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Cover picture

The front cover shows an artist’s impression of the reduction of selenite on pyrite surfaces,
and its subsequent precipitation as elemental Se. The geochemical fate of selenium is of key
importance for today’s society due to its role as a highly toxic essential micronutrient and as
a significant component of high level radioactive waste (HLRW) originating from the
operation of nuclear reactors.

Breynaerts and coworkers of K.U. Leuven and HZDR have performed an XAS study at the
Rossendorf Beamline to investigate the solid phase speciation of Se upon interaction of
Se(1V) with Boom Clay, a reducing, complex sediment selected as model host rock for clay-
based deep geological disposal of HLRW in Belgium and Europe. Using a combination of
long-term batch sorption experiments, linear combination XANES analysis and ITFA-based
EXAFS analysis allowed for the first time to identify Se” as the dominant solid phase
speciation of Se in Boom Clay systems equilibrated with Se(IV).

Breynaert, E., Scheinost, A. C., Dom, D., Rossberg, A., Vancluysen, J., Gobechiya, E.,
Kirschhock, C. E. A., and Maes, A., 2010. Reduction of Se(lV) in Boom Clay: XAS
solid phase speciation. Environ. Sci. Technol. 44, 6649-6655.



Preface

The Rossendorf Beamline (ROBL) - located at BM20 of the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France - is in operation since 1998. This 7™ report
covers the period from January 2009 to December 2010. In these two years, 67 peer-
reviewed papers have been published based on experiments done at the beamline, more
than in any biannual period before. Six highlight reports have been selected for this report
to demonstrate the scientific strength and diversity of the experiments performed on the
two end-stations of the beamline, dedicated to Radiochemistry (RCH) and Materials
Research (MRH).

The beamtime was more heavily overbooked than ever before, with an acceptance
rate of only 25% experiments. We would like to thank our external proposal review
members, Prof. Andre Maes (KU Leuven, Belgium), Prof. Laurent Charlet (UJF Grenobile,
France), Dr. Andreas Leinweber (MPI Metallforschung, Stuttgart, Germany), Prof. David
Rafaja (TU Bergakademie Freiberg, Germany), Prof. Dirk Meyer (TU Dresden, Germany),
who evaluated the inhouse proposals in a thorough manner, thereby ensuring that
beamtime was distributed according to scientific merit.

The period was not only characterized by very successful science, but also by intense
work on the optics upgrade. In spring 2009, a workshop was held at ROBL, assembling
beamline experts from German, Spanish and Swiss synchrotrons, to evaluate the best
setup for the new optics. These suggestions was used to prepare the call for tender
published in July 2009. From the tender acceptance in November 2009 on, a series of
design review meetings and factory acceptance tests followed. Already in July 2010, the
first piece of equipment was delivered, the new double-crystal, double-multilayer
monochromator. The disassembly of the old optics components started end of July, 2011,
followed by the installation of the new components. As of December 2011, the new optics
have seen the first test beam and thorough hot commissioning will be continued until May
2012, since the ESRF shuts down for a major upgrade from December 2011 to April 2012.
We expect that we will be ready for user operation from June 2012 on, with a better
beamline than ever.

The beamline staff would like to thank all partners, research groups and organizations
who supported the beamline during the last 24 months. Special thanks to the FZD
management, the CRG office of the ESRF with Axel Kaprolat as liaison officer and Eric
Dettona as lead technician, and to the ESRF safety group members, Paul Berkvens,
Patrick Colomp and Yann Pira.

Andreas Scheinost and Carsten Baehtz
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Structural insight into californium chemistry: Experimental and
theoretical approaches

G. Dupouy’, T. Dumas’, E. Galbis?, D. Guillaumont', C. Hennig®, J. Hernandez-Cobos?,
P. Moisy', C. Le Naour*, R. R. Pappalardo?, S. Petit’, A. C. Scheinost®, E. Simoni*,
E. Sanchez Marcos?, C. Den Auwer’
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Céze, France

’Departamento de Quimica Fisica, Universidad de Sevilla, 41012-Sevilla, Spain

3Forschungszentrum Dresden-Rossendorf (FZD), Institute of Radiochemistry, P.O. Box 510119,
01314 Dresden, Germany.

*Université Paris XI Orsay, IPN Orsay, 91405 Orsay, France

Introduction

The solution chemistry of actinoid ions has been a fundamental question since the
beginning of the nuclear technologies, given its implication in the electronuclear fuel cycle
and possible impact in environmental and toxicological transfers. From a fundamental
aspect, the molecular chemistry of actinides is still a challenging issue for physical
chemists because the understanding of the properties of heavy cations is still hampered by
their large number of electrons. In comparison to transition metal chemistry, very little has
been understood about the structural and electronic properties of actinide molecules. An
additional and essential point of debate come from the comparison with parent lanthanide
family with large number of electrons but very different electronic properties. From a
structural point of view, transplutonium chemistry and lanthanide chemistry are often
believed to yield similar molecular edifices although very few points of comparison have
been reported because of the difficulty to work with weighable amounts of elements above
americium. Therefore the rareness and hazardousness of the heavier actinide elements,
which steeply increase with the atomic number, has prevented a complete examination of
the trends along the series, beyond the middle of the series [1]. Curium cation, Cm(lll) has
often been considered as the heaviest actinide species characterized, having attracted
much attention from both experimental and theoretical views in recent years [2].

We have focused this report on the comparison between heavy actinide(lll) and
parent lanthanide(lll) with two examples of californium structural chemistry : the aqua ion
and the hexacyanoferrate(ll) adduct. Points of comparison between these two systems
come from the occurrence of lanthanide analogues and possible discussion about the
evolution of the cation coordination sphere across the series.

The aqua ion has always been the subject of considerable interest. Taking advantage
of the EXAFS sensitivity of local structure in disordered media, the cation environment has
been probed for instance in the aquo systems [3]. It has been lately discussed in full detail
by Skanthakumar et al. for the curium cation in the hydrate form and in aqueous solution
[4]. Also, recent work on the lanthanide series have examined using EXAFS technique if
this contraction takes place in a monotone or an irregular way along the series [5]. In the
solid state within the hydrate series, recent data available for the actinide family up to
Cf(lll) indicates a similar contraction [6]. However in solution a conclusive answer can not
be given because of the uncertainty of the structural data, particularly concerning the
hydration number, and the scarce information on the second half of the series. Beyond the
middle of the series, there is only one study reported for berkelium [7], a preliminary
EXAFS study for Cf(lll) carried out by some of us [8] and the present study [9].

Among the quasi infinity of synthetic molecular edifices, the hexacyanometallate
family is well known in transition metal chemistry to be an interesting example of building
block chemistry with structurally defined subfamilies. From a structural point of view, the



KLn"/Fe"(CN)s.xH.O (Ln = lanthanide element) family can be separated in three series.
The first one with Ln = La to Nd presents the general formula KLnFe"(CN)s.4H,O [10].
These compounds crystallize in the hexagonal P63;/m space group. The second series has
a unique representative, KSmFe"(CN)s.3H,0, which crystallizes in a monoclinic group
(P24/m) [11]. For these two series, the nine-coordinated lanthanide cation is bound to six
{Fe(CN)e} motifs and to three water molecules in a distorted trigonal tricapped prism.
Finally the third series involves Ln = Eu to Lu. They all occur in the orthorhombic space
group: KLnFe'(CN).3.5H,0 crystallizes in the Cmcm space group [12] while
KLnFe"(CN)e.3H,O crystallizes in the Pnma (or Pbnm, with {a,b,c} equals {c,a,b}) space
group [13]. The difference between the two space groups is the lanthanide coordination
number: in the Cmcm group the lanthanide cation is nine-coordinated like for the La-Nd
series; in the Pnma group the lanthanide cation is eight-coordinated to six nitrogen atoms
and only two water molecules. In the nine-coordinated lanthanide compounds, the
LnNg(H.0); polyhedron forms a tri-capped trigonal prism where the lanthanide is bonded
to six nitrogen atoms in prismatic sites and three water molecules in the capping positions.
In the eight-coordinated lanthanide compounds, the LnNg(H,O). polyhedron forms a
square anti-prism or a bi-capped trigonal prism. For the actinide family, first mention of
plutonium hexacyanoferrate was made in the 50’s during the Manhattan project [14].
However, no structural characterization of An(lll) hexacyanoferrate adduct has been
reported until the present study [15].

Materials and methods

The 2*°Cf(Ill) solution was purified from an ill-defined old solution of ?*°Cf (~100 MBq)
from IPN Orsay with a strong radiation damage of the first container. Part of the solution
was evaporated to dryness and the voluminous foamy residue was taken up in
concentrated HCI. The cloudy solution was centrifuged and the supernatant percolated on
a column filled with an anion exchanger (Bio-Rad AG-MP 1, 100-200 mesh). Then the
eluted fractions were evaporated to dryness and taken up in dilute HCI. The so obtained
solution was percolated through a column filled with a cation exchanger (Bio-Rad AG-MP
50, 100-200 mesh). The purified fractions were gathered and evaporated to dryness. No
deposit was visible to the naked eye. The container was then rinsed with HCIO4 to obtain
the stock californium solution. The gamma spectrum of a fraction of the sample used for
the EXAFS measurements exhibits the main y-rays of **°Cf: 387.95, 333.44 and 252.88
keV. For the aqua sample (named Cf'-aq in the following) the corresponding EXAFS
sample (0.0022M) was loaded in a 200uL double layered Teflon/stainless steel cell, thus
the masse of californium in the sample cell was 0.11mg. For the synthesis of the
hexacyanoferrate adduct (named Cf'/Fe" in the following), 0. 4 pumol of Cf(lll) aquo
(obtained from 470 pL of a solution [Cf] = 8.7.10* M in HCIO, 0.01 M) was mixed with a
solution of 1.6 umol of K4Fe'"(CN).3H,O (m = 0.675 mg in 150 uL HCI 0.2 M). Upon
addition of 1.3 mL of ethanol, a pale blue precipitate appeared. The mixture was
centrifuged and rinsed with pure ethanol. The compound was dried in air in the glove box
and pressed in polyethylene.

Californium Lj-edge XAS spectra were recorded at the European Synchrotron
Radiation Facility (ESRF) (6 GeV at 200 mA), Rossendorf beam line (BMZ20).
Measurements were carried out at room temperature, in 200 pL double layered
Teflon/stainless steel cells. BM20 is equipped with a water cooled double crystal Si(111)
monochromator. Higher harmonics were rejected by two collimating Pt coated mirrors. A
13-element Ge solid state detector was used for data collection in the fluorescence mode.
Monochromator energy calibration was carried out at Mo K-edge (20000 eV).

Results and discussion

Figure 1 shows the experimental and fitted k*-weighted Cf L,-edge EXAFS spectra of
Cf'-aq, using two model structures for the aqua ion: the square antiprism configuration,



SA, which represents an octahydrate and the trigonal tricapped prism, TTP, which implies
an ennea-hydrate. Since no experimental estimation of the global amplitude factor S, can
be obtained for the Cf case, coordination numbers were fixed to the model values of 8
(SA) fitted at 2.41 A (6 = 0.0077 A?) and 9 (i.e. 6+3, TTP), fitted at 2.38 A (¢* = 0.0068 A?)
and at 2.47 A (s*> = 0.0039 A?). The weighted averages of the Cf-O distances are
comparable and there is no clear visible difference between the two fitted curves.
Therefore, distinction between a TTP and a SA structure for the aqua ion can not be
unambiguously deduced from the fittings performed. Computer simulations of Cf(lll) in
water represents a completely independent approach to the study of this system. Cf-H,O
intermolecular potentials based on the hydrated ion model [16] and combined with the
polarisable and flexible MCDHO water model [17] have been developed. Two different
quantum-mechanical (QM) potential energy surfaces have been employed, one being
based on the MP2 method and the other on the DFT method by applying the BP86
functional [18]. Monte Carlo simulations of a system formed by 1 Cf(lll) + 500 H,O were
carried out in the NVT ensemble. 2Giga configurations were generated for analysis. The
MC simulation using the BP86-based intermolecular potential leads to an average CN for
the first hydration shell close to 8, and the first maximum of the Cf-O RDF appears at 2.43
A, whereas the MC simulation which uses the MP2-based potential gives a CN close to 9
with the maximum for the Cf-O RDF at 2.53 A. The absence of experimental data other
than the EXAFS spectrum which could be compared with the predicted value derived from
the statistical modelisation precludes the adoption of a convincing criterion to clearly select
an intermolecular potential with respect to the other.
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Fig. 1. Experimental (black points) and fited Fig. 2. Comparison of the k2—weighted Cf-Ly,
(SA (CN=8) red and TTP(CN=9? blue lines) Cf edge EXAFS spectrum of cf'-aq (black points)
Ly-edge EXAFS spectrum of cf' -aqg. with the simulated spectra obtained from the MC
BP86 (blue line) or MP2 (red line) simulation.

Finally the third step has compared the simulated EXAFS spectra derived from the
structural information provided by computer simulations with the experimental one of Cf"-
ag. A methodology already proposed for solving delicate structural problems such as the
determination of the second shell has been used [19]. EXAFS spectra were simulated
employing the FEFF code (version 8.4). Figure 2 compares the experimental EXAFS
spectrum with the simulated ones obtained from the BP86 and MP2 simulations. The
agreement for the case of the BP86 simulation is remarkable, where the intensity of the
signal and the in-phase behavior is maintained up to where the experimental spectrum is
blurred by the high noise/signal ratio. For the MP2 case the computed spectrum shows an
intensity less similar to the experimental one and a progressive out-phase behavior.
Bearing in mind that the first simulated spectrum is derived from the BP86 MC simulation,
where n~8 and Rc¢ro=2.43 A (fit = 2.41 A), whereas the second simulated spectrum comes
from the MP2 MC simulation where n~9 and R¢i.0=2.53 A, we must conclude that Cf(lIl)
aqua ion must be mainly octacoordinated. Then, as far as Cf(lll) is the heaviest actinide



aqua ion for which there is experimental information, the actinide contraction is supported
by the present study. (Ru.0=2.56A and CN=9+1; Rp.0=2.51A and CN=9%1; Rcm.0=2.47A
and CN=9+1).

Figure 3 shows the experimental EXAFS spectrum of Cf'/Fe" and Table 1 gives the
metrical distances obtained with a parameterized fit (see reference [15] for fitting details).
At CN = 8, the Cf** ionic radius is between that of Eu** and that of Gd*" (rg, = 0.947 A, re; =
0.945 A, rgg = 0.938 A, CN = 6) [20,21]. Comparison between the californium ionic radius
and the gadolinium one suggests that Cf'/Fe" may crystallize as the gadolinium adducts
do. As described in the introduction of this paper, gadolinium adducts may occur in two
different forms : KGd"Fe"(CN)e.3.5H,0 [12a] crystallizes in an orthorhombic space group
(Cmcm) with a coordination number of nine, while KGd"Fe'"(CN)s.3H,0 [13b] crystallizes in
a orthorhombic space group (Pnma) with a coordination number of eight. The simulated
EXAFS spectra (Feff8.4) of both KGd"Fe'"(CN).3H,O and KGd"Fe'(CN)s.3.5H,0 are
compared to the experimental one of Cf'/Fe" in Figure 3. Simulations have been
performed here by replacement of the gadolinium atomic number in the input file by the
corresponding californium number.

Table 1. Bond lengths and angles reported for Cf"/Fe" (EXAFS) compared to the literature data (X-
ray diffraction data) for the two Gadolinium analogues.

Distances (A) An-O An-N An--Fe 0 (°)
2at254(1)A  6at2.44(1)A_ 6at5.352)

1] Il
ciire 0?=00120 A% o®=0.0068A> o =00050A% °9(10)
KGd"Fe'(CN)s.3.5H,0  2.50(1) 2.35(1) 5.34(1) 171.2(4)
KGA"Fe'(CN)o.3H,0 2.570(4) 2.431(5) 5.32(1) 162.1(4)

In the Figure, the g, value of the experimental spectrum has been adjusted in order for
all the spectra to be compared. Without any adjustment of any distances in the simulation,
the similarity between the EXAFS spectra of KGd(Cf)""Fe"(CN)s.3H,0 and of Cf'/Fe' is
remarkable. On the contrary, strong differences in the beating modes occur after 6 A’
between the oscillations of KGd(Cf)"Fe"(CN)s.3.5H,0 and that of Cf'/Fe". This
observation strongly confirms all of the assumptions that Cf'/Fe" is similar to
KGd"Fe'"(CN)s.3H.0.

