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1 Introduction

X-ray absorption spectroscopy (XAS) is a powerfigperimental method to probe the atomic short
range order of crystalline and non-crystalline cargked matter. The distinct fine structure of thergy
dependent X-ray absorption coefficient found abaweabsorption edge contains element specific
information about the local atomic and electrotiacture. Experimental advances and the high X-ray
intensity over a broad continuous spectral rang®ilable synchrotron radiation sources led to the
development of Quick scanning EXAFS (QEXAFS), whimbgressively pushed the acquisition time
of a single X-ray absorption spectrum from tensniriutes down to the sub-second regih@,B,4].

By means of this method, the X-ray absorption rghye structure (XANES) and the extended X-ray
absorption fine structure (EXAFS) can be acquiredtiouously with a high repetition rate. Not only
does QEXAFS boost techniques which require a latgeber of spectra, such as XANES mapping or
tomographic XAS %,6], it also, and more importantly, adds time resoluto XAS on a very useful
scale. This unique combination of element sensgjtitime resolution and the high penetration degith
hard X-rays makes QEXAFS an invaluable tool forsitor investigations of chemical reactions.
Applications originate from a broad field of vargdisciplines including catalysis research, energy
research including e.g. batteries and solar ceilsterial science, corrosion science, environmental
science and mor§ 8,9,10,11,12,13].

The main concept of QEXAFS is to record the absmmptspectrum on-the-fly while the
monochromator performs uninterrupted successiveggngcans. In contrast to conventional XAS,
which executes a scan in a repetitive start stogguture at discrete energy values, dead times are
completely eliminated leading to a significant refilon of the acquisition time per spectrum. QEXAFS
with conventional monochromators typically reach slub-minute time scale and is widely available at
synchrotron radiation facilities worldwide. Howeyethen aiming at the sub-second time regime highly

specialized monochromators, detectors and datasitioju systems are required.

A hard X-ray monochromator used in XAS applicatiessentially exploits Bragg’s law of X-ray
diffraction. Energy scans are performed by rotatirgingle crystal thus altering the Bragg anglecwhi
defines the reflected photon energy. To obtain igdhem spectra using the QEXAFS method, the Bragg

angle, from which the photon energy is derived raféeds, is measured synchronously with the
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absorption of the sample, while the monochromatystal is in continuous oscillatory motioi¥], 15].
Following this concept, in particular the monochedar and the data acquisition system need to be
optimized for this specific task. A dedicated QEX3\Fmonochromator therefore incorporates
specialized drive mechanics to enable the osailfatmtion of the monochromator crystal. As part of
this work a new concept of a QEXAFS monochromat@seld on a direct drive torque motor was
developed and two monochromators have been redifid The first device was installed at the
SuperXAS beamline at the SLS (PSI, Switzerlandpimuary 20154]. It is in user operation since then.
The second device was build for the P64 beamlifeEatRA Il (DESY, Germany). Both beamlines
are discussed in section 2.2.2. The new drive nmechallow oscillation frequencies of up to 50 Hz,
which corresponds to 100 spectra per second. Alsagoto the capabilities of the new drive, the Buil
monochromators are the first dedicated QEXAFS mbrwmunators, which are equipped with two
different channel cut crystals to extend the adblsphoton energy from about 4 keV to 44 keV. The

monochromator, the direct drive and the capalslitiee discussed in Chapter 3.

The time resolution of a measurement is definethbyscillation frequency of the monochromator
crystals. The QEXAFS data acquisition system isiiregq to synchronously record the detector signal
outputs and the Bragg angle with a sufficient samggfrequency up to the MHz regime, in order not to
undersample the absorption spectra. In Chaptes #htplemented data acquisition system is discussed
and an estimation of the minimal required sampliregjuency based on the energy resolution of
monochromator is derived. In the same chapterayoehte software program, calldQ, is presented.

It was written to allow XAFS data evaluation ofdarQEXAFS data sets. Since these can contain up to
more than hundred thousand of individual absorpdjgectra, specialized software is necessary tp full
exploit the benefits of QEXAFS. Furthermore, theess to sophisticated software tools supporting
QEXAFS data evaluation, is still a critical issogoromote QEXAFS to a larger user community. The

development of JAQ is also intended to improvesihgation in this regard.

Using the QEXAFS method, the bandwidth of the dets¢ which are used to determine the
absorption of the sample is a critical charactereasd has to match the sampling frequency of tA@D
In conventional XAFS as well as with the QEXAFS huet, the X-ray absorption of a sample is usually
determined by measuring the incident and transthiXeray intensities with gas filled ionization
chambers. However, the bandwidth of conventiorathat parallel plate ionization chambers is limited
by the ion drift velocity and can severely impaistf QEXAFS measurements. Although the ion drift
velocity can be increased, for instance by apphhigher voltages or choosing lighter gases, the
dielectric strength of the filling gas leads to @psolute upper limit. The major breakthrough was
achieved by the development of the gridded iorerathambers, which are not limited by the ion drift
velocity [17]. As a consequence the frequency bandwidth isfeigntly increased and the step response
is reduced by typically two orders of magnitudeeTridded ionization chamber is one of the major
improvements to enable time resolutions below 180@mapter 5 is dedicated to the discussion of the

basic principles of planar parallel plate and geidibnization chambers. Extensive investigatiorthef



1 Introduction 3

step response behavior of both types of ionizatltmmbers have been performed and are discussed in
this chapter.

The potential of the new QEXAFS setup installedhat SuperXAS beamline is demonstrated in
Chapter 6. Besides fast static measurements whiehd to characterize the capabilities of the setup
the nucleation and growth of €4nSnS (CZTS) nanocrystals are investigated in-situ amdkinetics
are analyzed. CZTS is a promising candidate foiptiwton absorbing layer in future solar cells. This
material was synthesized in an one-pot hot-injecfioocess, which represents an entire class of

synthesizing processes which are ideally suitedhfsitu investigation with the QEXAFS method.

The presented work extensively covers the impgreets of synchrotron beamline instrumentation
to facilitate hard X-ray sub-second QEXAFS experitn&he required components are reviewed with
respect to their influence on data quality andrthemporal response behavior to enable fastest
measurements. All critical components (monochromabaization chambers, current amplifiers, data
acquisition system, data acquisition and data ew@ software) have been newly developed and
improved in their characteristics and functionalga. These developments enable investigations on

shorter time scales with higher precision thandsvieasible before.
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2 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a commonged: method at synchrotron radiation
facilities to study the atomic and electronic stowe of many classes of condensed matter. The fine
structure of the energy dependent X-ray absorgtazfficient just above an absorption edge depends
sensitively on the local atomic arrangement andtedaic properties of the materidld]. XAS probes
the local short range order of individual atomieaps and thus enables studies of crystalline and
non-crystalline materials as well. The Quick EXAEEXAFS) method adds time resolution to XAS
and allows to follow dynamic structural chang&2,3,4,19,20]. By this means, the X-ray Absorption
Near Edge Structure (XANES) and the Extended AligmrpFine Structure (EXAFS), which are

adjacent regions of an X-ray absorption spectrumbeameasured with high repetition rates in readti

XAS is well covered in the literature and comprediem discussions can be found in
[15,18,21,22,23,24]. The following section 2.1 summarizes the thdoattbackground of XAS. In
section 2.1.2 general experimental requirementA& at synchrotron radiation sources are discussed.
In this section the two beamlines, SuperXAS (SLSI| Bwitzerland) and P64 (PETRA Ill, DESY
Germany) are described. The new QEXAFS setup wiBigresented throughout chapters 3 to 5 has
been installed at these beamlines.

2.1 Introduction to X-ray Absorption Spectroscopy
X-rays which pass through matter are attenuatedauarious photon-matter interactions. The
attenuation of the incident intensity is describgdhe Lambert-Beer law2b]:

I = Iye HEX, (2.1)
The quantitied, andl; are measures of the incident and transmitted sittes. The argument of the
exponential function, which can be determined erpemtally, contains the product of the penetrated
thicknessd and the energy dependent X-ray absorption coeffigi. This quantity includes the cross
sections of photon-matter interactions and is didlgnresponsible for the energy dependency of the

Lambert-Beer law. X-ray absorption spectroscopgrids to measure the X-ray absorption coefficient
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as a function of energy. lIts distinct structureuigque for the probed material and sensitive to the

electronic and atomic structure of the absorbiggt8].

The Energy Dependency of the Absorption Coefficient and its Fine Structure

Within the considered hard X-ray regime, which esffom a few keV to about 40 keV, elastic
or inelastic scattering occur but only take a misbare and the attenuation, i.e. the absorption
coefficient, is dominated by the photoelectric effi26,27]. As a result of this interaction, energy and
angular momentum of the incident photon are entitr@insferred to a bound electron. If the incident
photon energy exceeds its binding energy, therelect emitted from the atom creating a photoetectr
The interaction probability, which is measured bg photoelectric cross section, is a monotonously
decreasing function of energy. Only if the incidphbton energy becomes high enough to ionize the
next tighter bound electron, the monotonic behavwsointerrupted by an abrupt increase of the
interaction probability. Since the X-ray absorptimereases likewise, these energetic positions are
termed absorption edge2d]. For photon energies below this threshold, theodhing electron can also
be excited to higher unoccupied bound states,isf ttansition is not suppressed by dipole selection

rules.

Far away from absorption edges the decreasing tktige X-ray absorption is well described

by the empirical Victoreen functio29]:

H(E)~CiyE=3 = CyE™*. (2.2)
The coefficients;;; and(,;, depend on the absorbing material and are cons&ween consecutive
absorption edges. The specific values can be detednby linear least squares fitting of the Victae
function to experimental data (see section 4.3.Ris is routinely performed to remove the backgun

absorption, which is a necessary step towards natian of spectra or extraction of its fine stiwre.

X-ray Absorption Fine Structure

The X-ray absorption shows a remarkable structutbe vicinity of an absorption edge. This
structure can extend to over more than 2000 eV rtmbybe absorption edge and is termed the X-ray
absorption fine structure (XAFS)3(,31,32,33,34,35,36]. Figure 2.1 shows an X-ray absorption
spectrum of metallic copper measured at the Cu deeeBased on the underlying physical processes,
which dominate the XAFS, absorption spectra ararseéed into two different regions. The region
followed by the absorption edge is referred toheesX-ray absorption near edge structure (XANES).
This part of the XAFS extends to about 20 eV t@%¥Gbove the absorption edge and is sensitivesto th
electronic structure and the local spatial arrareggnand symmetry around the absorbing atom. The
XANES smoothly merges into a region termed extendedy absorption fine structure (EXAFS).
Detailed information about local interatomic distes and coordination numbers around the absorbing

atom can be retrieved from the EXAFS.
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Figure 2.1: X-ray absorption spectrum of copper around thebKorption edge &eqqe = 8979eV.
The transition between the XANES and EXAFS reg®nat clearly defined.
2.1.1 EXAFS

The extended X-ray absorption fine structure (EXAB@rts about 20 eV to 50 eV above the
absorption edge (see Figure 2.1). The relative matidn of the X-ray absorption within the EXAFS

regime is defined by

H(E) — po(E)
to(E)
whereu, (E) refers to a smoothly varying atomic-like backgreuBince all information is contained in

x(E) = (2.3)

this function, y(E) is often synonymously called ‘fine structure’ dEXAFS’ of the absorption
spectrum. Extraction gf(E) from experimental data and the problem of findingroper background

Uo(E) is described in section 4.3.2.

The oscillatory modulation of the X-ray absorptman be interpreted as an interference effect
involving the outgoing photoelectron wave which(ligck) scattered at neighboring atoms. This is
schematically depicted in Figure 2.2. The probgbdf an X-ray photon being absorbed by a localized
core electron is proportional to the amplitude tud final state of the emitted photoelectron at the
absorbing atom. This state is given by the supéippnf the outgoing and all backscattered elattro
waves. Consequently, the modulation of the absmrpdepends on the relative phase of the electron
waves, which in turn depends on the wave number2r/A and the distances between the absorbing
and backscattering atoms. For instance, in theaasteaight backscattering by a neighboring atben t
phase difference amounts to approximag#y, wherer is the interatomic distance akds the wave

number of the electron as given by equation (2.4).
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Figure 2.2: Schematic representation of the origirthed EXAFS. The central atom (red) is ioni
by absorption of a photon (orange wave). The etigthotoelectron is shown as an outg:
spherical wave (red circles). The outgoing photttetsn wave is backstared (blue circl
segments) at the top right atom (blue), to illusti@single straight backscattering process. Tl
pictures show the situation for different electnwavelengths leading to constructive (left)

destructive (right) interference of the electron/es

1
k= sze(g — Erage) (2.4)
The energy of the absorbed photon is denotek, hereasz, 4. refers to the binding energy of the

core electron. Thus, the wave number increasefeaphioton energy is increased which leads to
alternating constructive and destructive interfeesbetween the electron waves. This gives riskdo t
oscillatory modulation of the X-ray absorption.tns respect, the EXAFS oscillations as a whole can
be interpreted as a superposition of individuattedag paths37]. A common parametrization is given
by the so-called EXAFS equatiob837]:

er
2 (k) = Z SN, |f1( )| lf<k>e—20szsm(2krj+c1>ij(k)). (2.5)

The sine function of this equation accounts for itterference effect and reflects the oscillatory

behavior of the fine structure. The argument ofstine function contains the oscillation frequeéy;

and a phase®;;(k), which accounts for the total phase shift expeeenby the electron wave as it
perceives the potentials of the central atom aadh#ighboring atom. The other parameters in frént o
the sine function define the amplitude of the paittr scattering path and include the coordination
numbern;, the backscattering amplitudg(k), a correction facta$Z, and two dampening exponential
functions.SZ accounts for multi-excitations and losses at thgoebing atom by reducing the total
amplitude. The first exponential functioev;p(—er/Aj(k)), depends on the mean free path of the
photoelectronl;, which arises from the decay of the electron wdue to its finite lifetime. The second
exponential,exp(—Zajzkz), introduces the Debye-Waller factor representimgcsural disorder and
thermal vibrations of the atoms. The quandfyis the root mean square deviation from the average

interatomic distance and is mainly responsibledanperature dependency of the EXAFS.
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Since EXAFS arises from an interference effect,itlieratomic distances correlate with the
frequencies contained within the fine structurethe EXAFS equation this connection is captured by
the sine function. Thus, the Fourier transformhaf fine structurgr(k), which has been corrected for
the induced phase shift;;(k), directly correlates with the radial distributiimction of surrounding

atoms. Further information about the theory of EXSAE available in the literaturé§,24,23,21].

2.1.2 XANES

The X-ray absorption near edge structure (XANE$2m®dts to about 40 eV above an absorption
edge (see Figure 2.1). In contrast to EXAFS, tharmigee path of the emitted photoelectron is
substantially longer within the XANES regime. Ind#tn, scattering of the electron wave at
surrounding atoms is more efficient. ConsequendANES is strongly dominated by multiple
scattering involving several atoms making it veepstive to the local symmetry around the absorbing
atom P4,22,38,39,40]. Excitations of the core electron to unoccupiedr states near the absorption
edge are very likely and also affect the XANE3][ Since these transitions depend sensitively en th
electronic structure of the material, XANES prowdeformation about the local chemical environment
as well. This property is of great interest in méeids, in particular regarding in-situ investigets of

chemical reactions, such as in catalysis research.

Due to the complexity of XANES, a quantitative mmtestation is very difficult and ab initio
calculations are still an ongoing field of reseafdB,43]. XANES is therefore often qualitatively
interpreted. The rich and distinct near edge dtrectllows it to be used as a ‘fingerpririt8[24]. Linear
combination analysis (LCA) and suitable referen@aNES spectra from known materials enable to
determine the composition of the probed sample. Tineoretical background and software
implementation of LCA is discussed in section 4.3Be application of LCA, performed on a time

resolved XAFS measurement, can be found in se6t®n.

2.2 Experimental Requirements of hard X-ray Absorpt  ion Spectroscopy

Today, EXAFS and XANES measurements are almosusixely performed at synchrotron
radiation facilities. This is due to two main proges: high photon flux and wide spectral bandwidth
The EXAFS signal is comparably weak and the modwiaif the background absorption is found to be
in the order of 18to 10° at the far end of the spectrum. Consequentlygr@asito-noise ratio of better
than 1@ is required to properly resolve the fine structu@ensidering the uncertainty of intensity
measurements, which is typically given by the sguapnt of the number of involved photons, and the
demand of acquisition times of several minutes feva milliseconds, intensities of 4@hotons per
second to more than ¥(hotons per second are required. This flux neethe tprovided over a broad
and continuous energy band. To enable access tabsmrption edges of different elements a total

spectral bandwidth of several 10 keV is requirext.ifstance, the K-edges of the important 3d ttaomsi
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4+H .He
4L 4Be Photon Energy: 4 keV - 30 keV sB sC <N 0 oF 1woNe
1Na | Mg 1Al | 1481 | 1P | 168 | 7Cl | 4eAr

19K | 0Ca | 8¢ | ,Ti 23V | 2Cr | Mn | xFe | €0 | Ni | 25Cu | ;0Zn | ;Ga | 3,Ge | 3As | g,Se | Br | s6Kr

wRb | 34Sr 10 wZr | 4Nb | oMo | ,Te | wRu | 4sRh | 4Pd | ;AgQ | 4Cd | 4In | 5Sn | 5Sb | ,Te sl saXe

ssCS | ssBa 2Hf | 7aTa | W | 7sRe | 7608 | 7Ir | 7Pt | 70Au | gHg | oTl | ,Pb | g3Bi | PO | gsAt | RN

arFr | gRa 104RT | 105D | 10659 | 107Bh | 10gHS | 10Mt | 140DS  444RG | 11200 | gUut| 144F1 11sUup | 446kv | 447UUS | 445Uu0

s7La WCG s9PT eoNd | gPm szsm ssEU 34Gd 65 THD 6sDY eHO 6sEr | 6oTM | 7Yb nlku

sAC | oTh | 4Pa 92U o3NP | s4PU | sAM | 5gCm | o7Bk | 95CF | goES | j00FM | 4o4Md | jo,NO | 4p5Lr

no edge accessible
K-edge accessible

K- and L- edges accessible
L-edges accessible

no data available

Figure 2.3: Periodic table of the elements indicating theeasible K- and L-edgesithin the energ
band of 4 keV to 30 keV. Data based &#Aq].

metals range between 4 keV and 10 keV (e.g. Tirtn4B66 eV — 9659 eV). The K-edges of the 4d
transition metals fall within 17 keV and 27 keVgeZr to Sn: 17998 eV — 29200 eV). In between, from
about 10 keV to 15 keV, many L-edges of the 5d el are found (e.g. Ta to Au: 9881 eV —
14353 eV). This makes the energy band of 4 keV ke30the most versatile in hard X-ray absorption
spectroscopy and should be covered by dedicatedlipes. Figure 2.3 shows the accessible K- and

L-edges of the elements in this energy band.

A further fundamental requirement to measure X-ghsorption spectra is a tunable
monochromator with an appropriate energy resolutorsolve the fine structure. The EXAFS contains
rather low frequency components and does not gsnehigh demands on the energy resolution. The
XANES on the other hand can definitely benefit frangood energy resolution but is inevitably
broadened by the finite lifetime of the core hald][ A reasonable energy resolution of 1 eV — 2 eV is
typically sufficient for highly accurate XAFS measments 45,46]. More important properties of
monochromators used in XAS, are stability and répedility. Furthermore the monochromator should
cover the entire provided bandwidth of the syndlmrotadiation source. Since this is technically not
always possible to facilitate in one device, oftato or more monochromators (or crystals) are
necessary.

Experimental Setup

With a tunable monochromatic X-ray beam providdik experimental setup for XAFS
measurements can be quite simple and the basiatlé&yshown in Figure 2.4. The idea is to probe
Lambert-Beers law (see equation (2.1)) by measuhagncident and transmitted intensitigsandl; .

The natural logarithm of the ratio of both interesityields the absorption of the sample. Optionally
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Fluorescence Yield

Ionization Ionization Ionization
Chamber Chamber Chamber
Monochromatic Beam
IZ Il ID
— — S
Reference
Sample Sample

Figure 2.4: Schematic layout of a typical XAR&periment. The incident and transmitted inters
of the sample and of the reémce sample are measured by ionization chamberansmissio

geometry. Optionally the fluorescence yield cam@asured instead of the transmitted intensity.

secondary processes which are physically linketth¢cabsorption, such as the fluorescence yield can
also be measured to determine this value. Withdditianal intensity measurement behind a reference

sample, the energy calibration of the measurenmambe verified and corrected if necessary.

The X-ray intensitie$y, I; need to be measured with detectors which exhit@aaonable low
self-absorption. Furthermore, these detectors shooil interfere with the direction of the beamtsr i
optical properties. These are the reasons whyatioiz chambers are still the most important detscto
for hard X-ray XAFS measurements. In contrast fasiate detectors such as PIN diodes, ionization
chambers also allow to be optimized to operaténadvst any photon energy by adjusting its gas fillin

and its pressure.

Sub-Second and Time Resolved X-ray Absorption Spectroscopy - QEXAFS

A way to obtain time resolution is to rapidly arahtinuously change the incident photon energy
back and forth. The absorption spectra are thenitisequentially by recording the time functiohs
the intensitied, andl; while the photon energy is periodically changekisTs the basic principle of
the QEXAFS techniques[4,19,20]. Within one oscillation period of the photon egyertwo spectra are
measured, one with increasing and one with decrgasiergy. Hence the spectra acquisition rate is
twice the energy oscillation frequency of the mdmwomator and the acquired spectra are referred to a
up or down depending on the energy scan direction. To enaskestans specialized monochromators
are required. These dedicated QEXAFS monochromat@optimized in regard to fast repetitive
energy changes, which require specialized mechanitslrives. Different implementations which have

been realized in the past and the design of thednew are discussed in section 3.2.

Due to the high scan rates (10 keV/s to 50 keVid)iewable with modern QEXAFS
monochromators, the synchrotron radiation source wat be scanned synchronously with the
monochromator and thus needs to deliver a contgmgpactrum covering at least the scan range. This

in particular, leads to restrictions concerninguwlatbr sources, which typically emit a narrow litype
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W

20,
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Figure 2.5: Principle of a double crystal monochromator usigmmetric Braggliffraction at twc

parallel crystals. By tuning the Bragg an@jethe transmitted photon energy is set.

spectrum47,48]. Tapering of undulators is a possibility to breadhe width of its harmonics. However,
the spatial homogeneity and especially the eneeggddency of the spatial radiation distributionchee

to be considered since it might affect the XAFS soeements49].

Since the time functions of the quantitigsandI; are measured, there are severe requirements
on the frequency bandwidth of the detectors and dagjuisition system. If not sufficient their famit
response blur the XAFS and therefore limit the actume resolution. Especially energy dispersive
detectors which are based on single photon courisnge only limited application due to their
comparable low saturation count rate. Also largegrhoto diodes often exhibit large capacities that
can lead to electronic oscillations in the sigrathpand are therefore not suited for fast measuresme
[50]. Best results are obtained using gaseous ionizatiambers. Their response time has been pushed
to the low microsecond regime, which now allows E>8Aand XANES measurements on the
millisecond time scal€lf/]. The development and performance of fast iomzathambers are discussed

in detail in Chapter 5.

2.2.1 X-ray Monochromators

X-ray monochromators are essential for XAFS measargs at synchrotron radiation facilities.
The monochromator is used to select a narrow enesgg out of the broad spectrum emitted by the
synchrotron radiation source. By repeatedly chapgihthe selected energy, an X-ray absorption

spectrum can be sampled.

Hard X-ray monochromators rely on X-ray diffractianperfect single crystals. By adjusting
the incident Bragdy angle, the reflected wavelength= hc/E can be selected. This is well described
by Bragg’s equation:

hc 1
Zdhkl Sin(HB)

wherem is a natural number to include higher order réites andd,,; is the normal distance between

E=m (2.6)

two consecutive lattice planes, which are defingdhle Miller indicesh, k, . As shown in Figure 2.5,

typically two Bragg reflections at two parallel gie crystals are used to compensate the angular
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deflection, thus obtaining a monochromatic beanctvlig again parallel to the incident one. The two
crystal surfaces do not necessarily need to belogyo physically separated crystals but can aéso b
machined from one large crystal by sharing a combawkplane. These monolithic crystals are termed
channel cut crystals and are due to their impogdoc QEXAFS monochromators discussed in more

detail in section 3.1.2.

Energy Resolution

The achievable energy resolution of crystal monaetators is fundamentally limited by the
divergence of the incident beam and the intrinsacvidn width. The beam divergence is a property of
the source and can be manipulated by optical coemgenAt modern beamlines (e.g. SuperXAS, see
section 2.2.2) a collimating mirror is typicallyagsto reduce the vertical divergence. The Darwalthvi
refers to the angular range at which Bragg refbecticcurs. This is a result of the dynamical ddfien
theory and caused by the large number of parallécé planes involved in the diffraction at thick
perfect crystalsgb,51,52]. Given the Darwin widthv,, the intrinsic energy resolutickE /E can be
determined by means of the differential form of Bragg equation (2.6), leading to equations (20d) a
(2.8) [25,45].

AE
- cot(8g)wp (2.7)
_ 4Tedi21kl | Frkl (2.8)
1174

Herer, is the classic electron radiu,,; denotes the structure factor of the unit cellsioaittering from

a plane likl) andV is the volume of the unit cell. Using silicon dals with (111) or (311) cuts, the
intrinsic Darwin widths limit the energy resolutioaccording to the equation (2.8) to about
AE/E|si111)~1.3 x 10™* and AE/E|g;311)~0.4 x 10~*. This resolution is well suited for XAFS
applications. Furthermore, these specific cuts seggpthe second order harmonic, since the structure
factorsF,,, andFy,, vanish. The actual energy resolution is also &by internal stress within the
crystals, which might be caused by mounting foaregbermal deformation. The latter is a criticalus

due to the high heat load of synchrotron radiasoarces and requires the monochromator crystals to
be cooled $3,54,55,56].

