of the copper ROI data for a 2 mm x 0.3 mm scan of a
single crystal in a polycrystalline solar cell, in which a picture of the copper content can be
drawn with a total of just seven counts at the maximum. The area in which a precipitate is
most likely to be found has a size of approximately 350 um x 150 um, which was scanned
with a 50 um x 50 um aperture and 10 s per pixel. Under these conditions, the map in figure

7.9B was obtained within 4 minutes.

Figure 7.10 shows a scan with a 30 um x 30 pum aperture over an area of 390 um x 360 um

with a measuring time of only 2 s per point that requires less than 6 minutes.
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Figure 7.10 Fluorescence map with a aperture of 30 um x 30um
With this resolution it already might be suspected that there is more than one precipitate in
this area, because the dimensions of the area with a high concentration here is about
30 um x 210 um (1 pixel x 7 pixel) and the maximum size of the precipitates is usually just

several um. Figure 7.11 shows a CXC map of this area with a 1:6 magnifying optic.
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Figure 7.11 Mapping of the solar cell with the color X-ray camera and a 1:6 magnifying optic.
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When using this polycapillary optic in front of the CXC the resolution is increasing to

about 10 um x 10 um and it becomes even more evident than in figure 7.10 that there are sev-

eral precipitates.

A scan of a 300 um x 140 um area was made with a monocapillary optic with a spot size

of about 4 um. Figure 7.12 shows the XBIC- and the Cu-map of this scan as well as to com-

pare the EBIC picture form above.
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Figure 7.12 EBIC, XBIC- and pu-XRF Cu-maps of an electrically ineffective area

It is evident that the EBIC picture and the mapping of the XBIC signal look quite similar,
showing a low efficiency area near the grain boundary, which is as to see in the pu-XRF map
rich on Cu. With this resolution it is clearly to see that there should be at least five Cu precipi-

tates within the area.



106 Chapter 7 Applications

Finally an area of 270 um x 130 um was selected from the mapping with the
30 um x 30 um aperture for the high resolution scan with the CRL. Figure 7.13 shows an
overlay of two pictures of the solar cell taken with the long-range microscope, where the
cross-hairs within the small white squares are marking the beam position at the starting and

the end point of the scan.

Figure 7.13 Microscope picture of the high resolution scan area

The red rectangle marking the scan area has about 35000 um? which, with the DCM and a
spot size of 1 um? a measuring time of 2 s per point was necessary which lead to a total scan

time of about 20 hours.

Figure 7.14 shows a 3D- and 2D-mapping of the Cu-K, signal from this scan. It is clearly
to see that there are three precipitates at the coordinates (x,y) =(172,105), (148,102)
and (200,90) with a strong signal and several precipitates with weaker signals.



Chapter 7 Applications 107

f
1 pm
1 *
(5P°"’“- -
—kol
[+

Counts per second

Cu—Ka1l (Spotsize = 1 x 1 um?)

120
100 - = oo W . s -
_ B T i S :
g 80:— > 2 ¢
> 60F - s 2
40 : 8
20
ot P 1 i ; i
0 50 100 150 200 250
X [pm]

Figure 7.14 Mapping of the Cu-signal for the high resolution scan

The Fe-signals in this area were very weak as shown in figure 7.15, but still exhibited some
iron contamination even if in the maximum were only 7 counts (~4 cps) compared to the
934 counts (~470 cps) for Cu.
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Figure 7.15 Fe map for the high resolution scan with a maximum of 7 counts
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Due to the low count rate for Fe and the other impurities besides Cu, a significant increase
of the measuring time per point would have been necessary to get a better mapping of their
distribution in the solar cell. Since high resolution measurements already require a lot of valu-
able synchrotron beamtime, an obvious option was to switch to the DMM for higher flux and
better count rates. Due to the broader energy bandwidth of the DMM a lower resolution of
1.5 pm x 1.5 um had to be taken into account, but therefore a measuring time of 1 s per point
was sufficient. An area of 250 um x 60 um around the copper and iron precipitates was
scanned again and the mappings of the Cu and Fe distribution in this area is shown in fig-
ure 7.16. . Note the count rates of about 48500 cps for Cu and 470 cps for Fe.
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Figure 7.16 Cu- and Fe-map with 1.5 um x 1.5 um resolution measured with the DMM.