This conclusion is also supported by the metrical values of the EXAFS fit presented in
Table 1. Although differences are small between the distances within KGd"Fe'(CN)s.3H,0
compared to KGd"Fe"(CN)e.3.5H,0, the fitted parameters of Cf'/Fe" clearly favor the
similarity between the californium adduct and KGd"Fe'"(CN)s.3H,O therefore with
coordination number equal to eight. As discussed in the first part of this report, additional
points of discussion can be found in the comparison between the lanthanide(lll) and heavy
actinide(lll) coordination spheres in hydrates. Generally speaking, two models of
coordination spheres are most likely : a square antiprism (SA, CN = 8) and a tricapped
trigonal prism (TTP, CN = 6+3). It has been exposed in the introduction that the metal
coordination sphere in the hydrates is a tricapped trigonal prism for the entire Ln** series
and for some of the An®*" series (Pu to Cf). The structure of the hydrates confirms the
stability of the TTP polyhedron throughout the series from U to Cf (Bk not reported). In
solution, both CN = 8 and CN = 9 are discussed and our results support the occurrence of
the SA form for Cf'-aq. D’Angelo et al. have also proposed that for the lanthanide(lll)
series a statistical deficiency of one water molecule in a capping position of the polyhedron
occurs as the atomic number increases. This assumption has also been recently
discussed by Duvail et al. using molecular dynamics [22]. These examples show some
similarities with the hexacyanoferrate family. The Ln/An-N distances exhibit comparable



values for the actinide coordination sphere in the An"/Fe" compounds and in the
lanthanide family.

'EXAFS amplitude k% (K)

k(A7)
Fig. 3. Experimental EXAFS spectrum at the Cf L; edge of Cf"/Fe" (straight black line). Comparison
with the simulated spectra (Feff8.4) of KGd"Fe'(CN).3H,O (blue triangles) and
KGd"Fe'(CN)s.3.5H,0 (red dots).

Conclusion

This work casts light to fundamental chemistry of heavy actinides by presenting data
on one of the rare examples of californium molecular compounds. Summarizing, the first
MC simulation of the trivalent cation of Californium, based on an exchangeable hydrated
ion-water intermolecular potential, has been shown to represent an extended and
improved methodology of the hydrated ion model. As far as Cf(lll) is the heaviest actinoid
aqua ion for which there is experimental information, the actinide contraction is supported
by the present study and coordination number equals to 8 is favored. For U(l11),Ry.0=2.56A
and CN=9x1;for Pu(lll), Rpy.0=2.51A and CN=9%1; for Cm(lll), Rcm.0=2.47A and CN=9+1
[1]. For the californium hexacyanoferrate adduct, EXAFS derived bond length and angle
suggest that the californium cation sits in a bi-capped trigonal prism (CN = 8) as in
KGd"Fe"(CN)s.3H,O. This arrangement differs from that in the structure of
KGd"Fe"(CN)s.3.5H,0 in which the gadolinium is surrounded by 9 atoms. It also differs
from the americium/neodymium case for which the americium hexacyanoferrate adduct
has been found similar to KNd"Fe"(CN)s.4H,O with coordination number equals to 9 [15].
The striking point in this comparison is the decrease of coordination number by one unit
going from neodymium (americium) to gadolinium (californium), from trigonal tricapped
prism for the first ones to trigonal bicapped prism for the second ones.

This work illustrates the benefits which can be achieved from the combination of the
experimental XAS spectroscopies and computer simulations. We believe that this study
traces out a still non-well explored combined methodology which certainly may be
extremely useful for many other complex and limit chemical problems
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Introduction

Neptunium is considered as one of the most problematic actinide elements for waste
storage due to its relatively high solubility in aqueous solution. The geochemical behavior
depends strongly on the valence state. The stability of the oxidation state is affected by the
acidity of the solution, i.e. the reduction potentials largely differ depending on pH. Np(V) is
considered as mobile in the environment because of its relatively high solubility and low
sorption capacity by minerals. In contrast, Np(IV) forms strong complexes and shows
significant interactions with soil constituents. The environmental behavior of Np(VI) is
characterized by high solubility in aqueous solution and high stability under oxidizing
conditions. Np(lll) and Np(VIl) are not likely to occur under environmental conditions.

Sulfate and hydrogen sulfate anions occur in natural waters in significant
concentrations and are able to form moderately strong complexes with neptunium. In
consequence, sulfate complexation may play an important role in migration of neptunium
from nuclear waste repositories. The current knowledge of neptunium sulfate coordination
is based almost exclusively on diffraction studies in solid state. The deduction of
neptunium coordination in aqueous solution from solid coordination may be misleading,
because it is known that the solution species may undergo a ligand rearrangement during
the crystallization process [1,2]. Therefore, the direct determination of the coordination in
solution is mandatory. EXAFS is well suited for such kind of analysis, because sulfur has a
strong backscattering power for the photoelectron wave. The obtained coordination
numbers of sulfur represent a statistical average of coexisting neptunium sulfate
complexes, and indicate the prevalent solution species. Significant differences occur
between the neptunium-sulfur distances in bidentate (bid) and monodentate (mon) sulfate
coordination: Sulfate in bidentate coordination shows a Np-Sp4 distance of ~3.1A,
whereas monodentate sulfate shows a Np-Smon distance of ~3.6 A. This difference
provides the key to separate distinct solution species. This chapter summarizes a
systematic investigation of the aqueous sulfate complexes with neptunium in oxidation
states 1V, V and VI by Np L3-edge EXAFS spectroscopy as described detailed in reference

3].

Sample Preparation

A stock solution of 0.05 M Np(VI) in 1.0 M HCIO, was prepared from Z’Np dioxide.
Sample solutions used for electrochemical experiments (i.e. cyclic voltammetry and bulk
electrolysis) were prepared by evaporating an appropriate amount of the Np stock solution,
and dissolving the dried material into a desired composition of aqueous (NH;).SO,
solution. The pH of sample solutions was adjusted by adding HCIO,. The concentration of
Np in the sample solutions was confirmed by UV-Vis—NIR absorption, a and vy
spectroscopy.

Cyclic voltammograms in aqueous (NH4),SO, solution were recorded under N,
atmosphere. A three-electrode system consisting of a Au working electrode (surface area
of 2 mm?), a Pt-wire counter electrode, and a Ag/AgCl reference electrode in 3.0 M NaCl
were employed with a Vycor glass liquid junction.

Based on redox potentials obtained from the cyclic voltammograms, the bulk
electrolysis was performed to adjust the oxidation state of Np. Coulometric electrolysis of
0.05 M Np was carried out with the same potentiostat/galvanostat as for cyclic



voltammetry. The oxidation state and concentration of Np in the electrolyzed solutions
were checked by UV-Vis—NIR absorption spectroscopy. Table 1 compiles the relevant
preparation conditions for the EXAFS samples.

Table 1. Sample summary.

Sample | [Np] Ox. pH Medium Preparation®
ID M state

Np“-1 0.05 VI 1.1 0.05 M (NH,),SO, Dissolution.”

Np"'-2 0.05 \i 1.2 2.0 M (NH4).S0O,4 Dissolution.”

NpY-1 0.05 V 1.1 0.05 M (NH,4),SO, Reduction of Np(VI)
(=Np“-1) at 0.0 V.

Np'-2 0.05 \% 2.7 2.0 M (NH4)2.S0,4 Reduction of Np(V1)
(=Np“'-3) at 0.1 V.

Np'V-1 0.04 v <0.1 1.0 M HCIO, Reduction of Np(V)
at—0.3 V.

Np'-2 0.05 v 1.1 0.5 M (NH,4),SO, Mixing.®

Np'V-3 0.05 v 1.1 1.0 M (NH4).SO,4 Mixing.®

Np'V-4 0.05 v 1.1 2.0 M (NH,4),SO, Mixing.®

Np'V-5 0.05 v 1.1 3.0 M (NH,).SO, Mixing.®

% Potentials for the electrolysis are referred to Ag/AgCl in 3 M NaCl.
® Dissolution of the dried Np(VI) stock solution.
¢ Mixing Np(IV)-HCIO, solution with (NH,4),SO, solution.

Results and discussion

Np(V1). The Ls-edge k*-weighted EXAFS spectra y(k) and the corresponding FTs of Np(VI)
sulfate are shown in Figure 1.
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Fig. 1. Np Ls-edge k>-weighted EXAFS spectra (left), and the corresponding Fourier transforms
(right) of Np(VI) sulfate species.

10



The FT of the NpO,?* ion shows a dominating peak from two axial trans-oxo atoms
(O.x) at a Np-O distance of 1.76+0.02 A. The equatorial shell of the sample Np"'-1 exhibits
5 equatorial oxygen atoms (Ogq) at 2.41+0.02 A. A third FT peak appears between the O
and Ogq peaks which is reproduced successfully with only the two O, and O, shells,
suggesting that it arises from the superposition of these two scattering contributions. Both,
the Np-O, and the Np-Og, distances are close to the ones of the Np(VI) hydrate
[NpO,(H,0)s]** which is expected to be the dominating species under these experimental
conditions. A small peak at R+A ~ 3.0 A occurs from multiple scattering along the
[O=Np=0]* moiety. This spectral feature was included in the curve fit by constraining its
Debye-Waller factor and its effective path-length to twice the values of the corresponding
Np-O.x single-scattering path. Nevertheless, after subtracting the MS contribution there
remains a peak at R+A ~ 3.0 A, which could be fitted with a sulfur atom at a distance of
3.61 A, suggesting monodentate coordinated sulfate. An additional peak could be fitted
with sulfur at a distance of 3.12 A, which would be in line with bidentate sulfate
coordination. While the intensity of this peak is close to the noise level at low sulfate
concentration, it increases with sulfate concentration, suggesting a real backscattering
effect. In sample Np“'-2 with 2.0 M SO, there are approximately two sulfate atoms per
neptunyl unit present. The data indicate that the coordination mode changes with
increasing sulfate concentration from a prevalent monodentate to a prevalent bidentate
coordination. The same tendency has been observed for U(VI) sulfate in aqueous solution.
For solutions with low [SO4*]/[UO,?'] ratios, monodentate sulfate coordination has been
observed [3]. In contrast, in solutions with high [SO,*1/[UO,?"] ratios the dominance of
bidentate coordinated sulfate has been confirmed by HEXS and EXAFS [4]. The change in
the U(VI) sulfate coordination mode is hence a function of the [SO,*]/[UO,*] ratio. The
Np(VI) sulfate species shows the same behavior.

Np(V). The Ls-edge k*-weighted EXAFS data of Np(V) in 0.05 and 2.0 M SO,* are shown
in Figure 2.
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Fig. 2. Np Ls-edge k*-weighted EXAFS spectra (left), and the corresponding Fourier transforms
(right) of Np(V) sulfate species.
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Np(IV). To avoid the spontaneous oxidation of Np(IV) by water the concentration of sulfate
was always kept above 0.5 M. Figure 3 shows a series of Np(IV) sulfate samples at pH
1.1. The Np(IV) hydrate (Np"-1) is shown for comparison.

[2p4f] 3+ Np-O

Fourier Transform
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Fig. 3. Np Ls-edge k*-weighted EXAFS spectra (left), and the corresponding Fourier transforms
(right) of Np(IV) sulfate species.

Np(V) forms usually only weak complexes and the revised formation constant is
reported only for the sulfate species NpO,SO,[5]. The trans-dioxo structure remains
intact, but the charge is reduced in comparison to Np(VI). Np(VI) and Np(V) have formal
electronic configurations of 5f' and 5f2, respectively. The additional electron occupy mainly
the non-bonding 5f¢p or 5f6 orbitals of Np(V), and is localized mainly on the Np atom.
Therefore, the effective charge of the central atom in Np(V) is smaller compared to that of
Np(VI), and both axial and equatorial Np-O distances are longer than those of Np(VI). This
is confirmed by the DFT calculations indicating that the Np-O, and Np-O., distances of
Np(V) are approximately 0.05 and 0.10 A longer than those of Np(VI). Based on EXAFS
spectroscopy, we derived two isomers for the species NpO,SO, with sulfate either in
monodentate or in bidentate coordination. The EXAFS data show a Np-O,, distance of
1.83 A in Np(V) sulfate. Within the typical error limits, this is the same distance as in Np(V)
hydrate. Similarly, the equatorial oxygen distances of Np(V) sulfate and hydrate are
identical. The sulfate coordination of Np(V) is less pronounced than that of Np(VI), even at
high sulfate concentration. Less than 0.4 monodentate sulfate groups at a Np-Spon
distance of 3.67 A were observed at 0.05 M SO,>. The small sulfate coordination number
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suggests that the hydrate remains dominant under these experimental conditions. By
raising the sulfate concentration to 2.0 M, a change in the sulfate coordination can be
observed: an additional small peak indicates the presence of bidentate sulfate with a Np-
Suiq distance of 3.16 A. The corresponding coordination number is only 0.5. The combined
coordination number of monodentate and bidentate sulfate does not exceed one sulfate
per Np(V) ion.

The EXAFS spectra reveal the [2p4f] double-electron excitations [6] indicated with a
dotted line at k ~ 10.7 A”. In the EXAFS of Np(IV) this feature appears more pronounced
than in the spectra of Np(V) and Np(VI). This is related to a stronger [2p4f] resonance
intensity due to a higher final state density. Furthermore, the y(k) obtained from Np(IV)
solutions show weaker scattering amplitudes at high k values, hence, the double-electron
excitations become more obvious. The double-electron excitation may influence to a
certain extent the spline approximation and may therefore bias the related coordination
numbers, but will not significantly influence the interatomic distances. Most of the sulfate is
coordinated in bidentate coordination with a Np-Sp4 distance of 3.07+0.02 A. Only a minor
part is coordinated in monodentate mode with a Np-Smon distance of 3.79+0.02 A.
Furthermore we found clear indication of monodentate and bidentate coordination modes.
A number of species, which can be described with the general formula
INP(SO4,bia)x(SO4,mon)y'NH20]*2%, may exist in equilibrium. In the study presented here we
found x = 2.0 - 3.3 and y = 1.1 — 1.4. Similar solution species have been observed for
U(IV) sulfate, e.g. with a stoichiometry close to [U(SO4,bid)2(SO4,mon)3-H20]6' [71.

Redox chemistry and coordination. In non-complexing media the redox reaction is
restricted to a fully reversible electron transfer according to NpO,** + e « NpO,*. In
complexing media this redox reaction can be disturbed by side reactions in the equatorial
plane. The latter situation occurs by the sulfate coordination: here, the
cyclovoltammogram, shown in Fig. 4, indicate a non-reversible character of the Np®*/Np®*
redox couple at ~ 0.8 V.
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Fig. 4. Cyclic voltammograms of 0.05 M Np(VI) in an aqueous solution of 2.0 M (NH,4),SO, at pH
1.1, Au working electrode, start potentlal 1.3V, |n|t|al scan direction: cathodic, scan rate: 400 mV/s.
The sulfate coordination of the Np Np *and Np solution species is shown as schematic structure
drawing.

The EXAFS measurements reveal that bidentate sulfate coordination prevails at the
hexavalent oxidation state, whereas for Np°* the complexation is weaker and forms both
mono- and bidentate sulfate complexes as depicted in the schematic structure drawings of
Fig. 4, which were obtained from DFT calculations. The cyclovoltammogram shows also,
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that the Np**/Np®* redox couple, occurring at ~ -0.4 V, is fully irreversible. The EXAFS
spectrum of Np** indicates the loss of the axial oxygens and the formation of a quasi-
spherical shell of oxygen atoms. These oxygen atoms belong to sulfate groups which are
again predominantly bidentately coordinated.
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Introduction

Plutonium, the major transuranium actinide in civil and military nuclear waste, is of
environmental concern due to its high chemical and radiotoxicity and the long half-life of
relevant nuclides (*°Pu: 24 100 a, ?*’Pu: 375 000 a, ***Pu: 8.0-10" a) [1]. The solubility and
complexation behavior of plutonium in aqueous systems and therefore its environmental
fate are highly oxidation state dependent [2]. Due to its predominance over a wide pe-pH
range and the possibility of colloid formation [3], tetravalent PuQ, is considered one of the
most important solids for Pu risk assessment. While colloid formation can enhance
plutonium migration in the subsurface [4,5], the low solubility of PuOy(am,hyd) limits
dissolved Pu concentrations over a wide pe-pH range. However, under reducing
conditions in the acidic to neutral pH range and particularly in presence of dissolved Fe(ll)
or Fe(ll)-bearing minerals, Pu(lll) is relevant and compared to Pu(lV) forms more soluble
species [6]. Generally, contaminant migration is to a large extent controlled by sorption on
minerals and redox reaction with them [4,5]. Since iron minerals form as corrosion
products of steel, the first engineered physical barrier to Pu mobilization in most nuclear
waste repository concepts, and are present in many "far field" barriers (clay or granite),
their reactions with plutonium are of particular importance. Depending on redox conditions,
ground water composition and microbial activity, Fe(ll), Fe(lll) or mixed Fe(ll)-Fe(lll)
iron(hydr)oxides or sulfides such as magnetite (Fe"Fe',0,), maghemite (y-Fe,Os3), green
rusts, siderite (FeCO3), and mackinawite (FeS) have been observed as corrosion products
of steel. Magnetite, mackinawite and siderite are also widespread in natural aquifers.
Sorption of plutonium to iron minerals can be accompanied by redox processes, leading to
reduction (or possible oxidation) of the initial Pu oxidation state. For example, sorption of
Pu(V) to hematite, goethite and magnetite was found to be accompanied by surface
mediated reduction to Pu(IV) [7-11]. While the reductive capacity of the Fe(ll)-Fe(lll) mixed
valence spinel magnetite is well known, the reduction of Pu(V) with iron(lll) minerals
hematite and goethite was attributed to the presence of traces of Fe(ll) or to a stabilization
of solid-state Pu(lV) [9]. Due to a lack of measured redox potentials and Fe(ll)
concentrations, it is not possible to clearly link these observations with thermodynamic
predictions on Pu oxidation states. To investigate redox reactions of Pu with Fe(ll)-bearing
minerals under anoxic conditions, we chose magnetite, mackinawite and siderite as
common, but chemically and structurally differing minerals. Cryogenic X-ray absorption
spectroscopy (XAS) was used to assess in-situ oxidation states and local structures of
resulting Pu-solid phases or surface complexes.