2.2.2 Synchrotron Radiation Beamlines for X-ray Abs  orption Spectroscopy

The intense X-ray radiation available at synchmtmadiation facilities is an essential
prerequisite for time resolved XAFS measurememtssyinchrotron radiation facilities electrons (or
positrons) are stored at relativistic energies efesal GeV circulating within a storage ring. The
synchrotron radiation is generated in sources atstbrage ring. By means of specialized magnetic
structures the source exert external forces oeldtron beam. This causes the electron beam to emi

electromagnetic radiation. The Lorentz transfororatf the emitted radiation in the electron system
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Figure 2.6: Schematic view of the main optical componentdaifed at the SuperXAS (SL

Switzerland) beamlined].

the experimental system of rest gives rise to thigjue properties of synchrotron radiation. The
principles and properties of synchrotron radiatiacilities and sources are discussed in more detail
elsewhere 25,45,57]. The radiation is guided in vacuum to the experitnand the section from the
source to the experiment is called a beamline anuially designed for a specific scientific pugos
In the following two beamlines are described whiobth enable time resolved X-absorption

spectroscopy and at which the new developed QEXwtB&ochromators have been installed.

SuperXAS (SLS, Paul-Scherrer-Institut, Switzerland)

The SuperXAS beamline is dedicated to time resoKA&8 and X-ray emission spectroscopy
(XES). It is located at the Swiss Light Source (paSthe Paul-Scherrer-Institute (PSI, Switzerland)
The synchrotron radiation facility is operatedap4up mode with 400 mA at 2.4 GeV electron energy.
Figure 2.6 shows a schematic overview of the obtimaponents of the beamline. A SuperBend magnet
with a critical energy of 11.1 keV delivers X-raydgth a flux ranging from about 1bphotons per
second to 1¥photons per second over a spectral range coveoinghty 4 keV to 32 keV. The first
optical component after the synchrotron radiationrse is a collimating mirror, which collects the
radiation of the bending magnet and shifts its agiasource point to infinity, thus eliminating theam
divergence in vertical direction. This preserves ithtrinsic energy resolution of the monochromator
(see section 2.2.1). The mirror also cuts off tigh lenergy part of the emitted spectrum, which cegu
the total heat load onto the first monochromatgsial and the amount of higher harmonics in the
monochromatic beam. The suppression of higher on@demonics can be further improved by a
dedicated mirror downstream in the experimentatiinuthe low energy part of the emitted spectrum is
removed by graphite filters of various thicknes3é® collimating mirror is followed by a conventain
fixed-exit double crystal monochromator and QEXARSonochromator. This QEXAFS
monochromator was new developed and is describeetail in Chapter 3. It has been installed and
commissioned in January 2014 and replaces the former QEXAFS monochromai8}. [The second
mirror downstream is used to focus the monochramé&tiay beam onto the sample, down to a diameter
of typically 100 um. Different coatings allow toarige the cut-off energy and to alter the reflective

properties of the mirrors. Both mirrors have stippé platinum and rhodium next to each other. The
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Figure2.7: Photograph of thimterior of the optics hutch of the SuperXAS beamliThe collimate
beam enters from the right. The QEXAFS monochromaorecognizable by the turqu

goniometer in front of the vacuum chamber of thenaahromator.

collimating mirror also offers the bare polishelicen surface. The view of the interior of the agti

hutch including the new QEXAFS monochromator isvaan Figure 2.7.

P64 (PETRA Ill, Deutsches Elektronen Synchrotron, Germany)

The P64 beamline is located at the PETRA Il steraigpg at the Deutsches Elektronen
Synchrotron (DESY, Germany). P64 is dedicated ghiiux XAS experiments and methods, such as
QEXAFS on the sub-second time regime, EXAFS of Kigliluted systems and X-ray emission
spectroscopy (XES). Commissioning of the beamlgtaged in 2015 and user operation is expected for
2016.

The PETRA Il storage ring is operated in top-updmavith 100 mA at 6 GeV. P64 is equipped
with a 2 m long undulator which will provide a matwomatic flux of 18 photons per second to
10" photons per second. The accessible photon enanges from 4 keV to 40 keV. This undulator
can be tapered to enable QEXAFS measurementsgine=2.8 the schematic overview of the main
optical components are shown. To cope with the higgit-load of the undulator, the monochromators
are liquid nitrogen cooled and placed in front ottbmirrors. Hence the mirrors are subject to the
monochromatic beam only and do not need cooling.fifst mirror downstream is a fixed cylinder used
for horizontal focusing. The second mirror is flatt can be bent to focus the beam in the vertical

direction. A spot size of about 100 um in diamet#rbe possible to achieve. Figure 2.9 shows tGé¢ P
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Figure 2.8: Schematic view of the main optical componentgaited at the P64 (PETRHK,

Germany) beamline.

Figure 2.9: Photograph of the QEXAFS moctromator installed in the optics hutch of
beamlines P64 and65. The white beam enters from the left siderdntfof the monochromat

the beam tube of P65 is visible.

QEXAFS monochromator installed in the optics hutdke the QEXAFS monochromator installed at
the SuperXAS, this device was newly developed amtkscribed in detail in Chapter 3.
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3 The Dedicated QEXAFS Monochromator

The power of QEXAFS as a structural tool with re@le resolution is in particular dependent on
the performance of the QEXAFS monochromator. Achide time resolution, scan range and accessible
photon energy define the usability of the monochatumand its value for the user community. High
stability and reproducibility of the fast energyns and special features such as interchangegbtalsr

define a properly working device and are technycadiry demanding.

An entirely new design of a QEXAFS monochromatohnjolr meets the experimental demands
raised by current research and the requirementsestidctions at modern XAS beamlines, has been
developed6]. Two complete monochromators have been manutedturhouse based on this design.
The first completed monochromator has been installéhe SuperXAS beamline at the SLS in January
2015 (see section 2.2.2) and is available for eperation since the]. The successor has been
installed in August 2015 at the newly built bearlin64 at PETRA Il (see section 2.2.2). Here, user
operation is expected to start in the second quaft2016 after commissioning. A 3D CAD rendering

of both monochromators is shown in Figure 3.1.

This chapter is dedicated to the discussion of dbsign and concept of the new QEXAFS
monochromator. Section 3 covers the mechanicagjdesid section 3.2 presents the novel oscillatory
drive of the monochromator. The chapter concludéth \an overview of the capabilities and

performance of the monochromator. X-ray absorpti@asurements are presented in Chapter 6.

3.1 Mechanical Design and Concept of the Monochroma  tor

The Bragg axis of the crystal stage is driven lgjract drive torque motor and a goniometer.
The torque motor is used to drive the oscillatogvement of the crystals during QEXAFS operation,
while the goniometer facilitates precise alignmeinthe center angle of the oscillation. It alsold#ea
conventional step-scanning capabilities when thgue motor is halted. This is a key function tovgard
a one monochromator solution for X-ray spectrostopeamlines, offering both QEXAFS

measurements and conventional scans.
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Figure 3.1: 3D rendering of the two QEXAFS monochromators boidthe SuperXAS (left) ar
P64 (right) beamlines.

The entire drive mechanics are installed on theospieric side of the monochromator. They
consist of a water cooled torque motor (SiemensCBIMCS 1FW6), which is mounted coaxially to a
goniometer. The SLS monochromator uses a Hubertd8®64 monochromator a larger Huber 440
goniometer. When the rotor of the torque motor ltzgeis the crystals with a given amplitude and
frequency, the goniometer facilitates the adjustntgnthe mean Bragg angk,. In this way, the

movement of the crystal sta@g,.q, is completely mechanically decoupled into a camtstand a

time-dependent paé).(t):

OBragg(t) = B¢ + Bpsc(1). (3.1)

Both axes of rotation are fed independently of eatbler into the vacuum chamber by means of a
single ferrofluidic sealed coaxial rotary feedthghyVacSol GmbH). This coaxial design considerably
simplifies the construction of the drive mechangisce the exterior components do not need to cpmpl
with any vacuum requirements. In addition, maintexesis much easier due to improved accessibility.
Mechanical vacuum feedthroughs based on a ferdiflgeal are known to occasionally cause sharp
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Figure 3.2: Sectional view of the direalrive torque motor. The external encoder is notluse
QEXAFS measurements, but can be used to monitantii®n of the rotor. Both bellow couplir

are mounted to a single coaxial rotary feedthrough.

pressure spikes caused by microscopic gas bubliffasinlgy through the ferrofluid towards the ultra
high vacuum side. These pressure spikes were aksenad with the employed model, however, no
alteration of the frequency of occurrence correléethe motion of any of the two axes could beceot
Furthermore, the base pressure of the SLS monoettoof around 5xI®mbar was stable even at the
highest oscillation frequencies of 50 Hz, provihg suitability of ferrofluidic sealed feedthroudis
fast oscillating motions.

A sectional view of the assembled direct driveiv®g in Figure 3.2. The entire device is mounted
coaxially to the goniometer by means of the pratrgdim at the top (see Figure 3.1). The hollowiogi
of the motor at the bottom fits around the rotagdthrough (not shown). The interconnection between
motor and feedthrough is provided by two metaldveltouplings to compensate for small alignment
errors and manufacturing tolerances such as egdgas, tilt angles and overall length errors. Tineer
bellow coupling transfers the static motion frore tioniometer, while the outer bellow also transfers
the oscillatory motion of the rotor. Its transferque is rated 100 Nm. Stator and rotor are theahct
components of the torque motor. Its working priteignd electrical connection is discussed in sectio
3.2.1.
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Figure 3.3: Drawing of the invacuum crystal stage. The flat front flange of thenochromatc
vacuum chamber is broken to allow a view onto theoapheric part of the rotary feedthrough.

faces are shaded black and white.

3.1.1 Crystal Stage

The crystal stage is mounted to the outer axis lwbannects the rotor of the torque motor and
is stabilized in vacuum by a lubrication-free Zr€@ramic ball-bearing. The crystal stage holds the
monochromator crystals, the crystal cooling und #re angular encoder scales. Since the entir¢éatrys
stage is oscillating during QEXAFS operation, ibtimized with regard to a low mass moment of
inertia and high rigidity. A 3D CAD rendering shaowithe in-vacuum mechanics, the crystal stage and
the rotary feedthrough is given in Figure 3.3.

Inside of the vacuum chamber the cooling linesnaoeinted to a cantilever which is directly
driven by the outside goniometer. In this way thezhanical load, which is caused by the static endi
of the cooling lines at different Bragg anglessompletely taken by the goniometer instead of thgute
motor. Only a short section of the cooling linesabbut 20 cm length is bent due to the deflection o

the crystal stage.

The crystal stage hosts two channel cut crystalsymed side by side. A combination of Si(111)
and Si(311) crystals allows to cover a wide spétadwidth ranging from about 4 keV to 40 keV.
The active crystal is selected by a horizontal meaet of the monochromator perpendicular to the

direction of the X-ray beam. To enable this moveimire monochromator is mounted on support rails
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1st optical Surface
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Figure 3.4: 3D image of a generic channel cut crystal. Tloédient white beam impinges on th@é 1

optical surface.

and is connected via flexible bellows to the beamlA remote change of the crystals can be perfdrme
without breaking the vacuum within less than onenute. This concept is new to QEXAFS
monochromators. At current facilities the QEXAFSnoohromators only carry one crystal at a time.
To still cover an extended energy range, two sépatantical monochromators, equipped with différen
crystals, are often installed in a row at a beaenll8,20]. This implementation obviously requires twice

the acquisition cost for two complete monochromatut space in the optics hutch.

3.1.2 Channel Cut Crystals

Channel cut crystals are made of one large singktal (see Figure 3.4). Due to the common
backplane and compact dimensions they give ultimiaténsic strength against distortions or
deformations and allow for highest displacemenbeities. Channel cut crystals are therefore ideally
suited for QEXAFS monochromators. Furthermore Jdktice planes of the optical surfaces are already
perfectly parallel to each other, making any degredreedom and potentially weak spots, which
otherwise require alignment, needless. Thus bytmgithese actuators the vulnerability of exciting
unwanted vibrations are significantly reduced. Hesvethere are two major drawbacks of channel cut
crystals, which need to be considered in X-ray nsbnemator applications. Both shortcomings, which
are outlined in the next paragraphs, can be adelguatmpensated for by using coated and focusing
mirrors [25,45].

The first undesirable property is a direct consegaef the parallelism of the optical surfaces.
The lattice planes of these surfaces of a stressviiell manufactured channel cut crystal are ptyfec
parallel to each other yielding the optimum refldtt of the fundamental wavelength. However,
according to Bragg's law, equation (2.6), highemianic wavelengths are also reflected with high
efficiency and contaminate the monochromatic be@imce a generic channel cut crystal cannot be
detuned easily, the harmonic content needs tojbeted with additional optical components along the
beamline. Coated mirrors are well suited to perfunimtask by exploiting their properties of refigity

around the critical angle2$,45]. Currently there are also intentions to developable channel cut
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Figure 3.5: Shown is the lateral view of a generic channelccystal with total length and cryste
gapg. Here, the axis of rotation is perpendicular te gtane of projection and goes through
intersection of the red dashed cross lines. Thdesharea beneath th& dptical surface illustrat
the width of the footprin§* of the incident beam whose widthdsThe distance of the two poi

of impact is denoted hy and the vertical displacement of the beam is dhby(.

crystals for QEXAFS monochromatois9]. However, building a tunable and yet stable @alyshit is

quite challenging due to the strong alternatingngdiorces caused by the rapid oscillations.

The second unwanted property is a result of thengéy, which leads to a change of the beam
height of the outgoing monochromatic beam duringaergy scan. This displacemérietween the
inbound and outbound beam is a function of the aggled and the gap width between the optical
surfaces, which is denoted@according to the drawing of Figure 3.5. The tdiaplacemend and the
actual variation during an energy sdghare given by equations (3.2) and (3.3). The lastarfunction
of the start energ¥;, and the scan rangeZ = E, — E; and is evaluated in Figure 3.6 for a Si(111) and
Si(311) channel cut crystal with a gap width ofri.

{ = 2gcos(0) (3.2)

s am =29 [1-(2) () - 1= (2) (2 63
S(Ew,AE) =29 2d) \E, + AE 2d) \E; '
Typically these vertical movements are in the orgfea few 100 um. For instance, measuring the
EXAFS of the Cu K-edge from 8.8 keV to 9.9 keV aaaus vertical shift of about 130 um using the
Si(111) crystal. Measuring the Pd K-edge from 2&Y¥ to 25.3 keV using a Si(311) crystal results in

a beam movement of about 25 um. However, the aotigath movement on the sample can be efficiently

reduced if focusing optics such as mirrors or lenae used downstream of the monochromator.
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Figure 3.6: The colors indicate the variation of the beanghg{ afterthe monochromator duri
an energy scan using a channel cut crystal witipargdth of 12mm. The data is based on eque

(3.3). The black solid lines are equally spacedy(&9).

Observations at the SLS with a focused beam ofudf@ross section showed rarely a vertical beam

movement larger than 50 um during QEXAFS measure&nen

Boundary Conditions and Crystal Dimensions

The design of a channel cut crystal is usuallyesttio some boundary conditions. Besides the
need to cover the desired energy range, radiagbetysissues may also influence the design. At
PETRA Il it is required that the vertical distarfeetween the inbound white beam, which is withim th
orbit plane of the storage ring, and the outboumshashromatic beam is larger than 20 mm. At the
same time, this distance may not be larger tham®4 These restrictions are due to radiation safety
specifications and an aperture with these dimenisiamstalled downstream in the optics hutch of the

beamline (see Figure 2.8) in order to block brerabitng and arbitrary scattered photons.

The design parameters as well as the actual preperhich were realized in the final design of
the channel cut crystals are listed in Table 3dlcdver the complete desired energy range fromv4 ke
to 40 keV and to avoid too shallow Bragg anglegis decided to use two different channel cut chysta
Therefore, the monochromators are equipped withl3)and Si(311) channel cut crystals, which are
mirror images of each other. The required Bragdeatreach the lowest target eneigy;, with a
Si(111) crystal and equation (3.2) dictate the mumn permitted gap width. The minimum lengts

s + 67 of the crystal is given by the distance: g/tan(8) between the two points of incidence on the
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Target Values Actual Values
Crystal Variable Value Unit Crystal Variable Value Unit
Si(111) E'min 4 keV Bt 5 °
Si(311) E'max 40 keV Omax 30 °
C'min 20 mm g 12 mm
¢’ max 24 mm 1 160 mm
0" Beam 1.5 mm OBeam 1.5 mm
0(E"min) 54 ° Si(111) Emin 3.95 keV
O(E'max)  29.6 ° Si(111) Emax 22.68 keV
g(E'min)  11.50 mm Si(311) Emin 7.57 keV
S(E'max) 1217 mm Si(311) Emax 43.44 keV
OF(E'max)  15.9 mm Cmin 20.8 mm
Cmax 23.9 mm
Smin 20.8 mm
Smax 137.2 mm
8Fmin 3.0 mm
OFmax 17.2 mm

Table 3.1: The design of the QEXAFS monochromator for Pdaised on the target values.

optical surfaces at the highest target enérpy, using a Si(311) and the beam footpéifit= §/sin(6)
at this Bragg angle.

The dimensions listed in Table 3.1 do not yet defire crystal entirely. The point through which
the Bragg axis is placed needs to be defined, dstérmines the length of each optical surface. The
final design is a compromise between a minimizedsmaoment of inertia and an optimized contact
area for indirect lateral cooling. Figure 3.7 shaws different possible designs of this crystaleTap
crystal A) is a solution which places the Braggsaentric within the SLoptical surface while the Bragg
axis of the bottom crystal B) is placed symmethcatidway between the two optical surfaces. The
latter design B) holds a much larger contact aseeompared to the other option. In addition, thieiou
regions of the crystal are subject to smaller tatigevelocities during oscillation, which improves
stability. This particular design was chosen fa@ @EXAFS monochromator. However, due to its
symmetry and in contrast to crystal A), differenéas of the % optical surface are illuminated at
different Bragg angles. In order to keep the beanthe crystal, as shown in the drawing, its height
relative to the incident white beam needs to basidg if large energy changes are made. The require
vertical movement of the crystal due to a changéhefBragg angle is given by equation (3.4) and
amounts to 1.56 mm at most, considering the fullggrangle range from 5° to 30°. During typical

QEXAFS energy scans the required movements ammalb that they can be entirely neglected.

fCrystal = g(cosB; — cosB,) (3.4)
The final crystal, bottom drawing of Figure 3.7180 mm long and has a gap width of 12 mm.
In compliance with the PETRA Il radiation safepesifications, the Bragg angle range is from 5° to
30°. This allows to access photon energies betwdeV and 22 keV with a Si(111) and 8 keV to more
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Figure 3.7: Drawing of two different channel cut crystal witie same outer dimensioascordin
to Table 4.1. The Bragg axis of rotation is perpeuldr to the plane of projection and goes thr¢
the intersection of the red dashed cross lines. Sitaeled areas beneath ttet optical surfac
illustrate the width of the footprint of the incitlebeam. Crystal B) is used for the PETRA I
SLS QEXAFS monochromators.

than 40 keV with a Si(311) crystal. Due to diffaresdiation safety regulations at the SLS, the Brag
angle can be increased to over 35° using the sayatatthere. This enables to reach the Fe K-etlge a
7111 eV with a Si(311) crystal.

3.2 Oscillatory Drive

The main task of a QEXAFS monochromator is to fiaté fast and continuous energy scans.
In order to extend the scan rate into the sub-skdione regime, dedicated monochromators with
specialized mechanics are required. The accurad\statbility of the involved motions are of utmost
importance especially at higher scan rates. To miz@ mechanical stress and vibrations on the
mechanics and crystals, energy scans are prefarddized by a smooth sinusoidal-like oscillatidn o
the Bragg axis. This oscillatory motion is realized means of a specialized drive, which meets the

required accuracies and can be operated continufmrdhours without interruptions.

The oscillatory drive is that mechanical componehich puts the monochromator crystals into
oscillatory motion. There are different approacteesealize this motion and the majority of dedicate
QEXAFS monochromators, which are in operation to@ag either based on a cam sha®g0] or a
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direct drive #,20]. All modern implementations facilitate continuaish-second resolution and remote

control of the scan rate and range.

Cam Shaft Drives

At present the most often used drive for QEXAFS amtmomators is based on a mechanical
cam shaft originally developed in 20G&]. The rotation of an eccentric disk or shaft &sferred into
an oscillatory motion, which deflects a tilt tabldwe crystal assembly is mounted on top of thiatatille
and follows its motion. The mechanics are very @late in order to achieve a reproducible osciliator
motion and is quite complex, involving multiple geaand flexible hinges. The entire mechanical
construction is often placed inside the vacuum df&rof the monochromator, which puts restrictions
on the overall size and hence attainable torqueyedisas on applicable materials, in particularhwit
regard to lubricants required for built-in geardieTmost important representatives of synchrotron
beamlines using a cam shaft driven QEXAFS monochtontoday are the ROCK beamline (Solell,
France) 19] and until recently the SuperXAS beamline (SLSjt&svland) B8]. In January 2015, the
QEXAFS monochromator at the SuperXAS was replandévior of the newly build monochromator,

which uses a direct drive.

Direct Drives

The fundamental idea behind a direct drive is toee a fully electronically controlled motion.
The oscillation frequency and amplitude or evenabeial trajectory of the oscillatory motion should
be remotely controllable without involving mechaaldiparts. This is typically realized by means of a
gearless servo motor and a direct mount of the etmoonator crystals to the shaft of the motor. Since
this requires significantly less mechanical compsieespecially moving parts, such as gears, lgsarin
or hinges, the mechanical complexity is considgrabtiuced. This simplifies the design of the drive
and improves the overall stability, durability armtuum compatibility. The modern direct drive cqotce
is a very young trend even for conventional X-ragnwchromators and a more recent development for
QEXAFS monochromators. Apart from the two newlyld @EXAFS monochromators, there is only
one other direct driven QEXAFS monochromator systewperation at present. This device is part of
beamline BL33XU (SPring-8, JaparZ0].

Piezo Drives

In terms of a pure electronically controlled motienpiezo drive can be regarded as a special
variation of a direct drive. The crystal assemldlg piezo driven QEXAFS monochromator is mounted
on top of a piezo tilt table5R,63,64,65]. An applied sinusoidal voltage excites oscillagoof the tilt
table and thus the crystal assembly. Due to thie thymamics of piezo actuators, very high oscillatio
frequencies can be achieved and frequencies ob di1 Hz have been reportegP]. However, the

angular range of the tilt tables used so far weng Vimited prohibiting in most cases full EXAFS
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measurements. The hysteresis of the piezo elemadtheir durability in UHV environments and upon
exposure to the radiation background are still lznmis which need to be solved. Despite this promisin
approach and suitability for instance for quick XBS8l 2D mapping of surfaces or 3D XANES

tomography $,6], there is no piezo drive based QEXAFS monochromatoperation today.

3.2.1 The Direct Drive Torque Motor of the QEXAFS M onochromator

The oscillation of the monochromator crystals iseln by a direct drive torque motor (Siemens
SIMOTICS 1FWS6). This type of motor is a specialday of a three-phase synchronous machine,
featuring a brushless design and improved capalificreating and maintaining a high torque at low
or even zero speed. Therefore, the motor holdgla miumber of magnetic poles on a comparatively
large diameter. A sectional view of the bare torquaor is given in Figure 3.8 and a summary of its
properties are listed in Table 3.2.

The electromagnet of the motor contains threerniadér starlike connected coils which each has
44 magnetic poles distributed alternating alongrher circumference of the stator. The magnegid(fi
composed of these coils causes a torque on the unti it has reached its equilibrium position by
rotation into a potential minimum. Due to the agament of the electromagnet the potential minimum
can be placed anywhere on the circumference byepragrent feeding of the three coils. In this way
positioning can be realized. In typical applicaiadedicated controller unit constantly monitdies t
angular position of the rotor with respect to thegmetic field and regulates the required curramts i
closed-loop feedback. This scheme allows to realizarly arbitrary trajectories of the rotor but is
limited by the time constant of the control loofhigh often amounts to a few milliseconds. The ditua
employed concept to drive the torque motor in allasory motion differs distinctly from this geradr
scheme. Instead of the common closed-loop techraquénique open-loop scheme was developed to

overcome the restrictions of a finite time constdihis scheme is described in section 3.2.2.
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Electromagnet
Permanent Magnets

Cooling Channels

Figure 3.8: Sectional viev of the used torque motor (Siemens SIMOTICS 1FWB)e ope
diameter of the rotor amounts to 1#@n. The grooves on the outer surface of the staiovide

efficient water cooling to remove heat from thecélemagnet.

Siemens SIMOTICS 1FW6

Parameter Value Unit
Rated Torque 113 Nm
Maximum Torque 179 Nm
Thermal Stall Torque 84.1 Nm
Rated Current 56 A
Maximum Current 95 A
Thermal Stall Current 41 A
Number of Pole Pairs 22

Torque Constant 20.8 Nm/A
Voltage Constant 1258 Vmin/1000
Rotor Mass 2.6 kg
Rotor Mass Moment of Inertia 1.52 10%kgm?
Phase Resistance 149 Q
Phase Inductivity 47.1 mH

Table 3.2: Summary of the torque motors data sheet showiagignificant properties.
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Figure 3.9: Schematic of the external connections of theuenaotor. The quantitidg andi refel
to the electrical currents driven by the two posgpplies shown on the sides. The electrical cL

I results due to the internal and external connaestad the three coils.