An interesting fact to notice here is that Fe and Cu are in separate areas within the solar

cell.

In figure 7.17 mappings of the elements Ni, K, Ca, CI, Ti, Co, Cr and Mn can be found.
While Ni, K, Ca, and Cl are only to find in the Fe rich area, it appears that Ti, Co, Cr and Mn
are present in both areas but in low concentrations. Even if a lot of elements are present in the
Fe rich area except of the Co none of them matches with the Fe maxima. Obviously there is
no correlation between Cu and any other element and furthermore the other elements also do

not show any strong correlation with each other.
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Figure 7.17 Fluorescence mappings of different elements measured with the CRL using the DMM.

1219

813

406

Counts per second

1014

678

341

Counts per second

IS
IS

294

S
™

Counts per second

33
©
>

396

©
©

Counts per second

B o
N o
Counts per second

[

=)
Counts per second

[
ol
Counts per second

o

o]

o

Counts per second

~

S

o

109



110 Chapter 7 Applications

7.1.5 Detailed analysis of the Cu precipitates

A good statistic is always an important objective of quantitative analysis. If the statistical
error should be, for example, in the order of 1 % of the signal, the measuring time had to be
increased - according the Poisson statistics - until more than 10* counts are collected; for an

error in the order of 0.1 % a total of 10° counts is required.

Before conducting quantitative measurements on the sample, areas around the precipitates
had to be scanned with a smaller step size (e.g. 0.5 um), to ensure that the beam irradiates the
precipitate under optimal conditions. The energy region around the Cu-Kg fluorescence line,
normalized by the Cu-K, intensity, is plotted in figure 7.18 for measurements of the selected

precipitates as labeled in the upper right corner of figure 7.18.
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Figure 7.18 Fluorescence spectra of the Cu-Kg signal of different precipitates, normalized by the Cu-K, intensi-
ty. The difference in the Cu-Kg signal intensity is produced by a difference in the ratio of the Cu-K line signals
for precipitates located at different depths in the silicon wafer. Inset: Selected precipitates taken from figure 7.14.

Cu-Kp signal (normalized Cu-Ka-intensity)

It became evident from their normalization that the relative intensity of the Cu-Kg lines is
not constant. Instead, the K, to Kg ratio varies between different spots. The reason for this
finding is that the precipitates are not only located in the wafer surface but also deeper inside
the wafer. Therefore, the emitted fluorescence radiation has to pass through different thick-
nesses of silicon material, where it is partially absorbed. The relative intensity of the Kg line
increases with respect to the K, line for deeper positions of the copper precipitates since the

absorption coefficient of silicon for the Cu-K, line is larger than for the Cu-Kg line.

The analysis of a reference material with known composition is necessary in order to de-

termine the nominal K./Kg ratio as well as to calculate the size of the precipitates. A thin Cu-
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foil with 0.45 um thickness was used as reference and measured using the DMM and a re-
cording time of 1 s at an average ring current of 200 mA. The data show that the nominal ratio
for the Cu-K lines is 7.26. Estimations for the depths of precipitates can be made by calculat-
ing the K,/Kg ratio through different thick layers of silicon. The graph in figure 7.19 shows

the change in the ratio of the copper lines as a function of the overlying silicon thickness.
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Figure 7.19 Calculated Cu-K,/Cu-Kg intensity ratios as a function of the thickness of the transmitted silicon
layer. The measured ratios in the different spots of a solar cell were used to determine the depth of the precipi-
tates within the wafer.

The horizontal and vertical lines assign the measured ratios to the depth of different precip-
itates in the sample. Taking the depth into account, by considering the absorption of the over-
lying Si, the “real” Cu-K, count rate from the precipitates was calculated. Finally, with the
Cu-K,, count rate of the 0.45 um thick copper foil as reference, the volume of the Cu precipi-
tates was determined and the sizes were then calculated by assuming a cubic symmetry. The

corresponding results of the sizes and depths of the labeled precipitates are summarized in
table 7.3.

Table 7.3 Depth and sizes of copper precipitates detected in a mc silicon wafer.