Materials and methods

Generally, all sample manipulations, including mineral synthesis and washing, UV-VIS
measurements and preparation of samples for XAS measurements, were carried out
under anoxic conditions in nitrogen or argon glove-boxes with 0-10 ppmv O,. Experiments
were carried out at RT (23 = 3°C); de-ionized (18.2 MQ MilliQ), degassed (O, and CO,
free) water was used for all purposes. Magnetite (Fe;O,), mackinawite (FeS) and siderite
(FeCO3) were synthesized as detailed in [12]. A well characterized 2.2:102 mol/L Pu(VI)
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stock solution was obtained after purification and electrochemical oxidation (99.4wt. % Pu-
242). Stock solutions of 8.6:10*M Pu(V) and 7.3:10*M Pu(lll) were then prepared
electrolytically in 0.5 M NaCl and 0.1 M NaClO,, respectively. Prior to addition of Pu(V) or
Pu(lll) to mineral suspensions, the initial oxidation state was confirmed by UV-VIS
spectroscopy. Total [Pu] in the stock solutions was determined using liquid scintillation
counting (LSC). Similar [Pu] before and after 10 kD (~2 nm) ultrafiltration indicated the
absence of significant amounts of PuO, colloids in the stock solutions. Pu(V) or Pu(lll)
plutonium stock solutions were added to the mineral suspensions to obtain [Pu(tot)] of
1.3+ 0.1-10° M. Samples were allowed to react in the dark for 41 (Pu(V)) and 39 days
(Pu(lll)) (Table 1). [Fe(ll)], [Fe(total)] concentrations were determined using the Ferrozine
method [13] and [Pu] with LSC after 10kD ultra-filtration of aliquots of the mineral
suspensions. pH and pe were determined in two ways: in suspension and in the clear
supernatant after centrifugation of an aliquot of the sample, with the solid present at the
bottom of the centrifuge tube.

Table 1. Experimental conditions at the end of the 40 + 1 d reaction period for
Pu(lll) and Pu(V) ([Pu(tot)]initia 1.3 £ 0.1 - 10° M ) reacted with magnetite (Mg),
mackinawite (Mack) and siderite (Sid). [Pu(tot)]sna for all samples <
1 x 10 mol/L.

surface area 1 1 [Fe(ID]

Sample [mZ/L] pHsus pHcen pesus pecen [umolll ]
Pu(lll)+Mg, pH6 416 6.1 5.5 -1.3 29 3130
Pu(lll)+Mg, pH8 416 7.9 7.4 -4.9 2.1 21.8
Pu(V)+Mg, pH8 416 7.9 7.2 -5.0 2.4 19.3
Pu(V)+Mack, pH8 183 8.0 8.4 -4.9 -2.1 8.0
Pu(V)+Sid, pH8 221 8.4 8.0 -5.8 -3.3 69.2
'sus — pH or pe measured in suspension
‘cen — pH or pe measured after centrifugation in the clear supernatant in contact with

the solid phase

XANES and EXAFS spectra were acquired in fluorescence mode at the Pu-L, edge
(18.057 keV) at the Rossendorf Beamline (BM20) at the ESRF, France. During the
measurement, samples were kept at 15 K using a closed-cycle He cryostat, thereby
reducing thermal disorder in the samples and avoiding beam-induced oxidation state
changes. Details of experimental setup and treatment of spectra are given in [12].
Reference spectra of acidic (Pu").q, (Pu")aq and (Pu").q (measured at RT, courtesy of Ch.
Den Auwer, CEA, Marcoule, France) and of crystalline PuO,(cr) (measured at 15K,
courtesy of Ph. Martin, CEA, Cadarache, France) [14] had all been measured in
transmission mode and at the same beamline. Details on data treatment and fitting
procedures are given in [12].

Results and discussion

For all five samples (Table 1), aqueous Pu concentrations dropped within 30 minutes and
for the whole duration of the experiment to values near or below the detection limit of LSC
(< 1 x 10° mol/L), thereby reaching uptake levels of > 99.95 %.

Reaction of Pu(lll) and Pu(V) with magnetite

Figure 1a shows Pu-L;-edge XANES spectra of the Pu-magnetite samples along with
(Pu"™aq, (PuM)aq, and (Pu'),, references. The three Pu-magnetite samples are
characterized by very similar edge and peak positions and strongly resemble the (Pu”');qu
spectrum in position and shape. To quantify the oxidation state composition, the XANES
region was analyzed using an lterative Target Test (ITT) [15] with (Pu")aq, (PU")aq, (PUY)aq
references. With this technique Pu(lll) contents higher than 90% are found for all three Pu-
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magnetite samples. To extend oxidation state analysis to the EXAFS region, ITT was also
applied to EXAFS-spectra obtained by back transform (BT) of the first peak in the Fourier
Transform (FT) (oxygen coordination shell) and confirms the prevalence of trivalent Pu.
Shell fitting of the first FT peak yields Pu-O distances of 2.48 A to 2.49 A, characteristic of
aqueous Pu(lll) complexes [16-18]. Therefore spectral shape and position (ITT of the
XANES region) and analysis of the oxygen coordination environment (ITT of the oxygen
BT spectra and shell fitting of the first FT peak) all suggest Pu(lll) as the predominant
oxidation state. The oxidation state of Pu after reaction with magnetite was therefore
independent of the initial oxidation state (lll or V), suggesting that thermodynamic
equilibrium has been attained.
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Fig. 1. a) Experimental Pu-L;; XANES spectra of Pu reacted with magnetite (black) and (Pu”')aq,
(Pu'V)alq and (PuV)aq for reference (blue). b) Experimental Pu-L,;, EXAFS spectrum of (Puv)aq+Mg,
pH8 sample (black) and theoretical spectrum (red) resulting from radial refinement by MC
simulation, FT and chi-spectrum (inset) (blue - residual). ¢) Pu-O and Pu-Fe radial pair distribution
functions resulting from radial refinement. d) Octahedrally terminated (111) face of magnetite with
one out of 7 possible positions for Pu(lll) sorption marked by blue circle. €) Sorption complex
structure of Pu(lll) on edge-sharing FeOg-octahedra (Pu — black, O — blue, Fe —red).

To elucidate the structure of the Pu(lll) species on magnetite, shell fitting was extended to
the FT peaks beyond the oxygen coordination sphere. As a second shell could be fitted
with backscattering from three to five Fe atoms at a distance of 3.54 A, suggesting either a
sorption complex or formation of a solid phase, FEFF-Monte Carlo (MC) modeling [19] was
applied to the EXAFS spectrum of the Pu(V)-Mg-pH8 sample to find a possible sorption
complex structure (for modeling details see [12]). This MC procedure let to the
identification of one specific geometric position in relation to magnetite, situated on (111)
surfaces with octahedral termination (Fig. 1d). In the corresponding surface complex, one
Pu atom is linked via three oxygen atoms to three edge-sharing FeOg-octahedra (Fig. 1e).
The radial Pu-atom distances found in the "raw" structure of the sorption complex were
refined by reverse Monte Carlo (RMC) simulation [20,21]. As can be seen in Figure 1b, the
resulting refined (theoretical) and the experimental spectra are in excellent agreement.
The refinement also yields the Pu-O and Pu-Fe radial pair distribution functions (RPDF)
(Fig. 1c): in the first Pu-O peak corresponds to 9 oxygen atoms at 2.49 A and the first Pu-
Fe peak to three iron atoms at 3.54 A. The identified tridentate, trinuclear, triple edge-
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sharing Pu(lll) surface complex is likely to be very stable and play an important role in
controlling Pu-magnetite reactions and Pu mobility.

Reaction of Pu(V) with mackinawite and siderite

XANES and EXAFS spectra of Pu(V) reacted with mackinawite (Pu(V)-Mack) and siderite
(Pu(V)-Sid) are similar to those of crystalline PuOy(cr), suggesting the prevalence of
tetravalent Pu in the samples and structural similarities with PuOy(cr) (Fig. 2). However, a
higher white line (WL) intensity of the Pu(V)-Mack and a slight low-energy shift of the
Pu(V)-Sid spectrum compared to PuO,(cr) are apparent (Fig. 2a).

a) PuO,(cr) 121c) Pu-Pu
181 0. Pu(V)-Mackinawite
Pu(V)-Siderite
S Pu-O
<é'_ 1.2 4 5 8 6.
2 2
E = 5
8 ’;‘\ 0 ©
N 081 = =
T i
£ 4-
g 5 b
[
0.4
10
T T T T T T b) T T T T T T T T T T 01 T T T T T
18040 18060 18080 18100 2 4 6 81 10 12 0 2 4 6
Energy [eV] k[AT] R+AR [A]

Fig. 2. Experimental Pu-L, spectra of Pu(V)-Mack (red), Pu(V)-Sid (blue) and PuO,(cr) (green). a)
XANES b) (k) x k* ¢) Fourier Transform (3.0 <k < 12.6 A™).

Apart from reduced EXAFS and FT amplitudes for Pu(V)-Mack and Pu(V)-Sid compared to
PuOy(cr) the Pu(V)-Sid spectrum shows significant additional differences in the lower k-
range (arrows in Fig. 2b). For the Pu(V)-Mack sample, the XANES region gives no
indication for the presence of either tri- or pentavalent plutonium species. We therefore
fitted the Pu(V)-Mack and the PuO,(cr) reference spectra with a PuOy(cr) model in similar
k-ranges (3.0-12.2 A™") and with coordination numbers fixed to their crystallographic
values.

Table 2. Shell fit of Pu(V)-Mack and PuOy(cr) samples The goodness of fit obtained
with fixed coordination numbers. Fit carried out in R- is similar for both spectra,
space, for details see SI, section 2.3, Table S9). suggesting that a PuO, solid
Pu(V)-Mack PuO2(cr) Eﬂhaske for;mled _'P ;Te 2Pu_(|_\r/])-

path CN RIA] o*[A] CN RIA] o°[A] ack sample (Table 2). The

higher Debye-Waller factors

d d

Pu-0 8 232 0.0081 8 2.33 0.0054 (02), corresponding to a
Pu-Pu 12 381 00059 12 3.83 0.0032 higher mean square radial
Pu-OMS 8 464" 00081 8 466 0.0054° backscattering atoms,
Pu - Pu 6 b5.36 0.0084 6 5.37 0.0068 indicate that the PuO,
Pu - Pu 24 669 0.0142 24 6.68 0.0087 formed in the Pu(V)-Mack
EO-shift* 583 EO-shift* 6.81 sample is characterized by

Res** 7.04 Res** 8.34 higher stru_ctur_al disorder in

f - fixed. d lated the coordination and all

- - 1ixed, @ - correale o further shells compared to
So” = 0.95, *EO-shift — [eV], **Res — Residual in %, the reference compound,
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calcinated PuOy(cr). No indication for the presence of Pu(V) could be derived from shell
fitting. By fitting the Pu(V)-Mack and PuOy(cr) reference sample with adjustable
coordination numbers, we also find similar Pu-Pu coordination numbers for both (for
details see [12]). The low energy shift in the absorption edge and the low k-range
differences between Pu(V)-Sid and PuOy(cr) spectra can be explained as resulting from
contribution of both Pu(lll) and PuO, to the spectrum and the resulting interference
between their corresponding backscattering waves. Tentative quantification with ITT using
(Pu").q and PuOj(cr) or the Pu(V)-Mack sample ( = non-calcinated PuQ,) as references
results for the XANES and EXAFS region in a Pu(lll) content of 33 %.

Impact of mineral phases on reaction products

The differences in magnetite and mackinawite reaction products may appear surprising as
both are (semi)conductors and have proved capable of providing electrons for multi-
electron reductions of metals/metalloids at their surfaces (e.g. reduction of Se(lV) to Se(-
i), Cr(VI) to Cr(lll), Sb(V) to Sb(lll)). However, for early actinides, that are hard Lewis
acids and therefore oxyphilic, the sulfur terminated mackinawite surface, should not be
attractive. If, for this reason, surface complexation does not occur, electrons for a two-
electron reduction from Pu(V) to Pu(lll) cannot be provided directly by the mineral. The
one electron necessary for the reduction from Pu(V) to Pu(lV) might be transferred from a
Fe(ll) aquo-ion or co-adsorbed surface species. This behavior of Pu is in line with the
partial reduction of U(VI) and precipitation of a mixed U(VI)/ U(IV) oxide in presence of
mackinawite [22,23] but contradicts the coordination of Np(IV) to sulfur atoms at the
mackinawite surface [24]. In contrast to magnetite and mackinawite, electrons cannot
move freely among the carbonate separated Fe(O,0H)s octahedra of siderite, that has a
bandgap of 4.4 eV [25]. Electrons from the siderite structure can therefore not easily
participate in surface reactions. The partial reduction of Pu(V) to Pu(lll) in siderite but not
in mackinawite suspensions may therefore be due to the complexation behavior of Pu,
prefering oxygen over sulfur terminated surfaces, and thus be related to the
thermodynamic stability of the respective surface complexes. Also the high solubility of
siderite, resulting in a higher Fe(ll) concentration (Table 1), might play a role. Only partial
reduction to Pu(lll) with siderite, as opposed to magnetite, might then be explained as
being due to the fact that only dissolved and surface (co-adsorbed or structural) Fe(ll) can
participate in reducing adsorbed Pu.

Implications for environmental studies

Implications from our results for the risk assessments of Pu in contaminated sites and
nuclear waste repositories are:

(1) Pu(lll) is an important oxidation state in reducing anoxic environments and
thermodynamic models based entirely on tetravalent Pu(lV) species are inadequate.
Consequently, sorption of Pu(lll) to relevant mineral surfaces should be investigated in
more detail, also to lower the uncertainty of present predictions based upon analogy with
other trivalent actinides, e.g. Am(lll) and Cm(lll). Relevant Pu(lll) complexation and
solubility constants should be determined to obtain more reliable quantitative transport
models for Pu.

(2) Based upon our XAS investigation, we have identified and structurally characterized a
tridentate Pu(lll) surface complex on magnetite. Following the structural information
obtained, we expect this complex to be highly stable and to play an important role in Pu-
magnetite interactions and Pu retention.

(3) Thermodynamic calculations provide a useful tool to predict redox reactions and the
prevalence of occurring oxidation states under equilibrium conditions; however, more
specific input parameters are needed to correctly model the (geo)chemical behavior of Pu
in complex natural environments. In-situ spectroscopic investigations and wet chemical
data are necessary to understand actinide surface complexation and supplement
predictions based upon thermodynamic modeling. Finally, it should become possible to
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derive geochemical models coupling thermodynamic equilibrium calculations and
quantitative description of sorption.

(4) The investigated systems, magnetite, mackinawite and siderite, represent a wide range
of geochemical conditions and are known corrosion products of steel containers under
anoxic groundwater conditions. They are key phases contributing to Pu sorption and redox
processes under near- and far-field conditions. Regarding the applicability of our results to
natural settings it should be considered that other factors (i.e. sorption of Pu on additional
mineral surfaces, interaction of Pu with dissolved ligands, variation of Pu / surface ratio or
competitive sorption effects) can impact reaction outcomes and should be further
investigated.
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Introduction

Nanostructure determines macroscale properties, and thus is one of the key issues in
thin film materials science. For multiphase films, this is of particular importance due to their
multifunctionality and the combination of properties which cannot be predicted from the
constituents alone [1]. Top-down approaches are affected by the production time and price
issues. Alternatively, bottom-up approaches rely on self-assembly and self-organization
phenomena, and their control by external parameters [2]. Film growth represents a large
set of kinetic processes (surface/ bulk diffusion, nucleation&growth, phase transformation,
shadowing, etc. ) which can be governed by external factors such as temperature, growth
rate, ion irradiation, etc...[3]. Among those, energetic ions bombardment can deliver the
largest amount of energy per atom [4]. Thus it can potentially bring the structure in the far-
from-equilibrium state where self-organization processes can occur.