3.2.2 The Open Loop Drive

Instead of controlling the magnetic field continglyuin order to position the rotor in a
closed-loop scheme, the open-loop concept exglatperiodic structure of the magnetic field. Itato
the motor holds 22 pole pairs per coil distribuéedund its circumference, giving rise to a sinuabid
magnetic field with a periodic length of about I6.#he field of a single coil is used as a static
background potential and oscillations of the r@ia excited by induced perturbations to this paént
by means of the remaining two coils (see Figurg. 3:Bis implementation facilitates free oscillatson
around the equilibrium position which is the potaintinimum of the background potential. Since no
control loop is involved, this drive concept is mestricted by any time constant or propagatioryel
The achievable oscillation frequencies and ampdisudre only limited by the maximum attainable
torque of the motor, the mass moment of inertithefmoving parts and the control speed of the used
power supplies, which deliver the coil currentsalked frequencies and amplitudes of this drive, as

well as the accuracy and repeatability of the oty motion, are discussed in the next secti@n 3.

Two power supplies (Elektro-Automatik PSI8720-15818) are used to feed sinusoidal
currents through two arbitrary coils. The thirdl@id the power supplies are drawn to the samengou
as depicted in Figure 3.9. If the currerifsandlp are of the form of equations (3.5) and (3.6) tineent
through the third coil is static and equals. The DC components of these currents determine the
background potential, whereas the AC componentsecau deflection of the rotor leading to an

oscillation around the potential minimum.

14(t) = a-sin(2rfpsct) + B (3.5)
I5(t) = a-sinQrfosct +m) + B (3.6)
The properties of the rotor oscillation, i.e. ample and frequency, depend on the parameters
a, f andfy. of equations (3.5) and (3.6). The frequency ofrtteehanical oscillation is controlled by
the parametef,,.. The scaling factog influences the strength of the deflection andisstpositively

correlated to the amplitude of the oscillation. Plagametep controls the shape of the potential, which



30 3 The Dedicated QEXAFS Monochromator

n

Current / A
X
A

Potential / a.u.

Angle / deg

Figure 3.10: The solid lines show the magnetic potential eiqueed by the rotor faz = 0.5A anc
different values off. The dashed lines show the perturbed poteatibdo different points in tim
as indicated byhe vertical lines a and c in the inset, which shdhe time dependent curr

according to equations (3.5) and (3.6) witkr 0.5 A, = 1.0 A andfys. = 10 Hz.

is shown in Figure 3.10. Since a changg afhifts the resonance frequency of the system taiely,
the oscillation amplitude is altered mutually. Hetefore depends on the actual oscillation frequenc

whether a change @f correlates positive or negative with the oscitiatamplitude.

3.3 Capabilities and Mechanical Performance

In the following sections, the capabilities and thechanical performance of the new QEXAFS
monochromator are investigated and discussed. ffiestachievable scan rate and scan range, i.e.
oscillation frequency and amplitude, using the dbed open loop drive are reviewed. The actual
accuracy and repeatability of the oscillation axareined, based on angular encoder measurements
during QEXAFS operation. Finally the long term dliabis tested, which is an important property for
non-QEXAFS applications.

3.3.1 Scan Rate and Range

The attainable angular amplitud®f the oscillating rotor dependents strongly sroicillation
frequencyfys.. This is consistent with the assumption of a camtsiaximal kinetic energy, which is
proportional tce? f2. in the case of a pure sinusoidal movement. Implgi mechanical model, where
the rotor follows a sinusoidal trajectory and daag friction emerging from the mechanics and bearin

are neglected, the attainable amplitude can bmatd from equation (3.7).
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Figure 3.11: The data points of the dotted line show the okesmaximum angular amplitudes
the oscillatory drive installed at the fully assé@thSLS monochromator. The blarea beneath tt
line represents the accessible parameteyador QEXAFS operation. The dashed line dispthg
theoretical expectation based on equation (3.7) wit 80 Nm and = 0.1 kgni.
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Herer is the torque of the motor afidhe mass moment of inertia of all the moving partse largest

(3.7)

experimentally obtained amplitude of the fully ambéed monochromator and the theoretical
expectation according to this equation as a funabbthe oscillation frequency are shown in Figure
3.11. The usable parameter space of the oscillalovg is given by the blue colored area beneath th
dotted line. Angular amplitudes larger than 2.7yt technically possible at low frequencies, beitev

not investigated in detail, in order to avoid toaahn load on the mechanics. Frequencies greater than
50 Hz result in very small impractical amplitudBgsides the limited strength of the torque motus t
limitation is also caused by the employed powerpSap which are not able to fully regulate the
sinusoidal currents at high frequencies. As a aqnsece the offset currefitincreases inevitably at

these frequencies and dampens the angular amplitude

Energy Scan Range

As in conventional XAS measurements, the scan rafid@EXAFS spectra is given by the
Bragg angle range. It is therefore defined by theldaude and center position of the crystal ostola
The maximum amplitude is limited by the torque loé tirect drive motor and decreases with higher
oscillation frequencies as observed above. Theplats of Figure 3.12 indicate the attainable spectr
rangeAE = E, — E; as a function of the start energy based on the largest possible amplitude at a
given oscillation frequency (see Figure 3.11). @ouently, the gray colored areas below any solid
curve represent the accessible spectral rangdsabghillation frequency. The plots indicate tHae t

total scan range can be made quite large, whichbeawell exploited in order to acquire several
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Figure 3.12: The solid curves show the accessible spectrgerénomE; to E; + AE of a QEXAFS
measurement at constant oscillation frequenciesguSi(l11) and Si(311) crystals. QEXA

measurements are possible within the grey areasaliethe solid curves.

absorption edges simultaneously. An example whitdiyndemonstrates the advantage of having timely

correlated measurements at two absorption edggeas in section 6.2.1.

3.3.2 Accuracy of the Crystal Oscillation

The crystal motion is measured with high accuraiggithe angular encoder during QEXAFS
scans. It is therefore, that its actual trajecttogs not need to be known precisely in advance avewy
the trajectory can severely influence the mechamitzbility of the monochromator, especially if it
deviates from a pure sinusoidal motion and is hdit@dy to excite unwanted vibrations of the
mechanics. The crystal oscillations were analymed/érious oscillation frequencies and amplitudes.
The evaluated angular encoder data are based @BEKAFS measurements at the Yh-edge which

will be discussed in section 6.1.1.

Raw encoder signals with gradually increasing aamgdeflection from 0.61° to 2.56° at a
constant oscillation frequency of 10 Hz are shomwthe left plot of Figure 3.13. The right plot big
figure shows the deviation of the raw encoder ffata a sinusoidal fit performed over 100 successive
oscillation periods. The maximum deviations aréhim range of 25 arcsec to 119 arcsec. The increase
of the deviations generally correlate with the @age of the angular deflection. This observatiorer)
well with the principles of the open-loop drivediscussed in section 3.2.2, according to whichabar
oscillates in the minimum of a sinusoidal potentlabr small angular deflections the experienced
potential is nearly harmonic, resulting in a motidonse to a perfect sine curve. As the amplitude
increases, the experienced potential becomes mbiaraonic, resulting in increased deviations from

a pure sinusoidal movement.
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Figure 3.13: Trajectory at 10 Hz oscillation frequency andieas amplitudes16]. Given are th
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Figure 3.14: Trajectory at different oscillation frequencid$]. Given are the total angular ran

of the oscillations. The right plot shows the diffiece of the actual movement to sinusoidal fits.

Crystal movements at a nearly constant angulaecksh of 0.3° and increasing oscillation

frequencies from 10 Hz to 50 Hz were also analyZéd.corresponding raw encoder signals are shown

on the left side of Figure 3.14. Again, the righttghows the deviations of the raw encoder vaitges

a sinusoidal fit performed over 100 oscillationipds. The observed deviations stay within 46 arcsec

and do not increase significantly with higher datibn frequencies, which is again in agreemenh wit

the principles of the open-loop drive, since thegnadic potential is nearly harmonic throughout the

measurements.
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Figure 3.15: Relative frequency of the crystals angular deftectat its reversal points duri

oscillation and resulting energy jittetd]. The red curves represent Gaussian fits to tte da

3.3.3 Repeatability of the Crystal Motion
The stability of the scan range was investigatedatuating the maximum angular deflection

at the reversal points of the movement. The andlgz¢a are based on the same QEXAFS measurements

already evaluated in Figures 3.13 and 3.14 anchagaier 100 oscillation periods. Figures 3.15 and

3.16 show the jitter of the maximum angular deftects well as the resulting energy jitter of tharss.

A Gaussian is fitted to each distribution to conegpamd quantify the variations. The mean jitteréases

for larger angular deflections and higher oscitlatfrequencies and is found to be within 8 arcset a

30 arcsec throughout the measurements. This gitieesponds to a variation of the total scan rarige
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Figure 3.16: Relative frequency of the crystals angular deftectat its reversal points duri

oscillation and resulting energy jittetd]. The red curves represent Gaussian fits to tte da

a few eV. This minor jitter of less than 5% of tieeal scan range is in general of no significarare f

QEXAFS measurements.

3.3.4 Long Term Stability

The standstill stability of the Bragg angle is afrgcular importance in the non-QEXAFS or
conventional step scanning mode. This mode is redufor step-scanning techniques, such as
conventional XAS or X-ray emission spectroscopy $ethods and fixed energy experiments, such
as HEROS 66,67] or laser pump X-ray probe experiments. To redtigst stability, the rotor of the
torque motor can be mechanically locked from tineosipheric side by means of a metal clamp. In this
case, the goniometer still facilitates rotationstloé crystals over the entire angular range and the
in-vacuum angular encoder can still be used to thadBragg angle. The stability was verified by

continuous sampling of the in-vacuum encoder outuflO kHz over 65 hours. Over the entire
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Figure 3.17: Deflection of the Bragg angle in the standstdh®@QEXAFS mode recorded over
hours f]. The black dots display the mean angular posiéieeraged over one hour and the ¢

bars indicate their standard deviation.

observation time, the encoder readings toggled betyween two adjacent discrete values separated by
its angular resolution of 0.18 arc seconds. Themaggular position averaged over one hour is plotte
over time in Figure 3.17. The angular positionté&is within adjacent values and there is no reid. d
Taking into account a typical Darwin width (FWHM) e.g. 6.6 arc seconds at 9 keV for Si(111) or
1.5 arcsec at 16 keV for Si(311), the Bragg arggibisolute stable within a fraction of the Darwidtiv

over the full observation period. This is fully Baient for any practical application.
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4 Data Acquisition and Evaluation

QEXAFS is a real time method. As such, the sangplerobed continuously, while the changes,
which are in focus of the investigation, occur.sTihuts essential requirements towards a data doouis
system (DAQ), since the experimental data needetadquired and stored in real time as well.
Furthermore, all relevant signals, such as thectmtesignals of ionization chambers and the Bragg
angle, have to be sampled absolutely simultanedastyder to calculate the correct absorption at
defined X-ray energies. The DAQ build for the SLEXAFS experiment meets these requirements and
is presented in section 4.1. The DAQ employed a Bfers only in a few aspects, which are

specifically highlighted, if necessary.

QEXAFS experiments, which run for several minutea few hours, typically accumulate tens of
thousands to over hundreds of thousand individpettsa, leading to datasets in the double digit GB
range. Sections 4.2 and 4.3 explain the data eti@tusoftware JAQ, which was developed to faciitat

access to the huge amount of data acquired duEXABS measurements.

4.1 DAQ Hard- and Software

The data acquisition system (DAQ) is based onnbdestry standard PXI (PCI eXtension for
Instrumentation) platform. This platform is an exdi®n of the PCl and PCle architecture known from
personal computers with additional timing and teigghannels to facilitate synchronization among bus
subscribers. The bus provides high bandwidth, Etericy and is physically distributed via a backplan
in an external chassis. Multiple backplanes, ihassis, and a bus master can be linked by means of
bridges utilizing copper or glass fiber intercortrats. The DAQ configured for QEXAFS utilizes a
National Instruments PXle-6366 multifunctional datguisition board. This module provides multiple
analog-to-digital-converters (ADCSs), digital-to-dmgconverters (DACs) and general purpose digital
input output pins (GPIOs). It is used to acquireecta and to control the oscillation of the
monochromator. The module is installed in a chgdHi®Xle-1073 at SLS, NI PXle-1082 at P64) next
to a MXI glass fiber bridge (NI PXle-PCle8375) whiconnects to an external bus master, a Windows
based host PC located in the control hutch. Thesdiber connection ensures a fully electricalated

and interference free connection. The chassis &l ®mough to be placed on the experimental table
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NI PXle-6366

Analog Input — ADC

Number of Channels 8
Resolution 16 bits
Sample Rate per Channel 2 MSI/s
Bandwidth 1 MHz
max. Input Range 10 V
Input Impedance >100 GQ
Timing Resolution 10 ns
Timing Accuracy 50 ppm

Analog Output - DAC

Number of Channels 2
Resolution 16 bits
Sample Rate per Channel 3.3 MS/s
max. Output Range 10 V
Timing Resolution 10 ns
Timing Accuracy 50 ppm
Counter

Number of Channels 4
Number of Encoder Inputs 2
Resolution 32 bits
max. Internal Base Clock 100 MHz
Base Clock Accuracy 50 ppm

Table 4.1: Summary of the relevant specifications of the &Xiultifunctional data acquisition

board.

close to the detectors. This keeps the length mdigee signal cables as short as possible. Thiatlig
encoder signals are less susceptible to electrmige or interference and are directly transmiftech

the monochromator to the chassis. The output vedtad the detectors are digitized simultaneously by
the ADCs provided by the DAQ. Sinusoidal voltagesich are required to drive the power supplies of
the torque motor, are generated with DAC channelglae digital counters of the DAQ are used to read
the incremental quadrature output of the angulao@er. An overview of the layout is shown in Figure

4.1 and a summary of the important features isrginel'able 4.1.
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Figure 4.1: Layout of the datacquisition system used for QEXAFS measurementgeBaing o
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the experimental setup and sample chamber, unusaldgaor digital inputs may be usec
simultaneously acquire additidnaensor readings, such as temperatures, pressureslve

switching states.

Sampling Frequency
A master clock running at 100 MHz is passed throaiginescaler and is distributed among the
ADCs. This ensures that the conversion of all ckémis triggered at exactly the same moment in.time
The sampling frequencf, which is defined by the settings of the prescaleeds to be high enough,
in order to avoid loss of information due to un@enpling. A lower limit off; can be determined by
equation (4.1), which considers the active crystatmsic energy resolutiofiE and the maximum scan
rate|dE /dt|max-
min _ L |9E
S T SEldtlnay

Assuming a sinusoidal crystal oscillation, follogithe formgg,., 44 (t) = € sin(2nfosct) + ¢o, Which

(4.1)

is in good agreement with the true motion of thestals (see section 3.3.2), the maximum scan rate

|dE /dt|max Can be estimated by the following inequality

dE dE hc cos(¢y — €) _
- i =— _ 4.2
0 hax @ la’ = 28 20 Sty — )2 (4:2)
which leads to the final estimation of the minimatessary sampling frequenty™:
. 1 dE
M < —(— . 4.3
<] ) (4.3)

max

The right term of this estimate can be evaluateal fasction of the scan start enetgjy the scan range

AE and the oscillation frequendgy,.. Lower limits of g can be found, by taking the capabilities of the

" The derivation of this inequality is carried ontthe Appendix A.
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oscillatory drive, i.e. the dependency betwggn ande (see section 3.3.1) into account. The results
are shown in the plots of Figure 4.2 for variousiltation frequencies between 10 Hz and 50 Hz for
both available monochromator crystals. The blua éireited by the dotted black line represents the
capabilities of the drive, i.e. the allowed opargttonditions of the monochromator, while the solid
curves solvel /SE (dE /dt|,,4) for constant scan rangag typically used in experiments. Required
sampling frequencies are found on the solid cumvéhin the blue area. Accordingly, sampling
frequencies of a few 100 kHz not exceeding 200 fdfizhe Si(111) crystal or 500 kHz in the case of
the Si(311) crystal are sufficient in any practiseénario. This demand is well matched by the analo
inputs of the employed DAQ, which provides an inpahdwidth of 1 MHz and a maximum sampling

frequency of 2 MHz per channel.

The acquisition software, presented in the nexiaed.1.2, was developed to be operated by
the users during experiments and allows to setdhgling frequency. However, a maxed out sampling
frequency of 2 MHz is generally preferable and esitlely used for the XAS measurements shown and
discussed throughout this work. At this samplireptrency the QEXAFS measurements are almost in
any case oversampled, which allows to resolve hifleguency components of the noise spectrum
originating from the detection system and the ABIf [68]. Subsequent digital low pass filtering can

be performed to remove these components and tairaghe signal-to-noise ratio.
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Figure4.2: The function;—E(Z—f ) seves as an estimate of the required sampling frezyue-er:
ax

it is given as a function of the scan start endtggind represented by the solid curves. The blue

indicates the operational range of the monochronatmbserved in section 3.3.1.

Electronic Noise
The frequency distribution of single bits occurringan unfiltered raw measurement is shown

in Figure 4.3. For that purpose, the dark currémt gridded ionization chamber, installed at a desn
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Figure4.3: Noise level sampled atMHz with powered ionization chambers and currenplfifars
at a gain of 19V/A, without X-ray beam. The left plot shows thiesf 500us of the acquired re
values, the right plot displays the frequency distion of 5 x 10° samples. The Gaussian (

curve) fitted to the distribution reveals a FWHM7L pV.

on the experimental table and connected througinraret amplifier with a gain of £20//A, was sampled
for 2.5 s at 2 MHz. A two channel table-top hightage power supply (ISEG, THQ DPS 30-405-24-5)
was specifically chosen to operate the ionizatioantbers, due to its low ripple of less than 3 mV at
3 keV output voltage. This is a crucial property fiinimizing noise in the output signals of ionipat
chambers. A Gaussian fitted to the frequency thigtion shows a FWHM of the measured background
noise of 0.701 mV. Assuming a typical signal leveh few Volts during a real QEXAFS measurements,

this noise level results in a signal-to-noise rafitigher than 10

4.1.1 Angular Encoder

Determining the accurate Bragg angle of the usedoclromator crystal in real time is of
crucial importance in QEXAFS experiments. This amggfines the energy scale of each spectrum and
imprecise measurements would severely affect thétgand significance of the measured spectra. Due
to the high displacement velocity of the crystalsimy QEXAFS operation and the required angular

resolution in the sub arc second regime, utmost ameeded to realize a fast and valid angular
measurement.

The Bragg angle is resolved by two optical angwdacoders. An incremental encoder
(Renishaw: Tonic T2611-30M, RESM20USA115) is used fast on-the-fly measurements during
QEXAFS operation, while an additional absolute elecqRenishaw: Resolute RA32BVA115B30V,
RESA30USA115B) is available for calibration purpgsEach encoder read head uses its own circular
scale, which is mounted to the crystal stage inuuat (see Figure 3.3). The read heads are mounted to
the main front flange of the vacuum chamber by ree#rrigid frames. Consequently, these encoders
read the real Bragg angle with respect to the vacchamber, which is according to equation (3.1) the
sum of the goniometer and the torque motor angldss arrangement eliminates incorrect
measurements of the Bragg angle due to possiblddsdcor mechanical play in the mechanics of the
goniometer.
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Figure 4.4: The areas beneath the solid curves indicate sidakoscillations, which do not exce
the maximum radial velocity measurable with the Exygd angular encoder at a given ou
frequency. The solid linespeesent the limit of the measurable oscillatiortse Blue area restrict

by the black dotted line shows the feasible od@lteparameter field of the SLS monochromator.

Incremental Encoder

The incremental encoder is particularly importamt@EXAFS measurements, since it provides
real time angular information with the requiredhigsolution. The analog output of the read head is
electronically interpolated and converted into gitdl quadrature signal, which is transmitted te th
DAQ. A quadrature signal contains two phase shiftigth frequency digital square waves. The output
frequencyfrncoder, typically in the MHz regime, is limited by the ptayed interpolator and defines
the highest measurable angular velocity of the 8eags and the radial velocitf;% ;.- of the circular
scale. Assuming a sinusoidal oscillation of theggraxis and considering the highest angular vsjocit
of this motion, the dependency of the maximum uwsadscillation amplitude on the oscillation

frequencyf,s. can be determined by

_ Ulr?rrlf%der(fEncoder) (4 4)
ZﬂfOSchcale

This dependency is plotted in Figure 4.4 for défgr commercially available encoder output

frequencies. The blue area in the background reptesthe experimentally observed oscillation
capabilities of the SLS monochromator, which iscdssed in section 3.3. From this plot it can be
deduced that the output frequency must be largam 0 MHz. Considering a margin for future
upgrades and improvements an interpolator witlghdri output frequency should be chosen. However,
transmitting high frequency square waves over g ttiatance, typically on the order of 30 m to 100 m
without distorting its phase relationship is cali@and should therefore be avoided by minimizing th
frequency as far as possible. The interpolator uséti the SLS monochromator (Renishaw
DOPO0400A50A) features an output frequency of 50 MHz

The angular resolution of the incremental encodgngia x400 interpolator amounts to
0.18 arc seconds, which for instance corresponds tenergy resolution of about 0.05 eV at 10 keV
using the Si(311) crystal and 0.09 eV at 20 keVigishe Si(311) crystal.
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Absolute Encoder

The absolute encoder divides the circumferences stiale into 2 equidistant ticks and reaches
a total accuracy of +2.44 arc seconds. This ida@efft to pre-align the Si(111) crystals within\ &nd
the Si(311) within 2 eV. The major advantage ofdbeolute encoder is an immediate accurate reading
of the absolute angular position at any time evéer aestart or power down of the data acquisition
system. This is different from the incremental eterovhich is reset to zero every time it is initiad.
However, the absolute encoder alone is not suitedast QEXAFS measurement since its readout

frequency is too low.

Implementation of the Angular Encoder

The incremental angular encoder provides an argt@jcosine signal and if connected to an
interpolator, a digital quadrature signal as wlellprinciple both signals can be recorded by thelDA
and used for QEXAFS measurements, but there ar&ndisdifferences concerning their

implementations and consequences due to theirtsitggiowards electronic interference.

The analog signal can be directly fed into free AEt&annels of the DAQ. In this way the
encoder signal is intrinsically synchronized witie tanalog data of the detectors. Moreover, this
procedure offers the advantage of setting the fingular resolution after the measurement was taken
However, this implementation is sensitive to elatic noise, which could limit the achievable angula
resolution in the end, especially since the enceidgral has to be transmitted over a long distémre
the monochromator to the DAQ. This scheme is tloeeefiot implemented at the SuperXAS nor at the
P64 beamlines. Instead, in both cases the digiatiture signal is used. This signal is obtained b
hardware interpolation within the interpolatorsoéienics and does not need further processing féd
into two digital counter inputs capable of intetprg quadrature signals. However, in this case @rop
synchronization of the ADCs and counters has tediablished. It is not only essential to have both
devices triggering simultaneously but it is alsguieed to start on the same clock edge. With rdadpec
the fact that both devices can only be configurredliaitialized one after another and that both dewi
need a different number of clock cycles to actuadifivate, the implementation of a synchronoug star

is a critical task.
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Figure 4.5: Two different implementations of clock distribmtiamong devices of the DAQ. T

devices receive the same clock in both schemesgvevonly the ‘Looped Clock’ scheme ena

a synchronous start of both devices on the sanoé eldge.

To achieve accurate synchronization, the clocapéd through one of the devices to the other,
instead of a parallel distribution (see Figure 4B3) doing so, the last device, here the digitalrter,
can be first configured, initialized and left armeahiting for the first clock cycle. Then the otlimvice
is configured and initialized. At the moment whéae tatter becomes active, the clock is immediately
passed through and both devices start acquirirggaathe same clock edge. Not doing so results in a

constant time shift between the acquired anguldraaralog data streams.

Correct synchronization was verified by simultareesampling of both, the analog sine/cosine
and the digital quadrature signals provided byahgular encoder. Figure 4.6 shows random angular
noise which was recorded during relaxation after ¢hystal stage of the monochromator has been
slightly displaced. The top plot makes use of thared clock scheme. The clear shift between both
signals prove an unsynchronized start of the attgquisThe lower plot is based on a measuremerit wit
a looped clock. Here the analog and digital sigmaisrlap without a noticeable phase-shift, which

confirms the accurate synchronization.
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Figure 4.6: Shown are the digital and analog incremental decoutputs of random angular nqise
which have been simultaneously sampled lsltHZ to verify the synchronization of the analog
digital part of the data acquisition system. The ptot exhibits a clear shift bgeen the analog a
digital signals indicating an incorrect synchroti@a. The blue arrows point to regions at whict

phase relationship is particular obvious.

4.1.2 DAQ Software

All data acquired by the DAQ is transmitted by neaha glass fiber bridge to a computer in
the control hutch. A software program, written i# @et 4.5 and running on this computer under the
operating system Microsoft Windows 7, was develdpegperate the DAQ. It was designed to be used
by the experimentalists and external user groufisedbeamline. The program enables to configure and
operate the DAQ. It further displays the curremuinsignals as a function of time with an adjustabl
refresh rate of up to 10 Hz. To facilitate thesactions, the program handles all the relevant data

streams, going to and originating from the DAQwa4 as the write-to-disk data stream.

In a typical QEXAFS experiment 4 channels are aegljithree analog signals of detectors and
one angular encoder signal. If sampled with 2 MHAd fiansmitted in double precision (8 Bytes), this
yields a continuous data rate of approximately @ pér second. Incoming data is distributed among
buffers temporarily stored in the main memory. iz of each buffer matches the refresh rate of the
displayed data multiplied by the sampling frequenicg buffer is filled the raw unedited data isitten

to disk and the buffer is discarded. Two files ameated, one containing all analog signals, theroth
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Figure 4.7: Example of a QEXAFS measurement of,®b at the ly-edge showing thacquire:
raw data of each channel. ADC 0 refers to the, #kBXC 1 to the second output of current amplif
connected to gridded ionization chambers. The estheld lines indicate the beginniaigd endin

of single spectra contained in the data streams.

containing angular encoder data. To lessen thakfiisizes on disk, data is stored binary witigke

precision (4 Bytes). A detailed description of tiaa structure can be found in the Appendix B.