Label of Count rate . Depthin | Volume Cu (cor- | Size Error of not

. Time [s] . 3 corrected

precipitate | Cu-K, [cps] Si [um] rected) [um?] [nm]
values

Cu-foil 36421 60 0 1 1000 1
Spot 1 2627 120 0 0.0721 416 0.00 %
Spot 2 471 600 18.8 0.0197 270 13.04 %
Spot 3 2419 120 32.4 0.1368 515 21.40%
Spot 4 150 1800 2.7 0.0044 163 1.99%
Spot 5 1322 240 7.4 0.0428 350 5.35%
Spot 6 337 900 30.4 0.0182 263 20.22 %
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Column 2 and 3 of table 7.3 show the actual count rate and the measuring time to collect
more than 10 counts for the Cu-Kg line. The calculated depth values (see figure 7.19) are
shown in column 4 and the corrected volumes of the precipitates according to their depths can
be seen in column 5. It is obvious that precipitates are at different depths in the solar cell
when comparing the precipitates labeled Spot 1 and Spot 3 by looking at the K,/Kg ratio of
7.26 and 6.47. The impurity in Spot 1 is located on the surface and that of Spot 3 at a depth of
about 32 um. By taking this into account, calculation of the size of the precipitate leads to the
conclusion that the one in Spot 3 is about two times larger than the one in Spot 1. Without this
depth information, the calculations would have lead to the wrong conclusion that the two pre-

cipitates are of similar size.

The values in table 7.3 are estimations afflicted with systematical and statistical errors. In
the absence of better results, the systematical error for Cu is 5.85 %, which was calculated
from a measurement series on a gold reference material (Aurubis NA-Au 31) including

1062 pg-g™ Cu; this results in an overall error on the order of 10 % for all values in table 7.3.

The two bigger spots, Spot 1 and Spot 3, were chosen to carry out u-XANES measure-
ments. To calibrate the edge energy a Cu-foil was measured as standard and the offset of the
monochromator was adjusted to fit the edge energy of 8979 eV. The resulting XANES spectra
and the comparison with the Cu-foil can be seen in figure 7.20
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Figure 7.20 XANES measurements with the CRL on Spot1, Spot3 and a Cu-foil. The inset shows graphs from
Cu-standards adapted from literature sources (e.g. [133, 134])

The measurements showed that these precipitates are not metallic copper since the spectra
are shifted by 1.3 eV and 4 eV respectively. Comparing the form of the spectra and the edge
shift to spectra measured by other groups [133, 134] it is most probable that the precipitate in
Spot 1 is a copper silicide (CuzSi) and the one in Spot 3 is a copper oxide (Cu,0).
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7.2 Portuguese glazed ceramics %%

Ceramic fragments (XVI-XVIII centuries) from two production centers in Portugal (Coim-
bra and Lisbon) were studied to gain a better understanding about the production technologies
used during this time. Two different kinds of samples were available from Coimbra namely

faiences and tiles, while from Lisbon only tiles were investigated.

This type of ceramics consists of three main parts, the ceramic support (body), the glaze
and the surface decoration (color). Within this study only the system decoration/glaze was
investigated to distinguish if there are differences in mixing procedures, firing steps or firing
temperatures between the two kinds of ceramic and the production centers. Also the diffusion
ability of the pigments into the base glaze depending on their compositions was studied. The
way these layers interfere with each other depends on the chosen materials and on the manu-
facturing process. Previous studies with different analytical techniques revealed already valu-
able information about these pieces [114, 135, 136] while the aim of this investigation was to
give complementary information about the possible production techniques. In order to exam-
ine these effects, high resolution scans (u-XRF) at well prepared cross sections of the samples
were performed to provide profiles of characteristic elements from the surface to the body.
The key elements distinguish by previous studies are Co for the blue, Mn for the purple, Cu

for the green and Sb for the yellow color as well as Pb for glaze and Fe for the body.
7.2.1 Samples and sample preparation

Table 7.4 shows a list of the analyzed fragments which were chosen to provide a sample
from each production center and color.

Table 7.4 Analyzed samples significant from each production centre and type.