In combination with the presence of thermodynamic forces towards phase separation,
thin film growth and ion irradiation result in self-organized vertical super-lattices [5-9]. This
is due to the interplay of the ion irradiation caused ballistic collision random walks of atoms
in the near surface layer defined by the ion range and the thin film growth kinetics [5]. A
constant supply of ions results in a steady-state movement of the surface. The phase
separation kinetics is confined to the moving surface layer, leaving the bulk ‘frozen’. The
depth of this ‘active’ layer may be adjusted by changing the ion energies and masses,
which controls the super-lattice periodicity [5]. It must be emphasized that the presence of
energetic ions is necessary to induce such vertical self-organization process [10]. The ion
directionality, which is not available in the other mechanisms involved in thin film growth,
may be also exploited [4]. Using two fundamental ion irradiation properties — ion energy
and direction - would allow an independent control of the nanopattern periodicity and
orientation. This is the main focus of this study [4].

Materials and methods

Our group in cooperation with the University of Sydney, Australia, and the University
of Linkdping, Sweden, has performed studies concerning the oblique incidence ionized
physical vapour deposition (iPVD) of C:Ni films. iPVD in the form of pulsed filtered cathodic
vacuum arc was used. Each arc pulse deposits less than one monolayer of one kind of
ions, resulting in composites from sequentially pulsed cathodes. For the former system, an
arc current of ~1.5 kA was used with pulse lengths of 0.3 ms for Ni and 0.8 ms for C at the
pulsing frequency of 3 HzA curved magnetic filter was used to remove the droplets and
neutrals from the depositing flux, with a magnetic field strength of ~15 mT and ~ 47 mT for
the C and Ni cathodes, respectively. The influence of film composition, the energy and
incidence angle of incoming species on the film morphology is investigated. For more
detail on the sample growth see Ref. [11].

The morphology of the films was studied by cross-sectional transmission electron
microscopy (XTEM) and grazing incidence small angle x-ray scattering (GISAXS). 2D
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Fig. 1.
C:Ni film morphologies by XTEM (left column) and

GISAXS (right column). Growth parameters are
indicated on the corresponding panels. The arrows in
right up corners of the XTEM images schematically
indicate the incoming ion direction. The insets are
FFTs of the corresponding XTEM images. The
crossed circles indicate the direction of the x-ray
beam for the corresponding GISAXS measurements.
The aZ|muthaI angle ¢~0, thus q,=0 (taken from Ref.
[11])."
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GISAXS measurements were recorded
by means of a charge coupled detector
at the Rossendorf Beamline ROBL BM
20, at the ESRF, Grenoble, France. The
x-ray beam with wavelength 1=0.1051
nm arrives at the sample with an
incidence angle «; which was kept above
the critical angle of total external
reflection at 0.3° or 0.35° in order to
probe all of the C:Ni precipitate layers.
The reported GISAXS features can be
observed only when the angle of
incidence is larger than the critical angle.
The in-plane scans were carried out at
the beamline ID01 at the ESREF,
Grenoble, France, using x-ray radiation
of wavelength 1=0.1127 nm and a
position sensitive detector (PSD). The
PSD wire was aligned parallel with the
sample surface so that the in-plane
information could be measured with one
shot. For more details on the thin film
characterization see Ref. [11].

2D GISAXS images represent the
Fourier transformation of the density
contrast autocorrelation function
weighted by the transmission function.
Taking into account that the incidence
and scattering angles are small, the
horizontal and vertical components of
the scattering vector q(q9.9,.q9,) are
expressed as

singsin 26, cos
q= 27” Cos ¢sin 26, cosa,

sing; +sina,

where ¢; is the x-ray angle of incidence,
or is the out-of-plane exit angle, 6, is the
in-plane scattering angle, and ¢ is the in-
plane rotation angle.

Results and discussion

Figure 1 (a)-(b) shows that ion
impacts normal to the surface result in a
symmetric  structure consisting  of
alternating carbon-rich and nickel-rich
layers. The nickel rich layers consist of
nickel carbide nanoparticles.



lon impacts off-normal to the surface tilt the alternating carbon rich and nickel layers
(see Fig. 1 (c)-(j)): the Ni precipitate layers do not align with the film surface anymore but

with the incoming ions. At the initial
deposition stages a few precipitate layers
form parallel to the substrate surface
before the layers tilt. An increase in both
Ni content and ion energy reduces the tilt
angle while increases the period. The fast
Fourier transform (FFT) of the XTEM
images exhibit rotational rather than
mirror symmetry observed for
perpendicular incidence. The orientations
of the most intense lobes match the
direction of the incoming ions. 2D
GISAXS images from a macroscopic
sample region (in the order of several
mm?) closely resemble the upper part of
the FFT patterns of the local area probed
by XTEM. This confirms that the
observed asymmetries are a global
property of the material. No ordered
structures have been observed for the Ni
content of ~7at.% by XTEM and 2D
GISAXS shows no detectable density
contrast.

Frequency-filtered XTEM images of a

C:Ni(~32 at.%) sample reveal that
periodic composition modulations
observed in the original image are

enhanced when the Fourier components
in the quadrants containing the incident
ion direction are retained (Fig. 2). When
the FFT quadrants in ion direction are
removed, a weak periodic structure is
revealed again but with much weaker
amplitude. Thus the  composition
nanopattern consists of two composition
waves with different amplitudes ‘moving’
toward the incoming and roughly
perpendicular to them. This is reflected in
the 2D GISAXS pattern (Fig. 2 (d)) where
two intensity lobes with different
intensities at positive and negative q:
values are observed. A weak intensity
lobe is observed in all asymmetric
GISAXS patterns except for the C:Ni film
with the lowest metal to carbon ratio of
~15 at.%. Therefore the intensity lobes in
2D GISAXS patterns are attributed to the
distribution of the composition modulation
waves within the films.

GISAXS images for different in-plane
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Fig. 2.

Detailed morphology of a C:Ni(~32 at.%) sample
(ion incidence ~15° incidence, bias -30 V). (a) is
the X-TEM image and the FFT of the C:Ni layer
(inset); (b) and (c) are Fourier-filtered X-TEM
images (frequency masks in the insets); (d)-(h) are
GISAXS images obtained at x-ray incidence angle
of a;,=0.30° (1=0.1051 nm) after rotating the
sample around its normal by an angle ¢ (Note that

|qr| = qf + qj ); (i) is a ¢ scan at fixed values of

a,,=0.26° and q,=0.83 nm™ (1=0.1127 nm). The
negative g, values in (d)-(h) correspond to the
positive values g, in (i) for ¢ = 180°. (taken from
Ref. [11]).T
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rotation ¢ angles are shown in Fig. 2 (d)-(h). The
information in these images may correspond to

FFTs of film cross-sections cut at corresponding A P ¥ (a)
angles ¢ weighted by a transmission function. At ~ 6 |—@—Bias 30V @

¢ ~ -90° (i.e. perpendicular to the plane E s -
containing the surface normal and incoming ion = i g
direction) the two lobes equilibrate. This shows 4F

that in this direction the composition is not K ———_—_——

stratified along the film growth direction, but &6
consists of oblique density modulations with 3 E(b

similar periods, off-set angles and amplitudes. — ig 3
The latter observation strongly indicates that the % 30k Nobias @
metal rich layers observed by XTEM consist of 20 F —0— Bias -15V s

individual nanoparticles and not continuous 10 F —@— Bias -30V
layers. Therefore the layer appearance in XTEM bttt
must be attributed to projection effects (see also

Ref. [5]). The GISAXS pattern inverts under

further rotation of the sample to ¢ ~-180°. An in-

plane scan at a fixed g, shows that the intensity Fig-3. .
is concentrated in the azimuthal angle range of g’lzsra‘:?'f;'cﬂ FEE;'OSS Ld eEZZm?nnedd 'frz‘;:
~-10°<¢<~45° with the maximum at ¢=~23° (Fig. 5,8y <007 cidence ~15%) . Values i
2 (|)): The fact that the maximum is npt gt @ =.0 black (red) correspond to the more
possibly relates to the fact that the incident ion  (jess) intense lobe (taken from Ref.
flux comes at a certain azimuthal angle. [11])."

PR PR |
15 20 25 30 35 40 45 50

Ni/C ratio (0 )

The pattern periodicity L and tilt angle g
were estimated as the reciprocal of the vector joining the maximum of the lobe with the
center of the reciprocal space and its angle with the central specular rod, respectively
represents the tilting angle of the layers (Fig. 4). It can be seen that L increases
concomitantly with the metal content and ion energy, while g shows the opposite tendency.
The period is greater for the weak density modulation component, and the opposite is true
for g.

Conclusions

The results of this study show that the directionality of the incoming ions is transferred
to the periodic precipitation process during iPVD resulting in the tilt of the precipitation
nanopatterns under oblique ion incidence. The periodicity and tilt are caused by ion
induced ballistic effects and, consequently, depend on the ion energy and incidence angle.
The findings suggest that iPVD offers means for the external control of the pattern
periodicity and tilt via incoming ion energy, material supply rate and incidence angle. While
the atomistic mechanisms for such a behaviour remain unclear, our recent study shows
that the sub-plantation is one of the key factors governing such ion induced compositional
self-organization [12]. As the underlying driving mechanism is of physical origin, we
believe that the results of this study are applicable to other immiscible systems, and
present an alternative approach to sculpting the nanostructure of multifunctional materials.
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Introduction

Hydrogen is a powerful, versatile and carbon-free energy carrier [1]. In particular for mobile
and small stationary applications, where hydrogen can serve as fuel for internal
combustion engines or fuel cells, the safe and efficient storage of hydrogen has been
recognized as one of the key technological challenges in the transition towards a
hydrogen-based economy [2, 3]. The state-of-the-art storage methods such as high-
pressure gas or liquid hydrogen cannot fulfil the targets set for storage density, safety and
efficiency. Chemical or physically combined storage of hydrogen in other materials has
potential advantages over other storage methods [1, 4].

It is well known that Mg-rich alloys are attractive materials for solid-state hydrogen storage
applications because of their high gravimetric hydrogen storage densities of up to 7.6
wt.%-H in the case of MgH,, good reversibility, low specific weight, a comparatively high
availability in the earth's crust and low cost [2]. However, the major problem of magnesium
as a reversible hydrogen storage material is the slow reaction kinetics of hydrogenation
and dehydrogenation. A nanocrystalline structure and the use of catalytic elements provide
a way to overcome these kinetic limitations of conventional cast magnesium materials [4,
5]. For achieving nanocrystallinity, mechanical milling has been extensively investigated
[6]. Alternatively, rapid solidification processes such as melt spinning with cooling rates in
the range between 10° and 10° K/s [7] can also be used to produce nanocrystalline
magnesium alloys containing catalytic elements like transition metals or rare earth metals
[8]. Such melt-spun Mg alloys exhibit good hydrogen storage properties based on the
reaction of gaseous hydrogen with the solid material [9]. However, structural phase
transformations during the hydrogen sorption reactions and the role of catalyst phases still
need to be investigated in detail to elucidate the complex reaction pathways.

The aim of the in-situ diffraction study at the Rossendorf Beamline at ESRF was to
investigate the phase transformations during desorption of three melt-spun, activated and
hydrogenated Mg-rich alloys MggoNiio, MgsoNiioY+1o and MgssCusNisYs whose hydrogen
storage characteristics were studied recently [10, 11, 12]. It was found that the kinetics of
hydrogen desorption is controlled by different mechanisms. During the dehydrogenation of
MggoNiio two separate processes were identified: desorption of Mg,NiH, to Mg,NiHg 3 and
desorption of MgH, in the presence of Mg,NiHy 3. Evidently, Mg,NiHg 3 plays a significant
role in the desorption process of hydrogenated MggNi. In the case of MggyNiipY19 NO
formation of the Mg.NiH, 3 phase was observed. Compared to MggNijg and MggoNi1oY 10, it
was found that in the case of MggsCusNisYs the dehydrogenation of the hydride phases
and the transformation of Mg.Niy 5Cug s take place simultaneously.

Materials and methods

MgsoNi1oY 10 and MgssCusNisYs were produced by induction-melting of a mixture of pure Mg
(99.9% purity) metal, Ni (99.9% purity) powder, Cu (99.99% purity) powder and a Ni-Y
alloy (Ni-25.4 wt.%; Y-75.5 wt.%) in a tantalum crucible at 1000°C under argon
atmosphere. For production of the MggoNiso master alloy, appropriate amounts of the raw

27



materials (Mg and Ni) were mixed together and melted in an induction furnace using a BN
coated crucible under argon. During melt spinning of these alloys, continuous ribbons with
35 pm in thickness and 10 mm in width were obtained from a single roller melt-spinning
device (PSI) which contains a copper wheel with a diameter of 200 mm and a constant
surface velocity of 40 m/s as rapid cooling component. The melt spinning experiments
were carried our under argon.

The thermal activation of the melt-spun ribbons was achieved during three cycles at 385°C
and pressures between 2 and 30 bar H, (99.9998% purity) for 11 h.

In-situ synchrotron XRD studies of melt-spun, activated and hydrogenated MggoNi+o,
MgsoNi1oY 10 and MggsCusNisYs were performed at the Rossendorf Beamline (ROBL-CRG,
BM 20) of the European Synchrotron Radiation Facility (ESRF) in Grenoble. The
measurements were carried out in a special annealing chamber, using a hemispherical
radiation window (Be-dome), which allows in-plane and out-of-plane measurements in
horizontal and vertical directions. The hydrogenated ribbons were manually ground into
fine powders by adding acetone. A small amount of the sample was put together with a
thermocouple onto a Si single crystal sample holder as it shown in Fig. 1.

Fig. 1.
Experimental setup: (left) six-circle Goniometer at at the Rossendorf Beamline (ROBL-CRG, BM
20); (right) pulverized sample with a thermocouple on a Si single crystal sample holder.

The incident X-ray beam with an X-ray wavelength of 1.05 A was used for the investigation
in the scanning range of the diffraction angle between 17.5° and 28° (20) in reflection
geometry. The hydrogen desorption of the melt-spun alloys was studied in vacuum at
200°C. The heating to 200°C was carried out with a rate of 50 K/min.

The obtained powder diffraction data were analyzed based on the Rietveld method, using
Topas 4.2 for the refinement of the crystal structures and for the calculation of phase
abundances.

Results and discussion

Mg-Ni system: Fig. 2 shows the evolution of the diffraction pattern during the time-
resolved SR-XRD studies of the hydrogen desorption obtained for MggoNii.The X-ray
diffraction pattern at t=0 min represents the X-ray diffraction pattern of hydrogenated
MggoNiie at ambient temperature which exhibits three hydride phases: MgH,, Mg.NiH, and
Mg.NiHg 3. From the Fig. 2 it can be also seen that the vacuum thermal desorption of Mg-
Ni alloy could be divided into three stages:

Stage 1 (first 5 Minutes): Dehydrogenation of MgzNiH4 to MgzNiHo 3
Stage 2 (25 Minutes): Dehydrogenation of MgH. in the presence of Mg,NiHy 3 to Mg
Stage 3 (after 30 Minutes): Dehydrogenation of Mg,NiHg 3 to Mg.Ni

28



i 1 Mg.NiH,,
P" 1
| A
',-"‘ |\
— WJ] V“‘ S 10m|n
_)

Fig. 2.
Evolution of the in situ SR-XRD pattern of the as- spun and hydrogenated MggNiq during its
vacuum thermal decomposition at 200 °C (pressure: 1072 mbar) from [10].

Fig. 3 summarizes the evolution of the phase fractions from the in-situ SR-XRD patterns of
MggoNiie. The small increase of the amount of MgH, and HT-MgNi,H, between t=0 (25°C)
and 4 minutes (200°C) and the increase of Mg,NiH, 5 fraction between t=8 and 25 minutes
are considered as inaccuracy in the Rietveld refinement (goodness-of-fit parameters for
the refinements were with Rwp in the range of 10%).
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Fig. 3.
The evolution of the structural phase transformation from the in-situ SR-XRD patterns of MggoNi1g
at 200°C in vacuum from [10].