Figure 4.7 shows typical raw data of a QEXAFS expent acquired by the DAQ. A YB3
powder sample was measured in transmission athHe;, Yedge with a repetition rate of 60 spectra per
second. The signals ADC 0 and ADC 1 refer to th@sus=d output voltages of current amplifiers
connected to corresponding gridded ionization cleasbADC 0 is proportional to the incident photon
flux and ADC 1 is proportional to the transmittetbpon flux. The encoder signal shows the sinusoidal
crystal deflection around an unknown Bragg angleetf It is an essential task of a dedicated evialua
software to determine this offset and to isolatghespectrum in the data stream. The program JAQ was

developed to fulfill this task and is presentethi@ next section.

4.2 Data Evaluation with JAQ — Preprocessing

A comprehensive software program was developed ,all@avs to edit, process, evaluate and
export QEXAFS datasets. This program is named J3&¥K], which is the recursive acronym for JAQ
Analyzes QEXAFS. It was specifically developed ® dapable of processing time resolved XAS
measurements comprising of more than hundred thdgsaf individual XAS spectra. This feature in

particular distinguishes JAQ from other well esstidd XAS evaluation programs, such as WinXAS
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Figure 4.8: Main windowof JAQ. The File Manager on the left lists all leddfiles. These can
of different type, such as binary QEXAFS data sgtgjle spectra in ASCII and more. The scro

below the plot window enables the user to browseuth the spectra of the active data set.

[69], Ifeffit [ 70,71] or Viper [72], which lack the ability to process significantiyore than 20 to 50
individual spectra at once. JAQ is also the onbgpam available, which makes use of the precise tim
information between recorded spectra and the camgdata points. For instance, this is cruciatter
time correction interpolation (TCI) and digitaltéling as discussed in sections 4.2.3 and 4.3.&. Th

graphical user interface (GUI) of the main winddiWAQ is shown in Figure 4.8.

JAQ is written in the object oriented programmingnduage C# using Microsoft's
.Net environment. Basic algorithms, for instancedufor linear least-squares fitting of numericaiada
are based on7B] and have been translated from Fortran, ANSI @&t into C#. The only external
library incorporated is the ZedGraph class libnahich is available under the GNU LGPLV2 license
[74] and used for the plot plane.

The QEXAFS Workflow

The typical workflow of QEXAFS data evaluation @if§é in a few steps from conventional
XAFS analysis. To retrieve an arbitrary spectruomfia data set preprocessing is required. All n@cgss
working steps are implemented in JAQ. An overviedi¢ating the workflow is given in Figure 4.9.
The algorithms behind the functioBglitting andEnergy Calibration are described in sections 4.2.1

and 4.2.2. Once single spectra can be addresseetareded from the data set the measurement can be
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Figure4.9: Schematic of the initial workflow in JAQ. OnceetfilesSplit Positions andCalibration

are created the associated st§p#ting andEnergy Calibration can be skipped.

evaluated using the implemented features of JA@s&lare described in section 4.3. Alternatively all

or individual spectra can be converted to ASClIftother processing with®party software programs.

4.2.1 Splitting

The very first step in QEXAFS data evaluation reggiito isolate each single spectrum in the
data set. This step is performed in $pktting feature of JAQ by processing the encoder datanidjer
aim, at this stage, is to get a list of pointersiclv refer to the beginning of each spectrum instineam.
By means of this list any spectrum can be accdsgedading data between two consecutive pointers.
In JAQ, these pointers are call8dit Positions, and are stored in an additional file (see Appem]i
using the suffix ‘SplitPositions.bin’. The relevant steps of the splitting algorithmsishematically

shown in Figure 4.10.

During a measurement the monochromator crystalewoh sinusoidal trajectory which is
monitored by the angular encoder. The reversaltpahthis motion define the needed split positions
between two successive spectra. Determining thesiggns reliable is more challenging than it appea

at a first glance. The angular speed near the salkpoints is very low and eventually vanishes. Bue
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Figure 4.10: Schematic of the Splitting algorithm implemented)&Q. The algorithm is used
determine a list o85plit Positions which indicate the beginning and end of each spettin the
QEXAFS data set.

the discrete nature of the encoder values, theaketlues around this region might not change aver
certain number of samples. In addition, the anguédues are subject to a number of uncertainties,
which complicate the problem. Typical charactergsif the movement such as offset, amplitude and
frequency may not be known in advance and miglat jitter to a certain amount. A further obstacle is
that the size of the encoder data only may be tdahgen the available space in the main memory ef th
processing computer. File sizes of encoder datheobrder of 10 GB are not uncommon and thus it

might not be possible to store the entire encoleas in one large array.

The Split Algorithm
The split algorithm implemented in JAQ solves sal/ef the mentioned problems within its
first two working steps. Instead of locating thdreme values of the recorded motion directly, zero

crossings of the®lderivate are tracked. These can be easily detbégtedchange of sign or a value
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Figure 4.11: Derivative of a 30 Hz sinusoidal atal trajectory after initial averaging ¢

smoothing. The right plot shows the blue shaded areund a reversal point of motion more closely.

equal to zero. Furthermore, by differentiating émeoder date, the arbitrary offset and the unknown

amplitude is lost. However, a straightforward nuimderivation, following the simple instruction

X'p= Xy — X (4.5)

does not always yield a meaningful derivative. Teason is that the angular encoder is often
oversampled (see section 4.1) and due to the geahnencoder values, there are always a few
consecutive samples, x;,4, ... which do not differ from each other. As a consemee the simple
approach based on equation (4.5) would yield avatvie which is zero everywhere but for single
positions where the samples actually change, olmgruthe underlying sinusoidal movement

completely. Efficient smoothing of the encoder dat is therefore an essential step in the atboni

The initial smoothing, following equation (4.6),performed when the file is accessed for the
first time. By averaging over a given number of plea and keeping only the averaged values, the
number of samples is reduced to a length whichfitam the main memory. In addition, the encoder
data stream is sufficiently smooth to be differatad.

1 —n-1
] n i=0 ]

The smoothed and derived encoder function of aBQHBEXAFS measurement is shown in the plots of

(4.6)

Figure 4.11. The encoder signal was sampled witH2 and initially averaged over 14 samples. This
pre-smoothed function was further smoothed by me&asnoving window with a width of 10 samples

before its derivative was calculated. The right pliothis figure shows a closer look to a sectieama
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Figure 4.12; Red histogram: Frequency distributioh next neighbor distances between all
crossings of a 30 Hz sinusoidal crystal trajectdmyis histogram is used to definer@asonabl
e-surroundingBlue histogram: Frequency distribution of next migr distances between all s

positions which have been determined based ansamrounding of 7.96 ms.

reversal point. There are still multiple zero cnogs found indicating that the performed smoothiag
not too strong but adequate. To get reasonablepgsiitions from a list of zero crossings, the altpon
makes use of-surroundings. Each zero crossing laying withim@@indinge is assumed to belong to
a single unique reversal point. The final splitifoss are then determined as the center of grafity

all zero crossings found within tleesurrounding.

To help to determine a reasonable width ofeasurrounding, the algorithm calculates the
distances of each zero crossing to its next rigighibor and computes their frequency distribution,
which is then displayed in a histogram, as showtherred plot of Figure 4.12. The distribution tyadly
separates into two disjoint fairly sharp boundeatks. At the left side all distances which amownt t
only a few data points are displayed. On the rgjti¢ the long distances accumulate. These are only
found between the last and the first zero crossfrtgro adjacent reversal points. A good value Far t

width of ane-surrounding is therefore found anywhere in betwese two sets.

By choosing an appropriatesurrounding a list oplit positons can be determined. This list
can be similarly analyzed in a histogram. The Hiiggogram of Figure 4.12 shows the frequency
distribution of distances between adjacent splgitpmns. This distribution is now centered aroune t
expected value df /2f,,.. Since the sampling rate is known this distributan be used to precisely
determine the oscillation frequency of the monootator and its jitter. Also corrupt measurements

caused by unstable oscillations can be quicklytified by these histograms.

In extremely rare cases it was observed that tl#laiery motion of the crystals has been
disturbed, supposably due to a delayed buffer detdahe DAC. An example is given in Figure 4.13,
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Figure 4.13: Histogram and encoder signal @fcorrupt QEXAFS measurement. The histog
displays the frequency distribution of next neightistances between all zero crossinfse righ
plot shows a section of the encoder signal arohedrmperfection. The affected part amoun
about one second. By removing this region fromdat set, the rest of the measurement c

saved and still be analyzed.

which shows the encoder signal and the frequensyrilolition of zero crossings of an impaired
measurement. In this case the histogram differindtyy from that shown in Figure 4.12. The
accumulation of long time gaps is not as sharm agpical measurements and shows lot of individual
spikes. JAQ provides various tools to identify peolis of the measurement, to locate the position of

the imperfection and to restore the measurement.

The GUI of the Splitting Module in JAQ

The GUI (Graphical User Interface) of the split mtedis shown in Figure 4.14. The right plot
shows the smoothed derivative of the encoder sigfeo crossings (orange x-crosses) aplak
positions (red diamonds) are plotted on top of this gragte frequency distribution of the time distance
between consecutive zero crossings is shown asagham in the left plot. This plot window also sls0
a cursor which can be moved by the track bar beBw.means of this cursor the width of the

e-surrounding can be set by the user.
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Figure 4.14: GUI of the Splitting module in JAQ. The left pldiesns the frequency distribution
the calculated distances between zero crossingseah the right plot displays the first derivas
of the smoothed encoder signal. The red diamondsigrindicate the determinegplit Positions

based on the-surrounding defined by the red cursor in the ieftogram plot.

4.2.2 Energy Calibration

The energy scale is determined from the angulasureanent of the monochromator crystals.
This measurement is not necessarily calibratedt@®Bragg angle may be measured relative to an
unknown static offsefl,. JAQ can determine this offset if the correct ggeat an arbitrary position
within the measurement is known. Typically the ap8on edge position of the sample or of a refeeenc
material and the corresponding electron binding@ng, ;. are well suited for this purpose. The offset
is determined according to equation (4.7), Wit | g4 4. is the local encoder value at the position of

the absorption edge.

hc
2dhkl EEdge

6y = asin( ) —0(V)|gage 4.7)

The determined offset is stored together with off@ameters, such as the lattice constaptand the
binding energy, in an additional file (see Appen8pwith the suffix “_Glibrations.bin”. The encoder

values of a spectrum can then be transformed mtogg by means of equation (4.8).

hc 1

E=
2dp1 Sin(eo + G(t))

(4.8)
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The GUI of the Calibration Module in JAQ
Figure 4.15 shows the GUI of the calibration modaldAQ. All required steps to transform

the encoder signal into photon energy can be paddrin this window.

The left plot shows two consecutive spectra plotiadop of each other. These are not yet
calibrated but plotted as a function of encodeu®alSince one of these spectra is measured with
increasing energy and the other with decreasingggnany differences between these spectra indicate
an impaired measurement, most likely due to arfficgent bandwidth of the detector system, imprecis
Bragg angle measurements or a false synchronizagbmeen the detector inputs and the encoder

signals. The latter can be corrected in some dasadding a constant time shift to the encoderadign

The right plot is used to calibrate the energyescélthe measurements. The absorption edge is
usually defined by a local extreme value of thstfiterivative of the absorption spectrum. To hbp t
user locate this position, this plot window shohes first derivative of the blue spectrum. The radsor

can then be placed manually to define the edgeiposi

4.2.3 Get Spectra and Time Correction Interpolation

By using the information obtained in the two prexastepsSolitting andEnergy Calibration,
real absorption spectra can finally be retrievetnfthe dataset. This is performed by the funcGen
Foectra (see Figure 4.9). Furthermore, this function ateps all measured data onto a single equidistant
energy grid, which is a necessary step towardsliegabatch processing. This energy grid is defined
by the highest start energy and the lowest endggrarall scans. To accomplish this, the spectea ar
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cropped to equal length in order to remove therjitif the oscillation amplitude. In a next step tiple
analog samples which are acquired at the same encallie are averaged. Thus, the resulting number
of data points in a spectrum is rather given byrésslution of the angular encoder than the samplin
frequency, meaning that increasing the samplinguieecy improves the average but keeps the final

number of data points in a spectrum untouched.

Time Base
A straightforward time reference based on the fix®dllation frequency),. and the sequential
numbering of alin spectra in the dataset can be constructed. Therdenet; and periodit; of a given

spectrum is then defined by

2i+1
t; = +t (4.9)
' 4'fOsc 0
1
At; = (4.10)
' 4’f05c

where the index runs from0 tom — 1 andt, is a constant time offset to account for " spectrum
which is only partially acquired and therefore obgel. The time frame during which a specific speutr

has been recorded is then giventpy At;.

Time Correction Interpolation

The periodAt; (see Equation (4.10)) reflects the fact that QEXAdpectra are sequentially
acquired and although, in a strict sense, it ispussible to attribute a single point in time tgigen
spectrum, QEXAFS data is often treated in this Wénys can be justified by the basic assumption made
for most QEXAFS experiments, that any change ofséaple which would lead to a measureable
change of its absorption spectrum is negligiblehimithe acquisition time of one spectrum. In other
words: The oscillation frequency is chosen highugoto oversample the measurement in the time
domain. The Time Correction Interpolation (TCI) vekesreloped to improve the situation if this can not
be ensured and hence single spectra can not breleegas quasi static. Applied to the entire QEXAFS
data set, the TCl yields a new set of X-ray absomptoefficientsu(E, t) which are equally spaced in
the energy as well as in the time domain. As a@gusnce, the new interpolated absorption coeffisien
belonging to an individual spectrum are virtuallgasured simultaneously at one specific point itim
A theoretical example on how this improves thedimeombination analysis of QEXAFS measurements
is given at the end of this section, while the giptes of the linear combination analysis are exld
in section 4.3.3. Moreover, an equidistant datissalso an important requirement for the applicatb

digital filters. These are discussed in section14.3

The TCI maps the measured data onto an equidistaagrid by linear interpolating along the
time direction. This is illustrated in the two daif Figure 4.16. The dotted black sinusoidal drewn

in the left plot approximates the scanning behaefadhe monochromator. The black dots on top &f thi
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Figure 4.16: The black dots of the left plot schematically icade where the Xay absorptio
coefficientu(E, t) is determined by the QEXAFS measurement. Thesdgaia not equally spac
along the time direction. The TCI determines newadaoints by linear interpolian along th

horizontal orange lines. The right plot illustrathe result, showing equidistant data points.

line indicate where the X-ray absorption coeffitisnknown in the time-energy plane. The blue areas
depict the time period during which the individspkctra are measured. The TCI determines new data
points, shown as red diamonds in the plot, by ling&rpolation between two successive samples of
which have been measured at the same energy liailgdielong to different spectra. The interpolatio

is then evaluated at the center time of the indi@icpectra. This procedure is illustrated by thshed
orange lines, which connect the two samples o$ed for the interpolation. The final result ipidted

in the right plot, showing a regular array of iplated samples equidistant in energy and time.

The time corrected spectra can now be attributesihigle points in time. Similar to the idea of
equation (4.9) the center time of the time corrd&gectra can be computed by equation (4.11) where
the oscillation frequency and the time offset hiagen substituted with their means in order to agtou
for jitter in oscillation frequency and amplitude.

tf = ﬂ +
Y Hfosc)
Based on theplit positions s; (see section 4.2.3), these means can be competeriang to equations
(4.12) and (4.13), which are derived in Appendix C.

(to) (4.11)
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Figure 4.17: Normalized XAS spectraised for the demonstration of the time correctedd
combination analysis feature of JAQ. The blue anéiicates the fitting region. The spectra t
been extracted from a real QEXAFS measuent of copper zinc tin sulfide (CZTS) forma

during steady state conditions of the sample.

1 m-—-1

- - 4.12

(fos) = 55— (4.12)
So+Sm—1 1 1 m-2

_ ! _ - E . 4.13

(tO) Z(m _ 1) 2 (Sm—l SO) + m— 1 i=1 SL ( )

Example of the Time Correction Interpolation using linear combination analysis

A brief example of the benefits of using the TClemtperforming a linear combination analysis
(LCA) is given here. The underlying principles ¢ietLCA and their implementation in JAQ are
discussed in section 4.3.3. For this example, twgle X-ray absorption spectra have been extracted
from a real QEXAFS measurement of copper zinc tifide (CZTS) formation taken at Cu K-edge.
The two extracted spectra represent the initialfarad state of a chemical reaction and are heeel tis
model a hypothetical transition with a well-definkidetic. Given the normalized static spectt,,

anduZ,,,, the model can be expressed as:

.unorm(Ev t) = (1 - C(t)).urfllorm(E) + C(t).ugorm(E) (4.14)
with an appropriate transition functieft). The transition used in this example is define@gyations
(4.15) and (4.16). It is based on a smooth symmetep functionfs.,(t) defining the transition

between the components A and B.

0 0<t<ty
t—t
c(t) =1 fstep <ﬁ) ty St<t, (4.15)
2 1
1 t, <t
fstep(t) = 6t> — 15t* + 10¢3 (4.16)

The input spectrays,rm anduZ,,., are shown in Figure 4.17. These are also usetieas t
reference spectra in the analysis. Hence, the Li@Ald yield the known coefficients— c(t) andc(t).

However, since these are not static within thanfitrange, which is indicated by the blue areagrerr
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are to be expected. To evaluate the influenceeftBl, the LCA is performed firstly according taeth

conventional approach, i.e. by using the spectig, ad secondly with time corrected spectra.

The plots of Figure 4.18 display the results of tl&A. In the upper plots the transition was
chosen to complete within 5 spectra and in the tquas the transition was chosen to complete withi
10 spectra. The upper plots of both evaluationsvstiee values of the coefficients, found with a
conventional approach, the time corrected appra@achthe expectation values based on the models
input. The lower plots evaluate the quality of @A fits by calculating its coefficient of deternaition
R?. This error estimate is defined by equations (& (4.18), where thg,’s are the dependent

variables, i.e. the measured data points angithare the results of the fit.

RZ=1— Yo i — 5)? (4.17)
Y i = (v))?

S el 4.18

M=2) (4.18)

The examples show that in both cases the timeaedepproach using the TCl yield the better
fit and coefficients with smaller errors. The attimprovement is more pronounced for the faster
transition, which is shown in the top plot. Withire static regions, before and after the transitiath
methods yield the same correct coefficients. Thusslow transitions approaching the limit of quasi
static changes, the differences between the resfllisth methods vanishes and using the time ciadec
approach becomes optional. However, in the casernyffast sample changes the TCl is a valid and

promising approach to improve the analysis of tresolved QEXAFS measurements.
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Figure 4.18: Results of a LCA using unmodified spectra in thevamtional evaluation and tir
corrected spectra using the TCI. The analysissethan a hypothetical model, providing a smc
and complete transition between two pure states.tiEmsition completes within 5 (upper plots

10 (lower plots) successive spectra.
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4.3 Data Evaluation with JAQ - Features of JAQ
Once preprocessing of the QEXAFS dataset is coegbltd individual spectra are accessible,
the actual measurement can be evaluated. For tinpobge JAQ provides various tools of which the

most important ones within the scope of this woik lpe discussed in the following sections.

The implementation of digital filers to improve thignal-to-noise ratio are discussed in section
4.3.1. Section 4.3.2 deals with all common fundiarnich are needed in typical XAS data processing,
such as background subtraction, normalization aedektraction of the fine structupdk). Fourier
transformation of thgr(k), based on the FFT (Fast Fourier Transform) andrEieN (Fastest Fourier
Transform of the West)7p] algorithms was implemented by Beck&6]l This will therefore not be
discussed in this text. Linear combination analise powerful method to determine time constafts o
reaction kinetics and hence probably one of thetroften used evaluation methods of QEXAFS

measurements. This tool is described in sectior34.3

4.3.1 Digital Filtering

One strength of QEXAFS is certainly its possibilitfyaveraging consecutive spectra in order
to improve the signal-to-noise ratio after the nueaent has been acquired. Of course, this contas wi
a cost and is always a trade-off between time wéisol and signal-to-noise ratio. Averaging is tliere
always admissible if the time resolution, whiclgigen by the acquisition rate of spectra, is highan
the time constants of the kinetics, which are iouof the investigation, or in other words, if the
measurement is oversampled in the time domains@he is also valid for averaging within a spectrum
along the energy scale. Since QEXAFS measuremeatal@ost always oversampled in the energy
domain and quite often in the time domain as walEraging or more sophisticated digital filtering

techniques are a relevant part of the QEXAFS dagpgvation and analysis.

Savitzky-Golay Filter

JAQ provides one dimensional Savitzky—Golay filtevkich can be independently applied to
the time or the energy direction of QEXAFS measuais In contrast to an ordinary moving window
average filter, which essentially is the lowestenrdf a Savitzky-Golay filter, this type of filt&an
preserve higher order moments. It is thus bettitedtio represent absorption spectra especiallly wit
respect to the steepness of the edge jump or pedke XANES region. The implementation of the
filter module in JAQ is shown in Figure 4.19. Thikea behind the Savitzky-Golay of filter is simple.
Basically, as the filter moves along the datalsast squares fits of a polynomial over a giveprivsl
are performed and the value of the input functibtha current position of the filter is replacedthg
function value of the polynomial. This procedursules in low pass filtering of the input functionca
is equivalent to a discrete convolution with atBnimpulse respons&1{,78]. Hence, the filter can be
computed by a linear combination of the input valugusing a proper set of filter coefficients as

shown in equation (4.19).
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Figure 4.19: GUI of the digital filter module in JAGGhown is a XANES measurement at the
K-edge ofCyanotype. The top plot displays the absorptiothefsample at a constant energy
function of time. The bottom plot displays the aipdion of the sample at a selected time
function of energy. The green vertical cursers lsarmoved by the tradiars below and indice
the energy and time values, which are kept congtatiie respective plots. The black curves <
the raw data and the red curves the filtered dégae, only the results of one filter along the i

direction is shown.

. nR
”E}ltered = z Ck Hitk,j (4.19)

k=—TLL
The indexi runs along the direction, which is intended tdiltered, thus corresponds to either energy
or time. Consequently, the ind¢xorresponds to the other one. To obtain filterlesbgption spectra
(which are obviously functions of energy) equati4ri9) is repeated for all energies in the dataset.

The filter and consequently the filter coefficients of equation (4.19) are defined by the
polynomial degree and the window width, which is langth of the interval used in the local fittirhg.
general, the window, defined by the left and tigbtrlengthn, andng, may be asymmetric but in JAQ
is implemented to be symmetric, thus forcing= ny. This ensures, that no unwanted shift or delay is
introduced. However, to allow this, the first aadth; values are not processed by the filter. The filter

coefficientsc;, are computed by an algorithm outlined 78]
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Figure 4.20: GUI of the normalization module in JAQ. Shownaigmeasured Xay absorptio
spectrum of a metallic copper foil at the K-edglee pre- and posédge fits (red and blue) are ba
on a Victoreen function. 43 weighted polynomial of degree 4 (orange) is usefit tine atomi
background. The colored asterisks indicate theoreggused for the particular fits. The second

and orange asterisks overlay at the end of therspec

4.3.2 Background Subtraction

To obtain the sample’s normalized X-ray absorptioafficienti, ., (E) or its fine structure
x(k) the background absorption needs to be removed iShattained by fitting the pre-edge and
post-edge region with suitable functions. JAQ pdegi a dedicated GUI to setup and perform all
required steps. The GUI is shown in Figure 4.20ldisng an absorption spectrum of a metallic copper
foil and the corresponding fits. Adjusting a fitrameter or browsing through the data set invokes an

almost instant visual response to the change.

Normalization

In the case of obtaining,,,-» (E) the procedure is comparable simple, since the dvezad
of the X-ray absorption is known. Far away fromabtion edges, the X-ray absorption coefficient
follows the empiric Victoreen function which can figed to the pre- and post-edge regions of the
spectrum. Ifup,.(E) andup,s: (E) are the wanted background functions the normalarefthttened

spectrum can be calculated according to equat&@8) or (4.21).



64 4 Data Acquisition and Evaluation

05 - —

Absorption / a.u.

00 |
8750 9000 9250 9500 9750 10000
Energy / eV

Figure4.21: Normalized and flattened X-ray absorption speutaf copper at the Kedge. The ra

spectrum which is shown Figure 4.20.

H(E) — ppre(E)
Upost (EEdge) — Upre (EEdge)
H(E) — pipre(E)
Upost (E) — ppre (E)
The difference is found in the denominators. Thestant value of the denominator of equation (4.20)

.u:wrm (E) = (4-20)

(4.21)

HUnorm (E ) =

is called the edge step of the absorption spectrum:

Aty = pipost(Ezage) — Mpre(Egage) (4.22)
While equation (4.20) normalizes the edge jummityyequation (4.21) also raises the entire pdgee
part of the spectrum to have the fine structuréllaing around unity, as shown in the plot of Figu
4.21. In literature, often no differentiation beemethese two functions are made and both are named
normalized. However, the flattened spectrum is more freqyamked to display and compare XANES
measurements and is therefore often used for di@umethods, such as linear combination analysis

(see section 4.3.3).

For normalization purposes, JAQ provides a Victoraed a polynomial function of adjustable
degree to fit the pre- and post-edge regions. Tiotokéen function implemented in JAQ, given by
equation (4.23), has been extended by a constaablec, to account for offsets, which for instance
may originate from the arbitrariness of the gaittirsgs of current amplifiers or of the absorption

strength of ionization chambers.