Sample | Origin Type | Color | Detected elements | Key elements

C34 |Coimbra | Faience| Blue Fe, Co, Ni, As Co
AZCO7 | Coimbra| Tile Blue Fe, Co, Ni, As Co
AZLX1 | Lisbon Tile Blue Fe, Co, Ni, As Co

C29 |Coimbra | Faience | Purple Mn, Fe, Ba Mn
AZCO3 | Coimbra| Tile |-urPlel  Mn,Fe, Ba Mn

Green Cu Cu
AZLX3 | Lisbon | Tile |Lurplel Mn, Fe, Ba Mn
Green Cu Cu

C41 |Coimbra | Faience | Yellow Fe, Sb, Pb Sb

AZCO1 | Coimbra| Tile |Yellow Fe, Sb, Pb Sb

AZLX2 | Lisbon Tile |Yellow Fe, Sb, Pb Sb
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The elemental composition of the used pigments was obtained previously by X-ray fluo-
rescence measurements [114] and the last column of table 7.4 shows the key elements chosen
to represent the respective color. Since the fracture surface of the pieces is rough and not per-
pendicular to the sample surface, small areas of the sample had to be polished to perform the

M-XRF cross section scans.
7.2.2 Experimental setup

Figure 7.21 shows the setup for this study which is basically a standard XRF setup with the
detector perpendicular to the X-ray beam. To avoid the excitation and detection of more than
one layer as shown on the right side of figure 7.21 (A), the sample was mounted horizontally

(B) and the scan was conducted by moving the sample in vertical direction.

X-ray

- . Aod
Figure 7.21 Setup of the u-XRF experiment at the BAMIine. Inset A and B shows the differences in the excita-
tion and detection paths when mounting the sample horizontally or vertically.

In order to analyze the yellow pigment, with the key element Sb (K-edge at 30.491 keV),
the lens with a nominal energy of 33.2 keV, an aperture of 60 um and a gain of 4900 had to
be used. Although this lens would have been suitable to monitor the key elements of the other
pigments (Co, Cu, Mn), the glaze (Pb L3-edge at 13.035 keV) and the body (Fe) the lens with
20 keV nominal energy was chosen to perform this scans. This has the advantages that the
absorption efficiency for the monitored elements is better and the photon flux on the sample
through this lens is more than 4 times higher due to the bigger aperture of 157 pm (gain ~
22000). Since the expected layer thickness was in the order of tens of um, the DMM with a

spot size of 1.6 um x 1.5 pum could be used for this measurements.
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7.2.3 Results

The cross section scans were conducted by scanning the sample vertically through the
beam with a step size of 1 um collecting fluorescence spectra for 30 seconds at each point.
For each sample and color the scans were repeated at two positions on the sample about
100 pum to 250 um next to the previous scan. After collecting the data the spectra were fitted

with PyMCA [137] and the fitted values were used for plotting elemental profiles.

Comparing the profiles from the repeated scans on the same pigment showed for all cases
only small differences. Due to this the results in the following section are presented as the

averaged data from these three scans.

7.2.3.1 Blue decorations

Figure 7.22 shows pictures of the samples and the cross sections as well as the elemental
profiles of the key elements Co for the blue color, Pb for the glaze and Fe for the body. The

red lines in the microscope pictures indicate the scan regions for each sample.
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Figure 7.22 Elemental profiles from cross-section scans of two samples from Coimbra C34 (a) and AZCO7 (b)
and one sample from Lisbon AZLX1 (c).



116 Chapter 7 Applications

Monitoring the Pb signal shows that the thickness of the glazes is one major difference be-
tween these samples. While in the faience sample C34 (figure.7.22a) the glaze is approxi-
mately 120 um thick, the tile samples (AZCO7 and AZLX1) have glaze thicknesses between
350 um and 400 um (figure 7.22b and c). Another difference can be seen by tracking the Co
signals, where for the tiles it is obvious that they have two layers (glaze and pigment separat-
ed), while the faience has only one layer. This means that the pigment was applied together

with the glaze in only one firing process.

Comparing the two tiles (AZCO7 and AZLX1) it is to see that the Co-signal vanishes at a
depth of about 150 pum in the sample from Coimbra and at about 125 pum in the one from Lis-
bon. The deeper penetration of the pigment particles through the glaze can have different rea-
sons as e.g. a higher content of fusible components in the glaze (lead oxides and alkaline
compounds) or a higher firing temperature. Furthermore there is a big difference in the pro-
files of the Pb-signals. While in sample AZCO7 the signal drops abrupt at the glaze/body in-
terface there is almost no change in sample AZLX1, meaning that this ceramic body allows a
higher intake of the glaze.