Mg-Ni-Y system: The evolution of the in-situ SR-XRD patterns of hydrogenated
MgsoNi1Y 10 during its vacuum thermal decomposition are shown in Fig. 4. The scanning
range was extended to 17-28° (20) in order to observe the decomposition of YHs.
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Fig. 4.
Evolution of the in situ SR-XRD pattern of the as-spun and hydrogenated MggoNii oY 19 during its
vacuum thermal decomposition at 200 °C (pressure: 1072 mbar) from [10].

It can be noticed that hydrogen desorption of MgH, and Mg,NiH, was almost completed
within 24 minutes. From Fig. 4 it is also evident that the transformation of YH; into YH; is
much slower than the dehydrogenation of MgH, and Mg,NiH,. It should be mentioned that
even after 64 minutes at 200°C a residual amount of YH; is observed in the diffraction
pattern. There exist four phases in the material after hydrogen desorption: metallic Mg,
intermetallic Mg,Ni, YH; and YHs.

Surprisingly, in-situ SR-XRD investigations of the thermal decomposition of MggoNiioY10
revealed that no formation of Mg.,NiHq3 is observed in this case during the dehydro-
genation. This finding can be explained by the presence of yttrium which is solved in Mg;Ni
which could lead to a microstructural refinement of Mg.Ni and therefore to a faster kinetics
of dehydrogenation. Hence, the time resolution of in-situ SR-XRD investigation of the
thermal decomposition of MgsgNi1oY 19 was probably not sufficient to explore this structural
phase transformation in detail.

Mg-Cu-Ni-Y system: The evolution of the in situ SR-XRD patterns of as-spun and
hydrogenated MggssCusNisYs during vacuum thermal decomposition presented in Fig. 5.
The patterns of hydrogenated Mg-Cu-Ni-Y (at t=0) exhibit five hydride phases: MgHo,
Mg.NiH4, MgoNiHgs, YHz, YH; as well as MgCu,. During the dehydrogenation of
MgssCusNisYs several processes can be identified: decomposition of the hydride phases
according to Egns. (1) to (4) and transformation of MgCu, and formation of Mg,NipsCug 5.

MgH, —» Mg + H; (1)
Mg2NiH,4 — MgoNi + 2 H, (2)
Mg:NiHgs — MgNi + 0.15H; (3)
2 YH; — 2YH; + H, 4)

However, in contrast to MggoNijp and MggoNiigY 10 these dehydrogenation reactions take
place simultaneously. Dehydrogenated MgssCusNisYs consist of five different phases: hcp-
Mg, Mg2Ni, Mg,Cu, YH, and YHs. It is also evident that the transformation of YH; into YH.
is the slowest step of the reaction and even after 54 minutes at 200°C a residual amount of
YHj; can be observed in the XRD pattern.
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Evolution of the in situ SR-XRD pattern of the as-spun and hydrogenated MggsCusNisYs during its
vacuum thermal decomposition at 200 °C (pressure: 1072 mbar) from [13].

It is well known that Cu and Mg,Ni form Cu-substituted Mg,Ni (Mg.Ni;,Cu,). These alloys
exhibit a large homogeneity range for x values up to 0.85 [15]. In our investigation we
observed the formation of the hexagonal Mg:NipsCugs phase. The cell parameters
obtained from the X-ray patterns for this alloy (a = 5.22A b = 13.51 A) are in good
agreement with literature data [15]. From the XRD results, the hydrogen release reaction
between Mg,NiH4, MgH, and MgCu, may be described with the following equation:

0.75 MgH2 + 0.25 MgCU2 + 0.5 MgzNIH4 —> MgzNi0_5CUO_5 + 1.75 H2 (5)

Conclusions

Melt-spun MggoNi1o, MgsoNisoY 10 and MgssCusNisYs were activated and hydrogenated
in the same way as described recently in [10, 11, 12]. The structural phase transformations
during dehydrogenation of these materials has been examined at the Rossendorf
Beamline (ROBL-CRG, BM 20) of the European Synchrotron Radiation Facility (ESRF) in
Grenoble using in-situ synchrotron XRD. In the present study it was found that the alloys
show different reactions during the dehydrogenation:

During the dehydrogenation of MggNiio two separate processes were identified:
desorption of Mg,NiH, to Mg,NiHg 3 and desorption of MgH, in the presence of Mg,NiHy .
Thus, it is assumed that Mg.NiHy3 might act as a catalyst transfer phase for the
dehydrogenation of adjacent MgH..

In-situ SR-XRD investigations of the thermal decomposition of MgggNiY 10 Showed no
formation of Mg.NiHy3; during dehydrogenation. The reason for this finding could be
explained by yttrium which is solved in Mg.Ni. Yttrium, having a larger atomic radius (1.8
A) compared to nickel (1.25 A), can partially substitute Ni in the Mg,Ni lattice and, thereby,
the lattice parameter of Mg,Ni is increased [14]. This could lead to a fast and more direct
transformation of Mg,NiH4 into Mg2Ni.

In the case of MgssCusNisYs the SR-XRD results indicate that the dehydrogenation of
the hydride phases, the transformation of MgCu, and formation of Mg,NiysCuq s take place
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at the same time. It must be also mentioned that no formation of Mg,Cu was observed
during the dehydrogenation of MggsCusNisYs.

The achieved results for the phase transformations play an important role for
understanding reactions during desorption of Mg-based melt-spun alloys. However, further
studies with better time resolution are required for more detailed investigations.
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Introduction

Semiconductor nanoparticles (-clusters, -crystals: NC) attracted continuously in-
creasing interest, caused by their outstanding properties (e.g. luminescence, charge stor-
age). Numerous studies were performed [1-3], but achieving a high density (> 10" cm™) of
Si or Ge NC (< 5 nm size) regularly ordered in dielectric films remains still a challenge. In
our studies we follow the approach of Zacharias et al. [4] and other groups to obtain size
controlled Si NCs with the help of SiO/SiO, multilayer structures. We applied this method
to Ge0,/SiO, multilayers in order to get size and density controlled Ge NC for photovoltaic
applications. Depending on the NC size and the surrounding matrix, the bandgap energy
of Ge NC can be tuned between 0.66 eV and ~ 2 eV which covers almost the complete
spectrum of sunlight. Further benefits of Ge compared to Si are the larger light absorption
coefficient and the significantly lower thermal budget to generate Ge NC (< 700°C). Here
we present the fabrication of GeO,/SiO, superlattices (SL) using dc reactive magnetron
sputtering from elemental targets [5]. Main attention is directed towards tailoring the GeOy
composition in a wide range (0 <x<2), to generate tiny Ge NC of <5nm size after
subsequent annealing without destroying the SL and to separate the stacked Ge NC
layers by very thin SiO; films which might allow charge transport via direct tunnelling.

Experimental

The deposition of the (GeOx/SiO2) SL was performed in the dual magnetron sputter
chamber of the ROBL Beamline [6]. This equipment is especially dedicated for in-situ
experiments and gives the opportunity to apply a precisely controlled Ar/O2 mixture. After-
wards, the SL were annealed in vacuum (< 5x10-4 Pa) up to TA = 850°C to initiate phase
separation (GeOx — Ge + Ge02), Ge nucleation and NC growth. The SL properties and
the NC formation were continuously monitored after deposition and during annealing by X-
ray reflectivity (XRR) and grazing incidence X-ray diffraction (GiXRD) using synchrotron
radiation of 1.08 A (E = 11.5 keV).

Results and discussion

GeO,/SiO, SL films (19 periods) were grown at two different substrate temperatures at
Tp=200°C (#SL-01) and Tp=25°C (#SL-02). XRR scans (Fig. 1) reveal highly ordered SL
with smooth interfaces (o < 1 nm) for both deposition temperatures.

Scattering vector gz (1/A)
0.0 0.1 0.2 0.3 0.4

1

XRR after deposition ]
(»=1.08 A) 3

Fig. 1: XRR profiles of the as-deposited
films. The symbols represent the measured
: data, the RCRefSiMW fits are included by
0% 0 e ) lines. An offset (factor 100) is used for bet-
0.0 0.5 1.0 1.5 2.0 ter visibility.

Incident angle 6 (deg)

Normalized intensity
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However for the sample #SL-02 (Tp = 25°C) the XRR pattern shows SL fringes with
multiple Bragg peaks which confirms the co-existence of at least two (lateral or vertical) SL
periods. The period thicknesses differ by 0.4 nm, which is of minor relevance. The beha-
viour is less pronounced for the sample #SL-01 (Tp = 200°C) and therefore suggesting
better deposition conditions at slightly elevated substrate temperatures. The fitting results
using RefSim [7] are summarized in tab. 1.

Parameter #SL-01 #SL-02 Table I. RCRefSimW [7] results of
T 200°C RT the XRR data for the as-deposited
GeO, stoichiometry < =025 ~=0.90 films. If not specified the thickness
- - error amounts to + 0.1 nm. For con-
Multilayer thickness (120£2) nm | (187 £2) nm stant O, partial pressure (20 mPa)
Period thickness 6.3 nm 9.8 nm and magnetron power, Tp influences
- - the GeO, stoichiometry (proved by
GeO,/ SiO, thickness | 2.8/3.5nm 4.8/5.0 nm RBS) and the deposition rate: Details
Interface roughness 0.7 nm 1.0 nm are described in ref. [5].

After deposition the samples were stepwise annealed at temperatures T, ranging from
500°C to 810°C without breaking the vacuum conditions. The temperature-dependent XRR
profiles for #SL-02 (Tp = 25°C) are shown in Fig. 2. Above 500°C, one obtains an ongoing
degradation of the SL structure, starting with the loss of the 5" order SL peak. At
T, =630°C, only the first two SL peaks are still visible. Finally at T, = 690°C most of the
Kissig fringes disappeared and only the first SL peak is left. This correlates with a remar-
kable change of interface roughness, which increases from 1.0 nm (as-deposited) to 3.4
nm. From recent investigations we conclude that this disappearance of the SL peaks is a
strong indication for the formation of separated Ge NC into the former GeOx sublayers.
The significant increase of interface rougnness is caused by multilayer bulging (not shown
here) without generally destroying the multilayer structure.

Figure 3 shows the XRR data of #SL-01 (Tp = 200°C) collected after deposition and
annealing at 545°C and 600°C. After annealing at T, = 540°C the intensity of the SL Bragg
reflections increases and even a 5" SL peak occurs at 8 = 2.4° which indicates an impro-
ved periodicity. The simulation shows that the interface roughness decreases to o =
(0.5 +0.1) nm after annealing to T, =600°C. The different behaviour compared to #SL-02
is explained by the higher Ge content in the GeOy film (see tab. 1) leading after annealing
to the formation of a nanocrystalline Ge film with smooth interfaces to the surrounding SiO,
layers (instead of separated Ge NC). The stability of Ge/SiO, SL is given until annealing
temperatures of at least T, =750°C.

1 T T T T 4 - T T T T T
1074 : - #SL-01
1 1 E (To =200°C) ¥
2z 1074 1 2
2 1 1 2
2 10°4 1 2
= 3 . c
s 1 5
g 10 { g
© 1 i1 ©
% 10'gj 7 g
z 1 i =
107" { Offset: E
1 factor 10
1""I""I""I""I1 10-9""I""I""I""I""I""
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Incident angle 6 (deg) Incident angle 6 (deg)

Fig. 2: XRR of #SL-02 (Tp = RT) measured after
deposition and during post-annealing treatment
up to 690°C.

Fig. 3: XRR of #SL-01 (Tp =200°C) measured
after deposition and during the post-annealing
treatment up to 600°C. Offset like in fig. 2.
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GIXRD scans (incident angle o, = 0.25°) were performed in-situ directly after depo-
sition and during each annealing step under high-vacuum conditions (p < 5x10* Pa). The
diffraction pattern was treated with respect to background subtraction and Gaussian peak
fitting using the XOP tool [8]. For the sample #SL-02 (Tp = 25°C) not any characteristic
pattern of Ge NC could be observed after deposition. But the sample #SL-01 (Tp = 200°C)
already showed a broad hump (FWHM = 6°) around the Ge (111) position (Fig. 4a).

2000 |- (B) #SL-01 | ; ; . . ,
Ta = 600°C 8000 |- - n 1
1 #5L-02 Annealing Ta
To=RT + 510°C
g 10001 1 @ eo00f 545°C
3 = 630°C
o s 3 690°C
> 0 T ! T T ! T | T = = 4000} o B
= I I I - 810°C
£ 2000 Ge (111) Ge (220) Ge (311) . 4 £
E @] 1 asaep- | & 2000} -
1000 - Si (400) ¢ @
o ' or N L ' | L | ]
{ 17 18 19 20 21
0 L L L L

25 30 35 20 Scattering angle 20 (deg)
Scattering angle 20 (deg)

Fig. 4: GIXRD (a;= 0.25°) for #SL-01 (Tp=200°C).
(a) As-deposited pattern with the glassy near-
order peak of Ge. (b) XRD pattern obtained after
annealing at 600°C. From (111) and (220) Ge re-
flections an average NC size of (2.6 £ 0.2) nm can
be derived.

Fig. 5: #SL-02 (Tp=25°C): Development of
Ge(111) bragg peak intensity during anneal-
ing. The loss in intensity at T,=810°C indi-
cates a strong loss of Ge (60%), while the Ge
NC are even bigger then at T,= 690°C. The
lines represent the fitting results.

Our HRTEM studies [5] do not reveal crystalline Ge after the deposition. Therefore
most likely this signal originates from a “glass-like” near-ordering of the Ge atoms. Similar
patterns have been reported by Zacharias et al. [1] and Fuijii et al. [9]. A typical threshold
temperature for Ge NC formation out of GeOy or SiGeO, matrix is T, = 500°C [1, 10]. In
agreement, a distinct Ge(111) peak was observed during the annealing at T, = 540°C. At
T, = 600°C a well pronounced diffraction pattern (Fig. 4b) is obtained. The grain size within
the nanocrystalline film derived from Ge(111) and (200) reflections amounts to (2.6 +
0. nm (see Fig. 6) which perfectly fits to th GeO, sublayer thickness of the ML stack.

Fig. 6: High-resolution TEM image of #SL-
01 after 600°C annealing showing disk-like
Ge NC (size: 3 nm x 6 nm). The lower inset
shows the powder-like orientation distribu-
tion of Ge(111) in the corresponding FFT
image.

For sample #SL-02 crystallisation is starting also slightly above 500°C. After
T, =630°C annealing the NC size of 4.7 nm corresponds with the GeO, sublayer thick-
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ness (see Tab. l). Further annealing to T, =690°C leads to a growth of Ge NC up to
5.7 nm which now clearly exceeds the initial GeO sublayer thickness. Even more, after
T,=810°C, NC growth to a size of > 8 nm and XRR indicates a complete dissolution of the
SL (see Fig. 2). For this temperature, also a strong decrease of the integrated scattering
intensity (Fig. 5) has been observed which is caused by a Ge loss (proved ex-situ by
Rutherford Backscattering Spectrometry due to the formation of volatile GeO. The Ge loss
can be significantly suppressed by the deposition of an additional SiO, cap layer.

Conclusions

The deposition of GeO,/SiO, SL via dc reactive magnetron sputtering offers an easy
way to fabricate Ge NC with high density after subsequent annealing by phase separation.
Due to the larger sticking coefficient of oxygen at Si compared to Ge, the deposition of
SiO; and GeOy (0.5 < x < 2) can be alternatively performed with a constant oxygen partial
pressure [5]. According to the GeOy stoichiometry it is possible to generate nanocrystalline
films or stacked layers of separated NC. As the SL interface roughness at Tp = 200°C is
c ~ 0.5 nm, the separating SiO film thickness can be reduced to < 3 nm allowing direct
charge tunnelling. The formation of Ge NC of 2 — 5 nm size has been shown by GiXRD
after annealing at T, ~ 550°C, which is a very convenient temperature for opto-electronic
applications. The crystal size at moderate annealing temperatures, keeping the SL stable,
can be tuned by the GeOy layer thickness. During phase separation the formation of
volatile GeO competes with the usually considered reaction path GeO, —» Ge + GeO; in
particular for GeOy films with x> 1. Recent studies have shown that the magnetron
sputtering multilayer approach can be used the fabricate SL with ultrathin SiO, separation
layers < 1 nm. Further effort is necessary to investigate different GeO, compositions
(0.5 < x = 1.5) leading to different shapes of the NCs to locate the optimum between carrier
transport and strength of quantum confinement.
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2.1. Technical status and developments

Overview and optical characteristics

ROBL at BM20

Optics Hutch

Radiochemistry
Hutch (RCH)

Materials Research
Hutch (MRH)

The optics with two mirrors and a double-crystal monochromator in fixed-exit mode
provide both a high flux at high angular resolution (for diffraction) and a high flux over a
wide energy range with high energy resolution (for EXAFS spectroscopy).

energy range 5—-35keV :f“drigg
with Si-mirrors 5-12 keV BI20
. . 4 double crystal monochromator
energy resolution Si(111) 1.5-2.5x10 DCM 2 8 mrad
energy resolution Si(311) 0.5 —1.0x10™
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Technical characteristics of the Radiochemistry station

The Radiochemistry experimental

station

is a highly specialized unique

radiochemical laboratory designed for radioecological research using x-ray absorption
spectroscopy (XAS) in transmission and fluorescence mode. Solid and liquid samples with
a total activity of 185 MBqg (5 mCi) and a surface dose rate of 15 uSv/h can be
investigated. A multi-barrier safety concept with separate ventilation, constant radiation
monitoring and redundancy of all essential components was developed to satisfy legal
requirements.