Uvictoreen(E) = cinE ™2 —cyE~* + ¢ (4.23)
Since the Victoreen function is linear in its cagénts, JAQ can use the same linear least-squares
algorithm as used for the polynomial fit. Computthg fit in this way is significantly faster thasing

iterative algorithms such as Levenberg-Marquardt.
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Figure 4.22: Extracted andt® weighted K-edge X-ray absorption fine structureapper.

Fine structure
Retrieving the fine structurg(k) is a more complex problem. Since the specific gemknd
function is in general not known exactly, neitherough experimental measurements nor through

theoretical calculation/p], this function needs to be guessed and approgunatsome way.

All recognized and commonly used approaches assistev varying background beneath the
faster oscillating fine structur@1,32,70,72]. They differ mainly in the assumption about snio@ss
and magnitude of low frequency components and regudifferent amount of computational effort. In
the current version, JAQ employs a low dedgrBaveighted polynomial fit performed ik space. The
polynomial degree can be adjusted by the user pmbpriate values are typically found between 3 and
5. This gives a function which is flexible enoughfollow the trend but not too flexible to mimiceth
fine structure and dampen its oscillations. Thegiveng ink space compensates the natural damping
of the oscillations and ensures that the fit stagse to the mean of the absorption spectrum dt hig
energies and is not distracted by the very straajlations near the absorption edge. Considetieg t
computational effort, this approach is very effitieand uses the same linear least-squares solvieh)

is used for the normalization fits.

Giving the fitted background functiquy,,, (E) and the previously determined edge gp,

the fine structure, still as a function of enerngydefined by equation (4.24).

1
x(E) = A_.Uo (.U(E) - #Atom(E)) (4.24)

In a next step the photon enerByis converted to the photoelectron wave numbdry means of
equation (4.25).

1
k = = JZme(E — Ezage) (4.25)

To compensate the dampening of the fine structlireceeasing wave numbers, the fine strucjite)
can be weighted by a factbf, wheren is an integer number between 1 and 3. The firsalltrés shown
in Figure 4.22.
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4.3.3 Linear Combination Analysis

Probably one of the most powerful and basic tobQEXAFS data analysis is given with linear
combination analysis (LCA), also called linear camaltion fitting (LCF). The aim of this method is to
describe the current state of the sample as arlic@abination of well-known states, often called

references or basis functions. The current stajezén by a measured and normalized X-ray absarptio

spectrumu = [ y(Ej), ]T Providing appropriate reference spegiras input, the LCA yields

linear coefficientg; which satisfy equation (4.26) with an ergoas small as possible.

k-1
o= Z iy + € (4.26)
=0

If multiple or even all spectra of a QEXAFS measueat are analyzed the coefficients can be
determined as a function of time. The gained infitiam is often utterly important and invaluable for
the determination of reaction kinetics and the fieaiion of theoretical models which describe the

underlying chemical reactions.

In practical applications, however, the requird@nmences or even the right number of different
linearly independent references to properly motel measurement, might be unknown a priori. To
support the LCA, various auxiliary methods are lmdé¢ with 3¢ party software. Two of the more
important ones are the principal component analfai3A) which helps to determine the number of
pure states contained in a measurem@&dBp] and multivariate chemometric methods which try to
identify the pure state81,82].

Singular Value Decomposition

The LCA can be expressed as a linear least sqpevklem by calling to minimize the absolute
square of the error vecter This leads to the governing equation (4.27) &edtask to minimizq'(zi),
which may not be mistaken for the fine structué#). Here, the outer indekdenotes the different

spectra of the QEXAFS dataset and the corresporudiefficient vectors.

2

#(ggj)] (4.27)

Cr—1 10) ®

Co
C1

X(Zi)

Ao(E)) m(E) - Aua(E)
=|D- ey~ ney|’ (4.28)

The columns of the matri®2 contain the reference spectra and is usuallyneddp as the design matrix
of this problem. When performing the LCA on a la@EXAFS dataset, this matrix stays unaltered and
only the current statg;, which is to be analyzed, is successively replanegach cycle of a batch
processing loop. Thus, all necessary transformstadrD only need to be computed once, initially

before entering the loop. To find the best coedfitivectorc;, which minimizesx(zi) JAQ uses a
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singular value decomposition (SVD) of the desigririnaln general the SVD yields three matrices,
which together satisfy equation (4.29).
D=U-

w, VT (4.29)

The matrixU is column-orthogonall is orthogonal and the matrix in the middle corgaamly the
singular valuesv; of D on its diagonal. With the Moore-Penrose pseudaoseef this matrix, equation

(4.28) can be rearranged and the coefficient vaxdorbe calculated according to equation (4.30).

cp =1V- Tw, U (4.30)

As already mentioned, the computation of the ertt@eomposition and of all matrix multiplications
within the braces of equation (4.30), is requirediyonce. After that it is only one matrix vector
multiplication per spectrum to determine the caésits. On today’s conventional office computees th

presented procedure allows to analyze tens of #mulssof spectra within a couple of minutes.

The GUI

JAQ implements a dedicated module to enable LCAloalkded QEXAFS files and absorption
spectra which have been normalized in a previasate available within the LCA GUI. This is shown
in Figure 4.23. From two tables the user can defieesource function, i.e. the data set which iseo
analyzed, and the basis functions. The fitting esinghe energy domain can be set by the useketfgp
a region of interest. On command all spectra withindata set are analyzed and the coefficieraadi
reference spectrum are plotted as a function oftluiece spectrum number. The error estinR&teas
defined by equation (4.17), is as well displayedaafunction of the source spectrum number. A
horizontal scrollbar enables to browse throughsalirce spectra. Simultaneously a vertical cursor is
drawn in the coefficient’s plot indicating the cemt position within the data set. Thus, distinctive
regions and changes of the coefficients can belyefatlowed in the spectra’s plot. Furthermorel, al
input and output functions can be converted anarad to ASCII to enable post processing with 3

party programs.
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5 Planar Parallel Plate and Gridded lonization

Chambers

The gridded ionization chamber is a much more stighited design of the well-known planar
parallel plate ionization chamber. A conductivedgmlaced above the electron sensitive electrode,
screens the slow drift motion of positive i088,B4]. Without their influence the response time can be
significantly improved by typically two orders ofagnitude down to a few microseconds][ This
allows to further expand into the sub-second tiegime of QEXAFS measurements and is therefore
one of the major breakthroughs in QEXAFS instruragon [4,15]. Furthermore it is probably the most
important development of ionization chambers atchyotron radiation sources during the last two

decades.

Historically, a grid electrode was first added @aization chambers by O. R. Frisch in the 1950s
[83,84,85] and hence is also often called a Frisch-Gridthfst time, the grid was required to enable
precise energy measurementsigfarticles emitted from radioactive samples. Thaiagtion of a grid

electrode to improve the bandwidth of ionizatioamibers, however, is new.

This chapter deals with the gridded and planarlighyzlate ionization chamber in detail. Section
5.1 reviews the underlying principles of gaseousization chambers in general. It closes with a
discussion of the fundamental processes which teatie output ionization current and define the
dynamic behavior. Built devices, which have beesdu®r the QEXAFS measurements presented in
this text, are investigated in particular with respto their step response. The prerequisitesrfornpe

these measurements and their results are discumssedtion 5.2.

5.1 Principles of lonization Chambers

lonization chambers are gas based X-ray detedtaislent X-rays interact with the filling gas
and are converted into ions and electrons whictirene electronically detected as an electric ctirren
Under proper operational conditions the measuraliieut current is proportional to the incident X-ra

flux. The basic principles have been investigatedi discussed over many yeas,p6,87,88]. A brief
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overview, emphasizing the relevant parts and diffees of gridded ionization chambers is givenis th

section.

Within the considered hard X-ray regime, rangingira few keV to about 40 keV photon
energy, the photo electric effect is by far thersgest photon-matter interactid?v[89]. As a result of
this process the entire energy of the incident @ias$ transferred to the atom or molecule, which
immediately causes the ejection of a single phetten. After the photoelectron is released thenato
is left in an excited state with a hole in the mad shell. This hole propagates to the outer shigla
combination of Auger and fluorescence transitidiee emitted Auger electrons, fluorescence photons
and the primary photoelectron can in turn alsozerihe gas giving rise to a cascade, creating fnege
ions and electrons. Within the linear regime ofitlrézation chamber this cascade dies out eventuall

and the released electrons and ions thermalizélgyi@O].

The generic ionization chamber consist of two s#jealr plane parallel electrodes. The X-ray
beam passes between these electrodes and iorezsirth gas. An electric field caused by an apgli
voltage across these electrodes draws the fre@elgarriers apart towards the oppositely charged
electrodes. This charge drift generates an electnigent which is proportional to the ionizationesa
especially if recombination is small or negligibléhis current is thus a measure of the incidentgho

flux.

5.1.1 Electron and lon Interaction in Gases

The ionization processes create singly and multihigrged positive ions and free electrons.
With electronegative gases present, such as oxygemater vapor, also negative ions can be formed
through electron attachmer®@0]. To benefit from a gridded ionization chambésitequired to prevent
the formation of negative ions, since they are &bleypass the grid and thereby render it ineféecti
Therefore only gases with zero electron attachroerss sections, such as the rare gases or nitewgen

used and considered in the following sections.

The measurable output ionization current is caumethe movement of the charge carriers.
Their behavior determine the properties of thezation chamber including the response time and are
therefore of great interest. Free ions and elestinra gaseous environment are in constant thermal
motion. The electric field of the ionization chamiggves rise to a superimposed velocity component
along the field lines. Since the electric fieldc@stant in time and spatially homogenous, thiddda
a constant drift velocity. The equilibrium driftleeities of the different charge carriers are ofithe

most important properties which determine the raspdehavior of ionization chambers.
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lon Drift Velocity

The drift velocity of ionsu*, in a gaseous environment depends on the eldieldcstrengthe
and the gas pressupe It has been observed that the drift velocityde# equation (5.1) over a wide
range of the quotier&t/p [91,92,93,94,95].

ut=ut- (5.1)
p

The proportional factqu* is called the ion mobility. As long as the eneggyn between two collisions
is small compared to the thermal energy, the iohilitgcan be assumed to be constant and indepé&nden
of the field strength and pressu@b,B7]. Tabulated values of the reduced ion mobility Ested in

tables 5.1 to 5.3 for various species of nitrogggpn and neon ions in their parent gases.

The expression of the reduced ion mobility is galaccepted in order to enable comparison
between measurements which have been performed difiégeent conditions, such as gas temperature
T and gas pressuge The ion mobilityu™ is therefore corrected to standard conditions lesms of

equation (5.2) yielding the reduced ion mobilig.

. 27315K p
T  101325Pa
The usual field strength of a planar parallel platgzation chamber is on the order of some

+

o = K (5-2)

thousand Volts per centimeter. This results inpacel ion drift velocity of about 10 mm/ms. Sindeet
ions have to travel at least a few millimeters iava at an electrode, the ion transient time ishef
order of some tenth of a millisecond. At this pdtnis clear that solely due to the ion transiémtet
variations of the ionization rate, which occur osterter time scale, can not be measured without
distortions.
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Nitrogen

N* No* N3* Ng* Ref. Year of

Publication

2.6 [96] (1965)
2.47 1.44 1.84 [97] (1965)
254 17 19 234 [98] (1965)
2.97 187 226 233 [99] (1969)
301 19 226 231 [91] (1976)
2.37 [100] (2012)

Reduced mobilities in cm?/Vs.

Table 5.1: Reduced mobilities of nitrogen ions in nitrogen.

Argon
Ar* Artt Ara" Ars® Ari® Arsst Ref.  Year of
P ID Publication
1.63 [101] (1952)
1.6 2.65" [102] (1954)
1.6 1.9 [103] (1963)
1.54 2.6 1.83 [104] (1967)
1.4 2.4 1.95 [105] (1967)
1.55 0.82 [106] (1969)
1.56 1.84 1.23 0.82 [107] (1975)
1.53 2.49 1.83 [91] (1976)
27 2.2 [108] (1978)
2.1 1.8 1.65 [109] (1978)
1.5 1.85 [110] (2010)
Reduced mobilities in cm?/Vs.
*) Value attributed to Ar** ion based on ref [108].
Table 5.2: Reduced mobilities of argon ions in argon.
Neon
Ne* Ne** Nez* Nes" Neist Ness* Ref. Year of
P 1D Publication
4.4 [101] (1952)
4.0 6.5 [102] (1954)
4.1 6.5 [103] (1963)
3.1 2.25 [107] (1975)
4.07 6.16 [91] (1976)
7.0 6.5 [108] (1978)
54 54 [109] (1978)
4.4 6.2 [111] (2011)

Reduced mobilities in cm?/Vs.

Table 5.3: Reduced mobilities of neon ions in neon.
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Electron Drift Velocity

Free electrons are created in various ways. Beslidekigh energy photoelectron, secondary
electrons of lower energy are released during nauserelaxation processes. These electrons thesmaliz
rapidly as a result of elastic and inelastic scimteat the surrounding ga®(]. Due to the large
difference in mass only small amounts of energytiamesferred in electron-atom or electron-molecule
collisions. At the same time the energy gain frown ¢lectric field is very effective. As a conseqe=n
the mean energy of the free electrons, which agestto an electric field can be easily in exaagthe
thermal energy. The energy distribution as welthesdrift velocity of the thermalized electrons are
determined by the momentum transfer cross secfgaesAppendix E) of the involved gas species and
the present electric field strengttilp]. Classical theories, which calculate theses quesitare based
on the Boltzmann transport equatidi3]. Its solution yields information about the electrtransport
including diffusion coefficients, drift velocity dnenergy distribution90,114,115]. There are several
approaches in order to solve the Boltzmann tratngepration. The data of figures 5.1 to 5.4 are dhase
on calculations performed with the MAGBOLTZ 2 coflEl6], which employs a Monte Carlo
integration technique to solve the problett7,118].

The plots of figures 5.1 to 5.4 show the drift \c@typ and mean energy of the electron swarm in
Ar/ Nz, Ar/ CQ, Ar/ NHs and Ar/ CH mixtures at typical gas pressures, slightly abaw@ient
pressure. The gases are added to the argon intorderdify the free electron energies and to ineeea
the dielectric strength of the filling gas. Thidoals to work at a higher electric field strengthdan
prevents electric break down of the ga$9[120]. The alteration of the total X-ray absorptiontbé
filling gas raised by the additives is typicallyghigible due to their relative small amount and the
comparable high atomic number of argon. As sughQ®, NH; and CH act as efficient quenching
gases which can be added in almost any case witmyutoncern. At the same time the electron drift
velocity is substantially increased, sometimes dueher than the drift velocity of the pure gasHsis
effect was observed very earl§6[121,122] and is caused by the dominant Ramsauer-Townsend
resonance of argon (see Appendix E). By addingallsamount of molecular gasses such asQ0;,
NHs or CH;, the free electrons can lower their energy in smadounts by exciting vibrations and
rotations of the additive, limiting the possibility gain higher energies. As a consequence thggner
distribution is considerably shifted to lower erieggat which the momentum transfer cross section of
Argon exhibits a pronounced minimum, i.e. the Ramesd ownsend resonance. Due to the reduced
frequency of electron-Argon collisions, the maimughof the filling gas (the Argon) becomes basjcall
transparent for low energetic electrons and thie dlocity increases. The drift velocity of therizad
electrons is strongly dependent on the actual gatura. Even small impurities for instance from
outgassing components can affect the drift velotltywever, based on the calculations shown in égur
5.1 to 5.4 the drift velocity of thermalized elexts is on the order of some 10 mm/us, which ishityug
three orders of magnitude higher than the drifoeiy of ions.
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Figure 5.1: Electron drift velocity and electron mean energyargon /nitrogen mixtures as

function of the electric field strength.

O T T T T S0 e T T
—CG—pure Ar 1100 mbar
[ —C—pure CO, 1100 mbar 1
80 |-—@— 1099 mbar Ar + 26 mbar CO, _|
—@— 1101 mbar Ar + 50 mbar CO, 5
1100 mbar Ar + 100 mbar CO, i
70 ——@— 1100 mbar Ar + 200 mbar co, —
| —®— 1100 mbar Ar + 401 mbar CO,
o
a 60 - 4
€ ©
E >
~ =]
Z 50 3
5} c
3 g o,
9]
> 5
+ 40 S
=
o @
5 c
g 30 3 2
2 =
w
20
1
10
pure COE\
oLl v by b 0
05 1.0 1.5 2.0 2.5 3.0 35 4.0 05 1.0 1.5 2.0 2.5 3.0 35 4.0
Electric Field Strength / kV/cm Electric Field Strength / kV/cm
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a function of the electric field strength.



5 Planar Parallel Plate and Gridded lonization Gbens

75

80 T 1T 7 17T 7 1T 77 I
—C&— pure Ar 1100 mbar
| —©—pure NH, 1100 mbar
—®— 1099 mbar Ar + 26 mbar NH,
50 | —®— 1101 mbar Ar + 50 mbar NH, B

1100 mbar Ar + 100 mbar NH,
—@— 1100 mbar Ar + 200 mbar NH,
" —@— 1100 mbar Ar + 401 mbar NH,

W L
f=] [=]

Electron Drift Velocity / mm/us
n
o

pure NH3

05 1.0 1.5 2.0 2.5 3.0 3.5
Electric Field Strength / kV/cm

4.0

Mean Electron Energy / eV

0.5

pure CO,

1.0 1.5 2.0 2.5 3.0 3.5
Electric Field Strength / kV/cm

4.0

Figure 5.3 Electron drift velocity and electron mean enengyargon /ammonia mixtures

function of the electric field strength.
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5.1.2 Pulse and Step Response

The pulse response of an ionization chamber igittie dependent output current caused by a
single ionization event. It can be derived by cdaesng the surface charges, which are induced &y th
released charge carriers. Here, the single iooizavent is considered as an instant transformafion
a neutral atom or molecule into single alreadyriaized positive and negative point charges, each
carrying a total charge cotq. This approach is obviously not able to resolve ¢ffects during the
thermalization itself. However, this process tagkse on the nanosecond time sc&@,[which is
much faster than the transient time of the chaaggers within the ionization chamber and is theref
not relevant to the overall dynamic behavior. lis thay, the derived pulse response is basically the
idealized convolution kernel of an ionization chamland hence can be used to calculate the step

response by means of a mathematic convolution.

A single point chargg placed somewhere between the electrodes of amatoom chamber
induces a surface charge on these electrodes. tidrgth of the charge induction depends on the
location of the point charge. Assuming two planarafiel infinitely large electrodes, this function
becomes dependent on the perpendicular heigbf,the charge only. Having electrodat the origin
of a coordinate system and electrbdat the distancé,,, the induced surface charge follows equations
(5.3) and (5.4).

z > (5.3)

(5.4)

Since the point charge is drifting towards the mitedy charged electrode due to the action of the
electric field, the induced surface charge chamgtstime. If electrodd is electrically grounded and
electrode | is on a negative electric potential as depicteBigure 5.5, a negative charge would drift
downwards towards electroti@nd a positive charge upwards towards electrhdgiving the point of
origin of the ionization eventy,, the drift motion of a negative and a positive rgeacarrier can be
described by equations (5.5) and (5.6).

zZ-=2zy—u't (5.5)
zt =z +u't (5.6)

i The derivation of this equation can be found irp&pdix D.
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Figure 5.5: Scheméc representation of a parallel plate and gridaedzation chamber indicatil
the surface charge induced by a point chgrgEhe grid acts as an electric shield and previia
point charge of inducing surface charges on eldetroAt the same tim it is penetrable for negat

charge carriers only.

Since an ion pair is created during the consideamaidation event, the actually induced surface gbar
is given by the superposition of both point chargeganding equations (5.3) and (5.4) and subistgut

the drift motion leads to the time dependent serfdtarge of the electrodesandl |:

ar () = 7— @ +u)e 5.7)
Gap
qu () = _dGq (u™ +u*)t (5.8)
ap

These surface charges are drained by external awnpoin order to keep the electric potentialef t
electrodes constant. To achieve that, chargegdaime magnitude are moved. Thus, the time derévati

of these functions yield the electric current wheeim be measured flowing between the electrodes and
the external components. Accordingly, it does natter, except for the sign, if the current is meedu

at the grounded or at the high voltage electrodmvéver, in almost all practical scenarios it isieas

and safer to measure the current at the groundetiatie.

Pulse Shape and Step Response of a Planar Parallel Plate lonization Chamber
The charge carriers eventually arrive at the ebtelets. From that moment on the particular

charge carriers are not contributing to the surtd@ges any longer. Referring to those pointge t
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Pulse Response Step Response
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Figure 5.6: Schematic illustration of the pulse and step oesp ofa parallel plate ionizatic
chamber. The colored regions of the left plot iatkcthe contribution of different charge carri
The fast electron is represented by the blue ardaha much slower ion is represented by the
area. The left plot, i.e. the step response, igiobtl by a convolution of the pulse response it

function.

ast~, t* and letting the ionization event occurtat 0, the entire output current pulse from a single

ionization event follows equation (5.9).

(q (w +ut) : 0<t<t
{ Gaap (5.9)
1) = 9y L ot<t<t, '
l dGap
0 :  otherwise
) (5.10)
==
o dgap — 2o (5.11)
- +
u

Here it is assumed that the positive charge cair&rthe ion, reaches its electrode at last. Wiath
charge carriers have arrived at their electrodesahization event is completed and the currensgul
ends. This obviously infers that the pulse lengith @s such the response time of the ionization bleam

is dominated by the slowest charge carrier, whantitributes to the output signal.

The pulse and step response according to the egaatibove are schematically depicted in
Figure 5.6. The step response is obtained by actotien of the pulse response with a step functibn.
is recognizable that the two contributions of thisp response, blue for fast electrons and resldorer

ions, lead to two different slopes in the step oesp.

From the equations (5.10) and (5.11) four signiftqg@arameters which determine the response
time can be identified. These are the electrodeisgd,,, the point of origirg, and the drift velocities
u~ andu®. The latter are functions of the electric fieltesgth and gas species and was discussed in
the previous section 5.1.1. The geometric quanlity, is a parameter which needs to be considered

during the construction of the ionization chamlsémce it typically can not be altered at a latareti
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Figure 5.7: Schematic illustration of the pulse and step eesp ofa gridded plate ionizatic
chamber. The blue region of the left plot indicates sole electron contribution. The left plot,

the step response, is obtained by a convolutigheopulse response with a step function.

Trying to improve the response time by adjustingsth parameters is technically limited by various
factors. Most important, the dielectric strengthtlod filling gas prevents the operation at veryhhig
electric field strength. This limits both, the ambable drift velocity of the ions and the minimkdarode
spacingdg,, Which defines the drift length. Furthermore theense X-ray beam should be kept at a
minimum distance from any electrode or surfacergvent high energetic, not yet fully thermalized,
electrons from hitting them. This also dictatesiaimum electrode gap as well as a minimum distance
Zy. In conclusion, the time response of conventipaahllel plate ionization chambers is always limite
by the ion drift. An adequate solution to this gesb is given by the gridded ionization chamber Juhic

screens the ionic contribution almost completely selies on the electron motion only.

Pulse Shape and Step Response of a Gridded lonization Chamber

The grid, as shown in Figure 5.5, separates theespatween the electrodes in two regions,
which will be called the ionization and drift regioln a device, X-rays pass between the electrbde
and the grid electrode, thus creating ion pairkiwithe ionization region. If the grid is at andmediate
negative potential the drift directions are noewdtl and the positive charge still drifts upwardslev
the negative charge drifts downwards towards the gjectrode. These movements, again, generate
currents due to charge induction. However, theteddel is now shielded by the grid and is therefore
not affected by the charge drift motion within tbaization region. Negative charge carriers are &bl
pass the grid and enter the drift region. Frompleisit on, surface charges are induced on therebizt
| and generate a current while the charge carridrifisng towards it. As a consequence, all terris o

equation (5.9) which refer to the positive charggier vanish and the equation reduces to
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q _
—Uu Dt <t<t_
16) = {dgria ‘ (5.12)
0 :  otherwise
Zy — dgria
teria = R = (5.13)
i~ = oria (5.14)
u

wheret;,.;; denotes the point in time at which the negativergh carrier passes the grid electrode. The
resulting pulse and step response are schematgatiywn in Figure 5.7. Compared to the response
behavior of a conventional parallel plate ionizatdtnamber, the ionic contribution is suppressediea
only the electrons. Since these have to bypasgritidirst to be measured, a short detgy;; appears.
Accordingly, the step response is slightly shiftsdthe delay and broadened by electron transient

timet™.

Owing to the high electron drift velocity,.;; andt ~ amount to usually less than a few hundred
nanoseconds. Hence, the total step response allypshorter than one microsecond. To observe the
delay or to investigate the influence of the elattdrift velocity, extremely fast electronics inding
amplifiers and ADCs with a combined bandwidth ia 00 MHz regime would be required.

5.2 Step Response Measurements of lonization Chambe  rs

In QEXAFS experiments, ionization chambers are tisedeasure incident X-ray intensities as
a function of time. The intensities may changedbpin particular in the regions around the absorp
edges. For the experiment it is crucial that thgpwaiusignal of the ionization chambers are propaodl
to the incident intensity and are not distortedhmsir finite response time. In section 4.1 a lovirait
of the required DAQ’s sampling frequency in a QEXSA&xperiment was derived. This limit was found
based on the requirement, not to loose any infoomaif the spectrum and the assumption that the
spectrum can not be better resolved than enabléulsnergy resolution of the monochromator. Ia thi
sense, the derived minimum sampling frequency essilwat any two consecutive sampled data points
are not further distant than the given energy rg&mi. These considerations can be expanded for the
entire measurement chain, especially includingitinézation chambers and current amplifiers. As a
conseqguence the bandwidth, or in other terms porese time, of these devices have to match arbett
exceed the minimum sampling frequency. Considdtiegesults of Figure 4.2 a bandwidth on the order
of a couple of 100 kHz or response time below 1@nesrequired. It will be shown in this sectionttha
this demand is satisfied by the use of griddedzatimon chambers.