7.2.3.2 Purple decorations

For the purple color the compound Psilomelane [(Ba,H20),Mns010] was used and therefore
Mn was chosen to be the monitored element. Figure 7.23 shows pictures of the samples C29
and AZCO3 (a faience and a tile from Coimbra) and AZLX3 (from Lisbon) together with
pictures of their cross sections and the elemental profiles for Mn, Pb and Fe. Again the red
lines in the microscope pictures indicate the regions where the cross section scans where per-

formed.

Once again it is to see that there is no interface between color/glaze and the glaze thickness
is about 150 pum in the faience sample (figure 7.23a). There is however a stronger connection
between glaze and body in this sample as seen before (figure 7.22a), to observe by the
smoother decrease of the Pb and increase of the Fe profile.

Comparing the tiles it is to see that the pigment is equally well dispersed through the glaze
(figure 7.23b and 7.23c). However, the Mn profile in the sample C29 shows a broader maxi-
mum at the surface (~50 um) than sample AZLX3 (< 25 um). Since the purple motifs were
applied together with a green colored layer the Cu signal (key element for the green color)

was also plotted and shows the same behavior as Mn. The glazes are about 250 um and
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300 um thick and again a smoother elemental exchange at the interface glaze/body is ob-

served in the sample from Lisbon.
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Figure 7.23 Elemental profiles from cross-section scans of two samples from Coimbra C29 (a) and AZCO3 (b)
and one sample from Lisbon AZLX3 (c).

7.2.3.3 Green decorations

In figure 7.24 cross-section scans of samples containing green decorative motifs are
shown. Since no faience with green motifs was available only a tile from Coimbra (AZCO3)
and one from Lisbon (AZLX3) could be compared. These samples are the same as the ones
where the purple color was monitored, but here the scans were carried out in regions where
only the green color was present. The Cu signal shows that the intake into the glaze is higher
in sample AZLX3, while a broader maximum is observed at the surface of sample AXCO3
from Coimbra. Furthermore, the chemical exchange between glaze and body seems to be
more pronounced in the sample from Lisbon than in the sample from Coimbra. The glazes are

- as already seen when monitoring the purple pigment - about 250 pm and 300 pum thick.
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Figure 7.24 Elemental profiles from cross-section scans of a tile from Coimbra AZCO3 (a) and one tile from
Lisbon AZLX3 (b).

7.2.3.4 Yellow decorations

In figure 7.25 the elemental profiles of sample C41 a faience and AZCOL1 a tile from
Coimbra as well as sample AZLX2 a tile from Lisbon all containing yellow decorations are

compared.

Conversely to what has been seen before regarding the faiences features, new aspects arise
when investigating the yellow pigment. When looking at figure 7.25a it is obvious that there
is a pigment layer of about 30 um applied on a glaze layer of about 180 um thickness. This
separation may occur due to a separate firing stage just for the pigment and/or due to the fact
that the lead-antimony composite which gives the yellow color forms large crystals which
make it difficult for the pigment to disperse through the glaze. At the interface glaze/body
once again the smooth decreasing of the Pb signal and smooth increasing of the Fe signal is to
observe.

Comparing the profiles of the tiles (figure 7.25b and 7.25c), the pigment layer on both
samples has the same thickness of about 100 um. However the drop of the Pb signal at the
color/glazer interface is higher at sample AZCOL1, indicating the possibility of separate firing
stages for glaze and pigment. Again at the interface glaze/body the elemental exchange be-
tween Pb and Fe is smoother in the sample from Lisbon (AZLX2).
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Figure 7.25 Elemental profiles from cross-section scans of two samples from Coimbra C41 (a) and AZCO1 (b)
and one sample from Lisbon AZLX2 (c)

7.2.4 Elemental mappings with a Color X-ray Camera (CXC)

For these measurements samples with a broad range of surface decorations were chosen in
order to obtain a bigger elemental variety on these mappings. The CXC with the 1:1
polycapillary optic and the DMM with 20 keV were used to record these images. In order to

get good statistics the measuring time for the mappings was one hour.

In figure 7.26 the elemental mappings of the four tile samples AZCO3 (a), AZCO2 (b),
AZLX9 (c) and AZLX2 (d) are shown. To display the mappings each element was assigned a
different color as indicated next to the images.