Tc-99 Po-208 Po0-209 Ra-226 Th-nat Pa-231 . .
List of permitted
30,000 0.008 0.3 5 10° 106 radionuclides and their
U-nat  Np-237 Pu-238 Pu-239 Pu-240 Pu-241 | maximumamountin mg
. (shown in blue).
10 7000 0.3 80 22 0.049 Additional radionuclides
Pu-242 Am-241 Am-243 Cm-244 Cm-246 Cm-248 | may be used if
accepted by the ESRF

124 1.4 25 0.062 17 1,156 safety group.

During the measurement, the spectroscopic
glove box envelops the samples, which are
mounted either on a remote-control 8-fold
multistage holder or in a cryostat. The
fluorescence and transmission detectors remain
outside of the glove box.

X
g

Sample holders fulfilling the necessary safety
requirements exist in a wide variety to match
different sample. Technical drawings and detailed
information on filling procedures may be
downloaded from our home page.

13 element LEGe detector with
a high-rate digital multi-channel
analysis spectrometer (XIA) and
dedicated analysis program
integrated into the XAS data
collection software XATROS.
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3-kV ionization chambers with
remote-controlled gas mass-flow
controllers.

Closed-cycle He cryostat
with large fluorescence
window adapted to the 13-
element detector and very
low vibration levels cools
samples down to 15 K.



Technical characteristics of the Materials Research station

The materials research hutch MRH with a heavy load six-circle diffractometer is

designed for the various scattering and diffraction experiments, which can also be
combined with spectroscopic measurements. The core competence of MRH is in-situ
research, where the system under investigation was characterized during synthesis or
processing while besides structural information also physical properties like electrical
conductivity were determined. For this purposed MRH is equipped with different
specialized sample environments and detector systems, which can also be completed by
the use of the ESRF-detector pool on special request.

Detectors

Scintillation detectors (BEDE EDRa) with motorized slits, analyzing crystal or Soller
collimator are available.

energy-dispersive PIN-Diode (AmpTec, energy resolution 200 eV, area 7 mm?)

One-dimensional linear position sensitive detector Meteor 1D, GE Inspection
Technology GmbH, identical in construction with Mythen detector Dectris Ltd.

Pilatus 100K pixel detector from Dectris Ltd.

Sample environment

High temperature chamber of Blihler design up to 2.000 °C

In-house developed heating chamber with a semispherical Be-dome for different
diffraction geometries up to 1200°C, and under controlled atmospheres up to 800
mbar 30 sccm inert or reducing gases by the use of the Kapton dome. Optional in-
situ conductivity measurement by 4 point probe setup is available.

In-house developed heating-cooling chamber, dedicated for the temperature range of
-100 to 200°C and vacuum or controlled atmosphere.

In-situ magnetron sputter deposition chamber with two magnetrons and an ion gun port
allows temperature up to 700°C. The arrangement of the Be-windows enables in-plane
and out-off-plane diffraction experiments as well as GISAXS. One RF power generator

incl. impedance matchbox is now available onsite.

Fig. 1.: Sputter deposition chamber. Fig. 2.: High temperature furnace.
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New detectors at ROBL-MRH

MRH has got a strong focus on in-situ investigations mainly in thin film and nanostructure
synthesis and processing and is facing new challenges in this research field. Therefore,
new detector systems were installed in order to keep up with the requirements of a modern
synchrotron radiation beamline.

A Meteor 1D Si strip detector from GE Inspection Technology GmbH (identical in
construction with a Mythen from Detris Ltd.) is replacing the existing Braun PSD. It is also
a 1D detector with similar dimension; The detector has an active area of 64 x 8 mm?, a
spatial resolution of 50 um (pitch width, 1280 channels) and thus spectra over a certain
angular range (up to 20° depending on the measuring circle) can be recorded
simultaneously. Compared to Braun PSD the Meteor offers three striking advantages:

e The fast detector read-out of 0.3 ms is a key feature for in-situ measurements.

e The detector is working in the whole accessible at ROBL energy range (5-35 keV)
with a high detection efficiency.

e The maximum count rate of this device is 2x10° phot/sec/pixel and therefore
approx. three orders of magnitude higher as the Braun PSD.

The Meteor 1D can be used in combination or as replacement of the current detector
setup. The detector head can be rotated from horizontal to vertical orientation of the
detector window, without dismounting from its holder. Software engineering to integrate
this detector in the instrument control software “spec” is conducted in cooperation of the
HZDR with the ESRF software group and G. Swislow, Certified Scientific Software Ltd.

| e ) - —
Fig. 1. Left, Pilatus 100K mounted on the detector bench. Right, Meteor 1D mounted dedicated
holder.

As 2D Si pixel detector now a Pilatus 100k from Dectris Ltd. is available at the beamline.
The pixel size is 172x172 ym?; the active area 83.5x33.5 mm2. Due to the low weight of
only 4 kg it is very flexible in operation. It can be used for diffraction experiments on the
detector circle or alternatively for GISAXS experiments mounted on the detector bench
behind the goniometer. The maximum count rate of 2x10° phot/sec/pixel is nowadays the
maximum available, as well as 2.7 ms read-out time.
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Further development in in-situ sample environments

The increasing demand in experiments under controlled atmospheres leads to the design
of a new window system suitable for the existing furnaces. The new kapton foil dome
allows the operation with chamber gas pressures up to 800 mbar absolute and substrate
temperatures up to 900°C, which is due to obvious safety reasons not possible with the
existing beryllium dome. The windows withstand a time limited overpressure of 2 bar and
can be easily exchanged. However, the kapton foil chamber is limited for use in out-of-
plane scattering geometry within an angular range of 0 to 50°. The dome is water cooled;
the Kapton windows can be additionally cooled by an air blower. In addition to the existing
four-channel gas mixing and supply unit, the absolute pressure in the furnace is monitored
and integrated into a safety regulation circuit in the exhaust line. Now in-situ experiments
with continuous gas flow and regulated pressure in the range up to 800 mbar and 30 sccm
are possible. The new kapton dome can be combined with the different existing furnaces
at ROBL.

—_nn cooling system

gas inlet

pressure gauges
safety valve

Fig. 2. Kapton dome mounted on the furnace in the goniometer.

The temperature region from -100 to 200°C for the utilization of technical devices is of
unique importance. Therefore a new furnace operating in this temperature range has been
developed. The sample holder is a massive copper part which is connected to an external
liquid nitrogen Dewar, sample cooling is performed by heat transport. A heating cartridge
integrated in the copper part is counteracting and allows temperature stabilization and
heating up to 200°C. Additionally the electrical resistance can be measured by 4 point
probe setup directly during the diffraction experiment. This furnace can be combined with
the new Kapton dome and the Beryllium dome as well.

The magnetron sputtering chamber at MRH is one of the working horses at the beamline.
To sputter non-conducting oxides or nitrides, a Cesar 133 RF Power generator and an
impedance matching box from Advanced Energy Inc. is disposable and broadens the
range of material classes under investigation. These devices can be controlled remotely
from the instrument control hutch.
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Mono-capillary versus CRL; new devices for X-ray focusing

Spatial resolved informations and thus an X-ray beam with a spot size of 10 to 100 ym in
diameter is desired for several experiments. For this purpose two different focusing
devices were tested at MRH. A parabolic monocapillary mounted 235 mm in front of the
sample is already reported elsewhere (1). Using this device only one sided as a focusing
mirror; spot sizes down to 45 ym diameter were achieved with an acceptable gain greater
100. Main disadvantages are the reduced free working space and based on the intrinsic
imperfection of the inner surface and shape of the mono capillary the extreme sensibility to
small beam movements or instabilities. Therefore in the order of several hours no stable p-

focus spot can be provided.

Another option is the use of Compound Refractive Lenses (CRL). 30 Be lenses with
R=1.5mm are placed 11.5 m in front of the sample, hereby the free working space remains
and the increase of divergence in the beam is moderate. The spot size of 80 ym diameter
and gain greater 80 is lower than employing a capillary, test were performed at 8 and
11keV. This optical device is achromatic, which means, focus length depends on the
energy or wave length respectively. Test measurements demonstrate that changes in focal
length in an energy scan of 1 keV can be neglected due to the long focusing distance and
the long focus depth. In opposite to the mono capillary the CRLs are absolutely unaffected
by beam instabilities and rock solid, therefore they are the preferred device in user service.
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Fig. 3. Left, Spot of the mono-capillary and the corresponding FWHM. Right: CRL spot and
corresponding FWHM. Both recorded with a FDI-2 camera from Photonics Ltd.

1) N. Schell et al, ROBL Biannual Report 2005-2006, (2007), 49-55.
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Upgrade of Optics

The following list compiles the major goals of the upgrade as well as the optics selected to
achieve these goals:

¢ Higher flux by horizontal focusing: Double toroid focusing mirror
e Higher flux by wider energy bandgap: double multilayer monochromator

e Better energy resolution and glitch management: Si(111)/Si(111)90/Si(311)
crystal sets permanently mounted

e Faster spectroscopy: Quick-XAS-suited monochromator

e Wider energy coverage: mirrors with Si, Rh and Pt surfaces

o Faster beamline adjustment: beam diagnostics after each optical element
¢ More stable beam: active beam position control

e Adaption to ESRF storage ring upgrade: optional LN2 cooling

Key data:
o Time frame: 2010-2011, back to friendly user operation in May 2012
¢ Investment: 2 Mio EUR by FZD
e Supplier: FMB-Oxford

8.0 x 1.0 mm? 130 x 230 pm?
1.4 x 102 ph/s (x2) 1.4 x 102 ph/s (x160)

A
k\ |
\ 1
\ 1
\ |
i i \ secondary
toroid/cylindr. \
mirror \ source aperture
\
MRH
RCH
pev glovebox goniometer
cylindr. W ~\ N
mirror A A\ \
p. g
i E
'3
BM
[ Y S ..
l v v b
0 26.29 28.97 30.91 38.00 51.50

focus 1

Fig. 1. Schematic design of new optics, and beam size and integrated flux at the two end stations
as determined by ray tracing calculations. The toroid focusing mirror has a fixed focus at MRH,
thereby increasing both total flux and flux density significantly. In contrast, the beam size in RCH
remains large, with only a modest increase in flux and flux density, in order to reduce photon-
induced beam damage to sensitive samples, while maintaining a very low detection limit (about 1
ppm for XANES, 25-100 ppm for EXAFS).
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Double toroid (Rh/Pt)
mirror
w/ flat Si surface
1.3m, 1.0 pyrad s.e.

Double-crystal/double

monochromator
Si(111)/Si(111),
Si(311) parallel

Fig. 2. Design drawing of new optical components.
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Vertically collimating
mirror
Si/Rh/Pt
1.3m, 1.0 pyrad s.e.

Fig. 3.

In addition to the previous Si and
Pt reflecting mirror surfaces, a
third Rh-coating will be added to
increase flux at intermediate
energy and to avoid the Pt
absorption edges interfering with
EXAFS of relevant elements like
Ge, Se, Au, Hg, Pb and Po.

1st Multilayer

/ (up)

1st Crystal
()

Fig. 4. Design drawing of the combined double crystal/double multilayer monochromator. The 1%
multilayers are mounted together with the 1% and 2™ crystals on a common Bragg drive, while the
2" multilayers are mounted on an independent stage.
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2.2. Beamline personnel

Head of the beamline / responsible for RCH:
Responsible for MRH:

Andreas Scheinost
Carsten Bahtz

(-2462)
(-2367)

Name (phone)

Position/Education/Research Interests

Marion Glickert
(-1967)

Office administration

(-2872)

’g Joerg Exner Beamline Technician (Physics) since 09/2010
o | (-2372)
s
o | Matthias Fengler Beamline Technician (Electronics) since 11/2010
(-1941)
Marco Hesse Beamline Technician until 09/2010
Dipanjan Banerjee Postdoc since 11/2007
(-2463) Ph.D. in Geology (1999), Univ. of Western Ontario, Canada
ACTINET, Sorption and redox processes, XPS
Harald Funke Beamline Scientist until 04/2009
(-2339) Ph.D. in Physics (1974), University of Moscow (Russia)
wavelet analysis for EXAFS
.? Christoph Hennig Beamline Scientist
2 (-2005) Ph.D. in Crystallography (1995), Universitat Leipzig
qE, aqueous chemistry and electrochemistry of actinides
£
8 | Regina Kirsch Ph.D. student
S | (-2849) diploma in Chemistry (2007), Universitat Leipzig
&“ redox reactions of Sb and Pu on iron minerals
Andre Rossberg Beamline Scientist
(-2847) Ph.D. in Chemistry (2002), TU Dresden
new methods for EXAFS analysis, aqueous actinide chemistry
Andreas Scheinost Head of Beamline
(-2462) Ph.D. in Agricultural Engineering (1994), TU Miinchen
radionuclide speciation in soils, interfacial redox processes
Carsten Baehtz Beamline Scientist, responsible for MRH
< | (-2367) Ph.D. in Materials Science (2000), TU Darmstadt
% in-situ XRD techniques, carbon nanotube growth mechanisms
Q . .
@ | Artem Shalimov Postdoc since 09/2010
(14 Ph.D. in Physics (2006), Institute of Physics PAS Warsaw
0 hgh-resolution XRD, nanostructures and defects, magnetic
2 nanoparticles and Preisach modeling
(7]
g Nicole Jeutter Postdoc until 09/2010

Ph.D. in surface crystallography (2006), LMU Miinchen
X-ray diffraction and small-angle scattering of semiconductors

Postal address

Rossendorf Beamline

(ROBL-CRG, BM20)

ESRF / sector 21

BP 220

F-38043 Grenoble cedex France

Phone: +33 (476) 88 xxxx
Fax: +33 (476) 88 2505
E-mail: surname@esrf.fr
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FZD personnel involved in the scientific and technical programme

Department of Research Technology

Frank Herbrand

Nicole Kretzschmar

Winfried Oehme
Jens Hauser

Institute of lon Beam Physics and Materials Research

Johannes von Borany

Andrea Scholz

Institute of Radiochemistry

Gerd Bernhard
Stephan Weiss
Siriwan Dulnee

10.0

8.0 1

Fig. 2.2.1.

OTech
ORCH
B MRH

Joerg Grenzer
Rene Weidauer

Satoru Tsushima
Alix Guenther
Anette Rumpel

Beamline Staff

Jirgen Claussner

Natalia Shevchenko

Christian Lucks
Heidemarie Heim
Astrid Barkleit

1.2

1.2

1.2

1.2

131114

Evolution of beamline personnel since 1998.
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2.3. Beamtime allocation and user groups

In the past two years, 97 experiments have been performed involving 226 users
traveling to the ESRF (Table 2.3.1). A total of 1386 shifts have been delivered for
experiments, i.e. 89 % of the available beam, and 11 % for commissioning and other
technical shifts. Distribution of time between RCH and MRH was 50/50. For ESRF
experiments, 33 % of the experimental shifts were provided, as foreseen in the contract
between ESRF and FZD. 8 % of the inhouse shifts of RCH were provided for
Radiochemistry experiments in the framework of ACTINET-I3 (see below).

Table 2.3.1. Use of beamtime at the Rossendorf Beamline.

Year FZD ESRF Actinet Technical Experiments Users
shifts shifts  shifts shifts  FzD/ESRF / Actinet FZD / ESRF / Act
RCH 2009 191 99 6 3 17/10/1=28 16/41/1=>58
RCH 2010 221 120 27 6 15/10/ 2=27 17/25/4 =46
MRH 2009 203 97 - 110 16/ 7/ - =23 37/23/- =60
MRH 2010 178 92 - 33 12/ 7/ - =19 40/22/ -=62
sum 793 409 33 152 60/34/3 = 97 110/111/5 = 226

Figure 2.3.1 shows the beamline overbooking by giving the ratio between
requested and allocated beamtime of ESRF experiments. Until 2008, the overbooking
factor was close to the long-term average of 2. In 2009 and 2010, overbooking was raising
to more than 3.5. These numbers clearly demonstrate the attractiveness of ROBL for
outside users.