In order to determine the response time of congeatiand gridded ionization chambers, the
step response function has been measured. Thisdnmgives a detailed insight in the underlying
physical principles which govern the dynamic bebagnd lead to the finite response. Finally, tleg st

response functions allow to determine the convoiukiernels of these detectors.
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The Convolution Kernel and the Step Response Function

Since ionization chambers belong to the classnefali time invariant systems, their response
behavior can be described mathematically by arviddal convolution kerneh(t). Based on this
function, the responsg(t) to an arbitrary input(t), i.e. a time dependent incident X-ray flux, can be

calculated by means of a convolution:

git) = f+oos(‘r)h(t —1)d1. (5.15)

To determine the convolution kernel experimentadlywell-known fast changing X-ray pulse is
necessary. Obviously, a sufficiently short inputspuwhich approaches the Dirac delta function woul
directly yield the wanted convolution kernel. Howevthe accuracy of this method is limited by the
actual finite width of the input pulse. Furthermotbe integral intensity of such a pulse is often

extremely low making this approach exceedingly leimgjing in practice.

A simpler method to obtain the convolution kerrsetd measure the step response function of
the ionization chamber. This is the time dependatput response, which is caused by a sudden change
of the incident X-ray flux. If noise is negligibléhe convolution kernel can be determined by a time
derivative of the measured step response functibis. is expressed in equation (5.16), whe(e) is

the Heaviside step-function.

h(t) = % f +Oo®(t)h(t — D)dt (5.16)

With this method the accuracy of the convolutiomietis mainly dependent on the edge sharpness of

the step functio®(t).

Experimental Setup

The step response was measured at the SuperXASiheafnfast X-ray chopper was built to
generate defined X-pulses and to enable the measute 50]. This device is presented in the next
section 5.2.1. The measurements were conducted asimnochromatic beam of 8979 eV. The beam
was focused to a vertical height of 120 um andctiepper was placed in the focal plane between two
ionization chambers, as illustrated in Figure 3.Be ionization chamber under test was mounted
electrically isolated on a translational stagellovavertical scans and step response measureraents
different positions within the ionization regionn/Additional ionization chamber in front of the a§r
chopper was dedicated to monitor the incident Xfi@yand to allow normalization of the step respen

measurements.

The outputs of both ionization chambers were ameplifvith fast current-to-voltage amplifiers
and sampled at 2 MHz with the 16 bit ADCs of theX@ES DAQ (c.f. section 4). The amplifiers were
specifically build with regard to short rise timasthe low microsecond regime. The design and

properties of the employed current amplifiers asented in section 5.2.2. In addition to the outpu
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Figure5.8: Experimental setup to measure the sésponse of ionization chambers. The ioniz:

chamber on the right is used to normalize the nespdo the incident intensity.

signals a synchronization signal from the choppmeregated by means of a photoelectric light barrier
was sampled as well. The absolute gas pressube abmization chambers were measured during the
filling procedures. For this purpose, each ion@atchamber was equipped with a piezo resistive
pressure transducer (Newport Omega PAA33X-C-3)nddis digital output, this device provides a
precision of 0.05% at its full scale of 3000 mbiduys yielding an error o£1.5 mbar. During all

measurements the valves were closed gas-prootler tw avoid pressure fluctuations.

5.2.1 X-ray Chopper

The indented step response measurements requife sledi-defined, X-ray pulses. These can
be generated with shutters or spinning disk chapp&ithough shutters are fairly flexible to create
arbitrary pulse patterns it is very difficult toaeh fast opening or closing times in the microsdcon
regime [123]. Using choppers, however, extremely short opeaimdj closing times in the microsecond
regime and even well below have been realiz2d][ Hence, a rotating disk chopper with its rotasibn
axis perpendicular to the direction of the X-raptmewas built. A picture of the chopper revealing th
geometry of the disc is shown in Figure 5.9. Thepgter is capable of producing X-ray pulses with a
typical rise time of a few microseconds and a metength of about 2 ms. The pulse width is long
enough to allow the output current of the ionizatelhamber to settle before the next intensity jump
occurs. This assures the applicability of equatoh6), which retrieves the convolution kernel frima

step response function.

The chopper uses the brushless DC motor and the electronics of a common hard disk drive
(HDD). The platters of the HDD were replaced byrgle 2 mm thick aluminum disk with a diameter
of 140 mm. These match the mass moment of ineftibeooriginal platters, which allows to use the

drive electronics of the HDD. The driver embed$osed feedback loop in order to maintain a constant
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' Beam Passage ) Manual Slit

Figure 5.9: Left: Opened X-ray chopper, showing the notchéesk and the forked photoelec
barrier in the bottom right corner. This is usedjémerate a reference signal, which can be ut
synchronize multiple measurements. Right: ClosedyXehopper, showing a manual horizontal
vertical slit system mated in front of the beam passage to cut the bedm This figure was part
published in $0].

angular frequency. A photoelectric light barrierighvay TCST1300) was integrated to monitor the
rotation and to provide a means to synchronize iplelimeasurements. Observations of the angular
frequency over 1 h by means of this light barrgmwed a mean angular frequency of 120.9000 Hz
+ 0.8 mHz. The small jitter results in a rise tistability in the picosecond regime.

Rise Time and Pulse Width

The chopper uses a symmetrically notched disk tiogieally interrupt the X-ray beam. Each
of the two notches cover one quarter of the ciramerice. This geometry creates a symmetric
rectangular pulse pattern. Given the angular freaquef the disk, the pulse width,,.;,q defined by
equation (5.17) amounts to 2.07 ms. The rise tifnhe created pulses is approximated by equation
(5.18). Here$ denotes the width of the beam’s cross section-asdhe distance of the center of beam

measured from the axis of rotation. This distamoeunts to 68 mm.

1

tperioa = ﬁ (5.17)

0
tRise = Ffr

All parameters but the width of the beam are fixgtth this chopper. Thus the beam size is important

(5.18)

and should be kept small, ideally by focusing. Adatg to the equation above, a beam width of 120 um
results in a rise time of to 2.3 ps.

5.2.2 Current Amplifier
The output signals of ionization chambers are Wgwaky small. Even with a reasonable high
flux of 10' photons per second to#(@hotons per second, an ionization chamber whisbrals 10%

of the incident X-rays, will yield an ionization rcant of around one microampere only. The second
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LMP 7715

Figure 5.10: Schematic view of the newly developed currentatiage amplifier. The red dast

line illustrates the guard ring which frames thesive traces to prevent leakage currents. Ea

the three feedback resistors define a specific gain and are remotely activitedelays.

ionization chamber, behind the sample in a QEXAKSement, is subject to an even lower incident
intensity. Although the intrinsic absorption otdn be set higher, for instance to about 80%, tiyeubd
current is typically one to two orders of magnitudever. In order to measure these small currents
precisely, they need to be amplified and convartenmacroscopic voltages first. Hence, gains betwe
10° VAl and 18 VA are very common for these applications. At syntcbroradiation facilities, the
Keithley 428 Programmable Current Amplifier is widely spread and very often used in convestion
EXAFS and QEXAFS experiments. This device incorpesan inverting current-to-voltage amplifier
with adjustable gain and a low pass output filteilgs. However, even with the filter disabled the
provided bandwidth at the required gain is not heglough for fast QEXAFS measurements in the
millisecond regime. In fact, by employing the nefidlded ionization the current amplifier becomes the
bandwidth limiting device. Due to this limitatiomaw current amplifier was developed and finallgais

for all QEXAFS and step response measurementsriegsthroughout this text.

Properties of the LMP Current Amplifier
A transimpedance amplifier based on the voltagesltage operational amplifier LMP7721

manufactured by Texas Instruments (formerly NatidBamiconductor) was built. This chip was
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specifically chosen based on the extremely low tinpias current of typically +20 fA and the
comparatively high gain bandwidth product (GBWWL@fMHz. The amplifier was designed to address
the two most often required gain settings at mod@EXAFS beamlines, which are 9\0A* and
10’ VAL, A schematic circuit diagram is shown in Figur&(.The feedback resistors Ratch and
define the gain and can be remotely interchangectlbgtro mechanical latching relays. During

operation only one feedback resistor is activetaha.

The achievable bandwidth of this transimpedance liiempdepends on the total input
capacitance. Considering the ionization chambétesaconnectors and electrical feedthroughs tia¢ to
input capacitance estimates to about 30 pF to 6@8pksing a simplified single pole approximatidn o
the gain transfer function and maintaining a minimphase margin of 45°, the maximum bandwidth

can be determined by equation (5.124].

fu
max _ 5.19
Bw 2Ry C, (5.19)

Here,f, is the unity gain bandwidth, i.e. the GBW of 17 ¥JtndC; the input capacitance. With the
estimated input capacitance a bandwidth of 212 kH00 kHz at a gain of $&/A and 67 kHz to
95 kHz at a gain of TO/A is the absolute maximum with this chip. This atigahows that due to its
high slew rate of greater than 9 Vué is unlikely that the amplifier will become slerate limited.
However, the bandwidth determined in this way caty de realized with a matched feedback

capacitancé&, which can be calculated by equation (5.20).

/ C
opt _ ! 5.20
Cr 2nRE fy ( )

According to this equation the feedback capacablmoth gains need to be less than 1 pF. Sincsifiara

capacitances originating from traces on the cifoodtrd (PCB) and the package of the feedback oesist
and the capacitors can already be in excess aatheted value, careful PCB layout is requiredeBtir
measurements of the bandwidth of the built ampliéeeal 196 kHz at P0/A* and 93 kHz at 7OVA-

1. These results can be used to deduce the acaaidek capacitance by means of equation (5.21).

1

2Ry fpw
The measured and calculated properties are sunedarnzTable 5.4. It shows that the amplifier at a

Cr (5.21)

gain of 16 VAlis already near its optimum, whereas at a gaikf0b¥A* the feedback capacity could
still be improved. However, at both gains the LM&séd amplifier exhibits a bandwidth which is
roughly 3 times higher than that of the Keithlegg§able 5.5).



86 5 Planar Parallel Plate and Gridded ktmon Chambers

Transimpedance Amplifier - LMP7721

Paramter Symbol  Unit Value

Unity Gain Bandwidth fu MHz 17

Gain VA1 106 107
Feedback Resistance Rp MQ 1 10

Estimated Total Input Capacitance (,

Maxiumum Bandwidth

max

pF 30 60 30 60
kHz 300 212 95 67

BwW
Optimal Feedback Capacitance Cﬁpt pF 0.53 0.75 0.17 0.24
Measured Bandwidth faw kHz 196 93
Actual Feedback Capacitance Cr pF 0.81 0.17

Table 5.4: Expected and experimentally determined propedfethe transimpendance amplifier

based on the LMP7721 chip.

Keithley 428 LMP
Gain 108 107 108 107
Rise Time 5.6 us 9.3 us 1.8 us 4.2 us
Bandwidth 58 kHz 35 kHz 196 kHz 93 kHz
Noise RMS 3 NApp 0.6 NAp 3 nApp 1.1 nApp

Table 5.5: Comparison between the Keithley 428 Programm@higent Amplifier and the new
developed LMP based amplifier. The noise was samplith an Agilent DSO 7100B at

15.625 MS/s.
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Figure 5.11: Voltage scans of a planar parallel plate ion@atthambefilled with nitrogen (top
and argon (bottom) measured with an incident X-eagrgy of 897%V. The red curves ¢
measured with a lower incident intensity, which waétained by using aluminum filters of vari

thicknesses.

5.2.3 Response of Parallel Plate lonization Chamber s

The step response of a conventional planar pagafét ionization chamber was investigated.
The electrodes inside of the gastight housing weoeinted 13.5 mm apart. The entrance and exit
windows featured a circular aperture of 12 mm amukter, which gives enough space to investigate the
vertical dependency of the step response. The rhotétectrode was grounded through the
current-to-voltage amplifier, whereas the uppectetgle was connected to a negative voltage provided
by a stable high voltage power supply (ISEG, THQSDB0-405-24-5). All measurements were
conducted with a focused beam (~120 um) at 8979 eV.

Voltage Scan

To ensure an operation within the linear regiméhefionization chamber, voltage scans were
performed prior to the step response measurenanghown in Figure 5.11. Increasing the electeidfi
strength within the ionization region by adjustihg applied voltage, results in a likewise increafse
the output current at the beginning. This behaigiaiue to an increase of free charge carriers damge
an actual reduction of charge carrier loss dued¢ombination$8,126]. This rise is monotonic until the
output current saturates. At this point recomboraiecomes negligible and the output current besome
independent of the applied voltage. This is whisedinear regime of the ionization chamber begir a

where the output current becomes an actual meastire ionization rate, i.e. of the incident X-rifyx.
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Thus the linear regime is reached earlier if thezation chamber is subject to a lower incident flas

shown by the red curves of Figure 5.11.

Step Response

As discussed in section 5.1.2 the output curreahabnization chamber is caused by the motion
of the released charge carriers. With a homogeaadsconstant electric field present, this motion is
entirely defined by just two parameters, the drdfiocity and the drift length. This is also stabgdthe
equations (5.9) to (5.11), which describe the prdsponse. Since the drift length depends on flgaor
of the created charge carriers, the response simepected to be dependent on the actual beanmoposit
relative to the electrodes. This dependency wagssiiyated by the step response measurement shown
in Figure 5.12. Here the beam position was vamestéps of 2 mm around the center position midway
between the electrodes. The coordinajedefines the beam position above the bottom, electr
collecting, electrode. The step response was redofor each position. By moving the X-ray beam
closer to the negative high voltage electrode byeincreasing, the total drift length of the positive
ions is reduced and the overall response time dsese The very steep immediate rise of the step
response originates from the fast electrons asththed by the bandwidth of the current amplifier.
is independent on the beam height. The first dévies of the step response functions, shown in the
center plot of Figure 5.12, represent the convoitukiernels of the ionization chamber (c.f. secid).
It clearly shows that the dominant slope of the sesponse, which is proportional to the ion mopili
u™, is constant throughout the measurement andhbattration of this region correlates proportionall
with the beam positiom. The bottom plot displays the valygg which is defined and calculated
according to equations (5.22), (5.23) and (5.2).

e
/j"’ = I—Z Nili (522)”
eq i
dgap d
=—— 5.23
Lra'® (5.23)

The valuei* is of the same unit [c#Vs] as the general ion mobility and will therefore be called
effective mobility andji; reduced effective mobility correspondingly. This quantity is used to describe
the observable ion drift motion if multiple ion spes with different mobilitieg; are present. The
coefficientsn; refer to the constant creation rates of itheion species. This coefficient may also
incorporate the corresponding charge state whicheiated. The currery, is the equilibrium current,
which settles when the ionization curréfit) becomes stable. If only one ion species is preseist

current,/,, , equalsje and the effective mobility becomes the actualiwbility.

eq

Based on the nature of the measurement, the efdot mobility can not be determined within

the first few microseconds during which the electnmovement (and the current amplifiers bandwidth)

i This equation is derived in Appendix F.



5 Planar Parallel Plate and Gridded lonization et 89

12 _I T T T T T l T T T T T T T I T T I T T T T T T T I_
< 1.0 | -
=2 L z,=10.75 mm |
<= 08 | _ _
@ i z,=8.75mm |
5 08 - z,=6.75mm -
O . -
c 04 - z,= 475 mm
e L i
T o0z z,=2.75mm |
E F Nitrogen 1000 mbar, dG =135 mm,U_  =-2.0kV :
S oo o Y .

I I | 1 1 1 1 I 1 1 1 1 | Il 1 1 1 I 1 Il 1 Il I 1 1 Il 1 ‘ 1 1 1 1 ‘ Il 1

4 T | T T T T | T T T T I T T T T I T T T T I T T T T W T T T T [ T I_

ito L i

g 3 n

S L i

2 oL |
©

Z L i
[o]

o 1= —

@ L i

0o J
R ey T e T

_I T T I T T T T ‘ T T T T ‘ T I_

wog L - _‘

.023 = [ N, ]

k3] NE r .

L S 15 F E

RN ]

8 51.0 - —

2= o ]

© Bos [ ]

="t .

0.0 __J i

TR S NS S S AR S U NN S SR U A N S SRR N R N R

0 200 400 600 800 1000 1200

Time / pys

Figure5.12: Top: Step response function of a nitrogen filleaalr parallel plate ionization cham
measured at different vertical beam positions. ddwrdinatez defines the height of the beam ab
the electron collecting electrode. Center: Thet filsrivative of the step response functi
representing the convolution kernel of the ion@aithamber. Bottom: Effectivaobility accordin

to equation (5.23). The grey arrow indicates tla meobility of the N* ion based oif able 5.1.

dominates the curve progression. Therefore theartepart of the curve with respect to the effextiv
ion mobility begins not until the first steep desdesets in. In this region, the observed effeciire
mobility is nearly the same for all measurements earies only weakly between 1.26%%s and
1.36 cn¥/Vs during the measurement. Detailed investigatiand discussions of this behavior are

discussed in the next subsection.

The dependency of the step response on the digitiyeof the ions was investigated by altering
the applied voltage. In this way the electric fisttength within the ionization region is alteredising
different drift velocities. According to equatiob.{) the drift velocity correlates linearly witheth
applied voltage, which was increased in steps 6f\&tarting at -1200 V up to -2800 V. The step
responses, the first derivatives and the effeciore mobilities are shown in Figure 5.13. These
measurements confirm the expected behavior: THievdtocity increases and the response time reduces
at higher field strengths. Furthermore, the obskrféective ion mobility shows to be independent of

the field strength.
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Figure5.13: Top: Step response function of a nitrogen fijidahar parallel pl ionization chamb
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According to these measurements the response fiplar@r parallel plate ionization chambers
is clearly dominated by the ion movement. Incregqine applied voltage or reducing the drift leniggh
aligning the ionization chamber in a way that thea) beam passes closer to the high voltage etietro
improves the response time. However, the respomss tstay in the order of some 100 ps. The steep
initial rise has not been altered during the ers@ees of step response measurements. This intplies
the transient time of the electrons was alwaystamltially shorter than the convolved combination of
the rise times of the current amplifier (~1.8 syl #he X-ray chopper (~2.3 us). In fact, basedhen t
theoretical drift velocity calculations (see Fig&d), the transient time for electronszat 4.75 mm

and -1200 V amounts to 1.2 ys in pure argon op8.t pure nitrogen.

The lon Drift Velocity
The dominant slope of the step response functigraportional to the ion drift velocity. If

multiple ion species with different mobilitigg are created during the operation of the ionization
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chamber their contribution to the slope dependsheir specific creation rate;. With these rates
unknown the actual ion mobilities are not dire@bcessible through these measurements and instead
the effective ion mobilityi* is used to analyze, compare and quantify therssgmonse. Equation (5.23)
calculates the effective ion mobility by evaluatihg slope and the plateau region of the step nsgpo
function. In order to facilitate comparison betwélea referenced data given in the Tables 5.1 tabd3

the experimentally found values by means of thishog, the effective mobilityi* is converted into

the reduced effective ion mobilifif which is defined by equation (5.2).

Nitrogen

Considering the step response measurements withgiit (see Figures 5.12 and 5.13), the fact
that the slopes after the kink are actually moréees constant over the entire rest of the response
suggest a single or at least very similar positwvedrift velocity or velocities. Otherwise, if isrwith
various drift velocities which differ distinctly dm each other were present, multiple regions with
different slopes should be identifiable in the stegponse measurements. In that case the derivative
are expected to show multiple plateaus. Since wl@s not observed in any of the step response
measurements of the nitrogen filled ionization chamit can be assumed, that an equilibrium ion
distribution is reached quite shortly within thesfifew microsecondsl®7]. Furthermore the present

ion distribution seems to be independent of thdiegelectric field strength.

The effective ion mobility is constant within thenge between 1.26 éifs and 1.36 cAtVs
over a wide region. The observed effective mobiktyower than the mobility of any of the ions*(N
N2, N3*, N4*) given in Table 5.1. It seems therefore not pdedib attribute a specific ion or a certain
distribution of these ions to be accountable fer ¢tep response behavior. Instead the measurements

suggest larger ionic nitrogen clusters with lowehitities to be present.

Argon

The step response of an Argon filled planar pdrgilate ionization chamber has been
investigated as well. The situation here is mormamex as shown by the measurements given in Figure
5.14. Both plots display the step response atreifificbeam positions, while the electric field sty
was kept constant. The left plots show the respbekavior with -700 V, the right plots with -1400 V
applied across the electrodes. Although, the idimmzachamber was always operated within its linear
regime (see Figure 5.11), the dependency of thersgponse on the beam position is quite different.
While the measurements at -700 V strongly reserttidebehavior of the nitrogen filled ionization

chamber, the measured responses at -1400 V ctbarigte.

The lower plots, which show the effective ion mibjlgive a more detailed insight. At -700 V
the effective ion mobility decays weakly within thiest 500 ps from about 1.8 é's to a value of
1.1 cnt/Vs = 0.1 cnrVs and keeps constant there. There is almost tioeable dependency on the

beam height. The same measurements at -1400 Vald¥erent picture. The observable effective ion
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Figure 5.14: Step response functions and effective ion mgbditan argon filled planar paral
plate ionization chamber measured at differemtiXbeam positions. The grey arrows represel

specific argon ion mobilities based on Table 5.2.

mobility starts at 2.6 ctVs + 0.1 cn¥/Vs and immediately begins to drop. The black adlaurves,

which belong to the long ion drift lengths of 10/mM& and 8.75 mm, both show a distinct plateau atoun
1.1 cnt/Vs. These plateaus are fairly stable over sevemadred microseconds, until the effective
mobility drops to zero, which happens when the iolisnately reach the electrode. Following the
progression of the blue and orange curves a plateas not develop. While the blue curve smoothly
falls without any pronounced structure, the oraogere drops abruptly after around 250 ps. At this

point in time the ions reach the electrode withilatggh, almost unchanged effective mobility.

The obvious dependency on the electric field stieigjinvestigated in more detail in the plots
of Figure 5.15. Here the step response is showndiiferent applied voltages between -700 V
and -2200 V. The left and right plots display tlesponse measured with a fixed beam position of
8.75 mm and 4.75 mm, above the electron collegiactrode. There are solid and dashed curves, which
differentiate between a low, 519 V/cm to 740 V/aaghed curves) and a high 890 V/cm to 1630 V/cm
(solid curves) electric field strength. The pastiing is not arbitrary, but should reflect the aler
behavior of the step responses. The solid curvew shvery similar progression among themselves,
while the dashed curves are very sensitive to iatkam of the applied voltage. Looking upon thethig
field dashed curves, the observed effective ionilitiels start at around 2.6 é&iwvs + 0.1 cr/Vs.
Depending on the beam position, the effective nitdsldrop either abruptly to zero (short driftdgim)

or develop an intermediate plateau around 1Z\¢sn(long drift length) before decaying to zero.

The difference between the low and high field bétrawan possibly be explained by means of

the thermalized mean energy of the free electrgee Figure 5.1) which are released during the
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Figure 5.15: Step response functions aeffective ion mobility of an argon filled planar radlel
plate ionization chamber. The dashed curves ingliaatelectric field strength 740V/cm and ar
given in increments of 100 V. The solid curves dadé a higher electric field strengtt890V/cm
and are successively incremented by 200 V. The greyws represénthe specific argon ic

mobilities based on Table 5.2.

ionization events. This function is as well quitensitive in beginning, before the mean energy
asymptotically saturates. In fact the mean enesgjtéred between 3.1 eV and 3.8 eV within the\800
variation of the dashed curves and between 4 eV5aeMd within the 1000 V variation of the solid

curves.

A dependency on the applied voltage is clearlyosatible. In contrast to the measurements with
nitrogen, the electric field strength not only afkethe drift velocity but also seems to modify pinesent
ion distribution. This is suggested by the obserefféctive ion mobility. By comparing the ion
mobilities (see Table 5.2) of Ar Ar* and singly charged ion clusters ;Arwith the discussed
measurements assumptions about the involved ianbeanade. Following this idea, ‘Aions can be
present, however only if the field strength is higtough. The effective mobility is never truly ctamg
around the Ar* value but decreases towards lower values. If tifelength is short, this decrease is
weak and it seems that a significant amount df Aons actually reach the high voltage electrode.
However with a longer drift length the measuremestisw a more pronounced decrease which
eventually becomes stable again (i.e. the plataea)nd a low value which could be attributed to
clustered argon ions. Thus it seems, that in thée ¢he initial amount of Arions decays before the
electrode is reached and less mobile cluster iom$oamed. lon clustering is not atypically esplgia
not at high gas pressures, as it was wused in thesepted measurements
[106,107,127,128,129,130,131,132,133]. The single charged Arion is hardly visible. The effective
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mobility does not exhibit a distinct feature arouhd Ar* value. However, it seems possible that the

Ar*ion is present as a share of a distribution of Ar Ar," ions.

5.2.4 Response of Gridded lonization Chambers

The step response of the gridded ionization chambBsmeasured in the same way as the planar
parallel plate ionization chamber discussed impite®ious section. The bottom electrode was grounded
through the current-to-voltage amplifier, wherdas top electrode and the grid were connected to two
independent negative voltages provided by stablgh hioltage power supplies (ISEG, THQ
DPS 30-405-24-5). The X-ray beam entered midwawden the high voltage electrode and the grid.

The working aperture defined by the high voltagetbde to grid distance amounts to 6 mm.