The samples from Coimbra (figure 7.26a and 7.26b) have a green base decoration together
with purple motifs on top of it which explains the abundant presence of Cu and Mn. The dark
green color of sample AZCQO3 is caused by a higher concentration of the green pigment which

becomes apparent by a much stronger Cu signal than in sample AZCO2.

From sample AZLX9 (figure 7.26¢) two areas were measured, the first containing green

and purple and the second including yellow and purple motifs. The CXC mapping of the first
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area shows that the green color actually is a mixture of green (Cu) and blue pigments (Co)

while in the second area the purple pigment (Mn) is applied over the yellow one (Sb).

At last an elemental mapping of sample AZLX2 (figure 7.26d) shows the distribution of Sb
from the yellow pigment (plotted in green for a better contrast) and the Mn from the dark pur-
ple line and the light purple area. Notice that even if over painted with yellow and purple the
homogeneous distribution of Pb - characteristic for the glaze and the white color — is clearly

to see.

a) AZCO3

b) AZCO2

X

S —

d) AZLX2

c) AZLX9
)

Figure 7.26 Elemental mappings performed with the Color X-ray Camera (CXC) on two samples from Coimbra
AZCO3 (a) and AZCO2 (b) and two samples from Lisbon AZLX9 (c) and AZLX2 (d).

7.2.5 Conclusions

The samples used for this investigation were chosen to be representative of each type of
ceramics as well as of the two centers of production. The most important conclusion with-
drawn from this work is the usefulness of this method, for the investigation of this type of
cultural heritage objects; since cross-section scans with high lateral resolution (1 pm) revealed

features and properties of the samples which are not accessible by other techniques.
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The difference between faiences and tiles is in the thickness of the glaze, which for

faiences is only up to 180 pum, while for tiles it is up to 400 um.

The major difference between the tiles from the two production centers is that the pigment
layer is thicker in the tiles from Coimbra, while the intake of the pigment throughout the glaze

is higher in the tile samples from Lisbon.

Other features like the broader glaze/body interface in the tiles from Lisbon may be the re-
sult of a more pronounced chemical exchange between some elements from the glaze and
from the body than in the samples from Coimbra. The fact that the glazes show defects like
voids or cracks lead to the assumption that the glaze has not undergone a previous firing pro-
cess before been applied onto the bisque (fired ceramic body) but was applied in raw. This
theory is sustained by the observed chemical exchange between Pb and Fe at the glaze/body
interface. This exchange occurs during the firing process, where the dissolved lead com-
pounds of the glaze are dragged into the ceramic body due to the high water absorbance of the
bisque. The smoother exchange in the samples from Lisbon may lead to the conclusion that
these samples were fired at higher temperatures which also could explain the fact that the

pigment intake in the sample from Lisbon is higher than in the samples from Coimbra.

The elemental mappings made with the CXC, show the distribution of the elements, which
characterize the color or the glaze and also reveal that some of the motifs are applied on top of
other colors, as to observe e.g. in figure 7.26a.
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Compound Refractive Lenses have, compared to other X-ray focusing devices, the big ad-
vantage that the focal distance can be adjusted by aligning different numbers of single lens
elements. Depending on the photon energy and the desired aperture of the lens, the focal dis-
tance can be chosen from some centimeters until some meters. This wide range and their sim-
ple design and alignment allow adapting the CRL"s to most of the existing setups at synchro-
tron beamlines which were not initially designed for micro focus applications. The only re-

quirements for the use of these lenses are a parallel and monochromatic (A?E < 1073) beam.

Due to the circumstances at synchrotron beamlines where the source to sample distance is
usually in the range of several tens of meters and the lens apertures are in the range of less
than a millimeter the beam can be seen as parallel and an energy bandwidth of less than 1073

can be reached e.g. by a crystal monochromator.

In the previous chapters the results of using the CRL outside the specified parameters are
shown. A systematic investigation of the influences of a broad bandwidth multilayer
monochromator, a prefocused (therefore divergent) beam as well as the usability of the CRL’s
for X-ray absorption spectroscopy (XAS) measurements was conducted.

For a complete characterization of the CRL the nominal parameters like beam size and fo-
cal distance were also measured. While the calculated and measured spot sizes are in good
agreement, the values for the focal distance showed quite big differences especially for the
lenses with smaller apertures as shown in table 6.3. The origin of this discrepancy is not
known now, but will be further investigated. The measurements at the present lenses will be
repeated to approve or disprove the former obtained values and in case they are approved,
measurements on other lenses will be carried out to distinguish if the discrepancies are from

the production of this lens or a general problem.