Requested / allocated shifts
4.5

3.5 ]
3.0 1

[ ]
2.5+

2.0+ '—'—':_'.—_'. '—'.—\-.:-.—- -k.—-—
1.54 / / [

|
10 et ettt
0.5+

00 T T T T T T T T T T T T T T T T

Fig. 2.3.1.
Beamtime request for ESRF experiments.
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User Groups

Figure 2.3.2 shows the origin of user groups, excluding all FZD groups. The strongest
demand for beamtime for both end stations is from Germany, followed by France with
demand predominantly for RCH. Users from ten other European countries have performed
experiments at ROBL. An experiment from Japan was performed in the framework of a
collaborative agreement between the University of Tokyo and the FZD.

Fig. 2.3.2.
User groups for both inhouse and ESRF experiments according to nationality. RCH experiments are
shown in red, MRH experiments in yellow. User groups of FZD are not counted.

Germany — Forschungszentrum Jilich, Inst. fir Bio & Nanosysteme, Inst. fir Energie- &
Klimaforschung

— Universitat Siegen, Festkorperphysik
— Fraunhofer Institut IFAM Dresden

— Friedrich-Schiller-Universitat Jena, Institute for Optics & Quantum
Electronics

— Georg-August Universitat Gottingen, Inst. fir Rontgenphysik und Inst. fur
Materialphysik

— Helmholtz-Zentrum Berlin fir Materialien und Energie

— Johannes Gutenberg Universitat Mainz, Institut fur Kernchemie

— Karlsruhe Institute of Technology, Inst. fir Nukleare Entsorgung

— RWTH Aachen University, Institut fir Anorganische Chemie

— TU Bergakademie Freiberg, Inst. of Geology, Inst. of Materials Science, Inst.
of Physical Metallurgy

— TU Clausthal, Inst. fur Metallurgie
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Austria
Belgium

Croatia

Czech
Republic

France

Great Britain
Japan
Poland

Japan

Portugal
Spain

Sweden

Switzerland

Johannes Kepler University Linz, Inst. of Semiconductor Physics

Katholieke Universiteit Leuven, Departement of Microbial and Molecular
Systems

Rudjer Boskovic Institute Zagreb, Materials Physics
Institute of Chemical Technology-Praha, Dept. of Solid State Chemistry

Charles University, Praha, Dept. of Low Temperature Physics; Dept. of
Condensed Matter Physic

National Museum Praha, Dept Mineralogy and Petrology
CEA at Cadarache, Grenoble, Marcoule

Centre National de la Recherche Scientifique (CNRS) at Grenoble, Dijon
and Saclay

Institut de Physique Nucléaire, Université Paris Xl, Orsay, Lyon

Institut de Recherches Subatomiques (IRES), CNRS-IN2P3, Strasbourg
LGIT, Université Joseph Fourier (UJF), Grenoble

Université de Bourgogne Dijon, Institut de Chimie Moléculaire

University of Cambridge, Centre for Advanced Photonics & Electronics
University of Tokyo, Dept. Quantum Engineering & System Sciences
Institute of Electronic Materials Technology (ITME), Warsaw

Department of Nuclear Engineering & Management, The University of Tokyo

CENIMAT F.C.T./Universidade Nova de Lisboa, Monte da Caparica
Amphos21- Barcelona

Universidad San Pablo-CEU, Departamento de Ciencias Quimicas, Madrid
Universidad de Granada, Department of Microbiology

Universidad Politecnica de Catalunya Barcelona, Dept. de Ingenieria
Quimica

Centre Tecnologic de Manresa, Laboratori de Gestié de Residus

Royal Institute of Technology , KTH Stockholm

Linképing University, Engineering Materials

Paul-Scherrer-Institut, Villigen, Laboratory for Waste Management
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ACTINET-I3 Integrated Infrastructure Initiative for Actinide
Sciences

A follow-up on ACTINET — European Network for Actinide Science, where ROBL-
RCH participated since March 2004, ACTINET-I3 has been established as Integrated
Infrastructure Initiative within FP-7 and is in operation since October 2009, again including
ROBL-RCH. The objective of ACTINET-I3 is to reinforce the networking of existing
European infrastructures in actinide sciences, and to facilitate their efficient use by the
European scientific community in order to keep a leading position in the field of nuclear
energy. The three lines of action are:

(i to establish a network of actinide facilities across the EU to integrate and structure
better the way these actinide infrastructures operate and to foster their joint
development in terms of capacity and performance;

(i) to support and manage jointly a program of access to appropriate infrastructures
for training and associated research projects making use of the proposed facilities;

(iii) to conduct on a limited scale a set of Joint Research Activities (JRA) involving
consortium member organizations, with an objective to improve the performance of
infrastructures by developing new relevant instrumentations and/or data of
common interest. Further, these activities are complemented by a virtual
infrastructure providing a limited support in theory and modeling, with a focus on
the complementarities between theory and experiments.

The Rossendorf beamline contributes its radiochemistry end station to the
ACTINET-I3 Pooled Facilities, providing beamtime for Joint Research Projects granted by
ACTINET-I3. In return, ROBL receives annual funds for user support. In 2009/20010, 3
experiments have been performed for ACTINET (see list of experiments 2.5.1.), a number
which will significantly increase in 2011, when ACTINET-I3 calls are in full swing. ROBL
belongs to one of the most heavily used facilities of ACTINET (among them the
ATALANTE facility of CEA, the ITU user labs and hot cells, the INE labs and beamline, the
PSI beamline and micro-XAS, and the Theoretical User Lab), providing a fundamental
contribution to actinide research.

Within ACTINET-I3, ROBL is also leading one of the four joint research activities,
the creation and maintenance of an actinide reference x-ray absorption spectroscopy
database (Fig. 2.3.3.). The purpose of this effort is to provide users with XAFS spectra of
well characterized actinide compounds (solids, solutions, sorption complexes), thereby
minimizing the need to repeatedly measure their own references. While similar efforts
have been undertaken for non-radioactive samples, no database exists for actinides and
other radionuclides to date, although an efficient use of scarce beamtime and sample
materials is crucial, not to speak about costly and administratively challenging sample
transports. As first step, the Web database will allow retrieval of reference spectra for
comparison. A later upgrade will allow for pattern searching. Through establishing the
database as a joint effort of all European actinide beamlines, including the ROBL beamline
with 10 years of operation, access to the largest number of spectra possible is assured.
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Fig. 2.3.3.

The ACTINET-I3 joint research activity AcXAS of the three European actinide XAS beamlines,
coordinated and headed by ROBL.
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2.4. Publications

This section lists all publications which are based on experiments at the
Rossendorf Beamline, whether they have been performed using in-house or ESRF
allocated shifts. In contrast to previous Biannual Reports, only peer-reviewed journal
articles are listed. As a further selection criterion, only journals listed in the Journal Citation
Report (ISI Web of Knowledge) were accepted.

Figure 2.4.1 gives an overview on the publication activities since the commissioning
of the beamline. After a continuous increase from 1999 to 2002, publication activity
decreased in 2003 and 2004, followed by a sharp rise in 2005. Since then, the total
number varies between 25 and 38 publications per year, with RCH producing about 60%
and MRH about 40% of the publications. Fig. 2.4.2 gives the impact factors (IF) of the
journals, where the articles have been published. For RCH, the average IF has doubled
from 2 to 4 in the last 10 years, MRH maintains its level around 2. Both end stations
publish routinely in journals with good IF in their respective fields (Inorganic Chemistry,
Environmental Science & Technology, Geochimica et Cosmochimica Acta for RCH,
Applied Physics Letters for MRH). In 2010, a paper in Angewandte Chemie raised the bar
even further. In conclusion, the number of publications as well as their quality has
achieved a high level.

Number of rank-A publications

Number

22
21 . 18

13

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Year

Fig. 2.4.1.
Number of publications per year, based on data collected in RCH and MRH by internal and
external user groups. Note that only peer-reviewed articles in citation-indexed journals are listed.
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Fig. 2.4.2.
Citation indices of the articles listed in Fig. 2.4.1 and section 2.4.1. Top: RCH, bottom: MRH.
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2.5. Experiments

The following tables list all experiments which have been performed at the
beamline, ordered by end-station (RCH, MRH) and by type of experiment (in-house,
ESREF, Actinet). Experiments with more than 18 shifts usually have been performed during
several experimental runs and are part of long-term research programs.

2.5.1. List of RCH Experiments

RCH 2009 in-house

Number Title Proposers Institution | Experimenters | Shifts
EXAFS investigations of uranium | A. Guenther
20-01-656 | species formed by monocellular |A. Rossberg FzZD A. Rossberg 3
and polycellular algae A. Scheinost
Structure of neptunium species |C. Hennig C. Hennig
20-01-664 ;1\ solution A. lkeda FzD S. Takao 9
Abiotic antimony reduction by A. Scheinost FZD A. Scheinost
20-01-668 Fe(ll) systems R. Kirsch UJF R. Kirsch 12
y L. Charlet Grenoble |D. Banerjee
Investigation of the aqueous C. Hennig
phase in the ternary sorption A. Rossberg A. Rossberg
20-01-675 . ) ’ : FzD H. Funke 39
system uranium(VI), goethite, A. Scheinost )
organic model compounds A Scheinost
9 P C. Lucks
Development of a 2" generation |C. Hennig C. Henni
20-01-681 | spectro-electrochemical cell for |K. Takao FzD ’ 9 18
o ) : K. Takao
in situ electrolysis A. Scheinost
Structure determination of U(VI)-
20-01-683 _opallnus clay surface complexes C. Joseph FZD A. Rossberg 9
in absence and presence of C. Joseph
humic acid by EXAFS
C. Hennig
Binding forms of actinides and ﬁ Eﬁﬁigerg
20-01-685 |lanthanides with single A. Barkleit FzD ) ) 9
i i A. Scheinost
constituents of biofluids .
D. Banerjee
A. Barkleit
EXAFS investigation of G. Abrasonis A.
20-01-686 | austenitic alloys nitrided at low  |A. FzZD Martinavicius 6
temperature Martinavicius G. Abrasonis
. . : Fz F. Heberling
20-01-687 | Neptunyl adsorption to calcite F. Heberling Karlsruhe |C. Burmeister 3
Molecular scale studies on the | T. Reitz
e speciation of U(VI) bound to M. Merroun A. Rossberg
20-01-688 cells and S-layer proteins of S. Selenska- FzD T. Reitz 18
Archaea Pobell
EXAFS investigation of the T Saito Univ
20-01-689 | effects of humic acid on uranyl ' . ) T. Saito 12
. . A. Scheinost Tokyo
adsorption on goethite
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Number Title Proposers Institution | Experimenters | Shifts
C. Den Auwer C. Den Auwer
. T. Dumas G. Dupouy
20-01-690 Molecular structure of actinide S Dahou CEA S. Dahou 15
hexacyanometalates IPN Orsay
G. Dupouy M. Sonzano
M. Mendes Rodriguez
20-01-691 EXA_F_S-investigations on U(IV) S. Weiss FZD C. He_nn!g 8
precipitates I. Dreissig
20-01-692 | Effect of metal-reducing bacteria |\ ,cqq| Univ. Jena | A. Rossberg 6
on uranium mobilization
EXAFS and XANES A. Scheinost
20-01-693 mves_tlgatlon of plutonlqm R. Kirsch FZD A. R_ossberg 9
sorption complexes on iron R. Kirsch
minerals D. Banerjee
EXAFS and Rietveld-MEM C. Hennig C. Henni
20-01-694 | analysis of sorption structure of |S. Takao FzZD ) 9 9
d : A. Rossberg
uranium onto zeolite K. Takao
EXAFS studies of the structure
and bonding in solution of Z. Szabo KTH
20-01-695 | . . : A. Rossberg A. Rossberg 6
dioxouranium(VI)-nucleotide . FzD
A. Scheinost
complexes
RCH 2009 ESRF
Number Title Proposers Institution | Experimenters | Shifts
Free and silica-gel-bound C. Hennig
M. Meyer
tetraazamacrocycles as LIMSAG-
. - M. Meyer - S. Faure
CH - 2423 | complexing agents of actinide : Dijon . 9
R S ., |A. Scheinost B. Batifol
cations: investigation of the solid- FZD
- L. Neguyen
state coordination scheme .
D. Banerjee
. P. Martin
g' mfaaré'_n E. Welcomme
XAS investigation of (U,Am)O, . B. Arab-Chap.
and (U,Pu)O, solid solutions | Shapelet 1. Jobelin
CH-2738 . 25 S. Grandjean |CEA ) 12
obtained by oxalic co- . V. Brethenoux
o C. Robisson- .
precipitation S. Arpigny
Thomas S. Picart
H. Palancher ' :
C. Tamain
E. Suess :
G. Bernhard é gﬁgg'snOSt
Structure of uranyl-arsenate A.Scheinost | TU B. Merkel
CH - 2739 y . B. Merkel Freiberg ' 12
complexes sorbed on bentonite B. Planer-
B. Planer- FZD I
Friedrich Friedrich
W. Gezaheg. W. Gezaheg.
Structural XAS analyses of W. Gezaheg.
uranylarsenate and B. Planer- TU
CH - 2843 yar . Friedrich . W. Gezaheg. 6
uranylthioarsenate sorption on E Suess Freiberg
FeOOH '
B. Merkel
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Number Title Proposers Institution | Experimenters | Shifts
X. Crozes
Investigation of the molecular C. Den Auwer
- C. Fillaux CEA T. Dumas
CH - 2969 |structure of actinide solvent 12
; C. den Auwer |Marcoule |G. Dupouy
extraction compounds
S. Dahou
C. Fillaux
CH - 2972 EXA_FS-mveshgahons on U(IV) S. Weiss FZD S. Weiss 6
precipitates H. Zaenker
T. Reich
) EXAFS study of the sorption of |S. Amayri . S. Amayri
EC-424 Np(V) on Opalinus Clay T. Reich Uni Mainz J. Drebert 9
D. Froehlich
. . R. Daehn
EXAFS study of neptunium E. Wieland J Tits
EC - 425 |binding mechanisms to R. Daehn PSI D K 12
. . . . Kunz
cementitious materials J. Tits
J. Gaona
EXAFS study of neptunium(V) .
. : ; T. Reich
sorption on Opalinus Clay in the S Amavri S Amavri
EC - 540 |presence and absence of humic |~ 5 . y Uni Mainz ' y 6
; ) T. Reich J. Drebert
acid under aerobic and .
: o D. Froehlich
anaerobic conditions
EXAFS investigations on the M. Marques
. M. Marques
influence of carbonate Fernandes Fernandes
EC — 541 | complexation on the sorption of PSI B. Baeyens 15
L B. Baeyens
actinides (Am(lll), U(VI)) on clay R. Daehn
; R. Daehn
minerals V. Kalbermatt.
RCH 2009 ACTINET
Number Title Proposers Institution | Experimenters | Shifts
Reduction of uranium(VI) by
0. adsorbed Fe(ll) on clays and by |S. Chakrabort. LGIT
20-01-676 structural Fe(ll) in smectites in | A. Scheinost FzZD S. Chakrabort. 6
0,, CO, free atmosphere
RCH 2010 in-house
Number Title Proposers Institution | Experimenters | Shifts
A. Rossberg
e st |2 panenee A Rossberg
20-01-675 . . ’ FzD C. Lucks 30
system uranium(VI), Goethite, A. lkeda )
X A. Scheinost
organic model compounds. C. Lucks
A. Scheinost
Development of a 2™ generation |C. Hennig (é '{':;;cl)g
20-01-681 | spectro-electrochemical cell for |K. Takao FZD ) 18
A . ; A. Rossberg
in situ electrolysis A. Scheinost .
D. Banerjee
Molecular scale studies onthe | T. Reitz FZD V. Chapon
speciation of U(VI) bound to M. Merroun . M. Carrier
20-01-688 . Univ. 15
cells and S-layer proteins of A. Rossberg Granada M. Merroun
Archaea S. Selenska A. Rossberg
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Number Title Proposers Institution | Experimenters | Shifts
.CI_;' gjrr:]:suwer C. Den Auwer
20-01-690 Molecular structure of actinide S Dahou CEA S. Dahog o4
hexacyanometalates IPN Orsay |C. Hennig
G. Dupouy A. Rossberg
M. Mendes )
and bonding saluionaf  |S $7209 KTH  |A Rossberg
20-01-695 dioxouranium(Vl)-nucleotide A. Rossberg Sweden |C. Hennig 6
A. Scheinost FZD D. Banerjee
complexes
. : . C. Hennig
20-01-696 Redqx b_ehawor_ of neptunium C. Hennig FZD K Takao 3
species in solution K. Takao
A. Rossberg
. C.J. Belle
: L FZ Juelich .
20-01-697 EXAFS / XANES |nvest|gat|ons S Neumeier RWTH A. Schelrjost 15
of K volume-doped CoTiO3 D. Banerjee
Aachen
A. Rossberg
EXAFS investigation of Mg-Al
O layered double hydroxides . : A. Scheinost
20-01-698 | - taining Zr-IV, HE-IV and Ca-il |- Curtius FZ Juelich |y ganerjee 6
ions
H.
Comparative investigation of the Foerstendorf
uranium complexation onto - H, K. Mueller
20-01-699 Al,O, by means of FT-IR and }I:o:;steirdorf FzZD g Féossb_erg 9
EXAFS spectroscopy - uetier - panerjee
C. Hennig
A. Scheinost
Comparative investigation of C. Hennig
uranium and thorium C. Hennig D. Banerjee
20-01-701 | - ordination in solution and solid | K. Takao FzD A. Rossberg 38
state A. Scheinost
EXAFS investigation on uranium A. Guenther
20-01-702 | complexes formed by fungi and |A. Guenther FzZD A. Scheinost 12
reference samples A. Rossberg
Structural investigation of M. Saeki
20-01-703 | complex of TcO, and ReQ,4 with | M. Saeki FzD D- Banerice 6
MIDOA by EXAFS spectroscopy ' J
EXAFS investigation of sorbed E éZLdeai]r?ost
20-01-704 | selenium oxyanions onto N. Jordan FzZD ) . 9
C. Hennig
anatase -
D. Banerjee
E. Breynaert
. Co ... |E. Breynaert D. Dom
20-01-706 _Selenlum liquid pha_ls_e speciation A Maes KU Leuven D. Banerjee 12
in Boom Clay conditions ; FZD .
A. Scheinost C. Hennig
A. Rossberg
Sorption and redox reactions of
Sn"and Sn" at the S. Dulnee S. Dulnee
20-01-708 | magnetite/water interface in ' ; FZD A. Scheinost 9
A. Scheinost .
presence and absence of D. Banerjee

organic ligands
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RCH 2010 ESRF