Voltage Scans and Step Response

Since the gridded ionization chamber requires twgh hvoltages, the parameter space of
operation is larger than that of a conventionalzation chamber. The two voltages must be chosen
depending on each other since the electric fiethgths within the ionization and drift regiondunce
the efficiency and linearity of the gridded ionimait chamber. To investigate the static behavidhef
ionization chamber on the applied voltages, scagre \werformed. The grid voltadgg.,.,;, was varied
in steps of 500 V starting at -500 V up to -2000/\th the grid voltage set, the electric potentitdhe
top electrode was scanned from 100 V below thegrithge up to -3000 V. The normalized ionization
current as a function of these scans is shownarndp plot of Figure 5.16. Similar to the voltesgans
of the planar plate ionization chamber (see Figuté) the ionization current increases at the begm
Here this behavior is due to two reasons: The asgef the electric field strength within the iatian
region leads to a reduction of recombination losses secondly the grid becomes more and more
transparent for the released electrons. Both efiactease the rate of electrons entering the réigjion
beyond the grid. This course ceases eventuallyranidnization current saturates. Within the beigign
plateau region recombination is suppressed to hgitdg amount and the transparency of the grid is
almost independent of;,,. This changes at higher valuedjgf,. While the recombination loss remains
negligible, the grids transparency diminishes, gmadionization current slowly drops again. Thug, th
voltage scans can be divided into three differegions: Pre Plateau, Plateau and Post Plateau.udowe
the first scan withU;,;4 =-500 V, does not reach the plateau region atHdlre recombination
dominates until the applied voltage is high enolaghlready cause electron collection by the grichw
a reduced incident flux the plateau could probdigyaccessible, since a lower voltage is required to
prevent recombination. As a consequence a mininmighvgltage, which is obviously dependent on the

incident flux, is always required to operate thiglded ionization chamber.

The step response was measured at each data pthet wltage scans. The bottom plots of
Figure 5.16 shows the step response in the cabe ofange curve witti;,;; = -2000 V. According to

the three identified regions of the voltage sctresstep response measurements are gathered psgrou
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Figure 5.16: Top: Uy, scan of the gridded ionization chamber at varioig goltages. Botton
Shown are the step responses at a fixed grid vwbdyf,;,;; = -2 kV and different values dfy,.
The measurements are grouped according to the thgesns apparent in the voltage scan (top
indicated by the symbol®, < andd. The insets of the middle and right bottom plot tigphe

first derivatives of the corresponding step respons

Within each of these groups the step responseifurscare very similar to each other, owing to the

governing effects.

For QEXAFS measurements the plateau region is th& important one. The corresponding
step response is almost ideal. It is independetieofictual voltagd,,, and does not exhibit the distinct
kink, which was observable with the planar pargilate ionization chamber. This is a clear indimati
that no ions actually contribute to the output algfis a consequence the total response time is
significantly shorter and the rise time amounts3t6 pus + 0.5us. This is hardly broader than the
combined response times of the current amplifidr&4s) and of the X-ray chopper (~2.3 pus). The
inset of this plot shows the first derivative oétstep response. The shape is close to a Gaussi@h,

makes it a near perfect real-world convolution kérn
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Figure 5.17: Verification of the spatial dependency of thepstesponsef the gridded ionizatic
chamber. The drawing shows the aperture of thezaédioin chamber and the color coded b

positions chosen within.

The adjacent post plateau region shows a simegr rggsponse. The rise time is as short as it is
within the plateau region, however the amplitudettef function is reduced due to the diminished
electron transparency of the grid. Although thiases a deteriorated efficiency of gridded ionizatio
chamber, this region is still suitable for fast Q&3S measurements. And again, the convolution kernel

given by the first derivative is still close to a@sian.

Due to the lack of linearity caused by the higle rat recombination, the gridded ionization
chamber is not suited to be operated within thepgbageau region. The step response under these
conditions is very different from the behavior hetother regions. Interestingly, a fast rise at the
beginning is still observable at any voltage. Hogrethis immediate rise is followed by a decay of
variable speed and after a few hundred microsecdtredsutput current becomes static at a lower level
This observation can be explained by the accunmgaif a positive space charge which decreases the

present electric field and favors recombination mvitdias reached a certain magnitude.

Spatial Dependency of the Step Response

The step response was also investigated with redpethe beam position. The gridded
ionization chamber was operated within its platemion withUy,, = -2.7 kV andJ;,.;4 = -2.0 kV. The
step response was acquired at five different mwstwithin the aperture of the ionization chamber.
Figure 5.17 shows the corresponding measurementsaaschematic drawing of the tested beam
positions. The enclosed plot of this figure displdige first derivatives and proves that there is no
noticeable dependency. The step response is the aaill positions and the derivatives are sharp

Gaussians as it is expected within the plateawnegi
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6 QEXAFS Applications and Measurements

The QEXAFS system discussed throughout the lagtetlohapters has been installed at the
SuperXAS beamline at the SL&.[The beamline layout and infrastructure availahkre (see. Figure
2.6) facilitate QEXAFS measurements with optimatdiions. Since January 2015, when the system

was installed, it is available for external useyugrs and has been in operation since then.

This chapter is dedicated to measurements perfomitbdthe presented QEXAFS system at the
SuperXAS beamline to demonstrate its performamceettion 6.1 measurements of static samples are
discussed. Metallic foils and powder samples afous materials have been measured to verify stabili
and reproducibility of the system as well as tatdg its capabilities. An example of a dynamic géen
system is given in section 6.2. The nucleation grawth of nano crystals is investigated and the

observed kinetics are analyzed by means of LCAgsegon 4.3.3).

6.1 Quick XANES and Quick EXAFS measurements of sta  tic samples

Static samples have been measured extensivelyiaus@scillation frequencies and amplitudes
in order to investigate the performance of theref@EXAFS system. It is clear that with static skap
each acquired absorption spectrum should match eter, independent on the scan rate or scan
direction. Deviations, however, would indicate aaufficient bandwidth of the detectors, mechanical
instabilities of the monochromator or inaccuratgudar measurements. The measurements are therefore

in particularly examined with respect to their @ghucibility.

The shown absorption spectra are processed eitlieglg with JAQ (see sections 4.2 and 4.3)
or with supplementary use of Athenél]. Digital filter and interpolation techniques habeen used
along the energy direction only. No averaging ritterfing have been performed over consecutive

spectra. Thus, the shown data reflect the achievgbhlity within the stated acquisition time of

(2fose) ™"
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Figure6.1: Singledown XANES spectra as measured at the Ybddge of a YBO3 powdersamplt

at various oscillation frequencies ranging fromH0to 50 Hz.

6.1.1 Yb L|||—edge
The Yb Li-edge at 8944 eV of ¥s; shows a strong whiteline. Due its sharpness #atufe
is well suited to benchmark the capabilities of EEXAFS setup in terms of stability, time resolatio

and reproducibility.

The XANES of a powder sample was measured withisitiqun rates ranging from 20 spectra
per second to 100 spectra per second, which camespto oscillation frequencies between 10 Hz and
50 Hz. Acquirediown spectra are shown in Figure 6.1. The right ple¢gia closer look of the whiteline
of the same spectra. Without the vertical shifteékeellent match among one another at all osahati

frequencies becomes apparent.

The whiteline of consecutive spectra are companethe plots of Figure 6.2. The acquired
spectra are indistinguishable for oscillation freacies of up to 30 Hz. Minor deviations appeardo b
noticeable at 40 Hz but are still insignificant fiata evaluation. The 50 Hz measurements show an
evident deviation, seemingly in form of a slighteggy shift. This shift-like deviation amounts to
approximately 0.3 eV at the edge positon. Althoulgl,observable deviation is not constant throughou
the spectrum it is the same for each pair of cartsexspectra. Since the shift depends locallyhan t
rate of change of the measured intensities it iaiably originates from an insufficient bandwidth
the detector system. However, since within an gitsor spectrum the absorption edge or the whiteline
exhibit the greatest rate of change, the strorgjafis only occur around these regions. The remgini
parts of the spectra are therefore less distutbbith essentially leads to unaffected measuremients
the EXAFS region.
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Figure 6.2: Close-up views of consecutivegp and down spectra of YBOs; measuredat the

Yb Li-edge with different oscillation frequencies betw&® Hz and 50 HZ'he uncropped spec

are shown irFigure6.1.

6.1.2 Cu K-edge
The copper K-edge at 8979 eV exhibits a sharprdisedge feature in form of a small edge

peak. Due to its distinct shape a measurement rig sensitive to mechanical instabilities of the
monochromator, its energy resolution and the badidwiimitations of the detector system. It is

therefore quite challenging to reproduce the ndgeestructure undisturbed at very high scan rates.

Quick-XANES and Quick-EXAFS spectra of copper halgm been acquired at other QEXAFS
beamlines to benchmark their capabiliti®®2(Q]. These measurements, however, did not reach the

herein presented time resolution or data quality.

Cu K-edge XANES

Absorption spectra of a copper metallic foil haeeib acquired with different acquisition rates
ranging from 20 spectra per second to 100 speetragrond. Figure 6.3 shows sindbevn spectra of
the copper K-edge XANES. Again, the right plot giveecloser look of the edge region of the spectra.
Without the vertical offset in the right plot it igsible, that all measuredown spectra are in fact
identical, which proves the excellent accuracy @pdoducibility of the QEXAFS setup.



100 6 QEXAFS Applications and Measurements
LS BN L B B L L R BN R B B 1277
Cu 50 Hz (10 ms)
3r ] 1.0
=] 40 Hz (12.5 ms) -
. =
© 1 ©
= = 08
o 30 Hz (16.7 ms) [
= 2L 4 9
Q +—
S e
§ 20 Hz (25 ms) _0-3 06
> <
I 10 Hz (50 ms) D 04
X 14
202
0 7 0.0 i
1 1 1 1 1 1 1 1 1
8950 9000 9050 9100 9150 8975 9000 9025 9050
Energy / eV Energy / eV
Figure6.3: Singledown XANES spectra of the Cu K-edge at various osdéillafrequenies rangin
from 10 Hz to 50 Hz.
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Figure 6.4: Consecutiveup anddown spectra of a Cu metal foil at the Cuellge measured

different oscillation frequencies. The uncroppedcdfa are shown in Figure 6.3.

Consecutiveup anddown spectra are compared in Figure 6.4. Consecutigetispare plotted

on top of each other to emphasize any possibleatens. Up to and including oscillation frequencies

of 40 Hz no differences between the scan directiangs noticeable and the acquired spectra are

indistinguishable. At 50 Hz a small deviation appe&imilar to the previous observations at the

Yb Lu-edge (see Figure 6.2) this shift-like deviationoamts to approximately 0.3 eV at the edge

positon. Again, this shift is not constant throughihve spectrum but depends on the local ratearigh

of the spectrum. It is found that the observed até is in fact the same for every pair of consigeu

spectra. Hence, spectra of both scan directiansyianddown, can be reasonably used for proper data



6 QEXAFS Applications and Measurements 101

5 | T | T I T T I 20 _I I TTTT I UL I LI I L I TTTT I TTTT I TTT I_
. CuK —— 30 Hz (16.7 ms) E
= 20 Hz (25 ms) -
F ——10 Hz (50 ms) ]
= E —— 1Hz(500ms) ]
] o f —— Step Scan (7 min)
c C 1 ’ .
iel - 7
s 3 . ]
o r f
[42] - E
e - .
< r .
1 E ]
:I I | I | I L1l I 111l I L1l I | I - I L1l I:
8800 9000 9200 9400 9600 9800 10000 2 4 6 8 10 12 14 16
Energy / eV kiA'
Figure 6.5: Single absorption spectra (left) and fine struct(right) of a copper metallic fc
measured at the Cu K-edge with various oscillatiequencies.
| T I T I I T 10 _I T | Trrr | L LI Trrr I Trrir I Trrir I T \_
5 - Pt - . PtL, 1
| 30 i r 30 Hz (16.7 ms) \ T
. Hz (167 I ———20 Hz (25 ms) A VT
ut . ms) 5 10 Hz (50 ms) L ‘.‘n Pl
B 20 r — | | H H
% Hz (25 ms) i 1 Hz (500 ms) ;\ } |‘ I‘ | | \ ]
= - 1 1 % [ \ .
g— 0 Hz (50 ms) ;’: 0 __ AN /\f "l irJ " ‘I ~‘ ! \ u‘ | ‘ \ __
@ 3 1 4 = i 5 VR ! ]
2 Hz (500 ms) o | i/ f lw { -\, ‘, ]
L \J i L v } | Y \! a ‘ \ 4
i Vol \ \ TR
u 4 st |5
Ay : s
L |t SR
1 | 1 | | | Il | | | 1 | _10 _I vl by e b v tes v e s v s bl \_
11400 11600 11800 12000 12200 12400 2 4 6 8 10 12 14
Energy / eV k/AT

Figure 6.6: Single absorption spectra (left) and fine struet(right) of a platinum metallifoil

measured at the Pt kedge with various acquisition rates.

evaluation. This implies that a true temporal resoh of1/2f,,. at oscillation frequencies up to 50 Hz

can be reached for XANES measurements.

Cu K-edge EXAFS

The K-edge EXAFS of a copper metallic foil has beerasured as well at different oscillation
frequencies. The acquisition rate has been varetdden 2 spectra per second and 60 spectra per
second. In addition a conventional step scan cogdhie same energy range within seven minutes was
performed too. The absorption spectra and the @rtlak-weighted fine structure are shown in the
plots of Figure 6.5. The measurements demonsthate &lthough the noise increases with higher
acquisition frequencies, meaningful EXAFS up toAt4can be obtained at 30 Hz oscillation frequency.
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Figure 6.7: Single absorption spectra (left) and fine street(right) of a zirconium metallic foil
measured at the Zr K-edge. The spectra have beguired with 1 Hz and 1Bz oscillatior

frequency using the Si(311) channel cut crystal.

6.1.3 PtLy-edge

The EXAFS of a metallic platinum foil at theytedge at 11564 eV was measured with
oscillation frequencies between 1 Hz and 30 HziRlen was chosen due to its importance in catalysis
and to enable comparison with published measurenpanformed at other QEXAFS beamlin&34]
[3,19,134,135]. The QEXAFS measurements are shown in FigureThé.extracted fine structures of
these measurements are shown in the right pldti®figure on top of each other. It clearly shohatt
deviations are only minor and the achieved datdityua excellent for all acquisition rates oveeth

entire acquisition range of up to 14.4A

6.1.4 Zr K-edge

The zirconium K-edge at 17.998 keV is accessibleh wihe Si(311) crystal of the
monochromator. Besides the lower photon flux as¢hé-ray energies, the narrow Darwin width of the
(311) cut further reduces the available flux onsheple. Compared to the previous measurements of
the Pt Ly -edge, which is located near the critical energthefsource, the usable flux is diminished by
a factor of around 20. This requires increasedggafrthe current-to-voltage amplifiers, which imrtu
inevitable decreases their bandwidth. As a consexguihe highest acquisition rates may not be deitab
to obtain absorption spectra of high quality. TR€AES measurements of the Zr K-edge shown in
Figure 6.7 were performed with an amplifier gainl6f V/A at 1 Hz and 10 Hz oscillation frequency.
The right plot displays the extracted arddneighted fine structure. Both spectra match welta8 A?

before an increasing noise level becomes prominent.
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6.2 QEXAFS Measurements of Dynamic Samples

The Chapters 3 to 5 discussed all requirementaciotate fast QEXAFS measurements on the
sub second time regime. The previous section 6 stidhat the system is in fact capable of achieving
acquisition rates of up to 100 spectra per secbhe.accessible time resolution of real-world dyrami
systems however is dependent on further paramdtensarticular the sample cell and the trigger

mechanism, which is applied to force the sampleailasform, affect the observable dynamics as well.

The measurable response of a system is limitedadie time convolution of the actual systems
response with the duration of the trigger. Themfdo observe fast kinetics the system needs to be
excited on a time scale which is shorter than #rdd time resolution. Although, there are various
types of triggers, a specific type is usually ptedained by the experiment and an optimization with
respect to its duration and efficiency is oftenligmaging. In many practical scenarios heat transpior
fluid dynamics govern the duration of the triggezahanism. Furthermore the trigger should excite the
entire probed volume uniformly. This may be difficto realize, in particular if gases or liquidsear
involved. Often these systems are therefore limigdiiffusion processes. Minimizing the volume of
the sample cell and the sample itself improvessthetion. An interesting and promising approach,
which follows this trend, is the utilization of mareactors 136,137,138,139].

The following example shows a liquid reaction whishtriggered by combining two liquid
reactants. To meet the requirements of a fastarjgg specialized injection system was developed by
Just [140Q].

6.2.1 Real Time observation of Cu 2ZnSnS4 nanocrystal formation at the Cu and Zn
K-edges
CZTS (CuzZnSng) is a p-type semiconductor material and a potentiadidate for photon
absorber layers in thin-film solar celtifl].V This material can be synthesized in nano-crys&fiorm
by hot-injection one-pot synthesisdR]. Uniform functional thin films can then be obtadhby various
deposition and recrystallization methodg3,144]. Since this approach is scalable and cost-efficié
is a promising alternative in contrast to other enexpensive vacuum based deposition processes. Of
particular interest during formation of the CZTShaerystals are the incorporation kinetics of the
different atomic species, which have been foundeointegrated subsequentl§4b]. Therefore
crystallization and growth have been investigateeal time by means of the QEXAFS technique. This
material and its synthesis was studied in-deptRlstus Just. His findings are well covered in his
doctoral thesis]40]. Here the analysis of a particular interestingcteon based on linear combination

fitting with JAQ is presented.

v More details on the in-situ reactor and CZTS nialkén thin film solar cells are covered in the twal thesis
by Justus Justilp7].
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Figure 6.8: Rawtime dependent QEXAFS signals of the investigatezhdcal reaction around 1
point of injection at = 0 ms. The signals &nd | refer to the measurements of the first and se
ionization chamber. The shown signal is therefaopprtional to the absorption of the sample.

light red shaded area indicates the dead time ddusthe injection and the subsequent turbulences.

Experimental Description and Observations

The nanocrystal formation from solved metal sdltopper, zinc and tin was investigated using
a specialized in-situ liquid chemical reactor, whigas designed by Justus Just(]. The reactor
facilitates QEXAFS measurements in transmissiomgy and was specifically constructed to enable
highly time resolved measurements of the nuclegbiamtess close to its ignition point. During the
measurement the reactor is heated with a contrtéiegerature ramp of 10 Kminup to 250 °C where
the temperature is finally kept constant. At 1558K€nucleation is triggered by a fast combustidreth
injection of a sulfur source, which produces arantaneous oversaturation to exceed the nucleation
threshold. An immediate quick and complete mixihthe reactants within a few milliseconds is forced
by the impact of the injection. X-ray absorptioresipa have been acquired at the Cu and Zn K-edges

guasi simultaneously with an monochromator osaitatrequency of 18 Hz.

A close view of the acquired QEXAFS signal aroumel injection point is given in Figure 6.8.
The ignition spark of the explosion produces argjrelectronic pulse (< 1 ps) which is unintentibnal
picked up by the detection systemtat -4.6 ms. Att = 0 ms the reactant is injected into the reactor
causing the X-ray absorption to drop abruptly. Tgomt in time can be defined with an uncertairity o

+2 ms and is referenced as the origin of the measant. Shortly after the injection, strong turbeken
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Figure 6.9: The plots show normalized Cu and Zn K-edge XANdp8dra extracted at differe

times during the reaction. The slow transitiorhat€u Kedge, shown in the center plot, is not"

pronounced. The blue circle highlights one of thestrdistinctive changes of this transition.eTh

horizontal bars in the outer plots indicate thergpeange used in the LCA.

within the liquid are visible and render the datasity impractical to be evaluated. The total desant

amounts to about 38 ms. From then on the measuteaereains mostly undisturbed.

In Figure 6.9 single K-edge XANES spectra of Cu @ndextracted at different times, before
and after the injection, are shown. All spectraobefnjection match each other, which confirmsititgb
and reproducibility of the measurements. Immedyjadétier injection XANES spectra of the Cu K-edge
show substantial changes over a period of a fewdtaahmilliseconds. In contrast to this very fast
response, changes of the Zn K-edge XANES occunouch larger time scale of several seconds. Thus,
based on this very brief observation it already bardeduced that Cu is built into the nanocrystals
before Zn is integrated. Since both edges have bearsured quasi simultaneously and Zn is assumed
to be embedded in Cu containing nanocrystals &adunnodification of the Cu XANES on the same
time scale is expected as well. This transitionénav is not very well pronounced and thereforedalift

to identify.

In the following these transitions at the Cu andkZadges are evaluated by means of the LCA
tool available in JAQ (see section 4.3.3). The sperange used in the evaluation is restrictealtout
50 eV to 70 eV near the absorption edge and arthendhost dominant changes of the XANES. This
energy range is measured within less than 1.5 rhe. ifidividual regions of the measurement are

therefore assumed to be quasi static.
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Figure6.10: LC coefficients and LCA error aown spectra at the Zn éege. Two term exponent

functions fitted to the data are given by the ranes.

Transitions at the Zinc K-Edge

The XANES at the Zn K-edge shows a comparativelwgtansition over several seconds. The
high acquisition rate, compared to the relevan¢ thrale of this transitions, allows to skip evergand
spectrum and thus allows to restrict the data el to thedown scan direction only. This doesn't
affect the underlying transient but can improvedhaelity of the LCA. In particular in the preseise,
with an oscillation frequency of 18 Hz and a spedatinge of about 1.3 keV the measurements are clos
to the limit of the bandwidth of the detection &yst(see sections 4.1 and 5.2). Accordingly, small
deviations betweenp anddown spectra might be present, especially in the XAM&gon, and could

deteriorate the significance of the LCA.

The transition is fitted with three references.iAgte reference taken around -7 s (A) before
injection and two additional references extractemiad +52 s (B) and +118 s (C) after injection are
used to model the initial and final states. The Le&b&fficients of the latter spectra are summedye g
a measure of the final state and to compensatiéaemperature drift of the heating ramp. The LCA
results and the error estimate (see equation (4at&)shown in the plots of Figure 6.10. Expectaor
few runaway points the LCA error is reasonably $ixadl doesn’'t show a distinct trend, thus fortifyin
the chosen reference spectra. In the region affection, a two term exponential function is fitted
the progression of the LCA coefficients. Both féshibit very similar time constants of averaged
4.2s+0.5sand 14.3 s + 1.3 s. This togethdr thie low LCA error over the fitting range, showatt
there is no significant competition between theemefices, which validates the 3 spectra reference
approach. The physical interpretation of a two termonential transition remains however uncleae Th
incorporation of Zn could follow two different rem paths which give rise to two different time

constants.
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Figure6.11: LC coefficients and error afp anddown spectra at the Cu Kedge. The data points
t = 0ms are added by manually. The red solid lines sspriea fit of an exponential function. -

light red shaded area indicates the dead time dduséhe injection.

Transitions at the Copper K-Edge

According to the measurements shown in Figure &¥ery fast transition at the Cu K-edge,
immediately after injection, can be clearly obsdrvé/ithin only a few acquired spectra the entire
transition completes. Due to the coarse spectraityewithin the relevant time frame both scan
directions have to be evaluated. To cope with sd®llations betweeunp anddown spectra, the LC fits
of each spectrum is performed with a set of refeeapectra of the same scan direction. Two refesenc
(A, B) are used to describe the initial and fin@tss. These haven been extracted at -0.3 s (A) and
+2.3 s (B). Results of the LCA are shown in theptaf Figure 6.11. The data pointsat 0 ms within
the dead time have been added to enable propegfittthe data. The progression of the LC coedfits
can be well described by means of a single ternomamtial function. Corresponding fits are shown by
the red solid curves. With regard to the qualitytiidse fits a time constant of 30 ms £ 2 ms can be

attributed to this transition.

Based on various complementary measurements antypsecharacterization of the reactor
and injection system by Just, a slow mixing oref@diinjection can be ruled out with great certaifitye
determined time constant is thus, in fact giventh®y dynamics of the nucleation of Cu based nano
crystals [140]. Furthermore, this measurement is presumablyfabiest reaction which has ever been
observed with the QEXAFS technique.

Besides this fast transition, the observation etzh K-edge suggests a second transition at the
Cu K-edge. This is based on the assumption thaithetoms are incorporated into nano crystals which
already contain Cu to eventually form CTZS. Witttie timeframe of about 100 s after injection, the
K-edge XANES of Cu shows only minor deviations freach other (see Figure 6.9). Merely a small
change around the first local maximum is noticealgleye. To increase the sensitivity of the LCAyon
down spectra are considered and beforehand digitétéydd in the time domain (see section 4.3.1). The

used filter window width covers 20 spectra or agprately 1.1 s. This dampens deviations which occur
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Figure 6.12: LC coefficients and error of raw (light pointg)dadigital filtered (solid pointsjlown
spectra at the Cu K-edge. The red curves repréisenf two term exponential functions \wifixed

time constants; andr, taken from the Zinc transition (s€égure 6.10).

on shorter time scales such as noise contributinrisgure 6.12 LC fits of raw (light points) antiéred
(solid points) spectra are shown. The spread ditheoefficients and the LCA error are clearly reed

by means of the applied filter. Here, the LCA iséxdon four reference spectra (A-D). The initiatest
before injection is described by a spectrum ex#chett -7.2 s (A). The final state of the fast tiams

is captured by a reference spectra extracted @ st1(B). The final state of the slow transition is
provided by two references, which have been exddaat +35.7 s (C) and +117.6 s (D). These are again

summed to give a single measure of the final state.

Although deviations of the XANES spectra are handbticeable by eye, the LCA clearly
reveals a transition of the expected shape and &einm exponential function can describe this itams
satisfyingly. A fit with fixed time constants set the LCA results of the Zn K-edge are shown by the

red solid curves in the left plot of Figure 6.12.