High resolution scans of bigger areas are very time consuming and therefore higher prima-
ry flux is desired which can be achieved by using a multilayer instead of a crystal
monochromator. Using the DMM with an energy bandwidth in the order of 1072 the flux at
the BAMline is about 100 times higher than with the DCM and bending the second multilayer
to parallelize the beam in the vertical plane further increases the flux on the sample. This
about 200 times higher photon flux leads to significantly shorter measuring times but also to

an increase of the spot size to 1.6 um x 1.5 um (FWHM).
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An important point of this work was to examine the usability of the CRL"s to conduct XAS
measurements. The investigation showed that only minor changes of the lens parameters oc-
cur in the XANES energy region (£100 eV) while for the EXAFS region the changes are sig-
nificant (see Chapter 6.4). Next to spot size and focal distance also the absorption within the
lenses changes when tuning the energy of the primary beam, leading for standard normaliza-
tion of XAS spectra (with pre- and post-edge line) to an overestimation in the XANES region.
XAS measurements on different standard materials with and without lens showed that this

does not affect the features of the XANES spectra and can be corrected easily.

Summing up, the studies showed that it is possible to conduct XANES measurements
without adjusting the distance between sample and lens and even without taking into account
the change of the absorption of the lens as long as the investigated structures are homogene-
ous over an area of about two times the nominal beam size. For samples smaller than the spot
XANES analysis is still possible, but reference materials with well known sizes smaller than 1

pm have to be produced and measured.

For EXAFS measurements the absorption of the lens has to be taken into account and the
distance between sample and CRL has to be adjusted simultaneously to the energy scan.
While the absorption correction is quite easy, the correction of the focal distance is a technical
challenge, since both sample and detector as a unit or the lens have to be moved precisely
along the beam. For particles with a size in the order of micrometers and a beam of compara-
ble size with a Gaussian energy distribution, it is obvious that already minor inaccuracies in
the setup could provoke stronger changes than the actual EXAFS signal. If these problems are
solved, EXAFS measurements with a resolution of about 2 um should be possible. Neverthe-
less restrictions like a minimal size for the analyzed structure of several um should be made to
ensure a certain accuracy of the results. On the other hand for samples with this size capillary
optics with spot sizes in the order of 10 um and a much lower energy dependence might be

used to conduct such measurements.

Investigation of a solar grade silicon wafer showed that elements with bulk concentrations
in the order of one ng-g™* can be detected by synchrotron micro X-ray fluorescence analysis, if
they form precipitates within the solar cell. Taking Cu as an example it is shown that the in-
strumental limit of detection is in the range of 5 fg (~5- 107 atoms). Furthermore, it was
shown that the depth of the precipitates within the solar cell can be estimated by the ratio of
the emitted fluorescence lines (K,/Kg) which leads to a better estimation of the cluster size

and the spacing between them. These values are important to determine the influence of the
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impurities on the minority carrier diffusion length in the area and the solar cell efficiency in
general. Furthermore, p-XANES measurements revealed that different Cu-compounds (most
likely CusSi and Cu,0) are present in the solar cell. The knowledge of distribution and spe-
cies are essential for a successful "defect engineering™ with the aim of raising the solar cell

efficiency while using cheaper but therefore dirtier feedstock material.

Another application was the investigation of Portuguese glazed ceramic fragments showing
the usefulness of measurements with high resolution when studying this type of cultural herit-
age objects. Elemental profiles from cross-section scans with a 1 um lateral resolution on sev-
eral objects revealed general features for the different kinds of ceramics and the production
centers Lisbon and Coimbra. The major difference between the two kinds of ceramics is the
thickness of the glaze, which is up to 200 um and up to 400 um for faiences and tiles respec-
tively. General differences between the two compared production centers are the broader
maximum of the signal from the characteristic element of the pigment in the samples from
Coimbra and the slightly higher intake of the pigment throughout the glaze as well as a broad-
er glaze/body interface in the samples from Lisbon. These measurements are only a small
contribution to the study of these objects but together with previous investigations they pro-
vided information about the manufacturing techniques, the raw materials and the mixtures

which were used to produce these pieces.
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