Number Title Proposers Institution | Experimenters | Shifts
W.
Structural XAS analyses of Gezahegne W.
CH-2843 unanylarsenate and B. Planer- TU Gezahegne 6
uranylthioarsenate sorption on Friedrich Freiberg |D. Banerjee
FeOOH E. Suess C. Hennig
B. Merkel
. o C. Hennig
CH-2972 |EXAFS-nvestigations on UV) 5. weiss FZD  |A Rossberg 9
precip A. Scheinost
R. Belin
R. Belin P. Martin
Study of americium and J.C. Dumas S. Noyau
CH-2967 |plutonium chemistry in mixed P. Martin CEA E. Gavilan 12
oxide nuclear fuel C. Robisson- A. Scheinost
Thomas A. Rossberg
D. Banerjee
Structural XAS analyses of W. TU A. Scheinost
uranyl-arsenic species and their Gezahegne Freiberg |E. Suess
CH-3081 4 B. Merkel . : . 21
sorption onto FeOOH and Univ. D. Banerjee
o B. Planer- .
montmorillonite . Bayreuth |C. Hennig
Friedrich
Study of thorium and uranium M. Grive Amphos I. Rojo
CH-3082 |complexation with alpha-hydroxy |E. Colas p E. Colas 12
. : ENVIROS .
carboxyliate ligands L. Duro M. Grive
A. Handschuh S. Vaudez
. N S. Vaudez P.Martin
CH-3083 Er)g:ﬁﬁggrﬁlﬂvﬁggghon ° |P. Martin CEA |A Handschuh |,
. G. Leturcq ENSC Lille |C. Hennig
carbide ; -
R. Belin D. Banerjee
F. Abraham A. Rossberg
Comparative investigation of the K. Mueller
) uranium complexation onto H. K. Gueckel
CH-3205 YAI,O3 by means of FT-IR and Foerstendorf FzD A. Rossberg 9
EXAFS spectroscopy C. Hennig
Complexation between U(VI) C. Gaillard IPNL Lyon |C. Gaillard
CH-3206 |and Re(VIl) in a hydrophobic | .Billard IReS . Billard 15
ionic liquid ' Strasbourg |A. Ouadi
S. Amayri
EXAFS study of plutonium S. Amayri : . _|T.Reich
EC-616 sorption on Opalinus Clay T. Reich Univ. Mainz J. Drebert 9
U. Kaplan
R. Daehn
J. Gaona J. Tits
Determination of neptunium R Daehn D. Kunz
EC-617 |redox states on C-S-H and e PSI J. Gaona 15
E. Wieland
cement samples ; A. Rossberg
J. Tits :
D. Banerjee
C. Hennig
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RCH 2010 ACTINET

Number Title Proposers Institution | Experimenters | Shifts
R. Kirsch
Spectroscopic investigation of FZD A. Scheinost
20-01-693 |redox reactions of plutonium with | R. Kirsch ITU A. Rossberg 15
iron minerals KIT C. Hennig
D. Banerjee
XAS study of dense U;,Am,O,., CEA E gg\slﬁaan
20-01-705 | (y=0.10; 0.15) obtained by D. Prieur ' . 12
. FZD P. Martin
conventional powder metallurgy i
D. Prieur
2.5.2. List of MRH Experiments
MRH 2009 in-house
Number Title Proposers Institution | Experimenters | Shifts
. . ; S. Krueger
2002670 | OPLCSLroperos of DENT N |1 Satit | g popigen | - Newbaer | S
grap y waveg 9eN | M. Bartels
Influence of ion beam
20-02-673 channeling for rlpplg formatlon at A Biermanns l_va. A. H.amsch 9
amorphous-crystalline interface Siegen |A. Biermanns
after ion-bombardment
Thermal stability of D. Rafaja TU- M. Motylenko
20-02-675 | nanostructures in the Ti-Al-Si-N Freiberg |C. Wuestefeld 9
and Cr-Al-Si-N nano-composites |C. Baehtz FzZD M. Dopita
GISAXS study of self organized |G. Abrasonis G. Abrasonis
20-02-676 | metallic islands and nanowires |T. Oats FZD ' 12
c G. Kovacs
on rippled substrates G. Kovacs
Self —assembled Fe and FePt
20-02-677 n_anop_art|cles_|n yttrla-.stablhzed A Shalimov FZD A. Shalimov 9
zirconia after iron-platinum G. Kovacs
implantation
Structural investigation of Co-B A Shalimov
20-02-678 |ferromagnetic nanoparticles in | A. Shalimov FzZD ; 9
. G. Kovacs
ZnO0 single crystals
F. Braz J. von Boran
Fernandes F' Braz y
In situ XRD and electrical R. Martins Férnandes
resistivity study of the phase M. Karimbi CENIMAT :
20-02-679 . A R. Silva 12
transformations in Ni--Ti shape |Koosappa FzZD :
; Cordeiro
memory alloys R. Silva -
: M. Karimbi
Cordeiro Koosanpa
J. von Borany PP
Phase separation patterns in M. Beckers FZD C. Hoglund
20-02-681 | lattice-mismatched ternary Sc- | C. Hoglund IFM M. Beckers 18
Al-N films L. Hultman Linkoping |J. Birch
In-situ investigation of the C. Baehtz FzZD C. Baehtz
20-02-682 | dewetting process of thin iron S. Hofmann Univ. C. Wirth 18
film in the CNT growth process |C. Wirth Cambridge |B. Bayer
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Number Title Proposers Institution | Experimenters | Shifts
A. Biermanns A Hanisch
20-02-683 Anlsotrop|_c str.aln-d|st.r_|but|on in |U. Pietsch l_Jnlv. A Biermanns 15
ion-beam irradiated silicon J. Grenzer Siegen
A. Hanisch
Thermal stability and interface
interactions in the TM-AI-N (TM | T. Rafaja TU | C. Wuestefeld
20-02-684 | _ . s ’ Freiberg |M. Motylenko 18
=Ti, Cr) thin film C. Bahtz d
. FZD M. Dopita
nanocomposites
. A.
GISAXS study _of the self- G. Abrasonis F7ZD Martinavicius
organized multilayers of carbon |T. Oates . !
20-02-685 " Univ. G. Abrasonis 12
encapsulated transition metal G. Kovacs . ;
. Linkoping |G. Kovacs
nanoparticles M. Krause
T. Oates
Structural diagnostic of metal-
doped transparent oxides and A. Shalimov
20-02-686 | germanium employed at A. Shalimov FzZD M. Liedke 9
photovoltaic, magneto-optical . Li
and magnetic applications
Structural investigations of A. Shalimov
20-02-687 | SI02/Cr/NiFe/FeMn/Cr A. Shalimov FZD  |M. Liedke 9
multilayers representing unusual | Li
exchange bias properties )
Rietveld-MEM Analysis of C. Hennig C. Henni
20-02-689 | sorption structure of uranium S. Takao FZD ' 9 20
; C. Baehtz
onto zeolite K. Takao
: . M. Beckers FzZD
20-02-690 Pha_se separaho_n patterns in C. Hoglund Univ. C. Hoglund 15
cubic Scq.,ALN films . ; M. Beckers
C. Baehtz Linkoping
MRH 2009 ESRF
Number Title Proposers Institution | Experimenters | Shifts
Nucleation conditions for . IRB V. Holy
. . M. Buljan : J. Grenzer
HS - 3849 | diamond nanocrystals in Univ. . 18
o ; V. Holy M. Buljan
amorphous silica matrix Prague
V. Vales
HRXRD characterization of
MOCVD-grown GaN layers on |J. Gaca ITME J. Gaca
HS - 3850 |4H, 6H 001 SiC substrates with | M. Wojcik Warsaw M. Wojcik 12
AlGaN/GaN heterostructures as |K. Mazur K. Mazur
a buffer layer
Temperature dependence of J. Kraeusslich Univ. Jena J. Kraeusslich
MA - 645 |lattice parameters of langasite O. Wehrhan ) U. Zastrau 9
single crystals (La;GasSiO14) U. Zastrau S. Hoefer
In-situ time-resolved diffraction
of phase formation durin L. Roentzsch
MA — 896 phas g L. Roentzsch IFAM S. 12
annealing of amorphous and Kalinichenka
hydrogenated Mg-Ni-Y alloys
R. Lechner R. Lechner
. ' JKU-Linz |A. Navarro
. Influence of codoping on V. Holy . 12
Si-1797 e . Univ. Quezada
nanocrystal formation in GaFeN |A. Bonnani
Prague |M. Meduna
G. Bauer :
M. Rovezzi
In-situ investigation of the M. Bulian V. Holy
SI— 1980 ordering of Ge quantum dots V'HoIJ Univ. J. Grenzer 17
during the growth of Ge+SiO, - oy Prague |M. Buljan
; N. Radic :
multilayers N. Radic
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Number Title Proposers Institution | Experimenters | Shifts
In-situ x-ray diffraction R. Lechner JKU R. Lechner
investigation of growth of G. Bauer : A. Navarro

Sl - 1981 . : . Univ. 17
ferromagnetic clusters in A. Bonanni Praque Quezada
(Ga,Mn)N epitaxial layers V. Holy 9Y€ M. Rovezzi
MRH 2010 in-house
Number Title Proposers Institution | Experimenters | Shifts
C. Baehtz C. Wirth
In-situ investigation of the B. Baver FZD B. Bayer
20-02-688 | behavior of Fe catalyst during - oay CAM R. Weatherup 18
: S. Hofmann X
the CNT formation : Cambridge |C. Baehtz
C. Wirth
S. Hofmann
Determination of point defect H. Schmidt TU S. Chacravarty
20-02-691 | concentrations in nano- W. Gruber Clausthal H. Schmidt 15
crystalline platinum S. Chakravarty W. Gruber
Microstructure and interface D. Rafaja TU %.J -Ratayski
20-02-692 |interactions in Cr/ta-C multilayer |C. Baehtz Freiberg S.chucknecht 15
thin films U. Ratayski FzZD .
C. Schimpf
Simultaneous XRD and electrical g : E Brazd
resistivity measurements of the Fr'\e;lmgnescu CENIMAT Mer}r(man. ebs.
20-02-693 |phase transitions in Co-Ni-Ga M. Braz - narimo 12
ferromagnetic shape memory Fernandes FzD Koosappa
allov svstem K. Mahesch C.
y sy J. von Borany Craciunescu
In-situ synchrotron X-ray
diffraction studies of the L. Roentzsch Frauen- |L. Roentzsch
20-02-694 | crystallization and hydrogen S. hofer S. 18
sorption properties of rapidly Kalinichenka Institut | Kalinichenka
guenched Mg-Ni-Y-(Cu) alloys
Temperature dependent M.
20-02-695 crystalhs_atlon and ordermg of Zschintzsch E7ZD J. von B_orany 15
Germanium nanocrystals in J. von Borany M. Zschintsch
SiO2 matrix N. Jeutter
Grain growth induced by focused J. Grenzer
20-02-696 |ion beam irradiation in thin J. Grenzer FZD 0. 17
magnetic films Roshchupkina
M. Vicek
Univ S. Wagner
20-02-697 | Hydrogen loading of thin films A. Pundt o H. Uchida 20
Géttingen
M. Vlach
F. Lukac
GISAXS study of the secondary S/I Abrasonis FzZD E/I Abrasonis
20-02-698 | phase morphology in transparent|,,. . Helmholtz- |, . 9
. ! g Vinnichenko ) Vinnichenko
conductive oxide thin films Berlin
K. Elimer S. Brunken
In-situ X-ray scattering
investigations of phase
20-02-699 |transformation and interface J. von Borany FZD J. von Borany 9
. J. Schubert FZ-Jilich |J. Schubert
properties of LaLuO3 / metal
gate films
Grain growth induced by focused | O. 'j‘ (S;Pearig(:v
20-02-700 |ion beam irradiation in thin Roshchupkina FZD O 21
magnetic films J. Grenzer j .
Roshchupkina
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L. Simonin

JF. Colin JF. Martin
In situ diffraction study of the | JF. Colin
electrochemical insertion- C. Bourbon M. Re
20-02-706 | S cCTOCneMICa INSSMION" - L. Daniel CEA s 9
deinsertion of lithium in a high : C. Barchasz
. . JF. Martin
potential layered oxide L si . T Gutel
. Simonin .
E. Radvanyi
A. Boulieau
MRH 2010 ESRF
Number Title Proposers Institution | Experimenters | Shifts
Unknown crystal structures of Nat.
selected uranyl sulfates: solution J Plasil Museum |J. Plasil
CH-3085 |from high resolution powder data M Husak Prague |M. Husak 12
combined with EXAFS ' I.C.T. J. Rohlicek
spectroscopy Prague
Investigation of electrochemical |A. Kuhn
lithium insertion-deinsertion F. Garcia- A. Kuhn
reactions in promising cathode |Alvarado J.C. Perez
CH-3207 materials for lithium batteries E. Gonzalo CEU Flores 12
using in situ synchrotron J.C. Perez E. Gonzalo
diffraction techniques Flores
g.ul;l:l;/g;ro T. Devillers
Effect of Mg-codoping on the . A. Navarro
) : . G. Bauer JKU Linz 17
HS-4246 |formation of Fe-rich phases in . Quezada
A. Bonanni
(Ga,Fe)N ¢ E.
T. Devillers Wintersberger
M. Rovezz 9
F.M. Braz
Combined in-situ XRD and Fernandes
Electrical Resistivity Study of F.M. Braz . R.J. Silva
MA-895 the Phase Transformations in Ni- | Fernandes FCT Lisbon Cordeiro 12
Ti Shape Memory Alloys M. Karimbi
Koosappa
Concurrent Effect of F.M. Braz F.M. Braz
Meltspinning and Severe Plastic |Fernandes Fernandes
MA-1019 Deformation on Shape Memory |C. FCT Lisbon | M. Karimbi 9
Alloy Ribbons by Simultaneous |Craciunescu FzZD Koosappa
XRD and Electrical Resistivity K. Mahesh C.
Measurements J. von Borany Craciunescu
Microstructure design of .l? - Rafaja TU- glchucknecht
MA-1148 |electrodeposited GMR ) Freiberg . 12
multilayers via annealing Schucknecht FzZD C. Schimpf
C. Baehtz U. Ratayski
M. Buljan L. Horak
SI-2151 Grqwth _of Ge q_uantum_dot V. Holy IRB N. Radp 18
lattices in alumina matrix . M. Buljan
N. Radic
J. Grenzer
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3. Experimental Reports
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3.1. Experimental Reports Radiochemistry

The following section compiles the experimental reports for experiments conducted
in 2009 and 2010. A few reports are lacking, either because a difficult sample preparation
failed (e.g. CH-2843), or because of detector (EC-540) or monochromator problems (20-
01-706). These experiments have been repeated in early 2011, and experimental reports
will be presented in the Biannual Report 2011/2012.
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