Discussion

The nucleation and growth of nano-crystalline CTE&S been investigated by means of
simultaneous measurement of Cu and Zn K-edges28itins time resolution. A very fast transition of
Cu could be observed immediately after hot injeciod the reactant. Although the reaction speed is
quite close to the time resolution of the measurgntbe governing time constant could be determined
with a good certainty to 30 ms =2 ms. This coiesidvith the typical progression expected by
instantaneous crystallization from a hot-injectj@40]. Within a time frame of a few 100 ms the entire
amount of Cu has nucleated and transformed intsahé state. Since the Zn K-edge did not change
substantially within this timeframe, it still has Ibe in its precursor form and the Cu atoms mé&styi
built Copper-Sulfur or Cupper-Tin-Sulfur compounds.the Zn K-edge a much slower transition on
the second time scale was observed. By means of BGArrelated transition could also be found at

the Cu K-edge. Thus, these transitions, which cetepkithin about 50 s reveal the incorporation of Z
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atoms into the already existing crystals. It isymtlear at which stage Sn comes into play. Thurthédr

investigations, in particular on the Sn K-edge,raaiired.

The observed nucleation of Cu is presumably thee$aseaction which has ever been captured
with the QEXAFS technique. The fast gridded ion@atchambers and current-to-voltage amplifiers
are essential to reach the required time resolwitiereas the reactor and the injection systemledab
a fast trigger of the investigated reaction. Withthe coordinated interplay of all components the
nucleation process could not have been resolvedi#gtailed.
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7 Summary and Outlook

The principles of time resolved hard X-ray absanpi$pectroscopy according to the QEXAFS
method was comprehensively discussed. Based ordifeeissed important aspects of QEXAFS
instrumentation an entirely new QEXAFS setup witiisecond time resolution has been developed
[16]. The entire measurement chain was reviewed vagpect to the frequency response of each
component, followed by intensive studies of plaparallel plate and gridded ionization chambers.
According to the developed concept two monochromsateave been constructed assembled and
installed at the synchrotron radiation facilitie€TRA Il (DESY, Germany) and SLS (PSI,
Switzerland). While the P64 beamline at the PETRAtbrage ring is still in the commissioning phase
the new QEXAFS monochromator at the SuperXAS besnfbLS) is operational and available for the

user community since January 2023 8].

Based on a direct drive torque motor a new drivdiolgeme and monochromator concept was
developed (see Chapter 3). The novel open-looje gimeved to be ideally suited for dedicated QEXAFS
monochromators. The rotor, which connects the Bragg of the crystals, oscillates in a magnetic
potential minimum created by the stator of the @lrivhe implemented scheme allows remote control
of the oscillation frequency and spectral rangealigring and periodically perturbing the magnetic
potential. Since no control feedback loop is resplithe achievable oscillation frequencies are only
limited by the maximum torque of the drive. Thilals to reach high oscillation frequencies, whigh i
turn define the time resolution of the experimécillation frequencies of up to 50 Hz, yieldingd10
spectra per second, have been realize with thip s€he crystal motion was investigated under vexio
operating conditions and showed always a near gidalstrajectory, which reduces vibrations and
unnecessary load within the mechanics. This prgpgrt particular contributes to stability and

reproducibility of the QEXAFS measurements.

To acquire absorption spectra with the new monauhtor, a new data acquisition system
(DAQ) was developed (see Chapter 4). It is capabpgrocessing and visualizing the incoming data in
real time. This allows measurements to run uninfeged for hours. All relevant analog and digital

signals originating from the detectors, i.e. iotima chambers, and the angular encoder, are sampled
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synchronously with an adjustable sampling rate pfte 2 MHz. Synchronicity is critical for the

accuracy of the energy scale of each spectrum ascdsuccessfully established and verified.

QEXAFS often yields the best results in transmissggometry using gaseous ionization
chambers. These measure the X-ray flux withoutfieting strongly with the properties of the beam
and their intrinsic absorption can be optimizedh® relevant photon energy by adjusting the pressur
and the type of the filling. Regarding QEXAFS trenbwidth of ionization chambers is of particular
interest. Therefore planar parallel plate and gritidnization chambers have been built and invatsid)
with respect to their dynamic behavior (see ChapteBy means of step response measurements their
specific convolution kernels were determined. Tifuence of the electric field strength, the refati
beam position and the filling gas on the step respavas investigated in detail. Based on the dpeélo
theoretical model the effective ion mobility wadided and used to describe the response behavior.
Distinct differences between nitrogen and argdedilplanar parallel plate ionization chambers were
noticed. While in the nitrogen filled ionization aiber the created ion distribution showed to be
constant over the drift time, it was observed tihat ion distribution in the argon filled ionization
chamber is not necessarily constant and can chdumgygg the ion drift. Moreover, the investigations
showed that the response time of conventional &iwiz chambers is always dominated by the ion drift
velocity and therefore severely limited. As a capusnce, the achievable bandwidth with conventional
ionization chambers is insufficient for fast QEXAR$easurements. Therefore, gridded ionization
chambers were developed, which suppress the iomitilbution to the output ionization current. Step
response measurements have been performed inrtieeveay and showed that the bandwidth of the
gridded ionization chambers is in fact significgriticreased by about two orders of magnitude. The
rise time was determined to be shorter than 3.5Ths. high bandwidth of the gridded ionization
chamber allows to exploit the capabilities of tkerQEXAFS monochromator and DAQ. Furthermore,
the dependency of the relative beam position orritleetime, which was observed with conventional

ionization chambers, is no longer existent.

With the complete QEXAFS setup installed at the é8¥AS beamline, first XANES and
EXAFS measurements of static samples have beewrped to investigate the capabilities and
reproducibility (see Chapter 6). In particular cenigtive XANES spectra acquired with various scan
rates were analyzed. Only at high scan rates ndlifterences appear, resembling a small energy
shift-like deviation. At the maximum scan rate @01spectra per second this energy shift amounts to
approximately 0.3 eV. At scan rates of 80 spectnagecond and less no deviations were noticeable.
High quality EXAFS spectra up to about k = 14 Bave been acquired with various scan rates up to 6

spectra per second. Differences or an increaseige mt high wave numbers were hardly noticeable.

To demonstrate the capabilities of the QEXAFS syswtudying dynamic samples, the
formation and growth of GEnSnS of nanocrystals were investigated in-situ. Thistarial was

synthesized with an in-situ liquid chemical readtoan one-pot hot-injection synthesis. The QEXAFS
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monochromator allowed to record X-ray absorptioecsfa at the copper and the zinc K-edges quasi
simultaneously, covering about 1250 eV in totathvai repetition rate of 36 spectra per second.iplalt
transitions involving both absorption edges wersepbed and analyzed by means of linear combination
fitting (LCF). It was shown that copper transforresy quickly at the beginning of the reaction and
nucleates completely within a few 100 ms, while zhree K-edge remained unaltered at the beginning.
A transition at the zinc K-edge was observed onuahriarge time scale and completed within about
50 seconds. Due to the direct temporal correldigtveen both edges and the high sensitivity ofiline
combination analysis a weak transition with the saimaracteristic progression could also be ideatifi

at the copper K-edge. It was deduced that zinc sitara incorporated in the already existing copper

based nanocrystals.

This reaction was evaluated solely with the sofemarogram JAQ, which was specifically
developed to enable QEXAFS data evaluation. Théemented algorithms and the generic workflow
were outlined in the text. JAQ enables accessc¢h spectrum contained in the QEXAFS data set and
provides tools to edit, process and analyze thezsid®s conventional tools, such as LCA, JAQ also
offers unique features such as Time Correctiorrpolation and digital energy and time filters. Tées
functions specifically exploit the inherent temgararrelation between individual spectra, whicmaog
as easily feasible as with comparable softwarerprog. The distribution and access of capable softwa
programs, like JAQ, is important for the growingusommunity and needs to be addressed. By adding

more analytical methods the significance can biaéurincreased.

The example of the nanocrystal growth experimemwsld the importance of specialized
sample cells and trigger mechanisms to investigarefast chemical reactions. The observed tramsiti
at the copper K-edge progressed with a charagtetiiste constant of about 30 ms and is presumably
the fastest reaction which has ever been captuittdtie QEXAFS technique. From a metrological
point of view especially the gridded ionization oit#ers and the fast current amplifiers enabled the
acquisition. The observation was made possiblei@tiee almost instant mixing of the chemicals on a
low millisecond time scale. Specialized in-situ gdarcells with a minimized dead volume and novel

trigger mechanism are required to make full uskighi speed QEXAFS setups.

Apart from currently available sub-second QEXAFSarhénes at synchrotron radiation
facilities, including NSLS 1l (USA), SPring-8 (Japa SOLEIL (France) and SLS (Switzerland) new
dedicated beamlines are presently planned andvibaiiltdwide. The next QEXAFS beamlines expected
to become operational are located at PETRA Il (@aty), NSLS 1l (USA), TPS (TAIWAN), PLS II
(South Korea), LNLS (Brazil), SSRL (USA) and MAX I{&weden). The discussed QEXAFS setup
provides a solid foundation for dedicated hard Xgpectroscopic beamlines and two of the four airre
and future QEXAFS Beamlines in Europe have beelh &cgordingly during this work. The accessible
photon energy with the presented monochromatoresafrom about 4 keV to 40 keV allowing access

to K- or L-edges of almost all relevant elementse Bcquisition rate and the spectral range of X-ray
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absorption measurements can be remotely adjustekingnit ideal for dedicated user experiments.
Moreover, the mechanical complexity of the monoohator was reduced to increase durability and
lessen maintenance and downtime. The developed@nigve concept allows millisecond QEXAFS
measurements as well as conventional step scanthd-first time, this allows all applications icope

of hard X-ray spectroscopic beamlines to be covergld a single monochromator. Another crucial
development is given with gridded ionization chamsb&hich feature extremely short response times
and enable acquisition of high quality absorptipacira on shortest time scales. It was shown that w
gridded ionization chamberg anddown spectra of static samples are truly indistinguiat high
acquisition rates up to 80 spectra per second. Jdliges a problem which inevitably persists with
conventional parallel plate ionization chambers aeguires to treat the different scan directions
separately or to even discard one scan directiomptately. With the gridded ionization chambers and

the fast data acquisition system both scan diresttan now be evaluated without constrains.
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Appendix A — Estimation of the Maximum Scan

Rate in QEXAFS Measurements

In the following the inequality (4.2), which estitea the maximum energy scan rate in
QEXAFS measurements, assuming a sinusoidal crgstldction, is derived. In combination with the
energy resolution of the monochromator, the resalt be used to define the required sampling

frequency of QEXAFS measurements.

The relevant energy scan rate is given by the atesolalue of the first derivative of the

energy-time functionk (t), of the scan. Starting with Braggs equation,

I P Al
~ 2dsin(65(t)) (A1)
and assuming a sinusoidal crystal oscillation,
05(t) = esin(2mfpsct) + O, (A.2)
the first derivative yields equation (A.3).
d hc cos(0g(t)
d_E = _ﬁznstSCCOS(ZTEfOSCt)(—B)Z (A-3)
t Sin(eg(t))

The Bragg anglédg, is always positive and never exceeds 90°, thesfthction containing the

trigonometric functions in equation (A.3) can bdreated upwards by inequality (A.4).

cos(@B(t)) _ cos(esin(2rfpsct) +6)  cos(By — €)
sin(6p (t))2 ~ sin(esin(2ufogct) + 6p)?  sin(fy — €)?

(A.4)

The cosine functioncos(2mfys.t), obviously oscillates betweehl. Since in any case the absolute
value ofdE /dt is of interest and the right side term of inegyalA.4) is always positive for possible
values ofd, ande, the cosine function can be estimated in any timecThis finally leads to inequality
(A.5.), which is used in equation (4.2).

dE
dt

hc cos(8y — €
ke (6o —¢)

_— A.5
max  2d i 05¢ 5in(6, — €)? (A-5)
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Appendix B — JAQ File Formats

The data acquisition software, which runs the DA$ge( Chapter 4) creates two files:
[Filename].bin and Filename]_Encoder.bin. These contain the QEXAFS raw sigraald can be
processed by JAQ (see Chapter 4). JAQ itself geese@dditional files which allow to retrieve the
contained spectraF[lename]_SplitPositions, fFilename]_Calibrations.bin and [Filename].gexafs. The
latter contains precalculated absorption spectthdmes not require access to the other files. én th

following the structure of all relevant files ariwen.

[Filename].bin

Type Length Offset Description
Int32 4 Bytes 0 Length of Header in Bytes
< Int32 4 Bytes 4 Version of DAQ Software
%c— Int64 8 Bytes 8 Date and Time of Acquisition
™ Single 4 Bytes 16 Number of Analog Channels
Single 4 Bytes 20 Sampling Frequency in Hz
Single 4 Bytes 15t Sample Analog Channel 0
1 Single 4 Bytes 1% Sample Analog Channel 1
Z ] Single 4 Bytes 2" Sample Analog Channel 0
% 2 Single 4 Bytes 2" Sample Analog Channel 1
2 |
B Single 4 Bytes 3" Sample Analog Channel 0
3 Single 4 Bytes 3" Sample Analog Channel 1

Table B.1: Data structure of the-[lename].bin file. This file is written during acquistiony the
DAQ’s software.
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Table B.2: Data stucture of thé=[lename]_Encodeffile. This file is written during acquisition

[Filename]_Encoder.bin

Type Length Offset Description

Int32 4 Bytes 0 Length of Header in Bytes
Int32 4 Bytes 4 Version of DAQ Software

’%O’ Int64 8 Bytes 8 Date and Time of Acquisition
) Single 4 Bytes 16 Number of Encoder Channels
Single 4 Bytes 20 Sampling Frequency in Hz
1 Single 4 Bytes 1% Sample Angular Encoder 0
S H s
%o- ) Single 4 Bytes 2™ Sample Analog Channel 0
%ﬁ 5 Single 4 Bytes 3" Sample Analog Channel 0
®

the DAQ’s software.

[Filename]_SplitPositions.bin

Type Length Offset Description
Int32 4 Bytes 0 Length of Header in Bytes
Int32 4 Bytes 4 Version of DAQ Software
Int64 8 Bytes 8 Date and Time of Acquisition
int64 8Byes 16 Reseved
Double 8 Bytes 24 Encoder Min
?‘;@ Double 8 Bytes 32 Encoder Max
2 Int32 4 Bytes 40 Cropped Lentgh
Double 8 Bytes 44 Oscillation Frequency of Monochromator in Hz
Double 8 Bytes 52 Truncation
Double 8 Bytes 60 TimeOffset
Y 1] Int64 8 Bytes 1% SplitPosition
?% 12 | Int64 8 Bytes 2" SplitPosition
%,,-_ 3 Int64 8 Bytes 3" SplitPosition
Z
ﬁn

Table B.3: Data structure of thd-[lename]_SplitPositions file. This file is created by JAQ.

[Filename ]_Calibration.bin

Type Length

Offset Description

Int32 4 Bytes
Int32 4 Bytes
Int64 8 Bytes

0 Length of Header in Bytes
4 Version of DAQ Software
8 Date and Time of Acquisition

Double 8 Bytes
Double 8 Bytes
Double 8 Bytes
Double 8 Bytes
Int64 8 Bytes

16 Edge Energy in eV

24 Encoder Value at Edge
32 Encoder Constant

40 Crystal Lattice Spacing
48 Shift

Table B.4: Data structure of thé=[lename]_Calibration file. This file is created by JAQ.
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[Filename].qexafs

Type Length Offset Description
Int32 4 Bytes 0 Length of Header in Bytes
Int32 4 Bytes 4 Version of JAQ
Int64 8 Bytes 8 Date and Time of Acquisition
Int64 8 Bytes 16 n, Number of Spectra
Header Iqt32 4 Bytes 24 m, Number qf Points per Spectrum
Single 4 Bytes 28 Number of Files
Double 8 Bytes 32 Edge Energy
Single 4 Bytes 40 Sampling Frequency in Hz
Double 8 Bytes 48 Oscillation Frequency of Monochromator in Hz
Single 4 Bytes 15t Energy in eV
Energy Single 4 Bytes 2" Energy in eV
m Entries
Single 4 Bytes m™" Energy in eV
Single 4 Bytes 1% Time in ms
Time Single 4 Bytes 2" Time in ms
n Entries
Single 4 Bytes n" Time in ms
Single 4 Bytes U(E,q, ty)
Single 4 Bytes U(E,, ty)
Single 4 Bytes U(Em, 1)
Spectra Single 4 Bytes U(E,, to)
Single 4 Bytes M(E2, t2)
nxm
Entries Single 4 Bytes U(Em, 1)
Single 4 Bytes U(Es, tn)
Single 4 Bytes U(E,, t)
Single 4 Bytes H(Em, th)
Single 4 Bytes U(E,, ty)
Single 4 Bytes M(E;, t2)
Single 4 Bytes U(Es, tn)
Spectra Single 4 Bytes U(E,, ty)
Single 4 Bytes M(E-, t2)
mxn
Entries Single 4 Bytes U(Ea, 1)
Single 4 Bytes U(Em, t1)
Single 4 Bytes M(Em, t2)
Single 4 Bytes U(Em, tn)

Table B.5: Data structure of thé-[lename].qexafs fle. This file is create by JAQ. It is in particlga
used for the digital filtering moduel in JAQ.
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Appendix C — Generalized Time Base of

QEXAFS measurements

Often QEXAFS measurements require a time base hwdticibutes a specific point in time to
each spectrum. For instance, this is importarraifigients are to be investigated or if acquiredtspe
are to be correlated with other measurements, whasle been performed synchronously. Implying a
nearly constant oscillation frequency with only §naariations, i.e. jitter, a reasonable time bese be

defined by equation (C.1).

2i+1 N
4(f05c)
Accordingly, to compute the center tigtg); of theith spectrum only the mean frequergy,.), which

(tc)i = (to) (C.1)

is given by equation (4.11) or (C.2), and an aabjttime offse{t,) needs to be known.

1 m—-1
(fosc) =5———

P (C.2)
In the following, equation (4.13), which determirgg based on thsplit positionss; (see section 4.2.1)
is derived. Thes; count from0 to m — 1 and refer to the time index of the reversal pooftshe of
monochromator crystal’s oscillation. Without anytdi and without any uncertainties in the
determination of thaplit positions, the mean time offsdt,) would be equal tg,. Theexact center
time of theith spectrum is given by equation (C.3).
Following the idea of equation (C.1), théact center time can also be defined by equation (®id)

(C.3)

the mean oscillation frequency and a yet unknowme ffsett, ;.

2+l
T M fose)

Putting equations (C.2) to (C.4) together the dmettme offset of theth spectrum can be determined

(C.4)

by equation (C.5).
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S;+5s; S
t0,i=‘T”1—(2 +1)2( 1;

Averaging this center time over afl — 1 spectra finally yields equation (C.8), which i ttlaimed

(C.5)

result.

m-—2
=gyt )

m-—2 So m-—2 ] C
2(m—1)2 (5 + Siat) — —z(m 1)22i20 Qi +1) (C.7)

1

1 m-—2
= —Z(m D (SO + Sm—1) + z(m—_l)Ei:1 2s; — E(sm_l - SO) (C.8)
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Appendix D — Pulse Creation by Charge

Induction

In section 5.1.2 the pulse and step response ofplparallel plate ionization chambers is
derived by considering the time dependent surfaeeges caused by the electron and ion drift between
the plates. The induced surface charge which isethby a static point charge can be determined by

means of Greens reciprocity theorem as given iatgou (D.1).

f pp'dV +§ op'da =f p'odV +§ a'pda (D.1)
% av v v

Hereg is the electric potential which is caused by acepzhargey within the Volumel and a surface
charges at the boundargV. Analogous the potentigl’ is caused by a space chapgeand a surface

charges’ within the same volume and boundary.

In the following two infinitely large planar parall electrodes are assumed and the Green
reciprocity theorem is applied for two differeneefrostatic configurations. These are schematically
shown in figure D.1. In the first configuration,etitwo electrodes are grounded. A space charge
p between the electrodes causes the electric pdtentiad the surface chargeson these electrodes.

In the second configuration, voltag8g and U;; are applied to the electrodes causing the electric

potentialy’ and surface charges. There shall be no space charge in this confignrat

The integration volume is chosen to be congruenh e cuboid bounded by the two
electrodes. In this way both integrals on the rggtié¢ of equation (D.1) vanish. The right volumiegral
is zero since no space charge is present,gha®), and the right surface integral is zero because th
electric potentiap is zero on the only surfaces (which are the gredrelectrodes) at which the surface
charged’ is different from zero. The left side of equatiin1) behaves differently. The left surface
integral can be reduced to equation (D.4), sineestirface charge can only exist on the electrodes

and the electric potential has to be constant there

(D.2)
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Configuration 1 Configuration 2
h
Electrode 11 = |op=0 Electrode II IUu o=,
dGap_ ' dGap— . " . . . ’

ZU—

0—| ! i 0] ] ; i | H i
Electrode 7 I_ ¢=0 Electrode 1 IU e =U

FigureD.1: Shown are two different electrostatic configusat which are used with Gre:
reciprocity theorem, equation (D.1), to determime induced surface charges, which are caus

a point charge at,.

jg op'da =j€ op'da +j€ op'da (D.3)
av I 11

= U,.(}( oda + U,,jg oda
I 1 (D.4)

=q U+ quUpy
The chargesg; andg;; are the induced charges on the correspondingedisst. The left volume integral
depends on the space chapgand the potentiap’. To obtain the induced charge as a result of glesin
point charge, such as an ion or electron, the sglzagep can be written with a delta function as given

in equation (D.5).

p(x) = q8(x — x,) (D.5)
The electric potentiap’ is known from electrostatics and is given by emqum{D.6) wherez is the

perpendicular coordinate on the electrodesdag is the distance between them.

' (z) =Wy —U)5—

P +U; (D.6)
Gap

Thus equation (D.1) gives

4z
P WU —Up) +qU; + qUp + q, U =0 (D.7)
Gap

and taking into account that+ q; + q;; = 0 finally yields equations (D.8) and (D.9).

Z
Q= —q(l—d 0 ) (D.8)
Gap
Z
qun=-497 . (D.9)
Gap

These equations determine the induced chapgasdg;; on the corresponding electrodes as a result of

a static point charge a§ between the electrodes.
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Appendix E — Electron Momentum Transfer

Cross Sections

In section 5.1.1 the drift velocity and the meamrgy of electrons, which are subject to an
external homogenous electric field, in gaseousrenwient are calculated by means of the MAGBOLTZ
2 code [16]. The following figures show the momentum transfierss sections used in the calculations.
Further or updated cross sections can be founterLXcat database of the Plasma Data Exchange

Project athttp://www.Ixcat.net/.
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Figure E.1: Electron momentum transfer cross section of wbgen
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Appendix F — Effective lon Mobility

In section 5.1.2 the pulse and step response ofplparallel plate ionization chambers is
derived by considering the time dependent surfaeeges caused by the electron and ion drift between
the plates. Here this approach is followed to itigege the correlation between the ion mobilityand

the first derivative of the step response withia sfope region.

The induced surface chargecaused by an ion of chargeat the positiorr between two planar
parallel electrodesi,, apart, was derived in the Appendix D and is gibgrequations (5.3), (D.8) or
(F.2).

q,(z)=—q<1— z ) (F.1)

dGap
In the following this equation is generalized foultiple ions. To begin with only identical ions are
considered. All ions of this species carry the safeetrical chargg and have the same mobility .

Superposition of alk ions yields the total induced surface chaygand result in equation (F.6).

q1(zc) = 84 (z0) + -+ 85 (zn) (F.2)
= —g(1-2 ) g(1- 2 (F.3)
q <1 dGap) q <1 dGap)
=_q<1_..._1_z_1 ..... ) (F.4)
dGap dGap
c (F.5)
- <1 - dGap)
=—g(1--= (F.6)
1 <1 dGap)

Herez, refers to the center of mass of the ions @amidnotes the total charge. The drift motion of the

center of gravity with the electric fielpresent, is given by equation (F.7).

1
Z. =2y + §M+8t (F.7)

The factorl /2 originates from the continuous creation of newsiatx,. Consequently the total charge
also increases linearly with time. Given a constantcreation ratey, which may also include the

multiplicity of the charge state of the considei@u species, the total charge is given by equd#oB).



130 Appendix F — Effective lon Mobility

q =net (F.8)
Combining equations (F.6) to (F.8) leads to thalttime dependent surface chatgét). Its result is

given in equation (F.9).

7i(0) = —net(l— 2o KTE t) (F.9)

dap 2dgap
This equation is valid until the first ion reactibe electrode. From that moment on the center gma
and the total charge become constant@riddependent of time. The time derivategeft) yields the
electrical current caused (only) by the considésadpecies during the step response. Hence, tbade

derivative, given in equation (F.11), reflects shepe of the step response.

d? d
5 @0 =—1(0) (F.10)
+
_ ’72" € (F.11)
Gap

If the considered ion species is the only one, Wwliéccontinuously created during operation of the
ionization chamber, the equilibrium currépf, which settles when the output current becomesesta

is equal toge and equation (F.11) can be expressed as sta(EdLid).

+8
—I(t) loq (F.12)
dGap
Thus the actual ion mobility can be determine hyatign (F.13).

deap d
+ = _p _—
i 1 (F.13)

Multiple lon Species

If different species of ions are created or aredi@rmed into each other during the drift,
equation (F.13) no longer holds and needs to befieddFor each possible ion species a mobijlity
and a creation ratg; need to be taken into account. Following the apgmnofrom above and

superimposing the contributions of all ion spedtéasls to equation (F.14).

@ =58 2 + F.14
gzt = dour ik (F.14)

The sum goes over all ion species, whose drift [gatiot yet fully developed. If an ion of one spsci

reaches the electrode this species is no longéeoptre sum. From equation (F.14) finally follows
_ deap &
= = T © (F.15)

which is used in section 5.2.3 to analyze the steponse functions of planar parallel plate iombrat

chambers. The quantify" will be called theeffective ion mobility.
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